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A B S T R A C T

Oxygen minimum zones (OMZs), where the concentrations of oxygen are at analytical detection limits, but
sulfate reduction is not occurring, are termed suboxic and typically nitrate serves as the terminal electron ac-
ceptor for heterotrophic respiration. Such respiration is highest near the top of OMZs where maxima in nitrite
and other redox active species are observed. Within OMZs, the availability of free electrons for reduction re-
actions (pε) can range from −2 to 10 and at thermodynamic equilibrium could control the oxidation states of
essential trace elements like iron and toxic ones like arsenic. In turn, this oxidation/reduction speciation affects
trace element solubility and bioavailability, thus controlling their reactivity and transport. Field observations
and mesoscale models demonstrate the increasing areal extent of oxygen minimum zones, but whether this in
turn affects trace element cycling and fluxes remains to be verified. From current observations, it is difficult to
determine the relative importance of in situ processes and lateral transport from boundaries to trace elements'
redox cycling, which are typically highly redox- and biologically-active in these systems. Such processes could
lead to the co-occurrence of redox species that are not controlled by a unique pε. In order to evaluate the effects
of in situ redox processes versus advective/diffusive transport on trace elements, the cycling of nitrate/nitrite,
iodate/iodide, Fe(II), As(III)/As(V), and hydrogen sulfide was examined in the low oxygen waters off the Peru
shelf to the open South Pacific Ocean during the US GEOTRACES GP16 transect in 2013. Nitrite, Fe(II), and
iodide were observed from the shelf to 95° W, while reduced forms of sulfur and arsenic were absent. Maxima in
nitrite, Fe(II) and iodide were coincident, indicating the utilization of Fe(III), iodate and nitrate as terminal
electron acceptors was possible. For iron, this finding was unexpected with regards to thermodynamics.
However, closer inspection combined with advective/diffusive modeling of water column data and 228Ra-based
flux calculations, showed that benthic redox processes, coupled with westward isopycnal transport, influenced
the chemical composition and redox speciation within the upper OMZ well offshore. This horizontal transport
contributed to the coexistence of Fe(II) with nitrate, indicating that Fe redox chemistry is under kinetic, rather
than thermodynamic, control.

1. Introduction

Oxidation-reduction reactions are the key to life on Earth and per-
haps one of best known redox reactions is described in the Redfield
equation (Redfield et al., 1963) – the balance between photosynthesis
and respiration and a cornerstone of biogeochemistry (Cutter, 2005).
Moving below the ocean's euphotic zone where photosynthesis (auto-
trophy) and respiration (heterotrophy) are tightly coupled, respiration
becomes a predominant process. This leads to a more reducing en-
vironment that can be quantified by the term pε, which is the activity of
a hypothetical solvated electron, analogous to pH (Stumm and Morgan,

1996). For the modern ocean, the two extremes of respiration are in the
oxic water column where oxygen is the ultimate terminal electron re-
ceptor (pε ca. 13) and in anoxic basins such as the Black Sea where the
terminal electron acceptor is sulfate (pε ca. −4), with hydrogen sulfide
(and its related chemical species) being the product. However, the wide
redox conditions between these two extremes, frequently termed ‘sub-
oxia’ are not only found in the modern ocean, but are also more
widespread than sulfidic waters (0.2% of the ocean's volume; Codispoti
et al., 2005) and in fact are growing in spatial coverage (Matear and
Hirst, 2003; Stramma et al., 2008). Suboxia has profound effects on the
solubility and therefore transport of many biologically-important trace
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elements (e.g., Fe; Moffett et al., 2007, Moffett et al., 2015). The che-
mical speciation and solubility of these essential and other trace ele-
ments depends on the actual redox poise of the waters (i.e., the pε),
which varies with depth and location due to the concentrations of the
various potential terminal electron acceptors (oxygen, nitrate, iodate,
Mn(V), Fe(III), etc.; Codispoti et al., 2005) and whether the element
itself is the terminal electron acceptor.

The first detailed description of suboxia in marine waters was that
of Richards (1965), who roughly defined it as the region where oxygen
concentrations are vanishingly small, but before sulfate reduction oc-
curs (anoxia). Under these conditions, a variety of oxidants can be used
as terminal electron acceptors. The canonical sequence of these oxi-
dants used by heterotrophs in respiration was given by Stumm and
Morgan (1996). In this sequence, after oxygen (the strongest oxidant,
leading to a pε in average seawater of 12.8), denitrification would
follow, then reduction of Mn(IV) oxides, then iron oxide reduction, and
finally sulfate reduction occurs and the system becomes anoxic (pε of
−4 in average seawater). It is important to note that this sequence is
really one of free energy change, with organic matter oxidation via
oxygen releasing the most and via sulfate the least. Not surprisingly, the
actual sequence is much more complicated, largely because the abun-
dance of the oxidants considered by Stumm and Morgan (1996) are
much lower (e.g., oxides of manganese and iron), while others such as
iodate are higher or were not even considered. Based on works in
suboxic waters of the Black Sea (e.g., Luther and Campbell, 1991) and
Arabian Sea (e.g., Farrenkopf et al., 1997), Codispoti et al. (2005)
proposed that the energy sequence of terminal electron acceptors for
oxic to anoxic respiration is O2 > IO3

− > NO3
− > Mn(IV) > Fe

(III) > SO4
2−. This list is missing other potential oxidants whose

standard potentials are in the range of these “established” redox cou-
ples. Moreover, many other low concentration trace elements with
redox behavior (e.g., cobalt) may change speciation in response to the
wide pε imposed by this sequence (i.e., suboxic pε varies from ca. 10 to
−2). However, redox transformations occur not only in the water
column, but also within sediments where the sediment/water exchange
and horizontal transport could affect the abundances of dissolved redox
species and therefore the apparent pε of these waters.

The behavior of nitrogen in oxygen minimum zone (OMZ) waters
has received considerable attention (e.g., Codispoti and Packard, 1980;
Lipshultz et al., 1990; Naqvi et al., 1990; Deutsch et al., 2001) and in
most oceans nitrate is the primary terminal electron acceptor for sub-
oxic respiration (Codispoti et al., 2005). However, as noted above, ni-
trogen is not the only player. Therefore, rather than reviewing its cycle,
attention here will be paid to other redox couples that can potentially
reveal the redox state/poise of the suboxic water column. To put these
couples in perspective, Fig. 1 contains a modified version of Stumm and
Morgan's (1996) classic redox diagram as proposed from thermo-
dynamic calculations and supplemented by field observations of Rue
et al. (1997), but with arsenic added.

Oxygen will always dominate redox thermodynamics even at mi-
cromolar concentrations that represent typical analytical detection
limits for both chemical and sensor-based methodologies. This con-
sideration introduces considerable uncertainty unless a system is
overwhelmed by hydrogen sulfide or it can be proven that oxygen is
completely absent. Recent measurements of dissolved oxygen enabled
by STOX sensors in the Peruvian OMZ (Revsbech et al., 2009; Tiano
et al., 2014) reveal that dissolved O2 levels are< 10 nmol l−1, much
lower than the micromolar detection levels of conventional sensors or
chemical assays. Tiano et al. (2014) argued that with detection limits
this low, these waters are “functionally anoxic”. Indeed, it seems un-
likely that oxygen could be poised at the low nanomolar level over
hundreds of meters and is probably truly zero. In interpreting our
findings, we assume that observations made by others in the same study
region with STOX sensors hold true here.

Iodine. Some of the earliest examinations of iodine cycling in the
ocean (e.g., Wong and Brewer, 1974) found fully oxidized iodate to

have nutrient-like depth profiles similar to phosphate (r = 0.95; atomic
I/P = 0.04; Wong and Brewer, 1974). The redox chemistry of iodine,
specifically the iodate/iodide (IO3

−/I−) couple, was originally dis-
cussed by Wong and Brewer (1977). Its behavior in suboxic waters was
studied by Luther and Campbell (1991) in the ca. 80 m suboxic zone of
the Black Sea, the Arabian Sea (Farrenkopf et al., 1997; Farrenkopf and
Luther, 2002), and the eastern tropical North Pacific off Mexico where
the OMZ extends from 140 to 600 m depth (Rue et al., 1997). In anoxic
basins Wong and Brewer (1977) observed the quantitative conversion
of iodate to iodide, but Rue et al. (1997) discovered that the iodate
deficit from reduction was quantitatively matched with an iodide
maximum in suboxic waters. This quantitative conversion combined
with examinations of the mixing behavior in the suboxic interval (T-S
diagrams; Rue et al., 1997), suggests that iodate reduction occurs in situ
and is minimally affected by horizontal transport from reducing sedi-
ments. In contrast, the latter had to be invoked in the Arabian Sea
(Farrenkopf and Luther, 2002). Of course sediment sink/sources and
horizontal mixing must be considered for any chemical feature in the
water column, but iodine has an advantage over many other redox
tracers in that both the reduced and oxidized species are monovalent
anions and not very particle reactive – they stay in the dissolved state
with no phase conversions. Moreover, high iodate concentration
(500 nmol/L) suggests that it can serve as an electron acceptor in
suboxic respiration, a role confirmed by Farrenkopf et al. (1997). The
predictions in Fig. 1 suggest that the iodine couple would show redox
conversions in the region just before manganese oxide reduction and
denitrification and thus serve as the first indicator of suboxia before N
conversions.

Arsenic. Dissolved arsenic is found in two primary oxidation states,
As(V), or arsenate, and As(III) as arsenite. Arsenic is toxic to marine
phytoplankton, which is enhanced by its chemical similarity to phos-
phate and the effect of As(V/III) redox chemistry and methylation on
toxicity (e.g., Wurl et al., 2013). Arsenic redox chemistry has been
examined in a number of anoxic basins (e.g., Saanich Inlet, Peterson
and Carpenter, 1983; eastern Mediterranean, Van der Weijden et al.,
1990; Black Sea, Cutter, 1991). In the process of studying these more
extreme redox environments, it has been found that the V to III re-
duction occurs just above the anoxic/sulfidic zone – in the suboxic
water column. Oremland and Stolz (2003) reported that many bacteria
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Fig. 1. Predicted pε ranges for redox couples in seawater at pH 7.5 and 35 salinity
(adapted from Rue et al., 1997 with the addition of As). The pε for each redox reaction is
given as a range due to variations in seawater concentrations and activities of any solid
phases. Note that the vertical scale is relative, but represents the relative differences in
free energy change for the reduction reaction.
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can use arsenate as a terminal electron acceptor in respiration, and
since As is ca. 20–30 nmol/L in seawater (e.g., Cutter and Cutter, 2006),
the arsenate/arsenite redox couple can be placed on Fig. 2 near Fe(III)
reduction, but well before sulfate reduction. Moreover, like iodine, both
members of the As redox couple are oxyanions and of lesser reactivity
(arsenate is scavenged by iron oxides; Cutter, 1991), so As(V)/As(III)
presents itself as an important couple in the characterization of suboxic
conditions.

Iron. The geochemistry of iron is dominated by its redox cycle since
Fe(III) forms insoluble hydroxides and oxides, and Fe(II) is a highly
soluble divalent cation (Raiswell and Canfield, 2012; Moffett, 2001). In
oxygenated seawater Fe(III) is favored, hence concentrations of dis-
solved Fe are exceedingly low in the modern ocean. From Fig. 1, Fe(II)
would only be expected to prevail in waters free of oxygen and nitrate.
However, steady state concentrations of Fe(II) have been reported in
surface waters due to photoreduction, where it is under kinetic control
(Croot and Laan, 2002, Shaked, 2008). Fe(II) is also a persistent feature
in all three of the world's OMZs, where it is coincident with the sec-
ondary nitrite maximum (Hopkinson and Barbeau, 2007; Moffett et al.,
2007; Vedamati et al., 2014; Kondo and Moffett, 2015; Moffett et al.,
2015). The concentration of dissolved Fe concentrations on the Per-
uvian shelf is exceedingly high (Bruland et al., 2005) because it is
predominantly present as Fe(II) (Hong and Kester, 1986; Vedamati
et al., 2014). Under these conditions, it is presumably also under kinetic
control, with formation and transport processes balanced by oxidation
by such oxidants as nitrite and nitrate (Scholz et al., 2016). Fe(II) is
unlikely to be formed in the presence of nitrate for thermodynamic
reasons (Fig. 1), but it may be formed in nitrate-free microenvironments
within sinking particles, where Fe(III) utilized as a terminal acceptor in
respiration, or by reaction with reduced sulfur associated with a
‘cryptic’ sulfur cycle (Canfield et al., 2010). Such sinking particles,
undergoing regeneration, may be important Fe sources as well. Fe(II)
may also be formed in reducing sediments and transported offshore
along isopycnals. Benthic sources of iron are important worldwide
(Elrod et al., 2004; Lam and Bishop, 2008; Dale et al., 2015; Moore and
Braucher, 2008) and are particularly important in reducing regimes.

The suite of redox couples reviewed above provide a useful tool for
examining oxidation/reduction reactions in the OMZ off Peru that has
been shown to be spatially and temporally variable (Fiedler and Talley,
2006; Czeschel et al., 2015). In particular, the redox sequence depicted
in Fig. 1 suggests that once oxygen is depleted to a level unavailable to
heterotrophic microorganisms, the redox sequence should be iodate
reduction > nitrate reduction > iron (III) reduction ~ arsenate re-
duction > sulfate reduction. As part of the 2013 US GEOTRACES GP16
zonal transect from Peru to Tahiti (Fig. 2), the redox sequences of
dissolved iodate/iodide, nitrate/nitrite, arsenate/arsenite, Fe(III)/Fe
(II), and sulfate/sulfide were examined to study the in situ redox pro-
cesses affecting these elements/redox couples. Their water column

behaviors were then compared to their changes derived elsewhere and
horizontally transported to the study sites. These in situ processes
versus advective/diffusive transport are crucial to assessing the actual
redox processes affecting trace elements at a given site.

2. Field sites and methods

2.1. Field sites and sampling methods

Samples were taken during the US GEOTRACES Eastern Pacific
Zonal Transect (International GEOTRACES GP16) starting in Ecuador
on 25 October and ending in Tahiti on 20 December 2013 (Fig. 2) on
board R/V Thomas G. Thompson. Samples were from the US GEO-
TRACES trace metal-clean carousel (Cutter and Bruland, 2012) that is
equipped with a Seabird CTD with calibrated pressure/depth, tem-
perature, conductivity/salinity, and oxygen sensors, as well as fluo-
rometer and transmissometer. The carousel holds 24 12L GO-FLO bot-
tles, two of which are closed at each depth during a 3 m/min ascent rate
to minimize metal contamination (Cutter and Bruland, 2012). After
recovery, the GO-FLO bottles were transferred from the carousel into
the clean lab and the water was pressure filtered using 6 psi nitrogen.
The sample waters passed through 0.2 μm syringe filters and into 60 mL
polypropylene/polyethylene rubber-free syringes (Air-Tite, VWR) fitted
with 3-way polycarbonate Luer valves to remove air from filling and
avoid contact with the atmosphere before analyses. Three sets of syr-
inges were filled in this fashion for Fe(II), iodide/iodate, and dissolved
hydrogen sulfide determinations. Samples for arsenite/arsenate de-
terminations were pressure filtered through 0.45 μm polysulfone filters
into 250 mL FEP Teflon bottles and immediately refrigerated for ana-
lyses within 24 h of collection.

2.2. Analytical methods

2.2.1. Oxygen
Dissolved oxygen analyses were performed on samples from the

conventional CTD/rosette sampler with an automated oxygen titrator
using photometric endpoint detection based on the absorption of
365 nm wavelength ultra-violet light. This apparatus uses a whole-
bottle modified-Winkler titration following the technique of Carpenter
(1965) with modifications by Culberson (1994).

2.2.2. Nutrients
Nutrient analyses (phosphate, silicate, nitrate + nitrite, and nitrite)

were performed on a modified 4-channel Technicon AutoAnalyzer,
generally within a few hours after sample collection. Occasionally
samples were refrigerated up to 6 h at 2–6 °C. All samples were brought
to room temperature prior to analyses. Silicate was analyzed using the
technique of Armstrong et al. (1967). A modification of the Armstrong

Fig. 2. Cruise track for US GEOTRACES Cruise GP16 from
Manta, Ecuador to Papeete, Tahiti, 25 October–20
December 2013 using RV Thompson and showing all sta-
tions were vertical profiles were obtained.

G.A. Cutter et al.



et al. (1967) procedure was used for the analysis of nitrate and nitrite.
Phosphate was determined using a modification of the Bernhardt and
Wilhelms (1967) technique.

2.2.3. Iodate/iodide
Iodide was determined by cathodic square wave stripping analysis

following the Luther et al. (1988) method with modifications following
Tian and Nicolas (1995). A BASi electrode was used in CGME mode
with the following procedures: 10 mL sample and 100 μL 0.1% Triton,
5 min purge with oxygen-free nitrogen, 200 μL addition of 1 M sodium
sulfite to remove any remaining oxygen, followed by 1 min of purging.
The voltammogram was recorded three times under the following
conditions: drop size 11, deposition time 90 s, quiet time 5 s, scan in-
crement 2 mV, scan range −120 mV to −700 mV, frequency 125 Hz
and amplitude 25 mV. Precision was 1.9% RSD (n = 10) and sensitivity
4.07 nA/nM. Iodide concentrations were determined using the standard
additions method of calibration for each sample.

Iodate was determined with the Wong and Brewer (1977) method
using a spectrophotometer (Shimadzu 160 UV). In brief, a sample in a
10 cm quartz cuvette is acidified with sulfuric acid containing sulfani-
lamide to remove nitrite interference (Chapman and Liss, 1977; Rue
et al., 1997) and excess iodide added to form tri-iodide that is then
determined at a wavelength of 535 nm. The standard additions method
with iodate is used for daily calibration on a representative sample and
its slope applied to subsequent samples. Duplicate samples were run for
every depth and triplicate samples were determined for the 0 addition
seawater to allow an estimate of precision for the rest of the samples.

2.2.4. Arsenate/arsenite
Arsenite and arsenate were determined using the selective hydride

generation/gas chromatography with photoionization detection system
of Cutter et al. (1991) on board ship. Arsine (AsH3) is generated se-
lectively from arsenite at pH 6.5 (Tris-HCl buffer) using 4% NaBH4

addition, stripped from solution with helium, cryotrapped, and then
swept into the GC/PID for detection; peak areas are used and the de-
tection limit is 10 pmol l−1. Acidifying another sample to 0.5M HCl and
generating and detecting arsine as before yields the concentration of As
(III + V); arsenate is then the difference between this value and that of
arsenite. For both determinations, precision was better than 5% RSD for
concentrations at and above 5 nmol l−1.

2.2.5. Iron (II)
Filled syringes (in batches of 2 or 3) were transferred from the

sampling van to an adjacent analytical van and analyzed within 20 min.
Controls indicated the Fe(II) signal was stable under this treatment for
at least 45 min. Samples were ejected from the syringe into a 25 mL
Teflon (FEP) bottle and entrained into the analytical system described
below.

Dissolved Fe(II) concentrations were determined using the FeLume
II system (Waterville Analytical) employing a luminol-based

chemiluminescence reaction (King et al., 1995; Vedamati et al., 2014).
The FeLume system was fitted with a standard quartz flow cell and a
Hamamatsu HC135 photon counter configured with the following set-
tings: pump speed: 15 revolutions per minute (rpm); photon counter
integration time: 200 milliseconds; load time: 20 s.

In the FeLume system, luminol, buffered to ~pH 10.3 with am-
monia, reacts with an Fe(II)-containing solution, resulting in luminol
oxidation with concurrent chemiluminescent emission (Rose and Waite,
2001; Croot and Laan, 2002). The mixing and reaction takes place in a
spiral flow cell positioned in front of a photomultiplier tube. The
sample and luminol reagent are continually mixed in the flow cell by
omitting the injection valve (Rose and Waite, 2001; Hopkinson and
Barbeau, 2007; Roy et al., 2008). Lab View software (National Instru-
ments) controls the loading and injection of the sample and luminol
into the flow cell, while the intensity of the luminescence is recorded as
the sample passes through the reaction coil. The quantification of the
signal is done by measuring the height of the signal peak averaged over
20 s at five counts per second. On this cruise, detection limits were
determined for surface samples where ferrous iron was negligible based
on a standard 3σ evaluation of the baseline signal (Kondo and Moffett,
2015; Moffett et al., 2007); this led to a detection limit of 14 pmol
l−1.From Vedamati et al. (2014), the standard error is± 5% for Fe(II)
data below 5 nmol l−1 (comprising all the data determined in this
study).

2.2.6. Sulfate/sulfide
The determination of total hydrogen sulfide (free + complexed) is

done on board ship within 2 h of sample collection and uses acidifica-
tion, gas stripping and cryogenic trapping/preconcentration, and gas
chromatography/flame photometric detection (Radford-Knoery and
Cutter, 1993). The system is calibrated with hydrogen sulfide from a
permeation tube with calibrated diffusion rate, and for a 50 mL sample
the detection limit was 60 pmol l−1.

3. Results

In the redox sequence of potential terminal electron acceptors for
respiration depicted in Fig. 1 and considered in this paper, the reduced
products going from most to least oxidized include, but are not limited
to, water, iodide, nitrite, arsenite, Fe(II), and hydrogen sulfide. Oxygen
concentrations obtained along the transect showed that the suboxic
zone where oxygen concentrations were< 2 μmol l−1 (method detec-
tion limits), were in the upper 1000 m and extended from the inner-
most shelf at Station 2 to offshore Station 13 (Fig. 3). Iodide (Fig. 4a) in
the upper 1000 m was detectable along the entire transect and while
most concentrated in the suboxic zone, could also be observed in the
fully oxygenated water column. This is consistent with previous studies
that demonstrated iodide production by phytoplankton during active
photosynthesis (e.g., Wong et al., 2002). Similarly, nitrite was highest
in suboxic waters, but the primary nitrite maximum was above the

Fig. 3. Oxygen concentrations along the US GEOTRACES
cruise GP16 transect (refer to Fig. 2).

G.A. Cutter et al.



Fig. 4. Plots of (a) iodide, (b) nitrite, (c) arsenite, and (d) FeII concentrations along the GP16 transect. Station numbers are indicated on the bottom of each transect and sigma theta
densities are overlaid in each plot.

G.A. Cutter et al.



suboxic layer, within the oxycline (Fig. 4b). Arsenite is also produced
by phytoplankton uptake and reduction, but this process has been
linked with detoxification depending on the ambient concentrations of
phosphate (Wurl et al., 2013), in addition to reduction within suboxic
waters (e.g., Cutter, 1991). However, there is no arsenite increase
within the suboxic zone (Fig. 4c).

Dissolved Fe(II) distributions are shown in Fig. 4d. Concentrations
were exceedingly high on the shelf, decreased offshore and narrowed to
a feature at the top of the OMZ spanning the potential density (σθ,0)
range 26.1 to 26.6 kg m−3. This feature was approximately coincident
with the secondary nitrite maximum (SNM) and extended as far as
Station 11. These observations are in general agreement with mea-
surements made in 2005 (Vedamati et al., 2014) and 2010 (Kondo and
Moffett, 2015). Fe(II) concentrations decreased rapidly below the SNM,
similar to iodide. These co-occurring maxima suggest that there are
similar controls acting on both species. Elevated Fe(II) was also ob-
served at the base of the ODZ at Stations 1 and 5. These were the sta-
tions closest to the slope at that depth horizon. Iodide was not elevated
at this depth, and we suspect a lateral source of Fe from the slope may
have contributed to this feature.

Dissolved hydrogen sulfide was undetectable at< 60 pmol l−1

along the entire transect at all depths. This is at odds with earlier re-
ports of hydrogen sulfide in the Peru and Chile margin water column
(Schunck et al., 2013), but those observations were thought to be as-
sociated with an episodic event.

Nitrate reduction associated with denitrification (Codispoti et al.,
2005) is quantified by comparing the observed nitrate with the pre-
dicted nitrate computed from the observed phosphate divided by the
Redfield ratio (canonically 16:1 but adjusted for empirical observations
from deep waters along the offshore Stations 15–36 on GP16, so Pre-
dicted [NO3

−] = ([PO4
3−] − 0.1) × 14.3); r2 = 0.99). These two

parameters, and nitrite, for Stations 3, 5, 9, 11, and 13 are shown in
Figs. 5–9. These depth profiles show the difference between predicted
and observed nitrate, the nitrate deficit, and nitrite frequently have two
maxima (e.g., Stn. 5, Fig. 6) and even when there is only one maximum,
its depth varies by station. However, plotting all of the OMZ data onto

density surfaces facilitates station by station comparisons. In Fig. 10,
the greatest nitrate deficit is centered on σθ,0 = 26.3 kg m−3, with a
lesser deficit at ca. σθ,0 = 25.6 kg m−3. Since these data are plotted by
station, it is also apparent that there is no definitive on-shore/off-shore
trend, implying nitrate reduction is largely occurring in situ rather than
being transported along the σθ,0 = 26.3 kg m−3 isopycnal.

4. Discussion

Chemical species associated with six redox couples were measured
in this study. Which one controls the pε? The presence of any oxygen
would imply that it controls the pε, even if poised at concentrations
around our micromolar detection limits. As noted previously, methods
with much lower detection limits than those used here demonstrate that
the oxygen levels in this region are likely in the nanomolar range.
(Revsbech et al., 2009; Tiano et al., 2014). As a result, we can assume
the pε is more likely controlled by the nitrate/nitrite couple (Fig. 1).
However, the redox couple that should be closely paralleling nitrate
reduction is iodate/iodide as observed in eastern tropical North Pacific
suboxic zone (Rue et al., 1997) where complete iodate reduction was
matched by quantitative iodide production. However, in the suboxic
zone sampled during GP16 no station showed complete iodate reduc-
tion, but concentrations of iodide were as high or higher than those of
iodate (Figs. 5–9). The actual amount of iodate depletion was calculated
in a fashion similar to that of nitrate: observed phosphate concentra-
tions were used to predict iodate concentrations using the previously
observed correlation between the two (Wong and Brewer, 1974), but
recalibrated using deep water data from Stations 7–13 below the sub-
oxic zone (Predicted [IO3

−] = ([PO4
3−] × 0.103) + 179, r2 = 0.53);

these predictions are also plotted on Figs. 5–9.
While not completely reduced, there is measurable iodate depletion

and the difference between predicted and observed, the iodate deficit,
was relatively similar at every station within the suboxic interval,
100–200 nmol l−1 (Figs. 5–9). Like the nitrate deficit, this suggests in
situ reduction, but unlike earlier observations off Mexico (Rue et al.,
1997), the observed concentrations of iodide (> 400 nmol l−1) are
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much higher than the deficit (100–200 nmol l−1), therefore they
cannot be explained by in situ reduction. Similarly high iodide con-
centrations were found in the suboxic Arabian Sea (950 nmol/L;
Farrenkopf and Luther, 2002), although iodate was completely

depleted. To quantify this ‘excess’ iodide in the equatorial Pacific, the
calculated iodate deficit that should produce a stoichiometric amount
of iodide was subtracted from the observed iodide, with the error in
excess iodide largely driven by the error in predicted iodate (as above,
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the r2 = 0.53 yields an up to 23% error); the depth profiles of this
excess iodide are plotted in Figs. 5–9. In surface waters, there is excess
iodide of up to 100 nmol/L likely produced during photosynthesis as
reported by numerous workers (e.g., Wong et al., 2002). However, the
bulk of excess iodide is within the suboxic zone. Farrenkopf and Luther
(2002) argued that the excess iodide in the Arabian Sea OMZ was from

sediment fluxes, using the pore water data of Passier et al. (1997) to
support their argument, but no direct measurements were made. In-
terestingly, the highest excess iodide during GP16 was found 2 m above
the sediment/water interface of Station 3 (Fig. 5). Plotting excess iodide
versus density (Fig. 11) shows that the maximum of excess iodide was
centered on the 26.5 kg m−3 isopycnal and generally decreased moving
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offshore, implying a shelf sediment source. However, it is also im-
portant to remember that this source is regional and not necessarily the
shelf stations occupied by this cruise.

Considering the redox data within the suboxic zone examined so far
– the lack of hydrogen sulfide, no apparent arsenate reduction, in-
complete iodate reduction, and apparent control by the nitrite/nitrate
couple – it seems that this oxygen minimum zone had a pε in the range
of 5–10, much too high to allow in situ Fe(III) reduction. What pro-
cesses might be occurring that enable Fe(II), but not sulfide or As(III) to
accumulate? In addressing this question, there are two critical ob-
servations to consider. First, there is a large benthic source of Fe(II) on
the shelf that presumably arises from sediment pore waters where ni-
trate has already been eliminated, thus production is consistent with
thermodynamics (e.g., Noffke et al., 2012; Scholz et al., 2014). Second,
the observed Fe(II) at offshore stations is restricted to a narrow density
window, σθ,0 = 26.1 to 26.6 kg m−3 (Fig. 12). This window is also the
same density range as the elevated Fe(II) feature on the Peruvian shelf
(Fig. 4d). Therefore, one explanation is lateral advection/diffusion from
the shelf, coupled with oxidation that is slow enough to enable offshore
transport, but fast enough to prevent diapycnal mixing of Fe(II) to
deeper waters within the OMZ. A reducing sediment source seems to be
the best explanation given high Fe(II) fluxes reported by others (e.g.,
Noffke et al., 2012). Indeed, plotting Fe(II) against density for all sta-
tions (Fig. 12) shows that like excess iodide, Fe(II) is centered on the
26.5 kg m−3 isopycnal, and displays an even stronger decreasing con-
centration with distance offshore. It should also be noted that for iodide

and Fe(II), the data are centered slightly deeper than for the nitrate
deficit in Fig. 10 (σθ,0 = 26.5 versus 26.3). This probably reflects the
importance of benthic sources, near σθ,0 = 26.5, which is especially
apparent for Fe(II) in Fig. 12. Further offshore, these differences are less
apparent.

Having acknowledged a potential shelf sediment source for Fe(II)
and excess iodide, it should be noted that the density range σθ,0 = 26.1
to 26.6 kg m−3 is also associated with the secondary nitrite maximum
(SNM; Fig. 4b) and a maximum in particle concentration (from trans-
missometry, data not shown). In OMZs, the SNM and associated particle
maximum is an area of high microbial activity and biomass (Naqvi and
Shailaja, 1993), which suggests that in situ microbial processes may
play a role. Mechanisms could include the development of highly re-
ducing regimes in sinking particles undergoing denitrification-mediated
regeneration, perhaps including non-dissimilatory Fe(III) reduction, for
example by anammox (van de Vossenberg et al., 2008) or cryptic sulfate
reduction (Canfield et al., 2010). Examining the profiles for Fe(II) and
of particulate acid volatile sulfide (i.e., CdS + FeS + NiS + ZnS;
Radford-Knoery and Cutter, 1993) that are reported in Ohnemus et al.
(2016), the maxima in both properties coincides offshore at Stations 9
and 11. Assuming particulate acid-volatile sulfide (pAVS) is a proxy for
dissimilatory sulfate reduction within particles (e.g., cryptic sulfur cycle
of Canfield et al., 2010), then this could be a source of Fe(II) offshore.
However, it still requires another source at the stations proximal to the
coast. The large suite of tracers gathered on the GP16 cruise enable us
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to evaluate the most important processes that account for the redox
behaviors reported here. This we have done, beginning with arguably
the most plausible source, the Peruvian shelf.

Measurements of 228Ra on the same cruise provide an independent
approach to quantifying boundary (sediment) sources of Fe(II) and
excess iodide. Recently, Sanial et al. (n.d.) determined the coastal fluxes
of dissolved Co, Mn, and Fe based on 228Ra off the continental Peruvian
margin. Using the approach described in Charette et al. (2016), Sanial
et al. (n.d.) combined this radium flux with the trends observed in metal
concentrations versus 228Ra to derive shelf and slope fluxes of a variety
of metals, including dissolved Fe. A similar approach was used here, but
because the sampling resolution of 228Ra measurements were much
lower than those of Fe(II) and excess iodide, we computed depth-in-
tegrated averages for these species for comparisons; these are then used
to estimate the Fe(II)/228Ra and excess iodide/228Ra ratios (Fig. 13a
and b). Focusing exclusively on 228Ra and Fe(II) within the density
range σθ,0 = 26.1 to 26.6 kg m−3 we observed a linear relationship for
Fe(II) versus 228Ra (Fig. 13a).

In order to determine the Fe(II) flux, which is primarily between 26
and 26.6 kg m−3, we first determined the fraction of the shelf area
assumed to be the source of 228Ra in Sanial et al. (n.d.) that intersects
with this density interval; this fraction was approximately 91%. Thus,
we estimated that the Ra flux in the density range 26.1–26.6 kg m−3 is

91% of 1.6 × 1018 atoms d−1 = 1.5 × 1018 atoms d−1Sanial et al.,
n.d.. Considering that the shelf-ocean exchange is primarily driven by
horizontal eddy diffusion, the Fe(II) flux was then derived as follows:
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Fig. 13. Relationships between sediment-derived 228Ra and (a) Fe(II) and (b) excess io-
dide. All three parameters are the depth-integrated averages at Stations 1, 3, 5, 7, 9 and
11 for densities between 26.0 and 26.6 kg m−3. Linear fit statistics are given within the
figures.

Table 1
Comparisons of apparent 1-dimensonal advection/diffusion rates in the suboxic water
column with those from the shelf/margin (fluxes in mol d−1).

Parameter 1-D Model 228Ra-derived fluxes from margin

Fe(II) 3.3 ± 0.4 × 104 2.3 ± 0.8 × 105

Excess I− 8.6 ± 1.8 × 107 7.5 ± 3.0 × 107
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== × ± ×= ± ×
∗ − ∗ − −−

Fe(II) flux Ra Flux Fe(II)/Ra ratio (From the slope in Fig. 13a)
1.5 10 atoms d 1.5 0.5 10 nmol atoms
2.3 0.8 10 mol d

18 1 4 1
5 1

This 228Ra-derived offshore flux of Fe(II) (Table 1) is about 50% of
the estimate of total dissolved Fe coming off the shelf reported in Sanial
et al. (n.d.), suggesting that both Fe(II) and Fe(III) are transported
offshore in a similar manner. However, it is also important to note the
potential errors (± 33% for Fe(II):228Ra ratio) and assumption that Fe
(II) is derived from sediment fluxes and not produced in the water
column. In the same manner as Fe(II), the shelf sediment flux for excess
iodide was calculated using the observed excess iodide/228Ra ratio of
0.05 ± 0.02 nmol atom−1 (Fig. 13b) times the 228Ra flux, resulting in
a shelf flux for excess iodide of 7.5 ± 3.0 × 107 mol d−1 (Table 1).
Again, the error in this flux is largely driven by the error in the excess
iodide/228Ra ratio.

The 228Ra approach provides quantifiable evidence of Fe(II) and
excess iodide fluxes coming from the coastal/shelf sediments into the
offshore suboxic waters, but are they sufficient to explain the observed
water column behavior? One approach is to estimate the rates of ver-
tical mixing processes that would eliminate these features, which can
then be compared with the 228Ra-derived fluxes. A straightforward
approach is the traditional one dimensional, advection/diffusion (A/D)
modeling originally described by Craig (1969) and applied to systems
such as the Black Sea (Spencer and Brewer, 1971; Cutter, 1991). This
approach assumes a simple two end-member mixing with no horizontal
inputs. Thus, it cannot explain the observed maxima – its value comes
from the limits it places on the importance of the 228Ra-derived fluxes.
The model is applicable when spanning a region with a linear re-
lationship in potential temperature-salinity plots. A linear T-S region at
Station 5 covers almost all of the suboxic zone (68–555 m), while 2/3 of
suboxic region at Station 9 was included (144–568 m) (from data
available at www.bco-dmo.org/dataset/522646). Significantly, these
two stations also bracket 80% of the offshore extent of the suboxic
waters with Fe(II) and excess iodide (Fig. 4). A major shortcoming of
the approach is that generic assumptions are often made about vertical
eddy diffusivity and upwelling in the absence of real data. However, on
this cruise Kadko (2017) computed the upwelling rates (0–3 m d−1;
highest at the shelf break and lowest offshore) and vertical eddy dif-
fusivity (Kz; 1.7–4.5 × 10−4 m2 s−1) at stations along the transect
from 7Be data. These values were used in the Craig (1969) solution to
the stable but non-conservative A/D equation:

= + − × − −+ × − −
∗ ∗

∗ ∗C C (C C ) (e 1)/(e 1)
(J/w) (e 1)/(e 1)

z 0 m 0 z/z zm/z

z/z zm/z

where Cz is the concentration at any depth z; Cm is the concentration at
the upper depth; C0 is the concentration at the lower depth; z is depth;
zm is the upper depth; z* is Kz, the vertical eddy diffusion coefficient
(from Kadko, 2017) divided by the w, upwelling rate (m d−1; Kadko,
2017); and J is the constant production/consumption rate (nmoles
l−1d−1) that is the key parameter we seek. The equation was fitted to
the observed Fe(II) and calculated excess iodide data to obtain a con-
stant (not exponentially decreasing) J term – the apparent in situ pro-
duction/consumption rates in the OMZ.

The model fits to the data are shown in Fig. 6 for Station 5 and Fig. 7
for Station 9. For Fe(II) the model predicts a production rate of
4.8 ± 0.4× 10−4 nmol Fe l−1d−1 (r2 = 0.86) to maintain the ob-
served Fe(II) maximum over the 425 m OMZ interval at Station 5 and
0.8 ± 0.4× 10−4 nmol Fe l−1d−1 (r2 = 0.84) over the 489 m depth
range at Station 9’s OMZ. The equivalent modeling for excess iodide,
which should be remembered is a calculated parameter and therefore
has larger errors, yields a production rate of 1.0 ± 0.2 nmol I l−1d−1

(r2 = 0.59) to maintain the calculated excess iodide maximum at Sta-
tion 5’s 425 m modeled OMZ and 0.4 ± 0.2 nmol I l−1d−1 (r2 = 0.52)
at Station 9’s 489 m OMZ. The fact that the required production rates
for both Fe(II) and excess iodide at Station 9 are less than half those at

Station 5 is consistent with its location being farther offshore and more
distant from a presumed sediment source (i.e., Figs. 11 and 12).

The shelf fluxes of Fe(II) and excess iodide given above used the
same approach as that of Sanial et al. (n.d.), but their 228Ra flux was
ultimately computed from a model by Kwon et al. (2014) that has a
resolution of 2° latitude and 2° longitude; it is rather course. Therefore,
to compare these horizontal fluxes from the shelf with the water column
the rates at Stations 5 (50 km from the shelf break) and 9 (1200 km
from the shelf), the water column estimates should be scaled to an
equivalent 2° (i.e., 222 km length of the shelf) scale by converting them
into values for the OMZ “box.” The Station 5 shelf/slope box is 222 km
wide, 425 m deep, and 625 km long (half the distance from Station 5 to
0 plus 50 km), or a volume of 5.9 × 104 km3 (5.9 × 1013 m3). Simi-
larly, the Station 9 offshore box is 222 km wide, 489 m deep, and
625 km long, giving a 6.8 × 1013 m3 volume of OMZ water. Placing the
steady state 4.8 ± 0.4× 10−4 nmol Fe l−1d−1 rate computed above
into the Station 5 box yields 2.8 ± 0.2× 104 mol Fe d−1, while for
the Station 9 box the computed rate of 0.8 ± 0.4× 10−4 nmol Fe
l−1d−1 would mean 0.5 ± 0.3 × 104 mol Fe d−1 are required. The
sum of these two boxes is 3.3 ± 0.4× 104 mol Fe d−1 (Table 1), the
amount of Fe(II) that must be delivered to the offshore Peru margin
OMZ to maintain the observed maxima. Thus, the shelf flux of Fe(II)
calculated independently (2.3 ± 0.8 × 105 mol d−1) is sufficient to
account for the observation of Fe(II) in a suboxic water column that is
not sufficiently reducing to explain its presence without invoking a
mechanism for in situ production (Table 1). Sanial et al. (n.d.) also
reported higher 228Ra in deep waters, suggesting lateral advection
could give rise to the elevated concentrations of Fe(II) observed around
800 m at Stations 1 and 5. However, they found even higher 228Ra
associated with a maximum in total dissolved Fe reported by Resing
et al. (2015) centered around 2000 m. Our data show that feature
contained no detectable Fe(II).

Calculations identical to those for Fe(II), but applied to the excess iodide
rates at Station 5 (1.0 ± 0.2 nmol I l−1d−1) results in a flux of
5.9 ± 1.2× 107 mol I d−1 for the Station 5 OMZ box and
2.7 ± 1.4× 107 mol I d−1 (6.8× 1013 m−3 × 0.4 ± 0.2× 103 nmol I
m−3d−1) for the Station 9 OMZ box. The sum of these two requires
8.6 ± 1.8× 107 mol I d−1 of excess iodide to be horizontally transported
into the Peru margin OMZ to maintain steady state conditions (Table 1).
This value is matched by the shelf flux of 7.5 ± 3.0× 107 mol I d−1

(Table 1), showing all of the excess iodide in the suboxic water column at
offshore stations can be delivered from the Peru margin. The observation
(Fig. 4a and d) that excess iodide persists farther out into the open ocean
than does Fe(II) argues that its oxidation rate must be slower, but also ex-
plains why the shelf and offshore fluxes can so closely match while the shelf
Fe(II) flux must be larger to overcome its oxidative loss.

The approach used in this study can be applied to other redox
sensitive elements as well. Hawco et al. (2016) measured Co on the
same cruise and identified a plume within the upper OMZ that was
coincident with the Fe(II) and iodide maxima reported here. The source
appears to be the very high concentrations of dissolved Co over the
shelf, a persistent feature observed previously (Saito et al., 2004). This
Co feature shows remarkable similarities to dissolved Fe(II), suggesting
control by similar in situ and advective/diffusive processes. It seems
likely that other redox couples such as Cr(III)/Cr(VI) might be active in
this part of the water column as well.

5. Conclusions

This redox study highlights the value of the GEOTRACES multi
parameter approach by showing how the combination of redox spe-
ciation, 228Ra Sanial et al., n.d. and 7Be data (Kadko, 2017), particle
chemistry (Heller et al., 2017), and total dissolved metal data (Resing
et al., 2015) provides insight into the unique chemistry of OMZ/suboxic
waters. The Peru OMZ is a dynamic redox environment, with multiple
redox states of As, Fe, I, and N co-existing in the “absence” of oxygen.
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The most reducing regime is centered around the secondary nitrite
maximum, coincident with the intense microbial community at these
depths (Ulloa et al., 2012). But, this study provides the first evidence
that shelf processes exert strong influence on the redox characteristics
of this feature extending well offshore (Table 1). This shelf signal is
unambiguous for excess iodide and likely the case for Fe(II). The for-
mation of Fe(II) within shelf sediments presumably occurs in the ab-
sence of nitrate and is consistent with Fe(III) utilization as a terminal
electron acceptor. The subsequent fate of Fe(II) as it is transported
offshore is determined not by thermodynamics, but by oxidation ki-
netics with nitrate or nitrite (Scholz et al., 2016). The formation of Fe
oxides throughout the OMZ west of the shelf slope break on GP16
(Heller et al., 2017) clearly shows oxidation does occur in the OMZ. A
major gap in our knowledge is that there are no measurements of the
rates of these processes within the OMZ to compare with rates mea-
sured by Scholz et al. (2016) over the shelf itself. We do not know if Fe
(II) oxidation is a slow, unidirectional process, or if dynamic redox
cycling occurs.

The Peru OMZ studies show that there is no unique pε that could be
quantified to explain all of our observations. Indeed, the concept of pε
presumes thermodynamic equilibrium, but many studies clearly de-
monstrate that redox species within anoxic and suboxic waters are
controlled by their rates of oxidation and reduction (e.g., Cutter, 1991).
Nevertheless, pε is still a useful concept because it forced us to search
for explanations for the anomalies, in particular the presence of Fe(II).
Our findings reflect the importance of kinetics and transport processes
on fully explaining the chemical regime within oxygen minimum and
suboxic zones.
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