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Abstract A striking feature of Oxygen Deficient Zones (ODZs) on the eastern boundary of the Pacific
Ocean are large subsurface plumes of iodide. Throughout the oceans, iodate is the predominant and
thermodynamically favored species of dissolved iodine, but iodate is depleted within these plumes. The origin
of iodide plumes and mechanism of reduction of iodate to iodide remains unclear but is thought to arise from a
combination of in situ reduction and inputs from reducing shelf sediments. To distinguish between these
sources, we investigated iodine redox speciation along the Oregon continental shelf. This upwelling system
resembles ODZs but exhibits episodic hypoxia, rather than a persistently denitrifying water column. We
observed elevated iodide in the benthic boundary layer overlying shelf sediments, but to a much smaller extent
than within ODZs. There was no evidence of offshore plumes of iodide or increases in total dissolved iodine.
Results suggest that an anaerobic water column dominated by denitrification, such as in ODZs, is required for
iodate reduction. However, re‐analysis of iodine redox data from previous ODZ work suggests that most iodate
reduction occurs in sediments, not the water column, and is also decoupled from denitrification. The underlying
differences between these regimes have yet to be resolved, but could indicate a role for reduced sulfur in iodate
reduction if the sulfate reduction zone is closer to the sediment‐water interface in ODZ shelf sediments than in
Oregon sediments. Iodate reduction is not a simple function of oxygen depletion, which has important
implications for its application as a paleoredox tracer.

Plain Language Summary Inorganic iodine has two stable forms in the ocean, iodate and iodide. In
most of the subsurface ocean, iodate is the predominant compound, except in regions of the ocean without
oxygen, where iodate is depleted and iodide accumulates. The causes of iodate to iodide conversion remains
unclear, but it is often linked to denitrification since both iodate and nitrate can be used by anaerobic bacteria in
respiration. We compared iodine behavior in the coastal margins of Oregon and Mexico's Pacific Coast. The
former has no denitrification in the water column, whilst the latter has a vast subsurface zone where
denitrification occurs. We sampled the low but nonzero oxygenated waters on the Oregon continental shelf. We
did not observe iodide accumulation or iodate depletion, in contrast to the Mexican study area. Surprisingly,
further analysis revealed that the difference is not about water column denitrification at all, but arises because
processes in the shelf sediments are very different in the two regions. We now think that sulfide accumulation
near the sediment water interface in Mexico but not Oregon contributes to this difference. Thus, linkage between
sulfur and iodine geochemistry may determine the underlying differences between these two regimes.

1. Introduction
Iodine is a ubiquitous constituent of seawater with a nearly conservative distribution in most areas. The mean
oceanic concentration of dissolved iodine is approximately 470 nM (Luther et al., 1995; Moriyasu et al., 2020),
and below the thermocline, iodine is almost entirely in the form of iodate (Campos et al., 1996; Truesdale &
Upstill‐Goddard, 2003, and many others). The other stable form of inorganic iodine in seawater is iodide, and it
accumulates in surface waters as well as oxygen deficient waters (Chance et al., 2019; Luther & Campbell, 1991;
Moriyasu et al., 2020; Rue et al., 1997). Slow rates of iodide oxidation (D. S. Hardisty, Horner, Evans, et al., 2020;
Luther, 2010; Luther et al., 1995; Moriyasu et al., 2023; Ştreangă et al., 2024; Wadley et al., 2020) as well as
sometimes slow rates of iodate reduction (Farrenkopf et al., 1997; Hardisty, Horner, Wankel, et al., 2020) cause
these oxidation state endmembers to be stable in oxic, euphotic seawater. Importantly, iodate is specifically
partitioned into the carbonate mineral lattice (Hashim et al., 2022; Kerisit et al., 2018; Z. Lu et al., 2010; Podder
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et al., 2017), and this fact has been used to infer past oceanic oxygen concentrations, allowing for marine iodate
reconstructions throughout Earth history (Hardisty et al., 2017; Hess et al., 2023; Hoogakker et al., 2018; W. Lu
et al., 2018). As such, our understanding of iodine cycling mechanisms, and specifically the conditions allowing
for iodate formation and reduction, are essential for quantitative applications of carbonate‐bound iodine as a
paleoredox proxy tracking oxygen availability.

Extensive plumes of dissolved iodide are associated with the three major oxygen deficient zones (ODZs) in the
world's oceans. These regions are characterized by extremely low oxygen concentrations (<10 nM) such that
nitrate replaces oxygen as the primary terminal electron acceptor (Zakem & Follows, 2017), Thermodynamically,
iodate reduction is more favorable than nitrate reduction in these regions, and the main metabolic reactions of
these regions are nitrate‐reducing. There have been several theories coupling iodate reduction to denitrifying
processes, such as iodate reduction as a byproduct of nitrate‐reducing enzymes (Amachi et al., 2007; Farrenkopf
et al., 1997) as well as iodate being coupled with nitrite by chemoautotrophs (Babbin et al., 2017). In addition, a
facultative anaerobe that reduces iodate chemoheterotrophically has been identified (Reyes‐Umana et al., 2021),
and proteins similar to those possessed by this organism, capable of iodate reduction, have been found within an
ODZ (Saunders et al., 2022). Hydrogen sulfide can reduce iodate rapidly through abiotic reactions (Jia‐Zhong &
Whitfield, 1986). While sulfide is commonly observed in reducing shelf sediments, it is rarely observed in ODZs.

The accumulation of iodide within ODZs is associated with a decrease in iodate. However, dissolved iodide
accumulation is typically far in excess of the iodate loss, indicating an external source increasing the total dis-
solved inorganic iodine concentration beyond 470 nM (Cutter et al., 2018; A. M. Farrenkopf & Luther, 2002;
Moriyasu et al., 2020). This excess iodine originates from reducing shelf sediments, where dissimilatory sulfate
reduction produces sulfide, which liberates iodide from organically bound iodide. Nearby bottom waters with
excess iodide concentrations are transported into the ODZs (Evans et al., 2020; Moriyasu et al., 2020; Scholz
et al., 2024). Reducing shelf sediments were identified as the source of this iodide because the ratio of iodine to
carbon in marine organic matter is ∼10−4 (Elderfield & Truesdale, 1980; Wong & Brewer, 1977), which is far
lower than the amount required to produce this excess iodide signal from remineralization of sinking particles
(Cutter et al., 2018; Farrenkopf & Luther, 2002).

In this manuscript, we report dissolved iodine speciation from a hypoxic, Eastern Boundary Upwelling System
continental shelf to examine the processes that cause iodate depletion. Our continental shelf data comes from
Oregon, which experiences seasonal hypoxia (O2 < 60 μM) (Adams et al., 2013). Summer hypoxia is known to
produce extremely high Fe(II) concentrations in bottom waters (Evans et al., 2023; Lohan & Bruland, 2008),
suggesting that this continental shelf can become extremely reducing (Siedlecki et al., 2015). Oregon continental
shelf waters typically remain hypoxic, though occasional sulfidic events have occurred (Chan et al., 2008). We
compare our findings from Oregon against re‐processed data from the Eastern Tropical North Pacific (ETNP)
ODZ that leverages the extensive analysis of its iodine distribution (Moriyasu et al., 2020), iodate reduction rates
(D. S. Hardisty, Horner, Evans, et al., 2020), and hydrographic features (Evans et al., 2020). Water masses were
found to have a significant role on the iodate distribution (D. S. Hardisty, Horner, Evans, et al., 2020), and we
apply a new water mass analysis technique to the region to identify the mechanisms causing iodate depletion.

2. Materials and Methods
2.1. Sampling Description

Oregon continental margin samples were collected on the R/V Oceanus during the OC2107A cruise from July to
August 2021 as well as the OC2111A cruise during November 2021. We sampled during summer hypoxia in
OC2107A, whereas OC2111A had bottom water oxygen concentrations closer to 100 μM. The sampling locations
for these two cruises are presented in Figure 1. Samples were collected from a Seabird CTD equipped with 10 or
12 L GO‐FLO bottles and a SBE43 sensor for measuring oxygen concentrations. Samples were filtered using
0.45 μm Corning disposable bottle top filters within 3 hours of collection and then frozen for analysis on land. For
OC2107A, this manuscript focuses primarily on stations 31–33, which were collected on the Heceta Bank. This
region serves as a hotspot for deoxygenation (Siedlecki et al., 2015) and benthic iron fluxes because it is a semi‐
retentive shelf (Gan & Allen, 2005) fed organic matter from the Umpqua River (Severmann et al., 2010). These
samples were collected at least 110 km north of the North Hydrate Ridge, a location with extremely high
porewater iodine (Z. Lu et al., 2008).
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During OC2111A, we also collected iodine samples using a benthic boundary gradient sampler at stations MT0
and MT2. This lander held five 1 L GO‐FLO bottles mounted at known heights. Samples were collected
simultaneously via a burn wire that fired after the lander sat on the seafloor for 30 min. For these samples, oxygen
concentrations were measured less than an hour from recovery using a Presens TX‐3 micro optode in a flow cell
fitted to the sampling syringe outlets. Between each O2 measurement, brief flushes of nitrogen gas were also used
to check for calibration shifts and remove contamination between samples. Iron(II) was also measured following
the methods described in Evans et al. (2023) for these lander samples. These near‐bottom samples had high Fe(II),
which lowers the potential risk of contamination. We measured Fe(II) to compare their benthic profiles, since both
of these compounds have the same reducing shelf source. Figure 1 depicts sampling locations.

2.2. Chemical Analyses

Iodide was quantified with cathodic square wave stripping voltammetry using either a calomel or an Ag/AgCl
reference electrode (Rue et al., 1997), adapted from Luther et al. (1988). The BioAnalytical Systems (BASi)
Controlled Growth Mercury Electrode was set to the Static Mercury Drop setting and interfaced with a BASi
Epsilon ε2 voltammetric analyzer. Each 10 mL seawater sample was measured in duplicate by treatment with
150 μL of 0.2% Triton X 100 (Sigma Aldrich—BioX grade) and purging with argon for five minutes to avoid
oxygen interference (Tian & Nicolas, 1995). Previous studies have found that argon is required for removing
dissolved oxygen, as nitrogen was insufficient (Moriyasu et al., 2023). Scans used a drop size of 7, deposition time
of 30 s, and 5 s of quiet time. Scan increments were set to be 2 mV with a scan range between −140 and −700 mV,
and the square wave amplitude and frequency were 25 mV and 125 Hz. Each sample was measured in duplicate
and their signals were averaged. Calibration was performed using standard additions of potassium iodide to a
seawater sample. This standard addition was performed using a GEOTRACES GP15 sample with less than 20 nM
iodide as the sample matrix and increasing 20 nM increments were added to fresh splits from that GP15 sample
until 120 nM had been added. These adaptations to the calibration protocol were required to measure the
extremely low iodide concentrations in the Oregon samples.

Figure 1. Map of stations on the Oregon coast during OC2107A and OC2111A cruises overlaid on seafloor depth. The
location of the Endurance array, discussed in this manuscript, is labeled as OOI, and other regions of interest, such as the
Heceta Bank, the Umpqua River, and the Hydrate ridge are also labeled.
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Iodate was not directly measured for the Oregon samples. As we were primarily interested in the amount of
dissolved iodine released from the continental margin, we measured the total dissolved iodine using a similar
method to Hardisty, Horner, Wankel, et al. (2020) at Michigan State University (MSU). This method can measure
total iodine as the sum of dissolved iodide, dissolved iodate, and dissolved organic iodine in addition to measuring
the individual species separately. Total iodine was measured by reducing these iodine species to iodide by
acidification with hydrochloric acid (Fisher; pH not monitored) followed by immediate addition of sodium
bisulfite (Fisher) for a final concentration of 0.6 mM then letting the samples sit overnight (Hou et al., 2001).
Iodide was extracted from the seawater samples by running the samples through AG1‐X8 resin then eluting with
15 mL of 2.0 M nitric acid (Fisher) and 18% tetramethylammonium hydroxide (TMAH, Fisher). We note that this
method was optimized for isotope tracer measurements via sparge‐based MC‐ICP‐MS but, while it can also
quantify concentrations, that other approaches may be preferred for large transects requiring high sample
throughput (e.g., IC UV/VIS (Jones et al., 2023)). In addition, while TMAH is commonly used to stabilize iodine,
it is a category 1 central nervous system toxin and thus other bases may be preferred if feasible (e.g., ammonium
hydroxide (Winkelbauer et al., 2021)). Once iodide was eluted in 2.0 M nitric acid and 18% TMAH, these so-
lutions were diluted to 1/40th of this concentration and quantified on a Thermo‐Fisher iCAP TQ Inductively
Coupled Plasma‐Mass Spectrometer (ICP‐MS) using internal standards of cesium, indium, and rhodium (Inor-
ganic Ventures) at 5–10 ppb, which targets 150–800k cps. The ICP‐MS was tuned before each set of measure-
ments using Thermo‐Fisher iCAP TQ tuning solution (Fisher) and calibrated for iodide using eight standards
diluted from a stock iodide solution (Inorganic Ventures). In addition, a recovery sample with a known con-
centration was processed through the analytical train to estimate sample recovery. 40 samples were measured for
total dissolved iodine, and of these, nine samples had anomalously low total dissolved iodine with less than
400 nM (mostly >373 nM, but one sample as low as 333 nM). We also extracted iodide to measure on the ICP‐MS
at MSU, which allowed us to inter‐compare this method with the hanging mercury drop electrode method. For this
protocol, we did not reduce the samples before adding them to our columns. Instead, we added untreated seawater
to the AG1‐X8 resin columns to retain the iodide then eluted the iodate and organic iodine fractions using milliQ
water and 0.2 M potassium nitrate rinses, then eluted the iodide with the same 15 mL of 2.0 M nitric acid and 18%
TMAH solution. Due to the low concentrations of iodide, we measured these solutions with a 1/20th dilution
rather than a 1/40th dilution on the ICP‐MS, otherwise, this analytical chain was identical to the total iodine
measurements.

Our monitored yields for standards are within the typical range (Hardisty, Horner, Wankel, et al., 2020) and
independent measurements of iodide (the iodine species total iodine is analyzed as) via IC‐ICPMS and Hg
electrode show good correlation. That said, we are cautious to interpret these low values given the potential for
low yields from the chromatographic procedure (e.g., Hou et al., 2007). In addition, Cook et al. (2022) outline
potential impacts of acidification of samples on iodine speciation, which could be used to optimize the pre‐
column sample treatment for total iodine. Since we did not confirm total iodine measurements via the sum of
independent measurements of iodide, iodate, and DOI, we note that, unlike our iodine intercomparison, the total
iodine measurements do not serve as an intercomparison. Given the above, we maintain these total iodine data in
Table S2 in Supporting Information S1, but have filtered them from plots in the main text.

2.3. Computational Methods

Water mass analysis via the pyompa package was performed in Google Colaboratory using the scripts provided in
https://github.com/NatalyaEvans/Iodine_Frontiers. After performing water mass analysis, the results were
plotted and processed using MATLAB R2018B (The MathWorks Inc, 2018) and visualized using perceptually
uniform colormaps (Thyng et al., 2016). TEOS‐10 calculations (McDougall & Barker, 2011) were performed in
MATLAB as well with the IBM ILOG CPLEX Optimization Studio V12.8.0 as an optimizer. Linear regression
comparing the measured and simulated iodate was performed using the “lsqfitma” command in MATLAB
(Glover et al., 2011).

Maps were plotted using Python 3.7.13 (Python Software Foundation, 2022) in Spyder 5.1.5 (Raybaut, 2009) with
the Basemap package (Hunter, 2007). Bathymetry data were downloaded from the National Centers for Envi-
ronmental Information 3 arc‐second resolution coastal relief model (https://www.ngdc.noaa.gov/mgg/coastal/
crm.html). The fraction of ODZ conditions presented in Figures 2a and 4a depicts how consistently certain lo-
cations are found to be oxygen deficient using an atlas of oxygen deficient conditions (Kwiecinski &
Babbin, 2021).
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3. Results
3.1. Summer Conditions on the Oregon Shelf

It is important to assess conditions at our study site in the period prior to the cruise. If hypoxia began just before
our summer cruise, it could be possible that not enough time passed for iodate depletion to be obvious. We did not
have the chance to collect oxygen measurements year‐round, but the Oregon Shelf Surface Piercing Profiler
Mooring in the Endurance array (https://oceanobservatories.org/site/ce02shsp/) measures subsurface oxygen
concentrations continuously using an Aanderaa—Optode 4831. This mooring traverses up and down the water
column at 44.6372°N, 124.299°W, with a seafloor depth of 81 m. This mooring infrequently measures oxygen
below 70 m, so we chose to analyze the oxygen concentrations between 10 and 15 m from the seafloor. This time
series reveals that the oxygen concentrations we observed during OC2107A appear to have persisted for
approximately a month (Figure 2).

3.2. Distribution of Redox‐Active Compounds During Summer

During our summer cruise in Oregon continental margin waters, we sampled consistently hypoxic bottom waters
on the Heceta Bank. This region is known for more intense hypoxia (Siedlecki et al., 2015) and higher benthic iron
fluxes (Severmann et al., 2010) than its surroundings. When we sampled there, the oxygen concentrations on shelf
bottom waters (stations 33–32) were 28–50 μM and the oxygen concentration on the continental slope bottom
water (station 31) was 8 μM. Despite the fact that these bottom waters were hypoxic rather than anoxic, we
observed extremely high concentrations of Fe(II), between 40 and 47 nM (Figure 3). These results indicate that
even though the water column is hypoxic, high amounts of organic carbon in the sediment cause porewaters to
become strongly anoxic near the sediment‐water interface.

We observe minimal iodide accumulation on the Heceta Bank (Figure 4d). The highest iodide concentration is a
surface sample measured off‐shelf, though there is one bottom water sample with 72 nM iodide. These values are
more similar to limited, or lack thereof, iodide in offshore ODZ regions, such as the North Pacific (Moriyasu et al.,
2023) but are far lower than nearshore anoxic regions such as Pacific ODZs, with 400–800 nM iodide and far
lower Fe(II) concentrations (Cutter et al., 2018; Moriyasu et al., 2020). We also observed a middepth iodide
feature on our most coastal Heceta Bank station, and we attribute this middepth feature to iodide flux from lateral

Figure 2. Subsurface oxygen concentrations during the summer of 2021 from the Endurance array, with the period where we
sampled during OC2107A annotated using a red box.
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advection away from a shallower benthic source, or potentially the Umpqua River. Total dissolved iodine
(Figure 4c) shares this middepth feature at the most coastal station, suggesting that this iodide flux corresponds
with a flux of total iodine. The mid‐Heceta Bank station where iodide accumulates to 72 nM has 478 nM total
dissolved iodine, whereas other samples at this station have 420–485 nM total dissolved iodine.

3.3. Distribution of Redox‐Active Compounds During Winter

Hypoxia in Oregon is typical in summer, with much higher oxygen concentrations during the winter. We were
interested in exploring how these oxic conditions contrasted with our summer observations, and as such collected
iodine data during OC2111A in November 2021. We provide water column profiles of oxygen and iodide at
stations MT2 and MT0, with seafloor depths of 198 and 259 m, appropriately (Figure 5). At MT2, both oxygen
and iodide decrease almost linearly from the surface. In the bottom‐most sample of MT2, the iodide concentration
actually increases to 47 nM, suggesting a sediment source of iodide that does not mix into the rest of the water
column.

We also deployed a benthic boundary gradient sampler at these two stations on the northern Heceta Bank in
November 2021, with results presented in Figure 6. Unfortunately, this expedition occurred in the winter and
therefore we did not sample hypoxic waters, even in the benthic boundary layer. Nevertheless, we observed both

Figure 3. Water column profiles of iodide and Fe(II) for station 31–33 of OC2107A on the Oregon coast. The gray region on the bottom represents the seafloor depth.
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Fe(II) and iodide in these samples, despite the 80–90 μM of oxygen. While oxygen depletion is clearly observed
closer to the seafloor, trends in iodide and Fe(II) are far less coherent. At MT2, none of the benthic boundary layer
profiles have the same trend. At MT0, iodide and Fe(II) do have similar profiles, though neither match the oxygen
profile. In addition, the profiles for iodide and Fe(II) appear to decrease closer to the seafloor. These differences in
profile shape likely emerge due to different cross‐shelf transport at these locations. These velocity data are
presented in Figure S8 in Supporting Information S1.

These benthic lander data reveal high correlations between iodide and total dissolved iodine concentrations
(r = 0.875). These results suggest that the continental margin is acting as a source of iodine to the water column.
This conclusion was difficult to acquire from water column profiles alone, likely due to the influence of river
iodine and increased mixing in the water column, and these two factors are less significant for the benthic
boundary gradient profiles.

4. Discussion
4.1. Analysis of Oregon Data

The iodine/calcium proxy is commonly used to reconstruct oxygen concentrations in the geologic past because
iodate depletion occurs in anoxic waters. However, iodide concentrations only reach 72 nM on the Oregon shelf
and approximately 19 nM off‐shelf, compared to the approximate 470 nM concentration of total dissolved

Figure 4. Distribution of (a) oxygen, (b) Fe(II), (c) total dissolved iodine, and (d) iodide measured on the Heceta Bank on OC2107A in summer. Total dissolved iodine
here is measured as the sum of iodate, iodide, and dissolved organic iodide. The gray background represents the bathymetry of Heceta Bank, whereas black points
represent sampling depths. Sections were filled by first interpolating each station linearly every 1 m vertically, then interpolating across longitude linearly.
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inorganic iodine, whereas Fe(II) accumulates as high as 47 nM on‐shelf and 2 nM off‐shelf on the hypoxic (8 μM)
Oregon continental margin compared to their far lower concentrations in ODZs, typically below 1 nM (Bolster
et al., 2022). These results reveal that neither iodate depletion nor iodide accumulation are generally correlated
with bottom water oxygen nor reducing strength, assessed via Fe(II) accumulation. In select regions like ODZs,
iodate depletion and Fe(II) accumulation are linked (Cutter et al., 2018), which allows iodide to be implemented
as a non‐oxidizing tracer for shelf‐derived Fe. Nevertheless, the results from our comparison suggest that linkages
between the iodine cycle and oxygen concentrations, as well as the iodine cycle and Fe(II) concentrations, may be
regionally specific rather than broadly applicable. Given these observations, we examine multiple factors below
that may be responsible for water column iodate depletion.

Winter benthic boundary layer data reveal the sediments' contribution to iodine measured in the water column.
However, the bottom water profile of MT0 during OC2111A depicts a decreasing value near the sediment‐water
interface. While counterintuitive at first, these data profiles can be explained from the near‐bottom velocities
measured by the lander during sample collection. We propose that since MT0 was collected on the continental
slope, these benthic profiles sampled material during coherent off‐shelf transport, whereas on the continental
shelf, MT2 experienced less coherent advection and therefore this profile reflects material from a wider range of
source locations on the shelf. The water column profiles of iodide and oxygen corresponding to these benthic
boundary layer deployments are presented in Figure 6, It is also interesting to note that we observe 20–40 nM
increases in iodide and total dissolved iodine despite approximately 90 μM oxygen concentrations. Nevertheless,
the Fe(II) measured in these benthic lander data accumulates to higher concentrations than in the ETNP ODZ, so
reductive dissolution must still be occurring in the continental shelf sediments. In addition, this Oregon Fe(II)
accumulation leads to nearly a tenth less iodide accumulation than in the ETNP ODZ, where iodide

Figure 5. Water column profiles of oxygen and iodide, measured via hanging mercury drop electrode, for the MT2 and MT0 stations of OC2111A. The gray region on
the bottom of each plot represents the seafloor depth.
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concentrations easily reach 470 nM. The entire iodide data set is plotted against oxygen in Figure S9 in Supporting
Information S1. There is little correlation across all stations, reflecting iodide persistence in the presence of
oxygen and the production of iodide by phytoplankton in the euphotic zone.

4.2. Re‐Analysis of ETNP ODZ Data

Water masses provide a framework for analyzing the causes of spatial variability as well as identifying processes
related to respiration. Evans et al. (2020) found that the 13°C Water (13CW), Northern Equatorial Pacific In-
termediate Water, and Antarctic Intermediate Water (AAIW) were the primary water masses that compose the
Eastern Tropical North Pacific ODZ (ETNP ODZ). Additional information about these water masses can be found
in Evans et al. (2020) and references therein. Evans et al. (2020) deconvoluted ETNP ODZ samples into their
source waters, but this deconvolution relied on local nutrient concentrations for their water mass definitions and
therefore could not calculate respiration. With this source water deconvolution, Hardisty, Horner, Wankel,
et al. (2020) indicated that water mass mixing contributed to but did not exclusively control the iodate distribution
of the ETNP ODZ. Unfortunately, these previous analyses did not fully describe respiration within the ETNP
ODZ, and therefore could not fully identify the factors influencing the iodate distribution.

Advances in optimum multiparameter analysis has resulted in a method for quantifying the amount of aerobic
versus anaerobic respiration in ODZs (Evans et al., 2023). We applied this methodology to the FK180624 iodine
data from the ETNP ODZ (Moriyasu et al., 2020), using a similar analysis as performed in Hardisty, Horner,
Wankel, et al. (2020). In Hardisty, Horner, Wankel, et al. (2020), the iodate concentration was estimated as a
function of only water mass mixing (Equation 1), whereas the method applied in this paper includes two
respiration pathways (Equation 2). These respiration pathways are differentiated using their observed stoichi-
ometries in the ETNP ODZ, given in Equations 3 and 4, where n1 ranges from 14 to 17 μmol kg−1 and n2 ranges
from −65 to −40 μmol kg−1. After calculating the water mass contents and extent of respiration pathways, we
used these parameters as predictor variables in a multi‐linear regression. This approach enables calculation of the
equivalents of iodate changed per unit of phosphate released by these two metabolisms, as differentiated via

Figure 6. Profiles collected from a benthic boundary gradient lander at stations MT2 (top) and MT0 (bottom). Iodide samples measured with a hanging mercury drop
electrode are labeled as “HMDE” whereas samples measured with an ICPMS are labeled “ICPMS.”

Journal of Geophysical Research: Oceans 10.1029/2024JC021013

EVANS ET AL. 9 of 16

 21699291, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021013 by M
ichigan State U

niversity, W
iley O

nline Library on [19/12/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



nitrate stoichiometry. Simultaneously, we also calculate the endmember concentrations of iodate in each water
mass. In Equations 1 and 2, the “a1–3” coefficients represent the endmember concentration of iodate in each water
mass, and the “x” coefficients represent the fraction of each water mass. The advancements in this paper enable
deconvolution due to the amount of respiration that has occurred, which is represented by xi (ξ) symbols. The a4

and a5 coefficients represent the ratio of iodate changed per phosphate for each metabolism. More information
about this method is included in the supplemental information.

[IO−
3 ] = a1x13CW + a2xNEPIW + a3xAAIW (1)

[IO−
3 ] = a1x13CW + a2xNEPIW + a3xAAIW + a4ξaerobic + a5ξanaerobic (2)

(CH2O)106(NH3)16(PO4) + O2→ 106 CO2 + n1 NO3 + PO4 (3)

(CH2O)106(NH3)16(PO4) + n2 NO3→ 106 CO2 +
n2 + 16

2
N2 + PO4 (4)

Our iodate deconvolution (Table 1) reveals that one water mass, the 13°C Water (13CW) has an endmember
concentration of only 100 ± 30 nM iodate when sampled on this transect. Since this water mass has a mean transit
time of approximately 50 years before entering the ETNP ODZ (Margolskee et al., 2019), it likely has time for its
iodate endmember concentration to reach ∼475 nM, the mean subsurface concentration in this region, Therefore,
the 375 nM iodate deficit in this water mass must occur within the ETNP ODZ. This water mass enters the ETNP
ODZ on its southeast boundary, and is advected by the West Mexican Coastal Current into the northern ODZ
(Gómez‐Valdivia et al., 2015) along continental shelf sediments (Evans et al., 2020), where it was sampled on
FK180624. Since this iodate deficit is reported in the 13CW endmember, rather than being lumped into anaerobic
respiration, suggested that a mechanism besides net nitrate‐removing metabolisms is responsible for most iodate
depletion in the ETNP ODZ. The median iodate concentration removed by anaerobic respiration is 143 nM, which
is approximately a third of the iodate removed by other mechanisms in the 13CW.

4.3. Potential Mechanisms Causing Iodate Depletion

The data from the Oregon hypoxic zones show little or no iodate depletion, even when conditions are sufficiently
reducing for Fe(II) to accumulate (Evans et al., 2024). This finding is significant because thermodynamically,
iodate and Fe(II) should not coexist. Previously, we have argued that Fe(II) in the water column of the Oregon
shelf arises from benthic sources. One would therefore expect a substantial flux of iodide accompanying the Fe
(II), but these fluxes are small, relative to ODZ systems. These observations suggest that the Oregon and ODZ
systems are quite distinct, even though benthic Fe(II) fluxes are a characteristic of both. Therefore, a comparative
approach has been used throughout this study to identify the key differences.

The water mass deconvolution reveals that anaerobic respiration, or a correlated process, contributes to the
observed iodate depletion in the ETNP ODZ. However, the deconvolution revealed that most of the iodate
depletion observed in the ETNP ODZ occurred through a process that primarily affects the 13°C water mass
(13CW) but is not linked to denitrification.

The transport of the 13CW along continental margin sediments means that this water mass has been significantly
exposed to processes that occur near and in sediments before reaching the northern ODZ. Processes known to
reduce iodate, which we might expect to encounter at the benthic‐water column interface, include dissimilatory

Table 1
Deconvolution Results for Simulating the Iodate Distribution in the Eastern Tropical North Pacific Oxygen Deficient Zone

Name Endmember concentration or stoichiometry ratio Standard error

13CW 103 nM 28 nM

NEPIW 479 nM 25 nM

AAIW 413 nM 26 nM

Aerobic respiration 116 nM IO3
−/μM PO4

3− 54 nM IO3
−/μM PO4

3−

Anaerobic respiration −1,750 nM IO3
−/μM PO4

3− 200 nM IO3
−/μM PO4

3−
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nitrate reduction (Amachi et al., 2007; Farrenkopf et al., 1997), chemoheterotrophic reduction (Reyes‐Umana
et al., 2021), and reduction via abiotic oxidation of sulfide (Jia‐Zhong & Whitfield, 1986). Microbial nitrite
oxidation by iodate has also been proposed by Babbin et al. (2017) as a chemoautotrophic process. Our
deconvolution shows that dissimilatory nitrate reduction does not explain the 13CW iodate deficit and is not the
cause of iodate depletion.

Nitrite is an intermediate in denitrification, therefore nitrite re‐oxidation is likely to be important in the water
column near zones with active denitrification (Babbin et al., 2017), provided a suitable oxidant is available.
However, denitrification and nitrite re‐oxidation in the water column have distinctly different stoichiometries that
hinders our water mass deconvolution from delineating nitrite re‐oxidation from anaerobic respiration quanti-
tatively. Despite this uncertainty, the observed nitrite re‐oxidation in the ETNP ODZ is implicitly included within
our water mass analysis via the stoichiometry of denitrification used, so it is highly unlikely that it generates the
magnitude of iodate reduction that we observe in the ETNP ODZ (Babbin et al., 2020; Beman et al., 2013; Peng
et al., 2015).

It is important to consider how these considerations apply to Oregon. Since nitrite re‐oxidation is rare in deni-
trifying sediments and there is no active denitrification and hence nitrite accumulation in the hypoxic water
column on the Oregon shelf, nitrite re‐oxidation is not likely to be a sink for iodate in the water column or
sediments there.

4.4. Likelihood of Sulfide Accumulation Causing Iodate Reduction

The aforementioned considerations lead us to the conclusion that most iodate depletion observed in the ETNP
ODZ arises from the shelf, with reduction by sulfide being the most plausible possibility that we have not already
ruled out. The redox reaction between sulfide and iodate is rapid (Jia‐Zhong & Whitfield, 1986); far faster than
sulfide and oxygen (Luther, 2010; Luther et al., 2011). Plumes of sulfide have periodically emerged in the ETSP
ODZ (Schunck et al., 2013), but this phenomenon has not yet been observed in the ETNP ODZ. Sulfide pro-
duction does occur within reducing microenvironments in large sinking particles in the ETNP ODZ (Raven
et al., 2020), but this is a relatively small source of sulfide to the water column. While the waters of the ETNP
ODZ remain nitrogenous, the maximum sulfate reduction rate appears less than 2 cm below the sediment‐water
interface. These lines of evidence suggest that abiotic reduction of iodate to iodide via reacting with sulfide in
sediments of the ETNP continental shelf as the most plausible explanation for the observed iodate depletion in the
ETNP ODZ.

The reducing sediments off the Oregon coast might be expected to be another strong source of iodide to the water
column, resulting in significant plumes, yet they are not. Differences in shelf biogeochemistry regarding iron and
sulfur speciation and their links to iodine cycling might account for this difference. Sediments near the Oregon
shelf do not reach their maximum sulfate reduction rates until 5 cm below the sediment‐water interface, whereas
ETNP sediments on the Mexican continental shelf reach their maximum sulfate reduction rates shallower than
5 cm (Kristensen et al., 1999). Data from Kristensen et al. (1999) are replotted in Figure 7 for illustration. This
difference in the depth of the maximum measured sulfate reduction rate relative to the sediment‐water interface
suggests that porewater sulfide is more likely to reach bottom waters and reduce iodate in the ETNP ODZ, as seen
in Figure 7. The high concentrations of iron in Oregon likely hinders sulfide reaching the bottom waters, pre-
venting iodate depletion.

Beyond the ETNP, sulfide accumulation may explain why iodate depletion was observed in hypoxic waters in the
Benguela Upwelling System (Truesdale & Bailey, 2000) but not Oregon waters. The Benguela Upwelling System
is known for sulfidic bottom waters (Brüchert et al., 2003; Lavik et al., 2009; Ohde & Dadou, 2018) and the strong
hypoxia observed by Truesdale and Bailey (2000) could have caused sulfidic sediment conditions, which would
lower iodate concentrations. These factors all increase the confidence that sulfide accumulation, especially near
the sediment‐water interface in reducing shelf sediments (Figure 7), serves as one of the primary drivers of iodate
depletion in the water column.

Table 2 summarizes the processes we hypothesize cause iodate depletion and the lines of evidence supporting or
eliminating them. The primary driver of iodate depletion must explain the iodate depletion in the 13CW, but
cannot correlate with anaerobic respiration in the ETNP, and does not occur in Oregon shelf waters. While
chemoautotrophic coupling to nitrite re‐oxidation seems plausible, this reaction rarely occurs in reducing
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sediments and therefore cannot supply the excess iodine signal that we observed in the ETNP. This fact suggests
that abiotic reduction with sulfide is most likely, although chemoheterotrophic reduction remains a possibility.

4.5. Other Mechanisms for Iodate Reduction

We should consider other mechanisms for iodate reduction as well. Fe(II) is the predominant form of dissolved Fe
in the anaerobic water column of the ETNP ODZ, and in the benthic boundary layer of the winter Oregon
continental shelf. We also note that dissolved Fe is thermodynamically favorable and has been observed as a
reductant of iodate to iodide (Councell et al., 1997; Jiang et al., 2023; Luther, 2023). Councell et al. (1997)
observed up to 98% reduction of iodate to iodide within hours in solutions with 20:1 and 10:1 Fe:IO3. The Fe:IO3

ratios are lower on the Oregon shelf with a maximum of 1:2 which is a range that Councell et al. (1997) did not
test. These lower ratios could imply that Fe is limiting for iodate reduction but could still account for at least some

Figure 7. Sulfate reduction rates measured in sediments on the Washington continental shelf, by Oregon, as well as the
Mexican continental shelf below the Oxygen Deficient Zone, replotted from data reported in Kristensen et al. (1999).

Table 2
Summary of Iodate Depletion Mechanisms and Whether They Agree or Not With Observations of Iodate Depletion

Mechanism
Correlates with anerobic resp. in the

ETNP?
Explains 13CW iodate

deficit?
Occurs in or near Oregon shelf

waters

Low substrate affinity dissimilatory nitrate
reduction

Yes, high confidence No, high confidence Yes, high confidence

Chemoautotrophic coupling to nitrite oxidation Maybe, low confidence No, medium confidence No, high confidence

Chemoheterotrophic reduction at sub‐µM O2 Maybe, low confidence Maybe, low confidence Maybe, low confidence

Abiotic reduction with sulfide No, high confidence Yes, high confidence No, medium confidence

Abiotic reduction with Fe No, high confidence No, high confidence Maybe, low confidence

Observational data No Yes No
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portion of the maximum iodide values near 70 nM. Nevertheless, while not measured in this study, Severmann
et al. (2010) demonstrated benthic Fe values as high as 2 μM in the same region and porewater values well in
excess of 2 μM. This distribution is somewhat analogous to that of sulfide, which reaches mM values commonly
in pore fluids, but benthic and water column plume values are typically in the low μM range. In either case, both
benthic Fe and sulfide have the potential to be non‐limiting for iodate reduction.

We must also consider different rates of iodide oxidation in these regimes. Iodide is thermodynamically unstable
in the water column overlying the Oregon shelf, since oxygen is always present. While iodide oxidation cannot
explain the absence of excess iodine, which is based on the total inventory of both redox states, it could contribute
to the low overall fraction of iodide observed in all of our Oregon samples. The mechanism is unknown, but it has
been linked to ammonia oxidizing bacteria in cultures and in a global model (Wadley et al., 2020). Estimates of
iodide oxidation rates reported in Moriyasu et al. 2023) are consistent with the results of that model. Reactive
oxygen species produced by the oxidation of Fe(II) by molecular oxygen, specifically the OH radical, might also
oxidize iodide (Luther, 2023). Sustained ROS production was directly observed via Fe oxidation of sulfide in the
presence of O2 within hydrothermal plumes (Shaw et al., 2021). While this mechanism of iodate production along
the Oregon shelf is currently speculative, it also cannot be ruled out. Future studies could perform iodine in-
cubations targeting these redox reactions to provide constraints on the mechanisms driving both iodine oxidation
and reduction.

4.6. Implications for the I/Ca Proxy

These lines of evidence suggest that abiotic reduction with sulfide may be an important source of iodate depletion.
We suggest that low iodate concentrations, and hence low I/Ca ratios, may specifically indicate low oxygen water
masses which have interacted with either water column or sedimentary sulfide. Iodate depletion clearly occurs in
regions with sulfidic water columns (Luther & Campbell, 1991; Wong & Brewer, 1977), and thus this proxy
would be effective in these conditions. The lack of iodate depletion on the Fe‐rich Oregon continental shelf
indicates that the I/Ca proxy decouples from oxygen in Fe‐rich, reducing regions. This finding includes the caveat
that O2 was present, albeit low, on the Oregon shelf. Therefore, it cannot be ruled out that chemoheterotrophic
iodate reduction may require O2 thresholds lower than currently recognized (sub‐µM) or, alternatively, that OH
radicals oxidize iodide to iodate in environments with high dissolved Fe and present oxygen.

The I/Ca proxy is highly reliable in modern ODZs because of sulfidic porewaters near the sediment‐water
interface, but what about water columns that are denitrifying but lack nearby sulfidic sediments? These sys-
tems could still have iodate depletion due to chemoautotrophic nitrite oxidation, however, the relative magnitude
of this process versus sulfide oxidation on iodate depletion is unknown. Regions that have denitrifying water
columns but lack sulfidic porewaters near sediment‐water interfaces are rare. Fortunately, the incomplete deni-
trification in the Bay of Bengal implies that high amounts of nitrite re‐oxidation occur there (D’Asaro et al., 2020).

If sulfidic environments, whether in the water column or near/at the sediment‐water interface, are important for
iodate depletion within a water mass, there may be important implications for the interpretation of I/Ca ratios
through Earth history. Specifically, the degree of widespread ferruginous versus euxinic bottom water conditions
may play a currently underappreciated role in regulating iodate availability through time, as opposed to exclu-
sively O2 concentrations. In this model, I/Ca ratios may be relatively higher in time periods with elevated marine
oxygen as well as when oxygen is low, but ferruginous conditions are more widespread relative to euxinic
conditions. In the latter scenario, elevated iodate is produced in settings with sufficient O2 but persists in these low
O2, ferruginous environments. While this hypothesis requires additional confirmation, it could have implications
for increases in I/Ca in the Proterozoic and early Paleozoic, when ferruginous conditions were more widespread
(Hardisty et al., 2017; Lu et al., 2018; Sperling et al., 2015).

5. Conclusions
The most important conclusion of the study is that whilst there are benthic sources of iodide in both the Oregon
and ETNP systems, only in the ETNP does it result in (a) near‐complete depletion of iodate in much of the water
column and (b) accumulation of excess iodine in the form of iodide. Comparison with other studies suggests that
these conclusions can be generalized to other margin systems. Excess iodine and iodate depletion are charac-
teristic of ODZs, while absent in eastern boundary upwelling regimes lacking water column denitrification like
off the African Coast (Hughes et al., 2021). These observations suggest that water column processes, rather than
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benthic processes, determine iodine redox speciation. Yet our deconvolution results point clearly to a margin‐
based reduction mechanism for iodate that is decoupled from dissimilatory nitrogen reduction. We argue that
reduction by sulfide within sediments is the most plausible explanation, while recognizing that such a mechanism
should be important in reducing sediments even when the overlying water column is aerobic. It is possible that
reduction by sulfide leads to larger iodide fluxes in ODZs because the sulfide boundary is much closer to the
sediment‐water interface, due to the iron reduction present in Oregon sediments. As such, the magnitude of iodate
reduction is not directly linked to redox processes in the anaerobic water column of the ODZ, but is dependent on
the availability of sulfide to the sediment‐water interface. Our work suggests the potential that iodate may persist,
even under relatively low oxygen, which has implications for the use of iodate as a paleoredox tracer for
reconstruction of ancient marine oxygen availability. Future work should focus on determining the mechanisms
driving iodate reduction in coastal upwelling settings to provide more quantitative understanding of the drivers of
spatiotemporal iodate variations in modern and ancient marine settings.

Data Availability Statement
Data for this paper has been uploaded to BCO‐DMO (https://www.bco‐dmo.org/project/889751) Moffett (2024).
Code for making figures, performing water mass analysis, and processing the water mass analysis data to identify
iodate processes are available at https://zenodo.org/doi/10.5281/zenodo.13742820 (Evans, 2024).
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