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The relative abundance of the inorganic iodine species, iodide and iodate, are applied to characterize 
both modern and ancient marine oxygen deficient zones (ODZs). However, the rates and mechanisms 
responsible for in situ iodine redox transformations are poorly characterized, rendering iodine-based 
redox reconstructions uncertain. Here, we provide constraints on the rates and mechanisms of iodate 
reduction in the Eastern Tropical North Pacific (ETNP) offshore ODZ using a shipboard tracer–incubation 
method. Observations of iodate reduction from incubations were limited to the top of the oxycline 
(σθ ∼ 25.2 kg m−3) where native oxygen concentrations were low, but detectable (≈11 μM). Incubations 
from additional depths below the oxycline—where O2 was <2 μM—yielded no detectable evidence of 
iodate reduction despite hosting the lowest iodate concentrations. These experiments place an upper 
limit of iodate reduction rates of generally <15 nM day−1 but as low as <2.3 nM day−1, which are based 
on variable precision of individually incubated replicates between experiments. Experimental inferences 
of limited or slow iodate reduction in the ODZ core relative to that observed in the oxycline are generally 
consistent with iodate persistence of up to 70 nM and low biological productivity in this zone. We also 
compare dissolved iodine and oxygen concentrations between variable water masses of the ETNP and 
globally distributed open ocean ODZs. Consistent with sluggish reduction rates, comparison of iodate 
concentrations with previously published water mass analyses within the ETNP ODZ (σθ = 26-27 kg m−3; 
O2 < 7 μM) demonstrate iodate as a semi-conservative tracer at least partially reflecting regional water 
mass mixing. A compilation of iodate and dissolved oxygen concentrations from global ODZs generally 
supports that at least some iodate variations in both vertical and lateral transects largely reflect variable 
combinations of relatively slow reduction and mixing of iodate reduction signals generated in adjacent 
regions—as opposed to solely rapid in situ processes. In this context, the variations in iodine speciation 
inferred for the ancient and modern ocean represent a combination of in situ processes and regional 
mixing between water masses that retain variable spatially and temporally integrated redox histories.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Iodine serves as a tracer of redox cycling within both modern 
and ancient marine oxygen deficient zones (ODZs). The reduction 
of the oxidized inorganic iodine species, iodate (IO−

3 ), to the re-
duced iodide (I−)—both dissolved in seawater—has a similar Gibbs 
free energy of reaction and pE to that of the Mn and N redox 
couples (Farrenkopf et al., 1997a; Rue et al., 1997). In line with 
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these calculations, elevated I− and corresponding low IO−
3 have 

been consistently documented within ODZs (Chapman, 1983; Cut-
ter et al., 2018; Farrenkopf and Luther, 2002; Moriyasu et al., 2020; 
Rapp et al., 2019, 2020; Rue et al., 1997), the oxycline of estu-
arine low oxygen basins (Luther and Campbell, 1991; Wong and 
Brewer, 1977), and within anoxic pore waters (Kennedy and Elder-
field, 1987a, 1987b; Upstillgoddard and Elderfield, 1988). Building 
from these field observations, the iodine-to-calcium (I/Ca) paleore-
dox proxy utility arises from experimental studies demonstrating 
that IO−

3 incorporates into the carbonate lattice during precipita-
tion whereas I− does not (Lu et al., 2010). The sole precipitation 
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of calcite with IO−
3 implies that carbonate-bound iodine can be 

used to trace iodine speciation, and hence, the redox state of am-
bient waters from which the carbonate precipitated. Applications 
of I/Ca to track ocean oxygenation cover most of the geologic time 
spectrum (Hardisty et al., 2017; Hoogakker et al., 2018; Lu et al., 
2018).

Modern and ancient applications of iodine to quantitatively 
track oxygenation depend largely on our understanding of iodine 
oxidation and reduction in seawater today. The concentration of 
total inorganic iodine in the ocean is generally conservative near 
450-500 nM. Compared to I− oxidation, the reduction of IO−

3 has 
been experimentally demonstrated as a potentially rapid process 
in some low oxygen systems (Amachi et al., 2007; Beck and Bru-
land, 2000; Farrenkopf et al., 1997b) as well as in oxygenated 
waters associated with primary production (Hepach et al., 2020). 
Iodate reduction in oxygenated waters contributes to up to 250 nM 
I− found in some euphotic settings and has been linked to both 
dissimilatory and assimilatory processes during algal growth and 
senescence (Chance et al., 2014; Hepach et al., 2020). Dissimilatory 
IO−

3 reduction via bacteria has been demonstrated in experiments 
under anoxic conditions and inferred to explain near-complete and 
even quantitative IO−

3 conversion to I− in ODZ vertical profiles 
(Farrenkopf et al., 1997b; Amachi et al., 2007). Importantly, though 
IO−

3 reduction has been documented, IO−
3 formation mechanisms 

are still not resolved in either low oxygen or well-oxygenated ma-
rine settings. It is known that I− oxidation to form IO−

3 —a six 
electron transfer—likely involves multiple intermediates, is not di-
rectly mediated by oxygen, and tends to be slow compared to rates 
inferred previously for IO−

3 reduction in both oxic and low oxy-
gen waters (Farrenkopf et al., 1997b; Hepach et al., 2020), but the 
specific mechanisms, rates, and pathways are still a subject of ac-
tive research (Chance et al., 2014; Hardisty et al., 2020; Luther 
et al., 1995). The asymmetry in oxidation-reduction rates could 
complicate iodine-oxygen relationships, as relatively slow oxidation 
kinetics may render the persistence of elevated I− and correspond-
ing low IO−

3 well beyond the locality of in situ IO−
3 reduction. 

A number of studies have also documented elevated I− within 
ODZs beyond that possible solely from IO−

3 reduction, including 
the ETNP, Eastern Tropical South Pacific (ETSP), and Arabian Sea. 
These ODZs are all inferred to have a shelf pore water I− source 
(Cutter et al., 2018; Farrenkopf and Luther, 2002; Moriyasu et al., 
2020). Together, relatively slow I− oxidation kinetics and external 
sources imply the potential that in situ processes need not always 
govern IO−

3 and I− accumulation even in low oxygen settings. In-
deed, recent detailed transects have revealed that IO−

3 in vertical 
and lateral profiles appears to be more heterogeneous than previ-
ously recognized, both within and between ODZ systems (Cutter et 
al., 2018; Moriyasu et al., 2020; Rapp et al., 2020).

Experimental constraints on the rates and mechanisms of io-
dine reduction within ODZ systems are necessary to explain broad 
field observations and resolve the importance of in situ versus 
transport processes on iodine speciation at a given locality, which 
have important implications for modern iodine cycling but also 
the application of the I/Ca paleoredox proxy. To this end, we use 
shipboard IO−

3 reduction experiments with waters from a vertical 
transect through the ETNP ODZ. These experiments test the de-
gree to which IO−

3 concentrations and rates of reduction can be 
linked with in situ processes. Importantly, we use multiple meth-
ods to confirm our observations and constrain reduction rates. The 
incubations were inoculated with IO−

3 , but also an I− tracer with 
a known 129I/127I ratio. This tracer allows us to track IO−

3 reduc-
tion via concentration changes and independently through isotopic 
dilution of the I− tracer. This study also benefits from complimen-
tary studies from the same ETNP transect that have constrained 
detailed iodine speciation (Moriyasu et al., 2020) as well as water 
mass analysis to estimate the fractional contribution of the vari-
2

Fig. 1. Map showing transect from FK180624. This figure was created in Ocean Data 
View. Stations 9 and 14 are the focus of the experimental incubations in this study. 
Rue et al. (1997) is the location measured previously for iodine speciation. The de-
tailed iodine speciation and water mass analysis, among other chemical parameters, 
for the FK180624 transect are already published in Moriyasu et al. (2020) and Evans 
et al. (2020). For context, the iodine speciation, nitrite, and oxygen concentrations 
are shown in Fig. 2.

ous water masses encountered during our sampling (Evans et al., 
2020), which we use as context for our interpretations.

2. Sample collection and experimental setup

Samples were collected onboard the R/V Falkor at the ETNP ODZ 
in June and July of 2018 (cruise number FK180624). The samples 
used for the experiments in this study were collected during an 
offshore westward transect from 101–120◦W centered along 14◦N 
(Fig. 1) where detailed iodine speciation was measured, includ-
ing at our site, as part of a complementary study (Moriyasu et al., 
2020). For the present study, we targeted five depths (95, 105, 145, 
168, and 475 m) at 14◦N 110◦W and one depth (151 m) at 14◦N 
115◦W, which together spanned the ODZ from the lower to up-
per oxycline and contained native O2 concentrations ranging from 
below detection (<1 μM) to ∼11 μM (Fig. 1). Because oxygen min-
ima and associated IO−

3 depletion are consistently observed within 
the 26.2–26.6 kg m−3 potential density anomaly range at the ETNP, 
ETSP, and Arabian Sea (Moriyasu et al., 2020)—and because we 
ultimately explore water mass mixing as a control on IO−

3 concen-
trations in this zone—we discuss the experiments in the context 
of the potential density anomaly to allow for future comparisons 
between localities.

The sample collection procedure was adapted from that used 
commonly for experimental studies of nitrogen cycling within 
ODZs (Fussel et al., 2012; Jensen et al., 2008, 2011). Briefly, seawa-
ter from the Niskin bottles was collected within <0.5 h of retrieval 
into ground-glass reagent bottles and prioritized prior to that nec-
essary for other chemical analyses (Babbin et al., 2014). The bottles 
were first rinsed 3 × with the sample seawater which was dis-
carded. The bottle was allowed to overflow its volume 3 × while 
seawater was continuously added. A glass stopper was added so 
that it displaced seawater at the neck of the bottle. This entire 
process lasted <5 minutes for each sample collected. The sam-
ples were then immediately stored in a refrigerator at 4 ◦C prior 
to setting up the experiments which was within 3 h of sample 
collection.

Unfiltered seawater was used for the experimental incubations 
at all depths. For 1 depth, 151 m, we performed an additional ex-
periment with 0.2 μm filtered seawater. All tracer addition and 
seawater aliquoting for the experimental setup was performed in a 
glove bag flushed with N2 at 3 × its volume and then episod-
ically flushed throughout the experimental setup (Babbin et al., 
2014). For each bottle collected, a pipette was used to remove wa-
ter from the top at a volume similar to that of the tracer to be 
added in the subsequent step. A 127IO−

3 spike and additional I−
radio-tracer with a known 129I/127I ratio (Hardisty et al., 2020) 



D.S. Hardisty, T.J. Horner, N. Evans et al. Earth and Planetary Science Letters 554 (2021) 116676

Fig. 2. The oxygen, nitrite, iodide, and iodate concentrations along the F K 180624 longitudinal transect. Data from Moriyasu et al. (2020). Vertical dots represent points of 
data collection. The labels at 110◦W and 115◦W represent Stations 9 and 14, respectively, which were the focus of this study. The y-axis depicts potential density anomaly 
and focuses on a range displaying the largest iodate gradients. The figure was created in Ocean Data View using weighted-average gridding. (For interpretation of the colors 
in the figure(s), the reader is referred to the web version of this article.)
were both added separately at levels of ∼150 nM 127IO−
3 and 

<80 nM 129I− (t1/2 ∼ 157 Myrs). In all cases, native 129I− was 
below detection but 127IO−

3 was measurable. The amended seawa-
ter was then aliquoted in triplicate into individual 30-60 mL glass 
serum bottles representing each time point. To remove potential 
O2 contamination relicts from the sampling process, the seawater 
was immediately bubbled for 20-30 minutes with helium through 
a needle with vented headspace.

The samples were incubated in the dark at 11 ◦C for up to 60 
h. This temperature was chosen to match the temperature range of 
8-15 ◦C measured from the CTD for sample depths evaluated (Sup-
plementary Fig. 1). Triplicate sample bottles were independently 
incubated for each time point, which varied between incubations 
but were generally at 0, 12, 24, 48, and 60 h. Upon harvesting, 
samples were immediately filtered through a 0.2 μm filter and 
stored in the dark at 4 ◦C. One fraction of each sample was saved 
for shipboard total I− concentration (129I + 127I) measurement and 
another for 129I/127I ratios of I− . Previous studies have demon-
strated iodine stability on the timescales of months to years in 
filtered seawater and ODZ water (Campos, 1997; Farrenkopf et al., 
1997b; Hou et al., 2001; Jickells et al., 1988; Smith et al., 1990). 
The 129I/127I ratios were measured ∼3 months following sample 
collection.

3. Analytical methods

3.1. Iodine speciation

The concentrations of I− from the incubations were determined 
shipboard <2 weeks after sample collection via the methods out-
lined in Moriyasu et al. (2020). Briefly, a 10 mL aliquot of seawater 
was treated with 150 μL of 0.2% Triton X 100 (Sigma Aldrich – 
BioX grade) and then purged for 5 minutes with argon gas. Fol-
lowing this, 50 μL of 2 M anhydrous sodium sulfite (Millipore GR 
ACS) was added to remove O2 interferences and then purged for an 
additional minute. Lastly, I− concentrations were measured with a 
hanging mercury drop (Hg) electrode and a calomel reference elec-
trode. The I− concentrations were determined via the method of 
standard additions to the filtered sample using I− addition from a 
KI solution.

Uninoculated seawater samples as well as the t0 samples for 
some incubations were characterized for IO−

3 . The IO−
3 was mea-

sured via UV-VIS spectrophotometry as described in Moriyasu et 
al. (2020).
3

3.2. Iodine chromatographic procedure and isotope ratio quantification

The I− pool of the seawater was isolated via a recently adapted 
chromatographic procedure (Hardisty et al., 2020) for measuring 
the 129I/127I ratios of natural waters via accelerator mass spec-
trometry and inductively coupled plasma mass spectrometry (ICP-
MS) (Hou et al., 1999). AG1-X8 resin was used and matrix elution 
procedures were done according to Hardisty et al. (2020) and I−
was collected via an eluent of 2 M nitric acid-18% (vol/vol) tetram-
ethylammonium hydroxide (TMAH), which was diluted for isotope 
ratio analysis.

All iodine isotope ratios were measured on a ThermoElec-
tron Neptune multicollector ICP-MS at the Woods Hole Oceano-
graphic Institution Plasma Facility. Iodine was introduced into the 
MC-ICP-MS as a gas using a sparging technique described previ-
ously (Hardisty et al., 2020). Solutions containing 0.5 M nitric acid 
and 4.5% (vol/vol) TMAH free of iodine were analyzed routinely 
to monitor contributions from processing blanks and instrument 
memory. Corrections for instrumental mass bias and isobaric 129Xe 
were applied as described in Hardisty et al. (2020).

4. Results

The depth profiles for iodine speciation, NO−
2 (nitrite), and O2

contents determined during the FK180624 transect have been re-
ported previously (Moriyasu et al., 2020; Evans et al., 2020) and 
are shown here in Fig. 2 plotted against σθ . Fig. 3 shows the 
IO−

3 , I− , and O2 concentrations and fluorometer readings relative 
to depth from sites 9 and 14 along this transect at 110◦W and 
115◦W where the incubation experiments were performed. There 
is a distinct IO−

3 minimum that corresponds with an I− and NO−
2

maximum typically within the σθ of 25.5–27 kg m−3.
Measured 129I/127I ratios of I− from the incubation experiments 

are shown in Fig. 4, which reveal little or no variation in 129I/127I
ratios over the length of the experiments. In Fig. 5, we show the 
total I− concentration measured via electrochemistry that includes 
the native 127I− and the 129I− and 127I− added via the tracer at the 
onset of the incubations (black circles). In addition, Fig. 5 includes 
the natural I− (red squares), which is calculated by determining 
the total 127I present as I− in the sample using the 129I/127I of 
I− measured via MC-ICP-MS and then subtracting the tracer 127I−
contribution from this pool based on the added 129I− concentra-
tion and the 129I/127I ratio of the spike. For the total 127I− (which 
contains both ‘natural’ I− and that from the tracer) concentra-
tion calculations, the average total I− and average 129I/127I from 
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Fig. 3. (a) Oxygen, fluorescence, potential density anomaly, and iodine speciation from site 9 cast 1. Site 9 is located at 110◦W. Note that the seawater collected for the 
incubations at this site came from subsequent casts at this same site (Table 1). (b) Oxygen, fluorescence, potential density anomaly, and iodine speciation from site 14 cast 1 
at 115◦W. One incubation was performed from seawater at 151 m from this same cast at site 14. These data were published previously in Moriyasu et al. (2020).
the t0 samples were used to determine and confirm the mass of 
129I− added volumetrically prior to the incubations, which are in 
agreement. Our approach for calculating natural I− assumes that 
I− oxidation was negligible which is likely given the low O2 con-
ditions, short time frame of the experiments, and known relatively 
slow I− oxidation kinetics (Hardisty et al., 2020).

For our experiments, the triplicate time points were incubated, 
filtered, and measured independently, and their average and stan-
dard deviation are shown for each time point. Uncertainties for 
individual measurements are insignificant relative to the variation 
between replicate experiments. Hence, mass spectrometric uncer-
tainties do not significantly contribute to total error bars for each 
time point. For some samples, only duplicates were measured. All 
raw data are available in Supplementary Table 1.

The shallowest experiment, from 95 m or along the σθ = 25.23 
kg m−3, shows an increase in I− between the 0 and 24-h time 
(Fig. 5). The increase in I− using both the isotopic tracer method 
and the Hg-electrode method is shown in Table 1. The described 
trend was observed via both iodine measurement methods. This 
trend is interpreted to reflect IO−

3 reduction to I− and this incuba-
tion is the only incubation that showed evidence for IO−

3 reduction 
to I− (Fig. 5A).

Experiments from deeper depths within the σθ = 25.5–27 
kg m−3 did not show changes in I− outside of repeatability of the 
experiment’s triplicates. As such, we use the standard deviation of 
the time points within a given experiment to define the limit of 
detection of I− changes for each experiment. The maximum de-
4

Fig. 4. Shipboard incubations tracking 129I/127I of iodide for 95 m or 25.23 kg m−3

(blue), 151 m or 25.55 kg m−3 (red), and 475 m or 26.93 kg m−3 (black). Each of 
these depths contained native iodide and iodate, which explains differences in ini-
tial 129I/127I ratios. These isotope data are used to calculate concentration changes, 
which are shown in Fig. 5. Uncertainties represent one standard deviation of the 
replicate incubations, which is generally smaller than the data symbols.

tectable increase in I− concentration varied between experiments 
(Table 1). The lowest detection limits come from 151 m and 475 
m depths, where the 129I/127I ratio of I− constrains the reduction 
rates to <7.0 and <2.3 nM day−1, respectively. Larger standard 
deviations for total I− data generated using the shipboard Hg elec-
trode approach generally yielded lower sensitivity to I− changes 
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Fig. 5. Shipboard incubations tracking iodate reduction to iodide. For each exper-
iment, ∼150 nM iodate was added. As is shown in Figs. 2 and 3, each of these 
depths also contained native iodate. The black circles represent total I− (129I +127 I) 
measured shipboard via a Hg-electrode, as explained in the text. The red squares 
represent select experiments where the 129I/127I ratio was measured for I− and 
used to quantify natural 127I− concentrations. For one depth, 151 m, an additional 
0.2 μm-filtered seawater control experiment was performed alongside the other ex-
periments, which is shown in gray. Data points represent the average of duplicate 
or triplicate samples independently incubated and measured for each time point. 
The error bars represent the 1σ of the replicates for each time point.

(11-23.1 nM day−1) than the isotopic approach although both mea-
surement techniques are in good agreement and provide detection 
limits sufficient for tracking reduction rates observed in previous 
studies (Amachi et al., 2007; Beck and Bruland, 2000; Councell et 
al., 1997; Farrenkopf et al., 1997b). In addition, the 0.2 μm-filtered 
seawater experiment at 151 m is shown in Fig. 5 where it is di-
5

rectly compared with the unfiltered seawater experimental data. 
The data points for each time point overlap within error for both 
experiments.

5. Discussion

The ETNP ODZ hosts some of the lowest IO−
3 concentrations in 

the ocean (Rue et al., 1997; Moriyasu et al., 2020). Coincident with 
these IO−

3 depletions are significant accumulations of I− (and NO−
2 ; 

Fig. 2). These features at a given locality represent a mixture of 
processes occurring locally (i.e., in situ) and more broadly within 
the ODZ (i.e., ex situ), the latter transported to our study site(s) 
via advection. In the following sections, we: (1) examine vertical 
variations in IO−

3 reduction rates; (2) use the pattern of reduction 
rates to make inferences regarding the processes responsible; (3) 
draw on a recently-published statistical decomposition of regional 
water masses (Evans et al., 2020) to constrain the importance of 
advection to observed iodine speciation; and, (4) discuss how our 
results may refine the utility of carbonate I/Ca as a proxy for past 
redox conditions.

5.1. Iodate reduction is restricted to the upper oxycline

The only experiment with discernable evidence for IO−
3 reduc-

tion came from within the upper oxycline of the ODZ (σθ = 25.23 
kg m−3 at 110◦W; Fig. 5). The observation of IO−

3 reduction in the 
upper oxycline of the ODZ is generally consistent with the ob-
served decrease in IO−

3 within this section of our profile (Fig. 2
and 3). Although native O2 concentrations at this depth were ∼11 
μM (Fig. 3; Table 1), our experiments were purged with He, which 
likely altered O2 to lower values and the O2 concentration was not 
monitored, so we cannot directly determine whether IO−

3 reduc-
tion is associated with a specific O2 concentration. For the incuba-
tions at this depth, all observed IO−

3 reduction occurred by the first 
time point (24 h). From this, we determine a minimum IO−

3 reduc-
tion rate assuming either a zeroth- (Amachi et al., 2007; Beck and 
Bruland, 2000) or first-order reaction (Farrenkopf et al., 1997b) of 
186 nM day−1 and 0.56 day−1, respectively (Table 1). Regardless of 
the true reaction order, these experiments are the first to confirm 
IO−

3 reduction within this shallow zone of an ODZ.
Iodate reduction rates were below detection limits for our incu-

bations below the upper oxycline within the σθ range of 25.5-27 
kg m−3 at either 110◦W or 115◦W (Fig. 5). Detection limits ranged 
from <2.3 to <23.1 nM day−1 depending on the depth, which is 
based on the standard deviations of experimental replicates (Ta-
ble 1). This does not directly imply a lack of IO−

3 reduction at these 
depths or regions of the ETNP ODZ, which could be happening at 
rates below the sensitivity of our analyses. Indeed, we specifically 
targeted gradients in IO−

3 while O2 remained below detection be-
cause these features in vertical profiles are typically interpreted to 
reflect IO−

3 reduction (e.g., Rue et al., 1997). Our lowest detection 
limits from the experiments come from the 25.5-27 kg m−3 σθ and 
put IO−

3 reduction rates at <2.3 nM day−1, <7.0 nM day−1, and 
<10.2 nM day−1 (assuming zeroth order reactions), for 475, 151, 
and 145 m, respectively (Table 1).

Our observations of limited IO−
3 reduction below the oxycline 

of the ETNP stand in strong contrast to previous analogous exper-
iments from below the oxycline of the Arabian Sea. In shipboard 
experiments, Farrenkopf et al. (1997b) report that 200-500 nM 
IO−

3 added to seawater (a quantity similar to that added in our 
experiments) was quantitatively reduced to I− in a series of exper-
iments within six hours. This corresponds to a lower-limit reduc-
tion rate estimate of ≥2,000 nM day−1. Additionally, Farrenkopf et 
al. (1997b) also reported that IO−

3 added to ODZ seawater at levels 
of ≤1,500 nM—during attempts to create a calibration curve via 
standard additions—was instantaneously reduced to I− , implying 
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Table 1
Estimated upper and lower limits for iodate reduction via the two methods discussed in the main text. The data are plotted in Fig. 5 and are available in Supplementary 
Table 1. The initial iodate concentrations are that measured for the t0 samples from the incubations. The 95 m depth native iodate and iodide concentrations were measured 
from samples collected on a separate cast. The first-order iodate reduction rates consider the initial iodate concentration and the shipboard-derived iodate reduction rate. In 
some cases the initial or native iodine speciation was not measured (NM).

Station-cast 
(longitude)

Date 
started

Depth 
(m)

Potential 
density 
anomaly 
(kg m−3)

Native O2

(μM)
Native 
iodate 
(nM)

Native 
iodide 
(nM)

Initial 
iodate 
(nM)

Iodate 
reduction rate 
(nM day−1)*

Zeroth-order 
iodate reduction 
rate 
(nM day−1)†

First order 
iodate 
reduction rate 
(day−1)*

9-166F (110◦W) July 8 95 25.23 11 206.3 266 388 ± 43 >218.8 >185.7 >0.56
9-03 (110◦W) July 7 105 25.55 2 128.1 356 233 ± 45 <14.5 – <0.062
9-03 (110◦W) July 7 145 26.23 ≤1 33.5 461 91.6 ± 19 <10.2 – <0.11
14-01 (115◦W) July 11 151 26.34 ≤1 26.9 587 NM <23.1 <7.0 –
9-03 (110◦W) July 7 168 26.41 ≤1 61.4 466 153 ± 5.3 <22.1 – <0.14
9-08 (110◦W) July 9 475 26.93 ≤1 368.4 NM NM <11.0 <2.3 –

* Rate derived from shipboard total iodide concentration measurements.
† Rate derived from iodine isotope ratio measurements of iodide.
rates far exceeding 2,000 nM day−1. This instantaneous reduction 
was reported to have occurred in both unfiltered and 0.45 μm-
filtered seawater samples and interpreted to be dissimilatory dur-
ing the oxidation of organic matter. Since there are differences in 
iodine speciation between the ETNP and Arabian Sea ODZs, we 
suspect that the different IO−

3 reduction rates observed here and 
by Farrenkopf et al. (1997b) represent real heterogeneities that 
are likely not just present between, but also within a given ODZ 
(i.e., vertically, laterally, temporally). Nonetheless, it is worth not-
ing that there were differences in experimental conditions between 
our ETNP and the previous Arabian Sea studies. Most prominently, 
no precautions were taken during sampling to limit O2 contami-
nation in their shipboard incubations where rapid and quantitative 
IO−

3 reduction was documented. In contrast, our ETNP sampling 
protocol and experimental setup included care to both limit and 
eradicate O2 contamination, which otherwise would have altered 
the experiments from natural ODZ conditions. Though it is not cur-
rently clear how or if experimental differences might have led to 
variable iodate reduction rates, we cannot definitively rule this out 
in the absence of a more detailed study comparing experimental 
approaches.

The contrasting observations of IO−
3 reduction rates between 

the ETNP and Arabian Sea are independently supported by impor-
tant differences in iodine speciation and other characteristics of 
these ODZ localities. A first difference between the ETNP and Ara-
bian Sea study is that native IO−

3 was frequently observed within 
the core of the ETNP ODZ at our study locality and throughout 
the transect (Fig. 2 and 3), while IO−

3 was reported at levels be-
low detection (<20 nM) from the ODZ core in the Arabian Sea 
when O2 was below detection (Farrenkopf et al., 1997b). The gen-
eral presence of IO−

3 within the ETNP ODZ is broadly consistent 
with relative slower IO−

3 reduction rates, while rapid reduction at 
the Arabian Sea is consistent with the lack of native IO−

3 above de-
tection in this same zone. If IO−

3 concentrations within the ODZ 
are at all indicative of expected reduction rates, even slower rates 
are anticipated for the offshore ETSP, where Cutter et al. (2018) re-
ported O2 below detection but IO−

3 largely >150 nM in a detailed 
18 station ODZ transect covering 70◦ of longitude westward from 
the South American margin.

More support for differences in IO−
3 reduction between the 

ETNP (Moriyasu et al., 2020) and Arabian Sea (Farrenkopf et al., 
1997b) studies comes from the fact that the same approach of 
standard additions was used for the IO−

3 calibration curves in both 
studies but with contrasting observations. This method includes 
the shipboard addition of IO−

3 to filtered ODZ seawater samples. 
Farrenkopf et al. (1997b) reported rapid IO−

3 reduction during this 
process. In contrast, IO−

3 reduction was not observed during stan-
dard additions at the ETNP. These differences provide some inde-
pendent support for the differences in the experimental results.
6

5.2. Drivers of iodate reduction

Rapid IO−
3 reduction within the upper oxycline of the ETNP 

is likely supported by bacteria. Experimental approaches have 
demonstrated that IO−

3 reduction is a dissimilatory process that 
can be stimulated under low O2 conditions as a terminal elec-
tron acceptor for microbial-metabolisms oxidizing organic carbon 
(Amachi et al., 2007; Councell et al., 1997; Farrenkopf et al., 
1997b). Iodate reduction has a Gibbs free energy of reaction near 
−37 kJ mol−1 of IO−

3 (Farrenkopf et al., 1997a), thus making it suit-
able for utilization during bacterial growth. For example, previous 
studies have shown that both of the marine bacteria Shewanella pu-
trefaciens and Pseudomonas stutzeri are capable of growth coupled 
to IO−

3 reduction in artificial seawater under anaerobic conditions 
(Amachi et al., 2007; Farrenkopf et al., 1997b). Each of these ex-
periments amended IO−

3 concentrations 400 × that of seawater. 
Though the diversity and distribution of bacteria capable of IO−

3
reduction is not well known, we note that Pseudomonas bacteria 
related to those shown to facilitate IO−

3 reduction have been iden-
tified in both the Pacific (Stevens and Ulloa, 2008) and Arabian Sea 
ODZs (Nair et al., 1994).

The simplest explanation for the difference observed between 
IO−

3 reduction with depth in our ETNP study relative to rapid IO−
3

reduction in the Arabian Sea is that organic carbon availability—
including composition, magnitude, or supply—may play a currently 
undescribed role in natural variations in IO−

3 reduction rates. In-
deed, dissimilatory IO−

3 reduction has already been shown as a 
function of organic matter type and content in laboratory exper-
iments (Amachi et al., 2007). Though ODZ transects quantifying 
iodine speciation and IO−

3 reduction have not yet quantified or-
ganic carbon availability in the same samples, multiple studies 
have documented the importance of organic carbon availability for 
the nitrogen cycle (Ward et al., 2008, 2009; Babbin et al., 2014) 
which has overlaps in speciation changes with iodine in ODZs (e.g., 
Fig. 2). Specifically, previous incubation studies have demonstrated 
that observation of denitrification within the ETNP and ETSP often 
requires inoculation of an organic substrate (Ward et al., 2008). In 
contrast, the Arabian Sea is generally more productive with higher 
experimentally derived denitrification rates occurring even in the 
absence of organic carbon inoculation (Ward et al., 2008).

Though neither particulate or dissolved organic carbon were 
measured in our study, some tentative evidence for photosyn-
thetic organic matter production near the oxycline at 95 meters, 
where IO−

3 reduction was observed (Fig. 5a), comes from rela-
tively elevated chlorophyll-a fluorescence readings (Fig. 3) and a 
corresponding decrease in beam attenuation from the CTD approx-
imating turbidity changes (Supplementary Fig. 1). However, chloro-
phyll does not necessarily track organic carbon concentrations or 
export. Additionally, our offshore longitudinal transect did not in-
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tersect the shelf where IO−
3 reduction might be more ubiquitous 

within the ODZ, but it is possible that a similar phenomenon of 
waning rates from onshore to offshore analogous to the nitrogen 
cycle (Lam et al., 2011), as related to productivity, could exist for 
IO−

3 . For example, the low IO−
3 area between the σθ range of 25.5-

27 kg m−3 generally decreases offshore independent of O2 (Fig. 2). 
This may reflect a decreasing contribution from either locally ac-
tive or transported elevated I− from over the shelf.

Other non-dissimilatory IO−
3 reduction mechanisms are also 

relevant within ODZ settings. These include reactions with sul-
fide (Jia-Zhong and Whitfield, 1986) and nitrite (Babbin et al., 
2017). The rates of sulfide oxidation via IO−

3 reduction are actually 
even faster than sulfide oxidation via O2 (Jia-Zhong and Whitfield, 
1986). Intensive sulfur cycling is not a pervasive feature of ODZ 
water columns, but it has been reported in micro-niches (Canfield 
et al., 2010; Shanks and Reeder, 1993), transient plumes (Schunck 
et al., 2013), and directly at the sediment-water interface (Bohlen 
et al., 2011; Bruchert et al., 2003). Hydrogen sulfide was not mea-
sured in this study, but we cannot rule out the possibility that IO−

3
reduction via sulfide is important.

For nitrogen, coupled variability with iodine speciation at the 
ETNP (Evans et al., 2020; Moriyasu et al., 2020; Rue et al., 1997) 
and other ODZs (Cutter et al., 2018; Farrenkopf and Luther, 2002) 
provides some tentative support that these two elemental cycles 
are linked (Fig. 2). For example, some experiments observed in-
creased NO−

2 oxidation rates with added IO−
3 relative to experi-

ments without added IO−
3 , with inferred IO−

3 reduction rates up to 
∼17 nM day−1 (Babbin et al., 2017). This range is within that de-
tectable for our experiments in the ETNP generally (Table 1) and 
may still be applicable to our experiments below the oxycline. 
Future studies should target determining the mechanisms of IO−

3
reduction in ODZs through coupled measurements of nitrogen and 
sulfur speciation and tracers and controls to infer the role of bio-
logical activity.

5.3. Regional processes

Given our constraints placing IO−
3 reduction rates <23.1 nM 

day−1 for the ODZ core (Table 1), which is at least 1 order of mag-
nitude below that observed at the oxycline (>185.7 nM day−1; 
Table 1, Fig. 5) and at least 2 orders of magnitude relative to the 
Arabian Sea ODZ (>2000 nM day; Farrenkopf et al., 1997b), we 
propose that some proportion of the lateral and vertical variations 
in iodine speciation must be inherited by conservative mixing be-
tween water masses. This does not imply that IO−

3 reduction is 
completely absent in our experiments or in the water column it-
self. Rather, we suggest the possibility that relatively slow rates 
in the offshore ETNP ODZ core may allow that water column 
iodine speciation gradients be sourced from mixing with water 
masses advected from the shelf where IO−

3 reduction may be stim-
ulated by higher productivity and benthic activity (Farrenkopf et 
al., 1997a, 1997b; Amachi et al., 2007), reactions with hydrogen 
sulfide (Jia-Zhong and Whitfield, 1986), or other reductants (Bab-
bin et al., 2017). Similar interpretations have been made for the 
secondary nitrite maxima of some ODZs (Lam et al., 2011; Son-
nerup et al., 2019), a chemical feature that is often coupled to 
iodine speciation variations (Fig. 2; Moriyasu et al., 2020; Evans et 
al., 2020). Importantly, this hypothesis for iodine partially links our 
experimental observations of low rates or absent IO−

3 reduction 
within the ODZ core with observations of anomalously elevated 
offshore I− concentrations within the ETNP, ETSP, and Arabian Sea 
ODZs that have been inferred as sourced from more highly pro-
ductive waters overlying the shelf and its associated underlying 
pore waters (Cutter et al., 2018; Evans et al., 2020; Farrenkopf 
and Luther, 2002; Moriyasu et al., 2020). In general, the highest 
7

ODZ I− concentrations tend to be centralized near the σθ = 26.5 
kg m−3 (Fig. 2; Moriyasu et al., 2020; Evans et al., 2020). At the 
ETNP (and ETSP), this σθ is partially characterized by the 13 ◦C wa-
ter mass (13CW; Peters et al., 2018; Evans et al., 2020). The 13CW 
is the only ODZ water mass in this region to directly intersect the 
shelf and has also been linked to pore water I− inputs into the 
ETSP (Cutter et al., 2018; Evans et al., 2020; Peters et al., 2018). 
If IO−

3 reduction within the ODZ is localized to a specific water 
mass which distributes low IO−

3 waters along its circulation path, 
the 13CW represents the most likely candidate.

To test the hypothesis that ETNP IO−
3 variability can be ex-

plained by some combination of in situ processes and water mass 
exchange, we simulated ETNP IO−

3 concentration by drawing on 
a recent statistical decomposition of water masses encountered 
during FK180624 (Evans et al., 2020) and assuming that conser-
vative mixing is the only control on IO−

3 within the ODZ. Under a 
completely conservative system, a 1:1 linear relationship between 
simulated and measured IO−

3 is expected, with one of the wa-
ter masses having an end-member IO−

3 concentration near zero 
(likely 13CW), explaining the lowest values in the ODZ, and an-
other with an end-member value at or above the highest IO−

3
concentrations observed within the ODZ, ≥495 nmol L−1. Specifi-
cally, we utilize here the published ETNP FK180624 transect IO−

3
concentrations (Moriyasu et al., 2020) and water mass fractions 
that were determined independently of iodine speciation and con-
centrations (Evans et al., 2020) to calculate the end-member IO−

3
concentrations of prominent water masses via a singular value de-
composition analysis in MATLAB. We then simulated IO−

3 within 
the transect via a mass balance approach by multiplying the end-
member IO−

3 concentrations for a given water mass by the fraction 
of that water mass in a given sample and then summing the IO−

3
contributions from each water mass to each individual sample.

We are focused on processes occurring within the ODZ where 
IO−

3 reduction was not observed in our experiments, so we have 
narrowed our comparison to the σθ range of 26–27 kg m−3. This 
σθ range is dominated by 13CW, NEPIW (Northern Equatorial Pa-
cific Intermediate Water), and AAIW (Antarctic Intermediate Wa-
ter; Evans et al., 2020). The O2 concentrations in these waters were 
≤7 μmol L−1 while IO−

3 concentrations range from below detection 
up to 495 nmol L−1 (Fig. 2; Fig. 6a). There is no clear relationship 
between IO−

3 and O2 within this σθ range (Fig. 6a).
The estimated end-member IO−

3 concentration for each 13CW, 
NEPIW, and AAIW are 18.8 ± 11.8, 187.6 ± 16.8, and 437.5 ± 44.5 
nmol L−1, respectively. The simulation provides evidence that, in 
addition to in situ processes, water mass mixing is a major con-
tributor to IO−

3 variability within the σθ range of 26-27 kg m−3

along the ETNP transect. The assumption of conservative mixing, 
largely between the 13CW and the AAIW, can explain the major-
ity of the observed IO−

3 range even in the absence of consideration 
of in situ IO−

3 reduction processes. For example, the AAIW water 
mass has an upper-bound simulated endmember IO−

3 value (when 
accounting for the uncertainty) of 482 nmol L−1, which is near the 
highest concentration of IO−

3 of 495 nmol L−1 observed in the tran-
sect. Further, though there are outliers, Fig. 6b shows a comparison 
between the simulated and measured IO−

3 along the transects that 
follow a pseudo-linear fit, which is not expected if in situ processes 
and O2 concentrations were the major control on IO−

3 throughout 
the entire transect. The demonstration that a water mass mixing 
simulation can predict a significant fraction of measured IO−

3 pro-
vides additional strong evidence for slow rates of in situ reduction 
relative to that determined previously from other localities.

Importantly, our simulation also demonstrates the importance 
of IO−

3 reduction. For example, the simple observation that the 
end-member IO−

3 values for both 13CW and NEPIW are well 
below the typical IO− values of sub-photic normal-marine oxy-
3
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Fig. 6. A. Scatterplot comparison of measured iodate concentration and measured CTD oxygen concentration within the 26-27 kg m−3 potential density anomaly range of 
the FK180624 transect (Fig. 2). B. Scatterplot comparison of measured iodate concentration and simulated iodate concentration within the 26-27 kg m−3 potential density 
anomaly range of the FK180624 transect. The regression line represents the best fit of the non-residual data. Outliers are defined as data with iodate concentration >1 
standard deviation of the residual. The r2 = 0.72 for non-residual data (n = 197) representing the fit. The r2 = 0.38 for a regression of all available data (not shown, n =
279). The measured iodate data come from Moriyasu et al. (2020) and water mass fractions used to simulate iodate concentrations come from Evans et al. (2020) and include 
279 total data points.
genated waters, ∼450 nM, and the lowest values in oxygenated 
euphotic waters—near 250 nM (Chance et al., 2014)—provide ev-
idence for ODZ-related IO−

3 reduction. Specific evidence of ODZ-
related IO−

3 reduction within the studied transect region comes 
from the prevalence of measured IO−

3 values above and below the 
1:1 line means that our assumption of a completely conservative 
system cannot fully explain the measured data (Fig. 6b). For exam-
ple, outlier data with near-zero measured IO−

3 but with elevated 
simulated IO−

3 may point to ongoing in situ IO−
3 reduction within 

the 26–27 kg m−3 range of the transect but which cannot be sim-
ulated with the assumption of conservative mixing. Conversely, the 
outlier data above the 1:1 line likely represents underestimations 
of simulated IO−

3 because of the presence and importance of in situ
processes. We also note that the mass balance simulation failed 
to produce IO−

3 concentrations >400 nmol L−1, while the highest 
observed IO−

3 concentrations were near 495 nmol L−1. This result 
is best explained by the fact that the most IO−

3 enriched water 
mass, AAIW, accounts for <70% of the contribution to nearly all of 
the evaluated samples (Evans et al., 2020; Supplementary Fig. 1), 
hence limiting the potential for simulated IO−

3 concentrations near 
or equal to its end-member value. This result is likely an artefact 
of our conservative assumptions and outlines the potential that in 
situ reduction driving the lowest IO−

3 concentrations in some re-
gions may result in underestimations of end-member water mass 
IO−

3 concentrations.
Lastly, we emphasize that even if iodine speciation is semi-

conservative within a given region, it is unlikely to be conservative 
within or between ODZs on large spatial scales, even if a given 
water mass is present in multiple ODZs. For example, the 13CW is 
present in both the ETNP and ETSP, but it is likely highly evolved 
between the two regions. To compare the IO−

3 concentrations as-
sociated with the 13CW between the ETNP and ETSP ODZs, we 
performed a similar analysis to that described earlier for IO−

3 and 
water mass fraction using the same types of published data from 
the σθ range of 26-27 kg m−3 of the ETSP from GEOTRACES GP16 
(Cutter et al., 2018; Peters et al., 2018). The calculations indicate 
13CW end-member IO− concentration of ∼290 nmol L−1 at the 
3
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Fig. 7. A comparison of iodate and oxygen concentrations published from global 
ODZ studies. These include the Mauritania (Rapp et al., 2019), Benguela (Chapman, 
1983), Eastern Tropical North Pacific (Rue et al., 1997; Moriyasu et al., 2020), East-
ern Tropical South Pacific (Cutter et al., 2018), and the Arabian Sea ODZs (Farrenkopf 
and Luther, 2002). The detection limits of the O2 sensors are typically reported near 
1 μM.

ETSP which is significantly higher than that obtained for the ETNP 
(∼19 nmol L−1). This difference is consistent with the elevated 
IO−

3 found in the offshore ETSP ODZ core—IO−
3 generally >150 nM 

(Fig. 7)—relative to that of the ETNP and likely reflects disparities 
in in situ processes but also generally scales with the variable resi-
dence times within the ETNP versus ETSP. Specifically, the O2 ages 
have been estimated as ∼30 years greater in the ETNP than the 
ETSP (Karstensen et al., 2008). Future work should focus on de-
termining the localities of, criteria for, and rates of IO−

3 reduction 
at multiple ODZs in conjunction with water mass ages in an ef-
fort to better understand IO−

3 variability within and between these 
settings.
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5.4. Implications for the I/Ca paleoredox proxy

The ranges of I/Ca values in carbonate rocks and foraminifera 
have been interpreted to reflect combinations of O2 availability and 
productivity at the site of carbonate precipitation. Our observations 
refine these applications, highlighting the importance of low O2

for IO−
3 reduction and preservation of these signals, but addition-

ally stressing the importance of the regionally integrated redox and 
productivity and the history of mixing water masses at a given lo-
cality. Though I/Ca ratios are not typically interpreted to strictly 
reflect a corresponding O2 concentration, the O2 concentration re-
quired to obtain quantitative IO−

3 reduction have been suggested 
as 25-70 μmol L−1 (Lu et al., 2016), O2 < 30 μmol L−1 (Lu et al., 
2018), and ∼1 μmol L−1 (Hardisty et al., 2014). To further examine 
the broader validity of IO−

3 as a tracer of local O2 or a paleore-
dox tracer, we have compiled IO−

3 –O2 data from the ODZ literature 
and consider the observed relationships below in the context of 
our observations from the ETNP (Fig. 7).

Our compilation of IO−
3 –O2 from global ODZs in Fig. 7 yields 

two important findings. First, the presence of significant IO−
3 does 

not relay specific information regarding the local oxygen levels but 
is nonetheless a robust indicator of regional oxygenation. Specif-
ically, for each of the ODZs studied, essentially the entire range 
of IO−

3 observed in the ocean can exist at O2 concentrations 
<7 μmol L−1 (see also Fig. 6a). This is consistent with the impor-
tance of water mass mixing in addition to the in situ processes of 
iodine oxidation-reduction in dictating IO−

3 concentrations even at 
a low O2 range. However, elevated I/Ca in ancient settings may 
still represent a strong diagnostic signature of the regional pres-
ence of oxic waters regardless of local redox conditions. Given the 
slow rates observed for I− oxidation even in well-oxygenated wa-
ters (Hardisty et al., 2020), elevated IO−

3 in ODZs is most likely not 
formed in situ but is instead formed in oxygenated waters outside 
of the ODZ and then preserved due to kinetic constraints on IO−

3
reduction during regional water mass mixing. This interpretation 
suggests that increases in I/Ca from low baselines in ancient time 
periods are most consistent with a general broadening of regional 
oxic marine environments supporting I− oxidation and IO−

3 preser-
vation or re-organization of ocean circulation pattern favoring IO−

3
at the study site.

Second, IO−
3 concentrations <150 nmol L−1 are largely lim-

ited to when O2 concentrations are <7 μmol L−1. This observa-
tion from global ODZs is consistent with independent observations 
from global oxygenated settings which indicate IO−

3 concentration 
typically >250 nmol L−1 (Chance et al., 2014). This implies that 
I/Ca values <1.5 μmol/mol in carbonates, or that corresponding to 
∼150 nmol L−1 IO−

3 in ambient waters (Lu et al., 2010), may be 
best interpreted to reflect carbonate precipitation in a water mass 
with locally O2 < 7 μmol L−1. This is particularly true of planktonic 
foraminifera which can be confidently constrained to have spent 
portions of their life cycle near or within the upper oxycline of 
an ODZ where we observed active IO−

3 reduction in our experi-
ments. Furthermore, low O2 concentrations interpreted from I/Ca 
< 1.5 μmol/mol could be indicative of both active in situ IO−

3 re-
duction, as well as represent a mixture of water masses preserving 
signatures of IO−

3 reduction along a broader circulation path within 
low O2 waters. A similar IO−

3 threshold for interpreting I/Ca values 
from carbonate precipitation in low O2 waters was presented in Lu 
et al. (2016). Importantly though, some previous foraminifera stud-
ies have also warned for caution when assigning specific O2 values 
based on a given I/Ca value due to decoupling between both I/Ca 
and IO− relative to ambient O2 (Lu et al., 2019).
3
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6. Conclusions

We performed shipboard experimental incubations of seawater 
from a vertical depth transect at an offshore site in the Eastern 
Tropical North Pacific ODZ in order to provide constraints on IO−

3
reduction rates. We observed reduction at the top of the oxycline 
where both O2 and IO−

3 were declining, but IO−
3 reduction was 

not observed at deeper depths where O2 was below detection. Our 
results contribute to a growing number of observations suggest-
ing that ODZ iodine speciation gradients need not always reflect 
in situ processes but can instead partly reflect the mixing of wa-
ter masses which preserve iodine speciation variations generated 
elsewhere. Evidence supporting this interpretation includes: 1. Our 
observations of low IO−

3 in zones without clear evidence support-
ing rapid in situ IO−

3 reduction; 2. The persistence of and variations 
in IO−

3 in the ETNP and ETSP ODZs even when O2 remains be-
low detection (Cutter et al., 2018; Moriyasu et al., 2020; Rapp et 
al., 2020); 3. Comparisons of IO−

3 concentration and water mass 
fractions within the ETNP ODZ which are consistent with mixing 
as a control on local iodine speciation, specifically the contribu-
tions of the 13CW water mass (Fig. 6; (Evans et al., 2020)); 4. The 
common occurrence of elevated offshore I− concentrations within 
the σθ range of 26-27 kg m−3 which are linked to transport from 
coastal pore waters within the ODZ (Cutter et al., 2018; Evans 
et al., 2020; Farrenkopf and Luther, 2002; Moriyasu et al., 2020). 
Given these observations, we propose that, beyond our oxycline 
experiments, IO−

3 reduction may be more prominent in near-shore 
ODZ settings intersecting the shelf where higher biological pro-
ductivity and organic carbon can stimulate dissimilatory reduction 
and benthic reactions possibly with hydrogen sulfide can generate 
inorganic reduction. In this context, our ETNP observations imply 
that the iodine speciation at a given ODZ locality can be decoupled 
from the local O2 concentrations and hence may more appropri-
ately reflect the integrated redox history of a parcel of water over 
broad spatial and temporal timescales.
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