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1.  Introduction
Iodine is predominantly found in the inorganic forms of iodate (IO3 −) and iodide (I −) in marine environments. It is 
of biological importance to humans (Hetzel, 1983) and marine microorganisms (Amachi et al., 2007; Farrenkopf 
et al., 1997; Wong, 2001; Reyes-Umana et al., 2021). Total inorganic iodine, which is defined as the sum of the 
inorganic forms (Rue et  al.,  1997), has a uniform distribution in the water column at concentrations ranging 
between 400 and 500 nM (R. Chance et al., 2014; Luther et al., 1995; Wong et al., 1985) where the oxidized 
form of IO3 − is dominant in oxygenated seawater (Wong & Brewer,  1974). However, there are exceptions 
where the concentrations of I − are enriched. The highest ocean water column iodide concentrations are found in 
oxygen-deficient zones (ODZs), where oxygen is absent and respiration is dominated by denitrification. All three 
of the major ODZs: Arabian Sea (Farrenkopf et al., 1997; Farrenkopf et al., 2002), Eastern Tropic South Pacific 
(ETSP; G. A. Cutter et al., 2018), and the Eastern Tropic North Pacific (ETNP; Moriyasu et al., 2020) show 

Abstract  The distributions of iodate and iodide were measured along the GEOTRACES GP15 meridional 
transect at 152°W from the shelf of Alaska to Papeete, Tahiti. The transect included oxygenated waters near 
the shelf of Alaska, the full water column in the central basin in the North Pacific Basin, the upper water 
column spanning across seasonally mixed regimes in the north, oligotrophic regimes in the central gyre, and 
the equatorial upwelling. Iodide concentrations are highest in the permanently stratified tropical mixed layers, 
which reflect accumulation due to light-dependent biological processes, and decline rapidly below the euphotic 
zone. Vertical mixing coefficients (Kz), derived from complementary  7Be data, enabled iodide oxidation rates to 
be estimated at two stations. Iodide half-lives of 3–4 years show the importance of seasonal mixing processes in 
explaining north-south differences in the transect, and also contribute to the decrease in iodide concentrations 
with depth below the mixed layer. These estimated half-lives are consistent with a recent global iodine model. 
No evidence was found for significant inputs of iodine from the Alaskan continental margin, but there is a 
significant enrichment of iodide in bottom waters overlying deep sea sediments from the interior of the basin.

Plain Language Summary  Iodine is an important element in the oceans' biology and chemistry. 
The two principal forms are iodate and iodide, which were measured on a surface to seafloor survey from 
Alaska to Tahiti in 2018 as part of the international GEOTRACES program. Iodate, the stable form in the 
presence of oxygen, was predominant throughout the transect, but iodide was present at the boundaries, 
including the Alaskan margin, the abyssal plain, and surface waters. A "hot zone” of high iodide comprising 
up to 50% of the total iodine concentration was detected in tropical surface waters centered on the equator. 
It reflects accumulation from biological reduction of iodate by phytoplankton coupled with re-oxidation of 
iodide by a non-light-dependent process. Iodate reduction probably occurs throughout the transect, but winter 
mixing of surface waters during storms probably smears out this feature in northern waters. This suggests that 
the turnover between iodide and iodate is longer than seasonal timescales. Indeed, estimates of iodide half-
life in the range of 3–4 years were calculated from complimentary shipboard measurements of a short-lived 
radioisotope, beryllium-7. High iodide in equatorial surface waters is important for atmospheric chemistry as it 
has a big impact on the global ozone budget.
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high I − concentrations as a result of the dissimilatory reduction of IO3 − into I - (Amachi et al., 2007; Farrenkopf 
et al., 1997).

The rates of iodate reduction to iodide have been studied in denitrifying systems. Farrenkopf et al. (1997) and 
Farrenkopf and Luther (2002) reported a rapid reduction of IO3 − during shipboard incubations in the Arabian 
Sea. A study on ETNP (Hardisty et  al., 2021) found a reduction to occur much more slowly at ≤15 nM/day 
and in incubation samples taken from depths above the oxycline of the ODZ. These results, along with tracer 
experiments and model outputs (Babbin et al., 2017), have concluded that IO3 − is likely to be a terminal electron 
acceptor in nitrite oxidation (NO2 −), forming nitrate (NO3 −), and I −. Additionally, IO3 − has also been found to 
be a terminal electron acceptor for acetate reduction, releasing I − as a side product (Reyes-Umana et al., 2021).

High concentrations of I − are also found near the surface (upper 150 m). The origin of surface I − is thought to be 
associated with processes that occur during algal growth and, particularly, senescence (Bluhm et al., 2010 Bluhm 
et al., 2011; Hepach et al., 2020). Surface I − has been suggested as a tracer for biological activity (R. Chance 
et al., 2014; Farrenkopf et al., 2002; Luther et al., 1995; Tsunogai & Sase, 1969; Wong et al., 1976). The concen-
trations of surface I − vary with latitude; while higher latitudes have between 50 and 100 nM concentrations of 
surface I −, lower latitudes can have up to ≥200 nM (Carpenter et al., 2021; R. Chance et al., 2020; Farrenkopf 
et al., 2002; Nakayama et al., 1989). Biological redox transformations of iodine also lead to the accumulation of 
organic iodine (Wong & Cheng, 2008), with up to 40 nM concentrations being present in the upper water column 
in the North Pacific (Huang et al., 2005).

Surface I − is important for its influence on marine iodine emissions by controlling tropospheric ozone (Sherwen 
et al., 2016). Such radicals have been proposed to play a key role in the formation of cloud condensation nuclei 
which can influence the regional climate (Saiz-Lopez et al., 2012). The reaction of I − and ozone at the sea surface 
is considered as the dominant source of iodine and a sink for ozone in the atmosphere (MacDonald et al., 2014). 
Iodine radicals produced in this process participate in other reactions that provide a further sink for ozone and the 
formation of organo-iodine compounds (Luther et al., 1995). The importance of surface iodide in the atmospheric 
chemistry of ozone is a major incentive to learn more about what controls its distribution.

While the total iodine concentrations are relatively invariant in the marine water column, they frequently exceed 
“typical” oceanic values in ODZs. An excess iodine concentration has been previously proposed to be a tracer for 
O2 concentration and the redox condition of seawater (G. A. Cutter et al., 2018). In the ETSP and ETNP ODZs, 
plumes of concentrated I − up to 1,000 nM—two-fold higher than typical total seawater values—were previously 
observed. Neither dissimilatory nor abiotic reduction of IO3 − can explain the magnitude of this plume. The excess 
iodine diffuses from the reducing shelf sediment into the anoxic waters (G. A. Cutter et al.,  2018; Moriyasu 
et al., 2020) and has also been suggested as a tracer for shelf and margin inputs (G. A. Cutter et al., 2018). Excess 
inorganic iodine was previously calculated by subtracting the mean total iodine concentration from the measured 
total inorganic iodine, the sum of IO3 − and I − concentrations (Moriyasu et al., 2020). Excess and total inorganic 
iodine will be referred to, in this work, as excess and total iodine for brevity.

This manuscript explores both the possibility of excess iodine inputs from the oxygenated margin of the Alaskan 
shelf and the sea surface I − concentrations along the GEOTRACES GP15 meridional transect. Additionally, 
using I − depth profiles from two stations straddling the equator and their corresponding  7Be data, the rate of 
I − oxidation from the mixed layer is estimated. Finally, this manuscript addresses methodological differences in 
iodide determination through an inter-comparison study.

1.1.  Sampling

Samples were taken aboard the R/V Roger Revelle (RR1814 and RR1815) along the GEOTRACES GP15 transect 
along the Pacific Ocean from the shelf of Alaska to Papeete, Tahiti from station 1 (56.1°N, 157.0°W) to station 
35 (10.5°S, 152.0°W) between 18 September 2018 and 24 November 2018 (Figure 1). Note that only a subset of 
all of the GEOTRACES stations and samples were collected for iodine-dictated in part by available freezer space.

The samples were collected using the GEOTRACES trace metal clean carousel equipped with a Seabird CTD, 
with calibrated sensors for temperature, conductivity, pressure, transmissometer, and oxygen. The chlorophyll 
fluorescence data were obtained from the shipboard CTD deployed by the Ocean Data Facility (Scripps Institution 
of Oceanography) using a Wetlabs ECO chlorophyll fluorescence detector. The CTD carousel held 24 General 
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Oceanics GO-FLO bottles, which were closed at selected depths. Samples 
were filtered using a 0.2 μm Acropak™ 200 Supor capsule filter (Pall Corpo-
ration) and frozen at −20°C. Previous studies on iodine speciation have 
shown that iodine remains stable over longer periods of time (from months 
to years) when filtered and frozen (Campos, 1997). Samples were shipped by 
air in coolers and immediately transferred to −20°C freezers at our labora-
tory. Each sample was frozen and stored inside a 1 L fluorinated low-density 
polyethylene (Nalgene; FLPE) bottle. Sample bottles were acid-washed prior 
to RR1814 and RR1815 cruises following standard trace element and metal 
acid washing procedures according to the GEOTRACES sampling manual 
(G. Cutter et al., 2017). While trace element and metal clean procedures were 
not necessary for the preservation and measurement of iodine speciation, the 
samples were also collected for trace metal measurements.

1.2.  Methods

The electrochemical analyses, for the quantification of I −, were conducted 
using the Bioanalytical Systems (BASi) Controlled Growth Mercury Elec-
trode Stand. The Calomel Reference Electrode (BASi; Part #: EF-1352), and 
the Platinum Wire Auxiliary Electrode (BASi; Part #: MW-1032) were used 
for analyses. The measurements, for IO3 − concentrations, used a UV/Vis 
spectrophotometric method (Perkin Elmer Lambda 35) with a 10 cm quartz 
cuvette. Measurements were made between wavelengths of 300–500 nm.

1.3.  Iodide

Iodide was measured using the Hanging Mercury Drop Electrode (HMDE) 
with the Cathodic Stripping Square Wave Voltammetry (CSSWV) setting. 
The method was adapted from Tian and Nicolas  (1995) and G. A. Cutter 
et  al.  (2018); these workers originally adapted their methods from Luther 
et  al.  (1988). The method, used in this work, was further adapted by 
Moriyasu  et  al.  (2020). The major difference, between the Moriyasu 
et al. (2020) and the G. A. Cutter et al. (2018) methods, is the inert gas used 
to purge O2 from the sample. While G. A. Cutter et al. (2018) used nitrogen 
(N2) gas, Moriyasu et al. (2020) and this work additionally opted to use the 
denser Argon (Ar; Ultra High Purity 99.999%). We noticed differences in 
measured I − concentrations between purging with N2 and Ar. This difference 

was observed when measuring a crossover station between the GEOTRACES GP15 and GP16 transects at station 
35 of GP15 (10.5°S, 152.0°W) (Figure S1 in Supporting Information S1). Both measurements were made with 
the addition of Sodium Sulfite. We showed that using argon as a purge gas yields better agreement for iodide with 
an independent mass spectrometric method. Details of this assessment are reported in Supporting Information S1.

The CSSWV method adds a 150 μL aliquot of 0.2% solution of Triton-X 100 (Sigma Aldrich—BioX grade; 
CAS#: 9036-19-5) to a 10 mL sample prior to being purged under inert Ar gas (Ultra High Purity 99.999%). 
The samples then required a minimum of 5 min to purge off any remaining O2 interference. After saying purge, 
a 50 μL aliquot of 2 M sodium sulfite (Na2SO3; Millipore GR ACS; CAS#: 7757-83-7) was added to prevent 
any remaining O2 from causing interference, according to the protocol of Tian and Nicolas (1995). The sample 
was purged for an additional minute and analyzed on the square wave setting. Each sample was measured with 
a mercury drop size of 6, deposition time of 30 s at −140 mV, and a quiescence time of 5 s. Scan increments 
were set to 2 mV while the scan range was set between −140 and −700 mV. The amplitude and frequency of 
the square wave stripping voltammetry were set respectively to 25 mV and 125 Hz and a current range of 1 µA. 
The height of the peak was calculated at a potential of −300 mV. Standard addition, with potassium iodide (KI; 
Sigma Aldrich—ACS grade; CAS#: 7681-11-0), was used to determine I − concentrations in samples and was 
done in additions of 250 nM to a total of 1,000 nM. The precision of measurement was determined to be ±4 nM 
(standard deviation with 95% confidence for a sample found to be 243 nM in concentration after five replicates) 

Figure 1.  Full transect of GP15. Marked on this map are the locations 
sampled for iodine speciation.
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in the laboratory (Moriyasu et al., 2020). The limit of detection was 0.34 nM, comparable to the detection of 
0.1–0.2 nM reported by Luther et al. (1988), and the limit of quantification was 1.0 nM.

Iodide was determined for samples from the crossover station 35, I − with Ion Chromatography Inductively Coupled 
Plasma Mass Spectroscopy (Thermofisher iCAP-TQ) at Michigan State University (Hardisty et al. (2020, 2021) 
after elution from an AG1-X8 Bio-Rad anion exchange resin. The additions of known I − concentrations and 
iodine-free 18.2 m 𝐴𝐴 Ω− cm water through the same column procedure was used to assess yields and blanks. Each 
sample was independently processed in duplicate or triplicate throughout the procedure. The results showed good 
agreement with the electrochemical method (Table S1 in Supporting Information S1).

1.4.  Iodate

Iodate determination was adapted from Rue et al. (1997), who adapted their method from Wong and Brewer (1974). 
A 1  mL aliquot of 0.12  M sulfanilamide (Sigma Aldrich—ACS grade; CAS#: 63-74-1) in 1% sulfuric acid 
(Macron Fine Chemicals) was added to a 25 mL sample. The sample was equilibrated with the sulfanilamide 
solution for 5 min, after which a 1 mL aliquot of a 0.12 M KI (Sigma Aldrich—ACS grade) solution in deionized 
water was added. The sample was then measured within a minute from the addition of the KI aliquot; the absorb-
ance peak was then measured at 350 nm wavelength. The IO3 − concentration was determined through standard 
addition using potassium iodate (KIO3; Baker Analyzed ™—ACS Reagent; CAS#: 7758-05-6). Precision, based 
on 5 replicates, was found to be ±12 nM for a seawater sample with 286 nM IO3 − (Moriyasu et al., 2020). The 
limit of detection for this method was determined to be ±10 nM and the limit of quantification 30 nM.

2.  Results
2.1.  Total Inorganic Iodine

Total inorganic iodine was determined as the average inorganic total iodine concentration from the sum of the 
measured IO3 − and I −. Since the region of study were outside any ODZs, all samples were included in our calcu-
lation for the mean value since we found very small inputs of margin I − along the transect. Previously, Moriyasu 
et al. (2020) found the average concentration to be 475 nM by averaging inorganic iodine measured outside the 
ODZ (depths ≥1000 m). This average is probably biased highly as a result of residual inputs of excess iodine from 
within the ODZ and adjacent shelf sediments (Evans et al., 2020). Here, we found that the average total iodine 
concentration was 430 nM and that total iodine concentrations rarely go above 450 nM in oxygenated waters, 
except in shelf and surface samples where total iodine exceeded 470 nM on average. Our data, within the central 
North Pacific, agree with Nakayama et al. (1989), who reported that total iodine concentrations were generally 
constant at ≤450 nM.

2.2.  Iodide and Iodate Along the Main Transect

Iodide concentrations of the top 300 m of the GP15 transect are shown in Figure 2a with the corresponding IO3 − 
(Figure 2b), total iodine (Figure 2c), and excess iodine (Figure 2d) concentrations, respectively. Data for each 
Demi (maximum depth 1,000 m) and Super (full water column) Station are stored at the Biological and Chemical 
Oceanography Data Management Office (Moriyasu et al., 2022a, 2022b). Most stations along the main transect 
showed a subsurface I − maxima. The I − concentrations were highest at the shallowest samples, which were taken 
between 20 and 30 m, but there were also increases in I − concentrations between 50 and 100 m depths. Below 
100 m, I − concentrations dropped to values ≤20 nM, in a range between 2 and 15 nM.

2.3.  Iodide in Deep Waters

Iodide values were less than 10  nM in deep waters throughout the transect, except near the seafloor. The 
results are in good agreement with Nakayama et al.  (1989) who reported low values of iodide in deep North 
Pacific waters (mean value 2.5 nM). However, the values reported by G. A. Cutter et al. (2018) at the crossover 
station (Figure 3) are at least 100 nM higher. As stated in the Methods Section and Supporting Information, we 
believe that the difference arises from an interference in G. A. Cutter et al. (2018). Our mixed layer values were 
significantly higher than those of G. A. Cutter et al. (2018), but this is not surprising given the inherent variability 
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Figure 2.  (a–d). The distributions of iodide, iodate, total iodine, and excess iodine along the main GP15 transect from 49.5°N 
to 10.5°S along the longitude of 152.0°W.
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of water chemistry in the mixed layer and the 5-year time difference between 
sampling.

We cannot be certain if the low, but detectable values reported by both 
methodologies in this study and Nakayama et al. (1989) within deep waters 
(1,000–4,500 m) are real or represent an unresolved interferent at the low 
nanomolar level. It is not unreasonable for such low values to persist in deep 
waters where they might arise through lateral advection from margin sources 
or in situ production within sinking particles.

Bottom water (≥5,000 m) samples were measured for iodine speciation at 
the super stations (8, 14, 23, 29, and 35). These samples showed a slight 
elevation of I − in waters overlying abyssal plain sediments (Figure 4). The 
elevation is likely to be a result of the benthic release of I − from the decom-
position of organic material at the sediment-water interface (Kennedy & 
Elderfield,  1987a,  1987b). Iodate remains unchanged, suggesting that the 
enrichment is “new” iodide and is derived from a benthic source. Nakayama 
et  al. (1989) also reported similar enrichment near the deep North Pacific 
seafloor, which were particularly prominent in the Japan Trench.

2.4.  Iodide Along the Alaskan Shelf

Previous studies focused on the reduced waters on the shelf (G. A. Cutter 
et al., 2018; Evans et al., 2020; Moriyasu et al., 2020). This study provided 
information about I − on the oxygenated shelf of Alaska at stations 1–4 

Figure 3.  Iodide depth profiles from stations 35 of GP15 and 36 of GP16 
(10.5°S, 152°W). Samples, at this station, for GP16 were originally collected 
in December of 2013, and data reported in Cutter et al. (2018) (red line), while 
samples for GP15 were collected in November of 2018 (black line).

Figure 4.  Iodide versus depth near the seafloor at four stations. Station 8 (squares); Station 14 (circles); Station 23 
(diamonds); Station 35 (triangles).
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(56.1°N, 157.0°W to 54.7°N, 155.0°W). While these stations had observably 
elevated I − concentrations, ranging from 50 to 120  nM even at depths as 
deep as 1,500 m, we did not observe a noticeable plume of excess iodine. 
By station 4 (54.7°N, 155.0°W), I − concentrations below the euphotic zone 
were indistinguishable from the rest of the open ocean water along the main 
transect (Figure 2a).

2.5.  1-Dimensional Model for the Estimation of Iodide Oxidation

A one-dimensional model was used to estimate the rate of oxidation of iodide 
below the mixed layer, where there is a well-defined decrease with depth. We 
utilized beryllium-7 ( 7Be) data obtained during the cruise to make these esti-
mates. The vertical turbulent diffusion rates (Kz) at two stations, 23 (7.5°N, 
152.0°W) and 35 (−10.5°N, 152.0°W), were calculated on the basis of  7Be 

data (Figure S2 in Supporting Information S1; Kadko, 2020), resulting in 2.0 and 13.0 m 2/d, respectively. Using 
these Kz values and their corresponding I − concentrations, we calculated the rate of I − oxidation at these stations 
using Equation 1, originally derived in Kadko, (2017):

𝐶𝐶(𝑧𝑧) = 𝐶𝐶0𝑒𝑒
𝛼𝛼(𝑧𝑧−𝐻𝐻)� (1)

where C0 is the constant concentration in the mixed layer, C(z) is the concentration at depth z (in m), and H is the 
mixed layer depth at the station (44 and 39 m for stations 23 and 35, respectively). The value of α is defined as

𝛼𝛼 = −

√

𝜆𝜆

𝐾𝐾𝑧𝑧

� (2)

where Kz is in m 2/day and 𝜆 is the decay constant in 1/day. Results can be found in Table 1. Using a non-linear 
regression on MatLab™, the rate of oxidation (λ), and half-life (t1/2) were calculated for these stations (Figure 5).

3.  Discussion
3.1.  Upper Water Column Iodide and Biological Activity

The highest I − concentrations throughout the transect were in the mixed layer, reflecting the highest rates of 
IO3 − reduction, the lowest rates of I − oxidation, or both. In general, mixed layer I − concentrations increased going 
from high to low latitudes (Figure 2a). Iodide may have more time to accumulate in the permanently stratified 
tropical stations compared to higher latitudes where seasonal mixing would decrease I − concentrations through 
dilution with deeper waters. Our findings are consistent with previous work (R. Chance et al., 2014; R. J. Chance 
et al., 2019; Nakayama et al., 1989).

The mixed layer inventory of iodide was plotted against net primary productivity (NPP) for all stations (Figure 6). 
Mixed layer depth and NPP data sources are listed in the SI. Permanently stratified stations have high inventories 
of iodide (cross symbols in Figure 6), reflecting the enrichment that is clearly visible in Figure 2a, even though 
NPP is relatively low. Stations further north (circles in Figure 6) show no apparent trend with increasing NPP 
except at station 3 (far right), near the Alaskan shelf, which has the highest NPP and highest temperate mixed 
layer iodide inventory. These observations are consistent with our view that seasonal mixing of the more north-
erly stations constrains how much iodide accumulates in the mixed layer, even when primary production (and 
hence phytoplankton biomass) is higher further north. The permanently stratified, oligotrophic southern stations 
enable I − accumulation at higher levels. Previous compilations have also shown that I − concentrations are not a 
simple function of primary production as other factors, such as phytoplankton species composition, temperature, 
and mixed layer depth, have greater impacts on its distribution (R. Chance et al., 2014).

At most stations along the GP15 transect, subsurface I − maxima were near the chlorophyll maxima and I − 
concentrations tracked the decrease in chlorophyll fluorescence below the chlorophyll maximum (Figure  7). 
Iodide concentrations plotted against chlorophyll fluorescence at individual stations showed a good correlation 
(Figure 8). The data are plotted to include and exclude surface samples (above the fluorescence maxima) where 
data points in red are samples from the fluorescence maxima, and points in black are above the maxima. The 

Table 1 
Rate of Iodide Oxidation, Below the Mixed Layer, Calculated by Forming a 
1-Dimensional Model Utilizing  7Be as a Tracer for Vertical Upwelling

Cruise Station
Lat. 
(°N)

Long. 
(°W) λ (/day) t1/2 (days)

GP15 23 7.5 152.0 4.5 ± 0.3E−04 1,550 ± 90

GP15 35 −10.5 152.0 6.3 ± 0.5E−4 1,100 ± 80

Geometric mean N/A N/A N/A 5.3 ± 0.5E−04 1,300 ± 120

Note. Equations 1 and 2 were fitted to iodide depth profiles at various stations 
along the GP15 transect to produce the decay constant of surface iodide, λ (/
day). The half-life (t1/2) was calculated from λ.
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Figure 5.  Non-linear regressions (Equation 1: C(z) = C(0)e α(z−H)) of Station 23 (7.5°N, 152.0°W) and Station 35 (10.5°S, 
152.0°W). The fit was used to calculate the λ, the rate of in situ I − oxidation below the mixed layer.
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outlier black points in Figure 8 are above the fluorescence maxima, where the correlation between I − and fluo-
rescence is poor. High iodide/low chlorophyll in near-surface waters reflected by these data may reflect slow 
re-oxidation of iodide in the mixed layer rather than elevated production.

The comparison of I − with fluorescence suggests that IO3 − reduction by photoautotrophs is a probable source 
and that the precipitous decline in iodide below the chlorophyll maximum reflects, at least in part, a decrease in 
production. Phytoplankton have been shown to reduce IO3 − to I −, and this may be associated with cell senescence 
(Bluhm et al., 2010; Hepach et al., 2020). The GP15 cruise did not provide information on phytoplankton physi-
ology or growth rate to determine whether any of the trends we observed could be accounted for by senescence. 
At stations 13, 14, and 17, local maxima in I − concentrations coincide with maxima in chlorophyll fluorescence, 
which may reflect an increase in phytoplankton-derived iodide at those depths.

In their global model of iodide distribution, Wadley et al. (2020) highlighted another important consideration–
phytoplankton species composition. Permanently stratified tropical regimes are frequently dominated by the 
cyanobacteria Synechococcus and Prochlorococcus sp. Synechococcus has high production rates of iodide (Wong 
et al., 2002), which may contribute to the enrichment we observed.

3.2.  Rate of Upper Water Column Iodide Oxidation

Lifetimes for I − in marine waters have been estimated to be as low as <6 months to up to 40 years (reviewed in 
R. Chance et al. (2014)). Our work shows that the accumulation of I − in the permanently stratified tropical mixed 
layer is more pronounced than in seasonally stratified mixed layers at higher latitudes, suggesting that its redox 
cycling must be longer than a seasonal time scale. Indeed, results from the 1-D model show that I − is oxidized 

Figure 6.  Iodide inventory in the mixed layer versus net primary productivity along the GP15 transect from stations 
7–35. NPP was estimated using the MODIS r2018 satellite product and the carbon-based productivity model (Westberry 
et al., 2008) from Oregon State University Ocean Productivity. Average NPP for 16 days prior to each sampling date was 
determined using a weighted average of 8-day NPP products within an 18 km by 18 km region containing each station. Data 
from permanently stratified stations in the south (crosses) and data from seasonally stratified stations in the north (circles).
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Figure 7.  Iodide (black) and chlorophyll fluorescence (red) plotted against depth at Demi and Super Stations in the North Pacific along the GP15 transect (49.5°N, 
152.0°W to 0.0°N, 152.0°W). The data plotted correspond to the top 400 m of each station.
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with a half-life between 3 and 4 years (Table 1 modeling). This estimate falls within the range of surface ocean 
iodide oxidation rates estimated in the model of Wadley et al. (2020) but is above half-life estimates from the 
global iodide oxidation rate estimated in the cGENIE model (40–50 years; W. Lu et  al.,  2018). The Wadley 
et al. (2020) model is dependent on poorly constrained estimates of the iodine:carbon ratio in particulate organic 
matter and consequently has a rather large range (1–16 years), but our estimates sit squarely within this range. It 

Figure 8.  Scatter plots of iodide concentration to chlorophyll fluorescence at individual stations. The black points and line are data which include samples above the 
fluorescence maxima while the red points and line exclude these data points.
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is important to note that our rate estimates are derived by modeling the gradient in iodide below the mixed layer, 
with the mixed layer concentration in the steady state. The forward oxidation rate of iodide in the mixed layer 
may be different from our estimate. A scenario where there is rapid turnover of iodate and iodide in the mixed 
layer cannot be ruled out. It is also possible that the half-life of iodide in the mixed layer may be even longer than 
3–4 years. In their global model of iodide distribution, Wadley et al. (2020) found the best fit to the measured 
distributions when it was assumed that iodide oxidation was correlated with the first step in nitrification: ammo-
nia oxidation. This is consistent with recent data showing that some ammonia oxidizing bacteria can oxidize 
iodide, while others possess multicopper oxidases (similar to ammonium monooxygenase) that oxidize iodide 
(Hughes et al., 2021; Long et al., 2015; Truesdale et al., 2001; Yeager et al., 2017). Ammonia oxidation is inhib-
ited at high light intensities and is slow in permanently stratified tropical waters (Horak et al., 2018), so iodide 
oxidation may also be light inhibited as well. It is also unlikely that there are non-biological oxidative pathways 
for iodide in the mixed layer (Campos, 1997; Luther et al., 1995).

Iodide drops off sharply at the same depth as the primary nitrite maxima in nearly every station (Figure 9). 
Primary nitrite maxima are thought to be a zone where ammonium oxidation to NO2 − occurs at a high rate, 
slightly exceeding NO2 − oxidation (the second step in nitrification). The apparent relationship between chloro-
phyll and iodide (Figures 7 and 8) could reflect the production by phytoplankton, but could equally reflect trends 
with depth in iodide consumption by bacterial oxidation.

This discussion does not require that iodide oxidation is mediated by ammonium monooxygenase. Iodide-selective 
pathways have been reported in microbes that are mediated by multi-copper oxidases (Yeager et  al.,  2017). 
Other reactions mediated by multi-copper oxidases, (the same family of enzymes that include ammonium 
mono-oxygenase) such as microbial manganese oxidation (Tebo et  al.,  2004), are light inhibited (Sunda & 
Huntsman, 1988).

3.3.  Benthic Fluxes as a Source of Iodine to the North Pacific

Previous studies have shown elevated concentrations of excess I − associated with inputs from the continental 
shelf. Within ODZs, excess iodine appears to be associated with significant benthic sources associated with 
highly reducing sediments off of the west coast of India (Farrenkopf and Luther,  2002), Peru (G. A. Cutter 
et al., 2018), and southern Mexico (Moriyasu et al., 2020). High iodine fluxes under these conditions are consist-
ent with the hypothesis of François (1987), that I − is displaced by sulfide under reducing conditions and that I − is 
released in association with organic matter oxidation, similar to ammonia (Anschutz et al., 2000; Kennedy & 
Elderfield, 1987a, 1987b). A global model of sulfate reduction rates in sediments suggests that the Alaskan conti-
nental margin near the terminus of the GP15 transect is a “hot spot” for sulfate reduction (Bowles et al., 2014). 
Thus, we anticipated a high concentration of excess iodine in shelf waters, possibly extending as an offshore 
plume. However, results showed that excess iodine over the Alaskan shelf was less than 40 nM, tenfold lower than 
the highest values within Pacific ODZs (G. A. Cutter et al., 2018; Moriyasu et al., 2020). While the water above 
the Alaskan shelf is oxidizing, excess iodine is the sum of I − and its oxidation product, IO3 −, and so it should 
be insensitive to oxidation. It seems more likely that benthic fluxes of iodine from the Alaskan shelf sediments 

Figure 9.  Depth profiles of iodide and nitrite at the four stations near and at the equator were 23 (7.5°N, 152.0°W), 29 (0.0°N, 152.0°W), 34 (−7.5°N, 152.0°W), and 
35 (−10.5°N, 152.0°W).
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are simply lower than those in other regimes. At present, we do not have an explanation for this finding. Bluhm 
et al. (2011) reported a plume of elevated iodide extending north from the Antarctic continent into the South 
Atlantic but attributed the source to in situ reduction by senescent phytoplankton rather than shelf sediments. 
One possibility is that benthic fluxes from the Alaskan shelf are high, but the iodine is trapped by organic matter 
across the sediment-water interface. The organic iodine to total organic carbon (I/TOC) ratios are higher at the 
sediment-water interface of localities underlying oxygenated water columns relative to those underlying low 
oxygen water columns (Kennedy & Elderfield, 1987a, 1987b; Z. Lu et al., 2008; Price & Calvert, 1973, 1977; 
Zhou et al., 2017). This appears to be due to the incorporation of iodine into sedimentary organic matter, which 
is displaced only by nucleophilic substitution by sulfide. The presence of sulfide in surficial sediments is, of 
course, highly dependent on the oxygen concentrations in the overlying waters. Given these findings, the elevated 
concentrations of iodide overlying abyssal plain sediments reported here (Figure 4) might seem surprising, yet 
they are consistent with high benthic iodide fluxes and significant pore water gradients reported by Kennedy 
and Elderfield (1987b) in Atlantic deep sea sediments. Sedimentary organic matter is much lower in offshore 
sediments than in the margins (Chester, 1990; Hesse & Schacht, 2011), so perhaps there is less material to trap 
iodide at the sediment water interface. This discussion does not answer what is perhaps the most important 
question of the ultimate source of iodine efflux from sediments. We also do not know where within the interior 
of the Pacific basin the near-seafloor iodide enrichment comes from. That is because the rates of lateral advec-
tion near the seafloor in the North Pacific Basin are typically much higher than the rates of vertical advection 
(Hautala, 2018), therefore, the iodide measured near the seafloor probably does not come from the immediately 
underlying sediments.

4.  Conclusions
This work synthesizes the distributions of the two main inorganic iodine species along the GEOTRACES GP15 
transect and uses complimentary GEOTRACES parameters to estimate the rate of I − oxidation in the surface 
oceans. Our results reveal the redox cycling of iodine in the upper water column. Turnover times spanning multi-
ple years contribute to the surface maxima and strong gradients in I − below the euphotic zone and fall within the 
range of estimates from a global iodine model. Our estimates were made possible by complimentary  7Be analyses 
performed on the GEOTRACES GP15 cruise. Permanently stratified, shallow mixed layers in the tropics are 
associated with high I − accumulation. We found no evidence for significant inputs of iodine from the atmosphere, 
Alaskan continental margin, or seafloor. The three major ODZs display the impact of redox cycling on iodine 
distributions more dramatically. Even in those systems, the ultimate sources of iodine are poorly understood. In 
particular, continental sources such as major rivers, are understudied.
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