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Abstract Biogeochemical reactions produce volatile halocarbons and semi- to nonvolatile dissolved
organic halogens (DOX) in marine systems. The former has a large influence on atmospheric chemistry, but
little is known about DOX. Here, we present depth profiles of dissolved organic bromine (DOBr) and -iodine
(DOI) isolated from the Central North Atlantic and the Central North Pacific. DOX ranged from ~5 to 11 nM in
the surface and decreased to ~1 to 7 nM below 1,500 m. Relative to DOI, DOBEr is elevated and more stable at
depth. Moreover, 92 individual DOBr molecular ions were identified by high-resolution mass spectrometry for
the first time in seawater using a solid phase extraction/sequential elution technique. Similar DOBr ions with an
oxygen-to-carbon ratio of 0.35 and a hydrogen-to-carbon ratio of 1.3 were present throughout the water column.
Thus, deep ocean DOBr may be a hitherto overlooked component of marine refractory organic matter.

Plain Language Summary Volatile marine organo-halogens, and the mechanisms that create
them, have been well studied due to their role in atmospheric chemistry. The same mechanisms that create
volatile halogens also create semi- to nonvolatile halogenated compounds, many of which have been
characterized due to their bioactive properties. However, while volatile organo-halogens have been often
quantified, little is known about the distribution and reactivity of semi- to nonvolatile halogenated
compounds in seawater. In this study we report the first detailed depth profiles of dissolved organic bromine
(DOBr) and -iodine (DOI) in the North Atlantic and North Pacific Oceans. Preliminary global inventories
are 0.53 petagram (Pg = 10'> g) Br in DOBr and 0.27 Pg I in DOI, which does not yet include information
for estuarine and coastal systems. Relative to DOIL, DOBr is elevated and stable at depth, and therefore
DOBr may be an important component of the largely uncharacterized marine refractory organic matter pool.
Thus, future work on both the distribution and molecular composition of DOX in the oceans could provide
novel insights into how these molecules behave in the oceans as well as their overall role in the
biogeochemical cycling of marine dissolved organic matter.

1. Introduction

Marine dissolved organic matter (DOM) is a large and dynamic pool of reduced carbon and associated elements
that remains one of the least understood components of the global carbon cycle (Gonsior et al., 2022; Hansell &
Carlson, 2001; Wagner et al., 2020). Several clues suggest that halogenation and dehalogenation are critical
processes in marine DOM cycling (Atashgahi et al., 2018). Marine organisms produce a complex suite of
halogenated organic compounds, which can serve as antibiotics, antifoulants, predation deterrents, pheromones,
and more (Gribble, 2004). Moreover, organo-halogens can be synthesized in environments with surprisingly low
halide concentrations through diverse and critical carbon-halogen metabolic pathways (Fowden, 1968). Because
halides (X~ = CI7, Br, or I") are largely unreactive, halogenating enzymes create reactive halogen species
(RXS) that react with organic molecules to form halogenated compounds (Blasiak & Drennan, 2009). In addition
to biological RXS production, photoreactions can also create RXS in seawater (Parker & Mitch, 2016; Yang &
Pignatello, 2017; Zafiriou, 1974) and produce organo-halogens (Méndez-Diaz et al., 2014). The atmosphere may
also be an important source of halogenated organic compounds to marine surface waters (Galban-Malagén
et al., 2013; Iwata et al., 1993) through air-to-sea fluxes of both natural (Ofner et al., 2012) and anthropogenic
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(Galban-Malagén et al., 2013) organo-halogens. While these potential sour-
ces have been described, links between carbon and halogen biogeochemistry
in seawater have not been thoroughly explored.

Over the last 50 years, interest in halogen-containing pollutants has coinci-
dently led to the discovery of over 8,000 naturally occurring halogenated
organic compounds (Bidleman et al., 2019; Fowden, 1968; Gribble, 2003,
2010, 2023). The simplest, and perhaps most well-studied pool is volatile
halocarbons because of their reactivity in the atmosphere, especially with
ozone in the troposphere (Butler et al., 2007; Vogt et al., 1999; Von Glasow
et al., 2002). While numerous semi- to nonvolatile halogen-containing com-
pounds have been discovered and characterized in marine systems, the dis-
tribution and reactivity of these dissolved organic halogens (DOX) has been
rarely studied (Bidleman et al., 2020), except for dissolved organic iodine
(DOI). Truesdale (1975) first described evidence for an organically bound

iodine fraction in seawater, suggesting that DOI is an active component in
iodine cycling. Truesdale and Luther (1995) later demonstrated that hypo-
iodous acid (HOI) is the main iodine species that reacts with organic com-
pounds in seawater, forming C-I and N-I bonds. New methodology that
allowed for the determination of iodine speciation in seawater led to additional
reports of the distribution of DOI concentrations in coastal and open ocean
seawater, with concentrations ranging from below detection to >100 nM
(Table S1) (Campos, 1997; Luther et al., 1991; Schwehr & Santschi, 2003;
Schwehr et al., 2005; Truesdale et al., 2001; Wong & Cheng, 1998, 2008). It is
now established that biological and abiotic processes can reduce iodate (1057)
to iodide (I"7) as well as oxidize I” back to IO;™ and the intermediates between

them (e.g., I,/I;~ and HOI) can form iodinated organic compounds

50000 5 1l0 (Luther, 2023). However, even when sampled at high temporal resolution in

DOI (nM) coastal systems, DOI concentrations are variable and do not correlate with
dissolved organic carbon (DOC) concentrations (Jones et al., 2024; Satoh

Figure 1. (a) Map of sampling sites: the Hawaii Ocean Time-series (HOT) etal.,2019) so that the overall distribution and reactivity of DOI remain poorly

station and the Bermuda Atlantic Time-series Study (BATS) station plotted understood.

against the MODIS July monthly climatology of chlorophyll-a

concentrations ([Chl-a]) (ug L™") obtained from the NASA level-3 browser. Compared to DOI, less is known about dissolved organic bromine (DOBr)
(b) Depth profiles of dissolved organic bromine (DOBr, nM) (left) and distributions in seawater, likely due to low concentrations compared to a much

dissolved organic iodine (DOI, nM) (right) for solid phase extraction
samples at BATS (yellow squares, n = 3 per depth) and HOT (black

diamonds, n = 3 per depth).

higher bromide background. Ratios of organically bound bromine to total
organic carbon (TOC) in continental margin sediments have been used to
distinguish terrigenous from marine organic matter sources with Br:TOC ra-
tios increasing from river end members to continental slopes (Malcolm & Price, 1984; Mayer et al., 1981, 2007).
Data on DOBr in the water column are sparse, but Méndez-Diaz et al. (2014) overcame analytical limitations in
DOX analysis by utilizing solid phase extraction (SPE) to concentrate and desalt samples followed by residual
halide removal with cartridges containing silver. Using this approach, they determined DOI and DOBr in coastal
waters and at four depths in the North Pacific, but there have been no further attempts to use this approach to
quantify DOX in seawater. Therefore, in the present work, SPE-methanolic extracts were collected at the Bermuda
Atlantic Time-series Study (BATS) station in the western North Atlantic subtropical gyre and at the Hawaii Ocean
Time-series (HOT) station ALOHA in the central North Pacific subtropical gyre (Figure 1a). DOBr and DOI were
then detected by inductively coupled plasma-mass spectrometry (ICP-MS). To better understand DOX compo-
sition, select samples were extracted and fractionated by polarity. These polarity fractions were then analyzed by
both ICP-MS and Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS)), as detailed below
(Materials and Methods).
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2. Materials and Methods
2.1. Sample Handling and Processing

Seawater samples were collected on two separate research cruises: the BATS cruise in August 2019 aboard the R/
V Atlantic Explorer and the HOT cruise in July 2021 aboard the R/V Kilo Moana, as described previously
(Gonsior et al., 2024). Briefly, 10-L samples were collected at selected depths from the surface to the seafloor
using Niskin bottles mounted on a CTD rosette. These samples were acidified to pH 2 with ultrapure HCI (puriss.
p.a., >32%, Sigma Aldrich) and filtered through combusted 0.7 pm GF/F filters in-line above the SPE columns
(1 g Agilent Bond Elut Priority PolLutant (PPL) cartridges). Prior to extraction by gravity, PPL cartridges were
activated with 10 mL methanol (LC-MS Chromasolv, Sigma Aldrich) and rinsed with 10 mL 0.1% formic acid in
water (LC-MS Chromasolv Sigma Aldrich). Post-extraction, all cartridges were rinsed with 30 mL of 0.1% formic
acid in water. Cartridges were then completely dried using vacuum manifolds in the hood and eluted with 10 mL
methanol. All extracts were stored at —20°C prior to analysis. Statistically significant differences in DOBr and
DOI between stations and depths were determined using a two-tailed unpaired Student's #-test in Excel and
p-values < 0.05.

To examine DOX composition along a polarity gradient, samples at HOT (deep chlorophyll maximum (DCM,
125 m), 1,000 m, and bottom at 4,750 m) were extracted in duplicate as described above but were instead eluted
sequentially with 10 mL methanol/water mixtures. These mixtures were prepared using ultrapure methanol and
water at methanol percentages (v/v) of 7.4, 15.2, 23.4, 32.3, 40, 50, 60, 70, 80, 90, and 100, for a total of 11
fractions. For all fractions containing water (7.4%-90% methanol), extracts were completely dried in the hood
under a gentle stream of N, gas. Fractions were then redissolved in 10 mL methanol and stored at —20°C.

2.2. DOBr and DOI Quantification

Extracts were dried under N, and redissolved in ultrapure water for a 25X dilution for whole water extracts and a
50x dilution for polarity fraction extracts. As done in previous work (Méndez-Diaz et al., 2014; Powers
et al., 2024), these aqueous SPE samples were passed through Dionex™ OnGuard™ II Ba/Ag/H cartridges to
remove any remaining inorganic halides. Ba/Ag/H cartridges were tested to ensure that bromide was completely
removed from NaBr solutions with concentrations ranging from 10 to 10,000 pg Br L™" and that organic bromine
and iodine were not affected using a 10 pg Br L™ solution of 5-bromo-3-iodobenzoic acid (Sigma-Aldrich). Ba/
Ag/H-treated samples were then added in a 50:50 ratio to ultrapure water containing 1% NH,OH and
1.0 pg Co L™ (Agilent) in polycarbonate tubes and loaded into the ICP-MS autosampler. Blanks were prepared in
the same manner using ultrapure water and standards were prepared using 5-bromo-3-iodobenzoic acid con-
taining 0.5% NH,OH and 0.5 pg Co L™". DOBr and DOI were determined using a triple-quadrupole inductively
coupled plasma mass spectrometer (ICP-MS/MS, Agilent 8900 ICP-QQQ) with no gas in the Octopole Reaction
System, as described previously (Powers et al., 2024). Briefly, Br was determined using m/z 79 (MS1) and m/z 79
(MS2) and I was determined using m/z 127 (MS1) and m/z 127 (MS2) with an integration time of 0.5 ms, 1 point
per peak, 3 replicates, and 50 sweeps per replicate. The ICP was tuned weekly using a 1 ppb multi-element tuning
solution containing Li, Co, Y, Tl, and Ce (Agilent) and >°Co served as the internal standard in all samples, blanks,
and standards. After analysis, DOBr and DOI concentrations were scaled for final dilution and for extraction and
elution volume.

2.3. DOBr Molecular Characterization by FT-ICR MS

We used FT-ICR MS to identify DOBr molecular ions in SPE-DOM polarity fractions. These methanolic extracts
were diluted 1:20 in ultrapure methanol and analyzed using a Bruker Solarix 12 Tesla FT-ICR mass spectrometer
housed at Helmholtz Munich, Germany. The flow rate was held constant at 2 pL min~" and samples were directly
infused into the instrument using an autosampler that was washed with 600 pL of 80:20 MeOH:water between
samples to prevent carryover. Samples were ionized using negative mode electrospray ionization at 3,600 V and
500 scans were averaged. The FT-ICR mass spectrometer was initially calibrated using known arginine clusters
and post-calibrated using previously identified known molecular ions within DOM (Timko et al., 2015). Un-
ambiguous molecular formulas were assigned with a mass error <0.2 ppm using a network approach (Tziotis
et al., 2011), which is based on combinations of the elements ]2C],OO, "H,_ .. 16Ol,oc,, 14N(HO, 3ZS(H, 35C10,5,
79Brm5, 12710—5, as well as the 13C, 3 4S, 3 7C1, and 8'Br isotopologues (Herzsprung et al., 2014, 2016). Molecular
formula assignments with Br were confirmed manually using isotope simulation in the Bruker data analysis
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software (Gonsior et al., 2015), which confirms the 3'Br isotopologue at 49.31% natural abundance. Additional
FT-ICR MS data analysis and visualization details are described in Text S1 in Supporting Information S1.

3. Results and Discussion
3.1. DOBr and DOI Distributions

Depth profiles obtained from BATS in August 2019 and HOT in July 2021 exhibit elevated DOX concentrations
above 200 m followed by lower and somewhat stable concentrations at depth (Figure 1b). A similar trend was
observed in samples collected beyond the shelf break of the Mid-Atlantic Bight, USA (Text S2 in Supporting
Information S1, Table S1) and in select samples collected in the Northeast Pacific (Méndez-Diaz et al., 2014).
DOBr concentrations were also significantly higher in surface waters at HOT (10.8 £ 0.6 nM, n = 3) than at
BATS (5.3 = 2.1 nM, n = 3) (p-value = 0.03). While not significantly different (p-value = 0.56), DOI con-
centrations were higher and more variable in surface samples at HOT (11.4 + 5.4 nM, n = 3) than at BATS
(5.8 £ 1.1 nM, n = 3). These values were approximately 3 orders of magnitude larger than those reported for
various volatile halocarbons (Butler et al., 2007; Chuck et al., 2005; Liu et al., 2024; Liu, Yvon-Lewis, Thornton,
Butler, et al., 2013; Liu, Yvon-Lewis, Thornton, Campbell, & Bianchi, 2013). Previous estimates of DOI based on
the difference between total iodine and inorganic iodine in the open ocean are somewhat higher (~40-100 nM)
(Tian & Nicolas, 1995; Wong & Cheng, 1998). However, given that DOI may be 10% or less of total iodine in the
open ocean, estimations of DOI in both surface and deep water have been often analytically uncertain using this
difference method (Tian & Nicolas, 1995; Wong & Cheng, 1998). While SPE allows for sample concentration
and well-resolved DOI and DOBr depth profiles, we could underestimate DOX by a factor of 2 based on average
DOC SPE recoveries of ~50% in seawater (Dittmar et al., 2008). On the other hand, if extracted compounds form
adducts with halides, which has been demonstrated for sugars with chloride (Boutegrabet et al., 2012), SPE DOX
may be overestimated. It is not yet known whether adducted halides are removed when passed through silver
cartridges, but sugars are not likely retained using our SPE approach. Therefore, both DOBr and DOl in this study
should be considered low end estimates of total DOX or, more specifically, measurements of extractable DOX
concentrations.

Our profiles indicate that both DOBr and DOI exhibit significantly higher concentrations below 1,500 m at HOT
(6.6 = 0.3 nM DOBr and 1.6 + 0.08 nM DOI, n = 8) than at BATS (2.2 + 0.09 nM DOBr and 0.79 + 0.12 nM
DOI, n = 5) (p-values < 0.01). Prior work at both HOT and BATS has demonstrated that I concentrations
measured over several sampling campaigns are approximately two times higher in the top 100 m at HOT
(215 £ 52 nM) versus BATS (102 £ 16 nM) (Campos et al., 1996). Because 105~ is thermodynamically stable in
oxygenated seawater (Luther, 2023), higher I” concentrations at HOT were explained using a function that related
I” formation to primary production and loss to mixing and oxidation (Campos et al., 1996). While iodine cycling
also depends on additional factors (e.g., freshwater flux, mixed layer depth) (Wadley et al., 2020), higher primary
production at HOT relative to BATS (Karl et al., 2001) may explain overall higher DOI concentrations at HOT
compared to BATS. Higher halogenation activity, perhaps due to biotic and abiotic (i.e., photochemical) pro-
cesses, and export of refractory DOX at HOT could also explain the much higher DOBr concentrations
throughout the water column at HOT since bromide is not redox active and is lower at HOT than at BATS (Figure
S1 in Supporting Information S1). Moreover, DOX distributions at depth may be explained by the influence of
North Atlantic Deep Water at BATS and DOBr accumulation during deep water circulation. Dissolved lignin
phenol concentrations, proxies for terrestrial DOM, decrease progressively from the deep Atlantic to the deep
Pacific (Hernes & Benner, 2006) and terrestrial DOM has very low DOX concentrations relative to marine DOM
(Méndez-Diaz et al., 2014). Another possibility may be that there is some hydrothermal influence from the
Kama'ehuakanaloa (Lo'ihi) Seamount in the deep waters at HOT, which has been studied extensively for iron
geochemistry (Boyle et al., 2005; Rouxel et al., 2018). Reductive dehalogenation activity was found in cold seeps
(Han et al., 2025), and halogenated compounds have been detected in vent fluids (Grandy et al., 2020) and
volcanic gases (Schwandner et al., 2013), suggesting that hydrothermal features may be a source of organo-
halogens in seawater. Without more information on DOX distributions globally, it is difficult to explain dif-
ferences in DOX profiles between these two oceanographic locations. However, given that DOBr and DOI
concentrations reported previously in the deep waters of the North Pacific (5.6 £ 0.9 and 1.9 = 0.3 nM,
respectively) (Méndez-Diaz et al., 2014) are similar to those at HOT, this preliminary evidence suggests that deep
ocean DOX concentrations may be higher in the Pacific than in the Atlantic.
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Figure 2. (a) DOBr (nM) and (c) DOI (nM) versus methanol content in fractions sequentially eluted from solid phase
extraction cartridges, reported in %methanol (v/v), for a deep chlorophyll maximum (DCM, 125 m) sample (green circles), a
1,000 m sample (yellow diamonds), and a bottom (4,750 m) sample (light blue squares) collected at the Hawaii Ocean Time-
series station. Total (b) DOBr (nM) and (d) total DOI (nM) (black squares), calculated as the sum of that in each fraction in
panels (a, ¢), respectively, compared with average concentrations at each depth (gray squares) in unfractionated samples
(Figure 1).

3.2. DOX Physicochemical Properties and Molecular Composition

It is likely that DOBr and DOI exhibit differences in reactivity driven by differences in their composition. Thus,
we examined DOX physical distribution along a polarity gradient for three samples: DCM (125 m), 1,000 m, and
bottom (4,750 m) at HOT. Summed DOX concentrations were in good agreement with total DOBr and DOI
concentrations discussed above that were eluted with one volume of methanol (Figures 2b and 2d). In general,
DOBr was lowest in the low methanol high polarity fractions and increased to somewhat stable concentrations in
the mid polarity (~40% methanol) to low polarity (100% methanol) range (Figure 2a). DOI was also low in the
high polarity fractions and increased to its highest concentrations around 33% methanol. Unlike DOBr, DOI
concentrations then decreased from 60% to 100% methanol (Figure 2c). DOI was always higher in the DCM
fractions compared to those from 1,000 m and the bottom sample whereas DOBr concentrations were similar in
each fraction at all three depths. This result is not surprising, as DOBr only decreases by 17% and 28% between
the DCM and 1,000 m and the bottom, respectively, whereas DOI decreases by ~82% below the DCM
(Figure 1b). While the production of both DOBr and DOI may be linked to primary production (Cabrita
et al., 2010; Paul & Pohnert, 2011), these variations between DOBr and DOI along a polarity gradient point to
fundamental differences in DOBr and DOI composition. Early work that subjected marine sediments to a variety
of chemical tests suggested that organic iodine mainly exists as N-iodoamides but organic bromine may be
composed of aliphatic compounds, neutral compounds, non- to semi-polar organic acids, amines, and phenolic
compounds (Harvey, 1980). Organic bromine was found to be ubiquitous in a variety of marine sediments, which
was linked to organic bromine content in sinking particles (Leri et al., 2010). There is some variation in bromine
speciation with depth in the sediment (Leri et al., 2010), suggesting some cycling between inorganic and organic
forms, but given the high organic bromine content observed in sinking particles, the authors suggest that a portion
of the stable organic bromine found in sediments was produced in surface waters (Leri et al., 2010). On the other
hand, sedimentary organic iodine appears to be more labile. Iodine enrichment in surface sediments was
explained by active iodine cycling near the water sediment surface followed by I release at depth during the
decomposition of organic iodine (Kennedy & Elderfleld, 1987). Thus, if DOM degradation results in stable

POWERS ET AL.

5of 10

BSURO1 SUOLLILIOD ANERID) el [dde au) Aq pausRA0B 312 SSPILE YO (38N JO SAINI 10} ARG 1T BUIIUO AB]1AA UO (SUONIPUOD-PUB-SULBYWIY" A5 1M AR 1[BUIIUO//SAIY) SUORIPUOD PUE SWB | 8} 39S *[9Z02/TO/ET] U0 ARIqIT 8U1IUO AB1IM ‘WNALBZSBUNUIS.I0- SSUISINGQ UBLILBN I WNILBZ Z} oUW pH AQ Z906TT 195202/620T 0T/10p/LI0D" A3 |1m ARelq 1 puluo'sqndnBe//sdny woiy papeojumod ‘T ‘9202 *L0087r6T



 Veld
NI i
et Geophysical Research Letters 10.1029/2025GL119062
a) organic bromine that contributes to DOBT, it may partly explain why DOBr
e3) 3 concentrations are higher at depth when compared to DOI concentrations.
2| @) We further investigated DOBr molecular composition in each polarity frac-

H/C

O/C

0000
o 00080
00 ©©
o 8000

N
2 0.15
< 0583088°8°

®e 00°°°©°OOO o -

005 o 0o o ©
8 0 °er8868§®°©o
200 400 600
c) m/z

© AP,
o) o
S -0.15 i
QD
=
o 02
()]
©
€ -025} 0 o
o ° o
O .03 K

350

Figure 3.

tion for the DCM, 1,000 m, and deep sample using FT-ICR MS (Text S1,
Figures S2 and S3 in Supporting Information S1, Figure 3). In general, in-
tensities for ions containing carbon, hydrogen, oxygen, and bromine
(CHOBYr) were low, which explains why these ions have not been identified
by direct-infusion FT-ICR MS in previous studies. In total, 92 CHOBTr ions
were found across all sample depths and all polarity fractions, with some ions
found in two (n = 24), three (n = 10), four (n = 8), or five (n = 4) fractions
(Figures S2 and S3 in Supporting Information S1). Inclusive of this repetition,
a total of 82 CHOBr ions were found in DCM fractions, 120 were found in
1,000 m fractions, and 81 were found in bottom fractions. Of these, 33
CHOBr ions were common between the DCM, 1,000 m, and deep samples,
which were centered around an m/z of 425, an O/C ratio of 0.35, a H/C ratio of
1.3, and an average carbon oxidation state (COS) of —0.5 (Figure S2 in
Supporting Information S1). While ions unique to DCM were the most
diverse (Figures S2 and S3 in Supporting Information S1), most ions unique
to a particular depth displayed similar oxygenation and saturation to common
ions, clustered around an m/z of 400 to 550, an O/C ratio of ~0.3 t0 0.5, a H/C
ratio of ~1.2 to 1.5, and a COS of ~—0.8 to —0.2 (Figure 3 and Figure S4 in
Supporting Information S1). Moreover, these somewhat oxygenated and
unsaturated ions are similar in composition to ions attributed to carboxyl-rich
alicyclic molecules (CRAM) (Figures S4 and S5 in Supporting Informa-
tion S1), a proposed major component of refractory DOM (Hertkorn
et al., 2006). While CHO ions attributed to CRAM by Hertkorn et al. (2006)
are generally more oxidized with higher mass (m/z 537 + 70), higher O/C
ratios (0.42 = 0.10), lower H/C ratios (1.15 £ 0.16), and higher COS
(—0.30 £ 0.32), standard deviations of intensity-weighted averages overlap
for the CHOBTr ions in this study (Figures S4 and S5 in Supporting Infor-
mation S1). While FT-ICR MS data alone cannot be used to provide structural
information, a few homologous series containing 4-6 CHOBr ions were also
observed in modified Kendrick plots (Figure 3b), suggesting that some ions
are related. Because carboxyl groups are a major component of CRAM
(Hertkorn et al., 2006), we also determined CO,-based (44 Da) Kendrick
mass defect for CHOBTr ions (Figure 3c), which resulted in 15 series con-
taining two ions and 7 series containing three ions. Again, these analyses
cannot provide structural information, but they do suggest that the CHOBr
ions characterized here, while more reduced, display similarities to CRAM.
Intriguingly, recent work suggests that high polarity CRAM signatures are
more refractory than low polarity CRAM signatures identified by FT-ICR MS
after a 90-day incubation experiment (Cai et al., 2025). Thus, similar ap-
proaches could be applied in future work to better understand the composition
and reactivity of DOX.

Figure 3. (a) Oxygen-to-carbon (O/C) versus hydrogen-to-carbon (H/C) ratios,
(b) modified Kendrick mass defect (KMD/z*) versus m/z, and (c) CO,-based
Kendrick mass defect versus m/z for molecular ions containing carbon, hydrogen,
oxygen, and bromine (CHOBYr) in polarity fractions isolated from the deep
chlorophyll maximum, 1,000 m, and bottom (4,725 m) at Hawaii Ocean Time-series.
Individual CHOBr molecular ions are represented by yellow circles whose size
indicates average ion intensity. Connected blue squares in panel (c) are CO,-mass
defect series containing 3 ions.
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3.3. Preliminary DOX Inventories

To estimate DOX inventories, we first calculated DOC:DOBr and DOC:DOI molar ratios for our SPE samples
(Table S2 in Supporting Information S1). Details of these calculations are provided in Text S3 in Supporting
Information S1. DOC:DOBr ratios were stable with depth, averaging ~7,900 £ 2,400 at BATS and ~2,800 + 440
at HOT for the entire water column. DOC:DOBTr ratios at HOT were like those reported in the North Pacific,
which averaged 2,130 = 680 for four stations sampled between the surface and 3,750 m (Méndez-Diaz
et al., 2014). These stable ratios with depth further support a link between refractory DOC and DOBr as well as
differences between the production and/or degradation rates of DOBr and DOI. DOC:DOI ratios behaved
differently from DOC:DOBr (Table S1), being significantly lower in the upper 125 m (3,240 = 270) than at
depths >1,200 m (10,900 + 800) (p-value = 0.02) at HOT. DOC:DOI ratios were higher at BATS than at HOT,
but also significantly lower in the upper 125 m (8,270 £ 3,790) than at depths >1,200 m (23,500 £ 7,340)
(p-value = 0.02). Increases in DOC:DOI and DOBr:DOI with depth could be explained by the preferential
remineralization of DOI relative to both DOC and DOBEr in the surface ocean, as C-I bonds are generally thought
to be labile (Campos et al., 1996). DOC:DOI ratio for Suwannee River Natural Organic Matter (SRNOM)
increased when irradiated in artificial seawater (Méndez-Diaz et al., 2014), suggesting some DOI removal due to
photochemistry. While SRNOM in artificial seawater is very different from the natural marine waters studied
here, these results may suggest that DOI in surface waters is susceptible to both biological and photochemical
degradation, whereas DOBr may be more stable.

Despite the differences in DOX between HOT and BATS, we utilized average DOC:DOBr and DOC:DOI ratios
(Table S2 in Supporting Information S1) and estimated SPE extractable DOC from reported global DOC in-
ventories (Hansell et al., 2009) to calculate preliminary global DOX inventories (Text S3 in Supporting Infor-
mation S1) of 532 = 173 Tg Brand 265 + 62 Tg I, amounting to a combined DOX inventory of ~0.75 Pg. DOX is
likely very similar in size to other heteroatoms within DOM, such as dissolved organic sulfur (6.7 Pg) (Ksionzek
et al., 2016) and dissolved organic phosphorus (2.1 Pg) (Letscher & Moore, 2015), especially because this study
only focused on DOBr and DOI and dissolved organic chlorine (DOCI) may also represent a substantial portion of
the DOX pool. Organic chlorine in POM ranged from 180 to 694 mg Cl kg™" for material collected in sediment
traps deployed in the Arabian sea (Leri et al., 2015) and was comparable to the organic bromine content of the
POM in these samples (Leri et al., 2014). Like the formation of DOBr and DO, Leri et al. (2015) demonstrate that
both enzymatic and abiotic processes can produce chlorinated organic matter. Therefore, it is likely that DOCI
together with DOBr and DOI represent major organic halogen reservoirs within the oceans.

4. Conclusions

In this study we provide new information on DOX quantities and composition in the Central North Atlantic at
BATS and in the Central North Pacific at HOT. While DOX concentrations are elevated in surface waters and
decrease with depth, DOX was always higher at depths >1,000 m at HOT than at BATS. Moreover, DOBr
concentrations were higher and more stable throughout the water column when compared to DOI concentrations,
perhaps reflecting their contribution to the refractory DOM pool. The molecular composition of DOBr further
displays similarities to CRAM, a proposed component of refractory DOM, but DOBT structural information is not
available at this time. Thus, future work on both the distribution and molecular composition of DOX in the oceans
could provide novel insights into how these molecules behave in the oceans as well as their overall role in the
biogeochemical cycling of marine DOM.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

For this study we used DOC data from repeat hydrography cruises at BATS (Bates et al., 2025), available at
https://www.bco-dmo.org/dataset/3782 (doi: 10.26008/1912/bco-dmo.3782.8). DOC data from repeat hydrog-
raphy cruises at HOT was obtained via Hawaii Ocean Time-series HOT-DOGS application (2022) (https://haha
na.soest.hawaii.edu/hot/hot-dogs/interface.html). Data described in this manuscript may be found at https://www.
bco-dmo.org/dataset/986596 (doi: 10.26008/1912/bco-dmo.986596.1) (Powers & Gonsior, 2025).

POWERS ET AL.

7 of 10

85U201] SUOWILIOD BAITERID 3|cedl|dde 8L Ag pause0b 812 el YO 1SN J0 3N 10} ARe1q1T 2UIIUO A8]IM UO (SUORIPUOD-PUB-SLLLR)/LI0D" A8 1M AReq U uo//Sdhy) SUORIPUOD PUE SWB | U3 885 *[9Z0Z/TO/ET] Uo AriqI2uliuo 481 ‘wnaiuezsBunyos.od sayasineq UeyaLen |\ WneZ Z)ouwRH Aq Z906TT 19S5202/620T OT/10p/wod" A3 |1mAreidut|uo'sandnfe//sduy o1 pepeojumod ‘T ‘9202 ‘2008r76T


https://www.bco-dmo.org/dataset/3782
https://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
https://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
https://www.bco-dmo.org/dataset/986596
https://www.bco-dmo.org/dataset/986596

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL119062

Acknowledgments

We thank Madeline Lahm and the captains
and crews of the R/V Hugh R. Sharp, RIV
Atlantic Explorer, and R/V Kilo Moana for
their assistance in collecting samples at
MARB stations, the BATS station, and the
HOT Station, respectively. Funding for
this work was provided by National
Science Foundation Chemical
Oceanography Grants OCE-1829888 to
MG, OCE-1634518 to LP, and National
Science Foundation Division of Biological
Infrastructure Grant DBI-1723203 to JS.

References

Atashgahi, S., Higgblom, M. M., & Smidt, H. (2018). Organohalide respiration in pristine environments: Implications for the natural halogen
cycle. Environmental Microbiology, 20(3), 934-948. https://doi.org/10.1111/1462-2920.14016

Bates, N., Johnson, R. J., Lomas, M. W., Smith, D., Lethaby, P. J., Bakker, R, et al. (2025). Discrete bottle samples collected at the Bermuda
Atlantic Time-series Study (BATS) site in the Sargasso Sea from October 1988 through December 2024 (Version 8) [Dataset]. Biological and
Chemical Oceanography Data Management Office (BCO-DMO). https://doi.org/10.26008/1912/bco-dmo.3782.8

Bidleman, T. F., Andersson, A., Haglund, P., & Tysklind, M. (2020). Will climate change influence production and environmental pathways of
halogenated natural products? Environmental Science & Technology, 54(11), 6468-6485. https://doi.org/10.1021/acs.est.9b07709

Bidleman, T. F., Andersson, A., Jantunen, L. M., Kucklick, J. R., Kylin, H., Letcher, R. J., et al. (2019). A review of halogenated natural products
in Arctic, subarctic and Nordic ecosystems. Emerging Contaminants, 5, 89—115. https://doi.org/10.1016/j.emcon.2019.02.007

Blasiak, L. C., & Drennan, C. L. (2009). Structural perspective on enzymatic halogenation. Accounts of Chemical Research, 42(1), 147-155.
https://doi.org/10.1021/ar800088r

Boutegrabet, L., Kanawati, B., Gebefiigi, I., Peyron, D., Cayot, P., Gougeon, R. D., & Schmitt-Kopplin, P. (2012). Attachment of chloride anion to
sugars: Mechanistic investigation and discovery of a new dopant for efficient sugar ionization/detection in mass spectrometers. Chemistry - A
European Journal, 18(41), 13059-13067. https://doi.org/10.1002/chem.201103788

Boyle, E. A., Bergquist, B. A., Kayser, R. A., & Mahowald, N. (2005). Iron, manganese, and lead at Hawaii Ocean time-series station ALOHA:
Temporal variability and an intermediate water hydrothermal plume. Geochimica et Cosmochimica Acta, 69(4), 933-952. https://doi.org/10.
1016/j.gca.2004.07.034

Butler, J. H., King, D. B., Lobert, J. M., Montzka, S. A., Yvon-Lewis, S. A., Hall, B. D., et al. (2007). Oceanic distributions and emissions of short-
lived halocarbons. Global Biogeochemical Cycles, 21(1), GB1023. https://doi.org/10.1029/2006GB002732

Cabrita, M. T., Vale, C., & Rauter, A. P. (2010). Halogenated compounds from marine algae. Marine Drugs, 8(8), 2301-2317. https://doi.org/10.
3390/md8082301

Cai, R., Lechtenfeld, O.J., Yan, Z., Yi, Y., Chen, X., Zheng, Q., et al. (2025). Constraining biorecalcitrance of carboxyl-rich alicyclic molecules in
the ocean. Science Advances, 11(28), eadw1148. https://doi.org/10.1126/sciadv.adw1148

Campos, M. L. A. M. (1997). New approach to evaluating dissolved iodine speciation in natural waters using cathodic stripping voltammetry and a
storage study for preserving iodine species. Marine Chemistry, 57(1-2), 107-117. https://doi.org/10.1016/s0304-4203(96)00093-x

Campos, M. L. A. M., Farrenkopf, A. M., Jickells, T. D., & Luther, G. W. III. (1996). A comparison of dissolved iodine cycling at the Bermuda
Atlantic time-series station and Hawaii Ocean time-series station. Deep Sea Research Part II: Topical Studies in Oceanography, 43(2-3), 455—
466. https://doi.org/10.1016/0967-0645(95)00100-x

Chuck, A. L., Turner, S. M., & Liss, P. S. (2005). Oceanic distributions and air-sea fluxes of biogenic halocarbons in the open ocean. Journal of
Geophysical Research, 110(10), 1-12. https://doi.org/10.1029/2004JC002741

Dittmar, T., Koch, B., Hertkorn, N., & Kattner, G. (2008). A simple and efficient method for the solid-phase extraction of dissolved organic matter
(SPE-DOM) from seawater. Limnology and Oceanography: Methods, 6, 230-235. https://doi.org/10.4319/lom.2008.6.230

Fowden, L. (1968). The occurrence and metabolism of carbon-halogen compounds. Proceedings of the Royal Society of London. Series B.
Biological Sciences, 171(1022), 5-18. https://doi.org/10.1098/rspb.1968.0052

Galban-Malagoén, C. J., Del Vento, S., Cabrerizo, A., & Dachs, J. (2013). Factors affecting the atmospheric occurrence and deposition of pol-
ychlorinated biphenyls in the Southern Ocean. Atmospheric Chemistry and Physics, 13(23), 12029-12041. https://doi.org/10.5194/acp-13-
12029-2013

Gonsior, M., Lahm, M., Powers, L., Chen, F., McCallister, S. L., Liang, D., et al. (2024). Optical properties and molecular differences in dissolved
organic matter at the Bermuda Atlantic and Hawai'i ALOHA time-series stations. Environmental Science: Advances, 3(5), 717-731. https://doi.
org/10.1039/d3va00361b

Gonsior, M., Mitchelmore, C., Heyes, A., Harir, M., Richardson, S. D., Petty, W. T., et al. (2015). Bromination of marine dissolved organic matter
following full scale electrochemical ballast water disinfection. Environmental Science & Technology, 49(15), 9048-9055. https://doi.org/10.
1021/acs.est.5b01474

Gonsior, M., Powers, L., Lahm, M., & McCallister, S. L. (2022). New perspectives on the marine carbon cycle-the marine dissolved organic
matter reactivity continuum. Environmental Science & Technology, 56(9), 5371-5380. https://doi.org/10.1021/acs.est.1c08871

Grandy, J. J., Onat, B., Tunnicliffe, V., Butterfield, D. A., & Pawliszyn, J. (2020). Unique solid phase microextraction sampler reveals distinctive
biogeochemical profiles among various deep-sea hydrothermal vents. Scientific Reports, 10(1), 1360. https://doi.org/10.1038/s41598-020-
58418-4

Gribble, G. W. (2003). The diversity of naturally produced organohalogens. Chemosphere, 52(2), 289-297. https://doi.org/10.1016/s0045-6535
(03)00207-8

Gribble, G. W. (2004). Amazing Organohalogens: Although best known as synthetic toxicants, thousands of halogen compounds are, in fact, part
of our natural environment. American Scientist, 92(4), 342-349. https://doi.org/10.1511/2004.4.342

Gribble, G. W. (2010). Naturally occurring organohalogen compounds — A comprehensive survey. Progress in the Chemistry of Organic Natural
Products, 68, 1-423.

Gribble, G. W. (2023). Naturally occurring Organohalogen Compounds-A comprehensive review. In A. D. Kinghorn, H. Falk, S. Gibbons, Y.
Asakawa, J.-K. Liu, & V. M. Dirsch (Eds.), Naturally occurring organohalogen compounds (Vol. 121, pp. 1-546). Springer Nature
Switzerland. https://doi.org/10.1007/978-3-031-26629-4

Han, Y., Deng, Z., Peng, Y., Peng, J., Cao, L., Xu, Y., et al. (2025). Evidence of microbial reductive dehalogenation in deep-sea cold seeps and its
implications for biogeochemical cycles. Microbiome, 13(1), 156. https://doi.org/10.1186/s40168-025-02147-1

Hansell, D. A., & Carlson, C. A. (2001). Marine dissolved organic matter and the carbon cycle. Oceanography, 14(4), 41-49. https://doi.org/10.
5670/oceanog.2001.05

Hansell, D. A., Carlson, C. A., Repeta, D. J., & Schlitzer, R. (2009). Dissolved organic matter in the ocean: A controversy stimulates new insights.
Oceanography, 22(4), 202-211. https://doi.org/10.5670/oceanog.2009.109

Harvey, G. R. (1980). A study of the chemistry of iodine and bromine in marine sediments. Marine Chemistry, 8(4), 327-332. https://doi.org/10.
1016/0304-4203(80)90021-3

Hawaii Ocean Time-series HOT-DOGS application. (2022). University of Hawai'i at Manoa [Dataset]. National Science Foundation Award #
2241005. Retrieved from https://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html

Hernes, P. J., & Benner, R. (2006). Terrigenous organic matter sources and reactivity in the North Atlantic Ocean and a comparison to the Arctic
and Pacific Oceans. Marine Chemistry, 100(1-2), 66-79. https://doi.org/10.1016/j.marchem.2005.11.003

POWERS ET AL.

8 of 10

BSURO1 SUOLLILIOD ANERID) el [dde au) Aq pausRA0B 312 SSPILE YO (38N JO SAINI 10} ARG 1T BUIIUO AB]1AA UO (SUONIPUOD-PUB-SULBYWIY" A5 1M AR 1[BUIIUO//SAIY) SUORIPUOD PUE SWB | 8} 39S *[9Z02/TO/ET] U0 ARIqIT 8U1IUO AB1IM ‘WNALBZSBUNUIS.I0- SSUISINGQ UBLILBN I WNILBZ Z} oUW pH AQ Z906TT 195202/620T 0T/10p/LI0D" A3 |1m ARelq 1 puluo'sqndnBe//sdny woiy papeojumod ‘T ‘9202 *L0087r6T


https://doi.org/10.1111/1462-2920.14016
https://doi.org/10.26008/1912/bco-dmo.3782.8
https://doi.org/10.1021/acs.est.9b07709
https://doi.org/10.1016/j.emcon.2019.02.007
https://doi.org/10.1021/ar800088r
https://doi.org/10.1002/chem.201103788
https://doi.org/10.1016/j.gca.2004.07.034
https://doi.org/10.1016/j.gca.2004.07.034
https://doi.org/10.1029/2006GB002732
https://doi.org/10.3390/md8082301
https://doi.org/10.3390/md8082301
https://doi.org/10.1126/sciadv.adw1148
https://doi.org/10.1016/s0304-4203(96)00093-x
https://doi.org/10.1016/0967-0645(95)00100-x
https://doi.org/10.1029/2004JC002741
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.1098/rspb.1968.0052
https://doi.org/10.5194/acp-13-12029-2013
https://doi.org/10.5194/acp-13-12029-2013
https://doi.org/10.1039/d3va00361b
https://doi.org/10.1039/d3va00361b
https://doi.org/10.1021/acs.est.5b01474
https://doi.org/10.1021/acs.est.5b01474
https://doi.org/10.1021/acs.est.1c08871
https://doi.org/10.1038/s41598-020-58418-4
https://doi.org/10.1038/s41598-020-58418-4
https://doi.org/10.1016/s0045-6535(03)00207-8
https://doi.org/10.1016/s0045-6535(03)00207-8
https://doi.org/10.1511/2004.4.342
https://doi.org/10.1007/978-3-031-26629-4
https://doi.org/10.1186/s40168-025-02147-1
https://doi.org/10.5670/oceanog.2001.05
https://doi.org/10.5670/oceanog.2001.05
https://doi.org/10.5670/oceanog.2009.109
https://doi.org/10.1016/0304-4203(80)90021-3
https://doi.org/10.1016/0304-4203(80)90021-3
https://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
https://doi.org/10.1016/j.marchem.2005.11.003

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL119062

Hertkorn, N., Benner, R., Frommberger, M., Schmitt-Kopplin, P., Witt, M., Kaiser, K., et al. (2006). Characterization of a major refractory
component of marine dissolved organic matter. Geochimica et Cosmochimica Acta, 70(12), 2990-3010. https://doi.org/10.1016/j.gca.2006.
03.021

Herzsprung, P., Hertkorn, N., von Tiimpling, W., Harir, M., Friese, K., & Schmitt-Kopplin, P. (2014). Understanding molecular formula
assignment of Fourier transform ion cyclotron resonance mass spectrometry data of natural organic matter from a chemical point of view.
Analytical and Bioanalytical Chemistry, 406(30), 7977-7987. https://doi.org/10.1007/s00216-014-8249-y

Herzsprung, P., Hertkorn, N., von Tiimpling, W., Harir, M., Friese, K., & Schmitt-Kopplin, P. (2016). Molecular formula assignment for dissolved
organic matter (DOM) using high-field FT-ICR-MS: Chemical perspective and validation of sulphur-rich organic components (CHOS) in pit
lake samples. Analytical and Bioanalytical Chemistry, 408(10), 2461-2469. https://doi.org/10.1007/s00216-016-9341-2

Iwata, H., Tafiaba, S., Sakai, N., & Tatsukawa, R. (1993). Distribution of persistent organochlorines in the oceanic air and surface seawater and the
role of ocean on their global transport and fate. Environmental Science & Technology, 27, 1080-1098.

Jones, M. R., Chance, R., Bell, T., Jones, O., Loades, D. C., May, R., et al. (2024). Iodide, iodate & dissolved organic iodine in the temperate
coastal ocean. Frontiers in Marine Science, 11, 1277595. https://doi.org/10.3389/fmars.2024.1277595

Karl, D. M., Dore, J. E., Lukas, R., Michaels, A. F., Bates, N. R., & Knap, A. (2001). Building the long-term picture: The U.S. JGOFS time-series
programs. Oceanography, 14(4), 6-17. https://doi.org/10.5670/oceanog.2001.02

Kennedy, H. A., & Elderfleld, H. (1987). Iodine diagenesis in pelagic deep-sea sediments. Geochimica et Cosmochimica Acta, 51(1), 2489-2504.

Ksionzek, K. B., Lechtenfeld, O. J., McCallister, S. L., Schmitt-Kopplin, P., Geuer, J. K., Geibert, W., & Koch, B. P. (2016). Dissolved organic
sulfur in the ocean: Biogeochemistry of a petagram inventory. Science, 354(6311), 456-459. https://doi.org/10.1126/science.aam6328

Leri, A. C., Hakala, J. A., Marcus, M. A., Lanzirotti, A., Reddy, C. M., & Myneni, S. C. B. (2010). Natural Organobromine in marine sediments:
New evidence of biogeochemical Br cycling. Global Biogeochemical Cycles, 24(4), GB4017. https://doi.org/10.1029/2010GB003794

Leri, A. C., Mayer, L. M., Thornton, K. R., Northrup, P. A., Dunigan, M. R., Ness, K. J., & Gellis, A. B. (2015). A marine sink for chlorine in
natural organic matter. Nature Geoscience, 8(8), 620-624. https://doi.org/10.1038/ngeo2481

Leri, A. C., Mayer, L. M., Thornton, K. R., & Ravel, B. (2014). Bromination of marine particulate organic matter through oxidative mechanisms.
Geochimica et Cosmochimica Acta, 142(1), 53—63. https://doi.org/10.1016/j.gca.2014.08.012

Letscher, R. T., & Moore, J. K. (2015). Preferential remineralization of dissolved organic phosphorus and non-Redfield DOM dynamics in the
global ocean: Impacts on marine productivity, nitrogen fixation, and carbon export. Global Biogeochemical Cycles, 29(3), 325-340. https://doi.
org/10.1002/2014GB004904

Liu, Y., Wang, L., Liu, R., & Fang, J. (2024). Biogeochemical cycling of halogenated organic compounds in the ocean: Current progress and
future directions. Deep Sea Research Part I: Oceanographic Research Papers, 205, 104237. https://doi.org/10.1016/j.dsr.2024.104237

Liu, Y., Yvon-Lewis, S. A., Thornton, D. C. O., Butler, J. H., Bianchi, T. S., Campbell, L., et al. (2013). Spatial and temporal distributions of
bromoform and dibromomethane in the Atlantic Ocean and their relationship with photosynthetic biomass. Journal of Geophysical Research:
Oceans, 118(8), 3950-3965. https://doi.org/10.1002/jgrc.20299

Liu, Y., Yvon-Lewis, S. A., Thornton, D. C. O., Campbell, L., & Bianchi, T. S. (2013). Spatial distribution of brominated very short-lived
substances in the eastern Pacific. Journal of Geophysical Research: Oceans, 118(5), 2318-2328. https://doi.org/10.1002/jgrc.20183

Luther, G. W. III. (2023). Review on the physical chemistry of iodine transformations in the oceans. Frontiers in Marine Science, 10, 1085618.
https://doi.org/10.3389/fmars.2023.1085618

Luther, G. W., III, Ferdelman, T., Culberson, C. H., Kostka, J., & Wu, J. (1991). Iodine chemistry in the water column of the Chesapeake Bay:
Evidence for organic iodine forms. Estuarine, Coastal and Shelf Science, 32(3), 267-279. https://doi.org/10.1016/0272-7714(91)90020-c

Malcolm, S. J., & Price, N. B. (1984). The behaviour of iodine and bromine in estuarine surface sediments. Marine Chemistry, 15(3), 263-271.
https://doi.org/10.1016/0304-4203(84)90022-7

Mayer, L. M., Macko, S. A., Hook, W. H., & Murray, S. (1981). The distribution of bromine in coastal sediments and its use as a source indicator
for organic matter. Organic Geochemistry, 3, 37-47.

Mayer, L. M., Schick, L. L., Allison, M. A., Ruttenberg, K. C., & Bentley, S. J. (2007). Marine vs. terrigenous matter in Louisiana coastal
sediments: The uses of bromine:organic carbon ratios. Marine Chemistry, 107(2), 244-254. https://doi.org/10.1016/j.marchem.2007.07.007

Méndez-Diaz, J. D., Shimabuku, K. K., Ma, J., Enumah, Z. O., Pignatello, J. J., Mitch, W. A., & Dodd, M. C. (2014). Sunlight-driven photo-
chemical halogenation of dissolved organic matter in seawater: A natural abiotic source of Organobromine and Organoiodine. Environmental
Science & Technology, 48(13), 7418-7427. https://doi.org/10.1021/es5016668

Ofner, J., Balzer, N., Buxmann, J., Grothe, H., Schmitt-Kopplin, P., Platt, U., & Zetzsch, C. (2012). Halogenation processes of secondary organic
aerosol and implications on halogen release mechanisms. Atmospheric Chemistry and Physics, 12(13), 5787-5806. https://doi.org/10.5194/a
cp-12-5787-2012

Parker, K. M., & Mitch, W. A. (2016). Halogen radicals contribute to photooxidation in coastal and estuarine waters. Proceedings of the National
Academy of Sciences of the United States of America, 113(21), 5868-5873. https://doi.org/10.1073/pnas.1602595113

Paul, C., & Pohnert, G. (2011). Production and role of volatile halogenated compounds from marine algae. Natural Product Reports, 28(2), 186—
195. https://doi.org/10.1039/cOnp00043d

Powers, L. C., & Gonsior, M. (2025). Dissolved organic compound (DOS, DOP, DOBr, DOI) depth profiles collected at the Bermuda Atlantic
time series station (BATS) in August 2019 and at the Hawaii Ocean time series station Aloha in July 2021 [Dataset]. Biological and Chemical
Oceanography Data Management Office (BCO-DMO). (Version 1). https://doi.org/10.26008/1912/bco-dmo.986596.1

Powers, L. C., Schmitt-Kopplin, P., & Gonsior, M. (2024). Evaluating the photochemical reactivity of disinfection byproducts formed during
seawater desalination processes. Science of the Total Environment, 912, 169292. https://doi.org/10.1016/j.scitotenv.2023.169292

Rouxel, O., Toner, B., Germain, Y., & Glazer, B. (2018). Geochemical and iron isotopic insights into hydrothermal iron oxyhydroxide deposit
formation at Loihi seamount. Geochimica et Cosmochimica Acta, 220, 449-482. https://doi.org/10.1016/j.gca.2017.09.050

Satoh, Y., Wada, S., & Hama, T. (2019). Vertical and seasonal variations of dissolved iodine concentration in coastal seawater on the northwestern
Pacific coast of central Japan. Continental Shelf Research, 188, 103966. https://doi.org/10.1016/j.csr.2019.103966

Schwandner, F. M., Seward, T. M., Gize, A. P., Hall, K., & Dietrich, V.J. (2013). Halocarbons and other trace heteroatomic organic compounds in
volcanic gases from Vulcano (Aeolian Islands, Italy). Geochimica et Cosmochimica Acta, 101, 191-221. https://doi.org/10.1016/j.gca.2012.
10.004

Schwehr, K. A., & Santschi, P. H. (2003). Sensitive determination of iodine species, including organo-iodine, for freshwater and seawater samples
using high performance liquid chromatography and spectrophotometric detection. Analytica Chimica Acta, 482(1), 59-71. https://doi.org/10.
1016/S0003-2670(03)00197-1

Schwehr, K. A., Santschi, P. H., & Elmore, D. (2005). The dissolved organic iodine species of the isotopic ratio of 1291/1271: A novel tool for
tracing terrestrial organic carbon in the estuarine surface waters of Galveston Bay, Texas. Limnology and Oceanography: Methods, 3(8), 326—
337. https://doi.org/10.4319/1om.2005.3.326

POWERS ET AL.

9 of 10

BSURO1 SUOLLILIOD ANERID) el [dde au) Aq pausRA0B 312 SSPILE YO (38N JO SAINI 10} ARG 1T BUIIUO AB]1AA UO (SUONIPUOD-PUB-SULBYWIY" A5 1M AR 1[BUIIUO//SAIY) SUORIPUOD PUE SWB | 8} 39S *[9Z02/TO/ET] U0 ARIqIT 8U1IUO AB1IM ‘WNALBZSBUNUIS.I0- SSUISINGQ UBLILBN I WNILBZ Z} oUW pH AQ Z906TT 195202/620T 0T/10p/LI0D" A3 |1m ARelq 1 puluo'sqndnBe//sdny woiy papeojumod ‘T ‘9202 *L0087r6T


https://doi.org/10.1016/j.gca.2006.03.021
https://doi.org/10.1016/j.gca.2006.03.021
https://doi.org/10.1007/s00216-014-8249-y
https://doi.org/10.1007/s00216-016-9341-2
https://doi.org/10.3389/fmars.2024.1277595
https://doi.org/10.5670/oceanog.2001.02
https://doi.org/10.1126/science.aam6328
https://doi.org/10.1029/2010GB003794
https://doi.org/10.1038/ngeo2481
https://doi.org/10.1016/j.gca.2014.08.012
https://doi.org/10.1002/2014GB004904
https://doi.org/10.1002/2014GB004904
https://doi.org/10.1016/j.dsr.2024.104237
https://doi.org/10.1002/jgrc.20299
https://doi.org/10.1002/jgrc.20183
https://doi.org/10.3389/fmars.2023.1085618
https://doi.org/10.1016/0272-7714(91)90020-c
https://doi.org/10.1016/0304-4203(84)90022-7
https://doi.org/10.1016/j.marchem.2007.07.007
https://doi.org/10.1021/es5016668
https://doi.org/10.5194/acp-12-5787-2012
https://doi.org/10.5194/acp-12-5787-2012
https://doi.org/10.1073/pnas.1602595113
https://doi.org/10.1039/c0np00043d
https://doi.org/10.26008/1912/bco-dmo.986596.1
https://doi.org/10.1016/j.scitotenv.2023.169292
https://doi.org/10.1016/j.gca.2017.09.050
https://doi.org/10.1016/j.csr.2019.103966
https://doi.org/10.1016/j.gca.2012.10.004
https://doi.org/10.1016/j.gca.2012.10.004
https://doi.org/10.1016/S0003-2670(03)00197-1
https://doi.org/10.1016/S0003-2670(03)00197-1
https://doi.org/10.4319/lom.2005.3.326

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL119062

Tian, R. C., & Nicolas, E. (1995). Iodine speciation in the northwestern Mediterranean Sea: Method and vertical profile. Marine Chemistry, 48(2),
151-156. https://doi.org/10.1016/0304-4203(94)00048-i

Timko, S. A., Maydanov, A., Pittelli, S. L., Conte, M. H., Cooper, W. J., Koch, B. P, et al. (2015). Depth-dependent photodegradation of marine
dissolved organic matter. Frontiers in Marine Science, 2. https://doi.org/10.3389/fmars.2015.00066

Truesdale, V. W. (1975). “Reactive” and “unreactive” iodine in seawater - A possible indication of an organically bound iodine fraction. Marine
Chemistry, 3(2), 111-119. https://doi.org/10.1016/0304-4203(75)90018-3

Truesdale, V. W., & Luther, G. W. III. (1995). Molecular iodine reduction by natural and model organic substances in seawater. Aquatic
Geochemistry, 1(1), 89—-104. https://doi.org/10.1007/BF01025232

Truesdale, V. W., Nausch, G., & Baker, A. (2001). The distribution of iodine in the Baltic Sea during summer. Marine Chemistry, 74(2-3), 87-98.
https://doi.org/10.1016/s0304-4203(00)00115-8

Tziotis, D., Hertkorn, N., & Schmitt-Kopplin, P. (2011). Kendrick-analogous network visualisation of ion cyclotron resonance Fourier transform
mass spectra: Improved options for the assignment of elemental compositions and the classification of organic molecular complexity. European
Journal of Mass Spectrometry, 17(4), 415-421. https://doi.org/10.1255/ejms.1135

Vogt, R., Sander, R., Von Glasow, R., & Crutzen, P. J. (1999). Iodine chemistry and its role in halogen activation and ozone loss in the marine
boundary layer: A model study. Journal of Atmospheric Chemistry, 32(3), 375-395. https://doi.org/10.1023/a:1006179901037

Von Glasow, R., Sander, R., Bott, A., & Crutzen, P. J. (2002). Modeling halogen chemistry in the marine boundary layer 1. Cloud-free MBL.
Journal of Geophysical Research, 107(17), 4341. https://doi.org/10.1029/2001JD000942

Wadley, M. R, Stevens, D. P., Jickells, T. D., Hughes, C., Chance, R., Hepach, H., et al. (2020). A global model for iodine speciation in the upper
ocean. Global Biogeochemical Cycles, 34(9), €2019GB006467. https://doi.org/10.1029/2019GB006467

Wagner, S., Schubotz, F., Kaiser, K., Hallmann, C., Waska, H., Rossel, P. E., et al. (2020). Soothsaying DOM: A current perspective on the future
of Oceanic dissolved organic carbon. Frontiers in Marine Science, 7, 1-17. https://doi.org/10.3389/fmars.2020.00341

Wong, G. T.F., & Cheng, X. H. (1998). Dissolved organic iodine in marine waters: Determination, occurrence and analytical implications. Marine
Chemistry, 59(3—4), 271-281. https://doi.org/10.1016/S0304-4203(97)00078-9

Wong, G. T. F., & Cheng, X. H. (2008). Dissolved inorganic and organic iodine in the Chesapeake Bay and adjacent Atlantic waters: Speciation
changes through an estuarine system. Marine Chemistry, 111(3—4), 221-232. https://doi.org/10.1016/j.marchem.2008.05.006

Yang, Y., & Pignatello, J. J. (2017). Participation of the halogens in photochemical reactions in natural and treated waters. Molecules, 22(10),
1684. https://doi.org/10.3390/molecules22101684

Zafiriou, O. C. (1974). Sources and reactions of OH and daughter radicals in seawater. Journal of Geophysical Research, 79(30), 4491-4497.
https://doi.org/10.1029/JC079i030p04491

References From the Supporting Information

Gilfedder, B. S., Petri, M., Wessels, M., & Biester, H. (2011). Bromine species fluxes from Lake Constance's catchment, and a preliminary lake
mass balance. Geochimica et Cosmochimica Acta, 75(12), 3385-3401. https://doi.org/10.1016/j.gca.2011.03.021

Hiitteroth, A., Putschew, A., & Jekel, M. (2007). Natural production of organic bromine compounds in Berlin lakes. Environmental Science &
Technology, 41(10), 3607-3612. https://doi.org/10.1021/es062384k

Kendrick, E. (1963). A mass scale based on CH2 = 14.0000 for high resolution mass spectrometry of organic compounds. Analytical Chemistry,
35(13), 2146-2154. https://doi.org/10.1021/ac60206a048

Shakeri Yekta, S., Gonsior, M., Schmitt-Kopplin, P., & Svensson, B. H. (2012). Characterization of dissolved organic matter in full scale
continuous stirred tank biogas reactors using ultrahigh resolution mass spectrometry: A qualitative overview. Environmental Science &
Technology, 46(22), 12711-12719. https://doi.org/10.1021/es3024447

Stenson, A. C., Marshall, A. G., & Cooper, W. T. (2003). Exact masses and chemical formulas of individual Suwannee River fulvic acids from
ultrahigh resolution electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry. Analytical Chemistry, 75(6), 1275—
1284. https://doi.org/10.1021/ac026106p

van Krevelen, D. W. (1950). Graphical-statistical method for the study of structure and reaction processes of coal. Fuel, 29, 269-284.

Wang, J., Hao, Z., Shi, F., Yin, Y., Cao, D., Yao, Z., & Liu, J. (2018). Characterization of brominated disinfection byproducts formed during the
chlorination of aquaculture seawater. Environmental Science & Technology, 52(10), 5662-5670. https://doi.org/10.1021/acs.est.7b05331

POWERS ET AL.

10 of 10

BSURO1 SUOLLILIOD ANERID) el [dde au) Aq pausRA0B 312 SSPILE YO (38N JO SAINI 10} ARG 1T BUIIUO AB]1AA UO (SUONIPUOD-PUB-SULBYWIY" A5 1M AR 1[BUIIUO//SAIY) SUORIPUOD PUE SWB | 8} 39S *[9Z02/TO/ET] U0 ARIqIT 8U1IUO AB1IM ‘WNALBZSBUNUIS.I0- SSUISINGQ UBLILBN I WNILBZ Z} oUW pH AQ Z906TT 195202/620T 0T/10p/LI0D" A3 |1m ARelq 1 puluo'sqndnBe//sdny woiy papeojumod ‘T ‘9202 *L0087r6T


https://doi.org/10.1016/0304-4203(94)00048-i
https://doi.org/10.3389/fmars.2015.00066
https://doi.org/10.1016/0304-4203(75)90018-3
https://doi.org/10.1007/BF01025232
https://doi.org/10.1016/s0304-4203(00)00115-8
https://doi.org/10.1255/ejms.1135
https://doi.org/10.1023/a:1006179901037
https://doi.org/10.1029/2001JD000942
https://doi.org/10.1029/2019GB006467
https://doi.org/10.3389/fmars.2020.00341
https://doi.org/10.1016/S0304-4203(97)00078-9
https://doi.org/10.1016/j.marchem.2008.05.006
https://doi.org/10.3390/molecules22101684
https://doi.org/10.1029/JC079i030p04491
https://doi.org/10.1016/j.gca.2011.03.021
https://doi.org/10.1021/es062384k
https://doi.org/10.1021/ac60206a048
https://doi.org/10.1021/es3024447
https://doi.org/10.1021/ac026106p
https://doi.org/10.1021/acs.est.7b05331

	description
	description뜰",
	Halogenated Organic Compounds: A Massive Halogen Reservoir and an Intriguing Component of the Marine Dissolved Organic Matt ...
	1. Introduction
	2. Materials and Methods
	2.1. Sample Handling and Processing
	2.2. DOBr and DOI Quantification
	2.3. DOBr Molecular Characterization by FT‐ICR MS

	3. Results and Discussion
	3.1. DOBr and DOI Distributions
	3.2. DOX Physicochemical Properties and Molecular Composition
	3.3. Preliminary DOX Inventories

	4. Conclusions
	Conflict of Interest
	Data Availability Statement



