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Abstract 15 

 16 

Chloride, Cl-, is the most abundant solute in seawater, amounting to 55% of ions by 17 

weight1. Cl- is more difficult to oxidize than bromide, and marine halogenating 18 

enzymes tend to be bromoperoxidases2 that are incapable of forming 19 

organochlorines. Consequently, most halogenated natural products identified in the 20 

marine environment are organobromines3. Known exceptions include small 21 

quantities of volatile chlorocarbons emitted by marine algae4-6 and dissolved 22 

chlorinated benzoic acids7. We report here high concentrations (180-700 mg·kg-1) of 23 

organochlorine in particulate organic matter from deep-water sediment traps, the first 24 

evidence of natural organochlorine in marine organic detritus. X-ray 25 

spectromicroscopic imaging revealed that this organochlorine exists in two 26 

fractions, with sparse hotspots of aliphatic compounds against a diffuse background 27 

of aromatic organochlorine. Examining fresh phytoplankton as potential biogenic 28 

sources, we measured high aliphatic organochlorine in particulate material from E. 29 

huxleyi and Pavlova sp. We also studied abiotic chlorination, finding that algal 30 

detritus serves as suitable substrate for photochemical and Fenton-like processes to 31 

incorporate Cl at levels up to several g·kg-1. These findings provide the first evidence 32 

of significant transformations of marine Cl- to non-volatile organochlorine via 33 

biological and/or abiotic pathways, elucidating a new oceanic sink for this relatively 34 

unreactive element.   35 
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Settling biogenic particulates are a major vehicle for removal of materials from the 36 

surface ocean, and in addition to carbon this “biological pump” encompasses many other 37 

elements8, 9. This route is established for Br and I10-12, whose low oxidation potential makes them 38 

amenable to incorporation into organic molecules. Cl, with the highest electron affinity of any 39 

element, has never been shown to participate in this process. Organochlorines are known in the 40 

ocean, but primarily as volatile compounds emitted to the atmosphere4-6, anthropogenic 41 

contaminants with various fates13-15, and trace compounds in microbes or dissolved organic 42 

matter3, 7 with no significant recognized fluxes. 43 

Both enzymatic and abiotic pathways have recently been shown to incorporate Br into 44 

particulate organic matter (POM) in seawater16. We hypothesized that similar reactions can 45 

incorporate Cl into organic particulates in the oceans. We tested this hypothesis by first asking if 46 

settling organic particulates show significant organochlorine content. Second, we looked for 47 

biological production of particulate organochlorines by phytoplankton, the major progenitors of 48 

POM in the oceans. Third, we examined the potential role of abiotic processes, including 49 

photochemical, peroxidative, and Fenton-like mechanisms, to chlorinate algal detritus. In each of 50 

these tests, we used the analytical capability of X-ray absorption near-edge structure (XANES) 51 

spectroscopy to distinguish organic from inorganic forms of Cl (Figs. 1 and S1). Spectral 52 

features near 2,822 eV (the Cl “K-edge”) denote electronic transitions from the Cl-1s shell to 53 

empty atomic and molecular orbitals. Aqueous inorganic Cl- exhibits a broad absorption 54 

maximum (Fig. 1, a) several eV higher in energy than the sharp maxima characteristic of 55 

organochlorine compounds (Fig. 1, b-c). These narrow peaks correspond to 1s  π* / σ* 56 

transitions, and the energy position depends on bond length; hence longer aliphatic C-Cl (Fig. 1, 57 

b) gives rise to a lower-energy transition than aromatic C-Cl (Fig. 1, c). These and other spectral 58 
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features that depend on the oxidation state and coordination environment of Cl allow 59 

computation of relative contributions of inorganic Cl- and aliphatic/aromatic organochlorine in 60 

sample spectra17, 18.  61 

Sediment traps deployed in the oceanic water column capture biogenic particles as they 62 

settle from the photic zone. The Arabian Sea is one of the most biologically productive areas of 63 

the world’s ocean19, and sediment trap studies at this location demonstrate organic carbon fluxes 64 

consistent with those of other major ocean basins20, 21. We analyzed sediment trap samples (N = 65 

26) from between 800 and 3,200 m after water rinsing to remove inorganic Cl-. At these depths, 66 

90%-99% of settling organic matter has been degraded20, allowing analysis of residual biological 67 

detritus after extensive mineralization. The particulates bore a distinct organochlorine signal with 68 

similar Cl speciation among all 26 samples (representative examples appear in Fig. 1; d-f). In 69 

each sediment trap XANES spectrum, the absorption maximum falls near 2820.8 eV, 70 

intermediate between the characteristic maxima of aliphatic C-Cl (2820.6 eV) and aromatic C-Cl 71 

(2821.2 eV), suggesting a consistent mixture of aliphatic and aromatic organochlorine 72 

compounds in marine POM. 73 

X-ray spectromicroscopic imaging of sediment trap samples revealed microscale spatial 74 

heterogeneity that accounts for this mixed bulk speciation. X-ray fluorescence (XRF) images of a 75 

3.0 mm x 1.5 mm sample of rinsed sediment trap particulates appear in Fig. 2 (a-c), juxtaposed 76 

with Cl micro-XANES spectra (d) associated with various positions on the image. All Cl is  77 

bonded to carbon and heterogeneously distributed (Fig. 2, a), with several “hotspots” of high Cl 78 

concentration. For this and other samples analyzed, most of the Cl hotspots are aromatic (Fig. 2, 79 

d). By contrast, aliphatic organochlorine hotspots are less frequent but more intense, giving rise 80 

to a cleaner XANES signal (Fig 2, d; red spectra).  81 
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The emergent picture of sparse but highly concentrated aliphatic organochlorine among 82 

more broadly distributed aromatic organochlorine substantiates the Cl concentration data from 83 

the 26 sediment trap samples, which were quantified from the absolute fluorescence intensity of 84 

their XANES spectra using a previously described protocol18. Total organochlorine 85 

concentrations in the particulates range from 180-694 mg·kg-1, with an average of 400 mg·kg-1, 86 

and show no discernible correlation with depth (Fig. S2). Assuming organic carbon 87 

concentrations of 5-8% by weight21, there is roughly one Cl atom per 500 organic carbon atoms.  88 

In all of the samples, aliphatic forms predominate, with an average of 278 mg·kg-1 (range 156-89 

418 mg·kg-1), compared with 121 mg·kg-1 (range 20-309 mg·kg-1) for aromatic organochlorine. 90 

These sediment trap samples integrate material from a rich, diverse biological community 91 

in the Arabian Sea. In addition to organic carbon, the samples contain silica (11%-22%), calcium 92 

carbonate (47-61%), and lithogenic materials (9%-15%)21. From the XRF images, we found no 93 

correlation between aromatic organochlorine hotspots and Ca or Si in the samples (Fig. 2, c-b; 94 

see Fig. S3 for general Cl-Ca and Cl-Si regressions). Aromatic organochlorine may therefore 95 

serve as a proxy for discrete organic particulates.  However, the aliphatic organochlorine hotspot 96 

(the area inside the red circle in Fig. 2, a) coincides with elevated Ca, suggesting its association 97 

with a calcareous mineral fragment.  98 

As the first evidence of chlorinated marine POM, the organochlorine found in these deep-99 

water particulates raises the question of its origin. Because marine phytoplankton detritus is the 100 

primary source for the POM caught in sediment traps, we examined several varieties of 101 

phytoplankton for Cl speciation (Fig. S4). Isolated membranes from microalgae of Tetraselmis 102 

and Phaeodactylum genera had small but clear aliphatic organochlorine signals, close to our 103 

quantitative detection limit of ~1 mg·kg-1. Membranes of Pavlova sp. contained 56 ± 5 mg·kg-1 104 
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of mostly aliphatic organochlorine. High levels (>600 mg·kg-1) of aliphatic organochlorine were 105 

measured in Emiliana huxleyi, a ubiquitous coccolithophore in the world’s oceans that also 106 

produces volatile CH3Cl6. Coccolithophores, including E. huxleyi, are abundant in the Arabian 107 

Sea22, and microscopic examination of the sediment trap material revealed coccoliths and 108 

foraminifera tests as calcareous remnants that likely contribute to the Ca-rich phase associated 109 

with aliphatic organochlorine (Fig. 2, b). 110 

These results from fresh phytoplankton suggest that biosynthesis is a feasible source of 111 

organochlorine in marine POM. However, transformations during the oxidative breakdown of 112 

organic matter might also cause chlorination. The role of abiotic processes in non-specific 113 

bromination of marine organic matter is only beginning to be recognized. It was recently shown 114 

that dissolved organic matter reacts with photochemically generated reactive Br species in 115 

seawater to produce organobromines23 and that marine POM can be brominated through 116 

peroxidative, photochemical, and Fenton-like mechanisms16. To explore abiotic reactions as an 117 

alternative origin of marine organochlorine, we performed experiments on isolated membranes 118 

of Tetraselmis sp. With <1 mg·kg-1 initial organochlorine, this lipid-rich algal material provided 119 

an apt substrate for model chlorination studies in artificial seawater. Dramatic increases in 120 

organochlorine content were observed in the particulates following solar irradiation and/or 121 

addition of ferrous iron (Fe2+) and H2O2 (Fig. 3). The Fe2+/H2O2 treatment models the well-122 

known Fenton reaction, in which Fe2+ catalyzes the disproportionation of H2O2 to form hydroxyl 123 

radicals. Fe2+ has been implicated as a photo-sensitizer in the chlorination of phenols in saline 124 

water24. We observed significant chlorination in the Fenton treatments, which produced ~1 g·kg-1 125 

organochlorine, a 30-fold increase from the starting material, after 15 d, and >3 g·kg-1, an almost 126 

100-fold increase, after 23 d (Fig. 3B). These increases were similar regardless of irradiation 127 
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(Fig. 3B). Fenton-like reaction conditions constitute a well known remediation strategy to 128 

destroy anthropogenic organochlorine contaminants25, so our treatments may have caused 129 

breakdown as well as formation of organochlorine. Analytical problems precluded quantitative 130 

data for H2O2–only treatment of Tetraselmis, but it did not appear nearly as effective as the 131 

Fenton treatments. The H2O2–only treatment of another algal strain, Pavlova, resulted in a 5.5-132 

fold increase in organochlorine, from 56 ± 5 to 307 ± 25 mg·kg-1, under higher H2O2 133 

concentration and shorter duration (Fig. S5). Simulated solar irradiation alone was less effective 134 

than the Fenton treatments but still led to substantial Cl enrichment, up to 1.3 ± 0.1 g·kg-1 after 135 

23 d (Fig. 3B). 136 

These results show that marine algal detritus is a ready substrate for abiotic chlorination 137 

pathways. The mechanism of Fenton-like chlorination is not clear but likely involves formation 138 

of reactive chlorine species with subsequent attack on unsaturated biomolecules. Most of the 139 

organochlorine produced by these treatments was aliphatic, with small aromatic contributions as 140 

well. These straightforward models, particularly the irradiation treatment, represent 141 

environmentally feasible pathways for abiotic chlorination of algal-derived POM in seawater. 142 

Such processes may play a role in the natural oxidative transformation of oceanic detritus and 143 

account for at least some of the organochlorine observed in sediment traps.  144 

Organochlorine is primarily aliphatic in both treated and untreated microalgae. Marine 145 

phytoplankton are rich in polyunsaturated lipids that could serve as chlorination substrates. For 146 

example, aliphatic fatty acid chlorohydrins have been found in lipids of marine organisms26, 27. 147 

To make a fatty acid chlorohydrin model, we treated oleic acid with hypochlorite28. The XANES 148 

spectra of chlorinated oleic acid and a simpler chlorohydrin analog, 1-chloro-2-propanol, display 149 

immediate post-edge features very similar to those in the spectra of treated Pavlova and 150 
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Tetraselmis membranes (Fig. S6).  The organochlorine produced in our microalgal treatments 151 

(Fig. 3) likely belongs to some class of chlorinated lipids, with chlorohydrins as one prospective 152 

candidate. 153 

The high fractions of aliphatic organochlorine in Arabian Sea sediment trap material 154 

contrast with their organobromine content, which is exclusively aromatic16. Aliphatic 155 

organobromine was produced in microalgal detritus but appeared to be labile on relatively short 156 

timescales. Organochlorines are known to be more recalcitrant than their brominated 157 

analogues29, and differential lability could explain the persistence of aliphatic organochlorine in 158 

sinking particulates. In addition, the dominant mechanisms of marine chlorination likely differ 159 

from those of bromination, which would give rise to dissimilar pools of chlorinated vs. 160 

brominated compounds. Although peroxidative pathways that generate hypohalous acid (HOX) 161 

or similar oxidized halogen species preferentially brominate, radical chlorination is generally 162 

faster and less selective than radical bromination. The efficacy of our photochemical and Fenton-163 

like chlorinations of algal material supports the possibility of radical chlorination, which could 164 

target allylic substrates to produce chlorinated aliphatic products.  165 

Our results illuminate several potential biological and abiotic pathways for natural 166 

chlorination of marine POM (Fig. 4). As the first description of non-volatile natural 167 

organochlorine in marine phytoplankton, these findings may imply undiscovered marine 168 

chlorinating enzymes. However, abiotic reactions may be at least as important, as our 169 

photochemical and Fenton-like treatments produced organochlorine in particulate algal material 170 

at levels exceeding 0.1% by mass (Fig. 3). Although both aromatic and aliphatic organochlorine 171 

fractions are produced through these reactions, aliphatics dominate, which is reflected in the 172 

composition of naturally degraded oceanic detritus from deep in the water column. The lack of 173 
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correlation between organochlorine and water column depth for the sediment trap samples (Fig. 174 

S2) implies that chlorination takes place in surface waters, substantiating the roles of sunlight 175 

and/or reactive oxygen species in these reactions.  176 

Known sinks for seawater Cl- include evaporative deposition as rock salt, burial in 177 

sediment pore-waters, and net air transfer30. Our work demonstrates that Cl- undergoes redox 178 

transformations that chlorinate marine POM, signaling a potential new sink for Cl-. Global burial 179 

in sediments at the chlorine:carbon ratio we find in marine POM would export approximately 1 x 180 

1011 g-Cl·y-1, a small quantity relative to Cl fluxes such as subduction burial of ~6 x 1012 g-Cl·y-1 181 

and evasion to the atmosphere of ~3 x 1013 g-Cl·y-1. Further analysis will elucidate sedimentary 182 

burial of chlorinated organic matter and whether these compounds have implications for carbon 183 

storage.  184 

 185 
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Figure Legends 286 

Figure 1. Normalized Cl K-edge XANES spectra of Cl model compounds (a-c) and rinsed 287 

Arabian Sea sediment trap material from different depths in the water column (d-f). Vertical 288 

lines intersect the x-axis at the characteristic absorption energies of aliphatic and aromatic 289 

organochlorine, represented by the chloropropanol and chlorophenol standards, respectively. The 290 

absorption maximum in the sediment trap spectra lies intermediate between the aliphatic and 291 

aromatic edge energies. 292 

 293 

Figure 2. X-ray spectromicroscopic analysis of particulate sediment trap material from the 294 

Arabian Sea (1882 m depth). a-c) Micro-XRF images (3.0 mm x 1.5 mm) of elemental 295 

distributions: a) Cl Kα; b) Ca Kα; c) Si Kα. Lighter shade corresponds to greater fluorescence 296 

intensity, i.e., higher concentration. d) Normalized Cl 1s micro-XANES spectra (20 μm x 10 μm 297 

spot size) corresponding to the circled areas in a-c. Colors of circles in a-c match colors of 298 

associated spectra in d.  Black spectra = representative aliphatic (chloropropanol) and aromatic 299 

(chlorophenol) organochlorine standards. 300 

 301 
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Figure 3. Cl enrichment in algal material after photochemical and Fenton-like treatments in 302 

artificial seawater.  A) Unnormalized Cl K-edge XANES spectra of Tetraselmis sp. membranes 303 

on day 15 of the indicated treatments. The post-edge rise, or “edge step,” is proportional to total 304 

Cl concentration18.  Vertical line intersects all spectra at 2820.6 eV, the characteristic absorption 305 

maximum of aliphatic C-Cl.  B) Concentrations of aliphatic and aromatic organochlorine in 306 

Tetraselmis sp. membranes on treatment days 15 and 23. For the irradiation treatments, 307 

membrane suspensions were exposed under a Suntest XLS+ solar simulator at 760 W∙m-2 for 30 308 

min. Error bars reflect uncertainties associated with distinguishing aliphatic and aromatic forms 309 

of organochlorine through linear combination fitting (see supplementary methods). 310 

 311 

Figure 4. Schematic representation of the chlorination of marine POM through biological and 312 

abiotic processes.  313 
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