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Chromophoric or colored dissolved organic matter
(CDOM) is one of the principal light adsorbing components
of seawater, particularly in the ultraviolet, where it
attenuates over 90% of downwelling ultraviolet radiation.
In highly productive coastal regions and throughout most of
the global ocean, in situ biological production is the
major source of CDOM. However, little is known about
CDOM composition on the molecular level, and there are
only a few reports that link CDOM composition to
autochthonous biological sources. Here we report the
isolation and characterization of CDOM components from
one coastal and two open-ocean sites. Each sample
contains a complex mixture of light absorbing (300- 400
nm) components, including 24-dichlorobenzoic acid and a
suite of novel, polychlorinated biphenyl carboxylic acids
that closely resemble polychlorinated biphenyls (PCBs) of
anthropogenic origin. However, the global inventory and
isomer distribution of dissolved chlorinated aromatic acids
suggest they are derived from in situ biological production
rather than anthropogenic contaminants. These novel
chlorinated aromatic acids account for a significant amount
of CDOM adsorption in the ultraviolet.

Introduction

Chromophoricorcolored dissolved organic matter (CDOM )
influencesthe structure of aquatic ecosystems, complicates
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satellite measurements of ocean productivity, and affects
the bioavailahility and fate of important trace organic and
metal species(I- 4)in seawater. CDOM absorbsmuch ofthe
ultraviolet and near-ultraviolet radiation penetrating the
ocean,and CDOM absorptioninthevisible may substantially
reduce the penetration of photosynthetically available radia-
tion in some areas aswell, limiting primary production (5).
Photochemical transformation of CDOM leads to the pro-
duction of low molecular weight organic compounds that
actassubstratesformicrobial production thereby enhancing
biological cycling of recalcitrant organic carbon (6, 7). Pho-
tochemical transformation of CDOM also leads to the pro-
duction ofreactive oxygen speciesthat oxidizeiron, copper,
and other trace metals thereby affecting their cycling and
biological availability (8).

The sources of marine CDOM are not well-known or
understood.Degradation ofhigherplantcarbonin soilyields
humic substances, structurally complex macromolecular
organic matterrichin aromatic and carboxylic acid functional
groups, both of which absorb strongly in the ultraviolet (9).
Rivers supply a significant amount of humic substances
leached from soilsand decom posing terrestrial organic m atter
tothecoastalocean (10). Comparisonshetweenthechemical
composition, stableand radioisotopes,and optical properties
of freshwater and coastal CDOM show strong similarities
between these two environments, and terrestrial organic
m atter is thought to be the major source of CDOOM in the
coastal zone. However, terrestrial humic substances are
rapidly removed from seawater by photobleaching and do
notsupply asignificantamountofCDOM totheopen ocean
(11).

In highly productive coastal regionsand throughoutmost
oftheglobal ocean,in situ biological productionisthemajor
sourceof CDOM .Atsomeopen ocean sites,CDOM fluctuates
on seasonal cycles that can be coupled to cycles of marine
organic matter production and remineralization (12, 13).
CDOM concentrations are high in the chlorophyll maxima
of the Arabian Sea and were correlated with the upwelling
of colder, nutrient rich subsurface water, consistent with a
source related to biological activity (14). Likewise, in situ
measurements of COOM absorption at 412 nm were posi-
tively correlated with oxygen super saturation and chloro-
phyll-a absorption at a highly productive coastal site, sug-
gesting rapid in situ production of CDOM associated with
primary production (15).However, few discretecomponents
of CDOM have been reported. Excitation-emission matrix
spectroscopy hasidentified the presence distinct excitation
maxima at 275 nm, 312, and 398 nm that are attributed to
proteins,marinehumic substances,and chlorophyll (16, 17).
Proteins, amino acids, marine humic substances, and
chlorophyll have all been identified in the dissolved or
colloidal phasebuttogetheraccountforonly asmall fraction
of CDOM absorption at open ocean sites.

Several studies have used absorption and fluorescence
spectroscopy in combination with capillary gel electro-
phoresisand high-pressure liquid chromatography (HPLC)
to furthercharacterize CDOM .M arine CDOM extracted from
seaw ater by adsorption onto hydrophobic resin has been
separated by reverse phase HPLC (18). Different fractions
display different fluorescence spectrawith multiple maxima
between 300 and 600 nm (Zex300- 450 nm) (19). Separation
by gradient elution HPLC showed improved resolution of a
verycomplexmixtureof COOM components,butmostcom-
ponentsremained unresolved. Using HPLC, marine CDOM
appearsasacomplexmixture of > 30 discrete components
superimposed onabroad, featurelessbaseline. Fluorescence
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bands observed in the total CDOM extracts could be
chromatographically separated into different fractions, and
distinct CDOM componentswereisolated from marine and
freshwaters, suggesting compositional differences for at least
some CDOM components in different environments (20).

Here we report the chemical characterization of CDOM
in samples from the Pacific and Atlantic Oceans. We used
hydrophobic resins to remove a fraction of CDOM from
filtered, acidified seaw ater and purified the adsorbed com -
ponentshy reversephaseHPLC.Purified CDOM components
were analyzed by UV/vis spectroscopy, nuclear magnetic
resonance spectroscopy and massspectrometry to determine
theirpartial structures. We find that coastal seaw ater sam ples
have an unresolved mixture of CDOM that we attribute to
humicsubstancesaswellasamixtureofdiscretecomponents
resulting from in situ biological production. In open ocean
sam ples the humic substances component is substantially
reduced, and a suite of discrete compounds some of which
we identified as 2,4-dichlorobenzoic acid and tetrachloro-
biphenyl carboxylic acids dominates absorption in the
ultraviolet.

Bqperimental Section

Samples were taken from a number of sites to compare
CDOM characteristicsin different oceanic regimes. Sam ples
werecollected in September 2002 from Vineyard Sound near
WoodsHole,M A, inJune 2002 from the North Pacific Ocean,
and in March 2003 from the Bermuda Biological Station in
St. Georges, Bermuda. Surface seawater samples were
collected using laboratory or shipboard seawater supply
systems and filtered through a cleaned (10% HCI) 0.2 um
filter cartridge (Criticap, Gelman Corp.)into 200 Lfluorinated
HDPEcontainers. The 1800 m North Pacific Ocean sample
wascollected using 30 L rosette mounted Niskin bottlesand
treated as described above. After filtration, all sampleswere
imm ediately acidified to pH 3 using either glacial acetic acid
or concentrated HCI.

Chromophoric dissolved organic matter was extracted
by solid-phase extraction onto Cigsilicagel afterthe method
of Armadoretal.(21). The Cygsilicagel (Aldrich) wascleaned
by sequential washing with (per 10 g sorbent) the following:
50mL of hexane, 50 mL of acetone, 50 mL of methanol, 50
mLoflow carbon deionized (Milli-Q) water,25 mLof0.1 M
HCI, Milli-Q water (until pH is neutral), and 25 mL of
methanol. Extraction columnswereprepared by dry packing
approximately 20- 25 g of air-dried resin into 50 mm i.d.
glass columns fitted with glasswool plugs at both ends. To
extract CDOM, filtered, acidified seawater was pumped
throughthecolumnsat20- 60mL/min.In mostcasesCDOM
was eluted immediately after sample collection. However,
forthe Pacific sam ples, columnswith extracted COOM were
stored inthedarkat- 20 jCuntil furtherprocessing. Samples
were handled in the dark orin opaque containersduring all
stepsofcollection and manipulation. Combusted glassware
wasused throughout. Thecolumnswereeluted with 20- 100
mLofMilli-Q water (pH 3) to remove saltsand then 100 mL
of methanol (Fisher Scientific, HPLC grade) and 100 mL of
11.8 N ammonium hydroxide (Fisher Sientific, certified ACS
to elute CDOM . Thispaperreportsonly the results from the
methanol extract. Cooling or concentrating the methanol
extractresulted in the formation ofa fluffy white precipitate,
presumed to be residual salts. The sample was dissolved in
asmall amount of methanol and chilled to - 30 jC, and the
precipitatewasseparated by centrifugation.M ethanolsoluble
CDOM and washes (2! ) were withdrawn by pipet and
retained for analyses.

We analyzed several different types of sample blanks to
monitor the presence of contaminantsin our samples and
to determine if specific CDOM components could be
introduced by contamination. Solid-phase extraction col-
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HGURE 1 Separation of CDOM by reverse phase HPLC. Details of
the separation conditions are given in the text. Samples collected
from the North Pacific Ocean show the presence of a few major
(top panel) and > 90 minor (middle panel) CDOM components at 240
nm. The major components 1, 2, 3a, and 3b were purified (bottom
panel) and analyzed by NMR and UV/vis spectroscopy and mass
spectrometry and shown to be 2,4-dichlorobenzoic acid and a suite
of tetrachlorobiphenyl carboxylic acids.

umns packed with Cyg silica gel were taken into the field,
returned to the laboratory, and processed as samples. We
also filled sample containers with artificial seawater (30 L)
made from combusted (450 jC, overnight) salts and low
carbon, deionized (Milli-Q) water. These blanks were pro-
cessed in an identical manner to samples, using the same
equipment,resins,acids,and solventsasoursam ples. Blanks
contained very low levelsof CDOM (<1%ofsampleamounts)
which, when analyzed by HPLC yielded compounds with
different retention times and UV spectra than CDOM
components reported in this study.

UVl/visabsorbance spectraoftotal methanolextractsand
HPLC purified compoundswere acquired in methanolon a
HP8452A diode array spectrophotometer. CDOM was sepa-
rated into pure compounds by reverse-phase high perfor-
mance liquid chromatography (RP-HPLC). Samples were
purified on al15cm column (4.5 mm i.d. Supelco Discovery
H S;Figurel).Initial separationswereperformed onagradient
from 100% aqueous ammonium acetate (50 mM, pH ) 8)
(Fisher Sientific, HPLCgrade)to 100%methanolwith aflow
rateoflmL/min (ammonium acetate (aq):methanol;time)/
(100:0;2.5min)/(40:60;17.5min)/(0:100;27 min). Fractions
collected from thethisseparation were furtherpurified using
a50 mM ammonium acetate:acetonitrile (Fisher Sientific,
HPLC grade):methanol gradient at a flow rate of L mL/min
(70:25:5;2.5min)/(0:70:30;12.5min)/(0:15:85;25 min) (Figure



TABLE 1. Sanple Location, Depth, Wolume, and (DOM
Bdraction Details

depth vol resin  flow

sample m O lat/long @ (mU/min)
Woods Hole 3 760 41;31#N, 70;40#W 50 60
Bermuda 3 400 38j20#N, 64j48#W 50 60

North Pacific 3 40 24i25#N, 156j18#W 20 20
North Pacific 1800 70 24i25#N, 156;18#W 20 20

1). Purified CDOM components were dried under nitrogen
toremove methanoland lyophilized to remove the aqueous
ammonium acetate.

NM Rspectrawereacquired on a Bruker Avance 400 D PX
spectrometer at 400 MHz. Samples were dissolved in per-
deuterated methanol (Aldrich, 99.95 at. %D ), and chemical
shifts were referenced to methanol at 3.5 ppm. Liquid
chromatography-M SM S spectra were obtained on a Mi-
cromass (M anchester, England) Quattro Il massspectrom eter
(triple quadrupole) with electrospray ionization (ESI). The
LCwasconducted with a Thermo Hypersil-Keystone (Belle-
fonte, PA) Beta Basic Cis using a solvent program of 50 mM
ammonium acetate in water to methanol (100:0; 2.5 min/
40:60; 15 min/0:100; 25 min/0:100; 35 min).

Inpreparation for GC-M Sanalysis,CD OM wasmethylated
to convert carboxylic acids into methyl esters. M ethanol
solutions of CDOM were treated with 5% acetyl chloride in
methanol at 50 {C overnight. The resulting acidic solution
was neutralized with 200 mM ammonium carbonate and
extracted twicewith dichloromethane. Thedichloromethane
solution was evaporated to approximately 10 uL prior to
splitlessinjectioninto aHewlett-Packard 5972 GC-M S which
was equipped with a Supelco (Bellefonte, PA) Equity-5: 30
m |, 0.25 mm i.d., 0.25 um coating. Helium was used as a
carrier gas at a velocity of 40 cm/s, and 70 eV electron
ionization mass spectra were collected. A temperature
gradient program of 50 jC (hold 2 min)/ramp at 8 jCto 300
iC/hold 300 jCfor10 min. Thecompoundsofinterest were
identified through the use of extracted ion chromatograms
for the predicted molecular weights of the derivatized
products.

Results and Ciscussion

Upto70%ofchromophoricdissolved organic matter (CDOM)
can be removed from seawater by adsorption onto hydro-
phobicresinsatlow pH (21).Usingthisapproach,weisolated
CDOM from oligotrophic marine sitesin the North Pacific
Ocean near Hawaii and the North Atlantic Ocean at the
Bermuda Biological Station. Coastal seaw ater was sam pled
from Woods Hole, M A (Table 1). Ultraviolet-visible spectra
ofthe methanol extracts for all sam plesshow alogarithmic-
like decrease in absorption with increasing wavelength,
similar to whole seawater absorption spectra (4, 11).
UsingHPLC,wecharacterized the CDOM mixturein each
ofoursamples. Samplesfrom Bermudaand the North Pacific
Ocean haveonly smallamountsofunresolved CDOM ,while
thesampleofcoastal seaw ater from WoodsH ole clearly shows
the presence of a complex mixture of unresolved CDOM
components presumably derived from terrestrial humic
substances (Figure 2). Over 90 com ponentswith adsorption
maximabhetween 240 and 400 nm were separated in sam ples
from the North Pacific Ocean and Woods Hole. All compo-
nentsdisplay strong absorption bandsin the ultraviolet and
near-ultraviolet. Further separation of some fractions show
thepresenceofmultiplecoelutingcompounds,atleastsome
ofwhich were found to be structurally related. For example,
Fraction 3 from the North Pacific surface water sample was
separated intotwo majorand atleastfiveminorcomponents
(Figure 1, bottom). The mixture of CDOM components

Absorbance (240 nm}

Retention Time (min}

HGURE2. Separation of CDOM fromWoods Hole (top) and Bermuda
seawater (bottom) by HPLC. The Woods Hole sample shows both
highrelative concentrations of tetrachlorobiphenyl carboxylic acids
and the baseline rise characteristic of humic substances. The sample
isinfluenced by CDOM sources fromthe adjacent, heavily vegetated
coast and high in situ biological production. The Bermuda sample
is more characteristic of open ocean CDOM samples, with low
relative amounts of humic substances and high concentrations of
dichlorobenzoic acid and tetrachlorobiphenyl carboxylic acids from
local marine production.

present in our samples is therefore greater than the 90
compounds distinguished in Figure 1.

Proton nuclear magnetic resonance (*H NM R) spectraof
the total methanol extracts are characterized by com-
plex and unresolved resonance between 7 and 8 ppm and
show that at a major portion of CDOM adsorption arises
from substituted aromatic compounds. The complexity of
NM R spectra is related to the complexity of the CDOM
mixture separated by HPLC. Samples with complex mix-
turesof CDOM componentsshow much greater com plexity
in the 7- 8 ppm region of the *HNM R spectrum. Samples
from the Pacific and Atlantic Oceans have the same major
components by HPLC, which we purified for structural
characterization.

Fraction 1 was identified as 2,4-dichlorobenzoic acid
(Figure 3), with Anax(M €OH) 206 and 228 nm; '"H NMR
(CDs0D)07.45(1H,d,J) 8.37Hz,H-6),7.42(1H,d,J) 1.94
Hz, H-3), 7.30 (1H, dd, J) 8.37, 1.94 Hz, H-5) (Figure 4):
GC/M Sof the methyl ester yields (m/z, % rel int.) 204(20),
173(100), 145(25), 109(25), 74(23). Coinjection of Fraction 1
with authentic 2,4-dichlorobenzoic acid yielded one peak
on two HPLC systems which separate 2,4-, 2,5-, and 3,4-
dichlorobenzoic acid isomers. We also observed no change
in the tHNM R spectrum upon mixing of Fraction 1 with
authentic 2,4-dichlorobenzoic acid.

Fraction 3b was identified as an isomer of tetrachloro-
biphenyl carboxylic acid (Figure 3) with Anax(M eOH) 211
nm;*H NM R (CD30D) 67.60 (1H,d, J) 1.94 Hz), 7.57 (1H,
s), 7.44 (1H,dd, J) 8.37,1.94 Hz), 7.38 (1H,s), 7.32 (1H, d,
J) 8.37 Hz) (Figure 4): GC/M Sof the methyl ester yields
(mlz, %relint.) 350(35),319(100), 254(60),219(10), 184(35).
Negative ion mode liquid chrom atography/mass spectrom -
etry of Fraction 3b shows prominent molecularionsat m/z
333 (*°CI4M +; (observed abundance/theoretical abundance
for Cip, He, Oz, Cie) 79/78), 335 (33CI337CI M +,100/100), 337
(33CI%Cl, M +;47/48), and 339 (3CIS7Cl; M +;10/10), with a
major ion cluster at m/z 291 from loss of carbon dioxide,
confirmingthepresenceofacarboxylicacid. Furtherevidence
comesfrom themassspectrum ofthe methylated derivative,
which displays prominent molecularions at m/z 348 (3Cl,
M +), 350 (*°CI*Cl M +), 352 (®CI,*Cl, M +), and 354
(33CIF7CI; M +) and major ion clusters at m/z 317 (- OCH3),
254 (- C202C|H 3), 219 (- C202C|2H 3), and 184 (- C202C|3H 3)
aswell asionswith m/z <184 resulting from fragmentation
ofthe biphenylring. From the lack of coupling between the
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HGURE3. Structure of 2,4-dichlorobenzoic acid and the proposed

structures of chlorinated biphenyl carboxylic acids isolated from
seawater.

two protons at 7.57 and 7.38 ppm on the trichlorophenyl
ring we infer these protons are in a para orientation,
suggesting a 2#4#5#substitution. Further, the upfield shiftin
the ortho coupled doublet to 7.32 ppm is most similar to
NM R spectra of 3,4-disubstituted benzoic acids. Our data
support a structural assignment for Fraction 3b of either
3-chloro-4-(2#4#5#trichlorophenyl)benzoic acid or4-chloro-
3-(2#4#5#trichlorophenyl)benzoic acid. We know of no
previous reports of tetrachlorobiphenyl carboxylic acids in
the environment, and no authentic standards of these
compounds are presently available. Therefore, the specific
isomeroftetrachlorobiphenyl carboxylic acid in Fraction 3b
cannot be assigned at this time.

Fraction 3a was separated from Fraction 3b by reverse
phase HPLC using a mixture of water, acetonitrile, and
methanol (Figurel). Thesimilarchromatographic properties
of Fraction 3a to Fraction 3b suggests a close structural
similarity,whichwasconfirmed by spectral analyses. Purified
Fraction 3b had Apa(M eOH) 210 nm;*H NM R (CD;0D) o
753 (1H,d, J) 1.93Hz),7.48 (2H,d, J) 1.93 Hz),7.46 (1H,
d,J) 8.37),7.34(1H,dd, J) 8.37,1.94Hz),7.20 (1H,d, J)
1.94 Hz) (Figure 4). GC/M Sof the methyl ester yields (m/z,
%relint.)350(50),319(100),254(55),219(15),184(30). Fraction
3a is almost certainly a second isomer of tetrachlorobi-
phenyl carboxylic acid. We observe metacouplingof1.9Hz
between protons on the trichlorophenyl substituent, sug-
gesting 3#5#6# or 2#4#6# chlorination. The NM R data, by
analogy with NM Rdatafor2,4-dichlorobenzoic acid suggests
this compound is either 2-chloro-4-(3#5#6# or 2#4#6#-
trichlorophenyl)benzoicacid or4-chloro-(3#5#6# or 2#4#64-
trichlorophenyl)benzoic acid (Figure 3). Our assessment is
preliminary, and full assignment must await com parison to
authentic standards.

We did not obtain mass spectral data on Fraction 2, and
we are only able to identify this compound as a tetrasub-
stituted biphenylcarboxylic acid, with Ana(M eOH) <210 nm;
:HNMR(CD30D)07.62(1H,d,J) 1.94Hz),7.47(2H,s),7.46
(1H,dd, J) 8.37,1.94 Hz),7.26 (1H,d, J) 8.37) (Figure 4).
From the upfield shiftin the ortho coupled doublet to 7.26
ppm, the similarity of the NM R spectra to fraction 3b, and
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the lack of coupling observed for the protons at 7.47 ppm,
we infer this compound is the second isomer of chloro-
(2#4#5#trichlorophenyl)benzoic acid as discussed above
(Figure 3).

We quantified the amount of 2,4-dichlorobenzoic acid
and tetrachlorobiphenyl carboxylic acids in our sample by
calibrating our HPLC system with authentic 2,4-dichlo-
robenzoic acid. Values of 2,4-dichlorobenzoic acid (2,4-
D CBA) range from almostnot detectablein our WoodsHole
seaw ater sample (<0.1 ug/L), to 0.4 ug/L in Pacific surface
water,to 8.3 ug/Lin Bermudaseawater. Likewise,we observe
variable concentrations of total tetrachlorobiphenyl car-
boxylicacids (! TCBCAs) ranging from 1 ug/Lin WoodsHole
Seaw aterto 4.2 ug/Lin the Pacific Ocean. We collected very
different sized sam ples from each of our sites, using slightly
different column aspect ratiosand amounts of Cyg silica gel.
Therefore,someoftheobserved differencesin concentration
may result from differences in extraction efficiencies.

Chlorinated aromatic acids contribute only a small
fraction of the total dissolved organic carbon in seaw ater,
but their contribution to CDOM absorption is significant,
particularly in open ocean waters. High concentrations of
2,4-DCBA and TCBCAs were measured in both surface and
deep water samples, with total concentrations (2,4-D CBA
+!1 TCBCAs) ranging from 1 to 10 ug/L (Table 2). Using the
concentration and extinction coefficient of 2,4-DCBA we
calculate that this compound alone contributes 2% of the
total CDOM absorption at 280 nm (UV-A/UV-B) in our
Bermudasampleextracts. The NM Rspectraofwholesample
extracts show that 2,4-D CBA +! TCBCAs are only a portion
ofthe substituted arom atic com poundspresentin seaw ater.
The contribution of substituted aromatic compounds to
CDOM absorptionintheultravioletistherefore several times
higher than the contribution from 2,4-D CBA +! TCBCAs
alone.

Ofthecompoundsidentifiedin thisstudy,only 2,4-D CBA
isaknown anthropogenic product. Thiscompound is used
commercially in the production of pharmaceuticals and is
animpurity in some herbicides. Low concentrations of 2,4-
DCBAmeasuredingroundwater, rivers,and lakeshave been
attributed to anthropogenic contamination as well as bio-
logicaland photochemical degradation ofanthropogenically
produced polychlorinated biphenyls (PCBs) (22- 26). How -
ever,2,4-DCBAin some pristine waters has been attributed
todirectbiological production (27). Tetrachlorinated biphenyl
carboxylic acids have not been previously reported as
products of either anthropogenic production or the degra-
dation of PCBs.

One approach to distinguishing anthropogenic and
natural sources of TCBAs in the ocean is to determine the
global inventory of these compounds. If the inventory of
TCBAsismuch largerthan the historical production of PCBs,
then natural sources must be important. Our analyses of
TCBAsonlyinclude foursamplesfrom two ocean basinsand
isnotsufficientforahigh quality global assessment.However,
our data does provide a preliminary basis for making such
an assessment. Assuming the concentration of ! TCBCAs
averages 1 ug/L (Table 2) for the upper 1800 m of the global
ocean,wecalculateaglobaloceaninventory ofapproxim ately
300 M T for these compounds, over 2 orders of magnitude
higher than the estimated 0.6- 1.5 M T of PCBs that have
been produced by commercial synthesis (28). M ost of the
global PCB inventory resides in terrestrial reservoirs, and
estimates suggest only a few percent of anthropogenic PCB
production has been transported the ocean. The global
inventory of TCBCAs is therefore >10 000 times the total
marine inventory of PCBs.

Our estimate of the marine inventory for chlorinated
aromatic acids is probably conservative, as either a higher
average concentration (Table 2) or the occurrence of
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HGURE4. Proton nuclear magnetic resonance spectra of (A) CDOM Faction 1, identified as 2,4-dichlorobenzoic acid, (B) CDOM Faction
2, an isomer of tetrachlorobiphenyl carboxylic acid, (C) CDOM Fraction 3a, an isomer of of tetrachlorobiphenyl carboxylic acid, and (D)
CDOM Fraction 3b, an isomer of of tetrachlorobiphenyl carboxylic acid. Samples were dissolved in deuterated methanol, and chemical
shifts are relative to methanol at 3.5 ppm. Chemical shifts and coupling constants are provided in the text.

TABLE 2. Goncertrations (gl of Ossolved hlorinated
Aometic Acids in Scaweter

Fraction Faction Faction

sample 24-DCBA 2 3 3D
Pacific Ocean, 3 m 0.4 1.22 1.0 1.0
Pacific Ocean, 1800 m 1.0 1.6 1.3 1.3
Bermuda, 3 m 8.3 0.4 0.92
Woods Hole, 3 m 0.3 0.3 0.4

2Values were calculated with the assumption that TCBCAs have
twice the molar extinction coefficient as 2,4-dichlorobenzoic acid.
Compounds TCBCA-2 and TCBCA-3 coelute on the HPLC system shown
in Figure 1 and were quantified by further separation on a second
chromatographic system. However, these two compounds were not
quantified separately for the Bermuda sample.

chlorinated aromatic acids at depths > 1800 m will sub-
stantially increase the amount of these compounds seques-
tered in the ocean. Concentrations of PCBs in heavily
impacted coastal waters are < 1 ng/L and fall rapidly with
depth. PCBs have bheen reported to depths of 1500 m in the
coastal ocean, butconcentrationsbelow the mixed layer are
only 1- 10 pg/L(29). We furthernote thatonly afew, specific
tetrachlorinated biphenyl carboxylic acid isomersare found
inour samples, while many of the products expected from
carboxylation of the most common PCB congeners in the
environmentare absent. Anthropogenicinputsof2,4-D CBA
and partial degradation ofanthropogenically produced PCBs
may be minor sources for chlorinated aromatic acids in
seaw ater, but they cannot account for the observed distribu-

tion and concentration of 2,4-DCBA and TCBCAs in our
samples. The distribution of chlorinated arom atic acids in
oursamples, theirglobal marineinventory, and presence of
only specific chlorinated aromatic acids suggest these
compounds are produced in situ by marine microbes.

A wide variety of organochlorine natural products have
been identified in marine organisms, including simple
chlorinated aromatic compounds (30, 31). Halogenated
organiccompoundsarethoughtto serveaschemical defense
agents in marcofauna and flora, but halogenated organic
compoundsarealsocommoninmicroorganisms,wheretheir
role is unclear (30). We know of no reports that describe
naturally occurring polychlorinated biphenyl-like com-
pounds in marine organisms. However, a series of recent
papers have described a suite of halogenated dimethyl
bipyrrolesthatarewidely foundin marinebiological sam ples,
including tissuesamplesofmarinemammalsand birds(32).
Halogenated dimethyl bipyrroles have not been measured
in seawater, but they do occur even in low trophic levelsin
marine food webs and are most likely produced by marine
phytoplankton or bacteria (33). The tetrachlorobiphenyl
carboxylic acids reported here are also widely distributed in
the marine environment, and the large global inventory
suggests they are most likely produced by marine micro-
organisms.

Chlorofluorocarbon (CFC) induced depletion of strato-
spheric ozone, particularly at high latitudes, has raised
concern over potentially deleterious impacts to marine
ecosystems from enhanced exposure to harm ful ultraviolet
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radiation (34). Colored dissolved organic matter is the
principal light-absorbing componentin theUV-Aand UV-B
and limits the penetration of UV radiation in the water
column. In response to increased levels of UV radiation,
marine microbes may regulate their biosynthesis of UV
adsorbingcompoundssuchasmycosporine-likeamino acids
(35). Low concentrations of dissolved mycosporine-like
amino acids have been measured in productive coastal
waters, and the release of UV adsorbing compoundsmay be
one strategy by which marine microbes limit damage by
harmful UV radiation (36). The chlorinated arom atic acids
reported here also limit the depth of UV penetration in the
marine water column. Further work is needed to establish
the specific biological sources, cycling,and fate of these
compounds as well as their role in attenuating ultraviolet
radiation with depth in the water column.
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