
S. Hellerman and M. Rosenstein. J .  Phvs. 
Oceanogr. 13, 1093 (1983). 
A. L. Gordon and A. R. Piola, ibid., p. 1293. 
This is determined bv differencing the transoort- 
weighted temperatures of stations 3 and 4 'from 
those of stations 7 and 8. The 314 and 718 station 
pairs represent, respectively, the axis of Indian 
Ocean water east of the Cape Town Eddy and 
of the South Atlantic water found west of the 
eddy. 
The other source of interocean exchange that 
could balance NADW export from the Atlantic 
is the eastward flow of cold water in the Drake 
Passage. Since the contrast in temperature of 
that water with NADW is small, a large NADW 
production rate is required to support the north- 
ward heat flux in the South Atlantic. 

complete processing. Similar 0iS structure is Intertidal macroalgae were collected 
displayed in the Geochemical Ocean Sections 
Studv (GEOSECS) data [A. E.  Bainbridae. between August 1983 and 1984 
GEOSECS Atlantic ~ x ~ e d i i i o n ,  vol. 1, H ~ ~ ; o -  from three sites around Cape Cod, Mas- 
graphic Data, 1972-1973 (Government Printing 
Office, Washington, D.c., 19811. The GEO- sachusetts. Heavily epiphytized plants 
SECS Indian Ocean data are from R. F. Weiss, were but it was not possible to W. S. Broecker, H. Craig, and D. Spencer 
[GEOSECS Indian Ocean Exoedition, vol. 5 ,  exclude closelv associated microsco~ic 
;Hydrographic Data, 1977-1978 (Government organisms. The algae were incubated for Printing Office, Washington, D.C., 1983)l. 

19. At these stations the 10°C isotherm is at similar 1 day either in situ in +liter jars with 
depths. The thermal structure differs significant- 
ly only in the upper 300 m. Teflon-lined screw-cap lids or in a 34- 

20.   his work was supported by Office of Naval liter laboratory aquarium maintained 
Research contract N000-14-84-C-0132. Lamont- 
Dohertv Contribution No. 3763. without headspace, with natural photo- 

18. The Ajax bottle data is supplied by J .  Reid of 
Scripps Institute of Oceanography, prior to its 24 September 1984; accepted 23 November 1984 

periods, at the temperature of the water 
at the collection site. After incubation, a 
2-liter sample of water was withdrawn, 
and the VHOC were concentrated by 
closed-loop stripping (3, with Tenax Volatile Halogenated Organic Compounds Released to Seawater traps used to collect the VHOC, Our 

from Temperate Marine Macroalgae stripping and trapping parameters pre- 
cluded recovery of extremely volatile 

Abstract. Volatile halogenated organic compo~inds synthesized by various indus- compounds such as CH3Cl and CH3Br or 
trial processes are tro~iblesome pollutants because they are persistent in terrestrial relatively involatile compounds such as 
ecosystems and because they may be present in suficient quantities to alter the CBr4 or CHI3. We identified and quanti- 
natural atmospheric cycles of the halogens. Certain of these compounds, including fied the VHOC on the Tenax traps us- 
polybromornethunes and several previously unobserved alkyl monohalides and ing an HP 5995B benchtop gas chromato- 
dihalides, appear to be natural products of the marine environment. A variety of graph-mass spectrometer system 
temperate marine mucroalgue (the browrt algae Ascophyllum nodosum and Fucus (GCMS). Seawater and abiotic natural 
vesiculosis, the green algae Enteromorpha linza and Ulva lacta, and the red alga substrates collected at the same sites as 
Gigartina stellata) not only contain volatile halogenated organic compounds but also the algae and used for controls showed 
release them to seawater at rates of nanograms to micrograms of each compound no detectable VHOC production. After 
per gram of dry algae per day. The macroalgae may be an important source of the incubations, we froze the algae with 
bromine-containing material released to the atmosphere. liquid nitrogen to disrupt the algal cells 

and then vacuum-extracted them at 30°C 
Volatile halogenated organic com- mous quantities of volatile, organically for 3 hours while trapping the released 

pounds (VHOC), including haloforms in bound halogens to the atmosphere, volatiles in a liquid-nitrogen trap (8). The 
drinking water ( I ) ,  chlorinated solvents which would have important ramifica- VHOC recoveries were compared with 
in ground water (2 ) ,  and halogen-con- tions for the chemistry of transient spe- and without tissue freezing; the polyhal- 
taining methanes, ethanes, and ethylenes cies such as ozone and the hydroxyl omethanes were recovered at reduced 
in the atmosphere (3), have proven to be radical. levels (-20 percent) in the frozen speci- 
very bothersome pollutants. Such chem- In this report we demonstrate that a mens as compared with the fresh algae, 
icals are biologically recalcitrant in ter- variety of temperate marine macroalgae whereas the monohalo compounds were 
restrial ecosystems, presumably because (the brown algae Ascophyllum nodosum recovered slightly more effectively (120 
terrestrial organisms have not evolved and Fucus vesiculosis, the green algae percent) after freezing. The VHOC con- 
with these or related organic compounds Enteromorpha linza and Ulva lacta, and centrate was transferred to Tenax traps 
as common metabolites; thus their haz- a red alga, Gigurtinu stellatu) not only for GCMS analysis, and dry weights 
ardous impacts are very slow to dimin- contain VHOC (tens to hundreds of were determined (80°C) on the algal de- 
ish. Furthermore, these halogenated vol- nanograms of VHOC per gram of dry bris. 
atiles may be dispersed globally in suffi- weight) but also release these com- Five out of six temperate-zone repre- 
cient quantities to alter the natural geo- pounds to seawater at rates of nano- sentatives of the Phaeophyta, Chloro- 
chemical cycles of halogens. If we are to grams to micrograms of each compound phyta, and Rhodophyta exhibited VHOC 
appreciate the impact of such synthetic per gram of dry algae per day. production and release (Table 1). In light 
chemicals, they must be evaluated in the 
context of related natural compounds 
and processes, which are still poorly 
characterized for VHOC (4). Although it 
is recognized that various marine macro- 
phytes (primarily tropical and subtropi- 
cal rhodophytes) synthesize certain 
VHOC (5,6),  the release of VHOC to 
seawater from such biolonical sources 

Table 1. Mean (and range) rates of release of the three major VHOC to seawater by temperate 
macroalgae (in nanograms per gram of dry algae per day); ND, not detected. 

Algal species 
(Number of samples) 

Brown algae 
Ascophyllum nodosum (8) 4,500 1,100 680 

(150-12,500) (ND-3,000) (ND-2,100) - 
has not been assessed. If this marine F1icu~ vesiculosis (7) 2,200 150 84 
capability is widespread, natural inputs (140-4,700) (ND-820) (ND-590) 

Green algae 
of VHOC to the marine environment ~~~~~~~~~~h~ linza (2) (ND; 850) (ND; ND) (ND; 300) 
through the millennia may (i) have led to U ~ V U  lacta (2) (1,700; 14,000) (590; 4,300) (ND; 250) 
the development of marine, microbial- Red algae 
ly mediated degradation pathways of $~~~~~~ ~~~~~~ {i; ND ND ND 

(ND; 320; 2,100) (ND; ND; 3,000) (ND; ND; ND) VHOC and (ii) have contributed enor- 
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of the preponderance of literature dem- 
onstrating halogenation in the tropical 
and subtropical red algae (5, 6), it was 
ironic that a temperate rhodophyte, 
Chondrus crispus, was the only species 
examined that did not demonstrate 
VHOC release to seawater. Three bro- 
mine-containing volatiles, tribromo- 
methane (CHBr3), dibromochlorometh- 
ane (CHBr2CI), and dibromomethane 
(CH2Br2), were consistently released by 
the algae to the seawater at the greatest 
rates, approximately 1 kg of each com- 
pound per gram of dry algae per day 

(Table 1). Replicate incubations, carried 
out on different plants, yielded release 
rates of CHBr3, CHBr2CI, and CH2Br2 
that were within a factor of 2; thus we 
infer that the variations in release rates 
for algal species examined repeatedly 
over several months were due to envi- 
ronmental factors. Maximal release of 
the polybromomethanes by the two 
brown algal species occurred in October 
and November. 

Several other compounds were fre- 
quently recovered from the water at low- 
er abundances after algal incubations, 

Table 2. Mean (and range) VHOC in algal tissues (in nanograms per gram of dry weight); ND, 
not detected. The CHBr,, CHBr2CI, and CH2Br, tissue concentrations reported here have not 
been corrected for poor recoveries due to freezing. 

Algal species (No. of samples) 

Compound Ascophyllum Fucus Entero- Ulva Gigartina 
nodosum vesiculosis morphu lacta stella fa 

(6) (4) linza (2) (2) (3) 

CHBr3 

CHBr2CI 

CHBrC12 

CH2Br2 

CHz12 

Ethyl iodide 

Isopropyl iodide 

1-Iodopropane 

1-Iodobutane 

1-Iodopentane 

I-Bromopropane 

1-Bromopentane 

ND, 8 

150,460 

10, 7 

ND 

ND 

13, 5 

ND 

ND 

ND 

ND 

9, 5 

ND 

19, 43 

ND, 590 

7 ,  22 

ND 

ND 

45, 41 

20, 10 

3, ND 

9, ND 

38, ND 

ND, 9 

ND 

Table 3. Estimated annual global inputs of organobromides and organoiodides to the atmo- 
sphere. 

Bromine 
Sources or iodine 

(glyear) 

Organobromides 
Macroalgae* 

(1013 g algae) (1 to 10 kg Br per gram per day) (365 days per year) - 1 0 ' ~  
Industrial products? 

CH3Br (fumigant) -5 x 1 O 1 O  
BrCH=CHBr (fumigant and gasoline additive) c10" 
CF3Br (flame retardant) l o 9  

Chlorinationf 
Seawater (6 x 10" g C1 per year) (1 percent organobromides) 6 x lo8 
Freshwater (4 x loJ2 g C1 per year) (0.1 percent organobromides) 4 x lo9 

Organoiodides 
Macroalgae* 

(10" g algae) (10 to 100 ng I per gram per day) (365 days per year) -los 
Phytoplankton-derived CH31S -loJ2 

*Global algal biomass estimate from (19), on the assumption that 100 percent of the algal release is lost to the 
atmosphere. ?Data from (18). iAssuming that the global chlorine usage is twice that of the United 
States (21); formation efficiency of volatile bromine species after (22). $Estimates from (23). 

including iodoalkanes (methyl-, ethyl-, 
isopropyl-, and n-propyl iodide) and di- 
halomethanes (chloroiodomethane, bro- 
moiodomethane, and diiodomethane). 
Monochloro and dichloro compounds 
were not observed in any instance (di- 
chloromethane blanks precluded detec- 
tion of algal production of this compound 
at concentrations below 100 ng per gram 
per day). This apparent discrimination 
against chlorine in the production of 
VHOC must reflect enzyme specificities, 
since chloride is by far the most abun- 
dant halide in seawater. 

We also examined the VHOC content 
of the algal tissues (Table 2). Because of 
variability in our recoveries, we do not 
report methyl iodide contents in Table 2, 
although this compound was consistent- 
ly present. In addition to the chemicals 
recovered from seawater, we observed 
1-iodopentane, propyl bromide, and pen- 
tyl bromide in some of the algal tissues. 
Methyl iodide and pentyl bromide have 
been observed (6, 9), but the other alkyl 
monohalides have not. The alkyl bro- 
mides were not formed by nucleophilic 
substitution reactions of Br- with the 
corresponding alkyl iodides, since we 
did not find the alkyl chlorides which 
should be produced at the same time 
(10). Although haloperoxidase enzymes 
capable of forming trihalomethanes are 
known from a variety of macroalgae (9, 
I l ) ,  the metabolic pathways that pro- 
duce the mono- and dihaloaliphatic com- 
pounds are not clear. Theiler et  al. (9) 
proposed that these VHOC are produced 
by the hydrolysis of monohalo- and di- 
halo-0x0-fatty acids. 

Comparison of the amount of VHOC 
present within algal tissues with that 
released to seawater suggests that there 
is an important difference between the 
formation of the polybromomethanes 
and the alkyl monohalides. The three 
bromomethanes released in the greatest 
abundance occurred at relatively low 
concentrations in the tissues, even if we 
assume as much as 90 percent loss on 
freezing with liquid nitrogen. Therefore, 
these bromine-containing compounds 
are either produced and transported to 
the outside of the algal thallus extremely 
rapidly (about ten turnovers each day) or 
perhaps are synthesized near the plant 
surface or by associated epiphytes and 
never stored. The partial loss of these 
VHOC on rapid freezing supports the 
contention that they occur predominant- 
ly in an exposed location such as near 
the outside of the algae. Iodide oxygen- 
ase has been reported to occur only in 
the outermost cells of some brown algae 
(12); this enzyme may be responsible for 
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the formation of BrI or Br2 (in addition to responsible for VHOC synthesis. How- roalgae. Both of these potential organo- 
halide fluxes to the atmosphere appear 
small relative to the estimated (20) inputs 
of methyl chloride (5 x 10" glyear). 

PHILIP M. GSCHWEND 
JOHN K. MACFARLANE 

KATHLEEN A. NEWMAN 
Department o f  Civil Engineering, 
Massachusetts Institute of Teclznology, 
Cambridge 02139 

12), which subsequently reacts with or- 
ganic compounds in the vicinity of the 
algal thallus to form these bromometh- 
anes. 

ever, we cannot completely rule out epi- 
phytic involvement in VHOC produc- 
tion. Indeed, if VHOC production and 
release is in some way related to epi- 

The concentrations of iodine-contain- 
ing VHOC present in the algal tissues 
suggest much lower slower turnover for 

phytes, these microorganisms must be 
host-specific if we are to account for the 
different VHOC release rates that we 

the iodinated compounds (about once 
every 10 days). Freezing the algal tissues 
enhanced the recoveries of the iodine- 
containing VHOC. We have found, how- 
ever, that the iodine-containing VHOC 
appear to be released at greater rates 
when the plants are stressed (for exam- 

observe for various algae. 
The function of these unusual com- 

pounds in the algae is unknown. One 
possibility is that the VHOC are formed 
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algal cultures. In several experiments 
designed to magnify or limit the effects of 
epiphytes, we have seen no evidence 

sources of volatile bromine and iodine 
compounds are poorly known (4, 18). 
We have used the macroalgal release 
rates of volatile bromine- and iodine- suggesting that the microflora produce 

VHOC. For example, natural rocks cov- 
ered with attached microflora do not 
show VHOC production; heavily epi- 

containing compounds reported here and 
global estimates of macroalgal biomass 
(19) to calculate the potential for organo- 

phytized plants after incubation do not 
show greater production of VHOC than 
their cleaner counterparts; and algae 
scraped clean with a paper towel either 
show enhanced VHOC release or no 
significant difference from untreated 
plants. Third, using the Ascophyll~rm no- 

bromine and organoiodine transmission 
from the coastal oceans to the atmo- 
sphere. This estimate for volatile bro- 
mine-containing compounds may be par- 
ticularly justified since there are no 
known major mechanisms for their re- 
moval from the sea other than exchange 
into the atmosphere; however, alkyl io- dosum fouling data of Chan and 

McManus (15), we can estimate a micro- 
bial biomass of about a microgram of dry 

dides are known to react with chlorine in 
seawater (10). Table 3 compares these 
estimates with reported major anthropo- epiphytes per gram of dry algal tissue 

(assuming 10-12 g per dry bacteria). In 
light of our data on tissue contents (total 
VHOC approaching 1 kg per gram of dry 
algae), it appears that this microbial bio- 
mass is just too low to support these 

genic and natural atmospheric inputs for 
volatile organobromides and iodides 
(18). It is very possible that the macroal- 
gae are a major source of volatile organo- 
bromine to the atmosphere (-10" gl 
year); volatile iodine compounds do not mass reservoirs. Thus we believe that 

the macroalgae themselves are primarily appear to come primarily from the mac- 
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