seawater were also titrated by using the
residual oxidants procedure. The results
show that only about 5 percent of the
added bromate appears as residual oxi-
dants. Thus, the apparent residual oxi-
dants remaining after exposure to sun-
light could be completely due to bro-
mate.

In another experiment, 1.0 X 107°M
solutions of sodium bromate in seawater
were exposed to full midday sunlight for
periods up to 4 hours and the residual
oxidant and bromate concentrations
were monitored. No measurable decline
in bromate concentration or increase in
residual oxidant was found.

Thus, the production of substantial
amounts of bromate ion will cause er-
roneous results when standard analytical
procedures are used for residual oxi-
dants, especially procedures involving
reaction of the oxidants with iodide ion.
Bromate reacts sluggishly with iodide
ion and the rate is dependent on factors
such as reactant concentrations, pH,
temperature, light, and content of transi-
tion metals. More important, it appears
that large amounts of bromate have al-
ready been produced in estuarine and
coastal waters with unknown effects.
Extremely limited information is avail-
able on the direct toxicity of bromate ion
). Further, the formation of bromate
may provide a persistent source of low
levels of known toxicants (such as hy-
pobromite and bromamines) and bromi-
nated orgdnics through the reverse of the
formation reactions. In summary, pre-
sent knowledge is totally inadequate to
assess the environmental impacts of our
discharge of chlorine to saline waters.

DoNALD L. MACALADY®
JAMEs H. CARPENTER
CYNTHIA A. MOORE
Rosenstiel School of Marine and
Atmospheric Science, University of
Miami, Miami, Florida 33149
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)

Abstract. Herbicide formulations containing known amounts of 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) and exposed to natural sunlight on leaves, soil, or glass
plates lost most or all of the TCDD during a single day, due principally to photochemi-
cal dechlorination. Despite the known persistence of pure TCDD, it is not stable as a
contaminant in thin herbicide films exposed to outdoor light.

The realization that pesticides and oth-
er chemicals derived from 2,4,5-tri-
chlorophenol could contain the highly
toxic and teratogenic 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) has caused
more than 7 years of continuing public
anxiety. More than 4 X 107 kg of Agent
Orange (more correctly, Herbicide Or-
ange) defoliant (/), representing a mean
of more than 1.9 and a maximum of 47
parts per million (ppm, mg/kg) of TCDD,
was sprayed over jungle in Southeast
Asia (2), and a number of pesticides
commonly used in the United States also
were found to contain TCDD at ppm lev-
els 3). However, despite the large-scale
application of these materials, and exten-
sive dioxin analysis and monitoring (3,
4), there is little evidence of widespread
occurrence of TCDD in the environment
).

While pure TCDD is unstable toward
ultraviolet light when dissolved in organ-
ic solvents such as methanol or benzene
), it otherwise has the reputation of
being very stable and persistent (7).
However, opportunities for it to occur
environmentally in pure form are negli-
gible; its more probable behavior as a
trace contaminant dissolved in pesticide
mixtures would seem to have much more
significance but, remarkably, has not
been reported.

Thin films of pure TCDD on glass
plates previously were found to be stable
to sunlight for at least 14 days (6). In or-
der to compare its stability in a formula-
tion, thin layers (5 mg/cm?) of Agent Or-
ange containing 15 ppm of TCDD were
exposed in borosilicate glass petri dishes
to summer sunlight in Davis, California.
The irradiated mixtures were subjected
to alkaline hydrolysis, and the benzene-
extracted TCDD was determined by
gas-liquid chromatography (GLC) (8).
Identical treatments, masked from sun-
light, served as dark controls. Loss
of the dioxin was rapid in sunlight

(Fig. 1), and less than half remained
after 6 hours.

The same Agent Orange also was ap-
plied evenly in droplets over excised
leaves of a rubber plant (Hevea brasi-
liensis) (6.7 mg/cm?) and on the surface
of sieved Sacramento loam soil (10 mg/
cm?) and exposed to sunlight. TCDD was
lost even more rapidly from the illumi-
nated leaf surface than from glass (Fig.
2), while loss from soil was somewhat
slower, presumably because of shading
of lower layers by soil particles.

When a commercial Esteron brush-
killer (9) containing TCDD (10 ppm) was
exposed to sunlight in the glass dishes (5
mg/cm?), the TCDD was lost at about the
same rate as in the Agent Orange (Fig. 1)
(10). However, when the Esteron formu-
lation mixture, without any herbicides
but containing TCDD at 10 ppm, was ex-
posed to sunlight, the dioxin disappeared
almost completely within 2 days. Analyt-
ical difficulties precluded further experi-
ments with Esteron.

The disappearance of TCDD could be
due to any of four factors: volatilization,”
absorption, mechanical loss, or photode-
composition. Pure TCDD does not vol-
atilize appreciably from either a glass
surface or a leaf under ambient condi-
tions (7); however, if volatilization from
a thin pesticide film were important, sig-
nificant losses from the controls held in
the dark at approximately the same tem-
perature should have been observed. Im-
paired extraction due to sequestration in
leaves or soil should not have permitted
the efficient recoveries of TCDD from
controls, and unforeseen mechanical
losses are precluded for the same reason.
Isensee and Jones (/1) reported more
than 90 percent recovery of pure TCDD
from soybean leaves after more than 48
hours but assumed what loss there was
to be due to volatilization, whereas it ac-
tually may have been due to photode-
composition.
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Fig. 1 (left). Loss of TCDD from formulations on glass surfaces. Esteron (O), Esteron formulat-
ing agents (0J), and Agent Orange (). Points connected only to aid distinction. Closed symbols

are dark controls.

Fig. 2 (right). Loss of TCDD from Agent Orange on leaves at 6.7 mg/cm?

(&), at 1.3 mg/cm? (), and on soil (O). Closed symbols are dark controls.

Our measurements indicate that sun-
light is the principal factor in dioxin dis-
appearance from inert surfaces, plants,
and soils treated with TCDD-con-
taminated pesticides. In every experi-
ment, light caused the TCDD content to
decline sharply, while dark controls re-
mained virtually unaffected. The detec-
tion by mass spectrometry (I2) of traces
of dichloro- and trichlorodibenzo-p-diox-
ins in each pesticide after several hours
of exposure to sunlight on glass surfaces
(but not in the dark) and similar detec-
tion of the characteristic mass spectrum
of the trichlorodibenzo-p-dioxin in ex-
tracts from coated leaves exposed to
sunlight offer further evidence of dioxin
destruction by photochemical dechlori-
nation (6, 13). They also differentiate the
dioxins from known chlorinated inter-
ferences such as bis(2,4-dichlorophen-
oxy)methane (/4). Although light ab-
sorption by the herbicide slows the pho-
todecomposition rate significantly com-
pared to that in formulating agents with-
out herbicide, a sufficient window exists
in its spectrum to allow light absorption
above 300 nm by TCDD (Fig. 3).

Photodegradation of the herbicide for-
mulation on soil under conditions where
pure TCDD remained unchanged (6) em-
phasizes what we view as the three re-
quirements for significant dioxin break-
down: dissolution in a light-transmitting
film, the presence of an organic hydro-
gen-donor such as solvent or pesticide,
and ultraviolet light. All three conditions
normally should have been met consist-
ently during the practical application or
accidental loss of 2,4,5-T and other
TCDD-containing chemicals such as tri-
chlorophenol.

For analytical convenience, the initial

1338

levels of herbicide application in these
experiments generally were much larger
than those that have ever been used in
practice (5 mg/cm? = 500 kg/ha), al-
though the TCDD concentrations on
which photolysis rates depend were rep-
resentative of those that existed at one
time (7). Any differences in degradation
rate between different amounts of herbi-
cide (Fig. 2) probably are due to daily
variation in light intensity. Although no
TCDD analyses appear to have been
made during the period of heavy use of
Agent Orange in Southeast Asia, and the
present levels of TCDD in commercial
pesticides result in field residues below
normal detectability (I5), our data
strongly suggest that environmental resi-
dues of TCDD often will be considerably

Absorbance

TCDD

1 1 1 1 ]

300 340
Wavelength, nm

1
260

Fig. 3. Ultraviolet absorption of Esteron for-
mulation (E) and of TCDD (5 mg/liter in meth-
anol).

less than previously expected (16). They
also suggest that TCDD might be re-
moved from contaminated surfaces by
treatment with a low-volatility solvent
and ultraviolet light.
DonaLD G. CrOSBY
ANTHONY S. WONG
Department of Environmental
Toxicology, University of
California, Davis 95616
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