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Fate of Aldicarb, Aldicarb Sulfoxide, and Aldicarb Sulfone in Floridan

Groundwater

Carl J. Miles* and Joseph J. Delfino

The fate of aldicarb, aldicarb sulfoxide, and aldicarb sulfone in Floridan groundwater microcosms was
determined. One reaction mechanism observed was base hydrolysis and degradation rates decreased
in the order sulfone > sulfoxide >> aldicarb. Appearance of oximes followed the disappearance of
corresponding parent compounds while appearance of nitriles was minor and rarely observed. Microcosms
amended with crushed limestone showed rates of hydrolysis that were 4-5 times slower than microcosms
without limestone. Oxidation of aldicarb to the sulfoxide was minimal within 70 days whereas in separate
experiments, the reduction of the sulfoxide to aldicarb was significant over the same time period. The
sorption of aldicarb, aldicarb sulfoxide, and aldicarb sulfone onto limestone was not observed.

Recent detection of aldicarb (2-methyl-2-(methylthio)-
propionaldehyde O-(methylcarbamoyl)oxime, Temik) in
Florida groundwater related to its use in citrus agriculture
has renewed interest in the fate of this pesticide in the
subsurface environment. Although there has been con-
siderable study on the degradation of aldicarb in soils
(Coppedge et al., 1967, 1977; Bull et al., 1970; Andrawes
et al., 1971; Smelt et al., 1978a, 1978b, 1978¢), similar
research for natural water matrices is lacking. In Florida,
porous, sandy, low organic soils allow rapid penetration
of water soluble materials into aquifers where physico-
chemical conditions differ from most surface waters (i.e.,
lower temperatures, absence of light, lack of oxygen, and
potentially active surfaces).

Several studies have shown that the major metabolic
pathway of aldicarb (AS) in soils is rapid oxidation of the
parent compound to aldicarb sulfoxide (ASO) followed by
slower oxidation to aldicarb sulfone (ASO,) or hydrolysis
to ASO oxime (Figure 1) (Union Carbide, 1983). Addi-
tional work has suggested that ASO oxime is degraded
further to the corresponding nitrile (Coppedge et al., 1967;
Andrawes et al., 1971). Since all of the carbamoyl oximes
(AS, ASO, and ASQ,, sometimes called total toxic residue)
have a high mammalian toxicity, the hydrolysis step rep-
resents a major detoxification mechanism.

Recently, several studies have discussed the degradation
of AS, ASO, and ASQ, in abiotic, reagent grade water
solutions (Chapmen and Cole, 1982; Lemley and Zhong,
1983, 1984; Porter et al., 1984; Hansen and Spiegel, 1983).
These investigators reported that base hydrolysis is an
important reaction mechanism in water and that acid
hydrolysis occurs at a lower rate. Most of these authors
found that pseudo-first-order kinetics described degrada-
tion; experiments with other carbamate pesticides showed
that cleavage of the carbamate ester bond is first order
with respect to hydroxide and pesticide concentration (Aly
and El-Dib, 1972). Studies on the effect of pH on hy-
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drolysis rate allowed calculation of second-order rate
constants which showed that base hydrolysis reaction rates
decreased in the order ASO, > ASO >> AS (Lemley and
Zhong, 1983; Porter et al., 1984). Degradation of ASO and
ASQ, was significantly affected by temperature and the
reaction followed the Arrhenius relationship. Also, several
investigators have reported that increased ionic strength
significantly decreases the hydrolysis rate of carbamate
pesticides (Fukuto et al., 1967; Aly and El-Dib, 1972;
Lemley and Zhong, 1983).

Trehy et al. (1984) investigated the degradation of AS
in aerobic and anaerobic Floridan groundwater micro-
cosms, some of which were enriched with microorganisms
or limestone. In the presence of high concentrations of
microorganisms (pH 6.8) or in the presence of ground
limestone (pH 7-7.4), they found that AS degraded rapidly
to AS nitrile under anaerobic conditions. In anaerobic
groundwater (pH 8.2), AS degraded to AS oxime. These
degradation products accounted for a large part (ca. 80%)
of the degraded AS. These results contrast with AS deg-
radation rates found by others but can be ascribed to the
high concentrations of microbes. The Trehy et al. (1984)
investigation demonstrates the importance of naturally
occurring factors (i.e., limestone, microorganisms, H,S, etc.)
on AS degradation.

Most of the aforementioned investigators, with the ex-
ception of Trehy et al., reported that base hydrolysis of
carbamoyl oxime was the major mechanism without ever
measuring the actual appearance of the resulting oxime.
In short, no pesticide speciation measurements were per-
formed. Soil studies have shown that oxidation is a major
metabolic pathway for AS and ASQ, suggesting that sim-
ilar processes should occur in aerobic natural waters.
Speciation of AS oxidation products by a gas chromatog-
raphy (GC) method, not mentioned heretofore (Maitlen
et al., 1968), requires an additional liquid chromatograpy
(LC) fractionation which apparently was not performed
in previous studies. Recently, we developed a high per-
formance liquid chromatography (HPLC) method capable
of measuring AS, ASO, ASQO, and their corresponding
oximes and nitriles in groundwater at submilligram per
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aldicarb sulfone
(20-25 mg/kg )
Figure 1. Degradative pathways of aldicarb. Values in par-
entheses are acute oral LDy;’s for rats (after Union Carbide, 1983).

liter concentrations (Miles and Delfino, 1984). This pro-
cedure allows observation of the oxidation, hydrolysis, and
dehydration (nitrile formation) of AS in groundwater
microcosms without prior fractionation steps.

All of the previous studies, except for Trehy et al. (1984),
used unbuffered reagent grade water or buffered solutions
to determine degradation rates of AS in water. Although
such studies are useful and simplify kinetic description,
they omit many of the inorganic and organic constituents
in natural waters that may influence degradation rates and
patterns. Our goal was to study the fate of AS, ASO, and
ASO; in groundwater microcosms under conditions similar
to those found in the Floridan aquifer.

Degradation experiments were performed in aerobic and
anaerobic groundwater, in the presence and absence of
crushed limestone, and with and without native microor-
ganisms. Further experiments were designed to measure
the effect of inorganic ions on hydrolysis rate and to de-
termine the possibility for reduction of ASO and ASQO,.
Also, the potential sorption of AS, ASO, and ASO, onto
limestone was studied by using a batch equilibration
technique.

EXPERIMENTAL SECTION

All chemicals used were reagent grade or higher quality.
Distilled deionized water was obtained from a laboratory reagent
water system (Millipore Milli-Q). AS, AS oxime, ASO oxime, and
ASQ, were obtained from the United States Environmental
Protection Agency (Research Triangle Park, NC). ASO, ASO
nitrile, ASO, oxime, and ASO, nitrile were provided by Union
Carbide. AS nitrile was synthesized by M. Trehy (Trehy et al.,
1984). Stock standard solutions (ca. 4000 mg/L) of these com-
pounds were prepared in acetonitrile and stored at 20 °C when
not in use. Working standards were made periodically to maintain
accuracy and stored at 4 °C when not in use.

Raw groundwater was collected from an intake line at the
Murphree Water Treatment Plant in Gainesville, FL.. The city
wells draw water from the Floridan aquifer, some 150-160 m below
the ground, and the water contains at least 2 mg/L total hydrogen
sulfide. Anaerobic conditions were maintained by flushing 160-mL
glass bottles 5-6 times with groundwater prior to applying a
Teflon-coated crimp-seal cap. Limestone was collected from an
outcrop of the Floridan aquifer near Ocala, FL. The limestone
was crushed and sieved into three size fractions: 20-50 mesh;
50-100 mesh; >100 mesh (Tyler equivalent).
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Degradation. All sample processing was done in an atmo-
sphere of dry, filtered (0.2-um pore size and charcoal) nitrogen
(Atmosbag, Aldrich Chem. Co.) to prevent introduction of oxygen
into the anaerobic samples and to minimize microbial contami-
nation of all samples. All materials used in the bag, except
groundwater, were autoclaved (30 min, 250 °C) before use. In
some cases, groundwater was passed through 0.2-ym membrane
filters (Millipore) to remove microorganisms. Also, some bottles
were sparged with sterile air until the oxygen concentration was
about 4 mg/L (22 °C). Glass bottles (150 mL) filled with
groundwater were fortified with AS, ASO, or ASO; (ca. 2 mg/L
each) and mixed well. Small vials (2 mL, Wheaton) with and
without limestone (12 mg each, 20-50 mesh) were completely filled
with the various groundwater solutions and capped with Tef-
lon-lined crimp-seal caps. All samples were incubated in the dark
in a 20 °C water bath. Periodically, individual samples were
removed and analyzed for AS and its derivatives.

Reduction. Experiments designed to observe reduction of ASO
and ASO, followed the above sample preparation scheme with
a few modifications. Only anaerobic groundwater was tested and
some bottles were amended with 0.1% (w/v) glucose followed by
an incubation period to 22 days to increase microbial populations.
Also, some abiotic, buffered (0.1 M phosphate, pH 7.0) solutions
were fortified with ferrous iron and hydrogen sulfide to create
conditions that might be favorable for the chemical reduction of
ASO and ASO,.

Effect of Inorganic Ions. The effect of inorganic ions on the
hydrolysis rate of ASO, was measured by adding different amounts
of various salts to buffer solutions (0.020 M borate, pH 8.5)
containing 2 mg/L of ASO,. Ions tested were Na, K. Ca, Mg, Ba,
Cu", Co®, Cd™, MnY, Fel, and Fe', and all were added as chloride
salts. Also, the effect of carbonate concentration was determined
by varying the concentration of a bicarbonate/carbonate buffer
(both sodium salts, pH 10.3) while maintaining the ionic strength
at 0.10 with additions of KCl. Aerobic solutions were placed in
Teflon-sealed bottles and incubated in darkness at 20 °C. Samples
were analyzed periodically for ASO, and ASO, oxime.

Sorption. Sorption experiments were performed by adding
10.0 g of 50~100 mesh limestone to glass culture tubes followed
by 10.0 mL of aerobic groundwater that was previously equili-
brated with limestone for about 1 month. Samples were fortified
with AS, ASO, or ASO, at concentrations ranging from 0.1 to 2.0
mg/L. Samples were prepared in duplicate and controls consisted
of 10.0 mL of the same groundwater without limestone. After
shaking for 24 h, the tubes were centrifuged and supernatant was
analyzed by HPLC.

Determination of the parent compounds and their metabolites
was performed by reverse-phase HPLC (C-8 Zorbax, DuPont) by
using an acetonitrile/water mobile phase. Detection was achieved
by UV absorption at 200 nm and concentrations were measured
by comparing peak heights of standards to samples. Details of
this procedure are reported elsewhere (Miles and Delfino, 1984).

RESULTS AND DISCUSSION

Environmental parameters for the degradation experi-
ments were chosen to represent the natural biogeochem-
istry of a major aquifer in Florida (Table I). Some al-
terations of these conditions were made to help isolate the
major mechanisms for the degradation of AS, ASO, and
ASO,. These modifications included addition of air and/or
limestone and removal of native microorganisms. Initially,
we autoclaved the groundwater to achieve sterile condi-
tions, but found that degassing of CO, and H,S signifi-
cantly increased the pH of the water and modified the
degradation patterns. Thus, 0.2-um membrane filtration
was employed for removal of microorganisms in most of
the water used for our experiments although no sterility
test was performed. Anaerobic conditions were assumed
because of the presence of H,S.

An additional feature of our experimental design was
subdividing the samples into small vials. Preliminary
experiments suggested that subsampling a single large
sample bottle resulted in the introduction of oxygen into
anaerobic samples and led to microbial contamination.
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Table I. Physical-Chemical Characteristics of Floridan
Groundwater from the Murphree Water Treatment Plant,
Gainesville, FL°

parameter value(s)
temp 21-23 °C
conductivity 350-450 umho/cm
ionic strength® 0.0056-0.0072
pH 7.6-1.8
total alkalinity 170-180 mg/L as CaCO,
color 5 CPU
Ca 65-75 mg/L
Mg 19 mg/L
Na 9 mg/L
SO~ 30-70 mg/L
Crr 12-15 mg/L
F 0.35-0.37 mg/L
H,S 0.25 mg/L
Fe 0.01-0.06 mg/L
Mn 0.03-0.05 mg/L

“Raw water comes from a field of six wells ranging in depth
from 150-160 m. Data provided by plant personnel. *By u = 1.6
X 107% (conductivity as pmho/cm) (Snoeyink and Jenkins, 1980).

Table II. Sorption Study of Aldicarb, Aldicarb Sulfoxide,
and Aldicarb Sulfone on Limestone

compound KS(n=2)
aldicarb 0.05 £ 0.04
aldicarb sulfoxide 0.03%
aldicarb sulfone 0.03%

%K, = X/C = (ng/g on 10 g of limestone)/(ng/g in 10 g of
groundwater). ®No standard deviation; identical results.

Several individual vials within each set of conditions al-
lowed each sample vial to be discarded after analysis.

Sorption. Test compound-limestone equilibration ex-
periments with solutions of AS, ASO, and ASQ, in contact
with the crushed Ocala limestone showed negligible dif-
ference in soluble pesticide concentration when compared
with solutions without the limestone, indicating that
sorption was not detectable (Table II). These low values
of the sorption coefficients, K, agree with soil sorption
studies (Hornsby et al., in press) which showed that Florida
soils low in organic matter do not significantly retain AS.
Although the Ocala limestone was mostly inorganic, sig-
nificant concentrations of metals such as iron (1200 mg/kg)
could have bound these pesticides by complexation pro-
cesses. Since our experiments showed negligible sorption
of AS compounds, we assumed these effects were absent
in subsequent experiments.

Degradation. Degradation experiments showed that
one reaction mechanism in groundwater microcosms was
base hydrolysis. The conditions of the various degradation
experiments and the pseudo-first-order rate constants for
each experiment are listed in Table III. Reaction rates
decreased in the order ASO, > ASO >> AS which agree
with other studies. Porter et al. (1984) constructed graphs
of half-life vs. pH for ASO and ASQ, in buffered laboratory
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water at various temperatures and Table III shows that
our results for ASO, compare favorably with those prediced
from their graphs. This close agreement suggests that the
Carmody buffer (citrate, phosphate, and borate) used by
Porter et al. (1984) had little or no effect on the hydrolysis
rate of ASQ,. Conversely, we found faster hydrolysis rates
for ASO, which could be due to some naturally occurring
factor.

To maintain natural conditions, no buffer was used to
control pH in our initial experiments. As a result, pH
values for different test conditions varied and these pH
differences are an important consideration in interpreta-
tion of the results. Buffer-free water was used because of
the concern raised by Perdue and Wolfe (1983) over the
effect of buffer catalysis in laboratory studies of pollutant
hydrolysis reactions. Although this effect was calculated
to be minimal at low buffer concentrations, laboratory
investigations that use buffer solutions should resolve this
question with additional experiments or by appropriate
calculations.

The pH values of the various microcosms at the begin-
ning of the experiments are listed in Table III. Aeration
of groundwater in the laboratory degassed carbon dioxide
and hydrogen sulfide and caused the pH to rise to 8.5; the
same water with added limestone yielded an equilibrium
pH also at 8.5. Anaerobic groundwater showed a pH = 7.7
at the well intake but the addition of limestone (predom-
inantly CaCO;) raised the pH to 8.3. Calculations of pH
for pure water with solid CaCO; in equilibrium with a fixed
atmospheric content of carbon dioxide (0.032%) yielded
a pH of 8.4 (Stumm and Morgan, 1981). Thus, with the
exception of the anaerobic groundwater without limestone,
the microcosm solutions were near equilibrium pH values,
indicating that the pH remained relatively constant
throughout the incubation period.

Degradation rates for AS in the groundwater microcosms
were the slowest of all the compounds tested with half-lives
ranging from 38-1300 days, although some of these rates
may be imprecise due to high standard deviations re-
corded. AS degradation rates were faster in water without
limestone and in microcosms at pH 8.3—-8.5. The major
degradation product of AS observed after 40-50 days was
AS oxime. AS nitrile was not observed under any of the
conditions investigated. Most samples fortified with AS
showed small amounts of oxidation to ASO. Although this
contrasts with soil studies, the low microbe population in
groundwater relative to soil can account for this difference
and this suggests that oxidation of AS to ASO is micro-
bially mediated. Also, since both anaerobic and aerobic
samples showed only about 1% conversion of AS to ASO,
further evidence is provided that oxidation of AS is mi-
crobially mediated rather than being strictly an abiotic
chemical reaction.

ASO and ASO, degradation followed similar trends
(Figures 2 and 3). One advantage of using HPL.C with

Table II1. Pseudo-First-Order Rate Constants and Half-Lives for Degradation of Aldicarb, Aldicarb Sulfoxide, and Aldicarb

Sulfone in Groundwater Microcosms

microcosm AS ASO ASO,

conditions® pH k, days™ tys k, days™ tyz tyyg° k, days™! tys by
AF 8.5 0.018 £ 0.018 38 0.071 = 0.007 9.8 15 0.159 % 0.010 4.4 6
A 0.011 + 0.005 63 0.061 + 0.002 11.3 0.123 £+ 0.012 5.7
AFL 8.5 0.007 + 0.006 94 0.015 + 0.006 47 0.022 + 0.014 32
AL 0.015 + 0.014 44 0.020 + 0.002 35 0.027 = 0.008 26
ZF 7.7 0.011 %= 0.006 62 0.028 = 0.006 25 90 0.021 £ 0.023 33 35
Z 0.001 = 0.004 635 0.026 £ 0.007 26 0.027 + 0.003 26
ZFL 8.3 0.002 + 0.005 433 0.021 £ 0.004 32 0.014 + 0.018 49
ZL 0.001 & 0.004 1300 0.024 + 0.004 29 0.006 + 0.011° 109

%A = aerobic; Z = anaerobic; L = limestone added; F = filtered to remove microorganisms. ®QObtained from graphs in Porter et al. (1984).
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3.0
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Concentration { mg/L }
T

Aldicarb Sulfoxide Oxime

time {days)
Figure 2. Degradation of ASO in aerobic groundwater micro-
cosms at 20 °C and pH 8.5 (O = AF = 0.2 um filtered; 0 = AFL
= 0.2 um filtered with limestone; B = A = raw groundwater; A
= AL = raw groundwater with limestone).

UV detection in the AS series hydrolysis experiments
(rather than postcolumn fluorescence HPLC or the GC
technique) is that measurement of the hydrolysis products
(the corresponding oximes) can be sensitively measured
without further sample preparation. For ASO, the oxime
accounted for about 30% of the loss of the initial con-
centration while ASO nitrile only represented 10-15% of
the original fortification. Formation of other degradation
products such as alcohols, amides, aldehydes, and acids
(Union Carbide, 1983) could account for the remaining
degradation products. For ASO,, the oxime accounted for
only 10-15% of the initial loss of fortified compound. In
addition, ASO, oxime reached maximum concentrations
shortly after the start of the experiments and decreased
thereafter, suggesting that this compound is unstable in
groundwater. Formation of ASO, nitrile could account for
this difference but this species had poor detection limits
under the conditions used.

An interesting observation was that samples with ad-
dition of limestone showed rates of hydrolysis that were
4-5 times slower than those without limestone (Table III).
Since limestone (mostly CaCO;) is basic, we predicted that
limestone addition to groundwater would increase the base
hydrolysis rate. Filtered samples showed slightly faster
rates of degradation in most cases, suggesting that filtration
removed a solution component that retarded hydrolysis
(i.e., particulate limestone). Differences in pH were too
small to account for the different rates. Examination of
the hydrolysis reaction shows that carbonate is a product
in an alkaline medium. Assuming that the law of mass

A802 + 2OH— = ASOg Oxime + CH3NH2 + 0032_ (1)

action applies to this process, then addition of carbonate
to a closed system should retard the overall reaction rate.
Experiments in which the carbonate concentrations were
varied from 0.001 to 0.100 M showed that increased car-
bonate concentrations did not have a significant effect on
the hydrolysis rate of ASO,. Since the hydrolysis rate of
ASO, under the conditions tested (pH 10.3) was much

Miles and Delfino

3.0

Concentration { mg/L }

time (days)
Figure 3. Degradation of ASO, in aerobic groundwater micro-
cosms at 20 °C and pH 8.5 (O = AF = 0.2 um filtered; 0 = AFL
= 0.2 um filtered with limestone; O = A = raw groundwater; A
= AL = raw groundwater with limestone.

faster than was observed in the groundwater microcosms
(pH 8.3-8.5), the mass action effect was not readily ap-
parent. Thus, under the conditions examined, ASO, hy-
drolysis was not significantly affected by increases in
carbonate concentration.

Ionic Strength. In experiments where ionic strength
was increased by addition of sodium or calcium chloride
to buffered solutions, a significant decrease in rate was
observed (Figure 4). An increase of NaCl concentration
from 0.05 to 1.0 M decreased the hydrolysis rate by 54%.
In a similar study, Lemley and Zhong (1983) reported a
36% decrease in the hydrolysis rate of ASO,. An increase
in CaCl, concentration over the same ionic strength range
decreased the rate of hydrolysis by 82% suggesting that
divalent ions decrease hydrolysis more efficiently.

Fukuto et al. (1967) reported that rate constants for the
hydrolysis of p-nitro-N-methylcarbamate increased with
decreasing concentrations of phosphate buffer. They
postulated that phosphate anions did not participate in
the hydrolytic reaction and that the lowering of rate con-
stants with increasing ionic strength was due to a decrease
in the activity of hydroxide ion or carbamate. Also, Aly
and El-Dib (1972) reported that the half-life of Sevin
(Union Carbide) (1-naphthyl-N-methylcarbamate) in low
ionic strength water (pH 8.0, 20 °C) was 1.3 days while
Karinen et al. (1967) reported a half-life of 4 days for the
same compound in sea water at the same temperature and
pH. Thus, an increase in ionic strength significantly de-
creases the hydrolysis rate of carbamate-type pesticides
and this would be expected to be significant mostly in
estuarine or marine systems.

Perdue and Wolfe (1983) developed a mathematical
model for determining the maximum contribution of buffer
catalysis in laboratory studies of pollutant hydrolysis re-
actions. In this model, the potential significance of buffer
catalysis in aqueous solution is expressed as

kobsd/kw =1+ CB(BCF) (2)

where k.4 is the observed pseudo-first-order rate constant,
k,, is the pseudo-first-order rate constant for catalysis by
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Figure 4. The effect of ionic strength on hydrolysis rate of ASO,
in buffered, aerobic microcosms (0.020 M borate, pH 8.5, T = 20
°C). Hydrolysis rates for ASO, in 0.2 um filtered groundwater
(AF), 0.2 um filtered groundwater with limestone (AFL), raw
groundwater (A), and raw groundwater with limestone (AL) are
shown for comparison.

solvent species H;0, OH-, and H;0*, Cy is the molar buffer
concentration, and BCF is a buffer catalysis factor. When
kowed/ kw is much greater than 1, buffer catalysis can be
significant.

According to Perdue and Wolfe (1983), borate buffer at
pH 8.5 has a BCF of about 50. At a concentration of 0.020
M, Eypei/ ks is 2.0 indicating that up to 50% of the observed
hydrolysis rate can be attributed to buffer catalysis.
Comparison of the rates of ASO, hydrolysis in buffered
(z = 0.020) vs. unbuffered (u = 0.006) solutions indicates
that buffer catalysis increased the hydrolysis rate by 12%.

Groundwater and groundwater equilibrated with lime-
stone for 30 days had similar conductivity and calcium and
iron concentrations. This indicates that increased ionic
strength cannot account for slower rates in samples
amended with limestone. It appears that some other factor
associated with the added limestone significantly retards
hydrolysis.

A possible explanation of these results could be com-
plexation of the carbamoyl oximes by trace metals in the
limestone. Shih and Carr (1984) demonstrated that certain
thiocarbamates can strongly complex with metals. If this
is occurring with AS, complex formation and subsequent
dissociation could control, and therefore retard, the overall
hydrolysis rate.

To test this hypothesis, 1 X 10® M concentrations of
various metal salts (all chlorides) were added to solutions
of ASQ, in borate buffer (0.020 M, pH 8.5) and the effects
on hydrolysis were noted. No significant changes in hy-
drolysis rates were observed for the metals and conditions
tested. Apparently, some other factor or combination of
factors accounts for the significant decrease in hydrolysis
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rate observed in groundwater amended with limestone.
Further studies are needed to elucidate this mechanism
since much of Florida’s groundwater is in contact with
limestone.

Reduction. As a result of anaerobic microbial action,
many soils, sediments, and natural waters have highly
reducing environments which can transform organic
chemicals such as pesticides (Alexander, 1981). Walter-
Echols and Lichtenstein (1977) reported that phorate
sulfoxide was reduced to its phorate precursor in lake
sediment microcosms. Since AS has two oxidation prod-
ucts, we hypothesized that ASO and ASO, might be sim-
ilarly reduced. This step.would represent a toxification
enhancement mechanism, particularly in the case of ASO,.

Preliminary experiments showed that aerobic ground-
water fortified with ASO (1.88 mg/L) had an AS concen-
tration of 0.33 mg/L after 71 days, representing an 18%
reduction. AS was qualitatively and quantitatively con-
firmed by a postcolumn fluorescence HPLC technique
(Moye et al., 1977). After about 40 days, this sample
showed the presence of increased microbial growth (tur-
bidity) suggesting that microbial action was responsible
for reduction. Also, experiments in which ferrous iron and
hydrogen sulfide were added to abiotic, buffered (phos-
phate pH 7.0) solutions of ASO showed no reduction. This
further supports the microbial reduction pathway hy-
pothesis. ,

In subsequent experiments, ASO and ASO, were tested
for reduction in anaerobic Floridan groundwater with ad-
ditions of glucose and/or limestone. ASO, did not reduce
to ASO under the conditions tested, but similar retention
times of ASO and ASO, oxime in the HPLC chromato-
grams made quantitation difficult. ASO was reduced to
AS, though only in solutions with glucose added. This is
not surprising since microbial populations in raw Floridan
groundwater are often low (Dierberg, 1984). Addition of
glucose presumably increased the microbial population and
this likely enhanced the subsequent reduction reaction.
After 33 days incubation, 3% of the added ASO was re-
duced to AS in glucose-fortified groundwater, while the
same glucose amended water with limestone added showed
a 12% reduction of ASO to AS. This observation suggests
that addition of limestone promotes the reduction reaction
and this could be due to microbes on the limestone. Al-
though we autoclaved the limestone for 30 min at 250 °C,
even more extensive autoclaving of soils and sediments is
often necessary to achieve sterile conditions (Walter-Echols
and Lichtenstein, 1977).

It is interesting to compare these results with a study
on the reduction of phorate sulfoxide to phorate in soil-
lake sediment microcosms (Walter-Echols and Lichten-
stein, 1977). These investigators found that only small
amounts of phorate were produced in flooded loam soil
treated with phorate sulfoxide. However, the addition of
lake sediment to the soil system dramatically increased
reduction of phorate sulfoxide to phorate (44% in 2 weeks).
Sterilized soil-sediment microcosms had no detectable
phorate indicating that the reduction reaction was mi-
crobially mediated. Also, addition of glucose (0.5% w/w)
to the unsterilized microcosms further enhanced reduction
of phorate sulfoxide to phorate indicating that microbial
reduction depended on the supply of organic nutrients.
Finally, they found that phorate sulfone was not reduced
to phorate sulfoxide in the systems examined.

CONCLUSIONS

This study is one of the few to have observed degrada-
tion of AS, ASO, and ASQO, in a natural water maintained
close to the original field conditions. The results demon-
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strated base hydrolysis of these three compounds by
measurement of both the disappearance of the parent
carbamoyl oxime and the appearance of the corresponding
oxime. Aquifer material (limestone) did not adsorb the
test compounds although it significantly retarded the hy-
drolysis rate by a presently unknown mechanism. Fur-
thermore, oxidation of AS and ASO was shown to be minor
while reduction of ASO was observed in glucose and
limestone amended groundwater environments. This sudy
indicates that the fate of AS, ASO, and ASO; in Floridan
groundwater is a complex process. Further research is
needed to assess the environmental and toxicological im-
pact of the AS series compounds.
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