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Factors Affecting the Hydrolytic Degradation of Chlorpyrifos in Soil
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The abiotic hydrolysis of the organophosphorus insecticide chlorpyrifos was examined in 37 different
soils, which were chosen to represent a wide variety of physicochemical characteristics (e.g., pH
3.8—8.5). Samples of soil were sterilized via y-irradiation, treated with [**C]chlorpyrifos at 10 ug/
g, and incubated under standardized conditions (25 °C, field moisture capacity, darkness) for up to
4 months. Chlorpyrifos hydrolysis proceeded at a slow rate (<0.008 day™1) in acidic soils (pH < 7).
In alkaline soils, however, hydrolytic rate constants varied greatly (0.004—0.063 day~1). Corre-
sponding hydrolytic half-lives for acidic and alkaline soils ranged from 92 to 341 and 11 to 200
days, respectively. Correlation analyses indicated that soil pH was the independent variable
displaying the strongest association with hydrolytic rate constant (r = 0.55), but multiple regression
models based on combinations of this parameter with other soil properties, including phosphatase
enzyme activities, did not offer strongly predictive models for explaining the variability in Kinetics
observed (best fit r2 = 0.59). Incubation of chlorpyrifos with both sterile and nonsterile soils revealed
that although both microbial and hydrolytic mechanisms contributed to chlorpyrifos degradation
in all soils, there were clearly soils in which hydrolysis constituted the major route of degradation.
Chlorpyrifos hydrolysis was greatly accelerated under low moisture conditions, both in acidic and
alkaline soils. Additional experiments in several soils that displayed rapid chlorpyrifos hydrolysis
at 10 ug/g provided evidence that the hydrolytic reaction was inhibited at higher concentration
(1000 ug/g). Results highlight the importance but also the complex nature of the hydrolytic
breakdown of chlorpyrifos in soil. Under certain conditions (e.g., some alkaline soils, air-dry soils)
hydrolysis may be the driving factor modulating chlorpyrifos persistence.
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INTRODUCTION

Pesticide fate in the soil environment has received
much attention, due to considerations ranging from pest
control efficacy to nontarget organism exposure and
offsite mobility (leaching, surface runoff, volatility). The
kinetics and pathways of degradation have been par-
ticularly well-studied for many insecticides and herbi-
cides. Although mechanisms of pesticide degradation
in soil may be either abiotic or microbiological in nature,
it has been the latter which has received the most
research focus. There have been numerous investiga-
tions of microbial pesticide degradation in soil, and
several overviews are now available (Hill and Wright,
1978; Lal, 1984; Racke and Coats, 1990).

Abiotic pesticide degradative processes important in
soil include hydrolysis, oxidation, reduction, and pho-
tolysis (on the soil surface). Although investigations of
the significance and mechanisms of soil hydrolysis have
been conducted for several pesticides (Armstrong et al.,
1967; Smith, 1976; Chapman and Cole, 1982; Lehmann
and Miller, 1989), hydrolytic pesticide degradation in
soil has not been as thoroughly examined as other
important means of degradation (microbial degradation,
photolysis) for most pesticides. This contrasts with the
attention given to pesticide hydrolysis in water, for
which standardized hydrolysis studies (e.g., pH 5, 7, and
9 buffered water) are required for pesticide registration
in many countries (Kovics, 1983; Lynch, 1995). The
complex nature of the soil environment, in which it is
often difficult to isolate simultaneously operating deg-
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radative processes, may have discouraged more exten-
sive investigations. However, published reports indicate
that for members of several classes of pesticides (orga-
nophosphorus and carbamate insecticides, phenoxy
herbicide esters), hydrolysis may be an important if not
primary route of degradation (Konrad et al., 1969;
Getzin, 1973; Smith, 1976).

Chlorpyrifos (O,0-diethyl O-(3,5,6-trichloro-2-pyridyl)
phosphorothioate) is an organophosphorus insecticide,
and use patterns include direct soil application for
control of soil-dwelling agricultural and urban pests
(e.g., corn rootworm, subterranean termite). It pos-
sesses a low water solubility (1.39 mg/L) and high soil
sorption coefficient (av K, = 8498 mL/g) (Racke, 1993).
Typical field dissipation half-lives for soil-surface and
soil-incorporated applications at agricultural use rates
range from 1 to 2 weeks and 4 to 8 weeks, respectively
(Racke, 1993). The kinetics of chlorpyrifos dissipation
in soil have been well-studied, particularly as related
to microbial degradation and photolysis (Walia et al.,
1988; Racke et al., 1990). The hydrolytic degradation
of chlorpyrifos has been characterized in aquatic envi-
ronments (Meikle and Youngson, 1978; Macalady and
Wolfe, 1983). The most common pathway of hydrolytic
degradation of chlorpyrifos involves formation of 3,5,6-
trichloro-2-pyridinol (TCP). This reaction is accelerated
under alkaline conditions and in the presence of some
dissolved metal ions (e.g., Cu?™). However, little infor-
mation on the importance of this degradative mecha-

Cl Cl

-0 o Cl —— HO o Cl

Cl Cl
3,5,6-trichloro-2-pyridinol

S

C2Hs0_||

_P
CoHsO

chlorpyrifos

© 1996 American Chemical Society



Hydrolytic Degradation of Chlorpyrifos in Soil

nism in the soil environment has been generated. The
purpose of the present study was to determine the
relative importance of, and factors affecting, the hydro-
lytic degradation of chlorpyrifos in soil.

MATERIALS AND METHODS

Chemicals. Both radiolabeled and unlabeled chlorpyrifos
standards were utilized for the study. Analytical grade
chlorpyrifos (O,0O-diethyl O-(3,5,6-trichloro-2-pyridyl) phos-
phorothioate), AGR No. 249643, was employed in the study
(>99% purity). Radiolabeled [**C]-2,6-pyridylchlorpyrifos, spe-
cific activity of 25.5—25.6 mCi/mmol, was also used (97.2—
99.6% radiopurity). All other reagents were of analytical grade
or equivalent.

Soils. Thirty-seven different soils were used for the study
of chlorpyrifos hydrolysis. Physical and chemical character-
istics of the soils were determined at A&L Mid West Agricul-
tural Laboratories and are summarized in Table 1. Soils were
collected primarily from the United States (32) and Canada
(4), with one Brazilian soil included. Soils were chosen to
represent a wide range of types and characteristics, and
inclusion of soils with a broad range of pH values (3.8—8.5)
was desired. All soils were surface samples (0—15 cm)
collected in the field and passed through a 2 mm sieve to
remove debris. Prior to use, soils were stored in a moist
condition (i.e., not allowed to air dry) in a cooler at ap-
proximately 4 °C. Although time between collection and
experimental start varied between individual soils, it was
hoped that maintainenance under these conditions (moist, cool)
would minimize changes potentially impacting hydrolytic
mechanisms of degradation.

Soil Phosphatase Enzyme Assays. Exogenous enzymes
of plant and microbial origin are often entrained in soil organic
matter and retain activity for long periods of time (Skujins,
1976). One class of enzymes, the phosphatases, are involved
in the hydrolysis of various phosphorus esters (Eivazi and
Tabatabai, 1977). At least one research group has reported a
correlation between soil phosphatase activity and degradation
of organophosphorus insecticides (Sikora et al., 1990). There-
fore, to assess the potential utility of soil enzymes in predicting
the hydrolytic degradation of chlorpyrifos, a selected subset
of soils was characterized for soil phosphatase enzyme activi-
ties. The typical procedure for assay of a specific soil enzyme
is to incubate soil with a suitable substrate and then monitor
the rate of substrate disappearance with time as an indicator
of enzyme activity. Acid and alkaline phosphomonoesterases,
phosphodiesterase, and inorganic pyrophosphatase activities
were assayed as described by Tabatabai (1982). Substrates
used for phosphomonesterases, phosphodiesterase, and pyro-
phosphatase were p-nitrophenyl phosphate, bis(p-nitrophenyl)
phosphate, and pyrophosphate, respectively. Phosphotri-
esterase activity was assayed, with modification, according to
the method of Eivazi and Tabatabai (1977). The major
modification to this method involved sustitution of methyl
parathion as the substrate, which was more similar in
structure to chlorpyrifos yet still yielded an easily measured
chromophore (p-nitrophenol) upon hydrolysis. Since most of
these enzyme assays can be rapidly conducted and are
amenable to automation, it was envisioned that any of the
assays which proved to be predictive of chlorpyrifos hydrolysis
rate might then be useful from a diagnostic standpoint in
identifying soils with unusually high activities toward chlor-
pyrifos.

Soil Sterilization. In most experiments, sterilized soils
were used for study of chlorpyrifos hydrolysis to eliminate
interferences due to microbial degradation. The method for
soil sterilization selected was y-irradiation, since this method
has proven to be minimally disruptive to the soil organic
matter and its exogenous enzyme systems (Skujins, 1976; Wolf
et al., 1989). Soils were sterilized for 4.1—4.5 h using a ¢°Co
irradiation source (total dose = 5 mrad) at the Phoenix
Memorial Laboratory on the University of Michigan campus.
Sterility checks were conducted on selected samples by asepti-
cally inoculating trypticase soy broth (BBL) in a 25 mL
Erlenmeyer flasks with ~50 mg aliquots of soil. Inoculated
broth was incubated at 25 °C in darkness for up to 3 days,
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and a growth/no growth determination made. Results with
sterilized soils were compared to growth in broth samples
inoculated with nonsterile soils.

Hydrolysis of Chlorpyrifos in Select Soils. In the first
experiment, the hydrolytic degradation of chlorpyrifos was
examined in a suite of 37 different soils (Table 1). Four gram
(dry wt basis) aliquots of soil were weighed into a set of five
25 mL glass centrifuge tubes and sterilized. A 30 uL spike of
[*4C]chlorpyrifos (1 «Ci) in acetone was subsequently applied
to each soil to achieve a nominal application concentration of
10 ug/g (ppm) chlorpyrifos. After the acetone had evaporated
and soil had been asceptically mixed, sterilized distilled water
was added to reach 75% of 0.3 bar soil moisture. Capped tubes
with soils were incubated in darkness at approximately 25 °C
until sampled. Samples were removed from the incubator and
analyzed for chlorpyrifos and its degradates on the day of
chlorpyrifos application and after 7 and 15 days. The final
two samples for each soil were analyzed after 60—61 and 120
days, or 30—32 and 44—46 days, depending on whether the
rate of degradation over the first 15 days had been slow or
rapid (<75% chlorpyrifos remaining at 15 days), respectively.
It should be noted that the observed rate of chlorpyrifos
hydrolytic degradation in this experiment, although not con-
founded by soil microbial activities, would potentially represent
the net result of multiple mechansisms (e.g., base catalysis,
surface-induced, extracellular soil enzyme catalysis).

Relative Importance of Hydrolytic Degradation. The
second experiment involved comparison of the relative impor-
tance of hydrolytic versus microbiological degradation of
chlorpyrifos in soil. For this comparison, sterile and nonsterile
samples of nine different soils (M259, M275, M296, M297,
M299, M302, M310, M320, and M335) were treated with
chlorpyrifos for examination of its persistence. The soils were
selected, based on results of the first experiment, to include
those displaying a wide range of hydrolysis kinetics (Table 2).
Aliquots of each soil (4 g dry wt basis) were weighed out into
sets (4 ea) of 25 mL glass centrifuge tubes. Duplicate tubes
of each soil were sterilized, with the remaining tubes unster-
ilized. Soils were treated with [**C]chlorpyrifos as described
previously and incubated in darkness (75% of 0.3 bar soil
moisture) at approximately 25 °C. In order to provide radio-
carbon material balance and trap any #CO; generated by
microbial mineralization of [**C]chlorpyrifos, each tube con-
taining nonsterile soil was placed within glass soil biometer
flasks (Laskowski et al., 1983). These flasks contained a
separate compartment for volatile product trapping solution
(100 mL of 0.2 N NaOH) and were hooked up to an oxygen
manifold under slight positive pressure to maintain aerobic
conditions. After 45 days of incubation, all samples of sterile
and nonsterile soil were removed from the incubator and
analyzed for chlorpyrifos and metabolites remaining in soil.
In addition, soils incubated under nonsterile conditions were
analyzed for unextractable, soil-bound residues remaining
after solvent extraction. These residues represent microbial
incorporation of [**C]chlorpyrifos radiocarbon into the soil
biomass and organic matter fraction (Racke, 1993).

Effect of Soil Moisture on Hydrolysis Rate. There have
been previous reports of rapid chlorpyrifos degradation occur-
ring in air-dry soils (Getzin, 1981b; Miles et al., 1984). To
investigate the effect of soil moisture on chlorpyrifos hydroly-
sis, an additional treatment was added to the previous
experiment. Duplicate, sterile aliquots of the same nine soils
were allowed to air dry for several days under ambient
conditions prior to treatment with [**C]chlorpyrifos. The
samples were otherwise treated identically as previously
described, and sample analyses occurred after 45 days of
incubation. Air dry moisture levels for the soils are shown in
Table 1.

Effect of Application Rate on Hydrolysis. For agricul-
tural use patterns, initial chlorpyrifos concentrations in surface
soil are typically on the order of 1-10 ug/g (Racke, 1993).
However, termiticidal use results in initial soil concentrations
of 1000 ug/g or greater. Extended chlorpyrifos persistence has
been reported under these conditions, and this has at least
partially been attributed to inhibition of microbial activity
(Racke et al., 1994). The potential effect of initial chlorpyrifos
concentration in soil on its rate of hydrolysis was determined
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Table 2. Chlorpyrifos Hydrolysis Rate and Phosphatase? Enzyme Activities in Test Soils

hydrol acid Alkaline
hydrol K half-life Prase P'ase pyro-P'ase Diester-P'ase Triester-P'ase
soil (days™1) (days) std dev (ug/h) (ug/h) (ug/5 h) (ug/h) (19/48 h)

P1 0.0043 163 0.0005 287 167 109 97 30
P3 0.0023 307 0.0005 196 7 66 19 24
P8 0.0029 240 0.0005 486 23 47 22 12
P25 0.0029 236 0.0003 431 62 291 33 24
P32 0.0075 92 0.0003 70 22 20 14 37
P33 0.0020 341 0.0002 153 5 41 13 24
P66 0.0188 37 0.0016 16 123 9 19 9
P81 0.0122 57 0.0021 365 406 245 78 11
M157 0.0298 23 0.0013 27 188 5 34 34
M178 0.0049 141 0.0003 166 205 95 54 36
M180 0.0383 18 0.0010 38 167 21 46 41
M185 0.0626 11 0.0075 179 376 116 112 39
M211 0.0035 197 0.0001 329 32 124 25 37
M235 0.0046 151 0.0002 76 42 23 76 28
M259 0.0070 100 0.0007 380 14 105 21 67
M274 0.0060 115 0.0003 48 167 13 30 45
M275 0.0082 85 0.0013 46 179 8 41 36
M277 0.0023 297 0.0001 601 221 234 140 87
M296 0.0222 31 0.0015 NDP ND ND ND ND
M297 0.0035 200 0.0001 141 6 40 8 41
M299 0.0238 29 0.0039 71 46 25 42 52
M302 0.0058 119 0.0005 119 340 39 95 81
M305 0.0096 72 0.0008 94 475 28 98 43
M307 0.0144 48 0.0008 ND ND ND ND ND
M308 0.0182 38 0.0024 ND ND ND ND ND
M309 0.0069 100 0.0004 ND ND ND ND ND
M310 0.0403 17 0.0035 66 225 24 56 81
M311 0.0136 51 0.0009 154 383 65 89 37
M313 0.0299 23 0.0014 22 132 9 27 42
M314 0.0066 106 0.0003 17 101 0 38 12
M315 0.0024 291 0.0003 61 4 12 3 42
M320 0.0256 27 0.0013 ND ND ND ND ND
M341 0.0035 200 0.0008 ND ND ND ND ND
M367 0.0055 126 0.0007 ND ND ND ND ND
M370 0.0157 44 0.0013 ND ND ND ND ND
M375 0.0315 22 0.0044 ND ND ND ND ND
M379 0.0305 23 0.0017 ND ND ND ND ND

a Phosphatase (substrates): acid phosphatase (p-nitrophenyl phosphate), alkaline phosphatase (p-nitrophenyl phosphate), pyrophos-
phatase (pyrophosphate), phosphodiesterase (bis-(p-nitrophenyl) phosphate), phosphotriesterase (methyl parathion). All units given in

quantity of product formed per unit time. ® ND = not determined.

in soils that had demonstrated rapid hydrolysis of chlorpyrifos
in the first experiment (i.e., M185, M299, M310, M313, M320).
For each soil, 4 g aliquots were weighed out into each of four
25 mL glass centrifuge tubes and then sterilized. Half of these
soils were subsequently treated with [**C]chlorpyrifos (1 uCi)
at 10 ug/g and half at 1000 x«g/g. As in the first experiment,
soils were incubated in darkness at 75% of 0.3 bar soil moisture
and 25 °C. Samples were removed from the incubator and
analyzed for chlorpyrifos and its metabolites after approxi-
mately 44—47 days of incubation. Additional samples of soils
treated at 1000 u«g/g were also incubated for 180 days.

Analysis of Chlorpyrifos and Metabolites. Soils treated
with [**C]chlorpyrifos were extracted with 10 mL of acidified
acetone (98% acetone, 1% water, 1% concentrated phosphoric
acid) to determine extractable residues of chlorpyrifos and
metabolites (av chlorpyrifos recovery = 101.68 + 3.67). A 10
mL aliquot of extraction solvent was added to soil samples in
25 mL glass centrifuge tubes and shaken for 4 h. After 15
min of centrifugation at around 2000 rpm, the extract was
decanted into a glass vial. Quantitative analysis of radiocar-
bon in soil extracts was conducted on duplicate 1 mL aliquots
via liquid scintillation counting (LSC).

Extracts were also analyzed qualitatively by high-perfor-
mance liquid chromatography (HPLC) to determine the rela-
tive proportions of chlorpyrifos and metabolites present. A
Waters HPLC instrument was used for the analyses under the
following conditions: uBondapak Cis column (0.8 diameter x
10 cm length), 100% solvent A (water:acetonitrile:glacial acetic
acid, 90:10:0.5) to 100% solvent B (acetonitrile:water:glacial
acetic acid, 90:10:0.5) in 20 min, flow rate of 1.5 mL/min.
Samples of 0.1—0.5 ml were injected. Detection of standards
was by UV absorbance at 300 nm, and detection of radiolabeled
standards and soil extract constituents was by on-line radi-

omonitor (Raytest Ramona Flow-Through Detector). Known
standards were injected each day for identification purposes.
The retention times of chlorpyrifos and its primary soil
metabolite, 3,5,6-trichloro-2-pyridinol (TCP), under these con-
ditions were approximately 26 and 18 min, respectively.

In the few cases in which viable, nonsterile soils were used,
unextractable residues (soil-bound) remaining in soil after
solvent extraction were quantified by combustion of aliquots
(~1 g) of soil to *CO, using a Harvey biological sample
oxidizer. For volatile traps (0.2 N NaOH), duplicate aliquots
(1 mL) were taken for direct analysis of entrained **CO; by
LSC.

Calculations and Statistical Methods. The degradation
of chlorpyrifos was assumed to be pseudo-first-order. First-
order rate coefficients were estimated by linear regression
(SAS) of the logarithmically-transformed concentration data
versus time (SAS is manufactured and sold by SAS Institute
Inc., Cary, NC 27513). The kinetic data was also regressed
against a first-order degradation model using SimuSolv simu-
lation and estimation software. (SimuSolv Modeling and
Simulation Software was formerly manufactured and sold by
the Dow Chemical Co. through Mitchell and Gauthier Associ-
ates Inc., Concord, MA. The product is no longer sold outside
of Dow.) First-order rate coefficients were obtained for each
of the 37 soils by both methods. In most cases, the values
obtained with the aid of SimuSolv were not significantly
different than the values obtained by linear regression. The
most noticeable deviations were for soils M185 and M307. In
the case of soil M185, the estimate from SimuSolv was 145%
of the estimate from linear regression, but in the case of soil
M307, the SimuSolv estimate was only 24% of the estimate
from linear regression. The differences between the rate
coefficients estimated by SAS and SimuSolv may have resulted
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from the different optimization functions to estimate param-
eters in the two packages. SAS minimizes the squares of the
differences between experimentally observed values and the
model prediction. Thus, data were linearized by logarithmic
transformation of the concentrations in order to use such a
linear model. In contrast, SimuSolv maximizes the log of a
likelihood function. This method is one way of maximizing
the probability that a set of experimental data would be
obtained experimentally given an assumed physical model, its
parameter values, and the form of the error. SimuSolv
numerically integrates differential equations, so it is not
necessary to transform the data in order to end up with a
linear model. For sake of consistency, the rate coefficient
estimates from SimuSolv regression were used for data
analysis.

Following a soil property correlation analysis, chlorpyrifos
hydrolysis rate coefficients from the 37 soils were regressed
using the models shown below:

k, = f(pH, pH2, % silt, % clay, % FC, % OM, CEC,
K, Mg, Ca, Zn, Mn, Fe, Cu) (1)

k, =

f(pH, pH2, acid p'ase, alkaline p'ase, pyrophos'tase, ...)
@

The first model incorporated only physical/chemical soil prop-
erties in an attempt to explain chlorpyrifos hydrolytic behavior
in the set of soils. The second model included soil pH and
activity levels of various phosphatase enzymes. Given that
the rate coefficients of chlorpyrifos degradation in water could
be empirically modeled as a quadratic function of pH, the
standard first-degree regression model was augmented with
a second-degree term for pH in the first model. In light of the
obvious colinearity between sand, silt, and clay values, only
the silt and clay values were used in the model. All correlation
and regression analyses were performed using SAS software.

RESULTS AND DISCUSSION

Hydrolysis of Chlorpyrifos in Select Soils. Ob-
served chlorpyrifos hydrolysis rates varied greatly from
soil to soil, as shown in Table 2. Hydrolytic rate
constants ranged from 0.0020 to 0.0626 day ! (31-fold),
which correspond to hydrolysis half-lives of 341 and 11
days, respectively. The range of these hydrolytic deg-
radation rates obtained in sterilized soils is somewhat
lower than overall degradation rates reported in soils
maintained under similar (temperature, concentration,
moisture), but nonsterile, laboratory conditions. The
range of reported aerobic soil degradation half-lives from
various studies was 5—141 days (Racke, 1993). Pre-
sumably, this difference may be attributed to the
elimination of microbial degradation as an additional
mechanism of degradation in the sterile soils employed
in the current study.

In aqueous solutions, chlorpyrifos hydrolysis is pri-
marily attributed to base catalysis, and thus pH has
been viewed as an important variable controlling hy-
drolytic degradation rate (see Figure 1). An examina-
tion of soil pH values (Table 1) and hydrolytic rate
constants (Table 2) for chlorpyrifos from the present
study indicates that observed hydrolysis rates in soil
displayed some loose relationship to pH. The lowest
rates of chlorpyrifos hydrolysis were observed in soils
with acidic to neutral pH values (pH < 7). Hydrolytic
rate constants in these 13 soils (P1, P3, P8, P25, P32,
P33, M178, M211, M235, M259, M277, M297, M315)
ranged from 0.0020 to 0.0075 day~? (half-lives of 92—
341 days). For alkaline soils (pH > 7), however,
hydrolytic rate varied greatly (0.0035—0.0626 day™1).
Thus, although several of the soils displaying the most
rapid hydrolysis rates were alkaline (M185, pH 7.8;
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Figure 1. Relationship of chlorpyrifos hydrolysis rate and
water pH. Data from Meikle and Youngson (1978), Chapman
and Cole (1982), and McCall (1986).
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Figure 2. Relationship of chlorpyrifos hydrolysis rate and soil
pH.

M180, pH 7.7; M310, pH 7.9), comparably alkaline soils
(M302, pH 7.6; M305, pH 7.9; M314, pH 7.7; M367, pH
8.2) exhibited much lower rates of chlorpyrifos hydroly-
sis. This can be clearly seen from Figure 2, in which
hydrolytic rate constants are plotted versus soil pH.

Direct comparison of the observed relationship be-
tween matrix pH and hydrolysis rate reveals some
interesting differences between the hydrolytic behavior
of chlorpyrifos in aqueous (Figure 1) and soil systems
(Figure 2). It is evident that the rate of chlorpyrifos
hydrolysis in most soils was significantly slower than
that observed in water maintained at a similar pH.
Chlorpyrifos residues present in moist soil are parti-
tioned between the sorbed and dissolved state, and with
a relatively high sorption coefficient (av Koc = 8498 mL/
g), much of the chlorpyrifos applied to the study soils
would have been sorbed to organic and mineral compo-
nents at any point in time (Racke, 1993). Past research
on chlorpyrifos in sediment/water systems resulted in
the recognition that chlorpyrifos in the sorbed state is
much less (~10-fold) susceptible to base-catalyzed hy-
drolysis than dissolved chlorpyrifos (Macalady and
Wolfe, 1985). Thus, the general retardation of (presum-
ably base-catalyzed) hydrolysis of chlorpyrifos in soils
in the present study would be consistent with the
sorption effect predicted by this earlier work in sedi-
ment/water systems.

Although the apparent sorption-related retardation
of chlorpyrifos hydrolysis was evident in most soils,
there were several soils which either displayed no
decreased hydrolysis rate versus that for water at
similar pH (M157, M299, M375, M379) or actually
exhibited a greater-than-predicted rate of hydrolysis
(M180, M185, M310). All of these soils were alkaline
in nature and most were strongly so (pH = 7.7).
Although it is not possible to conclusively identify the
underlying cause, likely explanations would be that
additional soil factors influencing base-catalyzed hy-
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drolysis were operational (e.g., moisture availability) or
that additional hydrolytic mechanisms were involved.
In addition to base catalysis, other demonstrated or
theorized mechanisms for chlorpyrifos hydrolysis in soil
have included metal ion catalysis, heterogeneous surface
catalysis, and soil enzyme catalysis (Mortland and
Raman, 1967; Getzin, 1981b; Sikora et al., 1990; Tor-
rents and Stone, 1994).

Chlorpyrifos Hydrolysis and Physical/Chemical
Soil Properties. Physical and chemical characteristics
of soils in which chlorpyrifos hydrolysis was examined
are listed in Table 1. Due to the inadequacy of soil pH
alone to provide a comprehensive explanation of the
hydrolytic behavior of chlorpyrifos, regression analyses
were conducted to determine whether consideration of
other soil properties (e.g., texture, exchangeable cations)
would clarify the hydrolytic behavior of chlorpyrifos. The
model equation (1), which incorporated the measured
chemical/physical properties, was proposed as a means
of explaining the variance in hydrolysis rate coefficients.
The basis for the model was the quadratic relationship
of hydrolysis rate constant to pH in water.

For each soil, 14 physical/chemical properties were
available. A correlation table of the properties was
prepared so an assessment of the collinearity of the
properties, and therefore their usefulness as indepen-
dent predictors of the rate coefficients, could be made.
As Table 3 demonstrates, some of the soil properties
were strongly correlated. For example, the silt, sand,
and clay values were correlated as expected. The
correlation patterns for the other properties were less
predictable, so all of the properties were used for the
regression model.

Regression of the rate coefficient estimates against
the first model gave a ranked order of significant effects
shown below. All other effects were not significant at
the 90% confidence level.

factor F value probability > F
silt 11.21 0.0028
potassium 4.15 0.0534
pH?2 3.77 0.0646
iron 3.60 0.0703
magnesium 3.44 0.0764

Increasing silt fraction and pH (alkalinity) were
associated with an increased rate of hydrolysis, whereas
higher levels of potassium, iron, and magnesium were
associated with retarded rate of hydrolysis. However,
a model containing these five terms accounted for only
slightly more than half of the variation in the rate
coefficients (r2 = 0.59). As indicated in the correlation
matrix (Table 3), these five factors generally had cor-
relation coefficients of 0.3—0.4 between them. This
situation significantly lessened the ability to estimate
the effect of each factor independently and also de-
creased the quality of the overall model. Nonetheless,
the apparent dependence of the rate coefficients on silt
fraction may be an expression of an overall dependence
on the levels of some combination of these specific
cations. Further investigation of silt fraction as a
predictor of hydrolysis rate coefficients by a means test
on the textural class (Table 1) showed that silt loam was
the only soil textural class to be significantly different
(at the 95% confidence level) from the others.

The value of multiple regression models based on
commonly measured physical and chemical properties
in predicting chlorpyrifos hydrolytic behavior in soil
appears limited. None of the models tested proved
robust enough (i.e., high r?) to explain an exceptionally
high proportion of the variability in chlorpyrifos hy-

Table 3. Correlation Matrix of Soil Properties, Phosphatase Enzyme Activities, and Chlorpyrifos Hydrolysis Kinetics

Fe Cu AcdP  AlkP PyrpP DieP  TrieP
-0.41

-0.21

Zn Mn
—-0.14

Ca

Mg

Sand  Silt Clay SMF  pH pH2 OM  CEC
-0.16

HydK

—0.22 0.15 0.15

0.34

0.22

0.18 0.07 0.42 -0.12

0.36

—0.51 0.52 0.24 0.04 0.55 0.39

1.00

HydK
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drolysis rate constants observed. Although efforts to
assemble predictive models for pesticide hydrolysis in
soil are lacking, a number of researchers have at-
tempted to use soil properties to predict overall degra-
dation (abiotic + microbiological) rates (Meikle et al.,
1973; Kuwatsuka and lgarashi, 1975; Walker and
Thompson, 1977; Frehse and Anderson, 1983; Walker
et al., 1983; Allen and Walker, 1987; Lehmann et al.,
1992). In most of these cases, some degree of correlation
between pesticide degradation rate and one or more soil
properties was observed. For example, Walker et al.
(1983) reported significant multiple regression correla-
tions with models containing combinations of soil pH,
clay content, and organic carbon (r = 0.777—0.799) for
simazine degradation in 16 soils. Likewise, based on a
study of flumetsulam degradation in 21 soils, Lehmann
et al. (1992) reported that a model based on soil pH and
organic carbon gave a reasonable prediction of soil
degradation behavior (r2 = 0.67). In a few cases,
researchers have found pesticide degradation not to be
reasonably predicted by any single soil property or
combination thereof. Such was true of studies on
degradation of picloram in 11 soils (Meikle et al., 1973)
and propyzamide in 18 soils (Walker and Thompson,
1977). One shortcoming of these past studies was the
inability to distinguish between microbially-mediated
degradation and abiotic hydrolysis; more predictive
models of either mechansism may have emerged had
this been taken into account.

Although the present work with chlorpyrifos soil
hydrolysis provided some evidence of the influential
nature of selected individual and combinations of soil
properties, no strongly predictive model emerged. Thus,
a conclusion similar to that arrived at by Allen and
Walker (1987) in studies on soil degradation of several
herbicides would be appropriate: “Although statistically
significant correlations between rates of degradation ...
and various soil properties were obtained, the relation-
ships were generally not sufficiently simple to be used
as a means of forecasting degradation and hence
persistence in practice”. The reasons for the lack of
ability to provide predictions for even the seemingly
“simple” reaction of chlorpyrifos soil hydrolysis may, as
already mentioned, relate to the operation of multiple
hydrolytic mechanisms (Mortland and Raman, 1967,
Getzin, 1981b; Sikora et al., 1990; Torrents and Stone,
1994).

Chlorpyrifos Hydrolysis and Phosphatase Soil
Enzyme Activities. Soil activity levels of five phos-
phatase enzymes were determined in 27 of the 37 soils
in which chlorpyrifos hydrolysis was investigated, and
the results are listed in Table 2. As was the case with
chlorpyrifos hydrolysis rate, activity levels of the various
phosphatases differed greatly among the test soils. The
soil displaying the highest activity levels for several of
the phosphatase enzymes was the one (M277) with the
highest organic matter content (5.9%). Significant
correlations between activity levels of some of the
phosphatase enzymes and certain soil properties (e.g.,
soil pH versus acid phosphomonoesterase; soil organic
matter versus phosphodiesterase), and some of the
phosphatase enzymes themselves (e.g., acid phospho-
monesterase versus pyrophosphatase; alkaline phospho-
monoesterase versus phosphodiesterase) were noted.
However, none of the soil phosphatase enzyme activities
individually displayed a significant correlation with
chlorpyrifos hydrolysis rate (Table 3). The major dif-
ference among the phosphatase enzymes is the type of
phosphate ester substrates they characteristically are
most active in hydrolyzing. The soil enzyme class that
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would be most likely to effectively hydrolyze organo-
phosphorus insecticides such as chlorpyrifos would be
the phosphotriesterases. Assays for phosphotriesterase
activity in the test soils utilized the organophosphorus
compound methyl parathion, and not only was hydroly-
sis of this compound not correlated with observed
hydrolysis of chlorpyrifos but phosphotriestrase activity
displayed much lower variability between soils (10-fold)
than that observed for chlorpyrifos (31-fold).

In addition to the correlation analysis, regression
analyses were conducted to determine whether consid-
eration of all soil enzyme activities would clarify the
hydrolytic behavior of chlorpyrifos. The model equation
(2), which incorporated the measured soil phosphatase
enzyme activities, was proposed as a means of explain-
ing the variance in hydrolysis rate coefficients similarly
to the model (1) which incorporated only soil physical/
chemical properties. The basis for this second model
also was the quadratic relationship of hydrolysis rate
constant to pH in water. Regression of the rate coef-
ficient estimates against this second model, which
incorporated soil phosphatase enzyme activities, gave
no significant effects other than pH.

The lack of any discernible relationship between the
rate of chlorpyrifos hydrolysis and soil phosphatase
enzyme activities indicates that these enzymes do not
likely represent an important mechanism of chlorpyrifos
degradation in soil, nor do they offer value in predicting
its rate of hydrolytic degradation. This is in contrast
to the work of Sikora et al. (1990), which suggested that
an accelerated degradation of organophosphorus insec-
ticides, including chlorpyrifos, was correlated with
increased soil phosphatase activity. There are several
reasons which might explain the lack of any apparent
soil phosphatase enzyme activity toward chlorpyrifos.
First, chlorpyrifos is a highly sorbed compound, and as
such would tend to have low availability for soil solution
interactions. Published reports to date have generally
found that substrates present in the sorbed state are
enzymatically degraded at lower rates than substrates
which are freely dissolved (Wolfe et al., 1990). Second,
previous work with microbial and extracellular soil
enzymes capable of hydrolyzing other organophosphorus
compounds has revealed that these enzymes possess
only low-to-moderate hydrolytic activity toward chlor-
pyrifos (Getzin and Rosefield, 1968; Dumas et al., 1989).
For example, although bacterially-produced parathion
hydrolase effected the rapid hydrolysis of parathion,
paraoxon, coumaphos, and triazophos, the enzymatic
hydrolysis of several other organophosphorus com-
pounds, including chlorpyrifos, was found to proceed
much more slowly (Munnecke, 1977; Dumas et al.,
1989). The work of Dumas et al. (1989) also confirmed
the lack of close association between methyl parathion
and chlorpyrifos hydrolysis; parathion hydrolase Vmax
was over 2 orders of magnitude greater for the former
versus the latter compound.

Relative Importance of Hydrolytic Degradation.
To investigate the relative importance of hydrolytic
degradation versus microbial degradation, a comparison
of chlorpyrifos degradation in sterile and nonsterile
samples of nine soils was made. Recoveries of chlorpy-
rifos and degradates after 45 days incubation are shown
in Table 4. For sterile soils, extractable chlorpyrifos and
TCP represented virtually complete radiocarbon recov-
ery, and neither soil-bound residues nor “CO, were
monitored. For nonsterile soils, in contrast, consider-
able quantities of both 4CO; (3.1—34.3%) and soil-bound
residues (11.4—23.6%) were formed. The pathway of
chlorpyrifos degradation in soil has been reported in
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Table 4. Recovery of Chlorpyrifos and Degradates from
Sterile (ST) and Nonsterile (NS) Soils 47 Days after
Application of 10 ug/g [*C]Chlorpyrifos

ST/INS
soil- degradation
soil  chlorpyrifos TCP bound !4CO; ratiod

14C Recovered in % of Applied (std dev)

P33 0.22
ST 86.5(1.5) 11.3(15) ND ND
NS 38.0(24) 30.7(17.7) 213 1238

M259 0.26
ST 79.3(4.9) 26.8(1.3) ND ND
NS 21.2(0.3) 54.8(2.0) 155 117

M275 0.39
ST 68.6(14.6) 27187 ND ND
NS 18.9(0.3) 73.2(0.3) 224 3.2

M296 0.74
ST 29.4(3.3) 73.1(42) ND ND
NS  4.9(05) 90.000.7) 165 3.1

M297 0.20
ST 845(1.8) 11.7(1.0) ND ND
NS 21.3(09) 156(4.0) 229 343

M299 0.74
ST 29.1(13.9) 55.6(1.6) ND ND
NS  4.0(0.3) 76.3(0.7) 236 65

M302 0.63
ST 47.8(0.5) 27.8(0.1) ND ND
NS 17.6(0.3) 68.2(1.3) 23.0 3.7

M310 0.80
ST 22.0(134) 76.1(95  ND ND
NS  27(05) 853(09) 114 54

M320 0.70
ST 32.4(0.2) 67.308) ND ND
NS  3.7(0.3) 74.1(0.2) 209 6.2

a8 ST/NS ratio = (% chlorpyrifos degraded in ST)/(% chlorpyrifos
degraded NS).

previous research to involve initial formation of TCP by
several mechanisms (hydrolysis, photolysis, microbial
activity) followed by microbial transformation of this
primary degradate to yield mineralized and soil-organic
matter incorporated carbon (Racke, 1993).

A comparison of chlorpyrifos recovery from sterile and
non-sterile soils reveals that, in each individual soil,
chlorpyrifos degraded more extensively in the presence
of an active soil microbial population (Table 4). Thus,
both microbial degradation and abiotic transformation
(i.e., hydrolysis) were significant mechanisms of chlor-
pyrifos degradation. This finding is consistent with
most previous investigations which have reported chlor-
pyrifos degradation to occur more rapidly in nonsterile
versus sterilized samples of the same soils (Getzin and
Rosefield, 1968; Miles et al., 1979; Getzin, 1981a; Miles
et al.,, 1983; Miles et al., 1984; Racke et al., 1990). For
example, Getzin (1981a) reported that chlorpyrifos half-
lives were 1.7—2.7-fold greater in sterilized (autoclaved)
samples of Chehalis clay loam and Sultan silt loam soils
than in comparable, nonsterile samples. In contrast,
several investigators have reported no apparent micro-
bial contribution to chlorpyrifos degradation in some
soils (Jones and Hastings, 1981; Yoshioka et al., 1991).

Although both microbial degradation and abiotic
hydrolysis contributed to the chlorpyrifos degradation
observed in the present study soils, there were obvious
differences in degree of contribution between soils. In
one group of soils (P33, M259, M275, M297), the great
majority of chlorpyrifos persisted in sterile soils after
47 days (68.6—86.5%), but substantially less was recov-
ered from nonsterile soils (18.9—39.0%). These same
soils had displayed somewhat longer hydrolytic half-
lives in the previous experiment (85—341 days). In
contrast, much less chlorpyrifos (22.0—47.8%) was
recovered after 47 days from sterile samples of the other
soils tested (M296, M299, M302, M310, and M320), and
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Figure 3. Chlorpyrifos recovery from soil 47 days after its
application to sterile air-dry and field moist soils: (solid bars)
air-dry; (slashed bars) field moist.
thus less of a difference was noted in the companion,
nonsterile samples. Examination of the ratio in each
soil of “% chlorpyrifos degraded under sterile conditions”
versus “% chlorpyrifos degraded under nonsterile condi-
tions” (ST/NS degradation ratio in Table 4) reveals that
two rough groupings of soils could be made. One group,
with small ST/NS (<0.40), represented soils in which
hydrolysis was relatively slow and microbial degrada-
tion was the predominant mechanism of degradation.
The other group, with large ST/NS (>0.60), were those
soils in which hydrolysis proceeded rapidly enough to
constitute the major mechanism of chlorpyrifos degra-
dation. A clear implication for predictive models of
chlorpyrifos behavior in soil is that both hydrolytic and
microbiological aspects of degradation would need to be
considered. Given the incidental (i.e., cometabolic) mode
of chlorpyrifos microbial degradation in soil (Racke et
al., 1990), it is possible that some measure of general
soil microbial activity (e.g., biomass) might add accuracy
to any predictive model that would be assembled to
include both routes of chlorpyrifos breakdown.

Effect of Soil Moisture on Hydrolysis Rate. The
effect of soil moisture on the hydrolytic degradation of
chlorpyrifos was investigated in both field moist and air-
dry samples of nine soils (sterile). Field moisture
capacities for these soils ranged from 7.1—26.3% water
content and air-dry moisture capacities from 0.4—3.0%.
These extremes in moisture were chosen on the basis
of earlier work which had shown little significant
differences in chlorpyrifos degradation in soil main-
tained at a range of moistures greater than air-dry
(Tashiro and Kuhr, 1978; Afifi and Kansouh, 1980;
Shaaban et al., 1981; Getzin, 1981a). Results of the
present investigation are shown in Figure 3, and they
revealed that in each of the nine soils tested chlorpyrifos
recovery after 47 days of incubation was much reduced
in soil maintained at air-dry versus field moisture
capacity conditions. This rapid hydrolysis occurred even
in the soils (P33, M259, M275, and M297) in which
relatively little hydrolysis occurred under the moist
conditions. The rapid degradation of chlorpyrifos ob-
served in air-dry soils is consistent with results from
previous investigations (Getzin, 1981b; Miles et al.,
1984; McCall et al., 1984).

Published reports have documented accelerated hy-
drolytic degradation in dry soil for several other OP
insecticides, including parathion, pirimiphos-ethyl, and
ronnel (Rosenfield and van Valekenburg, 1965; Mingel-
grin et al., 1975; Saltzman et al., 1976). Explanations
of the mechanism of hydrolysis of OP’s under these
conditions have focused on the clay mineral fraction in
soil, specifically its hydration status and surface-coun-
terion composition (Mingelgrin et al., 1977; Yaron,
1978). Camazano and Martin (1983) theorized that the
clay/cation/OP interactions that occur in this zone may
enhance the electrophilic nature of the phosphorus atom

% Chlorpyrifos at 1.5 mo
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Table 5. Chlorpyrifos Hydrolysis As Affected by
Application Rate

soil
application rate («g/g) M185 M299 M310 M313 M320
Chlorpyrifos as Percent of Applied after 47 Days

10 126 301 224 262 298

1000 831 922 889 911 732
Chlorpyrifos as Percent of Applied after 180 Days

1000 50.2 58.8 63.4 75.1 70.2

of OP’s, thus facilitating nucleophilic attack by hydrox-
ide ions. Evidence of both the effectiveness of isolated
soil clays in catalyzing chlorpyrifos hydrolysis and the
impact of saturating cation was provided by the work
of Getzin (1981b). Results of investigations with a
related compound, chlorpyrifos-methyl, have also sub-
stantiated the hydrolytic reactions which occur through
oxide surface catalysis (Torrents and Stone, 1994). An
additional item of interest involves the effect of steril-
ization methods on chlorpyrifos hydrolysis via these
mechanisms. Past work has revealed that, although
unaffected by the technique of y-irradiation, the hydro-
lytic degradation of chlorpyrifos in air-dry soils is greatly
retarded in soils which have been autoclaved (Miles et
al., 1984; Racke, 1993). A possible explanation for this
observation is that the high temperatures involved with
this latter method of sterilization may disrupt important
clay-organic matter complexes (Mortland, 1970) or
destroy surface geometry of the reactive sites on clay
minerals (Wolf et al., 1989).

Results of the present investigation with chlorpyrifos
clearly reinforce the notion that multiple hydrolytic
mechanisms are operational in soil and that the hy-
drolysis kinetics observed will depend not only on soil
type but also on environmental conditions (e.g., soil
moisture). With all soils tested, hydrolysis was greatly
accelerated under air-dry conditions. But there is at
least some evidence that the clay surface-catalyzed
hydrolytic mechanism may also be operational under
moist conditions, albeit at a much reduced rate (Getzin,
1981b). As far as being able to predict the contribution
of this mechanism to overall observed hydrolysis rate,
it is possible that measurements of clay surface activity
(i.e., surface acidity) employed by formulation chemists
to gauge the stability of OP’s on clay carriers may merit
further investigation (Benesi, 1957; Moll and Goss,
1987; Goss et al., 1991).

Effect of Application Rate on Hydrolysis. Sev-
eral of the soils which had displayed the highest rates
of chlorpyrifos hydrolysis in the previous experiments
were reexamined to determine the impact of substrate
concentration on the degradation kinetics observed.
Results of incubations of chlorpyrifos at 10 and 1000
1g/g in these five soils are shown in Table 5. At the 10
ug/g application rate, recovery of chlorpyrifos after 47
days was expectedly low, ranging from 12.6—30.1% of
applied. In contrast, recoveries of chlorpyrifos from all
soils treated at 1000 u«g/g were greater, and ranged from
73.2 10 92.2%. This apparent retardation in hydrolysis
rate was also evident in additional 1000 xg/g treatment
samples incubated for up to 180 days, at which time
between one-half and three-quarters of the initially
applied chlorpyrifos still remained.

These observations of increased chlorpyrifos persis-
tence at high application rate are in agreement with
earlier laboratory and field study reports of the slower
degradation of chlorpyrifos following termiticide-rate
applications, which often result in initial soil concentra-
tions of 1000 ug/g or greater (Kard and McDaniel, 1993,
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Racke et al., 1994). For example, Racke et al. (1994)
reported chlorpyrifos degradation half-lives of 4 and >24
months in a Florida sand and <1 and 6 months in a
Texas clay exposed to applications of 10 and 1000 ug/g,
respectively. Extended persistence of a number of other
pesticides in soil at high application rates has also been
reported (Staiff et al., 1975; Hance and McKone, 1971;
Ou et al., 1978; Clay and Stott, 1973; Kard and
McDaniel, 1993). The two most commonly proposed
mechanisms for observations of increased pesticide
persistence at high concentrations have included inhibi-
tion of soil microbial activities and limitation of the
number of abiotic reaction sites (Hance and McKone,
1971; Ou et al., 1978). Since evidence from the current
investigation with chlorpyrifos clearly points to retarded
abiotic (i.e., hydrolytic) degradation, the latter explana-
tion may at least partially explain the observation.
However, an additional, more plausible hypothesis for
chlorpyrifos may involve consideration of the partition-
ing behavior of this poorly water soluble, highly sorbed
compound. With an average Ky of 173, at the high
concentration (1000 ug/g) the apparent Ky of chlorpyrifos
would have been greater so as to avoid exceeding its
water solubility of 1.39 mg/L in the soil solution. Thus,
the overwhelming majority of chlorpyrifos would have
been sorbed or merely undissolved, and the rate of
transfer into the soil solution may have proved kineti-
cally limiting for hydrolysis as proposed by Racke et al.
(1994).

CONCLUSIONS AND IMPLICATIONS

Investigations of the hydrolytic degradation of the
organophosphorus insecticide chlorpyrifos in soil re-
vealed the significant complexity of this seemingly
simple route of breakdown. Extrapolation of base-
catalyzed hydrolysis insight obtained from aqueous
systems failed to provide a strong explanation of chlor-
pyrifos behavior in soil. In all soils, hydrolytic degrada-
tion contributed to chlorpyrifos dissipation. In moist,
acidic-to-neutral soils (pH =< 7), hydrolysis proceeded
uniformly slowly. In some alkaline soils (pH > 7)
hydrolysis proceeded very rapidly and constituted the
major route of chlorpyrifos dissipation, yet in other,
equally alkaline soils hydrolysis was slow and repre-
sented a minor route of loss compared to microbiological
activity. Experimental evidence pointed to modulation
of base catalysis by other soil phenomena (e.g. sorption)
and the operation of other routes of hydrolysis, as
demonstrated by the surface catalysis which occurred
under air-dry conditions. These factors may have
resulted in the inadequacy of a predictive model based
on easily measured soil properties.

A very practical implication of the hydrolytic degra-
dation of chlorpyrifos and its impact on soil persistence
relates to its efficacy for control of soil-dwelling insect
pests. Soil-applied chlorpyrifos is usually targeted at
providing a certain temporal “window of control”, but
this may differ based on the specific pest control
scenario. For example, when applied for corn rootworm
(Diabrotica spp.) control, it is usually desirable to have
toxicologically significant concentrations persist for
several weeks to control the pest during an extended
emergence and activity period (Felsot et al., 1985).
Infrequent reports of so-called “problem soils”, in which
the desired residual control has not been obtained, have
in a few cases been directly related to rapid hydrolytic
degradation under highly alkaline (pH = 8) soil condi-
tions (Racke et al., 1990). In contrast to these agricul-
tural cases, for subterranean termite (e.g., Reticuliter-
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mes spp.) control around urban structures the desirable
length of protection is more on the order of many
months to several years (Kard and McDaniel, 1993;
Chambers, 1994). Retarded hydrolytic degradation at
the elevated soil concentrations (=1000 ug/g) which
result from this use pattern may contribute to the
extended efficacy (5—20+ years) which has been re-
ported for chlorpyrifos termiticidal applications (Kard
and McDaniel, 1993; Chambers, 1994; Racke et al.,
1994).

Other implications of chlorpyrifos hydrolysis in soil
relate to environmental exposure considerations for
nontarget organisms. For example, exposure of ter-
restrial organisms to soil-surface residues of insecti-
cides, or of aquatic organisms following runoff of soil-
surface residues, have been topics of concern in the
agricultural research and regulatory communities (Wau-
chope, 1978; RESOLVE, 1992). Given the propensity
of the soil surface to experience alternating periods of
wetting and drying, and the demonstrated rapidity of
chlorpyrifos hydrolysis under the latter conditions, this
compound would be predicted to exhibit short residu-
ality on the soil-surface zone (the region of most concern
from an exposure and mobility standpoint). The sig-
nificantly more rapid dissipation of chlorpyrifos when
applied to dry soils (typical half lives of <1 week) or
the soil surface (typical half-lives of 1—2 weeks) versus
when incorporated into the soil profile (typical half-lives
of 1—2 months) would tend to highlight the potential
importance of hydrolytic degradation in minimizing
availability of surface residues (Racke et al., 1993). This
short residual on the soil surface may also contribute
to the relatively low quantities of chlorpyrifos which
have been observed to migrate offsite with runoff water
and eroding surface soil (McCall et al., 1984; Sauer and
Daniel, 1987).
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