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Abstract We investigated the sorption of five
pesticides (metsulfuron methyl, atrazine, 2,4-D,
phorate, and terbufos) in a range of allophanic and
non-allophanic soils of New Zealand, using surface
and subsoil horizons from 10 soil series. Sorption
of pesticides was measured by a batch equilibrium
technique using 14C-labelled pesticides. The effect
of soil properties on pesticide sorption was also
examined. Sorption of pesticides was adequately
described by the Freundlich equation with an R2

value > 0.97. The value of the exponent in the
fitted Freundlich equation for the pesticide sorption
varied from 0.79 to 0.98. The pesticide sorption, as
measured by the distribution coefficient (Kj,
sorption per unit concentration), was as follows:
terbufos > phorate > 2,4-D > atrazine > metsulfuron
methyl (Kj = 20.7, 18.1,4.88, 3.74, and 0.54 L/kg,
respectively). Sorption of pesticides was higher
for allophanic than for non-allophanic soils and in
general decreased with depth. Multiple regression
analysis between IQi and soil properties indicated
that the important properties which explained most
of the variation in pesticide sorption include:
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organic carbon (C) and pH for metsulfuron methyl
(R2 = 0.81***); organic C and oxalate-extractable
aluminium (Al) for atrazine (R2 = 0.86***), phorate
{R2 = 0.93***), and terbufos (R2 = 0.95***); and
organic C, pH, and oxalate-extractable Al for 2,4-
D (R2 - 0.87***). The distribution coefficient of
the pesticides, based on organic C (Koc = Kj/
organic C) content, varied less between the soils
than did the Kj values. The variation in KQC was
much less for non-ionic pesticides (phorate and
terbufos) than for ionic pesticides (metsulfuron
methyl, atrazine, and 2,4-D). Removal of organic
C decreased the Kj values of all pesticides but it
caused an increase in K<,c values of ionic pesticides
(metsulfuron methyl, atrazine, and 2,4-D).
Empirical equations based on the octanol-water
partition coefficient (KoW) of pesticides were used
to predict the sorption of non-ionic pesticides in
New Zealand soils. Most of the equations over-
predicted the sorption of non-ionic pesticides in
these soils. This illustrates the limitation of using
empirical equations for predicting K^ values.
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INTRODUCTION

In New Zealand, pesticides are the main means of
controlling insects, disease, and weeds in crops
and pastures. On average, about 40001 of pesticides
are applied annually (AGCARM unpubl. data).
Increased pesticide use in agriculture has led to a
general concern regarding their potential threat as
contaminants in the soil and aquatic environment.
Pesticide sorption processes are undoubtedly one
of the major determinants affecting the persistence,
biological activity, and movement in soil (Koskinen
& Harper 1990). Soil-pesticide interactions have
been examined extensively elsewhere (Rao &
Davidson 1980; Yaron et al. 1985). The majority
of studies have investigated pesticide sorption in
surface soils. However, given the concern about
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pesticide movement to groundwaters, it is desirable
to understand the influence of surface as well as
subsoil horizons on sorption.

Several soil properties have been shown to
influence the sorption of pesticides in soil, including
organic carbon (C), soil texture, pH, iron (Fe) and
aluminium (Al) oxides, and clay mineralogy
(Johnson & Sims 1993; Seybold et al. 1994).
However, in numerous studies the sorption of
pesticides has been found to depend primarily on
the organic C content of the soil (Hamaker &
Thompson 1972; Karickhoff et al. 1979; Rao &
Davidson 1980; Johnson & Sims 1993). Based on
this, the distribution coefficient (Kj) of pesticides
is expressed per unit organic C (Koc) (Hamaker &
Thompson 1972).

The Koc of a pesticide is found to be constant
for a group of soils and the Koc values for a range
of non-ionic pesticides has been found to be
correlated with the octanol-water partition
coefficient (Kow) of these pesticides. Based on
this, several empirical relationships have been
developed to predict the Koc of pesticides from
their K<,w values (Green & Karickhoff 1990).

Several bioassay techniques to study the
phytotoxicity, persistence, and mobility of a wide
variety of herbicides have been reported in New
Zealand (Rahman et al. 1978). However, only a
limited amount of work has been carried out on the
soil-herbicide interactions in the allophanic soils
of New Zealand (Rahman et al. 1978). The soils of
New Zealand in general contain fairly high levels
of organic C compared to other soils (Burney et al.
1975). A number of them contain a high proportion
of allophane rich in Fe and Al oxides, which is
generally derived from volcanic material. These
two factors are likely to have a marked influence
on the sorption of pesticides in these soils.

Our primary objective in the present study was
to measure sorption of five pesticides commonly
used in pastoral fanning and cereal cropping in
New Zealand (metsulfuron methyl, atrazine, 2,4-
D, phorate, and terbufos) using surface and subsoil
horizons from 10 soil series. The effect of soil
properties on the sorption of pesticides was also
examined. From these results, simple correlation
and multiple regression analyses were carried out
to develop simple models for the prediction of
pesticide sorption based on soil properties. An
attempt was also made to evaluate the empirical
equations based on Kow of pesticides for the
prediction of non-ionic pesticide sorption in New
Zealand soils.

MATERIALS AND METHODS

Soils
Thirty-two soil samples representing 10 soil series
at various depths were collected from the North
Island, New Zealand (Table 1). These soils
represent the major soil series in the North Island
of New Zealand that are used for pastoral agriculture
and cereal cropping. The parent materials include
andesitic tephra, weathered basalt, rhyolitic tephra,
and siliceous loess. The clay minerals include
allophane, vermiculite, kaolinite, halloysite, and
micaceous minerals. The soil samples were passed
through a 2 mm sieve and stored in a field-moist
condition at 4°C.

Soil characteristics
The soil samples were analysed for various physical
and chemical properties that are considered
important in the sorption and mobility of pesticides.
These include particle size analysis, pH, organic
C, cation exchange capacity (CEC), and oxalate-
extractable Fe and Al. The particle size analysis
was carried out following the international pipette
method (Black 1965) to estimate the percentage
clay, silt, and sand. The pH of the soils was
determined on a 1:2.5 soil-water suspension and
organic C by dry combustion using a Leco furnace
(Bremner & Tabatabai 1971). The CEC was
determined by the ammonium acetate method
(Blakemore et al. 1987) and the oxalate-extractable
Fe and Al were determined by the method outlined
by McKeague & Day (1966). The concentrations
of Fe and Al were determined by atomic absorption
spectrophotometry.

Pesticides
The five pesticides selected for this experiment are
used extensively in pastoral agriculture and cereal
cropping in New Zealand. These pesticides are:
Atrazine (2-chloro-4-ethylamino-6-isopro-
pylamino-S-triazine) which is a weak base (pKa =
1.7); metsulfuron methyl (2-(4-methoxy-6-methyl-
l,3,5-triazin-2 yl)amino carbonyl amino sulfonyl
benzoic acid) and 2,4-D acid (diclorophenoxyacetic
acid) (pKa = 3.3, 2.8) which are weak acids; and
phorate (0,0-diethyl S-ethylthiomethyl phosphoro-
dithioate) and terbufos (S-tert-butylfhiomethyl 0,0-
diethyl phosphorodithioate) which are non-ionic
pesticides. All the pesticides used in this experiment
were 14C-labelled with a radiochemical purity of
greater than 98%. The water solubilities of the
pesticides are: atrazine (33 mg/L); metsulfuron


