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Sorption Characteristics of Atrazine and Imazethapyr in Soils
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We investigated sorption characteristics of two commonly used herbicides, atrazine and imazetha-

pyr, in 101 soils with allophanic and non-allophanic clays of New Zealand using the batch

equilibration technique. Soil properties, such as organic carbon (OC) content, texture, pH, amount

and type of clay, and cation-exchange capacity (CEC), were tested against the sorption coefficients

(Kd) of these herbicides. There was a wide variation in the sorption affinities of the soils, as the Kd

values of atrazine and imazethapyr ranged from 0.7 to 52.1 and from 0.1 to 11.3 L kg-1,

respectively. For atrazine, the sorption affinities for the allophanic set of soils (mean Kd of 8.5 L

kg-1) were greater than for the non-allophanic set of soils (mean Kd of 7.5 L kg-1). However, no

effect of allophanic status was found for imazethapyr sorption (mean Kd of 0.82 and 0.76 L kg-1 for

allophanic and non-allophanic, respectively). None of the measured soil properties could alone

explain adequately the sorption behavior of the herbicides. The variation of OC soil sorption

coefficients, Koc, was also larger for atrazine (mean Koc of 126.9 L kg-1) than for imazethapyr

(mean Koc of 13.2 L kg-1). The prediction equations for atrazine and imazethapyr developed

overseas failed to provide the acceptable values of sorption coefficients for the soils of New

Zealand. The study highlights the danger of using sorption coefficient data from the literature for

practical assessments of the herbicide leaching in New Zealand soils.
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INTRODUCTION

Sorption is one of the major processes affecting the fate of
herbicides in the soil. Although there is a great body of informa-
tion in the literature on sorption of herbicides in soils of various
countries (1-5), there are only a few reports available on the
sorption of these chemicals inNewZealand soils that are physico-
chemically distinct frommany soils elsewhere (6). The soil pattern
associated with this country’s landscape is complex, partly
because of the different kinds of parent materials and partly
because of the varied conditions under which they have been
transformed into soils (7). Therefore, information on the sorption
behavior of commonly used herbicides is essential for better
understanding andpredicting theirmobility inNewZealand soils.

Various simulationmodels have beendeveloped andwidely used
for predicting pesticide behavior in soil and their transport through
the soil profile. The sorption coefficient (Kd) is a measure of the
extent of interaction of the chemical with soil and its components
and is a salient characteristic that plays an important role in these
models (8). Soil characteristics, such as pH, particle size distribu-
tionor texture, amount and typeof clay, andamount andquality of
organic carbon (OC), varywidely between agroclimatic regions (9).

Despite soil composition heterogeneity, most theoretical descrip-
tions of herbicide sorption have been based on the predictive
models that use average Kd values (10). Moreover, studies to
predict herbicide fate and leaching potential often lack direct
measurements of Kd, and therefore, it is common practice to use
data from the literature, usually mean values calculated from a
database or best estimates selected by experienced personnel, such
as those provided byWauchope et al. (11). These and other values
of soil properties contained in such databases are used in computer
models (12,13) anddecision-aidmodels (14). TheKd values are also
often predicted from soil properties, such as soil OC content (6).
The mean values of such variables obtained from diverse soil
environments areusually associatedwith a large standarddeviation
or error, as illustrated by the tabulated data by Weber et al. (15).

The sorption coefficient is not always a constant. It depends in
a complex, poorly understoodway upon experimental conditions
and other factors, such as the nature of soil organic matter
(SOM), that can produce a wide range of values for this variable
even for non-ionic, hydrophobic compounds (16). For ionizable
compounds, the contribution and subtle interplay of several
additional factors, such as the amount and type of clay, pH,
and cation-exchange capacity (CEC), may also exacerbate the
difficulties in extrapolating sorption coefficient values. Therefore,
predictions based on the published sorption coefficient data that
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do not necessarily represent local soils may lead to erroneous
estimates of sorption coefficients and, consequently, the risk
assessment based on these values. Thus, knowledge on various
soil properties that influence herbicide sorption in soil is critical to
identify soil-herbicide behavior with varying degrees of risk for
groundwater contamination. Furthermore, use of independently
determined data may result in a better prediction of the fate and
transport of these herbicides in the soil.

The objectives of the present study were (1) to investigate the
sorption affinities of two commonly used herbicides, atrazine and
imazethapyr, in an extensive range of soils from the North and
South Islands of New Zealand, (2) to evaluate the soil character-
istics that influence the sorption of these herbicides, and (3) to
assess if extrapolation of sorption data from other regions is
acceptable for local soils.

MATERIALS AND METHODS

Description of Sites and Soils.A total of 101 surface soils (0-7.5 cm)
fromNorth (soils 1-55) and South (soils 56-101) Islands ofNewZealand
with no recent history of application of atrazine and imazethapyr were
sampled and characterized. The soils represented a wide range of char-
acteristics, with OC ranging from 19.9 to 418.8 g kg-1, pH ranging from
4.4 to 6.9, clay ranging from 0 to 660 g kg-1, and CEC ranging from 3.5 to
41.2 milliequiv 100 g-1 (Table 1). Among these soils, 50 soils contained
allophane clay, whereas 51 soils were non-allophanic.

Herbicides. Atrazine (6-chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-
2,4-diamine), and imazethapyr [(R,S)-5-ethyl-2-(4-isopropyl-4-methyl-5-
oxo-2-imidazolin-2-yl)nicotinic acid] were obtained fromDr. Ehrenstorfer,
GmbH,Germany, andwere of>99%purity. For the soil pH range used in
this study (pH 4.4-6.9), atrazine can be considered as a weak base/neutral
molecule. Imazethapyr is a weak acid with a pKa value of 3.9. Their
chemical structures are shown in Figure 1.

Herbicide Sorption Studies. Sorption of atrazine and imazethapyr
from aqueous solution was determined at 22 ( 2 �C employing the batch
equilibration method, using 0.01 M CaCl2 as a background electrolyte.
Two sets of measurements were made, both in duplicate. The first set, for
determination of sorption isotherms for the herbicides, used solution
concentrations of 1.0, 2.5, and 5.0mgL-1 for atrazine and 0.1, 0.2, 0.4, and
0.6 mg L-1 for imazethapyr. The second set employed a single solution
concentration (2.5 mg L-1 for atrazine and 0.4 mg L-1 for imazethapyr).
Isothermmeasurements from the first set allowed for an evaluation of the
assumption of sorption linearity (17). Duplicate soil samples were equili-
brated with herbicide solutions at the soil solution ratios of 1:5 by being
shaken for 16 h in glass tubes sealed with Teflon-lined caps. An equilibra-
tion time of 16 h was found to be sufficient to attain solution equilibri-
um (3). At the end of the equilibrium period, the suspension was
centrifuged for 20 min at 590 g and the supernatant solution was filtered
through RC25 (diameter of 25 mm and pore size of 0.45 μm) microfilters
(Sartorius Australia, Victoria, Australia).

The herbicide concentrations in solution were determined by a Schi-
madzu SCL-10A high-performance liquid chromatograph (HPLC)
equipped with a UV/vis detector and a Maxima chromatography work-
station.Forbothherbicides, the analytical columnusedwas Prodigy (150�
4.6 mm) packed with 5 μm octadecylsilane (ODS) (3) held at 35 �C
(Phenomenex, Torrence, CA). For atrazine, the mobile phase was 60:40
methanol/water; for imazethapyr, it was 44:56 methanol/water containing
0.5% (v/v) acetic acid and 1-hexanesulfonic acid (0.3%, w/v) as an ion-
pairing agent. HPLC analyses were run isocratically, with a sample
injection volume of 50 μL and flow rate of 1 mL min-1. Detection was
at 230 and 254 nm for atrazine and imazethapyr, respectively. Under these
conditions, the retention time for atrazine was 7.0 min and the retention
time for imazethapyr was 8.4 min. To maximize instrumental sensitivity,
the wavelengths for absorption of each herbicide were previously estab-
lished (spectra not shown) using a polychrom diode array UV detector
(Varian 9065).

Herbicide sorption at equilibrium was calculated as the difference in
herbicide concentrations between the initial solution and the solution at
equilibrium with soil. Blanks that included each of the soils with only
0.01 M CaCl2 solution (no test chemical) and a single control of the test

chemical solution with no soil were also performed to check for analytical
interference because of soil extracts and compound loss resulting from the
interaction with experimental materials.

Determination of Sorption Coefficients. The sorption coefficients
(Kd, L kg-1) were determined from either the slope of the linear plots of
sorbed v aqueous herbicide concentrations or the single solution concen-
tration of each herbicide. The sorption coefficients were also normalized to
OC (Koc).

RESULTS AND DISCUSSION

Soil Characteristics.The soils used in this study variedwidely in
their physical and chemical properties (Table 1). The presence of
allophane or humus aluminum complexes, as determined by a
positive reaction to the NaF kit developed by Fieldes and
Parrott (18), showed that many of the North Island soils (42
samples) contained allophane clay. Allophane was also found to
be present in 8 soils from the South Island. Allophane occurs
commonly in volcanic terrains, such as in the North Island of
New Zealand, and is typically associated with the weathering of
volcanic ash (tephra) deposits in humid, temperate environ-
ments (19). However, it can also occur in other climates (20)
and on non-volcanic materials under certain soil-forming condi-
tions, such as podzolization (21). Therefore, finding allophane in
South Island soils (remote from volcanic areas) was not surpris-
ing, because it can form from silicon and aluminum in acid
solution with a pH of about 5 (22). Parfitt and Webb (23) also
found allophane in some soils from the South Island that
contained Al/Si mole ratios between 1.8 and 2.8, indicating that
the allophane in these soils largely has an imogolite-like structure.
Two soils (18 and 90) were exceptionally rich in OC (276 and
419 g kg-1, respectively) and were organic soils. These soils were
treated as outliers in the regression analyses.

Sorption of Atrazine and Imazethapyr. Atrazine and imazetha-
pyr sorption isotherms constructed for 7 selected soils (soils 1, 2,
3, 4, 5, 6, and 101) were linear over the concentration range used
and showed good fit to the measured data with a r2 value >0.97
(isotherms not shown). Therefore, to determine the sorption
coefficients for the other soils, we used single solution concentra-
tions of eachherbicide.The sorption coefficients,Kd (expressed as
the ratio of the concentration of sorbed herbicide to the aqueous-
phase herbicide concentration), for atrazine and imazethapyr are
given in Table 1. The Kd values of both herbicides were highly
variable over the set of soils. Those of atrazine ranged from 0.7 to
52.1 L kg-1 (mean of 8.0 L kg-1), and those for imazethapyr
ranged from 0.05 to 11.3 L kg-1 (mean of 0.89 L kg-1). The
magnitude of the Kd values is indicative of moderate to strong
sorption for atrazine and very weak to moderate sorption for
imazethapyr. These are in concordance with the hydrophobicity
of the herbicides, as represented by their respective octanol-
water partition coefficient (Kow) values (log P= 2.5 for atrazine
and 1.04 for imazethayr at 25 �C).

Values of the sorption coefficient can vary considerably among
different soils, because both the properties of the soil and the test
substance affect sorption. The ranges of Kd for atrazine reported
in the literature include 3.2-8.4 (24), 1.7-4.7 (14), 3.02-4.09 (25),
and 1.0-5.5 L kg-1 (2). For imazethapyr, Ahmad et al. (3)
reported Kd ranging from 0.02 to 6.94 in 25 soils from Australia
and Pakistan. The alkaline soils of Pakistan showedmuch smaller
Kd values for imazethapyr than the soils of Australia. This large
range in Kd resulted from different properties of soils with
geographical variations.

In the present study, the sorption affinities of atrazine for the
allophanic set of soils (mean Kd of 8.5 L kg-1) were greater than
for the non-allophanic set of soils (mean Kd of 7.5 L kg-1) (p <
0.001). This may be in part due to the strong reactivity of the
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allophanic nature of clay and/or the different nature of soil OC
within allophanic soils. The large humus accumulation in allo-
phanic soils containing large amounts of amorphous or crypto-
crystallized minerals is well-known (26) and attributed to very
stable humus-Al and Fe complexes (27). However, other re-
ports (28,29) indicate that SOM in allophanic soils may be highly
decomposed, which may be, at least in part, responsible for the
greater sorption in allophanic soils. Baskaran et al. (30) reported
that sorption of atrazine in allophanic soils increased after
removal of OC, indicating that the allophanic clays may also
contribute to the sorption of ionizable herbicides, such as atrazine
and imazethapyr.

Effect of Soil Properties on the Sorption of Atrazine and

Imazethapyr. Soil OC. In general, both herbicides were more
strongly sorbed by soils containing more OC than containing less
(Figures 2 and 3). TheOCcontents in certain soils (e.g., soils 1, 7, 9,
54, and 59) weremost likely responsible for the sorption of atrazine
and imazethapyr (Kd range from10.6 to 27.8 and from0.87 to 1.86
L kg-1 for atrazine and imazethapyr, respectively) in these soils
(Table 1). Soils 18 and 90 with OC contents of 27.6 and 41.9%,
respectively, showed exceptionalKd values for atrazine (Kd= 52.1
and 43.8 L kg-1, respectively) and therefore, being outliers, were
excluded from the regression analyses. However for imazethapyr,
soil 18 didnot show such affinity (Kd=0.64Lkg-1). The soils 5, 6,
64, 78, and 79 containing OC contents from 2.0 to 2.9% showed
smaller sorption capacities, with theKd values ranging from 0.8 to
3.36 and from 0.05 to 0.62 L kg-1 for atrazine and imazethapyr,
respectively (with soil 78 being the most weakly reactive for the
herbicides). However, this was not consistent for the whole set of
soils, and also, neither herbicide demonstrated a similar trend for
their affinities. For example, soil 46, containing 2%OC, showed a
Kd value of 16.4 L kg-1 for atrazine, whereas for imazethapyr, it
was just 0.06Lkg-1. It is interesting that soils 92 and93originating
from the Gore region and apparently having similar properties
(Table 1) exhibited quite contrasting sorption affinities (Kd values
of 12.5 and 1.0 L kg-1, respectively) for atrazine.

Generally, the sorption of weakly basic/neutral (triazine) and
weakly acidic (imidazolinone) herbicides in soils has been reported
to be related to soil OC (31). For example, atrazine sorption was
correlated positively to OC in 109 Italian soil horizons (32), 5
Wisconsin surface soils (33), and 3 surface and subsurface Argen-
tinean soils (4). Brouwer et al. (34) found a positive linear relation-
ship by plottingKd values for atrazine from four studies against soil
OC. In another study (35), no correlation was found between
atrazine sorption and OC levels; however, many of the soils had
relatively lower soilOCcontents compared to the soils inour studies.

In our studies, the variation of Koc values for both herbicides
also remains considerable (Table 1). The Koc values of atrazine
varied greatly with different soils (meanKoc of 127( 100 L kg-1)
compared to that of imazethapyr (meanKoc of 13.2( 7.6 L kg-1).
It was also greater forNorth Island soils (meanKoc of 147 L kg-1)
compared to South Island soils (mean Koc of 112 L kg-1) (p <
0.001). However, for imazethapyr, the mean Koc for the SouthT
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Figure 1. Chemical structures of atrazine and imazethapyr.
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Island set of soils (15.6 L kg-1) exceeded themeanKoc value (11.2
L kg-1) for the North Island set of soils (p< 0.001). This shows
that the OC content alone does not describe the observed
variation in the sorption of this herbicide. If organic matter were
the only constituent of soils contributing to sorption, then Koc

values would be consistent among the soils and unique to the
compound and could be used to compare the relative sorption
of various soils. This re-enforces that differences in chemical
(structural and molecular) composition of the organic matter in
these soils may provide additional information relevant to herbi-
cide partitioning to the SOM. Previously large variations in the
SOM composition have been reported in allophanic and non-
allophanic soils (36-38).

Soil pH. Sorption of both atrazine and imazethapyr in various
soils was generally influenced by the soil pH. The pH ranged from
4.4 to 6.9. For acidic compounds, sorption may increase with a
decrease in pH as a result of a corresponding increase in the
percentage of the undissociated form (39). The sorption of im-
azethapyr was more related to soil pH (R2 = 0.28) than that of
atrazine (R2= 0.02). Soils of low pH (Table 1; e.g., soils 1, 5, 9, 18,
70, 71, 72, and 74) showed greater Kd values for atrazine and
imazethapyr than the soils having high pH (e.g., soils 2, 3, 4, and 6).
Soil 46 having pH 6.7 gave an exceptionally smallKd (0.06 L kg-1)
for imazethapyr.

Imazethapyr is a weak acidic herbicide with a pKa of 2.1 (40);
thus, it exists predominantly in anionic form under pH conditions
near neutral. Generally, at pH above 5.5, sorption of imazethapyr
decreased to below 1 L kg-1. Ahmad et al. (3) found that
imazethapyr sorption decreased as the pH increased in some
Australian and Pakistani soils. Renner et al. (41) reported
decreased sorption of imazethapyr in a Hillsdale sandy loam soil
as the pH increased from 3.0 to 8.0. Imazethapyr has an octanol-
water partition coefficient (Kow) value of 31 at pH 7. The water
solubility of free acid of imazethapyr is 1400 mg L-1 (40). The
water solubility of acidic molecules generally decreases with a
decreasing pH and is escorted by an increase in Kow. Therefore,
the combined decrease in water solubility and increase in Kow at
low pH can result in greater sorption. Atrazine is a weak-base

herbicide with a pKa of 1.7 (40), and in acidic conditions,
protonization favors sorption onto the negatively charged clay
surfaces. For such weakly basic molecules, sorption is sensitive to
pH near the pKa value. Strong sorption is often observed at pH
values near pKa (1) because the higher degree of protonation
results in increased interactions with the soil matrix because of
cation exchange. Therefore, the increased sorption observed in
low pH soils may be explained by this protonation. However,
many other factors are pH-dependent in the sorption process. For
example, the sorption affinities of clays are altered as the pH
changes. Cumulatively, such factors yielded a higher sorption of
atrazine and imazethapyr below soil pH 5.5. These results are
similar to those of a study of the pH effect on imazethapyr
sorption by Che et al. (42). However, in the present study, there
was a poor relationship between soil pH and the Kd values for
atrazine (R2 = 0.02) and the influence of pH on imazethapyr
sorption was relatively higher (R2 = 0.28). The variations may
result from dissimilarities in the chemical properties of the
herbicides and interplay of other factors. The lower water
solubility of atrazine signifies polarity differences between this
chemical and imazethapyr, whichmight account for the increased
sorption affinity of atrazine compared to imazethapyr.

From the practical perspective, the soil reaction or pH of well-
managed arable soils in New Zealand is maintained by adding
amendments, such as limestone and calcium phosphate, to
enhance soil fertility. Consequently, changes in soil pH to beyond
5.5 would have a large effect on the retention of imazethapyr and
would attenuate the leaching potential of this weakly acidic
herbicide into groundwater. Moreover, soil pH management
may be of considerable importance as a remedial or risk manage-
ment action. When the soil is acidified, an increased retention of
imazethapyr can be expected, permitting time for soil elimination
processes and preventing groundwater contamination. This may
have application in situations where imazethapyr has been
accidentally spilled on the soil surface at high concentrations.

Clay. The sorption of atrazine and imazethapyr was indepen-
dent of the clay content of the soils investigated (Figures 2 and 3).
Indeed one soil (soil 74), despite having no clay content, showed

Figure 2. Correlations of different soil properties to Kd values of atrazine in New Zealand soils (excluding soils 18 and 90).
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Kd values of 8.0 and 0.82 L kg-1, whereas soil 10 containing the
most clay (66%) gaveKd values of 11.6 and 0.63 for atrazine and
imazethapyr, respectively. Soils 18 and 90with nearly similar clay
contents (29 and 26%, respectively) gave exceptionally great Kd

values (52.1 and 43.8 L kg-1, respectively) for atrazine. For
imazethapyr, the corresponding valueswere 0.64 and 11.3Lkg-1.
These soils also contained exceptionally great OC (Table 1),
which in part may be responsible for the increased sorption in
these soils. However, in the case of soil 18, imazethapyr sorption
was smaller than expected, which could be due to the influence of
other factors, such as pH and CEC. Other soils smaller in clay
content included soils 24, 27, 29, 41, 48, 49, 69, 70, and 91 (clay
content of 1-8%), but the variation in their sorption potentials
for the herbicides was large, indicating the interplay of other
contributors.

Seybold et al. (33) also found no significant correlation
between any of the various clay minerals with the sorption of
atrazine. In contrast, imazethapyr sorption was reported to be
positively correlated with soil clay content (39). We generally
found that soils containing allophane clays were more reactive to
both herbicides (mean Kd of 8.5 and 0.82 L kg-1 for atrazine and
imazethapyr, respectively) than the non-allophanic set of soils
(mean Kd of 7.5 and 0.76 L kg-1 for atrazine and imazethapyr,
respectively). However, a detailed investigation of the clay
mineralogy was not completed in this study.

CEC. TheKd values for atrazine were poorly correlated (R
2=

0.17) to the CEC in all soils (excluding soils 18 and 90), and the
relationship was non-existent in the case of imazethapyr (R2 =
0.03) (Figures 2 and 3). The effect of CEC on the sorption of
herbicides has been investigated less frequently. Loux et al. (39)
found imazethapyr sorption positively correlated with CEC.
However, Kan et al. (43) reported that, as ionic strength in-
creased, Kd increases. A “salting out” effect occurs as the ionic
strength increases, causing the aqueous solubility of themolecular
species to decrease. Consequently, the sorption of thesemolecular
species on soils is likely to increase. However, Laird et al. (44)
reported that smectite clay with lower CEC was a more effective
sorbent of atrazine; these characteristics may increase the size of

the sorptive domains between exchangeable cations. Higher ionic
strengths are often encountered in surface soils when agrochem-
icals, such as fertilizers, are applied. The addition of salts in
amendments used to increase the soil fertility may also decrease
sorption from the competition of inorganic anion-exchange sites,
which may enhance the potential of off-site migration and
leaching of recently applied herbicides.

Correlation of Sorption with Soil Properties and Kd Prediction

Equations for Atrazine and Imazethapyr. Regression of sorption
with soil properties is often used to predict the herbicide sorption
on various soils and to help determine the soil factors that
dominate in the sorption process. Regression of Kd against
selected soil properties showed that atrazine sorption was influ-
enced by soil OC content (R2 = 0.26) and CEC (R2 = 0.17)
(Figure 2). In the case of imazethapyr, soil OC (R2 = 0.39) and
pH (R2 = 0.28) were the main predictors of sorption (Figure 3).
Clay content did not show any correlation with theKd of either of
the herbicides.

Multiple regression analyses (excluding soils 18 and 90) re-
vealed that soil OC content, pH, and to a lesser extent sand were
the primary soil properties in the best-fit (p<0.001)Kd equation
obtained for imazethapyr, as shown by the following equation:

log Kd ðimazethapyrÞ
¼ 3:39þ 1:60 log % OC-0:70 pH-0:006 % sand

ðR ¼ 0:74, p < 0:001Þ ð1Þ
The effect of sand is unexpected, but it could represent the
combined effect of the other soil components (clay and silt).

For atrazine, the best-fit Kd equation was obtained using soil
OC content, pH, andCEC. TheKd values of atrazine increased as
the soil OC and CEC increased and pH decreased. The best-fit
equation for calculating soil Kd values of atrazine based on soil
properties in non-allophanic soils is

log Kd ðatrazineÞ
¼ 1:37þ 0:75 log % OC-0:27 pHþ 0:02 CEC

ðR ¼ 0:68, p < 0:001Þ ð2Þ

Figure 3. Correlations of different soil properties to Kd values of imazethapyr in New Zealand soils (excluding soils 18 and 90).
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Equation1 corresponds to the sorptionof imazethapyr inallophanic
and non-allophanic soils of New Zealand. Eq 2 corresponds to the
sorption of atrazine, in non-allophanic soils. However, we could not
propose an equation for prediction of sorption in allophanic soils
because the R2 value of 12.7% was not significant at p< 0.05.

Weber et al. (45) correlated the literature-reported pesticideKd

values with the significantly related soil properties and developed
equations for the estimation of Kd values for improved soil
mobility predictions using models. The best-fit equations for
calculating soil Kd values of atrazine and imazethapyr based on
the soil properties presented by them are

KdðatrazineÞ
¼ 4:1þ 0:43ðorganic matterÞþ 0:09ðclayÞ-0:81ðpHÞ

ðR ¼ 0:77, p < 0:01Þ ð3Þ

KdðimazethapyrÞ ¼ 10:0-2:8ðpHÞþ 0:21ðpHÞ2
ðR ¼ 0:58, p < 0:01Þ ð4Þ

It is obvious that these eqs 3 and 4 by Weber et al. (45) do not
match those that we have developed for New Zealand soils (eqs 1
and 2) and, therefore, are not applicable for the New Zealand
soils. As an example, let us try to estimate theKd value of atrazine
using the prediction equation proposed byWeber et al. (eq 3) and
compare it to that obtained from themodel that we developed for
the non-allophanic soils ofNewZealand (eq 2) based on real data
on the local soils. Considering aNewZealand non-allophanic soil
containing 10% organic matter content (OC/OM index of 0.54),
clay content 20%, pH 6.5, and CEC 10 milliequiv 100 g-1, one
obtains aKd value of 4.94 fromeq3 proposedbyWeber et al. (45).
In contrast, using eq 2 above that we developed for the New
Zealand non-allophanic soils, one can obtain a Kd value of 2.31.
This clearly demonstrates that equations developed using the

literature data on overseas soils are poor for predicting the
sorption behavior of the herbicides in New Zealand soils.

To determine risk assessment of herbicides, much of the
modeling work carried out in New Zealand (and elsewhere) has
used leaching models, such as GLEAMS (46), LEACHM (47),
HYDRUS-2D (48), and PESTRISK (49). These models have
used the sorption coefficient (Kd and Koc) values either sourced
from pesticide databases on North American and European
soils (11), inverse modeling techniques, or estimations made by
the nonlinear parameter optimization package called PEST
(parameter estimation) (50). Perhaps the major source of error
in the pesticide modeling is the inaccurate use of the sorption
coefficients, particularly for ionizable compounds, such as atra-
zine and imazethapyr. The majority of the leachability indices
developed by various researchers (51-53) employKoc as themost
important single value in ranking pesticides. Some modelers
consider that Koc is normally distributed and obtain Kd by
multiplying Koc by fixed values of soil OC (54), whereas many
others derive Kd values on the basis of fixed values of Koc and
distribution of soil OC values, mostly from published data-
bases (55, 56). In fact, the Koc approach was introduced to
demonstrate the linear relationship between the Kd and OC
content and was initially established for hydrophobic non-ionic
compounds (57) for the reason that this variable has been
considered independent of any particular soil (58). Even so, the
Koc concept tends to be used by several modelers for all chemicals
(including herbicides) regardless of their ionization status. How-
ever, as evident from the results presented here, theKoc approach
is often invalid for compounds such as atrazine and imazethapyr.
For comparison, we calculated Kd values (referred to as calcu-
lated Kd database) of both herbicides for the soils used in our
present studies using their OC content and theKoc value from the
Pesticides Properties Database (62). It can be seen from the data
given in Table 1 that there is a great divergence between the
measured (actual) and calculated Kd values, and overall, there

Figure 4. Relationships between measured Kd values of atrazine and imazethapyr and corresponding Kd values calculated from Pesticides Properties
Database (62) and Weber’s models (45).
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was poor correlation between themeasured and calculated values
of these pesticides (Figure 4). Using a Koc value from the
mentioned database, lowerKd values were obtained as compared
to themeasuredKd values for a total of 46 and 61 soils for atrazine
and imazethapyr, respectively, which may result in overestimates
of leaching potentials of these herbicides if predicted using
various models currently in use. Very smallKd values for atrazine
were obtained for several samples, e.g., sample 46 (calculated Kd

database of 2.0 L kg-1 versus measured Kd of 16.4 L kg-1),
whereas larger values were obtained for imazethapyr (calculated
Kd database of 0.2 L kg-1 versusmeasuredKd of 0.06L kg-1. For
sample 90, which contained abundant OC content, the calculated
Kd value for atrazine was in fairly good agreement with the
measured value, which is likely due to the dominant role in
sorption of atrazine of the organic matter component in this
organic soil. However, in the case of imazethapyr, the calculated
value for this sample was unrealistically lower (calculated Kd

database of 4.2 versus measuredKd of 11.3 L kg-1), which can be
due to themajor role of low soil pH (4.4). Overall, there was fairly
good agreement between the measured Kd and calculated Kd

values for only 12 soils for atrazine and just 4 soils in the case of
imazethapyr. The differences between measured and calculated
Kd are likely due to (1) the fact that sorption was calculated only
as a function of the carbon content, (2) the influence of clay type
and contents and the soil pH, and (3) the chemical composition
of SOM.

In conclusion, our results demonstrate that the transfer of
herbicide sorption data from one country or even region to
another requires knowledge of various soil properties and high-
light the need for extreme caution before ranking imazethapyr
and atrazine for leaching risks. For these chemicals, the predic-
tions made with the literature databases or theoretically calcu-
lated sorption coefficients are not acceptable for New Zealand
soils. Therefore, we propose prediction models for imazethapyr
and atrazine (eqs 1 and 2), which are based on the fresh data
generated on the soils of New Zealand. For allophanic soils, with
different types of parent materials and varied conditions under
which the SOM has been decomposed, it needs further investiga-
tion into the chemistry of the SOM and the role of its various
components in sorption affinity of these herbicides.
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