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Fig. 3 Recovery of targei compounds with co-existing chloride and sulfate and quenching agent and/or

pretreatment cartridge (n=3)

-Concentration of target chemicals: drinking water 4 ug/¢ with co-existing 100 mg/2 chloride and 100 mg/¢ sulfate
-Quenching agent: 50 mg/¢ sodium ascorbate or 50 mg/¢ ammonium chloride

-Pretreatment: OnGuard II Ba/Ag/H cartridge

Bromide was excluded in this experiment with the pretreatment cartridge
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Fig. 4 Recovery of target compounds in river water and tap water with and without the pretreatment

cartridge (n=3)

-Concentration of target compounds: river water 5ug/£, tap water 4 ug/2

-Pretreatment: OnGuard I Ba/Ag/H cartridge

-10 mg/# ammonium chloride was added to tap water as a quenching agent
-Chlorite and bromide were excluded in this experiment with the pretreatment cartridge
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Fig. 5 A flowchart of recommended pretreatment of samples
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Table 5 Halogenated acids in tap water

Limits of

. . Numbers of Concentration
QU?I::‘.ngl:C)atlou Detected/Analyzed (pgse)
MCAA 0.1 517 0.1~0.7
DCAA 0.1 17 3.7~15
TCAA 0.5 7 2.6~14
MBAA 0.1 6/7 0.1~0.2
DBAA ) 0.5 57 0.7~2.5
BCAA 02 mn 2.0~6.6
BDCAA 0.1 717 1.7~49
DBCAA "0l 57 0.7~1.1
TBAA 0.1 517 0.1~0.7
Chlorite(C10.7)* 0.5 07 -
Chlorate(ClO;7)** 0.05 i 28~150
Perchlorate(CIO, 7)* 0.05 717 - (.24~11
Bromate(BrO;") - 005 " 0.15~1.4
Bromide(Br)** 0.2 7/7 2.6~15

* Samples were analyzed without pretreatment-cartridge

* Samples were diluted 5 times or above

Table 6 Perchlorate concentration in raw and purified waters at water treatment plants (ug/ o)

Plant River system Raw water  Purified water
Kanto Region
A M* 15 18
B M 13 16
C M 17 17
D N** 0.19 12
E M 13 16
F 0 0.27 0.16
Other than Kanto Region
G P 0.35 0.33
H P 0.34 0.33
1 Q 0.17 0.15
J P 0.25 0.35
K R <0.05 0.36
L S 0.18 0.24

*M: Tone River System

**Mixed with the water from the M river system
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Analysis of Perchlorate in River Water by Using
Liquid Chromatograph-Mass Spectrometer
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Using precise data sets on farming and pesticide
properties to verify a diffuse pollution hydrological
model for predicting pesticide concentration
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Abstract Verification of a diffuse pollution model involves comparing results actually observed with those
predicted by precise model inputs. Acquisition of precise model inputs is, however, problematic. In
particular, when the target catchment is large and substantial estimation uncertainty exists, not only mode!
verification but also prediction is difficult. Therefore, in this study, rice-farming data were collected for all
paddy fields from all farmers in a catchment and pesticide adsorption and degradation rates in paddy field
soil samples were measured to obtain precise model inputs. The model inputs successfully verified the
model's capability to predict pesticide concentrations in river water. Sensitivity analyses of the model inputs
elucidated the processes significantly affecting pesticide runoff from rice farms. Pesticide adsorption and
degradation rates of the soil did not significantly affect pesticide concentrations, aithough pesticide
discharge to river water accounted for less than 50% of the total quantity of pesticide applied to fields,
possibly owing to pesticide adsorption and degradation. The timing of increases in pesticide concentrations
in river water was affected mostly by the farming schedule, including the time of pesticide application and
irrigation, and secondarily by rainfall events.

Keywords Adsorption; degradation; isoprothiolane; pollutograph; uncertainty

Introduction

Pesticide release from agricultural fields and contamination of surface waters are major
threats to human health as well as local ecology in many regions, because surface waters
are a primary source of drinking water (e.g. Gilliom et al, 1999). Although pesticide
usage in Japan has recently begun to gradually decrease (Ministry of Agriculture, For-
estry and Fisheries of Japan, 2005), coinciding with changes in farming practices, the
more stringent, recently promulgated drinking water quality guidelines have caused con-
cern at local. regional, and national scales. In general, the amount of pesticide transported
to surface waters depends on several factors, including pesticide and soil properties, agri-
cultural practices, watershed characteristics, and weather conditions. Pesticides that are
sufficiently resistant to degradation in water and soil and are adequately soluble may be
transported readily and may reach water bodies in significant amounts. Various math-
ematical models have been developed to describe quantitatively pesticide runoff as a
function of the factors mentioned above and to predict pesticide concentrations in surface
waters (Borah and Bera, 2003, 2004). However, pesticide runoff and the processes by
which pesticides are distributed environmentally are complex, and their modelling inevi-
tably involves uncertainty associated with model shortcomings (structural errors or mode}
inadequacy) as well as model inputs and parameters (Dubus et al., 2003). The ability or
inability of a model to represent reality and the accurate determination of significant pro-
cesses affecting pesticide fate can be tested if adequate and precise model inputs and
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parameters are used. However, precise model inputs and parameters are hard to obtain,
and substantial estimation uncertainty also exists, in particular for large, basin-scale
catchments, making not only model prediction but also model testing difficult (Matsui
er al., 2005, 2006). Pesticides applied to rice paddies are the main types of pollutant
pesticides in Japan and some other countries, because pesticides used in rice farming add
pollutants to surface waters at higher rates than do those used in upland fields (Matsui
et al., 2002). Rice-farming pesticides may be transported from rice paddy fields to surface
waters primarily by spill-over during or after rainfall or by rice-paddy drainage.

In this study, a daunting task is undertaken: collection of precise information on the
farming work schedules of all farmers in a river basin and obtaining pesticide adsorp-
tion/decomposition rates for rice-paddy soils in the catchment. Our objective was to test
the ability of a diffuse pollution hydrological model to reproduce experimental obser-
vations of rice-farming pesticide concentrations in river water by using adequate and pre-
cise model inputs. The sensitivity of the model is also analysed to elucidate rice-farming
pesticide runoff phenomena.

Materials and methods

Site description and modelling

The Kakkonda River basin (191 km?), consisting mainly of forest and rice-paddy fields
cultivated by 372 farmers (Figure 1), was selected to test the model and to predict pesti-
cide concentrations. In the model, the river basin was divided into a grid of I km by 1km
grid cells. Each grid cell was subdivided into 12 or more compartments: several rice-
paddy ponding compartments (W compartments), rice-paddy soil compartments (X and Y
compartments), a river-water compartment (R compartment), a riverbed compartment (S
compartment), and so on, as shown in Figure 2. The paddy fields in the river basin were
divided into a total of 686 W compartments. The size of each compartment varied,
depending upon the land cover of the grid cell containing the compartments, allowing the
heterogeneity of the watershed characteristics to be taken into account. Areas of the W
compartments were obtained from the Iwate Agricultural Research Center, and those of

Figure 1 The target catchment area. The red dot indicates the water sampling point, where pesticide
concentrations were measured (composed using Google satellite map). Subscribers to the online version of
Water Science and Technology can access the colour version of this figure from hitp://www.iwaponline.
com/wst



Figure 2 Compartments in a 1-km? grid cell and flow directions

the other compartments were determined from a Geographic Information System (GIS)
land-cover data file (Geographical Survey Institute, Tokyo, Japan). Water flow directions
among grid cells were determined from GIS data and a 1:50 000 topographic map (Geo-
graphical Survey Institute, Tokyo. Japan). In modelling, the solute concentration and
water level were assumed to be uniform within a compartment, and each was represented
by a single variable. Therefore, a set of differential mass-balance equations describing
the dynamics of a solute (pesticide) and water in each compartment was defined, based
on the law of conservation (i.e. mass balance) for the solute and the water. The details of
the model have been published elsewhere (Matsui et al., 2002, 2005, 2006).

Target pesticide and farming data

The target pesticide was a fungicide, isoprothiolane, one of the most applied pesticides in
the rice-paddy fields of the target catchment area. The data on pesticide concentrations,
observed at a site close to Kakkonda Bridge, were provided as a courtesy by A. Nakano
and used for the comparison with the model predictions. Data from the Cultivation Man-
agement Register, which contains the complete farming schedule, including irrigation and
pesticide application dates and the quantity of pesticide applied for each paddy field, for
the years 2003 and 2004 for all 372 farmers cultivating the 686 paddy fields, were com-
piled, and a database was constructed for use as model input.

Soil map and sampling

Rice paddy ficld soils in the target watershed belong mainly to six soil groups or sub-
groups: three types of wet Andosol and Brown Lowland, Gray Lowland, and Peat soils
(Iwate Agricultural Research Center 1997). In the model, therefore, paddy soils were
categorised into six types: three subgroups of wet Andosols (wet Andosol 1, wet Andosol
2, and wet Andosol 3), Brown Lowland soils, Gray Lowland soils, and Peat soils, and the
soil types present in each paddy field were determined. Twenty-seven soil samples repre-
senting all soil types were collected on 1 July 2005 from nine paddy fields (three soil
samples were collected from each paddy field) and stored at 4 °C in a refrigerator. Batch
pesticide adsorption and degradation tests were conducted on the individual soil samples
in a laboratory maintained at 20 °C to estimate the soil adsorption coefficient (Ky) and the
degradation rate constant for the pesticide.

Estimation of K, .

Batch tests for estimation of K; were conducted according to the Organisation for Econ-
omic Co-operation and Development (OECD) guidelines (OECD, 2000), with some
modifications as follows. Four grams (dry weight) of wet soil was added to a glass tube
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containing 20 mL of 0.01 M CaCl, and 2.0 mg/L isoprothiolane. The tube was shaken at
100pm for 12h at 20°C in the dark; it was confirmed that shaking for 12h resulted in
an equilibrium distribution of isoprothiolane between the soil and water. After shaking,
the water phase was separated from the soil by centrifugation at 3500 rpm for 10 min, fol-
lowed by filtration through a glass filter (GF/F, & = 0.7 um, Whatman Japan K. K.,
Tokyo, Japan). The water phase was then extracted with 10 mL of n-hexane. The extract
was dried over anhydrous sodium sulphate and subjected to gas chromatography—mass
spectrometry (GC—MS) analysis for quantification of isoprothiolane.

Estimation of the degradation rate cx

Ten grams (dry weight) of wet soil was added to a glass tube. Ultrapure water was then
added to the tube 10 a water depth of I-2c¢m, which was maintained during the batch
test by adding additional ultrapure water as needed. The soil-water mixture was pre-
incubated for 3 days at 20°C in the dark for conditioning. After 3 days, isoprothiolane
was added to the tube at a final concentration of 7.2 mg/kg-dry soil, which is the average
application dose recommended for actual paddy fields (Japan Plant Protection Association,
1994). The soil was then incubated again at 20°C in the dark. Samples were withdrawn
on days 0, 5, 10, and 20 for quantification of residual isoprothiolane as follows. The
samples were centrifuged at 3500 rpm for 10 min to separate the water and soil. The pro-
cedure used for the extraction of the isoprothiolane from the water phase was the same as
that described in the previous section, and the extract was subjected to the GC~MS anal-
ysis. To extract the isoprothiolane from the soil, 10 mL of acetone was added to the soil
and the mixture was vortexed for 20 min. After vortexing, the mixture was centrifuged at
3500 rpm for 10 min, and the supernatant was subjected to the GC—~MS analysis.

Analytical methods

Isoprothiolane was quantified by GC-MS (Agilent 6890N gas chromatograph, Agilent
5973 mass spectrometry detector) equipped with a capillary column (Agilent HP-5MS,
5% diphenyl 95% dimethylsiloxane; i.d., 0.25 mm; length, 30m). The temperature of the
ion source, injector, and transfer line was 250°C. GC-MS was performed in selected ion
monitoring mode; the fragment ions of isoprothiolane were detected at m/z 118. The rela-
tive contents of organic compounds in the soil were measured by NC analyzer (Sumi-
graph NC-800, Sumika Chemical Analysis Service, Ltd., Tokyo, Japan) so that the
adsorption coefficient of soil organic compounds (Kqc) could be calculated from Kj.

Other model inputs and parameters

The time-series hydrological input for the model was precipitation after subtracting eva-
potranspiration; these data were calculated from published meteorological data (Japan
Meteorological Agency, Tokyo) by a method described elsewhere (Matsui et al., 2005).
The model takes into account 23 hydrologic parameters. The values of 13 parameters are
provided a priori or a posteriori from observation data (Matsui et al., 2005), and those of
the remaining 10 parameters are adjustable. Their values are searched for during model
simulation so as to give the best fit to observed water flow rates (Ministry of Land, Infra-
structure and Transport of Japan, 2005) in accordance with the minimum error criterion
of the Nash-Sutcliffe coefficient (Nash and Sutcliffe, 1970).

Results and discussion

Isoprothiolane adsorption and degradation in soil

The isoprothiolane concentration changes in the soils due to degradation were well
described by first-order reaction kinetics (data not shown), and the degradation rate was



parameterised by the first-order reaction constant (k). The degradation rate constant (k)
varied greatly depending on the soil type (Figure 3). Even within the same soil group
(wet Andosols), rate constants differed by a factor of 12. For soil samples within the
same soil subgroup (for example, wet Andosols 2) collected from different paddy fields,
the difference in rate constants became smaller. The adsorption coefficient of the soils
sampled from various paddy fields, expressed as the ratio of the amount of pesticide
adsorbed per unit weight of organic carbon (Kc), also varied depending on the soil type.
However, in soils of the same soil subgroup, Koc was roughly similar. The organic car-
bon contents of soils from the same soil subgroup were similar. Since soils of the paddy
fields in the target catchment area were mostly wet Andosols, we assumed that in the
model, the isoprothiolane degradation rate could be described by a first-order reaction
with the degradation rate constant determined in accordance with the soil type. Koc and
OC values in the model were also determined in accordance with soil type. In addition,
we confirmed that the literature-reported values of the degradation rate (half-life) and the
soil adsorption coefficient (Uchida, 1978; Kuwatsuka and Yamamoto, 1998; Kishimoto
et al., 1999) were in the same range as our values.

Predicting isoprothiolane concentration in river water

Agricultural records were collected for all 372 farmers engaged in paddy-rice cultivation
in the river basin, including dates of rice transplanting, dates and amounts of herbicide,
fungicide, and insecticide applications, irrigation practices and water level of rice-paddy
pondings, and harvest time. From these, a model input data set for all of the farmers were
created. Model inputs for isoprothiolane adsorption and degradation in the soil were
developed from the above mentioned observational data. Uncertainty in mode! inputs was
minimised by using these data, making it possible to test the predictive capability of the
model. Predicted and observed time variations in the isoprothiolane concentrations in
river water are compared and given in Figure 4. In 2003, the concentration was predicted
to peak on July 20, but regrettably there were no observed data on that day. Therefore,
the ability of the model to predict peak concentration could not be confirmed. In 2004,
fairly good agreement was obtained for both concentration peak height and timing
between predicted and observed values, because adequate water samples had been col-
lected at suitable times. Overall, the predicted concentrations were close to observed
values. These results suggested that the model was capable of predicting pesticide con-
centration in river water when precise model inputs and parameter values were provided.
In other words, the model realistically predicted pesticide fate without neglecting signifi-
cant processes such as pesticide transport and decomposition.
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Figure 3 Soil characteristics for isoprothiolane degradation and adsorption in soils sampled from nine
paddy fields. Error bars were calculated from data of three soil samples from each paddy field
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