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Preface

THE GREAT BENEFITS Of fertilisers and pesticides do not come without cost. One such cost is water
pollution. Hence the implicit research question underlying each paper in these Proceedings was. how can
sustainable intensive agriculture be at its most productive, without polluting water resources?
The main focus was on the need for uncontaminated water to be freely available for drinking.

This volume records the main research findings of ACIAR Project LWR1/1994/054 as presented
to a conference held in Thailand on 16-18 February 2000. The aim of the project was to identify and
evaluate promising technologies and management options to minimise the contamination of water
resources by agrochemicals. It focused on agricultural systems that depend on chemical inputs such as
fertilisers and pesticides (herbicides, insecticides, and fungicides).

The purpose of the project was to better understand the principles by which agrochemicals contami-
nate surface water and groundwater under these conditions. The research program was developed to
evaluate and use predictive modelling using system parameters, and to devise and evaluate management
practices to minimise pollution. The research was conducted by three organisations: the Malaysian
Agricultural Research and Development Institute (MARDI); the Faculty of Natural Resources, Prince of
Songkla University, Thailand (PSU); and the Commonweadth Scientific and Industrial Research
Organisation, Land and Water Division, Austraia (CSIRO). The project was conducted at three contrasting
sitesin Malaysia, Thailand, and Australia.

In Malaysia, surface water monitoring involved small plots, small sub-catchments, catchments, and
major riversin the Cameron Highlands. Flow was measured in all sitesin order to estimate pesticide |oads.
MARDI conducted specialised experiments evaluating transport of pollutantsin surface and groundwater,
field and laboratory characterisation of system parameters, long-term monitoring of experimental sites,
and application and evaluation of modelling techniques.

In Thailand, groundwater monitoring was conducted in three different geomorphological areas within
Rataphum Watershed: uplands (fruit orchards); slopes (rubber); and flats (vegetables). PSU investigated
groundwater pollution problems through field surveys, experimentation and common technology.
It evaluated the application of models and the impact of modifying management practices.

In Western Australia, CSIRO conducted detailed field experiments to investigate groundwater
pollution problems in the Ghangara Mound aquifer below the Swan Coastal Plain. Monitoring of water
quality with respect to selected pesticides was conducted at three different levels: small-scale (column
and undisturbed cores) in the laboratory; medium-scale field experiments; and large-scale monitoring in
agricultural areas.

The Australian team also coordinated the various techniques, analytical methods and modelling used
in various CSIRO pesticide projects, and transferred the technology to its counterparts in Malaysia and
Thailand.

Thanks are due to MARDI, PSU and CSIRO for their generous support of the project activitiesin their
respective countries and to the landholders who provided land or accessfor the field work. Thanks are also
due to all the scientists and support staff for their contributions to both the project and the conference.

R. B. Salama
R. Kookana

vii



Summary of Findings

I R Willett
ACIAR Resear ch Program Manager, Land and Water Resour ces

THE PROJECT's APPROACH Was to make an initial assessment of the extent and spread of contamination
of surface and ground waters in the Cameron Highlands and the Rataphum watershed. This included, in
each of the main cropping systems, assessment of farmers' practices that may lead to contamination of
groundwater and runoff water, or to excessive losses of eroded soil.

The initial assessment was complemented by detailed plot work and the application of leaching and
pesticide degradation models. Some laboratory work was required to obtain information on the sorption
and degradation behaviour of pesticides used in the areas. Some of these data were applied to models
to describe the leaching of nitrate and the leaching and degradation of pesticides in intensive tropical
agriculture. More emphasis was given to surface runoff and soil erosion in the steep areas of the Cameron
Highlands.

Recommendations for reducing nutrient and pesticide contamination of water resources were
developed. Also, for those sites where the major concern is groundwater contamination, the project
devised a means of assessing groundwater contamination by nitrate and pesticides on aregiona scale.
Malaysia
Erosion of surface soil in the Cameron Highlands is of serious concern. Soil loss can be expected to be
very large during construction of terraces and flattening of hilltops. After establishment of intensive
vegetable farms, soil losses remain high — in the region of 83 t/halyr. Erosion rates are generally high
during crop establishment, and decrease during the growing season as surface coverage increases. In
furrow and bed systems used for vegetables, initial erosion is due to raindrop detachment of soil from
the beds. Some of the detached soil accumulates into the compacted furrows. Rapid soil loss occurs in
overland flow down the furrows during heavy rainstorms. Erosion rates of soil used for flower production
under plastic shelters are very much less (about one t/halyr) because the soil is not subjected to natural
rainfall. Erosion from tea plantations occurs in empty rows and landslip-scarred areas and isgenerally low.

Analyses of suspended sediment and the original soil showed that transported materials were enriched
in nutrients. The finest particles were the most enriched; they were also likely to be transported furthest,
and to ultimately reach reservoirs and other surface-water bodies.

Under cabbage about three per cent of applied nitrogen was|ost in runoff. Theloss was most rapid soon
after application of the fertilisers and decreased during the growing season. The findings suggest that
erosion-mitigation measures are required in vegetable-growing areas. Shelters used in high-value flower
production effectively control erosion, but their high cost restricts their use to this specialised industry.
Losses of nitrogen by leaching in cabbage farms were about eight per cent of the nitrogen applied. Losses
of nutrients from the soil were small in comparison with the amounts applied in organic and inorganic
fertilisers. Such losses were insignificant in terms of crop production; however, they may be a significant
source of nitrogen in surface-water bodies.

Endosulfan and methamidophos insecticides, and their degradation products, were detected in
trace quantities in surface runoff water and in water that drained into lysimeters. Residues were aso
detected in the soil. Methamidophos, although more mobile than endosulfan in Cameron Highland
soils, was degraded rapidly by microbial activity (half-life of 5-8 days), whereas endosulfan was more
persistent (half-life of 433-495 days). Therefore endosulfan has greater potential as a contaminant than
methamidophos.



Thailand

In the Rataphum watershed of southern Thailand, a general assessment of risks of agrochemical
contamination identified intensive vegetable production on alluvial soilswith shallow watertables as most
at risk. During the course of the study, misuse of pesticides and poor practices, such as over-application
of homemade mixtures, were observed. Contamination risks from rubber plantations were rated as 'low’
and restricted to the relatively small areas (5-10 per cent) being re-established at any one time. Tree fruit
production is still a smallholder activity and not subject to large inputs of fertiliser or pesticide.

Modelling studies for a wide range of pesticides showed that there was little potential for leaching or
for contamination of groundwater. However, all such studies assume homogenous porous media where
water and solute flow are uniform; also the input data on pesticide properties are from other countries and
known to not relate well to local soils. Therefore conclusions reached from modelling studies must be
regarded as, at best, preliminary. The studies also showed that maintaining organic matter concentrations
of the surface soil and reducing irrigation water applications would be effective in reducing the leaching
potential of pesticides. Potential for nitrate leaching was greater than that of pesticides.

On-farm evaluations of bio-insecticides, entomopathogenic bacteria (Bacillus thuringiensis), and
nematodes (Stienernema carpocapsae) showed that they were not as effective as synthetic insecticides
in controlling insect pests on chaisim vegetables. The higher costs and lower yields of plots treated
with the bio-insecticides and reduced inputs of synthetic insecticides make this means of pest control
unattractive to farmers.

The shallow groundwater is utilised for drinking water supplies and a survey was made of coliform
bacteria in wells in the rubber, fruit tree and vegetable-growing areas. Excessive numbers of coliform
bacteria, in terms of drinking-water standards, were found in all areas and were greatest in shallow wells
in vegetable-growing areas. Protection from contamination and boiling of water intended for human
consumption are recommended.

Australia
In Western Australia, a detailed study of the soils of part of the Swan Coastal Plain was made to assess
their susceptibility to leaching of pesticides and nutrients.

The soils were described in terms of their sand and organic carbon contents, soil water retention,
hydraulic conductivity and bulk density. Detailed soil maps were compared to GIS-produced hydrogeo-
morphic maps. It was found that the hydrogeomorphic maps could be used to classify catchmentsin terms
of their susceptibility to leaching in the absence of detailed soil maps. The sorption properties of the soils
for arange of pesticides and metabolites were determined in the laboratory. There was a general trend for
increasing sorption with increasing organic carbon concentration. The metabolites of atrazine and
fenamiphos had much lower affinities for soil than their parent compounds, and may therefore be vulner-
ableto leaching to the groundwater. The sorption capacity of subsoilslow in organic carbon was very low;
so once a pesticide or metabolite leached below the surface soils, it moved easily. However evenin field
experiments where pesticide residues were detected at trace levels in the soils, they were not detected in
groundwater samples taken by a range of techniques.

Modelling studies of various irrigation vs. organic carbon scenarios in surface soils indicated that the
risk of pesticides leaching below one metre islow, although the potential for leaching varied between soil-
types. Given the high permeability of soilsin the Swan Coastal Plain, careful choice of pesticide, keeping
pesticide application frequency low, and improving irrigation practices are recommended to prevent
leaching. Nitrogen, as ammonium as well as nitrate, leached rapidly through these soils when used for
intensive horticulture (strawberry and turf production). Reducing irrigation water applications to that
required for crop growth can reduce the leaching. Regional maps of the vulnerability of groundwater to
nitrate accessions were also produced. Nitrate leaching was predicted in the range 16400 kg N/ha. The
amount leached increased with the rate of fertiliser application and the quantity of irrigation water. As with
pesticides, optimising fertiliser and irrigation inputs reduces the transfer of nitrate to the groundwater.



Conclusions

The first requirement in any effort to reduce pollution in agricultural systems is to identify the practices
and land, soil and water systems that are the most likely sources. At each study site of the project, the
agricultural systems responsible for contamination of water resources were identified.

In the Cameron Highlands, loss of nitrogen to surface runoff and then to surface water bodies, and
leaching of nitrate to groundwater, during intensive (unsheltered) vegetable production were the main
sources of contaminants. Loss of soil by water erosion was also serious during the construction
of terraces, but could be stabilised at an acceptable level by soil conservation practices once cropping was
established. Soil conservation practices are essential for horticultural production in the Cameron
Highlands. The use of rain-shelters greatly reduced losses in runoff and erosion, but these are only
feasible for very high-value crops such as cut flowers.

Intensive horticultural activities were also the cause of pollution in the Rataphum watershed and
the Gnangara Mound area. At these two sites, the main concern was the leaching of nitrate to the ground-
water. Although none of the tested pesticides was detected in groundwater, it is likely that some residues,
too low to detect experimentally, would reach the groundwater especialy in the irrigated shallow-
watertable areas.

At all project sites used for perennial trees (tropical fruits and rubber in Thailand, tea plantations and
jungle in Malaysia, and pine plantations and disturbed bushland in Western Australia) there was very
little potential for pollution because of the small rates of application of pesticides and fertilisers and the
lack of irrigation.

At all sites used for intensive production it was shown that reduction in the pollution of groundwater
can be achieved by limiting:

« fertiliser applications to that required for production,
* pesticide inputs to the recommended rates, and
« irrigation water applications to that required for crop growth.

In light-textured soilsthat receive pesticidesit is also recommended that organic carbon concentrations
in the surface soil be maintained or increased. The non-point nature of the pollution considered in
the agricultural systems of this project can only be reduced by changes in farmers' practices. It is
unlikely that legislation or regulation would be effective in achieving this, other than by deregistering
persistent pesticides.

Implementation of the project’s results requires educational activities to show farmers how to change
their practices to reduce pollution. This may be achieved by incorporating environmental objectives with
extension activities primarily aimed at improving crop production and farmers’ incomes. Ancther
approach, which has been successful in other countries, would be to link promotion of non-polluting
practices with external support for improving water suppliesin rural areas. It seems more likely that rural
folk will adopt practices that reduce contamination of water if they understand the direct link between
health and improved water supply and quality.

These results are being transferred to existing programs examining pesticide use and residues.

Xi



THE SwAN CoASTAL PLAIN near Perth, Western Australia,
was the location of the Australian project site. In contrast
to the other sites, the climate is Mediterranean, the relief
is generaly low, and the soils are very sandy. The area
supports remnant vegetation and some pine plantations,
and is also used for intensive horticultural activities such
as market gardens for vegetables, flowers and fruits,
and turf farms. The Gnangara Mound aquifer, the main
focus of the project, is an important source of water for the
city of Perth. So, like the other two sites, protection of
water resources from the effects of intensive agricultural
production is a well-established priority.



Geomor phology, Soilsand Landuse in the Swan Coastal

Plain in relation to Contaminant L eaching

R.B. Salama, D.W. Pollock, J.D. Byrneand G.W. Bartle'

Abstract
A detailed study of the soils of the southern part of Gnangara Mound in the Swan Coastal Plain was carried
out to determine their soil-water characteristics and their leaching capacity to nutrients and pesticides.
Physical, chemical and hydraulic characteristics of the topsoil (0—15 cm) and the subsoil (40-50 cm) were
measured at 21 sites representing the major soils under the different landuses in the area. The results show
that Bassendean Sands have higher coarse sand particles and consequently higher hydraulic conductivity
than Spearwood Sands. The Bassendean Dunes generally have low relief; minor variations in topography
trandate into variable depths to watertable, which are the basis for division into soil mapping units. For
example the Gavin soil has higher organic carbon content than all other soils sampled. The Spearwood Dunes
are divided mainly on the depth of soil over the limestone substrate and the incidence of karst features. The
Spearwood and Jandakot soils have lower coarse sand and lower carbon content, while the Karrakatta soils
have the least amount of organic carbon. Detailed soil maps were compared with GIS-produced hydrogeo-
morphic maps. The results show that the distribution of HGUs in the catchment is controlled by the geolog-
ical formations on which they were devel oped. The results al so show that the hydrogeomorphic maps can be
used in the absence of detailed soil maps to classify the catchment into areas that have similar soil charac-
teristics. Filtering capacity of the soils is dependant on organic material, clays and other minerals. Based on
these criteria, Spearwood Sands have the highest filtering capacity, followed by Bassendean and Quindalup.

THE GNANGARA MOUND is part of the Swan Coastal
Plain which was formed mainly of depositional mate-
rial either from fluviatile or aeolian origin. The plain
consists of a series of geomorphic entities, which are
sub-parallel to the present coastline. The most easter-
ly feature of the Mound is a series of |aterite covered
spurs forming the foothills of the Darling Scarp.
Stretching from the foot of the hills is the relatively
flat Pinjarra Plain built up of aluvium of varying
ages. It isup to 13 km wide and is terminated sharply
at its western edge by a series of coastal sand dunes:
the Bassendean Dune System in the east, followed by
the Spearwood Dune System, with the Quindalup
Dune System fringing the present coastline
(McArthur and Bettenay 1960).

The generalised surface geology of the study area
is mainly based on the soils consisting of the
Guildford clay in the east, the Bassendean and
Spearwood sands in the middle, and the Tamala lime-
stone and Safety Bay sand (Quindalup Dune System)
on the beach.
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The aluvial terrain includes the drainage system
which discharges from the Gnangara Mound. The
north and northeast drainage lines, which discharge
into Gingin Brook, are mapped as Gingin Brook
Complex (GG). The eastern drainage system towards
Ellen Brook and the Swan River have been mapped as
the Yanga unit (Y a).

Soils

The soil classification used in this study is sum-
marised from McArthur and Bettenay (1960), and
shown in Figure 1.

The Bassendean Dune System is generally of low
relief with minor variationsin topography; this means
that the watertable is at variable depths, and this
variation is the basis for division into soil mapping
units. The landscape comprises 20 m high ridges and
permanent open-water lakes. The flat or gently undu-
lating terrain supporting Gavin soils (G) has less than

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913
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Figure 1. Ghangara Mound soils.

5 m relief. The hills and ridges (Jandakot soils (Ja)
generaly have more than 5 m relief, with one area of
exceptionally high ridges mapped as Jandakot-Steep.
The dunes probably accumulated as shoreline deposits
and coastal dunes during interglacial periods of high
sea-level and consist of lime sand, quartz sand and
minor fine-grained, black, heavy minera concentra-
tions. The carbonate material has been completely
leached, leaving dunes consisting entirely of quartz
sand.

The Spearwood Dune System is classified mainly
on the basis of depth of soil over the limestone sub-
strate and the incidence of karst features. Limestone
is exposed or covered with shallow soil (Limestone
(KIs)) on the hills and ridges. In lower positions, the
sand may be several metres thick and is mapped as
the Karrakatta unit: the sand may be yellow almost to
the surface (Karrakatta Yellow (Ky)), or grey in the
surface layers (Karrakatta Grey (Kg)). In the karst
depressions the slopes are mapped as Spearwood
(Sp). The depressions often have permanent lakes
(W) with poorly-drained areas, mapped as Beonaddy
(B) around the edge.

The Quindalup Dune System occurs mainly west
of the Wanneroo Road; the mapping units include
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Bassendean

Spearwood
I Quindalup
alluvial
® Sampling sites

four phases (Q1-4), unstable sand (Qu), deep calcare-
ous (Qp) and shallow calcareous (Qs).

Landuse

The three most common landuses in the Gnangara
Mound are modified remnant vegetation, pine planta-
tions, and market gardens (Figure 2 and Table 1). All
three are major water users and either decrease the
recharge to the aquifer (pines and reserves) or take
water from the aquifer (agriculture), in addition to
heavy abstraction by the Water Corporation for water
supply and the thousands of wells used for domestic
gardens. The minor landuses are water bodies and
swamps (10 261 ha), drainage lines (2269 ha), and
remnant vegetation (754 ha). Thisisin addition to the
expanding urban areas which cover about 20 per cent
of the Mound.

Modified remnant vegetation

An area of 86 000 hais in natural reserves, in most
cases dightly to moderately disturbed. This modified
remnant vegetation is mainly in the Jandakot and
Gavin sand ridges of the Bassendean Dune System,
and the Karrakatta, Limestone and Spearwood units
of the Spearwood Dune System. Banksia spp. pre-
dominate, and the vegetation is largely open banksia
woodland or low proteacous and myrtaceous scrub on



modified remnant
urban
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Figure 2. Gnangara Mound landuses.

limestone. It can be divided into two categories:
species with deep roots;, and species with shallow
roots. The shallow-rooted species depend on the soil
moisture in the profile, whereas the deep-rooted
species may take part of their water from the capillary
zone.

Pine plantations

An area of 24 000 ha has been established with pine
plantations on the northern portions of the Swan
Coastal Plain. The original land objectives were to
produce saw-log timber for the Perth Metropolitan
market.

Market gardens

Themajor agricultural activity inthe Gnangaraareais
intensive horticulture (1925 ha), predominantly mar-
ket gardens for vegetables, native and greenhouse
flowers, citrus, avocados, stonefruit, grapevines, turf
and nursery crops. It is an important market garden-
ing area, due to its close proximity to metropolitan
markets. It is a particularly significant growing area
for broadleaf vegetables, and currently produces 58
per cent of the lettuce crop in Western Australia. Most
production is on the sandy soils of the Bassendean
and Spearwood Dune Systems.
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M ethodology

To study the leaching potential of the Gnangara soils
to the most commonly-applied pesticides in the
horticulture industry, 50 sites were selected for
groundwater sampling and 21 for soil and water
sampling and estimation of soil hydraulic parameters.
The sites were selected to represent the three major
landuses and the various management practices for
the major soil-types: Gavin (G), Jandakot (Ja), Joel
(J), Beonaddy (B), Karrakatta Grey (Kg), Karrakatta
Limestone (Kls), Karrakatta Yellow (Ky), Spearwood

(Sp).

Soil sampling

Soil samples were collected from topsoil (0-15 cm)
and subsoil (40-50 cm), for the determination of
physical and chemical properties of the soils. The
topsoil samples were obtained with a hand trowel
after removing any detritus and organic matter over-
burden; the subsoil samples were obtained by digging
a 50 x 50 cm hole to the required depth, then using
a hand trowel. The samples were placed into a strong
plastic bag with most of the air removed and the bag
sealed with PV C tape. The samples were well mixed



and divided into two halves, one for the determination
of physical and hydraulic properties, the other for
chemical and pesticide studies. Separate samples
were a so collected from each site for bulk density.

Table 1. Landuse in the southern Gnangara Mound.

Landuse Area (ha) Proportion (%)
Modified remnant 86 074 54.9
Urban 30998 19.8
Pine Plantations 23807 15.2
Water bodies & swamps 10261 6.5
Drainage lines 2269 14
Market gardens 1925 1.2
Remnant 754 05
Unidentified 736 05
Totals 156 824 100.0

Particle-sizedistribution

Particle-size distribution was carried out using sieve
analysis as recommended by the US Department of
Agriculture (USDA). The soil was mixed thoroughly
and a homogeneous sub-sample of about 200 g was
placed in an air-forced drying cabinet for 12 hours at
52° C. The samples were sieved through a2 mm sieve
to remove any large organic matter, stones and
gravel. The clean sample was passed through a set of
five sieves for the following sizes: 1-2 mm (very
coarse sand); 0.5-1.0 mm (coarse sand); 0.180-0.5
mm (medium sand); 0.063-0.180 mm (fine sand);
and < 0.063 mm (silt and clay). Neither gravel nor
stones were partitioned from any sample.

Soil-water retention

Soil water desorption data was obtained using the
method described by Topp et al. (1993). Soil water
retention for both topsoil and subsoil was determined
for al soils. Soil moisture content, g, (gravimetric)
and g, (volumetric), were obtained for the soils at five
matric potentias: 0, -10, -30, -100, and -1500 kPa.
Soils were air-dried at 52°C for 12 hours. The soil
corerings had afine nylon filter mesh material of ~90
um secured to the bottom of the ring. The ring was
held down on a smooth surface, and then the outside
of the ring was gently tapped to bring the dry soil to
within approximate field-measured bulk density. The
soils were then brought to saturation using de-aired
tap water over three days at 21°C. The saturated soil
samples were placed onto porous ceramic tension
plates, covered and allowed to equilibrate at the dif-
ferent matric potentials applied. The matric potentials
of -10 and -30 kPa were applied for seven days. The
negative potential of -100 kPa was applied for ten
days, whilst the negative potential of -1500 kPa was
applied for 14 days.
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Hydraulic conductivity

Hydraulic conductivity (Ksat) measurements were
made using a ponded disc permeameter, (positive
water potentials) fitted with a data logger to record
the rate of drop of the water column. A stainless steel
ring (4 cm deep x 20 cm diameter) was placed onto
the clean-levelled soil surface and gently pressed half
way into the soil. Two soil samples were taken from
outside of the ring to determine initial soil moisture
contents. The water-filled permeameter was placed on
top of thering and set to run. Two more soil samples
were obtained from under the disc permeameter
immediately after the water had |eft the soil surface.
Logged data was used to determine K values for the
soils. The hydraulic conductivity was calculated from
the slope of the ‘cumulative infiltration versus time'
graph at early and late times as infiltration proceeded.
Early infiltration was attributed to predominantly
capillary behaviour (sorptivity). Gravity drainage was
determined when the soil reached constant moisture
content.

Bulk density

One bulk density sample was obtained from the top-
soil and one from the subsoil using 50 x 47 mm stain-
less steel rings with chamfered outer edges to reduce
friction. A spatula was used to level off the top and
bottom surfaces, and the sample was gently tapped into
a pre-weighed 250 ml tin can and sealed. Soil mois-
ture contents were also obtained from these samples.
Organic carbon

A 200 g sub-sample was obtained from the bulk soil
samples. These were then air-dried at 52°C for 12 hours
and sieved through a2 mm sieve. A 15 g sub-sample
was removed, placed into a plastic vial and sealed.
The analysis was conducted in the Western Australia
Chemistry Centre using the Walkley and Black
Method SO9.

Soil Characteristics

Water repellence occurs in the surface horizons of
many acid coarse-textured soils. This phenomenon
has been attributed to the coating of the sand particles
with a skin of organic material. Dehydration of these
skins during a hot dry summer cause them to become
hydrophobic. This results in an uneven pattern of
water infiltration at the start of the wet winter period.
The continuous action of the raindrops removes the
organic skin (Roberts and Carbon 1971).

The soils of the Gnangara Mound are mainly sandy
soils (Table 2), with no gravel and generally <1.5 %
very coarse sand (1.0-2.0 mm), 2-57 % coarse sand
(0.5-1.0 mm), 20-78 % medium sand (0.18-0.5 mm),



Table 2. Particle-size analysis.

SiteNo. Soil-type Landuse Sample Depth Particle Size (%)

cm
(cm) Very Coarse Sand ~ Coarse Sand Medium Sand Fine Sand Silt+Clay
(1.0-2.0 mm) (0.5-1.0 mm) (0.180-0.5mm) (0.180-0.063 mm) (<0.063 mm)

1 J Bb 0-15 0.15 18,57 72.90 7.29 162
40-50 0.15 14.99 7772 571 1.36
2 Ja Bb 0-15 0.13 57.87 30.33 1.88 074
40-50 0.16 49.29 48.24 173 0.25
3 G Bb 0-15 0.56 4714 4617 478 0.87
40-50 0.11 29.97 62.84 6.43 059
4 G Mg 0-15 0.41 16.73 77.89 3.93 1.04
40-50 0.23 12.08 82.02 5.05 0.68
5 B Bb 0-15 1.27 45.05 47.15 531 113
40-50 0.84 35.07 55.71 6.73 1.50

6 G P 0-15 0.36 27.99 65.00 497 1.96
40-50 0.12 19.74 74.39 426 1.36
7 Ky Mg 0-15 0.72 59.97 3558 271 1.03
0-15 061 51.96 4367 274 1.04
8 S Mg 0-15 0.69 41.45 52.45 4.00 1.42
40-50 0.33 37.19 59.21 2.49 0.82
9 Sp Bb 0-15 0.76 28.92 63.82 5.02 1.34
40-50 02 20.79 74.92 361 061
10 Ky Bb 0-15 059 75.94 20.35 1.89 1.26
40-50 0.47 65.70 30.79 2.01 1.16

11Ja Bb 0-15 0.39 3011 65.46 3.16 0.10
40-50 0.16 2213 72.77 419 0.93
12 S Mg 0-15 113 55.78 36.10 433 272
40-50 091 45.75 4484 6.93 1.07
13 Ky Mg 0-15 150 33.68 49.01 12.23 378
40-50 1.07 34.46 51.90 10.45 233
14 Kls Mg 0-15 2.05 32.99 48.83 13.42 3.17
40-50 152 22.94 54.54 18.62 261

153 Bb 0-15 052 54.50 4139 2.72 1.02
40-50 0.29 44.06 5315 1.70 1.00
16 Ky Mg 0-15 0.94 54.80 35.81 6.84 1.78
40-50 0.86 50.79 39.78 6.94 1.80

176G P 0-15 057 4423 51.26 2.79 1.48
40-50 057 4115 55.30 231 0.82
18 B Mg 0-15 1.40 45.45 4138 8.1 3.01
40-50 1.48 29.12 40.85 651 1.96
19 Kls Mg 0-15 113 46.94 4527 521 152
40-50 0.64 57.74 37.50 3.07 1.05
20 J Bb 10 0.06 9.97 87.07 1.94 1.00
200 0.15 5.07 91.53 3.04 0.49
400 0.00 2.32 91.68 6.04 0.16
21 J Mg 0-10 018 29.72 43.90 492 158
40-50 0.26 48.96 45.02 417 1.43

Notes: Soil Systems& Types
Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel
Spearwood Dunes: B = Beonaddy, Kg = Karrakatta Grey, KIs = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood
Landuses
Bb = Banksia bush, P= pines, Mg = market gardens.
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Figure 3a. Soil moisture retention (Bassendean soils).

1.7-18 % fine sand (0.063-0.18 mm), and <1.0— 4 %
of silt and clay (<0.063 mm). The Bassendean soils
are characterised by higher percentages of coarse and
medium sands, while the Spearwood soils have high-
er percentages of fine sand.

Soil-water retention

The soil moisture characteristic curve is strongly
related to the soil texture. The greater the clay content,
the greater the water retention at a particular suction.
Since the Gnangara soils are mainly sandy, with
relatively large pore space and low water potential
(Table 3), the retention curve falls sharply with
suction (Figure 3). The curves aso indicate that the
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soils are not compacted. Sands from the Spearwood
Dune System have very little capacity to store water.
Both the soil-water potential and the soil hydraulic
conductivity fell rapidly with small decreases in
water content. Similar results were reported earlier by
Carbon et al. 1982.

Organic carbon

The organic carbon content (OC) in the Bassendean
sands ranged from 0.86 per cent in clear land to 4.8
per cent in some areas under pines for the topsoil
(0-10 cm); in the subsoil (40-50 cm) OC was much
lower at 0.09-0.89 per cent (Table 4). In the
Spearwood sand, OC was 0.57-2.5 per cent in the
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Table 4. Soil physical properties.

SiteNo. Soil-type  Landuse Sample Depth Organic Carbon Dry-soil Porosity, E pH Electrical

(cm) (%) Bulk Density 1-(bd/2.65) Conductivity
(g/em3) (mS/cm)

1 J Bb 0-15 2.90 123 0.54 4.64 0.0237

40-50 0.89 1.49 0.44 451 0.0081

2 Ja Bb 0-15 1.02 1.46 0.45 5.00 0.0094

40-50 0.14 1.60 0.40 512 0.0049

3 G Bb 0-15 2.94 148 0.44 4.92 0.0389

40-50 0.56 154 0.42 493 0.0135

4 G Mg 0-15 1.05 1.53 0.42 4.43 0.0406

40-50 0.09 1.55 0.42 4.39 0.0106

5 B Bb 0-15 2.88 1.05 0.60 5.96 0.0479

40-50 0.18 1.55 0.41 5.50 0.0199

6 G P 0-15 4.80 1.03 0.61 4.46 0.0235

40-50 0.66 1.49 0.44 391 0.0221

7 Ky Mg 0-15 0.57 132 0.50 6.24 0.0354

0-15 0.10 1.62 0.39 6.38 0.0157

8 Sp Mg 0-15 0.78 145 0.45 5.61 0.0462

40-50 0.16 151 0.43 6.18 0.0219

9 Sp Bb 0-15 2.50 122 054 6.08 0.0763

40-50 0.25 1.56 041 6.14 0.0239

10 Ky Bb 0-15 0.75 147 0.44 552 0.0232

40-50 0.28 154 0.42 5.62 0.0156

11 Ja Bb 0-15 1.02 1.39 0.47 4.83 0.0220

40-50 0.34 161 0.39 4.64 0.0063

12 Sp Mg 0-1 0.85 164 0.38 7.19 0.0486

40-50 0.24 155 041 7.28 0.0208

13 Ky Mg 0-15 0.82 1.39 0.48 7.02 0.0408

40-50 0.49 157 0.41 6.70 0.0389

14 Kls Mg 0-15 0.78 1.28 0.52 7.05 0.0539

40-50 0.29 1.56 0.41 7.15 0.0354

15 J B 0-15 114 1.30 0.51 453 0.0166

40-50 0.84 159 0.40 4.65 0.0057

16 Ky Mg 0-15 113 1.49 0.44 7.00 0.0231

40-50 0.31 145 0.45 7.14 0.0541

17 G P 0-15 217 120 0.55 5.97 0.0355

40-50 0.45 1.39 0.47 4.90 0.0177

18 B Mg 0-15 2.16 148 0.44 7.16 0.0957

40-50 3.08 121 054 7.90 0.1752

19 Kls Mg 0-15 1.05 1.39 0.48 7.87 0.0709

40-50 0.48 1.60 0.40 7.81 0.0588

20 J Bb 10 0.86 149 0.44 4.87 0.0150

200 0.50 163 0.38 5.46 0.0055

400 0.10 1.60 0.40 5.20 0.0045

21 J Mg 0-10 0.58 1.66 0.37 6.58 0.0575

40-50 0.16 1.63 0.38 5.83 0.0362

Notes: Soil Systems & Types
Bassendean Dunes: G= Gavin, Ja = Jandakot, J = Joel
Spearwood Dunes: B = Beonaddy, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Landuses

Bb = Banksia bush, P= pines, Mg = market gardens.
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Table 5. Hydraulic conductivity of Gnangara soils.

SiteNo. Soil-type Landuse  Sample Depth Hydraulic
(cm) Conductivity, K
(m/day)
1 J Bb 0-15 0.63
40-50 4.26
2 Ja Bb 0-15 1.40
40-50 5.00
3 G Bb 0-15 154
40-50 0.41
4 G Mg 0-15 112
40-50 1.46
5 B Bb 0-15 5.20
40-50 3.55
6 G P 0-15 2.32
40-50 0.95
7 Ky Mg 0-15 7.30
0-15 5.33
8 Sp Mg 0-15 3.57
40-50 4.06
9 Sp Bb 0-15 0.42
40-50 3.56
10 Ky Bb 0-15 1.26
40-50 5.69
11 J Bb 0-15 0.57
40-50 5.27
12 Sp Mg 0-15 2.99
40-50 2.99
13 Ky Mg 0-15 2.78
40-50 182
14 Kls Mg 0-15 4.23
40-50 2.26
15 J Bb 0-15 1.86
40-50 3.30
16 Ky Mg 0-15 2.26
40-50 5.06
17 G P 0-15 2.67
40-50 7.21
18 B Mg 0-15 2.05
40-50 0.38
19 Kls Mg 0-15 6.38
40-50 441
20 J Bb 10 4.75
200 3.94
400 3.67
21 J Mg 0-10 1.48
40-50 3.09

Note: Soil systems, soil-types and landuses as for Table 4.
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topsoil (0-10 cm), and 0.1 to 0.82 in the subsoil. In
the Beonaddy soils, which are associated with
swampy regions, OC was higher ranging from 2.16
per cent in the topsoil to 3.0 per cent in the subsoil.
Hydraulic conductivity

Hydraulic conductivity measurements were carried
out at 21 sites, at two depth intervals, using topsoils
(0-10 cm) and subsoils (40-50 cm) (Table 5). The
results of the first set of measurement of hydraulic
conductivity gave comparatively lower values than
the ones recorded in the literature (Carbon 1973),
so a repeat of the test was made at al sites. The
results from both tests were identical and showed that
the hydraulic conductivities were low. The results
also show that the hydraulic conductivity of
the topsoil is lower than the subsoil. Although the
Bassendean sands have higher hydraulic conductivi-
ties, the results aso show that there are not hig
differences in the hydraulic conductivity between the
Bassendean and the Spearwood sands. Hydraulic
conductivity ranges from 0.56 to 2.85 m/day for the
topsoils and 3.41 to 6.38 m/day in the subsoils.
Geomor phological mapping

Landform reflects the combined effects of the hydro-
logical, erosional and depositional processes which
take place in an area. Given similar cover and
climatic conditions, lithology and soil characteristics
control the rate of infiltration. A change of lithology
within a slope is often reflected in the slope form,
which in turn will affect surface processes as the
slope configuration becomes more complex.

Recent advances in the capabilities of geographic
information systems (GIS) in collating and processing
spatial data have revolutionised mapping concepts.
It is now possible to produce maps objectively and
produce dynamic geomorphic maps using Gl S-based
analytical and modelling capabilities to manipulate
spatia data to any required scale and for any config-
uration or combination of attributes such as slope,
aspect and curvature. This makes static mapping
obsolete. The objectives of geomorphological map-
ping can be summarised as:

* identify similar areas in the landscape that have
similar topographic characteristics

 usethese units as the basis for the hydrogeomorphic
mapping

» model the hydrogeomorphic map to provide
a systematic basis for the derivation of more
complex hydrogeological units.



Discussion

Comparison of soil landscape with geomor pho-
logical mapping, and itsrelationship with soil
genesis

The great Mindel-Riss Interglacial epoch occurred
about 240 000 years ago. Maximum sea-level during
the Riss-Wurm Interglacial has been put at about 8m
higher than the present day, with some estimates as
high as double that (McArthur and Bettenay 1960). It
has been suggested that deposition to form the Pinjara
Plain as it is today began with the retreat of the sea
following the Mindel-Riss Interglacial. The
Bassendean dune system, the oldest of the three dune
systems, may have begun at the Rissl-Rissll
Interstadial; however, the main accumulation took
place in the RisssWurm interglacial period over 100
000 years. Following the Bassendean dunes, there
was apparently a considerable break before the accu-
mulation of the Spearwood dune system, which is
totally different in topography and composition and
must be regarded as very youthful by comparison.
Accumulation of this system began in the Wurm |
Interstadial. The Quindalup dune system is associated
with a falling sea-level. The relatively young age of
the dune systems suggest that several interrelated
processes of weathering which took place since their
deposition are still ongoing today.

The geomorphology of the Gnangara Mound may
be depicted as consisting of the degraded surface of
aeolian origin of the Bassendean Dunes in the east
and the Spearwood Dunesin the west, with pockets of
parabolic and nested-parabolic dune complex
(Quindalup dunes) along the shore. This geomorpho-
logical classification can be mechanically performed
using GIS techniques by classifying the elevation
(from digital elevation data) into three main divisions
and superimposing the highly undulating Quindalup
along the shoreline. The Quindalup can be distin-
guished in the GIS by its characteristic form and
slope pattern.

Table6. Hydrogeomorphic units corresponding to the

Soil-types.
Soil-type Hydrogeomorphic Units (HGU)
Gavin 61,62,71
Jandakot 72,82,83,91,92,93
Beonaddy 12
Karrakatta 43,53,63
Limestone/Spearwood 22,32,33
Quindalup 11,2324
dluvia 41,42
waterbodies & swamps 51,52
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A detailed classification of the hydrogeomorphic
elements used for this study is based on nine elevation
classes (10, 20, ..., 80 and >80 m) and three slope
classes (<0.4°,0.4 £ 1.8°. and 3.0 3 1.8°). Thisresult-
ed in 27 hydrogeomorphic elements, which were
correlated with the units of the soil maps. The final
map was prepared by combining similar elements
based on either similar elevation or similar slopes to
reduce the number of elements. This was achieved by
giving similar colours to the assigned units. This
resulted in eight hydrogeomorphic units as shown in
Table 6. The hydrogeomorphic unit (HGU) map is
shown as Figure 4.

The soils of the Bassendean Dunes are Podsols,
those of the Spearwood Dunes are podsolised sands,
and the Quindalup Dunes are undifferentiated
calcareous sands. In the most easterly and oldest parts
of the Bassendean Dunes, the humus podsols, typified
by the Gavin series, are dominant. Proceeding
westward, the incidence of iron-humus podsols
(Jandakot series) becomes higher. In the Spearwood
Dunes, the depth of sand overlying aeolianites is
greater on the eastern edge (Karrakatta series) and
show awell-defined lower horizon within the topsoil.
In the Quindalup System, there is more uniform car-
bonate near the shore and concentration of carbonate
in the lower horizons (McArthur and Bettenay 1960).

Lakes, swamps and low-lying areas mapped by the
hydrogeomorphic techniques looked similar to the
existing features; the main differences were associat-
ed with the undulating Spearwood and the lower
ranges of the Bassendean. Due to similar elevation
ranges in parts of the Spearwood were mapped as
Bassendean. Similar problems are associated with the
low-lying areas in the Spearwood which were within
ranges of the same elevation as those in the aluvia
area in the eastern parts of the catchment.

The results of the mapping show that the distribu-
tion of hydrogeomorphic units (HGUs) in the
catchment is controlled by the geological formations
on which they were developed. The weathering
characteristics of each of the geological formations
led to the development of a certain HGU. For exam-
ple, the Bassendean sands are developed in the
higher parts of the landscape, and the Spearwood
sands are developed at the bresk of slope of the
Bassendean sands. The series of lakes extending in
the north-south line are a so at the break of slope. The
Quindalup sands near the shore are characterised by
parabolic and nested-parabolic dune complexes. At
the same time, slope, break of slope and curvature
control where groundwater will discharge. In most
cases, this coincided with the series of lakes and
swamps that extend along the north-south line within
the Spearwood sands.
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Figure 4. Gnangara Mound HGUs.

Soil characteristics of the Gnangara Mound that
control pesticide leaching

Pesticide sorption in soils is dependent on both
the type of pesticide and the physical and chemical
characteristics of soils, including the types of miner-
as present. The thickness of soils, especially the
topsoil which contains most of the organic matter and
biota, determine the length of travel time that the
contaminants will take to pass through this layer.
Organic material, clays and other minerals react with
the contaminants to absorb, react with or volatilise the
chemicals. The soil physical characteristics and
hydraulic properties influence the rate at which
water infiltrates through the soil profile. Based on this,
Bassendean sands would have lower filtering capacity
than Spearwood sands. The Quindalup sands would
have the lowest filtering capacity, especialy in areas
with shallow soil cover underlain by limestone. Two
other important soil factors controlling the interac-
tions are soil pH and soil solution composition.
Pesticide-organic matter interaction

Interaction between pesticides and soil organic matter
occurs in two main ways: specific interaction
between soil organic matter and pesticides leading to
the formation of definite bonding and partitioning and
formation of new compounds; and physical sorption
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leading to the formation of thermodynamically-stable
compounds. In tropical soils that are generally low
in organic carbon, both the clay fraction and organic
carbon may play an important role in controlling
pesticide sorption.

The Gavin soils have high filtration potential due
to the relatively high organic carbon content. The
Spearwood and Jandakot sands have lower filtration
capacity due to their lower carbon content and the
Karrakatta soils have the least capacity for filtering
pesticides due to their very low carbon content.

Soil pH

McArthur and Bettenay (1960) summarised the
changes that occur in soils of the dune system with
continued leaching of a highly calcareous sand.
Progressive loss of carbonate, first from the surface
and then completely, took place over 100 000-
200 000 years. The losses of carbonate lead to a
two-unit fal in pH and an increase in the
calcium/magnesium ratio in the residua aeolinite.
There is progressive loss of iron with more effective
removal in the wetter and less-drained aress. After the
complete removal of carbonate, an organic lower
horizon develops and the pH falls by a further unit.

Beside the difference in organic carbon with
soil-type, there are also marked differences due to



landuse. The soils under market gardens were near
neutral pH, whereas those under natural vegetation
were generally acidic in reaction, with some aslow as
pH 4. Soil pH effects are important with weakly basic
(triazine) and acidic (phenoxy acid) pesticides
because the relative quantities in ionic form are
dependent on the pK of the pesticide and pH of the
soil system. Weakly basic pesticides become cations
a low pH. In variable charge soils, such pH values
lead to low surface negative charge and high positive
charge that result in increased sorption. In contrast,
the acidic pesticides ionise to anionic form as pH
increases (one or more pH units above the pKa of
acid) (Weber 1993). There are some reports of
increasing sorption of some pesticides with decreas-
ing pH, as is the case in this study in the topsoils
under native vegetation and pines.

Soil solution composition

Interaction between contaminants and soil particles
takes place at the solid-solution interface. Thus the
water content of the soil and chemistry of the soil
water influence the solubility of the pesticides,
interaction with the chemicals and minerals in the
water, and the rate with which the interstitial water is
moving downward or laterally, or both.

The soils and interstitial water in the Quindalup
and Spearwood Sand systems are mainly high in pH
and in alkaline material, whilst the Bassendean Sands
are lower in pH. Weakly basic pesticides become
cations at low pH; such pH valueslead to low surface
negative charge and high surface positive charge
resulting in increased sorption. On the other hand,
the acidic pesticides ionise to anionic form as pH
increases, and this may lead to reduced sorption with
increasing pH.

Conclusions

Physical, chemical and hydraulic characteristics of
topsoil (0-15 cm) and subsoil (40-50 cm) were
carried out at 21 sites in the southern part of the
Gnangara Mound, representing the major soils under
the different landuse in the area. The results show that
Bassendean Sands have higher coarse sand particles
and consequently higher hydraulic conductivity than
Spearwood Sands. The Bassendean Dunes generally
have low relief; minor variations in topography
trandate into variable depths to watertable, which are
the basis for division into soil mapping units. For
example the Gavin soil has higher organic carbon
content than all other soils sampled. The Spearwood
Dunes are divided mainly on the depth of soil over the
limestone substrate and the incidence of karst features.
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The Spearwood and Jandakot soils have lower coarse
sand and lower carbon content, while the Karrakatta
soils have the least amount of organic carbon.

Detailed soil maps were compared with GIS-pro-
duced hydrogeomorphic maps. The results show that
the hydrogeomorphic maps can be used in the
absence of detailed soil mapsto classify the catchment
into areas with similar soil characteristics.

Filtering capacity of the soils is dependant on
organic material, clays and other minerals. Based
on these criteria, Spearwood Sands have the highest
filtering capacity, followed by Bassendean and
Quindalup.
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Sorption of Selected Pesticides and their M etabolites
in Soil Profiles of the Swan Coastal Plain

R.S. Kookana, A. Kerekes', D. Oliver?, R.B. Salama? and J.D. Byrne?

Abstract

A study was conducted to estimate the sorption of nine different pesticides in 23 soils of the Swan Coastal
Plain of Western Australia. Surface and sub-surface soils were collected from several sites under native
vegetation (Banksia woodland) and under market gardens around Perth. Sorption was measured by a batch
equilibration method employing a single-solution concentration. The sorption coefficients (Kd) were
calculated assuming a linear relation between solution and sorbed concentrations. The pesticides studied
included atrazine and its two main metabolites (desethylatrazine and desisopropylatrazine), fenamiphos and
its two main metabolites (sulfoxide and sulfone), fenarimol, azinphos methyl and prometryn. The soils
studied showed a wide range of sorption capacities for pesticides. While a general trend of higher sorption
with higher organic matter content of the soil was apparent, organic carbon alone could not explain
the differences. The metabolites of atrazine and fenamiphos had much lower sorption affinities for soils than
their respective parent compounds. The metabolites of fenamiphos had an order-of-magnitude lower
sorption than their parent compound in some soils. Given that these metabolites are equally toxic in nature
and more persistent than their parent compounds, the potential of the metabolites themselves to pollute
groundwater should be taken into account. For most soils the Kd values for desisopropylatrazine were the
lowest, and azinphos methyl the highest. The pesticides in descending order of sorption were: azinphos
methyl > fenarimol > prometryn > fenamiphos > atrazine > fenamiphos sulfone > fenamiphos sulfoxide >
desethylatrazine > desisopropylatrazine. The sorption per unit mass of organic carbon in soils (K,.) showed
awide variation among the soils studied, possibly reflecting the varying nature of organic materials present
in the soils. The sorption coefficients for pesticides were much lower in subsoils than in surface sils; in
some cases they were negligible in subsoils. This suggests that in such soils, once the pesticide leaches
beyond the top 50-100 cm, it can move with the water-front with little retardation through sorption.

INTENSIVE AGRICULTURE relies heavily on the use of
pesticides to control weeds, insect pests and diseases.
Continuous use of pesticides has caused contamina-
tion of surface and ground water in several parts of
the world, including Australia (Vighi and Funari
1995; Kookana, Phang and Aylmore 1997). A recent
monitoring study on groundwaters of several regions
of Australia has revealed the presence of pesticide
residues at trace levels (Bauld 1996). This is of
concern to the community, especially in areas where
groundwater is used for drinking or domestic use.
Several rura and urban centres of Austraia rely
heavily on groundwater for drinking purposes. For
example, nearly two thirds of the drinking water
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supply in metropolitan Perth is extracted from
groundwater. It is therefore imperative that such
groundwater sources are protected from contamina-
tion.

Pesticides are commonly used for vegetable pro-
duction, often with several applications, in the market
gardens on the Gnangara Mound in the Swan Coastal
Plain. This study was carried out to assess the mohility
of pesticides through selected soil profiles of the area.
Sorption is akey factor in controling pesticide move-

1 CSIRO Land and Water, Private Bag No 2, Glen Osmond,
South Australia 5064

2 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913



ment through soils to the groundwater. The study

objectives were therefore to:

* estimate the extent of sorption of commonly-used
pesticides, through profiles representing different
soil-typesin the area, and

« provide the sorption coefficient as an input parame-
ter for the assessment of groundwater vulnerability
in the Swan Coastal Plain.

Materialsand Methods

Soils

Twenty-three surface and sub-surface soils were sam-
pled from 11 sites in the Gnangara Mound. The sam-
ples were mostly taken at 0-15 or 40-50 cm, and one
site required sampling at 200 and 400 cm. The soils
were air-dried, ground and sieved through a
2 mm sieve before determining their physico-chemi-
cal properties. The properties of the soil profiles are
shown in Table 1. From the point of view of sorption
of pesticides to soil, the key soil property is the
organic carbon content (OC). As expected, OCs of
sub-surface layers were much lower than those of the

surface layers (in some cases down to ten per cent).

The soils under intensive horticulture (market gardens)

had lower OC than those under native vegetation. The

other key difference among soilswas the pH. The soils
under market gardens were near neutral, whereas
those under natural vegetation were generally acidic

with some as low as pH 4.

Pesticides

The pesticides in the sorption study were selected

from the list of commonly-used pesticides on the

basis of their persistence and likely pollution poten-
tial for the groundwater in the study area. They were,

asshown in Table 2:

« atrazine (and its two main metabolites
desethylatrazine (DEA) and desiospropylatrazine
(DIA))

« fenamiphos (and its two main metabolites
fenamiphos sulfoxide (FS) and fenamiphos sulfone
(FSO))

* fenarimol

« azinphos methyl

* prometryn.

Table 1. Physical and chemical properties of the soils used in the study.

Sample No. SiteNo. Soil-type Landuse  Sample Depth oC Dry-soil Bulk Porosity, E pH Electrical
(cm) (%) Density (g/cm)  (1-(bd/2.65)) Conductivity
(mS/cm)
1 1 J Bb 0-15 2.90 1.23 0.54 4.64 0.0237
2 40-50 0.89 1.49 0.44 4,51 0.0081
3 2 Ja Bb 0-15 1.02 1.46 0.45 5.00 0.0094
4 40-50 0.14 1.60 0.40 5.12 0.0049
5 3 G Bb 0-15 2.94 148 0.44 4.92 0.0389
6 40-50 0.56 154 0.42 4.93 0.0135
7 6 G P 0-15 4.80 1.03 0.61 4.46 0.0235
8 40-50 0.66 1.49 0.44 391 0.0221
9 9 Sp Bb 0-15 2.50 122 0.54 6.08 0.0763
10 40-50 0.25 156 0.41 6.14 0.0239
1 13 Ky Mg 0-15 0.82 1.39 0.48 7.02 0.0408
12 40-50 0.49 157 041 6.74 0.0389
13 15 J Bb 0-15 114 1.30 0.51 453 0.0166
14 40-50 0.84 1.59 0.40 4.65 0.0057
15 16 Ky Mg 0-15 113 1.49 0.44 7.00 0.0231
16 40-50 0.31 1.45 0.45 7.14 0.0541
17 18 B Mg 0-15 216 1.48 0.44 7.16 0.0957
18 40-50 3.08 121 0.54 7.94 0.1752
19 19 Kls Mg 0-15 1.05 1.39 0.48 7.87 0.0709
20 40-50 0.48 1.60 0.40 7.81 0.0588
21 20 J Bb 10 0.86 1.49 0.44 4.87 0.0150
22 200 0.50 163 0.38 5.46 0.0055
23 400 0.10 1.60 0.40 5.20 0.0045

Soil Systems & Types
Bassendean Dunes: G= Gavin, Ja = Jandakot, J = Joel

Spearwood Dunes: B = Beonaddy, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Landuses
Bb = Banksia bush, P= pines, Mg = market gardens.
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Table 2. Key properties of the pesticides used in this study (metabolites not shown).

Common name Class pKa Solubility at 25°C (mg/L) Half-life (days) Log K gy
atrazine s-triazine herbicide 1.68 33 60 2.50
fenamiphos organophosphate insecticide

and nematicide - 400 50 3.30
fenarimol fungicide - 4 360 3.69
azinphos methyl organophosphate insecticide - 29 10 2.96
prometryn s-triazine herbicide 4.05 33 60 3.10

Note: half-life calculations after Wauchope et a. 1992.

Sor ption measur ement

Due to the large number of soils studied, a single-
point sorption measurement was made as an approxi-
mate measure of pesticide sorption. The sorption
coefficient (Kd) was calculated from the ratio of
sorbed concentration to the soil solution concentra-
tion after equilibration. The soils were weighed out
in triplicate (5 g) into centrifuge tubes, and to each
tube was added 10 ml of 0.005M Ca(NO;), solution
spiked with a known concentration of pesticide. The
single concentration used during the sorption study
for all pesticides was 2 mg/L. Soil suspensions in
the centrifuge tubes were shaken for four hours
on an end-over-end shaker, then centrifuged at
2000 rpm for five minutes before the supernatant
was decanted. The supernatant was filtered through
0.45 mm acrodisk filters, then analysed on a High
Performance Liquid Chromatograph (HPLC).
Pesticide analysis

The concentrations of pesticides in the supernatants
after equilibration were measured on a Varian HPLC
equipped with a Star 9012 ternary gradient pump,
Polychrom 9065 diode array detector (PDA), Star
9050 programmable variable-wavelength UV detec-
tor, an auto-injector, column oven, and a Star 9100
auto-sampler with electric sample valve. Data were
collected and processed on the Star HPL C data system.

Atrazine and metabolites (DEA and DIA) and
azinphos methyl

Waters radia pak liquid chromatography Cig
cartridges (10 cm x 5 mm ID, 4 mm particle size); gra
dient elution with mobile phase 90:10 H,O:CH,CN
for first two minutes, which then changes over
for the following five minutes to 50:50 H,O:CH;CN
and is maintained at this composition for the next
eight minutes;, flow rate 1.0 mL/min; UV-Vis
detector wavelength 220 nm; retention times: DEA,
6.2 minutes; DIA, 7.4 minutes, atrazine, 10.0 min-
utes; azinphos methyl, 13.5 minutes.

Fenamiphos, fenamiphos sulfoxide and
fenamiphos sulfone

Cig column (25 cm x 4.6 mmiD); isocretic elution
with mobile phase 50:50 H,O:CH5CN; flow-rate
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1 mL/min; PDA detector wavelength: fenamiphos
sulfoxide and fenamiphos sulphone 224 nm and 248
nm; retention times: fenamiphos sulfoxide, 4.5 min-
utes; fenamiphos sulphone, 7.4 minutes; fenamiphos,
15 minutes.

Fenarimol and prometryn

C,5 column (25 cm x 4.6 mmID); isocratic elution
with mobile phase 30:25:45 H,0:CH;CN:CH;OH;
flow rate 0.8 mL/min; PDA detector wavelength:
fenarimol, 220 nm and prometryn 244 nm; retention
times: fenarimol, 10.2 minutes; prometryn, 12.2
minutes.

Results

For the nine pesticides studied here, for any given
soil, the atrazine metabolite DIA showed the lowest
Kd and azinphos methyl the highest. Generally, the
pesticides followed the following order of descending
sorption: azinphos methyl > fenarimol > prometryn >
fenamiphos > atrazine > fenamiphos sulfone >
fenamiphos sulfoxide > DEA> DIA(Table 3).

The highest Kd for azinphos methyl is not consis-
tent with the scale of hydrophobicity. In fact, among
the nine compounds studied, fenarimol was the most
hydrophobic and was expected to result in highest Kd
vaues. Whilein several soilsthe Kd values of thetwo
compounds were similar, in some other soils azinphos
methyl showed a higher sorption coefficient.

Atrazine, DEA and DIA

The soils differed greatly in their sorption affinity for
atrazine and its two metabolites. For example, Kd
values for atrazine were 0.0-18.7 L/kg, for DEA
0.0-12.0 L/kg, and for DIA0.0-9.8 L/kg. The highest
Kd for the three compounds was found in surface soil
(0-15 cm) from Profile 6 of Gavin soil under pines;
by contrast, the sub-surface layers of Profile 20 of
Joel soil (at 200 and 400 cm) showed no sorption. Not
al sub-surface soils were low in organic matter con-
tent; indeed, the sub-surface layer of Beonaddy soil
(Profile 18) had higher organic matter content than
the surface layer (3.08 compared with 2.16 per cent),
and Kd values were higher accordingly.



Table 3. Sorption coefficients (Kd, in L/kg) of pesticides in various soils.

Profile No. Soil-type Land-use Sample Depth OC (%) Sorption Coefficient

(cm) A DEA DA F FS FSO FL AM P
1 J Bb 0-15 2.90 1064 752 58 >40 620 858 >50 >50 >70
40-50 0.89 419 236 200 2830 242 254 4972 >50 >70
2 Ja Bb 0-15 1.02 141 113 100 787 057 042 2495 3940 878
40-50 0.14 005 025 030 019 010 000 256 070 0.68
3 G Bb 0-15 294 522 296 261 2819 312 337 4933 >50 3201
40-50 0.56 094 059 063 775 084 059 1747 2490 12.39
6 G P 0-15 4.80 1872 1198 979 >40 9.89 1573 >50 >50 >70
40-50 0.66 256 116 118 1845 166 113 >50 >50 29.11
9 Sp Bb 0-15 2.50 170 126 105 934 000 072 >50 >50 6.61
40-50 0.25 010 035 039 047 000 012 384 131 046
13 Ky Mg 0-15 0.82 055 0.79 064 481 018 0.67 2157 2791 154
40-50 0.49 838 093 067 390 008 058 2026 4166 1.86
15 J Bb 0-15 114 1037 564 505 >40 507 789 >50 >50 >70
40-50 0.84 305 130 129 2137 075 187 4293 >50 3299
16 Kg Mg 0-15 113 0.78 0.85 0.75 1032 027 0.88 913 4468 200
40-50 0.31 024 054 047 173 000 028 482 508 058
18 B Mg 0-15 2.16 126 174 113 1651 076 165 2725 >50 272
40-50 3.08 326 465 249 3304 301 362 3465 >50 5.09
19 KLs Mg 0-15 1.05 062 0.69 060 572 017 057 2171 2686 175
40-50 0.48 025 046 040 392 008 053 721 744 106
20 J Bb 0-10 0.86 173 162 119 545 042 114 1232 >50 1256
200 0.50 000 000 000 000 000 000 079 005 004
400 0.10 0.00 0.00 000 000 0.00 000 016 000 0.00

Notes: Soil-types
B = Beonaddy, G = Gavin, J = Joel, Ja= Jandakot, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood
Landuses
Mg = market gardens, P= pines, Bb = Banksia bush
Pesticides
A = atrazine, DEA= desethylatrazine, DIA= desisopropylatrazine, F = fenamiphos, FS = fenamiphos sulfoxide,
FSO = fenamiphos sulfone, FL= fenarimol, AM = azinphos methyl, P= prometryn

20 -, Kd (Atrazine) = 2.677 x -0.1421, R? = 0.4795, n = 23
Kd (DEA) = 1.9986 x 0.4613, R = 0,694, n = 23 A
Kd (DIA) = 1,5095 x -0.2115, R?2 = 0.6309, n = 23

Atrazine
DEA

° DIA

OC %

Figure 1. Relationship between sorption coefficient (Kd) of atrazine and its two metabolites (DEAand DIA)
and organic carbon (OC).
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Fenamiphos, fenamiphos sulfoxide and
fenamiphos sulfone

Fenamiphos showed the highest sorption coefficient
followed by its two metabolites FS and FSO. For
example, Kd values for fenamiphos ranged from 0.0
to>40 L/kg, whereas for FS and FSO ranged from 0.0
to 15.7 L/kg. As was observed in the case of atrazine
and its metabolites, the highest Kd values for the
three compounds were found in the surface soil (015
cm) from Profile 6 of Gavin soil. The sub-surface Kd
values were always lower than the corresponding
values for the surface layer, due to lower organic car-
bon content of the sub-surface soils. However, aswith
the sorption of atrazine and its metabolites, the Kd
values of the three compounds in the Beonaddy soil
were higher in the sub-surface layer, due to a higher
organic matter content. There was negligible sorption
of fenamiphos and the metabolitesin the Joel soil. For
the two metabolites, the Kd valuesin several sub-sur-
face layers were very low.

Fenarimol, azinphos methyl and prometryn
Sorption of fenarimol and azinphos methyl in most
of the surface soils was very high, especialy those
under Banksia bush or pines. In most surface sails,
sorption was so high that, after equilibration, the
concentrations of the pesticides left in soil solutions
were below the limits of detection. Hence the actual
Kd values could not be calculated and these have
been reported as greater than a certain value
(for example >50 L/kg for azinphos methyl). The Kd
values for fenarimol were lower and measurable in
Jandakot Profile 2 and Joel Profile 20 under the same
landuse, because of alower organic carbon content of
the surface soils. In Joel Profile 20, the soil samples
from 200 and 400 cm showed virtually no sorption for
these pesticides, despite the high inherent sorption
affinity of pesticides such as azinphos methyl. In the
case of prometryn, the sorption was not as high as for
the other two compounds for any given soil. In terms
of sorption affinity, the three pesticides followed the
order: azinphos methyl > fenarimol > prometryn.

Discussion

A comparison of sorption of parent compounds
and metabolites

For both atrazine and fenamiphos, the Kd values of
the metabolites were much lower than those of the
respective parent compounds. Sorption of both parent
and metabolite decreased in the following order:
atrazine > DEA 2 DIA and fenamiphos > FSO 3 FS.
These results are consistent with the polarity of the
compounds. In both cases, the metabolites are more
polar than their parent compounds, making the
metabolites more soluble in water and therefore
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more mobile. This is consistent with other published
studies on sorption of these compounds (Lee, Green
and Apt 1986; Kookana, Phang and Aylmore 1997).
From the point of view of environmental impact
and toxicity, the metabolites assume considerable
importance, especidly in the case of fenamiphos,
where the metabolites FS and FSO are as equally
toxic and active against the pests as the parent com-
pound. Given that, due to lower sorption than their
parents, the metabolites are much more mobile, they
deserve to be taken into account in any assessment of
groundwater pollution potential of these pesticides.
Effect of landuse on sorption of pesticides

The soils under intensive cultivation (market
gardens) had lower Kd for the pesticides than those
under Banksiabush or pines. Thisis generally reflect-
ed in the organic carbon contents of the soils, which
tended to be lower in the market garden soils. A
comparison of soilswith similar organic carbon under
natural vegetation (Banksia bush) and intensive culti-
vation (market gardens) showed that the sorption was
comparable for some pesticides and not for others.
For example, surface soils of Profile 2 (Jandakot)
under Banksia bush and Profile 16 (Karrakatta Grey)
under market gardens both had about one per cent
OC, and therefore Kds for severa pesticides were
comparable. However, in the case of fenarimol and
prometryn, the Jandakot soil under Banksia bush
showed substantially higher Kd values than the
Karrakatta Grey soil. A similar pattern is observed
when the surface soils from Profile 9 of Spearwood
(under Banksia bush) and Profile 18 of Beonaddy
(under market gardens) are compared.

The reasons for the difference in sorption of fena-
rimol and prometryn for these soils may be linked to
the differences in other soil properties such as pH.
Indeed the pH of soils under market gardens were
near neutral, whereas all other soils were acidic. Soil
pH can influence the sorption of ionizable pesticides
such as prometryn and atrazine, both of which are
weakly basic in nature.

Relationship between Kd and organic carbon
Despite similar solubilities of prometryn and atrazine,
the Kd values for prometryn were generally higher.
Thisislikely to be due to greater sensitivity of prom-
etryn to pH differences, resulting from its higher pKa,
asshownin Table 2.

The relationship between sorption and organic car-
bon was explored further by plotting the Kd of
atrazine and fenamiphos (and their respective
metabolites) against organic carbon (Figures 1 and 2).

The data in the two figures show a trend of
increasing sorption with increasing organic carbon
content, but a considerable scatter is evident for all



Kd (Fenamiphos) = 8.6059 + 3.457, R? = 0.5243, n = 23
50 -] Kd (FS) = 1.6291 x -0.5536, R2 = 0.6127, n = 23

Kd (FSO) = 2.4388 x -0.8528, R? = 0.6146, n = 23
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Figure 2. Relationship between sorption coefficient (Kd) of fenamiphos and its two metabolites (FSO and FS) and organic
carbon (OC).
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Figure 3. Variationsin K for atrazine in various soils (soil sample numbers correspond to those in Table 1).

Table 4. Sorption for various pesticides.

Pesticide Sorption (K o)
Mean + SD Median Range Overseas Mean
atrazine 114 +160 49 0-645 100
DEA 73+98 39 3-415 -
DIA 60 £79 35 5-338 -
fenamiphos 495 +492 271 0-1403 100
FS 53 +86 14 0-341 -
FSO 79+129 25 0-542 -
fenarimol 905 +669 749 6-1744 600
azinphos methyl 655 +912 175 0-2463 1000
prometryn 1154 +706 1541 0-1724 400

Notes: K. =100 x Kd/ OC%; SD = standard deviation
Overseas data are from Wauchope et a. 1992
'Overseas mean' K o for fenamiphos is weighted for sulfoxide as major residue.
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pesticides. For example, the soils with OC of 2.5-3
per cent showed a Kd for fenamiphos of 1040 L/kg.
The correlation coefficient did not improve when the
data from the surface soil only were plotted (results
not shown). The relationship was, however, better for
the metabolites than the parent compounds for both
atrazine and fenamiphos. For example, while only
48 per cent of variation in the Kd for atrazine was
explainable on the basis of organic carbon content of
the soil, for DEA it was 69 per cent. The reason for
a better correlation for the metabolites is likely to be
due to the smaller magnitude of sorption of the
metabolites resulting in a smaller scatter.

The poor correlation between Kd and OC is not
surprising because not only can other factors, such as
pH and clay content, affect the Kd, but also the type
of organic matter (in terms of its aromaticity and
stage of decomposition) is an important determinant
of pesticide sorption (Ahmad et al. 2001). The nature
of organic matter in surface soils and subsoils, as well
as in soils under different landuses, is likely to be
quite different.

A comparison of sorption data with that reported

from over seas

The Kd and organic carbon values from Table 3 were
used to derive sorption (K, for each pesticide in
each soil. K. values for each pesticide are compared
with overseas datain Table 4.

If organic matter was the sole sorbent and the OC
in all soils had the same sorption capacity per unit
mass for each pesticide, then a narrow range of K.
would be expected. However, it is clear from thetable
that K. ranged widely between soils, as is evident
from the high standard deviations. For example while
Ko Vvalues for atrazine varied between soils by
nearly three orders of magnitude, most of the K . data
fell between 10-100. This pattern is shown in Figure
3. The pattern for other pesticides was similar.

Prometryn stood out as the pesticide with a much
higher mean and median K value than those report-
ed in the overseas database (Table 4). This may have
been caused by the acidic nature of several soils used
inthe study. Prometryn, being aweak base with apKa
of 4.05 (see Table 2), would be affected substantially
by pH in these soils. The huge variation in K
values for various pesticides suggests that average
Ko values available in overseas databases for
site-specific assessments of pesticide sorption are
inadequate, especially for subsurface soils.

Conclusions

A study was conducted to estimate the sorption of
nine different pesticides in 23 soils of the Swan
Coastal Plain surface (0-15 cm) and subsurface
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(40-50 cm) soils were collected from severa sites
under native vegetation (Banksia woodland) and
market gardens. Sorption was measured by a batch
equilibration method for several pesticides, namely
atrazine and its two metabolites (desethylatrazine and
desisopropylatrazine), fenamiphos and its two oxida-
tion analogues (sulfoxide and sulfone), prometryn,
azinphos methy! and fenarimol.

Sorption per unit mass of organic carbon in soils
(Koc) showed a wide variation among the soils stud-
ied, possibly reflecting the varying nature of organic
materials present in the soils. Organic carbon content
alone could not explain the differences in pesticide
sorption among soils. The sorption figures were much
lower in the subsoils, which suggests that in such
soils, once the pesticide |eaches beyond 50 cm depth,
it can essentially move with the water-front with little
retardation due to sorption. The metabolites of atrazine
and fenamiphos had much lower sorption affinities
for soils than their respective parent compounds. The
metabolites of fenamiphos had up to an order-of-mag-
nitude lower sorption than the parent compound in
some soils. Given that these metabolites are equally
toxic in nature and more persistent than the parent
compound, the groundwater pollution potential of
these metabolites needs adequate consideration.
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Nutrient and Pesticide Leaching in Experimental Sites

in the Swan Coastal Plain

R.B. Salama, J.D. Byrneand D.W. Pollock*

Abstract
Different methods were used to sample soil water and groundwater from the unsaturated and saturated
zones of two experimental sites in the Gnangara Mound. The results show that suction cups give more
representative samples at the selected depth and time, while lysimeters give an integrated sample over a
longer period. The results from the suction cups at various depths were in accordance with anticipated
natural attenuation, and with the concentrations in groundwater. On the other hand, the results from the
lysimeters were lower and did not reflect the higher fluxes encountered in the groundwater samples. Traces
of the tested pesticides (atrazine, diazinon, dimethoate, endosulfan, fenamiphos, iprodione, malathion and
chlorpyrifos) were detected in soil samples in two experimental farms in the Gnangara Mound. However
none of the pesticides was detected in the groundwater samples collected by the different techniques from
depths ranging from 30 cm to 2.0m. Due to excessive application of nutrients and the shallow groundwater
depth, NH, and NO3; were leaching to the groundwater at high rates. Initial N levels were high and rapidly
decreased by depth and by distance away from the agricultural areas. The results also show that the
leaching process can be greatly reduced by reducing irrigation and applying the recommended fertiliser rates.

SEVERAL METHODS for assessment of soil-water
quality were experimented with in two sites in the
Gnangara Mound to monitor the movement of nutri-
ents and pesticides through soils to the unconfined
aquifers. The porous ceramic suction cup and the
free-draining lysimeter, as well as gravimetric soil
sampling, were used in the unsaturated zone. Multi-
level samplers and piezometers were used in the
saturated zone. The main objectives of this study
were to:
¢ compare the different sampling methods and
assess their suitability by comparing the results
of pesticides and inorganic pollutants such as
NOz;—N, PO,~P, NH,—N, and pH
* monitor nutrient and pesticide leaching using
different sampling techniques
* utilise the data to calibrate and validate applied
models (Salama, Pollock and Byrne 2001).

L ocation and M ethods

Two experimental sites were chosen, a strawberry
farm and a turf farm. The sites were located on the
Swan Coasta Plain on Bassendean Dune System

125

sands series (Figure 1). The Bassendean Dune System
sands were formed of aeolian and fluviatile deposi-
tional material with the sand grains being well sorted
and rounded. The two sites are located on the Gavin
and Joel sands where groundwater is within two
metres of the soil surface, and the subsoil has a
cemented iron-humus podsol associated with the
watertable. The average bulk density of these sandsis
1.5 gm/cm3 with a greater than 98 per cent sand
fraction within virgin sail.

Lysimeters, ceramic suction cups, multi-level
soil-water sampling piezometers, and groundwater-
sampling tubes were installed. They were sampled
seven times between 19 September and 17 November
1997.

A water meter, similar to Water Corporation
meters used for domestic homes, was installed in
irrigation lines before the sprinklers and used to
record water applied to the area surrounding the
lysimeters. The irrigation sprinkler was either a
Rainbird or a Hunter irrigation sprinkler with a throw

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913
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Figure 1. Location of experimental sites.

of 18 m. Rain events and amounts were recorded by a
0.2 mm tipping-bucket rain gauge which was installed
approximately 100 m south-west of the lysmetersin an
open area out of the influence of irrigation sprinklers.

Soil was sampled with an aloy tube, 47 mm ID x
50 mm OD x 300 mm, using a piece of wood and
a hammer to gently tap the aloy tube with the
sharpened end down into the soil to its full length.
The sample tube was sealed at both ends with alu-
minum foil and the ends were taped airtight. The
sample was placed into a car freezer and transported
to the laboratory. At the strawberry farm the soil was
sampled from the immediate surface. No soil was
removed prior to sampling. At the turf farm, turf was
removed to a depth of 30 mm removing both the turf
itself and immediate dense root material associated
with this level. The soil was sampled from this level
down to 300 mm using a single-length aloy tube.
Strawberry farm
During the experiment, the Chandler variety of straw-
berries was planted in the farm. It is a short-day
variety planted in winter. The crop was planted in the
first week of June 1997. The seedlings were planted
on metre-wide mounded soil beds in two rows 30-50
cm apart with plants staggered 3040 cm apart. The
average plant produces 0.75-1.0 kg per season. The
picking season starts at the end of August or begin-
ning of September. Picking takes place every second
day and continues to the end of November when the
crop is abandoned and spray-killed to avoid spread of
fungal diseases.

The site of the experiment had been fallow for 18
months. The farmer had pre-treated the soil with raw
chicken manure and mounded the bed area ready for

126

J

installation of plastic sheeting and crop planting. The
crop was planted under plastic sheeting covering the
metre-wide strawberry beds. This technique made it
possible to measure soil water concentrations of
applied chemicals from fertigation lines and pesti-
cides applied by overhead spray from atractor under
two different conditions: under plastic; and uncovered
areas.

Six small surface-area free-drainage lysimeters
were installed in positions that ensured that both
plants and water fertigation lines were directly above
the instruments. Lysimeters and ceramic suction cups
(Figure 2) were aso installed under the interbed area
between the strawberry beds (Figures 3-4). The
interbeds are 40 cm wide and subject to overhead
sprinkler, precipitation plus spray applications. This
enabled sampling of soil chemicals and pesticides
without the effect of plants.

Each lysimeter was installed in a 70 cm square
hole. The top 30 cm of organic topsoil was set aside
and placed back into position after lysimeter installa-
tion. All soil was removed to a depth of 1.2 m and
stockpiled on plastic sheeting. Once the lysimeters
were installed, the soil was replaced and compacted
to near field density. Of the six lysimeters, five were
of the same design (Figure 5): 70 cm tall x 40 cm
sgquare with a leachate collection chamber. They also
had a floor sloping towards the extraction outlet of
the lysimeter. This allowed the extraction of dl
the leachate within the chamber. The sixth lysimeter
was 30 cm shorter and had no sloping floor. The
leachate was extracted viaindividua semi-rigid nylon
tubes inserted into the lysimeters' collection cham-
bers. Inside the lysimeters, soil leachate was filtered
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Figure 2. Instrumentation setup at the strawberry farm.

through a 45-90 mm nylon felt fabric material. The
material was supported on a galvanised iron grid-
mesh floor. Sampling of soil leachate from the
lysimeter was achieved by a vacuum pump attached
to a pyrex glass vacuum flask connected via a semi-
rigid nylon tube from the lysimeter and teflon and
stainless steel tubing to minimise contamination and
loss of any chemicals or sorption of pesticides.

Two sets of three ceramic suction cups were
installed at two locations, one set under each straw-
berry bed and interbed. The first suction cup was
installed at 30 cm depth between the topsoil and
subsoil (Figure 4). The second and third cups were
placed at depths of 50 cm and 70 cm. The difference
in levels between the interbeds and beds resulted in
the first suction cup (30 cm) in the interbed being
only 15 cm below the ground surface. The travel time
for nutrients to this set of suction cups could be short-
er, depending on difference in water application rates.
The suction cups were evacuated and sampled via
60 ml syringes attached to each individual suction
cup. The tubing on each suction cup was a hard nylon
tube which did not sorb pesticides.

A set of multi-level groundwater sampling tubes
(‘'sippers) was installed in the middle of the bed next
to the lysimeters. The depths of installation were 0.6,
0.8, 1.0, 1.2, 14, 1.6, 1.8 and 2.0 m from ground-
level. The samples were obtained by suction using
individual syringes for each sampling depth.
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Two piezometers were installed in the site, one
in the crop area and the other west of the strawberry
crop bed. They were installed to a depth of 2.5
and 3 m respectively using 50 mm diameter slotted
auminium pipe. Data loggers and water-level probes
were installed in the piezometers to monitor water-
level changes.

Water application was by 2 m overhead sprinklers,
15 mm dlotted irrigation lines and by rainfall. The
slotted irrigation lines were installed on each side
of the crop bed on each side of the strawberry
plants under black plastic sheeting. The plastic
covered the whole width and length of the crop bed.
The plastic was used to reduce soil moisture evapora-
tion and to maintain an even soil moisture content and
soil temperature.

Rain events were recorded by a 0.2 mm tipping
bucket rain gauge installed west of the strawberry
beds in an open area out of the influence of irrigation
sprinklers (Figure 2). The rainfall pattern is shown in
Figure 6.

Turf farm

Three lysimeters were placed under Wintergreen Turf
(Figure 7). The lysimeters were 60 cm tall and 40 cm
square with a 15 cm deep collection chamber in the
base including a sloped floor for better drainage.
Three were installed in a line starting two metres in
from a limestone road; the other two were equally
spaced with two metres centre-to-centre between all
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lysimeters (Figure 8). The turf was removed and
placed to one side and then the soil from each hole
removed in 20 cmintervals and piled on plastic sheet-
ing nearby. The lysimeters were then installed and the
soil layers returned in sequence. The soil was com-
pacted back at each level to as close as to field bulk
density as could be achieved. The turf was then
placed back and hand compacted back to the sur-
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rounding surface level. The leachate dripped into the
collection chamber and samples were taken viaavac-
uum pump connected to a glass volumetric flask.
Each lysimeter had a separate glass flask to prevent
contamination.

Suction cups were installed in the lysimeter holes
before the installation of the lysimeters. Each of the
three holes had a set of three suction cupsinstalled in
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holes bored 40 cm horizontally into the soil. Each
suction cup was installed into the hole using a fine
grade silicon slurry to ensure contact with the sur-
rounding soil. Depths of each set of suction cup were
30 cm, 60 cm and 90 cm respectively. The suction
cups were 60 mm in length and 48 mm in diameter,
being slightly larger in surface area than those used at
the strawberry farm. The suction cups were evacuat-
ed and sampled via 60 ml syringes attached to each
individual suction cup. The tubing on each suction
cup was a semi rigid hard nylon tube, which did not
sorb pesticides.

Multi-level groundwater sampling points were
installed 4 m north of the middle lysimeter. The depths
of installation were 1.4, 1.6, 1.8, 2.0 and 2.2 m from
ground-level.

Two piezometers were instaled (Figure 8), the
first one near the limestone road in the 40 cm verge
of the turf grass area; the other was installed 12 m
east of the boundary of the turf farm in the banksia
bushland and east of the lysimeters. They were
installed at a depth of 3 m using 50 mm diameter
slotted aluminium pipe. A third piezometer installed
by Agriculture Western Australia was used for the
recording of groundwater level fluctuations using a
datalogger and water-level probe.
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Results and Discussion

Infiltration and water balance

The results of along-term study in 1998 in the straw-
berry farm showed that infiltration in winter and
summer were 421 and 189 mm respectively. The total
recharge was 44 per cent of the total water input
during this period, which included 558 mm of rain.
Due to the shallow depth to groundwater, it was
assumed that all the water infiltrating past the lysime-
ter would reach the groundwater as recharge.

In short-term studies infiltration was measured for
selected periods in late 1997 (Table 1). In the turf
farm (between August and November) that infiltra-
tion was about 62 per cent of total water input. By
contrast, in the strawberry farm (between July and
November) infiltration was only 26 per cent.

Water-level fluctuations in the strawberry farm
piezometer showed two distinct patterns during the
recession period from September to November
(Figure 9). The first pattern occurred when no irriga-
tion was applied; the recession fell smoothly without
daily fluctuations. The second pattern was noticed
when irrigation started, with the water-level showing
rises of 2-5 cm whenever irrigation was applied. This
was clear evidence that most of the irrigation water
reaches the watertable at the rate of 6-15 mm per
irrigation; Specific Yield (Sy) =0.3.

Pesticides
Although some traces of the tested pesticides
(atrazine, diazinon, dimethoate, endosulfan,

fenamaphos, iprodione, malathion and chlorpyrifos)
were detected in soil samples in two experimental
farms in the Gnangara Mound, none of the pesticides
was detected in the groundwater samples collected
by the different techniques from depths ranging from
30cmto 2.0 m(Table 2).
Nutrients
In the turf farm (Figure 10), nitrate-N concentrations
in leachate increased with time and depth in the
suction cups (10-350 mg/L). In the groundwater
samplers the concentrations increased with time and
(slightly) with depth (2-60 mg/L). In the lysimeters,
concentrations increased with time (10-100 mg/L).
Ammonium concentrations decreased with depth and
increased with time in all sampling points. The level
of phosphate was high near the surface sampling
points (10-95 mg/L), but decreased with depth below
0.75 m and remained constant at 2.0 m.

In the strawberry farm, the results from the suction
cups below the beds (Figure 11) showed that the
concentrations of nitrate decreased with depth but
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Table 1. Water balance of strawberry and turf farms.

OO
"f’\"q?’@\} vg,\% \,\v'\ é‘\

Inputs (mm) Outputs (mm) Ratios
R P | IT Et Ep RAT InT IT/Ep Et/Ep
Srawberry farm (18/08/97-17/11/97)
226.00 430.60 426.00 856.60 630.60 423.20 0.26 0.50 2.02 1.49
Turf farm (23/07/97-25/11/97)
153.60 134.00 115.58 249.58 95.98 324.50 0.62 0.46 0.77 0.30

Notes: R = Recharge, P= Precipitation, | = Irrigation, IT =Tota water input (including recharge), Et = Estimated evapotranspiration,

Ep ='Class A' pan evaporation.
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Table2. Pesticide anaysis.
Pesticide (no/ki
Depth of Sample (cm) (ngkg)
Atrazine Diazinon Dimethoate Endosulfan Chlorpyrifos Fenamiphos Malathion
Srawberry farm (18/09/97)
0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5
Turf farm (14/10/97)
0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5
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Figure 10. Distribution of NO3, PO, and NH, in the beds at the turf farm.

Table 3. Nutrient balances for strawberry and turf farms (lysimeter data).

Inputs Outputs
Fertiliser (kg/ha) Flow-weighted Concentration (mg/L) Yield (kg/ha)
Total N POs,P Cl NOsN NHg-N Totad N PO,P Cl NOzN NH4N Tota N PO4,P Cl
Strawber ry farm (28/05/97-25/11/97)
384.80 46.80 0.00 34.62 322 3784 6.74  29.73 61.02 5.67 66.69 1188 5241
Turf farm (18/08/97-17/11/97)
282.30 8520 0.00 49.56 539 549 432 119.07 84.44 9.19 93.64 7.37 202.88
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increased with time. In the groundwater samplers,
nitrate decreased with depth and increased with time;
in the lysimeters, concentrations slightly increased
with time.

In the interbeds (Figure 12), nitrate systematically
increased with both depth and time in the suction
cups; in the groundwater samplers, concentration
decreased with depth and dlightly increased with
time. There was no change in the lysimeter readings.

In both the beds and the interbeds, phosphate
decreased with depth and dightly increased with time
in the suction cups, decreased with depth and slightly
decreased with time in the groundwater samplers, and
did not change in the lysimeters. Ammonium concen-
trations decreased with depth and increased with time
at all sampling points.

The overall results showed that due to the exces-
sive gpplication of nutrients, NH, and NO; leached
to the groundwater at high rates. Nitrogen levels
(15-54 mg/L) were above the acceptable limits in
the top 1.6 m of the shallow aguifer system; this
trend decreased abruptly below 2.0 m where the
concentrations were 1.0 mg/L or less. Phosphorus
increased with time, and decreased with depth;
concentrations were 4-10 mg/L above 1.6 m and
decreased to 2—4 mg/Lbelow that depth. Ammonium
concentrations ranged from <1.0 to 4 mg/L in the
top 60 cm.

Leachate concentration

In the turf farm the nitrate increased with time and
increased substantially when more fertiliser was
applied. The concentration in the suction cups
decreased regularly with depth, but the results
from the lysimeters that were installed at 0.75 m
were always lower than the results from the suction
cup which was installed at 0.9 m. This was mainly
due to variations in the disturbance caused by
the installation techniques, sample size, extent of
temporal integration, and to a minor degree the
spatial variability (Ahmed, Sharma and Richards
1996). Concentrations continued to decrease with
depth to the surface of the groundwater, and thereafter
it began to increase dlightly in the groundwater
below 2.0 m

Although Ahmed et al. concluded that lysimeters
gave more reliable results than suction cups, results
from this experiment showed that for detailed studies
of water and solute movement in the unsaturated
zone, the suction cups gave more reliable results than
the modelling results (Salama, Pollock and Byrne
1999). However, a comparison of results among
suction cups, groundwater samplers and lysimeters
shows that the nitrate concentrations in samples from
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Figure 11. Distribution of NO3, PO, and NH, in the beds at the strawberry farm.
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the lysimeter were in most cases lower than those in
the groundwater, and did not match the gradual
decrease in concentration with depth from surface to
groundwater.

The phosphate results were in genera similar to
those of the nitrate, although much lower in concen-
tration. The concentrationsin the lysimeter were very
low compared with the other results from the suction
cups and groundwater. It is possible that the higher
degree of disturbance in the construction of the
lysimeters and the compaction applied to the top
organic layer may have caused more fixation of the P
than the other methods. The P also increased slightly
in groundwater by depth. Ammonium on the other
hand decreased regularly with depth including the
lysimeter. The results from the three different sets of
samplers showed the variation in application rates of
fertilisers, irrigation water, plant uptake and spatial
variability in soil hydraulic properties.

Although the results from the strawberry farm
followed the same trend as those of the turf farm,
the results for nitrate from the samples under the
strawberry beds are higher than the interbeds as most
of the nutrients were supplied through the fertigation
lines. There were no discernible patterns for NH,
and P.

Nutrient leaching and balances

Fertiliser application rates are shown in Table 3.
During the short-term monitoring in the strawberry
farm, 384 kg/ha of N and 47 kg/ha of Pwere applied,
the lysimeter outputs were 67 kg/haof N and 12 kg/ha
of P. This indicated that 82 per cent of the N and 25
per cent of the P were either used by the plants,
volatilised or retained in the topsoil. It aso indicated
that the remaining portion of the nutrients would
reach the groundwater.

During the long-term monitoring in the strawberry
farm smaller amounts of nutrients were applied and
the results showed that 36 per cent of the N and 26 per
cent of the Ppassed the root zone. In the turf farm, the
results showed that 33 per cent of N and 8 per cent of
P passed through the root zone.
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Conclusions

Different methods were used to sample soil water and
groundwater from the unsaturated and saturated
zones of two experimental sites in the Gnangara
Mound. The results show that most of the irrigation
water reaches the watertable at the rate of 6-15 mm.
Tota recharge from irrigation ranged from 26 to 62
per cent of irrigation water. Ammonium and nitrate
concentrationsin the leachate increased with time and
depth, phosphate was relatively high near the surface
and decreased with depth, and pesticides were filtered
in the top 1-5 cm. The results also show that the
amount of nutrients leaching to the aquifer depends
on application rates. Even when smaller amounts of
nutrient were applied, 36 per cent of the N and 26 per
cent of the P passed the root zone in the strawberry
farm; in the turf farm, the corresponding figures were
33 and 8 per cent.
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Modelling Pesticide and Nutrient Transport
in the Gnangara Mound

R.B. Salama, D.W. Pollock and J.D. Byrne*

Abstract

The major agricultural activity in the Gnangara Mound area is intensive horticulture, predominantly for
vegetables, native and greenhouse flowers, citrus, avocados, stone fruit, grapevines, turf and nursery crops.
These industries depend heavily on pesticides and nutrients for the production and protection of their
produce. The excessive use of such agrochemicals is threatening the groundwater resources of the Mound.
A detailed field study was conducted of the filtration capacity of the main soil-types of the Spearwood and
Bassendean Sands on which most of these activities are taking place. Two experimental sites were
established in agricultural areas to monitor nutrients and pesticides in groundwater under agricultural areas.
The monitoring was conducted using different techniques (lysimeters, suction cups, multi-level samplers,
and shallow groundwater piezometers). None of the tested pesticides were detected in the groundwater
samples collected by the different techniques from depths ranging from 30 cm to 2.0 m. These results were
similar to the modelling results which showed that most of the pesticides are highly sorbed to the
organically-rich soils and are therefore not leached below the top 10 cm layer. Some pesticides leach very
quickly below one metre, but due to their short half-life they also degrade quickly and the amount
remaining in the soil after the first week of application is very small. Atrazine, on the other hand, has
higher sorption, but it persistsfor along timein the soil dueto itslong half-life; in most cases, small anounts
are leached to groundwater. A Microsoft Access database has been established for the different pesticides,
soils and water properties. Hornsby Index (HI) and Attenuation Factor (AF) models were used to screen the
suite of pesticides used. The pesticides with high leaching potential were modelled using CMLS and
LEACHPto monitor their movement in the unsaturated zone. LEACHN was used to monitor the movement
of nutrients in the unsaturated zone and to model the effect of applying different scenarios to reduce the
leaching of nitrates.

THE GNANGARA MOUND is the largest groundwater
body in Perth, and the superficial aquifer is the most
important in the Mound. It is a complex, unconfined,
multi-layered aguifer. The sediments which constitute
the superficia aquifer range from predominantly
clayey in the east, through a sandy succession
(Bassendean Sand and Spearwood Sand) in the cen-
tral coastal plain area, to sand and limestone (Tamala
limestone) in the coastal belt (Davidson 1995). The
geological formations provide the main basis for
dividing the soil-mapping units into three dune sys-
tems: Bassendean, Spearwood and Quindalup. These
are characterised by distinctive geomorphology and
soils that are different from the alluvial landscapes to
the east and north. The Bassendean Dunes generally
have low relief and minor variations in topography
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with variable depth to the watertable. The landscape
comprises permanent open-water lakesto ridges more
than 20 m high. The Spearwood Dunes are divided
mainly on the depth of soil over the limestone sub-
strate and the incidence of karst features. The
Quindalup Dunes occur mainly along the coast.

The major agricultural activity in the Gnangara
area is intensive horticulture, predominantly vegeta-
bles, native and greenhouse flowers, citrus, avocados,
stone fruit, grapevines, turf and nursery crops.
The majority of production is situated on the
sandy soils of the Spearwood and Bassendean dune
systems. Intensive agriculture is the largest private
user of groundwater from the Gnangara Mound. All

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913



irrigation supplies required by market gardens are
withdrawn from groundwater wells. Due to the exces-
sive use of fertilisers, the poor retaining capacity
of the sandy soils, and the relatively shallow depth
to groundwater in agricultural areas, nutrients are
readily leached to the groundwater aquifers. Natural
background NO;—N concentrations in bores in the
agricultural areas are up to 88 mg/L; however, P
concentrations are relatively low (median 0.02 mg/L)
(Sharma et a. 1991). Several pesticides, notably
atrazine and diazinon, have been detected in ground-
water from the Gnangara Mound.

Pesticides adversely affect on crop quality and soil
health, and have potential to leach and contaminate
surface and groundwater resources. The international
study involving Australia, Malaysia and Thailand, of
which the current study is part, aims to identify and
evaluate promising technologies and management
options for minimising agrochemical contamination
of water resources. The main objectives of the current
study are to monitor nutrients and pesticides leaching
using different sampling techniques, and to utilise
the data to calibrate and validate pesticide-leaching
models. The results from the experimental sites have
been reported in a companion paper. This paper
reports on modelling the effect of applying different
management scenarios on the leaching of pesticides
and nutrients (Salama, Byrne and Pollock 2001).

Methods

The two experimental sites were located on the Gavin
and Joel sands of the Bassendean Dune System sands
series, where the groundwater is within two metres
of the soil surface and the subsoil has a cemented
iron-humus podsol associated with the watertable.
The average bulk density of these sands is 1.5 g/cm3
with a greater than 98 per cent sand fraction within
virgin soil.

The two sites were installed with free-drainage
lysimeters and ceramic suction cups below the beds
and under the inter-bed areas in the strawberry farm,
and under the turf in the turf farm. A set of multi-level
groundwater sampling tubes was installed next to the
lysimeters. Data loggers and water-level probes were
installed in piezometers to monitor water-level
changes in both sites. Irrigation is via two metered
overhead sprinklers, two metered 15 mm dlotted
irrigation lines, and by rainfall. Rainfal events and
amounts were recorded by a 0.2 mm tipping-bucket
rain gauge. Lysimeters, suction cups, groundwater
sampling tubes and piezometers were sampled seven
times from 19 September to 17 November 1997. Soil
samples were taken from various depths with an alloy
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tube. The results of the experimental sites are
described in detail in another paper (Salama, Pollock
and Byrne 1999).

Description of models

Hornsby Index (HI) and Attenuation Factor (AF)
models were used to screen the suite of pesticides
commonly used in the Mound. The pesticides with
high leaching potential were modelled using CMLS
and LEACHP to monitor their movement in the
unsaturated zone.

Hornsby Index (HI)

This index measures pesticide leaching potential
(Hornsby 1992). The smaller the index, the more
likely the pesticide will not be filtered but will leach
to the groundwater. The derivation is:

HI = (K /typ) X 10
where

K o¢ is the organic carbon sorption coefficient
ty), is pesticide half-life.

AF model

Thisindex is equivalent to the fraction of the applied
pesticide mass that is likely to leach past the chosen
reference depth, d (Rao and Alley 1993). The value
varies between 0 and 1, with larger values indicating
agreater contamination potential. The model assumes
first-order decay. The derivation is:

\

AF=ep ) 08%0RF U

Oty
where
d is the distance from the surface to groundwater
RF is the retardation factor
Orc isthe volumetric water content at field capacity
Q is net groundwater recharge.

RF, the retardation factor accounting for pesticide
sorption effects, is given by:

Y L]
RE = ,I\ 1+ rb: ocKoc u

I Grc
where
I', isthe soil bulk density (g/em?)
| oc isfraction of organic carbon.

CMLSmodel

This is a relatively smple model (Nofziger et al.
1998). It estimates the depth of the peak concentration
of apesticide, and calculates the relative amount of
chemical in the soil profile as a function of time after
application. The moddl assumes piston flow and ignores
molecular diffusion and hydrodynamic dispersion.



LEACHP

This is the pesticide model in the LEACHM suite
(Hutson and Wagenet 1992). It is a mechanistically-
based model of water and solute movement and
pesticide chemistry. In common with most other
models of pesticide movement, it simulates pesticide
transformations using first-order kinetics. It has a
flexible system for tracking daughter products. The
principal difference between LEACHP and simpler
models such as CMLS is that water movement is
simulated using a numerical solution to Richards
equation in LEACHP, so the model must be supplied
with functions to describe water retention and
hydraulic conductivity.

The other difference is that LEACHPcan simulate
the transformation and degradation of the pesticides.
Transformation of pesticidesin soil can occur through
biotic and abiotic ways. In most cases, the pesticides
degrade or transform into harmless end-products.
However in some cases the metabolites are more
toxic than the parent compound and these may
increase the toxicity hazard.

Modelling of Pesticide
Characteristics

Simple models (Hornsby Index and Attenuation
Factor) were used to screen pesticides to indicate
those compounds likely to be problematic for water
resources. More complex models (CMLS, LEACHR,
and regional models) were then used to assess select-
ed pedticides to monitor their movement in the
unsaturated zone. Model predictions were then
compared with results from the field sites.

Hornsby Index

The results of the analysis of the Hornsby index
(Table 1) showed that monocrotophos, dicamba salt,
carbofuran, pentacholorphenol, metalaxyl, methami-
dophos, trichlorfon, adicarb, metribuzin, atrazine,
bentazon, fenarimol, 2,4-D acid, ethoprop, dimethoate
and lindane al have high leaching potential.

AF model

The AF model was used to screen the highly leachable
pesticides. Four different types of soils were used
(Table 2). Although some other soils had a higher
organic carbon content than the selected soils, those
with the lowest organic carbon were used as these are
the most vulnerable to leaching of pesticides.

For each soil, the pesticides lying below the
specific soil line in Figure 1 have relatively low
potential for contaminating groundwater, because
they have sufficiently long residence time or short
half-life, or both (Rao and Alley 1993). Those pesti-
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Tablel. Leaching potential of the most commonly used

pesticides.
Pesticide Sorption Half-life  Leaching
(Koo) (days) Potential
(Hornsby
Index (HI))
High leaching
monocrotophos (1) 1 30 0
dicamba salt (2) 2 14 1
carbofuran (7) 22 50 4
pentachlorophenol (9) 30 48 6
metalaxyl (12) 50 70 7
methamidophos (3) 5 6 8
trichlorfon (4) 10 10 10
aldicarb (8) 30 30 10
metribuzin (13) 60 40 15
atrazine (15) 100 60 17
bentazon sodium salt (10) 34 20 17
fenarimol (19) 600 360 17
2,4-D acid (5) 20 10 20
ethoprop (ethoprophos) (14) 70 25 28
dimethoate (6) 20 7 29
lindane (22) 1100 400 28
I ntermediate filtration
linuron (17) 400 60 67
prometryn (18) 400 60 67
aachlor (16) 170 15 113
dieldrin (33) 12 000 1000 120
aldrin (28) 5000 365 137
mevinphos (11) 44 3 147
diazinon (21) 1000 40 250
fenbutatin oxide (27) 2300 90 256
mancozeb (25) 2000 70 286
chlorothalonil (23) 1380 30 460
iprodione (20) 700 14 500
chlordane (35) 20000 350 571
MCPA dimethylamine (26) 2000 25 800
heptachlor (36) 24000 250 960
trifluralin (31) 8000 60 1333
fenvalerate (30) 5300 35 1514
High filtration
endosulfan (34) 12400 50 2480
DDT(38) 2000 000 2000 10 000
methyl parathion (29) 5100 5 10200
bromoxynil octanoate(32) 10 000 14 286
malathion (24) 1800 1 18 000
permethrin (37) 100 000 30 33333

Note: Numbers between brackets refer to numbersin Figure 1.

cides that lie above the line have relatively large
contamination potential, because they degrade slowly
or leach rapidly, or both. Using these criteria, the
results of modelling the four types of soils showed
that the Gavin soils have high filtration potential and
only two pesticides, carbofuran and metalaxyl seem
to have the potential to leach through them. In the



Table2. Soil characteristics from the Gnangara Mound used in AF modelling.

Soil-type Characteristic
Bulk Density (g/cm3) Fraction of Organic Carbon Volumetric Field Capacity (%)
Karrakatta Yellow (Ky) 1.62 0.0010 0.31
Spearwood Sand (Sp) 1.59 0.0016 0.30
Gavin (G) 152 0.0045 0.35
Jandakot (Ja) 1.62 0.0014 0.32
Table 3. Model soil parameters used to run the LEACHP model.
Parameter Soil Layer Bassendean Sands Spearwood Sands
G (Bb) G(P Ja J Kls Ky Sp
ocC topsoil 2.94 4.80 1.02 2.90 1.05 0.82 2.50
subsoil 0.56 0.66 0.14 0.89 0.48 0.49 0.25
Oy topsoil 0.45 0.50 0.38 0.52 0.43 0.36 0.48
subsoil 0.37 0.40 0.35 0.39 0.41 0.42 0.40
BD topsoil 1.480 1.379 1.458 1.229 1.386 1.387 1.220
subsoil 1.535 1.489 1.601 1.488 1.599 1.568 1.562
K topsoil 1480 2380 562 2140 6380 2850 422
subsoil 3410 3100 6120 4260 4410 4770 3630

Notes: Parameters

OC = Organic Carbon (%), g, = volumetric water content (%), BD = bulk density (g/cm3), K = hydraulic conductivity (mmv/d)

Soil Systems & Units

Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel

Spearwood Dunes: Kls
Landuses

= Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Bb = Banksia bush, P= pines.

6.0
5.0
—~4.0 -
12}
g
E N || G
a
2.5 38
u_—(I“ . — ]
T .
o 28 'k Sp
] 36
| 27
2.0 9 ] Ky
21,005 my
u8 2° g !-. H 31 m Note:
1 5811 g 26 30 37 Numbers superimposed on
- 10 u o
1.0 2 ] ! 16 20 graph denote the pesticides
m 4 = listed in Table 1.
6 m 32
— 3
u 29
11 24
0-0 T T T T T T ! T T T T T T 1
0 1 2 3 4 5 6 7

Log sorption (Kyc)

Figure 1. Soil-type control on pesticide attenuation in the Gnangara Mound.
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Table 4. Model pesticide parameters used to run LEACHP.

Parameter Atrazine DEA DIA Fenamiphos Fsulfoxide F sulfone Fenarimol ~ Prometryn Simazine
Solubility (mg/L) 33 33 33 330 330 330 14 33 6.2
Degradation 1 0.0010 0.0200 0.0250 0.0019 0.0116 0.0116
Degradation 2 0.0010 0.0050 0.0500 0.0019 0.0116 0.0116
Transformation 1 0.014 0.210 0.500 0.005

Transformation 2 0.003 0.038 0.020 0.005

Spearwood and Jandakot sands that have lower filtra-
tion capacity, an additional four pesticides have the
potential of leaching through. These are fenarimol,
lindane, atrazine and pentachlorophenol. The
Karrakatta soils have the least capacity of filtering
pesticides and two additional pesticides (metribuzin
and monocrotophos) have the potentia to leach
through it. All the other pesticides used in the
Gnangara Mound do not have the potentia to leach
through the different soils. On the other hand, if
the organic carbon of the soil were increased by one
per cent, which is the case in severa areas, al
these pesticides would be filtered in the top 20 cm.

CMLS

This was used to model leaching of commonly used
pesticides in Australia using soil data from the two
farms in the Gnangara Mound. The results showed
that malathion, diazinon, endosulfan, iprodione,
benomyl, thiram and chlorpyrifos are al highly
adsorbed to the Gnangara soils and are not leached
below the top 10 cm layer of the soil. On the other
hand, dicamba and dimethoate leach very quickly
to below one metre but, due to their short half-lives,
they degrade quickly and the amount remaining in
the soil after the first week of application is very
small. Atrazine on the other hand has higher sorption
than dicamba and dimethoate, but due to its long
half-life, persists for a long time in the soil so in
most cases small amounts of the pesticide are leached
to groundwater.

In the field study, using recommended application
rates, none of the tested pesticides (atrazine, diazinon,
dimethoate, endosulfan, fenamaphos, iprodione,
malathion, and chlorpyrifos) were detected in the
groundwater samples collected by the different
techniques from depths ranging from 30 cm to 2.0 m.
Thislargely confirms the modelling results.

Modelling of M anagement Scenarios

Scenariosto reduce pesticide leaching

The LEACHP model was used to simulate the leach-
ing of pesticides used in the two farms in the
Gnangara Mound. Atrazine and its two daughters,
desethylatrazine (DEA) and desisopropylatrazine
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(DIA), fenamiphos and its two daughters, fenamiphos
sulfoxide and fenamiphos sulfone, fenarimol and
prometryn were modelled for the three main
Spearwood soils where most of the agricultural activ-
ity tekes place. Tables 3 and 4 detail the soil and
pesticide properties used to run the model.

Several simulations were carried out to find out
the effect of the different management scenarios on
the leaching of the pesticides. In a test-run scenario,
the applied pesticide was reduced by half. The results
showed that reducing the pesticide by half will reduce
the chemical content and flux by half. Four scenarios
were applied:
applied irrigation is the recommended rate of
100 per cent of pan evaporation
irrigation applied by the farmers (11mm/day)
organic carbon is doubled (20C), with irrigation
water of Scenario 1
organic carbon is doubled, with irrigation water
of Scenario 2.

The results showed that by applying Scenario 1
(optimum irrigation rates), the travel time of the pes-
ticide will increase and a higher proportion of the pes-
ticide will be retained in the top layer, thus giving it
more chance to degrade. Ky soils have a high filtra-
tion capacity to all the modelled pesticides followed
by the Kls, while the Sp has the lowest filtration
capacity. The results also showed that even at the rec-
ommended irrigation rates (Scenario 1) the daughter
products, DIA and fenamiphos sulfoxide, are more
leachable and more persistent than their parent com-
pounds. Fenamiphos sulfoxide has the earliest break-
through curve and the highest amount of leaching
below the 80 cm subsurface layer (Table 5). As
expected, Scenario 3 (double organic carbon) gave
the best results with minimal pesticide breaking
through the 80 cm layer.

Under excessive irrigation (Scenario 2), atrazine
persisted for 100 days in Klstopsoil, and for less than
200 daysin the subsoil (Table 6). It leached below the
topsail in about 100 days in Ky, and persisted in the
subsoil for more than 200 days. Atrazine daughter
products disappeared from the topsoil of Ky after
nearly 100 days, and persisted in the subsoil for about
200 days. Atrazine persisted for a shorter time in Sp,
as much of it leached below the subsoil.



Table5. Pesticide leaching through 80 cm layer in
Spearwood sands.

Scenario Fenamiphos Sulfoxide, by Soil-type (%)
Kls Ky Sp

1 47 39 61

2 74 68 81

3 33 27 63

4 64 59 81

Table6. Pesticide remaining in the topsoil and subsoil
after 100 days in Spearwood sands.

Scenario Atrazine by Soil Layer & Type (%)
Topsoil Subsoil
Kls Ky Sp Kls Ky Sp
1 12 10 27 37 43 16
2 2 3 8 13 20 9
3 21 19 24 31 36
4 6 5 14 33 39 19

Atrazine and its two daughters, DEA and DIA,
and simazine were also modelled for the three main
soils in the Bassendean sands, Gavin, Jandakot and
Joel. Two simulations were carried out for the Gavin
soils, one under pines and the other under native
Banksia. The results showed that due to the absence
of irrigation and the low water content of the surface
and subsurface soil horizons (due to the plant water
uptake), atrazine did not leach below the subsurface
zone and most of the herbicides were filtered on the
top surface layer (Table 7). Smaller amounts of
simazine, which is more mobile than atrazine, passed
bel ow the subsoil (Table 8).

Table 7. Pesticides breaking through the 80 cm layer
in Bassendean sands.

Pesticide Name Pesticide, by Soil-type (%)

Gavin (Bb) Gavin(P) Jandakot  Joel
atrazine 0 0 8 0
desethylatrazine 0 0 3 0
desisopropylatrazine 1 0 17 0
simazine 4 20 24 12

Table 8. Pesticide remaining in topsoil and subsoil
after 100 days in Bassendean sands.

Soil Layer Atrazine by Soil-type & Layer (%)
Gavin (Bb) Gavin (P) Jandakot  Joel

topsoil 37 40 30 36

subsoil 2 0 14 1
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Scenariosto reduce nutrient leaching

The LEACHN model was used to simulate the leach-
ing of nitrogenous fertilisers as applied to both urban
and agricultural areas. The model was aso used to
simulate several management scenarios of fertiliser
and irrigation applications.

Table9. Recommended application rates of fertilisers
used in the LEACHN model.

Application Fertiliser (kg/ha)

Date Urea NH4 NO3
12/05/98 00.00 27.20 26.90
26/05/98 00.00 13.60 21.70
09/06/98 00.00 13.60 21.70
23/06/98 00.00 00.00 26.90
07/07/98 00.00 00.00 26.90
21/07/98 00.00 00.00 26.90
04/08/98 00.00 17.00 16.80
18/08/98 00.00 17.00 16.80
01/09/98 00.00 17.00 16.80
15/09/98 18.40 00.00 26.40
29/09/98 18.40 00.00 26.40
13/10/98 04.60 00.00 30.30
27/10/98 04.60 00.00 30.30
10/11/98 04.60 00.00 30.30
24/11/98 00.00 00.00 26.70
09/12/98 00.00 00.00 26.70
23/12/98 00.00 00.00 33.60

In the urban area, ammonium was applied twice
during the dry season at the rate of 70 kg/ha, while
irrigation was applied at the rate of 3 mm every sec-
ond day. The results showed that ammonium disap-
pears from the top layer in less than 50 days in al
three types of soils: Kls, Ky and Sp. Also after 100
days, 600 mg/m2 of nitrate leaches to the 50-80 cm
layer in Kls, 1000 mg/n? in Ky, and 300 mg/m2in Sp.

Table 10. Nitrate leaching below 80 cm after 250 days.

Scenario NO3-N, by Soil-type (kg/ha)

Kls Ky Sp
| 360 300 330
1l 480 410 460
1" 16 120 150

In the horticulture area, three scenarios were
applied, the results of which are shown in Tables 10
and 11.

Scenario |

The recommended rates of fertilisers were applied
(Table 9), and theirrigation was al so the recommend-
ed rate of 100 per cent pan evaporation.

Scenario |l

The irrigation rate was increased to 11 mm/day, which
isthe level used by the farmers. The farmers apply



Table 11. Ammonium and nitrate in various layers after 250 days.

Scenario Sample NH4-N & NO3-N, by Soil-type (mg/m?)
Depth
(cm) Kls Ky Sp
NH,4-N NOs-N NH,4-N NOz-N NH,4-N NOs-N
| 0-20 250 1800 250 1800 400 2800
20-50 250 2600 350 3600 350 3000
50-80 10 2600 100 2900 0 500
1 0-20 60 250 50 400 100 400
20-50 100 510 150 1200 120 600
50-80 60 850 100 1300 60 1100
11 0-20 160 800 150 800 180 1400
20-50 160 1300 160 1600 160 1500
50-80 0 1300 50 1450 0 1750

sprinkler irrigation two or three times per day for water
supply and for cooling during the hot summer days.
Scenario 11

The fertiliser application rate was decreased to half
the recommended application rate, while keeping the
irrigation rate at pan evaporation.

By increasing the rate of water application
(Scenario 11), most of the nutrients were leached
below the topsoil horizons as shown by the lower
nutrient content in all three layers by comparison with
the other two scenarios.

Scenario |11, where half the amount of fertiliser
was applied together with the pan evaporation water,
caused the least amount of nutrients to leach through
the 80 cm layer. Of the three soils, Kls was the best
soil for retaining most of the nutrients; only 16 kg/ha
passed through the 80 cm layer, while 120 kg/ha
passed through Ky, and 150 kg/ha passed through Sp.

Conclusions

Most of the reported incidents of pesticides in
groundwater are caused by excessive application of
pesticides or excessive irrigation, or both. InAustralia,
most of such incidents are due to malpractice or
misadventure such as a spill. The results of this study
showed that in normal use only a small number of
pesticides have the potential to contaminate the
Gnangara Mound aquifer. Furthermore with proper
management the risk of contamination could be
greatly reduced. Reducing the application rates of
pesticides to the recommended rates and adopting
better irrigation practices will minimise contamina-
tion potential. Increasing the organic matter of the top
10 cm would greatly enhance the filtering capacity of
the soils, and in most cases none of the pesticides
would leach down to the aquifer.
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This study suggests that indicate that the most effec-
tive management to reduce nutrients leaching is by
reducing fertiliser application rates and applying the
optimum irrigation rates. The Karrakatta limestone
sand appears to be the best soil to retain most of the
nutrients.
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Regional Vulnerability to Nutrient Leaching
in the Gnangara Mound under
Different Management Scenarios

R.B. Salama, D.W. Pollock and J.D. Byrne'

Abstract
Regional groundwater vulnerability maps that indicate the impact of leaching of nutrients under different
management scenarios were prepared for the Gnangara Mound using the LEACHN model and GIS
techniques. The results were up-scaled using soil maps under three different management scenarios and
different rates of fertiliser application. In thefirst scenario, the optimum recommended rate of fertiliser appli-
cation and recommended irrigation rate of 100 per cent pan evaporation were applied. In the second scenario,
the application of fertiliser was the same as in the first, but the irrigation rate was increased to 11 mm/day,
which is the level used by the farmers. In the third scenario, the fertiliser application rate was decreased to
half the recommended application rate while keeping the irrigation rate at pan evaporation. Vulnerability to
nutrient leaching was highly dependent on the rate of fertiliser application and the amount of irrigation water.
In the urban areas, the amount of NO5-N leaching below the 80 cm horizon was not more than 50 kg/hain
al three scenarios; but due to the larger areas involved compared with the agricultural area, the total load
that reaches the groundwater from urban areas would be more. Regionally, nitrate was found to be above the

limit in eight sites, mainly in the horticultural areas on Spearwood sands.

THE saNDY soiLs of the Gnangara Mound are highly
porous, and usualy of very high permesbility and
low organic matter content. Excessive amounts of
nutrients are used in the agricultural areas to compen-
sate for losses due to leaching by excessirrigation and
rain. High levels of nitrate-N concentrations are
reported in groundwater below horticultural properties.

Increasing inputs of organic and inorganic fertilis-
ers in urban and agricultural areas are causing an
increase in the amount of nutrients leached into
groundwater in the Gnangara Mound aquifers.
Nitrate-N usually leaches rapidly through the sandy
soils to the groundwater, especially when the ground-
water is near to the surface. On the other hand, phos-
phorus is adsorbed strongly in the topsoils that have
higher clays and organic matter and does not leach as
well as nitrogen. The main sources of nitrate on the
Gnangara Mound are: agriculture, grazing, horticul-
ture, and semi-rural or urban developments; the latter
includes septic systems, unsewered or sewered resi-
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dential areas, lawns, gardens, parks, fertilisers applied
to sports grounds, and leachate from landfills.

The rate of fertiliser application varies consider-
ably between private lawns, public parks and market
gardens. At the same time, irrigation water is applied
at different rates and at different times, which makes
the rates of recharge from irrigation from these
different situations very variable.

Method and Results

This study takes into account results from a previous
study for nutrient leaching and balances in urban
areas (Sharma et al. 1995), as well as recent data
collected from market gardens, and studies of
phosphorus and nitrate loss from horticulture on the
Swan Coastal Plain (Lantzke 1997). The nutrient
balances were used to calibrate the LEACHN model
and to study the regional distribution of leaching.

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913



Nutrient leaching in urban and horticultural
areas, and theregion

Urban areas

In urban areas leached nitrogen was measured in the
form of NO4;-N and NH,-N. Leaching was higher in
summer than in winter, and a most sites NO;-N
concentrations approached or exceed UN World
Health Organisation drinking-water limits during
some parts of the year (Sharma et a. 1995). Leaching
on Bassendean sands was higher than on the
Spearwood sands.

The ratio of N, (output in leachate) to N;, (input
through fertiliser and irrigation) varied considerably
from dite to site, ranging from 0.09 to 0.30. Much
higher proportions of applied N were found to be
leaching beneath Bassendean sands (about 23 per
cent) than under Spearwood sands (about 10 per
cent). Over thisperiod, public sitesgenerally received
far less N input (135 kg/ha) than private sites

Table 1. Water balance for urban and horticultural sites.

(350 kg/ha), yet the average yields in leachate were
similar (public, 31; private, 39 kg/ha). This resulted
in a much higher N,,/N;, ratio for public (0.23)
than private sites (0.12). Most of the fertiliser was
applied during summer, so N concentrations in
leachate were significantly higher in summer than
inwinter (Tables 1 and 2).

The long-term average phosphate concentrations
were much higher in the Bassendean sands (0.81
mg/L) than the Spearwood (0.015 mg/L), due to the
higher adsorption capacity of the latter (Gerritse,
Barber and Adney 1990). Higher than expected
phosphorus concentrations were encountered from
the Corderoy site, attributed to previous higher
applications (Barber et a. 1991). The lower than
expected phosphorus levels in one of the Bassendean
sites was attributed to recent establishment of the
site, meaning that Pis till being adsorbed in the soils
(Sharmaet al. 1995).

Site Inputs (mm) Outputs (mm) Ratios

R P I IT Et Ep RNT InT IT/Ep Et/Ep
Urban
Noranda 846 849 1413 2262 1416 2013 0.374  0.625 1124 0.703
Tuart Hill 480 659 753 1411 931 2013 0.340 0.533 0.701 0.462
Mt Lawley 876 734 990 1724 848 2013 0508 0.574 0.856 0.421
Karrinyup 291 723 745 1468 1177 2013 0.198  0.507 0.729 0.585
Cordeory 696 705 1193 1898 1202 2013 0.367 0.629 0.943 0.597
Balcatta 251 792 642 1434 1183 2013 0175 0.448 0.712 0.588
Ballgjura 1205 848 1543 2392 1187 2013 0.504  0.645 1.188 0.590
Waterman 265 654 769 1423 1158 2013 0.186 0.541 0.707 0.575
Horticultural
Strawberry farm  226.0 430.6 426.0 856.6 630.6 423.2 0.264  0.497 2.024 1.490
Turf farm 153.6 134.0 115.6 249.6 96.0 3245 0.615 0.463 0.769 0.296

Notes: R = recharge, P= precipitation, | = irrigation, I T= total water input (including recharge), Et = estimated evapotranspiration,

Ep ='Class A" pan evaporation.

Table 2. Nutrient balance for urban and horticultural sites (lysimeter data).

Site Flow-weighted Concentration (mg/L) Yield (kg/ha)
NOgN  NH4N TotdN POsP  Cl NOyN NHyiN  Totd N PO,P cl

Urban

Noranda 4.12 0.64 4.76 0.034 129 218 33.75 251.80 181 6810
Tuart Hill 1.56 0.01 157 0.002 104 47 044 47.44 0.06 3113
Mt. Lawley 2.68 0.59 327 0.010 125 147 32.50 179.50 0.56 6857
Karrinyup 2.65 0.02 2.67 0.034 175 48 0.38 48.38 0.63 3190
Cordeory 5.33 1.10 6.43 0.040 60 232 47.81 279.80 2.00 2597
Balcatta 4.04 na 4.04 0.008 110 63 na 63.00 0.13 1733
Ballgjura 5.37 0.07 5.44 0.003 38 404 5.06 409.10 0.25 2857
Waterman 0.83 na 0.83 0.015 111 14 na 14.00 0.25 1842
Horticultural

Strawberry farm 34.62 322 3784 6.740 30 61 5.67 66.69  11.88 52
Turf farm 49.56 539 54.95 4.320 119 84 9.19 93.64 7.37 203

Note: na= not available
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In a Gl S-based study carried out in a groundwater
supply field in the Gnangara Mound (Barber, Otto
and Bates 1996), it was found that groundwater
quality was affected by increasing nitrate. Nitrate
concentrations down-gradient from older unsewered
urban areas exceeded 10 mg/L NO5-N in production
wells. The study showed that the full impact of the
unsewered urban development would occur in
approximately 15-20 years.

Soil Systems & Types

Bassendean Dunes

Horticultural areas

High to very high NO;—N concentrations were found
in the shallow groundwater beneath the production
areasin ten properties investigated by Lantzke (1997).
The high NO4-N concentrations reached the bottom
of the superficial aquifer in only two properties. Due
to denitrification, NO5-N levels did not persist more
than 50-100 m away from the high zones.

« Bassendean Dunes: Ja = Jandakot, Jas = Jandakot Steep, J = Joel, G = Gavin,

Ws = seasonal swamps, P= Pinjar, Wp = permanent lakes & swamps,
Wy = the Yeal Swamp complex, DL= drainage lines
« Spearwood Dunes: Ky = Karrakatta Yellow, Kg = Karrakatta Grey, Kls = Limestone,

Spearwood Dunes

Sp = Spearwood, B = Beonaddy
* Quindulup Dunes (complex parabolic dunes consisting of calcareous sand with minimal
soil profile development):

Q1 — low ridges, often represented by remnants, with deep (50 cm) penetration

Quindulup Dunes

of organic matter and lime cementation below a metre depth
Q2 — complex pattern of small dunes, with moderate relief; organic staining
to 30 cm, and some lime cementation at depth

Q3 — steep irregular dunes with high relief; fairly loose sand with little cementation

alluvial terrain

Q4 — steep irregular dunes of loose sand; no organic staining or cementation
Qp — plain enclosed within parabolic dunes; calcareous soil with deep penetration
of organic matter

Qs — beach ridges of calcareous sand
Qu — presently unstable calcareous sand.
« Alluvia terrain: Ya= Yanga, GG = Gingin Brook complex.

Figure 1. Groundwater sampling sites.
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Figure 2. NOs-N (blue) and PO 4-P (red) content in groundwater monitoring bores.

Detailed studies of nutrient leaching in strawberry
and turf farms were also carried out in 1998 (Salama,
Pollock and Byrne 1999). The results in both loca
tions showed that because of excessive application
of nutrients, NH, and NO; leach to the groundwater
at high rates. The N levels (15-54 mg/L) were above
the acceptable limits in the top 1.6 m of the shallow
aquifer system. This trend decreased abruptly
below 2.0 m where the concentrations were <1 mg/L.
Phosphorus increased with time and decreased
with depth; the concentrations were 4-10 mg/L
above 1.6 m, and 24 mg/L below that depth.
Ammonium—N concentrations ranged from <1 to 4
mg/L in the top 60 cm.

Theregion

Groundwater nitrate-N concentrations within the
Gnangara Mound and surrounding aress are general-
ly low. In a survey of 70 private and public wells
in the Gnangara Mound, most of the wells that
contained high nitrate-N levels were within the
horticultural areas in the Spearwood sand. In eight
wells the nitrate level exceeded 10 mg/L, and in
two wells it exceeded 50 mg/L (PM34 = 91 mg/L;
MM14 = 68 mg/L). In two other wells the nitrate-N
was equal to or more than 5 mg/L; in al the others it
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Figure 3(a). Nitrate-N leaching for Scenario 1.



was below 5 mg/L, with most below 1 mg/L.
Phosphate P levels were very low in all sampled
wells. Sampling sites and results are summarised in
Figures 1 and 2, respectively.

Regional vulnerability to nutrient leaching

In this study, the method used GIS for mapping
aquifer vulnerability, incorporating the information
on soils, landform and landuse maps. The LEACHN
model was used to simulate the leaching of nitroge-
nous fertilisers as applied to both urban and agricul-
tural areas. The model was also used to simulate
several management scenarios of fertiliser and
irrigation applications.

For the urban areas, ammonium-N was applied
twice during the dry season at the rate of 70 kg/ha,
whileirrigation was applied at the rate of 3 mm every
second day. Ammonium-N disappeared from the top
layer in less than 50 days in all three types of soil:
Kls, Ky and Sp of the Spearwood Sands. Also after
100 days about 600 mg/m2 of NO4-N leached to the
50-80 cm layer in the Kls, 1000 mg/m2in the Ky, and
300 mg/mz2 in the Sp.

In the horticulture area, three scenarios were
applied, the results of which are detailed in Salama,
Pollock and Byrne (2001) and illustrated in Figure 3.

Figure 3(b). Nitrate-N leaching for Scenario 2.

The scenarios are as follows.

Scenario 1:
The recommended rates of fertilisers were applied
(Table 9), and the irrigation was also the recom-
mended rate of 100 per cent pan evaporation.

Scenario 2:
The irrigation rate was increased to 11 mm/day,
which is the level used by the farmers. The farmers
apply sprinkler irrigation two or three times per day
for water supply and for cooling during the hot sum-
mer days.

Scenario 3:
The fertiliser application rate was decreased to half
the recommended application rate, while keeping the
irrigation rate at pan evaporation.

Scenario 3, where half the amount of fertiliser was
applied together with the pan evaporation water, shows
the least amount of nutrients leaching through the 80
cm layer. Of the three soils, the Kl s retained most of the
nutrients, as only 16 kg/ha of NO; passed through the
80 cm layer, while 120 kg/ha passed in the Ky and 150
kg/ha passed in the Sp.

In Scenario 1, leaching of NO; in most of the
horticultural areas was 300-350 kg/ha, with four sites
exceeding 400 kg/ha. In Scenario 2, where higher

Figure 3(c). Nitrate-N leaching for Scenario 3.
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irrigation rates were used, leaching in most sites was
more than 400 kg/ha, and in severa sites the NO;
leaching exceeded 450 kg/ha. When the nutrient and
water applications were reduced as in Scenario 3,
only 100-150 kg/ha leached below the 80 cm horizon.

In the urban areas, the amount of nitrate-N leach-
ing below the 80 cm horizon was less than 50 kg/ha
in all three scenarios; however, since the areas where
fertilisers are applied are larger than in the agricultur-
a aress, the total load which reaches the groundwater
from the urban areas is likely to be higher.

Discussion

Denitrification in the unsaturated zone

The main factor affecting denitrification is availabili-
ty of oxygen in soil and groundwater, which often
relates to the amount of organic carbon and redox
conditions. In general, the higher the water content
and organic carbon content of a soil, the less oxygen
the soil contains, and so the higher the denitrification
rate. Meisinger and Randall (1991) devised an index
which can be used to estimate the denitrification

Note: The blank areas on the map are regions with unknown rate i_n a soil, based on the abo_ve p_roperti es. The
organic carbon content, including the Quindalup Dunes organic carbon content of the main soil-types of the
and various wetlands. Gnangara Mound for different landuses were used

Figure 4. Denitrification rates. for the denitrification studies. These data are shown

in Table 3.

Table3. Organic Carbon content for different soils and

landuses.
Soil-type Organic Carbon (%)
Mg P \% Average

G 1.04 3.28 2.68 257
Ja - - 1.10 1.10
J - - 2.02 2.02
B 2.14 - 2.50 232
Kg 1.10 - - 1.10
Kls 0.92 - - 0.92
Ky 0.73 - 0.84 0.77
Sp 0.84 - 2.00 1.23

Notes: Soil Systems& Types
« Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel
«  Spearwood Dunes: B = Beonaddy, Kg = Karrakatta
Grey,Kls = Limestone, Ky = Karrakatta Yellow,
Sp = Spearwood
Landuses
* Mg = market gardens, P= pines, V = vegetables

Figure 5. Denitrification amounts.
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The organic carbon values in Table 3 were con-
verted to denitrification rates; organic matter values
were estimated by doubling the organic carbon values
shown in Table 3. The Gnangara Mound Soils are
considered to be excessively well drained, therefore
only the 'Excessively Well Drained' column from the
Meisinger and Randall table is shown in Table 4.

Table4. Denitrification rates for various proportions of
organic matter in 'excessively well drained' soil.

Organic Matter (%) Denitrification Rate (%)

<2 24
2-5 39
>5 4-12

Denitrification rates were estimated from the
range specified in the Meisinger and Randall index.
The calculations show that the Bassendean sands
(G, Ja, J, Jas) had denitrification rates in the range
3-9 per cent. Of the Spearwood sands, B and Kg had
denitrification rates of 3-9 per cent, while Kls, Ky
and Sp were 24 per cent. Broadly speaking, this
means that the Spearwood sands (which are located
closer to the coast) have lower denitrification rates
than the Bassendean sands (which are located further
inland).

Figure 4 shows the clear distinction between the
soilswith the lower denitrification rate and those with
the higher denitrification rate. The reason for this
clear distinction is that the Bassendean sands general-
ly have a higher organic carbon content and therefore
higher denitrification rate than the Spearwood sands.

The other factor that needed to be considered was
the amount of nitrogen applied to the soil. Different
landuses require different amounts of nitrogen. For
the purposes of this study, it was assumed that 140
kg/ha of N is applied annualy to the soil in urban
areas, and 203.2 kg/ha in market garden areas.
Landuse and soil maps were then used in a GIS to
produce a map of the Gnangara Mound showing the
amount of nitrogen denitrified (Figure 5).

M anagement issues

Considerable progress has been made towards reduc-
ing pollution problems; nevertheless, it is difficult to
control non-point source (NPS) pollution. Thisis main-
ly due to economic as well as regulatory difficulties
that arise in the control of NPS. In most cases, NPS
problems involve the use of severa pesticides and
nutrients from different plots, sub-catchments and
catchments that can be difficult to trace back to one
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user. For example, in the Gnangara Mound most of
the farmers use nutrients and pesticides at excessive
levels. However, only in the areas where groundwater
levels are below two metres from the surface do these
pollutants reach the groundwater at detectable levels.
(Any detectable value is above permissible limits.)
In other areas, where the groundwater is usually
more than 10 m from the surface, the nutrients are
greatly reduced through denitrification, dilution and
dispersion.

Conclusions

Regional groundwater vulnerability maps that indi-
cate the impact of leaching of nutrients under differ-
ent management scenarios were prepared for the
Gnangara Mound using the LEACHN model and GIS
techniques. The results were upscaled using soil maps
under different management scenarios and different
rates of fertiliser application. Vulnerability for nutrient
leaching was highly dependent on the rate of fertiliser
application and the amount of irrigation water. In
the urban areas, the amount of NO; leaching below
the 80 cm horizon was less than 50 kg/ha in all three
scenarios but, due to the larger areas where fertilisers
were applied, the total load that reaches the ground-
water from the urban area is likely to be more than
that from the agricultural area. On the regional scale,
nitrate was found to be above the limit in eight sites,
mainly in the horticultural areas of the Spearwood
sands.

Several aternative approaches are available for
regulators to control pollution. They include taxes
and charges on fertilisers and pesticides, withdrawal
of leases, scaling fine system and subsidies. Most of
the economic instruments normally recommended
with which to target pollution were found not to be
applicable in the Gnangara Mound (Nind 1997). The
traditional economic paradigm assumes that thereisa
socially optimal level of pollution. The Nind study
suggests that this point cannot be reached before
growers are forced out of business.

To reduce NPS pollution, an integrated approach
that includes several options is required. There is a
need to change current practices and reduce fertiliser
application to match crop needs. Wastes from high-
density livestock operations need to be managed as a
point source of pollution. Wetlands, lakes, and rivers
can be used for denitrification; this will reduce the
amount of nutrients leaching to the groundwater.
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Regional Vulnerability to Pesticide Contamination
in the Gnangara Mound under
Different Management Scenarios

R.B. Salama, D.W. Pallock and J.D. Byrne*

Abstract
The Attenuation Factor (AF) model was used to simulate the leaching potential for carbofuran for the soils
of the Gnangara Mound to adepth of 100 cm under three different rates of recharge: 0.1, 0.3 and 0.6 cm/day.
The LEACHPmodel was used to simulate four scenarios for the leaching of atrazine under different irriga
tion ratesin pine plantations and horticultural areas. CML S was also used to simulate travel time for atrazine
to a depth of one metre. Two methods were used to upscale the modelling results: MS-VULPEST was used
to upscale the AF and CMLS results; soil maps and GIS techniques were used to upscale the LEACHP
results. The results showed that due to the high hydraulic conductivity of the Bassendean sands, the travel
time of atrazine to reach a depth of one metre was approximately 59 days, but it was 173 days in some areas
due to high organic carbon. In the Spearwood sands, the travel time was about 77-100 days. The LEACHP
scenarios indicated that by applying high irrigation rates in the horticulture areas, 60—70 mg/m?2 of the
pesticide would leach below the 80 cm layer. These results suggest that there is a potential for some

pesticides to reach the groundwater aquifers, especially in the agricultural areas.

PesTicipECONTAMINATION Of shallow and deep ground-
water has been recorded in many countries. It is
reported that some 32 herbicides, 19 insecticides and
two fungicides have been detected in groundwaters
from various parts of the world (Vighi and Funari
1995). Several pesticides have been detected in
groundwater from the Gnangara Mound, specifically
atrazine and diazinon. However, their concentrations
are well below the Australian National Health and
Medica Research Council (NHMRC) guideline
limits.

Groundwater vulnerability to pesticide contamina
tion depends on severa factors including physical,
chemical and biological processes that determine the
fate of each pesticide. The vulnerability is dependent
on, and strongly affected by, spatia and temporal
variations in these processes. Hydrogeomorphic
Analysis of Regiona Spatial Data (HARSD) method
ology was used in this study as part of the overall
scheme of reducing the uncertainty. HARSD
partitions catchments into areas of similar hydrologi-
cal and hydrogeological characteristics (Salama et al.
1997).
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Vulnerability maps and vulnerability assessments
are tools available to groundwater managers to define
areas at risk from pollution and to develop groundwa-
ter management strategies. Groundwater vulnerabili-
ty is defined as ‘the tendency or likelihood for
contaminants to reach a specified position in the
groundwater system after introduction at some
location above the uppermost aquifer’ (National
Research Council 1993). A vulnerability map is a
graphical display or representation of the degree of
vulnerability of an aquifer as a function of time and
location. Geographic Information System (GIS) tech-
nigues are dynamic and represent various scenarios.

Methods

Soil hydraulic properties (size analysis, hydraulic
conductivity, retentivity and organic content) were
obtained from the results of 21 selected sites repre-
senting the major soil-types in the area under
different management scenarios. Together with the

1 csirROLandand Water, Private Bag No 5, PO Wembley,
Western Australia 6913



regional soil maps, these were used to prepare the
base maps for upscaling the modelling results.

Leaching potential of the pesticides were estimated
using the results from applying several models:
Hornsby Index (Hornsby 1992); AF Index (Rao and
Alley 1993); CMLS (Nofziger et al. 1998); and
LEACHP (Hutson and Wagenet 1992). Regiona
groundwater vulnerability maps that indicate the
impact of leaching of pesticides under different man-
agement scenarios were prepared for the Gnangara
Mound. Regional maps of pesticide leaching were
also prepared using simple GI S techniques to upscale
results from LEACHP modelling.

Soil and water mapping

A detailed soils map of the Gnangara Mound was
collated from previous works by McArthur and
Bettenay (1960) and McArthur and Bartle (1980). The
physical and chemical characteristics of the soils were
obtained from a detailed study of 21 sites in the
Gnangara Mound. The sorption coefficients for the
modelled pesticides with the different soils were
derived in CSIRO Land and Water |aboratories in
Adelaide. Ahydrogeomorphic map for distribution of
recharge based on soils, geology, and attributes of
topography was prepared from a digital elevation
model prepared by the WAL ands Department.

A water-level map for the superficial aquifer of the
Gnangara Mound was prepared using data obtained
from the WAWaters and Rivers Commission SWRIS
database. A depth-to-water map was prepared by
subtracting the coverage of the surface elevation from
the water-level map. The direction of groundwater
flow was determined from the water-level map.
Herbicidesin pine plantations
Establishment of pine plantations in the Gnangara
Mound depends upon the use of herbicides such astri-
azines and glyphosate. The herbicides are applied
once or twice per rotation at the rate of 0.5 kg/ha.

Transport of three herbicides (atrazine, simazine,
and glyphosate) through the sandy soils to groundwa-
ter under the Gnangara Mound has been studied by
Gerritse, Beltran and Hernandez (1996). Simazine,
atrazine and degradation products of atrazine were
moderately-to-strongly adsorbed to surface soils, with
sorption coefficients >5 L/kg. Adsorption increased
with increasing content of soil organic carbon, while
adsorption in the subsoils was weak. Adsorption of
glyphosate appeared to increase exponentialy with
oxides of iron and aluminium, and to decrease with
increasing soil organic carbon. Glyphosate is also
strongly adsorbed to the clay mineral kaolinite, which
explained the strong adsorption measured in some of
the sandy soils of the Gnangara Mound.
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Pesticidesin horticultural areas

In afield study of leaching and degradation of nine
pesticides in the Karrakatta sand, Kookana, Di and
Aylmore (1995) found that chlorpyriphos and chlorthal
dimethyl are degraded to insignificant concentrations
before reaching groundwater. In contrast, metalaxyl,
linuron, and fenamiphos and its metabolites have
much greater leaching potential. Due to much lower
microbial population in the lower vadose zone, these
pesticides may persist longer than expected and may
present a contamination hazard to groundwater.

It was aso found that behaviour of some of
the degradation and transformation products of
fenamiphos, which are toxic, differ markedly between
subsurface and surface soils (Kookana, Phang and
Aylmore 1997). Therefore, the degradation half-lives
of pesticides based on surface soils (from current data
bases) are unlikely to yield an adequate assessment
of their environmental fate, especially movement
through the soil profile to groundwater.

In urban areas around Perth, Gerritse, Barber and
Adeney (1988) sampled 64 boreholes along a transect
through the Bassendean sands and analysed these for
adrin, dieldrin, chlordane, and heptachlor. Generally
the levels of the pesticides were found to be below
detection limit; however, DDT, adrin and chlordane
were dlightly higher in some samples. Most of the
reported cases of pesticide contamination resulted
from malpractices. For example, Appleyard (1995)
reported that spray equipment washed in a backyard
in suburban Perth resulted in contamination of
groundwater with the nematicide fenamiphos and the
herbicide atrazine.

Pesticide extraction

At the laboratory, core samples were cut into three
equa lengths of 100 mm. The soil from each length
was placed on a 30 x 30 cm alloy sheet and mixed
thoroughly.

A soil sub-sample of about seven grams was sam-
pled from each of the three mixed soil depths (0-100,
100200 and 200-300 mm), and the soil placed
into pre-weighed, labelled 16 x 125 mm pyrex vias
with teflon lids. Care was taken to handle each soil
sample using separate scoops made of aluminium
to transfer the soil into the vials. Sub-samples for
moisture content were also taken at the same time.
The vias were then weighed, capped and recorded,
as were the pre-weighed soil moisture content
containers and soil.

Internal standard (25 ml) was then added to each
of the vials, immediately followed by acetone/ether
mixture (5 ml). A blank of the solvents was also taken



at this point. The vias were shaken vigorously for L eaching of pesticidesusing CMLS and
two minutes to mix the soil with the standard and the MS-VULPESTmodels
acetone/ether solution. The vials were placed into a  CMLSwas used to simulate travel time for atrazine to
sonic bath for ten minutes and left to stand for about 4 depth of one metre. The results show that due to the
15 hours. The vials were sub-sampled using pasteur-  high hydraulic conductivity of the Bassendean sands,
pipettes to transfer 1 ml of the solution into 2 Ml the travel time is about 59 days; but it takes approxi-
auto-analyser vias. Thelabelled vidswerecapped and  mately 173 daysin some areas due to the high organ-
placed into a freezer, ready for pesticide analysis. ic carbon. In the Spearwood Sands the travel time was
about 77-100 days.

Results Soil maps of the Gnangara Mound were used
Pesticide analyses of soil samples collected from the  together with the MS-VULPEST model (Zhou and
strawberry and turf farms on separate days fromthree ~ Otto 1999) to study the vulnerability of the most
different depths for various pesticides are shown in commonly used pesticides on a regiona scale using
Table 1. the attenuation factor index (AF). The AF index is

Table1l. Pesticide analysesin the strawberry and turf farms.

Depth of Sample Pesticide (pg/kg)
(em) Atrazine Diazinon Dimethoate Endosulfan Chlorpyrifos  Fenamiphos  Malathion
Srawberry farm (18/09/97)

0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5
Turf farm (14/10/97)

0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5

Index
B o-02
[ 0.2-0.4
I 0.4-06
[ ] o608
[ 0.8-1.0 0 10 km
|:| No data — N

Figure 1. AF index of carbofuran to a depth of 100 cm and recharge rates of: (a) 0.1; (b) 0.3; (c) 0.6 cm/day.
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equivalent to the fraction of the applied pesticide
mass that is likely to leach past the chosen reference
depth. Theresults are shown in Figure 1 and illustrate
the regiona risk of a pesticide (carbofuran, in this
case) for the soils of the GnangaraMound under three
different recharge rates: 0.1, 0.3 and 0.6 cm/day.
Although the higher recharge rate indicates a
higher AF index, the results aso indicate that the
soils have high filtering capacity and there is very
small risk that high amounts of pesticide will leach
below one metre. Thisis mainly due to the relatively
high organic carbon content (14 per cent) in the top
15 cm of most soils in the area. The maps show the
effect that different soils have on the AF index.
The soils that are most vulnerable are the Karrakatta
Yellow and Spearwood (Spearwood Dune System),
and the least vulnerable are the Gavin and Joel
(Bassendean Dune System). The AF indices for the
other pesticides show that some, such as metalaxyl,
gave dightly lower AF values than carbofuran;
others, such as atrazine and metribuzin, were signifi-
cantly lower.
Leaching of pesticides using LEACHPand GIS
techniques
The LEACHP model was used to simulate the |each-
ing of atrazine in the pine areas as well as in the
horticulture areas. Modelling was carried out for
the Bassendean as well as for the Spearwood sands.

@

Severa simulations were carried out to ascertain
the effect of the different management scenarios on
the leaching of the pesticides.
Scenario 1:
irrigation water applied at the recommended rate
of 100 per cent of pan evaporation

Scenario 2:
irrigation applied by the farmers (11 mm/day)

Scenario 3:
irrigation water with double the organic carbon
of Scenario 1

Scenario 4:
irrigation water with double the organic carbon
of Scenario 2.

The amount of pesticide applied in al four scenar-
ios was 100 mg/m2. The results (Figure 2) showed that
applying Scenario 1 with the optimum irrigation rates
will increase the travel time of the pesticide and will
retain a higher proportion of the pesticide in the top
layer, thus giving it more chance to degrade. The
results also showed that Ky soils have a higher
filtration capacity to al the modelled pesticides
followed by the Kls while the Sp has the lowest
filtration capacity. In the pines, atrazine leaching past
the 80 cm layer was less than 10 mg/m? in all four
scenarios as no irrigation was applied to the pines.

(b)

Figures2(a—d). Atrazine leaching below 80 cm for LEACHP Scenarios 14, respectively.



In the horticulture areas on the Spearwood sands,
in Scenario 1, more leaching of pesticides took place
due to the application of irrigation water, mostly
3040 mg/m2. In some aress in the Ky soils, the
leaching was lower and ranged between 10 and 20
mg/m2 (Figure 2(a)). In Scenario 2, where higher irri-
gation rates were used, leaching was 60—70 mg/m?2
with the Ky showing dlightly lower values of 50-60
mg/m2 (Figure 2(b)). Adding organic carbon reduced
the flux in the horticultural areas to below 20 mg/m2
in Scenario 3 (Figure 2(c)), but even with double
organic carbon, if theirrigation rate isincreased to 11
mm, the higher rates of water infiltration will reduce
the filtering capacity of the soils and more leaching
will take place (Figure 2(d)).

Conclusions

The results of this study showed that only a small
number of pesticides have the potential to contami-
nate the Gnangara Mound aquifer. This conforms
with the conclusions of Salama, Pollock and Byrne
(2001). The results also indicate that the most effec-
tive management to reduce nutrients leaching is by
reducing fertiliser application rates and applying the
optimum irrigation rates. The Karrakatta limestone
sand appears to be the best soil to retain most of the
nutrients.
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Often managers and farmers do not have many
choices for the selection of the most useful
pesticide that will also have the shortest half-life
and highest sorption coefficient. They will in some
cases be influenced by trade names, advertising and
prices. In most cases, in order to guarantee protection
of their crop, they will use more than one pesticide
that might have the same effect. It seems that the
long-term solution to the pollution problem is
the application of an integrated pest management
practice. Thisincludes using:
minimum amounts of pesticides
biological controls
netting systems
soil amendments to increase the organic
carbon content
better irrigation practices.

Nevertheless, due to the sandy nature of the
Gnangara Mound soils and the fact that between
30 and 50 per cent of the irrigation water reaches
the aguifer, the small number of pesticides that
leach to the aquifer form areal threat to this vital
water source.

(d)
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Thaitland
THE RATAPHUM WATERSHED, an important part of the Songkhla
Lake Basin in the south of the country, was the location of
the Thai project site. In the upper parts of the watershed,
rubber plantations dominate agricultural activity; there is
also some small-scale tropical fruit production. Rice is
produced in the flatter lowlands, but near the Lake
intensive vegetable production is predominant. The intensive
production of vegetables, often five crops each year, requires
regular inputs of pesticide and fertiliser. Most villagersrely
on shallow wells for their drinking water supplies as well
as for supplementary irrigation, so protection of the
groundwater is amajor concern in this area.



Soils, Landforms and Landuse in the Agroecosystems
of Rataphum Water shed Area, and the Risk
of Chemical Pollution

N. Panapitukul and W. Chatupote'

Abstract
Analysis of the physical and chemical characteristics of the top one metre of soil was carried out at six
sites representing the major soil units under the different landforms and landuses in the Rataphum watershed.
The results show that in low areas, poorly-drained hydromorphic gley and low humic gley soils have low
leaching potential due to low hydraulic conductivity throughout the profile. Due to the combination of high
organic matter and medium clay content, transportation of chemicals to the groundwater was retarded.
However, the heavy input of chemicals may induce higher contamination at local spots. In the lowland
coastal plain, groundwater podsolic soils are widely used for vegetable production. This well drained
sandy-loam to loamy sand has medium hydraulic conductivity in the top 25 cm and low conductivity
below this point. The low hydraulic conductivity and lower input of chemicals may decrease the risk of
contamination to groundwater. Low humic gley soil in low terraces derived from old aluvium has higher
hydraulic conductivity and lower clay content than soils derived from recent riverine deposits. The former
are used for rubber plantations, where contamination from chemical fertilisers and herbicides may occur
at higher rates. In the foothills, red-yellow podsolic soils contain a higher percentage of gravel at the top,
while the clay content increases with depth. Due to the higher hydraulic conductivity in the top 50 cm

and low organic matter, the risk of leaching of chemicalsis higher.

SOILS PLAY A KEY ROLE in determining the fate of
pesticides in the environment. Pesticide sorption in
soils is dependent also on type of pesticide, type and
amount of organic matter, and type of clay and other
minerals involved in the pesticide adsorption-desorp-
tion processes. Soil physical characteristics, hydraulic
properties, soil-water retention and soil-type contribute
to the leaching and diffusion of a pesticide through
the soil profile. Land management practices such as
tillage and manure application induce change to some
chemical and physical characteristics of the soil,
which affect pesticide contamination in the environ-
ment. Rataphum watershed is a sub-watershed of the
Songkhla Lake Basin and was selected as the repre-
sentative area for studying agrochemical pollution.
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The Environment

Topography

Songkhla Lake Basin

The basin consists of three main topographic units
(John Taylor & Sons 1985). A narrow range of moun-
tains to the west and south of the Basin is covered
with native forest. Parts of the foothills and terraces
are used for growing tropical fruits, but the majority
is used for rubber plantation. The broad plains to
the east of the Basin which connect to Songkhla Lake
are used for paddy and vegetable production. The
major water resources for more than 75 per cent of

1 Faculty of Natural Resources, Prince of Songkla University,
Thailand



the population of the area are private shalow wells
dug into a shallow aquifer. Agrochemicals are widely
used in the intensive cropping systems of vegetable
and fruit production in the area. Groundwater is at
a shalow depth and used for irrigation. In these
areas the water resources are at risk of agrochemical
contamination.

Rataphum water shed

Rataphum watershed is a sub-watershed representa
tive of the western part of the Songkhla Lake Basin
basin. A narrow range of granite mountains to
the west and south of the Basin still supports native
forest. Parts of the foothills and terraces are used for
growing tropical fruits, but most is used for rubber
plantations. The broad plains of recent aluvia
deposits, gravel sand, silt clay and beach sand are
used for paddy and vegetable production. The terrace
deposits, gravel, sand, silt and laterite support mainly
rubber plantations. Humic gley and groundwater
podsols are the main soil types of the coastal plain,
and the low humic gley and grey podsolic soils arethe
main types of the low terrace. At the foothills,
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Figure 1. Rataphum landforms.

red-yellow podsolic soils derived from quartzitic
sandstone and shale or granite are the main types.
Climate

The Songkhla Lake Basin has a tropical monsoon
climate (Meteorological Department, 1994). North-
east and southwest monsoons are active in October—
March and May—September, respectively. The climate
shows distinct seasonal patterns of rainfall. Heavy
rainfall occurs during the northeast monsoon period,
with amajor peak in October—December. The average
rainfall over the Songkhla Lake Basin is approxi-
mately 1880 mm pa, varying between 1600 and 2400
mm. About 60 per cent of the annua rainfall occurs
in a short period between October and December,
resulting in floods in the northeast monsoon season
and awater deficit during the rest of the year.

Geomor phology

A narrow range of mountains to the west and south
of the watershed slopes eastward through the foothills
and flood plain to Songkhla Lake. The landform
consists of plains, foothills, hills and mountains, and
alake system and inland wetands (Figure 1).

Coastal Plain

Bl Becach ridge
Former tidal flat

Flood Plain
Alluvial plain
Low terrace

Dissected Terrace
Middle terrace
Undulating

Foothill and Low Hill
Marginal terrace/peneplain

I Footslope

Shadow

Hill and Mountain
I Eroded hill
Mountain



Plains

The coastal plain was formed by marine deposits
of clay and low sand ridges as a consequence of a
relative regression in sea level. During pauses in a
period of movement, clay was deposited in shallow
seas, and a sand ridge was formed along the coastal
front.

The flood plains are of fluvia origin and occur in
the east of the watershed. Regular deposits of clays
and silts brought down by rivers led to shoals and
shallows forming offshore. The marine clay deposits
consist of very soft clay and silt covered by recent
flood deposits.

Foothills

The footslope and terraces form a narrow band along
the east side of the mountain range, with slopes of
5-25 percent. They are generally composed of gravel,
sands, silts and laterite. The high plain in the west,
with altitudes of 80-120 m above sea-level, forms the
transition between the hills and the low plain. It isa
peneplain of Mesozoic sedimentary rock with terraces
of Pleistocene deposits.

Table 1. Characteristics of soilsin Rataphum watershed.

Hills and mountains

The hills are scattered throughout the high land of the
area. The mountains at the boundary of the project area
in the west form a land crest of uplifted rocks with
steep slopes. The mountains (average height 500 m
above searlevel) are formed by erosion-resistant granite.
Lake system and inland wetlands

These include the present lake and fringing swamps
and marshes. The wetland areas are formed by silting
caused by recent inundation, and thus consist of very
soft silt and clay.

Sails

The major soil units within the Songkhla Lake Basin
are: humic gleys (20 per cent of the total area), hydro-
morphic alluvial (15 per cent), podsols (16 per cent),
humic gley/podsol association (21 per cent),
lithosol/podsol association (7 per cent), and slope
complex soils (17 per cent) (Department of Land
Development 1981). Characteristics of the soils with-
in the Rataphum watershed itself are shown in
Table 1, and their distribution is shown in Figure 2.

Soil Unit  Major Great  Slope (%) Landuse Examples of Texture Drainage  Groundwater Level  Organic Carbon (%)
Soil Group & Profile
6 low humic 0-1 riceand Loam or silt-loam poor saturated for medium (1.75)
gley vegetables  or clay-loam over silty 4-5 months
clay or clay with of the year.
plinthite of more than
50% in any sub-horizon
with 1.25m.
17 hydromorphic 0-1 riceand Sandy-loam over poor saturated for low (0.85)
aluvial vegetables  loam or sandy- 3-4 months
clay-loam which of the year
occurs at a depth
of 60-85cm,
accompanied with
plinthite that forms
a continuous phase
or constitutes more
than half of the matrix
of some sub-horizon.
23 groundwater 0-1 riceand Sandy-clay-loam moderately saturated for moderately
podsolic vegetables  over sandy-loam poor 3-4 months low (1.4)
over loamy sand or in rainy season
sand accompanied by
soft iron concretion
or iron pipe
34 grey or 2-5 rubber and  Sandy-loam over moderately below 1 m medium (1.8)
red-yellow fruit medium to coarse good throughout
podsolic sandy-loam the year
throughout.
45 red-yellow 6-12 rubber and  Sandy-loam or loam good below 1 m moderately
podsolic fruit over very gravelly throughout low (1.4)
loam, very gravelly the year

clay-loam or very

gravelly sandy-clay-
loam or rock.
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Figure 2. Major Rataphum soils.

Humic gleys

The gleys are the main old flood-plain or lowland
soils found throughout the rice-growing areas and
swampy land. They are sandy-loams to silty clays.
They are moderately suitable for rice production and
those few field crops which can tolerate the heavy
blocky structure of the subsoil when dry. Poor
drainage and low phosphorous and potassium levels
are their main limitations.

Hydromorphic alluvials

The aluvials are mainly on inland wetlands and
coastal plains of recently-deposited beach soils, with
the better drained areas usable for rice. Poor drainage
and flooding, and acid sulphate and saline sat
content in some areas, are the main limitations. This
soil-type is likely to need substantial applications of
N and P fertiliser to achieve good yields of rice and
dry-season crops.

Podsols

These are located on the foothills and dissected terraces
along the western and southern boundaries of the
basin. They are used mainly for rubber plantation.
Base saturation and cation exchange capacity are
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Low humic gley

Hydromorphic alluvial
Groundwater podsolic

Grey and red-yellow podsolics

usually low, as are the nutrients P and K, resulting in
low fertility which isthe main limitation for other crops.
Sope complex soils

These are shallow recent soils on the upper foothills
and mountainous areas. They are well drained with poor
fertility and high erosion potential if cleared of trees.
They are moderately suitable for rubber plantation.

Landuse
The landuse activities in Rataphum watershed are
shown in Figure 3.

Rubber plantations, mostly small-holdings, are the
main activity in the area. They are located in the
uplands. Adoption of high-yielding clones (i.e. mono-
culture) and intensive agricultural techniques has
been widespread which places the plantations at risk
of disease. The foothills aso have fruit orchards,
especialy in areas with reliable water resources. The
fruits harvested in the area are rambutan, mangosteen,
durian and longon. There appears to be a trend
towards land being progresively diverted from rubber
production to fruit.

The lowland area is primarily used for rice pro-
duction, with most rice cultivation producing only
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Figure 3. Rataphum landuses.

one crop per year. Rice cropping intensity has
declined in the last decade due to irregular water
supply and problemswith controlling waterflow. Low
market prices for rice has led to the adoption of less
|abour-intensive techniques and smaller plot sizes.

Changes from rice crops to raised-bed practices
to grow perennial fruit and vegetable crops have
increased rapidly in recent years. The common
vegetables grown are kale (Brassica alboglabra),
chaisim (B. pekinensis) and petsai or Chinese cabbage
(B. chinensis), which have a growing period of about
30 days. In order to grow more crops per year,
most farmers use vegetable varieties with a short
maturation time. Cropping in such a large area with
severa cropping cycles results in intensive manage-
ment in terms of labour, pesticides, herbicides,
fertilisers and irrigation.

M ethodol ogy

To study the soil characteristics contributing to
leaching of pesticides and chemicalsin each landform
and landuse, five major soil units were selected to
represent different soil-types in different landforms
and landuses (Figure 4).
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Soil units numbers 6, 17 and 23 in the lowlands
(under vegetables) and 34 and 45 (under fruit and
rubber) were selected for study. These included one
site for soil No 6 (Bp4), soil No 17 (Bpl), soil No 23
(Bp8), soil No 45 (Kp4), and two sites for soil No 34
(Tp3 and Tp3a). Soils at the sites selected were
sampled and divided into horizons (soil sampling
sites are shown in Figure 4).

Different sets of undisturbed soil samples were
taken using sampling rings (100 cm?2 volume and
53 mm diameter) for the analysis of saturated hyd-
raulic conductivity and bulk density. The samples
were taken by driving the ring holder into the soil
surface in the borehole at different depths. The method
of soil collection employed in this study may have
caused the compaction of soil at the lower layers in
the collecting tube in each sampling exercise. Soil
samples are usually taken on the surface in profile,
not in aborehole.

The disturbed soil samples were used for particle
sizedistribution, organic matter, pH and soil-moisture
retention analysis. Particle size distribution was
measured by the hydrometer method. Organic matter,
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Figure 4. Sites of soil samples.

pH, and soil moisture retention were measured by
standard methods. Saturated hydraulic conductivity
was measured by the constant and falling head meth-
ods (American Society of Agronomy 1986a; 1986b)

Results

Soil physical and chemical characteristics of selected
soil units and landuse are presented in Tables 2-3.
Low humic gley soils (Sail Unit 6)

Site Bp4 is located in the low terrace area approxi-
mately five metres above sea-level and the slope is
0-1 per cent. The poorly-drained soil is formed from
old aluvium deposits. The loams to clay-loams and
sandy-loams are intensively used for commercial
vegetable production.

Hydraulic conductivity is very low throughout the
profile (0.001-0.3 cm/day). Organic matter is med-
ium in the top 30 cm (1.28 per cent) and decreases
with depth (0.24-0.19 per cent), while pH is mildly
alkaline at the top and very strongly acidic beyond
this depth. The soil-water capacity is 8-16 per cent by
volume. Restriction of drainage occurs below 25 cm
due to the presence of clay and the low hydraulic
conductivity. The watertable in this areais below one
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metre during the dry season and rises near the surface
during the monsoon season. Water fluctuations are
between 0 and 220 cm.

The low risk of chemical contamination in
groundwater in this type of soil is due to the medium
amount of organic carbon at the top, high clay content
a 2560 cm (34.18 per cent) and low hydraulic
conductivity. Intensive inputs of chemicals and bad
management practices increase the risk to the area.

Hydromor phic alluvials (Soil Unit 17)

Site Bplislocated in the low terrace area. Elevation
is 8-10 metres above sea-level and the slope is 0-1
per cent. This poorly drained soil is formed from
hydromorphic alluvium deposits. The loams to sandy-
loams are intensively used for commercial vegetable
production.

The hydraulic conductivity is very low throughout
the profile (0.001-0.003 cm/day). Organic matter is
moderately high in the top 30 cm (1.5 per cent) and
decreases with depth (0.16-0.06 per cent); pH is
mildly alkaline in the top 30 cm, and very strongly
acidic below this depth.

Soil-water capacity varies between 10 and 15 per
cent by volume. Restriction of drainage occurs below
15 cm due to the low hydraulic conductivity. The



Table 2. Soil characteristics.

Site  Soil Unit Landuse Depth Hydraulic ~ Field PorostyE  pH Organic Sand  Silt  Clay  Texture
(cm) conductivity Bulk 1-(bd/2.65) Carbon (%) %) (%)
(cm/day) Density
(glom®)
Bp4 6 Intensive vegetables  0-25 0.004 1.61 0.39 747 128 5105 3643 1252 loam
25-60 0.029 155 0.42 444 024 3476 3106 34.18 clay-loam
60-125  0.001 181 0.32 413 001 69.06 1964 11.31 sandy-loam
125-140  0.031 158 0.40 406 002 7225 1427 1348 sandy-loam
Bpl 17 Intensive vegetables  0-15 0.003 173 0.35 760 149 4338 3835 1827 loam
15-30 0.001 1.82 0.31 737 150 4205 4438 1357 loam
50-60 0.002 161 0.39 417 016 4161 2548 3291 clay-loam
80-145  0.002 1.85 0.30 424 006 5554 31.03 1343 sandy-loam
Bp8 23 Extensive vegetables  0-25 248 1.82 031 555 049 6722 2742 536 sandy-loam
25-65 0.035 156 0.41 575 026 4923 4130 948 loam
65-80 90 1.60 0.40 437 004 7973 1542 485 loamy sand
80-120 84 179 0.32 403 001 8380 1296 324 loamy sand
120 0.503 171 0.35 412 001 5574 3372 1054 sandy-loam
Tp3 34 Rubber plantations 0-15 136 1.68 0.37 434 112 7225 2504 272 sandy-loam
15-50 33 174 0.34 430 038 77.08 1957 335 loamy sand
50-100  0.015 178 0.33 480 006 7644 1150 12.06 sandy-loam
100-125 46 159 0.40 491 006 6840 1187 19.74 sandy-loam
125 868 1.53 0.42 491 005 5887 1391 27.22 sandy clay-loam
Tp3a 34 Rubber plantations ~ 0-50 4 117 0.56 455 127 782 5453 37.66 sty clay-loam
50-130  0.001 128 0.52 455 035 905 3853 5242 clay
Kp4 45 Fruit trees 0-10 422 1.60 0.40 502 049 6481 2725 7.94 sandy-loam
10-20 134 154 0.42 460 035 6224 2485 1291 sandy-loam
20-40 1479 1.70 0.36 478 027 5625 2194 2181 sandy clay-loam
40-75 0.004 1.70 0.36 472 019 5427 2175 2398 sandy clay-loam
75-90 17 161 0.39 470 017 4890 2802 23.08 loam
95-145  0.003 1.68 0.37 451 015 4576 2857 25.67 loam

water table in this areais below 1.5 m during the dry
season and rises to near 40 cm during the monsoon
season. The water fluctuations are between 40 and
220 cm. The low risk of chemical contamination in
groundwater in this type of soil is due to the
high organic carbon, high clay content in 50-60 cm
(32.91 per cent) and low hydraulic conductivity.
Intensive inputs of chemicals and bad management
practices are likely to increase the risk of contamina-
tion in the area.

Groundwater podsolics (Soil Unit 23)

Site Bp8 is located on the coastal plain. Elevation is
only five metres above sea-level and the slope is 0-1
per cent. This moderately well-drained soil was formed
from recent marine deposits. The sandy-loams to
loamy-sands are extensively used for home vegetable
gardens and commercial vegetable production.

The hydraulic conductivity is usually low to very
low with higher values at the top (249 cm/day) and
with low horizons between 25-65 cm (0.035 cm/day)
and below 120 cms (0.503 cm/day). Organic matter is
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very low throughout the soil profile and decreases
with depth, while pH is strongly to very strongly acidic.

Soil-water capacity is 6-15 per cent by volume.
Restriction of drainage occurs below 45 cm due to
the presence of clay and the low hydraulic conductiv-
ity. Few medium and coarse iron pipes occur below
65 cm from the soil surface. The water table in this
area is below 1.5 m during the dry season and rises
near the surface during the monsoon season. Water
fluctuations between 10 and 220 cm. The risk of
chemical contamination in groundwater in this type
of soil isdueto the low clay content of the top 25 cm,
the low organic carbon, the above average inputs of
chemicals, and bad management practices.

Grey and red-yellow podsolics

Ste Tp3 (Soil Unit 34)

This site is about 60 metres above sea-level and the
slope is 2-5 per cent. The well-drained soil is formed
from old aluvium deposits. The sandy-loams are used
for rubber plantations.



The hydraulic conductivity is usually medium
(3346 cm/day) with higher values at the top (136
cm/day) and at 125 cm depth (867 cm/day). The clay
content increases with depth (2.7-27.2 per cent).
Organic matter is low throughout the soil profile and
decreases with depth, while pH is dightly acidic to
strongly acidic. The soil-water capacity varies from
6 per cent to 24 per cent by volume. Restriction of
drainage occurs below 75 cm due to the low hydraulic
conductivity. The watertable in this area is below
two metres during the dry season and rises near the
surface during the monsoon season. Water fluctua
tions are between 0.1 and 5 m.

Risk of chemical contamination in groundwater in
this type of soil is due to the low organic carbon and
high hydraulic conductivity.

Ste Tp3a (Soil Unit 34)

This site is about 60 metres above sealevel and
the slope is 1-2 per cent. The poorly-drained soil is
formed from recent riverine deposits. The loamy to
clay soils are used for rubber plantations.

Table 3. Soil-water retention.

Hydraulic conductivity is usually low throughout
the profile. The clay content increases with depth
(37.7-52.4 per cent). Organic matter is moderately
low in the top 50 cm and decreases with depth, while
pH is strongly acidic. Soil-water capacity is 48-52
per cent by volume. Restriction of drainage occurs
below 50 cm of the soil surface due to the low
hydraulic conductivity.

Thelow risk of chemical contamination in ground-
water in this type of soil is due to the high clay
content and low hydraulic conductivity.

Ste Kp4 (Soil Unit 45)

This site is about 80 metres above sealevel and
the slope is 6-10 per cent. The well-drained soil is
formed from residuum and colluvium from sand-
stone. The sandy-loams are used for fruit plantations.

Hydraulic conductivity is usually high (422-1479
cm/day) in the top 40 cm, and low (0.004-17.0
cm/day) below this. Clay content increases with depth
(7.9-45.5 per cent). Organic matter islow throughout
the soil profile and decreases with depth, while pH is

Site  Soail Landuse Depth Saturated Field Capacity WiltingPoint Bulk Density ~ Available
Unit (cm) (0.0KPa) (-300 Kpa) (—1500 KPa) (g/em3) Moisture
(Volumetric)
Gravimetric Volumetric ~ Gravimetric Volumetric ~ Gravimetric Volumetric Fied Lab
Bp4 6 Intensive 0-25 0.26 0.42 0.16 0.28 0.07 0.12 161 152 0.16
vegetables  25-60 0.33 0.51 0.22 0.36 0.15 0.23 155 147 0.13
60-125 0.27 0.49 0.11 0.20 0.05 0.09 181 165 0.11
125-140 0.34 0.55 0.11 0.18 0.07 0.11 158 1.58 0.08
Bpl 17 Intensive 0-15 0.33 0.57 0.17 0.30 0.09 0.15 173 153 0.15
vegetables  15-30 0.32 0.59 0.13 0.24 0.07 0.13 182 151 0.12
50-60 0.39 0.64 0.22 0.36 0.14 0.24 161 143 0.13
80-145 0.28 0.52 0.11 0.21 0.05 0.10 185 1.63 0.10
Bp8 23 Extensive 0-25 0.28 0.45 0.16 0.26 0.03 0.05 182 1.82 0.21
vegetables  25-65 0.35 0.58 0.11 0.19 0.04 0.06 156 1.46 0.13
65-80 0.25 0.40 0.10 0.16 0.01 0.02 160 1.06 0.13
80-120 0.26 041 0.06 0.10 0.02 0.04 179 1.60 0.06
120 0.30 0.53 0.13 0.23 0.04 0.08 171 156 0.15
Tp3 34 Rubber 0-15 0.28 0.45 0.19 0.31 0.04 0.06 168 1.68 0.24
plantations ~ 15-50 0.28 0.48 0.08 0.14 0.03 0.05 174 168 0.09
50-100 0.24 0.47 0.08 0.15 0.03 0.07 178 173 0.08
100-125 0.32 0.58 0.12 0.22 0.08 0.15 159 154 0.07
125 0.38 0.59 0.15 0.24 0.12 0.18 153 1.40 0.06
Tp3a 34 Rubber 0-50 0.58 0.68 0.20 0.26 0.11 0.14 117 1.08 0.12
plantations  0-130 0.58 0.75 0.23 0.33 0.13 0.18 128 121 0.15
Kp4 45 Fruit 0-10 0.32 0.52 0.18 0.28 0.05 0.08 160 154 0.20
trees 1020 0.32 0.54 0.15 0.25 0.05 0.09 154 154 0.16
20-40 0.31 0.54 0.18 0.31 0.10 0.18 170 1.65 0.13
40-75 0.31 0.56 0.19 0.34 0.09 0.17 1.70 1.65 0.18
7590 0.49 0.84 0.18 0.31 0.09 0.16 161 143 0.15
95-145 0.49 0.83 0.20 0.32 0.16 0.26 168 143 0.07
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dightly acidic. Soil-water capacity is 33-37 per cent by
volume. Restriction of drainage occurs below 50 cm
due to the low hydraulic conductivity. The watertable
inthisareais below 1.8 m during the dry season, and
rises to 1 m during the monsoon season. Water fluc-
tuations are between one and three metres.

The risk of chemical contamination in ground-
water in this type of soil can be due to the high
hydraulic conductivity in the top 40 cm. Due to the
high clay content and low hydraulic conductivity
below this point, transportation of chemicals to the
groundwater is retarded due to the high filtration

capacity.

Conclusions

Therisk of chemical contamination in groundwater is
dependent on landform, landuse and soil characteris-
tics (Pipithsagchan et al. 1994).

In lowland areas, poorly-drained hydromorphic
and low humic gley soils have low leaching potential
due to low hydraulic conductivity throughout the
profile. High organic matter and medium clay
content cause high filtration capacity which retards
transportation of chemicalsto groundwater. However,
heavy input of chemicals may induce higher contam-
ination at local spots. In the lowland coastal plain,
groundwater podsolic soils are extensively used for
vegetable production. This sandy-loam to loamy-sand
soil has medium hydraulic conductivity in the top 25
cm of the soil surface and lower beyond this depth.
The low hydraulic conductivity and lower input of
chemicalsislikely to decrease the risk of contamina-
tion to groundwater.

Low humic gley soilsin the low terraces are used
for rubber plantations. They are derived from old
dluvium and have higher hydraulic conductivity and
lower clay content than that of soils derived from
recent riverine deposits;, contamination from chemi-
cal fertilisers and herbicidesislikely to occur at high-
er rates. In the foothills, red-yellow podsolic soils
contain a higher percentage of gravel at the top while
the clay content increases with depth; due to the high-
er hydraulic conductivity and low organic matter in
the top 50 cm, the risk of leaching of chemicals is
higher than below this point.

The risk of chemical contamination in soils and
groundwater assessed from landform, landuse and
soil characteristics provides useful baseline informa-
tion. Detailed studies of rainfall patterns and water
level fluctuations in each area together with landuse
would improve such assessment.
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General Management Practices
in the Agroecosystems of
Rataphum Watershed Area

A. Kamnalrut, S. Choto and S. Pipithsangchan*

Abstract

Studies were carried out on farmers’ management practices in fruit, rubber and vegetable agroecosystems
to assess the dependence of farmers on agrochemicals. The intensity of agrochemicals used by farmers
depended on severa factors including choice of crop and cropping patterns, level of pest and weed
infestation, and the socio-economic factors such as capital, size of holding and labour availability. It was
found that agrochemical use was most intensive in the vegetable agroecosystem, followed by the fruit
and rubber agroecosystems. Moreover, vegetable farmers tended to misuse chemical pesticides or apply
them inappropriately, thus risking agrochemical toxicity.

AGRICULTURAL ACTIVITIES in particular areas differ
depending on their biophysical and socio-economic
circumstances (Conway 1985).

The Rataphum watershed is one of the most
important sub-watersheds of the Songkhla Lake Basin.
General agricultural landuse patterns of the watershed
are described by Panapitukul and Chatupote (2001),
and can be reclassified for the purpose of this study
into three main agroecosystems: fruit, rubber and
vegetable. There is little information about manage-
ment practices in these agroecosystems especially
with regard to agrochemical use by farmers. The
purpose of this study is to identify the management
practices of farmers in each agroecosystem in order
to assess the problems of using agrochemicals,
and the potential risk of their contaminating water
resources.

M ethodol ogy

Aninformal survey, referred to as areconnaissance or
exploratory survey by Shaner, Philipp and Schmehl
(1982), was used to obtain primary information on the
general situation and identify problems during an
initial stage of theinvestigation in 1998. The method-
ology included observations in the farmers fields
and farmer interviews. Aformal survey was conducted
after obtaining the results from the informal one in
order to verify the accuracy of observable facts such
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as pests and planted crops, pesticide application,
irrigation practices, cropping sequences, and
farmers' attitudes towards changing their practices.
This was done by semi-structured interview as
described by Grandstaff and Grandstaff (1985).

Results

Management practicesin the fruit agr oecosystem

The fruit-growing areais located at the foot of the hills
along the highway in the southwest part of the
Rataphum watershed. The main crops grown in
the area are durian, rambutan, longon (Lansium),
jackfruit and mangosteen.

Most farmers grow two or three species, a popular
cropping combination being durian with longon and
mangosteen. They are traditional small-holders with
land for fruit-growing of about 3-8 rai (0.48-1.28 ha)
in addition to 5-8 rai (0.8-2.4 ha) of rubber planta-
tion. They depend on natural rainfall and account for
some 80 per cent of the farming in that agroecosystem.
The income generated from fruit production
supplements their main income which is from rubber
production. Hence, thistype of farmer does not invest
much on production inputs such as fertilisers,
pesticides, and irrigation systems for their normal-
management practices.

1 Faculty of Natural Resources, Prince of Songkla University,
Thailand



500 A

Rainfall (mm)

Crop Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Durian flw frt har veg flw
Longon &
Mangosteen flw frt har veg
Rambutan flw frt veg flw
Rubber leaf maturing tapping tapping break tapping leaf fall veg

fruit flies weeds durian root rot

aphids thrips
Phytophthora
fertilising pruning, herbicide, fertilising
irrigation

Notes: veg = vegetative growth; flw = flowering; frt = fruit development; har = harvest
Figure 1. Fruit and rubber cropping patterns.

Another group of fruit growers is regarded as  conditions, especially the wet and dry periods during
commercial. These farmers usually have at least the year.
15 rai (2.4 ha) of land for their fruit orchards. They Common management practices
grow crops such as durian, longon, rambutan,  Most of the traditional fruit growers, as mentioned
mangosteen and newly-introduced mandarin citrus,  earlier, use minimum inputs in their normal practice.
either in monoculture or in combination with another ~ Animal manure either from chickens or cows is occa-
one or two species. Advanced technologies such as  sionally applied to the mature fruit trees depending
drip irrigation, application of pesticides and plant on the availability of their own or their neighbours
growth hormones, chemica fertilisers and animal animal waste products. With young fruit trees about
manure are usualy used. Though this new type of 14 years old, herbicide, either glyphosate or paraguat
cropping constitutes less than ten per cent of this  at about 3 L/ha, is often used once ayear after the rainy
particular agroecosystem, there is great potential for season. Animal manureis applied irregularly once or
expansion in the future due to its land and location  twice annually before the trees flush new leaves.
suitability. Observations in 1998 of the experimental sites

The seasonal growth and development sequences Kpl-Kp5 which represent most commercialised
(phenology) of the main fruit crops in the area  fruit-growers, showed that farmers usualy used
normally correspond with the annual rainfall pattern herbicides after the rainy season (late December). No
(Figure 1). There are only slight differences in vege- insecticides or fungicides were used in the farms,
tative and reproductive growth among species, which except for one case (Kp2) where mandarin (citrus) is
determine the timing of management practices and grown (Table 1). In that case, insecticides (methomyl,
fruit harvesting. Occurrences of weeds, insect pests  cyhalothrin, dicofol and propagite) and fungicides
and disease infestations depend also on climatic (agriomycin and benomyl) were applied at |eaf-flush-
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ing, flowering and fruit-setting stages (March—April).
In all cases, chemical fertiliser, commonly 15-15-15,
was applied at an average rate of about 50 kg/rai (310
kg/ha), once or twice during the early-flowering stage
(February—March) and the early fruit-development
stage (May—June). One bag of 12 kg chicken manure
was usually applied for each treein 1-2 year intervals
either after harvesting or before the rainy season
(September—October).

Future trends

Based on the information obtained, it is likely that
there will be little change in fruit-cropping patterns
in the forseeable future. Traditiona fruit-cropping will
remain predominant, and commercia cropping will not
increase greatly. The economic crisis of the late 1990s
considerably affected agricultural production activities.
Cutting expenses on inputs will result in less agro-
chemical application by large-scale farmers.

Management practicesin the rubber

agr oecosystem

Most of the land in the upper part of the Rataphum
watershed is used for growing rubber, and most of the
rubber plantations belong to small-holder farmers
with about 10-20 rai (1.6-3.2 ha) of land per family.
As aready mentioned, rubber production is the main
source of farmers income. Almost al village house-
holds, including the fruit-growers, gain their primary
income from rubber production. Most farmers have
limited capital, so management systems in rubber
production are extensive.

The seasona rubber growth cycle and related
activities are shown in Figure 1. Normally, the tapping
period of rubber is about 5-6 months ayear with three
breaks: around the period of leaf-fall and leaf-flush-
ing around mid-February to mid-March; in heavy
rainfall in the rainy season around mid-October
to mid-December; and in occasional heavy rains
which occur in some months. Weeds occur mostly in
the rainy season. In some years, Phytophthora |eaf

disease causing leaf-fall occursaso in the wet season,
but seems to have no serious effect on rubber growth.
Common management practices

It is estimated that 90-95 per cent of the total rubber
plantation area consists of mature rubber trees. The
remaining 5-10 per cent consists of 1-6 year-old
untapped rubber trees. This is an important figure,
since agrochemical inputs are much more regularly
applied to young rubber trees than mature ones. This
is because farmers get subsidised inputs from the
Government under a rubber replantation program for
six full yearsfollowing replanting.

During this time, farmers must follow the recom-
mended practice of herbicide application once
or twice per year. Either glyphosate or paraquat are
applied after the rainy season stops (December—
January). This is followed by a second application
with an average rate of about 0.5 litres/rai (3.13 L/ha)
in May or June if any weeds appear. Fertiliser is
applied twice a year before the first rainy season
(around April) and again in August or September.
A common fertiliser for rubber is 16-8-4; the amount
applied is about 40 kg/rai/year (250 kg/halyear) with
1-2 year old rubber, and double or about 1 kg/plant
with 3-4 year-old rubber trees. After being released
from the replantation program, less fertiliser is used.
In a few cases, farmers grow vegetables between
young rubber trees as in the case of site Tpl. In these
cases, the intensity of pesticide and herbicide use
is high.

Futuretrends

Rubber plantations will remain predominant in the
upper land terraces. The area might be expanded
subsequently into the encroached forest areas, but at a
slower rate than in the past since enforcement from
thelaw is now more effective. There will be no apparent
changes from normal practices. The intensity of the
use of agrochemicals, however, will depend largely
on how much replantation occurs each year.

Table 1. Types and application rates of pesticide used in fruit-growing in certain areas.

Site Area (ha) Cropping Pattern Insecticide  Rate (L/ha) Fungicide  Rate(L/ha) Herbicide Rate (L/ha)
Kpl 4.8 durian, lime - - - - paraguat 312
Kp2 56 mandarin (citrus) methomy! 312 agriomycin 3.75 glyphosate  3.12
cyhalothrin benomyl
dicofol
propagite
Kp3 4.8 durian, longon - - - - paraquat 3.12
Kp4 32 durian, longon, - - - - paraquat 312
mangosteen
Kp5 16 durian, rumbutan, - - - - - -

longon
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M anagement practicesin the vegetable

agr oecosystem

The vegetable growing area can be divided into two
sub-areas. The first sub-area is characterised by
relatively large growing areas of about 6 rai (1 ha) on
average per family, and the land is rented to non-local
farmers. Thistype of vegetable growing is considered
to be 'commercial’ production. The common vegeta-
bles grown by these farmers are kale (Brassica
alboglabra), chaisim (B. pekinensis), and petsai or
Chinese cabbage (B. chinensis) which have growing
periods of about 3040 days. This sub-area includes
the sampling sites Bpl, Bp3, Bp4, Bd1-3, Bw1, Bw4,
and Bw?7.

The second sub-area is characterised by smaller
growing aress, typically lessthan 2 rai (0.3 ha). They
are located around houses and are considered as
'home-garden' growers. This is the area of old
dwellers living in villages close to Songkhla Lake.
The common vegetables grown in this area are some-
what different from those in the first sub-area. They
are cauliflower (B. oleracea var. botrytis), broccoli

(B. oleracea var. italica), shalot (Allium sepa var.
aggaegatum), chilli (Capsicum spp), lettuce (Lactuca
sativa) and water convolvulus (Ipomaea reptans).
This sub-area includes the sampling sites Bp5,
Bp7-9, Bpll, Bw8, Bwl10-12, Bwl4, Bd5, Bd7-9,
Bd11 and Bd13.

Cropping patterns of vegetable-growers varied
considerably. They differed between the two groups
of farmers mentioned earlier. The choice of vegeta-
bles depends mainly on vegetable prices, size of land,
time and labour availability. The case examples of
cropping patterns in the commercial growers (Bpl
and Bp4) and in the home garden (Bp5, Bp7, Bp8 and
Bpll) areillustrated in Figure 2.

In the commercial vegetable-growing area most
farmers grew amost the same vegetable species,
often short-maturing ones in order to achieve more
cycles per year. Cropping in such a large area and
with several cropping cycles resultsin intensive man-
agement in terms of labour, pesticide, herbicide, and
fertiliser use and irrigation practice.

Growing area | Site |
1 1 1 1 1
Commercial kale kale kaje kale kale
Bpl C. cabbage C. cabbage C. cabbage C. cabbage C. cabbage
. 1 1 1 1 1
4rai chaisim chaisim chaisim chaisim chaisim
1 1
| goat pepper |
1 1
T T
chaisim chaisim chaisim chaisim chaisim
B 4 1 I 1 1
p ) kale kale kale kale
8 rai '
C. cabbage
L
I
Home Garden| BpS5 ' ' — :
35rai cauliflower lettuce lettuce
1 1 1
T T T
cauliflower S. onion
Bp7 chaisim chaisim S. onion
2rai Iettuc'e
1
coriander
cauliflower broccoli |
1 1 1
broccoli broccoli
1
Bp8 morning glory
1
2rai crucifer
1
coriander
1
s. onion
hot chilli
Bpll S. onlion S. onion S. onion
3rai coriand'er 1 crucifer
caulifllower
1
Notes: I = cropping discontinued due to drought conditions; 6.25 rai = 1 hectare; C. cabbage = Chinese cabbage;

S. onion = spring onion

Figure 2. Vegetable cropping patternsin certain areas.
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Different cropping patterns were seen in the home-
garden vegetable-growing type where long-maturing
species such as cauliflower, broccoli and chilli were
commonly grown with some short-maturing species
such as spring onion or shalot, lettuce or chaisim.
Although these farmers were engaged in less inten-
sive agricultural production, they still depended on
pesticides and fertilisers for a good harvest. Insect-
icides, herbicides, fertilisers were still unavoidable.
Common management practices
Commercial growers used practices such as:

« land preparation (ploughing, seed-bed raising and
seed-bed sun-drying) for about 7-15 days

« gpreading chicken manure on the seed-bed before
seed broadcasting

» applying urea fertiliser (46-0-0) when seedlings
are about 7 days old

* using sprinkler irrigation twice a day when there
isnoran

 applying second fertiliser (15-15-15) about
20-22 days after planting

« applying herbicide after every harvest

* applying insecticides at an interval of 3-5 days
throughout the period of crop growth.

Home garden growers used practices such as:

« land preparation (ploughing, seed-bed raising and
seed-bed sun-drying) for about 7-15 days

« spreading chicken manure on the seed-bed prior
to seed broadcasting

 applying urea (46-0-0) for Brassica at around
the 7-day-old seedling stage

 watering manually with a hose twice a day
on p 5-5 dry days

* transplanting in the case of broccoli and cauliflower
when seedlings were about 25-30 days old

« second fertiliser application (15-15-15) 7 days
after transplanting, or 3037 days after planting

« third fertiliser application (15-15-15) about 20
days before flowering, or 57 days after planting
for broccoli and cauliflower

« fourth fertiliser application (15-15-15) about
77 days after planting for broccoli and cauliflower

« using herbicide once at the beginning of growing
season before land preparation (end of December
or beginning of January)

« using insecticides whenever the crops were attacked
by insects (the frequent use of insecticides would
be during the second and third crop cycles).

The general types and application rates of pesticides,

herbicides and fertilisers for vegetable crops are

presented in Tables 2 and 3. Since there were many
kinds of agrochemicals being used in the vegetable
agroecosystem, a detailed survey of types and
amounts was conducted (Pipithsangchan, Sritungnan
and Choto 2001).

Table 2. Types and application rates of pesticide used in vegetable cropping.

Crop Insecticide Rate (L/ha) Fungicide Rate (L/ha) Herbicide Rate (L/ha)
Chinese kale profenofos 24.0 captan 6.25 paraquat 312
Chinese cabbage mevinphos 1.25 carbendaim 3.75 metolachlor 3.75

carbosulfan 9.37
chaisim cartap 375 Cu oxychloride 3.75
cauliflower methamidophos 3.75 mancozeb 3.75
broccoli cyhalothrin 3.12 ridomyl 3.75
fenvalerate 2.50
Bacillus thuringiensis 1.45
abamectin 1.50
lettuce profenofo 24.00 captan 6.25 paraguat 3.12
carbendazim 375 metolachlor 3.75
coriander cyhalothrin 312 carbendazim 3.75 paraquat 312
profenofos 24.00 metolachlor 375
spring onion cyhalothrin 3.12 captan 6.25 paraquat 3.12
methamidophos 3.75 carbendazim 3.75 metolachlor 3.75
fenvalerate 2.50
hot chilli cyhalothrin 312 carbendazim 375 paraquat 312
carbosulfan 9.37 captan 3.75 glyphosate 312
methamidophos 3.75 ridomyl 3.75 metolachlor 3.75

Note: Bacillus thuringiensis is an entomopathogenic bacterium



Table 3. Types and application rates of fertiliser in vegetable cropping.

Crop Crop No. or year Chemical Fertiliser (kg/ha/crop) Chicken Manure
N P,0x K,0 (kg/halyear)
Chinese kale 5 1280 315 315 24000
Chinese cabbage 5 1280 315 315 24000
chaisim 5 1280 315 315 24,000
cauliflower 2 720 365 378 20 100
broccoli 2 720 365 378 20 100
lettuce 3 1280 315 315 20100
coriander 3 520 270 270 7800
spring onion 4 1280 315 315 20 100
hot chilli 1 340 216 216 18 000
Future trends vegetablesin nylon net, insect light traps, herbal plant

The use of agrochemicals in the vegetable-growing
area will increase. This is because more non-local
farmers are migrating into the areato grow vegetables
for commercial sale. In the case of the home garden
type, farmers seem to be more aware of controlling
insect pests by using less intensive agrochemicals or
using them only when necessary. Moreover, govern-
ment agencies have tried to promote so-called
‘hygienic vegetables production in this area; this will
be discussed later.

Discussion

Most farmers in traditional fruit-cropping areas and
old rubber plantations used relatively low agrochem-
ica inputs. Only about ten per cent of al fruit-growers
used technologies such as chemical fertilisers, herbi-
cides and pesticides. Y oung untapped rubber planta-
tions comprising about 10-15 per cent of the rubber
agroecosystem were found to receive herbicide and
chemical fertiliser application regularly, because most
were under the Government rubber replantation pro-
gram. Therefore agrochemical contamination was low
in relation to the whole Rataphum watershed. Only in
some specific areas, and in afew cases such as the
mandarin fruit orchard and vegetable-growing between
young rubber rows, was agrochemical use high.

In the vegetable agroecosystem, high input of
agrochemicals was found, especially with the new
group of farmers coming from other provinces. Due
to the high demand for vegetables, the area of
vegetable-growing has increased. Accumulation of
chemical toxic substances in the soil and water is
therefore expected. Some Government agencies such
as the Department of Agriculture and the Department
of Agricultural Extension are aware of these problems.
Since 1995, they have introduced some packages of
technologies to the farmers in order to minimise
pesticide and herbicide use. These include growing
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extract, and biological control.

Supasawatkul (1999) evaluated those farmers who
joined the so-called ‘hygienic vegetable' production
program and found that it was not very successful
in practice. This was because the price of hygienic
vegetables was not high enough to cover production
cost and the market for these specially-treated vegeta
bleswas quite narrow. Early in 1999, the Government
allocated some money for farmersto produce hygienic
vegetables by growing under nylon net, working
closely with some private-sector organisations. It was
hoped that this new project would solve the problems
of vegetable prices and would bring good incentives
to farmers to accept it. Alternative technologies to
reduce agrochemical use by farmers now seem possi -
ble, since the price of agrochemicals has risen since
the beginning of the 1997 Thai baht devaluation.

The choice of crop protection method primarily
depends on farmers’ knowledge of the effectiveness
of certain pesticides and their correct application
method. Most farmers still lack adequate information
about the positive and negative effects of chemical
pest control and appropriate application methods for
optimal use. According to the study, many farmers
tended to misuse chemical pesticides. Evidence for
such misuse was that farmers:

» experimented with pesticides, often creating a
‘cocktail' (mixture) of various chemicals

« frequently increased the concentration of
pesticides, in the belief that increased intensities
lead to greater protection

« did not target specific pests with specific pesticides
S0 as to minimise the time spent on the field

 had a strong preference for pesticides that wipe
out pests rapidly, so they often tended to use the
most chemical-intensive pesticides with a quick
impact

« mostly did not keep to the required safe period
between spraying and harvesting



« did not dispose of empty pesticide containers
appropriately, many leaving their empty pesticide
containers on the ground in their farm.

Also, farmers applied herbicides (glyphosate or

paraquat) to vegetable crops after every harvest,

causing the destruction not of only insect pests but
also of their natural enemies and some beneficia
insects.

Conclusions

There are considerable differences in management
practices amongst the three agroecosystems. The
vegetable agroecosystem surpassed others in its
dependence on fertilisers and pesticides. The fruit
and rubber agroecosystems, in general, used less
agrochemicals and anima manure except for few
cases with mandarin orchards and vegetable-growing
between young rubber trees. Moreover, misuse by
farmers was widespread. To minimise pollution risk,
especidly in the vegetable agroecosystem, suitable
management practices and control measures should
be considered.
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On-farm Comparisons between
Bio-insecticides and Synthetic Insecticides
in Vegetable Production

S. Pipithsangchan, S. Sritungnan and S. Choto'

Abstract
On-farm comparisons of bio-insecticide and synthetic insecticide use in chaism (Brassica pekinensis)
production were made in vegetable agroecosystems in Bangriang sub-district, Songkhla, Thailand,
in November—-December 1999. Chaisim was planted in two experimental sites by two different farmers.
Bio-insecticides (the bacterium Bacillus thuringiensis and the nematode Seinernema carpocapsae) and
synthetic insecticides (cypermethrin, profenofos, and chlorfenapyr) were applied using a randomised
complete block design, with three treatments and two replications. The occurrence of insects (flea beetles
and Lepidopterous larvae) was monitored every four days after crop germination. The results suggested that
synthetic insecticide is potentially more effective than bio-insecticide. There were no significant differences
on vegetable yields among the treatments, but use of synthetic insecticides achieved a higher net income than
bio-insecticides because of the higher cost of nematode application. Thisis a preliminary result which must

be verified by controlled experimentation.

IN ALMOST ALL Southeast Asian countries where cru-
cifers are cultivated, Diamondback moth (Plutella
xylostella) and flea beetle (Phyllotreta sinuata) have
been perceived by farmers as very serious insect
pests. The larval stage of Diamondback causes most
damage, mainly on leaves. The larva chews the
undersurface of leaves and consumes all the tissues
except the veins, which results in the formation of
irregular holes (Tikavatananon 1997; Vatanatangum
1978; Pipithsangchan 1985). By contrast, the
adult flea beetle chews the upper surface of leaves
and consumes all the tissue except the veins, which
results in the formation of many circular holes
(Tikavatananon 1997).

In Thailand, the family cruciferae is one of the
major vegetable crops planted; some 64 000 ha are
planted annually. Vatanatangum (1978) observed that
the Diamondback moth and the flea beetle have on
average caused 31 and 21 per cent yield losses,
respectively, to crucifers between 1960 and 1978.
This results in heavy insecticide use by farmers. For
them, crucifer cultivation seems impossible without
such insecticide use. They perceive that insecticidal
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mixtures are necessary and generally desirable. A
survey of vegetable production systems in Rataphum
district, Songkhla province, showed that there were
13 insecticides applied on Diamondback moth, flea
beetle and cabbage worm (Panapitukul and Chatupote
2001). The application of insecticides on flea beetle
started when the seedlings were five days old and
continued until they were 25 days old, while the
application of insecticides on Diamondback moth
and cabbage worm started when the seedlings were
15 days old and continued until harvesting. Farmers
usually set the spray interval to about 57 days.

The unilateral approach by the farmersin trying to
overcome the insect pest problem with synthetic
insecticides has itself generated other undesirable
effects. Broadly, these are:

« development of insecticide resistance
 accidental insecticide poisoning
 hazardsin the environment

* greatly increased cost of production.

1 Faculty of Natural Resources, Prince of Songkla University,
Thailand



Recognition of these problems has spurred an
increasing interest in bio-insecticides. The aim of the
experiment reported in this paper was to compare
the effectiveness and cost-benefit of commercial
bio-insecticides (the entomopathogenic bacterium,
Bacillus thuringiensis and the nematode, Steinernema
carpocapsae) with synthetic insecticides (cyperme-
thrin, profenofos, and chlorfenapyr) on the produc-
tion of chaisim in the vegetable agroecosystem of
Bangraing subdistrict, Songkhla province.

Materialsand M ethods

The present study was conducted on two separate
farmers’ fields located in the Bangraing sub-district.
Chaisim were planted at the beginning of November
1999. The experiment was conducted using a ran-
domised complete block design (RCBD) with three
treatments and two replications for each of the fields.
The three treatments were:
e T1-B. thuringiensis+ S. carpocapsae
e T2 - B. thuringiensis + cypermethrin

+ S carpocapsae + profenofos
* T3 —chlorfenapyr + profenofos.

The plot size for each treatment was 4 x 60 m,
with a broader row of the same size laid between the
treatment plots to prevent pesticide treatment effects
overlapping. The amounts of insecticide, the number
of sprayings, and spraying interval were decided by
farmers (Table 1).

Numbers of Lepidopterous larvae and flea beetles
were monitored every four days from germination
until harvesting. The cost of insecticides and |abour
used were estimated and offset against the benefit
gained from marketable yields to obtain the net income.

Results and Discussion

The number of flea beetles was reduced significantly
when treated with synthetic insecticides alone (T3)
compared with the other treatments. This effect was

Table 1. Quantities and costs of treatments.

pronounced at 9, 12 and 15 days after crop germina-

tion for Farmer 1, and after 9 days for Farmer 2. The

least effective treatment was B. thuringiensis+ S, car -
pocapsae (T1) (Figure 1).

There were no statistically significant differences
in the number of Lepidopterous larvae among
the three treatments for either farmer (Figure 2). The
larvae were found to attack the crop at a late growth
stage, about 15-18 days after germination.

Application of synthetic insecticides alone (T3)
achieved the highest net income for both farmers
(Table 2) as a result of both higher yield and lower
production cost. As may beinferred from Table 1, the
use of nematodesin T1 and T2 was the main cause of
the high production cost of those two treatments. No
significant difference was observed in yields from
different treatments. Because the nematodes were
more expensive, the synthetic chemicals were seen by
growers to be economically more attractive.

The analysis of insecticide residues on vegetables
using the rapid bioassay pesticide residue method
showed no toxic substances left on chaisim vegeta-
blesin any case. Even so, farmers showed interest in
the use of those synthetic insecticides which are less
toxic than the ones they had been using beforehand.

Conclusions

Comparisons of bio-insecticides and synthetic
insecticides showed that synthetic insecticides were
more effective in controlling the major insect pests
of chaisim vegetable production of the study
area. Moreover, net income when using synthetic
insecticides was more than that achieved using
bio-insecticides. This was due to lower-cost production
and better yield obtained from applying synthetic
insecticides. Controlled experiments should be
conducted with more farmersto confirm these results,
to relate them to conventional practices, and to assess
acceptance by farmers.

Treatment Insecticide Amount No. of sprayings Insecticide Cost (baht)
Per Insecticide Per Treatment
T1 B. thuringiensis 409 6 142
S carpocapsae 44 packs 2 1760 1902
T2 B. thuringiensis 2009 5 118
cypermethrin 20 ml 1 19
S. carpocapsae 22 packs 1 880
profenofos 20 ml 1 19 1036
T3 chlorfenapyr 40 ml 2 227
profenofos 80 ml 2 38 265




Table 2. Net cost and income comparisons (baht) among treatments.

Treatment Costs Farmer 1 Farmer 2
Insecticide Labour  Total Yield (kg) GrossIncome Net Income Yield (kg) GrossIncome Net Income
T1 1902 480 2382 498 2490 109 370 1850 -532
T2 1036 480 1516 485 2425 910 350 1750 234
T3 265 240 505 523 2615 2111 450 2250 1745

Note: Market price for chaisim was 5 baht/kg.
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Figure 1. Number of flea beetles on chaisim vegetables at various times from germination for various treatments.
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Figure 2. Number of Lepidopterous larvae on chaisim vegetables at various times from germination for various treatments.
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Bacterial Survey in Groundwater
in Rataphum Watershed Area

A. Pengnoo and S. Choto!

Abstract
A broadscale survey was conducted from March 1997 to November 1998 on coliform bacterial content in
groundwater in the rubber, fruit and vegetable agroecosystems in Rataphum watershed, southern Thailand.
The results showed that water from all sources (shallow wells, deep wells and streams) from the three
agroecosystems were contaminated with coliform bacteria. Coliform contamination was higher in the
vegetable agroecosystem with its high inputs of organic and inorganic fertiliser. Seasonal factors,
especially dry and rainy periods and resulting fluctuations in water levels, strongly influenced the degree of

contamination of water sources.

LANDUSE in the Rataphum watershed is predominantly
agriculture (Panapitukul and Chatupote 2001). It has
atropical monsoon climate with the wet season from
October to January and the dry season during
February and March. The cultivation of rubber,
fruit and vegetables are the major agricultural activi-
ties (Kamnalrut, Choto and Pipithsangchan 2001).
Fertilisers are usually applied to al crops either in
chemical form or as animal manure or both, especially
in intensive vegetable cropping. Generally, the depth
of the shallow wellsis 210 m. In most cases (>70 per
cent) the farmer’s home is surrounded by fruit or
vegetable gardens and the household septic tank or
latrine is located in the vicinity of the drinking well.
These factors are likely to be the major sources of
bacterial contamination of the water used by local
villagers.

Coliform bacteria are defined as all the aerobic
and facultatively aerobic, gram-negative, non-spore
forming, rod-shaped bacteria that ferment lactose
with gas formation within 48 hours at 35°C. They
include Escherichia coli (acommon intestinal organ
ism), Klebsiella pneumoniae, and Enterobacter
aerogenes (not generally associated with the intes-
tine) (Brock et a. 1994). The intestinal bacteria are
indicators of excrement contamination from humans
and warm-blooded animals. They are pathogenic to
humans and animals, causing diarrhoea, dysentery,
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gastroenteritis and typhoid fever. Coliform bacteria
are also called faecal coliform (Atlas 1989).

Thereisvery little information about microbiolog-
ical contaminants in water resources in southern
Thailand. Water quality assessment of domestic water
supplies in villages around Pattani Bay reported by
Tanskul, Etac and Chaipakdee (1997) showed that 22,
50, 67 and 33 per cent of the water sampled in May,
August, and November 1992 and February 1993,
respectively, had total bacteria plate counts higher
than permissible levels. However, there have been no
studies reported on bacterial contamination in the
Rataphum watershed agricultural area. Thus, the
study of water resources under intensive agricultura
activities in Rataphum watershed and their contami-
nation by coliform bacteriais of primary importance
to the rural agricultural community.

Materialsand M ethods

Water samples were collected from deep wells, shallow
wells, piezometers and streams in the three agro-
ecosystems:. rubber, fruit and vegetables. The water
samples were taken seven times between March 1997
and November 1998. Bacterial counting in ground-
water in each agroecosystem was carried out for total
coliform and faecal coliform using the membrane

1 Faculty of Natural Resources, Prince of Songkla University,
Thailand.



filter method. Endo-agar was used for the detection of
total coliform, and M—FC agar for the detection of
faecal coliform. The colony counts were taken after
24-36 hours of incubation at 37°C (APHA, AWWA
and WPCF 1992). The classification of bacteria
content was based on World Health Organisation
standards (Table 1).

Results

Total coliform

The proportions of water samples from shallow wells
and piezometers with total coliform exceeding 5000

cfu/100 ml of water, and therefore considered to be
heavily polluted, are shown in Table 2.

In the rubber agroecosystem the total coliform in
all water samples from shalow wells in March and
August 1997 and October 1998 exceeded the heavy
pollution level, whereas a smaller percentage of sam-
ples (14.3-71.4 per cent) was found to exceed this
level in October 1997, and February, June and
November 1998. The same trend was also found in
piezometers, but to a lesser extent (0—60 per cent),
indicating the effect of seasonal fluctuation. It is
noticeable that this fluctuation was associated with
the amount of rainfall and water-level fluctuation

Table1l. Raw water classification according to bacteria content.

Degree of Pollution

Coliform (cfu/200 ml)

Treatment Required

Total Faecal
Light 0-50 0-20 Disinfection
Medium 50-5000 20-2000 Conventional methods (coagulation,
sedmentation, filtration, disinfection)
Heavy 5000-50 000 200020 000 Extensive treatment
Very heavy >50 000 >20 000 Specially-designed treatment

Table2. Proportion of samples containing total coliform exceeding 5000 cfu/100 ml water in various agroecosystems

(per cent).
Source No. of Samples Mar. 1997 Aug. 1997 Oct. 1997 Feb. 1998 Jun. 1998 Oct. 1998 Nov. 1998
Rubber
shallow well 7 100.0 100.0 57.1 714 14.3 100.0 28.6
piezometer 6 100.0 80.0 60.0 20.0 0.0 100.0 333
Fruit
shallow well 5 100.0 100.0 66.7 445 111 66.7 66.7
piezometer 6 100.0 80.0 60.0 40.0 20.0 83.3 50.0
stream 4 100.0 100.0 100.0 100.0 0.0 100.0 100.0
Vegetable
shallow well 10 100.0 100.0 66.7 55.6 55.6 66.7 875
piezometer 11 100.0 83.3 50.0 41.8 58.3 50.0 100.0
deep well 9 100.0 77.8 0.0 222 0.0 44.4 14.3

Table 3. Proportion of samples containing faecal coliform exceeding 2000 cfu/100 ml water in various agroecosystems

(per cent).
Source No. of Samples Mar. 1997 Aug. 1997 Oct. 1997 Feb. 1998 Jun. 1998 Oct. 1998 Nov. 1998
Rubber
shallow well 7 14.3 28.6 14.3 0.0 28.6 429 0.0
piezometer 6 40.0 40.0 20.0 0.0 0.0 40.0 0.0
Fruit
shallow well 5 222 333 778 333 11.0 0.0 4.4
piezometer 6 40.0 60.0 60.0 0.0 0.0 16.7 333
stream 4 25.0 0.0 50.0 100.0 0.0 0.0 25.0
Vegetable
shallow well 10 333 0.0 0.0 222 222 222 125
piezometer 11 81.8 58.3 0.0 0.0 250 30.0 27.3
deep well 9 66.7 0.0 0.0 111 0.0 0.0 0.0
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Figure 1. Total coliform counts from piezometer water samples in various agroecosystems.
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Figure 3. Total coliform counts from deep-well and
streamwater samples in vegetable and fruit
agroecosystems, respectively.

(Panapitukul and Chatupote 2001). The high total
coliform contamination was found in al water
samples after the first rainfall events, possibly due to
soil moisture conditions and the high nutrient content
from the wastes and debris washed from the soil sur-
face becoming concentrated in the water, providing
optimum growth conditions for bacteria. This was
observed as a general trend also in the fruit and
vegetable agroecosystems.

In the fruit agroecosystem all streamwater samples
were found to exceed the heavy pollution levels
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except in June 1988, when the weather conditions
were extremely dry. In general there are more cases
of water from shallow wells and piezometers being
contaminated with total coliform in vegetable agro-
ecosystems than in the other two areas. However, water
samples from deep wellsin vegetabl e agroecosystems
were found to have the least contamination during the
incidence of high watertables in October 1997, June
and November 1998. Total coliform levelsin different
water sources in the three agroecosystems are shown
in Figures 1-3.

Faecal coliform

Incidence of faecal coliform bacteria contamination
was found to be less than for total coliform bacteria
Even though water from piezometers tended to follow
the same seasona trend in terms of total coliform
bacteria, inconsistent amounts of faecal coliform
were found in shallow wells, streams and deep wells
throughout the years (Table 3).

The inconsistency was attributed to site-specific
factors, notably different human and farming activi-
ties surrounding the water resources. In general, more
cases of higher amounts of faecal coliform were
found in the water resources of vegetable areas than
in rubber and fruit agroecosystems, especialy in
the piezometers (during March and August 1997 and
June 1998 for Bpl and Bp2; and August 1997 and
October 1998 for Bp3 ) (Figures 4-6).

Discussion

Results from the bacterial survey in rubber, fruit and
vegetable agroecosystems in Rataphum watershed
showed that water from different sources were con-
taminated with total bacteria. Contamination was
especialy high in shalow wells and piezometers of
vegetable agroecosystems, where the level of con-
tamination was found to be seasonaly controlled.
Faecal coliform bacteria were found to contaminate
less water sources than did total coliform. These were
site-specific rather than seasonal manifestations, and
it is very likely that in the vegetable cropping areas
heavy use of organic (chicken and cow manure) and
inorganic fertilisers were the main cause of rapidly-
propagating bacterial populations. Low-lying veg-
etable-growing areas with relatively high watertables
throughout the year, frequent irrigation, and frequent
cropping cycles were also vulnerable.

During the dry season of 1998 (February—March),
low rainfall associated with a deep watertable result-
ed in alow amount of coliform in water sources for
most sites. Also, low contamination was found during
the mid-rainy season in October 1997 and November
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Figure 6. Faecal coliform counts from deep-well and
streamwater samples in vegetable and fruit
agroecosystems, respectively.

1998 when the early and normal rainy seasons
occurred, respectively. This was due to a high amount
of rainwater diluting the concentration of bacteria.
In the beginning of the wet season (August 1997
and October 1998), early first rains washed out
diverse wastes and debris from the soil surface which
then became concentrated in the water. This probably
provided optimum growth conditions for bacteria,
contributing to the high levels of both total and faecal
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coliform that were found in every source of water in
all agroecosystems.

Generally, non-faecal coliform bacteria are not
serious hazards to human or animal health. However,
when detected at higher concentrations than those
recommended by the WHO for coliform-associated
heavy pollution, serious problemsto health are likely
to occur and water must therefore be treated before
use (World Health Organisation 1994).

Conclusions

Contamination by coliform bacteria in water sources
depends on the depth of the watertable, amount of
rainfall, and human and farming activities. Vegetable
agroecosystems which have the most intensive crop-
ping were found to be the most polluted, compared
with fruit and rubber agroecosystems. Shallow and
deep wells, which provide the major source of drink-
ing water for the villagers, should be protected.
Therefore, it is recommended that in such areas
purification either by conventional methods or by
simply boiling the water should be promoted.
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Modelling Pesticide and Nutrient Leachingin the
Agroecosystems of Rataphum Watershed Area

W. Chatupote and N. Panapitukul®

Abstract
The agrochemical pollution of water resources in tropical intensive production systems in southern Thailand
was examined using several models in three agroecosystems: vegetable, fruit and rubber. The study aimed
to compare and identify the leaching potential of commonly-used agrochemicals and their effects on the
water resources of the area. The results indicated that the water resources in the vegetable production areas
have the highest risk of contamination due to high application rates of pesticides and fertilisers and the
shallow depth to watertable, especially during the rainy season. Further field tests using Brilliant Blue FCF
as a dye tracer applied to the soil at different agroecosystem locations confirmed that the flow pattern was
consistent with the pattern predicted by the models. The modelling results were also used to predict the
behaviour of the most commonly-used pesticides, and to determine their leaching potential. Thisinformation
was used to formulate management practices which could reduce pesticide contamination or leaching to

groundwater.

THREE AGROCOSYSTEMS were identified in Rataphum
watershed: vegetable farms (at least three crops annu-
aly), fruits, and rubber plantations. In addition to
heavy applications of chicken manure, inorganic
fertilisers were applied at high rates: 550 kg/ha N,
230 kg/ha P and 150 kg/ha K in the vegetable areg;
190:80:120 in the fruit orchards, and 180:80:150
in the rubber plantations (Kamnalrut, Choto, and
Pipithsangchan 2001).

A wide variety of insecticides and fungicides was
used for crop protection. The most commonly used
insecticides were carbosulfan, cabaryl, methami-
dophos, prothiophos, fenvalerate, permethrin and
teflubenzuron; the most common fungicides were
benomyl, mancozeb, diuron, captafol, chlorothalonil
and copper oxychloride. The amount and intensity of
use were highest in the vegetable areas, followed
by the fruit areas. Vegetable areas, characterised by
light—medium soils, shallow watertable and extensive
use of pesticides, were expected to have a high
leaching potential. Irrigation is essential to supple-
ment natural precipitation, especialy during the
dry season. lIrrigation water comes mainly from
shallow groundwater wells, and during rainless
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periods was applied amost daily and sometimes
even twice aday (Salama, Bin Yousof and Kamnalrut
1998).

Agricultural practices that affect agrochemical

leaching include:

« amount of pesticide applied

* pesticide formulation (emulsifiable concentrate,
wettable powder, suspension concentrate, or
water-dispensable granules)

« timing of the application relative to seasonal
rainfall or temperature extremes

» method of application (direct application to soil
or foliar spraying)

« cultivation practices

 amount of irrigation water used.

All the leaching models use key soil and pesticide
properties. The pesticide parameters used were organ-
ic-carbon normalisation sorption coefficient (K.
units of mL/g) and half-life. Pesticides with a larger
Ko are expected to be retarded to a greater extent,
hence have alonger residence timein the vadose zone
and are least likely to leach to groundwater.

1 Faculty of Natural Resources, Prince of Songkla University,
Thailand



Considerable variation exists among reported
values of K, for agiven pesticide. Thesevariationsin
Ko are attributed to variations in the nature of organ-
ic carbon, contributions from other sorbent
surfaces, contribution of other soil factors and differ-
ences in procedures used to measure K. The soil
parameters used in most of the leaching models were
saturated water content, field-capacity water content,
wilting-point water content, hydraulic properties,
bulk density and organic carbon content.

Several |eaching models were used to compare the
leaching potential of the commonly-used pesticidesin
Rataphum watershed. The results were used as indi-
cators to possible pollution levels resulting from
different pesticides. Such indicators could be used to
formulate management practices aimed at reducing
pesticide contamination or leaching to groundwater.

M aterials and M ethods

Soil sampling and analysis

The major soil-types in each agroecosystem were
sampled for the analysis of physical characteristics
and other parameters needed for the modelling. The
soil samples of the vegetable agroecosystem were
taken from Klaeng and Kleang/Bangklam soil series
at Bp4 and Bp8 sites respectively (Panapitukul and
Chatupote 2001). For the rubber and fruit crop pro-
duction systems, soil sampleswere taken from Sungai
padi and Ranong/phato/Thungwa association soil
series at Tp3 and Kp4, respectively.

Soil samples were taken by driving the sampling
ring holder (with a 100 cm2 volume) into the soil
surface in the hole at different depths. Particle size
distribution was measured by the hydrometer method.
Organic matter, pH (1:5 soil:water), soil and moisture

retention at —300 K Pa and —1500 K Pa were measured
and analysed by standard methods. Undisturbed soil
samples were also collected for the analysis of bulk
density and hydraulic conductivity. Saturated soil
hydraulic conductivity was measured by either the
constant-head or falling-head method, depending on
soil permesbility.

Dyetracer tests

Tests using Brilliant Blue FCF tracer were conducted
in four agroecosystem sitesin the watershed. Theaim
of the experiments was to stain the flow-paths of infil-
trating water in the top soil horizons. At each field
site a plot of 1.0 x 1.0 m was established for the
experiment. The plot was irrigated with 60 litres of a
solution containing 160g of tracer. A total of 40 mm
of irrigation was applied within one hour. One day
after the application of the solution, trenches were
dug at each site 30, 60 and 90 cm from one end to
the maximum depth to which the dye penetrated.
The vertical soil profiles were monitored and
photographed to follow the distribution of the dye. A
100 x 100 cm wire grid of 10 x 10 cm grid spacing
was placed on the profile surface before photos were
taken. The area covered by the dye was measured and
the percentage coverage calculated.

Results and Discussion

Soil characteristics

The vegetable-growing area is located on the flat
lowland and the soil was formed by the old alluvium.
The texture of the soil from site Bp4 was loam to
clay-loam and sandy-loam. The soils had very low
hydraulic conductivity throughout the profile. Clay
accumulated at 25-30 cm below the soil surface. The

Table 1. Leaching potential of the most commonly-used pesticides.

Pesticide Half-life (t1/,) days Soil Sorption (K qc) Hornsby Index (K oJ/ty/,) x 10 Leaching Potential
carbofuran 50 22 4 high
methamidophos 6 5 8 high
metolachlor 200 90 22 high
carbendazim 120 400 33 high
alachlor 15 170 113 intermediate
mevinphos 3 14 146 intermediate
glyphosate 47 1105 235 intermediate
mancozeb 70 2000 285 intermediate
captan 3 200 666 intermediate
fenvalerate 35 5300 1514 intermediate
chlorothalonil 30 1380 460 intermediate
endosulfan 50 12 400 2480 intermediate
carbaryl 10 300 300 intermediate
profenofos 8 2000 2500 low
paraquat 1000 1000 000 10 000 low
cypermethrin 30 100 000 33333 low
permethrin 30 100 000 33333 low
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organic matter content was medium within 30 cm
depth, and the soil pH was mildly alkaline. Soil bulk
densities were high due to soil texture and soil com-
paction. Available water capacity was 5-9 per cent
by weight. The groundwater level was near the surface
for 3-4 months of the rainy season, and below 2 min
the dry season. The depth to watertable varied between
0.15and 1.5 m, athough usually 0.5-0.8 m, and there
were distinct red mottles in the soil profile.

In the vegetable-growing area at site Bp8 located
at the lake margin, with parent material of recent
marine deposit, the soil texture was loam, varying
from loam and sandy-loam to loamy sand. The soils
had medium hydraulic conductivity throughout the
profile. Organic matter was very low throughout, and
soil pH varied from strongly to very strongly acid.
Soil bulk densities depended on soil textures.
Available water capacity was 8-13 per cent by weight.
Organic matter content within the top layer of each
soil site depended on the quantity of manure fertiliser
application. The depth to watertable varied between
0.45 and 1.5 m, athough usually 0.65-1.4 minwhich
there were distinct red mottles and iron concretion.

Rubber plantations and fruit-production sites (Tp3
and Kp4) were in areas of undulating relief with 2-5
per cent slope. Parent materials were old alluvium at
Tp3, and residuum and local colluvium from sand-
stone in Kp4. Soil textures ranged from loam to clay.
The soils had medium hydraulic conductivity
throughout the profile. Clay content increased with
soil depth. Organic matter content was moderately
low within 15 cm depth and low to very low below
this depth; pH of the soil was very strongly acidic at
Tp3, and dlightly acidic at Kp4. Soil bulk densities
were high according to the soil texture. The available
water capacity for Kp3 was higher than that for Tp3,
but Kp3 contained a lot of gravel. The watertable at
Tp3 varied between 1.0 and <1.5 m; at Kp4 it varied
between 0.75 and 1.5 m in which there was areddish-
yellow to yellowish-red mottle.

Pesticide and nutrient leaching models

The models used in the study were:

e Hornsby Index (HI)

 Attenuation Factor (AF)

* CMLS

* LEACHP

¢ LEACHN.

Hornsby Index

The tendency of a pesticide to move with water
through soils, referred to as leaching potential, is
influenced by its chemistry. The Hornsby Index isone
measure leaching potential. It combines soil sorption

with the half-life of a pesticide to define a leaching
index. The smaller the index, the more likely the
pesticide will not be filtered but will leach to the
groundwater (Hornsby 1992). Generally, a pesticide
with an index of 10 or less is considered to have a
high leaching potential, and one with 2000 or greater
alow leaching potential. The properties and leaching
potentials of commonly-used pesticides in the
Rataphum Watershed according to the Hornsby Index
areshownin Table 1.

The application of the Hornsby Index formula to
the most commonly-used pesticides in Rataphum
watershed showed that most of them had intermediate
leaching potential. Paraquat, permethrin and cyper-
methrin had low leaching potentials, due to very
high sorption; carbofuran, metolachlor, carbendazim
and methamidophos had high leaching potentials,
due to very low sorption. However, the risk of leach-
ing of carbofuran, metolachlor and carbendazim to
groundwater may be reduced due to their short
half-life, except in the vegetable sites because of
the shallow groundwater level and extensive use of
irrigation.

Attenuation Factor

A ratio of the haf-life (t;,) to the organic-carbon
normalised sorption coefficient (K, for a pesticide
can serve as a simple index of its leaching potential;
these two parameters can be used to group pesticides
in terms of their relative potential for groundwater
contamination (Rao and Alley 1993). The AF index is
equivalent to the fraction of the applied pesticide
mass that is likely to leach past the chosen reference
depth. The AF value varies between 0 and 1, larger
values indicating a greater contamination potential.

The AF model was used to identify the highly
leachable pesticides in various soil-types (Figure 1).
For each soil, the pesticides lying below the specific
soil line have relatively low potential of contaminat-
ing groundwater water, because they have sufficient-
ly long residence time or short half-life, or both. Any
pesticides lying above the line have relatively large
contamination potential, because they degrade slowly
or leach rapidly, or both.

The results of the application of the AF model to
different soils of the agroecosystems in the study
areas indicated that, in all samples, most of the pesti-
cides had no potential to leach through the soils. This
might be due to relatively high organic matter input
in most of the agroecosystems which resulted in
the filtration of al the pesticides in the surface soil.
Also all soil samples had relatively high bulk density
and low infiltration rate values which may have
contributed to the results.
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Figure 1. Soil-type control on pesticide attenuation.
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Figure2. CMLS simulation of selected pesticides in the vegetable agroecosystem.



Chemical Flux (mg/m2)

CMLS
Thisisarelatively smple model (Nofziger et a. 1982).
It estimates the depth of the peak concentration of a
pesticide and calculates the relative amount of the
chemical in the soil profile as a function of time after
application. The model assumes piston flow, and ignores
molecular diffusion and hydrodynamic dispersion.
The results of the application of the CMLS
model showed that most of the pesticides were highly
adsorbed in the top few centimetres of the soil
(Figure 2). Only methamidophos and carbofuran
leached to a depth of 3-6 cm due to the longer half-
life. Pesticides such as fenvaerate and cypermethrin,
which have a longer half-life but a relatively high
adsorption coefficient, were adsorbed by the organic
carbon in the topsoil.
LEACHP
This is the pesticide module of LEACHM, a mecha-
nistic model of water and solute movement and
pesticide chemistry (Hutson andWagenet 1992). It has
a flexible system for tracking daughter products by
using first-order dynamicsto simulate pesticide trans-
formations. The pesticides selected for modelling in
the three agroecosystems were:
« fruit (Tp3) — glyphosate, paraquat
« rubber (Kp4) — glyphosate, paraquat
« vegetables (Bp8) — glyphosate, alachor, phofeno-
fos, metolachlor.

In the vegetable agroecosystem, four pesticides in
two different soil-types were used in the simulation
of chemical leaching. Theflux of glyphosateis shown
in Figure 3. The simulation showed that most of the
pesticides accumulated in the top 50 cm layer, and
only a small amount leached through to the deeper
soil layers.

In fruit and rubber agroecosystems, glyphosate
and paraguat were applied at the rate of 100 mg/m2
for one surface application. The results of that simu-
lation suggested that all of the pesticides used in the
fruit agroecosystem were adsorbed in the top few cen-
timetres of the soil due to the high clay content and
the compaction of the top soil indicated by the high
bulk density of the soil. By contrast, in the rubber
agroecosystem the pesticides leached down to the
lower soil layers below 100 cm, which indicates that
there is a high risk of pesticide contamination of the
shallow groundwater in the area.

LEACHN

This module of the Hutson and Wagenet LEACHM
model was used to simulate the leaching of nitrogen
fertilisers applied to the agroecosystems in the water -
shed. The results of the modelling (Figure 4) showed
that all siteshad ahigh N leaching potential dueto the
high application rate of N fertilisers (both chemical
and chicken manure) and the intensive rain and use of
irrigation water.
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Figure 3. Chemical flux of glyphosate in the vegetable agroecosystem.



Culumative Leaching

Culumative Leaching
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Figure 4. LEACHN simulation for fertilisers used
in vegetable agroecosystems (Bp4, Bp8).
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Thedyetracer tests

Water-flow pathways in the soils at al sites were
limited to the top few centimetres (Figure 5). The
pathways were irregular depending on moisture
content, repellency and preferential wettability poten
tial of the soil in the dry conditions. At site Bpl,
preferential flow was more evident and appeared in
a fingering path due to the dry condition and very
low hydraulic conductivity of the soil. However, at
other sites the flow path was more uniform at differ-
ent rates depending on the variability of the hydraulic
conductivity of the soil. The pathways at different
sites in the three agroecosystems showed that most
of the dye was retained in the top 0—20 cm of the soil.
This was consistent with the modelling resullts.

M anagement scenarios

Four pesticides (glyphosate, alachlor, perfenophos
and metolachlor) were simulated in the vegetable
agroecosystems at site Bp4 where the important
characteristics of the soil were very low hydraulic
conductivities and clay accumulated at 25-30 cm.
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Figure5. Dye distribution in the profiles of various
agroecosystems: vegetable (Bpl and Bp4),
rubber (Tpl), and fruit (Kp4).
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Figure 6. Chemical flux at the top 30 cm layer for different management scenarios.

Severa simulations were carried out to find the
effects of the different management practices on the
leaching of pesticides using LEACHP (halving the
amount of water applied, also halved the pesticide):
doubling the organic carbon content of the top
20 cm of soil
reducing irrigation water (and therefore pesticide)
by half
reducing irrigation water (and pesticide) by half,
and doubling organic carbon.

It was found that all chemicals were retained in the
top 30 cm layer. The results of the simulations are
shown in Figure 6.

Reducing irrigation water and adding more organic
carbon resulted in lower chemical flux to the topsoil
layers. This practice significantly decreased the amount
of al chemicals in the soil, and reduced the leaching
of chemicals. Therefore, the most effective management
strategy was to increase the organic carbon content of
the topsoil and reduce the amount of irrigation.

Conclusions

The results of the application of leaching models to
test pesticide leaching potential indicated that the
leaching potential of pesticides in the areas of al
agroecosystems of the watershed was relatively low.
The risk of contamination with nutrients is much
higher due to the mobility and conservative nature of
the NO;. However, the intensive use of agrochemicals
in the vegetable agroecosystems and the shallow
groundwater levels, especidly during the rainy season,
is likely to result in a high risk of pesticide contami-
nation in the area.
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THE SwAN CoASTAL PLAIN near Perth, Western Australia,
was the location of the Australian project site. In contrast
to the other sites, the climate is Mediterranean, the relief
is generaly low, and the soils are very sandy. The area
supports remnant vegetation and some pine plantations,
and is also used for intensive horticultural activities such
as market gardens for vegetables, flowers and fruits,
and turf farms. The Gnangara Mound aquifer, the main
focus of the project, is an important source of water for the
city of Perth. So, like the other two sites, protection of
water resources from the effects of intensive agricultural
production is a well-established priority.



Geomor phology, Soilsand Landuse in the Swan Coastal

Plain in relation to Contaminant L eaching

R.B. Salama, D.W. Pollock, J.D. Byrneand G.W. Bartle'

Abstract
A detailed study of the soils of the southern part of Gnangara Mound in the Swan Coastal Plain was carried
out to determine their soil-water characteristics and their leaching capacity to nutrients and pesticides.
Physical, chemical and hydraulic characteristics of the topsoil (0—15 cm) and the subsoil (40-50 cm) were
measured at 21 sites representing the major soils under the different landuses in the area. The results show
that Bassendean Sands have higher coarse sand particles and consequently higher hydraulic conductivity
than Spearwood Sands. The Bassendean Dunes generally have low relief; minor variations in topography
trandate into variable depths to watertable, which are the basis for division into soil mapping units. For
example the Gavin soil has higher organic carbon content than all other soils sampled. The Spearwood Dunes
are divided mainly on the depth of soil over the limestone substrate and the incidence of karst features. The
Spearwood and Jandakot soils have lower coarse sand and lower carbon content, while the Karrakatta soils
have the least amount of organic carbon. Detailed soil maps were compared with GIS-produced hydrogeo-
morphic maps. The results show that the distribution of HGUs in the catchment is controlled by the geolog-
ical formations on which they were devel oped. The results al so show that the hydrogeomorphic maps can be
used in the absence of detailed soil maps to classify the catchment into areas that have similar soil charac-
teristics. Filtering capacity of the soils is dependant on organic material, clays and other minerals. Based on
these criteria, Spearwood Sands have the highest filtering capacity, followed by Bassendean and Quindalup.

THE GNANGARA MOUND is part of the Swan Coastal
Plain which was formed mainly of depositional mate-
rial either from fluviatile or aeolian origin. The plain
consists of a series of geomorphic entities, which are
sub-parallel to the present coastline. The most easter-
ly feature of the Mound is a series of |aterite covered
spurs forming the foothills of the Darling Scarp.
Stretching from the foot of the hills is the relatively
flat Pinjarra Plain built up of aluvium of varying
ages. It isup to 13 km wide and is terminated sharply
at its western edge by a series of coastal sand dunes:
the Bassendean Dune System in the east, followed by
the Spearwood Dune System, with the Quindalup
Dune System fringing the present coastline
(McArthur and Bettenay 1960).

The generalised surface geology of the study area
is mainly based on the soils consisting of the
Guildford clay in the east, the Bassendean and
Spearwood sands in the middle, and the Tamala lime-
stone and Safety Bay sand (Quindalup Dune System)
on the beach.
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The aluvial terrain includes the drainage system
which discharges from the Gnangara Mound. The
north and northeast drainage lines, which discharge
into Gingin Brook, are mapped as Gingin Brook
Complex (GG). The eastern drainage system towards
Ellen Brook and the Swan River have been mapped as
the Yanga unit (Y a).

Soils

The soil classification used in this study is sum-
marised from McArthur and Bettenay (1960), and
shown in Figure 1.

The Bassendean Dune System is generally of low
relief with minor variationsin topography; this means
that the watertable is at variable depths, and this
variation is the basis for division into soil mapping
units. The landscape comprises 20 m high ridges and
permanent open-water lakes. The flat or gently undu-
lating terrain supporting Gavin soils (G) has less than

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913
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Figure 1. Ghangara Mound soils.

5 m relief. The hills and ridges (Jandakot soils (Ja)
generaly have more than 5 m relief, with one area of
exceptionally high ridges mapped as Jandakot-Steep.
The dunes probably accumulated as shoreline deposits
and coastal dunes during interglacial periods of high
sea-level and consist of lime sand, quartz sand and
minor fine-grained, black, heavy minera concentra-
tions. The carbonate material has been completely
leached, leaving dunes consisting entirely of quartz
sand.

The Spearwood Dune System is classified mainly
on the basis of depth of soil over the limestone sub-
strate and the incidence of karst features. Limestone
is exposed or covered with shallow soil (Limestone
(KIs)) on the hills and ridges. In lower positions, the
sand may be several metres thick and is mapped as
the Karrakatta unit: the sand may be yellow almost to
the surface (Karrakatta Yellow (Ky)), or grey in the
surface layers (Karrakatta Grey (Kg)). In the karst
depressions the slopes are mapped as Spearwood
(Sp). The depressions often have permanent lakes
(W) with poorly-drained areas, mapped as Beonaddy
(B) around the edge.

The Quindalup Dune System occurs mainly west
of the Wanneroo Road; the mapping units include
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four phases (Q1-4), unstable sand (Qu), deep calcare-
ous (Qp) and shallow calcareous (Qs).

Landuse

The three most common landuses in the Gnangara
Mound are modified remnant vegetation, pine planta-
tions, and market gardens (Figure 2 and Table 1). All
three are major water users and either decrease the
recharge to the aquifer (pines and reserves) or take
water from the aquifer (agriculture), in addition to
heavy abstraction by the Water Corporation for water
supply and the thousands of wells used for domestic
gardens. The minor landuses are water bodies and
swamps (10 261 ha), drainage lines (2269 ha), and
remnant vegetation (754 ha). Thisisin addition to the
expanding urban areas which cover about 20 per cent
of the Mound.

Modified remnant vegetation

An area of 86 000 hais in natural reserves, in most
cases dightly to moderately disturbed. This modified
remnant vegetation is mainly in the Jandakot and
Gavin sand ridges of the Bassendean Dune System,
and the Karrakatta, Limestone and Spearwood units
of the Spearwood Dune System. Banksia spp. pre-
dominate, and the vegetation is largely open banksia
woodland or low proteacous and myrtaceous scrub on
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Figure 2. Gnangara Mound landuses.

limestone. It can be divided into two categories:
species with deep roots;, and species with shallow
roots. The shallow-rooted species depend on the soil
moisture in the profile, whereas the deep-rooted
species may take part of their water from the capillary
zone.

Pine plantations

An area of 24 000 ha has been established with pine
plantations on the northern portions of the Swan
Coastal Plain. The original land objectives were to
produce saw-log timber for the Perth Metropolitan
market.

Market gardens

Themajor agricultural activity inthe Gnangaraareais
intensive horticulture (1925 ha), predominantly mar-
ket gardens for vegetables, native and greenhouse
flowers, citrus, avocados, stonefruit, grapevines, turf
and nursery crops. It is an important market garden-
ing area, due to its close proximity to metropolitan
markets. It is a particularly significant growing area
for broadleaf vegetables, and currently produces 58
per cent of the lettuce crop in Western Australia. Most
production is on the sandy soils of the Bassendean
and Spearwood Dune Systems.
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M ethodology

To study the leaching potential of the Gnangara soils
to the most commonly-applied pesticides in the
horticulture industry, 50 sites were selected for
groundwater sampling and 21 for soil and water
sampling and estimation of soil hydraulic parameters.
The sites were selected to represent the three major
landuses and the various management practices for
the major soil-types: Gavin (G), Jandakot (Ja), Joel
(J), Beonaddy (B), Karrakatta Grey (Kg), Karrakatta
Limestone (Kls), Karrakatta Yellow (Ky), Spearwood

(Sp).

Soil sampling

Soil samples were collected from topsoil (0-15 cm)
and subsoil (40-50 cm), for the determination of
physical and chemical properties of the soils. The
topsoil samples were obtained with a hand trowel
after removing any detritus and organic matter over-
burden; the subsoil samples were obtained by digging
a 50 x 50 cm hole to the required depth, then using
a hand trowel. The samples were placed into a strong
plastic bag with most of the air removed and the bag
sealed with PV C tape. The samples were well mixed



and divided into two halves, one for the determination
of physical and hydraulic properties, the other for
chemical and pesticide studies. Separate samples
were a so collected from each site for bulk density.

Table 1. Landuse in the southern Gnangara Mound.

Landuse Area (ha) Proportion (%)
Modified remnant 86 074 54.9
Urban 30998 19.8
Pine Plantations 23807 15.2
Water bodies & swamps 10261 6.5
Drainage lines 2269 14
Market gardens 1925 1.2
Remnant 754 05
Unidentified 736 05
Totals 156 824 100.0

Particle-sizedistribution

Particle-size distribution was carried out using sieve
analysis as recommended by the US Department of
Agriculture (USDA). The soil was mixed thoroughly
and a homogeneous sub-sample of about 200 g was
placed in an air-forced drying cabinet for 12 hours at
52° C. The samples were sieved through a2 mm sieve
to remove any large organic matter, stones and
gravel. The clean sample was passed through a set of
five sieves for the following sizes: 1-2 mm (very
coarse sand); 0.5-1.0 mm (coarse sand); 0.180-0.5
mm (medium sand); 0.063-0.180 mm (fine sand);
and < 0.063 mm (silt and clay). Neither gravel nor
stones were partitioned from any sample.

Soil-water retention

Soil water desorption data was obtained using the
method described by Topp et al. (1993). Soil water
retention for both topsoil and subsoil was determined
for al soils. Soil moisture content, g, (gravimetric)
and g, (volumetric), were obtained for the soils at five
matric potentias: 0, -10, -30, -100, and -1500 kPa.
Soils were air-dried at 52°C for 12 hours. The soil
corerings had afine nylon filter mesh material of ~90
um secured to the bottom of the ring. The ring was
held down on a smooth surface, and then the outside
of the ring was gently tapped to bring the dry soil to
within approximate field-measured bulk density. The
soils were then brought to saturation using de-aired
tap water over three days at 21°C. The saturated soil
samples were placed onto porous ceramic tension
plates, covered and allowed to equilibrate at the dif-
ferent matric potentials applied. The matric potentials
of -10 and -30 kPa were applied for seven days. The
negative potential of -100 kPa was applied for ten
days, whilst the negative potential of -1500 kPa was
applied for 14 days.
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Hydraulic conductivity

Hydraulic conductivity (Ksat) measurements were
made using a ponded disc permeameter, (positive
water potentials) fitted with a data logger to record
the rate of drop of the water column. A stainless steel
ring (4 cm deep x 20 cm diameter) was placed onto
the clean-levelled soil surface and gently pressed half
way into the soil. Two soil samples were taken from
outside of the ring to determine initial soil moisture
contents. The water-filled permeameter was placed on
top of thering and set to run. Two more soil samples
were obtained from under the disc permeameter
immediately after the water had |eft the soil surface.
Logged data was used to determine K values for the
soils. The hydraulic conductivity was calculated from
the slope of the ‘cumulative infiltration versus time'
graph at early and late times as infiltration proceeded.
Early infiltration was attributed to predominantly
capillary behaviour (sorptivity). Gravity drainage was
determined when the soil reached constant moisture
content.

Bulk density

One bulk density sample was obtained from the top-
soil and one from the subsoil using 50 x 47 mm stain-
less steel rings with chamfered outer edges to reduce
friction. A spatula was used to level off the top and
bottom surfaces, and the sample was gently tapped into
a pre-weighed 250 ml tin can and sealed. Soil mois-
ture contents were also obtained from these samples.
Organic carbon

A 200 g sub-sample was obtained from the bulk soil
samples. These were then air-dried at 52°C for 12 hours
and sieved through a2 mm sieve. A 15 g sub-sample
was removed, placed into a plastic vial and sealed.
The analysis was conducted in the Western Australia
Chemistry Centre using the Walkley and Black
Method SO9.

Soil Characteristics

Water repellence occurs in the surface horizons of
many acid coarse-textured soils. This phenomenon
has been attributed to the coating of the sand particles
with a skin of organic material. Dehydration of these
skins during a hot dry summer cause them to become
hydrophobic. This results in an uneven pattern of
water infiltration at the start of the wet winter period.
The continuous action of the raindrops removes the
organic skin (Roberts and Carbon 1971).

The soils of the Gnangara Mound are mainly sandy
soils (Table 2), with no gravel and generally <1.5 %
very coarse sand (1.0-2.0 mm), 2-57 % coarse sand
(0.5-1.0 mm), 20-78 % medium sand (0.18-0.5 mm),



Table 2. Particle-size analysis.

SiteNo. Soil-type Landuse Sample Depth Particle Size (%)

cm
(cm) Very Coarse Sand ~ Coarse Sand Medium Sand Fine Sand Silt+Clay
(1.0-2.0 mm) (0.5-1.0 mm) (0.180-0.5mm) (0.180-0.063 mm) (<0.063 mm)

1 J Bb 0-15 0.15 18,57 72.90 7.29 162
40-50 0.15 14.99 7772 571 1.36
2 Ja Bb 0-15 0.13 57.87 30.33 1.88 074
40-50 0.16 49.29 48.24 173 0.25
3 G Bb 0-15 0.56 4714 4617 478 0.87
40-50 0.11 29.97 62.84 6.43 059
4 G Mg 0-15 0.41 16.73 77.89 3.93 1.04
40-50 0.23 12.08 82.02 5.05 0.68
5 B Bb 0-15 1.27 45.05 47.15 531 113
40-50 0.84 35.07 55.71 6.73 1.50

6 G P 0-15 0.36 27.99 65.00 497 1.96
40-50 0.12 19.74 74.39 426 1.36
7 Ky Mg 0-15 0.72 59.97 3558 271 1.03
0-15 061 51.96 4367 274 1.04
8 S Mg 0-15 0.69 41.45 52.45 4.00 1.42
40-50 0.33 37.19 59.21 2.49 0.82
9 Sp Bb 0-15 0.76 28.92 63.82 5.02 1.34
40-50 02 20.79 74.92 361 061
10 Ky Bb 0-15 059 75.94 20.35 1.89 1.26
40-50 0.47 65.70 30.79 2.01 1.16

11Ja Bb 0-15 0.39 3011 65.46 3.16 0.10
40-50 0.16 2213 72.77 419 0.93
12 S Mg 0-15 113 55.78 36.10 433 272
40-50 091 45.75 4484 6.93 1.07
13 Ky Mg 0-15 150 33.68 49.01 12.23 378
40-50 1.07 34.46 51.90 10.45 233
14 Kls Mg 0-15 2.05 32.99 48.83 13.42 3.17
40-50 152 22.94 54.54 18.62 261

153 Bb 0-15 052 54.50 4139 2.72 1.02
40-50 0.29 44.06 5315 1.70 1.00
16 Ky Mg 0-15 0.94 54.80 35.81 6.84 1.78
40-50 0.86 50.79 39.78 6.94 1.80

176G P 0-15 057 4423 51.26 2.79 1.48
40-50 057 4115 55.30 231 0.82
18 B Mg 0-15 1.40 45.45 4138 8.1 3.01
40-50 1.48 29.12 40.85 651 1.96
19 Kls Mg 0-15 113 46.94 4527 521 152
40-50 0.64 57.74 37.50 3.07 1.05
20 J Bb 10 0.06 9.97 87.07 1.94 1.00
200 0.15 5.07 91.53 3.04 0.49
400 0.00 2.32 91.68 6.04 0.16
21 J Mg 0-10 018 29.72 43.90 492 158
40-50 0.26 48.96 45.02 417 1.43

Notes: Soil Systems& Types
Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel
Spearwood Dunes: B = Beonaddy, Kg = Karrakatta Grey, KIs = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood
Landuses
Bb = Banksia bush, P= pines, Mg = market gardens.
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Figure 3a. Soil moisture retention (Bassendean soils).

1.7-18 % fine sand (0.063-0.18 mm), and <1.0— 4 %
of silt and clay (<0.063 mm). The Bassendean soils
are characterised by higher percentages of coarse and
medium sands, while the Spearwood soils have high-
er percentages of fine sand.

Soil-water retention

The soil moisture characteristic curve is strongly
related to the soil texture. The greater the clay content,
the greater the water retention at a particular suction.
Since the Gnangara soils are mainly sandy, with
relatively large pore space and low water potential
(Table 3), the retention curve falls sharply with
suction (Figure 3). The curves aso indicate that the
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soils are not compacted. Sands from the Spearwood
Dune System have very little capacity to store water.
Both the soil-water potential and the soil hydraulic
conductivity fell rapidly with small decreases in
water content. Similar results were reported earlier by
Carbon et al. 1982.

Organic carbon

The organic carbon content (OC) in the Bassendean
sands ranged from 0.86 per cent in clear land to 4.8
per cent in some areas under pines for the topsoil
(0-10 cm); in the subsoil (40-50 cm) OC was much
lower at 0.09-0.89 per cent (Table 4). In the
Spearwood sand, OC was 0.57-2.5 per cent in the
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Table 4. Soil physical properties.

SiteNo. Soil-type  Landuse Sample Depth Organic Carbon Dry-soil Porosity, E pH Electrical

(cm) (%) Bulk Density 1-(bd/2.65) Conductivity
(g/em3) (mS/cm)

1 J Bb 0-15 2.90 123 0.54 4.64 0.0237

40-50 0.89 1.49 0.44 451 0.0081

2 Ja Bb 0-15 1.02 1.46 0.45 5.00 0.0094

40-50 0.14 1.60 0.40 512 0.0049

3 G Bb 0-15 2.94 148 0.44 4.92 0.0389

40-50 0.56 154 0.42 493 0.0135

4 G Mg 0-15 1.05 1.53 0.42 4.43 0.0406

40-50 0.09 1.55 0.42 4.39 0.0106

5 B Bb 0-15 2.88 1.05 0.60 5.96 0.0479

40-50 0.18 1.55 0.41 5.50 0.0199

6 G P 0-15 4.80 1.03 0.61 4.46 0.0235

40-50 0.66 1.49 0.44 391 0.0221

7 Ky Mg 0-15 0.57 132 0.50 6.24 0.0354

0-15 0.10 1.62 0.39 6.38 0.0157

8 Sp Mg 0-15 0.78 145 0.45 5.61 0.0462

40-50 0.16 151 0.43 6.18 0.0219

9 Sp Bb 0-15 2.50 122 054 6.08 0.0763

40-50 0.25 1.56 041 6.14 0.0239

10 Ky Bb 0-15 0.75 147 0.44 552 0.0232

40-50 0.28 154 0.42 5.62 0.0156

11 Ja Bb 0-15 1.02 1.39 0.47 4.83 0.0220

40-50 0.34 161 0.39 4.64 0.0063

12 Sp Mg 0-1 0.85 164 0.38 7.19 0.0486

40-50 0.24 155 041 7.28 0.0208

13 Ky Mg 0-15 0.82 1.39 0.48 7.02 0.0408

40-50 0.49 157 0.41 6.70 0.0389

14 Kls Mg 0-15 0.78 1.28 0.52 7.05 0.0539

40-50 0.29 1.56 0.41 7.15 0.0354

15 J B 0-15 114 1.30 0.51 453 0.0166

40-50 0.84 159 0.40 4.65 0.0057

16 Ky Mg 0-15 113 1.49 0.44 7.00 0.0231

40-50 0.31 145 0.45 7.14 0.0541

17 G P 0-15 217 120 0.55 5.97 0.0355

40-50 0.45 1.39 0.47 4.90 0.0177

18 B Mg 0-15 2.16 148 0.44 7.16 0.0957

40-50 3.08 121 054 7.90 0.1752

19 Kls Mg 0-15 1.05 1.39 0.48 7.87 0.0709

40-50 0.48 1.60 0.40 7.81 0.0588

20 J Bb 10 0.86 149 0.44 4.87 0.0150

200 0.50 163 0.38 5.46 0.0055

400 0.10 1.60 0.40 5.20 0.0045

21 J Mg 0-10 0.58 1.66 0.37 6.58 0.0575

40-50 0.16 1.63 0.38 5.83 0.0362

Notes: Soil Systems & Types
Bassendean Dunes: G= Gavin, Ja = Jandakot, J = Joel
Spearwood Dunes: B = Beonaddy, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Landuses

Bb = Banksia bush, P= pines, Mg = market gardens.
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Table 5. Hydraulic conductivity of Gnangara soils.

SiteNo. Soil-type Landuse  Sample Depth Hydraulic
(cm) Conductivity, K
(m/day)
1 J Bb 0-15 0.63
40-50 4.26
2 Ja Bb 0-15 1.40
40-50 5.00
3 G Bb 0-15 154
40-50 0.41
4 G Mg 0-15 112
40-50 1.46
5 B Bb 0-15 5.20
40-50 3.55
6 G P 0-15 2.32
40-50 0.95
7 Ky Mg 0-15 7.30
0-15 5.33
8 Sp Mg 0-15 3.57
40-50 4.06
9 Sp Bb 0-15 0.42
40-50 3.56
10 Ky Bb 0-15 1.26
40-50 5.69
11 J Bb 0-15 0.57
40-50 5.27
12 Sp Mg 0-15 2.99
40-50 2.99
13 Ky Mg 0-15 2.78
40-50 182
14 Kls Mg 0-15 4.23
40-50 2.26
15 J Bb 0-15 1.86
40-50 3.30
16 Ky Mg 0-15 2.26
40-50 5.06
17 G P 0-15 2.67
40-50 7.21
18 B Mg 0-15 2.05
40-50 0.38
19 Kls Mg 0-15 6.38
40-50 441
20 J Bb 10 4.75
200 3.94
400 3.67
21 J Mg 0-10 1.48
40-50 3.09

Note: Soil systems, soil-types and landuses as for Table 4.
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topsoil (0-10 cm), and 0.1 to 0.82 in the subsoil. In
the Beonaddy soils, which are associated with
swampy regions, OC was higher ranging from 2.16
per cent in the topsoil to 3.0 per cent in the subsoil.
Hydraulic conductivity

Hydraulic conductivity measurements were carried
out at 21 sites, at two depth intervals, using topsoils
(0-10 cm) and subsoils (40-50 cm) (Table 5). The
results of the first set of measurement of hydraulic
conductivity gave comparatively lower values than
the ones recorded in the literature (Carbon 1973),
so a repeat of the test was made at al sites. The
results from both tests were identical and showed that
the hydraulic conductivities were low. The results
also show that the hydraulic conductivity of
the topsoil is lower than the subsoil. Although the
Bassendean sands have higher hydraulic conductivi-
ties, the results aso show that there are not hig
differences in the hydraulic conductivity between the
Bassendean and the Spearwood sands. Hydraulic
conductivity ranges from 0.56 to 2.85 m/day for the
topsoils and 3.41 to 6.38 m/day in the subsoils.
Geomor phological mapping

Landform reflects the combined effects of the hydro-
logical, erosional and depositional processes which
take place in an area. Given similar cover and
climatic conditions, lithology and soil characteristics
control the rate of infiltration. A change of lithology
within a slope is often reflected in the slope form,
which in turn will affect surface processes as the
slope configuration becomes more complex.

Recent advances in the capabilities of geographic
information systems (GIS) in collating and processing
spatial data have revolutionised mapping concepts.
It is now possible to produce maps objectively and
produce dynamic geomorphic maps using Gl S-based
analytical and modelling capabilities to manipulate
spatia data to any required scale and for any config-
uration or combination of attributes such as slope,
aspect and curvature. This makes static mapping
obsolete. The objectives of geomorphological map-
ping can be summarised as:

* identify similar areas in the landscape that have
similar topographic characteristics

 usethese units as the basis for the hydrogeomorphic
mapping

» model the hydrogeomorphic map to provide
a systematic basis for the derivation of more
complex hydrogeological units.



Discussion

Comparison of soil landscape with geomor pho-
logical mapping, and itsrelationship with soil
genesis

The great Mindel-Riss Interglacial epoch occurred
about 240 000 years ago. Maximum sea-level during
the Riss-Wurm Interglacial has been put at about 8m
higher than the present day, with some estimates as
high as double that (McArthur and Bettenay 1960). It
has been suggested that deposition to form the Pinjara
Plain as it is today began with the retreat of the sea
following the Mindel-Riss Interglacial. The
Bassendean dune system, the oldest of the three dune
systems, may have begun at the Rissl-Rissll
Interstadial; however, the main accumulation took
place in the RisssWurm interglacial period over 100
000 years. Following the Bassendean dunes, there
was apparently a considerable break before the accu-
mulation of the Spearwood dune system, which is
totally different in topography and composition and
must be regarded as very youthful by comparison.
Accumulation of this system began in the Wurm |
Interstadial. The Quindalup dune system is associated
with a falling sea-level. The relatively young age of
the dune systems suggest that several interrelated
processes of weathering which took place since their
deposition are still ongoing today.

The geomorphology of the Gnangara Mound may
be depicted as consisting of the degraded surface of
aeolian origin of the Bassendean Dunes in the east
and the Spearwood Dunesin the west, with pockets of
parabolic and nested-parabolic dune complex
(Quindalup dunes) along the shore. This geomorpho-
logical classification can be mechanically performed
using GIS techniques by classifying the elevation
(from digital elevation data) into three main divisions
and superimposing the highly undulating Quindalup
along the shoreline. The Quindalup can be distin-
guished in the GIS by its characteristic form and
slope pattern.

Table6. Hydrogeomorphic units corresponding to the

Soil-types.
Soil-type Hydrogeomorphic Units (HGU)
Gavin 61,62,71
Jandakot 72,82,83,91,92,93
Beonaddy 12
Karrakatta 43,53,63
Limestone/Spearwood 22,32,33
Quindalup 11,2324
dluvia 41,42
waterbodies & swamps 51,52
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A detailed classification of the hydrogeomorphic
elements used for this study is based on nine elevation
classes (10, 20, ..., 80 and >80 m) and three slope
classes (<0.4°,0.4 £ 1.8°. and 3.0 3 1.8°). Thisresult-
ed in 27 hydrogeomorphic elements, which were
correlated with the units of the soil maps. The final
map was prepared by combining similar elements
based on either similar elevation or similar slopes to
reduce the number of elements. This was achieved by
giving similar colours to the assigned units. This
resulted in eight hydrogeomorphic units as shown in
Table 6. The hydrogeomorphic unit (HGU) map is
shown as Figure 4.

The soils of the Bassendean Dunes are Podsols,
those of the Spearwood Dunes are podsolised sands,
and the Quindalup Dunes are undifferentiated
calcareous sands. In the most easterly and oldest parts
of the Bassendean Dunes, the humus podsols, typified
by the Gavin series, are dominant. Proceeding
westward, the incidence of iron-humus podsols
(Jandakot series) becomes higher. In the Spearwood
Dunes, the depth of sand overlying aeolianites is
greater on the eastern edge (Karrakatta series) and
show awell-defined lower horizon within the topsoil.
In the Quindalup System, there is more uniform car-
bonate near the shore and concentration of carbonate
in the lower horizons (McArthur and Bettenay 1960).

Lakes, swamps and low-lying areas mapped by the
hydrogeomorphic techniques looked similar to the
existing features; the main differences were associat-
ed with the undulating Spearwood and the lower
ranges of the Bassendean. Due to similar elevation
ranges in parts of the Spearwood were mapped as
Bassendean. Similar problems are associated with the
low-lying areas in the Spearwood which were within
ranges of the same elevation as those in the aluvia
area in the eastern parts of the catchment.

The results of the mapping show that the distribu-
tion of hydrogeomorphic units (HGUs) in the
catchment is controlled by the geological formations
on which they were developed. The weathering
characteristics of each of the geological formations
led to the development of a certain HGU. For exam-
ple, the Bassendean sands are developed in the
higher parts of the landscape, and the Spearwood
sands are developed at the bresk of slope of the
Bassendean sands. The series of lakes extending in
the north-south line are a so at the break of slope. The
Quindalup sands near the shore are characterised by
parabolic and nested-parabolic dune complexes. At
the same time, slope, break of slope and curvature
control where groundwater will discharge. In most
cases, this coincided with the series of lakes and
swamps that extend along the north-south line within
the Spearwood sands.
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Figure 4. Gnangara Mound HGUs.

Soil characteristics of the Gnangara Mound that
control pesticide leaching

Pesticide sorption in soils is dependent on both
the type of pesticide and the physical and chemical
characteristics of soils, including the types of miner-
as present. The thickness of soils, especially the
topsoil which contains most of the organic matter and
biota, determine the length of travel time that the
contaminants will take to pass through this layer.
Organic material, clays and other minerals react with
the contaminants to absorb, react with or volatilise the
chemicals. The soil physical characteristics and
hydraulic properties influence the rate at which
water infiltrates through the soil profile. Based on this,
Bassendean sands would have lower filtering capacity
than Spearwood sands. The Quindalup sands would
have the lowest filtering capacity, especialy in areas
with shallow soil cover underlain by limestone. Two
other important soil factors controlling the interac-
tions are soil pH and soil solution composition.
Pesticide-organic matter interaction

Interaction between pesticides and soil organic matter
occurs in two main ways: specific interaction
between soil organic matter and pesticides leading to
the formation of definite bonding and partitioning and
formation of new compounds; and physical sorption
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leading to the formation of thermodynamically-stable
compounds. In tropical soils that are generally low
in organic carbon, both the clay fraction and organic
carbon may play an important role in controlling
pesticide sorption.

The Gavin soils have high filtration potential due
to the relatively high organic carbon content. The
Spearwood and Jandakot sands have lower filtration
capacity due to their lower carbon content and the
Karrakatta soils have the least capacity for filtering
pesticides due to their very low carbon content.

Soil pH

McArthur and Bettenay (1960) summarised the
changes that occur in soils of the dune system with
continued leaching of a highly calcareous sand.
Progressive loss of carbonate, first from the surface
and then completely, took place over 100 000-
200 000 years. The losses of carbonate lead to a
two-unit fal in pH and an increase in the
calcium/magnesium ratio in the residua aeolinite.
There is progressive loss of iron with more effective
removal in the wetter and less-drained aress. After the
complete removal of carbonate, an organic lower
horizon develops and the pH falls by a further unit.

Beside the difference in organic carbon with
soil-type, there are also marked differences due to



landuse. The soils under market gardens were near
neutral pH, whereas those under natural vegetation
were generally acidic in reaction, with some aslow as
pH 4. Soil pH effects are important with weakly basic
(triazine) and acidic (phenoxy acid) pesticides
because the relative quantities in ionic form are
dependent on the pK of the pesticide and pH of the
soil system. Weakly basic pesticides become cations
a low pH. In variable charge soils, such pH values
lead to low surface negative charge and high positive
charge that result in increased sorption. In contrast,
the acidic pesticides ionise to anionic form as pH
increases (one or more pH units above the pKa of
acid) (Weber 1993). There are some reports of
increasing sorption of some pesticides with decreas-
ing pH, as is the case in this study in the topsoils
under native vegetation and pines.

Soil solution composition

Interaction between contaminants and soil particles
takes place at the solid-solution interface. Thus the
water content of the soil and chemistry of the soil
water influence the solubility of the pesticides,
interaction with the chemicals and minerals in the
water, and the rate with which the interstitial water is
moving downward or laterally, or both.

The soils and interstitial water in the Quindalup
and Spearwood Sand systems are mainly high in pH
and in alkaline material, whilst the Bassendean Sands
are lower in pH. Weakly basic pesticides become
cations at low pH; such pH valueslead to low surface
negative charge and high surface positive charge
resulting in increased sorption. On the other hand,
the acidic pesticides ionise to anionic form as pH
increases, and this may lead to reduced sorption with
increasing pH.

Conclusions

Physical, chemical and hydraulic characteristics of
topsoil (0-15 cm) and subsoil (40-50 cm) were
carried out at 21 sites in the southern part of the
Gnangara Mound, representing the major soils under
the different landuse in the area. The results show that
Bassendean Sands have higher coarse sand particles
and consequently higher hydraulic conductivity than
Spearwood Sands. The Bassendean Dunes generally
have low relief; minor variations in topography
trandate into variable depths to watertable, which are
the basis for division into soil mapping units. For
example the Gavin soil has higher organic carbon
content than all other soils sampled. The Spearwood
Dunes are divided mainly on the depth of soil over the
limestone substrate and the incidence of karst features.
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The Spearwood and Jandakot soils have lower coarse
sand and lower carbon content, while the Karrakatta
soils have the least amount of organic carbon.

Detailed soil maps were compared with GIS-pro-
duced hydrogeomorphic maps. The results show that
the hydrogeomorphic maps can be used in the
absence of detailed soil mapsto classify the catchment
into areas with similar soil characteristics.

Filtering capacity of the soils is dependant on
organic material, clays and other minerals. Based
on these criteria, Spearwood Sands have the highest
filtering capacity, followed by Bassendean and
Quindalup.
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Sorption of Selected Pesticides and their M etabolites
in Soil Profiles of the Swan Coastal Plain

R.S. Kookana, A. Kerekes', D. Oliver?, R.B. Salama? and J.D. Byrne?

Abstract

A study was conducted to estimate the sorption of nine different pesticides in 23 soils of the Swan Coastal
Plain of Western Australia. Surface and sub-surface soils were collected from several sites under native
vegetation (Banksia woodland) and under market gardens around Perth. Sorption was measured by a batch
equilibration method employing a single-solution concentration. The sorption coefficients (Kd) were
calculated assuming a linear relation between solution and sorbed concentrations. The pesticides studied
included atrazine and its two main metabolites (desethylatrazine and desisopropylatrazine), fenamiphos and
its two main metabolites (sulfoxide and sulfone), fenarimol, azinphos methyl and prometryn. The soils
studied showed a wide range of sorption capacities for pesticides. While a general trend of higher sorption
with higher organic matter content of the soil was apparent, organic carbon alone could not explain
the differences. The metabolites of atrazine and fenamiphos had much lower sorption affinities for soils than
their respective parent compounds. The metabolites of fenamiphos had an order-of-magnitude lower
sorption than their parent compound in some soils. Given that these metabolites are equally toxic in nature
and more persistent than their parent compounds, the potential of the metabolites themselves to pollute
groundwater should be taken into account. For most soils the Kd values for desisopropylatrazine were the
lowest, and azinphos methyl the highest. The pesticides in descending order of sorption were: azinphos
methyl > fenarimol > prometryn > fenamiphos > atrazine > fenamiphos sulfone > fenamiphos sulfoxide >
desethylatrazine > desisopropylatrazine. The sorption per unit mass of organic carbon in soils (K,.) showed
awide variation among the soils studied, possibly reflecting the varying nature of organic materials present
in the soils. The sorption coefficients for pesticides were much lower in subsoils than in surface sils; in
some cases they were negligible in subsoils. This suggests that in such soils, once the pesticide leaches
beyond the top 50-100 cm, it can move with the water-front with little retardation through sorption.

INTENSIVE AGRICULTURE relies heavily on the use of
pesticides to control weeds, insect pests and diseases.
Continuous use of pesticides has caused contamina-
tion of surface and ground water in several parts of
the world, including Australia (Vighi and Funari
1995; Kookana, Phang and Aylmore 1997). A recent
monitoring study on groundwaters of several regions
of Australia has revealed the presence of pesticide
residues at trace levels (Bauld 1996). This is of
concern to the community, especially in areas where
groundwater is used for drinking or domestic use.
Several rura and urban centres of Austraia rely
heavily on groundwater for drinking purposes. For
example, nearly two thirds of the drinking water
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supply in metropolitan Perth is extracted from
groundwater. It is therefore imperative that such
groundwater sources are protected from contamina-
tion.

Pesticides are commonly used for vegetable pro-
duction, often with several applications, in the market
gardens on the Gnangara Mound in the Swan Coastal
Plain. This study was carried out to assess the mohility
of pesticides through selected soil profiles of the area.
Sorption is akey factor in controling pesticide move-

1 CSIRO Land and Water, Private Bag No 2, Glen Osmond,
South Australia 5064

2 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913



ment through soils to the groundwater. The study

objectives were therefore to:

* estimate the extent of sorption of commonly-used
pesticides, through profiles representing different
soil-typesin the area, and

« provide the sorption coefficient as an input parame-
ter for the assessment of groundwater vulnerability
in the Swan Coastal Plain.

Materialsand Methods

Soils

Twenty-three surface and sub-surface soils were sam-
pled from 11 sites in the Gnangara Mound. The sam-
ples were mostly taken at 0-15 or 40-50 cm, and one
site required sampling at 200 and 400 cm. The soils
were air-dried, ground and sieved through a
2 mm sieve before determining their physico-chemi-
cal properties. The properties of the soil profiles are
shown in Table 1. From the point of view of sorption
of pesticides to soil, the key soil property is the
organic carbon content (OC). As expected, OCs of
sub-surface layers were much lower than those of the

surface layers (in some cases down to ten per cent).

The soils under intensive horticulture (market gardens)

had lower OC than those under native vegetation. The

other key difference among soilswas the pH. The soils
under market gardens were near neutral, whereas
those under natural vegetation were generally acidic

with some as low as pH 4.

Pesticides

The pesticides in the sorption study were selected

from the list of commonly-used pesticides on the

basis of their persistence and likely pollution poten-
tial for the groundwater in the study area. They were,

asshown in Table 2:

« atrazine (and its two main metabolites
desethylatrazine (DEA) and desiospropylatrazine
(DIA))

« fenamiphos (and its two main metabolites
fenamiphos sulfoxide (FS) and fenamiphos sulfone
(FSO))

* fenarimol

« azinphos methyl

* prometryn.

Table 1. Physical and chemical properties of the soils used in the study.

Sample No. SiteNo. Soil-type Landuse  Sample Depth oC Dry-soil Bulk Porosity, E pH Electrical
(cm) (%) Density (g/cm)  (1-(bd/2.65)) Conductivity
(mS/cm)
1 1 J Bb 0-15 2.90 1.23 0.54 4.64 0.0237
2 40-50 0.89 1.49 0.44 4,51 0.0081
3 2 Ja Bb 0-15 1.02 1.46 0.45 5.00 0.0094
4 40-50 0.14 1.60 0.40 5.12 0.0049
5 3 G Bb 0-15 2.94 148 0.44 4.92 0.0389
6 40-50 0.56 154 0.42 4.93 0.0135
7 6 G P 0-15 4.80 1.03 0.61 4.46 0.0235
8 40-50 0.66 1.49 0.44 391 0.0221
9 9 Sp Bb 0-15 2.50 122 0.54 6.08 0.0763
10 40-50 0.25 156 0.41 6.14 0.0239
1 13 Ky Mg 0-15 0.82 1.39 0.48 7.02 0.0408
12 40-50 0.49 157 041 6.74 0.0389
13 15 J Bb 0-15 114 1.30 0.51 453 0.0166
14 40-50 0.84 1.59 0.40 4.65 0.0057
15 16 Ky Mg 0-15 113 1.49 0.44 7.00 0.0231
16 40-50 0.31 1.45 0.45 7.14 0.0541
17 18 B Mg 0-15 216 1.48 0.44 7.16 0.0957
18 40-50 3.08 121 0.54 7.94 0.1752
19 19 Kls Mg 0-15 1.05 1.39 0.48 7.87 0.0709
20 40-50 0.48 1.60 0.40 7.81 0.0588
21 20 J Bb 10 0.86 1.49 0.44 4.87 0.0150
22 200 0.50 163 0.38 5.46 0.0055
23 400 0.10 1.60 0.40 5.20 0.0045

Soil Systems & Types
Bassendean Dunes: G= Gavin, Ja = Jandakot, J = Joel

Spearwood Dunes: B = Beonaddy, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Landuses
Bb = Banksia bush, P= pines, Mg = market gardens.
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Table 2. Key properties of the pesticides used in this study (metabolites not shown).

Common name Class pKa Solubility at 25°C (mg/L) Half-life (days) Log K gy
atrazine s-triazine herbicide 1.68 33 60 2.50
fenamiphos organophosphate insecticide

and nematicide - 400 50 3.30
fenarimol fungicide - 4 360 3.69
azinphos methyl organophosphate insecticide - 29 10 2.96
prometryn s-triazine herbicide 4.05 33 60 3.10

Note: half-life calculations after Wauchope et a. 1992.

Sor ption measur ement

Due to the large number of soils studied, a single-
point sorption measurement was made as an approxi-
mate measure of pesticide sorption. The sorption
coefficient (Kd) was calculated from the ratio of
sorbed concentration to the soil solution concentra-
tion after equilibration. The soils were weighed out
in triplicate (5 g) into centrifuge tubes, and to each
tube was added 10 ml of 0.005M Ca(NO;), solution
spiked with a known concentration of pesticide. The
single concentration used during the sorption study
for all pesticides was 2 mg/L. Soil suspensions in
the centrifuge tubes were shaken for four hours
on an end-over-end shaker, then centrifuged at
2000 rpm for five minutes before the supernatant
was decanted. The supernatant was filtered through
0.45 mm acrodisk filters, then analysed on a High
Performance Liquid Chromatograph (HPLC).
Pesticide analysis

The concentrations of pesticides in the supernatants
after equilibration were measured on a Varian HPLC
equipped with a Star 9012 ternary gradient pump,
Polychrom 9065 diode array detector (PDA), Star
9050 programmable variable-wavelength UV detec-
tor, an auto-injector, column oven, and a Star 9100
auto-sampler with electric sample valve. Data were
collected and processed on the Star HPL C data system.

Atrazine and metabolites (DEA and DIA) and
azinphos methyl

Waters radia pak liquid chromatography Cig
cartridges (10 cm x 5 mm ID, 4 mm particle size); gra
dient elution with mobile phase 90:10 H,O:CH,CN
for first two minutes, which then changes over
for the following five minutes to 50:50 H,O:CH;CN
and is maintained at this composition for the next
eight minutes;, flow rate 1.0 mL/min; UV-Vis
detector wavelength 220 nm; retention times: DEA,
6.2 minutes; DIA, 7.4 minutes, atrazine, 10.0 min-
utes; azinphos methyl, 13.5 minutes.

Fenamiphos, fenamiphos sulfoxide and
fenamiphos sulfone

Cig column (25 cm x 4.6 mmiD); isocretic elution
with mobile phase 50:50 H,O:CH5CN; flow-rate
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1 mL/min; PDA detector wavelength: fenamiphos
sulfoxide and fenamiphos sulphone 224 nm and 248
nm; retention times: fenamiphos sulfoxide, 4.5 min-
utes; fenamiphos sulphone, 7.4 minutes; fenamiphos,
15 minutes.

Fenarimol and prometryn

C,5 column (25 cm x 4.6 mmID); isocratic elution
with mobile phase 30:25:45 H,0:CH;CN:CH;OH;
flow rate 0.8 mL/min; PDA detector wavelength:
fenarimol, 220 nm and prometryn 244 nm; retention
times: fenarimol, 10.2 minutes; prometryn, 12.2
minutes.

Results

For the nine pesticides studied here, for any given
soil, the atrazine metabolite DIA showed the lowest
Kd and azinphos methyl the highest. Generally, the
pesticides followed the following order of descending
sorption: azinphos methyl > fenarimol > prometryn >
fenamiphos > atrazine > fenamiphos sulfone >
fenamiphos sulfoxide > DEA> DIA(Table 3).

The highest Kd for azinphos methyl is not consis-
tent with the scale of hydrophobicity. In fact, among
the nine compounds studied, fenarimol was the most
hydrophobic and was expected to result in highest Kd
vaues. Whilein several soilsthe Kd values of thetwo
compounds were similar, in some other soils azinphos
methyl showed a higher sorption coefficient.

Atrazine, DEA and DIA

The soils differed greatly in their sorption affinity for
atrazine and its two metabolites. For example, Kd
values for atrazine were 0.0-18.7 L/kg, for DEA
0.0-12.0 L/kg, and for DIA0.0-9.8 L/kg. The highest
Kd for the three compounds was found in surface soil
(0-15 cm) from Profile 6 of Gavin soil under pines;
by contrast, the sub-surface layers of Profile 20 of
Joel soil (at 200 and 400 cm) showed no sorption. Not
al sub-surface soils were low in organic matter con-
tent; indeed, the sub-surface layer of Beonaddy soil
(Profile 18) had higher organic matter content than
the surface layer (3.08 compared with 2.16 per cent),
and Kd values were higher accordingly.



Table 3. Sorption coefficients (Kd, in L/kg) of pesticides in various soils.

Profile No. Soil-type Land-use Sample Depth OC (%) Sorption Coefficient

(cm) A DEA DA F FS FSO FL AM P
1 J Bb 0-15 2.90 1064 752 58 >40 620 858 >50 >50 >70
40-50 0.89 419 236 200 2830 242 254 4972 >50 >70
2 Ja Bb 0-15 1.02 141 113 100 787 057 042 2495 3940 878
40-50 0.14 005 025 030 019 010 000 256 070 0.68
3 G Bb 0-15 294 522 296 261 2819 312 337 4933 >50 3201
40-50 0.56 094 059 063 775 084 059 1747 2490 12.39
6 G P 0-15 4.80 1872 1198 979 >40 9.89 1573 >50 >50 >70
40-50 0.66 256 116 118 1845 166 113 >50 >50 29.11
9 Sp Bb 0-15 2.50 170 126 105 934 000 072 >50 >50 6.61
40-50 0.25 010 035 039 047 000 012 384 131 046
13 Ky Mg 0-15 0.82 055 0.79 064 481 018 0.67 2157 2791 154
40-50 0.49 838 093 067 390 008 058 2026 4166 1.86
15 J Bb 0-15 114 1037 564 505 >40 507 789 >50 >50 >70
40-50 0.84 305 130 129 2137 075 187 4293 >50 3299
16 Kg Mg 0-15 113 0.78 0.85 0.75 1032 027 0.88 913 4468 200
40-50 0.31 024 054 047 173 000 028 482 508 058
18 B Mg 0-15 2.16 126 174 113 1651 076 165 2725 >50 272
40-50 3.08 326 465 249 3304 301 362 3465 >50 5.09
19 KLs Mg 0-15 1.05 062 0.69 060 572 017 057 2171 2686 175
40-50 0.48 025 046 040 392 008 053 721 744 106
20 J Bb 0-10 0.86 173 162 119 545 042 114 1232 >50 1256
200 0.50 000 000 000 000 000 000 079 005 004
400 0.10 0.00 0.00 000 000 0.00 000 016 000 0.00

Notes: Soil-types
B = Beonaddy, G = Gavin, J = Joel, Ja= Jandakot, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood
Landuses
Mg = market gardens, P= pines, Bb = Banksia bush
Pesticides
A = atrazine, DEA= desethylatrazine, DIA= desisopropylatrazine, F = fenamiphos, FS = fenamiphos sulfoxide,
FSO = fenamiphos sulfone, FL= fenarimol, AM = azinphos methyl, P= prometryn

20 -, Kd (Atrazine) = 2.677 x -0.1421, R? = 0.4795, n = 23
Kd (DEA) = 1.9986 x 0.4613, R = 0,694, n = 23 A
Kd (DIA) = 1,5095 x -0.2115, R?2 = 0.6309, n = 23

Atrazine
DEA

° DIA

OC %

Figure 1. Relationship between sorption coefficient (Kd) of atrazine and its two metabolites (DEAand DIA)
and organic carbon (OC).
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Fenamiphos, fenamiphos sulfoxide and
fenamiphos sulfone

Fenamiphos showed the highest sorption coefficient
followed by its two metabolites FS and FSO. For
example, Kd values for fenamiphos ranged from 0.0
to>40 L/kg, whereas for FS and FSO ranged from 0.0
to 15.7 L/kg. As was observed in the case of atrazine
and its metabolites, the highest Kd values for the
three compounds were found in the surface soil (015
cm) from Profile 6 of Gavin soil. The sub-surface Kd
values were always lower than the corresponding
values for the surface layer, due to lower organic car-
bon content of the sub-surface soils. However, aswith
the sorption of atrazine and its metabolites, the Kd
values of the three compounds in the Beonaddy soil
were higher in the sub-surface layer, due to a higher
organic matter content. There was negligible sorption
of fenamiphos and the metabolitesin the Joel soil. For
the two metabolites, the Kd valuesin several sub-sur-
face layers were very low.

Fenarimol, azinphos methyl and prometryn
Sorption of fenarimol and azinphos methyl in most
of the surface soils was very high, especialy those
under Banksia bush or pines. In most surface sails,
sorption was so high that, after equilibration, the
concentrations of the pesticides left in soil solutions
were below the limits of detection. Hence the actual
Kd values could not be calculated and these have
been reported as greater than a certain value
(for example >50 L/kg for azinphos methyl). The Kd
values for fenarimol were lower and measurable in
Jandakot Profile 2 and Joel Profile 20 under the same
landuse, because of alower organic carbon content of
the surface soils. In Joel Profile 20, the soil samples
from 200 and 400 cm showed virtually no sorption for
these pesticides, despite the high inherent sorption
affinity of pesticides such as azinphos methyl. In the
case of prometryn, the sorption was not as high as for
the other two compounds for any given soil. In terms
of sorption affinity, the three pesticides followed the
order: azinphos methyl > fenarimol > prometryn.

Discussion

A comparison of sorption of parent compounds
and metabolites

For both atrazine and fenamiphos, the Kd values of
the metabolites were much lower than those of the
respective parent compounds. Sorption of both parent
and metabolite decreased in the following order:
atrazine > DEA 2 DIA and fenamiphos > FSO 3 FS.
These results are consistent with the polarity of the
compounds. In both cases, the metabolites are more
polar than their parent compounds, making the
metabolites more soluble in water and therefore
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more mobile. This is consistent with other published
studies on sorption of these compounds (Lee, Green
and Apt 1986; Kookana, Phang and Aylmore 1997).
From the point of view of environmental impact
and toxicity, the metabolites assume considerable
importance, especidly in the case of fenamiphos,
where the metabolites FS and FSO are as equally
toxic and active against the pests as the parent com-
pound. Given that, due to lower sorption than their
parents, the metabolites are much more mobile, they
deserve to be taken into account in any assessment of
groundwater pollution potential of these pesticides.
Effect of landuse on sorption of pesticides

The soils under intensive cultivation (market
gardens) had lower Kd for the pesticides than those
under Banksiabush or pines. Thisis generally reflect-
ed in the organic carbon contents of the soils, which
tended to be lower in the market garden soils. A
comparison of soilswith similar organic carbon under
natural vegetation (Banksia bush) and intensive culti-
vation (market gardens) showed that the sorption was
comparable for some pesticides and not for others.
For example, surface soils of Profile 2 (Jandakot)
under Banksia bush and Profile 16 (Karrakatta Grey)
under market gardens both had about one per cent
OC, and therefore Kds for severa pesticides were
comparable. However, in the case of fenarimol and
prometryn, the Jandakot soil under Banksia bush
showed substantially higher Kd values than the
Karrakatta Grey soil. A similar pattern is observed
when the surface soils from Profile 9 of Spearwood
(under Banksia bush) and Profile 18 of Beonaddy
(under market gardens) are compared.

The reasons for the difference in sorption of fena-
rimol and prometryn for these soils may be linked to
the differences in other soil properties such as pH.
Indeed the pH of soils under market gardens were
near neutral, whereas all other soils were acidic. Soil
pH can influence the sorption of ionizable pesticides
such as prometryn and atrazine, both of which are
weakly basic in nature.

Relationship between Kd and organic carbon
Despite similar solubilities of prometryn and atrazine,
the Kd values for prometryn were generally higher.
Thisislikely to be due to greater sensitivity of prom-
etryn to pH differences, resulting from its higher pKa,
asshownin Table 2.

The relationship between sorption and organic car-
bon was explored further by plotting the Kd of
atrazine and fenamiphos (and their respective
metabolites) against organic carbon (Figures 1 and 2).

The data in the two figures show a trend of
increasing sorption with increasing organic carbon
content, but a considerable scatter is evident for all



Kd (Fenamiphos) = 8.6059 + 3.457, R? = 0.5243, n = 23
50 -] Kd (FS) = 1.6291 x -0.5536, R2 = 0.6127, n = 23

Kd (FSO) = 2.4388 x -0.8528, R? = 0.6146, n = 23
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Figure 2. Relationship between sorption coefficient (Kd) of fenamiphos and its two metabolites (FSO and FS) and organic
carbon (OC).
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Figure 3. Variationsin K for atrazine in various soils (soil sample numbers correspond to those in Table 1).

Table 4. Sorption for various pesticides.

Pesticide Sorption (K o)
Mean + SD Median Range Overseas Mean
atrazine 114 +160 49 0-645 100
DEA 73+98 39 3-415 -
DIA 60 £79 35 5-338 -
fenamiphos 495 +492 271 0-1403 100
FS 53 +86 14 0-341 -
FSO 79+129 25 0-542 -
fenarimol 905 +669 749 6-1744 600
azinphos methyl 655 +912 175 0-2463 1000
prometryn 1154 +706 1541 0-1724 400

Notes: K. =100 x Kd/ OC%; SD = standard deviation
Overseas data are from Wauchope et a. 1992
'Overseas mean' K o for fenamiphos is weighted for sulfoxide as major residue.
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pesticides. For example, the soils with OC of 2.5-3
per cent showed a Kd for fenamiphos of 1040 L/kg.
The correlation coefficient did not improve when the
data from the surface soil only were plotted (results
not shown). The relationship was, however, better for
the metabolites than the parent compounds for both
atrazine and fenamiphos. For example, while only
48 per cent of variation in the Kd for atrazine was
explainable on the basis of organic carbon content of
the soil, for DEA it was 69 per cent. The reason for
a better correlation for the metabolites is likely to be
due to the smaller magnitude of sorption of the
metabolites resulting in a smaller scatter.

The poor correlation between Kd and OC is not
surprising because not only can other factors, such as
pH and clay content, affect the Kd, but also the type
of organic matter (in terms of its aromaticity and
stage of decomposition) is an important determinant
of pesticide sorption (Ahmad et al. 2001). The nature
of organic matter in surface soils and subsoils, as well
as in soils under different landuses, is likely to be
quite different.

A comparison of sorption data with that reported

from over seas

The Kd and organic carbon values from Table 3 were
used to derive sorption (K, for each pesticide in
each soil. K. values for each pesticide are compared
with overseas datain Table 4.

If organic matter was the sole sorbent and the OC
in all soils had the same sorption capacity per unit
mass for each pesticide, then a narrow range of K.
would be expected. However, it is clear from thetable
that K. ranged widely between soils, as is evident
from the high standard deviations. For example while
Ko Vvalues for atrazine varied between soils by
nearly three orders of magnitude, most of the K . data
fell between 10-100. This pattern is shown in Figure
3. The pattern for other pesticides was similar.

Prometryn stood out as the pesticide with a much
higher mean and median K value than those report-
ed in the overseas database (Table 4). This may have
been caused by the acidic nature of several soils used
inthe study. Prometryn, being aweak base with apKa
of 4.05 (see Table 2), would be affected substantially
by pH in these soils. The huge variation in K
values for various pesticides suggests that average
Ko values available in overseas databases for
site-specific assessments of pesticide sorption are
inadequate, especially for subsurface soils.

Conclusions

A study was conducted to estimate the sorption of
nine different pesticides in 23 soils of the Swan
Coastal Plain surface (0-15 cm) and subsurface
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(40-50 cm) soils were collected from severa sites
under native vegetation (Banksia woodland) and
market gardens. Sorption was measured by a batch
equilibration method for several pesticides, namely
atrazine and its two metabolites (desethylatrazine and
desisopropylatrazine), fenamiphos and its two oxida-
tion analogues (sulfoxide and sulfone), prometryn,
azinphos methy! and fenarimol.

Sorption per unit mass of organic carbon in soils
(Koc) showed a wide variation among the soils stud-
ied, possibly reflecting the varying nature of organic
materials present in the soils. Organic carbon content
alone could not explain the differences in pesticide
sorption among soils. The sorption figures were much
lower in the subsoils, which suggests that in such
soils, once the pesticide |eaches beyond 50 cm depth,
it can essentially move with the water-front with little
retardation due to sorption. The metabolites of atrazine
and fenamiphos had much lower sorption affinities
for soils than their respective parent compounds. The
metabolites of fenamiphos had up to an order-of-mag-
nitude lower sorption than the parent compound in
some soils. Given that these metabolites are equally
toxic in nature and more persistent than the parent
compound, the groundwater pollution potential of
these metabolites needs adequate consideration.
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Nutrient and Pesticide Leaching in Experimental Sites

in the Swan Coastal Plain

R.B. Salama, J.D. Byrneand D.W. Pollock*

Abstract
Different methods were used to sample soil water and groundwater from the unsaturated and saturated
zones of two experimental sites in the Gnangara Mound. The results show that suction cups give more
representative samples at the selected depth and time, while lysimeters give an integrated sample over a
longer period. The results from the suction cups at various depths were in accordance with anticipated
natural attenuation, and with the concentrations in groundwater. On the other hand, the results from the
lysimeters were lower and did not reflect the higher fluxes encountered in the groundwater samples. Traces
of the tested pesticides (atrazine, diazinon, dimethoate, endosulfan, fenamiphos, iprodione, malathion and
chlorpyrifos) were detected in soil samples in two experimental farms in the Gnangara Mound. However
none of the pesticides was detected in the groundwater samples collected by the different techniques from
depths ranging from 30 cm to 2.0m. Due to excessive application of nutrients and the shallow groundwater
depth, NH, and NO3; were leaching to the groundwater at high rates. Initial N levels were high and rapidly
decreased by depth and by distance away from the agricultural areas. The results also show that the
leaching process can be greatly reduced by reducing irrigation and applying the recommended fertiliser rates.

SEVERAL METHODS for assessment of soil-water
quality were experimented with in two sites in the
Gnangara Mound to monitor the movement of nutri-
ents and pesticides through soils to the unconfined
aquifers. The porous ceramic suction cup and the
free-draining lysimeter, as well as gravimetric soil
sampling, were used in the unsaturated zone. Multi-
level samplers and piezometers were used in the
saturated zone. The main objectives of this study
were to:
¢ compare the different sampling methods and
assess their suitability by comparing the results
of pesticides and inorganic pollutants such as
NOz;—N, PO,~P, NH,—N, and pH
* monitor nutrient and pesticide leaching using
different sampling techniques
* utilise the data to calibrate and validate applied
models (Salama, Pollock and Byrne 2001).

L ocation and M ethods

Two experimental sites were chosen, a strawberry
farm and a turf farm. The sites were located on the
Swan Coasta Plain on Bassendean Dune System
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sands series (Figure 1). The Bassendean Dune System
sands were formed of aeolian and fluviatile deposi-
tional material with the sand grains being well sorted
and rounded. The two sites are located on the Gavin
and Joel sands where groundwater is within two
metres of the soil surface, and the subsoil has a
cemented iron-humus podsol associated with the
watertable. The average bulk density of these sandsis
1.5 gm/cm3 with a greater than 98 per cent sand
fraction within virgin sail.

Lysimeters, ceramic suction cups, multi-level
soil-water sampling piezometers, and groundwater-
sampling tubes were installed. They were sampled
seven times between 19 September and 17 November
1997.

A water meter, similar to Water Corporation
meters used for domestic homes, was installed in
irrigation lines before the sprinklers and used to
record water applied to the area surrounding the
lysimeters. The irrigation sprinkler was either a
Rainbird or a Hunter irrigation sprinkler with a throw

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913
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Figure 1. Location of experimental sites.

of 18 m. Rain events and amounts were recorded by a
0.2 mm tipping-bucket rain gauge which was installed
approximately 100 m south-west of the lysmetersin an
open area out of the influence of irrigation sprinklers.

Soil was sampled with an aloy tube, 47 mm ID x
50 mm OD x 300 mm, using a piece of wood and
a hammer to gently tap the aloy tube with the
sharpened end down into the soil to its full length.
The sample tube was sealed at both ends with alu-
minum foil and the ends were taped airtight. The
sample was placed into a car freezer and transported
to the laboratory. At the strawberry farm the soil was
sampled from the immediate surface. No soil was
removed prior to sampling. At the turf farm, turf was
removed to a depth of 30 mm removing both the turf
itself and immediate dense root material associated
with this level. The soil was sampled from this level
down to 300 mm using a single-length aloy tube.
Strawberry farm
During the experiment, the Chandler variety of straw-
berries was planted in the farm. It is a short-day
variety planted in winter. The crop was planted in the
first week of June 1997. The seedlings were planted
on metre-wide mounded soil beds in two rows 30-50
cm apart with plants staggered 3040 cm apart. The
average plant produces 0.75-1.0 kg per season. The
picking season starts at the end of August or begin-
ning of September. Picking takes place every second
day and continues to the end of November when the
crop is abandoned and spray-killed to avoid spread of
fungal diseases.

The site of the experiment had been fallow for 18
months. The farmer had pre-treated the soil with raw
chicken manure and mounded the bed area ready for
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installation of plastic sheeting and crop planting. The
crop was planted under plastic sheeting covering the
metre-wide strawberry beds. This technique made it
possible to measure soil water concentrations of
applied chemicals from fertigation lines and pesti-
cides applied by overhead spray from atractor under
two different conditions: under plastic; and uncovered
areas.

Six small surface-area free-drainage lysimeters
were installed in positions that ensured that both
plants and water fertigation lines were directly above
the instruments. Lysimeters and ceramic suction cups
(Figure 2) were aso installed under the interbed area
between the strawberry beds (Figures 3-4). The
interbeds are 40 cm wide and subject to overhead
sprinkler, precipitation plus spray applications. This
enabled sampling of soil chemicals and pesticides
without the effect of plants.

Each lysimeter was installed in a 70 cm square
hole. The top 30 cm of organic topsoil was set aside
and placed back into position after lysimeter installa-
tion. All soil was removed to a depth of 1.2 m and
stockpiled on plastic sheeting. Once the lysimeters
were installed, the soil was replaced and compacted
to near field density. Of the six lysimeters, five were
of the same design (Figure 5): 70 cm tall x 40 cm
sgquare with a leachate collection chamber. They also
had a floor sloping towards the extraction outlet of
the lysimeter. This allowed the extraction of dl
the leachate within the chamber. The sixth lysimeter
was 30 cm shorter and had no sloping floor. The
leachate was extracted viaindividua semi-rigid nylon
tubes inserted into the lysimeters' collection cham-
bers. Inside the lysimeters, soil leachate was filtered



20m

Figure 2. Instrumentation setup at the strawberry farm.

through a 45-90 mm nylon felt fabric material. The
material was supported on a galvanised iron grid-
mesh floor. Sampling of soil leachate from the
lysimeter was achieved by a vacuum pump attached
to a pyrex glass vacuum flask connected via a semi-
rigid nylon tube from the lysimeter and teflon and
stainless steel tubing to minimise contamination and
loss of any chemicals or sorption of pesticides.

Two sets of three ceramic suction cups were
installed at two locations, one set under each straw-
berry bed and interbed. The first suction cup was
installed at 30 cm depth between the topsoil and
subsoil (Figure 4). The second and third cups were
placed at depths of 50 cm and 70 cm. The difference
in levels between the interbeds and beds resulted in
the first suction cup (30 cm) in the interbed being
only 15 cm below the ground surface. The travel time
for nutrients to this set of suction cups could be short-
er, depending on difference in water application rates.
The suction cups were evacuated and sampled via
60 ml syringes attached to each individual suction
cup. The tubing on each suction cup was a hard nylon
tube which did not sorb pesticides.

A set of multi-level groundwater sampling tubes
(‘'sippers) was installed in the middle of the bed next
to the lysimeters. The depths of installation were 0.6,
0.8, 1.0, 1.2, 14, 1.6, 1.8 and 2.0 m from ground-
level. The samples were obtained by suction using
individual syringes for each sampling depth.
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Two piezometers were installed in the site, one
in the crop area and the other west of the strawberry
crop bed. They were installed to a depth of 2.5
and 3 m respectively using 50 mm diameter slotted
auminium pipe. Data loggers and water-level probes
were installed in the piezometers to monitor water-
level changes.

Water application was by 2 m overhead sprinklers,
15 mm dlotted irrigation lines and by rainfall. The
slotted irrigation lines were installed on each side
of the crop bed on each side of the strawberry
plants under black plastic sheeting. The plastic
covered the whole width and length of the crop bed.
The plastic was used to reduce soil moisture evapora-
tion and to maintain an even soil moisture content and
soil temperature.

Rain events were recorded by a 0.2 mm tipping
bucket rain gauge installed west of the strawberry
beds in an open area out of the influence of irrigation
sprinklers (Figure 2). The rainfall pattern is shown in
Figure 6.

Turf farm

Three lysimeters were placed under Wintergreen Turf
(Figure 7). The lysimeters were 60 cm tall and 40 cm
square with a 15 cm deep collection chamber in the
base including a sloped floor for better drainage.
Three were installed in a line starting two metres in
from a limestone road; the other two were equally
spaced with two metres centre-to-centre between all
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lysimeters (Figure 8). The turf was removed and
placed to one side and then the soil from each hole
removed in 20 cmintervals and piled on plastic sheet-
ing nearby. The lysimeters were then installed and the
soil layers returned in sequence. The soil was com-
pacted back at each level to as close as to field bulk
density as could be achieved. The turf was then
placed back and hand compacted back to the sur-
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rounding surface level. The leachate dripped into the
collection chamber and samples were taken viaavac-
uum pump connected to a glass volumetric flask.
Each lysimeter had a separate glass flask to prevent
contamination.

Suction cups were installed in the lysimeter holes
before the installation of the lysimeters. Each of the
three holes had a set of three suction cupsinstalled in
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holes bored 40 cm horizontally into the soil. Each
suction cup was installed into the hole using a fine
grade silicon slurry to ensure contact with the sur-
rounding soil. Depths of each set of suction cup were
30 cm, 60 cm and 90 cm respectively. The suction
cups were 60 mm in length and 48 mm in diameter,
being slightly larger in surface area than those used at
the strawberry farm. The suction cups were evacuat-
ed and sampled via 60 ml syringes attached to each
individual suction cup. The tubing on each suction
cup was a semi rigid hard nylon tube, which did not
sorb pesticides.

Multi-level groundwater sampling points were
installed 4 m north of the middle lysimeter. The depths
of installation were 1.4, 1.6, 1.8, 2.0 and 2.2 m from
ground-level.

Two piezometers were instaled (Figure 8), the
first one near the limestone road in the 40 cm verge
of the turf grass area; the other was installed 12 m
east of the boundary of the turf farm in the banksia
bushland and east of the lysimeters. They were
installed at a depth of 3 m using 50 mm diameter
slotted aluminium pipe. A third piezometer installed
by Agriculture Western Australia was used for the
recording of groundwater level fluctuations using a
datalogger and water-level probe.

129

Results and Discussion

Infiltration and water balance

The results of along-term study in 1998 in the straw-
berry farm showed that infiltration in winter and
summer were 421 and 189 mm respectively. The total
recharge was 44 per cent of the total water input
during this period, which included 558 mm of rain.
Due to the shallow depth to groundwater, it was
assumed that all the water infiltrating past the lysime-
ter would reach the groundwater as recharge.

In short-term studies infiltration was measured for
selected periods in late 1997 (Table 1). In the turf
farm (between August and November) that infiltra-
tion was about 62 per cent of total water input. By
contrast, in the strawberry farm (between July and
November) infiltration was only 26 per cent.

Water-level fluctuations in the strawberry farm
piezometer showed two distinct patterns during the
recession period from September to November
(Figure 9). The first pattern occurred when no irriga-
tion was applied; the recession fell smoothly without
daily fluctuations. The second pattern was noticed
when irrigation started, with the water-level showing
rises of 2-5 cm whenever irrigation was applied. This
was clear evidence that most of the irrigation water
reaches the watertable at the rate of 6-15 mm per
irrigation; Specific Yield (Sy) =0.3.

Pesticides
Although some traces of the tested pesticides
(atrazine, diazinon, dimethoate, endosulfan,

fenamaphos, iprodione, malathion and chlorpyrifos)
were detected in soil samples in two experimental
farms in the Gnangara Mound, none of the pesticides
was detected in the groundwater samples collected
by the different techniques from depths ranging from
30cmto 2.0 m(Table 2).
Nutrients
In the turf farm (Figure 10), nitrate-N concentrations
in leachate increased with time and depth in the
suction cups (10-350 mg/L). In the groundwater
samplers the concentrations increased with time and
(slightly) with depth (2-60 mg/L). In the lysimeters,
concentrations increased with time (10-100 mg/L).
Ammonium concentrations decreased with depth and
increased with time in all sampling points. The level
of phosphate was high near the surface sampling
points (10-95 mg/L), but decreased with depth below
0.75 m and remained constant at 2.0 m.

In the strawberry farm, the results from the suction
cups below the beds (Figure 11) showed that the
concentrations of nitrate decreased with depth but
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Table 1. Water balance of strawberry and turf farms.

OO
"f’\"q?’@\} vg,\% \,\v'\ é‘\

Inputs (mm) Outputs (mm) Ratios
R P | IT Et Ep RAT InT IT/Ep Et/Ep
Srawberry farm (18/08/97-17/11/97)
226.00 430.60 426.00 856.60 630.60 423.20 0.26 0.50 2.02 1.49
Turf farm (23/07/97-25/11/97)
153.60 134.00 115.58 249.58 95.98 324.50 0.62 0.46 0.77 0.30

Notes: R = Recharge, P= Precipitation, | = Irrigation, IT =Tota water input (including recharge), Et = Estimated evapotranspiration,

Ep ='Class A' pan evaporation.
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Table2. Pesticide anaysis.
Pesticide (no/ki
Depth of Sample (cm) (ngkg)
Atrazine Diazinon Dimethoate Endosulfan Chlorpyrifos Fenamiphos Malathion
Srawberry farm (18/09/97)
0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5
Turf farm (14/10/97)
0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5
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Figure 10. Distribution of NO3, PO, and NH, in the beds at the turf farm.

Table 3. Nutrient balances for strawberry and turf farms (lysimeter data).

Inputs Outputs
Fertiliser (kg/ha) Flow-weighted Concentration (mg/L) Yield (kg/ha)
Total N POs,P Cl NOsN NHg-N Totad N PO,P Cl NOzN NH4N Tota N PO4,P Cl
Strawber ry farm (28/05/97-25/11/97)
384.80 46.80 0.00 34.62 322 3784 6.74  29.73 61.02 5.67 66.69 1188 5241
Turf farm (18/08/97-17/11/97)
282.30 8520 0.00 49.56 539 549 432 119.07 84.44 9.19 93.64 7.37 202.88
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increased with time. In the groundwater samplers,
nitrate decreased with depth and increased with time;
in the lysimeters, concentrations slightly increased
with time.

In the interbeds (Figure 12), nitrate systematically
increased with both depth and time in the suction
cups; in the groundwater samplers, concentration
decreased with depth and dlightly increased with
time. There was no change in the lysimeter readings.

In both the beds and the interbeds, phosphate
decreased with depth and dightly increased with time
in the suction cups, decreased with depth and slightly
decreased with time in the groundwater samplers, and
did not change in the lysimeters. Ammonium concen-
trations decreased with depth and increased with time
at all sampling points.

The overall results showed that due to the exces-
sive gpplication of nutrients, NH, and NO; leached
to the groundwater at high rates. Nitrogen levels
(15-54 mg/L) were above the acceptable limits in
the top 1.6 m of the shallow aguifer system; this
trend decreased abruptly below 2.0 m where the
concentrations were 1.0 mg/L or less. Phosphorus
increased with time, and decreased with depth;
concentrations were 4-10 mg/L above 1.6 m and
decreased to 2—4 mg/Lbelow that depth. Ammonium
concentrations ranged from <1.0 to 4 mg/L in the
top 60 cm.

Leachate concentration

In the turf farm the nitrate increased with time and
increased substantially when more fertiliser was
applied. The concentration in the suction cups
decreased regularly with depth, but the results
from the lysimeters that were installed at 0.75 m
were always lower than the results from the suction
cup which was installed at 0.9 m. This was mainly
due to variations in the disturbance caused by
the installation techniques, sample size, extent of
temporal integration, and to a minor degree the
spatial variability (Ahmed, Sharma and Richards
1996). Concentrations continued to decrease with
depth to the surface of the groundwater, and thereafter
it began to increase dlightly in the groundwater
below 2.0 m

Although Ahmed et al. concluded that lysimeters
gave more reliable results than suction cups, results
from this experiment showed that for detailed studies
of water and solute movement in the unsaturated
zone, the suction cups gave more reliable results than
the modelling results (Salama, Pollock and Byrne
1999). However, a comparison of results among
suction cups, groundwater samplers and lysimeters
shows that the nitrate concentrations in samples from
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Figure 11. Distribution of NO3, PO, and NH, in the beds at the strawberry farm.
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the lysimeter were in most cases lower than those in
the groundwater, and did not match the gradual
decrease in concentration with depth from surface to
groundwater.

The phosphate results were in genera similar to
those of the nitrate, although much lower in concen-
tration. The concentrationsin the lysimeter were very
low compared with the other results from the suction
cups and groundwater. It is possible that the higher
degree of disturbance in the construction of the
lysimeters and the compaction applied to the top
organic layer may have caused more fixation of the P
than the other methods. The P also increased slightly
in groundwater by depth. Ammonium on the other
hand decreased regularly with depth including the
lysimeter. The results from the three different sets of
samplers showed the variation in application rates of
fertilisers, irrigation water, plant uptake and spatial
variability in soil hydraulic properties.

Although the results from the strawberry farm
followed the same trend as those of the turf farm,
the results for nitrate from the samples under the
strawberry beds are higher than the interbeds as most
of the nutrients were supplied through the fertigation
lines. There were no discernible patterns for NH,
and P.

Nutrient leaching and balances

Fertiliser application rates are shown in Table 3.
During the short-term monitoring in the strawberry
farm, 384 kg/ha of N and 47 kg/ha of Pwere applied,
the lysimeter outputs were 67 kg/haof N and 12 kg/ha
of P. This indicated that 82 per cent of the N and 25
per cent of the P were either used by the plants,
volatilised or retained in the topsoil. It aso indicated
that the remaining portion of the nutrients would
reach the groundwater.

During the long-term monitoring in the strawberry
farm smaller amounts of nutrients were applied and
the results showed that 36 per cent of the N and 26 per
cent of the Ppassed the root zone. In the turf farm, the
results showed that 33 per cent of N and 8 per cent of
P passed through the root zone.
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Conclusions

Different methods were used to sample soil water and
groundwater from the unsaturated and saturated
zones of two experimental sites in the Gnangara
Mound. The results show that most of the irrigation
water reaches the watertable at the rate of 6-15 mm.
Tota recharge from irrigation ranged from 26 to 62
per cent of irrigation water. Ammonium and nitrate
concentrationsin the leachate increased with time and
depth, phosphate was relatively high near the surface
and decreased with depth, and pesticides were filtered
in the top 1-5 cm. The results also show that the
amount of nutrients leaching to the aquifer depends
on application rates. Even when smaller amounts of
nutrient were applied, 36 per cent of the N and 26 per
cent of the P passed the root zone in the strawberry
farm; in the turf farm, the corresponding figures were
33 and 8 per cent.
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Modelling Pesticide and Nutrient Transport
in the Gnangara Mound

R.B. Salama, D.W. Pollock and J.D. Byrne*

Abstract

The major agricultural activity in the Gnangara Mound area is intensive horticulture, predominantly for
vegetables, native and greenhouse flowers, citrus, avocados, stone fruit, grapevines, turf and nursery crops.
These industries depend heavily on pesticides and nutrients for the production and protection of their
produce. The excessive use of such agrochemicals is threatening the groundwater resources of the Mound.
A detailed field study was conducted of the filtration capacity of the main soil-types of the Spearwood and
Bassendean Sands on which most of these activities are taking place. Two experimental sites were
established in agricultural areas to monitor nutrients and pesticides in groundwater under agricultural areas.
The monitoring was conducted using different techniques (lysimeters, suction cups, multi-level samplers,
and shallow groundwater piezometers). None of the tested pesticides were detected in the groundwater
samples collected by the different techniques from depths ranging from 30 cm to 2.0 m. These results were
similar to the modelling results which showed that most of the pesticides are highly sorbed to the
organically-rich soils and are therefore not leached below the top 10 cm layer. Some pesticides leach very
quickly below one metre, but due to their short half-life they also degrade quickly and the amount
remaining in the soil after the first week of application is very small. Atrazine, on the other hand, has
higher sorption, but it persistsfor along timein the soil dueto itslong half-life; in most cases, small anounts
are leached to groundwater. A Microsoft Access database has been established for the different pesticides,
soils and water properties. Hornsby Index (HI) and Attenuation Factor (AF) models were used to screen the
suite of pesticides used. The pesticides with high leaching potential were modelled using CMLS and
LEACHPto monitor their movement in the unsaturated zone. LEACHN was used to monitor the movement
of nutrients in the unsaturated zone and to model the effect of applying different scenarios to reduce the
leaching of nitrates.

THE GNANGARA MOUND is the largest groundwater
body in Perth, and the superficial aquifer is the most
important in the Mound. It is a complex, unconfined,
multi-layered aguifer. The sediments which constitute
the superficia aquifer range from predominantly
clayey in the east, through a sandy succession
(Bassendean Sand and Spearwood Sand) in the cen-
tral coastal plain area, to sand and limestone (Tamala
limestone) in the coastal belt (Davidson 1995). The
geological formations provide the main basis for
dividing the soil-mapping units into three dune sys-
tems: Bassendean, Spearwood and Quindalup. These
are characterised by distinctive geomorphology and
soils that are different from the alluvial landscapes to
the east and north. The Bassendean Dunes generally
have low relief and minor variations in topography
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with variable depth to the watertable. The landscape
comprises permanent open-water lakesto ridges more
than 20 m high. The Spearwood Dunes are divided
mainly on the depth of soil over the limestone sub-
strate and the incidence of karst features. The
Quindalup Dunes occur mainly along the coast.

The major agricultural activity in the Gnangara
area is intensive horticulture, predominantly vegeta-
bles, native and greenhouse flowers, citrus, avocados,
stone fruit, grapevines, turf and nursery crops.
The majority of production is situated on the
sandy soils of the Spearwood and Bassendean dune
systems. Intensive agriculture is the largest private
user of groundwater from the Gnangara Mound. All

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913



irrigation supplies required by market gardens are
withdrawn from groundwater wells. Due to the exces-
sive use of fertilisers, the poor retaining capacity
of the sandy soils, and the relatively shallow depth
to groundwater in agricultural areas, nutrients are
readily leached to the groundwater aquifers. Natural
background NO;—N concentrations in bores in the
agricultural areas are up to 88 mg/L; however, P
concentrations are relatively low (median 0.02 mg/L)
(Sharma et a. 1991). Several pesticides, notably
atrazine and diazinon, have been detected in ground-
water from the Gnangara Mound.

Pesticides adversely affect on crop quality and soil
health, and have potential to leach and contaminate
surface and groundwater resources. The international
study involving Australia, Malaysia and Thailand, of
which the current study is part, aims to identify and
evaluate promising technologies and management
options for minimising agrochemical contamination
of water resources. The main objectives of the current
study are to monitor nutrients and pesticides leaching
using different sampling techniques, and to utilise
the data to calibrate and validate pesticide-leaching
models. The results from the experimental sites have
been reported in a companion paper. This paper
reports on modelling the effect of applying different
management scenarios on the leaching of pesticides
and nutrients (Salama, Byrne and Pollock 2001).

Methods

The two experimental sites were located on the Gavin
and Joel sands of the Bassendean Dune System sands
series, where the groundwater is within two metres
of the soil surface and the subsoil has a cemented
iron-humus podsol associated with the watertable.
The average bulk density of these sands is 1.5 g/cm3
with a greater than 98 per cent sand fraction within
virgin soil.

The two sites were installed with free-drainage
lysimeters and ceramic suction cups below the beds
and under the inter-bed areas in the strawberry farm,
and under the turf in the turf farm. A set of multi-level
groundwater sampling tubes was installed next to the
lysimeters. Data loggers and water-level probes were
installed in piezometers to monitor water-level
changes in both sites. Irrigation is via two metered
overhead sprinklers, two metered 15 mm dlotted
irrigation lines, and by rainfall. Rainfal events and
amounts were recorded by a 0.2 mm tipping-bucket
rain gauge. Lysimeters, suction cups, groundwater
sampling tubes and piezometers were sampled seven
times from 19 September to 17 November 1997. Soil
samples were taken from various depths with an alloy
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tube. The results of the experimental sites are
described in detail in another paper (Salama, Pollock
and Byrne 1999).

Description of models

Hornsby Index (HI) and Attenuation Factor (AF)
models were used to screen the suite of pesticides
commonly used in the Mound. The pesticides with
high leaching potential were modelled using CMLS
and LEACHP to monitor their movement in the
unsaturated zone.

Hornsby Index (HI)

This index measures pesticide leaching potential
(Hornsby 1992). The smaller the index, the more
likely the pesticide will not be filtered but will leach
to the groundwater. The derivation is:

HI = (K /typ) X 10
where

K o¢ is the organic carbon sorption coefficient
ty), is pesticide half-life.

AF model

Thisindex is equivalent to the fraction of the applied
pesticide mass that is likely to leach past the chosen
reference depth, d (Rao and Alley 1993). The value
varies between 0 and 1, with larger values indicating
agreater contamination potential. The model assumes
first-order decay. The derivation is:

\

AF=ep ) 08%0RF U

Oty
where
d is the distance from the surface to groundwater
RF is the retardation factor
Orc isthe volumetric water content at field capacity
Q is net groundwater recharge.

RF, the retardation factor accounting for pesticide
sorption effects, is given by:

Y L]
RE = ,I\ 1+ rb: ocKoc u

I Grc
where
I', isthe soil bulk density (g/em?)
| oc isfraction of organic carbon.

CMLSmodel

This is a relatively smple model (Nofziger et al.
1998). It estimates the depth of the peak concentration
of apesticide, and calculates the relative amount of
chemical in the soil profile as a function of time after
application. The moddl assumes piston flow and ignores
molecular diffusion and hydrodynamic dispersion.



LEACHP

This is the pesticide model in the LEACHM suite
(Hutson and Wagenet 1992). It is a mechanistically-
based model of water and solute movement and
pesticide chemistry. In common with most other
models of pesticide movement, it simulates pesticide
transformations using first-order kinetics. It has a
flexible system for tracking daughter products. The
principal difference between LEACHP and simpler
models such as CMLS is that water movement is
simulated using a numerical solution to Richards
equation in LEACHP, so the model must be supplied
with functions to describe water retention and
hydraulic conductivity.

The other difference is that LEACHPcan simulate
the transformation and degradation of the pesticides.
Transformation of pesticidesin soil can occur through
biotic and abiotic ways. In most cases, the pesticides
degrade or transform into harmless end-products.
However in some cases the metabolites are more
toxic than the parent compound and these may
increase the toxicity hazard.

Modelling of Pesticide
Characteristics

Simple models (Hornsby Index and Attenuation
Factor) were used to screen pesticides to indicate
those compounds likely to be problematic for water
resources. More complex models (CMLS, LEACHR,
and regional models) were then used to assess select-
ed pedticides to monitor their movement in the
unsaturated zone. Model predictions were then
compared with results from the field sites.

Hornsby Index

The results of the analysis of the Hornsby index
(Table 1) showed that monocrotophos, dicamba salt,
carbofuran, pentacholorphenol, metalaxyl, methami-
dophos, trichlorfon, adicarb, metribuzin, atrazine,
bentazon, fenarimol, 2,4-D acid, ethoprop, dimethoate
and lindane al have high leaching potential.

AF model

The AF model was used to screen the highly leachable
pesticides. Four different types of soils were used
(Table 2). Although some other soils had a higher
organic carbon content than the selected soils, those
with the lowest organic carbon were used as these are
the most vulnerable to leaching of pesticides.

For each soil, the pesticides lying below the
specific soil line in Figure 1 have relatively low
potential for contaminating groundwater, because
they have sufficiently long residence time or short
half-life, or both (Rao and Alley 1993). Those pesti-
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Tablel. Leaching potential of the most commonly used

pesticides.
Pesticide Sorption Half-life  Leaching
(Koo) (days) Potential
(Hornsby
Index (HI))
High leaching
monocrotophos (1) 1 30 0
dicamba salt (2) 2 14 1
carbofuran (7) 22 50 4
pentachlorophenol (9) 30 48 6
metalaxyl (12) 50 70 7
methamidophos (3) 5 6 8
trichlorfon (4) 10 10 10
aldicarb (8) 30 30 10
metribuzin (13) 60 40 15
atrazine (15) 100 60 17
bentazon sodium salt (10) 34 20 17
fenarimol (19) 600 360 17
2,4-D acid (5) 20 10 20
ethoprop (ethoprophos) (14) 70 25 28
dimethoate (6) 20 7 29
lindane (22) 1100 400 28
I ntermediate filtration
linuron (17) 400 60 67
prometryn (18) 400 60 67
aachlor (16) 170 15 113
dieldrin (33) 12 000 1000 120
aldrin (28) 5000 365 137
mevinphos (11) 44 3 147
diazinon (21) 1000 40 250
fenbutatin oxide (27) 2300 90 256
mancozeb (25) 2000 70 286
chlorothalonil (23) 1380 30 460
iprodione (20) 700 14 500
chlordane (35) 20000 350 571
MCPA dimethylamine (26) 2000 25 800
heptachlor (36) 24000 250 960
trifluralin (31) 8000 60 1333
fenvalerate (30) 5300 35 1514
High filtration
endosulfan (34) 12400 50 2480
DDT(38) 2000 000 2000 10 000
methyl parathion (29) 5100 5 10200
bromoxynil octanoate(32) 10 000 14 286
malathion (24) 1800 1 18 000
permethrin (37) 100 000 30 33333

Note: Numbers between brackets refer to numbersin Figure 1.

cides that lie above the line have relatively large
contamination potential, because they degrade slowly
or leach rapidly, or both. Using these criteria, the
results of modelling the four types of soils showed
that the Gavin soils have high filtration potential and
only two pesticides, carbofuran and metalaxyl seem
to have the potential to leach through them. In the



Table2. Soil characteristics from the Gnangara Mound used in AF modelling.

Soil-type Characteristic
Bulk Density (g/cm3) Fraction of Organic Carbon Volumetric Field Capacity (%)
Karrakatta Yellow (Ky) 1.62 0.0010 0.31
Spearwood Sand (Sp) 1.59 0.0016 0.30
Gavin (G) 152 0.0045 0.35
Jandakot (Ja) 1.62 0.0014 0.32
Table 3. Model soil parameters used to run the LEACHP model.
Parameter Soil Layer Bassendean Sands Spearwood Sands
G (Bb) G(P Ja J Kls Ky Sp
ocC topsoil 2.94 4.80 1.02 2.90 1.05 0.82 2.50
subsoil 0.56 0.66 0.14 0.89 0.48 0.49 0.25
Oy topsoil 0.45 0.50 0.38 0.52 0.43 0.36 0.48
subsoil 0.37 0.40 0.35 0.39 0.41 0.42 0.40
BD topsoil 1.480 1.379 1.458 1.229 1.386 1.387 1.220
subsoil 1.535 1.489 1.601 1.488 1.599 1.568 1.562
K topsoil 1480 2380 562 2140 6380 2850 422
subsoil 3410 3100 6120 4260 4410 4770 3630

Notes: Parameters

OC = Organic Carbon (%), g, = volumetric water content (%), BD = bulk density (g/cm3), K = hydraulic conductivity (mmv/d)

Soil Systems & Units

Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel

Spearwood Dunes: Kls
Landuses

= Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Bb = Banksia bush, P= pines.
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Figure 1. Soil-type control on pesticide attenuation in the Gnangara Mound.
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Table 4. Model pesticide parameters used to run LEACHP.

Parameter Atrazine DEA DIA Fenamiphos Fsulfoxide F sulfone Fenarimol ~ Prometryn Simazine
Solubility (mg/L) 33 33 33 330 330 330 14 33 6.2
Degradation 1 0.0010 0.0200 0.0250 0.0019 0.0116 0.0116
Degradation 2 0.0010 0.0050 0.0500 0.0019 0.0116 0.0116
Transformation 1 0.014 0.210 0.500 0.005

Transformation 2 0.003 0.038 0.020 0.005

Spearwood and Jandakot sands that have lower filtra-
tion capacity, an additional four pesticides have the
potential of leaching through. These are fenarimol,
lindane, atrazine and pentachlorophenol. The
Karrakatta soils have the least capacity of filtering
pesticides and two additional pesticides (metribuzin
and monocrotophos) have the potentia to leach
through it. All the other pesticides used in the
Gnangara Mound do not have the potentia to leach
through the different soils. On the other hand, if
the organic carbon of the soil were increased by one
per cent, which is the case in severa areas, al
these pesticides would be filtered in the top 20 cm.

CMLS

This was used to model leaching of commonly used
pesticides in Australia using soil data from the two
farms in the Gnangara Mound. The results showed
that malathion, diazinon, endosulfan, iprodione,
benomyl, thiram and chlorpyrifos are al highly
adsorbed to the Gnangara soils and are not leached
below the top 10 cm layer of the soil. On the other
hand, dicamba and dimethoate leach very quickly
to below one metre but, due to their short half-lives,
they degrade quickly and the amount remaining in
the soil after the first week of application is very
small. Atrazine on the other hand has higher sorption
than dicamba and dimethoate, but due to its long
half-life, persists for a long time in the soil so in
most cases small amounts of the pesticide are leached
to groundwater.

In the field study, using recommended application
rates, none of the tested pesticides (atrazine, diazinon,
dimethoate, endosulfan, fenamaphos, iprodione,
malathion, and chlorpyrifos) were detected in the
groundwater samples collected by the different
techniques from depths ranging from 30 cm to 2.0 m.
Thislargely confirms the modelling results.

Modelling of M anagement Scenarios

Scenariosto reduce pesticide leaching

The LEACHP model was used to simulate the leach-
ing of pesticides used in the two farms in the
Gnangara Mound. Atrazine and its two daughters,
desethylatrazine (DEA) and desisopropylatrazine
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(DIA), fenamiphos and its two daughters, fenamiphos
sulfoxide and fenamiphos sulfone, fenarimol and
prometryn were modelled for the three main
Spearwood soils where most of the agricultural activ-
ity tekes place. Tables 3 and 4 detail the soil and
pesticide properties used to run the model.

Several simulations were carried out to find out
the effect of the different management scenarios on
the leaching of the pesticides. In a test-run scenario,
the applied pesticide was reduced by half. The results
showed that reducing the pesticide by half will reduce
the chemical content and flux by half. Four scenarios
were applied:
applied irrigation is the recommended rate of
100 per cent of pan evaporation
irrigation applied by the farmers (11mm/day)
organic carbon is doubled (20C), with irrigation
water of Scenario 1
organic carbon is doubled, with irrigation water
of Scenario 2.

The results showed that by applying Scenario 1
(optimum irrigation rates), the travel time of the pes-
ticide will increase and a higher proportion of the pes-
ticide will be retained in the top layer, thus giving it
more chance to degrade. Ky soils have a high filtra-
tion capacity to all the modelled pesticides followed
by the Kls, while the Sp has the lowest filtration
capacity. The results also showed that even at the rec-
ommended irrigation rates (Scenario 1) the daughter
products, DIA and fenamiphos sulfoxide, are more
leachable and more persistent than their parent com-
pounds. Fenamiphos sulfoxide has the earliest break-
through curve and the highest amount of leaching
below the 80 cm subsurface layer (Table 5). As
expected, Scenario 3 (double organic carbon) gave
the best results with minimal pesticide breaking
through the 80 cm layer.

Under excessive irrigation (Scenario 2), atrazine
persisted for 100 days in Klstopsoil, and for less than
200 daysin the subsoil (Table 6). It leached below the
topsail in about 100 days in Ky, and persisted in the
subsoil for more than 200 days. Atrazine daughter
products disappeared from the topsoil of Ky after
nearly 100 days, and persisted in the subsoil for about
200 days. Atrazine persisted for a shorter time in Sp,
as much of it leached below the subsoil.



Table5. Pesticide leaching through 80 cm layer in
Spearwood sands.

Scenario Fenamiphos Sulfoxide, by Soil-type (%)
Kls Ky Sp

1 47 39 61

2 74 68 81

3 33 27 63

4 64 59 81

Table6. Pesticide remaining in the topsoil and subsoil
after 100 days in Spearwood sands.

Scenario Atrazine by Soil Layer & Type (%)
Topsoil Subsoil
Kls Ky Sp Kls Ky Sp
1 12 10 27 37 43 16
2 2 3 8 13 20 9
3 21 19 24 31 36
4 6 5 14 33 39 19

Atrazine and its two daughters, DEA and DIA,
and simazine were also modelled for the three main
soils in the Bassendean sands, Gavin, Jandakot and
Joel. Two simulations were carried out for the Gavin
soils, one under pines and the other under native
Banksia. The results showed that due to the absence
of irrigation and the low water content of the surface
and subsurface soil horizons (due to the plant water
uptake), atrazine did not leach below the subsurface
zone and most of the herbicides were filtered on the
top surface layer (Table 7). Smaller amounts of
simazine, which is more mobile than atrazine, passed
bel ow the subsoil (Table 8).

Table 7. Pesticides breaking through the 80 cm layer
in Bassendean sands.

Pesticide Name Pesticide, by Soil-type (%)

Gavin (Bb) Gavin(P) Jandakot  Joel
atrazine 0 0 8 0
desethylatrazine 0 0 3 0
desisopropylatrazine 1 0 17 0
simazine 4 20 24 12

Table 8. Pesticide remaining in topsoil and subsoil
after 100 days in Bassendean sands.

Soil Layer Atrazine by Soil-type & Layer (%)
Gavin (Bb) Gavin (P) Jandakot  Joel

topsoil 37 40 30 36

subsoil 2 0 14 1
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Scenariosto reduce nutrient leaching

The LEACHN model was used to simulate the leach-
ing of nitrogenous fertilisers as applied to both urban
and agricultural areas. The model was aso used to
simulate several management scenarios of fertiliser
and irrigation applications.

Table9. Recommended application rates of fertilisers
used in the LEACHN model.

Application Fertiliser (kg/ha)

Date Urea NH4 NO3
12/05/98 00.00 27.20 26.90
26/05/98 00.00 13.60 21.70
09/06/98 00.00 13.60 21.70
23/06/98 00.00 00.00 26.90
07/07/98 00.00 00.00 26.90
21/07/98 00.00 00.00 26.90
04/08/98 00.00 17.00 16.80
18/08/98 00.00 17.00 16.80
01/09/98 00.00 17.00 16.80
15/09/98 18.40 00.00 26.40
29/09/98 18.40 00.00 26.40
13/10/98 04.60 00.00 30.30
27/10/98 04.60 00.00 30.30
10/11/98 04.60 00.00 30.30
24/11/98 00.00 00.00 26.70
09/12/98 00.00 00.00 26.70
23/12/98 00.00 00.00 33.60

In the urban area, ammonium was applied twice
during the dry season at the rate of 70 kg/ha, while
irrigation was applied at the rate of 3 mm every sec-
ond day. The results showed that ammonium disap-
pears from the top layer in less than 50 days in al
three types of soils: Kls, Ky and Sp. Also after 100
days, 600 mg/m2 of nitrate leaches to the 50-80 cm
layer in Kls, 1000 mg/n? in Ky, and 300 mg/m2in Sp.

Table 10. Nitrate leaching below 80 cm after 250 days.

Scenario NO3-N, by Soil-type (kg/ha)

Kls Ky Sp
| 360 300 330
1l 480 410 460
1" 16 120 150

In the horticulture area, three scenarios were
applied, the results of which are shown in Tables 10
and 11.

Scenario |

The recommended rates of fertilisers were applied
(Table 9), and theirrigation was al so the recommend-
ed rate of 100 per cent pan evaporation.

Scenario |l

The irrigation rate was increased to 11 mm/day, which
isthe level used by the farmers. The farmers apply



Table 11. Ammonium and nitrate in various layers after 250 days.

Scenario Sample NH4-N & NO3-N, by Soil-type (mg/m?)
Depth
(cm) Kls Ky Sp
NH,4-N NOs-N NH,4-N NOz-N NH,4-N NOs-N
| 0-20 250 1800 250 1800 400 2800
20-50 250 2600 350 3600 350 3000
50-80 10 2600 100 2900 0 500
1 0-20 60 250 50 400 100 400
20-50 100 510 150 1200 120 600
50-80 60 850 100 1300 60 1100
11 0-20 160 800 150 800 180 1400
20-50 160 1300 160 1600 160 1500
50-80 0 1300 50 1450 0 1750

sprinkler irrigation two or three times per day for water
supply and for cooling during the hot summer days.
Scenario 11

The fertiliser application rate was decreased to half
the recommended application rate, while keeping the
irrigation rate at pan evaporation.

By increasing the rate of water application
(Scenario 11), most of the nutrients were leached
below the topsoil horizons as shown by the lower
nutrient content in all three layers by comparison with
the other two scenarios.

Scenario |11, where half the amount of fertiliser
was applied together with the pan evaporation water,
caused the least amount of nutrients to leach through
the 80 cm layer. Of the three soils, Kls was the best
soil for retaining most of the nutrients; only 16 kg/ha
passed through the 80 cm layer, while 120 kg/ha
passed through Ky, and 150 kg/ha passed through Sp.

Conclusions

Most of the reported incidents of pesticides in
groundwater are caused by excessive application of
pesticides or excessive irrigation, or both. InAustralia,
most of such incidents are due to malpractice or
misadventure such as a spill. The results of this study
showed that in normal use only a small number of
pesticides have the potential to contaminate the
Gnangara Mound aquifer. Furthermore with proper
management the risk of contamination could be
greatly reduced. Reducing the application rates of
pesticides to the recommended rates and adopting
better irrigation practices will minimise contamina-
tion potential. Increasing the organic matter of the top
10 cm would greatly enhance the filtering capacity of
the soils, and in most cases none of the pesticides
would leach down to the aquifer.
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This study suggests that indicate that the most effec-
tive management to reduce nutrients leaching is by
reducing fertiliser application rates and applying the
optimum irrigation rates. The Karrakatta limestone
sand appears to be the best soil to retain most of the
nutrients.
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Regional Vulnerability to Nutrient Leaching
in the Gnangara Mound under
Different Management Scenarios

R.B. Salama, D.W. Pollock and J.D. Byrne'

Abstract
Regional groundwater vulnerability maps that indicate the impact of leaching of nutrients under different
management scenarios were prepared for the Gnangara Mound using the LEACHN model and GIS
techniques. The results were up-scaled using soil maps under three different management scenarios and
different rates of fertiliser application. In thefirst scenario, the optimum recommended rate of fertiliser appli-
cation and recommended irrigation rate of 100 per cent pan evaporation were applied. In the second scenario,
the application of fertiliser was the same as in the first, but the irrigation rate was increased to 11 mm/day,
which is the level used by the farmers. In the third scenario, the fertiliser application rate was decreased to
half the recommended application rate while keeping the irrigation rate at pan evaporation. Vulnerability to
nutrient leaching was highly dependent on the rate of fertiliser application and the amount of irrigation water.
In the urban areas, the amount of NO5-N leaching below the 80 cm horizon was not more than 50 kg/hain
al three scenarios; but due to the larger areas involved compared with the agricultural area, the total load
that reaches the groundwater from urban areas would be more. Regionally, nitrate was found to be above the

limit in eight sites, mainly in the horticultural areas on Spearwood sands.

THE saNDY soiLs of the Gnangara Mound are highly
porous, and usualy of very high permesbility and
low organic matter content. Excessive amounts of
nutrients are used in the agricultural areas to compen-
sate for losses due to leaching by excessirrigation and
rain. High levels of nitrate-N concentrations are
reported in groundwater below horticultural properties.

Increasing inputs of organic and inorganic fertilis-
ers in urban and agricultural areas are causing an
increase in the amount of nutrients leached into
groundwater in the Gnangara Mound aquifers.
Nitrate-N usually leaches rapidly through the sandy
soils to the groundwater, especially when the ground-
water is near to the surface. On the other hand, phos-
phorus is adsorbed strongly in the topsoils that have
higher clays and organic matter and does not leach as
well as nitrogen. The main sources of nitrate on the
Gnangara Mound are: agriculture, grazing, horticul-
ture, and semi-rural or urban developments; the latter
includes septic systems, unsewered or sewered resi-
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dential areas, lawns, gardens, parks, fertilisers applied
to sports grounds, and leachate from landfills.

The rate of fertiliser application varies consider-
ably between private lawns, public parks and market
gardens. At the same time, irrigation water is applied
at different rates and at different times, which makes
the rates of recharge from irrigation from these
different situations very variable.

Method and Results

This study takes into account results from a previous
study for nutrient leaching and balances in urban
areas (Sharma et al. 1995), as well as recent data
collected from market gardens, and studies of
phosphorus and nitrate loss from horticulture on the
Swan Coastal Plain (Lantzke 1997). The nutrient
balances were used to calibrate the LEACHN model
and to study the regional distribution of leaching.

1 CSIRO Land and Water, Private Bag No 5, PO Wembley,
Western Australia 6913



Nutrient leaching in urban and horticultural
areas, and theregion

Urban areas

In urban areas leached nitrogen was measured in the
form of NO4;-N and NH,-N. Leaching was higher in
summer than in winter, and a most sites NO;-N
concentrations approached or exceed UN World
Health Organisation drinking-water limits during
some parts of the year (Sharma et a. 1995). Leaching
on Bassendean sands was higher than on the
Spearwood sands.

The ratio of N, (output in leachate) to N;, (input
through fertiliser and irrigation) varied considerably
from dite to site, ranging from 0.09 to 0.30. Much
higher proportions of applied N were found to be
leaching beneath Bassendean sands (about 23 per
cent) than under Spearwood sands (about 10 per
cent). Over thisperiod, public sitesgenerally received
far less N input (135 kg/ha) than private sites

Table 1. Water balance for urban and horticultural sites.

(350 kg/ha), yet the average yields in leachate were
similar (public, 31; private, 39 kg/ha). This resulted
in a much higher N,,/N;, ratio for public (0.23)
than private sites (0.12). Most of the fertiliser was
applied during summer, so N concentrations in
leachate were significantly higher in summer than
inwinter (Tables 1 and 2).

The long-term average phosphate concentrations
were much higher in the Bassendean sands (0.81
mg/L) than the Spearwood (0.015 mg/L), due to the
higher adsorption capacity of the latter (Gerritse,
Barber and Adney 1990). Higher than expected
phosphorus concentrations were encountered from
the Corderoy site, attributed to previous higher
applications (Barber et a. 1991). The lower than
expected phosphorus levels in one of the Bassendean
sites was attributed to recent establishment of the
site, meaning that Pis till being adsorbed in the soils
(Sharmaet al. 1995).

Site Inputs (mm) Outputs (mm) Ratios

R P I IT Et Ep RNT InT IT/Ep Et/Ep
Urban
Noranda 846 849 1413 2262 1416 2013 0.374  0.625 1124 0.703
Tuart Hill 480 659 753 1411 931 2013 0.340 0.533 0.701 0.462
Mt Lawley 876 734 990 1724 848 2013 0508 0.574 0.856 0.421
Karrinyup 291 723 745 1468 1177 2013 0.198  0.507 0.729 0.585
Cordeory 696 705 1193 1898 1202 2013 0.367 0.629 0.943 0.597
Balcatta 251 792 642 1434 1183 2013 0175 0.448 0.712 0.588
Ballgjura 1205 848 1543 2392 1187 2013 0.504  0.645 1.188 0.590
Waterman 265 654 769 1423 1158 2013 0.186 0.541 0.707 0.575
Horticultural
Strawberry farm  226.0 430.6 426.0 856.6 630.6 423.2 0.264  0.497 2.024 1.490
Turf farm 153.6 134.0 115.6 249.6 96.0 3245 0.615 0.463 0.769 0.296

Notes: R = recharge, P= precipitation, | = irrigation, I T= total water input (including recharge), Et = estimated evapotranspiration,

Ep ='Class A" pan evaporation.

Table 2. Nutrient balance for urban and horticultural sites (lysimeter data).

Site Flow-weighted Concentration (mg/L) Yield (kg/ha)
NOgN  NH4N TotdN POsP  Cl NOyN NHyiN  Totd N PO,P cl

Urban

Noranda 4.12 0.64 4.76 0.034 129 218 33.75 251.80 181 6810
Tuart Hill 1.56 0.01 157 0.002 104 47 044 47.44 0.06 3113
Mt. Lawley 2.68 0.59 327 0.010 125 147 32.50 179.50 0.56 6857
Karrinyup 2.65 0.02 2.67 0.034 175 48 0.38 48.38 0.63 3190
Cordeory 5.33 1.10 6.43 0.040 60 232 47.81 279.80 2.00 2597
Balcatta 4.04 na 4.04 0.008 110 63 na 63.00 0.13 1733
Ballgjura 5.37 0.07 5.44 0.003 38 404 5.06 409.10 0.25 2857
Waterman 0.83 na 0.83 0.015 111 14 na 14.00 0.25 1842
Horticultural

Strawberry farm 34.62 322 3784 6.740 30 61 5.67 66.69  11.88 52
Turf farm 49.56 539 54.95 4.320 119 84 9.19 93.64 7.37 203

Note: na= not available
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In a Gl S-based study carried out in a groundwater
supply field in the Gnangara Mound (Barber, Otto
and Bates 1996), it was found that groundwater
quality was affected by increasing nitrate. Nitrate
concentrations down-gradient from older unsewered
urban areas exceeded 10 mg/L NO5-N in production
wells. The study showed that the full impact of the
unsewered urban development would occur in
approximately 15-20 years.

Soil Systems & Types

Bassendean Dunes

Horticultural areas

High to very high NO;—N concentrations were found
in the shallow groundwater beneath the production
areasin ten properties investigated by Lantzke (1997).
The high NO4-N concentrations reached the bottom
of the superficial aquifer in only two properties. Due
to denitrification, NO5-N levels did not persist more
than 50-100 m away from the high zones.

« Bassendean Dunes: Ja = Jandakot, Jas = Jandakot Steep, J = Joel, G = Gavin,

Ws = seasonal swamps, P= Pinjar, Wp = permanent lakes & swamps,
Wy = the Yeal Swamp complex, DL= drainage lines
« Spearwood Dunes: Ky = Karrakatta Yellow, Kg = Karrakatta Grey, Kls = Limestone,

Spearwood Dunes

Sp = Spearwood, B = Beonaddy
* Quindulup Dunes (complex parabolic dunes consisting of calcareous sand with minimal
soil profile development):

Q1 — low ridges, often represented by remnants, with deep (50 cm) penetration

Quindulup Dunes

of organic matter and lime cementation below a metre depth
Q2 — complex pattern of small dunes, with moderate relief; organic staining
to 30 cm, and some lime cementation at depth

Q3 — steep irregular dunes with high relief; fairly loose sand with little cementation

alluvial terrain

Q4 — steep irregular dunes of loose sand; no organic staining or cementation
Qp — plain enclosed within parabolic dunes; calcareous soil with deep penetration
of organic matter

Qs — beach ridges of calcareous sand
Qu — presently unstable calcareous sand.
« Alluvia terrain: Ya= Yanga, GG = Gingin Brook complex.

Figure 1. Groundwater sampling sites.
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Figure 2. NOs-N (blue) and PO 4-P (red) content in groundwater monitoring bores.

Detailed studies of nutrient leaching in strawberry
and turf farms were also carried out in 1998 (Salama,
Pollock and Byrne 1999). The results in both loca
tions showed that because of excessive application
of nutrients, NH, and NO; leach to the groundwater
at high rates. The N levels (15-54 mg/L) were above
the acceptable limits in the top 1.6 m of the shallow
aquifer system. This trend decreased abruptly
below 2.0 m where the concentrations were <1 mg/L.
Phosphorus increased with time and decreased
with depth; the concentrations were 4-10 mg/L
above 1.6 m, and 24 mg/L below that depth.
Ammonium—N concentrations ranged from <1 to 4
mg/L in the top 60 cm.

Theregion

Groundwater nitrate-N concentrations within the
Gnangara Mound and surrounding aress are general-
ly low. In a survey of 70 private and public wells
in the Gnangara Mound, most of the wells that
contained high nitrate-N levels were within the
horticultural areas in the Spearwood sand. In eight
wells the nitrate level exceeded 10 mg/L, and in
two wells it exceeded 50 mg/L (PM34 = 91 mg/L;
MM14 = 68 mg/L). In two other wells the nitrate-N
was equal to or more than 5 mg/L; in al the others it
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Figure 3(a). Nitrate-N leaching for Scenario 1.



was below 5 mg/L, with most below 1 mg/L.
Phosphate P levels were very low in all sampled
wells. Sampling sites and results are summarised in
Figures 1 and 2, respectively.

Regional vulnerability to nutrient leaching

In this study, the method used GIS for mapping
aquifer vulnerability, incorporating the information
on soils, landform and landuse maps. The LEACHN
model was used to simulate the leaching of nitroge-
nous fertilisers as applied to both urban and agricul-
tural areas. The model was also used to simulate
several management scenarios of fertiliser and
irrigation applications.

For the urban areas, ammonium-N was applied
twice during the dry season at the rate of 70 kg/ha,
whileirrigation was applied at the rate of 3 mm every
second day. Ammonium-N disappeared from the top
layer in less than 50 days in all three types of soil:
Kls, Ky and Sp of the Spearwood Sands. Also after
100 days about 600 mg/m2 of NO4-N leached to the
50-80 cm layer in the Kls, 1000 mg/m2in the Ky, and
300 mg/mz2 in the Sp.

In the horticulture area, three scenarios were
applied, the results of which are detailed in Salama,
Pollock and Byrne (2001) and illustrated in Figure 3.

Figure 3(b). Nitrate-N leaching for Scenario 2.

The scenarios are as follows.

Scenario 1:
The recommended rates of fertilisers were applied
(Table 9), and the irrigation was also the recom-
mended rate of 100 per cent pan evaporation.

Scenario 2:
The irrigation rate was increased to 11 mm/day,
which is the level used by the farmers. The farmers
apply sprinkler irrigation two or three times per day
for water supply and for cooling during the hot sum-
mer days.

Scenario 3:
The fertiliser application rate was decreased to half
the recommended application rate, while keeping the
irrigation rate at pan evaporation.

Scenario 3, where half the amount of fertiliser was
applied together with the pan evaporation water, shows
the least amount of nutrients leaching through the 80
cm layer. Of the three soils, the Kl s retained most of the
nutrients, as only 16 kg/ha of NO; passed through the
80 cm layer, while 120 kg/ha passed in the Ky and 150
kg/ha passed in the Sp.

In Scenario 1, leaching of NO; in most of the
horticultural areas was 300-350 kg/ha, with four sites
exceeding 400 kg/ha. In Scenario 2, where higher

Figure 3(c). Nitrate-N leaching for Scenario 3.
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irrigation rates were used, leaching in most sites was
more than 400 kg/ha, and in severa sites the NO;
leaching exceeded 450 kg/ha. When the nutrient and
water applications were reduced as in Scenario 3,
only 100-150 kg/ha leached below the 80 cm horizon.

In the urban areas, the amount of nitrate-N leach-
ing below the 80 cm horizon was less than 50 kg/ha
in all three scenarios; however, since the areas where
fertilisers are applied are larger than in the agricultur-
a aress, the total load which reaches the groundwater
from the urban areas is likely to be higher.

Discussion

Denitrification in the unsaturated zone

The main factor affecting denitrification is availabili-
ty of oxygen in soil and groundwater, which often
relates to the amount of organic carbon and redox
conditions. In general, the higher the water content
and organic carbon content of a soil, the less oxygen
the soil contains, and so the higher the denitrification
rate. Meisinger and Randall (1991) devised an index
which can be used to estimate the denitrification

Note: The blank areas on the map are regions with unknown rate i_n a soil, based on the abo_ve p_roperti es. The
organic carbon content, including the Quindalup Dunes organic carbon content of the main soil-types of the
and various wetlands. Gnangara Mound for different landuses were used

Figure 4. Denitrification rates. for the denitrification studies. These data are shown

in Table 3.

Table3. Organic Carbon content for different soils and

landuses.
Soil-type Organic Carbon (%)
Mg P \% Average

G 1.04 3.28 2.68 257
Ja - - 1.10 1.10
J - - 2.02 2.02
B 2.14 - 2.50 232
Kg 1.10 - - 1.10
Kls 0.92 - - 0.92
Ky 0.73 - 0.84 0.77
Sp 0.84 - 2.00 1.23

Notes: Soil Systems& Types
« Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel
«  Spearwood Dunes: B = Beonaddy, Kg = Karrakatta
Grey,Kls = Limestone, Ky = Karrakatta Yellow,
Sp = Spearwood
Landuses
* Mg = market gardens, P= pines, V = vegetables

Figure 5. Denitrification amounts.
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The organic carbon values in Table 3 were con-
verted to denitrification rates; organic matter values
were estimated by doubling the organic carbon values
shown in Table 3. The Gnangara Mound Soils are
considered to be excessively well drained, therefore
only the 'Excessively Well Drained' column from the
Meisinger and Randall table is shown in Table 4.

Table4. Denitrification rates for various proportions of
organic matter in 'excessively well drained' soil.

Organic Matter (%) Denitrification Rate (%)

<2 24
2-5 39
>5 4-12

Denitrification rates were estimated from the
range specified in the Meisinger and Randall index.
The calculations show that the Bassendean sands
(G, Ja, J, Jas) had denitrification rates in the range
3-9 per cent. Of the Spearwood sands, B and Kg had
denitrification rates of 3-9 per cent, while Kls, Ky
and Sp were 24 per cent. Broadly speaking, this
means that the Spearwood sands (which are located
closer to the coast) have lower denitrification rates
than the Bassendean sands (which are located further
inland).

Figure 4 shows the clear distinction between the
soilswith the lower denitrification rate and those with
the higher denitrification rate. The reason for this
clear distinction is that the Bassendean sands general-
ly have a higher organic carbon content and therefore
higher denitrification rate than the Spearwood sands.

The other factor that needed to be considered was
the amount of nitrogen applied to the soil. Different
landuses require different amounts of nitrogen. For
the purposes of this study, it was assumed that 140
kg/ha of N is applied annualy to the soil in urban
areas, and 203.2 kg/ha in market garden areas.
Landuse and soil maps were then used in a GIS to
produce a map of the Gnangara Mound showing the
amount of nitrogen denitrified (Figure 5).

M anagement issues

Considerable progress has been made towards reduc-
ing pollution problems; nevertheless, it is difficult to
control non-point source (NPS) pollution. Thisis main-
ly due to economic as well as regulatory difficulties
that arise in the control of NPS. In most cases, NPS
problems involve the use of severa pesticides and
nutrients from different plots, sub-catchments and
catchments that can be difficult to trace back to one
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user. For example, in the Gnangara Mound most of
the farmers use nutrients and pesticides at excessive
levels. However, only in the areas where groundwater
levels are below two metres from the surface do these
pollutants reach the groundwater at detectable levels.
(Any detectable value is above permissible limits.)
In other areas, where the groundwater is usually
more than 10 m from the surface, the nutrients are
greatly reduced through denitrification, dilution and
dispersion.

Conclusions

Regional groundwater vulnerability maps that indi-
cate the impact of leaching of nutrients under differ-
ent management scenarios were prepared for the
Gnangara Mound using the LEACHN model and GIS
techniques. The results were upscaled using soil maps
under different management scenarios and different
rates of fertiliser application. Vulnerability for nutrient
leaching was highly dependent on the rate of fertiliser
application and the amount of irrigation water. In
the urban areas, the amount of NO; leaching below
the 80 cm horizon was less than 50 kg/ha in all three
scenarios but, due to the larger areas where fertilisers
were applied, the total load that reaches the ground-
water from the urban area is likely to be more than
that from the agricultural area. On the regional scale,
nitrate was found to be above the limit in eight sites,
mainly in the horticultural areas of the Spearwood
sands.

Several aternative approaches are available for
regulators to control pollution. They include taxes
and charges on fertilisers and pesticides, withdrawal
of leases, scaling fine system and subsidies. Most of
the economic instruments normally recommended
with which to target pollution were found not to be
applicable in the Gnangara Mound (Nind 1997). The
traditional economic paradigm assumes that thereisa
socially optimal level of pollution. The Nind study
suggests that this point cannot be reached before
growers are forced out of business.

To reduce NPS pollution, an integrated approach
that includes several options is required. There is a
need to change current practices and reduce fertiliser
application to match crop needs. Wastes from high-
density livestock operations need to be managed as a
point source of pollution. Wetlands, lakes, and rivers
can be used for denitrification; this will reduce the
amount of nutrients leaching to the groundwater.
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Regional Vulnerability to Pesticide Contamination
in the Gnangara Mound under
Different Management Scenarios

R.B. Salama, D.W. Pallock and J.D. Byrne*

Abstract
The Attenuation Factor (AF) model was used to simulate the leaching potential for carbofuran for the soils
of the Gnangara Mound to adepth of 100 cm under three different rates of recharge: 0.1, 0.3 and 0.6 cm/day.
The LEACHPmodel was used to simulate four scenarios for the leaching of atrazine under different irriga
tion ratesin pine plantations and horticultural areas. CML S was also used to simulate travel time for atrazine
to a depth of one metre. Two methods were used to upscale the modelling results: MS-VULPEST was used
to upscale the AF and CMLS results; soil maps and GIS techniques were used to upscale the LEACHP
results. The results showed that due to the high hydraulic conductivity of the Bassendean sands, the travel
time of atrazine to reach a depth of one metre was approximately 59 days, but it was 173 days in some areas
due to high organic carbon. In the Spearwood sands, the travel time was about 77-100 days. The LEACHP
scenarios indicated that by applying high irrigation rates in the horticulture areas, 60—70 mg/m?2 of the
pesticide would leach below the 80 cm layer. These results suggest that there is a potential for some

pesticides to reach the groundwater aquifers, especially in the agricultural areas.

PesTicipECONTAMINATION Of shallow and deep ground-
water has been recorded in many countries. It is
reported that some 32 herbicides, 19 insecticides and
two fungicides have been detected in groundwaters
from various parts of the world (Vighi and Funari
1995). Several pesticides have been detected in
groundwater from the Gnangara Mound, specifically
atrazine and diazinon. However, their concentrations
are well below the Australian National Health and
Medica Research Council (NHMRC) guideline
limits.

Groundwater vulnerability to pesticide contamina
tion depends on severa factors including physical,
chemical and biological processes that determine the
fate of each pesticide. The vulnerability is dependent
on, and strongly affected by, spatia and temporal
variations in these processes. Hydrogeomorphic
Analysis of Regiona Spatial Data (HARSD) method
ology was used in this study as part of the overall
scheme of reducing the uncertainty. HARSD
partitions catchments into areas of similar hydrologi-
cal and hydrogeological characteristics (Salama et al.
1997).
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Vulnerability maps and vulnerability assessments
are tools available to groundwater managers to define
areas at risk from pollution and to develop groundwa-
ter management strategies. Groundwater vulnerabili-
ty is defined as ‘the tendency or likelihood for
contaminants to reach a specified position in the
groundwater system after introduction at some
location above the uppermost aquifer’ (National
Research Council 1993). A vulnerability map is a
graphical display or representation of the degree of
vulnerability of an aquifer as a function of time and
location. Geographic Information System (GIS) tech-
nigues are dynamic and represent various scenarios.

Methods

Soil hydraulic properties (size analysis, hydraulic
conductivity, retentivity and organic content) were
obtained from the results of 21 selected sites repre-
senting the major soil-types in the area under
different management scenarios. Together with the

1 csirROLandand Water, Private Bag No 5, PO Wembley,
Western Australia 6913



regional soil maps, these were used to prepare the
base maps for upscaling the modelling results.

Leaching potential of the pesticides were estimated
using the results from applying several models:
Hornsby Index (Hornsby 1992); AF Index (Rao and
Alley 1993); CMLS (Nofziger et al. 1998); and
LEACHP (Hutson and Wagenet 1992). Regiona
groundwater vulnerability maps that indicate the
impact of leaching of pesticides under different man-
agement scenarios were prepared for the Gnangara
Mound. Regional maps of pesticide leaching were
also prepared using simple GI S techniques to upscale
results from LEACHP modelling.

Soil and water mapping

A detailed soils map of the Gnangara Mound was
collated from previous works by McArthur and
Bettenay (1960) and McArthur and Bartle (1980). The
physical and chemical characteristics of the soils were
obtained from a detailed study of 21 sites in the
Gnangara Mound. The sorption coefficients for the
modelled pesticides with the different soils were
derived in CSIRO Land and Water |aboratories in
Adelaide. Ahydrogeomorphic map for distribution of
recharge based on soils, geology, and attributes of
topography was prepared from a digital elevation
model prepared by the WAL ands Department.

A water-level map for the superficial aquifer of the
Gnangara Mound was prepared using data obtained
from the WAWaters and Rivers Commission SWRIS
database. A depth-to-water map was prepared by
subtracting the coverage of the surface elevation from
the water-level map. The direction of groundwater
flow was determined from the water-level map.
Herbicidesin pine plantations
Establishment of pine plantations in the Gnangara
Mound depends upon the use of herbicides such astri-
azines and glyphosate. The herbicides are applied
once or twice per rotation at the rate of 0.5 kg/ha.

Transport of three herbicides (atrazine, simazine,
and glyphosate) through the sandy soils to groundwa-
ter under the Gnangara Mound has been studied by
Gerritse, Beltran and Hernandez (1996). Simazine,
atrazine and degradation products of atrazine were
moderately-to-strongly adsorbed to surface soils, with
sorption coefficients >5 L/kg. Adsorption increased
with increasing content of soil organic carbon, while
adsorption in the subsoils was weak. Adsorption of
glyphosate appeared to increase exponentialy with
oxides of iron and aluminium, and to decrease with
increasing soil organic carbon. Glyphosate is also
strongly adsorbed to the clay mineral kaolinite, which
explained the strong adsorption measured in some of
the sandy soils of the Gnangara Mound.
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Pesticidesin horticultural areas

In afield study of leaching and degradation of nine
pesticides in the Karrakatta sand, Kookana, Di and
Aylmore (1995) found that chlorpyriphos and chlorthal
dimethyl are degraded to insignificant concentrations
before reaching groundwater. In contrast, metalaxyl,
linuron, and fenamiphos and its metabolites have
much greater leaching potential. Due to much lower
microbial population in the lower vadose zone, these
pesticides may persist longer than expected and may
present a contamination hazard to groundwater.

It was aso found that behaviour of some of
the degradation and transformation products of
fenamiphos, which are toxic, differ markedly between
subsurface and surface soils (Kookana, Phang and
Aylmore 1997). Therefore, the degradation half-lives
of pesticides based on surface soils (from current data
bases) are unlikely to yield an adequate assessment
of their environmental fate, especially movement
through the soil profile to groundwater.

In urban areas around Perth, Gerritse, Barber and
Adeney (1988) sampled 64 boreholes along a transect
through the Bassendean sands and analysed these for
adrin, dieldrin, chlordane, and heptachlor. Generally
the levels of the pesticides were found to be below
detection limit; however, DDT, adrin and chlordane
were dlightly higher in some samples. Most of the
reported cases of pesticide contamination resulted
from malpractices. For example, Appleyard (1995)
reported that spray equipment washed in a backyard
in suburban Perth resulted in contamination of
groundwater with the nematicide fenamiphos and the
herbicide atrazine.

Pesticide extraction

At the laboratory, core samples were cut into three
equa lengths of 100 mm. The soil from each length
was placed on a 30 x 30 cm alloy sheet and mixed
thoroughly.

A soil sub-sample of about seven grams was sam-
pled from each of the three mixed soil depths (0-100,
100200 and 200-300 mm), and the soil placed
into pre-weighed, labelled 16 x 125 mm pyrex vias
with teflon lids. Care was taken to handle each soil
sample using separate scoops made of aluminium
to transfer the soil into the vials. Sub-samples for
moisture content were also taken at the same time.
The vias were then weighed, capped and recorded,
as were the pre-weighed soil moisture content
containers and soil.

Internal standard (25 ml) was then added to each
of the vials, immediately followed by acetone/ether
mixture (5 ml). A blank of the solvents was also taken



at this point. The vias were shaken vigorously for L eaching of pesticidesusing CMLS and
two minutes to mix the soil with the standard and the MS-VULPESTmodels
acetone/ether solution. The vials were placed into a  CMLSwas used to simulate travel time for atrazine to
sonic bath for ten minutes and left to stand for about 4 depth of one metre. The results show that due to the
15 hours. The vials were sub-sampled using pasteur-  high hydraulic conductivity of the Bassendean sands,
pipettes to transfer 1 ml of the solution into 2 Ml the travel time is about 59 days; but it takes approxi-
auto-analyser vias. Thelabelled vidswerecapped and  mately 173 daysin some areas due to the high organ-
placed into a freezer, ready for pesticide analysis. ic carbon. In the Spearwood Sands the travel time was
about 77-100 days.

Results Soil maps of the Gnangara Mound were used
Pesticide analyses of soil samples collected from the  together with the MS-VULPEST model (Zhou and
strawberry and turf farms on separate days fromthree ~ Otto 1999) to study the vulnerability of the most
different depths for various pesticides are shown in commonly used pesticides on a regiona scale using
Table 1. the attenuation factor index (AF). The AF index is

Table1l. Pesticide analysesin the strawberry and turf farms.

Depth of Sample Pesticide (pg/kg)
(em) Atrazine Diazinon Dimethoate Endosulfan Chlorpyrifos  Fenamiphos  Malathion
Srawberry farm (18/09/97)

0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5
Turf farm (14/10/97)

0-10 <1 <5 <10 <10 <5 <5 <5
10-20 <1 <5 <10 <10 <5 <5 <5
20-30 <1 <5 <10 <10 <5 <5 <5

Index
B o-02
[ 0.2-0.4
I 0.4-06
[ ] o608
[ 0.8-1.0 0 10 km
|:| No data — N

Figure 1. AF index of carbofuran to a depth of 100 cm and recharge rates of: (a) 0.1; (b) 0.3; (c) 0.6 cm/day.
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equivalent to the fraction of the applied pesticide
mass that is likely to leach past the chosen reference
depth. Theresults are shown in Figure 1 and illustrate
the regiona risk of a pesticide (carbofuran, in this
case) for the soils of the GnangaraMound under three
different recharge rates: 0.1, 0.3 and 0.6 cm/day.
Although the higher recharge rate indicates a
higher AF index, the results aso indicate that the
soils have high filtering capacity and there is very
small risk that high amounts of pesticide will leach
below one metre. Thisis mainly due to the relatively
high organic carbon content (14 per cent) in the top
15 cm of most soils in the area. The maps show the
effect that different soils have on the AF index.
The soils that are most vulnerable are the Karrakatta
Yellow and Spearwood (Spearwood Dune System),
and the least vulnerable are the Gavin and Joel
(Bassendean Dune System). The AF indices for the
other pesticides show that some, such as metalaxyl,
gave dightly lower AF values than carbofuran;
others, such as atrazine and metribuzin, were signifi-
cantly lower.
Leaching of pesticides using LEACHPand GIS
techniques
The LEACHP model was used to simulate the |each-
ing of atrazine in the pine areas as well as in the
horticulture areas. Modelling was carried out for
the Bassendean as well as for the Spearwood sands.

@

Severa simulations were carried out to ascertain
the effect of the different management scenarios on
the leaching of the pesticides.
Scenario 1:
irrigation water applied at the recommended rate
of 100 per cent of pan evaporation

Scenario 2:
irrigation applied by the farmers (11 mm/day)

Scenario 3:
irrigation water with double the organic carbon
of Scenario 1

Scenario 4:
irrigation water with double the organic carbon
of Scenario 2.

The amount of pesticide applied in al four scenar-
ios was 100 mg/m2. The results (Figure 2) showed that
applying Scenario 1 with the optimum irrigation rates
will increase the travel time of the pesticide and will
retain a higher proportion of the pesticide in the top
layer, thus giving it more chance to degrade. The
results also showed that Ky soils have a higher
filtration capacity to al the modelled pesticides
followed by the Kls while the Sp has the lowest
filtration capacity. In the pines, atrazine leaching past
the 80 cm layer was less than 10 mg/m? in all four
scenarios as no irrigation was applied to the pines.

(b)

Figures2(a—d). Atrazine leaching below 80 cm for LEACHP Scenarios 14, respectively.



In the horticulture areas on the Spearwood sands,
in Scenario 1, more leaching of pesticides took place
due to the application of irrigation water, mostly
3040 mg/m2. In some aress in the Ky soils, the
leaching was lower and ranged between 10 and 20
mg/m2 (Figure 2(a)). In Scenario 2, where higher irri-
gation rates were used, leaching was 60—70 mg/m?2
with the Ky showing dlightly lower values of 50-60
mg/m2 (Figure 2(b)). Adding organic carbon reduced
the flux in the horticultural areas to below 20 mg/m2
in Scenario 3 (Figure 2(c)), but even with double
organic carbon, if theirrigation rate isincreased to 11
mm, the higher rates of water infiltration will reduce
the filtering capacity of the soils and more leaching
will take place (Figure 2(d)).

Conclusions

The results of this study showed that only a small
number of pesticides have the potential to contami-
nate the Gnangara Mound aquifer. This conforms
with the conclusions of Salama, Pollock and Byrne
(2001). The results also indicate that the most effec-
tive management to reduce nutrients leaching is by
reducing fertiliser application rates and applying the
optimum irrigation rates. The Karrakatta limestone
sand appears to be the best soil to retain most of the
nutrients.
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Often managers and farmers do not have many
choices for the selection of the most useful
pesticide that will also have the shortest half-life
and highest sorption coefficient. They will in some
cases be influenced by trade names, advertising and
prices. In most cases, in order to guarantee protection
of their crop, they will use more than one pesticide
that might have the same effect. It seems that the
long-term solution to the pollution problem is
the application of an integrated pest management
practice. Thisincludes using:
minimum amounts of pesticides
biological controls
netting systems
soil amendments to increase the organic
carbon content
better irrigation practices.

Nevertheless, due to the sandy nature of the
Gnangara Mound soils and the fact that between
30 and 50 per cent of the irrigation water reaches
the aguifer, the small number of pesticides that
leach to the aquifer form areal threat to this vital
water source.

(d)
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