
A u s t r a l i a
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 generally 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.
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The alluvial 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 (Ya).

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 variations in 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 
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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
translate 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 developed. The results also 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 laterite 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 alluvium of varying
ages. It is up 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.



5 m relief. The hills and ridges (Jandakot soils (Ja)
generally 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 mineral 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
(Kls)) 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

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). This is in addition to the
expanding urban areas which cover about 20 per cent
of the Mound.
Modified remnant vegetation
An area of 86 000 ha is in natural reserves, in most
cases slightly 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 1. Gnangara Mound soils.
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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
The major agricultural activity in the Gnangara area is
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.

Methodology
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 PVC tape. The samples were well mixed  
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and divided into two halves, one for the determination
of physical and hydraulic properties, the other for
chemical and pesticide studies. Separate samples
were also 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 30 998 19.8

Pine Plantations 23 807 15.2

Water bodies & swamps 10 261 6.5

Drainage lines 2269 1.4

Market gardens 1925 1.2

Remnant 754 0.5

Unidentified 736 0.5

Totals 156 824 100.0

Particle-size distribution
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 a 2 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 all soils. Soil moisture content, θg (gravimetric)
and θv (volumetric), were obtained for the soils at five
matric potentials: 0, -10, -30, -100, and -1500 kPa.
Soils were air-dried at 52˚C for 12 hours. The soil
core rings had a fine nylon filter mesh material of ~90
µm 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.

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 o n
top of the ring and set to run. Two more soil samples
were obtained from under the disc permeameter
immediately after the water had left 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 a 2 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),
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Table 2. Particle-size analysis.

Site No. Soil-type Landuse Sample Depth Particle Size (%)      
(cm)

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

1 J Bb 0–15 0.15 18.57 72.90 7.29 1.62     

40–50 0.15 14.99 77.72 5.71 1.36  

2 Ja Bb 0–15 0.13 57.87 39.33 1.88 0.74     

40–50 0.16 49.29 48.24 1.73 0.25  

3 G Bb 0–15 0.56 47.14 46.17 4.78 0.87     

40–50 0.11 29.97 62.84 6.43 0.59  

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 5.31 1.13

40–50 0.84 35.07 55.71 6.73 1.59  

6 G P 0–15 0.36 27.99 65.00 4.97 1.96     

40–50 0.12 19.74 74.39 4.26 1.36

7 Ky Mg 0–15 0.72 59.97 35.58 2.71 1.03     

0–15 0.61 51.96 43.67 2.74 1.04  

8 Sp 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 0.2 20.79 74.92 3.61 0.61  

10 Ky Bb 0–15 0.59 75.94 20.35 1.89 1.26     

40–50 0.47 65.70 30.79 2.01 1.16  

11 Ja Bb 0–15 0.39 30.11 65.46 3.16 0.10     

40–50 0.16 22.13 72.77 4.19 0.93

12 Sp Mg 0–15 1.13 55.78 36.10 4.33 2.72     

40–50 0.91 45.75 44.84 6.93 1.07  

13 Ky Mg 0–15 1.50 33.68 49.01 12.23 3.78    

40–50 1.07 34.46 51.90 10.45 2.33  

14 Kls Mg 0–15 2.05 32.99 48.83 13.42 3.17     

40–50 1.52 22.94 54.54 18.62 2.61  

15 J Bb 0–15 0.52 54.50 41.39 2.72 1.02     

40–50 0.29 44.06 53.15 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  

17 G P 0–15 0.57 44.23 51.26 2.79 1.48     

40–50 0.57 41.15 55.30 2.31 0.82

18 B Mg 0–15 1.40 45.45 41.38 8.91 3.01     

40–50 1.48 49.12 40.85 6.51 1.96  

19 Kls Mg 0–15 1.13 46.94 45.27 5.21 1.52     

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 0.18 49.72 43.90 4.92 1.58     

40–50 0.26 48.96 45.02 4.17 1.43  

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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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 also indicate that the

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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Figure 3b. Soil moisture retention (Spearwood soils).
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Table 4. Soil physical properties.

Site No. Soil-type Landuse Sample Depth Organic Carbon Dry-soil Porosity, E pH Electrical     
(cm) (%) Bulk Density 1-(bd/2.65) Conductivity

(g/cm3) (mS/cm)

1 J Bb 0–15 2.90 1.23 0.54 4.64 0.0237
40–50 0.89 1.49 0.44 4.51 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 5.12 0.0049 

3 G Bb 0–15 2.94 1.48 0.44 4.92 0.0389
40–50 0.56 1.54 0.42 4.93 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 3.91 0.0221 

7 Ky Mg 0–15 0.57 1.32 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 1.45 0.45 5.61 0.0462
40–50 0.16 1.51 0.43 6.18 0.0219 

9 Sp Bb 0–15 2.50 1.22 0.54 6.08 0.0763
40–50 0.25 1.56 0.41 6.14 0.0239

10 Ky Bb 0–15 0.75 1.47 0.44 5.52 0.0232
40–50 0.28 1.54 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 1.61 0.39 4.64 0.0063

12 Sp Mg 0–1 0.85 1.64 0.38 7.19 0.0486
40–50 0.24 1.55 0.41 7.28 0.0208

13 Ky Mg 0–15 0.82 1.39 0.48 7.02 0.0408
40–50 0.49 1.57 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 1.14 1.30 0.51 4.53 0.0166
40–50 0.84 1.59 0.40 4.65 0.0057

16 Ky Mg 0–15 1.13 1.49 0.44 7.00 0.0231
40–50 0.31 1.45 0.45 7.14 0.0541

17 G P 0–15 2.17 1.20 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 1.48 0.44 7.16 0.0957
40–50 3.08 1.21 0.54 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 1.49 0.44 4.87 0.0150
200 0.50 1.63 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.    



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 all 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 also show that there are not big 
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.

Geomorphological 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 GIS-based
analytical and modelling capabilities to manipulate
spatial 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

• use these 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.
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Table 5. Hydraulic conductivity of Gnangara soils.

Site No. 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 1.54     

40–50 0.41  

4 G Mg 0–15 1.12     

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 1.82  

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 4.41  

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.



Discussion

Comparison of soil landscape with geomorpho-
logical mapping, and its relationship 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. T h e
Bassendean dune system, the oldest of the three dune
systems, may have begun at the RissI-RissII
Interstadial; however, the main accumulation took
place in the Riss-Wurm 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 I
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 Dunes in 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.

Table 6. 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 11,23,24        

alluvial 41,42 

waterbodies & swamps  51,52

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 ≥ 1.8˚). This result-
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 a well-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 alluvial
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 break of slope of the
Bassendean sands. The series of lakes extending in
the north-south line are also 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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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-
als 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, especially 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

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 fall in pH and an increase in the
calcium/magnesium ratio in the residual aeolinite.
There is progressive loss of iron with more effective
removal in the wetter and less-drained areas. 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
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Figure 4. Gnangara Mound HGUs.

Gavin

Jandakot

Beondaddy

Karrakatta

Limestone/Spearwood

Quindalup

alluvial

waterbodies and swamps



landuse. The soils under market gardens were near
neutral pH, whereas those under natural vegetation
were generally acidic in reaction, with some as low 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
at 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 values lead 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 
translate 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-pro-
duced hydrogeomorphic maps. The results show that
the hydrogeomorphic maps can be used in the
absence of detailed soil maps to 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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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 rural and urban centres of Australia rely 
heavily on groundwater for drinking purposes. For
example, nearly two thirds of the drinking water 

supply in metropolitan Perth is extracted from
groundwater. It is therefore imperative that such
groundw a t e r 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 mobility
of pesticides through selected soil profiles of the area.
Sorption is a key 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

Sorption of Selected Pesticides and their Metabolites 
in Soil Profiles of the Swan Coastal Plain

R.S. Kookana1, A. Kerekes1, D. Oliver1, R.B. Salama2 and J.D. Byrne2

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 (Koc) showed
a wide 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 soils; 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.
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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-types in the area, and

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

Materials and 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 s o i l s
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
s h o w n 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 soils was 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, 
as shown 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. Site No. 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 1.48 0.44 4.92 0.0389  
6 40–50 0.56 1.54 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 3.91 0.0221  

9 9 Sp Bb 0–15 2.50 1.22 0.54 6.08 0.0763  
10 40–50 0.25 1.56 0.41 6.14 0.0239  

11 13 Ky Mg 0–15 0.82 1.39 0.48 7.02 0.0408  
12 40–50 0.49 1.57 0.41 6.74 0.0389  

13 15 J Bb 0–15 1.14 1.30 0.51 4.53 0.0166  
14 40–50 0.84 1.59 0.40 4.65 0.0057 

15 16 Ky Mg 0–15 1.13 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 2.16 1.48 0.44 7.16 0.0957  
18 40–50 3.08 1.21 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 1.63 0.38 5.46 0.0055  
23 400 0.10 1.60 0.40 5.20 0.0045  

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.



Sorption measurement
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(NO3)2 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 µm 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 HPLC data system.

Atrazine and metabolites (DEA and DIA) and
azinphos methyl
Waters radial pak liquid chromatography C18 

cartridges (10 cm x 5 mm ID, 4 µm particle size); gra-
dient elution with mobile phase 90:10 H2O:CH3CN
for first two minutes, which then changes over 
for the following five minutes to 50:50 H2O:CH3CN 
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
C1 8 c o l u m n ( 2 5 cm x 4.6 mmID); isocratic elution 
w i t h mobile phase 50:50 H2O : C H3CN; flow-rate 

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
C18 column (25 cm x 4.6 mmID); isocratic elution
with mobile phase 30:25:45 H2O:CH3CN:CH3OH;
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
values. While in several soils the Kd values of the two
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
all 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.
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Table 2. Key properties of the pesticides used in this study (metabolites not shown).

Common name Class pKa Solubility at 25oC (mg/L) Half-life (days) Log Kow

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 al. 1992. 
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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 DIA F FS FSO FL AM P

1 J Bb 0–15 2.90 10.64 7.52 5.85 >40 6.20 8.58 >50 >50 >70    
40–50 0.89 4.19 2.36 2.00 28.30 2.42 2.54 49.72 >50 >70  

2 Ja Bb 0–15 1.02 1.41 1.13 1.00 7.87 0.57 0.42 24.95 39.40 8.78    
40–50 0.14 0.05 0.25 0.30 0.19 0.10 0.00 2.56 0.70 0.68  

3 G Bb 0–15 2.94 5.22 2.96 2.61 28.19 3.12 3.37 49.33 >50 32.01    
40–50 0.56 0.94 0.59 0.63 7.75 0.84 0.59 17.47 24.90 12.39  

6 G P 0–15 4.80 18.72 11.98 9.79 >40 9.89 15.73 >50 >50 >70    
40–50 0.66 2.56 1.16 1.18 18.45 1.66 1.13 >50 >50 29.11

9 Sp Bb 0–15 2.50 1.70 1.26 1.05 9.34 0.00 0.72 >50 >50 6.61    
40–50 0.25 0.10 0.35 0.39 0.47 0.00 0.12 3.84 1.31 0.46  

13 Ky Mg 0–15 0.82 0.55 0.79 0.64 4.81 0.18 0.67 21.57 27.91 1.54    
40–50 0.49 8.38 0.93 0.67 3.90 0.08 0.58 20.26 41.66 1.86  

15 J Bb 0–15 1.14 10.37 5.64 5.05 >40 5.07 7.89 >50 >50 >70    
40–50 0.84 3.05 1.30 1.29 21.37 0.75 1.87 42.93 >50 32.99  

16 Kg Mg 0–15 1.13 0.78 0.85 0.75 10.32 0.27 0.88 9.13 44.68 2.00    
40–50 0.31 0.24 0.54 0.47 1.73 0.00 0.28 4.82 5.08 0.58  

18 B Mg 0–15 2.16 1.26 1.74 1.13 16.51 0.76 1.65 27.25 >50 2.72    
40–50 3.08 3.26 4.65 2.49 33.04 3.01 3.62 34.65 >50 5.09  

19 KLs Mg 0–15 1.05 0.62 0.69 0.60 5.72 0.17 0.57 21.71 26.86 1.75    
40–50 0.48 0.25 0.46 0.40 3.92 0.08 0.53 7.21 7.44 1.06  

20 J Bb 0–10 0.86 1.73 1.62 1.19 5.45 0.42 1.14 12.32 >50 12.56    
200 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.05 0.04    
400 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00 

Notes: Soil-types
B = Beonaddy, G = Gavin, J = Joel, Ja = Jandakot, Kg = Karrakatta Grey, Kls = Limestone, Ky = Karrakatta Ye l l o w, 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
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Kd (Atrazine) = 2.677 x -0.1421, R2 = 0.4795, n = 23

Kd (DEA) = 1.9986 x 0.4613, R2 = 0,694, n = 23

Kd (DIA) = 1,5095 x -0.2115, R2 = 0.6309, n = 23

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 (0–15
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, as with
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 metabolites in the Joel soil. For
the two metabolites, the Kd values in 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, especially those
under Banksia bush or pines. In most surface soils,
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 a lower 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 ≥ DIA and fenamiphos > FSO ≥ 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 

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, especially 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 Banksia bush or pines. This is generally reflect-
ed in the organic carbon contents of the soils, which
tended to be lower in the market garden soils. A
comparison of soils with 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 several 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.
This is likely to be due to greater sensitivity of prom-
etryn to pH differences, resulting from its higher pKa,
as shown in 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
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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. Variations in Koc for atrazine in various soils (soil sample numbers correspond to those in Table 1).

700

600

500

400

300

200

100

0

Soil Samples
0 5 10 15 20 25

Table 4. Sorption for various pesticides.

Pesticide Sorption (Koc)

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: Koc = 100 x Kd/ OC%; SD = standard deviation
Overseas data are from Wauchope et al. 1992
'Overseas mean' Koc for fenamiphos is weighted for sulfoxide as major residue.



pesticides. For example, the soils with OC of 2.5–3
per cent showed a Kd for fenamiphos of 10–40 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 overseas
The Kd and organic carbon values from Table 3 were
used to derive sorption (Koc) for each pesticide in
each soil. Koc values for each pesticide are compared
with overseas data in 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 Koc

would be expected. However, it is clear from the table
that Koc ranged widely between soils, as is evident
from the high standard deviations. For example while
Ko c values for atrazine varied between soils by 
nearly three orders of magnitude, most of the Koc 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 Koc value than those report-
ed in the overseas database (Table 4). This may have
been caused by the acidic nature of several soils used
in the study. Prometryn, being a weak base with a pKa
of 4.05 (see Table 2), would be affected substantially
by pH in these soils. The huge variation in Koc 

values for various pesticides suggests that average
Ko c 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

(40–50 cm) soils were collected from several 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 methyl 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 leaches 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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SE V E R A L M E T H O D S for assessment of soil-water 
q u a l i t y 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
NO3–N, PO4–P, NH4–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).

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

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 sands is
1.5 gm/cm3 with a greater than 98 per cent sand 
fraction within virgin soil.

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
1 9 9 7 .

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

Nutrient and Pesticide Leaching in Experimental Sites 
in the Swan Coastal Plain

R.B. Salama, J.D. Byrne and D.W. Pollock1

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, NH4 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.
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Figure 1. Location of experimental sites.
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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 lysimeters in an
open area out of the influence of irrigation sprinklers.

Soil was sampled with an alloy tube, 47 mm ID x
50 mm OD x 300 mm, using a piece of wood and 
a hammer to gently tap the alloy 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 alloy 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 30–40 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

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 a tractor 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 also installed under the interbed area
between the strawberry beds (Figures 3–4). T h e
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
square with a leachate collection chamber. They also
had a floor sloping towards the extraction outlet of 
the lysimeter. This allowed the extraction of all 
the leachate within the chamber. The sixth lysimeter
was 30 cm shorter and had no sloping floor. The
leachate was extracted via individual 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.
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through a 45–90 µm 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, 1.4, 1.6, 1.8 and 2.0 m from ground-
level. The samples were obtained by suction using
individual syringes for each sampling depth.

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 
aluminium 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 slotted 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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Figure 3. Lysimeter installation (strawberry farm).

Figure 4. Suction cup installation (strawberry farm).
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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 cm intervals 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-

rounding surface level. The leachate dripped into the
collection chamber and samples were taken via a vac-
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 cups installed in 



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 installed (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
data logger and water-level probe.

Results and Discussion

Infiltration and water balance
The results of a long-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
30 cm to 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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Figure 5. Typical lysimeter design used at both farms.
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Figure 6. Daily rainfall from Pearce Weather Station, Bulls Brook, near both farms (1997).

Table 1. Water balance of strawberry and turf farms.

Inputs (mm) Outputs (mm) Ratios  

R P I IT Et Ep R/IT I/IT IT/Ep Et/Ep    

Strawberry 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, I = Irrigation, IT =Total water input (including recharge), Et = Estimated evapotranspiration, 
Ep = 'Class A' pan evaporation.

Figure 7. Location of lysimeters and suction cups (turf farm).
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Table 2. Pesticide analysis.

Depth of Sample (cm)
Pesticide (µg/kg)   

Atrazine Diazinon Dimethoate Endosulfan Chlorpyrifos Fenamiphos Malathion    

Strawberry 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  

Figure 9. Water-level fluctuations.

Figure 8. Location of lysimeters and other instrumentation (turf farm).    
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Figure 10. Distribution of NO3, PO4 and NH4 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 PO4-P Cl NO3–N NH4–N Total N PO4–P Cl NO3–N NH4–N Total N PO4–P Cl    

Strawberry farm (28/05/97-25/11/97)  

384.80 46.80 0.00 34.62 3.22 37.84 6.74 29.73 61.02 5.67 66.69 11.88 52.41   

Turf farm (18/08/97–17/11/97)  

282.30 85.20 0.00 49.56 5.39 54.95 4.32 119.07 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 slightly increased with
time. There was no change in the lysimeter readings.

In both the beds and the interbeds, phosphate
decreased with depth and slightly 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 application of nutrients, NH4 and NO3 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 aquifer 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 slightly 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, PO4 and NH4 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 general similar to
those of the nitrate, although much lower in concen-
tration. The concentrations in 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 NH4

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/ha of 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 also 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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Figure 12. Distribution of NO3, PO4 and NH4 in the interbeds at the strawberry farm.
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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.
Total recharge from irrigation ranged from 26 to 62
per cent of irrigation water. Ammonium and nitrate
concentrations in 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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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 aquifer. The sediments which constitute
the superficial 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

with variable depth to the watertable. The landscape
comprises permanent open-water lakes to 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. T h e
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

Modelling Pesticide and Nutrient Transport
in the Gnangara Mound

R.B. Salama, D.W. Pollock and J.D. Byrne1

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 persists for a long time in the soil due to its long half-life; in most cases, small amounts
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.
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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
r e a d i l y leached to the groundwater aquifers. Natural
background NO3–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 al. 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- l e v e l
changes in both sites. Irrigation is via two metered
overhead sprinklers, two metered 15 mm slotted 
irrigation lines, and by rainfall. Rainfall 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

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 = (Koc /t1/2) x 10
where
Koc is the organic carbon sorption coefficient

t1/2 is pesticide half-life.

AF model
This index 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
a greater contamination potential. The model assumes
first-order decay. The derivation is:

AF = exp
 -0.693dRFθFC 
 qt1/2 

where
d is the distance from the surface to groundwater

RF is the retardation factor

θF C is the volumetric water content at field capacity

q is net groundwater recharge.

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

RF =
1 + ρbƒocKoc 
 θFC 

where
ρb is the soil bulk density (g/cm 3)

ƒoc is fraction of organic carbon.

CMLS model
This is a relatively simple model (Nofziger et al.
1998). It estimates the depth of the peak concentrat i o n
of a pesticide, and calculates the relative amount of
chemical in the soil profile as a function of time after
application. The model 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 pesticides in 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 A t t e n u a t i o n
Factor) were used to screen pesticides to indicate
those compounds likely to be problematic for water
resources. More complex models (CMLS, LEACHP,
and regional models) were then used to assess select-
ed pesticides 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, aldicarb, metribuzin, atrazine,
bentazon, fenarimol, 2,4–D acid, ethoprop, dimethoate
and lindane all 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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Table 1. Leaching potential of the most commonly used
pesticides.

Pesticide Sorption Half-life Leaching 
(Koc) (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  

Intermediate filtration  

linuron (17) 400 60 67  

prometryn (18) 400 60 67  

alachlor (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) 20 000 350 571  

MCPA dimethylamine (26) 2000 25 800  

heptachlor (36) 24 000 250 960  

trifluralin (31) 8000 60 1333  

fenvalerate (30) 5300 35 1514  

High filtration  

endosulfan (34) 12400 50 2480  

DDT(38) 2 000 000 2000 10 000  

methyl parathion (29) 5100 5 10 200  

bromoxynil octanoate(32 ) 10 000 7 14 286  

malathion (24) 1800 1 18 000  

permethrin (37) 100 000 30 33 333  

Note: Numbers between brackets refer to numbers in 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



141

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  

OC 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  

θv 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 (%), θv = volumetric water content (%), BD = bulk density (g/cm3), K = hydraulic conductivity (mm/d)

Soil Systems & Units
Bassendean Dunes: G = Gavin, Ja = Jandakot, J = Joel
Spearwood Dunes: Kls = Limestone, Ky = Karrakatta Yellow, Sp = Spearwood

Landuses
Bb = Banksia bush, P= pines.

Figure 1. Soil-type control on pesticide attenuation in the Gnangara Mound.

Table 2. 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) 1.52 0.0045 0.35  

Jandakot (Ja) 1.62 0.0014 0.32 

Note:
Numbers superimposed on
graph denote the pesticides
listed in Table 1.
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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. T h e
Karrakatta soils have the least capacity of filtering
pesticides and two additional pesticides (metribuzin
and monocrotophos) have the potential to leach
through it. All the other pesticides used in the
Gnangara Mound do not have the potential 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 several areas, all 
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 all 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.
This largely confirms the modelling results.

Modelling of Management Scenarios

Scenarios to 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

(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 takes 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 (2OC), 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 Kls topsoil, and for less than
200 days in the subsoil (Table 6). It leached below the
topsoil 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.

Table 4. Model pesticide parameters used to run LEACHP.

Parameter Atrazine DEA DIA Fenamiphos F sulfoxide 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   
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Scenarios to 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 also used to
simulate several management scenarios of fertiliser
and irrigation applications.

Table 9. 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 all
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/m2 in Ky, and 300 mg/m2 in Sp.

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

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

Kls Ky Sp  

I 360 300 330  

II 480 410 460  

III 16 120 150 

In the horticulture area, three scenarios were
applied, the results of which are shown in Tables 10
and 11.
Scenario I
The recommended rates of fertilisers were applied
(Table 9), and the irrigation was also the recommend-
ed rate of 100 per cent pan evaporation.
Scenario II
The irrigation rate was increased to 11 mm/day, which
is the level used by the farmers. The farmers apply

Table 5. 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

Table 6. 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 7 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
below 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



sprinkler irrigation two or three times per day for water
supply and for cooling during the hot summer days.
Scenario III
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 II), 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 III, 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. In A u s t r a l i a ,
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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Table 11. Ammonium and nitrate in various layers after 250 days.

Scenario Sample NH4-N & NO3-N, by Soil-type (mg/m2)
Depth

Kls Ky Sp    (cm)
NH4-N NO3-N NH4-N NO3-N NH4-N NO3-N  

I 0–20 250 1800 250 1800 400 2800   

20–50 250 2600 350 3600 350 3000   

50–80 10 2600 100 2900 0 500  

II 0–20 60 250 50 400 100 400   

20–50 100 510 150 1200 120 600   

50–80 60 850 100 1300 60 1100  

III 0–20 160 800 150 800 180 1400   

20–50 160 1300 160 1600 160 1500   

50–80 0 1300 50 1450 0 1750 
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THE SANDY SOILS of the Gnangara Mound are highly
porous, and usually of very high permeability and 
low organic matter content. Excessive amounts of
nutrients are used in the agricultural areas to compen-
sate for losses due to leaching by excess irrigation 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-

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

Regional Vulnerability to Nutrient Leaching 
in the Gnangara Mound under

Different Management Scenarios 

R.B. Salama, D.W. Pollock and J.D. Byrne1

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 the first 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 NO3-N leaching below the 80 cm horizon was not more than 50 kg/ha in
all 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.



Nutrient leaching in urban and horticultural
areas, and the region
Urban areas
In urban areas leached nitrogen was measured in the
form of NO3-N and NH4-N. Leaching was higher in
summer than in winter, and at most sites NO3-N 
concentrations approached or exceed UN Wo r l d
Health Organisation drinking-water limits during
some parts of the year (Sharma et al. 1995). Leaching
on Bassendean sands was higher than on the
Spearwood sands.

The ratio of Nout (output in leachate) to Nin (input
through fertiliser and irrigation) varied considerably
from site 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 this period, public sites generally received
far less N input (135 kg/ha) than private sites 

(350 kg/ha), yet the average yields in leachate were
similar (public, 31; private, 39 kg/ha). This resulted 
in a much higher Nout/Nin 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 
in winter (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 al. 1991). The lower than
expected phosphorus levels in one of the Bassendean
sites was attributed to recent establishment of the 
site, meaning that Pis still being adsorbed in the soils
(Sharma et al. 1995).
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Table 1. Water balance for urban and horticultural sites.

Site Inputs (mm) Outputs (mm) Ratios   
R P I IT Et Ep R/IT I/IT IT/Ep Et/Ep  

Urban

Noranda 846 849 1413 2262 1416 2013 0.374 0.625 1.124 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 0.508 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 0.175 0.448 0.712 0.588  

Ballajura 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 96.0 324.5 0.615 0.463 0.769 0.296  

Notes: R = recharge, P= precipitation, I = irrigation, IT= 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)
NO3-N NH4-N Total N PO4-P Cl NO3-N NH4-N Total N PO4-P Cl  

Urban

Noranda 4.12 0.64 4.76 0.034 129 218 33.75 251.80 1.81 6810  

Tuart Hill 1.56 0.01 1.57 0.002 104 47 0.44 47.44 0.06 3113  

Mt. Lawley 2.68 0.59 3.27 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  

Ballajura 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 3.22 37.84 6.740 30 61 5.67 66.69 11.88 52  

Turf farm 49.56 5.39 54.95 4.320 119 84 9.19 93.64 7.37 203  

Note: na = not available



In a GIS-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 NO3-N in production
wells. The study showed that the full impact of the
unsewered urban development would occur in
approximately 15–20 years.

Horticultural areas
High to very high NO3–N concentrations were found
in the shallow groundwater beneath the production
areas in ten properties investigated by Lantzke (1997).
The high NO3-N concentrations reached the bottom
of the superficial aquifer in only two properties. Due
to denitrification, NO3-N levels did not persist more
than 50–100 m away from the high zones.
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Soil Systems & Types
• 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, 
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 
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
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.

• Alluvial terrain: Ya = Yanga, GG = Gingin Brook complex.

Figure 1. Groundwater sampling sites.
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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, NH4 and NO3 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 2–4 mg/L below that depth.
Ammonium–N concentrations ranged from <1 to 4
mg/L in the top 60 cm.
The region
Groundwater nitrate-N concentrations within the
Gnangara Mound and surrounding areas 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 all the others it 

148

Figure 3(a). Nitrate-N leaching for Scenario 1.
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Figure 2. NO3-N (blue) and PO4-P (red) content in groundwater monitoring bores.

Note: Soil Systems and Types as for Figure 1.
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Figure 3(b). Nitrate-N leaching for Scenario 2. Figure 3(c). Nitrate-N leaching for Scenario 3.

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,
while irrigation 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 NO3-N leached to the
50–80 cm layer in the Kls, 1000 mg/m2 in the Ky, and
300 mg/m2 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.

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 Kls retained most of the
nutrients, as only 16 kg/ha of NO3 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 NO3 in most of the 
horticultural areas was 300–350 kg/ha, with four sites
exceeding 400 kg/ha. In Scenario 2, where higher 



irrigation rates were used, leaching in most sites was
more than 400 kg/ha, and in several sites the NO3

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-
al areas, 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 
rate in a soil, based on the above properties. The
organic carbon content of the main soil-types of the
Gnangara Mound for different landuses were used 
for the denitrification studies. These data are shown
in Table 3.

Table 3. Organic Carbon content for different soils and
landuses.

Soil-type Organic Carbon (%)   
Mg P V Average  

G 1.04 3.28 2.68 2.57  

Ja – – 1.10 1.10  

J – – 2.02 2.02  

B 2.14 – 2.50 2.32  

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 Ye l l o w, 
Sp = Spearwood

Landuses
• Mg = market gardens, P= pines, V = vegetables
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Figure 5. Denitrification amounts.

Note: The blank areas on the map are regions with unknown
organic carbon content, including the Quindalup Dunes 
and various wetlands.

Figure 4. Denitrification rates.
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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.

Table 4. Denitrification rates for various proportions of
organic matter in 'excessively well drained' soil.

Organic Matter (%) Denitrification Rate (%)  

<2 2–4  

2–5 3–9  

>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 2–4 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
soils with the lower denitrification rate and those with
the higher denitrification rate. The reason for this
clear distinction is that the Bassendean sands genera l-
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 annually 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).

Management issues
Considerable progress has been made towards reduc-
ing pollution problems; nevertheless, it is difficult to
control non-point source (NPS) pollution. This is main-
l y due to economic as well as regulatory difficulties
that arise in the control of NPS. In most cases, NPS
problems involve the use of several pesticides and
nutrients from different plots, sub-catchments and
catchments that can be difficult to trace back to o n e
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u s e r. 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 NO3 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 alternative 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 there is a
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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