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Degradation is signalled by the complete metabolisation of the benzene ring and the release
of "C01, so the degradation rates cannot be compared to true half-lives. However, the
potential to degrade the compound in the lower horizon is muchreduced in comparison to the
topsoil, only 2 of the 6 replicates showing any degradation. This also suggests that the
degradation potential at depth is likely to be much more variable in a lateral sense when
compared to the topsoil. It may be appropriate to study theanaerobic degradation also at this
depth.

Analysis of the number of viable aerobic heterotrophs at depthshows a tenfold reduction with
depth from 1.1 x 10' to 1.5 x 106cfu/g. The higher clay content at depth (Jarvis and
Hazelden, 1982) particularly of smectite (Figure 6) may also influence degradation through
adsorption of the pesticide, making it less available to bacteria as noted by Sims et al.,
(1992).

4.3.2 Mini-lysimeter data on pesticide transport

Intact soil cores were taken from Wytham but considerable problems were encountered due
to the shrink-swell nature of the clay soil and the propensity of the rain/irrigation water to
move down the edge of the column. The methods being usedare now being improved by the
use of vaselinc to reduce preferential flow of water and solutes down gaps between the soil
core and the PVC or aluminium containers in which the soil is held.

4.3.3 Persistence of residues in the field

Table 3 shows the even distribution of pesticide over a 12 m long sampling area on the
spraying day, which indicated a remarkably even application. The measurement of soil
residues showed a good agreement between the replicates within each square metre that was
sampled. The decline in amount over time (Figure 25, see also Table 10) gives a curve
which suggests a DT50in the region of 30 days, as expected. However, when the pesticide
concentration was reduced to the 1 mg/kg level in soil it persisted for a longer period than
would have been predicted by the DT50assumption of 30 d. This phenomena of increased
persistence of a small proportion of the soil residues was also observed with isoproturon by
Mudd et al. (1983) in a sandy loam soil. This may be because this residual pesticide is
protected in some way from degradation and is not bio-available. An alternative explanation
is that degradation was reduced due to increasing moisture stress in the drier summer months.

Table 3 Distribution of isoproturon (expressed as kg/ha) at Wytham on spray day,
10th February 1993, measured by a series offilter paper discs spread across
the plot (30 m).




A B C D E

1 2.67 2.25 2.95 2.62 2.17

2 2.43 2.61 3.06 2.53 1.92

3 2.71 2.37 2.76 216 1.91

4 2.59 2.12 2.79 2.38 1.97

Overall mean = 2.45 kg/ha
SD = 0.33
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4.3.4 Isoproturon in overland flow water

Whilst data were collected on isoproturon concentrations in overland flow water, the total loss
of pesticide from the field plot by this route cannot be estimated, as the overland flow traps
collected water from an unlcnown and variable area. The data does, however, give an
indication of the amounts of pesticide that could be mobilised and transported from the soil
surface. This is potentially the same water that could enter a macropore and flnd its way to
the drainage system. Between day 50 and 90, rainfall events generated both overland flow
and drainflow, but from 90 d, rainfall generated overland flow without drainflow (see
Figure 13). The chloride and sulphate concentrations found in the overland flow water were
lower than that in the soil water (up to 50% less for chloride) collected by the suction
samplers (see Tables 4, 5 and 6). Clearly the overland flow that occurred during this period
of May to July would have been limited in its extent by the large shrinkage cracks that were
developing during this period. The small volumes of 500-100 ml collected by the 2 m traps
during this period would probably have been from rainwater that collected immediately in
front of the traps. It is interesting to speculate on the fate of the isoproturon carried in
overland flow water and deposited within shrinkage cracks. The potential for isoproturon
degradation in the lower horizon would appear to be very low, as indicated by the "C-
isoproturon degradation experiment (see Fig. 24). Possibly this isoproturon is trapped within
the matrix for many years, it may possibly reach the groundwater or leak into the drains in
succeeding seasons.

Table 4 Isoproturon and anions in the overland flow traps





Days from 50 56 64 75 90 100 106 113 120 124 127
Doproturon
application









0171
isoproturon

1.100 330.0 200 95.0 61.0 102.0 62.0 NA 30.0 NA NA

OFT1
chloride

11 6.5 3 3.5 4.0 5.0 4.0 NA 10.5 NA NA

OFT I
sulphate

26 16.5 8 6.5 8.0 13.5 11.0 NA 11.0 NA NA

OFt
nitrate

>50 >50.0 >25 >25.0 4.6 >25.0 >25.0 NA 21.0 NA NA

isoproturon
535 330.0 158 52.0 20.0 30.0 33.0 31 NA 18.8 13.0

OFT2
chloride

10 6.0 3 4.5 2.5 3.5 2.5 50 NA 7.0 5.5

OFT2
sulphate

23 14.5 2 7.0 6.0 7.5 9.0 7 NA 8.5 7.0

OFT2
nitrate

>50 >25.0 >25 >25.0 0.6 >25.0 8.6 >25 NA 5.2 5.2

Key






Concentrations given as ;4/1 for




NANo determination possible





isoproturon and mg/1 for anions




>25.0Above highest standard
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Table 5 Anions in 25 cm suction samplers





Days from ipu
application

(a) bromide

28

0.30

40

0.25

42

0.20

4950

NANA

56

7.6

64

10.4

71

9.00

78

6.25

85

4.00

100

2.70

113

0.8

(a) chloride 37.00 30.00 31.00 NANA 23.0 16.5 16.50 15.00 18.50 16.00 4.0

(a) sulphate 46.00 42.00 44.00 NANA 31.0 31.0 31.00 26.00 26.00 22.0019.0

nitrate 19.00 >25.00 >25.00 NANA >200.0 176.0 120.00 63.00 20.00 >50.00 6.2

bromide 0.36 0.30 0.25 NA0.4 NA 4 6 4.60 4.00 3.00 2.05 NA

(b) chloride 28.00 30.00 28.00 NA33.0 NA 25.0 23.00 19.00 18.00 19.00 NA

(b) sulphate 19.00 27.03 28.00 NA30.0 NA 28.0 27.00 22.00 18.50 17.50 NA

(b) nitrate 3.40 >25.00 >25.00 NA >50.0 NA >100.0 >75.00 50.00 17.00 >25.00 NA

(c) bromide NA NA NA 0.25NA 2.7 5.5 5.75 3.20 3.00 NA NA

(c) chloride NA NA NA 27.00NA 26.0 21.0 22.00 13.00 15.00 NA NA

(c) sulphate NA NA NA 34.00NA 31.0 27.0 25.00 18.00 19.00 NA NA

(c) nitrate NA NA NA >25.00NA >50.0 >125.0 >125.00 42.00 26.00 NA NA

(d) bromide 0.45 0.30 NA NANA 1.9 2.9 2.90 2.60 1.85 0.75 NA

(d) chloride 30.00 29.00 NA NANA 20.0 18.5 18.50 16.50 17.50 10.00 NA

(d) sulphate 23.00 29.00 NA NANA 26.0 24.0 25.00 15.50 15.50 17.50 NA

(d) nitrate 1.80 >25.00 NA NANA >25.0 >50.0 44.00 1.60 0.50 >25.00 NA

Key Concentrations given aspg/1
NA No water collected
>25.00 Above highest standard

4.3.5 Isoproturon in the soil water collected by the suction samplers

Data from the suction samplers showed the presence of large amounts of pesticide at depth
after the rain event 16 days after application (see Table 7). The suction sampler data must
be viewed with great caution as bromide tracer added on day 35 in the immediate vicinity
around the 50 and 75 cm suction samplers was detected after only 5 days by all of these
samplers. This suggested that water could enter their silica flour 'pots' by running down
along the length of the suction sampler directly from the soil surface. In other words, the
suction samplers themselves acted as macropores. However, the suction samplers must have
interacted to some degree with the surrounding soil pore water as the anion concentrations
detected by these instruments were greater than those found in overland flow (see Tables 5
and 6).
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Table 6Anions (mg/0 in 50 and 75 cm suction samplers

2835404249505664 71 78 85100

50 (a) bromideNA 0.20 24.0 22.00 NA 12.4 5.00 NA NA NA NANA

50 (a) chlorideNA 32.00 26.0 27.00 NA 31.0 17.50 NA NA NA NANA

50 (a) sulphateNA 33.00 28.0 27.00 NA 30.0 29.00 NA NA NA NANA

50 (a) nitrateNA >25.00 30.0 32.00 NA 88.0 >100.00 NA NA NA NANA

50 (b) bromide0.15 NA NA 4.50 NA 2.9 NA 2.05 NA 1.50 NA1.05

50 (b) chloride35.00 NA NA 38.00 NA 36.0 NA 40.00 NA 32.00 NA33.00

50 (b) sulphate36.00 NA NA 42.00 NA 37.0 NA 50.00 NA 48.00 NA41.00

50 (b) nitrate18.40 NA NA 23.00 NA >50.0 NA > 25.00 NA >25.00 NA> 25.00

75 (a) bromide0.10 0.10 1.2 1.05 0.65 NA 2.05 0.95 2.9 1.60 0.80 0.65

75 (a) chloride26.00 27.00 32.0 32.00 34.00 NA 21.00 11.00 18.5 24.00 21.0024.00

75 (a) sulphate38.00 38.00 42.0 39.00 50.00 NA 39.00 29.00 25.0 48.00 26.0029.00

75 (a) nitrate>25.00 >25.00 >25.0 >25.00,25.00 NA >25.00 > 25.00 44.0 >25.00 64.0025.00

75 (b) bromide0.10 0.15 31.0 25.00 NA 8.8 NA 1.40 0.9 0.85 1.451.10

75 (b) chloride41.00 50.00 50.0 47.00 NA 31.0 NA 13.00 16.0 17.50 28.0037.00

75 (b) sulphate>50.00 50.00 100.0 90.00 NA 65.0 NA 27.00 32.0 25.00 56.0050.00

75 (b) nitrate>25.00 >25.111 45.0 72.00 NA 110.0 NA >251D 25.0 >25.00 42.0925.00

Key Concentrations given as ug/I
NA No water collected
>25.00 Greater than highest standard

Table 7




Isoproturon in the suction samplers







Days from Ipu 7 14 21 28 35 40 42 49 SO 56 64 71 78 85 100 113
•polkution











Su 25. 19.8 9.3 73.0 350.0 NA 340.0 200.0 80 NA 170 129 151 163 112 44.0 22

Su 256 18.1 6.9 NA 500.0 NA 230.0 250.0 NA NA 185 118 135 122 109 61.0 NA

Su 25c NA NA NA 15.0 NA 110.0 NA NA NA 220 195 126 98 96 NA NA

Su 25d NA NA NA NA NA NA NA NA NA NA 180 NA 136 113 47.0 NA

Su 25 man 18.7 8.1 73.0 288.0 NA 227.0 225.0 80 NA 142 155 137 129 107 51.0 22

Su 50a 4.6 5.8 2.4 6.5 5.6 10.6 10.6 NA 79 240 10 NA 59 54 29.0 NA

Su 506 0.0 NA NA NA NA NA NA NA 83 NA NA NA NA NA NA NA

Su 50 mean 4.6 5.8 2.4 6.5 5.6 10.6 10.6 NA 81 240 30 0 59 54 29.0 NA

Su 75a 0.9 4.6 1.5 1.3 1.0 1.1 1.1 NA 250 50 67 151 99 30 15.6 NA

Su 756 4.3 NA 102.0 290.0 210.0 175.0 1130.0 NA NA NA 102 29 37 92 56.0 NA

Su 75 mean 2.6 4.6 51.7 146.0 105.0 88.0 90.0 NA 250 50 84 90 68 61 35.8 NA

Key








given as pg/1





Coreenwations
NANo water collected
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4.3.6 Isoproturon in mole drainage water

Three mole drains, 25, 24 and 22 contained 75 ml capacity sumps from which water was
collected on a routine basis. It would be difficult to establish whether the drainage water
collected in the sump reflected the initial drainage water, the penultimate drainage water or
an average of the two. Comparison with the field drain isoproturon concentrations for 50 d
would suggest that the water in the sump reflects the 'tail' of the event. Water was collected
from all three sumps on days 50, 56 and 64, with concentrations of 185 to 290 pg/I on day
50 to 108 to 129 pg/I on day 64 (see Figure 13 and Table 8). It is interesting to note that the
mole with the highest concentration of pesticide varied depending on the event. Water could
be collected from only one or two of the three moles from days 75 to 90, and none
subsequently. The reduction in water reaching the mole drains (and also the fielddrain) from
day 75 onwards can be ascribed to an increasing water deficit in the soil, influencedmainly
by crop water use and evaporation. It is interesting to note the similarity in pesticide
concentrations in overland flow and mole drain water from the day 75 period. Soil surface
residues also remained stable over this period, at around 1 mg/kg.

Table 8 Isoproturon and anions in mole drain water

Days after isoproturon

Mole 25 isoproturon (ppb)

bromide (ppm)

chloride (ppm)

sulphate (ppm)

nitrate (ppm)

Mole 24 isoproturon (ppb)

bromide (ppm)

chloride (ppm)

sulphate (ppm)

nitrate (ppm)

Mole 22 isoproturon (ppb)

bromide (ppm)

chloride (ppm)

sulphate (ppm)

nitrate (ppm)

50 56 64 75 78 90

280.0 134.0 108.00 67.0 65.00 44.0

13.6 6.0 3.10 2.7 3.00 4.0

18.0 24.0 14.50 21.0 21.00 5.5

32.0 33.0 23.00 29.0 22.00 16.5

208.0 >100.0 >50.00 36.0 0.20 >50.0

290.0 205.0 124.00 NA NA NA

1.0 0.4 0.05 NA NA NA

14.0 13.0 4.50 NA NA NA

29.0 26.0 16.00 NA NA NA

>50.0 >25.0 >25.00 NA NA NA

185.0 210.0 129.00 NA 36.00 NA

0.1 0.1 0.05 NA 0.05 NA

13.0 8.5 5.50 NA 8.00 NA

26.0 17.0 12.03 NA 17.50 NA

>50.0 >25.0 >25.00 NA 21.00 NA

Key
>50.0 Above highest standard
NA No water collected
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4.3.7 Isoproturon in main field drainage water

The first rainfall event which triggered the autosampler is shown in Figure 12 and the second
in Figure 15. A number of observations can be made from these storm events:

In both events the delay between the onset of rainfall and drainflow appeared to be
related to the development of a positive head in the topsoil recorded by the 10 cm
PTT (Figure 16), as described in section 4.1.2.

Isoproturon and drain flow velocity appear to be closely related, although the peak
pesticide concentration lags behind peak drainflow by 1 h and pesticide concentrations
decline more slowly with time with respect to drainflow. This hysteresis effect can
be seen for both storm effects in Figure 26. Possible explanations are given below.

Isoproturon concentrations and anion concentrations show an inverse relationship in
both storm events (see Figures 27 and 28). In other words as isoproturon
concentrations increase, so anion concentrations decrease, and vice versa.

The main field drain catchment for the plot was estimated to be 1800 tri2 and together with
the amount of pesticide known to be available in the soil surface at that time (2.9 mg/kg,
giving approximately 167 g in 1800 m2), in 8 h of rainfall on 1,4,93 drain efflux was 7000 I.
A cumulative loss of 2.5 g is suggested, this would mean a loss of 1.5% to the drainage in
the first event. The second event based on the same parameters yielded 2 g, an equivalent
of 1.2%. Therefore in the combined events, 2.7% of the pesticide was lost to the drainage
in a matter of 3 days. It was estimated that 30% of the rainfall that fell in the events entered
the tile drain.

4.3.8 Isoproturon in the ditch at the bottom of the field

Water samples were taken on a routine basis (once a week on average) both from the field
drain 2 outfall and from the ditch I m upstream from the field drain 3 outfall. Unfortunately
the field and adjacent ditch at Wytham do not comprise a hydrologically defined catchment.
A component of the water in the ditch would have come from the nearby Wytham wood and
therefore would have diluted the field/pesticide component, but the figures are of interest in
terms of revealing pesticide concentrations in a ditch which ultimately enters the Thames.

Pesticide concentrations in the ditch from the spraying day until 100 days after spraying were
routinely above 0.1 ptg/I (see Figure 29 and Table 9). The highest concentrations of 16.8 and
23 pig/I corresponded to rainfall events on or prior to days 42 and 50.

4.4. MODELLING WORK

Only a very preliminary attempt has been made to model the Wytham soil water processes.
At this point in time it is not certain that the processes controlling pesticide runoff have been
defined and a suitable conceptual model formulated. The model developed to describe
pesticide movement at Rosemaund (Williams and Volkner, 1993) has been modified in a first
attempt to simulate the perceived Wytham soil flow routes.
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The model consists of a number of connected boxes which describe the changing properties
of the soil both vertically through the soil profile and horizontally as they are influenced by
the presence of drains. Macropore flow is allowed through cracks that penetrate through the
soil layers and whose extent is defined by the percentage of volume the macropores occupy.
Cracks close as the soil water content increases in a linear manner up to a minimum value
which represents the volume of biopores. The model is designed to represent a drainage
element of the soil which is considered as the area from one drain mid point to the next. For
this exercise the mole drains were considered to be the relevant drainage mechanism. The
model is driven by hourly rainfall with the rate of movement of water out of a given box
being proportional to its water content.

Pesticide is distributed between the soil and the soil water using a single valued instantaneous
adsorption isotherm. The partition coefficient was calculated from the product of the koc and
the organic carbon content. Degradation of pesticide occurs at a uniform rate throughout the
profile, the rate being proportional to the pesticide concentration. Pesticide is transported
through the soil profile dissolved in the soil water.

The model was set up so that the main flow path was lateral through the near surface (to
40 cm), this flow being intercepted by a high conductivity area representing the mole drains.
Once in the mole the water was transported immediately to the tile drain. Water was not able
to move vertically other than in the area inunediately above the drain. Lateral flow below
40 cm was also not allowed.

A preliminary simulation of the first two rainfall event described earlier was carried out with
no site calibration other than to establish the flow paths described above. The results achieved
were encouraging, with the model predicting concentrations in the drains of a few
hundred tig/I for both events; the first higher than the second. It is too early to say whether
this modelling approach has been valid or useful in describing the pesticide processes at
Wytham, however, it is heartening that such high concentrations as those observed at Wytham
can be simulated.

5. Preliminary conclusions on pesticide persistence
and transport at the field site

5.1 DEGRADATION

The degradation of isoproturon as deduced from the reduction in concentration in the soil
surface was as expected. A DT50 of 30 d was estimated from the decline in residues. The
increased persistence of residues from 78 d after application suggests that these residues may
have an enhanced protection from biodegradation. This may be due to a strong sorption with
the organic matter fraction of the soil. However, rainfall during the 80-162 d period did elicit
small-scale overland flow which contained isoproturon in the range of 13-60 fig/I. Clearly
the pesticide does not become completely unextractable so why does the degradation rate 80 d
after application decline to an approximate DT50 of 70 d from an initial value of 30 d?
Walker (personal communication) has shown with alachlor that the proportion of aqueous ,
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Table 10 Isoproturon present in top 2 cm of soil at Wytham (mg/kg)

Days after isoproturon
spraying

7 21 35 49 64 78 100 113 127 141 155

Replicates

1 7.80 6.96 229 2.91 1.85 0.83 0.92 0.89 1.02 0.41 0 37

2 8.24 6.82 2.02 2.95 1.78 0.86 1.26 0.84 1.06 0.57 0.50

3 9.69 7.60 2.76 2.92 2.35 1.13 0.91 0.79 0.77




4 10.43 8.50 2.98 2.82 2.35 0.94




0.69 0.80




available pesticide as opposed to total declines with time. Degradation must therefore become
increasingly limited by desorption kinetics over time. An alternative explanation is a decline
in microbial activity due to a reduced moisture content in the soil surface, an important factor
in degradation rate (Walker, 1991).

5.2 THE RELATIONSHIP BETWEEN SOIL RESIDUES AND THE PESTICIDE
AVAILABLE FOR TRANSPORT

The mechanism of pesticide transport to the drains via macropores studied by this project, is
based on the assumption that the majority of water entering the macropores is from the
immediate soil surface. In this case the pesticide in the top few cm of the soil (mixing zone)
is that which is primarily responsible for contamination of the drainage water. The pesticide
in the soil may be considered as belonging to one of three groups: aqueous, weakly sorbed
(aqueous extractable) and strongly sorbed (methanol extractable). Sorption experiments for
isoproturon and Wytham soil have not yet been carried out, so it cannot yet bepredicted how
much of the pesticide belongs to each category in the field. However by day 50 the aqueous
phase is likely to be by far the smallest component. It may be that only the aqueous phase
pesticide is involved in transport in the storm events. This pool would appear to be
replenished between the events by desorption from the solid phase. It is not clear whether
desorption occurs on a significant scale during a storm event (Note: pesticide may also be
transported whilst sorbed onto sediments).

The amount of rainwater mixing with soil water at the soil surface (once matrix infiltration
capacity had been exceeded) must also influence the concentration of pesticides found in
drainage water (probably related to rainfall intensity). This will dilute the pesticide
concentration of the original soil porewater. A schematic diagram which illustrates some of
these factors is shown in Figure 30.

5.3. SUGGESTED MECHANISM FOR PESTICIDE TRANSPORT TODRAINAGE

Data shown in Figures 27 and 28 together with soil hydrology data (Figure 16) may be
interpreted in the following way:
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Figure 30. Factors involved in pesticide transport
by vertical by-pass flow
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(I) Prior to rainfall the majority of pesticide is distributed throughout the top few cm of
the soil, whilst the anions are distributed throughout all of the topsoil, as natural
components of the soil porewater, possibly anions may also be concentrated on some
of the macropore walls due to water evaporation (Figure 31).

(2) Rainfall wets up the topsoil from the top down, nothing happens until a positive head
is achieved in the topsoil (top 10 cm). Some of the pesticide may be moved to below
the surface 'mixing zone' during this period. In this case the longer the delay
between inception of rainfall and initiation of drainflow, the less pesticide may be
available for transport by preferential flow mechanisms (Baldwin et al., 1975).

When the topsoil becomes saturated and cannot accept any more rainwater, lateral
water movement is initiated, possibly both within the top 10 cm and at the soil
surface. Some of this water connects to vertical macropores

From experimental work on mole drain flow and solute movement at Wytham, Haigh
(1985) suggested that water entered the macropores in the B horizon from within the
topsoil, rather than directly from the soil surface.

The macropore walls become saturated as water moves down from the surface.

Water runs down a combination of macropores to reach the drains, and re-adsorption
of pesticide onto worm burrow walls may occur (Edwards, 1991; Stehouwer et al.,
1993). The function of the macropores to transport water may be inhibited by
trapped air unable to escape and thus prevent further water entry. Water and
pesticide are now moving from the soil surface to the drains, driven only by the
positive head of water generated by the rainfall, subsequent to topsoil saturation
having been achieved. The first water to arrive at the drains may (a) flush out old
soil water in the profile, (b) transport salts from the macropore walls, or (c) mix
thoroughly with mobile soil water (with a high salt concentration) in the upper
horizon (Haigh, 1985).

As more water arrives from the soil surface, where the majority of pesticide is
concentrated, so the pesticide concentration rises. The anion concentrations decline
(possibly to the same concentration of the rainwater/overland flow water).

Subsequent rainfall events during the drainflow period are rapidly translated to
changes in drainflow velocity and higher pesticide concentrations. Pesticide
concentration may, however, be reduced due to depletion of the available pool during
the event.

Overland flow must occur at least to a limited extent to feed the macropores, whilst
significant overland flow probably also occurs during the rainfall period and takes
pesticide off the plot, as water was collected from the overland flow traps during this
period. It is believed that the overland flow meter was not working correctly over
this period.

Lateral interflow is also likely to occur within the saturated soil at the top 10 cm,
although no water sampler was in place to confirm this. Lateral movement of
bromide tracer from mole 25 to mole 24 may be an indication of lateral interflow (see
Table 2).
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a:saltconl Figure 31. Suggested mechanism for pesticide and salt
transport to drainage
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a:saltcon2 Figure 31. continued
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(5) As drainflow declines, the proportion of water arriving directly from the soil surface
(with high pesticide concentration) is reduced, but water continues to arrive laterally
through the topsoil, bringing water with a higher salt and lower pesticide
concentration.

Therefore, data from these storm events suggest that changes in pesticide and anion
concentrations may be attributed to the different origins of the water entering the drains.

1) Some water may have entered from the soil surface with a steady pesticide concentration,
of perhaps 600 Ag/I, and low anion concentrations similar to that found in overland flow
water (see Figure 32)

II) Other water may have moved into the macropores from a lateral direction from 10 cm
and above. It may have contained little or no pesticide (not having penetrated to this depth
in appreciable quantities) but an anion concentration similar to that found in the suction
samplers (see Figure 32). This water was possibly the last to start entering the macropores
and the last to stop, although Haigh (1985) suggested that lateral water movement into
macropores in the 13horizon was the major component throughout a drainflow event.

Initially, water may first flow down from the soil surface and lose pesticide by readsorption
on the macropore walls whilst salts on the macropore walls go into solution (thus raising the
salt concentration). Then water from the soil surface becomes the dominant component of
drainwater, with a high pesticide and low salt concentration. Towards the end of the event
as drainflow decreases, water entering the vertical macropores from lateral macropores within
the 'A' horizon may become an important component, introducing water with a higher salt
and a lower pesticide concentration then that from the soil surface. A variation on this theory
is provided by Haigh (1985), who suggested that the relationship between anion
concentrations in the drainwater was related to increases anddecreases in mixing of rainwater
(input water) and a mobile soil water component within the A horizon. Thus during low flow
periods the maximum mixing occurs between the new and old water in the A horizon.

In Figure 26 a hysteresis effect can be observed. Pesticide concentration was found to lag
slightly behind the peak drainflow, such that for any given drainflow velocity the pesticide
present was greater as drainflow was decreasing rather than increasing. In other words less
pesticide was carried at the beginning of the rainfall event than at the end. There are a
number of possible explanations:

Readsorption of pesticide on macropore walls in the initial phase of the event. Once
this capacity has been satisfied, less of the pesticide travelling down to the drains is
retained.

Increasing mixing and transport of pesticide at the soil surface

The changing ratio of old water to new water (rainfall) ie initally d rainwater is largely
old soil porewater. Rainfall interacting with the surface soil becomes a larger and
larger component until the ratio declines as rainfall stops and more old water comes
in again.

It seems probable that the mole drain network, ie artificial drainage, is the main culprit in
contamination of the nearby surface water. Whether water enters the mole drain primarily
via a combination of 'the slot' left by their manufacture and biopores, or by biopores only, ,
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has yct to be established. Latent interflow and overland flow also occur, but their effect on
direct contamination of the ditch is less clear. Bromide tracer evidence suggests that water
can move across the Inter-mole area' either above or below the surface. Figure 30 lists the
main factors which are believed to influence pesticide transport by vertical by-pass flow. An
opportunity to test the theories described above, and to seewhether the same phenomena are
repeated should arise in the 1993-94 season.

The evidence, therefore, from the first season of fieldwork at Wytham, suggests that a mole
drained heavy clay soil poses a serious threat in terms of pesticide contamination to the
surrounding water courses. The results so far demonstrate that high contamination of
drainage water can occur for a considerable period after pesticide application to the field.

6. Future work

6.1 FIELD EXPERIMENTATION

A hydrologically defined plot will be constructed in which the proportion of rainwater and
pesticide in overland flow, lateral interflow and drainflow can be calculated (see Figure 33).
It is not possible to quantify movement of water to below drain depth in the field, but this
component is not thought to be large, based on this year's tensiometer data. Through the
employment of additional pressure transducer tensiometers, flow meters with data loggers and

'autosamplers, it is hoped to build a more complete picture of water and pesticide movements
through the soil during a storm event.

6.2 LABORATORY EXPERIMENTATION

The soil profile and characteristics will be described in greater detail. SSLRC will describe
the soil profile in physical terms, including particle size analysis. HRI will study the aerobic
degradation potential of the different soil depths, as well as adsorption potential studies for
isoproturon. If the appropriate equipment is available, Ili will study anaerobic degradation
potentials at different soil depths.

Both repacked soil columns and undisturbed soil columns containing soil from Wytham will
be used to study macropore transport of solutes. A number of parameters will be
manipulated, including irrigation rate, position of tracers in the column, and the presence of
macropores. In essence, the columns will be used to verify suppositions on macropore flow
which come from interpretations of field data.

6.3 MODELLING STUDIES

The data collected from Wytham in the first year confirm the importance of by-pass flow in
heavy clay soils. Thus models of flow, and the transport of solutes through systems that are
controlled by Darcian flow through the matrix, are not appropriate. Attempts to model the
system at Wytham will concentrate on developing modules that describe by-pass flow and its

58



a:newwyt3b

Field drain 2

4-1.5m —; u rn

3 Orn

2 Ben

32

lAdo
zotanvist

31

Figure 33. Wytham location of instruments
(superimposed over the location of the field and mole drains)

Lateral flow break

	20m

Field drain 3

— 31

0 LI 24C513

	

30el 	

2 85rn E
• rag

Aldo3 Om M le cutting

	

uramore Sod Station re ch
TB

mole drain
20 locations

2 7Een

34m 27

2 BAT
27

26

26t 

2 56m 0

0

0

24
from Wytham 1

25
Aldo

autonamt Oldworkings

23

20

Tipping bucket
CEJ

Weir box/rain gauge
Autosampler

OFT11

22

74, 

P9t, Overlandflow i e

:

:Tipping bucket Moo
utosampler

ptor .

_
G. Beards —
soil pit

Key
1 set of manometer tensiometers
PIT array

Y ? Suction samplersA Mole sampling port

overland flow trap 2M Raincollector

neutron probe access tube

CiR13
Soil Station ki Raingauge

IM2	 Overland flow interceptor Logger box

Lateralflow interceptor

5 9



link with the matrix. The following processes are likely to be of key importance in such a
model:

i) The commencement and cessation of by-pass flow. This can be controlled either by
the conditions in the soil matrix or by rainfall intensity.

The interaction between by-pass flow and the matrix. Here the depth of penetration
of by-pass flow must be considered, especially as it is controlled by the dryness of
deeper soil layers. Additionally, the interaction of solute in the by-pass flow with the
matrix will have implications for sorption/desorption.

The nature of the by-pass flow routes will change with time e.g. shrink/swell cracks
will change diameter with water content.

The connectivity of the by-pass flow routes will obviously influence the depth and
speed of movement of water and solutes by-passing the matrix.

The development of conceptual models to describe this processes will be undertaken as
follows:

The literature will be reviewed with respect to modelling of by-pass flow carried out
by other workers. There has been a great deal written concerning the flow of water
in by-pass flow routes, but little on the movement of solutes.

The interaction between the matrix and the by-pass flow route will be considered in
a simplified form, a single macro-pore passing through an homogeneous matrix. This
situation can be set up in the laboratory under controlled conditions and thus generate
vital information for the conceptualization of this system.

Through b) above, several types of by-pass flow route can be investigated i.e.
structural cracks, earthworm channels and shrink swell cracks.

The aim is to develop a model of a simplified system so as to isolate individual or small
groups of processes within the system. The expansion of the model to a field scale will need
much thought, particulary with regard to the distribution and connectivity of macropores.
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Annex A Pesticide transport literature review

A 1 HYDROLOGICAL PROCESSES IN CRACKING CLAY SOILS

One of the challenges to environmental scientists is still to determine by what routes the
escaping '1 %' is lost from clay soils. Pesticide may be transported in solution, co-transported
with other organics, or bound to sediment particles (Ghodrati and Jury, 1992)depending on
the sorption coefficient of the pesticide, and type of indigenous organic compounds (Leonard,
1990).

Four different types of water movement in clay soils can be identified:

A 1.1 Infiltration into the matrix.

Occurrence:
Predominant in dry spring and summer periods, when rainwater fills micropores in the soil
matrix from which water has been lost by evaporation and crop uptake. Oncethe infiltration
capacity has been satisfied, preferential flow will occur. The hydraulic conductivityof the
saturated matrix is seen as extremely low. It has also beennoted that cracked dry clay soils
have an initially reduced hydraulic conductivity, exhibiting almost hydrophobiccharacteristics
which will also promote preferential flow during intense rainfall.

A 1.2 Vertical bypass flow

Occurrence:
When the infiltration capacity of the matrix is exceeded or when rainfall intensityexceeds the
matrix infiltration acceptance rate (White et al., 1986; Radulovich et al ., 1992)

Transport routes
Cracks induced by soil shrinkage from evaporation or those induced by agricultural activity
such as mole draining (Harris et at, 1984). Biopores which include worm burrows and root
holes.

Research
As vertical macropores appear to represent the principal route whereby pesticidescan enter
the subsurface drainage system or groundwater, they have received considerable attention.
Prior to macropores transporting water, surface ponding of rainwater must occur (it is
plausible that localised perched water tables may feed macropores below the soil surface).
In these situations the rainwater that has not been accepted by the matrix runs over the
surface, looking for an escape. This ponded mobile water is believed to interactwith the top
cm or so of the soil surface, the so called mixing zone (Ahuja and Lehman, 1983), whose
thickness will vary with the surface structure of the soil. This mixing zone is of great
significance with respect to clay soils, as the great majority of the pesticide remains in the top
soil surface, sorbed onto soil particles or in the soil solution. Therefore the rainwater prior
to moving into macropores will be running through the 'pesticide rich' part of the soil. The
principal reason for the pesticide remaining in the top few cm of the soil surface is due to
adsorption reactions with organic matter. This is in contrast to other solutes such as halides '
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(Fermanich and Daniel, 1991).

In late spring and summer shrinkage cracks are the principal macropore component, Kneale
and White (1984) estimated 10-20% of rainfall in dry periods bypassed the top 9 cm via this
route. The amount of water leached via shrinkage cracks decreases with time during
prolonged rainfall events as the clay soil begins to swell, and the cracks close (White et al.,
1986). Pesticide contamination of water courses in these conditions, however, may not be
serious as with a low water table drain flow is rarely initiated. Deep penetration of pesticides
into the soil matrix may present a longer term problem, due to low degradation and sorption
potentials at depth (Pothuluri et al., 1990). The pesticides may persist and become mobilised
when the water table rises in the winter.

In the wetter conditions of the autumn and winter, vertical worm burrows represent the
principle macropores available to rainwater. Vertical worm burrows are formed by
detritivores, the worm population that feeds or collects organic matter at the soil surface
which is then ingested within the confines of the burrow (Lee, 1985). The most well known
of these worms is Lumbricus terrestris. The number of these organisms is much reduced in
fields under arable cultivation compared with pastures. Studies have shown that only a small
number of the available worm burrows actually transport water during a preferential flow
event. Trojan and Linden (1992) correlated volumes of water transported to the topographical
aspect of the worm openings, with worm burrow openings on ridges transporting less water
than those in depressions. Worm casts or the worms themselves may block the openings (Ela
et al 1992) and of course very few of the worm burrows are continuous in terms of reaching
groundwater depth or intersecting field drains. In addition, worm burrows may not transport
rainwater throughout a rain event due to the formation of surface seals or plugs by sediment
(Bouma and Anderson, 1977; Ela et al, 1992). At the beginning of a rain event rainwater
may initially only run down the walls of a worm burrow rather than filling the whole pore
(Radulovich a al., 1992) and run at comparatively low flow velocities (Bevan and German,
1982). This may give opportunities for readsorption of the pesticide on burrow walls which
have a higher TOC than the surrounding soil matrix, particularly with increasing depth
(Stehouwer et al., 1993). Edwards (1991) suggested this may be why less pesticide leached
out of worm burrows compared with artificial macropores in his experiments. It can be
assumed that once the burrow is completely full of water and the water is being transported
at higher velocities (up to 6 cm s', Bevan and German, 1982) the opportunities for significant
adsorption are much reduced.

Contamination significance
In the critical autumn and early winter period in which winter cereals are sown and herbicides
applied, vertical bypass flow, particularly via worm burrows, is seen to represent the
principal loss route. Water moving via lateral interflow may enter vertical macropores and
then be transported to the field drainage system. Another possibility is that worm burrows
which open at footslope areas which have received additional deposits of pesticide after
overland flow can transport above average concentrations of pesticide in subsequent rainfall
events.

A 1.3 Lateral bypass flow or interflow

Occurrence
This will only occur in saturated conditions in fields containing a gradient and a subsurface
boundary layer of a lower hydraulic conductivity than the upper horizon.
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Transport routes
This type of water movement may utilise structural cracks or biopores, predominantly
laterally aligned worm burrows and in certain circumstances possibly along buried straw
stalks.

Research

Of the three preferential flow routes lateral interflow seems to have received the least
attention. It is difficult to study outside the field environment and methods to study it within
the field are faced with the difficulty of assessing whether an interceptor trench may act as
a sink, and so create artificial interflow. A likely transport route would be along horizontal
worm burrows formed by sub-surface foraging (geophagus) worms (Lee, 1985). Harris et al.
(1984) related a plough pan to a perched water table and lateral interflow at Brimstone.
Results from Brimstone suggested that whilst lateral interflow accounted for 15% of the
rainfall, only insignificant amounts of the pesticides under study were involved.

Contamination significance
The significance of lateral interflow in terms of pesticide contamination may be :

In feeding vertical macropores below the soil surface which connect to the field
drainage system.

In conducting pesticide down the slope to the riparian zone, and from there into
drainage ditches.

In conducting pesticide down the slope to an area of the field with a more conductive
soil type, where it percolates down to groundwater.

A 1.4 Overland flow or surface runoff

Occurrence
This will be the same as for vertical bypass flow. Overland flow may be seenas a two-stage
process involving small short-range movement, and large-scale overland flow or sheet flow.
The short-range overland flow is drained away by macropores and when this capacity is
exceeded the short range overland flow movements coalesce to form sheet flow.

Transport routes
This occurs over the soil surface and within the top soil to a I-2cm depth mixing zone.
When not drained away by macropores, rivulets form in natural depressions or wheel tracks
left by agricultural machinery, allowing rapid transport over long distances.

Research
Harris et al. (1984) estimated that 4-11% of rainfall at Brimstone over the winter could be
accounted for by overland flow. Ahuja and Lehman (1983) simulated overland flow in the
laboratory using soil boxes and a 4° slope. Water moving laterally during overland flow was
observed to interact with solutes in the top 2 cm (mixing zone).

It is believed that pesticide extraction from the soil surface into the moving overland flow
water is related to diffusion and turbulent transport of dissolved pesticide in soil pores and
desorption from soil particles, as well as the dislodgement and suspending of soil particles
containing sorbed pesticide (Leonard, 1990). Much of this pesticide extraction is related to
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the impact and turbulence created by raindrops. Observations in the field (Buttle, 1990)
indicate that high concentrations of pesticides are carried in overland flow, and that the
concentration carried reduces with time as the compounds are degraded in the topsoil. At the
same time, however, it is interesting to note an increase in soil residues with time in the
footslope area compared with up slope as pesticide is carried and then deposited downhill.
It was estimated by Buttle (1990) that 0.6-0.9% of the pesticide losses from the field site had
been by overland flow. Baker and Lelan (1979) observed greater transport of pesticides in
overland flow in plots containing tractor wheel tracks. It was suggested that the wheel tracks
by compacting the soil, reduced penetration of surface-applied pesticides into the soil
immediately over them. The wheel tracks were also thought to act as a conduit for the
surrounding area during heavy rainfall events.

Contamination significance
The importance of overland flow in terms of transporting pesticides directly to field drainage
ditches is unlikely to be great as few agricultural fields slope directly into ditches.
Translocating pesticides into footslope areas (Buttle, 1990) may have significance in
representing a field 'hot spot' from which subsequent vertical bypass flow may transport high
concentrations to nearby drainage ditches.

A 2 HYDROCHEMICAL ANDBIOLOGICAL PROCESSES

A 2.1 Degradation

The major factor influencing the concentration of pesticide available for transport is
degradation. The fate of the vast majority of all herbicides applied to the field is degradation,
and depending on the compound and environmental conditions a pesticide may persist for
days or months in the top soil. This may result from direct chemical transformation, such
as by hydrolysis catalysed by organic matter (Hance, 1987). But almost always soil
microorganisms are involved in degrading the compound.

The pesticides may be directly metabolised and the microorganism derive energy from them,
presumably because the compounds resemble its natural substrates and so stimulate an
appropriate enzyme system to degrade them. An alternative is co-metabolism, in which the
microorganism derives no energy benefit. In these situations an enzyme whose production
has been stimulated by the presence of another substrate can coincidental catalyse the partial
breakdown of the pesticide (Soulas, 1982).

A large number of soil properties can influence biodegradation. Organic matter is of
particular importance, as it is often the main factor controlling pesticide adsorption. As
degradation of most organic compounds occurs within the bacterial cell, uptake must occur
from solution, therefore sorbed species must be desorbed. Where pesticides have a slow
desorption kinetics relative to their degradation rate, the degradation rate will be reduced to
that of the desorption rate. This was noted with simazine degradation and organic matter
content (Walker et al., 1983). It must be noted, however, that microbial activity is often
highest in soils with a high organic matter content.

Pesticide adsorption to clay particles has also been observed to reduce degradation rates such
as with metamitron (Allen and Walker, 1987) diquat (Weber and Cable, 1968), isoproturon
(Blair et al., 1990), and simazine (Walker et al., 1983). Expanding lattice clays have been
identified by Sims et al. (1992) as having a particular importance in reducing biodegradation.
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Another factor to be considered is soil pH, both for its effect on the microbial population and
on adsorption where this influences the electronic charge of the compound (Graham-Bryce,
1981). The other main variables that influence degradation are temperature and soil moisture.
There is often a 2 to 2.5-fold increase in degradation rate if temperature is increased by
10°C, and a 1.5 to 2-fold increase in rate of loss if soil moisture content is increased by a
factor of 2 (Walker, 1991).

The microbial community of the top soil often gives good replication when degradation rates
are measured, suggesting a widespread distribution of microbial competence to degrade the
compound. Variation in residue concentrations found in the top soil are more likely to be due
to errors in spraying than variation in degradation potential (Walker and Brown, 1983).
However, the ability to degrade pesticides becomes much more variable with depth (Dictor
et al., 1992) leading to generally lower subsurface degradation rates (Pothuluri et al., 1990).
A number of suggestions have been put forward to explain this trend, such as lower microbial
populations, low nutrient status and a lack of competence to degrade the compound (Pothuluri
et al., 1990), all of which may be involved. Little work has been done on the potential for
anaerobic degradation of pesticides. This pathway for pesticide degradation may be
insignificant in the largely aerobic topsoil, but may be more important in subsurface
environments which have low oxygen partial pressures (Pothuluri et al., 1990).

A 2.2 Sorption characteristics

The extent and nature of the sorption and desorption characteristics of a pesticide are
influenced by the chemical nature of the compound, and the nature of the surrounding soil
particles. Soil particles with a high clay content can present an enormous surface area
potentially available for binding such as 100 tri2 g' (Graham-Bryce, 1981). Broadly speaking,
sorption reactions can be divided into hydrophi II ic and hydrophobic interactions. Hydrophillic
reactions are seen as generally more reversible than hydrophobic ones. Hydrophillic
interactions with soil surfaces include:

Hydrogen bonding (sharing a H atom between two electronegative elements).

Ion exchange (pesticides which act as organic bases will adsorb to cation exchange
sites, and those which act as organic acids will adsorb to anion exchange sites, such
as alumina or magnetite).

Covalent or ionic bonds (can occur with reactive groups in organic matter).

Coordination reactions (ligand exchange, which has been suggested for triazines
binding to the transition metals of humic acids)

Van der Waals forces

Hydrophobic associations or entropy generations can best be described as hydrophobic
molecules melting into organic matter. The hydrophobicity of molecules depends on pH, i.e.
a pesticide remaining un-charged for example, acting as a weak base would undergo a
hydrophobic association reaction with an organic adsorbent in alkaline conditions, but not in
neutral or acid conditions. The hydrophobicity of a molecule can be estimated from the
octanol/water partition coefficient.
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It is worth noting that pesticides can bind to mobile organic fractions such as humic acids.
flumics have surfactant properties ie they have hydrophillic and hydrophobic ends and
therefore can solubilise hydrophobic pesticides (Graham-Bryce, 1981).

The adsorption potential of a soil is often found to closely correlate with its organic matter
content. The organic fraction of the soil is often associated with a high CEC and therefore
represents a potential for cation exchange reactions with basic pesticides, and in addition it
can undergo hydrophobic associations. The exact nature of all the adsorption interactions that
occur with a pesticide in a particular soil are rarely studied, however an apparent change in
the adsorption equilibrium with time, leading to greater adsorption, has been noted with
certain pesticides (White et al., 1986). This suggests a reduction in the proportion of
pesticide immediately available for transport with time. Sorption reactions are time-dependent
and rarely take place in situations resembling the typical batch experiments undertaken in the
laboratory. Therefore in the disequilibrium conditions of pesticide transport down a
macropore for instance, sorption may be much reduced (Kookana et al., 1992) from that
which may be estimated in the laboratory. It has also been noted that strongly sorbed
pesticides are likely to persist for longer as biodegradation is reduced (Sims et al., 1992;
Allen and Walker, 1987).

It would appear that clay soils with a high TOC have the greatest potential for pesticide
sorption (Kookana et al., 1992). It must be noted that soils of this type, which retain
pesticides in the top few cm, are also maintaining the pesticide in the position where it is most
likely to be involved in transport by bypass flow mechanisms.

A 2.3 Volatilization processes

The amount of pesticide available for transport in the water phase can be depleted by
volatilization. This process represents a phase change into vapour from the liquid or solid
state, which is then followed by vapour dispersion into the atmosphere. The principal
features controlling volatilization are (i) vapour pressure of the pesticide (ii) distribution of
residues and (iii) the moisture status of the soil.

The vapour pressure of many herbicides used today is vety low, such as atrazine, 0.09 mPa
(25°C), and isoproturon, 0.0033 mPa (20°C), in which volatilization would be expected to
be low. Compounds with a higher vapour pressure such as trifluralin (10.5 mPa at 20°C)
have been shown to lose as much as 32% to the atmosphere two days after application (Taylor
and Spencer, 1990). In practice the majority of the pesticide is not immediately available for
volatilization, being adsorbed to soil surfaces or dissolved in water deep within soil
micropores. Therefore, like other pesticide loss mechanisms, volatilization is influenced by
soil water content, soil texture and organic matter content. Most rapid losses are likely to
occur with residues on the surfaces of bare moist soils (Taylor and Spencer, 1990). Losses
from plant surfaces may also be rapid, although residues under the canopy may be in some
degree protected by the sheltering action of the leaf cover.

A 3 METHODS OF STUDYING PESTICIDE TRANSPORT

A wide variety of different techniques have been used to study pesticide transport in the past
20 years, from analysis of pesticides in water courses draining catchments of hundreds of
hectares to the leachate emanating from re-packed soil columns measuring 10 x 20 cm. Each ,
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method can provide infonnation on pesticide transport and the mechanisms involved.
However, the drawbacks and disadvantages of the different methods must be taken into
account.

A 3.1 Catchment studies

Pesticide concentrations have been measurcd in water courses which drain catchments at
Swavesy in Cambridgeshire (Harris et al., 1991)and Rosemaund in Herefordshire (Williams
et al., 1991). Flow in ditches and streams is measured by v-notch weirs from which a series
of water samples is collected automatically, triggered by the flow. Flow, pesticide
concentration and rainfall can then be compared. Assessing the relationship betweenthe three
is difficult particularly as this is influenced by different pesticide properties. Harris et al
(1991) reported levels of 1-3 ppb of isoproturon in metered ditches and a maximum level of
13ppb isoproturon was reported by Williams et al (1991) after a storm event. Williams et al
(1991) estimated a total of 0.8% of the applied isoproturon escaped from the field to nearby
water courses. A difficulty with these studies is partitioning the water balance, such as how
much of the rainfall is conducted to the drains as deep percolation is difficult to assess.

Whilst figures generated by these studies are important from the point of viewof assessing
hazards and modelling, they tell us little about the actual mechanisms involved.

A 3.2 Field plot studies

To get closer to the events that lead to stream contamination it is necessary to work in the
field itself. The most methodical approach to studying water movement and pathways within
a field has been done at Brimstone on a heavy clay (Denchworth series) soil (Cannell et al.
(1984). Large 0.3 ha plots have been isolated with polythene down to a depthof 1.3 m and
are equipped with trenches, pipes and ditches to study overland flow, lateral interflow and
drainflow. However, interpretation is complicated by the difficulty in estimating deep
percolation and deep lateral interflow. Isoproturon concentrations in drains from these plots
showed up to 50 ppb during rainfall events, and were observed to occur before the formation
of a water table in the subsoil. Macropore flow was implicated in the estimated 1% loss of
isoproturon from the plots (Harris et al., 1992).

Overland flow has been studied in field sites using isolated, bounded field plots(Buttle, 1990;
Baker and Laflan, 1979). These studies have shown the relatively high concentrations of
pesticides mobilised during overland flow events (293 ppb metalchlor, Buttle, 1990; 6000 ppb
alachlor, Baker and Laflan, 1979) which are found both in solution and adsorbed onto
sediment. Because of the variability in microtopography, it is difficult to quantifyfor a given
area how much pesticide is moved in this way; for example wheel tracks leftby machinery
have a disproportionate influence (Baker and Laflan, 1979).

Suction or porous pot samplers are often used in the field as a way of measuring penetration
of pesticides below the soil surface in the soil pore water. They enable estimations to be
made of pesticide soil water concentrations below the surface in a non-destructive way
(Williamson and Caner, 1991). However, care must be used in the interpretation of results.
Suction in the sampling system generates a potential gradient in the suction sampler. The
radius of the 'recharge area' may extend to 50 cm or more in all directions. Therefore they
may suck water up from groundwater below or via macropores from the soil surface above
(Grossmann and Udluft, 1991). As with core sampling mentioned below, low pesticide
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concentrations found in the soil pore water at 25 or 50 cm may be misleading; macropores
may be conducting high concentrations of pesticides to greater depths, yet remain undetected
by these methods.

Many field experiments involve coring or sectioning parts of the field after applications of
herbicide and a conservative tracer and irrigation, or ninfal I, has taken place. This allows
an accurate assessment to be made of the amount and proportion of pesticide/tracer that
penetrates into the soil. However, even with a seemingly well defined plot mass balances are
often difficult to achieve (Ghodrati and Jury, 1992). The simplest type of experiment
involves continuous ponding of water on the soil after application of the pesticide/tracer (Starr
and Glotfelty, 1990). However, this seems a rather unrealistic treatment and may induce
certain macropores to flow which would not otherwise do so (Trojan and Linden, 1992). Soil
coring has shown that under normal rainfall conditions, pesticide concentrations remain at
their highest level at the soil surface (often correlated with organic matter) and reduce with
depth (Blair et al., 1990). The problems for sampling produced by preferential flow even
in sandy soils are well described by Ghodrati and Jury (1990) where the distribution of an
acid dye showed some areas with staining down to 90 cm and others less than 40 cm after
irrigation.

An alternative approach was provided by Edwards et al. (1989), in which wormholes were
connected to sampling bottles situated in an underground gallery. On average 29% of the
wormholes transported water during rainfall events, but accounted for 1-6% of the rainfall
water. Unfortunately not all soils are amenable to digging galleries, although this type of
study underlines the potential influence of macropores in pesticide transport.

A 3.3 Lysimeters

An intermediate between the field and the laboratory is provided by the large lysimeter.
Crops can be grown and cultivations mimicked, weather regimes can be altered, whilst 14C-
labelled pesticides can be used and a mass balance of the compound assessed. The
introduction of legislation in Germany which includes lysimeter studies in pesticide
registration has increased the number of lysimeter studies now being carried out. Despite
being a good representation of the field and a useful research tool, the lysimeter does not
completely mimic field conditions. By necessity all lysimeters or undisturbed soil columns
are cut off from the parent soil below. This will cause the truncation of macropores, which
may then transport water which would ncit otherwise have happened. In addition, leaching
is only considered in the vertical phase and not lateral movement which occurs in sloped
'fields is ignored. Below 1 m water is lost to the crops as it becomes leachate whereas in the
field roots can extend below this depth (Hellpointner et al., 1992). Before water leaches from
the bottom of a lysimeter or any soil column the base must first become saturated, a situation
which only occurs in the field if a water table is present at the same depth. An alternative
is to apply suction to the bottom of the column so that the soil water potential remains the
same throughout the profile (Isensee and Sadeghi, 1992). Putz et al. (1992) compared the
water content of lysimeters with the parent soil from which they have been taken using a
neutron probe. The field was found to have a higher water content throughout the year than
the parent soil. These drawbacks do not prevent the lysimeter's use as a research tool but
they do make the rationale behind its use in pesticide registration more difficult to justify.
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A 3.4 Undisturbed soil columns or mini-lysimeters

Smaller undisturbed soil columns provide a more flexible tool for researchers, allowing a
wide variety of different treatments or irrigation regimes to be studied, whilst retaining the
original soil structure. However, their smaller size can lead to a wide difference between
replicates, reflecting the natural inhomogeneity of the soil (Priebe and Blackmer, 1989; Hance
and Fuhr, 1992). Their smaller size brings additional problems to that of the larger
lysimeter. Whilst soil columns taken from the soil are routinely described as 'undisturbed',
researchers are often coy as to the exact details of their extraction from the soil. Often a 10
or 20 cm diameter tube is hammered directly into the soil (albeit at field capacity) prior to
extraction. In many soils particularly those with a high clay content, the pressures developed
by this process can lead to compaction, additional fractioning and an upward heave of the soil
in the centre of the core. A somewhat safer method involves the digging out and exposing
of a soil island, enabling the tube to be carefully slid down over the top with minimum force
(Cameron et al., 1990). In addition they have all the disadvantages of the larger lysimeter
with the so called edge effect being a particularly difficult problem. When water is applied
to soil columns/lysimeters the route of least resistance is downward along the wall of the
retaining vessel. This is particularly true of soils with a low hydraulic conductivity. Because
of the large size of most lysimeters (0.5 - 1.0 m in diameter) this is not so important, but the
smaller the diameter of the column, the more important this effect becomes. An effective
solution proposed by Cameron et al. (1990) is to insulate the soil from the retaining wall with
vaseline, applied in the field in liquid form after being heated. lsensee and Sadeghi (1992)
used epoxy cement as an alternative method of sealing the soil column.

Notwithstanding these problems, undisturbed soil columns have allowed researchers to get
closer to some of the fundamental processes which take place in the field itself. White et al.
(1986) demonstrated a reduction in leaching volumes with time, as fractures were compressed
in a swelling clay soil, whilst Radulovich et al. (1992) described two phases of macropore
flow using undisturbed soil cores.

A 3.5 Re - packed soil systems

As mentioned above, the natural soil inhomogeneity leads to many problems in interpreting
results from soil column work in which a number of different treatments have been used. In
an effort to obtain a better understanding of the fundamental mechanisms involved in pesticide
transport, particularly with respect to macropore flow, many researchers have used re-packed
soil columns in an effort to simplify the system and reduce variables. In these systems the
parent soil is sieved and mixed prior to careful re-packing to a bulk density similar to the
original soil. To these systems Trojan and Linden (1992) and Ela et al., (1992) added live
worrns to create natural macropores. A further simplification is to add artificial macropores.
With this technique the differences in leaching between a conservative tracer and a pesticide
could be observed (Czapar et al., 1992) and related to movement into the matrix with respect
to the macropore. Guo et al. (1993) and Dao (1991) studied the influence of manure and
straw respectively on pesticide leaching in re-packed columns. Ahuja and Lehman (1983)
used an imaginative technique of re-packed soil in boxes maintained at a 4% slope, to study
the mixing zone associated with overland flow.
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A 3.6 Summary of advantages and limitations of different study methods

Catchment studies
For: Studying undisturbed natural system

Provides important data for modellers and legislators.
Against: Gives few clues about processes happening in the field.

Field studies
For: At the site of the action, can observe the different types of runoff as

they occur and study the antecedent conditions which promote them.
Against: Climate cannot be altered.

Wide variability in soil types may occur within the field, leading to
different drainage characteristics
Installation of equipment may alter field conditions.
Mass balance of rainwater or pesticide fate rarely achieved.

Lysimeter studies
For: Minimum disturbance to soil physical, chemical and microbiological

characteristics.
Allow mass balance to be calculated.
Climate conditions can be altered and crops grown to simulate
different field conditions.

Against: Water content and drainage conditions may not mimic the field.
Expensive and time-consuming.
Does not include lateral flow component.

Undisturbed soil columns
For: More flexible, easier to control parameters than with large

lysimeters.
Can study rnacropore processes in greater detail.

Against: Drainage can be even less realistic than with large lysimeters,
particularly with respect to the edge effect.
Variability between replicate soil columns.

Re - packed soil columns
For: Researcher has total control over the system.
Against: Situation created may be totally unrealistic.

Despite more than 20 years of research, many aspects of water movement in soils and solute
transport are poorly understood.

For example:
In particular very little data is available on what actually happens in the field in terms of bulk
water movement during rainstorms and the amounts of pesticide associated with the different
flow pathways.

Whilst macropores have often been highlighted to be of key importance in pesticide
contamination of surface water courses and groundwater, many aspects of their function are
not yet fully understood, for example:

• How pesticide is released from soil particles during rainfall events is it removed
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from the solid phase, and how is this influenced by rainfall intensity?

The movement of water through a topsoil mixing zone prior to entry into a
macroporc.

The difference in behaviour between the different types of macropore.

The interaction of water and solutes with the surrounding soil matrix

The relationship between neighbouring continuous and discontinuous macropores.

Against this background each of the different methods described above have something to
offer the researcher provided their drawbacks and limitations are appreciated.

A 4 ISOPROTURON LOSSES FROM AGRICULTURAL LAND

Williams et al. (1991) and Harris et al. (1991) have measured isoproturon in streams draining
defined catchments from clayey soils. At Rosemaund (Bromyard series) a peakconcentration
of 13 ppb was detected in an instrumented stream following a rainstorm event. It was
estimated that 0.8% of the applied isoproturon escaped from the field into the surrounding
water courses (Williams et al., 1991). At Swavesy (Denchworth series) Harris et al. (1991)
detected levels of 1-3 ppb in ditches draining the catchment. Levels of 0.25 to 0.75 ppb
isoproturon were detected in the river Granta from January to May draining a Chalk
catchment (Clark and Gomme, 1992).

Levels of 10-50 ppb isoproturon have been detected in the drainage from the 0.2 ha mole
field plots at Brimstone after a 2.5 kg/ha application in winter seasons (Harris, 1991; Harris
et al., 1992). Up to 100 ppb isoproturon concentrations have been detected in lateral
interflow in similar experiments (Harris el al., 1993). In contrast to winter applications,
concentrations as high as 550 ppb have been detected in drainwater after spring applications
(Harris et al., 1993) although in smaller volumes of water. Total reported losses of
isoproturon to drainwater over drainage seasons at Brimstone have been assessed as < 1%.
It would appear that throughout most of the drainage seasons the water table was below the
depth of the mole drains. Therefore water must have entered them from above via cracks,
with hydrographs showing peaky responses to rainfall. The peak and total water involved in
drainflow was related primarily to the soil moisture status. A reduction in drainflow peaks
in response to rainfall was noted over a number of years as the mole drains deteriorated
(Harris, 1991).

Degradation experiments under simulated field conditions give isoproturon a DT50of 30 days
(Blair et al., 1990) and a greater persistence in soils with a high clay content has been noted.
Mudd et al. (1983) reported a DT50of 40 days in field experiments with a sandy loam soil
but noted that a small remaining proportion of isoproturon (<4%) persisted beyond203 days.
This suggested that a proportion of isoproturon was protected in some way fromdegradation,
possibly due to irreversible adsorption to an organic fraction. In addition Harris(1991) noted
isoproturon in drain water (at a low concentration) emanating from plots which had not had
a pesticide application, so the pesticide may have been a legacy of a previous year's
application.
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Annex B Staff list

A large number of IH staff have contributed significantly to this project, these include:

Project Supervision:
Project Coordination:
Soil Hydrology:
Soil Chemistry and Microbiology:
Hydrology and Modelling:
Laboratory Analysis:
Instrumentation:
Worshops:
Transport and Site Services:

Dr P. Whitehead, Dr C. Batchelor
Dr A. Johnson
J. Bell, A. Maria, D. Robinson,
Dr A. Johnson, V. Cruxton
R. Williams, C. Vollcner,A. O'Donohue
C. Smith, L. Bhardwaj, M. Neal, H. Jeffrey
M. Turner, Dr T. Dean
A. Warwick, G. Walley, J. White
J. Fraser, I. Standbridge, R. Drewett
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Annex C Glossary of terms

Suction samplers

Overland flow

Also known as suction cups or suction candles. Consist of plastic
tube with ceramic bulb at the end. Installed in thesoil at different
depths and water extracted by applying suction.

Also known as surface runoff. Term used to describe water moving
over the soil surface, both for limited distances (a few cm) and
during sheet flow, when water may transport solutesover many tens
or hundreds of metres.

Lateral interflow Term used to describe lateral movement down the slope within the
soil, ie below the surface.
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