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SUMMARY
Weeds can adversely effect the performance of highway surfaces and railway tracks by 
damaging the structure of the surface, resulting in reduced traction and visibility. 
Consequently herbicides are applied to highways and railways to minimise weed growth.

Most surfaces are designed to remove large volumes of water very quickly. Therefore, once a 
herbicide is applied to a hard surface it could be washed away by rainfall into a receiving 
water. The potential for herbicides to contaminate receiving waters is however unknown. This 
study was therefore performed to investigate the behaviour of a range of herbicides that can 
be applied to highways and railways. 

The removal of six herbicides (glyphosate, isoxaben, oryzalin, oxadiazon, diuron and 
atrazine) from three different surface types (asphalt, concrete and ballast) was investigated. 
The selected pesticides, which had a range of physico-chemical properties, were applied 
individually to each surface type using a modified spray gun.  Applications were made in 
accordance with amenity labels and, where possible, represented typical use. 

Following application, the surfaces were exposed randomly (within groups) to a natural 
climate for 6, 12, 24 or 168 hr.  Simulated rainfall (of 5, 10 or 15 mm) was then applied. 
Samples of run-off were taken at three designated points (First, Middle and End).

The behaviour of herbicides on the different surfaces varied. Generally, concentrations and 
subsequent loss of herbicides were highest for concrete followed by asphalt then ballast. The 
exception to this was glyphosate where peak concentrations and losses were greatest for 
asphalt. On concrete the highest peak concentration observed was for atrazine whilst the 
highest loss was for isoxaben. 

Water applied to concrete ran-off approximately 50% faster than water applied to asphalt. 
Due to the depth of material, rainfall applied to ballast ran-off significantly slower than 
rainfall applied to the other surfaces had to penetrate. For asphalt and concrete the highest 
proportion of loss was recorded after < 0.66 mm of accumulated rainfall.  Subsequent losses 
after this sample point decline rapidly and could be described as linear to rainfall after 2 mm.

Both rainfall volume and time lag effected on loss.  Generally, increasing rates of rainfall 
resulted in increasing levels of loss. The effect of rainfall volume and time lag on run-off 
from the different surface types varied. For glyphosate applied to asphalt, reducing the time 
lag interval between application and rainfall increased loss.  Conversely, on concrete for five 
of the six tested compounds, an increase in the time lag factor resulted in increased. 
However, additional experiments undermine these findings for concrete.

Relationships between some physico-chemical properties and run-off were investigated. 
There was a week positive between solubility and run-off and a week negative relationship 
between KOC. There was no relationship with soil DT50.

The study has demonstrated that many factors play a part in the removal of herbicides from 
hard surfaces.  Although surface type and herbicide used, seem to be essential in this role, no 
single factor can be attributed to herbicide loss.  Consequently, conclusions can be drawn that 
losses of herbicide from hard surfaces are effected by a number of influencing factors.
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Further studies are required to:

• Clarify the effects time lag on concrete surfaces.  Additional studies should also consider 
increasing the time lag duration to investigate the effect of soil DT50 over a longer period.

• Investigate further the relationship between compound solubility and KOC with regards to 
loss from hard surfaces.

 
• Determine effects of adjuvants stickers such as “bond” or “codacide oil” and their 

relationship with loss.
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INTRODUCTION
The invasion of vegetation is inevitable on hard surfaces unless managed.  Uncontrolled weed 
growth can deform the structure of a surface and compromise highway safety by reducing 
both traction and vision.   Furthermore,  public  tolerance of weeds is  very low, especially 
around urban areas.  Control can be achieved using various methods, but chemical control is 
currently the most common. A range of herbicides are used for controlling weed growth on 
highways. These include diuron and glyphosate.

Most roads and pavements are designed to remove water quickly from the surface and prevent 
water infiltration. Therefore, during periods of rainfall, any herbicide that has been applied to 
a highway surface has the potential to be washed off into receiving waters. In 1994, even 
though they accounted for only 2% of herbicide usage in the UK, herbicides used in non-
agricultural  situations  (diuron,  simazine  and  atrazine)  accounted  for  more  than  30  % of 
failures of the 0.1 µg.L-1 pesticide standard for treated water in five water supply regions, and 
more than 15 % in seven regions (DWI, 1995). The proportion of failures caused by herbicide 
application onto highway surfaces was however unknown.

To provide preliminary data on herbicide removal, a pilot study on a road edge in Derbyshire 
was performed (Heather, Shepherd and Hollis, 1998). A number of factors, that may be 
important in determining the loss of herbicides from a specific type of man-made surface, 
were identified.  However, the information and data generated was limited.  

The objective of the current study was, therefore, to further investigate the relationships 
between the identified factors and the potential for loss from hard surfaces. The specific aims 
of the study were to:

1. Determine the relationship between surface type, physico-chemical properties and wash-
off for a range of herbicides and surface wash-off characteristics

2. Determine the effect of rainfall volume on the nature of surface wash-off

3. Determine the effect of rainfall duration on the nature of surface wash-off

4. Determine the effect of time lag between herbicide application and rainfall on the nature 
of surface wash-off

5. Provide data around which a simple risk assessment model could be based
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Null hypotheses
Given the study objectives the following statistical null hypotheses were proposed

• Surface type (asphalt, concrete or ballast) has no effect on levels of herbicide wash-off.

• Stage of rainfall event (start, middle and end) has no effect on levels of herbicide wash-
off.

• Rainfall volume (5, 10, 15 mm) has no effect on levels of herbicide wash-off.

• Time lag between herbicide application and rainfall (6, 12, 24, 168 hr) has no effect on 
levels of herbicide wash-off.

• The following physico-chemical properties, KOC, DT50 and water solubility have no affect 
on levels of herbicide wash-off.
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1 MATERIALS AND METHODS

1.1 Selection of test herbicides
Six active substances were selected which had a range of physico-chemical properties (Table
1).  In order to facilitate comparison with the previous studies, the choice was also influenced 
by previous Soil Survey and Land Research Centre (SSLRC) studies. Products containing the 
actives substances were obtained directly from the agrochemical companies.

For some products, an experimental permit was required because they were not approved for 
hard surface use.

Table 1. Product information and physico-chemical properties for the study compounds

Compound Glyphosate Isoxaben Oryzalin Oxadiazon Diuron Atrazine
Product name Roundup Flexidor Surflan EXP 30680B* Freeway MSS Atrazine 50FL
MAFF No. 04146 05104  -  - 06047 01398
Formulation SL SC SC WP SC SC

Mode of action Contact Soil acting Residual
Contact Residual Residual

A.S. g.L-1 360 125 480 300** 500 500
KOC 10000 1400 700-1100 3200 480 100
Soil DT50 (21°C) 
days 47 90-120 63 60 90-180 35-50

Solubility 
(water)mg.L-1 11600 1.42 2.6 10 36.4 33

* EXP 30680B contains 108 g.kg-1 of glyphosate
** g.kg-1

A.S. = active substance

1.2 Selection of test surfaces
Three surface types were investigated, namely concrete, asphalt and railway ballast. 
Experimental units consisted of a concrete slab, an asphalt slab or a box of railway ballast. 
All three units had the same surface area (0.54 m2).

New surface material was used in order to resolve interfering factors such as surface 
weathering and to allow comparability of results.

1.2.1 Asphalt Surfaces
Asphalt is currently available in a range of grades. Most roadways are constructed using 
course grades of rolled asphalt, while many pavements and walkways use only finer grades. 
For this study, an asphalt-wearing course was used, because this surface is believed to be the 
most representative of the various asphalt types.

Asphalt is marketed as a loose material and not sold in slabs or blocks, so sample surfaces 
needed to be constructed.  The constructed surfaces were portable and had a treatment surface 
area of 0.54 m2.
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Using 50 x 50 mm sawn timber and 100 mm wood screws, six matrixes containing six 600 x 
900 mm squares were constructed, to provide frames for 36 surface plots.  A 595 x 895 x 9 
mm plywood sheet was then placed into each individual square, providing a means of 
removing the surface after laying (much the same system used for cake baking).  

A local paving contractor (see appendix, page 52) poured the loose asphalt into the moulds 
and graded it with a rake, leaving some 20 mm protruding above the actual frames (Plate 1). 
A Bomag vibrating roller was then passed over the surface 4-5 times to compress the asphalt 
to the level of the wooden matrix.  Any rough edges were cut back using a spade.  The asphalt 
was left for 24 hr, after which time all six frames were unscrewed and disassembled. The 
asphalt sections were then removed, with the plywood floor adjoined.  

The prepared asphalt surfaces were cold water pressure washed in order to remove any oil or 
grease left by the roller and subjected to natural weathering for two weeks.  Each asphalt 
sample was supported by a 600 x 900 x 50 mm concrete slab to avoid structural movement 
during the experiment.

Plate 1. Construction of asphalt surfaces

1.2.2 Concrete Surfaces
The concrete surfaces used were new pressed concrete paving slabs (see appendix, page 52). 
All of the concrete slabs were washed prior to use to remove any surface residues resulting 
from pressing and transportation.

1.2.3 Ballast Surfaces
In order to mimic a typical rail track construction, six containers with drainage capacity was 
used.  Each container measured 600 x 900 x 400 mm and was prepared by a local fabricator 
(see appendix, page 52) from mild steel. The containers were able to hold 400 kg of ballast 
(see Plate 2).  A 85 x 15 mm slot was cut at one end of the steel bin to facilitate drainage.
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Clean, untreated ballast was used for each experiment to allow accurate replication. The 50 
mm granite ballast used for the study was believed to be representative of the type used for 
the majority of the UK rail network. 

Plate 2. Steel ballast container

1.3 Herbicide application
Study compounds were applied individually and two treatment groups were used:

Group One. Glyphosate, Isoxaben, Oryzalin
Group Two. Oxadiazon, Diuron, Atrazine

Solutions of each product in water were prepared, in sufficient volume to cover all of the 
surfaces under investigation.  Aliquots for each individual surface were then taken from the 
bulk samples and stored in pre-weighed 50 ml amber glass vessels.  The filled vessels were 
then re-weighed and the amount of active ingredient in the vessel determined.

The herbicide solutions were then applied to the hard surfaces using a modified spray gun 
(the type used for household plants). Six modified spray guns were used, allowing an 
individual gun to be used for each test compound, thus avoiding cross contamination. Using a 
reduced container connector and a shortened induction pipe, the gun was able to 
accommodate a 50 ml Winchester, containing the individual herbicide solution. Trials 
performed prior to the study indicated that by using the spray gun, all but 0.7 % of the 
herbicide volume would be dispensed onto the treatment area.  Droplet size and distribution 
from this spray gun system was also similar to that of a knapsack sprayer.

Generally, test compounds were applied following specific label information for amenity 
areas so the application method represented typical use (Table 2).  The exception to this was 
glyphosate, where the volume of water used was 400 L ha-1.  This increase did not contravene 
label recommendations but compares to a typical volume of 250 L ha-1.
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Table 2. Application rates and water volumes

Compound Glyphosate Isoxaben Oryzalin Oxadiazon Diuron Atrazine
Product rate (L.ha-1) 5 0.6 3.6 15* 5.4 6
Active rate (g.ha-1) 1800 75 1730 4.5* 2700 3000
Water volume (L.ha-1) 400 400 400 450 450 450
Application rate (g.A.S.surface-1) 0.10 0.0041 0.09 0.24 0.15 0.16
Water volume (ml) 21.60 21.60 21.60 24.30 24.30 24.30

* kg.ha-1

1.4 Effect of rainfall and lag time
The effects of rainfall intensity and time lag on herbicide runoff were investigated. After, 
application, the hard surfaces were left for varying periods of time before rainfall was the 
applied. In total, 6 different treatment scenarios were investigated (). There were three 
replicates per treatment.

Table 3. Experimental treatments and influencing factors

Treatment Rainfall event
(mm)

Time lag between herbicide application and 
rainfall (hours)

1 5 6
2 10 6
3 15 6
4 5 12
5 5 24
6 5 168

 
After herbicide application, all samples in an individual treatment were exposed randomly 
(within groups) to natural conditions (Plate 3). The duration of this exposure was dependent 
on the time lag between herbicide application and the rainfall event.

Plate 3 Experimental layout of test surfaces
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To ensure the treated test surfaces were not exposed to rainfall before the allocated period, the 
treated surfaces were covered during periods of rainfall with transparent roofing sheet. In 
practice, this procedure was only required for the 168 hr test, with covers being used on four 
of the seven exposure days.  Both temperature and rainfall were recorded throughout the 
duration of the study.

Following the designated exposure period, each surface was transported indoors and placed 
on a wooden support stand with a 1 in 10 gradient, to facilitate water flow.  Rainfall was then 
applied using a high rate hydraulic nozzle inverted on a three metre length of 15 mm copper 
tubing.  The tubing was fastened to a microphone floor stand, which meant that it could be set 
at different heights and floor positions. By using a high rate nozzle, it was possible to apply 
the correct amount of rainfall and evenly cover the test surface.  The nozzle was operated 
using a pulsing method controlled by various solenoids and a DL3 data logger. The on-off 
pulse cycle was adjusted to achieve the rainfall volume requirements for each treatment ().

Table 4. Pulse setting for simulated rainfall

Rainfall vol. (mm) On period (seconds) Off period (seconds)
5 2 8
10 4 6
15 6 4

Runoff was collected using a covered gutter arrangement so that water was collected only 
from the surface and not directly from the boom (Plate 4). The gutter was funnelled into a 250 
ml glass vessel.  Three runoff samples were taken from each surface.  The sampling sequence 
used for the study is shown in Table 5.

Table 5. Sampling procedure 

Sample 
number

Collection point Equivalent rainfall (mm)
5 10 15

1 (first) 0–250 ml of surface water flow 0.63 0.63 0.66
2 (middle) 30 minutes after 1st sample began to flow 2.83 5.12 7.68
3 (end) 30 minutes after 2nd sample began to flow 5.07 9.56 14.70

Plate 4. Asphalt surface under simulated rainfall with gutter arrangement

After collection, all samples were stored at 4OC.  On completion of the study, the glyphosate 
samples were sub-sampled and the study samples placed in plastic bottles and frozen.
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Plate 5. Sampling design (without rain shield)

Control water was collected from the site prior to the execution of the study.  Four samples 
were taken one for each analysing laboratory and one for pH analysis.

1.5 Repeat study
In order to obtain additional wash-off information, a further study was performed.  A 
continuous sampling strategy was used to obtain information on herbicide movement at a 
given time during a rainfall period.  The overall objectives of the study were to:

1. understand the rate at which herbicides are removed from hard surfaces; and
2. understand the relationship between rainfall duration and herbicide removal

The experiment was conducted using the same techniques adopted for the initial controlled 
wash-off study.  Thus, the test surfaces were treated with the same six herbicides, subjected to 
a natural conditions and irrigated at a predetermined rainfall volume.

Only asphalt and concrete surfaces were investigated.  These surfaces were new and no 
herbicide had previously been applied. Herbicide application was identical to the initial study, 
with the six compounds being applied individually within two treatment groups. A bromide 
tracer was also applied to the surface after the application of herbicides.

Treated surfaces were exposed randomly (within groups) to natural conditions for 6 hr. 
During this time, temperature and rainfall were monitored and recorded. Rainfall (5 mm) was 
then applied using the methodology described earlier. 

Water samples were collected from the irrigated surfaces using a gutter and funnel 
arrangement.  Samples were collected sequentially, with no loss of surface water between 
Soil Survey and Land Research Centre 14
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samples.  Replicated samples were then bulked to form one sample, thus reducing analytical 
requirements.  Details of sampling intervals are shown in Table 6.

Table 6. Sampling details for repeat study

Sample
Number

Collection point Equivalent rainfall 
(mm) 

1 0 - 250 ml of surface water flow 0.7
2 251 - 500 ml of surface water flow 1.25
3 501 - 750 ml of surface water flow 1.75
4 751 - 1000 ml of surface water flow 2.25
5 1001 - 1250 ml of surface water flow 2.75
6 1251 - 1500 ml of surface water flow 3.25
7 1501 – 1750 ml of surface water flow 3.75
8 1751 – 2000 ml of surface water flow 4.25

1.6 Analysis
All sample were packed in freezer boxes to minimise degradation of any active substances 
present during transport.  Study compounds were analysed either by manufacturing 
companies or by an independent organisation (Table 7).

Table 7. Analytical laboratories used for study

Compound Laboratory
Glyphosate Institut Fresenius, Hamburg D
Isoxaben Dow AgroSciences, Wantage UK
Oryzalin Dow AgroSciences, Wantage UK
Oxadiazon Horticultural Research Centre, Warwickshire UK
Diuron Horticultural Research Centre, Warwickshire UK
Atrazine Horticultural Research Centre, Warwickshire UK
PH SSLRC, Silsoe UK
Bromide SSLRC, Silsoe UK

1.7 Statistical analyses
Statistical analyses of the replicated results were evaluated via Microsoft Excel using the 
Anova: single factor function.

2 RESULTS

2.1 Control samples
For both studies, concentrations of each compound were below limits of detection. However, 
pH values of the simulated rainfall were different for each study, the initial study rainwater 
having a pH of 6.9 and the repeat study a pH of 7.9. (Appendix, page 51).
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2.2 Herbicide concentrations
The surface types of asphalt and concrete have been grouped for ease of data presentation, 
mainly because the concentrations generated from the study were similar in terms of 
characteristics and values.  Ballast concentrations however, were unlike those of asphalt and 
concrete and thus have been presented alone.

2.2.1 Asphalt and concrete
Herbicide concentrations in wash-off from asphalt and concrete are shown in , Figure 2 and 
Figure 3.  Generally, concentrations of herbicide being removed from concrete were greater 
than concentrations from asphalt.  The exception to this was glyphosate, for which 
concentrations were greater in wash-off from asphalt.

For both surfaces, highest herbicide concentrations were observed in runoff arising from the 
first 1 mm of rainfall.  There was however a very large variation in concentrations measured 
between replicates.  The rank order of herbicides in terms of concentrations being washed off 
was glyphosate > atrazine > diuron > oryzalin > oxadiazon > isoxaben for asphalt and 
atrazine >glyphosate > diuron > oryzalin > oxadiazon > isoxaben for concrete.

Concentrations of atrazine, diuron and isoxaben in the First rainfall samples were 
significantly lower in the 5 mm treatment than the 10 and 15 mm treatment (Table 8).
 
Table 8. Significant difference between rainfall volume concentrations for asphalt and concrete

Surface Compound First Sample Middle Sample End Sample

Asphalt

Glyphosate NS 5>10,15 (99.9% CL) 5>10,15 (99.9% CL)
Isoxaben 5<10,15 (99% CL) 5>10,15 (99.9% CL) 5>10,15 (99.9% CL)
Oryzalin NS NS NS
Oxadiazon NS 15>10 (99.9% CL) NS
Diuron NS NS NS
Atrazine 5<10,15 (95% CL) NS NS

Concrete

Glyphosate NS 5>10,15 (95% CL) NS
Isoxaben NS 5>10,15 (99.9% CL) NS
Oryzalin NS NS NS
Oxadiazon NS NS NS
Diuron 5<10,15 (95% CL) 15>5,10 (99.9% CL) 15>5,10 (95% CL)
Atrazine 5<10,15 (95% CL) NS NS

(NS) No significant difference
(CL) Confidence level

For all other compounds, no significant difference was detected between rainfall events.  For 
the Middle samples, the 5 mm event for glyphosate and isoxaben produced significantly 
higher concentrations than those events of 10 and 15 mm, regardless of surface type.  This 
was also true for the End sample, but only on asphalt.  Diuron was the only other compound 
showing significant difference between rainfall events on concrete surfaces.  No significant 
difference between rainfall events was recorded for oryzalin, oxadiazon and atrazine for the 
End sample.
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Figure 1. Herbicide concentrations from asphalt and concrete following a 5 mm rainfall event and 6 hr 
time lag between herbicide application and rainfall
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Figure 2. Herbicide concentrations from asphalt and concrete following a 10 mm rainfall event and 6 hr 
time lag between herbicide application and rainfall
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Figure 3. Herbicide concentrations from asphalt and concrete following a 15 mm rainfall event and 6 hr 
time lag between herbicide application and rainfall
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As with the rainfall volume experiments, highest herbicide concentrations were observed in 
wash-off from concrete for all time lag periods (Figures 4,5 and 6).  The exception to this was 
glyphosate where highest herbicide concentrations were observed in run-off from asphalt. 
For all treatments, highest herbicide concentrations were observed in the first run-off 
samples. Concentrations of herbicides in the first 1 mm of runoff were similar across all 
treatments.

On asphalt, the highest recorded concentrations of glyphosate was 123.33 mg.L-1 after 6 hr 
time lag.  On concrete, the highest recorded concentration of atrazine was 101.mg.L-1 after 12 
hr time lag.

For asphalt, there was no significant difference between measured concentrations from 5 of 
the compounds at each time lag event (Table 9). Glyphosate was the exception, with 6 hr time 
lag producing significantly higher concentrations than concentrations at of 12, 24 and 168 hr. 
On concrete oryzalin and atrazine, concentrations for the 6 hr event were significantly lower 
than concentrations from12 hr events, regardless of sample collection time.  This was true for 
oxadiazon and diuron, but with concentrations from the 168 hr event being significantly 
higher than events of 6, 12 and 24 hr.

Table 9. Significant difference between time lag concentrations for asphalt and concrete

Surface Compound First Sample Mid Sample End Sample

Asphalt

Glyphosate 6>12,24,168 (95% CL) NS NS
Isoxaben NS NS NS
Oryzalin NS NS 6<24,168 (95% CL)
Oxadiazon NS 6,12<24,168 (95% CL) NS
Diuron NS NS 6<12,24,168 (99% CL)
Atrazine NS NS 6<24,168 (95% CL)

Concrete

Glyphosate 6>12,24,168 (95% CL) 168<6,12,24 (95% CL) 168<6,12,24 (99% CL)
Isoxaben NS NS 6,12<24,168 (95% CL)
Oryzalin 6<12 (95% CL) 6<12 (95% CL) 6<24 (95% CL)
Oxadiazon 168>6,12,24 (95% CL) 168>6,12,24 (95% CL) 168>6,12,24 (99% CL)
Diuron 168>6,12,24 (95% CL) 168>6,12,24 (95% CL) 168>6,12,24 (99% CL)
Atrazine 6<12,24,168 (99% CL) 6<12,24,168 (95% CL) 6<12,24,168 (95% CL)

(NS) No significant difference
(CL) Confidence level
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Figure 4. Herbicide concentrations from asphalt and concrete following a 5 mm rainfall event and 12 hr 
time lag between herbicide application and rainfall
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Figure 5. Herbicide concentrations from asphalt and concrete following a 5 mm rainfall event and 24 hr 
time lag between herbicide application and rainfall
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Figure 6. Herbicide concentrations from asphalt and concrete following a 5 mm rainfall event and 168 
hr time lag between herbicide application and rainfall
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2.2.2 Ballast
Run-off from the ballast surfaces was more variable and considerably slower than the other 
two surfaces. The results for the ballast surfaces are therefore presented as a single 
concentration for a given amount of accumulated rainfall.  The single concentration shown is 
a mean of the First, Middle and End sample points. 

Herbicide concentrations in run-off from ballast following rainfall events of 5, 10, and 15 mm 
with herbicide application and rainfall time lag of 6 hr are shown in Figure 7. 

Concentrations of all herbicides in runoff increased with increasing rainfall. However, there 
was large variability between replicates so that some of the observations were not statistically 
significant (Table 10).

For all rainfall events, concentrations of atrazine were higher than concentrations of all of the 
other herbicides.  The rank order was atrazine > diuron > glyphosate > oryzalin > oxadiazon > 
isoxaben.

Table 10. Significant difference between rainfall volume concentrations for ballast

Factor Compound Significance

Rainfall volume

Glyphosate 5<15 (95% CL);  5 and 10 (NS)
Isoxaben NS
Oryzalin 5<10<15 (99% CL)
Oxadiazon NS
Diuron 5<10 (95% CL); 10 and 15 (NS)
Atrazine 5<10 (95% CL); 10 and 15 (NS)

(NS) No significant difference
(CL) Confidence level 
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Figure 7. Herbicide concentrations from ballast following 5, 10 and 15 mm rainfall events and 6 hr time 
lag between herbicide application and rainfall
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Concentrations increased with increasing time lag up to 12 - 24 hr. Herbicide concentrations 
then levelled out after either 12 (diuron, atrazine) or 24 (oryzalin, isoxaben, oxadiazon) hr. 
(Figure 8).  The exception to this was glyphosate where concentrations dropped between 24 
and 168 hr.

Table 11 shows the significant difference between time lag concentrations.  For all but 
glyphosate, the 6 hr time lag event produced lower concentrations than the other three lag 
times.  No significant differences were recorded with glyphosate. 

Table 11. Significant difference between time lag concentrations for ballast

Factor Compound Significance

Time lag

Glyphosate NS
Isoxaben 6<12<24 (99% CL); 24 and 168 (NS)
Oryzalin 6<12, 24, 168 (99.9% CL)
Oxadiazon 6<12 (99.9% CL); 12, 24, 168 (NS)
Diuron 6<12, 24, 168 (99% CL)
Atrazine 6<12, 24, 168 (99% CL)

(NS) No significant difference
(CL) Confidence level
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Figure 8. Herbicide concentrations from ballast following a 5 mm rainfall event and time lag intervals 
between herbicide application and rainfall of 6, 12, 24 and 168hours
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2.2.3 Repeat study ~ asphalt and concrete
Continuous sampling of runoff from asphalt and concrete demonstrated that herbicide 
concentrations in run-off decline exponentially (Figure 9).  Generally, concentrations running 
off concrete were higher than concentrations from asphalt. The exception is glyphosate, 
where herbicide concentrations were highest in runoff from asphalt. The potassium bromide 
tracer reacted with the oxadiazon formulation so oxadiazon results are not presented.

Figure 9. Herbicide concentrations from the repeat study on asphalt and concrete following a 5 mm 
rainfall event and 6 hr time lag between herbicide application and rainfall
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2.3 Herbicide loss

2.3.1 Initial study
The results for proportional loss are presented for the initial study, using both known 
concentrations (First, Middle and End sample points) and theoretical values derived from the 
repeat study.  This arrangement is required due to the rapid decline of concentration after the 
First sample point, an observation highlighted by the sequential sampling strategy used in the 
repeat study.  Furthermore, the use of average concentrations between known sample points 
provides unrealistic total loss.  The known and calculated values used to determine loss are 
shown in Table 12.

Table 12. Values used to calculate loss

loss sample point Attainment of values
1 First sample concentration from initial study
2 % difference between first and second sample of the repeat study*
3 Sample point 5 + (0.66 x (sample point 2 - sample point 5))  
4 Sample point 5 + (0.33 x (sample point 2 - sample point 5))
5 Middle sample concentration from initial study
6 (sample point 5 +  sample point 7) divided by 2
7 (sample point 5 +  sample point 9) divided by 2
8 (sample point 7 +  sample point 9) divided by 2
9 End sample concentration from initial study

* See Appendix, page 52

2.3.1.1 Asphalt
Accumulated loss of applied active substance for each compound is plotted against mm of 
accumulated rainfall and presented in order of surface type and influencing factors.  Figure 10 
shows wash-off for all compounds following the three rainfall events on asphalt.  In all cases, 
the 15 mm rainfall event produces significantly higher total loss (Table 13).  For isoxaben, 
diuron and atrazine the percentage loss do not reach a steady state, but glyphosate and 
oryzalin do.  The highest total loss was 54.92 % for glyphosate after 15 mm of rainfall.

Table 13. Significant difference between % loss for asphalt

Factor Compound Significance

Rainfall volume

Glyphosate 10<15 (99% CL);  5 and 10 (NS)
Isoxaben 5<10<15 (99% CL)
Oryzalin 5<10<15 (99.9% CL)
Oxadiazon 5<10<15 (99.9% CL)
Diuron 5<10<15 (99.9% CL)
Atrazine 5<10<15 (99.9% CL)

Time lag

Glyphosate 6>12,24,168 hr (99.9% CL)
Isoxaben NS
Oryzalin NS
Oxadiazon NS
Diuron NS
Atrazine NS

(NS) No significant difference  (CL) Confidence level
Losses for all compounds following time lag events of 6, 12, 24 and 168 hr are shown in 
Figure 11.  For five of the compounds, no significant difference was observed between time 
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lag events.  Glyphosate was the exception, with the 6 hr time lag producing significantly more 
percentage loss than events of 12, 24, and 168 hr (Table 13).

Glyphosate represented the greatest total of loss of 49.37% for 6 hr time lag. Relative losses 
for all other detected compounds in relation to glyphosate were: atrazine > isoxaben > diuron 
> oryzalin > oxadiazon
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Figure 10. Losses from asphalt following rainfall events of 5, 10 and 15 mm and 6 hr time lag between 
herbicide application and rainfall
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2.3.1.2 Concrete 
Losses of study compounds from concrete for 5, 10 and 15 mm rainfall events are shown in. 
For five compounds, the 5 mm rainfall event resulted in significantly lower percentage losses 
than the 10 mm event.  Isoxaben was the exception, with no significant difference recorded 
between 5 and 10 mm.

Only glyphosate reached a steady state of loss for the three rainfall events. Furthermore, total 
loss for the three events is almost complete after 5 to 6 mm of accumulated rainfall. 
Conversely, losses from all other compounds continue to rise with accumulated rainfall.

Maximum-recorded total losses following the 15 mm event were observed for isoxaben. 
Relative losses for all other compounds in relation to isoxaben for the 15 mm event were: 
atrazine > glyphosate > diuron > oryzalin > oxadiazon

Losses following the time lag events of 6, 12, 24 and 168 hr are shown in Figure 13.  For 
three of the compounds, isoxaben, oryzalin and atrazine, the 6 hr time lag resulted in 
significantly lower losses than any other time lag events.  For oxadiazon and diuron, an 
interval of 168 hr resulted in a significantly higher percentage loss than other time lag events 
(Table 14).

Steady states of loss were only reached for glyphosate following all time lag events and 
oryzalin following the 6 hr event.

For the 168 hr event, isoxaben showed the highest total loss.  Relative losses for all other 
compounds in relation to isoxaben for the 168 hr event are: atrazine > oryzalin > diuron > > 
oxadiazon > glyphosate

Table 14. Significant difference between % loss for concrete

Factor Compound Significance

Rainfall volume

Glyphosate 5<10<15 (99.9% CL)
Isoxaben 10<15 (99.9% CL); 5 and 10 (NS)
Oryzalin 5<10 (99.9% CL); 10 and 15 (NS)
Oxadiazon 5<10 (99.9% CL); 10 and 15 (NS)
Diuron 5<10 (99.9% CL); 10 and 15 (95% CL)
Atrazine 5<10 (99.9% CL); 10 and 15 (NS)

Time lag

Glyphosate 6>12,24,168 hr (99.9% CL)
Isoxaben 6<12,24,168 hr (99.9% CL)
Oryzalin 6<12,24,168 hr (99.9% CL)
Oxadiazon 168>6,12,24 hr (99.9% CL)
Diuron 168>6,12,24 hr (95% CL)
Atrazine 6<12,24,168 hr (99.9% CL)

(NS) No significant difference
(CL) Confidence level

Soil Survey and Land Research Centre 32
Cranfield University



Factors affecting the loss of six herbicides 
from hard surfaces

Figure 12. Losses from concrete following rainfall events of 5, 10 and 15 mm and 6 hr time lag 
between herbicide application and rainfall
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2.3.1.3 Ballast
The losses of compounds from ballast surfaces are presented as total loss figures.
Figure 14 shows total losses for compounds after rainfall events of 5, 10 and 15 mm.  All 
compound losses increased with accumulated rainfall, with 15 mm resulting in the greatest 
loss.  For the 15 mm event the rank order of loss was: atrazine > diuron > isoxaben > 
glyphosate > oryzalin > isoxaben

Losses of compounds after time lag events of 6, 12, 24 and 168 hr are shown in Figure 15. 
Plotted in percentage loss of active substance against hours of time lag, total loss figures are 
displayed. Losses for four of the compounds increase with increasing time lag intervals.  For 
glyphosate and oxadiazon, the factor of time lag made little difference to the total loss. 

Table 15. Significant difference Between rainfall and time lag events on ballast

Factor Compound Significance

Rainfall vol.

Glyphosate 5<15 (95% CL); 5 and 10 (NS)
Isoxaben NS
Oryzalin 5<10<15 (99% CL)
Oxadiazon NS
Diuron 5<10 (95% CL);10 and 15 (NS)
Atrazine 5<10 (95% CL);10 and 15 (NS)

Time lag

Glyphosate NS
Isoxaben 6<12<24 (99% CL); 24 and 168 (NS)
Oryzalin 6<12, 24, 168 (99.9% CL)
Oxadiazon 6<12 (99.9% CL); 12, 24, 168 (NS)
Diuron 6<12, 24, 168 (99% CL)
Atrazine 6<12, 24, 168 (99% CL)

(NS) No significant difference
(CL) Confidence level
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Figure 14. Total losses from ballast following rainfall events of 5, 10 and 15 mm and 6 hr time lag 
between herbicide application and rainfall

Figure 15. Total losses from ballast following a rainfall event of 5 mm and time lag intervals between 
herbicide application and rainfall of 6, 12, 24 and 168 hr
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2.3.2 Repeat study ~ asphalt and concrete
Loss values for the repeat study are based on the known concentrations from the eight 
sequential sample points.  Plotted against mm of accumulated rainfall, percentage loss of 
active substance is shown for asphalt and concrete surfaces Figure 16.

As with the initial study, losses from concrete surfaces are considerably higher than asphalt, 
glyphosate again being the exception (Table 16).

Only glyphosate reaches a steady state of loss, for both surface types.

Isoxaben has the highest loss from concrete.  Relative to isoxaben the order of losses are: 
atrazine > diuron > oryzalin > glyphosate

On asphalt, glyphosate losses are highest.  The orders of losses relative to glyphosate are:  
diuron > atrazine > isoxaben > oryzalin

Table 16. Significant difference between % loss for asphalt and concrete from repeat study

Factor Compound Significance

5 mm rainfall
with 6 hr time lag

Glyphosate Asphalt > Concrete (99.9% CL)
Isoxaben Concrete > Asphalt (99.9% CL)
Oryzalin Concrete > Asphalt (99.9% CL)
Oxadiazon -
Diuron Concrete > Asphalt (99.9% CL)
Atrazine Concrete > Asphalt (99.9% CL)

(NS) No significant difference
(CL) Confidence level
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Figure 16. Loss from the Repeat study on asphalt and concrete following a rainfall event of 5 mm and 
6 hr time lag between herbicide application and rainfall
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3 DISCUSSION

3.1 Surface type
There was a marked difference between surface type and rate of herbicide removal (Figure
17). In general, losses of herbicide from concrete were greatest, the exception to this was for 
glyphosate where the highest percentage loss was observed for asphalt. Previous studies with 
oxadiazon, isoproturon, diuron and atrazine support these observations and demonstrate that 
runoff from concrete contains higher concentrations than runoff from other surfaces 
(Brockelsby and Parsons, 1997). Generally, concrete is less pitted and less permeable than 
asphalt or ballast, it is therefore likely that concrete has a much lower surface area available 
for sorption than the other surface types. The observations for glyphosate are possibly due to 
its dissociation potential, the negatively charged species binding to the cationic calcium on 
the concrete. 

Figure 17. Mean total loss of each herbicide from asphalt, concrete and ballast

The studies were performed using new surfaces.  New surfaces are unlikely to receive 
applications of herbicide due to minimal weed infestations.  Furthermore, organic material 
will normally accumulate on hard surfaces over time. As several of the herbicides are likely to 
partition to organic matter, this could result in increased adsorption. Studies with new 
surfaces will however provide a worst case indication of environmental exposure.

3.2 Stage and duration of rainfall
The time for runoff to be initiated varied for the different surface types. On concrete, runoff 
occurred 3 minutes after a 5 mm rainfall event whilst for asphalt, runoff occurred 7 minutes 
after the rainfall event. The time for runoff from ballast to be initiated was much slower, this 
was probably explained by the depth of ballast used to construct the surfaces. 
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Spot samples indicated that for both concrete and asphalt higher concentrations in run-off 
occurred before < 0.66 mm of accumulated rainfall (Figure 18). Continuous monitoring 
supported these observations and demonstrated that herbicide loss reaches a steady state after 
2 mm rainfall.

Figure 18. Percentage loss of herbicide from the three sample points on asphalt and concrete

Rainfall duration influenced herbicide loss, a longer rainfall event resulting in higher 
accumulated loss. Consequently, although peak concentrations occurred during a 1-2 mm 
rainfall event, total losses from longer events would be higher.  The slower run-off rate and 
the subsequent lack of consistent data from the designated sample points for ballast meant 
that it was difficult to interpret the ballast results. However, as with asphalt and concrete 
surfaces it is likely that the length of rainfall duration will affect total loss from ballast.

3.3 Rainfall Volume
In the present study, it was not possible to investigate the effects of rainfall intensity. The 
reason being intensity is defined as the magnitude of force or energy per unit, which in the 
case of this study remained the same regardless of rate applied.  Consequently, the effects of 
rainfall volume only were investigated. Rainfall volume did affect the level of herbicide run-
off from hard surfaces, 5 mm of rainfall resulting in less herbicide loss than the 10 and 15 
mm rainfall events for all surface types. 

For asphalt, comparison of the 5 mm end sample (corresponding to a total volume of runoff 
of 5.07 mm) and 10 mm middle sample (corresponding to a water volume of 5.16 mm) 
indicated that the results could be explained purely on the basis of volume of water applied (). 
Consequently, if the 5 mm event was allowed to continue for a further 70 minutes (140 
minutes total), the rate of loss would be the same as the total loss derived from a 10 mm event 
falling within 70 minutes. 
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Table 17. Comparison of water volume and time from compounds applied to asphalt surfaces

Accumulated loss (% AS)
Glyphosate Isoxaben Oryzalin Oxadiazon Diuron Atrazine

5 mm End 5.07 70 43.82 6.97 1.18 0.28 5.94 7.67
10 mm Middle 5.16 35 42.14 9.99 2.15 0.26 6.73 10.27

For concrete, whilst loss was also affected by rainfall volume, for four of the six compounds 
the effects could not be explained by difference in volume of water applied.  Consequently, a 
5 mm event falling in 30 minutes could result in greater losses than a 5 mm event falling in 
70 minutes.  

The difference between loss from asphalt and concrete surfaces can probably be attributed to 
the characteristic of the surface types rather than different reaction of herbicides to that 
surface type. 

On ballast, for four of the six test compounds, loss increased with increasing rainfall. The 
effects of time and water volume could not be investigated so the results could only be 
expressed as a total loss figure.

3.4 Time lag
The affect of time lag on herbicide loss from the different surfaces varied. On asphalt, time 
lags of 6,12, 24 and 168 hr had no effect on concentrations of isoxaben, oryzalin, oxadiazon, 
diuron and atrazine in run-off.  Time lag did however influence losses of glyphosate, losses 
after a 6 hr time lag being greater than losses after 12, 24 and 168 hr time lags. 

On concrete, time lag events affected losses of all test compounds. The affect on loss from 
varying time lag intervals was not the same for all compounds.  Only glyphosate behaved as 
expected, loss decreasing with increasing time lag. Conversely, the losses of oxadiazon and 
diuron were highest following a time lag interval of 168 hr. For isoxaben, oryzalin and 
atrazine a time lag interval of 12, 24 or 168 hr resulted in higher losses than a time lag of 6 hr. 
Therefore, for five of the test compounds, losses will increase with increasing time lag 
interval between compound application and rainfall. 

Generally, losses from ballast after 12, 24 and 168 hr time lag were greater than losses after a 
6 hr time lag. The exception to this was glyphosate where time lag had no significant effect 
on herbicide concentrations.

3.5 Physico-chemical properties
The relationship between physico-chemical properties and run-off are shown in Figure 19. 
Based on two influencing factors the charts show the relationship of KOC, DT50 and solubility 
against loss (% AS) for all three surface types.  The charts suggest that although relationships 
between physico-chemical properties and the three surface types may differ, no clear 
relationships with losses for any of the properties exist.

Further analysis of soil KOC and its relationship with loss for the various test compounds has 
been calculated using a correlation matrix (Table 18).  The matrix is based on the three 
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surface types and the three most significant influencing factors.  KOC is widely accepted as the 
measure of how effectively a compound sorbs to a soil, thus a high KOC will sorb strongly to a 
surface and is therefore relatively immobile.

Table 18. Correlation between KOC and loss (% AS)

Influencing Factor Surface Relationship and significance of KOC with % loss
All compounds Without glyphosate

5 mm rainfall 6 hr time lag
Asphalt 98% CL (Positive) NS

Concrete NS NS
Ballast NS NS

15 mm rainfall 6 hr time lag
Asphalt NS 95% CL (Negative)

Concrete NS NS
Ballast NS 90% CL (Negative)

5 mm rainfall 168 hr time lag
Asphalt 95% CL (Positive) 95% CL (Negative)

Concrete 99% CL (Negative) NS
Ballast 90% CL (Negative) 95% CL (Negative)

(CL) Confidence Level
(NS) No Significant Difference

The results of the matrix suggest that on asphalt for a 5 mm rainfall event with 6 hr time lag, 
the relationship between soil KOC and loss is positive and significant at the 98% confidence 
level. Thus, losses from higher KOC compounds will be greater than compounds with lower 
sorption potential.  However, the matrix could be biased, given the inclusion of glyphosate 
with its high KOC and preferential loss from asphalt.  Recalculation of the matrix without 
glyphosate indicates that all relationships with KOC are negative regardless of surface type 
(Table 18, without glyphosate column).

The influence of time lag provides significant relationships for KOC on all surface types, 
however this relationship is positive for asphalt and negative for concrete and ballast. 
Consequently, conclusions could be drawn that soil KOC does have a relationship with run-off, 
thus rejecting the null hypotheses.  However, the type and significance of this relationship is 
unclear.

The relationship between water solubility and loss is shown in Table 19.  Using a correlation 
matrix, relationships between all compounds and all but glyphosate are examined.  On 
asphalt, regardless of influencing factors, solubility has a significant positive relationship 
thus; highly soluble compounds will have higher loss.  However, this trend is not present for 
concrete or ballast, unless glyphosate is removed from the matrix.  Glyphosate has a water 
solubility value of 11600 mg.L-1, all other compound tested in this study have values < 37 
mg.L-1.  With glyphosate excluded, the significance of the positive relationship is only evident 
for ballast.  Consequently, conclusions could be drawn that a positive relationship between 
solubility and run-off exists, but the significance of this relationship is unclear. Thus, the null 
hypotheses that solubility does not effect the level of herbicide loss from hard surfaces can be 
accepted.
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Table 19. Correlation between solubility and loss (% AS)

Influencing Factor Surface Relationship and significance of solubility with % loss
All compounds Without glyphosate

5 mm rainfall 6 hr time lag
Asphalt 99% CL (Positive) NS

Concrete NS NS
Ballast NS 90% CL (Positive)

15 mm rainfall 6 hr time lag
Asphalt 90% CL (Positive) NS

Concrete NS NS
Ballast NS 90% CL (Positive)

5 mm rainfall 168 hr time lag
Asphalt 99% CL (Positive) NS

Concrete 98% CL (Negative) NS
Ballast NS 90% CL (Positive)

(CL) Confidence Level
(NS) No Significant Difference

The relationship between soil DT50 and run-off has also been studied using the correlation 
matrix.  The results indicated that no clear or significant relationship exists, for any of the 
influencing factors or surface types.  This lack of correlation between total losses and soil 
DT50, for the compounds suggest that microbial degradation is not a significant factor and 
consequently the null hypotheses that DT50 does not affect levels of herbicide run-off can be 
accepted.
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Figure 19. Run-off (% AS) versus KOC, DT50 and Solubility for the test compounds
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3.6 Repeat study
The use of sequential sampling for the repeat study allowed accurate presentation of loss. 
This in turn allows comparisons with the theoretical loss calculations used for the initial 
study.  The results suggest that although concentrations and subsequent loss levels differ 
between surface types, the actual pattern of loss of between studies remains relatively similar 
for each compound.  Thus, the combination of these two studies provides accurate 
information on how compounds are removed.

The effect of water pH on the removal of compounds from hard surfaces needs consideration. 
On concrete concentrations from the repeat study were considerably higher for five of the test 
compounds compared to the same experiment performed for the initial study.  Although 
suggestions are made that herbicide run-off from concrete surfaces is unpredictable the effect 
of increased water pH may have played a part in this increased level of run-off.

The repeat study highlighted that the use of potassium bromide as a tracer can affect the 
characteristic of herbicide removal.  Removal of bromide from both asphalt and concrete in 
conjunction with oxadiazon resulted in untypical run-off characteristics.  Consequently, peak 
removal was delayed until 1.5 – 2 mm of accumulated rainfall as opposed to the 0.66 mm 
required for all compounds.  Furthermore, the use of bromide had such serious affects on the 
removal of oxadiazon that results from the repeat study could not be analysed.  The reaction 
of bromide with test compounds raises questions over its use as a tracer. 
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4 CONCLUSIONS 
The application of compounds to various surface types under various experimental conditions 
indicates that many influencing factors and mechanisms are involved in the movement of 
herbicides from hard surfaces. 

Surface type does significantly affect the levels of herbicide run-off.  Concrete can be 
regarded as the worst surface type for herbicide loss.  On average, total loss for concrete was 
28%, compared to 16 and 13% for asphalt and ballast respectively.  Replicated losses from 
concrete surfaces are less constant than loss from either asphalt or ballast, thus losses from 
concrete can be classified as unpredictable, however this unpredictability is not sufficient to 
compromise the significance of surface type.

The significance of surface type may be influenced by the time taken for surfaces to initiate 
run-off.  Initial run-off from concrete surfaces was approximately 50% faster than run-off 
from asphalt.  Ballast surfaces retained water for a longer period mainly because of the depth 
of test material thus run-off from ballast was significantly slower.

The rank order of loss from asphalt was glyphosate > atrazine > isoxaben > diuron > oryzalin 
> oxadiazon.  

For concrete the rank order of loss was isoxaben > atrazine > oryzalin > diuron > glyphosate 
> oxadiazon.

The rank order of loss from ballast was atrazine > diuron > isoxaben > oryzalin > glyphosate 
> oxadiazon.

The stage of rainfall event significantly affects levels of herbicide removed from hard 
surfaces.  The highest proportion of total loss occurs after < 0.66 mm of accumulated rainfall, 
which depending on rainfall volume and surface type can be within 3 minutes.  The rainfall 
duration also affects total loss.  Longer events will generate higher loss compared to events of 
shorter duration.  However, the rate of herbicide loss declines after 2 mm of accumulated 
rainfall.

Rainfall volume significantly affects herbicide losses from hard surfaces.  Events with higher 
volumes of water will generate higher losses than events of lower volume.  The time taken for 
a given volume to fall will have little affect on total losses from asphalt.  On concrete, the 
time factor may be important, due to the run-off speed and the surface characteristics.  The 
volume of water required to remove a herbicide may be directly linked to the soluble 
properties of that chemical, given the high concentrations observed for glyphosate on both 
asphalt and concrete surfaces.  However, no strong relationships or trends support this 
assumption.

The interval between herbicide application and rainfall had no significant affect on the levels 
of herbicide loss for five of the test compounds.  However, a short time lag between 
application and rainfall will significantly increase the loss of glyphosate from an asphalt 
surface.  On concrete, results suggest that a longer interval between herbicide application and 
rainfall will produce significantly higher losses.  This finding however is conflicts with the 
results of the repeat study.  Thus, the conclusion could be drawn that a time lag interval of 
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168 hr between herbicide application and rainfall has little affect on the levels of loss from 
asphalt and possibly concrete surfaces for the majority of compounds studied.  However, 
further investigation is required for concrete given its unpredictable nature.

Water solubility and KOC seem to have an effect on loss.  In general, more soluble, lower KOC 

compounds will produce higher loss.  However, given the small physico-chemical data set the 
significance of this relationship in relation to run-off is difficult to predict, no clear pattern is 
evident.  No significant relationship exists between soil DT50 and loss.

Under the experimental conditions, few compounds reached a steady state of loss.  This 
would suggest that further rainfall would increase the total loss.  However, the affects of 
further rainfall events are unknown.

Regardless of influencing factors, herbicides do seem to be readily removed from hard 
surfaces and consequently, with the exception of some individual compounds, all the 
proposed null hypotheses have been rejected.  Surface and the type of herbicide used seem to 
be significant in determining which factors affect losses, but losses remain relatively similar 
under varying rainfall and time lag events. In all cases water volume plays a significant part in 
herbicide removal, with relatively small volumes of water removing a large proportion of 
applied herbicide, especially in that case of asphalt and concrete.  However, no single factor 
seems to have the greatest affect on herbicide removal, thus it is considered that more than 
one factor may have an important role in the movement of herbicide from hard surfaces.
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5 RECOMMENDATIONS
This controlled study has identified a number factors and how they may influence herbicide 
losses from hard surfaces. However, the study has also highlighted areas, which require 
further investigation.  It is therefore recommended that:

• Laboratory based studies should be employed to investigate how compounds partition to 
hard surfaces, thus providing hard surface KOC values for herbicides as opposed to soil 
KOC values used for this study.

• Further studies to investigate the relationship between compound solubility and loss from 
hard surface should be considered.  A group of compounds with a large range of solubility 
values should be employed.

• Consideration should be given to the effects of adjuvant stickers such as “bond” or 
“codacide oil” and their relationship with loss.
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7 APPENDIX:  DATA TABLES

7.1 Daily temperature and rainfall

Study
Influencing factors

Rainfall vol. Time lag Date Temperature
(0C)

Rainfall
(mm)

Initial

5 mm 6  hr
16 March (AM) 7.45 -
16 March (PM) 9.54 -

10 mm 6  hr
17 March (AM) 8.94 -
17 March (PM) 10.51 -

15 mm 6  hr
18 March (AM) 7.97 -
18 March (PM) 9.67 -

5 mm 12  hr
19 March (AM) 3.86 -
19 March (PM) 9.77 -

5 mm 24  hr
20 March (AM) 6.11 -
20 March (PM) 10.31 -

5 mm 168  hr
21 March (AM) 7.77 -
21 March (PM) 8.42 -

5 mm 168  hr
22 March (AM) 6.51 -
22 March (PM) 9.02 -

5 mm 168  hr
23 March (AM) 6.01
23 March (PM) 7.44

1.25

5 mm 168  hr
24 March (AM) 4.51
24 March (PM) 6.45

4.90

5 mm 168  hr
25 March (AM) 6.93
25 March (PM) 8.70

3.10

5 mm 168  hr
26 March (AM) 9.81
26 March (PM) 11.93

0.60

5 mm 168  hr
27 March (AM) 10.82
27 March (PM) 13.24

2.00

5 mm 168  hr
28 March (AM) 10.06
28 March (PM) 12.42

3.60

Repeat 5 mm 6  hr 15 October (AM) 7.80 -
15 October (PM) 12.16 -
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7.2 Analytical results

7.2.1 Herbicide concentrations: repeat study
Mean Concentration (mg.L-1)

1 2 3 4 5 6 7 8
Glyphosate 137.0 17.80 4.90 2.30 1.50 0.80 0.90 0.50
Isoxaben 0.42 0.21 0.16 0.15 0.13 0.12 0.11 0.11

5 mm 6  hr Asphalt Oryzalin 0.42 0.21 0.16 0.15 0.13 0.12 0.11 0.11
Oxadiazon 1.29 0.58 0.51 0.46 0.45 0.00 0.00 0.00

Diuron 13.68 12.18 11.41 10.03 10.30 8.78 8.16 7.79
Atrazine 12.72 10.74 9.96 9.43 10.33 9.04 8.54 8.10

Glyphosate 22 5.90 3.50 2.20 1.10 1.00 0.80 0.42
Isoxaben 6.11 2.00 0.91 0.67 0.41 0.33 0.28 0.22

5 mm 6  hr Concrete Oryzalin 49.88 17.55 8.53 7.49 5.33 4.38 3.97 3.09
Oxadiazon 0.68 0.92 6.11 5.91 15.7 11.4 10.3 11.1

Diuron 54.26 24.13 21.48 20.87 18.85 17.36 15.48 14.88
Atrazine 119.68 36.60 29.49 27.32 21.46 18.11 15.12 13.40

7.2.2 Bromide concentrations: repeat study
Mean Concentration (mg.L-1)

1 2 3 4 5 6 7 8
5 mm 6  hr Asphalt One 8811.7 685.8 193.1 79 56.3 28.5 18.9 10.6
5 mm 6  hr Asphalt Two 29.4 1013.5 414.6 101.6 86.1 53.2 45.2 38.9
5 mm 6  hr Concrete One 5344.8 552.3 128.6 147.7 99.4 80.4 91 85.7
5 mm 6  hr Concrete Two 52.7 748.7 221.9 191.1 128.6 98.3 77.5 93.1

7.2.3 Control samples for both studies
Study Analyses Analysis laboratory Result

Initial

Glyphosate Institut Fresenius N.D.
Isoxaben Dow AgroSciences N.D.
Oryzalin Dow AgroSciences N.D.

Oxadiazon Horticultural Research Centre N.D.
Diuron Horticultural Research Centre N.D.

Atrazine Horticultural Research Centre N.D.
pH SSLRC 6.9

Repeat

Glyphosate Huntingdon Life Sciences N.D.
Isoxaben Dow AgroSciences N.D.
Oryzalin Dow AgroSciences N.D.

Oxadiazon Horticultural Research Centre N.D.
Diuron Horticultural Research Centre N.D.

Atrazine Horticultural Research Centre N.D.
pH SSLRC 7.9
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Factors affecting the loss of six herbicides 
from hard surfaces

7.2.4 % differences between first and second sample of the repeat study

Surface Compound Flow study samples
First (0 - 250 L) Second (251–500 L)

Second sample as a 
proportion of the first (%)

Asphalt

Glyphosate 137 17.8 13%
Isoxaben 0.42 0.21 50%
Oryzalin 2.93 1.39 47%
Oxadiazon - - 58%*
Diuron 13.68 12.72 93%
Atrazine 12.18 10.74 88%

Concrete

Glyphosate 22 5.9 27%
Isoxaben 6.11 2 33%
Oryzalin 49.88 17.55 35%
Oxadiazon - - 34%*
Diuron 54.26 24.12 44%
Atrazine 119.68 36.6 31%

* Average figure due to lack of data

7.3 Equipment and suppliers

Concrete Slabs 600 mm x 900 mm x 50 mm, Marshalls pressed concrete paving slab 
(natural) Jewson Limited, Aldwych House, London

Asphalt Slabs 600 mm x 900 mm x 40 mm, Hot rolled asphalt wearing course
BDP Surfacing Limited, Raynesway, Derby

Ballast 50 mm Rail ballast (Cliffe Hill Drystone)
Midland Quarry Products, Whitwick, Leicestershire

Ballast Boxes 600 mm x 900 mm x 400 mm, 3 mm thick mild steel bins
Donington Fabrications Limited, Shardlow, Derby

Support Slabs 600 mm x 900 mm x 50 mm, Marshalls pressed concrete paving slab 
(natural) Jewson Limited, Aldwych House, London

Exposure Stands 450 mm x 225 mm x 100 mm, Hemelite standard blocks
L.B.C. Bricks - commons
Jewson Limited, Aldwych House, London

Surface Stands 45 mm x 45 mm softwood and 18 mm plywood
Harlow Bros Limited, Alvaston, Derby

Rainfall Stands Microphone floor stand, c/w extension arm
RS Components, Corby, Northants
15 mm copper piping
Wicks, Harrow, Middlesex

Rainfall Nozzles 460-488 Axial flow FC brass nozzle
Lechler Limited, Newhall, Sheffield
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