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Executive Summary
Unlike most of Europe and North America, the UK groundwater is mostly held in fractured or rock aquifers.  In many parts of  England and Wales only a very shallow soil layer covers the unsaturated zone of these aquifers.  Much of the existing literature on pesticide degradation in groundwater focuses on the shallow sandy aquifers which are not typical of the UK.  Often the available information is based on experiments done with very high pesticide concentrations which represent a spill, point source scenario.  Therefore, the situation of diffuse source inputs of pesticides following normal agricultural practice entering UK aquifers has not been well studied.

This project focused on the potential for the herbicides isoproturon (as a representative of the substituted urea family), atrazine (as a representative of the triazine family), and mecoprop (phenoxy acid) to degrade in chalk, sandstone or limestone aquifer environments.  All of the chosen herbicides could be degraded by the soil at the chosen field sites.  However, there was no evidence that significant atrazine or mecoprop  degradation occurred in the subsurface samples taken from the field sites over a one year incubation.  Further studies of additional boreholes revealed that atrazine transformation, based on the formation of desethyl, and desisopropyl-atrazine, did occur in each of the groundwaters of the main aquifer types but only at a rate of 1-3% per year at 200C.  The only groundwater samples with the ability to degrade mecoprop came from two sandstone sites.

In contrast to the other herbicides, a potential to degrade isoproturon was observed in groundwater samples from the chalk, sandstone and limestone field sites.  Biodegradation was confirmed by the formation of monodesmethyl and didesmethyl-isoproturon.  The most rapid and consistent degradation was found in the 3 boreholes on the sandstone field site.  Using the data accumulated from all the tests, isoproturon degradation potential was not correlated with either dissolved organic carbon or numbers of bacteria in the groundwater.  Very wide temporal and spatial variation in degradation potential was noted for the groundwater collected from the boreholes at the chalk site, indicating a complex microbial ecology.  Results for the unsaturated zone were more difficult to interpret and it was noted that more useful information would come from microcosms which replicate the local moisture conditions.

We have demonstrated that at least for isoproturon, when it enters the groundwater in UK aquifers it is likely to come into contact with microorganisms with the ability to degrade it.  It should be noted that the degradation of pesticides in the soil over an aquifer is not an indicator that the same will happen in the groundwater below.  Certainly for the chalk sites there are no obvious parameters which indicate which sites will degrade and at what rate.  What we still don’t know is that even where groundwater organisms are competent to degrade a compound, whether they would realise this potential given that the ambient pesticide concentrations will be very low, around 0.1 g L-1.  A survey of groundwater’s to determine whether indigenous microorganisms could degrade these herbicides at 0.1 g L-1 is recommended.

1.
Introduction and literature review
The objective of the project was to study the potential for degradation of isoproturon, mecoprop and atrazine in the chalk, Permo-Triassic sandstone and Jurassic limestone aquifer environments in the UK (Fig. 1a).  In the first annual report a discussion of methods and the literature was made.  In the absence of a large, long time-scale field monitoring project, using field samples for laboratory microcosm studies was deemed the most appropriate technique to study this subject.  A large number of experiments have now been completed on material from chalk and sandstone field sites.  Experiments on material from a limestone site, and from regional surveys have yet to be completed.  This information will be incorporated in this report as soon as it becomes available.  The project addressed the following questions:

1)
Does a potential exist for the degradation of isoproturon, atrazine and mecoprop in the:

soil, unsaturated zone, or saturated zone?
2)
If a degradation potential exists, how does it vary:

a)
spatially (across the field site)


b)
temporally (sampled at different times over the year)?

3)
Are there any easily measurable parameters which could be used to predict groundwater degradation performance?

4)
Can a degradation potential for isoproturon be demonstrated in the unsaturated zone, when unsaturated conditions are mimicked?

5)
Can a degradation potential for pesticides be demonstrated when low, environmental concentrations are used?

6)
Can the metabolites generated from groundwater degradation of herbicides be identified?

Technical Challenges
The first technical challenge is of course to obtain the samples.  Aquifer material was collected by controlled drilling techniques, the limestone material was a particular challenge due to the hard nature of the material.  Due to the low numbers of bacteria, and low metabolic activity, the microcosm experiments have to be incubated for very long periods of 200-300 d in order to detect any degradation potential.  In fact some experiments will overrun the 3 year study period, however, the incubations will continue so that the maximum possible information is obtained.  Thus, great care must 
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Figure 1a.
Outcrops of aquifer rock in England and Wales with the field sites indicated.

be taken to maintain aseptic conditions, and to ensure that the controls do not become contaminated during sampling.  Some experiments have had to be curtailed prematurely due to contamination.

As reviewed in the first Annual Report to MAFF, so far there has been little research into the pesticide degradation capacity of the deep unsaturated zone.  However, increasing evidence obtained from the NERC funded field work at Wonston has shown that the primary water movement mechanism in an Upper Chalk site is through the matrix.  Thus, pesticide which escapes through the soil may take tens of years to reach the water table.  It may be that the pesticide we see now in groundwater may have been applied in 1975-78, and therefore, today’s application may not arrive until 2018!  At these travel rates even very slow degradation rates would have a major impact on the concentration which eventually arrives.  Therefore, it is important that some of the degradation experiments carried out on the unsaturated zone should resemble the natural unsaturated conditions.  For this project two separate untried techniques were developed to study the pesticide degradation potential of this zone.

2.
Materials and methods

2.1
LOCATION OF CHALK SITE

Sampling was undertaken at a location of Upper Chalk outcrop near Winchester in Hampshire, UK, at site WON. The site is described more fully in the first Annual Report.  The Upper Chalk begins from 40-60 cm below the soil surface.  The WON field site has been farmed as part of a 3 year rotation of winter cereal to grass production.  Isoproturon had been applied at site WON in 1988, 1994, and 1995.  The borehole from which groundwater samples were taken is shown in Fig. 1b.  The drilling of WON 7 was funded by this project and the chalk material obtained used in the chalk degradation profile experiment.

2.2
LOCATION OF SANDSTONE SITE

In order to study the Triassic sandstone aquifer environment a site was selected near Mansfield in Nottinghamshire.  This location was at the ADAS farm at Gleadthorpe, NGR 4604 3706.  The site was considered to be in an area which is typical and representative of this type of aquifer.  At present around 10% of the drinking water requirement for England and Wales comes from this type of aquifer.  At the field site itself mecoprop had been applied previously but not atrazine nor isoproturon.  The soil is a typical brownsand (Newport series) and can be found to a depth of 0.9 m.  At the lower edge of the field (headland) where the borehole (BH 1) was drilled, the water table was found at 7.0 metres before the surface (mbs)  (Fig. 1b).  Two other boreholes were present at the field site, which had been drilled by BGS (BH 2 and 3), which were located 10 and 120 m away with water tables 7.9 and 12.5 mbs respectively (Fig. 1b).

2.3
LOCATION OF LIMESTONE SITE

Limestone aquifers provide around 15% of the drinking water requirement for England and Wales.  A site was located at East Mere Farm, some 8 miles South of Lincoln on an outcrop of the Lincolnshire limestone, NGR0142 6488.  This area was considered typical of this type of aquifer material.  The field 4201 ‘forty five acre’ has been used for winter barley in April 1997-April 1998 and sugar beet from April 1998-April 1999.  Isoproturon was applied on the field in the 97-98 growing season.  The drilling was carried out 26.5 m from the track boundary (Fig. 1b).  The soil depth was 0.5 m.  The water table was 9.65 m below the surface when drilled in January 1999.  The nearest neighbouring borehole records were at the estate office, 150 m south east of the new drilled borehole, and 600 m to the North West was a spring fed lake.
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Figure 1b.
Site plans of the WON, Gleadthorpe and East Mere fieldsites showing location of the boreholes
2.4
COLLECTION OF CORE SAMPLES AND GROUNDWATER

Drilling was undertaken at site WON in September 1996, at Gleadthorpe in September 1997 and at East Mere Farm in January 1999. The dry percussion technique was used at the chalk and sandstone sites and is fully described in the first Annual Report, and Johnson et al. (1998).  However, the hard rock nature of limestone required a different drilling technique to collect samples.  The option selected was ‘rotary air flush’.  This technique uses a double tube core barrel with a saw tooth diamond bit.  Air is delivered between the inner and outer barrel to cool the bit and remove the cuttings by flowing up the annulus between the outer barrel and the borehole wall. The core is protected using a plastic liner housed within the inner barrel.  The core barrel is then brought to the surface and the lined core is removed and sealed and a new liner placed in the barrel and the process repeated.  Whilst risk of contamination is slightly greater than with the dry percussion method, because a drilling flush is used, the core was more dense and compact and hence less susceptible to disturbance.  The extremely low counts of bacteria later found in these samples did not indicate that any contamination had taken place.
Groundwater was collected from the observation boreholes using a small submersible electric pump. Five borehole volumes were pumped out and discarded before collecting samples in sterile bottles.  Groundwater was stored at 4(C prior to use.  Groundwater hydrochemistry measurements were undertaken by British Geological Survey (BGS).  To assess the number of viable bacteria present in the solid material and groundwater samples a viable count technique was used.  This involved taking the samples through a series of dilution’s in ¼ Ringers solution before plating out on 0.3% tryptone soya agar (Johnson et al., 1998).

2.5
SATURATED MICROCOSM DEGRADATION STUDIES

2.5.1
Degradation through the profile

To study the degradation potential of isoproturon, atrazine and mecoprop in chalk, samples were taken from chalk cores taken from the unsaturated (10.75 mbs) and saturated zones (19.35 mbs). At Gleadthorpe, the sandstone site, borehole 1 (BH 1) the equivalent samples were taken from 5.29 mbs and 7.35 mbs zones.  For East Mere farm, the limestone site, from the single borehole, samples were taken from 3.6 and 5.2 mbs.  Both of these were from the unsaturated zone due to technical problems preventing core recovery from the saturated zone.  

In each case the sampling procedure was as follows; after carefully removing the caps, the exposed outer end of the core was removed and discarded before the sample was taken from the centre of the core with a presept-sterilised spatula.  10 g of sample was added to triplicate pre-sterilised 100 ml containers (Sterilin).  30-40 ml of groundwater (collected from the same borehole as the solid material) was then added aseptically to the containers.  For each herbicide 6 mg L-1 stocks were made up in water and filtered through 0.45 (m PTFE filters (Gelman).  These aqueous stock solutions were used to spike the appropriate containers to give a final concentration of 100 (g L-1.  The combinations of herbicides, sterile and non-sterile chalk and groundwater are given below in Table 1, the same combinations were used for the sandstone and limestone sites.

Table 1.
Treatments of chalk, groundwater and herbicide used in the screening experiment.  Each letter refers to the code for that treatment used in the experiment.

	
	Isoproturon
100 (g L-1
	Atrazine
100 (g L-1
	Mecoprop
100 (g L-1

	Sterile chalk, sterile groundwater
	A
	A
	A

	Sterile chalk, non-sterile groundwater
	B
	E
	H

	Non-sterile unsaturated zone chalk, sterile groundwater
	C
	F
	I

	Non-sterile saturated zone chalk, sterile groundwater
	D
	G
	J


For treatments requiring sterile solid material or groundwater, these were prepared by autoclaving (121(C, 15psi for 15 min).  The containers were not shaken but maintained under aerobic conditions in the dark at 20(C for up to 300 days.  Samples of 1.5 ml were removed from the containers by sterile disposable pastettes and added to 2 ml syringes.  The samples were then filtered through 0.45 (m PTFE filters prior to analysis by high performance liquid chromatography (HPLC).  This experiment with site WON material started on 28.11.96, with Gleadthorpe material on 22.10.97, and with East Mere farm material on 29.1.99.

2.5.2
Isoproturon degradation fieldsite comparative borehole experiment
Previous research conducted on degradation potentials of isoproturon (Johnson et al., 1998) have shown that organisms in groundwater can degrade the compound provided that a solid matrix is present.  On the same date (13.1.97) groundwater samples were taken from four boreholes (WON 4-7) located within 100 m from each other.  This was also done for the three boreholes at Gleadthorpe (BH 1-3) on 2.10.97.  From each borehole sample, 30 ml sub-samples were added to triplicate 100 ml sterile containers (Sterilin).  These containers also held 5 g sterile chalk (sterile sandstone for Gleadthorpe).  Isoproturon was added to each container to a final concentration of 100 (g L-1, as described above.  Three controls contained sterile chalk, or sandstone with sterile groundwater.  Samples for isoproturon analysis were taken at weekly intervals over 141 days.  This experiment was repeated with site WON groundwater on 21.5.97 and 5.3.98, and with Gleadthorpe groundwater again on 5.6.98.

2.5.3
Regional variations in pesticide degradation potential
To give a broader view to degradation values obtained for the different aquifers some additional boreholes were sampled within the outcrop areas.  For the chalk area, samples were taken on 28.5.99 from Bridgets farm and Western Court which are about 10 and 15 miles from site WON.  For the sandstone area samples were taken from Welbeck, Clumber Park and Gleadthorpe BH2 on the 8.6.99.  For the limestone area samples were taken on 15.1.99 from Coleby, Dunstan Heath and Welbourne Heath (Table 7).  These boreholes were within 30 miles of each other and East Mere Farm.  The sampling procedure involved evacuating 5 borehole volumes before taking 2 L samples in sterile bottles.  Analysis for conductivity, redox potential and dissolved oxygen were carried out on site by British Geological Survey (BGS).  The samples were stored overnight at 4(C before commencing experiments.  Sub-samples were taken to enable a suite of chemical analyses to be performed as well as viable counts.

40 ml aliquots of the groundwater samples were added to 100 ml sterilin pots containing pre-sterilised matrix material originating from each aquifer.  As described before, the samples were then spiked from 6 mg L-1 aqueous pre-filtered stocks of either isoproturon, atrazine or mecoprop to give final concentrations of 100 (g L-1.  Sterile controls were autoclaved prior to spiking with all of the pesticides.  Sampling was as described before and incubation at 20(C.

2.5.4
Degradation potential of the local soil for the herbicides isoproturon, atrazine and mecoprop
These experiments were set up in a similar way to the groundwater/aquifer material experiments to act as positive controls.  Illustrating the capacity of the topsoil to degrade and allowing comparisons with the deeper unsaturated and saturated layers to be made.  Fresh topsoil was collected by scraping 500-1000 g into bags from the top 5 cm of soil near the boreholes at the fieldsites.  Samples of 5 g of soil were added to the 100 ml Sterilin containers and mixed with 30 ml of 10 mM CaCl2.  Sterile controls were autoclaved for 30 min.  The herbicides were added from the same stocks described above, to give final concentrations of 100 (g L-1.  Each treatment had 3 replicates, incubation conditions were the same as for the groundwater experiments.  
2.5.5
Examination of the potential of soil bacteria to degrade isoproturon in the groundwater environment 

Approximately 500 g soil was collected from the top 5 cm at the WON fieldsite on 4.6.97.  After the sample was mixed 3 g was taken and added to a 100 ml Sterilin container and mixed with 3 g sterile chalk and 30 ml sterile groundwater, thus making a 10-1 dilution.  After vigorous shaking 3 ml was transferred to another container and mixed with 3 g sterile chalk and 27 ml sterile groundwater, thus representing a 10-2 dilution of the original soil.  In this manner additional dilution’s were made to give 10-3, 10-5, and 10-7 of the original soil sample.  A control contained sterilised soil.  Isoproturon was added from a stock solution to give a final concentration of 100 (g L‑1, as described previously.  The containers were incubated in the dark at 20(C and sampled fortnightly for the presence of isoproturon.  The soil moisture content was calculated to be 6.7%.

2.5.6
Low isoproturon concentration experiment 
On 22.5.97 groundwater was collected in a series of sterile 1 L bottles from borehole WON 4.  The numbers of viable heterotrophic bacteria present in the groundwater were counted using TSA plates, as described previously.  2 L quantities were dispensed into sterile 2.5 L Quickfit round-bottomed flasks containing gas-flushing type heads.  To give a 1:12 ratio of sterile chalk to groundwater, each flask contained 167 g of <4 mm autoclaved chalk.  Three flasks contained non-sterile groundwater and a further three contained sterile groundwater (controls).  From a 4.74 mg L-1 aqueous stock solution of isoproturon, 0.211 ml was added to each flask to give a final concentration of 0.5 (g L-1.  The flasks were then shaken manually to disperse the isoproturon before being allowed to settle for 3 h.  The flasks were sampled by attaching peristaltic tubing to one of the L-shaped glass tubes in the flask head.  This tube opened directly into the groundwater within the flask.  Prior to use the peristaltic tubing was cleaned by pumping through 50 ml methanol, followed by ultra-pure water.  The peristaltic pump withdrew 200 ml from the solution for analysis.  

Before analysis the sample was concentrated with a solid phase extraction cartridge.  The extraction cartridge (Varian mega bond elut C18) was then prepared by eluting one bed volume (4.5 ml) of acetone, one of methanol before cleaning with 2 x 4.5 ml ultra-pure water.  5 ml of the experimental solution was then passed through the cartridge.  The cartridge was then air dried for 10 minutes by inserting into the bung of a Buchner flask, and passing air through with a vacuum pump.  The products were then eluted with 2 ml methanol.  The flasks were then incubated in the dark in a constant temperature room 18(C (+/-2(C).  Sampling was at monthly intervals.

This experiment was repeated with groundwater from BH 1 at Gleadthorpe on 5.6.98.

2.5.7
Low temperature experiment

For practical reasons degradation microcosm experiments had been carried out at 20(C.  To demonstrate that groundwater bacteria are capable of carrying out pesticide degradation also at the more normal temperature (for groundwater bacteria) of 10(C an additional experiment was set up.  When the second borehole degradation experiment for Gleadthorpe had been completed (Section 2.4.2), and the parent isoproturon compound almost completely removed after 150 d incubation at 20(C, these samples were then re-spiked with fresh isoproturon.  They were then placed in an incubator at 10(C and sampled in the normal way for a further 150 d.  Thus, the experiment started with groundwater samples already pre-adapted to isoproturon, containing a degrading population.

2.6
UNSATURATED ZONE FLOW-THROUGH EXPERIMENT
The cores were obtained from the unsaturated zone of WON 7 in September 1996 by dry percussive coring. With this technique, the cores could be removed with the minimum of disturbance and contamination. The cores were recovered in 0.1 m diameter, 0.45 m long PVC liners. On recovery the cores were capped and sealed and returned to the laboratory the same day. On arrival at the laboratory, cores were stored vertically at 4ºC. Cores B (6.85-7.07 m), C (7.95-8.18 m) and D (8.18-8.40 m) all contained solid chalk. Core A (6.62-6.85 m) contained a large flint at the top and the consistency of the chalk was less solid than in the other three cores.

2.6.1
Setting-up and running the columns
The four 0.225 m long, 0.1 m diameter cores were set up to simulate conditions in the unsaturated zone of the chalk aquifer.  Nylon netting (1 mm mesh) was tied around the base of each of the cores to prevent chalk material falling out during column preparation. The cores were secured vertically in Buchner funnels and orientated as in the subsurface. A slight dip was created in the centre of the top of each column by scraping away a small amount of chalk. A thin layer of acid-washed sand was placed in this depression to encourage the leachate to disperse evenly over the central part of the surface of each column. The top of the columns were capped with a plastic lid and the cap / core join was sealed with PVC electrical tape to reduce evaporation and pesticide volatilisation. Similarly the gap between the core and the Buchner funnel was sealed with PVC electrical tape.

2.6.2
Simulating conditions in the unsaturated zone
Unsaturated zone conditions were simulated by applying a suction of 1 kPa (0.1 m H2O) to the base of each the column. The suction in each of the flasks was monitored using a water filled manometer. A suction of 1 kPa (0.1 m H2O) would be much lower than normally occurs in the chalk unsaturated zone. A suction of 1 kPa (0.1 m H2O) would empty pores greater than 300 (m in diameter. Field research conducted close to WON 4 shows that the average matric potential, during the 1995-96 season, at 3 m mbs is about 5 kPa (0.5 m H2O). At the same site during the 1995-96 season the lowest matric potential at 3 m was 2 kPa (0.2 m H2O). The cores used in this study were removed from between 6.62-8.40 m mbs in WON 6. The water table in WON 6 is normally around 9 m (( 1) mbs. Therefore an applied suction of 1 kPa (0.1 m H2O) should represent relatively low suction conditions within the chalk at site WON.

2.6.3
Eluting the columns
The columns were eluted with groundwater pumped from WON 5. The groundwater was sterilised in an autoclave before use. It has been reported that strong interactions may occur between dissolved organic carbon in groundwater and pesticides, these interactions may influence pesticide mobility (Huber et al., 1992). Therefore groundwater was used in place of 2 mM CaCl2. The columns were irrigated via a hypodermic needle which was inserted in the centre of the plastic lid. Columns B, C, and D were eluted for 105 days while column A was eluted for only 89 days, due to pump failure at the start of the experiment. All columns were eluted at a rate of 11 ml day-1 using Watson Marlow 101U/R peristaltic pumps (Watson Marlow Ltd, Falmouth, UK) controlled remotely by a Campbell data logger (Campbell Scientific Inc., USA). This flow rate corresponds to a velocity through the core of approximately 1.25 m year-1. This velocity is within the upper range of that expected in the unsaturated zone of the chalk aquifer. An average recharge velocity within the chalk unsaturated zone may be around 0.9 m year-1 (Wellings & Bell, 1980, and Wellings, 1984). It should be remembered however, that recharge to the chalk aquifer, through the unsaturated zone, normally takes place for only 3-5 months of the year, therefore the actual velocity during the months in which recharge is occurring will be greater than 1.25 m year-1. The flow rate used in these columns may therefore be lower than occurs in the field. The columns were continuously monitored throughout the duration of the experiment. The eluent and leachate totals agreed well.

2.6.4
Applying the solutes and collecting the leachate
Once the columns had reached steady state, a pulse of isoproturon, mecoprop and bromide was applied to the top of each column. The pumps were switched off 1 hour before and after the isoproturon and bromide applications to ensure that ponding did not occur on the top of the columns. 1 ml of 1500 mg L-1 isoproturon, 1 ml of 1500 mg L-1 mecoprop (1.5 mg total) and 1 ml of 100 g L-1 potassium bromide solution (100 mg total) were applied evenly over the sand on the top of each column.  After the solutes were applied the columns were immediately capped and sealed to reduce volatilisation losses.

The column leachate was collected in pre-sterilised boiling tubes positioned under the Buchner funnels in the Buchner flasks. The leachate was sampled every 2-3 days by carefully lifting the Buchner funnel and column off the Buchner flask and replacing the collecting tube. The volume of eluent was recorded. Immediately after collection the samples were filtered through 0.45 (m PTFE filters. Samples for herbicide analysis were stored in PTFE capped HPLC vials at 4(C. Samples for bromide analysis were stored in 30 ml disposable bottles (Sterilin) again at 4(C. 

2.6.5
Extracting the bromide and herbicides
The cores were sectioned in order to assess the progress of the solutes through the columns and to assess the efficiency of recovery. Once irrigation had ceased, cores B, C, and D were removed from the column apparatus and frozen. Once frozen, the cores were cut horizontally into four equal sections. The chalk material from the four sections was then emptied into separate containers and weighed. The chalk in each container was thoroughly homogenised prior to extraction.

50 g samples were removed from each homogenised core quarter and placed in a 250 ml conical flasks with 100 ml of de-ionised water. The flasks were then shaken on a platform shaker for 24 hours. The slurry in the conical flasks was then transferred to 30 ml disposable bottles (Sterilin) and centrifuged at 3000 rpm for 20 minutes. The aqueous phase was then filtered through 0.45 (m PTFE filters into 30 ml disposable bottles (Sterilin).

The herbicides were extracted using the same method as for bromide except that methanol was used in place of water and samples were shaken in a water bath at 40(C. Also the methanol samples were filtered straight through 0.45 (m PTFE filters in to re-sealing HPLC vials without centrifugation. Both the samples for bromide and herbicide analysis were stored at 4(C prior to analysis.

2.7
UNSATURATED MICROCOSM METHOD 
The unsaturated flow through columns (section 2.6) have the advantage of looking at undisturbed material under natural flow conditions.  However, to be able to find the breakthrough peak using this method high concentrations of herbicide have to be added.  Thus, a new method was developed in which lower, more realistic herbicide concentrations could be used.  Chalk core WON 16/7, 4.42-4.88 mbs was used.  The casing was cut at 5 cm intervals with a sterile hacksaw blade.  The sections were then broken, rather than cut, to preserve and not smear over the pores.  The small core section were then carefully placed onto sterile Buchner funnels and bedded down on sterile silica flour, as described in 2.6.2. The core and Buchner funnel apparatus were placed on top of 2 L Buchner flasks.  The same suction of 1 kPa was generated by syphoning off water from the flask into another, lower, container, as described in section 2.6.2.  In contrast to the previous method, isoproturon was not added as a spike but perfused through the cores in the eluting solution.  This solution was sterile WON 5 groundwater containing 100 (g L-1 isoproturon, made up by adding 0.16 ml from a 600 mg/L isoproturon stock (in methanol) to 1 L containers of groundwater.  For the sterile control a core was perfused with this solution which contained Presept (25 mg/L sodium dichloroisocyanurate).  The cores were eluted with these solutions for 7 d at a rate equivalent to 5.7 mm/d (2.2 ml/h).  The manometers were read each day to confirm that the cores remained under unsaturated conditions during the perfusion.  Thus, the original pore water was replaced by groundwater containing isoproturon but the moisture content remained the same (23‑24% by weight).  The cores were then taken from the Buchner apparatus and placed in sterile mixing bowls where they were carefully mixed with sterile pestles under aseptic conditions.  Sub-samples of 70-100 g were then carefully placed in 150 sterile glass conical flasks.  These were then sealed with cellophane and then grease-proof paper and weighed before placing in the 20(C incubator.  There was enough material for sacrificial sampling in groups of 4 at t=0, 100,150 and 200 d.  This was done by adding 140-200 ml methanol (methanol:chalk ratio of 2:1) to the conical flasks, capping and shaking overnight in a 40(C waterbath.  After allowing settling a 50 ml aliquot was taken off for concentration by rotary evaporation prior to analysis by HPLC.

2.8
DETERMINATION OF THE HERBICIDES, BROMIDE AND DISSOLVED ORGANIC CARBON (DOC)
After filtration samples were stored in PTFE capped HPLC vials at 4(C prior to analysis.  The samples were stored no longer than one week prior to analysis.  Samples were taken into the HPLC via a 150 (l loop.  A C18 column Columbus (Phenomenex Ltd, UK) was used (2.1 mm x 25 cm) with a 35% acetonitrile eluent.  Detection was made at 240 nm, and peak purity was checked by comparing the absorbance at 220 nm.  The detection limit was 10 (g L-1.  Isoproturon, isopropyl aniline, isopropyl phenol, mono and di-demethylated isoproturon were used as standards (made up in 50:50 methanol: water).

Bromide concentrations were determined using ion chromatography (DIONEX, Camberley, UK). The eluent used was 1.8 mM sodium carbonate and 1.7 mM sodium bicarbonate. The regenerate used was 25 mM sulphuric acid. Detection was by electrical conductivity.

DOC was measured using a TOCsin II Aqueous Carbon Analyser (Phase Separations Ltd).  The sample is pumped through a heated capillary inlet tube and forced into the oxidation furnace.  The carbon dioxide formed is then mixed with hydrogen over a nickel catalyst to form methane.  The methane, evolved from the original carbon, is measured using a flame ionisation detector.

3.
Results and discussion
3.1
CHARACTERISATION OF THE CHALK, SANDSTONE AND LIMESTONE GROUNDWATER
The key features to note are the oxygen concentration (Table 2), which indicates saturation for the ambient temperature, and the neutral pH.  This indicates that the borehole sites on all 3 aquifers are aerobic, as might be expected in unconfined (outcrop) areas.  The neutral pH make it unlikely that the chosen herbicides would be subject to chemical hydrolysis (atrazine chemically stable between pH5.5-8.5, A. Walker pers. comm.).  The low DOC, assuming it is not entirely recalcitrant, would maintain a heterotrophic population in the groundwater.  The sandstone groundwater has a higher concentration of DOC and higher concentration of ions than either of the other 2 groundwaters, giving a greater conductivity.

Table 2.
Groundwater chemistry at the field sites (concentrations in mg L-1)

	Site
	DOC
	pH
	SEC ((Scm)
	DO2
	Ca
	Na
	K
	Mg
	Si
	HCO3
	SO4
	Cl
	NO3-N

	Chalk
	1.2
	7.2
	716
	9.1
	134
	8.7
	2.7
	2.7
	3.2
	281
	31.1
	21.2
	17.4

	Sandstone
	3.0
	7.3
	1427
	10.3
	140
	56.1
	7.8
	89.1
	4.4
	126
	88.4
	220
	49.3

	Limestone
	ND
	7.8
	ND
	ND
	137
	40.7
	1.7
	7.9
	2.7
	109
	123
	110
	26.4


3.2
NUMBER OF VIABLE BACTERIA IN THE GROUNDWATER AND AQUIFER MATERIAL
The agar used in viable count techniques is unlikely to support all the microorganisms found in the subsurface environment.  The extent to which viable counts underestimate the true number of bacteria present is a matter of continuing debate, however, at least it is counting live organisms, whereas many of the bacteria counted using direct methods may be dead.  The main use of the method was, therefore, as a means to compare the different groundwater and aquifer material samples.

Table 3.
Comparison of numbers of viable bacteria (cfu/ml) in the in the site WON Gleadthorpe (BH 1-3) and East Mere farm (L 1) groundwater samples
	Date
	WON 4
	WON 5
	WON 6
	WON 7
	BH 1
	BH 2
	BH 3
	L 1

	14.5.97
	3.65 x 104
	5.4 x 104
	2.5 x 104
	1.65 x 104
	ND*
	ND
	ND
	ND

	23.5.97
	6.5 x 104
	ND
	ND
	ND
	ND
	ND
	ND
	ND

	2.10.97
	ND
	ND
	ND
	ND
	7.12 x 105
	3.93 x 105
	2.58 x 105
	ND

	5.3.98
	1.62 x 104
	1.62 x 104
	4.08 x 104
	7.25 x 104
	ND
	ND
	ND
	ND

	5.6.98
	ND
	ND
	ND
	ND
	1.7 x 104
	1.4 x 105
	8.2 x 104
	ND

	29.1.99
	ND
	ND
	ND
	ND
	ND
	ND
	ND
	1 x 103


*ND not done

Table 4.
Comparison of numbers of viable bacteria (cfu/g) at the site WON (borehole WON 7), Gleadthorpe borehole 1(Gt) and at East Mere farm (L) in the solid material 

	Date
	WON soil
	WON
10.7 m
	WON
19.3 m
	Gt soil
	Gt 
5.3 m
	Gt
7.35 m
	L soil
	L
3.3 m
	L
5.2 m

	28.11.96
	1.75 x 107
	2.6 x 103
	6.75 x 104
	ND
	ND
	ND
	ND
	ND
	ND

	30.9.97
	ND
	ND
	ND
	1.04 x 107
	4.6 x 103
	1.21 x 105
	ND
	ND
	ND

	29.1.99
	ND
	ND
	ND
	ND
	ND
	ND
	1.7 x 106
	2.5 x 102
	2.5 x 102


*ND not done

The highest counts obtained can be found in the soil with some ten million bacteria per gram (Table 4).  Within the deep unsaturated zones at WON (10.7 m), Gleadthorpe (5.3 m) and East Mere farm (3.6, 5.2 m) the counts are very low, particularly at East Mere with only a few hundred per gram, but clearly microbes are not absent (Table 4).  The counts were generally higher in the saturated zones, with the Gleadthorpe saturated zone and groundwater having around ten times more bacteria than at site WON (Tables 3 and 4).  Comparison of counts from the same boreholes at site WON illustrate a fluctuation in the numbers, 4 times less or 7 times greater, depending on the borehole, over a 10 month period.

3.3
MICROCOSM DEGRADATION STUDIES 
3.3.1
Soil herbicide degrading performance
Examination of the performance of the topsoil at site WON (Fig. 2), and Gleadthorpe (Fig. 3) illustrates an ability of the soils to biodegrade all 3 herbicides.  The degradation rate of the mecoprop and atrazine, may be seen as rather slow compared to literature field values, however, there is no history of mecoprop use at site WON, or atrazine being applied at either field site.  The microcosm experiment was not meant to represent field conditions, but rather act as a positive control.

3.3.2
 Isoproturon degradation potential down through the profile
Chalk site WON
The stability of all the herbicides in the sterile groundwater/aquifer material controls suggests these compounds were stable in these pH conditions.

The experiment was conducted on material extracted from a borehole at the top of the fieldsite, with a depth of 17 m to the watertable.  Therefore, a large quantity of chalk separated these parts of the unsaturated zone (10.7 mbs) and saturated zone (19.3 mbs) from the soil.  The concentration of isoproturon in the sterile control (Fig. 4a) did not decline, but showed a slight increase over the course of the experiment.  This is likely to be due to some evaporation of the water occurring, which then increases the (non-volatile) solute concentration.  Very little change was seen in the concentration of isoproturon in the incubation with the 19.3 mbs chalk, taken from the saturated zone.  Some decline in concentration was seen with the 10.7 mbs chalk (unsaturated zone).  From the replicates for isoproturon at 20(C this would give half-lives of 139-273 d.  It is important to note that where loss of parent was noted in these experiments, there was also the generation of mono demethylated isoproturon, this is discussed in section 3.5 (Fig. 14).  Thus, the microorganisms of the unsaturated zone were active when the matrix was saturated.  Further experiments into the potential for degradation in the chalk unsaturated zone are described in section 3.4. The groundwater used in the experiment came from another borehole, WON 4, collected on 25.11.96 and had previously demonstrated the most rapid isoproturon degradation.  All three replicates giving a half-life of 111 d.  It is interesting to note that rapid degradation only began after 80 d.

The sandstone site at Gleadthorpe 
The only convincing evidence (250 d) for the existence of a biodegradation potential for isoproturon (other than in the soil) was with the Gleadthorpe groundwater (Fig. 5a) rather than with the solid aquifer material.  As with site WON, the groundwater with sterile matrix and isoproturon gave the best example of biodegradation.  The formation of mono de-methylated isoproturon was only observed for the groundwater with sterile sandstone samples.

The limestone site at East Mere farm

A potential for the isoproturon degradation was seen in all of the samples, despite the very low counts of culturable organisms present (100 cfu/g) in the limestone (Fig. 6).  The formation of both monodesmethyl and didesmethyl-isoproturon were associated with the groundwater and saturated zone degradation.  Only monodesmethyl-isoproturon was identified with the unsaturated zone degradation.

Looking at chalk, sandstone and limestone it can be seen that where an isoproturon degradation potential occurs it can be detected in the local groundwater incubated with sterile matrix.  Thus, sampling the groundwater alone, without collecting fresh solid material from the saturated zone, would give a fair reflection of the ability of the indigenous organisms.
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Figure 2.
Ability of topsoil from site WON to degrade isoproturon, atrazine and mecoprop.  Microcosm incubations at 200C (mean of 3 observations with standard deviations ).
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Figure 3.
Ability of topsoil from Gleadthorpe to degrade isoproturon, atrazine and mecoprop.  Microcosm incubations at 200C (mean of 3 observations with standard deviations)
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Figure 4.
Ability of non-sterile groundwater (WON 4) in the presence of sterile chalk (GW st. chalk), non-sterile chalk (10.7 mbs) from the unsaturated zone (Unsat. chalk st. GW), and non-sterile chalk (19.3 mbs) from the saturated zone to degrade (a) isoproturon, (b) atrazine and (c) mecoprop (mean of 3 observations with standard deviations).
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Figure 5.
Ability of non-sterile groundwater (BH 1) in the presence of sterile sandstone (▲GW st. sand), non-sterile sandstone (5.3 mbs) from the unsaturated zone (■Unsat. sand st. GW), and non-sterile sandstone (7.3 mbs) from the saturated zone (◊) from Gleadthorpe to degrade (a) isoproturon, (b) atrazine and (c) mecoprop (mean of 3 observations with standard deviations)
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Figure 6.
Ability of non-sterile groundwater from East Mere in the presence of sterile limestone (GW st. lime), non-sterile limestone (3.6 mbs) from the unsaturated zone (Unsat. lime st. GW), and non-sterile limestone (5.2 mbs) from the saturated zone from East Mere to degrade (a) isoproturon, (b) atrazine and (c) mecoprop (mean of 3 observations with standard deviations

3.3.3
Atrazine degradation potential down through the profile
The chalk site WON
In contrast to the isoproturon data, the same samples did not degrade atrazine over the time course of the experiment (Fig. 4b).  This is in contrast to the soil which did possess the capability to degrade atrazine.  This implies atrazine which penetrated the soil layer would persist at this site.

It is perhaps worth noting that the subsurface and groundwater samples do not have the same microbial capabilities as the soil.  This may be used as evidence to suggest that the subsurface zone has not been contaminated by soil.

The sandstone site at Gleadthorpe

Unlike the other sites there did appear to be some evidence of atrazine removal with respect to the sterile controls (Fig. 5b).  This is particularly so for the groundwater with sterile sandstone sample.  Further evidence for biodegradation would be the formation of atrazine metabolites, however these could not be detected.  Issa and Wood (1999) did detect atrazine and isoproturon degradation in the sandy/alluvial material of the unsaturated zone in Southern UK.

The limestone site at East Mere farm
The limestone site follows a remarkably similar pattern to the chalk site.  Whilst isoproturon is clearly degraded, there is no significant atrazine removal (Fig. 6).  This is despite the soil at the site having a capacity to degrade atrazine
3.3.4
Mecoprop degradation potential down through the profile
The chalk site WON
The experiment could not proceed beyond 160 d due to problems with the controls (Fig. 4c).  However, as with atrazine, there was no evidence of mecoprop degradation in any of the subsurface samples.  This appears to contrast with previous groundwater experiments in sandy material (Heron and Christensen, 1992 and Klint et al., 1993) and chalk material (Hughes et al., 1995) where mecoprop degradation was observed.  This was something of a surprise, mecoprop had been selected on the basis that it would be likely to be less recalcitrant than either isoproturon or atrazine.

Sandstone site Gleadthorpe
As with the chalk site, no degradation potential could be detected in the subsurface samples (Fig. 5c) for mecoprop.  Again mecoprop could be degraded by microorganisms in the soil but not in the subsurface at this site.  Harrison et al. (1998) had demonstrated degradation of mecoprop in sandy and limestone microcosms but this was achieved with a spiking concentration of 2 mg L-1 , some 20 times higher then our starting concentration.  It suggests that when you impose a tremendous selection pressure, then degraders will emerge, but this scenario really is not relevant to the situation of diffuse source contamination by pesticides.  It should be noted that in the regional groundwater survey two examples of sandstone groundwater sites which could degrade mecoprop were found.

The limestone site at East Mere farm
Following again in a remarkably similar pattern to the chalk and limestone sites, no real change in mecoprop concentration was found (Fig. 6).  This is despite a soil capability to degrade the compound at the site.

3.3.5
Groundwater isoproturon degradation comparison within a field site
Chalk site WON
This experiment was set up to examine the differences between isoproturon degradation in groundwater across a single field (1 ha).  The groundwater was collected from boreholes 12-100 m apart on the same day in January 1997 and again in March 1998.  With the January 1997 samples, compared to the sterile control, there appeared to be little change in isoproturon concentration with the samples from boreholes WON 4 and 6 (Fig. 6).  However, there was a decline in isoproturon concentration with groundwater from boreholes WON 5 and 7 with a concomitant rise in mono-demethylated isoproturon.  For WON 5, from the replicates for isoproturon at 20(C this would give half-lives of 141-640 d, from WON 7 better agreement was obtained between the replicates of half-lives of 138-227 d.  Previous field data from the NERC project conducted at this site had shown the groundwater from boreholes WON 4-6 to be contaminated with low concentrations of isoproturon, however, no pesticides were present in WON 7.  Therefore, the level of isoproturon contamination found at a borehole is no predictor of the isoproturon degradation potential which may be found there.  Another surprising feature is that the groundwater collected from borehole WON 4 on 25.11.96 did degrade isoproturon (Fig. 4a), but that collected on 13.1.97 did not (Fig. 6).  As seen with the previous experiment (Fig. 4a), a lag phase of at least 70 d was required before significant isoproturon degradation occurred at 20(C.  

This experiment was repeated with groundwater collected from the same boreholes on 14.5.97, however, the experiment was run for a shorter period (98 d) due to problems with the controls.  Over this short period only WON 5 gave evidence of isoproturon degradation, which was confirmed by the appearance of the mono-demethylated metabolite.  A fresh experiment was set up on 5.3.98.  The change in isoproturon concentration between the 4 boreholes and some new boreholes can be seen in Fig. 7.  On this occasion there was some similarity, with the exception of WON 4, between the degradation rates obtained from the different groundwater samples, with estimated half-lives of 241-366 d.  Two new boreholes, WON C and WON D were drilled near WON 4 and 5 at the bottom of the slope.  They provided estimated half-lives of 298 and 355 d.  The most rapid degradation being seen with WON 7, a borehole at the top of the slope from which isoproturon has not been observed previously in the 
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Figure 7.
Comparison of the isoproturon degrading ability of groundwater collected from 4 boreholes from site WON on the 13.1.97 (mean of 3 observations plus standard deviations).
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Figure 8.
Comparison of the isoproturon degrading ability of groundwater collected from 6 boreholes from site WON on the 5.3.98 (mean of 3 observations plus standard deviations).
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Figure 9.
Comparison of the isoproturon degrading ability of groundwater collected from 3 boreholes from Gleadthorpe on the 2.10.97 (mean of 3 observations plus standard deviations).
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Figure 10.
Comparison of isoproturon degradation with the generation of the metabolite mono demethylated isoproturon from Gleadthorpe BH 1 (mean of 3 observations plus standard deviations).
groundwater.  This may indicate that microbial communities responsible for isoproturon degradation are doing this by cometabolism.  With the exception of WON 4, mono-demethylated isoproturon was formed by all the groundwater samples as isoproturon was degraded.  A comparison of all the isoproturon degradation performance from the boreholes on the same site are shown in Table 5.  This includes the data collected from the previous NERC project.
Table 5.
Comparison of isoproturon degradation (half-lives in days) from groundwater collected from the site WON boreholes and incubated at 20ºC

	Borehole
	May 95
	Nov 95
	Nov 96
	Jan 97
	March 98

	WON 4
	7 d (7-20)
	97 d (92-102)
	104 (100-104)
	None after 149 d
	None after 305 d

	WON 5
	ND
	362 (57-575)
	ND
	387 (227-641)
	366 (239-850)

	WON 6
	ND
	ND
	ND
	None after 149 d
	304 (239-306)

	WON 7
	ND
	ND
	ND
	174 (138-227)
	241 (212-247)


ND
Not done

Sandstone Gleadthorpe site
Groundwater samples were taken from the 3 boreholes at the Gleadthorpe site on 14.10.97.  

Over a 100 d incubation period isoproturon degradation was observed with all three borehole groundwater samples (Fig. 8).  This was confirmed by the generation of mono demethylated isoproturon from all non-sterile borehole samples, an example of which is shown in Fig. 9.

Estimated half lives of 68-102 d were obtained.  This suggests a more active, or larger isoproturon degradation population exists at the sandstone site at Gleadthorpe, than at the chalk site WON, something that may have been predicted by the higher indigenous DOC (Table 2) and 10 times higher microbial population (Table 3).  This experiment was repeated with fresh groundwater from the Gleadthorpe boreholes collected on 4.6.98.  Very similar results were obtained with half-lives of 48-79 d from the three boreholes (Fig. 10).  This suggested the microorganisms in the sandstone groundwater were more consistent in their ability to degrade isoproturon than at the chalk site.
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Figure 11.
Comparison of the isoproturon degrading ability of groundwater collected from 3 boreholes from Gleadthorpe on the 4.6.98 (mean of 3 observations plus standard deviations)
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Figure 12.
The ability of increasing dilution’s of topsoil from site WON to degrade isoproturon in a chalk/groundwater matrix (mean of 3 observations plus standard deviations).

Table 6.
Sandstone site ability of groundwater samples from different boreholes to degrade isoproturon with estimated half-life (d) and viable counts (cfu/mL)

	Date
	BH 1
	BH 2
	BH 3

	
	Half-life (d)
	Viable count 
	Half-life
	Viable count
	Half-life
	Viable count

	2.10.97
	131
	ND
	ND
	ND
	ND
	ND

	14.10.97
	99
	7.1 x 105
	68
	3.9 x 105
	102
	2.6 x 105

	5.6.98
	71
	1.4 x 104
	48
	1.4 x 105
	79
	1.0 x 105


3.3.6
The performance of site WON soil dilution’s in groundwater experiment
The degradation of isoproturon by increasing dilution’s of soil is shown in Fig. 11.  Since it is effectively the smaller number of the same bacteria in each sample, it can be shown that the lag phase is not related to a delay prior to enzymatic induction, but rather to the need for cell multiplication before an impact on isoproturon concentration is detected.  The isoproturon degradation curve of the 10-5 soil dilution was similar to some of the raw groundwater samples, and in addition these low number of soil bacteria also generated mono-demethylated isoproturon, like the groundwater samples.
3.3.7
Regional groundwater surveys

Whilst we now know a considerable amount about the microbiology of our chalk and sandstone sites we do not know how representative they are.  Is it really the case that atrazine and mecoprop have little or no likelihood of being degraded in chalk or sandstone aquifers? It was noted from the field site studies that were degradation potentials occurred this was noted in both the groundwater and solid aquifer material.  The groundwater alone can be seen to represent a good reflection of the microbial potential of the saturated zone as a whole.  Thus, we extended the project to collect groundwater from additional boreholes near the original field sites and incubate this with sterile aquifer material. The chemical and microbiological characteristics of the groundwater samples used are shown in Table 7.

The ability of groundwater from the additional chalk boreholes, Bridgets farm and Western Court to degrade our test herbicides are shown in Fig. 13.  Similar to previous results isoproturon could be degraded but not mecoprop or particularly atrazine.  However, small quantities of desethyl and desisopropyl-atrazine (1-2 g/l) were formed in the non-sterile treatments.  This illustrates degradation of this compound can occur naturally, but at this rate a natural half-life may be 50-100 years!

Unlike other aquifer materials, not only could the sandstone groundwaters degrade isoproturon, but also 2 of the 3 sites, Welbeck and Gleadthorpe could degrade atrazine and mecoprop (Fig. 14).  Thus, the sandstone groundwaters had the best ability to degrade the herbicides of all the aquifer materials.

With the limestone groundwaters all the sites had the ability to degrade isoproturon, with the formation of the monodesmethyl and in some cases didesmethyl-isoproturon metabolites (Fig. 15).  Atrazine degradation was again only a modest 1-2% transformation to desethyl and in some cases desisopropyl-atrazine.  There was no evidence of an ability to degrade mecoprop.  This contrasts with Danish data (Heron and Christensen, 1992) where mecoprop degradation is often found in groundwater.  However, Danish groundwaters are more acid, compared to our UK examples.  One hypothesis is that at neutral pH (UK) mecoprop is an acid (but not at the lower Danish pH) which is repelled by the negative charge of the bacterial cell, thus reducing its bioavailability.

When all the isoproturon degradation results were analysed no correlation with the dissolved organic carbon content r2 = 0.15 or numbers of culturable bacteria r2 = 0.22 could be seen.

3.3.8
Low isoproturon concentration
The experimental set up was successful in being able to monitor low concentrations of isoproturon (Fig. 12).  However, there was little evidence of degradation over the 350 d incubation period.  This cannot be accepted as a definitive answer to whether pesticides can be degraded at the low natural concentrations, because of the noted variability of different groundwater samples to degrade 100 (g L-1 isoproturon (Table 5).  Clearly this is a key experiment for the whole groundwater question and needs to be repeated, this is being done with Gleadthorpe groundwater.

3.3.9
Low temperature experiment
In order to demonstrate that the degradation of isoproturon by groundwater bacteria could be carried out at the natural ambient temperature of 10(C an experiment was set up with Gleadthorpe (sandstone) groundwater samples.  These groundwater samples had been previously incubated at 20(C and demonstrated isoproturon degradation (Fig. 10).  The samples were re-spiked with isoproturon and then incubated at 10(C.  Isoproturon was again degraded at this temperature (Fig. 13) illustrating that this biodegradation could equally well be performed at the natural temperature found in UK aquifers.  The degradation rate was hardly less than that seen earlier at 20(C, this implied that a population that derived energy from isoproturon degradation had multiplied following the preceding experiment, thus eliminating any lag phase.
[image: image26.wmf]0

20

40

60

80

100

120

0

50

100

150

200

250

300

350

Isoprotuon (

m

g/L)

Isoproturon


     Table 7.
Chemical and microbial characterisation of samples used in regional groundwater pesticide degradation experiment
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	Borehole
	Grid ref.
	Watertable
	pH
	DO (mg/L)
	Eh (mV)
	SEC ((S/cm)
	DOC (mg/L)
	HCO3 (mg/L)
	Viable count (cfu/ml)

	Chalk
	
	
	
	
	
	
	
	
	

	Bridgets farm no 2
	4522 1332
	26 mbs
	7.2
	7.6
	309
	618
	
	301
	3.8 x 103

	Western Court
	4518 1322
	9 mbs
	7.1
	12.7
	364
	590
	
	298
	2.6 x 103

	Sandstone
	
	
	
	
	
	
	
	
	

	Welbeck
	4594 3722
	12.8 mbs
	7.7
	7.0
	415
	502
	0.7
	176
	1.3 x 104

	Clumber Park
	4622 3739
	12.0 mbs
	7.7
	8.8
	418
	517
	1.2
	114
	3.3 x 103

	Gleadthorpe (GT 2)
	4604 3706
	10.0 mbs
	7.5
	9.4
	444
	1218
	2.3
	187
	2.0 x 104

	Limestone
	
	
	
	
	
	
	
	
	

	Welbourne Heath
	0153 1260
	15 mbs
	ND
	ND
	ND
	ND
	1.1
	ND
	7.5 x 102

	Dunstan Heath
	0483 6261
	14.6 mbs
	ND
	ND
	ND
	ND
	1.8
	ND
	7.5 x 102

	Coleby
	0079 6143
	7.5 mbs
	ND
	ND
	ND
	ND
	2.8
	ND
	7.1 x 102
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Figure 13.
Persistence of isoproturon, atrazine and mecoprop in chalk groundwater collected from the Bridgets farm and Western Court on 20,5,99 in the presence of sterile chalk matrix (mean of three observations plus standard deviations).
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Figure 14.
Persistence of isoproturon, atrazine and mecoprop in sandstone groundwater collected from Welbeck, Clumber Park and Gleadthorpe (GT2) on 9,6,99 in the presence of sterile sandstone matrix (mean of three observations plus standard deviations).
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Figure 15.
Persistence of isoproturon, atrazine and mecoprop in limestone groundwater collected from Welbourne Heath, Dunstan Heath and Coleby on 15,1,99 in the presence of sterile limestone matrix (mean of three observations plus standard deviations).
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Figure 16.
Persistence of 0.8 (g L-1 in chalk groundwater (WON 4) collected on 22.5.97 and incubated at 20(C (mean of 3 observations with standard deviations).
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Figure 17.
Degradation of isoproturon by sandstone groundwater samples from Gleadthorpe BH1-3 collected on 4.6.98 and incubated at 10(C (mean of 3 observations plus standard deviations).

3.4
UNSATURATED ZONE SPECIALIST EXPERIMENTS

3.4.1
Unsaturated zone column flow-through experiment
This experiment used 20 cm core sections obtained from the unsaturated zone of WON 7.  These core sections were spiked with isoproturon, mecoprop and bromide before eluting with sterile or non-sterile groundwater (1.1-1.2 mm/d) from WON 5 for a period of 162 d.  Over the experiment 2.3 pore volumes were eluted, the peak concentration of the solutes occurring around 1 pore volume.  A retardation factor of around 1.3 for isoproturon with respect to bromide was calculated.  A mass balance of the solutes is given in Table 8.  The bromide recovery varied from 92-99%.  That for mecoprop varied between 82 and over 100%, suggesting that little or no mecoprop was lost through degradation in the columns.  However, for isoproturon the recoveries varied from 48-79%.  The average of the two columns eluted with sterile groundwater was 72% (SD 9.2) and for non-sterile groundwater was 54% (SD 9.2).  This implied, assuming extraction’s and analysis were successful, that some isoproturon had been lost through degradation in the unsaturated zone.  Although it is difficult to calculate half-lives, for column D, the 162 d period accounted for slightly over 50% of the compound.  It may be that the high concentrations used in this experiment (spike 10‑20 times normal concentration used in microcosms) stimulated degradation, where the lower concentrations are less effective in promoting degradation.

Table 8.
Solute mass balance percentages (both leachate and total residues left in columns) from the 4 columns (A and B columns had sterile groundwater and columns C and D had non-sterile groundwater).

	Solute
	A
	B
	C
	D

	Bromide
	99
	98
	98
	93

	Mecoprop
	82
	94
	127
	98

	Isoproturon
	79
	67
	61
	48


3.4.2
Unsaturated microcosm experiment
The concentrations shown in Table 9 for the non-sterile treatments illustrate the consistency which was achieved in perfusing the 4 chalk core samples with isoproturon.  A problem occurred with the sterile controls, possibly due to the sterilising chemical reacting with the isoproturon.  However, it can be seen that over 150 d, maintained under unsaturated conditions, no isoproturon degradation has occurred in the unsaturated zone chalk.  This persistence of isoproturon in the unsaturated zone chalk contrasts with the loss of isoproturon during transit in the 162 d flow-through experiment (Table 8), and from the initial screening experiment (Fig. 4a) where the chalk was saturated.  However, in the flow through experiment much higher concentrations of isoproturon were present than in the static microcosm experiment.  Although not tested, the high concentrations of isoproturon (a pulse of almost 2 mg L-1) may stimulate degradation, whereas lower concentrations (100 (g L‑1) may not.  After 230 d there is some evidence that the concentration had dropped.  Ideally such an experiment would need to be run for longer to demonstrate that biodegradation really had taken place under these carefully controlled conditions.

Table 9.
Unsaturated microcosm experiment, showing persistence of isoproturon ((g/kg) within the chalk.

	Cores
	t=0
	104 d
	153 d
	230 d

	Non-sterile
	15.6 (SD 0.87)
	15.2 (SD 1.5)
	15.2 (SD 1.2)
	12.6 (SD 1.4)


3.5
ANALYSIS OF THE METABOLITES FROM THE ISOPROTURON DEGRADATION IN SOIL AND SUB-SURFACE SAMPLES
The analysis of metabolites cannot be considered complete due to the limitations of budget, staff time, and the small number of metabolites available to use as standards.  In addition, both the soil and groundwater already contain small quantities of metabolites, which are present even before the experiment begins.  So far, only 10-15% of the metabolites formed in groundwater have been identified.  The most consistent new metabolite generated by subsurface degradation in both chalk and sandstone was monodesmethy-isoproturon (Fig. 14) although the didesmethyl form was also seen on occasions.  These metabolites are also known to be formed from soil degradation.  Other metabolites such as the more hydrophilic varieties have not been specifically looked for.  Almost certainly in all cases isoproturon will not be completely mineralised and metabolites will remain where degradation has taken place (Johnson et al., 1998).  In fact Kolpin et al. (1997) predict that where pesticides penetrate to groundwater the metabolites will always be the major component present. 
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Figure 18.
HPLC traces showing standards, a sterile control and a non-sterile groundwater sample.  The new monodesmethyl- isoproturon metabolite can be seen in the non-sterile sample.

4.
Conclusions

When approaching the subject of groundwater degradation there are two issues which must be borne in mind: (1) Do the indigenous bacteria possess the competence to degrade the pesticide? (2) Is degradation likely to occur given the particular environmental conditions present?

We can say that for isoproturon there are indigenous bacteria in the chalk, sandstone and limestone that are capable of degrading isoproturon and they can do this at 10(C.  Half-lives would be predicted in the region of around 2 years.  However, we still cannot be sure that the indigenous bacteria will degrade isoproturon at the low ambient concentrations of around 0.1 (g L-1 even if they are competent to do so.

With reference to the specific objectives given in the introduction, for the chalk site:

1)  A degradation potential for isoproturon (100 (g/L at 20(C) was demonstrated in the soil, unsaturated and saturated zones.  The soil could degrade atrazine and mecoprop, but this potential was not demonstrated in the subsurface samples.  The ability of the overlying soil to degrade different herbicides can in no way be considered a guide to performance in the underlying groundwater.

2)  The isoproturon degradation potential is not a constant feature of the chalk groundwater samples (see Table 5).  The degadation potential of different groundwater samples could not be predicted on the basis of borehole history, location or number of bacteria present.

3)  Attempting to replicate the unsaturated conditions of the unsaturated zone again did not reveal an isoproturon degradation potential.  For isoproturon the results were less clear in that the flow-through experiment suggested degradation had occurred, but this was not confirmed by the microcosm experiment, which used a lower more realistic concentration.

4)  No clear evidence could be seen of the chalk groundwater being capable of degrading low, natural isoproturon concentrations (<1 (g/L).

5)  The study of the metabolites is still in its infancy, with only 10-20% of the metabolites being identified, however, monodesmethyl and didesmethyl-isoproturon were generated in groundwater  Very low rates of atrazine degradation were determined by the formation of desethyl and desisopropyl-atrazine.

The assessment of the results from the sandstone site and borehole groundwater samples suggests a parallel with the chalk site with isoproturon degradation being observed. Isoproturon degradation here was both more rapid and more consistent than that seen at the chalk site. In contrast to chalk and limestone, the sandstone groundwater showed the ability to significantly degrade atrazine and mecoprop at two to the three sites.

Despite having low numbers of culturable organisms present in the groundwater (10-100 times less than chalk and sandstone) the limestone sites also had the ability to degrade isoproturon.  As with the chalk sites atrazine degradation was only distinguished by a small production of metabolites.  No potential to degrade mecoprop was seen.

Thus, we can say that there is now a good deal of evidence that the indigenous groundwater bacteria would be capable of degrading isoproturon.  Also atrazine could be degraded but at 50-100 year half-lives based on the laboratory  experiments.  Only bacteria in some of the sandstone sites had the ability to degrade mecoprop.
5.
Recommendations 
We have demonstrated that the indigenous bacteria present in the selected chalk and groundwater sites have the competence to degrade isoproturon and also atrazine (at very slow rates).  However, we still do not know whether this would occur where the contaminating pesticide is only present at low concentrations such as 0.1 (g L-1.  For mecoprop, apart from the 2 sandstone examples, it was unclear whether they possessed the competence to degrade this compound at the relatively high concentration of 100 (g L-1, never mind 0.1 (g L-1! 

We would recommend that a follow up project should aim to demonstrate whether groundwater samples from a series of sites in the major UK aquifers have the potential to degrade these pesticide contaminants at the 0.1 (g L-1 level, which represents the most realistic scenario for the UK.  Given the use of large scale microcosms (2 L) and analysis by LCMS this would be a relatively straight forward exercise.  Since the focus would be on groundwater bacteria, then samples could be taken from the many boreholes which are now available for us and expensive drilling would not be required.
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