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Notas de la presentación
My name is…..   
Will be discussing an investigation into the potential for natural attenuation of creosote plume that has migrated beneath a large river



Plant Area
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Going to start by giving some background history to the site and project.

The site we are working on is an active wood preserving facility that has been in operation for over 70 years and is located next to a large tidally influenced river.



Looking North to the Site
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The river is several hundred metres wide and up to 13 m deep at the site, with the flow directions changing with the tides.
This is a photo looking towards the site from the river.
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This shows a simplified view of the south-western portion of the 26 hectare site. With the main plant operations located in the west as shown.
There is a 60 m greenbelt separating the main site area from the river.
The net river flow direction is to the west and the net groundwater flow direction is towards and perpendicular to the river.
The site had been previously studied on and off for about 10 years.  The locations of monitoring wells and test pit areas are not shown for simplicity.  The previous studies showed that there was an extensive area of known and suspected shallow NAPL, shown in olive here.  The NAPL was predominantly creosote.  A deep NAPL zone extending to a depth of approximately 22 m below surface was also known to exist beneath the main plant area and is shown in orange.
A dissolved phase polynuclear aromatic hydrocarbon, or PAHs, plume, composed primarily of naphthalene had evolved from the NAPL zone, however, the vertical and lateral extent of contamination beneath the river was not known prior to the initiation of the investigation presented here.




Stratigraphy
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Four primary stratigraphic units at the site
-thin fill layer, underlain by 1 to 5 m of silty clay that acts as a confining layer, which is underlain by about 25 m of medium sand.  The whole sequence is underlain by a dense sandy silt of inderterminate thickness.

The sand unit is hydraulically connected to the river  and exhibits a net hydraulic gradient of approximately 6x10^-4 towards the river



Objective

 Develop and implement a methodology to 
obtain detailed information on the plume 
that had migrated beneath the river

 Investigate the potential for remediation by 
Monitored Natural Attenuation (MNA) of 
the PAHs plume
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There were 2 primary objectives as part of this project:

1, to develop……

second, to investigate ….

“Natural attenuation" is the effect of natural process  (i.e., those which do not require human intervention) which reduce the mass, toxicity, mobility, volume, or concentration of contaminants in soil or groundwater. 
NA includes processes such dispersion, volatilization, sorption, and degradation
we paid particular attention to the latter two, focusing especially on biodegradation, which is likely to be the only process that will actually reduce contaminant mass.



Methodology

 Detailed site characterization
 Groundwater
 Soil

 Microcosms
 13C/12C isotope ratios
 Reactive transport modelling
 14C-naphthalene tracer test
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In order to meet the objectives, a series of detailed studies were initiated, beginning with a detailed site characterization of groundwater and soil conditions.  This involved both traditional methods, such as monitoring well sampling, as well as the use of novel investigative tools, such as drive point profilers off of barges (I will go into more detail on this later).

Soil samples were also collected to obtain site specific sorption parameters that would be used in modelling runs.

Lab microcosms using site sediment and groundwater were run under a variety of conditions (aerobic, anaerobic, amended and unamended) to determine biodegradation rates.

We did an assessment of the stable carbon isotope ratio () of naphthalene.  Previous studies have shown that ,for kinetic reasons, bacteria have a preference for breaking 12C/12C bonds during biodegradation rather than the 13C/12C.  This leads to the possibility that the 13C/12C ratio of the reactant (naphthalene in this case) will increase as biodegradation proceeds. The current studies involved sampling and analysis of groundwater along the plume flowpath and from the lab microcosms to determine if indeed their was an enrichment of the 13C/12C ratio of naphthalene as the plume moved along.

We also ran a tracer test on site by injecting a 5m3 slug of groundwater that had been amended with 14C-naphthalene and bromide.  The groundwater plume was then sampled three times over the course of 115 days.  The samples were analyzed for 14C labeled naphthalene and 14CO2, with the idea being that 14CO2 could only come about from anaerobic biodegradation of the radiolabeled naphthalene.
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To obtain more detailed information on the plume we advanced a drive point profiler at seven inland and 12 off-shore locations.

Samples were taken a 0.1 to 2 m intervals at each location down to a depth of approximately 29 m below surface.  Samples were analyzed for PAHs, BTEX, TMB.  At every fourth or fifth sampling interval samples were also analyzed for inorganic paramters, including dissolved gases such as DO, CO2 and CH4.
�The 14C labeled naphthalene tracer test injection and soil core sampling occurred near R-12.  All cores were kept under anaerobic conditions at all times.

The plume characterization was completed twice over a three year period to determine if any significant changes had occurred.



WDPP Set-up
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The groundwater sampling was done using the waterloo drive point profiler.  This system uses a stainless steel tip equiped attached to 2” diameter AW drill rod.  The tip has 6 screened ports that empty into a common reservoir.  stainless steel tubing is attached to the tip and is threaded through the centre of the drill rods eventually connecting to a sampling manifold.  The drill rods are advanced using a pneumatic hammer.

Photos show a close up of the profiler tip and the drill rod guide bracket that was fitted to the barge.



Profiler Set-up
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The off-shore sampling was carried out on a self-propelled barge with a five ton crane.  The inland profiling was carried out using either a drill rig with hydraulic push or a scaffolding tower with a pneumatic hammer.



Naphthalene Concentration Profiles
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These are some sample profiles of log naphthalene concentration versus depth.  The figures show the level of detail that was obtained using this techniques.

The profiles show a clear increase in concentrations at a depth interval of 19 to 21 m below surface.
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A series of one-dimensional profiles such as the ones just shown were used to create 2D cross sections of the plume.  A-A’ runs along the plume centreline starting about 60 m inland, and running about 200 m off-shore.

The B-B’ cross section runs perpendicular to the plume flow direction and is located along the river shoreline.



B-B’ Cross Section - Naphthalene
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This is the B-B’ cross section for naphthalene, which again made up over 90% of the mass of the dissolved phase plume.  The cross section shows a classic plume shape with a well defined core of over 5000 ug/L and an extensive fringe zone.  The plume is about 300 m wide and 20 thick along this cross section.

Next, I’m going to show the A-A’ cross section that runs through here.



A-A’ Cross Section - Naphthalene
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The A-A’ cross section is located through the plume centreline. The plume was characterized twice over a three year period, and no significant changes were observed between the sampling rounds.

Again, we see a well defined core at over 12,000 ug/L  naphthalene.  We see that the plume appears to be discharging to the river some 50 to 90 m from the shoreline.  However, the naphthalene concentrations have dropped from a high of over 12,000 ug/L in the plume core down to under 100 ug/L at the discharge zone.

We also see some highly sorbing PAHs such as phenanthrene and dibenzofuran near the discharge zone.  As some of these compounds have retardation rates that are likely an order of magnitude higher than naphthalene, it appears that the more mobile naphthalene has been discharging to the river for many years,




A-A’ Cross Sections - Inorganics
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The profiling was also very effective in detailing the inorganic geochemistry of the site. This figure shows the results of the iron and chloride analysis along the A-A’ cross section.  The first thing we see is that there appears to be two distinct groundwater types, with the downgradient water possibly be upward migration of groundwater from the basal sandy silts.  The results showed that the plume waters were fairly high in iron and methane and low in sulphate and oxygen, suggesting a very anaerobic plume.

The unique geochemistries also suggest that underflow of the river water does not extend down very far into the subsurface sands.

Some initial work was also done on the DO levels in the hyporheic zone that exists immediately beneath the bottom of the river.  Samples were taken at 10 to 50 cm intervals at several locations for the first few metres into the subsurface sands and analyzed in the field for DO conccentrations.  We found that a small, approximately 50 cm thick aerobic hyporheic zone existed before anaerobic conditions were encountered again.



Anaerobic Microcosm Results
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As mentioned earlier, a series of lab microcoms were performed on sediment and groundwater that was taken from with the plume under the river.  The microcosms were done in triplicate under several conditions:
Aerobic, unamended anaerobic, anaerobic amended with nitrate , and anaerobic amended with sulphate (nitrate and sulphate were added as possible electron acceptors to aid in biodegradation). Sterile controls were also run.

The aerobic microsms (not shown here) resulted in complete degradation of 9,000 ug/L naphthalene in less than 3 days.  The anaerobic microcosms also appeared to show significant degradation relative to the sterile control, though at much slower rates relative to the aerobic tests.  The degradation half lives (use decay rates instead?) for naphthalene ranged from approximately a third of a year for the sulphate amended microcosms to approximately 1.4 years for the unamended microcosms.

The results show that anaerobic degradation of naphthalene is occurring, at least under the conditions of the experiment.  The aerobic results could prove to be important as the aerobic hyporheic zone may act as a final scrubbing zone for any naphthalene that is about to be discharged to the river. 



δ13C Composition of Naphthalene

 Anaerobic microcosm results
 Enrichment between 0.7±0.3‰and 

1.3±0.3‰
 Plume profiling results

 Single point more enriched by 1.2±0.08‰
 Other points show less enrichment

 Results provide some support that 
anaerobic biodegradation is occurring
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The isotope data from the microcosms show that under unamended and denitrifying conditions the 13C composition of naphthalene increased 0.7‰  and 1.3‰, respectively after 95% of the naphthalene had been consumed. This apparent enrichment is small and will be difficult to detect in complex field situations

From the field samples, a general enrichment of between 0.3 and 0.6 ‰ was observed for downgradient samples relative to samples from near the source zone.  However, one set of samples showed an enrichment of  1.2‰ with respect to the source area. This enrichment is very similar to the 13C data produced in the microcosms after 95% of the naphthalene had been anaerobically biodegraded. The 13C enrichment observed in the low naphthalene concentration groundwater weakly supports the hypothesis that biodegradation is in part controlling the naphthalene concentrations along the groundwater flow at this site. 

What level of enrichment is needed to be more conclusive?




14C-Naphthalene Tracer Test

 C/C0 bromide tracer at approximately 0.8
 Highest detected total radioactivity = 1900 

DPM/5ml
 approximately 35% of average initial 

radioactivity during injection
 15 to 71 DPM/5ml as 14CO2

 biodegradation is in part controlling 
naphthalene concentrations
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The bromide concentration at the centre of the 14C-naphthalene tracer plume remained relatively constant during the 3 sampling events at approximately 80% of the initial concentration during injection. The highest total-radioactivity detected was 0.17 mCi/L (1,900 DMP/5ml), approximately 35% of the average initial radioactivity during injection (0.5mCi/L). Therefore, most of the expected radioactivity, based on bromide values is lost. It is suspected that the missing activity remains as 14C-naphthalene and has sorbed to the sediments, possibly by exchange with naphthalene already sorbed. Considerable analytical difficulties were encountered during the 14C-naphthalene tracer study. However analyses positively measured 14CO2 values from 15 to 71 DPM/5ml (±4.4%). This supports the hypothesis that biodegradation is in part controlling the naphthalene concentrations along the groundwater flow at this site.




Reactive Transport Modelling

 Used SALTFLOW
 Modelled transport of 5 PAHs
 Sorption and dispersion alone could not 

account for drop in naphthalene 
concentrations

 Needed to include degradation in order to 
fit model output to field data
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SALTFLOW, developed by Molson and Frind at UoW.  The model is a three-dimensional finite-element reactive transport model, which was applied in 1D to the centreline of the plume to test several conceptual models of processes affecting the transport of the creosote contaminants.  The model incorporates the Freundlich equation for non-linear sorption and first-order decay for mass loss. The sorption parameters were determined from the sorption experiments using site sediment.  The results of these experiments showed that sorption of the 5 studied PAHs was non-linear and the data were fit using the Freundlich model.
The details of the modelling are covered in the conference paper, so I will just quickly go over some of the results here.
We modelled five PAHs and calibrated the model output to the field data from the plume centreline by varying the source location, retardation rates, time elapsed and decay parameters.
 Found that we could only transport the studied PAHs to the discharge zone by runing the model for 50 to 70 years, suggesting that the plume is about as old as the site.  We also found that the only way to get the model results to match the field results was by including degradation.

The best model fit for naphthalene involved a decay rate with a half life of one year.  The plume came to a steady state after 10 years and matched the field data fairly well.  

Again, although the modelling is not the final answer on whether or not anaerobic degradation of the naphthalene is controlling the plume, the results do suggest that physical processes such as dispersion and sorption alone cannot account for the observed drop in naphthalene concentrations, and that degradation is possibly occurring.





Conclusions

 Monitoring of plumes that migrate under deep, 
fast flowing rivers can be accomplished 
successfully and economically

 Difficult to obtain high quality data on 
degradation rates when t0>1yr

 Further monitoring is needed before MNA can 
be implemented as a long term solution
 Anaerobic biodegradation of naphthalene is 

probably taking place
 More information on the hyporheic zone needed

Moderador
Notas de la presentación
We’ve shown that  monitoring of plumes that migrate under deep, fast flowing rivers can be accomplished successfully and economically

We’ve found that when you are dealing with degradation rates with half lives at or greater than 1 year, obtaining high quality data on these rates is quite difficult

At the site that we have been working at it appears that we do have evidence of anaerobic degradation of naphthalene, though it is not yet clear to what extent it is controlling the concentrations.

Additional rounds of sampling will be required before MNA can be implemented as a long term solution for the site, with specific information needed on the extent and dynamics of the hyporheic zone.

If it can be shown that the plume is indeed in a state of equilibrium and that a one-two punch of anearobic degradation in the deep plume followed by a final scubing via aerobic degradation in the hyporheic zone is reducing naphthalene concentrations to non critical levels before discharge to the river, then the site owners may be able to shut down the recently activated pump and treat system that is designed to stop further plume development on site and simply monitor the plume every few years.
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