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Abstract

When dealing with restoration/remediation of contaminated aquifers, it is usual to determine the groundwater movement transporting the contaminant placing a line of wells downstream to the source of contamination to intercept the pollutant plume.  This type of approach may imply extra costs compared to the case in which well locations are planned using a cost-based analysis.

In this context, we have investigated a Bayesian-like methodology for locating sampling points and exploiting them as reactive wells.  Wells are placed on the basis of a dynamic evaluation of the cost associated with the delivery of reacting oxygen promoting biodegradation of a dissolved contaminant.  This work presents a preliminary modelling results regarding: 1) the ``optimal'' localization of reactive wells relying basically on the methodology presented by James and Golerick (1994); 2) possible reduction of remediation costs due to the action of oxygen release from the selected wells (Gallo et al., 2004) in the contaminated soil; 3) cost analysis of the methodology.

Furthermore, we discuss the assumptions made in this work for this preliminary evaluation and future developments of this study. 
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1. Introduction

The problem of groundwater contamination is naturally related to that of groundwater restoration/remediation.  After an initial effort devoted to develop methodologies and techniques that could be effective in improving groundwater quality, in recent times the focus has been on remediation’s costs.  Practical experience has shown that remediation/restoration costs are generally very high (National Research Council, 1994).  It is mandatory, then, to understand what is feasible not only in terms of technical limitations but also in terms of costs.  

We should consider, however, that costs are also associated with the available information and with uncertainty.  As discussed by (James and Gorelick, 1994), it is possible, under a set of assumptions, to estimate the worth of improving soil knowledge on the basis of a Bayesian-oriented evaluation.  Starting from this work, we have tried to extend it to the case of reactive zone.  In this paper we present preliminary results on cost minimization when considering passive release of dissolved oxygen from the new boreholes drilled as indicated from the methodology.  The impact of passive release of dissolved oxygen on the remediation costs is discussed.  The application of the methodology is discussed on the basis of a two-dimensional test case in terms of remediation costs, computational costs, and limits of application.

Finally, conclusion are drawn.

2. The methodology

Remediation costs are quite complex to calculate and mainly case-dependent.  However, it is often assumed an average remediation cost per unit soil.  This cost is generally quite high and based on

the assumption that nothing is known except that the soils is contaminated.  James and Gorelick (1994) presented an interesting methodology for evaluating the convenience of increasing the amount of information available on remediation cost.

The plume of contaminant.  The possibly contaminated zone is reconstructed performing a set of simulations.  Both flow and contaminant transport simulations are run for different realizations of the permeability map for which correlation length and variance are assumed known.  This allows us to identify a set of possible scenarios of contamination.  The critical zone is delimited by an envelope containing all the plume generated.   We define the probability of contamination for each node P(j) as the number of simulations in which the j-th node results contaminated to the total number of simulations: 
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where CS  is the concentration threshold dividing contaminated by non-contaminated soil.  Then, we define the envelope of contamination for evaluating remediation costs:
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where Pmin is the minimum probability that is considered to be worth to be accounted for.

The remediation costs.  The evaluation of the total cost remediation TC was made considering an average cost of remediation per unit area of contaminated soil (r:
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where Aj is the area of the j-th node.  When a new measure is taken, the remediation cost includes the cost of investigation, as follows: 
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where (p is the realization cost per borehole and EEVSI(j) is the new envelope calculated conditioning e probability with the result of the new measure (Journel, 1989).  After considering the simulation of dissolved oxygen released from the new borehole, we revaluate the total remediation cost, considering also cost of oxygen-releasing matter and the reduction of the surface (volume) to be remediated, since we assumed that inside the oxygen concentration envelope contamination is removed (see below).  The new estimated costs are as follows:
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where (ORC  is the cost associated with the oxygen release compound and EEVSI,O2(j) is the new envelope calculated conditioning the probability with the result of the new measure (see Equation 7).

3. The action of oxygen
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The SIK formula (Simple Indicator Kriging) (Journel, 1989) is applied for correlating the plume to the indication derived from the measurement in the selected location.  Once the investigation and measurements are done it may be convenient to exploit the new borehole for introducing the oxygen releasing compound.  This has the advantage a) to create a reactive zone for contaminant degradation around the new well and b) to reduce the portion of the domain to be remediated.  This implies that probability distribution and remediation costs must be revaluated.  At this stage, dissolved oxygen is considered as a sort of filter for the contaminant plume located around the new borehole.  The envelope of the oxygen concentration plume is obtained setting a threshold value above which the contaminant is considered completely depleted.  Then, the probability of contamination map is updated as follows: 
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(6)
Using an analogous equation to Equation 2, we calculate EEVSI,O2(j) including the effect of dissolved oxygen.

The computation sequence. The procedure for evaluating the cost is summarized in the following

stepwise sequence:

1. One hundred permeability realizations were generated (software HYDROGEN (Bellin and Rubin, 1996));

2. for each realization, groundwater flow velocity fields are computed and stored;

3. five hundred transport simulations (100 flow fields x 5 potential contaminant sources) were performed to obtain the contamination probability map and its envelope, to evaluate the potential cost remediation saving for each node of the computational mesh and chose the best node;

4. using a random generator we set the contamination status of the current borehole;

5. this is propagated over all the domain using the SIK algorithm (Journel, 1989);  

6. we update the remediation costs according to the new information;

7. simulations of the oxygen release are performed for each velocity field.

8. we compute the envelope of oxygen plumes using the threshold value of 4 mg/l (half of dissolved oxygen solubility at normal conditions);

9. the probability of contamination map is updated together with remediation estimated costs;

10. new estimates of remediation costs are compared with previous iteration to decide whether to proceed or stop with the investigations. 
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The procedure described so far can be repeated for investigating the convenience of a further measurements.  As one may expect (and as shown, for example, in the paper (James and Gorelick, 1994)) increasing information with new measurements does not imply a monotonous reduction in remediation costs.  It is realistic to expect that after a number of new boreholes costs increase.

3. Results and discussion. 

To show how our procedure works, a simple test case was considered.   The problem under study deals with the release of a contaminant from an uncertain point source in a highly heterogeneous soil.  A sketch of the test problem is shown in Figure 1. The domain was discretized using a regular mesh of 15,400 triangular elements and 7,881 nodes.  At t = 0 the contaminant starts spilling and spreading in the domain.  The total simulation time is 300 days.  

We considered 5 locations for the contaminant spill in the zone of potential contamination source (Figure 1) and 100 hundred hydraulic conductivity (for a total of 500 simulations).  According to the procedure described above, we identify a sequence of potentially convenient locations for field investigation.  
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 – lefts show how the probability map is modified by the hypothetical measurement taken in the location.  In the same figure – right side  we note how the contamination map is updated when considering the release of oxygen.  It is worth noting the differences in both shapes of the modification of the contour lines. The sequence of potential location for field measurements is not the same in the two case (oxygen present or absent).

Figure 3 shows the results we obtained for the cost evaluation.  We considered the following costs (EPA, 2002): (r = 300 €/m2; ((p = 1000 €/m; ((ORC  = 10 €/m2 .
As we expected, adding new measurements is worth until a certain point.  In our test case, after 3 boreholes we note that it is not anymore convenient to add further measurements, since the potential reduction in the area to be remediated does not pay back for the costs of measurements.  Against our expectation, we have found that is less convenient using the new boreholes for injecting oxygen releasing matter.  This, however, shall be discussed further.  The area “conditioned” by the dissolved oxygen was chosen according to a 50% of the solubility of oxygen in water at normal conditions.  Moreover the choice of the best places to drill the new boreholes did not produce the same sequence of locations between the case of no-oxygen present and oxygen-present.  As shown in Figure 3, the EVSI for the case of oxygen is much lower than in the case in which no oxygen is present.  We think that this need more work (see below). 

Computational costs. As one may expect, the computation presented may be quite expensive.   Using a PC Desktop with an INTEL 3.2 GHz PENTIUM IV processor with 512 of RAM memory, simulations were performed in 1.5 and 3 hours for the cases of no reactive zone and the case of oxygen-release, respectively. When considering a statistically more significant case of about 50,000 simulations for the case under study, the computation may take a few days quite easily.

Limit of application.  These results should be considered as preliminary. A number of limiting assumptions have been made at this stage:

· oxygen above a certain threshold value implied a complete depletion of the contaminant;

· the threshold value for oxygen was somewhat arbitrary.  Modelling analysis should be performed to determine the value of oxygen allowing no residual contamination;

· oxygen and contaminant plume were simulated separately;

· bacterial population dynamics was not accounted for.

Furthermore, we feel that that the SIK algorithm should be reconsidered, being its assumptions quite debatable and of limited applicability.

4. Conclusions and Future Developments
The study presented in this paper regarded the possibility to apply a Bayesian-like approach in planning remediation of a contaminated site.  Starting from the work of (James and Gorelick, 1994), we extended it to the case in which a passive release dissolved oxygen promoting biodegradation in present.  

We found that the approach presented by (James and Gorelick, 1994) may be useful to drive the search of best locations of boreholes for characterization of the soil.  Actually, when we made the cost evaluation we have not found the same appealing results presented in that work, especially on the costs estimated for the drilling and contaminated water and soil analysis.  This is to be furtherly investigated.

Including the action of dissolved oxygen in the minimum-cost search strategy showed to have a non-negligible impact on the evaluation.   Although we expected that the exploitation of new boreholes to introduce oxygen-releasing matter in the contaminated domain would have been convenient compared to the previous case, preliminary results gave a different indication.  According to our evaluation, promoting biodegradation did not show to be more convenient than a general remediation strategy.  However, we strongly believe that our results are affected by some inconsistencies and limitations of the SIK algorithm.  Other simulations (not presented in this work) testing the SIK algorithm for simple cases (e.g., the presence of two or more simultaneous sources of contamination) have shown that the SIK updating procedure of contamination probability produces weird results that are clearly against basic physics.  This will constitute a matter for further research.
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Figure � SEQ Figure \* ARABIC �1�- Sketch of test case.
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Figure � SEQ Figure \* ARABIC �2� – Examples of contamination probability maps for the case of  no oxygen release (left) and with oxygen release (right).
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Figure � SEQ Figure \* ARABIC �3� - Estimates of the remediation costs for the two cases.
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