
RISK-BASED CORRECTIVE ACTION AND BROWNFIELDS RESTORATIONS 147 

100 

80 

Total 
Project 60 

Costs 

($M) 40 

20 

0 

DNAPL Source 

Pump-and- Treat 

System Added 

/ 
-/ 

./ 

I 

/ 
/ 

1984 1986 1988 1990 1992 1994 1996 

Date 

Figure 4. Tota l proj ect cos ts for French Ltd . 

Uncertainly in Source Locations 

--Budget 
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Uncerta inty in the locat ions of sources at S ikes was not pro perly recog nized in 
the design and implementation of remedial action . The remedia l-ac tion objective was 
to reduce groundwater concentrations by removing all so urces of con tamination. In 
order to accomplish this objective, the loca tions of so urces were est imate d based on 
available information about the was te disposa l prac tices and charac te ris tics, and a so il 
boring program at the site . Howeve r, thi s information was by no means definiti ve in 
identify ing source loca tions. Firs t, the waste disposa l prac tice was desc rib ed as 
"indiscriminate," making the so urce d istribution across the s ite d ifficult to es tim ate. 
Second, industrial wastes were acce pted, simil ar to French Ltd. where DNA PLs we re 
discovered, introducing uncertainty in the vertica l ex tent of the separa te-ph ase 
sources. Third, when was te was placed. li fts of clean soi I of varyi ng thickness we re 
apparently placed betwee n the was te, elimin ating any trends in the vertica l source 
distribution, e.g., concentrat ions decreas ing with depth. 

Data from soil bori ngs suppor t thi s conclu s ion that there was sign ifica nt 
uncertainty in the loca tion of so urces pri or to the excava tion and inc inerat ion of 
contaminated soil and sludge . The des ign excava tion depth was set at an ave rage 
depth of approximately 3 m below the ground surface based on these bo rin g data. 
Data from two soil bor ings , one loca ted in the main waste pit and the seco nd in the 
overflow area, are shown in Figures 5 and 6, respec tive ly. 
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Figure 5. Toluene concentrat ions in soi l for boring B-1 at Sikes 

3m MSL 

0 m MSL 

27 mg/kg 1 ,2 DCA 

260 mg/kg 

210 mg/kg 

180 mg/kg 

200 mg/kg 

190 mg/kg 

1 0 mg/kg target 

Figure 6. 1,2 DCA concentrat ions in soi l for boring B-2 at Sikes 

As can be seen in Figure 5 from a boring in the main waste pit, the COC 
concentratio ns oscillate a round the regulatory-prescribed limit. ·However . the design 
excavation depth was apparently appropriate at this locat ion . Conve rsely, the data on 
Figure 6 from a boring in the overflow area , show a COC concentration well in excess 
of the regulatory-prescribed limit of 10 mg/kg at the design depth for the excavation. 
In addition, eve n at the base of this boring, the COC conce ntrati ons exceeded the 
target value . Therefore, the vertical exte nt of the source at this locat ion could not 
have been clear ly defined from this boring. 
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There were two major consequences of not recog nizing uncertainty in the 
location of sources during the remedial design. First. additional contaminated soil 
was found 'during excavation and incineration . Most of this additional so il was below 
the design excavation depth in the over fl ow area. This result should not have been a 
surprise based on the data in Figure 6. However it was not expected and it led to an 
additional Remedial Investigat ion and Feasibility Study after remedia l ac tion had 
begun. Ultimately, this additiona l soil was also incinerated, increasi ng the total 
project cost by more than 35 percent. Second. sources of groundwate r conta mination 
were likely missed. The concentrations of 1,2 DCA in MW-28 (Figure 2). a well 
screened in the upper alluvium, have exceeded the regulatory limit of9.4 flg/L since 
site closure (Figure 7). Due to the relative insolubility ofDNAPLs such as \.:2 DCA 
and the small allowable concentration, a small source has the potential to impact 
groundwater for a very long period. The persistence and level of these I .2 DCA 
concentrations in groundwater indicate a source of I ,2 DCA very likely sti ll exists in 
the ground. This conclusion is consistent with the results from French Ltd. where 
DNAPL sources were identified outside of the main waste lagoon. 
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Figure 7. I ,2 DCA concentra tions in groundwater data from MW-28 at Sikes 

Uncertainty in Soil-Fi ll Volum es 

Uncertainty in soil-fill volumes Jed to cost overruns at the Belvidere site. The 
final cover design for the landfill included compacted clay and vegetative cover layers 
underlain by a leveling layer. The leveling layer consisted of a compacted fill placed 
directly on top of the existing, flat landfi ll surface. Its purpose was to provide three
percent drainage grades sloping toward the perimeter of the landfi ll. The volume of 
fill in the leveling layer was estimated to be I 00.000 m\ and the design called for it to 
be obtained from an on-site borrow area. 

When the leveling layer was constructed. the actual volume of fi ll required 
was 40,000 m) more than the estimated volume. This additional fill volume had a 
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signi ficant impact on cost because the on-site borrow area could not supply it and soil 
had to be hauled from an off-site borrow source. In the end. the actual cost of the 
tina! cover was nearly 20 percent greater than the estimated cost of $3 million due to 
the additional volume in the leveling layer. 

The discrepancy between estimated and actual volumes for the leveling layer 
was due to en·ors in the base grade elevations used to develop the volume estimates. 
The actual landfill surface was one to two feet lower than was indicated bv the base 
grades. These base grades had been established during the remedial investigation 
from aerial photographs and a ground survey. Possible sources of error were (1) 
vegetation on the landfill surface masked the actual e leva tion in the aerial 
photographs; (2) the ground survey used to supplement the aerial photography was 
ti ed to a benchmark that had moved; or (3) the landfill surface had settled in the three 
years between when the base grades were established and the cover was constructed. 

The assumption in design that there was little uncertainty in base grade 
elevations was problematic, although consistent with standard practice. While a \0 
percent contingency had been included in the $3 million cost estimate to 
accommodate uncertainties in factors such as fill volumes. the actual cost was 20 
percent greater than the cost estimate including contingencies. Several steps could 
have been taken to reduce this cost increase if this source of uncertainty had been 
recognized. First, a ground survey could have been conducted to improve the 
accuracy of the base grades. Second, an additional on-site borrow area could have 
been established during the design stage to accommodate the possibility that the 
original area would not supply enough fill volume. Third , when problems with the 
design base grades became evident during construction. the design elevations for the 
leveling layer could have been lowered to re fl ect the actual base grades. Fourth, a 
larger contingency could have been used in estimating the project cost. 

Fl exibility in Design and Implementation 

As discussed in the previous section, decisions in remediation projects arc 
made under uncertainty. Therefore, fl exibility to adjust to unexpected conditions in 
design and implementation is important to manage this uncertainty. The following 
examples illustrate the need for and importance o f flexibility during remediation. 

Flexihility Required in Source Removal Objective 

At French Ltd .. the remediation approach was focused on source removal. 
However. data obtained during implementation of remedial action indicated that 
complete removal of the source was not feasible and that source control was also 
necessary. During remediation of the main waste lagoon, a pump-and-treat system 
was installed to remediate groundwater flowing toward the housing development 
(Figure I). Within the first weeks of op.eration, free-phase DNAPL was pumped from 
one of the wells located outside the main lagoon (the "source"). In addition. at least 
three other areas were identified as potential DNAPL sources from the groundwater 
concentration data. 

A separate investigation was performed once the DNAPL was discovered in 
order to locate the sources and remove them. Time and money were subsequently 
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spent trying to locate all the DNAPL pools in the subsurface. However, the on ly 
source tliat was confirmed to exist was at the location where free-phase DNAPL was 
originally pumped. Even still at this location, the extent of the DNAPL source was 
never determined. Therefore, source removal was not technically feasible. A sheet
pile containment wall was subsequently insta lled in several areas with suspected 
DNAPL sources instead of trying to remove or treat these sources. In addition , all 
areas with suspected DNAPL sources are being monitored during the pos t-closure 
period. 

The economic impact of the discovery of DNAPL outside the main waste 
lagoon is shown on Figure 4. However, this impact could have been much greater if 
there had not been flexibility in the objective of source removal. 

/nahility to Mod!fj' Design Grudes During Constru e:! ion 

Flexibility in design grade elevations could have reduced or eliminated cost 
overruns at the Belvidere site. As discussed previously in "Impacts of Uncertainty ," 
the volume of fill required for the final cover at the site was underestimated due to 
errors in base grade elevations. This underestimation led to significant cost overruns 
because the additional soil had to be hauled in from a distant oiFs ite borrow source. 

The error in the base grades became evident early in construction when the 
contractor conducted a ground survey for the purpose of till control. The des ign grade 
elevations could have easily been modified to reflect the actual base grade elevations. 
and little if any additional fill would have been required. However, at that point in the 
Superfund process. the Remedial Design had already been approved and modi fying 
design grade elevations was considered a significant design change. Therefore. 
design modifications submitted to and approved by both the Illinois EPA and the 
USEPA would have been required. It was estimated that this approval process would 
have taken at least two months. 

A delay of several months in construction of the cover could have delayed 
closure of the site by as much as 6 to 9 months. Construction of the cover was 
scheduled to be completed in two construction seasons: the leveling layer would be 
placed during the first season and the clay and vegetative cover layers would be 
placed during the second. There was little fl exibility in this schedule cons idering that 
the clay could not be placed during winter months and the final cover surface could 
only be seeded in ce11ain weeks during the spring or falL A delay of seve ral months 
would have possibly extended the construction schedule over three instead of two 
construction seasons. 

There are two possible ways in which greater flexibility could have been 
incorporated into this design. First notes on the design drawings indicating that 
design grade elevations were subject to change if base grade elevations changed 
would have facilitated the design modification process. Second. a streamlined. 
regulatory-approval process for major design changes during construction would have 
reduced the impact of this problem. 
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Value of Information 

Info rm ation ti·01n a site inves tiga tio n is only va luab le if it he lps in making 
re mediation dec ision s. The case histories illu strate seve ral ins tances where monev 
a nd time we re spent co llec tin g data that were neve r used . Two exa mpl es of sire ' 
inves\ iga tion prog rams with limit ed va lue are desc ribed below. 

Limited Value in Sea rching./iJr DNAPL Soun:es 

An exte nsive sea rch for DNA PL so urces was co ndu cted at the French Ltd.sile 
w hen they we re discove red durin g remedia l action. A fter thi s di scove ry (see 
" Flex ibility Requir ed in So urce Re mova l Obj ect ive") , a si te inves tiga tion was 
co nducted in an attempt to determin e the loca tio n, nature, and ex tent of DNAPL 
so urces with 19 co ne penetrometer tests, 15 monitorin g we lls and four cored borings. 

A t the e nd of this effo rt, the data we re sti ll ins uffi cient to pos itively conclude 
the prese nce ofD NA PL sources in a ny of th e areas where it was suspec ted. Even in 
the area where DNAP L was pump ed , the ex tent o f the so urce was not de tined. 
T herefo re, in situ co ntainm e nt ve rsus source remova l was se lec ted to address these 
so urces of groundwa ter co ntamin atio n. 

T he informati on ob ta ined in the atte mpt to determ ine the nature and extenl or 
DNA PL sources at thi s s ite was of limit ed va lue. With o ut co llec ting this information. 
the ado pted approac h of in situ co ntainm ent and monitoring co uld have been 
implemented beca use the potentiall oca t.ions of DNA PL so urces we re identified with 
gro undwater mo ni torin g data from ex isting we lls. In fac t, no new loca tions were 
ide ntifi ed by the DNA PL inves tiga tion. Furth erm ore, it is very unlike ly that enough 
info rmation to success full y impl ement so urce remova l co uld have bee n obtained from 
th e additional site inves tiga tion, eve n if signi ticantl y greater elTort had been put forth 
(e.g., McG rnth ct al. 1996). The dec is ion to contr ol vers us rem ove the DNAPL 
so urces co uld have bee n made when they we re initi a lly di scove red based on the 
ava ilable data at tl1at tim e. Since an additi onal s ite inves tiga tio n attem pti ng to better 
c ha rac terize these so urces co uld no t (and did not) change thi s dec ision, the time and 
money spent on this inves tiga tion was no t used effec tive ly. 

Limited Va/ue fi·om Additional Sile Investigation 

An additi onal s ite invest iga tio n was per fo rmed at S ikes eve n though there was 
esse ntially o nly one appr opri ate remediation a lternat ive. As disc ussed in 
"U ncertainty in Source Loca tions." additiona l soil wi th e leva ted COC co ncentrations 
was discovere d below the pla nned excava tion depth . It was determ ined that an 
additi onal three-s tep Remedial Inves tiga tion and Feas ibilit y Stud y was needed to 
dec ide how to dea l with the additi ona l volum e. One objec tive of this investigation 
was to identi fy the remediation alternatives ava ilabl e. The so il und er exa mination 
howeve r, was ve ry simil ar to the so il already excava ted and incinerated . The 
co nclusio n o f the additi onal RIIFS was the re fo re that the additi o nal so il should be 
excava ted and incinera ted . 

The prim ary reaso n the additi onal so il volum e wo uld have requir ed a differenl 
re mediat ion method would have bee n if it affec ted the inc inerato r o pera tions, i.e., the 
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volume was too large or the thermodynamic properties were out of specificat ion. The 
issue of volume was not problematic as the incinerator used at this site was the larges t 
mobile·incinerator ever operated in the United States. The addit ional volume would 
therefore not have lead to any problems with the incinerator operations had 
excavation continued at the time contamination was discovered below the planned 
excavation depth. As for the thermodynamic properties of the so iL the so ils across the 
site were already being combined to maintain a constant mixture throug h the 
incinerator. Had variations in this soil been encountered, the mixing process would 
have minimized anY. effects. It was therefore highly unlikely that a differe nt 
remediation alternative would han· been cost effective. Conductin g the 
additional RIIFS cost time and money, but provided little value to the fina l remedial 
action. 

Ongoing Remedial Action 

Remedial action is an ongoing process that continues beyond "c losure."' The 
following examples illustrate that even at sites where the correc tive-act ion approach 
was to remove contaminant sources, additional remedial act ion during the post
closure period has or will be required in the future. In addition, the examples 
demonstrate that performance changes with time and requires constant attention even 
after closure. 

Continued Remedial Ac:tinn durinx Post-Closure Period 

The approach at the french Ltd. Site was to remove and control the source of 
groundwater contamination and to remediate contaminated groundwater with a pump
and-treat system by enhancing biodegradation of organic chemicals. Both of these 
efforts were considered to be successful. The implement ation of in-situ 
bioremediation to remediatc the main waste lagoon (the main source of groundwater 
contamination) was the first large-scale project of this type with wastes containing 
chlorinated solvents. A significant effo rt was therefore made to use this new 
technology and demonstrate its effectiveness . Three different pilot studies were 
conducted: a laboratory study, an on-site tank study, and a small scale in-situ study. 
Significant sampling of the lagoon sludge was conducted during implementation of 
in-situ bioremediation at the field scale, and these results indicated that the treatment 
wns successful in reducing chemical concentration s in the s ludge to below target 
levels (e.g .. Powers and Rubin 1996). In addition, the effo rts to reduce concentrations 
of organic chemicals by injecting nutrients and oxyge n into the alluvial aquifer were 
considered to be successful based on reductions in concentrations of these chemicals. 
For example. figure 8 shows how concentrations of 1.2 DCA decreased at one 
monitoring well after the pump-and-treat syste m was started. The system was shut off 
when analyses indicated that natural biodegradation during the post-closure period 
would be sufficient to meet performance criteria. 

While performance of the remedial action at the time of closure was 
considered a success, post-closure monitoring data have indicated that chemical 
concentrations in the groundwater have increased since the pump and treat sys tem 
was terminated (e.g., Figure 8). In addition, concentrations for benzene and I ,2 DCA 
have generally been above those predicted when the decision was made to shut off the 
pump and treat system. Additional groundwater modeling has therefore been 
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conducted and continua lly updated during the post-c losure period. Also, additional 
pumping and treating of groundwater has been conducted in several areas of the site 
during the post-closure period. 
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Figure 8. 1,2 DCA concentrations in groundwater data from INT-I 06 at French Ltd. 

The continuation of remedial action after closure at this site brings into 
question the value of source removal for remediating contaminated groundwater. A 
large percentage of the source was apparent ly removed tlu·ough in situ biodegradation 
of the sludges in the main waste lagoon. However, for chemica ls such as 1,2 DCA 
and benzene, even a small percentage remaining in the ground has the potential to 
cause groundwater concentrations in excess of regulatory-prescribed limits for many 
years in the future (e.g., Pankow and Cherry 1996). In fact , Figure 8 indicates that 
source removal may have had little impact on the concentration of I ,2 DCA at this 
monitoring well. In situ containment of the lagoon sludge. say by covering, would 
have been significantly less expensive than in situ biodegradation and may have 
performed as well with respect to groundwater. 

Potentia l Needjor Future Remedial Action 

The remedial-action approach at the Sikes site was to remove the source of 
groundwater contamination. Post-closure monitoring data for groundwater indicate 
however that future remedial action may be required. Unfortunate ly, the post-closure 
plan at Sikes included only vague performance criteria to trigger additional remedial 
action, and the effect of source. removal on groundwater concentrations was never 
predicted .. Furthermore, the groundwater data prior to the remediation are very 
limited and were gathered at wells that were not used in post-closure monitoring. For 
example, Figure 7 shows the available data forM W-28, a monitoring well located 
south of the main waste pit (Figure 2). In this case, data have only been collected 
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during post closure and it is not clear what the effects of the remediation were. The 
data do show however, that the concentrations are in excess of the regulatory· 
prescribed limits. Because the performance criteria are vague. the time at which 
additional remedial action is required is difficult to determine and the recent 
groundwater concentration data have not yet been addressed. 

Pump and Treat Shut-Of f and Possihle Re-Srart 

The pump-and-treat system at the Belvidere site was shut-off seve ral years 
into post-closure monitoring when performance criteria for the groundwater were 
satisfied. ln contrast to the Sikes site, the criteria established for shut down of the 
pump and treat system at the Belvidere site illustrate the advantages of hav ing specific 
performance criteria. Two compliance wells for groundwater monitoring were 
established near the pump and treat system, MW-6 and MW-7 (Figure 3 ). Next. 
allowable concentration levels were set for each of six target chemicals. These 
allowable concentrations were established considering a maximum excess . lifetime 
cancer risk of 1 o·6; Safe Drinking Water Act Maximum Contaminant Levels (MCLs) 
or proposed MCLs; and method detection limits. A sampling frequency of quarterly 
for the fi rst year and semi-annually thereafter if concentration levels were constant or 
declining was established. A specific statistical test was provided to make the 
decision about whether the sampling frequency could be reduced after the first year. 
Finally, criteria for shut down of the pump and treat system were provided: the system 
could be shut down if tlie concentrations for the six target chemicals were below their 
respective allowable concentrations in three consecutive monitoring rounds. 

After the first several years of operation, the shut-off criteria were satis tied, as 
shown on Figure 9 for MW-7 (Figure 3). However. continued monitoring has 
indicated increased concentrations (Figure 9), and re-starting the pump-a nd-treat 
system is presently under consideration. 
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Figure 9. Benzene concentrations in groundwater from MW-7 at Belvidere 
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CONCLUS ION S 

The topics presented in this paper are the key aspects we identified that impacted 
the technical and economic performance of three case-study remediation projects. We 
have presented these topics in the form of "lessons learned." which are summarized 
below. 
• Uncertainty exists. such as in source loca tion and hydrogeologic conditions. and 

should be accounted for in remediation decisions. 
• Flexibility in design and implementation of remedial action is necessary to 

accommodate unexpected discove ries during the remediation. 
• The value of" programs to collect information about a site should be evaluated on 

the basis of whether they will help in making remediation decisions. If the data 
wi ll not be helpful in decision making. they are of limited value. 

• Remedial action should be viewed as an ongoing process, even throughout the 
post-closure care period. Performance changes with time. and requires constant 
attention even after closure. · 

It is important to recognize that these lessons were arrived at by evaluating actual 
performance after completion of remedial action. an advantage that was not available 
to the regulators and project managers on these projects. Therefore. these case 
histories are not intended to rel"lect poorly on the regulators or the project managers. 
Our goal is to summarize lessons lea rned by everyone working on these projects to 
provide decision makers with useful information for future projects. 
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