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Figure 3: Site map of SEAR demonstration at U.S. Marine Corps Base Camp Lejeune. Well field 
consisted of six extraction wells (EX1-EX6), three surfactant injection wells (IN1-IN3), and two 
hydraulic control wells (HC1 and HC2). Building 25 is an operational dry cleaning facility. 

 
 
Figure 4: Generalized geosystem cross-section of DNAPL zone at Site 88, Building 25, 
MCB Camp Lejeune. 
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8. PRESENTATION VISUALS ~ presented by Leland Vane and S. Laura Yeh 
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SITE-SPECIFIC VERIFICATION OF IN SITU BIOREMEDIATION 
 

Frank Volkering1 
 
1. INTRODUCTION 

 
Biological remediation strategies such as in-situ bioremediation, biobarriers and monitored natural 
attenuation require detailed knowledge of groundwater processes, and especially of biodegradation 
processes. The information obtained via traditional lines of evidence is not always conclusive or 
sufficient. Table 1 provides an overview of the traditional characterization methods. 
 
Table 1: Strengths and weaknesses of traditional characterization methods. 

 
Method Strength Weakness 

Pollutant concentration specific, quantitative inconclusive 
Degradation intermediates conclusive, specific, quantitative not for all pollutants 
Mineralization products conclusive, quantitative not specific 
Geochemical 
characterization 

important process parameters not specific, qualitative 

Microcosm studies conclusive, specific, semi-
quantitative 

lengthy, expensive 

In situ experiments conclusive, quantitative lengthy, expensive 
 
Biochemical techniques, such as DNA/RNA analysis may be used to obtain conclusive and specific 
evidence for biodegradation, but the evidence is mainly qualitative and as yet only applicable for a limited 
number of pollutants.  
 
This paper presents a new line of evidence for bioremediation, based on the natural stable isotope 
composition of organic pollutants. Isotope analysis gives us a view into the pollutant molecules and offers 
conclusive, pollutant-specific, and possibly even quantitative information on biodegradation processes.  
 
2. THEORY 

Isotopes are elements with the same atomic number, but with a different atomic weight. Most elements on 
earth consist of two or more stable isotopes, as can be seen for the elements occurring in the most 
common organic pollutants in Table 1 below. 

Table 2: Elements of the most common organic pollutants and their isotopes. 

 
Common isotope Other stable isotopes Element 

isotope % isotope % 
hydrogen (H) 1H  99.985 2H  0.015 
carbon (C) 12C 98.89 13C 1.11 
nitrogen (N) 14N 99.63 15N 0.37 

oxygen (O) 16O 99.759 
17O 
18O 

0.037 
0.204 

chlorine (Cl) 35Cl 75.53 37Cl 24.47 
 

                                                
1 Frank Volkering, Tauw bv, P.O. Box 133, Deventer, The Netherlands, fvo@tauw.nl 
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For analytical reasons, stable isotope concentrations are expressed using the δ-notation, relating the 
isotope ratio of a sample to that of a standard reference material. For 13C, the standard material is Vienna 
PeeDee Belemnite (VPDB), a marine carbonate. The δ for 13C is defined as: 

VPDB) (‰10001
C)C/(

C)C/(
C

VPDB
1213

sample
1213

13 ×












−=δ  

Due to difference in mass and size, stable isotopes of one element behave slightly different in many 
physical, chemical and biological processes. In most biodegradation processes, the lightest isotope is 
degraded preferentially. This causes a small, but usually significant change in the isotope composition of 
the residual pollutant. This so-called isotopic fractionation can be described with the Rayleigh equation:  

 
)1(

0 fRR −α×=  
in which R is the isotope ratio (e.g. 13C/12C), R0 is the initial isotope ratio, f is the fraction residual 
substrate, and α is the fractionation factor. Figure 1 gives a theoretical example of the changes in isotopic 
composition (expressed as δ) of the parent compound (the pollutant) and the reaction product during a 
fractionating reaction. 
 
Figure 1: Theoretical change in the stable isotope composition of reactant (parent compound) and 
reaction product during a fractionating reaction. 
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3. COMPOUND-SPECIFIC ISOTOPE ANALYSIS OF POLLUTANTS 
 
Combination of a chromatrographical pretreatment to separate different compounds with continuous flow 
isotope ratio mass spectrometry makes it possible to measure the stable isotope composition of individual 
organic components in a mixture. This so-called compound-specific stable isotope analysis (CSIA) allows 
us to determine the isotopic composition of a single organic pollutant in groundwater. For carbon, this 
technique has already been applied since 1997. Recently, CSIA of deuterium (2H) has also become 
available. In the near future, CSIA is expected to become applicable to other relevant isotopes. 
 
CSIA enables us to follow the isotopic composition of a pollutant during the course of biodegradation 
processes (parent compound in Figure 1). Laboratory studies have shown a strong isotopic fractionation 
of 13C to occur during reductive and oxidative degradation of many chlorinated aliphatic hydrocarbons  
 

δ0 = 0 
α = 0.995 

reaction 
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(e.g. PCE, TCE, DCE, VC, TCA, and DCA). For the degradation of aromatic hydrocarbons (BTEX, 
phenols) and MTBE, a small but significant 13C-fractionation has been observed. Fractionation of 2H has 
only been measured in a limited number of studies, but promises to offer very powerful evidence for 
biodegradation. 
 
A literature example of the 13C- fractionation during the reductive dechlorination of trichloroethylene 
(TCE) and the oxidation of 1,2 dichloroethane (DCA) is given in Figure 2 below. Table 2 presents a 
qualitative overview of the fractionation during different degradation processes, based on fractionation 
factors reported in the literature (laboratory studies).  
 
Figure 2: Fractionating effect of trichloroethene (TCE) reduction and 1,2 dichloroethane (DCA) 
oxidation. TCE data from Sherwood-Lollar, et al., 1999; DCA data from Hunkeler and Aravena, 2000. 
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Table 3: Qualitative data on fractionation during different degradation processes. 

 
Isotopic fractionation  

Pollutant Hydrogen Carbon Chlorine 
chlorinated aliphatic hydrocarbons anaerobic 

tetrachloroethylene  n.a. ooo oo 
trichloroethylene  oooo ooo oo 
cis-dichloroethylene  ? ooo ? 
vinyl chloride ? oooo ? 

chlorinated aliphatic hydrocarbons aerobic 
cis-dichloroethylene ? oooo ? 
dichloromethane ? oooo oo 

aromatic hydrocarbons anaerobic 
benzene ooo o n.a. 
toluene ooo o n.a. 
ethylbenzene ooo o n.a. 
xylenes ? o n.a. 

miscellaneous hydrocarbons 
MTBE (aerobic) ooo oo n.a. 

NOTES: 
o = limited fractionation   oo = fractionation 
ooo = strong fractionation   oooo = very strong fractionation 
n.a. = not applicable 
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4. FIELD APPLICATION  
 
To be able to use isotopic fractionation as evidence for biodegradation, it essential to exclude 
fractionation by other processes. Of the processes occurring in groundwater, only volatilization and 
chemical transformation may have a significant fractionating effect. Other processes, such as dissolution, 
transport of solute molecules and sorption, do not affect the isotopic composition of pollutants 
significantly. Unexpectedly, volatilization seems to reduce the 13C-content of volatile organic compounds 
and thus has a fractionating effect contrary to that of biodegradation. Therefore, isotopic enrichment of 
the residual pollutant provides conclusive evidence for in situ (bio)degradation. 
 
CSIA can be applied in two different strategies. In the first strategy, CSIA is performed on contaminated 
groundwater samples along the source-plume path from one sampling round. Assuming degradation to 
proceed with transport of pollutant from the source zone, a sort of fractionation curve as presented in 
Figure 1 can be constructed by plotting the isotopic composition against the pollutant concentration. It 
should be noted that this is not a true fractionation curve, since the disappearance of pollutant will at least 
be partly caused by dilution. An alternative way of presenting the data is to plot the isotopic composition 
against the distance from the source zone. Using the source-plume strategy, it should theoretically be 
possible to use a known fractionation factor to calculate the extent of biodegradation that has occurred. As 
yet, however, our knowledge of isotopic fractionation is too limited to allow translation of fractionation 
factors obtained in laboratory experiments to the field situation. 
 
The second strategy in which CSIA can be used is to include the analysis in a monitoring series. For 
analytical reasons, comparison of δ-values is best done within one measurement series. This implies that 
time-series of isotopic data from single monitoring wells are likely to have limited value. However, the 
comparison of isotopic trends within different sampling rounds can be very useful and can be used to 
provide evidence for ongoing biodegradation and to correct for seasonal fluctuations in pollutant 
concentrations.  
 
4.1 Fractionation of Chlorinated Aliphatic Hydrocarbons 
 
As can bee seen in Table 3, the reductive and oxidative degradation of chlorinated hydrocarbons have a 
strong fractionating effect on both 13C and 2H. Therefore, CSIA is a good method for obtaining evidence 
for these degradation processes. However, the formation of less chlorinated intermediates during 
reductive dechlorination provides straightforward and conclusive evidence for degradation, diminishing 
the need for a more advanced technique such as isotope analysis. In complex cases with several source 
zones or with several different CAH present, additional evidence may be necessary. Recent field studies 
have shown CSIA of 13C in PCE and TCE to be an effective characterization method (Sherwood Lollar et 
al. 2001). 
 
4.2 Fractionation of Aromatic Hydrocarbons  
 
With traditional techniques, it is very hard to obtain evidence for the (an)aerobic degradation of 
individual aromatic hydrocarbons in a mixture. Therefore, CSIA offers unique possibilities for aromatic 
hydrocarbons. 
 
The source-plume strategy described above was applied in a recent research project at the site of Dow 
Benelux NV, Terneuzen, and The Netherlands. In this study, CSIA of both 13C and 2H have been used to 
investigate the natural attenuation of a contamination with benzene and ethylbenzene in an anaerobic 
aquifer (Mancini et al., 2001). From previous groundwater investigations, including a geochemical 
groundwater characterization, degradation of ethylbenzene was concluded to occur. Degradation of 
benzene, however, could not be ascertained. The results of the CSIA study are shown in the Figures 3 and 
4 below.  
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Figure 3: Stable isotope composition (13C, 2H) of ethylbenzene in samples from the source zone (  ) and 
the contaminant plume ( ). 
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Figure 4: Stable isotope composition (13C, 2H) of benzene in samples from the source zone (  ) and the 
contaminant plume ( ).  
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For both ethylbenzene and benzene, the data showed a small enrichment of 13C (1-2‰) in samples from 
the plume compared to samples from the source zone. However, for the isotopic shift to become 
significant, a concentration reduction of approximately 80-90% was required. This need for samples in 
which degradation is in an advanced stage limits the applicability of 13C CSIA. Therefore, the study also 
included CSIA of 2H in ethylbenzene and benzene. The 2H results showed a much stronger fractionating 
effect (fractionation of up to 60‰ for ethylbenzene and up to 28‰ for benzene) and provided conclusive 
evidence for the biodegradation of benzene, even in downgradient samples that still have relatively high 
pollutant concentrations. To our knowledge this is the first time field evidence for anaerobic degradation 
of benzene is obtained without the use of microcosm studies. 
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5. CONCLUSIONS  
 
CSIA presents a new and very promising line of evidence for in-situ biodegradation. It has several 
advantages over existing methods in terms of specificity, conclusiveness, and cost-effectiveness. At 
present, CSIA is especially useful for degradation processes for which no other conclusive lines of 
evidence exist, such as the anaerobic degradation of benzene in a BTEX pollution. For other degradation 
processes, such as the reductive dechlorination of CAH, CSIA may be useful in complex situations or as 
an independent alternative line of evidence. 
 
The practical application of CSIA in field studies is rather straightforward. Standard techniques can be 
used for groundwater sampling,, and after a simple conservation step, samples can be sent to a specialized 
isotope laboratory. The most crucial steps in the process are the selection of the samples and the 
interpretation of the results. 
 
CSIA still has some drawbacks, such as the limited number of laboratories able to perform the analyses, 
the high detection limits, the rather long turnover times and the relatively high analysis costs (especially 
for elements other than carbon) However, compound-specific isotope analysis is a rapidly developing 
technique, and it is expected that most of these drawbacks will be overcome soon. 
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SITE-SPECIFIC VERIFICATION OF IN SITU CHEMICAL OXIDATION 
 

Eric Hood1, Robert L. Siegrist2 and Neil Thomson3 
 
1. INTRODUCTION 
 
During the 1990’s, in situ chemical oxidation (ISCO) emerged as a promising method for remediation of 
contaminated sites. As a site remediation technology, the goal of ISCO has been to destroy target organic 
chemicals present in soil and groundwater systems and thereby reduce the mass, mobility, and/or toxicity 
of contamination. Fundamental and applied laboratory research has elucidated many aspects of the 
reaction stoichiometry, degradation pathways, and kinetics for common organic chemicals in aqueous 
systems as well as the effects of temperature, pH, and matrix composition. Laboratory research has also 
explored the transport processes affecting oxidant delivery and dispersal in a porous medium like soil or 
aquifer sediments. Pilot-scale demonstrations and full-scale applications have attempted in situ treatment 
of aqueous and sorbed phase levels of organic contaminants, and to a lesser degree, dense nonaqueous 
phase liquids (DNAPLs).  Oxidant delivery and distribution in the subsurface has been accomplished 
using injection probes, deep soil mixing, hydraulic fracturing, and vertical or horizontal groundwater 
wells.  The literature now contains numerous research articles and technical reports, as well as several 
recent guidance documents that describe ISCO using hydrogen peroxide (or Fenton’s reagent), ozone, and 
permanganate for treatment of organics in soil and ground water (e.g., USEPA 1998b, ESTCP 1999, Yin 
and Allen 1999, Siegrist et al. 2000, Siegrist et al. 2001).   
 
Chlorinated solvents (as DNAPLs) are frequently released into the subsurface environment from 
industrial sources through both intentional disposal, and accidental leaks and spills.  The United States 
Environmental Protection Agency (USEPA) reported in 1997 that DNAPLs may be present at up to 60% 
of the Superfund National Priorities List (NPL) sites (USEPA 1997).  Of the 622 NPL sites reported in 
1996, the chlorinated solvents trichloroethene (TCE) and perchloroethene (PCE) were detected in 
groundwater at 336 and 167 of these sites, respectively (USEPA 1998a).  TCE and PCE are of particular 
concern because of the potential risks that they pose to human health; accordingly, the concentrations of 
these compounds have stringent regulatory levels. 
 
At many sites, attempts to manage groundwater contamination associated with the presence of DNAPLs 
have met with limited success.  The depth and areal distribution of DNAPLs often precludes any attempts 
at excavation while the effectiveness of pump-and-treat is limited by the low solubility of these 
contaminants, the weakness of dispersive mixing processes, and mass transfer limitations from the 
DNAPL into the dissolved phase.  Increasingly, source removal technologies such as in situ chemical 
oxidation are being aggressively employed to remove DNAPL mass and/or reduce the concentration of 
the target contaminants below regulatory criteria with little knowledge of the expected performance of 
this technology.  Only a limited number of controlled field trials that provide an indication of ISCO 
performance at DNAPL sites have been reported in the literature.   
 
Several oxidizing agents are commonly used for ISCO including Fenton’s reagent (Fe2+/H2O2), and 
permanganate (MnO4

-) (USEPA 1998b, Gates-Anderson et al. 2001, Siegrist et al. 2001).  Fenton’s 
reagent and permanganate can rapidly mineralize both TCE and PCE to inorganic products including 
chloride and carbon dioxide.  The rapid degradation reactions enhance the removal of the DNAPL by 
increasing the concentration gradient that drives the rate of mass transfer.  However, this technology is 
limited by the ability to advectively deliver the active oxidant (hydroxyl radicals in the case of Fenton’s 
reagent) to the DNAPL in the subsurface.  Oxidant delivery is complicated by both geologic 
heterogeneity and secondary oxidation reactions between the reagent and the reduced organic and 
inorganic phases within the natural aquifer matrix.   

                                                
1 GeoSyntec Consultants, Guelph, Ontario, Canada N1G 5G3.  Phone: 519-822-2230  Telefax: 519-822-3151   Email:        
   ehood@geosyntec.com 
2 Colorado School of Mines, Golden, Colorado, USA.   Email: siegrist@mines.edu 
3 University of Waterloo, Waterloo, Ontario, Canada. 
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A number of factors can limit DNAPL removal by ISCO.  While the DNAPL mass present in regions of 
the aquifer where oxidant delivery is dominated by advection may be readily removed, the rate of mass 
transfer from DNAPL mass in stagnant zones is limited by diffusion of the contaminant and oxidant 
through the water surrounding the DNAPL.  Oxidant delivery though diffusion and the degradation of 
TCE in low permeability zones has been demonstrated (Siegrist et al. 1999, Struse et al. 2001).  However, 
oxidant delivery by diffusive transport alone is less likely to result in a significant mass transfer and 
degradation enhancement (Hood and Thomson 2000).   
 
2. REMEDIATION EFFECTIVENESS  
 
As observed in a controlled field trial evaluating the performance of ISCO using permanganate (Schnarr 
et al. 1998) the most optimistic result is complete DNAPL removal.  Since the DNAPL resulting in the 
formation of a groundwater plume is removed, the concentration of the contaminant in groundwater will 
decrease over time and eventually should reach background levels.   
The most likely outcome of an ISCO treatment approach at a DNAPL site, is partial DNAPL mass 
removal accompanied by a reduction in the average concentration of DNAPL organics in the groundwater 
plume.  In the short-term, residual oxidant (e.g., permanganate) in the treatment zone following the period 
of active oxidant injection will continue to degrade dissolved phase compounds to non-detectable 
concentrations.  However, as oxidant is flushed from the treatment zone by groundwater flow and/or 
reacts with naturally occurring reductants within the soil matrix, the DNAPL organic concentrations may 
increase, but remain at a level that is less than pre-treatment concentrations. 
 
3. PERFORMANCE INDICATORS 
 
Various criteria may be used to assess the performance of in situ remediation technologies such as ISCO.  
These performance indicators are described below, particularly as they apply to DNAPL sites. 
 
3.1 Contaminant Mass 

The total mass of DNAPL present at a site may be estimated though interpolation and extrapolation of the 
spatial distribution of contaminant concentrations in soil; however, this approach is complicated by the 
high degree of heterogeneity frequently observed in the distribution of DNAPL in natural geologic 
environments.  The number of samples required to adequately estimate the DNAPL mass is sufficiently 
large that the costs of sample collection and analysis are prohibitive. 
 
3.2 Groundwater Concentration 

The most common performance assessment approach is the comparison of pre- and post-treatment 
volatile organic compound (VOC) concentrations in a network monitoring wells.  In comparison to 
DNAPL mass, this approach more closely represents the exposure risks typically associated with 
groundwater contamination (i.e., direct ingestion of groundwater containing VOCs).  As previously 
discussed, VOC concentrations in the monitoring wells measured immediately following the oxidant 
injection period are likely to be biased low due to the presence of residual oxidant in the treated zone.  
Further, the presence of any amount of DNAPL following ISCO will result in groundwater concentrations 
exceeding regulatory criteria since the solubility of these compounds is greater than the criteria by several 
orders of magnitude.  As a result, monitoring wells located immediately adjacent to the remaining 
DNAPL may provide results that are biased high and are not reflective of the overall impact of ISCO 
treatment. 
 
A number of potential limitations to this performance assessment approach should be considered during 
the design of a post-treatment monitoring program.  Since residual oxidant will tend to negatively bias the 
post-treatment estimate of the average plume VOC concentrations, monitoring efforts should emphasize  
characterizing the long-term, steady-state VOC concentration in the monitoring network.  Since the 
DNAPL remaining following treatment will result in local zones of high VOC concentrations that may  
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positively bias the average post-treatment plume concentration, the number of sampling points must be 
sufficiently large to reflect a representative spatially averaged VOC concentration.  
 
3.3 Groundwater Flux 

The ideal performance assessment criterion is the rate of mass removal (expressed as a flux multiplied by 
the DNAPL:water interfacial surface area) from the DNAPL source into the groundwater plume.  At 
steady-state, this rate (termed the plume load with units of M T-1), is equivalent to the rate at which solute 
mass in the groundwater plume crosses a spatial plane oriented at a right angle to the direction of 
groundwater flow.  The plume load is distinguished from plume flux that is the rate of mass flow per unit 
area with units of M T-1 L-2.  In some sense, the collection of a sufficiently large number of samples 
randomly located within the groundwater plume will provide an adequate data set for determination of 
plume load; however, more cost-effective approaches may be employed to collect plume load data.  In the 
simplest approach, steady-state VOC concentration data may be collected from an extraction well 
pumped at a continuous rate that is sufficient to create a steady-state capture zone that encompasses the 
entire groundwater plume.  Using the flow rate and average VOC concentration, the plume load may be 
directly calculated.  While the time required to achieve a steady-state VOC concentration in the extraction 
well is a potential constraint, the ease of data collection makes this a potentially attractive approach.  
Alternatively, plume load may be determined using an approach made feasible by the advent of 
inexpensive multilevel sampling piezometers and drivepoint profiling tools.  Using a closely spaced 
transect of groundwater samples from a plane intersecting the groundwater plume and oriented at a right 
angle to the direction of groundwater flow, the plume load may be calculated using an estimate of the 
Darcy velocity and spatial interpolation of the concentration distribution across the sampling transect.  
While requiring complex data interpolation and relatively high sample collection and analysis costs, this 
approach is rapid in comparison to continuous pumping from an extraction well. 
 
4. FIELD APPLICATIONS 
 
4.1 Features and Performance Observations 

Field applications of ISCO are growing rapidly in the U.S. and abroad as highlighted in recent articles and 
reports (e.g., Jerome et al. 1997, Schnarr et al. 1998, ESTCP 1999, Lowe et al. 2001, USEPA 1998b, 
Siegrist et al. 1999, Yin and Allen 1999, Siegrist et al. 2001).  In general, ISCO systems have been shown 
to be capable of achieving high treatment efficiencies (e.g., >90 to 99%) for common COCs such as 
chlorinated ethenes (e.g., TCE, PCE) and aromatic compounds (e.g., benzene, phenols, naphthalene), with 
very fast reaction rates (e.g., >90% destruction in minutes).  Field applications have demonstrated that 
ISCO can achieve destruction of COCs and achieve clean-up goals at some contaminated sites However, 
field-scale applications can also have uncertain or poor in situ treatment performance.  Uncertain or poor 
performance is often attributed to poor uniformity of oxidant delivery caused by low permeability zones 
and site heterogeneity, excessive oxidant consumption by natural subsurface materials, presence of large 
DNAPL masses, and incomplete degradation.  Assessment of treatment efficiency is commonly based on 
sampling and analysis of soil and/or groundwater to enable comparison of post-treatment concentrations 
to those present prior to ISCO.  These approaches are fraught with problems due to heterogeneities in the 
subsurface and the limited number of samples from which inferences are to be made.  In addition, simply 
characterizing the treated region may not provide the proper information regarding performance as it does 
not specifically address changes in contaminant flux that may result from partial cleanup of a source zone 
feeding a plume.  The following case study illustrates alternative performance assessment approaches as 
evaluated during a field trial. 
 
4.2 Case Study Illustrating Performance Assessment Approaches 

A pilot demonstration of ISCO using permanganate was conducted in a shallow sandy aquifer (Hood et 
al. 2000).  The DNAPL source zone consisted of mixture of TCE and PCE as a residual; the dimensions 
of the source zone were 1.5 m x 1.0 m x 0.5 m.  The groundwater monitoring and oxidant delivery system  
consisted of six injection and three extraction wells, along with a fence of multilevel piezometers  
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containing sample points spaced ~0.5 m horizontally and 0.2 m vertically (Figure 1).  The DNAPL source
was flushed with potassium permanganate at a concentration of 8 g/L for 480 days.

The performance assessment approach at the demonstration site utilized a comparison of the three
indicators previously described (DNAPL mass, peak plume concentration, and plume load).  DNAPL
mass reduction was based on pre-treatment DNAPL mass estimated using a modeling approach and post-
treatment soil sampling (>300 samples).  Peak concentrations in the pre- and post-treatment groundwater
plume were measured as the maximum concentration detected from the multilevel transect.  The spatial
distribution of VOC concentrations in the multilevel transect was used to calculate pre- and post-
treatment plume loads.  In addition, the steady-state VOC concentrations in the extraction wells were used
as a comparative plume load measurement.

Figure 1:  Plan view of test site, including injection wells (IW), multilevel piezometers (ML), and
extraction wells (XW).  The shaded box represents the location of the DNAPL source zone.

The results of the performance assessment are summarized in Table 1.  During post-treatment soil
sampling, DNAPL was not detected in any of the soil samples and only a few detections of sorbed TCE
or PCE were observed, suggesting that the DNAPL was entirely removed.  In contrast, the peak plume
concentrations of both TCE and PCE observed in the multilevel transect located immediately down-
gradient of the source zone decreased by factors of only 70 and 2, respectively, relative to pre-treatment
conditions.  This relatively minor decrease was consistent with a positive bias in concentration resulting
from the presence of DNAPL, in spite of the detailed soil sampling efforts suggesting the DNAPL was
not present.  In contrast to these contradictory results, the observed reductions in the TCE and PCE plume
loads (decreased from the pre-treatment plume loads by approximate factors of 100 and 10, respectively)
measured using both the transect and continuous extraction methods were consistent between
measurement methods.
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Table 1:  Summary of chemical oxidation performance assessment data.

Performance Indicator
Pre-treatment
(TCE/PCE)

Post-treatment
(TCE/PCE)

DNAPL Mass (kg) 1.6 / 9.0 ND / ND

Peak Concentration (ug/L) 142 / 61 2 / 31

Transect Plume Load (mg/day) 836 / 854 7 / 98

Extraction Plume Load (mg/day) 2,099 / 2,218 17 / 222

ND = non-detectable.

5. SUMMARY

Short-term monitoring programs using a sparse monitoring network to assess the impact of in situ
chemical oxidation on remediation performance can be inadequate and misleading.  This is particularly
true for DNAPL sources of groundwater contamination, where such approaches can be subject to either
negative or positive bias.  Design of such programs should focus on determining the post-treatment
reduction achieved over a sufficiently long monitoring period so that residual oxidant does not interfere
with the observed COC concentrations.  In addition, assessments should rely on steady-state reductions
observed in multiple monitoring wells within the former extent of the groundwater plume rather than
reductions observed in a single monitoring point that could be easily biased.  Plume flux is a valuable
performance assessment tool, although its applicability at some industrial sites may be limited by the time
and cost required to complete these measurements using rigorous methodologies.

6. REFERENCES

1. Environmental Security Technology Certification Program (1999). Technology Status Review:  In
Situ Oxidation.  http://www.estcp.gov.

2. Gates-Anderson, D.D., R.L. Siegrist and S.R. Cline (2001). Comparison of potassium permanganate
and hydrogen peroxide as chemical oxidants for organically contaminated soils.  J. Environmental
Eng.  127(4):337-347.

3. Hood, E.D., N.R. Thomson, D. Grossi and G.J. Farquhar (1999).  Experimental determination of the
kinetic rate law for oxidation of perchloroethylene by potassium permanganate. Chemosphere,
40(12):1383-1388.

4. Hood, E.D., and N.R. Thomson (2000). Numerical simulation of in situ chemical oxidation.
Proceedings of The Second International Conference on Remediation of Chlorinated and
Recalcitrant Compounds, Monterey, California, May 22-25.

5. Jerome, K.M., B. Riha and B.B. Looney (1997). Demonstration of in situ oxidation of DNAPL using
the Geo-Cleanse technology. WSRC-TR-97-00283. Westinghouse Savannah River Company,
Aiken, SC.

6. Lowe, K.S., F.G. Gardner, and R.L. Siegrist (2001).  Field pilot test of in situ chemical oxidation
through recirculation using vertical wells.  J. Ground Water Monitoring and Remediation. Winter
issue. pp. 106-115.

7. MacKinnon, L.K., and N.R. Thomson (2002). Laboratory-scale in situ chemical oxidation of a
perchloroethylene pool using permanganate. J. Contam. Hydrol. Accepted and in press.



Performance Verification of In Situ Remediation                            NATO/CCMS Pilot Project Phase III

95

8. Schnarr, M.J., C.L. Truax, G.J. Farquhar, E.D. Hood, T. Gonullu, and B. Stickney (1998).
Laboratory and controlled field experiments using potassium permanganate to remediate
trichloroethylene and perchloroethylene DNAPLs in porous media. J. Contam. Hydrol. 29(3):205-
224.

9. Siegrist, R.L., K.S. Lowe, L.C. Murdoch, T.L. Case, and D.A. Pickering (1999). In situ oxidation by
fracture emplaced reactive solids.  J. Environmental Engineering. 125(5):429-440.

10. Siegrist, R.L., M.A. Urynowicz, and O.R. West (2000).  In situ Chemical oxidation for remediation
of contaminated soil and ground water.  Ground Water Currents.  Issue No. 37.  EPA 542-N-00-006,
September 2000.  http://www.epa.gov/tio.

11. Siegrist, R.L., M.A. Urynowicz, O.R. West, M.L. Crimi, and K.S. Lowe (2001).  Principles and
Practices of In Situ Chemical Oxidation Using Permanganate. Battelle Press, Columbus, Ohio.  July
2001.  336 pages.

12. Struse, A.M., R.L. Siegrist, H.E. Dawson, and M.A. Urynowicz (2002). Diffusive Transport of
Permanganate during In Situ Oxidation. J. Environmental Engineering.  Accepted and in press for
April 2002.

13. USEPA (1997).  Superfund Annual Report for Fiscal Year 1997.  U.S. EPA Office of Solid Waste
and Emergency Response.  Washington, D.C.

14. USEPA (1998a).  National Water Quality Inventory: 1996 Report to Congress. EPA841-R97-008.

15. USEPA (1998b). In situ remediation technology:  in situ chemical oxidation. EPA 542-R-98-008.

16. U.S. EPA Office of Solid Waste and Emergency Response. Washington, D.C.

17. Yin, Y. and H.E. Allen (1999).  In situ chemical treatment.  Ground Water Remedation Technology
 Analysis Center, Technology Evaluation Report, TE-99-01.  July, 1999.



Performance Verification of In Situ Remediation NATO/CCMS Pilot Project Phase III 
 

 96 
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       SITE-SPECIFIC VERIFICATION OF IN SITU PERMIABLE REACTIVE BARRIERS 
 

Volker Birke1 
 

1. THE FUNNEL & GATE SYSTEM AT EDENKOBEN 

 
                                                
1 Kaiserslautern, Germany. www.gpr.de.www.rubin-online.de. 
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SITE-SPECIFIC VERIFICATION OF IN SITU REMEDIATION OF DNAPLS 
 

Arun Gavaskar1 
 
Dense nonaqueous-phase liquid (DNAPL) contamination is turning out to be more widespread than first 
imagined, especially as site owners and their representatives get better at finding DNAPL source zones. 
DNAPL is most commonly encountered at sites contaminated with chlorinated solvents, such as 
trichloroethylene (TCE) and perchloroethylene (PCE). These solvents were used in many industrial 
activities, such as metal finishing, dry cleaning, and maintenance. Past use and disposal practices have led 
to the appearance of these solvents in the subsurface. Because many of these solvents are denser than 
water, they often penetrate the water table and continue to migrate downward until they encounter a low-
permeability layer. Depending on the nature of its saturation of the soil pores, DNAPL is considered 
either mobile or residual. Mobile DNAPL can be displaced from the pores that it occupies by a strong 
hydraulic gradient. Residual DNAPL, on the other hand, cannot be displaced by hydraulic gradient alone, 
no matter how strong. Therefore, it cannot be pumped out of extraction wells, as in the case of mobile 
DNAPL. 
 
Figure 1: Illustration of a DNAPL Source Zone Forming. 
 

 
 
 
Many of these solvents are resistant to natural degradation in the solvent phase and are only sparingly 
soluble in water. In addition, their mass transfer to the dissolved phase is often further retarded by an 
array of factors, such as complex soil pore geometries. Therefore, even a spill or leak of one drum of 
solvent can continue to dissolve and contaminate an aquifer for several years or decades. In many 
aquifers, the dissolved phase or plume generated encounters little retardation (from factors such as 
adsorption or degradation). Therefore, these plumes can often travel long distances and threaten drinking 
water sources and other receptors. 
 
1. CHANGES IN DNAPL SITE CHARACTERIZATION 
 
One challenge in finding DNAPL source zones is that their downward migration is governed by geologic 
heterogeneities and preferential pathways, rather than the hydraulic gradient. In addition, many sites have 
suffered spills and leaks in multiple and often unknown locations. This has led to the presence of multiple 
subsurface sources on a single property, resulting in multiple overlapping plumes. At such sites, DNAPL 

                                                
1 Battelle. Columbus, Ohio, USA. gavaskar@battelle.org 
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sometimes may occur in counterintuitive locations. At many sites, even those with an apparent plethora of 
monitoring wells, the monitoring well density may not be enough to distinguish between multiple plumes, 
let alone multiple sources. For example, at one of the most challenging sites, Operable Unit 5 in Hill Air 
Force Base, Utah, fairly extensive initial monitoring led to the discovery of what was thought to be only 
one plume (see Figure 2). Subsequently, additional monitoring led to the identification of three plumes. 
An expert panel that recently reviewed the abundant monitoring data could not be sure whether the three 
plumes originated from a single source or multiple sources. Multiple wells and soil borings over 
approximately one square mile of suspected source area have failed to reveal any definite sources. 
Whether or not a source, if it is narrowly defined as DNAPL or solvent phase, still exists at this site is not 
yet clear. If such a source exists, the DNAPL mass is probably relatively small, but diffuse. 
 
Figure 2: TCE Plumes at Operable Unit 5, Hill Air Force Base, Utah (Source: Montgomery Watson, 
2001). 

 
 

2. CHALLENGES IN DNAPL SITE REMEDIATION 
 
There are two schools of thought on how to deal with DNAPL sites; both schools represent thoughtful 
and valid arguments, indicating that the learning process still continues. 
 
One school of thought argues that most DNAPL source zones are recalcitrant to characterization and 
treatment. In this school, success is ultimately measured by an improvement in downgradient 
groundwater quality (reduction in dissolved contaminant concentrations to target cleanup levels at a 
downgradient compliance boundary, which is often the property boundary). Proponents of this school use 
three arguments: 
 
(a) The practical difficulties encountered in finding and delineating DNAPL sources 
(b) The technical and economic limitations in removing 100% of the DNAPL mass at a site 
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(c) Modeling simulations, which show that DNAPL mass removal would have to be nearly 100%, before 
any significant improvement in groundwater quality is encountered at the compliance boundary 
(Freeze and McWhorter, 1997; Cherry et al., 1996). 

 
The first school argues that at many sites, because of the complex nature of the DNAPL distribution, even 
the best characterization efforts may fail to completely delineate the source and some parts of the DNAPL 
source could fall outside the zone targeted for remediation. Therefore, not only is DNAPL remediation 
limited by the technical and economic limitations posed by the asymptotic nature of DNAPL mass 
recovery encountered during most remediation applications, but that the intrinsic complexity of the 
DNAPL distribution at most sites assures an outcome that is less than 100% successful in removing the 
source. This would lead to the continued presence of a dissolved contaminant plume that the site owner 
would have to address. A better approach at many sites would be to leave the source alone and focus the 
remedy on containing the plume. 
 
The second school of thought primarily argues that any DNAPL mass removal is welcome. Success need 
not be defined so absolutely. Site owners are getting better at characterization and at finding and 
delineating DNAPL source zones. As long as DNAPL source zones are reasonably well defined and 
remediation technologies are able to remove a reasonable amount (say, 60 to 90%) of DNAPL mass from 
the affected aquifer, there is a good chance that the resulting plume is weakened to the point where 
natural attenuation may be sufficient to achieve target cleanup levels at a downgradient compliance 
boundary. Even if an active remedy, such as a pump-and-treat system, is required to contain a post-source 
remediation plume, the life of the plume would probably have been greatly reduced by the weakening of 
the source that feeds it. In addition, this school argues that models showing persisting downgradient 
plume concentrations, following substantial DNAPL mass removal, are based on homogeneous aquifers. 
In most aquifers, which are heterogeneous to varying degrees, removal of some DNAPL mass (probably 
from the more permeable regions of the aquifer, where most remediation technologies are particularly 
effective) would cause the bulk of the groundwater flow to encounter less DNAPL. Most of the remaining 
DNAPL would be trapped in pores that are inaccessible to the bulk flow. Therefore, in most cases, 
downgradient contaminant concentrations should be lower, following substantial DNAPL mass removal. 
 
3. IMPLICATIONS FOR SITE OWNERS 
 
Because both schools of thought present valid arguments backed by theoretical simulations and practical 
experience, it appears that DNAPL sites will have to be approached on a case-by-case basis. The first 
school’s argument is strengthened by the fact that at many sites, such as former NAS Moffett Field and 
Dover AFB, passive plume containment remedies, such as natural attenuation or permeable barrier have 
been found to be effective and economical (Gavaskar et al., 2000; Gavaskar et al., 1998). Even an active 
remedy, such as a pump-and-treat system, is not as uneconomical as it used to be. With the development 
of concepts, such as slow pump and treat (Cherry et al., 1996), in which pumping is conducted at the 
lowest rate necessary to contain a plume, at many sites, it may be possible to contain fairly large plumes 
with relatively small pump-and-treat operations (1 to 5 gal/min). Previously, more aggressive pump-and-
treat operations aimed at treating and removing the plume were much more costly. In addition, at some 
sites, pump-and-treat systems are already installed as an interim remedy and could be optimized for more 
effective containment and favorable economics. The development of high capacity and more compact 
“low-profile” or tray-type air strippers has also contributed to reducing the space and cost requirements of 
pump-and-treat systems (Battelle and Duke Engineering & Services, 2001). In addition, as seen at 
Operable Unit 5, Hill Air Force Base, the probability of even finding the DNAPL source may be minimal.  
However, there are also sites where the technical feasibility and economics may favor source delineation 
and remediation. For example, at some sites, such as Naval Air Station Pensacola, Florida, the source 
zone has been more broadly defined as the area inside the isopleth with the highest concentration of the 
contaminant (see illustration of this type of site in Figure 3). Because this high-dissolved phase 
concentration area identified was relatively small, source remediation efforts were focused in this 
suspected source area without additional effort to find actual DNAPL phase. Therefore, DNAPL site  
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characterization and remediation is as much an art as a science; much is left to the collective judgment of 
site owners and their representatives (scientific consultants and attorneys), regulators, and other 
stakeholders. 
 
Figure 3: Suspected Source Area Ringed by Highest Identified Groundwater Concentration.  

 
 
At Launch Complex 34, Cape Canaveral Air Station, Florida, for example, TCE has entered the 
subsurface in such large quantities that a moderate characterization effort (relative to the size of the site) 
was able to find and adequately delineate the source. In addition, the large mass of DNAPL, perched on a 
relatively thin clay aquitard underlying the surficial aquifer, was threatening the confined aquifer below. 
Although there are signs that over the last 30 to 40 years, some DNAPL has progressed to the confined 
aquifer in areas where the aquitard is particularly thin, removal of DNAPL mass from the surficial aquifer 
has greatly reduced the risk to the confined aquifer. Significant contamination of confined aquifers due to 
DNAPL present in surficial aquifers is a risk that potentially threatens drinking water supplies and 
increases the potential costs of any future remediation or plume containment efforts.  
 
The first school would argue that remediation of the source zone increases the risk of DNAPL migration – 
downwards or to the sides; this may increase the contamination in the aquitard or the cleaner confined 
aquifer below or it may lead to a widening of the source, and hence, the plume in the surficial aquifer. 
Therefore, remediation of the DNAPL in the surficial aquifer would have to be done in a way that 
minimizes the potential for further downward migration of DNAPL due to the remediation technology 
application itself. This would seem to favor technologies that promote destruction of the DNAPL in the 
subsurface, rather than those that promote mobilization and extraction of the DNAPL to the surface for 
aboveground treatment. Much better hydraulic control would be required for DNAPL mobilization 
technologies, although engineering controls are necessary for any source remediation effort. 
 
 
4. CHALLENGES IN DEFINING AND VALIDATING THE SUCCESS OF DNAPL  
SITE REMEDIATION 
 
DNAPL is a relatively new problem. The widespread nature of this problem was first recognized in the 
1990s. Remediation and monitoring approaches for this problem are still evolving. One shortcoming in 
several DNAPL remediation technology demonstrations has been inadequate monitoring and/or the 
limitations of the monitoring instruments themselves. Two demonstrations in the U.S. that have attempted 
more comprehensive monitoring of DNAPL source zones and the effects of the remediation efforts are 
the Interagency DNAPL Consortium’s (IDC) demonstration of three remediation technologies—chemical 
oxidation, resistive heating, and steam injection – at Cape Canaveral Air Station (Battelle, 2001 a and b) 
and the Environmental Security Technologies Certification Program’s (ESTCP) demonstration of 
surfactant flushing at Marine Corps Base at Camp Lejeune, North Carolina (Duke Engineering &  
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Services, 2000). Although different monitoring tools were used in the two demonstrations, considerable  
effort was made in both demonstrations to track, not just the reduction in groundwater concentrations and 
any aboveground DNAPL recovery (as is typical in previous remediation efforts), but also the initial mass 
and fate of the DNAPL in the aquifer. 
 
Figure 4: DNAPL Source Zone (300 mg/kg and higher contours) at Cape Canaveral Air Station 
Identified through Extensive Soil Sampling. 
 

 
 
 
The apparent success or failure of DNAPL treatment can sometimes be a matter of data collection and 
interpretation. As an example, Table 1 presents a restricted data set from the resistive heating 
demonstration at Cape Canaveral Air Station representative of the level of monitoring and data collection 
conducted at many remediation sites. All the data in Table 1 indicate success at removing DNAPL mass 
(1,947 kg of TCE recovered aboveground) and improving groundwater quality (as much as 99% decline 
in groundwater TCE concentrations). Much of the remaining TCE appears to have been degraded by the 
treatment, as evidenced by the increase in chloride. 
 
On the other hand, Table 2 shows the results of more comprehensive monitoring conducted at the Cape 
Canaveral site, through characterization and estimation of the pretreatment DNAPL mass, installation and 
monitoring of depth-discrete perimeter wells, and analysis of the pre- and post-treatment groundwater 
geochemistry. Extensive soil sampling and kriging (statistical analysis) were used to obtain a range of 
estimates for the pre-treatment and post-treatment TCE mass, at the 80% confidence level. Spatial 
coverage of the heterogeneous DNAPL distribution was improved by collecting nearly 300 soil samples 
during each event from the 75 ft long x 50 ft wide x 45 ft deep test plot in the DNAPL source zone. 
Methanol extraction procedures for the soil samples were modified to allow extraction of larger aliquots 
of soil, thus allowing the entire subsurface soil column to be extracted and analyzed at each of 12 
locations in the test plot. The main advantage of depth-discrete groundwater and soil sampling over some 
other tools is that spatial coverage is not dependent on geologic heterogeneities in the aquifer or on 
specific DNAPL properties. Collecting a sufficiently high number of soil samples, with the number being 
determined by the expected variability of the TCE distribution and the desired level of statistical 
confidence, gave the site owner reasonably good estimates of the pre- and post-demonstration TCE 
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masses. Of course, this degree of characterization and monitoring is not likely to be economically feasible 
for most full-scale remediation sites. However, in the early stages of development of DNAPL source 
remediation options, comprehensive monitoring is necessary to identify potential shortcomings of the 
remediation approach and design improved applications at future sites.  
 
Table 1: Interpretation of DNAPL Remediation by Resistive Heating at Cape Canaveral Air Station with 
a Basic Monitoring Scheme Typical of Many Remediation Projects. 
 
Monitoring Parameter Pre-Treatment 

Level 
Post-Treatment 

Level 
Change 

    
TCE in Source Zone Well PA-13I 1,070,000 µg/L 60,200 µg/L - 94 % 
TCE in Source Zone Well PA-14I 960,000 µg/L 174,000 µg/L - 82% 
TCE in Source Zone Well PA-14D 868,000 µg/L 2,730 µg/L - 99% 
    
TCE Mass Recovered Aboveground in 
Extracted Vapor 

-- 1,947 kg -- 

    
Chloride in source zone well PA-13D 774 mg/L 3,610 mg/L + 366% 
Chloride in source zone well PA-14D 774 mg/L 4,790 mg/L + 519% 
 
 
The more comprehensive data in Table 2 now indicate a strong probability that the DNAPL mass 
recovered aboveground is a fraction of the DNAPL mass that was initially in the subsurface. Because the 
TCE mass recovered aboveground does not account for the entire difference between the pre- and post-
demonstration TCE masses, it is probable that substantial amounts of TCE either degraded or migrated 
from the treatment plot. Possible pathways for TCE degradation include enhanced biodegradation (due to 
the enhanced action of microbes at elevated temperatures) and/or abiotic reduction (due to reaction with 
cast iron shot used in the heating electrodes). However, chloride, which could have been a key indicator 
of the degradation pathway, loses some significance due to the fact that the substantial increase in 
groundwater chloride was accompanied by a similar increase in other dissolved ions, namely, sodium, 
potassium, calcium, and carbonate (alkalinity), which are all seawater constituents.  
 
Given the closeness of this site to the ocean and the presence of relatively high salinity in the pre-
treatment groundwater at the base of the surficial aquifer, the possibility that the treatment somehow 
enhanced saltwater intrusion into the test plot cannot be ruled out. This leads to the possibility that some 
DNAPL migrated out of the test plot during the treatment. Possible pathways for migration include heat-
induced volatilization to the vadose zone and atmosphere and the sideways spread of the deeper TCE 
caused by an intermediate silt layer in the otherwise sandy aquifer. Although the resistive heating 
technology successfully heated even the more difficult parts of the target aquifer, such as the soil 
immediately above the clay aquitard at 45 ft below ground surface and the portion of the aquifer under a 
building, more engineering controls will be required at future site to manage the collection of mobilized 
TCE, especially in difficult geologic settings. 
 
At Cape Canaveral Air Station, the demonstration of chemical (permanganate) oxidation treatment of the 
DNAPL in a separate test plot was more conclusive. As seen in Table 3, the disappearance of TCE mass 
from aquifer in the test plot (treated portion of the DNAPL source zone) and the monitored changes in 
groundwater present a more integrated picture of TCE oxidation as the major pathway of DNAPL mass 
removal. The significant increase in chloride in the treated aquifer was not accompanied by a consistent 
increase in sodium, another major seawater constituent. At the same time, alkalinity (carbonate) levels in 
the groundwater increased, as would be expected when carbon dioxide generation (oxidation of organic 
species) occurs in the surficial aquifer. Visual evidence of purple discoloration of soil and groundwater in 
the treatment zone indicated good distribution of the potassium permanganate oxidant. Pre- and post-
treatment slug tests did not indicate any changes in hydraulic conductivity of the aquifer following  
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treatment. Monitoring of deeper wells and soil cores showed no evidence of DNAPL in the confined  
aquifer below. Levels of some trace metals (chromium, nickel, and thallium) that were present in the 
industrial grade potassium permanganate injected in the aquifer rose temporarily, but are expected to 
subside, once the treatment zone re-equilibrates with the groundwater flow.  
 
Table 2: Interpretation of DNAPL Remediation by Resistive Heating at Cape Canaveral Air Station with 
a More Comprehensive Monitoring Scheme. 

 
Monitoring Parameter Pre-Treatment 

Level 
Post-Treatment 

Level 
Change 

    
TCE in Source Zone Well PA-13I 1,070,000 µg/L 60,200 µg/L - 94 % 
TCE in Source Zone Well PA-14I 960,000 µg/L 174,000 µg/L - 82% 
TCE in Source Zone Well PA-14D 868,000 µg/L 2,730 µg/L - 99% 
    
TCE Mass in Aquifer 
(80% confidence interval) 

7,498 to 15,677 kg 1,031 to 1,535 kg - 80 to 93% 

    
TCE Mass Removed from Aquifer 
(80% confidence interval) 

-- 5,963 to 14,646 kg * -- 

    
TCE Mass Recovered Aboveground in 
Extracted Vapor 

-- 1,947 kg -- 

    
Chloride in source zone well PA-13D 774 mg/L 3,610 mg/L + 366% 
Chloride in source zone well PA-14D 774 mg/L 4,790 mg/L + 519% 
    
Sodium in Source Zone Well PA-13D 369 mg/L 2,070 mg/L + 461% 
Sodium in Source Zone Well PA-14D 325 mg/L 3,130 mg/L + 863% 
    
* Estimated as the difference between the pre-treatment and post-treatment TCE mass estimates in the aquifer. This 
TCE mass removed estimate is significantly higher than the TCE mass of 1,947 kg recovered aboveground 
 
Therefore, at least during the continuing developmental phase of in-situ DNAPL remediation 
technologies, a comprehensive characterization of pre-treatment and post-treatment contaminant mass, 
aquifer geochemistry and hydrology, and the regions surrounding the treated source zone is desirable to 
understand the true effectiveness of the treatment. Once these remediation technologies are proven and 
the level of engineering controls appropriate for each class of technology has been identified, it is 
anticipated that characterization and monitoring requirements will gradually recede. For a well-
engineered treatment system, the primary pre-treatment characterization objective would be identification 
of the boundaries of the DNAPL source zone and distribution of the hot spots in the zone, not the exact 
DNAPL mass. This would ensure that the treatment is targeted where it is most needed, and minimize 
(but not fully eliminate) the potential for unidentified pockets of DNAPL pockets outside the treatment 
zone. The primary post-treatment monitoring objective would be a reduction in groundwater 
concentrations of the contaminants to target cleanup levels at the compliance boundary. Long-term 
monitoring would be required to ascertain that the cleanup levels are sustainable and are not subject to a 
rebound in groundwater contaminant concentrations, once a new post-treatment equilibrium is established 
in the aquifer. 
 
If the target (regulation-mandated or risk-based) cleanup level is not achieved or achievable in the long 
term at the compliance boundary, a secondary treatment would be required. The secondary treatment 
could take any one of several forms – natural attenuation, pump-and-treat system (albeit for a shorter 
future period and for a weaker plume), or secondary source treatment (probably, some form of enhanced 
bioremediation). In this sense, three time-based goals are envisioned for remediation of a DNAPL source 
zone: 



Performance Verification of In Situ Remediation NATO/CCMS Pilot Project Phase III 
 

 111

Table 3: Interpretation of DNAPL Remediation by Chemical Oxidation at Cape Canaveral Air Station 
with a More Comprehensive Monitoring Scheme. 
 
Monitoring Parameter Pre-Treatment 

Level 
Post-Treatment 

Level 
Change 

    
TCE in Source Zone Well BAT-2S 1,110,000 µg/L < 5 µg/L - 99 % 
TCE in Source Zone Well BAT-2D 1,160,000 µg/L 220,000 µg/L - 81% 
    
TCE Mass in Test Plot Aquifer 
(80% confidence interval) 

6,217 to 9,182 kg 1,511 to 2,345 kg a - 62 to - 84% 

    
 Same as above 2,980 to 3,182 kg b - 49 to - 68% 
    
Chloride in source zone well BAT-2S 53 mg/L 126 mg/L + 138% 
Chloride in source zone well BAT-2D 722 mg/L 5,070 mg/L + 602% 
    
Sodium in Source Zone Well BAT-2S 28 mg/L 68 mg/L + 143% 
Sodium in Source Zone Well BAT-2D 305 mg/L 91 mg/L - 70% 
    
Alkalinity (carbonatec) in Source Zone Well 
BAT-2S 

316 1,500 mg/L + 375% 

Alkalinity (carbonatec) in Source Zone Well 
BAT-2D 

208 1,300 mg/L + 525% 

    
a TCE mass based on soil sampling conducted immediately following end of oxidant injection treatment. 
b TCE mass based on soil sampling conducted nine months after the end of oxidant injection treatment. The 
differences between the TCE mass change estimated at the two time points are indicative of sampling variability. 
c Carbonate buildup is indicative of carbon dioxide production through oxidation of organic species. 
 
• A short-term goal, which targets maximum achievable DNAPL mass removal. This goal is generally 

determined by economic considerations and represents an end point for the primary treatment when 
the short-term cost of achieving incremental DNAPL mass removal becomes excessive. Achievement 
of this goal can be verified through the use of groundwater and soil sampling or other tools, as well as 
analysis of any side-streams recovered aboveground. 

 
• An intermediate-term goal, which targets achievement of desired cleanup levels at the compliance 

boundary. It may take a year or several years for flow to re-equilibrate and for extraneous factors 
(such as diffusion of sequestered contaminants from downgradient fine-grained aquifer media) to 
subside, before the site owner can even make a determination that the target cleanup level has been 
achieved at the compliance boundary. It should be noted that the same is the case when source or 
plume containment, rather than source remediation, is the selected option at a site. For example, in 
Figure 2, an aeration trench has been implemented near the property boundary as a permeable barrier 
inside the TARS plume, for the last two years. Although this treatment is effective in terms of the 
quality of the treated water emerging from the interceptor trench, the downgradient portion of the 
TARS plume in Figure 2 shows no sign of receding or detaching from the upgradient plume or 
source. This persistence of downgradient contamination is probably because of the abundance of silty 
clay lenses, from which contaminants continue to diffuse slowly over time, thus re-contaminating the 
treated water. Similar persistence of downgradient contamination for several years following effective 
containment of the plume at the treatment point has been noted at former NAS Moffett Field 
(Gavaskar, et al. 1998), a site which has a somewhat similar composition of sand channels and clay 
deposits. Therefore, irrespective of the approach, be it source remediation or plume containment, at 
many sites, achievement (or non-achievement) of the intermediate goal, which is generally the most  
important goal that site owners and regulators are interested in, may not be apparent for a year or 
several years after implementation of the selected remedy.  



Performance Verification of In Situ Remediation NATO/CCMS Pilot Project Phase III 
 

 112

• The long-term goal of any remediation ultimately would be achievement of regulatory cleanup levels 
or maximum contaminant levels (MCLs) in the source zone and plume, which would indicate that 
long-term monitoring and/or plume control measures can be dismantled. 

 
The process seems formidable, but as each goal is reached, the costs of managing a site probably decline. 
The decision making process involved in selecting the appropriate remedy or chain of remedies and for 
selecting the tools for characterization and monitoring is driven by a mix of technical, regulatory, and 
economic factors that is determined on a site-specific basis. 
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FURURE DEVELOPMENTS IN VERIFICATION OF IN SITU PERFORMANCE: 
EXPECTATIONS, INSTRUMENTS, AND GOALS 

 
Bert Satijn1 

 
1. KEY ISSUES OF TECHNICAL PRESENTATIONS 
 
The second day of the NATO/CCMS special session is dedicated to the technical issues of in situ 
technologies and validation aspects. This last presentation reviews technical contributions and picking up 
the key issues. These will be used as a base for a presentation of future developments in the field of 
performance testing and validation processes.  
 
1.1 Soil Vapor Extraction- Michael Altenbockum 
 
In Germany a large-scale review of executed soil vapor extraction projects has been executed. It became 
clear that in many cases the project team was not very well aware of the processes in subsoil. The overall 
conclusion of the reviewer was “They don’t know what they are doing”. Performance testing and 
validation was not done properly due to lack of experience and knowledge of the actual geochemical 
phenomena in the soil. 
 
Energy consumption seemed to be a good parameter for cost efficiency. Energy is not only the important 
factor for the costs, but in relation with the total quantity of removed contaminants, it provides a good 
indication for the removal efficiency and environmental efficiency of the whole operation. 
 
Conclusions of the study were, that Quality Assurance as integral part of the project needs more 
emphasis. The preparation of adequate guidelines in a kind of handbook or checklist could be an 
important aid to improve the performance of soil vapor extraction systems. In Germany they are working 
on these guidelines. 
 
Validation should not only after the project being an issue. Especially during operation validation tools 
can provide the necessary information to modify the system and to adapt operation. 
  
1.2. Surfactant/Cosolvent Flushing- Leland Vane 
 
Validation of the performance of surfactant and cosolvent flushing is complicated, due to the complicated 
processes in subsoil. Although in many cases used, it is clear that groundwater monitoring is not the only 
and right validation tool. Concentrations in groundwater do not show the overall impact of the desorbing 
or mobilizing effect of the adsorbed contaminants on soil particles. No information will be gathered from 
the fate of the contaminants still (partly) adsorbed on the soil particles. It only provides evidence of the 
mass, diluted in the groundwater. To get more information of the residual bound contaminants on soil 
particles other methods are needed. Partitioning interwell tracer tests, PITT, are one of the promising new 
techniques. In fact with this technique the fate of the contaminants in the subsoil is “photographed”, by 
injecting a tracer into the hot spot and recovering it down stream. The recovery curve in the monitoring 
wells provides information on mass and location of NAPLs. PITT is fitting as characterization and 
validation tool. 
 
But it is clear that to do a good validation a combination of different validation tools is required to 
provide evidence, that performance of the remediation system is adequate. 
 

                                                
1 SKB, Dutch Foundation for knowledge development and transfer on soil quality management. Buchnerweg 1, Gouda 2800, The 
Netherlands.  Phone: 31(0)182540690  Telefax: 31(0)182540691  Email: Bert.Satijn@CUR.nl 
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1.3 Validation of In Situ Bioremediation by Applying Isotopes- Frank Volkering 
 
Before validation of in situ bioremediation it is required to consider the parameters and criteria used. Next 
to the traditional parameters (concentrations in soil and groundwater, mass removal, etc.), last year's new 
lines of evidence have been developed, like hydrogen concentrations, DNA/RNA and isotopes. 
 
Microorganisms do prefer to start with the lighter isotopes before cracking the heavier ones, as has been 
proven in many laboratories in batch tests. This phenomenon is called fractionating of stable isotopes. In 
one of the SKB-projects at the industrial site of DOW Chemicals in the Netherlands this method has been 
used successfully to validate the anaerobic degradation of benzene. It is expected that the application of 
analysis of stable isotopes will provide in future more possibilities for validation of the complex subsoil 
processes. 
 
1.4 In Situ Chemical Oxidation- Robert Siegrist 
 
In situ chemical oxidation is a new emerging technology for the elimination of hot spots. Also for this 
technique performance tests and validation tools are badly needed. Given the complex processes dealing 
with multiple evidence is needed for validation. Each method is providing us some part of the subsoil 
puzzle. One can think of a combination plume load measurements, mass destruction balances, bioassays 
and surface geophysics. 
 
Compared to the traditional methods, it seems to be necessary to provide more evidence to prove that the 
new remediation system will be successful. But how much certainty do we have to give? 
 
1.5 In Situ Permeable Reactive Barriers- Volker Birke 
 
In Germany there are several experiences with reactive barriers. Reactive barriers are techniques on the 
boundary of in situ and ex situ. Validation of the performance is therefore a little bit easier than in case of 
the real in situ techniques. Installation of monitoring wells upstream, in the wall and downstream will 
provide the information on process conditions, efficiency and side effects. The technology is focused on 
an efficient removal of contaminants in the barrier without too much difficulty during exploitation. In 
many cases the barrier is designed to accommodate geochemical processes, for example the iron walls to 
eliminate the Tri and Per. But the anomaly in the subsoil is promoting biochemical processes, which 
easily creates clogging. The performance of active barriers might therefore be endangered due to bacterial 
growth in the barrier material or at the interface between soil and barrier.  
 
In Germany the RUBIN network is established to develop and exchange knowledge on active barriers. 
 
1.6 In Situ Remediation of DNAPLS- Arun Gavaskar 
 
DNAPLs are made not to be discovered and not to be removed. This is the conclusion after studying so 
many projects on remediation of DNAPLs. The traditional approach of Pump and Treat is seldom 
successful. Pump & Treat becomes Pump & Spill due to the ever-lasting emissions from the source area. 
But the efficiency of source removal is sometimes disappointing. In sandy soils with new contaminants 
and retraceable source, there are possibilities of a removal rate of 90%. But in other cases it reaches up to 
60 or 70%. So secondary treatment is normally necessary. It is also useful to realize that mobilizing the 
source and partial removing it, creates a situation in which the residue is normally more mobile than 
before. Without secondary treatment emissions to the plume will be bigger than before during a certain 
period after shaking up the source. The design of treatment system has to be based on a combination of 
primary and secondary treatment. 
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2. DEVELOPMENTS OF IN SITU TREATMENT 
 
In situ remediation is a young science, only ten years old. The challenge of heterogeneity and complex 
biogeochemical processes makes the “remediator” a “geoartist”. Site-specific circumstances influence the 
performance of techniques heavily. More understanding of processes by proper evaluation and research is 
needed. Better combinations of ex situ and in situ might provide solutions. Source boosting and plume 
management will be in many cases the right approach: better combinations of different in situ techniques 
with the right energy at the right time and place.  
 
The consultants do not have enough knowledge and experience to propose such combinations. The 
contractors are normally specialized in one technique and are unable or unwilling to offer the right 
combination. This has also to do with the hardware; each technique requires its own system of hardware. 
But in future hardware has to be developed in such a way that the same equipment could be used for the 
subsequent phases in remediation.  
 
The secondary treatment after partial removal of the source, is taking normally a long period. Therefore 
integration of clean up and redevelopment of the location could be thought over. 
 
3. INSTRUMENTS AND GOALS FOR VALIDATION 
 
Validation of in situ processes is based on the understanding of these processes. The available equipment 
is not sophisticated enough to provide the wanted evidence in many cases. More sophisticated monitoring 
tools are to be developed in the future, like cone penetration tests with specific probes for all relevant 
parameters to register the processes. Cheaper tools are needed in order to be able to get better spatial and 
time depending information.  
 
Further development of sensors and effect related monitoring (bioassays) is important. But also the link to 
legislation should not be forgotten. Legislation is mainly based on concentrations, although risk based 
guidelines are becoming more and more important. 
 
All these wishes do require quite some research funds. The economic developments and the political 
attention for soil quality is as such, that more money for these purposes is not to be expected. Therefore it 
is recommended to strengthen the international exchange of knowledge and data. An international 
performance database with information on the performance (well documented) of in situ techniques and 
methods to validate the performance could contribute to further development despite the recent 
developments in world society. 
 
Although it will remain a challenge to be successful as “geoartists”, the improvement of in situ 
techniques, hand in hand with its validation tools, has to contribute to a more predictable and cost 
efficient performance in soil quality management.
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4. PRESENTATION VISUALS ~ presented by Bert Satijn 
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PILOT STUDY MISSION 
 
 PHASE III C Continuation of NATO/CCMS Pilot Study: 
 Evaluation of Demonstrated and Emerging Technologies for the Treatment 
 of Contaminated Land and Groundwater  
 
1. BACKGROUND TO PROPOSED STUDY 
 
The problems of contamination resulting from inappropriate handling of wastes, including accidental 
releases, are faced to some extent by all countries. The need for cost-effective technologies to apply to 
these problems has resulted in the application of new/innovative technologies and/or new applications of 
existing technologies. In many countries, there is increasingly a need to justify specific projects and 
explain their broad benefits given the priorities for limited environmental budgets. Thus, the 
environmental merit and associated cost-effectiveness of the proposed solution will be important in the 
technology selection decision.  
 
Building a knowledge base so that innovative and emerging technologies are identified is the impetus for 
the NATO/CCMS Pilot Study on “Evaluation of Demonstrated and Emerging Technologies for the 
Treatment of Contaminated Land and Groundwater.” Under this current study, new technologies being 
developed, demonstrated, and evaluated in the field are discussed. This allows each of the participating 
countries to have access to an inventory of applications of individual technologies, which allows each 
country to target scarce internal resources at unmet needs for technology development. The technologies 
include biological, chemical, physical, containment, solidification/stabilization, and thermal technologies 
for both soil and groundwater. This current pilot study draws from an extremely broad representation and 
the follow up would work to expand this. 
 
The current study has examined over fifty environmental projects. There were nine fellowships awarded 
to the study. A team of pilot study country representatives and fellows is currently preparing an extensive 
report of the pilot study activities. Numerous presentations and publications reported about the pilot study 
activities over the five-year period. In addition to participation from NATO countries, NACC and other 
European and Asian-Pacific countries participated. This diverse group promoted an excellent atmosphere 
for technology exchange. An extension of the pilot study will provide a platform for continued 
discussions in this environmentally challenging arena.  
 
2. PURPOSE AND OBJECTIVES 
 
The United States proposes a follow-up (Phase III) study to the existing NATO/CCMS study titled 
“Evaluation of Demonstrated and Emerging Technologies for the Treatment of Contaminated Land and 
Groundwater.” The focus of Phase III would be the technical approaches for addressing the treatment of 
contaminated land and groundwater. This phase would draw on the information presented under the prior 
studies and the expertise of the participants from all countries. The output would be summary documents 
addressing cleanup problems and the array of currently available and newly emerging technical solutions. 
The Phase III study would be technologically orientated and would continue to address technologies. 
Issues of sustainability, environmental merit, and cost-effectiveness would be enthusiastically addressed. 
Principles of sustainability address the use of our natural resources. Site remediation addresses the 
management of our land and water resources. Sustainable development addresses the re-use of 
contaminated land instead of the utilization of new land. This appeals to a wide range of interests because 
it combines economic development and environmental protection into a single system. The objectives of 
the study are to critically evaluate technologies, promote the appropriate use of technologies, use 
information technology systems to disseminate the products, and to foster innovative thinking in the area 
of contaminated land. International technology verification is another issue that will enable technology 
users to be assured of minimal technology performance. This is another important issue concerning use of 
innovative technologies. This Phase III study would have the following goals: 
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a) In-depth discussions about specific types of contaminated land problems (successes and failures) 
and the suggested technical solutions from each country’s perspective, 

 
b) Examination of selection criteria for treatment and cleanup technologies for individual projects,  

 
c) Expand mechanisms and channels for technology information transfer, such as the NATO/CCMS 

Environmental Clearinghouse System, 
 

d) Examination/identification of innovative technologies, and 
 

e) Examining the sustainable use of remedial technologies looking at the broad environmental 
significance of the project, thus the environmental merit and appropriateness of the individual 
project. 

 
3. ESTIMATED DURATION 
 

Meetings: November 1997 to May 2002 
Completion of final report: June 2003 

 
4. SCOPE OF WORK 
 
First, the Phase III study would enable participating countries to continue to present and exchange 
technical information on demonstrated technologies for the cleanup of contaminated land and 
groundwater. During the Phase II study, these technical information exchanges benefited both the 
countries themselves and technology developers from various countries. This technology information 
exchange and assistance to technology developers would therefore continue. Emphasis would be on 
making the pilot study information available. Use of existing environmental data systems such as the 
NATO/CCMS Environmental Clearinghouse System will be pursued. The study would also pursue the 
development of linkages to other international initiatives on contaminated land remediation. 
 
As in the Phase II study, projects would be presented for consideration and, if accepted by other 
countries, they would be discussed at the meetings and later documented. Currently, various countries 
support development of hazardous waste treatment/cleanup technologies by governmental assistance and 
private funds. This part of the study would report on and exchange information of ongoing work in the 
development of new technologies in this area. As with the current study, projects would be presented for 
consideration and if accepted, fully discussed at the meetings. Individual countries can bring experts to 
report on projects that they are conducting. A final report would be prepared on each project or category 
of projects (such as thermal, biological, containment, etc.) and compiled as the final study report. 
 
Third, the Phase III study would identify specific contaminated land problems and examine these 
problems in depth. The pilot study members would put forth specific problems, which would be 
addressed in depth by the pilot study members at the meetings. Thus, a country could present a specific 
problem such as contamination at an electronics manufacturing facility, agricultural production, organic 
chemical facility, manufactured gas plant, etc. Solutions and technology selection criteria to address these 
problems would be developed based on the collaboration of international experts. These discussions 
would be extremely beneficial for the newly industrializing countries facing cleanup issues related to 
privatization as well as developing countries. Discussions should also focus on the implementation of 
incorrect solutions for specific projects. The documentation of these failures and the technical 
understanding of why the project failed will be beneficial for those with similar problems. Sustainability, 
environmental merit, and cost-benefit aspects would equally be addressed. 
 
Finally, specific area themes for each meeting could be developed. These topics could be addressed in 
one-day workshops as part of the CCMS meeting. These topic areas would be selected and developed by 
the pilot study participants prior to the meetings. These areas would be excellent venues for expert 
speakers and would encourage excellent interchange of ideas. 
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5. NON-NATO PARTICIPATION 
 
It is proposed that non-NATO countries be invited to participate or be observers at this NATO/CCMS 
Pilot Study. Proposed countries may be Brazil, Japan, and those from Central and Eastern Europe. It is 
proposed that the non-NATO countries (Austria, Australia, Sweden, Switzerland, New Zealand, Hungary, 
Slovenia, Russian Federation, etc.) participating in Phase II be extended for participation in Phase III of 
the pilot study. Continued involvement of Cooperation Partner countries will be pursued.  
     
6. REQUEST FOR PILOT STUDY ESTABLISHMENT 
 
It is requested of the Committee on the Challenges of Modern Society that they approve the establishment 
of the Phase III Continuation of the Pilot Study on the Demonstration of Remedial Action Technologies 
for Contaminated Land and Groundwater.  
 
Pilot Country: United States of America 
Lead Organization: U.S. Environmental Protection Agency 
 
U.S. Directors:  

 
Stephen C. James 
U.S. Environmental Protection Agency 
Office of Research and Development 
26 W. Martin Luther King Dr. 
Cincinnati, OH  45268 
tel: 513-569-7877 
fax: 513-569-7680 
e-mail: james.steve@epa.gov  

 
Walter W. Kovalick, Jr., Ph.D. 
U.S. Environmental Protection Agency 
Technology Innovation Office (5102G) 
1200 Pennsylvania Ave, NW 
Washington, DC  20460 
tel: 703-603-9910 
fax: 703-603-9135 
e-mail: kovalick.walter@epa.gov  

 
Participating Countries: Australia, Austria, Belgium, Canada, Czech Republic, Denmark, Finland, 

France, Germany, Greece, Hungary, Ireland, Japan, New Zealand, Norway, 
Poland, Portugal, Slovenia, Sweden, Switzerland, The Netherlands, Turkey, 
United Kingdom, United States 

 
Scheduled Meetings: February 23-27, 1998, in Vienna, Austria 

May 9-14, 1999, in Angers, France 
June 26-30, 2000, in Wiesbaden, Germany 
September 9-14, 2001, in Liège, Belgium 
May 5-10, 2002, Rome, Italy 
 

 




