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ABSTRACT. These notes provide a broad overview of current developments in 
innovative technologies for groundwater cleanup. In this context, groundwater cleanup 
technologies include site remediation methods that deal with contaminants in ground 
water or that may move from the vadose zone into ground water. This discussion 
attempts to emphasize approaches that may be able to achieve significant improvements 
in groundwater cleanup cost or effectiveness. However, since data for quantitative 
performance and cost comparisons of new cleanup methods are scarce, preliminary 
comparisons must be based on the scientific approach used by each method and on the 
site-specific technical challenges presented by each groundwater contamination situation. 
A large number of technical alternatives that are now in research, development, and 
testing can be categorized by the scientific phenomena that they employ and by the site 
contamination situations that they treat. After reviewing a representative selection of 
these technologies, one of the new technologies, the Microbial Filter method, is discussed 
in more detail to highlight a promising in situ groundwater cleanup technology that is 
now being readied for field testing. 

1. Introduction 

Chemical or radioactive site contamination can destroy the value of soil and ground water 
resources at and around a contaminated site, and may be hazardous to the environment 
and the public. Scientists and engineers are working to devise, test, and apply soil and 
groundwater cleanup technologies that are more effective or are more efficient than 
current practice. This effort is motivated by the costs and inefficiencies of the current 
state of the practice, by the value of the resources at stake, and by the need to protect the 
environment and human health and safety. 

This discussion emphasizes approaches that may be able to achieve significant 
improvements in groundwater cleanup cost or effectiveness. Innovative in situ 
technologies are stressed in this review because of their potential for performance 
improvements when compared with current technologies on a normalized basis. In this 
context, groundwater cleanup technologies include remediation methods that deal with 
contaminants in ground water or that may move from the vadose zone into ground water. 
This kind of site problem is often caused by spills or leaks of contaminant materials into 



the subsurface (Figure 1), but can also result when near-surface contaminants are 
transported into underlying soils. By contrast, soil cleanup technologies, which are 
covered by a separate contribution (Yow, 1992a), include site remediation methods that 
deal with relatively shallow, near-surface contamination of soil or rock materials. 

Figure 1. Typical site contamination problem caused by contents of pipe, drum, or tank 
leaking into subsurface. Similar infiltration can result from settling basins or lagoons. 
This kind of spill is often relatively deep, localized, or concentrated, bi>t can be very large 
if infiltration continues for long periods of time. 

Groundwater cleanup effectiveness and economics can be improved if contaminant 
compounds can be isolated or destroyed in place or, alternatively, more effectively 
manipulated and extracted for recovery or destruction ex situ. Many investigators are 
working to developing methods to supplement or replace conventional pump-and-treat 
practices. These new processes are usually based on applying biological, hydrologic, 
chemical, thermal, or electrical techniques individually or in combination. At best, new 
systems will destroy subsurface contaminants in place; however, remediation methods 
that are more likely to be fielded in the near term involve destruction of contaminants at 
the perimeter of a subsurface plume or controlled mobilization of contaminants to 
increase waste recovery. 

Innovative cleanup methods are expected to reduce operational costs or capital costs 
without sacrificing remedial effectiveness. Figure 2 shows a simple approach for 
developing an initial comparison of cleanup approaches by dividing a subsurface 
contaminant plume into unit cells. Mechanisms by which tost savings can be accrued 
could include the following: 

• Reduce operational costs by cutting the need for energy, materials, or labor per 
unit time (or per unit measure of contaminant extracted or destroyed), or by 
cutting the total time needed for site cleanup. 

• Reduce capital investment costs by cutting the unit price or required numbers of 
wells, containment bamers, or surface facilities. 

• Reduce characterization or monitoring costs with robust cleanup methods that do 
not need detailed definition of contaminant concentrations or source terms. 
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Figure 2. Simple approach for comparing groundwater remediation alternatives by 
dividing contaminant plume (plan view) into unit cells for treatment. 

Unfortunately, comparisons of standard and new technologies are often hampered by 
incomplete cost and performance data for recently developed methods. This causes 
difficulties in winning regulatory approval for new techniques, and in conducting 
engineering comparisons for purposes of technology selection. Since conventional kinds 
of comparisons are difficult for the newer technologies, more qualitative judgments must 
be prepared based on the performance improvements that might be achieved with the 
proposed scientific approach. 

2. Technical Challenges and Approaches 

Site remediation technologies can be usefully sorted into three broad classes: in situ 
destruction of contaminants, enhanced extraction for subsequent recovery or ex situ 
destruction, and containment or immobilization in place. These major classes of 
technical approaches vary significantly in their applicability to groundwater cleanup 
problems because of the influence of the technical challenges discussed below and 
because of site- and problem-specific conditions. Table 1 summarizes these categories of 
approach, lists the main technical emphases associated with each approach, and identifies 
a limited number of example technologies. 

Technical challenges that confront successful groundwater cleanup include in situ 
hydrogeologic or geochemical heterogeneities, contaminant sorption effects, co-
contaminants (if present), geochemical side effects and by-products, biological side 
effects, and accidental contaminant dispersal during treatment. Additional technical 
matters that can become important issues include low levels of residual contaminant that 
are often expected to result from a successful cleanup, perceived definitions of success 
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(how clean is clean enough?), and regulatory mandates and definitions. Technology 
development, evaluation, and selection must address these challenges for optimal success. 

Major Area 
TABLE 1. Major areas of innovation in remedial technologies 

Technical Emphasis Examples GW Cleanup 
In Situ Destruction biological bioremediation 

composting 
yes 

chemical heap leaching -
electrochemical electrochemical redox yes 
thermal in situ vitrification yes 

Enhanced Extraction thermal electrical heating 
radio frequency heating 
steam sweeping 

yes 

hydro/chemical vapor extraction yes 
sweeping chemical flushing 

water sweeping 
steam sweeping 

electrochemical electroosmosis yes 
Immobilization / biological bioclogging yes 
Containment biological fixing 

chemical chemical precipitation 
redox manipulation 

yes 

hydrologic grouting 
slurry walls 
surface barriers/covers 

yes 

thermal in ?itu vitrification yes 

In situ hydrogeologic heterogeneities complicate the engineering design and operation 
of cleanup schemes by causing variability in subsurface flow and transport phenomena. 
These effects can involve orders of magnitude differences in hydraulic conductivity on 
different spatial scales, and can include localized channels that can carry large fluid flows 
as well as dead end channels that sequester contaminated fluids. In situ geochemical 
heterogeneities can affect contaminant sorption processes (mentioned below) on a local 
scale and in unforeseen ways. Geochemical variability may also influence in situ 
treatments by serving as a source or sink for certain types of chemical agents or by 
affecting the performance of biological agents. 

Contaminant sorption and desorption occur as chemical constituents of hazardous 
materials come in contact with earth materials, particularly in the case of fine grained 
soils that have a large bulk surface area. These processes make it difficult to separate 
contaminants from soil particles, and impede contaminant transport and recovery in the 
subsurface. In these situations cleanup schemes need to be designed to mobilize 
contaminant molecules for separation from the host soils (e.g., by heating the soil to 
volatilize spilled hydrocarbons). By contrast, soiption to mobilized colloidal particles 
can cause unexpectedly efficient groundwater transport of contaminants such as heavy 
metals, sometimes with dramatically increased movement past site boundaries. 

Co-contaminants are sometimes encountered when site histories and contaminant 
source terms are not fully understood, or when contaminant degradation or past treatment 
has generated intermediate reaction products. These chemistries can interact in 
unexpected ways during treatment, leading to increased health risks, corrosion or 
deterioration of well casings or treatment equipment, creation of waste by products, or 



simply failed cleanup schemes. 
Geochemical side effects and by-products can be inadvertently generated during 

chemical treatment or grouting of soils. This could be a problem when chemical 
treatments encounter unexpected contaminant chemistries, when contaminant destruction 
is incomplete and forms intermediate reaction products, when chemical constituents 
precipitate at unintended locations, or when grout components are not fully mixed. The 
resulting chemistries may be less easily treated or could further degrade site conditions. 

Biological side effects can include undesired clogging or biofouling of aquifers, or 
clogging of well screens or treatment equipment. This can occur when treatment 
schemes unexpectedly nourish in situ microbial communities, or when increased 
subsurface oxygen supplies allow the growth of aerobic species. 

Borrowing technologies from petroleum reservoir engineering or solution mining, many 
new groundwater cleanup approaches involve injection or mixing of fluids (e.g., steam, 
air, biological agents, grout, or surfactants) into the subsurface. Table 2 lists typical 
systems for such injections. Unfortunately, careless injection of liquids can lead to slug 
flow displacement or bypassing of contaminants. This can lead to the uncontrolled 
further spread of hazardous materials or to inadvertent residual contamination, often with 
increased risk to cleanup workers and, eventually, the public. 

TABLE 2. Systems for in situ dispersal of treatment agents 
General Technique Typical Radius Typical Depth 
auger mixing 
jet mixing 
multhvell injection systems 
multiple hydrofracturing 

1 meter 
1 meter 

tens of meters 
tens of meters 

up to 20 m ± 
up to 20 m ± 

meters to 100s of meters 
10s to 100s of meters 

Acceptability can become an issue in cases where site cleanup is perceived to result in 
some kind of damage to the soil cr ground water resources at a site, or in technologies 
that generate some kind of waste form or secondary waste stream for treatment. In many 
cases these concerns can be addressed with an appropriate form of process monitoring or 
control, such as listed in Table 3. 

TABLE 3. Field methods for remedial process monitoring/control 
General Technique Geometry Measured or Inferred GWUse 
Underground Imaging 
(crosshole electromag.) 

2D or 3D interp. moisture content changes 
soil strata & water table 
electrochemical changes 

yes 

Underground Imaging 
(crosshole seismic) 

2D interpolation large moisture content changes 
soil strata & water table 

yes 

Borehole Logging ID line scan soil density and stratigraphy 
moisture content 
radioactivity 

yes 

Chemical Sensors point measurement 

point measurement 

contaminant concentrations 
detection of chemical species 
moisture content 
piezometric head 

yes 

Hydrologic Sensors 

point measurement 

point measurement 

contaminant concentrations 
detection of chemical species 
moisture content 
piezometric head 

yes 

Tilt Sensors surface meas. soil skeleton deformation yes 
Thermal Sensors point measurement temperature yes 
Radiation Sensors point measurement presence of radionuclides yes 



3. Categories of Available Technologies 

A large number of innovative groundwater cleanup technologies can be identified on the 
basis of the technical approaches that were categorized in Table 1. Table 4, below, lists a 
representative selection of these technologies for consideration. This list is not 
exhaustive because it does not include all technologies that are now under development, 
nor does it include all technologies being marketed as "new." Nevertheless, Table 4 
provides a starting point for locating new groundwater cleanup approaches, and it also 
gives an indication of areas of current work and anticipated future developments. 

TABLE 4. Innovative technologies for groundwater cleanup 
Technical Approach Representative Innovative Technologies 
Bioremediation bbreactor treatment of ground water at surface 

anger mixing of soils and nutrients 
inoculation and nutrient injection 
nutrient infiltration from wells/trenches 
bioremediation with soil venting 
wetlands treatment of extracted ground water 
in situ recirculation of water, nutrients, and microbes 
in situ microbial filter 

Chemical/Electrochemical in situ leaching with recycled reagents 
catalytic decomposition or oxidation of contaminants 
electrochemical manipulation of oxidation states 
chemical precipitation followed by physical separation 

Thermal thermal stripping with auger soil mixers 
electrical heating 
radio frequency heating 
steam sweeping 
dynamic underground stripping 
in situ vitrification 
oxygen burner for vapor effluents 

Other Recovery/Extraction electroosmosis. 
air stripping/soil venting 
in situ recirculation techniques 

Soil Washing solvent or surfactant flushing, extraction, and recycle 
Solidification/Stabilization binding with cement/fly ash or proprietary admixtures 

silicate grouts/setting agents 
in situ soil/cement walls 

Other Approaches electron beam destruction 
ultrafiltration 

4. A Representative New Technology: In Situ Microbial Filter 

4.1 OVERVIEW OF TECHNICAL APPROACH 

The in situ microbial-filter strategy consists of artificially increasing the microbial 
activity at the expanding boundaries of a migrating contaminant plume (Figure 3). This 
technology is being readied for field testing in a scheme to remediate ground water 
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contaminated with trichloroethylene (TCE). For this particular contaminant, microbial 
activity is enhanced and a subsurface filter established by pumping a pure strain of a 
naturally occurring methanotrophic microbe, Methylosinus trichosporium OB3b, into the 
aquifer through injection wells and by simultaneously withdrawing aquifer fluid from 
adjacent wells. A portion of the injected microbes attach to the soil or rock and form a 
thin filter region. An appropriate choice of injection and withdrawal well locations and 
pumping rates permits this filter region to stretch continuously across the plume margins. 
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Figure 3. The in situ microbial-filter approach. Microbial activity is enhanced at the 
expanding boundaries of a contaminant plume migrating downstream from a near-surface 
source region. A naturally occurring methanotroph is injected through wells to form a 
porous curtain. TCE-contaminated ground water naturally flows through this region 
where it is bioremediated into CO2 and CI - ; thus, ground water enters the filter 
contaminated and leaves clean. Methanotrophs sporulate or lyse into harmless 
compounds after they have finished degrading TCE. Vertical monitoring wells are 
located downstream from the biofilter. 

Contaminated ground water naturally flows into the filter region, the attached microbial 
population degrades the contaminants at a rate greater than or equal to their transport rate 
through the region, and the ground water exits clean. In this manner, further spread of the 
plume is prevented simultaneously with the remediation of the existing contamination. 
This approach also allows for concurrent volumetric treatment of the contaminant source 
by inoculation and for the emplacement of multiple filters across the expanding 
dimensions of the plume. Effective bioremediation over these small volumes in concert 
with multiple microbial filters results in a rapid cleanup of the entire plume. 

Methylosinus is abundant in marine sediments or in soils (Doelle, 1981). It has an 
absolute requirement for methane or methanol as a carbon and energy source. In the 
absence of this substrate, the microorganism will either disintegrate (lyse) or form spores 
that remain dormant until there is an adequate substrate supply. This particular microbe 
is not pathogenic. 

The target contaminant for initial remedial field testing is TCE. Methylosinus catalyzes 
the first step in the oxidative breakdown of TCE; the initial intermediate is TCE epoxide, 
which rapidly and spontaneously reacts to ultimately form the innocuous compounds 



CO2 and Cl~, a dissolved aqueous ion. No toxic intermediates are produced dunng this 
biodegradation. Chloroform can also be biodegraded by this organism. 

Most current in situ bioremediation efforts focus on injecting nutrients into the 
subsurface to stimulate the indigenous population. The microbial filter approach, a 
radical departure from this strategy, has two unique aspects: the filter concept, whereby 
ground water is decontaminated as it flows through a thin region of enhanced microbial 
activity instead of treating the entire volume of the plume simultaneously, and the 
inoculation approach (Duba et al., 1991; Knapp et al., 1991; Park et al., 1991a; Park et 
al., 1991b; Shonnard et al., 1991; Taylor et al., 1990). Remediation could be accelerated 
by also inoculating the relatively small contaminant source region. 

This inoculation approach has the potential to reduce problems encountered during in 
situ remediation when microbial populations are stimulated by mear.. of nutrient 
injections. Although it has been used extensively in microbial-enhance^. oil recovery, its 
feasibility for in situ biodegradation of volatile organic compounds (VOCs), in particular 
low levels of chlorinated solvents such as TCE and chloroform in aqueous porous medifi, 
had not been proven. 

4.2 PROOF-OF-CONCEPT EXPERIMENT 

The validity of the in situ microbial-filter concept was demonstrated in a series of scaled 
laboratory experiments. These experiments were conducted in a two-dimensional test 
bed that was 1.1 m long, 0.4 m high, and 0.1 m wide. It was packed with a nearly 
homogeneous sand with an overall permeability of about 8.5 D and a porosity of 34%. It 
had a slight increas; in permeability from the bottom of the sand pack to the top. Fluid 
flow through this medium was at a constant rate of 1.5 cm/hr, i common rate for natural 
groundwater flow. The sand pack was sampled with fritted nickel probes extending 
horizontally through the entire width of the test bed and through ports at both the iniet 
and outlet of the test bed. 

At the start of the experiments, Methylosinus bacteria were injected into this test bed to 
form an attached filter that was about 0.1 m thick in the flow direction. Microbial 
population balance measurements during inoculation indicated .hat about 8% of he 
injected microbes attached to the sand, while the remaining inoculum was transported 
downstream by the ambient flow. Subsequent to this inoculation, a 24-hr pulse of TCE at 
a concentration of 108 ppb was injected into this simulated in situ microbial filter. 
Measurements of aqueous TCE concentration made immediately in front of the emplaced 
filter showed the arrival of the pulse, whereas no TCE was detected immediately 
downstream of the filter. TCE pulse arrival times were simulated with a one-dimensional 
mathematical model for advective-dispersive transport in a porous medium with linear 
sorption. Results from this proof-of-concept experiment suggest complete 
biodegradation of the TCE pulse. 

The first experiment was repeated seven days later by injecting a secona T^-hr TCE 
pulse of 85 ppb. This second experiment was conducted without interfering wi.h the 
emplaced microbial filter. The results were similar to the first experiment in that no TCE 
was detected downstream of the biofilter. These two proof-of-concept experiments were 
preceded by two baseline experiments in which pulses of TCE were injected without 
microbes being preset. A comparison of measured TCE concentrations from one of 
these baseline experiments with the first pro^f-of-concept experiment verified the 
complete destruction of the TCE wave by the attached microbial filter. 

After the second proof-of-concept experiment was completed (17 days after 
inoculation), the test bed was disassembled and the sand pack was sampled in the area of 



the biofilter. Measurements of the attached population counts and the metabolic activity 
of the attached population were made on these samples. T^e attached population was 
found to be -108 rells/mg of dry sand, centered about where it was initially injected, but 
some downstream spread of the microbes could be inferred. Measurements of attached 
microbial metabolic activity averaged 0.2-nmol of TCE oxidized per minute per gram of 
dry sand. The activity was skewed downstream from the attached population, perhaps 
suggesting a less of activity in the upstream portions o f the filter where inosi of the 
biodegi adation would have been accomplished. Permeability measurements were made 
before the first TCE baseline experiment and after the two proof-of-cr icept experiments 
over a period of about six weeks, but no measurable change was detected. 

These results demonstrate that microbes can be inoculated in a fixed pattern, that fluid 
can flow through this emplaced filter unimpeded, and that the filter effectively 
biodegrades aqueous contaminants to below detectable I'.aiits (<0.5-ppb TCE). V/hen 
scaled to the field, the experimental success is even more dramatic because the results 
suggest that a plume with a dimension of about 100 m in the direction of fluid flow can 
be effectively treated with this technique. 

4.3 METHYLOSIKJ5 RESEARCH 

The lab-scale, microbial-filter experiments were preceded by a substantial quantity of 
work on the specialized methanotroph, Methylosinus. This strain was originally isolated 
from a freshwater sample in 1970 and is one of the better characterized methanotrophs. 
Because of its possible usefulness in cleaning up chlorinated aliphatic VOCs, a number of 
investigators are working on projects in which mixtures of air or oxygen and methane are 
injected into contaminated water to increase the subsurface population of methanotrophic 
bac'iria. 

Methanotrophs produce enzyme systems called methane monooxygenases (MMOs) that 
allow them to grow, on methane. MMOs can exist within the cells as either soluble 
(sMMO) or particulate (pMMO) forms. The bulk of die experimental evidence indicates 
that methanotrophs which increase sMMO utilize this biocatalyst and oxidatively degrade 
VOCs such as TCE much faster than cells containing pMMO. Simple subsurface 
pumping of methane does not permit any biochemical regulation o f the cellular sMMO 
syndiesis since an acute copper ion depletion is required for its formation. 

It should be stressed that the preculturing-subsurface injection approach to establishing 
and operating an in situ microbial-filter strategy is not limited to the use of 
methanorophs. It is applicable to any single select microorganism (aerobe or anaerobe) 
and probably to the subsurface introduction Oi mixtures of up to 3—4 different types of 
individually precultured bacteria. Mixtures of different pregrown bacteria are commonly 
employed simultaneously in micrcbial-enhanced oil recovery. However, it must also be 
stressed that fo' each type or strain of microorganism that is to be pregrown and injected 
in a biofilter strategy, some detailed feasibility research must first be carried out. 

Before executing prototype '.xperiments in the test bed apparatus, important new 
research on the lype-II methanotroph, Methylosinus was conducted. We developed 5-
liter bioreactor culture conditions with which we achieved rapid cell growth rates (6-hr 
doubling ume), high cell densities (2.5-5.0 g dry cell weight per liter), high sMMO 
protein and activity levels, ana extension of the cell .uspension TCE degrading activity 
half-life from a few days to beyond one month. 

A series of useful experiments were performed that describ.'-d the changes in the water-
soluble inorganic fraction of the bioreactor culture medium, especially the cell-density-
limiting trace metal ions. When free-cell suspension biodegradation rates for TCE and 
chloroform were determined, we found them to be among the most rapid reported and 



that they followed the predicted kinetic rate. 
Simple and rapid microvolume radioactive assays also were developed to quantify the 

conversion of [1,2-14C]TCE to a mixture of water-soluble products, and the conversion 
of [ • lC]chloroform to 1 4 C02. Using these radiotracer assays, we can detect the sMMO-
depenrisnt VOC-conversion bioactivity of 1 mg of Methylosinus biomass (-10^ cells). 

An electronic particle counter was equipped with a 30-mm aperture tube and a particle 
size distribution channelizer; this counter proved to be an accurate and convenient tool 
for measuring cell motility coefficients and the number of cells attached to the sand. 
Data gathered from the [1,2-' 4C]TCE tracer assay and electronic particle counting 
during the systematic excavation of the sand test bed after 17 days of continuous 
operation allowed us to establish the shape of the microbial filter. 
4.4 MONITORING THE CHEMICAL COMPOSITION OF THE TEST BED 

Two secondary areas of study that are important to the success of the microbial-filter 
approach were: 

• Determining the chemical evolution of the inorganic fraction of the growth 
medium in which a candidate microorganism >s grown. 

• Working out methods for monitoring chemical composidons of solutions flowing 
through the test bed without consuming the sample or altering its composition. 

In the laboratory, the bacteria are grown in aqueous solutions containing various 
selected amounts of inorganic salts that comprise essential nutrients for cell growth. As 
the microbial population increases, many of the components o.~ this solution are 
consumed, while others (notably aqueous CO2) are produced. By monitoring the 
progress of this chemical evolution it is possible to extract information about the changes 
diese bacteria may cause in groundwater chemistry, and to anticipate the composition of 
the spent growth media that might be injected into the ground along with the cells. 

A sampling procedure was designed for analyzing spatial variations in solution 
composition using miniature flow-through electrodes. These electrodes can make ion-
specific measurements (e.g., Na + ion activity), monitor the concentration of dissolved 
gases (e.g., O2 and CO2), and determine solution pH by extracting a very small volume 
of solution from a sampling port and pumping it past a series of electrodes. Because the 
solution composition is essentially unaltered by the measurement, it can be reinjected into 
the experimental apparatus to minimize the impact of sampling the test bed. 
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