
Appendix B

Groundwater Contamination

INTRODUCTION

This appendix discusses the state of the art of ground-
water characterization and cleanup as well as DOE
activities.

Site characterization is important for understanding the
nature and extent of a contamination problem (including
pathways to exposure of people). It is also important for
designing remediation measures and monitoring their
effectiveness. Characterization of groundwater contami-
nation problems has three major elements: detecting the
presence of contaminants, understanding their movement
and change since entering the subsurface, and predicting
their subsequent fate and transport. That is, these elements
are simply what they are, where they are and in what
concentration, and where they are going and how fast.
Data requirements depend on the objectives of cleanup,
specific sites, and the remedial technologies that will be
considered.

Characterization is a difficult task that requires a high
level of expertise to implement properly. Poor characteri-
zation is a result of poor field procedures, unjustified
choice of methods, and poor initial planning. However,
even by following the best approaches, the results
concerning fate and transport may be highly uncertain.
This uncertainty is a particular problem for certain
contaminant ts (e.g., dense, nonaqueous-phase liquids and
complex mixtures of contaminants) and certain hydrogeo-

logic environments (e.g., fractured rock systems, karst,
and unsaturated zones).

The basic data to characterize groundwater con-
tamination problems come from properly constructed and
sampled wells. Wells offer a window into the subsurface
that can provide information on the physical, chemical,
and biological properties of both the aquifer media and the
water. Such information is useful in predicting the
occurrence, fate, and transport of contamination. How-
ever, wells can be expensive to construct and still provide
a very limited view of the subsurface. Skilled hydrogeolo-
gists can extrapolate information between wells, but
methods that provide a more comprehensive view of the
subsurface are always preferred. Geophysical and remote
sensing techniques and computer modeling provide
additional means of gaining information about the subsur-
face, but they also have limitations.

Detecting Contaminants

Detecting contaminants is an iterative process. Samples
are taken and analyzed. The results are interpreted to
identify additional sampling needs. This procedure can be
followed repeatedly until information needs are satisfied.
Traditionally, the process can take many months, partly
because of delays associated with obtaining laboratory
results.

A major difficulty in detecting contaminants is the lack
of accepted analytical and safety procedures for many of
the contamination problems likely to be encountered at
DOE sites; these include the number of radionuclides, the
presence of radionuclides mixed with other chemicals or
materials (mixed waste), and the specialty chemicals used
by DOE (l). This is an issue that has been identified by
DOE and is currently being addressed in its Research
Development, Demonstration, Testing, and Evaluation
(RDDT&E) program. There is also a special problem of
detecting small quantities of highly potent chemicals.
These situations may remain undetected for years, but
suddenly show up at a point of use. Currently available
sampling techniques for such problems are either prohibi-
tively expensive because of the large numbers of samples
required or not accurate enough to detect such low
concentrations.

However, technologies to identify the types and
concentrations of materials present are changing. Tech-
niques are becoming available for on-site and in situ
measurements. On-site measurements require that sam-
ples be extracted, but measured in the field rather than
transported to a laboratory. In situ measurements are
made directly in wells or boreholes, without the need to

–168–



Appendix B-Groundwater Contamination ● 169

extract a sample. On-site and in situ techniques have both
advantages and limitations. These new techniques avoid
some of the time and expense associated with laboratory
analysis and can help maintain sample integrity (2).
However, it may be difficult to ensure adequate quality
control for these techniques, and instruments may require
modification to be effective in different types of aquifer
materials (3).

On-site techniques are valuable because they allow for
rapid evaluation of results and the ability to take
additional measurements at the same or different loca-
tions when needed, without waiting for results from a
laboratory. In situ techniques are also useful because
many problems are associated with obtaining representa-
tive samples, particularly from groundwater, due to
chemical and physical changes that may occur when
groundwater is extracted. For example, dissolved gases or
volatile contaminants can be lost, or the presence of
oxygen can change the sample. Yet, no technique is likely
to be capable of identifying the full range of contaminants
present at the Nuclear Weapons Complex. In addition,
some problems are always likely to require laboratory
analysis.

The application of new monitoring technologies to
problems at the Nuclear Weapons Complex depends on
whether the technique can detect the contaminants of
concern with the necessary sensitivity. Information
gained in laboratory tests of an instrument may not always
be indicative of field performance. In the field, other
chemicals may interfere with instrument readings. The
instrument must also be capable of detecting the con-
taminant at the level of concern; ideally an instrument
should be able to detect a contaminant from below any
regulatory standard to its volubility limit in water (4).
However, this ideal range is rarely achieved. Other
concerns include response time for on-site measurements,
reversibility of in situ measurements to allow readings as
the concentrations of contaminants decrease, and field
operability.

In a study for DOE, Pacific Northwest Laboratory
prepared an evaluation of chemical sensors for on-site and
in situ monitoring of high priority contaminants found in
groundwater at the Hanford Reservation (5). Table B-1
shows the contaminants of concern and the sensitivity of
various instruments to those contaminants, based on
laboratory analysis. Of the 14 contaminants considered,
the authors found that each contaminantt could be detected
by several types of technologies. Detection of only five
types of contaminants has been demonstrated in the
laboratory (cyanide, chromium, uranium, trichloroethylene
(TCE), and hydrocarbons). Detection of seven contamin-



Table B-l—Applicability of Chemical Sensors to Contaminants at Hanford



Table B-2—Relationship Between Remedial Technologies and Site Characterization

aThis system is an example of the application of coupled processes.

SOURCE: S. Cohen&Associates, ‘Technologies for Identification, Characterization, and Remediation of Environmental Contamination at U.S. Department
of Energy Defense Complex Sites,” contractor report prepared for the OTA, unpublished, October 1989.

solution or vapor analysis. It is an on-site technique that
requires that samples be extracted; therefore, it is subject
to problems with sample integrity. Many compounds
could be missed with this technique because it is not
sensitive to high-molecular-weight organics, and it is
difficult to interpret readings for complex mixtures of
contaminants on the available field equipment. Specific
conductance electrodes are useful for dissolved ionic
contaminants and generic plume definition. Results
reflect total concentration of metal salts in water, but the
method is not specific and thus cannot distinguish
between different sources of contaminants and natural
background levels. Also, the technique does not give
information on organics that may move through aquifers
at different rates than dissolved metals. These limitations
highlight the need for well-qualified people to use and
interpret the results.

Predicting Fate and Transport

Predicting fate and transport of contaminants in ground-
water is very site-specific and inherently uncertain. It
depends on understanding the characteristics of the source
of contamination, the nature of the geologic environment,
the rate and direction of groundwater movement, and the
behavior of contaminants in the subsurface.

Investigations of fate and transport performed in
accordance with guidance documents and sound science
are conducted to take full advantage of existing data and
to incorporate many methodologies-including aquifer
tests, modeling, treatability studies, and geophysical
surveys--- prior to, and in conjunction with, drilling and
sampling. Proper use of these methods requires a high
level of expertise. Specific data requirements depend on
the site, the nature of the problem, and remedial altern-
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the source of contamination (e.g., volume, concen-
tration, and timing of contaminant release; physical,
chemical, and biological characteristics of con-
taminants; contaminant dispersion and diffusion),
the movement of contaminants through the unsatu-
rated zone (e.g., hydraulic conductivity and potential
moisture content of soil, chemical and biological
characteristics of soil), and
the rate and direction of groundwater flow (e.g.,
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organic material is poorly understood. Other parameters
are impossible to measure with sufficient detail to provide
accurate predictions of the magnitude and direction of
contaminant transport, such as geologic heterogeneities
(10). Because the long-term behavior of radionuclides can
be highly dependent on local soil chemistry, which makes
accurate prediction from generic models unlikely, radi-
onuclide mobility is an active area of research for DOE
and the Nuclear Regulatory Commission (NRC) ( 11). The
use of innovative sampling methods, such as sampling
vegetation to detect groundwater contamination in frac-
tured or inhomogeneous media, is also an important area
of research (12).

EPA guidance on technical uncertainty focuses on how
to address it so that cost-effective decisions can be made
about data collection to support cleanup decisions (13).
EPA notes that reducing uncertainty should be weighed
against time and resource limitations and that, often,
remedy selection should move ahead by using the best
professional judgment even if the level of uncertainty is
high. Additional data are justified to the extent they can
help distinguish the performance and uncertainty of
remedial alternatives.

Recognition of uncertainty in both characterization and
performance of remedial alternatives has led EPA to
recommend modifying the Superfund approach to ground-
water remediation (14). The major recommendation is to
initiate early action on a small scale, while gathering more
detailed data prior to committing to full-scale restoration.
This approach is discussed in more detail under a
following section, cleanup of groundwater contami-
nation.

Geophysical and Remote Sensing Techniques

Geophysical and remote sensing techniques can poten-
tially serve as a screening tool to describe the geological
environment, identify areas of contamination, and moni-
tor the performance of some remediation measures (15).
Perhaps the greatest value of these methods is to
characterize the heterogeneity of the environment, rather
than to detect contamination (16). Box B-1 presents
examples of the use of various techniques to characterize
environmental contamination. These techniques can po-
tentially provide continuous information on a site, and
many can be applied remotely without exposing the
operator to contamination. Most practitioners argue that
drilling will always be necessary to interpret the resulting
data accurately. However, these techniques can limit the
number of wells required by helping to locate the wells so
as to maximize information gained.

Different techniques are not applicable to all sites due
to limitations such as rock and soil type, depth of
penetration, and interference from natural or manmade
features. Based on a relatively fast geophysical survey

(completed in a matter of days), wells can be located to
investigate anomalies, which can lead to more rapid
identification of unknown or unexpected problems. The
accessibility of these techniques, however, is constrained
by the lack of qualified people and the availability of
equipment.

Considerable basic research is needed to develop
equipment and applications in this area. The greatest
need, according to some practitioners, however, is to
educate people to use available techniques in appropriate
ways. The subject is highly complex, and each site
presents its own challenges as to what approaches to use,
in what sequence, and how to interpret the results.
Flexibility is important in applying the techniques.

Some of the technology applied today was developed
30 to 40 years ago for the mining and oil industries.
Applying this technology to environmental restoration
problems in many cases requires reinventing old tech-
niques, refining equipment for more portable field applica-
tions, making it feasible for use in contaminated areas,
and modifying new computer imaging tools to aid in
interpretation at the depths of interest.

Some geophysical techniques are widely used and
accepted. Technologies that are sufficiently developed to
be suggested by the U.S. Geological Survey as possible
techniques for characterizing hazardous waste sites are
described in box B-2. Borehole techniques are also widely
used; these involve lowering a sensing device into a well
or borehole to collect data that can provide information on
the characteristics of geologic formations that affect the
availability of water and the water quality. The use of
borehole techniques is quite extensive in the petroleum
industry. Hydrogeologic applications emphasize the use
of electrical techniques (17).

Significant improvements continue to be made in the
sensitivity and interpretative ability of geophysical tech-
niques. Prospects for new geophysical technologies are
good, although most will represent improvements on
existing techniques and detection. The detection of
organic compounds is problematic. Many remote sensing
systems are rapidly being developed and improved for air,
surface, and near-surface detection of contamination,
including organics. New technologies being developed
and identified by government experts as showing great
promise for environmental restoration problems include
infrared reflectance spectroscopy, complex resistivity,
and geophysical diffraction tomography.

Computer Modeling
Modeling of groundwater flow and contaminant trans-

port has a definite role to play in characterizing a
contaminated site and in planning and implementing
remedial activities. To play that role in an effective
manner, users of the models must know their limitations,



apply them in appropriate situations, and interpret the
results accordingly.

Models can be useful tools for understanding some
elements of groundwater and contaminant transport at a
site. Because of the complex nature of the subsurface,
models can be used to evaluate data and to form and test
hypotheses of subsurface behavior. For example, model-
ing studies at the Feed Materials Production Center in
Femaid, OH, contributed to understanding the role of the
storm sewer outfall and the waste storage pit area as
sources of contamination; identified the possible presence

Moiels differ in purpose, complexity, data requirements,
and level of skill required of the user. Screening models
have minimal data requirements and are useful for
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elucidating the role of specific processes in controlling
system behavior and for providing guidance in early data
collection efforts. More complex, data-intensive models
can be used to test the validity of assumptions made about
the site by a comparison of past and present system
behavior with model predictions.

Before models can be used to predict the transport and
fate of contaminants, exposure pathways, and effective-
ness of remediation alternatives, a detailed understanding
of the site is required. In particular, the processes
controlling groundwater flow and contaminant transport
must be identified. Mathematical modeling is not a
substitute for data collection, and successful forecasting
of detailed system behavior requires good quality, site-
specific data.

Selection of an appropriate model requires consideration
of the purpose for which the model is to be used, the
characteristics of the site and the contaminants, the
site-specific data available, the extent to which the model
has been validated, the education and experience of the
person using the model, and the computational facilities
necessary. Selection and use of a model also requires
training and experience. However, it is more important for
the model user to have a good understanding of the basic
geologic, hydrologic, physical, chemical, and biological
processes that control groundwater flow and contaminant
transport than to be a skilled mathematician or numerical
analyst.

There are very definite limitations on the use of models
to predict contaminant fate and transport and to plan site
remediation. The extreme heterogeneity of the natural
environment can make the use of models extremely
difficult (19). Other limitations include the large amount
of site-specific data required as a result of heterogeneity,
incomplete understanding of some of the processes
controlling contaminant transport and fate, an inability to
solve the resulting mathematical equations in an efficient
manner, and the unavailability of people with the ability
to select, use, and interpret the models (20).

The effect of these limitations can vary with the
characteristics of the site and the contaminants being
modeled. Problems involving a small number of com-
pletely soluble, noninteracting contaminants in a rela-
tively homogeneous subsurface environment can be
modeled with a high degree of confidence. Most sites,
however, do not meet such conditions. Deviations from
these conditions will reduce the level of confidence that
can be placed in model results, particularly if one is
looking for a detailed description of system behavior.

Uncertainties in model predictions result largely from
a lack of detailed information about the site. Research is
currently underway on methods of characterizing this
uncertainty in a useful manner and on techniques to
combine modeling and data collection in order to reduce

uncertainties in the most efficient way. Research is also
being carried out on the use of stochastic modeling
techniques as a possible means of dealing with uncertain-
ties in model predictions, but their applicability to waste
site remediation projects has not been tested (21). One of
the most advanced approaches involves combining com-
puter simulation techniques for predicting contaminant
migration with advanced mathematical and statistical
methods for determining the most effective and economi-
cal pumping locations and rates to withdraw water for
treatment (22).

Flow and transport through fractured rock envi-
ronments, problems involving multiphase fluid systems
(nonaqueous liquids), and chemical reactions other than
simple appearance or disappearance of a chemical are
examples of conditions for which good models are not
available and little successful experience exists. These are
all active areas of research, and the situation is slowly
improving (23).

Modeling will be most effective when used in an
interactive manner with data collection and site cleanup
activities. Modeling can be used to guide data collection
activities; in this way, the additional data can be used to
refine the model, which, in turn, can provide guidance for
further data collection, until a good understanding of
system behavior is obtained. Modeling can be used in a
similar manner to guide the operation of a cleanup system
at the site.

CLEANUP OF GROUNDWATER
CONTAMINATION

Once contamination has reached groundwater, it may
be very difficult, expensive, and time-consuming to clean
up. In some cases, cleanup maybe an unrealistic goal, and
alternatives such as containment or treatment at the point
of use may be appropriate.

The first steps in remediating a groundwater contami-
nation problem, after initial characterization, are to
prevent the spread of the contamination plume with a
containment system and to eliminate the source. In
addition to eliminating the source of contamination, such
as leaking tanks or a surface impoundment, contaminated
soils must often be cleaned up or isolated so that water
moving through a contaminated unsaturated zone does
not carry contaminants to the groundwater.

The major difficulty in restoring groundwater quality is
associated with gaining access to the contamination—
either by extracting the groundwater for treatment at the
surface or by reaching contamination with in situ meth-
ods.

Recognizing these difficulties, EPA has made several
recommendations for modifying the Superfund approach
to groundwater remediation (24). The primary goal of
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Superfund-to return groundwater to its beneficial uses
within a reasonable timeframe-is retained. Recom-
mendations encourage data collection to allow the design
of an efficient cleanup approach that more accurately
estimates the time required for remediation and the
practicability of achieving cleanup goals. This entails
initiating staged action and collecting specific data to
optimize design and performance. It also entails recogniz-
ing the uncertainties associated with remediating con-
taminated groundwater, informing the public of these
uncertainties, and developing contingencies to respond to
new information and performance problems. EPA rec--
ommendations are described in box B-3.

The new recommendations are directed to responsible
EPA regional officials. DOE headquarters has endorsed
this basic approach, also known as the observational
method, and now has consultants educating field office
personnel on use of the observational method in remedi-
ation programs. The approach has been criticized for
application to non-Federal Superfund sites as primarily an
effort for cleanup contractors to minimize their liabilities
(25). Contractors contest these criticisms by stating that
the motivation for applying the observational approach is
to avoid conducting studies and collecting data for no
useful purpose, and to move ahead with remedial
activities while recognizing the inherent technical uncer-
tainties (26).

There is a need to be explicit with the public about the
uncertainties posed by characterization and cleanup, to
optimize resources for characterization and cleanup, and
to recognize that cleanup efforts must be monitored for
their effectiveness so that modifications to remedial
activities can be implemented when problems are rec-
ognized.

14
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field is very difficult, and field conditions can vary
significantly, changing expected results (35). Research by
ERA has shown that laboratory experience can be
extrapolated successfully to field scale if performed in
conjunction with a thorough site characterization study
(36). These steps require a high degree of expertise in both
hydrogeology and microbiology.

To date, most experience within situ biorestoration has
involved remediating hydrocarbon spills in aerobic envi-
ronments. Often, in situ remedies are combined with
groundwater extraction and surface treatment, and in-
tegration into a welldesigned treatment system is consid-
ered by some researchers to represent the greatest
potential of the technique (37).

Research is underway to define and stimulate other
mechanisms for biotransformation, including anaerobic
environments; organisms that use methane, nitrogen,
sulfur, or lactate compounds as terminal electron ac-
ceptors; cometabolism and cooxidation; and proprietary
microbes or genetically engineered organisms. Research
in these areas has begun to demonstrate that some
chemicak previously thought not to biodegrade can be
biotransformed under the proper conditions. Research has
also shown that the use of anaerobic biodegradation may
be effective for aromatic hydrocarbons and may over-
come the difficulty of providing sufficient oxygen to
contaminated areas (38). However, the management of
mechanisms such as cometabolism that do not use the
contaminant as a growth substrate is very complex and
will require considerable research before it is ready for
field application (39).

Models are also being developed to predict contami-
nant transport affected by biodegradation to help design
treatment systems and predict the time required for
operation (40).

DOE contends that bioremediation is potentially the
least costly of all groundwater treatment technologies for
the destruction of organic contaminants (41). Although
some costs will probably be much lower for in situ
bioremediation compared with technologies that require
extraction, other costs incurred by testing and analysis,
potentially long treatment times, and the need to use
containment technologies make it difficult to bakmce
remediation costs (42).

In Situ Chemical and Physical Treatment

In situ physical and chemical techniques require very
detailed site-specific knowledge of the contaminants
present, their concentration, and extent. Problems include
controlling the contaminants, the reactions that occur, and
any chemicals that might be injected or placed in the
environment to react with contaminants. Experience with
these approaches is limited.

In situ chemical techniques involve adding chemicals
to the groundwater to treat specific contaminants. Exam-
ples include making metals insoluble and immobile with
alkali or sulfides, oxidizing cyanides with sodium hy-
poehlorite, encapsulating contaminants in an insoluble
matrix, precipitating cations by adding anions or oxygen,
and using reducing agents to render hexavalent chromium
insoluble (43). Chemicals are either injected into wells or
placed in shallow, permeable treatment beds. The use of
treatment beds provides opportunities to remove contami-
nants by adsorption on activated carbon, zeolites, and
synthetic ion-exchange resins.

As with biological techniques, problems include access
to the contaminants of concern and the potential forma-
tion of toxic byproducts. The process may also interfere
with groundwater flow patterns, and contaminants can be
diverted to other areas.

In situ physical techniques include thermal or steam
flooding (used to recover hydrocarbons at shallow
depths), alcohol flooding to dissolve hydrocarbons,
radio-frequency in situ heating, and in situ vitrification
(44). These approaches are primarily applicable to soil.

Containment and Flow Control
Technologies to control contaminated groundwater

either by containing plume movement or by ensuring
discharge to surface water to provide for the dilution of
contamination are subject to many of the same problems
associated with characterization. However, the data require-
ments are generally fewer for containment than for actual
cleanup. The basic data required to implement a contain-
ment system are the horizontal and vertical locations of
the contaminant plumes and the gradient and flow rate of
the groundwater. It is not necessary to evaluate factors
that tend to slow the movement of contaminants, such as
sorption characteristics or diffusion Imitations of the
contaminants in the subsurface. More detailed data may
be required for dense, nonaqueous-phase liquid contami-
nants that, depending on the hydrogeologic environment,
may move in a direction different from groundwater.
Another reason more detailed information is required for
effective containment is the occurrence of unexpected
forms and mixtures of contaminants that are more mobile
than anticipated-a factor at sites within the Nuclear
Weapons Complex.

Examples of unexpected contaminant forms include
plutonium and americium contamination of groundwater
within a canyon at Los Alamos National Laboratory (45).
Laboratory studies had predicted that these substances
would move less than a few meters, but both have been
detected in monitoring wells 1,000 feet downgradient
from the point of discharge. Investigation has shown that
most of these radionuclides moved in association with
colloids. The portion of americium unassociated with



colloids exists in a low molecular-weight form and
appears to be a stable, anionic complex of unknown
composition. Another example of unexpected contami-
nant mobility is cobalt-60 at Hanford. In this case,
cobalt-60, which is usually immobile, has probably been
chemically complexed and mobilized by cyanide (46).

Migration control relies on the use of hydrodynamic or
other physical barriers to affect the movement of contam-
inated groundwater. To establish such control, the ground-
water flow system and spatial distribution of the contami-
nation must be well understood. Control may also depend
on establishing institutional regulations on water use.

Relatively simple analytical methods are available for
designing control systems where groundwater flow is
uniform and unidirectional, but this is rarely the case.
Other groundwater wells, seasonal changes in surface
water levels, heterogeneity in aquifer properties-all
increase the complexity. The heterogeneity of aquifer
properties is most severe in fractured rock or karst
aquifers. In such systems, the design of remedial meas-
ures may be reduced to trial and error (47). Although
computer models may be useful in designing such
systems, very thorough site investigations may be re-
quired, and there will still be uncertainty about the
model’s accuracy. Nevertheless, models can be valuable,
if calibrated and verified with site-specific data and
sensitivity analyses conducted to determine appropriate
safety factors immigration control system design. Monitor-
ing is needed to verify the effectiveness of containment
and flow control measures.

Hydrodynamic barriers involve changing groundwater
flow patterns either by extracting or by injecting water to
prevent contaminants from moving in an undesirable
direction (e.g., toward a well field, another aquifer, or
surface water) or at an undesirable rate. Depending on
conditions, different techniques might be used, including
well points, deep wells, and pressure ridge systems.

Physical barriers to control contaminated groundwater
must be designed to be impervious to the combinations of
contaminants that may be present. In general, these
techniques are not considered to be proven, long-term
solutions. Barriers include slurry trench walls, grout
curtains, vibrating beam walls, sheet piling, bottom
sealing, block displacement, and membrane and synthetic
sheet curtains (48). The approach and design used depend
on site-specific conditions. Basically these barriers work
by preventing contaminated groundwater from moving
beyond the area that is already contaminated. In many
cases, this improves the efficiency of groundwater
extraction and treatment because it limits the volume of
clean water that is drawn into treatment systems along
with contaminated groundwater. The integrity of these
techniques can be verified by geophysical methods.

These physical barriers are often designed in conjunc-
tion with surface water controls to minimize infiltration of
water from the surface to the groundwater. Surface
controls include changing the contour to divert surface
water from the area, installing a cover barrier to prevent
water from entering the site, and revegetating to stabilize
soils and reduce infiltration.

DEPARTMENT OF ENERGY
ACTIVITIES

DOE recognizes the diflicdties associated with charac-
terizing and cleaning up contarninated groundwater
(49,50). It places a great deal of emphasis ontheprospects
for developing: 1) characterization techniques that are not
dependent on drilling wells or boreholes and 2) in situ
techniques to clean up contaminated soil and ground-
water. Given general progress in the field of groundwater
remediation, great strides in these areas are likely to be
made within the next decade. In fact, new characterization
and monitoring equipment is becoming available. For
example, an infrared sensor to detect liquid contaminants
such as fuel oil or solvents within soil has been developed
by the Pacific Northwest Laboratory and is available for
commercialization and manufacture.

Despite these plans and prospects for future technology
development, contamination problems are being ad-
dressed now under the regulatory structure of RCRA and
the Comprehensive Environmental Response, Compen-
sation, and Liability Act (CERCLA) and under agree-
ments developed by DOE, EPA, and the States. Accord-
ing to EPA personnel, as of January 1990 all but the
Nevada Test Site had completed the preliminary analyses
under RCRA or CERCLA (51). Numerous solid waste
management units continue to be identified as part of the
ongoing effort to characterize problem areas. The regional
site hydrogeology is reasonably well understood at all the
sites. However, due to the size of the sites, complexity of
the subsurface, complexity of the waste, or lack of
sufficient reliable information, additional hydrogeologic
characterization is required at all sites to understand the
site-specific occurrence and use of groundwater and the
movement of groundwater and contaminantts. This addi-
tional information will be collected as part of the RCRA
facility investigation or CERCLA remedial investigation
phase, which is expected to begin within the next 5 years.
The status of groundwater investigations at each of the
DOE weapons facilities is presented in appendix A.

Although characterization studies are underway, the
extent of contamination, including potential off-site
contamination, has not yet been identified at many sites.
In most cases, the types and concentration of hazardous
constituents have yet to be determined. Information on the
fate and transport of contaminantts and the risks to human
health and the environment will have to be developed
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under the continuing characterization process. Ground-
water remediation has been initiated at a small number of
sites by using either pump and treat systems, or pump and
treat with French drains or interceptor trenches. Treatment
consists of air stripping, ultraviolet light exposure,
physical/chemical treatment, and ozonation.

Although the cleanup work is in its very early stages,
investigations of ongoing efforts by both EPA and DOE
reveal deficiencies in the handling of groundwater prob-
lems at DOE sites, as described below.

Groundwater Cleanup at the Savannah River
Plant A/M Area

Groundwater remediation has been underway since
1983 at the Savannah River A/M Area. This is one of 19
pump and treat projects included in a recent EPA review
of the effectiveness of pump and treat systems (52). The
case study prepared for EPA on this project reveals many
of the pitfalls common to pump and treat projects that
must be overcome if this type of cleanup approach is to be
successful.

The case study reveals numerous problems with the
pump and treat system at the Savannah River Site. The
site was not adequately characterized, and the system was
not adequately designed to meet a goal that was set
without consideration of health-based criteria. The study
concluded that the pump and treat system would not
achieve its goal of removing 99 percent of the estimated
contamination dissolved in the groundwater within 30
years, nor was the system meeting its objectives of
containing the spread of the plume and preventing the
downward migration of contaminants (53). This is partly
because the pump and treat system was not designed to
account for contamination that was sorbed onto the soil.
The pumping system was not adequately designed. Wells
were not screened to capture contamination from lower
permeability areas, and pumping rates were insufficient to
prevent downward migration or to recover contamination
except in areas close to the wells.

Despite these deficiencies, it is important to note that
the pump and treat system has effectively treated signifi-
cant quantities of contaminants, has been approved by the
appropriate regulatory agencies, was put in place quickly,
is reviewed on a regular basis, and is modified as required
(54). It is also important to note that this project was
initiated outside the RCRA/CERCLA regulatory frame-
work (55). The goal of 99 percent removal within 30 years
was never intended as the basis for a cleanup criterion or
a deadline for turning off the system. Rather, it was
intended as a simplified estimate for gauging performa-
nce. The final cleanup standards and overall system will
be determined by periodic negotiations with regulators
and by updating the system. Further study has revealed
that the downward migration of contamination was

caused by another source, and the remediation plan has
been modified to address this problem. The technical
deficiencies of the system have been recognized, and
plans have been proposed to expand the system to include,
forexarnple, vacuum extraction of the unsaturated zone to
eliminate residual sources before they slowly leach into
the groundwater. New remediation technologies will be
tested in this area, including a process developed at the
site-in situ air stripping by using horizontal wells; this
represents the first application of directional drilling
(frequently used in petroleum recovery) to environmental
restoration activity.

This example of system implementation, evaluation,
and modification including the use of new technologies,
is typical of what is likely to be encountered as more
efforts are made to clean up contaminated groundwater.
As new information is obtained while the performance of
remediation activities is being evaluated, it may be
necessary to modify or expand system design and to
modify agreements that have been reached about the level
of cleanup or the time required to reach that level. To
enhance the chances that these modifications will be
accepted by the public, likely problems and deficiencies
must be identified, along with possible contingencies, as
early as possible when remedial measures are being
planned.

Inadequate Performance on Groundwater
Problems at Other Department of

Energy Facilities

The problems identified at the Savannah River Site are
not unique to that facility. The EPA study reveals similar
problems at most of the pump and treat projects evaluated.
Other investigations have revealed problems with ground-
water monitoring programs at various DOE facilities,
which include the following:

Pantex Tiger Team---inadequate groundwater moni-
toring program and unknown integrity of under-
ground storage tanks and pipes (56);
Fernald-EPA inspection in August and October
1989 (57) found inadequate monitoring database
(58);
Rocky Flats Tiger Team inadequate characterization
of soil and groundwater contamination at inactive
waste sites, lack of adequate upgradient background
monitoring wells, use of groundwater monitoring
wells of unknown construction, lack of comprehen-
sive organized groundwater database, deficiencies in
groundwater sampling procedures, lack of adequate
quality assurance/quality control of work products,
deficiencies in well filter construction (59);
Oak Ridge (Y-12) Tiger Team-inadequate moni-
toring of wells and sampling procedures, including
access to wells, monitoring well conditions, ground-
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water level measurement procedures; problems with
alternate concentration limits program (60); and

. Mound Tiger Team inadequate monitoring wells
and insufficient groundwater monitoring programs
(61).

CONCLUSION
Given the limitations of current approaches to both

characterization and cleanup of groundwater, it may be
appropriate to consider a range of other methods for
protecting this resource.

First, it is important to prevent contamination from
occurring in the first place, by following best management
practices and existing environmental regulations to avoid
spills, accidents, or leaks and to identfy and address them
when they occur. Efforts should be made to remove the
sources of contamination to prevent further contami-
nation from occurring.

Second, more people with sufficient expertise are
needed to conduct and review any efforts to actively
address groundwater contamination problems.

Third, characterizing the extent of contamination and
preventing existing contamination from spreading by
implementing containment measures early can provide
useful information for the design and implementation of
cleanup technologies. Cleanup should be approached in a
realistic manner, by clearly communicating to the public
the uncertainties associated with characterization and
cleanup.

Fourth, it may be appropriate to consider treating
groundwater at the point of use, rather than trying to
restore some aquifers. Such an approach would require
the development of low-cost water monitoring and
treatment methods suitable for nonpublic water supplies,
including private wells, irrigation wells, and wells used to
obtain water for livestock. This approach may be inappro-
priate for radioactive contaminants but could be suitable
for other hazardous contaminants. DOE could work
together with EPA to develop appropriate point-of-use
and
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