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Preface

An enormous amount of progress has been made in the fields of environmental site
characterization and ground-water monitoring since the first edition of this book was
published in 1991. Tremendous advances in technology and in methodologies used to
define site environmental conditions, in particular ground-water quality, have put our
knowledge of subsurface processes light years ahead of what it was barely a decade
ago. Clearly these advances made the publication of this significantly updated and
expanded second edition necessary and worthwhile.

It is certainly not out of line to say that the fields of environmental site characterization
and ground-water monitoring have evolved from a state of relative infancy to one of
maturity in the course of the last 15 years. Thousands of sites have been characterized
and have been (and are being) monitored, with increasing levels of confidence in the
data produced because of advances in technology and advances in our understanding
of environmental processes and our role in altering those processes. One significant indi-
cation of the degree of maturity of these areas of scientific study is the rate of publication of
papers on these and related subjects. The major scientific journals have gotten significantly
thinner, and the number of periodicals devoted to publishing non-refereed articles on
these subjects has steadily declined.

The progress we have made in these areas has come with very few changes in the
regulatory arena. All the regulatory programs that had been enacted and implemented
by 1991 are still in place, but without many changes in scope or coverage. In addition,
few new regulatory programs (except perhaps at the local level) have been created.
Thus, regulatory compliance has become less of a driver — economics seem to have
taken over as the major force providing impetus for improving the way we conduct
environmental investigations and ground-water monitoring programs.

“Cheaper, faster, better” was the mantra of the 1990s, resulting in more streamlined
approaches to both environmental site characterization and ground-water monitoring,
but also creating a struggle between the application of good science vs. getting a project
done as quickly and inexpensively as possible. In the decade of the 2000s, the challenge
is for those in a regulatory role and field practitioners to strike a balance between good
science and economics. This text provides unbiased technical discussions of the tremen-
dously powerful tools that have been developed since the first edition of this book was
published, to help environmental professionals meet that challenge.

We have spent the last 20 years developing standards (through ASTM International) to
bring order to fields that were formerly quite disorganized. Where very few standards that
could be applied to environmental projects existed prior to 1991, more than 300 new stan-
dards have since been written for a wide variety of tasks that are routinely conducted in
environmental investigations. Where a dearth of companies qualified to conduct environ-
mental investigations existed prior to 1991, in the period since then the number of compa-
nies grew tremendously, then declined as mergers and acquisitions ensued. With this
change, there is now fierce competition for what new work is available.

Whereas in 1991 we had few technologies and methodologies that were truly applied
exclusively to environmental problem solving (i.e., not pilfered from some other field),
we now have many. Where we had few colleges and universities producing graduates
qualified to work in the environmental field, in the period since 1991 we have seen a



sharp increase in the number of graduates, followed by a gradual decline as other more
lucrative fields have siphoned off scientific talent. Where regulatory agency staff were
once swamped with work, they now seem to have stabilized.

| described the situation in the environmental field in 1991 as “catching up,” but I think
we can all agree that we have caught up and we now have a handle on things. But, as in
1991, much more remains to be learned. The decade and a half that has passed produced
some extraordinary technology, yet even more exciting and robust technology is on the
horizon. It will be very interesting to see what the future holds for those of us involved
in environmental site characterization and ground-water monitoring. If it is anything
like what has happened in the field since the first edition of this book was published I,
for one, cannot wait for it to arrive.

David M. Nielsen

Nielsen Ground-Water Science, Inc.

The Nielsen Environmental Field School
Galena, Ohio
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The Need for Ground-Water Monitoring: Protection of a Resource at Risk

Ground water has been described as one of the world’s most valuable natural resources.
People around the world have long depended on ground water for many uses, but primar-
ily for drinking water. In the United States alone, more than 125 million people — nearly
half the population — depend on ground water for their drinking water supply. Approxi-
mately 80% of public water supply systems providing drinking water in the United States,
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including those of one third of the nation’s largest cities, depend at least partly on ground
water (U.S. EPA, 2004a). Additionally, 95% of all domestic water needs in rural areas is
served by ground-water resources. Ground water is also used extensively in the
western U.S. for irrigation, in the northern U.S. for residential and commercial heating,
in the southern U.S. for cooling, and across the nation for various industrial purposes.
National reliance on ground water has increased dramatically over the past few
decades and will continue to increase as consumption and use of water increases in the
future. This reliance will be underscored if surface-water shortages, caused by prolonged
droughts, continue to occur and development of arid land continues at its current pace.

The need for the regulation of activities that pose a threat to the quality of ground water
has become an overriding concern when communities face commercial and private devel-
opment. In many areas of the world, this once-pristine, widely available resource is in a
delicate balance between supply and demand. The quantity of useable ground water in
any given area is closely linked to the quality of the water available for various uses.
The apparent ignorance of humans about the finite nature of this resource has led to its
exploitation, its abuse as a dumping ground for unwanted waste materials, and its exces-
sive mining, particularly in the western United States. Since the mid-1970s, there have
been increased efforts to protect this resource from further degradation and there are
now regulatory mandates in place both to protect useable ground water and to clean up
ground water that has suffered from the effects of short-sighted waste-management
practices. However, efforts to protect the quantity of ground water continue to lag
behind development. This promises to be a challenge to 21st century planners in North
America and abroad.

In spite of numerous uses of ground water, there are limitations and constraints placed
on the appropriation and quality of this resource. Both Federal and state legislators have
attempted to address the evolving requirements for ground water that, in some cases,
must be clean enough to drink and, in other cases, must be only relatively free of chemicals
that could affect the performance of an industrial process. Legislation has addressed the
problem of potential contamination from the use of ground water both as a resource
and as a means of disposal. Additional constraints are being placed on this resource as
Tribal Nations make demands for ground-water and surface-water quality that surpass
requirements dictated by risk. Finally, legislation associated with Brownfields and
Superfund call for the clean up of ground water that has been already contaminated.

This chapter discusses the role of ground-water monitoring within the framework of
existing environmental and resource regulations, focusing on protection of the resource
from over-development and contamination. It places the discussion in the context of the
levels of protection that will keep this resource abundant and free of unhealthy
contaminants.

Federal Regulatory Mandates for Ground-Water Monitoring

There exist a variety of federal agencies whose missions include the protection of ground
water. Among them are the Nuclear Regulatory Commission, the Office of Surface Mining
(OSM), the Department of Energy, the Department of Defense, and the U.S. Environmental
Protection Agency (U.S. EPA). By far, the largest body of environmental regulations
involving ground-water protection and requiring ground-water monitoring has been pro-
mulgated by the U.S. EPA. Copies of these regulations are readily available from a
number of sources, but the primary sources are the U.S. EPA (www.epa.gov) and the
Government Printing Office. The primary emphasis of the following discussion is on
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the Federal mandates for ground-water monitoring included in documents issued by the
aforementioned agencies.

The major Federal regulatory programs that involve the implementation of ground-
water monitoring include the following:

. The Resource Conservation and Recovery Act (RCRA) including the Hazardous
and Solid Waste Amendments (HSWA) which, in turn, include the Underground
Storage Tank (UST) Program

- The Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA or “Superfund”) including the Superfund Amendments and Reauthor-
ization Act (SARA)

- The Toxic Substances Control Act (TSCA)
. The Clean Water Act (CWA) and CWA Amendments

- The Safe Drinking Water Act (SDWA) and SDWA Amendments, including the
Underground Injection Control (UIC) Program and the Wellhead Protection
Program (WHPP)

- The Surface Mining Control and Reclamation Act (SMCRA)

Each of these pieces of legislation is described briefly, and the ground-water monitoring
provisions of each program are summarized in the following sections.

Resource Conservation and Recovery Act

The RCRA (Public Law 94-580) was passed by the Congress in October 1976, as an amend-
ment to the 1965 Solid Waste Disposal Act. Its purpose was to address the problem of how
to safely dispose of the huge volumes of solid and hazardous waste generated nationwide
each year (U.S. EPA, 1986). RCRA has evolved from a relatively limited program dealing
with nonhazardous solid waste to a far-reaching program that focuses primarily on hazar-
dous waste. Solid and hazardous waste generators, transporters, and owners or operators
of treatment, storage, and disposal facilities (TSDFs) comprise the RCRA-regulated
community. On November 8, 1984, the Congress passed the HSWA to RCRA, thereby
greatly expanding the nature and complexity of activities covered under RCRA.
The objectives of RCRA, as set forth by the Congress, are:

- The improvement of solid-waste disposal practices to protect human health and
the environment

- The regulation of hazardous wastes, from initial generation to ultimate disposal

- The establishment of resource conservation as the preferred approach to solid
and hazardous wastes management

Section 1003 of RCRA, which outlines these objectives, clearly indicates the applicability of
the Act to ground-water protection, as does Section 1004, which defines the terms used in
the Act.

To achieve RCRA's goals, three programs were established by U.S. EPA. The first
program, termed Subtitle D, encourages states to formulate comprehensive solid-waste
management plans, primarily for nonhazardous waste. The second program, Subtitle C,
establishes a program to control hazardous waste from the time it is generated until its
ultimate disposal — the so-called “cradle-to-grave” concept. The third program,
Subtitle I, regulates certain underground storage systems.
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RCRA Subtitle D

Subtitle D establishes a voluntary program under which participating states receive
Federal financial and technical support to develop and implement solid-waste manage-
ment plans. This program is primarily a planning tool used to clarify state, local, and
regional roles in the management of solid waste. One of the objectives of this portion of
the act is to identify those facilities that are “open dumps.” Although originally there
were no specific regulations within this program requiring the monitoring of ground
water, the HSWA now contains rules governing land-disposal units. The current version
has specific ground-water monitoring requirements.

RCRA Subtitle C

Subtitle C is the backbone of RCRA. It calls for the management of hazardous waste
from the time it is generated until its ultimate disposal, through a complex system of
standards applicable to generators and transporters of hazardous waste and to owners
and operators of hazardous waste TSDFs. Subtitle C clearly defines what is considered
a hazardous waste and what is not and defines the types of facilities that fall under
these regulations. The purpose of these regulations is to protect human health and the
environment, with an emphasis on the protection of ground water. EPA has set perform-
ance criteria that apply to most forms of land disposal including landfills, surface
impoundments, waste piles, and land-treatment units. The siting, design, and operating
specifications developed for hazardous waste facilities require that the owner and
operator employ natural geologic or engineering design features and waste management
practices that minimize adverse effects on ground water and surface water. The basic
purposes of these requirements are to minimize the production of leachate and to
avoid situations that could compromise the integrity of the facility’s liner and final
cover (landfills) or its natural ability to ameliorate waste migration (land-treatment
facilities).

Subtitle C also has set forth requirements for the installation and operation of ground-
water monitoring systems as a means of evaluating the performance of TSDFs.
These ground-water monitoring requirements outline procedures for (1) installing
ground-water monitoring systems, (2) developing a ground-water sampling and analysis
program, and (3) preparing a ground-water quality assessment plan. Exempt from these
requirements are those TSDFs which can demonstrate that there is a low potential for
migration of hazardous waste from the facility via the uppermost aquifer to water-
supply wells or surface water. Such a facility may apply for a waiver from ground-
water monitoring requirements.

There are a number of parts to Subtitle C. Sections containing requirements for ground-
water monitoring include:

Part 264. Regulations for Owners and Operators of Permitted Hazardous Waste
Facilities

Part 265: Interim Status Standards for Owners and Operators of Hazardous Waste
Facilities

Part 267: Interim Standards for Owners and Operators of New Hazardous Waste
Management Facilities*

*This part was only temporary until Part 264 was finalized, but has never been removed from Subtitle C. Specific
requirements under Part 267 are no longer applicable.



Regulatory Mandates for Ground-Water Monitoring 5

Part 270: Regulations for Federally Administered Hazardous Waste Permit
Programs (Part B permits)

Part 271: Requirements for Authorization of State Hazardous Waste Programs

The regulatory scheme established under RCRA is to grant permits to all TSDFs that are
in compliance with RCRA requirements. The standards set forth in Part 264 apply to these
permitted facilities. Because there were thousands of facilities that applied for and were
awaiting permits early in the administration of the program, RCRA provided the means
to regulate nonpermitted facilities prior to their final permitting. New facilities waiting
to be built or in the process of being built fall under Part 264. Established facilities operat-
ing without a final permit, but under the regulatory framework, fall under Part 265. The
information needed to submit an application for status as a permitted facility is detailed
under Part 270.

Most ground-water monitoring requirements included in Subtitle C apply to the water
guality in the “uppermost aquifer,” although, at some sites with known contamination,
monitoring of other connected hydrogeologic units may be required to characterize the
extent of the contaminant plume.

Part 264: For facilities operating under a RCRA permit, there are generally three types of
ground-water monitoring that may be required. The monitoring scheme is based on a
phased approach, so that facilities that have not released contaminants into the ground
water have different requirements than those that have released contaminants. The
most rudimentary monitoring scheme is the Detection Monitoring Program (40 CFR
264.98). This program must consist of

A sufficient number of wells, installed at appropriate locations and depths, to yield
ground-water samples from the uppermost aquifer that:

- Represent the quality of ground water that has not been affected by leakage from the
regulated unit, and
- Represent the quality of ground water passing the point of compliance (roughly the
boundary of the waste management unit or units, such as individual or adjacent
groups of impoundments or landfills).
(40 CFR 264.97)

The Part 264 regulations essentially require that each TSDF must have installed
detection-monitoring wells both hydraulically upgradient and hydraulically downgradi-
ent of the limit of the waste management area. The number, location, depth, and construc-
tion details of the upgradient wells must be sufficient to yield ground-water samples,
which are representative of background water quality in the uppermost aquifer beneath
the facility. The number, location, depth, and construction details of downgradient wells
must ensure that these wells can detect any wastes that migrate from the waste manage-
ment area to the uppermost aquifer. Both upgradient and downgradient wells must be
cased in a manner that maintains the integrity of the well, screened and packed with
sand to enable the collection of ground-water samples, and the annular space above the
sampling depth sealed to prevent contamination of samples and ground water. Regu-
lations require a minimum of one upgradient well and three downgradient wells. Moni-
toring is required during the active life of the facility, during its closure period, and
during any postclosure period that is applicable.

The ground-water sampling and analysis plan developed for compliance with Part 264
regulations must include procedures and techniques for sample collection, sample preser-
vation, analytical procedures, and chain of custody control. The owner and operator must
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monitor ground water in all wells for a period of 1 yr, on a quarterly basis. Samples must
be analyzed for three separate sets of indicator parameters including:

. Parameters characterizing the suitability of the ground water as a drinking water
supply, including all water quality parameters mandated for analysis under the
SDWA (Table 1.3)

. Parameters establishing ground-water quality, including chloride, iron, manga-
nese, phenols, sodium, and sulfate

. Parameters used as indicators of ground-water contamination, including pH,
specific conductance, total organic carbon, and total organic halogens

After the first year, all monitoring wells must be sampled and the samples analyzed, such
that all parameters used to establish ground-water quality are sampled and analyzed
annually and parameters used as indicators of ground-water contamination are
sampled and analyzed semiannually.

Part 264 also requires owners and operators of TSDFs to determine the extent to which
wastes may have entered the uppermost aquifer in the event that a statistically significant
change in the concentrations of the monitored chemical parameters indicates a release
from the regulated unit during the Detection Monitoring Program. This second phase of
monitoring is called the Compliance Monitoring Program (40 CFR 264.99). The Compli-
ance Monitoring Program applies to units in which there is a reason to believe that concen-
trations of certain chemicals in the ground water exceed the established ground-water
protection standards (40 CFR 264.92). The U.S. EPA Regional Administrator has a
certain amount of discretion in identifying the parameters to be monitored, as set forth
in the permit.

If the Compliance Monitoring Program establishes that there is a release of a type and
magnitude to be of concern at the compliance point of the facility, then a Corrective Action
Program must be implemented (40 CFR 264.100). The Corrective Action Program requires
that the owner or operator remove or treat the wastes that are causing the release, so that
the ground-water quality complies with the ground-water protection standards. In this
program, the primary purpose of the ground-water monitoring network is to monitor
the effectiveness of the corrective action. Ground-water cleanup criteria are usually deter-
mined either by the individual states or within a state on a case-by-case basis. In all cases,
the cleanup criteria must be as stringent as, or more stringent than, various standards set
by the Federal government.

After the TSDF ceases operation, the ground-water monitoring network may still be
required to monitor the facility during the closure and postclosure periods. The closure
period usually runs from the time the facility receives the final volume of waste until all
activities at the facility cease (40 CFR 264.112 and 264.113). Postclosure monitoring,
usually a period of 30 yr after closure, is required at facilities in which all of the waste
or waste constituents are not removed from the facility at closure. This applies primarily
to landfills and land-treatment facilities, but can also apply to surface impoundments
that are closed with waste constituents remaining in the ground (40 CFR 264.117).
Certain demonstrations can be made to reduce the duration of the postclosure monitoring
period. Table 1.1 lists the citations associated with Part 264 ground-water monitoring
requirements.

Part 265: Part 265 of RCRA addresses facilities that are under interim status. This applies
to existing TSDFs that are waiting to obtain a final permit. The ground-water monitoring
requirements under Part 265 are much narrower in scope than those under Part 264 and
are explained under 40 CFR 265.91 through 265.93. For interim status, a facility needs
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TABLE 1.1
Ground-Water Monitoring Citations for RCRA Part 264

Citation Description

40 CFR 264.97 General ground-water monitoring requirements
40 CFR 264.98 Detection Monitoring Program

40 CFR 264.99 Compliance Monitoring Program

40 CFR 264.100 Corrective Action Program

40 CFR 264.112 TSDF closure

40 CFR 264.117 TSDF postclosure

40 CFR 264.221 Design and operation of surface impoundments
40 CFR 264.228 Closure and postclosure of surface impoundments
40 CFR 264.310 Closure and postclosure of landfills

only to perform one type of ground-water monitoring, similar in some respects to the detec-
tion monitoring of Part 264. However, unlike Part 264 requirements, there is no phased
approach, and if a release from the facility is detected by the monitoring system, a
Ground-Water Quality Assessment Program is implemented (40 CFR 265.93). There are no
provisions that clearly spell out the procedures, once in the Ground-Water Quality Assess-
ment Program, to determine whether ground-water remediation is required. Table 1.2
lists the citations associated with Part 265 ground-water monitoring requirements.

Part 270: Owners and operators of hazardous waste management facilities are required
to file a Part A and Part B permit application to receive their facility permit to operate. A
Part A notification serves to notify the U.S. EPA Regional Administrator of the existence
of the facility and the wastes that are associated with it. A Part B permit application
requires the generation of a substantial amount of information about the facility and the
activities that take place at the facility. As part of a Part B application for owners of land-
fills, surface impoundments, waste piles, and land treatments units, information regarding
the protection of the ground water is necessary (40 CFR 270.14 and 270.97).

Part 271: Part 271 of RCRA deals with the authorization of state programs. The regu-
lations require that states seeking authority for their programs have regulations similar
to those promulgated under RCRA for TSDFs (40 CFR 271.12 and 271.128).

RCRA Subtitle |

In 1985, the U.S. EPA estimated that as many as 100,000 to 300,000 USTs could be leaking
their contents to the environment and polluting ground water (U.S. EPA, 1985). To
address this problem, the Congress created a program under HSWA, entitled Subtitle I,
to prevent the leakage of stored products from USTs. These amendments to RCRA were

TABLE 1.2
Ground-Water Monitoring Requirements for RCRA Part 265

Citation Description

40 CFR 264.90 through 264.94 Ground-water monitoring program
40 CFR 264.112 Closure of Interim Status TSDF

40 CFR 264.117 and 264.118 Postclosure of Interim Status TSDF
40 CFR 264.221 Interim Status surface impoundments
40 CFR 264.301 Interim Status landfill design

40 CFR 264.310 Interim Status landfill closure and postclosure
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significant in that they marked the first time that RCRA regulations were applied to raw
product as well as to waste. Subtitle | is limited to regulating the underground storage of
petroleum or hazardous chemicals, while Subtitle C regulates the underground storage
of hazardous wastes.

Although there is no specific language in Subtitle | that requires the monitoring of
ground water, there are references to a tank owner having the ability to detect releases.
Subtitle | also authorizes the Federal and state personnel to monitor the surrounding
soils, air, surface water, and ground water (U.S. EPA, 1985). There is also specific language
in a number of state UST programs that ground-water monitoring wells shall be installed
adjacent to each new and existing tank or tank field.

Final rules covering technical standards and requirements for new and existing USTs
containing petroleum and hazardous chemicals took effect in December 1988. The pur-
poses of these rules are to regulate the vast numbers of underground tanks and to mini-
mize the environmental impact of leakage from these tanks by implementing early
detection techniques, ground-water monitoring, and physical protection of the tanks
themselves. The use of ground-water monitoring wells is one of the specified methods
that can achieve the required monthly monitoring for releases from these tanks.

The schedule for technically upgrading and monitoring requirements for existing tanks
is dependent on the tank age. However, after 1993, all existing tanks were required to
perform monthly leak-detection monitoring, by means of in-tank gaging, vapor monitor-
ing, interstitial monitoring, or ground-water monitoring.

Tanks that are confirmed to be leaking must initiate corrective action. The rules do not
specify the types of measurements or site assessment techniques that must be employed.
However, it is implied that soil and ground-water samples should be obtained. If there has
been a confirmed release that requires corrective action, then a corrective action plan must
be submitted, which will address the remediation of soil and ground water, as required,
and the means to verify the success of these actions. It is important to note that many
states and local municipalities have additional requirements that may regulate the moni-
toring or remediation of a petroleum hydrocarbon release.

Comprehensive Environmental Response, Compensation and Liability Act

The CERCLA, more popularly known as Superfund, was passed by the Congress in
December 1980 to deal with threats posed to the public by abandoned waste sites. With
the SARA of 1986, CERCLA assumed a greater role in the cleanup of hazardous waste
sites. The main objectives of CERCLA, as established by the Congress, are:

- To develop a comprehensive program to set priorities for cleaning up the worst
existing hazardous waste sites

- To make responsible parties pay for those cleanups wherever possible

. To set up a Hazardous Waste Trust Fund for the twofold purpose of performing
remedial cleanups in cases where responsible parties could not be held accoun-
table and responding to emergency situations involving hazardous substances

- To advance scientific and technical capabilities in all aspects of hazardous waste
management, treatment, and disposal (U.S. EPA, 1987a)

There are several steps involved in completing a Superfund cleanup. The initial report
of the existence of a site may come from a private individual or a facility manager, either to
EPA’s National Response Center or to a local or state official. After EPA learns of the site, it
conducts a site assessment, during which it collects all available background information
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to determine the potential hazards posed by the site. In the preliminary assessment step,
EPA not only tries to identify the size of the problem and the types of wastes at the site, but
also attempts to identify any and all PRPs associated with the wastes. If the preliminary
assessment reveals evidence that the site may pose a significant threat to human health
or the environment, then a site inspection is performed to define more precisely which
media have been impacted, which contaminants are present at the site (and at what
levels), contaminant migration potential, and threats posed by the site to drinking
water, soil, and air quality. The site-inspection step may involve the installation of
short-term ground-water monitoring points. The site is scored and then ranked using
the EPA Hazard Ranking System. If the ranking is high enough to place the site on the
National Priorities List (NPL), then the next phase of the site investigation, site char-
acterization, is warranted. As of April 2004, 1,238 waste sites had been listed on the
NPL by EPA, with another 65 sites proposed for the list (U.S. EPA, 2004b). This is increased
from 1,010 sites as of January 1990. However, EPA estimated that in 1980, there were 9,000
“problem” hazardous waste sites. In 1989, more than 30,000 sites had been entered into
EPA’s computerized database (CERCLIS).

The ultimate objective of placing sites on the NPL is their permanent cleanup. As of April
2004, 583 sites on the NPL were listed as “construction completed,” with the remainder
listed as “deleted” (267) or “construction needed or ongoing” (388). To identify a cleanup
strategy that best suits a particular situation, each of the sites on the NPL undergoes a Reme-
dial Investigation/Feasibility Study (RI/FS). The RI/FS is a process of site characterization
and remedy evaluation, which facilitates the selection of remedial measures that will most
effectively eliminate, reduce, or control risks to human health and the environment.
Ground-water monitoring is a critical element of the RI, as it is necessary to establish the
nature and extent of ground-water contamination at the site and whether or not ground
water serves as a pathway for waste constituents to migrate away from the site. The FS is
often heavily dependent on the data gathered during the RI, so that the optimal remedial
technology (or combination of technologies) may be implemented at the site. Ground-
water monitoring is also a critical factor in evaluating whether the remedial activities
implemented at the site are successful in abating ground-water contamination.

Guidance documents available from U.S. EPA set forth the procedures that should be
followed to conduct a RI in support of a FS (U.S. EPA, 1988). The focus of the RI effort
depends on the quality of the existing data, key site problems, the need to provide suffi-
cient technical data to support the FS, and enforcement needs. These factors dictate the
study parameters and the types and amount of sampling that will be sufficient to meet
the needs of the study. Therefore, unlike RCRA, CERCLA does not set up any specific
ground-water monitoring program requirements — the investigator must address each
site individually. Although the purpose of the Rl is to characterize the hydrogeologic
setting and any contamination present at the site, there are several other important
aspects to conducting a ground-water monitoring program that are required for the FS.

The collection of data that will help in the evaluation of remedial technology alterna-
tives is essential during the RI. These data may not directly aid in the definition of the
problem, but could predict interactions between water quality and certain alternatives.
For example, although the level of iron present in the ground water is not an essential
piece of information to establish the presence or extent of ground-water contamination,
it may be useful in the FS portion of the project. If air stripping is proposed in the FS as
a candidate remedial technology, then the concentrations of iron must be known to
devise methods of preventing scale buildup on the air-stripping unit, which would
reduce its effectiveness.

Ground-water monitoring is also essential during the cleanup of a contaminated site.
After a remedy has been implemented at a site, ground-water conditions must be
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monitored to assess the effectiveness of remediation efforts and, ultimately, to determine
when the remediation effort can be discontinued and the site can be declared clean.

Toxic Substances Control Act

The TSCA (Public Law 94-469), enacted by the Congress in 1976, brought about significant
changes in the day-to-day operation of the U.S. chemical industry. With TSCA, the U.S. EPA
was given the power to prohibit or regulate the manufacture, processing, distribution, use,
or disposal of chemical products that pose an unreasonable risk to human health or the
environment. TSCA also provides the U.S. EPA with the authority to require premarket
testing of a wide range of chemicals to evaluate the health effects that they may cause. To
enable EPA to monitor the marketing of new chemicals, TSCA requires manufacturers to
submit premanufacture notices on new chemical substances and to keep records identify-
ing the new uses of existing chemicals. To be included in these records are data such
as the amounts of chemicals produced, how and where the chemicals are stored and trans-
ported, any known or projected occupational exposures, and the methods used to dispose
of the chemicals.

The U.S. EPA is authorized to take a variety of steps to protect against threats to human
health or the environment by the introduction or unrestricted use of new chemicals. Such
steps include publication of the chemical inventory, information gathering authority, and
permitting access to manufacturing data, which could assist in the development of source
inventories for ground-water protection planning and investigation. For example, any
RCRA facility that handles hazardous wastes, which contain more than 50 ppm of poly-
chlorinated biphenyls (PCBs) is regulated under both the RCRA and TSCA, initial
ground-water monitoring for background data at PCB disposal sites is also required.

Clean Water Act

The CWA of 1972 (Public Law 92-500) and the CWA Amendments of 1977 (Public Law
95-217) established a major milestone in water pollution control law. At that time, the
CWA was one of the most far-reaching Federal laws ever enacted. The objective of
the CWA was to “restore and maintain the chemical, physical, and biological integrity of
the Nation’s waters.” However, the language of the Act stresses the need to protect “navig-
able waters,” thus the major emphasis and the thrust of enforcement have been toward
surface water. To the extent that surface water and ground water are hydraulically connected,
protection of surface-water quality will also protect ground-water quality and vice versa.
Several specific provisions of the CWA have served to enhance ground-water protection.
The potentially most effective means for controlling ground-water contamination under
the CWA is found in Section 208, which provides for statewide and areawide planning for
pollution control, including funding to set up and implement water-quality management
planning programs. The water-quality management program required by Section 208 has
served as a catalyst for the development of several state ground-water management pro-
grams. The most powerful means for controlling ground-water contamination under
Section 208 requires water-quality management plans to include a process to control the
disposal of pollutants on land or in subsurface excavations to protect ground- and
surface-water quality. For example, where CWA funds are used to construct municipal
sewage treatment plants that use land-application techniques, the municipality is required
to design the plant to ensure protection of ground water (40 CFR 35, Appendix A). The
primary responsibility for preparing plans and implementing programs is in the hands
of state, regional, and local agencies. It is within U.S. EPA’s power to withhold approval
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of a plan or program that does not adequately provide for ground-water protection, but
not within its power to act if the ground-water provisions of the plan are not implemented.

Section 304 of the CWA requires EPA to develop and issue guidelines for identifying and
evaluating the nature and extent of nonpoint sources of pollutants. Guidelines have also
been developed for processes, procedures, and methods to control pollution resulting
from, among others, “the disposal of pollutants in wells or in subsurface excavations,
saltwater intrusion resulting from reduction of freshwater flow from any cause, including
extraction of ground water, and changes in movement, flow and circulation of any navig-
able waters or ground waters.”

Section 402, which describes the National Pollutant Discharge Elimination System
(NPDES), empowers the U.S. EPA to issue permits for the discharge of any point-source
pollutant or combination of pollutants to navigable waters. Individual states may issue
NPDES permits if they develop programs and are authorized by the EPA to do so. A
trust fund that was the precursor to Superfund was set up to deal with problems stem-
ming from NPDES discharges. However, no provision was made to deal with damages
to land resources resulting from contamination by hazardous wastes. One specific require-
ment for approval of a state NPDES program is that the state must provide for control of
the disposal of pollutants into wells.

Finally, Sections 104 and 106 provide for the establishment and funding of national and
state programs to equip and maintain both surface-water and ground-water surveillance
systems. This is the strongest provision relating specifically to ground-water monitoring,
but the systems that are authorized under this program would be primarily large-scale in
nature. In addition, while the authority exists under Section 106 for the use of funds to
establish regional or statewide ground-water monitoring networks, most money has
been channeled to surface-water programs at the state level.

The formation of the National Contingency Plan for dealing with emergencies from
hazardous waste was an important offshoot of the Clean Water Act. This plan remains
the guiding principle behind the implementation of Superfund.

Safe Drinking Water Act

The SDWA (Public Act 93-523) was passed by the Congress in 1974 in response to accumu-
lating evidence that unsafe levels of contaminants in public drinking water supplies,
including ground water, were posing a threat to the public health. The amendments to
the SDWA, which were passed in June 1986, established the first nationwide program to
protect ground-water resources used for public water supplies from a wide range of poten-
tial threats. The goal of the SDWA, as its name implies, is to ensure the provision of a safe
supply of drinking water to all Americans served by public water supply systems. Several
major provisions to the SDWA relate specifically to ground-water quality. The SDWA pro-
vides protection to ground water through:

- The establishment of drinking water standards (40 CFR 141; Fed. Reg.
\ol. 43[243])

- Sole-source aquifer designation (42 U.S.C. 300f, Sec. 1427)
- The establishment of the WHPP (42 U.S.C. 300f, Sec. 1428)
. The UIC Program (42 U.S.C. 300f, Sec. 1424; 40 CFR 144)

Drinking Water Quality Standards

Promulgation of drinking-water quality standards to apply to public water supply
systems (those which supply water to 25 or more people or have more than 15 service
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connections) is required by Section 1412 of the SDWA. Standards known as National
Primary Drinking Water Standards (NPDWSs) and National Secondary Drinking Water
Standards (NSDWSs) were developed by the U.S. EPA to meet this requirement. The
NPDWSs are legally enforceable health-related standards that set maximum contaminant
levels (MCLSs) for bacteria, turbidity, and a variety of inorganic and organic chemicals and
radionuclides in public water supplies (Table 1.3) (U.S. EPA, 2003). This list, current as of
June 2003, has expanded significantly since the standards were first issued as interim stan-
dards in June 1977. The NSDWSs are non-enforceable guidelines regulating contaminants
that may cause cosmetic effects (such as skin or tooth discoloration) or aesthetic effects
(such as taste, odor, or color) in drinking water (Table 1.4) (U.S. EPA, 2003). The MCLs
set under SDWA may also be used for enforcement purposes in ground-water monitoring
programs conducted both at RCRA interim status and at RCRA permitted facilities and for
establishing ground-water cleanup levels at RCRA or CERCLA site.

Sole-Source Aquifer Program

Another provision of the SDWA related to protection of ground water is the Sole-Source
Aquifer Program, also known as the Gonzales Amendment. This program provides local,
regional, or state agency with a legal mechanism to protect the recharge zones of specially
designated aquifers. It establishes a procedure whereby the U.S. EPA, either on its own
initiative or upon petition, may designate an aquifer as a sole or principal source of drinking
water for an area. After such a designation, no Federal financial assistance may be granted
to a project that EPA determines could contaminate the aquifer through its recharge zone
so as to create a “significant hazard to public health.” This is defined as

Any level of contaminant which causes or may cause the aquifer to exceed any MCL set
forth in any national drinking water standard at any point where the water may be used
for drinking water purposes or which may otherwise adversely affect the health of
persons or which may require a public water system to install additional treatment to
prevent such adverse effects.

As of April 2004, the U.S. EPA had made 73 sole-source aquifer designations across the
USA (Table 1.5). A limiting factor in the sole-source aquifer provision is that it protects
aquifer recharge zones only from federally funded projects that might contaminate an
aquifer — nonfederally funded projects are not regulated. Although there are no specific
provisions for ground-water monitoring in the Sole-Source Aquifer Program, data from
ground-water monitoring wells and systems are used extensively to support petitions
for sole-source aquifer designation and would be used to detect contamination from exist-
ing contaminant sources located in recharge zones of these important aquifers.

Wellhead Protection Program

Part of U.S. EPA’s goal of providing protection for ground-water resources was accom-
plished by the establishment of state WHPPs, which protect wellhead areas within their
jurisdiction from contaminants that may have any adverse effect on the health of
persons. One of the major elements of a WHPP is the determination of zones within
which contaminant source assessment and management are addressed. These zones,
designated as Wellhead Protection Areas (WHPAS), are defined in the SDWA as

The surface and subsurface area surrounding a water well or wellfield, supplying a
public water system, through which contaminants are reasonably likely to move
toward and reach such water well or wellfield.
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TABLE 1.4
National Secondary Drinking Water Standards?

Contaminant Secondary Standard
Aluminum 0.05 to 0.2 mg/I
Chloride 250 mg/I

Color 15 (color units)
Copper 1.0 mg/I

Corrosivity Noncorrosive

Fluoride 2.0mg/I

Foaming agents 0.5mg/I

Iron 0.3mg/I

Manganese 0.05 mg/I

Odor 3 threshold odor number
pH 6.51t0 8.5

Silver 0.10 mg/I

Sulfate 250 mg/I

Total dissolved solids 500 mg/I

Zinc 5mg/I

2NSDWSs are non-enforceable guidelines regulating con-
taminants that may cause cosmetic effects (such as skin or
tooth discoloration) or aesthetic effects (such as taste, odor,
or color) in drinking water. EPA recommends secondary stan-
dards to water systems but does not require systems to
comply. However, states may choose to adopt them as
enforceable standards.

Source: U.S. EPA Office of Water (4606 M), EPA 816-F-03-016,
June 2003 (www.epa.gov/safewater).

Hence, the law establishes the concept of protecting some of the recharge areas for these
points of public drinking water withdrawal. Ground-water monitoring systems are not
specifically required under the WHP, but there are few other reliable methods that can be
used to generate the data required to support delineation of WHPAs. The states have been
given flexibility in determining appropriate operational approaches to WHPA delineation.

The U.S. EPA published guidelines for delineation of WHPAS to assist the states in
developing their programs (U.S. EPA, 1987b). The delineation guidelines assume that
WHPA delineation and protection are targeted to three general threats. The first threat
is the direct introduction of contaminants to the area immediately contiguous to the
well through improper casing, road runoff, spills, and accidents. The second basic
threat is from microbial contaminants such as bacteria and viruses. The third major
threat is from the broad range of chemical contaminants including inorganic and naturally
occurring or synthetically derived organic chemicals.

U.S. EPA’'s WHPA delineation policy is generally based on the analysis of criteria, cri-
teria thresholds, and delineation methods. The criteria, or conceptual standards on
which WHPA delineation may be based, include distance, drawdown, travel time, flow
system boundaries, and the capacity of the aquifer to assimilate contaminants. Choice
of the criteria to be applied in any particular program is based on both technical and non-
technical considerations. Criteria and criteria thresholds define the general technical basis
of the WHPA.. Selecting appropriate criteria thresholds is a key decision point, which must
be done in conjunction with establishing the management elements of the WHPP. The
WHPA delineation methods are used to translate or apply these criteria, and to develop
on-the-ground or on-the-map WHPA boundaries. The specific methods to be used in
delineating a WHPA range from simple radius-of-influence estimation techniques to
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highly complex and comprehensive numerical modeling techniques. Regardless of the
method used, data from existing or yet to be installed ground-water monitoring
systems are critical to proper delineation of WHPAs.

Underground Injection Control Program

The UIC Program was developed under SDWA to protect current and future sources of
drinking water (defined as all ground water with a total dissolved solids content of less
than 10,000 mg/l), from endangerment by underground injection of fluids. The basic
concept of the UIC Program is to prevent contamination of fresh-water aquifers by ensur-
ing that injected fluids are confined within the injection wells and the intended injection
zone. The need for such a program was compelling when it was first conceived, as the
EPA estimated that in 1980, there were more than 600,000 wells injecting more than 850
billion gallons of fluid per year beneath the surface (U.S. EPA, 2002). Considering the
types of fluids injected (ranging from storm water runoff to hazardous wastes), the
number of facilities in operation, and the complexity and diversity of geology in areas
where underground injection is practiced, the task of regulating this industry is quite
complex.

To ensure effective regulation of injection wells, standards have been set for each of
five types or classes of injection wells, which are described in Table 1.6. The UIC regu-
lations establish minimum standards for injection well design, construction, operation,
monitoring, and decommissioning procedures, and state program requirements. Wells
in Classes | to Ill come under rigid permitting requirements; Class IV wells are forbid-
den; and Class V wells are permitted or forbidden on a case-by-case basis. The U.S.
EPA Regional Administrator may require ground-water monitoring at an underground
injection point to evaluate whether an underground source of drinking water may be
endangered by injection of fluids into Class Il enhanced recovery wells, Class IV
wells, and some Class V wells. In addition, the owner or operator of a Class I, II, or
111 well can be required

To install and use monitoring wells within the area of review if required by the Director
(of the U.S. EPA), to monitor any migration of fluids into and pressure in the under-
ground sources of drinking water.

(40 CFR 144.28)

The type, number, and location of the wells; the parameters to be measured; and the
frequency of monitoring must be approved by the EPA.

Under the UIC Program, aquifers that do not currently serve as a source of drinking
water or could not in the future are exempted from protection, because they are
(1) mineral, hydrocarbon, or geothermal-energy producing; (2) situated at a depth or
location that makes recovery of the water for drinking economically or technologically
impractical; or (3) so contaminated that it would be infeasible to render the water fit for
human consumption. Moreover, in keeping with SDWA policy, only ground water that
supplies or could supply in the future any public water supply system is protected. Con-
sequently, the UIC Program does not apply to either ground water used for purposes other
than drinking or ground-water supplying nonpublic water systems.

Surface Mining Control and Reclamation Act

The SMCRA of 1977, under the administration of the U.S. Department of the Interior
(specifically the OSM), provides authority for various levels of government to control
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environmental impacts resulting from all mining activities, even though the title of the Act
refers only to surface mining. Among the purposes of the Act are to:

Establish a nationwide program to protect society and the environment from the
adverse effects of mining operations

Ensure that mining operations are conducted so as to protect the environment

TABLE 1.6
U.S. EPA Injection Well Classifications Under the UIC Program of the SDWA

Class of well Description

Class | Wells used by generators of hazardous wastes or owners or operators of hazardous waste
management facilities to inject hazardous waste. In addition, industrial and municipal
disposal wells used to inject fluids beneath the lowermost formation containing, within
0.25 mi of the well, an underground source of drinking water

Class Il Wells that inject fluids, which are brought to the surface in connection with conventional oil
and natural gas production, those used for enhanced recovery of oil or natural gas, and
those used for storage of liquid hydrocarbons

Class Il1 Wells that inject for the purpose of extracting minerals or energy, including solution mining
wells, wells used for in situ combustion of fossil fuel, wells used for recovery of geothermal
energy, and wells used in the mining of sulfur by the Frasch process

Class IV Wells used by generators of hazardous wastes or radioactive wastes, by owners and
operators of hazardous waste management facilities, or by owners and operators of
radioactive waste disposal sites to dispose of hazardous wastes or radioactive wastes into
or above a formation that, within 0.25 miles of the well, contains an underground source of
drinking water

Class V Any injection well not included in the Classes | to 1V, including:

1. Air-conditioning return-flow wells used to return to the supply aquifer, the water
used for heating or cooling in a heat pump

2. Cesspools or other devices that receive wastes, which have an open bottom and
sometimes have perforated sides. The UIC requirements do not apply to single family
residential cesspools

3. Cooling-water return-flow wells used to inject water previously used for cooling

4. Drainage wells used to drain surface fluid, primarily storm water runoff into a
subsurface formation

5. Dry wells used for the injection of wastes into a subsurface formation
Recharge wells used to replenish the water in an aquifer

7. Saltwater intrusion barrier wells used to inject water into a freshwater aquifer to
prevent the intrusion of saltwater into the freshwater

8. Sand backfill wells used to inject a mixture of water and sand, mill tailings, or other
solids into mined out portions of subsurface mines

9. Septic system wells used:

To inject the waste or effluent from a multiple dwelling, business establishment,
community, or regional business establishment septic tank

For a multiple dwelling, community, or regional cesspool. The UIC requirements
do not apply to single family residential waste disposal systems

10. Subsidence control wells (not used for the purpose of oil or natural gas production)
used to inject fluids into a nonoil or gas-producing zone to reduce or eliminate
subsidence associated with the overdraft of freshwater

11. Wells used for the storage of hydrocarbons which are gases at standard temperature
and pressure

12. Geothermal wells used in heating and aquaculture
13.  Nuclear disposal wells

Source: U.S. EPA Underground Injection Control Program regulations as outlined in the Federal Register,
Vol. 45(123), June 24, 1980.
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- Ensure that adequate procedures are followed to reclaim surface areas as contem-
poraneously as possible with surface mining operations

- Promote the reclamation of mined areas left without adequate reclamation prior to
enactment of this Act and which continue, in their un-reclaimed condition, to sub-
stantially degrade the quality of the environment, prevent or damage the beneficial
use of land or water resources, or endanger the health or safety of the public

Several sections of SMCRA deal specifically with ground water. For new mines, permit
applications described under Section 507 must include the determination of the probable
hydrologic consequences of the mining and the reclamation proposed. Of particular
concern is the determination of the impact of mining and reclamation on the quantity and
quality of water in both surface-water and ground-water systems. All permit applications
must be accompanied by geologic maps and cross-sections of the land to be affected
showing, among others, the locations of aquifers and estimated water levels (Lehretal., 1984).

Reclamation plan requirements outlined in Section 508 compel mine operators to
provide a detailed description of the measures to be taken during the mining and recla-
mation process to ensure the protection of the quality of surface water and ground
water from the adverse effects of the mining and reclamation process. In addition, the oper-
ator must recognize the rights of the present users to this water and must ensure the pro-
tection of the quantity of surface water and ground water from the mining and reclamation
operation or provide alternate sources of water where such protection cannot be assured.

Section 515 of SMCRA outlines general environmental protection performance stan-
dards applicable to mining and reclamation operations that require the operation to

Minimize the disturbances to the prevailing hydrologic balance at the mine site and to
the quality and quantity of water in surface-water and ground-water systems both
during and after mining operations and during reclamation.

Water quality is to be preserved by avoiding acid or other toxic mine drainage through
such means as preventing or removing water from contact with toxic deposits, treating drai-
nage to reduce its toxic content, or burying or otherwise disposing of acid-forming or toxic
materials in a manner to prevent contamination of both surface water and ground water.
Mine operators are required to maintain the hydrologic balance of the area by restoring
the recharge capacity of the mined area to approximate premining conditions.

Under Section 517, the OSM may require mine operators to install, use, and maintain
ground-water monitoring systems. The preparation of a ground-water monitoring plan
is required under 30 CFR 780, which deals with the application for a surface mining
permit. For those mining and reclamation operations that disturb aquifers, the OSM has
the power to specify monitoring sites to record the level, amount, and quality of ground
water in aquifers affected or potentially affected by the mining operation. The OSM has
set forth standards and procedures for the collection and analysis of data generated by
ground-water monitoring programs required under SMCRA. As part of the minimum
requirements for the required Reclamation and Operations Plan, hydrogeologic infor-
mation must be supplied concerning the quality of the surface water and ground water
in the permitted area and adjacent areas.

Brownfields

In 1995, the U.S. EPA addressed the problem associated with former industrial and urban
sites with minor contamination by creating the Brownfields Initiative. This was a new
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approach to management of contaminated property which, unlike the RCRA and
CERCLA regulations, was based on a partnership model. Prior to the initiative, margin-
ally contaminated sites were largely ignored by developers because the magnitude of
contamination often was unknown and the liability for this contamination was not
something developers wanted to assume. Under this initiative, the U.S. EPA has estab-
lished the Brownfields National Partnership and provides local communities with seed
money to encourage local governments to develop these properties and manage any
contamination associated with them. The local governments, in turn, create 2 year
pilot programs that are used to build local capabilities, with technical guidance provided
at the Federal level.
Brownfields sites fall into one of the following several categories:

- Brownfields Assessment Pilots provide funding for environmental assessments
and community outreach.

- Brownfields Cleanup Revolving Loan Fund Pilots provide funding to capitalize
loans that are used to clean up brownfields.

. Brownfields Job Training and Development Demonstration Pilots provide
environmental training for residents of brownfields communities.

- RCRA and Brownfields Prevention Pilots utilize the inherent flexibility in RCRA
regulations to prevent brownfields from being developed on RCRA properties.

- Clean Air/Brownfields Partnership Pilots help to determine the potential air
guality and other environmental and economic benefits of redeveloping urban
brownfields.

- Brownfields Showcase Communities serve as national models for successful
brownfields assessment, cleanup, and redevelopment.

. Targeted Brownfields Assessments provide funding or technical assistance for
environmental assessments at selected brownfields sites not targeted by EPA
Assessment Pilots.

While ground-water monitoring is not specifically required under the Brownfields
Initiative, some level of monitoring (typically short-term monitoring) is generally necess-
ary to determine the presence or absence and types and levels of contaminants in ground
water at each site.

Federal Ground-Water Protection Strategy

When the U.S. EPA established a Ground-Water Protection Strategy in August 1984
(U.S. EPA, 1984), it concluded that state governments have the primary responsibility
for ground-water protection policies and implementation, yet it set national goals and
management strategies for implementing existing federal laws.

The strategy sets a policy framework to guide U.S. EPA’s programs affecting ground
water. This framework involves developing a system for classification of the nation’s
ground water. The agency uses this classification system to evaluate the siting of RCRA
facilities and will continue to use the immediacy of a threat to ground water as a factor
in selecting sites for Superfund cleanup.

Specifically the policy calls for EPA to:

- Provide financial support to states for ground-water protection program devel-
opment and institution building
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- Assess the problems that may exist from sources of ground-water contamination,
which were previously not addressed

- Study the need for further regulation of land disposal facilities including surface
impoundments and landfills

- Issue guidelines for agency decisions affecting ground-water protection and
cleanup

- Establish an Office of Ground-Water Protection within EPA to coordinate agency
policies (Bird, 1985)

The classification of ground water is the backbone of the policy, which helps to provide
consistency in agency decisions.

Ground-Water Classification

The Environmental Protection Agency released a draft document of guidelines for
ground-water classification as part of its Ground-Water Protection Strategy. The document
established three classifications for ground water. Class I, special ground water, is ecolo-
gically vital or irreplaceable as a source of drinking water. Ecologically vital ground
water is defined as that “which supports habitats for species listed or proposed for
listing under the Endangered Species Act or which provides the base flow for a particu-
larly sensitive ecological system that, if polluted, would destroy a unique habitat.”
Class | water is considered to be highly vulnerable to contamination because of the hydro-
logic characteristics of the area in which the ground water occurs. With its authority under
RCRA, EPAwill ban the siting of new disposal facilities and require very stringent cleanup
levels (involving cleanup to background or drinking water levels) to be applied to existing
facilities above Class | ground water. EPA also has considered developing special permit
conditions under the UIC Program to protect these waters.

Class Il ground water includes current or potential sources of drinking water and water
having other beneficial uses. Class 11l ground water includes water not considered to be a
potential source of drinking water and water that may be contaminated naturally (e.g.,
highly saline ground water, with total dissolved solids levels over 10,000 mg/l) or by
human activity, beyond levels that allow cleanup using methods reasonably employed
in public water system treatment.

Essentially, Class | ground water would receive the highest level of protection, Class Il
ground water would receive less protection, and Class Ill ground water would receive the
least protection under this ground-water classification system. There is a provision for var-
iances to lower the protection levels.

Discussion of Ground-Water Quality Standards

Ground-water monitoring only becomes meaningful when the results of the analyses for
water quality are compared to some useful reference point. In many cases, ground-water
quality standards are applied to water used for consumptive purposes as it leaves the tap.
In other cases, standards are applied to ground water after it has been cleaned up or as it
discharges to a surface water body or in terms of the risk posed by a specified exposure.
Further complicating the issue is the fact that many states have different or more restrictive
standards than the Federal government.
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To achieve a better understanding of the standards that can be applied, a definition of
some of the basic terms is appropriate. The SDWA states:

The term “Primary Drinking Water Regulation” means a regulation which (1) applies to
public water systems, (2) specifies contaminants which may have an adverse effect on
the health of persons, (3) specifies for each contaminant either a maximum contaminant
level or a reduced level based on treatment, and (4) contains criteria and procedures to
assure a supply of drinking water that will comply with the maximum contaminant
levels (MCLs) and the requirements for the minimum quality of water that can be
taken into the system.

The Secondary Drinking Water Regulations, also defined in the SDWA, are described
as follows:

The term “Secondary Drinking Water Regulation” means a regulation which applies to
public water systems and which specifies the maximum contaminant levels which are
requisite to protect the public welfare. This applies to any contaminant in drinking
water which may adversely affect the odor or appearance of the water so that a signifi-
cant number of users discontinue its use.

The term MCL refers to the maximum permissible level of a contaminant in water which
is delivered to any user of a public water system. These are enforceable standards that are
set as close to maximum contaminant level goals (MCLGS) as feasible. These standards are
often applied to ground water that is used for drinking water purposes, regardless of
whether it is supplied by a public system or a private well. These standards also consider
the best technology that is available, treatment technologies that can be applied, and
associated costs.

The MCLG, previously called a recommended maximum contaminant level, is the
maximum level of a contaminant in drinking water at which no known or anticipated
adverse effect on the health of persons would occur, which allows for an adequate
margin of safety. These are non-enforceable health goals (40 CFR 141.2, July 1987).

The CWA also has established water-quality criteria that are not limited to ground water,
known as the 304(a)(1) criteria. They are not rules and are not enforceable. Rather, these cri-
teria present specific data and guidance on the environmental effects of pollutants, which can
be useful in deriving regulatory requirements based on considerations of water-quality
impacts. They are, therefore, comparable to the MCLGs, as they are not based on technology
or cost, but are on health goals. These standards can be used when protection of a drinking
water source is not the sole objective, and they can be applied to water-quality-based effluent
limitations and toxic pollutant effluent standards (Federal Register, 1980). Although these
standards were derived for surface water, they have application to ground water, particu-
larly where other standards for certain chemicals have not yet been set.

Lists of various national and state standards and criteria are available from the U.S. EPA
and various state regulatory agencies. Extreme caution should be exercised in applying
these criteria and standards to specific site conditions. These criteria, for the most part,
do not take into account some other important factors that should be considered when
applying standards to ground water used for consumptive purposes. These consider-
ations include the population that will be using the water, the exposure from other
sources that could contribute to the risk, and some of the other risks of exposure other
than carcinogenic effects. Clearly, the application of water-quality standards and criteria
is neither simple nor straightforward and requires expertise in other fields, particularly
toxicology.
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Mechanisms for a Workable Federal Ground-Water Program

Even the best-laid plans have elements that make implementation more difficult than it
first appears — environmental regulations are no exception. Now that major Federal
waste-management regulations have been in place for more than two decades, there are
functional goals that must be kept in mind if the mandated protection of ground water
is going to succeed.

The firstelement is communication. The regulations will do no good if the regulated com-
munity will not follow them, even under the threat of civil or criminal penalty. Enforcement
bodies have limited resources for informing the regulated community of their obligations
under the law. As a result, most cases of noncompliance are the result of ignorance rather
than malice or the profit motive. It is essential for the regulations to be communicated to
those parties that they directly affect. Industrial facilities must be made aware of the limit-
ations placed on their practices, such as management of waste, discharge of process waste-
water, standards that treatment works must meet, and the permits that must be obtained.
Even individual homeowners must be made aware that they are responsible for protecting
their small portion of the ground-water resource. Federal, state, and local regulations gen-
erally can be easily accessed on the Internet or by calling the appropriate regulatory agency.
Every effort must be made to disseminate this information to the people who need it.

The second element is the establishment of standardized evaluation and protection
practices and the application of the same basic standards to similar situations. It is well
known that ground water is a dynamic resource and the hydrogeologic settings in
which it occurs very widely. However, there are sound scientific and engineering practices
that can be applied to the evaluation of ground water to ensure that suitable and appro-
priate conclusions and recommendations concerning its potential use or abuse can be
drawn. Similarly, the standards that are applied to the protection and cleanup of an
aquifer should be made clear and not left to the whimsy of an individual regulator.
There is a broad spectrum of standards and policies, ranging from nondegradation to inac-
tion, routinely being applied by regulators who lack direction. Standards that are health-
or risk-based, technology-sensitive, and use-directed are in the process of being developed
and will do much to bring this element into focus. However, a standard baseline for pro-
tection and cleanup would do much to minimize the uncertainty currently associated with
site evaluation.

Finally, there should be a mechanism at all levels for changing and amending the regu-
lations as conditions change. This is found to some degree at Federal and state levels with
the owner’s ability to request a waiver to a portion of a regulation or to apply alternate
standards in particular cases. This ability should be expanded and streamlined as much
as possible to address the changing nature of the resource. If new practices pose new
health risks, or if the chemical or physical nature of an aquifer changes substantially
over time, the mechanisms must be in place to revise regulations and applicable standards.

Comprehensive State Ground-Water Protection Programs

Comprehensive State Ground-Water Protection Programs (CSGWPPs) are partnerships
between states and the U.S. EPA and Tribal Nations to implement EPA’s ground-water
protection goals and principles. The purpose is to achieve a more efficient, coherent,
and comprehensive approach to protecting and managing the nation’s ground-water
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resources. This program will be used to prevent contamination and to consider use, value,
and vulnerability in setting priorities for both protection and remediation.

This program is used to establish goals and set priorities based on local needs and to
clarify the roles and responsibilities for ground-water management across federal, state,
and local jurisdictions. CSGWPPs can be used as a template to plan and implement
ground-water protection and remediation strategies.

Ground Water and Terrorism

Owing to the terrorist attacks of September and October 2001, which included the use of
commercial airliners as weapons and using the U.S. Postal Service to deliver pathogens
through the mail, federal, regional, state, and local governments all are taking a closer
look at the safety of our water supply. Surface-water sources would seem to be the most
vulnerable target, due to easier access and faster dispersion of contaminants in that
medium. Ground water, by its very nature, is protected, both by its slow flow rate and
by the natural cleansing action of the porous media through which it passes. In fact,
ground water could prove to be a “safe haven” for the storage and retrieval of uncontami-
nated drinking water. Comprehensive emergency preparedness plans should include
guidelines and procedures for monitoring and maintaining the quality of the nation’s
ground-water supply. Additional security at the well head should be undertaken for
water systems supplying large populations.

Ground Water and Development

One of the most stressful impacts on natural resources in the late 20th and early 21st cen-
turies has been the exploitation of ground water. Anxiety about this limited resource is
especially pronounced in the Western U.S., where water can be scarce, heavily laden
with salts, or deep and expensive to retrieve. Land-use decisions are beginning to take
water resource availability into account. A law that took effect in the state of California
in January 2002 may have far-reaching impacts on development. In essence, this law
states that all developers are required to provide detailed proof that an ample water
supply exists and can be tapped for at least 20 years for every housing development invol-
ving over 500 homes. If this cannot be demonstrated, the developers are not allowed to
break ground (Anonymous, 2001). This law may serve as a model for other states
seeking to protect potable ground-water resources. It may also be used to avoid the
battles that sometimes ensue over water used for domestic supply, agricultural use, ranch-
ing and that needed to sustain and protect endangered species.
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Introduction

Background

The use, storage, handling, and disposal of organic chemical compounds such as halo-
genated solvents, mixtures such as petroleum products, additives such as methyl tertiary
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FIGURE 2.1
Leaking UST systems, in which mostly petroleum products are stored, are a major source of environmental
contamination. These systems have been regulated by the U.S. EPA under authority of the RCRA (Subtitle 1)
since 1986.

butyl ether (MTBE), and inorganic materials such as heavy metals and perchlorate have
resulted in thousands of cases of surface and subsurface contamination during the last
few decades. Causes of this contamination have included leaking underground storage
tanks (USTs) and associated piping (Figure 2.1); accidental spills during storage, handling
or transportation of chemicals (Figure 2.2), or during filling of USTs; discharges from
industrial and municipal sewer systems (Figure 2.3); and past storage and waste disposal
practices that were either considered acceptable industry standards at one time or simply
unregulated (Figure 2.4).

The U.S. Environmental Protection Agency (U.S. EPA) has estimated that there are more
than 30,000 hazardous waste sites nationwide (1,238 of which are on U.S. EPA’s National
Priorities list [U.S. EPA, 2004a]) and more than 360,000 UST sites at which releases are
either suspected or have been confirmed but not cleaned up (U.S. EPA, 1997a). The
Government Accounting Office projects that the U.S. EPA will spend in excess of $150
billion and the U.S. Departments of Energy and Defense will spend nearly $1 trillion on
these sites over the next 20 to 30 years. The cost of dealing with these sites threatens to
become one of the largest domestic expenditures in the nation’s history.

Dealing with the subsurface contamination caused by these and other sites becomes
increasingly important when one considers that the use of ground water is increasing
nationwide and, in fact, doubled from 1975 to 1985. This increase is partly due to declines
in surface-water quality and availability and partly due to population growth, but the use
of ground water in the United States is growing at a rate even faster than that of population
growth. Along with this increasing usage, environmental regulations have evolved to
protect this highly vulnerable resource. It is due to these regulations that the need has sur-
faced in recent years for establishment of ground-water monitoring programs, preparation
of environmental and engineering feasibility studies, and design and implementation of
selected remedial management alternatives at contaminated sites. However, before
the monitoring or cleanup of any environmentally contaminated site can begin, the
site must be thoroughly and accurately characterized to build an understanding of
the environmental conditions and the nature and extent of contamination that exists at
the site so that monitoring and cleanup efforts can be successful.
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FIGURE 2.2

Transportation accidents are less important sources of environmental contamination, but they can still have a
significant effect on public water supplies. Some local government agencies have established well-head or
watershed protection areas that require spills from such accidents to be reported immediately to the
appropriate local response authority to prevent movement of contamination into the water supply.

Historically, a large percentage of the expenditures for dealing with contaminated sites
has been associated with environmental site characterization activities, primarily because
of the approaches that have been followed and the methods that have been used, which
have resulted in a laborious, time consuming, and expensive process. The U.S. Depart-
ment of Energy (U.S. DOE) estimated that in 1992, of the $6 billion spent on environmental
consulting fees for hazardous waste site cleanup, about 25%, or $1.7 billion, was spent on
site characterization (U.S. DOE, 1998). In 1997, the U.S. EPA estimated that site character-
ization costs accounted for between 10% and 50% of the total remediation costs at
petroleum-contaminated sites and that site characterization costs made up an even
higher percentage of remediation costs at sites where remediation by natural attenuation
was an appropriate remedy (U.S. EPA, 1997a).

Environmental site characterization has evolved significantly since environmental
investigations began uncovering the litany of problems that existed at sites storing, mana-
ging, and disposing of wastes, chemicals, and petroleum products in the late 1970s. Nearly
30 years of advances in site characterization technology and field instrumentation have led
to significant changes in the approach that many investigators take to environmental site
characterization. Much of the technology and instrumentation used in environmental site
characterization is described in other chapters in this book and in many other sources in
the scientific and engineering literature; some, including field-based analytical methods,
will be covered in this chapter. The primary focus of this chapter is on describing the
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FIGURE 2.3

Industrial discharges to surface-water systems have been regulated by the Clean Water Act since 1970. Despite
this, some unpermitted discharges still occur. These discharges can contaminate surface water and ground
water, through leakage in the sewer line between the point of origin and the discharge point.

FIGURE 2.4

Most uncontrolled hazardous waste sites that once stored thousands of drums of toxic materials have been
identified and the worst have been placed on U.S. EPA’s National Priority list, a program initiated under
CERCLA (better known as Superfund). However, at least a few dozen new sites are discovered every year,
requiring site characterization in preparation for cleanup.
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approaches that are currently followed by forward-thinking environmental professionals
to use these improved technologies to conduct efficient, cost effective, and accurate
environmental site characterization programs.

The Importance of Environmental Site Characterization

Site characterization is the foundation of most environmental projects, whether they are
focused on long-term monitoring, risk assessment, remediation, or some other goal. It is
during site characterization that the most basic information regarding site conditions,
and the very important data that guide decisions made during these projects,
must be generated. Therefore, it is critical that site characterization be conducted
only after a great deal of forethought and planning and carried out with an eye
toward achieving specific objectives, usually related to advancing to the next step of
the project. Inadequate preparation and planning often lead to incomplete site charac-
terization, resulting in the need to return to the site to gather additional data,
which leads to inefficiency and cost overruns. Generating insufficient data, or data of
substandard quality, often results in developing inaccurate or misleading conclusions
regarding site environmental conditions, which can delay appropriate responses to
the problem and result in an increased risk to human health and the environment.
This can also result in poorly conceived monitoring or remediation program designs
and, ultimately, increased costs or even complete failure of the monitoring or remedia-
tion program. By nature, there are always gaps in the information provided in site
characterization programs, because it is not feasible to sample and analyze every
grain of soil or every drop of ground water or surface water at a site. It is, therefore,
not always obvious when a site characterization program is complete or when the
information has been accurately interpreted. To reduce uncertainty regarding site
conditions and to increase confidence in decisions based on the data collected during
an environmental site characterization program, it is important to collect a large quan-
tity of high-quality data focused on meeting the objectives of the project. It is also
important to have experienced environmental professionals to interpret these data to
construct a three-dimensional conceptual site model (CSM), which accurately depicts
site environmental conditions.

As the foundation for monitoring, risk assessment, and remediation projects, environ-
mental site characterization must provide critical sets of data to allow efficient and
cost-effective design and implementation of these projects. The data collected during
site characterization are generally keyed to establishing environmental conditions at a
site, both ambient and man-impacted, in either a specific medium (i.e., soil, ground
water, surface water, or air) or multiple media, over space at a single point in time. This
“snapshot” view of site conditions serves as a baseline and is the basis for further
project work at the site. If further work is required at a site, as is often the case, the next
step is normally monitoring. The goal of monitoring is to provide information on
changes in environmental conditions (i.e., ground-water levels or variations in con-
centrations of specific analytes) at the site or in a specific medium, over time, usually at
fixed locations (i.e., monitoring wells for ground water, NPDES discharge points for
surface water). This information, in turn, is often used in making decisions regarding
the need to do additional work at the site, usually based on potential risks posed by site
conditions that may require remedial action (e.g., a plume of ground-water contamination
moving toward a water-supply well). This reflects a maturity of the site investigation from
characterization and risk assessment to long-term monitoring and remedial action to
address risk.
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Historical Problems with Environmental Site Characterization

The primary reasons for failure of long-term ground-water monitoring and environmental
remediation programs include the following:

- Inexact or incomplete definition of site geology and hydrogeology, which results
in improper positioning of monitoring wells, or selection of inefficient remedia-
tion methods

. Poor definition of contaminant distribution, which results in placement of too few
(or too many) monitoring wells to accomplish project objectives, or incomplete
site cleanup

- Inadequate collection of chemical data (i.e., incorrect analytes or wrong detection
limits), resulting in monitoring for too few chemical parameters, selection of inap-
propriate analytical methods, or selection of an inappropriate remedial approach

Historically, the root cause of all of these problems has been the high cost of collecting and
analyzing samples, which often limits the amount of data that can be collected to describe
site conditions. For a long-term ground-water monitoring program to be successful, the
environmental site characterization program must generate very specific and detailed
information on ground-water conditions to support decisions on where to position moni-
toring wells (Figure 2.5) and well screens, how to design wells to collect representative
samples (Figure 2.6), and when to collect samples to accurately depict temporal changes
in ground-water chemistry. For an environmental remediation program to be successful,
the environmental site characterization program must generate very specific and detailed
information on contaminant-related conditions to support decisions on which remedial
options are best suited to deal with the site-specific problems (Figure 2.7 to Figure 2.9)
and where and when they should be applied to get the “best bang for the buck.”

FIGURE 2.5

One of the important uses of data from an environmental site characterization program is positioning ground-
water monitoring wells in preparation for conducting a long-term monitoring program. These wells have
screens at two different depths to monitor two different types of contamination — LNAPLs and dissolved-
phase hydrocarbons. Properly positioning wells and well screens under these conditions requires a substantial
amount of data.
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FIGURE 2.6

Extensive site characterization data are also required to define the parameters for ground-water sampling
programs, including frequency of sampling, chemical constituents for which to sample and analyze, and types
of equipment and procedures to use to collect representative samples.

The specific types of data required for both applications will be discussed in detail in later
sections of this chapter.

The Problem of Heterogeneity

For the vast majority of site investigations, contaminant data have historically been gener-
ated by taking a few small volume samples from an environmental medium (Figure 2.10)
and analyzing them for trace-level contaminants. The per-sample costs for trace-level ana-
lyses are high because satisfactory analytical performance requires sophisticated instru-
mentation (Figure 2.11), along with experienced and properly trained operators.
Therefore, there is a strong financial incentive to minimize the number of samples to be
analyzed, resulting in a data set that is, in many cases, nonrepresentative of actual site
conditions (Crumbling, 2002; Crumbling et al., 2003). Compounding the potential for a
nonrepresentative data set is the fact that, especially for soil samples, an even smaller
volume of the sample (a subsample; Figure 2.12) is analyzed to generate the result.
Consequently, the volume of matrix actually analyzed is very small when compared with
the volume of the parent matrix to which the analytical results are typically extrapolated,
increasing the risk of obtaining highly variable results and skewed data sets (Gilbert and
Doctor, 1985).

If contaminants occurred at nearly constant concentrations throughout the parent
matrix (i.e., if both the matrix and the contaminant distribution within the matrix were
homogeneous), then drawing conclusions about the parent matrix based on just a few
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FIGURE 2.7

Site characterization data must be sufficient to enable remedial design specialists to determine whether soil
excavation and off-site treatment or disposal is an appropriate approach to deal with site contamination. This
alternative is best suited to sites where contamination is confined to soils and where the volume and depth of
contamination is limited.

samples would be straightforward and valid. However, environmental media are not
homogeneous — they range from moderately to highly heterogeneous — and, under
these conditions, investigators extrapolate beyond the available evidence at great risk.

Field studies have shown that matrix heterogeneity (the combination of environmental
and contaminant heterogeneity) severely limits the confidence with which analytical
results can be justifiably extrapolated beyond the very small samples that are analyzed
in most investigations (Crumbling et al., 2003). Environmental heterogeneity is inherent
in soils (Figure 2.13) and geological materials (Figure 2.14), as well as soil gas, soil pore
water, ground water, surface water, and even atmospheric air. It is well established that
environmental heterogeneity strongly affects contaminant heterogeneity, resulting in
contaminant distributions for many chemicals of concern (COCs) (particularly non-
aqueous phase liquids [NAPLs]) that may vary by several orders of magnitude over
vertical and horizontal distances of only a few feet (Ronen et al., 1987; Cherry, 1992;
Puls and McCarthy, 1995). Contaminant heterogeneity is also a consequence of the
release mechanisms, the partitioning behavior of the analytes, and the transport and
transformation mechanisms produced by interactions with environmental media, all of
which are site-specific.
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FIGURE 2.8

Where contamination is more widespread or deep, where contaminants are volatile, and where contaminants
may have reached ground water, in situ treatment methods such as soil vapor extraction (note the manifold of
PVC pipe connecting several vapor extraction wells) may be appropriate. Again, extensive site
characterization data are required to make these decisions.

FIGURE 2.9

If the site characterization program uncovers the presence of LNAPLs at the site, a separate-phase recovery
system, such as this skimmer floating on the water surface in a recovery well, is usually called for.
Determining the extent of LNAPL contamination to enable proper recovery well positioning requires a
comprehensive sampling effort.
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FIGURE 2.10

Traditional environmental site characterization programs rely heavily on collection of small-volume samples
(such as this split-spoon sample) collected at variable depth intervals (usually one sample every 5 ft) from
widely spaced boreholes. Given the heterogeneity of soils and geologic materials, such a sampling program is
highly unlikely to be successful in producing samples representative of the complex nature of the medium or
contaminant distribution in the medium.

The impact of heterogeneity on data uncertainty is well known. Prior to the 1980s,
environmental investigators recognized that matrix heterogeneity compromised their
ability to draw reliable conclusions from analytical data. In 1991, the U.S. EPA published
the conclusions of an expert panel convened to explore the ramifications of environmental
variability (Homsher et al., 1991). The panel noted that studies showed that 70% to 90% of
data variability at contaminated sites was caused by natural, in-place variability, with only
10% to 30% of variability being contributed by the data generation process (such as sample
collection procedures, field sample handling, laboratory sample handling and cleanup,

FIGURE 2.11

Many state regulatory agencies still require that all sample analyses be conducted by a fixed-based laboratory
using sophisticated analytical equipment, strictly following well-documented analytical methods and U.S. EPA
Contract Laboratory Program (CLP) protocols. Such analyses are expensive and the protocols are much more
stringent than those required to produce useful high-quality data.
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_.‘
FIGURE 2.12

A subsample of the split-spoon sample extracted from the formation is collected by the field technician, placed in
asample jar, and sent to the laboratory for analysis. When this sample is analyzed in the lab, a lab technician takes
a subsample of it to run through the analytical process. The actual volume of sample analyzed is less than 5 g for
most parameters. It is very difficult to imagine that this small sample could be representative of the large volume
of heterogeneous formation materials to which the analytical results are often extrapolated.

laboratory analyses, data handling, data reporting, and data interpretation). However,
most of the efforts spent in improving data quality have focused on improving the data
generation process, rather than on increasing the number and density of samples used
to describe environmental conditions.

FIGURE 2.13
Heterogeneous soils are the rule rather than the exception. This figure shows a soil derived from glacial outwash,
with highly variable grain sizes, which leads to tremendous variability in water transmission and contaminant

transport characteristics.
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FIGURE 2.14

The geological materials, which are the parent materials for soils, are themselves moderately to highly
heterogeneous. This thick sequence of glacial and alluvial materials is composed of alternating layers of silty
fine to medium sands and clean sands and gravels, which have very different contaminant transport potential.

Decision errors about risk and remediation are an unavoidable consequence of the fact
that traditional or conventional site characterization programs rely on static, limited-scope
sampling programs, and expensive fixed laboratory analyses. In conventional environ-
mental site characterization programs, budgeting constraints often mean that relatively
few samples can be analyzed when compared with the number of samples needed to
accurately characterize the heterogeneous media and heterogeneous contaminant distri-
butions that exist at most sites. Very high analytical quality is seldom required to
provide the data needed to refine the CSM, which is typically developed for the site as
a tool to understand site conditions (Crumbling et al., 2003). However, without a reliable
CSM to support the representativeness of expensive, high analytical quality data points
provided by traditional site characterization programs, those data may be misleading
and result in incorrect decisions.

When the sampling point density (the number of samples per unit volume of an
environmental medium) is insufficient to accurately represent the degree of heterogeneity
of the medium, incomplete or inaccurate CSMs are produced and decision errors are the
result. Estimates regarding the nature and extent of contamination may be strongly biased,
and interpretations of the importance of exposure pathways (and the risk they represent)
may be wrong. Decisions regarding the three-dimensional positioning of long-term moni-
toring wells, particularly with regard to well screen length, may result in an inaccurate
picture of contaminant extent, concentrations, and movement patterns. Remedial
designs may fail to achieve cleanup to a required level within a required time frame,
requiring another round of characterization to establish the reason for the failure and
another round of cleanup when unexpected contamination is discovered.

Generating representative data is not a simple matter when evaluating heterogeneous
environmental media, such as geologic materials. Although the data collected from the
medium may be correct in the sense that the analytical results are accurate for the very
small samples analyzed, extrapolating the results from those very small samples to a much
larger volume of the medium represented by the CSM often creates a misleading picture.
This is termed “sampling error.” Sampling error occurs when the analysis is accurate but
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the sample that is analyzed is not representative of what the data user believes it
represents. Because environmental media are nearly always heterogeneous, sampling
errors can contribute to highly inaccurate and misleading CSMs which, in turn, can lead to
erroneous decisions. The factors that contribute to sampling errors are termed *“sampling
uncertainties.”

Spatial heterogeneity, at the scale of most traditional grid-based sampling strategies, is a
large contributor to sampling uncertainty. The problem is that collecting very few high-
quality samples causes investigations to miss important areas of contamination and
thus to fail in defining the true extent of contamination, particularly discrete contami-
nation “hot spots.” When only a very few small samples are collected, data interpreters
have little choice but to attempt to extrapolate the results of those few samples analyzed
in a fixed laboratory (often as small as a few grams) to volumes of the medium the samples
are required to represent, which may be six orders of magnitude (or more) larger. Statisti-
cal calculations (such as the calculation of a mean) include the assumption that the result
from a very small sample within a grid block represents the contamination concentration
for the entire grid block. The degree to which this is a valid assumption depends on how
the CSM was constructed (i.e., how the data interpreter thinks the contamination got there
and whether the release mechanism is likely to produce uniform contaminant concen-
trations) (Crumbling, 2002). Ill-conceived site characterization, which makes it appear
that contamination is more widespread than it actually is, needlessly increases the cost
of cleanup when clean environmental media are lumped together with contaminated
material, unnecessarily increasing the volume of media to be remediated, while artificially
decreasing the efficiency of the remedial approach (ITRC, 2003).

Overall uncertainty in the data set used to develop and revise the CSM is best managed
using less-expensive analyses (such as field-based analyses) that allow an increase in the
number of samples collected for the same budget (Crumbling et al., 2001). In a site charac-
terization program employing one of the improved approaches described later in this
chapter, high numbers of less-expensive, field-based analyses are used to develop the
CSM and greatly reduce sampling-related uncertainties. Fewer carefully selected, more
expensive fixed-laboratory analyses are then used to manage analytical uncertainty.
These analyses are reserved for samples of known representativeness to answer questions
that the less-expensive field analyses cannot address. In this way, the improved approaches
to site characterization use a second-generation data quality model that departs from the
traditional practice of using analytical uncertainty as a surrogate for overall data uncer-
tainty, which is flawed. By carefully and expressly managing sampling uncertainty, these
improved approaches to site characterization keep the project team focused on all
sources of data uncertainty and guide the selection of sampling point locations and
investigation techniques to minimize decision errors (Crumbling et al., 2003).

The Problem of Sample and Data Representativeness

In evaluations of environmental data quality by application of the PARCC parameters
(Precision, Accuracy, Representativeness, Completeness, and Comparability), the criterion
of representativeness is often overlooked or misunderstood. Representativeness is of para-
mount importance to data quality and is defined as the degree to which sample data accu-
rately and precisely represent a characteristic of a population, parameter variations at a
sampling point, or an environmental condition (U.S. EPA, 1987). Representativeness is a
qualitative parameter that depends primarily on proper design of the sampling program
(Jenkins, 1996) — the sampling design must be structured so that data can be confidently
extended from a sampling point to a larger volume of material. The planners of
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environmental investigations have historically understood representativeness as narrowly
relating only to parameter variation at a sampling point, thus placing more emphasis on
analytical accuracy and precision and on completeness and comparability of chemical data.
Environmental data may be accurate, precise, complete, and comparable, but if they are
not representative of site conditions, they become meaningless. If such data are used with
the belief that they are representative, they could be relied upon to design a remedial
approach that turns out to be ineffective, which could be financially disastrous. The prin-
cipal reasons for overestimating or underestimating the extent of contamination at a site
usually stem from improper design of the sampling and analysis program, including:

- Nonrepresentative samples analyzed for the correct contaminants
- Representative samples analyzed for the incorrect contaminants
- Nonrepresentative samples analyzed for the incorrect contaminants

All three of these situations present a distorted view of the conditions at the site under
investigation and are equally useless for planning monitoring or remediation activities
(Popek and Kassakhian, 1998).

The concept of representativeness demands that the scale (spatial, temporal, chemical
speciation, etc.) of the supporting data be the same (within tolerable uncertainty bounds)
as the scale needed to make the intended decisions (i.e., does acceptable risk exist or not;
how much contamination must be removed or treated; what treatment alternative is appro-
priate; what environmental matrix requires monitoring; what analytes to monitor for; and
where, when, and how to sample) (Crumbling, 2002). Because of the effects of heterogeneity
previously described, collecting samples or data that are truly representative at the scale of
decisions about risk, monitoring, or remediation demands thinking on different scales,
which is not commonly done in traditional site characterization programs. For example, dis-
crete contamination patterns (such as hot spots) may only be discovered if the investigation
is conducted using a sample spacing of only a few meters in the horizontal plane and less
than a meter (or continuous sampling) in the vertical plane. Hot spots are rarely detected if
the sample spacing is 50 to 100 m horizontally and more than a meter vertically, which is
often the case using the traditional approach (Figure 2.15). However, it is not resource
effective to characterize all relevant properties at a site in a representative way at all possible
scales, so there must be a rationale applied to decide which scales are important. The
purposes of project planning are to develop an understanding of the scale over which
decision making will occur, to identify what uncertainties need to be resolved for defensible
decision making to occur, and to design a data collection scheme that provides the
information to manage those uncertainties (Crumbling, 2002).

In spite of the fact that environmental investigators have accumulated significant
experience in environmental site characterization, at least one U.S. EPA report indicates
that many investigators historically had a poor understanding of, or ignored, the data
guality objectives (DQO) process (U.S. EPA, 1994). According to this EPA document, in
their work plans, environmental investigators adhered to strict analytical protocols and
data validation procedures (i.e., focusing on analytical accuracy and precision) to
achieve data quality goals, rather than focusing on the overall project objectives and the
means to fulfill them. In addition, because of financial and project scheduling pressures,
investigators often reduced the number of samples and sampling locations (thereby
reducing data representativeness), while substituting the correct analytical methods
with irrelevant tests. Placing undue emphasis on expensive analytical protocols and
data validation invariably leads to misleading conclusions about site conditions and
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FIGURE 2.15

Collecting a few widely spaced samples (with regard to both horizontal and vertical separation) for expensive
fixed-based lab analysis is rarely sufficient to accurately depict complex site conditions or even to achieve a
goal as simple as locating contaminant hot spots. A much more representative data set and, therefore, a better
understanding of site conditions, can be generated by collecting a larger number of more closely spaced
samples for less-expensive analyses, without sacrificing data quality.

ill-conceived plans for monitoring or remediation. Instead, investigators should focus on
understanding the objectives of the investigation, identifying the intended use of the data,
developing representative sampling program designs, and using field analytical tech-
niques capable of generating high-quality results. Greater emphasis on geostatistical
analysis, which is better suited to modeling spatial patterning, will produce more
cost-effective sampling designs than classical statistical models.

Careful management of sample representativeness was inconceivable from a cost
standpoint, when data from standard fixed-laboratory analyses were the only data that
regulatory agencies would accept. It was much easier to oversee data quality if that
concept was defined in terms of analytical method and laboratory performance. The
problem with defining data quality in those terms is that analytical data are generated
from environmental samples, which are collected from environmental media that are
inherently heterogeneous. Even perfect analytical quality is no guarantee that sample
collection will produce data that are representative of site conditions. The more hetero-
geneous the matrix, the more likely it is that a data set will be skewed by sampling
program design and collection of a small number of samples relative to the volume of
the matrix the samples are required to represent (Crumbling et al., 2003).

To be successful in terms of providing representative data, a site characterization program
must be designed to provide spatially dense three-dimensional coverage of critical data over
portions of the site that are of particular interest to investigators (i.e., contamination source
zones, preferential flow pathways, and exposure points). The three-dimensional approach,
employing a variety of investigative methods and tools (including many types of field
analytical methods that produce high-quality data), allows very accurate delineation of
subsurface contamination, critical physical characteristics, important features controlling
contaminant movement, and accurate estimations of contaminant mass in all phases. All
of these factors must be well defined for investigators to evaluate the applicability of reme-
dial alternatives and the effectiveness of the remedial approach selected (Barcelona, 1994).
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Another complicating factor is that decisions about risk are usually based on an estimate
of average conditions within a matrix to which receptors are exposed. In contrast,
decisions about risk reduction (remediation) strategies are usually based on discriminat-
ing between zones with higher levels of contamination requiring remedial attention
and zones with lower levels of concentration that may not require treatment or
removal. If data are not representative, in terms of the decision being made (averages in
one case and extremes in the other case), using the data will lead to flawed decisions
(Crumbling et al., 2003). The older data-quality models, which consider data quality
only in terms of analytical method performance, ignore sampling uncertainties and the
importance of matrix heterogeneity. Given what we know today, this cannot be con-
sidered sound science. It is imperative that environmental professionals update their
data-quality model to reflect current scientific thinking. The technology, tools, field
methods, and sampling strategies now exist to cost-effectively implement a sounder
data quality model.

An even more compelling reason to update old data-quality models is to reduce the
financial and liability risks created when nonrepresentative data lead to erroneous
decisions. Attempts to save resources in the short run by skimping on the site character-
ization program ultimately wastes far more resources than could possibly be saved when
erroneous decisions result in constant revisions to remedial plans. Popek (1997) observed
that reductions in the comprehensiveness of the field investigation, based on budgetary
considerations, schedule-driven approval of incomplete plans, and superficial or
protocol-oriented reviews by technically unqualified regulatory agency personnel, all
come back to haunt stakeholders at remediation time. Remedial action case histories
have, in fact, proved that the perception of site conditions based on traditional site investi-
gation approaches does not reflect reality. Use of incomplete site investigation data often
leads to underestimating or overestimating the extent of contamination, sometimes on an
alarming scale. In either case, ramifications may be substantial with respect to remediation
budgets and public perception of the environmental industry.

Objectives of Environmental Site Characterization

The major objectives of most environmental site characterization programs are to provide
an understanding of site physical conditions (soils, geography, geology, hydrology, and
biology), to assess the type, distribution, and extent of surface and subsurface contami-
nation, and to define contaminant transport pathways, locations of potential receptors,
and routes and points of exposure. This allows investigators to evaluate regulatory com-
pliance, determine the risks posed by the site to human health and the environment, assess
the appropriateness of long-term monitoring, evaluate the need and responsibility for
remediation, and determine the appropriate cleanup levels. The types of sites requiring
characterization typically include controlled and uncontrolled hazardous waste sites
(Figure 2.16); controlled and uncontrolled industrial and municipal solid waste and
other nonhazardous waste disposal sites (Figure 2.17); petroleum product refining, trans-
mission, and storage sites (Figure 2.18); and sites involved in real-estate transactions
(Figure 2.19). Each site investigated will have a unique set of circumstances surrounding
the problems that must be uncovered, and investigators will have to establish and meet
project-specific objectives to define those circumstances.

Some of the more common (and some not so common) project-specific objectives of
environmental site characterization programs include:

. Determining ambient environmental conditions at a small site in preparation for
a property transfer or for preparing a landfill permit application
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FIGURE 2.16
U.S. EPA or state-designated Superfund sites are among the types of sites at which environmental site
characterization programs are routinely conducted to determine the optimum remedial approach for the site.

Determining ground-water conditions (depth to ground water, presence of
water-table or confined conditions, flow direction and rate, gradient, etc.) in
preparation for establishment of an ambient monitoring program

Determining both ground-water conditions and the presence or absence of
contaminants in ground water, for the purpose of designing a compliance
ground-water monitoring program under Resource Conservation Recovery Act
(RCRA)

Determining the extent of contamination in a ground-water system, for the
purpose of establishing an assessment monitoring program under RCRA

FIGURE 2.17

Municipal and industrial solid-waste landfills, regulated under RCRA Subtitle D, require site characterization in
preparation for installation of detection ground-water monitoring wells. If routine monitoring detects the
presence of contamination, then additional characterization is required to establish an assessment monitoring
program to determine the extent, rate, and direction of movement of the contamination and then to clean it up
if necessary.
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FIGURE 2.18

The many potential source areas for contamination at petroleum product storage and distribution terminals
include the pipeline supplying the product, the above-ground tanks storing the products, the above and
below-ground tanks storing the additives, the piping that distributes products and additives to the loading
rack, and the loading rack where the additives are mixed with products and tanker trucks are filled. The
products and additives that are typically stored at these facilities have significantly different characteristics
and behave very differently when released to the environment.

- Determining the nature and three-dimensional extent of several phases of
environmental contamination for complex mixtures of chemical contaminants
in several environmental media at a site, in preparation for a Superfund site
remediation program

- Assessment of site suitability for disposal or land treatment of industrial or dom-
estic liquid or solid wastes

FIGURE 2.19

Environmental site characterization programs are widely used at sites where property transfers are conducted
with the hope that the site is not contaminated or that it can be cleaned up with a minimum of effort and sold
for a profit. The need to conduct a cost-effective, yet thorough site investigation is emphasized in these cases.
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- Assessment of site suitability for some future land use, which may be compro-
mised by site characteristics such as flooding, seismic activity, or landslides

- Delineation of ground-water or well-head protection areas

- Evaluating soil suitability for agricultural practices to minimize soil erosion and
contamination from agricultural chemicals

Data Required from an Environmental Site Characterization Program

Conducting an environmental site characterization program with the project objectives
and the eventual endpoint in mind helps investigators to focus on collecting the types,
quantity, and quality of data required, which results in a more cost-effective investigation.
Successful monitoring or remediation of a contaminated site depends in large part on the
ability of the site characterization program to collect sufficient data to accurately define a
few important factors including:

- The location and extent of the primary and secondary source areas for the con-
taminants released at the site, the likely volume released, and the manner in
which it was released (rate and duration for continuous releases and cycle for
intermittent releases)

. The nature (physical and chemical properties) of the contaminants present in
the various environmental media at the site and the major chemical, physical,
and biological processes that may affect contaminant distribution (i.e.,
dissolution, advection, dispersion, diffusion, sorption [adsorption, absorption,
and desorption], precipitation, volatilization, biotransformation, and biodegra-
dation) and how the contaminants are likely to behave (in terms of fate and
transport) in a subsurface environment

- The three-dimensional distribution and concentrations of the contaminants in all
environmental media at the site in all phases (residual phase [adsorbed onto and
trapped between soil particles], dissolved phase [dissolved in soil pore water,
ground water, and surface water], vapor phase [in the pore space of unsaturated
soils], and non-aqueous phase [either LNAPL above the water table or DNAPL
resting on the top of the first confining layer]), to allow quantification of the
mass of contaminants present

- The soil, geological, and hydrogeological conditions at the site, particularly the
degree of heterogeneity that exists (focusing on the presence of preferential
pathways and barriers to movement) and how that may influence contaminant
behavior

. The presence of potential exposure pathways and receptors including water
supply wells (municipal, domestic, agricultural, and industrial), surface-
water intakes, buildings with basements, utility corridors, and sensitive ecologi-
cal areas

A comprehensive list of the specific types of data that are typically required to be gener-
ated by an environmental site characterization program to address these factors is
included in Table 2.1.

The site characterization program must be structured to collect a sufficient quantity of
these types of data that are of a quality sufficient to meet the program objectives — this
is the key to establishing useful long-term monitoring programs, to establishing realistic
cleanup goals, and to selecting appropriate remediation technologies.
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TABLE 2.1
Types of Data Typically Required by an Environmental Site Characterization Program

Soil and unconsolidated geological material parameters
Type or nature
Texture, grain size distribution, degree of sorting (gradation), bulk density, degree of heterogeneity, sedimentary
structures (lamination, cross-bedding, erosional features, etc.), degree of weathering, degree of induration,
nature of origin (alluvial, glacial, marine, lacustrine, aeolian, etc.)
Distribution
Thickness, areal extent, topographic location
Physical properties
Air permeability, capillarity, temperature, color
Hydraulic properties
Hydraulic conductivity (saturated and unsaturated), permeability, porosity (type and amount; total and effective),
matric potential, wettability, moisture content, specific retention, transmissivity, storativity, specific yield,
infiltration, or percolation rate
Chemistry
Mineralogy, cation exchange capacity, organic carbon content, pH, nutrient content, redox potential, major ions
Microbiology
Microbial population (type and numbers)

Geological parameters (bedrock)
Type
Lithology (rock type — granular vs. fractured vs. solution channeled), stratigraphy, grain size distribution (in
sedimentary rocks)
Distribution
Thickness, areal extent, boundaries, outcrop areas
Physical properties
Structure (fractures, faults, folds, discontinuities)
Hydraulic properties
Hydraulic conductivity, transmissivity, porosity (type and amount; total and effective)
Chemistry
Mineralogy

Ground-water parameters
Conditions of occurrence
Confined/semiconfined/unconfined/perched, depth to water table/capillary fringe, water-level fluctuations,
relationships with surface water, recharge and discharge areas and amounts, thickness and areal extent of
each aquifer and each confining bed, interconnections between aquifers
Conditions of movement
Flow direction, gradients (horizontal and vertical), flow velocity, natural variations (i.e., seasonal and tidal)
Physical properties
Temperature and turbidity
Chemistry
pH, major ions (nitrate, sulfate, iron, manganese, etc.); dissolved oxygen, methane, carbon dioxide and
hydrogen sulfide content; organic carbon content; redox potential; specific conductance; total dissolved solids;
salinity; background (upgradient) levels of contaminants of concern; seasonal fluctuations in chemistry
Microbiology
Microbial population (type and number)
Patterns of use
Type (municipal, residential, commercial, industrial, agricultural), amount, locations of points of use

Surface-water parameters
Conditions of occurrence
Static vs. dynamic, drainage pattern and area, width and depth, elevation, presence of obstructions to flow,
stratification, relationships with ground water
Conditions of movement
Flow direction, gradient, flow velocity, inflow and outflow volumes, sediment transport or deposition regime,
flood frequency and duration
Physical properties
Temperature, turbidity and suspended solids

(Table continued)
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TABLE 2.1 Continued

Chemistry
pH, major ions, dissolved oxygen content, specific conductance, total dissolved solids, BOD, COD, background
(upstream) levels of contaminants of concern
Microbiology
Microbial population (type and number)
Patterns of use
Type, amount, locations of intakes

Contaminant parameters
Type
Inorganic vs. organic vs. biological
Physical properties
Solubility or miscibility, density or specific gravity, viscosity, surface tension, volatility (vapor pressure and
Henry’s law constant), adsorption coefficient (K4 for inorganic materials; K,. for organic compounds),
dielectric constant, mobility, toxicity, reactivity, ignitability, corrosivity, biodegradability, persistence
Chemistry
Chemical composition, concentration (in all media, in all phases — vapor, dissolved, NAPL, residual),
speciation (metals), degradation products or pathways
Distribution
Media impacted, areal extent, vertical extent, phases present
Details of release
Type of release (catastrophic/periodic/long-term), location, volume, time since release, source type (point/diffuse)

Facility parameters
Type
UST, AST, landfill, surface impoundment, etc.
Location
Above grade, below grade, location relative to property boundary, accessibility
Design and construction features
Liners, leachate collection systems, overfill protection, berms, dispensers
Operational details
Waste and product types handled, throughput (volume), treatment and discharge points
History and period of use

Other important parameters
Area involved
Geomorphology and topography
Climatic conditions
Water balance (precipitation vs. evapotransportation), temperature, prevailing wind direction and speed,
frequency of climatic extremes
Vegetative cover
Types, area covered, diversity, seasonal changes
Surrounding land uses
Types (residential, commercial, industrial, agricultural, etc.), history of use, activities (present and past)
Presence and proximity of receptors
Man (buildings with basements, public and private water supply wells, utility corridors), wildlife (surface water,
wetlands, sensitive ecological areas)
Presence and proximity of anthropogenic influences
Pumping wells, injection wells, recharge basins, dewatering operations (quarries, sand and gravel operations,
mines, excavations)

Approaches to Environmental Site Characterization
The Conventional or Traditional (Phased) Approach

Until the mid-1990s, environmental site characterization programs were almost exclu-
sively conducted using a phased or staged approach, in which the field work was
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carried out and data were collected in a piecemeal fashion over several mobilizations to
the site (Nielsen, 1995). In the early 1980s, when this approach was first applied to sites
with environmental contamination, there were good reasons to adopt a carefully
staged approach to site characterization. First, there was a need to build a baseline of
knowledge in this relatively new field, then there was a need to deal with the tremendous
difficulty involved when attempting to predict contaminant behavior in complex and
highly heterogeneous hydrogeologic settings. In addition, the analytical methods of the
time — established in U.S. EPA’s SW-846 (U.S. EPA, 1996a) — required the use of carefully
documented analytical procedures and the controlled environment of fixed laboratories
for proper implementation of quality control oversight. When these factors were com-
bined with the periodic budgeting cycles for most government-funded and private-
sector work, it is not difficult to understand how multiple phases of work became the
accepted approach, even though it proved to be very expensive and time consuming
(ITRC, 2003).

The objective of the phased approach is to gradually learn enough about site conditions
by progressing from an initial phase of the investigation, where the understanding of site
conditions is very limited, through a second phase, where the understanding is better but
not optimum, to a third phase, and so on, until a sufficient level of understanding of site
conditions has been achieved. Some site characterization programs using this approach
have lasted for several years or more, many without generating the type, quantity, or
guality of data required to satisfy project objectives. While many traditional environ-
mental site characterization programs have eventually succeeded, they have generally
done so at an unnecessarily high cost to the site owner or operator. The typical sequence
of events followed using the phased approach is described in detail in the following two
sections.

Phase |

In Phase I, a review of available site background information (Figure 2.20) is conducted by
the project staff to provide a basis for developing a sampling and analysis plan. Most
investigators using the phased approach start by using a grid-based sampling strategy
in an attempt to maximize coverage of the entire site, while keeping analytical costs in
line. For most media, the sampling strategy is focused on the plan view. The number
and locations of all sampling points and the analytical methods to be used are predeter-
mined by the project manager (who manages the project from the office), and the work
plan is rigid. The work plan usually requires regulatory approval prior to implementation
and is static in its application, often containing no provisions for changes in direction
based on what is learned in the field investigation (e.g., the locations of buried utilities
or other obstacles to drilling or the discovery of contamination hot spots). After approval,
which may take weeks or months, the work plan is set into motion and samples of relevant
environmental media (soil, soil gas, ground water, surface water, or sediment) that may be
affected by site operations, and other relevant field data are then collected by junior field
staff. In investigations conducted for the purpose of preparing for long-term ground-water
monitoring or soil and ground-water remediation, the sampling program focuses on
sampling soil, geologic formation material, and ground water.

Depending on the size of the site, anywhere from a few to a few dozen soil borings may
be drilled, normally using a hollow-stem auger (Figure 2.21), typically on 100 to 200 ft
centers to define shallow soil conditions and site geology. Borings are generally
sampled using a standard split-tube sampler (Figure 2.22) either every 5 ft in depth or
at every change in formation material detected by the drilling contractor. Samples are
examined in the field to determine physical characteristics (i.e., grain size, color, degree
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FIGURE 2.20

In both the traditional environmental site characterization approach and the more modern characterization
approaches, a review of existing site information is conducted to provide investigators with information upon
which decisions on how to conduct the field investigation are based. This important step is used to gain
insight into general site conditions and identify important data gaps that must be filled by the field investigation.

FIGURE 2.21

Hollow-stem auger drilling is the most widely used drilling method for shallow soil sampling and well
installation in traditional site characterization programs. This 4.25in. I.D. auger makes an 8in. diameter
borehole and produces one 55 gallon drum of drill cuttings for every 17 ft of drilling.



Environmental Site Characterization 59

FIGURE 2.22

Standard 18 to 24 in. long, 2in. O.D. split-spoon samplers are the most widely used soil sampling method
in traditional site characterization programs. Depending on the materials sampled, recovery can range
from 100% (shown here in a sand and fine gravel) to less than 15 or 20% (in dense, stiff clays or saturated fine sands).

of sorting, and moisture content) (Figure 2.23) and to detect the presence of visually
evident soil contamination (Figure 2.24). Samples are usually screened in the field using
a device appropriate for the contaminants of concern (i.e., a flame ionization detector
[FID] or a photoionization detector [PID] for volatile organic compounds [VOCs])
(Figure 2.25). A selected number of soil samples (usually one per soil boring) are then
packaged (usually crammed into large sample jars with screw lids) and shipped to an
off-site (fixed) laboratory for chemical analysis, with a waiting period of 6 to 10 weeks
for analytical results (depending on the analytical protocols used). The analytical
methods used would be specified based either on the review of existing information
and best professional judgment or on specific regulatory requirements. Drums of
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FIGURE 2.23

Samples or portions of a sample not destined for lab analysis are examined in the field to determine physical
characteristics, using one of several available soil classification systems and a standard set of sample
descriptors including color, moisture content, organic matter content, and other descriptors as noted in Table 2.1.
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FIGURE 2.24
If a sample exhibits obvious signs of contamination (such as the dark zone approximately 4 in. below the top of
this sample), then that portion of the sample is typically containerized and set aside for lab analysis.

potentially contaminated drill cuttings (approximately one drum of cuttings [Figure 2.26]
forevery 17 ft of drilling in a hole drilled using a 4.25 in. I.D. hollow-stem auger) are stored
and sampled. These samples are also packaged and shipped to a fixed laboratory and
analyzed to determine the proper disposal method for the cuttings.

A minimum number of ground-water monitoring wells (Figure 2.27) are usually
installed in a few (normally four) preselected locations, with only existing information
(usually very limited general information) to use as guidance and with the hope that
most of the wells will be downgradient of the area of interest. Wells are usually installed
in some of the same soil borings from which the soil samples were collected, partly
because of the convenience of having the hole already drilled. Well design usually consists

FIGURE 2.25

Depending on the types of contaminants expected at the site, one of several types of field screening tools, such as
this PID (just right of center in the photo), is typically used to determine the presence or absence of contamination
in the samples collected at the site.
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FIGURE 2.26

Drums of investigation-derived waste (IDW) produced by drilling soil borings at a small service station site with
a hollow-stem auger. Sampling, analyzing, storing, and disposing of these materials can consume a significant
portion of the budget in a traditional site characterization program.

of 2in. PVC casing and screen, with slotted casing of the same slot size and length
(normally 10 ft) and filter pack materials of the same grain size for all wells at the site,
regardless of thickness or grain size of the zone of interest. Ground-water levels are
collected from the wells (Figure 2.28) to determine ground-water flow direction and
gradient only in the horizontal plane, without regard to the potential for vertical
flow or vertical gradients. Ground-water samples are usually collected with a bailer
(Figure 2.29) after purging three to five well volumes of water and thoroughly agitating
and mixing the water column in the well and incorporating formation solids into the

FIGURE 2.27

Ground-water monitoring wells are often used to characterize ground-water conditions during traditional site
characterization programs. For small sites (and even some large sites), the convention has been to install one
well in an upgradient position (if gradient is known) and three wells in downgradient positions. This
minimalistic approach is a carry over from early requirements for monitoring at RCRA Subtitle D sites and is
often inadequate to depict true ground-water conditions, even at small sites.
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FIGURE 2.28

Water-level measurement is required to determine the hydraulic gradient and ground-water flow direction across
a site. Such measurements in individual, short-screened wells (with less than 10 ft long screens) are adequate for
making such determinations where ground-water flow is strictly horizontal. However, if there is a vertical
component to flow, wells screened at different depths (or multilevel monitoring systems) are required to
discern vertical gradients. (Photo courtesy of Jim Quince.)

sample. Drums of potentially contaminated purge water (sometimes more than one drum
per well) (Figure 2.30) are stored and later sampled and the samples analyzed to deter-
mine an appropriate disposition for the purge water. Ground-water samples may or
may not be filtered in the field (Figure 2.31) to remove formation solids. Samples are pack-
aged and sent to an off-site laboratory (Figure 2.32) for analysis for a range of parameters
determined by examining existing site information or by consulting regulatory require-
ments. In some cases, the methods specified do not match the matrix to be analyzed,

FIGURE 2.29
The bailer is the ground-water sampling device most often used in traditional ground-water sampling programs,
even though it is very difficult to collect a representative sample with this device (see Chapter 15).
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FIGURE 2.30

Using traditional well-volume purging, as suggested by many regulatory agencies, results in the generation of
large volumes of purge water. Managing this IDW, like that generated during drilling, adds unnecessary cost
to the investigation.

FIGURE 2.31
Bailers typically produce samples loaded with suspended sediment that do not represent the condition of in situ

ground water. In an attempt to “fix” the sample, many samplers use filtration to remove the sediment. For the
reasons discussed in Chapter 15, this is not the way to collect a representative sample.
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FIGURE 2.32

Following ground-water sample collection, sample containers are labeled, packed into an appropriate container
(usually a cooler), and shipped with a chain-of-custody form to a fixed-base analytical laboratory. A 6 to 10 week
waiting period for analytical results then begins.

and little attention is paid to whether the analytical method is appropriate to produce the
data required to meet project objectives. Sampling personnel are demobilized and return
to the office before any analytical results are available. After another 6 to 10 week waiting
period for analytical results, all of the analytical data (soil and ground water) are
assembled and evaluated in the office in conjunction with other data collected during
the review of existing information and the field investigation. Data interpretation is
conducted months after the field investigation, anomalous results are noted, data gaps
are identified, and a report is prepared to document the results of the investigation.

The results of the Phase | investigation are usually focused on mapping the boundaries
of the contamination, rather than on defining the source area (where contamination levels
are highest) or locating the most significant contaminant mass. Because of the gene-
rally small number of data collection points specified in the work plan for Phase I,
results usually indicate a need to expand the scope of work including the collection of
more samples and the installation of more wells in different locations. The next phase
of the investigation is then planned to resolve anomalies and uncertainties raised
during Phase I, to fill in the data gaps, and to ensure that all aspects of the soil and
ground-water system (background, upgradient, downgradient, and other areas) are ade-
quately characterized. In some cases, the lack of sampling points in areas where contami-
nation actually is present may falsely indicate that no contamination exists, thereby
signaling a premature end to the investigation. This can lead to incorrect decisions regard-
ing the need for further work at the site and a false sense of security on the part of the site
owner or operator. This may, in turn, lead to legal consequences for the investigator or the
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site owner or operator when contamination that should have been detected by the inves-
tigation is uncovered in the future.

Phase Il and Beyond

Phase Il of the site characterization program, which requires the preparation and regulat-
ory approval of a second work plan, would build on the data collected in the Phase | field
investigation and the review of existing information. Phase Il would focus on those areas
at the site where contamination was detected, particularly if those areas represented
potential preferential contaminant migration pathways or exposure pathways for recep-
tors. The same sampling strategy, the same field investigation methods, and the same
analytical methods would generally be used in this and subsequent phases. This
process continues, through Phase Ill, Phase IV, and beyond, until the extent of contami-
nation is adequately defined (as determined by the project manager, who may not have
visited the site at all) and a sufficient number of wells are installed to constitute a long-
term ground-water monitoring system.

The number of mobilizations required to implement the phased approach and the need
to analyze samples in an off-site, fixed laboratory significantly increase the cost of the
investigation. Those who favor the phased approach usually do so because it is what
they and their predecessors have always used. They contend that the expense of investi-
gating the site in a number of phases can be recovered through progressively more
selective sampling, based on data gathered in previous phases. However, employing the
phased approach requires a great deal of time (often 6 months to more than a year, even
at a small site) and, during this time, contamination can spread, making it more expensive
and difficult to monitor or clean up. Because the project manager, who is often the only one
authorized to make changes in the work plan (if changes are allowed), is in the office
during the investigation, the junior field staff have to contact project manager for approval
of any changes in the work plan or the scope of work made necessary by unexpected site
conditions. This makes the process very inefficient. Additionally, many investigators using
this approach tend to think in only two dimensions and focus on defining the horizontal
limits of a contaminant plume, rather than looking at it as a three-dimensional problem
or locating and quantifying contaminant mass, which is much more important from a
remedial design standpoint. Because of the increased cost and difficulty of continuously
sampling geological materials (and sampling at greater depths) and installing nested or
clustered wells or multilevel sampling devices to define the vertical extent of soil and
ground-water contamination, many phased investigations ignore the three-dimensional
nature of subsurface contamination and only partially define the problem. The site con-
ditions reported are thus often incomplete or incorrect, resulting in ineffective designs
for long-term monitoring or remediation programs.

With increasing emphasis on making environmental site characterization projects (and
the risk assessment, monitoring, or remediation programs that follow) “cheaper, faster,
and better” beginning in the early 1990s, and with concurrent advances in the technology
applied to site characterization projects’, the phased approach began to fall out of favor
(Nielsen, 1995). In particular, technologies developed to allow rapid acquisition of soil,
soil-gas, and ground-water samples (often continuously) and to collect subsurface
profile information on a variety of important parameters for describing soil and
ground-water conditions in situ and in real time, without generating large quantities of
investigation-derived wastes (IDW) (i.e., direct-push [DP] technologies [see Chapter 6]
or sonic drilling [see Chapter 5]). At the same time, technologies developed to analyze
samples for a broad range of environmental contaminants in the field and in real time
(i.e., field-portable GCs for organic chemicals and x-ray fluorescence [XRF] equipment
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for metals, see later sections in this chapter). Combining these capabilities allowed com-
pressing the phased approach into one or two mobilizations to the site. This paved the
way for a new generation of site characterization approaches that promised significant
reductions in the time and cost required for site characterization programs, along with
improvements in the data collected and overall project efficiency.

Improved Approaches to Environmental Site Characterization

Background

Most of the new-generation approaches to environmental site characterization take their
cues from one of two historical approaches to site investigation used outside the environ-
mental arena, the method of multiple working hypotheses or the observational method.
The method of multiple working hypotheses, first described by Chamberlain (1890),
was applied to the study of geology. This method involves an iterative process that
progresses as follows:

. Begin by observing some aspect of geology for which an explanation is sought

- Develop multiple theories or hypotheses to provide possible explanations for
what is observed (i.e., create a conceptual model based on sparse information
to describe a geologic feature for which more than one explanation is possible)

- Use the hypotheses to make predictions

. Take measurements and make further observations in the field to test these
predictions and to confirm or refute one or more of the hypotheses

- Either draw the conclusion that one of the hypotheses is true or refine the concep-
tual model based on the field measurements and observations

- Repeat the process until only one plausible explanation remains to account for the
geologic feature being studied

This method is well suited to use in the initial stages of environmental site characteriz-
ation because the relative difficulty in making direct observations means that conceptual-
ization of potential migration pathways for contaminants is based on a relatively limited
number of observations for which more than one explanation is possible.

The observational method, a systematic approach to engineering under conditions of
uncertainty, was used by Dr. Karl Terzaghi for applied soil mechanics investigations
from the 1920s to 1950s and documented by Bjerrum (1960) and Peck (1969; 1975). It is
an investigative process for geotechnical characterization of soils and geotechnical engin-
eering design in which characterization, design, and construction proceed hand-in-hand.
The observational method recognizes that while considerable time, expense, and effort can
be devoted to attempting to characterize complex subsurface conditions, residual site
uncertainties can be significant and modifications to design and construction are to be
expected. Observations regarding the change and response of the soil system as construc-
tion proceeds are used to modify the engineering design. A critical element of the
method is an early assessment of the most probable conditions and the most unfavorable
conceivable deviations from these conditions. The observational method employs the
following key elements (Peck, 1969):

- Exploration sufficient to establish at least the general nature, pattern, and prop-
erties of subsurface deposits, but not necessarily in detail
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- Assessment of the most probable conditions and the most conceivable deviations
from these conditions

- Establishment of the design based on a working hypothesis of behavior antici-
pated under the most probable conditions

- Selection of quantities to be observed as construction proceeds and calculation of
the anticipated values on the basis of the working hypotheses

- Calculation of the same quantities under the most unfavorable conditions compa-
tible with the available data concerning the subsurface conditions

- Selection in advance of a course of action or modification of design for every
foreseeable significant deviation of the observational findings from those
predicted on the basis of the working hypothesis

- Measurement of quantities to be observed and evaluation of actual conditions
- Modification of the design to suit actual conditions

Applications of the observational approach to the U.S. EPA Superfund Remedial Inves-
tigation/Feasibility Study (RI/FS) process have been described by Mark et al. (1989),
Brown et al. (1989), and Brown (1990). The principal feature of the observational
method that makes it applicable to hazardous waste site investigations is its explicit
recognition of uncertainty. From a technical perspective, the subsurface environment
presents substantial uncertainty that plagues accurate source characterization, assessment
of contaminant distribution and chemical fate and transport, and assessment of exposure
risks. The observational method fundamentally recognizes that uncertainty is present
and uses a structured approach to determine the appropriateness of a design as it is
being implemented. It requires planning for potential unfavorable conditions and
potential design modifications. In this application, the emphasis in the RI stage is
on gathering information to establish general site conditions, constructing and
confirming a conceptual model, and identifying most probable conditions and reasonable
deviations from those conditions as the basis for a flexible approach to remedial design.
The use of the observational method in this application involves the following (Mark
et al., 1989):

- Evaluate existing data and conduct an investigation sufficient to establish the
general nature, pattern, and properties of the physical setting and the contami-
nants present. The level of site characterization depends on the site and the
expected general response actions.

- Assess the most probable site conditions and maximum credible deviations from
these conditions. The most probable site conditions are working hypotheses
based on interpretation of available data and are not necessarily based on a
statistical evaluation. The maximum credible deviations from the most prob-
able conditions do not represent worst-case scenarios or maximum conceivable
contaminant concentrations, but credible conditions based on interpretation of
existing data. If a reasonable working hypothesis of the most probable site
conditions cannot be developed, additional site investigation is required.

. Evaluate alternatives and establish a remedial design based on the hypothesis of
the most probable site conditions.

- Calculate or estimate the physical and chemical conditions expected to be
observed during implementation and operation of the remedial action, given
the most probable site conditions.
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. Calculate or estimate the same parameters for the remedial action given
maximum credible deviations from the most probable site conditions.

- Select a course of action based on the most probable conditions and prepare con-
tingency design modifications for foreseeable maximum credible deviations.

- Construct and operate the selected remedial action, monitor the selected par-
ameters, and evaluate the observed conditions with respect to the working
hypothesis of the most probable conditions and credible deviations.

. Modify the remedial action through the predetermined course of action to suit
actual conditions, as required.

The observational method does not place any limits on the types of information to gather or
provide specific guidance on sampling program design or on investigative methods that are
appropriate for use for subsurface investigations. The key is to gather the information
required to develop a conceptual model or working hypothesis as efficiently as possible.
Information gathering not only supports conceptual model development but also confirms
its underlying assumptions. Assumptions that cannot be confirmed establish the basis for
identifying conceivable or reasonable deviations. The key to knowing when to stop the
iterative process of site investigation and refinement of the conceptual model is finding
that the remaining uncertainties can be handled as reasonable deviations (Brown, 1990).

Descriptions of Improved Approaches to Environmental Site Characterization

Several different improved approaches to environmental site characterization have
evolved from the methods described earlier. These approaches have all been developed
since the mid-1990s, under slightly different names and applying to different types of
sites, but following the same basic principles. They include:

. The Accelerated Site Characterization (ASC) approach described in the ASTM
Standard Guide for Accelerated Site Characterization for Confirmed or Suspected
Petroleum Releases (ASTM Standard E 1912 [ASTM, 2004a]) and in Taylor and
Erikson (1996), and the Expedited Site Assessment (ESA) approach described
in U.S. EPA’s “Expedited Site Assessment Tools for Underground Storage Tank
Sites” (U.S. EPA, 1997a). Both of these apply primarily to small sites mainly
involved with the storage and handling of petroleum products (i.e., service
stations or petroleum distribution terminals).

. The Expedited Site Characterization (ESC) approach described in the ASTM Stan-
dard Practice for Expedited Site Characterization of Vadose Zone and Ground-
Water Contamination at Hazardous Waste Contaminated Sites (ASTM Standard
D-6235 [ASTM, 2004b]) and several U.S. Department of Energy Documents
(Burton, 1993; Burton et al., 1995; U.S. DOE, 1998, 2001). This approach applies
mainly to large sites known or suspected to be contaminated with hazardous wastes.

- The Triad approach described in “Technical and Regulatory Guidance for the Triad
Approach: A New Paradigm for Environmental Project Management” (ITRC, 2003)
and in several U.S. EPA documents (Crumbling, 2001a; Crumbling et al., 2003; U.S.
EPA, 2004b). This approach is designed to apply to all types of contaminated sites.

- The Dynamic Field Activities (DFA) approach described in several U.S. EPA
Superfund Program documents (U.S. EPA, 2001a, 2003). This approach applies
primarily to Superfund (CERCLA) sites at which uncontrolled disposal of
hazardous wastes is known to have occurred.
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Although the basic principles for all of these approaches are the same and the philosophies
followed in each approach are similar, there are some subtle (and not so subtle) differences
in implementing these approaches which require that each approach be discussed separ-
ately. These discussions are followed subsequently.

Like the traditional approach, all of the improved approaches to environmental site
characterization involve conducting a review of existing information on the site and stres-
sing the importance of developing a comprehensive understanding of the probable site
conditions so that accurate predictions regarding contaminant source areas, contaminant
distribution, and presence of preferential migration and exposure pathways can be made.
However, from this point on, the improved approaches differ substantially from the tra-
ditional approach. After the following discussions of each approach, the elements that
are common to all approaches (and the differences in application of these elements
inherent in each approach) are described in detail.

Accelerated Site Characterization

ASC is a process for rapid and accurate characterization of a site at which a confirmed or
suspected petroleum product release has occurred, in one mobilization of equipment and
personnel. The process requires a significant amount of up-front planning and flexibility in
its application, a review of existing information, and development of a CSM to use as a
basis for planning the field investigation. It makes use of rapid sampling tools and
techniques, field analytical methods, and on-site interpretation of field data to refine the
conceptual model as the investigation proceeds. The ASC process requires a senior
on-site manager to evaluate and interpret data as they are generated and to make decisions
to guide the investigation in the field. Evaluation of field data concurrent with the inves-
tigation allows the on-site manager to select subsequent sampling points and adjust
the overall sampling and analysis plan or the scope of the investigation based on actual
site conditions, resulting in a more comprehensive and cost-effective snapshot view of
subsurface conditions. A level of communication must be established between the
on-site manager, the site owner or operator, the regulatory agency, and other interested
parties prior to the beginning of the site characterization program. The ASC process
applies specifically to collecting and evaluating information on site soils, geology, and
hydrogeology; nature and distribution of COCs; contaminant source areas; and potential
exposure pathways and points of exposure.

The most important feature of the ASC process is the on-site iterative process — a
logical, scientific approach to site investigation that senior personnel in the field
follow to meet site characterization objectives. A flow chart of the ASC process is pre-
sented in Figure 2.33. While many of the steps in an ASC program are similar to
those used in a traditional site characterization program, the iterative approach to field
activities requires the use of a flexible or dynamic work plan and includes the following
activities:

- Analysis, evaluation, and interpretation of field-generated geologic, hydrogeolo-
gic, and chemical data as they are collected

- Continuous refinement of the CSM and development of an improved under-
standing of site conditions using field-generated data

- Modification of the sampling and analysis program to address any adjustments
in the scope of work made necessary by site conditions

- Collection of additional data necessary to complete the site characterization and
meet the objectives of the investigation
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FIGURE 2.33
Flow chart for the ASC process. (From ASTM, 2004a. With permission.)

A major factor in the application of the ASC approach is selecting the right tools for the
field investigation and building in the flexibility to change tools as site conditions dictate.
The emphasis is on using rapid sampling tools (Figure 2.34) and advanced field analytical
methods (Figure 2.35) that provide high-quality data upon which important decisions
may be based. Rather than focusing on producing laboratory-quality data for a relatively
small number of samples, as a traditional site characterization program does, the emphasis
in an ASC program is on producing analytical data of sufficient quality for decision
making for a much larger number of samples. The sheer number of samples greatly
reduces uncertainty, provides greater confidence in the results of the investigation, and
allows for comprehensive three-dimensional quantification of impacts on soil and
ground water at a fraction of the cost of a conventional investigation.

The advantages of using the ASC process include (ASTM, 2004a):

- Immediate identification of potential risks to human or environmental receptors
or potential liabilities or both

- Rapid determination of the need for interim remedial actions, site classification,
and prioritization
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FIGURE 2.34

The emphasis of the ASC approach (and all other improved site characterization approaches) is on using rapid
sampling tools that produce minimal amounts of IDW, like this DP rig. These rigs are highly versatile, mobile, and
low-profile and can be easily operated by a two-person crew to produce 300 ft or more of continuously sampled
borehole in a single 8 to 10 h work day. (Photo courtesy of Geoprobe Systems.)

5890 ==L

FIGURE 2.35

Highly sophisticated field-based analytical equipment can be used to produce data of the same quality as those
produced by lab-based equipment, at a lower cost and higher level of convenience. Because samples are analyzed
in the field immediately following collection, sample errors due to shipping, handling, and holding time
exceedances are eliminated. Because analysis costs less, more samples can be analyzed for the same budget.
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- Rapid sample collection and analysis, real-time or near-real-time analytical
results, and maximum data comparability

- Optimization of sampling point locations and analytical methods
- Greater number of data points for resources expended
- Nearly immediate data availability for accelerating corrective action decisions

. Collection of vertical and horizontal data, allowing for three-dimensional
delineation of COCs in soil, soil vapor, and ground water

Expedited Site Characterization

The ESC process originated in 1989 out of work conducted at the U.S. Department of
Energy’s Argonne National Laboratory in Argonne, lllinois (Burton, 1993; ASTM,
2004b). The process was first successfully applied in 1992 at several landfills in New
Mexico operated by the U.S. Bureau of Land Management. It has since been used at
sites operated by the U.S. Department of Agriculture (in Nebraska and Kansas), the
U.S. Department of Energy (Savannah River Site in South Carolina; Pantex Plant in
Texas; St. Louis Airport in Missouri), and the U.S. Department of Defense (many
locations), at a former manufactured gas plant in lowa, and at an oil refinery in Katowice,
Poland (U.S. DOE, 1998; ASTM, 2004b), among other sites.

ESC is a process for identifying vadose zone, ground water, and other relevant contami-
nant sources and migration pathways and for defining the distribution, concentration, and
fate of contaminants for the purpose of providing the necessary information to choose a
course of action (i.e., long-term monitoring, risk assessment, active remediation, or no
further action) that addresses the risks posed by the site to human health and the environ-
ment. Generally, the process is applicable to larger-scale projects such as Superfund reme-
dial investigations, RCRA facility investigations, and petroleum releases at large facilities
such as refineries, although it can also be applied to other contaminated sites. The process
is not as useful for small petroleum release sites (e.g., service stations), real-estate property
transfers, or sites where contamination is limited and does not threaten ground water, or at
which the cost of remedial action is likely to be less than the cost of site characterization. At
sites where it can be applied effectively, the ESC process should provide a greater quantity
of higher-quality information for decision making at a lower cost and in a shorter period of
time than traditional site characterization.

The ESC process focuses on collecting only the information required to meet site
characterization objectives and on ensuring that characterization ends as soon as objec-
tives are met. Central to the ESC process is the use of judgment-based sampling and
measurement to characterize site contamination in a limited number of field mobiliza-
tions (usually two). An ESC program is led by senior technical personnel operating
within a framework of a dynamic work plan that allows the flexibility of selecting the
type and location of samples and measurements needed to optimize data collection
activities and adjusting the work plan in the field to respond to site conditions. The
on-site analysis, validation, and interpretation of field data and the continual integration
of those data into a CSM are important features of an ESC program. ESC employs an
iterative process for developing and testing multiple working hypotheses aimed at
reducing uncertainty through the use of a CSM that is continually revised as data are
obtained in the field.

The ESC process is based on good scientific practice and is flexible enough to accommo-
date a variety of different approaches to collecting environmental data, but it is not tied to
any particular regulatory program, site investigation method or technique, analytical
method, or data evaluation methodology. Appropriate investigation techniques used in
an ESC program are highly site specific and are selected based on the professional
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judgment of a core technical team. Whenever feasible, noninvasive or minimally invasive
methods are used. Appropriate chemical analytical methods are equally site-specific. Ana-
lyses may be conducted in the field (preferred where appropriate) or in the laboratory,
depending on data quality requirements, required turnaround time, and costs.

The Triad Approach

To support the scientific and legal defensibility of decisions involving contaminated sites,
the U.S. EPA has advocated the use of the Triad approach, a conceptual and strategic fra-
mework that explicitly recognizes the scientific and technical complexities of environ-
mental site characterization, risk estimation, and remedial design (Crumbling et al.,
2003; U.S. EPA, 2004b). In particular, the Triad approach acknowledges the fact that
environmental media are fundamentally heterogeneous on a variety of scales, which
adds complexity to sampling program design, analytical method performance, and
spatial interpretation of environmental data. The approach integrates systematic planning,
dynamic work plans, and real-time measurement technologies (the three elements of the
“Triad”) to reduce decision uncertainty and achieve more efficient and cost-effective site
characterization. Most of the ideas expressed in the Triad approach are not new — what
is new is the effort to comprehensively incorporate these ideas into the next-generation
model for site characterization and cleanup practices supported by the U.S. EPA.
Table 2.2 lists the major components of the Triad approach.

The Triad approach specifically focuses on identifying, understanding, and managing
sources of decision uncertainty that could lead to decision errors. When scientific data
are used to provide input into the decision-making process, the uncertainty in those
data needs to be managed to a degree commensurate with the desired level of decision
confidence. Because most data uncertainty stems from sampling variability and a lack
of data representativeness, the Triad approach maximizes the use of new sampling,
analytical, and measurement technologies to cost effectively increase sampling density
so contaminant distribution and spatial heterogeneity can be characterized at the scale
of project decisions. Better site characterization (leading to decreased uncertainty) is
also possible because plumes can be chased and three-dimensional spatial patterns of con-
tamination can be delineated in real time by revising the sampling program design on a
daily basis as new information is acquired.

The Triad approach takes advantage of scientific and process improvements in three
basic areas: systematic project planning, dynamic work strategies, and real-time measure-
ment technologies (Figure 2.36). Systematic project planning is the most important
element in the Triad approach. This element encompasses all tasks that produce clear
project objectives and decisions, which describe unknowns (uncertainties) that could
cause erroneous decisions, and that foster clear communication, documentation, and
coordination of all project activities. Having clear project goals spelled out upfront
allows project planners (a multidisciplinary team of experienced technical staff) to
develop effective data-collection strategies to achieve these goals. Project planners must
identify the type, quantity, and quality of data needed to satisfy project objectives. This
improves the quality of the investigation activities because data collection can be done
more efficiently and the uncertainties that stand in the way of achieving project goals
can be more easily addressed. A key product of the systematic planning process is the
initial CSM, a planning tool that organizes what is known about a site and identifies
what more must be known about the site to make the decisions that will achieve the
project goals. The CSM thus also serves as the basis for developing a dynamic work plan.

The word “dynamic” describes work strategies designed around consensus-derived
decision logic. This element of the Triad approach is based on real-time decision making
that can quickly direct and refine field work as new information becomes available.
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TABLE 2.2

Major Components of the Triad Approach

Component Answers
Project initiation
Systematic project planning Assemble project team Who
Define project objectives What
Identify key decision makers Why
Define decisions to be made
Develop initial CSM
Project start-up
Dynamic work strategy Ongoing revision of the CSM What
Draft adaptive work plan and sampling strategy or decision logic Why
Develop detailed analytical strategy: field-based or fixed lab How
Develop data management plan When
Develop quality assurance project plan Where
Develop HSP Who
Plan approval
Adaptive work plan Client/regulator/stakeholder review and approval Who
implementation Refine project decision logic and finalize plans What
Why
How
Field program
Real-time measurement Sampling and analysis to fill data gaps When
technologies Data validation, verification, and assessment Where
Who
What
How
Are project objectives met?
Decision making Evolve or refine CSM Why
Modify adaptive work plan What
Client/stakeholder/regulatory review and approval How
Who

Source: ITRC, (2003). With permission.

THE TRIAD

Systematic Dynamic
Project Work
Planning Strategies

FIGURE 2.36

Management

Real-Time
Measurement
Technologies

The three elements of the Triad approach (systematic project planning, dynamic work strategies, and real-time
measurement technologies) are integrated to produce an accurate CSM upon which decisions regarding risk

and remediation are based.
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FIGURE 2.37
Real-time measurement technologies, including surface geophysics (in this case, electromagnetic conductivity),
are a cornerstone of the Triad approach.

Real-time decision making, which requires the presence of experienced staff in the field,
greatly improves the efficiency of the investigation and significantly reduces project lifetime
costs and duration by making multiple mobilizations unnecessary. Overall project quality
and decision confidence are also improved because more data can be collected for the
same budget, and these data can be used in a rapid feedback loop to fill important gaps
in the CSM. It is critical to use the CSM as a tool to avoid sampling errors and to interpret
results from data sets derived from various data collection activities.

Real-time measurement technologies, the third element of the Triad approach, make
real-time decision making possible. These technologies include surface geophysics
(Figure 2.37) and other imaging technologies, rapid sampling and in situ measurement
platforms (Figure 2.38), field-based analytical methods (Figure 2.35), and rapid turn-
around from mobile and fixed laboratories. Another important aspect of the Triad
approach is the data management program, which requires software packages for
processing, displaying, and sharing data, so that the CSM can evolve while the field inves-
tigation team is at the site. Together, real-time measurement technologies and dynamic
work plans work hand-in-hand so that data collection is focused and informative
(ITRC, 2003).

The Triad approach is an outgrowth of the natural evolution of the environmental
industry in response to imperatives that include evolving economic considerations and
improved science and technology for site characterization. It is not narrowly focused on
a single U.S. EPA program — it is applicable to all types of environmental programs.
The concepts behind the Triad approach apply to any type of site, no matter what stage
of investigation and no matter what size. The approach applies to sites in any setting,
no matter how complex, and any type of contaminant, whether LNAPL, DNAPL,
dissolved phase, vapor phase, or residual phase.

Dynamic Field Activities

DFAs are hazardous waste site assessment, characterization, monitoring, and remediation
activities that combine on-site data generation with on-site decision making. They are
called “dynamic” because activities are designed to incorporate change as new
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FIGURE 2.38

Rapid sampling and in situ measurement platforms, such as the DP rig depicted in Figure 2.34 and this cone
penetration testing (CPT) rig, can be used to collect real-time in situ profiling data or samples for ex situ
analysis (in conjunction with field-based analytical methods) to speed up the site-characterization process.

information is obtained, thus accommodating the iterative nature of environmental inves-
tigations in the field and minimizing the number of mobilizations necessary to reach asite
decision. Because of its flexible approach to data collection, the DFA approach is
applicable to all stages of the Superfund response process (U.S. EPA, 2001a, 2003).

DFAs provide an iterative, flexible framework for collecting data and making decisions
at hazardous waste sites throughout the cleanup process. Figure 2.39 illustrates the four
major steps included in the DFA process, which include:

. Using a systematic planning process

- Preparing a dynamic work plan

- Conducting iterative sampling, sample analysis, and data evaluation
- Writing a final report

The key feature of this process is that it uses a dynamic work plan that is flexible enough to
allow changes in sampling and analytical activities to occur in the field so that project
objectives can be attained in a minimum number of mobilizations. These work plans
provide the blueprint for how adjustments are to be made. It is important that senior tech-
nical personnel, who have both the experience and the authority to make important
decisions in the field, conduct the field investigation so the process is seamless.
In addition, important to the success of this approach is the use of field-based analytical
methods as the primary source of data used in decision making. Through effective use
of these resources, DFAs have the ability to significantly reduce the time and cost of the
field investigation, while improving the quality of the data collected and the quality of
site decisions.

As used in the DFA process, systematic planning is a common-sense approach to ensure
that the level of detail in project planning is commensurate with the intended use of the
data and the available resources. It requires that all interested parties (investigators, site
owner or operator, regulators, and others) collaborate to establish clear project objectives
and communicate during the project to ensure that objectives are still reasonable and that
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Analyze Samples

FIGURE 2.39
The four major steps in DFA approach: systematic planning; dynamic work plans; iterative sampling, analysis,
and data evaluation; and the final report. (From U.S. EPA, 2003.)

they are being met. Systematic planning is an iterative process that begins at the outset of
the project and continues throughout project implementation. To facilitate the use of the
systematic planning process, U.S. EPA guidance recommends the use of data quality
objectives (U.S. EPA, 2000a). Regardless of the formal process used, systematic planning
will entail:

- Reviewing existing site information
- Selecting key personnel
- ldentifying project objectives

- Developing an initial CSM and modifying it as the investigation produces
additional data

- Preparing sampling and measurement strategies
- Selecting appropriate analytical methods, equipment, and contractors

The development of an initial CSM is an essential activity because it pulls together all of
the existing site information in an easily understood format such as a series of maps, cross
sections, and diagrams that depict soil and geological conditions, surface-water and
ground-water conditions, contaminant concentrations, potential migration pathways,
locations of human and environmental receptors, and other information important to
understanding site conditions. The initial CSM is a valuable tool used in the selection of
appropriate sampling, analytical and in situ measurement tools, and the creation of
sampling and analysis plans. As more data are collected, both the CSM and project objec-
tives are revised as needed so that subsequent site decisions can be based on them.
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For example, if the initial CSM is based on an assumption of random contaminant releases,
investigators may choose a random grid to begin sampling at the site. If the investigators
discover through initial sampling that there is a pattern to the contamination, they would
alter the sampling strategy and project planners may need to fine-tune project objectives to
ensure that the type, quantity, and quality of data collected is appropriate. Systematic
planning must also establish processes for quickly integrating collected data into the
CSM and transmitting it to off-site interested parties.

The dynamic work plan is written after the initial phase of systematic planning has
been completed. This document provides the project team with the lines of communi-
cation and agreed-upon criteria required to facilitate decision making in the field. It is
simply an outline of a sequence of activities that accommodate decision making and
involvement of interested parties to keep the project moving forward. To do this effec-
tively, a dynamic work plan employs an adaptive sampling and analysis strategy,
which consists of an initial sampling and analysis plan that is modified in the field as
additional data are collected and analyzed. Dynamic work plans tend to make use of
innovative technologies that produce data in real time, which is necessary for on-site
decision making. In particular, dynamic work plans incorporate rapid sampling
methods and field-based analytical methods because they provide a cost-effective
means of reducing uncertainties by allowing more data points for the same budget.
The dynamic work plan should include contingencies so that unexpected findings or
unsuccessful methods that make changes in the plan necessary can be dealt with
without causing delays in the field work. The dynamic work plan must be accompanied
by other documents that address specific elements of the work to be conducted at the site
and that support the on-site decision-making process. These documents include a Field
Sampling Plan (FSP), a Quality Assurance Project Plan (QAPP), a Site Health and
Safety Plan (HSP), and a Data Management Plan (DMP). These plans provide a higher
level of detail than the dynamic work plan and include the standard operating procedures
required to conduct daily activities at the site.

Finally, DFAs use an iterative sampling, analysis, and data evaluation strategy that
allows the project team to continually revise the CSM in the field until they are satisfied
that they have reached project objectives, thus minimizing the number of mobilizations.
Because data are available within minutes or hours of sampling, decisions can be made
in real (or nearly real) time. Experienced personnel are an essential component of this
process because their knowledge is needed to evaluate and interpret results and to
guide the progress of the project. Typically, a very experienced and multidisciplined
field manager will supervise field activities and ensure that appropriate personnel have
the information they need to generate and evaluate field data. At the conclusion of field
activities, a report is written to document results and provide guidance on a subsequent
course of action.

Other Improved Approaches to Environmental Site Characterization

A few other improved approaches to environmental site characterization have been
developed by a variety of groups, including Federal and state government agencies
and contractors, environmental consulting firms, and research labs. Because all of these
approaches include most of the same elements as the approaches described earlier, but
in different combinations, they will not be described in detail here. The interested
reader is directed to the references cited. These approaches include the following:

- The Rapid Site Assessment approach, used by the Florida Department of
Environmental Protection’s Drycleaning Solvent Cleanup Program (Applegate
and Fitton, 1997)
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- The Field Assessment Screening Team (FAST) approach, used by Martin Marietta
Energy Systems at U.S. DOE sites (Nickelson and Long, 1995)

- The Rapid Adaptive Site Characterization approach, used by Stone Environ-
mental, Inc. (Pitkin, 2001) and The Johnson Co. (Moore, 2000)

- The QuickSite approach, used by the U.S. Department of Energy (U.S. DOE, 2004)
- The Source Area Mapping approach, used by McLaren and Hart (Gelb et al., 1998)

. The Dynamic Site Assessment approach, used by Weiss Associates (Thiesen and
Weiss, 1990)

- The Technical Project Planning approach, used by the U.S. Army Corps of Engin-
eers (U.S. Army Corps of Engineers, 1998)

- The Streamlined Approach for Environmental Restoration (SAFER), used by the
U.S. Department of Energy (U.S. DOE, 1993)

- The Superfund Accelerated Cleanup Model (SACM) approach, used by the U.S.
EPA (U.S. EPA, 1988, 1989a, 1992)

Elements of an Environmental Site Characterization Program

Whether an investigator chooses to use the conventional or traditional approach or one of
the improved approaches to environmental site characterization, he or she will have to
employ a few common elements to provide a structure for the investigation. Some inves-
tigations will use all of the elements described subsequently and others will use only a few.
Some investigations will use the elements exactly as described subsequently and others
may employ only portions of each element. For the sake of brevity, each element is
described in the context of how it would be used as part of a typical ASC/ESC/Triad/
DFA approach, with significant departures from the norm noted where they apply for
each approach.

Systematic Project Planning

The ASC/ESC/Triad/DFA approaches are all applied on the principle that the quality of
an investigation depends on achieving a level of decision confidence that meets the expec-
tations of the interested parties for a successful project outcome. To reach the desired
outcome, the project team makes specific technical, regulatory, economic, and engineering
decisions, each with inherent uncertainty. Detailed and systematic project planning
provides project staff with effective ways to ensure confidence in the project outcome,
despite the presence of uncertainties that affect project decisions.

The ASC/ESC/Triad/DFA approaches all depend on some level of systematic project
planning to support an effective environmental site characterization program, although
it is more heavily emphasized in the Triad and DFA approaches. In the planning phase
of a project, investigators specify the intended use of the environmental data to be col-
lected and plan the management and technical activities (i.e., sampling and analysis)
required to generate the required data. Systematic planning is based on the scientific
method and includes such concepts as objectivity of approach and acceptability of
results (U.S. EPA, 2000b). It applies equally well to small, simple sites and large,
complex sites. It is a common-sense approach designed to ensure that the level of
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detail in planning is commensurate with the importance and intended use of the data,
the decisions to be made, and the available resources. Through a systematic planning
process, the project team can develop acceptance or performance criteria for the
quality of the data collected and for the quality of the decision. Systematic planning
is not only the first step in implementing an effective environmental site charac-
terization program, but also an iterative process that takes place throughout project
implementation.

Systematic planning for any environmental site characterization program will entail the
following steps:

- Select key project personnel

- ldentify project goals and objectives

- Define decisions to be made

. Establish DQOs

. Review existing site data

- Conduct site reconnaissance

- Develop an initial CSM

- ldentify data gaps in the CSM and constraints to data collection

- Establish the type, quantity, and quality of data needed from the field investigation

. Design a data collection and analysis program to address how, when, and where
data will be collected

- Evaluate and select site characterization field methods for data collection
- Prepare a dynamic work plan to implement the field investigation
- Prepare supporting work plans to complement the dynamic work plan, including:
a. A Sampling and Analysis Plan (SAP)
b. A Quality Assurance Project Plan (QAPP)
c. A Site Health and Safety Plan (HSP)
d. A Data Management Plan (DMP)

. Describe methods for data analysis, evaluation, and interpretation, which
address the intended use of the data

Establishing a project team with a cross-section of necessary technical and project man-
agement skills and experience is of fundamental importance to successful project plan-
ning. However, technical skills alone are not enough to carry a project and the team
must include interested parties with a variety of backgrounds and perspectives including
regulators, representatives of the site owner or operator, and other stakeholders. All of
these individuals should be involved from the outset to ensure that their input is included
in the development of project goals and objectives.

Systematic project planning always involves establishing clear goals and objectives to
guide the investigation — the importance of this cannot be overemphasized. Very often
during the course of performing environmental investigations, insufficient attention is
paid to establishing clear goals and objectives for the work required, sometimes leading
to unproductive investigations that fail to efficiently gather the information necessary
for scientifically and legally defensible decisions. With objectives clearly defined, available
resources can be used more effectively.
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Another very important component of systematic planning is developing an initial CSM
and revising the CSM as data are collected during the field investigation. Planning with
the desired project outcome in mind reveals which data gaps in the CSM are truly critical
and require attention. This applies regardless of whether the ultimate goal of the project is
to design an effective long-term monitoring system, conduct a comprehensive risk assess-
ment, or prepare a remediation plan.

Optimization of data collection is a central theme of systematic project planning.
The data collection program designed to fill data gaps in the CSM should be tailored
specifically to address the decisions to be made, to avoid straying from the stated
project objectives and wasting resources. Systematic planning, as applied in the Triad
approach, focuses data collection efforts by starting with the desired project outcome
and working backwards through the project decisions that influence project outcome,
the CSM that is the basis for project decisions, the data needed to produce the initial
CSM and revise it in the field, and the details of sampling and analysis needed to
produce the required data (ITRC, 2003; Figure 2.40). As the site characterization
program is implemented, the samples collected are used to generate the data required
to revise the CSM, and the CSM is then used to make decisions about whether the
desired project outcome can be achieved.

Another theme that is emphasized in systematic project planning is the need for quality
control (QC). The project QC program must be comprehensive enough to detect deviations
from expected performance and to allow for estimation of sampling and analytical uncer-
tainties, as well as their impact on decision making. QC procedures will vary by sample
collection and analytical technology and in accordance with the type of decision to be
made. Varying the levels of analytical quality through the mixing and matching of
methods offers potential cost and time savings, but the added complexity that this
produces with respect to the QC program must be carefully managed.

In summary, systematic project planning combines several familiar project planning
activities with a few important new tasks, such as early focus on project outcome and
identification of key decision points. To successfully apply one of the improved
approaches to environmental site characterization, these new tasks must be fully inte-
grated into the planning process. Failure to include all facets of systematic project
planning can result in failure to achieve the desired project outcome. With a focus on
managing and reducing decision uncertainty, systematic project planning allows site
characterization programs to be done right the first time.

Systematic Project Planni:r>

Project Project Conceptual Data
Qutcome Decisions Site Model Collection

<]oject Implementation/Resolution
FIGURE 2.40

The relationships between systematic project planning and project implementation. Systematic planning tailors
data collection by starting at the highest level (the desired outcome) and working downward into the details
of sampling and analysis (arrow pointing right). As the work strategy is implemented, the data produced are
used to revise the CSM which is, in turn, used to make decisions about whether the outcome can be
satisfactorily achieved (arrow pointing left). (From ITRC, 2003. With permission.)
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Selecting Key Project Personnel

The selection of qualified and experienced personnel is a very important element of
conducting a successful environmental site characterization program and is highly
project- and approach-specific. For example, guidance available for the ASC approach
simply requires that an on-site manager be present during the course of the field investi-
gation to make decisions to guide the characterization (ASTM, 2004a). No levels of experi-
ence and no fields of expertise are specified for the on-site manager. The authors’
experience suggests that a senior staff person (with 10 years or more of field experience)
with expertise in the field of hydrogeology (and experience examining and interpreting
data from different disciplines) is the best choice for this position. The on-site manager
must have sufficient experience to be able to interpret highly complex sets of geologic,
hydrogeologic, geophysical, chemical, and other data as they are generated. They must
also have the experience and authority to adjust sample locations or the scope of the
investigation as needed. Otherwise, an ASC has little chance of successfully achieving
the objective of fully characterizing the site in one mobilization.

Guidance available for the Triad approach suggests that experienced technical staff
(geologists, hydrogeologists, chemists, engineers, etc.) must be involved in all aspects of
the site characterization program from the outset. They should have the expertise to
identify the most resource-effective characterization tools for collecting data at the site,
they must be familiar with both the established and more innovative tools of their disci-
pline, and they must be able to work together to construct a workable sampling strategy
for the site. For example, the hydrogeologist must be familiar with the cost and perform-
ance issues associated with conventional drilling methods, as well as more innovative and
less costly DP technologies. The geologist must understand how uncertainties due to
sampling considerations (where, when, and how samples are collected) affect the repre-
sentativeness of data generated from those samples and thus the ability of those
samples to provide accurate site information (Crumbling, 2001b). The chemist must
know the relative merits of traditional sample preservation, preparation, and analysis
methods, as well as the strengths and limitations of innovative techniques, especially
field-based analytical methods. The chemist must also have the experience to identify
potential sources of interference that may occur during sample analysis and know how
to adjust the method to correct for this. When risk assessment is part of a project, the invol-
vement of a risk assessor at the beginning of the project is vital to ensure that meaningful
data will be collected for risk assessment purposes. When project planners wish to express
desired decision confidence objectively and rigorously in terms of statistical certainty
levels, statistical expertise is required to translate the overall decision goal into data collec-
tion and sampling strategies. Because sampling design and analytical strategy interact to
influence statistical confidence in final decisions, collaboration between the project
chemist, geologist, hydrogeologist, and statistician is key to selecting a strategy that can
achieve project objectives accurately and cost effectively (Crumbling, 2001a). During the
investigation, these staff must be either in the field or available via telecommunications
to guide the unfolding investigation in real time as directed by the project work plan
(ITRC, 2003).

The ESC and DFA approaches are more specific in terms of personnel requirements and
provide a better indication of what levels of experience are required for the staff selected
for most environmental site characterization programs. Both the ESC approach and the
DFA approach advocate formation of a core technical team, headed by a team leader
and typically consisting of three or four professionals with expertise in geology, hydro-
geology, chemistry, and geophysics — other areas of expertise may be included as appro-
priate. The technical team leader manages the investigation from the field and has overall
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responsibility for development of work plans; execution of field activities; data manage-
ment, evaluation, and interpretation; communication with the site owner or operator,
regulatory agency staff, and stakeholders; keeping the investigation moving forward at
a reasonable pace; and generation of final project deliverables. This role generally requires
a multidisciplined individual who exhibits a high level of professional judgment and has
at least 10 years of field experience in managing and conducting site investigations. This
individual has final decision-making responsibility within the framework provided by the
dynamic work plan and must have experience in integrating information from multiple
disciplines into a CSM to guide field investigation activities.

The core technical team members generally include a project geologist, a project hydro-
geologist, a project chemist, and a project geophysicist, each with 5 to 10 years of field
experience in their respective disciplines and specific knowledge regarding the operation
of specialty equipment to be used on the project. The relative importance of required areas
of expertise will vary somewhat from project to project, but other expertise that may need
to be represented on the core technical team includes soil science, hydrology, geomorphol-
ogy, stratigraphy, geochemistry, sedimentology, climatology, ecology, biology, micro-
biology, risk assessment, and statistics. The team members are involved, as needed, in
all steps of the ESC/DFA process beginning with the establishment of project goals and
objectives, and need to be integrators as well as specialists. They assist in assembling
the initial conceptual model for the site and in developing sampling strategies and
work plans. They either supervise or are present in the field during data collection invol-
ving their areas of expertise, they participate in data collection, processing, and interpret-
ation and they help revise the CSM based on data collected in the field. The optimization of
field investigation activities and the quality of the final CSM are strongly influenced by the
interaction of the different perspectives of the core technical team members.

The core technical team operates with the support of a larger project team that includes
technical personnel and equipment operators involved in data collection and sampling, as
well as other support functions. Some of these team members may have a special role in
the planning phase in determining the types, quantity, and quality of data required from
the field investigation. The project team members should provide the following support
functions (not every function will be required for every project):

. Logistics

- Geoscience technical support

- Geophysics

- Drilling and DP operations

- Surveying

. Specialty sampling support (e.g., surface water, biological, air)
- Health and safety

- Chemical analytical support (field and/or laboratory)
- Data management

- Quality assurance

- Contract management

- Statistics and geostatistics

- Fate and transport analysis and modeling

- Risk assessment

- Remediation engineering
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. Community relations
- Waste management
- Information technology

For large projects, each of these roles may be filled by separate individuals. However, for
small projects, one person may be able to fill several roles to decrease costs and increase
integration of the team. For example, the project chemist might also fill the roles of risk
assessor, statistician, and quality assurance specialist or health and safety specialist,
depending upon their specific training and experience. In addition, because the total
amount of time spent on each project for each function varies considerably, some of
these functions can be performed on an as-needed basis, while others may require a
full-time commitment.

The ASC/ESC/Triad/DFA approaches all differ from the conventional or traditional
approach in that emphasis is placed on having experienced personnel in the field rather
than sending junior staff to do all of the field work. The higher cost of placing highly experi-
enced personnel in the field can generally be expected to be offset by the expert judgment
that typically reduces the time and total cost to generate an accurate CSM and by the
increased project efficiency, related to real-time in-field decision making, which experience
affords. This expert judgment is required because the heterogeneity of subsurface materials
results in highly complex contaminant distribution patterns that requires extensive
experience in data interpretation to resolve. The multidisciplinary perspective of the core
technical team functions as an on-site peer review of the evolving CSM and should help
identify inconsistencies that might be missed by a single experienced individual.

Identifying Project Goals and Objectives

Establishing the site-specific goals and objectives of an environmental site characterization
program is important to a successful, efficient, and cost-effective project, as the goals and
objectives will dictate the time and resource requirements of the investigation. Defining
objectives helps the investigator focus squarely on collecting the data that are required
to accomplish project goals and helps the investigator avoid wasting precious time and
resources gathering unnecessary information. Project objectives help determine the appro-
priate site characterization approach, the quantity and quality of samples that must be col-
lected and analyzed, and the investigative techniques and analytical methods to apply and
the order in which they will be used. The exact project objectives must be clearly defined
and agreed upon by all interested parties (i.e., the investigator, the site owner or operator,
the regulatory agency, stakeholders, and others) early in the site characterization planning
process. They should be clearly expressed in writing and referred to often during the life of
the study. Otherwise, as work progresses, there may be a tendency for the investigation to
drift from the stated goals, resulting in the collection of non-essential information, perhaps
at the expense of required information.

While this sounds straightforward, very often investigators or their clients lose sight of
project objectives in an attempt to cut investigation costs. In these cases, investigators are
left with sparse and inadequate data that provide more questions than answers regarding
the sources, types, and extent of contaminants present at a given site. While controlling
costs is important, it should not override the need to meet project objectives.

The objectives of the site characterization program should be established with the event-
ual endpoint of the project in mind (usually long-term monitoring, risk assessment, or
remediation). In general, the primary objective of site characterization will be to provide
sufficient high-quality data to either design an effective long-term monitoring program
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or to permit evaluation of remedial alternatives and then design the remediation program.
Occasionally, the initial objectives may need to be changed as the investigation uncovers
additional information. For example, the initial objective may be to define the presence
and distribution of subsurface contamination for the purpose of establishing a long-
term monitoring system. However, if the investigation discovers serious and
widespread contamination that threatens a neighboring property or a water-supply
well, the objectives may shift to evaluating the need for interim remediation and possible
remedial alternatives.

After project objectives are articulated, the uncertainties that stand in the way of
meeting these objectives can be addressed and the environmental data that must be col-
lected to reduce uncertainty can be easily defined. In generating data required to make
decisions, the sampling and analytical uncertainties inherent to environmental data gen-
eration must be managed to a level commensurate with project decision needs. Having
clear project objectives spelled out up front improves the quality of investigation activities
because data collection becomes more efficient and focused on reducing uncertainty.

Defining Decisions to be Made

To achieve the desired project outcome, a number of regulatory and technical decisions
must be made during the project. In practice, project decisions are made using a
combination of scientific data and other inputs including political, social, and economic
considerations that may be of local, regional, state, or national significance. Different pro-
jects will require that different decisions, using different sets of information, be made. A
partial list of decisions that might be made, related to using the Triad approach (ITRC,
2003) at a site, for example, includes deciding whether:

- Contamination at the site is present at levels greater than background
- Contamination at the site is present at levels greater than regulatory action levels

- Contamination has been adequately characterized in all phases (vapor, dissolved,
residual, non-aqueous phases)

- The matrix heterogeneity and variability in contaminant distribution has been
adequately addressed

- There is a threat to ground-water or surface-water resources

- People have been or are in danger of being exposed to the contamination and, if
so, by what pathways

- Environmental (ecological) receptors have been or are in danger of being exposed
to the contamination and, if so, by what pathways

- The site can be closed with no further action

. Long-term monitoring will be required at the site

- Institutional controls, such as land-use restrictions, are appropriate for the site

- Arisk-based remedial strategy is appropriate to apply at the site

- Natural attenutation is occurring and, if so, at what rate

. There are cost-effective remedial options available to address the contamination
- It is possible to apply new and innovative remedial options

Making these and other decisions requires extensive knowledge of the site physical
setting and site contamination issues, collectively referred to as the CSM, which is
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described later in this chapter. Thus, the project team’s confidence in making correct
decisions depends on its ability to construct an accurate CSM. Furthermore, because
different decisions may require emphasis on different aspects of the data comprising
the CSM, the CSM may have to be constructed in different configurations to meet the
needs of the project. A complex site may require several different depictions of the
CSM, each of which addresses a different subset of the decisions to be made to move
the project forward.

Doubts about whether decisions are made correctly create doubt (uncertainty) about the
success of the project outcome. Thus, management of decision uncertainty is a very
important goal of every site characterization project. Managing decision uncertainty gen-
erally requires development of a well-conceived sampling plan that supports the gener-
ation of large quantities of data relevant to the decisions to be made. Prior to beginning
a site characterization project, investigators must establish what levels of decision uncer-
tainty are tolerable (i.e., how much contamination can be missed by the sampling program
without causing undue risk) and establish a site-specific decision strategy that is appropri-
ate for the site.

The site-specific decision strategy is determined during systematic project planning,
with input from regulators, the site owner or operator, and other stakeholders. If very
little information is available early in the project to know what decision strategy would
be best, the systematic planning process focuses on the information needed to decide
what decision strategy makes the most sense. Factors driving the selection of one strategy
over another (e.g., selecting a cleanup strategy vs. a containment option) can be arrayed
into a matrix or decision tree, which is refined as the needed information is gathered
during the project. Selection of a decision strategy may be summarized as a series of
“if ... then” statements, which capture the relationships between drivers such as cost,
risk, cleanup vs. containment options, and stakeholder concerns. As long as all stake-
holders agree on the decision logic, final selection of the decision strategy can be a
seamless part of field implementation (ITRC, 2003).

Establishing DQOs

To facilitate the use of the systematic planning process, U.S. EPA has developed guidance
that recommends the use of DQOs. DQOs are qualitative and quantitative statements that
clarify project goals and objectives, define the appropriate type of data, and specify toler-
able levels of potential decision errors, which will be used as the basis for establishing the
type, quality, and quantity of environmental data needed to support well-informed, valid,
and defensible decisions (U.S. EPA, 2000a). DQO statements do not directly set the criteria
for the quality of data that will be gathered during the project — the process for determin-
ing the quality of data that will be needed to meet project goals must be done after the
DQOs are established (Crumbling, 2001c). Because several different levels of data
quality may be appropriate to answer the site-specific scientific and engineering questions
that must be addressed in any given environmental site investigation project, the terms
“sufficient” or “acceptable” data quality are meaningful only when the intended uses of
the data are known. Therefore, it cannot be overemphasized that cost-effective site inves-
tigations are highly dependent on anticipating data usage during the life of the site charac-
terization, monitoring or cleanup program.

DQOs are universally applicable, where the results of a sampling program will be used to
select between alternative actions (i.e., no further action vs. long-term monitoring vs.
active remediation). By helping the project team collect only those data that are needed to
answer specific questions to resolve a site-specific problem, DQOs put limited project
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resources to best use and reduce project costs (Makeig, 1995). Because each site has different
facilities, history, physical characteristics (soil, geology, hydrology, hydrogeology,
geochemistry, biology), human-related influences (utilities and pumping wells), potential
receptors, background conditions, neighboring land uses, and contaminants with unique
sets of chemical and physical characteristics and source areas, DQOs must be determined
on a site-specific basis. This means that appropriate sampling protocols and sample analysis
criteria can vary considerably from project to project (Thurnblad, 1995).

The DQO process is a systematic, iterative, and flexible planning process to develop
sampling designs for data collection activities that support decision making. The process
is focused on generating appropriate project data and is based on the scientific method. It
acknowledges that investigators do not have infinite resources to address site-specific
problems and that it is impossible to have a 100% guarantee that the right conclusion
regarding those problems has been reached. The DQO process attempts to weigh these
issues and provide a balance that is satisfactory to all interested parties between the
resources that must be committed and the uncertainty that is acceptable. It thus allows
project managers to specify acceptable data quality goals by establishing acceptable
limits on decision errors. By definition, decision errors occur when variability or bias in
the data misleads the decision maker into choosing an incorrect course of action. By
using the DQO process, the project manager provides the criteria for determining when
the data are sufficient for site decisions.

The procedure for establishing DQOs is comprised three basic steps: (1) identifying
data uses; (2) identifying data types; and (3) identifying data quality needs (U.S. EPA,
1993a). These steps are intended to provide data of rigorous quality sufficient to meet
legal challenges (i.e., defensible data). The DQO process relates the data needs to the
specific decisions that must be made at a given site and involves the following (U.S.
EPA, 2000a):

State the problem(s): The investigator, in consultation with the site owner or operator,
regulators, and other stakeholders, must concisely describe the problem(s) that
require resolution. The investigator must define overall project objectives
(outlining the scientific and engineering issues to be addressed) and review
prior field studies and existing information (fusing soft information with hard
data) to gain an understanding of the problem(s) so that the focus of the inves-
tigation will be clear and unambiguous.

Identify the decision: The investigator must identify the decision that will be required
to solve the problem(s). If more than one problem needs to be addressed, the
process can be repeated until a list of concise decision statements is formulated.
This will eliminate many of the extraneous and distracting questions that are not
critical to solving the problem(s).

Identify the inputs to the decision: The investigator must identify the information that
needs to be collected to support the decisions, the sources of that information,
and the type of data quality needed to make the required decisions.

Define the study boundaries: The investigator must specify the population of interest (all
potential sampling points from which a subset will be collected), the spatial and tem-
poral circumstances (time period and geographic area) to which decisions will apply
and within which data will be collected, and the scale of decision making (defining
the smallest subset of the population for which decisions will be made).

Develop decision rules: The investigator must integrate the decision outputs from pre-
vious steps into a single statement that describes the logical basis for choosing
among alternative actions to solve the problem(s). The decision rule can take
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the form of an “if . .. then” statement, which will make choosing between differ-
ent alternatives straightforward.

Specify acceptable limits on decision errors; The investigator, in conjunction with all
stakeholders, must set acceptable limits on decision errors, which are used to
establish appropriate performance goals for limiting uncertainty in the data.
This allows identification of the tolerance that stakeholders have for errors
made during the sampling and analysis program.

Optimize the design: The investigator must identify the most resource-effective
sampling and analysis design for generating data that are expected to satisfy
the DQOs. This allows statistical (or other) optimization of the sampling and
analysis program.

Steps 1 through 5 are primarily focused on identifying qualitative criteria and provide the
structure to help a project team articulate project goals and decisions and the project’s con-
straints (time, geographic area, budget, etc.). The sixth step defines quantitative criteria,
expressed as limits on the probability or chance (risk) of making a decision error that
the decision maker can tolerate or a statistical expression of how much uncertainty can
be tolerated in the final decision. These items must all be thoroughly understood before
the task of developing the data gathering plans that can meet those goals within the
given constraints is begun. Step 7 consists of developing project-specific sampling and
analysis plans based on the criteria developed in the first six steps. This involves deter-
mining the type and number of samples, their locations, and their volume and defining
the QA/QC activities that will ensure that sampling design and measurement errors
are managed sufficiently to meet the tolerable decision error rates specified in the DQOs.
The DQO process is thus used to define the quantitative and qualitative criteria or deter-
mining when and where to sample, how many samples or measurements to collect, and
at what desired confidence level. DQOs should express what decisions the data produced
by the sampling and analysis plan will support, but they should not specify how those data
will be generated (i.e., which sampling or analytical methods will be used) (Crumbling,
2001c).

An important part of the DQO process is developing an understanding of how uncer-
tainties can impact the decision-making process. When defining DQOs, the investigator
must determine the answer to the question “What is the acceptable probability of not
detecting a contaminated zone at the site?” Stated another way, it is necessary to identify
what degree of certainty is acceptable in determining, for example, if a certain chemical is
present at a threshold concentration at a site. Specifically, it is necessary to decide how
small a concentration is to be detected with what certainty and how small a volume of con-
taminated soil or water needs to be found. If the answer is a very small concentration and a
very small volume, then it may not be possible to meet DQOs. For example, there may be
no access to certain parts of the site, there may simply be no analytical method capable of
sufficient resolution or reliability, or the budget may not allow the collection and analysis
of enough samples (U.S. EPA, 2000b).

When technically feasible, an expression of statistical uncertainty may be desirable,
because it can be more objective if it is done in a technically valid manner. However, in
the environmental field, statistical treatment of uncertainty may not always be technically
feasible or even necessary. Qualitative expressions of decision confidence through the
exercise of professional judgment (such as a “weight of evidence” approach) may well
be sufficient, and in some cases, the only option available. An important part of systematic
planning is identifying the information gaps that could cause a decision to be made in
error. If the existence of information gaps increases the likelihood of decision error
beyond what is acceptable, then it is desirable to fill those data gaps, if it is feasible to
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do so. Planning how to gather environmental data that can acceptably fill data gaps is the
real purpose of the DQO process (Crumbling, 2001c).

Reviewing Existing Site Information

In an environmental site characterization program, one of the first and most crucial steps
after establishment of project objectives involves locating, collecting, assembling, and
organizing all available background information on the site into a manageable database
to initiate development of an accurate initial CSM. This information helps to determine
the steps that need to be carried out to characterize the site, to define what gaps exist in
the database for the site, and to determine the scope of the dynamic work plan and all
other work plans for the site. This information will also be used to help determine the
field methods required to generate the data needed to meet project objectives.

The review of existing information will help investigators save a significant amount
of time and money by ensuring that the field investigation does not duplicate efforts
that have already generated some of the data required to evaluate site conditions. It
will also make it less likely that any important factors will be overlooked during the
field investigation and subsequent phases of work (i.e., monitoring or remediation) at
the site.

Types of Information

Many different types and formats of information relevant to site environmental conditions
must be collected and reviewed, including technical and nontechnical documents (pub-
lished and unpublished), diagrams, maps, tables of “hard” data, regulatory agency files,
anecdotal information, and other “soft” information from a wide variety of sources. Any
hard data must be critically evaluated with respect to the methods used to produce the
data, and the data must be validated so that only data of adequate quality (as defined by
project objectives) are used to create the initial CSM. It is particularly important to evaluate
existing sampling and analytical data to determine how samples were collected, handled
and analyzed, and what the laboratory QA/QC performance was like on analytical work,
to ensure that the data meet stated DQOs and QA/QC controls.
The existing information that should be reviewed includes:

- Results of any previously conducted investigations at the site or on adjacent sites
(as available), including environmental, geotechnical, property transfer, and
other reports, to establish as much about general site conditions (especially
subsurface conditions) as possible

- Regional and local geologic and hydrogeologic reports, maps (Figure 2.41),
and cross-sections, to establish the nature of local geologic materials and strati-
graphy, approximate ground-water levels and flow directions, elevation of
the top of bedrock, thickness of unconsolidated materials, and major structural
features

- Current and historical topographic maps (Figure 2.42 and Figure 2.43), to deter-
mine site topography (and how it may have changed over time), to locate the site
within the regional framework, to identify possible sites to access geologic
outcrops (road cuts, stream cuts, mines, quarries, sand and gravel pits, etc.), to
identify major cultural features (power lines, pipelines, roads, rail lines, etc.),
and to locate potentially impacted surface water bodies, wetlands, and other
ecologically sensitive areas
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FIGURE 2.41

Regional geologic maps are useful tools to use to begin deciphering the general geology of the area in which the
site is located. Investigators must be careful not to rely too heavily on this information, because the scale of these
maps makes it difficult to apply the mapped information directly to the site. Site-specific geology may not be
accurately represented by information on such maps.

FIGURE 2.42
Current topographic maps are valuable sources of many types of regional information, not just topography. All

types of cultural features, many notable geomorphic, geographic and geologic features, and locations of surface-
water bodies and areas of ecological significance can be discerned by consulting these maps.
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FIGURE 2.43

For areas where both current (right) and historical (left) topographic maps are available, these maps should be
compared to detect any changes in cultural and natural features. These changes, such as former drainageways
filled in during site construction, are often of significance in an environmental investigation. Note that these
maps are at different scales, complicating the interpreter’s job. The areas on these maps are depicted in the
aerial photographs in Figure 2.62 and Figure 2.63.

- Soil surveys (Figure 2.44), to establish shallow soil conditions (generally to a
depth of 5 or 6 ft)

. Boring and well construction logs (Figure 2.45), well completion reports
or permits issued for wells (domestic, municipal, agricultural, irrigation,
industrial, geothermal, monitoring, or others) either on the site or on adjacent
properties, to establish geological and hydrogeological conditions, to identify
possible receptors, and to identify possible influences on local ground-water flow

FIGURE 2.44
Soil surveys, available from the U.S. Department of Agriculture’s Soil Conservation Service local offices (or state
equivalent offices), are excellent sources of information on shallow subsurface conditions (to a depth of 6 ft).
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FIGURE 2.45
Soil boring and well-construction logs can help establish geologic conditions at the site and can provide valuable
information on ground-water conditions.

- Site plan maps (Figure 2.46) and engineering drawings (blueprints or as-builts)
from current and former site owners or operators, for on-site waste management
units, product storage and transmission facilities, subsurface utilities, and
product and waste monitoring units

- Historical and current land-based photographs of the site, to establish past site
operational practices and to locate important site features that may no longer
be evident (old drainage ditches, old waste disposal operations, etc.)

. Historical and current property ownership and land-use records, for the site
and adjacent properties, to identify other possible sources of contamination
and contacts for possible access agreements for off-site investigation

- For product storage facilities, records of any tank tightness or leak detection tests,
inventory control records, records of pump or dispenser malfunctions, tank or
piping monitoring records, and maintenance and repair records

- Records of products, chemicals or wastes manufactured, generated, stored,
handled, or disposed on site, and methods and facilities used for storage, hand-
ling, and disposal, to establish COCs and potential source areas and to select
appropriate analytical methods

- Reports of any spills, leaks, overflows, discharges, or releases at the site or on
adjacent sites to establish potential source areas
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FIGURE 2.46
Site plan maps can orient investigators to the site and assist them in locating potential contaminant source
areas, utility corridors, and other features important to interpret other information collected during the
investigation.

- Records of any regulatory agency administrative actions (consent orders, etc.)
taken against the site or sites on adjacent properties

- Local fire department records for permits issued for fuel or flammable chemical
storage, which provide information on type of product or chemical stored; type
volume and location of storage units; and results of periodic inspections

- Property insurance records that may identify the types of products, chemicals, or
materials manufactured, stored, or used at the site and the means by which they
are stored and handled

- Fire insurance maps (i.e., Sanborn maps, available from Sanborn Mapping and
Geographic Information Service, Pelnam, NY, USA) that were prepared for
industrial and manufacturing facilities from the mid-1800s to the mid-1900s, to
identify past property uses

. Utility company and municipal utility service records, to establish locations of all
on-site underground and above-ground utilities (Figure 2.47), including sanitary
and storm sewers, water lines, gas lines, pipelines, power lines, cable TV lines,
telephone lines, septic systems, dry wells, and other conduits that may serve
as either potential obstacles to subsurface investigations or potential man-made
preferential flow pathways (Figure 2.48)

- Local and regional land-use maps (Figure 2.49), to establish surrounding land
uses, including the presence of schools, hospitals, wetlands, and other potentially
sensitive receptors within 0.25 miles of the site

- Climatic data, including data on precipitation events and patterns, evapo-
transpiration rates, prevailing wind direction, and temperature, which can be
used to estimate infiltration rates and rates and periods of ground-water recharge

. Satellite imagery and aerial photographs (Figure 2.50) of the site and the surround-
ing area, to identify historical and current structures and engineered facilities
at the site and on adjacent properties, to identify areas of vegetative stress, to
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FIGURE 2.47
Locating underground utilities is an important step preceding the field investigation to help investigators avoid

the liabilities and hazards created by drilling through these features. In most areas, one-call services are available
to locate all underground utilities on public property. On-site utilities must generally be located by other means,
such as a review of site owner and operator files, site plan maps, or engineering as-builts for the facility.

FIGURE 2.48
Underground utility corridors, such as this gas line trench excavated in native clay soil and backfilled with pea

gravel, can serve as preferential flow pathways for contaminants and ground water. In this case, petroleum
products leaked from an upgradient UST, entered the trench, and moved several hundred yards, whereas in

the native clay soil, no movement was apparent.
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FIGURE 2.49
Local land-use and property ownership maps can alert investigators to uses of neighboring properties that may
have a bearing on the investigation.

determine changes in site conditions and land use over time, and to identify linea-
ments that may indicate the presence of faults and major fracture or joint systems

- Production, shipping, receipt, inventory, and billing records to identify the types
of products, chemicals, or materials produced, used, or handled on site.

FIGURE 2.50

Among the most valuable and easily accessible pieces of existing information are simple black and white aerial
photos, which can yield a wealth of important information on surface and near-surface conditions and how these
conditions have changed over time.
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Discrepancies between received and inventoried and used and sold products,
chemicals, or materials may indicate potential losses

. Records documenting local influences on ground-water flow, including pumping
(or injection) records for on-site and off-site water supply or irrigation wells;
foundation, mine, gravel pit, or quarry dewatering operations; and stream
discharge records and river stage variations

- Material Safety Data Sheets (MSDSs) for all products, chemicals, and materials
handled on site

It is very useful to collect existing information not just on the site under investigation,
but also on surrounding properties, because they frequently affect site conditions.
This is important because other means of investigating neighboring properties (on-site
inspection, sampling, etc.) are often not available without obtaining access agreements,
which may be a point of contention (Figure 2.51).

Sources of Information

Sources of existing site information that should be contacted to provide relevant material
are many and varied and include:

- Federal government agencies, including the U.S. Department of the Interior
(Geological Survey, Bureau of Land Management, Bureau of Reclamation), the
U.S. Environmental Protection Agency, the U.S. Department of Agriculture
(Soil/Natural Resources Conservation Service, Agricultural Stabilization and
Conservation Service, Forest Service), the U.S. Fish and Wildlife Service, the
U.S. Department of Commerce (National Oceanographic and Atmospheric
Administration, National Weather Service), and the U.S. Army Corps of Engineers

- State government agencies, including environmental regulatory agencies, natural
resource management agencies, geological surveys, water resource and water
quality management agencies, health departments, and transportation departments

FIGURE 2.51
During the information-gathering stage, it is important to collect as much publicly available information on
adjoining sites as possible, as access to these sites is often a point of contention, as is the case here.
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- Regional, county, and local and municipal government agencies, including
planning agencies, water districts, health departments, utility departments
(sewer, water, electric, gas), public works and sanitation departments (landfills
and roads), departments of weights and measures, engineering departments,
title agencies, property tax assessors, building inspectors, fire marshals, and
clerks offices

- Local Universities, including departments of geology, engineering, biology,
hydrology, geography, and the university library

- Local environmental and engineering consulting firms, aerial survey firms, and
drilling contractors

. Commercial information and environmental database search firms
- The site owner and operator

Methods of Collecting Existing Information

Methods of collecting existing information are straightforward (although sometimes
time consuming) and can take various forms. Among these are traditional literature
searches; computer database searches; review of available aerial photographs; review of
regulatory and nonregulatory government agency files; searches of records of the site
owner and operator; review of other local or regional information; and interviews with
past and present employees and neighbors. Brief descriptions of these are discussed
subsequently.

Traditional Literature Searches

One of the most frequently overlooked but most useful tools in conducting site investi-
gation studies is the use of existing literature as a basis for constructing the initial CSM
for the site. A traditional literature review involves obtaining documents through tra-
ditional channels (i.e., local experts, universities, state and Federal government environ-
mental agency offices, and branch offices of the U.S. Geological Survey [USGS]) or
through computerized searches such as those conducted over the Internet.

The easiest and best way to begin a literature search is by locating the most comprehen-
sive and recent references that pertain to the subject being addressed. The lists of
other references contained in these references usually serve as a springboard for further
investigation of the literature. The challenge is to find such references without a lengthy
search. The least time-consuming method to discover good and timely references on a
subject is to contact an expert in that particular field who has published on the subject,
who is very likely to be familiar with the recent literature, or even with the site itself. A
good Internet search should also yield valuable information, but it is often difficult
to sort through the volume of material that most Internet searches uncover to pick the
references that are most relevant. Local experts are normally the best and most direct
sources of information.

The next level of effort involves the use of a few select sources of information on the
subject matter. In the area of geology and ground water, the USGS Index, state geological
and water surveys, state departments of natural resources, the U.S. Soil Conservation
Service (SCS), and selected water resources abstracts are all very useful sources of infor-
mation on soil, geologic, and ground-water conditions in a particular geographic area.
The USGS has an index of publications that is available over the Internet (www.usgs.gov)
and in most libraries. Additionally, the USGS provides periodic updates on more recent
publications. Many state geological surveys have similar indices, most of which are also
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updated periodically. For example, the New York and Illinois State Geological Surveys
have indices that are updated on an annual basis.

When the subject matter being researched is not purely related to soil, ground water, or
geology, other sources of information can be tapped. For example, one may be researching
characteristics of a particular contaminant and its behavior in the subsurface environment.
Pollution Abstracts and Environmental Abstracts Indices are good sources of information
about the related and recent literature on this subject. With the Pollution Abstracts Index,
the subject of interest is indexed alphabetically with references to abstracts contained in
larger annually updated volumes. For example, if researchers were searching for infor-
mation on chlorobenzene, they would look up chlorobenzene in the index and find refer-
ences to abstract numbers. They would then refer to the particular abstracts to evaluate
whether those articles pertain to the subject of the study. Environment Abstracts Index
has an advantage in that the index allows the researcher to see the article, title, and
subject without referring to the full abstract. Additionally, Pollution Abstracts Index con-
tains mainstream sources of literature that are pragmatically oriented. In contrast, the
Environment Abstracts Index tends to contain more esoteric information and contains
more pure research than Pollution Abstracts.

Potentially very useful sources of information on geology and ground water are the
unpublished university masters theses or doctoral dissertations. Most libraries have an
index called “Dissertation Abstracts,” which is updated periodically and lists the theses
and dissertations completed at accredited universities across the country. Often if one
is researching in a library in the same geographic area being investigated, pertinent
theses are likely to be in either that library or one in close proximity. If a thesis is
located at a university that is far away, it often can be photocopied and sent to the
researcher, provided by University Microfilms International (Ann Arbor, MI, USA), or
accessed over the Internet.

Sometimes the challenge is not in finding the literature, but finding a library that is open
to use by persons not affiliated with a particular institution. Often universities in the same
geographic area will allow persons not affiliated with the university to use library privi-
leges either gratis or for a nominal fee. When such arrangements cannot be worked out,
then a local city or county library can be used, and the information, if not available at
the municipal library, can be obtained through interlibrary loan. Most library catalogs
can also be accessed over the Internet, although copies of the actual documents may or
may not be available via this method.

For information on practically oriented government research, the National Technical
Information Service (NTIS) is a valuable source of information. NTIS has become the
reproduction service for all U.S. EPA and many other government agency documents.
In the past, the U.S. EPA published many documents that were provided free to
the public. U.S. EPA’s printing is now done only in limited numbers, but most of these
documents are available either as reproductions from NTIS or on the U.S. EPA website
(www.epa.gov), although locating specific documents without knowing the issuing
office within the agency is often a challenging task. NTIS also carries many other publi-
cations from both private noninstitutional sources and other governmental and academic
sources. An index entitled “Government Reports, Announcements, and Index” is
available from NTIS on their web site (www.ntis.gov).

Several other good sources of information are available. Among them are Georef Index,
Chemical Abstracts Index, and Index to Priority Pollutants. The Georef Index is a very
comprehensive and long-running source of geological information. Georef has both a
thesaurus to aid in finding the right indexing word and a guide to indexing. Another
source of information is Chemical Abstracts Index, which is updated monthly and recom-
piled on an annual basis. The monthly index is much more timely, but the annual index
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takes less work to research a particular topic area. Finally, the Index to Priority Pollutants
is a source of literature on particular contaminants.

Computer Literature Searches

The principal advantage of a computer literature search is that if done properly, it can scan
the appropriate literature and a large number of different databases very quickly. The
main disadvantage is that the researcher usually loses some control over the search,
because there is usually at least one middleman involved in the process. Ironically, even
though the computer literature search technique uses computer technology, the success
or failure of such a search depends on the human element. The ability of the researcher
to communicate with the research librarian is of paramount importance. Normally, most
computer literature searches are conducted at a library by a research librarian, although
it is possible for a researcher to tie into various databases and indexes by modem from
a computer terminal located at the researcher’s office. There are advantages to using a
library system or an established computer literature search system, because such
systems usually tie into a large number of databases and may tie into a computer
search middleman operator whose business is to broker large numbers of source
indices. An example of the large number of computerized databases available is shown
in Table 2.3.

When a research librarian conducts a computer literature search on behalf of the
researcher, it is of critical importance that the librarian understands the topic of interest
to the researcher. Very often the research librarian conducts an interview with the
researcher to obtain information about the topic of interest. On the basis of this interview,
the research librarian will choose several key words that can be used in combination to
scan the indices. The computer literature indices are indexed by key words. When the
information is entered by data entry personnel, they are responsible for selecting the
most important key words that pertain to a particular article. As a result, the researcher

TABLE 2.3
Representative Sampling of Databases for Computer Literature Searches

DIALOG DIALOG, BRS, and ORBIT are large commercial systems containing hundreds of
BRS computerized databases dealing with a broad scope of disciplines including technical
ORBIT and chemical literature and state and federal regulations

CELDS Computer-Aided Environmental Legislative Data System is a collection of abstracted

federal and state environmental regulations and standards. CELDS provides quick
access to current controls on activities that may affect the environment, as well as data
for environmental impact analysis and environmental quality management

DTIC Defense Technical Information Center system is the resource for information on
Department of Defense Research Development, Test, and Evaluation activities. It
provides data on all stages of Defense Research and Development planned work, work
in progress, and work completed or terminated

NLM The National Library of Medicine system contains a number of computerized databases
containing toxicological and chemical information
HAZARDLINE HAZARDLINE is a comprehensive databank providing information on over 500

hazardous workplace substances, as defined by OSHA. Also included are OSHA
regulations, NIOSH criteria documents, and information necessary for protection of
the worker and employer

CIS The Chemical Information System is an integrated online system covering a wide variety
of subjects related to chemistry
LEXIS/NEXIS U.S. federal and state case law, U.S. federal statutes and regulations, tax information,

daily news to annual reports, etc
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depends on two levels beyond their own interpretation of a particular article. The person
who enters the information into the index interprets the publication and enters key words
accordingly, and the research librarian interprets the needs of the researcher and enters
key words accordingly. Then, the computer matches the research librarian’s key words
with the key words found in the various indices.

One of the most significant conflicts confronting the researcher in conducting any com-
puter literature search is the need to assess whether it is important for a particular search
to be more comprehensive or more focused. A comprehensive search will include a wide
range of articles, some of which are not pertinent to the subject addressed by the search.
The focused or “relevant” search may exclude some articles that may be somewhat tan-
gential to the subject, but also some that may be of interest. For example, if a researcher
were investigating the literature related to the biodegradation of chlorobenzene in a satu-
rated flow system, the comprehensive literature review might include only one key word
“chlorobenzene” and the result might be any article that related to the characteristics of
chlorobenzene. A very focused search might use the key words chlorobenzene, biodegra-
dation, ground water, and southeastern USA. Unfortunately, when many such key words
are used with a subject, the result may be that no relevant research is found. A compromise
might be the use of specific subsets of keywords. For example, one might try to scan using
first, chlorobenzene and ground water, and then chlorobenzene and biodegradation in
combination.

For someone to do their own computer literature searches, it is necessary for that individ-
ual to connect a computer terminal via modem to either an intermediate database company
or the database. A company called Dialog (a subsidiary of Lockheed) is a large intermediate
computer database source. The National Ground Water Association (NGWA) also maintains
a database and computer literature search system that can be accessed either by a research
librarian at NGWA or directly by modem from a computer terminal. Any database system
will allow the individual to set up an account number, usually with a modest annual charge
and with a time charge for actual computer connect time.

For persons desiring to learn more about the art and science of computer literature
searches, there are at least two good periodicals published on the subject. One is entitled
“Data Base” and the other one is entitled “On Line.” “Data Base” tends to dwell more on
the usefulness of various databases, while “On Line” tends to focus more on the tech-
niques used to conduct successful literature or data searches. For example, “On Line”
may review searching techniques or discuss the difference between the Environmental
Index and Pollution Abstracts.

Review of Aerial Photography and Imagery

Several types of aerial photographs and imagery are useful for identifying surface and
near-surface features in environmental investigations. Black and white panchromatic
photos (Figure 2.52), color photos (Figure 2.53), color infrared photos (Figure 2.54), and
various types of satellite and low-level imagery (ERTS imagery, LANDSAT imagery,
and side-looking airborne radar [SLAR] imagery, to name a few) (Figure 2.55) can be
used for a variety of purposes. The major uses include:

- ldentifying soil and geological material types
- ldentifying geomorphological features (floodplains, stream cuts, bluffs, fault
scarps, and other features) and geological structures

- ldentifying the presence and extent of joints and fractures in surface exposures of
bedrock
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FIGURE 2.52

Black and white panchromatic photos are the most widely available form of aerial photography. As this photo
shows, many common surface features, such as the above-ground storage tanks (small white and dark circular
features; note the berms around the tanks), rail lines (dark curvilinear features), and surface water (dark area

in lower left), are easily identifiable.

Identifying surface-water bodies, springs and seeps, and sensitive ecological
areas (e.g., wetlands)
Identifying cultural features (roads, buildings, pipelines, power transmission
lines, railroad tracks, canals, etc.)
Identifying changes in land use over time

- ldentifying possible source areas for contaminants of concern (landfills, lagoons
and surface impoundments, above-ground storage tanks, waste burial pits,
dumps, etc.) and their sizes

FIGURE 2.53
This color aerial photo (reproduced here in black and white) also shows an above-ground storage tank farm

adjacent to a surface-water body (the Delaware River) (bottom) and a parcel of undeveloped property (right)
with a tributary stream flowing toward the river.
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FIGURE 2.54

Color infrared photography (reproduced here in black and white) would show healthy vegetation as bright red.
The turf in the stadium (lower right) is black, indicating that it is artificial turf. Distressed vegetation would be
depicted in brown.

- ldentifying past waste management or chemical handling practices
- ldentifying obstacles to site characterization field work

- ldentifying drainage and other surface topography alterations caused by site
development or construction

- ldentifying possible preferential ground-water flow pathways

Identifying the location of shallow soil or ground-water contamination (through
vegetative stress)

- Monitoring and assessing the progress of site cleanup activities

FIGURE 2.55

Satellite imagery of the Salton Sea in southern California (upper left), depicting the intensively irrigated
agricultural development south of the Sea (to the right) and desert transitioning to mountainous terrain on
either side.
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Satellite and other imagery is covered in Chapter 4; the uses and sources of black and
white, color, and color infrared photography are described below.

Black and white aerial photo coverage is available for about 90% of the United States
(ASTM, 2004c) and is relatively inexpensive. The historical photographic record for
most of the USA dates back to the mid-1930s. Simple black and white aerial photographs
are very useful, particularly if a historical series of these photographs is available (Figure
2.56 to Figure 2.63). These photos are even more useful if they are available in stereoscopic
pairs (along a flight line or on adjacent overlapping flight lines) (Figure 2.64), to allow
identification of surface features in three dimensions. In almost every case, such photos
are available, but finding all of the desired photos will normally require the investigator
to access multiple sources. Among the multiple sources, the scales, flight altitudes, area
of coverage, resolution, clarity, and other key photographic features are highly variable,
so the challenge is to find a way to minimize the differences to make interpretation
easier. Ordering photos that are either reduced or enlarged (depending on the scales of
the original photos) to make the scales compatible is the best way to produce useful
historical sequences.
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FIGURE 2.56

A historical sequence of aerial photographs available for a site near Toledo, Ohio, dating from June 16, 1940 (top)
to May 3, 1986. Such a historical sequence is very valuable in detecting changes in surface and near-surface
conditions (particularly land use) over time.
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FIGURE 2.57

This black and white aerial photo, along with those in Figure 2.58 to Figure 2.61, comprise a historical sequence
for a site in the center of this photo. This photo, from July 1937, shows a major river at the top (north) (with a barge
dock visible in the upper center) and a flood wall protecting the city (angular feature following the bank of the
river). The site is a one-block by one-block parcel with a large building in the northwest corner, a large and tall
above-ground storage tank in the north center, two small buildings in the northeast corner, a large, low circular
above-ground structure on the east side with a small above-ground storage tank and a small building next to it,
two more small above-ground tanks in the southeast corner, and a building in the south center. On the basis of
land ownership records and interviews with former employees of the former site owner and contractors who did
later construction of the site, it was determined that the site was a storage area for waste liquid from a coal
gasification plant. The large, low circular structure was a covered dipping pit for wooden utility poles,
containing thousands of gallons of creosote. The parcels to the east of the site are predominantly occupied by
warehouses and light manufacturing; those to the south are predominantly residential.

FIGURE 2.58

This photo of the same site (center), taken in June 1946, shows the building in the northwest corner of the property
and also shows that all but one of the above-ground storage tanks have been removed (the largest one leaving a
dark round footprint), and the large circular structure is now visible as an uncovered pit with a dark bottom.
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FIGURE 2.59

This photo, taken in July 1954, shows that the pit has been filled in and is no longer visible (except for a faint
circular outline) and that a long, thin building has been constructed to the east of the large building. Note that
a baseball diamond has been built on the parcel just west of the site, within the floodwall.

Often these photographs will show the progression of site activity over time, such as a
landfill filling individual trenches, construction eliminating some preexisting natural
feature, structures or waste-management units being built at a site, or the location
and operating periods of “burn pit” activities that are no longer apparent based on a
site reconnaissance. Aerial photos are also excellent tools for determining historic site con-
ditions on surrounding properties and may, in fact, be the best means of uncovering criti-
cal information on past practices on adjacent sites. When combined with historical
topographic maps, aerial photos can be very useful in defining possible shallow

FIGURE 2.60

This photo, taken in August 1972 (at a different scale), shows that the large building on the site has been replaced
with a larger building (now a large rectangular structure with a white roof), and all signs of the former storage
tanks and dipping pit are gone. Several buildings on the parcel to the east have been removed and replaced with
what appears to be an auto salvage yard.
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FIGURE 2.61

The final photo in this historical sequence (taken in July 1986) shows an addition to the large structure at the site
that covers the areas where the large above-ground tank and dipping pit were once located. The auto salvage yard
on the site to the east is now gone (as are all but two buildings), and the site to the south has been developed. By
examining this series of photos, it can be determined that the probability of residual contamination from the
former above-ground storage tanks and creosote dipping pit, which would now be buried beneath the latest
addition to the building, is high.

FIGURE 2.62

This photo, taken on May 13, 1951, shows predominantly agricultural land with a few woodlots in south-central
Ohio. The river on the left is the Scioto River. Note the tributary drainageways, particularly those in the lower
right of the photo.
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FIGURE 2.63

This photo of the area pictured in the lower right corner of the photo in Figure 2.62, from June 24, 1983, shows the
U.S. DOE Portsmouth Gaseous Diffusion Plant that was constructed in the mid-1950s. The area within the ring
road, some 2000 acres, was leveled during construction, and all former natural drainageways were filled in
with rip rap and coarse fill. These features were later found to serve as man-made ground-water and
contaminant migration pathways.

ground-water flow pathways caused by infilling of former drainageways with coarse fill
material. Additionally, aerial photographs are often used for fracture trace analysis
(described subsequently) to discern ground-water flow pathways in terrain where the
flow is dominated by fracture flow or solution channels.

Both color and color infrared photography are useful for documenting historical devel-
opments, but because the history of color and color infrared aerial photography is rela-
tively short, there are fewer such photos available and a historical series may be

FIGURE 2.64

A stereo pair of aerial photos, in which overlapping photos along the same flight line allow viewing features in
three dimensions with a stereoscope, can be very useful in identifying features with relief and even estimating
differences in elevation and heights of structures or natural features.
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difficult to locate. Color infrared photography shows vegetation and changes in water
quality very well, so it can be an excellent indicator of the vegetative stress that may
occur when plant or tree roots encounter contaminated soil or ground water and a good
indicator of surface-water quality degradation over time. Color infrared photos are also
useful in locating point sources of contamination entering a surface water body, such as
outfalls from power plants or industries, NPDES-permitted (or unpermitted) discharge
points, or leachate seeps.

Aerial photos of all types are also very useful tools for assessing current site conditions.
Even if current photos are not available from the normal government sources (listed
below), they can be supplied on a contract basis by commercial services (located in all
major metropolitan areas and even some smaller towns), often within 24 h of a request
(provided weather conditions are favorable), to provide near-real-time data.

When compared at equivalent scales, aerial photos from historical overflights can often
provide initial information to answer the following questions about sites where waste
disposal practices are of interest:

- What was the appearance of the site before it was developed or prior to deposition of waste?
Such information is critical to assess predevelopment drainage, topographic
changes, and natural soils and geologic data.

- What were the modes and times of waste deposition? Initial information on the site size
and volume can be provided so that the scope of the site investigation can be con-
ceptualized before field work begins.

When evaluated by the site investigation team, aerial photos can often provide a great
deal of qualitative information to answer many other site-specific questions and can help
direct the investigation to examine areas of interest that appear on the photos. Aerial
photos can also be used in combination with ground-based information on subsurface fea-
tures to discern other features of interest. For example, aerial photographs can be used to
identify possible source areas and, when used in conjunction with local geologic and hydro-
geologic data, can help locate potential contaminant movement and exposure pathways.

Aerial photography is available through a number of different sources including the
following:

- The National Archives and Records Service in Washington, DC

- The National Cartographic Information Center (NCIC) in Washington, DC (NCIC
also maintains an affiliated office in each state)

- The USGS (including the Regional Mapping Centers in Reston, VA, Rolla, MO,
Stennis Space Center, MS, Denver, CO, Menlo Park, CA, and Anchorage, AK,
and the EROS Data Center in Sioux Falls, SD [the main source of LANDSAT
and ERTS imagery])

- The U.S. Department of Agriculture (including the Agricultural Stabilization and
Conservation Service’s Aerial Photography Field Office in Salt Lake City, UT, the
Soil Conservation Service’s Aerial Photography Field Office in Dallas, TX, and the
SCS offices in each state capitol)

. The U.S. Bureau of Reclamation office in Denver, CO
- The U.S. Bureau of Land Management office in Denver, CO
- The U.S. Forest Service offices in Washington, DC and Denver, CO

- The U.S. Army Corps of Engineers District Offices across the U.S. (a main source
of SLAR imagery)



Environmental Site Characterization 109

. The Tennessee Valley Authority office in Chattanooga, TN

- The U.S. Environmental Protection Agency’s Remote Sensing Laboratory in
Las Vegas, NV

- The Defense Intelligence Agency in Washington, DC

- The National Ocean Survey offices in Rockville, MD and Detroit, MI (Great Lakes
Division)

. Commercial aerial-photo services (such as National Aerial Resources of Troy, NY,
and local aerial photo specialists)

. State planning and natural resource management agencies

. State geological surveys, water resource agencies, and departments of
transportation

Additional information on the use of aerial photography and satellite imagery in
environmental investigations is available in the ASTM Standard D 5518, Standard
Guide for Acquisition of File Aerial Photography and Imagery for Establishing Historic
Site Use and Surficial Conditions (ASTM, 2004c), Zellmer (1995), and Finkbeiner and
O’Toole (1985). Several excellent references detail the procedures used in interpretation
of aerial photographs and satellite imagery for a variety of environmental purposes.
These include Avery (1968), Ray (1972), Lillesand and Kiefer (1972), Deutsch et al.
(1981), and ASTM (1988).

Fracture Trace Analysis

Black and white aerial photos and imagery can also be very useful in detecting the pre-
sence and location of fractures in surface and near-surface bedrock through a technique
known as fracture trace analysis. Fracture traces are surface expressions of joint and
fracture patterns or faults that can be located by evaluating linear features on aerial
photos or satellite imagery (Figure 2.65). On aerial photos, natural linear features
appear as:

. Tonal variations in surface soils (caused by differences in soil moisture and
organic matter content)

- Alignment of vegetative patterns (caused by differences in availability of water)

. Straight stream segments or valleys (caused by alignment of streams along
weaker zones in rock)

- Lines of springs or seeps (caused by movement of ground water along fracture
zones)

- Alignments of surface depressions or sinkholes in Karst or other carbonate rock
terrain (caused by weaknesses or chemical differences in the rock)

- Other features showing a linear orientation (such as swales, gullies, or sags
formed due to soil settling into fractures or fault zones)

Many of the linear features detected on aerial photos or imagery are surface expressions of
fractures in bedrock that may be more than 100 ft deep.

Fracture trace analysis is important at sites where bedrock (and the ground water
included in it) is close enough to the surface to have been impacted by site operations,
because fracture zones are often preferential ground-water flow pathways and, therefore,
can also serve as pathways for contaminant transport. These fracture zones are also the
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FIGURE 2.65

This photo, taken on March 11, 1970, shows an area of predominantly agricultural land in glaciated terrain
underlain at a depth of about 40 ft by sedimentary bedrock (a sequence of shales and limestones) that is
fractured. Fracture traces, marked in the upper right-hand corner of the photo, trend northwest and southeast
(major axis of fracturing) and southwest and northeast (minor axis of fracturing). Most of the surface
expressions of fracturing are soil tonal differences (dark linear features) or shallow drainage alignments (dark
semi-linear features).

best locations for wells installed to characterize or monitor ground water at sites where
bedrock is shallow.

Large-scale linear features identified on satellite or low-altitude imagery or high-
altitude photography are called lineaments. These features, which represent zones of
greater fracturing, may be on the order of tens to hundreds of miles long. They can
provide the basis for more closely examining small-scale features on low-altitude black
and white photos, especially with respect to fracture orientation (direction). Because of
the way in which rock responds to stresses applied to it (i.e., resulting from tectonic
activity), distinct fracture patterns develop in the rock. Normally, there will be one
major axis of fracturing (usually nearly vertical) and one minor axis of fracturing that is
approximately perpendicular to the major axis. This type of pattern is not always
evident on photography because the strike and dip of the rock layers and of the fractures
themselves affect the angle exposed at the bedrock surface and, therefore, the apparent
orientation of the fracture traces on the photos. For this reason, all lineaments and fracture
traces identified on aerial photos or imagery should be field-checked and confirmed
during site reconnaissance. Investigators should examine available rock outcrops
(Figure 2.66 and Figure 2.67); stream alignments; vegetation alignments (discounting
those along property or fence lines); lines of springs and seeps (Figure 2.68); swales,
gullies, and sags (Figure 2.69); and other linear features, eliminating all obvious
nongeologic linear features (i.e., fence lines, pipelines, power lines, rail lines, jeep trails,
and other anthropogenic features).

Fracture trace analysis, and the significance of fracture traces in an environmental
context, is described in more detail in Ross and Frohlich (1993), Sweet and Mitchell
(1990), U.S. Department of the Interior (1982), Lattman (1958), Lattman and Matzke
(1961), Lattman and Parizek (1964), Parizek (1976), Setzer (1966), Wobber (1967), and
Smith et al. (1982).
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FIGURE 2.66

To confirm that the fracture traces noted on aerial photographs are natural features, it is important to field-check
and map those features and correlate them with the fracture traces. Fracture zones such as the one depicted in this
road cut should be noted and mapped, with the strike and dip of the fractures measured with a Brunton compass.

Review of State and Local Regulatory Agency Files

In some instances, state and local government agencies may have gathered information
on past uses of the site under investigation and surrounding properties, which may
have included the disposal of solid or hazardous wastes or the storage of regulated pro-
ducts. For example, many states have kept files on landfills for at least the period of
time during which the state environmental agency has been in existence. These files
may be of use for indicating whether industrial or hazardous wastes have historically

FIGURE 2.67

In this photo, fractures that are serving as shallow preferential ground-water movement pathways are evident
as the water comes to the surface of the road cut and freezes. Note the fairly regular pattern of fracturing,
which is the rule rather than the exception in most types of rock (in this case, metamorphic rock in western
Massachusetts).
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FIGURE 2.68
Lines of springs and seeps such as this are a good indicator of the presence of fractures that should be noted when
field-checking fracture traces.

been disposed at the site or in local municipal landfills. Additionally, with the
implementation of state programs to regulate above-ground storage tanks and USTs
and drycleaning solvent sites, agency files often contain records of sites that store,
manage, or use petroleum products and solvents. In addition to these records, public

FIGURE 2.69

This swale, although unremarkable by itself, is a good indicator of the presence of fractures in bedrock buried
beneath overburden. The absence of surface drainage in this feature indicates that subsurface drainage is
probably occurring, another indication of the presence of fracturing.
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agencies also maintain well records (such as detailed well logs) and ambient ground-
water quality information. In most cases, all of these records are in the public
domain, and therefore, accessible through a simple request for the information or
through Freedom of Information Act requests. However, in some cases, the records
are confidential and the agency may require the written permission of the site owner
or well owner before the agency can release the files to the requesting party. Many
states maintain computer databases that are regularly updated and easily accessed
through the Internet search, while other states keep only hard copies requiring more
time-consuming manual searches through archival files. Use of government agency
records in environmental investigations is covered in more detail in Miller (1992) and
Mauch (1991).

Review of Site Owner and Operator Files

The site owner or operator is often the only source of information that is critical to an
environmental site investigation, including the results of any previous investigations
conducted at the site, and site plan maps and engineering drawings of waste management
units, product or material storage facilities, and underground utilities. Other valuable
information that only the site owner and operator can provide includes records of pro-
ducts, chemicals, or wastes that are manufactured, generated, stored, handled, or disposed
on site; reports of any spills, leaks, releases, or discharges from site facilities; and shipping,
receipt, inventory, and billing records, purchase requisitions, hazardous waste manifests,
and other communications that relate to deliveries or sales of materials that may become
the focus of the investigation.

For very good reason, site owners and operators are often reluctant to open their files
and records to anyone, including those who have been retained to help them. Legal
counsel often is concerned that information about past practices that is provided to con-
sultants may be forced from them during litigation. Although this is a difficult issue, it
is one that usually can be resolved if the environmental management and legal represen-
tatives of a company are made aware of the need for their consultant to construct a com-
plete picture of site conditions. If the issue is one of confidentiality, it usually can be
handled by having the site investigators work directly with the corporate attorney
under attorney-client privilege.

Review of Other Available Records

State, regional, and local planning agencies, local tax assessors’ offices, county clerks’
offices, utilities boards, and many other local government agencies and state and local his-
torical societies can provide a wealth of information about past land uses, land owners,
water quality, and significant occurrences that may provide clues about subsurface con-
ditions. For example, the county clerk’s office maintains records of property ownership
through time, which can be uncovered by conducting a title or deed search for a particular
parcel at the county courthouse or by contracting a company that specializes in these
searches. Water purveyors (i.e., public utilities) in various jurisdictions maintain records
of well production, well completion information, and water quality. Local historical
society records may contain maps showing that a city-owned park was the site of a coal
gasification plant 30 years ago. Coal gasification plants were prolific producers of
various types of contamination, much of which was disposed at or adjacent to the plant
site. The many sources of the many types of information available to investigators are
listed in an earlier section.
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Interviews

Interviews of current and former site personnel (particularly site operations and environ-
mental staff) can help uncover otherwise difficult-to-obtain information on the existence,
timing, magnitude, and duration of releases or spills; types of products, chemicals, or
wastes historically handled at the site and practices used for handling them; former
waste management practices used on site; construction details of product or chemical
handling or waste management facilities; details on product or chemical transport and
delivery or waste removal from the site; site construction or engineering activities that
may have altered site conditions; locations of old wells; and other important site-specific
information. Such interviews should be conducted in person by experienced interviewers
in a nonadversarial manner and location to avoid intimidating the subject. Information
from interviews is often inaccurate and contradictory and it should be used with
caution, preferably after confirmation from some other source. Interviews with individ-
uals who have lived or worked near the site for an extended period of time may also
yield valuable anecdotal information about general operational practices and waste dispo-
sal activities that may not be formally documented. Interviews with local and regional
experts (i.e., university staff, drilling contractors, consultants, environmental agency and
natural resource agency personnel, and construction and excavation contractors) are
often a very useful source of excellent information on local soils, geology, hydrogeology,
hydrology, climate, and biology. To conserve time and effort, it is often a good idea to sche-
dule any planned interviews to coincide with site reconnaissance activities.

Discussions with the site owner and operator may also yield valuable information.
Although there may be occasions when the site owner and operator may be reluctant to
divulge details about on-site activities, this information is often critical to developing an
accurate understanding of site conditions and to creating an effective approach to site
characterization. The past practices employed at the site may be an embarrassment to
the site owner and operator, but it is often important information for guiding the site
characterization program in the right direction. The best approach to obtaining this infor-
mation is to inform the owner and operator why the information is needed and how it will
be used and ensure them that it will be treated with confidentiality.

Conducting Site Reconnaissance

Site reconnaissance should be conducted as soon after the review of existing information
as possible to ensure that the information is fresh and that gaps in the information
that could be filled during a site visit can be readily identified. The main purposes of
site reconnaissance are to:

. Provide an opportunity to verify the accuracy of information gathered during the
review of existing data

- Allow collection of information on site-specific local and regional features not
described in existing information

- Verify site location with respect to local features and neighboring sites

- Provide a first-hand inspection of the general conditions present at the site (and
on adjacent properties)

- ldentify site characteristics needing further investigation

- Familiarize investigators with the site and allow them to observe site operations

(i.e., manufacturing operations, product and chemical storage and dispensing
practices, waste-disposal practices, and other relevant operations) first-hand
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- Note modifications to the site since the last site plans or maps were produced
- Check for obvious signs of contamination on-site and off-site

- Assess the potential for health and safety hazards and the condition of site
security

- ldentify obstacles to conducting the field investigation, including steep topogra-
phy (Figure 2.70), thick vegetation, presence of bedrock outcrops at the surface,
canopies (Figure 2.71), and other structures

- Locate above-ground utilities and possible locations of below-ground utilities
based on the presence and location of utility vaults

To conserve time and effort, it is often a good idea to schedule utility company or one-call
utility locating service visits to the site to coincide with the site reconnaissance visit.
The site should be walked over to note the condition of surface soils, vegetation, and
surface water bodies. Stained, discolored, disturbed, or malodorous soil (Figure 2.72
and Figure 2.73) may indicate the presence of spill areas. Yellowed foliage, stunted
growth, malformation, and dead plants and trees (Figure 2.74) are all signs of vegetative
stress, which can also indicate areas of spills or releases. Seeps or discharges of colored,
viscous, or malodorous fluid (Figure 2.75 and Figure 2.76) or fluid that creates a sheen
on a water surface (Figure 2.77) may indicate the presence of leachate or septage outbreaks
or petroleum products. It should be noted if the soil staining, vegetative stress or seeps are
historical or ongoing problems. Indications that the site has been used as a dumping area
(Figure 2.78 and Figure 2.79) should be studied to determine possible sources of the waste

FIGURE 2.70
One of the objectives of site reconnaissance is to locate obstacles to the field investigation, such as the steep slopes,
thick vegetation, and overhead utilities depicted here.
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FIGURE 2.71
Other obstacles to the field investigation include canopies, pump islands, underground product distribution
lines, and rebar-reinforced concrete depicted here.

(both on-site and off-site) — low areas often attract dirty fill material. Signs of excavation at
the site should be studied to determine the reason for the excavation, such as possible
burial of wastes. Regular patterns of depressions or bermed areas may indicate the
former presence of trenches, drainage ditches, lagoons, surface impoundments, or
above-ground storage tanks. When inspecting paved surfaces, investigators should
note patched or repaved areas (Figure 2.80) and utility vaults or valve boxes, as they
can indicate areas where USTs and associated piping are located.

Features relevant to the objectives of the investigation, including possible contaminant
sources, exposure pathways, and potential on-site and off-site receptors, should be
observed and described with respect to location, condition, and dimensions. Possible

FIGURE 2.72
Discolored soil sometimes has to be uncovered to remove the weathered surficial material. In this case, the
discoloration was due to dumping of textile dye, which turned the soil bright blue (a color not often found in
native soils).
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FIGURE 2.73

This petroleum-stained soil is an indication that the product handling practices at this small heating oil
distribution center need to be improved. Such indications can direct investigators to focus on specific areas
during the field investigation.

sources are many and varied and include sumps, floor drains, septic tanks, leach
fields, land treatment areas (Figure 2.81), dry wells, catch basins, lagoons (Figure 2.82),
surface impoundments (Figure 2.83), outfalls or discharges (Figure 2.84), drums
(Figure 2.85), transformers (Figure 2.86), dumps, landfills (Figure 2.87), waste piles,
chemical storage areas (Figure 2.88), underground and above-ground storage tanks and
piping (Figure 2.89), and stained soils (Figure 2.90). Possible exposure pathways and
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FIGURE 2.74

Stressed or dead vegetation is often an indicator of shallow soil or ground-water contamination. In this case, the
shallow plume of wood preservative contamination was very evident, as it was outlined by dead vegetation
within the plume and by healthy vegetation outside the plume. (Photo courtesy of David Miller.)
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FIGURE 2.75

During site reconnaissance, investigators should be on the look-out for surface indications of subsurface
contamination, such as this leachate seep and the impressions of methane bubbles evident in the soft sediment
in the foreground.

receptors include public water supply wells (Figure 2.91), private wells, surface-water
intakes, buildings with basements, utility corridors, and sensitive ecological areas
(Figure 2.92).

Geomorphic features, such as bedrock outcrops (Figure 2.93), stream cuts, flood plains,
drainage divides, stream terraces, fault scarps and other natural features, should be noted.
Surface topography should be examined and slopes assessed to determine potential access
problems for drilling or DP equipment. Surface drainageways (creeks, streams, and
rivers), wetlands, springs, reservoirs, ponds, lakes, and other features that may serve
as ground-water recharge or discharge areas should be noted (Figure 2.94 and
Figure 2.95), especially with respect to their topographic position in relation to potential
contaminant sources.

Man-made features on and near the site, such as road cuts (Figure 2.96), open surface
mines, sand and gravel operations (Figure 2.97), quarries (Figure 2.98), foundation
excavations (Figure 2.99), and other exposures of soil or rock, should be described and
their locations noted on a base map to permit correlation with existing information.
Other man-made features, such as roads, paved areas, old foundations, rail lines, pipe-
lines, power transmission lines, and structures of all kinds should be described and
their locations noted. These may serve as constraints to the use of some of the methods
proposed for the field investigation.

All of the information gathered during the site reconnaissance step should be combined
with the existing site information to produce an accurate CSM.
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FIGURE 2.76
Leachate seeps often take the same preferential flow pathways as ground water, such as this fracture, a fact that
investigators should consider when conducting site reconnaissance.

FIGURE 2.77
A sheen of iridescent fluid on the surface of a water body, such as that shown here, can indicate a discharge of
petroleum products or other immiscible fluids.
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FIGURE 2.78

During the site walkover, investigators should check for both obvious and subtle signs that the site has been used
for a dumping area. This low area, which has been partially filled with 5 gal pails of an unknown thick, dark
liquid, was one of several areas at this site targeted for further investigation.

FIGURE 2.79

Low areas at this site have been backfilled with what appears at the surface to be innocuous materials (including a
1964 Ford Falcon), but what lurks beneath the surface may be more insidious and should attract the interest of
field investigators.
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FIGURE 2.80
Patches of asphalt or concrete at the surface may be indications that an UST, septic tank, or other potential
subsurface source of contamination has been removed.

Developing an Initial CSM

On the basis of existing site information and information collected during site reconnais-
sance, the field manager, in concert with the senior technical staff, develops an initial CSM.
The CSM is the primary tool used to predict the degree of heterogeneity and the nature of
spatial patterning of data and contaminant migration pathways. As the CSM evolves, it is
used to verify whether the initial predictions were accurate and to assess whether the
degree of heterogeneity present will affect the performance of statistical sampling
plans. When it is complete, the CSM is used to integrate knowledge of heterogeneity,
spatial patterning and contamination migration pathways into decisions about exposure

FIGURE 2.81

Possible sources of contaminants should always be the focus of site reconnaissance activities. In the foreground of
this photo are several potential sources that appear innocuous — two fields where land treatment activities for
petroleum wastes, related to the petroleum refining and storage facility in the background, are being conducted.
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FIGURE 2.82

The keen observer will note that the liner in this hazardous waste lagoon is no longer functional and the contents are
emptying into the ground-water system through the sandy soils from which the berms of the lagoon are constructed.
(Photo courtesy of David Miller.)

pathways, and their associated human health risks, long-term monitoring strategies, and
the selection and design of remedial systems (ITRC, 2003).

The CSM begins as simple abstractions in the investigator’s mind, developed after
examining existing data — it generally focuses on features at the site that exert controls
on contaminant distribution and movement. The CSM provides a standard means of
summarizing and displaying what is known about the site and identifying what must
be known about the site to develop technically sound DQOs. It must be structured to
address all of the essential features of the site and to incorporate all of the data elements
required to meet project objectives (usually to prepare for monitoring, risk assessment, or
remedial action).

FIGURE 2.83
This unlined surface impoundment, which holds a thick, viscous sludge produced by a manufacturing process at
this site, was a possible (later confirmed as an actual) source of subsurface contamination at this site.
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FIGURE 2.84
Unpermitted discharges to surface-water bodies, such as this one, should be investigated thoroughly to
determine downstream impacts to aquatic life, wildlife, and man.

ASTM Standard E 1689 (Standard Guide for Developing Conceptual Site Models for
Contaminated Sites [ASTM, 2004d]) lists the six basic activities associated with developing
a CSM for a contaminated site (not necessarily listed in the order in which they should be
addressed) as follows:

- ldentification of potential contaminants in all environmental media
- ldentification and characterization of the sources of contaminants

- Delineation of potential migration pathways through environmental media such
as ground water, surface water, soils, sediment, biota, and air

FIGURE 2.85

If site reconnaissance uncovers evidence of storage of drums of potentially hazardous materials, the field
investigation should be configured to determine the contents of the drums and whether the contents have
leaked into soil, surface water, or ground water.
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FIGURE 2.86
The presence of transformers should alert investigators to the possible presence of PCBs, which were commonly
used in these devices because of their excellent insulating properties.

FIGURE 2.87
If site reconnaissance should uncover the presence of apparent solid-waste landfill areas, the next visit should be
to the site owner and operator or the plant operating engineer to determine the contents of the landfill.
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FIGURE 2.88
Chemical storage areas, such as this lake full of TCE (see sign), may warrant the attention of field investigators.
This photo was, of course, taken on April 1.

FIGURE 2.89
Above-ground storage tanks and the associated transmission pipelines and distribution piping were the focus of
this investigation, during which a combination monitoring and recovery well (foreground) was installed.
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FIGURE 2.90

This stained soil beneath the distribution piping at a petroleum distribution terminal is an obvious sign of
leakage, which attracted the attention of the site reconnaissance team. The field investigation was configured
to sample soil and ground water beneath this facility to determine its impact on these media.

Establishment of background concentrations of contaminants for each contami-
nated medium

Identification and characterization of potential environmental receptors (human
and ecological)

Determination of the limits of the study area or system boundaries

The CSM should be an easily understood, basic narrative, and graphic compilation of
the field manager’s understanding and interpretation of site conditions related to the

FIGURE 2.91

The site reconnaissance team should confirm the existence and location of critical exposure pathways and
receptors including public water supply wells such as this one. To determine this susceptibility of wells to
contamination, information on background ground-water chemistry, pumping times and rates, and ambient
ground-water flow rate and direction must also be considered.
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FIGURE 2.92
Identification of nearby or on-site ecological receptors, such as wetlands and wildlife habitat areas, is another key
objective of site reconnaissance.

objectives of the investigation. The narrative portion of the CSM should include the fol-
lowing essential elements:

- A brief site summary of the information available for the site and how this infor-
mation relates to the objectives of the investigation. A brief description of current
conditions at the site should be included

Historical information concerning the site, including anything of a historical nature
that may have a bearing on the present environmental condition of the site

- A description of the site physical setting including topography, soils, geology,
ground-water and surface-water conditions, and biological features of note
. A description of each of the possible sources of contamination including their

nature (type of source, types of contaminants associated with each source,
chemical and physical properties of potential contaminants [such as solubility,

FIGURE 2.93
Noting the presence of rock outcrops on site or in adjacent areas can assist investigators in creating an accurate
picture of site geology for inclusion in the CSM.
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FIGURE 2.94

While they do not exhibit obvious outward signs that they are important areas, upland areas with flat or rolling
topography and permeable soils are often critical ground-water recharge zones. A hydrogeologist should be part
of the site reconnaissance team to identify these areas and potential threats to ground-water quality within these areas.

volatility, sorption coefficient, density, and viscosity]), condition, location, and
dimensions

- Descriptions of each of the identified and potential migration and exposure
pathways for each of the affected environmental media

. Descriptions of each of the potential human and ecological receptors and how
they interrelate with the exposure pathways

The graphic portion of the CSM should include maps, cross-sections, tables of data,
figures, and other representations of site conditions. Generally, the field manager develops
a site base map with locations of roads and buildings, accurate locations and con-
figurations of product or chemical storage, handling and disposal facilities (and other
potential contaminant sources), to be used for depicting site geology, ground-water

FIGURE 2.95

Even less obvious are most ground-water discharge zones, although in humid climates, the base flow of most
streams is provided by ground water. The discharge areas in the base of this stream are apparent as sand boils
(white areas) that are displacing detritus (dark material) on the streambed. Again, the keen eye of a
hydrogeologist should be able to discern such features.
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FIGURE 2.96
Road cuts, such as natural exposures of rock, should be noted and examined to provide key information on

regional geology for inclusion in the CSM.

conditions, and contamination contours (if such data are available). Depending on the size
of the site, a USGS topographic map may serve as a good base map. The base map serves
as the basis for planning the field investigation and will be used for developing the initial
sampling and analysis plan. An example of an initial CSM represented on plan-view maps
and a cross-section is provided in Figure 2.100. The graphics can be drawn by hand or gen-
erated using computer graphics programs before field work begins; the graphics are
updated and revised on site as the site characterization program progresses and additional
data become available. Maps and cross-sections should include a scale (and degree of
exaggeration, if any, in the case of cross-sections) and direction indicator and indicate
the locations of possible contaminant sources relative to the property boundaries.

FIGURE 2.97

Man-made excavations, such as this sand and gravel operation, provide excellent opportunities to gain insight
into shallow regional and local geology. The character of geologic materials in this gravel pit (adjacent to the
site being investigated) confirmed information on regional geologic maps and allowed investigators to get a
first-hand view of the depth to ground water.
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FIGURE 2.98
Quarries offer the same opportunities for observing the character of subsurface materials in bedrock terrains as
sand and gravel operations do for unconsolidated materials.

On the maps, cross-sections, and other depictions of site conditions that comprise the
CSM, the following information should be included:

. Topography and location of surface drainage routes and water bodies

- Known or anticipated soil and geologic conditions including the nature, degree of
heterogeneity, locations, and depths of distinct subsurface geologic units

- Known or anticipated hydrogeologic conditions including ground-water depth,
flow direction and velocity, possible interconnections between aquifers, and poss-
ible interactions with surface-water bodies

- Locations of man-caused alterations to geologic and hydrogeologic conditions
(i.e., utility corridors and pumping wells)

- Known or suspected contaminant source areas

FIGURE 2.99

This foundation excavation, at a property adjacent to the one being investigated, provided a good look at shallow
geology in an area where no regional geological information could be located in a document search. The geology
at this site accurately reflected the shallow geology at the site under investigation and helped investigators to
determine an investigative strategy for the site.
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. Any existing soil, soil gas, ground water, surface water, or sediment analytical data

- Locations of any documented spills, releases, or discharges at or in the vicinity
of the site (especially on surrounding properties hydraulically upgradient of
the site)

- Potential three-dimensional distribution of COCs (based on behavioral character-
istics and environmental conditions)

- Background geochemical conditions

- Locations of potential migration pathways, points and routes of exposure, and
locations of receptors

- Constraints to the field investigation

Documenting all or most of these features and how they interrelate allows investigators to
develop a targeted sampling and analysis plan to allow three-dimensional mapping of
important subsurface features and contaminant distribution.

Development of the CSM is critical for determining potential migration pathways
and exposure routes and for suggesting possible effects of the contaminants on human
health and the environment. Uncertainties associated with the CSM need to be clearly
identified so that efforts can be taken to reduce these uncertainties to acceptable levels.
Early versions of the CSM, which are usually based on limited or incomplete information,
will identify and emphasize the uncertainties that should be addressed.

Potential migration pathways through all environmental media should be identified
for each potential source area. Complete exposure pathways should be identified and
distinguished from incomplete pathways. An exposure pathway is incomplete if any of
the following elements are missing: (1) a mechanism of contaminant release from a
primary or secondary source; (2) a transport medium if potential receptors are not located
at the source; and (3) a point of potential contact of environmental receptors with the
contaminated medium (ASTM, 2004d). The potential for both current and future releases
and contaminant migration along the complete pathways to the potential receptors
should be determined. A diagram of exposure pathways for all sources at the site should
be prepared, as tracking contaminant migration from sources to potential receptors is one
of the most important uses of the CSM. Detailed guidance on identifying migration
pathways, exposure pathways, and environmental (both human and ecological) receptors
is included in ASTM Standard E 1689 (ASTM, 2004d) and U.S. Army Corps of Engineers
(2003).

The U.S. Army Corps of Engineers (U.S. Army Corps of Engineers, 2003) suggests the
development of various facility profiles as an effective means of organizing and presenting
information about sources and potential receptors and the interactions between them.
They describe five profile types that address specific, yet overlapping types of information.
These profile types include:

- Facility profile-describes man-made features and potential sources at or near the site

- Physical profile-describes factors that may affect the release, fate and transport,
and site access

- Release profile-describes the mechanism for the release and the movement and
extent of contaminants in the environment

. Land use and exposure profile-provides information used to identify and
evaluate the applicable exposure scenarios, receptors, and receptor locations

- Ecological profile-describes the natural habitats of the site and ecological recep-
tors in those areas
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Typical information associated with each profile type is presented in Table 2.4. These infor-
mation needs are not comprehensive, and each site may require different or additional
information as determined by the project team. This approach should work well for a
variety of contaminated sites.

The initial CSM, in particular those aspects that address the heterogeneity of the affected
environmental medium, the presence of potential contaminant movement and exposure
pathways, and the projected three-dimensional contaminant distribution, is based on mul-
tiple working hypotheses and is dynamic in nature. When new data are collected during
the field investigation, the hypotheses are tested and confirmed, modified, or rejected. For

TABLE 2.4
Typical Information Needs Associated with Profile Types

Profile Type Typical Information Needs

Facility profile All structures, sewer systems, process lines, underground utilities
Physical boundaries (past and current), fencing, administrative controls, etc.
Current and historical process and manufacturing areas
Manufacturing activity areas
Storage and waste disposal areas
Historical features that indicate potential source areas (landfills or lagoons, ground scars)

Physical profile Topographic and vegetative features or other natural barriers
Surface water features and drainage pathways
Surface and subsurface geology, including soil type and properties
Meteorological data
Geophysical data
Hydrogeological data for depth to ground water and aquifer characteristics
Other physical site factors that affect site activities
Soil boring or monitoring well logs and locations

Release profile Determination of contaminant movement from source areas
Contaminants and media of potential concern
Impact of chemical mixtures and co-located waste on transport mechanisms
Locations and delineation of confirmed releases with sampling locations
Migration routes and mechanisms
Modeling results

Land use and Receptors associated with current and reasonable future land use on and near the facility
exposure profile (residential, recreational, commercial, agricultural, industrial, public forest, etc.)
Zoning

Types of current or future activities at the facility, including frequency and nature of
activity (intrusive or nonintrusive)

Beneficial resource determination (aquifer classification, natural resources, wetlands,
cultural resources, etc.)

Resource use locations (water supply wells, recreational swimming, boating or fishing
areas, hiking trails, grazing lands, historical burial grounds, etc.)

Demographics, including subpopulation types and locations (schools, hospitals, day care
centers, site workers, etc.)

Ecological profile Description of the property at the facility, including habitat type (wetland, forest, desert,
pond, etc.)
Primary use of the property and degree of disturbance, if any
Identification of any ecological receptors in relation to habitat type (endangered or
threatened species, migratory animals, fish, etc.)
Relationship of any releases to potential habitat areas (locations, contaminants or hazards
of concern, sampling data, migration pathways, etc.)

Source: U.S. Army Corps of Engineers (2003).
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example, analysis of a ground-water exposure pathway will usually entail developing
some hypotheses about ground-water flow velocity and direction relative to potential
receptors. If these parameters are not known, they can be measured through collected
data and interpreted through computer modeling or professional judgment. If the
results from data collection confirm the predictions, the CSM is updated to show that the
hypothesis is correct. However, if the results do not support the predicted outcome, it
may indicate that the hypothesis was incorrect and should be restated. This will require
revision to the existing CSM. This process is depicted in Figure 2.101.

New data are used to revise the CSM, to build an increasingly accurate understanding of
site physical conditions, what contamination is present and where, whether the contami-
nation poses current or future risks to potential receptors and, if so, how that risk can be
mitigated. The CSM and the sampling and analysis plan are tightly coupled in a rapid
feedback loop — the CSM guides the collection of new samples, but the CSM is also
refined as the results of sampling are integrated into it. The updated CSM then guides
the collection of more data, which further refines the CSM, and the process continues
until the collection of additional data no longer changes the CSM. Overall project goals
and objectives are also revisited throughout the field investigation to ensure that they
are still compatible with the evolving CSM. For example, if the initial CSM for a site
characterization program is based on the assumption that contaminant releases at the
site were random (spatially and temporally), the field manager would likely choose a
random systematic grid as the basis to begin sampling. However, if the field manager dis-
covers through initial sampling that there is a pattern to the contamination, then the field
manager would need to alter the sampling strategy to ensure that the project objectives
will still be met. The CSM becomes sufficiently accurate when the field manager and
senior staff are confident that the CSM represents actual site heterogeneity so that
decisions about monitoring, exposure risk, and remediation can be correct and cost
effective.

The components of the initial CSM that are most heavily emphasized and the complex-
ity and degree of detail incorporated into the CSM depend on the objectives of the site
characterization program, the complexity of the site, and the decisions that must be
made. For example, decisions about ground-water contamination movement or cleanup

Review Prepare Develop
Existing | mmmp Initial =) \Working
Data CSM Hypotheses
Design Data
Evaluate Collect . .
Data - Data - Collection/Analysis
Program
No Restate ‘ Modify Data
Hypotheses | | 77 1 4 . .
Cﬁ%firmed” Hypotheses/| [ Collection/Analysis
' Revise CSM Program as Needed

YesI I Update Characterization
CSM Complete
FIGURE 2.101

The process of development and revision of the CSM.
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need a CSM that emphasizes hydrogeology and contaminant transport and fate
information, whereas decisions about contaminant exposure require a CSM that focuses
on identifying all possible receptors and exposure pathways. A complex site where
multiple objectives must be met may have several different but related depictions of the
CSM, each of which either addresses a different medium or subset of the decisions to be
made or represents one of the multiple hypotheses that needs to be clarified by collecting
more data. Because the effectiveness and efficiency of the sampling program will be
directly related to the accuracy of the CSM, it typically incorporates as much detail as
the evaluation of existing site information will allow. Serious data gaps should be left
as blank spaces on the maps and cross-sections, and uncertain boundaries should be
identified with question marks or dashed lines.

Data gaps always exist in initial CSMs. Gaps are identified by comparing what is
already known about the site with what needs to be known to support appropriate regu-
latory and engineering decisions. Data gaps in the initial CSM will then be filled through
collection and interpretation of field data. The CSM is the most valuable tool that investi-
gators can use in making decisions on where and how to collect and analyze samples and
what additional methods (e.g., geophysics and cone penetration testing [CPT]) may be
used to generate essential data. As the CSM evolves, decision uncertainty decreases. Evol-
ution of the CSM ceases when the model does not change with the incorporation of new
field data. The final CSM, following completion of all field activities and data evaluation
and interpretation, should be detailed and accurate enough to meet site characterization
objectives and provide enough information to base important site decisions on. Ultimately,
the final CSM is used to design long-term monitoring programs, to assess risks posed by
the site or to select and design the best options for remediation.

Additional specific guidance on developing CSMs that apply exclusively to ground-
water systems can be found in ASTM Standard D 5979, Standard Guide for Concep-
tualization and Characterization of Ground-Water Systems (ASTM, 2004e). Another
excellent reference on the subject of CSM development that relates specifically to
hazardous waste projects is available from the U.S. Army Corps of Engineers (U.S.
Army Corps of Engineers, 2003).

Designing a Data Collection Program

On the basis of data gaps that are identified in the CSM and the data needs that must
be satisfied for the site characterization program to meet its objectives, a data collection
program is formulated. The data collection program is a general work plan that speci-
fies the types, quantity, and quality of data that must be collected. It also specifies the
investigative methods and equipment that will be used to define the site physical
characteristics, the potential exposure pathways, the risk of exposure, the contaminant
source areas, and the extent of any contamination that exists in the various environ-
mental media at the site. The data collection program supplies the data required to
refine the CSM and to resolve any uncertainties and observations that are inconsistent
with the initial CSM (outliers). The number and location of first-round data collection
points and the sample collection and analysis criteria (depth intervals, sampling
protocol, contaminants of concern, data quality levels, analytical methods, and data
validation techniques) are specified in the plan. Subsequent data collection points are
determined in the field based on site conditions and the results of previous data collec-
tion, using the decision process described in Dynamic Work Plans. The data collection
program may be documented in an informal manner or may simply consist of a
discussion among the field manager, the senior project personnel, and the appropriate
interested parties (site owner and operator and regulators). The field manager may
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need to make adjustments in the plan and the scope of work as the understanding of
site conditions evolves, particularly if the preferred field methods or equipment choices
prove to be inappropriate or inadequate to deal with expected site conditions.

Proper implementation of the data collection program requires that the field
manager be familiar with the capabilities and limitations of a wide variety of sampling
tools, field analytical methods, and in situ measurement methods, and that the field
manager be capable of rapidly interpreting field-generated data as they become avail-
able. The field manager must also be able to implement contingencies based on reason-
ably anticipated deviations from expected site conditions such as shallow bedrock,
presence of boulders, depth to ground water, and presence of previously unidentified
contaminants. Such contingencies may include changes in field methods or equipment
requirements, alterations in plans for dealing with IDW or the need to gain off-site
access.

The selection of appropriate data collection methods and equipment should be based on
the following criteria:

- Objectives and scope of the site characterization program

. Capabilities, limitations, speed and relative cost of each method and piece of
equipment (rental vs. purchase vs. subcontracting) and of combinations of
methods and equipment

- Anticipated site physical conditions (soil, geologic, and hydrogeologic conditions)
. Anticipated COCs and concentrations

. Site features and layout

- Potential for disturbance to site operations

- Constraints to use of the methods or equipment

- Potential obstacles to deployment of equipment in the field

Some of the more common field methods and equipment that can be used in an environ-
mental site characterization program are briefly described later in this chapter; others are
described in great detail in other chapters in this book and in the scientific literature.
A comprehensive inventory of these methods and tools can be found in ASTM Standard
D 5730 (ASTM, 2004f) and in U.S. EPA (1993b, 1993c).

One of the important objectives of the data collection program that is sometimes not
given enough attention is establishment of background conditions. Background samples
serve three important functions:

- Establishment of the range of concentrations of an analyte attributable to natural
occurrence at a site

- Establishment of the range of concentrations of an analyte attributable to sources
other than the sources that have been identified

- Determining the extent to which contamination exceeds background levels

The number and location of samples needed to establish background concentrations in
each environmental medium will vary with site-specific conditions. The number and
location of samples must be sufficient to distinguish contamination attributable to the
sources under consideration from naturally occurring or nearby anthropogenic
contamination.
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Evaluating and Selecting Site Characterization Field Methods

None of the improved environmental site characterization approaches are technology
specific, but they all emphasize selection and use of the most appropriate technologies
for a particular site. These approaches all have a bias toward noninvasive and mini-
mally invasive methods, but some site conditions require the use of technology that
can overcome difficult conditions (e.g., shallow bedrock, boulders, and dense soils).
The principle of using multiple, complementary measurements allows for better,
more accurate three-dimensional physical and chemical characterization of subsurface
conditions. The various noninvasive and minimally invasive technologies available
today allow much more cost-effective investigations than were possible using conven-
tional drilling, sampling, and well installation methods alone. Improvements in and
miniaturization of chemical analytical methods, including automation of sample ana-
lyses and improvements in software used for processing analytical instrument
signals, together with development of a wide variety of field test kits, makes real-
time analytical results available for almost any chemical parameter. The use of low-
cost mobile laboratories means that there are essentially no limits on the quantity or
quality of analytical data that can be produced and used for on-site decision making
in the ASC/ESC/Triad/DFA process.

The focus of the field investigation is on collecting accurate, reliable real-time data using
minimally intrusive methods. To keep the investigation moving forward, it is important
to use rapid sampling methods in conjunction with field analytical methods to collect
real-time data to guide further sampling efforts. It is also important to use methods that
minimize the generation of IDW (including drill cuttings and development water and
purge water from wells) and that reduce the exposure of field personnel to potentially
hazardous materials.

Many field investigation methods are potentially applicable to environmental site
characterization programs, including the conventional methods that most investigators
are familiar with and use on a regular basis. There are also a number of newly devel-
oped and innovative rapid sampling, field analytical, and in situ measurement technol-
ogies that can cost-effectively provide a high density of data points for the refinement
of the CSM that should be considered in designing an effective data collection program.
Factors to consider when selecting equipment and methods for a site investigation
include:

- Objectives, data quality requirements, and anticipated scope of the investigation

. Site physical characteristics — soil types and geological material types (unconso-
lidated vs. bedrock)

- Depth requirements for subsurface sampling methods

- Anticipated contaminants of concern and concentrations

. Ability to produce real-time or near-real-time data (speed of sampling and analysis)
- Equipment characteristics — durability, reliability, and limitations to use

- Cost of the equipment to use — purchase vs. rental vs. contracting

- Flexibility in application of the equipment and method to a variety of environ-
mental media and site conditions and to combined use with other complemen-
tary methods

- Potential for production of IDW

- Potential for disturbance to site operations and neighboring properties (because
of noise, space requirements, etc.)
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Equipment or methods selected and standard operating procedures (SOPs) for use of the
equipment or methods should be detailed in the FSP.

Although many of the rapid sampling and field analytical tools have been available for
use for more than a decade, their use has been relatively limited. Many government
agency personnel and some consultants still consider the use of such tools as “screening”
tools rather than tools capable of producing valid and defensible data. With the recent pub-
lication of several key U.S. EPA- and ITRC-generated documents (i.e., U.S. EPA 2001a, 2003;
ITRC, 2003) and several relevant ASTM Standards (ASTM, 2004a, 2004b) that encourage the
use of these technologies, they have started to gain acceptance on a more widespread basis
as methods capable of producing data acceptable for a wide variety of applications.

The technologies and methods that are most universally applicable to use with the
ASC/ESC/Triad /DFA approaches include the following:

- Sample collection methods
a. DP technologies, including cone penetration testing (CPT) rigs
b. Sonic drilling

- Sample analytical methods

a. Field-based analytical methods appropriate for the COCs (many methods are
available; these are discussed in detail later in this chapter)

b. Methods used in a portable lab setting

. Other investigation methods
a. Surface geophysics (many methods available)
b. Soil-gas surveys

These technologies and methods are described briefly subsequently; additional detailed
descriptions are provided in other chapters in this book and in references cited in the
following sections of this chapter.

Sample Collection Methods

For all environmental site characterization projects, at least one environmental medium
(whether soil, soil gas, ground water, surface water, or sediment) will have to be sampled.
Because most programs focus on contamination of soil, soil gas, or ground water, this
section focuses on methods for collecting these types of samples. Selection of appropriate
sampling tools or methods for these media depends on those factors discussed earlier.
With specific reference to site physical characteristics, methods appropriate for penetrat-
ing the materials present in the subsurface at any given site are highly dependent
upon the character of geological formation materials. While DP methods (described
briefly subsequently) are often preferred for conducting ASC/ESC/Triad /DFA sampling
programs, they are limited in their application by certain geological conditions including
the presence of bedrock, boulders, cobbles, dense sands or clays, and thick gravel zones.
In these cases, either sonic drilling or conventional drilling methods (also discussed briefly
subsequently) will be required to collect soil samples and to install piezometers or wells.

DP Technologies

DP technologies (Figure 2.102) include equipment that is used to push, drive, or vibrate
profiling tools or devices into the ground to enable the rapid collection of in situ measure-
ments or samples of soil, soil gas, soil pore water, or ground water. To collect samples, a
string of small-diameter hollow rod (generally 1 to 2.25in. O.D.) with one of several
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FIGURE 2.102

DP systems like the one pictured here allow rapid deployment of a variety of in situ measurement tools, as well as
tools for collecting representative samples of soil, soil gas, soil pore water, and ground water. These systems use
vibrational energy, static weight, or hydraulic hammers to advance tools into unconsolidated surface materials to
depths in excess of 200 ft under favorable geologic conditions.

types of sampling tools (Figure 2.103 and Figure 2.104) on the bottom is either pushed into
the subsurface using the static weight of the rig, driven using a pneumatic or hydraulic
percussion hammer, or vibrated using a high-frequency drive head. Samples can be
collected on either a discrete or continuous basis from depths ranging from less than
50 ft to more than 200 ft, depending on the size and capability of the rig.

Many DP systems, including CPT rigs (Figure 2.105) also have the capability of collecting
continuous real-time in situ measurements of a variety of parameters. Parameters that can be

FIGURE 2.103

This soil sampling tool allows collection of 4-ft long, 1.8-in. diameter samples on either a discrete or continuous
basis, normally achieving much better recovery than traditional split-spoon samplers because of the way in which
the sampler is advanced.
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FIGURE 2.104

Discrete ground-water sampling tools like this one (with a screen in the foreground and the sheath that slides over
it behind) remain closed until they are advanced to the depth at which samples are desired. The sampler is
opened by retracting the drive rod a distance that reflects the thickness of the interval from which
investigators want to collect a sample (from several inches to as much as 30in.). When the drive rod is
retracted, the screen drops out of the sheath and is exposed to the formation.

FIGURE 2.105

This CPTrig (a U.S. Navy Site Characterization and Penetrometer System [SCAPS]) uses the static weight of the
rig (up to 60 t) applied to a hydraulic ram to rapidly advance any of a variety of tools into unconsolidated
formation materials. The standard CPT setup collects data on the resistance of the soil to penetration (at the
tip of the probe) and the soil friction generated on a sleeve behind the tip. The ratio of these values allows
identification of soil type. Many other tools (discussed in Chapter 6) are available to collect in situ
measurements and samples of all subsurface media.
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measured include soil electrical conductivity; resistance of the soil to penetration (which can
be correlated to soil type); presence and concentrations of VOCs in soil or ground water;
presence and concentrations of NAPLs in soil or ground water (Figure 2.106); and
distribution of pore pressures (which can be used to determine the position of the water
table and formation hydraulic conductivity). One tool available for use with CPT rigs can
also provide a very detailed video image of soil penetrated by the probe and can allow
identification of NAPLs present in soil pores. As samples and data are collected using DP
technology, no IDW is generated and workers are not exposed to potentially hazardous
materials, except when handling samples. The capability of collecting continuous samples
and continuous in situ data (i.e., through vertical profiling) is particularly valuable
because this helps develop an accurate and detailed three-dimensional CSM.

DP rigs also have the capability of installing wells (Figure 2.107) and multilevel moni-
toring systems (Figure 2.108) in locations that can be identified by sampling or in situ
measurement methods as the optimum positions for either short-term or long-term
monitoring, which saves a substantial amount of both time and money versus convention-
al approaches to well installation and positioning. Most DP rigs are small, compact,
versatile, and inconspicuous, usually mounted on a pickup truck, cargo van, all-terrain
vehicle, or tracked vehicle platform (Figure 2.109), although CPT rigs can be as large as
a conventional drilling rig and quite heavy (10 to 60t). Detailed descriptions of all DP
technologies available for use in environmental site characterization are included in
Chapter 6 and in U.S. EPA (1997a).

FIGURE 2.106

This laser-beam generator is part of a system that can be deployed on a CPT rig to detect the presence and
measure the concentrations of petroleum hydrocarbons in situ using laser-induced fluorescence (LIF). This
system has been used at hundreds of DOD, DOE, and privately owned sites with great success.
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FIGURE 2.107

DP rigs are capable of installing long-term monitoring wells in diameters ranging from 1/2-inch I.D. to 2 in. I.D.
This well has a prepacked well screen that allows collection of sediment-free samples from most unconsolidated
formation materials.

FIGURE 2.108

Multilevel monitoring systems, like this continuous multichannel tubing (CMT) system, can be installed in the
large (3.125in.) O.D. drive casing advanced by some of the larger DP rigs. Such systems (described in Chapter
11) allow collection of samples from as many as 7 different zones from the surface to as deep as 300 ft.
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FIGURE 2.109
DP rigs are available on a variety of different platforms including those shown here and tracked vehicles. (Photo
courtesy of Geoprobe Systems.)

Sonic Drilling

Sonic drilling, which is a method of drilling unlike most conventional drilling technol-
ogies, is capable of rapidly collecting continuous samples of geologic materials while
generating very little IDW. Sonic drilling (Figure 2.110) uses high-frequency vibrations
transmitted from the drill head through the first of two strings of drill pipe (the core
barrel; Figure 2.111) to penetrate formation materials without rotation of the drill string.
Through the use of an open bit, the core barrel continuously cores the formation materials
penetrated in 10 ft (or longer) increments. The second string of drill pipe (the temporary
casing) is then vibrated around the first string and displaces formation materials to the
outside of the drill string. This string of pipe remains in place to hold the hole open
as the core barrel is extracted and the continuous sample is removed (Figure 2.112 and
Figure 2.113). Drilling continues in this manner until the desired depth is reached. A
well or multilevel monitoring system (Figure 2.114) can be installed in the borehole and
completed as the outer drill string is removed from the hole.

Sonic drilling rigs can penetrate unconsolidated materials of any type (including
gravels, cobbles, boulders, dense stiff clays, and other difficult-to-drill materials) and
most types of bedrock at a high production rate (often between 0.5 and 1 ft/min) to
depths in excess of 800 ft. The main limitations of the method include the size of the rig
and support truck and the per-foot cost of drilling, which can be at least partially offset
by the substantial time savings versus conventional drilling methods. A detailed descrip-
tion of sonic drilling is included in Chapter 5.

Conventional Drilling Methods

Conventional drilling methods can be used in the ASC/ESC/Triad/DFA approaches as
well as the traditional or conventional approach, but they are usually not as cost effective
as DP because of issues related to management of IDW, speed, mobilization costs, and the
size of the rigs and necessary support equipment.
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FIGURE 2.110

Sonic drilling uses a vibratory drill head (top of photo) to impart a standing harmonic wave to concentric strings
of drill pipe to advance them into the ground without rotation of the drill string or disaggregation of formation
materials. The vibratory action displaces formation materials around the outside of the outer string of pipe and
allows collection of a continuous sample in the inner string of pipe. Overall drilling rates of more (in some
materials, much more) than a foot per minute are possible with sonic drilling (instantaneous rates are much
higher).

Hollow-Stem Auger: The most common drilling method applied to environmental site
characterization is hollow-stem auger drilling (Figure 2.115), which uses a drill string
with helical flights wound around a hollow center stem of a diameter ranging from
2.25in. 1.D. to 12.25in. I.D. and with a cutting head (bit) at the bottom. The borehole is
advanced and drill cuttings are conveyed to the surface by rotation of the auger, as
formation materials are disaggregated by the cutting head. Soil samples are collected and
wells are installed through the hollow center stem, which provides access to the subsurface
without the need for a temporary casing. The most effective and efficient soil sampling
method used with hollow-stem auger is the continuous tube sampler (Figure 2.116),
which provides a continuous 5 ft long sample of the material penetrated by the lead
auger flight (Figure 2.117). Drilling fluids are generally not used with hollow-stem augers
unless difficult drilling conditions (e.g., heaving sands) are encountered, in which case
the augers may be filled with either water or a bentonite-based fluid. One of the main
problems with this method is the amount of drill cuttings produced, which averages
about one 55 gallon drum for every 17 ft of drilling (with a 4.25 in. I.D. auger).

Direct Mud Rotary: Direct mud rotary methods (Figure 2.118) use a drilling fluid
that consists of water and bentonite, with the appropriate amount of various additives
if difficult drilling conditions (i.e., loose gravels or fractured rock) are encountered.
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FIGURE 2.111
The inner string of pipe advanced by a sonic drilling rig is a 10 ft long core barrel that collects a relatively
undisturbed continuous sample of formation materials as the borehole is advanced.

The hole is advanced by rotational action of a drill string that consists of thick-walled
hollow steel drill pipe with a drill bit on the bottom and a water swivel on the top. As
the drill string is rotated, the drilling fluid is pumped down the drill pipe to exit at the
bit, where it serves several important functions. It cools the bit, it brings drill cuttings to
the surface as it circulates back up the hole, and the hydrostatic pressure it creates
down hole holds the hole open. The circulation of the fluid can be reversed on some
rigs so the fluid goes down the annular space between the borehole and the drill string
and cuttings are brought up through the center of the drill string. Soil sampling is accom-
plished by removing the entire drill string, assembling a string of sampling rod with a
sampling device (i.e., split-spoon or thin-wall tube sampler) on the end, lowering the
sampling string to the bottom of the hole, and advancing it by driving or pushing it
into the soil. This is a very time-consuming process that delays drilling.

Several problems occur with this type of drilling when contaminated materials
are encountered. First, some of the contaminated materials are incorporated into the
drilling fluid, which is circulated down the hole as drilling continues, and cross con-
taminates all of the formation materials penetrated by the borehole. Secondly, the
drilling fluid (which may total several hundred gallons) has to be managed as a con-
taminated material and must be properly containerized and disposed. Because these
issues add significant cost and potential liability to the drilling operation, it is generally
recommended that some other method be used if the possibility of drilling through
contaminated materials exists.
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FIGURE 2.112
After the core barrel is retrieved from the borehole, the continuous sample is extracted either by removing a liner
from the core barrel or by vibrating the sample out of the core barrel into a sample sleeve (shown here) 5 ft at a time.

Air Rotary: Air rotary methods are similar to mud rotary, but they use air or air mixed
with foaming agents as the drilling fluid. Like mud rotary rigs, air rotary rigs may use
either direct or reverse circulation of the drilling fluid. The most commonly used air
rotary rig for environmental work is a dual-tube reverse circulation rig (Figure 2.119),

FIGURE 2.113

The size of the continuous samples from the core barrel allows collection of a complete suite of samples for
physical analysis, as well as chemical analysis. For site characterization purposes, continuous sampling like
this is much preferred over discrete samples such as those provided by split-spoon sampling.
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FIGURE 2.114
Sonic drilling rigs can rapidly advance boreholes through most types of geological materials and can provide for

installation of long-term monitoring wells and multilevel monitoring systems. Installation of a seven-channel
CMT system is shown here. (Photo courtesy of Murray Einarson.)

FIGURE 2.115
The hollow-stem auger is the most commonly used conventional drilling method for conducting environmental

field work. However, augers are unable to penetrate bedrock, boulders, or gravel and cobble zones, and they
produce significant amounts of IDW.



148 Handbook of Environmental Site Characterization and Ground-Water Monitoring

FIGURE 2.116

The continuous tube sampler is preferred for collecting samples from hollow-stem augers. It is installed in the
lead 5 ft auger section (with the cutting shoe ahead of the auger cutting teeth) and advanced as the auger is
advanced. It is held stationary and does not rotate with the auger.

which can be used to efficiently overcome a variety of difficult drilling conditions and to
sample formation materials and install wells without removing the entire drill string from
the borehole. With direct air rotary methods, temporary casing is often advanced to hold
the borehole open during drilling in unconsolidated materials (Figure 2.120), because air,
unlike the water-based fluid used in mud rotary drilling, does not have the ability to hold
the hole open during drilling. Air rotary with a down-hole hammer (Figure 2.121) is one of
the best available methods for drilling through very hard (i.e., igneous or metamorphic)
bedrock. Dealing with the air returned to the surface while drilling through contaminated
materials can be problematic and expensive. In addition, it is important that the air
compressor on the rig incorporates a filtration system to avoid contamination of the
borehole by compressor oil entrained in the air used for drilling.

Other Drilling Methods: Other drilling methods are also available, including cable tool
(Figure 2.122), Odex or Tubex, solid-stem augers, and bucket augers, but they are infre-
quently used in environmental projects. All of the conventional drilling methods are
described in detail in Chapter 5.

Sample Analysis Methods
Field-Based Methods

Field-based analytical methods are those that can be applied at the same location as
samples are collected (Figure 2.123). The equipment is often included within DP rigs
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FIGURE 2.117

The sample collected with the continuous tube sampler is usually undisturbed and provides an excellent
representation of subsurface formation materials. This sample, collected in an angle-drilled borehole, shows
formation materials that are under reducing conditions, except for the thin zone adjacent to the ruler. At the
center of this zone, which shows discoloration caused by oxidation, is a fracture along which water movement is
occurring in the in situ materials. This preferential pathway, and others like it, served as movement pathways for
contamination at a hazardous waste site in Illinois. (Photo courtesy of the Illinois State Geological Survey.)

(Figure 2.124). The methods available include methods that can be applied with field test
kits (i.e., colorimetric and immunoassay kits) (Figure 2.125 and Figure 2.126) and easy-to-
operate hand-held equipment (PIDs, FIDs, [Figure 2.127], GCs [Figure 2.128], and XRF
detectors [Figure 2.129]), as well as more rigorous methods that require the controlled
environment of a mobile laboratory (GC/mass spectrometers [GC/MS], inductively
coupled plasma, directly coupled plasma, etc.) (Figure 2.130). The analytical methods
selected for any given project will depend on the following:

. The COCs or other analytes to be measured

. The targeted environmental medium (or media)

- The method’s ability to measure contaminants in the targeted medium

- The data quality level achievable with the method

- Ability to use the method in combination with other complementary methods
- The relative speed and cost of the method

Of all the tools applied in an ASC/ESC/Triad/DFA program, field-based analytical
methods are perhaps the most important because they allow the generation of real-time
or near-real-time analytical data, which supports the on-site decision making process
that moves the project forward. Used properly, some field-based analytical methods are
capable of generating the same high-quality data as fixed laboratory-based methods.
Other methods are capable of generating varying levels of data quality and can be
applied to situations where the highest analytical quality data are not necessary to
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FIGURE 2.118
Direct mud rotary drilling is another commonly used conventional drilling method used in environmental
investigations.

accomplish project objectives. All of these methods allow rapid generation of analytical
results for large quantities of samples, enabling the collection of high-density data that
helps reduce uncertainty in the CSM. To be assured of the highest quality data possible
with each method, an experienced operator must be available to operate the equipment
and an experienced project chemist must be available for selection of the appropriate
methods, QA/QC, review of analytical results, and data interpretation.

An ASC/ESC/Triad/DFA project often makes use of a variety of field-based analytical
methods of different types, to generate data of differing quality that matches project
requirements. For example, an inexpensive yet reliable qualitative or semiquantitative
method, such as a PID, FID, or immunoassay kit, may be used to delineate a contaminant
hot spot and a quantitative method, such as a field-portable GC, can be used to identify
a specific contaminant at a specific concentration in that hot spot. A limited number
of samples (generally 5% to 10%) may be submitted to a fixed lab for confirmation. The
analytical approach can be selected based on the criteria outlined earlier. Contingencies
should also be identified in the event that the methods selected do not produce the
needed quality or quantity of data.

Perhaps the most important application of field-based analytical methods is in the pro-
duction of large quantities of data of appropriate quality for the investigation. The sheer
number of data points provides the investigator with greater discriminatory ability and pro-
vides a level of data quality and representativeness that extends beyond individual sample
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FIGURE 2.119
The dual-tube reverse-circulation air rotary rig is an excellent choice for rapid drilling through difficult conditions
including bedrock, boulders, cobble zones, heaving sands, and cavernous formations.

quality. This allows for cost-effective reduction in uncertainty by providing more data points,
to effectively guide the investigation to completion. Field-based analytical methods are
described in detail later in this chapter and in a variety of other references including NJ
DEP (2003), U.S. EPA (1997a, 1997b, 1998a, 1998h, 1993c), ASTM (2004g), and Robbat (1997).

Other Investigation Methods
Surface Geophysics

Surface geophysical methods include a number of remote-sensing technologies for cost effec-
tively generating a large amount of data on subsurface conditions in real time, without pro-
ducing IDW and without penetrating the surface. Advances in instrument capabilities and
signal processing methods have reduced the cost and turnaround time for data interpretation
for many geophysical methods. These methods can be used efficiently to collect the first data
at the site and to help focus later sampling efforts in the right places. They are also very useful
in correlating geologic data between widely spaced boreholes and in identifying disturbed
zones in the subsurface that may indicate the presence of waste disposal areas. They
utilize indirect measurements of one or more subsurface material properties (i.e., electrical
conductivity or resistivity and soil or rock density) to define geologic, hydrogeologic, or
other physical or contaminant features that cannot be directly observed. Geophysical
methods are well suited to determining the locations of subsurface objects, which may be
indicators of contaminant sources, or may pose obstacles to DP or drilling efforts. Geophysi-
cal methods are capable of defining interfaces between unconsolidated materials and
bedrock (providing the depth to bedrock), between unsaturated and saturated materials
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FIGURE 2.120
In situations where air rotary drilling is used for drilling through overburden above bedrock, a casing driver (in
this case, a hydraulic hammer) may be used to advance casing to hold the hole open during drilling.

(providing the depth to the water table), and between loose, noncohesive materials (sands
and gravels) and more dense, cohesive materials (silts and clays). They can also provide
very useful detailed information on hydrogeological conditions, which may indicate the pre-
sence of contaminant migration or exposure pathways such as sand and gravel lenses in a
clay matrix or fracture zones or solution channels in bedrock. Finally, some geophysical
methods are capable of determining the presence of some types of contaminants (typically
electrically conductive dissolved-phase inorganic compounds, but also LNAPLSs). Often
more than one method is used because, at a given site, one method may not be as useful
or successful as another, and the information gathered from each method is slightly different
and, therefore, may be complementary or corroborative.

The information that can be supplied by geophysical methods can be used to delineate
important subsurface features, to develop an efficient sampling plan, and to select
appropriate sampling and analytical tools. Thus, it is important that these methods be
used in conjunction with a dynamic work plan that will provide flexibility to allow for
changes in the SAP as geophysical data are collected. Because the information supplied
by geophysical methods is highly interpretive and because there are no unique solutions
to geophysical problems, a project geophysicist must be available on site to select the
appropriate methods, to direct the investigation and to process and interpret the data col-
lected. Information provided by a geophysical survey should always be confirmed by
direct observation. Most methods are susceptible to interference from cultural features
including presence of buildings, fences, rail lines, and power lines.

The surface geophysical methods available for use in environmental site charac-
terization programs include ground-penetrating radar (Figure 2.131), electromagnetic
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FIGURE 2.121
For drilling through very hard bedrock, such as igneous or metamorphic rock, one of the most efficient methods
to use is air rotary with a down-hole hammer.

conductivity (Figure 2.132), seismic refraction and reflection (Figure 2.133), electrical res-
istivity (Figure 2.134), magnetometry, gravimetry, and metal detection. The applications,
advantages, and limitations of each of these methods as used in environmental site charac-
terization programs are described in detail in Chapter 4 and in other references including
Benson et al. (1984), California EPA (1995), U.S. EPA (1993b, 1993d, 1997a, 1997b, 2000c),
and CCME (1994).

Soil-Gas Surveys

Soil-gas surveys provide a means of determining the concentration or flux of VOCs or other
vapor-phase constituents (usually related to petroleum hydrocarbons or chlorinated organic
compound sources) present in soil pore spaces in the vadose zone. This technology can only
be used for detection of vapor-phase contaminants (i.e., those with a vapor pressure of at
least 1.0 mm Hg or a Henry’s law constant of at least 5 x 10~*atm m®/mol at 208C
[CCME, 1994]), but results may be extrapolated to infer the presence of either residual-
phase materials in soil or dissolved-phase constituents in ground water. Like geophysical
methods, soil-gas surveys can be used to collect a large amount of data quickly and to
focus later sampling efforts in places where contamination is evident. They can also identify
situations where health risks are present due to the migration of vapor-phase contaminants
in shallow soils, which may pose a risk to receptors in buildings.

Soil-gas techniques are divided into two general categories — active and passive. Passive
methods employ a sorbent sampling device that is buried in the ground for a specified
period of time, then retrieved and submitted to a fixed-base laboratory for sample extraction
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FIGURE 2.122
Cable-tool drilling is not used often in environmental drilling work because it is much slower than other methods
and it produces large amounts of IDW.

and analysis. Because the time intervals for use of these methods may be several days to
several weeks, these methods are less useful in a ASC/ESC/Triad/DFA approach. Active
methods consist of installing probes or monitoring points into the soil (typically using DP
technology) and withdrawing samples of soil gas that are usually analyzed on site to
generate real-time data (Figure 2.135 to Figure 2.137). Soil-gas survey results can delineate
areas of soil and ground-water contamination caused by VOCs and provide useful infor-
mation to guide soil and ground-water sampling efforts. Some active methods can
provide semi-quantitative data that can be used for estimating contaminant mass in
vadose zone soils. Active soil-gas methods can also be used in conjunction with DP soil
and ground-water sampling methods to define multiphase contaminant problems such as
commonly occur with petroleum products and chlorinated solvents.

Limitations to the use of soil-gas surveys include shallow ground-water conditions (i.e.,
less than 5 ft deep), presence of low-permeability materials (i.e., clays or silts); presence of
surface sources not related to contamination (i.e., automotive emissions and asphalt); high
soil-moisture content; and presence of organic-rich soils (e.g., peat). Soil-gas surveys are
described in detail in Chapter 3 and Chapter 6.

Dynamic Work Plans

A dynamic work plan provides the project team with the lines of communication and
agreed-upon criteria required to facilitate decision making in the field. It outlines a
sequence of activities that accommodate the decision-making process and the involvement
of interested parties to keep the project moving forward. Dynamic work plans rely partly
on an adaptive sampling and analysis strategy. Dynamic work plans do not dictate the
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FIGURE 2.123

Field-based analytical methods are those that can be applied at or near the point of sample collection in the field.
Use of these methods avoids the potential sources of sample error associated with sample handling, packaging,
shipping, and holding time.

FIGURE 2.124
Some DP rigs can be equipped with sophisticated field-based analytical equipment like this GC, to allow analysis
of samples as soon as they are collected.
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FIGURE 2.125
Field test Kits, such as this turbidimetric kit, can be used to provide semi-quantitative to quantitative results for
many types of petroleum hydrocarbons. (Photo courtesy of Dexsil Corp.)

exact location and number of samples to be collected or measurements to be made or the
details of the sample analysis to be performed. Instead, they identify the suite of field
investigation methods and measurements that may be necessary to characterize the site
and specify the decision-making logic that will be used in the field to determine which
chemical compounds require analysis, where to collect the samples and measurements,
and when to stop sampling. The dynamic work plan may identify the maximum potential
number of samples, provided there is a clear understanding that the actual number and
location of samples will be determined by on-site technical decision making. The field
manager adjusts the location and type of field data collection efforts in response to
previous observations and data interpretation to optimize site characterization efforts.

FIGURE 2.126

Immunoassay test Kits are available for on-site analysis of a wide range of parameters, including
pentachlorophenol, 2,4-D, PCBs, dioxin, total petroleum hydrocarbons, PAHs, BTEX, toxaphene, chlordane,
DDT, TCE, and mercury. Detection limits for immunoassay are comparable to or lower than those for
conventional analytical methods and are often less than MCLs. Many of the immunoassay methods are
included in the current version of SW 846.
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FIGURE 2.127
FIDs and PIDs (pictured) are relatively inexpensive devices that can provide qualitative information on the
presence of VOCs and SVOCs, and are widely used for sample headspace analysis.

Dynamic work plans should include contingencies so that unexpected findings can be
dealt with appropriately and unsuccessful field methods can be quickly modified or
replaced without having to cease field work. For example, a dynamic work plan might
include a contingency for an alternative sampling method or an alternative analytical
method to be used if the preferred method either fails to perform as expected or is inap-
propriate for the contaminants discovered at the site. Although every effort should be
made to ensure that the selected equipment and methods are appropriate for the expected
field conditions and contaminants at the outset of the project, even thorough planning
cannot account for unexpected circumstances. Thus, dynamic work plans should
address procedures that would be used to replace unsuccessful methods with alternate
methods if the need should arise. This discussion, most often presented in an
“if ... then” format, should be included in the FSP and the QAPP.

FIGURE 2.128
Field-portable GCs are capable of analyzing samples for a wide variety of organic compounds and providing
quantitative data at detection limits comparable to those produced by lab-based instruments.
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FIGURE 2.129

Field-portable XRF devices are a relatively recent development in field analysis for metals and other elements,
ranging from potassium through uranium on the periodic chart. Detectors like this one use an x-ray tube to
produce an excitation energy that changes the electron positions in individual elements, which causes them to
fluoresce at different energy levels or wavelengths that are characteristic of those elements. Data produced are
quantitative or qualitative, depending on how the unit is configured.

Dynamic work plans also tend to make use of innovative field methods and equipment
because these generally produce the real-time data necessary for on-site decision making.
As a result, geophysical methods, rapid sampling and in situ measurement technologies,
and field-based analytical methods are typically integrated into the dynamic work plan
in a way that makes full use of their ability to increase data density on a real-time

FIGURE 2.130

Mobile laboratories offer a climate-controlled environment with a power generator that can support the use of any
of a number of instruments that are typically found in fixed-based laboratories. Site characterization programs that
produce large quantities of samples on a daily basis are often best served by this option for field sample analysis.
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FIGURE 2.131

Ground-penetrating radar can be used to detect disturbances in subsurface materials (such as excavation and
backfill, utility trenches, UST pits, and buried drums) and the location of interfaces that reflect electromagnetic
energy (such as the bedrock surface, confining beds, or buried foundations) in real time.

basis. Because many field-based analytical methods provide real-time to near-real-time
gquantitative measurements, greater confidence should be obtained in the sampling
program. If semiquantitative or screening level data are produced, then a percentage of
the results should be verified by quantitative methods, either in the field or in a fixed lab-
oratory, as a QA/QC check for the real-time data. However, these analyses are not typically
used as the primary data source for decision making.

A dynamic work plan contains the same kind of QC measures associated with a conven-
tional sampling approach; however, the application may be more complex. Multiple
field analytical technologies are typically used in conjunction with fixed-laboratory

FIGURE 2.132

Electromagnetic conductivity can be used to rapidly detect the presence of conductive materials (such as ferrous
metals) and interfaces that have contrasting electrical conductivity (such as a clay-rich confining bed below a
sandy aquifer).
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FIGURE 2.133

Seismic refraction requires the installation of geophones to record the arrival of shock waves refracted off
interfaces between formation materials of different types, produced by a release of energy at the surface
(usually the striking of a sledge hammer on a steel plate or a small, controlled explosion). Interpretation of
data on arrival times allows interpretation of the geology at the site.

analysis methods, with each managing different components of data uncertainty. It is often
advisable to evaluate some QC data very early during the investigation. For example, it
may be desirable to confirm that an on-site method is performing as expected soon after
it is used, because real-time decisions depend on its performance. “Adaptive quality
control” describes QC procedures that support higher frequencies of QC samples when
the uncertainty is high and lower frequencies when there is greater confidence in the
analytical performance (ITRC, 2003).

Dynamic work strategies allow a sample-by-sample evaluation of results, if desired.
Results can be assessed in real time for their value to CSM development and to project
decisions. If there is a conflict between a result and the current CSM, there are two possi-
bilities: either the result or the CSM is wrong. Within a dynamic work plan, it is a simple
matter to quickly double-check and resolve an incompatible data result. Something may
have gone wrong with the analysis or the sampling. Perhaps an equipment problem has
developed that needs to be rectified. If the result is confirmed to be correct, then the
CSM needs to be modified. Incompatible results are valuable clues to detect sampling
errors or false assumptions in the CSM. Quality control within the context of a dynamic
work strategy is much more effective at catching mistakes than traditional work strategies
relying on rigid, inflexible work plans, and fixed-laboratory analyses, because results are
immediately compared to the current CSM (ITRC, 2003).
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FIGURE 2.134

Electrical resistivity is a commonly used geophysical method that depends on contrasts in the ability of subsurface
materials (natural or man-made) to conduct electrical current. Clay-rich materials are better conductors than sands;
ground water with a high TDS content conducts current better than water with a low TDS content. (Photo courtesy
of Dick Benson.)

Adaptive Sampling and Analysis Plans

Adaptive sampling and analysis plans (ASAPs) change as the CSM is refined based on the
sampling and analytical results produced in the field. A successful ASAP requires analyti-
cal methods and instrumentation that are field-practical and can produce data fast enough
to support the dynamic work plan process. Some large ASAPs can produce hundreds of
samples a day, so sample throughput capacity has to be gauged to closely match
sample production rates. If the sample production rate is significantly greater than the
rate at which samples can be analyzed, either the sampling program must be delayed to
allow the analysis to catch up or there will be pressure to continue sampling without
the benefit of results from the previous round of sampling and the value of adaptive
sampling will be lost. If the analysts can handle significantly more samples than can be
produced, then per-sample analytical costs will be driven up as the analytical equipment
sits idle. Managing, integrating, and displaying the information associated with sampling
may pose a logistical challenge, which can interfere with the progress of the site
characterization program if this is not adequately addressed. The coordination of data,
including sample location, chain-of-custody records, sample results, and sample analyses,
can become an issue if the logistics of the ASAP data management program have not been
laid out and tested beforehand, resulting in the inability of the field manager to make
timely decisions. Adaptive sampling requires a high degree of coordination and control
of field-level decision making because sampling points are not predetermined. The
ability to make decisions in the field in response to sampling results is what makes
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FIGURE 2.135
Soil-gas surveys often employ DP rigs to install probes in the shallow subsurface to collect samples of soil vapor.

adaptive sampling efficient. If timely decisions cannot be made, the value of adaptive
sampling is diminished. A typical ASAP program includes some type of in-field database
management system along with some form of GIS for data display. Good qualitative
support, which includes using on-site technical staff with an accurate understanding of
sampling program progress, is a prerequisite for quantitative decision making (Robbat,
1997).

In an ASAP, once the initial sample analytical data are obtained, the CSM is evaluated
for accuracy. Typically, several rounds of sampling data are required before confidence in
the CSM is obtained. The number of sampling rounds made during the same mobilization
is dependent on the DQO specifications for confirming the absence of contaminants in
areas thought to be clean (conditions for no further action) and for determining the
extent, direction, concentration, and rate of contaminant movement, and the volume of
contaminated soil and its risk to human health and ground water.

Quantitative decision support for ASAPs requires the ability to estimate contaminant
extent based on sampling results, determines the uncertainty associated with those esti-
mates, measures the utility expected from additional sampling (i.e., reductions in uncer-
tainty), and finds new sampling locations that provide the most value. Quantitative
decision support for ASAPs must take into account two general characteristics of contami-
nation at hazardous waste sites. The first characteristic is that while there may be initially
few, if any, hard data (i.e., results from the analysis of collected samples) available, upon
which a sampling program may be based, there is typically a wealth of other pertinent
“soft” information. Soft information refers to all other types of data that might be available
for a site, including site maps, aerial photographs, results of nonintrusive geophysical
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FIGURE 2.136
Soil-gas probes are usually screened with a PID or FID to determine the presence or absence of VOCs prior to
collecting samples.

surveys, historical information concerning the nature and source of contamination, and
other similar information. This information, while not absolutely conclusive regarding
the presence or absence of contamination above action levels at any particular location,
contributes significantly to the understanding about the probable location of contami-
nation. The second characteristic is that spatial autocorrelation is usually present at hazar-
dous waste sites and must be accounted for when drawing conclusions from discrete
sample results. When sample results are correlated and the level of correlation is a func-
tion of the distance separating the samples, spatial autocorrelation exists.

U.S. DOE (2001) suggests using a combination of Bayesian analysis with geostatistics to
guide ASAP design and implementation. Bayesian analysis can be used to merge soft
information about the probable location of contamination with hard data that might be
available for the site. Geostatistics can be used to interpolate sampling results from
locations where hard data exist to other locations that lack hard data. Geostatistics is
grounded in the presence of spatial autocorrelation — the fact that two samples collected
very close to each other will have results that are similar, but samples separated by a large
distance may have results that are totally unrelated. For the purposes of contaminant
extent delineation, the primary issue is not the absolute value of a contaminant observed
but whether that value exceeds some action level or cleanup goal. In this context,
sample results can be reduced to a value of either 0 or 1. A value of 0 is assigned if con-
tamination above action levels is not detected, and a value of 1 is assigned if it is detected.
A specialized form of geostatistics called indicator kriging can be used to interpolate these
values and determine the spatial distribution of contamination above and below action
levels.
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FIGURE 2.137
Soil-gas samples are collected for on-site analysis in a field-portable GC using an air sampling pump connected to
a Tedlar sample bag. The sample will be analyzed immediately.

With most ASAPs, the common approach is to sample contaminated areas (i.e., hot spots)
more heavily than other areas, which is rarely the case in traditional site characterization
programs. Therefore, if semiquantitative or quantitative field analyses are performed, no
additional confirmatory samples are necessary other than those that would typically be
necessary to verify data from one fixed-base lab versus another. Off-site lab analysis
would be performed only when on-site quantitative analysis is not possible or cost
effective.

U.S. DOE (2001) recommends an ASAP design and implementation process for contami-
nation delineation that follows these steps:

. A set of decision points forming a regular grid is laid across the site.
Decision points are so named because at each point a decision will have to be
made — based on the available information — will this point be considered
clean (i.e., the probability of contamination above the prescribed action level at
this point is acceptably low) or contaminated (i.e., the probability of contami-
nation being present at this point is unacceptably high). The acceptable level of
uncertainty serves as the criterion for differentiating between decision points
that can be considered clean and points that must be treated as contaminated.
For example, the acceptable level of uncertainty may be set at 0.2 — a decision
point with probability of contamination greater than 0.2 will be considered con-
taminated, while decision points with probability of contamination less than 0.2
will be considered clean. This value must be selected before the program
begins with mutual agreement from the stakeholders and regulators involved.
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This treatment of uncertainty is consistent with the Type | and Type Il error analy-
sis advocated by the U.S. EPA DQOs approach to environmental restoration
decision making (U.S. EPA, 2000a, 2000b).

. On the basis of soft information available for the site, a probability is assigned to
each decision point that captures the investigator’s initial beliefs about the prob-
ability of contamination above action levels at that location. In some cases, the
investigator may be absolutely sure that soil contamination would be found. In
other cases, the investigator may be absolutely sure that soil contamination
could not exist. Yet in other areas, investigator may not be able to draw any
conclusion at all concerning the likely presence or absence of contamination
(i.e., there is a 50-50 chance that contamination is present).

- If sample results are initially available, the probabilities at each of the decision
points are updated with these hard data. Johnson (1996) provides a detailed
description of how Bayesian analysis can be combined with indicator geostatis-
tics to accomplish the required updating. The site is then broken into three
regions: (1) regions where the probability of contamination associated with
decision points is below the predefined acceptable level of uncertainty — these
regions are accepted as clean with perhaps only minimal confirmatory sampling;
(2) regions where the probability of contamination is so high that there is no need
for sampling to confirm the presence of contamination; and (3) regions where the
probability of contamination above action levels is neither very low nor very high
— regions that represent areas of uncertainty in the context of the presence or
absence of contamination above prescribed action levels.

. The final step is actual sampling. There are several alternative decision rules that
can be used to drive data collection. The U.S. DOE (2001) approach is to focus on
maximizing the areas classified as clean, that is, areas that have an acceptably low
probability of contamination above action levels being present.

This decision rule tends to produce an ASAP that starts at the fringe of known contami-
nation and works its way in. As data are collected, the underlying probability model is
updated, the value of collecting additional information is evaluated, and additional
sampling locations are selected that maximize the area classified as clean. Sampling
stops where the additional value of sampling no longer warrants the investment. This
becomes a simple cost calculation that weighs sampling and analysis costs with the
expected volume of soil that might be reclaimed as “clean” and hence, remediation
costs that are avoided if sampling moves forward.

Regardless of the decision rule used, the process is the same. Sampling locations are
selected, which provide the most benefit in the context of the selected decision rule.
These would be sampled, their results analyzed, the probabilities of contamination
associated with the decision point grid updated with the sample results, the extent of con-
tamination determined again along with the number of “uncertain” decision points
remaining, and a decision made regarding whether additional sampling locations are jus-
tified. If so, the next best set of locations would be selected and the process carried through
another iteration. When the expected gain in information from additional sampling no
longer warrants the costs of collecting and analyzing additional samples, the program
stops.

Field-based analytical results will differ from off-site laboratory results for VOC-
contaminated soil samples, with off-site lab results generally producing lower measure-
ment concentrations because of analyte loss during sample transport and storage. Care
must be taken when comparing these two types of data. Because site investigation and
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cleanup decisions using an ASAP are made based on field data, off-site laboratory analysis
should be performed on no more than 10% of the samples analyzed quantitatively in the
field (Robbat, 1997). Field techniques that produce different data quality with the same
instrumentation offer cost advantages over analytical techniques that produce either
screening level or quantitative data. Time and total project cost savings result when the
sample load best matches the sample throughput rate of the instrumentation, maximizing
the effectiveness of field personnel and equipment.

Finally, field work begins based on the initial conceptual model. As new data are
generated, scientists and engineers may disagree over the direction taken in the field
investigation. Experience has shown that this will most likely occur based first on field
discipline and second on stakeholder bias. One or more changes in direction should be
proposed, with start and stop decisions delineated in the dynamic work plan. New
results should refine the conceptual model and dictate future directions. Clearly articu-
lated parameters with respect to sample number and DQO specifications obtained as a
function of time should be identified in the work plan to set constraints on how long a par-
ticular pathway is followed before altering the investigation direction. One member of the
investigation team and one member of the regulatory agency involved in project oversight
must have final site decision-making authority. Site work stops when answers to the ques-
tions posed in the work plan meet site-specific confidence levels established as part of the
DQO process. To ensure that site-specific goals have been met, the project team should
statistically evaluate the results of its findings (U.S. EPA, 1996b). An adaptive sampling
and analysis program focuses staff, equipment, and financial resources in areas where con-
tamination exists, while providing a cursory inspection in areas that pose no or little risk to
human health and the environment.

The dynamic work plan is generally accompanied by a series of work documents that
are written to follow an adaptive or dynamic decision-making strategy and target specific
subjects. These include an FSP, a QAPP, a DMP, and a Site HSP. These plans provide a
much higher level of detail than the dynamic work plan and often include very specific
SOPs required to conduct daily activities. All of these documents must support an
on-site dynamic decision-making process and discuss how overall decision uncertainty
will be managed.

Supporting Work Plans
Sampling and Analysis Plan

An SAP must be site-specific and must bring the sampling and analytical procedures and
protocols, the DQOs, and other project requirements together in one clear plan. The SAP
should provide a record of how site access, security, contingency procedures, and manage-
ment responsibilities are to be handled, document the equipment and procedures used
during all sampling events conducted at the site, and describe the project requirements
for all field and laboratory activities, data assessment activities, and deliverables. The pro-
cedures and protocols specified in the SAP should be consistently followed throughout the
life of the project. If the SAP is modified during the life of a project, the modifications must
be considered when evaluating the data generated from the project. Any deviations from
the SAP, including reasons for the deviations, should always be clearly documented
(Thurnblad, 1995).

The length and level of detail included in the SAP will depend on the project’s complex-
ity and any specific regulatory requirements. For a small, simple project, the SAP may be
fairly short and simple and written as a single document. For a large and complex site, the
SAP may include a number of other separate and distinct planning documents, including
a QAPP, a FSP, a HSP, and a DMP.
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In general, the SAP should include a number of important elements, grouped into sec-
tions as follows:

Project background: This section should include a brief summary of the project
including the site name and location; site size; site ownership history including
the name and address of the current site owner and operator; authority under
which the work is to be performed; and the purpose and scope of the SAP.
The inclusion of a map noting the location of the project is advisable.

Site description and history: This section should include a description of the topogra-
phy, soils, geology, hydrology, hydrogeology, and climatic setting of the site.
Other relevant information includes the locations of buildings and roads,
product storage and transmission or waste management facilities, descriptions
of site operations related to potential contaminant sources, discharge point
locations, and chemical use history. This section should also include a brief
history of the site in terms of present and former land use, site activities, reported
spills, and product storage or waste disposal activities that may have contributed
to potential contamination over the years.

Previous investigations: This section includes a discussion of any previous investi-
gation activities and other response activities that may have been conducted at
the site, including those conducted for environmental, geotechnical, engineering
or other purposes.

Project objectives: This section explains the purpose of the project, the regulatory
framework under which the work is being conducted, what goals and
objectives are to be met, what questions are to be answered, and what decisions
are to be made. This section sets the stage for the preparation of the remainder of
the SAP.

CSM: This section summarizes all of the available information on the site (particu-
larly those aspects related to potential migration and exposure pathways) in a
few simple maps, diagrams, cross-sections, and perhaps a narrative format
and identifies all of the data gaps that need to be filled during implementation
of the FSP to make project decisions. This defines the scope of the field
investigation.

Addressing data gaps: This section provides the plan for collecting data to fill the data
gaps identified in the previous section.

DQOs: This section describes how data will be used to make project decisions and
serves as a general scoping guide for data acquisition activities defined in the FSP.

FSP: This section provides details on the specific data and sample collection and
analysis activities that are designed to support the objectives of the project.
These activities may be divided into four broad categories: (1) source
characterization, (2) geologic characterization, (3) hydrogeologic characteriz-
ation, and (4) chemical characterization. Included in this section should be the
following:

a. A schedule for conducting the field investigation and reporting the results
b. Information on site access and security arrangements

c. Assigned sampling team personnel and their duties
d

. Procedures for completing sample chain-of-custody forms and other data
acquisition forms

e. A description of QA/QC procedures to be implemented during the project
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f. A description of the types of IDW that will be generated during the project
and how these wastes will be collected, stored, transported, and treated or
disposed

g. The general sampling and analysis strategy to be used, including the follow-
ing (all in the context of the dynamic work plan):

i. The environmental media to be addressed

ii. The types, concentrations, and forms (i.e., phases) of chemical parameters
(contaminants) to be measured and sampled

iii. The analytical methods (and their detection limits), equipment, and pro-
cedures for conducting field-based and fixed lab analyses (and contin-
gency plans for selecting alternate methods)

iv. The methods, equipment, procedures, and protocols for collecting data
and collecting samples (and contingency plans for selecting alternate
methods)

V. The types of samples to be collected

vi. The locations and numbers of each of the types of samples to be collected
in the initial round of sampling

vii. A description of the procedure used for determining the locations of
subsequent sampling points in the field

Additional detail on preparation of SAPs is available in Chapter 15, and in a variety of
other sources, including U.S. Army Corps of Engineers (2001), U.S. Air Force (1997), U.S.
EPA (1985), Thurnblad (1995), and Lesnik and Crumbling (2001).

Quality Assurance Project Plan

The QAPP is a tool for project managers and investigation planners to document the type
and quality of data needed for environmental decisions and to describe the methods for
collecting and assessing those data. The QAPP integrates all technical and quality
aspects of a project, including planning, implementation, and assessment. The purpose
of the QAPP is to document planning results for the site characterization project and to
provide a project-specific “blueprint” for obtaining the type and quality of environmental
data needed for a specific decision or use. The QAPP documents how QA and QC are
applied to the project operations to assure that the results obtained are of the type and
quality needed and expected. The QAPP also describes the policy, organization, and
functional activities necessary to achieve project DQOs.

The QAPP is a formal document describing in comprehensive detail the necessary QA,
QC, and other technical activities that must be implemented to ensure that the results of
the work performed during a project will satisfy the stated performance criteria. The
QAPP must provide sufficient detail to demonstrate that:

- The project technical and quality objectives are identified and agreed upon by all
interested parties

- The intended measurements, data generation, or data acquisition methods are
appropriate for achieving project objectives

- Assessment procedures are sufficient for confirming that data of the type and
quality needed and expected are obtained

- Any limitations on the use of the data can be identified and documented
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The QAPP must integrate the contributions and requirements of everyone involved in the
project into a clear, concise statement of what is to be accomplished, how it will be done, and
by whom. It must provide understandable instructions to those who must implement the
QAPP, such as the field sampling team, analytical chemists, modelers, and data reviewers.
To be effective, the QAPP must specify the level or degree of QA and QC activities needed
for the project. Because this will vary according to the purpose and type of work being done,
a graded approach should be used in planning the work. This means that the QA and QC
activities applied to a project will be commensurate with the purpose of the project, the type
of work to be done, and the intended use of the results.

The QAPP is generally composed of standardized, recognizable elements covering the
entire project, from planning, through implementation, to assessment. These elements are
presented in that order in the QAPP and are arranged into four general groups, which
include (U.S. EPA, 1999a):

- Project management: The elements in this group address the basic area of project
management, including the project history and objectives and roles and
responsibilities of the project staff. These elements ensure that the project
has well-defined objectives, that the project staff understand the objectives
and the approach to be used, and that the planning outputs have been
documented.

- Data generation and acquisition: The elements in this group address all aspects of
project design and implementation. Implementation of these elements ensures
that appropriate methods for sampling, measurement and analysis, data collec-
tion or generation, data handling, and QC activities are employed and properly
documented.

. Assessment and oversight: The elements in this group address the activities for
assessing the effectiveness of the implementation of the project and associated
QA and QC activities. The purpose of assessment is to ensure that the QAPP is
implemented as prescribed.

. Data validation and usability: The elements in this group address the QA activities
that occur after the data collection or generation phase of the project is completed.
Implementation of these elements ensures that the data conform to the specified
criteria, thus achieving the project objectives.

Additional detail on U.S. EPA requirements and guidance for QAPPs can be
found in U.S. EPA (1989b, 1998c, 1999a, 2000d, 2001b). Examples of generic QAPPs
assembled by other Federal agencies include U.S. Air Force (1998) and U.S. Geological
Survey (1997).

Health and Safety Plan

Any environmental site characterization project conducted at a site known or suspected to
be contaminated must have a site-specific HSP written for the benefit of those conducting
the investigation. The very nature of the work conducted at these sites demands the cre-
ation of a plan to deal with the hazards and dangers that may be encountered, including
hazardous substances, the possibility of drilling through buried utilities, the dangers of
working with heavy equipment, and the possibility of creating a spark that initiates a
fire, among others. A HSP serves to satisfy regulatory requirements of the Occupational
Safety and Health Administration (OSHA) (29 CFR 1910) and contractual requests for
work conducted at many industrial facilities but, more importantly, it serves as a tool to
protect workers from potentially hazardous situations. A good HSP anticipates
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unexpected situations, provides a plan for dealing with those situations, and provides
workers with a means of coping with those situations.

A good HSP must address a wide range of topics, including some that may seem to be
unrelated to health and safety. The areas that should be addressed in the plan include:

. Safety staff organization and responsibility of key personnel

- Safety and health hazard assessment for site operations

- Personnel protective equipment requirements

- Methods to assess personal and environmental exposure

. Standard operating safety procedures, work practices, and engineering controls
- Site control measures

- Required hygiene and decontamination procedures

. Emergency equipment and medical emergency procedures

- Emergency response plan and contingency procedures

- Logs, reports, and record keeping

Chapter 19 covers these and other aspects of health and safety planning in great detail.
A model HSP for environmental investigations can be found in Maslansky and
Maslansky (1997); procedures for evaluating HSPs can be found in U.S. EPA (1989c);
and health and safety planning for remedial investigations is covered in U.S. EPA
(1985).

Data Management Plan

The ability to manage and easily use all of the data generated by the field investigation is
critical to the success of an ASC/ESC/Triad/DFA approach to environmental site charac-
terization. The DMP, which describes how the data collected during the field investigation
will be managed throughout the field investigation, is the key to conducting an effective
dynamic site characterization project. The on-site technical decision making that guides
the dynamic field characterization and sampling activities used in an ASC/ESC/Triad/
DFA approach requires a much higher level of data management than is typically
found in traditional site characterization programs.
To serve its purpose, the DMP must specify the following:

. The staffing requirements for overseeing all aspects of the data management
program, including the responsibilities of all staff

. The hardware and the software packages used for storing, organizing, reducing,
analyzing, and presenting the data

. The means of incorporating, organizing, coordinating, and integrating a variety
of types of data from a variety of sources and formats into a comprehensive
site database

- The means and formats (electronic and other) used for entering data into the site
database

- The procedures used for verifying and validating chemical and non-chemical
(geologic, hydrologic, and other) data

. Procedures used for conducting a QA review of data collected during the field
investigation
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- The means for providing access to the data to both on-site field personnel and
off-site interested parties (i.e., the site owner and operator, regulators, legal
counsel, and other stakeholders)

- The means of analyzing and interpreting data and presenting it in easily
understood formats

- The means (and frequency) of producing data summaries for use by on-site
personnel to assist them in planning subsequent activities at the site

. The means of summarizing and presenting data for inclusion in the final report

The development of a DMP that can provide the necessary level of support to the field
manager and the remainder of the field team is a process that requires a great deal of
thought and expertise. Development of the plan begins with incorporating certain
elements of the site-specific SAP, including the objectives of the investigation and infor-
mation on the locations of data collection points, the types of analyses performed on
samples, and the types of samples and data that must be generated and recorded to
support project objectives. The DMP determines the data flow paths that must function
for the site characterization program to work, including the interrelationships between
the data management system and the field team and the intrarelationships within the
system (Olson, 1991). The computer equipment and software must be specified and
should be field tested with increasing amounts and complexity of data to ensure that
the hardware and software perform as expected. After work at the site has started, the
DMP is important in documenting the procedures for handling data from various
sources, including the field technicians and the analytical staff.

For most dynamic environmental site characterization programs, the majority of data
will be generated electronically. The level of effort required to produce rapid turnaround
times will be increased if the field-generated (analytical, geologic, hydrologic, and other)
data are not produced electronically and have to be entered into the database by hand.
Because of the nature of much of the nonanalytical data collected, it is usually in
written form. Written field records must be mated with sample chain-of-custody
records to match field data collected from sampling points with analytical results from
those same points. After the analytical results are received from either the on-site lab or
field analysts, they can be entered into the database and linked with the sampling
points. For most projects, all field-generated data will eventually need to be reduced to
an electronic format for use in modeling, data visualization programs, and other data
manipulation systems.

Data verification and validation is a very important element of a good DMP. Analytical
data should be verified and validated by chemists to ensure that the data are verified as
complete, with known ranges, and have fulfilled the requested analyses. Nonanalytical
data must also be verified and validated (generally by a geologist or hydrogeologist) in
the same time frame as analytical data to ensure that field decisions are based on accurate
information from all sources and an accurate depiction of subsurface conditions. Data
verification and validation QA/QC procedures are discussed in detail in U.S. EPA
(2000€, 2001c).

Data summaries are also important, as they are used to show the status of the investi-
gation and also as the primary tool to plan future investigative work at the site. These sum-
maries may be issued in a variety of formats, but the most useful are graphic (i.e., maps
and cross-sections depicting results of work done to date) and tabular information
on all sample locations, sampling points, and analytical results. Software packages
that allow the depiction of data in three-dimensional images (i.e., data visualization
software) are very useful in summarizing chemical, geologic, and hydrogeologic data.
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Because ASC/ESC/Triad/DFA approaches to environmental site characterization
generally rely on a daily evolution of the data, data summaries may need to be prepared
on a daily basis.

The importance of a good DMP cannot be overemphasized. All aspects of the DMP must
be in harmony to accommodate the fact that data from different sources are interrelated
and must be effectively linked to be useful to project planners. Properly developed and
implemented, a good DMP allows a tremendous amount of data to be handled, inter-
preted, and reported effectively and allows generation of timely and informative
data summaries. This allows the field manager to keep the project moving forward to
completion as rapidly as possible.

Data Analysis, Evaluation, and Interpretation: Revising the CSM

The project team member in charge of data management is responsible for coordination
of site activities to ensure that all data collected in a given time frame are incorporated
into the site database and made available to the project team for data evaluation, analysis,
and interpretation as rapidly as possible. This is important to keep the project moving
forward in a timely manner. The hydrogeologic, geologic, soil, chemical, and other data
collected during the field investigation must be periodically assembled by the field
manager (usually on a daily basis) and evaluated on-site by the appropriate project
staff. Data evaluation must be completed before data analysis and interpretation to deter-
mine whether data quality requirements are met and whether the data can be used
for their intended purpose. This will lead to validation of properly collected data and
exclusion of improperly collected data. Considerations for data validation include the
following:

- QA/QC results (instrumentation calibration checks, duplicate analyses, field
blanks, equipment blanks, etc.)

- Comparison of higher quality level data with lower quality level data

- Consistency of results among analytical methods and sampling techniques

- Comparison with results from other media

. Comparison with other COCs or indicator parameters

- Comparison against previous data (if available)

- An evaluation of whether the data fit or make sense in the context of site conditions

After the validity of the data has been assessed, the valid data can be used in data analysis
and interpretation.

The primary focus of the ASC/ESC/Triad/DFA process is the use of multidisciplinary
integration and interpretation of field measurements and sampling results to provide
information used to refine the CSM and construct a more accurate picture of site
conditions. These data (and the revised CSM) then serve as the basis for selection of
the type and location of subsequent field measurements and sampling points. This
process continues on an iterative basis throughout the life of the project. Data analysis
and interpretation and revision of the CSM are generally done on a daily basis to
provide a foundation for planning the next day’s field work, although it may be done
more or less frequently, depending on the size of the site and the complexity of the
investigation.

While the collection of geologic, hydrogeologic, and chemical data in the field is a
relatively straightforward mechanical process, the analysis and interpretation of those
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data is much more difficult and complex and requires special expertise and substantial
experience. Interpretation of environmental data must be done by experienced pro-
fessionals with specialized knowledge and extensive training in the examination of
specific aspects of the data (Regan et al., 1991). For example, an experienced field geologist
should be in charge of interpretation of complex geological data, an experienced analytical
chemist (or geochemist) should interpret complex sets of chemical data, and an experi-
enced field hydrogeologist should take the lead in interpreting complex hydraulic head
and other hydrogeologic data. The interpretation of environmental data is an art and,
by definition, requires the conscious use of skill and imagination. Because these qualities
in most scientists are highly personalized, the interpretations of data among individuals
are often unique and imprecise. Data must often be extrapolated between widely spaced
boreholes, under situations in which correlation may seem impossible because the bore-
hole conditions seem so different. Under these conditions, drawing lines on a map or a
cross-section to indicate correlations or boundaries where few pieces of data are available
requires great skill, imagination, and knowledge of environmental processes. Studying
available surface exposures of subsurface materials (i.e., nearby road cuts, streamcuts,
fault scarps, foundation excavations, or cuts in quarries or mines) can reduce the guess-
work associated with extrapolation of subsurface geologic data. However, the most
valuable asset to anyone attempting to interpret subsurface data is the ability to visualize
a problem in three dimensions.

Graphical presentations of data, such as maps, cross-sections, flow nets, and graphs, are
extremely helpful in data analysis and interpretation and in presenting data to interested
parties. Graphical presentations of data facilitate interpretation of spatial relationships
between data points and, when time-series data are available, can indicate the presence
or absence of trends. Plan (map) views of data, cross-sections or fence diagrams, and
data contouring methods are all very useful methods for data presentation. The degree
of detail of the graphical presentations of site conditions varies according to the objectives
of site characterization, the complexity of site geology, hydrogeology and geochemistry,
the nature and number of source areas, and the nature and distribution of the contami-
nants of concern.

A map of the area being characterized provides essential information about the land
surface including natural and anthropogenic topographic features, land uses, surficial
geology, and the locations of sampling points and other data acquisition points (i.e.,
geophysical or CPT measurements). Maps also serve as the basis for data contouring
efforts and can help tie in contaminant source areas with contaminant plumes.

Cross-sections should identify actual surface and subsurface observation points
according to elevation and location. Cross-sections showing correlation of stratigraphic
or lithologic units and interpretations of other conditions (i.e., contaminant locations)
between direct subsurface observations (i.e., sampling results) and indirect observa-
tions (i.e., geophysical survey results) should be indicated as interpretations based on
standard geologic procedures. Solid lines should be used where information demonstrates
definite correlations, and dashed lines should be used where information is sketchy
or less complete. Cross-sections should be accompanied by a narrative presentation
describing anomalies or otherwise significant variations in the site conditions that
might affect any data interpretations. Additional exploration should be considered if
sufficient information is not available on critical parts of the subsurface (i.e., boundaries
between aquifers and confining beds) to develop accurate cross-sections, with
realistic descriptions of anticipated variations in subsurface conditions, to meet project
requirements.

Contouring methods, such as constructing structure contours of the top of buried
bedrock, potentiometric surface contours of water levels in a confined aquifer, flow nets
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to describe the hydraulic relationships between aquifers beneath a site, or isoconcentration
contours of a particular chemical species in soil, soil gas, or ground water, are very
valuable tools for data interpretation. Contours of horizontally planar (or nearly planar)
surfaces may be presented on maps, and contours of chemical or hydraulic head data
can be presented on both maps and cross-sections, to depict, for example, the three-
dimensional distribution of hydraulic head or contaminants. Three-dimensional contour-
ing can be done with more sophisticated computer imaging or data visualization
programs, often with very impressive results. All contouring should be done using
appropriate interpolation techniques and the method of interpolation documented in an
accompanying harrative. It is often a good practice to contour the same data using
several different interpolation methods and to compare the results.

Methods for analyzing time-series data include the use of bar charts, graphs, and piper
or stiff diagrams. These are described in detail in Chapter 17.

Statistical methods used to analyze data should be appropriate for the data type. Most
conventional statistical methods assume a normal distribution around the mean. Typically,
environmental data do not exhibit normality because of spatial autocorrelation, the pre-
sence of outliers, or other effects. Therefore, geostatistical methods are considered best
for analyzing spatially related data. Chapter 17 provides additional detail on the use of
statistical methods in analysis of environmental data.

As shown in the flowchart in Figure 2.101, the CSM is refined in an iterative process of
data collection, evaluation, and interpretation. Compilation of the data onto simple 2D
graphics is sufficient for on-site data interpretation at small, simple sites. Using an
interactive data processing program, to combine sample location information with
depth information, in combination with a sophisticated 3D computer imaging or data
visualization program, may be feasible for larger, more complex sites. In either case,
the focus is on continually updating the graphics prepared during generation of the
initial conceptual model. As the investigation proceeds, the maps, diagrams, cross-
sections, and flow nets are continually revised by incorporating new data and new
interpretations are made to reflect the incorporation of updated information. For
example, geologic contacts are repositioned using new geologic data, cross-sections
are redrawn using new borehole lithologic data, hydraulic relationships within
and between aquifers are reconsidered using new hydraulic head data, and new
isoconcentration contours are drawn using new geochemical data. The revised CSM
can then be used to make specific predictions regarding the conditions anticipated at sub-
sequent sampling or data collection points. Using field-generated graphics, the field
manager can direct the investigation to test the predictions, fill in the data gaps,
resolve anomalies or explain outliers, and resolve differences between anticipated and
actual results from prior sampling rounds. As new data are collected and the investi-
gation proceeds, differences between the initial CSM and the data obtained during site
characterization are used to adjust data collection activities and the sampling and analy-
sis program in an iterative manner until all relevant site conditions are accurately
defined. The daily cycle of data collection, evaluation, and interpretation continues
until the field manager, in consultation with the other project team members, the site
owner and operator, and the regulatory authority determines that the objectives of the
site characterization program have been satisfied or that constraints to the investigation
are such that they prevent additional characterization. Typically, the site characterization
is complete when the CSM no longer changes with the incorporation of additional data,
when no major unexplained anomalous observations remain, and when sufficient detail
in depiction of site physical and contaminant-related conditions has been achieved to
fulfill the requirements of the investigation.
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Preparing a Final Report

All types of site characterization projects, whether completed using the conventional
or traditional approach, or an ASC/ESC/Triad/DFA approach, will require the
production of a comprehensive final report to document the results of the project.
Reports should be well organized and concisely written and should contain a variety
of graphical and tabular displays of important information. The report for an environ-
mental site characterization project should include the following information at a
minimum:

- A description of the purposes and objectives of the site characterization program

- The location of the site investigated, in terms pertinent to the project. This may
include a large-scale regional map on which the site location is identified
(a USGS 1:24,000 topographic map usually works well) or a current aerial
photo on which the site location is identified, or both

- A description of the regional- and site-specific physical setting (topography,
geology, soils, hydrology, hydrogeology, geochemistry, climatic setting,
background soil and ground-water chemistry, biology, etc.)

- A description of the history of the site, the former and current activities at the site,
the site facilities related to the objectives of the investigation (source areas, includ-
ing product storage and transmission facilities, waste storage and disposal
facilities, discharge points, etc.), the types of chemicals, products, or wastes
handled at the site (and their chemical and physical characteristics, fate and
transport characteristics, maximum contaminant levels, or other regulatory
action levels, as available), and the history of any releases, spills, or discharges
known to have occurred at the site

- A small-scale map of the site and surrounding area, with all features pertinent
to the site-characterization project (site boundaries, source areas, land uses on
site and adjacent properties, buildings, roads, surface-water bodies and wet-
lands, man-made drainage features, underground utilities, locations of public
and private wells and springs, and locations of potential receptors [human
and ecological]) identified and with surface elevation contours and significant
geomorphic features (sinkholes, bluffs or cliffs, fault scarps, streamcuts, etc.)
marked

. A description of all of the investigation methods and procedures used during the
data collection and analysis portion of the site-characterization program

- A small-scale map of the site and cross-sections in the direction of and orthogonal
to the direction of ground-water flow, on which the locations of all sampling and
data collection points (soil borings, DP and CPT holes for soil, soil-gas and
ground-water sampling and in situ measurements, wells, vertical profile
locations, surface geophysical survey lines, etc.) are identified

- A narrative summary of the results of the investigation, including all field
measurements and observations, results of all sampling and analytical activi-
ties conducted at the site, descriptions of any spatial or temporal variations
or trends in the data, descriptions of contaminant distribution in all phases,
predictions on contaminant fate and transport, and any limitations to the use
of the site data

- A description of the QA/QC measures implemented during the investigation
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- A graphical presentation of all borehole logs, well construction logs, vertical
profiling (e.g., DP or CPT) logs, and geophysical measurements

- A tabular presentation of all field measurements and observations, all sampling
and analytical results, and all other data collection results

- A graphical presentation of the final CSM, including all sampling and analytical
results and other data collection results for all environmental media, showing all
data interpretation (geologic maps and cross-sections showing units of geological
significance; hydrogeologic maps and cross-sections showing perched zones, the
water table, confining zones, piezometric surfaces in confined zones, and direc-
tions of flow and gradients in and relationships between all hydrogeologic
units; contaminant isoconcentration contour maps and cross-sections for sail,
soil gas, and ground water; maps and cross-sections showing contaminant
movement pathways and human exposure pathways; graphs of time-series
hydraulic head or chemical data, etc.)

. Conclusions of the investigation, including a summary of the risks posed to
identified receptors, recommendations for further work at the site, including
no further action, short- or long-term monitoring, natural attenuation, risk-based
corrective action, active remediation (and identification of potentially useful
remedial methods) or some other course of action

- Referencescited in the final report, including all relevant reports of previous inves-
tigations at the site and at adjacent sites, any regional geology and hydrogeology
reports, and any other references pertinent to the subject of the investigation

- Appendices, including all raw data (analytical and other data), QA/QC evalu-
ations, and other detailed information available from the investigation

Because all of the improved approaches to site characterization provide for data evalu-
ation, analysis, and interpretation in the field, report writing for projects using one of these
approaches can often be significantly streamlined in comparison to projects using the con-
ventional or traditional approach. This is countered somewhat by the need to include sub-
stantially more data in a report for a project using and ASC/ESC/Triad/DFA approach
than is typically found in a report produced for a project using the conventional or tra-
ditional approach. However, because experienced staff are more involved with the field
work in a project using an ASC/ESC/Triad/DFA approach, they generally require less
time to review and become familiar with the documentation in preparation for writing
the report.

Additional guidance on preparing final reports for environmental site characterization
projects can be found in U.S. EPA (2003) and ITRC (2003).

Field-Based Analytical Technologies

A critical component of any successful dynamic environmental site characterization
program is a well thought out field analytical program. A properly designed field
analytical program will facilitate timely revision of the CSM in the field and allow real-
time decision making during site characterization. When properly designed and
implemented, the field analytical program will provide accurate chemical information
so investigators in the field can use this information to select the next sampling location.
This will minimize the number of mobilizations necessary to characterize a site which,
in turn, will reduce overall project costs.
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The Role of Regulatory Agencies in Adopting the Use of Field Analytical Technologies

Recognizing the importance of obtaining accurate analytical data in the field, the U.S. EPA
issued a Policy Directive (9380.0-25) in April 1996 to “openly encourage the evaluation and
use of new field measurement and monitoring methods” (U.S. EPA, 1996c). This Policy is
embraced by a number of different branches within the U.S. EPA (Table 2.5) that support
the use of innovative cleanup and field measurement technologies.

Historically, the biggest barrier to the use of established and emerging field analytical
technologies has been the reluctance of end users to incorporate them into a work plan
because the answer to the question “Will the regulatory agency accept the data generated
by this method?” has typically been “no.” There are several reasons for this response: (1)
a lack of understanding of the capabilities and limitations of the methodologies on the
part of regulatory agency personnel and the end user; (2) historical applications of
field analytical methods were as qualitative screening tools, and compound identification
was usually not possible; (3) early attempts at quantitative field analyses did not incor-
porate sufficient QA/QC measures to validate the data being generated; and (4) a lack
of availability of many options for field sample analysis, with regard to the types of
samples that could be analyzed or the parameters that could be detected. The U.S.
EPA Directive is intended to increase awareness at both the end user and state and
Federal regulatory agency levels and to facilitate increased approval and use of field
analytical tools during site characterization. By encouraging the use of field analytical
tools, the Directive seeks to improve environmental decision making, while reducing
the cost and time required to remediate a site. The Directive also provides guidance on
how to use these technologies effectively.

The Directive also indicates that a re-examination of DQOs is appropriate on the
regulatory agency level so there is not a continued insistence on unnecessarily using
more costly and overly stringent laboratory-based SW846 analytical methods for all
data generated during site characterization, to the exclusion of more cost-effective
methods. This is a significant change in philosophy for many environmental pro-
fessionals that is taking time to come into practice. To assist in this transition,
OSWER and the U.S. EPA Office of Research and Development (ORD) have created
many outreach and support groups (many of which are Internet based) to encourage
the use and development of new and innovative measurement and monitoring technol-
ogies including:

- Vendor Field Analytical Characterization Technology System (Vendor FACTS)
(U.S. EPA, 1998a)

- Superfund Innovative Technology Evaluation (SITE) Programs

TABLE 2.5
U.S. EPA Branches Supporting Policy Directive 9380.0-25

Office of Solid Waste and Emergency Response (OSWER)

Office of Emergency and Remedial Response (OERR)

Office of Underground Storage Tanks (OUST)

Office of Chemical Emergency Preparedness and Prevention (CEPPO)
Technology Innovation Office (TIO)

Office of Enforcement and Compliance Assurance (OECA)

Federal Facility Leadership Council

EPA Brownfields Coordinators
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. Environmental Technology Verification (ETV) Program (U.S. EPA, 1997¢)
a. ETV’s Consortium for Site Characterization Technology (CSCT)

- REACH IT, sponsored by U.S. EPA’s Office of Superfund Remediation and Tech-
nology Innovation (OSRTI) (U.S. EPA, 2004c)

- Federal Remediation Technologies Roundtable (FRTR)

By increasing collaborative efforts with vendors developing new field analytical technol-
ogies through these outreach and support groups, U.S. EPA has shortened the time
frame from 30 months to less than 18 months for updates of SW846 field-based analytical
technologies (U.S. EPA 1998a). This reflects the desired shift in emphasis from *“prescrip-
tive” testing procedures to a focus on “performance-based” field measurements.

CSCT was initially established as a pilot program under the ETV Program as a
consensus-based group charged with the responsibility of evaluating and validating the
performance of site characterization and monitoring technologies. CSCT collaborates
with the Interstate Technology and Regulatory Council (ITRC). The ultimate goal of
CSCT and ITRC is to fast track the acceptance of new, proven field technologies. A
number of technology evaluation reports (e.g., U.S. EPA, 1997b, 1997c, 1998b, 1999b)
and verification statements for field analytical technologies have been completed, includ-
ing field-portable x-ray fluorescence (XRF) and field-portable GC/MS. Reports on the suc-
cessful uses of field analytical technologies are also published by OERR, ORD, and TIO.
Virtually all of these reports are available on-line to end users and regulatory agency per-
sonnel. On basis of this information, many state regulatory and nonregulatory agencies are
now accepting the use of field sample analysis methods in specific programs, including
UST and dry-cleaning facility programs, and some have incorporated field test methods
into state reimbursement fund programs.

Advantages of Generating Real-Time Data through Field Sample Analysis

As already discussed in this chapter, field sample analyses provide site investigators with real-
time or near-real-time data upon which they can base decisions on how to proceed with site
activities during sample collection. This can assist in delineating the presence of hot spots
across the site during site characterization or during source removal activities such as soil exca-
vation, to determine when sufficient material has been excavated from an area.

It is important to define the terms “real-time” and “near-real-time” when discussing
advantages of field sample analysis. “Real-time” data are generated when the results of
an analysis are available either instantaneously, as in the case of PIDs when used in
survey mode to determine total VOCs, or within a few minutes without data reduction,
as in the case of field-portable XRF analysis of in situ soil samples for metals. “Near-
real-time” data are data generated through field sample analysis that may require
more time to process samples for analysis, to actually perform the analysis or to inter-
pret the data. The results of analysis of samples using field-portable GC/MS instrumen-
tation would be considered near-real-time data. In either case, the time to obtain
accurate chemical data using field analytical methods is always less than using
conventional off-site analysis. Typically, the turnaround for receiving results from off-
site laboratories can run from several weeks to several months, depending on the ana-
lyses being performed, the level of QA/QC required during the analyses, and the
work load of the laboratory.

Rapid data turnaround allows real-time identification and characterization of contami-
nant sources, which is the critical first step of many site characterization programs
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conducted at sites known to be or suspected of being contaminated. Real-time data also
permit three-dimensional delineation of the extent and magnitude of the contaminant
plume during a single mobilization. This allows more effective fine tuning of the CSM
and optimal design of follow-up monitoring or remediation systems, if required.
For example, three-dimensional soil sample collection can determine the location of
potential preferential pathways for contaminant migration based on grain size and
depth to ground water and, when combined with field sample analysis, can also permit
identification of real migration pathways based on contaminant chemistry. This infor-
mation is key to the effective positioning of ground-water monitoring wells (with
respect to well-screen placement) and to targeting specific zones in the subsurface for
remediation.

Limitations to Developing Strategies that Rely on Real-Time Data

Perhaps the largest hurdle to overcome when proposing to implement a field analytical
program is obtaining regulatory approval for the use of the methods and acceptance of
the results. With the previously discussed U.S. EPA programs in place, this should
become less of a problem. However, for now, there still exists a widespread misconception
that only SW846 methods are acceptable for generating valid analytical data. Closely
related to this is the tendency of some investigators and regulators to judge the perform-
ance of field methods against data generated through analysis of confirmatory samples in
a remote fixed laboratory. This results in delays using field data and defeats the purpose of
using a dynamic work plan for the investigation. This difficulty can be overcome by imple-
menting an effective field sample analysis QA/QC program, which will permit validation
of field data as they are being generated.

An effective field analysis plan should ideally be written by an environmental pro-
fessional who has both laboratory analytical experience and field sampling experience.
This unique combination of experience brings together the knowledge necessary to effec-
tively select the most appropriate analytical tools for the parameters of interest and the
understanding of field sampling error and the difficulties associated with sample matrix
interferences. During implementation of a field analysis program, it is recommended
that trained analytical chemists be available to lead field analysis teams to ensure accuracy
and precision during analysis of samples and to provide expertise for data interpretation
and QA/QC troubleshooting.

From a project management perspective, the switch to an ASC/ESC/Triad/DFA
approach, which, by definition, incorporates field analyses, will require that an increased
amount of project resources be available for the initial part of the investigation. Rather
than spread site characterization activities over a period of years, as is commonly the
case when traditional approaches are implemented, use of an ASC/ESC/Triad/DFA
approach could require the equivalent of half (or more) of the project resources to be avail-
able in the first few weeks or months of the project — a choice that some facility owners or
operators may not find favorable from a cash-flow perspective.

Development of an Effective Field Analytical Program

When developing a field analytical program for any ASC/ESC/Triad/DFA project, a
number of important criteria need to be addressed, as summarized in Table 2.6.

As with any field activity, it is important to clearly define objectives. For field analytical
programs, typical objectives include determining the locations of hot spots of contami-
nation, defining contaminant levels at property boundaries, identifying contaminants
present to determine if there is a health risk to nearby receptors, and locating and
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TABLE 2.6
Criteria to be Considered in the Development of a Field Analytical Program

Objectives of the program

Type of data required (qualitative vs. semi-quantitative vs. quantitative)
End use of the data

Required level of field QA/QC on sample analyses

Parameters to be analyzed

Matrix to be analyzed (soil, gas, or water)

Anticipated concentrations of expected contaminants (i.e., ppm vs. ppb)
Potential for matrix interference

Field operational conditions (light, relative humidity, temperature, and precipitation)
Operator skill

Reliability of method and associated instrumentation

Time required to perform analyses

Per-sample costs (disposables, equipment, time, waste disposal, etc.)

characterizing a source or sources of a contaminant. It is imperative that the project-
specific objectives be kept in mind when collecting and interpreting data to ensure that
the objectives are addressed.

Tied closely to objectives is the determination of what kind of data are required to be
generated by field analyses. The qualitative data generated by some methods simply
provide a “yes/no” indication of contamination. This type of data can be generated, for
example, when using PIDs or FIDs to analyze samples of soil gas or to analyze the
headspace of soil or water samples. When trying to locate zones of apparent VOC contami-
nation to direct subsequent sampling efforts, this type of information may be sufficient.
This approach is often referred to as sample “screening” rather than sample analysis.
Qualitative screening may be appropriate as a means of focusing successive quantitative
analyses by screening out large classes of compounds when results produce negative find-
ings. Positive results or “hits” should be followed up with more quantitative analyses
(Parris et al., 1993).

When more detailed information is required, methods that generate quantitative data
must be used. Quantitative methods not only identify individual compounds but also
determine compound-specific concentrations. This type of information is very powerful
when developing an initial understanding of site conditions or when refining the CSM.
To be accurate, however, more analytical skill is required, as is a higher level of QA/QC
to validate the results generated.

There is also a category of methods in between — semi-quantitative. These methods
may be able to provide some information on concentrations, but the concentrations may
not be compound specific — they are related to a “family” of compounds. An example
of this group of analytical methods is the turbidimetric-based field analysis kit called
PetroFlag™. This method uses a chemical extraction process to create an extract fluid
for turbidimetric analysis of total petroleum hydrocarbons. Results are compared
against a calibration standard (which is generally not compound specific) using a field
turbidimeter.

Field Analysis QA/QC Programs

When generating semi-quantitative and quantitative data, it is essential to implement a field
sample analysis QA/QC program. There are two general components to the field analysis
QA/QC program: those procedures implemented in the field during sample analysis
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TABLE 2.7

QC Samples to Include in a
Field Analytical Program

Calibration standards

Method blanks

Instrument blanks

Duplicate samples

Matrix spikes and surrogate spikes
Control samples

Confirmatory samples

(e.q., use of calibration blanks) and off-site confirmatory procedures (i.e., where samples are
sent to an off-site fixed laboratory). The level of QA/QC required will vary with the objec-
tives of the field analysis program, but it is critical to ensure that there is sufficient QA/QC to
permit validation of any results generated, especially if results are being submitted to
outside groups (such as regulatory agencies) or where results are close to action levels. It
is always better to have a higher degree of QA/QC than may be warranted at the time,
than to have an inadequate program, and run the risk of data not being accepted.

A comprehensive field analytical QA/QC program will include the submission of
confirmatory samples to a fixed laboratory for analysis. In general, between 5% and
10% of the total number of samples collected and analyzed are submitted for confirma-
tory analysis.

Table 2.7 provides a list of some of the analytical QC samples that should be included in
the field sampling program. There may be instances where a field technology designed to
provide semi-quantitative data may not facilitate preparation of one or more of these QC
samples. In those cases, QA/QC programs will be somewhat more limited.

Calibration Standards

To ensure accurate quantification of sample analyses, it is imperative that the analytical
instrumentation be calibrated in accordance with instrumentation and analytical method
specifications. Calibration standards are prepared per the analytical method to create a
multipoint calibration curve. The more standards used to create this curve, the greater
the accuracy of quantification. Ideally, three calibration standards and a “zero” cali-
bration standard are used to create this calibration curve, and the standards selected
frame the anticipated concentrations for the samples to be analyzed. It is important
that this instrument calibration be performed in the field under the same operating con-
ditions under which the samples will be analyzed. Single-point calibration curves should
be avoided because of the poor degree of accuracy in calibration. It is recognized,
however, that instrumentation software used in some hand-held field analytical equip-
ment does not facilitate multipoint calibration. This factor should be considered when
selecting instrumentation and methodologies during the development of the field
analytical program. As samples are analyzed, it is a good practice to reanalyze the
suite of calibration standards with each batch of samples. This confirms the accuracy
of quantification of the samples and also ensures that there is no instrumentation drift
during analysis, which can occur under field operating conditions over time.

Method Blanks

Method blanks are samples, typically prepared with deionized water from a known
source, that are carried through all phases of sample preparation and analysis. The
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purpose of the method blank is to determine whether contaminants are potentially intro-
duced into samples during sample preparation (e.g., cross-contamination due to poor
pipetting techniques), handling (e.g., storage of samples in the vicinity of contaminants
prior to analysis), and analysis (e.g., contaminants in extract solvents). It is recommended
that one method blank be analyzed for every 20 field samples (U.S. EPA, 1999b). The
method blank is also sometimes known as a preparation blank.

Instrument Blanks

Closely related to the method blank is the instrument blank. The purpose of an instrument
blank is to determine whether there is any contamination of samples resulting from con-
tamination within the analytical instrumentation. An example of where this QC blank
should be run is when a field-portable GC is used for sample analysis. A phenomenon
called “column saturation” can occur when a highly contaminated sample is analyzed
and leaves behind a residual level of contaminant on the analytical column, which will
be detected if another sample is analyzed shortly thereafter. This causes a false positive
in the subsequent sample (or samples). An instrument blank is a sample of air, water, or
solvent (which one is used depends upon the method being used) that has not undergone
any sample processing (i.e., extraction or digestion). This sample is analyzed to determine
whether cross-contamination of samples occurs due to contaminants present in the
analytical instrument. Instrument blanks should always be analyzed immediately after
samples that have high concentrations of a parameter of interest. If a contaminant is
detected in an instrument blank, the analyst must implement corrective measures until
nothing is detected in the blank.

Duplicate Samples

Duplicate samples are used as part of a field analytical QC program to verify the pre-
cision of results generated. To prepare a field analytical duplicate sample (not to be con-
fused with a field sampling duplicate sample), the field analyst generates two separate
aliquots of one sample submitted for analysis. Each aliquot is independently processed
and analyzed for the same parameter to determine the precision of the analytical
system. Duplicate samples should be run at a minimum frequency of one duplicate
per 20 field samples. Duplicate results are typically compared as relative percent
difference.

Matrix Spikes and Surrogate Spikes

Another check on analytical method precision is to prepare and analyze matrix spikes and
surrogate spike QC samples. To prepare a spiked sample, a known concentration of a com-
pound of interest is added to a sample to determine the accuracy of the analytical system.
The spiking solution is typically purchased as a certified spiking solution which is
accompanied by a certificate of analysis identifying the compound and its concentration.
Matrix spike samples are used for both organic and inorganic compounds. To prepare a
matrix spike, one aliquot of a sample is analyzed before being spiked to determine the
baseline for the sample. A second aliquot is spiked with the parameters of interest at a
known concentration. The result of analysis of the spike, reported as percent recovery,
is a direct measurement of analytical accuracy.

For inorganic compounds, a third aliquot of sample is spiked in the same manner. A
comparison of respective recoveries between the two spikes is a measure of analytical pre-
cision. Surrogate recovery spikes are used for organic compounds only. Surrogate recovery
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spikes measure how well the analytical method works on an individual sample basis. A
surrogate compound is a special compound synthetically prepared, which is not found
naturally but is similar to several compounds of interest. Surrogate spiking compounds
are added to a sample that is treated as an unknown during analysis. Percent recovery
is calculated concurrently with concentrations for analytes of interest. Matrix spikes and
surrogate spikes should be analyzed at a frequency of one per 20 field samples.

Control Samples

Control samples are used to assess the accuracy of the field analyst and the field test
method. Control samples are samples of known concentrations that are analyzed with
each set of calibration standards before analysis of the regular samples. The control
sample may be commercially prepared or may be prepared in the laboratory and taken
into the field. The concentration of the control sample must fall within a specified range
for the method to be considered accurate. Ideally, the control sample will have concen-
trations close to those found in the field samples.

Confirmatory Samples

Confirmatory samples are collected with the objective of supporting proper interpretation
of the results of field test kit data and to judge the accuracy of method’s results from the
standpoint of making correct project decisions. A confirmatory sample is prepared in the
field as a duplicate of the same sample that is analyzed on-site with the chosen field test
method. The duplicate portion is sent to an off-site laboratory for formal analysis. The
results of the on-site analyses are compared to the results of the analyses by the off-site
laboratory. The number of confirmatory samples should be sufficient to allow for manage-
ment of analytical uncertainty so that the use of the field method can be defended as scien-
tifically valid. The number of confirmatory samples will vary between projects depending
on the method, the complexity of samples being analyzed, how the end data are being
used, and the likelihood of method interferences. If the field analytical QA/QC program
is effective, there should be sufficient real-time checks and balances on the quality of
data being generated, thus field teams should not have to rely on the results of confirma-
tory samples to validate information being provided. To do so would remove the benefit of
field analysis as an aid in field decision making.

When the field analytical portion of the sampling and analysis plan is written, it is
important to establish the appropriate ratio of field samples to QC samples. The ratio
of one QC sample for every 20 field samples may be suitable for many programs.
However, in cases where a higher degree of scrutiny of data will occur (e.g., during
litigation), the ratio may need to be decreased to one QC sample for every 10 field
samples. The lower the ratio, the higher the degree of confidence the analyst can have
in the accuracy and precision of data being generated. The tradeoff, however, is a
reduction in the number of samples that can be run per day and the increased cost associ-
ated with performing additional analyses on QC samples.

Selection of Field Analytical Technologies

Field analytical methods are divided into two broad categories: in situ methods and ex situ
methods. In situ methods include those technologies that are capable of taking measure-
ments in place without requiring collection of a sample for analysis. For example, there
are many in situ analytical tools used in conjunction with DP equipment to deploy a
sensor, such as a laser-induced fluorescence (LIF) probe, into the subsurface. Because
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these methods are discussed at length in Chapter 6, in situ measurement tools are not
discussed here.

Ex situ field measurement techniques all require that a sample of the matrix of interest be
collected for analysis. As a consequence, the accuracy and precision of data generated by
ex situ methods can potentially be affected by sampling error and bias. These issues should
be addressed separately in the site-specific sampling and analysis plan to minimize the
impact of this source of error and variability.

When selecting the most appropriate field analytical methods for a project, it is import-
ant to identify which parameters are anticipated to occur at the site, what media will be
analyzed, and what concentrations of contaminants are expected. A list of anticipated con-
taminants should be developed at the onset of any project to develop an effective HSP
(Chapter 19), so this information can also be useful for this application. A number of
field analytical technologies have been developed for single compounds or for families
of related compounds, so the individual preparing the field analytical program must
understand which parameters are detectable with any given technology being considered.
Many methods are designed to work with only one type of sample, either water (e.g.,
ground water and surface water) or solids (e.g., soil, sediment, and sludge). Some technol-
ogies can be used for both soil and water samples, but the sample preparation and analyti-
cal method may vary as with the type of data generated and the detection limits. For
example, if a soil-gas sample is analyzed for volatile constituents using a field-portable
GC, data generated will be quantitative. If that same instrumentation is used for soil
sample analysis, a headspace method must be used and the data, while still quantitative,
are only an indirect indication of what may be in the soil sample, because the soil sample
was not digested or extracted for analysis. There may, in fact, be other contaminants still
present in the sample that did not volatilize sufficiently to be detected in the headspace
sample. The third factor to consider is contaminant concentration. Many reagent Kits or
test kits are designed to operate within a concentration range, so it is important to estimate
whether contaminants are expected to be in the parts-per-million range or parts-per-
billion range, for example. In some cases, dilutions can be prepared in the field if unexpect-
edly high sample concentrations are encountered, but dilutions can potentially introduce a
source of error and should be avoided if possible.

The experience of a trained analytical chemist will be important in identifying the
potential for matrix interference to occur during sample analysis. Matrix interference
can include things such as the presence of one constituent in such high concentrations
that it masks one or more other contaminants of interest; the presence of a compound
(that may be unrelated to the contaminants of interest) that can change the basic chem-
istry of the analytical method (e.g., the presence of chlorine can interfere with a number
of chemical reactions); or the color of a sample may make it impossible to identify color
changes indicating contaminant concentrations (when a colorimetric method is used).
Some field test Kits indicate known sources of interference for the test method and,
in some cases, offer recommendations on how to change field sample preparation or
analytical procedures to correct for this interference (e.g., sample filtration). Unfortu-
nately, not all test kits provide helpful information regarding the potential for sample
interference during analysis and, therefore, a source of error could be introduced with
that particular method.

An effective field analytical program involves discussions between the project analytical
chemist and the field personnel who will be performing the analyses. This communication
needs to incorporate discussions related to field team experience in sample collection and
analysis. In addition, field personnel need to inform project managers about anticipated
field operational conditions such as temperature, relative humidity, dust, wind, sunlight,
and noise. These factors can have a direct influence on sample analytical method selection.
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From a project management perspective, time to perform analyses and the per-sample
cost must be evaluated to determine whether the cost for field analysis is less than, equal
to, or more than remote laboratory analyses. If field analytical costs are equal to or greater
than laboratory analytical costs, then the value of real-time data must be included in the
equation. Down time associated with methods that incorporate less-than-reliable equip-
ment and test methods should also be considered.

Summary of Available Field Analytical Technologies

A number of field analytical technologies have been developed. Selection of one method
over another depends on careful examination of a number of variables as discussed earlier.
In particular, field test methods must be carefully selected with the type of sample
(i.e., solid vs. liquid) and the nature of the contaminant (volatility and anticipated concen-
tration) to be analyzed in mind. Many field test Kkits are differentiated based on their capa-
bility of analyzing samples that are (1) volatile (e.g., field-portable GC); (2) semi-volatile
(e.g., PetroFlag); or (3) nonvolatile (e.g., XRF devices). It is critical that some background
research be done during the planning phase to determine the nature of the contaminant of
interest. To assist in making these difficult decisions, the reader is directed to U.S. EPA’s
Field Sampling and Analysis Technologies Matrix (U.S. EPA, 1998b) and U.S. EPA’s
on-line Field Methods Encyclopedia (U.S. EPA, 2004c). Both of these resources provide
comparisons of applications for various field analytical technologies.

Reagent Test Kits

Perhaps the widest assortment of field analytical methods available for a variety of par-
ameters is the group of methods collectively referred to as reagent test kits. Reagent test
kits are self-contained kits that use a chemical reaction which produces color or turbidity
to identify contaminants either qualitatively or quantitatively. Test kits provide a number
of advantages to field analytical teams. They are generally highly portable, easy to use,
quick and inexpensive to implement, and available for a wide range of analytes. Some
test kits are designed to be operated by an individual with no analytical experience,
while others are more successful when run by an individual with some analytical
experience.

ASTM Standard D 5463 is a guide for the use of test Kkits to measure inorganic constitu-
ents (e.g., metals) in water (ASTM, 2004g). An equal number of test Kits are available for
organic parameters, but these are not addressed in D 5463. As indicated in this ASTM
Standard, many test kits have been developed to exactly replicate an official test method
of a standard-setting organization such as the U.S. EPA. In other cases, minor modifi-
cations of official test methods are made to improve performance, operator convenience,
or ease of use in the field. In still other cases, the test kit may be based on an analytical
method that is completely unique and not approved by any official organization. The
U.S. EPA has approved a number of field colorimetric test methods and has included
them in SW846. Examples are presented in Table 2.8.

Technologies included in reagent test kit options include colorimetric test kits where
no sample preparation is required (e.g., Hach AccuVac-Vial test method 8171 for
nitrate); colorimetric test kits where some sample preparation, such as sample extraction,
isrequired (e.g., immunoassay test kits); and test kits in which a turbidimetric-based test is
conducted following solvent extraction of contaminants from a sample (e.g., PetroFlag).
The degree of quantification of data generated by colorimetric test kits is highly dependent
on the method selected for determining the color intensity generated by the test method. In
some Kits, color intensity is determined visually by comparing final color against a color
chart or photograph, as is the case with some versions of the Hanby Field Test Kit. This
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TABLE 2.8
Examples of U.S. EPA-Approved Colorimetric Test Methods

EPA SW846 Test

Method Number Method Name

8510 Field method for RDX in soil

8515 Trinitrotoluene in soil by colorimetric screening
9078 Screening test method for PCB in soil

9079 Screening test method for PCB in transformer oil

results in the generation of semiquantitative data at best, because the method is highly
subject to personal bias regarding interpretation of color. In other Kits, including a
number of immunoassay test kits, color change is compared against a reference standard
that has been calibrated. Differences in color between the sample and the reference
standard are determined electronically using devices such as photometer or spectropho-
tometer. Spectrophotometers are commonly used for determination of color intensity vs.
method-specific programable reference wavelengths of light. With the use of these
devices, data generated by the method are quantitative.

The Hanby Field Test Kit is a field method widely documented in U.S. EPA guidance
(U.S. EPA, 1990, 1995a, 1998b, 1999b), for qualitative or semi-quantitative analysis of
solid or water samples for aromatic compounds found in petroleum fuels (e.g., gasoline,
diesel fuel, jet fuel, crude oil, motor oil, benzene, toluene, ethylbenzene, and xylenes
[BTEX], and polynuclear aromatic hydrocarbons [PAHSs]), as well as PCBs (Hewitt,
2000a, 2000b). These test kits are based on the Friedel-Crafts alkylation reaction for
color formation in the presence of aromatic compounds. Typical detection limits are
1.0 mg/kg for soil and 0.10 mg/l for water, with typical analytical ranges of 1.0 to
1000 mg/kg for soil and 0.1 to 20 mg/l for water. Test methods for soil and water
samples vary in the sample preparation procedures, but both require a solvent extraction
procedure to liberate the hydrocarbon or PCB contaminant from the matrix and produce
an extract fluid that is analyzed in the field. Through the addition of catalysts, a final
extract fluid that exhibits a color is produced. The color is interpreted either visually, by
comparing color intensity against a series of manufacturer-provided color photographs
(qualitative data) or by using a reflective photometer to provide semi-quantitative deter-
mination of color intensity. It is necessary to have prior knowledge about which type of
hydrocarbon contamination is present to avoid potential error when selecting the appro-
priate photo for color comparison. Color comparison is also problematic when more than
one type of aromatic hydrocarbon is present (Francis et al., 1992). Evaluations of data
generated by the photometer have not been supportive of manufacturer claims of
increased accuracy of sample quantification (Hewitt, 2000b).

Dexsil Corporation manufactures a number of test kits that have been evaluated by the
U.S. EPA for use in the field. Chlor-N-Soil and Chlor-N-Oil (U.S. EPA, 1995b, 1997¢) are
two Kits that are designed to detect PCBs in soil, oil, and wipe samples. These test Kits
operate on the principle of total organic chlorine detection. With these test kits, PCB com-
pounds are extracted from the sample using an organic solvent. The sample extract is
treated with metallic sodium to strip chlorine from the biphenyl compound to form chlor-
ide ions. The chloride content in the extract fluid is measured with an indicating solution
of mercuric nitrate and diphenyl carbazone, which combine to create a vivid purple color.
The development of color is inversely proportional to chloride content of the extract sol-
ution (i.e., strong purple color indicates no chloride is present [and therefore no PCBs]; a
yellow or clear color indicates the presence of PCBs). Colorimetric determinations
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are relative to a standard and are semi-quantitative in nature. Quantitative data are
available from a similar method that uses a chloride-specific electrode, referred to as the
L2000 chloride analyzer (Mahon et al., 2002). Using this electrode, it is possible to
achieve a detection limit of 5 ppm. With any of these methods, the presence in the
sample of chlorinated solvents, chlorinated pesticides, or inorganic chlorides from
sources such as road salt or seawater, can cause false positives during analysis. These
test kits are designed to be conservative, so false positives are more likely than false
negatives. These three methods were added in Updates Il or Il to the U.S. EPA SW846
Methods as indicated in Table 2.8.

The Envirol Quick Test™ test kit provides quantitative results for pentachloraphenol
(PCP) in soil and water, trinitrotoluene in soil, and carcinogenic PAHSs in soil (U.S. EPA,
1999h, 2004c¢). The kits use a photochemical reaction that produces a color proportional
to the concentration of the analyte of interest. In this method, soil and water samples
are solvent extracted then filtered to generate an extract fluid that undergoes further
preparation in the field to reduce interference. After the extract preparation is complete,
color change, as the degree of absorbance of the sample, is quantified when the sample
is placed in a small portable photometer. The photometer is calibrated to three standard
solutions to create a calibration curve that equates the degree of absorbance to concen-
trations of PCP, TNT, or carcinogenic PAHSs. The operating range of the method is 1.5 to
90 ppm for PCP in soil and water, 3.0 to 100 ppm for TNT in soil, and 1 to 3000 ppm for
carcinogenic PAHSs in soil. This is a more involved field test method that takes a signifi-
cantly longer time to perform than other methods. The presence of tri- and tetrachlorophe-
nols can result in positive interference for PCP, while creosote has been shown to interfere
with the carcinogenic PAH test. Mono- and dichlorophenols must be present in relatively
high concentrations to be detected by the PCP test.

The PetroFlag test kit is designed to provide semi-quantitative to quantitative results for
gasoline, diesel fuel, jet fuel, fuel oil, motor oil, transformer oil, hydraulic fluid, greases,
and many other types of hydrocarbons in soil (Lynn et al., 1994; Seyfried and Wright,
1995; Lynn and Lynn, 2002; U.S. EPA, 2004c). In this test method, soil samples are prepared
for analysis by conducting a solvent extraction to create an extract that is filtered into a vial
containing a patented development solution. Following a reaction time, the extract is
placed into a hand-held turbidimeter that measures the turbidity or optical density of
the final extract against a known standard. The concentration of hydrocarbons present
is proportional to the turbidity of the sample. PetroFlag will detect hydrocarbons over a
range of 20 to 2000 ppm, but the detection limit will vary with the type of hydrocarbon
being analyzed. Detection limits for heavier hydrocarbons, such as jet fuel or motor oil,
provide for a more turbid final solution, thus increasing the sensitivity of the analyzer.
False positives can occur with this method if naturally occurring waxes and oils (e.g.,
plant resins or waxes) are present in the sample. For accurate quantification, the analyte
being tested must be known so the field analyst can select the most appropriate calibration
curve for the turbidimeter. When the contaminant is unknown, only semi-quantitative
data can be generated. This method is proposed to be included in Update 4A in SW846
as Method 9074, “Turbidimetric Screening Method for Total Recoverable Hydrocarbons
in Soil” (U.S. EPA, 2004c).

The AccuSensor field test kit was developed to permit analysis of trichloroethylene
(TCE); total trihalomethanes (THMs) in chloroform equivalent; BTEX; and tetrachlor-
oethylene, in water only (U.S. EPA 1999b, 2004c). The test kit is based on the Fujiwara reac-
tion where geminal species react with pyridine in the presence of water, and hydroxide
ions form a visible light-absorbing product. This test method has the advantage that no
solvent extraction steps are required in the field. Instead, a water sample is poured into
astandard 40 ml VOAvial (leaving a headspace) and the vial is sealed with an AccuSensor
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cap. The sample is shaken to induce volatilization of constituents into the headspace of the
vial, then the cap is inserted into the AccuSensor meter and a lever on the side of the cap is
turned to expose a porous Teflon membrane that will permit volatiles from the headspace
to permeate through the membrane to react with the Fujiwara reagent. The degree of
absorbance is measured by the meter over a 5 min period, after which the concentration
(in ppb) is displayed on the meter. Because this method is based on the analysis of
headspace, it is affected by analyte Henry’s law constants, diffusion rates, and reaction
kinetics, all of which are temperature controlled. This is addressed by a thermistor in
the meter that provides temperature compensation. There are also known interferences
that must be considered when this method is used. For example, if chloroform is
present when analyzing for TCE, measurements may be affected by an error rate of 40%
when the concentration of chloroform is equal to that of TCE. There is also a potential
for cross interference between readings for TCE and THMs. The minimum detection
limit of this method is 10 ppb for THM and 5 ppb for TCE.

Immunoassay methods have been used widely in the food and health-care industries for
years (Dohrman, 1991) and have been applied in the environmental industry as a way to
provide semi-quantitative and quantitative data for a wide range of organic and inorganic
compounds in soil and water samples. The most common applications are for gasoline,
diesel fuel, jet fuel, BTEX, PAH, PCP, various pesticides and herbicides, explosives and
propellants, and individual Arochlors and mixtures of PCBs in soil and water (Thorne
and Myers, 1997; U.S. EPA, 1995c, 1995d). Immunoassay has also been used to detect
cadmium (Khosraviani et al., 1997) and mercury (Bruce et al., 1999) in soil. Immunoassay
kits primarily measure lighter aromatic petroleum fractions, because straight-chain
hydrocarbons do not lend themselves to eliciting immune system responses. The technology
is not effective when analyzing heavy petroleum products with few aromatic compounds
(e.g., heating oil) or highly degraded petroleum fuels, from which the lighter aromatic
fractions have been lost.

There are four types of immunoassay: enzyme immunoassay, radioimmunoassay,
fluorescent immunoassay, and enzyme-linked immunosorbent assay (ELISA) (Gee and
van Emon, 2004; U.S. EPA, 2004c). Of the four, ELISA is most often used in environmental
applications because it can be optimized for speed, sensitivity, and selectivity; it has a
longer shelf life; it is simpler to use; and it does not require the use of radioactive materials.
During the analytical procedure, a known amount of sample and a known amount of
enzyme conjugate are introduced into a test tube that contains the antibodies and the
target analyte present in the sample competes with the labeled antigen in the enzyme con-
jugate for a limited number of antibody binding sites. Then, a chromogen is added to the
test tube to react with the enzymes on the labeled antigen to cause the formation of a color.
The more analyte present in the sample, the more enzyme conjugate it will displace from
the binding sites. The amount of bound conjugate is inversely proportional to the amount
of analyte in the sample. The original concentration of the analytes can be determined by
measuring the amount of enzyme conjugate bound to the antibody. Because the amount of
bound enzyme conjugate determines the intensity of the color, the intensity of the color is
inversely proportional to the amount of analyte present in the sample. Concentrations of
analytes are identified through the use of a sensitive colorimetric reaction and are quanti-
fied by comparing the color developed by a sample of unknown concentration with the
color formed by a known standard. The concentration of the analyte is determined by
the intensity of color, which can be estimated visually by comparing the sample with a
color chart (qualitative data) or guantitatively by using a photometer or spectropho-
tometer (quantitative data).

There are a number of advantages to using immunoassay in the field when compared
with remote laboratory analyses, including speed of analysis, portability, ease of use,
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TABLE 2.9
U.S. EPA SW846 Immunoassay-Based Field Test Methods

Method

Number Method Name

4010 Screening for PCP by immunoassay

4015 2,4-D in water and soil by immunoassay

4020 PCBs in soil by immunoassay

4025 Dioxin in water and soil by immunoassay

4030 TPH in soil by immunoassay

4035 Soil screening for PAHs by immunoassay

4040 Toxaphene in soil by immunoassay

4041 Chlordane in soil by immunoassay

4042 DDT in soil by immunoassay

4051 RDX explosives in water and soil by immunoassay
4060 TCE in soil by immunoassay

4670 Triazine herbicides as atrazine by immunoassay
4500 Mercury in soil by immunoassay

relatively low cost per sample, and availability of methods for a wide range of contami-
nants. U.S. EPA has approved immunoassay methods for thirteen 4000 series test
methods in SW846 (U.S. EPA, 1996a) as provided in Table 2.9. Detection limits for
immunoassay are comparable to or even lower than those for conventional analytical
methods and are often less than maximum contaminant limits or MCLs (pesticide
detection limits in water are an order of magnitude lower than MCLs). The actual
detection limit will vary by test method, analyte of interest, sample matrix (soil vs.
water), concentration, and interference sources. It is possible to achieve parts-per-
billion detection limits in water, while soil samples typically have parts-per-million
detection limits, due to the necessity of a solvent (e.g., methanol) extraction step
prior to analysis. For very highly contaminated samples, it may be necessary to
dilute the original sample to perform the analysis.

There are several disadvantages to applying immunoassay technology to environmental
samples. The trick, in the beginning of the project, is to correctly identify the analyte or
family of analytes of interest at the site because the kits are very contaminant-specific.
If multiple or similar compounds are found at a site, it may be difficult to accurately quan-
tify the individual compounds due to a phenomenon referred to as “cross-reactivity,”
which can occur when an antibody reacts to a substance that is similar in structure but
is not its target compound. For example, a PCP test kit may also respond to tetra-, tri-,
and dichlorophenol (Gerlach et al., 1997a, U.S. EPA, 1995e, 2004c). Tetrachlorophenol is
most likely to cause a response, because its chemical structure is closer to that of PCP.
A test kit designed for TNT may also respond to 1,3,5-trinitrobenzene and DNT
(Thorne and Myers, 1997). Manufacturers of immunoassay test kits typically provide
information on cross-reactivity for compounds similar to the target. This is particularly
important when immunoassay kits are used to analyze BTEX compounds (Gerlach
et al., 1997b). The BTEX test kit will respond to all six BTEX components (including
xylene isomers) to different degrees but the test does not provide compound-specific infor-
mation. This interference can result in generation of false positives. With this source of
error in mind, if the objective of an environmental site characterization project is to deter-
mine the concentration of benzene in ground water or soil that is contaminated with gaso-
line, immunoassay may not be the best technology to use. This is especially true if
compound-specific information is required to assess exposure risk. On the other hand,
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this cross-reactivity can be desirable if the user is looking for a number of similar constitu-
ents and is not particularly concerned with individual compound identification, but
whether or not contamination is present at a site.

Many of the sample reagents, including the antibodies and chromogens, are highly sen-
sitive to direct sunlight and temperature. Sunlight can break down the reagents or cause a
change in the colorimetric reaction. Therefore, care must be taken to keep test kits out of
direct sunlight. It is also important to store the kits in a cool environment (e.g., a field
refrigerator or cooler) and to monitor expiration dates for each test kit to ensure that the
antibodies do not expire prior to use.

Field-Portable X-Ray Fluorescence

A second major category of field analytical technologies is XRF. XRF technology has been
used in industry for many years for applications such as determining metallic content of
alloys. It is being increasingly applied in environmental site investigations where trace
metal contamination is of primary concern. Initially, the emphasis in using XRF was on
determining lead concentrations in residential paints and house dust, but it has expanded
to environmental site characterization investigations and site remediation projects. In
response to this growing market, field-portable XRF units have seen increased develop-
ment to make the instrumentation smaller, more portable, battery operated, rugged,
capable of operating with more than one type of radioisotope source, capable of
analyzing the complete RCRA list of metals, and capable of analyzing soil samples,
water samples, and materials such as plant tissues (Hewitt, 1995; U.S. EPA, 1996d,
2004c; Walsh, 2004).

There are two general categories of instrumentation used for XRF analysis of environ-
mental samples: a device that requires the use of a radioisotope source and a detector
and a device that utilizes a miniature x-ray tube source. In XRF analysis, a process
called the photoelectric effect is the fundamental reaction that occurs during analysis.
Fluorescent x-rays are produced by exposing a sample to an x-ray source that has an
excitation energy similar to, but greater than, the binding energy of the inner-shell elec-
trons of the elements in the sample. Some of the source x-rays will be scattered, but a
portion will be absorbed by the elements in the sample. Because of their higher energy
level, the excited outer-shell electrons will eject the inner-shell electrons. The electron
vacancies that result will be filled by electrons cascading in from outer electron shells
that have higher energy states than the inner-shell electrons they are replacing. This
causes the outer shell electrons to give off energy in the form of fluorescent x-rays as
they cascade down. It is this generation of x-rays that is referred to as XRF. Because
every element has a different electron shell configuration, each element emits a
unique x-ray at a set energy level or wavelength, which is characteristic of that
element. The elements present in a sample can be identified by observing the energy
level of the characteristic x-rays, while the intensity of the x-rays is proportional to
the concentration of the element. Data generated are both qualitative (observing the
energy of the characteristic x-ray) and quantitative in nature (when the intensity of
the x-ray is determined relative to known reference standards).

The XRF has two basic components — the radioisotope source and the detector. The
source irradiates the sample to produce the characteristic x-rays, while the detector
measures both the energy of the characteristic x-rays that are emitted and their intensity
to quantify concentrations. Table 2.10 presents examples of common field-portable
radioisotope sources and corresponding elements that can be detected. Instrumentation
with more than one radioisotope permits greater flexibility in terms of the elements
that can be detected.
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TABLE 2.10
Examples of Common Field-Portable Radioisotopes

Radioisotope Elements Detected
Fe-55 Sulfur, potassium, calcium, titanium, and chromium
Cd-109 Vanadium, chromium, manganese, iron, cobalt, nickel,

copper, zinc, arsenic, selenium, strontium, zirconium,
molybdenum, mercury, lead, rubidium, and uranium
Am-241 Cadmium, tin, antimony, barium, and silver

Miniature x-ray tube sources are employed by a number of manufacturers. The major
advantage of x-ray tube technology is that it does not require licensing or special shipping
as XRF units using radioactive sources do. X-ray tube units do, however, require regis-
tration with some states — something that is important to keep in mind when traveling
to different field sites in different states. Tube-based instruments commonly utilize a
low-power hot filament cathode x-ray tube. The transmission anode operates at a high
enough energy range (~35KkeV) to simultaneously excite a large range of elements
(K through U). Interferences and sensitivity problems associated with high energy
sources are corrected using sophisticated software built into the XRF unit.

An XRF detector can be operated in two modes to analyze environmental samples — in
situ or with a collected sample. Not all XRF instrumentation has capabilities to perform
both types of sample analysis. DQOs that specify required detection limits or sample pre-
cision in addition to the objectives of the field analysis program will dictate which method
is most appropriate for any investigation. For units that use multiple sources, after the
sample has been exposed to one source, the turret is rotated to expose it to the next
source. The length of time the sample is exposed to each source (measured in seconds)
is referred to as the count time, which can range from 30 sec to as long as 200 sec per
source depending upon the data quality needs of the investigation (longer count times
equate to lower detection limits). Fluorescent and backscattered x-rays from the sample
reenter the analyzer through the window and are counted by the instrument’s detector.
X-rays emitted by the sample at each energy level are called “counts,” which are recorded
by the detector. The detector also measures the energy of each x-ray and builds a spectrum
of analyte peaks on a multichannel analyzer. Instrumentation software integrates the
peaks to produce a readout of spectra and concentrations of analytes that can be stored
for later viewing and downloading.

In situ analysis refers to the rapid screening of soils in place. In this application, the
window of the XRF probe is placed in direct contact with the ground surface and a
trigger is pulled to expose the sample to the radiation source. Count times for in situ analysis
are typically very short (30 to 60 counts per source), consequently detection limits are some-
what higher than for intrusive methods. When sample heterogeneity is of concern, it is rec-
ommended that three or four measurements be taken within a small area, with an average
value being reported. In situ measurements permit very rapid determination of metal
concentrations in very shallow soils (typically less than 1cm below ground surface) over
a large area. When taking in situ measurements, it is important to remove any
unrepresentative debris, such as rocks, pebbles, leaves, vegetation, or roots, from the
surface to be analyzed. The surface should also be smooth to ensure that good contact is
made between the entire window surface area and the soil surface. Used properly, in situ
XRF can be a valuable tool on sites undergoing soil excavation activities during remediation.

Intrusive analysis is used when greater precision and lower detection limits are required
to satisfy the objectives of the field analytical program. This is achieved through more
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extensive sample preparation and longer analysis times to reduce heterogeneity among
samples and to increase the sensitivity of the instrument. For intrusive operation, a
sample is collected and undergoes a series of steps to prepare it for analysis. When
samples are collected, all unrepresentative debris, as described earlier for in situ sampling,
must be removed from the sample. Field sample preparation can be time- and equipment-
intensive, requiring sample homogenizing, drying if moisture content is greater than 20%,
grinding, and sieving. As a consequence, sample preparation is sometimes performed in a
remote laboratory, resulting in a delay in obtaining analytical results. Time is saved if
sample preparation can be performed in an on-site mobile laboratory facility. Once the
sample is prepared, it is transferred into a polyethylene sample cup that has a transparent
Mylar window. The sample cup is then placed over the probe window for analysis.

With either method of analysis, it is important to understand the detection limits that
can be obtained with XRF technology. Instrument detection limits (the absolute threshold
concentration that the equipment can resolve) can range from 10 to 100 ppm in soil
samples, while method detection limits, which are dependent on the analytical method
(and sample preparation method) selected, can range from 40 to 200 ppm or higher, as
is the case for chromium, which has a detection limit that may be as high as 900 ppm
(U.S. EPA, 2004c). Therefore, if detection limit requirements for an investigation are in
the parts-per-billion range, XRF technology should not be considered. Other limitations
include the expense and difficulty in obtaining reference calibration standards, the
expense associated with the radiation sources that must be replaced every 2 years,
and the costs associated with licensing requirements for instrumentation that relies on a
radioisotope source. Instrumentation using an Si (Li) detector requires liquid nitrogen
and a special aluminum container (dewar) to hold the liquid nitrogen, which adds
disposable supplies expenses and time to the per-sample analysis cost.

A number of factors can affect the detection and quantification of elements in a
sample using XRF. Some of these interferences can be inherent in the analytical
method, while others, such as calibration procedures, are instrument related. Sources
of error include interference from the sample matrix, moisture content of the sample,
sampling error, and detector resolution limitations. Ideally, samples will be homogen-
ized to remove variations in the physical structure of soil samples (e.g., particle size,
uniformity, homogeneity, and condition of the surface) and will be dried to a moisture
content of 20% or less. As discussed earlier, detector applications and limitations must
also be considered.

Headspace Screening, GC, and GC/MS

VOCs and SVOCs are the most common groups of contaminants of interest at sites under-
going environmental site characterization and remediation. Consequently, a number of
field analytical methods have been developed to permit qualitative and quantitative ana-
lyses of samples for these compounds. These methods fall into three general categories:
headspace screening methods for total VOC determination, GC for identification and
quantification of specific compounds, and GC/MS for identification and quantification
of specific compounds with a greater level of accuracy and precision than that possible
through GC alone. Each technology is unique in its instrumentation requirements, level
of experience required by field personnel, type of data generated, detection limits
obtained, and accuracy and precision during sample analysis.

Qualitative Headspace Screening: Qualitative headspace screening of samples is the most
common form of field sample analysis in the environmental industry (Fitzgerald, 1993;
Hewitt and Myers, 1999). To conduct headspace screening, a sample of material (solid
or liquid) is collected and placed into a gas-tight container. The container is approximately
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half-filled, leaving open space above the sample (i.e., headspace). A period of
time (typically 30 min) is allowed to pass, during which time concentrations of volatile
constituents in the sample will come into equilibrium with the headspace in the container.
This technique is referred to as static headspace screening.

Qualitative headspace screening involves using instrumentation such as a PID or a FID
to remove a small sample of the vapors from the headspace to determine the presence of
total VOCs present (U.S. EPA, 1997d). Using instrumentation such as PID or FID in survey
mode, investigators are able to detect the presence of a wide variety of organic and some
inorganic compounds, but the instrumentation cannot identify what specific compounds
are present and in what concentrations. Therefore, data generated are considered to be
gualitative. An additional limitation to headspace screening is that not all compounds
will volatilize from the sample at ambient temperatures within the same time frame. To
induce volatilization, dynamic headspace screening methods that can incorporate a
heating process, such as putting the sample container into a water bath for a prescribed
period of time, can result in higher readings for VOCs.

Chemical analysis based on ionization has been used since the 1960s, with the first por-
table analyzers coming into use in the early 1970s (Driscoll and Spaziani, 1975). PIDs are
compact, hand-held devices that draw gases (ambient air or headspace) into the device,
where the gas is passed into a chamber housing a special ultraviolet lamp with specific
eV ratings. In this chamber, contaminants are ionized as a result of being bombarded by
high-energy ultraviolet light. The compounds absorb the energy of the light, causing exci-
tation and temporary loss of an electron and forming a positively charged ion (ionization).
The lamp emits energy that is sufficient to ionize any compounds contained in the gases
that have an ionization potential (IP) less than the ionization energy of the lamp. The closer
the IP is to the energy of the lamp (without exceeding it), the more sensitive the PID is to
that compound. If a compound has a higher IP than the ionization energy of the lamp, the
compound will not be detected. Examples of compounds detected by a PID and their
corresponding IPs are presented in Table 2.11.

When the ions are formed in the ionization chamber, an ion current is produced.
This current is amplified and then displayed on either an analog or digital display.

TABLE 2.11
Examples of Compounds Detected by PIDs

lonization
Compound Potential (eV)
Hydrogen sulfide 10.46
Hexane 10.17
Octane 9.82
Trichloroethylene 9.45
Tetrachloroethylene 9.32
Benzene 9.25
Xylene 8.45
Toluene 8.82
Acetone 9.69
Methyl ethyl ketone 9.30
Carbon disulfide 10.08
Ammonia 10.15
Methyl mercaptan 9.44

Source: Based on Maslansky and Maslansky, 1993.
With permission.
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The typical operating range of PIDs is 0.1 to 2000 ppm (relative to the calibration gas,
commonly isobutylene). Sensitivities vary with the lamp in use (i.e., eV rating, condition),
environmental conditions at the time of use (e.g., relative humidity, dust, and presence of
corrosive gases), and equipment manufacturer.

FIDs are instruments used primarily for nonhalogenated aromatic and straight-chain
petroleum hydrocarbon compounds. FIDs will not detect halogenated VOCs unless they
are present in very high concentrations. FIDs have a detection range of 0.2 to 1000 ppm or
1.0 to 10,000 ppm relative to the factory calibration gas, which is commonly methane.
These meters are used in a fashion similar to PIDs, for determining levels of total VOCs
in the headspace of samples. Only organic compounds are detected; inorganic compounds
such as hydrogen sulfide, nitrogen dioxide, carbon dioxide, and carbon monoxide are not
detected (Table 2.12).

The major difference between an FID and a PID is the way in which ionization occurs. In
an FID, an air sample is drawn into the instrument, where it is carried to a combustion
chamber. In the chamber, organic materials are burned using a hydrogen-fueled flame,
creating charged ionic particles. These ions are attracted to a collecting electrode that pro-
duces a small ion current, which is amplified and translated into a meter display. The
current produced is directly proportional to the number of ions formed and collected.
The flame has sufficient energy to ionize any organic materials with an IP of 15.4 or
less, therefore, the FID can detect some compounds with high IPs that cannot be detected
by PIDs. Organic compounds burn with different efficiencies, so while FIDs are not
affected by IP as PIDs are, compound detection is based on the burning efficiency of a
compound. Aromatic compounds burn more readily and release a larger number of
ions than oxygenated compounds such as methyl alcohol. Some compounds, such as for-
maldehyde, do not have the requisite bond structure (multiple carbon—hydrogen bonds)
to release a sufficient number of ions to be detected. Table 2.12 presents examples of the
compounds that can be detected using an FID and their relative burning efficiency. Equip-
ment manufacturers should be consulted to confirm that a particular compound of interest
can be detected with their instrumentation.

TABLE 2.12
Examples of Compounds Detected by an FID

Burning
Compound Efficiency
Methane High
n-Butane Moderate
Octane High
Acetylene Very high
Ethylene High
Methylene chloride High
Chloroform Moderate
Carbon tetrachloride Low
Benzene Very high
Toluene High
Methyl alcohol Low
Ethyl alcohol Low
Acetic acid High
Carbon disulfide Not detected

Source: Based on Maslansky and Maslansky, 1993.
With permission.
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There are a number of disadvantages with FIDs. FID readings are affected by ambient
oxygen concentrations. Oxygen deficiency reduces the ability of the hydrogen fuel to
burn and can cause the flame to be extinguished. The required oxygen concentration
will vary by manufacturer. FIDs require a fuel to operate. Most use pure hydrogen,
which is expensive, limits the ability to ship equipment from field site to field site and
can be a hazard in some environments. However, intrinsically safe FIDs are available.
Dust and particulate matter can cause erratic readings and decreased instrument
response.

Headspace screening data generated by both PIDs and FIDs are extremely useful for a
variety of field applications including locating hotspots of VOCs, determining which
samples may be selected for quantitative analysis either on site or off site, providing
information for health and safety of field personnel (see Chapter 19), and determination
of “clean” vs. contaminated materials during excavation.

Gas Chromatography: More detailed information on identification and quantification of
organic contaminants is often required in the field to facilitate decision making. When
this is the case, gas chromatography may be the field analytical technology of choice.
Gas chromatography is widely used for analysis of organic compounds in air, soil gas,
soil, and water samples in the low parts per billion to the low part per million range.
Two categories of GCs can be used in the field: field-portable GCs and lab-grade portable
GCs. Field-portable GCs are small, battery-operated, and fully self-contained instruments.
Being fully contained, they are very portable and have many of the same analytical capa-
bilities as laboratory-based instrumentation. The small size and battery power limits the
number and type of detectors the GC can use and also limits oven temperature control,
which is necessary for some compound separation. Field-portable instruments also tend
to be relatively expensive. The other alternative is to move a laboratory-grade instrument
into the field. Laboratory units are able to perform all EPA methods for sample analysis by
GC; however, they are less portable, require external sources of power and carrier gases,
require more support equipment such as computers, and they are often more sensitive to
ambient operating conditions such as temperature, wind, dust, precipitation, and sunlight.
Therefore, they generally require a climate-controlled environment in which to operate.
The principles of chromatography and sample analysis are similar with both types of
equipment. GC analysis of samples involves the introduction of a gas sample (collected
as a headspace sample from solid or liquid samples, an actual sample of gas, or an
extract gas resulting from sample preparation methods such as purge and trap) into a
heated injection port, typically using a gas-tight syringe or pumped from specially
designed tedlar gas bags. After the sample is introduced into the GC, it travels
through a heated chromatographic column. GC columns are small-diameter, coiled
tubular columns that contain a packing material specified by the analytical method for
a particular compound or family of compounds. Some columns are open-tubular in
design. Once in the column, the sample travels the length of the column assisted by
an inert carrier gas such as nitrogen. During their travel through the packed column,
individual compounds contained in the sample separate based on their affinity for the
packing material. In open-tubular columns, the packing material is a liquid organic
compound, which is coated on the internal surface of the fused silica column. Com-
ponents in the sample that have a high affinity with the packing material are strongly
retained, while other components with low affinity continue to travel through the
column. It is this difference in mobility, due to differing affinities for the packing material,
that separates individual compounds in the sample. The time to travel through the
column is referred to as the retention time, which is compound-specific for any given
column and method. After a compound has traveled the length of the column
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TABLE 2.13
Examples of Method-Specific GC Detectors

EPA Method Compounds Detector

Number Detected Required

8041 Phenols FID or ECD

8061A Phthalates ECD

8070A Amines NPD

8081A Chlorinated ECD
pesticides

8082 PCBs ECD

8100 PAHs FID

8240 VOCs PID

Note: FID, flame ionization detector; NPD, nitrogen—
phosphorous detector; ECD, electron capture detector;
PID, photoionization detector.

Source: Based on U.S. EPA, 2004c.

(or “elutes” from the column), it is swept by the carrier gas into a detector that generates
a measurable electrical signal referred to as a peak. Detector response is plotted on a
chromatogram as a function of the time required for the analyte to elute from the
column (relative to the time of sample injection) and the signal strength generated by
the detector, which equates to the concentration of the compound. The position of the
peaks on the time axis serves to identify the compound, while the area under the peak
represents the concentration of the compound.

A number of different detectors are available for use in GC instrumentation. The most
commonly used detector is the PID. Different analytical methods require the use of specific
detectors as illustrated in Table 2.13.

Analysis of samples using a GC requires an operator with some analytical chemistry
experience to ensure accuracy and precision in data generated.

Gas Chromatography/Mass Spectroscopy: Mass spectrometry is an established laboratory
analytical technique that identifies compounds by the mass-to-charge ratio of the
analyte molecule. Mass spectrometry is especially powerful as an analytical tool
because the signals produced are the direct result of chemical reactions such as ionization
and fragmentation, rather than energy state changes that are fundamental to most other
spectroscopic techniques. Because of this distinction, mass spectrometry is the best tool
to use when definitive compound identification is required (U.S. EPA, 1996e, 1999b,
2001d, 2004c). Coupling a mass spectrometer with a GC allows not only compound
separation, but also definitive identification of complex compounds that is not possible
through GC alone. In GC/MS analysis of samples, a sample is initially run through a
GC to separate compounds on the GC column. As compounds elute from the column,
they are directed into the ion source of the mass spectrometer through a heated interface.
This ionization process causes compounds to lose electrons and form a charged molecular
ion that has the same molecular weight as the compound molecule. An electron beam of
20 eV is used to extract an electron from the molecule. Excess energy from the beam
further fragments the molecular ion into fragment (daughter) ions with lower mass-to-
charge ratio. The positive ions produced by electron impact are attracted through the
slits of the ion source and mass analyzer where they are analyzed for differentiation
according to their mass-to-charge ratios. The mass-sorted ions are detected by an electron
multiplier and the resulting signal is sent to a data system for processing. A display of the
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electron multiplier signal generated by the sorted molecular ions is displayed as the mass
spectrum. The mass spectrum is in the form of a bar graph that relates the relative intensity
of signals generated to their mass-to-charge ratios. The largest peak in each spectrum is
termed the base peak. The heights of the remaining peaks are computed as a percentage
of the base peak height. The spectrum is then compared to a preprogrammed spectral
library for compound identification based on the fragmentation pattern and peak ratios.
Detection limits have been reported in the parts-per-billion to even the parts-per-trillion
and quadrillion ranges, depending upon the type of mass analyzer used. Quadrapole
analyzers are most common in field portable GC/MS instrumentation.

GC/MS analysis of samples has traditionally been performed exclusively in the labora-
tory, however, manufacturers have been able to develop small, durable field GC/MS
instruments that are capable of the same analyses. Some EPA methods that incorporate
field GC/MS technologies include:

Method 8270C SVOCs

Method 8280 Dioxins
Method 8260 MTBE
Method 8240 VOCs

Of the field analytical technologies discussed, GC/MS is potentially the most powerful
tool available, but it is also one of the most expensive, and requires the highest level of
analytical chemistry expertise to be used with accuracy and precision. Unlike some instru-
mentation that is designed to be operated by the nonchemist, GC/MS instrumentation
requires the expertise of an experienced chemist. GC/MS should not be selected as the
tool of choice unless adequately trained and experienced personnel are available for the
duration of the field analytical program to run the tests and interpret the field data.

Spending time initially to design an effective and realistic field analytical program for
a project will be rewarded. Data will be generated with confidence in its accuracy, pre-
cision and meaningfulness to the project. By selecting the best analytical technologies
for the specific application and implementing them under the guidance of a strong field
QA/QC program and a trained analytical chemist, decision making in the field will be
effective.
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Introduction

This chapter focuses on an aspect of hydrology that ultimately determines the quantity
and quality of ground water available in any given area: the vadose (or unsaturated)
zone. The vadose zone is a very important link between human-related influences
(i.e., artificial recharge, septic systems, landfills, etc.), climate, and the ground-water
system. The vadose zone generally exists between the land surface and the water table,
whether the formations are composed of unconsolidated material or bedrock. Simply
put, the vadose zone is a porous medium of incomplete saturation, and although water
flux in this zone may still subscribe to Darcy’s law, the fluid physics are very different
than that for the saturated zone. In this chapter, vadose zone definitions and hydraulic
theory are presented briefly before a discussion of vadose zone monitoring techniques.
The purposes of the chapter are to enlighten the reader about vadose zone hydrology
and to present the possibilities for incorporating vadose zone monitoring as an integral
part of ground-water investigations.

Characteristics of the VVadose Zone
Definitions and Terminology

The word “vadose” is derived from the Latin word “vadosus,” meaning “shallow.”
According to Webster’s Third New International Dictionary, vadose is defined as “. . . of, relat-
ing to, or resulting from water or solutions in the part of the earth’s crust that is above the
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permanent ground-water level.” Thus, the vadose zone is the region of the shallow sub-
surface bounded on top by the earth’s surface and on bottom by the water table.

The dominant terminology for the porous media and the interstitial fluids that exist
within these media above the water table is either the vadose zone or the unsaturated
zone. These terms are used synonymously. Other descriptors that may be seen in the
literature include the tension-dominated zone (saturated and unsaturated), the soil-
moisture zone, or the zone of aeration. The following sections identify the basic terms
and definitions related to the vadose zone, the physics of fluid movement and, most
importantly, the monitoring technology available for delineation of the vadose zone.

Multiple-Phase Components of the Vadose Zone

The two basic components of the vadose zone are the solid and nonsolid (or fluid) phases.
Owing to the hydrologic and agricultural importance of the fluid phase, more descriptive
categories exist for this phase than for the solid phase, including water (soil water, soil
moisture), vapor (air, soil gas), and immiscible liquids (hydrophobic fluids). Each phase
is described in the following subsections.

Solid Phase

The solid phase of the vadose zone is characterized predominantly by the skeletal
structure, through which the fluid phases may pass or be retained. This solid skeletal
structure is composed of inert to reactive particles of fractured rock, cobbles, gravel,
sand, silt, and clay as well as organic matter such as roots, leaves, and waste products
of micro- and macro-organisms. Very small (<10 mm) solid particles (colloids) can be
transported by fluids through the interstices (pore spaces) between the solid materials.
Owing to the relatively low fluid velocities found in the vadose zone, the portion of
the solid phase that is mobile is extremely small and, for all practical purposes, may be
ignored.

Fixed and mobile micro-organisms comprise a second element that can be included with
the solid phase. A classic example of fixed micro-organisms is the mat of micro-organism
buildup that occurs beneath the leach fields of subsurface wastewater disposal systems
(i.e., septic system leach fields). An example of mobile micro-organisms is evident in
situations where ground-water samples produce coliform bacteria cultures. In the
vadose zone, fixed soil bacteria are commonly found at concentrations of 10° to 107 cells
per gram of soil (Atlas and Bartha, 1998).

Terms used to describe the inert particles in the solid phase include grain-size distri-
bution, porosity, roundness, angularity, uniformity, and specific surface. The organic
matter is typically separated from the inert solids and just identified as a percentage of
the total volume. Many of the physical descriptors of the inert solid phase, which are
inter-related, are closely related to the characteristics, content, and mobility of the fluid
phases. For example, porosity directly affects the amount of water that can exist in the
voids—the lower the porosity, the lower the capacity for water content in the vadose
zone. In addition, for a given grain-size distribution, lower porosity means fewer pores
and lower capability for transmission of fluids through the vadose zone.

Sedimentary Deposits

The grain-size distribution of sedimentary deposits represents the cumulative probability
of occurrence (percent passing a certain standard sieve size) of various grain sizes in
these deposits. Grain-size distribution has a significant effect on fluid phase content and
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fluid transmission characteristics. Each individual grain can be physically described
by three linear measurements: length, width, and breadth (in descending magnitudes).
In trying to fit a grain through a square sieve opening, the smallest sized opening
through which the grain may pass is roughly equivalent to the width dimension. By
taking a bulk sample of formation material and sieving the sample with a sequence of
sieves (sieve with largest openings first, sieve with smallest openings last), each sieve
would pass or retain a certain portion of the sample. If the first sieve retains 10% of the
sample, then 90% passes this sieve. If the next sieve retains 30% of the sample, then
60% of the sample passes the second sieve, and a total of 40% is retained by the first
two sieves (10% was retained on the first sieve that had larger sieve openings; if particles
were retained on the first sieve, they would also be retained on the second.) This standard
sieve analysis procedure is well described in elementary soil mechanics textbooks and
ASTM Standards (ASTM D 422 [ASTM, 2004a]).

Sieve analysis information is usually plotted on a graph as particle (sieve) diameter on
the x-axis (usually a log scale) and percent passing (by weight) on the y-axis. The
cumulative percent retained (100% minus the percent passing) may also be plotted on a
secondary y-axis. For grain size increasing to the right and percent passing increas-
ing upward (see Figure 3.1), the grain-size distribution is characteristically S-shaped.
Selecting a particular value from the percent passing scale, say 85%, the grain-size
diameter from the grain-size curve is defined as Dgs.

Two important elements of the grain-size distribution are the median grain size (Dsq) and
the uniformity coefficient (C,), which is the ratio of the 60% passing size (Dgg) to the 10%
passing size (D1g). Typically, grain-size distributions are determined by sieve analysis for
particles of silt size or larger and by hydrometer analysis for clays (fines). As the grain-
size distribution curve becomes more vertical, the uniformity coefficient tends toward
unity. For widely varying particle sizes, the curve is flatter and the C is larger.

The importance of Dsg and C, with respect to the fluid phases is straightforward.
For a constant C,, average pore size increases with increased Dsy. For a constant Dsg,
increases in C, decrease the porosity and average pore size. This latter relationship
results from the fact that poorly sorted or well-graded (high C,) deposits will have
smaller grains filling in the interstices between the larger grains.

Particle shape (angularity) can also have a bearing on porosity and fluid transmission. The
shape of individual particles can range from spherical to very angular to flat. Depending on
the packing and mixing of these particles, a wide range of porosities is possible.
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FIGURE 3.1
A typical grain-size distribution curve.
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The last important descriptor of the solid phase is its specific surface — the ratio of a
grain’s surface area to its volume (or in some cases, to its mass). Grains with the largest
specific surface are flat plates (clays) and those with the smallest specific surface are
spheres (weathered silicate grains). Owing to the importance of surface chemistry in
contaminant transport studies, clay content of the solid portion of the medium is
important, partially because of the large specific surface of clays.

Fractured Rock

For fractured rock, a massive structure is decimated by many/few large/small cracks.
The cracks or fractures possess varying lengths and orientations. In general, the fractures
can be statistically described by probability distributions for length, width (aperture),
orientation, and density. On a very large scale, the mechanics of such a vadose zone
may be no different than for a sedimentary deposit vadose zone. The perverse nature
of the fractured rock medium is that the effect of scale confounds traditional thinking,
monitoring, and analysis.

In revisiting what Bear (1979), Corey (1977), and McWhorter and Sunada (1981) describe
as the “representative elemental volume” (REV), the primary difficulty of fractured
rock vadose zone monitoring may be recognized. A REV is the volume of material that
must be used in order to obtain a valid estimation of a particular parameter. This
concept is illustrated for porosity in Figure 3.2 for sand. If a very small sample size
volume is used for the sand, for example a sample size on the order of the size of the
pores or smaller, various samples from the sand using such a small volume will yield
very different estimates of porosity. Some samples will be entirely solid (porosity of
zero) and others will be entirely void (porosity of unity). As the sample size increases to
be larger than the sand grains, the estimates of porosity from different samples become
more consistent. If samples get too large, then nonhomogeneities in the sand deposit
create more inconsistency in the porosity estimates.

The range of variability of the porosity estimates as a function of the size of the REV,
for the sand of Figure 3.2, is plotted in Figure 3.3. In comparison, the range of variability
of porosity for a fractured rock vadose zone is also plotted in Figure 3.3. As evident
in Figure 3.3, a competent fractured rock normally exhibits very low porosity and a
very large sample volume may be necessary to get a reliable estimate of porosity.
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Example of the variability of sand porosity estimates as a function of the size of the representative elementary
volume.
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Scatter of porosity data for sand and fractured rock.

Extending the REV concept to a fractured rock vadose zone, a sample size on the order
of thousands of cubic meters may be required for an accurate estimate of porosity (see
Figure 3.3). When considering that most of our field instruments, at best, investigate
between 0.01 and 5m?®, it is easy to see why it is difficult to work with the fractured
rock vadose zone. This fact alone has led practitioners toward two basic avenues of
investigating fractured rock vadose zones: (a) disaggregation of the problem into that
of a solid mass where little to no fluid phase occurs and there exists a continuum of
interconnected pore spaces or (b) re-evaluating the REV by either taking many small
samples or a few large samples. Identification of the REV is paramount in dealing
with fractured rock systems. The REV has been presented here and exemplified with
porosity, yet the concept is valid for any descriptive parameter, including hydraulic
conductivity.

Vadose Zone Water

A given molecule of water may reside in the vadose zone from minutes to centuries,
depending on the size of the particular vadose zone and its transport characteristics.
Mechanisms by which water may enter the vadose zone from above include precipitation
and recharge (i.e., rainfall infiltration, spreading basin, septic system, etc.). From below,
water may flow from the saturated zone into the vadose zone. Lastly, and least
importantly, water may enter the vadose zone from within due to any of the numerous
biological or chemical reactions that have water as an end product. For example, the bio-
degradation of petroleum hydrocarbons leads to the production of carbon dioxide and
water. Also, water vapor that enters the vadose zone may be condensed into the liquid
phase via a temperature change.

Just as water may enter the vadose zone, it may also exit. At or just below the ground
surface, water may exit due to evapotranspiration processes. From below, water may
drain into the saturated zone. Finally, vadose zone water may be consumed by certain
biological or chemical reactions within the vadose zone.

Fluid properties that are important in describing vadose zone water (as well as other
vadose zone fluids) include density, specific weight, kinematic viscosity, bulk modulus
of elasticity, vapor pressure, surface tension, dynamic viscosity, and wettability in the
presence of air. Detailed descriptions of these fluid properties may be found in most
texts on either fluid mechanics or chemistry.

An important characteristic relating any of the liquid phases (in this case soil water)
to the solid phase is wettability. Wettability is the property that is characterized by the
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relative interfacial forces of two fluids at a solid boundary. The two fluids, practically
speaking, may be liquid-liquid (i.e., water—oil) or liquid—gas (i.e., water—soil gas).
Thus, wettability describes the relative affinity for one fluid over another to a solid
surface. With the two fluids in the presence of the solid, one fluid will preferentially
coat (wet) the solid surface. For example, with water and air on glass, water wets
and thus will tend to coat the glass. This explains the shape of the meniscus in a glass
capillary tube. Extending this example to the vadose zone, soil water will tend to coat
the soil particles and move in very tortuous paths in a porous medium, while air will
be left in the larger pore spaces. For petroleum products and soil water, water preferen-
tially wets over the petroleum products, even if the petroleum was there first.

Gas/Vapor Phase in the Vadose Zone

The important practical characteristic of the vadose zone is that the pores contain more
than one fluid. Other than soil water, the fluid of most interest is soil gas, and there is
always a trade-off between the two fluids. During precipitation or recharge events,
water volume in the pore space increases and the soil gas is displaced. When the
vadose zone is draining water to the ground water or when it is drying out due to
evapotranspiration, the volume of soil gas in the pore space increases.

Soil gas has descriptive properties similar to those of soil water. In addition, the perfect
gas constant is of utility. It is important to recognize that the liquid (soil water) vapor
pressure will require that the soil gas and liquid ultimately come into equilibrium.
Thus, there will be a certain amount of water vapor found in the soil gas. More impor-
tantly, volatile chemicals will also be found in the vapor phase if the solid or liquid
phase of the chemical is present in or near the vadose zone. Therefore, the vapor phase
can be sampled and analyzed in order to make statements about liquid fluid phases in
the vadose zone or below, for example, lying on top of the water table or contained
within the saturated zone.

Immiscible Fluids

Fluids other than water or vapor may be found in the vadose zone. Fluids that can easily
mix with water (i.e., septic system effluent or landfill leachate) are known as miscible
fluids. Miscible fluids in the vadose zone typically have dissolved solids concentrations,
temperature, and density similar to the existing vadose zone water; if not, the fluid may
temporarily be considered immiscible. For example, a septic system effluent may act
as a fluid into itself and not readily mix with vadose zone water until the effluent
temperature moderates with its surroundings.

In other cases, there are fluids in which the primary composition is that of hydrophobic
molecules. This type of fluid may never mix with water and is considered immiscible.
Most immiscible fluids exhibit some solubility in water. For practical purposes, it is
assumed that the immiscible fluid retains its original volume integrity. For example,
gasoline and water do not readily mix, but after keeping the two in a closed container
for a few months, traces of some gasoline constituents (i.e., benzene, toluene, ethyl-
benzene, xylenes) will be found dissolved in the water phase in the container.

When an immiscible fluid such as gasoline enters the vadose zone, there is increased
competition for the void spaces: pore spaces will be filled with a mixture of gasoline,
water, and soil gas. In addition, equilibrium thermodynamics will result in volatilization
of some gasoline and vaporization of some water, both into the soil gas. A portion of the
gasoline will also dissolve into the water.
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The important parameters for immiscible fluids are the same as those for water;
they may be more difficult to find them in published form, but they are available in
most chemical handbooks or directly from the manufacturer.

Vadose Zone Moisture and Energy
Hydrostatics

For a constant density, static-fluid continuum where gravity is the only acting acceleration
field, the law of hydrostatics can be derived as:

dp
= (3.1)
dp
ax =0 (3.2)

where p is the fluid pressure, z the vertical coordinate axis (positive upward), r the
fluid density, and g the acceleration due to gravity. For ground water and vadose zone
considerations, by setting z =0 (called the vertical datum) at a location where p=20
(i.e., at the water table), Equation 3.1 can be integrated to its more common form:

p = rgh (3.3)

where p is the pressure at any distance h vertically from the zero pressure datum. Below
the vertical datum, z is negative but h is positive and pressure is positive. Above the
vertical datum, z is positive, h is negative, and pressure is negative. This relationship
results in a linear pressure distribution above and below the vertical datum (water
table) as depicted in Figure 3.4 for a glass of water. In this figure, it can be seen that
where z =0, p = 0. Below this level, z is negative and p is positive, with p increasing
inearly as z decreases linearly. When above the level of z = 0, z is positive and p is negative.
A practical analogy is utilizing a straw in a can of beverage. With no capillarity effect in
the straw, the level of the fluid in the straw is at the level of fluid in the can. If you
draw the beverage up into the straw and put your thumb over it, the pressure distribution
in the fluid in the straw would be as described by Equation 3.3 and depicted in Figure 3.4.
The zero datum here is the liquid surface of the beverage in the can. In Figure 3.4, the
pressure distribution above the water surface is sketched as a dashed line. Obviously,
there is no water above that in the glass; if there were and it was connected (thereby

z - Elevation (ft)

>

p - Pressure (psi)

FIGURE 3.4
Pressure variation in a static fluid.
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creating a continuum) to the water in the glass, it would follow the linear pressure distri-
bution (as in the straw analogy). The important point here is that the pressure of water at
the water table is atmospheric (zero gage pressure), and therefore the water above it (in the
vadose zone) exists at pressures less than atmospheric.

Thus, in the vadose zone, water exists above a zero pressure datum (the water table),
the fluid is at negative pressures, and Equation 3.3 accurately predicts the pressure in the
vadose zone water as long as saturation is maintained. However, due to the breakdown
of the fluid continuum (saturation) in the vadose zone, Equation 3.3 does not accurately
describe the pressure situation above the capillary fringe (where saturation does exist).

Capillarity

When two immiscible fluids exist at an interface, there is a tendency for the molecules
of each fluid to move away from the interface and be nearer to their like molecules.
In order to keep molecules at the interface, energy must be expended on each and every mol-
ecule at the interface. This free surface energy is measured by the fluid property known as
surface tension. The combination of immiscibility plus surface tension results in the interface
acting as a membrane. Given finite fluid masses, the molecular forces that exist at the fluid
interface tend to deform the interface of the finite mass fluid into a curved surface (e.g., a
raindrop — water is the finite fluid mass and the air is infinite). Because the surface is
curved for the finite fluid mass, with possibly more than one radius of curvature, there is
an imbalance of forces at the surface. This imbalance is offset by a pressure difference
across the interface between the fluids. The difference in pressure across the interface is
known as the capillary pressure and can be computed in the vadose zone as:

Pc = Pa — Pw (3.4)

where p, is the capillary pressure, p, the soil gas pressure, and p,, the soil water pressure.
Combining capillarity considerations with wettability (the affinity for a fluid to a solid
surface), relationships for static conditions in the vadose zone may be developed. In a very
basic analogy, for a single small-diameter glass tube (capillary tube) standing vertically
and partially submerged in a tank of water, an equilibrium analysis of the forces existing
on an element of the curved fluid surface in the tube yields:
po =22 (35)
r
where p. is again the capillary pressure across the interface, s the surface tension of the
water, and r the radius of the capillary tube. If the upper end of the tube is open to
the atmosphere, the pressure on top of the water surface in the tube is atmospheric.
From hydrostatics, Equation 3.3 yields a pressure in the water, right at this interface, of

pw = —rgh (3.6)

where h is the height of capillary rise above the surface level of water in the tank (which
is open to the atmosphere). Substituting Equation 3.6 into Equation 3.5 yields:

_2s
= ror

where it can be seen that the height of capillary rise is inversely proportional to the radius
of the capillary tube. Typical values for water yield h~ 0.15/r (h and r in centimeter).
The difficulty in using this in soils is that r is the radius of the pore spaces, which are
assumed to act as a bundle of straws. For soils, r must be replaced by a measure of

h (3.7)



216 Handbook of Environmental Site Characterization and Ground-Water Monitoring

the representative pore size, d,. In most practical applications, d, is a function of the
median particle size (dso), where 0.155 dsq < d, < 0.414ds (Iwata et al., 1988).

Vadose Zone Moisture

The vadose zone pore spaces can be filled with any fluid; the most common fluids are air
and water. If the total volume of pores in a sample of the vadose zone is V, and the volume
of the pore space occupied by water is V,,, the saturation (S) is calculated as:

g
Vp

(3.8)

S can range from 0 to 1.0 and is sometimes reported as a percentage. When evaluating
the quantity of water in a sample compared to that of the total sample (of volume V),
the volumetric water (moisture) content Q is calculated as:

Q= Ve (3.9)
and obviously ranges from 0 to the porosity (w). Thus to relate the two:
Q=Sw (3.10)

Under field conditions, gravity alone cannot drain the unsaturated zone because surface
tension, osmotic, and molecular forces can act against it. An example of this is a sponge
taken from a tub of water: initially, the sponge will drain by gravity, however, after this
gravity drainage ceases, the sponge is still moist. The lower limit for S in the vadose
zone is S, — the residual saturation. At the soil surface, when evaporation dominates,
S, may approach zero.

From the early part of the last century, vadose zone investigators recognized the
relationships between moisture content (or saturation) and the distance above the water
table. A typical relationship, for static conditions, is shown in Figure 3.5. At distances
above the water table, S approaches S,. Moving closer to the water table, saturation
increases to the field saturation level (Ss). Some residual air will remain at and just
below the water table because water-table fluctuations entrap air in this region.

Vadose Zone Suction

As described in Capillarity, above the water table, negative pressures (or suction) exist
in the liquid phases primarily due to the curvature of the surface of the finite-sized
liquids in this region. When multiplied by —1, the negative pressures become a positive
number: the soil suction (or tension). A plot of a typical vadose zone (soil) suction relation-
ship is shown in Figure 3.6. At the water table, water pressure and soil suction are atmos-
pheric or zero gage pressure. Above the water table, water pressure decreases or soil
suction increases. Combining the soil suction information with saturation or moisture
content, as both moisture content and vadose zone suction are functions of the distance
from the water table, vadose zone suction can be plotted against soil moisture content
for a given soil. The plot of moisture content versus soil suction is called the soil moisture
characteristic curve, and is generally considered a property of the soil (although many
variables affect it). Thus, by monitoring vadose zone suction (soil suction or matric
potential), the moisture content can be estimated. Figure 3.7 is an example of a soil
moisture characteristic curve.
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FIGURE 3.5
Example saturation condition in the vadose zone.

Hysteresis

The moisture content—suction relationship (and therefore the moisture content—elevation
relationship) is not unique for a given vadose zone. Depending on whether or not the
vadose zone is undergoing drainage (de-sorption) or wetting (sorption), the moisture
content at a given elevation above the water table can be represented by more than
one pressure. Figure 3.8 depicts this phenomenon, which is known as hysteresis. This
process can be explained by analogy of the variation of the pore radii in the vadose
zone to that of an ink bottle, depicted in Figure 3.9. In wetting of an initially dry soil,
wettability and capillarity will allow water to move vertically into pore spaces. Capillary
rise will cease when there is a balance between surface tension and gravitational forces

|
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|
|

I

Elevation Above Water Table (m)
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0 10 20 30
Soils Suction (cb)

FIGURE 3.6
Vadose zone suction profile.
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FIGURE 3.7
Vadose zone suction—moisture content relationship for a coarse soil (wetting).

for a given pore size. When the pore size changes from r to a larger value R, although
the capillary rise for r could allow water to move vertically higher (h,), the capillary rise
for R may be smaller (hg) than the amount of rise which has already occurred (hy).

Thus, when the pore size increases and water is moving upward in the capillary
space during wetting, capillary rise ceases in order to maintain the force equilibrium of
the interface. This effect gives rise to the wetting curve in Figure 3.8.

If the vadose zone was initially saturated and then allowed to drain, drainage would
occur in more passive heights of capillary rise, while leaving some large pores below
saturated. In addition, some pores will have their connection to surrounding vadose
zone water ruptured by drainage, becoming islands of water in the vadose zone.
These factors result in higher moisture contents during drainage, for a given pressure,
than for wetting.

Energy Potential in the Vadose Zone

The total status of energy for soil moisture is described by the total moisture potential cr
(L2/T 2 in units of cm?/sec?). cr is comprised of the sum of three primary potentials:
gravitational (cg), pressure (c,), and osmotic (c,) potential. These potentials are analogous
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FIGURE 3.8
Hysteresis in suction—moisture content relationship.
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FIGURE 3.9
The ink bottle effect, illustrating hysteresis.

to the Bernoulli sums of gravitational head, pressure head, and velocity head. For vadose
zone moisture flow, the velocity potential is negligible. For surface water or piping
considerations, osmotic potential is negligible.

Cq4 represents a potential energy due to the vertical location of the vadose zone moisture
of interest:

Cy =9z (3.11)

where g is the acceleration due to gravity and z is the distance above (+) or below (—)
some vertical datum.
Cp, is the hydrostatic pressure existing in the vadose zone water.

C,=p/r (3.12)

where p is the hydrostatic pressure and r is the density of the liquid (water).

C, represents the potential resulting from maintenance of concentration gradients of
solutes in vadose moisture systems. Normally, solute molecules in a zone of high con-
centration diffuse to zones of lower concentration. If some barrier exists in the vadose
zone, which prevents the movement of the solute to the zones of lower concentration,
yet allows movement of the solvent (water) in any direction, a pressure must exist
across this barrier when solvent movement through the membrane equilibrates (solvent
flow in one direction is balanced by solvent flow the opposite way). The barrier is
commonly referred to as a semipermeable membrane. Figure 3.10 depicts the osmotic
pressure at equilibrium. In the figure, h, is the height of solution yielding a pressure
(po) on the membrane. In this case:

_ MRT
T or

(3.13)

where M is the total molar concentration of the solute, T the temperature (8K), and R the
gas constant. This equation is only good for dilute solutions.
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FIGURE 3.10
Definition sketch for osmotic potential.

Vadose Zone Flow

Water

Although many of the definitions and characteristics of the vadose zone presented
herein may appear different than for aquifer (saturated) systems, the basic equations
defining flow for the vadose zone are the same as those for aquifers: Darcy’s law
(energy) and continuity. In this case, it must be recognized that hydraulic conductivity
(or permeability) is a function of moisture content (u) in the vadose zone. The total
potential (cy) in the vadose zone can be converted to head (as is typically used in
Darcy’s law) by dividing by the acceleration due to gravity:

hy = ST (3.14)
9
Thus, Darcy’s law is now written as:
q = —K(c)Vhr (3.15)

where q is the flux, K(c) the hydraulic conductivity, and V the del operator for spatial
vector partial differentiation.

Compared to saturated ground-water flow, where the hydraulic conductivity (K) is
that at saturation, vadose zone mechanics are such that K is a function of saturation or
moisture content. Figure 3.11 depicts such a relationship. Quite obviously, water flow
becomes more difficult as the degree of saturation decreases. In fact, there can be dramatic
decreases in hydraulic conductivity, over three to six orders of magnitude, as the
formation moves from saturation to residual moisture content. This results from the fact
that air takes the most advantageous pore spaces, leaving the most tortuous paths for
water.

Combining continuity with Darcy’s law yields the transient vadose zone flow equation:

%} = —VI[K(c)Vht] (3.16)
Solutions to this equation have been analytically derived for horizontal and vertical
flow cases. One common extension is (u) for total potential head (hy) (for example, see
Hillel, 1980b, pp. 204-207). Simple saturated ground-water flow scenarios cast against
various boundary conditions (for example, a well pumping in an infinite-size aquifer)
result in analytical equations to predict aquifer responses (drawdown) in response to
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FIGURE 3.11
Example of moisture content—hydraulic conductivity relationship.

known signals (pumping). These same equations can also be employed to identify the
aquifer parameters. Similarly, solutions to the vadose zone soil moisture flux theory
yield equations that can be used in predictive (soil moisture) or descriptive (unsaturated
hydraulic conductivity) modes.

Vapors (Gases)

Natural vapor flux in the vadose zone is dominated by diffusive (Fickian) transport.
As such, the vapor flux (g,) is computed from a diffusion equation:

oC
v ax

(3.17)

Qv =

where D, is the diffusion coefficient for water vapor in the porous media, C the
concentration of water vapor, and x the spatial coordinate.

In general, if vapor flux is induced, i.e., by soil venting, then it is dominated by
apressure gradient. That is, instead of diffusion processes accounting for flux, an excessive
pressure condition (suction or positive pressure) will drive vapors from regions of high
pressure to low pressure. In these instances, velocity and elevation potentials are
considered insignificant when compared with pressure potential. For these types of
field conditions, Fick’s law and Darcy’s law are not valid and equations dealing with
turbulent fluid transport are necessary, such as a Darcy—Weisbach formulation.

When considering multiple-phase flow, it must be recognized that there is typically a
threshold value of fluid content that must be achieved before a particular fluid can
move. In the case of three-phase flow (gasoline—water—vapor) there is, for practical
purposes, only a small window of saturation at which all three fluids can move. With
this in mind, an obvious strategy for immobilization of the gasoline would be to increase
water content or, more preferably, vapor (air) content. By such an action (pumping air
into the vadose zone), vapor content increases so as to push the system out of the three-
phase flow “window.” Once immobilization of the gasoline occurs, in situ or other
cleanup methodologies can be addressed.

Relative Permeability

When investigating the transport of multiple fluid phases (air, water, and nonaqueous
phase liquids) in the vadose zone, it is common to develop the hydraulic conductivity
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or permeability for each phase, for various fluid contents, and then to relate these values
to the hydraulic conductivity or permeability at saturation. Such plots (relative per-
meability versus moisture content), for each fluid phase, assist in identifying the relative
mobility of each phase for any particular moisture (or fluid) content. Permeability (k) is
solely a property of the porous medium (pore size), whereas hydraulic conductivity is a
property of both the porous medium and the fluid (density and viscosity). The relation-
ship between hydraulic conductivity (K) and permeability (k) is: k = Km/rg, where K is
the saturated hydraulic conductivity, m the fluid viscosity, r the fluid density, and g the
acceleration due to gravity. A good discussion of relative permeability and typical plots
for air and water appears in Corey, 1977.

Vadose Zone Monitoring Methods

In monitoring the vadose zone, common objectives include determining fluid saturation
(water, air, and nonaqueous phase), assessing fluid transmission capability (infiltration,
unsaturated hydraulic conductivity, or relative permeability), and sampling the fluids
present. Because of the inter-relationship of some variables (moisture content, pressure,
hydraulic conductivity), often one of these variables is measured and used as a surrogate
or estimator of the others. However, this should only be performed when there is
appropriate calibration information. General sources for methods and applications relat-
ing to soil water monitoring include Wilson (1980), Wilson (1981), Everett (1980), Everett
et al. (1976), and Fenn et al. (1977). Soil-gas monitoring is discussed later in this chapter.

Monitoring Storage Properties

The physical properties of the vadose zone associated with water storage include bulk
density, total thickness, porosity, water content, and soil moisture versus tension relation-
ship. Total potential water storage can be estimated from the first two properties, which
are easily measured. Total porosity can be used in place of bulk density for estimating
total potential storage, while pore-size distribution affects fluid transmission. Water
content can be measured directly or estimated from the soil moisture characteristic
curve. This section discusses measurement of tension and water content, which can be
measured using tensiometers, electrical resistance blocks, thermocouple psychrometers,
gamma-ray attenuation, or nuclear magnetic resonance.

Tensiometers

Tensiometers are used to measure soil matric potential (pressure). These devices create
a water continuum to the vadose zone and therefore pressure can be measured anywhere
in this continuum. By using Equation 3.3, pressure in the vadose zone is calculated from
the point of the pressure measurement. A tensiometer consists of a porous ceramic cup
(or other porous surface) attached to a pressure sensor via a tube filled with water.
The porous cup is located in the vadose zone where information on the pressure
(matric potential, or suction) is desired. The pressure sensor is commonly a Bourdon-
type pressure gage (Figure 3.12), a pressure transducer, or in the past, a mercury-filled
manometer. The principle of operation is that water can freely flow into or out of the
porous cup at soil tensions that do not exceed the air-entry tension of the porous
cup (usually in the range of 0.5 to 1 bar). As water moves out of the porous cup into the
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FIGURE 3.12
Schematic diagram of typical commercially available gage tensiometer.

unsaturated soil, a vacuum is formed in the water tube, which exerts a corresponding
pressure at the gage, manometer, or transducer diaphragm. Because the pressure gage
is not located at the porous cup, pressure readings must be corrected by adding the
height (h) of the water column between the soil surface and the gage or transducer to
the tensiometer reading (Figure 3.12). For example, if the pressure gage (pg) in
Figure 3.12 read 70 centibars (70 cb) of suction and the distance from the bottom of the
gage to the center of the ceramic cup was 1 m, the soil moisture pressure at the ceramic
cup (p) would be:

p = pg 4+ gh = —70¢cb + 9800 N/m3(1 m)(0.001 cb/N/m?) = —60.2 cb

This follows directly from the previous section on hydrostatics (linear increase in pressure
moving downward in a liquid) and Equation 3.1 and Equation 3.3.

To assure proper operation, the tensiometer should be installed with as little distur-
bance to the soil as possible, and the porous cup should be hydraulically connected
with the surrounding soil. The latter can be accomplished by forcing the ceramic cup
into a snug hole or by placing the cup in a slurry of material removed from the hole
(per ASTM Standard D 3404 [ASTM, 2004b]).

Tensiometers are inexpensive and can be purchased from any of the several manu-
facturers or custom-designed for special applications. Ethylene glycol solution, or a
similar liquid, can be used to make them operational during periods of freezing and
thawing. Stannard (1990) presents a number of designs, along with their advantages
and disadvantages.

Vacuum gage tensiometers are durable and easily operated and maintained. However,
they are less accurate and precise than manometer and transducer tensiometers. Response
time with these instruments varies from poor to excellent. Calibration is required
before installation and occasionally after installation. Data are collected manually. Gage
tensiometers are not well suited to measuring hydraulic gradients, but can be used for
gross measurements of moisture movement. They also cannot measure positive pressure,
so they lose their usefulness as the water table moves higher than the elevation of the
ceramic cup.
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Manometer tensiometers are also durable and easily operated. Maintenance is depen-
dent on tensiometer design; those with small water lines require frequent purging.
Since these devices can be custom made, they are more versatile than gage tensiometers.
Wilson (1990) rates the accuracy of manometer tensiometers as “excellent,” precision as
“good,” and response time as “fair.” Data are collected manually, and both positive
and negative pressures can be measured. A major advantage of these instruments over
the other types of tensiometers is that calibration is never required.

Tensiometers connected to transducers can measure both positive and negative press-
ures and provide nearly instantaneous in situ readings of soil-water pressure, which can
be recorded electronically. As with manometer tensiometers, maintenance and versatility
are dependent upon the design of the water conduits. Response time is the most rapid of
the three types of tensiometers, making these the best choice for tracking wetting fronts.
However, these are the most expensive of the three alternatives and periodic recalibration
is required due to instrument drift.

Disadvantages for all types of tensiometers include a bottom tension limit of about 1 bar,
with decreased accuracy in readings at tensions greater than about 0.8 bars. The bottom
tension limit is related to the fact that the larger the suction (tension), the more likely
that air will enter the porous cup and invalidate the readings. Readings are sensitive to
temperature changes, atmospheric pressure changes, and air bubbles in the water lines.
Tensiometers with small-diameter water conduits are especially susceptible to air
bubbles and require frequent purging to assure accurate readings. In addition, because
the soil-moisture characteristic curve is required for determining soil moisture from
tension measurement and the curve is subject to hysteresis, it is necessary to know
whether the soil is wetting or drying when the measurement is taken. Other sources of
error include operator error in reading the manometer/gage and poor pressure trans-
ducer calibration.

Electrical Resistance Blocks

Electrical resistance blocks are inexpensive and can be used to measure either moisture
content or soil-water pressure. Essentially, electrical resistance is used as a surrogate
variable for soil moisture. The blocks consist of two metal plates imbedded in a porous
material, usually gypsum, nylon, or fiberglass. Wires are attached to the plates so that
changes in the electrical resistance between the two plates can be measured. As the
moisture content (or tension) of the electrical resistance block changes, coincident and
in equilibrium with the surrounding soil, the electrical resistance properties of the block
are altered. Before use, electrical resistance blocks must be calibrated in the laboratory
using soil from the installation site. Calibration produces curves of electrical resistance
versus soil moisture or soil-water pressure. Because each block should produce the
same curve, calibration allows the user to find faulty blocks before they are installed.

The chief advantages of electrical resistance blocks are (1) they are suited for general
use in the study of soil-water relations; (2) they are inexpensive; (3) they can be used to
determine either suction or moisture content; and (4) they require little maintenance.

While electrical resistance blocks present an attractive monitoring alternative, they
have problems that may render them unusable in certain situations. Problems include
temperature sensitivity, time-consuming calibration, slow response times, the indepen-
dent effects of salinity on electrical resistance, and inaccuracy of measurements of high
water contents (or low soil-water pressure). They are generally used only for suction in
excess of 0.8 atm, which is the upper practical limit on suction for tensiometers.
In addition, resistance blocks made of gypsum will eventually dissolve, making them
unsuitable for long-term use.
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Thermocouple Psychrometers

Thermocouple psychrometers are used to measure in situ soil-water pressure under
very dry conditions, where tensiometers cannot be used because of air entry problems.
They provide measurements of total water potential. Soil-water pressure is determined
based on the relationship between soil-water pressure (potential) and relative humidity
in the soil (Brown and van Haveren, 1972). Psychrometers are composed of a porous
bulb to sample the relative humidity of the soil, a thermocouple, a heat sink, a reference
electrode, and related circuitry. Calibration is required for each psychrometer unit
before field installation.

The major disadvantage with this technology is that psychrometers are very sensitive to
temperature fluctuations, so that it is necessary to record and correct for even diurnal
temperature changes. However, where very dry conditions prevail, psychrometers may
be the best monitoring choice. Psychrometers have successfully measured in situ suction
values as high as 30 atm (Watson, 1974). Other disadvantages include the expense and
complexity of these instruments (Bruce and Luxmore, 1988).

Gamma-Ray Attenuation

Gamma-ray attenuation can be used to indirectly measure moisture content by non-
destructively determining soil density. Attentuation of gamma rays (commonly from a
cesium source) passing through a soil column depends on the density of the soil
column. If the soil density remains constant (i.e., the soil is nonswelling), changes in
attenuation reflect changes in moisture content. This technique requires parallel access
holes, one each for the source and the detector. Measurements can be taken as close as
2 cm, either vertically or horizontally, allowing an accurate determination of the location
of the wetting front.

Major disadvantages of this technology are that gamma-ray attenuation units are
expensive and difficult to use, they require special care in the handling of the radioactive
source, and instrument calibration is affected by changes in bulk density (due to swelling,
frost heave, etc.). In addition, this technology is unsuitable for applications in which
vertical boreholes cannot be installed.

Nuclear Moisture Logging

A second nuclear method for nondestructively measuring moisture content is nuclear
moisture logging (ASTM D 3017 [ASTM, 2004c] and ASTM D 6031 [ASTM, 2004d]). In
this method, a probe containing a neutron source (e.g., usually americium or beryllium)
and a detector is lowered down an access hole using a cable. The access hole is usually
constructed of steel or aluminum. Neutrons emitted from the radioactive source interact
with the hydrogen in the water of the surrounding soil. From counts of radioactivity
taken at discrete intervals, moisture content can be calculated.

This method had several positive qualities (Schmugge et al., 1980). Readings are directly
related to soil moisture and moisture content can be measured regardless of its physical
state. Average moisture contents can be determined with depth. Repeated measurements
can be taken at the same site, allowing measurement of rapid changes in moisture
content as well as long-term changes. Like several of the other methods, the system can
be interfaced with electrical recording equipment.

Nuclear moisture logging equipment also has several disadvantages. Equipment is very
expensive. Only moisture content can be measured using this method; no information
is provided on soil-water pressure or changes in density. Because of the sphere of
influence, accurate measurements cannot be taken near the soil surface. In addition, the
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accuracy of the method is not high for detecting small changes in water content, especially
for dry soils. Like gamma-ray logging, this method requires care in the handling of the
radioactive source.

Other Methods

There are a variety of other methods for obtaining information on soil moisture content.
These methods range from destructive to nondestructive and noninvasive. Soil samples
can be removed from the field and moisture content measured destructively. Although
accurate, the major disadvantages include repeatability, the need for drilling equipment
to sample at significant depths, and the long time it takes to get the actual data.

A variety of nondestructive techniques operate on the electrical or magnetic properties
of the soil-water system. Each method develops moisture content from the sphere
of measurement of the instrument. These methods include time domain reflectometry
(propagating an electromagnetic wave between electrodes to measure the dielectric
properties — see ASTM D 6565 [ASTM, 2004e]), nuclear magnetic resonance (generating
magnetic fields to measure induction decays — discriminates between bound and
free water in the soil), soil capacitance (measuring the capacitance between two buried
electrodes), and fiber optics (measuring light attenuation from a known source).

Remote sensing techniques have the ability to rapidly cover large areas, but possess
much less sensitivity. These techniques include thermal infrared imagery and radar.

Monitoring Vadose Zone Transmission Properties

Vadose zone transmission properties are generally of greater interest in ground-water
monitoring studies than are storage properties. Field methods for measuring the unsatu-
rated hydraulic conductivity, which are described in detail in ASTM Standard D 5126
(ASTM, 2004f), are complicated due to its dependence on moisture content. However,
one can measure flux and use this to calculate fluid transmission rates at known levels
of saturation or matric potential. In a manner similar to ground-water investigations,
boundary and initial conditions are prescribed (flow rate), variables are recorded
(tension, moisture content), and then, from hydraulic theory (Equation 3.16), hydraulic
conductivity is estimated. The rate of moisture movement is determined indirectly
from infiltration rates or measurements of unsaturated flow. When using field data to
estimate transmission properties in the vadose zone, it is important to remember that
large variations in these parameters can easily result from soil heterogeneities.

Field Measurements of Infiltration Rates

Field measurements of infiltration rates are appropriate for estimating downward fluid
transmission during the wetting cycle. Infiltration rates are affected by soil texture and
structure (including soil layers), initial moisture content, entrapped air, and water salinity.
Waste disposal options for which the principal component of flux is downward include
surface spreading or ponding of wastes and installation of landfill liners composed of
earthen materials.

Infiltration is determined using infiltrometers; infiltrometers do not directly measure
hydraulic conductivity. Infiltration is the process by which water enters a permeable
material. When infiltration begins, the infiltration rate is relatively high and is dominated
by matric potential gradient. As the matric potential gradient decreases, the infiltration
rate asymptotically decreases with time until the gravity-induced infiltration rate,
called the steady-state infiltrability, is approached (Hillel, 1980a). This relationship is
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shown in Figure 3.13. Steady-state infiltrability is directly proportional to saturated
hydraulic conductivity and hydraulic gradient. Therefore, in order to calculate saturated
hydraulic conductivity from infiltration data, the hydraulic gradient and the extent of
lateral flow must be known. Gradient data can be obtained using many of the instruments
described in the previous section. Saturated hydraulic conductivity is of interest even
in the vadose zone because it is the upper boundary for unsaturated hydraulic conduc-
tivity; use of this value provides a conservative estimate of fluid transmission time.
With very long times, the gradient approaches unity and hence, from Darcy’s law, the
infiltration rate approaches the value of the saturated hydraulic conductivity.

While infiltrometers can be designed with either a single ring or a double ring, the
double-ring method is preferred because its design minimizes lateral flow, simplifying
the calculation of saturated hydraulic conductivity. The method is described in ASTM
Standard D 3385 (ASTM, 2004g). The principle of operation is based on maintaining a
constant head in the inner and outer rings of the infiltrometer. Both rings are sealed in
the soil to prevent leakage under the rings. Water is added to the rings to maintain the
constant head; if the inner ring is covered to prevent evaporation, the volume of water
added to the inner ring is equal to the water infiltrating into the soil. In the design of
Daniel and Trautwein (1986) water is added to the inner ring through an intravenous
(IV) bag (Figure 3.14). As water from both rings enters the soil, water exits the IV bag
and moves into the inner ring to maintain a constant head. The IV bag design is well
suited to soils with low infiltration rates because the small amount of added water can
be measured accurately by weight. For more permeable soils, the water level can be
maintained by adding measured volumes of water to the inner ring. Measurements
of infiltration are taken until the system reaches steady-state infiltrability. If the test is
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The relation between infiltration rate and cumulative infiltration.
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Schematic diagram of a sealed double-ring infiltrometer.

performed to prove that a soil meets some regulatory requirement, such as the require-
ment that earthen liners have a saturated hydraulic conductivity of 1 x 10~’ cm/sec or
less (U.S. EPA, 1988), the test may end when this infiltration rate is achieved because
the infiltration rate decreases with time and saturated hydraulic conductivity will be no
more than the infiltration rate.

Infiltrometers generally range in size from less than one square foot to about 25 square
feet. Large infiltrometers with 1V bags were designed for soils with low infiltration rates,
generally in the range of 1 x107° to 1 x 1078 cm/sec (Daniel and Trautwein, 1986).
The large size is necessary to include macrostructures and to obtain measurable
amounts of water loss.

Hydraulic conductivity can be calculated from infiltration rate using either Darcy’s
law or the Green—Ampt (1911) approximation. If Darcy’s law is used, the hydraulic
conductivity (K) is equal to the discharge of water flowing out of the infiltrometer (Q)
divided by the product of the infiltrometer area (A) times the vertical head gradient (I):
K= Q/(Al). Here, Q/A is the measured, steady-state infiltration rate (infiltrability)
per unit area. The head gradient, I, is measured with tensiometers at various depths.
This method assumes that the flow is occurring under saturated conditions.

The Green—Ampt approximation assumes that the wetting front is sharp, the matric
potential at the front is constant, and the wetted zone is uniformly wetted and of constant
hydraulic conductivity. The assumption of a sharp wetting front may be reasonable for
fine-grained soils, as shown by dye studies in an experimental earthen liner (Albrecht
et al., 1989). The Green—Ampt approximation differs from the Darcy’s law calculation
in that knowledge of the depth of the wetting front is required instead of a measured
hydraulic gradient. Under these assumptions, the analytical solution to vertical infiltration
produces an equation that resembles the Darcy’s equation:

-1
h+ CT} (3.18)

K = i[l "
f

where i (=Q/A) is the steady-state infiltration rate and the bracketed term is the hydraulic

gradient. Within the bracketed term, h is the height of the water in the infiltrometer, ct is

the total potential at the wetting front (also known as the wetting front suction), and L¢ is

the depth of the wetting front below the bottom of the infiltrometer. In many instances
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(especially after long times), cyis assumed to be 0. This assumption results in a lower esti-
mate of K, which may or may not be conservative, depending on the nature of the objective
(irrigation, waste disposal, etc.).

In a similar fashion, a disc permeameter or tension infiltrometer also measures in situ
sorptivity (S) and hydraulic conductivity for a prescribed potential. These devices
allow potential and water content to be controlled accurately over a range of negative
and positive heads and therefore have the ability to conveniently measure sorptivity (S)
at selected tensions. Sorptivity is a combination of hydraulic conductivity, potential, and
moisture content (Tindall and Kunkel, 1999) and basically represents the proportionality
constant between infiltration rate and the inverse square root of time (I = S/2t1/2). The
disc permeameter (Perroux and White, 1988) is uncomplicated and does not greatly
disturb the soil surface being measured. Methods and calculations for the disc devices
may be found in references such as Ankeney et al. (1988).

Determination of Water Flux Characteristics

Hydraulic conductivity, flow velocity, and flux are important transmission parameters
for the vadose zone. Measurement of these parameters has become more commonplace
due to the need to understand how fluids move from the land surface to the ground-
water system. This information is particularly necessary for waste disposal applications.
A comparison of methods available for quantifying soil-water flux is presented in
ASTM Standard D6642 (ASTM, 2004h).

Theoretical Perspective

Steady-state infiltration, discussed in the last section, is an appropriate base for deter-
mining flux during the wetting cycle. During the drying cycle, three major approaches
to evaluating flux are possible (Everett, 1980). These include (1) calculating flux from
mathematical formulae and empirical relationships between soil suction, soil-water
content, and hydraulic conductivity; (2) measuring changes in the water content of the
soil profile over time; and (3) direct measurements using flow meters.

Darcy’s Law

The easiest method available for calculating saturated flow from infiltrometer data is the
use of Darcy’s law. This method is conservative because it assumes the soil is saturated;
it is appropriate for the wetting cycle when steady-state flux is determined from an infil-
tration test. In simple terms, solving for average linear velocity (Vy), Darcy’s law can be
written as Vy, = Q(n.A), where Q is the discharge, n. is the effective porosity, and A is
the cross-sectional area of flow. Q/A is the measured steady-state infiltration rate per
unit area; for use in Darcy’s law, Q/A is negative because flow is downward.

Green— Ampt Wetting Front Model

The Green-Ampt wetting front model is used with infiltration data and assumes
unsaturated conditions below a wetting front. Travel time (velocity times distance)
is predicted from:

t= {”SK_ “‘}[Lf_(h+cf)|n{1+ Le ” (3.19)

sat h+cy

where us and u; are initial and saturated moisture contents, L¢ is the depth to the wetting
front, h is the pond depth, and cr is the total moisture potential just below the wetting
front.
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Internal Drainage Method

The internal drainage method can be used to determine the unsaturated hydraulic
conductivity in the field by monitoring the transient internal drainage of a near-surface
soil profile. The method is described in detail in Hillel (1980b) and was extended to
layered profiles by Hillel et al. (1972). It requires simultaneous measurement of moisture
content and suction under conditions of internal drainage alone; evapotranspiration must
be prevented. The method also assumes that flow is vertical and that the water table is
deep enough so that it does not affect the drainage process.

Tensiometers and neutron access tubes or gypsum blocks are installed near the center
of the test area. Depth intervals for the instruments should not exceed 30 cm, with a
desirable total depth of up to 2 m. The test area (at least 5m by 5m in plan view to
avoid lateral disturbances on the monitoring devices) is then ponded or irrigated until
the soil profile is as wet as practical (at or near saturation), then covered with plastic to
avoid future fluxes across this boundary. Simultaneous measurements of soil suction
and moisture content are collected until soil suction exceeds 0.5 bar; at greater suction,
the drainage process may be so slow that changes become imperceptible. The measure-
ment period for this test can be several weeks for slowly draining soils. Data are
graphed as moisture content (Figure 3.15a) and suction versus time (Figure 3.15b) for
each measured depth within the soil profile. Also, the snapshots of matric suction
(Figure 3.15c) and total hydraulic head (suction plus depth, Figure 3.15d) assemble the
data for subsequent analysis. The plots help to visually determine possible effects of
nonhomogeneities. From these measurements, instantaneous values of potential gradient
and flux can be obtained, allowing the calculation of hydraulic conductivity and, hence,
flow velocity.

Soil moisture flux is calculated at each time and depth from:

ou
4 = Dzﬁ (3.20)

where du/at is the slope of the wetness curve at the time of interest (calculated from
the data that generated Figure 3.15a) and Dz is the depth increment over which the
measurements are made (each curve in Figure 3.15a). Equation 3.20 is the flux through
the bottom of the uppermost increment and is due to the loss in moisture in the first
zone. Flux through the bottom of each succeeding layer is obtained by summing these
incremental fluxes for all layers overlying the depth of interest. The flux out of the
bottom of the subsequent zone is due to the dewatering in that zone, plus the flux from
above, hence the summation. Flow velocity can be calculated from Darcy’s law, as
discussed earlier.

Hydraulic head profiles (total potentials) are obtained using the suction (matric
potential) versus time data, adding depth (gravitational potential) to suction to obtain
the total hydraulic head for each time (Figure 3.15d). Hydraulic conductivity, K, is
calculated from:

. Q
Kz = (0H/9z)

(3.21)

where 9H/dz is the slope of the hydraulic head versus depth curve for the time of interest.
K, is calculated for several depths and times, each of which has a corresponding moisture
content. As the final step, moisture content or soil suction is plotted against hydraulic
conductivity so that flux and velocity can be calculated using field data at actual
monitoring points. This yields a plot similar to Figure 3.11.
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(a) Volumetric wetness as a function of time for different depth layers in a draining profile. (b) Matric suction
variation with time for different depth layers in a draining profile. (c) Matric suction variation with time and
depth during drainage. (d) Total hydraulic head variation with time and depth during drainage. Head values
are suction: the higher the suction, the lower the energy.

Borehole Permeameters

Some methods for determining saturated hydraulic conductivity and sorptivity evolved
from borehole methods. Here, a borehole of constant radius (r) has a constant depth of
water (H) maintained in it. The result is a bulb-shaped wetting front that moves away
from the borehole. Theoretical treatments (Nasberg, 1951; Glover, 1953; Reynolds et al.,
1983) describe the relations between the borehole water head (H) and the saturated hydrau-
lic conductivity for a given borehole radius. In general, for these theories to be valid, the
depth to the water table must be greater than three times the water depth in the borehole.
In addition, the steady-state solutions are most valid for H/r > 10. A good comparison of
the methods appears in Stephens (1996). Of note, this method has been commercialized
(i.e., the Guelph Permeameter), and methods developed to also identify the hydraulic
conductivity versus pressure (suction) relationship (Reynolds and Elrick, 1986).

Measurement of Tracer Movement

Tracers are matter or energy carried by ground water, which can provide information on
the rate and direction of ground-water movement. Tracers can be natural, such as heat
carried by hot springs; intentionally added, such as dyes; or accidentally introduced,
such as oil from an underground storage tank (Davis et al., 1985). Use of tracers in the satu-
rated zone for determining aquifer parameters is discussed in Chapter 14, so only a brief
overview is presented here. The main difference between use of tracers under unsaturated
versus saturated conditions is the practical problem of sampling a tracer at increasing
depths under unsaturated conditions (Everett, 1980).
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Davis et al. (1985) presents a thorough discussion of tracers. The most important
property of any selected tracer is that its behavior in the subsurface should be well
understood. Ideally, it should move at the same rate as the ground water, should not
interact with the soil matrix, and should not modify the hydraulic conductivity or other
properties of the medium being monitored. Concentration of the tracer should be much
greater than the background concentration of the same constituent in the natural
system. The tracer should be relatively inexpensive and easily detectable with widely
available technology. For most applications, the tracer should also be nontoxic.

A variety of tracers have been successfully used to monitor moisture movement in the
unsaturated zone. Fluorescein and rhodamine WT dyes have been successfully used to
track the wetting front beneath double-ring infiltrometers and to indicate preferential flow
paths in an experimental earthen liner (Albrecht et al., 1989). Tritium from a low-level radio-
active waste disposal site was successfully used to determine the rate of water (and tritium)
movement in the unsaturated zone at the waste disposal site (Healy et al., 1986).

Monitoring Water Quality in the Vadose Zone

The goal of most vadose-zone monitoring programs is to measure the spatial and temporal
changes in water quality. Monitoring the vadose zone can provide an early warning
system to detect contaminant movement so that corrective action can begin before an
underlying aquifer is contaminated. Wilson (1980) presents a thorough discussion of the
chemical reactions affecting contaminant migration in the vadose zone.

Three types of methods are available for monitoring water quality in the vadose
zone. These include (1) indirect methods, including measurements of electrical and
thermal properties; (2) direct measurement of pore water from soil cores; and (3) direct
soil-water sampling.

Electrical Properties Measurements

Electrical conductivity (EC) or its inverse, resistivity, is used extensively to characterize
soil salinity and to map shallow contaminant plumes. For shallow soils, electrical con-
ductivity is primarily a function of soil solution (Wilson, 1980). The success of using
electrical properties to delineate plumes is dependent upon the contrast between the
conductivity of the plume and the natural water, the depth and thickness of the plume,
and lateral variations in geology.

Electrical resistivity can be measured using surface geophysical techniques, as dis-
cussed in Chapter 4, or by direct-push-deployed sensors, as described in Chapter 6.
It can also be measured by using electrical resistance blocks (salinity sensors) to evaluate
soil salinity. Electrical resistance blocks were discussed earlier as a means of measuring
in situ moisture content. They can be installed beneath a waste disposal site before the
site becomes operational and monitored remotely. Salinity sensors must be calibrated
to provide a curve of soil salinity versus electrical conductance. Electrical conductance
is highly temperature dependent, so accurate measurement of soil solution temperature
is a necessary companion to this device.

Soil Sampling and Water Sampling
Pore Water Extraction

Collection of soil cores is discussed in Chapter 5 and Chapter 6. Soil cores can provide pore
water for water-quality analysis. Because of the difficulty and expense of obtaining soil
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cores, this is not the most desirable method for obtaining pore-water quality samples.
However, when cores are obtained during borehole and monitoring well drilling,
the added expense of collecting pore-water samples from cores is significantly reduced.

Certain parameters, including pH, Eh, and EC, are unstable and must be measured
in the field. This requires either extracting the pore water or, more simply, making a satu-
rated paste of the material and taking measurements on the paste. Pore water can be
extracted by placing a soil sample in a commercially available filter press, hydraulic
ram, or centrifuge and forcing the interstitial water out of the soil sample. These
and other methods for pore-water extraction are presented by Fenn et al. (1977). After
extraction, standard analytical techniques can be used on the water sample.

Suction Lysimeters

Suction lysimeters allow the collection of in situ soil water. They have a significant
advantage over pore-water extraction in that repeated samples can be taken at a given
location. A typical design, as shown in Figure 3.16, consists of a porous cup attached to
a PVC sample accumulation chamber and two access tubes that lead to the land
surface. Porous cups are commonly made of ceramic, alundum (an aluminum oxide), or
PTFE; the first two are hydrophilic while the latter is hydrophobic. The sampling radius
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FIGURE 3.16
Schematic diagram of an installed pressure-vacuum (suction) lysimeter. [Adapted from Soil Moisture
Equipment Corp., undated. With permission.]
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of a lysimeter is on the order of centimeters, so that many are needed if they are to
function as an effective early warning system (Morrison and Lowery, 1990). A variation
to standard lysimeter design is the “well-type lysimeter” described by Ball and Coley
(1986), which produces a larger sample volume than a standard lysimeter. Thorough
discussions of soil-water sampling techniques are presented by Litaor (1988) and
Wilson (1990). These techniques are also covered in detail by ASTM Standard D 4696
(ASTM, 2004i).

Lysimeters are installed in a borehole with silica flour packed around the porous cups.
Silica flour is necessary to prevent plugging of the cup. Also, without silica flour,
lysimeters with PTFE cups will not hold 10 centibars of vacuum (Everett et al., 1988).
The sample tube ends at the bottom of the lysimeter, while the air tube ends near the
top of the sample accumulation chamber. To collect a sample, the sample tube is
clamped and a suction is applied to the lysimeter through the air tube, which is then
clamped. This causes an inward gradient gradually drawing water into the sampler.
Hours to days may be necessary to collect a sufficient sample volume, and the vacuum
may need to be periodically re-established during this time. In order to collect the
sample, first the suction is released by opening the air tube. Next, the sample tube is
connected to the sample collection vessel and then opened. Air pressure is applied to
the air tube thereby forcing the sample to the surface through the sample collection
tube and into the collection vessel. This design has been used to depths of at least 55 ft
(Apgar and Langmuir, 1971).

For deep lysimeters in which higher pressures are required to force the sample to the
surface, pressure in excess of 1 atm in the sample will send the sample back through
the porous cup into the soil instead of to the surface in a standard lysimeter. Wood
(1973) modified the standard lysimeter design to allow sampling from any depth
within the vadose zone. This design prevents the pressurization problem by including a
check-valve to prevent pressurization of the porous cup. Wood (1978) was successful in
collecting samples from depths in excess of 100 ft.

Questions have been raised as to the validity of samples collected from suction
lysimeters. Some studies have indicated that the ceramic cups can alter the chemical
composition of samples, making the samples not representative of actual water quality.
Wolff (1967) found that new ceramic cups yield several milligrams per liter of Ca, Mg,
Na, HCO3, and SiO, even after cleaning with dilute HCI. Grover and Lamborn (1970)
and Hansen and Harris (1975) found substantial bias and variability in soil-water
samples of NOs-N, PO,-P, Na, K, and Ca. Up to a 60% change was noted in sample
concentrations caused by sample intake rate, plugging of the ceramic cup and sorption
and screening of some ions. Ceramic cups were the source of excessive Ca, Na, and K
in samples with low solute concentrations and served to absorb P. Rinsing the cups
with dilute HCI before installation reportedly reduced the problems with Na, K, and P
to acceptable levels. Levin and Jackson (1977) found that Ca, Mg, and PO, were not
altered by lysimeters that were used to collect soil-water samples from intact soil cores.

Lysimeters have also been found to screen certain contaminants. Parizek and Lane
(1970) concluded that pressure-vacuum lysimeters are not useful for analysis of soil
bacteria, BOD, or suspended solids because of screening. Dazzo and Rothwell (1974)
found that screening and adsorption of bacteria by ceramic cups with a pore size of 3 to
8 mm rendered them unusable for fecal coliform. Because the effective pore size of the
porous ceramic cup used in most lysimeters is about 1 mm, colloidal particles may pass
through. Everett et al. (1988) reported that volatile organics were lost from suction
lysimeters, but that the amount of loss was difficult to estimate.

The pre-1980 studies all used solutions with relatively low solute concentrations, which
results in high sampling errors and sample variability. Little work had been performed
prior to 1980 to determine the effects of these samplers on highly contaminated soil
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solutions. Despite these problems, soil-water samplers were commonly used to monitor
highly contaminated soils.

Silkworth and Grigal (1981) studied the effect of porous cup size on sample
chemistry. They found less alteration with large ceramic cups (4.6 cm diameter)
than with small ceramic cups (2.2 cm diameter). Large ceramic samplers compared
well with those collected from fritted glass samplers. Large ceramic samplers also pro-
duced more sample and had a lower failure rate than either glass or small ceramic
samplers.

Crease and Dreiss (1985) studied the effects of three types of lysimeter cups on trace
element and major cation concentrations. Sampler cup materials included ceramics,
alundum, and PTFE, all of which are used for commercially available lysimeters. Their
study indicated a low potential for significant sample bias by contaminants released
from the cleaned and uncleaned samplers when the sample had been buffered to a pH
of 6 to 7. They postulated that differences between their study and earlier studies of
ceramic cups might be due to differences in composition of the ceramic cups tested,
because many different ceramic formulations are available. They concluded that the
bias introduced by porous lysimeter cups should only be significant for soil waters with
low contaminant concentrations, especially given other sources of error in the collection
and analysis of soil pore-water samples.

These conclusions were supported by Peters and Healy (1988), who found that
major ion concentrations collected from pressure-vacuum lysimeters were representative
of in situ chemical concentrations where total dissolved solids concentrations were
greater than 500 mg/l. However, they found that trace-metal concentrations were
significantly affected by sampling with lysimeters.

Based on an extensive program of suction lysimeter testing, Everett et al. (1988) made
the following conclusions and recommendations:

- Prior to field installation, pressure tests should be used to check all lysimeters for
leaks.

- The approximate bubbling pressure of ceramic low-flow cups is 2.38 atm (35 psi);
for ceramic high-flow cups, 1.224 atm (18 psi); and for PTFE cups, 0.068 atm
(1 psi).

- Low-flow ceramic cups are capable of holding their vacuum for several months.

- PTFE lysimeters must be used with silica flour slurry.

- The dead space in suction lysimeters must be determined prior to field
installation or laboratory tests.

- Suction lysimeters placed in most types of soil will experience a rapid drop-off of
intake rate but will stabilize after about 15 | has been pulled through the porous
segments.

- Use of silica flour around the porous segments negates most plugging associated
with finer particles in soils.

. The effective operating range of ceramic lysimeters is between 0 and 60 cb of
suction regardless of the use of silica flour.

- The operating range of PTFE lysimeters without silica flour is extremely narrow,
but with the use of silica flour is extended to about 7 cb of suction.

- Volatile organics can be obtained using a suction lysimeter where equilibrium is
established and maintained.

- Volatile organics are lost from suction lysimeters if the vacuum needs to be
intermittently re-established to draw sufficient sample.
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Pan Lysimeters

Pan lysimeters, also called free-drainage samplers, are used to collect water samples by
gravity drainage. They are used at waste disposal sites below earthen liners to provide
early detection of moisture or solute movement through the liner. The typical pan
lysimeter consists of a shallow cone with a drain in the center. The cone is filled with
sand or gravel and the lysimeter is placed on top of the drainage layer, below a geofabric
and the liner material. Less dead space for sample collection exists in the lysimeter
than in the drainage layer, so that the breakthrough curve is sharper and earlier than
the breakthrough curve from the bottom of the drainage layer. The principle of operation
is that under unsaturated conditions, sand will have a lower hydraulic conductivity than
the surrounding gravel drainage layer. Thus, as the bottom of the earthen liner approaches
saturation, water will move preferentially toward the pan lysimeter, instead of into the
drainage layer. At saturation, this preferential movement disappears.

Pan lysimeters are relatively inexpensive and can be homemade. For liner monitoring,
they should be installed before the soil liner is emplaced. However, they have been
installed in tunnels extending from trenches and in buried culverts (Wilson, 1990).

Many pan lysimeters currently in operation have been built with a misunderstanding
of the theory of unsaturated zone flow, causing the lysimeters not to provide early
information on breakthrough. The error is the belief that under both saturated and unsa-
turated conditions, water moves faster in coarser material. This has led to lysimeters
filled with gravel surrounded by a sand drainage layer. In this case, the preferential
flow under unsaturated conditions is away from the lysimeter — the lysimeter will not
collect water before the liner becomes nearly saturated.

Soil-Gas Monitoring Technology

Introduction

Sampling and analysis of soil gas for the delineation of subsurface volatile organic
compound (VOC) contamination became very popular in the 1980s. The technology has
proven to be effective in a wide range of geologic settings and for many different VOCs.
Several methods are used for the collection and analysis of soil-gas samples. These
methods, which are described in detail in ASTM Standard D 5314 (ASTM, 2004j), are
generally divided into two types — active and passive techniques. Active sampling is
the term applied to those methods that physically remove the gas sample from the
vadose zone, usually by pumping (Marrin and Thompson, 1987; Thompson and
Marrin, 1987). Passive sampling refers to a technique of burying an absorbent material
within the vadose zone and capturing the VOCs present by chemical sorption (Kerfoot
and Mayer, 1986; Bisque, 1984). Active sampling techniques have become more popular
because the samples can easily be analyzed in the field and actual concentrations are
measured, whereas passive methods measure only relative concentrations across the
site. The real-time results made possible by the rapid field analysis using active techniques
are very helpful for directing the soil-gas investigation. Because the results can be used to
direct the investigation, fewer unnecessary samples are collected when compared with
aboratory-based investigations. This results in both time and cost savings. Owing to the
greater popularity of active techniques over passive techniques, this discussion
concentrates on active techniques.

Presented here are applications and limitations of soil-gas monitoring and sampling
technology. Special attention is given to the variables that can impact the effectiveness
of a soil-gas investigation. These variables include presence of geologic barriers, suitability
of the compound to soil-gas monitoring applications, and interpretation of soil-gas data.
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FIGURE 3.17
Schematic diagram of the soil gas contaminant investigation technology.

Background on Methodology

Figure 3.17 shows a schematic representation of the driving principles behind soil-gas
technology. The presence of VOCs in shallow soil gas indicates that the observed
compounds may be present either in the vadose zone or in the saturated zone below.
Soil-gas technology is most effective in mapping low-molecular-weight halogenated
chemical solvents and petroleum hydrocarbons possessing high vapor pressures and
low aqueous solubilities. These compounds readily evaporate out of ground water and
into the soil gas as a result of the favorable gas and liquid partitioning coefficients.
Once in the soil gas, VOCs diffuse vertically and horizontally through the soil to the
ground surface, where they dissipate in the atmosphere. The contamination acts as a
source and the above-ground atmosphere acts as a sink, with a concentration gradient
typically developing in between. The concentration gradient in soil gas between the
source and ground surface may be locally distorted by hydrologic and geologic anomalies
(e.g., clays, perched water); however, soil-gas mapping generally remains effective because
distribution of the contamination is usually broader in areal extent than the local geologic
barriers and is defined using a large data base. The presence of small-scale geologic
obstructions tends to create anomalies in the soil-gas and ground-water correlations,
but generally does not obscure the broader areal picture of contaminant distribution.

Sampling and Analytical Procedures

Soil-gas samples can be collected by mechanically advancing a hollow steel or stainless
steel probe, fitted with a porous or screened tip, to a depth generally less than 5m
into the ground. The actual depth of the probe is a function of the depth to the water
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table or the source of the contamination. For soil-gas methods to be most effective, the
probe tip should be close to the contaminant (within 2 to 10 m). When the contaminant
is located at the water table, the farther the probe tip from the water table, the more
likely it is that processes such as dispersion, sorption, and biodegradation will reduce
the vapor concentrations of the contaminants. In addition, changes in geology may
direct vapors away from a direct line between the contaminant and the probe tip. The
above-ground end of the sampling probe is attached to a vacuum pump. The sampling
train is purged by drawing air out of the soil through the probe. After purging, an
aliquot of the evacuation stream is collected for analysis.

Several methods are currently being used for the analysis of soil-gas samples. Field-
portable gas chromatographs (GCs), a variety of detectors, and laboratory-type bench-
top GCs are in common usage. The most commonly used detectors are the electron
capture detector (ECD), the flame ionization detector (FID), the photo-ionization detector
(PID), and the Hall electrolytic conductivity detector. The ECD works well for detecting
halocarbon compounds and the FID works well with hydrocarbon compounds. These
detectors are highly selective to their respective categories of compounds and thus
significantly reduce the problem of misidentification of unknowns. A PID may be used
for detecting vinyl chloride, a compound that is not sufficiently detectable using either
the ECD or FID. The Hall detector offers reasonable sensitivity to all of the halo-
genated compounds including vinyl chloride, but is much less sensitive than the ECD
to the primary solvents such as trichloroethene (TCE), tetrachloroethane (PCE), and
1,1,1-trichloroethane (TCA).

Quality Assurance and Quality Control Procedures

A very important, yet often overlooked aspect of soil-gas investigation is quality
assurance/quality control. The following are recommended procedures that have been
successful in several applications of soil-gas technology.

- Steel probes and sampling train parts are used only once. Before being used, they
are washed with a high-pressure soap and hot water spray or steam-cleaned to
eliminate the possibility of cross-contamination.

- Prior to sampling each day, system blanks are run to check the sampling train for
contamination by drawing ambient air from above ground through the system
and comparing the soil-gas analysis with the concurrently sampled ambient air
analysis.

. Sample containers and subsampling equipment are used for only one sample
before being washed and baked to remove any residual VOC contamination.

- Sample containers and subsampling equipment are checked for contamination
by running carrier gas blanks.

- Septa through which soil-gas samples are injected into the chromatograph are
replaced on a daily basis to prevent possible gas leaks from the chromatographic
column.

- Analytical instruments are calibrated each day. Calibration checks are also run
after approximately every five soil-gas-sampling locations or a minimum of
three times per day.

- Soil-gas pumping is monitored by a vacuum gage to ensure that an adequate gas
flow from the vadose zone is maintained. A negative pressure (vacuum) usually
indicates that a reliable gas sample cannot be obtained because the soil has a very
low air permeability.
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Applications
Case Study

Soil-gas investigations are most often applied either for defining the areal extent of
contamination migrating from a known source or for identifying potential sources of
ground-water contamination problems. Soil-gas data are typically used as a basis for
more efficiently locating soil borings and monitoring wells, which are required to
confirm the presence and distribution of subsurface contamination. The following case
study gives a typical example of the plume mapping and source identification applications
of soil-gas technology.

Figure 3.18 shows an example of the use of soil-gas technology to locate a
contamination source. The depth to water was 120 ft, and the geologic materials were
silty clays. Soil-gas samples were collected from a depth of 5 ft. Well I-1, in the southeast
corner of the study area, was contaminated with TCA. A large industrial complex existed
on the west side of the road, extending more than a mile north and south of the well.
Soil-gas sampling was initiated along a transect extending several feet along a north—
south road between the well and the complex. One soil-gas sample on this transect
detected TCA slightly above background (Point 633, Figure 3.18). A second east—west
transect was initiated along a convenient road into the complex a short distance north
of Point 633. The samples along the second transect detected increasingly higher TCA
concentrations. Because the soil-gas analyses were performed in the field, the sampling
plan could be easily directed to “zero in” on the source area. In this case, the source
was a business with a TCA tank. The long axis of the detectable TCA soil gas plume
extended more than 3000 ft from the source toward the contaminated well, which was
about 1 mile away. The investigation left very little doubt about the source of TCA con-
tamination in the I-1 well.

This investigation represents an optimum usage of the soil-gas technology. The general
distribution of the contaminant can be defined relatively quickly using a probe spacing
between 100 and 300 ft. After the soil-gas investigation, verification drilling and soil
sampling can proceed very efficiently.
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FIGURE 3.18
Representative application of the soil gas contaminant investigation technology.
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Halocarbon Solvents versus Petroleum Hydrocarbons

The compounds most suited to detection by current soil-gas technology are the primary
halocarbon solvents. The most common compounds in this group are TCA, TCE, PCE,
and 1,1,2-trichlorotrifluorethane or Freon (F-113). These compounds readily volatilize
out of ground water and into soil vapor as a result of their high gas and liquid partitioning
coefficients. Good detection of these solvent vapors can be expected in most geologic
settings. The exceptions are situations where there are geologic barriers to the migration
of contaminant vapors. These barriers are discussed further in the following section.

There is no specific depth limitation for remote detection of the primary halocarbon
solvents. These vapors tend to resist degradation and, in the absence of the geologic
barriers, will migrate through a thick unsaturated zone to escape into the atmosphere.
Remote detection of certain halocarbons from depths greater than 300 ft has been
performed.

The application of soil-gas technology to hydrocarbons is more limited than to halo-
carbons. Good detection of hydrocarbon vapors is common in settings with shallow
ground water (<10 m) and fairly permeable soils. A principal limitation to the application
of soil-gas technology to hydrocarbon contamination is the relatively rapid degradation
of hydrocarbons in well-oxygenated shallow soil. Owing to degradation, significant
concentrations of the hydrocarbon vapors tend to appear and disappear abruptly in the
soil-gas profile (Evans and Thompson, 1986). Table 3.1 shows the abrupt vertical change
in hydrocarbon (benzene, toluene, and total hydrocarbon) concentrations compared
with the smooth concentration observed for PCE, a common halocarbon solvent.

The most common problems associated with soil-gas investigations are geologic
barriers, unsuitable target compounds, and the tendency to over-interpret soil-gas data.
An awareness of the limitations of the technology is very important when planning and
directing a soil-gas investigation.

Problems
Geologic Barriers

The most common geologic barrier to the migration of VOC vapors is water saturation of
sediments in the vadose zone. A soil-gas investigation can be successful in low-
permeability clay soils, but if the sediments are completely water saturated, soil-gas
technology is not effective. Saturated sediments form a nearly impermeable barrier to
the migration of contaminant vapors by molecular diffusion, thus preventing remote
detection via shallow soil-gas samples.

Recharge of significant amounts of clean water over contaminated water commonly limits
the area of effective soil-gas sampling. Clean recharge acts as a complete barrier only at sites
where the recharge is significantly greater than the seasonal fluctuations in the water table.
Fluctuations in the water table will allow the contaminated water to be dispersed through

TABLE 3.1

Comparison of PCE and Hydrocarbon Concentrations in Soil Gas above a Contaminated Aquifer
(Values are Given in mg/I)

Depth (ft) below Total Petroleum
Ground Surface PCE Benzene Toulene Hydrocarbons
5 0.006 <0.1 <0.1 <0.1
10 0.01 <0.1 <0.1 <0.1

15 0.03 220 31 600
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the clean water and capillary zone, thus maintaining vapor transport through the capillary
fringe. This mechanism also explains the observation that contaminant vapors are com-
monly easiest to detect near water-supply wells, where pumping causes variations in the
water level, enhancing transport through the capillary fringe.

Figure 3.19 shows the effect of increased soil moisture, or recharge, on the vapors
emanating from a TCE contaminated aquifer. The horseshoe indentations correspond to
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drainage or topographically low areas where a large amount of surface water and runoff is
collected or channeled. These areas selectively received greater amounts of recharge,
which reduced the concentration of the contaminant vapors detected in the shallow soil
gas. Contrary to the appearance of the soil-gas map, the ground-water contamination
does not necessarily diverge in a corresponding manner.

Suitability of Compounds to Soil-Gas Technology

Unsatisfactory results are often obtained from a soil-gas investigation when poor or
unsuitable target compounds are chosen. The limitations are related to the compound’s
volatility, stability, and aqueous solubility. Suitable compounds are those that have a
boiling point less than 1508C, low aqueous solubility, and relatively good resistance to
degradation.

The suitability of a compound to soil-gas detection relies on the compound being
present in the subsurface in the vapor phase. Compounds with boiling points greater
than 1508C and vapor pressures less than 10 mmHg at 208C probably will not be
present in the vapor phase in sufficient quantities to be adequately detected in the soil
gas in most applications. Compounds with boiling points greater than 1508C can
commonly only be detected in the soil gas where they are present as significant residue
in the soil.

Compounds that are miscible with water are poorly suited for soil-gas investigations.
The high solubility of these compounds greatly reduces their vapor pressure in the
presence of water. Thus, highly soluble VOCs such as alcohols and ketones will not
favorably partition into the vapor phase sufficiently to be detectable in the soil gas.

The stability of a compound can also be a limiting factor to the utility of a soil-gas
investigation. Nonhalogenated chemicals, particularly C5 and higher hydrocarbons,
tend to degrade readily in oxygenated soil if they are present in low concentrations.
This tendency to degrade limits the effectiveness of a soil-gas investigation in geologic
settings where the depth to ground water is greater than 10 m or less than 2 m. In the
case of ground-water depth being greater than 10 m, the limitation is being able to
advance the sampling probes to an adequate depth to detect significant amounts of
hydrocarbons. As shown in Table 3.1, hydrocarbons tend to appear abruptly in the soil
profile. In most geologic settings, a soil-gas probe must be advanced to within about
2m of the water-table surface to get a reliable soil-gas signal. The time required to
advance soil-gas-sampling probes to depths greater than 6 m tends to reduce the cost-
effective nature of a soil-gas investigation. At sites with deep hydrocarbon contamination,
soil-gas technology may only be able to delineate the distribution of soil contamination
in the source area. Degradation of most volatile compounds appears to be inhibited
whenever vapors are present in high concentrations. Typically, vapor concentrations in
the vicinity of leaking underground storage tanks are high enough to destroy soil bacteria
and persist for long periods of time in shallow oxygenated soil.

Research has been conducted on techniques that may improve the means for remote
detection of hydrocarbons in the situations described earlier. The occurrences of elevated
levels of carbon dioxide above a dissolved plume where the primary hydrocarbons are
not detectable may prove to be useful in delineating the areal extent of contamination.
Preliminary work by Kerfoot et al. (1988) at the Pittman Lateral site in Nevada indicated
that this approach may be successful.

Stability of halogenated chemicals is generally related to the number and type of
halogens on the molecule — stability of the molecule increases with the number of
halogens. Fluorine produces greater stability than chlorine, and chlorine produces
greater stability than bromine. Fluorocarbons tend to persist even at low concentrations
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in the environment. As a result, they have accumulated in the atmosphere to the extent
that they now pose a threat to the ozone layer (Zurer, 1987). Solvents having three or
four chlorines on the molecule (i.e., C,Cls, C,Cl3H, CCI;CH3;, and CCly) commonly
degrade to some degree in the subsurface environment, but degradation is slow enough
to have little impact on their detectability in soil gas. Dichloro compounds (i.e., dichloro-
ethene [DCE] and dichloroethane [DCA] isomers) are produced in the subsurface as the
first degradation products of the primary chlorinated solvents. These products appear
to degrade in the soil-gas environment slightly faster than the primary solvents (Vogel
et al., 1987).

As a result, soil-gas data for the dichloro compounds are apt to be less representative
of their ground-water distribution than the same data for the primary solvents.
Monochlorinated vinyl chloride (C,CIH3), a second-stage degradation product, may be
the least stable chloro compound in the soil-gas environment. Vinyl chloride has been
detected in soil gas associated with landfills, but seldom detected in soil gas over con-
taminated ground water (Table 3.2). This indicates that it is probably an unreliable
indicator of ground-water contamination.

Interpretation of Soil-Gas Data

Soil-gas data are normally regarded as remote or indirect indications of ground-water
or soil contamination from volatile chemicals. As with other remote detection methods,
the data are subject to limitations that may cause them to be misrepresentative or
inaccurate at any particular location.

Most problems result from attempts to over-interpret the data. Usually this is evident
when too much importance is placed on a single point or data anomaly in a very small
area. Commonly, investigations begin by collection of soil-gas samples adjacent to wells
or areas of known contamination to establish a basis for interpreting the soil-gas data.
The findings are sometimes disappointing because the high, medium, and low concen-
trations in soil gas may not be measured at the same locations as high, medium, and
low concentrations in ground water. Small-scale geologic and soil-moisture variability
typically accounts for these problems and may make the data at any given point or in a
small area highly misrepresentative of all subsurface conditions. In spite of an initially
poor correlation, the investigation is probably worth continuing if the contamination
was detectable in at least 50% of the locations where it was known to exist. Soil-gas
detection of contamination is generally more successful when evaluated over a broad
area and used to determine only the presence or absence of contamination in that area.

A second problem relates to the tendency of some users to include the possible effects
of short-term climate changes on the soil-gas data. Typically, barometric pressure
changes, recent rainfall events, and air temperature are parameters that are considered
unnecessarily. Barometric pressure changes have long been known to be responsible for
only a small amount of air transport into and out of the soil. Air exchange due to

TABLE 3.2

Vinyl Chloride Concentrations in Soil Gas and Ground Water
(15-20 ft to Ground Water)

Water (mg/I) Soil Gas (mg/1)
520 <0.005

110 <0.005

510 <0.01

1200 <0.005
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barometric fluctuations is believed to be limited to the upper 1% of the thickness of the
unsaturated zone (Buckingham, 1904). However, soil ventilation due to barometric
pressure changes may be important in the immediate vicinity of a borehole, where an
air conduit exists into the soil.

A single rainfall event rarely has any appreciable effect on soil-gas measurements. If the
soils are normally unsaturated, even a heavy rain will not produce saturated conditions,
except for a brief period of time (probably less than an hour) at the ground surface.
However, soils consisting of fine marine sediments where the depth to water is 2 m or
less are typically problematic. These soils remain nearly saturated due to capillary
forces drawing water upward from the water table as well as high residual moisture
content. As a result, soil-gas investigations are often not useful in these bay mud type
environments.

Summary

In summary, soil-gas technology is an effective tool for the delineation of subsurface VOC
contamination. A well-planned investigation which takes into account the effects of
geologic barriers, the suitability of the compounds to the application of the soil-gas
technology, and reasonable interpretation of the data will yield results that can be used
to more efficiently direct a conventional soil boring and ground-water monitoring well
installation program.
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Introduction

Remote sensing and geophysical methods encompass a wide range of airborne, surface,
and downhole tools that provide a means of investigating hydrogeologic conditions and
locating buried waste materials. Under certain conditions, some of the geophysical
methods provide a means of detecting contaminant plumes.

Geophysical measurements can be made relatively quickly, thereby increasing sample
density. Continuous data acquisition along a traverse line can be employed with certain
techniques at speeds up to several miles per hour. Because of the greater sample
density, anomalous conditions are more likely to be detected, resulting in a more accurate
characterization of subsurface conditions.

Geophysical methods, such as any other means of measurement, have advantages and
limitations. There is no single, universally applicable geophysical method, and some
methods are quite site specific in their performance. Thus, the user must carefully select
the method or methods and determine how they are applied to specific site conditions
and project requirements.

Unlike direct sampling and analysis, such as obtaining a soil or water sample and
sending it to a laboratory, the geophysical methods provide nondestructive, in situ
measurements of physical, electrical, or geochemical properties of the natural or contami-
nated soil, rock, and contained fluids. The success of a geophysical method depends on the
size of the target and the existence of a sufficient contrast between the measured properties
of the target and background conditions. If there is no measurable contrast, the target will
not be recognized. Similarly, if a layer is sufficiently thin or if the size of the target is suffi-
ciently small, it will not be detected.

Geophysical techniques are not new. They have been used for decades in oil and gas
exploration, mineral exploration, geotechnical applications, and regional water—resources
development (Griffith and King, 1969; Zohdy et al., 1974; Telford et al., 1982). Geophysical
methods, as applied to hazardous waste site investigations, are somewhat different in their
application because they are usually required to produce higher resolution shallow data
(typically less than 100 ft or so in depth). In less than one decade in the latter part of the
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20th century (1975 to 1985), extensive development in geophysical field instrumentation,
field methods, analytical techniques, and related computer processing resulted in a strik-
ing improvement in our capability to provide a high-resolution assessment of shallow
subsurface conditions.

However, many environmental professionals still view geophysics as a “black box”
technology. This is unfortunate because the methods are based upon sound principles
of physics, geochemistry, and electronics. The “black box” image simply reflects a lack
of understanding of the science behind the technology.

This chapter provides an overview of the various geophysical methods. The first section
provides background material and identifies the three basic areas in which geophysical
methods can be applied. The second section deals with airborne, surface, and downhole
geophysical methods, discussing specific techniques for each. Major emphasis is placed
upon the surface and downhole geophysical methods that are most commonly used for
the type of applications discussed in this chapter. The chapter ends with application
tables and a discussion to aid in selecting methodologies for specific field problems.

The examples of data shown within this chapter are considered to be of excellent quality.
These high-quality data are presented to aid the reader in understanding the geophysical
methods discussed. In practice, data will often be less clear than these examples, which
requires that the skill of an experienced interpreter be employed in data evaluation.

Background

Traditional approaches to subsurface field investigations at potentially contaminated sites
have often been inadequate. Site investigations have traditionally relied upon conventional
direct sampling methods such as:

- Soil borings and monitoring wells for gathering hydrogeologic data and soil and
ground-water samples

- Laboratory analysis of soil and ground-water samples to provide a quantitative
assessment of site conditions

- Extensive interpolation and extrapolation from these points of data

This approach has evolved over many years and is commonly considered the standard
approach to use when conducting environmental field investigations. However, there are
numerous pitfalls associated with this approach, which can result in an incomplete or even
erroneous understanding of site conditions. These pitfalls have been the subject of numer-
ous papers and conferences over the past few decades (Lysyj, 1983; Hileman, 1984;
Perazzo et al., 1984; Walker and Allen, 1984; Dunbar et al., 1985). They have also precipi-
tated the tightening of ground-water monitoring regulations (U.S. EPA, 1986).

The single most critical factor faced in site evaluation work is accurately characterizing
site hydrogeology (Benson and Pasley, 1984). If an investigator has an accurate under-
standing of site hydrogeology, predicting the movements of contaminants or designing
a cleanup operation is reasonably straightforward. If all sites had simple, horizontally stra-
tified geology with uniform properties, site characterization would be easy. Data from just
one boring would be sufficient to characterize a site. However, in most geologic settings,
this will not be the case and the investigator must be alert to variations that can cause sig-
nificant errors in site characterization.

In the design of many soil and rock sampling programs and monitoring well networks,
the placement of borings and wells has been done mainly by educated guesswork. The
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accuracy and effectiveness of such an approach is heavily dependent upon the assumption
that subsurface conditions are uniform. This approach usually assumes that information
on regional hydrogeology and ground-water flow conditions (as obtained from literature)
is valid for the site-specific setting and that data from a few site-specific borings or moni-
toring wells can be used to characterize the site. These assumptions are frequently invalid,
resulting in nonrepresentative locations for borings and monitoring wells and erroneous
generalizations from this limited information. To improve the accuracy of the site investi-
gation, a large number of borings would be required.

Sample Density

A soil or core sample obtained from drilling may be representative of only a limited area
surrounding the hole. Fractures, bedding planes, solution cavities, bedrock channels, sand
lenses, and local permeable zones can easily be missed by borehole programs.

Insight into the number of discrete samples or borings required for accurate sampling
can be obtained by considering detection probability (Benson et al., 1982). Figure 4.1a
shows a target area that is one tenth of the total site area. This target area (the size and
location of which are usually unknown) could be a waste burial site, a plume from a
chemical spill, an old sinkhole, or a buried channel. On the basis of probability

(&)
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lustrates Site to Target Area Ratio
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of samples must be increased by a factor of 1.6

FIGURE 4.1
(a and b) Spatial sampling requirements. (From Benson and LaFountain, 1984. With permission.)
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calculations, the number of borings required to achieve various detection probabilities is
shown in Figure 4.1b (Benson and LaFountain, 1984). For example, a site-to-target-area
ratio of 1/10 and a detection probability of 90% would require at least 16 borings
spaced over a regular grid. For a smaller target, such as a narrow sand lens or fracture,
the site-to-target-area ratio increases significantly. Thus, 100 to 1000 borings may be
required to give a 90% confidence level in characterizing many sites, making the subsur-
face investigation like “looking for a needle in a haystack.”

Achieving a good statistical evaluation of complex site conditions requires borings to be
placed in a close-order grid, which would reduce the site to “Swiss cheese.” In many cases,
direct sampling alone is not sufficient to accurately characterize site conditions from a
technical or cost point of view. This is the primary reason for the application of geophysical
methods.

How Geophysical Methods Are Used

Data obtained from borings or monitoring wells generally represent conditions present in
only a very localized area. In contrast, geophysical methods usually measure a much
larger volume of the subsurface (Figure 4.2). These measurements provide an average
response over a large volume of subsurface conditions; providing a means of detecting
subsurface conditions such as buried channel or sand lens that a limited number of
borings may miss. When geophysical methods are used in this manner, they are essentially
anomaly detectors. Once an overall characterization of a site has been made using geophy-
sical methods and anomalous zones have been identified, a better drilling and sampling
plan may be designed by:

- Locating soil borings and monitoring wells to provide samples that are represen-
tative of site conditions

- Minimizing the number of samples, borings, or monitoring wells required to
accurately characterize a site

- Reducing field investigation time and cost
- Significantly improving the accuracy of the overall investigation

N
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\\/) Drilling

A typical geophysical Volume of soil and

measurement rock sampled by drilling

integrates a larger is relatively small

volume of soil and

rock.

FIGURE 4.2
Comparison of volumes sampled by geophysical methods and a borehole. (From Benson et al., 1982. With
permission.)
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This approach yields a much greater confidence in the final results, with fewer borings
or wells and an overall cost savings. The estimated cost of long-term sampling from a
single monitoring well can range from $125,000 upward over a 30 year period (2004
dollars). This is nearly two orders of magnitude greater than the cost of installing the
monitoring well. With this in mind, it makes good sense to minimize the number of moni-
toring wells at a site and optimize the locations of those installed. Using this approach,
drilling is no longer used for hit-or-miss reconnaissance, but is dedicated to the specific
gquantitative assessment of subsurface conditions. Boreholes or wells located with this
approach are called “smart holes” because they are scientifically placed, for a specific
purpose, in a specific location, based on knowledge of site conditions; eliminating much
of the guess work (Benson and Pasley, 1984). While smart holes might sometimes be
placed without the benefit of geophysical methods, they often can be placed more reliably
if geophysical methods are incorporated into the subsurface investigation program.

If borings have already been drilled or monitoring wells installed, geophysical surveys
can still provide significant benefits. The location of existing borings and monitoring wells
relative to anomalous site conditions can be assessed, thus providing a means of evaluat-
ing the representativeness of any existing data. Then, if additional borings or wells are
needed to fill gaps in the overall site coverage, they can be accurately placed as smart
holes. Assessment of site conditions will often require that an area larger than the site
itself be considered. Contaminant transport by ground water and the geohydrologic
factors that control flow do not stop at arbitrary site boundaries or property lines.
Insight into the character of the local setting is often derived from the knowledge of the
broader picture. An analogy can be drawn to the use of a camera’s telescopic zoom
from an overall wide angle view to a close-up telescopic view of the finer details. Omitting
the broad overview will often result in a number of critical gaps in information about the
setting. Geophysical methods provide a means of rapid reconnaissance over larger areas
and can often be employed to obtain the big picture.

Continuous and Station Measurements

Geophysical surveys often involve making measurements of subsurface properties at dis-
crete points over a site. That is, the instrumentation is located at a station along a survey
line or a grid, and measurements are made at one point at a time. However, some tech-
nigues can provide measurement of subsurface parameters continuously as the instru-
mentation is moved along the survey line.

By estimating the size of geologic features or anomalies before the survey is carried out,
suitable station spacing can be selected. However, if the size estimate of the geologic
feature is in error, the data will not be representative and can lead to errors in the assess-
ment of site conditions. Continuous methods should be employed whenever possible to
minimize the possibility of making such errors, to achieve maximum resolution and to
minimize project costs. This is particularly true when site conditions are suspected of
being highly variable, and a small sample interval is required.

Although the continuous surface geophysical methods referred to in this chapter are
typically limited to a depth of 50 ft or less, they are applicable to many site investigations.
They can provide continuity of subsurface information that is not practically obtainable
from station measurements. Continuous surface geophysical methods can be applied at
speeds of 1 to 5mph or more, resulting in a cost-effective approach for relatively
shallow survey work. To illustrate the benefits of continuous measurements, a comparison
between station measurements and continuous measurements is discussed subsequently.

The lower set of data in Figure 4.3 reveals the highly variable nature of a site indicated
by a continuous measurement technique. The upper set of data in Figure 4.3 shows the loss
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DATA DBTAINED FROM
STATION
MEASLUREMENTS

DATA CBTAINED FROM
GONTINLIOUS
MEASUREMENTS

The data was obtained with an EM-34 with
a 10 meter coil spacing. The higher values
of alactrical conductlvity are causad by

fractures In the underlaying gypsum rock.

FIGURE 4.3
Comparison of station and continuous measurements from the same site.

of information that can result from a limited number of station measurements and inter-
polating between sample points. This limited number of measurements results in a dis-
torted set of data and leads to errors in interpretation of site conditions when target size
is significantly smaller than station spacing. By running closely spaced parallel survey
lines with continuous methods, subtle changes in subsurface parameters can often be
mapped. Total site coverage can even be achieved if necessary.

The data in Figure 4.3 were obtained by surface electromagnetic (EM) measurements of
subsurface electrical conductivity. The higher conductivity values indicate fractures
within underlying gypsum rock. These fractures show up because they are more electri-
cally conductive due to water content and weathering of the gypsum rock.

Site Investigation Methods Are Scale Dependent

All site investigation methods, including geophysics, are scale dependent. For example,
aerial photography is an effective tool to be used in regional studies and for obtaining
the big picture at a local site investigation. However, it will not provide any information
about site-specific soil conditions at a depth of 10 ft. Conversely, a boring will provide
information on soil conditions versus depth, but information from the boring is only
valid for a very limited extent immediately around the borehole. Geophysical measure-
ments made of the subsurface can be used to determine detailed soil conditions over a
few hundred square feet or over many square miles. In contrast, geophysical logging
measurements made down a borehole will extend the measurements from the hole
itself radially to a distance of 6 in. to a few feet, depending upon the log used.
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Therefore, the site investigation method must be selected to suit data and project
requirements (Benson and Scaife, 1987). Typically, a subsurface investigation will include
measurements of the big picture (aerial photography), intermediate picture (surface
geophysical measurements), and the very local details (boring and sampling data).

Applications of Geophysical Measurements

There are three major areas for the application of geophysical methods at potentially con-
taminated sites. They are:

- Assessing hydrogeologic conditions
- Detecting and mapping contaminant plumes
- Locating and mapping buried wastes and utilities

Assessing Hydrogeologic Conditions

Probably, the most important task of a site investigation will be characterizing hydro-
geologic conditions. Avariety of geophysical methods can be used to assess natural hydro-
geologic conditions, such as depth to bedrock, degree of weathering, and presence of sand
and clay lenses, fracture zones, and buried relic stream channels (Keys and MacCary, 1976,
Benson and Glaccum, 1979; Benson et al., 1982; Benson and Scaife, 1987). Accurately
understanding the hydrogeologic conditions and anomalies can make the difference
between success and failure in site characterization, because these features control
ground-water flow and contaminant transport.

Detecting and Mapping Contaminant Plumes

A major objective of many site investigations is the detection and mapping of contaminant
plumes. Geophysical methods can be employed in two ways to solve this problem. Some
methods can be used for the direct detection of contaminants. In cases in which the con-
taminant cannot be detected directly, geophysical methods can be used to assess the
detailed hydrogeologic conditions that control ground-water flow. Then, the location of
the contaminants can be estimated and the ground-water and contaminant flow pathways
can be identified (Cartwright and McComas, 1968; Benson et al., 1982, 1985; McNeill, 1982;
Greenhouse and Monier-Williams, 1985).

Locating and Mapping Buried Wastes and Utilities

Geophysical methods can also be used to locate and map the areal extent, and sometimes
the depth, of buried wastes in trenches and landfills (Benson et al., 1982). There are
methods that can also be employed to detect buried drums, tanks, and utility lines. At
many sites, the trenches associated with buried pipes and utilities will be of interest
because they serve as permeable pathways for ground-water and contaminant movement.

Airborne, Surface, and Downhole Geophysics

There are three different modes in which geophysical measurements can be applied —
from the air, from land, and from over water (Figure 4.4). Airborne methods are usually
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FIGURE 4.4
Three modes of surface geophysical measurements.

employed to obtain a regional overview, or the big picture, of site conditions. Land-based
methods provide a means of rapid reconnaissance over a large area or a means of obtain-
ing site-specific details. Many land-based methods are adapted for use on water. There are
a variety of ways of making downhole geophysical measurements that can be used to
provide very localized details down a borehole or well or between boreholes (Figure 4.5).

Airborne and satellite remote sensing clearly have merits in terms of spatial coverage
per unit time and cost. Imaging methods (photographic, infrared, and others) provide a
“picture” of the site and the surrounding area. They give us an excellent overview of
regional conditions that let us see the pieces of the puzzle totally assembled and in pers-
pective. However, they provide little, if any, subsurface data other than those data derived
by skilled interpretation. Other airborne (nonimaging) methods, such as magnetics and
radiometrics, can provide a measure of certain subsurface conditions.

While surface geophysical methods yield much less spatial coverage per unit time than
airborne methods, they significantly improve resolution (the ability to detect a small
feature) while providing subsurface information. Sometimes, continuous data acquisition
can be obtained at speeds up to several miles per hour. In certain situations, total site
coverage is technically and economically feasible. However, an inherent limitation of all
surface geophysical methods is that their resolution decreases with depth.

The major benefit of downhole geophysical methods is that they provide detailed high-
resolution data at depth around a borehole or well in which they are deployed. Unlike

I
Source | Receiver

: Rayp’éths =
Raypaths
Hole to Hole Tomography Measurements

FIGURE 4.5
Four types of borehole geophysical measurements.



258 Handbook of Environmental Site Characterization and Ground-Water Monitoring

surface geophysical methods, where resolution decreases with depth and the resolution of
downhole logging methods is independent of depth. In addition, most downhole methods
provide continuous data along the depth of the hole. The volume sampled by downhole
methods is usually limited to the area immediately around the boring (a cubic foot to a
cubic yard). The cost per unit area of coverage for the downhole methods is obviously
much higher than for surface methods, because all downhole techniques require a borehole
or monitoring well. However, if holes are already in place or if they are to be drilled for other
purposes, the overall cost of downhole logging is relatively low.

All of these approaches — airborne remote sensing and surface and downhole geophy-
sical survey methods — have a place in subsurface investigations. Through the use of
appropriate combinations of geophysical measurements and borehole data, an accurate
3D picture of subsurface conditions can be generated. The resulting understanding of
subsurface conditions can then be used to develop an accurate conceptual site model,
which incorporates the big picture through the local details.

Remote Sensing and Airborne Geophysical Methods

Airborne remote sensing and geophysical methods cover a wide range of the EM spec-
trum, from the lower frequency airborne EM method to the very short wavelength
gamma rays measured by the radiometric method. Figure 4.6 shows the range of wave-
lengths employed for specific measurements. The terms airborne and remote sensing,
as used in this section, include measurements made from aircraft, as well as from satellites.

Imaging Methods

Imaging methods are those that result in a “picture” of the surface. A wide range of aerial
photos can be obtained, from those taken by hand-held 35 mm cameras to those obtained
by complex satellite sensors. Aerial photographs are a source of geological information
and provide an overview of site conditions. Aerial photos, U.S. Geological Survey topo-
graphic maps, and U.S. Department of Agriculture soil survey maps will often be the
first data reviewed for a project because they provide a rapid, low-cost means of obtaining
the necessary big picture overview of site conditions.

Large-scale aerial photos with a 19 x 19 in. format and a scale of 1:3600 are commonly
available from a country surveyor’s or tax assessor’s office or through commercial firms.
These photos provide a local overview of the site for project planning and a means of accu-
rately locating survey grids, as well as buildings, roads, and other surface features.

Standard small scale (9 x 9 in.; 1:24,000) black-and-white photos are available in stereo
pairs from a number of sources, including the Soil Conservation Service (U.S. Department
of Agriculture), the U.S. Geological Survey, and state agencies (e.g., Departments of
Tranportation). These aerial photos are often available for the past 70 years, thereby
providing a historic record of site conditions. This type of photography is used to
provide a very broad overview of the site and to allow photogeologic interpretation.
Aerial photo interpretation can provide information on bedrock type, landforms, presence
of lineaments or fractures (through a technique called fracture trace analysis), soil texture,
site drainage conditions, susceptibility to flooding, and slope of the land surface.

Apart from these two relatively standard photographic formats, there are a number
of other options available including high-altitude photography, color photography,
false-color infrared, and a wide range of satellite imagery. Each of these can be very
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useful in specific applications. However, the black-and-white formats are the first and
often the primary types used in most site-characterization programs, because they are
low in cost and readily available.

There are two other forms of imagery that are occasionally very useful for specific
problems: thermal infrared and side-looking airborne radar (SLAR). Thermal infrared is
different from false-color infrared in that it is a measure of the thermal response of an
area measured in the infrared spectrum. The earth’s surface emits radiation in the
thermal infrared wavelengths. These emissions are recorded by electronic detectors and
compared to the reflected energy recorded by infrared film. The image (or thermogram)
is presented on video or on film, or it can be stored on magnetic tape. This method can
provide a means of locating springs, identifying seeps from a landfill, locating moist
or dry areas, characterizing surface soil and rock, and identifying vegetation stress. It is
also useful in a number of other conditions in which a difference in temperature is a
characteristic feature.

SLAR is an electronic image-producing system that uses a radar beam transmitted off to
the side of the aircraft. The result is an obliquely illuminated view of the terrain. This
oblique view enhances subtle surface features and facilitates geologic interpretation.
Another important property of SLAR is that it is an active system which provides its
own source of illumination in the form of microwave energy. Thus, imagery can be
obtained either day or night, regardless of cloud cover. The SLAR products commonly
used for analysis are image strips and mosaics. SLAR imagery is available from the
U.S. Geological Survey for selected areas of the United States.

Nonimaging Methods

Nonimaging methods do not result in picture, but provide a measurement of some
parameter along the flight line of the aircraft. These methods include EM measurement
(using frequencies up to a few kilohertz [kHz]), magnetic measurements, radiometric
measurements of gamma radiation, and ground-penetrating radar using frequencies of
around 100 megahertz (MHz). These are referred to as nonimaging methods because as
the aircraft moves along a survey line, a series of measurements are obtained, rather
than an image. However, by running parallel survey lines, a contour map of the measured
parameters can be developed for the site. While imaging methods provide only a measure
of surface conditions, the nonimaging methods measure subsurface conditions. These
methods are normally applied to large areas or areas that are not easily accessible by land.

The EM method (which is described further in the section on surface geophysical
methods) measures electrical conductivity of subsurface materials. It provides a
measure of gross changes in geologic, hydrologic, and environmental conditions based
upon electrical conductivity. In certain conditions, this method could be used to map
soil cover, locate coastal saltwater intrusion, or even map a large leachate plume.

Magnetic measurements provide a means of determining the magnetic susceptibility of
soil and rock and, therefore, can provide a geologic map. The resulting maps provide an
overview of the gross geologic conditions (based upon magnetic properties) and can
identify larger anomalous conditions.

Radiometric measurements provide a means of measuring the natural radioactivity
(potassium-40 and daughter products of the uranium and thorium decay series) that is
emitted from many rocks. Total measurements or spectral measurements can be obtained
to characterize the count from specific elements. While this method has been applied to
mineral exploration, a radiometric map, such as a magnetic map, provides insight into
the overall geologic structure and can identify larger anomalous conditions.
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Ground-penetrating radar, which is commonly used on the surface, has been used for
limited airborne applications (this method is described further in the section on surface
geophysical methods). Helicopter surveys have been successfully applied to obtain
some soil, ice, snow, and permafrost thickness measurements. In general, where radar
penetration is good and the site is clear of vegetation and cultural features, the method
may be usable to obtain shallow profiles in these materials.

Surface Geophysical Methods

The surface methods discussed in this section include:

- Ground-penetrating radar
- Electromagnetics

- Resistivity

- Seismic refraction

- Seismic reflection

- Surface wave analysis

- Microgravity

- Metal detection

- Magnetics

These techniques are included, because they are used regularly and have proved
effective for assessments of potentially contaminated sites. A brief description of each of
these surface geophysical techniques is presented in this section.

Ground-Penetrating Radar

Ground-penetrating radar uses high-frequency EM waves from less than 100 to 1000 MHz
to acquire subsurface information. Energy is radiated downward into the ground from a
transmitter and is reflected back to a receiving antenna. The reflected signals are recorded
and produce a continuous cross-sectional picture or profile of shallow subsurface con-
ditions. ASTM Standard D 6432 (ASTM, 2004a) provides guidance on the use of
ground-penetrating radar in environmental site characterization.

Reflections of the radar wave occur whenever there is a change in dielectric constant or
electrical conductivity between two materials. Changes in conductivity and in dielectric
properties are associated with natural hydrogeologic conditions such as bedding, cemen-
tation, moisture, clay content, voids, and fractures. Therefore, an interface between two
soil or rock layers that have a sufficient contrast in electric properties will show up in
the radar profile (Benson and Glaccum, 1979; Benson et al., 1982; Benson and Scaife,
1987). Figure 4.7 shows a radar record of a sand—clay interface. The water table can be
detected in coarse-grained materials but not in fine-grained sediments with a large
capillary boundary. Both metallic and nonmetallic buried pipes and drums can also be
detected.

The vertical scale of the radar profile is in units of time (nanoseconds or 10~° sec). The
time it takes for an EM wave to move down to a reflector and back to the surface is rela-
tively short because the waves are traveling at almost the speed of light. The time scale is
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FIGURE 4.7
Radar profile of quartz sand over clay. (Note the level of detail that can be obtained.)

converted to depth by making some assumptions about the velocity of the waves in the
subsurface materials.

Depth of penetration of the radar wave is highly site specific. The method is limited in
depth by attenuation due to the higher electrical conductivity of subsurface materials or
scattering. Generally, radar penetration is better in coarse, dry, sandy, or massive rock;
poorer results are obtained in wet, fine-grained, clayey (conductive) soils. Data can be
obtained in saturated materials if the specific conductance of the pore fluid is sufficiently
low. Radar has been applied to map the sediments in fresh-water lakes and rivers. While
radar penetration in soil and rock of more than 100 ft has been reported, penetration
of 15 to 30 ft is more typical. In silts and clays, penetration may be limited to a few
feet or less.

The continuous data produced by the radar method offers a number of advantages over
some of the other geophysical methods. Continuous profiling permits data to be gathered
much more rapidly, thereby providing a large amount of data. In some cases, total site cov-
erage of an area can be obtained. Continuous radar data may be obtained at speeds of 5 to
10 mph or more. Very high lateral resolution data can be obtained by towing the antenna
by hand at much slower speeds (less than 1 mph).

Radar has the highest resolution of all of the surface geophysical methods. Vertical
resolution of radar data can range from less than an inch to several feet, depending
upon the depth and the frequency used. A variety of antennas can be selected to cover fre-
quencies from less than 100 to 1000 MHz. Lower frequencies provide greater depths of
penetration with lower resolution and higher frequencies provide less penetration with
higher resolution.

Preliminary field analysis of radar data is possible using the picture-like record.
However, despite its simple graphic format, there are many pitfalls in the interpretation
of radar data. Often, there are multiple bands within the data due to ringing — these
may obscure layers and cause confusion in interpretation. Overhead reflections may
appear on the record when not using shielded antennas (generally a problem with lower
frequency unshielded antennas), and system noise can sometimes clutter up the record.
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EM and Resistivity Methods

The EM and resistivity methods are similar in the sense that they both measure the same
parameter, but in different ways. Electrical conductivity values (mhos/meter) are the
reciprocal of resistivity values (ohm/meter). Electrical conductivity (or resistivity) is a
function of the type of soil and rock, its porosity, and the conductivity of the fluids that
fill the pore spaces. The conductivity of the pore fluids often dominates the measurement.
Both methods are applicable to the assessment of natural hydrogeologic conditions and to
mapping of contaminant plumes (Griffith and King, 1969; Benson et al., 1982; McNeill,
1982; Telford et al., 1982).

Natural variations in subsurface conductivity (or resistivity) may be caused by changes
in basic soil or rock types, thickness of soil and rock layers, moisture content, and depth to
water table. Localized deposits of natural organics, clay, sand, gravel, or salt-rich zones
will also affect subsurface conductivity (or resistivity) values. Structural features such as
fractures or voids can also produce changes in conductivity (or resistivity).

The absolute values of conductivity (or resistivity) for geologic materials are not necess-
arily diagnostic in themselves, but their spatial variations, both laterally and with depth,
can be significant. It is the identification of these spatial variations or anomalies that enable
the electrical methods to rapidly find potential problem areas (Figure 4.8).

Because the conductivity of the fluids in the pore spaces can dominate the measure-
ments, detection and mapping of contaminant plumes can often be accomplished using
electrical methods. Because inorganic species, in sufficient concentrations, are often
more electrically conductive than clean ground water (because, in dissociated form, they
are charged), both the lateral and vertical extent of an inorganic contaminant plume can
often be mapped using electrical methods. Correlation between ground-water chemistry
data and results using electrical methods to map inorganics from landfills has been as
good as 0.96 at the 95% confidence level (Benson et al., 1985). Electrical methods
provide a means of directly mapping the extent of the inorganic contaminants in situ,
obtaining direction of flow and estimating concentration gradients (Figure 4.9). These
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FIGURE 4.8
Continuous EM profile measurements show a large inorganic plume (center rear) and considerable natural
geologic variation.
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Resistivity map of leachate plume from a landfill (values are in ohm-feet; landfill is approximately 1 square mile).

methods can also be used for time-series measurements to obtain data on plume dynamics
and thus provide vital information for modeling ground-water flow (Benson et al., 1988).

If the contaminant plume consists of a mix of organic and inorganic species, such as
leachate from a landfill, a first approximation to the distribution of the organics can often
be made by using electrical methods to map the more electrically conductive inorganics
(Figure 4.9). Correlation between ground-water chemistry data for total organic carbon
in a landfill leachate and results using electrical methods has been as good as 0.85 at the
95% confidence level (Benson et al., 1985).

In cases in which pure (nonaqueous phase) organic compounds, such as trichloro-
ethylene exist, electrical as well as other geophysical methods can often be used to define
permeable pathways or buried channels through which the contaminants may move.
Since the mid-1980s, there have been significant advances in direct detection of organic
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compounds using radar and electrical methods (Olhoeft, 1986). For example, where
hydrocarbons have been in place for a long period of time and biodegradation is taking
place, a low resistivity (high conductivity) can often be detected due to the sulfides
produced and an increase in total dissolved solids (Cassidy et al., 2001).

Both EM and resistivity methods may be used to obtain data by “profiling” or “sound-
ing.” Profiling provides a means of mapping lateral changes in subsurface electrical conduc-
tivity (or resistivity) to a given depth. Profiling measurements are made by obtaining data at
a number of stations along a survey line. The spacings between the measurements will
depend upon the variability of the setting and upon the lateral resolution desired. At
each station along the profile line, data may be obtained for one depth or a number of
depths depending upon project requirements. It is useful to take at least two measurements,
a shallow one and a deeper one, so that the influence of highly variable shallow soils and
cultural influences can be assessed. Profiling is well suited to delineation of hydrogeologic
anomalies, mapping of contaminant plumes, and location of buried waste material.

The sounding method provides a means of determining the vertical changes in electrical
conductivity (or resistivity) correlating with soil and rock layers. In this case, the instrument
is located at one location and measurements are made at increasing depths. Interpretation of
sounding data provides the depth, thickness, and conductivity (or resistivity) of subsurface
layers with different electrical conductivities (or resistivities) (Figure 4.10).

Electromagnetics

Two types of EM instrumentation are in use. The most common is the frequency-domain
system in which the transmitter is radiating energy at all times. This system measures
changes in magnitude of the currents induced within the ground (McNeill, 1982). The
time-domain system, in which the transmitter is cycled on and off, measures changes in
the induced currents within the ground as a function of time. The frequency-domain
and time-domain systems both induce currents into the ground by EM induction.
ASTM Standards D 6820 (ASTM, 2004b) and D 6639 (ASTM, 2004c) provide guidance
on the use of time-domain and frequency-domain EM conductivity, respectively, for
environmental site characterization.

Because EM instruments do not require electrical contact with the ground, measure-
ments may be made quite rapidly. Lateral variations in conductivity can be detected
and mapped by profiling. Using commonly available frequency-domain EM instruments,
profiling station measurements may be made to depths ranging from 2.5 to 200 ft.

Continuous EM profiling data can be obtained from 2.5 ft to a depth of 50 ft (Benson
et al., 1982). These continuous measurements significantly improve lateral resolution for
mapping small hydrogeologic features (Figure 4.3). Data can be recorded on an analog
strip chart recorder or a digital data acquisition system. The excellent lateral resolution
obtained from continuous EM profiling has been used to outline closely spaced burial
pits, to reveal the migration of contaminants into the surrounding soils (Figure 4.8) or
to delineate complex fracture patterns (Figure 4.3) (Benson et al., 1982).

In addition to evaluation of natural hydrogeologic conditions and mapping of
contaminant plumes, some EM instrumentation can be used to locate trench boundaries,
buried wastes and drums, and metallic utility lines. Frequency-domain EM instruments
provide two outputs consisting of an in-phase component and an out-of-phase com-
ponent. The out-of-phase component is used to measure electrical conductivity and can
also be used to locate pipes. The in-phase component is a measure of the magnetic
susceptibility and can be used to detect both ferrous and nonferrous metal. For
example, using the in-phase component, a single 55 gal steel drum can be detected at a
depth of about 6 to 8 ft.
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Resistivity geoelectric section showing correlation with a driller’s log (resistivity values are in ohm-feet).

Vertical variations in conductivity can be determined by sounding. The instrumentation
is placed at one location and measurements are made at increasing depths by a changing
coil orientation or coil spacing. Data can be acquired at depths ranging from 2.5 to 200 ft
by combining data from a variety of commonly available frequency-domain EM instru-
ments. The vertical resolution of frequency-domain EM soundings is relatively poor
because measurements are made at only a few depths. However, they do provide a
quick means of obtaining limited vertical information. In contrast, time-domain transient
EM systems are capable of providing detailed sounding data to depths of 150 ft to more
than 1000 ft.
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The depth of investigation of frequency-domain EM instruments is governed by coil
configuration and operating frequency. EM profiling measurements are typically made
with a system having a fixed coil configuration and a constant frequency, thereby provid-
ing a constant depth of investigation over a uniform subsurface. The GEM-2 (Won et al.,
1996) is a multifrequency EM instrument operating in a frequency range of 90 Hz
to 22 kHz. The instrument consists of a transmitter and receiver coil separated by about
5% ft. The user can select up to 16 different frequencies to be sampled while moving
down a survey line. By recording data at different frequencies, it is theoretically possible
to characterize subsurface electrical properties at multiple depths of investigation.

Resistivity
Direct Current Resistivity Measurements

As with EM measurements, electrical resistivity measurements are a function of the type
of soil or rock, its porosity, and the conductivity of the fluids that fill the pore spaces. The
method may be used in many of the same applications as the EM method (Cartwright and
McComas, 1968; Griffith and King, 1969; Zohdy et al., 1974; Mooney, 1980; Benson et al.,
1982; Telford et al., 1982). ASTM Standard D 6431 (ASTM, 2004d) provides guidance on
the use of the DC resistivity method for environmental site characterization.

The resistivity method requires that an electrical current be passed through the ground
using a pair of surface electrodes. The resulting voltage is measured at the surface between
a second pair of electrodes. This requires that metal stakes be driven into the ground. A
greater spacing between electrodes results in a greater depth of measurement. Usually,
the depth of investigation is less than the spacing between electrodes. There are a
number of electrode geometries that can be used, including the Wenner, Schlumberger,
dipole—dipole, and many more. The simplest, in terms of geometry, is the Wenner
array, which consists of four electrodes, spaced equally, all in a line. The resistivity of
the soil and rock is calculated based on the electrode separation, the geometry of the elec-
trode array, the applied current, and the measured voltage.

The resistivity technique may be used for profiling or sounding, similar to EM measure-
ments. Profiling provides a means of mapping lateral changes in subsurface electrical
properties to a given depth and is well suited to the delineation of hydrogeologic
anomalies and mapping inorganic contaminant plumes (Figure 4.9).

Sounding measurements provide a means of determining the vertical changes in sub-
surface electrical properties. Interpretation of sounding data provides the depth, thick-
ness, and resistivity of subsurface layers. Data can be interpreted using master curves
for two to three layers (Orellana and Mooney, 1966), or computer models may be used
to handle more than two or three layers (Mooney, 1980). Sounding data are used to
create a geoelectric section that illustrates changes in the vertical and lateral resistivity con-
ditions at a site. Figure 4.10 shows a geoelectric section developed from a resistivity
sounding, along with drillers log showing the correlation.

One drawback to resistivity sounding is that the array requires considerable space. For
example, a Wenner array sounding (with four electrodes equally spaced) may require that
the spacing between the electrodes be as much as three to four times the depth of interest.
Therefore, a sounding to a depth of 100 ft could require an overall array length (from
current electrode to current electrode) of 900 to 1200 ft. At many sites, this much space
may not be available.

2D Resistivity Imaging
In recent years, 2D resistivity imaging has been used to detect vertical as well as lateral
variations in subsurface resistivity to produce a 2D geoelectric cross-section. Linear
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electrode arrays (usually consisting of 28 or more electrodes) are used to collect data at
different electrode separations and positions along a profile line. A computer-controlled
system switches which electrodes serve as the current electrodes and which electrodes
serve as the voltage electrodes at any given time. This allows for automated recording
of data. After the data are acquired, an inversion program can be used to fit a 2D model
to the observed data to produce a geoelectric cross-section. Figure 4.11 shows a resistivity
cross-section from an automated survey that used 28 electrodes in a roll along mode with a
dipole—dipole array. Loke (1996) provides a complete overview of the resistivity imaging
method. This technique can also be used to produce 3D geoelectric models of the subsur-
face by using a gridded array of electrodes. However, this method is very time consuming
and is not often used.

Capacitively Coupled Resistivity

Traditional resistivity measurements use electrodes that are in direct contact with the
ground to inject a DC current and to measure the resulting voltage difference. However,
in areas where the surface resistivity is extremely high and in areas where driving elec-
trode stakes into the ground is not feasible (e.g., concrete, exposed rock, etc.), traditional
resistivity measurements are not easily obtained. In these conditions, it is now possible
to use capacitively coupled alternating current to measure subsurface resistivity with a
dipole—dipole array. The conductors in the cables act as one plate of the capacitor and
the earth acts as the other plate, with the insulating sheath as the capacitor’s insulator.
Because an AC signal can pass between the plates of a capacitor, an AC equivalent to tra-
ditional DC resistivity measurements can be made (Geometrics, 1999). Multiple passes
with different dipole spacing provide data to different depths. With sufficient data from
different depths, an inversion program (Loke, 1996) can be used to model to produce a
geoelectric section much like Figure 4.11. Capacitively coupled resistivity measurements
are only useful in relatively resistive environments because the signal will be attenuated
in conductive environments. The maximum depth of investigation is typically limited
to 35 to 70 ft and will decrease with decreasing resistivity.

Comparison of EM and Resistivity Measurements

The frequency-domain EM method is often preferred for making profiling measurements
because it requires less space for a measurement to a given depth. In addition, because the
EM method does not require that electrodes be driven into the ground, it can be run more
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rapidly and is not influenced by shallow geologic noise associated with the electrodes res-
istivity used in measurements. In contrast, because resistivity methods provide better ver-
tical resolution than the frequency-domain EM method, the resistivity method is
commonly employed for sounding or imaging measurements. When space is limited
and deep measurements are needed, there are advantages to using the time-domain EM
system for soundings because it requires less space than long resistivity arrays.

EM measurements can be affected by buried metal pipes, metal fences, nearby vehicles,
buildings, and power lines, as are resistivity measurements. But resistivity measurements
are often less sensitive to many of these problems, permitting resistivity measurements to
be made near such cultural sources of interference, where EM measurements often cannot
be made.

EM conductivity and resistivity values from the same location may not agree, due to the
difference in the volume of material being sampled and the differences in current distri-
bution inherent to the two methods. Measurements will only be the same if they are
made over a uniform medium.

Seismic Methods

Seismic techniques are often used to determine the top of bedrock, to determine depth to
the water table, to assess the continuity of geologic strata, and to locate fractures, faults,
and buried bedrock channels. These methods may also be used to characterize the type
of rock, degree of weathering, and rippability based upon the seismic velocity of the
rock. The seismic velocity in rock is related to thes rock’s material properties such as
density and hardness. By measuring both compressive (P) waves and shear (S) waves
and knowing the density of a soil or rock, one can calculate the modulus properties of
the materials through which the waves travel.

Seismic waves are transmitted into the subsurface by a source, which can sometimes be
as simple as a sledgehammer. These waves are refracted and reflected when they pass
from a soil or rock type with one seismic velocity into another with a different seismic vel-
ocity. An array of geophones placed on the surface measures the travel time of the seismic
waves from the source to the geophones. The refraction and reflection techniques use the
travel times of the waves and the geometry of the source-to-geophone wave paths to
model subsurface conditions. The unit of time is milliseconds (102 sec). For most refrac-
tion work, the first refracted compressional wave arrivals (P-waves) are used. For reflec-
tion work, the later arriving reflected compressional waves are used. It is also possible
to measure shear wave arrivals (S-waves), which can be useful in determining properties
such as the elastic moduli of shallow subsurface materials (Mooney, 1977), which are
important in engineering applications. Measurements of both compressional (P) and
shear (S) wave velocity and density values provide the data from which we can calculate
modulus of materials for engineering purposes. Crice (2001) provides an excellent
discussion of shear waves.

A seismic source, geophones, and a seismograph are required to make the measure-
ments. The seismic source may be a simple sledgehammer or other mechanical source
with which to strike the ground. Explosives may be utilized for deeper applications that
require greater energy. Geophones implanted into the ground surface translate the
ground vibrations of seismic energy into an electrical signal. The electrical signal is dis-
played on the seismograph, permitting measurement of the arrival time of the seismic
wave and displaying the waveforms from a number of geophones. Geophone spacing
can be varied from a few feet to a few hundred feet depending upon the depth of interest
and the resolution needed.
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Because the seismic refraction and reflection methods measure small ground vibrations,
they are inherently susceptible to vibration noise from a variety of natural (e.g., wind and
waves) and cultural sources (e.g., walking, vehicles, and machinery).

Seismic Refraction

The refraction method is commonly applied to shallow investigations up to a few hundred
feet deep (Griffith and King, 1969; Benson et al., 1982; Telford et al., 1982; Haeni, 1986).
However, with the application of sufficient energy, surveys to a few thousand feet and
more are possible. Up to three and sometimes four layers of soil and rock can normally
be determined, if a sufficient velocity difference or contrast exists between adjacent
layers. A typical refraction line for a shallow investigation might consist of 12 or 24
geophones set at equal spacings as close as 5 to 10 ft. Two seismic impulses at each end
of the geophone array are created and their refracted waves recorded separately. The
refraction survey may require a maximum source-to-geophone distance four to five
times the depth of investigation. ASTM Standard D 5777 (ASTM, 2004e) provides
guidance on the use of seismic refraction for environmental site characterization.

Significantly greater source energy will be required as the depth of investigation
increases. Two inherent limits to the refraction method are its inability to detect a lower
velocity layer beneath a higher velocity layer and its inability to detect thin layers.

Seismic refraction work can be carried out in a number of ways. The simplest approach,
in terms of field and interpretation procedures, can be carried out by creating two separate
seismic impulses, one at each end of the geophone array. The results of this simple
measurement provide two depths and thus the dip of rock under the array of geophones.
This method is described in detail by Mooney (1973) and Haeni (1986).

A more detailed refraction survey can be carried out so that depths are obtained under
every geophone (Figure 4.12). This survey will produce a detailed profile of the top of rock.
Lateral resolution will depend upon the geophone spacing, which might range from 5 to
50 ft. This method is described in detail by Redpath (1973). The general reciprocal method
described by Palmer (1980) will accommodate varying velocities within each layer, while
calculating the depth beneath each geophone.

Seismic Reflection

In comparison, the seismic reflection survey is capable of much deeper investigations with
less energy than the refraction method. While reflections have been obtained from depths
as shallow as 10 ft, the shallow reflection method is more commonly applied to depths of
50 to 100 ft or more. The reflection technique can be used effectively to depths of a few
thousand feet and can provide relatively detailed geologic sections (Figure 4.13). As
with radar reflections, the vertical scale is measured in two-way travel time — that is,
the time it takes for a wave to travel down to an interface and back up to the surface
again. The time scale must then be converted to depth making some assumptions regard-
ing seismic velocity within the strata.

There are two approaches currently used to obtain shallow seismic reflection data — the
common offset method, developed by Hunter et al. (1982), and the common depth point
(CDP) method adapted from the oil industry by Lankston and Lankston (1983) and
Steeples (1984). The common offset method uses low-cost equipment and software but
has some site-specific limitations that are not inherent in the CDP method. The CDP
method has fewer site-specific limitations, but is more dependent upon sophisticated
hardware and software capabilities. Hardware and software for the shallow CDP
method are readily available.
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FIGURE 4.13
Common offset seismic reflection data showing channel in bedrock. (From Dr. Jim Hunter, Geological Survey of
Canada. With permission.)

The shallow high-resolution reflection methods discussed here attempt to utilize the
highest frequencies possible (150 to 600 Hz) to improve vertical resolution and relatively
closely spaced geophones (1 to 20 ft apart) to provide good lateral resolution. Because of
the need for higher frequencies, attention must be given to selection of a seismic source
and its optimum coupling to soil or rock as well as to geophone placement.

The reflection method is limited by its ability to transmit energy, particularly high fre-
quency energy, into the soil and rock. Loose soil near the surface limits the ability of the
soil system to transmit high frequency energy into and out of rock, limiting the resolution
that can be obtained. The most common limitation, however, will be that of acoustic noise
caused by natural or cultural sources.

Surface Wave Analysis

For seismic reflection surveys, surface waves are generally considered unwanted noise.
However, it is possible to exploit the sensitivity of the surface wave to changes in material
velocities that are present in the subsurface. Surface wave propagation depends on fre-
quency (depth of penetration), phase velocity (compressional and shear wave velocities),
and density. Each of these properties will affect the surface wave dispersion curve (phase
velocity vs. frequency) in a predictable fashion. Shear wave velocity has the greatest
impact on the properties of a surface wave, so the dispersion curve can be inverted in
such a way to obtain the shear wave velocity as a function of depth.

Nazarian et al. (1983) developed the concept of spectral analysis of surface waves
(SASW) to estimate 1D shear wave velocities for engineering applications. It was later dis-
covered that using SASW concepts, together with multitrace seismic acquisition methods,
can be effective in detecting anomalous conditions in subsurface materials. This led to
multichannel analysis of surface waves (MASW) (Miller et al., 2001), which permits the
generation of 2D shear wave velocity field cross-section.

The MASW method has been shown to be effective in providing information about the
horizontal and vertical continuity of shallow materials in the upper few feet to depths of
more than 100 ft (Miller et al., 2001).
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Microgravity

Gravity instruments respond to changes in the earth’s gravitational field caused by
changes in the density of the soil and rock. By measuring the spatial changes in the gravi-
tational field, variations in subsurface geologic conditions can be determined (Griffith and
King, 1969; Telford et al., 1982). There are two basic types of gravity surveys: a regional
gravity survey and a local microgravity survey. A regional gravity survey employs
widely spaced (a few thousand feet to a few miles) stations and is carried out with a stan-
dard gravity meter. These surveys are used to assess major geologic conditions over many
hundreds of square miles. In contrast, microgravity surveys have station spacings of 5 to
20 ft (typically) and are carried out with a very sensitive microgravimeter. These surveys
are used to detect and map shallow, localized geologic anomalies such as bedrock chan-
nels, fractures, and cavities. ASTM Standard D 6430 (ASTM, 2004f) provides guidance
on the use of the gravity method for environmental site characterization.

The unit of acceleration used in gravity measurement is the gallon. The earth’s normal
gravity is 980 gal. Microgravity measurements are sensitive to within a few microgals
(107 gal).

The microgravity survey results in a Bouguer anomaly, which is the difference between
the observed gravity values and theoretical gravity values. The Bouguer anomaly is made
up of deep-seated effects (the regional Bouguer anomaly) and shallow effects (the local
Bouguer anomaly). It is the local Bouguer anomaly that is of interest in microgravity
work (Figure 4.14).

A gravimeter is designed to measure extremely small differences in the gravitational
field and is a very delicate instrument. The instrument is thermostatically controlled to
minimize drift caused by temperature variations. Considerable care must be taken in
shipment and general field use to avoid shock to the instrument. Gravity measurements
may be affected by ground noise (Seismic Methods), winds, and temperature. To compen-
sate for minor instrument drift throughout the day, measurements must be made at a base
station every hour or so, so drift corrections can be applied to the data. Corrections must
also be made for the constantly changing earth tides, changes in elevation (to the nearest
0.01 ft), and topography. Gravity data may be presented as a profile or as a contour map,
depending upon project needs.

Metal Detection

Metal detectors are commonly used by utility and survey crews for locating buried pipes,
cables, and property stakes. They can also be used for detecting buried drums and for
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Microgravity profile showing bedrock channel. (From Technos Inc. With permission.)
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delineating the boundaries of trenches containing metallic drums or trash (Figure 4.15)
(Benson et al., 1982). Metal detectors can detect both ferrous metals such as iron and
steel and nonferrous metals such as aluminum and copper.

Metal detectors have a relatively short detection range, because the detector’s response
is proportional to the cross-section of the target and inversely proportional to the sixth
power of the distance to the target. Small metal objects, such as quart-sized containers,
can be detected at a distance of approximately 2 to 3 ft. Specialized metal detectors will
detect larger objects, such as 55 gal drums, at depths of 3 to 10 ft, and massive piles of
55 gal drums may be detected at depths of up to about 15 ft. The metal detector is a con-
tinuously sensing instrument used with a sweeping motion while moving forward along a
survey line. It may also be held steady while a traverse line is walked and the results are
recorded. The area of detection of a metal detector is approximately equal to its coil size or
coil spacing (typically 1 to 3 ft). Metal detectors can be affected by nearby metallic pipes,
fences, cars, buildings and, in some cases, changes in soil conditions.

Magnetometry

A magnetometer measures the intensity of the earth’s magnetic field. As with gravity
surveys, a magnetic survey can be used to map geologic conditions over large areas.
This type of survey is useful for mapping regional geologic conditions. In certain geologic
environments, magnetics can also be used to map depth to bedrock, channels, and frac-
tures (Griffith and King, 1969; Breiner, 1973; Telford et al., 1982). The primary application
of magnetic measurements at potentially contaminated sites is in detecting buried drumes,
tanks, and pipes (Breiner, 1973; Benson et al., 1982). A magnetometer will only respond to
ferrous metals (iron and steel) and will not detect nonferrous metals. The presence of
buried ferrous metals creates a local variation in the strength of the earth’s magnetic
field, permitting the detection and mapping of buried ferrous metal (Figure 4.16).

Two types of magnetic measurements are commonly made: total field measurements
and gradient measurements. A total field measurement responds to the total magnetic
field of the earth, any changes caused by a target, natural magnetic variations, and cultural
magnetic noise (ferrous pipe, fences, buildings, and vehicles).

FIGURE 4.15
Results of a metal detector survey to locate a burial trench.
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The effectiveness of total field magnetometers can be reduced or totally inhibited by
noise or interference caused by time-variable changes in the earth’s magnetic field or
spatial variations due to magnetic minerals in the soil, steel debris, pipes, fences, build-
ings, and passing vehicles.

A base station magnetometer can be used to reduce the effects of natural noise by sub-
tracting the base station values from those of the search magnetometer. This can minimize
any errors due to natural long-period changes of the earth’s field. Cultural noise, however,
will remain a problem with total field measurements. Many of these problems can be
avoided by use of gradient measurements and proper field techniques.

Gradient measurements are made by a gradiometer, which is simply two magnetic
sensors separated vertically (or horizontally), usually by a few feet. Gradient measure-
ments have some distinct advantages over total field measurements. They are insensitive
to natural spatial and temporal changes in the earth’s magnetic field and minimize most
cultural effects; because the response of a gradiometer is the difference of two total field
measurements, it responds only to the local gradient. As a result, a gradiometer is better
able to locate a relatively small target, such as a buried drum. The disadvantage of a gradio-
meter is that it provides a slightly less sensitive measurement than a total field instrument.

A total field magnetometer’s response is proportional to the mass of the ferrous target
and inversely proportional to the cube of the distance to the target. A gradiometer’s
response is inversely proportional to the fourth power of the distance to the target,
making it less sensitive than the total field measurement. While gradiometers are inher-
ently less sensitive than total field instruments, they are also much less sensitive to
many sources of noise. Typically, a single 55 gal drum can be detected at depths up to
about 20 ft with a total field magnetometer or about 10 ft with a gradient magnetometer.
Massive piles of drums can be detected at depths up to 50 ft or more with a total field mag-
netometer or about 25 ft with a gradient magnetometer.

A total field or gradient proton procession magnetometer normally requires the oper-
ator to stop and take a measurement, while a fluxgate gradiometer permits the continuous
acquisition of data as the magnetometer is moved across the site. Continuous coverage is
much more suitable for detailed (high resolution) surveys to identify local targets, such as
drums, and the mapping of areas in which complex anomalies are expected.

%
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FIGURE 4.16

Magnetic gradient over a trench with buried drums (the trench is approximately 20/100 ft).
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Measurements over Water

Many of the surface methods are adapted to make bottom and subbottom measurements
over rivers, lakes, reservoirs, estuaries, and off-shore. For example, radar can be used to
map the bottom and subbottom conditions in fresh water. EM conductivity (EM31 and
EM34) measurements have been made from fiberglass or rubber boats in fresh water. Res-
istivity profiling, sounding, and 2D resistivity imaging measurements can be made in both
fresh water and salt water. Seismic reflection methods are used to obtain bathymetry
(depth to bottom) and at lower frequencies subbottom penetration of hundreds of feet
to 1000 ft or more. Side-scan sonar can be used to develop an acoustic image of bottom
conditions, mud, sands, reefs and to locate sunken ships and aircraft.

Downhole Geophysical Measurements

One of the most common subsurface investigation techniques is that of sampling soil and
rock at discrete intervals (typically every 5 ft) as a boring is advanced. This method pro-
vides gross information on subsurface lithology but sand lenses, fractures, or other
subtle changes in geology, which can affect hydraulic conductivity, can easily go unde-
tected. Although continuous sampling or coring can improve the description of geologic
conditions, it is very costly and time consuming and material description is somewhat
subjective. Furthermore, 100% sample recovery is rarely achieved.

A number of downhole logging techniques are available for determining the character-
istics of soil, rock, or fluid along the length of a borehole or a monitoring well (Keys and
MacCary, 1976). These methods provide continuous, high-resolution in situ measurements
that are often more representative of hydrogeologic conditions than samples obtained
from borings. A number of logging techniques are available, and an adequate assessment
of subsurface conditions will often require that multiple logs be used because each log
responds to a different property of the soil, rock, or fluid. Some of these techniques will
provide measurements from inside plastic or steel casing and some will allow measure-
ments to be made in the unsaturated zone, as well as the saturated zone.

Downhole logging measurements can be correlated to the known geologic strata
(through direct comparison with soil samples) in one hole and then can be used to identify
and correlate geologic strata in other holes without sampling. Thin layers and subtleties,
not readily detected in soil or core samples, can often be resolved by logging. Logging can
significantly improve the ability to accurately characterize and correlate strata between
borings by providing high-resolution data independent of subjective interpretations of
soil and rock types.

A number of soil and rock properties can be measured in situ. Values for soil and rock
porosity, density, seismic velocity, and elastic moduli can be obtained to facilitate engineer-
ing design. Even more important is the ability to identify the uniformity or lack of uni-
formity of subsurface conditions. Downhole measurements can be used to identify
permeable zones such as sand lenses in glacial tills, weathered zones, and fractures or sol-
ution cavities in rock. The same measurements are also effective for identifying imperme-
able zones, such as aquitards, and assessing their continuity and integrity.

Monitoring wells that have been in place for years provide the basis for long-term
chemical monitoring. For many of these wells, neither geologic logs nor installation
records is available. Using downhole techniques, it is possible to obtain geologic infor-
mation and well construction details. In addition, logging may be used to determine
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whether a problem exists with well construction and what type of remedial work, if any, is
necessary to correct it.

By running nuclear logs in existing holes with steel or PVVC casing, geologic strata outside
the casing can be characterized. Under some conditions in an open borehole or PVC-cased
well, contaminants outside PVC casing can be detected by running EM induction logs. A
downhole television camera can be used within cased wells to assess monitoring well con-
ditions or it can be used within an uncased borehole to assess the existence of fractures.

While each log is susceptible to both natural and cultural noise, borehole diameter will
probably be of most concern. Most logs provide measurements within a radius of 6 to
12 in. from the hole. Therefore, as the borehole diameter becomes larger, the measured
results become more dominated by drilling and well-construction aspects.

A description of the most commonly used logs is given subsequently. Table 4.1 lists the
conditions in which these logs can be used and some of the limitations inherent in the use
of each log.

Nuclear Logs

Natural Gamma Log

A natural gamma log records the amount of natural gamma radiation that is emitted by
rocks and unconsolidated materials. The chief use of natural gamma logs is the identifi-
cation of lithology and stratigraphic correlation in open or cased holes above and below
the water table. ASTM Standard D 6274 (ASTM, 2004g) provides guidance on the use of
the natural gamma method in environmental site characterization.

The gamma-emitting radioisotopes normally found in all rocks and unconsolidated
materials are potassium-40 and daughter products of the uranium and thorium decay
series. Because clays and shales concentrate these heavy radioactive elements through
the processes of ion exchange and adsorption, the natural gamma activity of shale and
clay-bearing sediments is much higher than that of quartz sands and carbonates. There-
fore, the gamma log, which indicates an increase in clay or shale content by an increase
in counts per second (Figure 4.17), is useful for evaluating the presence, variability, and
integrity of clays and shales. The radius of investigation for the natural gamma log is
from about 6 to 12 in. (Keys and MacCary, 1976).

Gamma-Gamma (Density) Log

A gamma-gamma log is used to determine the relative bulk density of the soil or rock and
to identify lithology. The log can be used in open or cased holes above and below the water
table (Figure 4.18).

The gamma-gamma log is an active probe containing both a radiation source and a detec-
tor. This log provides a response, in counts per second, that is averaged over the distance
between the source and the detector. The radius of investigation for the gamma-gamma
log is relatively small (only about 6 in.). Therefore, borehole diameter variations and well
construction factors can affect this log more than other logs (Keys and MacCary, 1976).

Neutron—Neutron (Porosity) Log

A neutron—neutron log provides a measure of the relative moisture content above the
water table and porosity below the water table (Figure 4.18). It can be run in open or
cased holes above and below the water table. The neutron—neutron log is an active
probe with both a radiation source and a detector. It provides a response, in counts per
second, that is averaged over the distance between the source and the detector.



Handbook of Environmental Site Characterization and Ground-Water Monitoring

278

Y-z AlleardAy

Vv/N J0Uas JO Hwi| oL SOA SOA SOA SOA SOA Jaiawelp ajoH Jadifed
V/N 3]0yaJoq Ulyum ON SBA ON ON SOA MOJ} pInd Mmol4
Vv/N 3loyaloq Ulynum ON S8A ON ON S8A AUAIRONPUOD [ed14303]3 AuAnaNpuod pinj4
V/N 3]0yaiog UIYNM ON SOA ON ON SOA aunyesadwal aunyesadwa]

Moy

aoepIns pue S[eJaulw Jejlwissip lenuajod
juediubIs 8]oyaiog JeaN ON SOA ON ON SOA 01 spuodsal :abeyjon snoaueluods
aoeyIns 90UE)SISaU
1uedi1ubIS a|oyai0q JeaN ON SOA ON ON SOA 90UE)SISal |BO14193]T 1uiod sjbuis
pasn aqoud
uodn Buipuadap

[ewiuiw o3 yueayiubis ‘ur 09-¢1 ON SBA ON ON S8A Aunnsisal [ed14399(3 Aunnsisey
a|qibnbaN ‘u1og SOA SOA OoN SOA SOA ANARONPUOI [e214398]3 uonanpu|

3|qe} Jarem

3A0QE 1Ua1U0I 3JINisiow
a1eJapoIN urgT-9 SOA SOA SOA SOA SOA :9]qe} J97em Molag ANsolod uoJINaN
uediubis ‘urg SOA SOA SOA SOA SOA Alsuaq ewweb-ewwes
aJeJapoIN urgT-9 SOA SOA SOA SOA SOA uoleipes ewweb [einjeN ewweb [einteN

pNN pue JUBWIAINSESIN| pajeanjesun paleinies 1991S OAd paseoun (parenored Jo) 607 sjoyumoq
‘Je1owrelq 910H J0 snipey painseay Jalaweled
40 10843 Buised

sboT [eaIsAydoas ajoyumoq 4O Sasn pue sallsiIvloeIRYD |RIBUID)

Ty 31avl



Remote Sensing and Geophysical Methods for Evaluation of Subsurface Conditions 279

GEOLOGY MNATURAL GAMMA
500

GEOLOGY MNATURAL GAMMA
0 500

Sy 31 | i)
ol WAL st !

r
b

By

DEPTH IN FEET

(1 g

5
-

il

FIGURE 4.17

Natural gamma logs from two nearby boreholes, 100 ft apart (note the characterization and correlation of the
shale and limestone units). (From Technos Inc. With permission.)

The radius of investigation for the neutron—neutron probe is approximately 6 in. (up to
12 in. in very porous formations). Borehole diameter variations and well construction
factors can affect this log, but not as severely as the density log (Keys and MacCary,
1976). ASTM Standard D 6727 (ASTM, 2004h) provides guidance on the use of the
neutron—neutron method for environmental site characterization.

Nonnuclear Logs
Induction Log

The induction log is an EM induction method for measuring the electrical conductivity of
soil or rock in open or PVC-cased boreholes above or below the water table (similar to EM
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FIGURE 4.18

A suite of logs from within the same borehole (the natural gamma log provides a means of characterizing the
shale, the gamma-gamma log provides a measure of density, and the neutron log provides a measure of
porosity within the shale and limestone units). (From Technos Inc. With permission.)

measurements made on the surface). The induction log can be used for identification of
lithology and stratigraphic correlation. Electrical conductivity is a function of soil and
rock type, porosity, permeability, and the fluids filling the pore spaces. Because the
response of the log (millimhos/meter) will be a function of the specific conductance of
the pore fluids, it is an excellent indicator of the presence of inorganic contamination
(Figure 4.19) and, in some cases (when organics are mixed with inorganics or when a
thick layer of hydrocarbons is present), organic contamination. Variations in conductivity
with depth may also indicate changes in clay content, permeability of a formation, or frac-
tures. An induction log provides data similar to that provided by a resistivity log (because
conductivity is the reciprocal of resistivity). However, the induction log can be run without
electrical contact with the formation. Therefore, the induction log can be used in both the
vadose zone and the saturated zone and it can be used to log through PVC casing.

The radius of investigation for the induction log is approximately 2.5 ft from the center
of the well. Because this log has a much larger radius of investigation than other logs, it is
almost totally insensitive to borehole and construction effects and as such is a good
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FIGURE 4.19
Induction and porosity logs are used to identify contaminants and permeable zones. (From Technos Inc. With

permission.)

indicator of the overall soil and rock conditions surrounding the borehole. ASTM Standard
D 6726 (ASTM, 2004i) provides guidance on the use of the EM induction method in
environmental site characterization.

Resistivity Log

The resistivity log measures the apparent resistivity (measured in ohm-feet or ohm-
meters) of rock and soil within a borehole. Because resistivity is the reciprocal of conduc-
tivity, which is the property measured by an induction log, the resistivity log responds to
and measures the same properties and features as the induction log. However, because of
the need for electrical contact with the borehole wall, the resistivity log can only be run in
an uncased hole filled with water or drilling fluid.
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There are a number of electrode spacings or geometries that may be used for resistivity
logs. The most common is the “normal” log. Short normal probes (typically an electrode
spacing of 16 or 18 in.) give good vertical resolution and measure the apparent resistivity
of the formation immediately around the borehole. Long normal probes (typically an elec-
trode spacing of 64 in.) have less vertical resolution but measure the apparent resistivity of
undisturbed rock within a larger radius from the borehole, similar to the induction log
(Keys and MacCary, 1976).

Resistance Log

A resistance log (sometimes referred to as single-point resistance) measures the resistance
(in ohms) of the earth materials lying between a downhole electrode and a surface elec-
trode. It can only be run in uncased holes in the saturated zone. The primary uses of resist-
ance logs are geologic correlation and the identification of fractures or washout zones in
resistive rocks. The resistance log should not be confused with the resistivity log, which
provides a quantitative measure of the material resistivity.

The radius of investigation of the resistance log is quite small. It is in many cases as
strongly affected by conductivity of the borehole fluid as it is affected by the resistance
of the surrounding volume of rock (Keys and MacCary, 1976).

Spontaneous-Potential Log

The spontaneous-potential (SP) log measures the natural potential (in millivolts) devel-
oped between the borehole fluid and the surrounding rock materials. It can only be run
in uncased holes within the saturated zone. The SP voltage consists of two components.
The first component results from electrochemical potential caused by dissimilar minerals.
The second component is the streaming potential caused by water moving through a
permeable medium.

SP measurements are subject to considerable noise from the electrodes, hydrogeologic
conditions, and borehole fluids. Even though these measurements do not provide quanti-
tative results, they have a number of applications including:

- Characterizing lithology
- Providing information on the geochemical oxidation-reduction conditions
. Providing an indication of fluid flow

The radius of investigation of the SP log is highly variable (Keys and MacCary, 1976).

Temperature Log

A temperature log is a continuous record of the temperature of the borehole fluid immedi-
ately surrounding the sensor as it is lowered within an open borehole. The temperature log
will often indicate a zone of ground-water flow within the uncased portion of a borehole.
Flow is indicated when an increase or decrease in water temperature occurs. Changes in
temperature can also be used to monitor leaks in casing where damage or corrosion has
occurred. A temperature log may have a sensitivity of 0.58C or better.

Fluid Flow

There are many ways of measuring fluid flow within a borehole (Keys and MacCary, 1976).
The most commonly used method is the use of an impeller-type flow meter that provides
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counts per second. The count rate can usually be calibrated to provide results in feet per
minute or gallons per minute.

Fluid Conductivity

A fluid conductivity log provides a measurement of the specific conductance of the bore-
hole fluids (micromhos/centimeter). If accurate values are needed (as opposed to anomaly
detection), a temperature log must also be run so that corrections can be made.

Mechanical Caliper Log

A mechanical caliper log provides a record of the diameter of an open borehole or of the
inside diameter of a well casing. The caliper probe consists of spring-loaded arms that
extend from the logging tool so that they follow the sides of the borehole or casing.

Caliper logs are utilized to measure borehole diameter, to locate fractures and cavities in
an open borehole. The caliper log can be used to determine well construction details and
casing diameter. It can also be used to reveal casing deterioration due to extreme corrosion
or accumulation of minerals on the interior of the well casing. ASTM Standard D 6167
(ASTM, 2004j) provides guidance on the use of the mechanical caliper log in environ-
mental site characterization.

Imaging of Borehole Conditions

Imaging of a borehole wall to characterize rock type, fractures, and voids is commonly
done using a downhole video camera. Imagery to provide a detailed core-like view of
the borehole from which dimensions and angles of fractures can be determined are
made using an acoustic log (acoustic televiewer). This log is especially useful in holes
with turbid water, where optical viewing of the borehole wall is limited. An optical tele-
viewer can also be used to provide a high degree of detail of the borehole wall, if visibility
is good. In those boreholes intersecting large cavernous zones below the water table or
open water-filled mines, scanning sonar can be used to determine the size and shape of
the cavity or mine.

Applications of Geophysical Methods

There is no simple, exact way to select the geophysical methods required to solve a par-
ticular problem. Tables 4.2 to 4.4 are provided to illustrate how geophysical methods
may be used to carry out assessment of hydrogeologic conditions, detecting and
mapping contaminants, and locating and mapping buried wastes and utilities.
However, simple tables and rules of thumb often fail when considering specific project
needs and site-specific conditions and, therefore, the tables presented here should only
be used as an initial guide.

Assessing Hydrogeologic Conditions

The first and often the most important task of most environmental site investigations is the
evaluation of natural hydrogeologic conditions. A description of overall hydrogeologic
conditions and identification of any hydrogeologic anomalies is usually required. Knowl-
edge of the natural anomalies, in relation to the overall setting, can ensure that drilling and
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TABLE 4.2

Handbook of Environmental Site Characterization and Ground-Water Monitoring

Surface Geophysical Methods for Evaluation of Natural Hydrogeologic Conditions®

General Continuous Depth of
Method Application Measurements Penetration Major Limitations
Radar Profiling and Yes To 100 ft (typically Penetration limited by soil
mapping; less than 30 ft) conditions
highest
resolution of
any method
EM (frequency Profiling and Yes (50 ft) To 200 ft Affected by cultural
domain) mapping; features (metal fences,
very rapid pipes, buildings,
measurements vehicles)
EM (time Soundings No To few 1000 ft Does not provide
domain) measurements
shallower than about
150 ft
Resistivity Soundings or No No limit Requires good ground
profiling and (commonly contact and long
mapping used to a electrode arrays.
few 100 ft) Integrates a large
volume of subsurface.
Affected by cultural
features (metal fences,
pipes, buildings,
vehicles)
Seismic Profiling and No No limit Requires considerable
refraction mapping soil (commonly energy for deeper
and rock used to a surveys. Sensitive to
few 100 ft) ground vibrations
Seismic Profiling and No To few 1000 ft Shallow surveys less than
reflection mapping soil 50 ft are most critical.
and rock Sensitive to ground
vibrations
Microgravity Profiling and No No limit Slow, requires extensive
mapping soil (commonly data reduction. Sensitive
and rock used to a to ground vibrations
few 100 ft)
Magnetics Profiling and Yes No limit Only applicable in certain
mapping soil (commonly rock environments.
and rock used to a few Limited by cultural

100 ft)

ferrous metal features

2Applications and comments should only be used as guidelines. In some applications, an alternate method may
provide better results.

sampling is done in the locations that will most likely yield information on the location or
movement of a contaminant plume.

The first step in any environmental site investigation (Chapter 2) is to obtain appropriate
background literature, maps, and aerial photos so that geophysical surveys and other site
work can be planned. Photo imagery is almost a necessity in any serious site investigation,
to assist in planning a geophysical survey and to locate the survey grid.

Table 4.2 lists possible applications of surface geophysical methods and some of their
advantages and limitations in evaluating hydrogeologic conditions. Variations in the
shallow natural setting are best evaluated with ground-penetrating radar, which provides
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TABLE 4.3
Surface Geophysical Methods for Mapping of Contaminant Plumes?

Mapping permeable pathways, bedrock channels, etc.

The fundamental approach to evaluating the direction of ground-water flow and the possible extent of
a contaminant plume is by determining the hydrogeologic characteristics of the site (see Table 4.2 for
evaluation of natural hydrogeologic conditions)

Mapping of inorganics or mixed inorganics and organics

When inorganics are present in sufficient concentrations above background or organics are part of such an
inorganic plume, they can be mapped by the electrical methods and sometimes by radar. The higher specific
conductance of the pore fluids acts as a tracer by which the plume can be mapped

Mapping of hydrocarbons

When sufficient hydrocarbons have been present in the soil or floating on a shallow water table, for a sufficient
period of time they may sometimes be mapped by the electrical methods or by radar. Owing to changes in
dielectric constant or suppression of the capillary zone, they may sometimes be mapped by radar (in
some situations where degradation of hydrocarbons is occurring, conductivity may increase). (Also see
Table 4.2 for evaluation of natural hydrogeologic conditions and Table 4.4 for mapping of cultural pathways.)

Radar: Limited applications — may sometimes be used to detect shallow floaters (0 to 20 ft) to map hydrocarbons
in soil. May detect thickness in some cases

EM: May be applicable to detect low conductivity at some sites or higher conductivity where biodegradation
is occurring

Resistivity: May be applicable to detect high resistivity at some sites or higher conductivity where biodegradation
is occurring

2Applications and comments should only be used as guidelines. In some applications, an alternate method may
provide better results.

the greatest resolution. However, depth of penetration of the radar signal is highly site
specific and is typically less than 30 ft. When silts and clays are present at the surface,
penetration may be limited to only a few feet.

Even with these limitations, ground-penetrating radar can often help solve problems at
a depth greater than its sensing range. For example, by looking for anomalies in shallow
marker beds or by observing shallow soil piping, shallow radar data can be used to predict
the presence of cavities and fractures far beyond its range. Investigation of such near
surface indicators with radar and other methods to evaluate deeper conditions is a power-
ful technique (Benson and Yuhr, 1987).

High-resolution seismic reflection can be used in combination with radar to provide a
more complete depth profile. While this method has less resolution than radar, infor-
mation can be acquired to depths of hundreds of feet or more. The reflection method is
often found to be ineffective at depths shallower than 25 to 50 ft, where radar is most effec-
tive. Therefore, these two methods are quite complementary for developing detailed geo-
logic profiles. It should be noted, however, that the cost of seismic work is considerably
greater than the cost for a radar survey.

Seismic refraction and resistivity soundings provide good vertical information,
although they are not capable of achieving the lateral and vertical resolution of radar, or
in some cases, the vertical resolution of seismic reflection. The frequency-domain EM tech-
nigues have very good lateral resolution in the continuous mode to depths of about 50 ft,
but are somewhat lacking in their capability to produce vertical detail (sounding data).
Yet, the EM methods can provide some relative sounding information (i.e., thick vs.
thin or shallow vs. deep) very quickly and more cost effectively than resistivity or
seismic refraction.
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TABLE 4.4

Handbook of Environmental Site Characterization and Ground-Water Monitoring

Surface Geophysical Methods for Location and Mapping of Buried Wastes and Utilities®

Bulk Wastes Bulk Wastes
Method without Metals with Metals 55 gal Drums Pipes and Tanks
Radar Very good if soil Very good if soil Good if soil Very good for metal
conditions are conditions are conditions are and nonmetal if
appropriate; appropriate; appropriate (may soil conditions
sometimes effective sometimes provide depth) are appropriate
to obtain shallow effective to (may provide
boundaries in poor obtain shallow depth)
soil conditions boundaries in
poor soil
conditions
EM Excellent to depths Excellent to depths Very good (single Very good for metal
less than 20 ft less than 20 ft drum to 6-8 ft) tanks
Resistivity Good Good N/A N/A
Seismic Fair (may provide Fair (may provide N/A N/A
refraction depth) depth)
Microgravity Fair (may provide Fair (may provide N/A N/A
depth) depth)

Metal detector
Magnetometer

N/A
N/A

Very good (shallow)

Very good (ferrous
only; deeper than
metal detector)

Very good (shallow)

Very good (ferrous
only; deeper than
metal detector)

Very good (shallow)

Very good (ferrous
only; deeper than
metal detector)

#Applications and comments should only be used as guidelines. In some applications, an alternate method may
provide better results.

Probably, the two best techniques to map lateral variations in soil and rock, from a speed
and resolution point of view, are radar and continuous EM measurements. While radar
performance is highly site specific, the EM technique can be applied in almost any
environment and can often provide deeper information, but with much less vertical resol-
ution than radar. Continuous EM profiling measurements provide high lateral resolution
and can be run at speeds from 1 to 5 mph, depending on the detail required. The rapid
speed at which EM measurements can be obtained and the option of continuous profile
measurements at depths of up to 50 ft makes EM the best choice for profile work under
most situations.

The resistivity method can also be used for profile measurements by moving the elec-
trode array in small increments to provide data at closely spaced intervals. This is a
slow process relative to an EM survey, and resistivity data can be affected by near-
surface geologic noise at the electrodes.

Sometimes, one method may work and another will fail under a given set of site
conditions. For example, in many cases, resistivity measurements can be made adjacent
to a chain link fence or a buried pipeline where EM measurements cannot.

In order for any geophysical method to work, there has to be a contrast in the parameter
being measured. The best method is the one in which the parameters being measured have
the greatest contrast and will be least influenced by site-specific conditions and noise. The
final decision must be made on a site-by-site basis.

Once the surface methods have defined the 2D or 3D conditions reasonably well, boring
locations can be selected. These locations should be selected to be representative of the
normal background conditions at the site and to investigate any anomalies. Generally, if
there are anomalous site conditions present, including sand lenses, fractures subtle
changes in formation permeability, or geochemical anomalies, downhole logs should be run.
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The drilling program should be designed to provide a means of accurately characteriz-
ing soil and rock conditions to the greatest extent possible within the budget available. If
an adequate downhole logging program is used, most of the holes can be drilled without
sampling. However, it is always good practice to continuously sample or core at least one
or two boreholes and then log them along with any other holes. This procedure provides a
reference for the logging data to compare to site-specific soil samples or rock cores. The
logs can then be used to extrapolate soil and rock type and other conditions to nearby
boreholes.

When the appropriate logs are combined, continuous in situ logging measurements can
be obtained in both the vadose zone and the saturated zone to characterize hydrogeologic
conditions. Geologic formations can be identified and easily correlated from hole to hole.
Relative estimates of clay content, density, and porosity can be given. Permeable sand
lenses and fractures can be identified, as can impermeable clay and shale zones. In addition,
the continuity of impermeable zones can be assessed. The maximum amount of data should
always be obtained from each borehole because borings are often few and costly.

Natural gamma logs can be used for geologic characterization and stratigraphic corre-
lation. For example, the natural gamma logs shown in Figure 4.17 clearly show the contrast
between the limestone units (low counts) and the shale units (high counts). In this case, cor-
relation of the stratigraphy from natural gamma logs in adjacent boreholes is easily made.

Figure 4.18 shows a suite of natural gamma, density, and porosity logs from the same
borehole. The density log shows variable conditions in the overlying soil, but fairly
uniform density within the shale and limestone units. In contrast, the porosity log
shows considerable variation throughout both the shale and limestone units. Without
calibration, these logs can be used to indicate relative changes in density and porosity.
By calibrating these logs, quantitative results for density and porosity may be obtained
in some situations.

Detecting and Mapping Contaminant Plumes

Table 4.3 illustrates how surface geophysical methods can be applied to mapping contami-
nant plumes. The fundamental approach to evaluating the direction of ground-water flow
and the possible extent of a contaminant plume is by determining the hydrogeologic
characteristics of the site (i.e., determining the presence of preferential pathways such
as buried channels, fractures, and permeable zones).

“Direct” detection of inorganics (or organic compounds mixed with inorganics) can be
accomplished by electrical methods, including ground-penetrating radar and complete
resistivity measurements (Olhoeft, 1986, 1992; Olhoeft and King, 1991), as shown in
Table 4.3. When inorganic species are present in sufficient amounts, they can be detected
by electrical methods and radar. The higher specific conductance of the pore fluids acts as
a tracer by which the plume can be mapped. In cases in which inorganic plumes have a
very low specific conductance, or dispersed organic compounds are encountered, they
will not be detectable by electrical methods.

Where suitable penetration is possible, ground-penetrating radar can provide a means
for mapping the depth to the top of and lateral extent of shallow inorganic plumes.
However, because of the site-specific behavior of radar, the EM or resistivity methods
are most often used. Of the two methods, EM measurements are preferred for profile
work, particularly where continuous sampling can be employed. Resistivity is preferred
for sounding work.

Both resistivity and EM conductivity can miss a contaminant plume if the measure-
ments are in the wrong location. However, rapid EM profiling by either continuous or
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station measurements allows coverage of a site with closely spaced data. It is not unrea-
sonable from a cost perspective to have overlapping measurements, therefore, providing
total site coverage using the EM profiling method.

Both resistivity and EM are capable of vertical soundings. The frequency-domain EM
method provides a depth of penetration that is limited to about 200 ft and provides less
resolution than the resistivity method because measurements are made at only a few
depths. The depth to which resistivity sounding data can be obtained is virtually unlim-
ited. Depths of a few hundred feet to thousands of feet are obtainable. However, the
long resistivity arrays necessary for deep measurement may not be practical in some
areas due to space restrictions and cultural factors. Here, the time-domain EM transient
systems, which have a smaller coil size, would be the choice for measurements to
depths from 150 ft to a few thousand feet or more.

In some cases, organic compounds can be mapped because they are mixed with inor-
ganic species. Figure 4.8 shows the inorganic plume from a chemical and drum recycling
center, which also contains organic compounds. Figure 4.9 shows the inorganic plume
from a landfill that contains low levels of organic compounds. The results in Figure 4.20
show an excellent comparison of EM, resistivity, and organic vapor analysis responses
obtained from a mixed plume of organics and inorganics confined in a buried channel.
Clearly, if inorganics are present, they can be used as an easily detectable tracer that
will provide a first approximation of where the organics may be.

The delineation of hydrocarbons and light, nonagueous phase liquids in the subsurface
poses a problem for the EM and resistivity methods. EM surveys over known areas of
separate-phase hydrocarbon product have shown low conductivity, high conductivity,
or no detectable anomaly associated with the hydrocarbon (Monier-Williams, 1995).

Some investigators have suggested that direct detection of major hydrocarbon spills can
be accomplished by looking for low EM conductivities (or high resistivities) associated
with the organics. Recent spills of petroleum products do not seem to yield a high resis-
tivity or a low EM conductivity, because the product does not displace the grain-to-
grain surface tension of water. Therefore, the electrical conductivity of the water
remains dominant. However, if the organics have been in the ground for some time,
and there is a substantial amount of separate-phase product, the surface tension of the
water may be overcome. Then, where the conductivity of the natural soil conditions is
high enough (or the resistivity low enough), a reasonable electrical contrast between the
hydrocarbons and the natural condition may produce an anomaly.

Recent research has shown that the biodegradation of hydrocarbons will produce acids
and biosurfactants (Atekwana et al., 2000; Cassidy et al., 2001). These products will
increase the total dissolved solids content of ground water over time and thereby increase
the electrical conductivity. For example, laboratory experiments have shown that diesel
fuel will produce an increase in total dissolved solids of over 1700 mg/l in 120 days
when biodegradation is taking place (Cassidy et al., 2001). If significant biodegradation
occurs within a subsurface hydrocarbon plume, it may produce a detectable high-
conductivity anomaly in EM measurements.

Both electrical measurements (EM and resistivity) along with radar can be used to
monitor changes with time and during remediation (Olhoeft, 1986, 1992; Olhoeft and
King, 1991). Once the spatial extent of a contaminant has been mapped by surface geo-
physics and after boreholes have been installed, continuous downhole logging can be
used to evaluate changes in the vertical hydraulic conductivity of soil and rock, as well
as the distribution of contaminants. The vertical distribution and concentration of con-
taminants at a site can vary significantly as a result of small local changes in hydraulic
conductivity. Because hydraulic conductivity can change by more than an order of magni-
tude in less than a foot, it can have a significant impact on test results obtained from a



Remote Sensing and Geophysical Methods for Evaluation of Subsurface Conditions 289

400
ELECTROMAGNETICS

A

MILLIMHOS/METER
[—

400

RESISTIVITY 4

)

MILLIMHOS/METER

1000
ORGANIC VAPOR ANALYZER

100

PARTS/MILLION

10 V

FIGURE 4.20

Organic vapor profile over a buried channel. Note correlation with resistivity and EM measurements (this is an
excellent example of a buried channel controlling flow and the level of correlation between organic and inorganic
contaminants).

monitoring well. The chemical concentration in a well may be low, average, or high,
depending upon screen length and location. Two downhole logging techniques, particu-
larly well suited for hydraulic conductivity evaluations are the EM induction log (or res-
istivity logs — only in an open borehole) and neutron (porosity) log. Both of these logs can
be run in an open borehole or within an existing PVC-cased well, either above or below the
water table (Figure 4.19).

The EM induction log, shown in Figure 4.19a, indicates the presence of inorganic con-
taminants that have preferentially migrated within five discrete zones of increased
hydraulic conductivity in the limestone. These zones, which are indicated by higher
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electrical conductivity values, ranging from 2 to 4 ft in thickness. The presence of high
hydraulic conductivity zones detected by the EM induction method was confirmed by
using a downhole television camera that visually located small cavities and fractures in
each zone. Figure 4.19b shows an EM induction log of natural conditions taken in a back-
ground well. No permeable zones are indicated by the log because there are no inorganic
species present. Figure 4.19¢c shows a neutron log taken in the same background well. In
this log, zones of variable porosity are revealed whether contaminants are present. Con-
ditions shown by this log are also representative of conditions at the contaminated well.
An adequate assessment of conditions in a borehole often requires that more than one
log be run. At this site, an EM induction log was used to identify the contaminated
zones and a neutron log was used to identify zones of increased porosity. Once conditions
at a site are understood, a reliable and representative monitoring well system can be
designed and data from existing monitoring wells can be more accurately evaluated.

Locating and Mapping Buried Wastes and Utilities

Locating and mapping of buried wastes, utilities, drums, and tanks are a common appli-
cation of geophysical methods. Table 4.4 lists the surface geophysical methods applicable
to this problem. Locating buried bulk wastes where no metal is present can often be
accomplished by ground-penetrating radar, if soil conditions are suitable. Often the
shallow edges of trenches can be detected even in soil conditions that provide poor
radar penetration. Shallow EM tools are also effective for most location problems. When
metals are present, EM conductivity, metal detectors, and magnetometers are the
primary choices. Metal detectors and magnetometers are unaffected by most soil types
or by the presence of contaminants. However, EM measurements are influenced by both
variations in soil and the presence of contaminants.

To locate buried 55 gal steel drums, the use of metal detectors, magnetometers, or the
in-phase component of EM measurements are recommended. All three methods can be
used to locate single 55 gal drums, as well as large piles of drums within their depth
limitations.

Both the metal detector and the EM will respond to ferrous and nonferrous metals,
while a magnetometer will respond only to ferrous metals. Therefore, it is necessary to
assess what metals may be present to select the appropriate method.

While radar can be used to find drums, it will often be unable to detect a single drum if it
is not oriented so that energy is reflected back to the antenna. Furthermore, many natural
and man-made objects may have a radar response similar to that of a drum.

For small, discrete, critical targets such as a single 55 gal drum, continuous measure-
ments (on closely spaced lines of about 5 ft) are required to assure detection. Radar, EM
equipment, metal detectors, and certain magnetometers can provide these continuous
measurements. However, there may be cases in which the proximity of other metal struc-
tures may limit the use of EM to locate drums or trenches, making radar a clear choice.

Metal detectors and radar both provide reasonably good spatial resolution to pinpoint
the location of a target. However, EM equipment and magnetometers do not provide the
same target resolution because the shape of their response curve is broader and often more
complex.

Metal detectors, EM units, and total field magnetometers are highly susceptible to inter-
ference from nearby metallic cultural features. Any of these features can produce an erro-
neous response, which may be incorrectly interpreted as a subsurface target. Because
metal detectors are relatively short-range devices, they can be operated closer to such
sources of interference than can most magnetometers. Measurements made with a total
field proton procession magnetometer are susceptible to interference from high magnetic
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gradients, natural changes in the earth’s magnetic field, and nearby power lines, whereas
fluxgate gradiometers do not suffer from these shortcomings.

Seismic, resistivity, magnetic, and gravity techniques may also be used to locate bound-
aries of larger trenches and landfills. These techniques are much slower and will provide
less resolution than the previously described methods. However, they are often the only
techniques that can be used to estimate the thickness of a landfill or trench. It should be
noted that interpretation of such data should be done with caution by experienced
personnel.

Summary

All of the geophysical methods discussed in this chapter are scientifically sound, and all
have been proven in the field. Like other technologies, however, they may fail to
provide the desired results when applied to the wrong problem or when improperly
used. The techniques must be matched to site-specific conditions by a person who
thoroughly understands the uses and limitations of the methods.

To improve the accuracy of environmental site characterization, adopting a broader,
integrated systems approach is recommended. Geophysics is just one of many techno-
logies that can be readily incorporated into an environmental site investigation program.
An integrated systems approach provides the benefits of both direct sampling and remote
sensing techniques. Airborne or surface geophysical methods are generally used as initial
reconnaissance tools to cover an area in a quick search for anomalous conditions. Surface
geophysical methods can then be employed for a detailed assessment of site conditions.
After potential problem areas have been identified, the drilling locations for borings
and monitoring wells can be selected with a higher degree of confidence to provide repre-
sentative samples. Analyses of soil and water samples from properly located borings or
monitoring wells will then provide the necessary quantitative measurements of subsur-
face parameters. Downhole geophysical methods can be applied to define details of con-
ditions with depth. This approach delivers greater confidence in the final data
interpretation with fewer borings and wells and an overall cost savings. Furthermore,
the drilling operations are no longer being used for hit-or-miss reconnaissance, but
rather as specific quantitative tools (smart holes).

Before selecting a method or methods, the project objectives must be clearly defined
and as much as possible should be learned about site conditions. Information such as
accessibility and site topography should be available. In addition, general soil and rock
types and conditions, the approximate depth to water table, depth to rock, and back-
ground specific conductance of ground water should be known or estimated. If appropri-
ate, the type of contaminant should also be defined. Finally, one should consider whether
it is likely that sufficient contrast may exist in the parameters being measured. If, in fact,
there is no contrast in the parameter being measured between one layer and another, the
geophysical method will fail to provide a response. Similarly, if a layer is sufficiently thin
or the size of the target is sufficiently small, the layer or target may not be detected.

The question of whether drilling or geophysics should be done first often arises. Because
the results of geophysical work usually result in identification of anomalous conditions,
geophysics should generally be done first so that anomalous areas can be identified for
drilling and sampling.

However, if borings or monitoring wells have already been installed, geophysical
surveys can still deliver increased accuracy. The location and data from existing boreholes
and monitoring wells can be assessed using geophysical methods, thus providing a means
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of evaluating the validity of data already acquired. If additional boreholes or wells are
needed to fill gaps in the data, they can be located with a high degree of confidence.

Because each geophysical technique measures a different parameter, the information
from one method is often complemented by the information from another method. The
synergistic use of multiple geophysical techniques often serves to enhance environmental
site characterization. Those familiar with traditional well logging will recognize this
concept, as multiple logs are commonly used to aid in interpretation of subsurface
conditions.

It should be noted that the use of any geophysical technique depends on its specific
application and on site conditions. Therefore, no single method should be expected to
solve all site evaluation problems. Furthermore, geophysical technology is not in itself a
panacea. Its successful application is dependent upon integrating the geophysical data
with other sources of information. This must be done by persons with training and
experience in geophysical methodology, as well as in the broader aspects of the earth
sciences. Geophysical methods do not offer a substitute for borings and wells, but
provide a means to minimize or optimize the number of boreholes and wells, to ensure
that they are in reasonably representative locations, and to fill in the gaps between
boreholes.

Selection of Geophysical Methods

ASTM has prepared a Standard Guide for Selecting Surface Geophysical Methods
(ASTM D 6429; ASTM, 2004k) and a Standard Guide for Planning and Conducting Bore-
hole Geophysical Logging (ASTM D 5753; ASTM, 20041). Many specific Standard Guides
for both surface and borehole geophysical methods are complete and others are in the
process of being completed.

The expedited site characterization (ESC) process developed by DOE (Chapter 2) is
summarized in the Standard Practice for Expedited Site Characterization of Vadose
Zone and Ground-Water Contamination at Hazardous Waste Contaminated Sites
(ASTM D 6235; ASTM, 2004m), which provides a generalized strategy for effective
environmental site characterization. The process emphasizes the use of remote sensing
and geophysical methods prior to the installation and sampling of boreholes. This strategy
lowers the number of randomly placed boreholes and wells and provides information to
position boreholes and wells in representative locations to significantly improve the accu-
racy of the site characterization process. Additional strategies for site characterization are
summarized in Chapter 2 and in Benson (2001).

Most critical to the success of an environmental site characterization program are the
senior experienced hands-on professionals who are sensitive to the issues of geologic
uncertainty and who posses the skill, wisdom, and persistence to pursue them.
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Introduction

Drilling and soil sampling for environmental site characterization and ground-water
monitoring well installation utilizes much of the same technology used in geotechnical
exploration, mineral exploration, oil and gas well drilling, and water well drilling.
However, there are some very significant differences in how the technology is applied.
For example, the primary purpose of most geotechnical exploration projects is to
recover an intact physical specimen that can be tested for physical strength or inspected
for material properties that may be indicative of the performance of the sampled material
under projected conditions. For environmental site characterization, primary consider-
ation must be given for collecting a sample that is representative of in situ physical
conditions and valid for both chemical and physical analyses. The sample must not be
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contaminated by drilling fluid or its physical properties altered by the drilling or sampling
procedures. Care must be taken to preserve the sample in its natural state for on-site analy-
sis or for transport to the laboratory.

The method of drilling and sampling chosen for a given project depends upon many
site-specific factors including site geology, the type of contaminants expected, the shape
and size of the specimen desired, and the final disposition of the borehole. This chapter
describes a variety of methods available for drilling and includes comments on the suit-
ability of those methods for environmental site characterization and ground-water moni-
toring applications. The drilling methods discussed are grouped into two general
categories: (1) methods that do not use a circulation medium to transport drill cuttings
to the surface and (2) methods that do use a circulation medium.

Drilling Methods: Drilling without Circulation Fluids
Probing

Probing can be done with a tool as simple as a slender steel rod, 0.25 to 0.5 in. in diameter
and 3 to 4 ft long, having a tee handle (Figure 5.1). This type of tool is often used to probe
into the soil by hand to locate and outline shallow subsurface obstructions (e.g., boulders,
utility conduits, piping, subsurface structures, survey markers) in advance of powered
drilling. Resistance to penetration indicates the presence of an obstruction. Probes can
also be used to profile bedrock surfaces and to establish various soil or formation inter-
faces, if the difference in density between penetrated formations, which affects penetration
resistance, is recognizable.

When a probe is advanced or pushed into the ground, it forces the formation material out
of its path by displacing the soil. Thus, a probe is a simple form of displacement boring.

FIGURE 5.1
Soil probe.
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Direct-Push Displacement Boring

The word “boring” in this context may be a misnomer, but through common usage it has
come to include a borehole made by sampling and removing soil material or displacing
soil material out of the path of direct-push tooling. Any displaced material not removed
by sampling is simply compacted and forced into the formation. Direct-push methods
for sampling and well installation are presented in detail in Chapter 6.

Direct-push boring is a simple, efficient method of obtaining samples and installing
wells. It can be accomplished without the need for heavy equipment or circulation
fluids and without producing drill cuttings. The depth of boring and the sample size
recovered are dependent on the resistance of the formation to penetration. Direct-push
methods are of questionable value in dense clays or sands and in thick gravels and
cobbles or bouldery formations and cannot be used to penetrate competent, unweathered
bedrock. Direct-push methods are well suited for shallow borings in soft materials and
where the boring location is not accessible to large, heavy equipment.

Direct-push machines are generally small units, either truck- or ATV-mounted. Direct-
push tooling is forced into the soil by the application of the direct weight of the machine,
by the percussive effect of a hydraulic or mechanical hammer, or by both. Most machines
are equipped with a hydraulic hammer, have a down-force and retraction system, and
may employ a limited (low torque) rotation capability. Some direct-push machines use a
vibratory system to advance the tooling. Direct-push units can be either direct-push
specific or conventional drilling rigs, which have been fitted with hydraulic or mechanical
hammers or vibratory heads.

Auger Drilling

Auger drilling utilizes a spiral tool form to convey drilled borehole material to the surface
(Figure 5.2). Mechanically, an auger consists of a long inclined plane with a fixed mechan-
ical advantage. The drilling and conveying capacity of a specific auger is directly pro-
portional to the torque applied to rotate the auger. Auger drilling does not normally
require the use of circulation fluids, although fluids can be used to cope with blowing,
heaving, or running sands.

An auger is essentially a conveyer that has a cutting bit at its bottom end to disaggregate
formation material. While drill cuttings are generally lifted upward by the auger, some can

ia) Dise suger,

(b Bucker or bacrel suger

FIGURE 5.2
Mechanical augers: (a) Disc auger; (b) Bucket auger.
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also be forced against or into the borehole wall during conveyance to the surface. Three
basic types of auger are in use in environmental work: bucket auger, solid-stem continuous
flight auger, and hollow-stem continuous flight auger.

Bucket Auger

Bucket auger machines (Figure 5.2b) utilize an auger bucket with cutting teeth attached to a
square torgque bar (known as a Kelly bar) that passes through a ring-type drive mechanism.
Generally, the auger bucket advances into the formation by a combination of dead weight
and tooth cutting angle. After the bucket is advanced 1 or 2 ft, it is withdrawn from the
hole by means of a wire-line hoist cable attached to the top of the Kelly bar. When the
bucket reaches the surface, it is swung to the side of the hole and the drill cuttings are
dumped out through the bottom by means of a hinge-and-latch device on the bucket bottom.

The Kelly bar generally telescopes to permit digging to greater depths. The solid bar is
nested within one or more square tubes. Most bucket auger machines have a depth
capacity of 30 to 75 ft and most are used for large-diameter holes ranging from about 16
to 48 in. Bucket augers smaller than 16 in. in diameter are rare. Most bucket auger
machines are gravity fed and are used for vertical holes. They are not normally used to
drill holes for single monitoring well installations, but are sometimes used to drill holes
for well nests as well as production wells and recovery wells. They are more commonly
used to drill drain wells, caissons, and building footings.

Continuous-Flight Solid-Stem Augers

Continuous-flight solid-stem augers (Figure 5.3) consist of a plugged tubular steel center
shaft, around which a continuous steel strip in the form of a helix is welded. An individual
auger section is known as an auger “flight,” and is normally 5 ft long, although other

FIGURE 5.3
Continuous-flight solid-stem auger.
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lengths are available. Manufacture of flights is such that when connected to one another,
the helix is continuous across the connections and throughout the depth of the borehole.
Connections are normally made by means of a hex or square pin fitted to one end of a
flight, which slips into a corresponding hex or square box fitted to the other end of a
flight. Torque is transmitted from the drilling rig to and through the flights by the hex
or square connections on each flight. Down-force is transmitted by shoulder-to-shoulder
contact of the flights. Retract force is taken by a pin inserted through a hole that has
been drilled through a flat face of the hex or square connections at a 908 angle to the
axis of the flight. This pin is known as a “u-pin” or “drive clip.”

Auger drill cutter heads are attached to the bottom auger flight in the same manner as
flights are connected to each other. Most cutter heads are of the field-replaceable bit type,
where a hardened or tungsten carbide steel inserted bit does the cutting. Carbide insert
teeth come in different configurations including carbide-tipped fingers, conical (round)
points, spade faces, or flat blades. Other types of cutter heads include the fishtail or clay
bit or the one-piece carbide-tipped finger drill head.

Auger drill cutter heads are generally designed to cut a hole approximately 0.5 in.
greater in diameter than the diameter of the auger to which they are attached. For
example, the cutter head designed for use with 4 in. augers actually measures 4.5 in.
in diameter when new. The auger that actually has a 5.5in. diameter is known as a
6 in. auger, as the cutter head design for it is 6.0 in. in diameter. Thus, a conventional
continuous-flight auger is known by the nominal diameter of the drill head.

In addition to diameter, augers are specified by the pitch of the auger and the shape and
dimension of the connections. The pitch is the distance along the axis of the auger that it
takes for the helix to make one complete 3608 turn. The pitch of an auger used for vertical
drilling will generally be 65 to 85% of the hole diameter. This gentle pitch allows easy
conveyance of auger cuttings up the borehole.

Continuous solid-stem auger drilling is most successful in dry formations or cohesive
materials, where the hole stays open when the auger is removed. This method is not fre-
quently used for well installation because the borehole normally collapses below the water
table, particularly in noncohesive materials.

Hollow-Stem Augers

Hollow-stem augers (Figure 5.4) are a form of continuous-flight auger in which the helix is
wound around, and welded to, a hollow center tube. When flights are connected, the
hollow-stem auger will present a smooth, uniform bore throughout its length and the
flighting will be continuous from the top to the bottom of the hole. The hollow-stem
opening is very useful because it allows for use of a sampling barrel inside and provides
a protected opening for installation of monitoring wells. Hollow-stem augering can be
done without drilling fluids and is the most common drilling method used for installation
of shallow monitoring wells (see ASTM Standard D 5784; ASTM, 2004a). Hollow-stem
auger systems can be equipped with a continuous sampler, which can take disturbed
samples in a split inner barrel or the inner barrel can be equipped with acrylic liners for
relatively undisturbed sampling (see ASTM Standard D 6151; ASTM, 2004b).

Connection of one auger to another is by means of a series of keys or keyways, hex-
shaped box and pin, square flat-spline box and pin, or a threaded connection. Threaded
connectors transmit both torque and push or retract force at the thread. In the other
types of connections, torque is transmitted by the spline or key or keyway; push force is
transmitted by shoulder-to-shoulder contact and retract force is carried by the connecting
bolts. Hollow-stem augers are specified by the inside diameter of the hollow stem and not
by the borehole diameter drilled.
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(a) (o)

FIGURE 5.4
Hollow-stem augers: (a) wire-line type; (b) rod type. (Taken from U.S. Bureau of Reclamation Earth Manual,
Part I, 3rd ed.)

The hollow-stem auger is a conveyer, but when compared with regular continuous-flight
augers, the center tube is much larger. The pitch of the flighting generally follows the same
formula as for solid-stem augers. The change in proportion, between axle diameter and hole
size, results in a considerable change in the conveyance characteristics of the auger. Proper
movement of drill cuttings to the surface must be accommodated by a change in drilling
technique on the part of the driller. Essentially, this is done by more rotation, not more
revolutions per minute. Some formations must be augered at very low revolutions per
minute or they do not auger at all. Heavy formations, such as adobe or “fat” clays,
should be auger-drilled at 30 to 50 r/min. Clean sand that will stand open during drilling
can be successfully augered at 250 r/min. Care must be taken when drilling in caving
noncohesive sands below the water table, because excessive rotation can remove a large
amount of material from the formation and create slumped zones or voids.

Hollow-stem auger drill heads generally consist of two pieces: an outer head with
cutting teeth, attached to the bottom of the lead auger, and either an inner pilot assembly
with center bit that is removable through the center of the auger or an inner sampling
barrel for continuous sampling. The ability to withdraw the pilot bit assembly or
sampler while leaving the auger in place is the principal advantage of using hollow-
stem augers. This provides an open and cased hole into which samplers, downhole
hammers, instrumentation, monitoring well casing, or other items can be inserted.
Replacing the pilot assembly, assuming nothing was left in the hole, allows drilling of
the borehole to continue. As shown in Figure 5.4, the pilot assembly is normally held in
place and retrieved from inside the auger by drill rods or hex rods. The pilot assembly
can also be operated by wire-line in certain subsurface conditions.

Hollow-stem augers are available with inside diameters of 2.25, 2.5, 3.25, 3.75, 4.0, 4.25,
6.25, 6.625, 8.25, 9.25, 10.25, and 12.25 in. The most commonly used sizes for geotechnical
work are 2.25 and 3.25 in. 1.D. The 4.25 in. I.D. auger is the most common size for installing
2 in. nominal diameter monitoring wells. The 6.25 in. 1.D. auger works well for installing 2
and 4 in. monitoring wells. Larger diameter sizes are also preferred when undisturbed
samples are to be taken. The larger sizes 8.25, 9.25, 10.25, and 12.25in. I.D. augers are
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generally used for installation of larger-diameter dual-purpose recovery and monitoring
wells in which the use of circulation fluids must be avoided. The initial cost of these
larger auger sizes and the high torque machines necessary to operate them is relatively
high.

The successful use of the hollow-stem auger method depends greatly on the skill of the
operator and the depth to the water table. Once the water table is encountered, the
dynamics of using hollow-stem augers can change dramatically. When drilling below
the water table, the pressure inside the hollow stem auger must equal or exceed the
pressure of the ground water, to keep the ground water from moving into the center
stem of the auger, and bringing with it formation materials. This problem is an issue
more in granular, noncohesive formations than in cohesive formations. Any time for-
mation materials flow into the center stem of the auger, the character of the formation
can be compromised. The inflow of materials can also complicate the installation of
monitoring wells and other instrumentation.

During monitoring well installation with hollow-stem augers, drilling fluids are gener-
ally not used. If they are necessary, they must be removed from the borehole before
ambient ground-water conditions can be ascertained. Using the hollow-stem auger dril-
ling method in clean granular soils below the water table will require equalization of bore-
hole fluid pressures to keep formation materials from entering the auger core. There are
several methods and procedures available to help alleviate this problem. Flex plugs are
plastic baskets that can be fitted into the auger above the cutter head. These plugs allow
the passage of samplers, and then they close by soil pressure while drilling. Dry auger
systems are also available. They consist of seals for the auger bolt holes and the hollow-
stem auger joints, and bottom plugs, made of wood, plastic, or stainless steel, for the
hollow center stem. Advancing sealed augers prohibits the collection of formation
samples, so this method is normally used as an adjunct to a separate boring in which
samples are collected. When using a sealed auger, it is generally necessary to fill the
center stem with clean potable water before removing the bottom plug to prevent any
inflow of formation materials. Drillers develop specific techniques with which they
have experienced success in the formations they commonly drill. It is prudent to take
advantage of the drillers experience in these situations whenever possible.

Drilling rigs used to operate solid-stem augers and hollow-stem augers are of a top-
drive design, in which all down-force is applied directly to the top of the auger. Most
rigs are designed to drill with 5 ft auger lengths, although a few rigs with 10 and 15 ft
strokes are available. The primary characteristic of these drills, and the main feature
that distinguishes auger drills from standard rotary rigs, is relatively high torque. Most
auger drills are also capable of providing rotary drilling functions, however, some may
lack the high revolutions per minute capability required for diamond core drilling of
rock. An auger drilling rig used for simple flight auger work might consist of a rotary
and feed or retract system only. Simple exploration consists of augering a hole and collect-
ing drill cuttings from the flights as they arrive at the surface. More often the drilling rig
has a hoist, a driving device, and an off-hole and side-to-side movement mechanism.
These features permit removal of augers or use of sampling tools without having to phys-
ically move the drilling rig.

Some drilling rigs have the ability to work tools through a large-bore, hollow, top-drive
spindle directly into the hollow stem auger. This feature eliminates the need for disconnect
and reconnect and on and off borehole manipulation. It also permits continuous access to
the bottom of the borehole and permits percussion drilling or drive sampling through the
center of the auger while the hollow-stem auger is being advanced. Wire-line systems are
much faster, but have a higher incidence of “sanding in” below the water table. When the
system sands in, the only alternative is to pull back the augers to get the system to relatch
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with the overshot. Pulling the augers back causes formation disturbance and should be
avoided. The success of this feature is, however, contingent on the soil conditions
encountered.

Drilling Methods: Drilling with Circulation Fluids

Circulation fluids are an essential element in the use of the drilling methods described in
this section. A circulation medium can be a liquid, such as water or drilling mud (water
with special additives) (see ASTM D 5783; ASTM, 2004c), or it can be a gas, such as air
or foam (air with additives of various types) (see ASTM D 5782; 2004d). Circulation
media are normally forced down through the drill rod, out through the bit, and back up
the annulus between the borehole wall and drill rod. The functions of a circulation
medium are to cool and lubricate the drill bit, stabilize the borehole, and remove drill
cuttings. Bentonite drilling fluid can form a filter cake or seal on the borehole wall,
which can prevent leakage of water from some granular formations into the borehole.

Successful removal of drill cuttings requires aminimum up-hole velocity of the circulation
medium and depends on the viscosity of the fluid (if water or drilling mud is the fluid used),
volume and pressure of air (if air is the fluid used), and the size and density of the cuttings.
Minimum velocity can be estimated by using a modified form of Stokes law or by consulting
one of many available references (e.g., Anderson, 1979). Generally, the minimum up-hole
velocity needed to transport cuttings is about 150 ft/min for plain water with no additives
and about 3000 ft/min for air with no additives; additives decrease the required minimum
velocity. Excessive up-hole velocities can cause borehole wall erosion, which can result in
premature cutting collection in created cavities and caving of the borehole.

Because air is available everywhere and water has to be hauled, it is always a good idea
to at least consider the possible use of air. A good rule of thumb says that the correct pump
volume (in gpm) when multiplied by 4 will be the correct volume of air (in cfm). The
primary advantage of air is the quick recovery of drill cuttings at the surface due to the
high velocity return. However, those cuttings are typically in a highly disturbed state.

The use of circulation fluids may involve the addition of materials or chemicals to the
borehole. Additions to water to create a circulation liquid appropriate for site-specific con-
ditions include various types of drilling muds, most of which are a form of bentonitic clay
or synthetic or naturally derived polymers. Polymers, however, may contain complex
chemicals. Fluids containing polymer additives are generally not allowed for environ-
mental drilling applications, even though many polymers are approved by the National
Sanitation Foundation for use in water wells. If the polymer chemistry is known and is
judged not to interfere with analysis of samples from the borehole (or a monitoring well
installed in the borehole), the polymers might be suitable for environmental drilling.
Polymer drilling fluids can be broken down to improve well performance. Pure bentonite
clay drilling products can be used, but these materials are often more difficult to clean and
flush from the borehole to prepare for well installation. Compressed air usually contains a
substantial amount of hydrocarbon lubricants released by the compressor. When using
compressed air, it is either necessary to incorporate a coalescing HEPA filter system in
the air line to remove these potential borehole contaminants or to use an oil-less air com-
pressor. As a general rule, methods of drilling that require a circulation medium for
environmental investigations are only used when absolutely necessary to complete the
task. However, in some cases, proper use of fluid circulation drilling methods can
prevent cross-contamination. Drilling with water, drilling mud, or air requires caution



306 Handbook of Environmental Site Characterization and Ground-Water Monitoring

to avoid fracturing formation materials. The drill bit must not be blocked, and pumps or
compressors should be equipped with pressure-relief valves to avoid fracturing.
Several types of drilling methods that use circulation media are described subsequently.

Wash Boring

Wash boring is a simple, almost obsolete method of advancing a borehole. The formation
is cut by a chopping and twisting action of a bit, and disaggregated formation material is
washed to the surface by a circulation fluid. Equipment can be as simple as a tripod with a
sheave, a drill rod with a bit, a pump with hoses, and a hoist with rope. Circulation fluid,
usually water, is pumped into the drill rod and out through the bit, which is raised and
dropped using the hoist and rope, as the assembly is manually turned back and forth.

In wash boring, the chopping action cuts the formation and the turning of the bit
maintains the roundness and straightness of the hole. The cut material is washed up the
annulus created between the borehole and the drill rod to the surface where it is screened
out or settles out of the circulation fluid in a wash tray or pit. The fluid is then recirculated
back through the drill rod into the borehole. If water is used as the circulation fluid in non-
cohesive sand and gravel formations, caving may occur, and casing may be required to
hold the hole open.

In wash boring, samples of cuttings are generally caught in a sieve or screen held in the
return stream. Samples of unconsolidated material can be obtained by driving a sampler
into the bottom of the borehole using the hoist, drill rod, and a drive hammer after the bit
has been removed from the drill rod. In addition, thin-wall tube samplers can be manually
pushed into soft cohesive formations.

Rotary Drilling

In rotary drilling (Figure 5.5), a drill rod with an attached bit is continuously rotated against
the face of the borehole to disaggregate formation material while circulation fluid is pumped
through the rod and bit to flush cuttings to the surface (ASTM D 5783; ASTM, 2004c). It
differs in principle from wash boring in that the drill rod is continuously rotated, while in
wash boring, the drill rod is periodically turned by the driller. A rotary drill can supply con-
tinuous rotation under down-force pressure to advance the borehole more efficiently.

Rotary drilling is usually accomplished with truck-, ATV-, skid-, or trailer-mounted rig.
These rigs generally carry their own pumps and operating components. A typical rotary
drilling rig consists of a power unit, a rotation mechanism, a feed or retract system, drum
hoists, a cathead or driving device, an on-off hole mechanism for moving the rotation mech-
anism away from the drilling axis, and a pump or compressor complete with pressure hose,
piping, swivel, and other equipment as necessary to circulate the drilling medium.

Pumping and circulation with a rotary drill is no different in principle from that used in
wash boring, but the rotary drill can drill holes that are larger in diameter and much
deeper. The increased capacity is a result of (1) the rotary mechanism, which causes con-
tinuous rotation of the drill rod and the bit and (2) the feed or retract system, which allows
continuous application of down-force on the bit, causing the bit to cut new formation
material while the circulation fluid flushes cuttings to the surface.

For effective rotary drilling, the down-force on the bit should be great enough to cause
continuous penetration of the formation. As a rule of thumb, this force should be approxi-
mately 1,500 to 2,500 Ib/in. of bit diameter. If the crushing strength of the formation exceeds
that achievable with the drilling rig, it is normally necessary either to use a heavier, more
powerful drill or to use a more suitable method of drilling, such as diamond coring.
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FIGURE 5.5
Rotary drilling rig. (Taken from U.S. Bureau of Reclamation Earth Manual, Part |, 3rd ed.)

Rotation speeds of most rotary drills are in the range of approximately 15 to 750 r/min.
Rotary drills are generally used at speeds of around 250 r/min for work in most uncon-
solidated formations or roller-bit work in rock. Higher speeds are used for rock coring
(ASTM D 2113; ASTM, 2004e). The lowest speeds (15 to 25 r/min) are used with down-
hole hammers, which are described later.

Specifications for drilling machines often show pull-down capabilities that are well in
excess of the weight of the truck and drill combined. Although the rated pull-down
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may be theoretically possible, it generally cannot be achieved unless the drill is tied down
to some form of anchor. As a general rule, and in most drilling applications, use of pull-
down in excess of that which can be applied and safely contained by the weight on the
rear axles of the truck is not advisable as it can result in the drill being misaligned with
the borehole.

Rated depth capacity of a rotary drill is the length of drill rod that weighs 80% of the
maximum main-hoist, single-line, bare-drum capacity. For example, a drill having a
maximum main-hoist, single-line, bare-drum capacity of 10,000 Ib would have a rated
depth capacity that would be equivalent to 8,000 Ib. This drill used with NW drill rods,
which weigh 5.5 Ib/ft, would have an NW-rated depth capacity of 1,455 ft (8,000/5.5).

Borehole diameter rating of a rotary drill is based on several factors, the most significant
of which are the delivered volume of the circulation pump or compressor and, in deeper
holes, the delivery pressure of the pump or compressor. In rating the pump or compressor,
both delivered volume and delivery pressure will be specific to the type of drilling fluid in
use. The drilling fluid to be used is often determined from advance knowledge of the
diameter and depth of hole required. For example, if the driller knows that a 4 in.
nominal (4.5 in. O.D.) well casing with a 1 in. thick filter pack must be set, a borehole of
not less than 5.5 in. in diameter must be drilled. The driller will probably choose to drill
at least a 7 in. diameter hole.

Three basic types of rotary drill are in common use: (1) stationary table, in which the rods
are rotated by means of a square or splined Kelly bar as it passes through a fixed rotating
table; (2) moving rotary box, in which the rods are rotated by means of a square or
splined Kelly bar that passes through a rotating gear box, which is moved up or down by
means of hydraulic cylinders; and (3) top-head drive, in which a rotating spindle travels
up or down applying feed, retract, and rotation forces directly to the top of the drill string.

Reverse Circulation Rotary Drilling

Reverse circulation is a method of rotary drilling in which the circulation fluid flows from
the ground surface down the annulus between the drill rod and the borehole. The fluid
carries the drill cuttings back to the surface inside the drill rod. At the surface, the fluid
is expelled through a swivel into the circulation pit or tank where the cuttings settle out.

Reverse circulation is especially useful in very large boreholes and in those cases where
the velocity of conventional rotary circulation would erode the borehole wall. To increase
the diameter of a hole drilled by conventional rotary methods, the capacity of the pump or
compressor must be increased to maintain an adequate up-hole velocity to lift cuttings.
With reverse circulation, the up-hole velocity is controlled by the inside diameter of the
drill rod, not the borehole diameter.

Standard reverse circulation drilling has few applications in environmental work.
However, one form of drilling that is often referred to as reverse circulation is widely
used on environmental drilling projects. This method is described subsequently.

Dual-Tube Reverse Circulation Drilling

Dual-tube reverse circulation (Figure 5.6) (ASTM D 5781; ASTM, 2004f) is a form of rotary
drilling similar to reverse circulation in which two concentric strings of drill pipe are
assembled as a unit to create a controlled annulus. The circulation medium, which may
consist of air, water, mist, foam, or drilling mud, is pumped through an outer swivel
down through the annulus between the strings of drill pipe to the bit, where it is deflected
upward into the center pipe. The bit used with dual-tube equipment is of a design that cuts
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FIGURE 5.6
Dual-tube reverse circulation drilling. (Taken from U.S. Bureau of Reclamation Earth Manual, Part I, 3rd ed.)

an annular ring or kerf, which forces all cut material to move toward the center of the hole.
Cut material is returned through the inner pipe and swivel to the surface. The cuttings
may be collected as a sample or otherwise collected for proper disposal, depending on
the purpose of the boring. While formation materials are quickly returned to the
surface, they are highly disturbed and can generally be used only for rudimentary classi-
fication. Dual-tube reverse circulation is sometimes used when water sampling during
borehole advancement is desired. The dual-tube drill string must be over-drilled with
overshot casing if a monitoring well or other instrumentation is to be installed in the
borehole.

Percussion Drilling

Percussion drilling is a form of drilling in which the basic method of advance is hammer-
ing, striking, or beating on the formation. Rotation may also be involved but, if so, it is
used primarily to maintain roundness and straightness of the percussion-drilled borehole.
Three basic types of percussion drilling equipment are in use: (1) cable tool, or “churn”
drilling, in which a bit, hammer, or other heavy tool is alternately raised and dropped;
(2) air percussion, in which an air-actuated device with an attached bit breaks the for-
mation; and (3) air-operated casing hammer. All three methods use impact energy to
break or cut the formation.
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Cable-tool drilling (ASTM D 5875; ASTM 2004q) is one of the oldest methods of drilling
and is still widely used for drilling water-supply wells. Its application in environmental
work is limited, mainly because the method is very slow. Drilling rates of only 10 to
20 ft per day are common. Furthermore, holes smaller than 6 in. in diameter are impracti-
cal because of the need to use a relatively large, heavy bit. Nevertheless, the method does
not use large volumes of drilling fluid and allows sampling of ground water as the hole is
advanced in high-yielding formations. For these reasons, the method will continue to have
use in environmental drilling work.

In cable-tool drilling, the bit breaks up and pulverizes the soil or rock. Cuttings are
recovered by adding water or water with additives to the borehole to form a slurry
with the drill cuttings. The slurry is then periodically bailed from the borehole. In uncon-
solidated formations, casing is advanced behind the bit. The diameter of the casing is
slightly larger than the diameter of the bit, and it is equipped with a drive shoe on the
lower end. Casing is driven by retrieving the bit from the hole and equipping it with
drive clamps. The weight of the bit is then applied as a hammering force to the top of
the casing, driving it into the borehole.

In air percussion drilling, air is used to actuate a down-hole hammer that is connected to
the end of the drill rod string. Air exhausted from the hammer is used to carry cuttings to
the surface continuously as the borehole is advanced. Connection to the drill is with a rod
string to provide slow rotation and sufficient feed or retract force for proper operation of
the hammer. Down-hole hammers are excellent tools for drilling in rock formations that
will stand open without caving and, coupled with casing drivers, are effective in cobble
and boulder formations. Down-hole hammers are operated with air compressors at the
surface and are often lubricated with petroleum compounds. Both hammers and compres-
sors require lubrication that may contaminate the formation surrounding the borehole. In
extreme cases, hammers can be lubricated with other materials, but the use of oil-less com-
pressors is rare. Air compressors should be located away from drill rig exhaust and should
be equipped with HEPA filters.

A third method of percussion drilling uses an air-operated, drill-through casing
hammer (Figure 5.7) (ASTM D 5872; ASTM, 2004h). This device is similar to a pile-
driving hammer except for a hole through its axis by which a drill rod string can be
inserted. This arrangement allows drilling to proceed while the casing is being driven.
The casing hammer or the drill string can also be operated independently. The casing is
generally cleaned out with a rotary rock bit or a down-hole hammer. This drilling
method is especially useful in cobble and boulder formations.

The air-operated casing hammer requires internal lubrication that is provided by hydro-
carbon lubricants added by means of in-line oilers. This need for lubrication must be
evaluated when considering use of the drill-through casing hammer for environmental
work. The down-hole hammer can be operated with clean water or environmentally
safe lubricants. However, as with any compressed air used in drilling, the compressor-
derived contaminants must be filtered out of the air stream.

ODEX (also known as TUBEX) is an adaptation of the air-operated down-hole hammer.
It uses a swing-out eccentric bit as a casing underreamer. The percussion bit is a two-piece
bit consisting of a concentric pilot bit behind, which is an eccentric second bit that swings
out to enlarge the borehole diameter. The driller controls the swing-out by forward or
reverse rotation of the drill string. Immediately above the eccentric bit is a “drive sub,”
which engages a special internal shouldered drive shoe on the bottom of the ODEX
casing. Thus, ODEX casing is actually pulled down by the drill string as the hole is
advanced. Cuttings blow up through the drive sub and stem or casing annulus to a
swivel, which conducts them to a sample collector. Casing advancers with down-hole
hammer systems are rapid methods for advancing boreholes in cobble and boulder
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FIGURE 5.7
Drill-through casing hammer. (Taken from U.S. Bureau of Reclamation Earth Manual, Part |, 3rd ed.)

formations, in which other methods such as fluid rotary or hollow-stem augers may be less
effective.

SIM-CAS is very similar to ODEX except that the casing is pushed down from a pushing
head on the drill at the surface as opposed to being pulled from the bottom. The eccentric
bit, drill stem sizes, hole sizes, and air requirements are essentially the same as those for
ODEX. Both SIM-CAS and ODEX use compressed air or foam for operation. Therefore,
proper filtration of the air stream is required for environmental work.

Dual Rotary Drilling

Dual rotary drilling is similar to the drill-through casing hammer except that the casing is
rotated into the formation while the inner rod string drills out the inside of the casing. Dual
rotary drills are large, heavy units generally mounted on tandem or triple-axle vehicles, and
they generally require more site access preparation than other drilling methods.

Dual rotary drills have two rotary tables. The lower table rotates and applies down-force
and retract force to casing in sizes from 6 to 40 in. I.D. The upper table rotates and applies
down-force and retract force to the drill rod string. The rod string can accommodate



312 Handbook of Environmental Site Characterization and Ground-Water Monitoring

conventional rotary tools or down-hole hammers in appropriate sizes for cleaning the
casing. Drill rod string activity can remain inside the casing or work ahead as necessary
to advance the borehole. The rotational torque of these rigs ranges from 41,672 to
262,771 ft/Ib. Dual rotary drills are most effective in bouldery hard formations where
large diameter wells are required.

Sonic Drilling

Sonic drilling (Figure 5.8) utilizes high-frequency vibration, aided by down pressure and
rotation, to advance drilling tools through various subsurface formations. Power for tool
advancement in sonic drilling is created by a sine generator, positioned at the top of the
drill mast, with rapidly rotating eccentric, counter-balanced weights that are timed to
direct 100% of the vibration at 08 and 1808 (e.g., along the length of the drive casing).
The sine generator generally operates between 0 and 185 Hz. To generate effective
vibration, it requires the sine generator weights to be rotated at speeds of between 3,000
and 10,800 r/min. The vibratory effect causes the soils adjacent to the drive casing or
sampling barrel to liquefy, allowing the sampler or casing to pass through.

Sonic drilling technology was developed in the mid-1970s for use in mineral explora-
tion, but never proved very effective for this application. It was adapted to environmental
drilling in the early 1990s and has since proved very effective for this application.

The sonic drilling procedure begins with advancing a sampling barrel by vibration and
down-force, 10 ft into the formation. An outer casing is then vibrated over the sampling
barrel to the same depth. The sampling barrel is then removed from the hole, swung
out to the side, and the sample is vibrated out or slid out of the sampling barrel in
liners. The sampling barrel is then reinserted into the borehole and advanced through
the next 10 ft sampling interval. The casing is again advanced over the sample barrel

FIGURE 5.8
Sonic drilling rig.
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and the barrel removed. This process is repeated until the boring is completed to its total
depth. The sampling barrel is always advanced without drilling fluids. A drilling fluid
(generally water based) may be used when advancing the casing over the sampling
barrel to prevent entry of sediment into the annular space and any subsequent locking
up of the sampling barrel and casing.

Sonic drilling offers some unique features that make it well suited to environmental
work. Drilling in most unconsolidated formations is generally very rapid. Continuous
sampling, generally in 10 ft increments (but sometimes longer) is part of the drilling
process and, therefore, is not an added cost as it is with all other drilling methods. Drill
cuttings are very minimal, as the only materials brought to the surface are the samples.
This significantly reduces cutting disposal and drilling area cleanup costs. On completion
of the boring, the hole is cased to the bottom, making monitoring well or instrumentation
installation very efficient. Because the borehole is installed without or with very little
drilling fluid, water sampling, well development, and pumping tests can be accomplished
in less time and with less accumulation of waste fluid for disposal than with most other
drilling methods. The currently available sonic equipment has the capability of driving
10 in. casing to depths of 700 ft. Bits used in sonic drilling can penetrate boulders, con-
struction debris, and bedrock (to a limited depth). Sonic drills have the unique feature
of being convertible to using down-hole hammers, conventional mud or air rotary, or
diamond rock-coring tools.

Currently available sonic drills are generally large units mounted on tandem or tri-axle
vehicles. Thus, they may require site access preparation. The samples recovered are, to
some extent, disturbed — the vibratory action during penetration of the sampling barrel
into the soil and during removal of the soil sample from the sampling barrel can stratify
some formations and consolidate or loosen others. Samples can be tested with confidence
for chemical compounds but, unless gathered by conventional tools (e.g., a split-barrel
sampler), cannot generally be used for determining engineering properties. Sonic drilling
is more efficient in unconsolidated formations than in most bedrock.

Sonic drilling is evolving with more widespread use on environmental jobs. Future
developments will most likely include methods to generate engineering property values
as well as better samples for physical analysis and physically smaller drilling rigs. Sonic
drilling holds a great deal of promise for future improvements and refinements to the
drilling practice.

Selection of Drilling Methods
Introduction

Selecting drilling methods for environmental investigations is typically a process of eval-
uating trade-offs. Drilling methods that allow for quick, efficient well construction may not
be well suited for soil or rock sampling. Methods that accommodate geophysical logging
are not necessarily well adapted to drilling in highly contaminated areas. When compared
with drilling for the purpose of installing production wells or for mineral exploration, the
environmental investigator usually has more options to consider when selecting drilling
methods.

A higher level of field supervision and personal safety protection is normally required
when drilling on environmental sites. Collection of samples for environmental site
characterization and construction of monitoring wells is a relatively complicated business.
It requires a high level of cooperation and communication between the driller and
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environmental investigator. Use of outdated techniques and drilling shortcuts may intro-
duce contaminants into soil samples or into formations adjacent to the borehole or result in
spreading of contamination from shallow zones to deeper zones or from zones of higher
hydraulic head to zones of lower hydraulic head. A high degree of accuracy is required in
every measurement, from tallying lengths of casing and screen to measure the depth and
volume of boreholes, filter-packed intervals, and annular seals.

In selecting a drilling method for monitoring well construction, the single most import-
ant consideration is that the well be built to allow the collection of representative ground-
water samples from a specified depth or interval. However, time, cost, and many other
factors must also be considered. ASTM Standard D 6286, Standard Guide For Selection
of Drilling Methods for Environmental Site Characterization (ASTM, 2004i), provides
very helpful information on the myriad of factors influencing the selection of a drilling
method appropriate for a site-specific application.

Health and Safety

At potentially contaminated sites, contamination levels in the subsurface are often
unknown prior to drilling and may range from very high to non-existent. Work at any
potentially contaminated site, regardless of the drilling method, used should be governed
by a site-specific health and safety plan that protects both personnel and equipment (see
Chapter 19 for more details). In addition to generalized safety programs to govern conduct
of the drilling crew, each drilling method or rig will have some specific safety require-
ments that apply. The level of effort needed to provide adequate job-site protection is
directed more by the requirements for working with the chemicals anticipated than by
the drilling method chosen to perform the work. The drilling method chosen generally
has more effect on the cost of dealing with drilling waste and project progress than on
the cost of health and safety protection. For example, auger drilling, while very efficient
for shallow drilling projects, generates a significant volume of drill cuttings that must
be properly disposed. As drilling personnel must handle the augers and containerize
and clean up the drill cuttings, the risk of dermal contact is high unless adequate safety
measures are taken. For the purpose of waste minimization, methods that do not
produce cuttings, such as direct-push methods or sonic drilling, have a distinct advantage.
Cable-tool drilling does not require the use of large amounts of circulation fluids to
remove cuttings from the borehole, but requires contact with heavy tools, cables, and
casing, and it produces large volumes of drill cuttings.

Drilling methods that use air as the circulation fluid present different risks. Air drilling
to install monitoring wells in contaminated, high-yield formations produces large
volumes of potentially contaminated air and water, even when casing is advanced as
the hole is drilled. The discharged water (sometimes, the air) must be collected and pro-
cessed to avoid spreading contamination or causing a hazardous condition for the drilling
crew or passers-by. The drillers must take precautions to avoid direct exposure to the
fluids produced and to airborne contaminants, as well as be prepared to handle heavy
containers of investigation-derived wastes (IDW).

When drilling with air through decomposing refuse that produces methane (a flam-
mable gas), an underground fire could occur due to introduction of high volumes of air
into the borehole. To minimize this possibility, a foam additive may be necessary.
Augers and sonic drilling can also generate considerable heat during drilling. Therefore,
where fire, heat, or explosion is a possibility, such as at a landfill, drilling with a water-
based drilling fluid may be preferred.

Use of drilling fluids will require the collection and proper disposal of that drilling fluid as
well as the drill cuttings generated. The drilling crew needs to be protected from splash or
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spray that may contain harmful contaminants. In drilling, there is no generalized protection
plan that can be followed beyond a few basic common sense items. Each site offers its
own unique set of circumstances that need to be addressed in a site-specific health and
safety plan.

Access and Noise

Drilling and sampling in connection with environmental investigations is frequently
carried out in urban areas. Access and equipment noise are important considerations in
selecting drilling methods for work at urban sites. Most drilling equipment is mounted
on trucks that have limited maneuverability. In congested areas near factories, power
plants, refineries, and manufacturing facilities, side-to-side and overhead clearances are
critical to the selection of an appropriate drilling method. Drills mounted on rubber-
tired all-terrain carriers or tracked vehicles may be as effective in urban settings as they
are on off-road sites. Combination of auger and rotary drilling equipment is generally
smaller, lighter, and more maneuverable than large rotary drills. The mast height of
these units is usually less than other types of drilling rigs. Many auger and rotary rigs
have detachable masts to give added overhead clearance. For extremely tight locations,
small skid-mounted, trailer-mounted, or highly maneuverable track-mounted equipment
is available from some drilling contractors. Electric-powered or LP gas-powered rigs can
be used for indoor work where adequate ventilation for regular gas or diesel engine
exhaust is not available.

Rotary, cable tool, sonic, dual rotary, and percussion drilling equipment is usually
mounted on larger trucks than auger equipment and requires more room to maneuver
and opera