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RCRA GROUND-WATER MONITORING:
DRAFT TECHNICAL GUIDANCE

INTRODUCTION

The hazardous waste management regulations for permitted facilities (40 CFR Part
264) were promulgated in July 1982 under Subtitle C of the Solid Waste Disposal Act, as
amended by the Resource Conservation and Recovery Act of 1976 (RCRA), and the
Hazardous and Solid Waste Amendments of 1984 (HSWA). Subpart F of these regulations,
Releases From Solid Waste Management Umsiss forth performance standards for
ground-water monitoring systems at permitted hazardous waste land disposal facilities. These
standards require owners and operators of land-based hazardous waste management facilities
to sample and analyze ground water at specific time intervals to determine whether or not
hazardous wastes or constituents released from these facilities are contaminating ground
water.

This Manual was prepared by the Office of Solid Waste of the United States
Environmental Protection Agency ("USEPA" or "Agency") to provide guidance for
implementing the ground-water monitoring regulations for regulated units contained in 40
CFR Part 264 Subpart F (hereafter referred to as "Subpart F"), and the permitting standards of
40 CFR Part 270. The Manual also provides guidance to owners and operators of treatment,
storage, and disposal facilities (TSDFs) that are required to comply with the requirements of
40 CFR Part 264 Subparts J (Tank Systems), K (Surface Impoundments), L (Waste Piles), N
(Landfills), and X (Miscellaneous Units). While sections of this Manual can be used as
guidance for implementation of the ground-water monitoring regulations governing interim
status facilities contained in 40 CFR Part 265, the methods and procedures presented in this
Manual are designed for permitted facilities that are subject to the Part 264 regulations.

November 1992



CHAPTER ONE
BACKGROUND AND SCOPE

The purpose of this Manual is to provide information that will assist facilities in
conducting RCRA ground-water monitoring programs. Specifically, this Manual discusses
techniques or procedures necessary to meet the requirements of the following sections of 40
CFR Parts 264 and 270:

8§264.97(a) - Ge_nergl performance standards for ground-water
monitoring;

§264.97(c) - Well casing and annular seal requirements;

8264.97(d) - Sampling and analysis procedures;

8§264.97(e) - Appropriateness of sampling and analytical methods;

8264.97(f) - Ground-water elevation measurements;

§264.196(d)(3) - Geologic and hydrogeologic reports and the results of any

monitoring or sampling, if applicable, that are submitted
to the Regional Administrator in response to leaks or
spills and disposition of leaking or unfit-for-use tank
systems;

8§270.14(c) - Additional information requirements for Part B Permit
Applications, and identification of the uppermost aquifer;

§270.16(h)(1) - Hydrogeologic report for owners and operators of tank
systems seeking a variance from design and operating
requirements under 8264.193(9g);

§270.17(b)(1) - Hydrogeologic report for owners and operators of surface
impoundments seeking a variance from the design and
operating requirements under §264.221(b);

§270.18(c)(1) - Hydrogeologic report for owners and operators of waste
piles seeking a variance from design and operating
requirements under 8264.251(b);
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8§270.21(b)(2) - Hydrogeologic report for owners and operators of
landfills seeking a variance from the design and operating
requirements under §264.301(b); and

8270.23(b) - Hydrogeologic and/or geologic assessments for owners
and operators of miscellaneous units that are providing
information to address and ensure compliance with the
environmental performance standards of §264.601.

The Regional Administrator can, however, extend the Subpart F requirements to any
corrective actions specified in the permit, including those initiated under §264.101(c).

1.1 Overview of Ground-Water Monitoring Programs Under Subpart F

Subpart F outlines a three-phase ground-water monitoring program for regulated units.
"Detection monitoring,” the first phase, involves at least semi-annual monitoring of
parameters and/or constituents that provide a reliable indication of the presence of hazardous
constituents in ground water. Detection monitoring is performed at permitted land based
disposal units not believed to be releasing hazardous wastes or constituents into the ground
water. If monitoring indicates a release, analysis of all Appendix IX constituents is required,
and the facility enters "compliance monitoring."

Compliance monitoring, the second phase, requires at least semi-annual monitoring for
those constituents detected in ground water during detection monitoring. A facility
performing compliance monitoring also monitors ground water for all constituents on
Appendix IX at least annually, and reports the concentration of any new compound detected
to the Regional Administrator. Detected compounds are then added to the list of analytes
monitored semi-annually. The concentrations of all compliance monitoring constituents are
compared to their permitted concentration levels, one of the elements of the facility’s
ground-water protection standard, to determine whether or not corrective action is required.

If a unit in compliance monitoring contaminates the ground water above the allowable
concentration set forth in the facility’s permit, the unit enters "corrective action,” the third
phase of ground-water monitoring. In corrective action, a facility is required to "remove or
treat in place" (8264.100(e)) all hazardous constituents that are detected in ground water at
concentrations greater than their respective ground-water concentration limits specified in the
facility’s permit. The monitoring associated with corrective action tracks the progress of the
clean-up and detects any other constituents entering the ground water at concentrations greater
than the allowable concentration limits.
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1.2 Relationship of this Manual to the Reqgulations and to Other Documents

The regulations in Subpart F and 40 CFR Part 270 will continue to be the primary
location of the performance standards for ground-water monitoring, and the hazardous waste
permit information requirements, respectively. This Manual serves to elaborate upon the
applicable requirements and available options for meeting the performance standards. While
directly applicable only to monitoring regulated units at permitted RCRA facilities, the
contents of this Manual may provide useful guidance for other Agency ground-water
monitoring programs as well, particularly municipal solid waste landfills regulated under 40
CFR Part 258, RCRA facilities that are in interim status (regulated under 40 CFR Part 265),
RCRA facilities that are implementing the corrective action process for solid waste
management units (40 CFR Part 264 §264.101), and hydrogeologic investigations at
Superfund sites. The information contained in this Manual also could be useful for the design
and operation of ground-water monitoring systems required by any regulatory program (e.g.,
Toxic Substances Control Act).

In September 1986 the Agency released two documents relating to RCRA ground-
water monitoring: The RCRA Ground-Water Monitoring Technical Enforcement Guidance
Document (TEGD) and "Chapter Eleven - Ground-Water Monitoring" of EPA’s manual titled
Test Methods for Evaluating Solid Wastgd SEPA 1986¢, commonly known as "SW-846").

The TEGD was distributed by the Office of Waste Programs Enforcement (OWPE) and is the
most recent USEPA guidance document that specifically addresses RCRA ground-water
monitoring. The TEGD is presently available from the National Technical Information

Service (703/487-4650) as document number PB87-107-751 and from the Government
Printing Office (202/783-3238) as document number GP0O:055-000-00-260-6. SW-846 is
developed by the Office of Solid Waste and provides sampling and analysis methodology
related to compliance with RCRA regulations. SW-846 is distributed through the Government
Printing Office as document number GP0O:955-001-00000-1 .

This Manual has been developed by the Agency to update and supplement information
contained in the TEGD and Chapter Eleven of SW-846 to assist the regulated community in
addressing the requirements Subpart F. The TEGD provides guidance for interim status
facilities that have not received an operating permit and are thus subject to the requirements
specified under 40 CFR Part 265. Whereas the TEGD was written primarily for the use of
enforcement officials when implementing the interim status provisions, 40 CFR 8265.90 et
seq, this Manual was written to assist and direct owners and operators of permitted facilities
in the design and implementation of ground-water monitoring programs. Although written for
use by owners and operators of permitted facilities, Chapter Eleven of SW-846 was not
intended to function as a comprehensive guide for ground-water monitoring; rather, it is a
short listing of ground-water monitoring protocols.

The Agency recognizes that the science of ground-water monitoring is advancing and
therefore, has issued this Manual to present viable new methodologies. Most of the
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hydrogeologic principles presented in the TEGD apply directly to permitted facilities as well

as to those in interim status, and are the basis for much of the guidance presented in this
Manual. Consequently, this Manual and the TEGD have a strong relationship and in certain
cases may be used together to provide support for regulatory and facility owner/operator
personnel. The contents of this Manual also are based on a review of the available open
literature, and on other existing Agency and State enforcement and permitting guidance
documents. In most cases, the procedures and methods presented in this Manual reflect
technical findings presented in other Agency guidance documents. In a few cases, the weight
of evidence in the open literature supports a deviation from the most recent Agency guidance.
As a result, some of the procedures and recommendations included in the TEGD and in
Chapter Eleven of SW-846 have been re-evaluated based on current scientific findings, and
revised for inclusion in this Manual.

As stated previously, this Manual applies to permitted land disposal facilities operating
under 40 CFR Part 264. The TEGD, Chapter Eleven of SW-846, and this Manual are,
however, related thematically in terms of site characterization, monitoring well system design
and installation, and sampling and analysis. To the extent that this Manual provides more
current guidance on these ground-water monitoring activities, those individuals presiding over
interim status facilities may wish to consult this Manual as a reference. In addition, the
following documents are key references for this Manual and are readily available to the
public:

Aller, L., T.W. Bennett, G. Hackett, R.J. Petty, J.H. Lehr, H. Sedoris, D.M.
Nielsen, and J.E. Denne. April 1989. Handbook of Suggested Practices for the
Design and Installation of Ground-Water Monitoring WellEPA/EMSL-Las

Vegas, USEPA Cooperative Agreement CR-812350-01, EPA/600/4-89/034,
NTIS #PB90-159807.

Barcelona, M.J., H.A. Wehrmann, M.R. Schock, M.E. Sievers, and J.R. Karny.
September 1989. Sampling Frequency for Ground-Water Quality Monitoring.
EPA Project Summary, EPA/600/S4-89/032, NTIS #PB-89-233-522/AS.

Barcelona, M.J., J.P. Gibb, J.A. Helfrich, and E.E. Garske. September 1985.
Practical Guide for Ground-Water SamplinglSEPA, Cooperative Agreement
#CR-809966-01, EPA/600/2-85/104.

USEPA. November 1991. Seminar Publication -- Site Characterization for
Subsurface RemediationEPA/625/4-91/026, 259 pp.

USEPA. July 1991. Handbook -- Ground Water, Volume II: Methodology.
EPA/625/6-90/016b.
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USEPA. September 1990. Handbook -- Ground Water, Volume |I: Ground
Water and ContaminationEPA/625/6-90/016a.

USEPA. May 1989. RCRA Facility Investigation (RFI) Interim Final
Guidance(4 vols). EPA/530/SW-89-031, OSWER Directive 9502.00-60, NTIS

#PB89-200299.

USEPA. December 1987a. A Compendium of Superfund Field Operations
Methods EPA/540/P-87/001.

Because the TEGD and the documents listed above are more comprehensive than this
Manual, it may be necessary to refer to them when applying the procedures discussed herein.
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CHAPTER TWO
DESCRIPTION OF APPROACH

This Manual describes procedures that the Agency believes are the most appropriate
for designing, installing, and operating a detection monitoring system. This Manual also
describes the basic approach that an owner/operator should take in designing a detection
monitoring program. Figure 1 outlines this basic approach. Briefly, the steps are as follows:

STEP 1 Define the data that are required from a regulatory perspective, and develop
technical objectives to meet those requirements (Chapter Three).

Steps 2, 3, 4, and 5 are considered the hydrogeologic investigation for the site (Chapter Four).

STEP 2 Perform a preliminary investigation. The preliminary investigation is a
comprehensive review of existing information relating to the site. This
includes a thorough review of available literature and, if available, existing
field data. The purpose of the preliminary investigation is to characterize, to
the extent possible, the hydrogeology of the region and the site, and to gather
information that will be useful in planning field investigations. The
preliminary investigation also includes characterizing the chemical and physical
properties of the wastes or constituents of concern to the extent that this
information is available.

STEP 3 Develop, using regional and site-specific data, a conceptual model of site
hydrogeology. The conceptual model should be based on the regional
hydrogeology and on the preliminary investigation, and should be used as the
basis for designing field investigations at the site.

STEP 4 Perform field investigations at the site. The field investigations will include
one or more of the following techniques:

Subsurface boring programs;
Laboratory analyses of soil, unconsolidated material, and rock samples;
Geologic and hydrogeologic analyses;

Mapping programs;

Electric cone penetrometer surveys; and
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Geophysical surveys.

STEP 5 Continue to develop and refine a conceptual model of the site based on the
field investigations. The conceptual model will form the basis for the design of
the ground-water monitoring system. The conceptual model should be based
on information of sufficient amount and quality to ensure that the monitoring
system will fulfill the established regulatory requirements and technical
objectives. The quantity of data required will vary with the hydrogeologic
complexity of the site. Facilities located in complex hydrogeologic settings
require more hydrogeologic data than facilities located in less complex settings.

STEP 6 Design a detection monitoring system consisting of both downgradient
monitoring wells that intercept and monitor the potential pathways of
contaminant migration, and background (e.g., upgradient) monitoring wells that
provide representative samples of background ground-water quality (Chapter
Five).

STEP 7 Install downgradient monitoring wells and background (e.g., upgradient)
monitoring wells (Chapter Six).

STEP 8 Collect and analyze ground-water samples from downgradient and background
monitoring wells (and from springs or the vadose zone, when appropriate) at
the frequency specified in the facility permit (Chapter Seven).

STEP 9 Evaluate the ground-water monitoring system with respect to the regulatory
requirements, the technical objectives, and the accuracy of the conceptual
model. Refine the ground-water monitoring system, if necessary (Chapter Six).

Each of the steps presented in Figure 1 is discussed in detail in the sections of the
Manual noted. The Manual does not discuss the statistical evaluation of ground-water
monitoring data. Guidance for the statistical evaluation of ground-water monitoring data is
presented in EPA’s April 1989 publication entitled "Statistical Analysis of Ground-Water
Monitoring Data at RCRA Facilities - Interim Final Guidance" (USEPA, 1989a) and any
subsequent addenda to this publication.

The approach described above relies heavily on the development and refinement of
conceptual models. A conceptual model is an understanding of the hydrogeologic
characteristics of a site, and of how the hydrogeologic characteristics are integrated into a
hydrogeologic system that contains interacting and dynamic components. The Agency
strongly emphasizes that the process of developing a conceptual model of a site is ongoing.
After a ground-water monitoring system has been installed and numerous ground-water
samples have been collected, the conceptual model for a site may be further refined.
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CHAPTER THREE
DEFINING REQUIREMENTS AND TECHNICAL OBJECTIVES

One of the most important steps in the design and implementation of a ground-water
monitoring program is defining the data, analyses, and information that are required from a
regulatory standpoint. The next step is to develop technical objectives to meet those
requirements. Once requirements are identified and objectives are developed, the
owner/operator should thoughtfully consider the activities necessary to achieve the
requirements and objectives. One of the keys to implementing a successful monitoring
program is planning activities that logically progress to obtain the desired information.

3.1 Defining Requirements

As stated previously, owners and operators of TSDFs are required to comply with both
the ground-water monitoring regulations contained in Subpart F and with the permitting
standards of 40 CFR Part 270 Subpart B. This Manual is also applicable to owners and
operators of TSDFs who are required to comply with 40 CFR Part 264 Subparts J (Tank
Systems), K (Surface Impoundments), L (Waste Piles), N (Landfills), and X (Miscellaneous
Units) when preparing hydrogeologic reports for various regulatory purposes. For owners and
operators of TSDFs, the initial step in conducting a ground-water monitoring program should
be to define the regulatory requirements with which they are required to comply.

The sources of applicable requirements will depend on whether a facility is designing
a proposed ground-water monitoring program to submit with its permit application, or is
already permitted and is designing a program or a portion of a program in response to a
permit requirement. In the latter case, under the permit-as-a-shield provision of 40 CFR
8270.4, the permit will contain, either expressly or by reference, all of the applicable
requirements. In the former case, the program should comply with all applicable regulatory
requirements of Parts 264 and 270 (or with applicable State regulations in an authorized State,
along with any applicable EPA regulations promulgated under the authority of the Hazardous
and Solid Waste Amendments of 1984 (HSWA) which the State is not authorized to
administer). The requirements and objectives of a facility’s hydrogeological investigations
and/or ground-water monitoring programs should always be discussed with the appropriate
EPA representative prior to initiating any activities.

3.2 Defining Technical Objectives

In a broad sense, technical objectives are the data or information that the
owner/operator wants to obtain. Technical objectives are typically developed to satisfy
regulatory requirements. This Manual discusses the basic data necessary for meeting the
performance standards for the design and implementation of a RCRA ground-water
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monitoring program. Performance standards, rather than specifications, are set forth in
Subpart F because of the diversity of the environmental settings in which regulated units
exist, and because of the need to tailor monitoring systems to fit each setting. While this is
still the philosophy behind the regulations, the Agency has found through experience that it is
necessary to provide specific protocols to guide the implementation of some portions of the
ground-water monitoring regulations. This Manual presents protocols that correspond to the
following areas: 1) a comprehensive review of existing information (Chapter Four); 2) the
characterization of site hydrogeology, particularly the hydrogeology of the uppermost aquifer
(Chapter Four); 3) choosing ground-water monitoring locations (Chapter Five); 4) well design
and construction (Chapter Six); and 5) sample collection and analysis (Chapter Seven).

3.3 Data Quality Objectives for RCRA Ground-Water Monitoring

Inherent in the development of technical objectives is the determination of what
guality of data is required or desired. Chapter One of SW-846 addresses Quality Assurance
(QA) programs and Quality Control (QC) procedures that should be implemented by owners
and operators who are conducting ground-water monitoring programs pursuant to RCRA.
Chapter One of SW-846 states that it is the goal of EPA’s QA program to ensure that all data
be scientifically valid, defensible, and of known precision and accuracy. Data should be of
sufficient known quality to withstand scientific and legal challenges relative to the use for
which the data are obtained. The QA program is management’s tool for achieving this goal.

All activities implemented pursuant to Subpart F (i.e., hydrogeologic site
investigations, design and installation of ground-water monitoring wells, sampling, and sample
analysis) should include a QA and QC program as required by §8264.97(e). The QA/QC
programs should be part of the facility permit application (§8270.14(c)(5), 270.14(c)(6)(iv)
and 270.14(c)(7)(vi)) and operating record (8264.97(e)). QA/QC programs should meet the
specifications of Chapter One of SW-846.

Chapter One of SW-846 defines fundamental elements of a data collection program:

1. Design of a project plan to achieve the data quality objectives (DQOS);
2. Implementation of the project plan; and
3. Assessment of the data to determine if the DQOs are met.

DQOs for the data collection activity describe the overall level of uncertainty that a
decision-maker is willing to accept in results derived from environmental data. This
uncertainty is used to specify the quality of the measurement data required, usually in terms
of objectives for precision, bias, representativeness, comparability, and completeness. As
described in Chapter One of SW-846, the owner/operator should define the DQOs prior to the
initiation of the field and laboratory work. Also, the owner/operator should inform the field
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and laboratory organizations performing the work of the DQOs so that their personnel may
make informed decisions during the course of the project to attain those DQOs. The
procedures that an owner/operator uses to characterize the hydrogeology of a site, to design
and construct a monitoring network, to collect and analyze environmental samples, and to
evaluate analytical results should ensure that the data are of the type and quality necessary to
allow for the detection of contamination when hazardous waste or hazardous constituents have
migrated from the waste management area to the uppermost aquifer (§264.97(a)(3)).

EPA is using DQOs to define the type and quality of data required to support specific
regulatory decisions. DQOs include both qualitative and quantitative data performance
specifications. The typef data required is defined by a set of qualitative specifications that
indicate the characteristics of the environment to be measured and the circumstances such
measurements are intended to represent. The quidliffata required may be specified in two
ways: 1) qualitatively, as a set of procedures to follow for collecting data, or 2)
guantitatively, as the amount of error (imprecision and bias) that may be tolerated in data
without incurring an unacceptable probability of making incorrect or inappropriate decisions.
This Manual represents a qualitative specification of data quality, requiring that certain
procedures be followed when collecting hydrogeologic data. All projects that generate
environmental data in support of RCRA should have a QA Project Plan (QAPjP). The
recommended components of a QAPjP are provided in Chapter One of SW-846.

Field and laboratory operations should be conducted in such a way as to provide
reliable information that meets the DQOs. To achieve this, certain minimal practices and
procedures should be implemented, as outlined in Chapter One of SW-846. The applicable
ground-water monitoring regulations contained in 40 CFR Parts 264 and 270 outline
additional required practices and procedures. In addition, Chapter One of SW-846 specifies
the information that should be contained in project documentation. Moreover, both this
Manual and the TEGD provide supplemental information and guidance for conducting field
operations.
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CHAPTER FOUR
CHARACTERIZING SITE HYDROGEOLOGY

The adequacy of a ground-water monitoring program largely depends upon the
guantity and quality of the hydrogeologic data used in designing the program. Clearly, if the
design of the monitoring well system is based on incomplete or inaccurate data, the system
will not fulfill its intended purpose. Because of the complexity of site characterization and
ground-water monitoring system design, owner/operators should discuss the intended approach
with the appropriate State or EPA Regional office prior to finalizing site characterization
plans.

When characterizing the hydrogeology of a site prior to designing a monitoring well
network, owner/operators should be concerned with questions relating to data quantity and
quality:

(1) Has enough information been collected to identify and adequately characterize
the uppermost aquifer and potential contaminant migration pathways? Does the
information allow for the placement of monitoring wells that are capable of
immediately detecting releases from the regulated unit(s) to the uppermost
aquifer?

(2) Have appropriate techniques been used to collect and interpret the information
that will be used to support the placement of monitoring wells, and is the
quality and the interpretation of the information satisfactory when measured
against the program’s DQOs?

The answers to these questions will establish whether or not the site characterization is
adequate. The Agency recognizes that the quantity of site characterization information and
the appropriateness of investigation techniques vary according to site-specific conditions.
Sites in complex geologic settings require more hydrogeologic data for ground-water
monitoring system design than do sites in less complex settings. Likewise, investigatory
techniques that may be appropriate in one geologic setting or for one waste type, may be
inappropriate in another setting or for a different waste type.

This section identifies techniques that can be used to characterize a site prior to
installing a monitoring well network, and describes the factors that should be considered when
evaluating whether a particular method is appropriate in a specific case.

Table 1 lists a number of investigatory techniques commonly used to conduct
hydrogeologic investigations. Also listed are preferred methods for presenting the data
generated from a hydrogeologic investigation. Many States and Regions also may request or
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TABLE 1

TECHNIQUES FOR HYDROGEOLOGIC INVESTIGATIONS

investigatory Tasks

Investigatory Techniques

Data Presentation and Data Reduction

Characterization
of Subsurface
Materials
(Geology)

Review of existing geologic information

Subsurface boring (rock, unconsolidated materials,
soils): lithologic and pedologic classification of samples
of subsurface materials, standard penetration or soil
density tests

Laboratory analyses of subsurface samples (e.g., grain
size (sieve) analyses, permeability, cation exchange
capacity, organic content, atomic absorption
spectroscopy, x-ray diffraction, Atterberg limits)
Geophysical techniques (surface and borehole)
Mapping -- topography, geology, soil

Cone penetrometer surveys

Aerial photography

Ground-water modelling

Narrative summary of site geology
Narrative summary of site geochemistry
Stratigraphic column

Geologic cross sections

Topographic maps (1":200' scale) that show all
features required by §270.14(b)(19)

Geologic maps (1":200' scale)
Soil maps (1":200' scale)
Boring and/or coring logs
Structure contour maps
Isopach maps

Raw data and interpretive analysis of surface and
borehole geophysical studies

Raw data and interpretive analysis of materials
tests

Aerial photographs

Results of modelling efforts

550A-2a

1. Topographic maps are required to fulfill the permiting requirements of §270.13(!) and §270.14(b)(19), however,
they may be available from other sources.

2. Aerial photography may be required to satisfy the permiting requirements of §270.13(h) and §270.14(b)(11).
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TABLE 1

TECHNIQUES FOR HYDROGEOLOGIC INVESTIGATIONS (continued)

Investigatory Tasks

Investigatory Techniques

Data Presentation and Data Reduction

Characterization
of Ground-Water
Flow
(Hydrogeology)
and
Ground-Water
Chemistry

Review of available hydrologic information

Water levels measured in piezometers and wells

Aquifer tests (slug tests, pump tests, packer tests,

flowmeters)
Vadose zone menitoring
Tracer studies

Ground-water quality analyses (see §265.92(b))

Meteorological and climatological data gathering

Surface water chemistry and flow data

Narrative summary of hydrology and
hydrogeochemistry

Piper, Stiff and other geochemical diagrams
Hydrogeochemical maps
1

Water table and potentiometric surface maps
(1":200' scale)

Maps of recharge and discharge areas
Horizontal and vertical flow nets
Fracture trace maps

Maps of flow routes in karst terranes
Hydrographs

Estimates of hydraulic conductivity, hydraulic
gradient, rate of ground-water flow

Raw data and interpretive analysis of aquifer tests
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require that all data be submitted in a computer-readable form. If the level of site
characterization necessary to design a RCRA ground-water monitoring program is sufficient,
it will be possible to obtain the information listed in the last column of the table. This
information ultimately will be used to develop a conceptual model of the site prior to
designing the ground-water monitoring system.

At a minimum, the site investigation should always include direct methods of
determining site hydrogeology (e.g., subsurface borings, water level elevation measurements,
textural analysis of soil samples). Indirect methods (e.g., aerial photography), especially
geophysical methods (e.g., resistivity and seismic surveys), may provide valuable information
for planning direct field measurements. Information obtained by indirect methods also can be
used in conjunction with information obtained by direct techniques to interpolate geologic
data between points where direct measurements are made. Information gathered by indirect
methods alone will not provide the detailed information necessary for complete
characterization of a site, however. Conclusions drawn from indirect site investigation
methods (e.g., geophysical surveys, aerial photography) should be confirmed by, and
correlated with, direct measurements. Lithologic data obtained from cone penetrometer (CPT)
surveys should be compared with lithologic information obtained from adjacent
conventionally-drilled and sampled boreholes to verify the CPT results. When geophysical
surveys are used to characterize a site, information from geophysical surveys should be used
in conjunction with other physical data both to verify the initial interpretations of the
geophysical methods and to provide constraints to remove some of the non-uniqueness of the
geophysical data.

A site investigation should include characterization of:

The subsurface materials below the owner/operator's hazardous waste facility,
including:

- The lateral and vertical extent of the uppermost aquifer;

- The lateral and vertical extents of upper and lower confining
units/layers;

- The geology at the owner/operator’s facility (e.g., stratigraphy,
lithology, structural setting); and

- The chemical properties of the uppermost aquifer and its confining
layers relative to local ground-water chemistry and hazardous wastes
managed at the facility, as it relates to the parameters specified in 40
CFR Part 265.
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Ground-water flow below the owner/operator’'s hazardous waste facility,
including:

- The vertical and horizontal directions of ground-water flow in the
uppermost aquifer;

- The vertical and horizontal components of hydraulic gradient in the
uppermost aquifer;

- The hydraulic conductivities of the materials that comprise the
uppermost aquifer and its confining units/layers; and

- The average linear horizontal velocity of ground-water flow in the
uppermost aquifer.

The following sections outline the basic steps of a site hydrogeologic characterization,
and detail methods for collecting and presenting data.

4.1 Preliminary Investigation

The preliminary investigation is a comprehensive review of the available information
relating to the site. The preliminary investigation has two purposes: (1) to allow the
owner/operator to formulate conceptual models of regional and site-specific hydrogeology,
and (2) to provide a basis for designing field investigations that will be used to obtain data to
refine the conceptual model of the site. This investigation should be performed prior to
conducting a field investigation and designing and installing a ground-water monitoring
system.

The owner/operator should review the available information about the hydrogeology of
the site and the surrounding region to gain an understanding of the stratigraphic distribution
of soil, unconsolidated materials, and rock, and of the surface and ground-water systems. The
preliminary investigation should include the review of the following information, as available:

The waste management history of the site, including:

- A chronological history of the site that includes a description of the
wastes and raw materials managed (treated, stored, or disposed) on-site;

- A summary of documented releases from waste, product, or materials
management/storage areas;
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- Information concerning the structural integrity of waste management
units and physical (e.g., structural) controls on waste migration from the
units; and

- The chemical composition and character of wastes contained in waste
management units throughout their history, and those wastes expected to
be contained in the units in the future (e.g., waste analyses, leachate
analyses, leachate generation rates, percent solids, and the past, present,
and expected future chemical interaction of the waste and the geologic
and soil units underlying the waste).

Information obtained from a literature review, including:

- Reports of academic research (e.g., dissertations and theses) performed
in the area of the site or for the same aquifer(s) at the site;

- Journal articles;

- Studies, reports, or literature from local or regional offices, such as local
water offices, planning commissions, and health departments;

- Studies and reports provided by state geologic surveys or state water or
environmental offices; and

- Studies and reports obtained from Federal offices, such as the U.S.
Geological Survey (USGS).

Reports of previous investigations performed at the facility, or nearby facilities
(e.g., the results of any previous sampling and analysis efforts).

Climatic data, including precipitation, wind (direction and velocity), and
evapotranspiration data.

Topographic, geologic, soil, hydrogeologic, geohydrochemical, fracture trace,
and conduit maps and aerial photographs.

Other readily available information, for example:
- Records documenting local influences on ground-water flow (e.g., on-

or off-site pumping wells, irrigation or agricultural use, tidal variations,
river stage variations, land use patterns, local waste disposal practices);
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- Geologic and environmental assessment data available in state and
Federal project reports for local dams, highways, subway systems, and
other major construction projects;

- Logs from local private or public water supply wells; and
- Logs from building construction and quarry activities.

Appendix 4 provides a comprehensive list of sources of information that may be
consulted during the preliminary investigation stage of the hydrogeological investigation.
Information collection activities should be supplemented by a site reconnaissance to
substantiate concepts developed from the preliminary investigation and to help identify
problems that require resolutions during subsequent site investigation activities.

A properly conducted preliminary investigation is necessary for planning the direction
and scope of subsequent field investigations. For example, information on stratigraphy,
depositional environment, and tectonic history can be used to estimate the distribution and
types of geologic materials likely to be encountered at the site. Topographic maps can assist
in defining the locations of recharge or discharge areas, such as lakes, swamps, springs, and
streams, and the locations of faults or fractures as indicated by surface drainage patterns.
Geologic maps depict the locations of geologic contacts and provide the lithology of geologic
units, as well as depicting the locations of faults, fractures, and folds. Information on
regional ground-water flow rates and directions, depth to ground water, potentiometric surface
elevations, water quality and chemistry, local ground-water pumping, evapotranspiration rates,
transmissivities, storativities, and surface water hydrology allows for an effective first
approximation of the site-specific hydrogeologic setting.

The owner/operator should develop a preliminary conceptual model of the site based
on the information collected during the preliminary investigation. The conceptual model
should incorporate all essential features of the system under study, and should be tailored to
the amount, quality, and type of information available at each stage of the investigation. This
model is an essenti@lement for planning the subsequent field investigation (e.g., the initial
placement of boreholes) and should be revised and updated as additional information becomes
available and as new interpretations are made. A final conceptual model, incorporating the
information collected during the site characterization activities described in the following
section, is essential for designing an adequate detection monitoring system.

4.2 Characterizing the Geoloqgy of the Site

After completion of the preliminary investigation, subsurface samples (e.g., soil
samples, unconsolidated material samples, rock borings) should be collected and lithologically
or pedologically classified so that the lithology, stratigraphy, and structural characteristics of
the subsurface are identified. As stated previously, indirect methods of geologic investigation
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such as geophysical studies may be used to plan and augment direct field methods, but should
not be used as a substitute for them.

42.1 Subsurface Boring Program

All hydrogeological site investigations should include a subsurface boring program to
identify the lithology, stratigraphy, and structural characteristics of the subsurface.
Information obtained from boreholes is necessary to characterize the subsurface at a site and
to identify potential contaminant migration pathways.

A subsurface boring program should be designed as follows:

The initial number of boreholes and their spacing should be based on

information obtained during the preliminary investigation and on the spatial
orientation of the waste management units. Initial boreholes should be drilled

to provide sufficient information to determine the scope of a more detailed
evaluation of geology and to identify potential contaminant migration pathways.
Boreholes should be spaced closely enough so that accurate cross-section(s) can
be constructed. Factors that influence the initial number of borings are listed

in Table 2.

Additional boreholes should be drilled as needed to provide more information
about the site and to refine the conceptual model. The number and placement
of additional boreholes should be based on a preliminary conceptual model that
has been refined with data obtained from initial boreholes and other site
investigatory techniques (e.g., geophysical investigations).

Samples should be collected from boreholes at all suspected changes in
lithology. The deepest borehole drilled at the site should be continuously
sampled. For boreholes that will be completed as monitoring wells, at least
one sample should be collected from the interval that will be the monitoring
well intake interval (i.e., screened interval or open (uncased) interval). EPA
recommends that all borings be continuously sampled to obtain good
stratigraphic control.

All borehole samples should be collected with a Shelby tube, split barrel
sampler, rock corer, or other appropriate device.

Borehole samples should be classified according to their lithology or pedology
by an experienced geologist. Owner/operators should ensure that samples of
every geologic formation, especially all confining layers, are collected and
described, and that the nature of stratigraphic contacts is determined. EPA
recommends that owners/operators take color photographs (with scale) of
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TABLE 2
FACTORS INFLUENCING THE DENSITY OF BOREHOLES

Factors That May Substantiate
Reduced Density of Boreholes

Factors That May Substantiate
Increased Density of Boreholes

"Simple" geology (e.g., horizontal, thick,
homogeneous geologic strata that are
continuous across site and are unfractured)
substantiated by site-specific geologic
information

Use of electric cone penetrometer surveys with
additional tools, i.e., d.c. resistivity, sampling

Use of surface geophysical methods to correlate
hydrogeologic data between bore- holes.
Suggested methods: d.c. resistivity, seismic
refraction and reflection, electro- magnetic
induction, and ground penetrating radar

Use of surface to borehole and cross borehole
geophysical methods to interpret complex
subsurface geological structure. Suggested
methods: d.c. resistivity, seismic refraction and
reflection, electromagnetic induction, and
ground penetrating radar

* Fracture zones, conduits in karst terranes

* Suspected pinchout zones (i.e., discontinuous
strata across the site)

* Tilted or folded geologic formations

* Suspected zones of high hydraulic conductivity
that would not be defined by drilling at large
horizontal intervals

¢ Laterally transitional geologic units with irregular
hydraulic conductivity (e.g., sedimentary facies
changes)

550A-3a
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representative samples from the boring. Where boreholes are drilled or cored
through fractured rock, the boreholes, cores, or samples should be used to
determine the orientation of the fractures. Keys and MacCary (1971) and Keys
(1988) discuss the application of borehole geophysics to fracture
characterization.

Geophysical techniques can be used to plan and supplement the subsurface
boring program. For example, surface geophysical surveys may be used to
verify and modify the initial conceptual model prior to drilling boreholes.

Based upon the results of the geophysical surveys, boreholes can be effectively
located to obtain necessary hydrogeologic information. Information obtained
from initial boreholes can be used to evaluate the geophysical data and resolve
any ambiguities associated with the preliminary interpretation of the
geophysical survey results. When continuous sampling is not performed,
borehole geophysical methods should be used to correlate unsampled with
sampled core sections. The use of surface to borehole geophysical methods
may allow better resolution of geophysical and borehole data, and may help
delineate the subsurface geology between boreholes.

Any borehole that will not be completed as a monitoring well should be
properly decommissioned. When considering the installation of ground-water
monitoring wells in the vicinity of decommissioned boreholes, owners and
operators should ensure that borehole sealant materials (e.g., cement) will not
alter the chemistry of the ground water to be monitored.

The objective of a subsurface boring program is to begin to refine the broad,
conceptual model derived during the preliminary investigation to better reflect the true
site-specific hydrogeologic conditions. In other words, the boring program is necessary to
directly investigate and to describe the geology of the area beneath the facility, and place it in
the context of the regional geologic setting.

In some situations, it may be necessary to drill through actual or possible confining
layers at a site. Special precautions should be taken when investigators believe they may
encounter a confining layer during drilling. Moreover, if field personnel suspect they may
have encountered a possible confining layer while drilling a borehole, drilling should be
stopped immediately and the borehole should be decommissioned. Investigators, in
conjunction with the appropriate regulatory authority, may then develop an appropriate
method for drilling through the confining layer. Extreme care should be taken when drilling
into confining units so that the borehole does not create a pathway for the migration of
contaminants, particularly dense non-aqueous phase liquids (DNAPLS), between upper and
lower hydraulically separated saturated zones. In all cases, owners and operators should
prevent DNAPL mobilization (e.g., through gravity-driven transport) when drilling boreholes.
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Owners and operators should obtain approval from the Regional Administrator prior to
implementing a plan to drill through a possible confining layer.

There are at least two approaches for drilling through confining layers. Based on site-
specific conditions, one or both of these approaches may be appropriate:

Install the first boreholes on the perimeter of the site (in less contaminated
areas or uncontaminated areas). The initial boreholes could penetrate the
confining zone to allow characterization of the lower units. This approach is
essentially to monitor from the "outside in." At a minimum, boreholes
upgradient of the source (and upgradient of a DNAPL and/or dissolved-phase
plume) could be drilled through the possible confining layer to characterize the
geology of the site. The appropriateness of this approach should be evaluated
on a site-specific basis (e.g., DNAPLs may migrate in directions different from
ground-water flow).

Drill the boreholes using techniques that minimize the danger of cross-
contamination between water-bearing zones. Such techniques typically involve
drilling an initial borehole partially into the possible confining layer, installing
(grouting in) an exterior casing, emplacing grout in the cased portion of the
borehole, and drilling a smaller diameter hole through the cased off/grouted
portion of the borehole (i.e., telescoping casing) through the confining layer.
Millison et al. (1989) provide an example of the use of telescoping casing to
prevent cross-contamination of aquifers. The appropriateness and actual design
of telescoping borings and casings should be determined on a site-specific
basis. Telescoping boreholes may be completed as wells or piezometers.

A subsurface boring program usually requires more than one round of borehole
installation. The number, placement, and depth of initial borings should be planned to
provide sufficient information upon which to plan a more detailed site characterization. An
example of a simple boring program is illustrated in Figure 2. If characterization is largely
achieved with the initial placement, fewer additional boreholes and fewer additional indirect
investigations will be necessary. In most cases, however, the Agency believes that additional
boreholes will be necessary to complete the characterization because most hydrogeologic
settings are relatively complex, even to experienced ground-water scientists. Figure 3
illustrates how subsequent borings and supplementary indirect techniques can be added to an
initial boring configuration to characterize the site-specific geology.

Drilling logs and field records should be prepared detailing the following information:
The lithology or pedology (i.e., geologic or soil classification) of each geologic

and soil unit in the unsaturated and saturated zones, including the confining
layer. The classification system used for lithologic and pedologic descriptions
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should be a system described in the literature, and should be summarized or
referenced in the permit application. For example, soils may be described
using the Unified Soil Classification System, and rock may be described using
the classification schemes of Dunham (1962) for carbonates, Pettijohn et al.
(1972) for sandstones, Potter et al. (1980) for shales, and the common textural
and compositional classification schemes for igneous and metamorphic rock
(e.g., rhyolite, granite, basalt, schist, slate, marble, gneiss, etc.). Examples of
these classifications schemes are presented in Appendix 2;

Descriptions of the structural features encountered. As applicable, this should
include a description of planar features (e.g., bedding planes, graded bedding),
lineations, and other features related to vegetation, and discontinuities. The
orientation of these features should be measured and described when possible;

Moisture content (saturated, moist, dry), degree of weathering, color
(referenced to standardized colors when possible (e.g., Munsell color for moist
soil and unconsolidated materials)), and stain (e.g., presence of mott}ég, Fe
as applicable;

If a field monitoring device (e.g., FID, PID) is used, the data from these
measurements, including sampling method, background and sample
concentrations, probe type, span setting, and calibration gas type and
concentration, should be provided to EPA as part of the boring log or field
record,

Depth to the water table;

Depth to water-bearing unit(s) and vertical extent of each water-bearing unit;

Depth of borehole and reason for termination of borehole;

Depth, location, and identification of any evidence of contamination (e.g., odor,
staining) encountered in borehole;

Observations made during drilling (e.g., advance rate, water loss); and

Observations made during soil, unconsolidated material, or rock sampling (e.g.,
blow counts, sample recovery).

The subsurface boring log should contain at least the information identified with an
"X" in Table 3. Aller et al. (1989) provide an example format for a field boring log.
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TABLE 3
FIELD BORING LOG INFORMATION

General
x Project (facility) name X Rig type, bit size/auger size, hammer type
x Hole name/number x Sampling equipment used
x Date started and finished x Classification scheme used for soils
x Geologist's name (e.g., USDA textural classification system, or
x Driller's name unified soil classification system)
¢ Sheet number x Classification scheme used for rocks
x Hole location; map and elevation (see Appendix 2 for examples)
(surveyed)

Information Columns

x Depth of borehole Xx Percent sample recovery
Xx Sample depth/number/type X Narrative description
X Blow counts and advance rate x Depth to saturation (nearest 0.01 foot)

Narrative Description

* Geologic Observations (include depth, description):

X soil/lunconsolidated x fractures X sedimentary structures
material/rock type X solution cavities x presence of organic
x color and stain X bedding, formation matter
x texture boundaries x odor ‘
X gross petrology x discontinuities: X suspected contaminants
* friability e.g., foliation
X moisture content X water-bearing zones
x degree of weathering x dip of bedding,
x presence of carbonate foliations, etc.
minerals » fossils, with a taxonomic

identification (i.e.,
brachiopoed, trilobite, etc.)

* Dirilling Observations:

X loss of circulation x changes in drilling method x amounts and types of

x advance rates or equipment any drilling fluids used

* rig chatter X readings from detective X presence of running sands

Xx depth to water table or equipment, if any x caving/hole stability
saturation x amount of water yield or Xx reason for termination

x drilling difficutties loss with depth of borehole

* Other Remarks:

¢ equipment failures

x possible contamination of soil/groundwater
X deviations from drilling plan

x weather

x Indicates items that the owner/operator should record, at a minimum. S50AS
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422 Laboratory Analyses of Soil, Unconsolidated Material, and Rock
Samples

In addition to the field descriptions outlined above, the owner/operator should conduct,
where necessary, laboratory analyses of each significant geologic unit and each soil zone in
the unsaturated and saturated zones. These analyses can provide the following information:

Mineralogy and chemistry of the aquifer and confining units or layers, as
determined by optical and analytical techniques (e.g., microscopic analysis and
other analyses such as cation exchange capacity, atomic absorption
spectroscopy, inductively coupled plasma atomic emission spectroscopy, and X-
ray diffraction). In some circumstances, such as where high concentrations of
solvents may come into contact with a clay confining layer, it is important to
characterize the clay mineralogy accurately;

Petrographic analysis of the confining layer and each unit above the confining
unit/layer to determine petrology and petrologic variation including:

- composition and degree of cementation of the matrix,

- composition, degree of sorting, size fraction, and textural variation in
the framework grains, and

- existence of small-scale structures that may affect fluid flow;

Moisture content and moisture variation of each significant soil zone and
geologic unit;

An estimate of hydraulic conductivity of each significant soil, unconsolidated
material or rock unit in the unsaturated zone as determined by constant head
and falling head laboratory permeability tests on core samples that have been
collected in a manner that minimizes sample disturbance. The results of
laboratory hydraulic conductivity tests should be evaluated and used carefully
because these tests may not quantify secondary permeability factors that are
important in contaminant migration;

General composition of the sample as determined by examination of
unconsolidated materials with a binocular microscope;

Particle size analyses of unconsolidated or poorly consolidated samples using
sieves and/or pipettes to determine gravel-sand-silt-clay content and the size
range of sand and silt particles.

November 1992
4-16



Table 4 lists these and other suggested methods for laboratory analysis of soil,
unconsolidated materials, and rock samples. Laboratory methods for determining the
properties of subsurface samples are provided by ASTM, and by both the American Society
of Agronomy and the Soil Science Society of America.

423 Mapping Programs

Subsequent to the generation and interpretation of site-specific geologic data, the data
should be presented in geologic cross-sections, topographic maps, geologic maps, and soil
maps. The Agency suggests that owners/operators obtain or prepare and review topographic,
geologic, and soil maps of the facility, in addition to site maps of the facility and waste
management units. In cases where suitable maps are not available, or where the information
contained on available maps is not complete or accurate, detailed mapping of the site should
be performed by qualified and experienced individuals.

Although topographic coverage of the entire United States is available through the
U.S. Geological Survey (USGS), owners and operators may find that detailed or smaller-scale
topographic information is not directly available for their facility. Many facilities have been
successful in preparing topographic maps, or altering or updating existing topographic maps
(such as those obtained from local government offices), to include the level of detall
appropriate for a site-specific hydrogeologic investigation. Often this includes adding
information such as the locations of small or intermittent streams, wetlands, topographic
depressions, and springs, or adding additional contours (i.e., decreasing the contour interval of
the map to 2 or 5 feet) to existing maps. Developing a topographic map for the facility will
generally require employing a conventional or photogrammetric survey company that develops
topographic maps by obtaining data aerially. This information may be supplemented with
information obtained from stereoscopic aerial photographs (Waste Management, Inc., 1989).
Wetlands information may be obtained from National Wetlands Inventory Maps which was
developed by the National Fish and Wildlife Service. This information is available through
the USGS.

The USGS has prepared geologic maps at the 1:24,000 scale (7.5 minute quadrangle)
for less than 10% of the United States. Consequently, it is likely that geology will not have
been mapped at most facilities. Moreover, geologic mapping is generally not as easy to
perform as topographic mapping, and the information provided on a geologic map obtained
from the USGS may not be as detailed as topographic information. While mapping of
outcrops is impossible in areas where geologic strata are not exposed at the surface, detailed
mapping of exposed strata at and in the vicinity of the facility may provide necessary
information on the local stratigraphic and structural setting. Field (1987) provides a detailed
discussion of a RCRA site that required extensive geologic analysis by EPA Region Il for a
ground-water monitoring waiver determination. Table 5 lists the information that should be
recorded during a mapping program. In general, for mapping of outcrops, the following
information should be provided:
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SUGGESTED LABORATORY METHODS FOR SEDIMENT AND ROCK SAMPLES

Sampile Type Parameter Laboratory Method Used to Determine
Geologic formation, Hydraulic conductivity Falling head, eoﬁsum Hydraulic conductivity
unconsolidated sediments, head test
consolidated sediments .

Grain-size distribution ASTM D422 Well screen slot size
Soil moistre content | ASTM D2216 Estimate of porosity
Soil particle specific ASTM D854 Estimate of porosity
gravity
Pewologyipedology | Petrographic analysis | Rock type, sl type
Mineralogy/confining clay ‘Atomic absorption Geochemistry, potential
mineralogy/chemistry spectrophotometry, fiow paths, chemical
Cation exchange - | compatibility
. capacity (see SW-846), )
X-ray diffraction :
Atterberg limits ASTM D427 Soil cohesiveness
Soil pH (see SW-846) pH effect on sorption
Contaminaied samples Appropriate subset of (see SW-846) \dentity and concentration
(e.g.. soils producing Appendix IX parameters of contaminants
higher than background
organic vapor readings) o ) , _ _
Total organic carbon (see SW-846) Contaminant mobility and
: time required for ground-
water clean-up

TABLE 4
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OUTCROP DESCRIPTION INFORMATION FOR MEASURED SECTIONS

General

x Project (facility) name

« Outcrop location with reference to
an easily identified landmark

+ Names of nearby landmarks

x Location of outcrop plotted on the
appropriate USGS topographic
map (7.5 minute quadrangle)

x Geologist's name

x Citation of reference(s} in which earlier
descriptions of the outcrop were published

x Narrative of regional stratigraphy and
structural history

+ Narrative of regional land/water 'use

Information Columns
x Thickness of measured section

(nearest inch)
x Sample locatiorvnumber

X Ma)'or minerals or grain types present
x Rock name or soil name
x Narrative description

II I- u . - )

x Rock types and stratigraphic names
x Bed thicknesses (nearest inch)
x Colors and stains
x Gross petrology and mineralogy
~ « Grain sizes (range)
+ Friability and parting
= Degree of weathering )
* Age of strata, if known (both
relative and absolute)

x Presence of carbonate minerals .

x Evidence of karstification (e.g., solution cavities)
x Strike and dip of bedding, foliation, efc.

x Jointsfiractures and their otientation

x Unconformities and their orientation

x Faults and folds and their onientation

+ Fossils, with a taxonomic identification

x Indicates items that the owner/operator should record, at a minimum, if an outcrop mapping program
is necessary. -

TABLE 5
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Location of rock exposure(s) on a topographic map, particularly with respect to
the site being investigated, including strike and dip measurements for
sedimentary rock strata, and orientation, bearing and plunge measurements for
predominant metamorphic/igneous linear features (large and small scale).

Photograph(s) of exposure(s).

Measured section, with name(s) of stratigraphic units present. A measured
section includes a bed-by-bed description of the exposure using appropriate
lithologic terminology. A scale drawing or photograph of the section,
including sample locations, should be part of the outcrop description.

Structural features such as folds, faults, joints, fractures, cleavage, schistosity,
and lineation. Other features that can control the hydraulic properties of the
units such as solution cavities also should be noted. It is important to
determine the orientation of these features, as they may exert significant
influence on the local or regional movement of ground water. When
sedimentary strata are nearly horizontal and structurally uncomplicated, the
orientation of any joints not parallel to bedding should be determined, as
movement of ground water along joints and bedding planes can be a significant
part of the ground-water flow regime.

Where fractures, faults, or subsurface conduits exist, maps of fracture traces, fault
traces, and subsurface conduits should be included as part of, or in addition to, the geologic
map prepared for the site. Mapping of subsurface conduits is successfully accomplished by
performing tracer studies. Fracture trace mapping is performed by analyzing aerial
photographs, and is often supplemented with information from field reconnaissance, tracer
tests, and/or geophysical investigations.

Soil maps are typically available from the U.S. Department of Agriculture’s Soll
Conservation Service. A soil map should be prepared for facilities that do not have one
available, or for facilities where existing soil maps are incomplete or out-of-date (e.g., soils
have been disturbed). A soil survey will involve mapping soils with respect to their unit and
type, based primarily on grain size distribution.

4.2.4 Cone Penetrometer Survey

Cone penetrometer testing (CPT) consists of advancing an electric, telescoping
penetrometer tip into a subsurface formation to determine the end bearing and side friction
components of penetration resistance (ASTM D3441-86). Application of the CPT method is
limited by the availability of equipment and by the relatively few contractors that offer
conventional or specialized CPT services. In all cases, lithologic data obtained from CPT
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surveys should be compared with lithologic information obtained from conventionally-drilled
and sampled boreholes at the site to verify the CPT results.

Conventional CPT tools record bearing pressure on the conical penetrometer tip as a
function of depth. Penetrometer tools equipped with a calibrated friction sleeve attachment
allow for the interpretation of subsurface lithologic changes on a continuous vertical scale
based on cone and friction resistance criteria (Sangerlat, 1972; Schmertmann, 1978).
Measured CPT values also are used to estimate relative formation density and bearing
capacity variations as a function of depth. CPT surveys are applicable to many sites where
the subsurface formations are uncemented and unlithified, free from impenetrable obstructions
such as rock ledges, hardpans, caliche layers, or boulders, and where cone advancement can
be achieved through the formation with minimal stress to the testing equipment. Dependent
upon the site geology, a standard CPT survey can be used as a reconnaissance tool to provide
preliminary site data for planning, or the surveys can be integrated into a broader
investigation program to provide supplemental data between widely spaced drill holes or other
data measurements. At sites where the technique is applicable, CPT surveys can provide a
continuous vertical profile of subsurface stratigraphy and indicate formation permeability.

Cone penetrometer devices are used in off-shore and land-based applications. The
equipment is highly portable and can be adapted to a variety of specialized applications.
Instruments are commonly truck-mounted with equipment to manipulate the probes and rods
and to record and interpret the survey results. Other versions of the tools can be adapted to
drill rods for use with a drilling rig. In addition to conventional surveys that measure the
mechanical response of the formation to the CPT probe, specialized probes have been
developed that can provide measurements of in situ pore pressure, formation resistivity,
formation thermal response to penetration, and seismic source detection. Further probe
specialization can provide measurement of soil moisture by nuclear methods, in situ
pressuremeter measurements, formation fluid and gas sampling, and soil sampling.

Application of CPT is limited to sites where mechanical penetration of the subsurface
formation can be achieved through the zone of interest. In some cases, the penetrometer used
in combination with a drilling rig can allow the CPT survey to progress through difficult
subsurface zones by penetrating these zones ahead of the survey. The continuous survey is
interrupted at these points and no data are collected.

425 Geophysical Techniques

Geophysical surveys, including surface and borehole methods, are conventionally
applied to site investigations as a means to obtain subsurface information over broad lateral
and vertical extents of the investigated area. The applicability of a particular method or tool
to a site is contingent on the purpose of the survey and the scope of the site investigation.
Integration of one or more geophysical techniques into an overall site investigation plan can
maximize the amount of information obtained for the site and can potentially allow extension
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of geological interpretations beyond the limits of physical data locations (drillholes, outcrops,
soil gas survey points, aerial photography, satellite imagery), provided that sufficient
confidence is established between the interpreted geologic and geophysical models. Applied
in this complementary manner, the geophysical and physical sampling data provide the means
to optimize and direct the site investigation. The U.S. EPA’s "Geophysical Expert Advisor
System, Version 1.0" (1989) software is a tool for assisting in the selection of appropriate
site-specific geophysical techniques.

Surface geophysical techniques include resistivity, electromagnetic induction, ground
penetrating radar, seismic refraction and reflection, and gravimetry. The precise physical
location and elevation (land survey) of the geophysical measurement points, transects, or grids
in site or other coordinate systems are integral to conducting successful geophysical surveys
in the field that can be readily interpreted with other site data. Information regarding surface
and borehole geophysical surveys and their applications to hydrogeologic investigations is
abundant in the literature. Several general references include Driscoll (1986); Schlumberger
(1989); Ellis (1987); Benson et al. (1982); Telford et al. (1976); and Zhody et al. (1974).

Borehole geophysical techniques are conventionally applied as a suite of tool
measurements that, when used in combination, allow the interpreter to determine physical
properties of the formation. Borehole surveying is advantageous in that it provides a means
for continuous measurement of in situ parameters and provides elements for the development
of a three dimensional site model when combined with other site data. A wide array of tools
are available that measure formation neutron and gamma ray attenuation, natural gamma ray
radiation, sonic wave propagation and formation imaging, formation resistivity and
conductivity, spontaneous potential, downhole/crosshole detection of seismic sources, and
borehole size and direction. Formation properties that can be interpreted from the measured
log data include: formation porosity, density, resistivity, conductivity, and spontaneous
potential; clay content estimation; water saturation and water quality estimation; permeability
estimation; formation dynamic elastic moduli; and fracture detection (Schlumberger, 1989).

General limitations in the application of surface geophysical techniques are related to
the resolution of the surveys and to the non-unique interpretation of the measured data. The
capacity of a surface geophysical method to resolve (detect) small scale, isolated sources is
not typically a goal of a large scale geologic or hydrogeologic investigation. However,
location of buried containers, voids, trenches or other smaller scale objects is a primary goal
of investigations at many hazardous waste sites. Because surface geophysical technigues are
commonly conducted along transect lines that intersect to form a grid over the area of
interest, the resolution for a particular survey target can be enhanced by careful planning and
adjustment of the survey transects. More closely spaced transect lines will provide more data
points over the same area of interest. Attendant with the collection of more data, however, is
the increased level of effort required for data collection and processing. The ability of a
specific geophysical instrument to adequately measure details of the geology at a specific site
is also contingent on the selection of the proper technique for the application. Techniques
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that are dependent on subsurface contrasts in density, velocity, or salinity, for example, will
not adequately resolve details of the geology in formations where these physical contrasts are
minimal.

Limitations associated with borehole geophysical surveys are generally related to
individual tool response in different environments. As with surface geophysical techniques,
the proper tools should be selected for the individual application formation or borehole
conditions. Typical borehole geophysical surveying requires specialists trained in tool
operation and handling and data collection. Collected data will routinely require corrections
for borehole conditions prior to interpretation.

The potential for multiple interpretations of geophysical data results from the large
number of potential combinations of subsurface conditions that can occur to produce the
measured response. The limits in resolution and non-uniqueness in interpretations of
geophysical methods should be recognized. Isolated surveys with no supporting information
should be carefully interpreted. Information from geophysical surveys should be utilized in
conjunction with other physical data to verify the initial interpretations of the geophysical
methods and provide constraints to remove some of the non-uniqueness. In more complex
areas, surface to borehole and cross borehole geophysical methods may be considered to
delineate subsurface structure (Dobecki and Romig, 1985). However, application of multiple
geophysical methods at a site is not a guarantee that one survey will resolve the ambiguities
of another survey.

Equipment for performing many surface geophysical surveys is available from a
variety of sources, and include modern, computerized microprocessors and electronics.
Although the equipment can generally be operated by trained technicians, all aspects of data
collection, processing, and interpretation will require the oversight of a qualified geophysicist,
geologist, or ground-water scientist having extensive experience with the equipment operation
and data interpretation. Borehole geophysical equipment is highly specialized and will
require a qualified contractor to obtain the logs.

Johnson and Johnson (1986) discuss some of the problems that are commonly
encountered when using geophysical techniques to investigate the shallow subsurface. These
problems include:

Incorrect Method Applied - Possible causes include lack of understanding of
geophysical technology, site conditions or survey objectives;

Poor Data Quality - Possible causes include high ambient noise, poor field
procedures, improper use of equipment, faulty equipment, adverse geologic
conditions, or inexperienced operators;
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Poor Interpretation - Possible causes include an inadequate interpretation
method, insufficient background information, or insufficient or noisy data;

Insufficient Data - Possible causes include a lack of understanding of methods
and/or site conditions and objectives, operator inexperience, or lack of
up-to-date plotted data in the field (some contractors gather data but do not plot
it or look at it until they are back in the office).

4.25.1 Geophysical Surveys - Surface Techniques

Surface geophysical methods, as previously noted, are useful in mapping subsurface
conditions over a broad area of interest. The measurements are particularly useful when they
are integrated into an overall site investigation program where they can be interpreted along
with other available information for the site. The techniques are useful both as a means of
rapid site reconnaissance that can provide information for planning subsequent field activities,
and also in extrapolation of existing data to previously uninvestigated areas -- provided that
sufficient site-specific correlations have been established between the physical feature being
extrapolated and the geophysical survey. Survey data should be collected, processed, and
interpreted by a qualified geophysicist, geologist, or ground-water scientist familiar with the
theory, application, interpretation, and limitations of the applied geophysical techniques.

Direct Current (DC) Electrical Resistivity Methods

The direct current (DC) resistivity method is used to measure the bulk resistivity of
soil or rock volumes occurring between the measuring electrodes. This technique utilizes
electric currents that are introduced into the ground through electrodes or long line contacts.
The apparent resistivity of the subsurface volume is determined by measuring the potentials at
other electrodes in the vicinity of the current flow (Telford et al., 1976). The objective,
through the use of inverse modeling and curve matching, is to obtain the true resistivities and
layer thicknesses of the subsurface geologic strata from the apparent resistivities measured at
the ground surface. In ground-water studies, DC resistivity techniques can be used to model
the geoelectric response of the bulk formation and to estimate ground-water quality (Zhody,
1974; Stollar and Roux, 1975; Van Dam, 1976; Rogers and Kean, 1980; Urish, 1983).

The electrical resistivity technique is used for lateral profiling or vertical electric
sounding. Through application of both techniques, a vertical geoelectric cross-section of the
subsurface along the survey transect can be obtained. Lateral profiling techniques enable the
scientist to map lateral changes in subsurface electrical properties along a transect line to a
finite investigation depth related to the spacing of the measurement electrodes and the applied
current. Vertical electrical sounding measures vertical changes in subsurface resistivity as the
measuring electrode is moved various finite distances away from a stationary electrode at the
center of the measurement array. Qualified interpretation of sounding data can provide an
estimate of the depth and thickness of subsurface layers having contrasting apparent

November 1992
4-24



resistivities. Information generated from multiple resistivity profiling and sounding arrays can
be used to produce two- and three-dimensional geoelectric models.

Resistivity techniques are dependent on resistivity contrasts in subsurface materials and
predictably will not be useful at sites where measurable contrasts do not exist. The accuracy
of resistivity methods is limited by several factors including: heterogeneity in surface and
subsurface conditions, proximity of human-made sources of electrical interference, departure
of the subsurface structure from a horizontally-layered model, and the inherent lack of a
unigue data interpretation (Mooney, 1980; Mooney and Wetzel, 1956; Urish, 1983; and
Telford et al., 1976). Field procedures for conducting electrical resistivity surveys are
relatively more tedious than other applicable techniques such as electromagnetics.

Seismic Methods

Seismic survey methods of subsurface exploration are based on the principle that
seismic waves, consisting of compressional and shear pulses, emanate from a seismic source
(e.g., hammer blow, large weight drop, explosion, pipe gun, vibratory source) and travel
through subsurface soil and rock at velocities that vary with the elastic properties of the
materials. Two surface geophysical methods commonly applied to hydrogeologic
investigations include seismic refraction and seismic reflection. Seismic surveys are typically
conducted along intersecting traverses to provide a grid of measurements over the survey area
and to allow for two-dimensional contouring of velocity, depth, or thickness at each geophone
location. The geometry of the established grid is related to the goals of the survey, known
data, cultural features, and surface obstructions.

Seismic refraction is used to determine the thickness and depth of subsurface geologic
layers having contrasting seismic velocities. In the presence of sufficient subsurface contrasts,
refraction techniques can be used to map depths to specific horizons, including bedrock
surfaces, clay layers, and the water table.

Equipment necessary for conducting seismic refraction surveys includes a seismic
source, geophones, a seismograph, and a qualified operator. Equipment for conducting
seismic surveys has become sophisticated in recent years so that high quality data are
accessible for most applications. The following technological developments have greatly
improved the quality of collected refraction data: relatively low-cost, multi-channel
seismographs; increased geophone sensitivity and improvements in multi-shot pattern
surveying; signal enhancement; and digital signal processing.

The seismic source typically consists of a sledgehammer blow or explosive detonation
at or slightly below the ground surface. The use of explosives is warranted in many
applications where extensive loose material is present at the surface or when a higher energy
source pulse is needed. The seismic source transmits elastic waves traveling at different
velocities into the subsurface where they are refracted at the interfaces between layers having
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contrasting impedances. A geophone array at the ground surface detects the refracted wave
arrival at each geophone and allows for measurement of the travel time from source to
detector. Geophone arrays for engineering studies can range from 12 to 48 channels
depending on the survey goals. The measured travel time data at each geophone is
interpreted from multiple shot points to determine the velocity, thickness and depth of the
subsurface layers that exhibit sufficient contrast to be distinguished as seismic layers.

Seismic refraction profiling has several limitations, the most severe of which include
the presence of blind zones (hidden layers with insufficient velocity contrast) and velocity
reversals. The interpretation of refraction data requires the assumption that velocity increases
progressively as a function of depth. A velocity reversal consisting of a lower velocity layer
underlying a higher velocity layer is undetectable at the surface. Field procedures are
relatively slow in the absence of sufficient crews for running seismic lines and setting
geophones. Extraneous noise resulting from cultural features, wind, traffic, trains, or other
sources of seismic waves can be controlled to a certain degree through filtering, signal
stacking, geophone selection, geophone burial, logistics, and noise source control. The use of
explosives as a source requires that extra safety precautions be exercised by field personnel
and that a licensed explosives expert be responsible for explosives control, handling, and
detonation.

Seismic reflection surveying methods are capable of obtaining continuous vertical and
lateral profiles of the subsurface geology using generally the same equipment requirements as
the refraction method. Shallow seismic reflection applications have, until recently, been
hindered by the lack of high frequency, short pulse seismic sources and by the inability to
overcome severe noise constraints generated by near surface ground "roll" phenomena.

The "optimum window" and "optimum offset" shallow seismic reflection profiling
techniques described by Hunter et al. (1984) have been used to map overburden and bedrock
reflections occurring at depths greater than approximately 60 to 100 feet in areas where large
velocity contrasts are observed. The optimum window shallow reflection technique is based
on the location of a shot-geophone spacing that allows non-normal incident reflections to be
observed with minimum interference from ground roll or from direct and refracted waves.

The resolution of the reflection method depends on the frequency of the seismic
energy that can be returned from the target reflector to the surface (Pullan et al., 1987), and
on the control of ground roll phenomena through filtering and the use of higher frequency
geophones. Optimum conditions for the technique occur when near-surface sediments are
fine-grained and water saturated (Pullan et al., 1987).

The shallow seismic reflection technique requires a geophysicist or geologist
experienced in the application and interpretation of the obtained seismic records. In contrast
to seismic refraction data, seismic reflection records can require sophisticated computer
processing and corrections to enhance the coherent features observable in the traces.
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Refraction surveying is frequently necessary along the same transect line to resolve shallow
velocity relationships.

Ground Penetrating Radar (GPR)

Ground penetrating radar (GPR) technology uses repetitive, high-frequency (80-1000
MHz), short time duration (nanoseconds) electromagnetic energy radiated into the ground to
acquire continuous subsurface profile data along a transect. The electromagnetic pulses are
emanated using a broad bandwidth radar antenna that is placed in close proximity to the
surface and is electromagnetically coupled to the ground (Morey, 1974). The antenna is
moved across the measurement surface along the line of the survey. The transmitted radar
signals are reflected from various subsurface interfaces in response to contrasts in the
dielectric properties of the subsurface materials and are received back at the transmitting
antenna where the signal is processed. The method is capable of producing a high quality
graphic profile at speeds of up to several kilometers per hour. GPR can resolve subsurface
conditions on the order of centimeters. Commonly, a printed record of the survey run is
produced in the field so that the applicability of the method to a particular site is quickly
determined. Interpretation skills of the operator are critical in obtaining reliable data.

GPR has been used to profile both the water table and the overburden/bedrock
interface, to locate buried objects including storage tanks and utilities, and to identify voids
and areas of soil subsidence; GPR also has had considerable utility in mine applications.
Beres and Haeni (1991) provide results of the application of GPR to stratified drift deposits in
Connecticut.

The depth of radar signal penetration is highly site-specific and dependent on the
electrical conductivity properties of subsurface soil and rock. Morey (1974) reported
penetration depth of greater than 75 feet in water-saturated sand and 230 feet in an Antarctic
ice shelf. Fountain (1976) states that this method has shown detection capacity only to depths
of approximately 2.4 meters in moist, clay-rich soils. If the specific conductance of the pore
fluid is sufficiently low, however, data can commonly be obtained to a depth of 3 to 10
meters in saturated materials (Dobecki and Romig, 1985). Electrically conductive subsurface
materials such as wet clay, sea water, or extensively micaceous materials with high dielectric
permittivity properties can significantly attenuate radar signals. Signal attenuation for a
particular material is also dependent on the frequency of the radar pulse. In general, good
results can be obtained in dry, sandy, rocky areas.

The continuous nature of GPR offers a number of advantages over many other
geophysical methods and allows for a substantial increase in the detail obtained along a
traverse line. Additionally, the high speed of data acquisition permits many lines to be run
across a site, and in some cases, total site coverage is economically feasible (Benson et al.,
1982). The method is limited by the attenuative properties of many subsurface materials, by
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the radar signal, and by the highly site-specific application of the technique. Multiple
reflections can complicate data interpretation.

Electromagnetic (EM) Induction-Conductivity

The electromagnetic (EM) induction method uses alternating electric currents flowing
between a transmitter and a receiver coil to induce secondary magnetic fields in the
subsurface that are linearly proportional to ground conductivity up to approximately 100
mmhos/m (McNeill, 1980). The instrument reading is a bulk measurement of the apparent
formation conductivity calculated as the cumulative response to subsurface conditions ranging
from the ground surface to the effective depth of the instrument. The effective exploration
depths for commercially available equipment range from 3 to 60 meters depending on the
instrument orientation and the intercoil spacing. The EM technique has been applied to
mapping geologic deposits, locating subsurface cavities in karst environments, locating
subsurface trenches, mapping contaminant plumes, locating metallic conductors, mapping
saltwater intrusion, and locating buried drums, tanks, and subsurface utilities. By changing
the orientation and spacing of EM caoils, it is possible to profile vertical changes in subsurface
conductivity, potentially allowing for vertical tracking of contaminant plumes. Like other
geophysical techniques, delineation of a particular subsurface feature from the bulk apparent
conductivity measurement requires a sufficient conductivity contrast in the subsurface.

When dry, soil and rock typically have low conductivities. In some areas, conductive
minerals like magnetite, graphite, and pyrite occur in sufficient concentrations to greatly
increase natural subsurface conductivity. Most often, conductivity is overwhelmingly
influenced by water content and by the following soil and rock parameters:

The porosity and permeability of the materials;

The extent to which the pore space is saturated,;

The concentration of dissolved electrolytes and colloids in the pore fluids; and,
The temperature and phase state (i.e., liquid or ice) of the pore water.

In some cases, contaminants increase the electrolyte and colloid content of the
unsaturated and saturated zones. Examples of common ionic contaminants include chloride,
sulfates, the nitrogen series, and metals such as sodium, iron, and manganese. With the
addition of electrolytes and/or colloids, the ground conductivity can be affected, sometimes
increasing by one to three orders of magnitude above background values. However, if the
natural variations in subsurface conductivity are low, conductivity variations of only 10 to 20
percent above background may be observed.
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Interferences due to overhead power lines, known subsurface utilities, and metal
objects such as fences, above-ground oil tanks, and cars are noted when conducting an EM
survey. Readings obtained in the vicinity of such instrument interferences are either
discarded or regarded as suspect during the interpretation of the data. In areas of large power
lines, instrument overloading can occur. To ensure that measurements are consistent and that
instrumental overloading is not present, readings are typically obtained at two different
sensitivity scales in areas of such interferences. The survey also may be operated
perpendicular rather than parallel to linear sources.

Gravity Methods

Gravity measurements are useful for estimating depth to bedrock, for locating voids
and fault zones, for estimating the ground-water volume in alluvial basins (Hinze, 1988). The
observed density contrasts between rock, air, water, and soil make gravity measurements a
useful mapping tool. A low value of gravity indicates an anomalously low density subsurface
mass, which might be due to a subsurface void, a cavity in rock filled with lighter density
material, a thickening of the soil layer overlying bedrock, a decrease in soil density, or a
variation of ground-water volume (Hinze, 1988). Gravity measurements alone are not
sufficient to uniquely determine the cause of a gravity anomaly; however, an experienced
interpreter can often define the source of the anomaly when gravity methods are used in
conjunction with knowledge of the local geologic setting and a soil/rock boring program.

425.2 Borehole Geophysical Technigues

Borehole geophysical logging is used to obtain continuous vertical profiles of
subsurface conditions at resolutions that cannot be obtained economically from the physical
drilling, sampling, and testing of subsurface formations. Borehole geophysical methods
measure the responses of subsurface rock, soils, and fluids to various logging tools and utilize
the measurements to ascertain physical characteristics of the subsurface formations and their
contained fluids. Available logging tools include electrical, visual, thermal, acoustic (sonic),
magnetic, nuclear (radioactive), fiber optic, and mechanical sensors. Some tools that are
available to measure the physical properties of the borehole include borehole calipers,
borehole deviation surveying tools, temperature measurement tools, and downhole video
surveying cameras. Borehole geophysical measurements can be obtained in open boreholes or
cased wells, however all tools are not functional in both environments. Generally only
nuclear and sonic tools are applied to cased hole logging. In either instance, the application
of a specific tool to a borehole or cased well may require that the borehole or well be fluid-
filled and that the composition or clarity of the fluid be constrained within the tool’'s limits
for optimum performance.

Borehole geophysical logs can be utilized to correlate formation properties between
boreholes and to refine surface geophysical interpretations. Geophysical logs obtained with
equipment that is properly calibrated and standardized can provide objective and consistent
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data that can be used in: the interpretation of stratigraphy, thickness, and extent of aquifers
and confining units; relative permeability, porosity, bulk density, resistivity, moisture content,
and specific yield of aquifers and confining layers; borehole deviation; casing integrity;
subsurface temperature; formation-resistivity factors; and the source, movement, and
chemical/physical nature of ground water (Keys, 1988). Sources of information on the use
and interpretation of geophysical logs include Keys (1988); Keys and MacCary (1971); Labo
(1986); Telford et al. (1976); Ellis (1987); Schlumberger (1989); and Taylor et al. (1990).

In many instances, different tools (such as radioactive or sonic tools) are used to
determine the same formation property (such as porosity) by measuring the response of the
formation to the specific tool. The electrode, coil, transmitter/receiver, or source/detector
spacings of the method used reflect the properties of the formation by integrating the data
gathered over a fixed distance as a function of the source/detector spacings. These spacings
vary the depth of investigation of a particular tool into an unaltered formation. Factors such
as these emphasize the importance of having knowledgeable and experienced operators obtain
borehole geophysical logs and having qualified log analysts interpret the data.

Downhole measurements are recorded in the field using portable field equipment or
(more routinely) a service company logging truck. The service company logging truck
generally provides all downhole measurement tools, electrical cables, a winch, and extensive
truck-mounted surface instrumentation for controlling tool operations and acquiring response
data. Office processing of the log data may include making corrections for borehole
conditions, mud cake, and tool standoff, and calculating formation mechanical properties,
permeability, or mineralogy. Variations in the physical environment where the geophysical
sondes operate make it necessary to correct the measured values for the borehole effects.
Corrections commonly applied to the measured data include compensation for borehole
diameter, sonde eccentricity, drilling fluid invasion, bed thickness, and mudcake formation.
By the nature of the tool design, many modern logging tools are dual-detector, compensating
devices that provide a large degree of correction for the borehole environment.

Electrical Methods

Electrical logging methods that are applicable to the borehole environment include
resistivity/conductivity and spontaneous potential measurements. Borehole resistivity and
conductivity methods are analogous to surface resistivity/conductivity techniques in that the
measurements are obtained using fixed-spaced electrodes or coils, and electrical currents are
passed through the formation across the fixed-spaced electrodes or transmitter/receiver arrays.
The voltage is measured between the electrodes and is proportional to the formation
resistivity. Because of the need for electrical coupling among the tool electrodes, borehole
fluid, and formation, electrical resistivity curves are obtained from uncased boreholes. The
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induction log, used to measure formation conductivity, is generally applicable to boreholes
drilled with moderate to non-conductive drilling fluids and to empty or air-drilled boreholes.
Downhole electrical resistivity/induction surveys are run to provide data for the
evaluation of drilling mud invasion, to determine true formation resistivity/conductivity and
flushed zone resistivity, to determine pore water resistivity/conductivity, and to potentially
provide a means for correlation across wells. Resistivity data also are used in conjunction
with other log measurements to estimate permeability and in situ mineralogy. Applicability
of a particular resistivity or induction tool to a specific borehole environment is a function of
the formation electrical properties, the properties of the borehole fluid, and the desired
resolution of the survey. In general, a wide array of electrode and coil configurations are
available for borehole applications. The development of focused, multiple-electrode resistivity
and multi-coil induction sondes have improved the vertical resolution and depth of penetration
of electrical tools.

The spontaneous potential (SP) tool records the electrical potential produced by the
interaction between formation pore water, conductive drilling fluid, and ion-selective
formation components. The SP curve can potentially differentiate between porous and
permeable zones and non-porous, impermeable zones, and can define layer boundaries and
estimate ground-water resistivity. However, the SP curve cannot be recorded in boreholes
filled with non-conductive drilling fluids or cased boreholes because the fluid does not
provide electrical continuity between the SP electrode and the formation. Similarly, if the
borehole fluid filtrate in the formation and the natural formation water have approximately
eqgual resistivities, the SP curve deflections will be small and the curve will appear featureless.
Electrical noise and anomalous potentials are common problems on SP logs, a result of
insufficient electrical insulation of the steel cables used to lower the SP electrodes into a
borehole. Surface or subsurface electrical sources, and weather effects also are possible
sources of anomalous potentials.

Nuclear Methods

Nuclear radiation tools are used to measure passive or induced radiations from the
nuclei of the atoms comprising a formation. Commonly applied nuclear tools are the natural
gamma ray, gamma-gamma, and neutron devices that can be applied in either cased or open
boreholes filled with any type of fluid.

Conventional gamma ray logging is a passive process that uses a sonde containing a
scintillation counter to measure the total natural radioactivity emitted by the formation. The
measured total radioactivity is a linear combination of source radiation from potassium,
thorium, and uranium-bearing formation elements. Natural Gamma Ray Spectrometry (NGS)
logging is a refinement of conventional gamma ray logging that uses five window (energy
levels) spectroscopy to resolve the total natural gamma ray spectra into the potassium,
thorium, and uranium components. The tool has a sodium iodide scintillation detector to
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measure the number and energy level of detected gamma rays and uses the data to calculate
the concentrations of each component.

Gamma-gamma logs record the intensity of gamma radiation at the tool detectors
resulting from the backscattering and attenuation of gamma radiation emitted by the tool
source. The primary use of the gamma-gamma tool is for the identification of lithology and
for the measurement of the bulk density of the formation. The modern gamma-gamma log
records the bulk density of the measured formation using a compensating, skid-mounted,
borehole sidewall device that contains a gamma ray source and two detectors. The instrument
skid is pressed against the borehole sidewall by a spring activated arm with sufficient force to
cut through soft mudcakes. The density sonde measures the formation’s ability to attenuate
gamma rays emitted from the tool’s radioactive source by measuring the number of scattered
gamma rays reaching the detectors. The number of scatterings is related to the number of
electrons in the formation, therefore, the response of the tool is determined by the electron
density of the formation. The electron density is related to the true bulk density of the
formation. The bulk density information is used to provide a measure of the formation
density and to calculate the formation porosity. More advanced density tools, in addition to
providing measurement of formation density, record low energy gamma rays in the domain of
photoelectric absorption. By comparing the number of gamma rays detected in each domain,
these density tools can determine a photoelectric absorption cross section index, Pe. The Pe
value is primarily a function of the formation mineralogy and is used to estimate the in situ
mineralogic composition of the formation. The depth of penetration of the density tool is
approximately 4 feet with vertical resolution ranging from 1.5 to 3 feet, depending on the
logging speed. Instruments of lesser quality may obtain penetration depths of only 6 inches.

Neutron logging is one of several methods used to derive porosity values for
subsurface formations. The neutron log response is a function of the hydrogen content of the
borehole environment and is used for the measurement of moisture content above the water
table and of total porosity below the water table. A modern, compensated neutron tool uses
an americium-beryllium radioactive source (3-16 curies) to generate high energy neutrons that
interact with the formation. The sonde is a dual-spaced device with two sets of thermal
neutron detectors, near and far. The tool compensation resulting from the dual-detector
arrangement reduces the effects of borehole conditions by using the ratio of two counting
rates similarly affected by the environment. As the neutrons are attenuated or rebounded
from the formation, the tool detects and counts neutrons in the thermal energy regime. The
ratio of the counting rates from the two detectors is processed by the surface equipment to
produce a linearly scaled measure of the neutron porosity index.

The response of the neutron tool is affected by formation elements having high
thermal neutron capture cross sections (elements having higher probabilities of capturing
thermal neutrons) that act to moderate (attenuate) neutrons in the formation. Hydrogen,
boron, and chlorine are particularly effective. Reduced counting rates as a result of neutron
attenuation by an element result in poorer counting statistics and unrealistically higher
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measured porosity values. Thermal neutron measurements also may be influenced by the
presence of hydrogen or chlorine bound in the lattice structures of clay minerals, micas, and
other hydrogen/chlorine bearing minerals. A thermal-epithermal neutron tool is a dual
compensated, dual porosity tool that detects interacted neutrons in the thermal and (higher
energy) epithermal ranges. Because of the higher (epithermal) neutron energy levels, the
impacts of this tool include significantly improved neutron counting statistics in the

epithermal range, and less affected porosity values by neutron attenuators. The vertical
resolution of the neutron tool is approximately 2 feet with processing enhancement possible to
1 foot. The depth of investigation of the tool is a function of porosity and typically is in the
range of 10 to 12 inches.

Limitations associated with nuclear logging methods are related to the correction of
the logs for borehole parameters in the absence of tool compensation, the need to handle and
operate devices containing radioactive source material in an underground environment, and
the effects of radiation moderators in the borehole environment. Additionally, formation
porosities derived from gamma-gamma and neutron measurements are dependent on
knowledge of the formation matrix density (not bulk density) which in many cases is
estimated in the absence of physical measurements. In formations where the matrix density is
significantly different from the response density utilized by the tool operator, the calculated
porosity may be in error. This is known as the matrix effect.

Sonic Methods

The sonic log is a recording of the transit time of an acoustic pulse through a
formation between a series of acoustic transmitters and receivers in a sonic probe as a
function of depth in a borehole. Application of the sonic tool in a borehole is analogous to
the surface seismic geophysical technique. Many of the tools commonly used for engineering
or ground-water investigations are simple devices capable of providing detailed compressional
and shear wave velocity measurements. Multiple transmitter-receiver sonic tools are available
for larger-scale applications and provide greater vertical resolution of the formation and
enhanced delineation of the sonic waveform at later arrival times along the wavetrain. Full
wavetrain recording allows for extraction of information from the deeper sections of the
waveform such as the delineation of stonely wave arrivals. The measured interval travel
times (usec/ft) are functions of the transmitter to receiver distances and the competence of the
measured formation. Computations using sonic interval transit times (compressional and
shear) are used to calculate porosity, formation dynamic elastic moduli, compressibilities
(bulk, rock), poisson’s ratio, tensile strength, fracture pressure, and minimum horizontal stress.

Sonic log measurements are commonly obtained in open, fluid-filled boreholes,
although cased hole measurements are used to evaluate cement bond integrity. In instances
where the cement bond between the formation and casing is adequately high, the sonic log
may be used to evaluate formation properties through the casing (Keys and MacCary, 1971).
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Advanced sonic log tools are capable of providing high resolution borehole caliper
measurements and full borehole imagery. Borehole televiewer surveys are capable of taking
high resolution acoustic pictures of the walls of fluid-filled boreholes. The televiewer allows
identification of fractures and fracture orientation, deformation, pitting, vugs, bedding planes,
lithology changes, and well casing and screen integrity. Limitations of sonic logging are
related both to signal attenuation as a result of borehole environmental or tool factors, and to
variability in formation properties affecting the elastic wave transmission and attenuation.
The previously discussed "matrix effect” is applicable to the interpretation of sonic data.

Physical Methods

Physical methods of subsurface investigation include caliper, temperature, borehole
deviation, and downhole video surveying. Caliper surveys are commonly run in combination
with the other tools and are used to apply borehole corrections to the measured log data.
Caliper surveys also are valuable in delineating enlarged borehole zones that may be
indicative of subsurface fracturing, karstification/solution channels, or water-bearing zones.
High resolution, multi-arm caliper devices can provide valuable information regarding the
borehole geometry and directional aspects of borehole enlargement. Caliper devices range in
resolution from single-arm tools measuring the borehole diameter in a single direction, to
multi-arm tools measuring the hole diameter in several simultaneous directions.

A temperature log is obtained by lowering a temperature sonde into a fluid filled
borehole at a constant rate. The probe is constructed so that borehole fluid flows by a
temperature sensor on the probe. Temperature is recorded as a function of depth. A
temperature log can provide information on the temperature variation with depth and can
provide a measure of the thermal gradient. The log is commonly run in open hole
environments although cased hole applications are common, particularly for locating cement
grout behind a casing or for confirming fluid flow in perforated intervals. Temperature
anomalies in open boreholes may be indicators of permeable zones reflecting the movement
of cooler, unequilibrated water into a warmer, equilibrated borehole environment.

Borehole geometry and deviation are determined from high resolution microresistivity
measurements obtained using dipmeter or gyroscopic tools. The dipmeter tool uses four dual
electrodes to record eight microconductivity curves and a triaxial accelerometer and three
magnetometers to provide detailed information on borehole microresistivity, tool deviation,
and azimuth. Caliper measurements are obtained at 90 degree intervals for input to borehole
geometry and volume calculations. Borehole video surveys are a valuable means of visually
assessing downhole conditions in stable, open holes and in cased wells. Completion of a
successful video survey is contingent on the clarity of the fluid filling the borehole or well.
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4253 Surface to Borehole, Cross Borehole Geophysical Methods

Surface to borehole and cross borehole geophysical methods combine the use of
electrodes or geophones in boreholes with surface electrodes or sources to affect surface to
borehole and cross borehole measurements (Dobecki and Romig, 1985). Application of both
surface and borehole geophysical techniques increases the resolution of targets because
borehole probes can be positioned close to the target of interest (Van Nostrand and Cook,
1966). Geophysical techniques applied within and between boreholes include vertical seismic
profiling, geotomography (utilizing both seismic and EM waves) and DC resistivity. Cross
borehole EM techniques have been used by Lytle et al. (1979, 1981) to locate high-contrast
electrical anomalies (e.g., tunnels) and to monitor the direction and flow rate of injected
fluids. Butler and Curro (1981) have described cross borehole procedures for obtaining
accurate seismic velocity profiles.

Cross borehole and surface to borehole methods provide a greater lateral radius of
investigation than can be achieved through single borehole logging, thereby providing
measurement over a larger formation volume. The region surveyed is a path between the
energy source and the detector, but it is not necessarily the straight line path between the two
points. The probability that the sampled region is along a straight line path between the
source and detector increases as the distance between the source and detector decreases. The
surface to borehole and cross borehole techniques are limited by many of the factors affecting
most geophysical surveys such as non-uniqueness of results, and therefore, require other
integrated data for verification of results.

4.3 Characterizing Ground-Water Flow Beneath the Site

In addition to characterizing site geology, the owner/operator should characterize the
hydrology of the uppermost aquifer and its confining layer(s) at the site. The owner or
operator should install wells and/or piezometers to assist in characterizing site hydrology.
The owner/operator should determine and assess:

The direction(s) and rate(s) of ground-water flow (including both horizontal
and vertical components of flow);

Seasonal/temporal, natural, and artificially induced (e.qg., off-site production
well pumping, agricultural use) short-term and long-term variations in ground-
water elevations and flow patterns; and

The hydraulic conductivities of the stratigraphic units at the site, including
vertical hydraulic conductivity of the confining layer(s).

Section 4.3.1 provides a brief introduction to ground-water flow in porous media and
conduits; Section 4.3.2 provides a discussion of the Agency’s definition of "uppermost
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aquifer"; Section 4.3.3 discusses methods for determining ground-water flow direction and
hydraulic gradient; Section 4.3.4 discusses methods for determining hydraulic conductivity;
and Section 4.3.5 discusses determining ground-water flow rate. The special case of ground-
water flow in aquifers dominated by conduit flow is discussed in Sections 4.3.1 and 5.2.

Most of the discussions provided in Sections 4.3.3, 4.3.4, and 4.3.5 do not apply to this

special case.
43.1 Introduction

Conventional ground-water hydrology considers aquifers to be porous granular media
(either unconsolidated granular deposits or rock) having a well-defined water table or
potentiometric surface. The flow of ground water in these types of aquifers is described by

Darcy’s law:

Q = -KiA

where:
quantity of flow per unit of time, in (volume/time)

hydraulic conductivity, in (length/time)
hydraulic gradient, in (length/length)
cross-sectional area through which the flow occurs, in (Iedgth
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Darcy’s law assumes laminar flow of individual particles of water moving parallel to
the direction of flow, with no mixing or transverse component in their motion. The right-
hand side of the Darcy equation is preceded by a negative sign because ground water flows
from high head to low head.

There are two types of ground-water systems where the relationship expressed by
Darcy’s law does not apply. These are systems where ground water flows through materials
with low hydraulic conductivities under extremely low gradients, and systems in which a
large amount of flow passes through materials with very high hydraulic conductivities
(turbulent flow). These two situations can be considered, respectively, as the lower and upper
limits of the validity of Darcy’s law (Freeze and Cherry, 1979).

The Reynolds number (the ratio of inertial to viscous fluid forces) is a dimensionless
number used to define the limits of the validity of Darcy’s law. The Reynolds numhgigR

defined as:
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where:

fluid density, in (mass/length

fluid viscosity, in (mass/length-time)

specific discharge, in (length/time)

some characteristic dimension of the system, often represented
by the average grain size diameter.

O <T O

The range of the Reynolds numbers over which Darcy’s law is valid depends on the
definition of "d," or diameter of the passageway through which the ground water moves.
When "d" is approximated as average grain size diameter, Darcy’s law is only valid for
Reynolds numbers in the range of 1 to 10.

The basic hydraulic principles governing flow through porous media are not applicable
to aquifers where ground-water flow is primarily through conduits. Flow through caves
(conduits that can be entered at the earth’s surface) and conduits is referred to as conduit
flow. Most conduit flow is turbulent, is analogous to the flow of surface streams, and
resurfaces at a spring or group of springs. Water quality in these springs is usually
representative of the mean water quality of the ground-water basin. Aquifers in which
subsurface conduits dominate the flow regime are described in terms of their drainage pattern
rather than by the concept of a water table; these drainage patterns are usually a network of
smaller conduits that contribute their flow to the larger "trunk™ conduits. The prediction of
flow paths in such aquifers is not usually possible from wells alone, unlike other aquifers.

Ground-water flow in conduits of karst aquifers differs radically from flow in porous
media. Velocities on the order of hundreds of feet per hour may occur in conduits (Quinlan,
1990). Thus, the effects of a release of hazardous material on water quality in an aquifer
dominated by conduit flow can commonly be detected at great distances in less than a day.

In addition, water levels in these aquifers can commonly change rapidly and substantially in
response to heavy rains. Observation wells that intercept conduits in the Mammoth Cave area
of Kentucky typically have water-level fluctuations of 60 to 80 feet and at times exceed 100
feet or more.

"Diffuse flow" is a term applied to aquifers in which ground-water flow is
predominantly through poorly integrated pores, joints, and tubes. Diffuse flow is intermediate
between flow through fractures and conduits, and flow through porous media. Ground-water
flow in aquifers in which diffuse flow predominates is generally laminar and can be described
by Darcy’s law (Quinlan, 1989). Many springs in karst terranes are fed by a mixture of both
diffuse and conduit flow, and, in a given region, some springs can be fed by primarily
conduit-flow systems, while other nearby springs can be fed by primarily diffuse-flow
systems. Although conduit flow is turbulent by definition (and as such, is not described by
Darcy’s law), a spring fed by a diffuse-flow system may discharge from a conduit and may
have turbulent flow. This is particularly true in structurally and stratigraphically complex

November 1992
4-37



areas, such as the karst terrane described in a study by Shuster and White (1971). Quinlan
(1990) discusses the differences between conduit and diffuse flow and provides a relatively
simple method for distinguishing between a conduit flow spring and a diffuse flow spring.

Karst ground-water systems developed in both younger limestones, such as those in
Puerto Rico and Florida, and in older limestones, such as those in the Appalachians, the
Ozarks, and the Kentucky-Indiana karst region, may be either conduit-flow or diffuse flow.
Younger limestones, however, may have significant primary porosity, so that they can be
likened to a gigantic sponge in which flow occurs throughout the entire aquifer through huge
pores rather than being constrained in conduits. Consequently, the type of flow found in
some younger, highly porous limestones may be rapid and turbulent -- not the slow, linear
flow described by Darcy’s law.

In the United States, lava tubes and caves occur in areas of great thicknesses of
basaltic lava flows (Hawaii and the Columbia Plateau and Snake River Plain of the Pacific
Northwest), but conduit flow rarely is present.

432 Definition of the "Uppermost Aquifer"

The owner/operator is required under 40 CFR 8264.97 to install a ground-water
monitoring system that yields representative samples from the uppermost aquifer beneath the
facility. The ground-water monitoring system should allow for the detection of contamination
when hazardous waste or hazardous constituents have migrated from the waste management
area to the uppermost aquifer. Owners and operators should properly identify the uppermost
aquifer when establishing a ground-water monitoring system that meets the requirements of
§264.97. EPA has defined the uppermost aquifer as the geologic formation nearest the
ground surface that is an aquifer, as well as lower aquifers that are hydraulically connected
within the facility’s property boundary. "Aquifer" is defined as the geologic formation, group
of formations, or part of a formation that is capable of yielding a significant amount of
ground water to wells or springs (40 CFR 8260.10). The identification of the confining layer
or lower boundary is an essential facet of the definition of uppermost aquifer. Interconnected
zones of saturation below an aquifer that are capable of yielding significant amounts of water
also comprise the uppermost aquifer. Quality and use of ground water are not factors in the
definition. Even though a saturated zone may not be presently in use, or may contain water
not suitable for human consumption, it should be monitored if it is part of the uppermost
aquifer to ensure that the performance standard of §264.97(a)(3) is met. ldentification of
formations capable of "significant yield" is made on a case-by-case basis.

There are saturated zones, such as low permeability clays, that do not yield a
significant amount of water, yet act as pathways for contamination that can migrate
horizontally for some distance before reaching a zone that yields a significant amount of
water. If there are hydrogeologic data supporting the belief that potential exists for
contamination to migrate along such pathways, the Regional Administrator may invoke the
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authorities of 8264.97 to require such zones to be monitored. In addition, the Regional
Administrator may require the use of supplemental monitoring wells in conjunction with point
of compliance wells to monitor sites where hydrogeologic conditions or contaminant
characteristics allow contaminants to move past or away from the point of compliance without
being detected (8264.97(a)(3)). The Agency recommends the use of unsaturated zone
monitoring where it would aid in detecting early migration of contaminants into ground water.
In determining the necessity for and scope of unsaturated zone monitoring, the Regional
Administrator will consider site specific factors that include geologic and hydrogeologic
characteristics.

Other authorities that can be used to require monitoring include 83004(u) for
corrective action for permitting; the "omnibus" permitting authority under 83005(c)(3) of
RCRA and 40 CFR 8270.32(b) that mandates permit conditions to protect human health and
the environment; and 83013 authority that authorizes the Agency to require monitoring,
testing, analyses, and reporting in certain circumstances upon a finding of a substantial
hazard. If a release to ground water is detected, the release should be characterized in all
saturated zones regardless of yield.

The owner/operator should assess hydraulic connection between zones of saturation
yielding significant amounts of water, and properly define potential zones of contaminant
migration. The owner/operator also should be able to demonstrate to the satisfaction of the
EPA Regional Administrator (e.g., through the use of aquifer testing and/or modeling) that the
units identified as the confining units below the uppermost aquifer are of sufficiently low
permeability to minimize the passage of contaminants to saturated, stratigraphically lower
units. Owners and operators should be aware that true confining layers rarely exist. Facies
changes are the rule, and not the exception at most sites, and may preclude the existence of a
confining layer. Furthermore, particularly with regard to DNAPLS, a confining layer may not
inhibit flow laterally downdip of the layer. Solvents also have been shown to interact with
clays, causing dessication and the formation of fractures. Consequently, even if the confining
layer is continuous (it usually is not), the confining layer may not prevent contaminant
migration.

4.3.3 Determining Ground-Water Flow Direction and Hydraulic Gradient

Installing monitoring wells that will provide representative background and
downgradient water samples requires a thorough understanding of how ground water flows
beneath a site. Developing such an understanding requires obtaining information regarding
both ground-water flow direction(s) and hydraulic gradient. Ground-water flow direction can
be thought of as the idealized path that particles of ground water follow as they pass through
the subsurface. Hydraulic gradient (i) is the change in static head per unit of distance in a
given direction. The static head is defined as the height above a standard datum of the
surface of a column of water (or other liquid) that can be supported by the static pressure at a
given point (i.e., the sum of the elevation head and pressure head).
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To determine ground-water flow directions and hydraulic gradient, owners and
operators should develop and implement a water level monitoring program. The water level
monitoring program should be structured to provide precise water level measurements in a
sufficient number of piezometers or wells at a sufficient frequency to gauge both seasonal
average flow directions and temporal fluctuations in ground-water flow directions
(8264.97(f)). Ground-water flow direction(s) should be determined from water levels
measured in wells screened in the same hydrostratigraphic position. In heterogeneous
geologic settings (i.e., settings in which the hydraulic conductivities of the subsurface
materials vary with location in the subsurface), long well screens can intercept stratigraphic
horizons with different (e.g., contrasting) ground-water flow directions and different heads. In
this situation, the resulting water levels will not provide the depth-discrete head measurements
required for accurate determination of the ground-water flow direction.

In addition to evaluating the component of ground-water flow in the horizontal
direction, a program should be undertaken to accurately and directly assess the vertical
component of ground-water flow. Vertical ground-water flow information should be based at
least in part on field data from wells and piezometers such as multi-level wells, piezometer
clusters, or multi-level sampling devices, where appropriate. The following sections provide
acceptable methods for assessing the vertical and horizontal components of flow at a site.

433.1 Ground-Water Level Measurements

To determine ground-water flow directions and ground-water flow rates, accurate
water level measurements (measured to the nearest 0.01 foot) should be obtained.
Procedures for obtaining water level measurements are presented in Section 7.2.2. At
facilities where it is known or plausible that immiscible contaminants (i.e., light non-aqueous
phase liquids (LNAPLS) or DNAPLS) occur (or are determined to potentially occur after
considering the waste types managed at the facility) in the subsurface at the facility, both the
depth(s) to the immiscible layer(s) and the thickness(es) of the immiscible layer(s) in the well
should be recorded. Section 7.2.3 provides procedures for measuring the thickness of
immiscible layers in wells.

If accurate documentation cannot be produced to show that the procedures for well
surveying contained in Section 6.6, water level elevation measurements contained in Section
7.2.2, and detection of immiscible layers contained in Section 7.2.3 were met during the
collection of water level measurements, the information generated may be judged inadequate.

For the purpose of measuring total head, piezometers and wells should have as short a
screened interval as possible. Specifically, EPA recommends that the screens in piezometers
or wells that are used to measure head be less than 10 feet long. In circumstances including,
but not limited to the following, well screens longer than 10 feet may be warranted:
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Natural water level fluctuations necessitate a longer screen length;

The interval monitored is slightly greater than the appropriate screen length
(e.g., the interval monitored is 12 feet thick); or

The aquifer monitored is homogeneous and extremely thick (e.g., greater than
300 feet), thus a longer screen (e.g., a 20-foot screen) represents a fairly
discrete interval.

The head measured in a well with a long screened interval is a function of all of the different
heads over the entire length of the screened interval. Care should be taken when interpreting
water levels collected from wells that have long screened intervals (e.g., greater than 10 feet).

Hydrostratigraphic relationships should be determined by a qualified ground-water
scientist when obtaining and evaluating water level data. Unqualified individuals may
confuse a potentiometric surface with the water table in areas where both confined and
unconfined aquifers exist. In all cases, well or piezometer screen placement should be based
on the detailed boring log, and the well or piezometer screen should not intercept
hydraulically separated zones of saturation.

At sites where the hydraulic gradient is so small that the error introduced by
measuring water levels in crooked or out-of-plumb wells will produce an inaccurate
determination of hydraulic gradient or flow direction, a deviation survey should be performed
on all wells. If a well is out-of-plumb and/or not straight (crooked), the information gathered
from the deviation survey should be used to correct water level elevations measured in the
well. A deviation survey will determine whether the wells are in vertical alignment (i.e.,
straight) and are plumb. Several instruments and methods have been designed for this
purpose; a good description of these instruments and methods is provided by Driscoll (1986).
A proper deviation survey will consider both magnitude of well deviation and direction of
deviation. If a well is out-of-plumb and/or not straight (crooked), the information gathered
from the deviation survey should be used to correct water level elevations measured in the
well, because the depth to ground water measured in an out-of-plumb or crooked well will be
greater than the depth to ground water measured in a straight well. A correction can be
accomplished easily by first graphing the actual vertical configuration of the well, and then by
establishing a relationship between a measured water level elevation in the crooked and/or
out-of-plumb well and the water level elevation in an imaginary straight and plumb well at
the same location. A method for graphing the actual vertical configuration of an out-of-
plumb and/or crooked well is provided by Driscoll (1986).
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4.3.3.2 Establishing Horizontal Flow Direction and the Horizontal Component
of Hydraulic Gradient

After the water level data and measurement procedures are reviewed to determine that
they are accurate, the data should be used to:

Construct potentiometric surface maps and water table maps that are based on
the distribution of total head, such as the example in Figure 4. The data used
to develop water table maps should be from piezometers or wells screened
across the water table. The data used to develop potentiometric surface maps
should be from piezometers or wells screened at approximately the same
elevation in the same hydrostratigraphic unit;

Determine the horizontal direction(s) of ground-water flow by drawing flow
lines on the potentiometric surface map or water table map (i.e., construct a
flow net); and

Calculate value(s) for the horizontal and vertical components of hydraulic
gradient.

Methods for constructing potentiometric surface and water table maps, constructing
flow nets, and determining the direction(s) of ground-water flow, are given by USEPA
(1989c) and Freeze and Cherry (1979). Methods for calculating hydraulic gradient are
provided by Heath (1982) and USEPA (1989c).

A potentiometric surface or water table map will give an approximate idea of general
ground-water flow directions; however, to locate monitoring wells properly, ground-water
flow direction(s) and hydraulic gradient(s) should be established in both the horizontal and
vertical directions and over time at regular intervals (e.g., over a one-year period at three-
month intervals).

4.3.3.3 Establishing Vertical Flow Direction and the Vertical Component of
Hydraulic Gradient

To adequately determine the ground-water flow directions, the vertical component of
ground-water flow should be evaluated directly. This generally requires the installation of
multiple piezometers or wells in clusters or nests, or the installation of multi-level wells or
sampling devices. A piezometer or well nest is a closely spaced group of piezometers or
wells screened at different depths, whereas a multi-level well is a single device. Both
piezometer/well nests and multi-level wells allow for the measurement of vertical variations in
hydraulic head. To obtain reliable measurements, the following criteria should be considered
in the evaluation of data from piezometer/well nests and multi-level wells:
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Data obtained from multiple piezometers or wells placed in a single borehole
may be erroneous. Placement of vertically nested piezometers or wells in
closely-spaced, separate, boreholes, or single multi-level devices in single
boreholes, is preferred.

The vertical component of hydraulic gradient should be calculated, and the
vertical direction of ground-water flow should be determined, for a minimum
of two vertical profiles at the site. These profiles should be aligned roughly
parallel to the horizontal direction of ground-water flow as indicated by the
potentiometric surface or water table map.

All other procedures for water level measurement described in this Manual
should be met.

When reviewing data obtained from multiple placement of piezometers or wells in
single boreholes, the construction details of the well should be carefully evaluated. Not only
is it extremely difficult to adequately seal several piezometers/wells at discrete depths within
a single borehole, but sealant materials may migrate from the seal of one piezometer/well to
the screened interval of another piezometer/well. Therefore, the design of a piezometer/well
nest should be carefully considered. Placement of piezometers/wells in closely-spaced
boreholes, where piezometers/wells have been screened at different, discrete depth intervals, is
likely to produce more accurate information. The primary concerns with the installation of
piezometers/wells in closely-spaced, separate boreholes are: 1) the disturbance of geologic
and soil materials that occurs when one piezometer is installed may be reflected in the data
obtained from another piezometer located nearby, and 2) the analysis of water levels
measured in piezometers that are closely-spaced, but separated horizontally, may produce
imprecise information regarding the vertical component of ground-water flow. The
limitations of installing multiple piezometers either in single or separate boreholes may be
overcome by the installation of single multi-level monitoring wells or sampling devices in
single boreholes. The advantages and disadvantages of these types of devices are discussed
by Aller et al. (1989).

The owner or operator should determine the vertical direction(s) of ground-water flow
using the water levels measured in multi-level wells or piezometer/well nests to construct
flow nets. Flow nets should depict piezometer/well depth and length of the screened interval.
It is important to accurately portray the screened interval on the flow net to ensure that the
piezometer/well is actually monitoring the desired water-bearing unit. A flow net such as that
presented in Figure 5 should be developed from information obtained from piezometer/well
clusters or nests screened at different, discrete depths. Detailed guidance for the construction
and evaluation of flow nets in cross section (vertical flow nets) is provided by USEPA
(1989c). Further information can be obtained from Freeze and Cherry (1979).
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4.3.3.4 Seasonal and Temporal Factors

The water level monitoring program should be structured to provide precise water
level measurements in a sufficient number of piezometers or wells at a sufficient frequency to
gauge both seasonal average flow directions and temporal fluctuations in ground-water flow
directions (8264.97(f)). The owner/operator should determine and assess seasonal/temporal,
natural, and artificially-induced (e.g., off-site production well pumping, agricultural use) short-
term and long-term variations in ground-water elevations, ground-water flow patterns, and
ground-water quality. Such factors that may influence ground-water elevations and flow
include:

Barometric effects;

Variations in precipitation and runoff/recharge rates;

On-site or off-site well pumping, recharge, and discharge;

Tidal processes or other intermittent natural variations (e.g., river stage);
Off-site or on-site construction, or changing land use patterns;

Off-site or on-site lagoons, ponds, or streams;

Deep well injection;

On-site waste disposal practices; and

Other anthropogenic effects, such as a nearby passing train;

Ground-water flow may exhibit significant seasonal variations. For example, in the
humid eastern regions of the United States, heads are generally highest in late winter or
spring and lowest in late summer or early autumn. However, short-term processes may create
ground-water flow patterns that are markedly different from ground-water flow patterns
determined by seasonal averages. Such processes include changes in river stage, tides, and
storm events.

Changes in land use may affect ground-water flow by altering recharge or discharge
patterns. Examples of such changes in land use patterns include the paving of recharge areas
or damming of waterways. Municipal, industrial, or agricultural off-site or on-site well

pumping may affect both the rate and direction of ground-water flow. On-site and off-site
well pumping may be seasonal, or dependent on more complex water use patterns.
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Characterizing seasonal and temporal variations in ground-water flow is important for
site investigations involving aquifer tests. Methods are available for correcting most seasonal
and temporal effects, and they should be considered when designing aquifer tests and
interpreting the results. When determining hydraulic conductivities and other aquifer
parameters using aquifer tests, piezometers/wells should be installed and continuously
monitored during the test outside of the stressed aquifer zone to document and allow
correction for any changes in the potentiometric surface or water table that are not related to
the aquifer test.

4.3.4 Determining Hydraulic Conductivity

Hydraulic conductivity is a measure of a material’s ability to transmit water.
Generally, poorly sorted silty or clayey materials have low hydraulic conductivities, whereas
well-sorted sands and gravels have high hydraulic conductivities. An aquifer may be
classified as either homogeneous or heterogeneous and either isotropic or anisotropic
according to the way its hydraulic conductivity varies in space. An aquifer is homogeiieous
the hydraulic conductivity is independent of location within the aquifer; it is heterogentous
hydraulic conductivities are dependent on location within the aquifer. If the hydraulic
conductivity is independent of the direction of measurement at a point in a geologic
formation, the formation is isotropiat that point. If the hydraulic conductivity varies with
the direction of measurement at a point, the formation is anisotwtpiicat point.

In heterogeneous aquifers, owners and operators should determine horizontal hydraulic
conductivity as a function of vertical position in the aquifer. Knowledge of the variation in
hydraulic conductivity as a function of vertical position in the subsurface is essential to
understanding the potential migration of contaminants. Molz et al. (1989) explain that the
common practice of averaging hydraulic conductivity over a vertical interval can mislead
investigators about the dispersive properties of an aquifer. Impeller flowmeters, multilevel
slug tests, or tracer tests may be used to determine hydraulic conductivity with vertical
position in an aquifer (Molz et al., 1990; Molz et al., 1989).

Determining values for hydraulic conductivity as a function of direction of
measurement within an anisotropic saturated zone also is important in evaluating ground-
water flow and contaminant migration. Anisotropy within an aquifer is typically the result of
small-scale stratification (bedding) of sedimentary deposits and/or fractures (Hsieh and
Neuman, 1985; McWhorter and Sunada, 1977). In bedded deposits, hydraulic conductivity in
the direction parallel to bedding is typically (1) the maximum hydraulic conductivity, and (2)
the same magnitude in all directions within planes parallel to the bedding. The magnitude of
hydraulic conductivity is typically smallest in the direction perpendicular to bedding
(McWhorter and Sunada, 1977). Therefore, for the purpose of understanding ground-water
flow and contaminant migration in stratified aquifers, investigators are typically concerned
with determining the ratio of the horizontal component of hydraulic conductivity (Kh) and the
vertical component of hydraulic conductivity (Kv), or Kh:Kv ratio. Way and McKee (1982)
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present one method for determining the horizontal and vertical components of hydraulic
conductivity. In fractured media, the principal components of hydraulic conductivity may be
in directions other than horizontal and vertical. Hsieh and Neuman (1985) provide a method
for determining the primary components of hydraulic conductivity in these settings.

434.1 Determining Hydraulic Conductivity Using Field Methods

Sufficient aquifer testing (i.e., field methods) should be performed to provide
r