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Preface

Site characterization of contaminated sites has become an increasingly complex
process as aresult of rapid developments in (1) methods for observing the physical,
chemical, and biological characteristics of the subsurface, and (2) methods for remediation
of soil and ground water. Consideration of the possible methods that may be used to clean
up contaminated soils or ground water early in the site characterization process can ensure
that data collected are appropriate and possibly reduce the time it takes to initiate clean-up
efforts.

This seminar publication provides a comprehensive approach to site characterization
for subsurface remediation. Chapter 1 describes a methodology for integrating site
characterization with subsurface remediation. This introductory chapter of the handbook
also provides a guide for quickly and efficiently accessing information in the rest of the
document for specific remediation applications through the use of summary tables,
checklists, figures, and flow charts.

The rest of the handbook is divided into three parts. Part | covers methods for
subsurface characterization, Part 11 covers physical and chemical processes in the subsur-
face that relate to the selection of remediation methods, and Part 111 covers methods for soil
and ground-water remediation.

In Part I, Chapter 2 provides an overview of the site characterization process. The next
four chapters cover physical aspects of site characterization: geologic and hydrogeologic
aspects (Chapter 3), characterization of water movement in the unsaturated zone (Chapter
4), characterization of the vadose zone (Chapter 5), and characterization of water move-
ment in saturated fractured media (Chapter 6). The remaining three chaptersin Part | cover
geochemical aspects of site characterization: basic analytical and statistical concepts
(Chapter 7), the geochemical variability of the natural and contaminated subsurface
(Chapter 8), and geochemical sampling of soil and ground water (Chapter 9).

Part 11 contains three chapters on physiochemical processes affecting the transport of
major types of contaminants: organicsin liquid and solid phases in the subsurface
(Chapter 10), organic volatilization and gas-phase transport (Chapter 11), and inorganic
contaminants (Chapter 12). Chapter 13 focuses on abiotic and microbiological degradation
and transformation processes in the subsurface.

Part 111 contains three chapters on remediation. Chapter 14 outlines basis approaches
to remediation of contaminated soil and ground water. The concluding chapters provide
more detailed information on specific techniques for cleaning up contaminated soil
(Chapter 15) and ground water (Chapter 16).
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Chapter 1
Integrating Site Characterization with Subsurface Remediation
Ronald C. Sims and Judith L. Sims

This handbook on site characterization for subsurface
remediation emphasizes processes and concepts (Parts | and
I1), characterization tools and analyses of data (Part 1), and
remediation decisions (Part I11). Chapter 1 relates subsurface
site characterization activities to the selection of subsurface
remediation technologies. Chapters 2 through 16 each address
a specific aspect of site characterization or remediation tech-
nology (e.g., geologic aspects, saturated zone, unsaturated
zone, remediation techniques for contaminated soils).

1.1 Approach for Integration of Site
Characterization with Subsurface
Remediation

Chapter 1 integrates the information presented in Chap-
ters 2 through 16 so that the reader is guided through the
Handbook and may access necessary interdisciplinary infor-
mation quickly and efficiently for specific remediation appli-
cations. The tables, checklists, figures, and flow charts in this
chapter synthesize relevant terms, parameters, and concepts
relating site characterization to specific subsurface remedia
tion techniques. Using this information to select subsurface
treatment technologies requires specific information that is
interdisciplinary, thereby cutting across areas of speciaiza-
tion, i.e., chapters. Therefore, this chapter not only provides
an index to the Handbook, but also provides comments and
guidance about the relationship between characterization pa-
rameters and technology selection.

This chapter aso discusses the importance of understand-
ing the surface physical layout of a site, including cultural
features and industria structures (e.g., buildings, lots, produc-
tion units) and the evaluation of historical records of produc-
tion and waste management within the context of site
characterization for subsurface remediation. Activities such
as making site visits and obtaining historical records of site
and waste management are an integral part of site character-
ization. Information from these activities, which can provide
valuable insights concerning limitations as well as applica-
tions of remediation technologies at field scae, is referred to
collectively as site reconnaissance information.

1.2 Subsurface Site Characterization for
Remediation Technology Selection

A methodology for integrating site characterization with
subsurface remediation is shown in Figure 1-1. The develop-

ment of information for a specific site progresses from charac-
terization through monitoring (left to right as illustrated across
Figure I-1). The figure presents characterization needs in
terms of waste interaction with unsaturated soil in the vadose
zone or sediment or aquifer materia in the saturated zone as
influenced by site factors such as climate, topography, surface
slope, etc. Information from site characterization is used to
formulate, in qualitative and quantitative terms, the problem(s)
in terms of pathways of migration, escape, and/or exposure at
a contaminated site (problem assessment). This information is
used for subsurface treatment technique evauation, elimina
tion of unsuitable technique(s), and selection of an appropri-
ate treatment (train). Monitoring provides feedback on rate
and extent of remediation at field scale as well as information
for modification of site management. Sections 14.1 and 14.2
present this methodology in more detail.

Table 1-1 lists specific aspects of each step of the meth-
odology, presents relevant concepts, and indicates references
in the Handbook for additional information on each step of the
methodology. Specific characterization parameters are related
to problem assessment, treatment, and monitoring. For ex-
ample, the distribution coefficient, K, will alow evauation
of the problem at a site with regard to migration. If soil
flushing is selected as a treatment technique, it may be moni-
tored effectively through pore-liquid phase sampling. Infor-
mation on each aspect can be found in the sectionsin the
Handbook listed under Text Reference (Section) on the table.

Subsurface-based waste characterization information needs
are summarized in Table 1-2. Potential impacts of waste on
ground-water, vadose-zone, atmosphere, and surface-water
resources depend upon properties of the waste chemicals and
properties of the affected matrix. Information on these proper-
ties is necessary to adequately assess the problem at a specific
site, as described above. Table 1-2 presents individual param-
eters and text references for describing those parameters.

Figure 1-2 illustrates problem assessment in terms of
compartments as well as pathways of migration for chemical
migration, escape, and/or exposure. A mass balance concep-
tual approach to the subsurface identifies chemicals that will
(1) migrate upward (volatilization); (2) migrate downward
(leaching, pure product); (3) migrate laterally (agueous plume
and pure product); and (4) remain in place as persistent
chemicals. A nonagueous phase liquid (NAPL) may be fur-
ther classified as a light NAPL (LNAPL) if the density of the
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Figure 1-1.
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Methodology for integrating site characterization with subsurface remediation.

Table 1-1. Methodology for Relating Site Characterization to Subsurface Remediation
Character- Problem Moni-
ization Assessment Treatment toring? Text Reference (Section)
Distribution
K, persistence biodegradability c (10.3.1) ( 12.1. 4) ( 14) (156.2.3) (16.2)
migra.‘:ou soil flushing / (10.3.2) (12.2) {14.1} (14.2) (14.3) (15.2.4) (16.2)
K, loss in air vacuum extraction g (5.2.5) (11) (14.1) (14) (15.2.1)
K, residential soil flushing ! (102.) (12.3) (14) (15.2.4) (16.2)
saturation biodegradation c (13.3) (14) (15.2.2) (16.3)
species® phase(s) of immobilization clg (8.1) (12.1.1) (12.4) (15.2.3) (15.2.4)
occurrence flushing, volatilizing
Degradation
chemical rate/extent chemical destruction ¢l (12.1) (13.1) (14) (15.1) (15.2.3)
intermediates and detoxification
biological rate/extent biological destruction c ! (13.2) (13.3) (14) (15.1) (15.2.2) (15.3) (16.3)
intermediates and detoxification
Transport
advection extent/rate of containment, removal g (2.2) (3) (4.1) (6.2) (6.1) (10.1) (11.2) (12.2) (12.4.4)
escape/ destruction (14) (15) (16)
exposure
diffusion slow release containment, removal clg (8.1) (8.3) (11.2.1) (12.4.3) (14) (16.2)
destuction
Sampling
physical extent of accurate evaluation c (2.5} (3.1} (3.2} (3.3} (6.2} (7.3} (5.2}
environment contamination of any technology
aqueous extent of accurate eva Iuatlon ! (2.5) (3.4) (4.2) (56.2) (7.3) (8.1) (8.3) (9.2) (9.3)
environment contamination of any technology
Modeling
vadose zone identify problem for any treatment ¢l g (6.3) (10.1) (10.2) (10.3.1) (10.3.2) (11.2) (12.4)
(13.2.4) (14.2.1) (14.2.2) (14.3.1)
saturated zone identify problem for any treatment clg (2.2) (3.5.2) (4.3) (4.5) (6.3) (10.1) (10.2) (10.3.1)
(10.3.2)(12.4) (13.2.4) (14.2.1) (14.2.2) (16.3)

(c) = core material; (1) =

pore liquid phase; (g) =

gas phase.

"Species are determined primarily for inorganics (metals) and affect metal phase (aqueous, solid, gas).
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liquid is less than water, or as a dense NAPL (DNAPL) if the
density of the liquid is greater than water. Additional informa-
tion on the compartments comprising the subsurface is pre-
sented in Section 14.1. Figure 1-2 also indicates references for
additional information on each topic.

Subsurface remediation techniques that may be evaluated
based upon site characterization and problem assessment, as
outlined above, are summarized in Table 1-3 and presented
for each technology-and-environment combination in Tables
1-4 through 1-9. The tables are organized according to treat-
ment category (biological, physical/chemical, and contain-
ment) and environment (vadose zone and saturated zone).
Each table also is organized according to characterization
parameters, comments, and text reference by sections in the
Handbook. These tables can be used to quickly locate infor-
mation within the Handbook that relates treatment technolo-
gies to specific site characterization parameters.

1.3 Site Reconnaissance

Site reconnaissance activities include gathering informa-
tion on site layout, history, and records of management.
Aboveground natural and cultural features and industrial pro-
cesses are important aspects of a site that may affect subsur-
face processes and the application of subsurface remediation
technologies. Table 1-10 lists important site conditions that
can be used as part of site characterization for subsurface
remediation. Identification of these features and processes
provides critical information concerning potential vadose-

Table 1-2. Subsurface-Baaed Waste Characterization

Text Reference (Section)

(7.4.2) (8.1.2) (8.3) (9.1.4) (9.3.1) (9.3.3)
(9.3.4) (12) (14.1) (14.2)

Parameter

Chemical class?

Chemical (8.1) (8.3) (10.2) (10.4) (14.1)

properties®

Chemical (2.2) (7.4.2) (8.1) (8.3) (8.4) (12.1.2)

reactivity® (12.1.3) (14.1)

Sorptior? (2.2) (8.1.2) (10.3) (12.1.4) (14.1) (15.2.3
(15.2.4)

Degradation* (2.2) (8.1) (8.3) (13) (15.2.2) (14.1) (16.3;

Volatilizatiort (5.2.5) (5.4)(5.1.6) (9.2) (11} {14.1) (15.2

Interphase phase (5.2.5) (14.1) (14.4)

potentiaP

*Organic (acid, base, polar neutral, nonpolar neutral), and inorganic.
"Molecular weight, melting point, specific gravity, structure, volubility,
ionization, cosolvation.
‘Oxidation, reduction, hydrolysis,
polymerization.
‘Adsorption, desorption, ion
‘Biotic,  abiotic.

'Henry’'s Law partitioning,
°Includes gas, inorganic mineral solid,
and nonaqueous phases.

precipitation, dissolution,
exchange.

soil gas analysis, vacuum extraction.
organic matter solid, water,

zone and ground-water quality as well as limitations for the
application of subsurface remediation technologies. A site
visit may reveal the industrial processes or waste sources that
contribute to contamination at a site. Observations of topogra-
phy, buildings, parking lots, and waste facilities provide valu-
able information on accessibility for sampling, culturally
induced flow of gases (e.g., beneath buildings), and limita-
tions or constraints to the application of subsurface treatment
technologies (e.g., site size constraints or natural boundaries).

Information on past waste management practices that
documents conditions under which hazardous waste has been
managed is important to site characterization. Table 1-11 lists
important waste management data and records that can be
used in planning a site characterization effort. These records
may include available history of waste disposal and waste
composition. This information may be used in conjunction
with subsurface core and pore-liquid characterization data to
determine areas of contamination and areas of nonhomogeneity,
to evaluate the areal and depth extent of contamination, and to
modify a site characterization plan.

Figure 1-3 presents a flow chart demonstrating an itera-
tive approach for data collection from site characterization
activities for subsurface remediation evaluation and selection,
as well as field optimization of remediation technologies. This
approaches combines site reconnaissance information with
site characterization and sampling, utilizing the methodology
presented in Figure 1-1, for sdecting, evaluating, and apply-
ing the subsurface remediation techniques addressed in Tables
1-4 through 1-9.
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Figure 1-2. Problem assessment for site characterization baaed on mass balance approach (Chapters 2, 12, and 14).

Assessment of distribution, reaction, and
migration potential by use of site
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balance analysis utilizing assessment/
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effects of design and management
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| optimization? [
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|

|

|
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|

|

|

|

Field verification studies
to monitor treatment
effectiveness

'Site reconnaissance activities at a site include gathering information such as
site layout, history, and records of management.

*Treatment = biological, physical/chemical, or containment (Table 1-3).

Figure 1-3. Flow chart for evaluation of site characterization for subsurface remediation.
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Table 1-3. Summary of Tables of Characterization
Parameters for Subsurface Remediation
Technologies
Treatment Technology Category
Physical/
Subsurface Biological Chemical Containment
Environment [Text Reference (Table Number)]
Vadose zone 1-4 1-6 1-8
Saturated zone 1-5 1-7 1-9
Tabie 1-4. Characterization for Biologicai Treatment of Soil in the Vadose Zone*
Parameter Comments Text Reference (Section)
Physical
moisture affects microbial activity/kinetics (4.2.2) (5.2.3) (5.2.4) (5.2.5) (9.2.2) (13.2.2) (14.2.1)
(14.3.2) (16.2.1) (156.2.2) (15.3)
temperature affects microbial activity/kinetics (13.2.2) (14.2.1) (14.3.2) (15.2.2)
permeability affects nutrient supply and gas exchange (5.2.4) (13.3.1) (14)
pH affects chemical form and microbial activity (13.2.2) (8.1.2) (12.2.2) (14.2.1) (14.3.2)
oxygen availability affects aerobic/anaerobic metabolism, (5.2.5) (11) (12.1.3) (13.2) (13.3) (14.2.1) (14.3.2) (15.2.2)

interphase transfer
potential

Chemical
individual
chemicals
redox potential

C:N:P ratio/
nutrient

Biological
kinetics/activity
enumeration
toxicity
metabolism

treatability studies

adaptation

activity/kinetics
used in mass balance to determine abiotic removal

affects rate and extent of degradation

often controlled by microorganisms and
related to aerobic/anaerobic pathway

affects microbial growth

affects rate of degradation
related to population or mass of microorganisms
affects rate and extent of degradation

influences production of (toxic) intermediates
and indicates mechanism(s) of biodegradation

can indicate potential for degradation and
important factors controlling rate and extent

ability of system to acclimate, indicated by
increase in rate and extent of degradation with
incubation time and with repeated applications
of contaminated material

(56.2.5) (14.1) (14.4)

(8.1.2) (13.2.1) (13.3.2) (14.2.2) (15.2.2)
(8.1.2) (13.2.2)

(13.2.2)(13.3.1)

(13.2.4) (13.3.1) (15.2.2)
(13.2.1)(13.3.1)
(13.3.1) (15.2.2)
(13.2.3) (15.2.2)

(14.3.2)

(13.2.3)(15.2.2)

*Approaches and specific techniques for treatment are addressed in Chapters 14 and 15 and listed in Tables 15-3 and 15.4.



Table 1-5. Characterization for Bioiogical Treatment of Aquifer Materiai in the Saturated Zone*
Parameter Comments Text Reference (Section)
Physi cal
temperature affects microbial activity/kinetics (13.2.2) (14.2.1) (14.3.2) (15.2.2)
permeability affects nutrient suppiy and gas exchange (4.2.3) (13.3.1) (14)
geoiogy influences heterogeneity, day lenses (3.1)(3.2) (3.3) (3.4)

geochemistry
pH

oxygen availability

interphase transfer
potential

Cheni cal

individual chemicals
redox potential

C:N:P ratio/nutrient
Bi ol ogi cal

kinetics/activity
enumeration
toxicity

metabolism

treatabiiity studies

adaptation

influences waste distribution
influences microbial activity

affects chemical form (mobiiity) and
microbial activity

affects aerobic/anaerobic metabolism, and
activity kinetics

used in mass balance to determine abiotic
removal

affects rate and extent of degradation

often controlled by microorganisms and
related to aerobic/anaerobic pathway

affects microbial growth

affects rate of degradation
related to population or mass of microorganisms
affects rate and extent of degradation

influences production of (toxic) intermediates
and indicates mechanism(s) of biodegradation

can indicate potential for degradation and
important factors controlling rate and extent

ability of system to acclimate, indicated by
increase in rate and extent of degradation with
incubation time and with repeated exposure

(8.1.2) (8.3)
(13.2.2)(8.1.2) (12.2.2) (14.2.1) (14.3.2)

(11) (12.1.3) (13.2) (13.3) (14.2.1) (14.3.2) (15.2.2)

(5.2.5) (14.1) (14.4)

(8.1.2) (8.3) (13.2.1) (13.3.2) (14.2.2) (15.2.2)
(8.1.2) (13.2.2)

(13.2.2) (13.3.1)

(8.1.2) (13.2.4) (13.3.1) (15.2.2)
(13.2.1) (13.3.1)

(13.3.1) (15.2.2)

(9.3.1) (13.2.3) (15.2.2)

(14.3.2)

(13.2.3) (15.2.2)

* Approaches and specific techniques for treatment are addressed in Chapters 14 and 16.



Table 1-6. Characterization Parameters for Physical/Chemical Treatment of the Vadose Zone*
Technique Parameter Comments Text Reference (Section)
Extraction (15) (15.2.4)
physical
particle size distribution affects volume reduction, sorption, extraction difficulty (3.2)
conductivity/permeability affects flow velocity (time) for extraction (5.2.4) (15.2.4)
organic matter affects distribution and sorption of chemicals 3.2)
moisture content affects conductivity of air through soil for vacuum (4.2.2) (5.1) (5.2.3)
extraction
heterogeneity/layering affects relative rates of extraction for different layers (3.1) (3.3)
depth along with area, determines volume of contaminated (3.5.1) (5.1)
material and engineering strategies for extraction
soil gas used along with soil core analysis to monitor extent (5.2.5)
and rate of vacuum extraction
interphase transfer potential used in mass balance to determine treatment (5.2.5) (14.1) (14.4)
effectiveness
chemical
individual chemicals examples of chemicals that have been treated (5.4) (15)
pH changes may indicate precipitation or dissolution that affects (8.1.2)
ease of extraction (permeability)
chemicai characteristics aids in selection of extraction fluid (5.1.5) (5.4) (7.4.2) (8.2)
(10.3.1) (10.4) (11.1) (11.2.3)
(12.1) (12.3)
cation exchange capacity determine cation sorption potential, related to clay
content
organic and metal content determine target and/or interfering constituents,
pretreatment needs, extraction fluid
redox potential indicates mobile and immobile forms of chemicals
Oxidation/
Reduction

Solidification/
Stabilization

individual chemicals
redox potential

individual chemicals/sites
porosity/permeability

examples of chemicals that have been treated
status of the system before treatment

examples of chemcals/sites that have been treated
affects delivery and mixing of chemicals

*Approaches and specific techniques for treatment are addressed in Chapters 14 and 15 and are listed in Tables 15-1, 15-2, 15-3, and 15-4.
"Extraction techniques include aqueous, solvent, critical fiuid, vacuum (air/steam), and low temperature thermal stripping.
“Chemical characteristics include vapor pressure, solubility, Henry’'s Law constant, partition coefficient, boiling point, and specific gravity.



Table 1-7. Characterization Parameters for Physical/Chemical Treatment of the Saturated Zone
Tech- Parameter Comments Text Reference (Section)
nique
Product (16)(16.1)
Removal
physical
particle size distribution affects amount of contaminant stored (3.2)(10.2)
in vadose zone in capillary fringe for LNAPL
particle size distribution affects permeability and product (3.2)(8.1.2)
in saturated zone retention
flow characterization affects direction, location, and (2.2)(2.4)(10.2)
extent of LNAPL
geology influences distribution of DNAPL (3)(6.1)
and LNAPL
organic matter affects distribution and sorption (3.2)(10.3.2)
interphase transfer assists in determining phase(s) where (5.2.5)(14.1)(14.4)
potential more than one phase is involved
chemical
individual chemicals, examples of contaminants that have (3.5.2)(4.4)(11.3)(14.3)
contaminants been treated
redox temporal and spatial variation may (8.1.2)(8.3.3)(8.4)(9.1.3)(13.2.2)
influence permeability
soil gas analysis assist in locating contamination (area) (5.2.5)(9.2.1)
properties * assist in locating contamination (depth) (10.2)(10.4)(11.1)(11.2)
Pump-and- (16)(16.2)
Treat

physical

particle size distribution
in saturated zone

flow characterization

geology

organic matter
interphase transfer
potential

chemical

individual chemicals,
contaminants

redox

soil gas analysis

propertied

organic-inorganic
interactions

affects pumping (recovery) rate of
water and contaminant
affects direction, location, and
extent of contamination
influences distribution of contaminants
affects distribution and sorption
assists in determining phase(s) where
contaminant is found

examples of contaminants that have
been treated

temporal and spatial variation may
influence permeability

assist in locating contamination (area)
assist in locating contamination (depth)
affects design of systems

(2.2)(2.3)(2.4)(4.1)(4.2.2)
(4.2.3)(6.1)

(3)(6.4)

(3.2)(10.3.2.)
(14.1)(14.4)

(3.5.2)(4.4)(4.5)
(8.1.2)(8.3.3)(8.4)(9.1.3)(13.2.2)

(5.2.5)(9.2.1)
(10.2)(10.4)(11.1)(11.2)(12.1)(12.2)
(12.3)

* Approaches and specific techniques for treatment are addressed in Chapters 14 and 16, Section 16.1.
® Properties include molecular weight, specific gravity, volubility, melting point, structure, ionization, and cosolvation.



Table 1-8. Characterization Parameters for Immobilization’/Containment *Techniques in the Vadose Zone'
Technique Parameter Comments Text Reference (Section)
Immobilization (15)(15.2.3)

physical

Containment

particle size distribution
moisture content

permeability
organic matter
depth

lithology

interphase transfer
potential

chemical

individual chemicals
contaminants

redox potential
pH

cation exchange capacity
properties

physical
stratigraphy

interphase transfer
potential
containment requirements

affects sorption, ion exchange

affects efficiency, energy requirements,

and sorption
affects delivery of chemicals
affects distribution and sorption
along with area, determines volume of

contaminated material and engineering

strategies

affects extent of sorption and ion
exchange

used in mass balance to evaluate
solution to solidphase transfer for
immobilization

examples of contaminants that have
been treated

affects chemical speciation and thus
immobilization

affects chemical speciation and thus
immobilization

affects ion exchange

affects affinity of chemicals for
surfaces and for precipitation

identify path ways and extent of
chemical migration

used in mass balancet 0 evaluate
success of containment

evaluate containment of gas, liquid,
and solid phases

(3.2)
(5.1)(5.2.3)(14.1)(15)(15.2.3)

(5.2.4)(15.2.3)
(3.2)(10.3.1)(14.1)
(3.5.1)(5.1)

(3.2)

(5.2.5)(14.1)(14.2.2)(14.4)

(5.5)

@12
@12
@12

(8.1)(8.3)(10.3.1)(10.3.2)(10.4)
(11.1)(12.1)(14.1)(14.2.1)

(3.1)
(5.2.5)(14.1)(14.2.2)(14.2.3)(14.4)

(14.2.3)

* immobilization techniques include sorption, ion exchange, precipitation, stabilization/solidification, and vitrification.
Containment techniques include physical stuctures.

¢ Approaches and specific techniques for treatment are addressed in Chapters 14 and 15, Section 15.2.3.

Properties include molecular weight, melting point, specific gravity, structure, ionization, solubility, and cosolvation.



Table 1-9. Characterization Parameters for Containment Technlques®in the Saturated Zone °
Technique Parameter Comments Text Reference (Section)
Hydraulic
physical
flow system characterization determine area and depth for (2.2)
containment
permeability affects rate of movement and rate of (4.4)
pumping
geology assists with flow system 3)
characterization
advection generally primary transport (escape) (4.1)
path
interphase transfer used in mass balance to assess and (5.2.5)(14.1)(14.2.2)(14.4)
potential evaluate containment
fracture flow may exercise control on ground-water (6.1)
flow
physical gradients affects geochemistry, which may affect (8.3.2)
permeability
chemical
contaminants present identify chemicals of concern that (2.3)
might escape
individual chemicals/ examples of contaminants that have (3.5.2)(4.4)(4.5)
contaminants been contained
environmental parameters’ may change with pumping and affect (8.1.2)
recovery and permeability
chemical gradients may affect geochemistry if reinfected (8.3.3)
and affect permeability
propeties”’ affects affinity of chemicals for (10.2)(10.3.1)(10.3.2)
surfaces and for precipitation, as well
as interphase transfer
reactions* may affect treatment/permeability while (13.1)(13.2)
pumping
Physical
Structuresf
physical

fl ow system characterization

geology

fracture flow
chemical
contaminants present

individual chemicals/
contaminants

determine area and depth for
containment

assists with flow system
characterization

may exercise control on ground-
water flow

identify chemicals of concern that
might escape

examples of contaminants that have
been contained

(22)
(©)

(6.1)

23)

(35.2)

“Containment techniques may be temporary and used as part of a treatment train that includes product removal, pump-and-treat, pumping
and reinjection, and bioremediation.
®Approaches and specific techniques are addressed in Chapters 4 (section 4.4), 14 and 16 (Section 16.2).

“Environmental parameters include pH, alkalinity, redox potential, salinity, temperature, and pressure.

‘Properties include molecular weight, melting point, specific gravity, structure, solubility, ionization, and cosolvation.

‘Reactions include hydrolysis, substitution, elimination, oxidation-reduction, and biodegradation.

‘Physical structures often are used in conjunction with hydraulic containment and withdrawal (e.g., clay cap to reduce recharge combined with
extraction wells to remove chemical) (refer to Section 3.5.2).
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Table 1-10. Aboveground Features for Site Characterization

Item

Specific Information

Site location

Climatological data

Topographic map, including contours, map scale and date, floodplain areas, surface waters, springs and

intermittent streams, and site legal boundaries.

Site map, including injection and withdrawal wells on site and off site; buildings and recreation areas, access
and internal roads; storm, sanitary, and process sewerage systems; loading and unloading areas; and fire

control facilities.

Location of past ano/or present operation units and equipment cleaning areas, ground-water monitoring wells,
delineation of waste management units, and site modifications.

Surrounding area land use patterns.
Vegetation (trees, shrubs, grasses).
Precipitation/evaporation/humidity.

Site water budget.

Temperature (averages and extremes)

Wind rose.

Predicted storm events (e.g., 24-hour, 25-year, average number of days of rain and snow).

Frost action potential

Table 1-11. Waste Management Information for Site Characterization

Category

Item

Specific Information

History of waste application

History of waste quality

Years in operation and annual
quantity of waste generated
and/or disposed.

Placement of waste.

Size of waste unit(s)
Waste analyses.

Unit processes.

Disposal areas.

Records of measured annual waste quantity (weight/volume)
over life of site. Include hazardous and nonhazardous
managed at same site.

Records of quantity (weight/volume), and location of each
waste disposal action.

Area and depth.
Periodic analyses of hazardous. wastes.

History of unit processes employed in the generation and
treatment of wastes.

Pits, ponds, lagoons, landfills, storage tanks, wastewater
treatment plant locations (present and historical).

1



PART I: METHODS FOR SUBSURFACE CHARACTERIZATION

Chapter 2

Site Characterization Overview
James W. Mercer and Charles P. Spalding

2.1 Introduction

Characterization of a hazardous waste site involves gath-
ering and analyzing data to describe the processes controlling
the transport of wastes from the site. It provides the under-
standing to predict future site behavior based on past site
behavior. It can encompass the characterization of the waste
itself as well as that of various transport pathways such as air,
surface water, biota, and ground water. Ground water, the
focus of this discussion, is often the most significant and least
apparent transport pathway.

Site characterization follows the scientific method and is
performed in phases (see Figure 2-1). First, a hypothesis is
made concerning site or system behavior. Based on this
hypothesis, a data collection program is designed, data are
collected, and an analysis or assessment is made. Using the
results of the analysis, the hypothesis is refined and additional
data may be collected. As the knowledge of the site becomes
more detailed, the working hypothesis may take the form of
either a numerica or analytica model. Data collection contin-
ues until the hypothesis is proven sufficiently to form the
basis for decision making.

Because the ultimate goal of site characterization is to
make informed decisions, the first step is to define study
objectives. A possible list of objectives, provided by Cartwright
and Shafer (1987), includes the following: (1) assess the
background or “ambient” water quality (how was the water
before contamination?); (2) establish the impacts of certain
facilities, practices, or natural phenomena on water quality
(what is the extent of contamination?); and (3) predict future
ground-water quality trends under a variety of conditions
(what would be the impact of various remedia actions?).

Whatever the objectives, ground-water site characteriza-
tion has two major components: assessment of the ground-
water flow system and assessment of the contamination in the
ground water. All too often, emphasis is placed on the latter
component, which involves ground-water quality monitoring,
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Everett (1980) defines monitoring as a scientifically designed
surveillance system of continuing measurement and observa
tions. At many waste sites, ground-water quality data are
abundant; however, water-level data used to determine advec-
tive transport are limited. This is unfortunate because water-
level data are equally important, and they are easier and less
expensive to collect than water-quality data.

This chapter provides an overview of Part | of the Hand-
book, which focuses on methods of site characterization. This
chapter covers the following topics (1) flow system charac-
terization, (2) contamination characterization, (3) techniques
for characterization, and (4) analysis of data.

2.2 Flow System Characterization

Flow system characterization begins with an understand-
ing of controlling processes and of the data required to define
those processes (Table 2-1). Ground water is always in motion
from areas of natural and artificial recharge to areas of natural
and artificia discharge. Natural recharge occurs from precipi-
tation and surface water bodies; artificial recharge results
from human-induced actions such as irrigation and well injec-
tion. Ground water discharges naturally to springs and other
surface water bodies, e.g., rivers, lakes, and oceans. Under
natural conditions, ground water moves very slowly, its flow
velocity ranging from a fraction of a foot per year to severa
feet per day. In most cases, flow obeys Darcy’s law, which
states that the velocity is proportional to both the hydraulic
conductivity of the formation and the hydraulic gradient.. The
term hydraulic conductivity is used to express the water-
conducting capacity of the formation material. The hydraulic
gradient is an expression of the slope of the ground-water
surface.

Shallow aquifers are usually important sources of ground
water. These upper aquifers are also the most susceptible to
contamination. Contaminants may enter an upper aquifer in
one Of the following ways:. (1) artificial recharge or |eakage
through wells; (2) infiltration from precipitation or irrigation



Form system
behavior
hypothesis

Y
Design data
collection
program

Y

Collect data
and observe
system

Refine
Hypothesis
?

Yes

No

Analyze and test
hypothesis

1

Accept
hypothesis
?

l Yes

Make
management
decisions

Figure 2-1. Site characterization phasea (from Bouwer et al.,

1988).

return flow through the vadose zone above the water table; (3)
induced recharge from influent streams and lakes or other
surface water bodies; (4) inflow through aquifer boundaries
and leakage from overlying or underlying formations; and (5)
leakage or seepage from impoundments, landfills, or miscel-
laneous spills.

Water and contaminants carried with it may leave an
aguifer in the following ways: (1) ground-water |eakage from
the aquifer into adjacent strata, (2) ground-water withdrawal
by pumping and drainage, (3) seepage into effluent streams
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and lakes, (4) spring discharge, and (5) evapotranspiration.
Data required to assess these processes are shown in Table 2-
2. In general, these data requirements include a geometric
description of the site (layering and hydraulic boundaries);
storage and transmissive properties; and source/sink informa
tion. such as wells. More specific lists of data with ranges of
values are provided in Mercer et a. (1982). For any particular
site, it is rare to have al this information. Data gaps can be
addressed by afield collection program, but to some extent
must be filled based on experience. In addition to physica and
chemical data, other factors listed in Table 2-2 include regula
tory and legal issues such as water rights and future land use.

The first step in designing a field program is to review
existing data for the site or nearby locations. Sources of
information include the U.S. Geological Survey (USGS) (Mer-
cer and Morgan, 1981); state geologic and water agencies,
local water districts; and city, county, and state health depart-
ments. Other federal agencies that may provide data include
the U.S. Environmental Protection Agency (EPA) (e.g., the
STORET computerized information storage system); U.S.
Bureau of Reclamation; U.S. Army Corps of Engineers, and
U.S. Sail Conservation Service. Additional inforation may
be available from consultants and universities. Severa data
sources are discussed below.

The U.S. Department of Agriculture, Soil Conservation
Service, has three soil geographic data bases the Soil Survey
Geographic Data Base (SSURGO), the State Soil Geographic
Data Base (STATSGO), and the National Soil Geographic
Data Base (NATSGO). Components of map units in each
geographic data base are generally phases of soil series. The
Soil Conservation Service also maintains a soil interpretations
record data base, which encompasses more than 25 soil,
physical, and chemical properties for the 15,300-plus soil
seriesrecognized in the United States. Interpretations are
displayed differently for each geographic data base to be
consistent with the level of detail expressed. Particle size
distribution, bulk density, available water capacity, soil reac-
tion, sdlinity, and organic matter are included for each major
layer of the soil profile. Data on flooding, water table, bed-
rock, and subsidence characteristics of the soil; and interpreta
tions for erosion potential, septic tank limitations, engineering,
building and recreation development, and cropland, wood-
land, wildlife habitat, and rangelands management also are
included.

The U.S. Department of Interior Geological Survey cre-
ated and maintains a central storage facility for water re-
sources data, known as the National Water Data Storage and
Retrieval System (WATSTORE), at its National Headquar-
tersin Reston, Virginia. Included in this computerized storage
facility are representative ground-water data collected through-
out the United States, This ground-water information resides
in a computer data file, which is maintained by a database
management system (DBMS) called SYSTEM 2000. The
name and acronym given this data base is the Ground-Water
Site-Inventory (GWSI) file. Although severa field-collected
parameters of water-quality data (including temperature, con-
ductance, and pH) are stored in the GWS, the bulk of water-
qudity data reside in a nationwide file called Storage and
Retrieval (STORET), a file maintained by EPA. The Nationa



Table 2-1.

Process Definition

A Summary of the Processes Associated with Dissolved Solute Transport and Their Impact

Impact on Transport

Solute Transport

Advection Movement of solute as a consequence of ground-water flow.

Diffusion Solute spreading due to molecular diffusion in response to
concentration gradients.

Dispersion Fluid mixing due to effects of unresolved heterogeneities in

the permeability distribution.

Solute Transfer

Radioactive decay
nuclear reaction.

Sorption
or organic solids in the aquifer.

Dissolution
precipitation

Acid-base
reactions

Complexation

Hydrolysis/
substitution

another anion (substitution).
Redox reactions
(biodegradation)

Biologically Mediated
Mass Transfer

Biological transfor-
mations

Irreversible decline in the activity of a radionuclide through a

Partitioning of a solute between the ground water and mineral

Reactions involving a transfer of protons (I-P).

Combination of cations and anions to form more complexion.

Reaction of a halogenated organic compound with water
or a component ion of water (hydrolysis) or with

Reactions that involve a transfer of electrons and
include elements with more than one oxidation state.

Reactions involving the degradation of organic compounds
and whose rate is controlled by the availability of

Most important way of transporting solute away
from source.

An attenuation mechanism of second order in
most flow systems where advection and
dispersion dominate.

An attenuation mechanism that reduces solute
concentration in the plume. However, it
spreads to a greater extent than a plume
moving by advection alone.

An important mechanism for attenuation when the
half-life for decay is comparable to or less
than the residence time of the flow system.

Also adds complexity in production of
daughter products.

An important mechanism that reduces the rate at

which the solute is apparently moving. Makes it
more difficult to remove solute at a site.

The process of adding solutes to or removing them from solution Precipitation is an important attenuation
by reactions dissolving or creating various solids.

mechanism that can control the concentration in
solution. Solution concentration is mainly
controlled either at the source or at a reaction
front.

Mainly an indirect control on solute transport by
controlling the pH of ground water.

An important mechanism resulting in increased
volubility of metals in ground water, if adsorption
is not enhanced. Major ion complexation will
increase the quantify of a solid dissolved in
solution.

Often hydrolysis/substitution reactions make an
organic compound more susceptible to
biodegradation and more soluble.

An extremely important family of reactions in
retarding solute spread through precipitation of
metals.

Important mechanism for solute reduction, but can
lead to undesirable daughter products.

nutrients to adapted microorganisms and redox conditions.

From NRC, 1990

Water Data Exchange (NAWDEX) Local Assistance Centers
are authorized users of the STORET file and may retrieve
ground-water quality data for subscribers.

A field program usually follows a data review of hydro-
geologic investigation techniques (U.S. EPA, 1986 and Sisk,
1981). Summaries of procedures for well installation and
aguifer testing are described in Ford et al. (1984) and Aller et
al. (1989). Kruseman and de Ridder (1976), Lawrence Berke-
ley Laboratory (1977, 1978) discuss methods of analysis of
aguifer and dlug tests. In general, as the scale of the observa
tion increases, the range of measured properties, such as
hydraulic conductivity, tends to change because of the hetero-
geneous nature of geologic materials. Particularly, ground-
water flow rates estimated from measurements on cores may
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underestimate ground-water flow ratesin the areaif flow isin
fractures or in other more permeable layers.

Because of seasona changes in ground water, a minimum
of one year should be devoted to characterization. As the site
complexity increases, this period will increase proportion-
ately. Several factors influence the number of boreholes re-
quired, the most important being heterogeneities in the aguifer
materials. Methods of quantifying ground-water networks are
not widely used but do exist. For example, van Geer (1987)
shows how Kalman filters are used to design ground-water
monitoring networks. Ancther technique used to evaluate
ground-water networks is kriging (e.g., Olea, 1982); this
technique is discussed further in Section 2.5 and in Chapter 7
(Section 7.3.2).



Table 2-2.

Data Pertinent to the Prediction of Ground-Water Flow

Physical Framework
. Hydrogeologic map showing areal extent and boundaries of aquifer.

. Topographic map showing surface-water bodies.
. Water-table, bedrock-configuration, and saturated-thickness maps.
. Hydraulic conductivity map showing aquifer and boundaries.

. Map showing variation in storage coefficient of aquifer.
. Relation of stream and aquifer (hydraulic connection).

~N O oA W N -

Il. Stresses on System

. Surface water diversions.

Ground-water pumpage (distributed in time and space).
. Stream flow (distributed in time and space).
Precipitation and evapotranspiration.

o ok W Ny

Ill. Observable Responses
1. Water levels as a function of time and position.

IV. Other Factors
1. Economic information about water supply.
2. Legal and administrative rules.
3. Environmental factors.

4. Planned changes in water and land use.

. Hydraulic conductivity and specific storage map of confining bed.

1. Type and extent of recharge areas (irrigated areas. recharge basins, recharge wells, impoundments, spills, tank leaks, etc.).

After Moore, 1979

2.3 Contamination Characterization

As with flow system characterization, contamination char-
acterization begins with understanding the processes control-
ling transport and degradation (Table 2-1) and the data required
to define those processes. These processes determine mini-
mum data requirements needed to characterize a site.
Nonreactive (conservative) dissolved contaminants in satu-
rated porous media are controlled by the following factors:

1. Advection: This mechanism causes contaminants to
be transferred by the bulk motion of the ground
water. The term convection is sometimes used in
place of advection.

2. Mechanical (or kinematic) dispersion: This process
involves meehanical mixing caused by three mecha
nisms. The first mechanism occursin individual pore
channels because molecules travel at different ve-
locities depending on whether they are near the edge
or in the center of the channel. The second mecha-
nism is triggered by differences in surface area and
roughness relative to the volume of water in indi-
vidual pore channels, causing different bulk fluid
velocities in different pore channels. The third mecha
nism is related to the tortuosity, branching, and
interfingering of pore channels, causing the stream-
lines to fluctuate with respect to the average flow
direction. Mechanical dispersion occurs in the direc-
tion of the average flow velocity and in the plane
orthogonal to the average flow direction, These &f-
fects are called longitudinal dispersion and trans-
verse dispersion, respectively, Longitudinal dispersion
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is due to variations of the velocity component along
the average flow direction, whereas transverse dis-
persion is due to variations of the velocity compo-
nents in the normal plane.

3. Molecular diffusion: Fickian diffusion causes the
contaminant molecules or ions to move from high
concentrations to lower concentrations. Movement
also is caused by the random kinetic motion of the
ions or molecules (Brownian diffusion).

The combined effect of mechanical dispersion and mo-
lecular diffusion is known as hydrodynamic dispersion. Dis-
persion causes the zone of contaminated ground water to
occupy a greater volume than if the contaminant distribution
were influenced only by advection. If aslug of contaminant
enters the ground-water system, advection causes the sliug to
move in the direction of ground-water flow. Hydrodynamic
dispersion causes the volume of the contaminated zone to
increase and the maximum concentration in the slug to de-
crease. Transverse dispersion may expand a contaminant plume
10 to 20 percent beyond the width defined by convective
transport (Lehr, 1988). Macroscopic variations in hydraulic
conductivity and porosity are probably more significant fac-
tors affecting solute transport than hydrodynamic 1 dispersion
changes (Wheatcraft, 1989).

Additional processes affect transport for reactive con-
taminants. In addition to advection and hydrodynamic disper-
sion, the migration of reactive contaminants is further controlled
by adsorption, desorption, chemical reactions, and hiological
transformation.



1. Adsorption or desorption: These processes involve
mass transfer of contaminants. Adsorption is the
transfer of contaminants from the ground water to
the soil. Resorption is transfer of contaminants from
the soil to the ground water.

2. Chemical reactions. These processes involve mass
transfer of contaminants caused by various chemica
reactions (e.g., precipitation and dissolution, oxida
tion and reduction). For some contaminants, degra
dation is also an important process that may need to
be characterized.

3. Biological Transformation: These processes may re-
move contaminants from the system by biological
degradation, or transform contaminants to other toxic
compounds that are subject to mass transfer by the
other processes discussed above.

The processes of adsorption-desorption, chemical reac-
tions, and biological transformation play important roles in
controlling the migration rate as well as concentration distri-
butions. These processes tend to retard the rate of contaminant
migration and act as mechanisms to reduce concentrations.
Because of their effects, the plume of a reactive contaminant
expands and the concentration changes more slowly than
those of an equivalent nonreactive contaminant (see Figure 2-
2). As discussed in subsequent chapters, however, resorption
can require longer time periods to reach concentration cleanup
standards.

Table 2-3 shows data requirements for contamination
characterization, in addition to the requirements shown in
Table 2-2. For example, to characterize advective transport,
the flow system must first be understood. More specific lists
of data with ranges of values are provided in Mercer et a.
(1982). These data requirements provide a broad view of the
factors affecting contaminant transport from a site.

2.4 Techniques for Characterization

For site characterization, it is important to understand the
transport mechanisms and ground-water flow system at a site.
Once these mechanisms and systems are understood, ground-
water monitoring data can be interpreted to obtain information
far more useful than simple information on contaminant levels
at specific points and times. The procedures used to obtain
water-quality data are of critical importance. Procedures for
drilling monitoring wells, taking samples, and having samples
analyzed by a laboratory are discussed in this section.

Table 2-4 shows actions that were typically taken at
hazardous waste sites in the early 1980s. Two data gaps are
the vertical distribution of hydraulic head, as measured by
water levelsin adjacent wells cased to different depths, and
hydraulic conductivity values. Therefore, most guidance docu-
ments now recommend the actions shown in Table 2-5. At
sites where conditions warrant (e.g., fractured media), addi-
tional actions may be necessary to fully characterize the site
(see Table 2-6).
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A variety of common well drilling methods maybe used
to install monitoring wells at hazardous waste sites. These
methods include solid stem continuous flight and hollow stem
continuous flight augering, cable tool drilling, mud and air
rotary drilling, jetting, and driving well points. Detailed dis-
cussions of the principles of operation of each of these meth-
ods are available from numerous sources including Scalf et .
(1981), Driscoall (1986), and Campbell and Lehr (1973). A
summary of the advantages and disadvantages of various
drilling methods relative to monitoring well construction is
provided in Scalf et al. (1981) and Larson (1981), as well asin
Chapter 4 of this Handbook (Section 4.2.1).

A variety of materials are available for usein casing,
screening, and other structural and sampling components of
monitoring wells. The most commonly used are mild sted,
stainless steel, polyvinyl chloride (PVC), polypropylene, poly-
ethylene, and Teflon®. Barcelona et a. (1983) summarizes the
characteristics of several of these materials. These materials
have substantialy different properties relative to strength,
corrosion resistance, interference with specific contaminant
measurements, expense, and availability. Consequently, they
must be selected carefully and demonstrated to be the most
appropriate for the particular monitoring program. Consider-
ations should include al pertinent, site-specific factors such
as well installation method, depth, geochemical environment,
and probable contaminants to be monitored. Well casing
materials are discussed further in Section 4.2.1 (see especially
Table 4-3) and Section 9.3.4.

Construction details for individua wells should be docu-
mented and verifiable through the use of drilling logs. The
drilling log should contain information about the texture,
color, size, and hardness of the geologic materials encoun-
tered during the drilling (Barcelona et al., 1985). Any use of
drilling fluids, grouts, and seals also should be noted in the
record of well construction. Well casing materials should be
documented because the type of well casing may have an
effect on the quality of the water samples (Barcelona et d.,
1983). The same considerations that apply to well casing
materials for newly constructed monitoring wells apply to
evaluating the suitability of existing wells for ground-water
quality monitoring.

Guidance documents on ground-water monitoring em-
phasize the need for depth-discrete data to determine the
three-dimensional flow field and chemical distribution
(Barcelona et al., 1983; Barcelona et d., 1985; and U.S. EPA,
1986). Shorter well screens and more nested wells are recom-
mended where immiscible liquids (liquids that tend to float
above water or sink to the bottom), heterogeneous conditions,
or athick flow zone are present (U.S. EPA, 1986). Barcelona
et al. (1983) recommend installing nested wells with short
well screens (less than 5 ft long) where the potentia flow zone
is more than 10 ft thick.

Once the wells are designed and drilled, accepted practice
is to remove fluid from the formation, with subsequent labora
tory analysis of the sample (Morrison, 1983; de Vera, 1980;
USATHAMA, 1982 Guswa et al., 1984; and Everett et a.,
1984). This approach results in a set of point data that repre-
sent (depending on the type of well construction, the sampling
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Figure 2-2.  The influence of natural processes on levels of

contaminants downgradient from continuous and
slug-release sources (from Keety et al., 1986).

mechanism, laboratory procedure, and hydrodynamics of the
ground-water system), particular aspects of the in situ water
quality at a specific time. Much work (Gibb et al., 1981;
Gillham et al., 1983; Keith et d., 1983; Nacht, 1983; Barcelona
et al., 1984; Olea, 1984; Barcelonaet a., 1985) has focused
on improving this process (i.e., providing greater quality
control and quality assurance). Chapter 9 discusses sampling
of subsurface solids and ground water in more detail.

25 Analysis of Data

Although this section emphasizes network design and
sampling considerations, no section on data analysis would be
complete without a discussion of database management sys-
tems (DBMS) and geographic information systems (GIS). At
hazardous waste sites, large amounts of data are generated. To
take full advantage of these data in the interpretation stage,
they should be in electronic/magnetic format for usein a

Data Pertinent to Prediction of the Pollutants in
Ground Water (in addition to those in Table 2-2)

Table 2-3.
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. Physical Framework
1. Estimates of the parameters that comprise hydrodynamic
dispersion.

Effective porosity distribution.

. information on natural (background) concentration
distribution (water quality) in the aquifer.

Estimates of fluid density variations and relationship of
density to concentration (most important where
contaminant is salt water or results in significantly higher
concentration of total dissolved solids compared to the
natural aquifer or where there are significant temperature
differences between the contaminant plume and the
natural aquifer).

w N

P

Il. Stresses on System
1. Sources and strengths of pollutants,

lll. Chemical/Biological Framework

1. Mineralogy media matrix.
Organic content of media matrix.
. Ground-water temperature.

. Solute properties.

Major ion chemistry.

. Minor ion chemistry.

. Eh-pH environment.

~No b wN

Observable Responses

1. Areal and tamporal distribution of water quality in the
aquifer.

2. Stream flow quality (distribution in time and space)

DBMS and/or GIS. Both systems can be used to manipulate,
correlate, and display data, and this method of organizing
large amounts of data facilitates the interpretation process.

The assessment of ground-water quality on any scale
involves the estimation of chemical variables distributed in
three-dimensional space. A key consideration in establishing
an effective and efficient ground-water quality monitoring
program is the spatial distribution of sampling locations. Care
must be taken in designing monitoring well networks to avoid
biasing any inferences made from the resulting data.

As pointed out, knowledge of the hydrodynamics of the
ground-water system(s) being monitored is also of critical
importance for the design of monitoring networks. For certain
ground-water monitoring program objectives, an optimum
monitoring network for a relatively homogeneous porous
flow environment is different from that for a discretely frac-
tured hydrogeologic medium. For other monitoring objec-
tives, however, the fundamental differences between flow
regimes may have very little impact on the design of an
optimum sampling network.

Proper ground-water sampling and analysis are equally
important for assuring effective ground-water monitoring. A
quality assurance program composed of well-conceived and
effectively implemented quality control procedures should be
followed (Cartwright and Shafer, 1987). Strict adherence to



Table 2-4.

1. Install shallow monitoring wells.

2. Sample ground water numerous times for a range of pollutants
such as those constituents contained in the RCRA Appendix
IX ground-water monitoring list.

3. Define geology primarily by drillers’ logs and drill cuttings.

4. Evaluate local hytrology with water level contour maps of
shallow wells.

5. Possibly obtain soil and core samples for chemical analyses.

Acthons Typically Taken

Benefits

. Screening of the site problems is rapid.

Costs of investigation are moderate to low.

. Field and laboratory techniques used are standard.

Data analysis/interpretation is straightforward.

. Tentative identification of remedial alternatives is possible.

O A WD

Shortcomings

1. True extent of site problems may be misunderstood.

2. Selected remedial alternatives may not be appropriate.

3. Optimization of final remediation design may not be possible.
4. Cleanup costs remain unpredictable, tend to excessive levels.
5. Verification of compliance is uncertain and difficult.

Modified from Keely et al., 1986

Table 2-5. Recommended Actions

1. Install depth-specific clusters of monitoring wells.
2. Initially sample for a range of pollutants, but subsequently,
become more selective.

3. Define geology by extensive coring/sediment samplings.

4. Evaluate local hydrology wth well clusters and geohydraulic
tests.

5. Perform limited tests on sediment samples (grain size, clay
content, etc.).

6. Conduct surface geophysical surveys (resistivity, EM, ground-
penetrating radar).

Benefits

1. Conceptual understanding of site problems is more complete.
2. Prospects are improved for optimization of remedial actions.
3. Predictability of remediation effectiveness is increased.

4. Cleanup costs are lowered, estimates are more reliable.

5. Verification of compliance is more soundly based.

Shortcomings

1. Characterization costs are somewhat higher.

2. Detailed understanding of site problems is still difficult.

3. Full optimization of remediation is still not likely.

4. Field tests may create secondary problems (disposal of pumped
waters).

5. Demand for specialists is increased, shortage is a key limiting
factor.

Modified from Keely et al., 1986

quality assurance programs minimizes both systematic and
random errors, and maximizes the likelihood of collecting
ground-water samples in a manner that ensures the reliability
of analytical determinations. As with monitoring network
design, a detailed understanding of the overall objectives of
the monitoring program is a key factor in determining sam-
pling and analysis requirements. See Chapter 7 for further

Table 2-6. Additional Actions Where Conditions Warrant Them

1. Assume Table 2.5 as starting point.

2. Conduct soil vapor surveys for volatiles and fuels.

3. Conduct tracer tests and borehole geophysical surveys (neutron
and gamma).

4. Conduct karst stream tracing and recharge studies, if
appropriate to the setting.

5. Conduct bedrock fracture orientation and interconnectivity
studies, if appropriate.

6. Determine the percent organic carbon and cation exchange
capacity of solids.

7. Measure redox potential, pH, and dissolved oxygen levels of
subsurface.

8.  Evaluate sorption-desorption behavior by laboratory column and
batch studies.

9. Assess the potential for biotransformation of specific
compounds.

Benefits

1. Thorough conceptual understandings of site problems are
obtained.

2. Full optimization of the remediation is possible.

3. Predictability of the effectiveness of remediation is maximized.

4. Cleanup costs maybe lowered significantly, estimates are
reliable.

5. Verification of compliance is assured.

Shortcomings

1. Characterization costs may be much higher.

2. Few previous applications of advanced theories and methods
have been completed.

3. Field and laboratory techniques are specialized and are not
easily mastered.

4. Availability of specialized equipment is low.

5. Need for specialists is greatly increased (it may be the key
limitation overall).
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Keely et al., 1986

discussion of sources of error in sampling and considerations
in the development of quality assurance programs.

The results of laboratory analyses are only as reliable as
the samples, field standards, and blanks received (Cartwright
and Shafer, 1987). Therefore, to assure that representative
samples are provided to the laboratory, careful thought and
practice must be part of any sampling program. A representa-
tive sample accurately reflects in situ conditions in proximity
to the sample point at the time the sample was collected.
Maintaining representative samples requires consideration of
well purging, sample collection, and sample preservation.
Barcelona et al. (1985) have prepared an extensive guide to
the practical aspects of ground-water sampling. (See also
Chapters 7, 8, and 9 of this Handbook.)

Parameter selection is an important aspect of the design
of a sampling program. The types of hydrochemical measure-
ments to be made affect the choice of sampling equipment and
the sampling methodology. Barcelona et al. (1985) state that it
is often wise to obtain slightly more chemical and hydrologic
data than immediately required in order to aid subseguent
interpretation. Sections 9.2.1 and 9.3.1 discuss further selec-
tion of analytes for the vadose and saturated zones.



The frequency of sample collection is important in the
design of an optimum ground-water quality monitoring pro-
gram (Cartwright and Shafer, 1987). Sampling frequency
affects the cost of the monitoring program and the appropri-
ateness of any inference(s) made from the resulting data.
Sample collection and analysis should not occur so often as to
result in redundant information that would increase costs with
no marginal gain in useful information. Conversely, sample
collection should not be so infrequent as to detract from the
ability to accurately forecast trends in ground-water quality.
Ground-water sampling frequency should be based on the
objectives of the monitoring program and the hydrodynamics
of the ground-water system being monitored. As discussed,
since ground-water movement is relatively slow, there is little
need to sample every few meters of the flow path. Sampling
frequency is discussed further in Section 9.1.4.

During the past decade, the use of geostatistical prin-
ciples (i.e., structural analysis, kriging, and conditional simu-
lation) to interpret ground-water data has increased.
Geostatistical techniques are used to evaluate the spatial vari-
ability of ground-water flow parameters, particularly hydrau-
lic head and transmissivity. However, less work has been
conducted on the application of geostatistics to interpret
hydrochemical data and ground-water quality monitoring net-
work design. Samper and Neuman (1985), who performed a
geostatistical analysis of sdlected chemica variables, showed
that geostatistical approaches may be valid to evaluate ground-
water chemical data, particularly on a regiona scale (Cartwnght
and Shafer, 1987).

The principles of geostatistics may be appropriate for
interpolation of point data to estimate the spatial distribution
of certain aspects of ground-water quality (Englund and Sparks,
1988). Kriging measures the error of estimation, which can be
mapped and used to select locations for additional sampling
points. These error maps show where the interpolated values
deviated from the expected statistical structure, thus indicat-
ing the best locations to place additional wells (Virdee and
Kottegoda, 1984). However, this information can only serve
as a guide because of other constraints on well location such
as environmental concerns, political issues, and economic
limitations (see Table 2-2). Nevertheless, a near-optimal moni-
toring network can be developed for a predetermined level of
reliability.

The use of geostatistics to design monitoring networks
and interpolate data has limitations. Using kriging for ground-
water investigations often may have a limited effectiveness
because of lack of sufficient data to perform the structural
analysis. Hughes and Lettenmaier (1981) suggest that a mini-
mum sample size of 50 is required before kriging is superior
to more traditional interpolation schemes (e.g., the least squares
method). Even with sufficient data and suitable statistical
support, structural analysis is highly subjective. Further, the
theoretical basis for the application of geostatisticsisthe
concept of aregionalized variable, which is defined as a
spatially correlated random variable. To date, there have been
no definitive studies of the validity of assuming that hydro-
chemical properties of ground water behave as regionalizcd
phenomena (Cartwright and Shafer, 1987). For a further dis-
cussion of geostatistical methods, see Section 7.3.2.
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Chapter 3

Geologic Aspects of Site Remediation
James W. Mercer and Charles P. Spalding

This chapter addresses the geologic aspects of remedia-
tion: (1) What geologic factors are significant? (2) How are
geologic data collected? and (3) How are geologic data inter-
preted? To help answer these questions, this chapter includes
information on stratigraphy, lithology, structural geology, and
hydrogeology. However, this chapter does not include infor-
mation on basic geology, but the reader may consult any of
numerous textbooks on the subject. There is al'so a concise
review of basic geology in U.S. EPA (1987).

To support discussions of the geologic factors, means of
collecting geologic data are also included. See Chapter 4 for
specific, detailed information on wells. This chapter covers
soil and rock coring, as well as various surface and borehole
geophysical techniques. A case history on the Hyde Park
landfill concludes the chapter.

3.1 Stratigraphy

Stratigraphy is the study of the formation, composition,
sequence, and correlation of stratified rocks and unconsoli-
dated materids (e.g., clays, sands, silts, and gravels). Strati-
graphic data include formational designations, age, thickness,
areal extent, composition, sequence, and correlations. In a
stratigraphic investigation, aguifers and confining formations
are identified so that units likely to transport pollutants can be
delineated, and latera changes in formations (facies changes)
are noted if present. In effect, the stratigraphy of a site defines
the geometry and framework of the ground-water flow sys-
tem. Therefore, knowledge of the stratigraphy is necessary in
order to identify pathways of chemica migration, to estimate
extent of migration, and to define the hydrogeologic framew-
ork.

The first step in conceptualizing a site is to study driller’s
logs, well cuttings, and/or corings. While observations made
during drilling activities can provide additional information
such as drilling rates and water losses, the primary goa of
these observations is to characterize layers of like material.
This layering can be differentiated based on materia type, but
amagjor consideration for characterization should be how well
the material transmits water. The primary differentiation should
be based on whether the material has properties of an aquifer
and readily transmits water or has properties of a confining
bed, prohibiting the movement of water.
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Once the layering has been determined a each well, the
next task is to plot the wells at their relative locations to each
other and attempt to correlate the layers among the wells. This
correlation involves interpreting well-log data and requires
knowledge of geological processes. At some sites, the correla
tion will be straightforward; at others, correlation may be
impossible, The ability to correlate also will depend on the
scale of the correlation. To understand the stratigraphic con-
trols of flow and chemical migration, only larger scale fea
tures may need to be correlated. The completed correlation
results in a figure called a fence diagram (see Figure 3-1). As
shown in the figure, a fence diagram is composed of intersect-
ing geological cross-sections.

The elevations of where the layers connect can be con-
toured to form structural maps representing either the top or
bottom surface of various layers. Where dense immiscible
fluids are a concern, structural maps on top of confining layers
are vauable because such fluids will flow via gravity on top
of the confining layer toward the lower €elevations. Structural
maps for adjacent units can be subtracted from each other to
yield thickness or isopach maps. An isopach map may be
used, for example, to show the overburden thickness of un-
consolidated material overlying bedrock. Once completed,
these maps, along with the fence diagram, will provide a
three-dimensional picture of the subsurface system through
which the ground water and chemicals are moving.

In addition to wells and well cuttings, other means to
obtain stratigraphic data include hand augers, split-spoon
samplers, shelby tubes, and rock-coring equipment. Hand
augers are useful, particularly in sandy materials, for examin-
ing soil profilesto shallow depths (a few meters) and for
installing monitoring devices. Many types of hand augers are
available, but dl are limited to use in unconsolidated geologic
materials and tend to be impractica in dense clays or stony
materials (Gillham, 1988).

A split-spoon sampler consists of a metal cylinder that is
split longitudinally and threaded on both ends. A cutting head
is threaded onto the lower end and a drill-rod attachment
threaded onto the upper end. The sampler is driven into the
formation at the bottom of an augered borehole, using a
drilling rig with a 140-pound weight (ASTM, 1990a). The
number of blows required to penetrate a soil is a function of
the compactability of the soil; thus, blow count can be used to
characterize soil types. When withdrawn and opened,. the
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Figure 3-1. Sample fence diagram construction (from Compton, 1962).

sample is relatively undisturbed and shows the natural stratifi-
cation of the geologic material. Shelby tubes are thin-walled
metal tubes that are attached to drill rods and are driven into
the formation (Gillham, 1988). Samples can be sealed and
stored in the tubes and later extruded for examination. How-
ever, both shelby tubes and split-spoon samplers are limited to
sampling of unconsolidated materials.

When formations are too hard to be sampled by soil
sampling methods, core drilling can be used (ASTM, 1990b).
The simplest core barrel consists of a hollow steel tube with a
core catcher and adiamond or tungsten carbide core bit. Other
core barrels have adual wall system with afloating inner
sleeve that remains stationary while the outer barrel rotates
and cuts the core. A wireline system is available that €imi-
nates pulling the drill pipe from the hole to recover each core
(Landau, 1987). In this system, the core material is retrieved
through the annulus of the drill rods.

Analysis of coresis performed both in the field and in the
laboratory. Laboratory analysis includes determination of po-
rosity; permeability; and saturation with respect to a specific
fluid component e.g., nonagueous phase liquids (NAPL); and
lithology studies (Keelan, 1987). Field studies of cores in-
clude determination of rock quality designation (RQD), core
recovery rate, fracture nature and frequency, presence of
chemical odors, and genera core lithology. RQD represents
the amount of core greater than 4 in. in length divided by the
length of core run attempted. This parameter is related to the
competence of the material core and the fracture density of the
core run, Because RQD often can be correlated to permesbili-
ty, it isuseful in characterization studies. Often cores are
broken during transport so all fracture-related analyses should
be performed as soon as possible after the core has been
retrieved,
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Coring also provides opportunities to monitor drilling
return fluids for both color changes related to lithology and
visual and olfactory evidence of contaminants. As coring
proceeds, net drilling fluid loss or gain to the cored formation
can be determined by maintaining an accurate balance of
drilling fluids used. Fluid losses to an interval may be the
result of fractures or solutioning within the rock matrix. As
rock of varying competence is encountered, drilling rate also
varies and for a given drilling system, drilling rate can be
characteristic of the material penetrated.

Because the conceptualization of site conditions is based
on roughly correlated parameters of subsurface and unseen
conditions, it is useful to construct a correlation chart of
selected parameters versus depth (see Figure 3-2). Additional
parameters that may have been included in this figure are
permeability, drilling rate per foot, water loss or gain, and
presence and type of contamination.

3.2 Lithology

Lithology is the study of the physical character and
composition of unconsolidated deposits or rocks. As dis-
cussed in the Handbook, it includes (1) mineralogy, (2) or-
ganic carbon content, (3) grain size, (4) grain shape, and (5)
packing. The first two items affect sorption, whereas the last
three items affect water storage and flow. Additiomily, com-
paction and cementation will reduce permeability based on
primary porosity, whereas solution channels will increase
permesbility (Levorsen, 1967).

The mineral composition of rocks and unconsolidated
deposits can be used to determine the chemical composition.
The chemical composition of the media affects chemical
transport in ground water via a variety of chemical reactions.
Such interactions primarily involve inorganics and include
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sorption, precipitation and dissolution, acid-base reactions,
complexation, and redox reactions. Examples of chemicals
that could be reduced to lower concentrations in ground water
through the formation of precipitates include arsenic (by
reaction with iron, aluminum, or calcium), lead (by reaction
with sulfide or carbonate), and silver (by reaction with sulfide
or chloride). Hydrolysis can lead to the precipitation of iron,
manganese, copper, chromium, and zinc contaminants. Oxi-
dation or reduction could favor the precipitation of chromium,
arsenic, and selenium.

The tendency of an organic chemical to sorb is directly
related to the fraction of total organic carbon content in terms
of grams of organic carbon per gram of soil. A typical value of
organic matter in minerad soilsis 3.25 percent (Brady, 1974).
The amount of organic matter is approximately 1.9 times the
amount of organic carbon; therefore, a typical value for or-
ganic carbon content is 1.7 percent. However, data will vary
from site to site.

Although variation in sorption between different grain-
size fractions is mostly a reflection of their organic carbon
content, other factors such as surface area have an effect. In
general, the fine silt and clay fractions of soils have the
greatest tendency to sorb chemicals. Grain size also influ-
ences water storage and movement. The amount of soil in
each of various size groups is one of the major factors used in
analyzing and classifying a soil. Various agencies define soil

groups in slightly different ways (see Figure 3-3). In generd,
coarser grained soil is more transmissive and has less storage
capacity than finer grained soil.

Grain shape also influences water storage and porosity
because grain shape affects the manner in which grains are
arranged. Highly angular and irregularly shaped, noncemented
grains tend to result in a greater porosity than smooth, regu-
larly shaped grains, although the difference may be dight

Grain-size analysis, conducted on samples from uncon-
solidated formations, yields the proportion of material in each
specified size range. Range distributions can be used to eti-
mate permeabilities, design monitoring wells, and enable
better stratigraphic interpretation. The results of a grain-size
analysis usually are plotted as shown in Figure 3-4. The sieve-
opening size retaining 90 percent of the soil is called the
effective particle size (D,,,), whereas the sieve-opening size
retaining 50 percent is called the average particle size (D,,,).
Uniform soils consist of grains of predominantly one size
yielding curves with steep slopes. Well-graded soils have
grains of many different sizes and, therefore, are characterized
by more gently sloping curves.

Soils composed of grains of nearly uniform particle size
have a larger porosity than a well-graded soil because, in the
well-graded soil, small particles occupy a portion of the
volume between the larger particles. In the vadose zone,
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uniform soils develop a well-defined capillary fringe, whereas
well-graded soils tend to have a higher, but less distinct
capillary fringe.

In summary, much qualitative information concerning
properties that affect flow and transport can be gained from
lithology. At many hazardous waste sites, this type of infor-
mation may be all that is available in the early stages of field
study. Thus, it may be used to help guide subsequent phases of
the field work, such as well screen design. This type of
qualitative information may be very helpful in characterizing
vadose-zone properties, where hydrologic testing is more
difficult to conduct and interpret.

3.3 Structural Geology

Structural geology includes studying and mapping fea-
tures produced by movement after deposition. Structural fea-
tures include folds, faults, joints/fractures, and interconnected
voids (i.e., caves and lava tubes). Highly vesicular tops and
bottoms of basalt flows, for example, are often cited as
sources of significant permeability. Just as important to the
definition of structural features is the more rapid cooling and
more intense fracturing of the top and bottom of flows (Huntley,
1987). Deformed, inclined, or broken rock formations can
control topography, surface drainage, and ground-water re-
charge and flow. Joints and fractures are commonly major
avenues of water transport (preferential pathways) and usu-
aly occur in parallel sets.

Most fractures can be attributed to one of three causes
(Lcworsen, 1967). Some fractures format depth as a result of
an increase in rock volume from the folding and bending of
strata. Others are caused by the removal of overburden by
erosion in the zone of weathering. As sediments are unloaded
through erosion, the upper parts expand, and incipient weak-
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nesses in the rocks become joints, fractures, and fissures.
Therefore, an increase of fracturing below an unconformity is
to be expected. Probably much of the initial solution channel-
ing through which surface waters percolate results from the
gradual increase in jointing and fracturing that accompanies
weathering. The third cause of fracturing is a reduction in the
volume of shales in the ground, due to diagenetic mineral
changes coupled with a loss of water during compaction.

Solution features, such as enlarged joints, sinkholes and
caves are common in limestone rocks and promote rapid
ground-water movement. Pertinent data on structural features
necessary to study and understand solution features include
type, compass orientation, dip direction and angle, and stratig-
raphy. Chapter 6 discusses the influence of fractured media on
ground-water flow and how it is characterized.

3.4 Hydrogeology

Hydrogeology concerns the relationship of the movement
of subsurface waters with geology, and ties stratigraphy,
lithology, and structural geology to the theory of ground-
water hydraulics. The main goal in studying hydrogeology is
to determine directions and rates of ground-water flow. This
information is essential to any ground-water remediation or
ground-water monitoring program. Although this topic is
introduced in this section, it is discussed in more detail in
Chapter 4.

Hydrologic factors that are important to hydrogedogy
include surface drainage and surface water/ground-water rela
tionships. Surface drainage information includes tributary
relationships, stream widths, depths, channel elevations, and
flow data. In a hydrogeologic investigation, the nearest per-
manent gaging station and period of record should be deter-
mined. A U.S. Geologic Survey (USGS) 7 I/2-minute
topographic map will show some of the necessary informat-
ion. Gaging stations and flow data can be identified and
obtained through USGS data bases. Streams either can receive
ground-water inflow or lose water by channel exfiltration. As
part of the investigation, hydrologic literature should be re-
viewed to determine if local streams are “gaining” or “losing.”
Losing streams are common in areas of limestone bedrock and
those with arid climates and coarse-grained channel sub
strates. Potential ground-water recharge areas, sometimes in-
dicated by flat areas or depressions noted on the landscape,
also should be identified. Stereo-pair aerial photographs can
also be useful in these determinations (Ray, 1960). Irrigated
fields detected in aerial photographs suggest ground-water
recharge areas; swampy, wet areas suggest areas of ground-
water discharge.

Other important factors include aquifer delineation, back-
ground water quality, and depth to ground water. As used in
this Handbook, depth to ground water refers to the vertical
distance from the ground surface to the standing water level in
awell. In a confined aguifer, the depth to water represents a
point on a “piezometric” surface. The depths will limit the
equipment that can be used for purging and sampling. Infor-
mation should be collected to delineate aquifer type
(unconfined, confined, or perched); composition; boundaries;
hydraulic properties (permeability, porosity, transmissivity,



etc.); and interconnection with other aguifers (direction of
leakage). These data are generally available through geologi-
cal survey publications.

Probable ground-water flow directions (both horizontal
and vertical) are determined by comparing the elevation of
water levelsin different wells. The quality of ground and
surface water in an area should define, to a large extent,
potential uses. Knowledge of natural or background water
quality and water uses is required to assess contaminant
impacts. The quality of surface waters is usually available
from U.S. EPA, USGS, and state records. Ground-water data
will probably be limited for any given area, but may be
discussed through USGS Water Resources Division offices,
state geological surveys, and county health departments.

3.5 Hydrogeologic Investigations

Much of the data needed to understand site-specific
ground-water movement will be determined via hydrogeo-
logic investigations. The purpose of these investigations is to
determine flow directions, pathways and rates of ground-
water flow, potential receptors of ground water, potential
contaminants, and the extent of contamination in the subsur-
face. This information is required for selecting from altern-
ative remedial strategies, and it provides the framework for
design of a ground-water remedial program, if needed.

Some of the field methods used to obtain this information
include borehole exploration (including coring), mapping sur-
face features, and geophysical methods (both surface and
downhole techniques). Much of the information gained from
these methods will be helpful in interpreting the geology. For
ground-water flow information, additional field methods in-
clude (1) monitoring water elevations in wells and adjacent
surface waters, (2) performing aquifer tests (pumping and/or
slug tests), and (3) using specia methods such as laboratory
analysis of cores and borehole flowmeters. For subsurface
chemistry, soil sample analysis must be performed, as well as
sampling and analysis of ground water. A typical monitoring
well for ground-water sampling is shown in Figure 3-5. If
nonagueous phase liquid (NAPL) is present, any free product
thickness must be measured and sampling performed.

3.5.1 Geophysical Techniques

Geophysical techniques are used to better understand
subsurface conditions arid to delineate the extent of contami-
nation. Common surface techniques used at hazardous waste
sites include surface resistivity, electromagnetic surveys, seis-
mic reflection method, ground-penetrating radar, and magne-
tometer surveys (see Table 3-1).

In surface resitivity methods (Zohdy et al., 1974; Stewart
et al., 1983), the geologic materials act as part of a direct
current circuit. In general, there are two current electrodes and
two electrodes for measuring voltage differences. The electri-
cal potential measured between the electrodes depends on the
electrical properties of the geologic materials which, in turn,
depend upon the resigtivity of the pore water and the amount
of pore water. Most soil and rock materials are highly resis-
tive, while water is highly conductive. Porosity and local
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stratigraphy, therefore, can be deduced from the measure-
ments. Because of the concentrations of some solutes, con-
taminant plumes frequently appear as a highly conductive
layer. Resistivity methods, therefore, can be useful in identi-
fying and mapping certain plumes (Wish, 1983).

Electromagnetic instruments used in hydrogeologic in-
vestigations consist of a transmitter and receiver (Stewart,
1982). The transmitter produces an aternating magnetic field
that induces electrical currents within the ground. The in-
duced currents vary with the electrical conductivity of the
geological materias and alter the magnetic field of the trans-
mitter. This alteration is detected by a receiver. Generaly,
these devices are carried by one person, and do not require the
installation of electrodes or geophones. They are likely to be
more cost-effective than resistivity methods because field
work can be completed more rapidly. They can be used to
detect changes in subsurface conductivity related to contami-
nant plumes or buried metallic waste such as drums (Green-
house and Slaine, 1983).

In surjace seismic methods (Sverdrup, 1986), an impact
is made at a particular point on the ground surface using a
mechanical hammer or an explosive device. The resulting
sound waves are monitored by sensing devices (geophones)
positioned at various distances from the impact. The time of
arrival of the sonic waves depends on velocity and density
contrasts that occur as the wave passes through different
stratigraphic layers. By interpreting the sigml, the investiga-
tion determines the geologic layering in the area.

In ground-penetrating radar (Koemer et al., 1981), radio
waves are transmitted into the ground and the reflected waves
are monitored and analyzed. Reflections occur as a result of
geologic variations in porosity and water content. The method
is useful for determining stratigraphic variations and for locat-
ing buried objects such as steel drums.

Magnetometer surveys (Gilkeson et al., 1986) measure
the strength of the earth’s magnetic field. A proton nuclear
magnetic resonance magnetometer is frequently used. One
person can rapidly perform a survey over a site of afew acres
by using this hand-held instrument. The surveyor sets up a
grid system and measures the magnetic field at each intersec-
tion of the grid. Areas with large amounts of buried metal,
such as steel drums, will have magnetic anomalies associated
with them. The strength of the anomaly will vary with the
amount and depth of the buried metal.

Borehole logging (Keys and MacCary, 1971; Keys, 1988)
includes a variety of methods involving lowering a tool into
the borehole (see Table 3-2). The tool measures the physica
properties of the geologic materials, or, aternatively, provides
an impulse or disturbance to the natural system, and measures
the response of the system to the disturbance. Common log-
ging tools include caliper, resistivity, neutron, gamma, and
sonic tools. Logging can proceed in both cased or uncased
boreholes, though most measurements can be made only
when the hole has not been cased. Most of the logging
methods are effective in distinguishing between sand and clay
and are, therefore, useful in locating zones of high permeabil-
ity (Kwader, 1986),
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Induction logging can be used to identify soil and rock
types, geologic correlations, soil and rock porosity, and pore
fluid conductivity. Resistivity logging is effective in identify-
ing soil and rock types, geologic correlations, soil and rock
porosity, pore fluid resistivity, and secondary permeability
such as the locations of fractures and solution openings.
Natural gamma logging can assist in positioning wells and
casings, by providing information on clay or shale content,
grain size, pore fluid resistivity, and soil and rock identifica-
tion. Gamma-gamma logging will help to position cementing
for the well casings and to determine total porosity or bulk
density. Neutron logs can provide estimates of moisture con-
tent above the water table, total porosity below the water
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A typical monitoring well design (from GeoTrans, 1989).

table, specific yield of confined aguifers, the location of the
water table outside the casing, chemical and physical proper-
ties of the water, and the rate of moisture infiltration. Tem-
perature logs help provide the chemical and physical
characteristics of the water source and movement of the
water in the well; and dilution, dispersion, and movement of
the waste.

Video cameras also have been devel oped that can be
lowered down a 4-in. (I0-cm) diameter borehole. They can be
used for visual inspection and to provide a visual record of the
wall of the borehole. They are particularly useful for inspect-
ing the casing for corrosion, damage, or leaks, and also are



Table 3-1.

Summary of Surface Geophysical

Surface Geophysical

Survey Method

Applications

Methods

Advantages

Limitations

SEISMIC
REFRACTION
AND REFLECTION

Determines
lithological

changes in
subsurface

ELECTRICAL
RESISTIVITY

Delineates
subsurface
resistivity

contrasts due to
lithology, ground
water, and
changes in ground-
water qualify

- Ground-water resource
evaluations

- Geotechnical profiling

- Subsurface stratigraphic
profiling including top of
bedrock

- Depth to water table estimates

- Subsurface stratigraphic profiling

- Ground-water resource evaluations

- High ionic strength contaminated
ground-water studies

ELECTROMAGNETIC

CONDUCTIVITY

Delineates
subsurface
conductivity
contrasts due to
changes in
ground-water
quality and
lithology

GROUND
PENETRATING
RADAR

Provides contin-
uous visual profile
of shallow sub-
surface objects,
structure, and
lithology

MAGNETICS

Detects presence
of buried metallic
objects

- Subsurface stratigraphic profiling
- Ground-water contamination studies
- Landfill studies
- Ground-water resource
evaluations
- Locating buried utilities,
tanks, and drums

Locating buried objects

- Delineation of bedrock
subsurface and structure

- Delineation of karst features

Delineation of physical integrity of

manmade earthen structures

- Location of buried ferrous
objects

- Detection of boundaries
of landfills containing
ferrous objects

- Location of iron-bearing rock

Relatively easy accessibility
High depth of penetration
dependent on source of
vibration

Rapid areal coverage

Rapid areal coverage

High depth of penetration
possible (400-800 ft)

High mobility

Results can be approximated
in the field

High mobility

Rapid resolution and data
interpretation

High accessibility

Effectiveness in analysis of very
high resistivity

Equipment readily accessible

Great areal coverage
High vertical resolution in
suitable terrain

Visual picture of data

High mobility
Data resolution possible in
Rapid areal coverage

field

Resolution can be obscured in
layered sequences

Susceptibility to noise from urban
development

Difficult penetration in cold weather
(depending on instrumentation)
Operation restricted during wet
weather

Susceptibility to natural and
artificial electrical interference
Limited use in wet weather
Limited utility in urban areas
Interpretation that assumes a
layered subsurface

Lateral heterogeneity

not easily accounted for

Data reduction less refined than with
resistivity

Use unsuitable in areas with surface
or subsurface power sources,
pipelines, utilities

Less vertical resolution than with
other methods

Limited use in wet weather

Limited depth of penetration

(a meter or less in wet, clayey

soils; up to 25 meters in dry, sandy
soils)

Accessibility limited due to bulkiness
of equipment and nature of survey
Interpretation of data qualitative
Limited use in wet weather

Detection dependent on size and
ferrous content of buried object
Difficult data resolution in urban areas
Limited use in wet weather

Data interpretation complicated in
areas of natural magnetic drift

Source: Modified after O'Brien and Gere (1988)
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Table 3-2. Summary of Borehole Log Applications

Required information on the Properties of
Rocks, Fluid Wells, or the Ground-Water System

Widely Available Logging Techniques That Might Be Utilized

Lithology and stratigraphic correlation of aquifers and
associated rocks

Total porosity or bulk density or gamma-gamma

Effective porosity or true resistivity
Clay or shale content

Permeability

Secondary permeability - fractures, solution openings
Specific yield of unconfined aquifers
Grain size

Location of water level or saturated zones

Moisture content

infiltration

Direction, velocity, and path of ground-water flow

Dispersion, dilution, and movement of waste

Source and movement of water in a well

Chemical and physical characteristics of water,
including salinity, temperature, density, and viscosity

Determining construction of existing wells, diameter and
position of casing, perforations, screens

Guide to screen setting

Cementing
Casing corrosion

Casing leaks and/or plugged screen

Electric, sonic, or caliper logs made in open holes. Nuclear logs made in
open or cased holes.

Calibrated sonic logs in open holes, calibrated neutron logs in open or
cased holes.

Calibratad long-normal resistivity logs.
Gamma logs.

No direct measurement by logging. Maybe related to porosity, injectivity,
sonic amplitude.

Caliper, sonic, or borehole televiewer or television logs.
Calibrated neutron logs.
Possible relation to formation factor derived from electric logs.

Electric, temperature, or fluid conductivity in open hole or inside casing. Neutron
or gamma-gamma logs in open hole or outside casing.

Calibrated neutron logs

Time-interval neutron logs under special circumstances or radioactive
tracers.

Single-well tracer techniques - point dilution and single-well pulse.
Multiwell tracer techniques.

Fluid conductivity and temperature logs gamma logs for some radioactive
wastes, fluid sampler.

infectivity profile. Flowmeter or tracer logging during pumping or injection.
Temperature logs

Calibrated fluid conductivity and temperature in the well Neutron chloride
logging outside casing. Multielectrode resistivity.

Gamma-gamma, caliper, collar, and perforation locator, borehole television.
All logs providing data on the lithology, water-bearing characteristics, and
correlation and thickness of aquifers.

Caliper, temperature, gamma-gamma. Acoustic for cement bond.

Under some conditions caliper or collar locator.

Tracer and flowmeter.

Source: Keys and MacCary (1971)
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used in uncased rock holes for locating fractures and fracture
zones (Gillharn, 1988).

3.5.2 Example-Hyde Park Landfill

This example, discussed in detail in Cohen et a. (1987),
concerns the Hyde Park landfill in Niagara Falls, New Y ork
(see Figure 3-6). Ground-water studies were initiated at the
site in 1978 when a shallow tile drain and clay cover were
installed at the landfill. Remedial investigations (RI), required
by a settlement agreement, were conducted from 1982 to
1984. A major component of the Rl was a drilling program
designed to determine the extent of chemical contamination in
the overburden and bedrock. Borings were cored and tested in
15-ft sections to the top of the Rochester Shale along 10
vectors radiating out from the landfill. Ground-water samples
were taken for analysis from those 15-ft sections that yielded
significant amounts of water. If chemicals were present above
specified levels, a new hole was drilled about 800 ft away
along the vector. Some of these holes were used as observa-
tion wells during aquifer tests prior to being grouted.

As aresult of the drilling programs, the local geology is
fairly well known. Approximately 15 to 30 ft of waste at the

landfill are underlain by O to 10 ft of silty clay sediments. At
Hyde Park, the overburden lies unconformably on the Lockport
Dolomite. Undulations in the bedrock surface were carved by
previous glaciation. The Lockport Dolomite ranges in thick-
ness from 130 ft (200 ft southeast of the landfdl) to 65 ft at the
Niagara Gorge. The Lockport Dolomite overlies the Roches
ter Shale and several lower units in a layer-cake sequence.

The hydrogeology of the Hyde Park area is unique be-
cause of the Niagara River Gorge and the human-induced
channels associated with a nearby pump storage reservoir (see
Figure 3-6). The Niagara Gorge (about 2,000 ft to the west),
the forebay canal (about 4,000 ft to the north), and the buried
conduits (about 3,000 ft to the east) control ground-water
movement in the Hyde Park area.

The ground-water system can be conceptualized as a
series of slightly dipping, permeable zones sandwiched be-
tween aquitards, al of which are bounded on three sides by
drains. Precipitation infiltrates the wastes and the low-perme-
ability overburden before recharging the highly fractured
upper layer of the Lockport Dolomite. Where glacial sedi-
ments are present beneath the landfill, downward ground-
water flow and chemical migration are retarded. In areas
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Hyde Park Buried
Landfill Conduits
.
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Figure 3-6.
landfiii (from Faust, 1985).

7,V

Irondequoit
& Reynales Limestones

3,000
O _a . B OL _Jf_
Sandstone & Shai

Whirlpool Sandstone

Queenston Shale

A generalized diagram showing the geologic formation and topographic features in the vicinity of the Hyde Park
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where these sediments are thin and/or absent, ground water
and chemicals move freely into the underlying rock. In the
permeable bedrock zones, much of the ground water flows
laterally toward the three boundaries. Between these zones,
ground water moves slowly downward to the next lower
permeable layer. Pumping tests suggest an anisotropic system
where hydraulic conductivities are greatly affected by prefer-
ential flow along fractures (Figure 3-7). This conceptudization
is supported by the alignment and dip of joint systems ex-
pressed at nearby outcrops.

Anayses of ground-water samples taken during the vec-
tor well survey revealed that contamination had migrated
much further than previously thought. In fact, Hyde Park
chemicals were found in seeps emanating from the Lockport
Dolomite along the Niagara Gorge in July 1984. Dissolved
chemica and NAPL plumesin the overburden and in the
Lockport Dolomite were delineated during the RI as shown in
Figure 3-8. Although the area extent of contamination has
been defined, the depth of chemical migration was unknown
because at many locations dissolved chemicals and NAPL
were observed all the way to the base of the Lockport Dolo-
mite.

The distribution of chemicals in the overburden reflects
the downward migration of contaminated surface runoff from
the Hyde Park landfill, which is elevated relative to surround-
ing properties. Lateral chemical transport through the
overburden has been limited because the potential for down-
ward flow to bedrock exceeds that for outward flow through
the low-permeability glacia sediments.

The contamination observed in the Lockport Dolomite
reflects variations in the directions of ground-water flow that
have occurred since waste disposa began a Hyde Park and, to
alesser extent, at the dipping beds of the Lockport Dolomite.
Chemical analyses indicate the past migration of chemicals
through the upper Lockport Dolomite in all directions. Present
ground-water flow is primarily to the northwest, but the
southern and eastern areas of contamination suggest that at
one time ground water moved toward those areas. Ground-
water flow prior to the construction of the forebay canal and
buried conduits (from 1958 to 1962) was inferred to be toward
the southwest. Similarly, dewatering during the construction
of these conduits could have drawn contaminated ground
water toward the east. Chemicals have moved downward to
the base of the Lockport Dolomite by dissolution in ground
water and by dense NAPL flow.

The Hyde Park Stipulation requires several remedia ac-
tions, focusing on source control, overburden remedies, bed-
rock remedies, and control of seeps at the Niagara Gorge face.
The application of a series of numerical models of ground-
water flow and chemical transport facilitated these remedies.

The source control program is designed to reduce the
amount of chemicals migrating from the landfill into the
overburden and bedrock. This reduction will be achieved by a
synthetic cap to reduce recharge and by extraction wells to
remove chemicals. During the prototype phase of the pro-
gram, two large-diameter extraction wells will be installed in
the landfill. Exploratory boreholes were completed in the
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landfill to characterize the overburden stratigraphy of the
landfill and to help determine stratigraphic controls on NAPL
movement. All exploratory boreholes were then converted to
NAPL monitoring wells. The success of the prototype extrac-
tion wells depends in part on the compatibility of the sandpack
with landfill materials. To test the selection of the well
sandpack, two sandpack materials were selected based on
known landfill constituents. If a reasonable amount of NAPL
can be removed with this method, an operational network of
six extraction wells will be installed.

The remedial program specified for the overburden is
designed to laterally contain the dissolved chemicals and
NAPL and to maximize collection of NAPL. Mobile NAPL
not removed from the overburden will tend to sink downward
to the bedrock and will be addressed by the bedrock remedy.
The overall approach of the program is to further define the
boundary of the overburden NAPL plume with a series of
borings and then install a tile drain to collect mobile NAPL.
The location and depth of the drain will be determined after
the overburden plume boundaries have been refined by a
series of 44 overburden borings around the landfill. As the
drain is installed, additiona stratigraphic information will be
added as soil is removed. The performance criteria for the
overburden system are;

» Aninward hydraulic gradient must be maintained toward
the drain or downward into the bedrock.

There must be no expansion of the NAPL plume toward
the drain or downward.

Remedial systems planned for the Lockport Dolomite are
designed to contain both the NAPL and APL plumes. Specific
objectives of the bedrock remedial system are to contain
dissolved chemicals and NAPL within the NAPL plume,
contain dissolved chemicals in the area near the gorge face
that is designated the remediated APL plume, and eliminate
the seepage of chemicals at the gorge face. However, portions
of the APL plume will not be remediated. As with the source
control system, a prototype system will be implemented first
and later refined into an operational system. The system will
use extraction and injection wells to maximize the collection
of both dissolved chemicals and NAPL. The locations of
purge, injection, and monitoring wells, and a schematic cross-
section of the containment concept, are shown in Figures 3-9
and 3-10, respectively. The recirculation wells are added to
the NAPL plume containment system to speed up the recov-
ery of contaminants and to maintain higher water levels for
the flushing of chemicals in the upper bedrock.

All prototype bedrock extraction/injection wells and re-
lated Lockport monitoring wells will be completed in three
separate hydrogeologic zones. The separation of the Lockport
into three zones alows optimization of the remedia system
through better characterization, monitoring, and pumping
schemes for the selected zones.

The main performance criteria for the bedrock system is
the maintenance of an inward hydraulic gradient at the NAPL
plume boundary. In addition, the flux of certain chemicals to
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Park landfill through the overburden and Lockport Dolomite (from Faust, 1985).

the Niagara River must be below specified limits. The interim
flux level for 2,3,7,8-TCDD is 0.5 g/yr. This level will be
modified based on a future study of TCDD in the Niagara
River and Lake Ontario.

Hyde Park is an excellent example of a remediation that
both allows for better site characterization and does not make
itself obsolete as more data become available. The remedies
described in the stipulation include extensive monitoring pro-
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grams that both ensure that performance goals are achieved
and enhance the understanding of site hydrogeology. The
phased approach with initial prototype remedies allows for
better initial Site characterization that will ultimately lead to
the optimal remediation approach. The program is not limited
to current technologies, but can be modified should new
innovations be found. This flexibility is important because of
the long cleanup times expected.
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Figure 3-9. Locations of purge, injection, and monitoring wells to be installed for the prototype Lockport Dolomite hydraulic
containment system at the Hyde Park site (from Faust, 1985).
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Chapter 4

Characterization of Water Movement in the Saturated Zone
James W. Mercer and Charles P. Spalding

Advection is the primary transport mechanism for con-
servative chemicals and for many nonconservative chemicals.
It is the controlling process for chemicals moving away from
asource area (e.g., alandfill or aspill) and for removing
chemicals from the subsurface (e.g., pump-and-treat systems).
Therefore, understanding advection is important to both site
characterization and remediation.

An understanding of the factors that control ground-water
movement is needed to understand advection. This chapter
reviews concepts needed to determine and understand ground-
water flow. This review is followed by a discussion of field
techniques used to obtain the data needed to characterize
ground-water flow. Asimportant asit isto collect data, it is
just as important to analyze and interpret the data. Therefore,
this chapter aso discusses different analysis techniques and
ground-water remedial actions. Finally, an example ties the
discussion together and illustrates the important points of the
chapter.

Both general data requirements and characterization tech-
niques are presented throughout this chapter. Each application
of these techniques is unique and site specific. No subsurface
characterization tool provides perfect information; several
techniques (e.g., geophysical and geochemical) should be
combined, such that different types of data support the same
conclusion. Because the field work is completed in phases,
remediation decisions often involve some uncertainty; there-
fore, the importance of monitoring is stressed.

4.1 Review of Concepts

There are numerous books that characterize and present
the principles and concepts of ground-water hydrology (e.g.,
Bear, 1979, Bouwer, 1978; Davis and DeWiest, 1966; DeWiest,
1969, Domenico, 1972; Freeze and Cherry, 1979; Todd, 1980
and Walton, 1970). Other general references have been pub-
lished by the U.S. Environmental Protection Agency (e.g.,
U.S. EPA, 1987). This section specifically discusses contamin-
ant hydrology and will not cover many of the general topics
included in these references.

At hazardous waste sites, the following questions need to
be addressed with respect to ground-water hydrology: (1)
where is the water coming from? (2) where is the water going?
and (3) what are the rates of movement? Answering these
questions requires information on the local water baance, the
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transmissive properties of the media, and the hydraulic head
distribution.

Hydraulic head is rhe elevation to which water risesin a
well that is open to the surface (Figure 4-1). It is composed of
two parts: (1) the pressure head that produces the column of
water above the open interval; and (2) the elevation head,
which is the elevation of the open interval relative to a datum,
usually mean sea level. Depth to water normally is measured
from areference point (e.g., top of the casing) that has been
surveyed. This information is used to compute water-level
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Figure 4-1. A diagram of the relationships between hydraulic
head, H, pressure head, h, and gravitatlonal head,
Z. The pressure head is measured from the level

of termination of the piezometer or tensiometer in
the soil to the water level in the manometer and is

negative in the unsaturated soil.



elevations. Although depth to water is useful to know, without
converting it to a water-level elevation (i.e., hydraulic head),
directions and rates of ground-water movement cannot be
determined.

Hydraulic head data m often displayed in two dimen-
sions as a potentiometric surface map (Figure 4-2). Such a
map represents the elevation to which water would rise in an
open well placed in the interval of interest. It is analogousto a

Ground-water
Flow Direction

-

topographic map with the direction of water flow from higher
to lower elevations and generally running perpendicular to the
contours. However, ground-water flow directions may di-
verge from the direction predicted by potentiometric contours
when the aquifer is anisotropic (hydraulic conductivity is not
the same in all directions). Fetter (1981) describes techniques
for determining the direction of ground-water flow in aniso-
tropic aquifers. Again, using the analogy of the topographic
map, behavior of ground-water flow is similar to how surface
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water runoff occurs via overland flow. Different subsurface
units or intervals may have different potentiometric surface
maps. The uppermost potentiometric surface map, which isin
contact with the atmosphere through the vadose zone (Chapter
5), is the water table.

Although displayed on a two-dimensiona surface, the
hydraulic head distribution is generaly a three-dimensiona
phenomena that is, hydraulic head varies verticaly as well as
aredlly. To determine the vertical distribution of hydraulic
head, wells must be drilled in the same vicinity, but must be
open to different depths (elevations). If hydraulic head in-
creases with increasing depth, ground-water flow is upward;
in generdl, this results in an area of discharge. If hydraulic
head decreases with increasing depth, ground-water flow is
downward this is an area of ground-water recharge.

Often the stratigraphy supports multiple aquifers that are
separated by confining beds. In these cases, the aquifers are
dominated by horizontal flow and the confining layers are
dominated by vertical flow, i.e., leakage between adjacent
aguifers. At hazardous waste sites, it isimportant to determine
how many aguifers are contaminated. As part of this determi-
nation, the direction of leakage and the direction of flow in the
affected aquifers must be assessed. It is possible that flow
direction in one aguifer could differ from flow in an adjacent
aquifer. The difference in hydraulic head over a given dis-
tance is known as the hydraulic gradient. Hydraulic gradients
must be known to determine rates and directions of ground-
water movement.

Often, topographic highs are recharge areas and topo-
graphic lows are discharge areas. For this reason, surface
water bodies (such as lakes, rivers, springs, and seeps) are
often surface expressions of the water table. Therefore, these
surface water bodies are useful for inferring watertable eleva-
tion data where no wells exist.

As indicated, ground water generally flows from poten-
tiometric highs to potentiometric lows, following a trace that
is perpendicular to the potentiometric contours. This trace is
sometimes referred to as a flow line. Unlike surface water,
however, ground-water flow is resisted by the rock and soil
through which it flows. This resistance is quantified by the
transmissive properties of the media. As these transmissive
properties vary at different locations in the aquifer and in
different directions from a given point, they cause the flow
lines to change directions such that they may no longer be
perpendicular to the apparent potentiometric contours. There-
fore, in addition to hydraulic gradients, the transmissive prop-
erties of the media must be known in order to determine rates
and directions of ground-water flow.

The transmissive properties of the media have been given
different but related terms, including intrinsic permeability,
hydraulic conductivity, and transmissivity. Intrinsic perme-
ability is a property of the porous medium and has dimensions
of length squared. It is a measure of the resistance to fluid
flow through the medium; the greater the permeability, the
less the resistance. Hydraulic conductivity is defined as the
volume of water that will move in unit time under a unit
hydraulic gradient through a unit area measured at right
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angles to the direction of flow. It is a property of the fluid and
medium with dimensions of length per time. It is equal to the
product of intrinsic permeability, density of water, and the
gravitational acceleration constant divided by the dynamic
viscosity of water. Finally, transmissivity is the rate of water
flow through a vertical strip of aquifer one unit wide, extend-
ing the full saturated thickness of the aquifer, under a unit
hydraulic gradient. It is equal to the product of hydraulic
conductivity and the aguifer thickness. Consequently, it has
dimensions of length squared per time.

All these properties can vary spatially and directionally at
agiven point. If the medium is homogeneous, the transmis-
sive properties do not vary spatidly. If the medium is isotro-
pic, they do not vary when measured in different directions
from a given point. Most geologic materials are heteroge-
neous and anisotropic.

The fina information that is needed to answer the ques-
tions about ground-water hydrology that were posed earlier
concerns the local water balance. At hazardous waste sites, it
is generally not possible to accurately quantify the local water
balance, primarily because of data limitations. One of the
main goals a a hazardous waste site investigation is to define
the extent of contamination. Conseguently, monitoring wells
are clustered near potential sources. Ground-water hydrolo-
gists look at the bigger picture to determine what hydraulic
boundaries control or influence flow at the site. Data covering
the larger area are rarely available for hazardous waste sites.
Regardless, it is important to attempt the mass balance and to
estimate what regional factors control the local flow system.
This exercise, while not highly quantitative, will provide a
valuable qualitative understanding of the flow system control-
ling contaminant migration.

4.2 Field Techniques

Ground water is generally below the land surface and,
therefore, difficult to observe. One of the most effective
techniques for observing ground water is to use point mea
surements made in wells. Wells must be designed, drilled, and
developed in order to measure water levels and to take water
quality samples. Tests are conducted to determine transmis-
sive and storage properties. The following section discusses
methods used to drill wells, measure water levels, and deter-
mine subsurface properties.

4.2.1 Drilling Techniques

Table 4-1 summarizes the advantages and disadvantages
of various drilling methods used for monitoring well construc-
tion. In shallow unconsolidated deposits, a hollow stem con-
tinuous flight auger is the preferred method. The use of
hollow stem augers (Figure 4-3) requires no fluid in the
borehole and allows for installation of the casing and screens
prior to removal of the augers, thereby eliminating problems
associated with caving of the borehole. However, it may be
difficult to sed the annular space in wells constructed in this
manner, and other construction techniques may be more suit-
able. In situations where borehole caving is not a problem, the
use of solid stem or bucket augers is equally suitable. Unfortu-
nately, the use of augers becomes impractical when drilling



Table 4-1. Auger, Rotary, and Cable-Tool Drilling Techniques-Advantages and Disadvantages
for Construction of Monitoring Wells

Type Advantages Disadvantages

Auger .Minimal damage to aquifer * Cannot be used in consolidated deposits
.No drilling fluids required + Limited to wells less than 150 feet in depth
.Auger flights act as temporary casing, stabilizing hole for » May have to abandon holes if boulders are encountered

well construction

.Good technique for unconsolidated deposits
.Continuous core can be collected by wireline method

Rotary .Quick and efficient method .Required drilling fluids which alter water chemistry
.Excellent for large and small diameter holes .Results in a mud cake on the borehole wall, requiring
.No depth limitations additional well devopment, and potentially causing
.Can be used in consolidated and unconsolidated deposits changes in chemistry
.Continuous core can be collected by wireline method .Loss of circulation can develop in fractured and high-

permeability material
Cable tool .No limitation on well depth .Limited rigs and experienced personnel available

.Limited amount of drilling fluid required

.Can be used in both consolidated and unconsolidated

deposits

.Slow and ineffcient
. Difficult to collect core

.Can be used in areas where lost circulation is a problem

.Good lithologic control
.Effective technique in boulder environments

From GeoTrans, 1989

deeper wells (100 to 150 ft) or when hard unconsolidated
deposits are encountered. Thick clay deposits that tend to bind
augers also may make the use of augers impractical. When
drilling beneath the water table where cross-contamination
between water-bearing strata is considered problematic, au-
gers may not be the optimum technique. If auger techniques
are used, it may not be possible to prevent fluid flow in the
borehole between formations.

When drilling in deeper consolidated deposits, air rotary
drilling (Figure 4-3) is frequently the preferred method be-
cause no drilling fluids are employed. However, oil from air
compressors may contaminate the borehole, and special filters
are required to minimize this effect. In some cases, drillers
may use foams to help lift cuttings to the surface and increase
the speed of drilling. Caving of unconsolidated material over-
lying consolidated material can frequently limit the use of air
rotary drilling. However, some air rotary rigs are equipped
with casing hammers that can drive a casing as drilling
proceeds, similar to cable tool drilling techniques (see discus-
sion below). Mud rotary techniques also can be used to drill
through unconsolidated material, a casing can be set to hold
these deposits open, and the hole can be continued with air
rotary.

Cable tool drilling methods (Figure 4-3) may be used for
constructing monitoring wells. However, cable tool drilling
through unconsolidated material, particularly below the water
table, will probably require the simultaneous driving of a
casing to prevent caving. Because casing driven in this man-
ner may seal strata through which it is driven, this method
may be used at sites when cross-contamination of water
bearing zones could be a problem. Completing awell cased
during drilling will probably require that the casing be pulled
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back to expose the formation before setting the screens. An
advantage of cable tool drilling is that it can be used to drill to
great depths, although a minimum borehole diameter of 3 in.
is required. Another advantage is that it can penetrate through
consolidated material, although frequently at a slow pace.

During drilling for any ground-water contamination in-
vestigation, precautions must be taken to prevent cross-con-
tamination of boreholes. Thoroughly cleaning the drilling rig
and tools initially and after each borehole is drilled are ex-
amples of specific precautions that should be taken. No uni-
form procedure has been developed for al sites, but a soap
wash followed by solvent and distilled water rinse is com-
monly used. Proper drilling plans also can minimize potential
cross-contamination. |f possible, drilling should progress from
the least to most contaminated areas (Sisk, 1981).

Upon completion, the monitoring well must be devel-
oped. Any contamination or formation damage from well
drilling and any fines from the natural formation must be
removed to provide a particulate-free discharge. A variety of
techniques are available to remove such contamination and
develop a well (Table 4-2). To be effective, all these tech-
niques require reversals or surges in flow to avoid bridging by
particles, which is common when flow is continuous in one
direction. These reversals or surges can be created by using
surge blocks, air lifts, bailers, or pumps (see Scalf et al.,
1981). Natural formation water should be used; use of other
water is not recommended. The discharge from the well
should be continuously monitored and development should be
continued until the discharge is particulate-free. Idedlly, the
well should be developed so as to minimize the creation of
water requiring disposal.
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Table 4-2. Well Development Teohniques-Advantages and Disadvantages
Technique Advantages Disadvantages
Overpumping .Minimal time and effort required .Does not effectively remove fine-granted sediments

Backwashing

Mechanical surging

High velocity jetting

From GeoTrans, 1989

.No new fluids introduced
.Remove fluids introduced during drilling

.Effectively rearranges filter pack
.Breaks down bridging in filter pack
.No new fluids introduced

.Effectively rearranges filter pack
.Greater suction action and surging than

backwashing

.Breaks down bridging in filter pack
.No new fluids introduced

.Effectively rearranges filter pack
.Breaks down bridging in filter pack
.Effectively removes the mud cake around

screen
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.Can leave the lower portion of large screen intervals
undeveloped

.Can result in a large volume of water to be contained and
disposed.

.Tends to push fine-grained sediments into filter pack
.Potential for air entrapment if air is used

.Unless combined with pumping or bailing, does not
remove drilling fluids

.Tends to push fine-grained sediments into filter pack

.Unless combined with pumping or bailing, does not
remove drilling fluids

.Foreign water and contaminants introduced
.Air blockage can develop with air jetting

.Air can change water chemistry and biology (iron bacteria)
near well

.Unless combined with pumping or bailing, does not
remove drilling fluids



A variety of materials are available for usein casing,
screenings and other structural and sampling components of
monitoring wells (Table 4-3). Well materials must have suffi-
cient strength to ensure the structura integrity of the well
during installation and during protracted periods of monitor-
ing. The materials should sufficiently resist deterioration that
may result from long-term exposure to natural chemical or
pollutant constituents in the ground water at each site. The
materials also must be selected to minimize their interference
with the measurement of specific constituents. The most
commonly used materials are mild stedl, stainless stedl, poly-
vinyl chloride (PVC), polypropylene, polyethylene, and
Teflon®. These materials have substantially different proper-
ties relative to strength, corrosion resistance, interference with
specific constituent measurements expense, and availability.
Consequently, materials should be selected only after consid-
eration of al pertinent, site-specific factors such as well
installation method, depth, geochemical environment, and

Table 4-3.

Type Advantages

probable contaminants to be monitored. Larson (1981) and
Barcelona et al. (1983) have summarized the chemical resis-
tance of various casings and well materials to differing envi-
ronments. These topics also are discussed in more detail in
subsequent chapters of this Handbook.

There are three basic categories of monitoring well de-
signs that are used to monitor vertical distribution of contami-
nants at a specific location (Figure 4-4). The first type of
nested-sampler design consists of a series of multiple-port
samplersinstalled in a single borehole. The sampling ports are
isolated from each other by inflatable packers or by other
annular sedls. In some systems, a special tool is lowered into
the well to open ports at the specific location when a water
level or water quality sample is desired. In others, different
plastic (such as nylon) tubings are used for sampling each
zone where a vacuum is used to bring the sample to the

Well Casing and Screen Material—Advantages and Disadvantages in Monitoring Wells

Disadvantages

Fluorinated ethylene
propylene (FEP)
environments

- Good chemical resistance to volatile organics
Good chemical resistance to corrosive

Lower strength than steel and iron

Polytetrafluoroethylene
(PTFE) or Teflon®

Polyvinylchloride
(PVC)

Polyethylene

Polypropylene

Kynar

Stainless steel

Cast iron and low-carbon steel

Galvanized steel

- Lightweight
- High-impact strength

Resistant to most chemicals

Lightweight

Resistant to weak alkalis, alcohols, aliphatic
hydrocarbons, and oils

Moderately resistant to strong acids and alkalis

Lightweight

Lightweight
Resistant to mineral acids

Moderately resistant to alkalis, alcohols, ketones,

and esters

High strength

Resistant to most chemicals and solvents
High strength

Good chemical resistance to volatile organics

High strength

High strength

Weaker than most plastic material

Weaker than steel and iron
More reactive than PTFE

Deteriorates when in contact with ketones,
esters, and aromatic hydrocarbons
Low strength

- More reactive than PTFE, but less reactive

than PVC
Not commonly available

Low strength

Deteriorates when in contact with oxidizing
acids, aliphatic hydrocarbons, and aromatic
hydrocarbons

More reactive than PTFE, but less reactive
than PVC

Not commonly available

Poor chemical resistance to ketones, acetone
Not commonly available

May be a source of chromium in low pH
environments
May catalyze some organic reactions

Rusts easily, providing highly sorptive surface
for many metals
Deteriorates in corrosive environments

May be a source of zinc
If coating is scratched, will rust, providing a
highly sorptive surface for many metals

From GeoTrans, 1989
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surface. However, for deep wells and volatile organic chemi-
cals, the vacuum may result in unacceptable chemical losses
from volatilization. The second configuration for nested-sam-
plers consists of multiple well stings installed in one large
borehole (Figure 4-4). Individual zones are isolated from each
other using a low permesbility material. Seals between zones
may be difficult to obtain and maintain.

Findly, the third type of nested-sampler design consists
of drilling a separate borehole for each monitoring well (Fig-
ure 4-4). This system is superior to the two previous systems
because the potential for cross- contamination from faulty
sedls is minimized, and smaller diameter holes can be drilled,
thereby reducing the volume of water that needs to be pumped
prior to sampling. The additiona costs associated with drill-
ing multiple boreholes often is offset by technical problems
associated with the installation of the two previous systems.
Use of multiple piezometers and ports in a single borehole
should be avoided according to U.S. EPA (1986), because the
potential for erroneous data is increased. (A piezometer isa
small-diameter well open to a point in the subsurface.) Table
4-4 summarizes the advantages and disadvantages of these
three multilevel sampling designs.

4.2.2 Methods to Measure Hydraulic Head

There are a number of ways to measure hydraulic head in
the saturated or vadose zones (see Table 4-5). For conve-
nience, both zones are discussed in the following section. The
accuracy of depth-to-water measurements is discussed in a
Superfund ground-water issue paper (Thornhill, 1989). When
comparing various methods of measurements, as indicated in
Table 4-5, the steel tape method is the most precise. Although
less precise, the air line method is useful in pumped wells
where water turbulence exists. Pressure transducers can be
used in either the saturated or vadose zones. They are useful
for making frequent measurements, such as during a slug test.

In a saturated zone, the hydraulic head, H, is measured at
apoint using a piezometer (see Figure 4- 1) and is defined as
the elevation (pressure head) at which the water surface stands
in an open piezometer tube terminated at a given point in the
porous medium. Hydraulic head is a combination of pressure
head and elevation head (distance of the measuring point
above a reference level [datum]). The reference level chosen
for measurement of H is arbitrary. The hydraulic head is a
potential function, the potential energy per unit weight of the
ground water.
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Table 4-4.

Type

Advantages

Multilevel Monitoring Well Design-Advantages and Disadvantages in Monitoring Wells

Disadvantages

Multiple-port sampler

.Large number of sampling zones per borehole
.Smaller volume of water required for purging than

.Potential for cross-contamination among ports
.Potential sampling ports becoming plugged

Nested sampler/
single borehole

Nested sampler/

multiple boreholes

nested sampler/single borehole and multiple boreholes

.Lower drilling costs than nested sampler/multiple
boreholes

.Lower drilling costs than multiple boreholes

.Low potential for screens becoming plugged intervals

. Special sampiing tools required

.Potential for cross-contamination among screen

.Number of sampling intervals limited to three or

four

.Larger volume of water required for purging
than multiple-port campier or nested sampler/
multiple boreholes

.Higher installation costs

.Potential for cross-contamination minimized .Higher drilling costs

.Voliume of water required for purging smaller than
nested sampler/single borehole

.Low installation costs

.Low potential for screens becoming plugged

From GeoTrans, 1989

Table 4-5. Summary of Methods to Measure Hydraulic Head
Method Application Reference
Steel tape Saturated zone. Most precise method. Noncontinuous measurements. Slow Garber and Koopman (1968)

Electric probe

Air line

Mechanical float
recorder

Pressure
transducer

Acoustic sounder
Tensiometry
Electrical
resistivity

Thermocouple
psychrometry

Thermal
diffusivity

Saturated zone. Frequent measurements possible. Simple to use.
Adequate precision

saturated zone. Continuous measurements. Useful for pumping tests.
Limited accuracy

Saturated zone. Continuous measurements. Useful for long-term measurements.
Permanent record can be delicate

saturated or vadose zone. Continuous or frequent measurements. Rapid response
to changing pressure. Permanent record. Expensive

Saturated zone. Fast; permanent record. Imprecise

Saturated or vadose zone. Laboratory or field method. Useful range is 0 to 0.85
bars capillary pressure. Direct measurement. A widely used method

Vadose zone. Laboratory or field method. Useful range is O to 15 bars capillary
pressure. indirect measurement. Prone to variable and erratic readings

Vadose zone. Laboratory or field method. Useful range 10 to 70 bars capillary
pressure. interference from dissolved solutes likely in calcium-rich waste

Vadose zone. Laboratory or field method. Useful range O to 2.0 bars capillary
pressure. indirect measurement

Driscoll (1986)

Driscoll (1986)

USGS (1977)

Gerber and Koopman (1986)

Davis and DeWiest (1966)

Cassei and Klute (1986):
Stannard (1986)

Campbell and Gee (1986);
Rehm et al. (1987)

Rawlins and Campbell (1986)

Phene and Beale (1976)

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

permission.

Modified from Thompson et al., 1989
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These same concepts of hydraulic head, pressure head,
and gravitationa (or elevation) head may be applied to the
vadose zone (Chapter 5). A common device used to measure
the hydraulic head in the vadose zone is a tensiometer. It is
terminated in the soil by a porous cup permeable to water, but
impermeable to air, when the pores of the cup are filled with
water. The porous cup is necessary to establish hydraulic
contact between the water in the tensiometer and the soil
water. For the vadose zone, the pressure head is inherently
negative, i.e., the free water surface in the open arm of the
manometer will stand below the point of termination in the
soil.

Mercury often is used in the manometer, reducing ma-
nometer size (Figure 4-5). Other measuring devices include
vacuum gauges and pressure transducers. In areas subject to
freezing, a 40 percent ethylene-glycol solution can be used in
the tensiometer in place of water (Stephens and Knowlton,
1986).
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The effective pressure range of a standard tensiometer, O
to about -0.08 megapascals (MPa), is limited by the fact that
negative pressures are measured with reference to atmo
spheric pressure. Peck and Rabbidge (1966; 1969) devel oped
an osmotic tensiometer for field use that expands the effective
measurement range from O to as low as -1.5 MPa. Another
instrument that has a wide range of pressure measurements is
the thermocouple psychrometer (Table 4-5).

Hydraulic head can vary temporally at any given well.
The variation may be the result of an aguifer's response to a
known stress (e.g., a pumping well or seasonal changes in
recharge) and may demonstrate a tempora relationship be-
tween hydraulic head and contamination concentrations. For
example, an observation well, located adjacent to a ditch that
only contains water during the growing season, exhibits
changes in hydraulic head that cause seasonal changesin
uranium concentrations (Figure 4-6). This change highlights
the importance of a sampling frequency sufficient to monitor
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Figure 4-5.

Schematic illustration of the essential parts of a tensiometer (from Hillel, 1980).
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the range of contaminant concentrations that may occur at a
site. At many sites, the seasonal variation of hydraulic head
already may be known from existing regiona studies. At sites
where these type of data do not exist, it may be necessary to
monitor water levels on a continuous basis to determine the
measurement frequency.

4.2.3 Methods to Determine Aquifer Properties

The aquifer properties considered here include storage
properties and hydraulic conductivity. In addition, methods
are considered for estimating the spatial variability of hydrau-
lic conductivity. The methods used to measure or estimate
storage properties are listed in Table 4-6; methods to measure
or estimate hydraulic conductivity are listed in Table 4-7; and
methods to measure or estimate spatial variability are listed in
Table 4-8.

Determination of aquifer properties begins with identify-
ing a known stress to the ground-water system, and then
measuring the response to that stress over space and/or time.
Given the system geometry and boundary conditions repre-
senting the stress, a mathematica description and correspond-
ing solution (computed response) can be determined for a
range of parameters. The observed aquifer response is matched
to a computed response, and the corresponding parameters are
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determined. Thus, aquifer properties are not measured di-
rectly, but instead are determined through this curve-matching
process. Using more than one method to determine aquifer
properties is recommended. Results then can be weighted
toward the best performed tests with the greatest stress to the
aguifer system.

Stress on the ground-water system can result from tidal or
river stage fluctuations, from pumping, or from displacing the
water in awell by a known volume. According to Walton
(1987), a pumping tests defined as afield in situ study aimed
at obtaining controlled aquifer system response data. Usually,
awel is pumped at severa fractions of full capacity and/or at
aconstant rate, and water levels are measured at frequent
intervals in the pumped well and nearby observation wells.
Measurement of hydraulic head can be important in establish-
ing equilibrium water-level conditions prior to pump tests.
The influence of ground-water fluctuations externa to a pump
test often can be eliminated prior to pump test analyses by this
process. Shallow watertable aquifers can exhibit centimeter-
range changes in daily ground-water levels due to evapora-
tion. Increases in barometric pressure can cause
centimeter-range declines in hydraulic head in a well. Water
levels in wells near coastal areas often respond to ocean tides.
Centimeter-range changes in hydraulic head are typical for
earth tide responses.



Table 4-6. Summary of Methods to Measure Storage Properties

Method Application

Reference

Pumping test

Tests a relatively large volume of the aquifer.

Slug test
construction and borehole conditions.

Water-balance
of the aquifer.

Laboratory

Can be used to measure storage values for unconfined or confined aquifers.
Multiple-well tests are more accurate than single-well tests.

Single-well tests for confined or unconfined aquifers. Test highly influenced by well

Measures specific yield only. Requires several observation wells around pumping
well to accurately determine the cone of depression. Tests a relatively large volume

Obtain a maximum long-term value. Fractures, macropores, and heterogeneities

Bureau of Reclamation
(1985); Stallman (1971);

Driscoll (1986);
Lehman (1972)

Hvorslev (1951); Bouwer and
Rice (1976); Bouwer (1989):
Lehman (1972);

Cooper et al. (1967)

Nwankwor et al. (1984);
Neuman (1972)

Nwankwor et al. (1984)

of geologic material may not be represented. Only specific yield can be determined.

From Thompson et al., 1989

Copyright 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

permission.

Table 4-7. Summary of Methods to Measure Saturated Hydraulic-Conductivity Values in the Field and Laboratory (modified from
Thompson et al, 1989)

Method Application Reference

Slug test Confined aquifers with fully penetrating wells screened along the entire aquifer Hvorslev (1951); Bouwer and

thickness. Single-well test for wells.

Pumping test

Steady-state

permaemeter 1.0 cm/sec to 10*crn/sec.
Falling-head
permeameter 10°cm/sec to 10°cm/sec.

Complex multiple-well tests for confined or unconfined aquifers with fully or partially
penetrating wells. Used for wide range of aquifer permeabilities. Test wells can be
used for sampling. Tests a relatively large volume of the aquifer.

Laboratory method to determine sample hydraulic conductivity within a range from

Laboratory method to determine sample hydraulic conductivity within a range from

Rice (1976); Lehman (1972)
Bureau of Reclamation
(1985); Stallman (1971);
Driscoll (1986):

Lehman (1972);

Klute and Dirksen (1986)

Klute and Dirksen (1986)

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

Drawdown is defined as the drop in water level from
static-water level conditions as a result of pumping stress.
Time-drawdown and distance-drawdown data are analyzed
with model equations and type-curve matching, straight-line
matching, or inflection-point selection techniques. For ex-
amples, see Bental (1963); Ferns et a. (1962); Kruseman and
De Ridder (1976); Lehman (1972); Neuman (1974); Reed
(1980); Stallman (1971); Walton (1962); and Walton (1970).
One disadvantage of conducting pumping tests at hazardous
waste sites is the disposal of contaminated water. Pumping
tests are valuable, however, because a relatively large portion
of the aguifer is stressed. Therefore, the hydraulic conductiv-
ity determined from an aquifer test is more representative of
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spatially averaged conditions. These type of data are required
for final design considerations of a pump-and-treat system.

The dlug test method consists of causing a water-level
change within awell and measuring the rate at which the
water level in the well returnsto itsinitial level. The water-
level change can be caused either by injecting or withdrawing
avolume of water or weighted float in the well. The rate of
recovery then can be related to the hydraulic conductivity of
the surrounding aquifer materia. For further information, see
Cooper et a. (1967) or Bredehoeft and Papadopulos (1980).

As indicated in Table 4-7, a disadvantage of slug testsis
that only a small volume of aquifer material is tested. If the



Table 4-8.

Method

Summary of Methods to Measure Spatial Variability of Hydrogeologic Parameters

Application

Reference

Piezometer slug
tests

Hydraulic
conductivity from
grain size

Surface
geophysics

Borehole
geophysics

Large-scale aquifer

Localized measurement, influenced by well disturbed zone.
Efficient and easy to conduct.

Samples of aquifer material required. Empirical and poor accuracy,
especially for silt and day fractions.

Direct current resistivity, electromagnetic induction, streaming potential.
Difficult to interpret and poor accuracy.

Natural gamma, gamma-gamma density, single-point resistance, neutron.

K= (d), Accuracy?

Provides bulk parameters over relatively large region.

Hvorslev (1951); Bouwer and
Rice (1976);
Lehman (1972)

Hazen (1982): Krumbein and
Monk (1942); Masch and
Denny (1966)

Zohdy et al. (1974); Sendlein
and Yazicigal (1981);
Yazicigal and Sandlein
(1982)

Serra (1984); Wheatcraft et al.
(1986); Wyllie (1963);
Patten and Bennett (1963)

Bureau of Reclamation

tests (pumping tests)

Geological mapping
of sedimentological
facies

away from site.

Continuous core
laboratory K.

Borehole flowmeter

Problems with extrapolation-geological sections above water table and

Split-spoon sampler, samples are disturbed. Grain size analysis,

Most promising. Equipment difficult to obtain.

(1985);

Stallman (1971);
Driscoll (1986);
Lehman (1972)

Willis (1989); Leeder (1973);
Matthews (1974);
Turnbull et al. (1950)

Wolf (1988)

Rehfeldt et al. (1988);
Hufschmied (1986);
Guthrie (1986);
Kerfoot (1964)

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprintad with

permission.

well has been damaged (such as from a skin effect from
drilling mud), then the test may only determine the hydraulic
conductivity of the skin (Faust and Mercer, 1984). However,
at hazardous waste sites, slug tests offer many advantages,
including (1) there are no contaminated water disposal prob-
lems when a slug rod is used to displace the water, (2) a
pressure transducer can be used to measure the pressure
response in wells so that data can be collected even in fairly
permeable material, and (3) decontamination is relatively
simple, alowing as many as a dozen wells to be dug tested in
aday. The slug test method is very inexpensive and provides
a considerable amount of data on the flow characteristics of
the subsurface.

One method to determine hydraulic conductivity that is
listed in Table 4-8 is grain size andysis. Since Hazen (1892),
a number of formulas have been proposed that relate some
measure of grain size to hydraulic conductivity (for example,
Fair and Hatch, 1933; Krumbein and Monk, 1942; Masch and
Denny, 1966; and Er-Hui, 1989). These formulas are empiri-
cal with hydraulic conductivity proportional to a function of
representative grain diameters. However, these formulas are
not very accurate, and the accuracy decreases when the samples
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are predominantly silt or clay. In the early stages of afield
investigation they may be very useful. They also may be
helpful in estimating hydraulic conductivity in the vadose
zone, which can be a difficult task (see Chapter 5).

Twenty years ago, when hydrologists were mainly inter-
ested in water supply, one or two pumping tests were often
sufficient to design an adequate water supply system. With the
advent of contaminant hydrology, more information is re-
quired to understand and remediate contamination distribu-
tions in the subsurface. In general, the more detailed the
investigation, the more heterogeneous the subsurface was
observed to be. Recently, much research has focused on an
improved capability to better define spatial variability and its
impact on chemical transport. Methods used to determine
spatial variability as depicted in Table 4-8 were developed
from information in Waldrop et a. (1989). Another recent
reference on this subject is Taylor et a. (1990), in which six
borehole methods are evaluated for determining the vertical
distribution of hydraulic conductivity.

Most of this discussion has focused on hydraulic conduc-
tivity; however, many of the methods for determining hydrau-



lic conductivity also give an estimate of storage properties
(Table 4-6). Hydraulic conductivity is needed to calculate
ground-water velocities and chemical travel times. Storage
properties are also important for the following reasons: (1)
porosity is used in chemical travel-time calculations, (2) po-
rosity is used to estimate mass in place, and (3) the storage
properties determine how rapidly the flow system will re-
spond to pumpage. This latter factor is important for pump
and-treat systems where pulsed pumping is used because the
storage properties can be used to help determine the cycle
duration of pumping.

4.3 Analysis of Data

Once ground-water data are collected, they must be ana-
lyzed and interpreted. Numerous analysis tools are available,
including graphical methods, mathematical modeling, and
geostatistical techniques. Graphical methods have been used
for years. However, with the increased use of microcomputers
and software such as geographical information systems (GIS),
database management systems (DBMS) and plotting pack-
ages, it is now easy to view data via a variety of graphical
techniques. The key isto have field data readily transferred or
directly recorded on electronic/magnetic format instead of

paper.

Mathematical models have been used extensively for
ground-water analysis since the mid-1960s. Models test hy-
pothesized conceptualizations of site conditions. They often
are enhanced by data acquisition and can test the relative
importance of some information. Knowledge of the varying
importance of data can help direct the data collection. Thus,
where appropriate, using models in unison with active field
investigations can aid in characterization efficiency. Once a
model has been properly calibrated, it can make limited
predictions about future ground-water flow, contaminant trans-
port, or the effectiveness of remedial activities. A large num-
ber of models are available and are listed in van der Heijde et
al. (1988). NRC (1990) also provides an overview of model-

ing.

During the past decade, applying geostatistical principles
(i.e., structural analysis, kriging, and conditional simulation)
to interpret ground-water data has increased. Geostatistical
techniques are used to evaluate the spatial variability of
ground-water flow parameters, particularly hydraulic head
and transmissivity. A code for performing geostatistical as-
sessments is provided in Englund and Sparks (1988). The
principles of geostatistics may be appropriate for interpolating
point data to estimate the spatia distribution of certain aspects
of ground-water quality. Kriging provides a measure of the
error of estimation, which can be mapped and used to select
locations for additional sampling points. Using this approach,
a near-optimal monitoring network can be developed for a
predetermined level of reliability.

4.4 Remedial Actions

Pumping wells are part of a ground-water flow system. In
many cases, ground-water contamination is discovered be-
cause a water-supply well has become affected. These wells
create cones of depression in the potentiometric surface that
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cause water to flow toward them. If that water is carrying
contaminants, they, too, will flow toward the well. When
contamination is discovered, the immediate response is to
shut the well down. This is the correct response, but doing so
changes the ground-water flow system. The potentiometric
surface adjusts to the change in source/sink term, usualy
within a few days, and chemicals begin to owly migrate to
portions of the aquifer that perhaps were previously uncon-
taminated. Therefore, an interim remedia action that should
be considered at such sites is well-head treatment. Such
treatment will bring the well back into production, minimiz-
ing the disruption to the water supply. It also will prevent the
further spread of contamimnts within the aquifer, which,
hopefully, will be consistent with any final remediation that is
conducted at the site.

Final remedial actions at hazardous waste sites are dis-
cussed in OTA (1984) and EPA (1988). Ground-water con-
tainment/cleanup options include physical containment (e.g.,
construction of low-permeability walls and caps/covers), in
Situ treatment (e.g., bioreclamation), and hydraulic contain-
ment/cleanup (e.g., extraction wells and intercept trenches/
drains). To effect complete cleanup, a treatment train combin-
ing severad methods may be formed.

When a pump-and-treat system is used for cleanup, con-
taminated ground-water or mobile nonagqueous phase liquids
(NAPLS) are captured and pumped to the surface for treat-
ment. This process requires locating the ground-water con-
taminant plume or NAPLs in three-dimensional space,
determining aquifer and chemical properties, designing a cap-
ture system, and installing extraction (and in some cases
injection) wells. Monitoring wells/piezometers, used to check
the effectiveness of the pump-and-tresat system, are an integral
component of the system. Injection wells are used to enhance
the extraction system by flushing contaminants (including
some in the vadose zone) toward extraction wells or drains. A
pump-and-treat system may be used in combination with
other remedial actions, such as low-permeability walls, to
limit the amount of clean water flowing to the extraction
wells, thus reducing the volume of water to be treated. Pump
and-treat technology also can be used as a hydraulic barrier to
prevent offsite migration of contaminant plumes from land-
fills or residual NAPLs. The basic principle of a barrier well
system is to lower ground-water levels near a line of wells,
thus diverting ground-water flow toward the pumping wells.

Whether the objective of the pump-and-treat system is to
reduce concentrations of contaminants to an acceptable level
(cleanup) or to protect the subsurface from further contamina-
tion (containment), the system components are

A set of goals or objectives.

Engineered components such as wells, pumps, and a
treatment facility.

Performance criteria and monitoring.

Termination criteria.



Each of these components must be a part of the design
and evaluation of a pump-and-treat technology.

Pump-and-treat technology is appropriate for many
ground-water contamination problems (Ziegler, 1989). For
this technology to be effective, the physical-chemica subsur-
face system Must allow the contaminants to flow to the
extraction wells. The subsurface must have sufficient hydrau-
lic conductivity to alow fluid to flow readily and the chemi-
cals must be transportable by the fluid. These requirements
make the sure of pump-and-treat systems highly site specific.
Cases in which contaminants cannot readily flow to pumping
wells include

»  Heterogeneous aquifer conditions where low-perme-
ability zones restrict contaminant flow toward ex-
tinction wells.

Presence of chemicals that are sorbed or precipitated
on the soil and slowly desorb or dissolve back into
the ground water as chemical equilibrium changes in
response to the extraction process.

Presence of immobile NAPMs that may contribute to
a miscible contaminant plume by prolonged dissolu-
tion (e.g., a separate phase gasoline a residual satu-
ration).

In these cases modifications to pump-and-treat technol-
ogy, such as pulsed pumping, maybe appropriate. Pump-and-
treat technology also may be used in combination (treatment
train) with other remedial alternatives, such as vacuum extrac-
tion and/or bioremediation. Under complex conditions, no
single technology is a panacea for subsurface remediation.

The main limitation of pump-and-treat technology is the
long time that may be required to achieve an acceptable level
of cleanup. The length of time results from the “tailing” effect
often observed with this remedia action. Tailing is the asymp-
totic decrease of contaminant concentration in water that is
removed in the cleanup process (Figure 4-7). Other potential
limitations include (1) a design that fails to contain the con-
taminant plume and allows continued migration of contami-
mnts either horizontally or verticaly or, (2) operational failures
that allow the loss of containment. Typical operationa prob-
lems stem from the failure(s) of surface equipment or electri-
cal and mechanical control systems; and chemical precipitation
causing plugging of wells, pumps, and surface plumbing.
Limitations are discussed further in Mackay and Cherry (1989).

Physica containment involves low-permeability barriers
such as dlurry walls. Problems associated with slurry walls
may involve a difficulty with achieving design permesability
and underflow; such problems lead to loss of containment.
Slurry walls also may be used to prevent the movement of
clean water into an area being remediated by a pump-and-treat
system, thereby reducing the amount of water that needs
treatment. Slurry walls also reduce the amount of fresh ground
water that is contaminated in a pump-and-treat system. Drains
also can be used to create a hydraulic barrier. Factors that
must be considered in drain construction include health and
safety during construction, maintenance access, disposal of
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excavated soils, and expected volume of water produced.
Generdly, drains are used in shallow applications where low-
permeability material discourages the use of wells. Using
drains for deeper applications usually is not cost effective.
Other ground-water remedial actions are discussed in subse-
quent chapters.

4.5 Example-Conservation Chemical
Company Site

The Conservation Chemica Company (CCC) site is lo-
cated over an aluvid aquifer about 1,000 ft from the Missouri
River in Kansas City, Missouri (Figure 4-8). Formerly the site
was used to treat, store, and dispose of hazardous waste. As
may be seen, the Missouri River Valley is underlain by
deposits of alluvium with an average thickness of 90 to 95 ft.
The aluvia sediments contain interbedded clays, silts, sands,
and gravels. Although the composition varies localy, there
me some typical characteristics. Grain size increases with
depth, which reflects the depositional history of the Missouri
River. In many locations, the increasing grain size creates
three layers. (1) the uppermost layer is composed of silts and
clays; (2) the intermediate layer includes fine to medium
sands, and (3) the lowest layer is sands and gravels. The upper
layer is approximately 20-ft thick; the intermediate layer 40 to
60-ft thick; and the lower layer 30-ft thick. These alluvial
deposits overlie interlayered shales and limestones.

The dluvia aquifer is highly productive and supplies
about 500,000 gpd to a well located less than 2,000 ft from the
site. The aquifer is generally unconfined; however, short-term
responses to pumping tests and river-level variation indicate
semiconfined conditions. Various hydraulic tests conducted
on and near the site indicate that hydraulic conductivity
increases with depth, as can be expected from the grain size
distribution. Crabtree and Maone (1984) obtained hydraulic
conductivity estimates from 0.51 to 2.35 ft/d for the shallow
aluvium. Pumping tests at a nearby production well indicated
an overal transmissivity of the aquifer between 4,000 and
16,700 ft’/d and a specific yield between 0.15 to 0.27. Slug
tests were attempted but proved unsatisfactory because of
large oscillations (see Chapter 6). Analysis of the response of
the aquifer to changes in river levels suggests that the ratio of
horizontal to vertical hydraulic conductivity is about 100:1 for
the site vicinity.

Water levels are from 5 to 15 ft below land surface
(Crabtree and Malone, 1984). Water-level data indicate that
for the area south of the river, ground-water discharges to the
river; however, during periods when the river is high, ground
water flows from the river into the aquifer. This variability is
indicated in Figure 4-9 where the vector direction indicates
the flow direction and its length indicates the gradient magni-
tude. These data were collected over a |-year period. Cluster
wells indicate a very small vertical hydraulic gradient.

The site was contaminated with metals and organic
compounds. The spatial distribution of concentrations for
specific contaminants did not define a meaningful “plume.”
However, concentration of all contaminants tends to decrease
with distance from the site. Also, organic contaminants are
generally located directly under, northeast, and southeast of
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the site; concentrations of metals are found north and west of
the site. For the nearby offsite wells, the highest concentration
of organics generally are found in the deeper wells.

The design of aremedia pumping system at the CCC site
was complicated by two factors-the impact of the Missouri
River and the high productivity of the aquifer below the site.
Changes in river stage cause significant variations in ground-
water flow rates and directions. Consequently, the operating
system must be flexible enough to track these changes and to
modify pumping as necessary to meet design objectives.
Pumping rates required to achieve design goals are relatively
high for al the alternatives considered because of the high
productivity of the aquifer. Even with high pumping rates, the
area of influence or control is difficult to verify because the
changes in water-level elevation, normally used to determine
flow direction, are small and difficult to measure.

To evauate optima pumping and monitoring strategies,
an analytical approach was embedded in a linear program.
This approach accounts for variations in flow directions and
provides an analysis of pumping requirements under altern-
ative performance criteria. Hydraulic gradients are of particular
interest because performance monitoring of site pumping is
based on the measurement of water-level elevation differ-
ences between piezometer pairs. The amount of water pumped
has been minimized while performance requirements con-
tinue to be met. For a site pumping remedy, the quantifiable
performance requirement is a minimum inward hydraulic
gradient at paired piezometers.

Numerous simulations were performed using gradient
data provided in Figure 4-9. These simulations were per-
formed on both regional and local scales. The regional analy-
sis was performed to study the influence of offsite pumping
centers. Based on these simulations, a recovery system that
met al the requirements is currently being implemented.
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Chapter 5

Characterization of the Vadose Zone
James W. Mercer and Charles P. Spalding

The vadose zone is the subsurface extending from land
surface to the water table. It also is called the zone of aeration,
variably saturated zone, or the unsaturated zone. Use of this
latter term is discouraged, however, because since the vadose
zone contains moisture up to 100 percent saturation, the term
unsaturated could be misleading. Depth of the vadose zone
can vary greatly depending on the region of the site. For
example, in the humid eastern portion of the United States, the
vadose zone can be only afew feet thick, disappearing during
times of the year when the water table is high. In the arid west,
the vadose zone can be several hundred feet thick.

Because the vadose zone overlies the saturated zone,
chemical releases at or near the land surface must pass through
the vadose zone before reaching the water table. Therefore, at
many contaminated sites, often both the vadose zone and the
saturated zone need to be characterized and remediated (i.e,
treatment trains must be applied). As discussed later in this
chapter, the vadose zone can have more complex flow condi-
tions than the saturated zone. These conditions can be difficult
to characterize. On the other hand, because the vadose zone is
nearer to the land surface, for remedia actions, the flow
system may not need to be completely characterized under
certain site conditions and contaminants.

The main difference between the saturated and vadose
zones is the presence of air/gas in the pore spaces of the
vadose zone. The amount of water and air varies both spatially
and temporally, which contributes to the complex nature of
the vadose-zone flow system. However, the presence of soil
gas adso provides a valuable screening tool for locating vola
tile organic compounds (VOCs) In addition, there is the
potential for significant biological activity. The advantages
and disadvantages of characterizing and remediating the va-
dose zone are discussed in the following sections: (1) Review
of Concepts, (2) Field Techniques, (3) Anaysis of Data, and
(4) Remedial Actions. An example of the application of
techniques as discussed in the chapter follows these sections.

5.1 Review of Concepts

The vadose zone can be divided into (1) the belt of soil
water, (2) the intermediate belt, and (3) the capillary fringe.
The belt of soil water is the uppermost zone extending from
the land surface to a depth where soil moisture changes are
minimal. It contains the root zone of plants, and is the site of
many active processes. Precipitation, for example, falls to the
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land surface and runs off via overland flow or infiltrates into
the ground. Working against the infiltrating water are evapo-
ration and transpiration. Evaporation is the process that con-
verts the water at or near land surface to vapor. Transpiration
is the process by which plant roots absorb water and release
water vapor back to the atmosphere through their leaves and
stems. Hydrologists combine these two processes into the
term evapotranspiration. Much of the infiltrating water is
consumed by evapotranspiration. The water that is not con-
sumed and eventually makes it to the water table is recharge.
It is important to understand and characterize these processes
for hazardous waste sites (1) to help understand recharge
events and how contaminants may move through the vadose
zone, and (2) to help design caps used to limit infiltration and
recharge to a contaminant source area.

The capillary fringe (at the base of the vadose zone)
extends upward from the water table until there is a decrease
in soil moisture. Portions of this zone can be at 100 percent
saturation. This zone aso will change as recharge/discharge
causes the water table to fluctuate. The capillary fringe is
formed due to a capillary rise caused by the surface tension
between air and water. Hydraulic head is made up of an
elevation head and a pressure head. At the water table, the
pressure head is zero. It increases below the water table and
decreases above the water table. That is, pressure head is
negative in the vadose zone, a phenomenon sometimes re-
ferred to as soil tension or suction. The latter term refersto the
effect of water being sucked into adry soil. The negative
pressure head will pull water upward from the saturated zone,
forming the capillary fringe. The height of the capillary fringe
depends on the pore size of the soil (e.g., the capillary rise is
greater for smaller pores). Unfortunately, pore size is difficult
to determine and is not directly related to grain size.

Hydraulic head in the vadose zone is defined the same
way asit isin the saturated zone-the sum of pressure head
and elevation head. In the vadose zone, however, pressure
head is used for the saturation-dependent relationships. Capil-
lary pressure, defined as the difference between the nonwetting
fluid pressure and the wetting fluid pressure, also is used. For
an air-water system, the air pressure is assumed to be negli-
gible, and capillary pressure is essentially equa to the nega-
tive of the pressure head.

The moisture present in the vadose zone is quantified by
a term called the volumetric water content or degree of
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saturation. Saturation varies from zero to one and refers to the
amount of volume of pore space filled with water. Volumetric
water content varies between zero and the porosity value. For
complete saturation, the volumetric water content is equal to
porosity, and the degree of saturation is 100 percent or 1.0. If
the pore space is only half filled with water, then the satura-
tion is 50 percent or 0.5 and volumetric water content is half
the porosity.

In the vadose zone, a relationship called the moisture
characterigtic curve exists between volumetric water content
and pressure head (Figure 5-1). As the figure shows, this
curve is nonlinear and generally is not a single-valued-func-
tion relationship. That is, a different curve is used to describe
the pressure-head-volumetric-water-content relationship de-
pending on whether the soil is filling or draining. Depending
on the wetting history, an entire set of curves is needed. This
phenomenon is called hysteresis, and is due in part to en-
trapped air in the soil after wetting. This set of curvesis
necessary to fully describe the flow conditions in the vadose
zone.

Flow in the vadose zone is complicated further by the
presence of air. Because both air and water are in the pore
space, each resists the flow of the other. Thisresultsin a
decrease in fluid mohility, characterized by the term relative
permeability. Relative permeability varies between zero and
one. It is a nonlinear function of saturation that also can
exhibit hysteresis. Thus, to fully characterize flow in the
vadose zone, the relative permeability function must be known,
in addition to the saturated hydraulic conductivity.

5.2 Field Techniques

Based on the review of concepts, near-surface processes,
aswell as other parameters that are functions of moisture
content, need to be characterized. For hazardous waste reme-
diation, vadose zone processes must be understood to design
caps and covers to minimize infiltration. Methods to measure
or estimate these processes/parameters are discussed in this
section. Reviews of vadose zone monitoring are discussed in
Wilson (1980, 1981, 1982, 1983). Section 9.2 further dis-
cusses sampling of subsurface solids and vadose zone water,
and Table 9-5-identifies additional references focusing on
characterization of the vadose zone.

Table 5-1. Summary of Methods to Measure Precipitation

Method Application

5.2.1 Precipitation and Infiltration

Precipitation is defined as the total amount of water that
reaches land surface, and is measured with gauges as a depth
of water (see Table 5-1). Because weather stations are not
generally set up at hazardous waste sites, precipitation infor-
mation is obtained from nearby airports. Another source of
precipitation data is the National Climatic Data Center in
Asheville, North Carolina. Wind velocity and air temperature
also are studied for remediation.

The maximum rate at which water can enter a soil is the
infiltration capacity or potential infiltration rate. The maxi-
mum rate occurs when the water supply at the surface is
unlimited. During precipitation events, all the water will
infiltrate if the rainfal intensity is less than the infiltration
capacity. If this capacity is exceeded, the excess rain cannot
infiltrate and will produce surface runoff. Although this dis-
cussion concerns water infiltration, it also applies to a chemi-
cal spill infiltrating the subsurface. Infiltration capacity varies
with time; it is highest at the begiming of a precipitation event
and decreases as the soil becomes saturated. Table 5-2 lists
methods to measure or estimate infiltration rates. These meth-
ods are discussed in Thompson et al. (1989) and in the
references provided in the table.

Spatial variability is present in the vadose zone as well as
the saturated zone. Spatial variability produces a fingering of
flow as it moves downward from the surface. This means that
the wetting front does not move as a sharp front, but instead
moves downward with an irregular shape where some zones
(fingers) move more rapidly than other zones. Laboratory
studies by Stephens and Heermann (1988) suggest that this
variability increases with decreasing soil moisture content.

5.2.2 Evaporation and Evapotranspiration

Evaporation is the loss of water from the sail into the
atmosphere. In the absence of vegetative cover, the bare soil
surface is subject to radiation and wind effects, and soil water
evaporates directly from the soil surface. An associated pro-
ccss is evaporation of water from plants, or transpiration. For
evaporation to occur (1) a continual supply of heat must meet
the latent heat requirements, (2) a vapor pressure gradient
must exist between the soil surface and the atmosphere, and
(3) there must be a continual supply of water from and/or
through the soil layers. The first two conditions determine the
evaporative demand (Table 5-3) and are controlled by micro-
meteorological factors such as air temperature, humidity,

Reference

Sacramento gage

Weighing gage

Tipping-bucket gage
Recommended.

Accumulated precipitation. Manual recording.

Continuous measurement on precipitation. Mechanical recording.

Continuous measurement of precipitation. Electronic recording.

Finkelstein et al. (1989);
National Weather Service (972)

Finkelstein et al. (1989)

Finkelstein et al. (1989)

From Thompson et al., 1989

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

permission.



Table 5-2 Summary of Methods to Measure or Estimate infiltration Rates
Method Application Reference
Infiltrometers Measures the maximum infiltration rate of surface soils. Useful for determining Dunne and Leopold (1978);
relative infiltration rates of different soil types: however, infiltration rates Bouwer (1986)
determined by this method tend to overestimate actual rates.
Sprinkler Measures the potential range of infiltration rates under various precipitation Dunne and Leopold (1978);

infiltrometer

Average infiltration

method
and antecedent moisture conditions.
Empirical
relations
approximation of infiltration.
infiltration
equations

conditions. Tends to be expensive and non-portable. Sprinkler infiltrometers
have typically been used for long duration research studies.

Method for estimating the average infiltration rate for small watersheds.
Provides an approximate estimate of infiltration for specific precipitation events

Methods to approximate the infiltration for large watersheds. These methods can be
useful when combined with limited infiltrometer measurements to obtain a gross

Analyticai equations for calculating infiltration rates. Parameters required in the
equations can be readily measured in the field or obtained from the literature.
Probably the least expensive and most efficient method for estimating infiltration.

Peterson and Bubenzer
(1986)

Dunne and Leopold (1978)

Musgrave and Holtan (1964)

Bouwer (1986);
Green and Ampt (1911);
Philip (1957)

From Thompson et al., 1989

Copyright® 1969 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

permission.

Table 5-3. Summary of Methods to Measure Evaporation

Method Application Reference
Class-A pan Evaporation from surface of free liquid. Veihmeyer (1964);

Weighing lysimeter

Remote sensing

Direct measure of bare soil evaporation.

Currently in development. Useful for large areas.

National Weather Service (1972)
USGS (1977) (updated 1982)

USGS (1977) (updated 1982)

Modified from Thompson et al., 1989

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

wind velocity, radiation, and crop cover. The third condition,
which determines the rate of water supply to the evaporative
site (soil surface), is controlled by soil-water content, pressure
potential, and relative permeahility of the soil. Thus, the
actual evaporation rate is determined by evaporative demand
and soil hydraulic properties.

Transpiration occurs in response to a vapor pressure
deficit between leaves and the atmosphere. To meet this
demand, plants must extinct water from the root zone. Com-
bined losses due to evaporation and transpiration are com-
monly referred to as evapotranspimtion. When the soil surface
is covered completely by a crop canopy, evaporation |osses
are negligible, and transpiration is the principal process by
which water is lost from the root zone. The same environmen-
tal factors that control evaporation aso control the potential
transpiration. Table 5-4 summarizes methods to measure or
estimate evapotranspiration.

5.2.3 Moisture Content and Moisture
Characteristic Curves

In the vadose zone, the void space is partly filled by air
and partly by water. The moisture content or volumetric water
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content represents the quantity of water present at a certain
time at a point in the porous media. The maximum value of
volumetric water content occurs when all voids are filled; the
minimum vaue occurs when al voids are empty (filled with
air). Thus, moisture content varies between O to the value of
the soil porosity.

Changes in moisture content are important to detect. For
example, under a cap/cover, changes in moisture content
could indicate leaks in the cover. By determining moisture
content with depth, perched water zones can be located for use
in water quality sampling. Several methods are used to mea-
sure moisture content (see Table 5-5), but the recommended
techniques are gravimetric and neutron scattering. Gravimet-
ric moisture content measurements are made by weighing
soils before and after drying. The neutron scatter method
lowers the moisture meter, which contains a source of fast
neutrons and a slow neutron detector, into the soil through an
access tube (Figure 5-2). Neutrons are emitted by the source
(e.g., radium or americium-beryllium) at a very high speed.
When these neutrons collide with a small atom, such as
hydrogen contained in soil water, their direction of movement
is changed and they lose part of their energy. These “slowed”
neutrons are measured by a detector tube and a scalar. This



Table 5-4. Summary of Methods to Measure or Estimate Evapotranspiration

Method Application Reference

WATER BALANCE METHODS

Pan lysimeter Direct field method; accurate; moderate to low cost. Veihmeyer (1964);
Sharma (1985)

Soil moisture sampling Direct field method; accurate; moderate to low cost. Veihmeyer (1984)

Potential evapotranspirometers Direct field method of PET Moderately accurate and Thornthwaite and Mather (1955)
low cost.

Cl tracer Indirect combined field and laboratory method; Sharma (1985)

moderate to high cost.

Water-budget analysis Indirect field estimate of ET; manageable to difficult; Davis and DeWiest (1966)
moderate to low cost.

Ground-water fluctuation Indirect field method; moderate to low cost. Davis and DeWiest (1966)

MICROMETEOROLOGICAL METHODS

Profile method Indirect field method. Sharma (1985)
Energy budget/ Indirect field method; difficult; costly; requires data
Bowen ratio which is often unobtainable; research oriented. Veihmeyer (1964);

Shamra (1985)

Eddy covariance method Indirect field method; costly measures water-vapor flux Veihmeyer (1964); Sharma (1985)
directly; highly accurate; well accepted; research oriented.

Penman equation Indirect field method; ditficult; costly; very accurate; Veihmeyer (1964); Sharma (1985)
eliminates need for surface temperature measurements;
research oriented.

Thornthwaite equation Empirical equation; most accepted for calculating PET: Veihmeyer (1964); Sharma (1985)
uses average monthly sunlight: moderate to low cost.

Blaney-Criddle equation Empirical equation; widely used; moderate to high Stephens and Stewart (1964)
accuracy; low cost; adjusts for certain crops and vegetation.

From Thompson et al., 1989

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Technigues to Develop Data for Hydrogeochemical Models. Reprinted with
permission.

Table 5-5. Summary of Methods for Measuring Moisture Content

Method Application Reference

Gravimetric Laboratory measurements of soils which should be dried at Gardner (1986):
110°C. The standard method for moisture content determination. Radian Corporation (1988)
Recommended.

Neutron scattering In situ measurements via installed access tubes. Widely used. van Bavel (1963)

Requires calibration curves. Recommened.

Gamma ray In situ measurements via installed access tubes. Difficult to use. Gardner (1986)
attenuation Not recommended for routine use.
Electromagnetic In situ measurements from implanted sensors. Not widely used. Schmugge et al. (1980)

Not recommended for routine use.

Tensiometry In situ measurements inferred from moisture-matric potential relationship. Gardner (1986)
Prone to error resulting from uncertainty of moisture-matric potential
relationship. Not recommended.

From Thompson et al., 1989

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Technigues to Develop Data for Hydrogeochemical Models. Reprinted with
permission.
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Figure 5-2. Components of the neutron moisture meter (from

Hillet, 1980).

reading is then related to the soil moisture content in the
vadose zone and porosity in the saturated zone. These mea-
surements are good indicators of relative changes in moisture
content; absolute values of moisture content are difficult to
determine.

If the moisture characteristic curve is known (Figure 5-2),
then pressure head can be measured using, for example, a
tensiometer, and then converted to moisture content using the
characteristic curve. Because of the uncertainty involved,
however, this approach is not recommended.

In a saturated soil at equilibrium with free water at the
same elevation, the matric potential or negative pressure
potential is atmospheric and hence equal to zero.
Subatmospheric pressure (suction or tension) applied to soil
draws water out of the soil, as the voids cannot retain water
against the applied suction. Thus, increasing matric potential
is associated with decreasing volumetric water content. The
soil-water retention curve, also known as the soil-water char-
acteristic curve, expresses this relationship. In most soils,
drainage (drying) and infiltration (wetting) produce different
water retention curves (Figure 5-3). This is because air that is
trapped in the pores upon wetting decreases the water content.
In this case, the soil-water characteristic curve is said to
display hysteresis. Table 5-6 lists methods for determining
moisture characteristic curves.

5.2.4 Vadose-Zone Hydraulic Conductivity

The hydraulic conductivity of a porous medium is largest
at saturation and decreases as the water content decreases. The
saturated hydraulic conductivity in the vadose zone, as well as
the relationship between water content and hydraulic conduc-
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tivity, must be determined. At relatively low water contents,
the hydraulic conductivity decreases primarily because air
occupies more of the pore space, leaving less cross-sectional
area available for water transport. The film of water covering
the soil particles becomes thinner and thinner, until at low
water contents, it becomes thin enough that attractive forces
between the water molecules and the soil particles become
stronger than other forces that might be acting to make water
move; at this point, the hydraulic conductivity approaches
zero. Hence, in the vadose zone, hydraulic conductivity is
expressed as a function of moisture content or pressure head.

Measuring vadose-zone hydraulic conductivity values is
difficult because head gradients, flow rates, and moisture
content or pressure head also must be measured. Factors that
influence these measurements include soil texture, soil struc-
ture, initiad water content, depth of water table, water tempera-
ture, entrapped air, biological activity, entrained sediment in
the applied water, and chemistry of the applied water (Wilson,
1982).

Relative permeability also must be determined. The rela-
tive permeability is a normalized coefficient, which when
multiplied by the saturated hydraulic conductivity, yields the
vadose-zone hydraulic conductivity. It is typically presented
as either a function of capillary pressure or saturation. Rela-
tive permeability ranges from one at 100 percent saturation to
zero at residual saturation, the water saturation where the
water phase becomes disconnected and ceases to flow.

A number of empirical equations have been developed
for approximating the vadose-zone permeability of isotropic
porous media. Three commonly used equations for estimating
the vadose-zone hydraulic conductivity are those by Brooks
and Corey (1964), Mualem (1976), and van Genuchten (1980).
Methods to determine the vadose-zone hydraulic conductivity
are listed in Table 5-7 and discussed in Thompson et al.
(1989). Figure 5-4 shows typical relative permeability curves
computed using van Genuchten (1980).

5.25 Soil Gas Analysis

Although not strictly flow related, soil gas analysis is an
important remote sensing tool for locating areas contaminated
by VOCs in the vadose zone. This method requires the drilling
of a shalow hole or the injection of a sample tube into the soil.
Volumes of soil gas are evacuated to the surface for collection
and analysis at a remote lab or measured on site by a lab-
quality vapor analyzer. This method also can be used to
analyze cuttings from well drilling operations or in cases
where installed wells yield no water. Soil gas analysisis
dependent upon the pore spacing within the soil and is less
reliable in tightly packed soils such as clay. It aso cannot be
used to detect nonvolatile organic compounds and inorganic
compounds (see Table 5-8). Section 9.2.2 provides some
further discussion of soil gas sampling techniques.

Using soil vapor monitoring wells to detect plumes of
ground water contaminated with VOCs has been suggested as
a cost-effective means of tracing ground-water contamination
(e.g., Marrin and Kerfoot, 1988). Indeed, some success in
using this technique has been reported (Marrin and Thomp-
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Figure 5-3.

Table 5-6.
Method Application

Porous plate

Standard laboratory method for measurement of soils.

Soil-water characteristic curve displaying hysteresis (modified from Hillei, 1980).

Summary of Methods for Determining Moisture Characteristic Curves

Reference
Klute (1986)

Can be used to characterize both wetting and drying behavior.

Vapor equilibration

Osmotic
Not recommend.

From Thompson et al., 1989

8est suited for matric potentials less than -15 bars.

Similar to porous plate method. Requires long equilibration times.

Klute (1986)

Klute (1986)

Copyright@ 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models, Reprinted with

permission.

son, 1987; Marrin and Kerfoot 1988). See, also, the soil gas
sampling case studies summarized in Table 9-6.

If the source of the VOCs is below the water table, then
the maximum concentration of the organics in the unsaturated
zone is the top of the capillary fringe. Once the contaminants
have reached the top of the capillary fringe they should diffuse
very rapidly because of the large gas-phase diffusion coeffi-
cients in the unsaturated zone. This rapid mass transfer from
the water in capillary fringe to the soil air just above it should
deplete the capillary fringe of the volatile contaminant. The
concentrations in the unsaturated zone, therefore, are more
controlled by the rate of mass transfer from the ground water
to the top of the capillary fringe, a process controlled by the
very low solute diffusion coefficients. Laboratory studies of
mass transfer across the capillary fringe substantiate these
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ideas. With the additional loss of mass by mass transfer across
the atmosphere-soil boundary and by biodegradation that also
may be occurring (e.g., Huh et al., 1987), concentrations in
the unsaturated zone are expected to be very low. The best
opportunity for detecting VOC contaminants under these con-
ditions is to use soil-gas monitoring wells installed just above
the capillary fringe.

There are, of course, exceptions to this scenario. If there
isresidual nonagueous phase liquid (NAPL) in the unsatur-
ated zone or product floating on the water table, then soil gas
monitoring would detect the volatiles. In the absence of any
NAPL, VOCs may be detected by soil-gas monitoring if the
water table fluctuates enough to bring the contaminated water
up into the unsaturated zone and leave it there as part of the
residual phase. The VOCs would then partition from the



Table 5-7.
Method Application

Constant-head

Field method in open or partially cased borehole. Most commonly used

Summary of Methods to Measure Vadose-Zona Hydraulic-Conductivity Values in the Field and Laboratory

Reference

Bouwer (1978);
Stephens and Neuman (1982 a,b,c);

Reynolds and Elrick (1986)

Bouwer (1966)

Bouma et al. (1974):

borehole method. Includes a relatively large volume of porous media in test.
infiltration Amoozegar and Warrick (1986)
Guelph Field method in open, small-diameter borehole (> 5cm). Relatively fast
permeameter method (5 to 60 minutes) requiring small volume of water. K, K (
and sorptivity are measured simultaneously. Many boreholes and tests
may be required to fully represent heterogeneities of porous media.
Air-entry Field method. Test performed in cylinder which is driven into porous
permeameter media. Small volume of material tested; hence, many tests maybe
needed. Fast, simple method requiring little water (-10 L).
Instantaneous Field or lab method. Field method measures vertical during
profile drainage. Measurement of moisture content and hydraulic head

Klute and Dirksen, (1986)

needs to be rapid and nondestructive to sample. Commonly used

method, reasonably accurate.

Crust-imposed

steady flux hysteresis loop. Labor and time intensive.

Sprinkler-imposed

steady flux only for relatively high moisture contents.
Parameter Results of one field or lab test are used hy a numerical approximation
identification method to develop K(8), K(y), and v (6) over a wide range of @ and y.

Field method. Measures vertical K( ) during wetting portion of

Field method. Larger sample area than for crust method. Useful

Green, et al. (1986)

Green, Ahuja, and Chong (1986)

Zachmann et al. (198la,b, 1982);
Kool et al. (1985)

Relatively fast method; however, unique solutions are not

usually attained.

Empirical equations

From Thompson et al, 1989

Each empirical equation has its own application based upon the
assumptions of the equation. Relatively fast technique.

Brooks and Corey (1964);
van Genuchten (1980); Mualem
(1976)

Copyright® 1989 Electric Power Research Institute. EPRI EN-6637. Techniques to Develop Data for Hydrogeochemical Models. Reprinted with

permission.

residual phase into the gas phase where they could be de-
tected.

Given the current understanding of the magnitude of the
processes controlling the rate of migration of organic con-
taminants in the gas phase, it may be more reasonable to
reverse the argument. If there is some NAPL in the unsatur-
ated zone, VOCs can travel significant distances in the gas
phase. Provided that the Henry's constants for these organic
contaminants are sufficiently small, these volatiles can parti-
tion into the infiltrating water and be carried to the subsurface
to form a shallow contaminant plume. So, the ground-water
contaminant plume results from the soil-gas contamination
rather than from the ground water.

If this describes the interaction between contaminated
soil gas and contaminated ground water, then the greatest use
of shallow soil-gas monitoring surveys is for locating poten-
tial residuals of NAPL in the subsurface. The areas with the
highest gas-phase concentrations are most likely to be those
closest to any residual product. Thus, such a survey could be
an effective guide for determining the optimal locations for
soil-gas extraction wells.
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5.3 Analysis of Data

There are severa programs used to evaluate flow in the
vadose zone, many of which are discussed in van der Heijde et
al. (1988). Because of the nonlinear and hysteretic behavior of
various parameters, modeling vadose-zone flow is more diffi-
cult than modeling saturated flow. There are additional prob-
lems because of the atmospheric boundary conditions
associated with seepage faces, infiltration, and evapotranspi-
ration. Because of the research associated with pesticides,
several programs that analyze the vadose zone are available
through the Center for Exposure Assessment Modeling in
Athens, Georgia. Other vadose-zone programs are available
from the Robert S. Kerr Environmental Research Laboratory
in Ada, Oklahoma, and the International Ground Water Mod-
eling Center, Holcomb Research Ingtitute, Butler University,
Indianapolis, Indiana.

5.4 Remedial Actions

When the vadose zone is shallow, excavation as a reme-
dial action is commonly considered. (An example of excava-
tion with fixation is given in Section 5.5.). For volatile
chemicals near or above the water table, vacuum extinction is
another technique that can remove contaminants from the
residual phase. During vacuum extraction, air is pulled through
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soils contaminated with VOCs. The resulting vapors move
through the soil and are collected at extraction wells. Simple
techniques that have been developed to control subsurface
hydrocarbon vapors are discussed in O’ Connor et a, (1984),
Dunlap (1984), and Marley and Hoag (1984). In genera, two
principal types of vapor management systems are available.
The frost type, a positive differentia pressure system, induces
vapor flow away from the control points, while the second
type, a negative differential pressure system, induces vapor
flow toward the control points. The vapor management meth-
ods may be either passive or active. Passive methods use
naturally occurring differences in vapor pressures to induce
the required flow regime. Active methods require the artificial
generation of differential vapor pressures to accomplish the
same flow pattern. Practical experience demonstrates that
active generation of negative differential vapor pressures typi-
cally provides the most favorable field results.

The air flow generates advective vapor fluxes that change
the vapor-liquid equilibrium, inducing volatilization of con-
taminants. This method is advantageous because it is imple-
mented in place, and, therefore, causes minimum disruption.
This is especialy important at active facilities or sites where
investigations are hindered by physical obstacles. Vacuum
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extraction laboratory studies are descriked in Marley and
Hoag (1984), Thornton and Wootan (1982), and Texas Re-
search Ingtitute (1984). Crow et al. (1985, 1987) discusses a
field-scale experiment. Agrelot et a. (1985), Regalbuto et d.
(1988), Connor (1988), and Hutzler et a. (1989) show appli-
cations to hazardous waste sites.

Vacuum extraction can effectively remove chemicals from
the vadose zone. According to Hutzler et al. (1989), most
chemicals successfully extracted have a low molecular weight
and high volatility. Most of the compounds have values of
Henry’s Law constants water than 0.01. If the water tableis
lowered, vacuum extraction also can be used to remove re-
sidual NAPL from below the original water table elevation.
For example, ground-water pumping and vacuum extraction
are being used together to clean up DNAPL contamination at
the Tyson's Superfund site (Wassersug, 1989). Vacuum ex-
traction aso can increase natural biodegradation processes by
introducing additional oxygen into the subsurface. Finally,
vacuum extraction generally is used in conjunction with other
remedial methods.



Table 5-8. Characteristics of Contaminants in Relatlon to Soil Gas Surveying

Group/Contaminants Applicability of Soil-Gas Survey Techniques

Group A: Halogenated Methanes, Ethanes, and Ethenes

chloroform, vinyl chloride, Detectable in soil gas over a wide range of environmental conditions. Dense non-aqueous phase
carbon tetrachloride, liquid (DNAPL), wi// sink in aquifer if present as pure liquid.

trichlorofluoromethane,

TCA, EDB, TCE

Group B: Halogenated Propanes, Propenes and Benzenes

chlorobenzene, Limited value; detectable by soil-gas techniques oniy where probes can sample near contaminated soil or
trichlorobenzene, ground water. DNAPL.

1,2-dichloropropane

Group C: Halogenated Polycyclic Aromatics

aldrin, DDT Do not partition into the gas phase adequate!v to be detected in soil gas under normal circumstances.
chlordane, heptachlor, DNAPL.
PCBs

Group D: C- C,Petroleum Hydrocarbons

benzene, toluene, Most predictably detected in shallow aquifers or leaking underground storage tanks where probes can be
xylene isomers, methane, driven near the source of contamination. Light nonaqueous phase liquids (LNAPLSs), float as thin film on
ethane, cyclohexane, the water table. Can act as a solvent for DNAPLs, keeping them nearer the ground surface.

gasoline, JP-4

Group E: C,- C,Petroleum Hydrocarbons

trimelhylbenzene, Limited value; detectable by soil gas techniques only where probes can sample near contaminated
naphthalene, decane, soil or ground water. DNAPL.

diesel and jet A fuels

Group F: Polycylic Aromatic Hydrocarbons

anthracene, benzopyrene, Do not partition adequately into the gas phase to be detected in soil gas under normal circumstances.
fluoranthene, chrysene, DNAPL.

motor oils, coal tars

Group G: Low Molecular Weight Oxygenated Compounds

acetone, ethanol, LNAPLs, but dissolve readily in ground water. May be detected in soil gas if they result from a
formaldehyde, leak or spill in relatively dry soil.
methylethylketone

Source: Adapted from Marrin (1987)

. ) : After reviewing severa remedial options, investigators se-
5.5 Example-Pepper’'s Steel Site lected solidification/stabilization. In accordance with regula:

Fixation technology is demonstrated in a case study of the  tions, PCB-contaminated oils were removed and disposed of
30-acre Pepper’s Steel cleanup site, located near Miami and 4t an gpproved facility off site. All the contaminated soils
Medley, Florida, where the Miami Canal bordersthe site  \yere solidified on site with a proportioned mix of fly ash and
(Figure 5-5). Ground water in the Biscayne aquifer isabout 5 cement, Solidification changes the physical characteristics of
to 6 ft below land surface. Soils above the aquifer were  he waste and decreases the surface area of pollutants avail-
contaminated as a result of prior business operations at the  gpje for |eaching. Through stabilization, the wastes become
site, and polychlorinated biphenyls (PCBs) and heavy metals |esswater soluble and less toxic. The PCBs are trapped in the
(lead, arsenic) were found in concentrations significant t0  ~ement mixture and the heavy metals (arsenic and lead)
warrant action. become insoluble metal silicates.

The two primary goals of site cleanup were The amount of soil excavated for fixation was minimized
. . - by using kriging on soil chemistry data. The kriged results
+ Collect and dispose of oils containing PCBs that are  jndjicated zones of contamination as well as a measure of the
uncovered during site excavations. error of estimation. Some details of the cleanup include (U.S.
. . . _ EPA, 1987);
« Treat or dispose of soils that are contaminated with
PCBs and heavy metas. - Approximately 60,000 cubic yards of contaminated
soils were excavated.
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Figure 5-5.

» All free oil uncovered during excavation was col-
lected and sent for treatment or disposal.

«  Soils contaminated with PCBs and heavy metals
were stabilized solidified with a cement mixture.

»  Solidified materials were placed back on the Pepper's
Steel site and covered with 12 in. of crushed lime-
stone.

«  Surface water was controlled by grading the site and
placing drains around the solidified material.

Ground water is monitored annually.

5.6 References

Agrelot, J.C., JJ. Maot, and M.J. Visser. 1985. Vacuum:
Defense System for Ground Water VOC Contamination.
In: Fifth National Symposium and Exposition on Aquifer
Restoration and Ground Water Monitoring, National Water
Well Association, Dublin, OH, pp. 485-494.

Amoozegar, A. and A.W. Warrick. 1986. Hydraulic Conduc-
tivity of Saturated Soils: Field Methods. In: Methods of
Soil Analysis, Part 1, 2nd ed., A. Klute (ed.), Agronomy

69

Location of Pepper’s Steel and Alloy site monitoring wells.

Monograph No. 9, American Society of Agronomy, Madi-
son, WI, pp. 735-770.

Bouma, J., F.G. Baker, and P.L.M. Veneman. 1974. Measure-
ment of Water Movement in Soil Pedons above the Water
Table. University of Wisconsin-Extension, Geological
and Natural History Survey, Information Circular No. 27.

Bouwer, H. 1966. Rapid Field Measurement Air Entry Value
and Hydraulic Conductivity of Soil as Significant Param-
etersin Flow System Analysis. Water Resources Re-
search 2(4):729-738.

Bouwer, H. 1978. Ground-Water Hydrology. McGraw-Hill,
New York.

Bouwer, H. 1986. Intake Rate: Cylinder Infiltrometer. In:
Methods of Soil Analysis, Part 1, 2nd ed., A. Klute (ed.),
Agronomy Monograph No. 9, American Society of
Agronomy, Madison, WI, pp. 825-844.

Brooks, R.H. and A.T. Corey. 1964. Hydraulic Properties of
Porous Media. Hydrology Paper No. 3. Colorado State
University, Fort Collins, CO.

Conner, J.R. 1988. Case Study of Soil Venting. Pollution
Engineering 20(7):75-78.



Crow, W.L., E.P. Anderson, and E.M. Minugh. 1985. Subsur-
face Venting of Hydrocarbon Vapors from an Under-
ground Aquifer. In: Proc. NWWA/API Conf. on Petroleum
Hydrocarbons and Organic Chemicals in Ground Wa-
ter-prevention, Detection and Restoration, National
Water Well Association, Dublin, OH, pp. 536-554.

Crow, W.L., E.R. Anderson, and E. Minugh. 1987. Subsur-
face Venting of Hydrocarbons Emanating from Hydro-
carbon Product on Groundwater. Ground Water
Monitoring Review 7(1}51-57.

Davis, SN. and R.JM. DeWiest. 1966. Hydrogeology. John
Wiley & Sons, New York.

Dunlap, L.E. 1984. Abatement of Hydrocarbon Vapors in
Buildings. In: Proc. NWWA/API Conf. on Petroleum
Hydrocarbons and Organic Chemicals in Ground Wa-
ter—prevention, Detection and Restoration, National
Water Well Association, Dublin, OH, pp. 504-518.

Dunne, T. and L.B. Leopold. 1978. Water in Environmental
Planning. W.H. Freeman, San Francisco,818 pp.

Finkelstein, P.L., D.A. Mozzarella, T.A. Lockhart, WJ. King,
and JH. White. 1989. Quality Assurance Handbook for
Air Pollution Measurement Systems, 1V: Meteorological
Measurements, revised. EPA/600/4-90-O03.

Gardner, W.H. 1986. Water Content. In: Methods of Soil
Analysis, Part 1, 2nd ed., A. Klute (ed.), Agronomy
Monograph No. 9, American Society of Agronomy, Madi-
son, WI, pp. 493-544.

Green, R.E., L.R. Ahuja, and SK. Chong. 1986. Hydraulic
Conductivity, Diffusivity, and Sorptivity of Unsaturated
Soils. Field Methods. In: Methods of Soil Analysis, Part
1, 2nd ed., A. Klute (ed.), Agronomy Monograph No. 9,
American Society of Agronomy, Madison, WI, pp. 771-
798.

Green, W.H. and C.A. Ampt. 1911. Studies on Soil Physics, I
Flow of Air and Water through Soils. J. Agricultural
Science 4:1-24.

Hillel, D. 1980. Fundamentals of Soil Physics. Academic
Press, New York, 413 pp.

Hult, M.F. and R.R. Grabbe. 1985. Permanent Gases and
Hydrocarbon Vapors in the Unsaturated Zone. In; Pro-
ceedings, U.S. Geologica Survey Second Toxic Waste
Technical Meeting, Cape Cod, MA, October 1985.

Hutzler, N.F., B.E. Murphy, and J.S. Gierke. 1989. State of
Technology Review Soil Vapor Extraction Systems. U.S.
EPA Cooperative Agreement CR-8143 19-01-1 (NTIS
PB89-195184), 36 pp.

Klute, A. 1986. Water Retention: Laboratory Methods. In:
Methods of Soil Analysis, Part 1, 2nd ed., A. Klute (ed.),
Agronomy Monograph No. 9, American Society of
Agronomy, Madison, WI, pp. 635-662.

70

Klute, A. and C. Dirksen. 1986. Hydraulic Conductivity and
Diffusivity: Laboratory Methods. In: Methods of Soil
Analysis, Part 1, 2nd ed., A. Klute (ed.), Agronomy
Monograph No. 9, American Society of Agronomy, Madi-
son, WI, pp. 687-734.

Kool, JB., J.C. Parker, and M.T. van Genuchten. 1985. Deter-
mining Soil Hydraulic Properties from One-Step Outflow
Experiments by Parameter Estimation: |. Theory and
Numerica Studies. Soil Sci. Soc. Am. J. 49:1348-1354.

Marley, M.C. and G.E. Hoag. 1984. Induced Soil Venting for
Recovery/ Restoration of Gasoline Hydrocarbons in the
Vadose Zone. In: Proc. NWWA/API Conf. on Petroleum
Hydrocarbons and Organic Chemicals in Ground Wa-
ter—prevention, Detection and Restoration, National
Water Well Association, Dublin, OH, pp. 473-503.

Marrin, D.L. 1987. Soil Gas Sampling Strategies. Deep vs.
Shallow Aquifers. In; Proc. 1st Nat. Outdoor Action
Conf. on Aquifer Restoration, Ground Water Monitoring
and Geophysical Methods, National Water Well Associa-
tion, Dublin, OH, pp. 437-454.

Marrin, D.L. and H.B. Kerfoot. 1988. Soil-gas Surveying
Techniques. Environ. Sci. Technol. 22(7):740-745.

Marrin, D.L. and G.M. Thompson. 1987. Gaseous Behavior
of TCE Overlying a Contaminated Aquifer. Groundwater
25:21-27.

Mualem, Y. 1976. A New Model for Predicting the Hydraulic
Conductivity of Unsaturated Porous Media. Water Re-
sources Research 12:593-622.

Musgrave, G.W. and H.N. Holtan. 1964. Infiltration. In: Hand-
book of Applied Hydrology, V.T. Chow (ed.), McGraw-
Hill, New York, pp. 12-1 to 12-30.

National Weather Service. 1972. Observing Handbook No. 2.
Data Acquisition Division, Office of Meteorological Op
emtions, Silver Spring, MD.

O’ Connor, M.J., J.G. Agar, and R.D. King. 1984. Practical
Experience in the Management of Hydrocarbon Vapors
in the Subsurface. In: Proc. NWWA/API Conf. on Petro-
leum Hydrocarbons and Organic Chemicals in Ground
Water-Prevention, Detection and Restoration, National
Water Well Association, Dublin, OH, pp. 519-533.

Peterson, A.E. and G.D. Bubenzer. 1986. Intake Rate Sprin-
Kkler Infiltrometer. In: Methods of Soil Anaysis, Part 1,
2nd ed., A. Klute (ed.), Agronomy Monograph No. 9,
American Society of Agronomy, Madison, WI, pp. 845-
870.

Philip, JR. 1957. The Theory of Infiltration, I: The Infiltration
Equation and its Solution. J. Soil Science 83:345-357.

Radian Corporation. 1988. FGD Chemistry and Analytical
Methods Handbook, 2 Chemica and Physical Test Meth-



ods, Revision 1. EPRI CS-3612. Electric Power Research
Institute, Palo Alto, CA. [Originally published in 1984].

Regabuto, D.P., JA. Barrera, and J.B. Lisiecki. 1988. In-situ
Removal of VOCs by Means of Enhanced Volatilization.
In: Proc. NWWA/API Conf. on Petroleum Hydrocarbons
and Organic Chemicals in Ground Water-Prevention,
Detection and Restoration, National Water Well Associa
tion, Dublin, OH, pp. 571-590.

Reynolds, W.D. and D.E. Elrick. 1986. A Method for Simul-
taneous In Situ Measurement in the Vadose Zone of Field
Saturated Hydraulic Conductivity, Sorptivity and the Con-
ductivity-pressure Head Relationship. Ground Water
Monitoring Review 6(4):84-95.

Schmugge, T.J., T.J. Jackson, and H.L. McKim. 1980. Survey
of Methods for Soil Moisture Determination. Water Re-
sources Research 16(6):961-979.

Sharma, M.L. 1985. Estimating Evapotranspiration. In: Ad-
vances in Irrigation, 3. Academic Press, New York.

Stephens, D.B. and S.P. Neuman. 1982a. Vadose Zone Per-
mesability Tests: Summary. J. Hydraulics Divison ASCE
198(HY 5):623-639.

Stephens, D.B. and S.P. Neuman. 1982b. V adose Zone Per-
meability: Steady State Results. J. Hydraulics Division
ASCE 198(HY 5):640-659.

Stephens, D.B. and S.P. Neuman. 1982c. VVadose Zone Per-
mesability Unsteady Flow. J. Hydraulics Division ASCE
198(HY 5):660-677.

Stephens, D.B. and S. Heermann. 1988. Dependence of Anisot-
ropy on Saturation in a Stratified Sand. Water Resources
Research 24(5):770-778.

Stephens, J.C. and E.H. Stewart. 1964. A Comparison of
Procedures for Computing Evaporation and Evapotrans-
piration. Agricultural Research Service, Ft. Lauderdale,
FL.

Texas Research Institute. 1984. Forced Venting to Remove
Gasoline Vapors from a Large-Scale Model Aquifer.
American Petroleum Institute, Washington, DC, 60 pp.

Thompson, C.M., et a. 1989. Techniques to Develop Data for
Hydrogeochemical Models. EPRI EN-6637. Electric
Power Research Ingtitute, Palo Alto, CA.

Thomthwaite, C.W. and JR. Mather. 1957. Instructions and
Tables for Computing Potential Evapotranspiration and
Water Balance. Drexel Institute of Technology, Labora-
tory of Climatology, X(3).

Thornton, J.S. and W.L. Wootan. 1982. Venting for the Re-
moval of Hydrocarbon Vapors from Gasoline Contami-
nated Soil. J. Environmental Science and Health
A17(1):31-44.

71

U.S. Environmental Protection Agency. 1987. Protecting the
Biscayne Aquifers: Actions to be Taken at the Pepper’'s
Steel and Alloy Site. Prepared by CH,M Hill.

U.S. Geologica Survey. 1977. National Handbook of Recom-
mended Methods for Water Data Acquisition (Chapter
8—Evaporation and Transpiration, updated June 1982).
USGS Office of Water Data Coordination, Reston, VA.

van Bavel, C.H.M. 1963. Soil Moisture Measurement with the
Neutron Method. USDA-ARS, ARS-41-70, U.S. Gov-
ernment Printing Office, Washington, DC.

van Genuchten, M.T. 1980. A Closed Form Equation for
Predicting the Hydraulic Conductivity of Unsaturated
Soils. Soil Sci. Soc. Am. J. 44:892-898.

van der Heijde, P. K. M., A.l. E1-Kadi, and S.A. Williams.
1988. Groundwater Modeling: An Overview and Status
Report. EPA/600/2-89/028 (NTIS PB89-224497). Also
available from International Ground Water Modeling
Center, Butler University, Indianapolis, IN.

Veihmeyer, F.J. 1964. Evapotranspiration. In: Handbook of
Applied Hydrology, V.T. Chow (ed.), McGraw-Hill, New
York, pp. 11-1 to 11-38.

Wassersug, S.R. 1989. Policy Aspects of Current Practices
and Applications. In: Remediating Groundwater and Soil
Contamination, Report on a Colloquium, Water Science
and Technology Board, National Academy Press, Wash-
ington, DC.

Wilson, L.G. 1980. Monitoring in the Vadose Zone: A Re-
view of Technical Elements and Methods. EPA/600/7-
80-134 (NTIS PB81-125817), 168 pp.

Wilson, L.G. 1981. Monitoring in the Vadose Zone, Part |:
Storage Changes. Ground Water Monitoring Review
1 (3):32-41.

Wilson, L.G. 1982. Monitoring in the Vadose Zone, Part I1:
Ground Water Monitoring Review 2(4):31-42.

Wilson, L.G. 1983. Monitoring in the Vadose Zone, Part I11:
Ground Water Monitoring Review 3(4):155-166.

Zachmann, D.W., P.C. DuChateau, and A. Klute. 1981a. The
Calibration of the Richards Flow Equation for a Draining
Column by Parameter Identification. Soil Sci. Soc. Am. J.
45:1012-1015.

Zachmann, D.W., P.C. DuChateau, and A. Klute. 1981b. The
Estimation of Soil Hydraulic properties from Inflow Data.
In: Proceedings, Symposium on Rainfall-Runoff Model-
ing, V.V. Singh (ed.), Water Resources Publications,
Littleton, CO, pp. 173-180.

Zachmarm, D.W., P.C. DuChateau, and A. Klute. 1982. Si-
multaneous Approximation of Water Capacity and Soil
Conductivity by Parameter Identification. Soil Science
134:157-163.



Chapter 6

Characterization of Water Movement in Saturated Fractured Media
James W. Mercer and Charles P. Spalding

Characterizing heterogeneity and anisotropy in the sub-
surface is important, especially in fractured or karst media.
Fracturing or caverns provide preferential flow paths for
ground water. Many of the characterization tools and tech-
niques discussed for porous media also may be used for
fractured media, if care is used to interpret the data. Tech-
niques that are particularly helpful in understanding fractured/
cavernous media include coring, aquifer tests, tracer tests,
geophysical tools, geochemical techniques, and fracture trace
analysis. Most of these techniques are discussed in this chap-
ter.

As in the preceding chapters, the discussion begins with a
review of concepts. This review is followed by sections on
field techniques, analysis of data, and a case study. This
chapter draws freely upon material contained in a recent EPA
Superfund ground water-issue paper on contaminant transport
in fractured media (Schmelling and Ross, 1989).

6.1 Review of Concepts

Most fractured bedrock systems consist of rock bounded
by discrete discontinuities composed of fractures, joints, and
shear zones, usually occurring in sets with similar geometries
(Witherspoon et al., 1987). Figure 6-1 illustrates this type of

Shear Zone

Solid Rock

Figure 6-1. Conceptualization of discontinuities in a fractured

medium (from Gale, 1982).
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system, referred to as a dual-porosity system. In addition to
the discontinuities shown in the figure, bedding planes also
can behave as discontinuities. Fractures may be open, min-
eral-filled, deformed, or any combination thereof (Nelson,
1985).

Open fractures may provide conduits for ground-water
and contaminant movement through a rock mass that is other-
wise relatively impermeable. Fractures may be filled either
partialy or completely by secondary cementing materials.
such as quartz or carbonate minerals, which reduce or elimi-
nate fracture porosity and permeability. The permeability of
deformed fractures also may be reduced by gouge, a finely
abraded material produced by the cataclasis of grainsin
contact across a fault plane during displacement of the rock
masses. Slickensides, striated surfaces formed by frictional
diding along a fault plane, also are a deformed-fracture fea
ture. Slickensides reduce permeability perpendicular to the
fracture plane, but the mismatch of fracture surfaces may
increase permeability along the fracture plane. Very little
displacement is necessary to produce gouge or slickensides.
Another factor that may reduce permeability is the deposition
of athin layer of low- permesbility material called a fracture
skin. This skin prevents the free exchange of fluids between
the rock matrix and the fracture (Moench, 1984).

The concept of fracturing presented so far is one element
of a more complicated hierarchy of multiple-porosity systems.
In soluble bedrock like limestone, dolostone, or evaporates,
conduit flow can develop as original fracture systems are
enlarged by solution. The important feature of conduit flow,
when it is able to develop, is the integration of the drainage
network (Quinlan and Ewers, 1985). In many ways, the net-
work is analogous to ariver system with smaller tributaries
supplying water to a succession of larger and larger conduits.
As aresult of the integration, both the conduit system and the
individual conduits can become large. For example, the karst
system at Mammoth Cave, Kentucky, has over 330 miles of
connected passages.

Magjor factors affecting ground-water flow through frac-
tured rock include (1) fracture density, (2) orientation, (3)
effective aperture width, and (4) the nature of the rock matrix.
Fracture density (number of fractures per unit volume of rock)
and orientation are important determinants of the degree of
interconnection of fracture sets, which is a critical feature
contributing to the hydraulic conductivity of a fractured rock



system (Witherspoon et al., 1987). Only interconnected frac-
tures provide pathways for ground-water flow and contami-
nant transport, although the flow network may be a subset of
the fracture network. Fractures oriented parallel to the hydrau-
lic gradient are more likely to provide effective pathways than
fractures oriented perpendicular to the hydraulic gradient.
Flow in fractured rock systems can be similar to flow in
porous media when (1) the fracture apertures are constant, (2)
the fracture orientations are randomly distributed, and (3) the
fracture spacing is small relative to the scale of the system
(Long et al., 1982).

The cross-sectional area of a fracture will have an impor-
tant effect on flow through the fracture. Under certain condi-
tions, fracture-flux is generally proportiona to the cube of the
fracture aperture (distance between rock blocks) when aper-
tures exceed 10 microns (Witherspoon et a., 1987). Fracture
apertures and, therefore, flow through fractures are highly
stres)s—dependent and generally decrease with depth (Gale,
1982).

The nature of the rock matrix affects the movement of
water and contaminants through fractured rock systems. Meta-
morphic and igneous rocks generally have very low primary
porosity and permeability. Fractures may account for most of
the permeability in such systems, and the movement of water
and contaminants into and out of the rock matrix may be
minimal. On the other hand, sedimentary rocks generally have
higher primary porosity and varying permeability. Examples
include coarse-grained materials, such as sandstone, which
have relatively high primary porosity and significant matrix
permesability, and fine-grained materias, such as shale, which
have high primary porosity and low permeability.

Fractures may enhance the permeability of all types of
materials. High porosity alows significant storage of water
and contaminants in the rock matrix. Authigenic clays formed
during the weathering on certain rock-forming minerals may
significantly reduce the porosity and permeability of the frac-
tures and rock matrix. Rates of contaminant migration into
and out of the rock matrix will depend on the permeability of
the matrix, the presence of low-permeability fracture skins,
and the) matrix diffusion coefficient of the contaminant (Fig-
ure 6-2).

A complete description of a contaminated fractured rock
system would include data on (1) the dimensions of the
system; (2) individual fracture length, aperture width, loca-
tion, and orientation; (3) the hydraulic head throughout the
system; (4) the porosity and permeability of the rock matrix;
(5) the sources of water and contaminants; (6) the nature and
concentrations of the contaminants throughout the system;
and (7) the chemical interactions between the contaminants
and rock matrix. Presently, collection of such detailed infor-
mation is neither technicaly possible nor economically fea
sible at the scale of most contaminated Sites.

6.2 Field Techniques

Hydrogeologic characterization methods usually are most
successful when used in conjunction with one another. These
methods may include coring, aquifer tests, tracer tests, surface
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Rock Matrix

Figure 6-2. Flow through fractures and diffusion of contami-

nants from fractures into the rock matrix of a dual-
porosity medium (from Anderson, 1984).

and borehole geophysical techniques, and use of borehole
flowmeters, or other tools. Important information may be
gathered before, during, and after drilling operations.

6.2.1 Fracture Trace Analysis

Ground-water flow in bedrock is generally concentrated
in the upper weathered zone of the rock and in fractures at
depth. A well penetrating a zone of subsurface fractures,
therefore will yield more water than a well drilled in an area
with relatively few fractures. Such zones are aso pathways
for contaminant migration. Selecting drill sites by examining
aerial photographs stereoscopicaly for surficial expressions
of linear zones of subsurface fractures will increase the prob-
ability of high yields and locating contaminants. This type of
study is known as fracture trace analysis (Ray, 1960; Fetter,
1980). Figure 6-3 shows the relationship between fracture
traces and zones of fractures. In genera, higher yields can be
expected in topographic low areas because (1) swaes and
valleys tend to be cut into less-resistant, more highly fractured
and more-permeable rock; and (2) ground-water flow usually
converges in stream valleys.

Although fracture traces, fault planes, and other linea-
ments are often identifiable on aeria photographs, they must
be field-verified to distinguish anthropogenic features such as
fences and buried pipelines from geologic features. The orien-
tation of al fractures (e.g., outcrops and excavations) identi-
fied from aeria photographs and field observations should be
measured and plotted on maps as well as on rose diagrams
(where the frequency of fracture orientation is plotted) to
identify mgjor fracture trends. Such trends are usualy related
to the geologic (tectonic) history of a site. A basic understand-
ing of a site's tectonic history and subsequent fracture orienta
tion allows a better understanding of potential contaminant
pathways.
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6.2.2 Coring mated by applying standard type curve analysis to fissured

Core material obtained during drilling operations can
yield information on the density, location, and orientation of
fractures and provide samples for physical and chemical
testing. Core samples also may provide information concer-
ning fracture roughness and mineral precipitation on fracture
surfaces. Information collected during coring operations with
open hole completions should include (1) the location of
major water-bearing fractures, (2) changes in hydraulic head
with depth, and (3) changes in the ground-water geochemis-
try, Water loss to a fracture zone, drilling rates, and the
presence of contaminants also are useful active drilling data
(this information is discussed in detail in Chapter 4). In certain
instances, cores may be taken diagonally to intercept near
vertical fractures and determine fracture azimuth. While a
major drawback of coring can be the relatively high cost, the
information obtained often makes this characterization tech-
nique cost effective.

6.2.3 Aquifer Tests

Aquifer tests, including constant rate pumping tests and
slug tests, can provide hydraulic conductivity and information
on anisotropy for fractured formations. These tests also allow
the estimation of average fracture apertures of a medium. The
same tests commonly used for unconsolidated porous media
can be used for fractured media, but the test results will
generally be more difficult to interpret. Barker and Black
(1983) note that transmissivity values will aways be overesti-
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aquifers.

Other more complex tests, such as cross-hole packer
tests, are particularly applicable to fractured media. For ex-
ample, Hsieh and Neuman (1985) and Hsieh et a. (1985)
describe a method of determining the three-dimensional hy-
draulic conductivity tensor. The method consists of injecting
fluid into, or withdrawing fluid out of, selected intervals
isolated by inflatable packers and monitoring the transient
response in isolated intervals of neighboring wells.

This method is applicable to situations where the princi-
pal directions of the hydraulic conductivity tensor are not
necessarily vertical and horizontal. A minimum of six cross-
hole tests is required to determine the six independent comp
nents of the hydraulic conductivity tensor. In practice, scatter
in the datais likely to be such that more than six cross-hole
tests will be required. Hsieh and his coworkers concluded that
failure to fit data to an ellipsoidal representation indicated that
the rock under study could not be represented by an equiva
lent, continuous, uniform, anisotropic medium the scale of the
test. Depending on the application to be made, the test may be
repeated on a larger scale or the data may be interpreted in
terms of discrete fractures of the system.

While aquifer tests can provide information on aquifer
anisotropy, heterogeneity, and boundary conditions, they do
not provide information on the range of fracture apertures or



surface roughness. One of the major drawbacks associated
with long-term aquifer testing is the necessity to store and
treat the large volume of water discharged during the test.

Results of aquifer tests in fractured media often demon-
strate S-shaped response curves. Early in the pumping test, the
fractures control the yield to the well; therefore, the fracture
properties control the aquifer response. Once the fractures
drain, there is a transition period followed by atime period
during which the porous block properties control the aquifer
response (see Streltsova, 1988).

6.2.4 Tracer Tests

Tracer tests can provide information on effective poros-
ity, dispersion, and matrix diffusion generally unobtainable
from other hydrogeologic methods. Tracer tests either can be
conducted under natural-gradient or forced-gradient condi-
tions. The primary disadvantages of tracer tests are the time,
expense, number of necessary sampling points, and difficul-
ties associated with data interpretation. However, the impor-
tant information provided by tracer tests is difficult to obtain
by any other means. Davis et a. (1985) provide an introduc-
tion to the use of tracers in ground-water investigations (see
also discussion of this report by Quinlan, 1986, and reply by
Davis, 1986). Tracers, most commonly fluorescent dyes, also
are used to help map karst areas (LaMoreaux et al., 1989;
Mull et a., 1988; Quinlan, 1986, 1989).

Graphical geochemical techniques commonly used in
porous media may provide valuable information at fractured
rock sites. Hem (1985) and Lloyd and Heathcote (1985)
provide overviews of methods used to identify the sources and
extent of ground-water mixing. Environmental isotopes, such
as tritium, also are used to interpret pathways and travel times
(LaMoreaux et al., 1989).

6.2.5 Geophysical Tools

Both surface and borehole geophysical methods can be
used to characterize fractured rock systems. Application of
surface geophysica methods such as direct current electrical
resistivity, electromagnetic induction methods, ground-pen-
etrating radar, magnetometer surveys, and seismic and remote
sensing techniques should be evaluated before a drilling pro-
gram is initiated. These techniques may provide insight for
locating potential monitoring wells by identifying the location
of contaminant plumes or the orientation of major fracture
systems. However, the correlation of major surface geophysi-
cal features with contaminant transport processes in fractured
media has yet to be thoroughly characterized.

Borehole walls are usually less susceptible than cores to
fractures induced during drilling operations. Borehole geo-
physical techniques can usualy provide a more reliable esti-
mate of fracture density than can cores. However, as indicated
by Nelson (1985) in a review of down-hole techniques, re-
sponses used to detect fractures on well logs are nonunique
and require detailed knowledge of the tool and the various
rock property effects that could cause fracture-like responses.
Borehole geophysical methods include acoustic, electrical
resistivity, caliper, gamma, and other high-energy logging
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techniques. The acoustic televiewer presents a continuous
image of the acoustic response of the borehole face and can
detect fracture apertures as small as one millimeter. This
oriented tool also allows the determination of fracture orienta-
tions. Caliper logs are best suited for determining relative
fracture intensity in continuous, competent rock. Advances in
electronic miniaturization have led to the development of
down-hole cameras, capable of providing in situ viewing of
fractures in the subsurface (Morahan and Dorrier, 1984).

6.2.6 Borehole Flowmeters

Flowmeters have been used for many years in industry.
Only recently, however, has instrumentation been developed
that can accurately measure very low flow rates. Borehole
flowmeters measure the incremental discharge along screened
or open-hole portions of wells during small-scale pumping
tests. The three major types of flowmeters currently being
developed are impeller, heat-pulse, and electromagnetic. Heat-
pulse and electromagnetic flowmeters have no moving parts
that may deteriorate over time; they also are more sensitive
than impeller flowmeters (Young and Waldrop, 1989). This
greater sensitivity may allow the detection of the vertical
movement of water within the borehole under nonpumping
conditions. Under pumping conditions, fracture zones con-
tributing ground water to a borehole may be identified.

6.3 Analysis of Data

Flow in fractured media has been modeled using one of
three possible conceptualizations: (1) an equivalent porous
continuum, (2) a discrete fracture network, and (3) a dual-
porosity medium (National Research Council, 1990). The first
of these approaches assumes that the medium is fractured to
the extent that it behaves hydraulicaly as a porous medium.
The actual existence of fractures is reflected in the choice of
values for the materia coefficients (e.g., hydraulic conductiv-
ity, storativity, or relative permeability). Often these param-
eters take on vaues significantly different from those used for
modeling a porous medium (Shapiro, 1987). Examples of this
approach as cited by Shapiro (1987) are presented in Elkins
(1953), Elkins and Skov (1960), and Grisak and Cherry
(1975).

With the discrete fracture approach, most or al of the
ground water moves through a network of fractures. This
approach assumes that the geometric character of each frac-
ture (e.g., position in space, length, width, and aperture) as
well as the pattern of connection among fractures are known
exactly. In the simplest theoretical treatment, the blocks are
considered to be impermeable. Figure 6-4a is an idealization
of a two-dimensional network of fractures consisting of two
different sets. Note how each fracture, represented on the
figure by aline segment, has a definite position in space,
length, and aperture. The hydraulic characteristics of the
fracture system develop as a consequence of the intersection
of the individual fractures. In three dimensions, the network
can be described in terms of intersecting planes that could be
rectangular (Figure 6-4b) or circular (Figure 6-4c). Examples
of the discrete fracture treatment of flow in networks are
included in Long et al. (1982), Long (1985), Robinson (1984),
Schwartz et al. (1983), and Smith and Schwartz (1984).



The dual-porosity conceptualization of a fractured me-
dium considers the fluid in the fractures and the fluid in the
blocks as separate continua. Unlike in the discrete approaches,
no account is taken of the specific arrangement of fractures
with respect to each other-there is simply a mixing of fluids
in interacting continua (Shapiro, 1987). In the most general
formulation of the dual-porosity model, the possibility exists
for flow through both the blocks and the fractures, with a
transfer function describing the exchange between the two
continua. Thus, alossin fluid from the fracture represents a
gain in fluid in the blocks (Shapiro, 1987).

Although modeling tools exist to deal with fractured
media, a present, results should be interpreted with caution.
Systems are often complex and extraordinarily difficult to
characterize, especialy with the level of effort considered
normal for most Site investigations. The state of the art in field
testing provides a relatively rudimentary estimate of values
for some parameters like hydraulic conductivity, while other
parameters, like storativity, must be established through fit-
ting simple theoretical models (usually of the porous medium

type).

6.4 Remedial Actions

In principle, the remedial actions discussed for porous
media apply to fractured media. However, the remediation for
fractured media is usually more difficult to design and imple-
ment. For example, there are two major problems associated
with pump-and-treat technologies: (1) hydraulic conductivity
reduction with stress; and (2) matrix diffusion.

I

Flgure 6-4,

Fractures are difficult to work with because apertures
and, hence, hydraulic conductivity, depend on the stress within
the medium. A fracture can be opened or closed simply by
reducing or increasing the forces applied to it, For example,
pumping a well in a fractured medium reduces the pore
pressure, effectively decreasing the fracture aperture. Gale
(1982) describes a number of empirical-theoretical approaches
designed to model the stress coupling to hydraulic conductiv-

ity.

For heterogeneous conditions such as fractured media,
advected water will sweep through the higher permeable
zones (fractures), removing contamination from those zones.
Movement of contaminants out of the |ess-permeable zones is
aslower process than advective transport in the higher perme-
ability zones. The contaminants either are slowly exchanged
by diffusion with the flow water present in the larger pores or
move at relatively slower velocities in the smaller pores. A
rule of thumb is that the longer the site has been contaminated
and the more lenticular (layered) the geologic material, the
longer will be the tailing effect. The water and contaminants
residing in the more permesble zones are those first mobilized
during pumping. Thus, pump-and-treat technologies work in
heterogeneous media, but cleanup times will be longer and
more difficult to estimate than for similar systems in more
homogeneous media.

6.5 Example-Marion County, Florida

This example involves site characterization in Marion
County, Florida, at a site located approximately 10 mi west of

Three different oonceptuallzatlons of fracture networks: (a) a two-dimensional system of line segments (from Shimo

and Long, 1987); (b) a three-dimensional system of rectangular fractures (from Smith et al., 1985); and (c) a three.
dimensional syetem of “penny-shaped” crecks (from Long, 1986).

77



Romp Well 120

1 T-15-S
N N R-20-E
SEC-17
M NE1/4-SE1/4-SE1/4

Figure 6-5.

Ocala. The work, performed for the Southwest Florida Water
Management District (Ward et al., 1989), concerned water
resource assessment of the Floridan aguifer however, many
of the steps and techniques used to characterize the site are
similar to those that would be used at a hazardous waste
facility overlying fractured media. Some of the work is de-
scribed in Giffin and Ward (1989).

Thefirst step of the assessment was to perform a fracture-
trace analysis using aerial photographs. Photolinears were
classified as I, I, or 11l depending on the strength and continu-
ity of their linear patterns on the photo. Class | photolinears
have the strongest, most continuous expression; Class |11 have
the weakest. Figure 6-5 shows the fmcture-trace map and the
location of Regional Observation Monitoring Program (ROMP)
Well 120.

After field checking the mapped fractures, the next step
was to confirm them using surface geophysics. The tri-poten-
tial method was used (Ogden and Eddy, 1984; Habberjam,
1969), and the results of this geophysical survey were used to
pinpoint two lineaments within a few hundred feet of a
site where aguifer testing would be performed.

To help locate monitoring wells for the aquifer testing,
numerical modeling was performed using a fracture flow
code. Data typical for that part of Florida were used to
estimate the response to pumping. Based on the field work
and the modeling, the wells were located as shown in Figure
6-6. The locations of some wells were modified due to access
difficulties; three wells were located to penetrate fracture or
solution channel zones; and one well was sited within the
limestone matrix.
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Fracture-trace expreasions based on photo interpretation.

After drilling the wells, the investigators performed bore-
hole geophysics tests including caliper, gamma-gamma, and
neutron. In general, cavernous zones are located using the
caliper log, whereas shalely zones that are less likely to form
cavernous zones are located using the gamma-gamma log.
The neutron log is used to indicate porous zones, which
should correspond to caverns. Unfortunately, the geophysical
logs were not useful in differentiating between areas of solu-
tion features (OW1, OW2, and OW3) and rock matrix (OW4).

The final step in the characterization of this site was to
perform hydraulic testing. Both dlug tests and an aquifer test
performed at the site demonstrated an underdamped response
(see Figure 6-7). In this type of response, the water level in the
well oscillates due to inertial effects, which are common in
highly permeable aguifers. Vart der Kamp (1976) presents a
method for analyzing underdamped responses to slug tests.
Pumping tests were analyzed using classical Theis analysis
and anew approach based on early-time deviations (Ward and
Giffin, 1989, and Shapiro, 1989).

As a result of site data analysis, dual-porosity
conceptualization, thought to be appropriate for this site, did
not need to be observed in the field testing. The site was used
to develop a regional dual-porosity and discrete fracture model,
which was then calibrated with transient response at wells and
major spring discharges. A conceptual composite of the site
and model response (Figure 6-8) demonstrates the dramatic
difference in the site-scale storage as compared to the re-
gional-scale matrix response. This difference is evidenced by
afour order of magnitude shift in time forming the dual-
porosity envelope.
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Chapter 7
Geochemical Characterization of the Subsurface: Basic Analytical and Statistical

Concepts
J. Russell Boulding and Michagl J. Barcelona

This chapter presents basic analytical and statistical con-
cepts related to the measurement and interpretation of geo-
chemical data on the natural and contaminated subsurface
environment. Many expensive geochemical investigations suf-
fer because analytical and statistical variability may have been
ignored or not fully appreciated in the sample design and
collection phase. Consequently, these analytical and statistical
concepts are covered here before the chapters on the subsur-
face geochemical variability (Chapter 8), and the best meth-
ods for sampling the subsurface to characterize this variability
(Chapter 9). In the normal sequence of events, laboratory
amlysis and data interpretation come after sample collection.
However, because they should be carefully considered in the
design of geochemical investigations they are presented here
firgt.

7.1 Data Measurement and Reliability

7.1.1 Deterministic versus Random
Geochemical Data

Observation or measurement of physical phenomena can
be broadly classified as either deterministic or nondeterministic.
Deterministic data can be described by an explicit mathemati-
cal relationship. Nondeterministic or random data, must be
described in terms of probability statements and statistical
averages rather than by the use of explicit equations. Figure 7-
1 summarizes a classification scheme for deterministic and
random data from Bendat and Piersol (1986). The classifica-
tion of physical data as deterministic or nondeterministic is
not always clear-cut in the real world. In fact, most geochemi-
cal data probably fail in a gray area between the two types of
data. For example, the total dissolved solids in an aquifer isa
function of the chemical composition of the aquifer solids and
residence time of the flowing ground water. Consequently, the
distribution of sample values over space and time will not be
completely random. On the other hand, the factors that deter-
mine the precise value of a given sample are sufficiently
complex and variable that the distribution often cannot be
predicted by an explicit mathematical equation.

The transient, nonperiodic data box in Figure 7-lais a
residual category that includes all data not included in the
other boxes, This nonperiodic characteristic of geochemical
data allows modeling of the distribution of geochemical spe-
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cies using thermodynamic principles. Essentialy all geo-
chemical modeling of the subsurface is done deterministi-
tally. The difficulty in accurately modeling the geochemistry
of the subsurface can, however, be attributed to large random
elements (see Figure 7-Ib). Depending on the geochemical
parameter, and the time frame of sampling, data may be
stationary, where characteristics of the population being
sampled do not vary over time, or nonstationary, where the
random process varies with time. Typically, geochemical
subsurface data involving contamination are nonstationary,
but are not fully random (i.e., the value of one sample may
show some correlation with the value of an adjacent sample).
This creates specia considerations in statistical analysis that
are discussed in Section 7.3. Subsurface physical parameters
such as hydraulic conductivity, porosity, and soil particle size
distribution do not typically change with time, at least not on
atime scale of human concern. These parameters, however,
are not fully random.

7.1.2 Data Representativeness

In measuring environmental parameters, there is no “true’
value, but rather a distribution of values. A representative unit
or sample is one selected for measurement from a target
population so that it, in combination with other representative
samples, will give an accurate picture of the phenomena being
studied (Gilbert, 1987). Failure to take samples from locations
and to use methods that yield samples that are “representa-
tive” of a site will result in the collection, at some expense, of
analytical data that may be worthless. Representativeness
determines whether accurate analysis of the samples will yield
results that are close to actual conditions. Quality assurancd
quality control systems (QA/QC) in the laboratory or field
may be useless if even greater emphasis isn't placed on QA/
QC in sdlecting locations and procedures for sampling.

Thorough site characterization of soils, hydrology, and
geology, as described in the previous chapters, is an essential
prerequisite to geochemical sampling. This information pro-
vides the basis for developing sampling strategies that will
provide some assurance that geochemical samples accurately
reflect what is happening in the field. Sample representative-
ness is essentially knowledge-based. For example, sampling
locations selected by someone with a rudimentary under-
standing of sampling theory may yield less accurate results
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Figure 7-1.  Classifications of (a) deterministic and (b) random

data (from Bendat and Piersol, 1986).

than locations chosen by an individua thoroughly grounded
in this theory. At the same time, sampling locations selected
without careful site characterization will yield less representa-
tive samples than locations selected with thorough site charac-
terization even with equally sophisticated application of
sampling theory. See Section 9.1 for general considerations in
designing sampling plans.

In contamination investigations, obtaining samples that
can be considered representative for assessing one or more
particular kinds of environmental exposure is a primary objec-
tive. This requires selecting not only the right place, but the
right type of sample (see discussions of analyte selection in
Sections 9.2.1 and 9.3.1).

7.1.3 Measurement Bias, Precision, and
Accuracy

A measured value that is close to the estimate of the true
average value is an unbiased or accurate value. This average
or mean can only be estimated by a number of repeat determi-
nations. Biased measurements will consistently under- or
overestimate the true values in sampled population units.
Precision is a measure of how closely individual measure-
ments agree and is influenced principally by random measure-
ment uncertainties. Both bias and precision influence accuracy
asillustrated in Figure 7-2. The center of each target in the
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figure represents that true value. Both low bias and high
precision are required for high accuracy.

Accuracy is largely technologicaly based. In other words,
accuracy can be improved by better drilling and monitoring
well installation procedures and better sampling devices and
procedures. Pennino (1988) has suggested that “there is no
such thing as a representative ground water sample” because
of geochemical biases inherent in well installation, purging,
and sample collection. However, a good understanding of
both potential sources of error (see next section) and the way
alternative sampling methods may bias results (see Section
9.3) minimizes sample disturbance. The final evaluation of
the results should be done with full consideration of the
unavoidable disturbances involved in subsurface investiga-
tions.

7.1.4 Sources of Error

Random error results from dlight differences in the execu-
tion of the same sampling procedure. Systematic error results
from procedures that ater the properties of the sample. Ran-
dom error is unavoidable, but must be evaluated to determine
its effect on accuracy. For example, Figure 7-2b shows data
with no systematic bias, but accuracy is low because random
error is high. Systematic errors can be minimized by careful
selection and conduct of sampling techniques.

Figure 7-3 illustrates five possible sources of error in
ground-water sampling: (1) site selection, (2) sampling,

~——
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Figure 7-2. Shots on a target analogy for illustrating influence
of bias and precision on accuracy (after Jessen,
1978).

(a): high bias + low precision= low accuracy; (b):
low bias + low precision = low accuracy; (c): high
bias + high precision = low accuracy; (d) low bias
+ high precision = high accuracy.
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1983).

(3) measurement methods, (4) reference samples for calibra-
tion, and (5) data handling. Both random and systematic
errors may be involved in each stage. Errors at each stage are
cumulative, but are not of equal significance or magnitude.
Total variance in geochemical data results from the combina-
tion of natural geochemical variability and the cumulative
error. The percentage of variance attributable to natural vari-
ability may often be greater than either field or laboratory
error. Natural variance cannot be reduced; however, variance
resulting from field and laboratory error can be reduced so
that the actual variance closely approximates the natural vari-
ance.

Table 7-1 shows estimates of the relative contribution of
natural variability, field error, and laboratory error to total
variance at three sites of ground-water investigations. For
most chemica constituents, at the three sites, natural variabil-
ity accounted for more than 90 percent of the variance. For
most inorganic constituents where field and laboratory error
could be estimated, field error contributed a larger percentage
of total variance. Table 7-1 also shows that organic contami-
nant indicators (TOC and TOX) showed typically much higher
percentages of variance due to field and laboratory error than
did the inorganic indicators. Both field sampling and labora-
tory analyses were subject to strict QA/QC procedures at the
sites shown in Table 7-1, so variance due to field and labora-
tory error during routine ground-water investigations will
commonly be greater than shown in the table.

Field Error. Figure 7-4 identifies specific possible sources
of error at various steps in ground-water sampling. The largest
sources of error are unrepresentative sample locations (hence
the importance of hydrogeologic site characterization prior to
geochemical sampling design) and disturbances caused by
drilling and well construction. Sample collection is the next
largest source of error. Major sources of systematic sampling
error include (1) well construction and screen design prevent-
ing representative samples, and (2) improper purging. All of
these large sources of systematic error are related to the
hydrology of the site over which there is often little QA/QC.

Table 7-2 lists potential contributions of sampling meth-
ods and materials to error in ground-water chemical results.
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Sources of error involved in ground-water monitoring programs contributing to total variance (from Barcelona et al.,

This table shows that well purging procedures can result in
large variationsin pH, TOC, Fe(l1), and VOCs (also see
Table 9-11 for variations in other constituents). Table 7-2
shows well casing to be the next largest source of error,
followed by sampling mechanisms and grouting/sealing.
Poorly grouted or cemented wells can greatly alter the pH of
water (as much as pH 12). Sampling tubing can result in
errors in VOC measurement. Sections 9.3.3 (Purging) and
9.3.4 (Well Construction and Sampling Devices) discuss
selection criteria for minimizing error from these sources.

Other possible sources of systematic error in sampling
include (1) changing sampling procedures, (2) changing
sampling personnel without a strictly defined sampling pro-
tocol, and (3) failure to document unavoidable deviations
from the sampling protocols, such as no water in the well.
Another source of water quality error is mixing from mul-
tiple aquifers. Mixing is most common with public water
supply wells that penetrate several hydrological unconnected
aquifers. Improper sealing of ground-water monitor wells
also may bias results by mixing water from distinct subsur-
face formations.

Analytical Error. Figure 7-5 identifies possible sources
of error during water sample analysis. Analysis, including
measurement methods and reference samples, is typically
subject to the most stringent QA/QC procedures, and conse-
quently analytical errors tend to be relatively minor compo-
nents of total error (see Table 7-1). Failure to analyze blanks,
standards, and samples by exactly the same procedures may
result in either a biased blank correction or a biased cdibra
tion (Kirchmer, 1983). Porter (1986) examined in detail the
sources of random analytical error for measurement near the
limit of detection and how to incorporate this observation
error into data analysis procedures. Sources of analytical
error are discussed further in Section 7.3.

Einarson and Pel (1988) and Rice et al, (1988), in
separate studies of laboratory performance, concluded that
the reliability of laboratory analyses should not be taken for
granted. Both studies also concluded that the cost of analysis
did not necessarily correlate with analytical accuracy. The
most expensive of the 10 laboratories evaluated by Einarson



Table 7-1. Percentage of Variance Attributable to Laboratory Error, Field Error, and Natural Variability by Chemical and Site

Sand Ridge Beardstown (upgradient) Beardstown (downgradient)
Type of
parameter  lab field nat lab field nat lab field nat
Water quality
NO; 0.0 00.0 100.0 0.1 NA# 99.9 0.2 NA 998
SO 0.0 0.0 100.0 02 NA 99.8 1.4 0.1 98.6
Si0, 0.0 NA 100.0 0.0 20.0 80.0 0.0 6.8 §3.2
0-POs 1.2 1.2 97.6 0.0 0.0 100.0 0.0 0.0 100.0
T-PO; 0.0 NA 100.0 2.8 NA 97.8 0.9 NA 99.1
Cl- 7.2 NA 928 0.0 3.3 96.7 00 17.2 828
Ca 0.0 45.7 54.3 0.0 2.3 97.7 0.0 3.6 964
Mg 0.0 20.0 80.0 0.0 22 97.8 0.0 2.8 97.2
Na 0.0 NA 100.0 0.0 0.3 99.7 0.0 7.1 929
K 0.0 NA 100.0 339 NA 66.1 87.1 NA 129
Geochemical
NH, 0.0 0.0 100.0 0.0 0.0 100.0 0.0 0.0 100.0
NO, NA NA NA 0.1 NA 99.9 0.3 NA 99.7
S- NA NA NA NA NA NA NA NA NA
Fe+ NA NA NA 0.0 0.1 99.9 0.0 59 94.1
Fe, 0.0 NA 100.0 0.0 0.0 100.0 0.0 NA 100.0
iin, 0.0 NA 100.0 0.0 40.1 59.9 0.0 73.6 264

lab + field lab + field lab + field

Contaminant
indicator
TOC 15.4 84.6 29.9 70.1 40.6 59.5
TOX 0.0 100.0 12.5 87.5 24.6 75.4

*NA indicated that the number of observations on which the estimated variance was based was less than 5, or the estimated variance was

negative.

*True field spiked standards not available for these costituents demanding combined estimates of laboratory and field variability.

Source: Barcelona et al. 1989

Step

In-Situ Condition

1
Establishing a Sampling Point

{
Field Meas:iremems

Sample Cillection

Sample Delivery/Transfer
{

Field BIanks,ftandards

- [ o VRPN DS S

Fieid Determinations

{
Preservation/Storage
4
Transportation

Sources of Error

Improper well construction/placement;
inappropriate materials selection

Instrument malfunction; operator error
Sampling mechanism bias; operator error

Sampling mechanism bias; sample exposure,
degassing, oxygenation; field conditions

Operator error; matrix interferences

instrument maifunction; operator error;
field conditions

Mattrix interferences; handling/labeling errors

Delay; sample loss

Figure 7-4. Steps in ground-water sampling and sources of error (from Barcelona et al., 1985).
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Table 7-2. Potential Contributions of Sampling Methods and Materials to Error” in Ground-Water Chemicail Results
--~---—----Chemical Parameter------------
Sampling method/ pH TOC Fe(ll) voC
material (mg C/L) (mg/L) ng/l)
Range of
concentration 5-9 0.5-25 0.01-10 0.15-8000
Drilling muds -- +, 300% - --
Groiits, seals + 4105 b 500% -
units cement
{cement)
Well purging +,0.1to +, 500% -2 1000% +, 10 to 1000%°
5 units
Well casing - +, 200% +, 1000% +, 200%¢
iron,
galvanized
steel
Sampling gas lift +, bailer +, gas lift - suction -2
mechanism 0.1103 150% 500% 11to 16%°
units
Sampling -— - - -10to 756%°
tubing
References 1,57 1,4 1,257 i,36

°No data available on the type and extent of error for this parameter.
‘Concentration range 0.5-15 pg/L (from Barcelona and Helfrich, 1984).

‘Concentration range 80-8000 ug/L (from Barcelona et al., 1984; Ho, 1983).

Barcelona and Helfrich (1984)
Barcelona et al. (1983)
Barcelona et al. (1984)
Barcelona et al. (1988)
Gibbet al. (1981)

Ho (1983)

Schuller et al. (1981)

~NO OB WN—

Source: Adapted from Barcelona et al. (1988)

and Pei (1988) tied for the worst ranking, while the four least
expensive laboratories included the top ranked and other
bottom ranked laboratory. Both studies describe criteria and
procedures for choosing laboratories that will provide good
analytical results. Section 7.3 discusses analytical and QA/QC
concepts further.

Data Handling Error. There is probably no large body of
scientific records free from human or machine errors. Faulty
recording of observations in field or laboratory notebooks or
incorrect coding for computer analysis are examples of data
handling errors. Misrecorded values that are much larger or
smaller than the range of the actual population are called
outliers and may distort the results of statistical analysis.
Statistical techniques are available for analyzing such data
sets (Gilbert, 1987), but prevention of data handling error is
always better than a cure. Censoring of analytical measure-
ments below the limit of detection (see Section 7.4.1) is
another serious error introduced by data handling.
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Webster (1977) suggests some of the following methods
to reduce data handling errors: (1) write neatly, forming
characters well; (2) distinguish ambiguous digits and letters
by afirm convention; (3) restrict the digit O to mean zero and
use other notations for “missing” or “inapplicable’; (4) elimi-
nate or minimize transcription of field notes (5) record data
on forms designed for the purpose of the investigation with
clear headings and ample space; and (6) double-check any
transcribed data against the original

7.2 Analytical and QA/QC Concepts

Quality assurance and quality control are accomplished
by (1) selecting the best methods for the program purpose, (2)
clearly defining protocols or procedures to be followed, and
(3) carefully documenting adherence or departures from the
protocols. Figure 7-6 shows the relationship of program pur-
pose and protocols to the scientific method. Both field sam-
pling and laboratory analyses require protocols for good QA/
QC. Campbell and Mabey (1985) have summarized key ele-
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Figure 7-6.

Relationship of program purpose and protocols to
the scientific method (from Barcelona, 1988).
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Sources of Error

“Aged” samples; loss of analyties;
contamination

Sample aging/contamination in lab; cross-
contamination; mishandling/labeling

“Aged” standards; analyst error

Matrix interferences; inappropriate/
invalid methodology: instrumental
malfunction/analyst error

Matrix interferences; inappropriate/

invalid methodology; instrumental
malfunction/analyst error

“Aged” standards

Transcription/machine errors; sample loss in
tracking system; improper extrapolation/

interpolation; over-reporting/
under-reporting errors

Steps in water sample analysis and sources of error (from Barcelona et al., 1985).

ments of data evaluation systems applicable to both field and
laboratory measurements. Provost and Elder (1985) have pro-
vided guidance for choosing cost-effective QA/QC programs
for chemical laboratories. Evans (1986) reviews data quality
objectives for remedia site investigations, and Starks and
Flatman (1991) discuss the use of industrial quality control
methods as amodel for evaluating RCRA ground-water moni-
toring decision procedures.

7.2.1 Instrumentation and Analytical Methods

A bewildering array of methods are available for analyz-
ing geochemical constituents. Table 7-3 lists the major signals
and analytical methods based on signal measurement. Most
methods used for geochemica analysis involve either emis-
sion or adsorption of radiation. The fine points of instrumenta-
tion and analysis are the province of the analytical chemist,
but the field scientist can benefit from a general understand-
ing. Skoog (1985) and Willard et al. (1988) are two good
general references on this topic. Analytical techniques for
specific constituents of geochemical interest may be specified
by regulation or, if not so specified, determined by the instru-
mentation that is most readily available. Table 7-4 lists seven
major sources of information describing analytical techniques
for specific chemical constituents.

7.2.2 Limit of Detection

Ground-water detection monitoring commonly involves
measurement of contaminants that are either at or below the
detection limit of analytical procedures. The statistical con-
cept of detection limit includes accurately reporting and ana-
lvzing data including measurement near or below the detection
limit (McNichols and Davis, 1988).



Table 7-3. Major Analytical Signals and Methods
Signal Analytical Methods Based on
Measurement of Signal
Emission of Emission spectroscopy (X-ray, UV, visible
radiation electron auger); fluorescence and

phosphorescence spectroscopy (X-ray, UV,
visible); radiochemistry

Absorption of
radiation

Spectrophotometry (X-ray, UV, visible, IR);
photoacoustic spectroscopy; nuclear
magnetic resonance and electron spin
resonance spectroscopy

Turbidimetry; nephelometry; Raman
Spactroscopy

Scattering of
radiation

Refraction of Refractometry; interferometry

radiation

Rotation of Polarimetry; optical rotatory dispersion;
radiation circular dichroism

Electrical Potentiometry; chronopotentiometry
potential

Electrical Polarography; amperometty; coulometty

current

Mass-to-charge
ratio

Mass Spectrometry

Rate of reaction Kinetic methods

Thermal Thermal conductivity and enthalpy methods
properties

Mass Gravimetric analysis

Volume Volumetric analysis

*Source: Skoog (1985)

Figure 7-7 and Table 7-5 illustrate the definitions of limit
of detection and regions of analyte measurement recom-
mended by the Subcommittee on Environmental Analytical
Chemistry of the American Chemical Society’s (ACS) Com-
mittee on Environmental Improvement (1980). The zero analyte
signal for measuring the limit of detection comes from the
field blank (see Section 7.2.3). If the actual field blank mea-
surement gives a positive signal, this means that analytical
measurements on other samples with a lower signal will be
recorded as a negative concentration. For example, alow
concentration standard (typicaly 1 part per billion (ppb) for
organic constituents) is made in the laboratory for the con-
taminant of interest. The standard deviation for analytical
measurement of the 1 ppb standard is commonly plus or
minus 100 percent or 1 pg/L. The detection limit for a
contaminated sample is defined as three standard deviations
(3 pg/L) above the mean for the standard, or six standard
deviations above the zero point defined by the field blank (see
Figure 7-7). The limit of detection should be defined every
day of analysis. The detection limit is probably the most
important kind of laboratory quality assurance data and should
be reported with the analytical results for each constituent.

Table 7-5 lists the regions of analyte measurement. Fol-
lowing the above example, signas below three standard de-
viations are considered below the limit of detection. The
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region of detection is between 3 and 10 standard deviations (5
standard deviations by some rules) and is where the constitu-
ent can be said to be present but the precise concentration
cannot be stated with certainty. Analyte signals above the
limit of quantification (plus 10 standard deviations) can be
interpreted quantitatively.

The above-described definition reaffirms the model for
limit of detection calculations adopted by the International
Union of Pure and Applied Chemistry (IUPAC) in 1975
(IUPAC, 1978). However, considerable confusion still sur-
rounds the definition of the limit of detection. This is because
(1) acceptance of the above definition by the general analyti-
cal community has been slow, and (2) different statistical
approaches to calculating limits of detection for constituents
can easily vary by an order of magnitude (Long and
Winefordner, 1983). This is particularly true for chemical
constituents at the ppb level.

A major problem with failure to understand the statistical
nature of the limit of detection is negative censoring of data.
Negative censoring involves reporting analyte concentrations
that are below the limit of detection as zero, “less than”
values, or “not detected.” Since 1983 the American Society
for Testing and Materials (ASTM) has recommended that data
should not be routinely censored by laboratories (ASTM,
1983). Nevertheless, censoring of water quality analytical
data remains a problem (Porter et al., 1988). Section 7.4.1
examines this issue further.

Laboratories should be asked to provide uncensored data
on al water samples with measurements near or below the
limit of detection. Measurement data should not be discarded
unless the lack of statistical control in the measurement pro-
cess is clearly demonstrated. The general public, and even the
uninformed scientist, may find the concept of a negative
concentration difficult to understand, so it is prudent to report
less than zero values as “trace.” Remediation decisions, how-
ever, should be based on concentrations at or above the limit
of quantification, not the limit of detection.

The limit of detection is both a site- (as a result of the
field blank) and instrument/operator-specific value. Conse-
quently, the precision and accuracy for low standards must be
reported on the analytical report forms. The instrument
manufacturer’s definition of detection is based normally on
carefully controlled conditions (e.g., distilled water solutions)
that may not be achievable in routine analyses of complex
samples. Consequently, actua limits of detection in contami-
nated ground water are often higher.

7.2.3 Types of Samples

Field scientists tend to consider QA/QC requirements and
procedures to be primarily the responsibility of the laboratory.
However, QA/QC procedures are equally, if not more impor-
tant in the field. Chapter 8 examines methods to minimize
error in selecting sample location and collecting samples.
Field personnel also should be familiar with the different
types of samples that may be taken, and their importance for
interpreting the analytical results.



Table 7-4.

Reference

Major Compilations of Analytical Procedures for Constituents of Geochemical interest

Description

American Public Health
Association (1990)

ASTM, annual

Fresenius et al. (1988)
Klute (1986), Page et al.
(1982)

Kopp and McKee (1983)

Longbottom and
Lichtenberg (1982)

Mueller et al. (1991)

Noblett and Burke (1990)
Radian Corporation
(1988)

Rainwater and
Thatcher (1960)

Smith (1991)

Thompson et al. (1989)

U.S. EPA (1988)

U.S. Geological Survey
Techniques of Water-
Resource Investga-
tions

Westerman (1990)

Comprehensive compilation of analytical methods for measurement of metals, inorganic nonmetallic, and
organic constituents in water samples.

Published annually by the American Society for Testing and Materials, Water and Environmental Technology
Volumes 11.01and 11.02 cover analytic methods for water.

A guide to physico-chemical, chemicaland microbiological analysis of water and qualify assurance procedures.

Part 1 (Klute, 1986) contains 50 chapters covering a range of physical and mineralogical methods and Part 2
(Page et al., 1982) contains 54 chapters covering methods for analyzing chemical and microbiological
properties of soils.

This third edition contains the chemical analytical procedures used in U.S. EPA laboratories for examining
ground and surface water, domestic and industrial waste effluents and treatment process samples.

Describes tests for 15 groups of organic chemicals and includes an appendix defining procedures for
determining the detection limit of an analytic method. The test procedures in this manual are cited in
Table IC (organic chemical parameters) and ID (pesticide parameters) in 40 CFR 136.3(a).

Compilation of summary information on more than 150 EPA-approved, and a total of 650, sampling and
analysis methods for industrial chemicals, pesticides, elements, and water quality parameters. Associated
data base is available on diskette.

Handbook on flue gas desulfurization (FGD) chemistry and analytical methods. Volume 1 (Noblett and
Burke, 1980) covers sampling, measurement, laboratory, and process performance guidelines. Volume 2
(Radian Corporation, 1988) presents 54 physical-testing and chemical-analysis methods for FGD reagents,
slurries, and solids.

Describes types of methods, choice of analytical methods for water samples, and specific analytical
procedures for over 40 inorganic water parameters.

Edited volume with 14 chapters on instrumental techniques for soil analysis.

Contains summary description of methods for elemental analysis, analysis of anionic species, inorganic and
organic carbon, redox sensitive species and other chemical parameters along with recommendations for
methods best suited for obtaining data for hydrochemical modeling.

Guide for selection of instrumental methods for field screening of inorganic and organic contaminants. Covers
26 specific field screening methods. Also available as a computerized information retrieval system.

USGS’s TWI series includes manuals describing procedures for planning and conducting specialized work in
water-resources investigations. Wood (1976) covers field analysis of unstable constituents; Skougstad et al.
(1979) cover methods for analyzing inorganic constituents in water and fiuvial sediment; Barnett and Mallory
(1971) describe determination of minor elements in water by emission spectroscopy: Wershaw et al (1987)
cover methods for determination of organic substances in water and fiuvial sediments
(revision of Goerlitz et al., 1972).

Edited volume on methods for analysis of soil and plants focussing on use for assessing nutritional
requirements of crops, efficient fertilizer use, saline-sodic conditions, and toxicity of metals.

A field blank is a sample of distilled or deionized water
taken from the laboratory out into the field, poured into a
sampling vial at the site, closed, and returned asiif it were a
sample. The level of contamination of the field blank is the
zero andyte signa for determining the limit of detection,

A rinse or cleaning blank is a sample of the final rinse of
asampling mechanism before it is put in anew well. This type
of sample is used to evaluate whether a sample may have been
contaminated from material taken in the previous sample.

Field samples are those samples that are taken in the field
as “representative” of conditions at the site and analyzed in
the laboratory for constituents of interest. If sampling points
or locations are unrepresentative, or biased sampling proce-
dures are used, no amount of care in QA/QC in subseguent
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stages will salvage an accurate picture of actual field condi-
tions.

Duplicate samples are collected and not analyzed unless
it is later determined that they contain additional useful infor-
mation. Soil samples are commonly duplicated.

Replicate samples are subsamples of the same sample
that are labeled separately to estimate the precision of labora-
tory analytical results.

Split samples are field samples that are split between two
storage vessels or cut in half in the field. One subsample may
be analyzed by one laboratory and the other subsample may
be archived or given to another laboratory,
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Figure 7-7. The ACS recommended definition of limit of

detection (from ACS Committee on Environmental
Improvement, 1980).

Siked samples are field samples that may be split with
one aliquot receiving a spike volume of a reference standard
to estimate the recovery of the analyte in the laboratory.
Spiked samples alow estimates of accuracy and detect pos-
sible matrix interference problems.

Laboratory blanks are similar to field blanks except that
the distilled deionized water used in the laboratory at the time
each batch of samplesisreceived isanalyzed in the same
manner as other samples. This type of sampling may detect
contamination that occurs in the laboratory.

Sandard reference samples have been analyzed previ-
ously by outside laboratories. These samples are available
from the Nationa Institute of Standards and Technology or
the EPA to detect either instrument calibration error or the use
of inappropriate laboratory anaytical methods (Keith et dl.,
1983).

7.3 Statistical Techniques

7.3.1 Statistical Approaches to Geochemical
Variability

Virtualy all soil sampling and most ground-water sam-
pling that has been done at a high enough level of resolution
have shown that chemical constituent concentrations are nei-
ther normaly distributed nor independent (i.e., noncorrelated).
This creates specia challenges for statistical analysis of geo-
chemical sampling data because many of the traditiona statis-
tical techniques for analyzing sample data, such as linear
regression and t-testing, assume that the population sampled
has the symmetric, bell-shaped Gaussian (normal) distribu-
tion. Linear regression is probably the most frequently mis-
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Table 7-5. Regions of Analyte Measurement

Analyte Signal Recommended Inference
(standard deviations in ug/L)
<3 Analyte not detected
31010 Region of detection
>10 Region of quantitation

used statistical technique in this context (Mann, 1987; Kite,
1989).

The first step in analyzing geochemical data is to deter-
mine whether they are normally distributed. If they are, tradi-
tiona techniques described in standard textbooks on statistics
can be used. If not, one or more of the following methods
must be used (1) data transformations such as logarithmic
conversions to create data sets that are normally distributed
and hence amenable for analysis by conventional methods
(Wilson et a., 1990, discuss how to evaluate bias that may be
introduced by this manipulation); (2) nonparametric or distri-
bution-free statistical techniques that do not require indepen-
dent data observations and (3) geostatistical techniques that
facilitate differentiation of correlated and noncorrelated data
sets and interpolation of vaues between sample points. The
technique of “fuzzy” linear regression maybe useful in hydro-
logic situations where the relationship between variables is
imprecise, data are inaccurate, and/or sample sizes are insuffi-
cient (Bardossy et a., 1990). Subsurface contamination inves-
tigations typically involve measurements of concentration
changes in geochemica parameters over time. Consequently,
statistical techniques designed specifically for analysis of
trends in time-series data are important (Harris et a., 1987;
Montgomery et al., 1987).

Alhgjjar et a. (1990) describe use of the median-polish
statistical methods of exploratory data analysis developed by
Tukey (1977) for analyzing highly variable geochemica data
collected during a study of chemical pollution from septic
systems. This technique is especially well suited for analyzing
data in two-way tables (multiple rows and columns) in which
each data value is related simultaneously to two factors.

7.3.2 Geostatistics

Geostatistical techniques such as use of correlograms,
semivariograms, and kriging have gained increasing popular-
ity in evaluating spatialy distributed hydrologic and geo-
chemical datain the last 10 years. Using empirical gold-ore
evaluation techniques developed by D.C. Krige in South
Africa (hence the term kriging), the French mathematician G.
Matheron developed the theory of regionalized variablesin
the late 1960s (Matheron, 1971). This general theory of
sampling and estimating spatially dependent (autocorrelated)
variables is well suited to analysis of hydrologic and geo-
chemical parameters, which tend to be nonrandom in the
classical Gaussian statistical sense.



Geostatistical techniques have three main applications for
characterization of subsurface variability: (1) they can assist
in reducing spatial sampling intensity, and hence reduce sam-
pling and analytical costs; (2) they can be used to differentiate
sample data that are autccorrelated or noncorrelated, elucidat-
ing trends for selecting the appropriate statistical analysis of
sampling analytical results; and (3) they can be used to
interpolate values at locations where measurements have not
been made. The last application is done by kriging, a weighted
moving-averaging technique, that in most situations will pro
vide the most accurate way of contouring data on physica and
geochemical parameters. Furthermore, a kriging standard de-
viation map that provides a clear indication of the reliability of
contours can be readily created from kriged contour data.

One of the first steps in geostatistical analysis is to
calculate the nonsampling variance (gamma) of samples at
different distance spacings. Gamma is a statistical measure of
the difference between sample values. For example, if samples
were taken from a 50-m grid, gamma would be calculated for
the samples spaced at 50 m, 100 m, 150 m, 200 m, and so on.
Next, a semivariogram is plotted on a XY plot, where X is
distance and Y is the nonsampling variance. Figure 7-8 shows
an “ided” semivariogram. Samples within a certain range of
influence, also called the range of correlation (distance ain
Figure 7-8), show an approximately linear correlation (are
autocorrelated). At some spacing distance, if there is no trend
in the data, a sill (C on Figure 7-8) marks a plateau that limits
the range of correlation. The nonsampling variance between
samples will equal C as long as the distance is greater than a.

From a sampling perspective, samples spaced closer than
distance ain Figure 7-8 will yield redundant, correlated data,
which results in both unnecessary expense and complications
in statistical analysis. The minimum distance a which samples

[ kel ]

3 h

The “ideal” shape for a semivariogram-spherical
model (from Clark, 1979).

Figure 7-8.
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are independent (distance ain Figure 7-8) is the optimum
sampling distance.

Figure 7-9 shows a semivariogram of lead values in soil
sampled by Flatman (1986) on a systematic 750-ft grid. The
diagram shows that samples for lead that are closer to each
other than about 1,200 ft are correlated. In other words, the
same information could be obtained by cutting the number of
samples almost in half. Figure 7-10 shows a kriged contour
map of lead concentrations in the vicinity of the smelter, and
Figure 7-11 shows contours of the standard deviations of the
lead concentrations.

Table 7-6 summarizes ranges of influence (in meters) that
have been estimated for a variety of soil physical and chemi-
cal parameters. Direct comparisons between different studies
are difficult, however, because definitions and the methodolo-
gies for determining the range vary somewhat. Commonly,
however, the range is scale-dependent, i.e., as the sample area
increases, the range increases. For example, at the same site
Gajem et al. (1981) found ranges of 1.5,21, and 260 m for pH
values of 100-member transects spaced at 0.2, 2, and 20 m.

Semivariograms may exhibit a variety of correlation struc-
tures other than the one shown in Figure 7-8, and correct
interpretation requires an understanding of the various models
that are available for describing semivariogram plots. When
data are not normally distributed, such as when a spatial trend
is present, estimating the correlation structure is difficult. In
these cases, some of the techniques for transforming log-
normal data for conventional statistical analysis can be used
(Gilbert, 1987).

Most basic texts on geostatistics are still oriented towards
mining. Clark (1979) provides a good introduction to
geostatistics and kriging, while more comprehensive treat-
ments (all oriented toward mining) can be found in the follow-
ing sources: David (1977), |saaks and Srivastava (1989),
Matheron (1971), and Journal and Huijbregts (1978). Olea
(1974, 1975) provide a good introduction to the use of geosta-
tistics in contour mapping of data. Gilbert and Simpson (1985)
provide a good review of potentials and problems with using
kriging for estimating spatial pattern of contaminants

Trangmar et al. (1985) and Warrick et al. (1986) re-
viewed specific geostatistical methods applied to spatial stud-
ies of soil properties. Use of geostatistics in sampling for soil
contaminants is discussed by Flatman (1984), Flatman and
Y fantis (1984), and Flatman (1986). Delhomme (1978, 1979)
reviewed the use of geostatistics in the characterization of
ground-water variability, and Hughes and Lettenmaier (1981)
and Sophocleous et al. (1982) discuss applications for ground-
water monitoring network design.

7.4 Interpretation of Geochemical and Water
Chemistry Data

Table 7-7 indexes some sources of information on (1)
basic statistical approaches to data analysis, (2) methods for
analysis of soil data, and (3) methods for analysis of water
quality data. The general references on soil and water chemis-
try listed in Table 7-1 provide a framework for interpreting
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background geochemistry. Hem (1985) is an especialy good
source for the interpretation of water quality data.

Gilbert (1987) presented probably the best systematic
treatment of statistical methods for environmental pollution
monitoring. Bury (1975) provides a comprehensive treatment
of basic statistical concepts and models oriented toward the
applied scientist. Hollander and Wolfe (1973), Lehmann and
D’ Abrera (1975), and Seigel (1956) offer more in-depth dis-
cussion of nonparrametric statistical methods. Bury (1975)
presents a table that is a useful guide for finding the appropri-
ate nonparametric procedure for particular topics or problems.
Chatfield (1984) is a good source on techniques for analysis of
time series.

7.4.1 Analysis of Censored Data

Table 7-8 illustrates the effect of two types of censoring
of analytical results near and below the limit of detection.
Data reported as less than the limit of detection are heavily
censored and yield an average concentration of 3.5 pg/L
since only two values are quantified. Reporting of negative
concentrations as zero is called negative censoring; in Pable
7-8 negative censoring yields an average of 1.2 pg/L. The
uncensored data average 0.5 pg/L. The averages of the heavily
and negatively censored data would appear to indicate con-
tamination, but the 95 percent confidence interval for the
uncensored data is at best equivocal.

Gilliom et al. (1984) found that any censoring of trace-
level water quality data, even when the censored data were
highly unreliable, reduced the ability to detect trends in the
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A semivariogram of lead samples taken systematically on a 230-m (750-foot) grid (from Flatman, 1986).

data. Unfortunately, censored data continues to be routinely
reported by laboratories. The following references contain
discussions of statistical techniques for analyzing censored
data: Gilbert (1987), Gilliom and Helsel (1986), Gilliom et al.
(1984), Helsdl and Gilliom (1986), McBean and Rovers (1984)
and Porter et al. (1988).

7.4.2 Contaminant Levels versus Background
Conditions

Numbers on a standard list from an analytical laboratory
arc useful only to the extent that they can be compared to
known or estimated background conditions before contamina-
tion. Using such numbers effectively requires both data on
background conditions and the use of appropriate techniques
to detect statistically significant departures from background
levels. An analytical result from a rinse or cleaning blank
between the limit of detection and the limit of quantification
may indicate that more careful decontamination procedures
should be followed, but does not add to the information on
which to base remediation decisions.

Crustal and natural background abundances of metallic
elements must be considered when evaluating analyses for
inorganic contaminants. See the listing under *background”
for soil chemical parameters and water chemistry in Table 8
1, which identifies some sources of background data on minor
and trace elements in the United States. For organics, there is
always some background of total inorganic carbon and or-
ganic carbon, which should be determined in some samples to
identify natural background levels. The amount of organic
matter may vary considerably in soil, but dissolved organic
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carbon in ground water does not vary greatly. There are
definite analytical difficulties in achieving reliable analyses in
the range of 0.1 to 0.5 percent organic carbon in the solid
fraction.

Equilibrium calculations based on thorough chemical
analysis may be useful for interpreting water quality data
(Jenne, 1979; Melchior and Bassett 1990 Summerset d.,
1985). For example, reducing or suboxic conditions, indicated
by low Eh (i.e., measured oxidation-reduction potential), lack
of detectable dissolved oxygen, and presence of ferrous iron,
may indicate conditions favorable for movement of elements
such as manganese, mercury, chromium, and arsenic. Arsenic
(V) under oxidizing conditions may be considered immobile,
but under reducing conditions, arsenic (I11) is often the pre-
dicted “stable” species of arsenic and is frequently more toxic
and more mobile than As(V) due to higher volubility (Holm
and Curtis, 1984).
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Table 7-6. Reported Values of Ranges of Correlation of Soil Physical and Chemical Properties

Source Parameter Range or Site
Scale (m)
Burgess and Sodium 61 Approx. 50 ha, Plas Gogerddan (Gr. Britain), 440 samples, 0-15 cm depth
Webster (1980)
Depth cover loam 100 Approx. 18 ha, Hole Farm (Gr. Britain), 450 observations
Campbell (1978)  Sand content 30 Ladysmith series, mesic Pachic Argiustolls (Kansas), 8 x 20 grid at 10-m
spacing in B2 horizons
Sand content 40 Pawnee series, mesic Aquic Argiudoll (Kansas) (as above)
Soil pH Random Pawnee and Ladysmith
Clifton and Log of transmissivity 9600 Avra Valley (Arizona), about 15 x 50 km, 148 wells
Neuman (1982) -
Folorunso and Flux of N, and <1 Yolo loam, Typic Xerorthents (California) 100 x 100 m area
Rolston (1984)  N,O at surface
Gajem et al. Sand content >5 Pima ciay ioam, Typic Torrifiuvenis (Arizonaj, 20-m iranseci, 20-cm spaces,
(1981) 50-cm depth.
Soil pH 1.5 Pima, as above, 4 transects
21 Pima, as above but 4 transects, 2-m spacing
260 Pima, as above, 1 transect, 20-m spacing, 100 points
Kachonoski Depth and mass <2 Mix of Typic Haploborolls and Typic Argiborolls (Saskatchewan)
etal. (1985) of A-horizon
McBratney and  pH 20
Webster (1981)
Russo and Saturated conductivity 34 Surface, Harma Red Rhodoxeralf (Israel), 30 random sites in 0.8 ha
Bresler (1981a,
1981b) Saturated water content 14 90-cm depth, as above
28 90-cm as above
Sorptivity 37 Surface
39 90-cm, as above
Wetting front 16-30 Simulated for above site, 1to 12.5 h
Sisson and Steady-state infiltration 0.13 Sandy clay loam, Typic Torrifluvents (New Mexico), 6.4 x 6.4 m plot,
Wierenga (1981) transect of 125 contiguous 5-cm rings
van Kuilenberg Moisture supply 600 Cover sand, 30 mapping units, 9 soil types including Haplaquepts,
etal. (1982) capacity Humagquepts, and Psammaquents (Netherlands), 2 by 2 km, 1191
borings
Vauclin et al. Surface soil temperature 8-21 Yolo loam clay, Typic Xerorthents (California), 55 x 160 m area
74 NO N
{1v0<s)
Vauclin et al. Sand content 35 Sandy clay loam (Tunisia), 7 x 4 grid at 10-m spacing, 20-40 cm depth
71002\
{ 1909/
pF25 25 Same
Vigira et al. Steady-state infiltration 50 Yolo loam, Typic Xerorthents (California), 55 x 160 | area
(1981)
Wollum and Log of most probable Pocalla loamy sand, thermic Arenic Plinthic Paleudults (N. Carolina)
Cassel (1984) number of Rhizobium
japonicum 1 0°, 3-m spacing
>12 0°, 20-cm spacing
Random 90°, 3-m spacing
>12 90°, 20-cm spacing
Yostetal. (1982) Soil pH 14,000- Various transects on Island of Hawaii at 1 to 2 km intervals, 10-15 cm depth
32,000
Phosphorus sorbed 32,000 As above
at0.02 mg P/L
Phosphorus sorbed 58,000 As above
at0.2mg P/L

Sourca: Adapted from Warrick et al. (1986)
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Table 7-7. Sources of Information on Techniques for Anailzing Soil and Water-Quality Data

Topic

References

Basic Statistical Approaches

General
Nonparametrics
Time series

Exploratory data
(Median-Polish)

Geostatistics (basic)
Geostatistics (adv.)
Soil Data Analysis

Population properties
Geostatistics
Contaminated soils

Soil Gas Data

Water Quality Data
General
Contaminant detection

Geostatistics

Population properties
Spatial data
Time series data

Bandat and Pierson (1986), Bury (1975), Gilbert (1987), Jessen (1978), tin (1966), Ott (1984)
Hollander and Wolfe (1973), Lehmann (1975), Seigel (1956)

Chatfield (1984)

Tukey (1977), Velleman and Hoaglin (1981), Alhajjar et al (1990)

Clark (1979), Englund and Sparks (1988), Gilbert and Simpson (1965), Journaf (1984),
Olea (1974, 1975), Yates and Yates (1990)

David (1977), Journal and Huijbregts (1978), Isaaks and Srivastava (1989), Matheron (1971)

Butler (1980), Sinclair (1986), Webster (1977)
Sinclair (1986), Trangmar et al. (1985), Warrick et al. (1986). See also Table 7-6
Flatman (1964), Flatman and Yfantis (1984), and Flatman (1986)

See Table 9-5

Beck and van Stratten (1983), Gillham et al (1983), U.S. EPA (1989)

Chapman and El-Shaarawi (1989), Davis and McNichols (1988), Gibbons (1987a,b; 1990),
McBean and Rovers (1990), McNichols and Davis (1988)

Delhomme (1978, 1979), Hughes and Lettenmaier (1981), Samper and Neuman (1985),
Sophocleous et al (1982)

Harris et al. (1987), Montgomery et al. (1987)
Lawrence and Upchurch (1976), McBean et al. (1988)

Close (1989), Harris et al. (1987), McBean et al. (1988), Montgomery et al (1987),
Sgambat and Stedinger (1981), Yevjevich and Harmancioglu (1989)

Table 7-8. Effects of Censoring Analyte Signals at and
Below the Limit of Detection
Heavily Negatively Uncensored
Sample Censored Censored
1 <3 2 2
2 <3 0 -2
3 <3 0 -1
4 4 4 4
5 3 3 3
] <3 0 -3
7 <3 1 1
8 <3 0 -1
9 <3 0 0
10 <3 2 2
Mean 35 1.2 -0.5
95% Conf. 0.14-2.26 1.13 -2.13

Source: ASTM (1987)
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Chapter 8

Geochemical Variability of the Natural and Contaminated Subsurface Environment
J. Russell Boulding and Michagl J. Barcelona

This chapter focuses on subsurface geochemical pro-
cesses and environmental parameters that may significantly
affect the accuracy of geochemical sampling to characterize
the natural and contaminated subsurface. Subsequent chapters
examine in more detail subsurface physiochemical and deg-
radation processes that affect the fate and transport of con-
taminants. Table 8-1 indexes references on topics covered in
this chapter.

8.1 Overview of Subsurface Geochemistry

A basic assumption in performing remediation is that
one cannot remediate what is not observed. Consequently,
complete geochemical characterization of the subsurface re-
quires an understanding of what to observe and how to go
about making the observations. Elements and compounds in
the subsurface may exist in one or more of three phases (solid,
liquid, or gas). Within a phase, a substance may exist as
several forms or species (e.g., ions, neutral molecules, and
complex molecules in water). The partitioning of natural
constituents and contaminants between solid, liquid, and gas
or their transformation to other chemical forms is dependent
on both the thermodynamics and kinetics of different types of
chemical processes. Thermodynamic prediction and reaction
kinetics may be strongly influenced by subsurface environ-
mental conditions. Information on indicators of ground-water
conditions, such as pH, Eh, temperature, and pressure, there-
fore, is essential for interpreting geochemical data.

8.1.1 Geochemical Processes

Major geochemical processes in the subsurface include
(1) acid-base equilibria (also called ionization); (2) sorption-
desorption; (3) precipitation-dissolution; (4) oxidation-reduc-
tion (redox reactions); and (5) hydrolysis (see Chapters 10,
12, and 13). Microorganisms frequently are the catalysts or
promoters of reactions in the subsurface. Volatilization is
another important process affecting contaminants that readily
move into the gas phase. Interactions between these various
processes are typically complex and must be understood in
terms of both thermodynamic and kinetic controls.

Thermodynamically, a chemical system is in equilibrium
when its free energy is minimized; thus, thermodynamic
principles define the stability of substances within the system

and whether a reaction will tend to occur. Thermodynamic
calculations can predict whether a chemical reaction is likely
to occur under specified conditions but give no indication of
how fast the reaction will occur. Kinetics describe the rate of
chemical reactions. Some reactions, such as the reaction that
occurs when a strong acid is added to water, will occur almost
instantaneously; other reactions, such as the hydrolysis of
cyanides at low pH, may take tens of thousands of years.

In nonequilibrium systems, chemical processes act to
alter the chemical composition and/or phase of the system,
and the system may tend to approach equilibrium. Simple
systems, such as dilute mixtures of sodium chloride and
water, attain solution equilibrium quickly, whereas complex
systems may only tend towards equilibrium. For example,
geochemical modeling by Apps et al. (1988) suggests that
Gulf Coast brines are not in equilibrium after tens of thou-
sands of years with respect to magnesium and sulfate concen-
tration. Lindberg and Runnells (1984) have suggested that
ground water is rarely, if ever, in complete equilibrium with
respect to redox reactions.

Equilibrium implies that as long as no significant changes
in environmental factors or phases occur within the system,
the chemical composition of the system will be predictable.
An equilibrium state does not imply that chemical reactions
cease, rather that the rates of forward and reverse reactions
compensate one other.

8.1.2 Environmental Parameters

The act of sampling the subsurface tends to alter its
chemical equilibrium and results in reactions that may remove
or release some of the chemical constituents being measured.
The potential geochemical effects of drilling methods, materi-
als used for well construction and sampling devices, and
sampling methods all must be considered when developing a
sampling protocol. The sensitivity of a chemical system to
disturbance depends on a number of physical and chemical
environmental parameters. Some of the most important of
these parameters are discussed below, along with examples of
how sampling may bias the results of laboratory analyses.

The major geochemical parameters that characterize the
subsurface include (1) water content, (2) hydrogen ion con-
centration (pH), (3) redox potential (Eh), (4) microbia popu-
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Table 8-1.

Topic

Sources of Information on Natural and Contaminant Variability of Geochemical Parameters In the Subsurface

References

Soil Chemical Parameters
General chemistry

1989), Sposito (1984, 1989)
Background levels
Redox chemistry
Contaminants
Soil gases

Loehr et al. (1986)

Soil Physical Parameters
Variability Jury (1985). See also Table 7-6

Flow channels

Vadose Zone

General
Riggs (1979)

Water movement

Water Chemistry
General

Bohn et al. (1985), Bolt and Bruggenwert (1978), Dragun (1988), Fairbridge and Finkl (1979), Sparks (1986,

Connor and Shacklette (1975), Ebens and Shacklette (1982), Shacklette et al. (1971a,b, 1973, 1974)
Brookins (1988), Ponnamperuma (1972), Ransom and Smeck (1986)

Barber et al. (1990), van Cleemput and El-Sebaay (1985)

Bouma et al (1983), Miller (1975), Simpson and Cunningham (1982), White (1985)

Arnold et al. (1982), Evans and Nicholson (1987), Rijtema and Wassink (1969), Yaron et al. (1984), Zimmie and

Barnes (1989), Diment and Watson (1985), Hill and Parlange (1972), Raats (1973)

Drew (1989), Eriksson (1985), Faust and Aly (1981), Garrels and Christ (1965), Hem (1985), Lloyd and

Heathcote (1985), Morel (1983), Pagendorf (1978), Stumm and Morgan (1981)

Background levels

Durum and Haffty (1961), Durum et al. (1971), Ebens and Shacklette (1982), Ledin et al. (1989), Leenheer et al.

(1974), Thurman (1985), White et al. (1963)

Redox Chemistry

Baas-Backing et al. (1960), Back and Barnes (1965), Barcelona et al. (1989a), Champ et al. (1979), Edmunds

(1973), Hem and Cropper (1959), Lindberg and Runnells (1984), Smith et al. (1991), Zehnder and Stumm
(1988), ZoBell (1946). (See also, Tables 8-9 and 8- 10.)

Biochemical Changes

Corrosion/scaling
and Davis (1952).

Variability

Bouwer and McCarty (1984), Ghiorse and Wilson (1988), Smith et al. (1991), Wood and Bassett (1973)
Barnes and Clarke (1969), Langelier (1936), Larson and Buswell (1942), Ryzner (1944), Singley et al. (1985), Stiff

Back and Hanshaw (1988), Montgomery et al. (1987), Schmidt (1977), Seaber (1965), van Beek and van Puffelen
(1987). (See also Tables 7-9 and 7-10.)

lation, (5) salinity and dissolved constituents, (6) physica and
chemical character of solids, (7) temperature, and (8) pres-
sure. Eh, pH, and pressure are probably the most important
parameters affecting sampling of near-surface aquifers; these
factors strongly influence microbial population. Dissolved
constituents and the physical and chemica character of sub-
surface solids are highly site specific and influenced primarily
by geologic and soil-forming processes. Salinity, temperature,
and solution composition gain increasing importance as the
depth of sampling increases.

pH and Alkalinity. The pH and akalinity are master
variables that help to describe solution composition and po-
tential for preeipitation reactions. For example, pump-and-
treat operations using air stripping to remove volatile organic
compounds (VOCs) can increase pH by 0.5 to 1 pH unit
through removing carbon dioxide, with subsequent precipita-
tion of calcium carbonate and iron oxides. Table 7-2 identifies
changes in pH that may result from sampling methods and
materials. Table 8-2 identifies the effects of pH on a number
of subsurface geochemical processes,

Alkalinity indicates the buffer capacity or resistance to
change in pH, A solution with high buffer capacity has alarge

resistance to change in pH, requiring the addition of a propor-
tionally large amount of acid or base to change the solution
pH condition in the water. Since carbonate buffering is com-
mon to most natural waters, the solution pH may be quite
sengitive to volatilization of CO,during sampling operations.

Redox Potential. The oxidation-reduction potential, or
Eh, is an expression of the intensity of redox conditions in a
system. It is measured in volts or millivolts (mV) as the
potential difference between a working electrode and the
standard hydrogen electrode. Positive readings in natura wa
ter generally indicate oxidizing conditions, and negative read-
ings indicate reducing conditions. Ponnamperuma (1972)
suggests that Eh values of +200 mV or lower indicate reduc-
ing conditions in near-surface soils and sediments. Surface
water bodies are generally around 400 to 600 mV because
they are often in equilibrium with oxygen in the atmosphere.
Principal oxidizing species in ground-water systems are oxy-
gen and perhaps some hydrogen peroxide (the intermediate
species in the reduction of oxygen to water). Other oxidizing
species in ground water include nitrate and manganese (1V)
and Fe(l11). Under reducing conditions, Fe(ll1) species will
tend to be reduced to Fe(ll), sulfate is reduced to sulfide, and
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Table 8-2. Effects of pH on Subsurface Geochemical Processes and Other Environmental Factors
Process/Factor pH Effect
Acid-base Measures acid-base reactions. Strong acids (bases) will tend to change pH: weak acids (bases) will buffer

solutions to minimize pH changes.

Adsorption-desorption

Strongly influences adsorption, because hydrogen ions play an active role in both chemical and physical bonding

processes. Abbility of heavy metals is strongiy influenced by pH. Adsorption rates of organics are also PH

dependant.

Precipitation-dissolution

Strongly influences precipitation-dissolution reactions. Mixing of solutions with different pH often results in

precipitation reactions. Sea also reservoir matrix below.

Complexation

Oxidation-reduction

Strongly influences positions of equilibria involving complex ions and metal chelate formation.
Redox systems generally become more reducing with increasing pH (ZoBell, 1946).

in combination with Eh, strongly influences the types of bacteria that will be present. High-to medium-pH, low-Eh

environments will generally restrict bacterial populations to sulfate reducers and heterotrophic anaerobes

biodegradation

(Baas-Becking et al., 1960).
Eh increasing pH generally lowers Eh.
Salinity

Reservoir matrix

pH-induced dissolution increases salinity: pH-induced precipitation decreases salinity.

Acidic solutions tend to dissolve carbonates and clays; highly alkaline solutions tend to dissolve silica and clays.

Greater pH generally increases cation-exchange capacity of clays.

Temperature

pH-driven exothermic (heat-releasing) reactions will increase fluid temperature: pH-driven endothermic (heat-

consuming) reactions will decrease fluid temperature.

Pressure
products.

Will not infiuence pressure unless pH-induced reactions result in a significant change in the volume of reaction

Source: Adapted from U.S. EPA (1989)

carbon dioxide to methane. Oxidation/reduction processes are
discussed further in Section 12.1.3.

Most redox reactions in the subsurface are microbially
mediated. The measurement of the major by-products of these
reactions may be a better indicator of the strength of the
reducing environment than Eh measurements or calculated
equilibrium potentials. A sequence of redox reactions under
increasing reducing conditions may be (1) denitrification re-
actions which deplete nitrate and produce nitrogen gas, (2)
sulfate reduction which depletes sulfate and produces hydro-
gen sulfide, and (3) methanogenic reactions which deplete
carbon dioxide and produce methane. Microbialy mediated
redox processes are discussed further in Section 12.2.3.

Redox potential measurements or calculated potentials
are only measures of intensity. Reduction capacity measures
the resistance to change in the redox potential, and is analo-
gous to buffer capacity for pH in water. Reduction capacity is
measured by how much oxidizing or reducing constituent
must be added to change redox conditions. Ground-water
systems tend to have some natural reduction capacity due to
the presence of organic carbon in aquifer solids. The introduc-

tion of organic contaminants, which serve as an energy source
for microorganisms to ground water, increases the tendency to
shift towards more reducing conditions. In contrast bias can
easily be introduced into analytical results by the addition of
oxygen during the sampling process. Increases in dissolved
oxygen, resulting in decreased Fe(ll) concentrations in samples
(see Table 7-2), and precipitation of iron oxides are common
hiases introduced by the exposure of ground-water samples to
the atmosphere.

The concept of biologically mediated redox zonesis
useful for evaluating the biodegradation of organic contami-
nants in ground water. Table 8-3 shows how the degradation
of various organic micropollutants might occur with increas-
ing distance from a point of injection.

When organic contaminants are present in relatively low
concentrations, as with artificial recharge of treated sewage
effluent, oxygen is present near the zone of injection and
compounds susceptible to aerobic biodegradation will decom-
pose. As the redox potential declines at a greater distance
from the point of injection, denitrifying conditions develop,
and compounds such as carbon tetrachloride, which are not
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susceptible to aerobic degradation, may be degraded. If redox
potential declines further and conditions favorable for sulfate-
reducing bacteria exist, cresols and chlorophenols may be
degraded. Finally, where methanogenic bacteria predominate,
hal ogenated aliphatics that may have passed through the
denitrification zone may be degraded.

Implicit in this redox zone model is that compounds that
pass through the zone in which they are susceptible to biodeg-
radation will persist in ground water unless immobilized or
atered by inorganic chemical processes. In heavily contami-
nated ground water, this sequence may be reversed, with the
greatest reducing conditions closest to the point of contaminat-
ion grading to mildly oxygenated conditions (in shallow
aquifers, at least) at the outside edge of the contaminant
plume.

Salinity and Dissolved Constituents. Total dissolved sol-
ids (TDS) content can be qualitatively estimated in the field
by measuring specific conductance. The major dissolved con-
stituents in ground water may be near equilibrium with condi-
tions at their location, although subject to seasonal fluctuations
(see Section 8.4). During well development, if purging or
sampling-process ground water is mixed with water of differ-
ing salinity or chemical composition, the result may be pre-
cipitation-dissolution and redox reactions that significantly
change the inorganic chemistry of a sample. Geochemical
sampling of water wells that tap multiple aquifers is especialy
problematic because of these effects. The more saline the
water, or the more different in chemical composition the two
waters, the greater the bias that can be introduced to geo-
chemical samples.

Soil/Aquifer Matrix. The mineralogy and particle size
distribution of the unsaturated and saturated zones strongly
influence geochemistry of subsurface waters. As particle size
decreases, the surface area increases, providing more opportu-
nities for chemical reactions between solids and water. A
particularly important chemical parameter of solids is the
cation exchange capacity (CEC). CEC is a function of miner-
aogy, particle size, and previous geochemical history. It may
be a good measure of the potentia attenuation of pollutants by
ion exchange or sorption reactions. The CEC of claysis
strongly dependent on crystalline structure, with the high
shrink-swell smectite group (80 to 150 meg/100 g) having the
highest CEC and the nonswelling clays such as kaolinite the
lowest (3 to 15 meg/100 g). Characterization of clay mineral-
ogy can provide considerable insight into subsurface geo-
chemistry.

Temperature and Pressure. Temperature and pressure
directly influence the rate of chemical reactions. As pressure
increases, the amount of dissolved gases in solution tend to
increase. Consequently, sampling methods that allow gases
and VOCs to degas to the atmosphere at the land surface may
tend to underestimate concentrations. The deeper the sam-
pling, the greater the potential for errors resulting from pres-
sure changes.

Microbial Activity. Virtually al ground waters contain
diverse populations of microorganisms. The main limitation

to microbial growth in the subsurface is low levels of nutrient
and dissolved organic carbon. Microorganisms exist that are
capable of adapting to transform many types of organic con-
taminants. Unfortunately, most organic contaminants are more
readily degraded under aerobic conditions, and any contami-
nant loading that adds more than traces of contaminants will
rapidly deplete the available natural oxygen supply. As shown
in Table 8-3, halogenated aliphatic hydrocarbons and bromi-
nated methanes may be degraded under anaerobic conditions.
Phenols, alkyl phenols, and chlorophenols also may be de-
graded under these conditions (Wilson and McNabb, 1983).

Tetra- and trichloroethylene are readily degraded under
anaerobic conditions to intermediate daughter products, in-
cluding 1,2-dichloroethenes and 1,1 -dichloroethene, until vi-
nyl chloride is formed. Unfortumtely, vinyl chloride is resistant
to anaerobic degradation, although it readily degrades under
aerobic conditions. Other anaerobic degradation sequences
that end in relatively resistant compounds include carbon
tetrachloride to chloroform to methylene chloride and 1,1,1-
trichloroethane to 1,1-dichloroethane to chloroethane (Wood
et a., 1985).

Whether a specific contaminant will be degraded depends
on geochemical conditions and on the presence of microor-
ganisms that are capable of adaptation. Redox potential and
water chemistry can provide considerable insight into subsur-
face microbial activity even when samples are not taken for
microorganisms. Nitrogen, ammonia, hydrogen sulfide, and
methane in ground water are al indicators of microbial activ-
ity. Carbon dioxide also may indicate microbial activity;
however, its presence is more difficult to interpret because
carbon dioxide also may come from inorganic sources such as
calcium carbonate and dolomite. Section 13.2 discusses mi-
crobiologica transformations in the subsurface in more detail.

8.1.3 The Vadose and Saturated Zones

The vadose and saturated zones have distinct geochemi-
cal differences that must be considered when sampling to
evaluate contamination. The vadose zone is a dynamic envi-
ronment with gases moving across the surface, the presence of
abundant organic matter, and solutes moving in and out of the
saturated zones. Gas transfers of interest include oxygen
going in, carbon dioxide moving out, and gases like nitrous
oxide or nitrogen being generated by bacteria. Organic matter
accumulation, weathering of minerals in the soil profile to
form clays, and the presence of air create a chemically reac-
tive environment.

The vadose zone aso is characterized by considerable
heterogeneity in hydraulic conductivity. Macropores such as
old root channels, animal burrows, and channels between soil
structural units allow much more rapid movement of water
and associated contaminants than the aggregated soil particles
(see references in Table 8-1). These variations make represen-
tative sampling of soluble contaminants in the vadose zone
extremely difficult.
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Table 8-3. Redox Zones for Biodegradation of Organic Micropollutants

Increasing Distance from Injection Point —>

Biological Conditions

Aerobic Denitrification Sulfate Methanogenesis
heterotrophic respiration
respiration

Organic Pollutants Transformed
Chlorinated Carbon tetrachloride Phenol C.and C,
benzenes Bromodichloromethane Cresols Halogenatad
Ethylbenzene Dibromochloromethane Chiorophenols aliphatics
Styrene Bromoform
Naphthalene

Source: Adapted from Bouwer and McCarty (1984)

Table 8-4. Dissolved Solids in Potabie Water -a Tentative

Classification of Abundance

Major Constituents (1.0 to 1000 ppm)

Sodium Bicarbonate
Calcium Sulfate
Magnesium Chloride
Silica

Secondary Constituents (0.01 to 10.0 ppm)

iron
Strontium
Potassium
Boron

Carbonate
Nitrate
Fluoride

Minor Constituents (0.0001 to 0.1 ppm)

Antimony*
Aluminum
Arsenic
Barium
Bromide
Cadmium*

Chromium*

cobalt
Copper

Germanium*

iodide

Lead
Lithium
Manganese
Molybdenum
Nickel
Phosphate
Rubidium*
Selenium
Titanium*
Uranium
Vanadium
Zinc

Trace Constituents (generally <0.001 ppm)

Beryllium
Bismuth
Cerium*
Cesium
Gallium
Gold
Iridium
Lanthanum
Niobium*
Platinum
Radium

Ruthenium*
Scandium*
Silver
Thallium*
Thorium*
Tin
Tungsten*
Ytterbium
Yttrium*
Zirconium*

* Element which occupies an uncertain position in the list.

Source: Adapted from Davis and DeWiest (1966)

8.2 Background Levels and Behavior of
Chemical Constituents

Interpretation of subsurface geochemical data requires
some knowledge of background levels as a baseline for evalu-
ating possible contamination and the chemical behavior of
individual constituents. Tables 8-4 and 8-5 show two classifi-
cation schemes for the abundance of dissolved speciesin
ground water. The first for potable water, includes only
dissolved solids and has four classes: major (1.0 to 1,000
ppm), secondary (0.1 to 10 ppm), minor (0.0001 to 0.1 ppm),
and trace (generaly less than 0.001 ppm). The second scheme
is for highly mineralized water (>1,000 mg/L), and includes
gases and organic acids. The classification of the organic
acids is based on data from the petroleum-bearing Frio forma-
tion in Texas (Kreitler et a., 1988). Organic acids for
nonpetroleum-bearing reeks would typicaly be in the minor
category.

Table 8-1 lists some sources of information on back-
ground levels of trace constituents in soils and ground water.
The U.S. Geological Survey is a good source of background
information on elemental composition of soils (Connor and
Shacklette, 1975; Ebens and Shacklette, 1982 and Shacklette
et al. 197 lab, 1973, 1974) and water (Durum and Haffty,
1961; Durum et al. 1971; Ebens and Shacklette, 1982; White
et a., 1963). Thurman (1985), using data primarily from
Leenheer et al. (1974), reported the following median concen-
trations of organic carbon in various types of aquifers: sand
and gravel and limestone and sandstone - 0.7 mg/L; igneous -
0.5 mg/L; oil shales- 3.0 mg/L; organicaly rich recharge
waters - 10.0 mg/L, and petroleum associated wastes - 100
mg/L.

Table 8-1 also lists a number of general references on soil
and water chemistry and sources of information on more
specific geochemical topics such as redox chemistry, soil
gases, hiochemical changes, and corrosion and sealing in
ground water. Tables 8-6 and 8-7 describe sources of informa-
tion on the chemical behavior of inorganic and organic natural
congtituents and contaminants in the subsurface, respectively.
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Table 8-5. Classlfication of Dissolved Species in Deep- Water Injection Zones
Abundance Cations Anions Gases Organic Acids
Major
Sodium Chloride Carbon Dioxide Acetate
Calcium Bicarbonate Propionate
Magnesium Sulfate
Intermediate
Silica Nitrate Nitrogen Butyrate
Barium Nitrite Hydrogen Sulfide *
Potassium Orthophosphate Methane
Strontium Bromide
Boron lodide
Iron®
Minor
Aluminun® Fluoride
Manganes’
Arsenic
Beryllium
Cadmium
Chromium
cobalt
Copper
Lead
Lithium
Molybdenum
Nickel
Selenium
Zinc

*Abundance classification criteria (mg/L): Major: 10°-10°Intermediate: 10’-10°; Minor: <10'.
*Of possible special significance in assessing reactivity with injected wastes.

Source: U.S. EPA (1989)

8.3 Spatial Variability

Spatia variability of the subsurface is a result of scale
effects and physical and chemical gradients, which generaly
exist both horizontally and vertically. Table 8-8 summarizes
typical ranges of subsurface environmental parameters that
may be found at a site. In general, contaminated sites have a
greater range of geochemical variation for all parameters than
do undisturbed sites. Spatial gradients for individual param-
eters are discussed below.

8.3.1 Scale

Soil and ground-water geochemistry vary regionaly pri-
marily as a function of changesin climate and geology. An
important factor affecting ground-water chemistry is distance
from the recharge zone. In recharge zones, ground water tends
to be less mineralized than in areas of discharge. Regional-
scale changes in ground water are characterized by
hydrochemical facies (Seaber 1965); dominant chemica con-
stituents change with a shift in facies. Regional-scale patterns
in ground-water chemistry (e.g., Back and Hanshaw, 1971, on
carbonate equilibria) may not apply on the site scale. This is
particularly true with respect to oxygen-sensitive species,
because of disturbed land surface and substantial variability of
local recharge in surficial aquifers at the site level, which
influences oxygen concentration.

The maximum transport distance for contaminants de-
pends on the source and the medium of transport. Soil con-
tamination from atmospheric sources of heavy metals (lead,
zinc, cadmium) from smelters can extend from hundreds of
meters to kilometers. Contamination from underground stor-
age tanks (hydrocarbons and nonagueous phase liquids
[NAPLS]) can have aradius of influence of about 50 to 2,000
m. NAPLs can migrate vertically 50 to 100 m.

8.3.2 Physical Gradients

Temperature Gradients. Temperature gradients affect
mixing, reaction paths and rate, and volubility. Vertical tem-
perature gradients can vary greatly, being very steep in geo-
thermal areas, but a good rule of thumb is that temperature
increases 1°F for every 50 to 60 feet of depth. Ground water
downgradient from a landfill may exhibit temperatures 8 to
12°F higher than water upgradient from a landfill.

Pressure Gradients. Vertical pressure gradients are on
the order of an atmosphere every 30 ft. Sampling mechanisms
used effectively at or near the land surface may not be valid
when used at 2 to 5 atmospheres (pressure at depths in excess
of 60 ft). Volatiles are in grester danger of being lost during
sampling when brought to the surface where the pressureis
lower.
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Table 8-6.

Sources of Information on Chemical Behavior of Natural Inorganic Constituents and Contaminants in the Subsurface

Reference Description
Aubert and Pinta Text on trace elements in soils. Includes chapters on
(1977) Bo, Cr, Co, Cu, I, Pb, Mn, Mo, Ni, Se, Ti, V, and Zn, and a chapter on 10 other minor elements (Li, Rb, Cs, Ba,

Sr, Bi, Ga, Ge, Ag, and Sn).
Bar-Yosef et al.

Collection of papers on behavior of inorganic contaminants in the vadose zone.

(1989)

Callahan et al. (1979) Data on environmental water-related fate of 129 organic and inorganic priority pollutants.

Copenhaver and Bibliography with abstracts of articles from 1970 to 1974 on mobility of As, asbestos, Be, Cd, Cr, Cu,
Wilkinson (1979) cyanide, Pb, Hg, Se, and Zn in soil.

F6r;tner and Wittmann Comprehensive text on behavior of metal contaminants in the aquatic environment.

(1979)

Fuller (1977) Review containing over 200 references on the movement of metals in soil.

Jacobs (1989) Edited volume with 11 chapters on selenium in agriculture and the environment.

Kabata-Pendias and Text on trace elements in soils and plants.

Pendias (1984)

zrggzgr and Duinker Contains 42 papers on the complexation behavior of trace metals in natural waters.

Lisk (1972) Review paper on occurrence and chemistry of trace elements in soils and toxicities for plants and animals.

McBride (1989) Review paper on reactions controlling heavy metal solubility in soils.

h;ggfa jand Ramamoorthy Book on behavior of heavy metals (As, Cd, Cr, Cu, Hg, Ni, and Zn} in natural waters.

(

National Research Data summary sheets on 16 selected toxic elements. NRCC reports on individual elements include:

Council Canada (1982) chromium (1976), arsenic (1978a), lead (1978b), mercury (1979a), cadmium (1979b), and nickel (1981).

Nelson et al. (1983)

17 contributed chapters on chemical mobility and reactivity of the soil system with sections on principles of

chemical mobility and reactivity, biological activity and chemical mobility, and environmental impacts of toxic

chemical transport.
Purves (1977)
Rai and Zachara (1984)

Text on trace element contamination of the environment focused primarily on soil.
Provides data on chemical attenuation rates, coefficients, and constants for 21 elements related to leachate

migration: Al, Sb, As, Ba, Be, B, Cd, Cr, Cu, F, Fe, Pb, Mn, Hg, Mo, Ni, Se, Na, S, V, and Zn.

Rai and Zachara (1988)

Report containing laboratory data and equilibrium constants for key reactions needed to predict the geochemical

behavior of chromium in soil and ground water.

Singer (1973)
Thornton (1983)

Contains 13 contnibuted chapters on trace metals and metal-organic interactions in natural waters.
Contains 16 contributed chapters on principles of environmental geochemistry with emphasis on heavy metals.

Velocity Gradients. Velocity gradients are a function of
pressure differences and hydraulic conductivity. Ground wa-
ter may flow at arate of 10 to 100 m aday in the vicinity of
pumping wells. Increased velocity resulting from pumping
may have pronounced geochemical effects on ground-water
quality. Evidence of chemical zonation tends to be more
pronounced when water movement is rapid in relation to the
rate of chemical reactions (Baedecker and Back, 1979).

8.3.3 Chemical Gradients

A factor of 10 gradient in chemical concentrations over
vertical distances of less than 10 mis possible. Smith et al.
(1991) observed a 27-fold increase in bacterial abundancein a
9-m interval where an aquifer contained nitrate and organic
contaminants, Figure 8-1 shows changes in Eh, pH, oxygen,
and hydrogen sulfide in an aguifer from its point of outcrop-
ping where recharge occurs to about 24 km downdip. Dis-
solved oxygen dropped to zero about 11 km from the outcrop.
At the point that oxygen disappeared, Eh dropped signifi-

cantly from 400 mV to about 100 mV and continued to
decline slowly to around 0 mV at 24 km. Ground-water pH
showed a general upward trend. Once reducing conditions
prevailed in the aquifer, sulfate reduction, as evidenced by
hydrogen sulfide, was observed in 4 of the 10 sampling
points.

At the site level, redox potential can vary by afactor of 5
or 10 from the surface of a sand and gravel aquifer to a depth
of 100 feet in the same aquifer. Figure 8-2 shows vertical
changes in Eh, oxygen, and Fe(ll). Asin Figure 8-1, when
oxygen drops to zero at around 30 m, Eh drops and the
concentration of reduced Fe(I1) increases dramaticaly. Tables
8-9 and 8-10 summarize examples of horizontal and vertical
rcdox gradients at the site and regiona scales, respectively.
An uncontaminated aquifer may have a gradient in redox
potential of 30 or 50 mV/m vertically. In contaminated situa
tions, redox potential may show a gradient of 150 mvV/m
horizontally.
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Table 8-7. Sources of Information on Chemical Behavior of Natural Organic Constituents and Contaminants in the Subsurface
Reference Description

Bitton and Gerba (1984)  Contains 14 papers focusing on the subsurface behavior of microorganisms as pollutants.

Callahan et al. (1979) Data on environmental water-related fate of 129 organic and inorganic priority pollutants.

Cheng (1990) Collection of papers on the fate and transport of pesticides in soils.

Faust and Hunter (1971)  Contains 24 papers on the origin, occurrence, and behavior of organic compounds in aquatic environments.

Gerstl et al. (1969)
Gherini et al. (1988,

Collection of papers on the fate of toxic organic chemicals in soil and ground water.
Compilation of data relevant to predicting the release, transport, transformation and fate of

1989) more than 50 organic compounds.

Ghiorse and Wilson Review of literature on biodegradation of organic contaminants in ground water.

(1988)

Gibson (1984) Contains 15 papers on microbial degradation of organic compounds.

Goring and Hamaker Two volumes containing 13 chapters on the behavior of organic chemicals in the soil environment.
(1972)

Huang and Schnitzer Contains 15 contributed chapters on interactions of soil minerals with microbes and natural organic compounds.
(1986)

Howard et al. (1991) Handbook of data on environmental degradation rates for more than 300 organic compounds.
Kobayashi and Rittmann  Literature review summarizing about 90 examples of biodegradation of hazardous organic compounds.
(1982)

Lyman et al. (1982)
Mabey et al. (1982)
Maki et al. (1980)

Montgomery and Welkom
(1989), Montgomery
(1991)

Moore and Ramamoorthy
(1984b)

Morril et al. (1982)
Overcash (1981)

Handbook on methods to estimate environmental behavior of organic compounds.
Aquatic fate process data for organic priority pollutants.
Contains 19 contributions to a workshop on biotransformation and fate of chemicals in the aquatic environment.

Volume 1 contains chemical data on 137 organic compounds commonly found in ground water and the
unsaturated zone. Volume 2 contains data on 267 additional compounds.

Book on behavior of organic chemicals (aliphatic hydrocarbons, mono- and polycyclic aromatic hydrocarbons,
chlorinated pesticides, petroleum hydrocarbons, phenols, PCBs and PCDD) in natural waters.

Text on sorption, degradation, and persistence of organic compounds in soils.
Contains 43 papers on decomposition of chlorinated organics, agricultural chemical, phenols, aromatic and

polynuclear aromatics, urea resins, and surfactants in soil.

Sabljib (1987) Sorption coefficient data for 72 nonpolar and 158 polar and ionic organic compounds.
Sawhney and Brown 18 contributed chapters on reactions and movement of organic chemicals in soil.
(1989)

Tabak et al. (1981) Resuits of biodegradability studies for 114 organic priority pollutants.

Zehnder (1988) Contains 14 papers on the biology of anaerobic microorganisms

Changes of afactor of four or five in pH, alkalinity, or
redox potential can mean magnitude changes in many chemi-
cal constituents. For example, in oxidizing conditions there is
virtually no dissolved iron in ground water. In anoxic ground
water reduced ferrous iron (Fe®) can commonly approach 3 to
