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CHAPTER 5

HYDROGEOLOGIC SITE
INVESTIGATIONS

ROBERT S. LEE
JOHN A. CONNOR

INTRODUCTION

The purpose of hydrogeologic site investigations is to characterize soil and ground water
pollution problems in sufficient detail to facilitate design of a cost-effective corrective action
program. For this purpose, the site investigation entails measurement of the physical pa-
rameters that control subsurface contaminant transport at a given site. Geologic, hydrologic,
and chemical data must be acquired and integrated to define the nature and extent of soil and
ground water contamination and the potential for migration of contaminants within the natu-
ral ground water flow system. To the extent practical, the remedy should be anticipated at the
outset of an investigation so that design-basis information necessary for development of the
corrective action program is obtained in a timely and cost-effective manner.

113



114 HYDROGEOLOGIC SITE INVESTIGATIONS

The preceding chapters of this book have reviewed the general principles of ground wa-
ter occurrence and flow within geologic formations and the nature of the most common
ground water contaminants. In this chapter, the engineering procedures involved in the acqui-
sition and interpretation of ground water flow and contaminant information will be addrtssed.
The following sections outline a systematic approach to planning and implementing soil aﬂ
ground water contamination studies and summarize engineering standards for data evaluation
and presentation.

.2 DEVELOPMENT OF CONCEPTUAL SITE MODEL

Hydrogeologic processes are, by nature, complex, due to the heterogeneities of geologic. for-
mations and the transient effects of aquifer recharge and discharge phenomena. Additional
complexity arises from the presence of contaminants that may be irregularly distributed ig,
and reacting with, subsurface formations and ground water. Consequently, detailed characteri-
zation of contaminant distribution and transport patterns throughout every inch of an aquifer
system is impractical. From an engineering perspective, our objective is therefore to define
subsurface contaminant transport processes to the degree necessary to allow us to design ef-
fective measures for control or reversal of these processes, as needed to protect public health
and the environment. )

Ultimately, protection of drinking water resources may require us to extract or “mine”
the contaminated ground water mass from the affected aquifer. Therefore, it is helpful to ap-
proach a ground water contaminant delineation study in much the same manner as prospect-
ing for hydrocarbons or precious metals. We do not need to know each twist and turn of
every minor “ore” seam, but we do want to know how wide and how deep the play runs and,
because our “ore” is a fluid, which way it is moving and how fast.

The hydrogeologic site investigation is the procedure by which we develop our under-
standing or our “working model” of contaminant plume migration within the ground water
flow regime. In all cases, this model of the subsurface environment is constructed of three
principal components of information:

1. Geology: the physical framework within which subsurface fluids collect and
flow;

2. Hydrology: the movement of fluids through this physical framework; and

3. Chemistry: the nature of the chemical constituents that are entrained in this
flow system and the chemical and physical interactions between the contami-
nants and the subsurface formation and ground water that may be occurring.

We build our model of the site by systematically addressing each of these principal
components in turn. First, we must characterize the stratigraphic profile beneath the site and
identify those strata serving as potential conduits for fluid flow and the geologic features that
may influence the movement and accumulation of nonaqueous phase liquids (NAPLs). Sec-
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ond, we must measure the fluid hydraulic head distribution within the zone of saturation to
determine the actual rate and direction of ground water movement through these conduits.
Third, water samples are collected and analyzed to map the lateral and vertical extent of con-
taminant migration within the ground water flow regime.

There is significant overlap in the acquisition of these three classes of data, and in prac-
tice, they are collected simultaneously. For example, a soil boring may be drilled to charac-
terize the geology of the site; it provides soil samples for laboratory analysis of contaminant
concentration; and it may be converted to a monitoring well to permit collection of ground
water samples and hydrologic data. A well designed site investigation will maximize the
relevant information collected during each step of the work program. It is then the job of the
project engineer or scientist to sort this information into a meaningful and accurate picture of
subsurface ground water flow and contaminant transport processes.

STRATEGY FOR HYDROGEOLOGIC SITE
INVESTIGATIONS

5.3.1 Overview and General Considerations

As a practical matter, site investigation workplans usually represent a compromise between
the ideal of knowing as much as possible about a site and the realities imposed by a finite
budget. For the purpose of economy and efficiency, every field and laboratory measurement
conducted during the investigation must contribute to the conceptual model of the site. The
key is to design a work program that provides the necessary data by making the maximum
use of the available resources.

To achieve project objectives in a cost-effective manner, a clear strategy for mapping
the contaminant zones must be established prior to commencement of field or laboratory
work. At the outset, all available site information concerning subsurface geology, ground
water flow, and the nature, extent, and timing of the contaminant release should be assem-
bled to guide the selection of sampling locations. Data quality objectives and appropriate
sampling and testing technologies must be identified to ensure collection of data that meet
not only the engineering, but also the regulatory requirements of the project.

As a basis for a site investigation strategy, all subsurface contaminant problems
should be viewed as two distinct zones of contamination: (1) contaminant source materials
and contaminated soils in the unsaturated soil (or rock) zone; and (2) nonaqueous phase lig-
uids (NAPLs) and/or ground water containing dissolved contaminants within the zone of
saturation (Figure 5.1). For practical purposes, we can define the vertical boundary between
these two zones as the surface of the uppermost water bearing unit beneath the site (e.g., a
water-saturated stratum with hydraulic conductivity, K2 1 x 10 cm/sec). These two zones
differ significantly in terms of their operant mechanisms of contaminant transport and the
requisite corrective actions, and therefore should be addressed individually in the course of the
hydrogeologic site investigation.
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Figure 5.1 Zones of contamination for two-stage site investigation approach.

5.3.2 Unsaturated Source Zone Characteristics

Most incidents of hazardous chemical release to the subsurface environment occur as surface
spills of products or wastes or leachate percolation from the base of waste landfills, surface
impoundments, or material stockpiles. As the wetting front percolates downward through the
unsaturated soil (or rock) zone underlying the source area, a significant portion of the con-
taminant mass may be retained in the unsaturated soil matrix due to the effects of filtration,
sorption, or capillary retention. For many years thereafter, this contaminated soil can serve
as a source of continuing contaminant release to stormwater flowing across the site surface
or percolating downward through the nnsaturated soil zone to the depth of underlying ground
water.

Depending on the size and geological characteristics of this residual sonrce zone and the
nature and concentration of the contaminants, protection of surface water and ground water
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resources could involve either complete excavation and removal of the contaminated soils,
capping of the site to minimize rainfall contact and precipitation, or contaminant extraction
by means of in-situ soil venting or rinsing. To support design of appropriate corrective
measures, the hydrogeologic site investigation must therefore address the full lateral and ver-
tical extent of residual contaminants within the unsaturated soil zone and the potential for
future release of contaminants to local water resources.

§.3.3 Ground Water Pfume Characteristics

Dissolved contaminants contained in waste leachate fluids penetrating to the depth of ground
water occurrence will become entrained in the natural ground water flow system and spread
laterally and vertically in accordance with local ground water flow gradients (Figure 5.1).
Free-phase liquid contaminants may be subject to an additional “density gradient” with light
non-aqueous phase liquids (LNAPLs, such as gasoline) floating atop the zone of saturation
and collecting in the structural highs of confined water-bearing units. Alternatively, dense
non-aqueous phase liquids (DNAPLS) can percolate downward through the water-bearing stra-
tum to perch and spread atop underlying confining units (Chapter 11).

In all cases, ground water contamination problems are fluid problems. The contami-
nant enters the ground water system as a fluid and can therefore be removed or controlled as a
fluid. Unlike contamination within the unsaturated soil zone, excavation and removal of the
soil or rock mass from the zone of ground water contamination is neither practical nor neces-
sary. The hydrogeologic site investigation must therefore provide definitive information on
the current lateral and vertical extent of dissolved and free-phase contaminants within the
ground water, as well as the hydraulic processes controlling contaminant migration.

§5.3.4 Two-Stage Site Investigation Approach

In practice then, the hydrogeologic site investigation proceeds as a two-stage process: (1)
delineate the unsaturated source zone, comprised of the chemical waste or product mass and
the associated contaminated soils within the unsaturated soil column, and (2) investigate the
presence and extent of contaminant migration within the underlying ground water system.
Step-by-step strategies for implementation of these source zone and ground water contamina-
tion delineation studies are outlined below and illustrated on Figures 5.2 — 5.4.

Procedures for Unsaturated Source Zone Characterization. The objectives
of the source zone characterization study are to locate the site of the release, identify the con-
taminants of concern and determine their concentrations, and delineate the source material or
unsaturated soil mass that may act as a continuing source of contaminant release to surface
water or underlying ground water. The principal steps required for delineation of the source
zone are illustrated in Figure 5.2 and listed below.

As shown on the task flowchart, to commence the delineation study, available chemi-
cal information regarding the suspected source of the subsurface release (e.g., waste or prod-
uct spill) must be compiled to provide a basis for design of the laboratory testing program. If
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Step 1
" Chemical Characterization
«Review available information and / or analyze preliminary soil
samples.
»Select most moblis, toxic, and prevalant compounds as
contaminant indicator parameters.

Y

Step 2 Soil Sampling and Field Testing Program
« Drill and sample soil boringsto define latera! and vertical extent of
contamination in unsaturated soil zone.

« Terminate borings at apparent clean soil ot water table, whichever F‘ |

comes first.

\

Laboratory Soil Analysis
* Submit selected soil samples for laboratory analysis of indicator
parameters.

Step 3

Step 4
Interim Report (Optional)
* Document field and lab data

Full 1ateral and vertical extent
of sail contamination
confirmed by lab results?

supplemental sampling locations.

Slep 5 ’
Final Report
« Document procedures and results, including extent of
contamination.

Results indicate
contaminant
penetrstion to depth
of groundwater?

@duﬂ Groundwater Investigation (See figure 129

Figure 5.2 Procedures for source zone characterization.

No Further Action Required. )

collected to date. Identity
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such information is unavailable or inadequate, representative contaminated soil samples
should be collected from the release site and analyzed for a broad suite of chemical com-
pounds, as appropriate, to identify the principal contaminants of concern. Appropriate labora-
tory indicator parameters and field testing procedures should then be selected on the basis of
the prevalence, mobility, and toxicity of the principal constituents identified.

In Step 2 of the source delineation, a field sampling and testing program is conducted
to define the apparent lateral and vertical extent of contamination within the unsaturated soil
zone. At each soil sampling location, sampling and field testing should be conducted con-
tinuously with depth until either clean soil or ground water infiltration is encountered. As
discussed in Section 5.4, typical field test methods for hydrocarbon contamination include
organic vapor headspace analyses and various colorimetric indicator tests.

To confirm the apparent lateral and vertical extent of contamination observed in the
field, samples of the uppermost “clean” soils encountered at each sampling location should
be submitted for laboratory analysis of indicator parameter content (see Step 3, Figure 5.2).
Representative samples from within the contamination zone should also be submitted for
analysis of total and leachable contaminant indicator concentrations in order to characterize
contaminant mass and mobility.

Delineation of the contaminated soil zone is an iterative process, often requiring two or
more field and laboratory cycles for completion. Should the results of the source zone inves-
tigation show contaminants to have penetrated to the depth of underlying ground water at
concentrations exceeding relevant cleanup standards, a ground water contamination study will
also be required.

Procedures for Gronnd Water Contaminant Plume Delineation. The ob-
jective of a ground water contaminant investigation is to determine the presence and extent of
dissolved or free-phase contaminants, as well as the likely rate and direction of contaminant
migration within the ground water flow system. Principal steps to be followed are shown on
Figures 5.3 and 5.4.

As indicated on the task flowchart, the ground water investigation must be preceded by
identification and characterization of all potential source zones in the study area. A detection
monitoring program, involving installation of 1 to 3 ground water sampling points at each
known or suspected source location, should then be completed to identify all sites of hazard-
ous constituent release to ground water.

Ground water plume delineation should be conducted in a step-wise procedure in order
to minimize the number of ground water sampling points required. First, based upon the
suspected age of the release and the lateral ground water seepage velocity determined during
the detection monitoring study, estimate the potential length of the contaminant plume (i.e.,
seepage rate X time = length) and space sampling points accordingly along the plume axis to
locate the actual downgradient boundary. Second, to define the width of the contaminant
plume, complete additional sampling points on 1 or 2 lines running transverse to the plume
axis. Finally, to determine the vertical limit of contaminant migration, collect and analyze
ground water samples from “nested” sampling points (i.e., samples collected in close lateral
proximity, e.g., < 10 ft distance, but from different discrete depths within the water-bearing
unit).
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Source Zone Characlerization
oD ical of source and dafine extent of sources zone.

« Select indicalor parameters based upon mobility, toxicity. prevalance.

Step1

Background Stratigraphic Data
s . Defhaahallawsuwgmphygw identity uppenmost water-bearing unit using boring In clean|
area.

Y

Swp3 Datention Monitoring Program
* Install 1 to 3 groundwater sampling points in vincinity of source zone. Survey .

levels to \ateral flow g (min. 3
-‘s_taﬂsucwnlerev_a and water quaiity tast results to detect contamination.

No Further Action Required. '

Stapd Piume Length Deter ]
- Locate groundwater sampling points to define plume
potsntial plume length based on lateral groundwater fiow data.
« Repsat step untill downgradient plume boundary is defined.

Piume Width Determination
« Locate groundwater sempling points along line(s) transverse to plume axis.
* Repeat step untill lateral plume boundaries are defined.

Step§

Plume Thickness Determination
« install "nested” groundwater sampiling points at discrete intarvals. Mgasure SWL in nested]
‘wel) pairs to deterr vertical within g unit.

-ngmmmmmmmmmum

Interim Report (Optional)
Test Results define Documents collected o date.
lateral and vertical Identify supplemental sampling
"clean" lines? locators.

Final Report
Document procadures and results, including
contaminant plume dimensions,

Figure 5.3 Procedures for ground water contaminant plume detection/delineation.
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r Underground storage tank
A S

Soii contamination: extends to
dapth of underiying saturated zone

Step 1: Source Dellneation

* Locale polential sources.

+ Dafine lateral and vertical extent of soil contamination,

* Characterize cortaminant proparties: solubifity, density, stc.
* Select Indicator parametara.

sSwL: 91.2
MW-!. Cona: < 5 ppb _!

Background well @

Step 2: Detection Monitoring
* Drill adjacent o source zone to define stratigraphy and

Est. pluma langth: 1000 ft

MW-4 (100 ppt)

i_.m— - _i Hydr, Cond. identiy uppermos! waler-bearing unit.
SWL: 51.0° K =2500 tyr * I{DNAPLs are Ir use dllling p lons or
S Conc: Zopeb [ Poroslly outside-in strategy for datection monktoring.
) ~ 02025 + Install at least 3 wels o dafine ground water flow direction.
| SWL: o1y - Comp pound nup
 Com: 200 P Geadient and downgradient weila.
i=0.01 Mt * Run slug tests to define aquifer hydraulic propertiss
Seepags veiocity .
[ ] Vs =Ki/n=100 tyr Step 3: Plume Length
Tank Age: 10yrs = Locate wells to define plume length.

« Use gradient, porosity, and K to define seapage velocity {vs}.

 Usa vs and estimaled source age to estimate plume langth,

* Space downgradient wells accordingly.
* Repeat as necessary lo determina langth.

Step 4: Plume Width

« Locate walls on transversa line to determine plume width.
* Can width using q
* Unusual piuma shapes indicate possible presence of NAPLs

‘Step 5: Piume Thickness

+ Instail nasted wells to depth of

. vertical by g slatic waler levels
in deap and shallow nested walls

» Use drilling pracautions if prasance of DNAPL is Indicated.

Figure 5.4 Typical work program for ground water plume delineation.

If the contaminant plume is found to extend through the full thickness of the upper-
most water-bearing unit, sampling and analysis of ground water from the next underlying
water-bearing stratum may be necessary to establish the vertical limit of contamination. In
such case, it is critical that any observation points penetrating the confining layer separating
the upper and lower water-bearing strata be completed in a manner not providing an artificial
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conduit for contaminant migration. Appropriate protective measures are discussed in Sec-
tion 5.4.

DEVELOPMENT OF A DETAILED SITE
INVESTIGATION WORKPLAN

Prior to commencing the hydrogeologic site investigation, the specific field and labo_rator‘y
tasks required to implement the site investigation strategy described z.lbove shoulc! be 1‘dent1-
fied and appropriate resources allocated. Preplanning activities should include specxﬁcauon' of
the number, location, and depth of soil and ground water samples to be collected; sampling
procedures and associated equipment requirements; field safety protqcol; and field and labora-
tory test methods. The proposed sampling plan should be reviewed in advance to ensure that
the information obtained will be adequate to meet the geologic, hydrologic, and cpcmlml data
objectives of the source characterization or ground water plume detection/delinee.mon snfdy._

To provide a technical basis for planning of the site investigation, avallabl'c site in-
formation must be compiled and reviewed to define the general location and duration of the
suspected release, the probable contaminants of concern, and general stratigraphic conditions.
Typical sources of information include site operating records, regu'latoxy agency re'cords, em-
ployee interviews, historical aerial photographs, published geologic references, prior founda-
tion studies or hydrogeologic site investigation reports.

5.4.1 Project Objectives

Both the source zone investigation and the ground water plume investigation should be ap-
proached in a step-by-step manner. In addition, the project engineer or scientist r'nust clearly
anticipate the end point of the site investigation, as well as actions to be taken in the ev'ent
that unexpected site conditions are encountered. For example, is the purpose of thc.e sampling
merely to confirm the presence or absence of a specific compound or to dehm?ate its full ex-
tent? If ground water is encountered during a source characterization study, will a sample be
collected for the purpose of contaminant detection? ) o

It is not necessary or even advisable to complete a full hydrogeologic site mve'suga.non
in one step. Rather, it will generally prove more economical to conduct tpe project in a
phased manner with each work stage having a predefined objective and end point. i

Based upon availabie information, a preliminary plan should be developed regarding the
number, location, and depth of samples required to meet the project objectives. All proposed
drilting locations should be staked and cleared in advance for the presence of buried utilitit:es.
Appropriate sample collection and handling procedures must be specified and relevant equip-
ment provided in working order. Sample kits containing the sample containers and preserva-
tives required for the specified analytical methods should be ordered from the laboratory.

The field supervisor should be provided with a written copy of the sampling plan and
project safety plan, specifying project objectives, proposed sampling locations, field test
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procedures, and laboratory analyses, as well as the basis for modification of the proposed
workplan during implementation. General guidelines for design of the field program are pro-
vided below.

5.4.2 Design of Unsaturated Source Zone Characterization Study

General guidelines regarding the number, location, and depth of sampling points required for
a source zone characterization study are as follows:

Number and Location of Samples. For initial chemical characterization of the
residual waste materials or affected soil zone, analysis of one to four samples collected from
known contaminated areas will generally suffice. To define the lateral limits of the source
zone, samples can either be located on a rough grid pattern across the suspected contaminant
area or completed on a “step-out” pattern, whereby samples are collected at even distances
along lines extending radially from the known source area until clean soil conditions are en-
countered.

To minimize the number of samples required for the source zone delineation, the field
program should be focused on establishing the “clean line” (i.e., the perimeter of the con-
taminant area), rather than defining variations in contaminant concentrations within the
source zone. In general, “clean” soil conditions will correspond either to (1) the natural back-
ground concentrations of the contaminant compounds occurring in site soils or (2) other
cleanup standards established by the state or federal regulatory authority.

Sampling Depth. At each sampling location, soil samples should be collected con-
tinuously to the depth of clean soil conditions or to the depth of ground water occurrence,
whichever comes first. However, care must be taken not to puncture confining layers (i.e.,
clay, shale, or other low-permeability strata) which might be serving as a “safety net”
against downward migration of contaminants beneath the source zone. For this purpose, at
sites where soil contamination may extend beyond the depth of the surface soil stratum, it is
advisable to drill at least one “background” soil boring at a known clean location to define
site stratigraphy prior to drilling through the contaminant zone.

Sampling and Field Testing Methods. Initial chemical characterization of the
source zone materials will typically involve collection of wastes, spilled products, or affected
soils for laboratory analyses of a broad range of hazardous chemical coastituents potentially
associated with the site. Thereafter, sample analyses may be limited to key indicator parame-
ters, including the use of various field tests (such as organic vapor analyses or colorimetric
methods). Hand augers may be used to collect soil samples at depths less than 5 ft below
grade. For delineation of large contaminant areas or buried waste sites, backhoes are effective

to depths of 10 to 15 ft. In general, direct-push soil probing devices or conventional drilling

rigs represent the most cost-effective means of soil sample collection at depths greater than
10 ft.
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5.4.3 Ground Water Plume Detection/Delineation Studies

General guidelines regarding the number, location, and depth of sampling points required for
¢ as follows: )
: pluml‘?:ggz:r and Location of Samples. For the purpose of a plumF detection ;liugy,
a minimum of three monitoring wells or piezometers are required to'estabhsh the late Wy-
draulic flow gradient in the uppermost water-bearipg stratmfl underlying the source arwtao. da:
ter quality measurements from upgradient sampling locations should be compared .
from downgradient locations to confirm the presence of absence of ground wa!er cotrllitamldna-
tion. The strategy for lateral and vertical delineation of the contaminant plume is outlined on
I:igm.eSasl'l‘:'lpling Depth. Wells should be screened wuhm the up[{en.n'ost xatelr-b:;a:n;
stratum underlying the suspected source area. Good pracﬂc§ call's ff)r hmltu.lg ; eed eng e
the well screen to no more than 15 ft to minimize Rotenual. dlluuo.lll of d’l,SSO ved or ad:
phase contaminants. Consequently, in thick aquifers, mstallat.lon of “nested’ wel{s (i.e., iy
jacent wells screened at different depth intervals) may be required at selected loca.nons to -
fine the vertical limit of contaminant migration. To detect free‘-phasc.contammanbs. wfe
screens should be positioned to intersect either the top (for t.'loatmg fluids) or thltian tsie @ or
sinking fluids) of the water-bearing stratum. If, upon con}plenon of the'plume‘ de. eal ?ﬁt:;:
the uppermost aquifer unit, sampling of deeper,‘underlymg Yvater—bwnng umt:d 1:nd re:l;n ;
special care must be taken to avoid inadvertent interconnection of contaminat on-
mna(t;c:oﬁflmwmer Investigation Methods. Drilling and samPling of monitoring
wells provides information on site stratigraphy, static water level elevations, and water d;qut:i-
ity. Consequently, wells are a common compox?ent of most groun‘d ?vater‘ tec-
tion/delineation studies. However, as discussed in Section 5.4, many other site mvestllganon
technologies can be employed to obtain discrete—dt?pth ground.water sampl'es orf il;pp e:llfet:
tary information regarding site stratigraphy or aquifer ‘hydrauh.cs. The utility o e:‘se e
nate methods depends on the specific type of information required to complete the “pi
of the ground water contamination problem.

5.4.4 Laboratory Specifications

The appropriate analytical method to be employed for measurement of a specific izntzll:};ag;
or group of contaminants in a soil or ground water sa.mple depends both upon the o
contamination anticipated and the detection limit required. In order to dem‘oPstmte 1

conditions, an analytical method having a detection limit less than the ant‘xcxpa‘ted c eanug
standard must be employed. For example, to show that benzene concentmuo.ns in a gml:] X
water sample are less than the U.S. Primary Drinking Water Standard for this cont;g;!cnopy
(i.e., 5 pg/L), a gas-chromatography (GC) or gasjc'hxtomatogmphy mass sge;l o
{GCMS) method, providing part-per-billion (ppb) sensitivity, ml%Sl be employe - ’
gross delineation of plumes and characterization of total contaminant mass can be accom
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plished to a large extent using less sensitive analytical methods (e.g., part-per-million sensi-
tivity level).

Procedures for selection of laboratory samples and the specific analytical methods to be
employed must be defined in advance of sample collection. For each test method specified,
appropriate sample containers and preservatives must be obtained and arrangements made for
completion of the laboratory analysis within the holding time specified under EPA protocol.
Detailed information regarding test methods applicable to soil and ground water samples is
provided in EPA Publication SW-846 (EPA, 1986).

5.4.5 Data Evaluation and Report Specifications

The project workplan should define what the final product of the study will be, including the
specific determinations to be made, the procedures to be employed to make such determina-
tions (e.g., statistical analyses, calculations, etc.), and the manner in which such findings
will be presented (e.g., cross-sections, data plots, etc.). The proposed field and laboratory
plan should be reviewed to ensure that the data required for completion of the final report will
be obtained and properly recorded during the work program.

5.5 DATA COLLECTION METHODS

5.5.1 General Considerations

Traditionally, the methods employed in hydrogeologic site investigations have been those
originally developed for the geotechnical, water well, and petroleum industries. Equipment
and techniques have been refined to accommodate the special requirements associated with
defining the extent of contaminant ptumes. New technologies for environmental site investi-
gations are continuously being developed. Many new techniques offer significant cost advan-
tages over more conventional methods, and have gained wide acceptance among regulators.
To assist investigators in selection of appropriate field sampling and testing methods, the
U.S. EPA maintains a site on its web page (www.epa.gov) in which a wide variety tech-
nologies are described and evaluated, with links to other sources of information.

Information concerning the nature of the geologic materials, the occurrence of ground
water, and the presence or absence of contaminants in soil and ground water beneath a site
can be obtained by both direct observation, that is, collection and analysis of soil and ground
water samples, and by indirect means, such as geophysical measurements and in-situ chemi-
cal sensing. Use of such indirect methods of assessing site conditions can reduce the cost of
the investigation and in some cases can also replace subjective description with more readily
comparable numerical data. However, geophysical instrumentation can produce identical re-
sponses from a variety of conditions, and a unique and definitive interpretation of the data is
often not possible. In-situ chemical data are typically semi- or quasi-quantitative, and may
not be considered definitive of site conditions by regulatory agencies. Therefore, such indirect
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measurements should be, at a minimum, calibrated a;gdai.nst, .zlmd or confirmed by, “direct” data
i i d water samples collected on site. ‘ -
om;if::;lzﬁna;igggzs describe mI:athods for the acquis‘iti_on of geologic, hydro:;aglci
and soil and ground water quality (chemical) data. The emphasis is on the more convz;rlln 01[:
techniques, employing direct observation and mmsm"ement of soil and grc?und watt;; :ed Eml-e
Techniques employing indirect measurement of soil and w{ater propex:ues arethods o0 e
briefly, but their value should not be discounted. U§e of indirect s@phng rﬁ;ﬁ s In e
ronmental assessments is an evolving field, and mpmyement.s in data q .tyth % 0st-
effectiveness are likely to continue make such technigues increasingly common in the future.

5.5.2 Project Safety

Safety considerations should figure prominently into all drilling and samphx:)g 'plans. A prt(,)-y
ject health and safety plan meeting the requirements of 29 CFR §191.0.12 is rleqmn;duld
federal regulations (OSHA) for all investigations of hazardous waste §1tes. The p ax; sho :

be distributed to and reviewed by all project personnel prior to project start-up. un;lor'yo
commencement of any drilling operation, the locations must be cleared for underground utili-

ties.
5.5.3 Documentation of Site Conditions

Documentation of field sampling procedures and observations is a critically mpc;rtgn;daspect
of the hydrogeologic site investigation. Without reliable records, the results o , e fjt:;
pling program may be of no value. Therefore, all measurements and relevant o‘sen;‘a
must be clearly and legibly recorded either in field logbooks or on data collec];t]laczlx; ‘orn&]sé
Subjective observations, a necessary component of th‘e‘ﬁeld record should be 1:; he
most precise, unambiguous language possible. In 'fxddmon to the sample measuremt:in .
descriptions, the log should record any site conditions that could affect the ot.>serva onsl
measurements, and any deviations from the established scope of work or sampling protocols.

6 GEOLOGIC DATA ACQUISITION

5.6.1 Direct Observation Methods

The essential geologic data required in all hydrogeologic site. invest.igati.ons is a descmr;p:oc:ll:

of the principal stratigraphic units underlying the site, including their tthk‘neSS, late: o

tinuity, and water-bearing properties. This is most comﬂy assessed by dlrect exaﬁ;ninn :

of soil or rock samples collected from core borings. S(;l sart:;:]l;ie: cs:llected during this proc
ically submitted for analysis of potential con ants.

= anz)aris:ittzsp undgrlain by unconsolidated materials and where firilling depths are shall;:’;

(100 ft or less), the collection of core samples from soil borings is a generally cost-effec
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method of collecting geologic data. In areas underlain by consolidated rock, where site condi-
tions require investigation at greater depths, and where the cost of disposal of investigation-
derived wastes (IDWs) is high due to classification of these materials as hazardous wastes,
the collection of core samples is more costly and may be augmented or replaced in part by

cone penetrometer testing, or surface or borehole geophysical methods, which are described
below.

5.6.2 Drilling Methods

A variety of drilling methods are employed during hydrogeologic site investigations. Selec-
tion of the drilling method depends on such factors as drilling depth, nature of the geologic
formations under investigation, and the specific purpose of the boring, that is, lithologic
sampling, soil sampling for chemical analysis, and/or well installation. An additional con-
sideration is the volume of drill cuttings and fluids that are produced, especially at sites
where these investigation-derived wastes (IDWs) must be disposed as a hazardous waste.

This summary is intended to be only a brief introduction to the most common drilling

methods used in the environmental industry. Driscoll (1986) presents detailed descriptions of
drilling techniques used in the water well industry generally. Scalf et al. (1981) includes a
description of drilling techniques which focuses on environmental applications.
In conducting environmental site investigations, the introduction of foreign materials into
the borehole is generally undesirable due to the possibility of reaction with the geologic me-
dia or ground water, which may affect the results of laboratory analysis of soil or ground
water samples. Even when a potable water source is used in the preparation of drilling fluids,
chlorine may react with naturally occurring organic material in the soil to produce detectable
concentrations of trihalomethane compounds (such as chloroform and dichlorobro-
momethane) in the ground water. Therefore, drilling is frequently performed “dry,” that is,
without the use of drilling fluids or “mud.” Drilling dry aiso allows identification of the
depth of the first occurrence of ground water. When ground water is first encountered, drilling
operations should be halted long enough to observe whether or not water rises in the bore-
hole, to determine whether ground water is confined or unconfined. Some drill rigs are
equipped for both wet and dry drilling methods and can be switched from auger drilling above
the water table to wet-rotary below it. Dry drilling is most commonly performed using either
solid-flight or hollow-stem augers as described in the following paragraphs.

Solid Flight Auger Drilling. Solid flight augers consist of sections of solid rod
with a continuous ramp of upward spiraling “flights” welded around it (Figure 5.5). The
auger sections (each typically 5 ft in length) are pinned together as drilling proceeds. As the
drill-stem is rotated, cutting teeth on the lead auger dig into the formation and the loosened
soil rides up the flights to the ground surface. The “string” of auger sections is “tripped” out
of the hole at each soil sample interval, and samples are collected by hydraulicaily pushing a
thin-walled steel sampling tube (“Shelby tube”) or driving “split-spoon” sampler with a per-
cussion hammer, into the underlying undrilled formation, The drill string is then “tripped”
back into the hole, and drilling proceeds to the next sample point.
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Solid drill rod

Auger flight

Cutting teeth

Figure 5.5 Solid-flight auger drilling equipment. Source: Scalf, et al., 1981.

Solid-flight augers are effective in cohesive soils _abow.a the: satfu'ated zone. Bemu;emci
the tendency for borehole wails to collapse when the drill string is tripped in and out o -
hole, solid flight augers are not useful in loose soils or below the water table and are n

i itoring well installation. )
generaflllzl;zl\tvablsetfe:lmxtﬁger uDrilling. Hollow-stem augers are another type of ﬂlght
auger, but instead of being welded to a solid rod, th'e flights are welded around a hollow alf)ll;::
(Figure 5.6), The lead auger is fitted with cutting bits located around the circumference
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for removing plug
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Removable plug

Figure 5.6 Hollow-stem auger drilling and soil sampling equipment. Source:
Scalf, et al., 1981.

base. During drilling, a center rod equipped with a pilot bit is lowered inside the anger, and
the center rod and hollow-stem are rotated together,

As drilling proceeds, loosened soil rides up the outer ramp of auger flights as with the
solid flight auger. A plug, positioned above the bit, prevents soil from traveling up the in-
side of the hollow-stem. When the sample interval is reached, the center rod, plug, and bit
are removed, and the soil sampling tool is lowered inside the hollow-stem, which remains in
the borehole to prevent collapse of the walls. The sampling tool, typically a split-spoon or
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Shelby tube sampler, is then pushed or driven into the soil ahead of the auger. If a monitor-
ing well is to be installed, the well screen and riser can also be lowered within the hollow
stem, which provides a temporary casing, as described later.

Under favorable conditions, hollow-stem auger can be used to depths exceeding 150
feet. However, at depths below about 50 ft, drilling and soil sampling slow down considera-
bly. At greater depths, in harder formations, and in flowing sand conditions, wet rotary is a
more effective method.

Wet Rotary Drilling. During wet rotary drilling, a dense drilling fluid or “mud” is
pumped down a hollow drill pipe and through holes or “jets” located above the teeth of the
drill bit (Figure 5.7). As the fluid is pumped down the hole, drill cuttings are circulated up
the borehole to the surface. The drilling mud also cools the drill bit, exerts hydrostatic pres-
sure on the formation, and forms a thin coating or “mudcake” on the borehole wall, which
keeps the unconsolidated aquifer material from collapsing and closing the borehole during
soil sampling and well installation. In environmental applications, the drilling mud is most
commonly prepared from powdered, additive-free bentonite (a mixture of dense clay minerals
of volcanic origin) and potable water. During soil sample collection, the drill stem may be
removed from the hole and the drill bit replaced with either a split-spoon or Shelby tube
sampler.

Wet rotary drilling is effective in environments where auger drilling is not practical,
including hard, consolidated formations, such as well cemented sandstones or shales, and very
loose, flowing sand formations. In general, drilling and soil sample collection by wet rotary
are faster than in hollow-stem operation, particularly as drilling depth increases. Because the
borehole does not need to accommodate the auger, a smaller diameter hole may be drilled by
wet rotary than with hollow-stem, which can reduce the volume of soil cuttings; however,
more fluid wastes are generated due to the use of drilling mud.

Air Rotary Drilling. Formations such as vesicular basalts and highly fissured or
cavernous limestones, are frequently drilled by air rotary methods. Air rotary drilling operates
on the same principle as wet-rotary. Direct circulation of compressed air down the drill string
and through the bit raises cuttings to the surface in small-diameter boreholes without intro-
ducing water from the surface. As formation water is blown out of the borehole along with
drill cuttings, identification of the upper-most water-bearing zone is possible.

Sonic Drilling. Sonic drilling, also known as vibratory or “rotosonic” drilling, is a
relatively new method that has been used in unconsolidated formations and soft of fractured
rock to maximum depths of close to 500 ft. The drill bit is advanced into the subsurface by
high-frequency vibrations transmitted through a rotating drill pipe. A temporary casing string
advanced simultaneously keeps the hole open during drilling. Soil samples are collected from
within the casing as the hole is advanced. Upon reaching the required depth, the well is set
within the casing, which is subsequently extracted. Sonic drilling is faster than hollow-stem
auger and comparable to mud rotary drilling, and it produces less drilling wastes than eitber
auger or wet rotary drilling. To date, the use of sonic drilling has been limited in part by its
higher cost relative to more conventional methods.
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Figure 5.7 Wet rotary drilling equipment. Source: Scalf, et al., 1981.
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Direct-Push Soil Probes. Direct-push soil probe systems are another relfltiv‘ely
recent technology for collection of soil samples and installation of ground water l'nomtonng
points. Direct-push systems are generally smailer than conventional dnllmg eqmpmen} and
may be mounted on a pick-up truck or small all-terrain vehicles, and, unhkc conventional
drill rigs, which have masts extending 30 ft or more vertically, direct push rigs can opemtc
in locations where head space is limited by overhead power lines or piping (Figure 5.8). Di-

Figure 5.8 Direct-push solil probe.

pietn sl ._I
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rect-push rigs require much less set up time than conventional driil rigs and shallow sample
collection is more rapid. On the other hand, because of their size, the practical working
depth of direct-push rigs is limited, and a relatively small diameter sample (1-2 in) is ob-
tained. While they have been used to obtain samples from as deep as 100 ft, their relative
speed compared with other methods diminishes below 20-30 ft.

During direct-push sampling, the sampler is advanced into the subsurface by hydraulic
push, augmented by a rapid percussion hammer to penetrate pavements and harder forma-
tions. The most common samplers in use are open acrylic-lined sampling tubes and closed
piston samplers, described below. The sampler is most commonly lowered within the open
borehole, which can result in collection of up-hole materials as the sampler scrapes along the
borehole wall. Systems which advance a temporary casing to prevent hole collapse and
minimize sample contact with the overlying formation are available, but the effective sam-
pling depth, the sample diameter, and the speed of the operation are all reduced by such en-
hancements.

Small diameter shallow monitoring wells, constructed as either temporary or perma-
nent installations, can be installed using direct-push rigs. In addition, a wide array of direct-
sensing probes for identification of the water table or detection of contaminants have also
been developed for use with direct-push rigs.

Unless they are to be converted to monitoring wells, soil core, soil probe, and CPT
borings (described below) should be sealed upon compietion to prevent migration of fluids
from the surface down the borehole. This is especially critical when contamination is present
above the water table and the soil boring has been advanced to ground water. The grout seal
may consist of neat cement, a cement bentonite mixture, or specially developed sealing ma-
terials such as Volclay. Shallow and small diameter boreholes are often sealed with granular
or pelletized bentonite. Some state regulatory agencies have specifications for grout compo-
sition and density. To ensure distribution of the grout over the full depth of the boring, grout
should be placed using the tremie method. A length of pipe is lowered within a few feet of
the base of the borehole, and the grout is pumped downhole under pressure.

5.6.3 Soil Sample Collection

A variety of tools and methods are available for soil or rock sampling, depending on subsur-
face conditions and the drilling equipment used. Some of the more common devices are de-
scribed below.

Hand Auger. Hand angers are frequently used to collect soil samples from the shal-
lowest portion of the subsurface, for example, depths less than 10 ft. Hand auger borings can
be advanced to somewhat deeper depths (approximately 20 ft), but with depth the method
becomes increasingly inefficient. Still, it may be the most practical method at locations
where the presence of overhead or below-ground structures may prevent access by a truck-
mounted drill rig. It can also be an effective means of collecting soil samples from soil
trenches, since unshored excavations deeper than 3-4 ft with slopes steeper than one-to-one
should not be entered due to the potential for collapse and possible presence of oxygen-
deficient conditions.
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Figure 5.9 Shelby tube soil sampler. Source: Hunt, 1984.

Shelby Tube Sampler. In most conventional environmental drilling applications,
subsurface soil samples are collected from cohesive clay soils using a 3-ft long by 3-in. di-
ameter, thin-walled steel tube known as a Shelby tube sampler (Figure 5.9). The sample
tube is pushed into and extracted from the soil using the hydraulic system on the drill rig.
Once the sample is retrieved to the surface, it is extruded, also using the hydraulic system,
and examined. Such soil samples are frequently referred to as “undisturbed” and are suitable
for a variety of geotechnical, as well as environmental, analyses.

Following retrieval of the soil sampie, the sample interval is drilled out to a diameter
slightly larger than the diameter of the sampler prior to collection of the next sample. Drill-
ing out the sample hole prevents the sampler from scraping the borehole en route to succes-
sive sample points and collecting soil from intervals already sampled.

Split-Spoon Sampler. In coarser grained, less cobesive soils, such as sands and
clay-poor silts, a split-spoon sampler is used. Split-spoon samplers are constructed of two
half-cylinders held together by threaded fittings at the top and base to form a 1.5-ft long by
1.5-in. diameter tube (Figure 5.10). The split-spoon sampler is driven into the soil by re-
peated blows from a rig-mounted hammer, then retrieved to the surface by the rig hydraulic
system. The “blow count” or number of hammer blows of a standardized force required to
drive the sampler 1 ft into the soil is frequently recorded as a measure of aquifer hardness. A
core catcher inserted at the base of the sampler prevents unconsolidated materiais from falling
out of the sampler as it is removed from the borehole. Upon retrieval, the threaded ends are
removed and the two half-cylinders separated to reveal the core for examination.

Due to the repeated impact as the sampler is driven to depth, split spoon samples are
referred to as “disturbed” samples. Original sedimentary structures such as cross-bedding are
not generally preserved, and any apparent bedding structures are probably artifacts of the
sampling process. The upper portion of the sample may contain materials that had accumu-
lated on the borehole floor and should be discarded. As with the Shelby tube sampler, follow-
ing sample retrieval, the borehole should be drilled out to the next sample interval prior tO
resuming sample coliection.

.
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Figure 5.10 (a) Split-spoon soil sampler and (b) Split-spoon soil sampler with
liner. Source: Hunt, 1984.

Split-Barrel Sampler. Some hollow-stem augers (see below) are equipped with a
core barrel resembling a large split-spoon sampler which is placed inside the hollow-stem
and collects a 5-foot continuous core sample during drilling. Under favorable conditions,
good quality samples can be collected with a significant time savings over more conven-
tional sampling methods. However, hard clays can pack the front end of the sampler and pre-
vent further movement of soil into the core barrel giving disappointing core recovery. In
very loose sand formations, the sample may not be retained. Therefore, these samplers
should be used with caution, as significant sample loss may result in the need to re-drill the
soil boring.

Direct-Push Samplers. Numerous variations on the basic principal of the pushed
or driven sampling tube have been developed for use with direct-push soil probes and cone
penetrometer rigs. The most common tools consist of steel tubes or split barrels fitted with
acrylic or brass liners, which may be cut open or extruded in the field, or capped and sent
directly to a laboratory for analysis. Also in common use are direct-push samplers with a
plug at the opening held in place by a piston or other mechanism. These can be driven
through an undisturbed soil column to a predetermined depth at which the piston is released

and further driving of the sampler results on coilection of a sample at the required depth
(Figure 5.11).
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Figure 5.11 Direct-push sampler.

5.6.4 Rock Core Sample Coilection

Samples are collected from formations of consolidated rock using .rock coring barrels, wl.uch
vary in size and design depending on the particular drilling conditions. Hunt (1984) provides
a summary of the various designs and their applications. ]
Generally, the core barrel is fitted at its base with a ting'-sha'ped carbide or diamond-
tipped bit, which cuts the core during drilling. The coring device is rotated under pressure
while drilling fiuid is circulated down the drill string, through the bit, and up the annulus.
The bit cuts a circular groove, leaving a column of intact rock standing within the core bar-
rel. When the full length of the core barrel has been drilled, the core is broken from the for-
mation and lodged in the barrel by the core lifter, and the core barrel is retrieved to the sur-

face.
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The time required to sample a borehole in a hard rock formation can be reduced by the
use of a wire-line core barrel. In this application, a small-diameter core is diverted into a
tube, which is brought to the surface by means of a retrieving “spear” lowered on a wire-line
within the drill pipe, eliminating the need to trip the drill string out of the hole to retrieve
the core barrel. Wire-line coring has also been adapted to rotary drilling in unconsolidated
formations.

5.6.5 Core Logging

Logging of core samples for the purposes of hydrogeologic site investigations includes a
description of both the geologic characteristics and the visual evidence of contamination, if
present. Of primary importance from a hydrogeologic standpoint are those characteristics that
influence the water-bearing capacity of the soil or rock, including grain size and secondary
porosity features. Evidence of contamination may include chemical staining or odor. Core
samples collected during drilling may be used for field screening or laboratory analysis. Spe-
cial handling or preservation of samples is required for many analytical methods.

Seil Core Logging. Numerous soil classification schemes have been developed for
various purposes. The system most commonly used in the environmental industry is the
Unified Soil Classification System (USCS, Figure 5.12) and Hunt (1984). The USCS
places most soils into one of two major divisions: coarse-grained soils including gravelly
and sandy soils, and fine-grained soils including silts and clays. This binary scheme is ap-
propriate to hydrogeologic site investigations where a primary objective is the differentiation
of permeable water-bearing and low-permeability confining strata. In general, unconsolidated
aquifers are composed of gravels, sands, and low plasticity silts, while clays and clay-rich or
highly compacted silts form aquitards or aquicludes. Highly organic soils, such as peat and
humus, form a third, smaller division.

In logging cores using the USCS, soils are classified on the basis of the major con-
stituent: gravel, sand, silt, or clay. Modifiers referring to secondary constituents are used
when that constituent accounts for 10% or more of the sample. Thus, a silty sand or clayey
sand (SM or SC in USCS shorthand) contains greater than 50% sand and 10% or more silt
or clay, respectively. If the silt or clay content is less than 10 per cent, the sand is either a
well-graded or poorly-graded sand (SW or SP), with minor or trace silt or clay. Under the
USCS, clay soils are divided into high and low-plasticity varieties based on the liquid and
plastic limit values which are determined by laboratory testing (Hunt, 1984).

Although precise quantification of grain size distribution and liquid and plastic limits
are determined by laboratory testing, field classification of soils with borderline composi-
tions must be based on judgment. As a rule of thumb, high-plasticity clays can be rotled
between the hands to form elongate strings, while low-plasticity clays will crumble when
rolled. If a soil sample which appears to be either a silty clay or a clayey silt yields free
ground water, it is more likely a clayey silt.

Secondary porosity features in fine-grained soils can transmit fluids at much higher
rates than through the soil formation as a whole. Slickenside fractures, horizons of woody or
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Figure 5.12 Unified soil classification system.

organic material, root zones, burrows, calcareous or other mineralized zones, and desiccation
features frequently provide avenues of contaminant migration through low-permeability soils
into underlying aquifers.
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Other descriptive features such as color should be noted to the extent that they can be
used to distinguish strata of similar composition from one another and may sometimes pro-
vide consistent stratigraphic markers, such as a gray clay overlying a red clay.

Rock Classification and Description. Rocks are broadly classified in terms of
their origin as igneous (those having formed from a molten fluid, or magma), metamorphic
(those having formed by recrystallization of a pre-existing rock subjected to heat and/or pres-
sure), and sedimentary (those having formed from deposition and consolidation of soil or
rock particles or as chemical precipitates from mineral saturated water. Core samples should
be logged in terms of their mineralogic composition, as well as their water-bearing (Hunt,
1984).

Sedimentary rocks that have formed by accumulation and consolidation of soil or rock
fragments, ranging in size from fine powders to house-sized boulders, are referred to as clastic
or detrital rocks. The most commonly encountered water-bearing varieties include sandstones
and conglomerates (rocks composed of grains of variable sizes, e.g., gravel and sand). The
porosity in these rocks may be primary (intergranular porosity, as encountered in well sorted,
poorly cemented sandstones) or secondary (fracture porosity, as may be encountered in well-
cemented, jointed rocks), or both. Rocks which formed by chemical precipitation from a
mineral-saturated water body include carbonate rocks (limestones and dolomites) and the less
common evaporites (halites, gypsum, and anhydrites). Porosity in these rocks is usually
secondary, occurring as fractures or solution cavities. The water-bearing capacity of sedimen-
tary rocks can also be influenced by the degree of weathering,

In igneous and metamorphic rocks, significant water flow is generally limited to
within fractures. A notable exception to this rule is vesicular basalt, which may have sig-
nificant primary porosity due to entrapment of gas bubbles in the molten lava as it cooled
and hardened.

5.6.6 Cone Penetrometer Testing

Subsurface formations can also be logged or inferred from a variety of what may be referred
to as indirect methods; methods in which soil or rock is characterized by instrumental meas-
urement of geophysical properties, rather than direct examination of pieces of the formation.
Such methods can dramatically speed up the investigation, limit the potential for exposure to
hazardous constituents, and minimize the need to manage investigation-derived wastes, all of
which help control investigation costs. However, by their nature, such data must be inter-
preted, and interpretations are not necessarily unique, since more than one subsurface condi-
tion may produce an identical instrument response. Therefore, indirect methods should be
used in conjunction with direct observation methods and instrument response calibrated to
subsurface conditions whenever possible.

Originally developed for geotechnical investigation, the cone penetrometer test (or
CPT) can be useful for defining stratigraphy to depths of up to 100 ft (rarely more) in fine-
grained soils and unconsolidated sands. In cone penetrometer testing, electronic strain gauges
mounted in a steel cone-shaped probe are pushed at a constant rate into the subsurface by a
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Figure 5.13 Schematic of cone penetrometer testing.

truck-mounted hydraulic system (Figure 5.13). The gauges measure the resistance encoun-
tered at the tip of the cone tool, and the friction encountered along its side as the tool is ad-
vanced, producing a continuous, real-time log of these soil properties with depth (Figure
5.14). Empirical relationships for soils in various regions of the country have' bee.n devgl—
oped to allow interpretation of soil type based on the resulting set of curves. High tip resis-
tance and low friction indicate coarser grained soils; lower tip resistance and higher friction
indicate finer grained soils. It is advisable to locate at least one CPT immediately adjacent to
a continuously sampled soil boring, preferably one encountering a variety of soil types to
allow correlation of the CPT response to local soil conditions.

In addition to the standard lithologic data, instrumentation has been developed to meas-
ure other physical properties for expanded interpretation of subsurface conditions. Electrical
conductivity measurements can be used to identify the presence of ground water and hydro-
carbon fluids; pore pressure measurements can be used to assess formation permeability; and

A

R S

S

RS

5.6 GEOLOGIC DATA ACQUISITION 141

laser-induced fluorescence can be used to identify the presence of specific free-phase hydrocar-
bon fluids in the subsurface.

Upon completion of cone testing, a small diameter monitoring well can be installed
within the CPT hole. Limited soil sampling can also be performed with the cone penetrome-
ter rig, though sample quality can be poor, and continuous sampling is not practical or cost-
effective. Technologies under current development include high-resolution video cameras
which can provide a “worm’s eye view” of the subsurface geologic materials and free-phase
contaminants.

A major advantage of the cone penetrometer is the speed and cost of data collection, At
a rate of 2 cm/sec, a continuous log to a depth of 50 ft can be obtained in less than 15 min.,
while a continuously sampled soil boring to the same depth can take several hours. Footage
rates for cone testing can be as little as half those of auger drilling. Investigation costs are
further reduced by the absence of IDWs produced by this method. As an added benefit, de-
lineation of nonaqueous phase liquids can in some instances be achieved by examining the
grout returns during sealing of the CPT hole.

A second major advantage is that the lithologic data obtained, though subject to inter-
pretation, are numerical measurements of soil properties, which can lend a degree of objectiv-
ity and consistency frequently missing on sites where soil cores have been described by nu-
merous individual investigators. In addition, the data are continuous and can reveal subtle
changes in soil properties on a much finer scale than can data changes in practice be recorded
based on soil core description.
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Figure 5.14 Log of cone penetrometer test. Source: Fugro Geosciences, Inc.
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rent disadvantage of any indirect measurement (i.e., that the data are

A e aton). tage of the cone rig is its size and weight, which

subject to interpretation), the major disadvan .
can limit its mobility, particularly on unpaved sites.

5.6.7 Borehole and Surface Geophysica! Methods
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commonly made from measurements in piezometers and monitoring wells, we begin with a
description of monitoring well construction.

5.7.1 Monitoring Well Construction

The monitoring well is the primary source of hydrologic and ground water quality data used
in hydrogeologic site assessments. Most of the special requirements for monitoring well
construction are due to their use in the collection of ground water quality data. For collection
of hydrologic data, a piece of slotted pipe inserted into a borehole would be sufficient in
most instances, but because of the dual purpose monitoring wells serve, careful attention
must be paid to the materials used and the methods of construction. Many state environ-
mental regulatory agencies have very particular construction specifications and require that
well installation be performed by licensed drillers.

Hydrogeologic site investigations frequently require installation of a permanent moni-
toring well network to permit resampling and evaluation of changing site conditions. How-
ever, monitoring well installation is fairly expensive. To reduce the cost of a ground water
plume delineation program, the use of temporary ground water sampling points is becoming
increasingly common. A variety of configurations may be installed using a drill rig, direct-
push soil probe rig, or cone penetrometer rig to provide samples for lateral and vertical
plume delineation in a fraction of the time required to install a well. Following delineation, a
relatively small number of permanent wells can be installed at strategic locations and depths
to confirm plume boundaries and facilitate future monitoring.

The essential elements of a monitoring well are the well screen and riser, the filter
pack, and the annular seal (Figure 5.15). The well screen, typically a section of slotted pipe,
allows water to flow from the formation into the well while screening out coarse soil parti-
cles. The riser is a solid-walled or “blank™ pipe that connects the well screen with the sur-
face. The filter pack, also referred to as the sand or gravel pack, limits the influx of fine
surface. The filter pack, also referred to as the sand or gravel pack, limits the influx of fine
sediment from the formation. Above the gravel pack, a seal composed of low permeability
material prevents fluids from above the screened interval (including percolating rainwater)
from entering the well.

Well Design. Monitoring wells should be designed on the basis of the purpose of
the well, the hydrogeologic setting, and the expected contaminants in the ground water, as
well as cost. Monitoring objectives will determine such factors as the length and placement
of the screen interval. Construction materials that are selected should minimize the potential
for reaction with the formation fluids and the expected contaminants while providing adequate
strength to withstand the pressures exerted by the formation.

For measuring the potentiometric surface, wells screens are positioned to intersect the
top of the aquifer in confined flow systems, or to straddle the expected zone of water table
fluctuation in unconfined aquifers. Placement of the screen across the top of the water-
bearing zone permits detection of floating accumulations of light nonaqueous phase liquids
(LNAPLs), while for investigation of dense nonaqueous phase liquids (DNAPLSs), intersec-
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Figure 5.15 Typical monitoring well installation.

tion of the screen with the base of the aquifer is more appropriate. Long screen sections yield
water samples representing an average of conditions across their length; shorter screens (10 ft
or less) yield more depth-specific data and are generally preferred, since low levels of con-
tamination present over a limited depth interval may be overlooked due to dilution of the
sample by uncontaminated water from elsewhere in the screen interval. In general screens in
excess of 15 ft are avoided. Well diameters of 2 in. and 4 in., installed in 6 in. and 10 in.
diameter boreholes, are most common.

To establish the vertical extent of ground water contamination, it may be necessary to
drill monitoring wells through a contaminated upper zone into an uncontaminated lower
zone. In such cases, it is necessary to first install isolation casing, consisting of a length of
blank pipe sealed in place with cement or grout to prevent entrainment of contaminants from
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the upper zone to the lower zone during drilling. Once the casing is installed, driiling and
well installation are resumed within the casing.

Materials of Construction. Well screens and risers are most commonly con-
structed of PVC. Threaded joints are generally specified, since the use of glues that contain
organic solvents is discouraged. However, PVC reacts with some contaminants and is not
always suitable. For example, high concentrations of chlorinated solvents can attack PVC,
compromising ground water samples or damaging the weil. In addition, the strength of PVC
may not be adequate for very deep installations. Stainless steel is frequently used under such
conditions, at significantly greater expense. Materials such as Teflon minimize reaction with
contaminants, but their use is usually cost-prohibitive. Information on compatibility of
various well materials with common contaminants can be found in Driscoll (1986).

Filter packs should be composed of graded silica sand. Blasting sand and other general-
use sands may contain minerals that adsorb dissolved metals, potentially compromising the
integrity of the ground water sample. The grain size interval of the filter pack material
should be selected based on analysis of aquifer grain size distribution as described by Driscoll
(1986).

Annular seals are most often composed of bentonite, frequently in combination with
other materials. A 1 ft. to 2 ft. thick layer of bentonite pellets is usually placed atop the
filter pack to protect the filter pack from invasion by the grout, which completes the seal to
the ground surface. Grout may be composed of neat Portland cement, a mixture of cement
and powdered bentonite, or other specialty materials such as Volciay.

Installation Procednres. In monitoring well installation, both the drilling and
sampling equipment and the well construction materiais must be free of contamination to
prevent contamination of collection of ground water sampies. Drilling equipment should be
cleaned with pressurized hot water or steam and detergent, as needed, prior to drilling at each
location. Well screen and riser should be packaged and handled to prevent fouling prior to
well installation. Drilling and sampling personnel should handle the well pipe with clean
gloves.

‘When wells are drilled using hollow-stem augers, the well screen and riser are lowered
within the augers. For rotary drilled wells, the well is lowered within the open borehole.
Drilling mud should be thinned by dilution with potable water to the extent practical prior to
well installation to facilitate well development. A bottom cap or plug at the base of the well
pipe prevents the flow of sediment into the bottom of the well. Silt traps or sumps, consist-
ing of a short section of riser are frequently installed beneath the well screen to prevent fine
sediment entering the well from accumulating in and clogging the screened interval. In deeper
wells, “centralizers” may be placed above the screen section to maintain distance from bore-
hole wall and ensure proper filter pack placement. Proper placement of the screen should be
verified by careful measurement.

Once the screen and riser are in position, the filter pack is installed within the annulus
around the well screen (Figure 5.15). The filter pack is generally placed from the base of the
well to 1 ft to 2 ft above the top of the screen. In wells drilled by hollow-stem, the filter
pack material is usually poured down the inside of the augers. The auger sections are pulled
from the hole one at a time as the annulus is filled with sand. In deeper wells and wells
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drilled by wet rotary methods, it is frequently placed using the tremie method. Potable water
is used to wash the filter material down a pipe lowered to the base of the well.

Following placement of the filter pack, the well is sealed to the ground sm’face.to pre-
vent migration of fluids from the surface or water-bearing zones above the screened interval
down the borehole. Grout is frequently placed using the tremie method to ensure even place-
ment up the borehole. ) )

Monitoring wells are completed at the surface with a locking caps and/or_ casing to
prevent tampering and a concrete surface pad to protect the anm}lar seal. The elevations of the
ground surface and top of well casings should be surveyed relative to a common datum such
as mean sea level or an arbitrary datum established by a site benchmark. Top of casing eleva-
tions are required to convert depth to water measurements to static water level elevations and
should be surveyed to the nearest 0.01 ft, and the point of measurement marked on the top of

e well casing.

w Well l;evelopment Procedures. Following installation, wells are developed to
remove fine sediment and drilling mud from the filter pack and ensure collectlon.of ground
water samples that are representative of formation conditions, and prevent clogg1_ng of .the
well screen and pump damage. If the well has been installed in a low permeability .aquer
using a dry drilling method, bailing out three to ten casing v91umes may be sufficient to
permit collection of representative ground water samples. If fluids have been introduced dur-
ing drilling, larger volumes of water must be removed. ) _ )

Development usually consists of a combination of pumping and surging. Surging the
well, by running a close fitting cylinder up and down the inside of the well over the screened
interval, causes a back-flushing action in the gravel pack, loosening fine sediment. Pumping
from the well (preferably at a rate higher than the expected normal pumping rate) pulls fine

sediment through the well screen into the well where it can be pumped to the surface.

5.7.2 Determination of Ground Water Flow Gradients

Ground water flow gradients are determined by measurement of water level elevatioqs m site
wells. In addition to the lateral gradient, determined by measurement of wells within the
same water-bearing zone, the vertical gradient may be determined by measurement of closely
spaced “nested pairs” of wells screened in different aquifers or within the upper and lower
portions of the same aquifer. The presence of surface water features should be noted .and sur-
face water elevations determined to evaluate possible recharge/discharge relationships. The
presence and discharge rate of any pumping wells on site should also be noted. o
The water level in each well is measured to the nearest 0.01 ft using an appropriate in-
strument such as a water-sensitive probe on a graduated tape. The elevation of the potenti-
ometric surface is obtained by subtracting the depth to water from the top of casing eleva-
tion, Ideally, water level surveys represent the potentiometric surface at one instant in time.
Therefore, measurements should be made in as short a time frame as possible, since w?ter
levels within wells respond to such factors as barometric pressure or tidal influence. On sites
with large numbers of wells, requiring several hours to survey, the first well mmsured
should be remeasured at the end of the survey to detect possible changes in the potentiomet-

:
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ric surface during the period of the survey. If more than one instrument is to be used in the
survey, a common well should be measured simultaneously using each instrument to con-
firm that all instruments give the same reading.

On sites with LNAPLs, the water level survey should also include inspection of wells
for the presence floating free-phase layers. If an LNAPL accumulation atop the water column
is found, the water level must be comrected for its presence. The thickness of the LNAPL
layer, measured with minimal disturbance using an electric interface probe, is multiplied by
the specific gravity of the LNAPL (e.g., 0.75 for a typical gasoline). This value is added to
the measured water level elevation to obtain the corrected water level elevation. (Note that
the thickness of an LNAPL layer in a well is influenced by a number of factors and typically
does not reflect an equivalent accumulation in the adjacent formation).

Upon completion of the survey, water level elevations are plotted on a scaled site map
and potentiometric surface contours are drawn, and lateral and vertical flow gradients are de-
termined as described in Section 5.8.

5.7.3 Determination of Hydraulic Conductivity

Slng Tests. Single-well slug tests are a common, cost-effective method for the es-
timation of hydraulic conductivity in hydrogeologic site assessments, Two major varieties,
rising-head tests and falling-head tests can be used. Falling-head tests are more difficult to
perform and analyze, and require addition of water to the well. Therefore, rising-head slug
tests are more commonly performed.

During a rising-head test, the static water level in the well is first measured and then a
“slug,” typically a solid cylinder, of known volume is lowered within the well to just below
the static level. Following re-equilibration of the water level in the well with that in the
aquifer, the slug is removed from the well instantaneously, causing a sudden drop in the wa-
ter level or head. The return of the water level to static conditions is then monitored. The
rising head can be measured by hand in low permeability systems. Higher yield systems may
recover too quickly to permit manual collection of the most critical early data, and require the
use of pressure transducers placed in the well and monitored with an electronic data logger.

The resultant change in head over time is plotted on semi-log paper, and. the curve ana-
lyzed according to one of several methods, depending on aquifer and well conditions. The
method of analysis will depend on such factors as whether the aquifer is. confined or uncon-
fined, and what percentage of the saturated interval is screened in the well. Analytical meth-
ods for slug tests are described in Chapter 3.

Slug tests evaluate only the portion of the aquifer immediately surrounding the tested
well. Therefore, tests should be performed at a selection of site wells, to best represent the
variability in hydraulic conductivity for the aquifer.

Constant-Rate Pump Tests and Well Performance Tests. While slug tests
provide reasonable estimates of hydraulic conductivity, they evaluate only the: portion of the
aquifer immediately adjacent to the well and are generally not adequate for the detailed design
of a ground water pumping system. Constant-rate aquifer pumping tests are used to character-
ize conditions over a larger portion of the aquifer by measuring the response of the aquifer to
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appropriate sample containers with preservatives specified by the analytical method (often an
acid to inhibit microbial activity). Samples are retained on ice pending delivery to the labora-
tory and there refrigerated until tested to prevent loss of volatile constituents.

Equally important is preventing the introduction of contaminants into the sample from
some other source (cross-contamination). The use of disposable or “dedicated” equipment
minimizes the potential for cross-contamination. Altematively, sampling equipment should
be thoroughly cleansed between sample locations. Where possible, locations should be sam-
pled in order of increasing contamination to minimize the possibility of cross-contamination
between locations.

Most analyses have a specified maximum holding time between sample collection and
analysis. Samples should be transported to the laboratory as expeditiously as possible, gen-
erally within 24 hrs. of collection. The shipment of samples must be accompanied by a
chain-of-custody form, which includes the signatures and affiliations of the personnel collect-
ing, relinquishing and receiving the samples, as well as the date and time of the transfer.
Essential sample collection data (sample identification number, date, and time of collection)
and the specifications of the laboratory program must also be included.

Soil Sample Collection and Handling Procedures. Soil samples should al-
ways be collected using clean sample tools composed of inert materials, such as stainless
steel, Teflon, or nonreactive plastics. Tools should be thoroughly cleansed using hot water,
steam, and/or detergents and rinsed, preferably with deionized water prior to use and between
sampling locations.

Soil samples should be collected in clean glass jars (unless otherwise specified by
laboratory procedure) with tight-fitting lids, and identified with an appropriate label bearing
the unique identification number of the sample. The outer surface of soil cores should be
trimmed using a clean knife prior to shipment to the laboratory to ensure that soils that have
been in contact with formation fluids above the sample point or with the inside wall of the
sampler are not tested.

Ground Water Sample Collection and Handling. Ground water sampling is
usually preceded by measurement of water level in the well. The well should also be in-
spected for the presence of NAPLs using a hydrocarbon interface probe or transparent bailer,
if there is reasonable potential for them to be present, and any accumulation or sheen is
noted. Because ground water samples containing “free product” may not accurately represent
dissolved phase concentrations, samples from wells containing NAPLs are frequently not
analyzed.

To ensure collection of ground water samples that are representative of formation con-
ditions to the maximum extent practical, monitoring wells are usually “purged” of water that
has been standing in the well by pumping or bailing. Removal of three to five saturated cas-
ing volumes is a generally accepted minimum purge. Alternatively, wells are purged until
measurements of water quality parameters such as temperature, specific conductance, and pH
have stabilized. Samples are then collected in appropriate containers and preserved as speci-
fied by the analytical method.

As an alternative method, so-called low-flow purging and sampling has been gaining
wider acceptance in recent years. The pump intake is set within the screen interval and water
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is pumped at a rate as low as 0.1 L/min. so that minimal drawdown occurs. Water quality
parameters are measured continuously, and upon stabilization, the samples are collected. In
addition to those mentioned above, dissolved oxygen and redox potential are frequently meas-
ured. No drawdown in the well indicates that the pump discharge is due primarily to flow
into the well rather than exchange of water in casing storage.

Proponents of low-flow sampling claim less agitation and mixing of the water column
results in collection of samples that are more representative of formation conditions. In addi-
tion, the volume of purge water requiring management as a waste is minimized. On the other
hand, low-flow sampling can be more time consuming and require more highly trained sam-
pling personnel than are required for conventional methods. In addition, dedicated low-flow
pumps permanently installed in the wells are generally preferred, resulting in potentially
significant capital costs. Use of peristaltic pumps can minimize the expense by requiring
only dedicated tubing. However, use of peristaltic pumps is not universally accepted for col-
lection of samples to be tested for volatile organic compounds and is limited to aquifers with
water levels within the reach of suction lift.

Ground Water Field Measurements. Ground water sampling programs usually
include field measurements of such general water quality parameters as temperature, specific
conductivity, and pH, often to confirm adequate well purging. Redox potential (Ey) and dis-
solved oxygen content are also frequently measured at the time of sample collection to assess
the potential for biodegradation and for design of treatment systems. Sample turbidity is fre-
quently measured to assess the presence of suspended sediments on the results of metals
analyses.

Sampling Quality Control Measures. Blank samples prepared from deionized
water are frequently submitted for analysis as a quality control check on field and laboratory
procedures. “Field blank” or “equipment blank” samples prepared in the field provide a qual-
ity control check on field sampling and equipment decontamination procedures. A sample of
deionized water is decanted from the bailer or run through the sampling pump following the
normal decontamination procedure, and submitted for laboratory analysis.

Workplans also often specify analysis of “trip blank” samples, usually for volatile or-
ganic compounds. This is a blank sample prepared in the laboratory and packed in the sample
coolers, and which accompanies the other samples through the collection, transport, and ana-
lytical process.

Ground water samples collected for analysis of volatile organic constituents must be
collected free of head space (air bubbles) to prevent volatile constituents from coming out of
solution. Note, too, that excessive fine sediment content can interfere with some analyses,
resulting in unacceptably high detection limits. Acids used in the preservation of samples
collected for heavy metals analyses can leach naturally occurring metals from sediments in
the sample, yielding false ground water sample results. Sample turbidity is frequently meas-
ured and filtered sampies are sometimes collected to assess potential effects from suspended
sediment.
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5.8.2 Field Testing Methods

To aid in the preliminary assessment of the limits of the contaminated zone and to facilitate
selection of samples for laboratory analysis, a variety of field testing methods are available
for soil and ground water. Some service companies provide mobile laboratories that follow
EPA-approved laboratory QA/QC procedures, and can provide results on-site within a few
hours of collection. Also available are less expensive alternative methods, typically with
relatively high detection limits (i.e., ppm vs. ppb) or merely semi-quantitative results, indi-
cating the presence of the constituent. These can be used to establish the general limits of
the contaminated zone, though confirmation of contaminant concentrations by an approved
laboratory method is generally required.

Soil Gas Surveys. Soil gas surveys are a means of evaluating the presence of vola-
tile organic constituents present in near-surface soils and ground water without actually col-
lecting soil or ground water samples. A probe mounted on hollow pipe is pushed into the
soil to the desired depth. Vapors are extracted from the probe by means of a vacuum pump
and analyzed by a detection instrument, such as an organic vapor analyzer or portable gas
chromatograph (GC) at the surface.

Because the results of vapor analyses are affected by a wide range of variables, and are
frequently not acceptable to regulatory agencies as definitive of site conditions, soil gas sur-
veys are most commonly used as a quantitative tool for assessing site conditions prior to a
drilling and sampling program.

Soil Sample Headspace Vapor Analyses. An organic vapor analyzer or port-
able GC can also be used to measure the organic vapors in soil sample jar head space. Sam-
ples collected for this purpose must be sealed tightly in a partially filled jar and either agi-
tated or atllowed to sit for a period to permit constituents to volatilize. If laboratory analysis
of volatile organics is also to be performed, the sample should be split and a portion prop-
erly stored for shipment to the laboratory.

The results of such head space analyses depend on variables such as soil type, the vola-
tility of the constituents present, the temperature of the sample, residence time in the sample
container, and the volume of soil versus head space in the container. Accordingly, they
should be viewed as qualitative, providing a relative measure of the constituents present in
the samples.

Colorimetric and Immunoassay Tests. Contaminant-specific test methods are
also available for metals and organic compounds in soil and ground water. For soil samples,
these methods typically require an extraction procedure followed by analysis of a liquid ex-
tract sample; ground water samples usually are tested directly. Most available field tests rely
on either a chemical reaction or an immunoassay test to produce a coloration of the sample
to detect the presence of particular contaminant or contaminant group. Immunoassay meth-
ods employ antibodies developed to exhibit a high sensitivity to a specific contaminant. The
hue and intensity of the color developed in the sample is then usually compared to a chart
that has been prepared using samples of known concentration to provide a semi-quantitative
result.
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of the type and thickness of each stratum encountered, the log should indicate the drilling y nodules ™ mesh intarval 20.40
location, ground surface elevation, drilling method, depth of ground water occurrence, driller ‘
identification and date of completion (Hunt, 1984). For monitoring wells, as-built diagrams . PVC plig 2 oasn
should be prepared showing well construction and static water elevation with respect to
stratigraphy. Total depth = 29,011
Cross-section diagrams should illustrate the bedding and lateral continuity of the prin-
cipal stratigraphic units underlying the site. General guidelines for cross-section preparation !
are provided in Hunt, 1984 and Tearpock and Bischke, 1991. Given the extreme variability of B fmﬁ“_’,‘: m;'n'::;'h":u;mﬁ"
shallow strata, care should be taken to avoid extrapolation of stratigraphic interpretations ; 3
beyond the area of available geologic logs. An example is provided on Figure 5.17. L J

Structure maps and isopach drawings can be employed to characterize the physical con-
straints on ground water or contaminant flow through a water-bearing unit. Within a con-
fined aquifer unit, a structure map (i.c., a topographic map of the upper surface of the water-

Figure 5.16 Typical drilling log and as-buiit diagram for monitoring well.
bearing unit) can be used to identify topographic highs or “traps” wherein floating




154

Elevation (ft MSL)

HYDROGEOLOGIC SITE INVESTIGATIONS

(CH)
silty C{AJ{EL)

= CLAY

NINEN=
N ——

& X
o 0
N
[
2 iE
A ]
t(g R
5 e w8
g 83
— 53 23
g s 2E
&E >°>
2 ®
o
8=
&
5N\ ¢ 8
l;l‘ g
]
3 -]
18 , g ¢
s ]
13 28 T
10 55 §o
1§ sg
1% 8
.._§-.o
1O
=§= -
- g “ i
1 3
I &
[ E—

INSET MAP
Jut

Figure 5.17 Geologic cross-section, west-east orientation, Case Study 1.
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hydrocarbons might collect. Isopach drawings (i.e., contour maps of the thickness of the
water-bearing stratum encountered at each drilling location) clearly illustrate lateral disconti-
nuities or “pinch-outs” of the aquifer unit, as well as preferential flow paths.

5.9.2 Hydrologic Data Evaluation

Hydrologic data collected during the site investigation should be evaluated to define the direc-
tion and rate of natural ground water flow through the principal water-bearing strata underly-
ing the study area. Data evaluation requirements include the following analyses.

Geologic logs and cross-sections should be reviewed to identify the uppermost water-
bearing stratum underlying the site. Typically, this will be the first water-saturated stratum
encountered beneath the site with sufficient hydraulic conductivity to yield water to wells
(e.g., K > 10 cm/sec). Static water levels should be superimposed on geologic log and
cross-section diagrams to classify the aquifer unit as either confined (static water level above
top of water-bearing unit), unconfined (static water level below top of water-bearing unit), or
partially confined (confined at some locations and unconfined at other locations).

Within permeable strata, ground water movement is primarily horizontal, with a slight
dip in the direction of flow. To define lateral ground water flow patterns, static water level
elevations measured within monitoring wells or piezometers screened within the same water-
bearing stratum should be plotted on a scaled site plan, and the values contoured to develop a
potentiometric surface map of the water-bearing unit (Figure 5.18). Ground water flow is
perpendicular to such equipotential lines, in the direction of lower hydraulic head. A potenti-
ometric map calculates the lateral hydraulic flow gradient (AN/L) is calculated as the change
in head (Ah) divided by the lateral distance (L) between equipotential lines, and is commonly
expressed as a dimensionless value (i.e., ft/ft). Alternatively, hydraulic gradient can be deter-
mined by means of triangulation between any three well locations as described in Heath,
1983.

The vertical hydraulic flow gradient within a single water-bearing stratum can be de-
termined by comparison of static water level elevations from “nested” well pairs screened at
different depths within the same unit. In such case, the vertical gradient is estimated as the
difference in static water level elevations (Ah) divided by the vertical distance between the
midpoints of the well screens. Vertical gradients between separate water-bearing strata can be
determined either from nested well measurements or comparison of potentiometric surface
maps at any one point.

The hydraulic conductivity of a water-bearing stratum can be measured by means of
single-well slug tests or constant-rate aquifer pumping tests conducted on wells screened
within that unit. Test procedures and calculation methods are discussed in Chapter 3. In the
absence of direct field measurements, rough approximations of hydraulic conductivity can be
made on the basis of aquifer soil or rock characteristics (see Chapters 2 and 3).

Finally, the lateral ground water seepage velocity within a water-bearing stratum, rep-
resenting the actual rate of ground water movement, can be estimated using Darcy’s Law.
Note that hydraulic conductivity measurements are usually determined from field tests, while
porosity is typically estimated on the basis of soil or rock type.
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Figure 5.18 Potentiometric surface and plume location, Case Study 1.

5.9.3 Chemical Data Evaluation

Results of chemical analyses or indicator tests conducted on soil and ground water samples in
either the field or laboratory must be plotted on scaled site plans and correlated with available
geologic logs and cross-sections to define the lateral and vertical limits of contaminant mi-
gration. General procedures for laboratory data review and interpretation are as follows:

Data Validation Procedures. Upon receipt from the laboratory, all test results
should be carefully reviewed to confirm laboratory accuracy and precision and compliance
with relevant quality control standards. Formal data validation procedures are outlined in
EPA, 1986, 1988, 1989a. Following confirmation of data validity, contaminant concentra-
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tions reported for soil and ground water samples should be comected for those compounds
detected in field, trip, or laboratory blank samples. Special attention should be paid to low
concentrations of laboratory solvents (e.g., acetone, methylene chloride) or plasticizers (e.g.,
phthalate esters), which may represent inadvertent laboratory contamination of the soil or
ground water samples.

Data Interpretation. Soil and ground water test results should be used to establish
vertical and lateral “clean lines,” the boundary beyond which contaminant concentrators are
either less than natural background levels or less than the applicable cleanup standards speci-
fied by the regulatory authority. Various statistical methods can be employed to characterize
background conditions and make comparisons to concentrations detected at individual sam-
pling points (EPA, 1989b). Due to the variability of individual compound concentrations, it
is usually instructive to define source zone or plume dimensions on the basis of the total
organic or total inorganic contaminant levels detected at each sampling location. Data should
be plotted on scaled site plans and cross-sections, and “clean lines” defined on the basis of
clean sampling points. The delineation study is complete when a clean line can be drawn
around all sides of the source zone or ground plume area, and the depth to clean soil or
ground water has been established. These data should be sufficient to define the full volume
of contaminated soil and ground water at the site.

Following completion of the delineation study, contaminant concentrations within the
source zone or ground water plume should be inspected (and, if feasible, contoured according
to lines of equal concentration) to confirm the location of the suspected contaminant source.
In general, total contaminant concentrations should decrease with increasing distance from
the point of release. Irregular concentration patterns may suggest (1) variable rates of con-
taminant release over time, or (2) the presence of multiple sources, or (3) complex hydro-
geology. In such case, available site data should be carefully reviewed to confirm that all
potential source areas have been identified and adequately outlined.

SUMMARY

This chapter summarizes field methods for collection of geologic, hydrologic, and water qual-
ity data. The geologic, hydrologic, and chemical data collected during the site investigation
should fit together as an overall conceptual picture of a site. Geologic cross-sections and
isopach maps should define stratigraphic conditions that are consistent with general deposi-
tional patterns observed in the site region. The apparent variability of ground water flow
patterns indicated on potentiometric surface maps should correlate with actual stratigraphic
variations or the locations of actual ground water recharge or discharge features (e.g., ponds,
streams). Hydraulic conductivity measurements should be generally consistent with the soil
or rock types observed during the drilling program. Dissolved contaminants should move in
the direction of ground water flow, diminishing in concentration with distance from the
source area. Geologic, hydrologic, and chemical data should be correlated in this manner, and
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inconsistencies resolved as needed to provide an accurate technical basis for corrective action & 1
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6.1 INTRODUCTION

This chapter explores transport concepts relating to the migration and fate of contaminants
. from hazardous waste sites dissolved in ground water. The discussion will include case stud-
1 ies with applications for environmental engineers, hydrologists, hydrogeologists, and others
i in the gx:ound water area. The approach considers the advective and dispersive transport of
| solutf:s dissolved in ground water, which may undergo simple first order decay or linear ad-
sorption. Much effort has been devoted to solving the governing partial differential equations
't over the past two decades. Both one-dimensional (soil column) and two-dimensional (landfill
[ plume) problems have generally been addressed. Mathematical derivations of the governing
) mass transport equations arc reviewed in Section 6.4, and have been presented earlier b;
Ogata (1970), Bear (1972, 1979), and Freeze and Cherry (1979). This chapter deals primarily
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