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NOTICE


This report has been prepared by Environmental Management Support, Inc. for the U.S. Environmental 
Protection Agency (EPA) Office of Superfund Remediation and Technology Innovation under Contract 
Numbers 68-W-00-084 and 68-W-03-038. This report has undergone EPA and external review by 
subject-matter experts. Information in this report is derived from numerous sources (including personal 
communications with experts in the field), some of which has been peer reviewed. Case studies are 
presented as given in the article or report in which they appear and generally have not been peer reviewed 
by EPA. Mention of trade names or commercial products does not constitute endorsement or 
recommendation for use. 

A PDF version of Site Characterization Techniques for DNAPL Investigations is available for viewing or 
downloading from the Hazardous Waste Cleanup Information (CLUIN) system web site at http:/cluin.org. 
A limited number of copies are available free of charge, and may be ordered via the web site, by mail, or 
by facsimile from: 

U.S. EPA/National Service Center for Environmental Publications (NSCEP) 
P.O. Box 42419
Cincinnati, Ohio 45242-0419 
Telephone (800) 490-9198 or (513) 490-8190 
Facsimile (513) 489-8695 

FOREWORD 

Because of their unique way of moving through the subsurface, DNAPLs can become ongoing 
groundwater contamination sources for many years if not centuries. Their ability to move as a mass 
through the vadose zone and penetrate the water table while following the path of least geologic 
resistance makes them very difficult to characterize and remediate. EPA’s Office of Superfund 
Remediation and Technology Innovation (OSRTI) funded this report to provide hazardous waste site 
managers with information on the application and performance of characterization technologies and 
approaches to locating and characterizing dense non-aqueous phase liquid (DNAPL) contamination. The 
document describes technologies and approaches that have been used or potentially could be used to 
locate and characterize DNAPLs. It is hoped that remedial project managers and other site managers can 
use this information in their systematic planning process for choosing technologies to address the 
problems associated with DNAPLs at contaminated sites. 
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EXECUTIVE SUMMARY 

Background 

The U.S. EPA has compiled a summary of information on the current state of technologies available for 
locating and characterizing dense non-aqueous phase liquid (DNAPL) contaminated sites. This summary 
is intended to help managers at sites with potential or confirmed DNAPL contamination identify suitable 
characterization technologies, screen the technologies for potential application, learn about applications at 
similar sites, and locate additional information on these technologies.  

Due to its unique manner of migrating and pooling within soil pores and rock fractures, DNAPL in free-
phase or residual form is difficult to find and measure. DNAPLs typically contain chlorinated 
hydrocarbon compounds or industry-specific contaminants resulting from activities such as wood-
treating, pesticide/herbicide manufacturing, or coking operations. Relatively small quantities of DNAPL 
that sink into soil and accumulate below the water table constitute a long-term source of groundwater 
contamination. 

DNAPL characterization historically was attempted through geophysical methods to define major 
stratigraphic units and low areas on clays or bedrock where DNAPL may pool. Conventional drilling 
methods were used to obtain chemical samples that were analyzed at offsite laboratories. Technological 
advances over the last decade now provide the capability to access onsite geological and chemical data 
more quickly and at considerably lower costs. Innovative technologies are not a panacea that will lead the 
investigation directly to a DNAPL source but rather are used to increase the chances of locating the 
DNAPL at an acceptable expense. 

DNAPL Characterization Planning and Tools 

The Triad approach to planning investigations at sites with potential or known DNAPL contaminants is 
recommended to help reduce project time and costs. This approach involves the use of systematic 
planning, dynamic work plans, and quick-turnaround analytical results and data assessments for onsite 
decision making. Use of the Triad approach is designed to help ensure that the correct project tools are 
selected, to provide flexibility in field sampling as collected data are interpreted, and to refine a 
conceptual site model in real time. 

The “technology toolbox” for a DNAPL site commonly includes more than one tool, and differs from one 
site to another. A variety of non-geophysical techniques and geophysical techniques (providing 
qualitative and quantitative information on subsurface conditions) can be used. Non-geophysical methods 
can be used to develop a geological profile, to trace contaminant plumes back to their DNAPL sources, 
and to obtain direct or indirect evidence of DNAPL. Geophysical methods are generally used to better 
understand the lithology and stratigraphy of a site and map preferential pathways. In rare cases they may 
be able to detect changes in the physical properties of the soil matrix caused by a DNAPL and steer an 
intrusive investigation to the area for further investigation. Table 4-1 provides a useful summary of the 
capabilities of both geophysical and non-geophysical tools. 

Non-Geophysical Techniques for DNAPL Characterization 

A number of non-geophysical tools and approaches have had some success in characterizing DNAPL 
sources and gaining access to subsurface strata where DNAPLs may be found. Non-geophysical methods 
presented in this document are classified in seven categories: diffusion sampling, direct push technology, 
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in-situ groundwater sampling, hydrophobic dyes, DNAPL partitioning tests, optical televiewer, and soil 
gas profiling. Each method has demonstrated success or potential use in DNAPL applications.  

C Diffusion Sampling: Diffusion samplers are tools used to obtain groundwater samples at  discrete 
depths for volatile organic analysis. The samplers can be deployed in a stacked configuration to 
provide a vertical profile of dissolved DNAPL chemicals throughout a screened interval or open 
borehole. Sample analysis then can be used to identify any stratification of the concentrations that 
might indicate the presence of an upgradient DNAPL source. Upgradient, targeted sampling at the 
indicated depths can then be used to locate the source area.  

C Direct Push Technologies: Direct push technology (DPT) has become widely accepted as a cost-
effective means of collecting subsurface samples and stratigraphic information. DPT consists of a 
vehicle-mounted drive source and small-diameter stainless steel probe that may be supplemented 
with auxiliary equipment. The probes are advanced into the ground to take depth-discrete samples 
and measurements along a vertical axis; multiple samples or measurements can be taken in a single 
push to generate vertical profiles of contamination. This category of innovative tools includes the 
cone penetrometer testing (CPT) rig, dual tube direct drive rig, conductivity probe, induced 
fluorescence, downhole thermal desorption with top-side analysis, and in-situ camera.  

C In-Situ Groundwater Sampling: Several methods for in-situ groundwater sampling may be used in 
DNAPL investigations. The BAT® system involves a direct push probe that can be used for taking 
discrete groundwater samples and for determining in-situ pore pressures. The small diameter 
telescoping screen (e.g., HydroPunch®) is a tool that can be deployed via DPT or hollow stem auger 
rigs to collect depth-discrete samples. The SimulProbe® is a depth-discrete sampling device that can 
extract a soil core at the point where water is sampled. In the vadose zone, the device takes both a 
soil gas sample and soil core at the same depth and time. The Waterloo Profiler® is a depth-discrete 
groundwater sampling device used with DPT to develop a vertical profile of contaminants in 
groundwater. It is capable of taking consecutive samples in one push.   

C Hydrophobic Dyes: Preliminary DNAPL screening may include the use of hydrophobic dyes 
(Sudan IV dye or Red Oil O) as the active ingredient in flexible membranes or as an indicator of 
DNAPL presence in jar shake tests. When continuous coring is not performed, this technology can 
provide a relatively inexpensive method for identifying free-phase or residual DNAPL in the 
subsurface, both above and below the water table. However, because of disturbances to the soil/rock 
matrix that can occur during drilling, false negatives can be expected.  

C DNAPL Partitioning Tests: The partitioning interwell tracer test (PITT) is an in-situ technique for 
coarsely estimating the DNAPL volume and percent of saturation in both the vadose and saturated 
zones. This test enables investigators to calculate DNAPL volumes based on measurement of tracer 
gases or liquids traveling through DNAPL-contaminated soil or groundwater. The PITT also can be 
used to help evaluate the success of a potential remediation technology in removing the DNAPL 
mass. It is not recommended for use in fine grained soils or in subsurfaces that may have strong 
preferential pathways (e.g., interbedded sands and clays).   

C Soil Gas Profiling: This technique commonly is used as a screening tool to estimate volatile 
contaminant distributions in subsurface soil gas and to track soil gas (when groundwater is not 
impacted) and groundwater contaminant plumes back to their DNAPL sources. Soil gas samples can 
be collected through an active system that employs a pumping system, or a passive system that relies 
on gas diffusion onto a trap, such as an activated carbon strip. Active systems are not recommended 
in fine-grained soils. 
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Geophysical Techniques for DNAPL Characterization 

Geophysical methods can be used to survey large areas or to describe small-scale conditions such as those 
in and around borehole walls. On either scale, these methods measure the physical properties of 
subsurface materials. Any changes in measurements are interpreted to indicate changes in the subsurface 
matrix (solids and/or fluids). For purposes of this report, geophysical methods have been classified into 
six general categories: commonly used single borehole methods, electrical methods, electromagnetic 
methods, ground penetrating radar, magnetics, and seismic methods. 

•	 Borehole Methods: Commonly used borehole methods encompass a wide variety of geophysical 
tools to provide a profile of changes in specific properties of the soil/rock matrix and fluid chemistry 
surrounding a borehole. Typically, the tools used are meant to provide measurements close to the 
borehole and rarely exceed several feet. The methods include acoustic televiewer, electromagnetic 
induction, gamma-gamma, natural gamma, neutron, resistivity, and spontaneous potential. 

•	 Electrical Methods: Surface electrical methods (including surface to borehole and borehole to 
borehole) measure the electrical resistance or conductance of the subsurface by transmitting a current 
between electrodes placed at, or into, the ground surface. The apparent resistivity or conductivity of 
the subsurface is the bulk average resistivity or conductivity of all soils, rock, and fluids (including 
potential DNAPL) influencing the flow of current. Complex resistivity, although still in the 
developmental stage, is of special interest in DNAPL investigations. It measures standard resistivity 
as well as the electrochemical response of subsurface materials to an applied current. Chargeability 
of the current can be used to differentiate soil/rock matrices and their content. In particular, this 
capability can help to distinguish soil with appropriate clays that contain organic chemicals from 
non-contaminated soil. 

•	 Electromagnetic Methods: Electromagnetic (EM) methods measure changes in the bulk subsurface 
electrical conductivity due to changes in subsurface conductive features. EM systems have a 
transmitter coil that generates a primary EM field in the subsurface. This field interacts with 
subsurface materials to form secondary EM fields. The secondary fields induce a voltage in the 
subsurface materials that causes a current to flow that in turn produces a secondary magnetic field. 
The decay of the secondary magnetic field is measured by a surface receiver. Variations in measured 
currents of these fields can be interpreted as stratigraphic changes, the presence of conductive 
bodies, or buried wastes. Many of these methods have potential use in DNAPL characterizations 
because they can provide information on subsurface features. They have not found much use in 
looking for DNAPL directly. Different deployment techniques for EM include terrain conductivity, 
horizontal loops, fixed source frequency domain, fixed source time domain, very low frequency, and 
offset logging. EM offset logging is of particular interest to DNAPL detection due to its ability to 
produce a 3-D image of subsurface anomalies. This technology has had limited success in 
identifying common DNAPL components such as creosotes and (trichloroethene) solvents, but is 
still considered in the experimental stage of development. 

•	 Ground Penetrating Radar: Ground penetrating radar instruments use electromagnetic wave pulses 
to measure changes in the subsurface due to changes in electromagnetic wave impedances. 
In operation, a transmitting antenna radiates short pulses of high-frequency electromagnetic waves 
into the subsurface while a receiving antenna records variations in the reflected return signal.  Layers 
and objects with sharply contrasting electrical impedances (reflectors) can be identified and assigned 
a depth generally of less than 25 m (82 ft) (depending on the subsurface stratigraphy) by measuring 
the amplitudes of the successive reflected waves and their arrival times. Conductive soil such as high 
cation exchange capacity clays, have high attenuation rates that limit the depth of penetration the 
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signals can obtain (often less than 1 meter if at all), and resistive soil, such as sand, has the least 
attenuation affect. The data are generally displayed in a 2-D cross section.  Depending upon site 
conditions and the DNAPL size and chemistry, GPR has had mixed success in locating them.  

•	 Magnetics: Magnetometers measure anomalies in the earth’s magnetic field caused by different 
properties of, and responses to, the magnetic field of native soils and rock or anthropogenic 
materials. In a magnetometer survey, the interaction of the earth’s field with the target materials 
(buried drums or other subsurface features possessing magnetic properties) changes this general flux. 
The output is presented in an in-plan contour map or a 3-D map of highs and lows. The method is 
not used to look for DNAPLs directly. 

•	 Seismic Methods: Seismic methods use an artificial acoustical source to create an energy wave that 
is directed into the ground. Source measurements of the wave reflection or refraction allow for the 
construction of cross sections of major stratigraphic units. Enhanced vertical resolution of seismic 
images may be possible through the use of cross-hole deployment techniques. Seismic applications 
can provide high resolution imagery of a large area with potential DNAPL. Recent use of seismic 
reflection with amplitude versus offset (AVO), which is a method widely used in the petroleum 
exploration industry, has shown a capability to distinguish changes in stratigraphy from changes in 
fluid density (i.e., water versus DNAPL). The application of seismic reflection with AVO to 
environmental problems involving DNAPLs is in the demonstration phase. 

Conclusions 

A growing range of screening and analytical tools can be used successfully to locate and characterize 
DNAPLs in a wide variety of—but not all—settings. In many cases, DNAPLs can be found by using the 
correct mix of tools for site-specific conditions. While locating and remediating DNAPL in bedrock poses 
the greatest challenge due to the high cost of direct sampling and the risk of creating unwanted 
preferential pathways, a systematic planning approach that considers a variety of complementary tools 
raises the probability of success. Real-time data collection and interpretation, and in-field refinement of 
the conceptual site model through a dynamic work planning strategy, can lower project costs and time 
frames significantly while increasing the effectiveness of follow-on remedial designs.  

The past ten years have seen a marked improvement in the capability of non-geophysical technologies to 
collect and analyze soil and water samples in the field. Dual-tube DP equipment currently provides an 
inexpensive means of obtaining continuous cores for examination of preferential pathways and qualitative 
or quantitative onsite chemical analysis. In some settings, application of this method has expanded to 
include groundwater sampling. Advances also have been made in CPT rigs, which may be equipped with 
a variety of innovative probes in addition to their traditional soil testing cones and sleeves. The advantage 
of these probes lies in their speed of advance and their sensitivity to the type of soil matrix in which the 
conductivity probe, membrane interface probe, induced fluorescence tools, or camera is placed. While 
downhole samplers such as the BAT® and HydroPunch® require prior knowledge of a site’s stratigraphy 
to target specific flowpath regimes, they are useful in refining the conceptual site model. Other 
techniques, such as enhanced soil gas profiling, provide valuable screening tools for estimating 
contaminant distributions and locating DNAPL sources.  

Geophysical techniques historically have been used for subsurface stratigraphic mapping that provides a 
geologic construct in which to place intrusive characterization technologies, rather than to locate 
DNAPLs directly. The resolution level of these methods is sufficient to locate thin preferential pathways 
or small pockets of residual DNAPL. Most surface techniques also encounter problems when interpreting 
heterogenous interbedded and discontinuous stratigraphies where DNAPLs are particularly difficult to 
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locate. In all geophysical applications, the residual mass must be large enough for the technique to 
generate imagery of adequate resolution, and it must present a sufficient geophysical contrast to the 
surrounding soil/rock matrix to appear as an anomaly. The anomaly produced by a DNAPL is not unique; 
other subsurface structures may produce similar anomalies. Since these methods measure changes in 
matrix properties rather than chemical makeup, confirmation data obtained through intrusive methods is 
required. 

Geophysical technologies may be deployed most economically to define the areal extent of a known 
DNAPL located by other means. Several techniques, however, can provide a direct indication of the 
presence of a DNAPL mass. Where clays are involved, complex resistivity may locate anomalies caused 
by the interaction of soil with organic chemicals. In addition, EM offset logging technology and seismic 
reflection amplitude versus offset technology show promise in detecting anomalies caused by residual 
DNAPL masses.  
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SECTION 1

INTRODUCTION


Introduction 

Why Is DNAPL Characterization a Problem? 

This report provides an overview of tools and approaches for locating and characterizing DNAPL 
contamination in subsurface environments. DNAPL contaminant releases commonly are associated with 
industrial operations using chlorinated solvents or industry-specific materials, such as wood preservatives 
or coal tar. DNAPL releases also are associated frequently with industrial processes involving metal 
cleaning/machining, paint removal, or underground storage of solvents, and, in the past, with industrial 
practices involving mixed chemical waste disposal in landfills or ponds.  

DNAPL exists within the subsurface in either a free-phase form 
that moves downward through the soil along a path of least 
resistance until some geological impediment causes it to stop and 
pool, or in a residual form whereby it becomes trapped in soil 
pores or rock fractures. Relatively small quantities of DNAPLs 
that accumulate below the water table constitute a long-term 
source of groundwater contamination. Due to the complex nature 
of DNAPL fate and transport, characterization and remediation of 
DNAPL-contaminated sites pose significant challenges to site managers. Numerous site-specific 
investigations and remedial efforts have shown recently that DNAPL trapped in fractured bedrock is 
particularly difficult to identify and remove. 

sites on the National Priorities 
List address suspected or 

Approximately 22 percent of 
the Records of Decision for 

actual DNAPL contamination. 

Who Needs to Know About DNAPL Site Characterization Technologies? 

This report may be used by remediation site managers to help screen characterization options at sites 
where DNAPL contamination is suspected. The report is not intended for remediation decision-making 
purposes, or as a “how to” manual, but rather to help: 

C Identify DNAPL site characterization technologies; 
C Screen potential technologies based on performance, characterization goals, application-specific 

characteristics, and cost; 
C Apply experience via presentation of case studies from sites with similar characterization challenges; 

and 
C Find more detailed information on DNAPL characterization and geophysical aspects of technologies. 

What Information Is Needed to Investigate Suspected DNAPL Sites? 

Data on Existing Conditions 

An understanding of the geochemical and geophysical behavior of DNAPLs in the subsurface is a key 
element of site investigations. Difficulties in identifying DNAPL increase with the depth and lateral 
distance of DNAPL from a release area, as well as the complexity of the groundwater system. DNAPLs 
are dense immiscible (hydrophobic) fluids whose migration patterns are determined primarily by 
subsurface characteristics, such as: 

C Interfacial tension; 
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C Dynamic viscosity; 

C Specific gravity; and 

C Soil nature, particularly pore size and distribution, initial moisture content, relative permeability, and


capillary force.  

These factors collectively account for dynamic geological conditions at a DNAPL-contaminated site, 
while groundwater flow plays only a minor role in the migration of heavy DNAPLs (e.g., chlorinated 
solvents) it can have a significant affect on those with specific gravities close to one. DNAPLs generally 
are more mobile in substrates containing large pores (high effective porosity) than in fine grained 
material such as silts and clays. The dense DNAPLs can commonly reach depths of 100 m (300 ft) below 
ground surface. 

Investigations at sites with suspected DNAPL also rely upon a clear 
understanding of the site’s geology and stratigraphy. Geophysical 
methods often provide a cost-effective means for supplementing 
traditional information sources such as borehole data. Commonly used 
geophysical technologies include: 

C Electromagnetic methods using changes in the bulk electrical conductivity of soil to identify 

The presence of DNAPL 

always visually apparent. 
in a soil sample is not 

stratigraphic layers; 
C Electrical resistivity techniques that distinguish soil layers by their relative resistance to the passage 

of an induced electrical current; 
•	 Magnetometry that uses the earth’s magnetic field to detect changes in the magnetic properties of the 

subsurface caused by such things as buried drums and tanks; and 
C	 Seismic measurements of the time required for an acoustical signal to travel through subsurface 

materials, which identifies changes in lithology. 

Historical and Modeling Information 

Formulating a preliminary conceptual site model (CSM) of the contaminant source areas is an important 
element of a DNAPL investigation. Typically, a conceptual model combines knowledge of the DNAPL 
geochemical behavior and site geology with information on the site’s historical operations. The model 
identifies additional data that must be collected and incorporated into the overall project decision-making 
process, including the design of dynamic sampling plans and selection of sampling technologies. The 
complexity of a DNAPL conceptual model is illustrated in Figure 1-1, which provides a preliminary 
conceptual model of potential DNAPL accumulation zones in a hypothetical karst setting. 

Without direct detection of a free-phase contaminant mass, site investigators often must rely on indirect 
evidence and “rules of thumb” to determine whether DNAPLs may exist at a site. In Estimating Potential 
for Occurrence of DNAPL at Superfund Sites (Newell 1991), EPA provides a method for determining the 
likelihood of DNAPL presence and for developing appropriate sampling plans, if needed. DNAPL Site 
Evaluation (Cohen and Mercer 1993) also is a useful reference for developing sampling plans, but both 
documents are dated from the point of view of not discussing tools that are currently available to the 
investigator. EPA has determined that a high probability for past DNAPL releases exists at sites 
historically associated with specific types of industries, industrial processes, and chemicals. 

To determine the likelihood of DNAPL based on site characterization data, the method recommends 
comparison of a chemical’s pure-phase solubility to its concentration in groundwater and soil. 
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 When DNAPL consists of more than one 
chemical, the method recommends calculation of 
effective solubility (solubility of the mixture as a 
whole), which accounts for the proportion of 
chemicals in the mixture and their pure-phase 
solubilities. Comparison of the effective 
solubility against groundwater or soil 
concentrations then may be made. 

A strong likelihood for DNAPL contamination is 
indicated if: 

(1)	 Groundwater concentrations exceed one 
percent of the pure-phase or effective 
solubility, 

(2)	 Soil concentrations of DNAPL-related 
compounds exceed 10,000 mg/kg (one 
percent of soil mass), or 

(3)	  Soil gas concentrations of volatile 
DNAPLs exceed 100 to 1,000 ppm. 

The absence of these conditions, however, does 
not necessarily indicate that DNAPL is not 
present. Other tools for determining the 
likelihood of DNAPL presence include 
hydrophobic dye jar shake tests, and headspace 
analysis using a generic detector, such as an 
organic vapor analyzer. For unconsolidated soils, 
direct push (DP) technologies with onsite 
analysis can create a sample data density that 
lowers the risk of missing DNAPL hotspots. 

Which Planning Approach and Tools Are Best for Characterization of Sites with 
Suspected NAPL Contamination? 

The Triad Approach 

Increased efforts have been made by regulatory 
agencies and private industry to streamline the site 
characterization process in a consistent manner. The 
Triad approach uses systematic planning, dynamic 
work plans, and quick turnaround analytical results 
and data assessments for onsite decision making to 
meet project and program goals in less time and often 
lower cost. Systematic planning of a conceptual site 
model enables site investigators to evaluate: 

C	 Available information on the chemical properties 
of the DNAPLs, 

C DNAPL quantities and release patterns, and 

Figure 1-1. Distribution of Potential DNAPL 
Accumulation in a Hypothetical Karst Setting. 

Source: Wolfe et al. 1997 
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C Soil and groundwater characteristics of the site, using EPA data quality objectives. 

When developing a work plan for DNAPL characterization, the integration of field tools and techniques 
that generate near-real time data is recommended. The dynamic work plan provides an initial sampling 
design that can be adapted or expanded as field data are collected and interpreted to refine the conceptual 
side model in real time, thereby allowing for onsite decision making. (Detailed information on the Triad 
approach is available on-line at http://www.triadcentral.org/, http://www.cluin.org/triad/ and 
http://www.epa.gov/superfund/programs/dfa. 

The Technology Toolbox 

The task of locating a DNAPL source commonly involves more than one tool, which may be selected 
from a variety of non-geophysical and geophysical choices. No single approach exists for DNAPL 
characterization—the “technology toolbox” differs among sites depending upon site conditions, the 
availability of existing data, project goals, and (most critically) the DNAPL migration path.  

Non-geophysical methods for DNAPL characterization vary widely in their method of deployment, use, 
and end-product. Some, such as the CPT rig, can provide information on a geological profile but not the 
wide survey data gained through surface geophysical techniques. Others, such as the Waterloo Profiler®, 
can provide a profile of groundwater contamination with increasing depth, and can be used to trace 
plumes to their sources in unconsolidated matrices. Lastly, intrusive methods can identify DNAPLs 
through indirect evidence (such as induced fluorescence) or direct evidence (such as open borehole 
sample liners, the membrane interface probe, or core samples for onsite analysis). 

Geophysical methods for DNAPL characterization provide 
qualitative and quantitative information on subsurface conditions 
that are often represented in a multidimensional image. These 
survey methods directly or indirectly measure the subsurface 
materials’ physical properties, such as conductivity, resistivity, 
and density. Measurement changes are interpreted to indicate 
changes in the physical and chemical properties of the subsurface. 

Geophysical surveys may be used 
for characterization of site 
geology, the aquifer, contaminant 
plume distribution, and in some 
cases DNAPL mass location. 

What Technologies Are Addressed in the Report? 

This report focuses on technologies that have been successfully applied or identified as potentially 
effective in DNAPL environments. It describes technologies readily known in DNAPL site 
characterization applications, but may not include all emerging technologies or those involving unique 
applications. 

During the 1980s, DNAPL characterization was attempted through geophysical surveys that were 
followed by conventional drilling methods. Discrete chemical samples commonly were collected using 
hollow stem augers, and analyzed by offsite laboratories. The high cost and marginal effectiveness of this 
approach led to increased efforts during the 1990s to develop characterization methods employing 
improved sampling and analytical techniques and enhanced computer support. 

Geophysical methods still are used for defining stratigraphic units and locating water-bearing bedrock 
fractures. The use of new cross-borehole techniques using 2- and 3-D imaging, however, generates 
improved resolution in subsurface imagery. Similarly, DP and CPT rigs are more often used now for 

4


http://www.triadcentral.org/
http://www.cluin.org/triad/
http://www.epa.gov/superfund/programs/dfa


sample collection, and can be equipped with auxiliary tools capable of locating residual DNAPL at depths 
reaching 30 m (100 ft). Continuous core sampling produced by this type of technology results in near-real 
time frame chemical analysis at a more reasonable cost. 

Non-Geophysical Techniques 

A number of recently developed non-geophysical tools have demonstrated success in characterizing 
DNAPL sites and sources and gaining access to subsurface strata where DNAPLs may be found. 
Table 1-1 lists general categories and specific sampling and analytical technologies that have been used 
to successfully aid in characterizing DNAPL sites. 

Table 1-1. Non-Geophysical Tools for DNAPL Characterization 

Diffusion Sampler 
Diffusion Sampler 

Direct Push Technology 
Cone Penetrometer Testing Rig 

Conductivity Probe 

Induced Fluorescence 

In-Situ Camera 

Dual Tube Continuous Coring 

In Situ Groundwater Sampling 
BAT® 

Small Diameter Telescoping Screen 
(HydroPunch®) 

SimulProbe® 

Waterloo Profiler® 

Membrane Interface Probe™ 

Hydrophobic Dye Testing 
Dye Shake Test 

Hydrophobic Flexible Membranes 

Tracer Testing Soil Gas Profiling 
Partitioning Interwell Tracer Test Active Sampling 

Passive Sampling 

Geophysical Techniques 
Geophysical techniques can be used to refine the lithological understanding on a small scale (as in 
downhole techniques for a single borehole) or stratigraphic information covering wide areas (which 
would be prohibitively expensive using intrusive methods). Table 1-2 lists geophysical surface and 
borehole methods that are discussed in this report. 

Technologies Under Evaluation 

These technologies, which include both non-geophysical and geophysical techniques, are either under 
development, have seen limited demonstration but no wide scale application, or in the case of one of the 
geophysical techniques has been proven in other applications but has not seen significant application in 
DNAPL site characterization work. Table 1-3 lists the technologies discussed in this report. 
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Table 1-2. Geophysical Surface and Borehole Survey Tools for DNAPL Characterization 

Electrical Methods 
Electrical Resistivity 

Electrical Resistivity Tomography 

Electromagnetic Methods 
Terrain Conductivity (Frequency Domain) 

Horizontal Loop Electromagnetics (Frequency        

      Domain) 

Fixed Source Frequency Domain                             

        Electromagnetics 

Very Low Frequency Electromagnetic 

Very Low Frequency Resistivity 

Fixed Source Time Domain Electromagnetics 

Radar Seismic Methods 
Ground Penetrating Radar Seismic Reflection 

Magnetic 
Magnetometers 

Seismic Reflection with Amplitude Versus Offset 

Seismic Refraction 

Cross Borehole Seismics 

Table 1-3. Technologies Under Evaluation 

Geophysical Methods Non-Geophysical Methods 

Complex Resistivity Downhole Thermal Desorption with Top Side Analysis 

Electromagnetic Offset Logging Mass Flux 

Proton Magnetic Resonance Halogen Specific Downhole Detector 

Hydrosparge VOC Sampler 

Sonic CPT Probing 

What Are the Structure and Contents of This Report? 

This report describes 45 technologies that may be employed to aid in the characterization of DNAPL 
sources at hazardous waste sites. Following this introduction, Section 2 further discusses the unique 
problems posed by DNAPL contamination in soil and groundwater. Section 3 provides an overview of 
the Triad approach to planning site characterization, while Section 4 
describes a toolbox approach for DNAPL site characterization. 

Sections 5 and 6 describe non-geophysical and geophysical methods, 
respectively, that have been used in DNAPL site characterization. For 
each technology, these sections summarize: 

How the technology works, 

studies are provided in this 
report for technologies that 
have been used in DNAPL 
site characterization. 

When available, brief case 

6 

C 



C Effective uses of the technology, and 
C Drawbacks or limitations of the technology.  

Section 7 presents non-geophysical and geophysical techniques that are experimental. Most of these 
technologies have been field demonstrated but have not found widespread use in DNAPL site 
characterizations either because of expense or newness. 

Report conclusions are summarized in Chapter 8. Appendix A provides a bibliography of recent 
literature on the use and performance of non-geophysical and geophysical technologies for site 
characterization. In Appendix B, a discussion of the chemical/physical factors influencing DNAPL flow 
in the subsurface is provided along with a summary of the current understanding of DNAPL migration 
in different matrices. Appendices C and D contain listings of related Internet-based resources and 
equipment vendors, respectively.   

What Are the Sources of Information for This Report? 

This report is based on an electronic literature search and information gathered from readily-available

data sources, including:


C Documents and databases prepared by EPA,

C Technical literature,

C Information supplied by technology vendors,

C Internet sites, 

C Conferences/proceedings or workshops, and

C Information from technology experts.


The authors and reviewers of this report identified information sources based on their experience with

DNAPL site characterization. 


What Other Types of Literature Were Searched and Referenced for This Report? 

A Dialog® search for DNAPL characterization methods was run to supplement the above information. 
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SECTION 2

THE DNAPL PROBLEM 


The cumulative experience with groundwater remediation that began in the Superfund program during 
the last decade demonstrated that remediating certain types of contaminants was more difficult than 
design engineers had anticipated. Many of the contaminants that were difficult to characterize and 
remediate could be assigned to one of four groups based largely on their manufacturing origins or end 
use: 

•	 Chlorinated solvents used in metal finishing, semiconductor manufacturing, dry cleaning, chemical 
manufacturing, and equipment maintenance; 

•	 Creosote mixtures used in treating wood products; 
•	 Polychlorinated biphenyls (PCBs) used primarily in electrical transformers and condensers; and 
•	 Byproducts (e.g., coal tars and oils) from manufactured gas plants (MGP). 

Most of the contaminants in these four groups are relatively 
immiscible in water and have a specific gravity greater than one 
(MGP oils being an exception). Their immiscibility allows them to 
preferentially remain in a separate non-aqueous phase, dissolving 
slowly over time. Since their specific gravity is greater than one, 
these contaminants tend to migrate downward in groundwater 
under the influence of gravity and stratigraphy rather than through 
groundwater flow dynamics. The exception to this rule are 
DNAPLs with a specific gravity close to 1. For these groundwater flow direction may play some role. 
Movement of these chemicals can be affected by vertical groundwater gradients. Because of these 
characteristics, as a class these substances are referred to as DNAPLs. Appendix B contains a discussion 
of the specific physical/chemical properties that govern the flow of DNAPLs in the subsurface. 

under the influence of gravity 

through groundwater flow 

DNAPLs generally migrate 

and stratigraphy rather than 

The ability of many DNAPLs to move as a mass virtually independent of groundwater flow often makes 
them difficult to locate and, depending upon the stratigraphy, difficult to remediate. Their ability to 
diffuse into finer grained materials limits the effectiveness of pump-and-treat systems since the 
mechanism to recover them in these situations is diffusion driven. Also, at the point where the pressure 
head becomes insufficient to drive the liquid farther into the soil matrix or a competent rock, the 
residual mass becomes a constant source of groundwater contamination as it slowly dissolves. Hence, if 
the objective of a response action is to treat or remove the contaminant source, these sources need to be 
located. 

The following DNAPL properties should be kept in mind for site characterization purposes: 

•	 As a chemical class, DNAPLs are electrically resistive (non-conductive). 
•	 Chlorinated solvents are generally volatile and may be found in soil gas plumes. 
•	 The dissolved phase of chlorinated solvents is relatively mobile and sufficiently soluble to be readily 

detectable. 
•	 Most PCBs are not volatile and are not sufficiently soluble to be readily detectable in groundwater. 

The lighter end PCBs do have some solubility (3 mg/l range) and will volatilize to some extent.  
•	 Coal tar byproducts are a mixture of phenols and cresols; benzene, toluene, ethylbenzene, and 

xylenes (BTEX); naphthalenes and light oils; and tars and heavy oils (PAH rich). The aromatics and 
smaller polynuclear aromatics are volatile and sufficiently soluble to be detected as a groundwater 
plume. The tars and heavy oils weakly fluoresce. 

•	 Coal tar creosote mixtures are very diverse and may or may not be associated with groundwater 
plumes. They may contain several chemicals that fluoresce. 
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SECTION 3

USING THE TRIAD APPROACH TO PLANNING THE INVESTIGATION 

The Triad approach takes advantage of systematic project planning, a dynamic work planning strategy 
for data collection and assessment and subsequent onsite decision making, using real-time 
measurements (usually provided by onsite analytical tools and micro-level geophysical surveys and 
measurements). A key theme for the Triad is tapping new science and technology tools to identify and 
manage information gaps (i.e., uncertainties) that could lead to unacceptable decision errors. Much of 
the uncertainty in environmental decision making stems directly from the heterogeneity of 
environmental systems. Marked heterogeneity is the hallmark of DNAPL contamination and the 
subsurface soil, bedrock, and aquifer systems in which it occurs. Although difficult technical issues are 
still the subject of intensive research, the Triad approach provides a framework for understanding as 
accurately and inexpensively as possible site-specific DNAPL release, past and future fate and 
transport, and effective options for risk reduction. 

work plans and quick turnaround 

detect DNAPLs. 

The Triad approach combines 
systematic planning with dynamic 

analytical techniques to improve the 
ability of the site characterization to 

Systematic planning includes the task of developing a CSM. 
CSM is a general term that refers to a variety of tools that 
organize the information already known about the site, and 
then aid a project team to understand what more needs to be 
known (often by collecting additional data) in order to bring 
the project to a successful conclusion. To develop the CSM, 
the project team evaluates the available information on the 
chemical properties of the suspected DNAPLs, their 
quantities and release patterns (time and location), and the 

soil and groundwater characteristics of the site. The CSM often takes the form of maps, graphics, or 
written descriptions that depict what the project planners believe has been (and will be) the fate and 
transport of the chemicals of concern. It also identifies potential 
exposure routes. For example, if there is reliable information that 
1,000 gallons of a DNAPL have been released into a thick 
homogenous sand unit, the team will be able to predict with 
minimal uncertainty where the material will be and can plan the 
investigation around this knowledge. If, on the other hand, the 
release volume is unknown and the stratigraphy underlying the 
site is not well characterized, the team will know to address these 
data gaps during the investigation. 

the uncertainties contained in 

designs and allows the 
investigation to be structured to 

Systematic planning identifies 

the available analytical 
techniques and sampling 

minimize them. 

Systematic project planning involves planning for data collection, 
but it also includes planning for project work flow, health and safety concerns, procurement of various 
services, stakeholder or community involvement, and other tasks vital to project success. For data 
collection, EPA recommends the data quality objectives process to structure expectations for the type 
and rigor of data that will be required to support various project decisions (Guidance for the Data 
Quality Objectives Process, QA/G-4, USEPA 2000a). Dynamic work plans have been demonstrated to 
be the most cost-effective strategy for organizing work flow to investigate DNAPL sites. Dynamic work 
plans are designed to be flexible so that activities in the field (such as the placement of sampling points 
and choosing which samples are analyzed by which measurement technologies) can be readily adapted 
in response to actual field conditions as they are discovered (such as the presence or absence of 
contamination at a particular location). Because data gaps are identified and addressed in real-time, a 
dynamic work plan strategy requires fewer remobilizations to the field, saving time and money while 
increasing decision confidence by decreasing uncertainties. The key features of dynamic work plans 
include the following: 
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• Flexible sampling and analytical plans; 
• Reliance on quick turnaround analytical methods that are generally field based; 
• Iterative sampling to constantly refine the CSM; 
• Emphasis on accessing experienced technical staff to make decisions in the field; 
• Onsite decision making to reach project goals with a minimal number of mobilizations; and 
• Inclusion of stakeholders throughout the planning and implementation process. 

to investigations to ensure 
the best tool is used as 

data. 

Dynamic work plans often 
employ a toolbox approach 

indicated by the most recent 

During systematic project planning, the project team uses prior 
experience with similar sites (both their own experience and that 
gleaned from other sources) to anticipate the appropriate combination 
of tools that can obtain the data necessary to answer questions raised 
by the CSM. A variety of tools that make dynamic refinement of the 
CSM feasible have become more widely available in recent years. 
These include innovative sampling technologies (e.g., direct push and 
in situ groundwater sampling), innovative analytical techniques (e.g., 
field gas chromatography, induced fluorescence, immunoassay, field 

x-ray fluorescence), and more advanced geophysical software. Selecting particular tools for an 
investigation is very site-specific. It depends on the interactions among 1) the information needed to 
support decision making; 2) the characteristics of the environmental system being investigated, and 3) 
the capabilities of the tool itself. For example, if a DNAPL release is suspected at a site that has shallow 
groundwater, it may be appropriate to use direct push technologies combined with onsite analytical 
capabilities to perform iterative sampling of the shallow groundwater (if the shallow subsurface does 
not pose unacceptable obstacles to the direct push tool). The results should identify the initial source 
areas. Following this step, geophysical techniques could be used to identify deeper potential preferential 
subsurface pathways. These techniques also may involve more expensive and deeper intrusive sampling 
technologies. The dynamic work plan should lay out these steps and anticipate getting data in near real 
time to move the investigation forward. 

DNAPL investigations will typically require a toolbox approach involving several onsite analytical 
tools. There are a large number of analytical methods and equipment that investigators can potentially 
apply at the sample site. They may include hand-held, portable equipment and more rigorous methods 
that require the controlled environments of a mobile laboratory. The full range of analytical and 
evaluation technologies should be considered to optimize the sampling and analysis design of a DNAPL 
investigation. The project team should keep in mind that no matter what analytical tools are used, data 
should be of known quality commensurate with data use. Demonstrating “known quality” means 
different things for different technologies, but in general, this means that the actual analytical 
performance should be shown to be consistent with expected performance. Enough quality control 
mechanisms should be in place to detect deviations from expected performance (should they occur), and 
to allow estimation of sampling and analytical uncertainties and their impact on decision making 
(Crumbling et al., 2001).  
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SECTION 4

USING A TECHNOLOGY TOOLBOX FOR BETTER SITE DNAPL 


CHARACTERIZATION


Because no tool or method is right for all situations, the best approach in many cases is to take 
advantage of the strengths of the available techniques. This section presents a summary table of 
techniques and uses (Table 4-1) along with investigation approaches to characterizing four general 
hydrogeologic settings. The approaches exemplify potential tool combinations that could be used to 
investigate a DNAPL release in each setting. The discussion also identifies tools that are not likely to be 
effective in certain situations. 

The non-geophysical methods/techniques considered in this section and this document have been used 
for direct detection of DNAPLs as well as looking at surrogate values (e.g., dissolved phase and soil gas 
concentrations). Some, like CPT rigs, provide information on the geological profile but without the wide 
survey ability of the surface geophysical techniques. Other methods that provide a profile of 
groundwater contamination with depth can be used to trace dissolved plumes back to their sources in 
unconsolidated matrices. Finally, there are those that are also intrusive and either provide semi-
quantitative evidence of DNAPLs, such as laser-induced fluorescence (LIFs) do, or direct evidence as 
do open borehole liners, membrane interface probe (MIP), or core samples for onsite analysis. The 
emphasis of the approaches is on using methods that in combination can provide onsite sampling and 
analysis results as quickly and cheaply as possible. As with any intrusive investigation, care should be 
exercised that fine-grained units are not breached without taking appropriate actions to prevent cross 
contamination. 

All of the geophysical techniques applied to specific DNAPLs are indirect (detect changes in the 
physical properties of subsurface materials that may be caused by DNAPL presence but not the 
DNAPLs themselves) and can be devoted to refining the lithological understanding about a single 
borehole (as in downhole techniques) or to providing stratigraphic contact information over wide areas 
that would be prohibitively expensive using intrusive methods. However, some geophysical 
technologies are capable of providing more “direct” evidence of the presence of a DNAPL mass than 
those measuring properties like changes in subsurface conductivity. These technologies include: 

•	 The neutron probe, which is sensitive to chlorine (chlorinated solvents) or any compound with a 
high hydrogen content; 

•	 Seismic reflection with amplitude versus offset (AVO), which measures density differences 
potentially caused by DNAPL in a soil matrix; and 

•	 Complex resistivity, which detects differences in chargeability mainly due to the chemical and 
physical makeup of the soil matrix. Organic chemicals in a soil matrix containing certain clays 
exhibit different chargeability values than the same matrix with water or air. 

Both seismic reflection with AVO and complex resistivity have proven track records in other 
applications, but their use in DNAPL investigations is relatively new and still experimental. 

By carefully considering existing data, and using the Triad process, a CSM can be constructed that helps 
the investigator choose the tools that will maximize the investigation design effectiveness while 
minimizing the cost. As with all investigations, data collection activities should be commensurate with 
the level of cleanup that is planned. For example, if source removal followed by monitored natural 
attenuation is the cleanup strategy then considerable effort to locate all the sources should be made. On 
the other hand, a cleanup strategy that envisions a pump-and-treat containment system with no source 
removal may require considerably less effort. 
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Combining Techniques for Maximum Effectiveness 

Because of the way DNAPLs move through the subsurface, different hydrogeologic settings can present 
very different characterization challenges. It is therefore very important that the hydrogeologic 
framework of a site be well-characterized. The types of settings discussed below were developed to 
depict the variety of hydrogeologic conditions in which DNAPL characterizations take place and the 
tools that may be used to undertake them. These settings are meant as generalized examples. The 
hydrogeology at many sites may differ significantly from these examples. The discussion assumes that 
the initial release area is not known. When initial release areas are known, a much more focused 
investigation can be planned. 

Simple Hydrogeology 

A simple hydrogeologic setting might consist of a single, shallow, unconfined aquifer underlain by a 
single, continuous aquitard. The aquifer matrix consists primarily of sand and coarse materials with 
some fines. While there can be significant lateral spreading due to subtle changes in the permeability of 
the sand, there is no major impediment to the downward migration of DNAPLs as they pass through the 
vadose zone into the aquifer. The homogeneity and effective porosity of the aquifer materials makes 
DNAPL migration through the capillary fringe subject to hydrogeologic conditions similar to those 
found deeper in the aquifer. DNAPLs may be found in pools on the aquitard as well as in the aquitard 
itself (cracks, fractures, diffusion). The amount of DNAPL that may remain bound in the aquifer matrix 
in the near term depends on the site-specific mix of sands and silts or clays and the viscosity of the 
DNAPL. The less permeable silts or clays provide a matrix that may impede downward migration. The 
residual DNAPL that remains bound in the aquifer matrix can be difficult to detect directly. The 
distribution of a residual DNAPL is likely to be highly variable and depends on the spatial distribution 
of finer grained aquifer materials (sands as well as clays). Thus, soil samples taken only a few feet from 
each other can produce remarkably different results. For older releases of DNAPLs, such as chlorinated 
solvents that occur in coarser grained soil, the residual DNAPL in the vadose zone may be depleted and 
is no longer detectable, while the DNAPL at the aquitard continues to be a source of groundwater 
contamination (Cohen and Mercer 1993; Guilbeault 1999). In investigating this type of hydrogeologic 
setting, care should be taken to ensure that clean shallow water does not lead to an erroneous conclusion 
that there is no contamination at a deeper horizon. 

Approach 

Several characterization approaches may be used in this setting depending upon whether the DNAPL 
vaporizes or has detectable solubilities. Soil gas surveys conducted in sands on a tight grid using 
portable gas chromatography can be very successful in identifying 
release areas and tracking a dissolved plume. When the soil gas is taken 
directly off the vacuum hose, this technique can be done relatively 
quickly and cheaply. The soil gas technique is not used to directly locate 
DNAPLs but to identify areas with high probabilities of finding them 
using other characterization tools. 

of the lateral extent of 

Soil gas surveys may 
provide a good estimation 

contamination. 

In shallow aquifers, direct push rigs that take continuous cores and 
groundwater samples at multiple discrete depths (e.g., Waterloo Profiler®) can also be used to locate 
residual DNAPL by tracing the dissolved plume back to its source as well as sampling through the 
DNAPL mass. The continuous cores provide both good stratigraphic control and the opportunity to 
analyze any soil sample that looks promising (e.g., samples showing potential preferential pathways or 
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high OVA readings). The multiple depth groundwater samples provide a concentration profile that may 
indicate where source areas are. 

Tools, such as the MIP and LIF, should also be considered to provide a profile of the relative 
concentration of contamination. Once the initial source area is 

The MIP is a good technique 
for profiling the concentration 
gradients of volatile organics 
with depth. 

identified, geophysical methods may be used to look for 
preferential migration pathways along the aquitard. Since there are 
only two units involved and the resistivity (sand) unit is on top, 
almost any of the resistive, EM, or seismic techniques in Table 4-1 
can be used to map the aquitard topography. The depth of the 
aquitard however, may limit the use of some of them. 

Once the general area of the DNAPL is defined, a technique, such as the partitioning interwell tracer 
test (PITT), might be used to estimate the volume of DNAPL present. The PITT technique is expensive 
and should be used with remedial technologies that require more refined volume estimates, such as 
surfactant flood. 

DNAPLs like Aroclors 1254 and 1260 that do not significantly 
volatilize, have very low solubilities, and relatively high 
viscosities present a very different challenge. They may be 
candidates in this geologic setting for geophysical techniques, 
such as EM offset logging or complex resistivity. Because of their 
viscosity and adsorption properties, these types of chemicals leave 
a much more coherent residual in the soil column. While soil gas 
or dissolved plume tracking techniques are not likely to be of any value for these chemicals, they can be 
investigated using direct push technologies, such as continuous coring, which usually can provide an 
affordable tight grid search pattern. 

offset logging. 

Coherent, competent DNAPL 
masses are good candidates for 
complex resistivity or EM 

The actual confirmation of the presence of a DNAPL is not as straightforward as it would appear. 
Depending upon the DNAPL and the soil matrix, the DNAPL may drain from a soil sampler before it 

reaches the surface, or it may not be visible in the sample. In 

of a DNAPL is not 
Confirmation of the presence 

necessarily straight forward. 

addition, downhole analysis by MIP or LIF needs to be correlated 
with the general range of ppm reading or fluorescence count that 
constitutes the presence of a DNAPL. Some investigations have 
used dye jar tests with soil samples to indicate DNAPL presence 
while others have used head space analysis of soil samples placed in 
jars (CIBA 1998). EPA has published guidance (Newell and Ross 

1992) on determining the presence of DNAPLs at contaminated sites, and Feenstra and Cherry (1991) 
also provide some guidance on using chemical concentrations in determining the presence of DNAPL. 

Multiple Hydrogeologic Units 

A more complex hydrogeologic setting might include the presence of one or more aquitards separating 
multiple aquifers. In this setting, the surficial aquifer may be unconfined or fully or partially confined, 
while the deeper water-bearing units are fully confined by continuous aquitards. The aquifer materials 
like those in the simple hydrogeologic setting are mostly sand and coarse materials, grading only to 
finer materials at the aquitard interface. 
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Approach 

If the uppermost unit is unconfined, then the approach laid out for a simple setting would be appropriate 
here for investigating contamination to the first aquitard. The depth to the first aquitard (too deep or too 
shallow) could limit the geophysical tools available. 

If the first unit is a clay1/, an active soil gas option may not be effective and usually should not be 
considered. Depending upon the site conditions, a passive soil gas 
collection system may work. With a clay top layer, the DP dual 
tube sampling rigs could still be used to trace a dissolved 
groundwater plume back to the general area of its DNAPL source 
(see case study 1 page 39). A stratigraphic profile is needed to 
calibrate any geophysical technique that may be chosen. The dual 

The dual tube DP is a good 
vehicle for this type of setting 
as it is less likely to cause cross 
contamination of the units. 

tube is good for this type of exploration as it is less likely to be a 
vehicle for cross contamination of the units. If the DP investigation shows groundwater contamination, 
the second clay unit should be profiled to estimate its topography and identify any potential preferential 
flow pathways. As with the simple case, concentration profiling of the groundwater with depth in the 
second aquifer unit should be performed to determine if a DNAPL source has penetrated the first 
aquitard. 

If the first unit is a clay, 
GPR and other EM 

effective in profiling 
lower units. 

methods will not be 

For a thick clay where substantial volatile organic contamination is 
expected in the clay matrix, a DP rig employing a MIP device might 
provide more cost-effective profiling than a continuously coring DP 
although the latter would still be useful for obtaining stratigraphic 
information and soil samples for ex-situ analysis. 

The electrically conductive clay layer generally eliminates GPR 
and may limit other EM methods from consideration for 
delineating the lower units. Seismic refraction is also problematic 
since the sand unit transmits sound slower than the clay, and 
refraction generally is not used to resolve more than three layers. 
Seismic reflection, time domain electromagnetics, or resistivity 
should be considered for the investigation. Research has shown that both seismic reflection with 
amplitude versus offset (AVO) and complex resistivity have a chance of locating the physical changes 
caused by the DNAPL mass on the second aquitard if the mass is sufficiently large. However, both of 
these methods are relatively expensive and in environmental uses have generally been limited to 
estimating volumes after the DNAPL has been found by other methods. The complex resistivity also 
may be able to locate anomalies caused by DNAPLs in the upper clay. 

able to locate DNAPLs in the 
upper clay. 

Complex resistivity may be 

Before choosing any geophysical method, consideration should be given to the thickness of the units to 
be mapped and to the method’s potential resolution of that thickness at the expected depth. Also, if a 
geophysical method is considered for detecting DNAPL, it might be best to try to locate the DNAPL 
first with an intrusive method and then use the geophysical method to estimate the residual mass areal 

1/ When referring to clay affecting the performance of geophysical methods, the term “clay” should be 
taken to mean clay with specific mineralogic structures and properties, such as aluminosilicate clay, and the more 
amorphorus clay, such as allophanes, that are electrically active, not those materials that simply have a particle size 
less than 2 :m. 
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extent. In general, however, geophysical techniques are most valuable in defining stratigraphic units and 
preferential pathways rather than the DNAPL mass. The literature indicates that while there have been 
some successes in locating NAPL masses by several geophysical techniques, the results are very uneven 
and problematic. 

Discontinuous Interbedded Layers 

The presence of discontinuous interbedded layers in the subsurface can greatly complicate DNAPL 
movement. Instead of the major direction of migration being vertical as in sand (note lateral spreading 
can also occur in sand), DNAPLs may migrate both laterally and vertically following the paths of least 
resistance. Also in this setting, hydrogeologic characteristics, such as groundwater flow rate and 
direction, porosity, transmissivity, and gradients, are likely to be highly variable between and within 
layers. The composition of the aquifer matrix may also change dramatically over short distances, which 
can cause a very uneven dissolved DNAPL chemical plume concentration distribution. 

Approach 

Gaining a broad understanding of unpredictable subsurface 
environments, such as interbedded and discontinuous layers, 
requires the collection of a large volume of data, due to the limit 
to which any one data point can be used to extrapolate over a 
wider area. The performance capability of geophysical methods 
to gather data on the stratigraphy found in such a geologic 
setting is limited. For example, resistivity methods while they 
can be used, are not recommended for laterally discontinuous or 
radically dipping units (USEPA 1993b and Parasnis 1997), and 
the clay may hamper the depth of penetration of frequency EM methods (Greenhouse et al., 1998; 
Parasnis 1997). Frequency EM methods may still be useful to look for shallow heavy end viscous coal 
tars, such as those found at MGP sites. If there are thin stratigraphic layers that gradually grade into 
each other, neither seismic methods or time domain EM will be able to resolve the individual units, and 
a four or more layer model starts to provide a challenge to interpretation. 

The capability of surface 
geophysical methods to gather 
data on the stratigraphy found in 
this type of geologic setting is 
limited. 

provide the best chance 
for locating DNAPLs in 

DP methods probably 

this environment. 

If contamination is expected to reach a bedrock unit, then seismic 
reflection or refraction, one of the resistivity methods, or time domain 
EM should be useful in mapping the top of the rock topography to locate 
potential channels and surficial lows for intrusive sampling. Depending 
upon the presence of conductive clays, GPR might also be useful 
delineating the top of the bedrock. 

While soil gas mapping may be successful in narrowing the release area 
locations if the soil matrix is not too fine grained, DP methods probably provide the best chance for 
locating both DNAPLs and their dissolved phase plumes in the overburden. Use of soil gas mapping 
should be carefully evaluated since channeling effects can present serious interpretation problems. 
Although the sampling design is site specific, it should include a suite of continuous coring/water 
sampling locations for both onsite chemical testing (soil and water) and lithology descriptions, which 
are done first. The lithology descriptions can 
then be used to calibrate any geophysical method 
(e.g., CPT) that might be chosen. 

Depending upon the DNAPL being sought, the 
DP or CPT rig can be equipped with tools like 

Most vertical groundwater profilers do not 
provide stratigraphic information. To avoid 
excessive sampling, this information generally 
needs to be provided by a different technique. 
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LIF or MIP. If a CPT is being used, it should be capable of measuring downhole conductivity. A CPT 
reading that indicates a clay or silt has been encountered, combined with a drop in conductivity over it, 
is a good sign that a DNAPL is present (case study page 33). The logs taken by the CPT can in turn be 
used to decide at what depths groundwater samples should be taken to obtain the best chance of 
profiling a dissolved phase plume. Unless open hole sampling is being done, groundwater profiling 
equipment (BAT® or HydroPunch® ) does not provide stratigraphic information. Hence, if depth 
profiling of discrete permeable zones is desired using these techniques, either a large number of samples 
will need to be taken, or the zones will have to be located with a separate piece of equipment that is 
capable of identifying them. Dual-tube continuous coring equipment offers the opportunity to identify a 
permeable zone by examining the core and then determining whether an open-hole groundwater sample 
should be taken. The disadvantages of this technique are that it slows down the process, and the sample 
is likely to be turbid. 

The sampling design can be set up to either try to locate the DNAPL mass directly or to use the 
dissolved phase groundwater plume to trace the contamination back to the source. Either approach 
should take into account whether there is a danger of providing a conduit for DNAPLs to reach deeper 
clean areas. The design of most DP methods minimizes this problem. A continuous coring DP rig 
pushing on very small centers provides the best chance of locating the residual or free-phase mass of 
non-volatile, insoluble, and viscous DNAPLs. 

If the contamination is deep, a thorough understanding of where the shallow residual DNAPL is will 
greatly aid in planning an approach to reach the deeper levels that may require a combination of CPT 
tools and conventional drill rigs. 

Locating DNAPLs in fractured bedrock 

spatial distribution and by the lack of 

technologies provide. 

is complicated by a highly variable 

resolution that most characterization 

Fractured Bedrock 

Fractured bedrock creates one of the most complicated 
hydrogeologic settings for DNAPL investigations. 
Bedrock fracturing occurs during the formation of the 
rock (e.g., the primary fracturing seen in metamorphic 
and igneous rock) and with regional stressing (e.g., 
weathering, uplift, and glacial rebound). Sedimentary 

bedrock often develops fractures along bedding planes, and in limestone and dolomite, these fractures 
often develop into solution channels as the more soluble materials are dissolved by groundwater. 
Fractured bedrock provides many small fractures, fissures, and channels in which DNAPLs can be 
deposited, or through which they may migrate. 

Locating DNAPLs in fractured bedrock is complicated by a highly variable spatial distribution of the 
fractures and by the lack of resolution typical of most characterization technologies. The fractures can 
be small in size and random in their occurrence. While the fractures are porous, the rock surrounding 
the fractures is relatively impermeable. As DNAPLs migrate into the small fractures in the weathered 
bedrock face or diffuse into the rock itself, they may leave some residual that might act as a marker for 
investigators as well as a long-term source for groundwater 
contamination. 

Approach 

Mapping bedrock structures has long been a conventional application of 
geophysical technologies. These technologies are generally applied after 
fracture trace analysis across the surface of the site and at bedrock 
outcrops has been performed. An effective technology to locate DNAPLs 

effective approach for 
locating preferential 

bedrock. 

Geophysical methods 
provide the most cost-

pathways in fractured 
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in fractured bedrock must provide information across a spatial area with sufficient resolution to discern 
fractures from other, similar geological structures and to differentiate fracture voids, fractures filled with 
water, and fractures containing DNAPL. At this time, no single geophysical method exists that is 
capable of doing all these things. 

First, look at existing geologic data and conduct a survey of the area to identify outcrops (including 
examining aerial photographs for fracture traces). The general approach is to choose a geophysical tool, 
such as resistivity or EM, that can identify areas in rock bodies with sharp contrast in electrical 
conductivity due to the presence of groundwater. Surface GPR might also be useful for locating 
fractures. Knowledge of the local rock structure is also useful as localized changes in mineralogy can 
also cause sharp contrasts in conductivity. 

The fracture zone is then drilled into to obtain a sample of the water. Again, the drilling is into a zone, 
and the fractures sampled may be clean while those 5 cm (2 in) away are not. Conversely, if one drilled 
fracture is contaminated, there is a possibility that the borehole will contaminate other fracture zones. 
Considerable care should be exercised in the drilling program to prevent cross contamination of 
different fracture zones. 

Once one hole is drilled, there are a number of ways to help establish the geologic construct. If a drilling 
technique was used to produce a continuous core, the core can be compared to visuals produced by 
acoustic or optical televiewing to determine fracture orientation and size. Since coring rock is much 
more expensive than regular drilling, the number and placement of more cored boreholes should be 

carefully considered. To aid in making this choice, the 

FLUTe™ or other reactive ribbon 

residual DNAPL. 

During the drilling of the borehole, it 
might be advisable to periodically use a 

sampler to check the borehole walls for 

use of surface to borehole and borehole to borehole 
geophysical techniques to better refine the understanding 
of the flow regime should be evaluated. Also, unlike 
unconsolidated material investigations, it is generally 
necessary to conduct pumping tests to determine flow 
direction and fracture connectivity. The pumping tests are 
done by packing off fracture sets and observing 
drawdown in other boreholes. Ambient flow 
measurements using an appropriate flowmeter should 

also be taken in the packed off areas. The U.S. Geological Survey has an ongoing study at Mirror Lake 
of various techniques to improve fractured bedrock investigations and hence aid in DNAPL bedrock 
investigations (http://toxics.usgs.gov/sites/mirror_page.html). 

Cross contamination of fractures and fracture zones is a major concern in a DNAPL investigation. In 
addition to carefully inspecting the cuttings as they emerge, if the drilling is in an area of suspected 
DNAPL contamination, it might be advisable, but very expensive, to periodically check the borehole for 
DNAPL presence. If it is expected that the DNAPL can be visually identified then a downhole camera 
might also be used. It is always a good idea to chemically profile the fracture zones. This can be done as 
a point in time measurement during the packer pumping tests or for long-term monitoring with nested or 
multipoint sampling devices like the Westbay™ or CMT™ system. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities

Method Physical Properties Measured DNAPL Detection Potential

NON-GEOPHYSICAL TECHNIQUES

Diffusion Sampling . 

Diffusion Sampler Used in open holes or completed wells. Does not
provide stratigraphic information. 

Can be used to profile concentrations of dissolved DNAPL
chemicals in groundwater. Does not detect DNAPLs directly.

Direct Push Technology

   Cone Penetrometer Testing Rig Provides a continuous reading of the relative
resistance and friction of soil matrices that can be
related to soil types. Should be calibrated against
actual soil logs taken where the pushing will be
done. 

Cannot detect DNAPLs directly or indirectly. However, the
standard probe can be fitted with a number of tools that are
useful for DNAPL detection.

 Conductivity Probe Aids in interpreting the CPT data. Can be used as an indirect indicator of DNAPL.

Induced Fluorescence The device is part of a CPT probe so the type of
matrix it is in will be known as it is advanced. 

Detects chemicals that fluoresce (aromatics/polynuclear
aromatics). Technique is generally able to distinguish among
low, medium, and high concentrations of contaminants but
does not indicate whether free phase or residual DNAPL is
present. The response is not necessarily linear and (given
commercially available wavelengths) is weak for materials like
coal tars.

 In-Situ Camera Visual of soil matrix as it passes by. Might be
used to identify radically different matrices. 

Point source, so the camera probe must be in the DNAPL. Can
image DNAPL micelles under certain conditions. Cannot relate
visual to an actual concentration or volume of DNAPL.

Continuous Coring Generally effective to 15.2 m (50 ft). Some rigs
can attain 30.5 m (100 ft). Provides a continuous
core for direct examination. Likely to meet refusal
in gravels, cobbles, and cemented sediments
(caliche). May experience recovery problems
(heaving sands). 

Usually coupled with onsite analytical capabilities like portable
GC. Provides point source confirmation of contamination
concentrations. Can be used to trace shallow groundwater
plumes of dissolved DNAPL back to their source areas. Can
collect a DNAPL sample. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities (continued)

Method Physical Properties Measured DNAPL Detection Potential

In Situ Groundwater Sampling

BAT ® Does not provide stratigraphic information of any
kind. If discrete, preferential pathway sampling is
needed. The stratigraphy will need to be known
ahead of time. 

Drive sampler used to take discrete groundwater samples. Since
it uses a sample container that is under vacuum, there is a
chance it could sample DNAPLs if it was driven into a free-phase
pool. 

Small Diameter Telescoping
Screen 

Does not provide stratigraphic information of any
kind. If discrete, preferential pathway sampling is
needed. The stratigraphy will need to be known
ahead of time. 

Drive sampler, used to take discrete groundwater samples, is
driven to the target zone where the drive rod is retracted to
expose a screen that allows water to enter. If driven into a DNAPL
pool, it is possible that a DNAPL sample could be taken with the
proper sampling device.

SimulProbe® Core sample is taken at the same time as soil
gas or water sample. If discrete, preferential
pathway sampling is needed the stratigraphy will
need to be known ahead of time. 

Drive sampler used to take discrete groundwater, soil gas, and
soil samples. It is driven to the target zone and the drive rod is
retracted to expose a small screen that allows water to enter. The 
sampling configuration may allow DNAPL entry to the downhole
sample canister if the target zone is in a mobile-phase DNAPL.
The simultaneous taking of a soil sample should capture some
residual-phase DNAPL if it is present.

Waterloo Profiler® Soil types can be estimated from back pressure
measurements. Use if discrete, preferential
pathway sampling is needed. 

Continuous drive sampler used to take discrete groundwater
samples. If driven into a DNAPL mobile-phase zone, it is possible
for the device’s pumping system to convey a DNAPL to the
surface. Samples can be taken in 15 cm (6 in) intervals.

Membrane Interface Probe (MIP) Does not provide stratigraphic information of any
kind. Use if discrete, preferential pathway
sampling is needed. The stratigraphy will need to
be known ahead of time. 

Provides point source depth specific sampling of soil/water
contamination against the down hole membrane by heating the
membrane and bringing gases diffusing through the membrane to
the surface for analysis. Contaminant analysis can be general
with photo ionization detector/organic vapor analyzer (PID/OVA)
or specific with trap and purge equipment followed by GC or
GC/MS. 

Hydrophobic Dyes

Sudan IV Oil Red O Does not provide stratigraphic information of any
kind. 

Jar shake test to determine if DNAPL is in a soil sample. Sudan
IV requires careful handling as it is very toxic. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities (continued)

Method Physical Properties Measured DNAPL Detection Potential

Hydrophobic Flexible Membranes

   FLUTe™ Does not provide stratigraphic information
of any kind. 

Direct indication of DNAPL presence. Requires an open hole
for deployment. Does not provide speciation of contaminants
that will require further processing and analysis. A negative
finding should not be taken as proof that there is no DNAPL
in the hole. 

Optical Televiewer

   Optical Televiewer Aids in the evaluation of fracture
orientation and aperture size in bedrock
investigations. 

If the borehole is drilled through a DNAPL, the camera may
be able to image it. 

Tracer Testing

   Partitioning Interwell Tracer Test (PITT) Does not provide stratigraphic information
of any kind. 

Indirect indication of DNAPLs. Used to estimate volume
before remediation and estimate residuals afterward.
Requires a series of parallel wells for injection and extraction
purposes. Not effective in clay matrices. Will provide an
incorrect estimate of volume if strong preferential pathways
exist. Not used for initial characterization efforts.

Soil Gas

Soil Gas Profiling Does not provide stratigraphic information
of any kind. 

Indirect indication of DNAPL presence. Provides direct
concentrations of volatile chemicals in the subsurface. Can
be used to track groundwater plumes of dissolved DNAPL
phase and find DNAPL sources by soil gas contaminant
concentration increases/decreases over the groundwater.
Only effective for volatile organics. Active surveys are not
generally effective in clayey soil.

GEOPHYSICAL TECHNIQUES

Conventional Borehole Methods

   Acoustic Televiewer Provides an excellent tool for examining
fracture size and orientation in bedrock and
aiding in determining preferential pathways
for potential DNAPL transport. It is not
effective for very small (50-200 microns)
fractures. 

Not likely to detect DNAPLs directly or indirectly. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities (continued)
. 

Method Physical Properties Measured DNAPL Detection Potential

EM Induction Provides a measure of bulk electrical conductivity of
the subsurface surrounding a borehole (effective
radius of about 30 in or 76 cm). The depth into the
surrounding medium is dependent upon the
transmitter and receiver configuration and the
frequency range measured. 

May be able to detect changes caused by
DNAPLs. Could indicate that the conductivity is
lower than expected for a given soil matrix and
alert the investigator to look further at the anomaly.

Gamma-Gamma Probe Provides a measure of bulk density, porosity, and
moisture content with vertical resolution (depending
upon the instrument) as good as 1 cm (0.39 in). 
Helpful in locating preferential pathways. 

Does not provide information on DNAPLs.

 Natural Gamma Probe Provides an indication of stratigraphic differences such
as clays versus sands or shales versus sandstones. 

Does not provide information on DNAPLs.

Neutron Probe Generally used to detect moisture (hydrogen) content
of the borehole environment. 

Detects physical changes that may be caused by
DNAPLs. DNAPL hydrogen and chlorine atoms
interact with neutrons emitted by the probe similar
to water. A borehole passing through a DNAPL
may indicate more “moisture” than expected and
be a reason to revisit that soil horizon.

Resistivity Probe Measures the bulk resistivity of borehole fluids and the
formation immediately adjacent to the borehole. Not
particularly sensitive to small changes in the matrix so
it would not be a method of choice for providing data
for preferential pathway analysis. Tool limitations
dependent on electrode spacings. Some tools have
short distances (better vertical resolution) others have
longer distances. 

Provides non-unique solution to presence of
DNAPLs. 

Spontaneous Potential Provides a gross measurement of the bulk
resistivity/current flow in coherent rock and indicates
preferential flow in fractured rock. Can also locate
stratigraphic contacts. 

Is not expected to provide information on DNAPLs. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities (continued). 

Method Physical Properties Measured DNAPL Detection Potential

 

Electrical Methods (Surface, Surface-to-Borehole, or Borehole-to-Borehole)

Electrical Resistivity Used to resolve stratigraphic layers and lateral
discontinuities. Can aid in locating water bearing
fractures in bedrock that might act as preferential
pathways for DNAPL. No limit to depth of
penetration but generally used to 100 m (328 ft). 

Can detect changes caused in the subsurface by
DNAPLs. Under the proper circumstances, a large
body of DNAPL may be identified as a resistive
anomaly in the subsurface but the solution is non-
unique. Ground truth with intrusive methods is
required to confirm DNAPL presence.

   Electrical Resistivity Tomography Provides tomogram of relative resistivity values in
space that can be attributed to stratigraphic units. 

Has been demonstrated in the laboratory to be able
to track DNAPL releases through soils. Has been
used in the field to gage the progress of steam
through the subsurface during a DNAPL remediation.
Has found best use in observing changing conditions
in the subsurface, not in locating DNAPLs directly or
indirectly. 

Electromagnetic Methods (Surface, Surface-to-Borehole, or Borehole-to-Borehole)

Terrain Conductivity (frequency domain) Usually used for profiling average conductivity
values. Can be used for locating shallow laterally
discontinuous clays and sands. Effective depth is
approximately 6 m (20 ft). 

Can be used to locate conductive contaminant
plumes that may contain dissolved DNAPL
chemicals. Also has had mixed results in locating
shallow LNAPLs floating on the groundwater. Not
likely to be effective for directly or indirectly detecting
DNAPLs.

 Horizontal Loop Electromagnetics
(frequency domain) 

Similar to terrain conductivity. Most effective in
relatively uniform subsurfaces with sharp
conductive interfaces. Could be used for contouring
bedrock or clays for preferential pathway analysis.

 Same as Terrain Conductivity technique.

 Fixed Source Frequency Domain                    
Electromagnetics 

Primary commercial use in locating large
conducting bodies, such as ore bearing formations.
Can be configured for smaller bodies and can be
used for determining stratigraphic changes. 

Not likely to be able to resolve a DNAPL mass. Can
locate ferrous containers that may have contained
leaking DNAPLs. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities (continued) 

Method Physical Properties Measured DNAPL Detection Potential

   Very Low Frequency Electromagnetics Useful in locating conductive structures like clays,
weathered zones in bedrock, vertical conductive
fractures, or large mineralized structures, such as
dikes. Penetration to a few 10s of m (33-100 ft). 

Not likely to be able to resolve a DNAPL mass but
can be useful in defining the hydrogeologic
framework at a site or large conductive features,
such as pipes, fractures, or joints.

   Very Low Frequency Resistivity by EM          
Induction 

Provides averaged value of soil resistivity to depths
of approximately 20 m (65.6 ft). Most effective in
subsurfaces with horizontal, nondipping, and
continuous layers. Can be used for locating water
filled fractures in bedrock. 

Can be used to locate conductive contaminant
plumes that may contain dissolved DNAPL
chemicals. Not effective for directly or indirectly
detecting DNAPLs. 

Fixed Source Time Domain
Electromagnetics 

Can provide stratigraphic profiles to depths of 1,000
m (3,281 ft) or more. Newer instruments can resolve
depths as shallow as 1-3 m (3.3-9.8 ft). Not likely to
be able to resolve thin resistive units, especially with
depth. Independent confirmation of what the layers
are is required. 

Not likely to be able to resolve a DNAPL mass but
can be useful in defining the hydrogeologic
framework at a site. Can locate ferrous containers
that may have contained leaking DNAPLs. 

Ground Penetrating Radar

Ground Penetrating Radar Useful in resolving stratigraphic layers to 25 m (82
ft), although 10 m (30 ft) is more common.
Independent confirmation of what the layers are is
required. Highly conductive surface layer (clay) can
limit penetration to 1 m (3.3 ft) or less. GPR systems
have the capability to selectively apply different
frequency antennas to target different depths. 

Under certain circumstances, can be used to locate
changes in subsurface properties that may be caused
by NAPLs when the conditions are favorable. These
conditions would include a high reflective contrast
(wide difference in dielectric permittivities) between
the NAPL and the soil matrix it is in or a competent
NAPL with a sufficiently large areal extent to allow
resolution. Locating NAPLs with GPR has seen very
mixed results with weathering/biochemical changes
causing interpretation problems. Intrusive
confirmation is required. Can locate ferrous
containers that may have contained leaking DNAPLs.

Magnetics

Magnetometers Can be used to locate bedrock overburden
interfaces when the bedrock contains resolvable
quantities of iron or nickel compounds. Can also be
useful in differentiating soils with different magnetic
mineral content. 

Does not locate DNAPLs directly or indirectly. Good
for locating buried drums, tanks, and utilities. 
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Table 4-1. Overview of Geophysical and Non-Geophysical Capabilities (continued) 

Method Physical Properties Measured DNAPL Detection Potential

GEOPHYSICAL TECHNIQUES

Seismic Methods

Seismic Reflection Used to profile multiple layers to large depths. Has
good vertical resolution. Unaffected by conductive
surface layers. 

Although still in the demonstration stage, amplitude
versus offset methods have been used to locate large
DNAPL masses. However, the general location of the
release was known before the survey, and this
technique is expensive and should not be used as an
initial search tool.

 Seismic Refraction Because of energy requirements generally to
depths of 91 m (300 ft) or less, typically it can only
resolve 2-3 layers. Acoustical velocity in the layers
must increase with depth or the technique will not
detect lower velocity layers at depth. 

Used only to locate potential topographical
preferential pathways for DNAPL flow.

 Cross Borehole Seismics Used to profile multiple layers between boreholes.
Limited to the depth of the borehole. Depending
upon the acoustic source, the boreholes may need
to be closely spaced (10-30 m or 32.8-98.4 ft) for
good resolution. 

Good technique for fracture analysis in bedrock.
Although still in the research stage, it has the
potential for locating large DNAPL masses. 
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SECTION 5 

USE OF NON-GEOPHYSICAL TECHNIQUES FOR DNAPL


INVESTIGATIONS


Effective removal (as opposed to containment strategies) for DNAPL sites depends upon reasonably 
accurate knowledge of the location of the DNAPL. This section discusses some of the sampling and 
analytical technologies that may be used to locate and detect DNAPLs. Table 4-1 in the previous section 
summarizes the characteristics of these technologies. Most of the tools in this section can be obtained 
commercially from the manufacturer and in many cases have become part of the standard 
characterization toolbox. Many of the technologies included in this section could be used for any 
groundwater or soil contamination study.  However, because of the way DNAPLs travel in the 
subsurface locating them is often done by evaluating their dissolved and vapor phases first. Because of 
their often irregular distribution patterns, the more discrete the measurements, the better the chance of 
finding the actual source areas. The technologies discussed below were included in this report because 
they offer cost-effective ways of collecting the discrete data needed for DNAPL characterizations. 
Metric units are rounded and hence do not represent their exact U.S. equivalent. 

Diffusion Sampler 

Diffusion samplers are used to obtain groundwater samples at a discrete depth for a variety of volatile 
organic analyses. They are generally constructed of a low density polyethylene tube filled with organic 
free water. 

Figure 5-1. Diffusion Sampler. 
Courtesy of EON Products, Inc. 

How It Works: Low density 
polyethylene is permeable to 
many volatile organic 
compounds. A weighted tube 
(Figure 5-1) is lowered into a 
well or open borehole to a target 

depth. If left long enough (generally 48 hours at a minimum), dissolved chemicals diffuse through the 
tube wall into the organic free water until equilibrium is achieved. Depending upon groundwater flow 
velocities and any purging activities performed during the deployment, the bag can be retrieved at 48 
hours or left for several weeks. Upon being brought to the surface, the tube is opened and the water 
poured into 40 ml vials for subsequent analysis. The technique does not produce investigation derived 
wastes and may be carried out by one technician. Care should be taken in evaluating large intervals by 
this method as vertical gradients in the borehole may result in redistribution of contaminants. The 
technique should not be used in close proximity to DNAPL that may flow, and vertical flowmeter 
testing should be used in conjunction with this type of sampling if the screen/open hole is greater than 3 
m (10 ft). Sample transfer to vials should be done immediately to avoid contaminant loss. 

DNAPL Uses: Since the samplers are affected only by the groundwater they contact directly, they can 
be deployed in a stacked configuration that provides a series of discrete depth samples through a 
screened interval. The resulting sample analyses may be used to determine if any differences exist in the 
dissolved phase concentrations of the DNAPL chemicals in the screened interval or borehole. A high 
concentration interval that might be diluted out by pump sampling methods indicates the potential for a 
DNAPL source somewhere upgradient of the well or borehole. Costs may be reduced if the samples can 
be split and screened in the field using a field GC. 
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Drawbacks: The method requires a completed well, well point, or a borehole that will remain open for 
a period of time. The diffusion sampler is an indirect tool for directing further characterization activities 
rather than locating the DNAPL directly. 

Case Study 1: Groundwater is contaminated with TCE at the Tyson Wash site. The aquifer is 
predominantly silty fine sand with silty clay, gravel, and sand lenses that are highly variable across the 
site. Groundwater occurs between 13 and 17 m (43 and 54 ft) bgs. A 91 to 107-m (300 to 350-ft) thick 
clay/silty clay aquitard is found at approximately 24 m (80 ft) bgs. Flow directions and gradients are 
affected by the seasonal pumping of 471 shallow domestic wells within 805 m (½ mile) of the site.  

There are 10 monitoring wells with 10 to 13 cm ( 4 to 5 in) diameters at the site, which are generally 
screened from 3 m (10 ft) above the water table to the aquitard (9 to 12 m or 30 to 40 ft). The wells have 
dedicated pumps. Two full rounds of diffusion sampling were conducted. The first round with bags 
positioned at 1 to 1.5 m (3 to 5 ft) intervals down to the top of the pumps, indicated an increase in PCE 
concentration with depth, but not as high as that obtained with the pumps. At this point, the state 
decided to pull the pumps and run a second round of diffusion samplers from the top of the water table 
to the bottom of the wells (personal communication with Arizona DEQ). 

The results from the second round of sampling were uniformly low. An evaluation of the sampling and 
analysis procedure revealed that the sampling personnel had not emptied the bags into sample 
containers as they were retrieved but rather had placed them on the tailgate of a vehicle sitting in the sun 
causing whatever PCE that was in the bags to diffuse back out. The state plans to resample the site with 
diffusion bags. Laboratory tests indicate that the bags will start losing measurable concentrations of 
VOCs within 15 minutes of the sample being taken from the well head (personal communication with 
Arizona DEQ). 

Case Study 2: A vertical profiling experiment using diffusion samplers was carried out at Naval Air 
Station (NAS) North Island during late 1999 (Vroblesky and Peters 2000). The purpose of the 
experiment was to compare results obtained from low flow sampling of wells with diffusion sampler 
arrays placed in them. The target chemicals were BTEX and chlorinated ethenes. While the overall 
finding was that the diffusion samplers generally produced higher concentrations at any given depth 
than the low flow sampling devices when the concentrations across the interval were similar, the low 
flow samplers tended to average the discrete intervals and hence did not accurately portray 
stratification. The ability to delineate stratification is important to a DNAPL investigation because it 
shows the depth at which source areas are more likely to be found upgradient of the sampling point. In 
several wells the concentrations of trichloroethene (TCE) were relatively stable over the length of the 
screened interval. On the other hand, several wells showed widely varying concentrations of TCE 
within their screened intervals (Table 5-1). Note in Well MW-68C2 there is a 6-m (20-ft) screened 
interval and during the first 3-m (10-ft) interval the TCE concentrations rise from 19 mg/l to 200 mg/l 
where upon they fall from 200 mg/l to 6.5 mg/l.  There is a good probability that somewhere up gradient 
from this well is a DNAPL source that quite likely spans the entire 6-m (20-ft) interval with a more 
concentrated source area between 12 and 15 m (40 and 50 ft).  Wells PW-66 and 5-D have steeply 
decreasing concentrations over their 3-m (10-ft) screened interval while PW-15 is steeply increasing 
with depth. The study did not attempt to link the concentration variations with changes in the soil 
matrices. 
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Table 5-1. Vertical Profiling of TCE Groundwater Concentrations with Diffusion Samplers 

Well MW-68C2 Well 68B Well PW-15 

Depth (ft) TCE Depth (ft) TCE Depth (ft) TCE 
Concentration Concentration Concentration 

(:g/l) (:g/l) (:g/l) 

37.3 19,000 34.5 49,000 25.4 4 

39.1 47,000 37.0 62,000 27.1 7 

40.5 84,000 38.5 130,000 28.5 180 

42.1 200,000 Well PW-66 30.2 3,000 

44.2 110,000 Depth (ft) TCE 31.8 5,500 
Concentration 

(:g/l) 

46.1 110,000 25.5 17,000 33.2 7,500 

47.9 110,000 27.3 9,000 Well 5-D 

49.9 100,000 29.1 770 Depth (ft) TCE 
Concentration 

(:g/l) 

52.0 42,000 30.8 180 50.8 690 

53.9 14,000 32.3 48 52.3 1,200 

55.6 8,800 33.9 13 54.2 930 

57.5 7,300 55.8 510 

59.5 7,000 57.4 160 

61.5 6,500 59.0 55 

Direct Push Technologies 

Over the last decade, DPT has become widely accepted as a cost-effective means of collecting 
subsurface samples. DPT consists of a small-diameter stainless steel probe and a vehicle-mounted drive 
source. The probes, which are typically 4 to 9 cm (1.5 to 3.5 in) in diameter are advanced into the 
ground by a static (hydraulic push), hammer (pneumatic, drop 
or hydraulic), vibration drive source, or a combination of these. 
The static method, utilized principally with CPT rigs, relies on 
the weight of the vehicle to drive the probe into the ground. 
The other drive methods use equipment that can be mounted 
on the back of a small pickup truck or van. Some vendors offer 
them on standard size fork lift type vehicles with or without 

and cheaper than conventional drill 
Overall, DPT rigs are much faster 

rigs and can provide more 
information per hole. 
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tracked wheels. The more important benefits of DPT include the following: 

•	 DPT has the ability to take depth-discrete samples and measurements along a vertical axis (and in 
some cases at an angle) and multiple samples or measurements in a single push to generate vertical 
profiles of contamination. Being able to take depth-discrete samples and measurements relatively 
quickly and with sufficient precision permits an analysis of the vertical distribution of contaminants 
in soil or groundwater. By developing a finely tuned 3-D picture of subsurface contamination, the 
likely locations of DNAPLs based on depth-specific concentrations of contaminants can be 
determined. 

•	 DPT is generally much faster than drilling technologies. In amenable soils, a CPT direct push setup 
may advance 75 m (250 ft) (in multiple deep holes) or more in one day. This advance rate is 
considerably faster than conventional drilling methods (e.g., solid flight augers, hollow stem augers 
for monitoring well placement, various wet mud or air rotary augers, and cable tools). It is this 
capability that makes this technology important for dynamic sampling plans. Also, DPT can be 
more cost effective than conventional drilling because many direct push vendors charge by the day 
and do not charge extra for hole setup or the number of feet advanced, which is common for 
conventional drill rigs. 

•	 Direct push methods generate little, or no, investigation-derived waste material that may require 
special handling and disposal. The equipment is also more easily decontaminated than conventional 
drilling equipment.  

Direct push methods, however, do have performance limitations. The depth that direct push 
technologies can reach may be limited in certain geological settings, such as dense sand, cemented 
matrices (hardpan), or where cobbles and gravel are present. The percussion/probing equipment 
generally cannot reach the same depths as the CPT rig. However, it is usually less costly and can be 
more maneuverable on difficult terrain than the CPT rig. 

Cone Penetrometer Testing Rig 

The traditional CPT rig is commonly used in geotechnical activities to evaluate various physical 
properties of the soil in the subsurface. CPT rigs come in all sizes with weights ranging from 0.5 to 30 
or more tons (Figure 5-2). In general, the heavier the truck, the deeper it can push. On the other hand, 
heavier trucks are more difficult to maneuver on undeveloped terrain. 

Figure 5-2. All Terrain Cone Penetrometer Testing Rigs. 
Courtesy Fugro Geosciences, Inc. 
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How It Works: The CPT probe consists of a cone that measures tip resistance and a sleeve (side) that 
measures soil friction as the probe is pushed at a predetermined rate into the subsurface. The resistance 
and friction values are then related to soil behavior type. The probe measurements cannot identify the 
specific type of soil (based on grain size) distribution that is encountered unless the resistance 
measurements can be compared to actual site soil core data. In the absence of onsite data, the CPT 
measurements identify changes in the soil’s behavior that can be related to changes in stratigraphy and 
and are usually referred to as soil behavior types. For geotechnical purposes, CPT probes have also been 
modified to provide pore pressure data. Pore pressure measurements are made with a pressure 
transducer contained within the probe and connected to a ceramic screen that is generally mounted just 
above the cone. As the probe advances, water is forced from the formation, which exerts pressure on the 
porous ceramic screen. This pressure is measured and can be related to hydraulic conductivity of the 
soil as well as the soil type. Soft clay has relatively large pore pressures, and sand has relatively low 
pore pressures since water can quickly seep back into the sand matrix. Figure 5-3 shows a probe 
designed to provide information on soil behavior type, hydraulic conductivity, and electrical 
conductivity. 

Transducer and Electrical Conductivity 
Tool. 

Figure 5-3. CPT Probe with Pore Pressure 

Courtesy of Gregg Drilling & Testing, Inc. 

DNAPL Uses: In appropriate soils, CPT rigs are 
generally capable of surveying 75 m (250 ft) or more of 
subsurface per day and hence are far cheaper to use than 
obtaining the same stratigraphical information with a 
conventional drill rig. Depending on how amenable the 
site is to surface geophysical techniques, CPT might offer 
the best alternative to mapping an unconsolidated 
subsurface to determine preferential pathways for DNAPL 
migration. While not its general purpose, soil cores and 
water grab samples may be obtained from a standard CPT 
rig. 

Drawbacks: The CPT does not directly measure soil 
types or chemical species. Also, if the intention is to use 
the stratigraphy capability, it needs to be calibrated 
against one or more conventionally logged boreholes 
(drilled or direct push continuous soil sampling). 
However, a CPT rig can be fitted with direct push 
continuous coring capabilities so only one piece of 
equipment is required to conduct a survey. CPT cannot be 
used in hilly areas. 

Case Study: The Wyckoff Superfund Site is a wood 
treating site that borders Puget Sound. Contaminated 
groundwater exists to 35 m (110 ft) bgs. There are eight 
stratigraphic units of concern that consist of varying 
thicknesses of clay, silt, and sand and gravel. An aquitard 
that is providing some protection to the underlying aquifer 

consists of a stiff marine silt overlying a dense glacial clay (both with vertical permeabilities of 10-6 to 
10-7 cm/sec) with discontinuous interbedded silt and sand. The subject investigation was in support of 
evaluation of containment and thermal treatment alternatives to prevent NAPLs (light and dense) from 
discharging to Eagle Harbor. The investigation goal was to provide more stratigraphic information 
along the proposed path of the slurry wall and identify areas of contamination. 

The investigation employed a Triad approach and was generally carried out by direct-push methods, 
using SCAPS (Site Characterization and Analysis Penetrometer System) and Geoprobe® rigs. The 
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SCAPS rig was equipped with CPT and laser induced fluorescence (LIF) probes. An onsite laboratory 
conducted the chemical analysis of soil cores taken by both rigs. The onsite laboratory capabilities 
consisted of total recoverable petroleum hydrocarbons (TRPH) by a modified EPA 418.1 method, 
GC/flame ionization detector (FID) for PAHs, GC/FID for product fingerprinting, and GC/electron 
capture detector (ECD) for pentachlorophenol. Both rigs were successful in describing the stratigraphy, 
with the Geoprobe® using continuous coring. Because of the Geoprobe® ’s light weight and mobility it 
was able to investigate the subsurface on the tidal flats during low tide, which gave the investigators 
more information on how far out and deep the contamination had traveled. Mobile DNAPL was found 
in the sand lenses of the glacial aquitard at depths up to 21 m (70 ft). 

Some technical notes: 

•	 The Geoprobe® was able to penetrate areas where the CPT 
met refusal. 

•	 The LIF required calibration with the site-specific 
contaminants for optimal interpretation. To obtain these 
soil samples for calibration purposes, the SCAPS soil 
sampler was used for pushes that were offset 0.5 m (1 to 2 
ft) from the LIF probe locations. 

•	 Soil core samples were valuable in identifying the 
presence of DNAPLs. However, it was pointed out that 
the NAPLs were often draining from the cores as they were retrieved from the hole. Hence an 
estimate of the pore volume content of DNAPL from the retrieved samples may tend to understate 
their mass. 

The CPT LIF required calibration 

calibration purposes required a 

hole. 

with the site-specific contaminants 
for optimal interpretation. To 
obtain these soil samples for 

second adjacent (1 - 2 ft offset) 

•	 Comparison of soil sampling data with LIF count data showed a rough, but statistically valid 
correlation. 

During the past decade, there has been a great deal of interest, especially on the part of the military, to 
expand the capabilities of the CPT rig to include in situ or downhole indications of chemicals of 
interest. Conductivity, induced fluorescence, and in-situ camera are techniques that have been 
developed to expand these capabilities. 

Conductivity 

While the conductivity probe is a geophysical tool, it 
is placed in this section because it is deployed as a 
direct push technology. There are a variety of 
conductivity probe configurations. When designed 
specifically for CPT use, the probe is usually located 
above the standard penetrometer tip and consists of a 
pair or more of electrodes separated by an insulating 
material (Figure 5-3). Conductivity probes are also 
offered as stand-alone drive tips that can be used 
with CPT or other DPT rigs (Figure 5-4). 

Figure 5-4. Conductivity Drive Probe for Fitting on 
DP Rig. 

®Courtesy Geoprobe  Systems 

indicate the presence of a 
DNAPL when it is sufficiently 
large to affect the overall 

A conductivity probe can 

conductivity of the soil matrix. 

How It Works: As the probe advances through the subsurface, the 
bulk conductivity (or resistivity) in the adjacent soil is measured by 
the electrodes and transmitted to electronics on the surface. The 
depth and speed of advancement is tracked to produce a continuous 
conductivity log. The differences in conductivity can be related to 
differences in stratigraphy, with clay being very conductive and sand 
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and gravel being much less so. When calibrated to a lithologic log produced by continuous coring or 
other drilling method, the differences in the conductivities can be related directly to site-specific 
features. Conductivity probes are also affected by soil-water content and ionic strength. Therefore, in 
many cases, they can be used to determine at what depth the probe has entered a contaminant plume and 
the depth it leaves the plume. The potential exists to detect DNAPL masses that have low conductivities 
when they are sufficiently dense enough to affect the overall conductivity of the soil matrix and the 
matrix itself is somewhat conductive. 

DNAPL Uses: These methods provide real-time data of changes in subsurface conductivities caused by 
changes in soil matrix (sand to clay) and in water content (vadose zone to capillary fringe to water 
table). Depending upon the nature of the contaminant and how it affects groundwater conductivity, the 
conductivity probe can be used to delineate groundwater plumes. Dissolved DNAPL chemicals are not 
likely to appear in the groundwater at sufficient concentrations to be detectable by this method. DNAPL 
masses themselves may be detected under a narrow set of circumstances. 

Drawbacks: The instrument measures the changes in a soil property rather than what is causing the 
changes. Hence it has to be resolved with actual chemical or soil matrix data. The probe is unlikely to 
detect the dissolved phase of a DNAPL chemical mass. A DNAPL mass would have to occupy a 
relatively high percentage of pore space and have a high conductivity contrast with the soil matrix to be 
detected by this probe. 

Case Study: The Department of Energy (DOE) conducted a demonstration of a direct push conductivity 
probe at a former MGP in Marshalltown, Iowa. Contaminants of concern at the site were benzene, 
toluene, ethylbenzene, xylenes, phenols, and polynuclear aromatic hydrocarbons, with some 
contamination present as DNAPL. Site stratigraphy, from top to bottom, consists of fill and clay with 
interbedded sandy and gravelly clays overlying a sand unit, followed by a clay unit that overlies 
bedrock. Depth to groundwater averages between 5.5 and 6 m (18 and 20 ft) with the depth to bedrock 
ranging from 6 to 12 m (20 to 40 ft). One of the purposes of the demonstration was to test the ability of 
the conductivity probe to map the site stratigraphy. Before starting the field investigation, the probe was 
calibrated with site-specific soil cores. 

The measurements showed that stratigraphic units had distinct conductivities and were sufficiently 
continuous to allow the probe to identify the bedding contacts accurately. There was a marked drop in 
conductivity in one area at the base of the sand unit before entering the underlying clay unit. This drop 
corresponded to a known area of DNAPL. Hence, it is possible to use this probe to identify areas where 
DNAPLs may be pooled. Note, however, that this tool identified an area for additional study; it did not 
specifically identify a DNAPL presence. 

Induced Fluorescence 

Induced fluorescence techniques measure the fluorescent response of a chemical to ultraviolet light to 
provide a qualitative indication of the presence of contamination in the subsurface. For the equipment 
commercially available, the most likely chemical contaminants to be measured are those containing two 
or more aromatic rings. This commercially available equipment can be divided into two design classes 
based on the method used to generate the ultraviolet light used to induce fluorescence: lasers and 
mercury vapor lamps. 
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Laser Induced Fluorescence 

The Laser-Induced Fluorescence (LIF) probe is a sensor that was developed to be deployed on a CPT 
rig for depth-discrete detection of contaminants that fluoresce. LIF, however, can only provide a 
qualitative indication of the relative presence of fluorescing chemicals. These consist primarily of 
polynuclear aromatic hydrocarbons. Calcite and several other minerals also fluoresce, so background 
levels should always be checked to ensure proper readings. Most DNAPL compounds (excluding 
creosotes and coal tars) do not fluoresce at standard excitation wavelengths. However, LIF may be used 
to investigate them if there is evidence that they have been mixed with compounds, such as fuels, that 
do fluoresce. In these cases, fluorescence is used to infer the presence of DNAPLs. LIF screening is 
typically available from most commercial cone penetrometer companies. 

How it Works: The LIF probe uses a pulsed laser to generate ultraviolet light that stimulates fluores
cence in in-situ samples. The probe emits ultraviolet light and senses fluorescent responses through a 
sapphire window that is mounted flush with the 
exterior surface of the probe. A fiberoptic 
system in the probe transmits the response 
signal to a detection device at the surface 
(Figure 5-5). LIF probes can “collect” and 
analyze approximately one sample per second. 
When advanced continuously by a cone 
penetrometer, a reading for every 0.06-m (0.2-
ft) interval is obtained. If soil cores are taken 
and analyzed by a quantitative method in 
contaminated areas that the LIF has been used 
in, a rough correlation between the LIF system 
response and actual contaminant levels can be 
established for the rest of the site. Note, 
however, that with increasing concentration, 
the response can become very non-linear. The 
LIF sensor response is also sensitive to soil 
matrix variations. Matrix properties that affect 
LIF sensitivity include soil grain size, 
mineralogy, moisture content, and surface area. 
Each of these factors influences the relative 
amount of analyte sorbed on or into the soil. 
Only the fraction of analyte optically accessible 
at the window of the probe contributes to the 
fluorescence signal. 

Figure 5-5. Laser Induced Fluorescence CPT 
Probe. 

Courtesy Army Corps of Engineers 

The return fluorescence can be sampled at specified wavelengths (e.g., ROST™ system), displayed as 
total spectra, or displayed as the most intense wavelength within the spectra. If the sampling feature is 
available, wavelengths are chosen to represent the highest area of response intensity of a given target 
matrix (e.g., gasoline, diesel, creosote, coal tar) and these can be displayed separately as well as in total. 
The total reading indicates the amount of material present, and the separate displays can allow the 
matrix to be fingerprinted. In other words, in the ROST™ system, a coal tar will have an identifiable 
waveform (fingerprint). If the waveform does not match the expected fingerprint, then the matrix 
consists of a mixture of materials. The multichannel system can estimate the relative contribution of the 
materials in the mixture. 

DNAPL Uses: The LIF technology has found extensive use in delineating petroleum related 
contamination. It has also been used at wood treating facilities where materials, such as creosote and 
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pentachlorophenol and other phenols, have been mixed with diesel fuel. It has the same depth 
limitations as the CPT. When used for coal tars, multiple components are measured and because the 
actual coal tar (heavy end) response is relatively weak (5 to 10 percent of light end aromatic standard), 
it can be missed if it is not looked for specifically. 

Drawbacks: The technology has a limited number of chemical constituents that it can detect and most 
are not DNAPLs. It is subject to false positives and negatives. Results identifying potential DNAPL 
masses should be verified by taking subsequent cores and testing them with a quantitative method. The 
LIF technology cannot differentiate between calcite beds or other calcium carbonate rich areas as well 
as some minerals and organic acids and target compounds. 

Case Study 1: A post remedial investigation/feasibility study (RI/FS) utilizing the Triad approach was 
conducted at the 29-acre former McCormick and Baxter woodtreating plant in Stockton, California, to 
better characterize the NAPLs found beneath the site during the RI. The primary target contaminant was 
coal-tar-derived creosote. The subsurface consisted of interbedded and interconnected clay and sand. 
Depth to groundwater was approximately 5 m (16 ft) bgs. A CPT rig using a LIF probe pushed approxi
mately 200 holes over the course of the investigation. The average depth of these pushes was 30 m (100 
ft). Refusal was encountered by the rig in areas having saturated fine-grained sand. 

The LIF was unable to provide quantitative results, but by initially correlating counts to the degree of 
contamination identified in soil cores taken in the same area, a system was set up to determine if it was 
either not contaminated or definitely contaminated with NAPL or in need of further investigation. The 
initial correlation was done by pushing a hole with the LIF probe attached. The CPT rig was then 
moved slightly away from the hole, and a new hole was pushed to the depth of interest, where a soil 
core was taken. The contaminant condition of the retrieved core was then compared to the LIF reading. 
The drawback to this arrangement was that it established categories of "yes/no/maybe" for the areas of 
contamination with concentrations of concern, with a large number of "maybes" that required intrusive 
confirmation. The investigation found a number of areas where vertical stratification of the DNAPL had 
occurred with alternating layers of highly contaminated and clean soils. 

Areas requiring deeper penetration than the CPT was capable of or where refusal had occurred were 
investigated using conventional drilling methods. 

Case Study 2: As part of a feasibility study evaluation, a post RCRA Facility Investigation (RFI) 
characterization was performed at a former refinery. The characterization delineated an approximately 
200-acre contaminated zone. The site is underlain by up to 3.5 m (12 ft) of fine grained alluvial deposits 
(silts, clays, and fine sand) that overlie an approximately 3-m (10-ft) thick transition zone consisting of 
gravelly silts, fine sands, silty gravels and small cobbles intermixed in a silt or sandy silt matrix. The 
transition zone overlies an approximately 30-m (100-ft) sequence of interbedded sands and sandy 
gravels that rest on a shale bedrock. Groundwater occurs at approximately 5 m (16 ft) bgs. This site is 
included in this report because the water table can fluctuate over 5.5 m (18 ft) a year creating a complex 
NAPL smear zone that resembles a DNAPL configuration when the water table is at its height. 

A LIF/ROST™ system mounted in tandem with a cone penetrometer probe was used to push holes to 
depths of up to 12 m (40 ft) bgs. The LIF/ROST™ system provided semi-quantitative estimates of the 
presence of LNAPL in the smear zone that could be correlated with the soil behavior types identified by 
the CPT probe. The fine frequency of the readings (less than 15 cm (0.5 ft)) and the instrument’s ability 
to differentiate between areas with light fuels and those areas that also contain crude allowed for a more 
thorough evaluation of the feasibility of using surfactant enhanced remediation techniques. The vertical 
and horizontal contaminant profile developed by this characterization effort showed that LNAPL 
saturation in soils below the water table averaged about 3.5 percent. 
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Case Study 3: ROST™ LIF instruments were

deployed at a former MGP site to determine

how effective they would be in detecting by-

product and coal tar wastes (USEPA 2003). The

site consisted of approximately 3 m (10 ft) of

fill over 3 m (10 ft) of silt followed by a sand

and gravel unit. Groundwater occurred between

1 and 3 m (4 and 8 ft) bgs. The fluorescence

was measured at four wave-lengths—340, 390,

440, and 490 nm. These four monitoring

wavelengths cover the range of fluorescence

produced by light fuels through heavy

contaminants, such as coal tar and creosote

mixtures, and enhance the detection of widely

ranging product types. The LIF was successful

in distinguishing between coal tars, mixed

materials, and light oils (Figure 5-6). It could

not determine if these materials existed as

“heavy” contamination, residual NAPLs, or

mobile-phase NAPLs. However, the

information provided could be useful in

directing a cleanup or more definitive soil

sampling effort. One caution that came out of


Figure 5-6. LIF Printout Showing Predominantly 
Coal Tar Contamination Between 8 and 14 ft bgs. 

Courtesy: Dakota Technologies 

Figure 5-7. Fuel Fluorescence Detector. 

Courtesy of Gregg Drilling & Testing, Inc. 

the sampling and data evaluation was that 
contamination in the former MGP site subsurface was 
highly heterogenous and not amenable to modeling 
based on the LIF sampling points. 

If soil cores are taken and analyzed by a quantitative 
method in contaminated areas that the LIF has been 
used in, a rough correlation between the LIF system 
response and actual contaminant levels can be 
established for the rest of the site. 

Mercury Lamp Induced Fluorescence 

This technology, sometimes referred to as a fuel 
fluorescence detector (FFD), is very similar to LIF 
except that it uses a mercury lamp as its light source, 
and the light is located in the probe at the sapphire 
window (Figure 5-7). This lamp provides a continuous 
source of light rather than the pulsed technique of the 
LIF. Although some vendors have begun to put the 
detectors downhole, fluorescence intensities from the 
soil are generally returned via fiber optic cable to the 

surface for measurement. If the detector is a simple photomultiplier, it will give total fluorescence. 
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Some vendors have filtering capabilities to limit wavelength reception to their detectors within a 
prespecified range. The filters are used to enhance identification of product types but do not have the 
versatility of FFD systems equipped with a detector that measures the full spectrum. Since vendor set 
ups can be different, it is recommended that the vendor be queried about their methods to exclude 
extraneous source wavelength emissions, extraneous source scattering, and other potential background 
noise. Also it is prudent to inquire how the system handles background noise in general. 

Case Study: In a test to determine its applicability to coal tar investigations, an FFD probe equipped 
with wavelength filters (475-nm long pass filter) was attached to a CPT rig for surveying an area at a 
MGP (USEPA 2003). Eighteen borings were pushed with a target depth of approximately 6 m (18 ft). 
Data from the probe indicated generalized contamination across the area of investigation from 0 to 3 m 
(0 to 8 ft) bgs, with 4 of the 18 boreholes indicating high readings. A downhole camera (videocone) was 
pushed next to these 4 holes and droplets of contamination were observed in the window. Although the 
filter is designed to block the primary wavelengths of the lighter PAHs, it is not clear in the report 
whether the material detected was heavy tars or lighter oils or both. 

In-Situ Camera 

As deployed in a CPT rig, the in-situ camera probe (e.g., GeoVis, videocone) produces visual images of 
subsurface soils. The images are collected in real time as the CPT probe is advanced into the subsurface. 

How It Works: Like the LIF, these devices use a sapphire window flush mounted to a direct push 
probe. A white light emitting diode illuminates the soil, and a visual image is reflected on a mirror and 
recorded by a camera within the probe. The camera sends a video signal to a closed captioning device 
located in the CPT rig. This device takes depth information from the CPT computer and encodes it into 
the video signal. From the captioning device the signal is sent to an X-Y reference scale generator. In 
the standard configuration, GeoVis images have an area of approximately 2 by 3 mm. Objects as small 
as 10 :m can be resolved. In-situ cameras allow site investigators to see real conditions in the 
subsurface and make visual identifications of non-aqueous liquids. 

DNAPL Uses: Cameras, such as GeoVis, 
provide an opportunity to directly view 
NAPLs in the subsurface. Since it is driven 
directly behind a penetrometer cone, the image 
can be correlated with soil matrices as well as 
depth. It also allows a visual evaluation of the 
stratigraphy as it is pushed into the subsurface. 
This evaluation might help identify 
preferential pathways for contaminant 
migration. Note, however, that the optimum 
pushing speed of some cameras may be slower 
than that required for a CPT run, which would 
preclude the CPT and the camera from 
acquiring data at the same time. 

Drawbacks: In-situ cameras have the same 
subsurface penetration restrictions as the CPT. 
The area viewed is extremely small. Clear 
fluids may not be resolvable. Concentration 
correlations cannot be made.

  Figure 5-8. DNAPL Image as Seen Through GeoVis. 

Courtesy U.S. Navy 
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Case Study 1: The GeoVis was used as part of a NAPL site investigation at the former Alameda NAS. 
The investigation took place at an aircraft maintenance area where the contaminants of concern were 
fuel oils and chlorinated solvents. The local hydrogeology consists of fill and sand overlying bay mud. 
Groundwater occurs between 2 and 3 m (8 and 10 ft) bgs. A series of 22 pushes to the top of the bay 
mud, which is approximately 6 m (20 ft) bgs, was made over 2.5 days. The GeoVis successfully profiled 
the NAPL masses (Figure 5-8). The resulting data were used to optimize the placement of injection and 
recovery wells for a steam enhanced contaminant recovery system. Following the treatment, the GeoVis 
system was used to verify that the NAPL masses were gone. 

Case Study 2: A videocone mounted on a CPT rig was deployed at a MGP site. The purpose of the 
investigation was to test the instrument’s ability to detect residual and free-phase coal tars. Because the 
optimum push rate for the videocone is one quarter that of a CPT cone penetrometer/LIF, the 
investigators elected to use the videocone as a confirmation device for the LIF. The videocone was 
pushed near holes where the LIF data had indicated high contamination. Contaminant globules were 
observed by the videocone in the intervals that showed high LIF readings, confirming NAPL presence. 

Continuous Coring 

Most direct push vendors offer continuous coring capabilities. While continuous coring can be done by 
conventional drilling methods, the DP method is much faster and delivers only the cores with no excess 
cuttings. 

How It Works: Continuous coring by DP (Figure 5-9) is accomplished with a dual tube drive casing. 
An outer casing bears the force of the driving mechanism while a slightly smaller diameter inner casing 
is fitted with a sampling barrel that contains a set of 7 to 15-cm (3 to 6-in) long metal sampling sleeves 
or one 0.5 to 1-m (2 to 3-ft) long clear plastic liner. As the outer casing is driven or vibrated into the 
ground, soil is forced up into the sampling barrel. When the casing has been driven the length of the 
barrel, the inner casing is pulled to the surface, the full sampling barrel is replaced with a new one, and 
the process is repeated. 

The sample sleeves are extruded by the geologist for testing and logging. When clear plastic is used, the 
samples can be examined quickly for the 
presence of staining or potential preferential 
transport pathways. To make maximum use 
of this system to locate DNAPLs, the project 
should have a quick scanning device such as 
a photoionization detector (PID) or organic 
vapor analyzer (OVA) to locate potential hot 
spots in the cores and a portable gas 
chromatograph (GC) to identify and 
quantitate them. The GC can be run as a 
screening device using a single column and 
short run times, or to provide high quality 
data using two columns with different 
packings, longer run times, and an increased 
number of calibration and quality control 
(QC) samples. Depending upon the 
subsurface matrix, most DP rigs are capable 
of driving the casing to 30 m (100 ft) (CPTs 

Figure 5-9. Dual Tube Direct Push Rig. 

Courtesy Precision Sampling 
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can probably go deeper). A single rig can core 30 to 61 m (100 to 200 ft) per day, and a GC in screening 
mode can analyze up to 40 samples per day. Though not specifically designed for it, groundwater 
samples may be taken in the inner casing with a bailer or pump. DP vendors generally charge a flat 
daily rate as opposed to drilling rigs, and do not charge for setups. 

DNAPL Uses: Continuous coring DP equipment provides high quality lithology descriptions and 
allows for the identification of small changes in the soil matrix that could serve as preferential transport 
pathways. By allowing both visual and chemical scanning of the soil core, hot spots can be readily 
identified. The GC provides real-time data that may be used to guide the investigation. Cores suspected 
of containing residual DNAPL can be tested with dye shake tests. DP rigs are generally less expensive 
than CPT or conventional drilling equipment. They are also faster than conventional drilling equipment 
and some are configured with angle pushing capabilities. 

Drawbacks: The equipment is depth limited and may experience problems in penetrating gravelly soil 
or hardpan. If the entire core needs to be examined, and metal, as opposed to plastic sleeves, are used, 
an extra crew member is required to extract the soil from them. The GC can only identify and quantitate 
chemicals that have been specifically calibrated for it. Hence, if the mixture is unknown, the GC may 
identify some of the chemicals but not others. Water samples taken through the drive casing tend to be 
turbid. However, turbidity should not be a problem for VOC or semivolatile organic compound (SVOC) 
analysis. 

By repeatedly taking groundwater 

concentrations, investigators were 

to their residual phase DNAPL 

the investigation. 

transect samples and comparing the 

able to trace the plumes upgradient 

source areas, neither of which were 
in areas that were the initial focus of 

Case Study 1: A Triad like investigation approach using 
dual-tube direct push methods was used to locate two TCE 
DNAPL masses at the Marine Corps Air Station in Tustin, 
California. The site encompassed drum storage areas, a 
warehouse, and an armory. The general subsurface geology 
at the base consists of interbedded silty sand and clay with 
groundwater occurring at approximately 2 m (7 ft) bgs. The 
near subsurface contains from top to bottom a 4 to 6-m (15 to 
20-ft) layer of clay and silty clay, overlying a 1 to 2-m (3 to 
7-ft) silty to clayey sand, overlying a 1 to 1.5-m (3 to 5-ft) 
clay, overlying a 1 to 1.5-m (3 to 5 ft) silty sand. In the initial 

phase of the sampling, continuous cores were taken into the first permeable zone and were logged and 
screened by OVA. Candidate samples from the screening were sent for GC analysis at an onsite 
laboratory. Groundwater samples were also taken in each core hole and analyzed by the onsite GC. The 
technique allowed for complete delineation of two TCE groundwater plumes on the site with one being 
approximately 38-m (125-ft) wide and 122-m (400-ft) long and the other being 46 to 91-m (150 to 
300-ft) wide and 457-m (1,500-ft) long. By repeatedly taking groundwater transect samples and 
comparing the concentrations, investigators were able to trace the plumes upgradient to their DNAPL 
source areas, neither of which, it turned out, were in the drum storage areas that were the initial focus of 
the investigation. Deeper sampling was subsequently performed to the second and third permeable 
layers to determine if they were contaminated. The larger plume extended to the second permeable zone 
indicating that DNAPL had penetrated through the second clay layer. The groundwater vertical gradient 
at this part of the base was up. As expected, the plumes were limited to the permeable zones with very 
little lateral transport of the TCE in the clay. 

The project laboratory employed two portable GCs that were capable of analyzing up to 70 samples per 
day. They had detection limits for TCE of 5 µg/l in water and 25 to 50 µg/kg in soil. The DP rig could 
push seven 6 to 8-m (20 to 25-ft) deep holes per day that included continuous coring and groundwater 
sampling. 
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Case Study 2: A NAPL was the target of a site investigation at a closed refinery in Wyoming. The 
NAPL originated from the disposal of waste products from a coking operation and contained LNAPL 
oils, DNAPL tars, and a neutrally buoyant mixture of the two. The subsurface consists of a 5-m (16-ft) 
thick sand/fine sand alluvial/fluvial deposition overlying a competent sandstone bedrock. Groundwater 
occurred at 0.5 to 1 m (2 to 3 ft) bgs. The investigation found that the material was moving within a 
permeable paleochannel towards a nearby river. By using a Geoprobe® equipped with continuous coring 
capabilities, the NAPL masses, which occupied the entire unconsolidated soil column between the top 
of the water table and the bedrock, were vertically and laterally delineated. 

Case Study 3. A preliminary assessment/site inspection (PA/SI) at the Callaway Drum Recycling site 
was conducted in 2001 using a Triad like approach. Systematic planning was used to develop a dynamic 
work plan that allowed field changes to be made based on data obtained from onsite analytical 
equipment. The approximately 11.5-acre site reconditioned drums for resale. Drum contents, if any, 
were disposed directly to the ground. The site is underlain by a 15 to 18-m (50 to 60-ft) thick surficial 
aquifer of quartz sands and clays overlying a 30-m (100-ft) thick intermediate system of discontinuous 
sand, limestone, and dolomite beds. Semi-confining clay layers separate the intermediate aquifer from 
the surficial aquifer and the underlying regional aquifer (Floridan). 

The investigation was conducted by taking continuous soil cores to groundwater (1 to 3 m or 4 to 9 ft 
bgs) with a DPT rig. The cores were scanned using a total vapor analyzer and subsamples were taken 
for Color Tec analysis. At each borehole, a groundwater sample was also taken and analyzed by the 
Color Tec method. Altogether, 17 holes were pushed. Based on the screening results, 12 soil samples 
were sent to an offsite laboratory. The screening results from the 17 holes were used to located 4 
permanent direct push installed monitoring wells. Since this was a preliminary assessment/site 
inspection (PA/SI), actually locating source zones was not a goal. 

The Color Tec method combines the use of colorimetric gas detector tubes with sample purging to 
detect very low (ppb-range) concentrations of chlorinated compounds in groundwater and soil samples. 
Groundwater (or a soil and water mixture) is placed in a standard 40 ml volatile organic analysis (VOA) 
vial, leaving approximately 30 percent of headspace, and capped. After heating the sample to 40o C, a 
manual vacuum pump, two hollow needles, and Tygon® tubing are used to purge the contaminant 
vapors from the sample and send the vapor through the colorimetric gas detector tube. The tips of the 
needles are positioned so that one is in the headspace and the other is submerged at the bottom of the 
vial. As air passes from the headspace through one needle, ambient air is drawn into the bottom of the 
vial through the other needle. 

Case Study 4: Three areas of contamination were investigated at Hanscom Air Force Base using a 
Triad like approach. One area was used for fire training where waste oils and solvents, flammables, 
aircraft wreckage, and fuselages were burned. The other two areas are sites where drums containing 
waste solvents, fuels, and paints were buried. The general stratigraphy consists of a 0 to 15-m (0 to 50
ft) thick lacustrine sand that overlies a discontinuous semi-confining lacustrine silt and clay, followed 
by a sandy glacial till and a coarse sand and gravel outwash deposit. Bedrock is fractured and is 
generally granitic in nature. Before development, much of the area was swampy, and sandy fill was 
brought in to allow for development. Groundwater in the areas of concern is generally shallow. 

A Geoprobe® DP rig was used to take continuous cores in 1-m (4-ft) long plastic sleeves. Small slits 
were made in the plastic sleeve at 30-cm (1-ft) intervals or where visual observation indicated a better 
sampling location, and the thermal desorption sampling probe head of a MS was placed over each hole. 
This instrument provided an analysis of the sample within 30 seconds and was used for screening 
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purposes. To ensure proper identity, 3 ions per compound were monitored. For each borehole, the core 
area producing the highest contaminant concentrations was subsampled and analyzed using a purge and 
trap extraction process coupled with a GC/MS. Over 600 samples were screened during the 2-week field 
work. One soil horizon was found to contain percent levels of PCE. 

Case Study 5. The Triad approach was used for a site characterization to support the development of an 
engineering evaluation/cost analysis (EE/CA) for PCE contamination at the 3-acre Hamilton Road 
Impact Area in southeast Washington State. The purpose of the investigation was to identify source 
areas for a previously identified PCE plume. Site stratigraphy consisted of a partially confining silt unit 
overlying a sand and gravel unit containing varying amounts of silt that in turn overlies a clayey silt 
aquitard. 

A soil gas survey was used to confirm PCE presence in a suspected source zone and to rule out a release 
scenario from a nearby highway. Stream bed samples were obtained using a 61-cm (24-in) long large 
bore sampler that is driven into the sediments with a 14-kg (30-lb) slide hammer. These samples were 
screened using Oil-Red-O dye, a sheen test and a PID. Several preplanned sample locations were taken 
with subsequent locations chosen based on the results of previous sample analysis. This effort identified 
a release area in the stream bed. Comparison of screening results with mobile laboratory results 
indicated that the dye and sheen tests were not effective, while the PID was capable of identifying only 
high concentration contaminant areas. 

To better define the treatment zone, continuous cores from 19 9-m (30-ft) deep Geoprobe® pushes were 
collected and analyzed by the mobile laboratory. Because of the gravelly nature of the subsurface, the 
pushes took much longer than usual and the cores were very disturbed. Subsampling of the cores for 
analysis was done by visual inspection of the core material. Also, two to five discrete groundwater 
samples were taken at various depths from each of the push locations. An evaluation of the results from 
these pushes indicated that soil sample contamination fell dramatically as the investigation moved away 
from the source area. As a result of this evaluation, pushes taken to better delineate the plume were 
confined to water sampling only, which saved time. 

A hollow stem auger (HSA) rig was used to facilitate the taking of discrete HydroPunch® groundwater 
samples from the 9 to 15 m (30 to 50 ft) bgs range that was unaccessible by the Geoprobe® rig. The 
HSA rig was also used to set monitoring and potential recovery wells. The locations of these 
sampling/monitoring well points were determined by evaluating the previously obtained field data. 

Case Study 6: A site characterization using a Triad approach was performed at a former dry cleaners in 
Temple Terrace, Florida. PCE was present in the groundwater at concentrations up to 4.9 mg/L. 
Stratigraphy at the site consists of an approximately 7-m (22-ft) thick fine-grained sand that overlies an 
approximately 1.2-m (4-ft) thick clay. Beneath the clay layer are interbedded sandy clay, clay, and 
weathered limestone. The depth to groundwater is approximately 6 m (20 ft). 

The contaminant characterization was carried out using a vibra-push DP rig with continuous soil coring. 
Groundwater samples were taken at discrete intervals within each borehole. Soil cores were screened by 
FID/PID instruments and selected samples were analyzed with an onsite GC. A 128-m (420-ft) 
groundwater plume was delineated by the DP rig with monitoring wells installed by hollow stem auger. 
Based on the results of the field investigation, a source removal action was executed whereby 
contaminated soil was excavated and screened with the onsite GC. Contaminated soil was placed on 
plastic sheeting and an ex-situ soil vapor extraction system was constructed. Contaminated groundwater 
was recovered using a box trench style system. PCE contamination levels in the groundwater have 
fallen significantly following the source removal. 
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In-Situ Water Groundwater Sampling 

BAT® 

The BAT® system is a direct push probe that can be used for taking discrete groundwater samples and 
determining insitu pore pressures. 

How It Works: The probe (Figure 5-10) 
consists of a tip and housing, the top of which is 
sealed with a disc containing a flexible septum. 
The tip can be constructed of porous high 
density polyethylene (HDPE) that allows water 
to enter the body when put under vacuum. The 
tip also can be constructed of stainless steel. The 
stainless steel tip is driven to the desired 
sampling depth, and the body of the sampler is 
retracted to expose a stainless steel screen that 
allows water to enter the sample housing. A tool 
containing an evacuated sample vial (35 to 500 
ml) with a septum cap and a double ended 
hypodermic needle is lowered down the push 
rod. When the tool encounters the sample 
housing, the needle penetrates the housing 
septum at the same time it penetrates the vial 
septum allowing water to enter the vial. When 
the vial is full, the tool is retrieved, and the vial 
is stored for subsequent analysis. The advantage 
of the porous HDPE filter tip is that it yields a 
sample with low turbidity. 

Figure 5-10. BAT® In Situ Groundwater Sampler. 

Courtesy of Stratigraphics, Inc 

DNAPL Uses: The BAT® system is used to take 
very discrete groundwater samples at multiple depths in a single push. It can be used to profile a 
contaminant plume of dissolved DNAPL constituents. By comparing concentrations, it can potentially 
locate the depth at which a DNAPL mass may be concentrated. It does not require pumping equipment 
to function. 

Drawbacks: The system does not identify stratigraphy, so the sampling profile points need to be 
identified by a separate technique. The sampling time may be longer than other techniques if large 
volumes of water are needed. 

Small Diameter Telescoping Screen 

The small diameter telescoping screen (e.g., HydroPunch®) is a direct push tool that can be used to take 
depth discrete groundwater samples. It may be deployed using CPT, direct push, or hollow stem auger 
rigs. 

How It Works: The small diameter telescoping screen probe consists of a cone drive point attached to a 
short screen that fits into a drive rod. The rod is driven to the desired sampling depth and retracted 
slightly, exposing the screen. Groundwater then flows into the rod where it is sampled by a bailer, 
peristaltic pump, or a small diameter 2.5-cm (1-in) bladder pump. In some designs, if samples from a 
greater depth are required, the rod is pushed forward where it reconnects with the drive point and 
advances the sampler. A variation of this method is the HydroPunch® II (Figure 5-11). The 
HydroPunch® II can be operated as depicted above or can be equipped with an internal double ball valve 

42




bailer-like device. The drive rod is retracted and water enters 
the screen. Under hydrostatic pressure it moves up through the 
bottom ball valve and fills the sample container. The probe is 
then withdrawn to retrieve the captured sample. The top valve 
prevents water from entering the chamber, and the bottom 
valve prevents its exit. The sample chambers typically contain 
a liter of water. To function as designed, the top of the sample 
chamber must be below the surface of the water table. 

DNAPL Uses: The device can be used to provide a vertical 
profile of groundwater quality. Since it has a screen, it may 
yield less turbid samples than those taken in an open hole. It 
may be helpful in locating DNAPLs by profiling their 
dissolved chemical phase and following the high concentration 
layer back to the source. It is used most profitably after the 
subsurface geology has been characterized and preferential 
flow paths have been defined. 

rather drill to the appropriate 
depth and then drive the tool 
just ahead of the augers. 

To avoid damaging the tool, 
the driller may not want to 
drive it from the surface but 

Drawbacks: The small 
diameter telescoping 
screen probe does not 
provide stratigraphic 
information, so 
preferential flow 
pathways need to be pre-defined. Due to imperfect sealing between 
the drive point and the drive rod, a purge step may be required after 
the first sample is taken. 

Figure 5-11. Hydropunch® 

II Sampler. 

Environmental Protection 
Courtesy of New Jersey Department of 

Case Study 1: Dissolved chlorinated solvents were discovered in a municipal water supply well. The 
subsurface stratigraphy consists of fill overlying sand and silty sand with local gravelly layers. 
Groundwater occurs at 10 to 13 m (35 to 45 ft) bgs and bedrock at 21 to 26 m (70 to 85 ft) bgs. During a 
13-day dynamic field program, 10 CPT soundings were completed to estimate stratigraphy and 
determine where groundwater samples should be taken. Fifty-two groundwater samples were taken with 
a telescoping screen probe and analyzed using GC/MS in an onsite laboratory. The groundwater 
sampling enabled the investigators to define the vertical and horizontal extent of the plume and trace the 
contamination back to its source (a dry cleaning facility). Investigators performed a soil gas survey at 
the suspected source area to further refine that area after completing the initial groundwater 
investigation. 

Case Study 2: A HydroPunch® II was employed in a DNAPL investigation at the Ciba Specialty 
Chemicals site in Toms River, New Jersey (Ciba 1998). A truck mounted rig equipped with 12-cm 
(4.75-in) ID hollow stem augers was used to advance the probe. The appropriate depth for the water 
sample to be taken was determined with separate borings. After choosing the appropriate depths, a hole 
was augered to that depth and the HydroPunch® II sampler was attached to the drill rods and lowered to 
the bottom of the hole. The sampler was then driven 1 m (3 ft) into the undisturbed soils. The body of 
the sampler was retracted approximately 30 cm (1 ft) to allow water to enter the screen. Thirty minutes 
was allowed for the sampler to fill. After retrieval of the groundwater sample, sample jars for volatiles 
were filled first and the remainder of the water was poured into bottles designated for SVOC and sulfate 
analysis. The procedure was repeated two more times at progressively deeper depths to obtain sufficient 
water for the required analyses. Chemicals of concern include chlorobenzenes and PCE. 
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The hydrogeology of the site that is relevant to this case study has a coarse to fine sand with occasional 
lenses of gravel or silt rich sand overlying an undulating clay that dips to the southeast. The clay unit 
which occurs at 6 to 12 m (20 to 40 ft ) bgs and is not continuous across the site supports a perched 
aquifer in the sand unit. Underlying the clay unit is the main aquifer of concern. Groundwater samples 
were taken by the HydroPunch® II sampler at the top of the main aquifer and at its base. Depth to 
groundwater ranges from 5 to 9 m (16 to 30 ft) bgs. The data obtained from the sampling supplemented 
and supported previous investigation data that showed either no NAPL likely at a potential source area 
(5 sites) or NAPL presence is probable (6 sites). The total evaluation included soil sample data as well 
as groundwater data. 

SimulProbe® 

The SimulProbe® is a depth-discrete groundwater sampling device that is unique in that it also allows 
taking a soil core at the point where the water is sampled. When used in the vadose zone, it allows a soil 
gas sample and soil core to be taken at the same depth and time. 

How It Works: The SimulProbe® can be used as either a direct push instrument or lowered by wireline 
down the annulus of a conventional rig rod where it is driven in front of the auger. The latter 
deployment allows for a much greater depth capability than the direct push mode. In the groundwater 
sampling mode, the probe consists of a 46-cm (18-in) soil core barrel (split spoon type with sample 
sleeves) with a sliding drive cone. The probe is driven to the target sampling area and retracted slightly. 
This retraction trips latches on the cone and releases it. The probe is then driven into the target zone, 
and the cone is pushed by soil up into the soil core barrel. When 
the barrel is filled, a retraction of the probe exposes a 10-cm (4
in) double filter wire mesh screen that completely encircles the 
core barrel. The screen chamber is connected to a reed valve on 
a sample canister by two Teflon tubes. The canister is under high 
positive pressure with nitrogen or helium gas. The pressurized 
canister prevents water from entering the canister until the 
pressure is released by the operator at the surface. When the 
pressure is released, the water flows into the canister. After the sampling is complete, the canister is 
repressurized to prevent any other water from entering it on the trip to the surface. The probe is 
available in 1-cm (2.5-in) and 32-mm (1.25-in) core diameters. The water canister for the 1-cm (2.5-in) 
diameter probe is 2 L with stacking capabilities and is 0.3 to 1 L with no stacking capabilities for the 
32-mm (1.25-in) diameter model. 

® is capable of 
taking groundwater and soil 
The SimulProbe

sample at identical depths at the 
same time. 

DNAPL Uses: The probe provides for depth-discrete sampling of groundwater with very good 
assurance that the water sampled comes from the depth it was taken. Unless completely surrounded and 
immersed in a mobile DNAPL mass, it is unlikely that DNAPL itself can be captured by this device. By 
providing an accompanying soil core to match the water sample, much more information is obtained for 
data evaluation. 

Drawbacks: If the sampling is performed in the direct push mode, it is done blind so it may be 
necessary to take continuous cores with a separate instrument before deciding where to take water 
samples with the SimulProbe®. The probe is most useful for detecting the dissolved phase of a DNAPL 
chemical, not the DNAPL mass itself. The vendor should be consulted before deciding to use this probe 
to determine if it would best be deployed as part of a DP rig or in conjunction with a conventional rig at 
the site being considered. The tool is not a continuous sampler and must be brought to the surface for 
decontamination and resetting between samples. 
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Waterloo Profiler® 

The Waterloo Profiler® is a depth-discrete groundwater sampling device for use with direct push 
technology. The device enables investigators to perform vertical profiling which is a determination of 
the groundwater contaminant concentrations at multiple depths. 

How It Works: The Profiler®  has a series of small, screened, stainless steel ports that are distributed in 
a circle just above its drive tip (Figure 5-12). Water can freely enter and exit these ports. The ports 
attach to a central collection point that is linked to the surface with either stainless steel or 
polytetrafluoroethene tubing. Since the screens are open to the 
formation, clean water from the surface is pumped through 
them to prevent clogging as they are advanced into the 
formation. When the pre-selected sampling depth is reached, 
the pumping is reversed and water is brought to the surface. A 
purge step is necessary to ensure formation water is being 
sampled. Only a minimum amount of water is introduced to 
the formation, and the down hole pumping has the added 
advantage of purging contaminated water from the tubing 
back into the formation which minimizes the potential for 
cross contamination of the aquifer as the probe is driven 
deeper. Measurements of the back pressure on the water 
pumped into the formation provides information on the 
formation matrix (e.g., low back pressure in sand and high 
back pressure in clay). The back pressure information can be 
useful in determining where to sample next. The Profiler® is 
equipped with a knock-out tip that allows the hole to be 
pressure-grouted as the probe is withdrawn from the 
formation. 

The Profiler® is usually set up to sample groundwater at 
depths up to 8 m (25 ft) using a peristaltic pump. To minimize 
potential volatile organic losses from the vacuum pumping 
technique, the sample vials are placed in front of the pump in a specially designed bottle holder. 
However, there may still be some negative bias in the sample results. For sample depths greater than 8 
m (25 ft) or for projects in which even a little sample bias is undesirable, the system can be reconfigured 
to accommodate a different pumping system, such as a double valve pump. 

Figure 5-12. Waterloo Profiler® . 

Courtesy of Precision Sampling, Inc. 

In coarse-grained materials, samples can be taken in less than ten minutes. However, in finer grained 
materials, such as fine- to medium-grained sand, 20 to 30 minutes should be allocated per sample 
interval. Silt and clay can be sampled, but the time required to take them may make the method 
economically unfeasible. 

DNAPL Uses: The method can be used to sample groundwater in thin lenses that might be conduits for 
DNAPL flow and high-concentration dissolved-phase chemicals. It also can be used to provide a 
vertical profile of groundwater quality that can be used to look for DNAPL source areas by comparing 
dissolved phase concentrations. 

Drawbacks: At highly contaminated sites, there is some evidence (Pitkin et al., 1999) of contaminant 
drag down that might overestimate the thickness of a contaminant concentration. The method is limited 
to the depth that the Profiler® can be driven at a site (generally less than 30 m or 100 ft). It may not be 
suitable for sampling fine grained materials. 
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Case Study 1: In preparation for placing a permeable reaction barrier, a supplemental groundwater 
investigation was conducted at an Alameda NAS site. The site had several previously installed wells 
with 3-m (10-ft) screens. The groundwater intercepted by some of these wells contained elevated 
chlorinated organic compound contamination. The supplemental investigation was carried out using a 
direct push soil sampler (Enviro-Core™) and the Waterloo Profiler® for taking discrete level 
groundwater samples. Three transects were placed perpendicular to the groundwater flow. Although the 
first saturated zone is described as a fairly homogeneous sand, groundwater samples taken by the 
Waterloo Profiler® and analyzed onsite by gas chromatograph/mass spectrometer (GC/MS) revealed a 
complex plume geometry with a concentrated core. The concentrated core probably indicates the 
presence of residual DNAPLs at former waste pits. The failure to find high concentrations of dissolved 
phase solvents in the sand along the base of the bay mud has been interpreted to mean that the DNAPL 
mass did not penetrate to the bay mud (Precision Sampling Inc. 2000). 

Case Study 2: Guilbeau (1999) characterized potential DNAPL masses at three sites known to have had 
either PCE or TCE releases with attendant dissolved phase plumes. These plumes were believed to have 
residual source areas in the saturated zone that were not related to pooling on an aquitard. The 
stratigraphy of the three sites consisted of a 10-m (33-ft) thick braided glacio-fluvial sand (Ontario); a 
stratified sand and gravel valley fill of glacio-fluvial origin (New Hampshire); and a beach sand and 
bioclast aquifer with a 5 to15-cm (2 to 6-in) thick continuous clay layer at 9 m (27 ft) bgs. Water and 
soil samples were analyzed at three sites for PCE, TCE, DCE, and vinyl chloride by an onsite laboratory 
using a GC equipped with FID/PID and dry electrolytic conductivity detector. A portion of the samples 
were shipped to an offsite laboratory for analysis. Samples were taken on transects downgradient from 
known source areas. 

At the Ontario site vertical measurements/samples were taken every 15 cm (6 in). The results indicated 
stratified sources ranging in thickness from 0.3 to 1 m (1 to 3 ft). These sources were not observed to be 
as wide as the downgradient plume. Eight localized maxima areas were identified with concentrations 
ranging from 1 to 15 percent of the solubility of PCE. 

A total of 257 water samples were taken across a downgradient transect at the New Hampshire site. 
Sampling intervals ranged from 15 cm (6 in) to 75 cm (30 in). Concentrations of PCE ranged from 
nondetect to 62 percent of solubility. Using the hydrophobic dye method and looking at water 
concentration data, soil coring done in the suspected source area upgradient from the transect confirmed 
the presence of DNAPL at the elevations indicated by the Waterloo Profiler®. The shape of the DNAPL 
sources as indicated from the water data were not thin and elongated, but rather irregular and spread 
over a large vertical distance. 

Three transects were pushed at a Florida site where TCE was the principal contaminant. Significant 
quantities of cis-1,2-DCE were also found. There was very little TCE located in the more permeable 
sands overlying the clay unit. Concentrations increased dramatically (>350 mg/l) at the top and bottom 
of the sand-clay interfaces and continued high for more than 2 m below the clay in a less permeable 
second sand indicating a residual mass in this area. Concentrations of TCE ranged up to 95 percent of 
its solubility over small maxima areas. 

Membrane Interface Probe 

The membrane interface probe (MIP), developed by Geoprobe®, is a sampling device that measures 
total VOCs extracted from soil and groundwater (Figure 5-13). 

How It Works: The MIP consists of a thin permeable membrane impregnated into a stainless steel 
screen. The screen is mounted flush to the exterior surface of the probe in an opening that allows direct 
contact with the medium being sampled. When the membrane is heated to between 100 and 120o 
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Celsius, VOCs in soil or groundwater migrate across the 
membrane and into the probe. Inside the probe, VOCs are 
transported to an analytical device at the surface by a carrier 
gas line. The carrier gas is typically nitrogen or helium. 
Analytical devices used with MIP include photoionization 
detectors, flame ionization detectors, electron capture 
detectors, and ion-trap mass spectrometers. Depending on 
the analytical equipment applied, the MIP can be used to 
identify DNAPL chemicals present in soil or groundwater at 
a given point. 

DNAPL Uses: The probe has been used to measure volatile 
organic contaminants to a depth of approximately 50 m (160 
ft). Normal operating depth is 18 m (60 ft) (Christy undated). 
When paired with an electrical conductivity array, these 
measurements can be compared with changing soil 
conductivity, which typically reflects grain size variations or 
presence of contaminants. For DNAPL investigations, it is 
recommended that less sensitive measurement tools be used 
to avoid overwhelming the detector. Also, it may be prudent 
to dilute the sample stream. If specific chemical 

   Figure 5-13. Membrane Interface Probe. identification is needed, the sample stream can be captured 
by sample tube (Tenax®, carbon) or routed directly into a Courtesy of Geoprobe® Systems 
mass spectrometer. Caution should be exercised in the latter 
configuration since the MS alone cannot be used to measure 
complex mixtures and is not designed to measure extremely high concentrations. The probe may be 
used in both saturated and unsaturated conditions. 

Drawbacks: As with all direct push devices, MIP is only useful for deployment in unconsolidated 
matrices. 

Case Study 1: Christy (1998) used a direct push probe equipped with an electrical conductivity detector 
and a MIP to profile a PCE/TCE DNAPL mass/dissolved plume at a site in Europe. The logs revealed 
that the stratigraphy of the site consists of interbedded sand, silt, and clay with an apparent clay unit at 7 
m (22 ft) bgs. Groundwater occurs between 2 and 3 m (6 and 8 ft) bgs. The conductivity probe was used 
to detail apparent changes in lithology. The MIP was connected to a PID detector at the surface. The 
interpreted MIP-PID data showed an entry point at the ground surface with increasing concentrations as 
the probe approached 7 m (22 ft) and decreasing concentrations as it moved into the clay. 

Case Study 2. A combination of direct sensing screening, mobile analytical, and conventional sampling 
tools and methods were used for delineation of a residual DNAPL and dissolved chlorinated solvent 
plume at the 17-hectare (42-acre) Sherwood NPL site located in Deland, Florida. The work was 
performed using the dynamic work plan model. 

This site had an ongoing pump-and-treat system in place; however, the system’s recovery rates had 
reached asymptotic levels. The general subsurface geology at the site consists of interbedded sand, silty 
sand, and some clay with groundwater occurring at approximately 0.3 to 3 m (1 to 10 ft) bgs, depending 
on surface elevation. Initial information indicated the possibility of the presence of a confining clay unit 
at approximately 12 m (40 ft) bgs. The delineation of the plume in the suspected source areas was 
performed using the MIP technology, with confirmatory groundwater sampling performed for 
correlation and data validation purposes. 
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The delineation on the fringes of the dissolved plume where only low 
ppb concentrations were expected was performed by direct push 
groundwater sampling and onsite laboratory analysis utilizing a 
combination of a screening GC and a GC/MS for performing EPA 
Method 8260 analysis. The logging and sampling was performed at 
dynamically selected locations based on a 16-m (50-ft) grid. The data 
collected in the field were processed in near real time in order to support the decision-making process. 
The MIP data allowed the project team to perform fast delineation of the extent of medium and high 
concentrations. The electron capture detector-equipped MIP unit achieved consistent detection of 
chlorinated hydrocarbons (CHC) at concentrations as low as 7 ppb with no false negatives recorded, 
based on 15-point confirmatory sampling. The overall correlation coefficient between MIP ECD 
response and confirmatory analytical data was 56.2 percent, with the coefficient for the low and medium 
range of the signal reaching 74 percent. MIP’s PID signal was used to supplement the ECD 

The MIP identified four 
distinct areas of residual 
DNAPL. 

Four distinct areas of residual DNAPL and high chlorinated VOC concentrations were identified. The 
dynamic work plan approach allowed the project team to achieve the highest resolution in the primary 
areas of concern while efficiently collecting information over the entire site. The high-resolution data 
set produced by the delineation effort is expected to provide information critical for design and 
installation of a source treatment system. 

Case Study 3: A supplemental DNAPL investigation was conducted in 2001 at the Camp Lejeune 
Marine Corps Base Site 89. The investigation utilized an electrical conductivity/MIP probe mounted on 
a Geoprobe® rig. It also included continuous coring by the same rig and an onsite analytical laboratory 
with a GC/MS. Contaminants of concern were primarily TCE and 1,1,2,2-tetrachloroethane (PCA), 
although smaller amounts of other chlorinated compounds were present. The subsurface stratigraphy 
features 1.5 m (5 ft) of fill over a 1 to 3-m (3 to10-ft) thick unit of interbedded sand, silt, and clay 
underlain by a 0.6 to 2-m (2 to 6-ft) thick confining clay and silt unit. Beneath the confining unit is a 
calcareous sand with shell and fossil fragments. Groundwater occurs between 0.3 and 1.5 m (1 and 5 ft) 

bgs. Sixty-three borings were pushed with the MIP probe, which was 

the ionization potentials of 
Before deploying a MIP/PID 

the chemicals of concern and 
the equipment should be 
compared. 

connected to three detectors (ECD, FID, and PID). The plan was to 
use the ECD for low level detection and the PID for higher 
concentrations. FID results were not used. The MIP provided 
continuous (every 1.5 cm or 0.6 in) readings of total VOCs. After 
analyzing the results of the MIP, the Geoprobe® was used to take 
continuous cores at selected points, which were then analyzed by the 
onsite laboratory to confirm and calibrate the MIP readings. Selected 
cores were also subjected to a shake test with Sudan IV. A color 

change in the dye indicated the presence of DNAPL. Finally, several of the core holes had hydrophobic 
flexible membranes placed in them (see technology below). Two DNAPL source areas were found by 
the investigation (Baker Environmental 2001). As a technical note, there was a problem with the PID in 
identifying the high PCA concentration areas. Prior to the beginning of the field work, the investigators 
failed to compare the ionization potentials of the chemicals of concern with the ionization potentials of 
the PID lamp they planned to use. Hence, the 10.2 eV lamp with which the PID was equipped was not 
strong enough to ionize PCA (ionization potential of 11.1 eV) and was only useful for the TCE portion 
of the investigation. 

Case Study 4. The East Gate Disposal Yard at Fort Lewis, Washington, is the source of a 3963-m

(13,000-ft) long and 73-m (240-ft) deep TCE plume that was being remediated by a pump and treat

system. The Army decided that it might be more cost-effective if the source zone was identified and
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removed, and a characterization using the Triad approach was undertaken. The disposal yard contains 
trenches that were filled with drums containing solvents and oils as well as solvents and oils directly 
disposed of there. The geology beneath the site consists of a recessional glacial outwash of sand and 
gravel deposits with till layers overlying a finer-grained till/glaciolacustrine deposit that acts as a partial 
aquitard and which separates the unconfined upper aquifer from the Sea Level Aquifer (about 30 to 61 
m or 100 to 200 ft bgs). The depth to water is approximately 3 m (10 ft) bgs. 

Because of funding constraints, the investigation was carried out in two phases. During the first phase, 
aerial photographs, exploratory trenching, an EM-61 survey, soil gas sampling, and drive point 
groundwater sampling were used to locate NAPL areas. The EM-61 is a time domain electromagnetic 
survey instrument designed specifically for locating metallic objects–generally at 3 m (10 ft) bgs or less. 
This instrument was successful in finding drums contained in the trenches. Trenching was utilized to 
evaluate the type of metallic material measured by the EM-61 survey, and confirmed that many drums 
with product were present in the vadose zone. The soil gas survey was useful in identifying extremely 
high values of TCE but was not able to define concentration contours across the site and was abandoned 
after a short time. Fifty DPT locations were pushed and the groundwater sampled by peristaltic pumps 
at four depths in each. The groundwater samples were analyzed by an onsite laboratory, and the results 
identified three major hot spots and one minor one. 

A removal action excavated all trenches identified by the aerial and EM-61 surveys. In all, 412 drums 
had greater than 2.5 cm (1 in) of NAPL in them, and 723 were empty. It is estimated that the removal 
action accounted for approximately 22,727 kg (50,000 lbs) of TCE. 

The objective of the second phase was to obtain volume and stratigraphy information for use in 
planning a thermal remediation. A suite of tools was identified through the Triad process that included 
SCAPS LIF, Geoprobe® MIP, resistivity survey, ground penetrating radar (GPR) survey, and continuous 
sonic coring. The SCAPS LIF was used to obtain a vertical profile of petroleum-related contaminants, 
and the Geoprobe® MIP was used for vertical profiling of chlorinated solvent concentrations. Both of 
these instruments had penetration problems when they encountered gravelly areas. Use of the SCAPS 
was abandoned early, and the Geoprobe® was only used for 30 pushes. The depth of penetration for the 
GPR survey was limited to approximately 3 m or 10 ft (water table depth) and the resistivity survey did 
not provide sufficient resolution to identify stratigraphic contacts. A rotosonic drill rig was brought on 
site to obtain the depth and stratigraphic resolution needed. Cores from the rig were tested using 
fluorescence, PID, and hydrophobic dyes, and the approximate extent of the NAPL zone was delineated. 

Case Study 5: During a RCRA closure of an old photo neutralization pit, chlorinated VOC 
contamination was discovered in the groundwater. Over the course of two years, an RI and SRI 
determined that the source of the contamination was upgradient of the pit and that both the overburden 
and bedrock groundwater were contaminated. Neither of these investigations determined the location or 
strength of the source(s). A Triad approach was subsequently implemented to ascertain the area of 
highest contamination and determine the presence or absence of DNAPL. 

The stratigraphy at the site consists of a clay and silt unit overlying a fine sand. Sandstone bedrock 
occurs between 7 and 9 m (23 and 30 ft) bgs. Groundwater is found between 1.5 and 3.7 m (5 and 12 ft) 
bgs. Initial site characterization with the Triad effort began with deploying passive diffusion bag 
samplers along the length of selected, existing well screens to gain an initial idea of potential 
contaminant stratification in the groundwater. The water samples were analyzed onsite with a direct 
sampling ion trap mass spectrometer (DSITMS). Following evaluation of the diffusion bag sample 
results, a DP rig with a MIP that was equipped with PID and ECD detectors was deployed. In place of 
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the normal FID detector used with the MIP, sorbent traps were employed. These traps were then 
analyzed by an onsite DSITMS. The DSITMS provided speciation of the chemicals on the trap and 
semi-quantitative concentrations. Results from the MIP and DSITMS analysis determined where new 
areas would be investigated. In addition, the results were also used to determine where collaborative soil 
samples would be taken using the DP rig for coring and collaborative groundwater samples using the 
DP rig for temporary well installation. Soil and water samples were analyzed by the onsite DSITMS, 
which provided quantitative analysis of them. Some samples were sent to an offsite laboratory for 
analysis. 

The investigation determined that there were several small sources that appeared to be located within 
the first 4 m (13 ft) of the overburden. DNAPL pooling was not found, or indicated by concentration 
values. 

Hydrophobic Dye Testing 

This test uses a hydrophobic dye to determine the presence of DNAPLs in ex-situ soil samples 
suspected of DNAPL contamination based either on OVA screening results or on MIP results that show 
high concentrations of total VOCs in subsurface soils. 

How It Works: The technique is designed to work with other analytical technologies. The sample is 
placed in a sample jar and a suitable dye is introduced (e.g., Sudan IV, Oil Red O). The jar is capped 
and vigorously shaken. A bright red coloration appears in the presence of DNAPL. 

the presence of DNAPL. 
A color change confirms 

DNAPL Uses: If the DNAPL is not clearly visible, most chemical 
analyses will provide the data necessary to calculate the potential 
presence of a DNAPL, not its actual presence. With this technique, a 
color change confirms the presence of DNAPL. Conversely, no color 
change is not necessarily proof there is no DNAPL in the soil sample or 
the soil horizon from which it was taken. 

Drawbacks: Sample handling during extraction of the core sample from the formation may affect 
results (e.g., draining while being brought to the surface). Poor mixing with clayey soil may mask 
DNAPL presence. 

Case Study 1: A dye shake test was used as part of the supplemental DNAPL investigation conducted 
at the Camp Lejeune Marine Corps Base Site 89 in 2001 (Case Study 3 page 48). Samples were chosen 
from Geoprobe® cores according to either visual observation or readings from an organic vapor analyzer 
equipped with a PID. Fifteen samples were subjected to the test. Four of these tested positive for 
DNAPL. Table 5-2 shows PID values, dye results, type of soil tested, and information on where in the 
sampling device the soil sample was located. Of interest is the fact that two of the positive hits were 
clayey silts, and the sand and gravel hits both had fine-matrix materials below them in the sampler. 
Also, one of the clay samples where DNAPL was observed inside the sampler sleeve did not test 
positive with the dye shake. While there does appear to be a correlation between a positive dye test and 
a saturated PID reading, there does not appear to be any correlation between the ppm level found by the 
PID and the presence of DNAPL when the instrument is not saturated. Although there are a limited 
number of samples in this study, three cautions can be drawn from it: 

•	 The type of soil matrix and its position in the sampler may influence the outcome of the test. 
•	 It is prudent to test all soil samples that have high PID readings. Jar headspace readings with a PID 

that are greater than 100 ppm have been suggested to indicate the potential for a NAPL (Ciba 1998; 
Watkins et al., 1995). 

•	 The test is subject to false negatives. 
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Table 5-2. Dye Shake Test Results at Camp Lejeune Site

Sample
ID 

Depth
(feet
bgs) 

PID
Reading

(ppm) 

Dye
Result

Staining 

Type
of

Soil 

Comment 

IS25-04 8-9 853 No SC Middle of sample interval with sands over and below

IS25-07 14-15 1,224 No Sa Bottom of sample interval

IS25-08 15-16 9,999 (o) Yes CS Whole sample interval clayey silt with sands over

IS13-03 5-6 59 No SaS Bottom of sample interval over clay

IS13-04 8-9 1,074 No C Bottom of sample interval

IS13-05 10-11 1,553 Yes CS Middle of sample interval with clays over and sands under

IS13-07 14-15 1,480 (o) No C Bottom of sample interval with sands over

IS23-04 8-9 285 No C Whole sample interval clay

IS23-07 14-15 (o) Yes Sa Problem with recovery in sand, sampler driven into clay for retrieval and sands
over clay plug 

IS20-05 9-10 805 No SC Middle of sample interval sands over sands under

IS20-08 15-16 108 No G Middle to bottom of sample interval sandy silt over

IS21-07 14 9,999 Yes G Thin layer gravel bracketed by sandy silts

IS05-05 10-11 710 No CS Middle of sample interval clayey silt for entire interval

IS05-08 15-16 1,975 No CS/
SaS 

Bottom of sample interval clayey silt over

IS05-11 21-22 117 No S Bottom of sample interval shell fragments (gravel) over

SC = silty clay, Sa = sand, CS = clayey silt, SaS = sand and silt, C = clay, G = gravel, S = silt, (o) = DNAPL visually observed 



Hydrophobic Flexible Membranes 

Two variants of hydrophobic flexible membranes have been employed in DNAPL characterization. The 
basic device is built around an inflatable tubular membrane. The membrane can be fitted with either 
discretely spaced hydrophobic sorbent packs, or with a dye impregnated hydrophobic ribbon, or cover 
that changes color in the presence of DNAPL chemicals. It is effective in both the vadose zone and 
beneath the water table. 

How It Works: The membrane can be deployed using one of two techniques. The deployment method 
chosen depends on site geology and whether there is a risk of mobilizing the DNAPL. The first 
technique deploys the membrane directly into an open borehole. The tubular membrane is everted into 
the open hole using air pressure. As the membrane everts and expands, the sorbent pads or ribbon, 
which is attached to the membrane, are pressed against the sides of the hole and are held there by the air 
pressure. After a period of time ranging from minutes to hours, the membrane is removed by pulling up 
on a removal tether that is attached to it. The retrieval process rolls the outside of the membrane back 
inside so that the reactive material does not touch the wall as it is brought to the surface. Once the 
membrane is on the surface, it is again turned inside out to expose the reactive ribbon/membrane pads 
(Figure 5-14). The presence of colored spots indicates the ribbon has come into contact with a DNAPL. 
If positive identification of the chemical is required, the stained area of the ribbon/membrane cover or 
sorbent pad can be preserved and transported to a laboratory facility for analysis. Field GC or GC/MS 
equipment is usually used to perform this analysis. 

If it is unlikely that the borehole will stay open, then the 
membrane can be deployed through the rods of a CPT rig or 
dual tube direct push rig. In this configuration, the 
membrane is pushed directly into the rods with the 
hydrophobic ribbon/membrane cover facing out. Water is 
used to carry the membrane down to the bottom of the cased 
hole. As the rods are pulled up, more water is added to 
ensure that the membrane and reactive ribbon are flush 
against the surrounding soil. The water should also supply 
sufficient strength to keep the hole open. Retrieval is the 
same as with the open borehole method. 

DNAPL Uses: When continuous coring is not done, this 
method can provide a relatively cheap ($15/ft sampler and 
ribbon, DOE 2000) way to determine if there is residual or 
mobile NAPL chemicals in the subsurface both above and 
below the water table. 

Drawbacks: This method is a screening tool and does not identify specific chemicals. Some NAPL 
chemicals may wick to the reactive membrane in such a fashion as to indicate a much wider area of 
contamination than is actually there. If there is a concern about mobilization of the DNAPL chemicals 
into clean areas of the subsurface, then this technique should not be used because it requires the 

Deployment. 
 Figure 5-14. Flexible Membrane               

Courtesy of DOE 

there. 

Some NAPL chemicals may wick to 
the reactive membrane in such a 
fashion as to indicate a much wider 
area of contamination than is actually 

borehole to remain open while the membrane is placed and 
removed. Because of disturbances to the borehole walls that 
may be caused by the drilling or pushing instrument, the 
technique may be subject to false negatives. 

Case Study 1: This technology has been demonstrated at 
several DOE facilities, a NASA site, and a NPL creosote

52




contaminated site, among others. At the DOE Savannah River Site, the Flexible Linear Underground 
Technology (FLUTe™) ribbon liner, a patented flexible membrane technology, was used to develop a 
vertical profile of DNAPL distribution at a former solvent storage tank area (see Figure 5-14). Rather 
than using sorbent packs in a hydrophobic membrane, the FLUTe™ method uses a hydrophobic ribbon 
or cover impregnated with a reactive dye that is deployed in a reusable nylon liner. Two liners were 
successfully deployed in open boreholes in the vadose zone to 15 m (50 ft). The geology of the site 
consists of interbedded clay and sand. The ribbons revealed the presence of DNAPL in multiple 
locations. The manufacturer of the FLUTe™ flexible membrane system reports deployments of up to 
152-m (500-ft) deep in 127-mm (5-in) diameter holes drilled in fractured rock. 

Case Study 2: Flexible membrane ribbons were used as part of the supplemental DNAPL investigation 
conducted at the Camp Lejeune Marine Corps Base Site 89 in 2001 (Case Study 3 for the MIP page 48). 
The type of ribbon used was a composite of an outside dye-impregnated synthetic cloth with an inside 
plastic tube. It was installed through large diameter hollow Geoprobe® rods. As the rods were 
withdrawn the inside tube filled with water to press the cloth against the borehole walls. Six of these 
ribbons were deployed in holes where DNAPL had been observed in soil samples or thought to be 
present. The ribbons were left in the holes for 1 hour. Of the six, only one showed staining. That only 
one indicated DNAPL came as a surprise to the investigators and they attributed the lack of detection to 
the potential that the Geoprobe® drive had smeared the borehole walls with a thin protective layer of 
clay. The results of this investigation provide the following cautions: 

•	 The test is subject to false negatives that might be soil matrix related. 
•	 There may be a residual threshold concentration that also may be chemical specific below which the 

ribbon will not stain, and this lack of staining may also be related to the soil matrix. 

Optical Televiewer 

Like the acoustical televiewer and unlike the GeoVis, 
optical televiewers are designed to examine the walls of an 
open borehole (Figure 5-15). 

How It Works: A probe with a video camera is lowered 
down a borehole. The probe contains centralizers to prevent 
swinging off center and accelerometers and magnetometers 
to provide orientation and borehole deviation information. 
At the base is a reflector that provides for a continuous 360o 

image. The camera can be either analogue or digital. Most 
software packages are capable of both unfolded images and 
3-D logs or cores. Resolution is related to logging speed 
with vendor claims of between 1.5 and 2.5 m (5 and 8 ft) per 
minute with 1 mm resolution. The tool is 1.5 to 2.0 m (5 to 
6.5 ft) long and weighs about 7 kg (15 lbs). 

DNAPL Uses: An optical televiewer can provide a high 
resolution image of the walls of a borehole. Depending upon 
the type of DNAPL and the amount, there is a chance that it 
could be seen. However, DNAPL that can be seen on 
borehole walls or is moving into the borehole poses a 
potentially serious cross-contamination problem. The primary use of the instrument is to provide 
stratigraphic and fracture aperture information in fractured bedrock settings. 

Figure 5-15. Optical Televiewer. 

Drawbacks: It must have an open hole for deployment, and it does not perform well in turbid water. 
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Tracer Testing 

The partitioning interwell tracer test (PITT) is an in-situ technique for estimating the volume and 
percent saturation of DNAPLs in both the vadose and saturated zones. 

How It Works: In the vadose zone application, a line of injection wells is drilled on one side of the 
contaminant mass and a second line of extraction wells is placed on the other side. Tracer gases are 
introduced into the injection wells and removed from the extraction wells. The partitioning gases are 
chosen so that they will be slowed down at different rates by the DNAPLs as they move through the 
soil. Conservative gases are chosen that will be minimally 
affected by the DNAPLs and hence travel more quickly to 
the extraction wells. DNAPL volumes can be calculated 
based on breakthrough curves for the tracers across the 
well line. The time frame for the actual test is in the range 
of one week, depending on the geology and distance 
between wells, but it can be much longer. 

The partitioning interwell tracer test 

DNAPLs in both the vadose and 
saturated zones. 

is an in-situ technique for estimating 
the volume and percent saturation of 

In the saturated zone application the concept is the same. 
Partitioning tracer chemicals are chosen that will move, under pumping conditions, through the 
groundwater and soil matrix relatively easily, but will preferentially and reversibly attach themselves to 
DNAPLs. Conservative chemicals are chosen that will react minimally with both the natural matrix and 
the DNAPLs. By using the arrival times of both the partitioning and conservative chemicals in 
extraction wells the amount of DNAPLs present can be estimated. 

DNAPL Uses: PITT can be useful in estimating the expected volume of DNAPL material that is in the 
subsurface in sand and gravel. It can also be useful in estimating the success of a remedial technology in 
removing the DNAPL mass. The success measurement requires a before and after application of the 
tracers and an assurance that the remedial technology did not alter the subsurface properties in a way 
that affects the movement (retardation) of the tracers.  

Drawbacks: The system requires a number of closely spaced injection and extraction wells to achieve 
adequate resolution. It is not effective in clay and silt and can produce erroneous results in subsurfaces 
that have numerous fine grained lenses or pronounced preferential flow paths. It does not find DNAPL 
masses but rather measures their volume after they have been identified by other methods and it is 
relatively expensive. 

Case Study 1: A partitioning interwell tracer test was performed at Site 88, Marine Corps Camp 
Lejuene, in support of a surfactant-enhanced aquifer remediation of a PCE release (USDoD 1999). Site 
88 houses a dry cleaning facility that released PCE to the subsurface over a number of years. A 
relatively uniform depositional sequence of sediments has been observed in borings across the site. The 
surficial aquifer consists of fine- to very-fine sand and silt from the surface to a depth of approximately 
5 m (18 ft) bgs. The shallow aquifer is bounded below by a silty clay layer that varies in thickness 
across the area. Depth to groundwater varies from 2 to 3 m (7 to 9 ft) bgs. 

The purpose of the test was to verify DNAPL locations prior to the remediation, provide a volume 
estimate, and verify that the DNAPL was gone after the remediation. The above referenced report is 
concerned only with the first phase. The test was carried out using three injection, six extraction, and 
two hydraulic control wells. The tracers chosen were 1-propanol, 1-hexanol, 1-heptanol, and 4-methyl-
2-propanol. The deployment required extensive laboratory testing, computer transport/partitioning 
modeling, and a pre-PITT deployment test. Problems were encountered with malfunctioning multi-
sampling ports and clogging of the GC columns by calcium chloride that was added to the injected 
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water/tracer solution to prevent mobilization of fines during pumping. It was estimated that 89 gallons 
of PCE were pooled on the confining clay in a silty layer. The test took 40 days to complete. 

Case Study 2: A vadose zone PITT test was conducted at the Sandia National Laboratories’ Chemical 
Waste Landfill. It is estimated that 362,872 kg (798,320 lb) of chlorinated solvents and other organic 
chemicals were disposed of in the unlined disposal areas. The subsurface at the site consists of several 
hundred feet of a heterogenous sequence of unconsolidated to semi-consolidated cobbles, gravels, very-
fine to fine sand, silt, and clay of alluvial and fluvial origin. Groundwater occurs at approximately 149 
m (490 ft) bgs. The upper 30 m (100 ft) of the vadose zone beneath the landfill consists primarily of 
gravelly sand with some silty sand interbeds (Struder et. al., 1996). A soil gas survey indicated that two 
disposal pits were responsible for the majority of the VOC detected. The principal chemical of concern 
was TCE. 

The PITT test was designed to locate any DNAPL residual in the upper 30 m (100 ft) of the vadose 
zone. An injection and extraction well were located on opposite sides of the source areas and drilled to 
24 m (80 ft) with screened intervals set at 3 to 11 m (10 to 35 ft) bgs, 12 to 18 m (40 to 60) ft bgs, and 
20 to 24 m (65 to 80 ft) bgs. Tracers were chosen based on laboratory column studies. The flow between 
the wells was modeled and a preliminary test using methane as a conservative tracer and 
difluoromethane as a water partitioning tracer was conducted (Struder et al., 2000). The results of the 
preliminary test were used to recalibrate the model for the PITT tracers before the PITT test was 
conducted. Five tracers, two conservative (SF6 and C4F8) and three partitioning (C6F12, C8F16, and C9F18) 
were used. The tracers were mixed with nitrogen prior to injection. The test took 15 consecutive days 
and resulted in an estimate of 150 to 680 L of NAPL being present. This estimate was considerably less 
than what was thought to be contained in the interval tested. Subsequent remediation by SVE recovered 
approximately 350 L of material. 

Soil Gas Profiling 

This technique is generally used as a screening method to provide an idea of volatile contaminant distri
butions in the subsurface soil gas. Ideally, the closer the probe or collection device is to a volatile 
DNAPL source, the greater the concentration of the vapor phase of the DNAPL chemical. 

How It Works: Soil gas samples can be collected actively or 
passively. In the dynamic method, a hollow probe with a porous tip 
(machined screen, drilled holes, retractable tip) is advanced to a target 
depth and a vacuum is applied to draw the soil vapors out. The soil gas 
may be captured in metal canisters, Tedlar® (polyvinylfluoride) bags, 
or measured directly off the vacuum pump tube. The choice of collection device depends on the method 
of analysis. When the samples have to be taken to a mobile laboratory for analysis, a Tedlar® bag is 
generally chosen. These bags are less expensive to use than canisters and are ideal for short-term 
storage and analysis. Canisters are preferred when the samples are to be shipped to an offsite laboratory, 
since they are more durable for handling and storage. Finally, if a portable GC or OVA is used, the 
instrument can be set up next to the probe, and a sample can be taken by gas-tight syringe directly from 
the vacuum hose. The depth that can be sampled depends on the probe chosen. For shallow systems, 
hand driven or hand held vibrators are used. A hand vibrator drive system combined with a portable GC 
can provide a large number of samples in a short time. Soil gas samples may also be obtained at depth 
using direct push rigs. 

Soil gas surveys can help 
focus the more expensive 
deep intrusive sampling. 

The other form of soil gas collection is a passive system. In this system a collector is buried in the 
shallow soil and left for several days to several weeks depending upon the soil type. Although several 
collector designs exist, they generally fall into two categories. The first consists of an open ended 
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container with a sorbent-coated wire attached to the closed end. The container is buried open end down 
and the gas inside the container is allowed sufficient time to equilibrate with that in the surrounding 
soils. The second category has the sorbent contained within a hydrophobic gas permeable bag. The bag 
is buried and left in the ground for a sufficient time to allow gases to permeate the outer bag and sorb 
onto the collector. The containers are retrieved and taken to a laboratory for desorption and analysis. 
The chemical concentrations obtained by this method are not necessarily indicative of what is in the soil 
gas, since the collectors will sorb until they reach their saturation point. Because it collects and holds 
the surrounding gases over time, this system can detect much lower concentrations in the soil gas than 
an active system. Hence, it is possible to obtain soil gas information in fine-grained soils where active 
systems are not effective. 

DNAPL Uses: Soil gas sampling may be used to identify volatile organic hotspots in the subsurface as 
well as track groundwater plumes back to their sources. It is particularly effective in sandy soils. 

Drawbacks: Dynamic soil gas profiling is not effective in clay and pure silt, and if it is deemed 
necessary to use soil gas at a site with fine grained materials, the passive method should be chosen. 
Unless the sampling is done behind a dual tube direct push device or the site has been well 
characterized, the type of soil matrix that is being sampled is unknown. An understanding of the soil 
matrix is important because the result obtained from a clay lense may be quite different than that 
obtained from sand 15 cm (6 in) deeper. Finally samples taken in a very heterogenous environment are 
difficult to interpret and may lead to erroneous conclusions about where the source area is. 
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SECTION 6

USE OF GEOPHYSICAL METHODS IN DNAPL INVESTIGATIONS


Section 3 discussed the overall approach that involves constructing a conceptual model and dynamic 
work plan for evaluating the usefulness of techniques to investigate DNAPLs. This section describes 
generally available geophysical techniques that might aid in the characterization and remediation of 
DNAPLs. It provides an overview of the techniques followed by a detailed discussion of six specific 
geophysical categories with accompanying case histories if available. The categories are: commonly 
used borehole geophysical instruments, electrical, electromagnetic, ground penetrating radar, magnetics, 
and seismic. Depending upon the method, different deployment configurations, such as surface to 
borehole and borehole to borehole may be discussed. In general, none of the methods presented here are 
new and the instrumentation to conduct them is widely available. More experimental techniques, such 
as electrical resistivity tomography and electromagnetic offset logging, are discussed in Section 7. 

As emphasized in Section 3, before choosing any geophysical method, consideration should be given to 
the thickness of the units to be mapped and the method’s potential resolution of that thickness at the 
expected depth. Also, if a geophysical method is being considered for detecting DNAPL, it might be 
best to try to locate the DNAPL first with an intrusive method and then use the geophysical method to 
estimate the DNAPL mass areal extent by identifying what the known DNAPL anomaly looks like and 
then trying to identify it elsewhere. In general, geophysical techniques are most valuable in defining 
stratigraphic units and preferential pathways rather than the DNAPL mass. Finally geophysical data 
interpretation requires highly trained and experienced personnel. 

Overview 

Geophysical methods provide qualitative and quantitative 
information on subsurface conditions. They can be deployed 
in a number of ways: purely surface surveys, surface to 
borehole, borehole to borehole, and single borehole. The 
various methods are used to measure the physical properties 
of the subsurface materials, such as conductivity/resistivity, 
dielectric constant, and density, among others. Changes in 
these measurements are interpreted to indicate changes in 
subsurface physical/chemical properties. Geophysical 
methods do not directly measure the matrix so it is almost always necessary to do intrusive sampling to 
confirm the interpretation. In fact, for many surface survey methods, an accurate interpretation requires 
that the geophysical data be matched or calibrated with nearby borehole data. Once calibrated, survey 
methods can be used to accurately describe large subsurface areas that would be prohibitively expensive 
to explore directly. 

properties are used to interpret 

Geophysical methods measure the 
physical properties of subsurface 
materials and changes in these 

changes in the materials. They do 
not measure the material itself. 

Depending upon the method and deployment, the results obtained with surface geophysical methods can 
be presented as graphs, in plan view contour maps, 2-D cross-sections of the study area, or in some 
cases, displayed with 3-D imaging software. Their resolution and accuracy depend on several factors. 
One factor is the degree of interpolation between measured points used to construct the image. Some 
geophysical methods, such as ground penetrating radar, produce effectively continuous measurements 
over a single transect. Other methods, such as seismic reflection measure data with geophones placed at 
specific points along a transect that require some interpolation. A second factor is depth. For all survey 
methods, there is a direct trade-off between the required depth of the measurement and the resolution 
obtained. The deeper the requirement, the poorer the resolution. Another factor that has a significant 
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influence on the resolution of a geophysical technique is the degree of physical property contrast 
between geological structures or targets in the subsurface. Most geophysical methods measure changes 
in some physical characteristic of the geology, and if these changes are not distinct, the ability of the 
instrument to detect them is lessened. 

Borehole geophysical methods, such as electrical resistivity or natural gamma logs, provide continuous 
stratigraphic column information relevant to a specific location or station. Station measurements can be 
interpreted into a matrix diagram and then interpolated to produce a continuous generalized cross 
section of the study area. The accuracy and level of detail in such a cross section can be enhanced only 
by increasing the number of stations or by employing different instrumentation that can be deployed in 
surface to borehole or borehole to borehole configurations. 

Surface to borehole and borehole to borehole tomography are finding increasing use in environmental 
geophysical applications. These methods can provide 3-D images with depth. The spacing of generators 
and receivers generally determine the degree of resolution and accuracy obtained. 

Geophysical methods may be used for a number of purposes in DNAPL investigations and remediation: 

•	 Geologic characterization, including lithology and 
thicknesses of strata and the topography of the bedrock 
surface below unconsolidated material, to assess 
preferential flow pathways; 

•	 Aquifer characterization, including depth to water table, 
general water quality, and water bearing fractures; 

DNAPL investigations and 

Geophysical methods may be 
used for a number of purposes in 

remediation. 

•	 Contaminant plume distribution when a dissolved DNAPL chemical is mixed with other 
contaminants that have properties that can be distinguished by the geophysical method (e.g., 
conductive landfill leachate); 

•	 DNAPL mass location when the mass is sufficiently large to cause a resolvable change in the 
physical characteristics of the host matrix; 

•	 DNAPL mass remediation by steam where the geophysical technique is used to track the movement 
of the steam front to ensure the area thought to contain the DNAPL is completely immersed; and 

•	 Buried leaking drums or tank locations. 

Because many types of geophysical methods are available, selecting the right method requires careful 
evaluation. Multiple methods should be used during a single investigation to develop separate but 
complementary results. The choice of appropriate measures depends largely on site-specific geology, 
the types of subsurface anomalies that are of interest, and the cultural noise present at the site. The U.S. 
Geological Survey has developed an expert system designed to aid site managers in choosing 
appropriate geophysical methods (Olhoeft 1992). Table 6.1 presents a qualitative ranking of seven 
common geophysical methods in the order of their capability to characterize certain subsurface 
conditions. This table is intended as a general guide. The application ratings given are based upon actual 
experience at a large number of sites and upon the ability of each method to produce results under 
general field conditions when compared to other methods applied to the same task. Developing an 
optimal approach depends on site-specific conditions. For instance, site-specific conditions may dictate 
the choice of a method rated 2 or 3 in preference to a method rated 1 (Cohen and Mercer 1993). Table 
6.2 (below) contains the major characteristics of six geophysical methods that are commonly used at 
hazardous waste sites. 
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Table 6-1. Geologic Applications of Most Common Surface Geophysical Survey Methods 

Application Ground 
Penetrating 

Radar 

Electro
magnetic 

Conductivity 
(frequency 
and time 
domain) 

Electrical 
Resistivity 

Seismic Metal 
Detectors 

Magne
tometry 

Evaluation of Natural Geologic and Hydrologic Conditions 

Depth and thickness of soil and 
rock layers and vertical variations 

1a 2 1 1 NA NA 

Mapping lateral variations in soil 
and rock (fractures, karst 
features, etc.) 

1a 1 2 2 (refr.) 
1 (refl.) 

NA NA 

Depth of water table 3 2 1 - NA NA 

Notes: 1 = Primary choice under most field conditions a = Shallow 
2 = Secondary choice under most field conditions b = Assumes ferrous metals to be present 
3 = Limited field application under most field conditions refr. = Refraction 
NA = Not applicable refl. = Reflection 

Source: Cohen and Mercer 1993 

Frequently Used Geophysical Borehole Methods 

Unless the drilling equipment provides a continuous core as part of its operation (e.g., dual tube air 
percussion, NX coring for rock, sonic drilling, or dual tube direct push), it is generally financially 
impractical to continuously core all boreholes drilled at a site. Hence the stratigraphy of most boreholes 
placed in unconsolidated materials is determined from cuttings brought to the surface during the 
drilling. Boreholes placed in rock can be examined by acoustic or optical televiewers. For many 
investigations, this level of detail is adequate. However, the movement of DNAPL through an 
unconsolidated subsurface can be highly influenced by small changes in the soil matrix. For example, a 
thin sand lens in an otherwise clayey matrix or a thin clay lens in an otherwise sandy matrix can divert 
DNAPL flow. Preferential pathways caused by thin lenses are difficult if not impossible to detect in 
cuttings. However, they can be detected by downhole geophysical methods, and it might be wise to 
consider their use at sites where DNAPL chemicals are a concern. It is best to consider borehole logging 
in planning the characterization so that the hole size and/or well construction can accommodate all the 
desired parameters. 

While the primary purpose of using conventional borehole 
geophysics during a DNAPL investigation is to refine the 
understanding of the geologic and hydrogeologic setting in 
which the DNAPL may have been introduced, there are 
instances where they can indicate the presence of an anomaly 
that may be caused by a DNAPL in the soil matrix. To detect 
the potential presence of a DNAPL, the borehole has to be 
drilled directly through or very close to the contaminated 
area, and the residual has to be present in sufficient quantities 
to affect the physical properties of the soil. 

DNAPL investigation is to refine 
understanding of the site geologic 

The primary purpose of using 
borehole geophysics during a 

and hydrogeologic setting. 

The type of borehole to be logged may place a constraint on the selection of an appropriate geophysical 
method. The presence of a casing, type of casing, borehole diameter (large enough for the instrument of 
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interest), presence of borehole fluid, and the required radius of measurement affect the choice of method 
to use. Some tools, such as optical and acoustic televiewers, require centralizers. Each tool will have a 

Table 6-2. Characteristics of Surface Geophysical Methods Commonly Used at Hazardous 
Waste Sites for Evaluating Natural Hydrogeologic Conditions 

Method General Continuous Depth of Major Limitations 
Application Measurements Penetration 

Ground Highest Yes Typically less Penetration limited by increasing 
Penetrating 
Radar 

resolution of 
any method for 

than 9 m (30 ft) to 
30 m (100 ft) 

clay content, fluid content, and 
fluid conductivity 

profiling and under ideal 
mapping conditions 

EM Conductivity Very rapid Yes To 61 m (200 ft) Affected by cultural features, 
(Frequency 
Domain) 

profiling and 
mapping 

(to 15 m or 50 
ft) 

stationary 
method 

including metal fences, pipes, 
buildings, and vehicles 

EM Conductivity 
(Time Domain) 

Soundings Yes To >305 m 
(1,000 ft 
stationary 

Usually cannot be used to provide 
measurements shallower than 
about 3 m (10 ft). Affected by 

method) cultural features, including metal 
fences, pipes, buildings, and 
vehicles 

Electrical Soundings or Yes with No limit, but For most instruments, requires 
Resistivity profiling and 

mapping 
capacitance 

equipment. No 
commonly used 
at depths of <91 

good ground contact and long 
electrode arrays; integrates a 

with galvanic m (300 ft) large volume of subsurface. 

Seismic Profiling and No No limit, but Requires considerable energy for 
Refraction mapping soil commonly used deeper surveys; sensitive to 

and rock to <91 m (300 ft) ground vibrations 

Seismic Profiling and No To >305 m Very slow surveying; requires 
Reflection mapping soil (1,000 ft) extensive data reduction; 

and rock sensitive to ground vibrations 

Magnetometry Profiling and Yes No limit, but Only applicable in certain rock 
mapping soil commonly used environments; limited by cultural 
and rock to <91 m (300 ft) ferrous metal features 

Note: Actual results depend on site-specific conditions. In some applications, an alternate method may provide

better results and all potentially applicable techniques should be evaluated before choosing one.

Source: Adapted from Cohen and Mercer 1993


specific speed range for movement up or down the hole while recording, and speeds can vary widely 
depending upon the method used. Commercial vendors typically provide only the data of their log runs; 
the interpretation is generally left to the client. If the borehole will accommodate them, multiparameter 
tools that can measure several properties at once can be used to save time and money. Table 6-3 
summarizes some methods and constraints. 
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Acoustic Televiewer 

The probe used by this method contains a rotating transducer for sending and receiving high frequency 
acoustic pulses, the electronics for recording these pulses, and devices (they differ by vendor) for 
maintaining the orientation of the unit. The acoustic pulse is bounced off the borehole wall and the 
probe creates an acoustic image by measuring the return time and intensity. Computer software can then 

Table 6-3. Geophysical Borehole Methods and Constraints 

Geophysical 
Method 

Well Casing 
Type 

Minimum 
Borehole 

Diameter (in) 

Borehole 
Fluid 

Radius of Measurement 

Electrical Uncased 1.5 - 5.5 Conductive Varies from near borehole 
surface to as much as 4 ft 
using induced polarization 

Electromagnetic Uncased or 
nonmetallic 

2 - 7 Wet or dry Varies from 30 in with 
induction to yards using radar 

Nuclear Uncased or 
cased 

2 - 4.5 Wet or dry 6 - 12 in 

Source: EPA 1993b 

produce a 3-D image of the borehole wall that may be rotated and evaluated for fracture occurrence and 
orientation (Figure 6-1). The hole must have liquid in it for the instrument to work. The logging speed 
for high resolution imaging is 1.5 to 1.8 m (5 to 6 ft) per minute. Acoustic televiewer images, such as 
the one shown, use false color for better imaging. The tool can only distinguish time and distance not 
color. 

DNAPL Uses: This method, which is an excellent device for 
examining fracture size and orientation in bedrock, provides 
information on potential preferential flow paths and adds to the 
overall accuracy of the conceptual model. 

Drawbacks: Cross contamination issues connected with open 
boreholes exist for DNAPL applications that may complicate the 
use of this instrument. The method does not identify DNAPLs 
directly. It does not have as good a resolution as an optical 
televiewer. 

Electromagnetic Induction 

The probe used in this method contains a transmitter coil at one 
end and a receiver coil at the other end. The transmitter coil 
generates an EM field that creates eddy currents in the earth 
around the instrument. The receiver coil intercepts both the 
primary and the secondary EM fields. The measured currents are 
proportional to the bulk electrical conductivity of the subsurface 

Figure 6-1. Acoustic Viewer 3-D 
Image of Borehole. 

Courtesy of Downhole Surveys, Ltd. 
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materials. With EM induction, the distance measured from the borehole is directly related to the 
distance between the transmitter and the receiver coils and the frequency employed. For a stand- alone 
borehole instrument, the distance measured is generally on the order of a 76-cm (30-in) radius (USEPA 
1993b). The bulk conductivity of a material is a function of its fluid content, the electrical properties of 
the fluid, and the matrix. In a vadose zone, clays are distinctly more conductive than sand, and 
depending upon the degree of contamination, contaminated soil may exhibit very different properties 
than their uncontaminated counterparts. The tool can be used in or out of water and in uncased or plastic 
cased wells. Many tools require about 20 minutes for the electronics to stabilize prior to recording data. 

DNAPL Uses: DNAPLs are generally non-conductive and when present in sufficient quantities can 
alter the bulk electrical conductivity of the matrix they are in. Although an EM instrument may be able 
to detect this change, it should not be anticipated that it will, nor should it be the instrument of choice to 
do so. This method provides a look at the soil matrix around the borehole, not just in it. Also, the 
method provides some confirmation of the borehole cuttings log which increases the accuracy of the 
conceptual model. 

Drawbacks: Because the radius of measurement is short, the change in expected matrix conditions that 
may be attributed to the presence of a DNAPL mass needs confirmation by an intrusive method if the 
borehole does not directly penetrate the mass. These instruments cannot be used in metal cased wells. 

Gamma-Gamma Probe 

Gamma-gamma probes consist of a gamma source and a shielded detector to measure radiation 
backscatter and attenuation by the formation. The data gathered by the detector can be used to calculate 
bulk density, porosity, and moisture content for soil layers as thin as 1 cm (0.4 in). Since the bulk 
density of soil is a function of grain size, this method can be used to identify changes in the soil matrix. 
The probe requires special handling and licences because of the active radiation source. It can be used 
in a dry or fluid filled well that is cased or uncased. 

DNAPL Uses: Gamma-gamma is used primarily to verify the stratigraphy used in the site conceptual 
model. 

Drawbacks: Measurements are not reliable in materials containing expansive clays. An accurate 
measure of formation moisture requires an independent measurement of dry bulk density (i.e., 
determined on an ex-situ sample). 

Natural Gamma Probe 

Natural gamma probes measure the total gamma radiation that is given off by formation materials. The 
radiation is primarily from the decay of potassium-40, uranium-238, and thorium-232. While no soil or 
rock material has a characteristic level of natural radiation, the different matrices can be differentiated 
within a borehole by relative activities. For example, clays and shales tend to be much more radioactive 
than sand and dolomite. 

DNAPL Uses: Natural gamma is used primarily to verify the stratigraphy used in the site conceptual 
model. 

Drawbacks: The smaller the diameter of the probe, the higher the signal to noise ratio. Sensitivity is 
decreased in the presence of materials that may affect the gamma ray energy, such as drilling fluids and 
casing. A large borehole in relation to the diameter of the probe also may reduce its sensitivity. 
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Neutron Probe 

The neutron probe contains a neutron source (usually americium-241/beryllium) and detection devices. 
The detectors measure the number of neutrons that are backscattered from interactions with hydrogen 
atoms in the formation wall. Neutron collisions with hydrogen produce a characteristic slowing down or 
thermalizing of the neutron. These thermalized neutrons are what is counted by the detector. Since most 
naturally occurring hydrogen in the earth’s crust is associated with water, the count can be directly 
related to the amount of water in the formation. The effective radius of the probe’s measurement is 15 to 
30 cm (6 to12 in). 

To obtain moisture values, the probe is lowered into the borehole to the desired depth and a reading is 
taken. The time taken for each reading determines its precision. The longer the count time, the better the 
precision. When the count is completed, the probe is moved to the next measurement position. Like 
gamma-gamma probes, neutron probes require special handling and licences because of the active 
radiation source. 

Neutron probes have been used to 
detect chlorinated DNAPLs in the 
formation immediately adjacent to 
a completed borehole. 

DNAPL Uses: Hydrogen is not the only fast neutron 
moderator. Materials that may affect the accuracy of the 
measurement and indicate that moisture is present when it is 
not are boron, cadmium, chlorine, and hydrocarbons among 
others. Hence, in the vadose zone, when the borehole is in or 
very close to a DNAPL mass, the apparent moisture content 
calculated from the probe may be very different from what is 

expected. In this situation, the area should be further investigated for the potential presence of DNAPL. 
This was the case at a remedial action where neutron probe readings changed as chlorinated 
hydrocarbon mass was withdrawn from the area surrounding the borehole see Newmark, et al., 1998. 
This method is also used to refine the stratigraphy information for the conceptual site model. 

Drawbacks: The effective radius is very short. 

Resistivity Probe 

Resistivity probes measure the bulk electrical resistance of formation materials to current flow in the 
immediate area of the borehole walls or an average between the borehole probe and the surface. There 
are several methods and instruments for measuring resistivity. 

The dual laterolog method (also called focused resistivity) provides two resistivity measurements with 
different radial penetration depths. The probe consists of three electrodes. The central electrode is fed a 
current of constant intensity. The other two electrodes, located above and below the central one, receive 
varying intensities of current that are adjusted to achieve a zero voltage potential with the central 
electrode. The result is a confined current that is restricted to a radial flow outwards. The thickness of 
the radial flow is determined by the spacing of the two “guard” electrodes. The drop in voltage potential 
of the radiating current is measured by a remote electrode, which provides deeper penetration into the 
formation, and by an electrode mounted on the probe, which measures a much shallower penetration. 
This method is used extensively in oil and gas exploration activities. It should be noted that probes 
available from vendors are on the order of 9-m (30-ft) long and weigh several hundred pounds. The 
vertical resolution of these devices is generally greater than 46 to 61 cm (1.5 to 2 ft). Logging speeds of 
up to 49 m (160 ft) per minute are obtainable. 

A variation of the laterolog method is the azimuthal resistivity imager. Developed primarily for oil and 
gas exploration activities, this device provides a resistive image of the borehole sides. It uses an array of 
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electrodes (corresponding to the central electrode in a normal laterolog) that allows for better vertical 
resolution (20 cm or 8 in) than the normal laterolog and provides information on fracture spacing and 
dip as well as resistivity. The probe is over 9 m (30 ft) long and has a maximum logging speed of 
approximately 9 m (30 ft) per minute. 

A normal resistivity probe generally consists of an electrode at the top of the probe that introduces the 
current, a closely spaced electrode just beneath it to measure total system response, and up to four 
spaced electrodes along the probe for measuring various distances into the formation. It is generally 
used to provide a depth profile of water quality as a function of its resistivity. The typical size of these 
probes ranges from 1 to 3 m (3 to 9 ft). 

The single point resistance method can be conducted using a probe with two electrodes that measure the 
resistance between them as the probe is lowered down the borehole. It also can be conducted by placing 
an electrode at the surface and lowering a second electrode down the borehole. The method can identify 
changes in borehole lithology and in water quality. It is useful for fracture detection in crystalline 
bedrock. 

DNAPL Uses: Borehole resistivity is useful in developing a conceptual model of bedrock stratigraphy 
and potential preferential pathways of DNAPLs. 

Drawbacks: The method has a shallow radius of investigation. Readings are affected by borehole 
diameter and have to be corrected if drilling fluids are used. The borehole cannot be cased and must be 
filled with water or other conductive fluid for the device to work. The presence of conductive clays in 
the rock or soil matrix complicates data interpretation. 

Spontaneous Potential 

The spontaneous potential probe measures the change in voltage that develops at the contacts of 
different lithologies. An electrode is lowered down the borehole and another electrode is placed in the 
ground next to the borehole. The potential between these electrodes is measured as the electrode travels 
through the conductive fluid in the borehole. The spontaneous potential method is used to measure bed 
thicknesses and can be used to measure water quality. Spontaneous potential also aids in the 
interpretation of other geophysical logs. 

DNAPL Uses: Spontaneous potential is used primarily to reinforce “weight of evidence” for the 
stratigraphy interpretation used in the site conceptual model. It is not known whether it has any potential 
for locating anomalies due to DNAPL. 

Drawbacks: The instrument should not be used to determine the quality of water containing less than 
10,000 mg/l of total dissolved solids. It can only be used in an open borehole containing a conductive 
fluid (USEPA 1993b). 

Combining Commonly Collected Borehole Geophysical Information 

Because information gathered from a single borehole geophysical method is generally not conclusive, 
many investigators employ multiple methods. The geophysicist can compare the results of each method. 
For example in Figure 6-2, the two main units of concern are clay and silty sand. The natural gamma log 
indicates a potential clay unit between 61 and 150 cm (2 and 5 ft) bgs. The density and spectral gamma-
gamma (SGG) ratio logs support the existence of the clay unit, as uncompacted clays are generally less 
dense (more porous) than sand, and the conductivity log shows the clay unit to be more conductive than 
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the sand which is also expected. Hence one could conclude, based on the measurement of three different 
parameters that a clay unit is present. However, if one of the three measurements had been counter 
indicative (e.g., had indicated results different than expected for a clay), yet another method would be 
applied to reach a definitive conclusion. In Figure 6-2, the spontaneous potential (SP) log indicates the 
three different units and a spike that occurs when the probe passes the silty sand to till interface. Also, 
the magnetics log indicates that the different units have slightly different magnetic properties. The use 
of multiple methods is particularly common with passive technologies, such as natural gamma, 
temperature, self potential, and magnetometry. 

Figure 6-2. Geophysical Log Using Multiple Methods. 

As indicated in the technology descriptions above, some of the downhole geophysical methods are 
capable of detecting changes in the physical properties of the soil matrix that may have been caused by 
DNAPLs. The detection of physical property change is particularly useful if the detected change is not 
expected for the matrix (e.g., a poorly conducting clay), which would alert the investigator to take a 
more definitive look at the anomalous area. In general, however, conventional downhole methods are 
not well suited for direct DNAPL investigation because they cover only a limited area of investigation 
around the borehole, and their ability to specifically identify anomalies caused by DNAPLs is limited. 
They can be useful in refining the conceptual model with reference to stratigraphy and preferential flow 
paths and used to corroborate interpretations from surface geophysical methods. 
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Electrical Methods 

There are three types of surface electrical methods: direct current (DC) resistivity, complex resistivity, 
and spontaneous potential. DC methods measure the electrical resistance or conductance of the 
subsurface by transmission of a current between electrodes placed at, or into, the ground surface. 
Complex resistivity, in addition to measuring resistivity, also measures the electrochemical response of 
subsurface materials to an applied current. Complex resistivity is discussed in Section 7. The 
spontaneous potential technique measures the natural difference in electrical potential between two 
points. Spontaneous potential is not included in this review. 

How It Works: During DC electrical surveys, a current is injected into the earth through a pair of 
current electrodes, and the potential difference is measured between a pair of potential electrodes. 
Common arrays include the dipole-dipole, Schlumberger, and Wenner configurations and the choice of 
which to employ will depend upon the survey target. Electrodes in the Schlumberger and Wenner arrays 
are generally arranged linearly, whereas the dipole-dipole array can have several configurations (Figure 
6-3). The advantage of the dipole-dipole array over the other two is that the distance between the 
electrode pairs can be increased indefinitely and is limited solely by the sensitivity of the instrument and 
noise level. The distance between the Wenner and Schlumberger array electrodes is generally limited by 
cable length availability (Parasnis 1997). The apparent resistivity or conductivity is the calculated bulk 
average resistivity or conductivity of all soils and rock influencing the flow of current. The volume of 
earth over which the resistivity is averaged is directly related to the distance between the current 
electrodes. The wider the spacing, the deeper the probe. Electrical methods measure similar properties 
as those measured by EM methods, and the units of measurement are the same—ohms per meter 
(resistivity) or Siemens per meter (conductivity). It should be noted that each type of array will produce 
a different response to subsurface features. 

Figure 6-3. Electrical Resistivity Array Configurations. 
Adapted from Parasnis 1997. 
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DC electrical methods have the advantage of being less sensitive to interference from cultural features 
than EM methods, but are somewhat slower to provide results than their EM counterparts, as a electrode 
probe generally must be inserted in the ground at each station. However, there is one instrument that 
uses a capacitively coupled system that can be dragged across the ground instead of having to insert 
electrode probes at each station (Figure 6-4). This system does not make direct galvanic contact with the 
ground. The ability to drag the system greatly shortens the time required to do a survey. An inverted 
Schlumberger array can also be used in this fashion. 

Figure 6-4. Ohmmapper 
Resistivity Instrument. 

Courtesy of Geometrics, Inc. 

Electrical Resistivity 

There are several types of electrical resistivity surveys that differ 
in the arrangement of the electrodes. One type is profiling. The 
distance between electrodes is maintained as the array is moved 
across the area to be surveyed. The actual measurements may or 
may not be continuous depending on the array usage, and an 
appropriate spacing between measurements should be chosen 
based on the resolution and depth of penetration required by the 
project. When the spacing between the electrodes is constant, the 
instruments measure the averaged resistivity at approximately 
(depending upon the formation resistivity) a constant depth. This 
measure is useful when estimating the lateral extent of a 
conductive or resistive contaminant groundwater plume or when 

mapping a sand (resistive) filled channel in a clay (conductive) setting. 

Another type of survey is sounding (Figure 
6-5). Sounding surveys are conducted 
when the goal is to determine the vertical 
variation of resistivity with depth. The 
electrodes are kept on the same transect 
but are moved increasingly farther apart. 
Each measurement provides an averaged 
resistivity to an increasing depth. Vertical 
resolution varies, but as a rule of thumb it 
is difficult to resolve a layer that is thinner 
than the depth to its upper surface 
(Greenhouse et al., 1998). In general, for 
environmental surveys, both techniques 
are used. An inverted Schlumberger array 
can provide both lateral and depth 
information. A dipole-dipole axial survey 
can produce 2-D pseudosections that provide an effective combination of profiling and sounding (Figure 
6-6). 

Figure 6-5. Vertical Resistivity Sounding Profile. 

Source: SAIC 2001 

DNAPL Uses: Resistivity surveys are generally preferred to EM frequency techniques for examining 
horizontally layered stratigraphy because they generally can resolve more layers (USEPA 1993b). 
Resistivity is also superior to EM for locating thin near-surface resistive layers, such as sand layers. 
Hence, the stratigraphy of relatively large areas can be mapped and used to increase the probability of 
finding DNAPLs with more intrusive methods. Resistivity can also, under the proper circumstances, 
locate highly resistive chemicals, such as DNAPLs or hydrocarbons, when they have a sufficient areal 
extent to provide a sharp electrical property contrast with the matrix they are in. However, like other 
geophysical techniques, the DNAPL anomaly is generally within the normal background variations of an 
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Figure 6-6. 2-D Resistivity Pseudosections. 

Source: SAIC 2001. 

area and hence difficult to separate out. Resistivity has also been used to locate water filled fracture 
zones in bedrock, which can help with the placement of boreholes during a DNAPL investigation. 

Drawbacks: Dipping strata and lateral heterogeneity of the soil matrix greatly complicate interpretation 
of the data (EPA 1993b). Two and three-D modeling can help with the interpretations in these situations. 
Unless holes are drilled for the electrodes, the equipment cannot be used in paved areas or directly on 
rock (the capacitively coupled design mentioned above is an exception). On rock, additional conductive 
mud can be used to make contact between the electrode and the subsurface. 

Case Study: An electrical resistivity survey was performed at a former MGP. The site was adjacent to a 
river and had stratigraphy that consisted of a 3-m (10-ft) fill overlying a 2 to 3-m (8 to10-ft) silt to silty 
clay which was underlaid by a sand to sand and gravel unit. Groundwater generally occurred between 1 
and 2.5 m (4 and 8 ft) bgs. The survey was not able to identify stratigraphic contact points, piping, or 
zones of contamination. It did indicate a number of areas with distinctly different resistivities but the 
solutions were all non-unique in that they could not differentiate between lithologic, dissolved chemical, 
or DNAPL sources. Many of the areas that did have resistivities that might indicate a DNAPL proved to 
be DNAPL free with intrusive sampling. The fill layer consisted of a resistive sand and gravel mixed 
with varying amounts of bricks; slag; fly ash; coal; and wooden, often oil soaked, boards. The presence 
of this spatially heterogeneous fill complicated survey interpretation (USEPA 2003). 

Electrical Resistivity Tomography 

Electrical resistivity tomography (ERT) and complex resistivity tomography 
use surface-to-surface, surface-to-borehole, borehole-to-borehole, or a 
combination of these resistivity measurements to construct 2- or 3-D images of 
subsurface resistivity distributions. By rotating through different combinations 
of electrode transmitter and receiver pairs, a data set containing a large number 

Electrical resistivity 
has not 

been successful in 
locating old (static) 
DNAPL releases. 

tomography
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of independent observations is produced. Once the measured transfer resistance is known, an image of 
apparent resistivity is reconstructed from the combined data. The image is constructed using an inversion 
algorithm. A considerable amount of research work is currently being conducted to improve and compare 
these inversion algorithms. The best resolution is with systems using borehole to borehole measurements 
that are supplemented with surface electrodes. The borehole measurements require a string of electrodes 
to be deployed downhole. Resolution of borehole measurements is directly dependent upon the ratio of 
the depth of the instrumented boreholes and the distance between them (aspect ratio). LaBrecque et al. 
1997 estimate that the lowest ratio for obtaining acceptable resolution is 1.5:1 or the borehole depth has 
to be 1.5 times the borehole separation. The precision of the measurements is generally better than the 
ability to provide unique solutions, which makes the technique ideal for observing changes in resistance 
patterns rather than identifying existing target conditions. 

DNAPL Uses: ERT and complex ERT have been successfully demonstrated in laboratory experiments to 
track the progress of a DNAPL release through soil (Newmark et al. 1998 and Ramirez et al. 1996). 
Complex ERT has also shown the expected induced polarization effects of the DNAPL on clays in the 
experimental vessels. ERT has been demonstrated in conjunction with steam-based remediation 
techniques to track the progress of the steam front through the subsurface to ensure full coverage of the 
contaminated area (LaBrecque et al., 1998). 

Drawbacks: The technology is expensive to place and has not been particularly successful in identifying 
past releases when baseline data is not available to use for comparison. It does not give a unique solution 
because it does not positively identify a target or soil matrix. The deployment of a substantial number of 
electrode strings may be required to achieve project required resolutions. 

Case Study: Cross borehole ERT was used to monitor the removal by pumping of a mobile-phase 
DNAPL (TCE) at Hill Air Force Base. Three fiberglas monitoring wells with fiber optic chemical 
sensors and electrical resistivity electrodes were placed across a known DNAPL pool. The wells were 
also logged using gamma and neutron probes. The neutron probe detected a drop in neutron counts near 
the interface of a sand overlying a clay unit. The gamma log showed a sharp contact point at the same 
location with no gradual grading that might explain the drop in neutron counts. As the pumping of the 
DNAPL progressed, the thickness of the low count area decreased—an indication that the neutron probe 
was tracking the chlorine/hydrogen content of the adjacent soil. Cross borehole ERT images were made 
before pumping began to provide a baseline image. Image difference comparisons over time indicated a 
gradual shifting of the resistive areas as the DNAPL drained towards the pumping well. However, not all 
areas shifted and intrusive sampling will be required to determine if DNAPL remains or if the anomaly is 
naturally occurring. (See Newmark, et al., 1998.) 

Electromagnetic Methods 

EM methods measure changes in the bulk subsurface electrical conductivity due to changes in subsurface 
conductive features. They can be operated in the frequency domain or the time domain. There are a 
number of deployment configurations that will be discussed below that include terrain conductivity, 
horizontal loop electromagnetics, fixed source frequency domain electromagnetics, and very low 
frequency electromagnetics, and fixed source time domain electromagnetics. Electromagnetic offset 
logging, which is a frequency domain technique is discussed in Section 7 as a technique that has 
potential for locating DNAPLs but is still in the research/demonstration stage. 

How It Works: Frequency EM systems have a transmitter coil that generates a primary EM field at the 
surface. As this field propagates into the subsurface it induces a voltage which causes current to flow in 
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conductors. The current in turn produces a secondary magnetic field which is measured by a receiver at 
the surface. Most commercial systems include a receiver coil that can measure both the primary (in
phase) and the secondary (quadrature phase) EM fields. The measured currents are proportional to the 
electrical conductivity of the subsurface materials. Variations in those values can be interpreted as strati
graphic changes, the presence of conductive bodies, or buried wastes. The strength of the secondary EM 
fields is a function of the type of soil or rock, its porosity, degree of connectivity, degree of saturation, 
and the conductivity of the fluids that fill the pore spaces. 

EM measurements can be made in either the frequency or time domain. Frequency domain measurements 
sense the subsurface response of EM fields at one or more transmitted frequencies and generally measure 
the in-phase and quadrature phase of the signal. 

Time domain measurements measure the decay in the secondary magnetic fields after the primary EM 
signal has been abruptly turned off. The decay time decreases with increasing resistivity. Time domain 
systems generally can resolve more layers than frequency systems, have greater depth penetration, and 
are less affected by shallow conductive layers (USEPA 1993b). 

The depth of penetration (or skin depth) of a planar EM wave is 
defined as the depth needed for the amplitude of the wave to be 
reduced by 1/Q (.37) (Greenhouse 1998). The reduction is a 
function of the frequency of the wave and the resistivity of the 
material the wave is passing through. For example, an EM 
survey conducted over a highly resistive rock at low frequencies 
may have a penetration depth of hundreds of meters, while a 
survey using high frequencies over a highly conductive soil may 
have a skin depth of a meter (3 ft) or less. The size and/or 
separation distance of the transmitting and receiving coils as 
well as their orientation (horizontal, vertical) also influences the depth of penetration. 

Care should be taken in 

when there is a shallow 
conductive layer (e.g., clay, 

interpreting subsurface EM data 

graphitic shales) that may screen 
deeper targets from the primary 
field. 

For environmental surveys, EM instruments can be divided into several groups according to the manner 
in which the survey is conducted. One group uses relatively small diameter receiver/transmitter coils that 
are moved at a fixed distance from each other over the survey area. This group is generally used for 
shallow investigations. A second group uses a fixed coil that can be deployed as a long cable grounded at 
both ends or a circular or rectangular transmitting coil laid out on the ground with the receiver placed 
either inside or outside of the coil. A third group uses coincident transmitter and receiver coils that can 
continuously acquire data. 

One of the advantages of EM methods over galvanic resistivity methods is that they do not require a 
conductive connection to the ground. Another advantage is that the variable frequency range used in EM 
methods provides greater resolution at a given depth than the bulk volume averaging provided by the DC 
resistivity methods. The principal disadvantages to EM methods are that the interference caused by 
subsurface anomalies, such as buried utility lines or building foundations, increases with depth, and the 
resolution of the data decreases proportionally. Care should be taken in interpreting subsurface data when 
there is a shallow conductive layer (e.g., clay, graphitic shales) that may screen deeper targets from the 
primary field. 

Several commonly deployed EM systems and techniques are discussed below. 
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Terrain Conductivity 

Terrain conductivity surveys are conducted with frequency domain 
fixed loop systems. The instruments generally have transmitting and 
receiving coils attached to the ends of a rigid structure that can be 
manually carried across the area of concern (Figures 6-7 and 6-8). 
The coil orientations can be set by the user to be either in a 
horizontal or vertical orientation. The instruments measure both in-
and quadrature-phases of the return signal. The quadrature phase can 
be directly related to ground conductivity. For this relationship to 
hold, the skin depth must be large compared to the fixed coil spacing. When ground conductivities are 

for differentiating shallow 
subsurface conditions that 
provide distinct conductivity 
changes. 

Terrain conductivity is useful 

Figure 6-7. GEM-300 Multi-
frequency Terrain Conductivity 
Meter. 

Courtesy of Geophysical Survey Systems, Inc. 

above 100 mS/m, these conditions begin to break down and the 
accuracy of the instrument deteriorates (Greenhouse et al., 
1998). The fixed distance of the coils essentially limits the 
instrument to subsurface profiling (as opposed to sounding). 
Depending upon the model and vendor, the instrument can have 
multiple (Figure 6-7) or single (Figure 6-8) frequency 
capabilities. Since the depth of penetration is dependent in part 
on frequency, instruments with multiple frequency capabilities 
give the investigator more freedom to adjust the instrument to 
project needs and may allow some sounding capabilities. 
Measurements can be made continuously or at stations on a 
preset grid. While the in-phase signal is not linearly related to 
subsurface conductivities, it is very sensitive to buried metals 
and is often used for locating buried drums or other metallic 
targets. Generally, the effective depth of exploration is about 6 
m (20 ft) but varies with the site. Data are usually displayed on 
contour maps as apparent conductivities. 

DNAPL Uses: Terrain conductivity has been extensively used for mapping shallow, conductive, 
groundwater contamination plumes. If a conductive plume contained the dissolved phase of DNAPL 
chemicals, it would be a useful surrogate for guiding a hydrogeologic investigation. While terrain 
conductivity has had limited success in locating large, shallow light non-aqueous phase liquid (LNAPL) 
pools, it generally cannot resolve smaller residual DNAPL masses. However, there is a growing body of 
evidence (Abdel Aal 2003, Atekwana 2001 and 2004, Burton 2003, Mwanda 2002, Smart 2004, and 
Werkema 2002 and 2004)  ) that suggests that some biodegradation processes associated with some 
NAPLs result in conductivity changes in the groundwater near and in contact with the NAPL. These 
conductivity changes would be detectable by EM instruments. 

Drawbacks: The method has limited depth penetration capabilities and is affected by nearby surface 
metal (vehicles, fences), radio station transmitters, and power lines. It does not provide a unique solution 
and the results need to be compared to a known stratigraphic profile or investigated directly. 

Case Study 1: A terrain conductivity survey was conducted with a multi-frequency GEM 300 system at 
the former Baker Wood Creosoting Company in Marion, Ohio. The subsurface consists of a 61 to 90-cm 
(2 to 3-ft) thick silt loam overlying a calcareous clay, which is followed by a glacial till with thin 
interbedded sand layers. A limestone dolomite bedrock unit occurs between 4 and 8 m (13 and 25 ft) bgs. 
Groundwater is in the bedrock at approximately 12 m (40 ft) bgs. 
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The geophysical survey covered a 30 by 91-m 
(100 by 300-ft) area that encompassed the former 
tank area and pump house. Grid lines were on 90
cm (3-ft) centers, and measurements were taken 
every 61 cm (2 ft) using three frequencies (2, 4, 
and 9 kHz). The use of different frequencies 
allowed for some depth sounding. Strong 
conductors (in-phase) were found in the vicinity of 
the pump house and tank foundations indicating 
the rebar used in their construction. While there 
was some interference from the strong metal 
conductors, the low conductivity readings in an 
otherwise conductive soil indicated widespread 
soil contamination. 

Figure 6-8. Geonics EM-31 Terrain Conductivity 
Meter. 

.Courtesy of Clearview Geophysics, Inc

The low conductivity readings were very prevalent in the 9 kHz 

The conditions that 

targets and their location 
in a shallow conductive 

favored the use of this 
method were the non-
conducting nature of the 

soil matrix. 

survey and much less so in the 4 kHz measurements, which suggest 
that the majority of the contamination was shallow. Subsequent 
excavation activities at the site showed good agreement with the EM 
survey in terms of location and depth of contamination. 

The non-conductive nature of the targets and their location in a 
shallow conductive soil matrix favored the use of this method. 
Unfavorable conditions were the presence of a nearby radio 
transmitter and subsurface metal clutter. For more information see 
USEPA 2000b. 

Case Study 2: A terrain conductivity survey was conducted at a former MGP (USEPA 2003). Site 
stratigraphy consisted of a 3-m (10-ft) fill overlying a 2.5 to 3-m (8 to10-ft) silt to silty clay layer which 
was underlain by a sand to sand and gravel unit. Groundwater generally occurred between 1 and 2.5 m (4 
and 8 ft) bgs. The survey was able to identify a number of subsurface features, such as large concrete gas 
tank holder foundations, reenforced concrete pads, and some piping corridors. It was unable to identify 
large pipes (10 plus inches in diameter) below 2.5 m (8 ft) or single small 5 to 20-cm (2 to 4-in) pipes at 
any depth. While the site had considerable contamination, the survey was not able to differentiate it from 
fill materials. This is to be expected since the fill consisted of a resistive sand and gravel mixed with 
varying and spatially diverse amounts of bricks; slag; fly ash; coal; and wooden, often oil soaked, boards. 

Horizontal Loop Frequency Domain Electromagnetics 

The principles of horizontal loop electromagnetics (HLEM), sometimes called the Slingram method, are 
very similar to terrain conductivity. The receiving and sending coils are carried by two investigators who 
prevent the coils from touching the ground and maintain a constant distance between them with a fixed-
length reference cable. The cable length can be adjusted, allowing for sounding measurements to be 
taken as well as profiling. This method has a much deeper penetration depth potential (approximately 
100 m or 328 ft) than typical terrain conductivity. Appropriate signal frequencies are chosen for the 
subsurface to be explored. The typical instrument can generate several signal frequencies. The method 
measures both the in-phase and quadrature signals but generally reads them out as a ratio. The ratio is a 
measure of the quality of the conductor generating the secondary field. HLEM has received its primary 
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use in mining exploration to locate strong conductors within 100 m (328 ft) of the ground surface and in 
water exploration to locate fracture zones on the top of bedrock. In environmental work, the method has 
been used to estimate lateral variations in the thickness or conductivity of an overburden unit or to 
determine the thickness and conductivity of a uniform overburden layer (Greenhouse et al., 1998). 
However, it is not an instrument for sorting out interbedded stratigraphies. It also has been used to look 
for boundaries of hazardous waste sites, locate non-ferrous metals, and track leachate plumes. The Apex 
MaxMin 1 is the most commonly used HLEM. 

DNAPL Uses: HLEM could find limited DNAPL use in contouring overburden bedrock or sand clay 
interfaces for potential preferential flow pathways along the lower units or for aiding in locating bedrock 
fractures. 

Drawbacks:. It is unlikely to be able to resolve DNAPLs in the subsurface. 

Fixed Source Frequency Domain Electromagnetics (Sundberg and Turam Methods) 

In another use of frequency domain electromagnetics, a long cable (typically 400 m (1,312 ft) or longer) 
is laid out on the ground along the strike of the formation to be investigated. The cable is grounded at 
both ends, and a low frequency current is passed through it. Large loop cable deployments can also be 
used. Both vertical and horizontal components of the EM field are then tested on regularly spaced lines 
perpendicular to the cable by recording both the in- and quadrature-phases of the signal. The in-phase or 
real component of the signal has to be corrected for the normal primary field and for topography if there 
is a height difference between the cable and the measurement point (Parasnis 1997). Shallow conductive 
materials such as clays, can complicate interpretation and at higher frequencies shield deeper anomalies 
altogether. Data are displayed as a plot of the amplitudes of the in-phase and quadrature-phase signals 
with distance from the source as a function of frequency. This technique has found its primary use in 
mineral exploration. 

DNAPL Uses: This deployment configuration of EM has received little use in environmental work in 
general and may not yield satisfactory results in DNAPL investigations. 

Drawbacks: The primary use of this technique is to locate the presence of relatively large conducting 
bodies (e.g., ore bearing formations) and not to map stratigraphic contacts or small discontinuous 
anomalies characteristic of many DNAPL masses. Data gathered are difficult to interpret and require 
modeling programs. 

Very Low Frequency Electromagnetics 

Very low frequency electromagnetics (VLF-EM) measure the effects of the magnetic field induced into 
the Earth’s surface by high powered military radio transmitters broadcasting in the 15 to 30 kHz range. 
The antennae of the VLF stations act as an oscillating dipole that induces both electric and magnetic 
fields. The electric field, measured at a distance from the transmitter station, consists of an electrical 
component in the direction of propagation and a vertical component. The magnetic field is horizontal and 
perpendicular to the electric field’s direction of propagation. Although the primary magnetic field is 
oriented horizontally and perpendicularly to its source, induced current flowing in conductors produces a 
secondary magnetic field that is out of phase with the primary magnetic field and is oriented in any 
direction. The vector sum of the two fields traces an ellipse over time, the tilt of which is measured in the 
VLF tilt angle mode and can be used to locate the conductor (Powers 1999). 
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Equipment used for VLF-EM (Figure 6-9) is usually capable of measuring VLF resistivity, allowing two 
types of measurements to be taken during the same survey. However, the EM portion does not require 
contact with the ground whereas the resistivity portion does. The VLF-EM is most often used to locate 
conductive structures like clayey or weathered zones in bedrock or large mineralized structures such as 
dikes. Measurement penetration is generally to a few tens of meters. 

Figure 6-9. EM16/EM16r VLF 
Receiver and TX 27 Transmitter. 

Courtesy of Terraplus 

DNAPL Uses: VLF-EM is most frequently used in DNAPL 
investigations to locate bedrock fracture zones for future 
intrusive sampling. 

Drawbacks: Steeply sloping topography can complicate the 
interpretation of the magnetic field. Depth information may 
not be accurate. VLF-EM is not useful for directly or 
indirectly locating DNAPLs. 

Very Low Frequency Resistivity by EM Induction 

The very low frequency (VLF) resistivity technique 
measures the effects of the electrical field induced into the 
earth’s surface by the same high powered military radio 
transmitters broadcasting in the 15 to 30 kHz range used in 
the VLF-EM 

method. The electric field, as measured at a distance from the 
transmitter station, consists of an electrical component in the 
direction of propagation and a vertical component. The 
magnetic field is horizontal and perpendicular to the electric 
field’s direction of propagation. For practical purposes, these 
fields can be considered uniform within the small area of 
measurement interest. The direction the transmitter is pointed 
relative to the area of concern, may influence the ability of the 
instrument to detect narrow targets, such as a single large 
fracture or a conducting body. However, instruments are available that can process up to three signals at 
a time from three different stations, thereby reducing the likelihood of this problem. A value can be 
calculated for the apparent resistivity by measuring the horizontal amplitude of both the electrical and 
magnetic fields. The phase difference between the electrical and magnetic fields provide information on 
the vertical conductivity. VLF surveys are not laterally continuous and are usually performed at points 
on a grid or along a transect. For a typical overburden, with a resistivity of 100 ohm-m, the depth of 
penetration for VLF is approximately 20 m (66 ft) (Greenhouse et al., 1998). VLF data may be 
presented as profiles or in-plan contour maps of apparent resistivity and phase. There are also software 
packages capable of 2-D modeling. 

investigations to locate water 

also serve as conduits for DNAPL 

Very low frequency resistivity is 
most useful in fractured rock 

bearing fracture zones that might 

movement. 

DNAPL Uses: VLF can be used to track dissolved phase plumes when they are associated with other 
conductive materials (e.g., a landfill leachate plume), but it is not considered an appropriate tool to 
directly profile DNAPL masses. More commonly, VLF is used to help locate fracture zones containing 
water that may also be preferential pathways for DNAPL flow. 

Drawbacks: This method is subject to polarization effects that can produce considerable ambiguity in 
the results. VLF resistivity is not a direct DNAPL measurement tool. The military transmitters used for 
VLF surveys can be unexpectedly shut down. Near surface conductors, such as conductive clays or 
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surface water, will attenuate the transmitted signals and resultant measurement depths. Energy from the 
transmitter may be too small if a deep target is of interest. 

Fixed Source Time Domain Electromagnetics 

Time domain electromagnetics (TDEM), also known as transient-field methods, measure the decay of 
induced secondary magnetic fields when the primary electrical current is abruptly shut off. Investigators 
generally place a square loop of wire (0.5 to over 200 m or 1.5 to over 656 ft on a side) on the ground 
and pulse a current through it. The direction of the current is changed after each pulse to avoid 
polarization of the ground. The receiver unit can be the wire loop itself or a separate unit that is placed 
at the center of the loop or just outside. The receiver unit samples the eddy currents over time. The 
sampling occurs immediately after the current is turned off and includes many preset separate time 
windows (gates). Reading times can be related to the depths of the decaying currents directly if the 
ground or target conductivity is known or estimated. Readings taken immediately after current 
interruption represent conductive bodies near the ground surface, and those taken later represent deeper 
conductors. The process is repeated and the results are stacked to provide better resolution. TDEM is 
capable of providing a stratigraphic profile to depths of 1,000 m (3,281 ft) or more. Newer instruments 
can resolve layers as shallow as 1 to 3 m (3 to 10 ft). The resolution of older units begins on the order of 
tens of meters deeper and may not be able to resolve thin resistive (sand, DNAPL) layers. Data are 
usually presented as combined plots of the calculated apparent resistivity versus time and the modeled 
resistivity versus depth. Interpretation of the data generally requires modeling (Greenhouse et al., 1998). 

DNAPL Uses: A TDEM surface survey may, but is not likely, to be able to resolve a DNAPL mass. 
Hence its use is generally confined to mapping stratigraphic units. 

Drawbacks: Conventional TDEM is not likely to be able to resolve a DNAPL residual mass, and 
TDEM solutions are not unique. 

Ground Penetrating Radar 

Ground penetrating radar instruments use electromagnetic wave pulses to measure changes in the 
subsurface due to changes in electromagnetic wave impedances. 

How It Works: Ground penetrating radar (GPR) uses a transmitting antenna to radiate short pulses of 
high-frequency electromagnetic waves into the subsurface while a receiving antenna records variations 
in the reflected return signal (Figure 6-10). GPR generally operates at frequencies ranging from 10 to 
1,000 MHz. Higher frequencies provide better resolution at shallow depth 
while lower frequencies provide greater depth penetration, but with lower 
resolution. The field logistics involved are similar to reflection seismology 
except that EM energy is used instead of acoustic energy. The pulse 
travels through the subsurface until it meets an interface between two 
media with different wave impedances that partly reflect and partly 
transmit the pulse. Layers and objects with sharply contrasting electrical 
impedances (reflectors) can be identified and assigned a depth generally of 
less than 25 m (82 ft) (depending on the subsurface stratigraphy) by measuring the amplitudes of the 
successive reflected waves and their arrival times. The penetration depth is governed by the dielectric 
constant and conductivity of the soil, scattering losses, and rock matrix. Water has a high dielectric 
constant and dry sand has a low dielectric constant. The depth to a reflector can be calculated from the 
two-way travel time if the propagation velocity in the subsurface can be estimated or measured. 
Conductive soil, such as high cation exchange capacity clays, have high attenuation rates that limit the 

Ground penetrating 
radar is not useful in 
conductive soil, such as 
clay. 
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depth of penetration the signals can obtain (often less than 1 m if at all), and resistive soil, such as sand, 
has the least attenuation affect. The horizontal resolution is a function of the antenna radiation pattern 
and can be likened in shape to light from a flashlight that broadens with distance. Hence the instrument 
is sampling reflections from a roughly circular surface. As an example, if the radar frequency is 25 MHz 
and the velocity of the signal through the ground is 0.120 m/ns (0.34 ft/ns), a reflector at 12 m (39 ft) 
deep must be larger than 5.4 m (18 ft) in diameter for its form to be well mapped (Parasnis 1997). 

Figure 6-10. Ground Penetrating Radar 
Unit. 

Courtesy of Clearview Geophysics, Inc. 

Investigators can use effectively continuous profiling (i.e., 
sampling at high rates) or stationary point collection to 
study the subsurface. The continuous mode involves 
pulling an instrument across the ground (generally by hand 
at a walking pace) and taking readings at a preset scan rate 
(e.g., 128 scans per second). The scans are sampled at a 
preset sampling frequency and stacked (averaged) to 
enhance weak reflections. In the stationary point collection 
mode, the instrument is not moved and the stacking is done 
over one point. This method can improve accuracy but at 
the cost of increased time for performing the survey. The 
data are generally displayed in a 2-D cross section (See 
Figure 6-11). 

DNAPL Uses: GPR has been used in DNAPL 
investigations to map soil/rock stratigraphy and 
bedrock fracture zones for use in the conceptual 
site model. It also has been used in locating 
buried objects like tanks and drums that might 
have been sources for DNAPL contamination. 
GPR may be used to actually locate NAPLs 
when a high reflective contrast (wide difference 
in dielectric permittivities) exists between the 
NAPL and the soil matrix or when there is a 
high percentage occupancy of pore space and a 
sufficiently large area to allow resolution. GPR’s 
have had very mixed success in locating 
LNAPLs lying on the top of the groundwater 
even though there is a readily apparent contrast 
with high pore space occupancy. 

.Figure 6-11. GPR Cross Section Showing Buried 
Reflections. 

Courtesy of Clearview Geophysics, Inc 

Drawbacks: Because the DNAPL signature is not unique, it requires intrusive verification. A 
conductive clay unit at the surface of the ground can limit penetration to less than 1 m (3 ft). An 
accurate interpretation of survey results requires separate knowledge of the subsurface stratigraphy. 

Case Study: A GPR survey was conducted at a Ciba-Geigy site in Lewiston, Maine. Contaminants of 
concern were BTEX, naphthalene, ketones, and chlorinated solvents (perchloroethene (PCE), trichloro
ethane (TCA), and methylene chloride). The site geology consists of a stratified sequence of outwash 
sand, peat, marine clay, and sand and gravel layers. Groundwater occurs between 0 and 2 m (0 and 6 ft) 
bgs. On part of the site, the sand is mixed with fill materials. Investigators used a GPR unit to map the 
top of the marine clay, which dipped to the west. A topographic low was found in the clay that was 
approximately 3 m (10 ft) lower than the clay surface. While the GPR unit did not indicate the presence 
of DNAPLs in this area, it targeted an area needing further investigation. Subsequent placement of an 
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extraction well in the topographic low found PCE in DNAPL form along with other volatile organic 
compounds. For more information see USEPA 2000b. 

Magnetics 

Magnetometers are used to measure anomalies in the earth’s magnetic field caused by the different 
magnetic properties of native soils, rock, or anthropogenic materials. 

How It Works: The earth produces a magnetic dipole field that varies in strength and direction 
depending upon where on the earth’s surface it is 
measured. In a magnetometer survey, the interaction of the 
field with target (buried drums, bedrock) materials 
changes this general flux. The output is presented in an in-
plan (plan view) contour map or a 3-D map of highs and and cannot alone locate DNAPLs. 

Magnetometers are primarily used to 
locate buried drums, tanks, or pipes 

lows. 

Surveys are usually conducted in parallel lines along a grid. Depending upon the instrument used, 
readings are taken at set points or almost continuously (every 0.1 second for some instruments) while 
walking the grid. Many instruments are integrated with a global positioning system that makes data 
reduction easier. Readings taken at two different heights in a vertical plane reveal the vertical gradient 
of the magnetic field intensity. This configuration for acquiring data is known as gradient mode and is 
useful in eliminating atmospheric interferences from the sun. Obtaining data with only one magnetic 
sensor is called the total field method and can contain erroneous data if it is not collected in conjunction 
with additional magnetic data from a base station The width of the magnetic anomaly limits the 
horizontal resolution of a target. The grid lines for buried objects, such as a single drum, should be set 
no farther apart than half the expected depth to the target and could be a meter (3 ft) or less. The nature 
and expected response of the system to the target also plays a part in grid line spacing. 

There are three types of magnetometers: 

Figure 6-12. GSM-19 Overhauser 
Proton Magnetometer with 
Gradiometer. 

Courtesy of Terraplus 

• Fluxgate; 
• Proton precession; and 
• High sensitivity alkali vapor (cesium vapor for example). 

Fluxgate magnetometers measure a vector (specific direction) 
component of the magnetic field. Unlike proton precession or 
alkali vapor meters, fluxgate magnetometers must be leveled 
during measurements, which makes them more difficult to use 
and limits their application (Greenhouse 1998 and Parasnis 
1997). On the other hand, they provide more information about 
the magnetic field than either of the other two configurations. 
They are very sensitive to orientation and are not commonly used 
for environmental surveys. 

Proton precession instruments use an electrical current to 
polarize a proton-rich mixture such as water and then measure 
the relaxation frequency when the artificial field is removed. The 
rate at which the polarized protons return to normal is measured 
and this rate is determined by the strength of the local magnetic 
field. These instruments measure the total magnetic field and 
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generally do not have to be leveled for proper measurement, which allows them to be used in such 
applications as aerial and marine surveys. A variation on the standard proton magnetometer is a meter 
based on the Overhauser Effect (Figure 6-12). This variation involves adding free radicals to the proton 
rich liquid, which allows concurrent polarization and measurement to be obtained by producing a steady 
state generation of proton precession signals. Measurements can be taken considerably faster with this 
modification since the process does not have to measure discrete cycles. 

High sensitivity alkali vapor magnetometers (Figure 6-13) use the polarization and depolarization of 
alkali (generally cesium, rubidium, or potassium) vapor contained in a cell to measure the strength of 
the magnetic field surrounding it. Polarizing light energizes and breaks loose the outer electron of the 
vapor gas. The magnetic field pulls these electrons back to their ground state, and when this happens 
they release the energizing energy in the form of a “spark” of light. The intensity of the light is related 
to the strength of the ambient field. This method does not require leveling and has the best sensitivity of 
the three types of instruments. There are sensitivity and maintenance differences between the 
instruments that are related to the specific metal used in the cell. Alkali vapor magnetometers can be 
used to collect data at high rates of speed. 

Magnetometer. 
Figure 6-13. GSMP-30 Alkali (Potassium) 

Courtesy of Terraplus 

DNAPL Uses: Although magnetometers 
have limited use in DNAPL investigations, 
they are excellent tools for locating buried 
drums and tanks that may have contained 
DNAPLs. They can be used for this purpose 
in conductive soils (e.g., clay) where GPR 
fails. They also can be used to locate bedrock 
soil interfaces when the bedrock or soil 
exhibits strong magnetic properties. 

Drawbacks: DNAPLs are unlikely to cause a 
sufficient change in the magnetic properties 
of the matrix they are in for a magnetometer 
to detect them. Magnetic surveys are also 
affected by temporal variations in the earth’s 
magnetic field caused by such things as 
sunspots. 

Seismic Methods 

Seismic methods use an artificial acoustical source to propagate acoustical energy directed downward 
into the ground. Acoustical sources can range from hitting a sledge hammer on a steel plate to setting 
dynamite charges at depth in a borehole. The penetration by acoustical waves generated by a hammer is 
generally limited to 10 m (33 ft) and by shotgun shells to 20 to 30 m (66 to 100 ft). If deeper penetration 
is needed, a hydraulic thumper can be used. Source measurements by electromechanical transducers 
(geophones) of the reflection or refraction of these waves allows for the construction of stratigraphic 
cross sections of major units. 

How It Works: The speed of sound propagating through the subsurface is affected by the changes in 
acoustic impedances of various soil and rocks and the fluids that may be contained within them. An 
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acoustic wave travels more slowly through unconsolidated sand (300-800 m/s), gravel, and sediment 
than competent rock (4,600-7,000 m/s granites). The subsurface stratigraphy is mapped by measuring 
the travel time necessary for the acoustic wave to pass through one subsurface layer to another, reflect 
to the surface or refract along the interface, and return to the geophones that are attached to a 
seismograph at the surface. 

The source sends out surface waves, shear waves (S waves) and compression waves (P waves). Only S 
and P waves will be considered in this discussion. S waves oscillate perpendicular to the direction of 
propagation and do not move through pure liquids or gases. P waves are affected by the motion of the 
medium, which is in the direction of the wave propagation. When P waves reach a lithologic contact 
with contrasting acoustic properties, some of the acoustic energy reflects upward and some energy 
deflects downward. Most of the energy refracts along the contact between the stratigraphic boundaries. 

Reflection and refraction are the two seismic surveys that are used to measure S and P wave propagation 
in the subsurface. The data from both surveys are usually plotted on time-distance graphs and as a 
profile of stacked data of distance versus time. Most seismic instrumentation is capable of drawing 
vertical cross sections through the ground—or profiles—that appear as a layer-cake representation of 
depth to acoustic boundaries (stratigraphic horizons) and showing some types of acoustic anomalies. 
Maximum depth and resolution of the data depend upon the energy and frequency of the initial pulse 
and the acoustic geometry of the geophones. 

While seismic methods (especially reflection) are relatively more expensive than other geophysical 
techniques they can be cost-effective in the information they provide compared to non-geophysical 
intrusive methods. The equipment is readily available, portable, and non-intrusive. The measurements 
have good resolution and provide relatively rapid (compared to intrusive methods) coverage of a large 
area. The disadvantages lie in the difficulty in interpreting the data, which requires substantial expertise. 
The performance of seismic methods can be significantly affected by cultural noises, such as highways 
and airports, as well as by buried building foundations. Seismic methods do not perform well in 
heterogeneous settings in which thin discontinuous soil layers may be missed. 

Seismic Reflection 

Seismic reflection surveys use geophones to record the arrival of reflected P waves after they have 
bounced back over time from a subsurface acoustic horizon. There are a number of arrays in which the 
source and geophones can be deployed. Two typical deployments are optimum offset and line transect. 
In optimum offset, a single source and geophone with a multi-channel seismograph are used. This 
technique is employed to map a known target, such as a bedrock surface, or to obtain detailed 
information on the overburden structure. An offset distance between the seismic source and geophone 
must be selected to “optimize” the receipt of the target reflection. The survey is carried out by moving 
the source and the geophone in sequence down a transect, keeping them the same distance apart until 
the transect is completed. The data recovered from optima offset are relatively straight forward and do 
not require significant manipulation for interpretation that line transect techniques do. 

The line transect method is used for general subsurface exploration and employs a number of preset 
geophones along a single transect. The seismic source for a line transect deployment is placed at the 
head of a transect of geophones and the reflections are recorded. Whether the source is moved at this 
point depends on the stacking method that has been chosen for the survey. If vertical stacking is 
preferred, the source is repeatedly activated in the same place until a predetermined number of readings 
have been made. The improvement in data resolution by stacking is not linear and the value added by 
each additional “shot” (or pulse) falls. Another technique for stacking is the common middle point (also 
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called common depth point). In this technique the source is moved along the transect in a direction away 
from the geophones. The geophones are closely spaced and the outputs of several are added together to 
give a single trace (e.g., 24 geophones producing six traces). While the shots are read by all the 
geophones, the distances each shot point moves are selected to generate a single middle point for each 
of the six traces (Figure 6- 14). Shot one corresponds to geophone grouping 24, shot two to grouping 20, 

Figure 6-14. Common Point Shot and Geophone Configuration. 

Adapted from Parasnis 1997. 

and shot 6 to grouping 4. The traces, run for a given transect length, are called a “CMP gather,” and the 
number of traces within a gather is the “fold” of the stack. Unlike the optimum offset method, common 
middle point stacking requires a considerable amount of subsequent manipulation for interpretation. 

Seismic reflection can define sequential stratigraphy to great depths (>1,000 m or 3,281 ft) although a 
thick sequence of dry gravel can greatly affect its depth of penetration. Depending upon the application, 
seismic reflection can resolve layers down to 1-m (3-ft) thicknesses, and unlike ground-penetrating 
radar (GPR), it is not affected by highly conductive electrical surface layers. Although the shallowest 
depth that can generally be resolved is around 3 m (10 ft) bgs, Baker et al. 2000 and 2001 report some 
success in surveying at less than that by increasing the density of the geophones and reducing the source 
energy. 

A seismic reflection method used in the oil industry and potentially applicable to DNAPL investigations 
is “amplitude versus offset” (AVO), also known as “amplitude variations with offset.” This method 
compares near and far offset stacks to determine if there is an impedance change as indicated by the 
reflection P wave amplitude for angles of incidence greater than 30°. Before beginning a survey, the 
area to be investigated is modeled using expected reflectors. For example, 
in a gas reservoir survey where the pore fluids are expected to be water if 
there is no gas, water would be used in the model. A difference in 
amplitude with distance from that predicted for the water model is an 
indication of a change in density that might be caused by gas. “Might” is 
the key word here since other subsurface changes could also cause a 
change with distance, the solution is non-unique and subject to error. The 
uncertainty contained in a P wave evaluation can be greatly reduced if 
source generated or mode-converted shear wave energy is evaluated. 
Shear waves are not as affected by pore fluids as P waves, but are affected by changes in the soil matrix. 
If shear wave measurements across the area do not indicate a change in matrix, then the P wave change 
is most likely due to a change in fluid type rather than matrix. 

shown to be able to 

the subsurface. 

Seismic AVO has been 

map anomalies caused 
by DNAPL masses in 
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DNAPL Uses: Seismic reflection is an excellent tool for mapping subsurface stratigraphy and for 
determining potential preferential pathways for DNAPL flow. It has good vertical resolution and may be 
used in conductive subsurfaces where GPR fails. If the DNAPL mass is large enough, the AVO method 
might be able to detect and map it. Because of its expense, the AVO method might best be deployed 
when the general location of the DNAPL is already known and the remedial technology under 
consideration requires a good understanding of its actual size and location. 

Drawbacks: Intrusive verification of the stratigraphy and the potential DNAPL source is necessary for 
geological interpretation and positive identification of the DNAPL. The technique can be more 
expensive to execute than other geophysical techniques and the AVO method is more expensive than 
regular reflection. 

Waddell and his colleagues (2000 and 2001) successfully demonstrated the ability of seismic reflection 
AVO techniques to detect DNAPL at the Department of Energy’s Savannah River and Hanford sites in 
2000 and at the Charleston Naval Weapons Station in 2001. 

Case Study 1: The purpose of the Savannah River investigation was to gather seismic reflection data in 
an area that was going to be treated by steam injection. The initial survey noted several areas that had a 
high probability of DNAPL presence. These areas corresponded to areas that had been identified 
previously as having high concentrations of PCE/TCE. The seismic data provided a better picture of the 
areal extent of the concentrated contamination at a depth of approximately 43 m (140 ft) bgs. The 
followup survey data to determine if the anomalies were still present following the treatment are not 
available. 

Case Study 2: At the Hanford site, Waddell and his colleagues conducted a seismic reflection survey in 
the 200 W area where an estimated 159,000 gallons of carbon tetrachloride (CCl4) had been released. A 
series of survey lines were taken that supported the results of previous investigations about the presence 
of DNAPLs but also provided a better understanding of the DNAPL areal (vertical and horizontal) 
extent. 

Case Study 3: The AVO deployment at the Charleston Naval Weapons Station was for the purpose of 
investigating a chlorinated solvents release at SWMU 12. The controlling stratigraphy was a sandy clay 
located 6 to 10 m (20 to 33 ft) bgs. The overlying unit consisted of sand. Groundwater occurred just 
below the ground surface. Investigators recorded the seismic lines using a 60-channel recording system 
with 100 Hz geophones on 0.3-m (1-ft) centers. Six blows per source point using a 1.8 kg (4-pound) 
sledgehammer were stacked and recorded. The survey showed an anomaly that when investigated 
further, revealed elevated levels of chlorinated solvents in the groundwater (-500 ppm), which probably 
meant much higher concentrations existed in the soil. The survey was not able to detect lower but still 
relatively high (134 ppm) values of contaminated groundwater, suggesting that the technique may not 
be useful for plume delineation. 

Seismic Refraction 

As in reflection, a refraction survey begins with the deployment of geophones along a transect in line 
with the acoustical source. Two measurements are made after the initiation of the acoustical source. The 
first is the surface wave (which usually is ignored) and the second is the first-arrival P wave. Seismic 
refraction assumes that density (velocity) increases with depth. The measurements and estimate of depth 
to the refracting surface are determined as follows. 
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The initial wave travels through the first layer until it meets a second layer with a different acoustic 
impedance. At the interface of the two layers, a portion of the wave refracts along the interface and 
another portion is transmitted through the second unit, where it encounters a third layer, and so on as the 
process repeats. As the refracted wave travels along the interface, it sends out secondary waves that are 
recorded at the surface. If the geophone is close to the sound source, the surface wave arrives before any 
refracted wave. However, as the distance from the shot point increases, the secondary refracted waves 
arrive first as they overtake the surface wave due to their faster horizontal transmission in the second 
unit. From these “first” arrivals, the depth to the refracting 
surface can be calculated. At some point farther out on the 
geophone transect, the secondary waves from the third 
transmitting layer begin to arrive. They move faster in the 
third unit than the waves at the surface or in the second unit 
interface. These first arrivals are used to calculate the depth 
to the third unit. The depth calculations are relatively simple 
to do for interfaces that are horizontal and parallel. They 
become somewhat more complex when the stratigraphy is undulating or dipping. Lateral resolution of a 
stratum is governed by the geophone spacing. Vertical resolution of a stratum requires that the stratum 
have a thickness that is a substantial fraction of the depth to its upper surface (Greenhouse et al., 1998). 
To improve resolution, multiple shots from the same point are generally done and the results are stacked 
(averaged) for interpretation as well as shots from the end of the spread to determine dip and act as 
quality assurance for reciprocity. 

single overburden unit. Resolving 

Seismic refraction is most often 
used to map the bedrock beneath a 

more than three layers is difficult. 

Seismic refraction is often used in shallow areas (less than 30 m or 100 ft) where the principal goal is to 
map the bedrock topography beneath a single overburden unit. It also is employed to map weathered 
bedrock and fracture zones during water prospecting. Refraction methods are less expensive than 
reflection methods but may have lower resolution. If the velocity of the transmitting unit used with 
seismic refraction does not increase with depth, the results may have to be modified or discarded. For 
example, a low velocity thin sand unit that is overlain by a high velocity clay unit may not be resolvable 
with the refraction technique. 

DNAPL Uses: Seismic refraction has been used in DNAPL investigations where the stratigraphy is 
relatively simple and the object is to map the surface of a geologic layer that may control the direction 
of DNAPL flow. 

Drawbacks: Seismic refraction does not identify DNAPL masses even as anomalies and usually cannot 
be used to define thin layers. Prior knowledge of the general stratigraphy is generally needed for proper 
interpretation. 

Case Study: Murray et al., 1999 report on the use of a seismic refraction survey to map the top of 
limestone bedrock and the top of a clay layer at a site where DNAPLs had been released. The 
stratigraphy at the site consists of unconsolidated native soil and fill overlying various degrees of 
weathered limestone, followed by lightly fractured bedrock. The depth to the bedrock ranges from 1 to 
12 m (3 to 40 ft) bgs. The dissolved plume from the DNAPL release is over 150-m (500-ft) long. 
Twenty 40-m (125-ft) lines were surveyed. Each line had geophones on 160-cm (5-ft) centers. Shots 
were made at each end, in the center, and at quarter points. Five to twenty stacks were collected from 
each source point depending upon the distance of the source to the farthest geophone. Initially a sledge 
hammer was used to generate the acoustic waves. However, the sledge hammer was later replaced with 
227-kg (500-pound) and 455-kg (1,000-pound) weights that were dropped from a height of 2.5 m (8 ft) 
from the back of a pick up truck. The weights greatly improved the signal to noise ratio. 
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The results showed a line of high velocity rock in the center of the survey area that trended in a 
northeasterly direction. This result was interpreted as lightly fractured bedrock. Also revealed were low 
areas in the rock surface and areas underlain by less fractured bedrock, indicating that considerable 
weathering had occurred in these areas. These areas were targeted for potential placement of recovery 
and monitoring wells. Subsequent placement of wells in these areas revealed highly contaminated 
groundwater. 

The seismic refraction survey at this site effectively solved a 
three-layer problem. First arrivals were read in real time using 
the critical distance method. The investigators believed that the 
highly variable thickness of the near surface, low velocity zone 
would hamper more complex methods. 

Cross-Borehole Seismic Techniques 

Cross-borehole seismic techniques are conducted by placing an 
acoustical source in one borehole and a geophone(s) receiver in 
one or more other boreholes. The source and geophones 
typically are set at the same depth, and a reading of both the P 
and S waves is recorded. The source can be as simple as the 
hammering of a split spoon sampler in front of an auger at 
selected depths or as complex as a specially made downhole 
hammer (Figure 6-15). Piezoelectric sources can also be used 
instead of a hammer system. They apply sequences of high 
voltage pulses to a stack of piezoelectric crystals to produce 
relatively high frequency acoustical waves. The geophone 
assembly may be pressed against an open borehole wall or 
completed casing using a spring loaded device or inflatable 
packer (Figure 6-16). The depth of the borehole generally is not an issue (more than 1,000 m or 3,281 ft 
is possible). However, care should be taken to either ensure the holes are plumb or an inclinometer test 
should be done to determine accurate lateral distances between the source and the geophone package. 
One of the advantages of cross hole seismics over surface seismics is they can use much higher 
frequencies and hence obtain better vertical resolution. Also, the resolution does not decrease with 
depth. 

Hammer. 
    Figure 6-15. Downhole Seismic    

Courtesy of GPE, Inc. 

DNAPL Uses: Cross-borehole seismic methods have been used in the oil industry to better define 
reservoir characteristics and could conceivably be used to locate sufficiently large DNAPL masses 
though this has not been proven. These methods also may be used to provide a better understanding of 
water flow in fractured rock and in locating fractures. 

Drawbacks: Depending upon the acoustic source and geologic setting, these methods may require a 
number of closely spaced wells (10 to 30 m or 33 to 100 ft apart). They do not detect DNAPLs directly. 
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Section 7 
TECHNOLOGIES UNDER EVALUATION 

Technologies described in this section are either newly developed or have not found widespread use in 
DNAPL investigations. They have been included because they may be proposed by a vendor or 
characterization contractor for a DNAPL site. 

Complex Resistivity 

Complex resistivity (which includes induced polarization) is deployed in the same fashion as regular 
resistivity except that it also measures the electrochemical response of subsurface materials to an 
applied current. In general, this response is dependent upon the microgeometry, bulk fluid composition, 
and surface chemistry of the soil matrix. While the exact mechanisms are not well understood (Parasnis 
1997), when an induced voltage is applied to subsurface materials, there is a delay in the resulting 
current that is related to the ability of the material to store/transfer the charge. The delay results in 
several measurable aspects that can be used to differentiate soil/rock matrices and their content. 

The method can be operated in either the time or frequency domain. When operated in the time domain, 
the decay of the electrical signal is measured at different time windows after the induced voltage is 
abruptly stopped. The decay can be expressed in terms of the 
polarizability or more frequently the chargeability of the 
material. Two materials can have similar resistivities but exhibit 
very different chargeability values. This difference has been 
exploited in coastal groundwater studies to differentiate between 
sand units with saline water and clay units with fresh water that 
have similar resistivities. When used in the frequency domain, 
measurements are made of the apparent resistivity of the 
subsurface materials as they are subjected to currents with 
different frequencies (amplitude and phase differences between 
frequencies). Three calculations are generally made in the frequency domain: frequency effect, apparent 
metal factor, and phase shift. When expressed as a percentage change the frequency effect is also called 
the percent frequency effect, otherwise referred to as PFE. 

A competent DNAPL may be 
identified by the difference in 
chargeability values that it 
exhibits compared with the 
chargeability values of the 
surrounding geologic matrix. 

DNAPL Uses: Complex resistivity is especially sensitive to soil matrices containing clays. Clays that 
have been contaminated with organic constituents display different properties than uncontaminated 
clays (Olhoeft, G.R. 1985; Aristodemou, E. and A. Thomas-Betts 2000; Slater, L. et al., 2000). In 
addition, complex resistivity, including a regular apparent resistivity measurement as part of the 
process, can aid in resolving stratigraphic layers that simple resistivity measurements alone cannot. 

Drawbacks: Complex resistivity requires more sophisticated equipment than other surveys, and 
interpretation of the results is difficult. The clay/chemical interactions that allow contaminated clay to 
be separated from clean clay or other soil matrices are very site specific. The method is also very 
susceptible to buried metallic objects. 

can resolve stratigraphic differences 

Complex resistivity surveys that 
include measuring apparent resistivity 

that regular resistivity cannot. 

Case Study: Granger and Peavy (2000) report on a study 
using electrical resistivity (ER) and time domain complex 
resistivity (induced polarization) to investigate tar-
contaminated soil at a former shingle manufacturing plant in 
Fulton, New York. The site stratigraphy consists of a 
sandstone bedrock that is overlain by approximately 60 ft of 
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interbedded fill, glacial clays, sands, and gravels. A prior ER study identified a number of resistive 
anomalies that could be associated with tar masses. Further investigation of these anomalies showed that 
the ER method was not able to differentiate between resistive tars and large blocks of sandstone that had 
apparently been buried at the site during construction of the Erie Barge Canal network. 

In their focused investigation comparing ER and complex resistivity (CR), the authors found that the 
early arrival CR chargeability data correctly separated tar masses from the resistive sandstone blocks. 
They also reported some problems with their initial dipole-dipole array because the location of the tars 
relative to the location of the current electrodes resulted in a poor signal to noise ratio. A second survey 
of the same area using a different array with the current electrodes located outside the tar zone provided 
much better data. 

Downhole Thermal Desorption with Top-Side Analysis 

This technology has generally been used by the Tri-Service Site Characterization and Analysis 
Penetrometer System (SCAPS). It is designed to collect soil samples at multiple depths, purge them of 
any volatile organic contaminants, and analyze these contaminants with an instrument located inside the 
CPT truck. 

How It Works: A specially designed thermal 
desorption probe (Figure 7-1) is advanced by a 
CPT rig into the subsurface. When the probe 
reaches the sample depth, the probe tip retracts 
up into the probe body leaving a cylindrical tube 
of known diameter and length. Then the probe 
advances an additional 4.5 to 5.1 cm (1.8 to 2 in) 
to acquire a sample. Depending upon the density 
of the soil, the sampled plug weighs between 3.5 
and 5 grams. Helium, heated to between 170° 
and 200° C, is introduced at the base of the soil 
sample. The heat plus potential sweeping of the 
helium through the sample volatilizes the 
contaminants, which are swept up to the surface 
through a 1.6 mm (0.06 in) fused silica-lined 
stainless steel transfer line. At the surface, they 
may be captured on a sorbent trap or, depending 
upon the expected concentration, directly 
injected into a portable ion trap mass 
spectrometer (ITMS) for analysis. The sorbent 
trap contains a mixture of tenax®, silica gel, and 
charcoal that can be regenerated after each 
sample event. If the concentrations of 
contaminants are expected to be very low the 
purge and trap concentrator can be used to 
improve the detection limits. Where the 
concentration is expected to be high, the trap is 
eluted with 1 ml of purge and trap grade methanol. An aliquot of the methanol is placed into water and 
then desorbed into the ITMS. This sample preparation method is similar to SW 846 Method 5035. The 
targeted detection limit of the system is 25 to 50 µg/kg. The sampling procedure takes approximately 45 
minutes per sample to complete. Depending upon the concentration of the contaminants in the soil 
sample, in-situ decontamination of the probe can take 30 or more minutes. The spent soil sample is 

Figure 7-1. Downhole Thermal Desorption Probe. 
Courtesy Army Corps of Engineers 
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ejected by forcing a burst of high pressure gas down the sample line while lowering the probe tip. Once 
the tip is locked in place, the probe advances to the next sampling location. Barring refusal, the probe 
can be advanced to depths up to 61 m (200 ft). 

DNAPL Uses: The probe can provide a vertical profile to depths up to approximately 61 m (200 ft) of 
semi-quantitative concentrations of volatile organic contaminants. In the case of DNAPLs, it is best 
used for identifying dissolved and vapor phase DNAPL chemicals in non-clayey soil. 

Drawbacks: The probe/CPT system is not cost effective within the depth ranges of non-CPT direct 
push rigs. Problems can occur due to carryover in soil containing greater than 10 mg/kg of 

contaminants. Extraction efficiencies in clayey soil with 

difficult to work with DNAPLs 
without dilution steps. 

The ITMS has a low dynamic range 
and tends to saturate easily making it 

high moisture content pose problems. Because the system is 
blind to lithology, the matrix of the sample being analyzed is 
not known. Unless the contaminants are known, the ITMS 
provides screening quality data only. Also because there is 
no separation device (e.g., gas chromatograph), the ITMS 
cannot differentiate between chemicals having the same 
principle ion (e.g., total dichloroethene and total ethyl 

benzene, toluene, and xylenes). Complex mixtures also cause identification problems. Finally, the ITMS 
has a low dynamic range and tends to saturate easily. 

Case Study: Between 1996 and 1998, the probe was demonstrated at five DoD sites. The sites 
represented a range of subsurface stratigraphies and contaminants including chlorinated solvents. The 
probe successfully sampled and identified the chemicals of concern at the sites. Problems were reported 
for carry-over, clayey soil, and misidentification of dichloroethene (DCE) in the presence of TCE 
(ESTCP 2001). 

Electromagnetic Offset Logging 

EM offset logging (EOL) is a surface to borehole technique (Figure 7-2). A gridded area (generally 5-m 
(15-ft) centers depending upon the desired resolution) is constructed about a borehole or existing PVC 
monitoring well. A receiving unit is lowered down the borehole to its bottom. A frequency domain 
sending unit is then located at points on the grid, and at each point the receiver is slowly raised to the 
surface. The currents created by the secondary EM fields are measured and recorded. The multiple grid 
points allow a significant number of measurements to be made from different angles and a 3-D image is 
created from them showing apparent resistivities. Large concentrations of hydrocarbons or chlorinated 
solvents, which have dielectric properties, should show up as high apparent resistivity anomalies. Note 
that older releases that have undergone some biochemical changes may also be accompanied by highly 
conductive layers outside the main mass. Measurements are limited to approximately a 90-m (300-ft) 
radius about each borehole. The radius can be extended if significant lateral migration (e.g., creosotes) 
is expected. The technique has been used primarily for locating LNAPLs.  

DNAPL Uses: There are several firms that offer EOL as a method for locating NAPLs in the 
subsurface. This work has been primarily associated with petroleum products. The technique has the 
potential to provide a reasonable estimate of the extent of the DNAPL mass in the subsurface (USEPA 
2002). Field experience with the technique for DNAPLs is limited and the results have been mixed. 
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Drawbacks: Resolution may require a target 
as large as 3 m (10 ft) in diameter. The 
solution is not unique and requires intrusive 
sampling for verification. Measurement 
interpretation requires very experienced 
crews. The modeling software in general use 
is setup for lateral migration prediction and 
care should be exercised in interpreting the 
data when a vertical column is expected. 
Depth of interpretation is limited to the depth 
of the borehole. The technique requires a 
borehole and cannot be used in steel cased 
wells. It is also susceptible to metallic 
interference, such as those created by metal 
fences and pipelines. 

Case Study 1: The Department of Defense 
(DoD) invited one of several vendors with a 
proven track record for locating LNAPLs 
with EOL to demonstrate the technology for 
a DNAPL site at the Alameda NAS. A plating shop was the target at NAS Alameda where TCA 
concentrations up to 790 mg/l were found. The site is underlain by up to 12 m (40 ft) of fill (sand, silty 
sand with clay and/or gravel, wood, concrete, and metal) that lies on a clay Bay Mud unit. Groundwater 
is encountered between 1.5 and 3 m (5 and 10 ft) bgs. Several areas were identified with resistive 
anomalies. However, intrusive sampling in the anomaly areas failed to find any DNAPL (USDoD 
2000). The conclusions of the report were that the resolution of the technique may not be high enough 
to detect diffusely distributed DNAPLs. The known source (release) area at the site was not 
investigated. 

Figure 7-2. Electrical Offset Logging System. 

Courtesy ESTEP 

Case Study 2: An EOL survey was performed at a creosote-contaminated landfill in Gulfport, 
Mississippi. A 15-m (50-ft) source grid and one receiver well were used to conduct the survey across 15 
acres and to a depth of 24 m (80 ft). The water table at this site was located 2.5 m (8 ft) bgs. The survey 
model indicated three DNAPL-contaminated sands within 12 m (40 ft) of depth below the source area, 
and a second contaminated area 30 m (100 ft) away from the area. Intrusive sampling confirmed the 
presence of creosote DNAPL in the areas indicated. 

Case Study 3: At the Tucson Airport in Arizona, an EOL survey was performed in a solvent-
contaminated area using a 5-m (15-ft) source grid and two receiver wells. The water table was located at 
a depth of 29 m (95 ft). The four-acre survey indicated that the solvents migrated freely through a 
fractured caliche zone to approximately 11 m (35 ft), and then spread laterally and vertically through a 
section of (primarily) clay to the water table and sands at 29 m (95 ft). The survey model also indicated 
that the solvents migrated via French drains from the source areas to the edge of (historic and existing) 
cement aprons, where they cascaded to the water table sands. Although the accuracy of the survey 
results pertaining to near-surface and sub-surface contaminants could not be verified at the time, 
subsequent investigations at the site suggest that the EOL model developed at the Tucson Airport was 
valid. 
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Halogen Specific Down Hole Detector 

This technology is designed for in situ detection of halogenated hydrocarbons and is deployed with a 
MIP probe. Its development was sponsored by the Air Force and it has been demonstrated at several 
sites with known chlorinated solvent contamination with favorable results. 

How It Works: The probe employs a variation of a commercially available halogen specific GC 
detector (XSD) made by OI Analytical. OI Analytical literature describes the XSD principle of 
operation as: “ The reactor is operated in an oxidative mode, which pyrolizes the effluent from a GC 
column. This oxidative pyrolysis efficiently converts compounds containing halogen to their oxidation 
products and free halogen atoms. The cathodic current is measured by an electrometer and converted to 
a 0-1 or 0-10 V output signal which can be readily coupled to a chromatographic data handling system.” 
(Quoted from SERDP 2001). The system uses ultrapure air and the reactor core operates between 800o 

and 1100o C. Figure 7-3 shows the detector circuitry and Figure 7-4 is a schematic of the downhole 
components. 

The system is mounted above the membrane of a MIP. The carrier gas pulls the volatilized chemicals 
from the MIP through a Nafion™ module that separates the organic gas from water vapor and into the 
reactor chamber where the gases are burned and a measurement of total halogen is made. The signal 
voltage is passed to the surface where it is recorded and displayed on a monitor. The result is a depth 

Source: SERDP 2001 

Figure 7-3. XSD Electrical Circuitry. 

specific profile of relative concentrations of halogens in the subsurface. The system is somewhat more 
accurate contaminant location information than a conventional MIP since the measurement is made in-
situ rather than at the surface. The detector has a dynamic range greater than 1 X 105 and a linear range 
of greater than 1 X 104. 

DNAPL Uses: The detector is specific to halogens and hence can provide a relative profile of 
halogenated hydrocarbon concentrations with depth on a near continuous basis. Since it is relatively 
easy to operate, and is part of a DP delivery system, transect profiling can be done very quickly. 

Drawbacks: The detector measures total halogens and hence does not identify species. Given its linear 
and dynamic range, it will probably be saturated before it can measure DNAPL concentrations. It should 
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be useful for dissolved and vapor phase chemicals. On the other hand, an offscale reading would be a 
good indicator of where a more definitive sample for DNAPL should be obtained. 

. 

Source: SERDP 2001 

Figure 7-4. XSD Probe Design of Downhole Components

Case Study 1:. This demonstration test was at a former dry cleaner in Moorhead, Minnesota. The site 
has clayey soil and a shallow water table. The test showed good repeatability and a transect of pushes 
provided plume depth and width. The continuous sampling indicated stratified contamination occurring 
at 3, 3.7, and 5 m (10, 12, and 16 ft) bgs (SERDP 2001). 

Case Study 2: In this demonstration, 7 pushes on 6-m (20-ft) centers to approximately 12 m (40-ft) bgs 
were made at a former dry cleaner located in West Fargo, North Dakota. The data from this transect 
indicated the potential for two rather than one source area and showed that the contamination became 
deeper with distance from the suspected source areas. The distinct stratification of the plume observed 
at the Moorhead site was not as apparent at the West Fargo site (SERDP 2001). 

Case Study 3: Another demonstration was performed at Offutt Air Force Base in Omaha, Nebraska. 
The subsurface at the Offutt site consists of sands and gravels with the water table occurring at 3 to 3.5 
m (10 to 13 ft) bgs. Nine pushes on 3-m (10-ft) centers were made across a known plume area with a 
Geoprobe® DP rig. The sensor was advanced at 0.5 cm/sec (0.2 in/sec). Contamination was detected in 
seven of the pushes and was generally continuous with some stratification between 3 to 7.6 m (10 to 25 
ft) bgs. However, in the two southern most holes (10 and 11) the contamination began at 7.6 m (25 ft) 
bgs (Figure 7.5). Note that like LIF technology, measurements are given in millivolts and show relative 
detection response rather than concentrations (SERDP 2001). 

Flux Methods 

A relatively new approach to groundwater monitoring is to measure the flux (or total mass) of 
contaminants passing a transect perpendicular to groundwater flow. Currently two demonstrated 
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techniques for making flux estimates exist. The first (passive flux meter) relies on placing a line of 
monitoring wells with screens of appropriate length in a transect across a dissolved phase plume. The 
second (intregal pumping) places a line of pumping wells across the path of the dissolved plume. 

Source: SERDP 2001 

Figure 7-5. XSD Field data (0-1.0 volt scale) from Offutt AFB. 

Passive Flux Meter 

This method is still in the demonstration phase and is not commercially available. 

How It Works: 

A line of wells on close centers with screens of an appropriate length are placed across the path of 
contaminated groundwater flow. The well screens are packed with cartridges that contain a sorbent 
material for capturing contaminants and a chemical that dissolves at a known rate for determining the 
groundwater flow rate. The result is a highly detailed vertical profile of concentrations and flow rates. 
Vapor diffusion bags or other devices can be substituted for the cartridges, but the detailed groundwater 
flow rate information, which can be valuable in evaluating the affects of remediation activities on the 
subsurface, will be lost. 

DNAPL Uses: The continuous vertical profile combined with close horizontal spacing of the wells 
provides a good 2-D estimate of source area architecture and preferential flow paths. The technique is 
designed to aid in choosing remedies, remedial design, and determining the effects (differential flux) of 
a remedial action on a source zone. When two transects are deployed it provides information on flux 
differences with distance from the source that can be used to evaluate whether natural attenuation is 
occurring. 
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Limitations: Even on closely spaced centers, there is a possibility of missing a major flux zone. The 
technique requires the extraction and analysis of a large number of samples which, with a large plume 
cross section, can be expensive. The technique does not provide an estimate of 3-D architecture, hence 
it cannot be used to estimate contaminant mass available or predict the outcome of a remedial action. 

Case Study 1: At Hill AFB a transect of passive flux meters was used to measure the reduction in flux 
from a DNAPL source zone following a surfactant flood. The subsurface consisted of an 2.5 to 3-m (8 
to 10-ft) silty sand overlaying a 3 to 3.5-m (10 to12-ft) well sorted sand on an alpine clay layer. 
Groundwater occurs at approximately 5.5 m (18 ft) bgs. 

Ten monitoring wells on approximately 10-ft centers were placed downgradient from the source zone. 
TCE mass flux passing through them was measured before and after the surfactant flood. The passive 
flux meters indicated a reduction in TCE flux of approximately 90%. 

Integral Pumping 

Integral pumping has been employed in Europe to evaluate the potential a site has for using natural 
attenuation as a remedy. 

How It Works: 

A transect of wells is placed across the contaminant plume such that when pumped, they have 
overlapping capture zones. As each is pumped, groundwater samples are taken at preset time intervals 
and analyzed. The time interval at which the water was sampled can be related to the water’s original 
distance from the well. An idea of where contaminant plume hotspots are and the total flux can be 
gained by comparing the analytical results of each pumping test. 

DNAPL Uses: Integral pumping can be used to characterize DNAPL source strength. If the site has 
been sufficiently well characterized, the integral pumping test results can be used in conjunction with 
numerical modeling to estimate source locations and to some extent architecture. 

Limitations: A well developed numerical model is needed to provide resolution on source location. The 
test is usually performed over an 80 to 120 hr period per well, which can generate a large amount of 
contaminated water that would need treatment. If information on source location is needed the technique 
requires that the groundwater flow paths be natural before pumping begins. The method is not 
practicable in low yielding formations. Like the cartridge method, 3-D architecture or source mass 
cannot be determined by this technique. 

Case Study 1: Integral pumping has been demonstrated at a number of sites as part of the European 
Integrated Concept for Groundwater Remediation Project http://www.umweltwirtschaft-uw.de/incore/. 

Hydrosparge VOC Sampler 

The hydrosparge VOC sampler was developed by the Army for their SCAPS rig and is designed to take 
volatile organic samples from in situ groundwater and analyze them with an ion trap mass spectrometer. 

How It Works: A drive point with well screen (e.g., HydroPunch®, PowerPunch™, small diameter 
telescoping screen) is pushed to the desired depth and the drive rods are pulled back to expose the 
screen. Water enters the screen and rises to a nominal head where it is allowed to stabilize (20 to 30 
min). The sparge module is then lowered to a point where it straddles the equilibrium head (Figure 7-6) 
and helium gas is applied to the chamber containing the water. The gas strips volatiles from the water 
and carries them to the surface through Teflon™ tubing where they are introduced to an ITMS located 
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in the CPT rig. The purging step generally takes 4 to 5 min and tentative identification and quantitation 
of the contaminants occurs immediately afterward. 

DNAPL Uses: The probe can 
provide a vertical profile in 
nominally compacted soils to 
depths up to approximately 61 m 
(200 ft) of semi-quantitative 
concentrations of volatile 
organic contaminants. In the 
case of DNAPLs, it is best used 
for identifying dissolved and 
vapor phase DNAPL chemicals 
in non-clayey matrices. 

Drawbacks: Only one sample 
per push can be obtained. 
Problems can occur due to 
carryover in the Teflon™ return 
tube when samples containing 
greater than 10 mg/l of 
contaminants are encountered. 
Because the system is blind to 
lithology, the matrix in which 
the sample is being collected is 
not known without a prior push 
with a cone penetrometer. Also 
because there is no separation 
device (e.g., gas chromatograph), the ITMS cannot differentiate between chemicals having the same 
principle ion (e.g., total dichloroethene and total ethyl benzene, toluene, and xylenes). Complex 
mixtures also cause identification problems. Finally, the ITMS has a low dynamic range and tends to 
saturate easily. 

Figure 7-6. Hydrosparge Technique. 

Courtesy Corps of Engineers 

As of 2000 the SCAPS HS had been deployed at over 25 sites by the Army Corps of Engineers (Corps). 
The short case studies discussed below are taken from a California Department of Environmental 
Protection Technology Certification Publication (2000). 

Case Study 1: Building 525 at Aberdeen Proving Ground was used for cleaning and painting of 
vehicles and weapons systems. Solvents and petroleum products had been detected in the groundwater 
near the building during site investigations. Site stratigraphy investigations found surficial fill in some 
areas beneath which was clay, silt and silt/clay mixes to a depth of 3 to 5 m (10 to 15 ft) bgs. Below that 
depth, sand and sand/gravel mixes with narrow interbedded clay and silt/clay lenses were encountered 
down to 8 to 9 m (25 to 30 ft) bgs. The depth to the first groundwater aquifer, assumed to be 
unconfined, was generally 3.5 to 5 m (12 to 15 ft) bgs. This aquifer extends to about 9 m (30 ft) bgs, and 
is probably connected to a second aquifer from 9 to 15 m (30 to 50 ft) bgs. 

In August 1995, the Corps completed 23 samples with the SCAPS HS at 22 locations near the 
building. The samples were collected from direct push sampling points with a 1-m (4-ft) screened 
interval. The center of the screened intervals was between 4 and 6 m (13 and 20 ft) bgs, except for one 
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location where samples were collected at 13 and 21 m (43 and 68 ft) bgs. After each hydrosparge 
sample a duplicate sample was collected by bailer for offsite laboratory analysis. 

TCA was found in the samples at concentrations ranging from non-detect (<5 :g/L) to 1,300 :g/L. 
Correlation with the offsite laboratory results was good (R2= 0.98). 

Case Study 2: NAS Whiting Field is a fixed-wing aircraft and helicopter training base with associated 
support facilities. Contaminants at the site include chlorinated solvents and petroleum hydrocarbons 
from an underground waste solvent storage area, an aviation gasoline tank sludge disposal area, and an 
open burning and disposal area. The stratigraphy consists of sand, clayey silt and silty clay interspersed 
with clay and gravel lenses, beds and stringers. Cone penetrometer penetrations were completed to 
depths ranging from 20 to 74 m (64 to 243 ft) bgs, while hydrosparge measurements were taken at 
depths between 27 to 56 m (87 and 184 ft) bgs. An initial push with a conventional CPT probe was 
completed at each sampling location to define soil stratigraphy and dynamic pore pressures. A separate 
push was completed for each groundwater sampling depth identified using the CPT probe. Five 
locations with measurements at one to three depths per location were taken with both the hydrosparge 
and EPA Method 8260B, for a total of nine determinations. 

A comparison of the hydrosparge data with the offsite laboratory data indicated a good fit. TCE values 
ranged from 2 :g/L to 170 :g/L. 

Proton Magnetic Resonance 

While intended for groundwater prospecting, proton magnetic resonance is sensitive to the presence of 
hydrogen and might be used for locating contaminant masses that contain hydrogen (Figure 7-7). 

Figure 7-7. NUMIS Proton 
Magnetic Resonance 
System.

 Courtesy of IRIS Instruments 

How It Works. Alternating current is pulsed through a wire loop that is 
placed on the ground. The frequency of the current is chosen based on 
the local magnetic field of the earth. The pulse creates a magnetic field 
that affects the hydrogen atom’s magnetic moment and causes the atoms 
to precess about the applied magnetic field. The interruption of the field 
produces a decay signal that can be measured at the surface. The decay 
signal is proportional to the hydrogen content of the soil. The hydrogen 
content of the soil is influenced by the presence of water, hydrogen 
containing DNAPL compounds, and minerals that contain hydrogen. 
Increasing the intensity of the signal increases its depth but does not 
affect the amplitude of the decay signal (unless more water is 
encountered with depth). The maximum penetration depth is about 150 
m (490 ft). 

DNAPL Uses: This technique might find a use in detecting DNAPL residuals in the vadose zone and 
estimating their volume, but to date has not been applied for this purpose. 

Drawbacks: The technique does not differentiate between water and other hydrogen containing

materials.


Sonic CPT Probing 

Adding a sonic vibratory device to a conventional CPT rig increases its ability to penetrate subsurface 
matrices in which a regular CPT unit would meet refusal and increases its total depth capabilities. 
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How It Works. The sonic drive unit utilizes two counter-rotating eccentric weights to induce a 
sinusoidal driving force equivalent to the vertical acceleration of the eccentric weights times their mass. 
The counter-rotating weights are adjustable such that the eccentricity of the masses can be changed 
yielding five different eccentricity settings. This adjustability allows the operator to optimize the 
system’s performance by varying the operating frequency range and amplitude. The addition of 
vibratory energy to the CPT system reduces the frictional resistance of the soil along the rod string, 
which allows a greater proportion of the available push force to be directed to the tip. The additional tip 
force allows for greater penetration (Martin et al., 2000). 

DNAPL Uses: This innovation extends the depth and type of soil matrix that a CPT can be used in. It 
also extends the capabilities of the various tools (discussed in Section 6) that are used with a CPT to 
investigate DNAPLs. 

Drawbacks: When used in a sonic mode, the CPT does not produce standard tip to sleeve ratios that 
can be used to estimate the type of stratigraphy being penetrated. The tools used with the CPT (e.g., 
LIF, FFD, conductivity, downhole camera) have to be modified (hardened) to survive the added 
vibration. 
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Section 8 
CONCLUSIONS 

There is a growing range of screening and analytical tools that have been used to aid in locating and 
characterizing DNAPLs in a wide variety—but not all—settings. Some of the tools represent new 
technology, such as LIF and direct push rigs. Others represent innovative applications of traditional 
technologies, such as the use of CPT and seismic reflection AVO. This report has reviewed many of the 
technologies and approaches that have been used to characterize DNAPL sites. 

Non-Geophysical Methods 

The past ten years has seen a marked improvement in the capability of technologies to collect and 
analyze soil and water samples in the field. Dual tube DP equipment provides a means of inexpensively 
obtaining continuous cores for examination of preferential pathways and qualitative or quantitative 
onsite analysis. In some settings, dual tube DP equipment can also be used to obtain groundwater 
samples. Both DP and CPT rigs may be equipped with a variety of innovative probes. The advantage of 
new probes, such as conductivity, LIF, FFD, MIP, and downhole cameras, lies in their speed of advance 
and their ability to measure various soil properties and chemicals in-situ and nearly continuously. 
Vertical relative and actual concentration profiles provided by these instruments and the XSD discussed 
in Section 7 provide a key tool for increasing the probability of locating a DNAPL at a site that is not 
available with more conventional grab sampling. 

While in-situ groundwater samplers, such as BAT® and HydroPunch®, require some prior knowledge of 
stratigraphy to target specific flowpath regimes, they are useful to refine the conceptual site model as to 
contaminant flowpaths and potentially locate DNAPLs. They can locate the DNAPL by identifying 
areas of high concentrations in the dissolved phase of the DNAPL chemical in an overall plume that can 
be traced back to their source. Their advantage over the screening tools is they provide samples that can 
be analyzed by standard methods with standard QA/QC to give a quantitative concentration. The 
hydrosparge method discussed in Section 7 can be used to screen a depth and use the onsite 
instrumentation result to determine if a sample should be taken for confirmatory analysis. 

Geophysical Methods 

Geophysical techniques have historically been used for stratigraphic mapping of the subsurface to 
provide a geologic construct that aids in determining sampling locations for intrusive techniques rather 
than looking for the DNAPLs themselves. The resolution of the methods is rarely sufficient to locate 
thin preferential pathways or small pockets of DNAPL. Most of the surface techniques also have 
problems with interpreting heterogenous interbedded and discontinuous stratigraphies where DNAPLs 
are particularly difficult to locate. However, they can be useful in some settings and should be evaluated 
when an investigation is planned. 

There are several geophysical techniques that have shown promise of being able to detect anomalies 
associated with the presence of a DNAPL mass. Complex resistivity, which measures differences in 
subsurface chargeability, has been used to delineate the extent of DNAPLs associated with soils 
containing clays. EM offset logging, using surface to borehole techniques has had limited success in 
locating DNAPL masses. Finally, seismic reflection using AVO analysis has detected anomalies in 
areas previously known to have DNAPLs. These techniques, while not new to the geophysical 
community are relatively new to the environmental community and it remains to be seen how useful 
they may become in environmental investigations. They are generally sufficiently expensive to merit 
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consideration only when the remediation strategy calls for DNAPL removal and the general location of 
the DNAPL is already known. 

In all geophysical methods, if a DNAPL mass is the target, it must be large enough for the technique to 
resolve and present a sufficient geophysical contrast to the surrounding soil/rock/fluid matrix to appear 
as an anomaly for the given method. As was discussed in the geophysics section, these conditions can 
be, but rarely are, met. 

In summary, DNAPLs, while difficult to locate, have been found using the correct mix of tools for the 
site-specific conditions. While locating and remediating DNAPLs in bedrock poses the greatest 
challenge due to the cost of direct sampling and the risk of creating new, unwanted preferential 
pathways, a systematic planning approach that considers the wide variety of complementary tools 
available raises the probability of success. 
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GLOSSARY


accelerometer. A device for measuring acceleration or for detecting and measuring vibrations.

acoustic. Operated by or using sound waves.

apparent metal factor. Frequency domain measure of induced polarization. 

capillary fringe. The zone above the water table in which water is held by surface tension. Water in the

capillary fringe is under a pressure less than atmospheric (USGS). 

chargeability. The normalized area under an induced polarization decay curve, between two times,

after the transmitted current is stopped in a time domain survey (Greenhouse et al., 1998).

conductivity. The ability of a material to transmit an electric current.

effective solubility. The solubility of a chemical mixture that takes into account each individual

chemical’s concentration and solubility.

electrode. A conductor used to establish electric contact with the ground.

hardpan. A relatively hard, impervious, and usually clayey layer of soil lying at or just below land

surface; produced as a result of cementation by precipitation of insoluble minerals (USGS). 

hydraulic conductivity. The capacity of a rock or soil to transmit water. It is expressed as the volume

of water at the existing kinematic viscosity that will move in unit time under a unit hydraulic gradient

through a unit area measured at right angles to the direction of flow (USGS).

hydrophobic. Not capable of uniting with or absorbing water (USGS).

inclinometer. An instrument for measuring the inclination of a borehole from true vertical. 

in-phase. In geophysics a signal that is coincident with a reference phase.

Nafion™. A perfluorinated polymer containing small proportions of sulfonic or carboxylic ionic

functional groups. It has found widespread use in separating hydrophobic from hydrophilic chemicals.

overburden. Unconsolidated rock material, whether residual or transported, that overlies bedrock. 

phase shift. A change in the phase of a periodic signal.

polarizability. A measurement that describes the average dipole moment induced on a particle in an

applied field.

quadrature phase. In geophysics, a signal that is 90 degrees behind a reference phase.

resistivity. The capacity of a material to resist the flow of electrical current.

specific gravity. The ratio of the weight of a substance to the weight of an equal volume of a reference

substance (typically water) measured at the same temperature (generally 4 degrees Celsius where water

equals 1 g/cm3).

stacking. The process of taking multiple readings at the same location and averaging them.

stratigraphy. The arrangement and order of rock layers (consolidated and unconsolidated).

strike. The direction taken by a structural surface.

thermistor. A device whose electrical resistance varies in a known manner with temperature.

tomography. A method of determining the 3-D physical properties of a subsurface section by

mathematically inverting the results of a large number of measurements.

triaxial geophone. A downhole device for measuring compression and shear waves that contains three

sensing elements, one vertical and two orthogonal.

turbidity. The state, condition, or quality of opaqueness or reduced clarity of a fluid due to the presence

of suspended matter (USGS). 

ultraviolet light. Light with wavelengths ranging between 1 X 10-8 and 4 X 10-7 m.

vadose zone. The area between land surface and the first saturated zone (water at atmospheric pressure).
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APPENDIX B:

PHYSICAL/GEOCHEMICAL BEHAVIOR OF DNAPLS


Dense, non-aqueous phase liquids (DNAPLs) are more dense than water and are relatively immiscible 
in water, allowing them to remain in a non-aqueous phase. While these are defining features of 
DNAPLs, there are a number of other physical and chemical properties that influence actual migration 
in the subsurface and their physical/geochemical behavior. Their behavior is determined by complex 
interactions between the DNAPL chemicals and the hydrogeological formations through which the 
DNAPLs move. DNAPL chemicals are subject to the following processes: 

•	 Downward migration by gravity; 
•	 Absorption and adsorption on soil; 
•	 Volatilization into soil gas; 
•	 Dissolution and dispersion in groundwater; 
•	 Preferential solution of components; 
•	 Phase separation or the formation of emulsions; and 
•	 Transformation into other chemicals by microbiological and/or chemical processes (when chemicals 

are in solution or air). 

How these processes occur and to what degree they affect DNAPL migration are dependent on the 
chemical make up of the DNAPLs and the subsurface soil properties. When DNAPLs are composed of 
multiple compounds with differing physical characteristics, the characteristics of the mixture will be 
different than those of the pure substances. For example, the physical characteristics of a mixture of 
methylene chloride and trichloroethene will have a density and viscosity that is determined by the 
relative volumes of each constituent in the mixture. Mixtures with high proportions of methylene 
chloride will be less dense and viscous than mixtures with higher proportions of trichloroethene. With 
the right constituents and relative proportions, it is possible that a mixture of DNAPL and light non
aqueous phase (LNAPL, specific gravity < 1) chemicals can have offsetting physical characteristics, 
resulting in a mass that neither floats nor sinks in water. 

DNAPL Physical/Chemical Characteristics 

The physical/chemical properties of a DNAPL mass most important to subsurface migration are specific 
gravity and dynamic viscosity. Factors, such as vapor pressure, Henry’s Law constant, and solubility in 
water, contribute to the dissolution of the DNAPL chemicals into dissolved or soil gas vapor phases 
where they may undergo biodegradation and chemical transformation. Table B-1 lists several of these 
properties for five common DNAPL chemicals. Note that interfacial tension is site specific and the 
numbers given in the table are for comparison purposes only. 

Specific Gravity 
In Section I, specific gravity was noted as a defining characteristic of DNAPLs, which have specific 
gravities greater than one. Given relatively equal viscosities, the greater the specific gravity, the greater 
the tendency of the substance to migrate under the influence of gravity through the subsurface. Provided 
there is sufficient mass to drive the movement, the DNAPL will continue to move downward through 
preferential pathways (i.e., coarser grained materials that provide less capillary resistance) until it meets 
a zone of low permeability where it will tend to pool or, if the zone has a dip, will move across the 
surface to lower areas. 
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Table B-1. Physical/Chemical Characteristics of Selected DNAPLs 

Vapor Pressure Interfacial 
Specific  (mm Hg at 25o Solubility Viscosity Tension 

Chemical Gravity Celsius) (mg/l) (centipoise) (dynes/cm) 

Methylene Chloride 1.32 350 20000 0.43 28 

Tetrachloroethene 1.62 14 150 0.89 44 

Trichloroethene 1.46 58 1100 0.57 35 

Polychlorinated Biphenyl 
(Arochlor 1242) 

1.39 0.0004 0.24 24 NA 

Coal tar/creosote 1.01-1.2 Varies with Varies with 10 to 70 Varies with 
constituent constituent constituent 

NA - Not available.

Sources: Cohen and Mercer 1993; EPA 1993b; Huling and Weaver 1991


Solubility 
Limited solubility is another defining characteristic of most DNAPLs. When an organic chemical comes 
in contact with water, some or all of the chemical will dissolve or partition into the water up to the solu
bility limit of the chemical. The portion not dissolved remains as a non-aqueous liquid. Organic 
compounds are rarely found in groundwater at concentrations approaching their solubility limits, even 
when an organic liquid phase is present. Therefore, high concentrations of dissolved DNAPL chemicals 
in groundwater can be very strong indicators that DNAPL mass sources are present. However, this 
statement does not imply that only high concentrations are indicators of free-phase liquids. EPA has 
recommended that concentrations as low as one percent of solubility can be indicators of DNAPL 
presence (Cohen and Mercer 1993). DNAPLs that are a mixture of many chemicals will have 
solubilities that reflect their relative concentrations in the mixture. These solubilities are typically lower 
than the solubilities published for the pure chemical. Concentrations of individual chemicals found at 
less than one percent of their solubility does not mean there can be no DNAPL present at the site. 

Dynamic Viscosity 
Dynamic, or fluid, viscosity is a measure of a fluid’s resistance to flow. Molecular cohesion, the 
tendency of a fluid to remain undispersed, is the main contributor to viscosity. With lower viscosity 
comes greater mobility and penetration of porous media. The viscosities for methylene chloride, 
tetrachloroethene, and PCBs are 0.43 centipoises (cp), 0.89 cp, and 4.8 (1221) to 700 (1254), 
respectively. (See Table B-1.) One would expect then that even though the PCBs have a specific gravity 
that is greater than methylene chloride they would move through the subsurface much more slowly. 

Vapor Pressure 
Vapor pressure, often expressed in millimeters of mercury (mm Hg), is the pressure at a given 
temperature of a vapor in equilibrium with its liquid or solid form (note this is measured in a closed 
container). The higher a DNAPL’s vapor pressure, the higher its soil gas concentration will be. One 
factor that influences the vapor pressure of a DNAPL in the subsurface is temperature. Conditions such 
as DNAPL flow velocity may affect the ability for the DNAPL mass to reach equilibrium with its soil 
gas, and therefore prevent the DNAPL soil gas from reaching its equilibrium vapor pressure. Cohen and 
Mercer estimate that a soil gas concentration of a volatile DNAPL of 100 to 1,000 ppm is a good 
indication of the presence of a DNAPL source. 

B-2




Henry’s Law Constant 
Henry’s law constant is sometimes referred to as the air-water partition coefficient. It is defined and 
often represented as the ratio of the partial pressure of a compound in air to the concentration of the 
compound in water at a given temperature under equilibrium conditions. It can be used to predict the 
tendency of dissolved DNAPL chemicals to remain in the dissolved state or to migrate into the soil gas. 
It is very useful in formulating the site conceptual model and in determining whether a soil gas survey 
would be practical for investigating a groundwater plume. 

Soil and Groundwater Characteristics that Affect DNAPLs 

Characteristics of the soil and groundwater also determine the fate and transport of a DNAPL. The 
following soil and groundwater qualities have the most significant influence on the fate of a DNAPL: 

• Initial moisture content • Capillary pressure 
• Residual saturation C Interfacial tension 
• Relative permeability • Groundwater flow velocity 

Initial Moisture Content 
The initial moisture content of soil can affect the potential for retaining the DNAPL in soil pores. This 
is due to the wettability of the pore space. Wettability refers to the preferential coating of a solid surface 
by one fluid in a multiple fluid system. In general, though not always, in a DNAPL water system the 
water is the wetting agent and will preferentially coat the walls of the pore space. The effect of this 
coating is to have the water occupy both the surface areas of the pores and smaller pores in the porous 
media while relegating the DNAPL to the larger openings (Cohen and Mercer 1993). When soils are 
relatively dry, the system is a DNAPL air system with the DNAPL becoming the wetting agent. Hence 
soil with a very low initial moisture content will tend to draw in and retain DNAPLs more than similar 
soils with a high initial moisture content. The subsurface vadose zone, however, is generally 
heterogeneous and moisture content is not uniform in it and rarely absent. This heterogenous 
distribution of water in the subsurface makes prediction of where DNAPL will be the wetting agent and 
where it will not be the wetting agent difficult at best. 

Interfacial Tension 
According to Bear 1979, when a liquid is in contact with another substance (another liquid immiscible 
with the first, a gas, or solid) there is free interfacial energy present between them. The interfacial 
energy arises from the difference between the inward attraction of the molecules in the interior of each 
phase and those at the contact surface. Since a surface possessing free energy contracts if it can do so, 
the free interfacial energy manifests itself as an interfacial tension. Thus the interfacial tension for a pair 
of substances i and k is defined as the amount of work that must be performed to separate a unit area of i 
from k. Interfacial tension is related directly to the capillary pressure across a water-NAPL interface and 
is a factor in controlling wettability. As a result of interfacial tension, nonwetting DNAPLs may form 
globules in open water and water saturated media. 

Residual Saturation 
Residual saturation is the amount of DNAPL that is retained or trapped in soil pores relative to the 
maximum retention capacity of the soil and is measured as a percentage of total pore volume. The 
propensity of a chemical to be retained is a function of the media pore size distribution, wettability, 
fluid viscosity ratio, density ratio, interfacial tension, and hydraulic gradients (Cohen and Mercer 1993). 

In the vadose zone, NAPL is retained as films, wetting pendular rings, wedges surrounding aqueous 
pendular rings, and as nonwetting blobs in pore throats in the presence of water. Residual NAPL in the 
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saturated zone is immobilized by snap off and bypassing mechanisms. Snap off occurs in high aspect 
ratio pores where the pore body is much larger than the pore throat, which results in single droplets or 
blobs of residual NAPL. Bypassing is prevalent when wetting fluid flow disconnects the nonwetting 
fluid causing NAPL ganglia to be trapped in clusters of large pores surrounded by smaller pores (Cohen 
and Mercer 1993). 

Relative Permeability 
When two or more fluids exist in a system, they will compete for pore space. The result is the mobility 
of each is reduced. Relative permeability is the ratio of the effective permeability through a medium of a 
fluid at a given saturation, to its intrinsic permeability at the same saturation. As such it varies with 
saturation from 0 to 1 (Cohen and Mercer 1993). Relative permeability values are generally required for 
fate and transport numerical modeling of immiscible fluids. Relative permeability values are rarely 
available for site specific problems and are generally estimated from the literature. 

Capillary Pressure 
Capillary pressure is the tendency of a porous medium (soil) to draw in the wetting fluid and repel the 
nonwetting fluid. This is due to the dominant adhesive force between the wetting fluid and media solid 
surfaces. Capillary pressure is a function of interfacial tension, contact angle (between the fluid 
interfaces and the solid), and pore size. It increases with a decrease in the contact angle and the pore 
radius or with an increase in the interfacial tension. The higher the capillary pressure, the greater the 
tendency of the medium to draw the wetting fluid in. Capillary pressure is important in DNAPL 
transport because in most cases it greatly affects the ability of the nonwetting DNAPLs to enter soil pore 
space and forces them to flow through areas with lower capillary pressures. In saturated or capillary 
fringe areas the capillary pressure can be sufficiently large to form a capillary barrier that prevents 
DNAPL penetration unless large heads are developed. In a strictly air DNAPL system (no moisture 
present), which is very rare, the DNAPL would be pulled into the pore space. 

Groundwater Velocity 
Movement of the dissolved phase of DNAPL chemicals is a function of advection and dispersion. As 
the groundwater velocity increases, so does the potential for increased advection and dispersion of 
dissolved DNAPL chemicals in that volume. Groundwater velocities vary from less than 1 ft per year to 
thousands of ft per year. As groundwater velocities increase, the rate of flow of water passing across the 
outer surface of the DNAPL mass increases. Thus, an increase in groundwater flow velocity causes the 
rates of dissolution and dispersion of the DNAPL chemicals to increase. Conversely, as groundwater 
flow velocity decreases, so do the rates of dissolution and dispersion of the DNAPL. It should be 
remembered, however, that if the DNAPL chemical has permeated a low permeability soil with relation 
to the rest of the aquifer (e.g., clay lenses) the dissolution and movement will be controlled by diffusion 
from the low permeability soil not the velocity of the water moving across it. 

The affect of groundwater flow and gradient on DNAPL movement in the subsurface is related to the 
specific gravity of the DNAPL and its viscosity. Dense chlorinated solvents will tend to move based on 
gravity and stratigraphy with little influence from groundwater factors. On the other hand, DNAPLs 
with specific gravities close to 1 (e.g., creosotes and coal tars) can have their direction of flow strongly 
influenced by high groundwater flow velocities and gradients. An example of this would be creosote 
entering the bottom of a gaining surface water body. In this case, the flow of the DNAPL is up. 

DNAPL Movement in the Subsurface 

The following discussion is taken directly from Wolfe et al. 1997 and is provided because it succinctly 
ties together the concepts presented above. 
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In the vadose zone, capillary phenomena are the dominant mechanisms controlling the movement and 
distribution of DNAPL. In this situation, DNAPL can be either the wetting or nonwetting fluid, 
depending on the moisture content of the media. In dry media where DNAPL and air occupy the pore 
spaces, the DNAPL is usually the wetting fluid and will coat the geologic media and preferentially 
occupy the smaller pore spaces. Where DNAPL is the wetting fluid, capillary forces enhance DNAPL 
entry into fine-grained media. 

More typically, the vadose zone is partly saturated or water-wet, resulting in DNAPL, water, and air 
occupying the pore spaces. Water will usually be the wetting fluid with respect to DNAPL and will coat 
the geologic media and preferentially occupy the smaller pore spaces. DNAPL will be wetting with 
respect to air and will coat the water, situating itself between the water and air phases. In this situation, 
capillary forces will act as a barrier to DNAPL entry into fine-grained media. When a dry medium with 
DNAPL as the wetting fluid is invaded by water, DNAPL is displaced from the solid surfaces by the 
water. 

After a DNAPL mass has moved through the vadose zone, a part of the DNAPL will be retained by 
capillary forces as residual DNAPL. Values of residual saturation of chlorinated solvents in the vadose 
zone typically range from 0.01 to 0.10 for dry sands and 0.02 to 0.20 for moist sands (Schwille 1988; 
Poulsen and Kueper 1992; and Cohen and Mercer 1993). DNAPL may be retained as films, wetting 
pendular rings, wedges surrounding aqueous pendular rings, and as nonwetting blobs in pore throats and 
bodies (Cohen and Mercer 1993). 

Two processes in the vadose zone work to deplete a DNAPL mass: volatilization into the air phase and 
dissolution into water. Direct volatilization of DNAPL into the soil gas is generally the most significant 
mechanism for depletion of chlorinated DNAPL's from the vadose zone (Pankow and Cherry 1996). 
The higher the vapor pressure of a compound, the more readily it volatilizes. Additionally, DNAPL that 
dissolves into water in the vadose zone would also be available to volatilize into the soil gas or sorb to 
solid surfaces. Subsequently, sorbed contaminant may be remobilized through volatilization or 
dissolution. 

Vapor-phase contamination, whether from direct volatilization or dissolution and then volatilization, is a 
source for a dissolved-phase plume in the  ground water, either from dissolution into infiltrating 
recharge water or diffusion at the water-table surface. The vapor-phase contamination will move by 
diffusion and sink by density-driven advection. The higher the relative vapor density, the greater the 
tendency for the vapor-phase contamination to sink. These processes will spread the source for the 
dissolved ground water plume over a larger area. Diffusive loss of vapors to the atmosphere can occur, 
but will be limited if the ground surface is covered with vegetation or finer-grained layers which will 
restrict vapor movement (Pankow and Cherry 1996). 

Below the water table, where DNAPL and water occupy pore space, DNAPL is usually the nonwetting 
fluid and must overcome capillary forces to enter the smaller pore spaces occupied by the water. 
DNAPL will continue to move downward under the force of gravity until a finer-grained layer presents 
a capillary barrier. The DNAPL will then be diverted laterally, seeking a path downward, or will pool at 
the barrier until significant pressure builds to penetrate the capillary barrier. 

DNAPL pools in porous media typically are wide and shallow. Compared with residual DNAPL, pools 
of DNAPL have less surface area per volume in contact with ground water. DNAPL pools can persist 
for long periods of time. The rate of dissolution from a DNAPL pool is controlled by the vertical 
dispersion and subsequent removal of the dissolved phase by the moving ground water. 

As in the vadose zone, the trailing edge of the DNAPL mass will leave residual DNAPL trapped by 
capillary forces as isolated blobs and ganglia. Values of residual saturation of chlorinated solvents in 
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porous media in the ground-water zone have been measured in the range from 0.15 to 0.40 (Anderson, 
1988). Residual saturation values in the ground-water zone are normally greater than the values in the 
vadose zone because the fluid density ratio (DNAPL to air as compared to DNAPL to water) favors 
greater drainage in the vadose zone and, as the nonwetting fluid in the ground-water zone, DNAPL is 
held in the larger pore spaces (Cohen and Mercer, 1993). The dominant natural process to remove 
residual DNAPL below the water table is dissolution into ground water. The residual DNAPL provides 
a source for dissolved-phase ground water plumes. 
Fractured Media 
DNAPL movement in fractures is controlled by the same properties and processes as in granular 
material. The concepts of wettability and capillary pressure apply to DNAPL movement in a fracture as 
they do in a granular material. If the capillary pressure at the leading edge of the DNAPL exceeds the 
entry pressure of a water-saturated fracture, the DNAPL will displace the water and enter the fracture. 
In most cases, water will be the wetting fluid and will coat the fracture walls, and DNAPL will be the 
nonwetting fluid and will fill the larger aperture spaces. The minimum pool height required to overcome 
the entry pressure is proportional to the DNAPL-to-water interfacial tension and inversely proportional 
to the difference in fluid densities and fracture aperture (Kueper and McWhorter, 1991). Using values of 
density and interfacial tension typical of chlorinated solvents, fracture apertures on the order of 2 to 100 
microns (:) can be invaded with DNAPL pool heights in the range of 0.15 to 1.0 m (Kueper and 
McWhorter, 1991; Kueper and others, 1992; Pankow and Cherry, 1996). Fractures in this aperture range 
have been measured in fractured, unlithified clay deposits (McKay and others, 1993). Dissolution-
enlarged fractures in carbonate aquifers have apertures of a scale significantly larger than this, 
commonly on the order of a millimeter to tens of centimeters. Therefore, the entry pressure for 
dissolution-enlarged fractures in carbonate rocks will be easily overcome by even a thin pool of 
DNAPL. In large open fractures (greater than 1 cm), capillary forces will be insignificant and DNAPL 
will drain freely under the influence of gravity. In fractures filled with residuum, DNAPL entry and 
movement is controlled by the pore size of the material filling the fracture. 

Migrating DNAPL will not uniformly fill a fracture but will preferentially migrate along the larger 
aperture pathways that present the least capillary resistance. Progressively smaller aperture fractures 
will be invaded due to the increased fluid pressure at the base of the DNAPL accumulation if the 
DNAPL extends vertically as a continuous phase (Pankow and Cherry, 1996). 

Large vertical accumulation of DNAPL will most likely occur in settings with small fracture apertures 
and may be less common in settings with dissolution-enlarged fractures. Once a DNAPL has entered a 
fracture network, it will most likely continue to drain into the network until the DNAPL source is 
depleted. DNAPL will move into an intersecting fracture if the local capillary pressure at the advancing 
front exceeds the entry pressure of the intersecting fracture. 

DNAPL migration will be predominantly downward due to gravity, but significant lateral flow can 
occur along horizontal bedding planes or fractures in response to the closing of fractures with depth. 
Local structure, including degree of fracture interconnection and distribution of fracture apertures 
within individual fracture planes, will control DNAPL migration (Kueper and others 1992). The 
preferential pathways for DNAPL migration will not necessarily be the same as for ground water flow. 
Numerical models and laboratory studies (Schwille, 1988; Pruess and Tsang, 1990; Kueper and 
McWhorter, 1991; Murphy and Thomson, 1993) have indicated that rates of DNAPL movement in 
single, small-aperture (less than 1 mm), rough-walled fractures range from minutes to hours per 1 m 
length of fracture (Pankow and Cherry, 1996). If these rates are applied to field conditions, DNAPL 
could sink through hundreds of meters of fractured rock in a matter of days to weeks, depending on 
fracture openings and interconnection. Rates in dissolution-enlarged fractures would be even faster. 

B-6




Once the supply of the DNAPL to a fracture has been depleted, the DNAPL will redistribute itself as 
residual DNAPL and pools. In laboratory experiments, Schwille (1988) showed increased solvent 
retention in fractures when the aperture was reduced. Pools are distinct from residual DNAPL in that 
they are formed when the leading edge of the migrating DNAPL can no longer overcome capillary 
resistance (Pankow and Cherry, 1996). This situation can occur where a fracture pinches down to a 
smaller aperture or where the fracture is filled with fine-grained material. Substantial amounts of 
DNAPL can be retained as pools in fractures. These pools could be remobilized if the balance of forces 
holding them static changes. In large conduits and dissolution-enlarged fractures where DNAPL would 
be expected to drain freely, large amounts of DNAPL can pool in depressions, particularly in horizontal 
to gently dipping fractures or bedding-plane openings. DNAPL pools in fractured media can be a 
network of small interconnected fractures filled with solvent or DNAPL accumulations in depressions 
of dissolution-enlarged fractures. 

DNAPL pools can persist for long periods of time. Pools that fill interconnected fractures have limited 
surface area in contact with moving ground water. The rate of dissolution from a DNAPL pool is 
controlled by vertical dispersion or diffusion (depending on the location of the pool), the solubility of 
the DNAPL, and subsequent removal of the dissolved phase by the moving ground water (Hunt and 
others, 1988). Because both dispersion and diffusion are quite slow, the lifetime of chlorinated DNAPL 
pools will typically be on the order of decades to centuries. DNAPL pools in depressions of dissolution-
enlarged fractures present more surface area to moving ground water than do pools filling 
interconnected fractures, but DNAPL removal is still limited by vertical mixing. Ground water flow in 
dissolution-enlarged fractures may be turbulent, enhancing mixing with DNAPL pools and decreasing 
the DNAPL pool lifetime. 
Matrix diffusion is an important mechanism in DNAPL depletion where DNAPL is pooled in 
interconnected fractures and the matrix porosity is high (as is typical in fractured clays, shales, and 
some sedimentary rocks) (VanderKwaak and Sudicky, 1996). In matrix diffusion, DNAPL slowly 
dissolves into the adjacent water wetting the fracture and then diffuses into the porous matrix. Diffusion 
of DNAPL into water held in matrix porosity decreases the DNAPL mass held in fractures (Parker and 
others, 1994) and slows the movement of the concentration front in fractured aquifers (Vogel and 
Giesel, 1989). Pankow and Cherry (1996) show that in media with small fracture apertures (less than 1 
mm) and significant matrix porosity (greater than 5 percent) the total void space in the matrix of 
fractured porous media is commonly orders of magnitude larger than the void space provided by the 
fracture network, and matrix diffusion can account for the complete disappearance of DNAPL from 
fractures. They further show that for a clay with matrix porosity of 37 percent and typical fracture 
apertures of 1 to 100 :, TCE would disappear into the clay matrix on the order of days to a few years; 
for sedimentary rocks with matrix porosity of 10 percent and fracture apertures of 10 to 100 :, years or 
decades would be required. Given the same matrix porosity, time for complete removal increases as 
fracture aperture increases due to higher DNAPL volume in relation to surface area. 

In formations with large fracture porosities where the matrix/fracture mass-storage capacity ratio is less 
than one, complete removal of DNAPL cannot occur by diffusion into the matrix alone because the 
pore-water volume is insufficient (Pankow and Cherry, 1996). Although matrix diffusion may be more 
effective in removing DNAPL mass in fractures than dissolution into ground water, once the DNAPL 
mass is depleted, the mass diffused into the matrix will provide a continuing source for a dissolved 
ground water plume as it diffuses back out of the matrix. 
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APPENDIX C:

INTERNET RESOURCES


The following websites provide both general and specific information on technologies and applications: 

California Environmental Protection Agency Technology Certification Program. Provides downloadable 
reports on the results of testing carried out on, among other things, SCAPS and online hydrocarbon 
monitoring. http://www.calepa.ca.gov/calcert/partner.htm#TechPartnership 

Case studies of demonstrations and applications of technologies and streamlined strategies. 
http://www.frtr.gov 

Case studies of applications of technologies and streamlined strategies. 
http://www.clu-in.org/char1_edu.cfm 

Center for Public Environmental Oversight. Provides a searchable database of characterization and 
remediation technology descriptions. http://www.cpeo.org/techtree/about.htm 

Cluin. EPA Office of Superfund Remediation and Technology Innovation sponsored web site. Provides 
wide variety of downloadable reports and updates on characterization and remediation technologies as 
well as links to other environmental sites. http://www.cluin.org 

DOE Office of Science and Technology. Under the “publications” button, provides extensive listing of 
publications and reports on innovative characterization, monitoring, and sensor technologies. 
http://apps.em.doe.gov/ost/itsrall.html 

DOE Expedited Site Characterization, Ames Laboratory. Provides descriptions of a variety of 
innovative geophysical and analytical equipment demonstrations as well as a list of publications, some 
of which are downloadable. http://www.etd.ameslab.gov/etd/technologies/projects/esc/index.html 

EPA Environmental Technology Verification Program. Provides downloadable reports on the results of 
testing carried out on, among other things, monitoring and characterization equipment. 
http://www.epa.gov/etv/ 

EPA Superfund Dynamic Field Activities Internet Site. Provides resources to support a streamlined, 
dynamic approach to measurement and monitoring. Resources include a Superfund guidance document 
and links to resources on numerous field-based analytical and sampling methods. 
http://www.epa.gov/superfund/programs/dfa/index.htm 

EPA Triad Internet Site. Provides information on the Triad approach to site characterization which can 
be used for DNAPL site investigations. http://www.triadcentral.org/ 

ETV Canada. Provides abstracts of evaluated technologies and vendor contact information. 
http://www.etvcanada.com 

Field Analytical Technologies Encyclopedia (FATE). Provides information on theory of operation, 
strengths, weaknesses, and general operating costs for selected technology classes and vendors. 
http://fate.cluin.org 
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Field sampling and analytical technology screening matrices. Contains general descriptions of 
equipment and rates them according to a variety of characteristics (e.g., analyte of interest, media, ease 
of use, relative cost). http://www.frtr.gov/site 

Interstate Technology and Regulatory Council. Provides guidance documents in areas of interest to the 
committee. http://www.itrcweb.org (click on “Guidance Documents”) 

REACHIT. Provides searchable (by analyte, location, instrumentation) database of commercial 
technology vendors. http://www.epareachit.org/index3.html 

Strategic Environmental Research and Development Program (DOE/DOD/EPA). Provides a searchable 
list of proceeding citations, but articles are not available. Also provides numerous summary reports on 
site characterization and project results sponsored by the program. 
http://www.serdp.org/search/search_directory.html# 

U.S. EPA Ada Laboratory Subsurface Remediation Information Center. Provides downloadable reports, 
issue papers, and research briefs on issues involving subsurface characterization and remediation. 
http://www.epa.gov/ahaazvuc/publications.html 

USACE Waterways Hazardous Waste Research Center. Provides downloadable reports and articles 
published as part of the Installation Restoration Program. Some articles are related to innovations in 
monitoring and characterization. http://www.wes.army.mil/el/elpubs/irrp.html 
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APPENDIX D

VENDOR LIST




Inclusion in this list does not constitute 
endorsement by EPA. 

GEOPHYSICS 

ABEM Instrument AB 

Hamngatan 27 

S-172 66 Sundbyberg 

Sweden

Tel: + 46 8 764 60 60 

Fax: + 46 8 28 11 09 

web address: http://www.abem.se

geophysical instrument manufacturer


Apex Parametrics, Ltd. 
P.O. Box 818 Stn Main
Uxbridge, ON L9P1N2 
Canada 
Tel: 905-852-5875 
Fax: 905-852-9688 

Blackhawk GeoSciences

301 Commercial Road, Suite B

Golden, CO 80401

Tel: 303-278-8700

Fax: 303-278-0789

web address: http://www.blackhawkgeo.com

geophysical surveys


Chinook Geoconsulting, Inc. 

26961 Hilltop Road 

Evergreen, CO 80439 

Tel/Fax: 303-674-0252

web address: http://www.chinook-inc.com/

magnetotellurics/geophysics


Clearview Geophysics, Inc. 
12 Twisted Oak Street 
Brampton, Ontario L6R 1T1 
Canada 
Tel: 905-458-1883 
Fax: 905-792-1884 
web address: http://www.geophysics.ca/ 
geophysical surveys 

Earth Dynamics, Inc. 

2284 NW Thurman St.

Portland, OR 97210

Tel: 503-227-7659

Fax: 503-227-1074

web address: http://www.earthdyn.com

geophysical surveys


Electromagnetic Instruments, Inc.

1301 S. 46th St. UCRFS Bldg. 300

Richmond, CA 94804

Tel: 510- 232-7997

Fax: 510- 232-7998

web address: http://www.emiinc.com/

electromagnetic instruments including 


GEHM Environmental Corporation 
1480 Ashley Road 
P.O. Box 65
Boonville, MO 65233

Tel: 660-882-3485

Fax: 660-882-5766

web address: http://www.gehm.com/

electromagnetic offset logging


Geo Instruments Pty Limited

348 Rocky Point Rd, Ramsgate NSW 2217

Sydney, Australia 

Tel: +61 2 9529 2355 

Fax: +61 2 9529 9726

web address: http://www.geoinstruments.com.au/

geophysical instruments


Geophex, Ltd.

605 Mercury Street, 

Raleigh, NC 27603

Tel: 919-839-8515

Fax: 919- 839-8528

web address: http://www.geophex.com

geophysical surveys GEM em equipment


Geophysical Survey Systems, Inc.

13 Klein Drive, PO Box 97

North Salem, NH 03073-0097 

Tel: 603-893-1109

Fax: 603-889-3984

web address: http://www.Geophysical.com

ground penetrating radar manufacturer


Geophysical Instrument Supply Company 
6323 Cambridge St. 
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Minneapolis, MN 55416 
Tel: 952-929-8000 
Fax: 952-926-5498 
web address: http://www.giscogeo.com/ 
geophysical equipment sales and rentals 

GEOVision, Inc. 
1151 Pomona Road, Unit P 
Corona, CA 92882 
Tel: 909- 549-1234 
web address: http://www.geovision.com 
geophysical surveys 

GPE, Inc. 
4509 NW 23rd Avenue, Suite 16 
Gainesville, FL 32606 
Tel: 352-372-2403 
Fax: 352-372-3757 
web address: http://www.gpe.org/ 
cross borehole seismic hammer 

Hager-Richter Geoscience, Inc. 
8 Industrial Way D-10 417 
Salem, NH 03079 
Tel: 603- 893-9944 
Fax: 603- 893-8313 
web address: http://www.hager-richter.com 
geophysics (electromagnetics) 

IRIS Instruments 
1 Avenue Buffon 
BP 6007 - 45060 Orleans 
Cedex 2 
France 
Tel: + 33 238638100 
Fax: + 33 238638182 
web address: http://www.iris-instruments.com/ 
geophysical equipment sales 

MALÅÅ GeoScience USA Inc. 
2040 Savage Rd. 
PO Box 80430 
Charleston, SC 29416 
Tel: 843-852-5021 
Fax: 843-769-7397 
web address: http://www.malags.se 
Ground penetrating radar manufacturer 

NAEVA Geophysics, Inc. 
4707 Benson Avenue, Suite 104 
Baltimore, MD 21227 

Tel: 410- 536-7600 
Fax: 410- 536-7602 
web address: http://www.naevageophysics.com 
geophysical surveys 

Northwest Geophysical Associates, Inc. 
1600 SW Western Boulevard, Suite 200 
Corvallis, OR 97333 
Tel: 541- 757-7231 
Fax: 541- 757-7331 
web address: http://www.nga.com 
seismic surveys 

SJ Geophysics Ltd. 
11762-94 Avenue, Delta, BC 
Canada V4C 3R7 
Tel: 604-582-1100 
Fax: 604-589-7466 
web address: http://www.sjgeophysics.com 
geophysical surveys 

SCINTREX, Inc. 
11002 Metric Boulevard, Suite 100 
Austin, TX, 78758 
Tel: 512- 346-0077 
Fax: 512-346-0088 
web address: http://www.scintrexltd.com/ 
geophysical surveys and equipment rentals 

Spectrum Geophysics 
622 Glenoaks Blvd. 
San Fernando, CA 91340 
Tel: 818-365-9371 
Fax: 818-361-1680 
web address: http://www.spectrum-geophysics.com/ 
geophysical surveys 

Terraplus USA 
625 Valley Road 
Littleton, CO 80124 
Tel: (303) 799-4140 
Fax: (303) 799-4776 
web address: http://www.terraplus.com/ 
geophysical equipment 

WMI International, Inc. 
4901 Milwee St. # 109 
Houston, TX 77092 
Tel: 713-956-4001 
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Fax: 713-956-7305 

web address: http://www.wmi-intl.com/

electromagnetic offset logging


Zonge Geosciences, Inc.

924 Greg Street

Sparks, NV 89431

Tel: 775-355-7707

Fax: 775- 355-9144 

web address: http://www.zonge.com/

geophysical surveys and equipment sales and

rental
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NON-GEOPHYSICAL 

Columbia Technologies, LLC 
1450 South Rolling Rd. 
Baltimore, MD 21227 
Tel: 410-536-9911 
Fax: 410-536-0222 
web address: http://www.columbiadata.com 
DP, MIP, LIF and other downhole services 

Dakota Technologies, Inc. 
2201-A 12th St. N. 
Fargo ND 58102 
Tel: 701-237-4908 
Fax: 701-237-4926 
web address: 
http://www.dakotatechnologies.com 
DP and LIF services 

Environmental Support Technologies, Inc. 
360 Goddard 
Irvine, CA 92618-4601 
Tel: 949-679-9500 
Fax: 949-679-9501 
Web address: http://www.est-inc.com 
DP services 

Fugro Geosciences, Inc. 
US Headquarters 
6105 Rookin 
Houston, TX 77074 
Tel: 713-346-4000 
Fax: 713-346-4002 
web address: http://www.geo.fugro.com/ 
CPT/DP rigs and geophysical surveys 

GeoInsight 
1680 Hickory Loop, Suite B 
Las Cruces, NM 88005 
Tel: 505-523-5799 
Fax: 505-523-0789 
web address: http://www.geoinsightonline.com/ 
DP probes and wells 

GeoNordic AB 
Reimersholmsgatan 23 
S-117 40 Stockholm, Sweden 
Telephone: + 46 8 669 96 30 
Fax: + 46 8 669 96 21 
web address: http://www.geonordic.se 
GeoN groundwater sampler (BAT® style) 

Geoprobe Systems, Inc. 
601 N. Broadway 
Salina, KS 67401 
Tel: 785-825-1842 
Fax: 785-825-2097 
web address: http://www.geoprobe.com 
DP equipment and services 

Gregg Drilling and Testing, Inc. 
950 Howe Road 
Martinez, CA 94553 
Tel: (925) 313-5800 
Fax: (925) 313-0302 
web address: http://www.greggdrilling.com/ 
CPT/DP services 

Precision Sampling, Inc. 
main office 
1400 S. 50th Street 
Richmond, CA 94804 
Telephone 510-237-4575 
Fax 510-237-4574 
web address: http://www.precisionsampling.com 
DP services 

Solinst Canada Ltd. 
35 Todd Rd. 
Georgetown, Ontario 
Canada 
L7G 4R8 
Tel: 905-873-2255 
Fax: 905-873-1992 
web address: http://www.solinst.com 
groundwater sampling equipment sales 
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