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ABSTRACT

The Site Characterization and Analysi's Cone Penetrometer System (SCAPS),
equipped with real-time fluorophore detection capahilities, was used to delineate
subsurface contaminant releases in an area where plating shop wastes were temporarily
stored. Recordsindicated that various non-aqueous phase liquids (NAPLS) were rel eased
at theste. Theinvestigators advanced the SCAPS Laser Induced Fluorescence (LIF)
sensor to depths beneath the water table of the principal water-bearing zone. The water
table was located approximately 6 ft. (1.8 meters) below ground surface (bgs) across the
site. Fluorescence attributed to fuel compounds commingled with chlorinated solvents
was observed at depths ranging from 4.0 to 11.5 ft. (1.2 to 3.5 meters) bgs. Fluorescence
attributed to naturally occurring organic materials (by process of eimination and spectral
characteristics) commingled with chlorinated solvent constituents was observed at depths
ranging from approximately 13 to 40 ft. (4.0 to 12.2 meters) bgs. Fluorescence responses
from compounds confirmed to be commingled with chlorinated solvents indicates that the
SCAPS fluorophore detection system is capable of indirectly delineating vadose zone and
subagueous chlorinated solvents and other dense non-aqueous phase liquids (DNAPLSs) at
contaminant release sites. This confirmation effort represents the first documented
account of the successful application of LIF to identify a mixed DNAPL/LNAPL source

Zone.
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INTRODUCTION

Contamination from the use of fuels and chlorinated solventsis one of the most
pressing environmental problems. Remediation of sites contaminated by non-aqueous
phase liquids (NAPLS) isan environmental challenge with global implications. Many of
these compounds are toxic, volatile, mutagenic, teratogenic, fat soluble, and only dightly
solublein water. Several NAPL compounds are considered hazardous at extremely low
concentrations (Verschueren, 1983). For example, the California State Maximum
Contaminant Level (MCL) for vinyl chlorideis 0.5 parts per billion or ppb (California
Code of Regulations, 1986). Provided there is sufficient opportunity to completely
dissolve, fifteen gallons (56.8 liters) of trichloroethylene (TCE) can impact an area 1000
metersin length, 100 metersin width, and 20 meters in depth with an average ground
water concentration of 100 ppb (Schwille, 1985). Some of these compounds are also
more dense than water and therefore can migrate to depths below the capillary fringe and
water table. Once below the water table, these contaminants can exist as a dissolved
plume or as an undissolved separate non-agqueous free phase. NAPLs which become
disconnected in the pore spaces are often referred to as residual and are present as micro-
globules, or “ganglid’, which are believed to be distributed in a heterogeneous manner,
leading to significant NAPL source zone detection challenges (Pankow and Cherry, 1996;
Keller et. a, 1997; Keller et. al, 1999).

Long-term treatment of dissolved phase chlorinated constituents using pump-and-
treat and in-situ methods is common remediation practice (Fenton, 1894; Howard et. al.,

1991; Haag and Y ao, 1992; Gillham, 1993; Gillham, &t. al., 1993; Star and Cherry, 1994;
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Matheson and Tratnyek, 1994; Wilson, 1995; U.S. EPA, 1995; Chappelle, €t. al., 1996).
These approaches can be extremdy costly (multi-million dollar venturesin many cases).
When the goal is restoration to background conditions, or even drinking water criteria,
clean-up of groundwater contamination by organic chemicalsis often not possible
(Pankow and Cherry, 1996). Dissolved phase treatment approaches deal with the
symptom rather than the problem, because the sources of dissolved constituents are the
NAPLs. Asdissolved compounds are removed via cleanup activities or natural flushing of
clean water past the source zone, NAPL constituents partition into the aqueous phase.
Thus, in order to adequately address the contamination problem, the NAPL source needs
to beidentified, thoroughly characterized in three dimensions, and completely removed or
isolated from the ground water resource.

At present, detection of Dense Non-Aqueous Phase Liquids (DNAPLS) is difficult.
Conventional DNAPL site characterization techniques include extrapol ation of soil gas
survey results and coincidental soil and ground water sampling. These techniques have
advantages and disadvantages (Kram, 1998). Feenstraet. a. (1996) note that
conventional monitoring and sampling techniques “rarely provide the level of detail needed
to provide areiable picture of the nature and extent of solvent DNAPL below the water
table’. Broholm et. al. (1999) show that it may be possible to map DNAPL source zones
by characterizing agueous phase concentrations exceeding 10 percent of the effective
solubility of theindividual componentsin the portion of the plume directly downgradient
of the source. Whilether efforts appear promising, their studies were performed under
very controlled conditions using large amounts of data, typically beyond the budget of

most Site characterization projects. Broholm et. al. (1999) concede that “even with
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detailed groundwater monitoring, it was not possi ble to determine the small-scale
distribution of the DNAPL source.” Powerset al. (1997) use multivariate analyses of
principal components to identify and interpret chemical signatures of ground water
containing dissolved VOCs. Their method is qualitative. However, this approach can
assst with determination of spatial and temporal distribution of NAPL sources.

Mariner et al. (1997) use an algorithm (NAPLANAL) to estimate NAPL
saturations from soil sample chemical analyses even when only one organic compound is
identified. When more than one organic compound isidentified, NAPL density can also
be estimated. This can be successfully applied to determine whether a confirmation soil
sample contains NAPL. However, it isnot as useful as a stand-alone method for
determining the spatial and temporal distribution of NAPL sources, sinceit is a destructive
method by nature, and sampling location sdalections must generally be based on prior
subsurface information (i.e., dissolved VOC concentrations, soil gas concentrations, and
barriersto vertical NAPL migration). Researchers have used NAPLANAL and partition
interwell tracer tests (PITTs) to estimate spatial distribution and volume of NAPL in the
subsurface (Jin et al., 1995; Dwarakanath et a., 1999). However, the PITT method setup
locations must be based on previously collected subsurface data. Therefore, initial efforts
to identify and locate the NAPL and define the hydrologic flow regime arerequired. The
sequence for this approach would be to screen for source zones, confirm DNAPL
presence (via chemical confirmation supported by NAPLANAL), and setup and
implementation of the PITT in the most appropriate locations. The PITT has also been
successfully applied to conduct remediation performance assessments (Jin et al., 1995;

Dwarakanath et al., 1999). While researchers pursue geophysical methods of detection,
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the ability to detect DNAPLs using these techniquesis still usive (Pankow and Cherry,
1996; Sinclair and Kram, 1998).

Research incorporating Raman spectroscopy into a direct detection probe has
shown promise, however, interferences caused by fluorescence of naturally occurring
organic materials and commingled fuel compounds have presented challenges at many
dgtes. Therefore, successes of Raman spectroscopy can often be attributed to indirect
DNAPL detection based on fluorescence of commingled fluorophores. Another promising
method uses a membrane interface probe, which incorporates a heating e ement, polymer
membrane, and detector system into a direct-push apparatus (Christy, 1998).

In addition to initial source zone characterization, there is a need to verify the
success of DNAPL source zone remediation methods, several of which are currently under
development. Three dimensional geospatial assessment techniques are required to
evaluate performance. Therefore, the need to identify DNAPL zones located beneath the
water tableiscritical to evaluation of the success of these methods and to permit site
remediation.

Our approach to locating chlorinated DNAPLs using Laser Induced Fluorescence
(LI1F) is based on the fact that given their excellent solvent properties, chlorinated solvents
are commonly used to remove petroleum compounds from surfacesin industrial
applications. In addition, environmental releases of chlorinated solvents are often
associated with oils and greases entrained during degreasing operations. For instance,
TCE is often used to clean oil soaked metal parts. Also, unlined fire fighter training
facilities located on industrial properties are often suspected sources of chlorinated solvent

and fud releasesto the environment, since the training activities utilize mixed wastes.
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The Site Characterization and Analysi's Cone Penetrometer System (SCAPS)
utilizes soil classfication and LIF technol ogies to evaluate environmental conditions at
siteswhere NAPL contaminants are suspected. The current configuration allows for
direct real-time detection of aromatic petroleum compounds (Lieberman et. al., 1991). In
addition, naturally occurring organic materials, such as humic and fulvic acids, will aso
fluoresce. While SCAPS is not presently capable of directly detecting non-fluorescing
DNAPLs such as alkyl chlorinated solvents, the mono- and polyaromatic hydrocarbon
constituents that SCAPS can detect are highly miscible with chlorinated NAPLs and can
become commingled with these materials. For instance, TCE is often used to clean ail
soaked metal parts. SCAPS isthus capable of detecting many of the polyaromatic
compounds in the mixed DNAPL waste fluid (Keller and Kram, 1998).

Since petroleum hydrocarbons are miscible with chlorinated solvents, detection of
aromatic hydrocarbons located at depths beneath the water table can assist with the
ddinesation of chlorinated DNAPLs at sites where both contaminants are present.
Chlorinated DNAPLSs can carry commingled petroleum products to depths beneath the
water table as they migrate through the soil column. Thereis no phase separation at the
water table between lighter and denser than water NAPL constituents, since the
fluorescing aromatic compounds are entrained by the DNAPL. Detection of the
commingled aromatics can therefore potentially lead to indirect chlorinated DNAPL
detection. While this method is based on indirect detection, vertical resolution and
continuous depth-related data afforded by the SCAPS LIF system allow for rapid, highly

focused confirmation efforts.
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In November 1995, the authors used the LIF detector to |ocate petroleum
products which had reached levels below the current site water table at a fire fighter
training facility located in the Central Valley of California. Samples collected from the
target zone consisted of dissolved chlorinated contaminant constituents commingled with
petroleum products identified with LIF (Kram, 1998). These findings suggested that
fluorescence detection probes may be useful for indirectly detecting mixed NAPLsin
contaminated areas.

This paper describes follow-up studies, conducted at a site along San Francisco
Bay, California, in early December of 1996, to further evaluate the significance of the

results observed at the Central Valley site work in November 1995.

METHOD DESCRIPTION

SCAPS isan innovative field screening technology used for rapidly characterizing
soil types and detecting and delineating the presence and extent of subsurface
contaminants. Data can be used for strategic placement of ground water monitoring wells,
estimating plume and aquifer property spatial characteristics, designing monitoring and
remediation wells, determining ideal locations for collecting discrete soil, water, and vapor
samples, determining ground water flow directions and rates, and evaluating performance
of remediation systems. SCAPS s part of the Tri-Service (Army, Navy, Air Force)

Environmental Quality Strategic Plan Program.

The cone penetrometer is a device used for hydraulically pushing a small diameter

(approximately 35.7-mm (1.4 inches) per ASTM D-3441 specifications) instrumented
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probe and steel support rodsinto soils. The conventional conetip is equipped with
transducers for measuring point penetration resistance and deevefriction. An empirical
relationship between these physical strength measurements and soil typeis used to derive
soil classfication for the layers penetrated (Robertson and Campanella, 1988). A fiber
optic based LIF chemical detection system has been incorporated into the SCAPS
penetrometer system to allow for real-time, in-situ subsurface plume delineation
(Lieberman et. al., 1991).

Although new probes and systems are currently being developed for a variety of
constituents and properties, the LIF system referred to in this report is briefly described
below. Ultraviolet light (337 nm wavelength) from a pulsed nitrogen laser with a 0.8
nanoseconds pulse width and a pulse energy of 1.4 millijoulesis sent through a 500 micron
diameter, 100 meter long, silica clad optical fiber connected to a sapphire window
mounted flush with the outside of the penetrometer rod, 60 centimeters above the probe
tip. A second fiber isused to collect the stimulated fluorescent emission from the soil in
contact with the sapphire window, and return it to the detector system at the surface.
Detailed system descriptions can be found in Lieberman et. al. (1991).

The 337 nm nitrogen laser system is best suited for detecting petroleum, ails, and
lubricants (POLs) which contain sufficient concentrations of three-ring polycyclic aromatic
hydrocarbons. Fuels which fall into this category include diesd, kerosene, some jet fuds,
creosote, automotive lubricants and heating oils. Depending on the sail type, fud type,
and other site conditions (fue history, mineralogy, available substrate surface area,
moisture content, etc.), detection limits of approximately 100 mg/kg (total petroleum

hydrocarbon) have been achieved with this system. Only contaminants at the
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grain/window interface can be detected, since the depth of optical penetration is
apparently only a monolayer phenomenon (Apitz et al., 1992). Other fuels (e.g. gasoline)
may be detected using SCAPS with the 337 nm laser, but generally at higher soil
saturations. Grass, humic and fulvic acids, organic debris, and calcium carbonate also
respond to the 337-nm laser/detector system, although with very different distributions of
fluorescent wavelengths and relative intensities. Confirmation samples (from discrete
depth intervals) are generally collected to distinguish between potential false positives due
to background materials and actual POLSs.

At the current site, soil confirmation samples were collected using a Mostap soil
sampling cone penetrometer attachment. Inner liners wereimmersed in methanol, sealed,
labeled, and sent to a conventional laboratory for analysis. Methanol immersion helps
reduce the potential loss of volatile congtituents during handling and transport. Samples

were analyzed following EPA methods 8240 and 8270.

SITE DESCRIPTION

The gteinvestigated is located on Alameda Idand, in Alameda County, California.
Theidand islocated along the eastern side of San Francisco Bay (Figure 1). The Site
covers approximately 18.5 acres. Since 1942, a plating shop and machine shop had been
used for cleaning, reworking, and manufacturing metal parts, tool maintenance, and
plating and painting operations. Processes included degreasing, caustic and acid etching,
metal stripping and cleaning, and chrome, nicke, silver, cadmium and copper plating.

The main areas of concern include the plating shop within the building (which

presented high VOC concentrations in ground water samples), an underground storage
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tank east of the building adjacent to a flagpole (where highest ground water VOC
concentrations had been identified), and just east of the building and south of the flagpole
where above-ground tanks are currently found. The area adjacent to the above-ground
tanks is believed to have been where wastes from the plating shop were temporarily
disposed and stored in apit. The wastes were allowed to accumulate and then were
siphoned off for disposal in portabletanks. The pit may have been lined with concrete.
However, wastes are believed to have leaked into the ground water. No boring or well

data were available for the waste pit area of concern.

GEOLOGY/HYDROLOGY

A generalized lithologic profileis presented in Figure 2. Most of the areain the
vicinity of the site was constructed over artificial fill material dredged from San Francisco
Bay, the Seaplane Lagoon, and Oakland Channd over the course of 75 years beginning in
1900. The hydraulically placed fill was dominated by sty sand to sand, with clay and/or
grave in some places. Wood, concrete, and metal debris have also been identified in the
fill materials. Thefill extends up to 40 ft. thick in the western portion of the base and
thinsto lessthan 15 ft. thick towards the east. The Bay Sediment is the youngest
(Holocene) of the naturally occurring formations, and consists of Bay Sand and Bay Mud.
These sediments were deposited in an estuarine environment with channels eroded into
underlying sediments. The Bay Mud resides directly beneath the fill material at the Site.
This section consists of gray (with green or blue hues) clay to clayey silt containing minor
shell materials. The Bay Sand is comprised of lenses of fine to medium-grained gray sand

or sandy sit, which reside within the Bay Mud areas. Callectively, this Bay Sediment
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designation can be as thick as 130 ft. just beneath the northern part of the Site. Bay
sediments are thin or absent in the southeastern part of the base. The Bay Mud is
generally considered a barrier to vertical migration of NAPLs.

Groundwater is typically encountered between 5 to 8 ft. (1.5 to 2.4 m) below
ground surface (bgs) along much of the site and vicinity. Flow is generaly to the west and
southwest. Two continuous aquifers underlie the site. The first water bearing zone
occursin thedredgefill, about 5 or 6 ft. (1.5 to 1.8 m) deep at the Site. The deeper
aquifer isfound in the Lower Pleistocene sediments. Both aquifers are influenced by tidal
fluctuations and are characterized by water problems associated with nitrates, saltwater
intrusion, and naturally occurring mercury contamination from the bedrock formation. As

aresult, no groundwater is presently used as awater supply on theidand.

PROJECT DESCRIPTION

The project goal was to confirm the observations from the tests conducted at NCS
Stockton in 1995 in an effort to determine whether the SCAPS LIF system is capabl e of
indirectly detecting chlorinated DNAPLSs by detecting commingled fluorophores. The
criterion for determining successful DNAPL detection is that soil samples collected (at
locations where the LIF probe indicates the presence of high levels of fluorophores
beneath the water table) exhibit organic compound concentrations exceed a concentration
suggestive of NAPL presence based on the NAPLANAL mode described in Mariner et
al., (1997). In addition, fluorophores must be present in these soil samples, mixed with

chlorinated solvents.
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During a brief investigation in early December, 1996, atotal of four SCAPS laser
induced fluorescence/soil classification probe pushes were performed and four soil samples
were recovered. The push locations are presented in Figure 3. The four pushes were
conducted to depths ranging from 44 to 48 ft. (13 to 15 m). Soil samples collected
adjacent to push depths demonstrating relatively high fluorescence responses were

analyzed.

RESULTS

Specific push logs are presented in Figures 4 through 7 (push IR-01, IR-02, IR-03,
and IR-04, respectively). The SCAPS logs were partitioned into columns representing
Cone Pressure (Qc, also known as Cone Penetration Resistance or Cone Bearing), Sleeve
Friction (Qs), Sail Classification based on cone pressure and deeve friction readings,
Wavelength at Peak, and Raw Fluorescence Peak Intensity. Although not displayed here,
avalue N, known as the standard penetration value, relates the cone pressure (bars) to the
dynamic shear modulus (bars) and shear strength of soils, and is used to discriminate
between soils of differing textures. ThisN valueis based on empirical tests using various
soil types (Robertson et al., 1983; Lunne et al., 1986; and Robertson and Campanella,
1988). The peak wavelength value refers to the wavelength corresponding to the
maximum fluorescence intengity over the observed spectral range for each depth. The
logs can be used to locate fluorescence anomalies and corresponding soil types.

Figure 8 displays a superimposition of the soil classification dataand LIF
information for push IR-02. Table 1 presents the soil classification chart (after Robertson

and Campanella, 1988) used to interpret the soil classification logs presented in Figures 4
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through 7. Table 2 presents selected analytical results for the soil samples recovered. The
sample label convention isto list the push number first, followed by the depth in feet
below ground surface (ft bgs).

As can be seen in the SCAPS push logs, an e evated fluorescence response
occurred from approximately 33 to 36 ft. (10 to 11 m) for Push 1. Thissignal
corresponded to a zone classified as an interbedded clay to sandy silt. For Push 2, an
extremely high fluorescence response occurred from 3 to 11 ft. (1.0 to 3.4 m), and then
another lower response was seen at about 31 ft. (9.5 m). The shallow response area
occurred in asand to silty sand located above a clay zone. The deeper response was
located in an interbedded clay to silty sand zone. For the shallow responses (between 3
and 11 ft. , 1.0 to 3.4 m) a peak wavelength shift was observed. This can often be
attributed to fued compounds dominating the fluorescence signal.

Push 3 demonstrated a very high fluorescent signal between 7 and 10 ft. (2.1to 3
m), in asandy to sty sand just above a clay, and then another relatively elevated response
between 14 and 35 ft. (4.3 to 11 m) in an interbedded clay to silt. Aswith the shallow
signals from Push 2, a peak wave ength shift corresponding to the shallow zones of
fluorescence was observed.

Push 4 exhibited a very high response between 7 and 9 ft. (2.1to 2.7 m), ina
sandy to sty sand just above a clay, and then another relatively elevated response between
14 and 36 ft. bgs (4.3 to 11 m), in an interbedded clay to sillt). Once again, the peak
wavel ength shift was observed for the shallower zones of fluorescence.

Soil samples collected adjacent to the fluorescent regions of Push 2 indicated high

concentrations of fuel and chlorinated solvent constituents at the shallow depths just
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above 10 ft. (3.0 m) bgs (Table 2). For example, at 8.2 ft. (2.5 m), TCE concentrations of
approximately 2600 mg/kg and naphthalene (an excellent fluorophore) concentrations of
39 mg/kg were measured. A soil sample was collected from the deeper regions

(approximately 30 ft. (9.2 m) bgs) where elevated concentrations of 1,1,1-trichloroethane

(250 pgr/kg) and trichloroethene (510 pg/kg) were detected (ANY

FLUOROPHORESIN THISLOWER SAMPLE?)

The shallower (between the water table and 10 ft. (3.0 m) bgs) fluorescent signals
in the push logs correspond to areas of elevated fuel and chlorinated hydrocarbon
concentration. Mathematical analyses usng NAPLANAL were conducted to evaluate the
potential for NAPL presence based on constituents detected in samples IR5-02-8.2 and
IR5-02-9.3. According to NAPLANAL, NAPL saturations of 1.5% and 0.9%, each with
aNAPL dengty of approximately 1.4 kg/l, are present in samples IR5-01-8.2 and IR5-02-
9.3, respectively. These shallower zones aso contain significant levels of fuel compounds
that readily respond to the LIF technique (e.g., naphthalene). Thisis supported by the
gpectral shifts observed in the shallow fluorescing regions, indicating a changein
fluorophore composition. Background peak wavel ength fluorescence (presumably due to
naturally occurring organic materials and/or certain mineralogical responses) istypicaly
found in the range of 475nm to approximately 550nm. Peak wavelength fluorescence due
to fud hydrocarbons typically ranges from 425nm to approximately 460nm. In addition,
naphthalene occurs at concentrations ranging from 0.017 to 0.023 kg naphthalene per liter
of NAPL according to NAPLANAL. It isinteresting to note that the shallow fluorescent

zones which contained NAPLs are bounded by an underlying clay layer. Thisis consstent
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with observations at other sites where clays have acted as vertical migration barriersto
chlorinated solvent transport (Pankow and Cherry, 1996).

Deeper fluorescing zones (e.g., Push IR-01, 34.5 ft. (10.5 m) bgs) may be dueto
concentration of naturally occurring organic fluorophores by the chlorinated solvents as
they migrate through the soil column. Keler and Kram (1998) have been able to detect
these natural fluorophores dissolved in chlorinated solvents. Thisis also supported by the
observation that there is no peak wavel ength shift attributed to the deeper elevated
fluorescence signal's, which would suggest petroleum hydrocarbon presence. In addition,
chemical analyses did not reveal the presence of fuel fluorophore constituents. Analytical
resultsindicate that elevated concentrations of 1,1,1-Trichloroethane (110 to 250 ug/kQg)
and TCE (510 pg/kg, IR-02, 30.8 ft. (9.39 m) bgs) are present in these deeper zones.
However, these concentrations are not necessarily indicative of NAPL. NAPLANAL
results for these samples suggest that NAPL is not present. It isstill possible that the
fluorescence detected by the LIF system was due to e evated concentrations of naturally
occurring fluorophores commingled with chlorinated solvents. Field sampling logistics
(e.g., spatial difference between push location for the LIF probe and the sampling probe,
lack of sampling and handling protocol for purposes of identifying microglobules, etc.)
may account for the apparent discrepancy. On arelated note, orientation of NAPL
migration pathway configurations with respect to the probe window and soil sampling
tools may explain therelatively low levels of dissolved constituents (relative to saturation
values) at thisdepth. It isalso possible that fluorescence in these deegper zones represent
false positives. It isinteresting to note that the deeper target zone fluorescent signals for

IR-01 and IR-02 are just above fine-grained layers as characterized by the SCAPS load
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cdl soil profile system. It isalso interesting to note that there are several fine-grained
zones stratigraphically located between the two fluorescent zones. Although it is
unknown whether these zones are horizontally continuous, this observation suggests that
vertical penetration of NAPLs and dissolved chlorinated constituentsis possible in this

type of hydrogeol ogic setting.

DISCUSSION AND CONCLUSIONS

The resultsindicate that fluorescing compounds can be identified beneath the
water table using LIF techniques. Since fuel and other petroleum constituents can be
commingled with chlorinated solvents, they can be carried to depths beneath the water
table. The LIF technique is not capable of directly locating chlorinated DNAPL
compounds released to the environment, but commingled fluorophores (sel ected fuel
compounds, naturally occurring organic compounds, lubrication oil constituents, etc.) can
act asindicators for delineating chlorinated DNAPL source zones.

In summary, this effort confirms earlier studies about the potential to use LIF
techniques to indirectly locate DNAPL source zones by detecting commingled
fluorophores below the site water table (Kram, 1996; Kram, 1998). Subsequent plume
ddlineation efforts using LIF, avideo microscope probe (GeoVis), adirect sampling ion
trap mass spectrometer linked to a membrane interface probe, and confirmation soil
samples at this site further support the findingsin this study (Lieberman, et. al., 1998;
Heron, et. al., 1998). Results from this effort led to the first successful visible
identification of NAPL (commingled fuel and chlorinated solvents) in-situ using the

GeoVis (Lieberman, et. a., 1998), evaluation of a three-dimensiona saismic reflection
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method for locating NAPL sources (Sinclair and Kram, 1998), and ultimate design of a
successful steam-enhanced DNAPL removal system (completed in August, 1999).
Additiona studies currently under way will be required to determine the extent and

limitations of the method.

ACKNOWLEDGMENTS

The authors would like to thank Tim Shields, Russel Caldwell, and Bill Hagen for their
ass stance with the data collection and evaluation activities, and Rod Soule for approval of
financial support for these endeavors. The authors are indebted to Richard Jackson and

Kevin Kéller for their constructive review of the original manuscript.

REFERENCES
Apitz, SE., L.M. Borbridge, G.A. Theriault, and S.H. Lieberman, 1992. Remote In-Stu
Determination of Fuel Productsin Soils. Field Results and Laboratory Investigations,

Analusis, v. 20, pp.461-464.

Broholm, K., S. Feenstra, and JA. Cherry, 1999. Solvent Release Into a Sandy Aquifer.

1. Overview of Source Distribution and Dissolution Behavior, Environmental Science and

Technology, v. 33, p.681-690.

California Code of Regulations, 1986. Title 22, Chapter 15, Section 6.4444(a).

Kram 18



Chappdlle, F.H., SK. Haack, P.Adriaens, M.A. Henry, and P.M. Bradley, 1996.
Comparison of E,, and H, Measurements for Delineating Redox Processesin a

Contaminated Aquifer, Environmental Science and Technology, v. 30, p. 3565-35609.

Christy, Thomas M., 1998. A Permeable Membrane Sensor for the Detection of Volatile

Compounds in Soil, Conference Proceedings for the Annual Meeting of the Environmental

and Engineering Geophysical Society, March 22-26, 1998, Chicago, Illinois, p.85-99.

Dwarakanath, V., N. Deeds, and G.A. Pope, 1999. Analysis of Partitioning Interwell

Tracer Tests, Environmental Science and Technology, v.33, pp.3829-3836.

Feendtra, S, JA. Cherry, and B.L. Parker, 1996. Conceptual Models for the Behavior of

Dense Non-Agueous Phase Liquids (DNAPLS) in the Subsurface, Dense Chlorinated

Solvents and other DNAPLs in Groundwater: History, Behavior, and Remediation,

Waterloo Press.

Fenton, 1894. Oxidation of Tartaric Acid in the Presence of Iron, Journal of the

Chemical Society, v. 65, p. 899.

Florida Department of Environmental Protection (FDEP), 1993. Drinking Water
Sandards, Monitoring, and Reporting, Tallahassee, Florida, USA: Chapter 17-770,

Florida Administrative Code.

Kram 19



Gillham, RW., 1993. Cleaning Halogenated Contaminants from Groundwater. U.S.

Patent No. 5,266,213, Nov. 30.

Gillham, RW., SF. O-Hannesin, and W.S. Orth, 1993. Metal Enhanced Abiotic
Degradation of Halogenated Aliphatics: Laboratory Tests and Field Trials, Hazardous

Materials Central Conference, Chicago, Illinois, March, 1993.

Haag, R. W., and C.D. Yao, 1992. Rate Constantsfor Reaction of Hydroxyl Radicals

with Several Drinking Water Contaminants, Environmental Science and Technology, V.

26, p. 1005.

Heron, G., S.H. Lieberman, W.M. Davis, J. Constanza, M.L. McDonald, W.
Mabey, and K.S. Uddll, 1998. On-Site, Real Time NAPL Detection and Delineation in
Support of Seam Enhanced Extraction Demonstration at Alameda Point, Groundwater

Resources Association, Walnut Creek, CA, October 22-23.

Howard, P.H., R.S. Boethling, W.F. Jarvis, W.M. Meylan, and E.M. Michalenko, 1991.

Handbook of Environmental Degradation Rates, Lewis Publishers, Chelsea Ml, 725 pp.

Jn, M., M. Ddlshad, V. Dwarakanath, D.C. McKinney, G.A. Pope, K. Sepehrnoori, C.E.
Tilburg, and R.E. Jackson, 1995. Partitioning Tracer Test for Detection, Estimation and
Remediation Performance Assessment of Subsurface Nonaqueous Phase Liquids, Water

Resources Research, v. 31(5), pp. 1201-1211.

Kram 20



Kdler, A.A., M.J. Blunt and P. V. Roberts, 1997. Micromodd Observation

of the Role of Oil Layers on Multiphase Flow, Transport in Porous Media, v. 26, p. 277-

297.

Kdler, A.A., M.J. Blunt and P.V. Roberts, 1999. Behavior of Dense
Non-Aqueous Phase Liquidsin Fractured Porous Media Under Two-Phase Flow

Conditions, Transport in Porous Media, in print

Kdler, Arturo A. and Mark L. Kram, 1998. Use of Fluorophore/DNAPL Mixturesto

Detect DNAPLSs In-Situ, in Nonagueous-Phase Liguids, Remediation of Chlorinated and

Recalcitrant Compounds, Battelle Press, eds. Godage B. Wickramanayake and Robert E.

Hinchee, p.131-136.

Kram, Mark L., 1996. Framework for Successful SCAPS Deployment. Proceedings of the

Sixth Annual AEHS West Coast Conference on Contaminated Soils and Groundwater:

Analysis, Fate, Environmental and Public Health Effects, and Remediation, Newport

Beach, CA, 1996.

Kram, Mark L., 1998. Use of SCAPS Petroleum Hydrocarbon Sensor Technology for

Real-Time Indirect DNAPL Detection. Journa of Soil Contamination, 1998, Volume 7,

No. 1, p.73-86.

Kram 21



Lieberman, SH., G.A. Theriault, S.S. Cooper, P.G. Maone, R. S. Olsen and P.W. Lurk,
1991. Rapid Subsurface In-Stu Screening of Petroleum Hydrocarbons Contamination

Using Laser Induced Fluorescence over Optical Fibers, in Field Screening Methods for

Hazardous Wastes and Toxic Chemicals, Second International Symposium, p. 57-63.

Lieberman, Stephen H., Greg W. Anderson and Andrew Taer, 1998. Use of a cone
penetrometer deployed video-imaging system for in situ detection of NAPLSs in subsurface

soil environments, in Proceedings: 1998 Petroleum Hydrocarbons and Organic Chemical

in Ground Water: Prevention, Detection, and Remediation, Conference and Exposition,

National Ground Water Association, Houston, Westerville, OH, pp. 384-390.

Lunne, T., Eidsmoen, T., Gillespie, D., and Howland, J.S., 1986. Laboratory and Field
Evaluation of Cone Penetrometers, Proceedings of InSitu ' 86, Specialty Conference,

ASCE, Blacksburg, Virginia.

Mariner, Paul E., Minquan Jin, and Richard E. Jackson, 1997. An Algorithm for the
Estimation of NAPL Saturation and Composition from Typical Soil Chemical Analyses,

Ground Water Monitoring and Remediation, Spring 1997, pp. 122 — 129.

Matheson, L.J. and P.G. Tratnyek, 1994. Reductive Dehal ogenation of Chlorinated

Methanes by Iron Metal, Environmental Science and Technology, v. 28, p.2045.

Kram 22



Pankow, James F. and John A. Cherry, 1996. Dense Chlorinated Solvents and other

DNAPLs in Groundwater, Waterloo Press, 522 pp.

Peterson, Andrew B., 1994. The Characteristics and Fate of Chlorinated Hydrocarbons
in Groundwater, http://www:.vital net.com/andywww/academic/chpaper/
Powers, Susan E., James F. Villaume, and John A. Ripp, 1997. Multivariate Analysesto

Improve Understanding of NAPL Pollutant Sources, Ground Water Monitoring and

Remediation, Spring 1997, p. 130-140.

Robertson, P.K., Campandla, R.G., and Wightman, A., 1983. SPT-CPT Correlations,

Journal of the Geotechnical Divison, ASCE, v. 109, No. GT11, pp. 1449-1460.

Robertson, P.K. and R.G. Campanella, 1988. Guidelines for Use, Interpretation and

Application of the CPT and CPTU, UBC, Soil Mechanics Series No. 105, Civil Eng.

Dept., Vancouver, B.C., V6T 1W5, Canada, 197 pp.

Schwille, Fredrich, 1985. Dense Chlorinated Solvents in Porous and Fractured Media,

New York: Lewis Publishers (trandated by James F. Pankow).

Sinclair, Nate and Mark Kram, 1998 (in print). High Resolution 3-D Seismic Reflection

Surveys for Characterization of Hazardous Waste Sites, in Proceedings for the Third Tri-

Service ESTCP Workshop, 18 August, 1998 (in print).

Kram 23



Starr, R.C., and JA. Cherry, 1994. In Stu Remediation of Contaminated Ground Water:

The Funnel-and-Gate System, Groundwater 32(3): 465-476.

U.S. Environmental Protection Agency, 1995. In Stu Remediation Technology Status

Report: Treatment Walls, EPA 542-K-94-004, U.S. EPA, Office of Solid Waste and

Emergency Response, April.

Verschueren, Kard, 1983. Handbook of Environmental Data on Organic Chemicals, New

York: Van Nostrand Reinhold.

Wilson, E.K., 1995. Zero-Valent Metals Provide Possible Solution to Groundwater

Problems, Chemical Engineering News, July, 1995.

Kram 24



Figures:

Figure 1. Vicinity map.

Figure 2. Generalized lithologic profile beneath the site.

Figure 3. Site map showing push locations.

Figure4. SCAPS push log for Push IR-01.

Figure5. SCAPS push log for Push IR-02.

Figure 6. SCAPS push log for Push IR-03.

Figure 7. SCAPS push log for Push IR-04.

Figure 8. Superimposition of soil type and LIF data for Push IR-02. Depths are presented

in ft. below surface. The wireline represents relative fluorescence intengity.
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Table 1. Cone Penetrometer Test Soil Classification Chart (after Robertson and
Campandla, 1988). Q. refersto cone pressure (bar). N isastandard penetration value
(blows/ft) used to relate cone pressure to the soil type.

Zone QJ/N Soil Behavior Type
1 2 sendtive fine grained
2 1 organic material
3 1 clay
4 15 sty clay to clay
5 2 clayey st to sty clay
6 25 sandy gt to clayey silt
7 3 sty sand to sandy st
8 4 sand to silty sand
9 5 sand

10 6 gravely sand to sand
11 1 very giff fine grained*
12 2 sand to clayey sand*

* Overconsolidated or cemented
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Table 2: Soil sampling confirmation results. D indicates sample was diluted for re

porting.

Samplel.D. Selected Analytes Concentration Reporting
(mg/kQ) Limit
IR5-01-34.5 1,1,1-Trichloroethane 0.11 0.04
IR5-02-8.2 1,1,1-Trichloroethane 630 D 230
1,1-Dichloroethane 24 5
1,1-Dichloroethene 23 5
1,2-Dichlororbenzene 5 5
Ethylbenzene 9 5
Tetrachl oroethene (PCE) 74 5
Toluene 67 5
Trichloroethene (TCE) 2,600 D 230
Trichlorotrifluoroethane 850 D 230
Xylene (total) 75 10
2-Methylnaphthalene 14 3.7
bi s(2-Ethylhexyl)phthalate 80 3.7
Naphthalene 39 3.7
IR5-02-9.3 1,1,1-Trichloroethane 400 D 185
1,1-Dichloroethane 13 4
1,1-Dichloroethene 16 4
Ethylbenzene 10 4
Tetrachloroethene (PCE) 42 4
Toluene 60 4
Trichloroethene (TCE) 1500 D 185
Trichlorotrifluoroethane 970D 185
Xylene (total) 81 8
2-Methylnaphthalene 12 2.3
bi s(2-Ethylhexyl)phthalate 174 2.3
Fluorene 2 2.3
Naphthalene 35 2.3
IR5-02-30.8 1,1,1-Trichloroethane 0.25 0.03
Trichloroethene (TCE) 0.51 0.03

Kram

27



Figure 2.

Ground
Surface

15-40

145-170

Kram

Generalized lithologic profile beneath the site.
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