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ABSTRACT

Nearly ali industrial facilities have been responsible for introducing synthetic chemicals into the
environment. The Savannah River Site is no exception. Several areas at the site have been contaminated by
chlorinated volatile organic chemicals. Because of the persistence and refractory nature of these contaminants,
a complete clean up of the site will take many years. A major focus of the mission of the Environmental
Sciences Section of the Savannah River Technology Center is to develop better, faster, and less expensive
methods for characterizing, monitoring, and remediating the subsurface. These new methods can then be
applied directly at the Savannah River Site and at other contaminated areas in the United States and
throughout the world.

The Environmental Sciences Section has hosted field testing of many different monitoring technologies
over the past two years primarily as a result of the Integrated Demonstration Program sponsored by the
Department of Energy's Office of Technology Development. Some of the technologies demonstrated include
the following:

• subsurface tomography by both resistive and seismic techniques

• flow monitoring by subsurface multipoint temperature sensing and colloidal borescope
measurements

• vapor phase sampling by several spectroscopic techniques

• subsurface vapor phase sensing by reagent-based, fiber optic sensing and arrayed sorbent-trap
techniques

• discrete-level sampling in the aqueous phase

• multiple-phase sampling by portable ion trap-mass spectroscopy and portable gas
chromatography-mass spectrometry

• cone penetrometry techniques integrated with microresistivity, vapor-phase acoustic wave, and
fiber optic absorption.

This paper provides an overview of some of the technologies that have been demonstrated at the site and
briefly discusses the applicability of these techniques.

INTRODUCTION

The Department of Energy's Office of Technology Development initiated the Integrated Demonstration
Program at the Savannah River Site (SRS) in 1989. The objective of this program has been to develop,
demonstrate, and evaluate innovative technologies that can improve present-day environmental restoration

iliumnilslm|IINNIIINI_IIHIIOOIIIImMIN_lUUi|llmllPllI@lllllnUmBNlliIImIIiRIpllQImlIplII'IINNlil IIIIMHIRnnpimlfllnlR|inlUUm_nl_IIHIIIIIIHudmmlnlllll_fllllOipllulmnm|nlm lHI mq|RIImHlllllRIIl|lnmmlPlflllllflfllllPllflnqnlfl_pmmaMIIlhmnlmlllmluminmllmNimlunlIlMRIHIiHINIIPl IqJ||l_lIHIIHl_lm|IRI



methodologies t. The Integrated Demonstration Program (IDP) at SRS is entitled "Cleanup of Organics in Soils
,, and Groundwater at Non-Arid Sites." New technologies in the areas of drilling, characterization, monitoring,

_mdremediation have been demonstrated and evaluated in comparison with baseline technologies for their

technical performance and cost effectiveness.
Because of the natural characteristics of the site, the types and distribution of contamination found

there, and the technical and laboratory support available at the site, technologies that were not a part of the
IDP have also been tested there. Another important reason to demonstrate a technology at SRS is the
opportunity to compare the new technology against common baseline technologies as well as emerging
technologies.

BACKGROUND

SITE DESCRIPTION

SRS encompasses a 300-square-mile area near Aiken, South Carolina (Figure 1) and is located on the
upper Atlantic Coastal Plain. The site is underlain by a thick wedge (approximately I000 feet) of
unconsolidated Tertiary and Cretaceous sediments that overlay the basement, which consists of precambrian
and Paleozoic metamorphic rocks and consolidated Triassic sediments (siltstones and sandstones). The
Cretaceous and younger sedimentary section consists predominantly of sands, clayey sands, and sandy clays 2.

Groundwater flow at the site is controlled by hydrologic boundaries: flow at and immediately below
the water table is to local tributaries; flow in the lower Tertiary aquifer is to the Savannah River or one of its
major tributaries; and flow in the Cretaceous aquifers is toward the Savannah River. Flow in the shallow
aquifers in the immediate vicinity of the Savannah River Integrated Demonstration Site is highly influenced by
the eleven well pump-and-treat recovery network 3.

The DOE-owned area contains a nuclear material production facility that has been operating since
1951. As with many large production facilities, SRS has released chemicals into the environment. This has
resulted in the contamination of the subsurface of many onsite areas by a number of different compounds used
in or resulting from the production process. The largest volume of contamination has been from chlorinated
volatile organic compounds (CVOCs). SRS used trichloroethene (TCE) and tetrachloroethene (PCE) until th,e
early 1980s as metal degreasing solvents 4. Several areas onsite have measured elevated levels of these

compounds in ',.hegroundwater. Conventional groundwater pump-and-treat systems have been installed in two
areas onsite, but this type of system does not effectively remediate contamination in the vadose zone where it
is believed that most of the contaminants reside.

INTEGRATED DEMONSTRATION SITE DESCRIPTION

The area selected for the Savannah River Integrated Demonstration Site (SRIDS) is along an

abandoned process sewer line that carried nonradioactive solvent waste to a seepage basin for 27 years
beginning in 1958. Characterization data indicated that several leaks existed in the sewer tine (ca 20-ft depth),
which served as localized sources of contamination. Its use was discontinued in 1985. Over one million

pounds of solvent are estimated to be in the subsurface at the demonstration site4. Two horizontal wells were
installed at the site at depths of approximately 160 feet and 75 feet as part of the IDP. The lower well (AMH-
1) is designed for gas injection below the water table (ca 135-ft depth), and the upper well (AMH-2) is used
for vapor extraction. An in situ air stripping experiment, resulting in the removal of 16,000 lbs of solvent,

was performed for six weeks in 1990 using these wells I. Currently an in situ bioremediation experiment 'is
underway at the site. Air with small concentrations of methane are injected into the subsurface to stimu_a',e
biodegradation of the contaminants by methanotrophic bacteria. Five additional horizontal wells have recently
been installed in the area.

Many clusters of monitoring wells were installed at the SRIDS. Each water well cluster consists of
two wells, one screened in the water table and one screened in the upper sand of the Tertiary aquifer. The
vadose zone well clusters consist of three piezometer wells (5-ft screen length) at different depths targeting the
edges of the major clay zones at the site. Many continuously cored boreholes have been drilled to the water
table or deeper and logged. Samples for chemical and microbiological analyses were collected from the cores

and used to characterize the site. Geophysical logs of the deepest boreholes (190 ft.) were used to create
geologic cross sections.



r

ii

Using the headspace gas chromatography (GC) method 5, SRS personnel sampled the monitoring wells
' bimonthly for aqueous-phase CVOC concentration analysis. Vadose zone samples were also taken periodically

from the piezometer wells and analyzed using GC for CVOC concentrations. The results from both of these

sampling efforts have been used as a baseline ibr comparing attalytical _esults ftore new monitoring
technologies. There are more than 300 wells of various types installed in the vicinity of the SRIDS, and over
3000 wells over the whole SRS.

TECHNOLOGY DEMONSTRATIONS AND RESULTS

PHYSICAL PARAMETERS

Flow Direction and Velocity

In Situ Permeable Flow Sensor. The In Situ Permeable Flow Sensor, developed at Sandia National
Laboratory (SNL), is designed to measure three dimensional (3-D) groundwater flow vectors _6,7. The
probes consist of a flexible printed circuit board incorporating resistive heating circuits and an array of
thermistors. The circuit board is wrapped around a 5-cre-diameter polyvinyl chloride (PVC) foam pipe that is
emplaced in a borehole. The formation is allowed to collapse around the pipe naturally. Measurements are
made by first uniformly heating a solid volume around the pipe. The heater is then turned off and the
thermistor array is monitored to give a spatiotemporal temperature profile until steady state is reached.
Processing of the data is complex but relies on the principle that the only cause of asymmetries in the
monitored volume will be due to heat loss through advective fluid flow (i.e., the upgradient side of the probe
exposed to the highest flux of groundwater will be cooled faster than the downgradient side). In general, the
change in temperature distribution caused by flow past the device can be related to the direction and
magnitude of the groundwater flow velocity. The probe is sensitive to horizontal groundwater flows of I0
m/yr or greater. The vertical sensitivity of the instrument is higher because of the higher aspect ratio in that
direction.

The instruments were successfully demonstrated at the SRIDS. Measurements were made both before
and during air injection. Strong, upwardly vertical components to the fluid velocity were measured at the site
during air injection. Although flow in this direction is opposite to the natural gradient, it is likely that the
sensor is responding to flow forced by upward air movement caused by the air injection/extraction process.
Horizontal flows were also measured. Because of the small horizontal gradient, flow in this area is very
complicated. The results from this experiment are still being analyzed. Preliminary results indicate a
horizontal flow velocity in the northwest direction (Figure 2).

Colloidal Borescope. The colloidal borescope, developed at Oak Ridge National Laboratory-Grand Junction,

consists of a high-resolution black and white video camera equipped with a short depth-of-field lens designed
for imaging sub-micron size particles, and another camera aligned on the same axis and azimuthal position as
the first but focused on the face of a directional compass 8. The high-resolution camera has two separate
lighting sources to illuminate the camera's field of view. The double camera and lighting assembly was
designed to fit into a 5-cm-diameter weil. The assembly is electronically tethered to video recording
equipment at the surface and is manually lowered into a well (at a screened interval) or stable borehole to the
desired depth of investigation. When steady-state flow conditions in the well or borehole have been resumed,
analysis can begin. Video tbotage of the movement of colloidal particles in the borehole is taken. The

horizontal direction of movement of these particles is presumed to correspond directly to the direction of
groundwater flow at this depth and the horizontal velocity of the particles can be related to the horizontal
velocity of groundwater flow. The formulas for extrapolating the groundwater flow velocity are still being
refined.

Field measurements were taken in two areas at SRS. The first was at the SRIDS where the natural

gradient is very low in the horizontal plane but was subject to external air injection and extraction forces as

part of the in situ bioremediation project. The flow in wells at this site were generally toward the northwest.
An interesting feature of this data was the variability of the directional component of the velocity with depth.
Directional differences of up to 90 degrees could be seen in discrete depth measurements. The results of this
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experiment are shown in Figure 2:
' The second experiment was conducted at a site closer to the Savannah River where the direction of

groundwater flow is assumed to be dominated by flow toward the river. The colloidal borescope results were
consistent with this direction on average, but again large directional differences with respect to depth were
measured. This would indicate that significant heterogeneities are present in a groundwater system previously
thought to be well defined and homogeneous. Results of experiments with the colloidal borescope in other
parts of the country are consistent with the directional heterogeneities found at SRS. Because there are few, if
any, other methods of making groundwater flow measurements with the resolution that the borescope offers, it
is difficult to validate the results of these experiments. An attempt to calibrate the borescope will be made this
year during a forced-gradient aquifer test at SRS in a zone having a relatively high degree of geographic
uniformity.

Geology

Cone Penetrometer. The cone penetrometer has been used in several areas at SRS. The penetrometer uses a
hydraulic ram mounted on a weighted truck to push an instrumented probe through the subsurface. The probe
can continuously measures tip pressure, sleeve resistance, pore pressure, and electrical resistivity as it is
driven into the ground. This measurement data can be used with empirically derived relations to provide a
geologic description of the subsurface9. Other types of sensors have also been mounted on the cone
penetrometer to increase the measurement capabilities of the instrument and are discussed in later sections.
Cone penetrometer technology offers the following advantages over conventional methods:

• minimal invasiveness

• minimal waste generation

• faster than drilling

• less costly than drilling

• continuous, detailed insit characterization data

• real-time data processing

• soil. soil gas, and water samples obtained without the need for a boring.

Figure 3 is a typical cone penetrometer log taken by Applied Research Associates (ARA) Inc. at the
SRIDS4. lt is important to realize that this technology has limitations, lt can only be used in unconsolidated or
semi-consolidated sediments. Even in these subsurface geologies, refusal of penetration may be encountered
under specific subsurface conditions. At SRS, depths of 280 feet have been reached, but refusal has also
occurred at 10 feet. Overall the cone penetrometer has been successful at SRS.

Subsurface Tomography. Two cross-hole tomographic techniques have been demonstrated at the SRIDS'
Electrical Resistivity Tomography, developed by Lawrence Livermore National Laboratory (LLNL), and
Seismic Tomography, developed by SNL. Similar to medical tomographic techniques, these geophysical
methods deploy a transmitter at several vertical positions in a location and a receiver in a similar number of
vertical positions in one or more nearby locations l°'ll The SNL instrument requires steel cased boreholes
while the LLNL instrument is buried in the ground. The compiled set of data from separate permutations is
used to obtain a 2-D or 3-D image of the variations in a relevant geophysical parameter in the region between
the two boreholes.

Both of the instruments were able to generate a 2-D image of the subsurface saturation changes in
response to the air injection/extraction process at the SRIDS. SNL used both shear (S-wave) and
compressional (P-wave) wave seismic tomography to image changes in the seismic velocity between the



injection and extraction well at the-SRIDS. LLNL measured induced voltage and current to probe changes in
, the electrical resistivity in the same region. In both cases, images were obtained before and after the initiation

of air injection. The difference between the baseline (pre-injection) and injection images indicated the
subsurface location and magnitude of changes in the physical parameter measuted (electrical resistivity or
seismic velocity). These data are then related to changes in the degree of partial saturation of the subsurface.
Because the degree of saturation is determined by the air in the formation, the difference images map the
pathways of air traveling from the injection to the extraction weil. This information has been valuable in
estimating the zone of influence of the remediation processes that were demonstrated at the site.

Other Methods. Conventional geophysical measurements have also been made at the SRIDS, including
standard core analyses and borehole techniques (e.g. natural gamma, gamma-gamma, and neutron density
probes). In addition, a shallow shear wave seismic survey was performed at the site in January, 1993.

Temperature Distribution for Subsurface Heating

Fiber Optic Temperature Probes. The subsurface temperature distribution is needed at the SRIDS for an in
sit....u.uradio frequency (RF) heating experiment to be conducted in early 1993. An RF antenna will be placed in
a horizontal well drilled in a shallow clay stratum in the vadose zone at the SRIDS. The subsurface will then
be heated using RF energy coupled to the subsurface media through the antenna. This will facilitate
volatilization of the residual CVOCs in this clay zone. The advantage of this method of subsurface heating is
that the heating of the zone is uniform. To confirm this uniform heating and to help determine the zone of
intluence, it is necessary to monitor the temperature of the subsurface during the application of the technique.
Fiber optic temperature probes are not susceptible to the electromagnetic interference that would be produced
during the experiment as are conventional electronic techniques (thermocouples, thermistors).

Fiber optic temperature probes were developed at the Savannah River Technology Center (SRTC) to
use in the RF heating experiment. The probes use a differential absorption technique and consist of a Nd-glass
lens that has an absorption coefficient that varies with temperature. The probes are connected to a length of
optical fiber and placed in the subsurface at the desired depth. Light is transmitted down through the
transmission fiber to the lens where it is modulated as a function of temperature and is reflected back up. The
visible wavelength transmission and detection system are maintained at the surface. The sensors at'e less than
2 cm long, are 0.5 cm in diameter, and have a resolution of 0.2 ° C over a range of 0* to 150" C.

Fiber optic temperature probes are commercially available but do not have the resolution and are more
expensive than the probes that were developed at the SRTC. Figure 4 is a sketch of the temperature probe.
Thermocouples will also be placed with the fiber optic sensors to verify results when the RF system is not
_perating.

CHEMICAL ANALYTICAL METHODS

Class Selective

_PortableAcoustic Wave Sgnsor.. The Portable Acoustic Wave Sensor (PAWS) was developed at SNL for on-
line monitoring of CVOCst2. The instrument is an inexpensive, real-time, reversible sensor for monitoring
vapor phase contaminant concentrations. The acoustic wave device is fabricated using a quartz substrate with a
depositional layer of metal patterned into two transducers. An acoustic wave in the quartz is generated by
applying an alternating voltage to one of the transducers. The signal is received in the other transducer after
traveling along the substrate. An elastomeric polymer acting as a selective chemical sorbent is deposited on
the quartz to make the instrument a chemical sensor. A volume of gas is drawn into the chamber containing
the sensor and the targetled contaminant will sorb to the polymer. The wave propagating in the crystal will
change with the amount and density of the chemical sorbed. Wave velocity change and wave attenuation are
the two responses measured and analyzed by the device. With these two responses it is possible to determine
speciation as well as concentration of a target compound.

The PAWS instrument consists of the acoustic wave sensor, associated electronic signal generation and
detection electronics, and pump and plumbing packaged in a small case (less than one cu.ft). The instrument



is small, light, rugged, and sensitive (detection limits of 12 ppmv tor TCE and 2.5 ppmv for PCE). The
• device was successfully demonstrated at the SRIDS by measuring offgas concentrations from the horizontal

extraction well and from a vertical vadose zone piezometer well in the same vicinity. The results from the
horizontal extraction well were compared with concentration data obtained from grab samples analyzed by
conventional GC methods and are shown in Figure 5a. Figure 5b depicts the concentration breakthrough
curves obtained from the piezometer weil. T'he instrument was unable to adequately separate TCE and PCE in
the field but species _eparation has been achieved in the laboratory t2.

Total Organic ChiQ.rineSensor. The Total Organic Chlorine Sensor (TOCI or "Halosniff') is a radio
frequency induced, helium-plasma atomic emission spectroscopy system developed at Battelle Pacific
Northwest Laboratory (PNL). Fiber optics are used to carry the emission signal from the sample to the
detector _3.The sensitivity of the instrument is in the low ppmv range, depending on the type of CVOC
measured, and has a linear response to 10,000 ppmv. The instrument can be used with a direct gas inlet or
with a selective membrane (polysiloxane) inlet. The advantages of the instrument are that measurements can
be performed in real time in the field, and that the instrument can be designed to measure compounds other
than CVOCs.

The instrument was successfully demonstrated at the SRIDS for measuring total CVOC concentrations
in the offgas to the horizontal extraction weil, and in vertical vadose zone wells. In one experiment, a
concentration profile with depth was obtained in a well with separate screened intervals in the vadose zone.
Depth discrete samples from the vadose zone wells were obtained with an inflatable packet' assembly and
vacuum pump. Other measurements were performed on several of the vadose zone clusters. Figure 6 shows
the response of the membrane inlet system to concentrations measured in the three wells in a vadose zone
cluster. The voltage response in this experiment was higher than the response of the instrument to the standard
gas used for field calibration so accurate quantification was not possible. The relative responses indicate that
MHV 4A (deepest weil) has the highest concentration of contaminants. MHV 4C (shallowest weil) has a
higher concentration than MHV 4B (middle weil) as is expected because the screen depth of MHV 4B is in
the closest proximity to the horizontal extraction weil.

TRI Odyssey 2001. The Odyssey 2001-05 sensor, developed by Transducer Research Incorporated, is a
commercially available vapor phase sensor tbr CVOCs. The sensor is a solid-state device consisting of a
platinum heater coil and a sintered ceramic bead containing a rare-earth oxide salt 14.The conductivity of the
bead increases with temperature and is stable at constant temperatures. At high temperatures (ca 600* C), the
conductivity of the bead is greatly enhanced when it is exposed to CVOCs. When the sensor is exposed to
higher concentrations of chlorinated species, more current can flow. The instrument is more sensitive to
compounds with higher numbers of chlorine atoms per molecule (i.e., carbon tetrachloride rather than
dichloroethene). The instrument has been successfully used at the Hanford Site by Westinghouse Hanford
Corporation personnel for monitoring offgas concentrations of carbon tetrachloride for over one year.

The instrument was first demonstrated at SRS by personnel from PNL. Their results are given in
Figure 7. Concentrations of 100 ppmv standard gas (TCE) were measured in two trials followed by one
measurement trial of the offgas from the horizontal extraction weil. The preliminary results from this field '
trial indicated that the solid-state sensors were slightly unstable and took some time to reach steady-state.
Refinements in the production of the sensor have since been made to correct these problems. The instrument
will be field tested at SRS again in early 1993.

Compound Selective

Fiber Optic TCE. The fiber optic TCE probe developed by LLNL is a vapor phase sensor that can be
deployed at depth in a 10-cre-diameter well or stable borehole. Concentrations of TCE at specific subsurface
zones can be measured using the sensor's packer systeml The instrument consists of three basic components -
the chemical reagent, the electro-optic measurement device, and the sensor. The reagent method used to detect
TCE is based on the Fujiwara reaction_5. The electro-optic system is a portable fluorimeter that includes a
source lamp, fiber optics to carry the probe and modulated beam, a filter, and a silicon photodiode using a
phase sensitive, differential absorption detection technique. The sensor cell consists of a semipermeable,



flexible tube connected at both ends by stainless-steel capillaries. One capillary contains the input fiber optic
' originating from the source lamp and reagent fill tube and the other contains the output fiber optic to the

detector and the reagent drain tube. TCE diffuses through the membrane and reacts with the reagent to
produce a color change monitored through the tibet optit:s and analyzed by the above-ground col_tputer. The
instrument has a lower detection limit below 200 ppbv and an upper detection limit of greater than 500 ppmv.

The sensor was successfully demonstrated at the SRIDS in two vadose zone wells and in the headspace
in a water table weil. Discrete-level concentrations were measured in the vadose zone well and head-space
measurements were made in the water table.

Karlsruhe Heavy Metal Fiber Op.tic sensors. Personnel from the Karlsruhe Nuclear Research Center in
Germany working together with scientists from LLNL and Lawrence Berkeley National Laboratory (LBNL)
demonstrated a sensor that can detect concentrations of mercury, cadmium, and lead using spectroscopic
absorption techniques. A porphyrin indicator is immobilized in a PVC disk. The metal ions in an aqueous
solution diffuse into the disk and react with the porphyrin resulting in a spectral change that can be measured
by optical absorption spectroscopy. The change in the absorption spectrum is measured by a commercially
available, field-portable fiber optic spectrometer produced by Guided Wave Inc. Multivariate analysis software
available from Guided Wave Inc. is used to deconvolute the spectral differences and obtain concentration
values for the metal concentrations in the water. This instrument cannot achieve sensitivities to drinking water
standards yet. The current detection limits for the metals are in the low ppm range by weight.

The instrument was used to measure heavy metal concentrations at an SRS area known to have
elevated levels in the groundwater. The results of the test were inconclusive because of the low concentrations
present. Competitive sorption effects of several metals on the disk were also observed but could not be
resolved because of the low concentrations encountered.

Helium Mass Spec_r0mCt_r. The Varian Inc. Portatest II mass spectrometer has been used to monitor the
helium introduced into the horizontal injection well at the SRIDS. As part of a conservative gas tracer test
conducted by SRS personnel, samples from piezometer wells at the site were analyzed for helium and methane
content to determine the zone of influence of the in situ bioremediation gas injection process and the microbial
utilization of the methane.

Broadly Applicable

Fiber Optic Evanescent Field Absorption Sensor. Another fiber optic instrument was developed and
demonstrated at SRS in a cooperative effort between LLNL, LBNL, and Karlsruhe. The sensor consists of a
coil of quartz optical fiber with a siloxane cladding that can be lowered into a 10-cre-diameter well to perform
measurements of CVOCs in the weil. This instrument uses a combination of spectral (evanescent absorption)
and index-of-refraction changes to measure contaminant concentrations 16.The instrument was calibrated to
measure TCE and PCE tor the demonstration at the SRIDS, but it has been used to measure other organic
compounds as well (methylene chloride and chloroform). As with the metal sensor developed at Karlsruhe, a
Guided Wave Inc. spectrometer and multivariate analysis of the absorption spectra are used to obtain
contaminant species and concentration information.

The prototype field instrument successfully measured concentrations of TCE in the aqueous phase with
a sensitivity in the low ppm (by mass) range. The technology has the potential for CVOC sensitivities down to
approximately 10 p.g/L in its current configuration. Further improvements of the technology are planned for
the coming year.

Portable GC-MS Syste.m. The Viking Instruments Corp. SpectraTrak 620 transportable gas
chromatography/mass spectroscopy (GC/MS) instrument was successfully demonstrated at SRS in the Fall of
1991. The instrument is based on the Hewlett Packard Inc. HP5971A quadrupole mass spectrometer integrated
with a custom designed GC front end17.The instrument's strength is in its ability to be quickly mobilized to a
field location and make rapid, accurate measurements for contaminant screening.

Headspace measurements from water samples as well as direct vadose zone samples were measured at
two sites at SRS. In each case, CVOCs were the target contaminants. The instrument was successful in



measuring TCE and PCE.

Ion Trap Mass Spectrometer. The Ion Trap Mass Spectrometer (ITMS) system developed by Oak Ridge
National Laboratory (,ORNL) was demonstrated twice at the SRIDS before being transferred to SRS personnel
for long term testing. The instrument is built around a Finnegan Mat ITS-40 ion trap mass spectrometer 18.
Three sample introduction units to _e instrument were designed and built by ORNL allowing analysis of
direct gas samples, aqueous samples by helium purging, and thermal desorption samples from sorbent traps.
Similar to the Viking GC/MS, the ITMS can be rapidly deployed at field sites. A principle advantage of the
ITMS is rapid sample analysis time. Aqueous samples with few components can be analyzed in three minutes
compared to GC analyses taking 20 minutes or longer.

At the SRIDS, the instrument was successfully used to measure aqueous samples from water wells,
direct gas samples drawn from vadose zone wells and headspace from a water table weil, and concentrations
from sorbent traps used in the ORNL Arrayed Sampler. Currently the instrument is being used for sample
minimization efforts at SRS to reduce the number of samples analyzed by the costly certified lab procedure as
part of the compliance monitoring program on site. The instrument's fast sample turn around time and high
accuracy make it a useful field screening tool.

lnfrar_ Photoacoustic Spectrometer. The Model 1302 Multigas Analyzer manufactured by Brfiel & Kjaer is
an infrared photoacoustic spectrometer that was first demonstrated at the SRIDS by Ames Laboratory
personnel. The instrument takes advantage of the unique spectral properties of the volatile contaminants found
at the site to identify the types and quantities of these contaminants in a particular gas sample. A volume of
gas (ca. 150 ml) is drawn into an analysis chamber containing sensitive acoustic microphones. The gas is then
irradiated with a pulsed, mid-infrared band of light specified by a particular bandpass filter. The particular
filter is determined by the target contaminant's principle absorption band. The gas will absorb the light to a
degree dependent on the concentration of the contaminant in the gas. The absorbed radiation is then primarily
converted to heat. The change in temperature produces a pressure wave that is sensed by the microphones.
Higher acoustic wave amplitudes produced in the chamber correspond to higher concentrations of the
contaminant in the gas.

The principle advantages of this technology are small size and weight (less than 1.0 cu._ and 20 lbs),
chemical specificity, and field ruggedness. A disadvantage is that the instrument operates on AC power. Five
bandpass filters can be mounted on the instrument at one time allowing the measurement of five contaminants.
The sampling duty cycle is limited by the type of onboard analytical processing desired. Samples were taken
every 3 minutes for our tests on TCE and PCE. The instrument's specified sensitivity to FCE and PCE is 200
ppbv in 0% humidity. The practical lower limit depended on the operational environment and operator
technique but was below 5 ppmv in harsh field conditions. The upper limit was greater than 1000 ppmv.

The B&K was used to measure gas in three configurations at the SRIDS. First, the gas from the
horizontal extraction well was measured for TCE and PCE concentrations. This measurement was confirmed
by GC analyses performed in the same day. The second configuration involved the monitoring of gas sampled
from vadose zone piezometer wells at different flow rates. A valved-diaphragm vacuum pump was used to
obtain samples for this experiment. An increase in the steady-state concentration was observed with increase
vacuum flow rates (Figure 8). Some of the results of this experiment were presented at the American
Geophysical Union Fall 1992 meeting19.Finally the instrument was used to obtain a depth-discrete subsurface
concentration profile of TCE and PCE by sampling gas from the tip of a cone penetrometer probe as it was

pushed in the vadose zone. The results of this experiment are published in the report "Assessing DNAPL
Contamination, A/M Area, SRS:Phase 1 Results (U)''4. Many other experimental configurations are possible
with this instrument and will be tried in the future.

Fiber Optic Abs0rp_ion probe. A fiber optic absorption probe was developed by personnel at SRTC. This
probe consists of two fibers combined in an SMATM connector. The fiber optics are then mounted in a small
(l-cre-diameter, 5-cm-long) sintered metal tube (201zho!es) with a mirror on the bottom ,"hd a collimating lens
near the fibers. Liquid is drawn into the tube through the sintered metal. Light is then transmitted through the
liquid where it is modulated based on the optical properties of the liquid. The modulated light is reflected by
the mirror back up through the fiber to a portable diode array spectrometer and analysis system developed by



SRTC personnel 2°. The return signal is analyzed by multivariate spectral techniques to determine
• concentration values.

The probes have been successfully used to detect nitrate and nitrite concentrations (low ppm) at depth
in wells at SRS. The sensors have recently been installed i_i the _ub_urface at tile Savannah River TNX site

tor monitoring the concentration of a fluorescent dye used in a forced-gradient tracer test scheduled for early
1993.

Fiber Optic_Raman Probes. A fiber optic Raman spectroscopy system developed by LLNL 21 for subsurface
monitoring has been demonstrated at SRS. The principle advantage of Raman spectroscopy is its ability to
discriminate different compounds. A disadvantage is the low return signal inherent in the technique.

LLNL demonstrated their probe in a water table well known to contain blobs of dense non-aqueous
phase liquid (DNAPL). Because the blobs (primarily PCE) in the well were dispersed and not easily contacted
by the Raman probe, an indisputable Raman spectrum of PCE was difficult to obtain. A slight mechanical
redesign of the instrument is planned before the next demonstration.

A fiber optic Raman/fluorescence probe has also been developed by scientists at SRTC. This probe
was placed in the subsurface at the Savannah River TNX site for monitoring the breakthrough of a fluorescent

dye that will be used in a forced-gradient tracer test scheduled for early 1993.

Other Technologies. Two commercially available portable GC units have also been used at the SRIDS. The

Photovac Inc. Portable GC was used to monitor CVOC concentrations during initial air stripping experiments
in 1987. A Sentex lhc.Plus Portable GC was recently obtained for CVOC measurements to support the offgas
remediation technology demonstration.

Hybrid Cone Penetrometer

Several sensing technologies have been integrated with the cone penetrometer to enhance the
penetrometer's sensor suite. Several of these technologies were previously demonstrated at SRS in their stand-
alone configuration.

Fiber Optic Fluorescence. The Army Corps of Engineers Waterways Experiment Station (WES) used a laser-
induced fluorescence probe to detect the presence of hydrocarbons (e.g., petroleum fuels) in the subsurface.
'Fhe tibet" optic, laser-based fluorescence probe developed by the Naval Ocean Systems Center (NOSC) and

incorporated into the WES cone penetrometer was demonstrated at SRS. The probe uses a two-fiber s_stem
attached to a sapphire or diamond window mounted on the wall of the cone penetrometer sensing tool -2. A
laser and a detection system are maintained at the surface. Optical fibers transmit the excitation signal from

the laser and return the emission signal from the subsurface. Other versions of a cone penetrometer fiber optic
tluorescence tool have been successfully developed by other groups and demonstrated at sites in the United
States. The tool currently has application as a screening device. The accurate quantification of subsurface
contaminant concentration information requires some refining.

Fiber.Optic TCE. WES, in conjunction with LLNL and SRTC, also demonstrated the first in situ sensing of
TCE in the vadose zone at the SRIDS using a hybrid instrument consisting of the cone penetrometer and a
modified version of the LLNL down-well fiber optic TCE probe described earlier. Measurements were
successfully, made at three depths in the vadose zone under ambient subsurface pressure conditions and using a
vacuum pump to drav, vapor to the probe.

Infrared Photoacoustic Spectrometer. The ARA Inc. cone penetrometer has also been used in conjunction
with vapor phase sampling devices. At SRS, the Brfiel & Kjaer Model 1302 Multigas Analyzer was
successfully used to obtain depth-discrete TCE and PCE concentration profiles during a cone penetrometer
push with a gas phase sampler developed by ARA. The measurements were made during a task in which ARA

personnel were determining the depth to a principle confining unit using the electric cone penetrometer 4. The
results of this experiment are shown in Figure 9. This method will be applied in future cone penetrometer
tasks.



Fiber Optic Raman. A sensor usir_ga novel fiber optic Raman device developed by EIC Laboratories Inc.
• (EIC) will be integrated with the ARA cone penetrometer in an effort to detect DNAPL in suspect areas at

SRS. The probe uses a unique optical filtering design to reduce interference and increase the sensitivity of the
device'-3. This project is plann_ for the summer of 1993.

SAMPLING TECHNOLOGIES

Liquid

Membrane Sampler_ The multilevel membrane sampler, developed at Brookhaven National Laboratory
(BNL), was used to obtain depth-discrete, horizontal-specific discharge data at the SRIDS. The sampler uses
a borehole dilution type technique24where a tracer solute passes through the membranes and employs
deuterium or _80 depleted water as the tracer. The results of this experiment are still being analyzed.

Multilevel Mechanical Sampler. The multilevel mechanical sampler, also developed at BNL, was used to
collect depth-discrete liquid samples in wells at the SRIDS. These samples were then analyzed by
conventional means and depth profiles of water quality parameters were constructed. The device obtains
samples using remotely operated stainless steel cylinders connected along the vertical axis.

Multilevel Sampler. The multilevel sampler was developed in a cooperative effort between the University of
South Carolina at Columbia and SRTC. The instrument uses a vertica! array of small pumps with tubes to the
surface deployed in a well or stable borehole to obtain depth-discrete liquid samples. The pumps are separated
by spacer disks to seal the chambers and eliminate mixing effects. The instrument will be used to obtain
depth-discrete water samples in a tracer test scheduled for early 1993 at SRS.

Gas

Arrayed Sampler. The arrayed sampler developed at ORNL is an instrument containing 6 sorbent traps with
remotely controlled solenoid inlet and outlet valves to take separate vapor samples at specified depths for
specified times in a cased weil. The instrument uses inflatable packers to seclude the depth desired for
sampling. The arrayed sampler draws a vapor sample from the selected zone at very low flow rates to
minimize disturbances to the natural subsurface conditions. The traps are then analyzed by GC/MS, ITMS or
a similar technology with thermal desorption sample introduction capabilities.

The instrument was successfully demonstrated at the SRIDS twice. During the second demonstration,
the sorbent traps were analyzed in the field by the ORNL ITMS. The advantages of this technology are its
ease of use, the simplicity of the method, and most importantly, its sensitivity to low concentrations.

Science and Engineering Associates MembraneInstrumentation?.amplingTechnique. The Science and
Engineering Associates Membrane instrumentation Sampling Technique (SEAMIST) is a flexible liner
designed to fit into boreholes and act as a temporary casing or downhole deployment device25.The SEAMIST
allows the deployment of sensors or sampling ports at several depths in the subsurface.

Three SEAMIST liners were installed in boreholes drilled in the vadose zone at the SRIDS. Each liner
was fitted with 10 ports at different depths with tubes leading to the surface. These instruments will be used to
determine subsurface permeabilities by measuring pressures and flows through the ports.

Solid

Core Sampling and Analysis by Head,pace Gas Chromatography. Sediment sampling of split-spoon cores

analyzed bl¢ the headspace GC method was used at the SRIDS to determine vadose zone CVOC concentrations26in the areal This data was later used to construct 3-D visualizations of the CVOC concentrations at the site .
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BASELINE TECHNOLOGIES and FACILITIES

SRS has provided analytic and logistic support for ali of the technologies demonstrated on the _ite.
SRTC personnel will continue to improvc their capabilities in this effort. Currently in the field at the SRII_S,
there is an integrated Demonstration-dedicated Hewlett Packard HP 5890 series GC with flame ionization

' detector (FID) and electron capture detector (ECD) capabilities, the ORNL ITMS system, and a Briiel &

Kjaer Model 1302 Multigas Analyzer. Researchers also have a full-service, analytical laboratory and a state-
of-the-art microbiological laboratory available to them on a planned and scheduled basis. In addition to
analytic support, general accommodations like AC power, several handy-houses that have been used as field
laboratories, and general support hardware are available. Finally, several of the instruments that were
demonstrated at SRS over the past two years will be transferred to SRS personnel for long-term testing and
comparison.

SUMMARY AND CONCLUSIONS

Over 30 new environmental sensor technologies were demonstrated at the Savannah River Site during
the past two years. Some of the technologies were tested as part of the Integrated Demonstration Program at
the site, and some were tested because of the site characteristics, information, data, and support available on
the site. Still other instruments were tested to benchmark their performance against baseline technologies and
against new and emerging technologies. Ali of the information obtained from the demonstrations has helped in
the characterization, monitoring, and remediation efforts at the site. The technologies demonstrated have
covered a wide range of important environmental parameters. Each techPology has an appropriate niche
depending on its sensitivity, range, cost, or the type of information it provides. Most of the technologies
demonstrated at SRS have been used at other sites, often as a result of the Savannah River demonstration.

Because of the length of time that will be required to fully remediate the site, SRS will continue to serve as an
ideal testbed for new demonstrations and for continued long-term evaluations of new technologies. Protocols
are being developed for long-term testing in order to obtain objective performance information. The
information obtained from both the short- and long-term testing could provide a useful database from which
industry in the public and private sector, and the EPA and other regulatory agencies, may evaluate the
performance and niche of the technology. This database might also help define the technology in regard to
regulatory method approval.

In addition to the technological information provided from instrument testing at the site, information
on the nature of the contamination and its manifestation in the environment at this site will be used in more

effective remediation efforts. The experience gained through the demonstration and testing of these
monitoring technologies can then lead to effective remediations at other sites and perhaps a more general
theoretical understanding of these common environmental problems. A final benefit of the Savannah River

Site as an environmental monitoring field test platform is the fact that it has fostered cooperative research
between several separate research facilities and even separate countries under a single resolute purpose. The
site was first deemed a common ground tor research by the Integrated Demonstration Program. Then by
virtue of the subsequent installation of laboratory-like facilities (power, shelter, a multitude of wells of
different types), and the research efforts by several institutions, the field site has become a center for the
study of environmental characterization, monitoring, and remediation technologies. It is hoped that the site
will continue to be a resource tor researchers and developers to prototype, benchmark, and field harden their
technologies. What the Cape Cod and Borden sites were for groundwater flow and transport, the Savannah
River Site hopes to be tor subsurface monitoring, characterization, and remediation.
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Figure 5a. Online analysisof total CVOCs in the offgas stream from the horizontal extractionwell at the

SRIDS using the SNL PAWS system compared with total CVOCs in offgas stream as measured by the GC.
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after well sampling begins.
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