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ABSTRACT

A vapor-phase, reagent-based, fiber optic trichloroethylene (TCE) sensor developed by
Lawrence Livermore National Laboratory (LLNL) was demonstrated at the Savannah River
Site (SRS) in two configurations. The first incorporated the sensor into a down-well
instrument bounded by two inflatable packers capable of sealing an area for discrete depth
analysis. The second involved an integration of the sensor into the probe tip of the Army
Corps of Engineers Waterways Experiment Station (WES) cone penetrometry system.
Discrete depth measurements of vapor-phase concentrations of TCE in the vadose zone were
successfully made using both configurations. These measurements demonstrate the first
successful in situ sensing (as opposed to sampling) of TCE at a field site.

The LLNL fiber optic TCE probe is unique in that sensing is done in a well or
formation at depth (in situ). The fiber optic TCE sensor consists of three basic components:
the chemical reagent, the electro-optic measurement device, and the sensor. The reagent used
to detect TCE 'is based on the Fujiwara reaction. The electro-optic system is a portable
fluorimeter including a source lamp, fiber optics to carry the probe and modulated beam,
filters, and silicon photodiodes 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. This color change is monitored through the fiber optics and
quantitatively analyzed by the above-ground computer. The instrument is capable of
measuring vapor-phase concentrations below 200 ppbv;this concentration is below the
theoretical vapor-phase concentration in equilibrium with water contaminated at the maximum
contaminant level drinking water standard.The upper detection limit is greater than 500 ppmv
depending on the chemistry of the reagent.



INTRODUCTION

Past operations at industrial facilities often resulted in release of organic solvents to
the environment and contamination of soils and groundwater. Detailed information about the
location and concentration of this contamination is critical to developing the most effective
and efficient remediation strategy.

Determining contaminant concentration requires chemical analysis. Techniques for the
chemical analysis of subsurface contaminants have traditionally relied ,on the "grab sample"
method. In this method, a solid, liquid, or vapor phase sample is obtained at a particular
point in the subsurface region and brought to the surface and into a laboratory for analysis.
This method induces many chances for systematic errors, including: the changing of the
environment to physically obtain the sample; removal of the sample from its original
environment; transportation of the sample in another environment; and analysis in a different
environment. Ali of these may affect the sample or the assessment of the contaminant
concentration in that sample. The ideal measurement method would accurately assess the
contaminant concentration without affecting the contaminant, the sample, or its environment.
In situ methods of detection approach this ideal by sensing the chemical concentration in the
subsurface region and by being minimally invasive to the region.

Fiber optic spectroscopic techniques have been used successfully for in situ analysis
because the optical techniques are usually non-destructive, and the optical fiber used to carry
the optical probe and modulated signals is relatively inert and small enough to be minimally
invasive to the contaminant's environment. Another reason for their success is the high
conductivity of the fiber optics which allows measurements to be made remotely from the
light source and the detector.

At sites with unconsolidated or semiconsolidated sediments, the electric cone
penetrometer has become a very useful method for rapidly characterizing the subsurface
geology of a location and for accessing a particular subsurface region for more detailed
investigations that use sampling methods or cone penetrometer probe-mounted sensors _ . The
penetrometer's small diameter (< 2 in.) and large depth capabilities (> 180 ft in some cases)
enable characterization of subsurface regions previously achievable only by drilling. When
used in combination with an in situ sensor such as the LLNL fiber optic TCE probe,
subsurface concentration is measured in a minimally disturbed medium.

The objective of this work was to demonstrate in _ito measurements of vapor-phase
TCE in the subsurface using fiber optic techniques.

BACKGROUND

The Savannah River Site (SRS) is a DOE-owned site used for the production of
nuclear materials since 1951. "laaesite is located near Aiken, South Carolina, and
encompasses a 300-square-mile area. One of the processes at SRS involved the fabrication
and machining of metal parts. This operation used solvents such as TCE and
tetrachloroethylene (PCE) to degrease and clean the metal2 . As a result of disposing the
waste solvents, several areas onsite have been contaminated. One area at SRS with a large
amount of solvent contamination in the subsurface is along an abandoned process sewer line
that carried nonradioactive solvent waste to a seepage basin for nearly 30 years, beginning in
1958. Characterization data indicated that several leaks existed in this sewer line (ca. 20-ft
depth). Further characterization data showed high concentrations of TCE and PCE in the bulk
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(> 16 #g/g TCE), aqueous (> 2 mg/L TCE), and vapor phases (> 1000 ppmv) in this
, area3. SPS personnel implemented a pump-and-treat remediation in 1984 and an experimental

remediation program using horizontal well technology in 19884,5.
In 1989, DOE's Office of Technology Development (OTD) selected this area along

the process sewer line at SRS to be a nationwide demonstration site for new technologies in
the areas of drilling, characterization, monitoring, and remediation. The title of the Savannah
River Integrated Demonstration Program (SRIDP) is the "Cleanup of Organics in Soils and
Groundwater at Non-Arid Sites"s. Government laboratories, universities, and private industry
have ali participated in the SRIDP.

The Savannah River Integrated Demonstration Site (SRIDS) has over 300 wells of
various types installed in the area to service the SRIDP in characterization and monitoring
efforts. Over 30 characterization and monitoring technologies have been demonstrated at the
SRIDS. New cone penetrometer technologies developed at WES and the fiber optic TCE
sensor developed at LLNL were funded as part of the SRIDP.

EXPERIMENTALMETHODS

FIBER OPTIC TCE SENSOR

The fiber optic TCE sensor developed at LLNL is a reagent-based sensor that is
capable of in situ measurements. The sensor uses a mixture of pyridine with a base catalyst to
detect the presence of TCE. The pyridine-base reagent exhibits a rapid and dramatic color
change in the presence of TCE. This color change is sensed using fiber optics.

The LLNL sensor system consists of three components: the reagent, the electro-optic
system, and the sensor cell, which includes a semipermeable membrane and the reagent
delivery system. The reagent used to sense TCE is a mixture of pyridine and
tetrabutylammoniumhydroxide (TBAH) at a nominal ratio of 99:1. The reagent was chosen as
a result of seminal work done by Fujiwara 6 who demonstrated that pyridine developed an
intense red color when exposed to certain chlorinated compounds. Angel et al.7 later
demonstrated that the selectivity for chlorinated species could be controlled by modifying the
mix of pyridine and base. The sensitivity of the reagent can also be modified by dilution with
water.

The sensor cell consists of a flexible tube made of a semipermeable material connected
at both ends by stainless-steel capillaries. One capillary contains the input optical fiber
originating from the source lamp and the reagent fill tube, and the other contains the output
optical fiber to the detector and the reagent drain tube. Reagent is stored in a gas-tight
syringe and is pushed into the semipermeable tube. TCE vapors diffuse into the tube and
react with the reagent to produce a color change at a rate and intensity dependent on the
concentration of TCE. The change is monitored with the optical fibers. The rate of the
change is calibrated to TCE concentration in the laboratory before the sensor is brought to the
field. The spent reagent is taken up in another gas-tight syringe when new re.agent is pushed
into the tube. Both syringes are driven by the same servo controlled motor to maintain a plug
flow through the system. The syringe reservoir can hold enough reagent to perform
approximately 60 measurements.

The electro-optic system is a portable fluorimeter that includes a source lamp, fiber
optics to carry the probe and modulated beam to and from the sensor cell, a filter, and a
silicon photodiode using a phase sensitive, differential absorption detection technique. Light
transmission is monitored at two wavelengths, 540 nm and 640 nms. The shorter wavelength
is in the absorption band of the reagent when it has been exposed to TCE. The light at 640
nm is not absorbed by the reagent and is used to correct for baseline fluctuations.



Transmission is measured through time beginning when the fresh reagent (100% transmission)
' is introduced into the semipermeable tube. Transmission is progressively attenuated at 540 nm

at a rate dependent on the concentration of TCE vapor in the sensed air. The slope of this
attenuation is calibrated to TCE concentration in the laboratory. Each measurement cycle lasts
about 2.5 minutes. The electro-optic system and the reagent delivery system are controlled at
the surface using a computer driven data acquisition and control system written in LabView"
by LLNL personnel9.

The down-well configuration of the instrument is currently tailored to fit in a 4-in.-
diameter well with a slotted screen section. The sensor cell is sandwiched between two

pneumatic packers designed to isolate a three-ft section in the weil. The packers are
controlled at the surface. When the sensing area is sealed by the packers, the area can be
purged by a vacuum tube that runs to the surface. The system is small and light enough to be
manually lowered to depth in a weil.

The cone penetrometer configuration was designed by LLNL and WES personnel to fit
in a 1.25-in. inner-diameter, three-ft-long cone penetrometer rod. The layout is similar to the
down-well configuration and is shown in Figure 1. For the experiments described below, the
cone penetrometer used a disposable tip that was discarded when the desired sampling depth
was reached. This allowed the sensor a direct vapor access to the formation. More useful
designs allowing continuous sensing with depth have since been developed. One of these
designs, developed by Applied Research Associates Inc., uses a sintered metal sleeve (ca. 20-
/.Lmpore-size), over a section of the cone penetrometer probe tip to access the soil gas at a
particular depthI.

CONE PENETROMETER

The cone penetrometer system consists of a truck-mounted hydraulic ram that pushes
linked sections of hollow steel rods to depths of 150 ft or more in unconsolidated or
semiconsolidated sediments. Each steel section is approximately 3 ft long and has an outer
diameter of approximately 1.5 in. An umbilical is threaded through each section of rod up to
the instrumented probe, which leads the rest of the rods in the penetration. The tether can
consist of electric cable for signal or power transmission between the surface and the probe
tip, fiber optic cable, tubes for sample collection at depth, or a combination of these. The
typical electric cone penetrometer probe consists of a conical tip and cylindrical sleeve
attached to strain gauge sensors. The sensors continuously monitor tip resistance and sleeve
friction during a cone penetrometer push. Other sensors found on the cone penetrometer
include a capillary pore pressure sensor and electrical resistivity probes. The subsurface
lithology of a site can be inferred with very high resolution ( < 1 in.) by comprehensive
analysis of the data obtained from these sensors and empirically derived algorithms t°. The
cone penetrometer can obtain and process data in real time with a nominal penetration rate of
1 in. per second. The maximum thrust capacity of the tool depends on the diameter of the
rods and the weight of the truck, but is normally about 45,000 pounds. When used with the
LLNL fiber optic TCE sensor, a continuou/_push to the desired sensing depth was performed.
At total depth, the penetrometer rods were pulled back 6 in., leaving the disposable tip held
by frictional forces from the formation. With the tip removed, the sensor is directly exposed
to the soil gas in the formation. After the measurements were made, the rods were pulled out
of the ground and the hole was grouted to the surface.

EXPERIMEHTAL RESULTS

DOWN-WELL CONFIGURATION



TCE concentrations were measured at depth in vadose zone wells and in the headspace
of two water table wells. MHV-7 is a vadose zone well at the SRIDS that is continuously
screened from 10 ft below the surface to just above the top of the water table (ca. 120 ft).
The first set of measurements made with the down-well configuration of the LLNL fiber optic
TCE sensor were made in September 1991. The sensor was deployed at several depths in the
well and concentrations in the 3-ft sealed zone created by the packers were measured. Vapor-
phase concentrations of greater than 40 ppmv were measured at ali of the depths. This was an
indication that the vapor concentration had equilibrated throughout the well and the
sand/gravel pack surrounding the screened portion of the weil.

Similar measurements were made in March 1992. In this trial, measurements of TCE
concentrations in MHV-7 were indistinguishable from background measurements at the site
(< 200 ppbv). After the weather data for the two dates were reviewed, it was determined
that the September measurements were made during a period of falling surface barometric
pressure, lt has been demonstrated at the SRIDS that subsurface pressures have a damped and
phase-lagged response to surface barometric pressure fluctuations_. This results in air flow in
or out of wells depending on the most recent surface barometric pressure history. The
September TCE measurements were made when there was a slight flow of air out of the weil.
As a result, soil gas in the formation was pushed into the well giving rise to the
concentrations measured. In March, measurements were made during a period of relatively
high surface barometric pressure. In this case, air was flowing from the surface into the weil.
This diluted the concentrations measured by the sensor in the weil, thus g'ving a false low
reading of TCE concentration in the formation. Surface and subsurface pressures at the
SRIDS are now carefully monitored at different subsurface strata to more accurately assess
soil gas concentrations.

The headspace concentrations in two water table wells were also measured during the
March experiments. The two wells tested at the SRIDS were MHT-14D and MHT-1D. These
wells have screen lengths of 20 ft with 15 ft below the water table and 5 ft above in a sandy
to clayey sand zone. These wells are not influenced by the relationship between the surface
and subsurface pressures to the extent that the vadose zone wells are because of the relatively
short screen length and the low permeability in the screened area of the vadose zone.
Headspace concentrations of approximately 11 ppmv and 34 ppmv were measured in MHT-
14D and MHT-lD, respectively. Aqueous concentrations of TCE in these wells were
determined to be 158.5 ug/L in MHT-14D and 358.5 ug/L in MHT-1D (11.9 ppmv and 27.0
ppmv, respectively using a direct Henry's Law conversion_2)by gas chromatography. The
higher-than-expected concentrations measured by the fiber optic TCE sensor can be attributed
in part to contributions of TCE from the 5 ft of screen in the clayey sand zone above the
water table. Higher concentrations of TCE have been found in the clayey areas of the vadose
zone than in the sandy areas at the SRIDS.3

CONE PENETROMETER CONFIGURATION
Three successful in situ measurement trials of the soil gas concentrations at the SRIDS

were made at three successive depths of 30, 45, and 107 ft. The first push was to a depth of
30 ft. The rods were then retracted 6 in. to expose the sensor to the ambient soil gas. No
measurements were taken for 70 minutes to allow equilibration at the depth. A series of 15
measurements were then taken at 2.5-minute intervals. The average concentration was
determined to be 14.1 ppmv with a standard deviation of 2.2 ppmv.

The next push was made within 2 ft of the first push and to a depth of 45 ft. The
same procedure was followed as in the first trial. Ambient concentrations were measured to
be 27.0 ppmv on average (standard deviation of 3.7 ppmv). A dynamic measurement was



then made by pumping on the sample chamber at a flow rate of approximately 5 lpm. The
' concentrations measured by the TCE sensor increased dramatically, reaching a peak

concentration of 121 ppmv. Mechanical difficulties with the reagent delivery system
prevented the attainment of a steady-state concentration during that measurement cycle.

During the third push, the disposable tip on the cone penetrometer was prematurely
ejected. In an attempt to reseat the cone rods on the tip, soil was pushed into the sensor
making measurements at the depth impossible. The rods were then removed from the hole
and the sensorcleaned to begin the fourth push.

The fourth push was to a depth of 107 ft. Measurements were made before the
disposable cone tip was separated from the rods to confirm the baseline reading of the sensor
at zero. The rods were then extracted 6 in. to separate the rods from the tip, thus exposing
the sensor to the ambient soil gas; fifteen measurements were made. Pumping on the sample
chamber was then initiated similar to the second push. When a steady-state concentration was
reached, the pump was turned off and ambient measurements were made until the readings
reached a steady-state. The results of this test are shown in Figure 2. As in the second push,
the measured concentration was significantly higher during pumping on the sample chamber
and the formation than under ambient sensing. An increase in measured concentrations with
increased pumping rates was seen in other experiments performed at the SRIDS tr.

DISCUSSION

The sensor performed well in both configurations. The down-well configuration will
be used in specially designed wells at the SRIDS that have distinct screen sections separated
by bentonite-sealed sections (no connected sand/gravel packing between screened sections). A
true depth profile of TCE concentration will then be obtained. The hybrid cone
penetrometer/fiber optic TCE sensor provided extremely useful data on depth-discrete soil gas
concentration at the SRIDS and additional data highlighting the difference between vapor-
phase measurements made under ambient and dynamic (pumped) conditions. These daza have
a large impact on site characterization and contaminant volume estimations. The cone
penetrometer configuration will be used with some design modifications that will allow
multiple depth measurements during each push. Because of the high background
concentrations found at the SRIDS, the low-end sensitivity of the instrument was not
adequately tested in the field; however, concentrations as low as 150 ppbv were measured in
the field at LLNL.

At the present time, the sensor is limited in the number of measurements that it can
make because the sensing reaction is irreversible. This limits the deployment of the sensor to
monitoring and characterization efforts that allow the retrieval of the sensor or the
replenishment of the reagent. This is not a serious limitation for many environmental tasks.
For example, 60 measurements is more than adequat,"for most cone penetrometer pushes.

Another issue is the effect of interfering compounds on the sensor. Sensitivity to
chlorinated compounds (e.g., chloroform) is minimized by the selection of the appropriate
reagent mixture to optimize TCE sensitivity. In addition, the quantity of TCE dominates the
quantity of chloroform generally found at the SRIDS, thus minimizing the interference caused
by it. CO2 concentrations in the air can also affect the performance of the reagent because the
compound competes with TCE for the base (TBAH) in the mixture. This effect can be
minimized by calibrating the sensor in the laboratory with the approximate concentration of
CO2 generally found in the soil gas at the SRIDS. Temperature variations can also affect the
measurement of the sensor, but these are minimal in the subsurface environment.
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CONCLUSIONS

Measurementsof TCE in the subsurfacewere successfully made using two
configurations of the LLNL fiber optic TCE probeat SRS. The sensor is the first to
quantitativelymeasureTCE concentrationin the subsurface at depth. The cone penetrometer
configuration of the instrumentprovided the closest approximation to date of true in situ
sensing of TCE. Measurementsof soil gas madeunderboth static (ambient) and dynamic
(pumping) conditions indicate a significantdifference in values obtainedunder these two
conditions. Subsurface air flow may also affect passive and active near-surface soil gas
measurements. If the measurementconditions in a subsurfacecharacterization effort are not
accounted for, subsurfacecontaminant volumes may be under-or over-estimated, which can
result in inappropriateremediationstrategies and inaccurate monitoring of the remediation.
These effects can be costly, both economically and environmentally.
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Figure 1. Fiber optic TCE sensor design.



Cone Penetrometer/Fiber Optic TCE Probe at 107-ft Depth
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Figure 2. Measured concentrations of TCE made with the cone penetrometer/fiber optic TCE
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