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ABSTRACT

This document represents a summary of 58 technologies that are being developed by the Department of
Energy's (DOE's) Office of Science and Technology (OST) to provide site, waste, and process
characterization and monitoring solutions to the DOE weapons complex. The information was compiled
to provide performance data on OST-developed technologies to scientists and engineers responsible for
preparing Remedial Investigation/Feasibility Studies (RI/FSs) and preparing plans and compliance
documents for DOE cleanup and waste management programs. The information may also be used to
identify opportunities for partnering and commercialization with industry, DOE laboratories, other
federal and state agencies, and the academic community. Each technology is featured in a format that
provides: (1) a description, (2) technical performance data, (3) applicability, (4) development status, (5)
regulatory considerations, (6) potential commercial applications, (7) intellectual property, and (8)
points-of-contact. Technologies are categorized into the following areas: (1) Bioremediation Monitor-
ing, (2) Decontamination and Decommissioning, (3) Field Analytical Laboratories, (4) Geophysical and
Hydrologic Characterization, (5) Hazardous Inorganic Contaminant Analysis, (6) Hazardous Organic
Contaminant Analysis, (7) Mixed Waste, (8) Radioactive Contaminant Analysis, (9) Remote Sensing,
(10) Sampling and Drilling, (11) Statistically Guided Sampling, and (12) Tank Waste.
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PREFACE

The information provided in the descriptions and profiles of the characterization, monitoring,
and sensortechnologies contained in this catalogue represents asummary of the data available
atthe time of printing. This document is intended to serve as a means of disseminating timely
datatoengineers, scientists, the U.S. environmental industry, and interested stakeholders. The
technology profiles were each reviewed by the principal investigators for accuracy of the data
at the time of publication. Readers are encouraged to contact principal investigators or to use

sources cited at the end of each profile and at the end of the document, to obtain more detailed
information.







INTRODUCTION

The U.S. Department of Energy (DOE) Office of Environmental Management (EM) is responsible for
management and cleanup of DOE wastes from past and current nuclear weapons production and operations.
The EM mission is to minimize risk to the environment, human health, and safety posed by the generation,
handling, treatment, storage, transportation, and disposal of wastes, and to bring all sites into compliance with
federal, state, and local regulations.

In November 1989, DOE established the Office of Technology Development (EM-50) (renamed the Office
of Science and Technology (OST) in 1995). EM-50 is charged with developing technologies that are safer,
faster, more effective, and less expensive than current methods to meet DOE’s environmental restoration and
waste management goals. EM-50 works closely with DOE’s Offices of Waste Management (EM-30),
Environmental Restoration (EM-40), and Facility Transition and Management (EM-60) to identify, develop,
and implement innovative and cost-effective technologies.

In January 1994, DOE announced "A New Approach to Environmental Research and Technology Develop-
ment at the U.S. Department of Energy." Five major Focus Areas were identified to focus DOE-wide
environmental research and technology development activities on DOE’s most pressing environmental
restoration and waste management problems. The Focus Areas were targeted for action on the basis of risk,
prevalence, or need for technology development to meet environmental regulations and requirements. The
five Focus Areas are:

¢ Plume Containment and Remediation

e Mixed Waste Characterization, Treatment, and Disposal
e High-Level Waste Tank Remediation

e Landfill Stabilization, and

e Decontamination and Decommissioning.

In addition, EM identified five categories of needs that crosscut all focus areas:

* Characterization, Monitoring, and Sensor Technology
» Efficient Separations and Processing

e Robotics

¢ Innovation Investment Area, and

e Pollution Prevention.

Two primary EM goals are to protect the health of DOE workers and the public during all environmental
restoration and waste management activities, and to ensure cost-effective cleanup. These require that wastes
and sites be characterized to determine the hazardous constituents present, the danger that these pose to site
workers, and whether migration pathways exist that could allow hazardous materials to migrate off the site.
The focus of this document is on characterization, monitoring, and sensor crosscutting technologies being
developed by OST.




Purpose of the CMST Catalogue

This Characterization, Monitoring, and Sensor Technology (CMST) Catalogue features 58 crosscutting
technologies being developed to provide site, waste, and process characterization and monitoring solutions
required by the DOE EM Focus Areas. The purpose of this CMST Catalogue is to:

*  provide performance data on OST-developed technologies to scientists and engineers responsible for
preparing Remedial Investigation/Feasibility Studies (RI/FSs) and preparing plans and compliance
documents for DOE cleanup and waste management programs; and

*  identify opportunities for partnering and commercialization that may involve industry, DOE laborato-
ries, other federal and state agencies, and the academic community.

The technologies featured include those funded under Cooperative Research and Development Agreements
(CRADASs); Research Opportunity Announcements (ROAs); Program Research and Development Agree-
ments (PRDAs); the DOE Small Business Innovation Research (SBIR) Program; and interagency agreements
(IAGs) with other federal agencies.

The CMST Catalogue is also a valuable source of technical information for EM’s international programs that
are responsible for fostering EM cooperation with foreign governments, industries, and educational
institutions. EM'’s international programs includes the import of innovative and cost-effective foreign
environmental technologies for applications at DOE sites. Current efforts involve demonstrations of OST-
sponsored technology development at foreign sites as a means of enhancing the knowledge and performance
of OST technologies. An important secondary motivation for these technology demonstrations is to increase
opportunities for technology export to the worldwide marketplace through commercial partnerships, licensing
agreements and other arrangements that serve to enhance the competitiveness of the U.S. environmental
industry.

This CMST Catalogue is a source of information on DOE emerging technologies that is being provided
periodically by OST to the Interagency Federal Remediation Technologies Screening Matrix and the U.S.
Environmental Protection Agency, U.S. Department of Defense, and various databases. The information is
expected to be made accessible via the Internet through the Characterization, Monitoring, and Sensor
Technology Crosscutting Program (CMST-CP) homepage and the DOE EnviroTRADE® Information
System (see Section 13 of this Catalogue for details concerning Internet access).

Catalogue Development Process

The methodology used to develop the technology profiles is shown in Figure A. The process began with a
list of approximately 60 technologies provided by Paul Wang, DOE Ames Laboratory, Program Coordinator
for the CMST-CP. Information was then obtained from several sources, including technical reports, open
literature, technical task plans, and principal investigators. Once sufficient information was gathered, aninitial
technology profile was drafted and reviewed internally by Sandia National Laboratories and Applied Sciences
Laboratory, Inc. The initial drafts were revised, if needed, to fill information gaps, and were submitted to the
appropriate principal investigator for a technical accuracy review. The profiles were further revised, as
necessary, and submitted to DOE-HQ and CMST-CP personnel at Ames Laboratory for technical and
editorial reviews, revision recommendations, and approval. Based onafinal review by principal investigators,
profiles were revised and submitted to DOE-HQ for publication and distribution.
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Submit Submit
Consolidated Consolidated
Profiles to Ames Profiles to
Laboratory DOE/HQ
Insufficlent
Information i
| Update/Revise
or Data Technology

Profiles

Review Profiles

- (by Principal
Investigators)

Figure A. CMST Catalogue Development Process.

Organization of Catalogue

Table A (at the end of this section) demonstrates the primary and secondary applications of each of the
technologies with respect to the five Focus Areas. For example, the Portable Sensor for Hazardous Waste is
atechnology being developed that will have the capability to detect hydrocarbons, both chlorinated and non-
chlorinated, transuranics, thorium, and heavy metals including mercury, chromium, cadmium, arsenic and
lead. The primary application of this technology will be to the Decontamination and Decommissioning Focus
Area for sensing radionuclides during decontamination and dismantlement of facilities. A secondary
application of the technology is to the Landfill Stabilization Focus Area, where sensing of hydrocarbons will
be important during remediation activities.

The characterization, monitoring, and sensor technologies listed in Table A and profiles presented in Sections

1 through 12 are grouped as follows:
Bioremediation Monitoring

Field Analytical Laboratories

AR

Decontamination and Decommissioning

Geophysical and Hydrologic Characterization
Hazardous Inorganic Contaminant Analysis
Hazardous Organic Contaminant Analysis

1

© PPN

Mixed Waste

Radioactive Contaminant Analysis
Remote Sensing

Sampling and Drilling

. Statistically Guided Sampling
12.

Tank Waste.




Each technology profile listed within the 12 groups contains information as follows:

*  Description *  Regulatory considerations

»  Technical performance and cost data *  Potential commercial applications
*  Projected performance (1-3 years) *  Baseline technology

*  Applicability *  Intellectual property

*  Status »  Points-of-contact and references.

This information introduces the technology to the reader and provides a "snapshot" of its status with respect
to performance and availability. More detailed information may be obtained from the sources cited in each
profile.

Additional information about technologies being developed by OST may be obtained from sources cited in
Section 13. A list of acronyms is provided in Section 14.
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MICROBIAL MONITORING

DESCRIPTION

Microbial monitoring demonstrates the effective-
ness of bioremediation and explains additional
bioremediation benefits fromothertechnologies (e.g.,
bioventing benefits from soil venting). Various
advanced monitoring techniques, developed and ap-
plied (e.g., activity and biomass measurements, lipid
analysis, DNA probe analysis) all contribute todocu-
menting the necessary changes in microbial popula-
tions.

Microbial biomass is evaluated using measurements
of colony-forming unit, most probable number (MPN)
techniques for methanotrophic and methylotrophic
populations, and phospholipid fatty acid (PLFA)
analysis. Microbial activity is assessed using ac-
etate-incorporation techniques and by measuring
trichloroethylene (TCE) and tetrachloroethylene
(PCE) degradation in enrichments. DNA probes are
used to detect specific groups of bacteria such as
methanotrophs, and toluene degraders. These tech-
niques permit feedback during remediationefforts so
that procedures may be changed (e.g., changing
nutrients)toincreaseeffectiveness of theremediation.

TECHNICAL PERFORMANCE

Microbial monitoring of groundwater and sediments
during a demonstration at the Savannah River Site
(SRS) revealed significant changes in biological
activity and microbial community structure that cor-
responded to changes in the operations of the
bioremediation demonstration. The numbers of
methanotrophs, which were shown to degrade TCE,
increased three to five orders of magnitude with the
addition of methane to the subsurface (Figure 1.1).
Methanotrophic increases were also demonstrated
by signature lipid biomarker technology and by
DNA probing. With the addition of nutrients, the
microbial population responses were less striking;
however, the TCE-degradative capacities found in
the groundwaterincreased dramatically (Figure 1.1).
Nutrient supplementation caused a substantial and
sustained increase in PCE degradation, as well. The
activity of the existing microbial populations signifi-
cantly increased in response to the nutrient addition.
Bioreactor experiments indicated that in addition to
TCE degradation, PCE could be degraded even with
bulk phase aerobic conditions. As part of this work,
several new DNA probes for methanotrophs were
developed.

14 -+
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Microbial analyses can
becompletedin2daysto
1 month, depending on
the technique used.

Cost.Costs vary withthe
intensity of the monitor-
ing techniques used.
Costs at SRS were high
because of the redun-
dancy needed todevelop
data on the reliability of
individual monitoring
techniques. Costs for a

(methanotrophs/ml)

Figure 1.1. Enriched TCE mineralization.




more focused effort would be lower. Sample costs
vary from less than $100 to greater than $500.

Adding nutrients to anestablished in situ remediation
process is a minimal cost because the overall time to
remediate the site will decrease. It is, therefore,
important to monitor the microbial populations to
maintain the efficiency of the degradation process.

PROJECTED PERFORMANCE

This technology demonstrated the efficient, effec-
tive, and accurate monitoring of specific microbial
communities with increasingly aggressive measures
to promote TCE degradation in the subsurface, and
provided feedback during operations that increased
the effectiveness of the bioremediation technologies.

APPLICABILITY

This technology is applicable to the monitoring of
microbial populations that can degrade organic com-
pounds.

STATUS

Materials and equipment are off-the-shelf. DNA
probes are not commercially available, but can be
made available.

The monitoring technologies developed during this
demonstration were applied at Pacific Northwest
Laboratory in Richland, Washington, and during the
joint DOE-Remediation Technology Development
Forum Project.

REGULATORY CONSIDERATIONS

This technology causes no ecological impacts. The
potential exists for exposure to solvents and low-
levels of radionuclides.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology has potential commercial applica-
tion at any site undergoing bioremediation.

BASELINE TECHNOLOGY

The baseline technology is mass-balance measure-
ments that are limited in monitoring critical changes
in the microbial populations.

INTELLECTUAL PROPERTY
Patents: None

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Anthony V. Palumbo

Oak Ridge National Laboratory
P.O. Box 2008

Oak Ridge, TN 37831

(423) 576-8002

DOE Program Manager
Kurt Gerdes

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7289

University Partners

University of Tennessee
Knoxville, TN

University of Minnesota
Minneapolis, MN



REFERENCES

Pfiffner, S.M., D.B. Ringelberg, D.B. Hedrick,
T.J. Phelps, and A.V. Palumbo, "Changes in
subsurface microbial communities and
degradative capacitiesduringinsitu trichloroet-
hylene bioremediation," Proceedings of the
Third International Symposium In Situ and On-
site Bioreclamation, San Diego, CA, 1995 (in
press).

Pinkart, H.C., D.B. Ringelberg, J.O. Stair, S.D.
Sutton, S.M. Pfiffner, and D.C. White, "Signa-
ture Lipid Biomarker Analysis of Extant
Microbiota for Monitoring In Situ
Bioremediation Effectiveness," Proceedings of
the Third International Symposium In Situ and
On-site Bioreclamation, San Diego, CA, 1995
(in press).

Jimenez,L.,I. Rosario, J. Bowman, S. Koh, and
G.S. Sayler, "Molecular Environmental Diag-
nostics of Trichloroethylene (TCE) Contami-
nated Subsurface Environments," R.E. Hinchee
et al. (eds.), Bioremediation of Chlorinated and
Polycyclic Aromatic Hydrocarbon Compounds,
Lewis Publishers, Ann Arbor, MI, 1994, pp.
392-396.

Hazen, T.C., Preliminary Technology Report
for_In_Situ Bioremediation Demonstration

(Methane Biostimulation) of the SavannahRiver

Integrated Demonstration Project DOE/OTD,
WSRC-TR-93-670, 1994.

Phelps, T.J., S.M. Pfiffner, R. Mackowski, D.
Ringelberg, D.C. White, S.E. Herbes,and A. V.
Palumbo, "Application of Microbial Biomass
and Activity Measures to Assess In-situ
Bioremediation of Chlorinated Solvents," R.E.
Hinchee et al. (eds.), Bioremediation of Chlori-

nated_and Polycyclic Aromatic Hydrocarbon |

Compounds, Lewis Publishers, Ann Arbor, MI,
1994, pp. 404-408.

Palumbo, A.V.,S.P. Scarborough, S.M. Pfiffner,
and T.J. Phelps, "Influence of Nitrogen and
Phosphorous on the In-situ Bioremediation of
Trichloroethylene," Appl. Biochem. Biotech.,

35/56: pp. 635-647.

Palumbo, A.V., T.J. Phelps, G.S. Sayler, D.C.
White, and S.M. Pfiffner, "Integrated Demon-
stration of TCE Degradation: Biological Moni-
toring of Critical Populations,” Information

Exchange Meeting on Waste Retrieval, Treat-
ment and Processing, Houston, TX, 1994.

Palumbo, A.V., T.J. Phelps, G.S. Sayler, D.C.
White, and S.M. Pfiffner, "Integrated Demon-
stration of TCE degradation (Biological moni-
toring of critical populations),” Proceedings of

the Information Exchange Meeting on Waste

Retrieval, Treatment and Processing, DOE/
CONF-930149, Houston, TX, March 1993, pp.

139-145.

Bowman, J.P., L. Jimenez, 1. Rosario, T.C.
Hazen, and G.S. Sayler, "Characterization of
the Methanotrophic Bacterial Community
Present in a Trichloroethylene-contaminated
Subsurface Groundwater Site," Appl. Environ.
Microbiol., 59(8), 1993, pp. 2380-2387.







Decontamination and
Decommissioning







ASSOCIATED PARTICLE IMAGING

DESCRIPTION

Associated Particle Imaging (API) is one of the most
penetrating types of radiographic imaging, provid-
ing a wealth of information about the target identity.
Although the neutron associated particle technique
has been used since the 1950s for neutron flux
measurements; itsapplicationtoimagingisonly very
recent (1989), having been proof-of-concept investi-
gated. The primary benefit of this technology is that
it can be used to geometrically image and give an
elemental analysis of materialslocated withinshielded
environments. Therefore, the API technology has
the objective of providing a field deployable device
for simultaneous 3-D imaging and isotopic composi-
tion of objects behind dense barriers (e.g., lead
shields). API has applications to hazardous waste
and contaminated facilities evaluation, as well as
potential application to contraband interdiction.

A nuclearreaction, T(d,n)a, between deuterium (?H)
and tritium (*H) produces a thermal neutron and an
alpha particle having kinetic energies of 14.1 MeV
and 3.5 MeV, respectively. The fast neutrons are

produced when ionized deuterons are accelerated in
the tube as a collimated beam to strike a scandium or
titanium tritite target.

The API system makes use of the fact that the center
of mass path of the neutron departure is opposite to
the direction of the associated alpha particle depar-
ture. Consequently, position sensitive detection and
timing of the alpha absorption correlates to the
neutron path vector. There are uncertainties associ-
ated with this determination related to position reso-
lution of the detector and interaction depth of the
deuteron beam, which are minimized by engineering
trade-off. These are discussed later. When aneutron
collides with the object to be analyzed, one probable
interaction is an inelastic scattering by an analyte
atom producing a characteristic gamma-ray emis-
sion. The elapsed time between detection of the
gamma-ray and detection of the alpha particle re-
veals the distance travelled by the neutron. This,
together with directional information, enables the
researcher to determine what part of the interrogated
volume the gamma ray characterizes. This effect
gives a multiplicity of information when integrated
over many interactions.
First, the detection of the
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alpha particle detection, the location of neutron scat-
tering and, hence, thesource of gammaemission may
also be established. According to these physical
principles, an array of spatially sensitive gamma-ray
detectors can be used to produce a 3-D image of the
analyzed target object (analyte). Figure 2.1a is an
overview of the physical concepts of the API imag-
ing system. Results canbe presented in 2-D spectro-
graphs, 2-D radiographs, and also as a color, fully
manipulatable 3-D image.

Sealed Tube Neutron Generator. The API system
consists of a state-of-the-art sealed tube neutron
generator (STNG) that produces the 14 MeV neu-
trons.

Alpha Particle Detector. The alpha particle detector
is composed of a fast (1.4 ns decay time) phosphor
[ZnO(Ga)] film deposited on the inner surface of a
fiber-optic window and a position sensitive photo-
multiplier tube (PMT).

Gamma-ray Instruments. These instruments will
consist of BaF, and Nal photomultiplier detectors
initially, with high purity Ge detectors used when
high energy resolution is required.

TECHNICAL PERFORMANCE

API system performance depends on complex fac-
tors that are beyond the scope of this profile, but an
attempt is made to describe key aspects. Fundamen-
tally, the imaging performance is based on timing of
individual neutrons and accurately identifying the
interactionlocation where gamma-rays are produced.
Therefore, neutron production rates must be keptlow
enough to minimize coincidence interactions (i.e.,
having two neutrons in flight at the same time). This
counting rate limitation is theoretically about 2 x 106
/s produced traveling in the direction of the target.
This neutronrate has about 10% randomcoincidence
rate for an image object that is 2 m from the n-source
and the longest flight times are about 50 ns. The
visibility of the object also depends on: (1) the
probability of neutron scattering with associated
gamma-ray production, (2) the density of shielding
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and analyzed materials, (3) the energy of produced
photons, and (4) the distance of travel through dense
materials. Other key aspects governing performance
are: (1) the position resolution and response time of
the alpha detector, (2) the energy resolution and
efficiency of the gamma-ray detector, and (3) the
computational speed of the data reduction algo-
rithms. API provides copious information about the
object being imaged. The image is resolved into
many volume elements. There are 80 x 80 x 60
resolvable volume elements in X, y, z, respectively.
This is more than 380,000 resolvable spatial ele-
ments, each of which has an associated gamma-ray
spectrum for isotopic identification. It is the combi-
nation of the count-rate limitation and the spectral
information requirements that dictates the data col-
lection time for API.

Laboratory Tests. To date the API has been labora-
tory tested, and several models have been studied to
optimize and predict the performance of the API in
field demonstrations. Figure 2.1b and 2.1c show the
experimental setup and the resulting fully manipulat-
able 3-Dimage of alaboratory test. The purpose was
to show how two materials can be identified and
geometrically distinguished. API was applied to
image a container partially filled with NaCl and
another filled with water. In the original image,
colored voxels (group of pixels representing a finite
volume in 3-D) are associated with each type of
material as determined by gamma-ray energy.

The field deployable version of the API system was
builtand wasdeployed inMay 1995. The STNG was
updated to an all metal configuration to provide
ruggedness and internal containment of high volt-
ages. The full computer system with image analysis
tools was obtained. Data enhancement is a recent
addition (not applied in the Figure 2.1b). One of the
programs increases the effective resolution of the
API display by “de-blurring” the statistically deter-
mined aberration associated with particle imaging.

Cost Data. The basic API system will cost about
$750K. The price break down is: (1) basic compo-
nents (STNG, HV power supply, computer system,
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Figure 2.1c. 3-D imaging capabilities of APIL.

and miscellaneous hardware), $500K-600K; (2) Nal
detector pods (two are recommended), $50K each;
and (3) an HPGe (high purity germanium) detector
(one is recommended), $60K each.

PROJECTED PERFORMANCE

The API system will be field tested in FY 1995; data
results will be available shortly thereafter.

APPLICABILITY

This technology is applicable for imaging and char-
acterizing contamination that exists in shielded envi-

11

measurements where 3-D

information about en-
closed volumes such as cascade pipes in gaseous
diffusion pipes is a prime D&D requirement.

STATUS

This technology is in the prototype stage of develop-
ment. Laboratory testing was performed but the first
field demonstrations are not completed.

REGULATORY CONSIDERATIONS

Potential users may need a radiation license. Regis-
tration with the Nuclear Regulatory Commission or
a similar regulatory agency may also be required



depending on the rules of the state in which the
system will be used.

POTENTIAL COMMERCIAL
APPLICATIONS

A potential application for this technology is contra-
band interdiction. The petroleum industry is inter-
ested in the special neutron generator for providing
more information of the subsurface via borehole
logging than is currently available.

BASELINE TECHNOLOGY

There is no baseline technology for imaging and
identification of materials behind thick radiation
shielding.

INTELLECTUAL PROPERTY

A patent application was filed for a sealed tube
neutron generator specialized for geophysical mea-
surements.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigators
Paul Hurley and Laura N. Tunnell
Special Technologies Laboratory
5520 Ekwill Street, Suite B

Santa Barbara, CA 93111

(805) 681-2472; (805) 681-2411
(805) 681-2471 FAX
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DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672
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CHARACTERIZATION OF RADIOACTIVE CONTAMINATION
INSIDE PIPES WITH THE PIPE EXPLORER™ SYSTEM

DESCRIPTION

A piping inspection system is being developed that
couples gamma and beta scintillation detectors with
an inverting membrane deployment system. The
basic process involves inverting a tubular imperme-
able membrane under air pressure. The membrane is
inverted inside the pipe from a pressurized canister
located at the pipe's entrance. A radiation sensor is
towed down theinterior of the pipe by the membrane.
The detector's signal is transmitted back to the canis-
ter through conductors enclosed in the tether. Count
rates are recorded as a function of deployed depth in
the pipe, and a multichannel analyzer provides en-
ergy discrimination of the gamma sources (see Fig-
ure 2.2a).

The Pipe Explorer™ system is versatile in that it can
negotiate bends (90°) and limited obstructions, can
travel horizontally and vertically, and can inspect
pipes of smaller diameter than is possible with cur-
rent pipe crawler technology. Emplacement and
retrieval rates can be slow or fast (0.5 to 50 ft/min)
and positional control is accurate with standard depth
counting techniques. The systemisunique in thatthe
detector does not contact the contaminants.

TECHNICAL PERFORMANCE

An inverting membrane deployment system was
designed and extensively tested in the laboratory.
Various materials were tested to evaluate their rug-
gedness and deployment characteristics. Gamma

Air Inlet Munbnncwuppedmmdamla

Deploymt Membnane rolled upon reel

Pxpembcinspected

------------------------

Fully deployed survey

-

)

andbetascintillation detectors were pro-
cured and tested with calibrated sources.
Radiation transport modeling evaluated
the measurement system's sensitivity to
detectorpositionrelative tothe contami-
nated surface, the distribution of the
contamination, background levels, and
source energy levels. An initial field
demonstration was conducted at the
IdahoNational Engineering Laboratory
(INEL)Idaho Chemical Processing Plant
(ICPP) in 1994. During the summer of
1995, the system successfully surveyed
drain lines at a DOE Formerly Utilized
Sites Remedial Action Program
(FUSRAP) site.

Deployment System. The deployment
systemconsistsof thin plastic filmmem-
branes, apressurized canister assembly,
a variable speed drive motor, an air
source, and a remote control/monitor-

Figure 2.2a. Sequence of operation for transporting detectors into
contaminated piping using the Pipe Explorer™ Survey System.
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ing system. The deployment system
components allow the operatorto select
either deployment or retrieval at a spe-
cific rate. The system then controls the
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process within preset operational parameters until
fully retrieved or deployed. Operational parameters
monitored continuously include tether tension, de-
tector location, and membrane pressure. The control
system was tested extensively and worked as de-
sired.

The deployment system was tested on various 1.5" to
6" diameter pipes with a maximum length of 200 ft.
Forthe larger pipe diameter, four or more 90° elbows
were negotiated in the 2", 200 ftlong line. If shorter
pipes are to be inspected, more elbows can be nego-
tiated. Qualitative information was obtained with
regard to pipe obstructions and in-line valves. Initial
lab tests performed on 3" and 4" diameter pipes
proved the ability of the deployment system and
detector to negotiate 25% cross-sectional area ob-
structions with little or no difficulty.

The membranes selected for deployment are typi-
cally oversized by 20 to 50% of the pipe diameter.
The best general purpose membrane used for deploy-
ment proved to be 100% low-density polyethylene
(LDPE).

Radiological Measurements. The demonstration at
the INEL/ICPP, FUSRAP site, and laboratory tests
of the Pipe Explorer™ demonstrated the utility of the
system to deploy radiation detectors into a variety of
piping con -figurations. The detectors were success-
fully deployed with the system and were shown to
have the sensitivity required to make very low-level

able from the background. Beta measurements of
activity as low as 500 dpm/100 cm? have been
demonstrated.

The INEL/ICPP drain line mockup configuration
(with calibrated sources mounted on the outer sur-
face of the pipes) is shown in Figure 2.2b. The system
clearly located the sources with the detector moving
at 0.5 ft/min.

Cost. The LDPE membrane material ranges from
$0.03 to $0.05 per lineal foot. Typically a 200 ft
membrane costs less than $10 and consumes less
than half a cubic foot in volume. Consequently, to
consider the membranes disposable after each use is
less expensive and produces less secondary waste.
This also eliminates cross contamination measure-
ment issues. Two operators are required to perform
the survey.

PROJECTED PERFORMANCE

Future enhancements include adding an alpha mea-
surement capability.

APPLICABILITY

This Pipe Explorer™ system is applicable to the
inspection of piping, drain lines, and ducts for radio-
nuclide contamination.

(releaselevel) measure-
ments inside of pipes.
For example, during a
laboratory test a ®Co
source with an NIST
traceable calibrated ac-

Clear 3" PVC

tivity of 1,000 dpm/100

cm? was placed inside
of 3" schedule 40 steel

Point source (typ.)/

3" Sch 40
Stainless Steel
Drain Lme

pipe. A 2" x 2" Nal 10cm x 10cm souroe
detector used to survey _ «L_
the pipeshowed thatlow ‘
activity radioactive - -
sources are distinguish-

Figure 2.2b. INEL/ICPP drain line mockup.
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STATUS

The technology was successfully demonstrated in
piping systems at INEL and a DOE FUSRAP site
and will be demonstrated at additional DOE sites in
1995. These demonstrations will include deploy-
ment of a beta radiation detector, video survey, and
pipe locating beacon.

REGULATORY CONSIDERATIONS

Regulatory considerations vary depending on where
the technology will be used, the nature of the con-
taminants, and the intended application of the tech-
nology.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is applicable to inspection of piping
in the nuclear industry.

BASELINE TECHNOLOGY

Radiological surveys of pipes are normally accom-
plished by passing a handheld radiological sampling
instrument over the exterior surface of a pipe. Fora
complete survey, this requires personnel to gain
access to the entire exterior surface of the pipe over
its full length. Accessis frequently restricted and the
process is difficult, time consuming, potentially haz-
ardous, and notreadily capable of detecting threshold
surface contamination values.

INTELLECTUAL PROPERTY

A patent application was filed.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
David Cremer

Science and Engineering Associates, Inc.
6100 Uptown Blvd., NE, Suite 700
Albuquerque, NM 87110

(505) 884-2300; (505) 884-2991 FAX

DOE Program Manager
Jerry M. Hyde

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7914

REFERENCES

1. "Pipe Explorer™, Detection of Radionuclide
Contamination in Pipes for Nuclear Facility
Decommissioning," Data Sheet, Science and
Engineering Associates, Inc., Santa Fe, NM.

2. Lowry, W., D. Cremer, and E. Cramer, "Char-
acterizing Internal Surfaces of Pipes for Radio-
logical Contamination with Inverting Membrane

Systems," Proceedings from Spectrum '94, At-
lanta, GA, August 14-18, 1994,

3. Cremer,D.,E. Cramer, T. Kendrick, W. Lowry,
"Pipe Explorer™ - Field Demonstration at an
Integrated Pipe Inspection System," ER '95
Proceedings, Denver, CO, August 1995.
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COHERENT LASER VISION SYSTEM

DESCRIPTION

The Coherent Laser Vision System (CLVS) is a
fiber-optic coupled FMCW coherent laser radar. It is
an improvement over bulk optical versions previ-
ously developed by the Technology Research and
Development Group of Coleman Research Corpora-
tion (CRC). A 3-Dmapperconsisting of afiber-optic
coherent laser radar with a precision mechanical
scanner was recently completed. The CLVS with a
no-moving-parts acousto-optic scanner is being de-
veloped for robotic applications. The CLVS will
provide a substantial advance in accuracy for high
speed 3-D imaging.

The CLVS will provide 3-D monitoring for situa-
tions in which it is necessary to update geometry of
significant portions of the world model. The CLVS
scanner will allow random access to the whole raster
of pixels of a scene with transition time between
pixels independent of pixel location. Thus, whole
scene digitized data will be available to support

operations in which robotic systems are altering the
geometry of a scene as in waste removal, surface
scarafying, equipment disassembly and removal, or
autonomous vehicle operations.

The basic configuration is shown in Figure 2.3. A
small portion of the output light is directed into the
local oscillator (LO) path via a power tap. The
remainder of the light is focused by the antenna lens
into the range measurement area of interest. Light
reflected from a surface in this area is recollected by
the lens, directed into the return signal path by the
optical circulatorby means of apolarizationdiplexing
scheme and mixed with the LO light at the second 3-
dB coupler. By using two detectors and a differential
amplifier, common mode rejection of amplitude
noise is achieved.

TECHNICAL PERFORMANCE

The CLVS: (a) is not sensitive to lighting or surface
shading, (b) is eyesafe (Class 1 device), (c) provides
random order pixel
addressability,and (d) pro-

L.O.Path

>

vides pixel transition time
independent of pixel loca-

tion.
Suface

Lens PROJECTED

PERFORMANCE

A CLVS field deployable
prototype will be devel-
opedby CRCinatwophase
program. Table2.3 shows
the projected performance
specifications of the

AMP baseline 3-D vision dem-

Figure 2.3. Basic fiber-optic FMCW coherent laser radar configuration.

onstration system that is
beingdeveloped duringthe
first phase.



Table 2.3. Projected performance of the 3-D

demonstration system.
Frame size: (128 x 128) 3-D coordinates
Frame speed: 1 frame per second
Range accuracy: $g =1 mm
Working range: to 10m
Instantaneous working 1.5m
range:

During the second phase, the Phase I capability will
be extended to a field deployable prototype 3-D
vision system with expanded performance param-
eters including the ability to image (256 x 256) frame
of 3-D measurements at a one frames per second rate.
This instantaneous working range will be expanded
to 5 m. This enhanced performance will be accom-
plished by the implementation of a "smart receiver"
processing algorithms that maximize the use of a
priori range information to streamline the real-time
Coherent Laser Radar range processing computa-
tion. The effort will also yield a compact, no-
moving-parts 3-D vision scanner. The fieldable
prototype will output both range and intensity im-
ages.

The range accuracy and number of resolvable range
values will be order of magnitude improvements
overexisting technology suchassystemsusing pulsed
or amplitude modulation sources and direct detec-
tion.

APPLICABILITY

The intended use of the CLVS is to generate raster
scanned range images that provide a precision 3-D
world model to support robotic operations. CLVS
monitoring is intended for scene altering operations
such as: (1) structure and equipment dismantling, (2)
equipment moving or removal, (3) waste retrieval,
(4) surface scarafacing (5) excavation, and, (6) au-
tonomous vehicle operation.
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STATUS

PhaseIwork isongoing. A laboratory demonstration
system is expected to be completed in November
1995 and the field deployable prototype in June
1996. The CLVS will be produced by CRC as a
commercial/industrial system and will be available
in 1996.

REGULATORY CONSIDERATIONS

The CLVS will have a Food and Drug Administra-
tion Class 1 certification. Itisunconditionally eyesafe
and is not expected to cause any environmental
impacts.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include: (1) in-
dustrial robotics, (2) medical monitoring, (3) auto-
matic personnel, or (4) object recognition.

BASELINE TECHNOLOGY

The existing technology is a programmable 3-D
mapper that dwells longer for each range measure-
ment (fewer than 10,000 measurements per second)
and performs range measurements at a program-
mable, computer-controlled sequence of azimuth
and elevation angles using a precision mechanical
scanner. A 3-D programmable mapper can less
frequently provide very high precision maps or track
single objects such as robot end effectors.

INTELLECTUAL PROPERTY
Existing patents:
Frank E. Goodwin, "FM Laser Radar," Patent No.:

4,830,486, Patent Owner: Coleman Research Cor-
poration.



Frank E. Goodwin and Dana Simonson, "3D Vision
Using Coherent Optical Detection,” Patent No.:
5,114,226, Patent Owner: Coleman Research Cor-
poration.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Richard L. Sebastian

Coleman Research Corporation

6551 Loisdale Court, Suite 800
Springfield, VA 22150

(703) 719-9200; (703) 719-9229 FAX

DOE Project Manager

Vijay Kothari

Morgantown Energy Technology Center
P.O. Box 880

Morgantown, WV 26507-0880

(304) 285-4579

REFERENCE

1. Sebastian, R.L., R.B. Clark., D.L. Simonson,
and A.R. Slotwinski, "Fiber Optic Coherent
LaserRadar3D Vision System," SPIE '94 Sym-
posium, 1994,
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~ N-SCAN™ PROMPT GAMMA NEUTRON ACTIVATION ANALYSIS

DESCRIPTION

A high signal-to-background approach to Prompt
Gamma Neutron Activation Analysis (PGNAA),
employing a pulsed source of neutrons and concur-
rent acquisition of multiple gamma spectra which
have specified time correlation to the neutron pulses
has been developed. The N-SCAN™ approach was
developed specifically to address the non-intrusive,
in situ detection and quantification of trace contami-
nantelements in host matrices (e.g., soil, concrete, or
drummed waste). Applications include in situ char-
acterization of soil or concrete, detection of trace
contaminants in sealed drums or packages, and iden-
tification of chemical weapons (CW) agents in shells
or other casings. The technology performance is
excellent for mercury, chlorine, cadmium and boron,
and is expected to be good-to-excellent for 25U and
#Tc. Itis effective for most Resource Conservation
and Recovery Act (RCRA) regulated metals at vary-
ing levels of sensitivity, depending on system con-
figuration. The system performance for detection of
28U or ®2Th through passive y-ray spectroscopy
capabilities is alsoexcellent. The technology isbeing
demonstrated for in situ measurement of contami-
nants in concrete floors or walls. In this application,
N-SCAN™ s expected to provide significantly re-
duced cost and risk when compared to the alternative
of core sampling and analysis using wet chemistry or
other conventional methods.

TECHNICAL PERFORMANCE

The detection limits and measurement time are inter-
related but several special cases are summarized in
Table 2.4. The table entries are based on data taken
from cement samples bearing trace contamination
and well-understood scaling relations. Listed is the
minimum uniformconcentration in the region within
a few inches of the surface, which would provide a
measurement having 95% confidence in 50 minutes
of interrogation. Note that these projections specifi-
cally use data from signature y-rays of low energy,
which would be indicative only of the contaminant
burden in a layer near the surface. In most cases,
other, more energetic signature gammas are also
detected and could be used to project sensitivities for
contaminantburdens at greater depths. Note also that
28U and %2Th are included; they are measured with
the passive capability of the N-SCAN™ system.

The N-SCAN™ PGNAA approach requires suffi-
ciently low neutron doses that within minutes of
completion of the measurement, no radioactivity
above background is detectable; thus, the technology
generates no waste. The system performance is
dependent on the nuclear properties of the contarni-
nants of concern; however, dependence on surround-
ing conditions (e.g., water) is minimized through the
use of a specially designed sensor configuration for
near-surface interrogation. For deeper interrogation

Table 2.4. Projected near-surface limits of detection of N-SCAN™ System based on a 50 minute run.

Near-surface sensitivity data® Contaminant
Hg | ca | 1| v | cr | c1| ®rc | U
Depth of interrogation [in] for quoted 251 3.0 2.1 3.5 3.3 351 2.0 3.0
ppm sensitivity
Projected Limit of Detection,” ppm:
From present system 35 10 18 140 | 2,220 | 370 | 1,100 | 300
From planned system upgrade 2 0.5 7 46 110 25 63 17

a Sensitivities for greater depths use data from higher energy y-rays than cases shown
b volume-averaged concentration in quoted interrogation depth

¢ system in passive y-spectroscopy mode
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— up to 1 foot in depth — the water content of the
matrix becomes a more important effect. However,
the effective water content is available from the
measurement, and self-consistent analytical correc-
tions can be applied, if required. An analytical ap-
proach was alsodeveloped forextracting contaminant
depth profiles from the results of a single irradiation.

The N-SCAN™ system is designed tobe operable by
two trained technicians. The system can use shield-
ing materials or distance to ensure radiation safety,
according to the requirements dictated by available
space and customer access needs.

Cost. N-SCAN™ Field Assay will be provided
through Scientific Ecology Group, Inc. (SEG), a
wholly-owned subsidiary of Westinghouse. Upon
commercial availability, rates will be available from
SEG, and will vary according to workscope.

PROJECTED PERFORMANCE

Table 2.4 indicates the performance expected in the
near term.

APPLICABILITY

The technology is well suited to hazardous (RCRA)
elements, 25U and ¥Tc. Applicability to other tran-
suranic (TRU) isotopes is credible based onavailable
nuclear data. The system in the subject program is
specifically designed for in situ interrogation of
concrete. However, configurations for drums, tanks
or other applications can be developed.

STATUS

The system was developed to the pilot-scale. Initial
full-scale applicability is planned for the end of the
second phase of the current DOE-sponsored pro-
gram. At that time, commercial availability is also
expected, through SEG. In situ soil and concrete and
ex-situ Chemical Weapons agent applications have
been demonstrated.
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REGULATORY CONSIDERATIONS

System operation requires a license for the site to
temporarily possess the 2 Ci tritium inventory of the
sealed neutron tube, and alicense or permit to operate
the system. The system was licensed and operated in
Texas and Pennsylvania, and licensed for operation
in Tennessee. A general license application is being
prepared for submission to the U.S. Nuclear Regula-
tory Commission. Specificlicenses are generally not
required for operation on DOE or DoD sites.

In the current program, Westinghouse has estab-
lished contact between the DOE and the USEPA’s
Office of Federal Facility Enforcement (OFFE) and
Emerging Technology Initiative to prepare the path
forward for eventual acceptance of N-SCAN™ re-
sults.

There are no environmental impacts from operation
of this technology.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications of the N-SCAN™
technology include:

»  Insituorex-situ characterization of contamina-
tion in environmental samples.

Noninvasive sorting of drummed waste for
shipment or treatment.

Pretreatment characterization of waste drums at
processing facilities.

Monitoring of remediation process line perfor-
mance.

Identification of Chemical Weapon (CW) or
other agents for treaty verification.

In situ identification of CW agents in non-
stockpile applications.

In-line monitoring of chemical process line
performance.

Detection of concealed explosives at govern-
ment or private installations.



BASELINE TECHNOLOGY

The baseline technology for measurement of con-
taminants in concrete and walls is core sampling and
analysis using wet chemistry or other conventional
methods.

INTELLECTUAL PROPERTY

The N-SCAN™ approach to PGNAA and its use for
in situ characterization of soil and concrete were
developed by Westinghouse and are Westinghouse
proprietary. Purchasing, leasing, and licensing ar-
rangements for N-SCAN™ systems and services are
negotiable through SEG.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Thomas Congedo

Westinghouse Electric Corporation
Science and Technology Center

1310 Beulah Road

Pittsburgh, PA 15235-5098

(412) 256-1084
congedo.t.v%wec@dialcomm.tymnet.com

DOE Contracting Officer Rep.
Scott Renninger

U.S. Department of Energy

Morgantown Energy Technology Center
P.O. Box 880

Morgantown, WV 26507-0880

(304) 285-4790
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PORTABLE SENSOR FOR HAZARDOUS WASTE

DESCRIPTION

A field-portable monitor for sensitive hazardous
waste detection using the technique of active nitro-
genenergy transfer (ANET) excitation of atomic and
molecular fluorescence is being developed. The
active nitrogen is made in a dielectric-barrier (D-B)
discharge in nitrogen at atmospheric pressure. Fig-
ure 2.5a is a schematic of the instrument concept.
Samples are fed into the D-B discharge region where
the active nitrogen is generated, and where it trans-
fers its energy to species in the sample, thereby
exciting fluorescence from them. The pertinent
fluorescence is then isolated by a small spectrograph
or interference filter and is detected by a photomul-
tiplier or diode array placed behind the filter or
spectrograph. Signals from the detector are then
processed by a computer and a report or screen
display is generated.

ANET excitation generates only a few emissionlines
or bands for each hazardous species. Thus, spectral

resolution requirements are greatly simplified over
those of other techniques. Further, the power re-
quirements are quite modest (<10 W) so that the unit
can be powered by batteries, making the instrument
readily portable.

TECHNICAL PERFORMANCE

Laboratory Study. The first phase of development of
the portable sensor was a laboratory study of hazard-
ous species detection in a D-B discharge in N, at
atmospheric pressure. The primary activity involved
characterizing the D-B discharge spectroscopically,
both with and without added species, to gain an
understanding of the basic operation of the dis-
charge. When species were added, the fluorescence
spectrumresulting from theiraddition was character-
ized, and in some instances, the variations in fluores-
cenceintensities (characteristic of the additives) were
determined as a function of concentration of the
added species.

Active N,
Generation Optical Multichannel
Analyzer (OMA)
Sample o
Excitation ™1 Spectrograph VAdlcon —»  Computer
ray
T Fluorescence Detection ¢
Waste Sampling Analyzed > Analysis
Site Probe Spectra Report
Remediation Y Real-Time
Foctback 3M' Rea-ou

Figure 2.5a. Block diagram of ANET Analysis System.
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An apparatus was constructed to perform laboratory
experiments. The apparatus consisted of a D-B
discharge lamp, a power source, an optical multi-
channel analyzer, and gas handling lines.

Figure 2.5b shows the spectral region in the vicinity
of the mercury (Hg) 253.7 nm emission line. The Hg
line is prominent in the spectrum, and is surrounded,
but well separated from several bands of the NO
gamma system. These bands are also excited by
energy transfer from metastable nitrogen. The NOis
formed in the discharge in reactions involving oxy-
gen in the nitrogen. Figure 2.5¢ shows the D-B
discharge spectrum when Hg at four different mole
fractions was added to the discharge. The spectraare
the difference between the D-B discharge spectrum
with added Hg, and that in the absence of added Hg.
The spectra illustrate qualitatively that the intensity
of the Hg line increases in proportion to the mole
fraction of Hg added.

Identical spectra of CN emissions were observed for
a number of hydrocarbons including: hexane, ac-
etone, methanol, isopropanol, 1,2-dichloroethane,
trichloroethylene, 1-chlorobutane, and even
bromotrifluoromethane.

The effect of adding small quantities of dust to the D-
B discharge region was investigated to determine
whether the presence of dust in the discharge region
would compromise the operation of the D-B dis-
charge and whether species adhering to dust could be
detected. For the test, simulated-cement dust was
spiked with a few drops of an aqueous Hg solution to
1 to 2g of dust. The powders used to make the
particulate sample were generally 1um or less in
diameter. The resulting spectrum showed only one
spectral feature of significance: the 253.7 nm emis-
sion from atomic Hg. Thus, it was demonstrated that
ANET can be used to detect mercury adhering to
particulate samples.

As aresult of the laboratory study, the overall sensi-
tivity of Hg and selenium was determined tobe at sub
parts-per-billion, and that for the organic species to
be on the order of a few parts per billion. ANET: (1)
can also differentiate between chlorinated and non-
chlorinated organic species, (2) can detect different
heavy metals simultaneously, (3) can differentiate
elemental Hg from Hg tiedup aschloride, and (4) can
detect species adhering to particulates. In addition,
ANET appears to have the potential for uranium
detection.
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Figure 2.5b. Spectrum of D-B discharge in the
absence and presence of added Hg.

Figure 2.5¢. D-B discharge spectra for four different
Hg mole fractions.
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PROJECTED PERFORMANCE

In the second phase of the development of the
portable sensor, the focus will be on the important
components and processes involved in the ANET
analysis system. Software to automate instrument
operation and data analysis will be developed. The
following will be addressed: sample collection and
introduction systems; active nitrogen source stabil-
ity; fluorescence detection and analysis; measure-
ment and calibration; and test procedures.

The third and final phase of the program will involve
fabrication and field testing of the alpha-prototype
instrument designed during the program's second
phase.

APPLICABILITY

The portable sensor being developed will have the
capability to detect hydrocarbons, both chlorinated
andnonchlorinated; transuranics; thorium; and heavy
metals including mercury, chromium, cadmium, ar-
senic, and lead.

STATUS

The first phase of work demonstrated that ANET
technology holds great promise for developmentinto
asensitive, multielement hazardous species monitor.
During the second phase (beginning June 1995), a
breadboard instrument will be developed and char-
acterized under realistic conditions. The results will
then be used to design, in detail, a first-generation, or
alpha-, prototype instrument. During the third phase
(scheduled to begin in February 1997) the alpha-
prototype instrument will be built and field tested.

The ANET technology will be transferred to Spec-
trum Diagnostix, a subsidiary of Physical Sciences,
Inc. (PSI). They have commercialized several instru-
ments initially developed at PSL
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REGULATORY CONSIDERATIONS

This technology will not require any permits nor are
there any regulatory barriers toits implementation, as
it causes no environmental impacts.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include on-line
monitoring of toxic heavy metal levels and chlori-
natedhydrocarbons at building sites, hazardous waste
landfills, and from combustor flues.

BASELINE TECHNOLOGY

Analytical methods currently used require sampling
and laboratory analysis whichis time consuming and
expensive.

INTELLECTUAL PROPERTY

The disclosure process for this technology was com-
pleted and a U.S. patent will be filed. PSI is the
technology developer. Spectrum Diagnostix will be
responsible for commercialization. The commer-
cialization strategy may involve a partnership be-
tween Spectrum Diagnostix and a large industrial
firm to achieve effective market penetration.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Lawrence G. Piper

Physical Sciences, Inc.

20 New England Business Center
Andover, MA 01810-1022

(508) 689-0003; (508) 689-3232 FAX




DOE Program Manager

Texas Chee

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874
(301) 903-7926

REFERENCE
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"Portable Sensor for Hazardous Waste," Pro-
ceedings_of Opportunity '95 - Environmental

Technology Through Small Business, V.P.
Kotheri, ed., DOE/METC-95/1014. Available

from NTIS (DE95000040), 1994, pp. 229-244.
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RAPID SURFACE SAMPLING AND ARCHIVAL RECORD SYSTEM

DESCRIPTION

The characterization of equipment and building sur-
faces for the presence of contaminants as part of
building decontamination and decommissioning ac-
tivities is an immensely large task of concern to both
government and industry. Because of the high cost
of hazardous waste disposal, old contaminated build-
ings cannot simply be demolished and scrapped.
Contaminated and clean materials must be clearly
identified and segregated so that the clean materials
can be recycled or reused, if possible, or disposed of
more cheaply as nonhazardous waste.

By providing rapid analyses and a large number of
accurate measurements of surface and subsurface
contamination, the cost of remediation of large in-
dustrial sites will be dramatically lowered because
both the characterization time and the material frac-
tion that must be remediated will be reduced. The
Rapid Surface Sampling and Archival Record

(RSSAR) system is a portable instrument that can
rapidly analyze structural material surfaces includ-
ing concrete, steel, transite, and asbestos. The target
contaminants include polynuclear aromatics, poly-
chlorinated biphenyls (PCBs), and other semivolatile
hydrocarbons.

The RSSAR system will be a modular instrument
made up of several components including:

e  Sampling heads for thermally extracting con-
taminants from concrete surfaces and steel sur-
faces.

*  Quick-look detectors to give rapid (near real
time) assessment of contamination levels. Both
photoionization and ultraviolet detectors will
be developed.

*  Multisample trapping module to trap and store
vaporized contaminants inamanner suitable for
subsequent detailed lab-based analyses.

Sampling haad

The overall experimental configura-
tion is shown in Figure 2.6a.

Thermal methods were demonstrated
to be very effective at extracting
semivolatile organics fromporoussolid
matrices. A thermal sampling head
was developed for contamination mea-
surements on concrete surfaces. Fu-
ture developments include a thermal
sampling head for contaminants on

desorption
autosampler

Analysis equipment
(GCMS,GC-ECD, ete.)

steel surfaces. Samples will be col-
lected using thermal desorption from
surfaces warmed to approximately
250°C by radiant heat transfer. As an
example, the concrete sampling head is

connected to a “quick-look detector”

Figure 2.6a. Configuration of the RSSAR System.

whose purpose is to provide an imme-
diatedistinction between contaminated



and uncontaminated surfaces. From the quick-look
detector the contaminant-laden air is pulled through
a sorption tube that provides long-term storage of
contaminants for detailed analysis. In operation, the
quick-look indication will be passed along with the
sorption tube to indicate which tubes require detailed
analysis and to permit avoidance of analysis of
uncontaminated samples. It is intended that the
sorption tubes will be held in a cassette capable of
holding enough tubes for several hours of measure-
ments, at a rate on the order of ten measurements per
hour. Sample acquisition and analysis will be auto-
mated.

An archival multisample trapping module will be
developed that will allow trapping of as many as 50
separate samples and will allow their transfer to a
modified thermal desorption autosampler for subse-
quent analyses. The thermal desorption autosampler
transfers sample records to various analyses includ-
ing gas chromatography/mass spectrometry, tandem
mass spectrometry, gas chromatography with elec-
tron capture detector, or a fast optical readout such as
surface-enhanced Raman scattering. By manipulat-
ing sample and substrate size, quantities of PCBs of
interest to the DOE (10 mg on 100 cm? surface)
should easily be detectable.

TECHNICAL PERFORMANCE

Sampling Artifact Studies. The production of
dibenzofurans (for example, dichlorodibenzofuran,
DCBF) and dibenzodioxins during heating of con-
crete or other samples contaminated with PCB was a
concern. Only one polychlorinated dibenzofuran
(PCDF) congener was formed during all the thermal
reactions studied in the temperature range 200 to
250°C. The parent PCB congener was 2,2',5,5-
tetrachlorobiphenyl. Other pathways for similar
PCDFs were studied. Concrete is a very alkaline
environment and certain pathways are probably fa-
vored under high pH. Even if PCDF formation rates
near 200°C are found to be small, it may be necessary
to control the thermal sampler heads to within fairly
rigorous tolerances  (<£250°C surface temperature)
to avoid formation of non-negligible amounts of
PCDF.
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Concrete Sampler Head. In its present form, initial
thermal measurements support an expectation that
the concrete sampler head will meet heating unifor-
mity criteria over at least 60% of the sampling area.
Sample thermal uniformity during heating is adesign
goal. Efforts to increase this fraction are underway
and are expected to be successful with a proposed
design change in the sample head geometry. The old
head used a commercial 1,000 W filament in a
spherically symmetric head cavity; the new pro-
posed design will have a conic geometry with cylin-
drical symmetry and an IR source lamp instead of the
previous visible source filament. Initial measure-
ments indicate that peak temperatures are predictable
within 10°C, in prepared samples. Provided that
artifact effects can be controlled, the thermal perfor-
mance of this equipment indicates that it should
provide an excellent sampling method.

Concrete Sampler Head Functional Tests. The
concrete samplerhead was tested onconcrete “cakes”
that were prepared with contaminated sand. In total,
seven concrete cakes were prepared that were 30 cm
in diameter and 3.3 cm thick. One of the concrete
cakes was prepared with clean sand, and was instru-
mented with thermocouples to enable the determina-
tion of settings necessary to bring the surface of the
concrete to 250°C. It was determined that a 65 V
input to the heating lamp was sufficient to bring the
surface layer (top 1 mm) to 250°C in 4 minutes. This
setting was used for subsequent tests.

The remaining six cakes were prepared using sand
contaminated with anthracene, 2,4,5-trichlorobiphe-
nyl, and phenyldodecane. These three compounds
represent three typical kinds of environmental pol-
lutants. The contaminated sand was mixed with
clean sand, portland cement, and water and poured
into cake molds. The concrete cakes were aged in
100% humidity for 7 days, then at 45% humidity for
6 months. The amount of contaminants recovered
during thermal desorption experiments for cakes
number 4 and number 6 are given in Table 2.6. This
data is presented as an example for recovery during
a five minute heating period over a 100 cm? heating
area. Figure 2.6b shows two plots of concentrations



calculated from the solvent trap measurements for
cake number 6.

Bulk Sampler Head Design. The purpose of the
bulk sampler head is to extract analytes from 1-5mL
ofabulk sample by thermal desorption. Typical bulk
samples are drillings, pulverized concrete, and par-
ticulate waste. The bulk sampler can be used, for
example, for deep sampling of concrete wherein the
samples are acquired by drilling a concrete wall or
floor. It can also be used to characterize general
debris and soils. Another major use is to provide
samples to test and calibrate quick-look modules and

Table 2.6. Anthracene, 2,4,5-trichlorobiphenyl, and phenyldodecane
recovered by the concrete sampler head from concrete cakes 4 and 6 and

sorption devices. Consequent design requirements
are rapid sample heating approximately 100 s, con-
venient cleaning and quick sample insertion, heated
connection to the rest of the RSSAR system, and safe
andrapid handling of samples. The performance was
extensively tested in experiments on desorption with
the photoionization detector (PID) and the UV ab-
sorption detector. In typical experiments, the major-
ity of a 10 mg analyte such as phenyldodecane is
evolved in about4 minutes, after which the detection
signal returns to background levels.

Near Vacuum UV Quick-Look
Detector. The experimental results
demonstrate clearly that minimum

measured by GC-FID. action levels of PCBs defined for
wipe sampling are measurable with
Cake Compound png in 1 Total a conveniently sized NVUV ab-
mm collected | sorption system. Sensitivity to oil
) = thl;i‘lngss 35 glsg) and solvent surrogates is lower,
thra(:ene . . .
24,5-Trichlorobiphenyl | 1888 1194 | Whichisdesirable where PCBsare
Phenyldodecane 1888 1022 expected to be encountered with
76 Anthracene 529 121 ofls.
2,4,5-Trichlorobiphenyl 427 352
Phenyldodecane 472 477
800.00 " .
80000 700.00 +
70000 Test6.1 600.00 Test62
g 6000 % om0
% 50000 T approx. original amount in 1 mm I approximate amount i 1 mm ——-de,
g 400.00 £ 400.00
ésoo.oo _§3°°-°° -
2 20000 * 20000
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Figure 2.6b. Total extraction amounts versus time-derived from GC analysis of solvent traps. The first test number
refers to the cake number and the second to the specific experiment. Two were run on each cake.
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Sample Trapping Module. A key component of the
RSSAR is the sample trapping module that holds a
cassette of sampling tubes containing solid phase
sorbentmaterials. Whenlessefficientsorbents(Tenax
GR, Carbopack B, Carbotrap C, XAD-2) were used
significant breakthrough was observed, both in the
presence and absence of water vapor. However, no
detectable breakthrough was observed with the use
of Carbopack 370 (trademark of Supelco, Inc.),
including the cases where water vapor was evapo-
rated along with the analytes, and in the experiment
where Aroclor 1242 and transformeroil were trapped
together. Based on these experiments, this material
is the most effective sorbent among those tested for
useinthe RSSAR system. Ontheaverage, collection
efficiencies greater than 80% were reported which
exceeded Phase I performance requirements (>70%
trapping efficiency) in all tested categories. During
Phase II a multisample trapping module to replace
the single sample trapping module demonstrated in
Phase I'will be developed. The sampler is capable of
trapping up to 50 separate samples in a convenient
manner, and transfer them to a modified commer-
cially available thermal desorption autosampler for
subsequent analysis.

Surface Enhanced Raman Spectroscopy. SERS
presents advantages over normal Raman: (1) in the
sensitivity and clarity of the spectra attainable, (2) in
the ease of (automated) introduction of very small
samples, (3) in its ability to quench fluorescence that
would otherwise interfere with analyte detection,
and (4) in its ability to partition the analyte from a
mixed matrix. In Phase II, investigations will be
performed using SERS as a quantitative method to
evaluate environmental samples. Detecting PCBs is
best done by using SERS coating technology, in
which PCBs are partitioned from oil into a
pentachlorothiophenol coating on a silver substrate.
It was demonstrated that for a single congener in an
oil contaminated mixture, quantitation at the detec-
tion limits of interest can be done.

Cost. The RSSAR system can potentially reduce the
cost of measurements required for site remediation.
Based on the types of contamination found at the Oak
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Ridge K-25 Site, the estimated cost for solid or wipe
samples for oils and PCBs is $250/sample. The
RSSAR system can provide results at an estimated
cost of $32/sample, less than 15% of conventional
methods.

Regulations proposed by the U.S. Environmental
Protection Agency (December 6, 1995) would re-
quire sampling for PCBs at one meter intervals. This
could require up to one million samples to character-
ize the floor, walls, and ceilings that encompass an
area of approximately 1 km? at the K-25 site. The
potential exists for millions of dollars in cost savings
at this site alone.

PROJECTED PERFORMANCE

A fully integrated lab-scale system will be con-
structed in Phase II. A portable prototype system
suitable for field operations will be designed and
constructed during Phase IIl. A complete design of
a production system will be prepared and two units
built in Phase IV which is scheduled for completion
in 1998.

APPLICABILITY

The RSSAR instrument system is being developed
for the characterization of building and facility struc-
tural component surfaces for the presence of con-
taminants including polynuclear aromatics, PCBs,
and other semivolatile hydrocarbons. The target
building materials include concrete and similar po-
rous building materials, steel surfaces, transite, and
asbestos surfaces.

STATUS

Phase I of a four phase development schedule has
been completed.

REGULATORY CONSIDERATIONS

Thermal desorption is not currently a EPA approved
surface sampling methodology. However, thermal



desorption sampling was proposed to the EPA for
consideration in proposed changes to the PCB regu-
lations covered under the Toxic Substances Control
Act. This method has less adverse environmental
impacts thancurrent methods of using solvent soaked
wipes with inherent waste disposal problems.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology can be used for characterization of
surface contamination and bulk debris from building
demolition, decontamination, and decommissioning
activities at government and industrial sites. It can
also be used for segregation of contaminated and
non-contaminated waste and for characterization of
contaminated soil.

BASELINE TECHNOLOGY

The most widely used current baseline method in-
volves wipe sampling. In wipe sampling, the surface
is wiped with a solvent-soaked piece of cloth, paper
or the like, and the wipe is sent to an off-site labora-
tory for analysis. This method of analysis has a
number of limitations:

Very expensive andresults are subjectto human
error and technique

Does not provide real time information
Tracking becomes a logistical nightmare be-
cause manual tracking is required when a large
number of samples are involved

Solvent usage raises safety issues

Off-site analysis with manual sample prepara-
tion is expensive and time consuming

Wipe method provides no way of effectively
screening outalarge numberofthe cleansamples
to reduce analysis costs.
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INTELLECTUAL PROPERTY

Patent applications are being prepared. General
Electric Corporate R&D owns the intellectual prop-

erty.

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigator
Richard B. Sheldon, Ph.D.

General Electric Corporate R&D
Bldg K-1, Rm 3B35

P.O.Box 8

Schenectady, NY 12301
(518) 387-6565; (518) 387-7611 FAX

DOE Program Manager
Isiah Sewell

U.S. Department of Energy
Morgantown Energy Technology Center
12800 Middlebrook Road

Germantown, MD 20874

(301) 903-8459
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THREE-DIMENSIONAL INTEGRATED CHARACTERIZATION AND
ARCHIVING SYSTEM

DESCRIPTION

The Three-Dimensional Integrated Characterization
Archiving System (3D-ICAS) is being developed to
providereal-time, quantitative measurements of vola-
tile organic compounds (VOCs) and radionuclides
on bare materials consisting of concrete, asbestos,
and transite. It will provide a 3-D display of the
fusion of all measurement results, and it will archive
the results for regulatory documentation, 3D-ICAS
consists of two mobile robotic platforms (the sensor
platform and the mapper platform) that operate in
hazardous environments and are linked to an inte-
grated workstation in a safe environment (Figure
2.72) . During characterization operations, the map-
per, using its coherent laser radar (CLR), maintains
its precise location and supports and reports the
positioning of the multisensor probe by the sensor
platform. The operatorat the integrated workstation,
using displayed 3-D map information, plans and
directs the selection of surface areas to be character-
ized and the density of sampling tobe employed. The
3D-ICAS then automatically samples the selected
areas, and archives 3-D location, time, and contami-
nation levels. The permanent archiving of the mea-
surement data allows easy regulatory review of the
characterization process and ensures data integrity.

The dense, uniform surface sampling allows the
straightforward establishment of the contour bounds
of regions exceeding regulatory limits.

TECHNICALPERFORMANCE

During Phase I, the 3-D CLR Mapper and a gas
chromatograph (GC) were demonstrated, and mo-
lecular vibrational spectroscopic (MVS) sensors for
inorganic base materials and organics were evalu-
ated.

3-D CLR Mapper. Under Phase I, the 3-D Mapper
demonstration system was capable of 3 degrees of
freedom (3DOF) location (3-D location only) of a
manually positioned GC sensor. During a demon-
stration, the GC was mounted on a manually posi-
tioned stage that could be moved along two axes,
horizontal and vertical. Rotation was not allowed.
The sensor head was manually moved a short dis-
tance and the position estimation system determined
the vertical and horizontal position and range, in
steps. The operator manually activated data acquisi-
tion, the location estimation processing, and con-
taminant measurement. Contaminant measurements
were plotted on the 3-D map at the locations esti-
mated for the sensor probe. The mean errors in

vertical and horizontal coordinates were

0.0185 and -0.0102 inches, respectively. The
standard deviations were 0.0164 and 0.0251

aser Beam N
be king Sensor i
1) ‘l

Sensor
Platform

LIl

Mapper
Platform

Integrated
Workstation

Safe Area

inches, respectively. Overall standard devia-
tion was 0.0251 inches (0.64 mm).

High Speed GC Detection of Organic Con-
taminants. During Phase I, a high-speed,
temperature-programmed GC developed by
Thermedics Detection (TD) was adapted for
the quantitative detection and classification
of organic contaminants. The GCwasusedto
detect polychlorinated biphenyls (PCBs) and
other organic compounds on surfaces such as

Figure 2.7a. Schematic of 3D-ICAS.

concrete. High speed GC separation was




demonstrated using actual PCB target compounds
rather than analogs. Chromatographic elution times
ranging from 10 to 30 s were demonstrated. The
modified GC system includes a newly developed
sensor head and transport tube that, when combined
with an available commercial mass spectrometer
detection system, will be able to detect organic
contaminants at the low parts per billion level at high

speed.

Molecular Vibrational Spectroscopy. The Univer-
sity of Idaho performed experiments todetermine the
most suitable remote molecular vibrational spectro-
scopic technique for 3D-ICAS surface materials
identification. The selected technique is a fusion of
Near-Infrared (NIR) Raman spectroscopy and Mid-
Infrared (MIR) Reflectance spectroscopy . Table2.7
isasummary of results of asurvey in terms of spectral
quality (i.e., the combination of spectral contrast and
signal-to-noise ratio). As shown, the majority of
samples analyzed were not amenable to good spec-
tral quality NIR analysis.

PROJECTED PERFORMANCE

During Phase I, using the NASA/DOE 3-D map-
ping system being completed with software en-
hancements, a robot arm borne multisensor package
will be tracked with 6DOF (3-D location and orien-
tation) while performing 3-D contamination map-

Table 2.7. Summary of spectral quality for a number
of representative samples from the three spectroscopic
methods studied.

Sample Mid-IR Near-IR Raman
Concretes G P P
Bricks G G M
Woods G P VG
Asphalt M P VP
Asbestos G P M
Porcelain G P G
Polymers M P VG
Organics G P VG

VG = Very good, G = Good, M = Medium,
P =Poor, VP = Very poor
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ping of surfaces. The new system will have at least
200X faster range and amplitude information to
support the 6DOF tracking. The sample collection
and GC system will be interfaced to a time-of-flight
mass spectrometer and demonstrated with the ro-
botic arm and multisensor probe.  Detection of
organic contaminants at regulatory levels (low parts
per billion) is expected. A fused MIR/NIR Raman
probe that combines commercially available instru-
ments will be implemented for laboratory use. Neu-
ral net-based discrimination algorithms were
implemented in software for FT Raman spectra, that
can distinguish similar materials such as different
species of wood. When extended to fuse MIR and
Raman spectra, these techniques will easily distin-
guish the major surface types of interest to DOE
decontamination and decommissioning (D&D) op-
erations. The fused MVS sensor probe is projected
to be effective in surface materials identification ata
range of 1 mm, thus imposing no extra requirement
for 3D-ICAS sensor positioning.

APPLICABILITY

The 3D-ICAS: (1) will provide real-time, quantita-
tive measurements of volatile organics and radionu-
clides on bare materials consisting of concrete,
asbestos, and transite, (2) will provide 3-D display of
the fusion of all measurements, and (3) will archive
the measurement results for regulatory documenta-
tion.

STATUS

During Phase, the CRC team developed the compo-
nent technologies and assessed their effectiveness as
part of an integrated system. Phase II, as described
earlier, runs from October 1994 through September
1995. Phase III, which follows, will develop a
fieldable prototype system that will be demonstrated
in 1996. The 3D-ICAS technology will thenbeready
for transferto government and industrial facilities for
characterization applications. Atanearlierdate (July
1995) the 3-D mapping technology will be ready for
large-scale industrial metrology applications.



REGULATORY CONSIDERATIONS

The developers of 3D-ICAS are confident that meet-
ing the U.S. Environmental Protection Agency's
certified laboratory procedure (CLP) quantitation
limits for PCBs, VOCs, and semivolatile organic
compoundsis possible. With properengineeringand
tuning, the target detection limit of 160 picograms
per GC peak should be readily attainable.

POTENTIAL COMMERCIAL
APPLICATIONS

The 3D-ICAS technology will be applicable to con-
taminated industrial site characterization. The coher-
ent laser radar 3-D mapping technology will be
applicable: (1) to precision large-scale industrial
assembly operations, (2) to quality control of large-
scale manufacturing, and (3) to tooling calibration.
The 3-D mapperis being tested by the Department of
Transportation for bridge structural integrity assess-
ment.

BASELINE TECHNOLOGY

The baseline technology is conventional sampling,
storage, transportation, and analysis at an off-site
laboratory.

INTELLECTUAL PROPERTY
Existing patents:

Frank E. Goodwin, "FM Laser Radar, " Patent No.:
4,830,486; Patent Owner: Coleman Research Cor-
poration.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282
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Principal Investigator
Richard L. Sebastian

Coleman Research Corporation

6551 Loisdale Ct., Suite 800
Springfield, VA 22150

(703) 719-9200; (703) 719-9229 FAX

DOE Program Manager
Jerry M. Hyde

U.S. Department of Energy
19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7914

Thermedics Detection, Inc.
220 Mill Road
Chelmsford, MA 01824

University of Idaho
Moscow, Idaho
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MOBILE DEMONSTRATION LABORATORY FOR
ENVIRONMENTAL SCREENING TECHNOLOGIES

DESCRIPTION

The Mobile Demonstration Laboratory for Environ-
mental Screening Technologies (MDLEST) is a
completely self-contained mobile laboratory. The
generic mobile laboratory concept is applied toward
the objective of having a field laboratory to support
screening and monitoring instruments at various
DOE facilities. Computers and control systems,
electrical power, potable water, cryogenic and high-
pressure gases, and other utilities required to operate
instrumentation are supplied by the MDLEST. A
robotic surface sampling accessory (RSA) attaches
to the rear of the MDLEST and includes the robotic
arm, sampling head, closed circuit television cam-
eras, and various control systems all tied to the
MDLEST computers and a video monitor console.
The complete MDLEST is housed in a44 ftlong fifth
wheel trailer for transport by a medium duty truck.

Within the context of the MDLEST, Laser Ablation-

Inductively Coupled Plasma-Atomic Emission Spec-
trometry/Mass Spectrometry, LA-ICP-AES/MS,
techniques are used to screen/characterize soils and
concrete in situ to determine the extent of the con-
tamination. Both heavy metals (e.g., chromium,
nickel, barium, cadmium, lead, etc.) and radionu-
clides (uranium, thorium, etc.) are target contami-
nants for this technique. Sampling probes were
developed and prototyped that will screen/character-
ize surface soils, concrete floors or pads
(nondestructively), and also subsurface soils. The
sampling probes, both surface and subsurface, con-
tain the laser, associated optics and control circuitry
to raster the laser ablation energy across one square
inch (approximately 6.4 cm?) of the sample surface.
At one time, either the surface or the subsurface
probe is connected by an umbilical, currently over 20
m long, to the MDLEST. The MDLEST trailer
contains the ICP-AES/MS instrumentation to imme-
diately analyze the samples generated by the laser

ablation sampling system.

Inductively
Coupled
Flasma

Laser

Argon Gas

The sample results are im-
mediately available ap-
proximately 100 min.) for
field remediation deci-
sions. Figure 3.1 isasche-
maticofthe LA-ICP-AES
analytical technique.

Spectrometer

Although the MDLEST
could be outfitted forother
analytical methods, it cur-
rently contains the LA-
ICP-AES/MS system.
Laser ablation is a tech-
nique that enables sam-
pling and analysis to be
performed for solid
samples without acid dis-
solution of the samples.
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Protection Agency (EPA) has certified ICP-AES/
MS as a method for environmental contamination
quantification when using solution chemistry (acid
withmicrowaveassisted dissolution) techniques with
aerosol nebulization introduction of the analyte into
the ICP torch. Now the MDLEST can be used to
performthe EPA certified laboratory procedure (CLP)
on-site with comparable results to offsite analysis,
yet the laser ablation technique allows greater versa-
tility and speed of analysis. As such, laser radiation
is focused onto the surface of a sample to cause
vaporization and ejection of material from the sur-
face. The ablated material is transported in an inert
argon gas stream to the ICP torch (approximately
8,000 K) where the analyte is subsequently vapor-
ized, atomized, ionized, and electronically excited.
Relaxation of this electronic excitation produces
atomnic and ionic emission spectra characteristic of
the sample introduced into the ICP. The spectrum
from the ICP is then analyzed using a 20 channel
simultaneous atomic emission spectrometer (AES)
or the mass spectrometer (MS).

The advantages of laser ablation sampling include
direct analysis of the sample with little or no prepa-
ration and applicability to a wide variety of matrices.
Because there is no limit on the type of solid material
that can be subjected to laser ablation, a wide variety
of samples were analyzed, including metals ceram-
ics, and geological samples such as rocks, soils, and
sediments. The results obtained using the laser
ablation sampling process are less precise than those
obtained using EPA-CLP methods involving solu-
tion nebulization sample introduction. This lack of
precision in the results is caused by variations in the
amount of sample introduced to the ICP. These
variations are directly related to the laser energy
density at the sample surface, energy scattering from
the aerosol particles in the ablation cell, and varia-
tions in aerosol transport out of the cell through the
transfer tubing to the ICP. New data quantitation
methods for use with the laser ablation sampling
technique have been investigated. A method com-
bining aerosol mass measurements and solutionstan-
dard additions techniques has successfully reduced
the variations in sample quantitation and increased
the agreement with EPA-CLP results.

42

TECHNICAL PERFORMANCE

Contaminated soils are in situ (directly) sampled by
laser ablation. Once the surface of the site to be
sampled has been cleared of organic debris, no
additional sample preparation is required. The sub-
surface probe is used to a depth of 27 m (approxi-
mately 90 ft). The demonstration of the subsurface
in situ sampling probe and immediate analysis was
successfully demonstrated in August 1994 at a non-
radioactive site in Denver, Colorado. The probe is
fully functional, but has not been optimized in either
size or function. Additional development is required
to increase the operating efficiency and to downsize
the probe for use with cone penetrometers and
Geoprobes®. Laserablation generates approximately
2 mg of sample.

The atomic emission spectrometer installed in the
MDLEST is a standard production model Thermo
Jarrell Ash, ICAP 61E Plasma Emission Spectrom-
eterand can be used for samples introduced by either
solution nebulization or laser ablation. The AES
configuration of the MDLEST allows detection of 20
elements, simultaneously. The ICP-AES is capable
of detecting and quantifying elements in real-time at
the ppm level (ug/g) for direct sample injection (LA
sampling). Using laser ablation sampling, the AES
has a detection limit of 0.9 ppm (mass). A lower
detection limit is achieved using samples prepared
for solution nebulization where the detection limit is
approximately 10ppb (ng/g). Itis possible toidentify
70 elements using the AES. A standard production
model (ELAN 5000 ICP-MS) mass spectrometer
was obtained on loan from the Perkin-Elmer Corpo-
ration. The MS analysis provides detection of radio-
nuclides (e.g., U, 25U, 24U, 2°Th, and #?Th) and is
sensitiveenoughtoprovideisotopicseparation. Using
laser ablation, the MS instrument has the capability
of multi-element determination of heavy metals in-
cluding radioisotopes (total quantitation of 300 amu)
at the (approximately 0.5 ppb (ng/g) detection limit;
and a (approximately 0.03 parts-per-trillion (pg/g)
detection limit is achievable using solution nebuliza-
tion. Atthe DOE Gunnison, Colorado site, the lower
detection limit of the LA-ICP-MS instrumentation



was shown tobe (approximately 0.45 ppb. Thelevels
of 2°Th and ?Ra must be detected to 15 pCi/g
(approximately 0.80 and 0.05 ppb, respectively) to
satisfy the Nuclear Regulatory Commission (NRC)
remediation agreements for the Gunnison site. In
particular, the MS instrument can detect the required
Z0Th levels in the soil below the 15 pCi/g (0.8 ppb)
level using laser ablation sampling.

Summary of Field Demonstrations. The MDLEST
has participated in five field demonstrations. Each
demonstration had a different objective and problem
focus. The demonstrations and objectives are sum-
marized in Table 3.1. Details of the investigations are
available in the referenced documents.

In addition, a local feasibility test using the laser
ablation in situ surface sampling technique to non-
destructively sample concrete and determine the
contamination level was performed. Preliminary
results show this in situ technique is feasible for
screening concrete floors and pads to determine if
they have been contaminated by accidental spills,
leaking waste storage drums, or tanks.

Cost. The MDLEST contains approximately $600K
in' instrumentation. The mobile laboratory with
installed automation and instrumentation is esti-
matedtocost$1.1Mincapital and isexpected tohave
a 5 year lifetime. Approximately 20 field surface
samples (LA sampling) can be analyzed per day ata
cost of $300 to $500 per sample, with a 15 minute
sampleturnaround. Sixteensubsurface samples with
complete analysis per day can be achieved at a cost
of $625 to $875 per sample. These costs cover the
MDLEST crew (two scientists and two technicians)
and the percussion hammer rig and crew.

PROJECTED PERFORMANCE

The ablation cell was optimized to a degree. Further
improvements in signal intensity are possible if cell
design parameters, particularly cell volume and ge-
ometry, are studied and optimized. Other future
optimization work may include improvements to the
gas flow and transport tube design, ICP torch design
optimization for LA sample injection, and the raster
pattern to provide higher ablation efficiency and

Table 3.1. Summary of field demonstrations.

Date of Objective
Demonstration

September 1992 Fernald, OH, detection and quantification of U in soil, the initial
field trial of the MDLEST, and the first field use of the laser
ablation sampling technigue for in situ surface sampling.

June 1994 Returned to Fernald, OH, to participate with other state-of-the-
art field sampling technologies to test a direct probability
sampling plan.

November 1993 Gunnison, CO, Uranium Mill Tailing Remedial Action
(UMTRA) Project to detect 230Th levels in the soil after the mill
tailing pile had been removed.

August 1994 Denver, CO, area to test the subsurface in situ sampling probe.

September 1994 St. Louis, MO, to participate in the Expedited Site
Characterization (ESC) methodology at the St. Louis Airport Site
(SLAPS) to evaluate the field capabilities of a broad range of
characterization/monitoring technologies.




particle stream stability. These improvements will
result in lower detection limits and reproducibility of
the analyzed results, and will allow the ablation
sampling system to satisfy the rigorous scrutiny of
regulatory acceptance. In addition, sample acquisi-
tion time reduction in the case of subsurface charac-
terization will be experienced with further
development of the in situ subsurface sampling con-
cept. Adapting the subsurface probe for use with
cone penetrometers and Geoprobes® will greatly
enhance its value as a characterization tool. Further-
more, development of a specialized probe to rapidly
test large flat areas of concrete is also suggested. One
of the important, nontrivial design problems that
must be solved for this probe to operate rapidly is the
design of a dynamic gas tight seal for the ablation cell
moving over a concrete surface.

APPLICABILITY

Thistechnology is applicable to the detection of more
than 70 metallic elements and 300 isotopes which
could exist as contamination in surface and subsur-
face soils or on concrete surfaces and foundation
pads.

STATUS

This technology is developed and has participated in
five field demonstrations. Commercialization of the
technology is being pursued through the Technology
Integration Program (TIP) at Ames Laboratory. Layne
Environmental Services, Inc., who was the previous
commercial partner in the 1994 Cooperative Re-
search and Development Agreement (CRADA),
would be a potential contract operator if a system
becomes commercially available.

REGULATORY CONSIDERATIONS

The solution chemistry techniques for the ICP-AES/
MS analytical system have been accepted by the
EPA. Regulatory acceptance of the technology
using the LA sample introduction system is being
pursued. US-EPA and EMSL (Las Vegas) are aware
of the progress of this technology.

POTENTIAL COMMERCIAL
APPLICATIONS

A complete market survey has not been performed;
however, several private sector manufacturing facili-
ties may also have similar heavy metal and even
radionuclide contamination in the surface and sub-
surface soils.

BASELINE TECHNOLOGY

The baseline technology is offsite analysis in con-
ventional laboratories for heavy metal contamina-
tionor grabsamples obtained from the surface orcore
samples from subsurface boreholes. The commer-
cial gamma spectrometer/neutron borehole logging
system is sometimes used as a baseline for cost
comparison with the subsurface sampling probe;
however, the boreholes are already in place. This
commercially available baseline technology has per-
sample charges that are 15 to 30 times the per-sample
cost of the MDLEST system using LA-ICP-AES/
MS analysis and can only detect the radioactive
contaminants.

INTELLECTUAL PROPERTY

Patents are being pursued for certain components
(including the ablation cell, the subsurface probe,
and the calibration system). The Iowa State Univer-
sity Research Foundation (ISURF) owns the patents.
Layne Environmental Services, Inc. has the patents
rights to the casing components used with the subsur-
face probe. All patents are pending.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282



Principal Investigators 4.
Marvin S. Anderson and D. Thomas Noble

Ames Laboratory

TIP Office 125 S. 3rd St.

Ames, IA 50010-6739

(515) 294-6404

DOE Program Manager
Caroline Purdy

U.S. Department of Energy 3.
Cloverleaf Building

19901 Germantown Road

Germantown, MD 2 0874-1290

(301) 903-7672

Industrial Partner

Norm Mehlhorn

Vice President

Layne Environmental Services, Inc.
3610 E. Anne St.

Phoenix, AZ 85040
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RAPID TRANSURANIC MONITORING LABORATORY

DESCRIPTION

Transuranic (TRU) contaminated rad-wastes have
been stored in shallow pits and trenches at many
DOE facilities, including the Idaho National Engi-
neering Laboratory (INEL). It is anticipated that
waste containers have degraded over the years and,
consequently, a significant fraction of the backfill
soil in these pits and trenches is now contaminated
with TRU elements and long-lived fission and acti-
vationproducts. Asanexample, INEL has 57,000 m?
of buried TRU waste material that would account for
about20% of the total volume of contaminated waste
that mustberemoved. The Rapid Transuranic Moni-
toring Laboratory (RTML) was developed to sup-
port TRU waste retrieval efforts by continuously
monitoring the air, soil, and deposited dusts for
radioactive contaminants.

The RTML is a mobile, field deployable laboratory
that can continuously monitor airborne TRU concen-
tration and rapidly analyze soil, smear, and air filter
samples for TRU isotopes, and fission products. The
RTML. consists of a collection of monitoring devices
that are capable of measuring low-level concentra-
tions of alpha- and photon-emitting contaminants.
The laboratory is housed in two separate trailers that
provide sample storage and preparation areas and
counting laboratory space. The power can be sup-
plied by portable 30 and 50 kW diesel generators in
remote applications. One trailer (24 m x 7.3 m)
houses the sample preparation laboratory that is
equipped with a Class-A fume hood, having high
efficiency particulate air (HEPA) filters, a gravity-
flow drying oven, sieving equipment, two analytical
balances, compressed air cylinders, hot plates, and a
supply of sample planchets and containers. Samples
are received and prepared for analysis in this trailer
following specific procedures developed for the
RTML.

Pass window
Sample prep hood
Drying ovens

Rapid Transuranic Monitoring Laboratory

Large arex ion chambar

counting sysvem (soils,
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gammaanalysis) (o) shelt Xeray multiple
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[
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Figure 3.2. Rapid Transuranic Monitoring Laboratory.
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The second trailer (2.4 m x 14.6 m) is equipped with:
(1) agermanium photon spectrometer installed in an
automatic sample changer, (2) two large-areaioniza-
tion chamber alpha spectrometers, (3) a VAX 4000
model 100 computer, (4) four computer terminals
with monitors, and (5) a laser printer. All three
measurement systems are controlled from the VAX
4000-series computer that controls operation, ana-
lyzes spectral data acquired by the spectrometers,
and displays and generates the analysis results re-
ports. The RTML is also equipped with four alpha
continuous air monitors (CAMs). The alpha CAMs
can be operated up to 200 m from the trailer. See
Figure 3.2.

TECHNICAL PERFORMANCE

Photon Analysis Spectrometer. The spectrometer
consists of a 60 mm diameter, n-type, extended-
range germanium detector capable of efficiently
measuring both x-rays and gamma-rays. The gain is
chosen to cover photon energies from about 10 to
1,380 keV with an 8,192 channel analyzer. The
photon analysis spectrometer determines the pres-
ence of plutonium radioisotopes by counting the L-
shell x-rays emitted by the uranium daughters. Italso
determines the presence of radionuclides such as
8Co, *’Cs, and 2! Am that emit gamma rays having
energies below 1,380 keV. The gamma-ray and X-
ray data are obtained in one spectrum, and two
spectral analytical methods areapplied simultaneously
to the different regions of the spectrum.

Large Area Ionization Chamber Alpha Spectrom-
eters. Two gridded ionization chambers constructed
of nickel-plated milled steel are used. The chambers
arerated to 100kPaabove atmospheric pressure. The
sample holders are held in a reproducible geometric
arrangement by fixed guides. The fixed guides have
milled cutouts to hold both 254 mm circular pans, and
200 x 250 mm filters.

Alpha Continuous Air Monitors. The alpha CAMs
are equipped with two-stage virtual impact detectors
to remove the background radon progeny—improv-

ing the sensitivity. The impactor also concentrates
the airborne TRU-bearing particulates. Each CAM
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has two air sampling pumps, two mass flow sensors,
a 900 mm? detector with 4 mm thick collimator, a
detector bias supply, a preamplifier, a linear ampli-
fier, an analog-to-digital converter, a multiplexer,
and the Canberra nuclear acquisition interface mod-
ule (AIM). Because the preamplifiers are tempera-
ture sensitive and outside temperatures vary diurnally,
the CAM sampling cabinets are insulated and
equipped with a heater and an air conditioner to
maintain constant temperature.

Sample Preparation. Each soil sample is baked 30
to 60 min at 175°C until the sample isdry, thensieved
in a 50-mesh sieve. At this stage, 11 g of the sieved
soil is weighed into a circular plastic container (3 mm
x 64 mm diameter) for analysis using the photon
spectrometer. Preparation for the ionization cham-
ber alpha spectrometer is similar but also requires
grinding ofa 100 mgsieved soil sample in adiamonite
mortar in an aqueous solution of 30% ethanol. The
resulting suspension is transferred to an air operated
sprayer and subsequently sprayed onto a preheated
254 mm diameter stainless steel pan.

Field Test Results. Field trials were conducted in the
summer of 1993 as part of a remote retrieval demon-
stration involving a weather shield, remote retrieval
equipment, and dust control equipment. The demon-
stration showed the capability of processing 100
samples per day of soil, filter, and smear samples at
the stated lower levels of detection (LLD). During
the field trial, hundreds of soil samples plus 20
specially prepared standards were analyzed by the
RTML. The sensitivity and reliability to which alpha
and gammaemitting radionuclides could be detected
under field conditions were demonstrated by analyz-
ing 20 soil standards containing known activities of
B9py, 21 Am, “Co, and *’Cs. These standards were
also randomly distributed among the cold test pit
(CTP) soil samples for the blind test before delivery
to the RTML preparation trailer.

Under field conditions, the lower detection limit
(LLD) concentrations for Z°Pu, #'Am, ®Co, and
131Cs by x-ray/gamma-ray spectrometry were con-
firmedtobe 40, 1,5, and 5 pCi/g, respectively, for 10
minute counts. The RTML unitcan measure isotopic



plutonium at 20 pCi/g using 15 minute counts. LLD
concentrations for #?°Pu and #*'Am by large area
ionization chamber alpha spectrometry were both 40
pCi/g. The LLD concentrations for the four RTML
alpha CAMSs were shown to be less than 1 derived air
concentration (DAC) in 1-hr when airborne dust
concentrations were below 0.01 mg/L.

None of the analyses in either the 143 CTP samples
analyzed by photon spectrometry or the 96 CTP
samples analyzed by ionization chamber alpha spec-
trometry showed manmade radiation. That is, there
were no false positives for any of the 239 blank soil
samplesanalyzed. The maximumnumberofsamples
analyzed in a 24-hour period with the photon spec-
trometer was 79; with the two ionization chambers,
itwas 33. Therefore, the total sample throughputrate
was demonstrated to be 112 samples in 1 day, work-
ing one 8 hour shift. For an environmental restora-
tion project such as a pit retrieval, 100 samples per
day should be adequate to track contamination lev-
els; therefore on-line tracking isessentially available.
A true “on-line” tracking of ?°Pu content is presently
not possible.

Cost. RTMLs can be procured for $500K. Opera-
tions and maintenance costs include fourtechnicians
and 10% time assistance from scientists. Life-cycle
costs have not been estimated. Thermo Terratech
estimated that using the RTML at DOE Formerly
Utilized Sites Remedial Action Program (FUSRAP)
sites will save the DOE $250K and 6 months in
schedule.

PROJECTED PERFORMANCE

To provide the RTML the capability to directly
measure *Sr in soil during FY 1994, two different
large area beta detectors were developed and experi-
mentally evaluated; atriple proportional counter beta

detector operated in the coincidence mode, and a
" large-area scintillation beta detector. A third large-
area beta detector (the real-time *Sr analyzer devel-
oped at Pacific Northwest Laboratories) was also
experimentally evaluated. Of the three beta detectors
tested, the triple proportional counter beta detector
had the best sensitivity for ®Srin soil. Its LLD for a
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10 minute count time was 1 pCi/g* Srfora 150 g soil
sample.

Alphacontinuous airmonitorsequipped withasingle
fixed sample collection filter are not very reliable
when the concentrations of airborne contaminants
remain elevated over time. To provide a means of
measuring at regular intervals (the total activity of
eachTRU isotope accumulated on the sample collec-
tion fiber) an alpha CAM was built that is equipped
with two solid-state silicon detectors and three 47
mm diameter sample collection filters mounted at
120° intervals on a rotatable disk. The second
detector intermittently measures the total activity of
each TRU isotope accumulated on each of the three
sample collection filters. A two-stage inertial impac-
tor that samples at 283 L/minute removes most of the
alpha-emitting radon and thoron daughters from the
sample airstream before the airstream traverses the
sample collection filter.

APPLICABILITY

The RTML monitors low-level concentrations of
actinides and fission products in soils, fallout cou-
pons, filters, air, and liquids.

STATUS

The RTML was field tested in FY 1993. The RTML
unit was field deployable in 1994. It was transferred
inMarch 1995 to Thermo Terratech of Albuquerque,
NM, for use in monitoring radioactive contaminants
atdifferent DOE sites throughout the country that are
being remediated under FUSRAP. The RTML was
recently moved to the Oak Ridge National Labora-
tory for installation of additional analytical instru-
mentation; it will then be putintoservice at Savannah
River Site.

REGUILATORY CONSIDERATIONS

Ecological impacts are not anticipated from use of
the RTM unit. Samples for the RTM unit will be
standard health-physics wrapped and will be pre-
pared under a Class A hood.



POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include monitor-
ing of radioactive contaminated retrieval areas and
separation, processing, and storage systems. The
RTML could also be applied in accident mitigation
and cleanup.

BASELINE TECHNOLOGY

The baseline for rapid monitoring during retrieval is
“inlaboratory” analysis and health-physicshandheld
instruments. Handheld instruments can provide
gross alpha measurements on surface soils at the
5,000 to 10,000 pCi/g levels in minutes. Laboratory
measurements can provide 4 samples per radio-
chemist per day at the 0.2 pCi/g level. Alpha CAMs
“off the shelf” currently provide about 80 DAC-h
sensitivities.

INTELLECTUAL PROPERTY

The following patents were issued or are pending:
*  Photonspectrometeranalysissystem, U.S.Patent
5,206,174 issued April 27, 1993.

Pulserfor gamma-ray spectrometry, U.S. Patent
4,968,889 issued November 6, 1990.

Alpha CAM, U.S. Patent Application S-81,
110.

The RTML technology was transferred to Thermo
Terratech in 1995. An equipment loan agreement
and a license agreement between Lockheed Idaho
Technologies Company (which manages and oper-
ates INEL for the DOE) and Thermo Terratech was
signed in March to set the terms and conditions for
loaning the RTML to Thermo Terratech for one to
five years.
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DOE Program Manager
Jaffer Mohiuddin

U.S. Department of Energy
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CROSS BOREHOLE ELECTROMAGNETIC IMAGING

DESCRIPTION

The objective of Cross Borehole Electromagnetic
(EM) Imaging is to provide a “nonintrusive” charac-
terization method for detection and quantification of
underground waste forms with rapid coverage (acres
per day). This technology is also useful for post-
closure monitoring of waste sites and their associated
geology; furthermore, it has an industrially relevant
application as a “minimally intrusive” subsurface
exploration and geologic and hydrogeologic prop-
erty mapping tool. This tool uses the radio frequency
imaging method to obtain 2-D tomographic maps, as
well as 3-D combined images of the subsurfaces of
various waste sites. Images are obtained from bore-
hole-to-borehole (30 m deep with separations of 6 to
15 m) and surface-to-borehole configurations using
vertical, horizontal, and slant boreholes. The
tomographic data delineate the boundaries between
alluvial facies at the meter scale (e.g., zones of
granitic and limestone cobbles and variations in the
consolidation and grain size). Geologic variations
may control vertical and lateral contaminant migra-

tion at a given site. The method is sensitive to
variations in electrical conductivity and the dielectric
constant in the soil and rock at waste sites. Typical
western United States geologies have been studied,
thatarecomposedof alluvial sand, gravel, and cobbles
with small quantities of silts and clays. The waste
forms at these sites included acids, oils, solvents,
inorganic compounds, and other matter.

The most recent form of the cross borehole EM
imaging tool is called the RIM-II and uses radio
frequency (RF) signals that are either continuous
wave (CW) forms or pulsed wave (PW) forms. The
continuous wave form (15 MHz signal) has a greater
penetration depth than the time dependent wave
(broad band). Therefore, the CW can be used be-
tween wells that are spaced farther apart (15 m) with
aresolution of about 1 m. The pulsed wave must use
closer spaced wells (6 m), but has an improved
resolution (0.5 m). As the transmitted radio signal
propagates through rock and soil mass, the electrical
properties of the mass (e.g., conductivity and permit-
tivity) cause attenuation of the wave (decrease in
amplitude) along the path, and geometric and mass
properties of the subsur-
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Truck with Computers and 2 shift in the sinusoidal sig-
Moniwring Equipment nal. The RIM-II system
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/ inSoil tional Laboratories (SNL)
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phase of the far field com-
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Transmitter | i of the fact that the radial
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Figure 4.1a. Cross Borehole Electromagnetic Imaging.
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that this received data is mathematically interpreted
to give 2-D tomographic images is described in the
following paragraph. The pulsed wave technique is
similar to the continuous wave in physical concept
(attenuation, phase shift, etc.); however, the pulsed
signal is broadband and the data is analyzed with
respect to the time domain in contrast to the CW
method which analyzes with respect to the frequency
domain.

The imaging system (Figure 4.1a) consists of a
transmitter and a receiver. The receiver has a 2 in
diameter and is 6 to 12 ft long. The transmitter and
receiver are placed in separate boreholes and lowered
by fiber optic cables. The tomographic data is
collected in a series of ray paths (the path directions
resemble a fan). The ray path fan is a data set formed
at a fixed location of the transmitter. The transmitter
and receiver are lowered to a stationary location to
make a measurement, the receiver is then moved to
a different location in the borehole to make another
measurement (approximately 2.5 to 5 ft apart). The
receiver is again moved and the measurements are
made repeatedly until the ray path fan is completed.
Since the signals passing through a given cross-
section are received from several directions, the data
vectors can be manipulated to form a 2-D tomogram
using the Radon transform (essentially equivalent to
the Inverse Fourier integral transform). The resolu-
tion of the smallest object is roughly 0.05 times the
interwell spacing (1.5 ft for the CWL demonstra-
tion). From the repeated and overlapping measure-
ments of amplitude and phase-shift between
boreholes, the distribution of electrical conductivity
canbe reconstructed in anisopleth map of conductiv-
ity. The signal properties are sensitive to changes in
moisture content, permeability, and water chemistry
and will, therefore, characterize changes in the land-
fill system and the zone between landfill and the
water table. This tomographic method uses an RF
source but is, nevertheless, very similar to several x-
ray and gamma-ray imaging techniques known tothe
medical industry and other waste inspection tech-
nologies (see Waste Inspection Tomography).

There are several advantages to EM imaging: (1) it
is faster because it optimizes sampling; (2) it is better
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because it fills in the “gaps” between boreholes and
distinguishes between water soluble and organic
contamination; (3) it is cheaper because of mini-
mized drilling and sampling requirements; and, (4) it
is safer asit does not require radioactive sources. The
main challenge is how to perform and present the
combination of 2-D images in the form a of 3-D
image of a given waste site.

TECHNICAL PERFORMANCE

This technology requires only two people to operate.
It can be used to generate three borehole-to-borehole
images per day in 100 ft deep boreholes. One
borehole-to-surface image can be obtained per day.
This technology is sensitive to or adversely effected
by stray electrical noise at somesites. Thereisasmall
amount of waste produced when the tool is decon-
taminated after withdrawal from the borehole. The
typical application is in a 9 to 10 inch diameter
borehole lined with the inflatable SEAMIST mem-
brane.

Demonstrations. The Chemical Waste Landfill
(CWL) at SNL was imaged in 1992 using borehole-
to-borehole methods. During 1993, borehole-to-
surface surveys were also completed of the “1960s”
waste disposal pits at the CWL. These surveys
delineated conductivity isopleths with three foot
resolution when applied to the chromic acid plume
and subsurface geology at the unlined chromic acid
pit. The technology was also successful in mapping
a series of trenches at the “60s Pits”. Figure 4.1b is
a sample of the images obtained in a borehole-to-
surface tomogram taken through a vertical plane
above the northern slant at the “60s Pits”.

In 1992 and 1993, borehole-to-borehole imaging of
the Unlined Chromic Acid Pit (UCAP) at SNL using
the three UCAP wells was conducted. Although
buried objects were not present in the UCAP, the
methods indicate that soil units can be detected that
have 0.5 msize consistent with DOE required perfor-
mance criteria. The EM imaging method has delin-
eated soil units which correlate to units interpreted
from soil sampling in the UCAP boreholes. It is
concluded that the characterization of environmen-
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tally relevant geological and hydrogeological fea- During 1994, a 400 ft long borehole-to-surface
tures relevant to the remediation effort can be eluci-  tomographic survey of the Kirtland Airforce Base
dated, including the delineation of clay and low radioactive burial site, RB-11, was completed. The
permeability zones, fracture zones, and changes in  survey defined numerous disposal trenches and bur-
moisture content and porosity. The EM method  ied objects. The survey also detected a storm-caused
appears to have detected portions of the plume be-  infiltration event.

neath the disposal pit. The boundaries between the

soil units or facies as defined by the image appearto  Cost.  The estimated start-up costs for an EM

control the distribution of chromium at the site. Imaging system are $300K, in part to purchase the
field receivers, transmitter cabling, hoist, and van.
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Operations and maintenance costs are approximately
$5K/day, which includes mobilization, equipment
and manpower, for approximately 3 borehole-to-
borehole images.

PROJECTED PERFORMANCE

The technology is commercially available; there-
fore, this section is not applicable.

APPLICABILITY

The targeted contaminants are metals, acids, aqueous
plumes, and DNAPLs in arid soils and rock geolo-

gies.
STATUS

This technology commercially available through
Physical Sciences Laboratory, New Mexico State
University, and Raytheon Nevada.

REGULATORY CONSIDERATIONS

Regulators are aware of this technology. Specific
requirements have not been defined.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include geologic
and hydrogeologic exploration for natural resource
identification or enhanced recovery.

BASELINE TECHNOLOGY

The major competitor to this technology is High
Resolution Seismic Imaging.

INTELLECTUAL PROPERTY

The commercial rights have been purchased by
Physical Sciences Laboratory of New Mexico State
University. The patent for this technology is owned
by Raton Technology Research.

58

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

David J. Borns

Geophysics Dept.

Org. 6116/MS-0750

Sandia National Laboratories
Albuquerque, NM 87187-0750

(505) 844-7333; (505) 844-7354 FAX

DOE Program Manager
Skip Chamberlain

U. S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Industrial Partners
RIMTech/STOLAR
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CROSSHOLE SEISMIC IMAGING

DESCRIPTION

The objective of this technology is to measure the
distribution of seismic wave velocity and attenuation
inthe ground. Seismic velocity depends on porosity,
mechanical compressibility, shear strength, fracture
content, density, fluid saturation, and clay content.
The proper interpretation of the measured variables
(seismic wave speed, direction, and attenuation) can
be used to infer the geologic properties of the subsur-
face of a waste site on a volumetric scale. The most
important use of seismic methods is mapping inter-
faces between materials of different velocities and
providing high resolution images of the location of
the main flow channels and soil types. The power of
crosshole seismic tomography for petroleum reser-
voir characterization is now recognized, and will be
equally important in hazardous waste site character-
ization. The key advances of this technology over
standard mineral and petroleumengineeringcrosshole
seismic imaging are listed below.

*  Use of both compression (P-wave) and shear
(S-wave) components of the seismic wave ten-
sor to derive additional directional impedance
information related to the subsurface geologic
anisotropy.

Useofhigherfrequency signals (1,000to0 10,000
Hz) to obtain better resolution, on the order of 1
m compared to baseline 400 Hz signals having
resolutions of 3 m or worse.

Use of air injection to highlight fractures by
effecting a velocity change in an otherwise
saturated subsurface.

Application of "stiffness theory" to elucidate
very thin discontinuities, less than 1/4 wave

length.
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Application of innovative coupling and source
clamping techniques to conduct seismic imag-
ing at arid sites with dry and fragile borehole
geologies.

The success of using seismic wave propagation as a
monitoring tool will depend on the resolution obtain-
able. One usually thinks of the resolution of the
seismic method in terms of 1/4 to 1/2 wavelengths.
For frequencies of 1,000to0 2,000 Hz this translates to
a maximum resolution of 0.5 to 1.0 m. However,
recent theoretical and laboratory work shows that a
single discontinuity (bedding boundary, lens struc-
ture, etc.) can significantly affect the propagation of
seismic waves with wavelengths much larger than
the discontinuity width. This is caused by slippage
across the discontinuity or along the discontinuity as
a seismic wave passes through it. These effects
would be apparent in energy shift from P-wave to S-
wave components of the seismic wave tensor. It is
not so much the width of the feature that affects the
seismic wave as it is the "stiffness" or compliance of
the feature. The implication of this "stiffness theory"
is that very thin discontinuities can have significant
effect upon the propagation of an elastic wave.
According to the stiffness theory, the lateral extent is
still important, but the thickness of the features canbe
much less than the seismic wavelength.

Animportant element in characterizing fluid plumes
is the in situ measurement of soil saturation. Soil
saturation can be inferred from high resolution mea-
surements of the seismic compressional (P) and
shear (S) wave velocities. Consequently, portions of
this work have focussed on the development of
advanced seismic sources capable of high-frequency
shear wave generation. A critical element of any S-
wave source is the clamping mechanism in the
borehole. A second method is the rotary source
developed by Conoco, Inc., that relies on water
coupling to the borehole. The SEAMIST™ (see



profile featuring SEAMIST™ ) membrane borehole
liner is also applied in this case to fill the borehole
with fluid. The fluid may also be a "stiffer” (lower
seismic impedance) gel material for improved seis-
mic wave coupling. The SEAMIST™ technology
can be used to clamp a string of receivers against a
borehole wall.

TECHNICAL PERFORMANCE

High resolution (1,000 to 10,000 Hz) crosswell and
single-well seismic surveys were performed in a
shallow (25 to 40 m depth), saturated, fractured
limestone sequence at Conoco's borehole test facility
near Newkirk, Oklahoma. The objective was to
develop seismic methods for imaging naturally frac-
tured gas reservoirs. Crosswell surveys were per-
formed before and after an air injection, that was
intended to displace water from a fracture zone to
increase the acoustic visibility of any fractures and to
confirm previous hydrologic tracer test data that
indicated a preferred pathway. The results indicated
that the air did follow a preferred pathway. In
addition, single-well seismic imaging also detected
the fracture zone in a location consistent with the
crosswell and hydrologic inversion results. An ex-
ample of the imaging capabilities is presented in
Figure 4.2 (the original image is in color with bright-
ness colors representing largest amplitude of the
signal).

Cost. Table4.2showscostestimates for tomographic
imaging based on a single well pair.

Table 4.2. Tomographic imaging cost estimates based
on a single well pair.

Depth Scale Data Data
(meters) Acquisition Processing

($) (%)

1-10 $5,000 $10,000

10-50 $10,000 $15,000

50-100 $20,000 $20,000

100-200 $25,000 $25,000

PROJECTED PERFORMANCE

Field and modeling studies have shown that such
features as anisotropy, fluid content, and heterogene-
ity have a measurable effect on the propagation of
seismic waves. It appears possible to use shear wave
anisotropy and 3-D combination of tomographs to
map the orientation, density, and spacing of these
featuresin the field. Hence, the technology would be
able to give the hydrologist/reservoir engineeruseful
information on the fluid flow regime. A few percent
change in properties produces effects that are easily
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Figure 4.2. Example quantitative tomograph of a fracture. Field Test: Conoco's Newkirk, Oklahoma,
Borehole Test Facility. The wave travel time is related to

distance.



detectable. These seismic methods would be particu-
larly informative if used in conjunction with electri-
cal methods.

APPLICABILITY

This technology is applicable to characterization of
subsurface geologies usingboreholes atboth arid and
non-arid sites. This technology is mainly concerned
with charting or correlating geologic features with
seismic velocity tensor data (S- and P-waves). In
addition to describing structure and anisotropy con-
tent, the technology also relates the seismic response
of arock mass to the hydrologic response. The idea
is to tomographically map the variation in the P- and
S-wave properties and relate the resulting anomalies
to the actual density, orientation, and spacing of
lithologic features. In addition to site characteriza-
tion, a significant application of geophysical meth-
ods may be in performance assessment and in
monitoring a repository with passive (or, if needed,
active) seismology.

STATUS

This technology was field tested. Discussions are
regarding transferring this technology to industry
through SEA, Inc., are being conducted.

REGULATORY CONSIDERATIONS

The regulatory considerations pertinent to the drill-
ing, completion, and maintenance of boreholes are
applicable.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is applicable to subsurface explora-
tion of petroleum, gas, mineral, and geothermal
resources.
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BASELINE TECHNOLOGY

The baseline technology is seismic characterization
without tomography and without S-wave character
inseismic analysis. The baseline was widely applied
in the oil and gas industry and also other mineral
explorations that have less demanding resolution
requirements (approximately 8 m).

INTELLECTUAL PROPERTY
There are no patents for this technology.

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigator
Ernest Majer

Lawrence Berkeley Laboratory
University of California

1 Cyclotron Rd.

Berkeley, CA 94720
(510) 486-6709; (510) 486-5686 FAX

DOE Program Manager
Skip Chamberlain

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Industrial Partners

Conoco, Inc.
Newkirk, Oklahoma

Amoco

Science and Engineering Associates, Inc.
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ELECTRICAL RESISTANCE TOMOGRAPHY

DESCRIPTION

Electrical Resistance Tomography (ERT) is used to
create2-Dor 3-D visualizations of insitu remediation
processes such as air stripping, bioremediation, and
subsurface heating. No alternative methods are
currently available to image the fluid saturation
distributions intrue 2-D and 3-D cross-sections of the
subsurface.

ERT employs buried electrodes to measure the po-
tential distribution induced from applied electrical
current. For the work reported here, arrays of elec-
trodes were buried in two boreholes with some pairs
acting as current-source electric dipoles and other
pairs acting as potential-measuring dipoles (Figure
4.3). Several boreholes can also be used to produce
a 3-D subsurface image.

Planeto
beimaged

Figure 4.3. Schematic diagram showing the data
collection approach for ERT measurements,
where:

I = source current

S = current measurement

V = voltage.
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The electrodes in each borehole are grouted in place
to give quality electrical contact with the formation.
Current is driven through the formation from one
electrode pair, and the potential difference is mea-
sured between other electrode pairs (termed an elec-
trode dipole) in the electrode array. The procedure is
repeated for many combinations of source and re-
ceiver electrode dipoles. The data collection process
can be automated because there are no probes to
move within the boreholes (in contrast to other
logging techniques).

Calculating the distribution of resistivity in the vicin-
ity of the boreholes based on the measured transfer
resistances is a highly nonlinear problem. The non-
linearity results because the current paths are depen-
dentontheresistivity distribution. The ERT inversion
process involves solving both the forward and in-
verse problems. The solution to the forward problem
uses the finite element method to compute the poten-
tial electrical response in the soil due to the current
source. Thereverse problem is solved by aniterative
inversion routine to approximate the resistivity dis-
tribution. The final product ofthe processis animage
(tomograph) showing the distribution of resistivity in
the plane between the two boreholes. By intercon-
necting a network of boreholes, a 3-D representation
of the area being investigated can be developed. By
analyzing the resistivity images before, during, and
after a remediation process, useful 3-D subsurface
images (e.g., as of saturation) can be inferred.

The inputs for this technology are switched-polarity,
D.C.electriccurrents that are injected into the forma-
tion to measure electrical resistivity. Voltage used
depends primarily on the electrical properties of the
formation. The voltage used may be as low as 24 V
orashighas200V. Theoutputs of the datacollection
process are measurements of resistance.




TECHNICAL PERFORMANCE

General. The data acquisition rate is sufficiently
rapid for detailed measurement of large subsurface
regions in reasonable amounts of time. Forexample,
at the Savannah River Project, one cross-borehole
dataset could be obtained in approximately one hour.
ERT is advanced enough to monitor remedial pro-
cesses in almost real-time; at present the tomograph
images are available for inspection a few hours after
the data are collected. The sensors are cheap and
robust—pieces of stainless steel buried in the ground
to depths of hundreds of feet. Sensors can be placed
in boreholes (alternatively they can be pushed into
the ground, thereby reducing the need for drilling)
and/or at the ground surface. True 3-D imaging is
possible—not just a series of 2-D planes.

The data acquisition system is computer-controlled
and can be operated by personnel with minimal
training. Operation requires a technician to interact
with the data collection system on a periodic basis to
start the automatic program that performs data col-
lection and to connect electrodes in other boreholes
to the acquisition systems. Further development of
the data collection system will allow unattended data
collection and unattended connect/disconnect of elec-
trodes in other boreholes. The data inversion algo-
rithms need to be operated by professionals (such as
engineers and physicists) proficient in the use of
complex mathematical algorithms. The electrodes
used are generally permanently grouted within the
boreholes. These stainless-steel electrodes and at-
tached wires can be left in the ground without harm
to the environment. If electrodes are placed in
radioactive soil or along a contaminated ground
surface, they may need to be decontaminated upon
removal.

Data inversions require the use of fast engineering
workstations, whereas workstations are generaily
not needed to analyze well-logging data. Data col-
lection times are longer than for the baseline technol-
ogy (well logging) because more data are required.
Finally, the results are relatively more sensitive to the
presence of data noise than the baseline technology.

Several field experiments were conducted to inves-
tigate the capabilities and limitations of ERT.

Monitoring Field Processes. The technology was
successfully used at the Dynamic Underground
Stripping Project at Lawrence Livermore National
Laboratory (ILLNL) during FY 1991-1992. The
objective was to evaluate the ability of the technol-
ogy to map the penetration of the steam flood as a
function of space and time. Measurements were
made during a four-week period (before and during
steam injection). Twelve vertical planes were moni-
tored during the test. Data from nine planes are
considered reliable; three of the planes yielded unre-
liable data, which resulted in tomographs that are
very different from all others obtained at the site and
do not match lithologic columns or induction-well
logs obtained in the same wells. These results were
probably caused by loss of insulation on the wires
connecting these electrodes to the ground surface.

ERT was also used at LLNL to monitor and evaluate
subsurface-heating technologies such as six-phase
electrical heating and in-situ radio-frequency heat-
ing.

ERT was also used to monitor the in situ radio-
frequency heating process used for the remediation
of volatile organic compounds from subsurface wa-
ter and soil at the Savannah River Site near Aiken,
South Carolina. A dipole antenna located in a
horizontal well in the unsaturated zone was used to
heat a contaminated clay layer. The heat-induced
changes were tomographically imaged by their
effects on the formation's electrical resistivity.

Leak Detection at the Hanford Reservation. Field
experiments were performed under a 50 ft diameter
steel tank mockup located at the Hanford Reserva-
tion (200 East Area). Two brine release experiments
were conducted. About 1,000 gal of saline were
released along a portion of the tank's edge and
another 1,000 gal were later released near the tank's
center. The solution was a 0.08 molar sodium
chloride solution (much more dilute than typical tank
liquids). The release rate averaged about 7 gal/hr for
each leak. ERT images were made before, during,



and aftereach brinerelease ineach of eight horizontal
planes beneath the tank. The image planes were
arranged to provide a series of detailed images at
many levels which, when assembled together, gave
an overall view of the plume formed beneath the tank
during the releases.

2-D tomographs collected during the side release
experiment showed what areas of the image changed
as a result of the brine spill. The changes observed
increased in magnitude as the time and spill volume
increased. Electrical noise measurements made dur-
ing the test were used to calculate images that showed
the magnitude of changes expected from measure-
ment error. The measurements were then compared
to resistivity changes observed during the release.
Because the resistivity changes observed were sub-
stantially bigger than the changes expected from
measurementerror,itwas concludedthatthe changes
observed were caused by the brine release and not an
unrelated phenomena such as measurement errors.

3-D images showing resistivity changes were also
collected. Inthis case, the data were used to calculate
resistivity changes within a block underneath the
tank (instead of a series of 2-D slices). The 3-D
images provide a better view of the changes caused
by theleak because the flowregimeis truly 3-D; there
is no need for interpolation between adjacent 2-D
slices. However, the 3-D images take longer to
calculate (2 to 3 days per block) than the 2-D images
(10 minutes per slice). The 2-D and 3-D images were
generally in agreement.

ERT successfully detected the brine releases from
both leak locations. The location, magnitude, and
time behavior of the anomaly observed during the
brine spill support the hypothesis that the anomaly
was caused by the leakage and not by unrelated
phenomena.

Cost. The hardware costs for data acquisition are
approximately $50K. The cost for an engineering
workstation to perform data inversions ranges be-
tween $10K and $20K. The costoflicensing the data
inversion algorithmis negotiated by the DOE and the
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interested party. The life-cycle costs will depend on
several factors, including the application of interest,
frequency of use, degree of resolution desired, and
flexibility to install electrodes in boreholes used for
other types of measurements.

ERT tomographs used in conjunction with core
sample information and well logging can be used to
spatially extend borehole information much beyond
the immediate vicinity of the boreholes. When used
in this manner, ERT can reduce borehole drilling
costsby atleast 50%. Thisestimate includes thecosts
of obtaining and collecting ERT data. The analysis
conservatively assumes that the unprecedented level
of detail offered by ERT could be obtained from the
conventional technology by drilling a few additional
boreholes and interpolating/extrapolating the infor-
mation beyond the borehole walls.

Time. It takes approximately two hours to install
electrodes in each borehole. Data collection times
generally range between 40 minutes and 2 hours per
measurement plane; this time depends on the number
of electrodes installed in each borehole. Data-pro-
cessing times generally range from 20 minutes to
several hours on a modern engineering work station;
this time depends on several factors, including the
area of the measurement plane being sampled, the
number of measurements collected, and the presence
of data noise.

PROJECTED PERFORMANCE

A test version 3-D ERT code was written that incor-
porates anew version of the forward solver, which is
designed to be more accurate and faster than the
current solver.

APPLICABILITY

ERT can be used to monitor the progress of subsur-
face environmental clean-up processes (e.g., air in-
jection, steam injection, water flush, and
radio-frequency and low-frequency heating) so that
the processes can be adjusted and optimized in



almost real time. ERT can also be used to map the
movement of liquids in the subsurface; thus it can
verify the emplacement and performance of surface
and subsurface barriers such as grout curtains. Itcan
also be used to detect leakage from holding tanks and
liquid-waste ponds.

STATUS

The technology is near full development. The 2-
1/2-D inversion algorithm was tested in several field
demonstrations and is available for licensing. A
prototype 3-D data inversion algorithm is available,
but is being evaluated. An experiment will be
conducted to image nonaqueous phase liquids at the
Oregon Graduate Institute LEAP tank. The experi-
ment will consist of releasing a DNAPL into a water-
saturated sandy loam that has two low permeability
clay layers to impede downward movement. ERT
images will be made of both resistivity and
chargability.

REGULATORY CONSIDERATIONS

Currently, the U.S.Environmental Protection Agency
has no system for certifying sensor technology for
site characterization or monitoring. Potential worker
health and safety hazards are associated with electri-
cal, physical, and chemical hazards of electrode
installation. A potential exists for worker exposure
to contarninant venting from the well head during
electrode emplacement.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include subsur-
face geologic mapping for mining and petroleum
industries. It is commercially applicable for the
environmental applications discussed previously,
such as monitoring soil heating, soil moisture during
steam or gas injection/vacuum extraction, and aqui-
fer perturbations during remediation activities. The
technology is also applicable to the medical industry
for tomographical imaging for various diagnostic

techniques. It can also be used for nondestructive
evaluation of large-scale structures such as dams.

BASELINE TECHNOLOGY

The baseline logging technology is measurement of
fluid saturation along boreholes performed with any
well established geophysical well-logging technique
(e.g., neutron and resistivity logs). Atleast twice the
number of boreholes at a closer spacing would be
required to be able to observe the same level of detail.
ERT directly measures a formation’s electrical prop-
erties between boreholes using mathematical data
reduction techniques; therefore, the tomographical
method produces true 2-D and 3-D images. The
conventional method of geophysical well logging
requires that the measured values be interpolated
between the boreholes. The ERT technology is
ideally suited for field operations requiring minimal
field personnel because, once the electrodes are
installed, the data collection system can be designed
to run automatically with minimal personnel inter-
vention. In contrast, conventional well logging
requires field personnel intervention since a physical
probe must be moved vertically within aborehole for
those techniques.

INTELLECTUAL PROPERTY

Several disclosures have been submitted on various
applications of this technology. Two patents have
been awarded. Three patents are in application. The
basic ERT technology was transferred to RIMTech
of Denver, Colorado, through a Cooperative Re-
search and Demonstration Agreement. Several other
companies are negotiating with LLNL to obtain
rights to use the technology and to cooperate in
further development.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282



Principal Investigators

William Daily

Lawrence Livermore National Laboratory
P.O. Box 808, L-156

Livermore, CA 94551

(510) 422-8623; (510) 422-3013 FAX

Abelardo L. Ramirez

Lawrence Livermore National Laboratory
P.O. Box 808, L-206

Livermore, CA 94551

(510) 422-6909; (510) 422-3118 FAX

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672

University Partners
Douglas LaBrecque

The University of Arizona
Tucson, AZ

Andrew Binley
University of Lancaster
Lancaster, England

REFERENCES

L.

DOE ProTech Database, “Technology Infor-
mation Profile (rev. 2) for ProTech,” Technol-
ogy Name: Electrical Resistance Tomography,
TTP Reference No.: SF-221102, Information
last revised July 15, 1993.

Daily, W., A. Ramirez, D. LaBrecque, and J.
Nitao, "Electrical Resistivity Tomography of
Vadose Water Movement,” Water Resources
Research, Vol. 28, No. 5, 1992, pp. 1429-1442,

67

Ramirez, A., W. Daily, K. LaBrecque, E. Owen
and D. Chesnut, "Monitoring an Underground
Steam Injection Process Using Electrical Resis-
tance Tomography," Lawrence Livermore Na-
tional Laboratory, Water Resources Research,
Vol. 29, No. 1, 1993.

Ramirez, A.L., and W.D. Daily, Monitoring

Radio-Frequency Heating of Contaminated Soils

Using Electrical Resistance Tomography,
Lawrence Livermore National Laboratory,

Livermore, CA,UCRL-ID-115373, September
1993.



68



HYDROLOGIC SENSORS FOR THE CONE PENETROMETER
SYSTEM

DESCRIPTION

Sensors which will allow real-time, continuous mea-
surement of hydrogeologic parameters for use in
contaminant transport modeling and risk assess-
ments have been developed. The sensors are de-
ployed in a cone penetrometer system composed of
apush-rod assembly with down-hole sensors which,
by the weight of the delivery vehicle, hydraulically
pushes the push-rods into the subsurface for a mini-
mally intrusive characterization hole (see profile
titted "Heavy Weight Cone Penetrometer").

The sensor packages measure volumetric moisture
content and unsaturated zone pore pressure with the
cone penetrometer system. The moisture content
sensoris based onelectromagnetic pulsed wave form
analysis techniques. The capillary pore pressure
sensor is based on porous-polymer fiber-optic mea-
surement techniques.

Moisture Content Probe. The moisture content
sensor employs an electromagnetic pulse technique
called Time Domain Reflectometry (TDR). TDR
measurement of volumetricmoisture contentis based
on the significant difference between the dielectric
constant of soil and that of water. As the moisture
content of the soil increases, the dielectric constant of
the soil will increase. Dielectric constants are tradi-
tionally determined by measuring the transit time of
an electromagnetic pulse propagating along parallel
wave guides placed in the soil.

In order to adapt the TDR technique to a cone
penetrometerapplication, the configuration of dipole
elements was optimized to enhance the signal re-
sponse of the electromagnetic wave pulse and to
maximize the radius of influence on the probe. The
radius of influence was determined in the laboratory.
The majority of the electromagnetic response occurs
within the first several centimeters about the probe

assembly, with the radius of influence at approxi-

~mately 10 cm.
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Capillary Pore Pressure Probe. Soil-water potential
or capillary pore pressure is a measure of the tenacity
withwhich waterisheld by a soil matrix. A new fiber
optic approach developed by Sandia National Labo-
ratories (SNL) in cooperation with Geo-Centers,
Inc., measures relative humidity (RH) without dew
point estimates or temperature compensation meth-
ods. The fiber-optic pore pressure sensor uses a
porous-polymer sensing element that includes a
chemical sensitive material that changes color as a
function of relative humidity (RH). The probe is
calibrated to measure RH at very high sensitivities,
between 98% and 100% RH, from which pore pres-
sure is calculated.

TECHNICAL PERFORMANCE

The TDR moisture content probe and the fiber optic
pore pressure probe were demonstrated and tested in
two separate field trials as follows.

First Field Trial. The first field trial occurred at the
AppliedResearch Associates' (ARA) cone penetrom-
eter manufacturing facility in South Royalton, Ver-
mont, in October 1994. The objectives were to: (1)
test SNL hardware interfaces with test software
developed for dataacquisition from the TDR and RH
probes, (2) test SNL hardware interfaces with ARA
systems, (3) test the cone penetrometer TDR and RH
probes in situ, (4) assess feasible data sampling rates
and sampling efficiency, and (5) monitor for un-
wanted electrical energy (noise) interfering with
measurements and eliminate it if found. Testing was
performed at South Royalton so that any unforeseen
technical difficulties could be corrected at the ARA
laboratory before mobilizing the cone penetrometer
rig SNL. Results of testing and calibration work were
good, and no significant changes to the design or



operation of the two probe configurations were re-
quired. However, the RH probe was not ideally
suited to the moist soils in Vermont (as anticipated);
it is more suitable to the drier soils of the southwest.
In addition, the probe configuration selected for
delivery of the RH sensor was a porous screen
housing prone to plugging when pushed through
fine-grained clayey soils.

Second Field Trial. The second field trial was
performed at SNL in Albuquerque, New Mexico
during November 1994. Most of the cone penetrom-
eter pushes were done at a site where water had
infiltrated several days before the testing. The site
was chosen for contrasting moisture contents antici-
pated as a result of the infiltration and redistribution
of the infiltration experiment. Approximately 75
meters of hole were pushed during the four day field
trial, with each push between 18 and 14 meters in
depth. Strong geological influences were apparent,
controlling the movement and distribution of water.
It was also apparent from the cone penetrometer
results that finer scale features that affect the move-
ment of water in a given geologic unit were evi-
denced by moisture movements, even though the
lithology predicted from the geotechnical sensors
suggested homogeneity.

PROJECTED PERFORMANCE

Although the RH sensors responded quickly in the
laboratory, redesign is necessary to make the housing
more suitable for "real-time" cone penetrometer
applications.

Future work on these sensor packages may include
adding other chemical-specific probes in the same
fiber-optic assembly, coupling the TDR moisture
probe to other chemical sensors that may require
compensation for moisture effects (e.g., Laser In-
duced Fluorescence techniques), andintegrating other
hydrogeologic sensors (e.g., permeability or flow
probes).
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APPLICABILITY

The real-time sensor packages engineered into the
cone penetrometer technology are applicable to mea-
suring moisture content and pore pressure in subsur-
face environments for use in contaminant transport
modeling, risk assessments, and remediation optimi-
zation (e.g., soil venting and bioremediation strate-
gies). In addition, the moisture sensor may become
a desired sensor for lithologic interpretations.

STATUS

The two probes have been prototyped, lab tested, and
twice field tested. No major design changes are
necessary for deployment to standard practice. The
TDR moisture probe exceeded performance expec-.
tations. Because of the longer equilibrium times, the
capillary pore pressure probe is better suited for
longer monitoring measurements thanreal-time mea-
surements. Technology transfer initiatives are un-
derway to commercialize/license the technology. A
transfer of the TDR moisture probe to the U.S. Navy
cone penetrometer group is also being investigated.

A report detailing the field trials discussed earlier is
scheduled to be completed by September 1995.

REGULATORY CONSIDERATIONS

Use of the cone penetrometer system requires com-
pliance with regulations concerning subsurface ac-
cess and characterization by well drilling.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is applicable to any environmental
characterization project requiring subsurface mois-
ture or pore pressure data for transport modeling, risk
assessments, or optimization of remediation strate-

gies.



BASELINE TECHNOLOGY

Conventional measurements of soil moisture con-
tent are performed using laboratory methods (i.e.,
oven drying) and field methods (i.e., neutron probe).
The conventional approach to measuring capillary
pore pressure in dry soils is a thermocouple psy-
chrometer, which actually measures dew points and
temperature to calculate relative humidity, which in
turn is used to calculate pore pressure.

INTELLECTUAL PROPERTY

The sensors are being reviewed for patent/copyright
protection. Geo-Centers, Inc., developed the pat-
ented/proprietary fiber-optic sensor package.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Robert Knowlton

Sandia National Laboratories
P.O. Box 5800, MS-0715
Albuquerque, NM 87185-0715
(505) 844-8533; (505) 844-9449

DOE Projects Manager, CMST-CP
Eric Lightner

U.S. Department of Energy

Cloverleaf Building

19901 Germantown Road

Germantown, MD 20874-1290

(301) 903-7935

Industrial Partners

Bruce Nelson

Geo-Centers, Inc.

Seven Walls Avenue

Newton Center, MA 02159

(617) 964-7070, FAX (617) 597-7592

Wes Bratton

Applied Research Associates, Inc.
RR#1, Box 120-A, Waterman Road
South Royalton, VT 05068

(802) 763-8348; (802) 763-8283 FAX
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IN SITU PERMEABLE FLOW SENSOR

DESCRIPTION

Groundwater flow is perhaps the most important
mechanism for the dispersal of many types of toxic
contaminants once they have been released into the
subsurface. Accurate information about the ground-
water flow is critical to the characterization of con-
taminated sites, the monitoring of remediation
activities, and the monitoring of post-closure perfor-
mance of remediated sites. In situ permeable flow
sensors can measure the full three-dimensional
groundwater flow-velocity vector at a point in a
saturated, permeable, unconsolidated medium using
only onehole. Insitu permeable flow sensors require
only very crude estimates of the hydraulic conductiv-
ity; thus, they eliminate costly testing to determine
hydraulic conductivity. The flow sensors measure
the velocity characteristic of a very small volume of
material, on the orderof 1 m3. The sensorsare simple
toinstall and can be monitored remotely forextended
periods of time without requiring personnel in the
field. Use of this technology at a site does not

preclude using any other technology at the same time
or at some future date. Figure 4.5 is a schematic of
the In Situ Permeable Flow Sensor.

A thin cylindrical heater is buried vertically in the
ground, at the point where the groundwater flow
velocity is to be measured. If the heat flux out of the
cylinder is uniform over the surface of the cylinder,
then the temperature distribution on the surface of the
cylinder will vary as a function of the direction and
magnitude of the groundwater flow velocity past the
cylinder. In the absence of any flow past the device,
the temperature on the surface of the probe will be
independent of the azimuth and symmetric about the
vertical midpoint of the probe. The vertical midpoint
will be warmer than the ends of the probe because
heat transfer away from the ends of a finite length
cylinder is more efficient than from the midsection of
the cylinder. Groundwater flow past the device
perturbs the surface temperature distribution, with
the pattern and magnitude of the temperature varia-
tions reflecting the direction and magnitude of the

groundwater flow. Rela-
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Figure 4.5. Schematic of the In Situ Permeable Flow Sensor.

will be skewed in the direc-
tionofthe flow. The surface



of the downstream end of the probe will be warmer
than the upstream end. If the flow velocity has a
significant horizontal component, the surface tem-
perature distribution will not be independent of the
azimuth, but will vary approximately as the cosine of
the azimuth, with the downstream side of the probe
being warmer than the upstream side. The magni-
tude and direction of the three-dimensional flow
velocity are determined from the magnitude and the
pattern of the temperature variations on the surface of
the probe, respectively.

Electric power, either from line power or a generator,
is required. For remote monitoring, access to a
telephone line or cellular phone service is also desir-
able (data transfer by radio frequency transmission is
presumably possible).

TECHNICAL PERFORMANCE

The way in which probes are fabricated and deployed
in the ground is critical to obtaining a valid measure-
ment. The current strategy involves constructing
very simple, inexpensive probes that can be perma-
nently buried in saturated, unconsolidated sediments.
Each probe consists of a rod of low thermal conduc-
tivity, closed cell, polyurethane foam, 30inches long
by 2 inches in diameter, surrounded by a thin film,
flex circuit heater, an array of 30 degree, carefully
calibrated thermistors and a waterproof jacket. The
design seeks to achieve a high uniformity heat flux
from the probe and sufficient temperature sensors to
adequately characterize the temperature distribution
on its surface. The thermistors are calibrated such
that the temperature differences between sensors are
accurate to within +0.01°C.

The in situ permeable flow sensor can measure
groundwater flow velocities in the range of approxi-
mately 0.01 to 3 ft/d depending on the thermal
properties of the formation.

Failure occurs when the waterproof coatings ulti-
mately leak, allowing water into the probe where it
shorts out the electronics. Failure of the probe does
not present any serious consequences other than the
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fact that useful flow-velocity measurements will no
longer be available.

The sensor measures the velocity at essentially a
point. Sometimes the average velocity over a wider
areais desirable. The standard technique measures a
velocity thatis an average of the velocity overamuch
broaderregion, one whose dimensions are character-
ized by the separation of the boreholes.

Field Tests. Field tests conducted at the Savannah
River Site (SRS) assessed the accuracy of the tech-
nology by directly comparing flow velocity mea-
surements obtained with the flow sensorsto velocities
estimated using standard hydrologictechniques. Two
flow sensors were deployed in a confined aquifer.
The well was subsequently pumped at four different
pumping rates (3,6, 9, and 15 gpm). As predicted by
theoretical considerations, the magnitude of the hori-
zontal component increased linearly with pumping
rate. Results of the tests indicated that the technology
is capable of measuring groundwater flow velocities
as low as a few hundredths of a foot per day in
saturated, unconsolidated geologic materials and the
probes are simple to install and monitor. Inaddition,
data from a number of probes at the same site can be
collected and sent via modem to computers at a
remote site. After installation the system can be
operated remotely for extended periods of time with
only occasional maintenance.

Flow Velocity Measurements. In July 1994, an in
situ permeable flow sensor was deployed within a
sand-filled conduit in a salt dome directly beneath a
sinkhole that was discovered above a Strategic Petro-
leurn Reserve storage facility at Weeks Island, Loui-
siana, in 1992. The flow sensor measured substantial
groundwater flow directed vertically downward into
the saltdome. The data obtained with the flow sensor
provided critical evidence that was instrumental in
assessing the significance of the sinkhole in terms of
the integrity of the oil storage facility.

Cost. Each flow sensor is estimated to cost between
$2.5K and $3K. In remote-monitoring applications,
approximately one-tenth of a person’s time is re-
quired to collect and analyze the data.



PROJECTED PERFORMANCE

In future deployments the challenge will be to find
ways to install the probes so that disturbance of the
hydrologic and thermal properties of the medium is
minimized. Alternative drilling methods such as
cone penetrometer emplacement, and more careful
well completion (i.e., grouting the hole above the
flow sensor) will be considered.

APPLICABILITY

This technology is specifically used for obtaining
groundwater flow-velocity information at contami-
nated sites.

STATUS

Virtually all of the components for the sensors and
the data acquisition system are available commer-
cially. The system was successfully demonstrated
and the technology is licensed to SIE, Inc. of Ft.
Worth, Texas for commercialization. Systems are
available for purchase.

REGULATORY CONSIDERATIONS

Compliance withthe Occupational Safety and Health
Administration regulations is required for hazard-
ous-waste operations and protection of workers from
electrical power. In addition, permits may be re-
quired for drilling at contaminated sites.

POTENTIAL COMMERCIAL
APPLICATIONS

The in situ permeable flow sensor can be useful ata
wide variety of sites and with several different
remediation processes. They can be used at any site
where information on groundwater flow velocity is
necessary. Such information is critical to the charac-
terization of waste sites, the monitoring of remediation
activities, and the monitoring of post-closure perfor-
mance of remediated sites.

BASELINE TECHNOLOGY

The baseline technology uses hydraulic head gradi-
ents and hydraulic conductivities in boreholes to
determine flow velocity. Three holes are required for
a measurement using this technique, in comparison

"to only one hole with the in situ permeable flow
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sensor. Information about the hydraulic conductiv-
ity of the medium is required in the standard tech-
nique. Thisis generally determined using apumptest
in which large quantities of water are pumped from
the well. At contaminated sites, disposal of this
water can be difficult and expensive. The flow
sensors measure the velocity characteristic of a very
small volume of material, on the order of 1 m3. The
standard technique measures a velocity that is an
average of the velocity over a much broader region,
one whose dimensions are characterized by the sepa-
ration of the boreholes.

INTELLECTUAL PROPERTY

This technology is in the public domain. Sandia
National Laboratories has applied for copyrights on
engineering drawings and on the software that inter-
prets flow-sensor data.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Sanford Ballard

Sandia National Laboratories

P. O.Box 5800, Org. 6116
Albuquerque, NM 87185-5800

(505) 844-6293; (505) 844-7354 FAX
email: sballar@sandia.gov



DOE Program Manager
Kurt Gerdes

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7289

Industrial Partner

Jim Gibson

SIE, Inc.

7450 Winscott Road

Ft. Worth, Texas 76126

(817) 249-7200; (817) 249-7222 FAX
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MAGNETOMETER TOWED ARRAY

DESCRIPTION

The Magnetometer Towed Array (MTA) is a
nonintrusive system for the detection and quantifica-
tion of buried wastes. MTA was developed by the
U.S. Naval Research Laboratory and the U.S. De-
partment of Energy (DOE). A commercial version
was developed by the Search Technology Division
of Geo-Centers, Inc., of Newton, Massachusetts. It
was built to detect ordnance and has been adapted to
help characterize buried hazardous-waste sites.

The MTA is a high-technology geophysical survey
device consisting of a vehicle-towed sensor array
containing seven magnetometers integrated with a
state-of-the-art Global Positioning System (GPS). A
computer aboard the rugged off-road tow vehicle
simultaneously collects magnetic data and naviga-
tion data at adensity of about 100,000 points peracre,
100 times greater than with conventional manual
technologies. The acquired data are processed to
produce high resolution magnetic image maps of the
surveyed area that are analyzed on a Unix worksta-
tion via the automated target analysis software. The
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user selects an anomaly in the data and the software
performs an automated least-squares model match to
determine the position, depth, and size of the isolated
target. Figure 4.6 shows the vehicle based environ-
mental system. Specifications for MTA are listed in
Table 4.6.

TECHNICAL PERFORMANCE

This technology was successfully demonstrated at
the RB-11 Landfill at Kirtland Air Force Base, New
Mexico, and was used in commercial surveys at
Sandia National Laboratories (SNL), New Mexico;
Rocky Mountain Arsenal, Colorado; and the DOE
Grand Junction Projects Office, Colorado, to name a
few.

Sandia National Laboratories Field Tests of MTA.
In September 1993, MTA was used to characterize
buried wastes at the Sandia National Laboratories
(SNL) Technical Area 2. With a 0.5 m spacing
between magnetometers and each magnetometer
operating at 20 Hz, the effective survey grid (per
sensor) at 5 mph is 0.12 m by 0.5 m. Consequently,




Table 4.6. Magnetometer Towed Array specifica-
tions.

Type Cesium vapor (7 each)
Survey Rate 3.5 - 5 mph (5.6 - 8 km/hr)
Coverage 10 - 15 acres/day
Data Density 100,000 points/acre

@3.5 mph
Position Accuracy | <0.5 meters
Power Supply 120 Volt, 1,000 Watt

MT A maps provide outstanding resolution. At Tech-
nical Area 2, buried objects such as culverts, pipes,
and a septic system were delineated along with
several previously unknown anomalies. Addition-
ally, MTA was deployed at the SNL Chemical and
Radioactive Waste Landfills. The system detected
and characterized in terms of location, size, and
depth, several objects includingroadbeds, fence posts,
pipes, barrels, and trenches containing waste con-
tainers.

RB-11 Test of MTA. During the week of September
7, 1993, the commercially available system was
demonstrated at the RB-11 Landfill. Less than 2
hours was required to actually survey the 4.5 acre
site. Among the findings were: (a) previously
unidentified, large (1 in diameter) electrical cable
was buried across some of the pits at a depth of about
3 ft, (b) the collapsing trench was found to contain
ferrous metal, and (c) one of the northern pits was
found to extend much further north than previously
believed.

Geophysics Performance Evaluation Range
(GPER). The DOE GPER is located in Rabbit Val-
ley, 30 miles west of Grand Junction, Colorado. The
purpose of the range is to provide a test area for
geophysical instruments and survey procedures. A
magnetic survey was conducted with the commer-
cial MTA in September 1993 toassess theequipment's
accuracy, resolution, and target detectability; and, to
establish a large-scale baseline data set on the undis-
turbed areas for comparisons as more artifacts are
buried in the future. The system acquired data over
approximately 30 acres in four days. Overall, the
MTA system detected three ferromagnetic objects,
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several other major magnetic anomalies above back-
ground, and other smaller anomalies. The three
objects identified corresponded to known buried
artifacts. The position error was less than 0.5 m.

Cost. The MTA is commercially available from
Geo-Centers, Inc. Costs vary depending on site
access, site size, health and safety requirements, and
topographical characteristics, etc. The vehicular
based system can collect high fidelity data at a
maximum velocity of 20 mi/hour. Most experience
to date has been at rates ranging from 3 to 6 mi/hr.
When an average velocity of 5 mi/hr can be main-
tained, 25 acres per day can be surveyed. Prices
charged for this rate of coverage are less than $900
per acre. Operation costs are more than competitive
with conventional technology on larger sites and
provide same-day, high-resolution data. Detailed
cost data may be obtained from Geo-Centers, Inc.

PROJECTED PERFORMANCE

Geo-Centers, Inc., has incorporated several signifi-
cant additions to the technology that are expected to
improve performance, including:

Multi-sensor, multi-modal survey capability
This sensor suite was designed to maximize the
probability of detection over the entire range of

possible buried items, while minimizing false
alarms caused by clutter.

Increased modeling capabilities

New parameter estimation techniques based on
empirical model matching, and the Geographi-
cal Resource Analysis Software System
(GRASS) originally developed by the Army
Corp of Engineers, have been implemented to
manipulate, correlate and manage all digital
spatial data.

Increased capabilities through increased data
quality



Modifications to the vehicle and systems power
supply, incorporation of selected materials, re-
definition of sensor geometry, and replacement
of electromagnetic system electronics have re-
duced the noise level of the system by one order
of magnitude. This improvement has resulted
in a significantly higher overall detection ratio
for small targets and large deep targets.

*  Improved RTK Global Positionirig System
APPLICABILITY

This technology is applicable for detection and iden-
tification of metallic objects(e.g., ferrous material) in
the subsurface at any site that can be traversed by the
MTA.

STATUS

Work with SNL will be completed in FY 1995.

The MTA isavailable forcommercial surveysthrough
Geo-Centers, Inc. A portable version is also avail-
able.

REGULATORY CONSIDERATIONS

This technology is nonintrusive and passive. The
vehicle is driven across the site and measures the
Earth’snatural magnetic field. Aswithany operation
at a hazardous waste site, health and safety protocol
must be followed. No specific permits are required
to use this equipment and technology.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology can be used for any site needing
characterization and for buried hazardous wastes
such as buried drums of waste, utility lines, fence
posts, etc.

BASELINE TECHNOLOGY

Current technology requires a person to walk a grid
and take measurements by hand. The data are then
transferred to a contouring package for plotting. The
resulting plots are then visually interpreted. A typical
survey gridis 5 ft x 5 ft or 10 ft x 10 ft, with survey
rates of an acre or two per day. The time-consuming
nature of the survey usually prevents large areas from
being surveyed (e.g., outlying burials are missed).
Further, the coarse grid does not allow the boundaries
of burials to be adequately determined and may miss
small, isolated targets.

INTELLECTUAL PROPERTY

Geo-Centers, Inc. has several patent applications in
process. This technology is a commercial service
offered by Geo-Centers, Inc. U.S. Naval Research
Laboratory and Sandia National Laboratories’ work
are both public domain.

For more information, please
contact:

Center for Environmental

ManagementInformation
1-800-736-3282

Principal Investigator

John R. Cochran

Sandia National Laboratories

P. O. Box 5800, Org. 6331

Albuquerque, NM 87185-1345

Phone: (505) 848-0415;(505) 848-0764 FAX

DOE Program Manager
Skip Chamberlain

U. S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248



Industrial/Laboratory Partners
Richard J. Russell

Geo-Centers, Inc.

7 Wells Avenue

Newton, MA 01824
(617) 964-7070; (617) 527-7592 FAX

Jim McDonald

Code 6110

U.S. Naval Research Laboratory
Washington, DC 20375-5000
(202) 767-3340
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POST-CLLOSURE MONITORING

DESCRIPTION

Post-closure monitoring for soil moisture and con-
taminant transport is of cardinal importance to the
containment remedial option. Two aspects of this
technology are the evaluation of water saturation and
chemical transport. Soil moisture is a critical vari-
able influencing chemical transport in landfills. The
objective of the Post-Closure Monitoring (PCM)
task is to design, construct, install, field test, and
evaluate an automated state-of-the-art soil moisture
and chemical transport monitoring system for mea-
suring the hydrologic performance of migration bar-
riers and advanced surface covers for remediating
landfills.

Field experiments have focused on evaluation of
water saturation and chemical transport monitoring
technologies. Comparison of the established, con-
ventional neutron probe technique for measurement
of water saturation with recent developments in
state-of-the-art Time Domain Reflectometry (TDR)
probe systems is being used to evaluate opportunities
for automated and more detailed characterization.
Soil water content measurements have been col-
lected using neutron probe technology by the Envi-
ronmental Sciences Group (EES-15) of Los Alamos
National Laboratory for the past 15 years. With the
arrival of Time Domain Reflectometry and its com-
parative ease of installation, use and adaptability to
automated data collection, many field endeavors that
formerly employed neutron probe measurements are
now being monitored with TDR. A comparison of

the two techniques is desirable to determine if the

data collected by the TDR technique is a valid
replacement for the more labor intensive but reliable
and accepted neutron probe method.

Chemical transport is being evaluated through the
detection of contaminant and chemical tracers. Ap-
plication of tagged tracers allows the evaluation of
both barrier system effectiveness and potential con-

taminant transport pathways or imminent arrival,
Tracers for the permeable barrier experiments in-
clude low concentrations of common anions (e.g.,
bromide), soluble organic acids, semivolatile or-
ganic acids, fluorescein, chromium, and EDTA. The
tracer/pseudo-contaminant for the bio-barrier ex-
periments focused on toluene labeled withcarbon-13
to allow specific characterization of transport and
biodegradation processes as a function of plant cover
and fertilization.

TECHNICAL PERFORMANCE

The results of a ten-month study to compare TDR
and Neutron Probe measurements of soil water con-
tent are presented and indicate good comparability
overall; however, there are two notable instances
where the results diverge. Two field plots con-
structed of homogeneous crushed Bandelier tuff
were used for this study. Each plot has three access
tubes evenly spaced on the longitudinal axis of the
plot. Neartwo of the neutron probe tubes of each plot,
aseries of TDR waveguides and temperature probes
were placed at various depths with either a vertical or
a horizontal orientation to approximate the neutron
probeinterrogation zones. The TDR system consists
of TDR rod pairs connected to a Campbell Scientific
(Logan, Utah) multiplexer (model SDMX-50) by
coaxial cable. All electronic components were
mounted in weatherproof housings and the entire
system was powered by a Campbell Scientific 18
watt solar panel. A Campbell Pacific Nuclear Corp.
(Martinez, California) model 503DR hydroprobe
was used to collect neutron probe data. The probes
use an encapsulated 2! Am/Be source. The calibra-
tionemployed for converting gross counts to volume
percent water content was derived from previous

* monitoring on the plots.
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Several comparisons were made with various com-
binations of neutron probes at 15, 30 and 45 cm
depths with either horizontal or vertical TDRs at 15,



30, 45 and 60 cm depths. Two of these comparisons
are presented as an example. The first comparison
shown in Figure 4.7a shows the neutron probe lo-
cated at a 30 cm depth having a spherical interroga-
tion volume of an assumed 30 cm diameter. The
average measurements of threehorizontal TDR wave
guides installed at 15, 30, and 45 cm depths are
intended to approximate the neutron probe interroga-

tion volume. Figure 4.7b is a composite plot of the
soil water content data by the neutron probe (at 30
cm) and averaged TDR data (horizontal TDRs, 15,
30, and 45 cm) for this configuration. Figure 4.7c
illustrates a good degree of correlation between the
TDR moisture measurements and neutron probe
moisture measurements.
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Figure 4.7a. Configuration.
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Figure 4.7b. Time series plot.
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A contrasting comparison had neutron probe mea-
surement at 15, 30 and 45 cm depths with a single
vertical TDR probe of 60 cm length as shown in
Figure 4.7d. The composite time series plot for soil
moisture by both TDR and neutron probe methods is
shown in Figure 4.7e.

It is obvious that the spherical interrogation regions
of the neutron probes are different from the linear,
vertical (or cylindrical) interrogation region of the
TDR and this may contribute to some degree to
discrepancies shown in the composite series plots.
While overall there is a good degree of correlation,
there are at least two unique variances that can be
seen. In Figure 4.7e (for days 279-358), it appears
that when the soil temperatures were below freezing
there was a suppressing effect on vertically placed
TDRs. The suppression was reflected in the low
correlation coefficients of all comparisons involving
vertical TDRs (R? values between 0.815 and 0.852).
Horizontally placed TDR averages were affected by
freezing but to a much lesser degree. It is most
probable that freezing conditions only effect hori-
zontal TDRs closestto the surface and vertical TDRs
because they penetrate the surface; this is suggested
by comparison of Figures 4.7b and 4.7e. In contrast,
as the water content values approached 20%, the
neutron probe readings appear to attenuate while
TDR readings continue torise. Whether this discrep-
ancy is caused by the calibration used on the neutron
probes or some other factor has not been determined.

Cost. Cost estimates were not available at this writ-
ing.

PROJECTED PERFORMANCE

Recent results for the contaminant migration moni-
toring studies were not available at the writing of this
profile. Cost and performance competitive results
for the six TDRs studied in the past will be available
in late 1995.
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APPLICABILITY

TDRs and neutron logging moisture probes are ap-
plicable to determining the moisture content in po-
rous mediasuch as soils. Also, TDRs have also been
studied for application to liquid volume determina-
tions in remnant salt cake waste at the Hanford
underground storage tanks. TDRshave beenapplied
in liquid level determination in other critical storage
tank applications.

STATUS

The TDR probes are state-of-the-art internal radar
devices that are commercially available in both do-
mestic and international markets. However, their
application to replace neutron probes in PCM situa-
tions is recent and experimental verification is justi-
fied. A demonstration has been initiated at Keneohe
Marine Corp Base, Hawaii, using an automated
systemwith off-the-shelftechnology. Neutronprobes
are also commercially available and have been ex-
tensively studied and demonstrated as well as applied
for soil moisture studies and in PCM applications.

REGULATORY CONSIDERATIONS

TDR probes do not require any specific permits and
arenotexpectedtocause any environmental impacts.
Neutron probes require U.S. Department of Trans-
portation certification for transport.

POTENTIAL COMMERCIAL
APPLICATIONS

PCM using TDR and/or neutron logging is poten-
tially applicable to a large number of municipal- and
industrial-waste landfills.

BASELINE TECHNOLOGY

The baseline technology for moisture monitoring in
soils is the neutron probe. TDRs may be much more
suited for monitoring applications because of their
comparative ease of installation and adaptability to
automated data logging.



INTELLECTUAL PROPERTY

None.

For more information, please
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Ken Bostick

Los Alamos National Laboratory
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DOE Program Manager
Skip Chamberlain

U. S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248
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RAPID GEOPHYSICAL SURVEYOR

DESCRIPTION

TheRapid Geophysical Surveyor (RGS)isapassive,
nonintrusive measurement system that automates
the collection of high-spatial-resolution geophysical
data. Closely spaced data are required to adequately
characterize complex buried-waste areas commonly
found in the Department of Energy, Department of
Defense (DoD), and private sectors. The system
measures and associates the local magnetic field with
precision positioning in a systematic fashion. Varia-
tions in the Earth’s local magnetic field are indicative
of subsurface ferromagnetic material which is a
common component of buried wastes.

The RGS consists of magnetic-field sensors, a cali-
brated measuring wheel, and amicroprocessor-based
data logger mounted on a hand-pushed, nonferrous
vehicle. The data logger uses menu-driven software

Figure 4.8. Rapid Geophysical Surveyor.

so that the key survey parameters can be configured
by the user. The user pushes a 20 b cart to collect
magnetic data (see Figure 4.8). Magnetic data are
automatically collected and stored at user-specified
intervals as close as 2 in apart along survey profile
lines. These data form a high-resolution database
capable of locating individual objects and potentially
determining object orientation, shape, and depth to
burial. No input is required for this passive system,
and the output of the RGS is a set of spatially
correlated magnetic data.

TECHNICAL PERFORMANCE

Field Demonstration. The RGS was initially field
tested in September 1992 at the Subsurface Disposal
Area(SDA) atthe Idaho National EngineeringLabo-
ratory (INEL). The system functioned so well that a
production survey of the Pit 9 area within the SDA
was performed with the prototype RGS in
October 1992. Since then, the RGS has
been used on many sites within the INEL
and for outside agencies, including the
DoD and the Environmental Protection
Agency (EPA). The RGS was success-
fully used to locate waste trenches and
pits, underground storage tanks, and un-
derground utilities. It was used with suc-
cess in isolated areas and in the proximity
of buildings and above-ground utilities
where magnetic noise is a concern for
conventional magnetic instruments and
surveys.

The RGS has demonstrated data-collec-
tion rates of up to 30,000 data points per
hour compared to a maximum of about
200 data points per hour for baseline,
handheld magnetometer technologies.
Also, because the RGS automates data
collection, errors caused by human fatigue
are greatly reduced, improving field effi-




ciency and overall accuracy. The RGS is a self-
contained unit, drawing all power from a single 12
volt, 7 amp-hour gel cell battery that supports 8 hours
of continuous operation before a battery recharge is
required.

Cost. Survey costwiththe RGS is proportional tosite
size and is essentially the man-hours required to
perform the survey, as the capital investment in the
equipment is very small. The initial development
cost of the RGS was $80K. It is anticipated that the
cost of a commercial version of the RGS would be
well under $10K.

PROJECTED PERFORMANCE

Potential enhancements include the addition of a
remote absolute positioning system that would pre-
clude the use of the measuring wheel to track relative
distance travelled by the RGS. A number of tech-
nologies have potential application, such as micro-
wave interferometry, ultrasonics, optical techniques,
and global-positioning systems.

APPLICABILITY

The RGS is applicable to all problems where ferro-
magnetic material is included in the waste search
target. This includes waste pits and trenches in
landfill scenarios and underwater applications. This
concept can also be expanded to include other
nonintrusive geophysical instruments such as elec-
tromagnetic devices.

STATUS

The RGS is commercially available to the private
sector as a service through Sage Earth Science.

REGULATORY CONSIDERATIONS

Regulatory issues are expected to be minimal. Be-
cause this is a nonintrusive characterization tech-
nique, there is no subsurface disturbance or process
waste, and little or no requirement for decontamina-

tion of equipment is anticipated. No health hazards
originate from the RGS; however, exposure to haz-
ardous materials at survey sites is possible. The RGS
concept sets anew standard for geophysical surveys,
and it is conceivable that this new standard may be
incorporated into EPA standard practices for envi-
ronmental surveys.

POTENTIAL COMMERCIAL
APPLICATIONS

Expected commercial applications include under-
ground storage-tank detection and location, pre-
transaction real-estate environmental surveys,
underground-utility location, and industrial-site en-
vironmental surveys.

BASELINE TECHNOLOGY

Handheld instrumentation represents the current
method for collecting magnetic and electromagnetic
geophysical data. Hand-positioned magnetometer
surveys are labor-intensive. In contrast, the RGS can
perform geophysical magnetic surveys more quickly
(30 to 300 times faster) and more economically ($.25
versus $5 per datum point) than handheld instru-
ments can. The RGS raises the standard for environ-
mental surveys by providing the ability to collect
spatially dense data sets at an affordable cost. To
date, cost has been the primary concern and limita-
tion when planning and budgeting environmental
surveys, especially in the private sector.

INTELLECTUAL PROPERTY
A patent disclosure has been made.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282
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Lyle G. Roybal

Lockheed Idaho Technologies Company
Applied Geosciences Unit, MS 2107
P.O. Box 1625

Idaho Falls, ID 83415-2107

(208) 526-5744; (208) 526-0875 FAX

DOE Program Manager
Jaffer Mohiuddin

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7965
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Glen Carpenter
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UNSATURATED FLOW APPARATUS

DESCRIPTION

The Unsaturated Flow Apparatus (UFA™)is a labo-
ratory instrument that simulates the migration of
various compounds (e.g., volatile organic com-
pounds), microbial nutrients, and waterin the subsur-
face environment. Knowledge of the transport
properties of soils, sediments, and rocks underunsat-
urated and saturated conditions, particularly hydrau-
lic conductivity as a function of moisture content, is
required for accurate modeling of the transport of
contaminants in subsurface materials surrounding
hazardous and mixed-waste sites. Traditionally, it
has been difficult to obtain transport data on unsatur-
ated and multicomponent systems because of the
long experimental durations necessary for achieving
hydraulic steady state. The UFA™isbased on open-
flow centrifugation and provides a technique in
which hydraulic steady-state can be achieved in a
matter of hours in most geologic materials (even at
very low water content). Therefore, the UFA™

provides the means to experimentally measure trans-
port parameters in a very short time frame under the
wide range of conditions found in the field (see

Figure 4.9).

The advantage of using centripetal acceleration as
the fluid-driving force is that it is a body force similar
to gravity and acts simultaneously over the entire
system and independently of other driving forces
(e.g., matrix suction). The system is the most rapid
method for obtaining transport data. The UFA™ can
address any flow-transport problem involving any
fluid in any porous media under many conditions.
The UFA™ improves the ability to predict VOC
migration and increases the probability of choosing
asuccessful restoration strategy for site-specific con-
ditions. The technology can also be used for quick
screening and can provide data to describe field
conditions. As an example, more than 500 values of
hydraulic conductivity on about 50 samples were
measured in less than 6 months using one UFA™
instrument. The data were

used to extend the under-

toinfusion
pump
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standing of subsurface in-
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remediation, and predictive
modeling. The database
~~~~~ could not have been devel-
oped without using the
UFA™method.
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PERFORMANCE

SAMPLE HOLDER
DISPERSION CAP

The UFA™consists of an
ultracentrifuge coupled with
a constant, ultra-low-flow-

Figure 4.9. UFA™ rotor and seat assembly with large sample and ferro-

magnetic seal options.

rate pump that can provide
liquid to the sample surface



through a rotating seal assembly and microdispersal
system. The flow rates can be adjusted to as low as
0.001 ml/hr. Sample accelerations up t0 20,000 g are
attainable at temperatures from -20 to 150°C. The
effluent is collected in a transparent, volumetrically
calibrated container at the bottom of the sample
assembly that can be observed during centrifugation
using a strobe-light assembly. The UFA™ measures
transport parameters at water contents aslow asafew
percent and hydraulic conductivities down to 10-°
cm/s in a few days. As an example, a silt sample
(from Hanford) accelerated to 2,000 rpm with a flow
rate of 3 mi/hr reached hydraulic steady state in two
hours at the target volumetric water content of 22.4%
and unsaturated conductivity of 2.5 x 107 cmy/s. For
homogeneous samples run in the UFA~, moisture
distributions are uniform to within 3%. The rota-
tional speed and flow rate into the sample are chosen
to obtain the desired values of flux density, water
content, and hydraulic conductivity within the sample.

Several studies were made to compare the UFA™
method with otherexperimental and estimation meth-
ods for determining hydraulic conductivity. All of
the UFA™measurements were conducted in only 3
days. In comparison, direct measurements of the
hydraulic conductivity by traditional column-flow
experiments under unit-gradient conditions took ap-
proximately ayear of experimental time. The second
method used data obtained over 13 years from a field
lysimeter. The third method was an estimation
derived by using the Campbell relationship to fit
laboratory-determined water-retention values to
matrix-potential values to generate the Maulem rela-
tionship. The agreement of the UFA™data with all
three methods is excellent and demonstrates not only
the feasibility but also the time saved by using the
UFA™method.

Cost. The present cost of the UFA™and support
equipment is about $100K. The annual operating
and maintenance cost is $10K, including the mainte-
nance contract and sample holders. The operating
life of the system is up to 30 years.
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PROJECTED PERFORMANCE

A new generation UFA™is being developed. Soil
samples will be collected from the Hanford Site
using cable-tool drilling/split-spoon sampler tech-
nology. The soil or bedrock samples are transferred
to a specially designed titanium canister and sub-
jected to as much as 20,000 g. A rotating-seal
assembly fitted to the canister allows an ultra-low-
flow pump to deliver liquid (carbon tetrachloride, in
this case) to the sample surface during centripetal
acceleration. When steady-state conditions are
reached (within a matter of hours), three transport
parameters will be evaluated: (1) hydraulic conduc-
tivity to measure permeability, (2) diffusion coeffi-
cient, and (3) breakthrough retardation. Transport
data and acompilation of data for Hanford sediments
will be final output elements.

Modification may necessary for application of this
technology in radioactive environments.

WASTE APPLICABILITY

The UFA™can address all flow transport problems
involving fluid in any porous medium under almost
every condition. This technology is applicable to
VOCs, microbial nutrients, water in the subsurface,
tank-waste sludges, fluid behavior in ceramics, and
other fluid/substrate systems.

STATUS

The UFA™is available commercially. The UFA™
was developed and has been deployed in anumber of
Pacific Northwest Laboratory programs since 1991.
Improvements to the UFA™ continue.

REGULATORY CONSIDERATIONS

Environmental regulations are not expected to im-
pact this technology. Proper laboratory procedures
will be followed to minimize workers’ exposure to
contaminants.



POTENTIAL COMMERCIAL
APPLICATIONS

The UFA™ supports the development of restoration
technologies such as vapor extraction (e.g., estimate
vapor-migration rates) or bioremediation (e.g., esti-
mate nutrient-delivery rates) forunsaturated soils. In
addition, the UFA™technology is a predictive tool,
that is, a “time machine” that can be used: (1) to
validate the predictive models of subsurface con-
taminant migration, and (2) to screen the perfor-
mance of various remediation technologies in the
field. The UFA™is also being used to investigate
tank waste sludges.

The concrete industry has expressed interest in this
technology to test reactivity of concrete aggregate to
alkaline solutions. Extraction of pristine pore fluid
from highly unsaturated materials and highly imper-
meable materials is possible with the UFA™.

BASELINE TECHNOLOGY

The baseline technology is traditional column ex-
periments or in situ analysis such as lysimeter mea-
surements that require months to years to achieve
results,. UFA™ data have been shown to be in
complete agreement with data generated using tradi-
tional column experiments.

INTELLECTUAL PROPERTY
Beckman has the intellectual property rights.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigators

James L. Conca

Washington State University Tri-Cities
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Richland, WA 99352

(509) 375-3268

Judith Wright
NESTT
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LASER-INDUCED BREAKDOWN SPECTROSCOPY FOR METALS IN
SOILS AND GROUNDWATER

DESCRIPTION

TheLaser-Induced Breakdown Spectroscopy (LIBS)
technology is being developed for rapid analysis of
hazardous metals in soils. The technology is appli-
cable to both hazardous waste sites and mixed waste
sites. Initially, its application is to an extracted drill
string, but future developments will include fiber-
optic transport of the laser radiation to in situ analyti-
cal locations. Development is focused on producing
a field deployable instrument; therefore, results will
not match the highest quality achievable by labora-
tory high pulse energy lasers. The field deployable
laser will be small and portable witha weight of about
2 Ibs. The data quality is such that the instrument
could be used as a field analytical method during site
characterization. In the initial investigation, detec-
tion limits of Resource Conservation and Recovery
Act(RCRA) metals were determined forelements of
primary concern to the Component Development
Integration Facility (CDIF) in Butte, Montana. These
primary analytes of interest are arsenic (As), lead
(Pb), cadmium (Cd), copper (Cu), and zinc (Zn);

furthermore, regulatory drivers make silver (Ag),
chromium (Cr), iron (Fe), and manganese (Mn) of
interest, as well.

The physical basis of the technology is very similar
toinductively coupled plasmaspectroscopy although
the plasma is initiated on a micro-scale by a laser. In
the LIBS method (see Figure 5.1a), sample atomiza-
tion and excitation is provided directly by a laser
spark. Notably, time consuming, hazardous, and
potentially adulterating sample preparation is elimi-
nated. The spark is produced by focusing pulses of
laser light on the material of interest using either a
cylindrical or spherical focusing lens that generates
a small, short lived microplasma. The plasma tem-
peratures initially exceed 10,000K, so the material in
the plasma is efficiently vaporized, reduced to its
elemental constituents, and the resulting atoms are
electronically excited. Subsequent light emissions
will be characteristic of the elements in plasma
volume (about 0.01 to 0.5 mm?). LIBS instrumenta-
tion is quite compact and only requires line-of-site
access to a material. The method lends itself to

integration with other in-

LASER

struments and several in-
strument configurations
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Advantages of the LIBS
technology forfield analy-

sis of soils are:

*  Materials can be
analyzed directly in the
field. Little or no sample
preparation is required.
Adulterationofthe sample

DETECTOR

Figure 5.1a. Schematic of the laboratory LIBS apparatus. The sample is
mounted on a motorized translation stage and translated as the laser fires.

by improper handling is
minimized or eliminated
entirely.




Rapid analysis. A complete spectrum can be
obtained in a single laser shot. The technique is
as rapid as the laser pulse rate and the detection
apparatus will allow.

Simplicity. Skilled operators are not required
once the analytical line, linear range, and detec-
tion limit database is completed by the develop-
ers.

Portability. Lasers with the necessary pulse
energy for LIBS that weigh less than 2 Ibs are
now available. Compact detection systems are
also available. One complete apparatus includ-
ing power supplies, detection apparatus, and a
portable computer is the size of a small suitcase.
The active sampling unit, which includes the
laser head and optics, is also handheld.

Simultaneous multi-element analysis. All ele-
ments in the microplasma are electronically
excited and can, in principle, be detected simul-
taneously. Proper application will help avoid
cases where certain analytical spectra lines co-
incide.

Spatial discrimination. The analytical region
for LIBS from a single laser pulse is the size of
the induced spark. In practice, with lasers of
convenient size, this region can be as small as
0.01 mm?- 0.5 mm®. Larger regions are ana-
lyzed by rastering of the laser beam.

Remote detection. The spark is produced by
focused optical radiation. Thus, only optical
access to the sample is required. The utility of
delivering the laser light to an in situ subsurface
location via a fiber-optic cable is being investi-
gated. Some results indicate that the LIBS
spectra can be analyzed at distances as great as
80 ft from the material being analyzed.

Sensitivity. Detection limits should be suitable
for field-screening data and for many elements
of interest. Improvement of the detection limit
for specific elements is being pursued.
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TECHNICAL PERFORMANCE

Laboratory experiments were conducted in FY 1994
to identify the interferences from elements typically
found in soils for the analytes of interest. Further-
more, the detection limits, sensitivity, and precision
of the best analytical lines were determined for soils
spiked with single elements of interest. The best
instrument parameters that could be incorporated
into the field were used.

Optical microscopic studies (100x) of the 500 mm
(0.02 in) wide laser track in a post-test soil sample
showed that the underlying soil crystal structures
remained intact. It was concluded that the surface
material on the soil particle is the material that is
vaporized. Furthermore, scanning electron micros-
copy (SEM) of NIST standard reference materials
2709,2710, and 2711 showed heterogeneities on the
microscale (on the order of 10 microns) which are
effectively averaged by bulk type analytical refer-
ence techniques such as X-Ray Fluorescence (XRF).
Because the heterogeneities exist on a comparable
scale to the microplasma volume, LIBS requires
multiple measurements to mechanically average any
heterogeneities over the analytical volume. The rate
of repeated measurements can be as rapid as the
repetition rate of the laser and detection apparatus
will allow. Typical instrument times for a statistical
representation is about 1 minute.

Optimum detection limits are functions of several
instrument parameters including detection time (usu-
ally 3 s), pulse energy (typically 125 mlJ), type of
focusing lens, the type of analytical line chosen, its
peak intensity, and the type of local interference by
the matrix materials or by the internal standard. Each
element has several possible analytical lines which
are referred to by the wavelength of the emitted light.
For most experiments, a 100 mm focal length spheri-
cal lens was used but in some cases a cylindrical
focusing lens was used. A typical calibration curve
for detection of Pb using the 4057.8 A analytical
reference line is shown in Figure 5.1b. The Pb
analytical line has nearby interferences from Mn on
both the blue side, and more severely, on the red side.



The strength of the line overcomes the interference,
however, and results in a good detection limit. Using
the Fe-I lines at 3997.39A and at 3998.05A as an
internal reference, 3 sdv detection limit was found to
be 15ppm. A summary of 3sdv detection limits using
LIBS for selected elements is shown in Table 5.1.

Calibration Curve for Lead
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Figure 5.1b. Calibration curve for Los Alamos soil
spiked with lead. Error bars are one standard devia-
tion. The resulting detection limit is 13 ppm based on
2 standard deviations of the blank.

Cost Data. Estimated cost for a LIBS instrument
range from $30K for a single element, single matrix
instrument to the approximately $90K to $100K for
the more broadly applicable instrument being con-
structed for the CDIF demonstration. These costs are
for parts and components and do not include labor or
profit (for the case of a commercial entity).

PROJECTED PERFORMANCE

Some preliminary work was done on cesium. The
moderately strong line of Cs-II at 4526.74A was
sought and could not be found. The strongest line of
the atomic species at 6973.297A was observed along
withweakerlinesat 6870A and 6983.49A. Measure-
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Table 5.1. The LIBS 3 SDV detection limits for
selected elements in a Los Alamos soil matrix.

Analyte| Analyte Line |Int-Std Std Line(s) 3 sdv

Detection
Limit

Comments

(A) L) {pom)

2349.84 Fe-Hl | 2395.408+2395.627 705

Ba-ll 3130.42+43131.07| Ca-lt 3179.33 2 contaminated

Be-lI 3130.4243131.07

Cd-1 5085.822 Fe-1 5110.357 73 spherical

lens
141
cylindrical

Cr-1 4254.35 Fe-I | 4250.787+4250.12 23 125 mJ Pulse

67 20 mj Pulse

4057.6 Fe-l 4063.594 125 mJ Pulse

Peak Fit

Sr-] 4607.33 Fe-l 4476.0206 80

| Se-11 4215.52 24

Zr-11 3572.47 86

five lines (3526.2)

ments to develop a full calibration curve at this
wavelength and asearch forthe more intense Cs lines
will be conducted in the near future. A second goal
of future development is to improve the Cd detection
limit to 10 ppm. A prototype of the LIBS system is
scheduled for delivery and field testing at CDIF in
FY 1995.

APPLICABILITY

This technology is applicable to field analysis and
characterization of hazardous metal contamination
in soils at hazardous and mixed waste sites. The
initial prototype instrument is being developed for
application atthe CDIF site. The elements of interest
at the CDIF site are: As, Pb, Cd, Cu,Zn, Ag, Cr, Fe,
Mn.

STATUS
This technology was laboratory tested for several

elementsofinterestas described in previous sections.
A prototype instrument which will be capable of




detecting as many of the above mentioned elements
isscheduled for delivery tothe CDIFin late FY 1995.

REGULATORY CONSIDERATIONS

Contact the principal investigator for regulatory in-
formation.

POTENTIAL COMMERCIAL
APPLICATIONS

There are potential commercial applications to min-
ing and milling operations that frequently involve
hazardous metal contamination.

BASELINE TECHNOLOGY

There is no baseline technology for field measure-
ments of hazardous metals. The current method uses
grab samples and (off-site) laboratory analysis.

INTELLECTUAL PROPERTY

Contact the principal investigator for intellectual
property information.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Aaron Koskelo

Los Alamos National Laboratory

P.O. Box 1663, MS-J565

Los Alamos, NM 87545

(505) 665-4463; (505) 665-6095 FAX
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DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 10874-1290
(301) 903-7672

Industrial Partner
MSE, Inc.
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SOL-GEL INDICATORS

DESCRIPTION

Increased emphasis in recent years on environmental
analyses has fueled a need for field-portable and
remote monitoring instruments. From the commer-
cial sector, there has been increased emphasis on in-
situand on-line measurements for process control. In
both of these arenas, cost reduction and automation
of analyses have been key drivers. An important
contribution to these efforts was the development of
portable fiber-optic diode array spectrophotometers
(DAS) and associated fiber-optic probes. These
probes contain the sensing element or function as a
measurement cell and are small, rugged, and easily
deployed. Sol-gel indicator (SGI) composites are
being developed and used by the Savannah River
Technology Center as sensor elements to measure a
variety of conditions and species. The technology is
based on incorporation of indicator materials into
specially prepared porous silica, alumina, or titania
glass matrices. The SGIschange colorin response to
analyte concentration. Sensors are prepared by coat-
ing SGI composites on optical components so that
photometric measurements can be made. Pore sizes
of the sol gel can be con-
trolled during synthesis to

indicators have also been incorporated into flow
injection analysis flow cells, thus eliminating one
reagent stream from the system and making possible
on-line measurement of a process sample without the
addition of reagents. This allows the sample to be
returned to the process unchanged and reduces waste

significantly.

Sensors were prepared to measure pH and uranium
and were integrated into an analytical measuring
system. The response of the uranium SGI sensor is
shown in Figure 5.2. Work is in progress on a sensor
for chromium (VI). Future target analytes could
include other heavy metals or organic contaminants
in aqueous media and gases.

TECHNICAL PERFORMANCE

*  SGI sensors were prepared with pH indicators
such as bromophenol blue.

*  Many of the SGI pH sensors respond over a
wider range relative to aqueous solutions of the
indicator.

allow the desired analyte to
react withtheindicatormol-
ecule, while keeping the in-
dicator trapped within the
glass matrix. Sol-gel tech-
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being able to distribute and  _|
incorporate the indicatorin | %01
achemically durable matrix

at room temperature and, 0

hence, avoid the high tem- 400 500

peratures in conventional
glass manufacture that

Wavelength (nn

600 700 800

would degrade organic in-
dicator molecules. Sol-gel

Figure 5.2. Response of SGI uranyl sensor at 118 ppm UO,*.



*  Depending on the indicator selected, pH values
from O to 10 are accessible with silica-based sol
gels.

*  All SGI pH sensors are reversible and respond
to pH changes quickly.

*  Nine different pH sol-gel indicators have been
successfully incorporated into flow injection
analysis flow cells.

*  ASGIsensorforuranyl has been prepared using
the indicator arsenazo III.

*  SGI uranyl sensor response time is approxi-
mately 5 minutes; detection limit is 1 ppm.

e  Atreatment forreversal of the uranyl sensor has
been developed so that it can be reused.

*  SGIcoatings were showntobe viable foratleast
6 months; optical probes may be cleaned and
recoated with new SGI, if needed.

e Multiple sensors may be multiplexed to a single
spectrophotometer system.

Cost. SGI coatings cost pennies to produce. For a
complete system, an optical probe costs $200 and a
portable spectrophotometer costs $6K. Use of SGIs
with a cheaper two wavelength filter photometer is
also possible. The time to develop a sensor foranew
analyte is about 9 to 12 months at a cost of $75K to
$125K

PROJECTED PERFORMANCE

Additional refinementofthe coating processisneeded
to improve fabrication reproducibility -~ an impor-
tant requirement for commercialization of the tech-
nology.

APPLICABILITY

This technology will prove useful as a screening tool
and in field measurements (wells, lakes, streams,

etc.) of properties such as pH and dissolved heavy
metalscontent. Measurements of this type are needed
at many sites (nationwide) that require environmen-
tal remediation. Sol-gel indicators may also be used
in gaseous media. Potential analytes include metal
ions, pH, organics (in air or water), and gases (e.g.,
NH,, CO,, HC}).

STATUS

This technology is moving from basic research into
more applied research; although some basicresearch
must be done with each new indicator/analyte. Cur-
rent work is focusing ondevelopment of aSGI sensor
for Cr (VI). Two new CRADAs with industrial
partners have been developed to facilitate testing and
commercialization of specialty SGI systems.

REGULATORY CONSIDERATIONS

None.

POTENTIAL COMMERCIAL
APPLICATIONS

Many companies with applications in environmental
remediation, waste water monitoring, and process
monitoring have expressed interest in this technol-
ogy. It is licensed by four companies; future joint
efforts are being negotiated.

BASELINE TECHNOLOGY

Currently available technology for field analysis of
pH and metal ion concentrations includes pH meters
and wet-chemical field test kits. The field test kits
require transport of various reagents and are not
reusable. They require that a sample be pulled from
a well or surface body, and may not be used in situ.
The SGI probes are more easily deployed down a
well than a pH electrode, require less frequent cali-
bration, and may be multiplexed sothat other analytes
may be measured at the same time. The SGI probes
are compatible with existing portable fiber-optic
spectrophotometers.
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INTELLECTUAL PROPERTY

*  U.S. Patent #796974 in prosecution.

*  Four private-sector companies have licensed
this technology.

*  One CRADA has been completed; two others
are in progress.

*  Additional industry contacts/collaborations are
being negotiated.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

George Wicks

Westinghouse Savannah River Company
Bld. 773-A

Aiken, SC 29808

(803) 725-3190; (803) 725-8136 FAX

Sol-gel Team

Lewis Baylor

Mike Whitake

George Wicks (coordinator)
Westinghouse Savannah River Company

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672
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STRIPPING ANALYSIS

DESCRIPTION

Stripping Analysis (SA) has been demonstrated in
the field to measure the concentrations of leachable
chromium (Cr), lead, calcium, copper, nickel, and
zinc in soils and sediments. The demonstration was
conducted at the Chemical Waste Landfill (CWL) at
Sandia National Laboratories (SNL) in Albuquer-
que, NM. Samples are taken from beneath the CWL
during drilling operations and analyzed in a portable
laboratory at the site. This technique allows deci-
sions to be made in the field during characterization
and remedial activities by determining the areal and
vertical extent of contamination within hours of the
sampling.

Stripping voltammetry has been used for several
decades in the laboratory. Recent advances associ-
ated with nonelectrolyte (i.e., adsorptive) pre-con-
centration schemes and the development of
miniaturized electrodes have increased the potential
for practical use of the technique in the field.

In this program, the samples are dried with a micro-
wave system and digested with a nitric acid leachate.
The resulting solution is diluted with distilled or
deionized water and analyzed using the SA tech-
nique. For a particular analysis, an electrode(s) is
immersed in the solution. The voltammetric re-
sponse (potential change) of the adsorbed species
during the stripping is a function of the concentration
of the specie onthe electrode. This, in turn, is directly
related to the bulk concentration of the specie in the
solution through the adsorption isotherm (see Figure
5.3).

The SA equipment uses 10 A at 120 VAC (120 W).
Ten square feet of bench space and a vent hood are
also required for operation in the field. Since a
different coating procedure must be used on the
electrode foraparticular specie, SA is not suitable for
pre-screening a site to identify the contaminants, but
itis capable of measuring the concentration of select
contaminants after they have been identified by other
techniques or from a priori knowledge.

TECHNICAL
PERFORMANCE
Field Laboratory
— Seome The SA system has a
Ssedlmlem_) System || Voltammetry detection limit of 10
amples Analysis
to 10** moles/l. Con-
Sample Sample B .
Preparation Analysis centrations of chro-
" Sample Chromium mium and uranium
Drying & Uranium
Digestion %opper have been measured
Cadmium in solution to 1 ppb in
Lead both laboratory and
field testing.
§, Result to Field Team ‘
The concentrations of
two orthree trace met-
als may be measured
simultaneously froma

Figure 5.3. Stripping Analysis.
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four-hourtestis typical for obtaining the results in the
field for 12 samples. However, the time required for
a single analysis is very test-specific. For example,
20 to 30 minutes were required to determine the
concentrations of Cr(IIT) and Cr(VI) from a single
sample in a field test. However, when only Cr(VI) is
measured, only eight minutes were required to mea-
sure the total concentration of chromium.

Cost. Start-upcostdependsonthe analytical require-
ments of the specific task. The cost for the stripping
voltammetry equipment would range from $5K for
single-element to $37K for multi-element, multi-
sampling capability. A microwave digestion unit is
approximately $12K. The operations and mainte-
nance costs are dominated by the need for two
operators, one of whom may be a technician. The
annual cost for chemicals and supplies ranges from
$1K to $2K. Life-cycle costs without labor would
vary from $20K to $50K for a single SA system.

PROJECTED PERFORMANCE

The SA technique has the potential to measure trace
concentrations of approximately 9 metals in addition
to those associated with the CWL (as shown in the
Table 5.3). Improvements in the detection limits for
some metals may be anticipated.

Modifications to the electrodes and processes have
also resulted in demonstrated capability of measur-
ing trace levels of electroactive drugs (anti-cancer
antibiotics, cardiac glycosides, etc.) and large macro-
molecules such as insulin and ferritin.

Table 5.3 shows trace metals measured in laboratory
and field tests.

APPLICABILITY

The SA technique is being developed specifically to
measure trace concentrations of metals in soils and
sediments. However, it can be extended to make
contaminant measurements in ground and surface
water.

Table 5.3. Trace metals measured in laboratory
and field tests.

Field Tests|Laboratory Resultsl;2
at CWL
Chromium | Aluminum |Technetium
(Cr)3 (Al (Tc)
Cadmium Iron Uranium
(Cd)4 (Fe) (8)]
Copper Gold Silver
(Cu)4 (Au) (Ag)
Lead Arsenic Selenium
(Pb)4 (As) (Se)
Zinc Mercury -
(Zn)4 (Hg)

1. Reference 4.

2. Includes metals tested in the field.
3. Measured at CWL in 1992.

4, Measured at CWL in 1993.

STATUS

The concentration of chromium was measured to the

1 ppb level and the ability to distinguish between
Cr(II) and Cr(VI) was demonstrated during field
tests in June 1992 (at the CWL site). During FY 93,
the SA technique was scheduled for extension to the
other four trace metals listed in Table 5.3.

REGULATORY CONSIDERATIONS

Dilute (1%) nitric acid and very small amounts of
elemental mercury (50 ml) are contained in the 100
ml sample used for each analysis. Because of these
small quantities, no environmental impacts or risks
to the public are anticipated for the SA process.
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POTENTIAL COMMERCIAL
APPLICATIONS

All the equipment used for the SA analysis is “off-
the-shelf” and at the conclusion of the demonstration
the technology will be transferred to an operational
system. Thus, the SA technique is available to the
commercial sector for use in measuring the concen-
tration of metals in water, soils, and sediments.

The capabilities of the SA system could also be
extended to the metals that have been laboratory
tested and are listed in Table 5.3. Additional appli-
cations in the fields of medicine and pharmacology
are possible.

BASELINE TECHNOLOGY

The baseline technologies are acid digestion plus
inductively coupled argon plasma (ICAP) or atomic
adsorption (AA) analyses; both require the use of an
off-site laboratory. In addition to being less conve-
nient for field work than SA, they are slower. They
are also less sensitive. For example, experiments
with chromium indicated that the detection limit for
the ICAP technique was an order of magnitude
greater than that for SA.

INTELLECTUAL PROPERTY
Patent Ownership: None

For more information,
please contact:

Center for Environmental

ManagementInformation
1-800-736-3282
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Khris S. Olsen

Pacific Northwest Laboratory

P.O. Box 999

Richland, WA 99352

(509) 376-4114; FAX (509) 376-5368

DOE Program Manager
Skip Chamberlain

U. S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Participating DOE Laboratory
Sandia National Laboratories
Albuquerque, NM 87185

University Partner
Joseph Wang

Department of Chemistry
New Mexico State University
Las Cruces, NM 88003

(505) 646-2140
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X-RAY FLUORESCENCE SPECTROSCOPY

DESCRIPTION

Downhole x-ray fluorescence spectroscopy is a
method for detecting and quantifying inorganic (i.e.,
metal) contaminant concentrations in soils above the
water table using a photoelectric process. The x-ray
fluorescence (XRF) instrument is a downhole probe
consisting of an x-ray source and a photon detector
(see Figure 5.4). The instrument probe is placed in a
lined borehole. The surrounding soil and the detector
are then irradiated with the source x-rays for a
specified period of time. The detector receives a
combination of Compton backscatter photons, as
well as fluorescence photons emitted by atoms in the
soil. Real-time assays of soil constituents can be
performed when the instrument system is properly
calibrated. The system also includes an onboard
amplifier, an analog-to-digital converter, a multi-
channel analyzer, and acomputer processor. Calibra-
tion of the instrument for a particular element and
observation of the number of counts appearing in a
specific fluorescence range of the energy spectrum

results in a quantitative determination of the concen-
tration of the element in the soil. Multi-element
calibration is possible.

Fluorescence occurs when the source x-ray energy is
greater than the electron-binding energy of the K or
L shell in the target atom. The source photon collides
with the target atom and causes an electron vacancy
in, for instance, the K shell. This vacancy is filled by
a transition of an L electron into the K shell and the
emission of either a Ka x-ray photon (especially in
heavy elements) or an Auger electron (especially in
light elements). The competition between the two
processes is described by the fluorescence yield. The
probability that a Kax-ray will be emitted approxi-
mates unity in high-atomic-number (Z) elements and
approaches zero in low-Z elements. Typically, x-ray
fluorescence is useful for elements with a Z > 20.

TECHNICAL PERFORMANCE

Several factors affect the minimum detectable con-
centration of an element.
First, the source x-ray en-

Sensor //

Cable X-rays

High-Density Shield
Beryllium Windows
Silicon (Lithium) Detector

[1e
-
24
.”
Elad
.
-
e

Downhole Liquid Nitrogen
Probe - Dewer to Keep
| Detector Cool
Electronics
: Spring to Orient
U Detector Against Wall

ergy must be greater than
the electron-binding en-
ergy in the K or L shell of
the target atom. The exci-
tation process is increased
when the source and fluo-
rescence energies are
closely matched. Second,
greater-atomic-numberel-
ements (higher-Z ele-
ments) have increased
probabilities of Ka (pho-
ton)emissioncomparedto
Auger electron emission
that dominates in lower-Z

1§

elements. Third, the de-

Figure 5.4. Prototype XRF System.
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depends on the atomic number of the anticipated
target atom.

Fourth, the energy-band resolution becomes increas-
ingly important to achieve signal discrimination
when neighboring elements are present in the soil
media (e.g., chromium Z=24, iron Z=26). Finally,
attenuation of low-energy x-rays limits the volume of
soil that can be probed, but when the element under
consideration increases in Z, then a greater volume of
soil can be analyzed with increased accuracy. The
accuracy is directly related to the minimum-detect-
able contaminant-concentration level.

A field test of an XRF system was conducted at
SandiaNational Laboratories (SNL) Chemical Waste
Landfill (CWL) by Pacific Northwest Laboratories
(PNL) in 1992 and 1993. In 1992, a commercial
downhole probe manufactured by Scitec Corpora-
tion was employed for measurements of chromium
concentration in three 9 in diameter boreholes, each
100 ft deep. These boreholes were in a landfill lined
with high-density polyethylene material and a nylon
cloth outer liner. Both copper and chromium were
observed; however, the resolution was not accept-
able for waste-characterization applications. In 1993,
PNL demonstrated a new prototype downhole XRF
probe featuring a liquid-nitrogen-cooled Si(Li) de-
tector and onboard signal processing electronics. In
addition, both a radioactive isotope and an x-ray tube
were used as sources forexcitation x-rays. The probe
was demonstrated in the same boreholes as before,
and much improved contaminant detection capabil-
ity was obtained, withchromiumdetectableataround
the 50 to 100 ppm level. However, the detector
resolution can still be improved.

Cost. For acommercial Scitec instrument, the costis
estimated to be $50K.

PROJECTED PERFORMANCE

In 1994 and 1995, an instrument will be developed
that will have improved detector resolution and
higher count-rate capability. It will have a higher
resolution Si(L1i) detector and will retain the onboard

signal-processing capability. Excitation x-rays can
come from either an x-ray tube or an isotopic source.
In addition, it will be greatly reduced in size and
weight. The outside diameter will be about 1.25
inches with an overall instrument height of about 3 ft.
It is designed to operate in combination with a cone
penetrometer. It will be capable of analyzing any soil
type, but the boreholes must be bare or lined with thin
membranes, such as the SEAMIST™ liner.

APPLICABILITY

The XRF spectroscopy method of detection and
quantification of contamination is appropriate for
high-Z metals and all other elements where Z > 20.
The penetration thickness into the soil is limited by x-
ray attenuation for low-energy radiation. The low-
energy x-rays are likely to be used when the target
atom has a low atomic number (lower-Z). However,
when higher-Z atoms are to be detected, higher
energy x-rays will be used, and the volume of probed/
analyzed soil is increased. The applicability of this
technology is largely dependent on the desired mini-
mum-detectable concentration, the atomic number
of the contaminant, the site characteristics (such as
high levels of a natural element with an atomic
number close to a contaminant’s atomic number),
and the resolution of the detecting device.

STATUS

This is a developing technology with respect to low-
concentration detection (ppm concentrations) and
low-Z element detection such as chromium (Z=24).
The technology has been demonstrated on a field
scale with good success, but some improvements are
necessary in terms of size reduction and instrument
performance.

REGULATORY CONSIDERATIONS

Compliance withthe Occupational Safety and Health
Administration regulations is required for hazard-
ous-waste operations and protection of occupational
workers from ionizing radiation. In addition, permits
may be required for drilling at hazardous waste sites.
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POTENTIAL COMMERCIAL
APPLICATIONS

This technology could be used to detect metallic
contamination near industrial sites. Examples would
be Environmental Protection Agency (EPA)-required
testing, post-closure monitoring, site investigation,
or follow-up soil analysis after structural lead-paint
stripping. XRF could also be used in experimental
situations todetermine concentrations of metalsinan
aerosol or aerosol filter (radioactive spent-fuel aero-
sol experiments). In countries that have dated steel-
processing facilities (such as Poland), the soil
surrounding an industrial plant can be analyzed for
metallic contamination, specifically lead. Municipal
solid-waste processing and/or disposal facilities can
be monitored for undesirable, toxic, or hazardous
metallic waste. Other applications may include de-
contamination/decommissioning and post-closure
monitoringforall types of industrial sites (i.e., nuclear,
coal , diesel, natural-gas-fired power plants, decom-
missioned transformers, and others). In addition,
application to the mining industry is expected for
characterizing ore bodies.

BASELINE TECHNOLOGY

Thebaseline technology for analysis of heavy metals
is conventional laboratory analysis such as induc-
tively coupled plasma spectroscopy or atomic ab-
sorption. Eachrequireslaboratory sample preparation
and data evaluation to detect contaminants in soil.
XRFwasused previously used inthe mining industry
to detect soil constituents in concentrations greater
than 1%. The use of XRF in environmental site
characterization is a recent application. It provides a
qualitative indication of heavy-metal content with
minimal sample preparation and data evaluation.

INTELLECTUAL PROPERTY

PNL and Scitec have entered into a Cooperative

Research and Development Agreement (CRADA)
to develop the probe. All intellectual-property rights
will be shared among the Department of Energy
(DOE), PNL, and Scitec.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Chester L. Shepard

Pacific Northwest Laboratory, Battelle NW
P.O. Box 999

Richland, WA, 99352

(509) 375-3675

DOE Program Manager
Skip Chamberlain

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Industrial Partner
Bill Boyce

Scitec Corporation

415 N. Quay
Kennewick, WA 99379
(509) 375-5000
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CHEMICAL FIBER-OPTIC SENSOR

DESCRIPTION

Current U. S. Department of Energy policy requires
characterization of sites where trichloroethylene
(TCE), carbon tetrachloride (CCl,), and other species
have been discharged into the soil and groundwater.
Contaminated samples are commonly collected and
analyzed by an outside laboratory. Anexpensive and
time-consuming process. An alternative is to use a
fiber-optic chemical sensor that can be put down an
existing monitoring well or punched into the soil
using a penetrometer-type device. Accordingly,
measurements can be made continuously and at a
relatively low cost.

Generally, the chemical species of interest in envi-
ronmental analysis do not absorb visible light or
produce fluorescent emissions even when the con-
taminants are highly concentrated. Therefore, de-
tecting analytes at the relatively low concentrations
(e.g., ppm levels) that exist in many contaminated
environments requires an indirect method. In this
regard, there are three phenomena useful to chemical
sensing with fiber-optics that may be appropriate in
various contaminant-detection applications. These
include the following :

*  IncidentmonochromaticlightproducingRaman
or fluorescent scattering (i.e., direct spectros-

copy).

Chemical-reaction-modulated fluorescence.
Reaction between trace contaminant and or-
ganic fluorescing dye modulates the fluores-
cence properties of the dye.

Chemical-reaction-inhibited light transmission.
Reactionbetween trace contaminantand optrode
dyereagentinduces wavelength-dependentlight
absorption.
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The latter phenomenon will be discussed in this
profile. An optical device is being developed that
incorporates fused quartz optical fibers as a wave
guide to conduct light to and from a downhole probe.
A chemical reagent in the fiber-optic tip of the
optrode reacts with trace chemical contaminants to
effect a change in the light transmissibility or fluo-
rescing properties of the fluid in the optrode. The
chemical reagent in the probe is an “organic trans-
ducer” as its photophysical properties change with
contaminant concentration, thereby enabling detec-
tion.

Light Transmission Optrode. The light transmis-
sion optrode was developed by the Lawrence
Livermore National Laboratory (LLNL) with coop-
eration from the University of California which has
a patent pending. The target application is TCE
detection. The light transmission optrode was dem-
onstrated in two different configurations at the Sa-
vannah River Site in Aiken, South Carolina.

This device works by absorbing a small amount of
TCE-contaminated vapor into the optrode tip where
itreacts quantitatively with the pyridine reagent (see
Figure 6.1). The principle of detection is that fluid in
the optrode (chemical reagent) becomes increas-
ingly red (absorbs light) when reacted with specific
chlorinated compounds. The pyridine reagent is
specifictodetection of TCE, chloroform, bromoform,
bromodichloromethane and chlorodibromoethane.
The unknown concentration level of these com-
pounds can be measured because absorption of light
relative to the reaction time is directly proportional to
contaminant concentration. This light-absorbing
sensor has demonstrated dramatically improved per-
formances over previously reported fluorescence-
based sensors (light-producing chemical reaction).
The input of the device is a small amount of sampled
contaminated vapor, and the physical output in-
volves a small amount of contaminated pyridine
reagent (<50 ml/measurement).
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Figure 6.1. Light Transmission Optrode.

Vapor can be sampled from groundwater or unsatur-
ated soils zones, but groundwater monitoring re-
quires groundwater isolation in a headspace. The
sensitivity of groundwater analysis is related to the
Henry’s law constant for equilibrium vapor concen-
trations. Sensitivity to 5 ppb has been demonstrated
for vapor-phase TCE and chloroform detection.

TECHNICAL PERFORMANCE

General. Technologies using chemical fiber-optic
sensors have been in existence for more than 10
years. The foundations for developing the TCE (light
transmission) optrode originated 3 to 4 years ago at
LLNL. The light transmission optrode is unique in
thatthe chemistry remains in solvent formrather than
being bound in a matrix. The sensor can thus be used
continuously despite the irreversible nature of the
chemical reaction. The chemical fluorescent optrode
has a chemical fluorescence dye inside the optrode,
and the reaction is reversible. Specifications of the
light transmission chemical sensors are shown in
Table 6.1a.

Field Tests. Field-test and demonstration results are
available in the literature cited. The sensor’s detec-
tion limit for TCE is about 150 ppb (v/v) in vapor and
S ppb (w/w) in groundwater. The level of detection
of this sensor is within OSHA permissible-exposure

limits. Less than one hour
is required to emplace a
probe using a cone pen-
etrometer. The probe has
been placed to a depth of
over 100 ft in under one
hour using a cone pen-
etrometer. For use in a
vadose zone well, the
implementation is even
faster.

Table 6.1b contains a list
of field tests and descrip-
tions of the tests or
developmental accom-
plishments.

Table 6.1a. Specifications for chemical

Sensors.

Aspect Specification

Medium vapor phase VOCs

Range 5-1000 ppb low

range reagent
1-100 ppm high
range reagent

Sensitivity 5 ppb

Contaminants TCE, chloroform,
other chlorinated
hydrocarbons

Sampling frequency Three minutes per
measurement

Repeatability +5%

Accuracy +10% (Compared to
gas chromatograph /
ECD)

Calibration Recommended once
per week

Reagent usage 20 microliters/sample

Power required 110V, 5 amps
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Cost. The start-up cost for this monitoring system is
$10K. Operation should require less than one hr/wk
withminimal maintenancenecessary toreplenish the
reagent every several months. The life-cycle cost
depends largely on the frequency with which mea-
surements are made. The individual sensors will be
comparatively inexpensive and should cost less than
$100. The costs associated with fiber-optic sensors
will depend on the protocols and application for
which the technology will be used. The life-cycle
costs are estimated at $25K/yr (5 yr) and $1.25K/yr

(10 yr).
PROJECTED PERFORMANCE

Future work includes developing alternative re-
agents specific to other VOCs and developing a
downhole device for isolating headspace in ground-
water applications. As yet, direct measurement of
VOCsdissolved in water has notbeen accomplished,
and all measurements have been made in the vapor
phase above contaminated aqueous solutions. There-
fore, sensitivity to measurementin aqueous solutions
is dependent on the Henry’s law constant for vapor/

Table 6.1b. Field tests information.

aqueous equilibrium, as well as the measurement
sensitivity in the vapor phase. However, the issue of
direct measurement of VOCs in water will be ad-
dressed in future development.

APPLICABILITY

The fiber-optic chemical sensors are generally appli-
cable to VOCs in soil and groundwater. Application
to groundwater sensing is indirect by measuring the
vapor phase above the contaminated aqueous phase.
A pyridine reagent was developed for the light trans-
mission optrode that is applicable for selective TCE
detection. The pyridine is also applicable to a narrow
range of compounds including chloroform,
bromoform, chlorodibromoethane, and
bromodichloromethane. The reaction fluorescence
sensors are applicable to carbon tetrachloride, tolu-
ene, Xylene, and similar compounds in unsaturated
soils.

The initial sensors are not intended to be general
analytical instruments. Rather, the initial products
are designed to be used as real-time continuous

Test Date Location

Description

September 1991 | Westinghouse, SRS, Aiken, SC

Measurement of TCE in a soil-vapor well.

March 1992 Westinghouse, SRS, Aiken, SC | Measurement of TCE in a soil-vapor well and
two groundwater wells.

April 1992 Westinghouse, SRS, Aiken, SC | Penetrometer placement of TCE sensor.

April 1992 LLNL Site 300, Livermore, CA | Measurement of TCE in conjunction with an

above-ground soil-gas treatment process.

August 1992 Ft. Lewis, WA

Measurement of TCE in three groundwater
wells

April 1993 Westinghouse, SRS, Aiken, SC

Delivery of complete stand-alone monitoring
system for long-term evaluation.

October 1993 LLNL Site 300, Livermore, CA

Measurement of TCE in a groundwater well
using Burge Instrument Company-developed in
situ water sampler and head-space sensor.
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monitors during site screening or remediation. Other
uses are long-term well monitoring, industrial pro-
cessing, or laboratory screening. The sensor alsocan
be used in conjunction with remediation technolo-
gies either in situ in the soil column or above ground
as a process-tracking aid.

STATUS

Above-ground and penetrometer applications are
available now. The light-transmission chemical
sensor technology is fully developed and ready for
commercialization. A fully operationalinsitudevice
for long-term monitoring of vadose zone wells was
transferred to the SRS in FY 1993. Packaging and
software for long-term monitoring was made avail-
ableinJune 1993. Thereaction-fluorescenceoptrode
is also available.

REGUILATORY CONSIDERATIONS

Interconnection to an aquifer could occur during
probe placement, leading to environmental impact
(i.e., if a penetrometer is used for probe insertion, the
borehole that is produced could provide access for
contamination to spread vertically from the aquifer).
The detection level of the sensor is compatible with
regulatory cleanup milestones. Currently, EPA has
no system for certifying sensor technology for site
characterization.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include cost ef-
fective site characterization and monitoring for any
industry which may have TCE, CCl,, or other appli-
cable contamination (other VOCs are detectable
withfurtherreagentdevelopment). LLNL hasreached
agreement with Burge Instrument Company and
Purus, Inc., for the commercialization of the light
transmission-based chemical-sensor technology.
Both companies plan to introduce commercially
availableenvironmental-monitoring instrumentation
for the detection of chlorinated hydrocarbons using
the fiber-optic sensor.

BASELINE TECHNOLOGY

The baseline technology is purge and trap gas chro-
matography of grab samples. In contrast, this fiber-
optic chemical sensor technology allows trace
quantities of TCE, for example, to be measured on a
continuousin situ basis. The sensor can be automated
to provide a database of fluctuating contaminant
concentrationovertimetoaid in ongoing remediation
efforts. It is as selective and sensitive as GC and is
fasterand cheaper. The TCE optrode (light transmis-
sion measurement) does not provide as much infor-
mation as GC in situations where multiple volatile
organic compounds are present.

INTELLECTUAL PROPERTY

The University of California has a patent pending for
the light-transmission optrode for TCE detection.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Fred Milanovich

Lawrence Livermore National Laboratory
P.O. Box 808, MS L-524

Livermore, CA 94550

(510) 422-6838; (510) 422-8020 FAX

DOE Program Manager
Kurt Gerdes

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7289
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Industrial Partners 6. Colston, B.W. Jr., S.B. Brown, P.F. Daley, K.
Langry, and F.P. Milanovich, “Monitoring

Purus, Inc. Remediation of Trichloroethylene Using a
San Jose, CA Chemical Fiber Optic Sensor: Field Studies,”

Proceedings of the International Topical Meet-
Burge Instrument Company ing on Nuclear and Hazardous Waste Manage-
Tempe, AZ ment, Vol. 1, August 1, 1992, pp. 393-396.
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DIRECT SAMPLING ION TRAP MASS SPECTROMETRY

DESCRIPTION

Direct Sampling Ion Trap Mass Spectrometry
(DSITMS) is based on using an ion trap mass spec-
trometer (ITMS) as a continuous real-time monitor
of multiple chemicals simultaneously as they are
being introduced into the ion trap cell. No or minimal
sample preparation or chromatographic separation is
required. Volatile Organic Compounds (VOCs) in
water, for example, are measured by purging the
sample of water with helium and routing the purge
stream directly into the ITMS. The ITMS generates
approximately ten mass spectra per second and the
spectra are recorded. The ion intensities of the
masses corresponding to the chemicals present are
integrated over the purge period to provide measures
of theirquantities. Additional selectively is achieved
using chemical ionization or using multiple stage
mass spectrometry, if necessary. DSITMS is made
possible by modifying commercially available ion
trap mass spectrometers to employ direct sampling
inlets and operating conditions developed at the Oak
Ridge National Laboratory (ORNL).

The principle advantage of DSITMS is that it allows
analyses to be performed very rapidly. This allows
more samples to be analyzed per unit time; thus
resulting inalower cost per analysis. The continuous
monitoring capability of DSITMS allows studies not
previously possible. Examples include the real-time
monitoring of groundwater remediation and soil
venting processes.

DSITMS technology is most advanced for the mea-
surement of VOCs in water, soil, and air (ambient,
soil gas, headspace). Pilot studies suggest similar
applicability to many semivolatile organic com-
pounds (SVOCs) and VOCs in wastes. Both labora-
tory-based and fieldable instruments are available.
No unique facilities are required to operate the sys-

tem. Troubleshooting and the analysis of some
complex materials requires experience in ITMS but
normal operation can be carried out by competent
technicians.

TECHNICAL PERFORMANCE

U.S. Environmental Protection Agency (EPA)
Method Detection Limits (MDLS) of 1-5 parts per
billion are documented for the 34 Target Compound
List (TCL) VOCs in water using purge periods of 3
minutes. Data can be acquired and concentrations
estimated for up to 20 samples per hour. Current
technology requires off-line computation of exact
concentrations reducing the throughput to approxi-
mately 10 samples per hour. The same method is
applicable to soils and sediments by adding water to
produce a purgeable slurry. VOCs in air can be
monitored in real-time down to concentrations of 50
parts perbillion by volume and oftenless. Additional
sensitivity can be achieved by collecting a sample on
solid sorbent traps and analyzing the traps by thermal
desorption DSITMS. Common operating condi-
tions allow the detection and measurement of
preselected VOCs in water at concentrations of 100
pertrillion orless. Excess analyte in the purge stream
canbe collected on asolid sorbentto provide samples
for confirmatory analyses, if necessary, or for quality
assurance purposes.

Laboratory Demonstrations. Approximately 100
groundwater samples from the local Y-12 Plant have
been analyzed for VOC content by DSITMS in the
laboratory for comparison with the results using
standard EPA-approved methods. Agreement be-
tween the methods was excellent. The method is
similarly applicable to VOCs in soils. Gasoline
Range Organics (GROs) were measured by labora-
tory DSITMS in blind spiked water samples with
very good success. Comparison with the standard
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method using actual samples was good except for
those cases where the standard method overesti-
mates GROs because the presence of interferants.
Thermal desorption DSITMS was shown capable of
detecting polychlorinated biphenyls and other ther-
mally stable SVOCs; but quantitative methods have
not been developed.

Field Demonstrations. Field DSITMS has been
demonstrated as a rapid batch analyzer and as a
continuous monitor. VOCs in water and soil samples
have been determined with good success on the Oak
Ridge Reservation, at the Savannah River Labora-
tory, at Arnold Air Force Base, and elsewhere.
Continuous monitoring features of DSITMS for
VOC’s have been demonstrated by real-time mea-
surement during a cone penetrometer push, monitor-
ing water undergoing photocatalytic remediation,
and in situ groundwater well sampling. Pilot studies
atthelocal Toxic Substances Control Act Incinerator
at Oak Ridge suggest that DSITMS is a promising
approach for monitoring stack effluents.

Cost. The cost of a commercial ion trap mass spec-
trometer ranges from approximately $70K to $100K
depending on the features desired. The direct sam-
pling interface and inlets for soil/water purge, air
monitoring, and thermal desorption costs approxi-
mately $20K. Additional costs for modifications for
field use are approximately $20K. Operating and
maintenance costs are the same as for conventional
commercial gas chromatography/mass spectrom-
etry instruments.

PROJECTED PERFORMANCE

Applicability to SVOCs and validated application of
continuous real-time monitoring capabilities will be
demonstrated in the near-term (1 to 3 years). Addi-
tional work is required to achieve the near-term
objectives, reduce the cost of the instrument, and
automate data processing. Basic research and devel-
opment is required to extend the technology to the
measurement and monitoring oflow molecular weight
isotopic and radioisotopic gases and other speciality
chemicals of importance to the DOE.

APPLICABILITY

DSITMS is currently applicable to the measurement
of VOCsin water, soil, and air. Itisespecially useful:
(a) as ano-false-negatives screen to avoid subjecting
uncontaminated samples to costly standard labora-
tory analysis; and (b) as a rapid field method to
support well-siting and remedial action activities. It
is also currently useful for routine monitoring of
waters and soils which have previously been charac-
terized by standard EPA methods.

DSITMS is ideally suited for the rapid measurement
and real-time monitoring of VOCs. It promises tobe
similarly applicable to many SVOCs. The use of
external ionization accessories is likely to allow its
application to trace elements. DSITMS has been
shown applicable to the analyses of waters, soils,
sediments, and air (ambient, soil-gas, well headspace).
It should be equally applicable to wastes and the
headspace of contained wastes.

STATUS

Instruments configured by ORNL are in place at the
DOE Hanford Site, the DOE Savannah River Labo-
ratory, the Army’s Rocky Mountain Arsenal, and
ORNL. First steps toward commercialization are
being taken under an ARPA-Technology Reinvest-
ment Project led by Teledyne Electronic Technolo-
gies and involving Phillips Petroleum, Monsanto
Chemical, and two small businesses. ORNL is
funded by the DOE Environmental Remediation/
Waste Management program and the Army Envi-
ronmental Center to demonstrate and facilitate de-
ployment of DSITMS. Funding is not allocated for
research and development to extend or improve the
technology.

REGULATORY CONSIDERATIONS

Regulatory agency approval is required to substitute
DSITMS for standard EPA methods when applied to
compliance issues. The determination of VOCs in
water by DSITMS has been approved by the organic
chemical methods subgroup of EPA/OSWER and is
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scheduled to be incorporated in a future update of the
SW846 manual as method number 8265. State
(Tennessee) and EPA Region IV regulatory person-
nel are being briefed on the technology. DSITMS
will be included in an EPA-coordinated validation
study of field methods scheduled for the summer of
1995.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include monitor-
ing of feedstock, process, product, and emissions.
Interest in the technology has been expressed by
companies and organizations from the following
industries: (1) petroleum, (2) chemical, (3) pharma-
ceutical, (4) automotive, and (5) semiconductor.
The companies have most often been interested in
environmental- and process-monitoring.

BASELINE TECHNOLOGY

Gas chromatography/mass spectrometry (GCMS) is
the baseline technology for the analysis of discrete
samples. High speed GCMS, membrane introduc-
tion mass spectrometry, and ion mobility spectrom-
etry are the baseline technologies for continuous
monitoring.

INTELLECTUAL PROPERTY

Finnigan MAT, Inc., and Teledyne Electronic Tech-
nologies, Inc., hold licenses to an ORNL patent
(Patent No. 4,989,678, February 5, 1991) on the
direct sampling interface and sampling modules.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282
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Marcus B. Wise

Oak Ridge National Laboratory
Bldg. 45008, MS-6120

P. O. Box 2008

Oak Ridge, TN 37831-6120
(423)574-4867,; (423)574-4902 FAX
e-mail: wisemb@ornl.gov

DOE Program Manager

Kurt Gerdes

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7289
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FIELD PORTABLE DETECTION OF VOCS USING A
SAW/GC SYSTEM

DESCRIPTION

The system (Model 4100) is a single operator, por-
table, field transportable system at low cost, with
accurate vapor detection and analysis. Its purpose is
to provide a low cost instrument for identifying
hazardous materials and for monitoring Department
of Energy (DOE) waste site cleanups throughout the
United States. Other applications include workplace
monitoring of environmental conditions.

The Model 4100 uses a patented piezoelectric Sur-
face Acoustic Wave (SAW) resonator device and
capillary gas chromatography. The result is a por-
table system that provides detection specificity,
selectivity, and sensitivity. The SAW resonate sen-
sor has excellent recovery characteristics and pro-
vides a trace analysis in less than 30s.

Figure 6.3a displays the Model 4100 attached to a
cone penetrometer sampling tube for ground sample
analysis. The Model 4100 consists of a portable Gas
Chromatograph (GC),aSAW sensor, and adynamic
particle/vapor capture head. The three components
are shown mounted in a rugged field portable
fiberglass carrying case. The Model 4100 captures
the sample in a cyro focus chamber. The chamber
deposits it upon the SAW sensor. The SAW sensor
determines the change in its mass density and reports
it to the database maintained in a laptop 486 com-
puter. The Model 4100 database identifies the sus-
pect sample through an analysis of the numerous
chemical signatures it has previously identified and
recorded. The analysis is then displayed (Figure
6.3b).

Figure 6.3b shows a sample display screen present-
ing both visual and numerical data results (the actual
screenisincolor). The
operator also has an

Cone Penetrometer
Sampling Probe

electronic scratch pad
to enter any notes or
comments. The sys-
tem uses software (de-
veloped by Amerasia)
thatintegrates a propri-
etary database system
with Microsoft Win-

““““““

§ Model 4100

dows.

Based upon the appli-
cation, it responds to
both vapor and particle

material media. Detec-

Sampling‘ Ports |. -

tion and analysis
parameters are deter-
mined by the user’s
need. The system can

be configured forstand-

Figure 6.3a. Model 4100 attached to a cone penetrometer.
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Figure 6.3b. Display screen presenting visual and numerical results.

The Model 4100 is successful using water, soil,
vapor, and particle mediums. It is used in three
situations:

«  Laboratory analysis and testing, both multiple
and single gas analyzing.

*  Fieldand on-site testand analysis, bothmultiple
and single gas analyzing.

»  Remote sensing, both within buildings and in
hostile environmental locations.

TECHNICAL PERFORMANCE

The instrument is capable of preconcentrating, in-
jecting and analyzing samples in less than 30s. The
system integrates efficiently to field conditions and
does not require any special environmental require-
ments. It has been used from high humidity to high

temperature desert conditions.

Table 6.3a shows selected compounds and their
chemical properties (not inclusive of all of the sub-
stances eligible for analysis).

Four hours of basic training is sufficient to begin
Model 4100 operations. As with any electronic test
equipment, the user must exercise common sense
and preventive maintenance. No special measures
are required.

Cost. Table 6.3b shows base prices estimated for
budget and planning purposes. Options are quoted
based on the buyer’s needs and specifications. Please
contact George A. Pappas at (805) 495-9388 for a
specific quotation. In addition, annual software
maintenance fees are 9% of the price.
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Table 6.3a. Detection limits for selected compounds.

Material Name Minimum Detectable Vapor
Concentration (ppb)

Trichloroethylene 40
Tetrachloroethylene 10
Carbon Tetrachloride 410

"Chloroform 420
Dichloromethane 600
1,2-Dichloroethane 370
1,1,1-Trichloroethane 3,570
1,1-Dichloroethylene 1,110
1,1,2,2—Tgtrachloroethane 3
Trichlorofluoromethane 25,640
Benzene 240
Toluene 19
Gasoline 10-100
Diesel Fuel 1

PROJECTED PERFORMANCE Table 6.3b. Base prices and availability.

The system is in portable briefcase size. Current
R & D objectives are to minijaturize it to significantly
smaller sizes.

APPLICABILITY

The technology canbe applied to, butis notlimited to,
the following situations:

*  EPA/DOE environmental monitoring:
Chemical processes, fugitiveemissions, OSHA/
CAAA materials, environmental monitoring to
include surface, subterranean and atmospheric
monitoring of VOCs, organo phosphates, ener-
getics, polychlorinated biphenyls, and dioxins.

*  Industrial monitoring: stackemissions, dioxins,
particle chemical processes, incineration, and
continuous emission monitoring (CEM), toxic
gas, combustibles, oxygen depletion.

*  Law enforcement: military contraband, drugs,
explosives, lethal chemicals, toxic gas warfare.
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Analyzers: Base Availability
Price
Suitcase Model $30K to |Available for
SAW/GC $50K order
Laboratory Model [$30Kto [Available for
SAW/GC $50K order
Monitors:
Industrial VOC Available 1st
Monitor Qtr 1996
Industrial HM Available 1st
Monitor Qtr 1996
STATUS

Prototype units are available for delivery in custom
applications and research. Manufacturing began in
March 1995. Full, high volume production units will
be released by September 1995.

REGULATORY CONSIDERATIONS
The Model 4100 is considered intrinsically safe and

no environmental impacts are anticipated from use
of the technology.




POTENTIAL COMMERCIAL
APPLICATIONS

The Model 4100 was demonstrated in drug and
environmental areas. Other possible applications
include food processing, chemical warfare, explo-
sives, terrorist prevention, and specific vapor detec-
tion and monitoring. The industrial VOC and HM
monitors will be available in early FY 1996.

BASELINE TECHNOLOGY

The baseline technology is the photo ionization
detector (PID) or conventional gas chromatography
equipped with an electron capture or electrolytic
conductivity detector. The Model 4100 eliminates
this process while decreasing reporting time to less
than 10s.

INTELLECTUAL PROPERTY

Patent: U.S. Patent No. 528915

The computer programs controlling the Model 4100
are proprietary and restricted. This includes all algo-
rithms for peak detection and signal processing.

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigators
Edward J. Staples

Amerasia Technology Inc.

2301 Townsgate Road

Westlake Village, CA 91359
(805) 495-9388; (805) 495-1550 FAX

Other Contacts

George A. Pappas and Teong Lim
Amerasia Technology Inc.

2301 Townsgate Road

Westlake Village, CA 91359

(805) 495-9388; (805) 495-1550 FAX

DOE Project Manager

C. Edward Christy

U.S. Department of Energy
Morgantown Energy Technology Center
P.O. Box 880

Morgantown, WV 26507-0880

(309) 2914604, (309) 291-4469 FAX
Internet address: cchris@metc.doe.gov

REFERENCES

Amerasia Technology, Inc., will provide technical
papers associated with this application upon request.
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FIELD RAMAN SPECTROGRAPH FOR
ENVIRONMENTAL ANALYSIS

DESCRIPTION

A field-hardened Raman spectrograph designed for
use with fiber-optic probes has been fabricated. The
instrument can be used for field screening and moni-
toring of a wide variety of wastes, pollutants, and
corrosion products in storage tanks, soils, and ground
and surface waters.

The spectrograph has no moving optical parts and
employs fiber-optic sampling, a compact laser for
Raman excitation, and a state-of-the-art charge
coupled device (CCD) detector. The optical layout
of the system, designed for far-visible and near-
infrared operation, is shown in Figure 6.4. All
components are positioned in the spectrograph on
sturdy mounts that are secured firmly in position or
on its side in a “tower” position. Realignment or
wavelength calibration after changing positions is
not necessary. Direct fiber coupling that is simple,
more efficient, and more robust than optical slits was
employed at the entrance.

Spectrograph. In a direct coupled spectrograph,
maximum throughput is achieved when the f-num-
ber (measure of optical throughput) matches that of
the optical fiber (f/2). The echelle spectrograph was
designed to be /3, with low throughput losses. The
optical components used were designed with
antireflection coatings for maximum transmission of
near-infrared light. The resulting spectrograph is
better than conventional “fast” spectrographs which
must sacrifice resolution and range to achieve high
throughput.

The echelle spectrograph disperses the Raman spec-
trum in two-dimensions onto the CCD detector ar-
ray, spreading the spectrumoverabout 10,000detector
elements. This allows a full Raman spectrum to be
collected without repositioning the grating and with
much better than 1 cm! resolution (about 0.3 cm).
With aconventional grating spectrograph using one-
dimensional dispersion of the Raman spectrum and
a typical 25 mm, 1,024-element detector array, the
range is limited to 1,024 cm!. Because the complete

Raman range is nearly 4,000 cm™, the

grating must be moved at least three
times to acquire a full spectrum.

FIBER \\ .
OPTIC N
e — = — — = — >

%

ECHELLE
52.6 gr/mm

The echelle spectrograph is compact,
weighs approximately 60 Ibs and is
lightenough foraperson tocarry short
distances. The size of the spectrograph
is16in (W)x 24in (L) x 8 in (H) which
allows it to be easily transported and
operated in small trucks, vans, or auto-
mobiles.

Detectors. Three CCD detectors from
PhotometricsLtd. wereevaluated. The
detectorsdiffered in theirmode of cool-
ing and included liquid nitrogen, recir-

culatingliquid, and air-cooled versions.

Figure 6.4. Optical layout of the near-infrared echelle spec-

trograph.




All three detectors performed well, with low dark
currents (backgrounds) at integration periods up to
10 minutes. On the basis of convenience, size, and
weight, the air-cooled version was recommended for
future instruments unless a need arises for long (e.g.,
half-hour or more) integrations.

Lasers. Several solid-state and ion lasers were
evaluated for field Raman applications. Solid-state
lasers are better suited for field applications because
of their potential for high output intensities in a
compactunit. Thediode-pumped, frequency doubled
Nd:YAG laser available through Coherent Laser
Group is the best example of a solid-state device with
these features; however, the only drawback is its high
price (about $30K). A flash lamp-pumped alexan-
drite laser being developed jointly by EIC Laborato-
ries, Inc. and Big Sky Laser Technologies was selected
toevaluate the echelle Raman system. Although, the
prototype laser was the largest and heaviest tested, it
provided the most output intensity (nearly 1 W at
752 nm). Full intensity could not be used when
coupling to optical fibers because the high energy
pulses being delivered damaged the fibers. One
improvement being implemented is the reduction of
pulse energy while maintaining average output in-
tensity. The long-term objective is to produce a
diode-pump laser similar to the Nd:YAG laser.

Fiber Optic Probes. Fiber-optic probes are a key
component of any field Raman system, providing in
situ detection capability at inaccessible locations
such as hazardous waste tanks or subsurface soil and
groundwater. Probes designed for use with 752 nm
and 775 nm laser sources were fabricated, incorpo-
rating the following advanced features without alter-
ing the overall probe dimensions:

*  An epoxy was used to seal the probe cover,
viewing lens, set screws, fiber entry tubes, mir-
ror holder, and internal components from water
and water vapor.

Moisture-resistant filters wereemployed inplace
of conventional filters that irreversibly lose
optical transmission when exposed to water.
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Collection efficiency was improved by adding
a fine adjustment capability to the collection
fiber.

Internal metal components were anodized black
to absorb as much stray light as possible and
spacial filtering (focused light collected from
the sample through a pinhole aperture) was
added to discriminate against stray laser light
reflecting from odd angles through the probe.

The same features were incorporated in a “side-
viewing” Raman probe. The side-viewing probe is
well suited for direct Raman analysis when the probe
is deployed through a medium such as soil or waste
tank saltcake.

TECHNICAL PERFORMANCE

Thecapabilities of the fiber-optic Raman spectrograph
were tested extensively using standard reference
light sources and more than 70 DOE contaminants.
Analytical parameters measured include: wave-
length calibration (accuracy and stability), spectral
resolution, and optical throughput determined as
minimum detectable concentrations of analytes.

Wavelength Calibration. Calibration accuracy can
betested with chemical compounds forwhichRaman
shifts have been well established. Raman shifts
determined for solid naphthalene and a 50:50 (by
volume) mixture of toluene and acetonitrile were
compared using the echelle spectrograph (alexan-
dritelaserexcitation) with shiftsestablishedby ASTM.
Overall, the values were in good agreement, match-
ing to within 1 cm. Long-term stability of the
echelle’s wavelength calibration was also excellent.
The naphthalene calibration values were monitored
during a several month period, and no shifts were
observed.

Itisimportant to note that qualitative identification of
sample components can be achieved by spectral
interpretation, but this process is slow and prone to
error, particularly when complex sample mixtures
are analyzed. In addition, few libraries have been



developed for Raman spectroscopy and they do not
include many of the contaminants of most interest to
DOE. A catalog of intensity corrected, wavelength
calibrated Raman spectra for more than 70 com-
pounds found at various DOE sites has been com-
piled.

Resolution. Spectral resolution is most easily tested
using narrow atomic emission lines from calibration
lamps. A neon spectrum was acquired with the
echelle spectrograph and compared to that acquired
with a conventional Czerny-Turner imaging spec-
trograph (Model 270M from SPEX Industries) about
the same size as the echelle. Closely spaced emission
lines from the neon lamp were easily resolved with
the echelle, even using a large, 100 pm core input
fiber (resolution is optimum with a25 umcore fiber).
Resolution was noticeably poorer with the Czerny-
Turner spectrograph which was operated under opti-
mum resolution conditions (50 [tm slits - narrower
slitsdid notimprove resolution). The Czerny-Turner
spectrograph had a range limited to about 1,000
cm’l,

Sensitivity. Sensitivity is an important parameter to
consider for site characterization. Low sensitivity
generally means that long, costly analysis times are
required, and in the case of downhole sensors much
of the in situ detection advantage is lost. In general,
the sensitivity of the fiber-optic echelle Raman sys-
tem compared favorably with conventional labora-
tory Raman instruments. With the echelle system,
minimumdetectableconcentrations were inthe range
of 1-10 mM for both inorganic salts in aqueous
solution and organic compounds in carbon tetrachlo-
ride. This level of sensitivity is suitable for in situ
identification of major components in waste mix-
tures found in tanks or drums or nonaqueous phase
liquidsunderground. Thesensitivity is alsobetter, by
up to 10-fold, than can be achieved in the same
analysis time using typical compact laboratory sys-
tems. Nearly all of the organic species could be
readily detected at saturation levels in aqueous solu-
tion.

The Raman intensity is linear with respect to concen-
tration and is typical of what is observed for organic
compounds in carbon tetrachloride or water and
inorganic species in water. This is desirable for
collecting semi-quantitative analytical data.

Hanford Waste Tanks. The Hanford Nuclear Res-
ervation located in Richland, Washington, has 149
single-shell and 28 double-shell underground stor-
age tanks that store highly radioactive, heat-produc-
ing wastes. The capabilities of the echelle Raman
spectrograph were tested using three waste tank
simulants provided from Hanford. The three samples
represented different tanks and/or chemical pro-
cesses. Aliquots were removed from each sample
vial and placed on glass microscope slides for analy-
sis. Using an end-viewing fiber-optic Raman probe
and a krypton or alexandrite laser (100 mW of
725 nm excitation) with the echelle spectrograph,
spectra were first collected for each sample wet and
then after up to an hour of air drying. The sample
position was notmoved during the drying period. For
comparison with the near-infrared echelle system,
the Hanford samples were also analyzed with a
visible Raman system consisting of an air-cooled
argon laser operated at 514.5 nm and a SPEX 270 M
spectrograph set at maximum resolution. The laser
and spectrograph were connected to an EIC end-
viewing fiber optic Raman probe. Again, 100mW of
laser excitation was delivered to the samples.

In summary, use of fiber-optic probes to safely
collect high quality Raman spectra of Hanford tank
samples remote from the spectrograph and operator
has been demonstrated. The high-resolution of the
echelle spectrograph is advantageous for this appli-
cation because the samples contain multiple compo-
nents of similar chemical structure. Spectral changes
are also associated with the degree of sample wet-
ness. Both visible and near-infrared Raman systems
are needed for complementary characterization of
tank samples -- with green excitation, fluorescence
sometimes overwhelmed the Raman signal while
dry samples often charred under the near-infrared.



Savannah River Site. The Savannah River Site
(SRS) in Aiken, South Carolina, was the second
location where the echelle Raman spectrograph was
tested. Dense nonaqueous phase liquids (DNAPLSs)
such as trichloroethylene (TCE) and perchloroethyl-
ene (PCE) and light nonaqueous phase liquids
(LNAPLSs) such as gasoline have been found in SRS
soils. A study of Raman detectability in soils from
SRS at different excitation wavelengths was per-
formed, todetermine the bestoperating wavelength(s)
forcone penetrometerdeployment. Threesoilsamples
were obtained from the M Area Basin of SRS where
PCE and TCE DNAPLSs were found at the bottom of
a groundwater monitoring well. The soils were
collected at depths of 23.8 ft, 105.2 ft, and 130.2 ft.
Samples of each soil, alone and saturated with PCE,
were excited with 35 mW laser power at 364 nm, 407
nm, 521 nm, 674 nm, and 752 nm, respectively.

In summary, the feasibility for detecting DNAPLs in
SRS soils with a cone penetrometer Raman probe
was demonstrated using near-infrared excitation.
The lower visible wavelength excitation gave the
best results overall. The study also showed that the
optimum wavelength for Raman analysis is highly
dependent on soil type.

Cost. The commercial price for a spectrograph (with
detector, software, etc.) is estimated at $40K. This
does not include the price of a laser which ranges
from $10to $40K; or fiber-optic probes ranging from
$5 to $10K.

PROJECTED PERFORMANCE

Further evaluation and improvements include: (1)
development of an enhanced instrument software
package for improved data collection and signal
processing, (2) expansion of the Raman spectral
catalog and development of a computerized library
format, (3) development and evaluation of advanced
Raman probes for radioactive waste storage tank
applications, (4) field evaluation of the cone pen-
etrometer Raman system at SRS, and (5) preparation
of an operation manual for the Raman spectrograph
system.

APPLICABILITY

The Field Raman Spectrograph is applicable to field
screening and monitoring of a wide variety of haz-
ardous and radioactive wastes in storage tanks, soils,
and ground and surface waters. Raman probes canbe
combined with the cone penetrometer for more rapid
site mapping (than possible with drilled and exca-
vated wells) and as a tool for searching for localized
DNAPLs.

STATUS

The echelle Raman spectrograph is fully ready for
evaluation at other DOE sites. An evaluation of the
devices at the Savannah River site is planned. The
technology is being commercialized by EIC Labora-
tories, Inc.

REGULATORY CONSIDERATIONS

The U.S. Environmental Protection Agency is aware
of similar technologies being used with the cone
penetrometer. Environmental impacts from the use
of this technology are not anticipated.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is potentially applicable to a wide
variety of sites where LNAPLs, DNAPLSs, corrosion
products in storage tanks, soils, and ground and
surface waters may be present or hard to access.

BASELINE TECHNOLOGY

The baseline technology is the use of conventional
Raman systems in the laboratory.

INTELLECTUAL PROPERTY

U.S. patent 5,112,127, "Apparatus for Measuring
Raman Spectra Over Optical Fibers," Michael M.
Carrabba and R. David Rauh, was issued on May 12,
1992.
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For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Michael M. Carrabba

EIC Laboratories, Inc.

111 Downey Street

Norwood, MA

(617) 769-9450; (617) 769-2099 FAX

DOE Program Manager

Texas Chee

U.S. Department of Energy
19901 Germantown Road
Germantown, MD 20874
(301) 903-7926
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HALOSNIF FIBER-OPTIC SPECTROCHEMICAL SENSOR

DESCRIPTION

HaloSnif is a fiber-optic spectrochemical sensor
capable of detecting any volatile chlorinated com-
pound in air or gas. During operation, HaloSnif
operating at subambient pressure (40 torr) continu-
ously draws an air sample through a critical orifice
intothe plasma-excitation chamber where it is mixed
with helium and excited with a radio-frequency
signal inductively coupled to the plasma chamber.
The plasma chamber is coupled via a fused silica
optical fiber to the signal-processor unit. The optical
emission of the plasma is filtered with a narrow-
band-pass filter designed to monitor the 837.6 nm
emission line from the excited chlorine atom. The
intensity of the chlorine emission is directly propor-
tional to the concentration of chlorine-containing
species in the sample gas. The detection sensitivity
for carbon tetrachloride is 5 ppmv. The response of
the system is linear from the detection limit to 10,000
ppmv. The detection limit for other chlorine-contain-
ing compounds can be estimated by calculating the

ratio of the percent of chlorine in the compound of
interest to that of carbon tetrachloride.

Data acquisition is achieved using a LabView data
acquisition software package mounted onaMacintosh
computer system. The data-acquisition system is
interfaced to the electro-optical signal-processing
module via a 1 to 10 V analog output. Real-time
concentrations of total chlorinated compounds are
displayed on the monitor for observation by on-site
personnel. All data are stored in computer memory
for post-run processing and analysis.

TECHNICAL PERFORMANCE

HaloSnif’s response to chlorinated species is linear
fromits lowerdetection limitof 1 to 5 ppmv (formost
compounds) in air to approximately 10,000 ppmv. In
addition, HaloSnif is not sensitive to moisture or
othernonchlorinated compounds presentin the sample
gas. HaloSnif operates at40 torr. Equilibration times
are normally less than 1 min to reach 90% of full

scale. The total weight of

Fused Silica Optical Fiber (transmits
light from Plasma Chamber)

Chamber

the HaloSnif system is 50
1b. HaloSnif also features
real-time multipoint envi-

0.00005 meter Opening ronmental field monitor-

(allows only a minute amount : :
Helium In of gas to enter each second) g, small pIObe S1ze, ?md
elum * the ability to use multiple
- — Quartz Plasma probes withonecentral de-

tection and data acquisi-
tion system. HaloSnif

Fiber Optic requires 5 A of 110 VAC
Signal Cable
Processing power to operate.
Module :
éf;’;’i’,!iféﬁi;‘;, - HaloSnif can be
Supply reconfigured as an ele-
<__I ment-specific detector for
Vacuum Out gaschromatography efflu-

ents containing chlorine-

Figure 6.5. HaloSnif Fiber-Optic Sensor.
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compounds. By simply replacing the critical orifice
inlet with an open-face membrane material, HaloSnif
is capable of measuring the concentration of total
organic chlorine in water samples.

Cost. The unit is approximately $15K for the base
system and approximately $250 per sensor assem-
bly. Operations and maintenance costs are minimal.
Contact Quanta Physik for details.

PROJECTED PERFORMANCE

HaloSnif has the potential to detect gas-phase
compounds containing bromine, mercury, fluo-
rine, and possibly phosphorus by simply modi-
fying the analytical-emission wavelength moni-
tored by the detector.

APPLICABILITY

HaloSnif is applicable to the detection of any volatile
chlorine-containing compound including carbon tet-
rachloride, trichloroethylene, tetrachloroethylene,and
chlorofluorocarbons in air or gases.

STATUS

All components of HaloSnif are commercially avail-
able through Quanta Physik, Palm Beach Gardens,
Florida.

REGULATORY CONSIDERATIONS

HaloSnif is considered intrinsically safe, and no
environmental impacts are anticipated.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications of HaloSnif in-
clude monitoring at waste sites, chemical storage
areas, and process-based manufacturing plants using
CFCs.

BASELINE TECHNOLOGY

The baseline technology is the photoionization de-
tector (PID), or conventional gas chromatography
equipped with an electron-capture or electrolytic-
conductivity detector.

INTELLECTUAL PROPERTY
HaloSnif was developed at Pacific Northwest Labo-
ratory (PNL). The patent has been assigned to PNL
and the Department of Energy (DOE).

“Fiber Optics Spectrochemical Emission Sensors,”
Patent No. 5,085,499.

For more information,
please contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigator
Khris Olsen

Pacific Northwest Laboratory
Battelle Boulevard

P.O. Box 999

Richland, WA 99352

(509) 376-4114

DOE Program Manager
Rashalee Levine

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7920

Industrial Partner

Quanta Physik

Palm Beach, FL.

(407) 627-4525
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IN SITU MEASUREMENT OF VOLATILE AND SEMIVOLATILE
ORGANIC COMPOUNDS IN THE SUBSURFACE

DESCRIPTION

Methods and a technology is being developed that
will couple a cone penetrometer (CPT) with field-
deployable gas chromatography/mass spectrometry
(GC/MS) instrumentation to directly transfer vola-
tile organic compounds (VOCs) and semivolatile
organic compounds (SVOCs) from subsurface ma-
terial at depth to the analytical instrument in the field.
Sampling, preconcentration, and analytical equip-
ment will be directly coupled to the CPT to provide
on-line, near-real-time analysis of VOCs (e.g., trichlo-
roethylene, benzene) and SVOCs (e.g., polynuclear
aromatic hydrocarbons, polychlorinated biphenyls)
insubsurface materials. The VOC or SVOCs will be
liberated from subsurface material and carried to the
surface by an inert, heated transfer line,
preconcentrated, and analyzed by thermal desorp-
tion GC/MS.

The in situ extraction and on-site analysis of VOCs
and SVOCs will reduce waste generated as com-
pared to conventional laboratory analysis.

TECHNICAL PERFORMANCE

Laboratory Experiments. Transfer efficiencies for
VOCs through 15 m lengths (0.160 to 0.216 cm ID)
of the tubings composed of Teflon® (Type PFA,
PTFE, and FEP) were evaluated by using a dynamic
system in which a certified gas standard containing
chloroform, 1,1,1-trichloroethane, carbon tetrachlo-
ride, tetrachloroethylene, n-hexane, benzene, tolu-
ene, and o-xylene was mixed with air saturated with
water at 25°C. The water content of the gas stream
had aninsignificanteffect onthe quantitative transfer
of VOCs through Teflon® tubing but was critical to
theefficient transfer of the compounds through metal
tubing, particularly nickel. Transfer efficiencies for
all eight analytes in moist gas streams through stain-

less steel tubing were greater than 95%. Toluene,
tetrachloroethylene, and o-xylene were transferred
with 93%, 81%, and 80% efficiency, respectively,
when drawn through Teflon® PFA tubing at 25°C.
The sorption of the VOCs by Teflon® tubing was
reversible, and the transfer efficiencies improved to
94% when the tubing was flushed with 16 equivalent
volumes of air. In general, the retention of the VOCs
by Teflon® increased with decreasing aqueous solu-
bility of the analyte. The outgassing of contaminants
from Teflon®increased with increasing temperature,
Theefficiencies at which the VOCs were sparged for
aqueous standards in Teflon® PFA, Type 304 stain-
less steel, and glass vessels were similar. Inaddition,
the time required to sparge and transfer a sample to
the surface in an in situ, on-line sparging system will
be limited by the time required to flush the transfer
line. [Air sparging is defined as the injection of air
into saturated matrices to remove contaminants
through volatilization.] The results from the evalu-
ation of materials and testing of the laboratory-scale
prototype provided the information needed to design
a miniaturized version of the sparging vessel for the
CPT.

Down-Hole Sparging Vessel. The design of an in
situ,on-line sparging vesselincorporates the follow-
ing features:

*  Anarrow stainless steel vessel with a 1:1 ratio
of headspace to sample volume, in which the
purge gas enters the base of the vessel through
a stainless steel frit to optimize sparging effi-
ciency by maximizing the contact between the
purge gas and water.

*  The ability to draw the sample into the vessel
under a slight vacuum to facilitate sample col-
lection.
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»  Control of the collection of a known volume of
the sample and initiation of the purge cycle by
a liquid level sensor electrically wired to two
solenoid valves.

e A heated, stainless steel transfer line to effi-
ciently transport the VOCs to the surface.

. Preconcentration of the VOCs at the surface on
a mixed bed of porous and solid carbon sor-
bents.

*  On-site desorption of the VOCs into an instru-
ment for quantitative analysis.

e A back-flush cycle in which the transfer line is
purged and the sparging vessel is drained in
preparation for additional sample collection.

Figure 6.6ais a schematic of the down-hole sparging
vessel.

Cone
Penetrometer
Push Rod

Drain

Figure 6.6a. Down-Hole Sparging Vessel.

Thermal Desorber. A thermal desorption device is
incorporated into the CPT tip which heats the sur-
roundingsoil. The vaporized volatile and semivolatile
organics (e.g., polynuclear hydrocarbons, petroleumn
products, PCBs) are swept into the device by an
applied vacuum and transported to the surface in a
gas stream through a heated transfer line. As withthe
purge device, the organics of interest are
preconcentrated on the surface and then desorbed
intoaGC/MS orotherinstrument. Figure 6.6bshows
is a schematic of the thermal desorption device.

Heated
Transfer = [
Line 1

Heated { N~ ]

Figure 6.6b. Thermal Desorption Device.

Cost. A cost reduction of 90% has been estimated
with use of the thermal desorption GC/MS for field
analysis.

PROJECTED PERFORMANCE

The anticipated performance relative to the baseline
technology includes:

e  Quantitative - defined volume, no losses dur-
ing collection, transfer, shipment, storage, analy-
sis.
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*  Acceptance -- conforms to 8240 and other EPA
methods.

*  Reliable - depth profiling, faster data, cheaper
(short wait to fill, less in/out).

*  Disposal --no sample brought to surface, there-
fore, no disposal costs.

APPLICABILITY

The technology is applicable to in situ characteriza-
tion of VOCs and SVOCS in subsurface materials
(e.g., groundwater and soil).

STATUS

The transfer line and the miniaturized version of the
in situ purge device and the thermal desorption
device were designed and fabricated. Testing of the
in situ purge device and the thermal desorption
device are expected to be completed in June 1995. A
preliminary field demonstration is expected to be
completed by the end of August 1995. Software
development is planned for FY 1996.

REGULATORY CONSIDERATIONS

The two sample collection devices will remove only
the vaporizable (i.e., organic) contaminants from the
subsurface. These contaminants will be swept via a
gas stream directly to an instrument and will be
totally enclosed. Appropriate downstream trapping
devices (e.g., a carbon trap) can be used for nonde-
structive detectors. There will be no hazardous or
radioactive emissions.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology can be used for characterization of
industrial waste facilities with organic chemical con-
tamination, landfills, industrial process sewage leaks,
storage tank leaks, etc.

BASELINE TECHNOLOGY

The baseline technology for collecting groundwater
for analysis in the laboratory includes: (1) bailers
which lose VOCs and are slow, (2) vacuum operated
BAT sampler which generally doesnot work (needles
clog), and (3) the hydropunch which s often clogged
by silt, is slow, and is a "one shot" sample.

The baseline technology for thermal desorption/
screening is the Mostap core sampler and WES-
modified Mostap which is mechanically compli-
cated (no rocks), uses an unheated transfer line, and
has limitations with mud and clay (vapor transfer out
of bulk sample). Its efficiency depends on the
permeability of the matrix.

Asnoted previously, the water sampler is technically
equivalent to the EPA purge and trap technique (e.g.
EPA Method 8260) and the soil sampler is function-
ally similar to the EPA thermal desorption technique
(e.g. EPA Method 8275).

INTELLECTUAL PROPERTY
Patent disclosures have been filed.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Mitchell Erickson

Argonne National Laboratory

9700 South Cass Avenue

Argonne, IL. 60439-4843

(708) 252-7772; (708) 252-9594 FAX
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DOE Projects Manager, CMST-CP
Eric Lightner

U.S. Department of Energy

Cloverleaf Building

19901 Germantown Road

Germantown, MD 20874-1290

(301) 903-7935

University Partner

Albert Robbat

Tufts University

Chemistry Department

62 Talbot Avenue

Medford, MA 02115

(617) 627-3474; (617) 627-3443 FAX
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MINIATURE CHEMICAL FLOW PROBE SENSORS

DESCRIPTION

The objective of this project is to develop an in situ
generic chemical speciating technology suitable for
use in both: (a) field survey applications and (b)
process control and monitoring applications. The
technology .to be implemented is a flowing reagent
system in which analytes diffuse across amembrane
into the reagent-containing volume. A chemical
reaction between the reagent and the analyte then
produces spectrally distinct products. The absorp-
tioncharacteristics of these products are measured by
illuminating the reaction volume with broadband
white light. Thislightis carried fromaflashlampinto
the reaction volume using optical fibers and then to
asmall, solid state spectrometer, again, using optical
fibers. The generic nature of the instrument comes
from the goal of designing a single probe body in
whichmany differentreagents and membranes could
be used. The speciating characteristic is obtained
from tailoring the reagent and membrane to the

Figure 6.7a. Flow probe head.
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analytes and the matrix. The most general instrument
would be one in which two or more reagents would
be mixed at the reaction volume. Because of funding
limitations, the current goal is to investigate only
single reagent applications.

The instrument can be used in situ at the point where
chemical information is desired. The basic probe is
a 0.5" diameter cylinder. Two different configura-
tions are being designed: (a) an above-ground field
or process monitoring instrument, and (b) a down-
well unit suitable for 2" or Jarger well. Both configu-
rations are designed for as many as 500 analyses
before reagent replenishment is required.

The active element of the flow probe instrument is
the probe head. This item is inserted in the environ-
ment of interest (see Figure 6.7a). The z-shaped
element contains the reagent fluid and is the reaction
volume. The center segment of the z-shaped region
is illuminated with white light. The two prisms on
either end of this reaction volume segment are used
to turn light by 90 degrees. These prisms are made
from sapphire. At the bottom of the prisms are the
optical fibers that carry light from the flashlamps to
the probe head and then into a spectrometer.

The flow probe instrument is suitable for measuring
chemicals in the fluid state (both liquids and gases).
The chemicals of interest must be able to diffuse
across a thin membrane.

Three different contaminant environments are tar-
geted: (a) metallic ions (specifically copper) in aque-
ousmatrices, (b) volatile organic compounds (VOCs),
specifically trichloroethylene (TCE), trichloroethane
(TCA), and chloroform, in ambient air, and (c) VOCs
in aqueous matrices. Field demonstrations will be
performed in aqueous process streams, organic con-
taminated dry wells, and organic contaminated water
containing wells.



TECHNICAL PERFORMANCE

The instrument is packaged into two suitcases. One
suitcase (14" x 24" x 36" ) contains the electrical
items (computer, flash lamps, power supplies, data
acquisition units) and the other suitcase (10" x 24" x
23") contains the fluid handling items (reagent stor-
age, valves, tubes, the probe umbilical). Electrical
and optical cables interconnect the two suitcases for
operation. The probe’s point of insertion into the
environment to be tested is 1 m from the fluid
handling suitcase. Figure 6.7b shows the last of the
laboratory configurations assembled. These items
are then grouped into the two suitcases, which are not
shown. Because this is the first development effort
for this technology, we chose to require access to 110
VAC power.

A down-well unit is also being developed. This unit
can be lowered into a well to a depth of 150 ft.

The software developed allows three different modes
of operation: (a) manual operation mode in whichan

operator activates the data acquisition and control
functions,(b) a semi-manual mode in which an op-
erator initiates a predetermined sequence of data
acquisition and control functions, and (c) an auto-
matic mode in which the computer controls (without
the need for any operator action) the activation of a
number of predetermined sequences of data acquisi-
tion and control functions.

A typical sequence for an analysis consists of: (a) the
reagent-controlling valve opening and then closing
which allows fresh reagent fluid to flush the reaction
volume clean of previous reaction products, (b) once
the valve closes, the flashlamp pulses and the light
carried by the optical fibers completely illuminates
the reaction volume,( ¢) diffusion of fresh chemicals
across the membrane is occurring and some reaction
products are forming, (d) the absorption spectrum is
measured by the spectrometer, (€)chemometricbased
analysis is performed, and (f) steps (b) to (e) are
repeated at 1 min intervals. Some time between the
1 and 15 minis required for the algorithm to compute
the concentrations of the analytes measured.

FLOW PROBE SYSTEM

Figure 6.7b. Flow probe laboratory configuration.
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Detection limits are similar to those in laboratory-
basedliquid reagent, absorption-based spectroscopy.
These vary according to the analyte being measured.
The VOCs being measured in the field trials can be
analyzed downto 10s of ppb for TCE and chloroform
and 1s of ppm for TCA in aqueous matrices. The
copper ions in water can be measured in 10s of ppb.

Cost. The three field instruments that will be tested
during summer 1995 cost approximately $17K. In
production, this cost could come down to less than
$10K. This is the fixed cost of an instrument. Fora
different set of analytes and matrices, only the probe
and umbilical need be modified. These cost $700 for
the field instruments and could be half that in produc-
tion. The cost involved with development of re-
agents and membranes for different analytes and
matrices is unknown. However, liquid reagent/
absorption spectroscopy based analytical chemistry
is a mature science, thus literature searches for spe-
cificapplications followed by acalibration trial could
be all that is required.

PROJECTED PERFORMANCE

Areas of further development include:
*  Other probe head designs that lower the detec-
tion limits or make for easier probe head manu-
facturing -- for applications not limited in cross
section.

Membrane development-- whilereagentchem-
istry is a mature science, membrane technology
for diffusion applications is rather new.

Multi-probe applications -- one controlling unit

could obtain data from any number of probe/
umbilical units.

APPLICABILITY

The flow probe technology is applicable for the
measurement of volatile or dissolved materials ca-
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pable of diffusion through thin membranes. This
includes: (a) VOCsinairorother gases, and in liquids
such as water, and (b) ionic or non-ionic materials
that are dissolved in liquids such as water.

STATUS

The technology is in the bench scale or prototype
stage. Two laboratory units are available and are in
use for the calibration phase of the project. Three
field units will be available the summer of 1995.
Plans are to perform field demonstrations for a two-
month period at two DOE production sites and four
commercial industrial sites.

Commercialization activities are ongoing. A legal
package including licensing, drawings, reports, and
data results documentation is being assembled. A
price for this package is being negotiated. The
technology licensing will be transferred to one or
more Center for Process Analytical Chemistry
(CPAC) member companies.

REGULATORY CONSIDERATIONS

The technology essentially takes liquid reagent, ab-
sorption-based spectroscopy which can be and has
been performed fornearly acentury in test tubesin an
analytic chemistry laboratory and packages the op-
eration into a field instrument. The volumes of fluids
used are considerably smaller (10 microliters per
analysis). The total volume of liquid used for 500
analysesis 10 milliliters. This usage will create about
the same volume of waste liquid that must be dis-
posed of using approved methods. Thereagents used
for analysis depend upon the chemicals to be ana-
lyzed. Those currently used have pHs that range
from 5 to 12; therefore, some care is needed in their
handling and disposal. The worst case is a spill of up
to 10 mil of fluid if the membrane were to burst and
the liquid monitoring subroutines of the control
system were to fail. Discussions with users and
potential users have not raised any regulatory barri-
ers to the use of the flow probe technology.



POTENTIAL COMMERCIAL
APPLICATIONS

The applications for the flow probe technology are
the same as forthose which usereagentbased, optical
absorption spectroscopy. Those that have been
discussed with the CPAC membership include: (a)
waste water treatment monitoring, (b) process moni-
toring of a multitude of liquid-based processes in-
cluding etching baths, and chemical inhibitor
applications, (c) petrochemical process monitoring,
(d) quick field monitoring of the near surface for
volatile chemicals, and (e) long term monitoring of
restoration projects in mining applications.

BASELINE TECHNOLOGY

The most commonly used technology is the taking of
a grab sample in the field followed by transport to a
remote general analytical location or facility for
analysis. Issues relating to this process include: a)
manpower intensive operation for field sampling, b)
slow feedback that precludes smart sampling, c) high
cost (about $200) per analysis, d) potential loss of
volatile constituents from grab sample container
resulting in sampling errors, and €) larger waste
generation caused by the volumes of typical grab
samples.

INTELLECTUAL PROPERTY

This project is a joint effort by Sandia National
Laboratories (SNL) and CPAC. The intellectual
property rights are being provided in a onetime fixed
fee to various CPAC members. This arrangement
between the SNL and CPAC is being undertaken to
facilitate technology transfer in the quickest, and
most efficient manner.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
George R. Laguna

Sandia National Laboratories
MS 0501

PO Box 5800

Albuquerque, NM 87185-0501
(505) 844-5273

email: grlagun@sandia.gov

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672

Industrial Partaner

Patrick L. Jones

Center for Process Analytical Chemistry
University of Washington, BG-10
Seattle, WA

(206) 685-2326

email: pljones@u.washington.edu

REFERENCES

None.
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MINJIATURE GC FOR IN SITU MONITORING OF VOCS WITHIN A
CONE PENETROMETER

DESCRIPTION

A high performance gas chromatograph that can be
used with a cone penetrometer for accessing and
quantifying organic contamination at DOE environ-
mental clean-up sites is being developed. The Cone
Penetrometer Gas Chromatograph (dubbed “Cone
GC”) is constructed in the shape of a cylinder whose
maximum outside diameter is less than one inch,
thereby allowing it to be incorporated as part of the
piezocone assembly that is inserted into the soils.
This instrument provides the capability for rapid
assessment of vadose zone contamination allowing
data to be collected directly at the emission source.
By taking an in situ measurement, the Cone GC can
establish a stratigraphic contaminationemission pro-
file with no sample handling. The Cone GC offers
the unique capability of being able to goto the sample
collection zone instead of the sample being collected

and brought back to an instrument on the surface.
This will avoid the need for long sample collection
lines, and pumps and syringes, providing a conve-
nient means for in situ measurements. An additional
use of the Cone GC would be inserting the instrument
at the perimeter of a hazardous waste area to gauge
the potential migration of volatile organic contami-
nation across the monitored zone.

The Cone Penetrometer Gas Chromatograph is rug-
ged and unusually small. To fit within the cone
penetrometer rod, the instrument must be less than 1
inch in diameter. The Cone GC is a completely self
sufficient instrument requiring only electric power
and a small amount of compressed air to operate. As
Figure 6.8 illustrates, the Cone GC is split into two
components: (1) the data acquisition control module
located at the surface; and (2) the GC sample probe
assembly thathas a 1" diameter and is approximately

30" long. Thecable connec-

Contro} Signals

120 VAC or 12VDC and Power C“b‘

PowerIn — >

Data Acquisition and Control
Electronic Module

System Highlights

* Very small instrument size
(fits within 1* diameter cone
penetrometer rod)

Vapor Sample
Inl

. Muniple vapor monitoring
capability

¢ Fully automatic operation

» Minimal maintenance and
logistica! support required
(requires only ambient air and
<10W electrical power)

Penetrometer

e/ \

Cone GC Sample Probe |-
<1"OD X 30" Long

tion between the GC
piezocone and the data ac-
quisitionmoduleprovidesin-
strument power, compressed
air, and data transmission
conduit.

The Cone GC is designed to
minimize the need for typi-
cal support overhead
associated with gaschroma-
tography. The instrument
uses aminiature temperature
controlled packed-column
for sample analysis. Sample
injection is performed by an
electrically controlled gas
sampling valve and the
entire instrument operation
iscontrolled by amicrocom-
puter using a menu driven

Figure 6.8. Cone Penetrometer GC concept sketch.
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interface program. The Cone
GC can be configured with



different detector options that allow additional analy-
sis flexibility and compound detection selectivity.
There are two detector options. The first is a general
hydrocarbon detector and the second is a halogen
specific detector. These detectors in combination
with the specific column selection offer ways to
improve instrument selectivity. The Cone GC is
designed to provide sub-ppm detection levels of
multicomponent samples. The typical analysis time
is usually less than 10 minutes. The instrument
interface was designed so a field technician with
limited background in the operation of a gas chro-
matograph could successfully operate the instru-
ment.

Cost. The cost of the Cone GC probe assembly and
the electronic controller module is anticipated to be
about $10K. A replacement or an additional Cone
GC probe assembly would be $4K. The costs do not
include the price of the cone penetrometer and opera-
tional support requirements. These costs are only
estimates based on current design objectives.

TECHNICAL PERFORMANCE

Technical performance data will be available in late
1995.

PROJECTED PERFORMANCE

The primary performance objective for the Cone GC
is to be able to detect sub-ppm levels of chlorinated
organics and hydrocarbons at DOE environmental
clean up sites. This technology as part of a cone
penetrometer will provide for contamination analy-
sis data to be gathered in situ, establishing a depth
emission profile. This will avoid the need for tradi-
tional headspace soil analysis and should allow a
significant cost savings and faster data analysis.

APPLICABILITY

The Cone GCis capable of both general hydrocarbon
analysis and chlorinated compound analysis. This
instrument could be configured for a wide range of
compounds depending on the scope of the applica-
tion.

STATUS

This is an applied research project. The expected
date for commercialization of the Cone GC is late
1996.

REGULATORY CONSIDERATIONS

The primary use of this technology will be in the area
of field screening for hazardous waste site assess-
ment. Gas chromatographic methods have been
widely and successfully employedin this remediation
assessment area. In general, regulations concerning
subsurface access via well drilling will apply.

POTENTIAL COMMERCIAL
APPLICATIONS

The Cone GC would offer an additional analysis tool
for the environmental industry because cone pen-
etrometer testing investigations provide a significant
amount of physical data on soil conditions. Having
an in situ gas chromatograph in conjunction with the
cone penetrometer will provide additional analysis
information on volatile organic emissions. Data
provided by the Cone GC will allow contamination
information to be gathered faster and at less cost than
conventional methods.

BASELINE TECHNOLOGY

The baseline technology is laboratory characteriza-
tion, which requires that the sample be collected and
brought to a GC instrument on the surface.

INTELLECTUAL PROPERTY

Contact the Technical Coordinator for further infor-
mation.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282
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Principal Investigator

N. Lynn Jarvis

Microsensor Systems, Inc.

62 Corporate Court

Bowling Green, KY 42103

(502) 745-0099; (502) 745-0095 FAX

Technical Coordinator
Norman Davis, Jr.

62 Corporate Court

Microsensor Systems, Inc.

Bowling Green, KY 42103

(502) 745-0099; (502) 745-0095 FAX

DOE Project Manager

Carl E. Roosmagi

U.S. Department of Energy
Morgantown Energy Technology Center
P.O. Box 880

Morgantown, WV 26507-0880

(307) 721-7205

REFERENCES

None.
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MULTTANALYTE SENSOR ARRAYS

DESCRIPTION

Researchers have demonstrated applicability of a
multianalyte single-fiber sensing technology for en-
vironmental monitoring. The sensing technology is
based on the capability of placing multiple indicator
chemistries which serve as discrete sensing sites at
the distal end of a single imaging fiber. The indica-
tors are sensitive to analyte concentration and exhibit
changes in absorbance or luminescence, forming the
basis of such sensors. An imaging fiber is typically
300 um-400 umin diameter, consisting of thousands
of individual channels. The discrete sensing sites are
aresult of photopolymerizing different indicators in
apolymer matrix on multiple regions of the fiber. By
coupling the imaging fibers to a charge coupled
device (CCD) detector, it is possible to spatially and
spectrally discriminate the multiple sensing sites
simultaneously and, hence, monitor analyte concen-
trations.

Indicator chemistry and immobilization procedures
have been developed for pH, AI**, hydrocarbon, o,
and CO, sensors.

TECHNICAL PERFORMANCE

The analyte-sensitive polymers can be placed at
precise locations on the fiber surface. These revers-
ible sensors are covalently bonded to the fiber so they
are quiterugged. A portable, battery operated instru-
ment was designed and built to demonstrate the
applicability of multianalyte sensors for field mea-

surements. The instrument is based on an imaging -

fluorimeter that provides filtered excitation light
through the fiber to the sensors and interrogates the
resulting fluorescence signal. Thefluorescence from

the sensor array is guided back through the imaging

fiber and imaged onto the CCD. The CCD image is
then used to calculate intensities for each of the
spatially resolved sensors. These intensities can then
be related to concentrations of a particular analyte.

Figure 6.9a shows a schematic of a pH/hydrocarbon
array with seven analyte-sensitive polymer matrices.
The sensor is comprised of three pH sensitive matri-
ces containing eosin, two pH sensitive matrices
containing fluorescein, and two hydrocarbon sensi-
tive matrices of two photopolymerizable siloxanes.

Figure 6.9b shows the increase in fluorescence ma-
trices S and 7 uponintroduction of CH,CL, vaporsand
return to baseline fluorescence when pure N, was
reintroduced. Panel A also shows that there is no
significant fluorescence change of the other matrices
upon introduction of CH,Cl, vapors. Panel B shows
the response of pH sensitive matrices. Between pH
2-6 the eosin-containing matrices show the maxi-
mum change in fluorescence, while the fluorescein-
containing matrices are most sensitive to the pH
range of 5-8.

PROJECTED PERFORMANCE

As a result of the initial success in measuring pH
optically, an underground storage tank application is
possible. A widerange of pH sensorscould be placed
to monitor for corrosive conditions, as well as a
redundant number of individual sensors to mitigate
the effects of a harsh environment.

1. Eosin/polyHEMA
@ @ 2. Eosin/polyHEMA
3. Eosin/polyHEMA
@ 4, Fluorescein/polyHEMA
5. Nile Red/PS802

6. Fluorescein/polyHEMA
7. Nile Red/PS851

Figure 6.9a. Schematic of the pH/hydrocarbon
array.
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pHS.5

A CHZC].Z saturated N2

pH 5.03

pH2.0

Figure 6.9b. Fluorescence images of a pH/hydrocarbon array. Panel A shows the response of the
array to CH,Cl, vapors. Panel B shows the response of the array to pH changes.

The O,, CO,, and pH sensors are being considered for
deployment in bioremediation applications, includ-
Ing sites operating at elevated temperatures.

Lawrence Livermore National Laboratory (LLNL)
plans to explore the potential application of a new
concept recently demonstrated by Tufts University.
The concept consists of a combination of slow
release polymer technologies with fluoroimmuno-
analysis that has the potential for a continuous read-
ing antibody-basedbiosensor. Success would greatly
increase the number of different analytes that could
be measured with the multianalyte sensor.

APPLICABILITY

Multianalyte sensor arrays are applicable to the de-
tection of pollutants in groundwater and waste water,
as well as continuous monitoring of pollutants and
respirationof biomass associated with bioremediation.
The concept of multianalyte sensors is not limited to
pH, Al*, 0,, CO,, and hydrocarbons. As additional
analyte-specific reagents and other transduction
mechanisms are identified, these sensors will find
greater scope of applicability.
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STATUS

The capability of placing multiple indicator chemis-
tries which serve as discrete sensing sites at the distal
end of a single imaging fiber has been demonstrated.
Indicatorchemistries forawiderange of pH, AF*,0,,
CO,, and hydrocarbons have been developed.

A small, low-cost, field portable instrument was
designed, built, and successfully laboratory tested
with prototype multianalyte sensors.

REGULATORY CONSIDERATIONS

The U.S. Environmental Protection Agency has no
system for certifying sensor technologies.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include cost ef-
fectivesitecharacterization and monitoring of ground-
water, and waste water, and bioremediation at
industrial sites.

BASELINE TECHNOLOGY

Current methods for detecting nearly all priority
contaminants require sampling and subsequent labo-
ratory analysis.

INTELLECTUAL PROPERTY

The technology is being developed by LLNL in
collaboration with Tufts University researchers. Tufts
University has the following patents covering the
core technology.

"Methods of making imaging fiber optic sensors to
concurrently detect multiple analytes of interestin a
fluid sample," Patent No. 5,250,264, issued October
5, 1993.
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"Imaging fiber optic array sensors, apparatus, and
methods forconcurrently detecting multiple analytes
of interest in fluid sample," Patent No. 5,244,636,
issued September 14, 1993,

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Fred Milanovich

Lawrence Livermore National Laboratory
P.O. Box 808, MS L-524

Livermore, CA 94551-0808

(510) 422-6838; (510) 422-8020 FAX

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672

University Partner

Tufts University
Medford, MA
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PORTABLE ACOUSTIC WAVE SENSOR SYSTEMS

DESCRIPTION

The Portable Acoustic Wave Sensor (PAWS) sys-
tem is designed to provide continuous, real-time
monitoring of sites for levels of chlorinated hydro-
carbons and other volatile organic compounds
(VOCGs). Prototypes have been developed for both
above-ground and down-hole applications. Down-
hole systems are being used with on-site monitoring
wells. Presentsystems monitor vapor concentrations
in air or from soil samples, while future systems will
be configured to monitor groundwater.

The PAWS systems are built around surface acoustic
wave (SAW) devices coated with visco-elastic poly-
mers. Two independent responses of the SAW
sensor (wave velocity and attenuation) are measured
to provide information about the chemical species
absorbed by the coating. The changes in the wave
velocity and attenuation occur because the film coat-
ing the sensor softens and becomes heavier when it
absorbs the contaminant. Sensing is rapid and re-
versible, and coatings can be optimized for particular
chemical selectivity and sensitivity. The complete

PAWS system consists of the following: (1) two
SAW devices (a sensor and a reference); (2) RF
oscillator electronics to drive the devices; (3) digital
interface/communications electronics; (4) gas-han-
dling hardware to sample the environment; and (5) a
notebook computer to control the hardware and
display responses in real-time. For down-hole appli-
cations, a portable tripod, a winch, and a braided
cable are used to lower the sensor system into the
well, while packers above and below the sensing
section are used to isolate a region of the monitoring
well. A purge pump can be added to extract the
contaminant out of the soil for analysis. Figure 6.10a
shows a schematic of PAWS.

TECHNICAL PERFORMANCE

ThePAWS technology has capabilities for determin-
ing both molecular species and concentrations of
isolated chemicals. Current minimum detection
levelsrange fromabout 1 to 10 ppm fortypical VOCs
in a real-time mode. By incorporating an adsorbent
preconcentrator, periodic (every few minutes) analy-
sis down to the 10 to 100 ppb range, even in the
presence of high concentra-

tions of corrosive vapors, can
Acoustic Wave be achieved. The systems
traveling across Output Transducer h ide d .
Sensor Monitoring / surface of device = (detects Acoustic Wave) ave a wide dynamic range
— Data Collection b I and can handle concentra-
— t . .

- Eapment tions to near saturation
3 |.[ (25,000ppmobservedinfield

E3 Input Transducer .
e (creates Acoustic Wave) and over 100,000 PPM 1n

Carbon 5 :
Tetrachloride % Coating Sensitive ! _l labo.ratory teStS)' The cali-
Plume b to Carbon brations are stable, for ex-

Tetrachlorid . "

PAWS Sensor __2.8/( — ) ample, in the last field
- 4 —~ demonstration, calibrations
N O X on e ot 8 before and after the test were
TIPS within 1.5%, even following
the large amount of instru-
ment handling experienced
Figure 6.10a. Schematic of a Portable Acoustic Wave Sensor. during the field demonstra-
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Above-Ground PAWS System. Various field dem-
onstrations have been performed with the above-
ground PAWS system. The PAWS system was used
forreal-time, on-line monitoring of VOCcontamina-
tion in off-gas streams before any on-site treatment.
The streams typically contained 100 to 1,000 ppm of
one or two chlorinated hydrocarbons. The PAWS
data showed good agreement (within 10%) with the
on-site baseline analysis.

Another demonstration used the PAWS technology
for real-time, on-line analysis of gas samples pulled
to the surface during and after deployment of a cone
penetrometer sampling probe. During cone penetra-
tions, some concentration trends were observed;
however, these concentrations were small compared
with those for the stationary probes at the point of
refusal. In general, the concentration was observed
to rise with time until it reached a steady state value.
For each of three nights where sampling was contin-
ued, alarge drop (afactor of ten) in concentration was
observed during the night followed by a rise the next
morning.

Down-Hole Probe. Three demonstrations of the
PAWS down-hole probes have been performed. The

first used a fully integrated probe that only worked in
4 in diameter wells while the second two used a
smaller, lighter-weight probe that had changeable
packers for 4, 6, and 8 in diameter wells. In the latter
two tests, gas samples were pumped to the surface
using a long sample line and comparison analysis
was performed using an above-ground PAWS sys-
tem and a Briiel & Kjaer Model 1302 Photoacoustic
IR system (B&K). Results are shown in Figures
6.10b and 6.10c.

Figure 6.10b shows analysis from a well with a very
high concentration of carbon tetrachloride (CCl,).
Agreement between the above-ground PAWS and
the commercial B&K instrument was within 2%
from 100 ppm to over 20,000 ppm, demonstrating
the accuracy of the PAWS system. However, differ-
ences were observed between the above-ground and
down-hole systems. At high concentrations, the
down-hole readings were higher (by about 20%),
while at low concentrations in subsequent wells, the
above-ground measurements were higher. These
differences result from perturbations in the sample
caused by the Teflon sampling line adsorbing and
desorbing VOCs. These perturbations are not ob-
served in tests where stainless steel tubing was used
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Figure 6.10b. In Situ PAWS analysis with above-
ground comparison data from a separate PAWS
System and a commercial IR system for CCl, in a
high concentration vadose zone well at the DOE
Hanford Site.

Figure 6.10c. In Situ PAWS analysis with above-
ground comparison data from a separate PAWS
System and a commercial IR system for CCl, in alow
concentration vadose zone well at the DOE Hanford
Site.
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for the sample line; however, the tubing is expensive
and difficult to deploy into the well.

Figure 6.10c shows data from a well with a low
concentration of CCl,. No detectable CCl, was
observed by any of the instruments before turning on
the purge pump. With the purge pump on, aslowrise
in concentration was observed during the test. This
rise was easily tracked by the PAWS system, even
though it is small compared with the system's mini-
mum detection level for CCl, of approximately 10
ppm. Again, good agreement was observed between
the down-hole probe, the surface PAWS system, and
the B&K instrument.

Cost. Expected cost of asingle sensor systemis $1K
to $2K, while the cost for array systems for mixture
analysis is expected to range from $3K to $5K.
Operation of the unit requires about one hour per
week, and anticipated maintenanceisestimatedtobe
less than one hour per month. Life-cycle costs will
depend on use, frequency, and volume of data re-
quired.

PROJECTED PERFORMANCE

Future systems are being designed to have built-in
preconcentration for trace detection, accessory mod-
ules for water and soil analysis, and an ability to
provide molecular identification and quantitation of
multiple VOCs in simple mixtures using arrays of
SAW sensors.

APPLICABILITY

This field-monitoring system is applicable to the
quantitative detection of a wide range of volatile
organic compounds in soil, vapor, and water. Ex-
amples of targeted contaminants include CCl, and
trichloroethylene (TCE).

STATUS
A collaborative industry/DOE team headed by

Sawtek, Inc., will be involved in the commercializa-
tion of the PAWS system. PAWS prototypes for

above-ground and in situ vadose zone for a single
contaminant are available. Above-ground mixture
analysis prototypes based on sensor arrays will be
available in 1 to 2 years.

REGULATORY CONSIDERATIONS

The PAWS technology should provide aneasy touse
and low cost solution capable of meeting regulatory
requirements forapplications such as field screening,
monitoring of remediation processes, continuous
emissions monitoring, and workplace and personnel
monitoring.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is potentially applicable to many
industrial applications requiring real-time, on-line
monitoring of exhaust stacks or workplace environ-
ments. Sensors can also be integrated into on-line
process control systems to optimize process opera-
tions.

BASELINE TECHNOLOGY

Grab samples and subsequent laboratory or field
analysis with a GC or IR analyzer are the baseline
technologies.

INTELLECTUAL PROPERTY

Patent Ownership: DOE and Sandia National Labo-
ratories

Patent Nos.: 5,076,094 and 5,224,972

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282
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RCL MONITOR, A CHLORINATED ORGANIC VAPOR MONITOR

DESCRIPTION

The Transducer Research, Inc. (TRI), RCL Monitor
is a handheld, battery-powered instrument for the
detection and measurement of chlorinated hydrocar-
bonvaporin the field. TheRCL Monitorcontains the
proprietary RCL Sensor which responds to carbon-
chlorine vapors and will notrespond tohydrocarbons
or carbon-oxygen compounds. Because of the high
selectivity for chlorinated organic compounds, this
new sensor was called the RCL Sensor (where "R"
refers to a generic organic molecule and "CL" refers
to the presence of chlorine). The RCL Sensor
exploits a high-temperature reaction between the
analyte and a ceramic material which results in a
transient change in electrical conductivity of the
ceramic. The lower detection limit (LDL) forcarbon
tetrachlorideis 0.2 ppmv; LDLs for otherchlorinated
compounds are less than 1 ppmv.

The conspicuous advantages of the RCL Monitor
are:

*  Handheld and completely portable
*  Extremely selective for chlorinated vapors
*  Highly sensitive

Accordingly itis useful asasurvey instrument at sites
where chlorinated or unknown solvent contamina-
tion is suspected. The sensitivity range is especially
appropriate for carbon tetrachloride, one of the most
difficult chlorinated solvents to measure, as well as
one of the most toxic. Carbon tetrachloride has a
Total Weighted Average (TWA) of 5 ppmv and an
action level of 2 ppmv.

The RCL Monitor is also capable of repetitive analy-
sis at programmed intervals, so that it can be used for
workspace monitoring. About500datapointscanbe
logged for later transfer to a computer.

The RCL Monitor measures 6.5" W x 10.3" L x 6"
H and weighs 12 pounds. It operates upto 6 hours on
afully-charged battery, and batteries can be changed
in the field without loss of data. An AC adapter/
charger is also supplied.

TECHNICAL PERFORMANCE

The RCL Monitor measures chlorinated hydrocar-
bonsin 90, followed by arecovery period of 1 to 10
min. Although the readings will remain accurate in
air temperatures from -10°C to 50°C, the interior
temperature of the instrument should be kept be-
tween + 10°C and 40°C between readings. There is
no humidity coefficient.

The RCL Monitor was designed to be easy to use.
Control is via a touch panel and a four-line, back-
lighted display. The user selects HIGH or LOW
concentration range, and one-shot SURVEY or re-
petitive MONITOR mode. An identification num-
berisassigned toeachmeasurement toaidinlogging,
although date and time are also logged. A simple
procedure transfers the logged data to an external
computer.

Limitations on the use of the technology are:

*  The RCL Sensor is heated to about 800°C in
use, and the instrument does not contain anti-
explosion features. If high levels of combus-
tible gases are possible, samples should be taken
in one liter sample bags before measurement.

* The RCL Sensor should not be exposed to
excessive concentrations of chlorinated hydro-
carbons. Recovery canbe extended forconcen-
trations above 25 ppmv (low range) or 500

ppmv (high range).
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*  The material in the RCL Sensor is consumed
with time. Under normal conditions, a sensor
can be used for 350 to 1,000 measurements, but
repeated exposures to high concentrations will
disproportionately shorten its life.

*  The RCL Monitor cannot distinguish among
different chlorinated compounds. The specific
responses among various chlorinated solvents
vary over a twofold range, so the instrument
must be calibrated for each analyte.

Field Tests. During development, the RCL Monitor
was extensively field tested, and a large database on
its capabilities exists. During these evaluations the
instrument was operated during actual site activity,
including well digging, routine surveys (well
headspace, soil gas probe measurements, groundwa-
ter contamination levels), and other site restoration
activities. On-site analysis were performed under
battery power for up to 6 hours continuous operation.
Because of its light weight (12 pounds), the instru-
ment was conveniently transported for on-site analy-
sis. The instrument was operated by both
factory-trained personnel and by site personnel with

less than 5 minutes of training. In addition, personnel
in protective clothing, including chemical protection
suits with supplied air, could easily operate the
equipment.

Deployment of the RCL Monitor. Current efforts
are focused on the deployment of the RCL Monitor
in actual DOE operations and include:

*  Routine Quarterly Monitoring (RQM) which is
a routine site survey and characterization for
subsurface chlorinated solvent contamination
at the area around the radioactive waste man-
agement complex (RWMC) at the Idaho Na-
tional Engineering Laboratory where both vapor
and wateranalysis arerequired. The RCL Moni-
tor was deployed as an auxiliary analytical tool
in June 1994, and excellent agreement was
obtained with the current method (gas chroma-
tography). A significant time and cost saving is
achieved with the RCL Monitor as illustrated in
Table 6.11.

*  Continuous monitoring of the a Soil Vapor
Extraction System (VES) to assure compliance

Table 6.11. Cost benefit analysis for deploying the RCL MONITOR as the baseline analytical tool

for vapor analysis in the RQM.
Vapor Samples Gas Chromatography RCL Analyzer
SINGLE TIME EXPENSE
Capital Equipment (analyzers) $30,000.00 $17,500.00
Capital Equipment (pumps/sample) $1,000.00 $5,000.00
TOTAL $31,000.00 $22,500.00
MANPOWER REQUIREMENTS man cost per cost man cost per cost
hours per RQM Annual hours per RQM Annual
Labor ($62.50/hr) RQM RQM
80 $5,000.00| $20,000.00 25 $1,562.50 $6,250.00
EQUIPMENT COST
Annual Cap. Equipment Main. $2,000.00
Supplies per RQM $100.00 $400.00 $200.00 $800.00
Equip Prep. Cost $500.00 $2,000.00 $100.00 $400.00
Bags $500.00 $2,000.00
VEHICLE EXPENSE $250.00 $1,000.00
est. daily fee (350/day) $400.00 $1,600.00 $100.00 $400.00
mileage (120 miles/day) $288.00 $1,152.00 $72.00 $288.00
TOTAL $6,788.00] $29,152.00 $2,284.50 $9,138.00
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withemission standards. The VES is part of the
expedited siteresponse within the200W areaof
the Hanford site. Initial deployment into the
VES began in mid-December 1994.

*  Continuous monitoring for temporal character-
ization of subsurface fluctuations at the 200W
area at the Hanford site to provide the chemical
database necessary to model the fluctuations
and to exploit them as a cost effective comple-
ment to ongoing cleanup operations. Initial
deployment to track well venting began in No-
vember 1994.

*  Chemical monitoring of the 200W area at the
Hanford site to verify that vapor levels in the
work zone do not exceed regulator levels and to
assure a safe work place environment for work-
ers. The RCL Monitor is being used as a
supplemental tool for photoionization detectors

(PIDs).

Cost. The RCL Monitor is currently priced at $8.3K
complete. In regular use, an instrument would use
about 12 sensors per year at $200 each, and would
require 100 liters of calibration gas at approximately
$200.

PROJECTED PERFORMANCE

Technical performance of the RCL. Monitor may
improve within two years, as lifetime and recovery
time of the sensor are improved, allowing more
readings to be made more frequently between sensor
changes.

APPLICABILITY

The RCL Monitor is applicable to the measurement
of chlorinated hydrocarbon vapor in the field.

STATUS

The RCL Monitor is manufactured by TSI, Inc., the
Minnesota based owner of Transducer Research, It

hasnotyetbeenreleased forcommercial sale. Scaleup
of sensor production to meet expected demands of a
commercial market is still in progress.

Prototype units are available for loan to DOE and
contractors (until November 1995) provided that the
borrower reports experiences with the instrument
and supplies performance data for the final reportand
evaluation of the instrument.

REGULATORY CONSIDERATIONS

The RCL Monitor is being proposed to be the pri-
mary analytical tool for the vapor portion of RQM.
Formal regulatory acceptance is pending.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include use by
companies and governmentagencies that must moni-
tor airborne concentrations of specific chlorinated
hydrocarbons e.g., solvent recyclers, waste site
cleanup operators, chemical production companies,
and dry cleaners).

A water sampler that uses automated air-stripping to
produce a vapor-phase sample is under development
at Transducer Research, Inc. A major chemical
manufacturer has been using an early version of the
RCL Monitor with a homemade membrane sampler
to continuously measure dichloromethane in waste
water for several years.

BASELINE TECHNOLOGY

The baseline technology for measuring chlorinated

. hydrocarbonsiscapillary gaschromatography, which

can identify individual compounds as well as mea-
sure them to within 3% (typically). The gas chro-
matograph requires an initial investment of about
$50K for the instrument plus supporting equipment
and supplies. A lab technician must normally be
committed halftime or more for operation of the
instrument.
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INTELLECTUAL PROPERTY

The RCL Sensor is patented by Illinois Institute of
Technology, Chicago, 1llinois, and licensed exclu-
sively to Transducer Research, Inc. No patent has
been applied for on the RCL Monitor.

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigator
William Buttner

Transducer Research, Inc.

999 Chicago Avenue

Naperville, IL. 60540
(708) 357-0004; (708) 357-1055 FAX

DOE Project Manager

Rodney Geisbrecht

U.S. Department of Energy
Morgantown Energy Technology Center
P.O. Box 880

Morgantown, WV 26507-0880

(304) 2854658
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CONTINUOUS EMISSIONS MONITOR FOR THERMAL
TREATMENT SYSTEMS

DESCRIPTION

A continuous emission monitoring system for incin-
erators is undergoing evaluation to be accepted for
measuring incinerator emissions by the U.S. Envi-
ronmental Protection Agency (EPA).

The monitor is based on Fourier Transform Infrared
(FTIR) spectroscopy. When abeam of infrared light
is passed through stack gases, each compound in the
gas absorbs specific light energies. The light absorp-
tion is detected and the instrument calculates which
compounds are present. FTIR has the potential to
detectand measure hundreds of chemical compounds
at one time and is the only available technology that
can continuously monitor many organic air toxics.

The instrumentation is relatively straightforward.
The spectrometer contains an emission source, fo-
cusing optics, an interferometer, and a detector. The
sample is contained in a heated long-path cell. Path
lengths of 5-10 m are commonly used. These cells
have a volume of approximately 2 L. A slip-stream
of stack gas enters the cell at arate of 1 L/min. Data
collection takes less than one minute.

TECHNICAL PERFORMANCE

Laboratory Tests. The prototype FTIR spectrometer
was tested on a laboratory incinerator constructed at
Argonne National Laboratory (ANL). The bumn
conditions can be completely controlled by the op-
erator who can setincinerator temperature, feed flow
rate, airratio, and supplementary feed flow rate. The
objective of'the test was to develop a system suitable
for use in the field. In the laboratory tests the
instrument gave readouts every six minutes and
detected up to 10 pollutants at the parts per million
level.
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Field Tests. The prototype FTIR system was field-
tested at the Toxic Substances Control Act (TSCA)
incinerator at K-25 in Oak Ridge, Tennessee, in the
Fall of 1993. The field test followed a standard
operating procedure (SOP) developed for the test that
was based on a proposed EPA Protocol for applying
FTIR in emission testing. Ethylene was used as the
calibration transfer standard (CTS) to ensure that
spectral performance of the FTIR spectrometerin the
field was consistent with that in the Iaboratory. Spike
tests were regularly conducted withaknown concen-
tration of ethylene and a mixture of compounds to
check the accuracy of the monitoring system. Sulfur
hexafluoride was used as the internal standard. A
nitrogen blank was proposed to obtain background
spectra at an experimentally determined interval of
four hours.

All measurements were made using a Mattson 7020
Infrared Spectrometer that contains a hot-wire source
and a mercury cadmium telluride (MCT) detector.
The instrument was connected to a personal com-
puter (486DX50) through a serial port. Data were
collected at 0.5 cm?! resolution. Sixty-four scans
were coadded and saved as a single interferogram
file. The interferogram was Fourier-processed using
a Beer-Norton medium apodization. A specially
designed, heated, variable-path-length, long-pathcell
was interfaced to the interferometer.

The Toxic Emissions Air Monitor (TEAM) software
developed for this project automatically collects data
according to the quality control requirements of an
EPA procedure. The software controls all switching
valves, gas flows, pressures, and events automati-
cally. The advanced data analysis software being
developed provides unique analytical capabilities in
additiontocommercially available partial least square
packages.




CTS tests were conducted before and after collecting
reference spectra for the calibration training set. In
the field, CTS tests were conducted every day that
data were collected. The measured ethylene concen-
trations were always within 4% of the 121 ppm value
of the CTS. The average measured concentration of
ethylene was 120.0 ppm and the average percent
deviation was 2%. This equivalence demonstrated
that FTIR data collected during the field test was
equivalent to the laboratory data. Thus, CTS data
were within the acceptable limits required by the
EPA protocol, and the calibration training set and the
quantitative method based on the laboratory test can
be used to analyze field test data.

The instrument response is measured by the signal-
to-noise ratio (S/N) - the higher the S/N the more
sensitive the instrument. The system was stable
during the field test. The average throughput was
2.04 V and the variation was 3% of the average value.
The throughput of the system did not change in seven
days of continuous monitoring, indicating that the
cells and mirrors were not contaminated by the
flowing gas stream and the cell design is, therefore,
adequate.

Table 7.1. Results of the matrix spike test.

The matrix spike consisted of benzene, methane,
chlorobenzene, trichloroethylene (TCE), toluene, and
1,1,1-trichloroethane. Except of methane, the de-
tected concentrations of spiked compounds were
close to the actual values. Concentrations for the
September 1, 1993, run were excluded because the
concentrations of water and carbon dioxide in the
stack emission were not stable. The deviations of the
detected values from the actual values were less than
25% for the remainder of the data. The methane
analysis was complicated by the natural presence of
methane and a high level of water (approximately
40% to 50%) in the stack gas. Table 7.1 shows the
results of the matrix spike test.

Cost. The system will cost an estimated $50K.
PROJECTED PERFORMANCE

Data analysis is being enhanced with time and Fou-
rierdomain methods that mathematically, using peak
width, separate components with overlapping bands.
This combined approach will enhance the ability to
detect substances that have overlapping absorbances
and allow for the digital filtering of system noise.

Analyte Date Time File Concentration (ppm)
Calculated Detected %Error
Benzene 8/29 12:23 | CH9121 14.1 16.8 19.1
8/29 12:33 | CH9122 14.7 17.5 19.0
8/29 12:43 | CH9123 15.4 17.2 11.7
8/31 19:23 |CH1171 13.0 12.6 3.1
8/31 19:39 |CHI1172 13.0 12.6 3.1
TCE 8/29 12:23 | CH9121 6.4 6.0 6.3
8/29 12:33 | CH9122 6.6 6.4 3.0
8/29 12:43 | CH9123 6.9 6.7 2.9
8/31 19:23 |CH1171 5.8 5.4 6.9
8/31 19:39 | CHI1172 5.8 5.4 6.9
Methane 8/29 12:23 | CH9121 14.5 20.2 39
8/29 12:33 | CH9122 14.5 21.7 50
8/29 12:43 | CH9123 14.4 22.2 54
8/31 19:23 |CHI1171 16.8 17.5 4
8/31 19:39 |CHI1172 16.8 17.3 3
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APPLICABILITY

This technology is applicable to monitoring of or-
ganicandselected inorganics fromincinerators, stacks
and fugitive emissions.

STATUS

A Cooperative Research and Development Agree-
ment (CRADA) with the Clean Air Engineering
(CAE) and Martin MariettaEnergy Systems (MMES)
was established in October 1994 . The CRADA, in
combination with the EPA acceptance of the data
validation, will make the system commercially avail-
able and facilitate public acceptance.

During FY 1995, the alpha unit will be constructed
and tested under the CRADA. There will be at least
two field tests of the new system, a long-term test at
the K-25 TSCA incinerator and a short test at the
Bureau of Mines vitrification facility at Albany, OR.
Work will continue on advanced algorithms and
validation of the EPA procedure.

REGULATORY CONSIDERATIONS

The benefit of the FTIR Continuous Emission Moni-
tor is the near real-time determination of incinerator
performance. On-stream analysis of the stack efflu-
ent would satisfy the requirements of the Clean Air
Act Amendments of 1990.

The EPA issued a protocol for an FTIR continuous
emission monitor. The protocol was adapted into a
standard operating procedure that was tested at the
K-25 (TSCA) incinerator. The objective is to meet
all performance specifications required by the EPA
so that the data will be considered compliant. The
EPA is evaluating the data to verify compliance with
the protocol.

ANL is also chairing the American Standard Testing
Methods (ASTM) task committee to develop the
FTIR continuous emission monitoring method.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is potentially applicable to more
than 7,000 industrial (e.g., power plants, cement
kilns, and industrial boilers) and municipal incinera-
tors in the U.S. that burn hazardous and nonhazard-
ous wastes.

BASELINE TECHNOLOGY

Monitoring of incinerator emissions is currently
performed indirectly through the measurement of
surrogates such as carbon monoxide and total hydro-
carbons. Monitoring techniques currently used to
characterize effluents include the volatile organic
sampling train (VOST) followed by laboratory gas
chromatography/mass spectroscopy (GC/MS). This
method is required under current EPA procedures
and provides a one-time analysis.

INTELLECTUAL PROPERTY

A patentapplication covering hardware and software
is being prepared.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Jack Demirgian

Argonne National Laboratory

9700 South Cass Avenue

Argonne, IL 60439-4835

(708) 252-6807; (708) 252-5655 FAX
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DOE Project Manager
Al Tardiff

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7670

Industrial Partners
Clean Air Engineering

Martin Marietta Energy Systems
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FLOW-THROUGH ALPHA MONITOR

DESCRIPTION

The Flow-Through Alpha Monitor (FTAM) can
monitor and measure the quantity of alpha emitting
nuclides that may be present in a large volume of
movingair. TheFTAM isdesigned toquantitatively
detect, in real-time, low concentrations (in the range
of pCi/l) of alpha-emitting radioactive materials po-
tentially present in an off-gas stream. The key
obstacle to overcome in making this type of measure-
ment is the short range of the alpha particles. For
typical decay energies, alpha particles travel only a
few centimeters in air, making their detection diffi-
cult. The FTAM detector overcomes this difficulty
by using multiple, alpha-sensitive, scintillating plates
spaced closely together, butcovering alarge volume.
Figure 7.2 illustrates this approach. With this ar-
rangement, approximately 75% of the alpha particles
from radioactive decay in the active volume of the
detector can reach a panel and generate a detectable
light pulse. The light pulse is transmitted to a set of
photomultiplier tubes by optical light guides.

A key feature of the FTAM detector is that the
radioactive materials mea-

tion times which limit the real-time capability of the
system (without a filter, the maintenance require-
ments are greatly reduced). For response times of a
few seconds, the detector has a sensitivity more than
an order of magnitude higher than commercial sys-
tems. The detector's sensitive elements are easily
cleaned and, with a modular design, can be easily
replaced should they become damaged. The inherent
redundancy of the multiple-plate design offers built-
in fail safe operation.

TECHNICAL PERFORMANCE

Two versions of the detector were built and tested
and a third is being built for field testing. The first
version was a laboratory scale prototype unit de-
signed to allow testing of the detector concept using
a radioactive gas, on a scale large enough to be
indicative of the design issues, but small enoughtobe
easily fabricated, assembled and modified. This
version used a stack of five scintillation plates, with
a 2 cm inner-plate spacing, giving a total detector
volume of 10,230 cm® (approximately 0.4 ft*). A

sured are not filtered,
sampled, or otherwise re-
moved from the primary
gas stream for detection.
The radioactive materials
are detected directly when
they emit an alpha particle.
For most flow conditions,

Light
Guides

the entire gas stream, or a Photon:)lltiplier
ubes
substantial fraction of the \

stream, can be monitored
directly. The large active
volume of the detector per-
mits direct detection with
high sensitivity without
using concentration tech-

Plates

niques (e.g., filtering) that
require substantial collec-

Figure 7.2. The FTAM multiple-scintillator panel approach.
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number of closed loop tests were conducted in which
radon (*°Rn) from a thorium source was introduced
into the detector box for a short time and then
stopped. The radon concentration during these tests
was typically less than 4 nCi/l. Air circulation
continued in the box while the contained radon
decayed, allowing confirmation of theradon half-life
and the detector's long-term stability. During the
tests the data acquisition system was typically set to
integrate the detector count rate over 5 s intervals.
This first series of tests resulted in three findings:

»  The overall detector concept was sound and
workable.

*  The detector efficiency was 73%.

*  Thebackground in the detector was higher than
expected based on earlier work.

The second version of the detector took the develop-
ment to an intermediate step, beyond the laboratory
scale prototype, but not as large as the unit to be used
for the field test. The development and testing of this
detector was focused on improving detection sensi-
tivity by increasing the size of the detector and
decreasing the background. Inaddition, engineering
issues such as airflow were addressed. Table 7.2
compares the prototype, second generation, and field
test systems.

As a result of adding a combination of passive and
active shielding, the second generation systems
showed a 37-fold reduction in the detector back-
ground. The passive shielding consists of a layer of
steel and a layer of lead, which together reduce the
background by a factor of 3. The balance of the

Table 7.2. Comparison of detector versions.

reduction is attributed to the active shielding.

The second generation detector system was config-
ured to monitor ambient levels of naturally occurring
radon in room air pulled through the detector in a
single pass. In a second set of tests, short bursts of
20Rn injected into the single pass airstream just
ahead of the detector were detected. Again, the data
acquisition system was set to integrate the detector
count rate over 5 s intervals. The system demon-
strated real-time response to airborne activity in the
tens of pCi/l range.

PROJECTED PERFORMANCE

Although designed for monitoring alpha radiation,
experiments are being conducted to extend the detec-
tor into beta and gamma monitoring applications.
While the ability of the detector to distinguish be-
tween alpha and some beta emitters may be poor, the
detector should be able to provide alarming on total
alpha and beta radiation. This "total radiation moni-
toring" feature is an attractive possibility, providing
system operators comprehensive radiation alarming
in a single device.

APPLICABILITY

The FTAM technology is being developed for on-
line, real-time monitoring of off-gas stacks for low-
levels of airborne alpha activity. Additional
applications include monitoring gas/ventilation sys-
tems such as those on high-level radioactive waste
storage tanks or other storage areas, and the monitor-
ing of ventilation systems in buildings with com-
bined labs and offices. FTAM offers the ability to
monitor, in real-time, the very large (hundreds of

Detector: Prototype Second Generation Field Test
Status: Built 1993 - Built 1954 In Design
Number of Plates: 5 10 16
Detector Volume (liters): 10.2 16.7 29.3
Background (cpm/cm<4): 2.6 0.07 <0.07
Guard Plates: No Yes (2) Yes (2)
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thousands of cubic feet per minute) volumes of air,
needed to perform credible monitoring during large-
scale site remediation and decommissioning.

STATUS

A full-scale prototype is being designed and will be
tested at the STAR Center in Idaho. Testing will
beginin July 1995 and will involve three phases. The
first phase will be a functional test to verify the
detector background and alpha detection perfor-
mance under nominal conditions. The second phase
will consist of a series of challenges such as tempera-
ture and humidity excursions. During this phase, one
ormore plates designed tofail at certain temperatures
will be included to test the fail-safe operability. The
final phase will consist of long-term exposure of the
detector to the off-gas environment for life-cycle
testing.

REGULATORY CONSIDERATIONS

This technology does not require any permits and
will not impact the environment.

POTENTIAL COMMERCIAL
APPLICATIONS

-

Potential commercial applicationsinclude some seg-
ments of the radon-monitoring market, including
large facilities or a trailer-mounted mobile monitor-
ing service. Another application in this general
category is the monitoring of mines and mine shafts.
Given the dynamic nature of mining operations, a
single sampling-type monitoring system is insuffi-
cient. The FTAM could be used in the mine ventila-
tion system; thus, monitoring much more effectively
the worker's exposure. As a real-time monitor, this
detector could be very effective in quickly shutting
down. dangerous operations (those that result in a
high airborne alpha exposure).

BASELINE TECHNOLOGY

The baseline technology for alpha monitoring con-
sists of extracting a sample of the gas being moni-
tored and passing it through a filter placed close to a
detector sensitive to alpha decay radiation. Particles
bearing alpha emitting radionuclides are entrained
on the filter and subsequent alpha decays are mea-
sured by the detection system. This approach has
severe limitations in real-time applications. In addi-
tion, the small sample of gas extracted is assumed to
be "representative” of the remainder of the stack.
Sampling asmall fraction of the total flow in the stack
limits the useful sensitivity of the instrument.

INTELLECTUAL PROPERTY

Contact the prinicpal investigator for intellectual
property information.

For more information, please
contact: :

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Russell Gritzo

Los Alamos National Laboratory

P.O. Box 1663, MS/J514

Los Alamos, NM 874545

(505) 667-0481; (505) 665-4955 FAX

Alternate Contact

Cheryl Royer

Los Alamos National Laboratory

P.O. Box 1663, MS/J514

Los Alamos, NM 874545

(505) 665-2154; (505) 665-4955 FAX
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DOE Program Manager
Paul Hart

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7456

Industrial Partner
EG&G Nuclear Instruments
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LASER SPARK SPECTROSCOPY FOR CONTINUOUS METAL
EMISSIONS MONITORING

DESCRIPTION

A new, efficient system for continuously monitoring
the emissions of metals in hazardous waste treatment
facilities is being developed. It is based on an
advanced optical technique called laser spark spec-
troscopy (LASS), which has been used in the labora-
tory to determine the composition of coal particles.
Figure 7.3 is a schematic of the LASS technique
measuring atomic species.

In the LASS technique, a pulsed laser is used to
rapidly heat either a single particle or an ensemble of
particles, producing a plasma (or laser "spark") that
contains excited-state ions. As the plasma cools, the
excited-state species relax and emit optical energy at
frequencies characteristic of the emitting elements.
Spectrally resolved measurements of this emission
can be used to identify and quantify the elements that
are present. In addition, the technology simulta-
neously measures metals both in the vapor phase and

inembedded aerosols, the latter of which account for
most of the metals emitted from hazardous waste
treatment processes.

TECHNICAL PERFORMANCE

A prototype portable continuous metal emissions
monitor based on laser spark spectroscopy was de-
signed and fabricated. The prototype and a data-
acquisition system were demonstrated and evaluated
in laboratory experiments. Experimental results of
laboratory tests showed that the LASS technique can
be used to measure the eleven metals regulated under
the Clean Air Act Amendments of 1990. Measured
detectability limits for these metals are shown in
Table 7.3a. The first field test of a rugged prototype
was conducted in cooperation with the joule-melter
vitrification project at Clemson and Savannah River.
Initial results from the field test follow.

Field Tests. The prototype fieldable metal-emis-
sions monitor consists of: (1) an optical probe, which
contains a pulsed Nd:YAG
laser plus focusing and col-

\ Computer

Multichannel Detector

Metal-Containing
Pa

Collection Lens

lection optics, (2) two rug-
ged instrumentation racks
that contain a spectrometer,
detector, control instrumen-
tation, and power supplies,
and (3) apersonal computer
usedfordataacquisitionand
control.

rticle

In the field tests, emissions
were measured in the efflu-
ent stream directly down-
stream fromthe joule melter
as a steady state flow of
surrogate waste-water-
treatment sludge was intro-
duced into the melter. Two

Figure 7.3. Schematic of the LASS measuring atomic species.
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Table 7.3a. Minimum detectable concentrations of
the Clean Air Act metals (as of April 1994).

Element Minimum
Detectability
(ng/scm)
Beryllium < 0.1
Manganese 0.25
Chromium 1
Cadmium 2
Cobalt 2
Arsenic 15
Mercury 15
Antimony 35
Nickel 40
Selenium 160
Lead 250

waste feeds. The first (base) waste feed contained
metals expected from a silicate based mixture, such
as calcium, aluminum, and silicon. The second
mixture consisted of aliquots of the base input spiked
with cadmium (Cd), lead (Pb), and manganese (Mn)
salts so that the levels of Cd, Pb, and Mn in the waste
ranged from 0.05 to 1.0% (wet). Iron was also added,
in a few cases, to examine the severity of spectral
interference from iron.

Forexperiments performed when the unspiked waste
feed was running continuously, the metal emission
monitor detected stack emissions of materials con-
tained in the glass melt, including calcium, boron,
and silicon. The response to these materials was very
strong. When the spiked feed was introduced, Cd,
Pb, and Mn were detected in the stack emissions at
levels from 4 to 2,000 jLg/scm. Signal-to-noise ratios
were sufficient to detect cadmium and manganese at
concentrations as low as 1 to 4 pLg/scm.

The steady-state metal emissions were influenced by
the rate at which the glass melt was stirred (higher
stirring speeds appeared to result in lower metal
emissions). In addition, inferred concentrations of
Pb, Cd, and Mn in the effluent were not in the same
proportions as the corresponding concentrations in
the spiked feed, indicating that the fraction of the

spiked feed that is emitted may be different for
different metals. A greater fraction of the Pb and Cd
in the spiked feed is emitted than is observed for Mn.

The interference of the iron spectrum with measure-
ments of plasma emission from the regulated metals
was not as severe as anticipated. The spectral fea-
tures from the regulated metals could be measured in
the presence of the relatively well isolated iron
emission lines even when the iron concentration in
the spiked feed was increased by a factor of 25 over
its usual value.

The field test demonstrated that the prototype was
easy to transport and setup. It took two days to install
the probe, including uncrating the equipment, check-
ing for damage, making electrical connections, per-
forming minor realignment of the optical probe, and
performing initial readiness tests. For comparison, it
took two hours to uncrate the system and establish
operations upon returning to Sandia National Labo-
ratories (SNL), where electrical and water connec-
tions were already well defined.

Cost. Table 7.3b shows the approximate cost for the

field prototype. An instrument manufacturer will
optimize the cost, performance, and reliability.

Table 7.3b. Field prototype costs.

Component Cost ($3K) |
Laser 35
Optics 10
Detector 40
Spectrometer 10
Computer 10
Packaging 20
Calibration Unit 15
Environmental Control 5
Total 145

PROJECTED PERFORMANCE

Continuing efforts on the development of a continu-
ous emissions monitor for metals are directed toward
twoareas: (1) development of the integrated software
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and hardware necessary to determine metal concen-
trations in real-time and to control a process based on
these measurements; and (2) hardware improve-
ments to permit long-term automated operation in
hostile environments.

In addition, SNL is pursuing ways to further reduce
the minimum detectable concentrations by improv-
ing the signal-go-noise ratio for a given metal con-
centration. The signal level may be increased by
increasing the laser pulse energy (increasing the size
of the plasma cloud) or by improving the optical
efficiency of the detection system. Noise can be
reduced by eliminating systematic contributions to
the apparent "noise" and by averaging a greater
number of laser pulses.

APPLICABILITY

The LASS technique is applicable to the continuous
monitoring of metal emissions from off gas thermal
treatment units.

STATUS

On August 1994, the prototype was demonstrated at
a DOE joule melter at Clemson University.

During FY 1995 several issues important to instru-
ment commercialization will be addressed as fol-
lows:

Calibration - in situ versus off-line and applica-
tion- specific effects (phase, matrix, etc.).

Practical issues for real applications - large-
scale stacks, ruggedness/robustness, and envi-
ronmental isolation.

Collaboration withthe U.S. Environmental Pro-
tection Agency (EPA) - Savannah River Con-
tinuous Emission Monitoring demonstration
project at EPA Incineration Research Facility.
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REGULATORY CONSIDERATIONS

No environmental impacts are anticipated from the
use of this technology. In addition, the technology
does not require regulatory permits for most applica-
tions including: (1) providing information for pro-
cess control, system optimization, or (2) for
engineering design. Howeyver, certification by regu-
lators using the technology to assure environmental
compliance of a system that is being monitored, may
be required. Regulatory agencies are aware of the
technology, and are interested in its capabilities as
noted in the Status section of this profile.

POTENTIAL COMMERCIAL
APPLICATIONS

Thistechnology is potentially applicable to industrial
situations such as gaseous effluents monitoring, pe-
rimeter monitoring, and stack gas analysis where it is
important to be able to identify and analyze small
amounts of impurities. Munition deactivation fur-
naces, fossil power plants, industrial furnaces and
boilers, and industrial processes, such as electroplat-
ing may potentially that may be monitored in the
future by LASS.

BASELINE TECHNOLOGY

Current effluent measurement techniques are based
on extractive samples followed by chemical analy-
ses. In addition to being expensive and subject to
human error, these methods provide no real-time
data for operational feedback and turnaround times
range from days to weeks.

INTELLECTUAL PROPERTY

A patentapplication has been filed for the laser-spark
emissions monitor and some aspects of its design.

Licensing of the technology is possible and encour-
aged. Contact C.V. Subramanian, Licensing Man-
ager, Sandia-California Technology Transfer Center,
(510) 294-2311.
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contact:

Center for Environmental
Management Information

1-800-736-3282

Principal Investigator 4.
Bill Flower

Sandia National Laboratories

P.O. Box 969

MS 9103

Livermore, CA 94551-0969
(510) 294-2046; (510) 294-1377 FAX

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301)903-7672

Industrial Partner
ADA Technologies, Inc.
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TRANSIENT INFRARED SPECTROSCOPY

DESCRIPTION

Polyethylene encapsulation of low-level wastes is a
promising waste immobilization technology being
developed atthe DOE Brookhaven National Labora-
tory, Rocky Flats Plant, and Hanford. In the encap-
sulation process, low-level radioactive salt waste is
mixed with polyethylene pellets, heated, and ex-
truded as amolten stream. Uponcooling, the mixture
solidifies to form a stable waste form that is resilient
to biodegradation and leaching. The salt to polymer
ration is a critical parameter in the encapsulation
process. An infrared-spectroscopy-based technique
has been developed to monitor the encapsulation
process and toprovide quantitative informationabout
the salt to polymer ratio. The ability to monitor the
waste encapsulation processinreal-time will provide
the operators a means to guide the process so as to
produce the most efficient, certifiable waste form
possible.

Transient Infrared Spectroscopy (TIRS) is a mid-
infrared-based technique that has been developed to
obtain spectra of moving solids and viscous liquids .
Figure 7 4 illustrates how the TIRS monitor operates.
TIRS spectra are obtained from the generation of a
thin, short lived temperature differential that is intro-
duced by means of either a hot or cold jet of gas.
When a hot jet is used, an emission spectrum is
obtained from the thin, heated surface layer. This
technique is known as transient infrared emission
spectroscopy (TIRES). When a cold jet is used, the
blackbody-like thermal emission from the bulk of the
sample is selectively absorbed as it passes through
the thin, cooled surface layer. The result is a trans-
mission spectrumconvoluted with the observed ther-
mal spectroscopy. This methodis known as transient
infrared transmission spectroscopy (TIRTS). TIRS
is ideally suited for on-line analysis because it is a
single-ended technique thatrequires nosample prepa-
ration.

TECHNICAL

Infrared Hot or
Cold Gas
Waste Process
Analyzer
Infrared -
Spectrometer

| Computer Da
System -

- Waste Processor . © |

PERFORMANCE

Laboratory Experiments. A
bench-scaleextruderwitha32 mm
diameter screw was used as the
encapsulating mixer. Two volu-
metric feeders were calibrated to
deliver precise quantities of poly-
ethylene and sodium nitrate. So-
dium nitrate was used as the
surrogate for the actual waste.
Simulated waste streams were pro-
duced with nitrate loadings rang-

ing from 0 to 67% by weight.

ot ABomemmodel MB100Fourier-

transform infrared spectrometer

Figure 7.4. Schematic diagram of the Transient Infrared Analyzer

monitoring the encapsulation process.

equipped with an external focus-
ing mirror and a wide-band liquid




nitrogen cooled MCT detector was used tocollect the
spectral data. The spectrometer was operated with a
mirror velocity of 0.75 cm/s and 8 cm! resolution.
All spectra represent 100 coadded scans with an
acquisition time of approximately 80s. The hotjet of
gas used for TIRES was produced by passing nitro-
gen through an electrically heated hot air gun con-
trolled with a variable transformer. The cold jet of
gas used for TIRTS was produced by passing helium
through a copper coil immersed in liquid nitrogen.
The jets were positioned approximately 3 cm down-
stream from the exit of the encapsulating mixer. This
position was within the field of view of the spectrom-
eter. A second jet was positioned directly behind the
molten stream at the same level as the front jet. The
function of this second jet was to compensate for the
front jet's pressure on the stream and to help hold the
stream in place. The production-scale process will
have a stream that is much larger; therefore, the
second jet will not be necessary.

Both TIRTS and TIRES data correlated well with the
sodium nitrate concentration in the polymer melt
stream. The TIRTS data had a root-mean-square
error of 3.5% by weight while the TIRES data had a
root-mean-square error of 5.4%. This data contrib-
uted to the proof-of-principle test.

A laboratory-scale demonstration at the Rocky Flats
plant in May 1994 and a pilot-scale demonstration at
Brookhaven in September 1994 on sodium nitrate
waste surrogate was successful. The sodium nitrate
loading in the molten process streams was measured
to an accuracy of 0.7% by weight.

Cost. The TIRS analyzer instrument costs approxi-
mately $80K installed on a polyethylene encapsula-
tion processing line.

PROJECTED PERFORMANCE

The monitoring system is being made more robust,
so that it remains accurate when processing condi-
tions change.

APPLICABILITY

The TIRS is a technique that can capture the real-
time, mid-infrared spectra of moving, optically thick
solids and viscous liquids. Data fromthe monitorcan
be used to guide processing, minimize waste volume,
and certify the composition of the final waste form.

STATUS

TIRS was demonstrated at both Brookhaven and
Rocky Flats. The principal component in a TIRS
monitor is an infrared spectrometer. The project staff
can provide TIRS systems built from commercial
spectrometerstousersites. IowaState University has
patented TIRS and it is available for licensing.

More on-site demonstrations, including those in-
volving low-level salt waste, are planned for FY
1995, as are tests on applying the monitor to low-
level wastes other than salts.

REGULATORY CONSIDERATIONS
TIRS does not require any special permits.

POTENTIAL COMMERCIAL
APPLICATIONS

TIRS can be used to monitor both production and
feedstock streams at commercial waste processing
facilities. TIRS monitors were demonstrated on the
process and pilot lines of several manufacturers.
TIRS was demonstrated in the laboratory for a wide
range of solid and viscous liquid process stream
properties, including chemical composition, cure
level of paints and thermoset plastics, and oxidation
level and mineral content of coal.

BASELINE TECHNOLOGY

There is no baseline technology with which to com-
pare the TIRS technology. TIRS is the only technol-
ogy available that can provide on-line, real-time
monitoring of the molten process waste stream com-
position.
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INTELLECTUAL PROPERTY 3.

Iowa State University holds the patent on the TIRS
technology.

For more information, please
contact:

Center for Environmental

ManagementInformation
1-800-736-3282

Principal Investigator

John McClelland

Ames Laboratory

B27 Spedding Hall

Iowa State University

Ames, IA 50011-3020

(515) 294-7948; (515) 294-3226 FAX

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672
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WASTE INSPECTION TOMOGRAPHY

DESCRIPTION

The mobile Waste Inspection Tomdgraphy (WIT)
system is designed for nondestructive evaluation
(NDE) and nondestructive assay (NDA) of nuclear
waste indrums upto 110 galin volume and weighing
upto 1,6001bseach. WIT isaselfsufficient48 ftlong
mobile semitrailer, 13.5 ft tall, 8 ft wide, and weighs
less than 100,0001bs. The WIT trailerhasan HVAC
and an 80 kW generator that can be used when
electrical power is not available (Figure 7.5a). WIT
includes three noninvasive detection systems and six
inspection methods using both x-ray and gamma-ray
imaging approaches. The six inspection methods
include:

2 MeV x-ray digital radiography (DR)

2 MeV x-ray transmission computer tomogra-
phy (CT)

Anger camera gamma-ray imaging

Single photon gamma-ray emission CT
(SPECT)

Nuclear gamma-ray spectroscopy

Active and passive gamma-ray CT (A&PCT)
using a '%Ho active source.

The three detection systems include:
*  An 896 channel array of 18-bit dynamic range
solid-state, high-energy x-ray detectors. These
are used for DR and CT with a 2 MeV x-ray
source.

Two Anger cameras, each with 55 photomulti-
plier tubes (PMTs) and a sodium iodide crystal
with an active area of 14" x 17". These areused
for area gamma-ray imaging for rapid location
of gamma emission(s) within a drum.

A single, high-efficiency, high-purity germa-
nium detector (HPGe), used for both gamma-
ray spectroscopy and A&PCT. The active
source is 1.25 mCi of % Ho with a 25 mm x
25 mm aperture.

Data from the multiple methods of the WIT system
can be fused into 2- and 3-D imaging formats for
visualization of any gamma-ray source(s) within the
waste drum. With gamma-ray spectroscopy and
A&PCT, WIT can identify the gamma-ray emitting
isotope(s) and measure external radioactivity.
A&PCT enables the generation of energy-specific
gamma-ray attenuation maps, and through their ap-
plication, attenuation corrected determinations of the

actual activities of

7.5a. Photograph of the WIT trailer.
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gamma-ray
sources within the
waste.

WIT can also be
used for quantita-
tive analysis of
drum content, in-
cluding the mea-
sure of volumes of
similar density
materials (e.g.,
free liquids,), di-
mensional mea-
surements (e.g.,




drum wall thickness), densities (e.g., specific gravity
of heavy metals).

The WIT trailer is designed for the side loading and
unloading of waste drums through two automated
radiation-shielded doors (one on each side of the
trailer). Site supplied forklifts or robotic automated
handling system can be used for drum loading and
unloading.

One drum at a time can be inspected. The six
methods are applied sequentially. The throughput of
each method is typically four drums per hour. The
physics of the drum and the inspection protocol
determine the throughput. Asanexample, the fastest
throughput is for lightweight drums with high activ-
ity. The lighter the weight, the faster the NDE
throughput.

Digital Radiography (DR). The 2 MeV x-ray source
and alineararray of solid-state x-ray detectorsis used
for DR. DR produces a projection image of an entire
drum with a 1024 x 1024 pixel image, where each
pixel represents about 1 mmx 1 mmof the drum. The
DR technique requires the drum to elevate past the
stationary linear array of x-ray detectors withasingle
pass, as in an airport baggage inspection system. The
resulting full drum image is analogous to a chest x-
ray.

The WIT system has a true 18-bit dynamic range
detector system, allowing for wide contrast imaging
of a full drum in a single data set. Consequently,
lightweight combustibles placed on top of a full 24"
diameter of cement can be viewed in the same image
data set with the cement through data windowing and
level control for optimum gray scale presentation of
the very different materials.

Viewing free liquid levels in containers such as
aerosol cans, gallon pails, orplastic bottles is possible
in a freeze frame format. The drum can berotated for
different DR viewing angles (e.g., 90° to the first DR
or whatever is required). The speed of a single WIT
DR scan of an entire 55 gal drum of cement is
approximately 60 s, and the image can be viewed

immediately. Faster DR scan times are sufficient for
lighter weight waste drum matrices.

Computed Tomography (CT). During a CT scan,
the drum rotates through a stationary fan beam of 2
MeV x-rays in a third-generation CT data collection
mode using 896 channels of 18-bit x-ray detectors.
Individual CT slices can vary between 2 mm and 10
mm thick.

The WIT CT scanner has aresolution of nearly 2 mm
and a dimensional measurement capability with a
sensitivity of nearly 0.25 mm. The drum elevates
between slices in less than 2 s for adjacent slices.
WIT CT slice scan times are in 4 s increments with
the fastest scan time to date, of 8 s per slice for a
combustible waste drum matrix. A cement matrix
requires a 28 s scan time and a glass matrix requires
a 10 min scan time per slice. The slower the WIT CT
scan, the better the photon statistics and image qual-

ity.

The resulting WIT CT images can be 256 x 256, 512
x 512, or 1024 x 1024, pixel CT image reconstruc-
tions. Ifthe operatorchooses tosave theraw data, any
of the above mentioned CT image formats can be
reconstructed at a later time. CT image processing
can be concurrent with CT data collection. The DR
scan can be used as a planning map for locating CT
slices.

WIT features for CT image processing and analysis
include Multiplanar Reconstruction (MPR), Vol-
ume Rendering (VR), dimensional analysis, volume
analysis, density scaling, regions-of-interest (ROI)
analysis, panning, zooming, window and level con-
trol, colorization, filtering, including edge enhance-
ment, contrast stretching, statistics, histograms,
cinematic presentation, and others.

Anentire 55 gal drum can be CT scanned with 88 CT
slices, each 10 mmthick. Forcombustible waste, this
takes less than 15 min. MPR of an entire drum with
interpolation of all 88 CT slices can be achieved in
real-time, with concurrent image processing, provid-
ing four orthogonal drum views anywhere within a

180



drum withnearly 1 mmcubic voxels. Paging through
any orthogonal CT plane in an entire 55 gal drum
from any direction is possible with about 1 mm
interpolated positioning.

WIT can produce a single volume-rendered view of
an entire drum or any volume within a drum with a
light shaded cut-away plane. A 512 x 512 pixel
presentation of a volume-rendered 55 gal drum can
be achieved on WIT using 88 CT slices in less than
28 s. A 256 x 256 pixel volume-rendering of the
entire drum can be viewed in less than 15 s.

Anger Camera Imaging. Forrapid arealocalization
of gamma-ray emissions with a resulting 2-D image
planarprojection, two Angercameras are used. Each
camera has 55 PMTs and a single sodium iodide
crystal with a 14" x 17" active area. Compared to
medical cameras, the WIT gamma cameras have
scintillators with higher quantum efficiency, higher
energy collimators, and a wider energy spectrum
window (100 kV to 1.3 MeV).

One gamma camera views the top of the drum, while
one looks at the bottom of the drum. The drum only
needs to rotate for WIT gamma emission viewing.
Thus far, the two WIT cameras have demonstrated
sufficient sensitivity to image 9 pCi activity of '**Ba
on the surface of the drum with a scan time of nearly
10s. Also, 250 uCi of '**Ba activity is in the middle
of a 55 gal drum with combustibles is demonstrable
with 10 s data collection time. Typically, 60s of data
collection is used for each view to assure sufficient
counting statistics. Anger camera images can be
colorized, fused and registered with x-ray transmis-
sion image data.

Single Photon Emission Computed Tomography
(SPECT). To locate the depth of gamma-ray emis-
sions within adrum, Angercameraviewscanbeused
to provide a gamma-ray CT slice using the SPECT
technique. The inherent gamma-ray emission from
the waste is the radiation source for SPECT. Sixteen
Anger camera views, each from (approximately 0.4
of drum rotation, are required to provide a coarse

SPECT reconstruction for emission localization
within a drum slice. WIT can reconstruct a 32 x 32,
64 x 64, and 128 x 128 pixel SPECT images across
a drum diameter. WIT SPECT consists of parallel
beam reconstructions with offset scanning. Thus, a
full 360° of drumrotationisrequired for WIT SPECT.

Slices are coarse, consisting of 6 mm, 12 mm, and 25
mm thick scans with similar resolution. The SPECT
slices can be volume-rendered, colorized, fused, and
registered with x-ray transmission image data.

Gamma-ray Spectroscopy. WIT canidentify gamma-
emitting isotopes within the waste using asingle high
purity HPGe detector and spectroscopy analysis
software from EG&G called Maestro. Maestro
performs peak analysis and matches peaks to a
software library of nuclear isotopic spectra. The
Angercameras lack the energy resolution forisotope
identification, butthey do allow forrapidlocalization
of gamma emissions. Once the emission is located,
the HPGe detector has an efficiency greater than
100% (with respect to sodium iodide), an energy
resolution of less than 2 kV, and a square collimated
aperture of 50 mmx 50 mm. The WIT HPGe detector
can be elevated to nominal drum centered height and
can be translated across and past the full diameter of
the drum. The drumiselevated to achieve the precise
height location of the emission at the hot spot(s).

Active and Passive CT (A&PCT). External mea-
surements of gamma-ray emissions from waste drums
can be deceiving because the waste matrix may be
attenuating the emission. A&PCT provide an en-
ergy-specific attenuation map of the drum by utiliz-
inganexternal transmission source withagamma-ray
energy similar to that of the waste. This waste
enables calculation of attenuation-corrected activi-
ties.

WIT has an active source of 'Ho with an activity of
1.25 mCi. Holmium has numerous gamma-ray
energy peaks between 100 kV and 1.4 MeV, which
makes it an ideal choice as an ACT source. Both
A&PCT are performed on WIT in a first-generation
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CT geometry with a single HPGe detector. The
Holium source also translates across the diameter of
the drum simultaneously with the HPGe detector for
ACT. For PCT, only the HPGe detector translates.
For both A&PCT , the drum elevates and rotates.

Typical WIT A&PCT data consists of 16 raysand 16
views with aresulting image of 14 x 14 pixels, where
each pixel represents a 50 mm x 50 mm area of the
drum. Depending on the waste, WIT can have ray
integration times from seconds to tens of minutes,
with resulting scan times from minutes to hours per
slice, based on transuranic and low-level waste activ-
ity levels. The more active the gamma-emitting
waste, the faster the A&PCT scan times and through-
put.

TECHNICAL PERFORMANCE

The following WIT performance data are Phase I
results from the WIT Program Research and Devel-
opment (PRDA) contract acquired by Bio-Imaging
Research, Inc., (BIR) between March and May 1995.

Experimental Study. The WIT phantom drum used
to qualify each of the six WIT inspection methods
during Phase I consists of a steel 55 gal drum with
three ports of entry on top of the drum for the
introduction of radioactive sources. The drum has
three levels of waste matrices. The upper level has
combustible materials consisting of mostly cloth
and paper products and a plastic bottle with free
liquid; the middle is a heterogeneous matrix consist-
ing of mostly metals of steel and aluminum and
aerosol cans with free liquid; the bottom layer is
cement with embedded rods and tubes of plastics
and metals.

Figures 7.5b through 7.5f are recent Phase | PRDA
results acquired on the WIT trailer. The radioactive
check source inserted into the combustible matrix of
the WIT phantom drum consisted of a two ounce
bottle containing liquid with a '**Ba activity level of
nearly 250puCi. Figures 7.5a, b, and c are superim-
posed images of fused transmission and emission
images, indicating the '**Ba gammaemission source
in 2- and 3-D space. All three images indicate the

Figure 7.5b. 2 MeV DR of the WIT phantom drum
fused with an Anger camera image of a '*Ba gamma
source located in a plastic tube in the combustible
waste matrix.

Figure 7.5¢c. 2 MeV x-ray CT of a 10 mm slice of the
WIT phantom drum fused with a SPECT reconstruc-
tion of the *Ba source in the combustible matrix
showing cloth and metal buttons.
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Figure 7.5d. Volume-rendered WIT phantom drum
with cut-away wall showing drum content light
shaded with transparent bottle with free liquid in the
top layer fused to a SPECT reconstruction showing
the '**Ba source on the combustible matrix. The
volume-rendered image was made from 88 CT slices,
each 10 mm thick, with 256 x 256 image matrix. The
volume rendering is a 512 x 512 pixel matrix.

source of the emission relative to the waste matrix.
Figure 7.5d and e are active and passive CT images
of the '**Ba source, respectively.

Cost. BIR plans to offer a mobile WIT service for
noninvasive waste drum inspection and character-
ization. WIT is still in the development phase, and
costs are continuously being jevaluated. However,
. projected costs range between $2M and $3M per
WIT trailer. On a cost per drum basis, WIT inspec-
tions will be less than $1K per drum, with an average
throughput of four drums per hour, per technique,
with a cost per WIT day shift of nearly $20K. In
comparison, invasive techniques may cost between
$1K and $10K per drum.

Figure 7.5¢. Active CT image of the WIT phantom
drum taken at the level of '**Ba source using the '%Ho
active source. This active image is a coarse energy
specific attenuation map for a gamma-ray energy
similar to that of the "**Ba source.

Figure 7.5f. Passive CT image of the WIT phantom
drum showing the 133Ba gamma-ray emission inside
the WIT phantom drum.

PROJECTED PERFORMANCE

The nondestructive and noninvasive nature of WIT
makes it a safer inspection method, as compared to
invasive techniques. The four drums per hour pro-
jected throughput makes WIT compatible with other
planned DOE production facilities, such as the
Hanford Waste Receiving and Processing facility.
The multi-method WIT approach providesbothNDE
and NDA characterization. The mobile capability
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allows WIT to be brought to the waste location, thus
minimizing waste transportation. WIT eliminates
the need to invest in permanent, more expensive
facilities for waste drum characterization. Com-
pared to invasive inspection techniques, WIT is
projected to be more cost effective.

APPLICABILITY

WIT can be applied to a variety of wastes including
combustibles, heterogeneous waste with metal com-
ponents such as tools, cemented waste and other
near-solid waste such as sand, earth, and sludges,
compacted waste, and matrices as dense as glass
logs. WIT accommodates any waste package smaller
than a 110 gal drum, including waste bags, 1,5, 35,
55, 85, and 110 gal drums, drums with plastic or
metal liners, and overpacks that are 110 gal orlessin
size or volume, and 1,600 Ibs or less in weight. WIT
can inspect low-level, transuranic, and mixed-waste
drums. Typical DOE drums of 55 gal and weighing
less than 800 Ibs are ideal for the WIT system.

STATUS

The WIT system has been designed, built, and ini-
tially tested on phantom drums with check sources at
the BIR facilities in Lincolnshire, Illinois. Further
system integration and demonstration on actual
nuclear waste drums will began in August 1995.

REGULATORY CONSIDERATIONS

Regulatory considerations forboth operational safety
and characterization performance are being incorpo-
rated into the design of WIT. Contact the principal
investigator for additional information.

POTENTIAL COMMERCIAL
APPLICATIONS

The WIT system is designed for nuclear waste in-
spection with commercial application, principally to
DOE complex; however, it may be applicable to
public utilities, processors, and other generators of
nuclear waste (e.g., universities, hospitals, and pri-

vate industry). Otherapplications include the nonde-
structive evaluation of potentially hazardous waste
to identify the waste matrix and free liquids. A
potential application for WIT CT is inspection of
high value aerospace and aircraft engine castings for
dimensional analysis and pattern development. The
WIT mobile service is attractive to those WIT users
who cannot afford a major capital investment.

BASELINE TECHNOLOGY

The baseline technologies include real-time radiog-
raphy (RTR) and segmented gamma scanning (SGS).
RTR provides 2-D transmission video images of
waste and has a gray scale resolution of 4- to 12-bits,
compared to 18-bits for WIT freeze frame DR and
CT. WIT's greater dynamic range provides im-
proved contrast and density resolution compared to
that of RTR. Additionally, CT eliminates the super-
positioning problems of RTR and DR with CT
providing depth perception.

CT provides quantitative density and dimensional
information in both2- and 3-D space for waste matrix
identification, all in a computerized digital format
which is not available to RTR. RTR typically uses
analog media, such as videotape. Achievable WIT
media include CD-ROM, optical disks, DAT tape,
magnetic hard drives, as well as videotape and hard
copies.

Typically RTR in DOE applications uses 420KV x-
ray tubes for inspection of waste drums. The lower
energy x-rays limit penetration capability for the
larger and denser waste forms, such as drums of
sludge and cement, which make up over half of the
waste drums. WIT's 2 MeV source provides more
rapid throughput with sufficient radiation penetra-
tion to inspect nearly all DOE drums on a mobile
trailer.

WIT's Anger camera imaging provides rapid local-
ization of gamma-ray emissions while allowing the
high-efficiency and energy-sensitive nuclear spec-
troscopy instrumentation to be focused on the spe-
cific gamma emitting waste source(s) instead of
searching a broader waste volume, as in SGS.
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WIT's A&PCT provides energy-specific attenuation
correction with smaller volume correction elements
compared to SGS, thus providing WIT withasmaller
error band for the calculation of internal gamma-ray
activities from purely external measurements.

Finally, the fusion of emission and transmission
images from WIT allows for the localization of the
gamma-ray source(s) within the waste matrix. This
is not available with the baseline technologies.

INTELLECTUAL PROPERTY

Intellectual property embodied in the software will
be protected by copyright. Contact the principal
investigator for additional intellectual property in-
formation.

For more information,
please contact:

Center for Environmental

ManagementInformation
1-800-736-3282

Principal Investigator
Richard T. Bernardi

Bio-Imaging Research, Inc.

425 Barclay Boulevard

Lincolnshire, IL 60069

(708) 634-6425; FAX (708) 634-6440

DOE Project Manager

C. Edward Christy

U.S. Department of Energy
Morgantown Energy Technology Center
P.O. Box 880

Morgantown, WV 26507-0880

(304) 285-4469
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AIR-QUALITY MONITORING FOR ALPHA CONTAMINATION
LONG-RANGE ALPHA DETECTION

DESCRIPTION

Detectors for airborne alpha contamination are being
developed based on Long-Range Alpha Detection
(LRAD) technology. Using this technology, a gas/
radon daughter detector is being developed.

Airflow detection of ionization caused by alpha
particles is possible because an alpha particle depos-
its all of its energy to air in the form of ionization
within a few centimeters of its source. Ionized
electrons in air then quickly attach to other air mol-
ecules creating ion pairs. These ion pairs are trans-
ported to an electrode producing a current that can be
measured. The integrated current measured, or the
number of current pulses counted, is directly propor-
tional to the concentration of alpha contamination in
the detection volume.

The electrostatic filter is maintained at 600 V and is
designed to filter out any ambient ionization that
might otherwise be drawn into the sample chamber
and bias the measurement.

Alpha decay rates can be measured in two distinct
modes known as "single event" and "integrated
current" modes. Ifthe alphadecayrateislowenough
to preclude pileup, current pulses produced by an
individual alpha decay can be counted --single event
measurement mode. If the alpha decay rate is too
high to resolve individual current pulses, the inte-
grated current at the ion collection electrode is mea-
sured. LRADs are unique in that the ionization
produced from alpha decays in air is measured
directly without the gas gain, special gases, thin
windows, or other characteristic typical ionization
detectors.

There are twoclassifications of LRAD
detectors as follows:

*  Electrostatic LRADsuseanelec-
tric field to attract ions onto the
electrode. This type of detectoris
used for monitoring flat surfaces

Sample Enclosure
/ Fan Manifold—\

Particulate Filter
Electrostatic Filter

such as concrete walls, floors, or
for soil surface contamination
measurements.

e Airflow LRADs use air currents
to transport ions to the collection
electrode. Detectors of this type
areuseful formonitoringirregular

Airflow

shaped or metal objects.

As illustrated in Figure 8.1a, the gen-
eral design of an airflow LRAD con-
sists of a box with a fan manifold to
provide airflow and two ion grids. One
grid acts as an electrostatic filter and the

0

<

— -

other acts as the ion-collection grid.
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TECHNICAL PERFORMANCE

LRAD Radon Monitor Prototypes. Several proto-
type detectors were tested both on the bench and in
the Radon/Radon Daughter Environmental Cham-
ber (RRDEC) operated by RUST Geotech at DOE's
Grand Junction Projects Office located in Grand
Junction, Colorado.

Initial RRDEC tests were conducted using two iden-
tical airflow LRADs originally designed as person-
nel Hand Monitors (HMs). HMs are rectangular
detectors with a 23 L detection volume and a rubber
iris valve on one side for inserting calibration sources
or other objects (such as hands) into the detection
volume. One HM was equipped with an efficient
particulate filter and the second was equipped with
only a light-duty furnace-type air filter.

The second set of RRDEC tests was conducted with
a series of sub-elements made from 15 cm diameter
tubing and originally designed as personnel Arm
Monitors (AMs). The subassemblies can be attached
tosample enclosures with detection volumesranging
from 2 to 20 L. Two identical AM detectors were
configured with 6 L decay volume . One of the AM
detectors was equipped with a high efficiency par-
ticulate air (HEPA) filter while the second had no
filter. These detectors were used to investigate the
speed of response to radon gas and the filtering of
radon daughters attached to particles.

A Home Radon Monitor (HRM) prototype detector
was also constructed to test the efficiency of electro-
static ion collection and the practicality of using
current pulses from individual alpha decays to deter-
mine radon concentrations.

Linearity of Detector Response. Figure 8.1b shows
detector response to radon concentrations ranging
from 0.06 to 825 pCi/L.. For each detector at each
point, a 1-hour data set was taken after radioactive
equilibrium was reached. The arithmetic means of
these 1-hour data sets, minus a constant background
caused by leakage currents and cosmic rays, are
plotted against the mean radon concentration. The
resulting plot shows that LRADs operating in an
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Figure 8.1b. Airflow LRAD #Rn
response.

integrated current mode respond linearly with R?s of
0.999 or better, over the entire 4-decade radon con-
centration test range.

LRAD Electrometers. Measurement of small cur-
rents requires a very sensitive electrometer coupled
to a detector designed and constructed to eliminate
leakage currents. Initial tests were conducted using
commercially available Keithley Model 617. To
reduce cost, size, weight, and power requirements,
several generations of LRAD-specific electrometers
were developed. These electrometers are small,
lightweight, battery powered, and provide tempera-
ture-compensated mV-level output signals with
0.01% full-scale resolution over jumper-selectable
operatingranges from+3to+300pA. Table 8.1alists
relevant parameters for the electrometers.

Table 8.1a. LRAD-specific electrometers.

Generation | Size | Mass | Battery | ~Cost
co) | @) | Lite” | ($)
Keithley 10,000 | 3,600 |AC 3,000
Ist 300 342 8 weeks 500
2nd 200 320 2 years 300
3rd 25 16 6 years 200
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Table 8.1b lists calibration coefficients and ion col-
lection efficiencies extracted from the data plotted in
Figure 8.1b. The improvements in ion efficiency of
the AM detectors as compared to the HM detectors
can be attributed to better airflow characteristics.
Because the HM detectors have rectangular detec-
tion volumes, there are corners where the airflow
forms eddy currents. Ions become trapped in these
eddies and are eventually lostto the metal sides of the
detector. The AM detectors have a smooth laminar
airflow and, therefore, fewer ions are lost to the
detector walls.

Table 8.1b. Airflow LRAD calibrations and
efficiencies.

Detector | Volume [ Calibration | Efficiency
(L) (fA/pCi) (%)
HM-1 23 0.40 44
HM-2 23 0.50 54
AM-1 6 2.43 76
AM-2 6 0.71 77

Speed of Response. Figure 8.1c shows the speed of
response of an airflow LRAD. The current output of
an AM detector over a2 min interval is shown. After
15 s, aconstant amount of 2Rn gas was injected into
the airstream. Airflows through the detector at about
6L/s, sotheradon concentration went fromnearzero
to approximately 80 pCi/L in about 1 s. Because the
transit time for air through the detector is 1 s, each
#Rn decay will be accompanied by a 'Po decay
(0.15-shalf-life) for atotal energy release of 13MeV.
The AM detector responds to these changes in radon
concentration in less than 5 s.

APPLICABILITY

The LRAD technology is applicable to the detection
of airborne alpha contamination.
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Figure 8.1c. AM speed of response to?’Rn gas.

STATUS

Eberline Instruments the Los Alamos National Labo-
ratory technology transfer partner, owns exclusive
licenses to the technology and can either build detec-
tors for users or sublicense the technology to other
companies.

REGULATORY CONSIDERATIONS

The LRAD:s are passive, non-intrusive, and generate
no waste or by-products.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is applicable to decontamination
and decommissioning (D&D) of a variety of materi-
als and equipment such as walls, concrete floors,
pipes and equipment. During the D&D process,
alpha contamination can become airborne. It is,
therefore, important to monitor in near-real-time the
alpharadiationlevels presentto protect workers. The
LRAD technology is also applicable to the detection
of radon in homes.




BASELINE TECHNOLOGY

Detection of alpha contamination in air samples is
traditionally accomplished by use of continuous air
monitor (CAM) detectors. CAM detectors must
sample a given volume for several hours to achieve
approximately 0.1 pCi/liter resolution.

INTELLECTUAL PROPERTY

A patent application for single event counting was
submitted in November 1994.

For more information,
please contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Richard Bolton

Los Alamos National Laboratory

P.O. Box 1663, NIS-6/MS-J561

Los Alamos, NM 87545

(505) 667-8241; (505) 665-3657 FAX

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19910 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672
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INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY
FOR ANALYSIS OF MICROLITER SAMPLES AND SOLIDS

DESCRIPTION

Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) is already a highly sensitive and selective
method forelemental and isotopic analysis. Itisused
widely in the nuclear industry for identification and
quantification of stable elements and some radionu-
clides. In general, detection limits are approximately
1 ppt, accuracy and precision of several percent are
possible, and as many as 70 elements can be deter-
mined in solution volumes as little as 100 pL.. De-
spite these impressive capabilities, the absolute
detection limits of ICP-MS are in need of substantial
improvement. The most efficient quadrupole de-
vices can detect about 106 atoms of an element in a
plasma. However, the nebulizer efficiency is typi-
cally only 1%, so most of the sample merely dribbles
down the drain of the spray chamber that houses the
nebulizer. This is not much of a problem in most
applications for stable elements, where plenty of
sample solution is available. However, when radio-
active samples are analyzed, the wasted solution in
the nebulizer drain means secondary waste disposal
(typically a mixed waste) and handling of larger
sample volumes just to get enough atoms to the
plasma for measurement.

For these reasons, there is a substantial need for
nebulizers specially configured to handle small lig-
uid samples of a few pL or less. This project will
evaluate the analytical figures of merit of ICP-MS
with a new type of sample introduction technology
called monodisperse dried microparticulate injec-
tion (MDMI). A schematic diagram of MDMI is
shown in Figure 8.2a. The MDMI uses a piezoelec-
trically-driven micropump to introduce all of a very
small solution (1 pL or less) into the ICP, which
improves detection limits and reduces contamina-
tion, containment, and waste disposal when analyz-
ing radioactive solutions. The wet droplets from the
micropump are all 57 £3-um in diameter, which is
essentially monodisperse by the standards of con-
ventional nebulizers. The droplets are then dried
carefully in a laminar flow oven. The dried particles
are kept in a straight line from the pump tip through
the oven and into the plasma.

Because all the particles are localized along the
central axis of the plasma, the sampling orifice of the
ICP-MS can be positioned at just the right spot to
draw in a large fraction of the ions produced. In
contrast, even the best of the other nebulizers, such as
the direct injection nebulizer (DIN), sprays droplets
over a much wider volume of plasma, and much of

the sample misses the

MICROPUMP

sampling orifice. The
MDMIispotentiallymore
attractive than either the
DIN or the electrother-
mal vaporizer for intro-

KD...{. ........-0-.-...- FYYS samples into an ICP_MS

duction of small, discrete

device. Of course, the

D LAMINAR FLOW
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RESERVOIR
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caveat to analysis of very
small volumes is that a
representative sample of
the whole material must

be analyzed. There are,

Figure 8.2a. Schematic diagram of MDMI and the ICP-MS components.
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therefore, practical lower limits to the amount of
solution necessary to provide valid analytical results.
The MDMI can be used for sample volumes in the
mL range, if desired; it is not limited to pulL samples.

The MDMI will also be used to calibrate laser
ablation ICP-MS for direct analysis of solids. This
application will provide a general way to analyze
solids accurately without calibration standards that
closely match the composition of the solid, which has
been a long-standing problem in analytical chemis-
try. Solid samples can be readily broken into small
particulates with a focused laser. These particulates
are then swept into an ICP, which produces atomic
analyte ions for mass spectroscopic analysis. Quali-
tative and semi-quantitative characterization of sol-
ids is straightforward with this combined laser
ablation-ICP-MS approach. Accurate quantifica-
tion, however, is limited to those samples that are
highly homogeneous and that closely match the
composition of reference materials. Unfortunately,
the production of particulates and the ablation effi-
ciency depend on the sample matrix, so quantitative
analysis of heterogeneous or unusual samples is
difficult.

A second aspect of this project concerns developing
amethod of calibration using the MDMI for samples
obtained by laser ablation. The MDMI will be used
to deliver material from a standard reservoir that will
be coupled with the laser ablated sample as shown in
Figure 8.2b. Proper application will also include

mass flow measurement of the laser ablation aerosol
prior to mixing with the internal standard obtained by
the peizoelectric micropump. In this way any varia-
tion in the laser power or sample matrix can be
accounted for by the internal standard and mass flow
measurements.

For a related discussion of standardization for the
laser-ablation technique, see the technology profile
titled, “Mobile Laboratory for Environmental Screen-
ing Technologies.”

TECHNICAL PERFORMANCE

This is the first year of the project. The MDMI can
be used for analysis of one sample per minute. It
minimizes the radioactive waste that adheres to the
ICP-MS device, which simplifies maintenance.
Detection limits presently are approximately 1
femtogram (fg) for a variety of elements. The
ruggedness of the MDMI and its susceptibility to
interferences are being investigated. The device
should be useful for any ICP-MS device.

Cost. As yet, a firm price for the MDMI is not
available. The MDMIis onloan. A reasonable guess
is $20K. Operating and maintenance costs are the
same as with any other sample introduction device .

LAMINAR FLow

| MICROPUMP | OVEN
STANDARD
RESERVOIR

[:——-Du.

ABLATED
PARTICLES

An ICP-MS typically costs $180K.
PROJECTED PERFORMANCE
Becausetheprojecthasjust
ingpreisctedperfomanee
o000 is not available.
""" — (o] APPLICABILITY

This technology is appli-
cable for the determina-
tion of radionuclides and
stabletrace elementsinso-

Figure 8.2b. Schematic diagram of laser ablation cell connected to MDMI

for calibration.

lutions, organic solvents,
and, when combined with
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laser ablation, for direct analysis of solids without
dissolution. Sample matrices are widely varied and
include groundwater, contaminated soil, and organic
solutions from waste tanks, etc.

The MDMI technology should be suitable for use in
either a laboratory or in a field-deployable instru-
ment in a van.

STATUS

A second-generation MDMI was obtained from
Perkin-Elmer SCIEX Inc. The device was delivered
in April 1995. It was installed on a twin quadruple
ICP-MS device and is working properly. Basic
analytical figures of merit are being measured. The
device is already a potential commercial product;
thereisnotmuchtotransferto SCIEX Inc., otherthan
the evaluation of its performance and possible areas
of improvement.

REGULATORY CONSIDERATIONS

ICP-MS is widely used for regulatory purposes.
None of the methods presently include MDMI, but
they could be amended readily to do so if the device
proves useful.

POTENTIAL COMMERCIAL
APPLICATIONS

This device is potentially valuable in any application
thatrequires analysis of very small solution volumes.
These include semiconductor materials and bio-
medicine, in addition to the obvious uses in nuclear
applications. It could be readily combined with
chemical separation and preconcentration proce-
dures used for isolating and quantifying radionu-
clides. The ability to analyze solids directly with
reasonable accuracy usingcalibration withthe MDMI
will be invaluable in many applications.

BASELINE TECHNOLOGY

A variety of nebulizers are in use. These are all
inefficient, and they all leave substantial amounts of
wastesolutionbehind. Thedirectinjectionnebulizer,
developed at the Ames Laboratory, is an improved
nebulizer technology in that it delivers the entire
sample to the plasma, so there is no liquid waste;
however, the aerosol from the DIN is polydisperse
and is spread out over a substantial volume in the
central axis of the plasma. Thus, much of the
nebulized sample is not properly converted into
atomic jons. Another state-of-the-art technology
which the MDMI is intended to surpass in perfor-
mance is the electrothermal furnace that has detec-
tion limits approaching a few fg, but has other
problems. Namely, the signal is transient by nature,
which limits the number of elements that can be
measured during each firing of the furnace. Also, the
precision is mediocre, i.e., 10% relative standard
deviation (RSD) at best.

INTELLECTUAL PROPERTY

This is a potential commercial product of Perkin-
Elmer SCIEX Inc. Information regarding intellec-
tual property should be directed to Perkin-Elmer
SCIEX Inc.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

R. S. Houk

Ames Laboratory

Iowa State University

Ames, TA 50011

(515) 294-9462; FAX 515-294-5233
rshouk @iastate.edu
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DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 10874-1290
(301) 903-7672

Industrial Partner
Ray Jong

Perkin-Elmer SCIEX Inc.
55 Glen Cameron Rd.
Thornhill, Ontario L3T 1P2
(416) 881-4646
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IN SITU DETERMINATION OF RADIONUCLIDE CONTAMINANTS

DESCRIPTION

Traditional means of measuring radionuclide con-
centrations in soils over large areas are often time
consuming, cumbersome, expensive, and nonrepre-
sentative. The present technology is a method for
real-time characterization of large-scale radionu-
clide contamination in soils. The objective of this
technology is to provide real-time mapping of sur-
face soils contaminated with radionuclides. In addi-
tion, the objective includes downhole applications
for mapping axial and radial distributions of radionu-
clides in the subsurface using boreholes. It is noted
that the boreholes should be installed with minimal
disruption of the substrate to get an accurate distribu-
tion of contaminants.

TheInSitu Determination of Radionuclide Contami-
nants (ISDRNC) technology largely eliminates the
need for collecting a myriad of soil samples for
subsequent laboratory analyses. ISDRNC provides
a more representative soil map (more material ana-
lyzed) compared todiscrete sampling and analysis. It
may be considered to have asample size of more than
a ton compared to a single gram sample; therefore,
sampling errors are reduced. ISDRNC provides
results inreal-time (i.e., minutes ratherthan months).
Costs are on the order of $10/sample location ana-
lyzed in-situ compared to $1,000/ sample extracted
and analyzed. ISDRNC is safer because sample
handling by humans is not required, though some
exposure may result from human presence on the site
surface.

ISDRNC consists of a triad of original or adapted
techniques including: (1) in-situ gamma-ray spec-
trometry (surface application with analytical depths
to 15 cm below the soil’s surface), (2) high energy
beta scintillation sensor (for surface applications
with analytical depths to 5 cm below the soil’s
surface), and (3) downwell gamma-ray spectrom-

etry (subsurface application with penetration depths
to about 15 cm radially from the edge of the bore-
hole).

Thetargeted contaminants are all radionuclides which
emit gamma rays, high-energy beta emitters, and
other contaminants that must be quantified by indi-
rect methods. Some radionuclides cannot be ana-
lyzed orare very difficulttoanalyze by nondestructive
means (e.g., °H, C, ©Ni, %], etc.) but their impor-
tance is often diminutive in terms of the objectives of
this technology or their “known” absence because of
provenance or historical analog analysis.

The physical basis of the technique is that many
radionuclides are gamma-ray emitters (photon emis-
sion by radioactive decay), and these materials have
characteristic emission energies. Therefore charac-
terization is according to the observed emission
energy; furthermore, location of the material and
quantification is based on the observed intensities
from several geometric positions in or above the
matrix. Depth profiles based on gamma emission
can be derived from observation of two or more
gamrma rays from the same isotope having different
energy emissions (different energy photons undergo
selective attenuation by the matrix). A key aspect of
this advanced technology is the high-purity germa-
nium (HPGe) diode detectors that are by far the most
sensitive detectors available for gamma spectrom-
etry. The first category of target contaminants that
can be directly measured by in situ gamma ray
spectroscopy (ISGRS) is that of gamma-emitting
fission or activation products including but not lim-
ited to®Co, *Cs, and '**Eu. In addition, the present
technology can detect isotopes such as *Sr, which is
not a gamma emitter; nevertheless, ®Sr can be quan-
tified, directly or indirectly, by detection of the high
energy beta emission of its daughter product or by
detection of the copious quantities of bremsstrahlung
radiation generated by beta deceleration. Transu-



ranic elements are a second type of detectable
radionuclides and include plutonium, americium,
neptunium, curium, and uranium. These transuranic
elements all contain isotopes that emit sufficient
quantities of characteristic gamma rays to identify
and quantify their presence by ISGRS, but only in the
absence of significant quantities of fission and/or
activation products. Indeed, transuranic isotopes
also generate neutron emissions, either from sponta-
neous fission or (o,n) reactions on light isotopes.
Consequently, these neutrons can be useful for quan-
tifying the transuranics when copious fission or
activation products mask their gamma emissions by
using a fiber-optic neutron detector similarto the beta
scintillation detector.

The instrument is most effective when operated by a
person skilled in electronic, computer, and data
evaluation aspects of the technology. Although the
system could be operated by a robot, the potential for
quality datais greatly enhanced by askillful operator.
For example, a skilled operator will assure that the
instrument is properly calibrated, in control, and
acquiring data properly, and make adjustments as
required to maintain quality data acquisition.

TECHNICAL PERFORMANCE

Current demonstration results indicate that the tech-
nology could be applied to completely characterize
most sites in less than one week. The ground surface
measurement techniques cover about 0.36 m*min
(10 ft¥min), but this rate depends on what is being
measured, at what sensitivity, the desired confidence
level, and the statistical sampling program desired.
The downhole tool is different. Its rate depends on
the isotope being looked for and how frequently
measurements are desired (e.g., once every S min,
etc.); however, atypical counting time is about S min.
The sensitivity depends on the radionuclide, the
direct or indirect physical phenomena associated
withquantification, and the counting time. Detection
of all the gamma-emitting radionuclides is the ex-
pected performance, including natural primordial
activities, with a quantitative measure of their con-

centrations above a limit of about 1 pCi/g. Typical
counting times are on the orderof 5 to 15 min formost
scenarios. Typical sensitivities for the gamma-emit-
ting fission and activation products such as ¥Co and
137Cs (determined by direct measurement) are 0.01
pCi/g, and for*Srusing the beta scintillation detector
or the bremsstrahlung indirect measurement is 10
pCi/g. Typical transuranic sensitivities are 10,000
pCi/g when interfering fission and activation prod-
ucts are present (implies a neutron detection scenario
may be preferred) but can be much lower if they are
absent (then direct beta or gamma detection is pos-
sible).

In-situ Gamma-ray Spectrometry. The systemis an
extended surface-area gamma system that uses a
collimated, down-looking, intrinsic HPGe detector/
cryostat assembly with electronics packages similar
to the downwell unit. When suspended one meter
above the soil, this detector is sensitive to surface and
shallow subsurface activity (e.g., to below surface
depths approaching 20 cm for U) over many hun-
dreds of square meters and effectively averages
horizontal heterogeneities that may exist within its
field of view. Empirical evidence indicates that
approximately 80%-90% of the observed gamma
fluence originates within a 10 m radius from the
detector because of geometric factors and attenua-
tion in the soil and air (for most gamma energies and
soils).

Subsurface gamma spectrometer. This spectrom-
eter consists of a highly sensitive gamma-ray detec-
tor (HPGe) adapted to fit in a borehole and is used to
detect radionuclide activity concentrations down to
background levels. The detectorused for the Fernald
Environmental Management Project (FEMP) mea-
surements was a 108 cm3 coaxial HPGe spectrom-
eter housed in a 7.30 cm O.D. (2.875 in) stainless
steel canister that also contains the necessary signal
processing electronics and a spill proof liquid nitro-
gencryostat providinga 12 hourholding time. A new
system is being constructed which resembles link
sausage having 3 links withan O.D. 0f4.84 cm (1.90
in). One link contains the HPGe detector, another
contains the LN, and the third contains the necessary
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electronics. Future developments will include elec-
trical cooling (if possible) to enable longer operation
of the detector array. The new downhole detector
system concept should allow application in 5.1 cm
diameter (2.0 in) boreholes and small radius of
curvature applications (6.5 cm in 7.6 cm diameter
pipe). The present detector system will pass through
any straight pipe or borehole larger than 7.30 cm in
diameter, and will even pass through curved pipes as
small as 10 cm in diameter. Axial and radial distri-
butions of radioisotopes can be measured with the
use of lead or tungsten collimators, which provide
resolution of strata as thin as 1 cm or angular resolu-
tion as small as 0.1 steradians. The radial analytical
depthis approximately 15 cmforU. Thedetectorcan
be pushed into closed-end horizontal and lateral
wells with rods and can also be pulled through
daylight wells with cable. Concentrations of radio-
isotopes are generally reported at each measurement
location along the pipe, assuming the radioactivity to
be in a homogeneously distributed matrix with an
infinite volume (approximately 1 m3) of sediments
around the detector. This assumption is not restric-
tive, but is based on the calibration environment.

Beta Scintillation Sensor. This sensor is used to
characterize potentially contaminated surface soils
having betaemitting radionuclides or daughter prod-
ucts in the decay chain. The radiation sensitive
portion of the sensor (1500 cm?) is composed of
multiple layers of 1.0 mm? plastic scintillation fibers
that are particularly sensitive to energetic beta par-
ticles emitted from the 2*"Pa daughter product in the
B8U decay chain and that emit a 2.29 MeV (maxi-
mum) beta particle that can be selectively detected.
Theuranium concentrationiscalculated based on the
secular equilibrium of 28U with the given daughter
product. Passage of the beta particles through the
individual fibers causes ionizations and excitations
of fluorescent dopants which subsequently deexcite
via the emission of visible light. The resulting light
pulses are then converted into electrical signals fol-
lowing their detection by photomultiplier tubes at the
ends of the scintillating fibers. Although the beta
scintillation fibers are somewhat sensitive to gamma
emissions, the layered fiber design helps to maxi-

mize the signal tonoise ratio, and therefore, discrimi-
nate between a beta emission event and other ubiqui-
tous gamma phenomena. The viewing depth for this
detectoris 3-5 mm. The typical sensitivity is 10 pCi/
g for ¥Sr and 28U.

FEMP Demonstration. The technology was dem-
onstrated atthe Fernald Environmental Management
Project (FEMP) in FY 1992. The FEMP former
Drum Bailing Area (DBA) and a very large area
outsidethe Sewage TreatmentIncinerator (STI) were
analyzed as part of this demonstration. The average
uranium content was quantified in the upper 15 cm
using the in-situ surface gamma ray spectrometry,
and the upper 5 mm of soil was also analyzed using
the beta scintillation sensor optimized for the high-
energy beta decay associated with the 28U decay
chain. Eight boreholes were analyzed with the 7.30
cm downhole probe, and more than 175 individual
sample sites covering nearly 53,000 m? (13 acres) in
total were analyzed with the previously mentioned
surface methods in 5 days. In this investigation,
concentrations from <10 pCi/g to >3000 pCi/g were
identified at the DBA and STI sites. The data were
used to generate isopleth maps of the 23U activity
levels in support of the establishment of remedial
protocols. Figures 8.3aand 8.3b are typical isopleths
for the in-situ gamma-ray spectrometer and the sur-
face beta scintillation sensor. The differences in the
isopleth maps is largely caused by the difference in
sampling depth of the direct gamma-ray spectrom-
etry compared totheindirect betascintillation method.

Similar results were reported for the Sandia National
Laboratories (SNL) Chemical Waste Landfill dem-
onstration in FY 1992 and also SNL's Mixed Waste
Landfill demonstration in FY 1993. The technology
was also demonstrated in a pipe inserted below the
RB11 pitatKirtland Air Force Base in FY 1992 with
comparable results; although no man-made gamma-
radiation was detected below the pit. The next
scheduled demonstration is planned at the Hanford
site in Richland, Washington.

Cost. A complete system could be obtained for less
than $100K. Operations and maintenance costs are
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Figure 8.3a. Contour plot of activities at the DBA
based on the beta sensor. Contour intervals, excluding
the 100 pCi/g delineation, are 200 pCi/g when < 1,000
pCi/g and 500 pCi/g when > 1,000 pCi/g.

associated with one person for operation and a few
liters of liquid nitrogen each day. Operation of the
equipment requires a single standard 115 volt AC
circuit, or in remote locations, a portable generator.
Electrical energy usage is at a rate of 1 kW. Charac-
terization of the RB11 pit was accomplished with 21
individual measurements made in a day and a half.
Each measurement resulted in a concentration limit
for 23 different radionuclides (more radionuclides
could have been included in the library if desired).
Therefore, 483 individual concentration measure-
ments were made at a unit quantitative analytical cost
of $3/sample. The alternative approach (baseline)
would have a cost in the range $100 to $1,000/
sample.

PROJECTED PERFORMANCE

The ISDRNC technology has a sensitivity of 0.01
pCi/g for fission and activation products that emit
gamma radiation. The beta scintillation detector is
projected to have performance as described above as
no modifications have been indicated for the near

Figure 8.3b. Contour plot of activities at the DBA
based on the in situ gamma-ray spectrometer. Con-
tour intervals, excluding the 35 pCi/g delineation, are
50 pCi/g.

future. Finally, the major improvements to the
technology are related to the downhole probe with
respecttosizereduction. A nextgenerationdownhole
gamma-ray spectrometry probe is being constructed
(available September 1995) that will have an O.D.
lessthan4.84 cm (approximately 1.90in), and will be
able to pass around curves as tight asatrapina 3 in
drain line. The technology is expected to be able to
fully characterize most sites with installed monitor-
ing wells in less than a week.

APPLICABILITY

The technology is applicable to radionuclide con-
taminants in soils over large areas.

STATUS

The technology was demonstrated at the aforemen-
tioned sites and improvements are ongoing. The
next generation of the downhole gamma-ray spec-
trometer probe is scheduled for completion in Sep-
tember 1995. All othertechnologies are available for
demonstration.
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REGULATORY CONSIDERATIONS

This technology is likely to exceed any regulatory
requirements for detection limits. This equipment is
sensitive enough to measure the natural background
radioactivity in the ground, and in fact will measure
lower levels of radioactivity when going deeper into
a hole because of the increased shielding from cos-
mic radiation. Regulatory compliance limits have
not been formally set for remediation of radiologi-
cally contaminated sites. Reasonable limits should
not be less than the background levels.

POTENTIAL COMMERCIAL
APPLICATIONS

The technology is potentially applicable at nuclear
fuel production and also nuclear power facilities both
domestically and abroad for the rapid characteriza-
tion of surface contamination by radionuclides.

BASELINE TECHNOLOGY

The baseline technology is analog site characteriza-
tion and consists of discrete sample collection and
off-site analysis.

INTELLECTUAL PROPERTY

A patent is being issued for the beta scintillation
detector. Contact the principal investigator for addi-
tional information.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

201

—— e - —

Principal Investigator

Ron L. Brodzinski

Battelle

Pacific Northwest Laboratories

P.O. Box 999, MS P8-01

Richland, WA 99352

(509) 376-3529; (509) 372-0672 FAX

DOE Program Manager
Skip Chamberlain

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248
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LONG-TERM, POST-CLOSURE RADIATION MONITORING SYSTEM

DESCRIPTION

A Long-Term Post-Closure Radiation Monitor is
being developed. The concept employs a passive in-
ground measurement probe which contains a
scintillator coupled to an optical lightguide. Gamma
radiation absorbed by the in-ground scintillator gen-
erates optical photons which are coupled into the
lightguide, conveyed to the surface and detected as
an indication of the instantaneous subsurface radia-
tion level. The in-ground probes will be configured
to geometrically resemble cone penetrometers or
penetrometer-based sampling tools and, thus, can be
installed to depths of 50 meters using conventional
CPT trucks and methods (see profile featuring the
Heavy Weight Cone Penetrometer). A large number
of in-ground passive probes can be multiplexed to a
single, above-ground opto-electronics unit to pro-
vide for detection and readout of any long-term

changes in the distribution of the radionuclides in the
vadose zone. Figure 8.4 shows aconceptual drawing
of an installed radiation monitoring system.

Phase I of a three phase development program con-
sisted of selecting the most appropriate components
to maximize the signal reaching the detectors and
thereby minimizing the integration time required to
obtain areliable measure of radiation. Phase Iended
with the design of a prototype radiation probe. Phase
II encompassed the fabrication and testing of the
integrated unit at DOE's Fernald Environmental
Management Project (FEMP) in southwestern Ohio.

TECHNICAL PERFORMANCE
FEMP Tests. Twolocations at FEMP were sampled

and analyzed foruraniumcontamination versusdepth;
gamma activities with depth at these locations were

REMOTE DETECTOR STATIONS

Figure 8.4. Conceptual drawing of an installed radiation monitoring system.
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alsomeasured with acommercial gamma probe. The
bores at these locations were then cased with 1.5 "
PVC casing for later measurement. The B&W
Survey Tool Program provided a gamma measuring
tool with abutt coupled iodide scintillator which was
used to generate comparison data for each of the tests
performed. Data for both probes was acquired with
B&W's laboratory two channel gamma spectrom-
eter.

Four weeks of tests (October - November 1994)
included measurements in drums of contaminated
soil (at natural moisture and saturation) with known
contaminant levels, in situ tests near grade in an
existing monitoring well, in situ tests in two tempo-
rary PVC borings at depths up to 3 meters, and
measurements of drums of contaminated water, both
with and without a sand matrix.

Tests showed that the methods used in designing and
analyzing the probe were adequate for calculating
gamma flux, soil and water adsorption, window
absorption, absorption rates by the scintillator, scin-
tillation efficiency, optical losses, resolution, and
count rates.

Cost. Cost information was not available at this
writing.

PROJECTED PERFORMANCE

During Phase III, a prototype system consisting of
several probes multiplexed to a single data concen-
trator will be fabricated and subjected to a year-long
field test at the Fernald site. The test experience will
be used to develop a final commercial design for the
radiation monitoring system.

APPLICABILITY

This technology is applicable to long-term monitor-
ing of hazardous waste sites for migration of radionu-
clides.

STATUS

Phases I and I have been completed. Phase I is
underway. Final activities include the design of a
production system and the selection of vendors to
produce the system.

REGUILATOKRY CONSIDERATIONS

Contact the principal investigator for regulatory in-
formation.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is potentially applicable to may
commercial hazardous waste sites throughout the
country to monitor migration of radionuclides in the
subsurface.

BASELINE TECHNOLOGY

The baseline technology includes sensors which can
be lowered into boreholes to make radiation mea-
surements; however, the sensors are relatively com-
plex and expensive and may not be suitable for
long-term monitoring.

INTELLECTUAL PROPERTY
None.

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigator

Stu Reed

Babcock & Wilcox

1562 Beeson Street

Alliance, OH 44601
(216) 821-9110; (216) 823-0639 FAX
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Texas Chee

U.S. Department of Energy
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PORTABLE HIGH-ENERGY BETA DETECTOR

DESCRIPTION

A novel scintillating-fiber sensor for detecting high-
energy beta particles to characterize 2%U and *Sr in
surface soilsisbeing developed. The sensoremploys
a vertically stacked configuration of fiber ribbons
thatallowsdiscrimination between unattenuated beta
particles from *Y or 24"Pa (decay daughters of *Sr
and 28U, respectively), and lower-energy beta par-
ticles typically arising from natural sources (i.e.,
other 28U daughters, #?Th and its daughters, and
“K). The sensor indirectly detects uranium and
strontium activity based on the assumption thatsecu-
lar equilibrium exists between the parent radionu-
clide and its daughter. The multilayer design affords
some discrimination against gamma rays and cos-

mic-induced species (protons, muons, etc.) by ob-
serving and partially canceling the contributions
from these ubiquitous phenomena.

Figure 8.5 illustrates the current sensor design. The
sensor has alarger active region (30 cm x 60 cm) and
incorporates improvements that decrease the inher-
ent background signal observed in an earlier proof-
of-principle detector. The result is an enhanced
overall signal-to-noise ratio. For example, cosmic
influences are minimized by incorporating an over-
lying anti-coincidence ribbon that detects energetic
charged particles originating above the sensor and
rejects their contribution. A 6 mm thick acrylic
absorber separates the cosmic anti-coincidence layer
from the underlying sensitive region and precludes
any charged particles originating below the sensor
fromreachingthetoplayer.

Gamma-ray-induced sig-

Cosmic-Ray flals are reduced by pl.ac-

Charged Emission ing thinner scintillating

. fibers in the layer closest

No Interaction tothesoil, whichdecreases

the probability of generat-

1.0-mm Layer \ Anti-Coincidence Layer ing Compton electrons in

thislayer. Theseelectrons

Absorber (denoted as e in Figure

(ot to scale) 8.5) are indistinguishable

Tom L — 4 from beta particles. Sig-

nificant improvements in

1.0-mm Layer \ u i theelectroniccomponents

A ‘ andcircuitry have allowed

\ / | the establishment of a

0.5-mm Layer Gamma-Ray Typical High-Energy Beta much narrower coinci-

Interactions Background Beta (e.g., from U or Sr) dence window (on the or-

der of 10 to 20 ns), further

decreasingthebackground

Figure 8.5. Schematic representation of the current sensor design highlighting generated by coincident

potential interactions. Double lines denote particle tracks that lead directly to excita- thermionicemissions from

tions/ionizations and consequent scintillations. multiple photomultiplier
tubes.
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TECHNICAL PERFORMANCE

The prototype high-energy beta scintillation sensor
was successfully demonstrated and evaluated in vari-
ous laboratory and field scenarios.

Fernald Soil Decontamination Pilot Plant. The
beta scintillation sensor was evaluated at the Soil
Decontamination Pilot Plant (SDPP) at the Fernald
Environmental Management Project (FEMP) lo-
cated near Fernald, Ohio, to establish the utility of the
detector for the measurement of uranium-contami-
nated soils from various stages of a soil washing
process stream in a relative-motion (i.e., conveyor-
belt) scenario.

Measuring uranium indirectly via its daughter activ-
ity does not preclude effective use of the beta sensor
for such a scenario, but necessitates a thorough
understanding of: (1) the 2*U-**Th decontamination
ratios (i.e., the degree of uranium and thorium strip-
ping as a function of the washing process) and (2) the
temporal relationship between the U-Th removal
stage and the monitoring stage. Because moisture
content can affect sensor response, moisture content
isacritical parameter and must be well characterized
before the sensor is used to quantify radionuclide
activities.

Calibration of the sensor was performed by charac-
terizing three sand samples that were spiked with a
solution ofmUOz(NO3)2to levelsof5, 15,and 35 pCi
of Z8U(®*Th, 2%"Pa) per gram of soil. The sources
were first characterized in the laboratory and fol-
lowed by a calibration performed at the SDPP (al-
though in this case the width of the soil was restricted
to match the conveyor-belt dimensions). The SDPP
calibration corroborated the laboratory data.

The inherent stability of the sensor was determined
by taking one-hour background counts at various
times during the evaluation process while the sensor
was maintained in a standardized configuration (1 to
2 cm above the sample surface and centered on the
conveyor-belt width). Theaverage background count

rate within the SDPP facility was found to be compa-
rable to that observed during previous laboratory
conditions, with a triple-coincidence rate of approxi-
mately 7 counts per second.

The effectiveness of the sensor for analyzing soils on
a moving belt was evaluated. The sand standards
were passed 1 to 2 cm below the sensor at various
speeds (approximately 1, 5, and 15 ft/min) to estab-
lish dynamic calibrations as a function of relative
speed. Calibrations were based on the netcumulative
counts obtained during each traverse of a
20 cm x 60 cm x 1 cm soil standard. Damp soil
samples were then monitored under equivalent con-
ditions and net counts were determined. The result-
ing data indicated that the sensor response was
consistent for multiple belt speeds and that static and
dynamic results were mutually supportive.

Fernald Incinerator Site. The high-energy beta
sensor was used to acquire information about the
distribution of uranium contamination in surface
soils at a large field north of the FEMP incinerator
site. The surface of the field was contaminated by
fallout from stack emissions from the incineration of
uranium-contaminated combustibles; the emissions
were carried in that direction by the prevailing south-
westerly winds.

Calibration standards were prepared and two calibra-
tions on two separate days were performed with the
beta sensor. The results for both days were very
similar, generating a near-ideal calibration function
(i.e., linear plot with an intercept near zero). During
the field-analysis phase, the sensor was placed di-
rectly on the soil surface (vegetation was cropped to
within 5 cm) and counts were performed for 10to 15
min at each sample location. Sensor reproducibility
was investigated by revisiting two specific field
locations throughout the demonstration to compare
detector output as a function of time and environ-
mental conditions (e.g., intermittent rain). This
allowed investigators to scale the beta sensor re-
sponse to other field locations monitored throughout
the day and to give results based on dry soil condi-
tions.
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Scaled measurements from these demonstrations
were modelled with acommercial geostatistical soft-
ware package, and a two-dimensional surface activ-
ity contour map was generated. The map was
consistent with site historical information indicating
that contaminated particles originating from the in-
cinerator stack were transported to the north and east,
across the field site, and uranium activity levels were
observed to decrease as a function of distance from
the incinerator. Further support for the beta sensor
results was provided by concurrent in situ gamma-
ray spectrometry measurements and surface soil
analysis, both of which generated similar contour
maps.

PROJECTED PERFORMANCE

Current and projected efforts will concentrate on
further miniaturization of the customelectronic pack-
age, improvement in the unit's minimum detectable
activity level, and modularization of the sensor pack-
age.

APPLICABILITY

The high-energy beta scintillation sensor is appli-
cable to detection and quantification of uranium and
strontiumcontamination onsurfaces, insurface soils,
and in other similar materials.

STATUS

Planned demonstrations at the time of this writing
include the characterization of*Sr contamination in
soils and soil cores at the Inhalation Toxicology
Research Institute in Albuquerque, New Mexicoand
on conveyor-transported soils at the Savannah River
Site in Aiken, South Carolina. The high-energy beta
scintillation sensor will also be demonstrated at the
International Atomic Energy Agency headquarters,
Vienna, Austria, for the detection of 28U in soils for
nuclear nonproliferation monitoring.

REGULATORY CONSIDERATIONS

No environmental impacts are associated with the
use of this technology and noregulatory barrierstoits
widespread use are anticipated.

POTENTIAL COMMERCIAL
APPLICATIONS

As a means of establishing remedial protocols, veri-
fying cleanup operations, and identifying nuclear
proliferation activities; this technology is directly
applicable to many existing nuclear waste and soil
contamination problems throughout the world.

BASELINE TECHNOLOGY

Traditional methodologies for quantitative charac-
terization of radionuclide-contaminated soils over
extended areas are often tedious, costly, and yield
nonrepresentative results. Such means include
ground-deployable gamma-ray-measurement tech-
niques (e.g., in situ gamma-ray spectrometry), and
aerial surveys using Nal(T1) or HPGe gamma-ray
sensors for uranium detection, and hand sampling
followed by gamma-ray counting (for uranium) or
extensive radiochemistry and subsequent beta-par-
ticle counting (for both strontium and uranium).

INTELLECTUALPROPERTY

A U.S. government patent was issued for this tech-
nology in August 1995. A licensing agreement with
Quantrad Sensor of San Jose, California, is antici-
pated tobe signed in October 1995. Commercializa-
tion and mass production of this technology is
expected by 1996 or 1997.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282
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Principal Investigator

Alan J. Schilk

Pacific Northwest Laboratory

P.O. Box 999

Richland, WA 99352

(509) 376-9510; (509) 376-3868 FAX
Internet: aj_schilk@pnl.gov

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19910 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672
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Remote Sensing







REMOTELY PILOTED VEHICLES AND MINIATURIZED SENSORS

DESCRIPTION

Remote sensing techniques such as aerial photogra-
phy, multispectral scanning, and airborne geophys-
icsare of unquestioned value forhazardous wastesite
characterization, facility monitoring, and cleanup
verification. However, remote sensing is often dis-
missed as too expensive when planning remediation
activities at small sites. For example, when new
buildings or roads are constructed at an active dis-
posal area, the facility manager's existing aerial pho-
tographs become out of date, which hinders future
planning. Using a small, radio-controlled airplane,
equipped with an ordinary 35 mm camera, a new
aerial photograph can be taken of the site. The cost
and inconvenience of hiring a helicopter or fixed-
wing aircraft can be avoided.

Efforts underway are not
limited to photography. A
new generation of light-

kit). Modifications include a wider fuselage to
accommodate a 35 mm camera, a "butterfly" wing,
and the addition of carbon fiberto minimize vibration
in the camera compartment (see Figure 9.1).

The Droop Snoop can fly as slow as 15to20 mph. At
a speed of 15 mph the plane travels 0.26 inches in 1/
1,000 of a second, so the image quality is excellent.
A typical flight lasts 20 to 30 min, and consists of
hand launching the airplane, flying it to an altitude of
500 ft, making several passes over the target area
usually shooting a full 36-exposure roll of film to
ensure coverage, and landing the plane in the nearest
available clearing. A crew of two generally suffices
(apilot to fly the plane and trigger the camera, and a
spotter to launch the plane and notify the pilot when
the plane is over the target). Range is limited by the
need for the pilot to be able to maintain eye contact
(not radio power) with the plane.

weight, low-powersensors
thatoffernew applications
forairborne miniature plat-
forms, arebeing developed
by the DOE Office of
Technology Develop-
ment. Model airplanes and
helicopters can be flown
by any radio-control hob-
byist and can carry a 5 to
10 Ib sensor payload.

Two planes in use at the
Oak Ridge Reservation in

Oak Ridge, Tennessee,
- were designed by Jim
Walkerof Brigham Young
University. These "Droop
Snoops" are modified "Se-
nior Telemasters" (model

w *ﬁréga?n .
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Figure 9.1. A model airplane: The Droop Snoop.




TECHNICAL PERFORMANCE

Aerial photography with the Droop Snoop has been
successfully used at the Solid Waste Storage Area 5
and the Hydrofracture Deep Waste Injection Facility
located on the Oak Ridge Reservation.

Solid Waste Storage Area 5. This storage area is a
burial ground that was used to dispose of low-level
radioactive waste. Much of the waste was buried in
unlined trenches reported tobe 10 to 15 ftdeep, 10to
12 ft wide and 40 to 500 ft long. The precise location
of the trenches was unknown. Photographs taken
clearly showed the outline of several trenches. Ap-
parently, as the trench fill settled, a small depression
formed over the trench that both acts as a rain water
catchment and prevents the mower blades from
cutting as close to the ground. The result is greener
grass over the trenches. This disturbed vegetation
pattern is difficult to see in ground-based photo-
graphs because of the mowing patterns and because
one is simply too close to get a proper perspective.

Hydrofracture Deep Waste Injection Facility. At
this facility, low-level waste was mixed in a concrete
grout and injected under pressure deep into bedrock.
Because the grout did not settle properly, radionu-
clides are leaching away from the site as confirmed
by groundwater samples. Seismic and borehole
geophysical investigations are planned for the site.
An aerial photograph taken with the Droop Snoop
shows the size of the facility, the layout of the roads
and buildings, and the deteriorating condition of
some of the old storage tanks. The image quality is
excellent; drainage ditches, mowing patterns, even
individual power lines can be seen on the original

photograph.

Cost. Foran experienced builder, aDroop Snoopcan
be constructed in about 40 hours at a cost of $500-
$1,000 for the complete system including wood,
€poxy, servos, engine, radio controller, flight box,
and camera.

PROJECTED PERFORMANCE

Aerial photography is only one of many possibilities
of radio-controlled aircraft. A model plane is being
designed that will carry a three-component flux-gate
magnetometer, a global positioning system (GPS),
an altimeter, and data telemetry. Radiation sensors
and very low frequency monitors are examples of
sensors that may be added in the future.

APPLICABILITY

Remote sensing techniques such as aerial photogra-
phy, mutispectral scanning, and airborne geophysics
are applicable to hazardous waste characterization,
facility monitoring, and cleanup verification. Re-
mote sensing of small sites with a radio controlled-
aircraft or helicopter to collect high-quality data,
quickly and at a low cost, is now possible.

Aerial photography can be used: (1) to show changes
over time by flying repeated missions over the same
site, (2) to capture leaf-out in the spring, (3) to detect
changes in sediment transport patterns after storms,
or (4) to document changes at a waste site undergo-
ing remediation.

STATUS

As stated previously, current efforts are focused on
equipping a model plane with a miniature three-
component magnetometer similar to those used by
geophysicists in land-based surveys to look for bur-
ied drums and waste trenches. The first demonstra-
tionisexpected totake place in September 1995 atthe
Y-12 Plant burial grounds.

REGULATORY CONSIDERATIONS

This technology is non-intrusive and passive and is
not expected to impact the environment.
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POTENTIAL COMMERCIAL
APPLICATIONS

This technology has very wide commercial applica-
tion potential at waste sites, and burial sites, and for
facility monitoring and cleanup verification. It is
limited only by the sensors and other equipment
placed on the aircraft.

BASELINE TECHNOLOGY

For large sites the baseline technology for aerial
photography is the use of a helicopter or fixed-wing
aircraft, which is much more expensive than using
model aircraft to take photographs. For small sites
there is no baseline technology with which to com-
pare.

INTELLECTUAL PROPERTY
None.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Jonathan E. Nyquist

Oak Ridge National Laboratory

P.O. Box 2008

Oak Ridge, TN 37831-6317

(615) 574-4646; (615) 574-7420 FAX
email: nyq@ornl.gov

DOE Program Manager
Caroline Purdy

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7672
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Sampling
and Drilling
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DIRECTIONAL DRILLING POSITION AND LOCATING DEVICE

DESCRIPTION

A new directional drilling guidance and borehole
mapping system was developed to fill a need in the
penetrometer, lysimeter, and directional drilling in-
dustries. This device gives accurate position and
location of the head of a sampling or drilling rod
without interference from subsurface magnetic ma-
terials or depth limitations. The Position Location
(POLO) technology is most highly developed for
application in subsurface geologies while inserting
cone-penetrometer devices. It can also be used to
give a 3-D map of an existing borehole. It is not
generally limited by depth. Other POLO applica-
tions outside the penetrometer field are also being
pursued.

POLO operation is based on measurement of bend-
ingstrains along the POLO module and relating them
tothe radius of curvature of the module as it is pushed
through the ground. The POLO technique is analo-
gous to navigation by dead reckoning where the
course record is determined by 3-D deflection mea-
surements combined with the known drill string
length. POLO consists of a pipe section with strain
dependent resistors that are connected in an initially
balanced bridge circuit which produces an output

voltage proportional to the strain. When the strain
gages are located along the axis of a penetrometer
pipe section as shown in Figure 10.1a, information
onthedeflectionangle andradius of curvature ateach
push of the penetrometer pipe can be measured. As
each 1 meter penetrometer pipe section is pushedinto
the ground, the axial strain gage array provides

Figure 10.1b. POLO tracking algorithm.

sufficient information to calculate the angle of de-
flection and radius of curvature with respect to the
neutral strain axis, Figure 10.1b. This information is
only sufficient to describe a 2-D position-location.

The complete description of a

3-D deflection is determined
by an additional circumferen-
tial strain gage array located at
60° intervals about the POLO
module (Figure 10.1c). The
planar deflection data is com-
bined with the azimuthal orien-
tation to give a 3-D
position-location of the pen-
etrometer head. The initial lo-
cation and position of the
penetrometer head before in-

Figure 10.1a. POLO module design.

sertion is required and is
achieved by a specially
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Figure 10.1c. Azimuth distribution.

designed “initializer” that provides the necessary
reference frame for all POLO calculations.

In a penetrometer system, the MODULE (strain
gagedrod or pipe) has several important capabilities.
It: (1) maintains a uniform section modulus that
approximates the stiffness of the penetrometer sec-
tions to ensure uniform bending, (2) protects the
strain gages and their circuits from the environment,
(3) survives in what is often a hostile environment,
(4) measures the strain at several points along its axis
to verify that it is bending in a true circular configu-

Table 10.1a. Field test results from Virginia.

ration (or some other well defined configuration), (5)
is hollow so that umbilicals from sampling cones
being used with POLO can pass through its center,
and (6) has temperature compensated strain gages
that are wired in a bridge circuit which will measure
bending strain differences while remaining unaf-
fected by axial or torsional loads.

TECHNICAL PERFORMANCE

The present POLO module has a 1.75" O.D. and a
1.0" LD. and is instrumented with lag and lead strain
gage stations, each of which employs 6 strain gages.
The POLO module is capable of use in large and
small diameter sizes and always has an axial hole
available forumbilicals, fluid flows, or other require-
ments.

Experimental Verification. Field tests were con-
ducted in two stages. The first stage was conducted
in June 1994 in test areas near the home office of
UTD, Inc., in northern VA. The initial field test was
used to debug and refine individual components of
the integrated POLO system. The second stage of
field testing was conducted in July 1994 at an uncon-
taminated location on the Savannah River Complex
(SRC) in Aiken, SC. At the field test, a series of
horizontal penetrometer holes was created near the

Test No. Total Distance Survey Coordinates System Error
inches X Y Z %0
1 276 -11.9" 272.0" ]-33.8" 0.22
2 552 -85.7 529.3 -98.5 0.25
3 413 -43.9 401.3 -72.6 0.13
4 394 -20.3 386.5 -66.3 0.48()

(1) Survey coordinates are estimated to have errors of + 1.0 inches based on an independent

check.

Table 10.1b. Field test results from South Carolina.

Test No. Total Distance Survey Coordinates System Error
inches X Y Z %o
1 589.0 est 3.4" 588.0" |1.2" 0.45
2 616.2 33.9 608.4 -5.6 0.46
3 557.6 -39.3 553.2 -18.6 0.48
4 4137 5.7 4129 [-23.7 0.36(1)

(1) Based on Savannah River Complex survey d

ata.
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surface up to 51 ft in length. An independent SRC
survey crew located the penetrometer head in the
ground after it reappeared at the surface. The pre-
dicted location was compared with the survey coor-
dinates to obtain the system error. Tables 10.1aand
10.1b give representative results of the field tests in
VA and SC, respectively.

Cost Data. The UTD, Inc., target selling price fora
complete POLO system is $15K. Finalization of the
manufacturing costs is in progress; the final selling
price may change depending on the results of cost
containment studies.

PROJECTED PERFORMANCE

The key near-term improvement to the technology
will be to develop a user interface with graphical
images of the drill path. Another key feature for
future application is the development of a feedback
system for guidance during complex penetrometer
procedures where there are small radii or when
avoidance of subsurface objects is required. Other
improvements include adapting the POLO module
toother directional drilling applications. The topic of
a guided drill string is more complicated because
POLO must be incorporated in such a way that it will
permittorque and thrust to be transmitted. Todothis,
the module must be rugged, and the installed elec-
tronics, including umbilical cord, if used, must be
capable of withstanding the shock and vibration
environment of this type of drilling.

APPLICABILITY

The POLO concept was developed by UTD, Inc. as
an instrument system that could accurately locate the
tipofapenetrometerorthebitonadrill string. Todate
the emphasis has been placed on penetrometer appli-
cations. The POLO bend sensor is applicable to
mapping a borehole during or after drilling using

either a cone penetrometer device or some other .

directional drilling device. Modifications to the
design may also make it applicable as a pre-failure,
critical bend indicator for penetrometer rods.

STATUS

POLO development for cone penetrometer applica-
tions is nearly complete; field-scale testing was
completed in July 1994. Refinements to the com-
puter and graphical interface are being developed.

REGULATORY CONSIDERATIONS

There are no environmental impacts anticipated as a
result of using the POLO technology, and the U.S.
Environmental Protection Agency is aware of simi-
lartechnologies. A potential regulatory barrieris the
use of POLO close to structures such as underground
storage tanks. Regulatory agencies may want to be
involved in addressing how close POLO should be
allowed to a structure. Any other regulatory consid-
erations would be similar to those related to using
penetration systems.

POTENTIAL COMMERCIAL
APPLICATIONS

POLO is applicable to post-drill well mapping as
well as concurrent mapping of penetrometer in-
stalled wells. The system could also be sold as a
feedback system to guide well installation to a de-
sired location. The feedback information can also
provide information with respect to critical pen-
etrometer bending for failure protection. The utility
contractor directional drilling industry is anotherkey
commercial market where jobs involve both the
installation of cables and pipelines, and environmen-
tal issues, all with a need for a non-depth dependent,
non-magnetically influenced position location tool
such as POLO. To date, however, the development
of POLO for such markets is not complete. If future

. developments are successful, POLO can potentially

be used in oil and gas exploration, geothermal drill-
ing, installation of utility lines in residential areas,
and in environmental assessment and remediation in
larger wells that employ steam injection or extrac-
tion.
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BASELINE TECHNOLOGY

The two general types of horizontal directional drill-
ing guidance systems used todate are magnetometer-
gyroscopic accelerometer and radio beacon systems
(Sonde based locators used in the utility industry).
The disadvantages of the magnetometer-accelerom-
etersystems are thatthey are costly, are influenced by
subsurface magnetic materials, and have excessive
length which prohibits them from being used in a
well-bore with a small radius of curvature. The
unique advantage of the POLO technique is that it is
unaffected by magnetic materials in the subsurface.
POLO can be used at great depths since it does not
require a constant radio link. Given POLO's size,
range, immunity to electromagnetic interference,
competitive price, and ease of use, POLO is more
suited to rapid characterization at environmental
sites where: (1) characterization is performed simul-
taneously with penetration, and (2) characterization
adjacentto buried ferro-magnetic materialsisneeded.

INTELLECTUAL PROPERTY

The POLO system has been patented in the United
States and foreign patents are pending. Patent Owner:
UTD, Inc.; U.S. Patent No.: 5,193,628, March 16,
1993.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Eugene L. Foster

UTD, Incorporated

8560 Cinderbed Rd., Ste. 1300
Newington, VA 22122
(703)339-0800

Other Contacts at UTD, Inc.
William J. Hutzel and John Hill

UTD, Incorporated

8560 Cinderbed Rd., Ste. 1300
Newington, VA 22122

(703)339-0800

DOE Project Manager
Robert C. Bedick

Morgantown Energy Technology Center
3610 Collins Ferry Rd.

Morgantown, WV 26505

(304) 2854505
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HEAVY WEIGHT CONE PENETROMETER

DESCRIPTION

The cone penetrometer (CPT) is a truck-mounted
device that rapidly penetrates the ground to collect
sitedata. Ithasbeenused forapproximately 50years
for geotechnical applications, but its use in environ-
mental restoration is relatively new. The cone pen-
etrometer rod has a conical tip of up to 2" diameter.
It is pushed hydraulically into the ground with a
maximum pressure of 80,000 Ib. The hole generated
by the cone penetrometer retains the outside diameter
of the rod and can be grouted as the probe is with-
drawn to seal the hole and prevent groundwater
contamination. Astherodprogressesintothe ground,
a computer reads data from sensors located in both
the tip and the side of the probe (for soil characteriza-
tion). The cone penetrometer can monitor for con-
taminants as the probe is advanced or can leave
monitoring points in place as the rod is withdrawn. It
can advance through coarse-grained soils at a rate of
4010 50 ft/h. The cone penetrometer is used to install
characterization and monitoring points and may be

A rée Detection &
- Mixed Waste ... -
; , g

Carbon
Tetrachloride . |

able to provide chemical and radiological readings
from the subsurface. Successful development, dem-
onstration, and deployment of the systemas asource-
detection tool will provide more cost-effective site
characterization and remediation by reducing the
number of drill holes required, minimizing second-
ary waste, and reducing potential workerexposureto
contaminated materials. Figure 10.2 is a schematic
of source detection screening using the CPT.

TECHNICAL PERFORMANCE

The system requires a high level of understanding of
soil and hydraulics. The cone penetrometer system
functions well in a wide range of soils. It can advance
through coarse-grained soil at a rate of 40 to 50 ft/h.

Demonstration. The CPT was tested at the Hanford
site, Washington, from July 16 through August 6,
1992, to demonstrate the effectiveness of the CPT
system in gravelly-cobblely materials while address-
ing the site’s characterization needs. The CPT was
successfulinpenetrating
the Hanford soils.
Depths ranged from 40
to 147 ft. Additional in-
formation acquired in-
cluded measurement of
radiation contamination
and soil gas organic-va-
por concentrations.

Thereliability ofthe CPT
varies with soil type.
Whenusedin gravel, the
CPT maintains approxi-
mately 100% reliability
(minimal refusal) with
two attempts in gravels
to depths of 50 ft. In

Figure 10.2. Source detection screening using the Cone Penetrometer.

gravels to 100 ft the reli-
ability drops to approxi-
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mately 50 to 75%. In soft soil the CPT maintains
nearly 100% reliability.

Cost. Start-up costs are $500K,, operations and main-
tenance costs are $3K/day, and life-cycle deprecia-
tion is approximately 10 years.

PROJECTED PERFORMANCE

The cone penetrometer was adapted for full use in the
gravel/cobble subsurface common to arid sites. This
required increasing the weight capacity of the truck,
reinforcing tools associated with the penetrometer to
withstand the additional force, and evaluating the use
of vibration to facilitate penetration through gravel.

APPLICABILITY

This technology is applicable at hazardous waste
sites to evaluate the extent of groundwater and soil
contamination. Cone penetrometers may be used to
deploy many different state-of-the art line sampling
and instrument devices. The CPT may be more
acceptable at sites where the generation of airborne
contaminants are a problem.

STATUS

CPT services are available at the DOE Hanford Site
and Savannah River Site, and have been demon-
strated at several other DOE sites. CPT services are
also being procured by a variety of commercial
clients and the U.S. Department of Defense. In
addition to the specialty probes being developed and
tested, research continues on the use of vibrational
assistance to facilitate penetration through gravel.
The status of several cone penetrometer sensors is
shown in Tables 10.2a and 10.2b.

REGULATORY CONSIDERATIONS

Regulatory issues vary depending on the type of
waste to be characterized. In general, regulations
concerning subsurface access characterization well
drilling will apply. Ecological impacts are minimal.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is very applicable for any commer-
cial environmental characterization need. Industries
such as power, fuel storage and distribution, chemi-
cal, refineries, and many others that may have soil or
groundwater contamination could benefit by this
rapid, extensive, and visually and economically at-
tractive contamination site characterization technol-
ogy.

Table 10.2a. Standard penetrometer probe.

1-40,000 Ib Tip Load Cell AV
0-20,000 1b Sleeve Load Cell AV
(0-500 psi Pore Pressure Transducer AV
Equal-End-Area Friction Sleeve AV
Pore Pressure Sensed Behind Tip AV
Pore Pressure Sensed on Surface AV
of Tip

Two-Axis Tilt Sensor (+ 15°) AV
Calibrated Seismic Transducers in AV
Triaxial Configuration

Table 10.2b. Specialty penetrometer probe.

Electric Resistivity AV
Soil, Water, Soil Vapor Samplers AV
Ground Penetrating Radar (10-ft PT
range)
Active Hydrolic Conductivity PT
Grouting Capability After Probe AV
Withdrawl
Gamma Radiation Detector AV
Temperature Measurements AV
In Situ Soil Density D
Self-Grouting AV -
Downhole Laser Induced Fluorescence | AV
AV = Available

PT = Prototype Tested
CD = Conceptual Design
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BASELINE TECHNOLOGY

The baseline technology for site characterization is
conventional drilling (auger or mud rotary) and
laboratory characterization. The traditional approach
lacks detail and precision, is slow because it requires
laboratory analysis, risks cross-contamination, and
is potentially hazardous (drilling in the waste site).
The CPT integrated technique for site characteriza-
tion: (1) is faster, using less costly procedures, (2) has
minimum invasiveness, reducing cross-contamina-
tion risk, (3) gives greater detail information, except
in geophysical logging, and (4) has field analytical
ability and real-time data processing.

INTELLECTUAL PROPERTY

There is no patent on this technology, which has been
used for geotechnical applications for the past 50
years.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Bruce R. Cassem

Westinghouse Hanford Company
MSIN N3-05

P.O. Box 1970

Richland, WA 99352

(509) 376-1007

DOE Program Manager
Rashalee Levine

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7920

Industrial Partner

Wes Bratton

Applied Research Associates, Inc.
Box 120A, Waterman Road RR1
South Royalton, VT 05068

(802) 763-8348; FAX (802) 763-8283
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HYBRID DIRECTIONAL BORING AND HORIZONTAL LOGGING

DESCRIPTION

The Hybrid Directional Boring and Logging (HDBL)
system was developed for cost-effective, high-qual-
ity access to an otherwise inaccessible contaminated
subsurface for site characterization and sensor em-
placement. Figure 10.3a illustrates the horizontal/
directional drilling concept. The directional boring
technology is an adaptation of existing hardware
from various underground industries, primarily from
the underground utilities industry.

Hardware integrated for the directional-boring facet
of this technology includes wireline coring rigs,
hydraulic thrust systems, electric cone penetrom-
eters, steering-tracking hardware, and push-coring
systems. Hydraulically activated thrust equipment
capable of exerting more than40 tons of thrustis used
to push the directional boring heads into the earth.
Directional control is obtained by proper positioning
of the face of the nonsymmetric boring head. Slow
rotation of the boring head will cut and compact the

geologic material into the borehole wall. Thrusting
a boring head that is not rotating will cause a direc-
tional change. The machinery is capable of initiating
a borehole, steering down to a desired horizontal
depth, continuing at that depth, and then steering
back to the surface at a down-range location. This
directional boring technology is desirable for envi-
ronmental applications because the access method
requires very minimal addition of fluids and very
little soil removal during the drilling process.

Various logging and sampling technologies could be
adapted, such as gamma and spectral gamma sen-
SOrs, resistivity, mass spectrometry, fiber-optic fluo-
rescence, pore pressure, soil moisture, temperature,
volatiles sampling (contaminant vapors), and a
sidewall coring/soil sampling apparatus (second gen-
eration). In addition, various methods to emplace
monitoring equipmentcould be developed including
apneumatic hammer technology for sleeve emplace-
ment. A key function of the sampling hybrid concept
isto provide multiple discrete samples per run. Ithas
the potential to recover pristine samples; moreover,

itcan be used to develop an inex-

pensive grid of horizontal wells
in an otherwise inaccessible sub-
surface for contamination char-
acterization, plume monitoring,
and remediation verification.

Thefollowing areimportant tech-
nical issues that must be consid-
ered by potential users of the
technology.

Geology Dependency. Equip-
ment that cuts and compacts the
cuttings works best in soils that
are homogeneous without rocks
andcobbles. Thesesoils are typi-

Figure 10.3a. Horizontal/Directional Drilling concept.
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containing very wet sands or fine dry non-cemented
sands are easy to penetrate, but provide very little
wall stability for buttressing steering control forces.
These formations tend to collapse on the drill string
preventing any forward or rearward movement.
Widely heterogeneous formations such as alluvial
fills with caliche, sand, gravel, cobbles, and boulders
are very difficult to penetrate/cut and to control
steering. Wall stability, either naturally occurring or
resulting from compaction by the boring head, plays
a large role in the success or failure of a boring
operation.

Onboard Position Tracking. A low-cost ($12K) 2-
axis magnetometer-accelerometertype wireline guid-
ance package used in the river-crossing industry was
used. This equipment is less sophisticated than
systems used on larger rigs, but was adequate for
development testing. The guidance system used was
subjected to the severe environments of frictional
and torsional/longitudinal vibration caused by the
drilling process. Charles Machine Works Inc.
(CMW), in partnership with a major manufacturer of
steering tools, has developed a more sophisticated
steering tool package that will be tailored to the
shallow boring market.

Bits and Steering Faces. Cutting and successful
compaction of the cuttings occurs over a short hori-
zontal distance, and mechanical wear is severe. A
key improvement in cutting, compacting, steering,
and borehole stability was attained when a small
amount of water (2 to 5 gal/min) was added to cool
and lubricate the bit/drill string, cool the locating
electronics, and aid in compaction of the cuttings on
the borehole wall.

Wellbore Completion Hardware. Afterthewellbore
is drilled at some nominal diameter (3 to 5 in), the
wellbore is typically reamed to a larger diameter
(6 in) to accommodate the pullback of a 4.5 inch
diameter casing/screen string. Each reaming pass
from the exit portal to entry portal can take as long as
the original boring operation. The reamers must
enlarge the borehole diameter, then compact and
stabilize the cuttings in the borehole wall. This

operation may require as much as 10 gpm (typically
5 gpm) of potable water. Several reamer passes may
be required in alluvial type soils. After the reaming
is complete, a pullback hardware string is assembled
for the casing pull. This hardware string is typically
composed of the reamer in front, followed by a
swivel, asliplink, a pulling plug, and the casing. This
isavery critical partof the well emplacement, fraught
with potential problems.

Casing Materials. Casing/screen materials are
commercially available for vertical environmental
wells. When this material is used indirectional wells,
the combined vertical stresses, mechanical loading,
and abrasive environment that affect it are much
different and more severe than those encountered in
vertical wells. Materials being considered for casing
in horizontal boreholes comprise a cost spectrum
from $4/ft of HDPE utility conduit to $20/ft of high-
strength fiberglass tubing. Screen materials can be
more expensive because of the slots, perforations, or
gravel packs that may be required. The material
choicecanbecritical to installation success or failure.
Site geology is a controlling factor. Higher-strength
fiberglasscasing was used successfully in this project.

TECHNICAL PERFORMANCE

Two major successful tests at the Savannah River
Site (SRS) in South Carolina and at the Sandia
National Laboratories (SNL) RB-11 site located at
the Kirtland Air Force Base in New Mexico, which
have different geologies, demonstrated that this hy-
brid technology adapted from the underground utili-
ties industry has many potential cost-effective
applications forenvironmental work. A major test at
the Hanford site in Washington had limited success
and demonstrated that the technology will not be
applicable to all geologies.

SRS Field Tests. The first test of the X-810 boring
machine was performed atthe SRS M-Area. Testing
of directional boring for monitoring-equipment in-
stallation was performed at the Savannah River Site
(SRS) in an actual contamination zone during the
summer of 1992. This test used onboard electronics
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from the river-crossing industry, new-generation
bits/reamers/casing pulling plugs, and several new
types of environmental casing/screening materials,
and was highly successful. The test provided pre-
liminary data, hardware confirmation, and a 570 ft
long, 40 ft deep, 3 in diameter (see Figure 10.3b),
fiberglass-cased environmental well for Savannah
River Radio Frequency soil heating tests. The soils
at the site are coastal-plain sediments consisting
mostly of dense clays and sands.

Hanford Tests. The limits of the X-810 boring
machine were tested at the Hanford site in Washing-
tonduring March 1993. This test provided additional
thrust data and evaluated steering control in loose
cobbles and gravels of the glacial till. The glacial till
was the most difficult formation encountered during
development testing and limited the success in cut-
ting, compaction, steering, and casing emplacement.
Additional testing at another Hanford location using
the standard P-80™ rod pusher with soil samples was
successful from the standpoint of steering control
and the ability to collect interstitial uncemented sand
samples. A Pierce-Airrow™ 4 in diameter pneu-
matic piercing tool was also relatively successful in
penetrating the Hanford formation in a very qualita-
tive test.

RB-11 Tests. The prototype was again used in FY
1993 to emplace a 410 ft well at a depth of 33 ft at
SNL. The RB-11 operation helped to define accept-

able, but not optimal, reamer designs for shallow
directional boring. Several iterations caused by
reamer hardware wear and breakage allowed re-
searchers to try new geometries and materials that
ultimately proved successful. The test provided
additional data on machinery capabilities and hard-
ware designs.

Costs. Dirilling costs in the range of $25 to $75/ft
(excluding the cost of casing/screen materials) were
experienced during developmental testing. Cost
effectiveness encompasses many variables: (1) time
necessary to drill and complete a borehole with
appropriate casing/screen, (2) the crew size neces-
sary to operate the rig effectively and safely, (3)
transportation costs of the machinery to the site, (4)
the field support needed by cranes, excavators, back-
hoes, welders, etc., (5) completed borehole dimen-
sions (length, depth, diameter), (6) the type of casing/
screening required for completion, and (7) the so-
phistication/cost of steering tools.

PROJECTED PERFORMANCE

CMW is continuing with design work, testing, and
evaluation of the wellbore completion hardware.
Other goals are to log multiple discrete soil samples
per run and to integrate various instrumentation and
sensing packages into the boring hardware.

APPLICABILITY
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have not been completed. CMW is developing the
technology to a commercial product level with pri-
vate capital and has formally entered the environ-
mental boring machinery market.

A recent partnership with SNL and CERL Inc., an
environmental engineering firm in Santa Fe, NM,
was established to evaluate shallow directional drill-
ing as a remediation technology for radon in public
buildings.

REGULATORY CONSIDERATIONS

The secondary process waste of this drilling technol-
ogy is kept to a minimum by using only a small
amount of water for drilling and electronics cooling.
Cuttings are compacted into the formation with very
little returned to the surface. Various drilling and
safety regulations apply, depending on the type of
contaminant in the soil.

Current regulations do not cover directional work;
however, work plans submitted to a state regulatory
agency may require a discussion of the differences
between the directional drilling versus vertical drill-
ing to assure that groundwater is protected and that
well completions would be constructed in such a way
as to protect against surface water infiltration around
the casing. Ultimately, changing or adding to the
current drilling regulations to recognize and allow
directional boring as an optimal technology for envi-
ronmental site characterization, monitoring, and
remediation will be required.

POTENTIAL COMMERCIAL
APPLICATIONS

The environmental monitoring, sensing, and charac-
terization applications are useful to many industries
(i.e., steel, aluminum, petrochemical refining, fertil-
izer, plastics, heavy and light manufacturing, etc.)
that may have a shallow contaminant plume. Fuel
storage and small fuel distribution sites such as local

gas stations may also find the technology more cost
effective for in situ sampling and monitoring than
current methods. The hybrid technology can be used
economically by many industries to characterize,
remediate, or monitor contamination. In addition,
the parent underground utilities installation industry
can benefit from this development work by the future
availability of machinery withenhanced capabilities.

This technology could contribute to cost-effective
characterization and remediation/ventilationbeneath
occupied buildings in regions where natural radon
gas infiltration has occurred.

BASELINE TECHNOLOGY

A baseline technology might be any larger direc-
tional-boring and drilling rigs adapted from the oil,
gas, and river-crossing industries. The larger-equip-
ment technologies are much more expensive ($300/
ftof well bore compared to $20to $75/ft with HDBL)
for directional drilling applications and may not be
appropriate for use at shallow depths.

INTELLECTUAL PROPERTY

Several patent disclosures have been made as fol-
lows:

SNL: “Sampler Latch Mechanism,” R.D. Meyer,
1992; and, “Multi-Sample Sampler,” R. P.

Wemple and R.D. Striker, 1992.

CMW: “Bit and Reamer Designs,” (a total of three
applied for in FY 1992 and FY 1993).

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

230



Principal Investigator
Robert P. Wemple

Sandia National Laboratories
Department 6111, MS 1033

P.O. Box 5800

Albuquerque, NM 87185-1033

(505) 844-2230; FAX (505) 844-3952

DOE Program Manager
Skip Chamberlain

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Industrial Partner

R.R.Layne

New Product Research and Development
Charles Machine Works Inc. (TM-Ditch Witch)
P.O. Box 66

Perry, OK 73077-006

(405) 336-3591; FAX (405) 336-5452
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MINIATURE PUMPS FOR THE CONE PENETROMETER

DESCRIPTION

Miniature pumps are being developed by the Savan-
nah River Technology Center (SRTC) for use with
Cone Penetrometer Technology (CPT) probes to
obtain groundwater samples. At present, available
commercial samplers for use with CPT are cumber-
some and subject to routine operational failures. Use
of these samplers requires removal of all cone pen-
etrometer push rods from the ground to deploy the
bailer type of sampler. Depending on the depth of
investigation, this process cantake several hours, and
each sample requires that the sampler be deployed to
depth and be retrieved for sample collection at the
surface. The miniature pumps being developed
eliminate mostof the problems associated with water
sampling by the Cone Penetrometer.

Miniature pumps installed at the tip of a cone pen-
etrometer allow depth discrete semicontinuous sam-

pling of groundwater during a cone penetrometer
push. By installing these pumps in the cone pen-
etrometer, the need to exit and reenter the hole is
eliminated resulting in a significant time savings (30
to 60 min) for each sample collected. Two types of
miniature pumps are being developed and tested (see
Figure 10.4). The first is a gas lift pump called the
Cone Sipper™ that uses alternating vacuum/pres-
sure and miniature valves to move liquid or gas
samples. The second design is a miniature positive
displacement pump that uses water as a hydraulic
fluid to actuate the piston. Use of these pumps will
allow collection of representative groundwater
samples required by environmental regulations with-
out requiring installation of monitoring wells. Be-
cause samples can be collected without having to
remove the penetrometer, the number of samples can
be increased. As a result, the accuracy of a site’s
subsurface conceptual model of contaminant distri-
bution will improve significantly.

Piston Pump




Gas Lift Pump-Cone Sipper™, The Environmental
Sciences section of SRTC has patented a design for
aminiature sample pump based on agas lift principal.
The first version of this pump (not shown) incorpo-
rated a single electrically operated valve on the
sample inlet line. This design was shown to be
capable of delivering a sample from a depth of 180 ft
below ground surface when it was tested in a hollow
penetrometer body at Savannah Rivers Site (SRS).
The initial results indicated that design changes
could be made to improve the reliability and sample
integrity. Subsequently, asecond version was devel-
oped (shown in Figure 10.4) which functions by
pulling a slight vacuum on the vacuum/pressure line
that will draw the groundwater in through the filteron
the outeredge of the penetrometer body. The vacuum
is held until the chamber is full. The vacuum is
replaced by pressure, usually nitrogen or air, and the
sample trapped in the chamber is gently blown to the
surface through the sample line. After the desired
sample is obtained, the sampling system and associ-
ated tubing can be flushed by using pure water and/
or gases pushed down through the backflush line.
The check valve in the back flush line has a high
cracking pressure compared to the sample inlet and
outlet check valves so it stays closed during normal
sampling operations.

Miniature Piston Pump. The Sensor and Analyzer
Technology Group of SRTC has patented a second
design of a miniature pump based on a small, double
acting piston. The initial tests of this concept were
conducted with a single piston design, and a spring
was used for the return power stroke. The pump was
tested at the SRS in existing wells at depths up to 40
ft, but further developments showed that the spring
pressure method was not the most reliable way to
provide return action for the piston. Design enhance-
ments resulted in the double acting piston arrange-
ment as shown in Figure 10.4. The pump operates
from hydraulic pressures supplied by either a hand
pump using pure water or a motor driven positive
displacement pump with appropriate valving. Alter-
nating hydraulic pressure is used to force the piston
upand down while the sample is drawn in through the

outlet tubing and brought to the surface. The sample -
outlet check valve prevents the sample from back
flowing into the piston chamber. This design has
been operated at SRS in existing wells at depths up to
130 ft.

TECHNICAL PERFORMANCE

The second Gas-Lift Cone Sipper™ design was
turned over to a commercial partner, Applied Re-
search Associates, Inc., for their design evaluation.
ARA’s interest in the pump resulted in their own
design modifications to the Cone Sipper™ built into
apenetrometertip section and tested attheir Vermont
home office. Since theirinitial redesign and test, they
have developed two more modified designs with one
being used while performing work for Argonne
National Labs at a test site in West Virginia.

Both pumps were evaluated in 500 ft deep existing
wells at SRS that provided various levels of volatile
organics (see Table 10.4).

The initial results from these tests indicated that
operating parameters for flushing and cleaning the
sample lines and chamber need to be refined. The
volume of clean water required to wash the cell and
tubing is estimated to be greater than or equal to 3
times the 80ml cell volume. These operatingchanges
were made and further tests were conducted in late
April 1995.

Cost. As design modifications are ongoing, cost
estimates were not available for this writing.

PROJECTED PERFORMANCE

Future work for both pumping concepts includes the
establishment of operating parameters. There is a
limit on the level of vacuum that can be pulled on the
sample chamber for the Cone Sipper™ as well as the
upper pressure for blowing the sample to the surface
without affecting the sample integrity (chemistry).
In addition, the choice of tubing materials is critical
to maintaining sample integrity. Similar perfor-
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Table 10.4. Preliminary data from wells.

Well ID; Bailer Conc. Sipper Conc. Bailer Conc. Piston Conc.
Contaminant (mg/L) (mg/L) {(mg/L) (mg/L)
MHT 1D; PCE 0.07 0.07 0.05 0.03
MHT 1D; TCE 0.27 0.25 0.17 0.15
MHT 4D; PCE 0.51 0.40 0.34 0.18
MHT 4D; TCE 2.67 2.08 1.51 1.00
MHT 6D; PCE 0.01 0.01 0.01 0.01
MHT 6D; TCE 0.34 0.31 0.19 0.18
MHT 8D; PCE 0.15 0.10 0.10 0.07
MHT 8D; TCE 0.55 0.47 0.34 0.30

mancecriteria will exist for the piston pump. A series
of tests are being planned to establish this data by
using standard samples and elevated towers to simu-
late well depths.

APPLICABILITY

The two concepts for miniature pumps are intended
for use with a Cone Penetrometer device. Ground-
water sampling is the application. The intent is to be
able to take multiple samples during subsurface
investigations using a Cone Penetrometer (CP) as
well as to allow monitoring once the well is in place.
Samples are acquired without removing the CP rods.

STATUS

This technology is in the laboratory/field scale proto- -

type design iteration phase of development. Proto-
type versions of both pump designs are assembled
and have demonstrated proof of concept. Future

work will be focused on improving pump designs

and testing for field application. Pump performance
under various conditions, like water depth, particu-
late loading, and solvent contamination, will be
evaluated to identify design improvement needs.

REGULATORY CONSIDERATIONS

Tests are also being planned to demonstrate the
pumps' ability to provide representative samples of
regulated contaminants in groundwater.

Local regulators are aware of this technology and are
awaiting field testresults and methods development.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology is applicable to many commercial
environmental characterization needs. Industries
such as power, fuel storage and distribution, chemi-
cal, refineries, and many other that may have soil or
groundwater contamination could benefit from it.

BASELINE TECHNOLOGY

The baseline technology for groundwater sampling
istoinstall monitoring wells and obtain groundwater
samples using a bailing device.
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INTELLECTUAL PROPERTY

Patents are applied for, but the process is not com-
plete.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigators

Jerry McCarty (Piston Pump)
Westinghouse Savannah River Company
Savannah River Technology Center
Aiken, SC 29808

(803) 725-4650

Joe Rossabi and Brad Pemberton (Cone Sipper™)
Westinghouse Savannah River Company
Savannah River Technology Center

Aiken, SC 29808

(803) 725-5220 and (803) 725-5182

DOE Projects Manager, CMST-CP
Eric Lightner

U.S. Department of Energy

Cloverleaf Building

19901 Germantown Road

Germantown, MD 20874-1290

(301) 903-7935

Industrial Partner

Wes Bratton

Applied Research Associates, Inc.
Box 120A, Waterman Road RR1
South Royalton, VT 05068

(802) 763-8348; FAX (802) 763-8283
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RESONANTSONIC™ DRILLING

DESCRIPTION

ResonantSonic™™ drilling is being used in the envi-
ronmental industry to drill faster, cheaper, and more
safely than conventional drilling methodologies.
ResonantSonicS™ is a registered service mark of the
Water Development Corporation (WDC), Wood-
land, California. The ResonantSonic®™ drilling
method commonly requires no drilling mud, air, or
water for rapid penetration through geologic materi-
als ranging from clay to sand and boulders.

The ResonantSonicS™ drilling system (Figure 10.52)
uses acombination of mechanically generated vibra-
tions and rotary power to penetrate the soil. The
oscillator, or drill head, consists of two counter-
rotatingrollers thatcause the drill pipeto vibrate. The
rollers are synchronized to ensure that the vertical
force component is transmitted downward through
the drill pipe or core barrel (Figure 10.5b). The
vibrations are isolated from the rig structure by an air
spring. When the drill pipe is in resonance, the
maximum displacement of the pipe (a function of its

elasticity) is occurring. Resonance is the
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term used to describe the condition when
the frequency of the vibrations is equal to
the natural frequency of the drill pipe.

The vibration of the drill pipe coupled
with the weight of the drill pipe and down-
ward thrust of the drill head, allows for
penetration of the formation. Concurrent
with the resonant energy, the drill head
can be rotated to assist in formation pen-
etration and to ensure that the formation is
always adjacent to the cutting surfaces of
the drill bit. The vibrations generated in
the drill string by the sonic drill range from
0 to 150 Hz and create up to 91,000 kg

(200,000 1b) of force depending on the
size of the drill head and power to the unit.

As the rotation and vibrational energy is
generated, the drill pipe advances into the
ground because the vibrational compo-
nentliterally causes the formation to yield
beneath the drill bit. The drill string
advances using minimal force that is ap-
plied hydraulically with the drill head.
The drill rig can generate a maximum of
4,500 kg (10,000 Ibs) of thrust; however,
rapid penetration rates are commonly

Figure 10.5a. Schematic of ResonantSonic™ Drilling.
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achieved with less than 450 kg (1,0001bs)
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of downward thrust. The resonant energy emitted
along the length of the drill pipe substantially reduces
the amount of friction between the drill pipe and the
borehole wall.

As the hole is advanced, additional sections of the
drill pipe (typically 5 to 10 ft lengths ) are added and
drilling continues. The soil enters the drill string
through an open-face (core-type) drill bit and is
contained in an inner core tube. Larger diameter
casing is advanced sequentially (commonly every 10
ft) with the drill pipe.

A continuous core of the formation is commonly
obtained without the use of a circulation media (e.g.,
fluid or air). As is common with a core drilling
process, the length of the core retrieved each time is
dependent on the stability of the formations encoun-
tered. Usingthe ResonantSonic®™method, the length
ofthe coreretrievedis frequently greater(core growth)

than the distance drilled, because of the displacement
of the soil to the path of least resistance. Borehole
integrity is maintained by the drill casing that re-
mains in the ground while the coring string is re-
moved.

Because of the high forces developed by the resonant
drill head and the external flush nature of the drill
pipe, formation material displaced by the cutting face
of the bitis forced either into the borehole wall or into
the core barrel. Thus, no cuttings are generated in the
drilling process. In order to enhance core quality,
little, if any, rotation of the drill rods is used in this
method.

TECHNICAL PERFORMANCE

Sonic drilling generally produces only the cored
sample, and holes are drilled at double the baseline
rate.

This technology was successfully applied tocontinu-
ous coring, monitoring well construction, and hori-
zontal drilling activities. A demonstration of the
improved system, with a feedback control system to
help mitigate pipe failure and component redesign
for improved reliability and more rapid access, is
planned.

Drill Head. Depending on the size of the sonic head,
dynamic force output is 30,000 Ib at 120 Hz. Power
input ranges from 150 to 800 HP. Rotational torque
ranges from 25,500t040,000in-1b. Rotational speed
is variable from O to 60 rpm.

Drill Rig. Vertical (90°) to horizontal (0°) drilling
capabilities are available.

Speed of Drilling. The penetration rate of the sonic
drill varies depending on the type of formation being
cut. Speeds from 1 ft/s to 0.5 {ft/min are encountered
when drilling loose to compact formations.

Formations. 1t drills any type of formation: allu-
vium, sands, clays, cobbles, boulders, bedrock, per-
mafrost, caliche, and other types of formations,
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including landfills. It is able to drill through metals,
garbage, tires, wood, and concrete.

Cost/Benefits. A recent cost study revealed a 30% -
50% reduction in cost as compared to cable tool
drilling.

A cost comparison was conducted between the cable
tool and ResonantSonics™ methods. Because of
variability in geology and sampling requirements on
individual holes, an exact comparison was not fea-
sible. To provide a fair comparison, cable tool costs
presented are established baseline costs from numer-
ous holes using this drilling method. Cable tool
drilling costs at the Hanford Site, as a typical hazard-
ous waste site, was $441/ft (Booth and Masten,
1994).

WDC's multipurpose environmental drill (XT-70E)
was usedtoinstall the ResonantSonicSMdrilled wells.
The ResonantSonic™ method, used in conjunction
withthe Guzzler™ Containment System, drilled three
28 cm (11 in) diameter holes in excess of 91 m (300
ft). These tests were conducted at the In-Situ
Bioremediation Demonstration Site located in the
200 West Area of the Hanford Site in Richland,
Washington.

Well installation costs at the Bioremediation Site
using the ResonantSonic™ method were $253/1t,
resulting in a cost savings of $188/ft (42%). This
reducesdrillingand directlaborcosts by over $58,000
for a standard 300 ft deep well installation. In
addition, time savings were also possible. Drilling
and well completion with the multipurpose
ResonantSonic™™ drill rig averaged 12 days (10days
drilling, 2 days for well completion) on the final two
wells compared to 32 days (20 days drilling, 12 days
for well completion) for cable tool (baseline) drilling
rates.

PROJECTED PERFORMANCE

With the refinement of the sonic head, drill pipe,
sampling tools, and core catchers, it is projected that

the downtime can bereducedtolessthan 10%, which
results in a substantial reduction in drilling costs.

APPLICABILITY

This technology is applicable for monitoring wells,
vadose-zone soil-gas sampling, neutron-probe pipe
installation, core sampling, and injection and extrac-
tion wells for bioremediation and/or air stripping/
vacuum extraction remediation projects. Addition-
ally, in most conditions, closed-end tubes can be
resonated into the ground to significant depths to
yield no cuttings or core and to take discrete water
samples or in situ cores.

STATUS

The ResonantSonic™ method has been used for
projects ranging from pile driving to horizontal drill-
ing. Current programs are using the technique as a
valuable tool for obtaining in situ, pristine environ-
mental samples. In the future, this drilling technol-
ogy could be used for remote, automated sampling at
hazardous waste sites.

The ResonantSonic™ technology was first devel-
oped in the 1950s by Albert Bodine, Jr. Mr. Bodine
discovered how to design and build a machine that
would generate high-frequency vibrations with very
high-force output that would not self-destruct while
passing the vibrations on to the object being reso-
nated. In the 1970s and 1980s, Hawker Siddeley,
Ltd., in Canada, made further advances to the pat-
ented drilling head and built several rigs for field
application. In the 40 years since its invention,
traditional sonic drilling equipment has been under-
used, suffered reliability problems as a system, and
had difficulty being accepted in the marketplace.

The Department of Energy (DOE) Office of Science
and Technology, and its contractors Westinghouse
Hanford Company (Westinghouse Hanford), PNL,
and industry partner WDC, through a CRADA, are
developing improvements to the ResonantSonic™
drillingtechnology toenhanceenvironmental cleanup
efforts at DOE sites.
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REGULATORY CONSIDERATIONS

Drilling and subsurface access regulations may vary,
depending on waste-site characteristics. Ecological
impacts are minimized or eliminated by the absence
of secondary waste streams. Occupational Safety
and Health Administration (OSHA) regulations ap-
ply for drilling equipment operation, high noise
levels, and potential contaminant exposure.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology can be applied to environmental
drilling, natural-gas wells, geothermal wells, and oil
well drilling. It is also useful to industries that may
have soil or groundwater contamination problems.
Rapid access to the subsurface, without excess soil
removal or secondary waste streams, is economi-
cally desirable for such industries to determine the
scope of the problem and to remediate the contami-
nation. This method of continuous core removal is
useful for other geologic studies and to the mining
industry.

BASELINE TECHNOLOGY

Baseline drilling methods include hollow-stem au-
ger and cable-tool methods that are commonly used
for environmental characterization at Hanford. Re-
sults indicate a 3-fold increase in penetration rates.

INTELLECTUAL PROPERTY

U.S. patents for ResonantSonic™ Drilling technolo-
gies are held by the WDC. Patent numbers are
available from the technology developer, WDC.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Greg W. McLellan
Westinghouse Hanford Company
MSIN N3-05

P.O. Box 1970

Richland, WA 99352

(509) 373-7539

DOE Program Manager
Rashalee Levine

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7920

Industrial Partner
Jeffrey Barrow

Water Development Corporation
1202 Kentucky Avenue
Woodland, CA 95776

(916) 662-2829
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SEAMIST™ BOREHOLE INSTRUMENTATION AND
FIUID SAMPLING SYSTEM

DESCRIPTION

SEAMIST™ s an instrumentation and fluid sampler
emplacement technique designed for in situ charac-
terization and monitoring. It uses an inverting,
pneumatically deployed tubular membrane (imper-
meable material) to install sampling devices and
instruments in boreholes (see Figure 10.6).

The membrane is forced into a drilled or punched
well by air pressure. The membrane descends,
inverts, and presses against the hole wall, providing
wall support and the effect of a continuous packer.
After emplacement, the entire hole wall is sealed,
thus preventing ventilation of the pore space or
circulation of pore water in the well. The membrane
can be retrieved from the hole.

Monitoring instruments and pore fluid sampling
devices are placed on the outer surface of the mem-
brane, where they will be in contact with the hole
wall. The membrane isolates each measurement

location. Emplacement has been demonstrated for
vertical, horizontal, and crooked or partially ob-
structed holes. Instruments or samplers are not
dragged along the hole wall at any time.

Permanent installation of the membrane is possible
by filling the membrane with grout after emplace-
ment. Semi-permanent installation can be accom-
plished by filling the membrane with sand after
emplacement.

The membrane can be applied to perform vadose-
zone pore and fracture liquid sampling through the
useof absorbent pads. Electrical resistance measure-
ments inside the pads indicate moisture uptake. By
attaching an array of absorbent pads to the mem-
brane, high spatial resolution of the contaminant
distribution is possible.

Extraction of soil-gas samples from a hole can be
accomplished via tubes to surface sample collectors
or Getters (such as activated-charcoal absorbers) can
be attached to the mem-
brane surface to absorb

Air-Tight

SEAMIST™ membrane

released outw:
as tether unwinds

contaminants. A hybrid
concept is to pull a gas
sample throughacharcoal
filter positioned at the
sampling point.

Air-permeability distribu-
tion within a soil matrix
can be measured by em-
placementof amembrane
withseveral gas-sampling
ports. Asthe gasispulled
from one port to the sur-
face, its flow rate and
measured pressure re-
sponse at the adjacent

Figure 10.6. SEAMIST™ Emplacement System.
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Additional instruments can be applied, including
temperature sensors, thermocouple psychrometers,
and fiber-optic sensors. Colorimetric materials can
be used for visual indications of contaminant distri-
bution.

TECHNICAL PERFORMANCE

Tritium Plume Monitoring. Two systems installed
atLawrence Livermore National Laboratory (LLNL)
in 1991 are tracking the movement/concentrations of
a tritiated water plume (vapor and liquid-water sam-
pling) to 40 ft depths.

Carbon Tetrachloride Monitoring. Two emplace-
mentsystems with disposable membrane liners are in
use at Hanford for carbon tetrachloride plume moni-
toring.

Fracture Flow Mapping and Rate Measurement.
Membranes coated with liquid-indicating and wicking
layers were used to map and measure brine flows
underground at the Waste Isolation Pilot Plant (WIPP).

Tritium and VOC Sampling. The SEAMIST™
system transported vapor-sampling tubes and absor-
bent collectors 230 ft horizontally beneath an old
radioactive-waste landfill at Los Alamos National
Laboratory (LANL).

SNL Chemical Waste Landfill (CWL). The
SEAMIST™ system transported logging tools and
cameras in horizontal boreholes of up to 230 ftlength
and 1.75 to 4.0 in. diameters. It performed gas-
sampling and permeability measurements in two
boreholes of 11.5 in. diameter and 110 ft depth
immediately after augering in SNL’s CWL. It in-
stalled three borehole liners 110 ft long for continu-
ous soil-gas pressure monitoring.

Vapor Sampling/Permeability Measurements.
Three membranes were instrumented and installed at
SRS in July 1992 for soil-vapor, vapor-pressure, and
permeability measurements. Maximum depth was
130 ft, with ten sampling elevations per membrane.

Neutron Logging Tool Transport. The membrane
towed a 3 Ib neutron moisture-logging tool in hori-
zontal boreholes at Los Alamos, New Mexico. Typi-
cally, four 4.5 in. diameter holes (200-250 ft) were
logged in one day, with data taken every 2 ft.

Vapor Sampling. A vapor-sampling system was
installed to 90 ft depth for long-term monitoring ata
commercial site in Tucson, Arizona.

Vapor Sampling in Long Horizontal Well. A
SEAMIST™ membrane was installed in a 450 ft
long, 4 in diameter screened well emplaced under a
radiological/biological area. Seven soil-gas moni-
toring points were used to sense the presence of
Organic vapors.

Sensor Integration. Two SEAMIST™ membranes
were integrated with a variety of chemical, tempera-
ture, pressure, and hydrologic sensors in a demon-
stration at the Chemical Waste Landfill.

Contaminant Transport Monitoring. Three
SEAMIST™ membranes with vapor-sampling ports
were used with an automated soil gas pressure and
vapor-analysis system to monitor contaminant and
tracer plume movementin the Chemical Waste Land-
fill. Both diffusion and barometric transport mecha-
nisms were monitored.

Vapor Monitoring near Radioactive Waste Land-

Jill(Los Alamos). Five vapor-sampling SEAMIST™
membranes were installed in 8 in diameterboreholes,
250 to 310 ft deep. These will provide continuous
monitoring of VOCs and soil-matrix potential at
twelve discrete elevations per membrane.

Cost. Membrane - $500 to $10K, depending on
complexity; emplacement canisters and support
systems - $1K to $5K.

PROJECTED PERFORMANCE
Key performance parameters are listed in Table 10.6,

including projections of near-term (1-3 yrs) perfor-
mance.
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APPLICABILITY

Thistechnology is applicable for measurement/moni-
toring of soils contaminated with tritium, carbon
tetrachloride, and volatile organic compounds
(VOCs).

STATUS

* Demonstrated capability to tow logging de-
vices and cameras up to 250 ft in horizontal
boreholes.

* Performed depth-discrete soil-gas sampling
with up to 12 measurement ports, down to
310 ft.

e Blank membranes up to 500 ft long have
been employed to seal and stabilize bore-
holes.

* Membranes have served as vehicles for a
variety of chemical, temperature, matrix-
potential, and pressure sensors.

REGULATORY CONSIDERATIONS

Regulatory considerations depend on where the tech-
nology will be used, the nature of contamination, and
the intended application of the technology.

POTENTIAL COMMERCIAL
APPLICATIONS

SEAMIST™ js commercially available forborehole
lining, liquid/vaporsampling, and permeability mea-
surements. Potential near-term applications include
water sampling below the water table and large-scale
vapor-plume movement experiments/monitoring.
These applications would be useful to: the chemical,
mining, oil, and natural gas industries; Environmen-
tal Protection Agency (EPA) and Department of
Defense (DoD) cleanup operations; and various fed-

eral programs.
BASELINE TECHNOLOGY

SEAMIST™ is a new technology. It replaces the
need for ex situ soil-sample analysis and multipoint,
permanently installed vapor-sampling wells. The
membrane minimizes the likelihood of contamina-
tion release from sampling and monitoring bore-
holes.

INTELLECTUAL PROPERTY

Patent and Trademark Ownership: Eastman
Cherrington Environmental, Houston, TX; Patent
No. 5176207.

Table 10.6. Key Performance Parameters for SEAMIST™,

Performance Parameter Demonstrated Projected
Hole Diameter (in) 1.75-11.5 1.0
Hole Vertical Depth (ft) 310 >300
Hole Horizontal Length (ft) 450 >300
Vertical Deployment Speed (ft/min) 30 30
Horizontal Deployment Speed (ft/min) 30 30
No. Vapor Sampling Points/Membrane 12 30

243



For more information, 3.

please contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Cecilia Williams

Sandia National Laboratories
P.O. Box 5800, Org. 6621
Albuquerque, NM 87185-5800
(505) 844-5722

DOE Program Manager
Skip Chamberlain

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Industrial Partner

Bill Lowry

Science & Engineering Associates, Inc.
1500 Pacheco St., Suite D-1

Santa Fe, NM 87505

(505) 983-6698; FAX (505) 983-5868

For Purchase/Service:

Carl Keller

Eastman Cherrington Environmental
(505) 983-3199
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ZERO-TENSION LYSIMETERS TO MONITOR COLLOID
TRANSPORT IN THE VADOSE ZONE

DESCRIPTION

There is increasing evidence that mobile colloids
facilitate the long-distance transport of some kinds of
contaminants. The mobility of fine particles and
organicmacromolecules hasbeenlinked tothe move-
ment of actinides, organic contaminants, and heavy
metals through soil. The potential for colloid-facili-
tated transport of contaminants from hazardous-
waste sites requires adequate monitoring before,
during, and after in-situ remediation treatments.

A lysimeter is a device permanently installed in the
soil tosample water periodically. Zero-tensionlysim-
eters (ZTLs) are especially appropriate for sampling
water as it moves through saturated soil, although
some unsaturated flow events may be sampled as
well. Because no ceramic barrier or fiberglass wick
is involved to maintain tension on the water (as is the
case with tension lysimeters), particles suspended in

the water as well as dissolved species may be sampled
with ZTLs. The lysimeter described here may be
especially useful to monitor colloid mobilization and
transport during in-situ remediation treatments that
require long periods of saturation and significant
fluid flux.

ZTLs can be used to capture samples of suspended
colloids as they move in the vadose zone. The
specific benefits of the new design are related to the
simplicity of installation (minimizing soil distur-
bance) and the concomitant improvement in the
accuracy of monitoring. Because more ZTLs canbe
installed to assess site spatial variability (compared
to conventional ZTL designs), more accurate moni-
toring of contaminant transport before, during, and
after remediation will be achieved. In addition,
because of the improved spatial resolution in sam-
pling and monitoring, if contaminants are indeed
mobilized during ir situ remediation treatment or

natural rainfall, their source can be more easily

identified than with piezometer-based moni-
toring methods.

Theimproved ZTL consists of acylinder made
of polycarbonate or polytetrafluoroethylene
(PTFE) that is placed in the soil. Both materi-
als were used in the construction of prototypes.
Both materials minimize the sorption of con-
taminants and natural, suspended colloids by
the device itself. PTFE also has excellent
resistance to a very large number of chemicals
and pH ranges. In many soils, a hydraulically
powered sampling tube may be used to extract
an undisturbed core of soil, enabling place-
ment of a lysimeter. The lysimeter cylinder
dimensions are shown in Figure 10.7a. The
lysimeter outside diameter is 1.3 cm smaller

Figure 10.7a. Design of the Zero-Tension Lysimeter.

than the 10.2 cm diameter sampling tube of a
Giddings hydraulic soil coring and sampling
machine. This is the largest practical size for
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mostsoils. The cylinderis sealed to abase which has
a sloping floor, also made of PTFE (or polycarbon-
ate). The upper 1 cm of the cylinder is indented by 2
mm so that an 8.3 cm ID ring can fit at the top. A
polyester screen with 150 wm openings is placed
between the cylinder and the ring and is bonded into
place. The ring edge is beveled at a 35° angle to
penetrate unconsolidated soil material that overlies
the lysimeter upon installation in the soil core. Be-
fore placing the lysimeter into the ground, a layer of
acid-washed silica sand, sieved to 1-2 mm, is placed
onto the screen at the top of the cylinder to fill the
cavity and to provide hydraulic contact with the
overlying soil. After placing the lysimeter in the
ground at the base of the hole, it is surrounded with
sand for stability. For monitoring contaminants near
the soil surface, a placement depth of about 50 cm is
typical. Increased depth is possible, but soil core
removal and replacement in an undisturbed form is
an engineering problem.

Samples of soil solution or suspension are removed
from the lysimeter by applying suction to the sam-
pling tube with a hand pump or a peristaltic pump.
An air-inlet tube is included in the design to provide
make-up air and exhaust air when pumping or filling
the lysimeter, respectively (Figure 10.7b). Nor-
mally, sampling takes place shortly afteritis believed
that saturated flow has occurred in the soil, e.g.,
following spring snow melt, long periods of rain,
heavy rainstorms, etc., or during in situ remediation
treatments that require long periods of saturation and
significant fluid flux. The sampling interval depends
on depth of the lysimeter placement as well as soil
water content. In samples collected from lysimeters,
suspended colloid concentrations, heavy metals, dis-
solved organic carbon, electrical conductivity, and
pH are typically determined. Cleaning the lysimeter
is accomplished by introducing a chemically neutral
soap solution followed by quantitative rinsing with
distilled water.

—
to

air inlet tube

pump

TECHNICAL
PERFORMANCE

The improvedzero-tension lysimeters
were installed at five sites contami-

LY

JUNEN
< Awmy

nated with americium and plutonium
at the Rocky Flats Plant in Golden,
Colorado. Rainfall simulation ex-
periments were performed to test the

oSl ability of the improved ZTLs to inter-

ceptmobilecolloids and actinides and
to compare their behavior with that of
conventional ZTLs. The improved

“ ZTLs were also been installed near

Ames, Jowa, where colloid-facilitated
transport of heavy metals (copper,
nickel, cadmium, and zinc) in munici-
pal sewage sludge amendments is
currently monitored. Rainfall simula-
tionexperiments, designed toapproxi-
mate the intensity of typical summer
storms, were performed.

Figure 10.7b. Sampling and maintenance of the Zero-Tension

Lysimeter.
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Ames, IA, Field Investigation. Zero-tension lysim-
eters were installed at the Ames Water Pollution
Control Facility (WPCF) near Ames, Iowa, to moni-
tor colloid transport in the soil during amendments
with treated municipal biosolids. Twenty-fourlysim-
eters were placed in plots associated with three levels
of biosolids treatment (application of about 0, 2, and
5 dry tons per hectare) and two vegetation treatments
(switchgrass and hybrid poplar). Half of the ZTLs
were installed in the fall of 1991, and half were
installed in the spring of 1992. The lysimeters were
placed atadepth of 50cm. The soil consists of a fine-
loamy, mixed, mesic Endoaquic Hapludoll. To a
depth of about 1 m the soil is a clay loam (about 380
g clay perkg soil). The surface horizon is massive in
the upper 15 cm, and from 15 cm to about 60 cm
structure is moderate, fine and medium, subangular
blocky. There was considerable variability in the
volume of water collected by the lysimeters; but the
mean volume collected (about 175 mL) did not vary
much with precipitation. The volumes collected
were less variable when the precipitation exceeded
60 mm.

Turbidity as well as concentrations of dissolved
organiccarbonand heavy metals were determinedon
the collected water samples. The variability of
turbidity in suspensions collected by replicate ZTLs
was large, with coefficients of variation ranging from
26 to 128%. The foregoing observations of the
volume and turbidity of water collected by the ZTLs
confirm the significance of the spatial variability of
waterflow and colloidal transport, supporting the use
of ZTLs that can be installed quickly and cheaply in
large numbers at a study site. Similarly, differences
in dissolved organic carbon levels in mobile soil
water associated with the two vegetation treatments
were documented (Figure 10.7c).

Rocky Flats Field Investigations. Soils near the 903
Pad at the Rocky Flats Plant (RFP) were contami-
nated as a result of leaking barrels of plutonium-
contaminated oil. Surficial soil horizons within 1 km
of the pad were subsequently contaminated by wind
dispersal of plutoniumoxide particles during cleanup
operations. Aerial and vertical surveys indicate that
approximately 90% of the plutonium contamination
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Figure 10.7c. Mean dissolved organic concentrations in mobile soil water. Numbers above the error bars

indicate the number of samples averaged for each bar.
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is in the top 10 cm of soil, but as much as 10% of the
contamination may have migrated deeper.

In 1994, five ZTLs were installed at the Rocky Flats
research site in vertical holes with replaced undis-
turbed cores. Undisturbed cores as long as 50 cm
were collected by using a Giddings hydraulic soil
probe. These cores provided excellent morphologi-
cal documentation concerning the likelihood of pref-
erential flow of water in soil macropores. Both
simulated and natural precipitation data indicated
that the lysimeters installed using the Giddings soil
probe functioned well to capture mobile soil water.
Cost. A ZTL constructed of polycarbonate costs
approximately $60 for labor and materials. A ZTL
constructed of PTFE costs approximately $200 for
labor and materials. The cost of ZTL installation at
asiteincludes bothlaborand access toaGiddings soil
probe. Once experience has been gained at installa-
tion procedures, each installation (ata50cmdepthin
unconsolidated soil) takes two people about 45 min.
A trailer-mounted Giddings soil probe costs about
$20K.

PROJECTED PERFORMANCE

Future improvements will include automation of
ZTL sampling. Design work for automation was
completed in September 1994, and portions of a
prototype automated-sampling ZTL system have
been fabricated.

The automated design is briefly described here.
Sensing probes are placed through the side of the
ZTL to determine the presence of a chosen level of
leachate (e.g., 20 mL). The probes are connected to
amonitor box in which alight, buzzer, and micropro-
cessor are located. When water is present to the level
of the indicator sensor, the light will flash and the
buzzer will sound. When leachate rises to the level
of the pump sensor, a pump will be automatically
activated to empty the lysimeter into an above-
ground container that can be retrieved by personnel
later. The microprocessor controls the pumping
according to the water levels detected.

APPLICABILITY

This ZTL is applicable to monitoring colloid mobi-
lization and transport in the vadose zone during
rainfall events and during in-situ remediation treat-
ments that require long periods of saturation and
significant fluid flux. A series of installed ZTLs
could be used to document preferential flow paths or
significant contaminant migration. Key measure-
ments might include: (1) collected water volume
(i.e., flux of water in the soil), (2) turbidity (as an
indicator of colloidal concentration), (3) solution pH,
(4) heavy metal concentrations, and (5) dissolved
organic carbon concentration.

STATUS

The new type of ZTLs presented here, namely, those
installed in vertical holes with replaced undisturbed
cores, as described above, was field tested. A proto-
type of an automated version has been constructed.

REGULATORY CONSIDERATIONS

There are no known regulatory barriers to using this
technology. Regulatory agencies are familiar with
conventional designs of zero-tension lysimeters.
Because this design requires less site disturbance
during installation, regulatory agencies would be
expected to favorits use. Site excavation permits are
likely to be required for installation.

POTENTIAL COMMERCIAL
APPLICATIONS

This ZTL is applicable to monitoring colloid mobi-
lization and solute transport in the vadose zone
during rainfall events and during in sifu remediation
treatments that require long periods of saturation and
significant fluid flux. A series of installed ZTLs
could be used to document preferential flow paths or
significant contaminant migration.
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BASELINE TECHNOLOGY DOE Program Manager
Caroline Purdy

The baseline technologies include alternative ap-  U.S. Department of Energy

proaches such as ZTLs of conventional design (i.e.,  Cloverleaf Building

lateral installation) and piezometers. The disadvan- 19901 Germantown Road

tages of conventional ZTLs are related to the possi- ~ Germantown, MD 20874-1290

bility of site disturbance during installation and also ~ (301) 903-7672

the higher costs associated with opening a large pit,

so the device can be installed. The advantageofthe REFERENCES

newly designed ZTL is that more devices can be

installed in a given amount of time forlesscost with | Thompson, M.L. and RL. Scharf, “An Im-

minimal grounddisturbance. Suchinstallations would
make feasible more reliable assessments of the spa-
tial variability of colloid-facilitated transport of con-
taminants.

Piezometers have been used to sample groundwater
for mobilized colloids, but serious questions have
been raised about disturbances of fine-grained aqui-
fer material during purging and sampling of wells.
To prevent disturbance of normally immobile colloi-
dal materials may require extremely slow pumping
rates that are not cost effective.

INTELLECTUAL PROPERTY

This work was conducted at Ames Laboratory and
Towa State University with funds provided by the
Characterization, Monitoring, and Sensor Technol-
ogy Crosscutting Program of the Office of Technol-
ogy Development, U. S. Department of Energy.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Michael L. Thompson

Agronomy Department

Iowa State University

Ames, TA 50011

(515) 294-2415

e-mail: thompsonm@ameslab.gov
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ADAPTIVE SAMPLING PROGRAM SUPPORT

DESCRIPTION

Site characterization has traditionally been a very
expensive process. Sampling programs to identify
the presence and extent of contamination were built
around pre-planned sampling gridsand off-site analy-
ses of samples. The result was an expensive and
time-consuming process, with significant pressures
to over-sample a site and the need for frequent return
site visits to clarify unexpected findings. Recent
advances in field-screening technologies that can
provide “real time” results for a variety of contami-
nants allow the application of adaptive sampling
programs for site characterization. Adaptive sam-
pling programs change, adjusting to new information
as itis generated in the field. Effective implementa-
tion of adaptive sampling programs requires: (1) a
means forintegrating, managing, and visualizing site
data in the field, (2) determining new sampling
locations that provide the most information, and (3)
constructing estimates of contaminant extent based
on available data.

Two technologies were developed to address the
particular demands of adaptive sampling programs
(see Figure 11.1). The first called SitePlanner™,
provides qualitative support for adaptive sampling
programs. SitePlanner™ is a graphical, object-ori-
ented database designed to support environmental
site assessment work. SitePlanner™ organizes its
data by object (such as monitoring wells, soil bores,
landfills, etc.), not by table. Data objects are dis-
played visually as icons in a variety of graphics,
including plan views, profile views, fence diagrams,
and bore logs. All SitePlanner™ graphics are dy-
namically tied to the data for a site and can be
retrieved interactively. SitePlanner™ is built around
OpenWindows and is a completely mouse- and
menu-driven package that is relatively easy to learn
and use. In the context of adaptive sampling pro-
grams, SitePlanner™ provides a rapid and simple
means of integrating, managing, and visualizing site
data as they are being generated. SitePlanner™
providesfield staff with the ability tounderstand their
data as quickly and efficiently as possible.

The second technology,

SitePlanner™

¢ Data Integration

¢ Data Management
e Data Visualization

Base Map\

PLUME™, provides
quantitative support for
adaptive sampling pro-
grams. It allows the
integration of “soft” in-
formation regarding con-

Geological __ [
Information

taminant location with

il

Figure 11.1. Adaptive Sampling Programs.
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the next set of sampling points that would contribute
mostto thedelineation of contamination. PLUME™
provides statistical estimates of contaminant extent,
such as estimates of volumetric contamination and
lateral extent, and measures the uncertainty associ-
ated with theseestimates. Its approachtouncertainty
is consistent with the Environmental Protection
Agency Data Quality Objectives process. PLUME™
canbeused totargetnew vertically and/ordirectionally
drilledborings that would have the greatestimpacton
the uncertainty associated with estimation of con-
taminant extent. PLUME™ can estimate the value
additional sampling data may provide, allowing staff
to weigh the benefits of collecting more samples
against the additional sampling and analysis costs.
PLUME™ can be connected with SitePlanner™,
allowing the use of SitePlanner™ for data manage-
ment, and for visualization of PLUME™ results.

TECHNICAL PERFORMANCE

SitePlanner™ and PLUME™ were demonstrated at
Sandia National Laboratories (SNL), at the Kirtland
Air Force Base RB-11 site, and at Argonne National
Laboratory (ANL).

SNL Demonstration. At SNL, activities focused on
delineating subsurface chromic acid contamination
beneath the unlined chromic acid pit and the 60s pits
within the Chemical Waste Landfill. Retrospective
studies of the characterization efforts for those sites
indicated savings of more than 50% could have been
realized if an adaptive sampling program including
field screening technologies, SitePlanner™, and
PLUME™ had been used from the outset.

RB-11 Demonstration. At the RB-11 site,
SitePlanner™ and PLUME™ were used to design
and implement an adaptive sampling program to
characterize contaminant migration from a series of
trenches containing mixed wastes. Here with only
78% of the bores and 50% of the samples employed
by a concurrently conducted conventional sampling
program, the adaptive sampling program provided
equal quality of characterization.

ANL Demonstration. Atan ANL site known as the
317 area, SitePlanner™ and PLUME™ were used to
support an adaptive sampling program that delin-
eated volatile organic compound (VOC) contamina-
tion in near surface soils. The original sampling
program proposed by the contractor included the
collection of 600 split-spoon samples on a regular
grid. By adapting the sampling program based on
field screening results and by optimizing subsequent
sampling locations with SitePlanner™ and
PLUME™, only 150 samples were required to com-
plete the characterization task.

Costs. Commercial implementation of SitePlanner™
and PLUME™ for adaptive sampling program sup-
port requires computer hardware that currently costs
about $6K and associated software that currently
costsabout $4,5K. Computer hardware and software
costs, however, have been falling dramatically.

PROJECTED PERFORMANCE

ANL is working with Consolve, Inc., to provide a
Microsoft Windows-compatible version of
PLUME™. When available, PLUME™ will no
longer require the use of a UNIX workstations.

WASTE APPLICABILITY

The adaptive sampling approach embodied in
SitePlanner™ and PLUME™ is designed specifi-
cally for characterizing the presence and extent of
contamination in groundwater and surface and sub-
surface soils.

STATUS

Both SitePlanner™ and PLUME™ are commer-
cially available products. Both are available on Sun
Sparcstations with Sun OS 4.1.x and OpenWindows,
and on PC compatibles with SCO Unix. Minimum
hardware requirements are 32 Mbytes of RAM, and
75 Mbytes of swap space. Microsoft Windows-
based versions are being developed.
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REGULATORY CONSIDERATIONS

There are no regulatory considerations directly asso-
ciated with this technology.

POTENTIAL COMMERCIAL
APPLICATIONS

Recent advances are providing a growing array of
field-screening analytical technologies applicable to
different types of contaminants and media. The
availability of these technologies enables the appli-
cation of adaptive sampling programs to the problem
of identifying the presence and extent of contamina-
tion at hazardous waste sites. SitePlanner™ and
PLUME™ together provide a cost-effective ap-
proach to supporting adaptive sampling programs in
the field. For SitePlanner™, this includes field-level
data integration, data management, and data visual-
ization. For PLUMET™, this means directing the
progress of the sampling program and providing
estimates of contaminated volumes. Costsavingsare
realized by reducing the cost per sample analyzed,
the number of samples taken, and the number of trips
to the field required to bring characterization activi-
tiesto closure. Given the large number of federal and
private installations awaiting site characterization
activity, the overall potential for cost savings is
€normous.

BASELINE TECHNOLOGY

The alternative to adaptive sampling programs is a
standard, pre-planned sampling program approach.
These types of programs are typically based on a set
grid superimposed over the areaof concern. Samples
are collected from the grid and sent to off-site labo-

ratories for analysis. The time required for off-site -

sample analyses precludes the use of data within the
sampling program. Data from these programs ulti-
mately reside in centralized data archiving systems

and/or standard geographical information system -

(GIS) packages. The results are pressure to over-
sample initially, frequent return visits to the field to

clarify the unexpected sample values, and long lag
times before data become available to program man-

agers.

INTELLECTUAL PROPERTY
Patents: None.
Copyrights:  SitePlanner™-—ConSolve, Inc.

PLUME™—University of Chicago
Trademarks: SitePlanner™—ConSolve, Inc.
PLUME™—University of Chicago

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Robert Johnson

Argonne National Laboratory
EAD/900

9700 South Cass Avenue

Argonne, IL 60439

(708) 252-7004; FAX (708) 252-3611

DOE Program Manager
Skip Chamberlain

U. S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7248

Industrial Partner

Gregory Baecher

ConSolve, Inc.

297 Boston Post Road, Suite 203
Wayland, MA 01778

(508) 358-8061; (508) 358-8065 FAX

255




REFERENCES

1. Johnson, R., "A Bayesian/Geostatistical Ap-
proach to the Design of Adaptive Sampling
Programs," Geostatistics for Environmental and
Geotechnical Applications, ASTM STP 1283,
R.Mohan Srivastava, Shahrokh Rouhani, Marc
V. Cromer, A. Ivan Johnson, Ed., American
Society for Testing and Materials (in press).

2. Johnson,R., "Extent of Chromium Contamina-
tion Beneath the 60s Pits in the Chemical Waste
Landfill at Sandia National Laboratories, Albu-
querque, New Mexico," Argonne National Labo-
ratory Technical Memorandum, ANL/EAD/
T™M-19, 1994,

3. Johnson,R.,*“Adaptive Sampling Program Sup-
portfor Expedited Site Characterization,” ER'93
Environmental Remediation Conference Pro-
ceedings, Augusta, GA, Oct. 24-28, 1993.

4. Johnson,R.,*“Adaptive Sampling Strategy Sup-
port for the Unlined Chromic Acid Pit, Chemi-
cal Waste Landfill, Sandia National Laboratory,
Albuquerque, New Mexico,” Argonne National

Laboratory Technical Memorandum, ANL-
EAD/TM-2, 1993.

5. Johnson, R., “A Bayesian Approach to Con-
taminant Delineation,” Proceedings of the
Groundwater Modeling Conference, Golden,
CO, E. Peter, S. Ashock, and J. Proud, eds.
Colorado School of Mines, Golden, Colorado,
June 9-12, 1993, pp. 87-95.

256



Tank Waste

Section 12.0







ACOUSTIC CHARACTERIZATION OF WASTES IN
DOUBLE-SHELLED UNDERGROUND STORAGE TANKS

DESCRIPTION

This projectisadaptingcommercially available acous-
tic (sonar) devices to meet specific needs in the
mitigation and characterization of high- and low-
level waste being stored in underground storage
tanks (USTs) at the Hanford Nuclear Reservation in
eastern Washington. Two sensors are being devel-
oped to comprise a monitoring system (an echo
sounder forlocating interfaces and tank obstructions,
and a density monitor for reporting changes in mixed
fluid density during waste mobilization procedures).
With each device, acoustic pulses of a specific fre-
quency are generated and sent into the tank, either to
be bounced off interfaces and objects in the tanks, as
with the echo sounders; or to be received by a
separate transducer, as with the density monitor. In
each case the received signals can be analyzed to
determine some of the properties of the materials
with which the sound pulses have interacted.

In the planned effort to pump the waste out of double
shelled tanks (DSTs) and vitrify it for permanent
disposal and then transfer single-shell tank (SST)
waste to the DST's for interim storage, process moni-
toring will be very important. Critical data will
include, but not be limited to, radius of cleaning from
the mixer/transfer pump, locations of submerged
objects, and density of waste mixtures. The absence
of such data could compromise: (1) adequately
designing a pump, (2) predicting the effectiveness of
transfer through lines without plugging, (3) deter-
mining how completely a tank has been cleaned, and
(4) determining whether obstructions or debris in the
tank will interfere with pumping. Anacousticmethod,
such as is being addressed in the current work, shows
considerable promise of meeting these data needs.

The echo sounders are transducers which are pro-
duced for commercial and sport fishing use, buthave
been adapted to tolerate the high pH, high tempera-

ture, and radiologically hot environment in DSTs. A
signal source for making the sonar measurement has
been obtained commercially and is currently being
adaptedtomeetthe smallerscaleand more attenuative
environment than its ‘designed for’ sea water condi-
tions. Time of flight and attenuation measurements
on the original and return signals provide informa-
tion on object locations and the amount of mixing
being done in the tank.

The density monitor is being developed using the
adapted transducers along with standard laboratory
signal sources and data acquisition equipment. Two
transducers, a transmitter and a receiver, are used to
send and receive, respectively, the acoustic pulses.
Changes in the phase of the signal are used to
determine changesin the density of the fluid between
the sensors.

Currently, information about material properties in
USTs is provided by intrusive methods such as core
sampling, buoyancy-based density measurements,
level tapes, and video cameras. None of these
methods are effective in determining the distribution
of waste types and submerged objects beneath the
surface of the waste. The acoustic methods being
developed allow near real-time, remote analysis of
the waste in the tanks with little or no human contact
with the tanks or the waste mixtures. Thesensors also
provide a means for locating interfaces and object
locations, a capability that is currently unavailable.
Additionally, the cost is low for in-tank assessment
capability because the costliest equipment is reused
and not contaminated.

Most of the waste in the tanks is in the form of sludge,
saltcake, and pumpable and nonpumpable liquids.
The sludge consists of the solids (hydrous metal
oxides) precipitated from the neutralization of acid
wastes. Saltcake is made up of various salts formed
by crystallization and precipitation after concentra-
tion of liquid wastes.
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TECHNICAL PERFORMANCE

The echo sounders and density monitors are shielded
in mild steel housings to protect them from the
intensely radioactive and caustic in-tank environ-
ment. Data taken with devicesleftintank SY-101 for
more than a year have shown little effect from
continuous exposure tothe environment. Laboratory
tests to determine the effect of temperature on the
optimum operating frequency showed that tempera-
ture has a very small effect on the performance of the
transducers.

The absolute detection limits of the echo sounders in
actual tanks have not been experimentally deter-
mined because tank entries were delayed. Testsdone
in a 12 ft test tank yielded three round trip return
signals, implying a signal pulse strong enough to
penetrate more than 36 ft in a full sized tank. The
penetration will depend upon the acoustic character-
istics of the waste, which will be evaluated at upcom-
ingin-tank tests attank AN-107 at Hanford. Acoustic
impedance mismatch is the key parameter that deter-
mines reflectance from a sludge-fluid interface, and
test tank results have given interface detection for a
mismatch of a few percent. The minimum detection
distance is approximately one meter, a distance con-
trolled by the length of the acoustic pulse, which in
the current prototype is a meter. We can currently
discern a layer interface from the bottom reflection
for layer thicknesses of one foot or greater.

The density monitor is designed to detect sound
speed changes that correspond to density changes of
approximately 1% of initial density. Testing with
some simulated environments shows promise in
achieving this limit; however, factors such as vibra-
tion and fluid motion between the sensors are still
being evaluated in the laboratory.

Because the acoustic sensors are very sensitive to the
presence of small bubbles trapped in the fluid, the
system may become less functional during the mix-
ing process, as the pump introduces bubbles into the
mixture. Performance may also be affected by

monitoring solid materials that have a very small
acoustic impedance mismatch with the supernatant.
The closer the acoustic impedances of a sludge layer
are to the supernatant, the less likely it is that there
will be areturn from that particular interface. Experi-
ments at Jowa State in the 5,000 gallon test tank have
also shown that the sensors do not work well when
the sludge layer is thin (less than 1 m thick) or when
objects are closer to the sensor than 1 m. At these
distances the return signals get lost in the bottom
return or the initial pulse, respectively.

The commercially obtained signal source (a JFV-
120 from Raytheon) requires a 24 V DC power
source that can be supplied by acommercially avail-
able ACtoDC converter. All otherequipmentcanbe
operated using standard 120V ACpower. Nospecial
personnel requirements will be necessary with the
final prototype system. Personnel must be familiar
with computers and data acquisition equipment,
including oscilloscopes and frequency generators.

The majority of tests were conducted at Jowa State
University ina 12 ft high, 5,000 gallon tank contain-
ing water and a sludge layer of calcium carbonate.
Also, limited testing was performed in a swimming
pool containing chlorinated water when the 5,000
gallon tank was not large enough. Tests were con-
ducted to: (1) determine speed of sound in the super-
natant(water) and sludge (calcium hydroxide) layers,
(2) determine interface locations, and (3) detect and
determine the distance to submerged objects. Ex-
periments were also conducted with the density
monitor to relate a change in the phase of the trans-
ducer signal to the change in density of two different
test solutions, a sodium chloride solution and a
mixture of water and silica flour.

Tests in the 5,000 gallon test tank have shown that an
interface is detectable using the echo sounders even
with a very small impedance mismatch between the
sludge and the supermnatant liquid. The ability to
detect an interface between simulant sludge and
water was demonstrated at distances from 1to 3 m
directly, and to approximately 10 m indirectly. Sub-
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merged objects were similarly detected up to dis-
tances of 12 m. Because the simulants used to create
interfaces have small acousticimpedance mismatches
compared to what is expected for in-tank wastes, the
probability of successful application of the interface
detector is high.

Cost. Costs are not available.
PROJECTED PERFORMANCE

A density monitor and echo rangers were delivered
to the Hanford site and will be mounted on a mixer
pump to be used in DST-AN-107 for a caustic
addition late in FY 1995. Preliminary evaluation of
the sensors to measure sludge layer depth, dispersion
of the sludge under stirring, changes in supernatant
density, effective cleaning radius, and location of in-
tank structures is scheduled to occur in the third
quarter of FY 1995. The prototype monitoring
system will be used by Hanford with Ames Labora-
tory support during the development period. A more
automated monitoring system based on FY 1995
results is scheduled to be evaluated during the final
test/demonstration period planned to occur in DST-
AZ-101 in April 1996.

Performance goals in FY1995 will be todemonstrate
that the density and interface detection measure-
ments provide the desired data for monitoring mix-
ing. Sound speed, density andinterface/objectlocation
accuracy of better than 5% is optimal. Meeting
performance goals under tank mixing conditions, as
well as quiescent conditions, is intended for FY 1995
in AN-107; but doing so depends on Hanford’s
schedule for the pumping to occur during the caustic
additiontests. Based onresultsin FY 1995, improve-
ments and demonstrations in DST-AZ-107 will be
performed and a final prototype will be constructed
in FY 1996.

APPLICABILITY

The acoustic sensors were designed to operate in a
harsh caustic and radioactive environment with lig-
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uid/sludge materials. The sensors are notdesignedto
detect or monitor any particular type of waste (e.g.,
radionuclides, inorganic compounds) and could po-
tentially be used in any tank environment that would
not adversely affect either the mild steel casing, such
as an acidic environment, or the cables used to
connect the sensors to data acquisition equipment.
The acoustic sensors promise to be applicable to any
fluid filled tanks, and as more systems are operational
in actual tanks, additional acoustic characterization
of wastes will allow the technology to be fine-tuned
for use in a range of waste types.

STATUS

Initial bench-top tests were conducted in a small 25
gallon aquarium using several high frequency trans-
ducers (500 kHz) with a mixture of water and cal-
cium carbonate. Similar small scale tests were also
conducted with the high frequency transducers in a
water tank with a sludge layer composed of denser
metal oxides. Larger pilot-scale tests were con-
ducted using the actual dual frequency (28/50 kHz)
Airmar sensors in the 5,000 gallon tank containing
water and calcium carbonate. The most recent work
has continued in the large tank focusing on detecting
sludge interfaces and locating objects either sus-
pended in the tank or buried within the sludge layer.
Currently the visual observation of waveforms on an
oscilloscope gives somewhat better precision than
the display of the commercial echo sounding pulser
(the JFV-120). The pulser CRT display provides the
advantage, however; of giving a quick, easily read
idea of the hardness of and distance to targets in the
sensor beam.

The project is scheduled to conclude following FY
1996 with the delivery of a prototype automated
system capable of monitoring the degree of mobili-
zation during waste mixing and transfer. Completion
of the prototype will include design and fabrication
of the sensors, mounting of sensors on a mixer pump,
assembly of the out-of-tank instruments, develop-
ment of basic instrumentation control codes, and
drafting a system manual.



REGULATORY CONSIDERATIONS

While no permits are required to use the sensors, each
transducer and the system as a whole must pass a
safety inspection before activation in the tank envi-
ronment to insure that all leads have been grounded
and there is no danger of sparking, shorting, or
explosion in those tanks that contain combustible
gases.

Because several tanks contain potentially explosive
amounts of hydrogen and nitrous oxide gases, care
must be taken when installing instruments such as
mixer pumps, which must go through one of the large
risers, and that would react badly to friction sparks.
The standard safety assessment for installing pumps
in such an environment addresses all needed issues
for installation of the acoustic sensors. A safety
assessment performed for these sensors fortank 241-
SY-101 covered issues for the use of this technology,
which is not considered potentially hazardous.

POTENTIAL COMMERCIAL
APPLICATIONS

Potential commercial applications include dredging
small bodies of water, and monitoring waste and
drinking water treatment plants. Note that this work
started with a fairly mature technology and so has
already been commercially applied.

BASELINE TECHNOLOGY

Currently information about material properties in
USTs is provided by intrusive methods such as core
sampling, buoyancy-based density measurements,
level tapes, and video cameras. None of these
methods effectively determines the distribution of
waste types and submerged objects beneath the
surface of the waste.

INTELLECTUAL PROPERTY
There are no pending or existing patents.

The Westinghouse Hanford Company is scheduled
to take possession of the final prototype system at the
conclusion of the project. Itis believed that they will
also be the group to license the technology.

For more information, please
contact:

Center for Environmental
Management Information
1-800-736-3282

Principal Investigator

M. Amanda Clark

Iowa State University

Ames Laboratory & The Center for NDE
ASC-II, Rm. 251B

Ames, 1A 50011

(515) 294-6695; FAX (515)294-6368
email: amanda@cnde.iastate.edu

DOE Project Manager
Al Tardiff

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7670

Industrial Partners
Airmar Technology

Raytheon
Westinghouse Hanford Company

262



REFERENCES

1. Clark,M.A.,and D.M. Martin, "Acoustic Prop-
erties of Underground Storage Tank Simulant
Wastes,” Review of Progress in Quantitative
Nondestructive Evaluation, Vol. 13, Plenum
Press, NY, 1994, pp. 1075-1081.

2. Jeong, P., D. Martin, and R. Roberts, "Ultra-
sonic Characterization of the Contents of Un-
derground Storage Tanks: The Status of Current

Research Efforts," Review of Progress in Quan-
titative Nondestructive Evaluation, Vol.12, Ple-

num Press, NY, 1993, pp. 2281-2287.

263

e e - - -




264



ACOUSTIC WAVE SENSOR FOR IN SITU MONITORING OF
HEADSPACE GASES IN UNDERGROUND STORAGE TANKS

DESCRIPTION

A gas sensor system based on thin film resonator
technology which could be field deployable and
applicable to monitoring headspace gases in under-
ground storage tanks (USTs) and remediation sites is
being developed. The headspaces of USTs often
contain explosive and toxic gases including hydro-
gen (H,), nitrous oxide (N,0), ammonia (NH,), and
various hydrocarbons. These gases arereleased from
high-level tank wastes, inducing transient and poten-
tially hazardous increases in local concentrations.
Methods are needed to characterize the release and
movementofthese gases with minimal maintenance.
The appropriate method would monitor quantita-
tively the concentrations of these gases during ex-
tended periods of time at several locations in each
tank, and at several tanks. In view of the explosive
potential of these headspace gases, it is also impor-
tantthat the sensors not poseaspark hazard. Thethin

and incorporation into an array.

265

Figure 12.2a. A wafer of TFRs after processing and prior to packaging

film resonator (TFR) technology for gas character-
ization and monitoring meets these needs because
since quantization canbe achieved for different gases
in a mixture with low maintenance, low cost and
minimal spark hazard. The gas sensors use bulk
acoustic wave piezoelectric mass sensors coated
with materials that selectively sorb the target gases.

The sensoris a TFR constructed from thin piezoelec-
tric aluminum nitride (AIN) membranes shaped in
150 mm squares supported by a silicon substrate
(Figure 12.2a). When subjected to an alternating
potential, a piezoelectric material such as AIN will
vibrate at a frequency that is characteristic of the
thickness and density of the material. Because of the
small thickness of the AIN piezoelectric film used in
this application, the frequency is in the GHz range.
The frequency decreases withincreasing mass of gas
molecules adsorbed on the piezoelectric interface.
This is because the thickness and density parameters
of the piezoelectric film are al-
tered by the adsorbed gas mol-
ecules. Tomakeaselectivesensor,
the resonator is modified by add-
ing a chemically selective mem-
brane film on the side exposed to
the gas. Details of the membrane
coated piezoelectric gas sensing
system are illustrated schemati-
cally in Figure 12.2b.

The TFRs are made with
micorlithographictechniques well
known in the microelectronics
industry. A coating of AIN is
deposited as a thin film layer (5
mm thickness) on a silicon wafer
support. The AIN layer is then
coated on one side with a chemi-
cally selective coating or a gas-
specific permeable membrane
layer. The opposite side of the




silicon wafer is then etched to the AIN layer and
subsequently coated with a conductive metal such as
gold. The other side is coated similarly with conduc-
tive metal to provide a small area electrode. Palla-
dium-based coatings are being used for H, detection.
Other coating materials, including soluble polyelec-
trolytes such as poly(vinyl-benzyl-trimethyl ammo-
nium chloride) and polyvinylpyrrolidone, are being
tested for the detection of nitrous oxide.

The sensor system uses reference-indicator TFR
pairs. The reference TFR is coated with a passive
material and the indicator TFR has a chemically
sensitive coating. The two TFRs are used as the
frequency-control elements in separate oscillator
circuits. The signals from the oscillator with the
reference TFR and the oscillator with the analyte-
sensitized TFR are mixed to obtain a difference
frequency. The difference frequency reflects the
changeeffected by themass ofthe selectively adsorbed
gas. Such comparison of the reference and indictor
frequencies largely eliminates the effects of chemi-
cally nonspecific influences such as temperature,
and provides a low-frequency output.
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Figure 12.2b. Thin film resonator sensors.

The ultimate gas sensor system will be composed of

arrays of piezoelectric mass sensors (TFRs) and
electronic readout instrumentation for determina-
tion of the concentrations of several hazardous gases
in the hostile environment of USTs (e.g., H,, N,O,
NH,). Using integrated circuit technology and spe-
cially synthesized surface coatings, small, low cost
sensor systems capable of long term, low mainte-
nance operation are being fabricated as field
deployable prototypes. These sensors can detect
mass loading at extremely low levels (i.e., 2 ng/cm?),
which is well below the mass loading corresponding
to the adsorption of a single molecular layer of the
target gases.

TECHNICAL PERFORMANCE

Prototype hydrogen sensors have been created by
depositing a variety of doped and alloyed palladium
films described in the literature to the surfaces of
quartz crystal microbalances (QCMs). The general
development approach was to first test coatings on
QCMs and then on TFRs. Linear responses over two
orders of magnitude were obtained with a detection
limit of a few ppm. An example set of results is
illustrated in Figure 12.2c.

Importantly, the response of these PdNi coatings to
H, is the result of dissociation and subsequent uptake
of the analyte into the bulk of the coating, whereas the
response to interferences is confirmed to be a surface
adsorption process. Thus, an analysis of the re-
sponses from an array of these sensors with varied
coating thicknesses provides abasis to accountquan-
titatively for the effects of interferences.

PROJECTED PERFORMANCE

Itis projected that the TFR mass sensor arrays will be
able to accurately and reliably detect specific gases
including H,, N,O, and NH,. The goal is detection
sensitivities at the ppm level so that accurate moni-
toring at 15 to 20 ppm is viable with response times
ontheorderof30s. Thedesignisintended toaccount
for various interferences by using sensor arrays with
different thicknesses and different coating materials.
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Figure 12.2¢c. Responses of QCM/PdNi to H, as a
function of film thickness.

Akey challenge is todevelop amethod toaccount for
variable temperature effects.

APPLICABILITY

The thin film resonator technology for gas detection
isapplicable to the detection of specific gasesina gas
mixture. In principle, wherever known chemistry
suggests a chemically selective coating material for
agiven gas, then that gas can be detected selectively.
The gases for which chemically selective coatings
are currently being developed are H,, N,O, and NH,,.

STATUS

This technology is in the laboratory developmental
stage with first field testing planned near the end of
1995. The construction of a laboratory demonstra-
tion system is complete and it is being used in
technology transfer demonstrations.

REGULATORY CONSIDERATIONS

The baseline technology has been in use for target
applications. Therefore, extensive regulatory com-
plications are not anticipated.

POTENTIAL COMMERCIAL
APPLICATIONS

The technology is applicable to field deployable
monitors and for flammable gases and priority pol-
lutants.

BASELINE TECHNOLOGY

The baseline technology tested at the Hanford facil-
ity, only partially solves the monitoring needs at the
USTs. Whitaker cells (the baseline) exhibit the
requisite selectively for H, monitoring. The perfor-
mance of the Whitaker cells is not sufficient; how-
ever, to monitor accurately at the 15 to 20 ppm levels
required for compliance monitoring, and the re-
sponse times (approximately 2 min) are about four
times longer than those needed for reliable assess-
ment of the waste outgassing dynamics. Similar
limitations exist for the monitoring of NH,, where a
photoacoustic cell has been coupled with an infrared
spectrometer. Other conventional approaches have
also been suggested, such as miniaturized gas chro-
matography. This latter approach has prohibitively
high development and operational costs.

INTELLECTUAL PROPERTY

The basic TFR device is covered by U.S. Patent
Number 4,502,932. Several other patent applica-
tions have beenfiled. Licensing arrangements canbe
made through the Center for Advanced Technology
Development, Iowa State University. The contact
person is Kannah Grant, (515) 294-5702.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282
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Principal Investigator

Marc D. Porter

U.S. Department of Energy

Ames Laboratory

Ames, IA 50010

(515) 294-6433; (515) 294-3254 FAX

DOE Project Manager, CMST-CP
Al Tardiff

U.S. Department of Energy

Cloverleaf Building

19901 Germantown Road

Germantown, MD 20874-1290

(301) 903-7670
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FOURIER-TRANSFORM INFRARED PHOTOACOUSTIC
SPECTROSCOPY

DESCRIPTION

Fourier-transform infrared photoacoustic spectros-
copy (FTIR-PAS) is being employed for the quanti-
tative determination of infrared active species in
underground storage tank (UST) wastes at the DOE
Hanford site in Richland, Washington. FTIR-PAS
provides quantitative compositional analysis of the
multiatomic ions and molecular species which are
chemically active components in sludges and solids.
The advantages of FTIR-PAS are that small samples
(milligram size) and little sample preparation are
needed. Thinning or diluting the sample is not
required asin otherconventional spectroscopicmeth-
ods.

Signal generation in FTIR-PAS results from the
absorbed infrared radiation being converted into
heat. The heat produces a thermal wave within the
sample which travels to the surface and transfers to
the surrounding gas in the PAS cell. Thermal expan-
sion of the gas then results in an acoustic wave that is
picked up by amicrophone in the PAS cell. Because
the photoacoustic signal is largely dependent on the
absorption coefficient and thermal properties of the
sample, all that is required to perform quantitative
analysisisasampling geometry thatresultsinsamples
of constant volume and uniform composition. Uni-
form samples for analysis have been produced by
freeze drying to remove interfering water and pre-
vent the soluble components in the simulants from

migrating.

Cost. The cost of the FTIR-PAS analysis instrument -

is approximately $26K.
TECHNICALPERFORMANCE

The FTIR-PAS method was developed with UST
simulants prepared by the Westinghouse Hanford

Company. Emphasis was placed on analysis of
disodium nickel ferrocyanide, sodium nitrate and
sodium nitrite because of the concern for the poten-
tial exothermic reactions occurring between oxidiz-
ers and ferrocyanide containing compounds present
in the tanks. PAS was used as a direct analysis
method for tank wastes because of its capability to
optically interrogate small amounts of intractable
materials which are fairly opaque.

Laboratory Experiments. Samples foranalysis were
prepared by applying a small amount (approxi-
mately 1 mg) of tank waste simulant to a specially
designed sample disk which had a small cavity
allowing a small, reproducible volume of sample to
be acquired. The sample was then freeze dried. After
freeze drying the sample was brought to room tem-
perature, removed, and placed in a desiccator for
analysis.

All data was collected on a Bio-Rad Digilab FTS-60
FTIR spectrometer equipped with a MTEC Model
200 photoacoustic cell. Helium was used as the
purge gas in the photoacoustic cell. Two-hundred
fifty-six scans were accumulated at 2.5 kHz at
8 cm! resolution. Sludge spectra were normalized
against carbon black to account for spectral varia-
tions caused by the infrared source and spectrometer.

Step-scan phase modulation studies were also per-
formed on the FTS-60A. Data were collected at a
mirror velocity of 25 Hz, phase-modulation fre-
quency of 400 Hz, and phase-modulation amplitude
of 2 laser fringes. A simple sample preparation
protocol was then followed and spectra obtained.

Figure 12.3a shows typical photoacoustic spectra of
several tank waste simulants that were obtained.
Sharp absorption bands are observed that can be used
for both qualitative and quantitative analysis. The
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Figure 12.3a. Photoacoustic spectra of different UST
waste simulants.

three formulations (indicated by InFarm, U-Plant,
and T-Plant) differ by the amount of certain compo-
nents as exhibited by the varying intensities of sev-
eral absorption bands in the photoacoustic spectra.
Compositional analysis of the tank waste surrogates
was performed by comparing the absorption bands of
a simulant with those of pure compounds. The
spectra are shown in Figure 12.3b.

The FTIR-PAS was shown to be viable for analysis

of UST waste surrogates for nitrate and nickel ferro-
cyanide within the concentration range of interest.

PROJECTED PERFORMANCE

Not applicable.

Figure 12.3b. Photoacoustic Spectra of a tank waste
surrogate and several pure components which are
present in the surrogate.

APPLICABILITY

FTIR-PAS is applicable to physically and chemi-
cally heterogeneous, chemically active, and radioac-
tive sludges and solids.

STATUS

The photoacoustic detectors used in FTIR-PAS were
beencommercialized by MTEC Photoacoustics, Inc.

REGULATORY CONSIDERATIONS

This technology does notrequire any special permits.
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POTENTIAL COMMERCIAL
APPLICATIONS

FTIR-PAS can be used in industrial applications for
solid-sample analysis, and depth-specific PAS could
also be developed as a new method for gas chroma-
tography detection of compounds that absorb very
weakly in the IR region of the spectrum.

BASELINE TECHNOLOGY

Thebaseline analytical methods include IR transmis-
sion spectroscopy methods such as specular reflec-
tance, diffuse reflectance (DRIFTS), and attenuated
total reflectance (ATR) methods. These methods
typically require extensive sample handling proce-
dures to either thin the sample or to separate compo-
nents before analysis.

INTELLECTUAL PROPERTY

FTIR-PAS was commercialized by MTEC
Photoacoustics, Inc.- the principal producer of
photoacoustic detectors worldwide.

For more information, please
contact:

Center for Environmental

ManagementInformation
1-800-736-3282

Principal Investigator

John McClelland

Ames Laboratory

B27 Spedding Hall

Iowa State University

Ames, IA 50011-3020

(515) 294-7948; (515) 294-3226 FAX
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DOE Project Manager
Al Tardiff

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7670

Industrial Partner

MTEC Photoacoustics, Inc.
P.O. Box 1095

Ames, JA 50014

(515) 292-7974
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IMAGING THROUGH OBSCURATIONS DURING
SLUICING OPERATIONS

DESCRIPTION

Three candidate methods for viewing through
obscurations such as fog and water droplets that can
occur during waste tank remediation efforts were
evaluated. Workspace images guide the movement
of remediationequipment, creating aneed for rapidly
updated imaging capability, in near real-time. Opti-
cal, acoustic, and radar imaging techniques that
provide high-resolution, three-dimensional images
were evaluated.

The waste tank remediation work being conducted at
the DOE Hanford site in Richland, Washington, was
used as a model for the requirements of a viewing
system. A test chamber was fabricated to test the
candidate methods. The chamber consisted of four
sections of fiberglass tube, 3 ft in diameter and 10 ft
long. The adjacent tube sections were attached to
each other using a rubber clamp and a sheet metal
clamp. Thus, the test chamber was 40 ft long with
open ends so the instruments and target could be
mounted without getting wet. A pump and an air
compressor fed water and air through piping at the
top of the test chamber to spray nozzles within the
chamber. Three sets of changeable nozzles were
used for the tests: one set of nozzles produced 25
micron size particles (fog) at a flow rate of 0.05 gal/
min, a second set of nozzles produced 700 micron
size particles (water droplets) at aflow rate of 0.5 gal/
min, and a third set of nozzles produced 1,100 micron
size particles at a flow rate of 1.7 gal/min.

TECHNICAL PERFORMANCE

Of the three imaging techniques tested, the sensors
operating with millimeter waves (94 GHz) were best
able to penetrate the fog/water droplets. Signal loss
ranged from 0.015 db/ftin 25 micron diameter fog to
0.110 db/ft for 1,100 micron diameter water par-
ticles. Signals were measured 30 db - 40 db above
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noise, using a high-reflecting target. In addition, the
millimeter wave sensor was not affected by increas-
ing the conductivity of the fog/water droplets. The
antenna used for these tests was small (1" Wx 1" H
x 3" L) and could be placed on a scanner to obtain the
desired images.

Video imaging was not able to penetrate the thickest
fog/water droplets; however, itis theleastexpensive,
would require the least amount of technical develop-
ment, and can be used when the fog/water droplets
are not as dense.

Laser range gating was successfully used for imag-
ing through murky water; however, no system is
commercially available system that is able to operate
at the short target distances that will occur in a waste
tank.

Infrared optical techniques do not appear viable for
viewing through obscurants during a sluicing opera-
tion. Although infrared detectors did operate in
thicker fog than visible techniques, they exhibited
higher attenuation in water droplets.

The selection of the best method for viewing through
fog/water droplets in a waste tank depends on the
specific waste tank conditions such as the density of
the fog/water droplets.

Acoustic sensors would need to be operated athigher
power to be used for this application. At 215 kHz,
75% of the power of the beam would be lost in the fog
in the round-trip travel to a target 80 ft away.

Table 12.4 summarizes the results of the study. The
results are stated interms of a "figure of merit," which
is the ratio of the distance to the target where the
target is just visible using the stated detection/illumi-
nation method to the distance at which the target is
barely able to be seen by the naked eye. If the figure
of merit is greater than unity, then the target can be




Table 12.4. Comparison of test results with different sensors.

Figure of Merit
Sensor Wavelength Notes
(Microns) 40 ft Target Distance 80 ft Target Distance
Particle Size (micron) Particle Size (micron)
25 700 1,100 25 700 1,100
Optical Sensors
CCD 0.4-1.1
Backlighted 0.67 0.59 0.39 - -~ -— 1,2
Frontlighted 1.00 >0.67 >0.50 1.01 0.55 0.49 1,3
CID 0.4-1.1
Backlighted 0.68 0.51 0.39 - — - 1,2
Frontlighted - 0.51 0.46 - - — 1,3
Intensified 0.4-1.1 - - - - — -— 1,4
Contrast Enhanced 0.4-1.1
Backlighted 0.82 >0.67 >0.50 - - - 1,2
Frontlighted 1.29 >0.67 >0.50 1.29 0.93 0.78 1,3
Laser Rangefinder 0.83 0.73 0.33 0.30 - - - s
Photoconductive 0.4-2.2 0.56 0.51 - - - — 1,6
In-Sb 2.0-5.6 1.18 0.30 0.30 0.85 0.31 0.21 7,9
Hg-Cd-Te 3.2-5.6 0.75 0.19 0.24 0.50 0.12 0.07
Hg-Cd-Te 8-12 1.43 0.23 0.14 2.00 0.24 0.15 7,9
Acoustic Sensors
Electrostatic 6,600 (50 kHz) - - - - - - 10
Piezoelectric 6,600 (50 kHz) - — - - - — 10
Piezoelectric 1,500 (215 kHz) - - - -— - — 11
Millimeter Wave
Sensors
94 GHz 3,190 >2.67 >0.67 >0.50 - - - 12
Notes
1. The target for the tests in the visible region was an oxidized steel plate with a reflectivity of 25% and illuminated with 38 ft-c.
2. Backlighting at 80 ft could not be accomplished with the test set-up.
3. The visual range with frontlighting will decrease as the intensity of the light source increases.
4. Image blooming occurred with the image intensified camera.
5. Backscatter from the fog/water droplets resulted in the loss of range data but images were obtained providing water droplets were
at least 16 ft from the rangefinder.
6. An arc lamp was used as the light source in testing this camera. There was no change in the visibility range of the fog/water
droplets when the image was viewed in the near infrared.
7. Detector is cooled with liquid nitrogen.
8. Detector is thermoelectrically cooled.
9. This is with target at 10°F above ambient. The target will be visible through denser fog/water droplets as the target temperature
increases.
10.  The 50 kHz acoustic sensor is affected by noise of air/water movement.
11.  The commercial acoustic sensor that was tested did not have enough power to penetrate the fog. Tests indicate that this acoustic
sensor would lose 75% of its power traveling to and from a target at 80 ft.
12. The mm-wave sensor was able to penetrate the thickest fog/water droplets produced by the test chamber. Attenuation was
measured to be 1-8 db for a target at 40 ft.
detected at a greater distance than it can be seen PROJECTED PERFORMANCE

visually. The higher the figure of merit, the better the
method is for imaging through fog/water droplets.

Cost. 1t is estimated that the hardware to develop a
millimeter wave system to be placed in a waste tank
would cost (unburdened) approximately $100K-
$125K. Additional costs include the deployment
system, and labor for assembling, testing, and de-
ploying the system.

In FY 1995, a millimeter wave imaging system will
be developedto provide a system that may be used by
tank operations. The millimeter wave imaging sys-
temis expected save a substantial amount of time and
money for remediation of tank wastes.
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APPLICABILITY

The viewing systems tested are applicable to viewing
through obscurations such as fog and water droplets
that can occur during waste tank remediation efforts.

STATUS

Test results from the experiments performed will
provide the basis to determine the best method to
view through fog/water droplets in a waste tank
during a sluicing operation.

REGULATORY CONSIDERATIONS
The technology does not require any permits.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology has potential commercial applica-
tions in surveillance (e.g., police, border patrol),
collision avoidance (e.g., robots, vehicles), and re-
mote detection of objects.

BASELINE TECHNOLOGY

There is no baseline technology with which to com-
pare. At present, because of the closed environment
in which the tank waste remediation effort is con-
ducted, a substantial amount of time is needed to
clear the atmosphere so that the effect of the
remediation effort can be determined. During this
time, labor costs continue and equipment is being
exposed to the hazardous environment. In addition,
safety can be jeopardized because the remediation
operation is not being viewed in near real-time.

INTELLECTUAL PROPERTY

None.
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For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator
Douglas McMakin

Pacific Northwest Laboratory
P.O. Box 999, MS K5-25
Richland, WA 99352

(509) 375-2206

DOE Project Manager
Al Tardiff

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-12950
(301) 903-7670
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IN-TANK INTERFACE DETECTION USING TIME DOMAIN
REFLECTOMETRY

DESCRIPTION

Time Domain Reflectometry (TDR) is a cost-effec-
tive means of monitoring liquids in waste tanks at the
DOE Hanford Site located in Richland, Washington.
Of the 150 underground storage, single shell tanks
(SSTs) at the Hanford Site, at least half are assumed
or known leakers with no sufficient level detection
beingemployed. Afterstabilization by removing the
free liquid volume, the interstitial liquid in the rem-
nant salt cake is a persisting potential for leakage,
moreover, current level detection methods for the
remnant pore volume liquid are not viable. Success-
ful application of TDR level detection to this situa-
tion would be a significant accomplishment.

WASTE LIQUID LEVEL/SLUDGE-SALT CAKE
CHARACTERIZATION
USING TDR

COAX CABLE
RISER

" . ” . -
IR I e .

WASTETANK =
ORGANICLAYER _
FIBER GLASS AIR TUBE

— ———— St gt
LIQUID LEVEL

"7 AQUEOUS® .- -

Figure 12.5a. Waste liquid level/sludge-salt cake
characterization using Time Domain Reflectometry.

Computer controlled TDR is the most advanced and
safest method of liquid level detection for hazardous,
high value, or highly sensitive liquids. TDR is an
internal radar system using radio frequency (RF)
cable. Impedance dicontinuities such as an air/liquid
interface, cause reflections of the interrogation sig-
nal. A receiver detects the small signals created by
the reflections and measures travel times. Both the
interrogation signal travel time and the reflection
“flight time” are measured. The total signal “flight
time” is proportional to distance and this distance can
be translated to a measurement of the liquid level.

The receiver is a digital oscilloscope and, therefore,
has the capability of measuring precise times. Any
spurious reflection noise will not affect the applica-
tionbecause athreshold amplitude canbe preset such
that only signals above this level will be considered
for travel time measurements. This adjustable pa-
rameter enables the system to also distinguish be-
tween different impedance discontinuities and
therefore separates reflections caused by calibration
targets and other interfaces from the desired liquid/
air interface. The digital oscilloscope is computer
controlled via the IEEE 488bus. The computer
converts the oscilloscope readings to liquid level.

Figure 12.5a shows how the TDR is applied through
a tank riser to measure the liquid level. The probe
consists of astainless steel (SS)rodinside aperforated
SS pipe. Therod is welded to the bottom of the pipe
and extends through a gas tight insulating bushing at
the top and terminates in a standard type “N” RF
connector. An RF transmission line connects the
probe to the TDR electronics.

Any problem with the interconnecting coax can be
determined (shorts, opens and their position).
Software development has integrated computer
controlled microwave coaxial switches into the
existing equipment. This allows the multiplexing of
several probes to one system of TDR electronics. A
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failure of the TDR will be instantly sensed by the
computer, as well as any drift that causes an out of
tolerance reading of the distance between the
calibration targets. The computercanalsoperiodically
scan the length of the coax for any indications of
cable damage or degradation.

The system is self calibrating and not subject to
unknown or slow drift. No flowing gas is required;
therefore, accuracy is not affected by changes in
headspace pressure, liquid density or conductivity,
barometric pressure, temperature, contaminants in
the liquid, radiation levels, or by corrosiveness or
reactivity in the liquid.

TECHNICAL PERFORMANCE

The TDR is unaffected by radiation, temperature,
pressure or liquid composition. The probe can
function in the liquid or possibly inside the liquid
observation wells (LOWS) present in the Handford
tanks. Tests with a laboratory twin lead probe in a
LOW mock up showed that the configuration can

detect liquid outside the LOW with surprising accu-
racy (see Figure 12.5b). Forstaticorslowly changing
levels, accuracy approaching 0.01" is achievable.
This finding is very encouraging because of the
possibility that interstitial water in salt cake can be
monitored in the Hanford tanks using their LOWs.

1994 Accomplishments. Several probe configura-
tions were designed and tested. These included both
coaxial and twin lead probes with calibration
discontinuities. An improved constant impedance
connector was also fabricated. A microwave coaxial
relay was integrated into the system along with the
controlling software permitting multiplexing up to
six probes to a single TDR electronics system. The
Savannah River TNX single probe system was up-
graded using the improved connector design with
twoadditional probes forasystemtotal of three. Two
organic/aqueous decanters and one organic hold tank
are continuously monitored at present by the TNX
probe. Now that the aqueous level has been deter-
mined, the organic thickness can also be determined
based on the aqueous information not previously

available. The TDR infor-

Twin Lead Laboratory Probe
Data Collected with Cathetometer
16 Averages, Standiard Deviation .091°

y=-83436 + 1.307T1e + 10x R*2x 1.000

Centimeters

T

L3 L3 ¥
7.008-3 8.00e-9

r—T T
9.00e-9 1.0008 1.10e-8 12068 1.30e-8 Seconds

mation is the controlling
factor in the process. The
probetestsdetermined that
atwin lead probe was best
suited for use in Hanford
SSTs.

Cost. Costestimates were
not available at this writ-
ing.

PROJECTED

PERFORMANCE
Laboratory LOW
Tests will be performed
with waste simulants (with
different moisture con-
tents) in a Hanford waste
tank mockup. Tests with

GFX.95-0190

Figure 12.5b. Twin lead laboratory probe data collected with cathetometer.

neutron and electromag-
netic (eddy current) mois-
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ture measurement devices will also be performed
under the same conditions by Hanford personnel so
the results can be directly compared.

APPLICABILITY

This technology is applicable to the measurement of
liquid levels (and presumably solids levels) in any
tank, above ground orunderground by measuring the
location of a microwave impedance discontinuity.
Animpedance discontinuity can result fromaliquid/
air interface or a liquid interface if the densities are
significantly different. The TDR probe is unaffected
byradiation, temperature, pressure, orliquid compo-
sition. The TDRs can also be applied to measure the
liquid level of pores in the solid phase.

STATUS

This technology has been prototyped in as much as it
was used at the Savannah River Site in the K reactor
before its shut down. For simple liquid-in-tank
applications, the technology is available; however,
for more complex applications such as the Hanford
application (liquid level in porous material with
limited access to storage tanks), TDRs have only
been tested at the laboratory scale.

REGULATORY CONSIDERATIONS

Contact the principal investigator for regulatory in-
formation.

POTENTIAL COMMERCIAL
APPLICATIONS

This technology could potentially be used in the

chemical and petrochemical industries to measure -

and monitor liquid levels, especially in critical safety
or highly valued chemical applications. Itcould also
be applied in boiling water nuclear reactor applica-

tions or other critical coolant applications in the -

nuclear industry.

BASELINE TECHNOLOGY

There is nobaseline technology for the monitoring of
liquid levels in the pores of salt cake.

INTELLECTUAL PROPERTY

Contact the principal investigator for intellectual
property information.

For more information, please
contact:

Center for Environmental

Management Information
1-800-736-3282

Principal Investigator

Hilton R. Tilley, Sr.

Westinghouse Savannah River Company
Aiken;SC 29808

(803) 725-1876

DOE Project Manager
Al Tardiff

U.S. Department of Energy
Cloverleaf Building

19901 Germantown Road
Germantown, MD 20874-1290
(301) 903-7670

REFERENCES

None.
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13.0 ADDITIONAL TECHNOLOGY INFORMATION

The DOE Center for Environmental Management Information

The DOE Center for Environmental Management Information provides environmental restoration and waste
management information through a variety of electronic sources and through technical and nontechnical
documents, visuals, videos, periodicals and news articles. By dialing one of the numbers listed below, a caller
can obtain facts and details related to DOE Environmental Management programs.

Toll-Free Number: 1-800-7-EM DATA  Monday - Friday 9 am. - 7 p.m.
(1-800-736-3282) Eastern Time

In Washington, DC: 202-863-5084

The DOE EnvirocTRADE® Information System

EnviroTRADE® (Environmental Technologies Remedial Actions Data Exchange) is an international
environmental information system that matches environmental needs with potential technological solutions
(and vice versa) by combining state-of-the-art information management techniques, graphical user interfaces,
and geographical informations system (GIS) capabilities. The EnviroTRADE®information system contains
profiles on domestic and foreign environmental restoration and waste management technologies.
EnviroTRADE® may be accessed via the Internet at th283e URL: http://ramah.geoid.sandia.gov

The CMST Catalogue Internet Homepage
Information about the DOE Office of Science and Technology Characterization, Monitoring, and Sensor
Technology Crosscutting Program is available on the Internet at the URL address: http:/cmst.ameslab.gov/

cmst/homepage.html. The CMST Catalogue can be accessed under the "Reports and Publications" heading
on the homepage.
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14.0

ACRONYMS AND INITIALISMS

3D-ICAS
A&PCT
AA
AM
AMs
ANET
API
ARA
ASTM
ATR
B&W
BAT
BIR
CAAA
CAMs
CCDh
CDIF
CEM
CFCs
CLP
CLR
CLVS
CMW
CP
CPAC
CPT
CRADA
CRC
CT
CTP
CTS
Ccw
Ccw
CWL
D&D
D-B
DAC
DAS
DCBF
DIN
DNA
DNAPLs

Three-Dimensional Integrated Characterization Archiving System
Active and Passive Gamma-ray Computer Tomography
Atomic Adsorption

Acquisition Interface Module

Arm Monitors

Active Nitrogen Energy Transfer
Associated Particle Imaging

Applied Research Associates, Inc.
American Standard Testing Methods
Attenuated Total Reflectance

Babcock & Wilcox

Best Available Technology
Bio-Imaging Research, Inc.

Clean Air Act Amendments

Continuous Air Monitors

Charge Coupled Device

Component Development Integration Facility
Continuous Emission Monitoring
Chlorofluorocarbons

Certified Laboratory Procedure
Coherent Laser Radar

Coherent Laser Vision System

Charles Machine Works Inc.

Cone Penetrometer

Center for Process Analytical Chemistry
Cone Penetrometer Technology
Cooperative Research and Development Agreement
Coleman Research Corporation
Computer Tomography

Cold Test Pit

Calibration Transfer Standard

Chemical Weapons

Continuous Wave

Chemical Waste Landfill
Decontamination and Decommissioning
Dielectric Barrier

Derived Air Concentration

Diode Array Spectrophotometer
Dichlorodibenzofuran

Direct Injection Nebulizer

Deoxyribo Nucleic Acid

Dense Nonaqueous Phase Liquids
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DoD
DOE
DOF

DR
DSITMS
DST
EDTA
EM
EnviroTRADE
EPA
ERT
FEMP
FTAM
FTIR
FTIR-PAS
FUSRAP
GC
GC/MS
GIS
GPER
GPS
GRASS
GROs
HDBL
HEPA
HMs
HPGe
HRM
HVAC
ICAP
ICP-MS
ICPP
INEL
ISDRNC
ISGRS
ISURF
ITMS

LA-ICP-AES/MS

LASS
LDPE
LIBS
LLD
LLNL
LNAPLs
LOWs
LRAD

Department of Defense

Department of Energy

Degrees of Freedom

Digital Radiography

Direct Sampling Ion Trap Mass Spectrometry
Doubled-Shell Tank

Ethylenediamine Tetraacetate

Electromagnetic

Environmental Technologies Remedial Actions Data Exchange
Environmental Protection Agency

Electrical Resistance Tomography

Fernald Environmental Management Project
Flow-Through Alpha Monitor

Fourier Transform Infrared

Fourier-Transform Infrared Photoacoustic Spectroscopy
Formerly Utilized Sites Remedial Action Program
Gas Chromatograph

Gas Chromatography/Mass Spectrometry
Graphical Information System

Geophysics Performance Evaluation Range
Global Positioning System

Geographical Resource Analysis Software System
Gasoline Range Organics

Hybrid Directional Boring and Logging

High Efficiency Particulate Air

Hand Monitors

High Purity Germanium

Home Radon Monitor

Heating, Ventilating and Air Conditioning
Inductively Coupled Argon Plasma

Inductively Coupled Plasma-Mass Spectrometry
Idaho Chemical Processing Plant

Idaho National Engineering Laboratory

In Situ Determination of Radionuclide Contaminants
In Situ Gamma-Ray Spectroscopy

Iowa State University Research Foundation

Ion Trap Mass Spectrometer

Laser Ablation-Inductively Coupled Plasma-Atomic Emission
Spectrometry/Mass Spectrometry

Laser Spark Spectroscopy

Low-density Polyethylene

Laser-Induced Breakdown Spectroscopy

Lower Level of Detection

Lawrence Livermore National Laboratory

Light Nonaqueous Phase Liquids

Liquid Observation Wells

Long-Range Alpha Detection
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MCT
‘MDL
MDLEST

MDMI
MMES

MSL
MTA
MVS
NDA
NDE
NIR
NIST
OFFE
ORNL
OSHA
PAS
PAWS
PCBs
PCDF
PCE
PCM
PGNAA
PID
PLFA
PMT
PNL
POLO
PRDA
PSI
PTFE
PVC
RCRA

RGS
RH
RQM
RRDEC
RSD
RSSAR
RTML
RTR
RWMC
S/N

Mercury Cadmium Telluride
Method Detection Limit

Mobile Demonstration Laboratory for Environmental Screening

Technologies

Monodisperse Dried Microparticulate Injection
Mid-Infrared Reflectance

Martin Marietta Energy Systems

Most Probable Number

Mean Sea Level

Magnetometer Towed Array

Molecular Vibrational Spectroscopic
Nondestructive Assay

Nondestructive Evaluation

Near-Infrared Raman

National Institute of Standards and Testing
Office of Federal Facility Enforcement

Oak Ridge National Laboratory

Occupational Safety and Health Administration
Photoacoustic Spectroscopy

Portable Acoustic Wave Sensor
Polychlorinated Biphenyls

Polychlorinated Dibenzofuran
Tetrachloroethylene

Post-Closure Monitoring

Prompt Gamma Neutron Activation Analysis
Photoionization Detector

Phospholipid Fatty Acid

Photomultiplier Tube

Pacific Northwest Laboratories

Position Location

Program Research and Development Agreement
Physical Sciences, Inc.
Polytetrafluoroethylene

Polyvinyl Chloride

Resource Conservation and Recovery Act
Radio Frequency

Rocky Flats Plant

Rapid Geophysical Surveyor

Relative Humidity

Routine Quarterly Monitoring

Radon/Radon Daughter Environmental Chamber
Relative Standard Deviation

Rapid Surface Sampling and Archival Record
Rapid Transuranic Monitoring Laboratory
Real-Time Radiography

Radioactive Waste Management Complex
Signal/Noise
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SA Stripping Analysis

SAW Surface Acoustic Wave

SDA Surface Disposal Area

SDPP Soil Decontamination Pilot Plant

SEA Science and Engineering Associates, Inc.
SEG Scientific Ecology Group, Inc.

SERS Surface Enhanced Raman Spectroscopy
SGI Sol-gel Indicator

SGS Segmented Gamma Scanning

SNL Sandia National Laboratories

SOP Standard Operating Procedure

SPECT Single Photon Gamma-ray Emission Computer Tomography
SRS Savannah River Site

SRTC Savannah River Technology Center

SS Stainless Steel

SST Single-Shell Tank

STI Sewage Treatment Incinerator

STNG Sealed Tube Neutron Generator

SVOC Semivolatile Organic Compound

TCA Trichloroethane

TCE Trichloroethylene

TCL Target Compound List

TD Thermedics Detection

TDR Time Domain Reflectometry

TEAM Toxic Emission Air Monitor

TFR Thin Film Resonator

TIP Technical Integration Program

TIRES Transient Infrared Emission Spectroscopy
TIRTS Transient Infrared Transmission Spectroscopy
TRU Transuranic

TSCA Toxic Substances Control Act

TWA Total Weighted Average

UCAP Unlined Chromic Acid Pit

UFA Unsaturated Flow Apparatus

UST Underground Storage Tank

VES Vapor Extraction System

VOC Volatile Organic Compound

VOST Volatile Organic Sampling Train

WDC Water Development Corporation

WIT Waste Inspection Tomography

WPCF Water Pollution Control Facility

XRF X-Ray Fluorescence

ZTL Zero-Tension Lysimeter
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MS 0727 Tom Sanders, 6404

MS 0756 George Allen, 6610

MS 0756 Reeta Garber, 6610

MS 0746 Charlene Harlan, 6613
MS 0722 Mark Harrington, 6614
MS 0719 Thomas Burford, 6621
MS 0719 Jennifer Nelson, 6621
MS 1335 Margaret S.Y. Chu, 6622
MS 0719 Cecilia Williams, 6621
MS 9018 Central Tech Files, 8523-2
MS 0899 Tech Library, 4414

MS 0619 Print Media, 12615

MS 0100, Document Processing, 7613-2
For DOE/OSTI

MS 0761 R.V. Matalucci, 5822



