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SUMMARY 

This report presents a catolog of existing and emerging technologies that may be applicable 
for the detection of liquid leaks in the unsaturated subsurface extemal to storage and transfer 
facilities. The catalog was developed with the needs of the Hanford Site in mind, primarily 
those of tanks farms. The needs for external leak detection for other Hanford facilities were 
also considered (e.g., retention basins, pipelines). 

A total of 29 technologies is described and rated in a Microsoft@ Excel spreadsheet provided 
with this report. These technologies can be divided into the following groups: 1) borehole 
geophysics, 2) surface geophysics, 3) borehole.to.borehole geophysics, 4) soil moisture 
instrumentation, 5) in situ sensors, 6) moisture removal and analysis, and 7) vapor extraction 
analysis. General descriptions of these groups and the evaluated technologies are provided in 
the text. 

The ratings are grouped into four categories: 1) technical feasibility, 2) implementation 
feasibility, 3) environmentaVregulatory feasibility, and 4) economic feasibility. Evaluations 
are based on a literature review and conversations with vendors and independent technical 
experts. 

In order to limit the number of technologies addressed in this catalog, several technologies 
applicable to leak detection were not addressed. These include internal leak detection, the use 
of tracers, and the use of sensors specific for volatile hydrocarbons. 

Several promising technologies have been identified for use at tank farms; however, more 
development may be necessary before implementation. Several technologies were identified 
that might provide improvements in external leak detection at other Hanford facilities. 
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1.0 Introduction 

The U.S. Department of Energy's (DOES) Hanford Site in southeastern Washington State 
(Figure 1) was acquired by the federal government in 1943 and for many years was dedicated 
primarily to the production of plutonium for national defense and the management of the 
resulting wastes (Woodruff et al. 1993). During the history of the Hanford Site, many 
structures were built that stored and transpurted liquids used for the production mission; 
some of these structures are still active. Active structures include underground storage tanks 
(single-shell tanks [SSTs] and double-shell tanks), retention basins, and pipes and pipelines. 
Many of the liquids stored and transported in these structures are potentially hazardous to 
human health and the environment. Any leakage of liquids from active structures, in 
addition, has the added potential to mobilize contaminants in the unsaturated zone. 
Therefore, it is beneficial to monitor these structures for leaks. 

The purpose of this report is to catalog existing and emerging technologies that have 
potential for the external monitoring of liquid leaks. The report will focus primarily on the 
needs at the Hanford Site tank farms that are located in the 200 Areas (Figure l), but will also 
be relevant to other Hanford Site facilities. Leak detection systems, both external and 
internal, are currently used at some Hanford facilities, and their use will be reviewed in 
Section 2 of this report. This report focuses on the detection of leaks as they migrate into the 
soils surrounding the facilities. 

Section 3 discusses the technical approach used to develop the external leak detection 
technology catalog and describes the methods used to identify and report on the 
technologies. There is a large body of literature on external leak detection from 
underground storage tanks (USTs). To keep this catalog focused, several major assumptions 
were made to exclude several families of technologies. These assumptions are detailed in 
Section 3. Additional assumptions on the physical size of the facilities and the leaks detected 
are also described in this section. 

Section 4 discusses the spreadsheet that summarizes the results of this effort. A description of 
the spreadsheet is included along with a discussion of the results. The promising technologies 
were divided into seven families. The general characteristics of each family are described 
along with their pros and cons, and a brief description of each technology is included. 
Several technologies were removed from the spreadsheet because of implementation issues. 
These technologies are described, and the reasons for exclusion discussed. 

Section 5 lists the candidate technologies found for external leak detection. The principle of 
operation for each and advantages and disadvantages are discussed. 

Section 6 summarizes the results of this project. The most promising technologies are listed, 
and recommendations for additional work are included. The Appendix contains digital and 
hardcopy versions of the technology spreadsheets. 

This report was completed in a limited amount of time and, as such, it represents an initial 
attempt to catalog and evaluate external leak detection technologies. 
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FIGURE 1. Hanford Site Location Map 
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2.0 Overview of Currently Employed Leak Detection Systems 

Leak detection technologies have developed into a mature industry. Most of these 
technologies were developed for one of two types of structures, 1) underground storage tanks 
(containing primarily petroleum products), or 2) utility pipelines (for natural gas or water). 
Leak detection for USTs is regulated under the Resource Conservation and Recovery Act 
(RCRA) and is administered by the U S .  Environmental Protection Agency. Individual states 
also regulate these tanks. Such regulations do not yet apply to long pipelines; however, 
prudent pipeline operators are using leak detection technologies to reduce financial and 
environmental liability. 

2.1 Federally Mandated Leak Detection Systems for USTs 
There are several million UST systems in the United States that contain petroleum or 
hazardous chemicals. Tens of thousands of these USTs, including their piping, are currently 
leaking. Many more are expected to leak in the future (EPA 1990). Leaking USTs can 
cause fires or explosions that threaten human safety. In addition, leaking USTs can 
contaminate nearby groundwater. Because much of the U S .  population depends on 
groundwater for potable water, in 1984 the federal government responded to the problem of 
leaking USTs by adding Subtitle I to RCRA. Subtitle I requires EPA to develop regulations 
to protect human health and the environment from leaking USTs. 

UST regulations developed by the EPA define two categories of USTs: 

USTs installed after December 1988 (new) must meet the requirements for new 
USTs concerning correct installation, spill and overfill prevention, corrosion 
protection, and leak detection 

USTs installed before December 1988 (old) must meet requirements for corrosion 
protection and spill and overfill protection, and they must meet leak detection 
requirements. 

EPA requires that new tanks are checked at least once a month for leaks. One (or a 
combination) of the following monthly monitoring methods must be used: 

Automatic tank gauging 

Monitoring for vapors in the soil 

Interstitial monitoring 

Monitoring for liquids on the groundwater 

Other approved methods. 

Leak detection requirements are being phased in for old USTs. The operators of these tanks 
have three basic techniques for ensuring that their tanks are monitored at least monthly: 

For USTs that have corrosion protection or internal tank lining and devices that 
prevent spills and overfills, a combination of monthly inventory control with tank 
tightness testing every 5 years 
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For USTs that do not have corrosion protection or internal tank finimg and devices 
that prevent spills and overfills, a combination of monthly inventory control with 
annual tank tightness testing 

Any of the monitoring systems described previously for new tanks. 

EPA requirements for both new and old tanks do include external monitoring of Ieaks 
through 1) the monitoring of vapors in the soil, and 2) monitoring for &pi& on the 
groundwater (Figure 2). Because of the need to install monitoring equip- in the large 
inventory of existing USTs, EPA has aided tank operators by publishing surveys and 
reviewing available external leak detection technologies available from ve*rs (Eklund and 
Crow 1988, EPA 1988). 

Vapor - Monitoring 
I I in thesoil 

E- 

- IT 

Figure 2. Underground Storage Tank System with Monitoring Wells (EPA 1989) 

The external leak detection systems for USTs can be divided into four categories (Eklund and 
Crow 1988): intermittent liquid-phase detection, intermittent gas-phase detection, continuous 
liquid-phase detection, and continuous gas-phase detection. An examination of vendor 
survey data by Eklund and Crow (1988) yielded the following information: 

Commercial external leak monitors are designed primarily to detect leaks or spills 
of petroleum hydrocarbons 
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Most leak monitoring devices do not measure leak rates, although some devices 
(gaseous detectors) are capable of measuring hydrocarbon concentrations 

No uniform performance specifications exist for external leak monitoring devices 

Most leak monitoring systems require the installation of observation wells or 
boreholes 

Most leak monitoring systems can be retrofitted at existing UST installations 

Intermittent monitoring techniques are more labor-intensive than continuous 
techniques, but may be more reliable. 

The first point is very important: commercially available leak detection systems are designed 
to detect petroleum hydrocarbons, not other products. Thus, much of the available 
technology may not be applicable to the materials stored and transported in Hanford Site 
facilities. 

2.2 Leak Detection for Pipelines 
There are few regulations pertaining to the establishment of leak detection systems for 
pipelines. Nevertheless, leak detection systems are currently employed for gas, water, and 
sewer pipelines. These leak detection systems include: 

Mobile surveys using portable instruments (e.g., flame ionization detector, 
combustible gas indicator ([Hennigar 19931) 

"Smart pigs" (monitoring within pipelines) 

Vapor monitoring adjacent to pipelines via dry wells (Raisanen 1991) 

Acoustic sensors (Fuchs and Riehle 1991, Kupperman 1990) 

Fiber optic acoustic sensor (Kurmer et al. 1993) 

Infrared thermography (Anon. 1989, Weil 1992) 

Ground penetrating radar (Graf 1990) 

Perfluorocarbon tracers (Dietz 1992). 

2.3 Leak Detection at the Hanford Site 
The Hanford site is a large DOE production facility that has been active since 1944. Its 
primary mission has been the production of plutonium, a process that has employed many 
structures that store or transport liquids. Currently, active structures include: 

Pipes and pipelines 

Above-ground tanks for chemicals 

Underground storage tanks for high level wastes and other liquids 
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Water treatment facilities 

Retention basins 

Storage pads 

Burial trenches 

Vaults. 

Some of these structures have the potential for leakage, and external leak detection systems 
may be applicable. External leak detection systems are currently in use for underground 
storage tanks at the Hanford Tank Farms, which contain high-level wastes. 

2.3.1 Hanford Tank Farms 

Hanford Tank Farms comprise 177 underground storage tanks that contain high-level liquid 
radioactive waste. These tanks are grouped into 18 tank farms within the 200 East and 200 
West areas. Of the 177 tanks, 149 are of single-shell design. Sixty-six of the single-shell 
tanks have been classified as suspected leakers (Woodruff et al. 1993). No double-shell tanks 
are known to have leaked. Leak detection systems are in use for both the single- and double- 
shell tanks. These systems are described in detail in WHC (1989) and briefly summarized 
below. 

2.3.1.1 Double-Shell Tanks 

Double-shell tanks use the following leak detection systems: 

Leak Detection Pits that are designed to detect and recover solution leakage through 
the tank's steel liner. Three basic instrument systems are installed in each pit: 1) a 
radiation detection well, 2) instrument dip tubes for weight factor and specific 
gravity measurement, and 3) a thermocouple installed in a well that extends to 
within 3 inches of the bottom of the pit. 

Annulus Leak Detection channel leakage within the annulus to a space where 
conductivity probes are installed. 

Continuous Air Monitors (CAM) that monitor air that has circulated through the 
annulus. Any leaking liquid from the primary (inner) wall would contaminate the 
annulus air with radionuclides, which would activate an alarm. 

2.3.1.2 Single-Shell Tanks 

Single-shell tanks use the following leak detection systems: 

Surface Level Measurements are used for tanks that have liquid surfaces. The level 
is monitored either manually or automatically through the principle of electrical 
conductivity. The manual method uses reel-mounted tape or calibrated insulated 
wire that completes a circuit when the liquid surface is contacted. The automatic 
system uses an electrically driven plummet, and the level is recorded hourly. 

Liquid Observation Wells (LOWS) are fiberglass-cased drywells installed within 
solid-surface tanks that are used to monitor interstitial liquid levels with three probe 
types (gamma, neutron, and acoustic). 
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Drywells are vertical steel-cased boreholes that encircle the tanks and range in depth 
from 75 to 250 feet. There are 768 drywells at tank farms (Boomer et al. 1993), 
and they are monitored with gamma detection probes. The probes provide a 
continuous radiation profile (log) in the ground. The drywells are currently logged 
on schedules ranging from weekly to annually, depending on tank history (Isaacson 
and Gasper 1981). Drywells have also been monitored with a neutron (moisture) 
probe to detect possible changes in moisture levels in the soil. 

The most commonly used gamma detection probe measures gross counts. It cannot 
distinguish between different gamma-emitting radionuclides. A high-resolution 
spectral gamma probe (radionuclide logging system [RLS]) has been developed by 
Westinghouse Hanford Company (WHC) and used to characterize some of the 
drywells. Weaknesses with the gross gamma systems currently used for leak 
monitoring have been noted (GAO 1992). Two probes similar to the RLS with 
associated support equipment (truck, cables, computers) have been ordered by tank 
farms. 

* Laterals are horizontal drywells located around 10 feet below the concrete base of 
the tank. They are currently under 15 tanks and are monitored with radiation 
detection probes. 

2.4 Leak Detection at Other DOE Sites 
Leak detection systems are used at other DOE sites. However, only two reports describing 
current systems were received in time for consideration in this report. Neither site uses 
external methods for leak detection. 

Douglas and Maresca (1993) provide a leak detection test plan and schedule for leak testing 
for the active portion of the liquid low-level waste (LLLW) system at the Oak Ridge National 
Laboratory (ORNL). This system entails the movement of low-level aqueous waste products 
through various pipelines and tanks, from a generator facility to a long-term storage facility. 
There are 41 ORNL LLLW tanks in active service; of these, 30 are doubly contained (i.e., the 
tank is in a vault), and 12 are singly contained. The LLLW tanks will be tested monthly using 
volumetric methods or visual inspection techniques. The primary leak detection methods for 
testing the tanks will be the "DP method." This method uses a differential-pressure sensor 
configured as a level sensor (a "bubbler") to sense liquid-level changes within the tank. 

Galloway (1992) discussed conceptual designs and design recommendations for installing 
secondary containment and leak detection systems at three small sumps at the Fluorinel and 
Storage Facility (FAST) at the Idaho National Engineering Laboratory (INEL). The three 
sumps receive various materials from the FAST water treatment process. Currently, none of 
the sumps have secondary containment with leak detection capability. A leak detection pipe 
from the top of the sump provides access to where leaked materials would collect. A leak 
detection device with an alarm will be installed in this pipe. 

2.5 Conclusions 
There is little commonalty between commercially available external leak detection systems 
and the needs at the Hanford Site. This is due primarily to the differences in the materials 
stored. Most commercial systems are sensitive to petroleum hydrocarbons with high vapor 
pressure components (fuel and solvent tanks). Most liquids stored and transferred at the 
Hanford Site do not contain volatile petroleum hydrocarbons. 
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The Hanford Site already has a history of external leak detection. A series of drywells and 
laterals have been installed around the SSTs, and they have been monitored regularly for leak 
detection since the 1970s. The current system does have its limitatiom: I)  the drywells are 
vertical, and because only a few of the SSTs have leak detection u & m *  the tank (laterals), 
leaks as large as 1500 gallons could go undetected (Key 1977); 2) the logging systems 
employed for external leak detection are labor-intensive and do nat prcnkk continuous 
measurements; few wells are monitored more often than monthly (WX 1989); and 3) the 
logging systems employed have been criticized as technically inadequate (GAO 1992). 

The following chapter will discuss the methods used for determining if there are technologies, 
available or emerging, that can be employed to upgrade the existing external leak detection 
systems employed at the Hanford Site. 
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3.0 Technical Approach 

3.1 Methods Employed for Technology Search 
The goal of this report is to identify existing and emerging technologies that could be used 
for external leak detection at the Hanford Site. Available technologies were discovered 
primarily through literature search; emerging technologies were discovered primarily 
through discussions with technical experts and the review of existing DOE proposals. 

3.1.1 Literature Search 

Because the liquids stored and transported at the Hanford Site are commonly not 
representative of those used in commercial industry, this project required a search for 
nonstandard uses of available technologies. The primary source for these technologies was a 
literature search conducted by the Hanford Technical Library (HTL). 

HTL searched through the following databases: 

INSPEC Institution of Electrical Engineers 

NTIS National Technical Info Svcs 

Ei Compendex*Plus Engineering Info. Inc. 

METADEX ASM/Inst. of Materials 

Envirolinel994 CIS, Inc. 

Pollution Abs Cambridge Scientific Abstracts 

TRIS Dialog Info. Svcs. 

Energyline CIS, Inc. 

FLUIDEX Elsevier Science Ltd. 

Energy SciTec 

Pascal INISTKNRS 

TOXLINE Dialog Info. Svcs. 

WATERNET American Water Works Association 

ChemEng & Biotec Abs RoySocChm, DECHEMA, FizChemie 

Scisearch Inst. for Sci. Info 

3American Chemical Society. 

A preliminary count was conducted for articles with the following keywords: 

Pipeline 
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Underground tank 

Storage tank 

Leak 

Detection. 

Almost 3000 relevant articles were found in this initial search, more articles than could readily 
be sorted and ordered for this project. Much of this literature is directed towards the 
detection of leaks from USTs containing petroleum hydrocarbons. Because Hanford Site 
structures do not transport or store significant quantities of these liquids, especially when 
compared to other materials stored at the Hanford Site, the literature search was rerun, and it 
specifically excluded any articles with keywords of "oil" or "petroleum." 

In addition, the search was subdivided into three categories. The first included the additional 
keywords of "Hanfordf and "Richland." Twenty-six articles were found. The second search 
included the additional keywords of "Department of Energy" and "DOE." Twenty-seven 
articles were found; however, 10 discussed Hanford Tank Farms and most of the remainder 
discussed the LLLW at ORNL. The final search did not have any additional keywords, and it 
was limited to the last five years, since 1989. Three hundred sixty-two articles were found. 

3.1.2 Additional Sources of Information 

Additional technologies, especially emerging technologies, were discovered through 
discussions with experts in various technical fields, primarily vadose-zone monitoring, and 
through vendor lists compiled from advertisements. 

Experts consulted included: 

Melvin Campbell (Pacific Northwest Laboratory [PNL]) In Situ Sensors 

Robert Engelman (PNL) Borehole Geophysics 

John Evans (PNL) In Situ Sensors and FluidNapor Extraction 

Glendon Gee (PNL) In Situ Sensors and Soil Moisture Instrumentation 

Norman Harthill (Coleman Energy and Environmental Systems) Geophysics 

Randy Kirkham (PNL) In Situ Sensors and Soil Moisture Instrumentation 

Susan Narbutovskih (WHC) Surface Geophysics and Tomography 

Alan Rohay (PNL) Surface Geophysics* and Tomography 

Robert Riley (PNL) Vapor Extraction 

Gerry Sandness (PNL) Surface Geophysics 

Alan Schilk (PNL) Surface Geophysics 

David Stromswald (PNL) Borehole Geophysics and Vapor Extraction 

Robert Wilson (RUST GeoTech) Borehole Geophysics and Vapor Extraction. 

e 
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Advertisements in several trade journals (e.g., Pollution Engineering, Ground Water 
Monitoring and Remediation) were searched for promising technologies. In addition, 
catalogs of soil testing instrumentation were also searched for available technologies. These 
catalogs included Davis Instrumentation, Soil Test Materials Testing Catalog, Pollution 
Equipment, Ben Meadows Company, and GeoStore Environmentai Testing Equipment. 

3.2 Information Used 
Most articles listed in the literature searches included detailed abstracts, and based on these 
abstracts the articles of interest were further reduced. The following technologies were not 
pursued further: 

" 

1) Pressure testing for leaks 

2) In-tank or in-pipeline detection systems 

3) Volumetric methods for leak detection 

4) Flow and pressure measurements 

5) Inventory methods for leak detection 

6 )  Sensing for volatile vapors 

7) Nondestructive testing of tanks or pipelines (e.g., mag flux, corrosion, acoustic 
waves in pipeline) 

8 )  Tracers for leak detection. 

These technologies were culled because they were either internal systems for leak detection (1 
through 3, they relied on detection of volatile vapors (6) ,  they required intimate contact with 
the storage vessel (7), or they required the addition of chemical tracers (8). The remaining 
articles of interest were ordered from HTL. Approximately 80 articles and patent 
descriptions were ordered. 

3.3 Vendor Survey 
Once a list of technologies was generated, a list of vendors and proposers (for emerging 
technologies) was developed. Appropriate vendors and proposers for each available 
technology were contacted and asked detailed questions about the technologies. Their names 
are included in the survey spreadsheet. 

The survey questions used for each proposer and vendor are described in the following 
section. The results are in the survey spreadsheet in the Appendix, and they are summarized 
in Section 5. 
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4.0 Survey Questionnaire 

4.1 General Discussion 
The results of the survey of technologies for external leak detection are based on a detailed 
set of questions that were applied to each technology. The survey questions were developed 
based on the results of EPA leak detection surveys (Eklund and Crow 1988, EPA 1988), the 
categorization of vadose zone monitoring techniques (Everett 1981, Wilson 1980, Everett et 
al. 1984), and the authors' personal experience. The questions evolved as the survey 
progressed. The answers to these questions form the rows that populate the survey 
spreadsheet in the Appendix. 

The questionnaire was iktially filled out based on available literature (e.g., journal articles, 
patents, brochures, proposals). Follow-up included contacting the vendors or proposers for 
each technology. At least one individual was contacted for each technology, and that person 
or persons are named in the survey spreadsheet. 

The survey questions were divided into six groups: 

General: Provides a short general description of the technology 

Technical Description: Provides a detailed technical description 

Technical Feasibility: Assesses the merits and limitations of the technology 

Implementation Feasibility: Assesses the practicality of implementing the 
technology at Hanford 

EnvironmentaURegulatory Feasibility: Assesses the environmental and regulatory 
limitations towards implementing each technology 

Economic Feasibility: Estimates the costs to implement each technology. 

Most of the survey questions were designed to provide either a binary answer (yesho) or a 
grade of 1 to 5 (with 5 the most desirable). The user will be able to sort the technologies 
based on binary responses and rate them by assigning weights to the grades. 

The survey questionnaire is designed for all appropriate Hanford Site storage and transport 
facilities; however, many of the questions address Tank Farms in particular due to its well- 
defined specifications and documented needs. 

The questions that were asked are detailed below. 

4.2 Detailed Description of Survey 

4.2.1 Assumptions 

To fill out the survey, certain assumptions had to be made about Hanford Site facilities, 
geology, environment, and needs. The appropriate assumptions are discussed in this section. 
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4.2.1.1 SST Assumptions 

The primary focus of this survey is the Hanford tank farms. It was assumed that the typical 
tank is single-shell, 1,000,000-gallon capacity, 75 feet in diameter, with the top 6 feet below 
the surface and the base 50 feet below the surface. 

4.2.1.2 Subsurface Access Assumptions 

The primary access to the subsurface at the Hanford Site is existing boreholes. Tank farms 
currently have more than 700 drywells, and in this survey it is assumed that each tank is 
surrounded by six drywells that are separated from the formation by a single string of 6-inch- 
diameter steel casing. The casing is neither grouted nor is it screened or perforated. There is 
a cement plug at the bottom. Each drywell is 100 feet deep and 5 feet from the edge of the 
tank. The wells are 45 feet apart along the tank circumference. 

An alternative method for subsurface access is the cone penetrometer. This system pushes a 
hollow rod into the subsurface. It is assumed that all pushes are vertical and that the internal 
diameter of the rod is 1.5 inches. 

It is assumed that there are no drilling systems available at the Hanford Site that can routinely 
drill at shallow angles or horizontally. Thus, sensors cannot be emplaced beneath tanks or 
basins. 

4.2.1.3 Hanford Site Soils 

The soils underlying the Hanford liquid and storage facilities are assumed to be part of the 
Hanford formation. They have a moisture content of 5% by volume of the total formation, a 
porosity of 30%, and are a subarkosic sandy gravel. The depth to groundwater is assumed to 
be 200 feet. 

4.2.1.4 Leak Assumptions 

A typical leak is assumed to be a spherical blob 40 feet in diameter (approximately the 
distance between drywells). The leak is assumed to completely saturate the pore space (which 
comprises 30% of the volume). 

The leak is assumed to be the typical interstitial liquid currently within the SSTs as defined by 
Boomer et al. (1993). This material consists primarily of (in descending relative 
concentration) water, Na+, N02-, P04-3, AP3, organic carbon, S04-2, and OH-. The 
radionuclide components of SST wastes consist primarily of fission radionuclides, such as 
90Sr and 13'Cs, and actinide elements, such as U, PU, and Am (Cruse and Treat 1994). 

Since many of the liquid storage and transport structures at the Hanford Site are not at tank 
farms, it is assumed that the primary constituent of all leaks will be water. Tank wastes are 
typically saline with high pH. 

4.2.1.5 Hanford Site Environmental Constraints 

The average surface temperature at the Hanford Site is 53.4' F (Woodruff et al. 1993). The 
typical annual high temperature is 97' F, and the typical annual low is 23" F . The subsurface 
temperature is considered constant at 60" F , although this value may be somewhat higher at 
the tank farms. Surface humidity ranges from 6% to 100%. 
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4.2.1.6 Noise 

Acoustic and electromagnetic noise is present throughout much of the Hanford Site, 
especially at the tank farms. Sources of acoustic noise include vehicular traffic and stationary 
mechanical equipment. Sources of electromagnetic noise include high tension power lines, 
cathodic protection, and radio emissions. 

4.2.2 Survey Section 1: General Information 

The first section of the survey attempts to provide general information that can be used to 
initially focus the technology screening. The section contains: 

Name of Technology 

Source of Information: What individuals provided information on the technology. 

Vendor or Proposer: The vendor or proposer contacted and their employer. 

Principle of Operation: Provides a quick focus on the technology. Is it passive or 
active (interrogates the formation with energy) and is it emplaced at the surface or 
in the subsurface. 

Publications: List of applicable articles whose references are provided in Section 7. 

Service Performed by: Is the detection system performed by a private contractor or 
can Hanford provide it. 

4.2.3 Survey Section 2: Technical Description 

This section provides a description of the technology. The section contains the following 
subheadings: 

Media Monitored: Does the system monitor vapors or liquids? 

Sample/Measurement Volume: Describes the volume of the measurement. A point 
measurement refers to a sampling volume fist-sized or smaller. For a volume 
measurement, two values are provided, one for the volume of an individual 
measurement at a single station, the other the volume that a continuous 
measurement can provide (e.g., borehole geophysical systems can provide a 
continuous log). Two-dimensional images provide the size of a single tomogram 
(assuming the system monitors a Hanford SST). Pixel size provides the area of 
each individual pixel obtained in the tomogram, and the size is a measure of the 
system resolution. The total volume refers to the volume of the entire survey (i.e., 
multiple tomograms). 

How System Detects a Leak: Provides a large series of binary answers that list 
various leak detection technologies. The technologies are divided into passive 
versus active where passive systems do not impart energy into the formation. 

Sampling Interval: Can the sampling instrumentation be left at the site to 
continuously monitor for leaks? If so, what is the minimum time (in hours) 
between measurements and the processing of results. If the system instrumentation 
cannot be left in place, then it samples at discrete intervals. 
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Detection Limit: Lists the lower and upper detection limit of the leak detection 
system. The limit is provided in units that the system measures, which may be a 
value that will have to be converted in order to determine the size of a leak. If the 
lower detection limit is adjustable, it is noted. 

Response Time: Lists the time from immersion of a sensor into a le& until it 
reaches steady state (hours). 

Data Collection System: If the data is collected by a person operating the leak 
detection system, then data collection is considered manual. Automatic data 
collection assumes that the system can record results to a system that can be 
periodically downloaded (e.g., data logger). Remote data collected assumes that the 
data can be sent (e.g., telemetered) to a central facility for processing and 
interpretation. 

4.2.4 Survey Section 3: Technical Feasibility 

This section of the survey provides an interpretation of the leak detection system. It provides 
our best attempt to judge the systems technical merits and weaknesses. The Seetion contains 
the following subheadings: 

e 

e 

Direct versus Indirect Measurement: Does the system detect moisture (a direct 
measurement), or is it sensitive to another physical property that infers moisture (an 
indirect measurement). If the measurement is indirect, the strength of inference is 
assigned a grade. 

Data Ambiguity: How difficult is the interpretation of the data, and how non- 
unique is it? A grade is assigned. 

Level of Development: The first two rows provide a synopsis for the remainder of 
this section. These rows provide a grade for hardware maturity (including software 
control) and data interpretation software maturity. The remainder of the section is 
subdivided into three parts: is the system commercially available and readily 
adaptable for leak detection; is the system in development; or is the system in 
design phase. If the system is commercially available, how many years has it been 
on the market, has it ever been used expressly for leak detection, how reliable is the 
system (grade), and what is the anticipated lifespan of the system (grade)? If the 
system is in development, it is assumed that a prototype has been built. The rows 
address whether the system has been demonstrated, the number of years since 
demonstration (positive value) or the anticipated years until demonstration (negative 
value), the number of demonstrations, a grade for the technical obstacles till the 
system is marketable, and a grade for the anticipated reliability of the system. If the 
system is in design, it is assumed that no prototype has been built. The rows address 
the maturity of design (grade) from concept to laboratory tested subsystems, the 
technical promise (grade), and the anticipated level of effort until demonstration 
(grade that is dependent upon the resources of the proposer or vendor). 

Complexity: A grade is assigned to the complexity of the system hardware, the 
higher the value the less complex. A grade is also assigned to the complexity of the 
software and data interpretation. 

Reliability: System reliability is assigned a grade. The value is based on vendor 
experience, proposer estimates, and system complexity. If one system component is 
notably less reliable, it is named and its anticipated service life in years provided. 

a 
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Interferences: Are there any known interferents that can cause the system to either 
respond positively to a non-existent leak (false positive) or not detect a leak (false 
negative). If so, the potential interferents are listed aped the severity is graded. Note: 
For many of the systems, there is little data about interferents, especially for 
Hanford Site conditions. 

4.2.5 Survey Section 4: Implementation Feasibility 

This section of the survey provides an interpretation of the level of effort to install, maintain, 
and operate the leak detection system at the Hanford Site. This section primarily focuses on 
implementation at Hanford Tank Farms because of its well-defined specifications and 
documented needs. 

Depth Limitations: At what depths do the sensors for the leak detection system 
need to be installed? Surface is down to a depth of 6 inches, shallow subsurface is 
from 6 inches to 3 feet, and the two remaining options are cut off at 50 feet, the 
depth of a typical SST. 

Subsurface Access: If the system requires subsurface access, how is it 
accomplished? The response has been subdivided into boreholes and alternative 
subsurface means. If boreholes are required, then the minimum internal diameter 
in inches is provided. Can the system operate in a cased borehole (Le., the system 
does not require intimate contact with the formation); if so, can the casing be either 
conductive (metallic) or nonconductive (e.g., fiberglass or PVC)? If boreholes are 
used, is screened or perforated casing required? Does the sensor require that the 
casing be yanked for operation? The last rows address whether the leak detection 
system will be operational in existing Tank Farm drywells (described in assumption 
section above). Are modifications to the drywells required and what are they? 
Alternative subsurface methods considered whether the sensors can be installed with 
a cone penetrometer or a backhoe. Cone penetrometer assumes that the 
penetrometer can either deploy sensors into the subsurface or the cone rod or 
alternative casing can remain in place with size limitations noted in the assumption 
section. 

Operational Regions for Tanks: What portions of a SST can the detection 
technology monitor for leaks? The letters within the spreadsheets are keyed to 
Figure 3. It is assumed that there is no currently available method at Hanford to 
deploy sensors beneath a tank or basin, region 4. 

Implementation Specifics: How many sensors or access points are necessary to 
adequately monitor one SST for an external leak? For systems that can use the 
drywells, it is assumed that six access points are adequate (Le., the average number 
of drywells per SST). The depth of the sensor relative to the base of the tank is also 
estimated. 

Utility Service: What are the site power requirements for the leak detection system? 
The three primary responses are 1) no power needed, 2) self-contained power, and 
3) external source required. If the power is self-contained, then what is used: a 
battery, a generator, or a portable air compressor? If an external source is required, 
is it AC or DC and what are the power requirements (watts)? The primary 
consideration for the latter is whether the current grid is sufficient. 

Operating Environment: Will the system be operational in typical Hanford Site 
environmental conditions? In particular, will it operate within the range of typical 
temperature (surface and subsurface depending on implementation scheme), 
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Figure 3. Operational Regions of External Leak Detection Systems for SS'Fs. The letters are 
keyed to the spreadsheets in the Appendix 

surface humidity, and soil moistures encountered at the Hanford Site (ttre values are 
listed in the preceding assumption section)? Also, will the system operate 
effectively in a contaminated Hanford Site environment? The response is divided 
into the effect of radioactivity on the sensor, is the effect of radiation OR the system 
known and what is this level of effect; is the effect of salinity on the s e m r  known 
(e.g., where it is in intimate contact with the formation), and what is the level of this 
effect; is the effect of atypical pH known, and what is the level of effect. 
Assumptions on the range of these physical parameters are provided in Section 
4.2.1 of this report. Note: Many vendors and proposers do not know the effect of 
the Hanford Site environment on their systems, especially radiation. 

Sensitivity to Local Noise: Is the leak detection system sensitive to local acoustic or 
electrical noise, as defined in the earlier assumption section? For many systems a 
simple yes/no answer is not available, so a grade has been assigned. If the system is 
believed to be sensitive, then the range of applicable frequencies is reported. 

Sensor Maintenance: Does the system require maintenance? If so, how often 
should it be maintained (months), how long does it take (hours), and can it be 
performed remotely? This section is primarily concerned with the maintenance of 
sensors that are emplaced into the subsurface, not ancillary or supprt systems that 
are readily removable from the surface. 
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System Calibration: Does the system require calibration? If so, how often should it 
be calibrated (months), how long does it take (hours), and can it be performed 
remotely? This section is primarily concerned with the calibration of sensors that 
are emplaced into the subsurface, not ancillary or support systems that are readily 
removable from the surface. 

Monitoring Time: How long does it take to monitor one tank for leaks (days)? 

Applicability to Active Sites: In general, will the leak detection system be 
implementable for the following Hanford Site storage and transport facilities: SSTs, 
basins, and pipelines? 

4.2.6 Survey Section 5: Environmental/Regulatory Feasibility 

This section of the survey provides an estimate for potential deleterious effects of the leak 
detection system on human health and the environment. The effect of the system on 
contaminant transport is also estimated. 

Permitting Required: Does the leak detection system require the introduction of a 
regulated material into the environment? 

DisposWismantling Concerns: Will the system leave materials in the subsurface. 
If so, is there a potential to leave or deposit a hazardous substance (i.e., a radioactive 
source)? 

Risk during Installation: What is the risk to the worker during installation of the 
leak detection system? This risk is a function of the required installation. Is the 
system installed into surficial soils; if so, to what depth (feet)? Can the system use 
pre-existing boreholes or does it require new boreholes? Is the system in intimate 
contact with subsurface soils? 

Risk during Monitoring: Grades the risk to a worker during the monitoring of the 
leak detection system. If the worker is in intimate contact with contaminated 
materials, the risk is considered high. If the worker does not enter a contaminated 
zone, the risk is considered low. Also, is the presence of a Health Physics 
Technician (HPT) necessary during monitoring? 

Risk during Calibration: Grades the risk to a worker during calibration of the leak 
detection system. If the worker is in intimate contact with contaminated materials, 
the risk is considered high. If the worker does not enter a contaminated zone, the 
risk is considered low. Also, is the presence of a Health Physics Technician (HPT) 
necessary during calibration? 

Risk during Maintenance: Grades the risk to a worker during the maintenance of 
the leak detection system. If the worker is in intimate contact with contaminated 
materials, the risk is considered high. If the worker does not enter a contaminated 
zone, the risk is considered low. Also, is the presence of a HPT necessary during 
maintenance? 

Effect of Samplinghfeasurement on Subsurface: Does the leak detection system 
have any effect on the current subsurface environment that might affect 
contaminant transport ( e g ,  does it alter the subsurface flow paths, alter subsurface 
moisture content, etc.)? 
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4.2.7 Survey Section 6: Economic Feasibility 

This section estimates the costs to install and operate a leak detection system at the Hanford 
Site. Determining these costs is difficult because 1) many of the systems are not designed 
for leak detection and will have to be adapted, 2) many of the systems are still in prototype or 
conceptual stage, 3) methods and costs for installation are uncertain, 4) the effects of Hanford 
Site contamination on the systems are generally unknown, 5 )  economy of scale-up is 
unknown, and 6 )  the costs of implementation at a DOE site are poorly constrained. Thus, if a 
numerical value could not be determined, a qualitative high, medium, or low was estimated. 

Capital Costs. What are the costs for the sensors that are emplaced into the 
formation? Also, what are the costs for the systems that control the sensors? 

Installation Costs. What is the cost to install or provide access for one sensor? Is the 
cost different if the service is provided by a vendor versus a Hanford Site 
contractor? 

Maintenance Costs. What is the cost to maintain the leak detection system if it can 
be applied to numerous sites? If the sensors are permanently emplaced, what are 
the maintenance costs for the equipment deployed for one SST? Is the cost 
different if the service is provided by a vendor versus a Hanford Site contractor? 

Calibration Costs. What is the cost to calibrate the leak detection system? Is the cost 
different if the service is provided by a vendor versus a Hanford Site contractor? 

Monitoring Costs. What does it cost to monitor one SST? Is the cost different if the 
service is provided by a vendor versus a Hanford Site contractor? What are the costs 
to process the data from the monitoring of one SST? 

4.3 Survey Limitations 
The production of this survey was subject to some limitations that may affect its 
completeness. The project was performed in a limited amount of time. This prevented the 
authors from 1) sending out formal questionnaires to vendors and proposers, 2) ordering 
more literature that may have suggested additional technologies, 3) following up literature 
reviews with more personal contacts. 

The following parts of the survey were the most difficult to determine: 

Data Collection Systems: Many of the technologies do not have applicable data 
collection systems. These systems would have to either be developed or adapted 
from existing systems. 

Reliability: Many of the technologies will require significant adaptation, are still in 
the prototype stage, and are still conceptual. Thus, their reliability has not be 
proven nor quantified. 

Operating Environment: The Hanford Site presents unique challenges for 
emplaced sensors, and the ability of many of the technologies to be effective in this 
environment are unknown. 

Economic Feasibility: There are many unknowns because many of these systems 
have not be commercialized or have not been applied to leak detection. Also, 
operations at the Hanford Site present unique problems for which costs have not 
been quantified. 
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5.0 Candidate Technologies for External Leak Detection 
Based on the results of the literature search and discussions with technical experts, 32 
technologies were identified as candidates for external leak detection. These Candidate 
technologies are potentially capable of detecting a leak by monitoring for changes in one of 
the following: 

Moisture 

Radioactivity 

Temperature 

Bulk chemistry. 

The candidate technologies have been divided into following categories, based on 
implementation and methods of analysis: 

Borehole Geophysics 

Surface Geophysics 

Borehole-to-Borehole Geophysics 

Soil Moisture Instrumentation 

In Situ Sensors 

Moisture Removal and Analysis 

Vapor Extraction and Analysis 

The first three categories consider methods developed to study the earth through quantitative 
physical methods. Most were developed for the oil and mineral exploration industries, and 
they are generally in a mature state of development. Nevertheless, many of these 
technologies may require adaptation before they are applied to leak detection. 

The Soil Moisture Instrumentation category considers several mature technologies that have 
been developed to provide point measurements of the moisture content or potential in the 
vadose zone. In situ sensors include technologies that provide point measurements of other 
parameters related to external leaks, primarily radioactivity. 

The final two categories consider the removal of either liquid or vapor samples from the 
subsurface and their analysis either in the field or in the laboratory. 

Table 1 lists the candidate technologies subdivided into these technology categories. A 
general discussion of each category follows with its strengths and weaknesses listed. Within 
each technology category, there is a brief description of each candidate technology. 

Several of the technologies discussed in this section were not considered implementable at the 
Hanford Site because of technical limitations, and they were excluded from the survey 
spreadsheet. These technologies and the reasons for their exclusions are discussed in the end 
of this section. 
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Table 1. Candidate Technologies for External Leak Detection 

Borehole Geophysics 
Neutron-Neutron Logging 
Pulsed-neutron Spectroscopy Logging 
Electrical Induction Logging 
Passive Gamma Ray Logging 
Prompt Fission Neutron Logging 
Surface Geophysics 
Surface Resistivity 
Electromagnetic Surveys 
Ground Penetrating Radar 
Seismic Boundary Waves 
Gamma Ray Detection 
Infrared Thermography 
Borehole-to-Borehole Geophysics 
Electrical Resistivity Tomography 
Radio Imaging Technology 
Shear-Wave Seismic Tomography 
'Soil Moisture Instrumentation 
Psychrometer 
Hygrometer 
Time Domain Reflectometry 
Tensiometer 
Capacitance Probe 
Resistivity Block 
Salinity Sensor 
Heat Dissipation Sensor 
i n  Situ Sensors 
scintillating Optical Fiber 
Thermoluminescent Dosimeter 
Conductive Polymer 
Acoustic Sensor 
'Moisture Removal and Analysis 
Lysimeter 
Piezometer 
Fiber Filter 
Membrane Filter 
Filter Candle 
'Vapor Extraction and Analysis 
Tritium Detector 
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5.1 Borehole Geophysics 
Borehole geophysical logging is a mature technology used for over 50 years in the petroleum 
industry. Logging is performed from a logging truck or van (Figure 4) that carries the 
downhole measuring instruments, the electric cable and winch needed to lower the 
instruments into the borehole, the surface instruments needed to power the downhole 
instruments and to receive and process their signals, and the equipment needed to make a 
permanent recording of the "log" (Schlumberger 1989). 

The downhole measurement instruments are usually composed of two components. One 
component contains the sensors used in making the measurement, called the sonde. The 
other component is the cartridge that powers the sonde and preprocesses the data prior to 
transmission uphole. 

Logging has been used at the Hanford Site for subsurface characterization since the 1950s. It 
has been a primary leak detection method at Tank Farms since the 1970s. Over 700 drywells 
have been installed at Tank Farms expressly for geophysical logging. 

Logging has many strengths: 

It is a mature technology 

There are many different logging systems available that measure different 
properties of the subsurface 

The tools are well-calibrated for oil-field conditions, and most can be calibrated for 
Hanford Site applications after minor adaptation 

The data can be processed and displayed as acquired 

Drywells are already available 

The systems have good vertical resolution, typically from 2 to 12 inches. 

Logging also has weaknesses: 

Boreholes are necessary for subsurface access 

The systems are labor-intensive and relatively expensive to operate 

Logging can only be used at discrete temporal intervals; the sonde is too expensive 
to leave in drywells 

The tools have a limited depth of investigation, typically from 2 to 12 inches 

Logging is not a particularly viable option for external monitoring of pipelines. 

The remainder of this subsection discusses various logging systems that may have application 
for leak detection at the Hanford Site. 

5.1.1 Neutron-Neutron Logging 

Neutron-neutron logging systems determine the concentration of hydrogen (moisture) in the 
formation by measuring either the mean free path length or lifetime of neutrons emitted from 
a radioactive source in the sonde. These neutrons collide with nuclei of the formation 

. 
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Figure 4. Borehole Geophysical Logging 
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materials, and with each collision, the neutron loses some of its energy. The greatest energy 
loss occurs when the neutron strikes a nucleus of practically equal mass (e.g., a hydrogen 
nucleus). 

When the hydrogen concentration of the material surrounding the neutron source is large, 
most of the neutrons are slowed and captured within a short distance of the source. On the 
contrary, if the hydrogen concentration is small, the neutrons travel farther from the source 
before being captured. Accordingly, the counting rate at a neutron detector increases for 
decreased hydrogen concentration (Schlumberger 1989). 

Borehole standoff is a concern for neutron-neutron tools. The response of the tools is 
affected significantly if they are not in direct contact with the formation; standoff is the 
distance that the tool is separated from the formation. Most commercial neutron-neutron 
tools compensate for borehole standoff by using two neutron detectors and using the count 
rate ratios to determine hydrogen concentration. 

Two types of sources are available for these systems: chemical and generator. The most 
common chemical source is AmBe, which provides neutrons with initial energies of several 
million electron volts (MeV). The sources are as large as 20 Curies (Ci). Neutron generators 
emit pulses of high-energy neutrons (14.1 MeV) typically created by reactions between 
deuterium and tritium (Hearst and Nelson 1985). 

The neutron generator has several advantages over the chemical source: 1) it can be turned 
off, so it is not hazardous when not in use; 2) the neutron energy is higher, so its depth of 

, investigation is greater, and 3) it can be pulsed, and this permits an alternative way to measure 
moisture content. The epithermal neutron die-away technique, developed by Mobil Oil, uses 
a neutron generator to determine the lifetime of epithermal neutrons rather than the mean 
path length as the ratio tools do (Mills et al. 1988, Stromswold and Allen 1992). This tool 
currently does not have a correction for standoff. Schlumberger Well Services has developed 
a tool that used a neutron generator and measures both ratio porosity and neutron lifetime 
that is corrected for standoff. 

Neutron-neutron tools show good promise for the detection of leaks in the vadose zone. The 
tools measure hydrogen, and because the Hanford formation has very few hydrous minerals 
(e.g., clays), the tool responds primarily to the moisture content of the formation. These tools 
are capable of detecting changes as small as 1 volume weight fraction of water in the 
formation. Neutron-neutron tools have been used around the SSTs in the past to detect leaks 
(WHC 1989). 

These tools are well-suited for detecting leaks at the SSTs and basins. They can use existing 
steel-cased drywells. 

5.1.2 Pulsed-Neutron Spectroscopy Logging 

Pulsed-neutron spectroscopy tools measure the gamma rays resulting from interactions of 
neutrons with the different elements in the formation. The number of gamma rays and their 
energies form a spectrum that is recorded versus depth. These spectra are compared to 
signatures of the elements most commonly found in sedimentary rocks and their pore fluids. 
The number of gamma rays attributed to each of these common elements is presented as a 
percentage of the total gamma ray spectrum (relative yield). Common elements detected 
include H, C1, C, 0, Si, Ca, S ,  and Fe. 

This logging system has the potential to not only measure hydrogen, thus moisture, but also 
to potentially detect hazardous wastes and provide a geochemical log. In addition, if the 
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system is operated passively, without the generator turned on, the gamrna detector could be 
used for spectral gamma logging. 

Commercially available systems use two different types of detectors--s&tiWtistisn and solid 
state (high-purity germanium). Scintillation detectors are used in the rraajxity of the systems. 
Scintillation detectors are orders of magnitude less selective than solid sX&e; solid state has 
the potential to accurately identify many more elements. However, solid sxate &&mors are 
more difficult to operate, most must be kept at very low temperatures dmhg uperation, and 
they are less efficient. Logging runs with a system that has a scintillation detector may take 
one-half hour while those with a solid state detector can take over 6 hows. 

Pulsed-neutron gamma spectroscopy logging systems have been used in the petroleum 
industry for over 15 years, and they are designed for use in steel-cased bm&oles (Ellis 
1987). Nevertheless, their precision may not be as good as other logging systems. They are 
more difficult to operate, and the data are much more difficult to process anct analyze. The 
neutron accelerator source has advantages and disadvantages outlined in the previous section. 

These tools can be used to detect leaks at the SSTs and basins. However, other logging 
systems, which are simpler to operate and whose data are simpler to analyze, can provide data 
that would be almost as useful for leak detection. 

5.1.3 Electrical Induction Logging 

Electrical induction systems use a high-frequency alternating current of camtank intensity 
that is sent through a transmitter coil. The alternating magnetic field created induces currents 
in the formation surrounding the borehole. These currents flow in ckcular ground loops 
coaxial with the transmitter coils and creates, in turn, a magnetic field that induces a voltage in 
the receiver coil. 

Because the alternating current in the transmitter coil is of constant frequency and amplitude, 
the ground loop currents are directly proportional to the formation coIKEuctivifiy. The voltage 
induced in the receiver coil is proportional to the ground loop currents and, therefore, to the 
conductivity of the formation (Schlumberger 1989). 

The induction log would sense a leak through an increase in conductivity. The rock matrix is 
essentially an insulator, and the pore liquids are the conductors. A leak can increase the 
moisture content, and the leak may contain higher salinity liquid; both cases would increase 
conductivity. 

The advantages of the induction logging system are: 1) it is a less complex tool than many of 
the nuclear logging systems, and 2) it can see farther into the formation Fhm the other 
logging tools, as much as 6 feet. Disadvantages of this system include: 1) the system will not 
operate in steel-cased boreholes, and 2) the system cannot measure effectively when the 
formation resistivity is greater than 100 to 200 ohm-meters, values that may represent typical 
resistivities of the Hanford formation. 

In summary, the disadvantages of the induction logging system outweigh its advantages. The 
system could be used to detect leaks at SSTs and basins; however, it would require the 
installation of new wells with nonconductive casing. This system is not particularly applicable 
to pipelines unless horizontal, nonconductive cased wells are placed under the pipes. 

5.1.4 Passive Gamma-Ray Logging 

Passive gamma-ray logging systems measure the intensity of gamma rays in the formation. 
Gamma rays are bursts of high-energy electromagnetic waves that are emitted spontaneously 
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by some radioactive elements (radionuclides). The number and energies of gamma rays 
emitted are distinctive of the different radionuclides. These radionuclides can either be 
naturally occurring (K, U, Th), or they can be created (e.g., 137Cs, 60C0). In the Hanford 
formation, the naturally occurring radionuclides reside primarily in clay minerals and 
potassium feldspar. 

A gross gamma system measures the total gamma-ray activity; it does not distinguish 
gamma-ray activity of different energies as a spectral gamma-ray system does. The spectral 
gamma system measures both the numbers of gamma rays and the energy level of each and 
permits the determination of the concentrations of naturally occurring and created 
radionuclides. 

There are two principal types of detectors used by gamma logging systems: scintillation and 
solid state. Scintillators have been used for many years while solid state germanium detectors 
have seen limited commercial application. Germanium detectors provide a far superior 
spectral response at the expense of significantly decreased detector efficiency. Logging runs 
in a drywell with a spectral scintillation system may take one-half hour, while those with a 
solid state detector can take longer than 8 hours. Germanium detectors are also more costly 
and must be operated at or near liquid nitrogen temperatures (Wilson 1981). Nevertheless, 
solid state germanium detectors do provide a very important advantage of being able to 
resolve many peaks in gamma-ray spectra, thereby allowing numerous radionuclides to be 
identified (Koizumi et al. 1994). WHC has successfully developed a germanium detector 
spectral Radionuclide Logging System (RLS) that has been used to characterize wells at Tank 
Farms and other Hanford Site locales. 

Gross gamma-ray logging has been used by Hanford Tank Farms as a primary means of 
external leak detection. Over 700 drywells have been logged periodically (WHC 1989). The 
GAO (1992) suggested improvements in the current system, and Tank Farms has responded 
by ordering two spectral logging systems that are similar to the current WHC RLS. 

Passive gamma-ray logging provides many benefits for external leak detection. The systems 
have been used at the Hanford Site for over 15 years, and drywells for external leak detection 
are already in place. Gross gamma systems are very reliable, easy and quick to operate, and 
the data are straightforward to analyze. Spectral gamma systems present the benefit of 
radionuclide resolution at the expense of being more complex and acquiring data that are 
more difficult to analyze. Spectral systems with scintillation detectors are almost as fast to 
operate as a gross gamma system, and the tools are almost as reliable. Spectral systems with 
solid state detectors are less reliable, operations are more difficult, and logging speed is 
significantly slower. However, the data from these systems can be used to resolve many 
gamma-emitting radionuclides. A spectral system with a scintillation detector probably may 
have difficulty in resolving more than three created radionuclides. 

The primary disadvantage to leak detection through passive gamma-ray logging is that many 
of the radionuclides that present a risk to human health (Buck et al. 1991) cannot be detected 
by this type of logging system. They emit either beta-particles or gamma rays that are too 
weak to be detected readily. In addition, gamma logging systems have a limited depth of 
investigation, typically around 8 inches. 

Gross gamma systems have been successfully used to detect leaks at SSTs and basins; 
however, spectral gamma logging systems present the opportunity to provide significantly 
more information about the gamma-emitting constituents of the leak. The extended time 
required to log a drywell with a germanium spectral system may mitigate against many of its 
advantages, particularly if the system is used routinely for leak detection. A spectral system 
with a scintillation detector may present the best compromise among passive gamma-ray 
logging systems. 
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5.1.5 Prompt Fission Neutron Logging 

Prompt fission neutron (PFN) logging systems use a neutron generator (described in Section 
5.1.1) to induce the fission of the appropriate radionuclides (233U, 235U, 239Pu). A by- 
product of fission is delayed high-energy neutrons (Hearst and Nelson 1985), which the 
logging system detects after they have slowed to epithermal energies (Givens and Stromswold 
1989). 

PFN systems have been commercially developed for U prospecting. They are more sensitive 
than passive gamma-ray logging when U is not in secular equilibrium. The systems can 
detect U down to 0.5 ppm in a water-saturated formation. 

The PFN system can readily detect several radionuclides that are difficult to detect with 
passive amma-ra logging systems. In addition, two of these radionuclides are major risk 
drivers F35U, 23JPu) at the Hanford Site. However, this system can not distinguish between 
the fissionable nuclides. This logging system probably would not have the widespread use 
presented by neutron-neutron and passive gamma-ray logging systems; however, it could fill 
a niche at selected SSTs and other structures. 

5.2 Surface Geophysics 
This category considers technologies that remotely determine physical conditions of the 
subsurface from surface (sensors emplaced at depths of less than 3 feet) or airborne 
instrumentation. Most of these techniques are very mature; they have had extensive use in 
the petroleum and mineral exploration industry. The candidate technologies are: 

Surface Resistivity 

Electromagnetic Survey 

Ground Penetrating Radar 

Seismic Boundary Waves 

Surface Gamma-Detection 

Infrared Thermography. 

The advantages of the above systems include: 

They are mature technologies 

They do not require contact with contaminated subsurface soils and liquids 

They have the potential to image underneath structures. 

Their disadvantages include: 

Solutions may be non-unique 

Systems are affected by noise 

Resolution decreases as depth of investigation increases 
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Systems are designed for exploration, not monitoring, so measurements are discrete 

Data acquisition may be labor- and processing-intensive. 

All of the surface systems, except passive gamma-ray detection, will be most effective if they 
monitor for change due to leaks. They are less e€fe&ive if they attempt to locate a leak after 
the fact, due to intrinsic constraints in data analysis and interpretation. 

5.2.1 Surface Resistivity 

Surface resistivity is a geophysical prospecting method that observes electric fields caused by 
the active introduction of current into the ground to study earth resistivity. The metzlod is 
usually restricted to using very low frequency or direct current to measure the apparent 
resistivity (Sheriff 1973). Resistivity measurement typically requires the use of four 
electrodes that are emplaced at the surface. Current is applied to the earth through two 
electrodes, and the potential across the ground is measured using two other electrodes. 

The true resistivity value in any rock type is dependent upon the moisture content of the rock 
and the salinity of the moisture. Almost all rock-fonning minerals are effective insulators; 
they will not conduct electricity in the normal sense. Therefore, all rocks, if absolutely dry, 
will not conduct electricity. In the earth, the pore spaces of the rocks usually contain water. 
The resistivity of a rock is directly related to the porosity (if the rock is saturated) or the 
moisture content (if the rock is unsaturated) of the rock. Increased salinity of a fluid 
decreases its resistivity so that rocks filled with saline solutions have lower resistivities than 
those filled with fresh water (Hallof 1992). 

This method is not recommended for leak detection where conductive (metallic) structures 
are in the shallow subsurface. These structures will shunt away most of the applied current, 
preventing it from investigating the formation. Because metallic structures are present at both 
the SSTs and pipelines, little application can be seen for this method, as described above, at 
the Hanford Site. 

5.2.2 Electromagnetic Surveys 

Electromagnetic prospecting is based on the induction of electric currents in buried 
conductors, by the magnetic components of electromagnetic waves generated at the earth's 
surface. The waves originate from alternating currents at frequencies ranging from a few 
hertz to a few megahertz, which are passed through loops of wire on the ground. When the 
waves pass through a conducting body, they induce alternating electric currents in the 
conductive materials. These currents become the source of new electromagnetic waves that 
can be detected by suitable pickup coils (Dobrin 1976). System response is a function of the 
absolute resistivity. The relationship of this response to leak detection is discussed in Section 
5.2.1. 

Electromagnetic surveys are sensitive to ambient electrical noise (e.g., power lines) and 
inductive noise due to coupling with metallic structures. Inductive noise cannot be removed; 
it can only be minimized by selecting locations away from metallic structures (Hoekstra et al. 

not recommended for leak detection at the Hanford Site. 
' 1992). Because of the sensitivity of these methods to ambient and inductive noise, they are 

5.2.3 Ground Penetrating Radar 

Ground penetrating radar (GPR) is an electromagnetic technique in which a single low-power 
broadband impulse of a 1- to 6-second nanosecond duration is transmitted into the earth. 
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The transmission is followed by a listening interval of 20,000 nanmeconds.. The impulses are 
directed into the ground through a moving antenna that has an extmndy wide viewing angle. 
Return times of these impulses are then measured (3-D view capability is lzEwently in 
development). Extensive GPR surveys have been performed on the IEam€;Y Site (e.g., 
Sandness 1991). 

GPR has a depth limitation at the Hanford Site of about 15 feet. It is the-consuming to 
perform surveys, especially in areas with many artificial structures OT ObSlacEes, GPR is also 
somewhat affected by cultural noise. Above-ground or buried stru~tpl~m may complicate the 
interpretation of the results. Therefore, it is not recommended for use at the SSFs. 

GPR is most effective at locating buried drums and pipelines and in pem-fomhg 
archaeological surveys. GPR has also been used successfully to detect I e a h  fbm natural gas 
pipelines (Graf 1990) and for ground-water exploration and contamhaat plume mapping, 
site investigations in karst regions, unexploded ordnance detection and mapping, subsurface 
mine detection, geotechnical investigations, and soil stratigraphic st~dies (Btleer 1992). This 
technology may be applicable for leak detection at basins or pipelines at the Hanford Site; 
however, testing would be required to confirm this. 

5.2.4 Seismic Boundary Waves 

Leak detection of large above-ground storage tanks using seismic waves has been 
described by Halabe and Maser (1993). Stonely waves (generated by a hamma) propagate 
along the boundary between the above-ground tank bottom, the soil, and the tank liquid. 
Transmission paths that encounter tank liquids in the soil have d i f k a  &val characteristics 
than those that do not, and a different pattern of arrivals will be obsaued o v a  time as a larger 
soil area is affected by leakage. A two-dimensional image is generated. TFhe location of a 
leak-affected zone is determined by a computer-aided tomography (CAT') scan. 

Seismic boundary waves are probably not practical for leak detection at the SSTs due to the 
large number of boreholes that would be required (at least 22 per tank)' and the difficulty of 
placing geophones within boreholes. Seismic boundary waves may be we11 suited for leak 
detection at basins or above-ground tanks. 

5.2.5 Surface Gamma-Detection 

Detectors of gamma radiation are commercially available for ground suwteys. The systems 
have been developed for the mining industry, and there are two general models of operation. 
One is the continuous recording of data from a moving vehicle. The secomd mode is station- 
by-station survey by hand-held or back-pack mounted equipment (Haasen 1992). The 
detectors used are typically either scintillators or solid state (their advantages and 
disadvantages are described in Section 5.1.4). 

These systems are usually placed from several inches to 5 feet above the ground. The radius 
and depth of investigation for a detector placed 2.5 inches above the $toand for 60% of the 
signal are 16 and 5 inches, respectively (Hansen 1992). 

Surface gamma-detection shows little promise for leak detection at the SSTs and basins due to 
its shallow depth of investigation. It may be applicable for pipelines Wed at shallow depths. 

5.2.6 Infrared Thermography 

This technology uses infrared cameras to track the rate at which the swhm soil temperature 
changes. This rate is a directly correlative to the thermal properties of the mil and any buried 
objects or anomalies. Images are viewed via patented processing and interpretation software. 
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The system has been used to successfully detect hydrocarbon and water leaks in pipelines and 
shallow underground tanks. It is not recommended for use at the SSTs because temperature 
changes at the base of the tanks (50 feet below ground surface) would probably not be sensed 
at the surface. This device would be very effective at detecting near-surface leaks from 
pipelines, tanks, or basins. A disadvantage of this system is that it is it is labor-intensive 
(discreet monitoring that requires manual operation) and relatively expensive. 

5.3 Borehole-to-Borehole Geophysics 
Borehole-to-borehole geophysical technologies show great promise for external leak 
detection. They can provide direct measurements of the formation's physical properties 
beneath a structure in two or three dimensions. This is undertaken by placing sources and 
receivers in the subsurface (usually boreholes), transmitting signals between them, and 
measuring the response. 

A tomogram is created by varying the positions of the source and receiver; either up and 
down within a pair of boreholes, by using different pairs of boreholes at the same depth, or 
by a combination of the two. The actual tomogram is created using geophysical inverse 
theory. 

Three different borehole-to-borehole technologies are discussed: 

Electrical Resistivity Tomography 

Radio Imaging Technology 

Shear-Wave Seismic Tomography 

These techniques actively investigate the formation by measuring its response to an electric 
(first two technologies) or an acoustic impulse. 

The advantages to technologies within this category include: 

Ability to remotely image formation beneath surface and underground structures 

Potential to image a volume 

Potential disadvantages include: 

The electrical techniques require nonconductive boreholes 

0 Adequate resolution may necessitate additional boreholes 

The later two technologies, as listed above, do not provide continuous measurements 

These technologies do not provide a direct measurement of a leak. 

The promise of these systems for subsurface characterization and leak detection is so great 
that all three have been tested at the Hanford Site during FY1994. 

The advantage of imaging beneath the SSTs for leaks has been apparent for some time: Key 
(1977) describes efforts at the Hanford Site to develop electrical methods to answer this need. 
Several promising technologies were identified for development but they were not considered 
cost-effective. 
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5.3.1 Electrical Resistivity Tomography 

Electrical resistivity tomography (ERT) measures the DC resistivity of a subsurface area. The 
measurement is made with pairs of electrodes placed into boreholes, each in electrical contact 
with the formation. Two electrodes are driven by a known current and the resulting voltage 
difference is measured between other pairs of electrodes, similar to surface resistivity 
discussed earlier. Each voltage to current ratio is called a transfer resistance. Transfer 
resistance is measured repeatedly until multiple linear combinations have been measured. 
Numerical inversion is then used to calculate the resistivity distribution in the vicinity of the 
boreholes (Daily et al. 1992). 

ERT is a very promising method of leak detection at tanks, pipelines, and basins because 
small changes in moisture, especially if it is saline, should be identifiable. The system is 
currently designed to image a plane that is parallel to the ground surface, yet underneath the 
structure. Because the downhole equipment is inexpensive and robust, ERT has the potential 
to provide continuous measurements (less than 3 hours between measurements). 

The primary technical concern is the effect of buried metallic objects (e.g., tank walls, pipes) 
on the response. The system will be tested at a simulated tank at the Hanford Site this year. 
In addition, the system requires direct contact between the electrodes and the formation. 
Drywells, as currently completed, cannot be used. 

5.3.2 Radio Imaging Technology 

RIMtech has developed a radio imaging method that could be used to detect leaks. The 
process consists of sending radio signals from a source to a receiver (Borns et al. 1993). 
These signals are absorbed (attenuated) as they propagate through the earth. The source 
units must be removed from the boreholes at the end of a test because they have a down-hole 
battery power source. Receivers can be placed at the surface or in PVC-cased boreholes. 
Leaks would be detected if they are a large enough target whose conductivity would 
sufficiently contrast with the surrounding soil. 

Radio imaging is a very promising method for leak detection at SSTs, pipelines, and basins. 
It is especially advantageous in that it has the ability to "see" beneath the SSTs and other 
structures. Further, the system is readily deployable and requires little setup before data 
acquisition. A disadvantage to this method is that it is labor-intensive (discreet monitoring 
that requires manual operation), it requires nonconductive boreholes, and it is relatively 
expensive. Radio imaging was tested at the Hanford Site in FY 1994. 

5.3.3 Shear-Wave Seismic Tomography 

Seismic cross hole tomography has been used for a number of applications (e.g., mineral 
exploration, fault detection, stress monitoring, cave and dam investigation) for over 10 years 
(Ivansson 1987) to investigate the formation between two boreholes (or a series of boreholes). 
In shear-wave seismic tomography, a shear wave is transmitted from a source located 
downhole in one borehole, and it is detected by receivers in other boreholes. Moving the 
source and receivers up and down the borehole and retransmitting an acoustic pulse creates a 
data set that can be inverted to create a tomographic image. Shear wave transmission is 
sensitive to water saturation, so this method can be used to monitor for saturation changes that 
may be due to leaks. 

This system currently uses a single source and one receiver per well, which are moved as data 
are collected. Seismic tomography currently provides discrete measurements because the 
measurements are labor-intensive, and the sources are expensive. In addition, data reduction 
and analysis require significant resources. Nevertheless, the system is currently undergoing 
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testing at the Hanford Site, and preliminary results indicate that gmd data can be acquired in 
steel-cased boreholes . 
The technology is a promising method for leak detection for tmb, pipelines, and basins. 
Like ERT and RIMTech, it has the ability to image beneath the STs  and, mike those 
systems, it can use existing boreholes. 

5.4 Soil Moisture Instrumentation 
Soil moisture instrumentation systems are primarily used in a@ and soil scientific 
studies. They are not generally used for leak detection. However, because they can 
accurately measure water content or potential in the vadose zone, they were examined for 
their potential for leak detection. Soil moisture instrumentation ~E&I&E the following: 

Psychrometer 

Hygrometer 

Time-domain reflectometry 

Tensiometer 

Capacitance probe 

Resistivity blocks 

Salinity Sensor 

Heat Dissipation Sensor. 

The advantages or these technologies include: 

Sensors are inexpensive 

Technologies are mature and commercially available 

Sensors provide a direct measurement of soil moisture or potential 

Many sensors provide continuous measurements. 

The disadvantages are that sensors: 

Provide point measurement 

Must be in direct contact with formation 

Have limited range of accurate measurements 

Some have limited sensor or calibration lifespan. 

5.4.1 Psychrometer 

Psychrometers measure negative soil water pressure (water, potential) in very dry areas where 
tensiometers are ineffective. They measure the relationship between negative soil-water 
potential and the relative humidity of soil water. The system consists of a porous bulb 



chamber to sample relative humidity of a soil, a sensitive thermocouple, heat sink, reference 
electrode, and associate electronic circuitry. They provide very accurate meassements in 
very dry soils (-0.5 to -70 bar). The primary limitation of psychrometas is ttmt they are not 
designed for wet conditions, and they are severely affected by near-surface tlmpxature 
gradients. Saturated conditions commonly cause the sensor to fail. They are &so! affected 
by hysteresis. Because of these limitations they are not recommended for use in leak 
detection. 

a 
5.4.2 Hygrometer 

Hygrometers are very similar to psychrometers and have the same &teetiom range. In a 
hygrometer, an excitation voltage is applied to the sensor and the resistance, wbit3-i is a 
function of electrical current, is measured. Micro-changes in relative humidity are detected as 
large resistance changes. Wescor produces a dual-purpose hygrometer/psychmmeter. 
Hygrometers are probably not practical for use in leak detection for the same reasons 
outlined in the psychrometer section. 

5.4.3 Time-Domain Reflectometry 

Time-domain reflectometry (TDR) involves two steps: the measurement of the propagation 
velocity of an electromagnetic pulse along a transmission line and the conversion of this 
measurement to an estimate of soil water content (i.e., calibration) (Hook arpd Livingston, in 
press). Precision Moisture Instruments, Inc. produces a 4-foot-long TDR probe that can be 
driven into the ground surface; this probe has been successfully demonstrated at the Hanford 
Site as part of the protective barriers program. 

TDR is probably the best of the soil moisture sensors. TDR measures very accurately over a 
large moisture range. The main disadvantage to this sensor is that it requires a large number 
of boreholes to effectively monitor the SSTs. However, it would be well-suited for 
monitoring pipelines or basins. Another disadvantage is that it is the most expensive of the 
soil moisture instruments. 

5.4.4 Tensiometer 

A tensiometer measures the soil water potential directly by measuring the soil water pressure 
with a porous ceramic cup that is buried in the soil. The cup is attached to a pressure gauge 
or manometer. The main disadvantages to tensiometers are 1) they are limited to a depth of 
less that 15 feet, 2) they have a limited working range, and 3) they are difficult to use in 
sandy soils (Jones and Gee 1984). Another disadvantage to tensiometers is that the ceramic 
tip is fragile and is easily broken during installation (Everett et al. 1984). They are not 
recommended for monitoring the SSTs, primarily because of the depth limitation. They are 
also not recommended for use at pipelines or basins because of limited working range and 
because they work poorly in sandy soils, which compose much of the Hanford formation. 

5.4.5 Capacitance Probe 

Capacitance probes measure changes in the dielectric constant of soil materials. Because the 
dielectric constant of water (78) is much higher than that of soil materials (from 2 to 4), 
changes in dielectric constant can be directly correlated to changes in moisture content. The 
Troxler Inc. probe is designed to be used in a 2-inch PVC access tube. It can be lowered to 
any depth and can measure a 10-inch diameter around the probe. The capacitance probe 
provides fast, accurate measurements over a wide range of moisture contents. The 
capacitance probe would be well-suited for leak detection at the SSTs or basins. The main 
disadvantage to this sensor is that it requires installation of small-diameter, PVC-cased 
boreholes and that it is labor-intensive (discreet monitoring that requires manual operation). 
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They are probably not practical for pipeline monitoring due to the large number of 
boreholes that would be required. 

5.4.6 Resistivity Block 

Resistivity blocks consist of two electrodes that are embedded in a porous material (e.g., 
fiberglass or gypsum). When buried in soil, the block absorbs and loses water until the water 
potential in the block is equal to the water potential in the surrounding soil. As the water 
content and water potential of the block changes, the electrical resistance measured between 
the electrodes changes; this change is used to infer the water potential of the soil. Resistivity 
blocks are advantageous because they are relatively inexpensive and are simple to use. 
However, disadvantages include their relatively short life span (5 years or less) and the fact 
that they work poorly in coarse-grained soils . Because of the high cost of borehole 
installation and the relatively short lifespan of these sensors, they are not recommended for 
use at the SSTs. They may be useful for monitoring at basins if the soil type is compatible 
with the sensor. They are probably not practical for pipeline monitoring due to the large 
number of blocks that would be required. 

5.4.7 Salinity Sensor 

Salinity sensors measure the specific electrical conductance of the soil water (Everett et al. 
1984, Rhoades 1979). Conductance values can then be related to total salt content. The 
sensor consists of electrodes that are embedded in a porous ceramic material. The porous 
nature of the ceramic material allows the soil water to contact the electrodes. The main 
disadvantages to salinity sensors are that they are temperature dependent and they have a 
depth limitation of 30 feet. They are not recommended for monitoring use for the SSTs, 
primarily because of the depth limitation. They are also not recommended for use at 
pipelines or basins because of their temperature sensitivity. 

5.4.8 Heat Dissipation Sensor 

Heat dissipation sensors are based on the principle that the rate of heat dissipation in a fixed 
porous medium is dependent on the water content (Jones and Gee 1984). A porous cup is 
used to measure water potential based on heat dissipation. A limitation of heat dissipation 
sensors is that they have difficulty in detecting increases in moisture content above 15% by 
volume. Because of this limitation they are not recommended for leak detection. 

5.5 In Situ Sensors 

This category includes sensors that do not have to be placed into intimate contact with the 
formation. The in situ sensors are: 

Scintillating Optical Fiber 

Thermoluminescent Dosimeter 

Conductive Polymer 

Acoustic Sensor. 

The advantages or these technologies include: 

Sensors provide continuous measurements 

Sensors need not be in direct contact with formation. 
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The disadvantages are: 

Sensors provide point measurements 

Several sensors are still in the conceptual stage. 

5.5.1 Scintillating Optical Fiber 

Optical fibers with cores that scintillate when a passive gamma ray intexaas with it are 
commercially available. They are currently used at the Hanford Site am3 other sites in 
radiation detection systems. The systems present potential for use in &,-le passive 
gamma-ray detection, although this has not yet been done. The concept -Id be to insert 
nested sections of scintillating optical fiber (maximum length of each f i k  is about 8 feet), 
photomultiplier tubes, and amplifiers into existing drywells. 

The benefits of using an optical fiber system is that an automated system can be developed 
that continuously monitors gamma-ray flux in existing boreholes. The @ d a l  pitfalls in 
the engineering and deployment of such a system include the complex 
equipment needed downhole to covert the light pulses to digital signals. Scintillating optical 
fiber for leak detection should be investigated for use in SSTs and basins. The cost of 
photomultiplier tubes probably obviates their use for pipelines. 

5.5.2 Thermoluminescent Dosimeter 

The use of thermoluminescent dosimeters (TLDs) to detect alpha- beta- and gamma-emitting 
radionuclides in the subsurface has been proposed (Durham 1994). The aZDs can either be 
emplaced into existing drywells (gamma detection only) or directly into the formation via 
cone penetrometer. They would be connected to the surface by a shielded fiber optic cable, 
and a laser would be used to periodically read and clear the dosimeter. "he system would 
require at least 4 hours collection time, possibly many more hours, before readout for a low- 
level contamination leak. Readout time is less than 1 minute per dosimeter. 

The system has the potential to provide a promising method to continuously monitor for 
changes in subsurface radioactivity. The downhole system is very simple with no moving 
parts, and the dosimeters are commercially available and inexpensive. However, the concept 
is still conceptual, it has not been demonstrated, .and there are technical hurdles: 1)  the 
sensitivity of the dosimeter may have to be increased, 2) a portable readout system needs to 
be developed. If successfully developed and implemented, this system wodd be applicable to 
SSTs and basins. Implementation for pipelines would require many TLDs. 

5.5.3 Conductive Polymer 

Conductive polymer cables are sensing cables that have the ability to detect and locate the 
presence of any conductive fluid anywhere along its length. They are widely used in double- 
shell tank monitoring and in secondary containment monitoring. The mitiin disadvantage to 
these cables is that they are designed to operate under saturated condiEions only, and they 
need to be replaced or maintained (dried) after they have been exposed to a leak. This would 
not be possible if they were permanently installed in a borehole. They could be used in leak 
detection only if the cables could be removed for maintenance and if they were placed in a 
location were water could collect and form saturated conditions. 
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5.5.4 Acoustic Sensor 

Acoustic sensors have been successfully used in rnanitmhg pipelines and for internal tank 
monitoring (Kupperman 1990; Fuchs and RiehIe 1Wl; Nwdstrom 1990). For pipeline 
applications, the sensor needs to be in contact with the pipdine. A fiber optic acoustic sensor 
(Kurmer et al. 1993) has also been demonstrated that is @aced within the pipeline. For 
internal tank monitoring, either the sensor needs to be snbmerged in the liquid or the tank 
must be pressurized and the sensor placed in the air space above the liquid. Because the SSTs 
are buried, attaching acoustic sensors to the tank is Izd an option. Also, because of the hostile 
nature of the wastes in the tank, internal monitoring was not considered an option. Therefore, 
acoustic sensors were judged as not appropriate for SST monitoring. 

5.6 Moisture Removal and Analysis 
Moisture removal and analysis devices are designed to mllect samples of soil pore water that 
can be then be characterized by laboratory analytical methods. Analysis could either be 
performed at the site using portable analytical equipment (eg.,  Viking Gas 
ChromatograpNMass Spectrometer [GCMS]). These devices include: 

Lysimeter 

Piezometer 

Fiber filter 

Membrane filter 

Filter Candle. 

The advantages provided by these systems include: 

There is minimum data ambiguity due to direct analysis of subsurface pore water 

EPA-approved analytical methods can be used. 

Disadvantages of these systems include: 

Provide only a point sample 

Require direct contact with formation 

Have long sample turnaround time if contract laboratories are used. 

5.6.1 Lysimeter 

Lysimeters (suction samplers) are designed to collect pore water samples from either the 
vadose or saturated zone. A constant pressure source draws pore water into the lysimeter 
through a porous membrane. An upper chamber stores collected fluids. They are most 
effective in collecting samples from moist soil (tension less than 300 mbar). A moisture 
sensor could be used within the lysimeter to also detect the presence of water. Lysimeters are 
probably not practical for use as the primary means of leak detection. However, they could 
play an important secondary role in monitoring at tanks and basins because of their ability to 
collect samples for analysis. They are probably not practical for pipeline monitoring due to 
the large number of lysimeters that would be required. 
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5.6.2 Piezometer 

Piezometers are small diameter pipes that are installed in a saturated zone or a zone where 
saturation is expected. The end of the pipe is screened to allow water $0 enter. Piezometers 
do not have a separate chamber for collecting water as do lysimeters. Piezometers are not 
recommended for use in leak detection because they have no provision far containing fluids. 

5.6.3 Fiber Filter 

Suction samplers constructed of cellulose-acetate hollow fibers have been used in soil column 
studies (Everett et al. 1984). However, they are more practical for laboratory studies rather 
than field applications. Therefore, they are not recommended for use in leak detection. 

5.6.4 Membrane Filter 

Membrane filters are suction-type samplers that use glass fibers to "wick" pore water samples 
via capillary action with the aid of a suction that is applied to the assembly. They are limited 
to a depth of approximately 13 feet and are therefore not recommended for use in leak 
detection at the SSTs. They may be applicable to basins and pipelines. 

5.6.5 Filter Candle 

A filter candle, as described by Everett et al. (1984), is designed to collect water below plant 
roots. It consists of a manhole access from which a lateral extension contains a trough for 
collecting water. Because the bottoms of the SSTs are approximately 50 feet below ground 
surface, a filter candle was considered to be impractical for the tank farms; they may be 
applicable to basins and pipelines. 

5.7 Vapor Extraction and Analysis 
The extraction of vapors from the vadose zone beneath storage and transfer structures 
provides an alternative method to borehole-to-borehole geophysics for extending the range 
of sensors. Ideally, a liquid leak would lead to increases in certain indicator vapors. Existing 
drywells could be perforated and a low-flow soil vapor extraction system installed. The 
vapors could then either be collected for analysis or analyzed in real time by sensors. The 
system is analogous to the continuous air monitors (CAMS) that are operational at the 
Hanford Site double-shell tanks. 

An effort is currently underway to characterize the vapors within the SSTs, and only a few 
tanks have been characterized to date. Initial results indicate that the vapors within tanks are 
highly variable. Potentially viable vapors include tritium, ammonia, arid nitrous oxide. 

The advantages provided by a vapor extraction system include: 

Potential to sample under tanks 

Potential to provide real time data 

Minimum data ambiguity due to direct analysis of vapors 

Use of EPA-approved analytical methods. 
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Disadvantages of these systems include: 

Vapor extraction may perturb the current subsurface environment 

Vapors may be contaminated 

System requires direct contact with formation 

Sample turnaround time is long if contract laboratories are used. 

If a vapor sample is extracted, various analytical methods can be considered. For onsite 
analysis, a tritium detector was the only sensor considered in the m e y .  The apparent lack o€ 
volatile organic compounds negates the utility of a portable GCMS. 

Tritium detectors present a mature technology that is currently used at the Hanford Site and 
other nuclear facilities. The detectors are robust and there me Hanford staff who are very 
familiar with their use, maintenance, and calibration. The system detects the beta-emission of 
the tritium nuclide, and it requires the introduction of low Row rates of gas. Systems are 
available that can run continuously and store results on a data logger. However, in order for 
this technology to be successful, better characterization of tank vapors is necessary, the vapor 
extraction system would have to be engineered, the issue of dealing with exhausted 
contaminated vapors needs to be addressed, and the system must be tested. 

5.8 Candidate Technologies Not Included 
Several of the technologies described in this section were not continued into the survey 
spreadsheets because they were either not implementable or they had already been tested 
unsuccessfully at the Hanford Site. These technologies are: 

Surface Resistivity 

Electromagnetic Surveys 

Acoustic Sensors 

Filter Candle. 
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6.0 Conclusions and- Recommendations 

Thirty-three available and emerging technologies have been identified that have potential for 
external leak detection at the Hanford Site. All but 4 of these technologies have been 
evaluated in detail in the spreadsheets within the Appendix. The reader is encouraged to rate 
the technologies by sorting the spreadsheets and weighing the grades to determine which 
technology best suit their needs. This section will summarize the spreadsheets and earlier 
parts of this report and will present the authors' recommendations for promising external leak 
detection systems. 

It is doubtful that any one external leak detection system will provide the ultimate solution. A 
layered approach, in which several families of sensors are employed, would be the ideal. This 
approach promotes both synergy and redundancy. Many of the systems respond to physical 
properties that can only infer a leak. The use of multiple systems, which respond to different 
physical properties, will strengthen the inferences required for leak detection. Furthermore, if 
any sensor or family of sensors malfunctions or is affected by an interferent, other 
operational systems will provide backup. 

6.1 SSTs and Basins 
Based on the survey, general recommendations can be made for potential layered systems for 
external leak detection for SSTs and basins. 

6.1.1 Borehole-to-Borehole Geophysics 

Borehole-to-Borehole Geophysical systems present the greatest promise for external leak 
detection because they are capable of remotely detecting a leak under a tank or basin. Of the 
three technologies identified, ERT is the most promising because the system can be 
engineered to operate almost continuously and the physical property it measures, resistivity, is 
sensitive to small changes in liquid concentrations, especially where it is saline. However, 
because the technology is not mature, there is one major technical concern: Will the system 
operate effectively where buried conductive bodies (e.g., metallic tanks and pipelines) are 
present? A field demonstration planned for this fiscal year should provide an answer. An 
additional concern is the emplacement of electrodes into the subsurface. The existing steel- 
cased drywells cannot be used, so either new wells will have to be drilled or alternative 
technologies for subsurface access considered. ERT electrodes have been emplaced by cone 
penetrometer at another site. The other two borehole-to-borehole technologies (radio 
imaging technology and shear-wave seismic tomography) are not currently suitable for 
continuous measurement. Shear-wave seismic tomography shows good potential because it 
can be use existing drywells. However, acquisition and processing of the data are time- 
consuming, and it would be best to baseline structures before a leak is suspected. 

6.1.2 Sensors 

TLD and scintillating optical fiber systems have the potential to continuously monitor for 
leaks by measuring gamma radiation within the drywells. Although both types of sensors are 
commercially available, neither is currently conftgured for use in external leak detection. 
Extensive engineering may be required before either sensor type could be implemented. 
Scintillating optical fiber systems could be expensive because of necessary ancillary 
equipment (e.g., photomultiplier tubes). TLD shows promise but sensors should be 
developed with greater sensitivity and surface equipment should be developed. 

Most other sensors are inappropriate because they require direct contact with the formation, 
they perform point measurements only, and they do not provide benefit over the recom- 
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mended systems unless they can be installed beneath the SSTs and basins. There are no 
currently available, operational systems than can emplace sensors beneath structures at the 
Hanford Site. 

6.1.3 Borehole Geophysics 

Borehole geophysical logging systems were initially developed to characterize the subsurface 
for the petroleum industry. For this use, these systems are very effective, and their success has 
spawned a large commercial industry. These systems, however, are not as ideally suited for 
leak detection. They have a limited depth of investigation, they do not provide continuous 
measurements, and each logging system, as currently configured, requires a dedicated truck 
or van plus staff. 

Logging systems have been used at SSTs as a primary means of leak detection for more than 
15 years because better systems were not available when they were initially deployed. To that 
end, over 700 drywells have been installed at Tank Farms. Logging systems still show 
significant potential as a system to verify that leaks have occurred. For example, if a leak is 
indicated by an in situ sensor, the sensors could be pulled out of a drywell and logs run for 
confirmation and quantification. Because they represent a mature industry, reliable, 
sophisticated systems are available that can provide calibrated subsurface information. The 
addition of neutron-neutron logging to the gamma ray systems would enhance the 
technology and permit the detection of leaks that do not contain detectable gamma-emitting 
radionuclides. GAO (1992) has recommended that the gross gamma-ray logging systems at 
Tank Farms be upgraded or replaced. Replacement with scintillation spectral systems may be 
the best compromise. They are not nearly as selective as systems with germanium detectors; 
however, they are more efficient and thus can log more drywells per day. PFN logging 
systems may fulfill a niche where the liquids stored contain fissionable radionuclides. 

Full suites of geophysical logging tools can provide good subsurface geohydrologic 
characterization data and information that might prove invaluable prior to onset of a 
suspected leak. 

6.1.4 Seismic Boundary Wave 

Seismic boundary wave technology may be applicable for leak detection at the basins. 

6.1.5 Vapor Extraction and Analysis 

If borehole-to-borehole geophysical techniques do not prove implementable, then vapor 
extraction systems could be considered because they present the potential to sample under 
storage structures, and they can use the existing drywells with minimum modifications. 

6.2 Pipelines 
Perhaps the best way to monitor pipelines is with "intelligent" pigs. These are commercially 
available sensors, developed for the gas pipeline industry, that run through pipelines and 
monitor for corrosion. They have two different methods of operation: magnetic flux 
leakage and ultrasonic. Both types of systems are self-contained and are either pushed 
through the pipeline by liquids or are pulled by wireline. The advantages of these systems 
are they can detect a problem before a leak actually occurs. 

Infrared thermography services are commercially available for leak detection and may be 
applicable for pipelines. These systems acquire data rapidly from airborne systems; this is 
conducive to the lateral extent of pipeline systems. They have a shallow depth of 
investigation that should not pose an obstacle for shallow pipelines. 
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6.3 Recommendations 
Data Quality Objectives need to be specified €or external leak detection systems 
(e.g., minimum leaks detectable, rate of leakage) in order to design, test, and 
evaluate systems 

Which constituents of liquid leaks pose the greatest threats to human health and the 
environment must be determined. The determination could be made through fate 
and transport modeling and risk assessment. Based on these results, leak detection 
systems can be selected, tuned, or modified to respond to these constituents. This 
will allow the systems to detect not only leaks, but also monitor their migration 
through the subsurface. 

Borehole-to-borehole geophysical systems (electrical resistivity tomography, 
RIMtech, and shear wave seismic tomography) should be demonstrated at the 
Hanford Site under realistic conditions. The systems show great promise, especially 
ERT, but need successful demonstration before implementation can proceed. 

In situ sensors that can continuously monitor gamma radiation through existing 
drywells should be developed. 

Gross gamma logging system at tank farms should be upgraded to scintillation 
spectral gamma and neutron-neutron systems added. Consider PFN systems where 
applicable. 

The vapors within the tanks must be characterized to determine if vapor extraction 
analysis is a viable option for leak detection. 

Methods to ernplace sensors under SSTs and basins must be developed. 

Methods must be developed to extract samples from beneath SSTs and basins. 
Confirmation of suspected leaks can be best provided by physical samples and 
laboratory analysis. 
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APPENDIX 

SURVEY SPREADSHEETS OF CANDIDATE TECHNOLOGIES FOR FXTEXNAL 
LEAK DETECTION ATTHE HANFORD SITE 

This appendix contains both a hardcopy and a digital copy of the spreadsheets that describe 
and grade 29 candidate technologies for external leak detection. The hardcopy is as a series 
of tables that follow. The digital copy is a Microsoft@ Excel spreadsheet on a 3 1/2" DOS 
formatted diskette. 

Explanations of the spreadsheet rows are provided in Section 4 of this report. The 
Operational Regions discussed under Technical Feasibility are depicted in Figure 3. Brief 
descriptions of the candidate technologies are in Section 5. 
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Table A.l. Borehole Geophysical Systems (Part 1) 
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Table A. 1. Borehole Geophysical Systems (Part 1) 
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Table A.4. Soil Moisture Sensors (Part 1) 
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Table A.4. Soil Moisture Sensors (Part 2) 
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Table A.4. Soil Moisture Sensors (Part 2) 
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Table A.6. Vapor Extraction and Analysis 
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