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EXECUTIVE SUMMARY 

Borehole geophysical logging techniques (BHGs) are additional and/or potential 
alternative components of test programs for Remedial Investigatiorv'Feasibility Studies 
(RJ/FS) associated with the Comprehensive Environmental Response, Compensation, and 
Liability Act of 1980 (CERCLA) programs at Hanford. BHGs could potentially be utilized in 
the site characterization process for assessing the geologic and hydrologic characteristics of 
the various operable units. They can also potentially provide in situ radionuclide 
contamination assays to be used for developing site contaminant migration models 
required for feasibility studies and for post-closure monitoring. Hence, it is possible that 
BHGs can be substituted for other program elements (e.g., sampling and lab testing) to 
provide equivalent data at less cost and in less time. However, because the BHGs are 
currently not available, the additional cost and time required for their development, as well 
as the possibility that such development will not be successful, must be considered. Also, 
the issue of whether regulators will accept the results of BHGs (especially in place of more 
standard techniques) and the potential benefit of using developed BHGs at other 
Department of Energy (DOE) sites must be considered. 

To further define the economic feasibility and potential benefits of the application of 
BHGs to the Hanford CERCLA programs, a cost-benefit study has been conducted. This 
study summarizes the costs and benefits of developing and applying various combinations 
of specific BHG systems, including: 

• Spectral Gamma Logging System (Radionuclide Logging System) 
• Gamma-Gamma Density Logging Tool 
• Neutron-Neutron Logging Tool 
• Neutron Activation Logging System. 

However, the evaluation of such BHG systems must be done in the cc;mtext of the entire 
characterization/monitoring program. Hence, the relevant attributes of various 
characterization/monitoring programs which incorporate BHGs are assessed and compared 
with those of the current Base Case (which does not incorporate BHGs). This evaluation 
has been based, to a large extent, on information and assessments provided by 
Westinghouse Hanford Company (WHC) staff, as well as on discussions with external 
experts and regulatory agency staff and on judgement 

A Base Case program for characterization of a "typical" operable unit has been 
compiled from those already conducted or currently in progress at six of the 78 operable 
units in the 100, 200, 300 and 1100 Areas; it should be noted that these six operable units 
tend to entail more effort than others, so that the Base Case program may be somewhat 
larger than the average of the 78 operable units. It is assumed that this Base Case program 
will adequately satisfy the data requirements and be acceptable to the regulatory agencies. 

A set of alternative programs, each incorporating a different combination of BHGs 
substituting for some elements of the Base Case, has been identified and assumed to be 
technically equivalent to the Base Case (in terms of adequately satisfying the data 
requirements), based on the capabilities of each candidate BHG. These alternative 
programs were similar to the Base Case but included application of the following BHG 
systems, each of which replace specific sampW)g and subsequent lab testing in new 
boreholes during characterization: 
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Program 1) The spectral gamma tool will replace 50% of the soil and groundwater 
radionuclide sampling/lab testing. 

Program 2) The spectral gamma tool and gamma-gamma tool will replace 50% of soil 
and groundwater radionuclide sampling/lab testing, and 40% of soil 
physical property sampling/lab testing, respectively. 

Program 3) The spectral gamma tool and gamma-gamma density tool plus neutron 
porosity tool will replace 50% of soil and groundwater radionuclide 
sampling/lab testing, and 50% of soil physical property sampling/lab 
testing, respectively. 

Program 4) The spectral gamma tool, gamma-gamma density tool plus neutron 
porosity tool, and neutron activation tool will replace 50% of soil and 
groundwater radionudi-ie sampling/lab testing, 50% of soil physical 
property sampling/lab testing, and 50% of soil and groundwater chemical 
samplingllab testing, respectively. 

Program 5) The spectral gamma tool and neutron activation tool will replace 50% of 
soil and groundwater radionuclide sampling/lab testing, and 50% of soil 
and groundwater chemical sampling/lab testing and 40% of soil physical 
property samplingllab testing, respectively. 

These alternative programs are considered to be somewhat conservative with respect to 
evaluating the benefits of developing and applying BHGs, since they represent a relatively 
low substitution rate of BHGs for sampling/lab testing in new boreholes during 
characterization, no substitution of new boreholes during characterization, and no 
substitution of any monitoring activities. 

. •;· . . • . , 

The relevant attributes of each of these programs were then assessed, including: 

• The absolute expected cost and schedule, and expected cost and schedule 
savings relative to the Base Case, for characterization of five "typical" operable 
units (which is somewhat conservative with respect to evaluating the benefits 
of developing and applying BHGs), which in tum were based on 

- The absolute potential cost and schedule, and potential cost and schedule 
savings relative to the Base Case (assuming that BHG development is 
successful), based on estimated unit quantities, costs, and durations, and 
specified system capacity and schedule logic 

- The assessed probability of successful BHG development 

- The estimated cost and schedule if BHG development is unsuccessful 
(contingencies). 

• The assessed likely degree of regulatory acceptance and the assessed usefulness 
of successfully developed BHGs at other DOE sites. 

ii 

-·-. - .. . 



' 

' 
' 

WHC-SD-EN-EE-010, Draft 

Based on these assessments, in conjunction with reasonable value judgements 
regarding tradeoffs among them, a collective rating was developed, on which basis the 
programs could be compared and ranked. The results of this preliminary evaluation were 
as follows: 

• Program 1 has the highest rating ( + 12% ), based on ib large expected cost 
savings ($1.8 million) and increased technical capability (+2D%), partially offset 
by minimal expected schedule penalty (0.2 years) and minimal impact on 
regulatory acceptance (-2D%). It is the only program rated higher than the 
Base Case, although not substantially. 

• Program 5 is rated below the Base Case (-21%), .but not substantially, due to its 
moderate expected schedule penalties (0.7 years) and minimal impact on 
regulatory acceptance (-20%), partially offset by relatively low expected cost 
sa" ings ($0.S million) and increased technical capability ( +40% ). 

• Programs 2, 3 and 4 are rated substantially below the Base Case (-64, -69, and 
-60%, respectively), due to large expected schedule penalties (1.4, 1.2, and 1.2 
years, respectively), insignificant or negative expected cost savings ($0.2, -$1.3 
and -$1.5 millon, respectively), and increased impact on regulatory acceptance 
(-40%, -40%, and -20%, respectively), partially offset by increased technologic 
capability (40%, 60%, and 80% respectively). 

On this basis, Program 1 would be preferred and only the spectral gamma tool should 
continue to be developed and applied. 

However, there is significant uncertainty in many of these assumptions, assessments 
and value judgements. Hence, sensitivity studies have been conducted to evaluate the 
"robustness" of the rankings. These sensitivity studies evaluated the effects of changes in 
various factors, assuming everything else constant, and found the following: 

• The ratings for all of the alternative programs increase as the number of 
"typical" operable units to be characterized increases, everything else being 
equal, although the relationship among the alternative program ratings is not 
significantly affected. Programs 1, 5 and 2 have a higher rating than the Base 
Case program if more than about four, nine and 27, respectively, "typical" 
operable units are to be characterized. Programs 3 and 4 have a higher rating 
than the Base Case only if substantially more than fifty "typical" operable units 
are to be characterized. 

• The ratings fo r all of the alternative programs increase as the substitution 
percentage by BHG for Base Case sampling/lab testing in the characterization 
program increases, everything else being equal, although the relationship 
among the alternative program ratings is not significantly affected. Program 1 
has a higher rating than the Base Case as long as the BHG substitution rate is 
greater than some relatively small percentage. Program 5 has a higher rating 
than the Base Case program if the BHG substitution rate is greater than about 
80%. Programs 2, 3, and 4 do not have a higher rating than the Base Case 
Program for any BHG substitution percentage. 

iii 
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• The ratings for all of the alternative programs increase as the substitution 
percentage by BHG for new boreholes in the characterization program 
increases, everything else being equal, although the relationship among the 
alternative program ratings is not significantly affected. Program 1 has a 
higher rating than the Base Case for any BHG substitution percentage. 
Programs 5 and 2 have a higher rating than the Base Cue program if the 
percentage is greater than about 15% and 30%, respectively. Programs 3 and 4 
have a higher rating than the Base Case program if the percentage is very 
much greater than 30%. 

• The ratings for some of the alternative programs increase whereas for other 
alternative programs decrease as the probability of successful BHG 
development increases, everything else being equal, although the relationship 
among the alternative program ratings is not significantly affected. Programs 1 
and S have a higher rating than the Base Case if the probability of successful 
BHG development is greater than 40% and 90%, respectively. Programs 2, 3, 
and 4 do not have a higher rating than the Base Case program for any 
probability of successful BHG development 

• The ratings of the alternative programs change as the value judgements 
(tradeoffs) change, everything else being equal, although the relationship 
among the alternative program ratings is not significantly affected. Program 1 
has a higher rating than the Base Case for all cases unless schedule or 
regulatory acceptance has more importance than the other three factors 
combined. Program 5 has a higher rating than the Base Case only if cost or 
technologic capability has more importance than the other three factors 
combined. Programs 2, 3, and 4 have a higher rating than the Base Case only 
if technologic capability is much more important than the other three factors 
combined . 

• The ratings for all of the alternative programs increase as substitution by BHG 
for new boreholes, sampling and laboratory testing in monitoring programs 
increases, everything else being equal, although the relationship among the 
alternative program ratings is not significantly affected. Program 1 has a 
higher rating than the Base Case program for any substitution rate. Program 5 
has a higher rating than the Base Case if the number of substituted monitoring 
vadose boreholes is greater than about seven or if the number of substituted 
groundwater monitoring wells is greater than about 1,000, or for equivalent 
combinations of both. Programs 2, 3, and 4 have a higher rating than the Base 
Case if the number of substituted monitoring vadose boreholes is greater than 
about 25 or if the number of substituted groundwater monitoring wells is 
greater than about 3,500, or for equivalent combinations of both. 

• In addition, the ratings of the alternative programs change as some of the 
other factors change, everything else being equal, although the relationship 
among the alternative program ratings is not significantly affected. The ratings 
of all the alternative programs tend to increase as: the technologic capability or 
regulatory acceptance of that program increases; the unit costs and unit 
durations (critical path elements only) of drilling, sampling, and testing 
increase, or the unit costs and unit durations (critical path elements only) 

~ , . •~ .. . ... iv ·'•·· ,. 
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associated with BHG development and application decrease; and the system 
capacity regarding drilling, sampling, testing decreases, or the system capacity 
regarding BHG development and application increases. However, these 
sensitivities, and the values required to make each program preferred over the 
Base Case program, have not been quantified. 

It should be noted that for virtually any set of conditions considered, Program 1 has a 
significantly higher rating than Program 5, which in tum has a significantly higher rating 
than Programs 2, 3, and 4. 

Based on the results discussed above, the following conclusions and 
recommendations can be made: 

• It is very likely that Program 1, incorporating the spectral gamma tool, has a 
higher rating than the Base Case or any other alternative program for virtually 
any reasonable set of evaluation parameters. However, Program 5, 
incorporating the neutron activation tool in conjunction with the spectral 
gamma tool, may have a higher rating than Program 1 if the monitoring 
program, which is presently poorly defined, is sufficiently large. 

• The spectral gamma tool should continue to be developed and, if successfully 
developed, applied in Hanford CERCLA characterization/monitoring programs. 
The neutron-neutron porosity and gamma-gamma density tools are not cost­
effective and should not be developed to the levels identified in this report. 

• The Base Case monitoring program should be better defined, and Programs 1 . 
and 5 evaluate9 with respect to both characterization and monitoring. In the 
absence of this evaluation, it is anticipated that, if the monitoring program is 
sufficiently large, the neutron activation tool will be cost-effective and should 
be developed and, if successfully developed, applied in conjunction with the 
spectral gamma tool in Hanford CERCLA characterization/monitoring 
programs. 

• . • ~ • I •• : • • • ••• f • 
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1.0 INTRODUCI1ON 

Golder Associates Inc. has conducted this study, entitled "Cost-Benefit Study of the 
Application of Borehole Geophysics to Hanford CERCLA Programs", for Science Application 
International Corporation (SAiq under Task Order S-92--18, Westinghouse Hanford 
Company (WHO Contract No. MLW-SVV-073750. 

1.1 STIJDY PURPOSE 

Borehole geophysical logging techniques (BHGs} are potential alternative components 
of test programs for Remedial Investigations/Feasibility Studies (RJ/FS} associated with the 
Comprehensive Environmental Response, Compensation, and Liability Act of 1980 
(CERCLA) programs at H.mford, as well as at other Department of Energy (DOE} sites. 
BHGs could potentially be utilized in the site characterization process for assessing the 
geologic and hydrologic characteristics of the sites. They can also potentially provide in · 
situ radionuclide contamination assays to be used for developing site contaminant 
migration models required for feasibility studies (such as for the "leave in place" option) 
and for post-closure monitoring. 

To further define the economic feasibility and potential benefits of the application of 
BHGs to the Hanford CERCLA programs, a cost-benefit study has been conducted. This 
study summarizes the costs and benefits of developing and applying various combinations 
of specific BHG systems. This study has taken into account the following: 

• The capability of each BHG system to adequately satisfy specific data 
requirements, and thus to potentially substitute for other program elements 
(e.g., sampling and lab testing). 

• The costs and schedule savings associated with BHG development and 
application, depending on whether BHG development is successful or not 

• The probability of each BHG system being successfully developed. 

• The likely degree of regulatory acceptance of each BHG system. 

• The likely usefulness of each BHG system (if successfully developed) to other 
DOE sites. 

1.2 STIJDY SCOPE 

This study has been concerned with the potential development and subsequent 
application of specific BHGs to Hanford's CERCLA programs. It has been limited to 
consideration of specific combinations of the following BHGs: 

• Spectral Gamma Tool (Radionuclide Logging System) 
• Gamma-Gamma Density Logging Tool 
• Neutron-Neutron Logging Tool 
• Neutron Activation Logging System. 

-: . ·'••. . . ·: .. . ; .: ·- ,- -- : .. 
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Due to schedule and budget limitations, this study has been conducted at a broad 
level of detail. Although additional detail would be possible, it was believed that the 
current level would be sufficient to make recommendations regarding further development 
of the candidate BHGs. Only readily available information was used; it was not within 
scope to develop definitive alternative work plans or cost and schedule estimates. The 
costs given .in this study are all in current {1992) dollars with no adjustments for future 
inflation, i.e., assuming inflation exactly balances the discount factor. 

The study has necessarily been based to a large extent on discussions with WHC 
staff, discussions with others involved in government or private geophysical programs, and 
literature review, which provided much of the requisite information regarding the 
following: 

• Hanford characterization data requirements 
• Currently proposed test programs (unit quantities, costs, and durations) 
• Candidate BHGs (capabilities, development success, costs, durations, regulatory 

acceptance, and technology transfer). 

In many cases, actual hard data are unavailable. Hence, many of the assessments 
contained within this study are necessarily subjective, and based on reasonable judgement. 
In such cases, the range in possible assessments and the sensitivity of the results to such 
assessments have been considered. However, it was not within scope to assess the 
uncertainties in assessments and conduct probabilistic assessments. If the results are not 
definitive, appropriate refinements in these assessments have been recommended, but their 
implementation is not within the scope of this study. 

The scope of this study was limited to evaluating the cost-benefit of developing and 
applying specific candidate BHG systems. The costs and potential BHG program 
applications given in this study should not be misinterpreted as representing program 
budgets or proposed characterization plans, or be used for purposes other than those for 
which they were intended. 

1.3 REPORT FORMAT 

This report is presented in the following format: 

• The approach adopted for conducting the cost-benefit study is presented in 
Section 2. 

• The data requirements and the current characterizatiorv'monitoring program for 
satisfying those requirements are summarized in Section 3, and presented in 
detail in Appendix A. 

• The candidate BHGs are described summarily in Section 4, and presented in 
detail in Appendix B. 

• The evaluation of the development and application of the candidate BHGs is 
described summarily in Section S, and presented in detail in Appendix C. 

. . ·. ' .. ~-·· ,_. - -.. .-- - ~-.. ..... . 
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• Conclusions of the study and recommendations regarding the development and application of the candidate BHGs are presented in Section 6. 

• References are provided in Section 7 . 

. •·· . .... .... ·, . -~. •.. . ; \., ' 
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2..0 STUDY APPROACH 

A formal, explicit approach has been adopted for evaluating the development and subsequent application of the various candidate BHGs. This approach is based on the realization that the BHGs are simply one potential integrated component of the overall site characterization/monitoring program. Their cost-effectiveness in satisfying the site characterization/monitoring needs will be a function of the other components of the program. For example, BHG may not be very cost effective in determining the in situ concentration of an isotope if water quality samples must be obtained anyway for other reasons. _ Hence, BHGs must be evaluated in the context of the entire program as opposed to being evaluated in isolation. 

As illustrated schematically in Figure 2-1, the study approach consisted of the following steps: 

1. Hanford Site Characterization Program Objectives 

a. Identify Program Objectives - The Test Program (with or without BHG) must satisfy minimum data requirements for characterization at the Site (see below), to the satisfaction of the Regulatory Agencies. Objectives for the Test Program (i.e., desired attributes beyond those required) include: 

• maximize reliability of satisfying minimum site data requirements 
(including schedule) 

• maximize Regulatory Agency acceptability · 
• minimize cost 
• maximize additional data beyond minimum required 
• maximize cost-effectiveness of Test Programs for other DOE sites 

b. Identify Data Requirements - The data requirements consist of specific: 

• types of data 
• accuracy of data 
• location of data (spatial density and coverage) 
• duration or schedule of data (time and frequency) . 

c. Establish Value Scale for Each Objective - Relative preferences must be 
identified among the possible "attributes" of any program with respect to each objective, with everything else being equal. This determines the "value scales" (or "utility functionsj by which each program's attributes can be converted to 
the degree of satisfying each objective. For example, with everything else equal, a program which costs less than another would be preferred, with the value scale ranging from O at a maximum cost to 10 at zero cost, varying 
linearly in between. 

d. Establish Tradeoffs Among Objectives - Relative preferences must be identified among the possible values of any program with respect to the set of objectives. This determines the "relative weights" of the various objectives. For example, satisfying the cost objective (as defined by its utility function) might be twice as 

... ... ··~' ·(· ··;, .:· .• .... :,: - : : · •. ·,. .. - ·-· , •.·· • . .... .. . ~ · -- ~- . . .. -. . "' ... ··· ,, .. 
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important as satisfying the objective related to additional data, so that the ratio 
of their relative weights is two. 

2 Candidate BHGs 

a. Identify Candidate BHGs - The ~didate BHGs have been specified by WHC. 

b. Assess Relevant Attnbutes of Candidate BHGs (including uncertainties) - These 
attributes include the following: 

• Satisfaction of Individual Data Requirements (uncertain, depending on 
development level) 
· Data types addressed 
· Accuracy of results 

• Costs 
· Fixed cost (including feasibility studies, tool development, 

calibration and field studies, as required)(various levels). 

• Schedule 
Development (various levels) 
Implementation (per application) 

• Other ·· 
· Program compatibility (limitations in application) 
· Likelihood of successful development 
· Regulatory Agency acceptability 
· Support requirements ( e;g., borehole drilling, lab testing) 

3. Base Case Test Program (without BHG) 

. . . . . .... .. ·. . . ·: .... : . "'." ., ... ~. 

a. Identify Base Case Test Program - The Base Case Test Program consists of a 
specific number of various program "elements." The various elements of the 
characterization test program includes the following: 

• Field activities 
· Achieving access to boreholes (BHs) 

- drilling and completing new BHs (various types) 
- mob/demob test rigs on existing BHs (various types) 
Obtaining BH samples 
- geologic (various types) in new BHs 
- water quality (various types) in new or existing BHs 
Conducting other BH tests (various types) in new or existing BHs 

• Lab or other off-site activities 
• Lab testing on BH samples 

- geologic (various types) 
- water quality (various types) 

· Analyzing other BH tests (various types) 
· Combining/interpreting all data . 

' • • - ' .. • • • ~ - · , ... • : '\ ~ • <• . .. , •• . • .. _-__ - .. --.. .,'.~ --5 ·\ • :;_·,,._ ... ·:-·•.: :· , ~ .. . . ,, .. •· . ... ~ ... ~ ~-. .. -· ·•, . . 
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b. Assess Relevant Attributes of Base Case Test Promm (including uncertainties) -
Each of the program elements has an associated cost and duration. Moreover, 
the elements must be conducted in specific sequences and in many cases can 
be conducted simultaneously. For example, the various field activities must be 
conducted in sequence within a borehole, but can be conducted simultaneously 
in different boreholes if enough equipment is available. Based on the quantity 
and unit cost and duration of each element, the sequence of elements, and the 
number of elements that can be done simultaneously (based on the system 
capacity), the overall costs and duration of the program can be detennined. 

In addition to cost and schedule, it is assumed that the Base Case Program will 
adequately satisfy the data requirements, will be acceptable to the regulatory 
agencies, and will not be useful at other DOE sites. 

4. Alternative Test Programs ("~th BHG) 

a. Identify Alternative Test Programs - Alternative Test Programs which 
incorporate various combinations of BHGs and are conservatively expected to 
provide equivalent data to the Base Case have been identified. This has been 
done subjectively, based on assessments of how well the base case satisfies the 
data requirements and how well each of the BHG tools satisfies the data 
requirements, both independently and jointly, as well as on program 
compatibility and support requirements. These alternative programs also 
include contingencies if BHGs are not successfully developed. 

b. Assess Relevant Attributes of Alternative Test Programs (including 
uncertainties) -· Based on the assessments of costs and durations of each 
program element (including development and application of BHGs), the 
quantity of each element, the sequence of elements, and the number that can 
be done simultaneously (based on the system capacity), the overall costs and 
duration of the program can be detennined, similar to the Base Case, assuming 
that BHG development is successful and acceptable to the regulatory agencies. 
It is assumed that each alternative program is equivalent in terms of satisfying 
the data requirements, because that was the basis for their formulation. 
However, it is also possible that alternative programs may provide additional 
data or capabilities beyond the Base Case program. 

The cost and duration of the program assuming that BHG development is 
unsuccessful is also detennined as simply the Base Case plus BHG 
development The "expected" cost and duration of the program is then simply 
the product of the program cost and duration assuming successful BHG 
development and the probability of successful BHG development, plus the 
product of program cost and duration assuming unsuccessful BHG 
development and the probability of unsuccessful BHG development. In this 
way, the potential savings and penalties associated with BHG development are 
considered in context with their relative likelihood, so that more reliable BHG 
development and/or potentially more cost-effective BHGs will be favored. 

Regulatory acceptability and potential technology transfer are assessed 
separately. . . . 

... 
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5. Evaluation of Programs 

a. Evaluate Degree to which Program Objectives are Satisfied by each Test 
Program (including uncertainties) - The Alternative Test Programs have been 
evaluated in terms of the difference (relative to the Base Case) in their overall 
cost and schedule (for characterization only), considering contingencies if BHG 
development is unsuccessful and their likelihood, and in terms of their 
regulatory acceptability and potential technology transfer. The previously 
established utility functions were used to determine program ratings with 
respect to each of these objectives, based on the assessed attnbutes. 

b. Compare and Rank Test Programs in terms of Degree to which Set of Program 
Objectives are Satisfied (considering tradeoffs among objectives, as well as 
uncertainties) - Tradeoffs were made among the various objectives using the 
relative weights, and overall ratings were developed for each Alternative Test 
Program. The Alternative Test Programs were then ranked based on these 
overall scores. 

c. Conduct Sensitivity Study of Test Program Ranking to Various Assessments -
Sensitivity of the cost-benefits (and thus in ranking) of Test Programs which 
include BHGs have been determined with respect to changes in: 

• Primary .Factors 
Base Case Program 
Alternative Test Programs (technically equivalent combination of 
elements) 
BHG development/application levels 
Probability of successful BHG development 
Value judgements (utility functions and relative weights) 

Secondary Factors 
Data requirements 
Other program element attributes (e.g., costs and durations) 
Other programmatic factors (e.g., Base Case elements) 

6. Conclusions/Recommendations 

a. Determine Sufficiency of "Robustness" of Evaluation of Alternative Programs -
The sensitivity in the ranking of Alternative Programs has been determined 
based on the results of the sensitivity studies regarding the overall score of 
each to changes in various parameters, in conjunction with assessments of 
reasonable ranges in the possible values of those parameters. This has been 
expressed in terms of the parameter values at which the rankings change, and 
the possibility of those parameter values being correct. 

b. If Sufficiently Robust, Make Recommendations Regarding BHG Development 
and Subseguent Application - If the evaluations are sufficiently robust, then it 
will be possible to clearly differentiate among the Alternative Programs. Based 
on robust evaluations, definitive recommendations can be made as to whether 
specific BHGs should be developed and incorporated in the Test Programs . 
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c. If Not Sufficiently Robust. Make Recommendations Regarding Study 
Refinements - If the evaluations are not sufficiently robust, then it will not be 
possible to clearly differentiate among the Alternative Programs and to clearly 
determine whether specific BHGs should be developed and incorporated in the 
Test Program. In this case, those evaluation factors (including possibly 
objectives, values, alternatives, and assessments) which affect the ranking most 
and which are most uncertain will be identified Recommendations will then 
be made regarding which of these factors should be focussed on for further 
study, in order to subsequently provide a sufficiently robust evaluation. 
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3.0 SITE CHARACTERIZATION/MONITORING DATA 
REQUIREMENTS AND PROGRAMS 

The site characterizatiorv'monitoring data requirements at Hanford, which BHGs 
might address, and the test programs currently .proposed for addressing those 
requirements have been identified in a broad way to provide a basis for evaluating the 
candidate BHGs, per the approach presented in Section 2. These data requirements and 
programs have been identified primarily through a review of RI/FS work plans and an RI 
report, and discussions with Westinghouse Hanford staff. They are documented in 
Appendix A and are summarized below. 

3.1 DATA REQUIREMENTS 

The various types of data required for site characterization and monitoring of the 
vadose zone and groundwater in the CERCLA program at Hanford are summarized in 
Table 3-1. Then data types were compiled from a survey of various Hanford RI/FS work 
plans and reports, including RI/FS work plans for the 100-KR-1, 100-KR-4, 200-BP-1, 300-FF-
1 and 300-FF-5 operable units and the 1100-EM-1 Phase 1 RI report (DOE 1991a, 1991b, 
1990a, 1990b, 1990c, 1990d). The survey was limited to identifying data requirements that 
involved the use of vadose zone or deeper boreholes (existing or new). This survey 
provides a representative cross section of the types of data being obtained from boreholes 
for characterization and monitoring of operable units across the site. 

The data quality, spatial and temporal codes are listed to give a relative 
understanding of "how important" various data types are with respect to each other, the 
importance of the spatial distribution of ·data (especially regarding data density and 
coverage), and the frequency of data collection or analysis. The assignment of codes was 
based on the survey of the work plans and report described above, and is subjective in 
nature. 

Any characterizatiorv'monitoring program must adequately satisfy the above data 
requirements. 

3.2 CURRENT CHARACTERIZATION/MONITORING PROGRAM 

The description of the current vadose zone and groundwater 
characterization/monitoring activities within the CERCLA program at Hanford was 
compiled from a survey of the various Hanford RI/FS work plans and report described in 
Section 3.1. The relationship of these activities to the data requirements is summarized in 
Table 3-2 The current program incorporates review of existing data and drilling, sampling, 
and laboratory analysis of soil and groundwater samples from new boreholes and 
monitoring wells installed for each operable unit In the current program, borehole 
geophysical logging with the spectral-gamma tool is limited to specific requests for logging 
indi'vidual boreholes prior to well construction. The tank fann surveillance team also 
employs a passive gamma-ray logging tool in their monitoring program. 

. . . . 
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The current characterizatiorv'monitoring program of each operating unit typically 
involves the drilling of tens of new soil boreholes, the drilling and construction of tens of 
new monitoring wells, and the collection and laboratory analysis of hundreds of soil and 
groundwater samples. Additional background data regarding the current 
characterizatiorv'monitoring programs are given in Appendix A. 

A current Base Case program for characterization of a "typical" operable unit has 
been compiled from those already conducted or currently in progress at six of the 78 
operable units in the 100, 200, 300 and 1100 Areas, as previously identified in Section 3.1. 
These six operable units tend to entail more effort than others, so that this Base Case 
program may be somewhat larger than the average of the 78 operable units. This program 
is very approximate, and is intended to serve only as the Base Case for evaluating the 
potential development and application of candidate BHGs, per the approach presented in 
Section 2. It is assumed that this current program adequately satisfies the data 
requirements presented in Section 3.1. It snould be noted, however, that there is currently 
little information available regarding monitoring programs. Hence, although the likely 
monitoring activities can be identified, their quantities cannot be estimated at this time. 

A current characterizatiorv'monitoring program has been summarized in Table 3-3 
which is applicable to about five "typical" operable units. It is believed that a program for 
five "typical" operable units is conservative for evaluating the benefits of BHG development 
and application, because it results in a somewhat smaller program than expected and will 
thus understate the benefits._ Although each such "typical" operable unit may entail more 
effort than the average of the 78 operable units, only five (rather than 78) units are 
considered. Smaller programs offer less benefits, because they have to absorb BHG 
development costs and schedules. 

,;;,_ .-· ~ ! ..,, - ... \ .:. ~ • 1 - : • - : , -~ 
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Table 3-1. Data Requirements. (sheet 1 of 2) 

Data Type Data Quality Spatial Temporal 

Vadose Zone 
Geology 

lithology 
physical character 
uniformity 

Physical Properties 
permeability 
porosity 
density 
moisture 
grain S~e 

Contamination Type 
radionuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

Flux (leach) Tests 
radionuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

Contamination Extent 
vertical 
horizontal 

Groundwater/liydrogeology 
Geology 

lithology 
physical character 
uniformity 

Physical Properties (sediments) 
density 
grain Size 

Hydraulic Properties 
hydraulic conductivity 
velocity 

Contamination Type 
radionuclides, emitting 
radionuclides, non-emitting 
organics 
inorganics/metals 

Contamination Extent 
vertical 
horizontal 

.. - . . . . . .;.~ - . , . ,. . . ..... . ,. .. ::. .. .. • .·' .. ... '.• -·· ··., ' : .... ,.:.; .. . 1i . 

1 5 1 

1-3 2-3 1 

1-5 5 1 

3-5 2 1 

1-2 5 1 

1 5 1 

2-3 2-3 1 

2 3 1 

1-5 5 2-3 

1-2 5 2-3 

- .. .... .... . -•· , - ·• ·.· ... -, .. .. ,. . 
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Table 3-1. Data Requirements. (sheet 2 of 2) 

Data Type Data Quality Spatial Temporal 

Groundwater/Hydrogeology (cont) 
Solute Retardation/Sorption Tests 

radionuclides, emitting 
radionuclides, non-emitting 
organics 

3-5 2 

in organics/metals 

Operational/Post-Closure Monitoring 
Vadose Zone 
Contamination Type 

radionuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

Groundwater 
Contamination Type 

radionuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

1-5 

1-5 

Data Quality Codes: 1 - field screening/qualitative 

3-4 

3-4 

2 - field analysis/qualitative/semi-quantitative 
3 - laboratory analysis (non-CLP) 
4 - CLP-RAS/stringent QA/QC 
5 - CLP-SAS/special methods 

Spatial Codes (considering data density and coverage): 
1 - not very important 
to 
5 - very important 

Temporal Codes: 1 - one time analysis 
2 - several times analysis 
3 - many times analysis 

• • •, •• > • • • . ~ :~ > • ... ' ~ • • I ~ • • • • ,• : ~••-- • • • : 0 0: 0 "::·; ~ · h • 0 0 
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Table 3-2. Relationship of Characterization/Monitoring Activities 
to Data Requirements. (sheet 1 of 2) 

Data Type · 

Vadose Zone 
Geology 

lithology 
physical character 
uniformity _ 

Physical Properties 
permeability 
porosity 
density 
moisture 
grain Size 

Contamination Type 
radionuclides, emitting 
radionuclides, non-emitting 
organics 
inorganics/metals 

Flux (leach) Tests 
radionuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

Contamination Extent 
vertical 
horizontal 

. . . 
•.• • • •• • •• : • . .. .. -· : ......... , •• -·,I-:, • ' •• -~ • • 

T cols/Methods 

existing data plus drilling and 
geologic logging of cuttings and 
soil samples 

existing data plus laboratory testing 
of soil samples 

laboratory testing of soil samples 

laboratory testing of soil samples 

data evaluation based on sample 
analysis interval and borehole 
spacing 

.. 
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Table 3-2. Relationship of Characterizatiorv'Monitoring Activities 
to Data Requirements. (sheet 2 of 2) 

Data Type 

Groundwater(Hydrogeology 
Geology 

lithology 
physical character 
unifonnity 

Physical Properties (sediments) 
density 
grain Size 

Hydraulic Properties 
hydraulic conductivity 
velocity 

Contamination Type 
radionuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

Contamination Extent 
vertical 
horizontal 

Solute Retardation/Sorption Tests 
radi.onuclides, emitting 
radionuclides, non-emitting 
organics 
in organics/metals 

OperationaVPost-Closure 
Monitoring 
Vadose Zone 
Contamination Type 

radionuclides, emitting 
radionuclides, non-emitting 
organics 
inorganics/metals 

Groundwater 
Contamination Type 

radionuclides, emitting 
radionuclides, non-emitting 
organics 
inorganics/metals 

:··-. ~ ••• , ·- ·" ;· : •• • • • • 4 .. .... ~ 

Tools/Methods 

existing data plus drilling and 
geologic logging of cuttings and 
soil samples 

existing data plus laboratory testing 
of soil samples 

existing data and field aquifer testing 
{slug tests, pump tests) 

laboratory testing of groundwater 
samples 

data evaluation based on sample 
analysis interval and well spacing 

laboratory testing of groundwater 
samples 

[inferred] 

collection of soil samples and 
laboratory testing of samples 
(gamma-ray logging at Tank Farms) 

collection of groundwater samples 
and laboratory testing of samples 

, . ., .. . .... ... . .... ·. . . .. ... ' .... 
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Table 3-3. Approximate Current Characterization/Monitoring Program. 

CHARACTERIZATION 

DriWComplete New Boreholes 

75 non-radioactive vadose 
50 non-radioactive well 
50 radioactive vadose 
50 radioactive well 

Obtain Geologic Samples in New Boreholes and Conduct/Analyze Lab Tests 

625 soil chemistry 
660 soil radiation components 
920 soil physical properties 

Obtain Water Quality Samples and Conduct/Analyze Lab Tests 

325 water chemistry in new boreholes 
320 water chemistry in old boreholes 
215 water radiation components in new boreholes 
215 water radiation components in old boreholes 

Conduct and Analyze Borehole Tests 

100 slug tests in new boreholes 
50 slug tests in old boreholes 

MONITORING 

Dril.VComplete New Boreholes 

[TBD] non-radioactive vadose 
[TBD] radioactive vadose 

Obtain Geologic Samples in New Boreholes and Conduct/Analyze Lab Tests 

[TBD] soil chemistry 
[TBD] soil radiation components 

Obtain Water Quality Samples in Old Boreholes and Conduct/Analyze Lab Tests 

[TBD] water chemistry 
[TBD] water radiation components 

Note: This program is based on the level of effort required for five operating units 
similar to 100-KR-1, 100-KR-4, 200-BP-1, 300-FF-1, 300-FF-5, and 1100-EM-1. However, 
little information is currently available regarding the magnitude of the monitoring 
program. Hence, although the likely types of monitoring activities are known, their 
quantities are not. 
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4.0 CANDIDATE BHG TOOLS 

Borehole geophysical (BHG) methods are an important part of many site 
characterization studies and can provide information at varying levels of detail In oil 
exploration, BHGs are an integral part of exploration programs as well as reservoir 
development programs. The BHG methods are being used with increasing regularity to 
obtain reliable and quantitative hydrogeologic information from boreholes. Borehole 
geophysics programs have been successfully implemented at environmental sites including 
the Nevada Test Site and Idaho National Engineering Laboratory. At the Nevada Test Site, 
for example, BHG measurements have completely replaced sampling activities (with the 
exception of drill cuttings) in exploratory boreholes. 

There are a number of general advantages and limitations to applying BHGs for 
hydrogeologic applications. The ability to obtain objective, repeatable and continuous 
information regarding the conditions in and around a borehole is generally considered the 
greatest advantage of using BHGs (Keys 1989). This enables accurate correlation between 
boreholes, monitoring of changes in the borehole environment over time, and statistical 
evaluation of one or multiple geophysical responses. Qualitative and semi-quantitative 
interpretation of BHG logs can provide valuable site characterization information, especially 
when evaluated in conjunction with other information, such as pumping tests, borehole 
logs, or water quality data. Detailed quantitative interpretation of BHG logs involves 
complex theory, and requires adequate .calibration standards for specific lithologies. 

Among BHGs, nuclear logging techniques are applicable in the widest range of 
borehole conditions, and are potentially the most useful BHGs at the Hanford Site. The 
scope of this study was limited to four specific nuclear logging tools; other nuclear tools or 
other borehole techniques which might be applicable at the Hanford Site were not within 
scope and have not been considered in this study. Methods, such as caliper logging, are 
not considered since the logging under consideration will be carried out in cased holes. 
The relevant attributes of the four candidate BHGs are summarized in Table 4-1 in terms of 
various factors considered in the evaluation of these tools. These attributes, which provide 
a basis for evaluating those BHGs per the approach presented in Section 2, have been 
subjectively assessed, based on discussions with Westinghouse Hanford staff and other 
references as cited. A brief description and summary of each tool is provided in the 
following sections, with specific details on effectiveness, cost, duration, compatibility, 
regulatory acceptance, and probability of successful development as documented in 
Appendix B. 

4.1 SPECTRAL GAMMA TOOL (RADIONUCLIDE LOGGING SYSTEM) 

4.1.1 Potential Application 

The spectral gamma method measures the gamma energy spectra resulting from the 
natural disintegration of gamma-emitting radionuclides. The disintegration of 
radionuclides is statistically precise, and the measured intensity of the spectra is directly • 
related to the concentration of the gamma-emitting radionuclide. By using a highly 
sensitive Germanium detector, very high resolution of the spectral response is possible, 

. . 
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providing more detailed information on the type and quantity of gamma emitters present 
in the formation. Gamma-emitting radionuclides of interest at Hanford include Cs-137, 
Co-60, Eu-152, Al-25, and Am-241 (DOE, 1990a). Spectral gamma measurements can be 
used to calculate concentrations of gamma-emitters to accuracies on the order of pCi/g. 
These calculations are based on a patented theoretical relationship and are in the process of 
being evaluated relative to actual sample results. 

The technique can also be used to identify and correlate lithologies (particularly silts 
and clays) between boreholes. This is the typical application of spectral tools, and would 
provide an objective, quantilative means of identifying and correlating lithologic units at 
the Hanford Site. 

The tool can be applied in existing or newly drilled wells. The effects of carbon steel 
casing, and well diameter have been quantified. The effects of PVC casing, grout, and 
water-filled casing have not been determined. The accuracy of spectral gamma 
measurements in existing wells will depend on well completion effects. However, spectral 
gamma techniques will detect gamma-emitting compounds in most single-cased wells. 
Spectral gamma measurements will be most reliable in newly drilled wells, prior to well 
completion. In these applications, there are relatively few factors affecting the performance 
of the tool. 

Future refinements in data processing may provide a means for identifying the 
distribution of gamma-emitting radionuclides away from the borehole. This would include 
elements adhered to the casing or distributed in the formation. Penetration distances 
would be on the order of 1 to 1.5 feet outside the borehole casing. Information on 
formation uniformity may also be possible through data processing refinements . 

4.1.2 Attributes 

The spectral gamma tool can potentially satisfy data needs pertaining to lithology, 
formation uniformity, and the presence and concentration of gamma-emitting radionuclides 
in both the vadose zone and groundwater environment. Hence, application of this tool in 
new or existing boreholes can potentially substitute for some of the soil and groundwater 
radionuclide sampling and laboratory testing in new or existing boreholes, especially 
replacing drilling and sampling new boreholes in the vadose zone with logging in existing 
boreholes. 

It is estimated that, once successfully developed, it will cost on the order of $1,500 
and take about 1 day (0.003 years) to conduct per borehole. Analysis (off-site) of the results 
will cost about $900 and take about 3 days (0.008 years) to complete per borehole. It has 
been subjectively assessed that the tool will be acceptable to the regulatory agencies in most 
cases. 

4.1.3 Present Status 

The Westinghouse Hanford spectral gamma tool or Radionuclide Logging System 
(RLS) system has already been developed to a relatively high level and has been tested in a 
number of Hanford boreholes for its ability to detect gamma-emitting radionuclides . 
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Confirmatory laboratory results are not yet available, but the tool appears to have a 
demonstrated effectiveness for this application. Additional calibration studies are necessary 
to determine the effects of PVC casing, water-filled holes, and grout. Data processing 
software must be completed to streamline the processing and interpretation of log data. At 
the present time, data processing and interpretation are done by-hand. Geologic'lithologic 
applications of the tool have not been field tested. A significant level of effort will be 
required to develop processing algorithms for assessing adhesion of radionuclides or subtle 
formation changes. · 

It is estimated that it will cost on the order of $140,000 and take about 0.6 man-years 
to complete development of this tool. The probability that such development will be 
successful, allowing the tool to be applied in the field, has been subjectively assessed to be 
0.9, based on judgement. 

4.2 GAMMA-GAMMA DENSITY LOGGING TOOL 

4.2.1 Potential Application 

Gamma-gamma logging employs a gamma-emitting source to irradiate the formation 
with gamma rays and a detector to subsequently measure back-scattered gamma rays 
caused by the formation. The attenuation of the gamma rays emitted from the source is 
related to the electron density of the formation. The intensity of the back-scattered gamma 
rays is approximately proportional to the bulk density of the formation (Keys and 
MacCary, 1983). 

The tool and analysis techniques are capable of: 

• Determining relative bulk density of a formation 

• Calculating porosity (given estimates of grain size distributions) 

• Evaluating well completion (with respect to the presence and dimensions of air 
voids, grout, and sand pack) 

• Calculating true formation porosity (given the effects of well completion). 

The potential applications of the gamma-gamma tool at the Hanford site are for 
determining formation density in new wells prior to well completion, determining relative 
formation density in new or existing wells, and evaluating the integrity of existing wells 
with respect to grout and air-voids (Yearsley et al., 1991). 

Gamma-gamma measurements are very sensitive to borehole conditions, and are 
generally considered unreliable in completed boreholes due to the presence of casing, air 
voids and grout (Keys 1989). However, a recent feasibility study (Wilson 1991) has shown, 
through computer simulation that identification of air-voids and grout is possible with 
some modifications to standard gamma-gamma tool configurations. Corrections for these 
effects could then be used to determine true formation density in completed wells. 
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Gamma-gamma logs will also be affected in high background gamma environments, and 
will require additional measurements to correct for the background effects. 

4.2.l Attributes 

The gamma-gamma density tool can potentially satisfy data needs pertaining to 
lithology, formation uniformity, formation density and porosity in both the vadose and 
groundwater environments. Hence, application of this tool in new or existing boreholes 
can potentially substitute for some of the soil sampling for physical property testing and 
laboratory testing in new boreholes, especially replacing drilling and sampling new 
boreholes with logging in existing boreholes. 

It is estimated that, once successfully developed, it will cost on the order of $500 and 
take about 0.001 years to conduct, per borehole. Analysis (off-site) of the results will cost 
about $600 and take about 0.005 years to complete, per borehole. It has been subjectively 
assessed that the tool will be acceptable to the regulatory agencies in limited applications. 

4.2.3 Present Status 

The recent feasibility study indicated that, regardless of the application, additional 
tool and software development activities are necessary to apply gamma-gamma logging at 
Hanford. Existing "off-the-shelf' technology does not appear sufficient for application at 
the Hanford site. Two levels of development are possible. Either level requires a tool 
mock-up, software development, calibration standards, and field evaluation. An initial level 
of development will provide for relative density measurements and identification of well 
completion integrity. A comprehensive development program will provide for true density 
calculations in the presence of well completion effects, and detailed quantitative 
determination of well completion details. 

It is estimated that it will cost on the order of $910,000 and take about 3.7 man-years 
to complete development of this tooL The probability that such development will be 
successful, allowing the tool to be applied in the field, has been subjectively assessed to be 
0.6, based on judgement. 

4.3 NEurRON-NEurRON POROSITY LOGGING TOOL 

4.3.1 Potential Application 

Neutron logging techniques are one of the most useful logs for petroleum and 
hydrogeologic applications because of their sensitivity to hydrogen. Since saturated 
formations are normally filled with hydrogen-rich fluids (oil or water), neutron logs can be 
used to determine formation porosity (Tittman 1986). In addition to determining saturated 
porosity, neutron-neutron methods are capable of: 

• Measuring the presence and quantity of moisture in a formation 
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It is estimated that it will cost on the order of $1,000,000 and take about 3.7 man­
years to complete development of this tool The probability that such development will be 
successful, allowing the tool to be applied in the field, has been subjectively assessed to be 
0.6, based on judgement 

4.4 NEUTRON ACTIVATION LOGGING SYSTEM 

4.4.1 Potential Application 

Neutron activation tools measure gamma energy emitted when nuclei are excited by 
the bombardment and capture of thermal neutrons. The gamma spectra emitted via 
neutron activation reflect the presence and concentration of different elements with large 
electron capture areas such as chlorine, hydrogen, silicun, calcium, iron, and sulfur (Tittman 
1986). Some neutron activation tools can be used as a high resolution spectral gamma tool 
by shielding, or removing, the neutron generator. In addition, neutron activation tools can 
also be used as a neutron-porosity tool, similar to standard neutron-neutron logs. 
Therefore, the neutron activation tool is potentially the most versatile tool for the proposed 
applications of borehole geophysics at Hanford. · 

The tool and analysis techniques are capable of: 

• Detecting and determining elemental concentrations of elements such as 
hydrogen, chlorine, silicon, calcium, iron and sulfur 

• Determining porosity of the formation by evaluating hydrogen spectra 

• Determining the presence and concentration of gamma-emitting radionuclides, 
similar to the Westinghouse Hanford RLS system 

• Identifying and correlating lithologies based on geochemical signatures. 

There are potentially three applications for the neutron activation tool: 

• Identifying chlorinated organic solvents, nitrate, sulfate or brine which are 
present in the vadose zone or groundwater, based on characteristic elements in 
these wastes 

• Identifying and quantifying gamma-emitting ~dionuclides, similar to the WHC 
RLS system 

• Determining relative or true porosity. 

Well completion details such as casing, hole diameter, and grout will have a 
significant effect on the tool response. Corrections for casing and hole diameter are 
available for these tools. Grout corrections have not been determined. The size of the tool 
(40-foot length) may limit the number of acceptable holes for logging. 
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Like standard neutron tools, neutron activation methods are capable of qualitative 
assessments without calibration standards. However, for quantitative analysis, a calibration 
facility designed specifically for unconsolidated sediments similar to Hanford sediments is 
essential. 

It should be recognized that the tool detects elemental concentrations, and does not 
detect actual compounds. Given sufficient calibration and laboratory chemical analyses, a 
relationship between compound concentration and spectral response could be developed 
for a specific site. 

4.4.2 Attributes 

The neutron activation tool can potentially satisfy data needs pertaining to lithology, 
formation uniformity, presence and concentration of gamma-emitting radionuclides, 
presence and estimated concentration of chlorinated organic solvents, sulfates, and brines. 
These data can be obtained in both the vadose and groundwater environments. Moisture 
content can be determined in the vadose zone, and saturated porosity can be evaluated 
beneath the water table. Hence, application of this tool in new or existing boreholes can 
potentially substitute for some of the soil and groundwater sampling for chemistry and 
laboratory testing in new or existing boreholes, especially replacing drilling and sampling 
new boreholes in the vadose zone with logging in existing boreholes. 

It is estimated that, once successfully developed, it will cost on the order of $2,600 
and take about 0.001 years to conduct, per borehole. Analysis (off-site) of the results will 
cost about $750 and take about 0.005 years to complete, per borehole. It has been 
subjectively assessed that the tool will be acceptable to the regulatory, agencies in many 
cases. 

4.4.3 Present Status 

The Westinghouse Hanford Geophysical Team has proposed using a neutron 
activation tool originally developed by ARCO. This tool was eliminated from ARCO's 
geophysical program and is available through an independent contractor. It is estimated 
that up to $5 million was spent in the research and development of this tool. The unique 
feature of the tool is the Germanium (Ge) detector which provides high resolution spectra. 
Schlumberger have also developed a Ge detector for their neutron activation tool. 

A feasibility study is needed, including field demonstration/application of the existing 
technology and evaluation of calibration methods, to determine additional development 
activities and applications. 

It is estimated that it will cost on the order of $820,000 and take about 1.9 man-years 
to complete development of this tool. The probability that such development will be 
successful, allowing the tool to be applied in the field, has been assessed to be 0.5, based on 
judgement. 
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Table 4-1. Borehole Geophysical Tool Attributes. 

FACTORS 

Aa:un,:y in Satisfying Data Raquinmant 

V adose • Geology 

VadON - Physical 

VadON • Ccntaminants 

VadON • Flux Tnts 

Groundwater • Geology 

Groundwater • Physical 

Groundwater • Hydraulic 

Groundwater • Contaminants 

Groundwater• Flux Tests 

Groundwater • Solute Retardation 

Vadose • Monitoring 

Groundwater • Monitoring 

Estimated Development Cost 

Estimated Development Schedule (man•yn) 

Probability of Suc:cessfw Development 

Estimated Unit Application Cost (per well) 

Estimated Unit Application Duration (yrs/well) 

Estimated Unit Analysis Cost (pet' -11) 

Estimated Unit Analysis Duration (yrs/well) 

Program Compatibility 

Regulatory Acceptability 

Scoring Definitions: 

Accuracy 
1 Not Applicable 
2 Poor Oat• Application/Quality 
3 Moderate Data Application/Quality 
4 Good Data Application/Quality 
S Excellent Data Application/Quality 

Compatibility 
Not compatible 
Compatible, in certain applications 
Compatible, in many applications 
Compatible, in most applications 
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5.0 EVALUATION OF CANDIDATE BHG TOOLS 

The development and application of the various candidate BHGs have been 
evaluated, per the approach presented in Section 2, as discussed below. This evaluation 
was done in the context of a potential characterizatiorv'monitoring program(s). Hence, the 
role of BHGs within such programs and the basis for evaluating such programs first had to 
be established. On this basis, the programs (incorporating BHGs) were then evaluated, and 
the sensitivity of this evaluation to reasonable changes in subjective assessments were 
determined. 

5.1 CHARACTERIZATION/MONITORING PROGRAMS 

A variety of programs which satisfy the data requirements are possible. Ju illustrated 
in Figure 5-1, the elements of the various programs consist of: drilling new boreholes (if 
data requirements cannot be met in existing boreholes); obtaining geologic samples in new 
boreholes and conducting/analyzing lab tests on those samples; obtaining water quality 
samples in new or existing boreholes and conducting/analyzing lab tests on those samples; 
conducting other in situ tests in new or existing boreholes and analyzing those tests; 
possibly conducting BHGs in new or existing boreholes (after BHG development) and 
analyzing those tests; and finally collecting and .interpreting all of the data and comparing 
it with the data requirements. 

A Base Case characterization/monitoring program (which does not include BHGs) 
was developed from the data review, as described in Section 3 (Table 3-3) and summarized 
in Table 5-1. The base case program is applicable to about five typical operable units 
(which is conservative with respect to evaluating the benefits of BHG development and 
application), and uses the average of the various program elements that were or are being 
used in the characterization/monitoring of operable units in the 100, 200, 300, and 1100 
Areas (Appendix A, Table A-1). Unit cost and time duration of each program element are 
summarized in Table 5-1, and were developed from interviews with Westinghouse Hanford 
staff, or were based on assumptions where data were not available. The base case 
characterization/monitoring program, as well as any assumptions, is described in more 
detail in Appendix A. 

The following conditions were assumed for the Base Case (Program 0): 

• Characterization of a total of five "typical" operable units. 

• Four drill rigs per operable unit, drilling four borehole types [Va dose 
(Rad/Non-rad) and Wells (Rad, Non-rad)], for total of 20 drill rigs 

• Total of 225 boreholes/wells 

• Lab capacity to simultaneously handle 500 soil chemistry tests, 500 soil 
radiation tests, 500 groundwater chemistry tests, 500 groundwater radiation 
tests, 100 soil physical properties, and 1 slug test analysis . . 

. . . · .. . . · .... .., 
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A set of five alternative Test Programs which incorporate various combinations of the 
candidate BHGs and are conservatively equivalent in terms of satisfying the data 
requirements have been identified, based on the description of the data requirements 
(Section 3.1), the Base Case Test Program (Section 3.2) and the attributes (vis a vis data 
requirements) of the various BHGs (Section 4). The alternative programs consisted of the 
following specific combinations of the candidate BHGs: 

• Develop and apply spectral gamma tool (RlS) only 

• Develop and apply RLS and gamma-gamma tools 

• Develop and apply RLS, gamma-gamma, and neutron tools 

• Develop and apply RLS, gamma-gamma, neutron and neutron activation tools 

• Develop and apply RLS and neutron activation tools. 

In all cases, it was assumed that two spectral gamma tools and one of each of the other 
BHG tools (gamma-gamma, neutron, and/or neutron activation) would be developed. It 
was also assumed that two people would be available to develop and analyze each tool. 

In addition to BHG development and application, each alternative program consists 
of different levels of ·other program elements. For all alternative programs, a percentage of 
"traditional" program elements (from the Base Case) continue to be implemented in order 
to confirm and correlate BHG results; i.e., drilling and_sampling activities carried out in the 
Base Case are not completely substituted with BHG. Each alternative 
characterization/monitoring program is considered to be approximately equivalent to the 
base case program without BHG in terms of satisfying the data requirements, assuming 
successful BHG development and application. However, if BHG is intended to be applied, 
but development is unsuccessful, then it is assumed that the Base Case program would be 
implemented. 

As summarized in Tables 5-1 and 5-2, the five alternative programs were assumed to 
be identical to the Base Case program, except for the substitution of a percentage of specific 
samples and analyses in the characterization program. These programs were defined as 
follows: 

, : , , . 

• Program 1 substitutes the spectral gamma tool for 50% of the radionuclide 
samples (either soil or water) and analyses conducted in the base case program. 

• Program 2 incorporates Program 1, and in addition substitutes the gamma­
gamma density tool for 40% of the soil samples for physical property testing in 
the Base Case program. 

• Program 3 incorporates Program 1, and in addition substitutes the gamma­
gamma density and neutron porosity tools for 50% of the physical property 
test samples and analyses conducted in the base case program. 

.- . ;. : 1 • • • 
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• Program 4 incorporates Program 3, and in addition substitutes the neutron 
activation tools for 50% of the chemical (non-radionuclide) samples (either soil 
or water) and analyses in that program. 

• Program 5 incorporates Program 1, and in addition substitutes the neutron 
activation tool for 50% of the chemical samples and 40% of soil samples for 
physical property (po_rosity) testing in that program. 

In all of the above programs, the same number of new boreholes were conservatively 
assumed to be drilled, plus an additional 10 boreholes/wells per operable unit were 
assumed to be logged to compensate for sampling reductions. 

The estimated quantities, unit cost and unit time duration of each program element 
in the alternative programs, as well as the Base Case program, are presented in Table 5-1. 
As previously noted, they were developed from interviews with Westinghouse Hanford 
staff and individuals in other government or private geophysical programs, or were based 
on assumptions where data were not available, as documented in Appendices A and B. 

It should be noted that the estimated quantities, unit costs and durations for each 
program element are very approximate and intended only for evaluation of the benefits of 
developing and applying candidate BHGs. 

5.2 BASIS FOR EVALUATION OF CHARACTERIZATION/MONITORING 
PROGRAMS 

The various alternative programs containing BHGs which were identified in Section 
5.1 have been evaluated as discussed in Section 2. This evaluation consisted of estimating 
the possible cost and schedule savings associated with each program relative to the Base 
Case, and separately estimating the "expected" cost and schedule savings (based on the 
possible cost and savings if BHG development is successful, the probability of successful 
BHG development, and contingencies if BHG development is unsuccessful), degree of 
regulatory acceptability, and potential for technology transfer. 

Each of the programs consists of a specific combination of elements, each with a 
quantity, unit cost, and unit duration. The total cost of a program is simply the quantity of 
each element times its unit cost, summed over all elements. The total duration of a 
program, however, is the quantity of each element times its unit duration, divided by the 
number that can be conducted simultaneously, summed over only those elements on the 
critical path. The critical path was assumed to be the maximum of the following three 
approximately parallel but interconnected paths, as illustrated in Figure 5-2: 

• New Boreholes •. including summation of the following: 
startup 
drilling, obtaining geologic samples (if any), obtaining water quality 
samples (if any), and conducting other borehole tests (if any), which can 
be done in parallel in various boreholes depending on the number of 
drill rigs available 

• • • .. :. . .. ~ •·~· ' • . ..;, _ .... A 0 . • 0 
. ... . , . . .- ; . -
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the longest development time of the various BHGs (if any) being used 
(minus drilling, sampling, and testing in the first borehole if less than 
maximum BHG development time) 
conducting BHGs (if any) in new boreholes, which can be done in 
parallel in various boreholes depending on the number of tools available, 
but assuming that the drill rig stays on the hole 
conducting the longest of the last lab tests/analyses (if any) 
combininef mterpreting all the data. 

• Existing Boreholes. including summation of the following: 
startup 
mob/demob of test rigs, obtaining water quality samples (if any), and 
conducting other borehole tests (if any), which can be done in parallel in various boreholes depending on the number of test rigs available 
the longest development time of the various BHGs (if any) being used 
(minus mobilization, sampling and testing in the first borehole if less 
than maximum BHG development time) 
conducting BHGs (if any) in new boreholes, which can be done in 
parallel in various boreholes depending on the number of tools available, 
but assuming that the test rig stays on the hole 
conducting the longest of the last lab tests/analyses (if any) 
combiningf mterpreting all the data. 

• Lab Tests/Analyses. including summation of the following: 
startup . 
the longest of: (a) longest development time of the various BHGs (if 
any) being used (minus drilling or mobilization, sampling and testing in 
the first borehole if less than maximum BHG development time); and (b) the shortest of drilling the first new borehole or setting up a test rig on 
the first existing borehole of each type, and obtaining the first geologic or 
water quality sample 
the maximum of conducting/analyzing all geologic lab tests, 
conducting/analyzing all water quality tests, analyzing all other borehole tests, and analyzing all BHGs, all of which will be done simultaneously at 
different facilities and in parallel depending on the combined capacity of 
those facilities 
combiningf mterpreting all the data. 

Based on the above, a LOTUS 1-2-3 spreadsheet was developed to estimate the total cost and duration of each program as a function of the quantity, unit cost and unit duration of each element comprising that program, in conjunction with the above schedule logic and specified system capacity. The difference in total ·cost and duration between each Alternative Test Program and the Base Case was then determined. By focussing on the difference relative to the Base Case, the evaluation is essentially normalized with respect to the Base Case so that potential minor errors in the Base Case assessments are mitigated to a large degree. This spreadsheet is discussed in detail in Appendix C.1. 
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The spreadsheet determines the program cost and schedule assuming that BHG 
development is successful However, such success cannot be guaranteed, i.e., there is a risk 
that BHG development will not be successful and that BHGs cannot be applied even 
though they were planned. Hence, a contingency plan (e.g., the Base Case) must be 
identified and implemented if BHG development is unsuccessful The "expected" costs and 
schedule of a BHG program are a function of: 

• The program cost and schedule if BHG development is successful; 
• The probability that BHG development will be successful; and 
• · The program cost and schedule if BHG development is unsuccessful (i.e., 

contingency plan). 

Conservative assumptions have been made regarding the prob8bility of success and 
contingency plans. Details of the probability calculations are included in Appendix c.3. 

The overall rating (or "utilityj of each BHG Program was subsequently determined as 
a function of the following factors: 

• Expected cost 
• Expected schedule 
• T echnologic capability 
• Regulatory acceptance. 

Expected cost and schedule are discussed above. Technologic capability was 
included to reflect the increased characterization and monitoring capabilities afforded by 
developing BHG, especially at other DOE sites which are expected to have similar data 
requirements. This is an added benefit of the BHG program, over and above its ability to 
satisfy the Base Case data requirements ·at Hanford. Regtilatory acceptance, which could 
be included as part of successful BHG development and thus considered as part of 
expected cost and schedule, was included separately to recognize that the regulatory 
agencies might not readily accept some reliance on BHGs. The regulatory acceptance and 
potential for technology transfer of each program have been subjectively assessed 
separately on a 0-5 scale, based on judgement and discussions with Westinghouse Hanford 
personnel, EPA, and Ecology, as discussed in Appendix B.5. 

These four factors were incorporated into a weighted overall utility for each program. 
Individual utility functions were first developed for each factor by identifying 
approximately equivalent ranges of worst possible to ideal for each. These were then 
simply converted to a scale of O (for worst possible) to 10 (for ideal). Weights can then be 
applied to the individual utilities to reflect the relative importance of each factor to the 
decision-maker, consistent with the scales used. The following utility functions and relative 
weights were assumed: 
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Factor Worst Best Weight 
Cost difference (Mil $) 0 -2.0 1 
Schedule Difference (Years) 0 -.5 1 
Regulatory Acceptance (0-5) ·o 5 1 
T echnologic Capability (0-5) 0 5 1 

This implies that the following are approximately equally preferred; a cost saving of $2 million, a schedule saving of 0.5 year, total regulatory acceptance, and the development of all four BHG tools. 

The resulting overall utility, therefore reflects all of the factors relevant to decision making in their appropriate context (i.e., reflecting tradeoffs). On this basis, the various programs can be ranked, with higher ratings preferred. Appendix c.3 contains details of the utility function calculations. 

The program evaluation process is summarized in Figure 5-3. As shown, there are program specific and generic components, as well as that part covered within and outside of the spreadsheet. 

5.3 RESULTS OF EVALUATION OF CHARACTERIZATION/MONITORING 
PROGRAMS 

The relevant attributes of the various alternative programs were determined, as discussed in Section 5.2. The results of these assessments are presented in detail in Appendix C, and are summarized in Table 5-3. These results indicate the following for the assumptions made herein: 

• The probability of successful BHG development decreases as the number of 
BHG tools increases, assuming success of any one tool is not dependent on 
success of another. This probability of success ranges from 0.9 for Program 1 
(one tool), to about 0.5 for Program 2 and 5 (two tools), to about 0.3 for 
Program 3 (three tools), and to about 0.2 for Program 4 (four tools). 

• All of the alternative programs offer potential cost savings, assuming successful 
BHG development. Program 5, at $3.6 million, offers the largest potential 
savings. Programs 1, 4 and 2, at $2.1, ·51.8 and $1.2 million, respectively, offer 
less but still substantial potential savings. Program 3, at $0.1 million, offers 
insubstantial savings. However, the expected cost savings for each program 
are moderated from the potential cost savings due to the possibility that BHG 
development will not be successful Those programs with the highest 
probability of success tend to be moderated least Hence, Program 1, at $1.8 
million, offers the largest expected cost savings. Programs 5 and 2, at $0.5 and 
$0.2 million, respectively, offer some expected cost savings. Programs 3 and 4, 
however, at -$1.3 and -$1.5 million, respectively, have expected cost penalties, 
due to their low probability of success and high development cost. 
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• Conversely, none of the alternative programs offers potential schedule savings, 
assuming successful BHG development. Programs 1 and 5, at 0.2 and 0.9 years, 
respectively, have the least potential schedule penalty. Programs 2, 3, and 4, at 
1.8, 2.1, and 2.5 years, respectively, have large potential schedule penalties. 
Similar to costs, however, the expected schedule penalties for each program are 
moderated from the potential schedule penalties due to the possibility that 
BHG development will not be successful Again, those programs with the 
highest probability of success tend to be moderated least. Hence, Programs 1 
and 5, at 0.2 and 0.7 years, respectively, have the least expected schedule 
penalty. Programs 3, 4 and 2, at 1.2, 1.2, and 1.4 years, respectively, still have 
large expected schedule impacts. 

• . All of the alternative programs offer improved tl!chnologic capabilities, 
proportional to the number of tools developed. Hence, Program 4 (four tools) 
has the highest rating, whereas Program 3 (three tools), Programs 2 and 5 (two 
tools), and Program 1 (one tool) offer increasingly less. 

• Conversely, all of the alternative programs offer decreased regulatory 
acceptance. Programs 1, 4, and 5 are assumed to offer about 20% less in the 
way of regulatory acceptance, whereas Programs 2 and 3 are assumed to offer 
about 40% less. 

• Based on the above assessments and on assumed value judgements, tradeoffs 
were made and an overall rating was developed for each program. It should 
be noted that the absolute values of these ratings are irrelevant due to the 
arbitrary scales used in the value judgements. Only comparisons of these 
ratings are of interest Based on such comparisons, it can be seen that, based 
on the assumptions used in this study: only Program 1 has a higher rating 
than the Base Case, and even so, it is not substantially higher ( + 12% ); Program 
5 has the next highest rating, but it is less than the Base Case, although not 
substantially less (-21 % ); and Programs 4, 2, and 3 have substantially lower 
ratings than the Base Case (-60%, -64%, and -69%, respectively). 

5.4 SENSITIVITY OF EVALUATION RESULTS OF 
CHARACTERIZATION/MONITORING PROGRAMS 

It is recognized that there is significant uncertainty in many of the evaluation 
parameters used to develop the results presented in Section 5.3 (Table 5-3). Hence, in order 
to determine the "robustness" of these results, a sensitivity study was conducted 
considering the possible range in those evaluation parameters. Where possible, this was 
done quantitatively. Such sensitivities were determined theoretically to the extent possible 
(e.g., for those parameters for which the utility function is linear). For parameters for 
which the utility function is non-linear, those parameters were varied to determine the 
impact on the attributes and utility and associated ranking of the various programs. 
Where not possible to determine the sensitivity quantitatively, the sensitivities were 
discussed qualitatively. 

. 
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5.4.1 General Sensitivities 

Oearly, the ranking of programs is a direct function of their total utility, which in 
tum is a linear function of the relative weights, utility functions, and program attributes 
(see Appendix C.3). Hence, as the attributes of a program improve or as the relative 
importance of those objectives which the program tends to best satisfy inaeases, the total 
utility and thus, depending on the differences among programs, the ranking of that 
program will increase. For example, as presented in Appendix C and summarized in Table 
5-4, the total utility for each of the programs considered in Section 5.3 (Table >3) has been 
re-calculated for different relative weights of the objectives. Four weighting combinations 
were evaluated, each assuming that one factor (cost, for t!Xample) is as important as the 
other three factors combined. This weighting is arbitrary and is meant as an example of 
the effects of weighting only. However, the following can be observed based on the 
assumptions (e.g, regarding characterization of five operable units, a nominal SO% BHG substitution rate for samples/lab tests) and assessments used herein: 

• Regardless of the relative weights, Program 1 has the highest rating, followed 
relatively closely by Program 5, with Programs 2, 3, and 4 grouped closely 
together and substantially behind. 

• Only Program 1 has a higher rating than the Base Case, and even it becomes 
essentially equal to the Base Case when Schedule or Regulatory Acceptance are 
as important as the other three factors combined. 

• Program 5 has a higher rating than the Base Case only if Cost or T echnologic 
Capability are more important than the other three factors combined. 

• Programs 2, 3, and 4 would have a higher rating than the Base Case only if 
Technologic Capability is much more important than the other three factors 
combined. 

The program attributes incorporated in the calculation of total utility include 
expected cost, expected duration, technologic capability and regulatory acceptance. The 
effect of changes in each of these attributes on the overall utility will be a function of the 
relative weights and utility functions used for each. Although technologic capability and 
regulatory acceptance of a program are assessed directly, the expected cost and expected 
duration of a program are a function of various other parameters, including: 

• estimated quantities of program elements 
• estimated unit costs and unit durations of program elements 
• the system capacity 
• the probability of successful BHG development. 

Obviously, as the estimated quantities or unit costs of program elements increase, or 
as the probability of successful BHG development decreases (assuming potential savings 
with BHG), the expected program costs willjncrease. Similarly, as the estimated quantities 
or unit durations of specific program elements (i.e., those on the critical path) increase, or 
the system capacity for critical path elements decrease, or the probability of successful BHG 
development decreases, the expected program schedule will increase. It should be noted, 
however, that the expected program schedule is unaffected by changes in estimated 
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quantities, unit durations, or system capacity of non-critical path elements, as long as they remain off the critical path. For example, as the unit costs and unit durations (for critical path elements) associated with drilling, sampling, and lab testing increase, or as the unit costs and unit durations (for critical path elements) associated with BHG development and application decrease, the potential costs and schedule savings, and thus the rating, of an alternative BHG program will increase. As another example, if the system capacity 
decreases, the duration of the associated elements may increase and the critical path may change. 

As another example, as presented in Appendix C and summarized in Figure 5-4, the total program utility for each of the programs considered in Section 5.3 (Table 5-3) has been re-calculated for different probabilities of program success. As can be observed, at probabilities of success greater than about 40% and 90%, respectively, Programs 1 and 5 have a higher rating than the Base Case, whereas Programs 2, 3, and 4 do not have a higher rating than the Base Case for any possible probability of success. Again, this is based on the assumptions (e.g., characterization of five operable units and a 50% BHG substitution rate for samples/lab tests), assessments, and value judgements used herein. 

As another example, the attributes and utility for each of the programs considered in Section 5.3 (Table 5-3) have been re-calculated for different quantities of specific elements, i.e., based on higher BHG substitution percentages and/or different Base Case programs, as presented in Appendix C.2 and summarized in Table 5-4. The following can be observed based on the value judgements and assessments used herein: 

• As illustrated in Figure 5-5, the rating of each alternative program increases 
(relative to the Base Case) as the number of operable units in the 
characterization program increases. Programs 1, 5 and 2 have a higher rating 
than the Base Case when more than about four, nine and 27 "typical" operable 
units are considered, respectively. Programs 3 and 4 require substantially more 
than fifty "typical" operable units to have a higher rating than the Base Case. 
This is based on a nominal 50% BHG substitution rate for sampling and lab 
testing. 

• Increasing the nominal BHG substitution percentage for sampling and lab 
testing from 50% to 80% increases the rating for each program, but not 
substantially. It should be noted the reduction in soil physical property 
sampling/testing by either the gamma-gamma or neutron activation tools by 
themselves for the nominal 80% reduction is assumed to be 52%, whereas, if 
used in conjunction with other tools is assumed to be 80%. Through such an 
increase, the rating for: Program 1 remains moderately higher than the Base 
Case; Program 5 becomes essentially equivalent to the Base Case; and Programs 
2, 3 and 4 remain substantially below the Base Case. This is based on 
characterization of five "typical" operable units. 

• Substituting BHGs in existing holes for 30% of new holes substantially increases 
the rating for each program. Through such an increase, the rating for: 
Program 1 is substantially higher than the Base Case; Program 5 is moderately 
higher than the Base Case; Program 2 is slightly lower than the Base Case; and 
Programs 3 and 4 remain substantially below the Base Case. This is based on 
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characterization of five operable units and a nominal 50% BHG substitution 
rate for samples and lab testing. · 

5.4.2 Monitoring Program 

If the BHG considered in this study can be successfully developed and used in the 
Hanford CERCLA characterization programs, there are potentially significant additional 
benefits to be gained from their use in operational and post-closure monitoring, as 
suggested by EPA (1991). As BHGs are used in the CERCLA characterization work over 
the next 10 years, a large amount of data will be available regarding the correlation of BHG 
logs and both radionuclide and hazardous substance contaminants. This database could 
potentially allow the use of BHG as a major component of future monitorir,§ programs at 
the site. 

Vadose zone monitoring is currently being conducted at the Tank Farms using 
gamma-ray logging. The only other currently available method to conduct vadose zone 
monitoring would involve drilling, sampling, and analyzing soil samples from a new 
vadose zone borehole at the frequency required by the approved monitoring plan. 
Operational or post-closure vadose zone monitoring with the spectral gamma system and 
neutron activation system in either existing or newly installed vadose zone boreholes to 
monitor any changes in radionuclide or specific chemical contaminant concentrations 
would clearly have cost-benefits over the drilling alternative. Based on the data presented 
in Appendix A.4 and Section 4, it is estimated that the cost savings would amount to about 
$150,000 per well, assuming 10 samples per well. It may be possible to apply BHG to the 
vadose zone monitoring of approximately 1200 dry boreholes that are used for monitoring 
waste management facilities (McGhan, 1989). 

The benefits of using BHG for conducting groundwater monitoring is not as clear as 
for vadose zone monitoring. Current groundwater monitoring programs analyze for many 
chemical constituents that cannot be detected by the spectral gamma or neutron activation 
system. Still, it may be possible to incorporate BHG into groundwater monitoring 
programs if the contaminants of concern can be detected by the BHG systems being used, 
or if the BHG systems can be used as a tool to screen for indicator constituents. Such an 
application of BHG has the potential to reduce the number of groundwater sample 
analyses, thereby reducing the overall costs of groundwater monitoring. Based on the data 
presented in Appendix A.4 and Section 4, it is estimated that the cost savings would 
amount to about $1,000 and $2,000 per rad well and non-rad well, respectively, assuming 
1 sample per well. It may be possible to apply BHG to the groundwater monitoring of 
approximately 500 to 800 wells being used in current surveillance programs (McGhan, 
1989). 

The approximate number of vadose zone monitoring boreholes or groundwater 
monitoring wells which must be replaced in order to provide enough cost savings to 
increase a program rating to be equal to the Base Case (for characterization of five "typical" 
operable units and a nominal 50% BHG substitution percentage) can be determined as 
follows: 

• Program 1 has a higher rating than the Base Case without any substitution 
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• Program 5 must realize an additional $1.05 million savings, which translates to 
about seven vadose zone monitoring boreholes or about 1,000 groundwater 
monitoring wells 

• Programs 2, 3, and 4 must realize an additional $3.20, $3.45, and $3.00 million 
savings, respectively, which translates to about 25 vadose zone monitoring 
boreholes or about 3,500 groundwater monitoring wells. 

5.4.3 BHG Program Development Cost and Schedule 

It was assumed that, from a management standpoint, the cost and schedule for 
developing an adequate field test site should be home by the BHG program, since it would 
not be developed otherwise. The field test sitta approach was reconunended by EPA in 
their review of BHG applications at Hanford (EPA 1991). A significant portion of the BHG 
development cost is related to the development of a borehole test site for field evaluation 
of the BHG tools. The spreadsheet incorporates cost savings associated with development 
of multiple tools, since only one field test site will be required for all tools. 

Similarly, a portion of the BHG development schedule is related to the number of 
V/HC staff working on BHG development The duration for tool development was 
developed in man-years, assuming that two people were able to ~erk on developing 
hardware and software for any one tool In many cases, there is a significant schedule 
savings by increasing staff capabilities in developing BHG tools, or conversely a schedule 
penalty by decreasing staff capabilities. In addition, a significant portion of the BHG 
development schedule is related to developing the field test site. 
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PROGRAM ELEMENTS 
Wert Plan 

DrtlllCompl.ce New BH11 
Drill/Complete New BH21 
DrtlllCompl.ce New BH31 
DrtlllCompl.ce New BIIU1 

Motl/Demob T nt Rig on Old BH11 
Motl/Demob Tnt Rig on Old BH21 
Mobl'Demoo Te• Rig on Old BH31 
Mobl'Demob Te• Rig on Old BH41 
Obtain Geo1 Samplee In New BH1 
Obtain Geo2 Sample, In New BH1 
Obtain Geo3 Sample• In New BHe 

Conduct/Anal Lab Te•• (Geo1) 
Conduct/Anal Lab Tntl {Geo2) 
Conduct/Anal Lab Te•• (6-3) 

Obtain we, Sample, in New BH1 
Obtain W01 Sample1 in Old BH1 
Obtain W02 Sample• In N- BH1 
Obtain W02 Sample• In Old BHe 
Obtain W03 Sample• in N- BH1 
Obtain W03 Sample• in Old BHt 

Conduct/Anal Lab Te•• (WQ1) 
Conduct/Anal Lab Te•• (W02) 
Conduct/Anal Lab r .. , (W03) 

Cond Other BH1 Te•• in New BH1 
Cond Other BH1 Telle In Old BH1 

Analyze Other BH1 Te1t1 
Cond Other BH2 Te•1 In New BH1 
Cond Other BH2 Te•• in Old BH1 

Analyze Other BH2 Te•• 
.·. 

Cond Other BH3 Te1t1 in New BH1 
Cond 01her BH3 Te1t1 in Old BHt 

Analyze 01her BH3 Te1t1 
Develop BHG1 

Conduct BHG1 in New BH1 
Conduct BHG1 In Old BH1 

Analyze BHG1 
O.velop BHG2 

Conduct BHG2 in N- BH1 
Conduct BHG2 In Old BH1 

Analyze BHG2 
DewlopBHG3 

Conduct BHG3 In N- BH1 
Conduct BHG3 In Old BH1 

Analyze BHG3 
DewlopBH~ 

Conduct BHG4 In New BH1 
Conduct BHG4 In Old BH1 

Analyze SH~ 
Combine Data 

'· J : ... .... . , : _,,· 
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Table 5-1. Summary of Program Elements 

COST(S) UNIT 
NA man-,r 

111.aoo each 
111.aoo each 
117.800 each 
117.800 each 

10 each 
10 each 
10 each 
10 NCh 

12.100 Net, 

k,4«1 each 
kOO Net, 

S:,,400 MCh 
11.400 NCh 

S500 each 
12.000 each 
12.000 each 
12.000 NCh 
12.000 MCh 

10 each 
10 each 

$3,400 each 
$1 ,400 each 

10 each 
12,000 per-II 
12.000 per well 
12.eoo per we11 

10 perwell 
10 perwell 
10 perwell 
10 per-II 
10 perwell 
10 perwell 

$135,500 one 
$1 ,5"'0 per well 
S1 ,5"'0 per well 

$879 perwell 
$8()8,000 one 

'514 perwell 
'514 per-II 
ssae per-11 

$1,025,000 one 
'514 per well 
$514 perwell 
ssae perwell 

Sl22.eoo one 
l2,e50 per well 
12.eso per well 

$750 per well 
NA one 

",. •-- ._ ,~· ·-

(yn) "'°8RAM: 0 
HA (ltartup) • ........ \}JI 

lE~Eii 
0.000 HON-RAD WEU. ')j)\:O•·. 

::: ~~ ::it)::::. 
0.000 IOIL CHEM )m 
0.000 IOIL RAD •••tJ:/ NI . 
0.000 IOIL PHYS \} / iazo 
0.180 
0.,10 
O.OIO 
0.003 
0.003 
0.003 
0.003 
0.000 
0.000 
0.110 
0.410 
0.000 
0.003 
0.003 
0.018 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

:fE.liE: 
GW CHEM :••••{}CS •• 
GW CHEM \/320":: 

:: :: ::::;!l!J!ii :i: ( 
····•·:·•···············•::if: 

GW CHEM \ /I~ . 
GW RAD Jt::·I;: · 

::~: ~ :: :rfaoo 
SLUG TEST 

o.eoo SPECTRAL 
0.003 SPECTRAL •O · 
0.003 SPECTRAL :O 
0.008 SPECTRAL •O 
UIIO AMMA-GAMMA ·•.: (i . 

:::~ :::::::: ... <)>:: 
0.005 AMMA-GAMMA /\ a 

:::~ ::: I:i:ii 11
\
1!::i::;} 

0.001 NEUTRON :::,••••t:::;o: 
0.005 NEUTRON : }/: fo • 

!= ~~::: : )ii:;: ::: =::: ::::::::::::::I: :: 
NA (wrap-up) : •• :::•\do•• 

. -· ~ . ' ~ .. ._ . .... •' . . 

1 2 
0 0 

71 71 
IO IO 
IO IO 
IO 10 
0 IO 
0 IO 

IO IO 
IO l50 

125 121 
130 130 
820 112 
as 825 

130 130 
820 162 
m 125 
320 a20 
101 101 
101 101 

0 0 
0 0 

846 846 
215 215 

0 0 
100 100 

IO IO 
150 150 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 1 

100 100 
100 100 
200 200 

0 
0 125 
0 100 
0 225 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

. ' ·' . . , ; , ~ . 

3 4 15 
0 0 0 

71 715 71 
IO IO 10 
10 IO IO 
10 IO IO 
IO 150 IO 
IO 10 10 
IO IO 10 
IO IO IO 

121 113 113 
D) D) 130 - - 162 
112$ a13 a13 
D) 130 D) 

480 - IIZ 
S25 183 183 
320 190 190 
101 101 101 
101 101 101 

0 0 0 
0 0 0 

846 SZ3 SZ3 
215 215 215 

0 0 0 
100 100 100 

50 IO IO 
150 110 110 

0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
1 1 

100 100 100 
100 100 100 
200 200 200 

1 1 0 
125 125 0 
100 100 0 
225 225 0 

1 1 0 
225 225 0 
200 200 0 
425 425 0 

0 1 1 
0 225 225 
0 200 200 
0 425 425 
0 0 0 
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Table 5-2. Alternative Test Programs. 

SUBSTITUTION OF BASE CASE ELEMENTS BY BHG (% OF BASE CASE) 
TEST 

PROGRAM Soil or water SoilsampW SoilsampW Soil or water Soil sampW 
radionuclide physical property physical chemical physical 

sample/analysis testing by property umple/ property 
by spectral gamma-gamma testing by analyses by testing by 
gamma tool tools neutron neutron neutron 

porosity activation activation 
tool tool tool 

1 50 0 0 0 0 
2 50 40 0 .. 0 0 
3 50 40 10 0 0 
4 50 40 10 50 0 
5 50 0 0 50 40 
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Table 5-3. Evaluation of Test Programs with Respect to Individual Objectives. 

TEST 
PROGRAM 

0 

1 

2 

3 

4 

5 

Notes: 

AC 
(Mil$) 

0 

-2.05 

-1.22 

-0.07 

-1.82 

-3.57 

AS T 
(Yrs) (1-5) 

0 1 

+Q.2 2 

+LS 3 

+2.1 4 

+2.5 5 

+0.9 3 

ATI'RIBUTES UilUTY 
(RATING) 

R P[S] E{Aq E{ASJ Al.! 
(1-S) (0-1) (Mil$) (yrs) UIIC 

s LO 0 0 0 

4 0.9 -L83 +0.2 +0.12 

3 0.54 -0.18 +L4 -0.64 

3 0.21 +1.30 +U -0.69 

4 0.16 +L45 +U -0.60 

4 0.45 -0.46 +0.1 -0.21 

AC • Cost difference (relative to Base Case) (assuming successful BHG development) 
AS = Schedule difference (relative to Base Case) (assuming successful BHG development) 
T • Technologic capability (subjective assessment, rated O • worst possible to S • ideal) 
R • Regulatory acceptance (subjective assessment, rated O • worst possible to 5 • ideal) 
P[S] • Probability of successful BHG development 
E[Aq • "Expected" cost difference (relative to Base Cue) 
E(AS] = "Expected" schedule difference (relative to Base Case) 
Ml 
Uec • Fractional difference in total utility, relative to Base Cue, where total utility is function of 

value judgements (utility functions and relative weights). It should be noted that these 
results represent only one possible but hypothetical set of value judgements, as presented 
in Appendix c.3. They incorporate equal weighting of cost, schedule, technologic capability 
and regulatory acceptance, consistent with the individual utility functions. The utility may 
change for different value judgements. 

See Appendix C for details of analyses • 
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Table 5-4. Sensitivity of Fractional Difference in Program 'Utility to Various Parametei:5. 

OiANGED PARAMETER CASE (see Notes) 
TEST 

PROGRAM A B C D E F 

0 0 0 0 0 0 0 

1 +0.37 -0.04 +0.20 +0.02 -0.31 +2.21 

2 -0.40 -0.99 -0.41 -0.56 -L90 +0.67 

3 - -0.68 -0.96 -0.37 -0.60 -L95 -0.12 

4 -0.65 -0.88 -0.20 -0.47 -1.88 -0.19 

5 -0.06 -0.43 -0.02 -0.21 -1.02 +L98 

Notes: 

A - Cost factor weighted equally to other three summed 
B - Schedule factor weighted equally to other three summed 
C - Technologic capability factor weighted equally to other three summed 
D - Regulatory acceptance factor weighted equally to other three summed 
E - Base case program for one operable unit 
F - Base case program for fifty operable units 
G - BHGs substitutes for 80% of appropriate sampling and testing 
H • BHGs substitute for 30% of new boreholes. 

G 

0 

+0.19 

-0.52 

-0.64 

-0.52 

0.00 

H 

0 

+0.69 

-0.07 

-0.38 

-0.40 

+0.21 

See Figure 5-4 for sensitivity of program utility to probability of successful BHG development. 

See Appendix C for details of analyses . 
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Figure 5-2. Test Program Schedule Logic. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

Based on the results of this cost-benefit study, specific conclusions and 
recommendations can be made regarding future development and application of BHGs to 
Hanford CERCLA programs, as discussed below. 

6.1 CONCLUSIONS 

A formal cost-benefit study has been conducted to evaluate the economic feasibility 
and potential benefits of developing and applying specific candidate BHGs to the Hanford 
CERCLA programs. This cost-benefit study has considered the following for each 
candidate BHG: its capabilities and limitations in addressii,g site characterization and 
monitoring requirements; the cost and duration associated with BHG development and 
application; its probability of successful development; its likely degree of regulatory 
acceptance; and its usefulness at DOE sites elsewhere. Each candidate BHG has been 
evaluated in terms of the entire characterization/monitoring program. The "expected" cost 
savings and schedule penalties (relative to the current Base Case program), as well as 
increased technology capabilities and decreased regulatory acceptance, have been estimated 
for various combinations and application levels of candidate BHG tools (ie., alternative 
programs). Generally, conservative assumptions were made regarding the size of the 
program and the application level of BHGs, which tend to understate the potential 
benefits. Tradeoffs have then been made among these program attnbutes in order to 
collectively rate each program, relative to the Base Case. Sensitivity studies have been 
conducted to determine the "robustness" of these ratings. 

Based on the results of this cost-benefit study, as presented in Section 5, it can be 
readily concluded that Program 1, incorporating the spectral gamma tool, as defined in 
Section 5, has a higher rating than the Base Case or any of the other alternative programs 
for virtually any of the sets of evaluation parameters considered in this study. Although 
Program 1 has only a slightly higher rating than the Base Case under conservative 
assumptions regarding the size of the program and the application level of BHGs, this 
difference becomes substantial for more realistic assumptions. It cannot be concluded, 
however, that Program 1 would have a higher rating than the Base Case or any other 
alternative program for any possible set of evaluation parameters. Instead, it can be stated 
that it is highly likely that Program 1 would have a substantially higher rating that the Base 
Case or any other alternative program for any reasonable set of evaluation palc4Tleters. A 
possible exception would be that Program 5, also incorporating the neutron activation tool, 
may have a higher rating for a sufficiently large characterization and monitoring program. 

It must be emphasized that the assessments used in this cost-benefit study were 
made solely for the purpose of comparatively evaluating the potential development and 
application of specific candidate BHGs within CERCLA characterization/monitoring 
programs at Hanford. These assessments are considered to be adequate for that purpose, 
but are not intended to represent program budgets or proposed 
characterization/monitoring plans. 

It must also be emphasized that several additional factors could be considered in this 
_cost-benefit study, but have not been: 

. ~· · · .. . :-.- ~ ., ~ ~·-: , • .:.. · - . _ _ ,,. . . ... !" • · . . • • • · • • - · t .- ~ •• ,; I •' •, ·• ..... ._. ... :... . ;. . 
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• Different levels of BHG development could be considered. For example, 
gamma-gamma or neutron-neutron tools could be developed (or may even by 
available "off-the-shelf') at significantly less cost to provide qualitative rather 
than quantitative information. 

• BHGs may provide additional releyant information (e.g., regarding well 
completion) which is unavailable from other sources. The potential additional 
benefits of such information has not been considered. 

6.2 RECOMMENDATIONS 

Based on the above conclusions, it is recommended that 

• The spectral gamma tool is cost effective and thus should continue to be 
developed and, if successfully developed, be applied in Hanford CERCLA 
characterization/monitoring programs. 

• The Base Case monitoring program should be identified and Programs 1 and 5 
evaluated with respect to both characterization and monitoring. In the absence 
of this evaluation, it is anticipated that, if the monitoring program is sufficiently 
large, then the neutron activation tool will also be cost effective and thus 
should also be developed and, if successfully developed, applied in conjunction 
with the spectral gamma tool in Hanford CERCLA characterization/monitoring 
programs. 

• The gamma-gamma density and neutron-neutron porosity tools are not cost­
effective and should not be developed to the levels identified in this report. 

" - .· -. . ... " . ·.· . ~-.. : ...... ' ·- ,. , -· , .. , .. ... ,. .. ,. . !, " : -~- ~-.- ·~ · .-. • - .... . .· .. -
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The site characterization/monitoring data requirements at Hanford, which BHGs 
might address, and the test programs currently proposed for addressing those 
requirements· have been identified in a broad way to provide a basis for evaluating the 
candidate BHGs. These data requirements and programs have been identified primarily 
through a review of RI/FS work plans and an RI report, and discussions with 
Westinghouse Hanford staff, as documented below. Current cost data for ongoing 
borehole and well drilling, sampling, and laboratory analyses were provided by 
Westinghouse Hanford staff, and are in 1992 dollars. 

A.1 DATA REQUIREMENTS 

The data requirements for site characterization and monitoring of the vadose zone 
and groundwater in the CERCLA progrrm at Hanford are summarized in Table 3-1. They 
were compiled from a survey of various Hanford RL'FS work plans and reports. The 
survey was limited to identifying data requirements that involved the use of vadose zone 
or deeper boreholes (existing or new) in order to evaluate the candidate BHGs, per the 
approach presented in Section 2. These work plans were developed in accordance with: 
the statutory requirements of the Comprehensive Environmental Response, Compensation. 
and Liability Act of 1980 (CERCLA), as amended; the regulatory requirements of the 
National Oil and Hazardous Substances Pollution Contingency Plan (NCP); and relevant 
U.S. Environmental Protection Agency (EPA) guidance documents. Such relevant EPA 
guidance includes: 

Guidance for Conducting Remedial Investigations and Feasibility Studies under 
CERCLA (EPA 1988) . 

Data Quality Objectives for Remedial Response Activities (EPA 1987). 

The survey included RI/FS work plans for the 100-KR-1, 100-KR-4, 200-BP-1, 300-FF-1 
and 300-FF-5 operable units and the 1100-EM-1 Phase 1 RI report (DOE, 1991a, 1991b, 1990a, 
1990b, 1990c, 1990d). This survey provides a representative cross section of the types of 
data needed for characterization and monitoring of operable units across the site. 

In addition to the types of data, the data requirements consider data quality, the 
spatial distribution of data, and the frequency of data collection or analysis. The 
assignment of codes in Table 3-1 to describe these requirements was based on the survey of 
the work plans and report described above, and is subjective in nature. 

The data quality information provided in Table 3-1 is coded on a 1 to 5 scale, which 
has been modified after the EPA classification of analytical levels for contaminant data (EPA 
1987) to include appropriate categories for non-contaminate data. As data quality goes up 
on this scale, costs and laboratory turnaround times also increase substantially. The 200-
BP-1 RI/FS work plan (DOE 1990a) indicated data completeness and acceptability criteria of 
80% for quality level 3 to 5 analytical data. The completeness for level 1 analysis was not 
considered to be critical; however, it was estimated to be essentially 100% complete because 
of the ease of repeating the analysis if needed (DOE 1990a) . 

. .. ., .. ) - ... .... · . -~ .. ~ · . . , · . : "." ,. ., _ . 
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A.2 CURRENT CHARACTERIZATION/MONITORING PROGRAM 

The description of the current vadose zone and groundwater characterization/ 

monitoring activities within the CERCLA program at Hanford is summarized in Table 3-2 

and 3-3. It was compiled from a survey of various Hanford RJ/FS work plans and reports, 

as described in Section A.1. The current prognµn incorporates review of existing data and 

drilling, sampling, and laboratory analysis of soil and groundwater samples from new 

boreholes and monitoring wells installed for each operable unit In the current program, 

borehole geophysical logging with the spectral-gamma tool is limited to specific requests for 

logging individual boreholes prior to well construction. Tank farm surveillance also 

employs a passive gamma-ray logging tool in their monitoring program. 

As summarized in Table A-1, recent characterization programs involving drilling and 

samplLtg at six operable units include: 

100-KR-1 - Twenty-one soil boreholes to be drilled to generally 10 feet below the water table 

(average hole depth estimated to be 50 feet). Soil samples for physical property testing to 

be collected every 5 feet or at change in lithology. Soil samples for chemical 

characterization to be collected every 2 feet to 20 feet depth, then every 5 feet (DOE 1991a). 

100-KR-4 - Approximately 10 soil samples for chemical characterization collected from each 

of 20 monitoring wells. Soil samples for physical property testing collected every 5 feet or 

at change in lithology. Initial groundwater sampling includes 43 wells. Eleven wells to be 

sampled monthly for 6 months and 18 wells to be sampled quarterly (assumed for 1 year) 

(DOE 1991b). 

200-BP-1 - Three soil boreholes drilled to 220 feet each. One borehole sampled 
continuously, the other two holes sampled a 2.5 feet intervals. Soil samples for chemical 

characterization to be collected every 25 feel Eleven new monitoring wells with soil 

samples to be collected every 5 feet or at change in lithology. Thirty-nine monitoring wells 

to be sampled quarterly for 1 year, then semi-annµally until the end of the Feasibility Study · 

(assumed to be 2 years) (DOE 1990a). 

300-FF-1 - Fifty soil boreholes with soil samples for physical property tests to be collected at 

rate of 1 sample per borehole per geologic unit (assumed 1 geologic unit). Soil samples for 

chemical characterization to be collected every 5 feet resulting in 600 to 700 samples (DOE 

1990b). 

300-FF-5 - Approximately 40 soil samples for chemical characterization collected from 31 

monitoring wells. Eighty-one groundwater samples to be collected quarterly for one year 

(DOE 1990c). 

1100-EM-1 - Drilled 23 soil boreholes and collected approximately 2Al soil samples for 

physical property testing and 2A2 soil samples for chemical characterization. Installed 16 

monitoring wells and analyzed 44 groundwater samples (DOE 1990d). 

A summary of existing wells at Hanford is provided by McGhan (1989). As of 

January 1989, there were over 2900 existing wells at Hanford (McGhan, 1989). It is 

estimated that approximately 150 additional wells have been installed at Hanford since 

1989. Seven hundred Hanford site boreholes were reviewed by Golder Associates (1989) to 

,.; . • .- : ; . . ,~- .:., j . ., · ,.. -~ ... ~ , ,, - .. .. .. .. •. • . . .., . •· • r. , .• ·· •· . ••. · • •• :. 
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evaluate whether they met current Washington Department of Ecology regulations for 
monitoring wells (WAC 173-160). 

The schedule for completion of the RL'FS characterization work is given in the 
Hanford Federal Facility Agreement and Consent Order (Ecology, EPA, and DOE 1990), 
which calls for all RI/FS or RFI/CMS work to be completed by September 2005. As of 1990 
there were 12 RI/FS work plans submitted and 4 had been approved. The agreement calls 
for submittal of 20 RL'FS work plans by April 1992, and then submittal of at least 6 work 
plans per year until all 78 operable units have been submitted (Ecology, EPA, and DOE 
1990). There are proposed milestone changes which are pending which would modify 
some of the numbers and dates given above, but the completion date for the RI/FS work 
would remain as September 2005. 

It is estimated that a new monitoring well in the 200 West Area that would be 270 
feet deep would take approximately 3 to 3-1/2 weeks to drill and then 3 to 4 days to 
construct the well. He also indicated that there are currently 8 to 12 drilling rigs working 
on RL'FS boreholes and wells and that an assumption of 10 to 14 drilling rigs doing RI/FS 
borings in the near future was a reasonable estimate. 

Current cost data for ongoing borehole and well drilling, sampling, and laboratory 
analyses were provided by Westinghouse Hanford staff, and are summarized in Table A-2. 

A.3 ASSUMED BASE CASE 

The description of program elements and associated unit costs, unit time duration, 
and quantities used to develop the base case characterization program are described below. 
"New BH" refers to any soil or groundwater borehole or well installed as part of the 
characterization program for an operable unit. "Old BH" refers to any existing vadose zone 
or groundwater well that may be used in the characterization program. "Non-rad" refers to 
borings or wells drilled in areas of relatively low concentrations of hazardous substances or 
radioactivity, whereas "rad" refers to borings or wells drilled in areas of higher 
concentrations of hazardous substances or radioactivity. 

• DrilVComplete New BHls - non rad vadose soil borings $88,500 each 
completed in 4 weeks (0.08 yrs.). Assume 15 borings from average program 
(Table A-1). The available cost data do not distinguish between the costs for 
soil boreholes and for soil boreholes completed as monitoring wells. 

• DriIVComplete New BH2s - non rad well $88,500 each completed in 4 weeks 
(0.08 yrs.). Assume 10 wells from average program (Table A-1). The 
available cost data do not distinguish be~een the costs for soil boreholes 
and for soil boreholes completed as monitoring wells. 

• DriIVComplete New BH3s - rad vadose soil borings $97,600 each assumed to 
be completed in 8 weeks (0.16 yr.). Assume 10 borings from average _ 
program (Table A-1). The available cost data do not distinguish between the 
costs for soil boreholes and for soil boreholes completed as monitoring wells . 

.,_ •: · • ; -• · , • • .- ; ·- ., , ,.. .,, • • .... . .t • -! , • • • •· ,.. _._ . . r .. . • • . • .• .. , ... .. • • ..... ; •,-- ... . . . . . ./ 
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• DrilVComplete New BH4s - rad well $97,600 each assumed to be completed 
in 8 weeks (0.16 yr.). Assume 10 wells from average program (Table A-1). 
The available cost data do not distinguish between the costs for soil 
boreholes and for soil boreholes completed as monitoring wells. 

• Obtain Geol Samples in New BHs - Assume chemical soil sample acquisition 
cost is 90% of ($42,CXX}/(90.5 ft. ave. hole depth/5 ft. sample interval)) which 
equals $2,100 each. T1me to sample is included in drilling time. Assume 125 
chemical soil samples of average 257 soil chemistry samples (Table A-1). 

• Obtain Geo2 Samples in New BHs - Assume rad soil sample acquisition cost 
is 90% of ($54,500/(53.3 fl ave. hole depth/5 fl sample interval)) which 
equals $4,460 each. T1me to sample is included in drilling time. Assume 132 
rad soil samples of average 257 soil chemistry samples (Table A-1). 

• Obtain Geo3 Samples in New BHs - Assume soil sample acquisition cost for 
physical tests is 10% of average cost of collecting Geol and Geo2 soil 
samples (see above) which equals approximately $400 each. Time to sample 
is included in drilling time. Assume 184 soil samples from average program 
(Table A-1). 

• Conduct/Anal Lab Tests (Geol) - Used highest cost of $3,400 each for soil 
chemical analyses. Time to analyze is 50 days plus 21 days for data 
validation (0.19 yr.). Assume 125 chemical soil samples of average 257 soil 
chemistry samples (Table A-1). 

• Conduct/Anal Lab Tests (Geo2) - Used highest cost of $1,400 for soil rad 
analyses. This estimate may be low for high rad or specific radionuclide 
samples. Time to analyze is 130 days plus 21 days for data validation (0.41 
yr.). Assume 132 rad soil samples of average 257 soil chemistry samples 
(Table A-1). 

• Conduct/Anal Lab Tests (Geo3) - Used highest cost of $500 for physical 
testing of soil samples. Time assumed to be 1 month (0.08 yr.). Assume 184 
soil samples from average program (Table A-1). 

• Obtain WQl Samples in New BHs - Assume groundwater sampling cost of 
$2,000/well and time of 1 day/well (0.003 yr.) for chemical samples. Assume 
60% of average program groundwater samples (215, Table A-1) are for 
chemicals only, and 50% come from new wells, which equals 65 samples. 

• Obtain WQ1 Samples in Old BHs - Assume groundwater sampling cost of 
$2,000/well and time of 1 day/well (0.003 yr.) for chemical samples. Assume 
60% of average program groundwater samples (215, Table A-1) are for 
chemicals only, and 50% come from old wells, which equals 64 samples. 

• Obtain WQ2 Samples in New BHs - Assume groundwater sampling cost of 
$2,000/well and time of 1 day/well (0.003 yr.) for rad samples. Assume 40% 
of average program groundwater samples (215, Table A-1) are for rad only, 
and 50% come from new wells, which equals 43 samples . 
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• Obtain WQ2 Samples in Old BHs - Assume groundwater sampling cost of 
$2,000/well and time of 1 day/well (0.003 yr.) for rad samples. Assume 40% 
of average program groundwater samples (215, Table A-1) are for rad only, 
and 50% come from old wells, which equals 43 samples. 

• Conduct/Anal Lab Tests (WQ1) - Same as Conduct/Anal Lab Tests (Geol). 
Assume 60% of average program groundwater samples (215, Table A-1) are 
for chemicals only, which equals 129 samples. 

• Conduct/Anal Lab Tests (WQ2) - Same as Conduct/Anal Lab Tests (Geo2). 
Assume 40% of average program groundwater samples (215, Table A-1) are 
for rad only, which equals 86 samples. 

• Conduct Other BHl Tests in New BHs - Assume slug t lSting cost of 
$2,()00/well and time of 1 day/well (0.003 yr.). Assume 20 new wells in 
average program are tested (Table A-1). 

• Conduct Other BHl Tests in Old BHs - Assume slug testing cost of 
$2,000/well and time of 1 day/well (0.003 yr.). Assume 10 old wells in 
average program are tested. 

• Analyze Other BHl Tests - Assume slug test analysis costs $65/hr times 40 
hrs each ($2,600) and takes 1 week (0.019 yr.). Assume 30 analyses in 
average program. 

Number of Simultaneous Acts - Defined as the number of samples or analyses which 
can be run within the time schedule given for the base case program, which was assumed 
to be: 

Geo Labs - Type 1 (Geel) - 700 chemical analyses in 50 days 
. 

Type 2 (Geo2) - 700 rad analyses in 130 days 
Type 3 (Geo3) - 100 physical test samples in 1 month 

WQ Labs - Type 1 (WQl) - 700 chemical analyses in 50 days 
Type 2 (WQ2) - 700 rad analyses in 130 days 

A.4 MONITORING 

There is currently insufficient information available to determine a Base Case 
Monitoring program. However, a list of potential elements of such a monitoring program 
has bene developed, as summarized in Table A-3. Monitoring in each well in the vadose 
~ would consist of the following elements: 

• Drill and complete non-rad or rad borehole 

• Obtain soil chemistry C-18/borehole) or soil chemistry plus radiation 
(°11/borehole) samples, and conduct associated laboratory tests. 
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Monitoring in each well in the saturated zone would consist of the following elements: 

• Drill and complete non-rad or rad well, or mo'Wdemob on existing non-rad 
or rad well · 

• Obtain water chemistry C-1/borehole) or water radiation C-1/borehole) 
sample, and conduct associated laboratoey tests. 

The unit costs for each element have been assumed based on discussions with 
Westinghouse Hanford staff and on judgement and are summarized in Table A-3. 
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Table A-1. Summary of Hanford RL'FS Drilling and Sampling Programs. 

NUMBER PER OPERAB~ UNIT 
Item 

100-KlM 100-KR-4 ~BP-1 3oo-FF-1 3oo-FF-.5 

New Wells 2D 11 . 31 
New Boreholes 21 3 .50 
Soil· Phys, 210 320 ·100 .50 
Soil. O\ern. 336 200 "'26 60().,00 40 
GW-0\em. 111 312 32' 

Notes: • no dat• or not applicable 
• approximate M estimated number 

Soil-Phys. • phyucal tests on •oil Nmpies 
Soil-0\em. • chemical and r•diological analyaa of IIDil Nmpla 
GW-0\em. • chemical and radiological analyaa of g,oundwaar -p• 

References: DOE (1991•, 1991b, 1990•, 1990b, 1990c, 1990d) 

• • !... ' • # • • . • •• - . . . .. . .. ,.' '~· . : . ~ . ., . .' ~ .. 
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Table A-2. Cost Data. 

CERCLA Groundwater and Vadose Zone 
Well Drilling with Non Haz - Non Rad 
Samples 

CERCLA Vadose Zone Well Drilling with 
Haz - Rad Samples 

Laboratory Chemical Analyses (Organics, 
Inorganics, with CLP deliverable1) 

Laboratory Radionuclide Analyses (with 
CLP deliv.1) 

Laboratory Chemistry Data Validation2 

Laboratory Physical Property T ests3 

$1,440/foot or $130,500/well 

$2,85Wfoot or $152,100,'well 

$3,000 to $3,400/soil or water sample 

$1,200 to 1,400/soil or water sample 

$300 to $400/sample 

$450 to $500/soil sample' 

Notes: 1 - 50 day turnaround for chemical results, 100-130 day turnaround for 
radionuclides 

2 - Validation completed within 21 days of receipt of sample results 
3 - includes moisture, sieve, density, porosity, specific gravity, hydraulic 

conductivity; higher price includes hydrometer test. 
4 - For high rad samples, costs may be up to twice that shown. 

' • -- ~- ~- • ,-_ ~( ·;; _,;,_. _.- ~-· . - .· ·, · · ., .... '• . . ~ .. -· 
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Table A-3. Monitoring Program Elements 

l'AOGRAM ELEMENTS 
Wortr Plan 

Drt~ N9w llH1e 
Drtl~ N9w llH2a 
DrtlllCompiN H9w BH31 
0rill/CompiN N9w BH4e 

Moo/Dlmob r .. Rig on Old BH11 

Mob/Dlmob r .. AiO on Old BH21 

Moon:>emob Tfft Rig on Old IH31 
Moo/Dlmob r .. Rio on Old BH4e 

Obtain Qeo1 lample1 in H9w BHI 

Obtain Gea2 IAlnplel In H9w BH1 

Obtaln Glo3 lample1 In New BH1 

Conduct/Anal Lao T ... (Qeo1) 

Conduct/Anal Lao T .. , (Cleo2) 

Conduct/Anal Lao r .. , <Glo3J · 
Obtain W01 8amplel In New 8H1 

Obtain WQ1 S.mple1 In Old 8H1 

Obtain W02 Sample• In New IHI 
Obtain WQ2 Sample1 In Old 8H1 

Obtain WQ3 lampll1 In New 8H1 

Obtain WQ3 Samplri In Old 8H1 

Conduct/Anal Lao r ... (WQ11 

Conduct/Anal Lao T••• (WQ2) 
Conduct/Anal Lao r .. , (WQ3) 

.. .4 , . .... .. . -· ' ., . . . 

COST($) UNIT 
NA __,.. 

111.fOO each 
111.fOO each 
WT,IIICI eadl 
_, ,IIICI eel 

IO ~ 
IO each 

IO each 

IO NCI! 
IZ,100 NCI! 
.... eadl 

MOO ee1 
a:a • .oo each 

11,400 each 

NGO NCI! 
IZ.000 NCI! 
IZ.000 NCI! 
IZ.000 ee1 
IZ.000 each 

IO . aact, 

IO NCI! 
a:a . .oo each 
11 ,.00 aact, 

IO Nd! 
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NON-fW)VAD08E 
NCH MDWEU. 

MDVADOIE 
MDWEU. 

NCH RAD VADOIE 
NCH RADWEU. 

RADVADOIE 
RADWEU. 

IOILCH&t 
IOILRAD 

IOIL ll"HYI 
IOILCHEM 

IOILRAD 
IOILltHYI 
CIWCH&t 
CIWCHEM 

8WRAD 
CIWRAD 

CIWCH&t 
CIWRAD 

QUANT'ITYAIH 
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The relevant attributes of the candidate BHGs have been subjectively assessed, based 
primarily on discussions with WHC staff, as documented below separately for each 
candidate BHG. In addition, and subsequently discussed, some factors are considered 
jointly for the various candidate BHGs. 

B.1 RADIONUCLIDE LOGGING SYSTEM 

Tool: Spectral Gamma Tool (Radionuclide Logging System) 

Physical Basis of Measurement 

Spectral gamma techniques have been used for many years, dating back to the 1950's. 
Modern refinements to spectral gamma tools have greatly increased the resolution and 
quantitative capabilities of the spectral gamma technique. The traditional oil field 
application of spectral gamma logs is to identify characteristic spectral signatures of 
naturally occurring radiation in geologic formations, particularly shales. These 
characteristic signatures are then used to correlate lithologies as an aid to exploration. The 
spectral gamma method measures the gamma energy spectra resulting from the natural 
disintegration of certain radionuclides. The disintegration of radionuclides is statistically 
precise, such that the measured intensity of the spectra is directly related to the 
concentration of the gamma-emitting radionuclide. Standard spectral analyses separate the 
contributions from K, U, and Th series gamma rays (commonly called a KUT-series spectra), 
and use these ratios to "tag" geologic formations. Research at the WHC borehole -
geophysics program has produced a method of separating the contributions of other 
isotopes such as Cs, Co, and Eu, based on the standard KUT spectra. 

General Description of Tool: 

The tool is 3.63-inches in diameter and approximately 7 feet long. It is operated from 
the WHC logging truck, using quick connects so that other tools may be used with the 
truck. There are two gamma-ray detectors spaced approximately 6-inches apart. One 
detector is a high sensitivity Germanium (Ge) detector capable of very high resolution 
spectral response. The second detector is a standard Sodium Iodide (NaI) detector capable 
of moderate resolution spectr~l response. 

The tool takes approximately 1 to 2 hours to set up over a borehole and perform field 
calibration checks. The tool can be deployed in a "continuous" mode at a rate of 
approximately 10 feet per hour, or it can be used in a "station" mode, where the tool 
remains stationary for a period of time at a specified interval (6-inches or more). The 
detection level and vertical resolution of the tool is a function of the operating mode. 

-
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Capabilities of Tool: 

The tool and analysis techniques are capable of: 

• Detecting gamma-emitting radionuclides including Cs, Co, Eu, Al, Am, K, U, 
and Th. 

• Calculating actual concentrations of gamma-emitters to accuracies measured in 
pCi/g. 

• Identifying characteristic spectra or "tags" for specific formations or lithologies 
(particularly clays and silts); 

• Identify the distribution of gamma-emitting radionuclide away from the 
borehole (i.e., adhered to casing or distributed in formation) with a penetration 
of 1 to 15 feet outside the borehole casing; 

• Correcting for borehole effects such as hole diameter, borehole fluid, and casing 
based on physical models and field trials; 

• Repeatable measurements to detection accuracy. 

Application of Tool At Hanford 

The spectral gamma system, or RLS, has a number of potential applications 
including: 

• Detection of gamma emitting radionuclides (such as Cs, Co, Eu) in new or 
existing vadose zone, or groundwater monitoring wells. In newly drilled wells 
(prior to well completion), the true concentration and vertical extent of 
radionuclides could be determined very accurately. The accuracy in existing 
wells will depend partly on well completion effects. The frequency of soil 
sampling activities in radioactive areas could be greatly reduced through the 
use of the RLS. Additionally, the frequency of sampling groundwater wells, 
and the necessity to drill additional vadose zone wells could be reduced. 

• Identification and correlation of lithologies (particularly silts and clays) in new 
or existing vadose zone or groundwater monitoring wells. This is the typical 
application of spectral tools, and would provide an objective, quantitative 
means of identifying and correlating lithologic units at the Hanford site. 

The RLS has already been developed to a relatively high level and has been tested in 
a number of boreholes for its ability to detect gamma-emitting radionuclides. Confirmatory 
laboratory results are not yet available, but the tool appears to have a demonstrated 
effectiveness for this application. Geologic/lithologic applications have not been field 
tested yet. 

-, .. 
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Factors Affecting Tool Performance: 

Completion Effects 

Well Casing 

The effects and appropriate corrections in carbon steel cased holes have been 
demonstrated. The effects of PVC and stainless steel casings are likely to be similar or less 
than those for carbon steel Additional calibration studies are planned for PVC casing. 

Well Screen/Perforations 

The effects of screen or perforations have not been demonstrated, but the effect will 
fall between an uncased response and a fully cased response. At low energies, the effect 
would be reduced by a factor of 1 to 2, while at high energies, the effect may be reduced 
by a factor of 4 to 6. 

Hole Diameter 

The minimum hole diameter is 4-inches, and the maximum hole diameter is 24-
inches. Hole diameter corrections are well known. 

Some grouts may contain naturally occurring gamma-emitters in the clay minerals. 
No corrections for grout type or thickness have yet been developed, and the magnitude of 
the effect is not yet known. · 

Sand Pack 

Sand pack will have some effect on the tool response if the gamma-emitting 
radionuclides are present in the formation behind a sand pack. A sand pack will most 
likely be encountered in a water-bearing zone. If radionuclides are present in the 
groundwater, there would be no correction needed for the sand pack since it should 
contain a similar concentration of radionuclides. This ignores the effect of adsorption onto 
the sand pack. 

Air Voids 

Air voids do not affect the tool. 

Water Filled Bore 

The effect of a water filled borehole has not been demonstrated, and a correction for 
this effect has not yet been developed. 

Air Filled Bore 

This is the ideal borehole condition for this tool. 
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Uniformity 
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The response of the tool to this parameter is a second or third order effect and is not 
deemed significant Calculation of gamma-emitter concentrations are independent of the 
bulk density of the formation. However, characteristic spectra may be useful formation 
"tags" which could be used for stratigraphic correlation. Sophisticated processing 
techniques may enable identification of s~btle changes in formation characteristics. 

Cobbles/Boulders 

The effect of cobbles or boulders have not been demonstrated. The technique 
assumes a uniform distribution of materials around the l.--,rehole, in all dimensions. 

Moisture 

The effect of non-gamma-emitting moisture is small, but has not been demonstrated. 

Saturation 

The effect of non-gamma-emitting formation saturation is small, but has not been 
demonstrated. 

Background Effects 

High concentrations of man-made waste saturate the detector and prevent 
quantitative interpretation. A concentration threshold _has not been detemiined. High 
concentrations of Strontium-9() (a non-gamma-emitting radionuclide) can cause a 
Bremstrallen signal, which can be mis-interpreted as a gamma signal· 

Target Compounds 

Concentration 

High concentrations of man-made waste saturate the detector and prevent 
quantitative interpretation. A concentration threshold has not been determined. 

Compound Suite 

High concentrations of Strontium 9() (a non gamma-emitting radionuclide) can cause 
a Brenstrallen signal, which can be mis-interpreted as a gamma signal 

Adhesion/Distribution 

The effects of adhesion of compounds to the casing and the distribution of 
compounds around the borehole have not been demonstrated. Theoretically, an algorithm 
could be developed to identify and correct for these effects, but this would require a 
significant level of effort. 
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There is no source for this tool 

Detector Type 

The Germanium (Ge) and sodium-iodide {Nal) detectors are the most widely used 
detectors. 

Detector Spacing 

There is no effect causeci by the spacing of detectors. 

Data Processing Techniques 

Raw Data 

It is possible to identify the type of gamma-emitting radionuclide on-site using field 
data. Quantitative interpretation requires data processing. 

Standard Level of Processing 

Data corrections, element identification and concentration calculations are presently 
done by hand. Development of a standardized computer processing package is a high 
priority/moderate effort activity. 

Sophisticated Processing 

Additional processing algorithms to evaluate adhesion and formation uniformity are 
possible. Additional theoretical and field data are needed to develop to this level 

Availability of Other Data 

Geophysical Data 

No other geophysical data is necessary for interpretation. 

Chemical Data 

No other chemical data is necessary for interpretation. The correlation between lab 
chemical concentrations and geophysically calculated concentrations has not been 
determined. 

PhysicaVGeologic Data -
No other geologic data is necessary for interpretation. Mineralogy, water content, and 

density may have a small effect on calculations. 

B-5 

! 

i 

I 

I 

I , 

:: 
:, 
,, 

,. 

;, 

11 
I' 

I, 

Ii 



! 

' 

WHC-SD-EN-EE-010, Draft 

B.2 GAMMA-GAMMA DENSITY 

Tool: Gamma-Gamma 

Physical Basis of Measurement: 

Gamma-gamma logging employs a gamma-emitting source to irradiate the fonnation 
with gamma rays and then subsequently measures back-scattered gamma-rays caused by 
the fonnation. The measurement utilizes what is called the Compton region of electron 
absorption energies, which insures that the measured electron density is independent of 
the atoms in which the electrons are bound. This, therefore enables measurement of 
density of most sedimentary fonnations, independent of its composition. 

Ge: .eral Description: 

Gamma-gamma tools vary in size and configuration depending on the application. A 
tool appropriate for the Hanford site would require hardware development which has not 
yet been carried out. Design features which would be incorporated into a Westinghouse 
Hanford gamma-gamma tool would include 3.6-inch diameter for use in 4-inch boreholes, 
multiple detector spacings with the ability to choose appropriate source-detector spacings, 
tool connectors compatible with the Westinghouse Hanford logging truck, gamma source 
suitable for logging at speeds of 2 to 5 feet per minute, and suitable shielding for a Cobalt 
gamma source. 

Capabilities of Tool: 

The tool and analysis techniques are capable of: 

• Measuring relative bulk density of a fonnation 

• Calculate porosity given estimates of grain density 

• Evaluating well completion with respect to the presence and dimensions of air 
voids, grout, and sand pack 

• Correcting for the effects of well completion (i.e. air voids, grout) to calculate 
true formation porosity. 

Tool Application: 

There are two potential applications of the gamma-gamma tool at the Hanford site: 

• Determination of formation density in new wells prior to well completion 

• Evaluation of the integrity of existing wells with respect to grout and air-voids. 

Formation densities determined with the geophysical logging would be used in 
conjunction with lithologic samples collected during drilling. The required number of 
density tests in a given borehole could be reduced based on the application of gamma­
gamma logging. Alternatively, the method of drilling could be modified to improve drilling 
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production (i.e., air rotary versus cable tool). Geophysical logging (gamma-gamma or 
spectral gamma) of rotary-drilled holes would provide an accurate determination of major 
lithologic contacts (i.e., Hanford/Ringold/Basalt). 

There is no direct method of determining the integrity of existing wells. Gamma­
gamma logging provides an excellent means of evaluating well integrity at either a 
qualitative or quantitative level 

Factors Affecting Tool Performance: 

Completion Effects 

Well Casing 

Casing effects have been evaluated through computer modeling, and a range of 
responses for steel casings used at Hanford has been determined. PVC casing has not yet 
been evaluated. 

Well Screen/Perforations 

Well screen and perforations will have an effect intermediate between cased and 
uncased conditions. 

Hole Diameter 

Minimum hole diameter is 4 inches. 

Dense grout will affect the tool response. A range of responses· for grout thicknesses 
to 1-foot have been determined through computer modeling. Variable grout thickness in 
existing wells will limit the ability of the tool to identify changes in formation density. 

Air Voids 

Air voids have also been addressed through computer simulation and a method has 
been developed for identifying and quantifying the effect of air voids. The presence and 
distribution of air voids in existing completions may limit the ability of the tool to identify 
changes in formation density. 

Water Filled Bore 

Water-filled boreholes affect the transport of gamma energy in the borehole. 
Corrections for water filled boreholes must be applied. 

Air Filled Bore 

This is the ideal condition for this tool. 

B-7 



i 

WHC-SD-EN-EE-010, Draft 

Formation Effects 

Uniformity 

The uniformity of the fonnation is a major factor in the gamma-gamma response, 
and is a parameter of interest for this type of measurement 

Cobbles/Boulders 

Cobbles-and boulders are problematic because of the large density contrast 

Moisture 

The response is not sensitive to moisture in the fonnation 

Saturation 

Saturation changes the density of the fonnation, and therefore affects the response of 
the tool. 

Background Effects 

Background noise can be problematic in high gamma energy environments. 
Background can be subtracted by logging several boreholes using detectors only, and using 
that energy level as background. 

Target Compounds _ 

Concentration 

This technique does not provide infonnation on target compounds. High gamma 
energy environments will cause high background noise. Non gamma emitting elements do 
not affect the measurement. 

Compound Suite 

This technique does not prQvide information on target compounds. High gamma 
energy environments will cause high background noise. Non gamma emitting elements do 
not affect the measurement 

Tool Design 

Source Type 

A Cobalt gamma source has been identified in computer modeling studies as being 
superior for logging steel cased boreholes similar to those at the Hanford site. Traditional 
Cesium sources, used in most commercial applications, are not adequate. 
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Detector Type 

Detector types have not been evaluated but different detectors are not likely to result 
in a significant improvement in tool response. 

Detector Spacing 

Detector spacings have been shown to have a significant effect on the tool's response 
under certain conditions. For example, detector spacing has been shown to have a 
significant effect on determining the energy at which the effect of formation density can be 
decoupled from the effects of an air-gap behind the casing. Field and lab studies are 
required to determine optimu~ detector spacing for different applications. 

Data Processing Techniques 

Raw Data 

Raw gamma count data cannot be interpreted in terms of density, or location of 
grout, air voids, or sand pack. 

Standard Level of Processing 

A first level of data processing would involve algorithms that could be programmed 
into the acquisition hardware to determine relative density. This would allow gross 
identification of well completion details, and the location and magnitude of formation 
density changes. 

Sophisticated Processing 

Detailed data processing would include evaluation of grout thickness, air voids, sand 
pack, and casing effects, and corrections for these factors to accurately determine true 
formation density. Studies have shown that a spectral ratio method can provide 
measurement of air gap thickness up to ~inches, and can be combined with multiple 
detector count rates to provide an air-gap compensated density log. However, additional 
work is required to determine the best implementation and processing methods to perform 
detailed "production" logging with this tool 

Potential Development Program 

Feasibility studies on the application of gamma-gamma logging at Hanford have 
focused the program development needs. Existing "off-the-shelf' technology is not 
sufficient for application at the Hanford site. Two levels of development are possible. 
Either level requires a tool mock-up, software development, calibration standards, and field 
evaluation. An initial level of development will provide for relative density measurements 
and identification of well completion integrity. A comprehensive development program 
will provide for true density calculations in the presence of well completion effects, and 
detailed quantitative determination of well completion details. 
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B.3 NEUTRON-NEUTRON LOGGING TOOL 

Tool: Neutron 

Physical Basis of Measurement 

Neutron logging measures the neutron moderation properties of the formation, 
based on diffusion theory. Hydrogen atoms strongly affect neutron moderation and, since 
saturated formations are nonnally filled with hydrogen-rich fluids (oil or water), can be 
used to determine formation porosity. Neutron tools measure the count rates of emitted 
neutrons at an initial energy state and subsequently diffused thermal or epithermal 
neutrons at lower energy states. This ratio is characteristic of the diffusion length, or 
slowing-down length. Hydrogen atoms have a large neutron capture cross-section and can 
therefore "slow-down" neutrons very "ffectively. Neutron transport is also affected by the 
chemical composition of the formation. Therefore, identical measured neutron count rates 
in, for example, sandstone and limestone, do not indicate similar porosities. In the oil 
industry, corrections for lithology are applied so that a direct relationship between 
measured counting rates and slowing down length can be established for calculation of 
saturated porosity. The American Petroleum Institute calibration standard is to a Gulf 
Coast limestone formation. 

Genera.I Description: 

Neutron logs are one of the most useful logs for petroleum and hydrogeologic 
applications because of their sensitivity to hydrogen, which can then be related to saturated 
formation porosity. Quantitative interpretation of neutron logs is commonplace iI1 the 
petroleum industry where theoretical and empirical correction factors have been developed 
for common oil-bearing formations (primarily sandstone and limestone). However, similar 
calibration standards have not been determined for unconsolidatecl sediments, which are of 
primary interest at the Hanford site. This does not limit the ability ofthe tool to detect 
relative porosity. 

Capabilities of Tool: 

The tool and analysis techniques are capable of: 

• Measuring the presence and quantity of moisture in a formation 

• Identifying diffuse soil moisture, percolation fronts, capillary fringe, and full 
formation saturation 

• Measuring formation porosity of saturated formations. 

Tool Application: 

Neutron logging would be applied at the Hanford site to determine the porosity of 
saturated formations and the moisture content of unsaturated formations. 

Formation porosities determined with the geophysical logging would be used in 
conjunction with lithologic samples collected during drilling. The required number of 
porosity tests in a given borehole could be reduced based on the application of neutron 
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logging. The application of neutron logging in existing holes will be highly dependent on 
the type and condition of the well completion. 

Factors Affecting Tool Performance: 

Completion Effects 

Well Casing 

Corrections for neutron moderation in steel casing are well established in oil field 
applications. PVC casing may have an effect due to the presence of chlorine, which has a 
large thermal neutron capture area. 

Well Screcy'Perforations 

Well screen and perforations will have an effect intermediate between cased and 
uncased conditions. 

Hole Diameter 

The minimum hole diameter is 4 inches, and the maximum hole diameter is 20 
inches. Hole diameter corrections are well known. 

Water bound in grout will affect the measurement and will likely limit its use in 
grouted holes. 

Sand Pack 

The porosity of the surrounding sand pack will affect the measurement, but may be 
compensated by varying detector spacings and source strengths. 

Air Voids 

Air voids do not affect the tool 

Water Filled Bore 

Water filled boreholes have a large effect on the response of the tool, but there are 
well established correction techniques for quantitative analysis. 

Air Filled Bore 

Appropriate for moisture content measurements, but inappropriate for porosity 
measurements. 
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Formation Effects 

Uniformity 
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The uniformity of the formation is a major factor controlling the tool response. 

Cobbles/Boulders 

Cobbles and boulders are problematic because of the large porosity contrast. 

Moisture 

The tool is very sensitive to moisture, and should be able to detect low moisture 
content. A threshold moisture content has not been established. 

Saturation 

In saturated conditions, the tools response is a function of the amount of water 
within the pore spaces, and hence formation porosity. 

Background Effects 

Formation mineralogy or water chemistry can be important if they have significant 
neutron moderating characteristics (i.e., high chlorine, iron or silica). Under most 
conditions, hydrogen bound in water molecules controls most of the neutron moderation. 

Target Compounds 

Concentration 

Formation mineralogy or water chemistry can be important if they have significant 
neutron moderating characteristics (i.e., high chlorine, iron or silica). Under most 
conditions, hydrogen bound in water molecules controls most of the neutron moderation. 

Compound Suite 

Formation mineralogy or water chemistry can be important if they have signifita!lt 
neutron moderating characteristics (i.e., high chlorine, iron or silica). Under most 
conditions, hydrogen bound in water molecules controls most of the neutron moderation. 

Tool Design 

Tool design could be a major factor in detailed quantitative application of neutron 
tools at the Hanford site. 

Source Type 

The type of neutron source used has a significant effect on the strength and type of 
neutrons bombarding the formation. An evaluation of thermal versus epithermal neutrons 
would be necessary to determine the sensitivity of the source type to various formation 
and casing conditions at the Hanford site. 
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Detector Type 

The detector type determines whether thermal or epithermal neutrons are detected. 

Detector Spacing 

Detector spacing can be important in hole conditions that include a sand pack or 
grout. Detector spacing is also important in moisture content measurements. 

Data Processing Techniques 

Raw Data 

Raw neutron count rate data will provide a qualitative evaluation of relative porosity 
under saturated conditions, and a qualitative evaluation of moisture content in unsaturated 
conditions. Comparison to other boreholes or sites cannot be accomplished without data 
processing. 

Standard Level of Processing 

Standard processing would involve using existing processing packages to produce 
American Petroleum Institute (API) standard porosity estimates. These measurements 
would be based on calibration standards established for AP! limestone pits in Houston, 
Texas. Corrections for well completion effects would also be carried out. The relative 
magnitudes of porosity changes between locations would be fairly reliable, but, because the 
calibration standards are based on limestone, the actual true porosity values would not be 
reliable. 

Sophisticated Processing 

Detailed processing algorithms could be developed specifically for the Hanford site 
which would be based on calibration standards established for Hanford sediments. 
Measurements based on these calibration standards would be very reliable in measuring 
true porosity and actual moisture content in Hanford sediments. 

Potential Development Program: 

Available production neutron logging tools are appropriate to apply at the Hanford 
site as a feasibility study for its potential application. Detailed estimates of additional 
development costs cannot be determined until a feasibility study has been performed, 
including computer evaluation of neutron source and detector effects, identifying methods 
for developing calibration standards and field application of existing technology at the 
Hanford site. 
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B.4 NEurRON ACilVATION LOGGING SYSTEM 

Tool: Neutron Activation 

Physical Basis of Measurement: 

Neutron activation tools measure gamma energy emitted when nuclei are excited by 
the capture of thermal neutrons. The gamma spectra emitted via neutron activation reflect 
the presence of different elements with large electron capture areas such as chlorine, 
hydrogen, silicon, calcium, iron, and sulfur. Thermal neutron capture spectra do not 
contain carbon or oxygen lines. The principal limitations of the measurement are in the 
true determination of atom ratios because of the observed spectra are dependent on 
complex neutron and gamma-ray transport properties. 

General Description: 

Much of the information on the tool proposed for use at the Hanford site was 
provided by Mr. Gary Meyers who was involved in the research and development of the 
tool. The neutron activation tool was originally developed by ARCO, but the program was 
cut for budgetary reasons. It is estimated that up to $5 million was spent in the research 
and development of this tool. After the program was cut, several of the tool's developers 
formed an independent logging company and bought the tool The tool was developed for 
the rugged oil exploration environment and is a highly complicated instrument containing 
numerous back-up modules. The tool was designed to operate for 12 hours at 100° C and 
has standard 7-conductor co~mectors suitable for integration to the Westinghouse Hanford 
borehole logging truck. The tool has been used in Arctic well.fields to depths of 20,000 feet 
The unique feature of the tool is the Germanium detector used to measure gamma spectra. 
Other neutron activation tools use a standard Nal detector, which significantly limits the 
resolution of other tools. The Ge detector is used in the Westinghouse Hanford spectral 
gamma tool. The neutron activation tool can therefore be used as a high resolution 
spectral gamma tool by shutting off, or removing, the neutron generator. Unlike the 
Westinghouse Hanford system, the Ge detector for the neutron activation tool is cooled 
with freon and does not require a vented wireline. In addition to its ability to measure 
gamma spectra, the neutron activation tool can also be used as a porosity tool, similar to 
standard neutron-neutron logs. Therefore, the neutron activation tool is potentially the 
most versatile tool for the proposed applications of borehole geophysics at Hanford. 

Capabilities of Tool: 

The tool and analysis techniques are capable of: 

• Detecting elements with large thermal neutron capture cross sections including 
hydrogen, chlorine, silicon, calcium, iron and sulfur.· May also detect presence 
of elements with smaller cross-sections such as nitrogen, and sodium. 

• Determining elemental concentrations based on magnitude of spectral peaks 
and/or data processing techniques. 

• Determining porosity of formation by evaluating hydrogen spectra to 
determine water content for formation. 
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• Determining the presence and concentration of gamma-emitting radionuclides, 
by using the Ge detector only, and shutting off the neutron generator. The 
tool would then be similar to the Westinghouse Hanford RLS system. 

• Identification and correlation of lithologies (particularly silts and clays) in new 
or existing vadose zone or groundwater monitoring wells. This is the typical 
application of spectral tools, and would provide an objective, quantitative 
means of identifying and correlating lithologic units at the Hanford site. 

Tool Applications: 

There are potentially three applications for the neutron activation tool; 

• Identification of organic solvents, nitrate, sulfate or brine which are present in 
the vadose zone or groundwater 

• Identification and quantification of gamma-emitting radionuclides, similar to 
the WHC Spectral gamma system 

• Determination of relative or true porosity. 

It should be recognized that the tool detects elemental ~oncentrations, and does not 
detect actual compounds. Given sufficient field calibration to laboratory chemical analyses, 
the neutron activation tool could be used as a substitute for some percentage of sampling 
activities. The results would be used to infer actual concentrations between lab sample 
points, based on field calibration between tool response and lab analyses at a given site. 

Factors Affecting Tool Performance: 

Completion Effects 

Well Casing 

Steel casing moderates gamma energy returning from the formation, but has no 
effect on the neutrons transmitted from the borehole to the formation. The effects of steel 
casing have been addressed by petroleum well log analysts. PVC casing will have a very 
small effect in terms of energy moderation, but will cause a distinct chlorine spectra which 
is not caused by the formation. 

Well Screen/Perforations 

Well screen and perforations will have an effect intermediate between cased and 
uncased conditions. Corrections for these conditions have not been determined. 

Hole Diameter 

Hole diameter has a significant effect on the tool. Correction factors for the tool have 
been determined in accordance with the Society of Petroleum Well Log Analysts. A. 
minimum hole depth of 100 feet is required due to the length of the tool (40 feet) . 
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Grout could have a significant effect on the spectral response due to bound water in 
the grout, and other chemical characteristics of the grout 

Sand Pack 

The sand pack will not affect the responH of the tool unless it is applied as a 
neutron porosity tool 

Air Voids 

Air voids have no effect on the responH of the tool 

Water Filled Bore 

Water-filled boreholes will have a different response than air filled boreholes in the 
same formation. Corrections for borehole fluid chemistry have not been determined. 
Presumably, however, the chemistry of the water in the borehole is related to formation 
water quality and is therefore of interest. 

Air Filled Bore 

Air-filled boreholes are the ideal condition for this tool. 

Formation Effects 

Uniformity 

Uniformity of the formation does not have a first-order effect on the response of the 
tool, except for hydrogen, which would be used to determine porosity. 

Cobbles/Boulders 

Cobbles and boulders will have some effect on the tool response due to chemical and 
porosity differences. 

Moisture 

Moisture tends to moderate the capture of neutrons which increases the sensitivity of 
tool response. The tool will readily detect moisture around the borehole. 

Saturation 

Saturation is detected by the tool as an increase in hydrogen response. 
conditions, the hydrogen response is a function of formation porosity. 
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Background Effects 

Noise caused by background gamma emitters will not likely affect the interpretation 
of the response. The high resolution Ge detector is sensitive enough to distinguish gamma 
emitting elements from other compounds of interest If high concentrations of other 
neutron moderating elements, such as chlorine and iron, are present, porosity calculations 
based on hydrogen spectra only may be inaccurate. 

Target Compounds 

Concentration 

The concentration of target elements is unlikely to have an effect on the tools ability 
to detect those elements. -

Compound Suite 

The suite of target elements is unlikely to have an effect on the tools ability to detect 
those elements, particularly when using the high resolution Ge detector. 

Tool Design 

. The tool proposed for use is the present state-of-the-art No additional refinements 
or modifications are possible at this time. 

Source Type 

The type of neutron source used has a significant effect on the strength and type of 
neutrons bombarding the formation. Ari evaluation of thermal versus epithermal neutrons 
would be necessary to determine the sensitivity of the source type to various formation 
and casing conditions at the Hanford site. 

Detector Type 

The Germanium detector is the state-of-the-art detector. 

Detector Spacing 

Detector spacing can be important when using the tool to determine porosity in hole 
conditions that include a sand pack or grout 

Data Processing Techniques 

Raw Data 

Raw data produced in the field consists of a calibrated energy spectra, from which 
the type of elements present can be determined. If count rates are sufficient and there are 
no overlapping spectral peaks, then the concentration can be estimated based on the "peak 
area" of the spectral response. 
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Standard Level of Processing 

A first level of processing would entail corrections for neutron efficiency and simple 
spectral ratio evaluations of various spectra. Efficiency versus energy corrections are 
relatively simple, and could be incorporated in the field software. Ratio methods are 
potentially very powerful if there is a constant ~pectral signal, such as silicon, throughout 
the area of investigation. This "constant" signal would be used to nonnalize the responses 
of other spectra, providing for better interpretation of spectral variations with depth or 
location. Processing for spectral gamma applications would be similar to the requirements 
for the existing Westinghouse Hanford RLS system. Processing requirements for 
determining relative porosity would be similar to the requirements for developing a 
neutron-neutron tool 

Sophisticated Processing 

Detailed processing entails corrections to remove the effects of casing, neutron 
efficiency, and received gamma energy. Lab model studies, or benchmarks, as well as 
computer simulations are required to develop adequate benchmarks to describe possible 
neutron paths and energies for detailed quantitative analysis. Advanced processing for the 
spectral gamma application would be similar to the requirements for the existing WHC RLS 
system. Advanced processing requirements for determining true porosity would be similar 
to the requirements for developing a neutron-neutron tool, including lab model studies and 
computer simulations. 

Availability of Other Data 

Geophysical Data 

No other geophysical data is necessary for interpretation. However, confirmatory 
logs using standard neutron-neutron, or spectral gamma logs would be useful, depending on the application. 

Chemical Data 

No other chemical data is necessary for interpretation. The correlation between lab 
chemical concentrations and geophysically calculated concentrations has not been 
determined. 

PhysicaVGeologic Data 

No other geologic data is necessary for interpretation. Mineralogy, water content, and 
density may have a small effect on calculations. 

Potential Development Program: 

,. The available technology associated with neutron-activation logging appears 
sufficient to apply at the Hanford site with a minimum of initial testing or modeling. It is 
estimated that up to $5 million has already been invested in developing the proposed tool 
to its present level of application. Estimates of additional development costs cannot be 
determined until a feasibility study has been performed, including field application of the 
existing technology at the Hanford site. Recommendations regarding additional 
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development activities, future applications and immediate applications could be put forth 
after the feasibility study. 

B.S JOINT FACTORS 

Several additional factors must be considered regarding the potential development· 
and application of combinations of BHGs: development costs and success, regulatory 
acceptance, and technology transfer. 

B.S.1 Development Costs and Success 

Significant cost savings might be achieved over the combined cost of dPveloping 
several BHGs independently if such· development was coordinated. For example, a single 
test facility might be used for several BHGs. The estimated cost savings in such 
coordinated development of specific combinations of BHGs have been estimated to be as 
follows: 

• combining spectral gamma tool and neutron activation tool development - no 
savings 

• combining spectral gamma tool and gamma-gamma tool development - no 
savings 

• combining spectral gamma tool, gamma-gamma tool, and neutron-neutron tool 
development - $260,000 savings 

• combining spectral gamma tool, gamma-gamma tooi,-neutron-neutron tool and 
neutron activation tool - $812,000 savings. 

The probability of successful development, P[S], of combinations of BHGs is a 
function of the P[S] of each BHG independently and any correlation among those BHGs. 
If it can be assumed that the P[S] of any one BHG is independent of the successful 
development of the other BHGs, then the P[S] of the combination of BHGs is simply the 
product of the P[S] for each of the BHGs. For example, the P[S] for all four candidate 
BHGs would be (0.9)(0.6)(0.6)(05) = 0.16, if they were independent with those individual 
P[S]'s. 

The P[S] for any one BHG, in tum, can be estimated as follows: 

• identify the sequence of activities required for successful development 

• assess the probability of successful completing each critical activity, assuming 
that all preceding critical activities (if any) have been successfully completed. 

• multiply all of the conditional probabilities of successfully completing each of 
the critical activities together. 
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This was done implicitly and subjectively in determining the following P[S] for each BHG: 

• P[S] = 0.9 for spectral gamma tool 
• P[S] = 0.6 for gamma-gamma tool 
• P[S] = 0.6 for neutron-neutron tool 
• P[S] = 05 for neutron activation tool 

Based on these assessments, and assuming independence among development of 
BHGs, the P[S] for specific combinations of BHGs have been estimated to be as follows: 

• Combining spectral gamma tool and neutron activation tool development - P[S] 
= 0.45 

• Combining spectral gamma tool an i gamma-gamma tool development - P[S] = 
0.54 

• Combining spectral gamma tool, gamma-gamma tool, and neutron-neutron tool 
development - P[S] = 0.32 

• Combining spectral gamma tool, gamma-gamma tool, neutron-neutron tool, 
and neutron activation tool - P[S] = 0.16 

B.S.2 Regulatory Acceptance 

Insight into the potential regulatory acceptance of BHG in the Hanford CERCLA 
programs was gained from discussions with EPA and Ecology.personnel and from the 
summary of a December 1990 review meeting of the Westinghouse Hanford and Pacific 
Northwest Laboratory (PNL) geophysical logging activities (EPA 1991). The review meeting 
cover letter stated: 

'1"he U.S. Environmental Protection Agency (EPA) considers the use of down-hole 
geophysical logging to be an important tool for meeting the long-term goals of 
Hanford cleanup. These techniques are extremely well suited to the investigation of 
the unsaturated zone at Hanford, since much of the radioactive and haz.ardous 
substance inventory remains in the soil column above the water table. EPA believes 
that the use of geophysical logging can yield significant reductions in the overall cost 
of site characterization, operational monitoring, and post-closure monitoring. This 
capability is especially attractive since thousands of boreholes were installed to 
monitor liquid disposal sites and tank leaks as a standard practice. These boreholes 
provide access to valuable information on stratigraphy, moisture distribution, and 
hazardous substance and radionuclide distributions without additional drilling. Used 
in conjunction with core sampling, down-hole geophysics can enhance our 
understanding of contaminant mobility and focus sampling and analysis plans on 
selected constituents." (EPA 1991) 
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The review goes on to state: 

'1he prope·r application of borehole geophysics has the potential to maximize the 
amount of information provided by new and existing Hanford Site boreholes and 
reduce the total amount of drilling required and, therefore, the total cost of site 
characterization. It should be noted, however, that geophysical logging cannot 
replace borehole sampling completely. Detailed borehole sample data are needed for 
each study area to aid log analysis. The borehole samples provide a precise analysis 
of physical properties, and logs-when correlated with the samples-give a high 
resolution vertical distnbution of these properties along the borehole and a horizontal 
distribution of the properties in adjacent boreholes. The combination of samples and 
logs provides superior results that cannot be obtained by either method alone". 
(EPA 1991) 

Regarding the WHC spectral-gamma-ray logging system, the review stated: 

'1he spectral gamma logs should provide valuable site characterization information 
on the present distribution of radionuclides in the subsurface and should be one of 
the few techniques capable of providing insitu data for post-closure monitoring of 
remedial-action performance assessment Post-closure monitoring is likely to be an 
important component of most operable unit RODs, and developing and 
demonstrating the capability to conduct post-closure monitoring within both the 
saturated and unsaturated zcmes should be a very high priority and fully supported 
activity". (EPA 1991) 

The geophysical logging review (EPA 1991) stressed the need to develop an exact 
understanding of the gamma-gamma and neutron-neutron log response to the physical 
properties of the sediments on the Hanford Site through a field testing, demonstration, and 
development program that involved collateral geologic studies of core samples. The review 
concluded: 

"This activity should also conclusively determine the type and quality of data that 
borehole geophysics are able to yield at Hanford, and in which areas of the site we 
can expect successful results, thereby providing guidance to the authors and 
reviewers of RJ/FS work plans as to how borehole geophysical techniques should be 
included as a site characterization tool". (EPA 1991) 

The review suggested that if the geophysical logs matched the physical formation 
properties measured in the field test boreholes then the geophysical logs should provide 
acceptable and defensible results for Hanford Site remedial investigations (EPA 1991). 

The geophysical logging review (EPA 1991) also indicated that neutron-activation 
logging can provide information on the distribution of non-gamma emitting radionuclides, 
such as uranium 238, carbon-14, strontium-90, and technetium-99, as well as other stable 
isotopes. Many other contaminants of concern at Hanford including nitrate, chromium, 
cadmium, copper phosphates, cyanides and other substances can be identified and 
quantified using neutron-activation logging. The review indicated that if neutron-activation 
logging can be shown to provide defensible data on the distribution of non-gamma 
emitting radionuclides and other contaminants of concern in the Hanford subsurface 
environment, a significant data need will be fulfilled (EPA 1991). 
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It seems apparent from the above discussion that the application of BHG in the 
Hanford CERCLA programs would be supported by the regulatory agencies, provided that 
the technology is applied by competent staff that are equipped with logging tools that are 
designed for specific applications and are calibrated to yield predictable and quantifiable 
responses to variations in physic.al properties. Discussions with both EPA and Ecology 
indicated that the regulators do not expect BHG to provide the same quality of data 
provided by an analytical laboratory using ClP protocols, and that the acceptance of 
quantitative BHG data will depend on the quality of the BHG c.alibration and the field 
verification testing. ~ stated during the review (EPA 1991), it appears that a combination 
of both BHG and laboratory analysis of samples will provide better results than can be 
obtained by either method alone. 

The level of BHG application that may be acceptable to the regulators cannot be 
defined at the present time with any certainty, and will obviously depend on site-specific 
factors such as the type of contaminants present, the location, depth and suitability of 
existing boreholes in which to obtain BHG data that might provide data on the extent of 
contamination, how well BHGs work in specific areas of the Hanford Site, etc. However, in 
certain operable units within the Z.00 Area, EPA personnel suggested that it may be 
appropriate to characterize the site with 100% BHG if the nature of the wastes, the site 
operation that produced the wastes, and the geology are similar to other Z.00 Area operable 
units that have been characterized using traditional drilling, sampling, and laboratory 
analysis methods. Ecology personnel felt that the current level of sample collection and 
laboratory analysis could be reduced quite a bit through the use of BHG, which would 
provide a continuous log _of the borehole environment 

The EPA and Ecology personnel also felt that the greatest benefit would be gained 
from BHG logging in existing boreholes which would provide data on the geology and 
possibly depth of potential contamination which could then be used to better select the 
location and depth for any new boreholes, thereby reducing the number and/or depth of 
new boreholes needed for site characterization. When new boreholes are drilled and 
sampled, BHG logging of the holes before they are completed (in the case of monitoring 
wells) could allow selection of soil samples to be submitted for laboratory analyses based on 
log response, thereby reducing the overall laboratory analytical costs. 

B.5.3 Technology Transfer 

It has been assumed that each BHG, if successfully developed, will be equally and 
independently useful at other DOE sites. Hence, on a scale of 1 to 5, successful 
development of any single tool has a value of 2, successful development of any pair of tools 
has a value of 3, successful development of any three tools has a value of 4, and successful 
development of all four tools has a value of 5. 

-
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ASSUMED FIELD TEST SITE REQUIREMENTS NOTESIREFEREHCES 
I 

Newwell1lar1Ndng 0 ..... IPA~ 
&llllng w.lle lar INdng Owelle (f...u. 1112, PwL Comm.) 

~!!!5!h¥1ical cotll 

DrWB«9hole 1130.IOO NCh INAppendlxA 
Chemlmy (Rad+ Non-fad) M.IOO llfflpe INAppendlxA 

Ptlyacal loll1 TNU IIOO _,. INAppendlxA 
Chem lunplee(,-welll) 10 ,.,,... IN~lxA 

Chem lampln (exllt ..,.,, 1 ,.,,..., INAppendlxA 
8oll lamplN 10 ,.,,... INAppendlxA 

Tcul Lab+ 0f1Wng Com ID 
NorM!!:!!5!h~cal echedule 

Drilling • &amping 0.00 ,... INAppendlxA 
Lab 0.00 ,... INAppendlxA 

TCllal 8otled1M 0.00 ,..,. 

SPECTRAL GAMMA TOOL 
Geophyeical Application Cotti 

Labor 1107,000 ,.., (F&Nltl, 11182. per-.! oommunlcdon) 
Loo Borehole 1200 well (i=-ct. 1112. penonal oommunloalion) 

Schedule 

Logging Production Rate ., lnlwell <F-U, 11182, peqonel -uniaallon) 
Logging Evaluallonlreport s daywell Eltimall 

CAPITAL LABOR SCHEDULE NOTES/REFERENCES 
COST COST (Unlnl ncud. all OOlll bald on dlcullionl 

COMPONENT (1881 S, (rnan-,r1) wtttl WHC o-Je-.. ti) 
FEASIBILITY STUDIES S0 so 

so 0.00 0.00 
SYSTEM MODIFICATIONS so $71 .333 0.00 

Repair Nal 0.lector S0 0.17 0.17 Back-41p Ge Detac:tor purchued 
Hardware/laciliti•• IO 0.00 0.00 

Software S0 0.50 0.50 Production and deconvolution dvlpmnt 
SYSTEM CALIBRATION S0 $37,450 0.35 

Add 'I Calibration SludiH S0 0.10 0.10 Trip to complete calibration llUdie1 
Report, IO 0.25 0.25 F'mal Calibration Report 

FIELD STUDIES so $28,750 0.25 
~eophyaical '° 0.00 0.00 S..te«liteprogram 

Geophyalcal Logging '° 0.00 0.00 Loo new w.111 prior and after -11 oomplatlon 
Syelem Modification, '° 0.00 0.00 None antlclpaqd 

Report, 10 0.25 0.25 Final Reporta 

TOTAL DEVELOPMENT COSTS .,,o 1136.533 ·.,,,0 .eo 
GRAND TOTAL 1135,533 

APPLICATION COSTS 

Coll par wall (logging only) 1200 11.543 0.03 
Colt par w.11 (analyal1) 10 1179 

Maintenance 11,000 112.000 0.03 (Fa•-tt. 11182, ·p.r9ona1 oommunic:ation) 
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New ..... tar INling 2 well1 EPA Aeoammendatlon 
ExillingwellltartNting 0 ..... (FuNU.1112. P9rl. Comm.) 

Non~!!3!h~cal COit• 
0nll llarehole 1130,IOO NCtl INAppendlxA 

~(Aad•Nan-fad) ... ,IOO ..,.,.,.. INAppendlxA 
Ptlytical w, T ... ISOO llffll)le IN Appendix A 

Chem Sampln (MW weila) 0 perMII INAppendlxA 
Chem SlmpiM (exilt well•) 0 per/well INAppendlxA 

8ollllmp6N JO per/well ... AppendlxA 
Total Lab• 0rtlling Colle 1211,000 

Non--o!!3!h~cal •chedule 
Dftlling+&ampllng 0.12 ,... SN Api,endlx A 

Lab O.OI ,... IN Appendix A 
TotalSohedule 0.12 ,..,.. 

GAMMA-GAMMA TOOL 
Geophy•ical Application Co•l • 

Labor 1107,000 ,.., (Fa..rt, 1882, per.onll oommuntoatlon) 
Log Borehole aoo well (Fa..rt. 1N2, perl0flll communication) 

Schedule 
Logging Production Rate 10 hrllwwll (Fa-tt. 1882, perl0flll communication) 

Logging Ewluationlrepo,t 1 claywwell Eatirnale 

CAPITAL LABOR SCHEDUL NOTES/REFERENCES 
COST COST (Unlffe noled, Ill coetl beeed on dicuNlon• COMPONENT (1801 S) (man-yr•) with WHC geoecience• .. ff) 

FEASIBILITY STUDIES so so 0.00 
so 0.00 0.00 

SYSTEM MODIFICATIONS 170.000 s1eo.500 1.50 
Tool Mocil-4.IP seo.ooo 1.00 1.00 Eltirnate for tool oomponenta 

Hatdwarellacilltiea S10,000 0.00 0.00 Eltimate for lacllitiea & equipment 
Software so 0.50 0.50 Implement .. u completion corTectiona SYSTEM CALIBRATION 1150,000 S142,ee7 1.33 

Build and Te• Model• 1150,000 1.00 1.00 (J . Heant, 1882, per•. comm.) ' 
Reports so 0.33 0.33 Calibration Report 

FIELD STUDIES $291 ,800 191.224 0.85 
Nofl-9eophy•ical $281 ,000 0.00 0.00 See te• program 

G«>phy•ical Logging ssoo 0.02 0.02 Log new .. u, prior and after .. u completion ,; 

System Modification• 110,000 0.50 0.50 A-,me - modification 
Reportl so 0.33 0.33 Field Tnting Report 

' 
TOT AL OEVE.OPMENT COSTS $511 ,100 $384,381 · ,, ... .. ,3.118 

GRANO TOTAL sg()S,191 
APPLICATION 

Co•l per well (logging only) 1200 $514 0.03 
Coat per well (anal,-la) so 1293 

Malnte~ 18,000 112.000 0.03 (FUNtt. 1882, Pereonal communication) 
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ASSUMED FIELD TEST SITE REQUIREMENTS NOTES/REFERENCES 

.... w.11• tor INtlnQ 2 -,1. EPA~on 
Exiellng welle lDr INling • ..U• (F...U, 1112, P9ra. Comm.) 

N-gh%!!cal COltl 

Drllllknhole 1130.IOO Nd! INAppendlxA 
et.mialry(Non-ftd) G.400 IMlpie ... Appendix .. 
lllhyaoal laile T ... IIOO eample ...AppendlxA 

Ctleffl lamplee(,_ .... ., 10 ...,,.... INAppendlxA 
Ctleffl 8lmplee (alll welll) 1 ,.,,.... INAppendlxA 

lail ...... 10 per/Well INAppendlxA 
Tat.al La+ DrtWng Colle 13111,000 

N-hel echedule 
Dr1Wng • 8ampllng 0.11 ,-. INAppendlxA 

LaD 0.14 ,-. INAppendlxA 
Tatallctledule 0.11 ,-n 

NEUTRON-NEUTRON TOOL 
Geophyeical Applicalion Colle 

Labor $107,000 year (F._tt. 1982, pereonaJ communication) 
Log Borehole 1200 well (F...it. 11182, pereonal communicatior.) 

Schedule 

Logging Production Rate 10 hralwell Eedmate 
Logging Evaluation/report 2 daywwell Eedmate 

CAPITAL LABOR SCHEDUL NOTES/REFERENCES 
COST COST (UnlNe noted, all coat, baaed on dleuNion• 

COMPONENT (1881 S'.) (men-yr,) with WHO geoeclencee •all) 
FEASIBILITY STUDIES $30,000 121.~ 

$30,000 0.20 0.20 Feallblllty ueing ex.ieting t.chnology 
SYSTEM MODIFICATIONS MS.000 $190.500 1.50 

T oo1 Mock-up 1110,000 1.00 1.00 ,.__ tool modification --,y 
Hardwarel1acllltiee $6,000 0.00 0.00 

Sottware so 0.!50 0.!50 Neutron tranapo,t modeling 
SYSTEM CALIBRATION $150,000 $142,987 1.33 

Build and Te• Model• $150,000 1.00 1.00 (J. Heant, 1882, pere. oomm.) 
Report, so 0.33 0.33 Calibration Report 

FIELD STUDIES $3(12,800 183,440 0.87 
Non-geophyeioal s:15',000 0.00 0.00 S..t .. program 

Geopnyaic:1 suoo 0.CM 0.CM Log new -II• prior and after -11 completion 
Syttem Modlllcatlon1 ss.ooo uo 0.50 Aaalme eome modification, 

- Aepo,te so 0.33 0.33 F'teld Telling Report 

TOT AL DEVELOPMENT COSTS ,-1807.800 $418,008 .. ,:· :,3.71 .• 
GRANO TOT Al. s1 .02s.aoe 

APPLICATION 

Colt per -11 (logging onlY) $200 S514 0.03 
Colt per well (analyei1) so SSII 

Maintenance Sl,000 $12.000 0.03 (Fa-tt, 18'12, Per-i oommunlcation) 
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ASSUMED FIELD TEST SITE REQUIREMENTS NOTES/REFERENCES 

New ..... tar tlllllng z ..... EPA Aeoommendallon 
Exiltino ..... tar INllng 0 ..... (F...u. 1882, Pws. Comm.) 

Non-aeoohnjcal ooa, 
DrtllBaNnCN l1S>,IOO NCtl ... AppendlxA 

CMmillry{Aad+Non-nd) ... ,IOO llfflple ... AppendlxA 
Phywloal Solla T ... '500 llfflple INAppendlxA 

Clleffi&amp6N(,..Wllla) 10 ,., ..... , INAppendlxA 
Chem&amplea(mdll..a!') 1 per/Well INAppendlxA 

loll ..... 10 per/well IN~A 
Tatal ub + 0nlllng Com .. ,.ooo 

Non-aeooh!!!:!1 chedule 
Drilling • 8empllng 0.12 "8 INAppendlxA 

uD o., .. "8 IN~A 
TGIIII Schedule 0.1" ,..,. 

NEUTRON ACTIVATION TOOL 
GeQ9hyeical Appliealion Colt• 

Labor 1135,000 ,.., (F...ct, peraonal oommunallon) 
Log Borenole IZ,000 per well Ellima1ad Outlide Contractor Colt 

Schedule 
Logging Production Rate 10 hrwwell Ealmate 

Logging Evalualionlrepo,t 2 dayalwell Eltimat• 

CAPITAL LABOR SCHEOUL NOTES/REFERENCES 
COST COST (Unle• noced, all COltl baNd on dlcullion1 

COMPONENT (11191 S) (man-yr1) with WHC oeoecience, stat!) 
FEASIBILITY STUOIES $30,000 '27,000 

$30,000 0.20 0.20 Fealiblllty w/exllltlng technology 
SYSTEM MOOIFICATIONS so '27,000 0.20 

Tool Mocll~p so 0.00 0.00 Alalme contractor toc:111 111fflclent 
Hardwarelfacllltin 10 0.00 0.00 No Modification, 

Software 10 0.20 0.20 Minor IOftware modific:ation1 
SYSTEM CALIBRATION $150,000 $110,000 1.33 

Build and Te• Model1 $150,000 1.00 1.00 (J. Hear•. 1882, pera. oomm.) 
Report, so 0.33 0.33 Calibration Report 

FIELO STUDIES $381,000 147.5911 0.35 
Non-geophyeical $381,000 0.00 0.00 SN tfft program 

Geophyaic:1 10 0.02 0.02 Log ,_ well1 prior and after -11 completion 
8yllem Modillcalion1 10 0.00 0.00 

Report, 10 0.33 0.33 Field Telltlng Report 

TOT AL DEVELOPMENT COSTS S5'1,000 $281,.Se '<Lill 
GRANO TOTAL $822.5911 

APPLICATION 

Coll per well (logging only) IZOO $MIi 0.03 
Coll per -11 (analy9l1) 10 1740 

Maintenance $8,000 $12,000 0.03 (FalNtt, 1882, P9flonal communlcallon) 
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IPl:CTRAL. GAMMA TOOL 

ICOAING CHAAACTEUSTlCI CATEGORY DEFINITION 

i 
'. Nat appllalble 1 1 GroutedlExillln 8cnhole 

�--qually 2 2 ....
. 
« ldNI 8cnhole (I.e. Vadole bcnhole) 

Appl�ca.aquallty a 

ldNllgoadda&aquallly ' 

ldNU&DalienldMaQUallly I 

Category 
DATA NEEDS EVALUATION 1 2 NalN 

VADOSEZONE 

GEOLOGY 
Llltlalogy 2 4 

Ptl,-oalCharaaler 1 1 

Unllannlty a 

PHYSICAL PROPERTIES 
Pwmeabillly 1 

Paraalty 1 

Denelly 1 1 

MoillUre 1 211 
Grain SID 

CONTAMINATION TYPE 
FladionudidN (-aalng) 112 115 Delectl0uantily 

Fladlonuclidn (non-.mllllng) 1 1 

Organice 2/2 
.• lnarpnlca 1 

FLUX TESTS 
Fladionuclidn (emlttlnQ) 112 115 Detec:rlQuentlly 

Aedlonucllde• (non-.mllllng) 1 1 

0rganiol 1 2/2 
lnorpniol 1 

CONTAMINANT EXTENT 
VerUcel 112 1115 

Horizontal 2 2 

HYDROGEOLOGY/GROUNDWATEA 

GEOLOGY 

Uthology 4 
Ptlyacal Character 1 1 

Unllannlty a 

PHYSICAL PROPERTIES 
Dlnally 1 1 

Grain Sia 1 1 

HYDRAULIC PROPERTIES 
Penneabillly 1 1 

ParOllly 1 4 
CONTAMINATION TYPE 

Aadionuolldn (emitting) 112 115 DeteotlQuantlly 
Aedlonuclidn (IICII�) 1 1 

Organic• 1 "'2 

Inorganic■ 1 1 
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ICORING CHARACTERISTICS 

NdappllcatMe 
Applicablelpoor dala quality 

Applicabiehnaderu dala qua111y 
ldNl/good cs.la quality 

ldNI/Excellent dala quality 

DATA NEEDS EVALUATION 
FLUXTESTS 

Radionuclldff (emllllng) 
Radionuclide• (nar-,ntalng) 

Organica 
lnorQanica 

CONTAMINANT EXTENT 

SOLUTE RETARDATION 
Radionuclide• (emitting) 

Radionuclide• (non-.mlttlng) 
Organica 

Inorganic, 

OPERATIONAL/POST ~LOSURE MONITORING 
VADOSE ZONE-CONTAMINATION TYPE 

Radionuclide• (emitting) 
Radionuclide, (non-.mltting) 

Organic• 
Inorganic, 

GROUNDWATER-CONTAMINATION TYPE 
Radionuclide• (emitting) 

RadionuclidH (non-emitting) 
Organic• 

Inorganic, 

WHC-SD-EN-EE-010, Draft 

CATEGORY DEFINITION 

1 Olouted/Exllltlng Borehole 1 
2 
s 
4 
I 

2 New or ldNI Borehole (I.e. Vadoee borehole) 

Category 
1 2 

1/2 1/5 
1 1 
1 412 
1 

s 
1 2 

5/2 1/5 o.t.cl/0uantlly 

412 

1/2 1/5 Detect/Quantify 

5/2 515 O.tecl/Quantlly 
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,.. 

GAMMA-GAMMA DENSITY TOOL 

ICORING CHAAACTEAl81'1CI CATEGORY DEFINITION 

Not applloaDle 1 1 Campleclan � Well .,,,. 
AppUcablelpoar data quallly 2 I ....w.u, 

Ap�dataquallly a a High Gamma E,wiaomi1M11 
ldNUOOod data quallly • 

,. ldNUExaelenl .. ..., • 

DATA .NEEDS EVALUATION 1 2 INcae 

VADOSEZONE 

QEOLOOY 
Ultlology z 4 z 

Ptlyac:alehuactM 1 1 1 

Unllarmlty 2 • 2

ll'HYSICAL PROll'ERTIES 
�lily 1 1 

Poroaity 1 1 

Denetty 2 4 2 

' Molltllre 1 1 1 

Grain Sin 1 1 1 

CONTAMINATION TYll'E 
RadionuclidN (emllllna) 1 1 

Aadionuclidff (� 1 1 1 

()fganlo1 1 

lnorganloa . 1 1 1 

irl.UXTESTS 
Aadlanuclide1 (efflifllng) 1 

RadlonYCiidN (�ng) 1 

O,pnioa 1 1 1 

lnorganla 1 

CONTAMINANT EXTENT 
Vertical 1 1 

Horizontal 1 1 

HYDROGEOLOGY/GROUNDWATER 

GEOLOGY 

Utholog'J 2 • 2
Fltlyeical Charec:ter 1 1 1 

Unllarmlty 2 • 2
PHYSICAL PROPERTIES 

Denllty 2 • 2
Grain Sin 1 1 

HYDRAULIC PROPERTIES 
P9nnNbillty 1 1 

Parolitr 3 2 

CONTAMINATION TYll'E 
Radlonuclidel (efflialng) 1 1 1 Detec:tlQuanUty 

Radlanuclidel (non-emllllng) 1 

O,ganioe ., 1 1 

Inorganic, 1 
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GAMMA-GAMMA DENSITY TOOL 

SCORING CHARACTERISTICS 

Nat applicable 
Applicablelpaor data quality 

Applloablehnodef ... dala quality 
ldMllgood dala quality 

lclMI/Exoellent data quality 

DATA NEEDS EVALUATION 
FLUX TESTS 

RadlonuclldN (emllllng) 
RadlonuclldN (nan-.nllllng) 

0rganica 

lnaroaniCl8 
CONTAMINANT EXTENT 

SOLUTE RETARDATION 
Radionucllde• (emitting) 

Radionuclidee (-ltting) 
Organic• 

Inorganic, 

OPERATIONAL/POST ~LOSURE MONITORING 
VADOSE ZONE-CONTAMINATION TYPE 

Radionuclide• (emitting) 
Radionuclide• (,,_ltting) 

Organic, 
Inorganic, 

GROUNDWATER - CONTAMINATION TYPE 
RadionuciidH (emitting) 

Radionuclide• (n-itting) 
Organic, 

Inorganic, 

1 
2 
a 
4 

• 

CATEGORY DEFINITION 

1 Completion DetallllExlltlng Well 
Z NewWell1 
a High Gamma Environment 
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1 DNd/Quantlty 
1 
1 
1 

Det8d1Quantlfy 

1 Detect/0uantlly 

1 DetectlOuantlty 
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NEUTAON-HEUTAON TOOL 

SCORING CHAAACTEAISTIC8 CATEGORY DEFINITION 

Nal-laab6e t , Wlltlout ,-.n,altylCallbnllla ...., 
� -- quallly I z Wlttl FeulbllltyiCalltnUan Sludy 
� data quality , 

ldNUgood dlla quality • 

ldNll&Gellentdllaquallly I 

c.oa,y 
DATA NE!DS EVALUATION , z 

VADOSEZONE 

GEOLOGY-
Ulholugy t 1 

P'l'lyacalChlr-.r , , 

Unltarmity , 1 
PHYSICAL PROPERTIES 

� 1 1 

ParOllty , , 

Danllty , 1 
Mmlww , • 

\ � Grain Sia , 1 
CONTAMINATION TYPE 

Radionuclidee (emitllno) , 

Fladionuclidee (� 1 1 

0rganicl , z 

lnorpnlca 

FLUX TESTS 
Fladionuclide1 (emitting) , 

Radionuclide• (non..-nilling) 1 1 
Organioa , z 

Inorganic, 
CONTAMINANT EXTENT 

VerUcal 3 
Horizontal z 

HYOROGEOLOGY/GROUN0WATEA 

GEOLOGY 

LitholoOY 
P'l'lyaioal Charaeter , 1 

Unlbmlty , • 

PHYSICAL PROPERTIES 
Danllty , , 

Grain Sin , 1 
HYDRAULIC PROPERTIES 

'--billty 

ParOlity • 6 

CONTAMINATION TYPE 
Radionuclldel (effllaing) , , 

Radlonuclldel <-lttlng) , 1 

0rganlcl 1 z 

Inorganic■ 
FWXTESTS 

Radionuclid-■ (emlttlng) 1 

Radionuclid-■ (-ltting) t 

O�anlc1 2 
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NEUTRON-NEUTRON TOOL 

&CORINO CHARACTERISTICI 

Nolaopiicati.' 
Applloablelpoar da&a quality 
ApplioaDleJvoad dalaquallly 

ldNl/good dlda quality 
ldNI/Exaellentdalaquallty 

DATA NEEDS EVALUATION 

CONTAMINANT EXTENT 

80LL/TE RETARDATION 
RadionuclldN (emialng) 

Radionuclide• (non-.mltting) 
Organic• 

Inorganic• 

OPERATIONAL/POST-CLOSURE MONITORINQ 
VADOSE ZONE-CONTAMINATION TYPE 

Radlonuclide1 (emitting) 
Radlonuclld•• (non-emitting) 

· Organicl 
.Inorganic, 

GROUNOWATER-CONTAMINATION TYPE 
RadionuclldH (emitting) 

RadionuclidH (non-emitting) 
· Organic, 

Inorganic, 

WHC-SD-EN-EE-010, Draft 

CATEOORY DEFINmON 

1 1 
2 2 
a 
• 
I 

Calego,y 
1 
1 

1 

2 

1 
1 

., 
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NEUTRON ACTIVATION TOOL 

SCORING CHARACTERISTICS CATEGORY OEFINmON 

Notapplcable 1 1 Gtouted/Exllling Borehole - No INlibllltylcalltntlan 
Appllcablelpoor da&a quality z z New Borehole - No INalbllltylcallbration I 

Applic:aDlelmod«ale de.a quality s s N9w8cnnale J;11 tl,,,.:ntit .ilon 
ldNUgood da&a quality ' ldMl/&oellent data quality I 

catagory 
DATA NEEDS EVALUATION 1 z s Neal 

II 

VADOSEZONE 

GEOLOGY I 
Ulha6ogy 4 4 ~gammamode 

Ph~ CharactM 1 1 
Unllormlty 3 3 ~al gamma mode 

PHYSICAL PROPERTIES 

PenMabllity 1 
Poroalty 1 1 
Oenlity 1 1 

Mol•ure 2/1 4/4 DetectJOuantlly 
Grain Size 

CONTAMINATION TYPE II 
Radionuclide• (emitting) 112 115 115 Detec:t/Quantlly II 

Radionuclid11 (-ltling) 1 1 1 II 

Organlca 211 212 - SIS Detec:tlQuantlly 
Inorganic• 1 

FLUXTESTS 
I• 

Radionuclide• (emllling) 512 515 115 Detec:tl0uantlly 

,I 
Radionuclide• (non-emitting) 1 

Organic9 211 212 SIS DetectJOuantlly 
Inorganic• 

CONTAMINANT EXTENT 

Vertical .1 412 413 Radionuclldel0rganic1 
Horizontal 1 2 2 

HYOROGEOLOGY/GROUNOWATER 

GEOLOGY 

Uthology 4 ' Spectral gamma mode 
PhY9icaJ Character 

Uniformity 3 3 Spectral gamma mode 
PHYSICAL PROPERTIES 

Density 
Grain Size 

HYDRAULIC PROPERTIES 
PenMablllty 1 

Poroalty 4 5 Hydrogen poroaity 
CONTAMINATION TYPE II 

RadlonuclldH (emitting) 512 115 115 Oetect/Quanttly I 

RadionuclidH (non-emitting) 1 1 
Organic• 211 412 513 Oetect/Quantlly 

Inorganic, 

I 
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NEUTRON ACTIVATION TOOL 

&CORING CHARACTERISTICS CATEGORY DEFINITION 

Nat appllcaoie 1 1 Grouted/Exilting Bcnhole - No tealiblllty/callhra!lon 
Appllcablelpoor data quality 2 2 N- Borehole - No tealiblllty/callbratlon 

Appl~dataquallty a a New Borehole -~ 
Ideal/good dala quality • ldMI/Exoellent dala quality I 

Calego,y 
DATA NEEDS EVALUATION 1 2 a Notee 
FLUX TESTS 

Radionuc:lidel (emlaing) &12 115 115 Delaet/Quantity 
Radlonuclidee (non-emitting) 1 1 1 

Organlcl 2/1 - · "2 113 Detecl/Quantlty 
lnorganicl 1 

CONTAMINANT EXTENT 
Venical 1 3 3 

. Hortzontal ·, 2 2 
SOLUTE RETARDATION 

Radionuclide• (emitting) 112 &IS &IS o.t.c:tJQuantlty 
Radionuclide• (non-emitting) 1 1 1 

Organic• 2/1 "2 113 DNctlOuantlty 
Inorganic• 1 1 

OPERATIONAL/POST-CLOSURE MONITORING 
VADOSE ZONE-CONTAMINATION TYPE 

Radi.onuclide• (emitting) 1512 15/5 15/15 Detect/Quantity 
RadionuciidH (non-emitting) 1 1 1 

Organic, 2/1 412 15/3 Detect/Quantity 
Inorganic, 

GROUNDWATER-CONTAMINATION TYPE 
RadionuciidH (emitting) 1512 515 15/5 Detect/Quantity 

RadionuclidH (non-emitting) 1 1 
Organic, 2/1 412 113 Detect/Quantity 

Inorganic, 
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The costs and schedules of various potential characterizatiorv'monitoring programs, 
which include BHGs of different types and to various degrees, have been estimated and 
compared to various possible base cases. The spreadsheet for making these estimates is 
presented in Appendix C.1, and the results are presented in Appendix C.2 It should be 
noted that only the characterization part of the program has been focussed on in this 
study. 

The estimates of "expected" costs and schedule for each of the programs, which also 
consider the probability of successful BHG development and contingencies if BHG 
development is unsuccessful, is discussed in Appendix c.3. The detennination of an 
overall rating for each program, based on tradeoffs among the expected costs and schedule, 
regulatory acceptability, and potential for technology transfer, is also discussed in Appendix 
C.3. 

C.1 SPREADSHEET 

A LOTUS 1-2-3 spreadsheet has been developed to estimate the total cost and 
duration of each program as a function of the quantity, unit cost and duration of that 
program's elements, as well as the sequence of those elements and the capacity of the 
system to complete elements simultaneously. A common set of elements has been 
identified which can be combined in various ways to achieve any program of interest The 
program is divided into characterization and monitoring, with the same types of elements 
comprising both. The unit cost and duration is specified for each element The quantity of 
each element may vary among the various programs. A Base Case program is specified 
and alternative programs, consisting of some combination of BHG tools, are used to 
substitute for a specified percentage of sampling and/or boreholes assumed in the Base 
Case. BHG tools are only used in the alternative programs. Up to ten programs plus the 
Base Case can be considered simultaneously in the spreadsheet Differences between each 
program and the Base Case are the focus of the evaluation. · 

C.1.1 Cost 

The cost for the characterization part of the program is determined simply as the 
product of the quantity of each element and the unit cost of that element, summed over all 
of the possible elements. Quantities of many of the elements may be zero for some 
programs. Development of BHG tools is assumed only if such tools are intended to be 
used (whether or not such development is ultimately successful). Additional cost savings 
may result if more than one BHG tool is developed at the same time, depending on the 
specific combination of BHGs. 

The cost for the monitoring part of the program is similarly determined. However, if 
a BHG tool was developed during characterization it is recognized that it would not be 
redeveloped if intended to be used during monitoring. On the other hand, if it was not 
developed during characterization, it would be developed during monitoring if intended to 
be used. 

The total cost for a program is simply the summation of the cost for the two parts, 
characterization and monitoring. As previously noted, however, monitoring costs have not 
been evaluated in this study. 

C-1 

l 

I 

' 

I' 

11 
I 

ll 
I': 
1, 

ll 



WHC-SI>EN-EE-010, Draft 

The difference in costs (total or for either part) between a program and the Base Case 
is determined simply by subtraction. 

For the analyses in this study,· start-up and wrap-up costs, as well as monitoring 
programs, were assumed to be identical for all programs. Since the difference between 
programs was of primary interest, these costs were assumed to be zero. 

C.1.2 Duration 

Only the duration of the characterization part of the program is considered, since 
monitoring is a subsequent and continuous activity, whic:h is assumed not to be duration 
controlled. In considering the duration of this part of the Program, it is necessary to 
consider that the activities may occur in specific: sequences and that many activities may be. 
occurring sin,ultaneously. Hence, the critical path must first be identified and then the 
durations of those activities can be determined and summed. However, the critical path 
may vary for different programs. Rather than evaluating each possible program in detail, 
several general assumptions have been made in order to reasonably approximate the 
critical path in the spreadsheet, as illustrated in Figure C-1 (see also Figure >2): 

• Any critical path will include startup at the beginning and data
compilation/interpretation at the end of the program. For the analyses
presented in this study, start-up and wrap-up schedules were assumed to be
identical for all programs. Since the difference between programs was of
primary interest, these start-up and wrap-up durations were assumed to be
zero.

• Various types of drill rigs will drill various types of new boreholes, possibly
obtain various types of geologic and/or water quality samples, possibly conduct
various types of other borehole tests and/or BHG, and then complete the
borehole prior to moving to the next borehole. Assuming that eac:h drill rig
had all of the necessary equipment and there was no delay between holes, the
total duration of this would equal the maximum (over the various types of
boreholes) of: the number of boreholes of a specific type times the duration to
accomplish everything for each borehole of that type divided by the number of
drill rigs being used for that type of borehole. For example, if there were 100
Type 1 boreholes which take 0.2 years each to complete, then it would take 2
years for 10 drill rigs to complete this part of the program. If another borehole
type took 5 years to complete, this drill ri&'borehole type would control the
duration for drilling. It has been assumed that each of the various types of
geologic and water quality sampling, and each of the various types of other
borehole tests, will be equally divided among the various borehole types.

It is likely, however, that the number of BHG tools will be limited and shared 
among drill rigs, so that this part of the operation may be delayed. Moreover, 
the majority of this part of the program cannot start until all of the BHG tools 
which will be used (if any) have been adequately developed. Also, the last lab 
tests and the last field test analyses will remain after the above field activities 
have been completed. 
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• At the same time, various types of test rigs will mobilize on various types of 
existing boreholes, possibly obtain various types of water quality samples, 
possibly conduct various types of other borehole tests and/or BHG, and then 
demobilize prior to moving to the next borehole. Assuming that each test rig 
had all of the necessary equipment and there was no delay between holes, the 
total duration of this would equal the maximum (over the various types of 
boreholes) of: the number of boreholes of a specific type times the duration for 
each borehole of that type divided by the number of test rigs being used for 
that type of borehole, similar to new boreholes. As for new boreholes, it has 
been assumed that each of the various types of geologic and water quality 
sampling, and each of the various other borehole tests, will be equally divided 
among the various borehole types. However, again it is likely that the number 
of BHG tools will be limited and shared among test rigs and even among drill 
rigs (new holes), so that this part of the operation may be delayed. Moreover, 
the majority of this part of the program cannot start until all of the BHG tools 
which will be used (if any) have been adequately developed. Also, the last lab 
tests and the last field test analyses will remain after the above field activities 
have been completed. · 

• Also at the same time, various types of lab tests and analyses will be conducted 
on the various geologic and water quality samples obtained in the field, 
although this might be done simultaneously in different labs. Similarly, the 
results of other borehole tests and BHGs will be analyzed off-site, although 
again this might be done simultaneously in different places. Since these can all 
be done simultaneously, the longest of these lab/analysis programs will govern. 
Assuming that they all start together and that each lab/analytical facility 
operates at capacity (i.e., no delay between tests/analyses), the total duration of 
this would .equal the maximum (over all types of lab tests/analyses) of: the 
total number of each lab test'analysis times its duration divided by the number 
of such test'analyses which can be done simultaneously. However, this part of 
the program cannot start until the first boreholes have been drilled and 
samples obtained or field tests conducted, which in tum may first require 
development of BHGs. 

• Of the three cases above, the one with the longest duration constitutes the 
critical path. 

The difference in duration for characterization between a program and the Base Case 
is determined simply by subtraction. 

It should be noted that BHG development and application has three components in 
the duration of the Program: 

• The majority of the drilling, sampling, and analysis activities in the program 
cannot start until all of the BHG tools which will be used (if any) have been 
adequately developed. The duratioIJ of development is a function of the number 
of available BHG staff, since tool development schedules are expressed in man­
years, irrespective of staffing capabilities. BHG development generally falls into 
two categories: hardware and software. Two staff per BHG tool, equally divided 
between hardware and software, was assumed. It should be noted that although 
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increasing the staff would reduce development time, the duration ol. tool 
development is not linearly inversely proportional to the number of staff. 

• After they have been developed, it is likely that the number of BHG tools will be 
limited and shared among boreholes, so that final completion of each borehole 
(i.e., well completion) may be delayed by BHG availability. 

• Application of each BHG tool consists of both borehole application and subsequent 
data analysis. Application of a BHG tool in a borehole is not on the same critical 
path as subsequent data analysis, so that borehole logging and data analysis (on a 
different borehole) can be carried out simultaneously. The duration of borehole 
application is dependent on the number of available BHG tools, whereas the 
duration of data analysis is a function of the number of BHG staff available (which 
is assumed to be the same as for development). Hence increasing the number of 
tools and staff capabilities reduces the duration of application and analysis 
activities, respectively. 

C.1.3 Procedure 

The following inputs are required for the spreadsheet (see Figure 5-3): 

• Generic 
Definition of the various potential elements of the program, both for 
characterization and monitoring 
Unit costs ($) for each element, both for characterization and monitoring 
Unit durations for each element, for characterization only · 
Capacity of the system to conduct each element simultaneously, for 
characterization only 
Cost savings associated with developing various combinations of BHGs 
at the same time 

• Program specific (Base Case and up to 10 Alternatives) 
Quantities of each element, both for characterization and monitoring 

Different generic factors (e.g., different number of BHG tools or different level of BHG 
development) require the spreadsheet to be rerun, whereas different programs with the 
same generic factors can be considered within a single spreadsheet. 

The spreadsheet output consists of (see Figure 5-3): 

• Costs (Characterization, Monitoring, Total) 
Absolute for each program 
Savings relative to the Base Case for each program 

• Duration (Characterization) 
Absolute for each program 
Savings relative to the Base Case for each program 

It should be noted that the spreadsheet is capable of considering the uncertainties in 
the output as a function of the uncertainties in the input. The uncertainty in the input 
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would be expressed in terms of probability distributions (possibly correlated) and the 
uncertainty in the output would be determined by Monte Carlo simulation using the 
LOTUS add-on @RISK. 

It should also be noted that the spreadsheet estimates the costs and durations of 
specific programs, assuming that they are carried out. As discussed in Section 5.2 
(Figure 5-3), although one program may be intended, its use may depend on successful 
development of BHG. If such development is unsuccessful, a different program (e.g., the 

_ Base Case plus development) may be implemented. Hence, the "expected" cost and 
duration of a test program will be a function of the cost and duration of the program if 
BHG is successful, the cost and duration of the program if BHG development is 
unsuccessful (i.e., a different program) and the probability of successful BHG development 
The expected cost and duration of each program is discussed further in Sectior. C3. 

C.2 RESULTS 

Four runs of the spreadsheet were performed to evaluate the results for three 
different base case (Program 0) conditions, five different combinations of BHG tools, and 
several different application levels. The Base Case elements and quantities are based on 
characterization of a "typical" operable unit, as discussed in Section 3. As discussed in 
Section 5.1, the following conditions were used: 

Run 1: 

Run 2: 

• Base Case (Program 0) equal to one "typical" operable unit 

• Four drill rigs, drilling four borehole types - Vadose (Rad/Non-rad) and Wells 
(Rad, Non-rad) 

• Total of 45 boreholes/wells 

• One BHG tool per tool-type developed with 1 person per type 

• Substitute various percentages of specific sampling and lab testing by BHG 
programs, in the same number of new boreholes. 

• Lab capacity to simultaneously handle 500 soil chemistry tests, 500 soil 
radiation tests, 500 groundwater chemistry tests, 500 groundwater radiation 
tests, 100 physical properties tests and 1 slug test analysis. 

• Base Case (Program 0) equal to five "typical" operable units 

• Twenty drill rigs, drilling four borehole types - Vadose (Rad, Non-Rad) and 
Wells (Rad, Non-rad) 

• Total of 225 boreholes/wells 
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Run 4: 
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• Two spectral gamma tools (WHC RLS system and neutron activation without
neutron source) and one of each of the other BHG tools (gamma-gamma,
neutron, and neutron activation), developed with two staff per tool type

• Substitute various percentages of specific sampling and lab testing by BHG
programs, in the same number of new boreholes

• Lab capacity to simultaneously handle 500 soil chemistry tests, 500 soil
radiation tests, 500 groundwater chemistry tests, 500 groundwater radiation
tests, 100 physical properties tests and 1 slug test analysis.

• Base Case (Program 0) equal to five "typic:al" operable units

• Twenty drill rigs, drilling four borehole types - Vadose {Rad/Non-rad) and
Wells {Rad, Non-rad)

• Total of 225 borehole!/wells

• Two spectral gamma tools (WHC RLS system and neutron activation without
neutron source), and one of each of the other BHG tools (gamma-gamma,
neutron, and neutron activation), developed with two people per type

• Substitute various percentages of specific sampling and lab testing by BHG
programs, and substitute 30% of the new boreholes with BHG in an equal
number of existing boreholes.

• Lab capacity to-simultaneously handle 500 soil chemistry tests, 500 soil
radiation tests, 500 groundwater chemistry tests, 500 groundwater radiation
tests, 100 physical properties tests and 1 slug test analysis.

• Base Case (Program 0) equal to fifty "typical" operable units

• Twenty drill rigs, drilling four borehole types - Vadose {Rad, Non-rad) and
wells {Rad, Non-rad)

• Total of 22.50 borehole!/wells

• Two spectral gamma tools (WHC RLS system and neutron activation without
neutron source) and one of each of the other BHG tools (gamma-gamma,
neutron, and neutron activation), developed with two people per type.

• Substitute various percentages of specific sampling and lab testing by BHG
programs, in the same number of new boreholes

• Lab capacity to simultaneously handle 500 soil chemistry tests, 500 soil
radiation tests, 500 groundwater chemistry tests, 500 groundwater radiation
tests, 100 physical properties tests and 1 slug test analysis.
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For each run, 10 alternative programs were considered, consisting of: 

• Five different combinations of BHG development

(1) Develop spectral gamma tool (RLS) only
(2) Develop RLS and gamma-gamma tool
(3) Develop RLS, gamma-gamma, and neutron tool
(4) Develop RLS, gamma-gamma, neutron and neutron activation tool
(5) Develop RLS, and neutron activation tool

• Two different Base Case Program modifications:

- Replace SO% (nominal, depending on tool) of appropriate sampling/lab testing
activities with BHG (5 development levels), and log an additional 10
boreholes/v ·ells per operable unit compared to base case.

- Replace 80% (nominal, depending on tool) of appropriate sampling/lab testing
activities with BHG (5 development levels), and log an additional 10
boreholes/wells per operable unit compared to base case. It should be noted
that only 52% of the soil physical property samplin&"testing are replaced by
either the gamma-gamma or neutron activation tool by themselves.

The unit costs and unit durations of each element presented in Section 5 (Table 5-1) 
were used in this analysis. The various inputs and the results, in teffl\S of output from 
each individual run, is included at the end of this Appendix. 

C.3 EXPECTED COSTS/SCHEDULE AND PROGRAM UTILITY

The results presented in Appendix C2 assume that the development of each BHG 
program will be successful The "expected" cost and duration for each program, 
incorporating the probability of successful BHG development and contingencies if BHG 
development is unsuccessful, has been determined as follows: 

E[X(P)] = X(P=S) • p[P•S] + X(P=F) • {1-p[P=-S]} 

E[X(P)] = Expected value of attribute X (cost or schedule) for Program P 
X(P=S) = Attribute X of program P if BHG development is successful 
X(P=F) = Attribute X of program P if BHG development is unsuccessful 
p[P=S] = Probability that BHG development will be successful 

This approach assumes that the contingency for unsuccessful BHG development is 
re-implementation of the base case. The probability of successful BHG development has 
been subjectively assessed based on discussions with WHC staff and other borehole 
geophysical experts, as discussed in Appendix B.5. It has been conservatively assumed that 
all of the BHG tools proposed for a program must be successfully developed in order to 
implement that program, and otherwise !lQ!l! of the BHG tools (i.e., the Base Case 
program) would be used after the unsuccessful BHG development program had been 
completed. The results of the probability evaluations are included at the end of this 
Appendix. They show the expected cost and schedule versus the probability of successful 
BHG development. 
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An overall rating is developed for each potential program by making tradeoffs 
among expected cost ($), expected duration ('I), technologic capability (Q, and regulatory 
acceptance (R). Whereas expected program cost and duration are determined as discussed 
above, technologic capability and regulatory acceptance have been based on subjective 
assessments, as discussed in Appendix B.5. The attributes can be translated into individual 
ratings, which express the degree to which each program objective has been met (e.g., on a 
scale of Oto 10), through "utility functions". The individual utility functions were 
developed for each factor by identifying approximately equivalent ranges of "worst 
possible" to "ideal" for each, ie., there is an approximately eq~ preference in going from 
worst to best in each factor. For example, the decision maker could be indifferent between two programs where one has the worst possible cost but ideal schedule and the other has 
the worst possible schedule but ideal cost, everything else being equal These ranges were simply converted to a scale of O (for worst possible) to 10 (for ideal). Weights can then be 
applied to these individual ratings to emphasize the importance of one objective over 
another, based on the scales used. For example, for utility functions derived as discussed 
above, the relative weights would all be equal. Assuming that the objectives and thus 
individual utility functions are independent, the overall program utility function is then 
calculated as: 

U[P] = E W%U%[X(P)] 

where 
U[P] = total utility of Program P 
W x = relative weight of x 
Ux[X(P)] = utility function ofx 
X = .6.$, .6. T, R,C 

% 

The results of the utility evaluations for various sets of relative weights are included 
at the end of this Appendix. These results are an example only, and represent arbitrary 
weights applied to the different factors. 
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BHG 1◄ 
Development 

max 
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A• Mininum of (1) �t tint 
borehole and (2) mumum BHG development 

B • Oril/sarnplell .. t first borehole (min) 

A_. ,._ C Conduct lut lab •Vanal . ( - ysia max

New BH 1◄ 
DriUing (max) 

OlherBH 
Geosampling" WC Sampling" Testing• BHG Logging-

1 2 3 I 1 2 3 I 1 2 3 I 1 2 3

-- c-. ,.._ 

Existing BH 1-4 
MOB/ EMOB 

(max) WRAP-UP 

Other BH =1 
I WC Sampling• Testing• BHG Lagging•• 

1 2 3 I 1 2 3 I 1 2 3 4 
-

8-+ f+- Geo 1-3 Lab Testing (max) 
-

-

WC 1-3 Lab Testing (max) 
-

I 
Other BH Test 1-3 Analysis (max) 

I -

BHG 1◄ Analysis (max) 
I 

-

I 

NOTES: • Assumed each rig has tools, and adivity is equally divided among bol9hole types 

- Assumed tools are limited, and used proportionately between new and existing boreholes 

913 1718/27961/3-5-92 

Figure C-1. Spreadsheet Critical Path Schedule Logic. 
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RUN t : BASE CASE • ONE OPERABLE UNIT 

l'flOOAAM nEMENT8 008T(I) UNIT 
Wm•AM NA IIIM-yr 

OrlUComplele N.w BHt1 111,IOO Ndl 
Dr!M;omplel1 N- BH21 .... l500 Hell 
OrlU:onlplele N-BH31 187.eoo each 
DrllllComplel1 .._ BH41 191,eoo Hell 

MoblDltnobT1IIAIQanOld8Ht1 .. ...,.. 
Mob/Demob Tell Ria an Old BHh .. ...,.. 
MoM>emob Tell Alo an Old BHJ1 .. eac:11 
MoblDlmob Tell Alo an Old 8H41 .. Hell 
Obtain Geot ......,.., In N.w BHI a.too each 
Ol>4111n Clea2 Semp111 In N.w BH1 14,480 ellc:II 
Oblllln OeoS8a ........ ln New BHI $400 ...,.. 

Conducl/Anel lab Telle (Oeot) 13,400 ·"""
Conducl/Anel lab Te111 (0lol) 11,400 each 
Conducl/Anel lab Telle (Glo3) ssoo """' 

ObllllnWOI lllmpleeln N.w BHI a.ooo each 
01,4111n WO I Slfflpll1 In Old 8H1 a.ooo each 
Obl•ln W02 ...... , In N.w BH1 a.ooo each 
Oblaln W02 8ample1 In Old BH1 12.000 each 
Oblaln W03 lllmplee In N.w BH1 .. each 

n Oblaln W03 lample1 In Old BH1 .. Ndl 
.... Conducl/Anll lab, .... (WQ1) 13,400 each 0 Conducl/Anel lab T1111 (WQ2) 11,400 """' 

Conduct/Anal lab, .... (WQ3I .. """' 
Cond Olller BH I T 1111 In New BHI a.ooo .,.._. 
Cond Olller IIH1 TIiie In Old BH1 a.ooo .,.._. 

Analyze Olller IIH 1 TIii• sz.eoo .,.._. 

Cond OIIMI BH2 Te111 In New llHI ...... -■ 
Cond Olhlr BH2 T 1111 In Old BHI .........

Anlllyn Olller BH2 T1ll1 ...... _.
Cond OIIMI Btu Telle In New BHI ......... 
Cond 011,er IIH3 T1111 In Old BHI ......... 

�OlllerBH:ITell1 ...... _. 
DwllopBHG1 lt:18,IOO -

Condud BHO t In New BHI ., ............ 
Conduct BHG 1 In Old BHI ., ............ 

�BHG1 .. ,. ....... 
DwllopBHGI IICNl.000 -

Condud BH02 In New SHI 1114 ....... 
Conduc:I BHGf In Old BH1 1114 .,.._. 

AnllynBHOI UN.,_-■ 
Dewlop8H03 11,021,000 -

Conduct BH03 In "-BH1 1114 .... -■ 
Conduct BH03 In Old BH1 1114 ....... 

Anllyn8H03 15" .... -■ 
DwllopBHG4 Sl22.900 -

Conduct BHG4 In "-Btf1 12,850 .... -■ 

Conduct BH04 In Old BH1 12,850 .... -■
AnalynBH04 17li0 .... -■ 
Combine Dal• NA -

CHARACTE RIZATION PROGRAMS ( .. olucllnt lat• _...,pdl-a.tftl) 
SAMPLE CHANGE 

IIOREHOlE CHANGE NA 
TIME(r,) I PROGRAM: I 

NA (llllflup) 0 
I .... N-AADVADOSE ,. 
0.0IO NON-RAD WELl ti 
1.1eo RAOVADOSE 11 
O.IIO RADWELL . ti 
1.000 N-RAD VADOSE • 
0.000 NON-RAD WELL • 
B.000 RAOVADOSE 0 

0.000 RADWEll • 
1.000 &Oil.CHEM 121 
0.000 80llRAD tu: 
1.000 &Oil.PHYS .. il4 
.. , .. &OIL CHEM ttl 
•.. ,. 8011..RAD ·. 1M · 
B.OIB 801LPHY8 ·: 

·.: 114 
1.003 G WCHEM ..., 
0.003 OWCHEM _; 841 
1.003 G W RAD. .'.-,/<ii 
B.003 
B.000 

0.000 
I.Ill 

1.411 
0.000 
B.003 
1.003 
0.011 
0.000 
0.000 
B.000 

1.000 

1.000 

B.000 

1.900 

B.003
B.003 
0.001 
I.IIIO 
0.001 
l.001 
0.001 
1.7IO 

0.001 
0.001 
0.005 
1.100 
0.001 
0.001 
O.OOI 

NA .

.::WJJ 
OW RAO 

llUO 11:ST 
8l.UOTE8T 
8LUOTE8T 

IJP£CTAAL 
SPliCTRAl. 
SPECTRAL\ 
SPECTRAL :,: 

AMMA-OAMMA 
AMMA--OAMMA (
AMMA--O AMMA •• 
AMMA--OAMMA 

NEUTRON 
NEUTRON 
NEUTRON 
NEUTRON ... 

ACTIVATION / 
ACTIVATION 
ACTIVATION 
ACTIVATION 

c-r•p--upl •·• 

•i
. 

i 

�r: 
-. 

·· .. •·•
. .. 
., 

/ ,: 
·; le

. . : 
. '

:.•.': ·• ·: 

·,·f:::::;
it 
.·•. •• 

.,ni 
t: 
.,, 

: .. : i.\

0.1 0.1 
t 1 
1 I 
I 0 

II II 
ti to 
to ti 

ti ti 
0 II 
0 11 

to 11 
,. II 

111 111 
.. .. 

114 110 
Ill Ill 
.. .. 

194 ... 
.. .. 
94 94 

H H 
u II 
• • 
• • 

tN tN 
u u 
I 0 

.. IO 

19 ,. 
30 30 

0 I 

I 0 

I I 
I • 
• • 
I • 
1 t 

IO IO 

IO IO 

40 40 

• 1 
• II
0 IO 

• 41
I I 
• • 
I I 
• I 
I I 
I I 
• I 
• • 
• I 

1.1 I.I I.I 1.a 1.a 

1 t t t t 
I 4 I I ._-.,._ .. 
0 I I I I 

ti ti ti II II 
to to ti to to 
II to ti to 11 

10 11 to ti 19 
11 to • ,. , .
IO 1• i • 11 19 
11 1• ti to 19 
to ti ti 19 19 

111 • 111 111 111 
.. • N N N 

12 • 114 .. ., 
111 a Ill 111 111 
.. • .. II II 
12 It 114 .. .,
.. .. .. .. •
94 II .. .. .. 
u II • • •
21 II I I • 
I I I I I 
• • 1· • • 

'" • 111 1N 1N 
u u " 17 11 
• 0 I • •

IO IO .. IO N 

to 19 to to 19 
30 • • • •

0 • I • • 
• • • I • 
I • I I • 
• I I I I 
• • I I I 
• • • I I 
1 t t t t 

IO IO IO IO .. 
IO IO .. .. N 

40 40 40 40 40 

t t t t 
II II N II 
IO .. .. .. 
41 ... 41 41 

t 1 I 1 
41 41 I 41 

40 40 I 40 

.. II • II 
0 t I • 
• ... • • 
I 40 I • 
• II • • 
0 • • •

... I.I I.I 

t t t 
.....• • 101 

I 0 • 
II II ti 
to ti ti 
11 to ti 
ti to 11 
19 19 to 
19 19 19 
to ·1• ,. 
19 19 to 
II II II 
II • N 

., ... .. 
N II II 
II • N 

� ., 11• .. 
11 .. 11 

n 11 • 11 ' 

I II • 
gI II •

• • •
I • • 

�N • N 

" ... " 
• • • b

.. N IO 
19 19 to C,• • • 
• • • &• • •
I • • 
I • • 
• • •
• I I 
t t t 

N .. .. 
.. .. IO 
40 40 40 

t • •
N • I 
IO I •
41 • • 
t • • 

41 • • 
40 • • 
.. • • 
t t 1 

41 41 41 

40 40 40 

.. .. .. 
• I I 



RUN t : BASE CASE• ONE OPERABLE UNIT CHARACTERIZATION PAOORAMB (Hcludlng later --1lloal path IIIClll..ina, 
SAMPLE CHANGE . I 0.11 0.11 0.11 0.11 0.1 0.1 0.1 

BOREHOLECHANOE NA 1 1 1 1 1 t I 
ii.I 

1 
PROGRAM ELEMENTS COST(S) UNIT TIMEiy,) i PROORAM; 0 .1 · 2, · 3 · 4 ., . :.,. · 11.: , . e ·-c:.,,:,,.·•-,:.7 ·.•·.,.,·.cc.■

TOTALCHARPAOORAMCOST ( MIIS): I se.112 se.112 S1.61 $8.35 Sl.22 18.30 17.17 sue $7.U 
CHANOE IN TOTALPROORAMCOST(MII S): ($0.30) S0.611 Sl.43 . lt.30 · .. (S0.112i ·,. $0.2& .. ,,.It.OIi ,:, ,.IO.&L 

TOTAL CHAR PROO SCHm(,r■j: I 2,1 2.11 11.0 8.1 II.I . 2.1 II.I . 11.1 11.1 

TOOL COMBINATIONS 

CHANGE IN TOTAL PROGRAM SCHEDULE (,r1) 0,7 3.1 4.0 ., : 4,0 . •· ·. 0.7.. . 3.1 ::, , ,, .·. 4.0 , ., 4.0 : 

PROORAM 1, !l 8pectrel O■mma Onlr, rep!_ >OM (-.....,,,, al rad analrala, add1 cl.n ont,anri.,.,,

PAOORAM 2, I A■ •bow (PROO 1 ,15). plu1 O■mm■-11■mm■ d■n■nr tool, r■pl■clng 0.11")0( percent (-belowl al ph ......... -■lyNe 
PROGRAM 3, 7 A■ abow (PROO 2,e), plu■ Neutron por""'1' tool r■pl■clng )O( .. ( ... belowl ol phralcal anal,-1 
PROGRAM 4, I A■ •bow (PROO :1,7), plu1 neutron actlvallon r■pl■clng )0( .. (IM belowl ol chem NmplH . 

0.1 
1 
.. 

18.17 
S0.05 

4.2 
2.1 

PROO RAM I, 10 Dewlap llplClr■I gamma and neutron rtcilvallon onlr, r■pl■clnil )0( .. ol rad ilnd ch■m i■mpln c-b■br), and O.ll"JO( .,._...el...,._. lillnplN (paralltJI 

PRO<JRAM GROUPS 
PAOORAM O fxllllng Program. No Bor.tiol■ O■ophr■tc1 

PRO<JRAMS 1 ,2,3,4,1 eo.. R■ductlon In Mmpllng. Sam■ number ol bor■hoh.,_na 
�ORAMS ll,1,7,1, 10 ao. R■ductlon � Nntpllng. Sam■ number ol bor.i.ol■w.en, 

TOOl APPLICATIOHII 
SPECTRAL GAMMA, (BH01) Rad bor■holff, _n,; MW or 11dlllng 

OAMMA-OAMMA (BH02) Non-fad bor■hol■1 and -11■ onir. N- ontr 
NEUTRON-NEUTRON (BH03I Rad & non-tad bor■hol■- & _ti,; N- or ■-llllng 

NEUTRON ACTIVATION (BH04) Rad & non rad bor1hol11 ■nd-11■; n■w or ■Nllllng 

OTHERDATA 

TYPE: 
NUMBER OF SIMULT ACTS POSSIBLE 

t I 3 
' ' 1 
t 

IIOO 
.• IIOO 
: .t 

4 RIO: 
I ilH 
t OEO 

WQ 
OTHER 

DRILl/JEST RIO 8AMPLINO COMPATIIII.JTY (dlllnld) 
t I I 4 
t I I 4 

,n 121 1:ra 121 
123 121 123 121 
123 121 123 111 

BHO MULTI-TOOL DEVELOPMENT 008; IAVING 

ORILLRI08 
TE8TAI08 
OEOLA88 
WQLA88 
OTHER ANAL 
BHO TOOL8 I 

t 

IOO 
BOO 

1 
t 
1 

too NA 
1 NA 
t NA 
t COMBO 14 12 123 1234 

BHCJ D EVELOP/ANAL STAFF· 1 IO IO 12ea.ooo • • • • • • • 

0.1 
1 

10 

se.22 
($0.70) 

u 

2.1 



RUN 1 : BASE CASE • ONE OPERABLE UNIT 

PAOORAM ELEMENTS COST(SJ UNIT 

FACTOR 

PROBABILITY OF SUCCESS 
FAILURE COST 

FAILURE SCHEDULE 
EXPECTED COST (MIi SJ 

EXPECTED 8CHEDULE IW'•I 
EXPECTED COST DIFF (MN SJ 

EXPECTED 8CHEOULE OIFF IW'et 
TECHNOLOOIC CAPABILITY 

REGULATORY ACCEPTANCE 

COST OIFF UTILITY 
8CHED OIFF UTILITY 

TECH CAP UTILITY 
AEO ACCEPT UTILITY 

·. .. ·.• TOTAL UTILITY 

n . 
'.!.& UTILITY FUNCTION9 
tJ 

COST DIFF UTILITY 
8CHEO DIFF UTILJTY 

TECH CAP UTILITY 
AEO ACCEPT UTUTY 

CHARACTERIZATION PAOGRAM8(HcludlnotNr ~ .. ,... _...., 
SAMPLE CHANOE 1 0 .1 0.11 0 .1 0.1 0.1 I.I 8.1 

BOREHOLECHANOE NA 
TIME(rl I PROGRAM; • 

PROGRAM 

0 ' I 0 .8 
17.01 
1.708 ..... ..... 

1.1 u 
· I0.00 (SO.Ht 

0.0 0.7 

' I 

• 4 
WEIGHT 

' IO.O ti.I 
1 20.0 8.8 

' 1.8 4.8 

' 10.0 1.8 

41 211 

EQUIVALENT 

I 1 1 1 1 1 
:, 3 4 I ·, 8 7 

:, 3 4 I 8 1 

0 .54 0 .27 0.18 0 .1 0 .54 0.11 
17.N .. _,, 18.00 17.01 17.N 11.n 
9.7111 I.Ill 1.118 1.708 1.7111 I.Ill 
aua .... , tl.17 ... ff 17.U SI.II 

••• ••• I .I u ... I.I 
IOIO auo ..... (I0.14) to.et IUt 

:u 3.1 I.I ,.1 I.I ... 
I 4 • I • 4 
I I 4 4 I • 

1.0 I.I 0.1 11.7 88 I.O 
.... 8 .... 8 ..... I.I ..... ..... 

8.8 8.8 10.8 

··-
8.8 8.8 

8.0 8.8 ... ... 8.8 ... 
-31 · .. -40 . ..: ~, - :·/ .. -.: ., .. . , ::-~i-.::. _· 41 -c- -40 i:: 

WORST BEST .._....._,,. 
IOOO (S2.0ot -1.8 10.0 

O.IO 8.00 -20.8 IO.O 
8 .00 1.00 1.8 0.1 
0 .00 1.00 1.8 8 .8 

8.1 
1 
8 

•· .. ,. 
18.00 
I.Ill 
Sl.71 

• •• 
II.II 

I.I 

• 4 

0.8 
..-.1 

18.1 
8.8 

,, .. c, ... ::-:! 

8.1 
1 

• .. 
0 .41 

... 00 ..... 
SI.OI 

4.t 
11.17 

1.8 

• 4 

4.1 
-11.1 

8.8 
8.8 

/), -1 .. 

I.I 
1 

,o I 
10 

0.46 
... 00 ..... 
17.74 

u 
ID.IS 

1.8 
I 
4 

I .I 
-II.I 

8.1 
8.8 

.,, . ,, 1 



RUN I : BASE CASE • FIVE OPERABLE UNITS 

PAOORAM ELEMENTS COST(II UNIT 

w .. , Plan NA inan-" 
Drl!IC-.,lele New &Hie .... IIOO Nell 
Drlll/Complele N.- 8H21 .... IIOO each 
Dr~• New 8H31 '97,900 Heh 
DrllL'Complete N- 8H41 '91,900 each 

MoblDenlob THI Rig on Old &Hie to each 
MoblDenlob THI Rig on Old 8H21 to each 
MoblDenlob Tell Rig on Old 8H3e to Heh 
Mob/Defflob Tell Rig on Old 8H41 to Heh 
Obt1htOeol 81mple1lnNew8H1 11,100 Nch 
Obtain Chol 8elllple1 In New 8H1 14,441G NCh 
Obtain Oeo3 81mple1 In New &He S400 each 

Concluct1An1I I.ab T1ll1(0eoll '3,400 each 
ConclucVAnll I.ab Telle (0"2) 11,400 Heh 
Conduct/Anal lab T1ll1(0eo31 S600 each 

Obtain WQI 8emple1 In New &Ht 11,000 NCh 
0blelil WQI SlmplN In Old &Ht 11,000 NCh 
Obtain WQI S-ple1 In New 8H1 11.000 NCh 
Obtain WOI Blnlple1 In Old &Ht U.000 Nch 
Obtain WQ3 Blmple1 In New BHI to each 
Obtain WQ3 ....,.., In Old &Ht to NCh 

ConclucVAMI I.ab Telle (WOii '3,400 NCh 
Conduct/Anal I.ab T1111 (WQ2I 11,400 each 
Conduc:VAMI lib Tell1(W03I to each 

CondOlherBHI Ttll1lnN-8HI 11.000 perwel 
Cond Other &HI T1111 In Old 8H1 82.000 per w1I 

Analyre 0lh« 8H1T1111 12,900 per wel 
Cond~8H2Te111lnNew8HI to perwel 
Cond Olhef &HI Telle In Old &Ht to per wel 

Anllyre ~ 8H2 Telle to per - • 
Cond 0lh« 8H3 T•II• In New &Ht to per-• 
Cond Other 8H3 T1ll1 In Old BHI to per wel 

Anelyre Olher 8H3 Telle to per-• 
Dewlap &HO I 1131,IIOO -

Conduct BH<II In New &He 11,640 per wel 
Conduct Bl,iOI In Old &Ht 11,640 per wel 

Analyre BHOI 1179 per-• 
Oewk,p BH02 '80l,OOO -

Conduct IH02 In New &He 1$14 per-• 
Conduct 8H02 In Old IHI 1614 per-• 

Analyre BHOI 1611 per-• 
o-.tap BH03 ll.026,000 -

Conduct 8H03 In New &He 11514 per-• 
Conduct 8H03 In Old &He 1614 per-• 

Ane1yre 8H03 15H per-• 
Oewk,p BH04 1122,900 -

Conduct 8H04 In New &Ht 11.850 per-• 
Conduct 8H04 In Old &He 11.850 per-• 

Analyre 8H04 17IO per - • 
Combine Dela NA -

CHARACTERIZATION PAOORAM8 l•llducllno 1111er .......... .,.... _..II .. 
SAMPLE CHANGE 6 

80AEHOlE CHANGE NA 

TIMEl,.11 PROORAM; t 
NA (11..iupt t 

O.OIO H-AAD VADOS£ ?I 
O.OIO NON-RAD WELL IO 

IO 
IO 

O. IIO RAD YADOSE 
O. IIO RAD WELL 
0 .000 N-RAD YADOSE 
0 .000 NON-RAD WELL • s 
0 .000 RAD VADOSE s 

i 0.000 RAD WELL 
0.000 8011.. CHEM t21 

eeo 
!.•:·.' ,20 

0 .000 80ll RAD 
0 .000 8011.. PHYS 
O. IIO 80ll CHEM 821 
0.4 It 80ll RAD eeo ; 
0.0IO 801l. PHYS · . t20 • 
0 .003 OW CHEM ui · 

. $20 0 .003 
0 .003 
0 .003 
0 .000 
0 .000 
O.IIO 
0 .410 
0.000 
0 .003 
0.003 
0.011 
0 .000 
0 .000 
0 .000 
0.000 
0 .000 
0 .000 
0 .900 
0.003 
0 .003 
0.00I 
3.IIO 
0 .001 
0 .001 
0.00I 
1.11, 
0 .001 
0.001 
0.001 
1.IIO 
0 .001 
0 .001 
o.ooe 

NA 

OWCHEM 
OWRAD a,i . 

111.: · OW RAD .' • • OWCHEM . · . w• 
OW RAD /·· UO 

SLUOTEST 
SLUOTEST 
SLUOTEST 

0 : 
100 : .... ... 
•t: 
·.l: 
•• 

' ::.•·.··.·•.··.· .·.:.•.·.·•.·•·. :::::: v\ 
SPECTRAL <; ;( 
SPECTRAL I . 

AMMA-OAMMA I 
AMMA-OAMMA I • 
AMMA-OAMMA :t •' 
AMMA-OAMMA i .: ::: }\·:: 

NEUTRON / CJ': 
NEUTRON :.:.• I • 

ACTIVATION \ o{ 
ACTIVATION : . I :: 
ACTIVATION / · .. •.· •.:.•. 
ACTIVATION ·\/'• ........ ,, .. :: 

0 .6 

' ' • n 
IO 
IO 
IO 

• • .. .. 
126 
330 
t20 
921 
ua 
920 
326 
320 
IOI 
IOI 

• • 941 
Ill 

• 100 
IO 

IIO 

• • • • 0 

• t 
100 
100 
200 

0 .6 

' I 
0 

n 
IO 
IO 
IO 
IO 
IO .. 
IO 

121 
ua 
tsl 
121 
ua 
181 
321 
320 
IOI 
IOI 

• • 
946 
Ill 

• 100 
IO 

IIO 

• • • • • 
0 
t 

100 
100 
100 

' '" 100 
t21 

• • • 
0 

• • • • • 

0 .6 

' a 
0 

n .. .. .. .. 
IO .. .. 

1121 
330 ... 
1121 
330 
44IO 
321 
320 
IOI 
IOI 

• • 946 
Ill 

• 
100 .. 
1811 

• • • • • • t 
100 
100 
IOO 

121 
100 
HI 

l2tl 
200 
421 

• • • 
0 
0 

••• 
t 

• • 71 
IO .. 
811 .. 
IO .. .. 

Ill 
330 ... 
Ill 
330 ... 
,a , .. 
IOI 
IOI 

• • an 
Ill 

• 
100 
IO 

1811 
0 

• • • • • t 
100 
100 ... 

t 

'" 100 
m 

1 
129 
IOI 
411 

l2tl 
IOI 
428 

0 

... 
t 

•· • 
71 .. .. 
IO 

• • .. .. 
•• 
132 
tit 
Ill ,. 
tit 
1H 
IIO 
a 
a 
• • 141 .. 
• 

100 
811 

1811 

• • • • • • t , .. 
lot 
tol 

... 
t 

• • 
11 
IO 
IO 
IO 
IO .. 
IO -at 

111 
441 .. ,. 
441 
1H 
320 
a 
a 
• • .... .. 
• 100 

811 
IIO 

0 

• • • • • t 
too 
100 
IOO 

t 
Ill 
100 
m 
• • • • • • • • 
0 

... 
t 

... .. :-,. •.·:: .. . • 

• 71 

• • .. 
• • .. 
• .. ,. 
, ... .. ,. 
, ... 
IN 
IN 
a ... 
• • .... .. 
• 

100 

• IIO 

• • • • • • t 
100 , .. 
IOI 

t 

'" 100 
121 

' 121 
IOI 
421 

• • • • • 

. ' 

• n 
IO .. .. 
IO .. 
IO .. 
'" ,. 
, ... 
'" ,. 
114 

• ... 
a 
a 
• • 

'" .. 
• 100 

IO , .. 
• • • • • • t 

100 
100 
IOI 

t 

'" 100 
121 

t 
129 
IOI 
411 

t 
121 
IOO 
421 

• 

••• 
t 

• • 11 
IO .. .. 
IO 
IO 

• .. 
111 -IU 
a,1 
330 
IU ,. , .. , .. 
IOI 

• • an 
Ill 

• 
100 
IO 

1811 

• • • • • • 
100 
100 
IOO 

• • • • • •• • • t 
121 
IOO 
42S 

• 

••• t .. , 
• 11 .. 

IO .. .. 
IO 
IO 
IO 

1H 
132 
441 
Ill 
132 
441 

• ... 
a 
a 
• • ttt .. 
• 100 .. 

1811 

• • • • • • t 
100 
100 
IOO 

• • • 0 

• • • • t 
129 
IOO 
4H 

• 



RUN 2 : BASE CASE• FIVE OPERABLE UNITS 

PROGRAM ELEMENTS COST(S) UNIT 
TOTAL CHAR PROGRAM COST (Mil S): 

CHARACTERIZATION PROGRAMS (excluding later-..crltlcal path Mmlltorfnat 
SAMPLECHANOE 11 0.11 0.11 0.11 0.11 0.1 0.1 0.1 

BOREHOLE CHANGE NA I I I I I I 
TIME(y,) I PROGRAM: 0 I 2 .3 4 Ii .:.-:;\ ., .. '· ;:.,\:•. '-:1 

I $34.59 $32.55 $33.37 $34.52 $32.77 $30.05 s:11.111 $32.117 
-· 

:• . ·· 

0.1 
t 
I 

S21.111 
CHANGE IN TOTAL PROGRAM COST (MIi S): ($2.05) (Sl.22) (S0.07) (St.1121 .. ($3.1141 1$2.121 .. 111.121 . ($5.74). 

TOTAL CHAR PROO 6CHED (y,1): I 2.D 3.2 4.7 11.D &.II 3.2 4.7 11.0 
CHANGE IN TOTAL PROORAM SCHEDULE (y,1) 0.2 1.1 z.t 2.11 ,; __ :::• 0.2 ··-:•: .. I.I . ,_,:,:,_,,. 1.1 

TOOL COMBINATIONS 
PROO RAM I, i. 6pectral Oamma Onlr, r-s,lec:H � (- i,.1-, ol rlld analpl1, lldd1 chem onlr -1p11 
PROGRAM 2, e ,.. •"'- (PROO 1,11). plu1 Oamm•-11•mm• den,ttr tool, repleclng o.e•xx pe,Hnt ,_ t,.i-, ol ph,.._ _,.. __,... 
PROO RAM 3, 7 ,.. •"'- (PROO 2.11). plu1 Neutron poroeltr lool r1placlng XX� (- 1>e1-, ol phplcal anal,-. 
PROORAM 4, I ,.. •"'- (PROO 3,7), plu1 n1utron activation replaclng XX� (- below) ol chem Nmpl11 

u 

2.11 

0.1 

.. 

$31.02 
($3.57) 

3.1 
0.1 

PROORAM II, 10 Dwelop lpAClral gamma and n1ulron ectlvallon onlr, repleclng XX'l6 ol rlld and chem aamplee (- belcMI. Ind o.e•xx perNnl ol� NffiplN (Jlan,lllt,t 

PROORAM OROUPB 
PROORAM 11 &llllng Program. No Borehole Oeophplca 

PROORAMB 1,2,3,4,i � Reduction In Nmpllng. Saini number ol boreholtllweft1 
PROO RAMS 1,11, 7,1, 10 10� Reduction In Nmpllng. Saini number ol bor1hol11/well1 

TOOl APPLICATIONB 
8P£CTRAL OAMMA(BH<ll) Rad bonholea & IINll1: -or nllllng 

OAMMA-OAMMA (BHOZ, Non-fad boreholeund IINll1 oni,. New ontr 
NEUTAON-NEUTRON (BH03) Rid & non-fad borehole■ & wwn1: N- or aldlllng 

NEUTRON ACTIVATION (BH04) Rad & nori rad boreholH and well•: MW or Hlllllng 

OTHER DATA 
NUMBER OF SIMULT ACTB POSSIBLE 

TYPE: I I 3 • 

DRILLRIOB IJ I I I 
TESTRIOB I I I I 
OEOUBB IIOO 500 100 NA 
WOUBB IIOO 500 I NA 
OTHER ANAL I I 1 NA 
BHOlOOLB I I I ' 
BHO DEVELOP/ANAL STAFF I I 2 I 

RIO: 
BH 
OEO 
WO 
OTHER 

COMBO 

DRlll/JEST RIO BAMPUNO COMPATIBILITY ldetlnad) 
1 I I 4 
I I I 4 

Ill 121 UI in

121 121 121 121 
IH 121 121 tH 

BHO MULTI-TOOL DEVELOPMENT COBT IAVINGI 
14 12 123 1214 
to to l290.000 ••••••• 

0.1 
I 

to 
$27.25 
($7.341 

3.1 
D.I 



n 
~ 

RUN I : IASE CASE • FIVE OPERABLE UNITS CHARACTERIZATION PROORAN8fftcludlng,.._ __... ..... _... .. 
I 0 .1 0 .1 0.1 0.1 0.1 t .l t .l 

t t t t t ' 
PROGRAM E\.EMENT8 COST(S) 

SAMPLE CHANGE 
BOREHOLECHANGE NA 

UNIT TIME(y,) I PROGRAM; 0 2 • · · • ·. : · • 9 ·,, ..... f · 
PROGRAM 

FACTOR 0 t 2 3 • . ·. I 8 • . . • · · 1 .. 

PROBABILITY OF SUCCESS ' 01 0 .54 0 .27 0.10 0 .0 0.64 0 .17 
FAILURE COST 134.Ji 131113 139.40 '30.01 PUI 131.111 ... 40 

FAILURE 8CHEDULE I.OH 3.Htl 3.•eea I .IIIM u .. .... ,o ....... 
EXPECTED COST IMI S) '34.M $32.70 '34.41 $35.IO $38.04 131.31 833.40 .... 

EXPECTED 8CH£DULE lrret 2.t 3.1 4.1 4.1 u l .t 4.1 4.1 
EXPECTED COST OIFF fMI S) to.DO (11.1,t fto.tl) IUO ,, .... Cll.11) (ti.lat .... 

EXPECTED 8CHEDtllE DIFF (y,oj 0 .0 0.1 1.4 u 1.1 0.1 U . 1.1 
TECHNOLOOIC CAPABIUTY t I I 4 I I I 4 

REGULATORY ACCEPTANCE I 4 I I 4 4 I I 
WEIGHT 

COST DIFF UTILITY I 30.0 117.4 32.7 10.I u n .8 ..... ti.I 
8CHEO DIFF UTILITY t IO.I 111.8 -7.1 ~-• .. a., , ... _,.. ~., 

TECH CAP UTl.lTY t 1.0 4.0 8 .1 1 .8 10.0 u ... 1.0 
REG ACCtPT UTILITY ' 10.0 1 .0 ••• ••• 1.0 ... 1.0 ••• 

.... TOTAL UTILITY · . . a II 37 , 20 12 . .. ... ., "' ,:; : .. ..... ,w-:- •...•. : . .;:; rr •.: 

UTll.lTY FUNCTIONI EQUIVALENT 
WORST IEBT ..... ..._.... 

COST Dlft" UTIUTY to.DO 112.00, ..... 10.0 
8CHEO DIFF UTl.lTY O.IIO 0 .00 -20.8 20.8 

TECH CAP UTll.lTY 0 .00 I .DO 1 .0 0 .11 
REG ACCEPY UTILITY 0 .00 I.DO 1.0 0.0 

. 

... 
1 
I 

. . . I 

0 .10 ... ., 
1.1800 
131.U 

u ..... 
1.1 

I 
4 

11.8 
-1.8 
10.t 

••• 
•,:.; ,,.,:, u ,.·:, 

t .8 

' • 
• 

0 .41 ... ., 
1.4111 
134.11 

I.I 
fto ..... 

u 
I 
4 

.,.. ... 
••• 0.8 

,.-;: .... II .,, 

... 
' 101 

10 

0 .46 
... 17 
1.4111 

.hl.41 
u 

(ti.tit 
0.8 

I 
4 

a .4 ,.. 
1.0 
1.0 

.::. .:.:. u 



n 
I .... 

UI 

RUN I : IASE CASE • F1V£ OPERABLE UNITS CHARACTERIZATION PROGRAMS lel!Cludlnt .... __........,... _... ... 
SAMPLE CHANGE I 0.1 0 .1 0.1 0.1 0.1 0 .1 0.1 

BOREHOLE CHANGE NA I I t t t 1 1 
PROGRAM ELEMENTS COSTIS, UNIT TtMElrl I PROGRAM; o 2 a 4 1 • ..•.. 1 

PROGRAM 
FACTOR 0 ' 2 3 . 4 I . • .. 1 

PROBABILITY OF SUCCESS 1 0.0 0.54 0.27 0.11 0.0 0.64 0.17 
FAILURE COST '34.13 US.13 '38.40 138.17 IM.111 13183 .... 

FAILURE IICHEOULE ' 
3.0IO 3 .1811 I.lee• ...... I.OIi I .IOII ...... 

EXP£CTm COST (UII S, 13UI ; '32.JI '34.41 13110 138.04 IIUI au.• .... 
EXPECTED 8CHEl>Ul.E (rrat I.I l.t 4.1 4.1 4.1 1.1 4.1 4.1 

EXPECTm COST OIFF (MIi S) to.oo ltt.111 (to.Ht 11.30 11.41 ltUJJ .. ,., .. to.II 
ElCPECTEt> 8CHEDULE OIFF (rrat 0.1 I.I t .4 1.1 1.1 I.I t.4 u 

TECHNOLOGIC CAPABILITY ' I I 4 • I • • REGULATORY ACCEPTANCE • • I I • • I I 
WEIGHT 

COST OIFF UTILITY ' 10.0 II.I 10.1 I.I 1.7 IU , ... I.I 
&CHEU DIFF UTILITY 1 21.I ti.I -u -u -u ti.I -u _.., 

TECH CAP UTILITY t u 4.1 I .I 1.0 II.I ... I.I I.I 
REG ACCEPT UTILITY ' 11.0 I.I 0.0 I.I ••• ••• ••• I.I 

••• 
1 
I 

••• 
• 

I .. • 
0.11 0.41 

1:11.17 1:11.17 ...... 1.4111 ..... .....,1 

'-' I.I 
to.II . ..... 

u 1.7 

• I 

• • 
I .I 1U 

-I.I I.I 
10.0 I.I 

••• 1.8 

• •• 
' "' 10 

0 .41 
1:11.17 
1.4111 
'31.U 

u 
cea.111 

I .I 

• • 
20.1 
u 
I.I ... 

TOTALUTILITY . 42 · 47 .• ti ' 11 • 11 }:. .. IO .::::.: .•::·.11 •,.,,. . IO ' ,,· .. n ... :c .. 41 

UTILITY FUNCTIONS EQUIVALENT 
WORST · BEST ..... lrMrcepl 

COST DtFF UTILITY to.oo ISZOOI -e.o 10.I 
8CH£0 OIFF UTILITY O.l50 0.00 -20.0 20.I 

TECH CAP UTILITY 0.00 1.00 1.0 0.0 
AEO ACCEPT UTILITY 0 .00 IAIO 1.0 0.0 



n 
I ... 

Q\ 

AUN I : BASE CASE • FIVE OPERMILE UNITS CBHG SUB FOR NEW BHoJ CHARACTERIZATION PAOOIWil8(11lduclln9..._ _ ...... ,... _ ....... 
SAMPLE CHANGE 

IIOAEHOlE CHANGE NA 
I 0.1 I.I I .I 0.1 I.I I.I t.l t.l 

PAOOIWil ElEMENTI C08T(tJ UNIT TIME(yrl I PAOOAAM; • 

Warlll PIM NA -n-,r 
~NewBHtt ... IOO NCII 

NA ( ... 11upf I 
I.OIO N...flADVADOSE i-1 

Orll/CompleM N- BH2o SU.IIOO ••ch 0.0IO NON-RAD WELL SO 
~•New8H3e .. 7.900 HCh 0.180 AADYAOOSE IIO 
OwtlVComplele N- 8H4e 197.900 Heh I. teo RAD WELL II 

Mob,1)e ..... Tell Alt on Old BHtt IO Heh 0.000 N-RAD VAOOSE I 
M~T111R1tonOldBH21 IO each 0 000 NON-RAD WELL f 
Mob/Oofflab Tool Rlt on Old BH3e IO each 
Mob/Oofflab Tell Rig on Old BH4• IO each :: ~~~~ :{ 
Obtain 0.01 llanlplee In New BHo 12. 100 Heh 0.000 SOil CHEM ~I 
Obtain Geol llanlpleo In N- BHo t,t.480 each 0.000 80ll RAD NO 
Obleln Oeol 8anipleo In N- BHe l400 each 

CanducNAnlll Lab Tolle (Goot) tl.400 each 
Concluc:1/Anll lab Toole (G....Z, 11,400 Heh 
CanducNAnlll Lab T••• (Oeo3t 8IIOO each 

Obleln WO I S.mplo1 In New BH1 12.000 each 
Obleln WOI 8aniplee In Old BHe 11,000 Meh 
Ollleln WOI S.mplo1 In New BH1 12,000 Heh 
Obleln wo:r llenlpleelnOld BHe sz.ooo each 
Obleln W03 S.mploe In N- BH• 10 MCh 

0 .000 SOil f'ttYI . · : . t20 ' 

!! ~~-~; 
Oblel11 W03 S-pleo In Old BHo IO eoch 

Conduct/Anal lab T 1111 (WOI) ti. 400 each 
Concluc:1/Anlll Lab Tello (WOZ, 11,400 NCII 

::: OW CHEM C· . i4: ·• 
1.4IO OWRAD :; _Uf ; 

Concluc:1/Anlll Lab T••· (W031 10 HCh 
Canel 0111N BHt T1ol1 In New BH1 11.000 po,. wol 
Canel 0111N BHt Toolo In Old BHe 12.000 ,- wol 

.....,,.. OIIMf BH1 Tello 11.900 ,- wol 

0.000 .... . . 

0.003 RUG TEST .L : 1oiL 
0.003 SLUG TEST i ' .· · 80 ' 
0.011 SLUG TEST 1IIO · 

Canel 0111N BHI Teoll In New BHe IO ,- wol 
Canel 0lher BHI T,111 In Old BH1 IO ,- wol . 

...... ,nOIIMrBHIT- IO ,-wol 
Canel Oltllf BH3 t.111 In New BHI 10 ,-wol 

::: r: 
0.000 • .• 

0.000 . • • 
Canel Olh9f 8HI T1ol1 In Old BHI ta ,- wol 

...... rzw 0lhlf BH3 T1111 IO ,- WIii 

DewlapBHGt 1131.100 -
CondudBHOtlnNewBHt 11.140 ,-wol 
Condud BHOI In Old BHt 11.640 IN' wol 

...... ,.. BHOt 8171 IN' WIii 

Dewlap BHGI '800.000 -
Conduct BHOI In New BHI '614 IN' wol 
Conducl BHGI In Old BHt '614 IN' wol 

...... ,.. BHGI 1518 IN' wol 
Dewlap BHOI IUH.000 -

Conduct BH03 In N- BHI 1514 IN'-• 
Candud BH03 In Old BHI '614 Plf wol 

Anoilrzw BHOJ 1518 IN' wol 
Dewlap BHG4 8122,900 -

Conduct BHG4 In New BH• 11.950 IN' wol 

0.000 ••.•. ·.:} ., : •: 

::: lll'ECTRAL ji t 

:::: ::::::: ::-;:r 11 

0.000 SPECTRAL I : 
UIO AMMA-GAMMA I ; 
0.001 AMMA-GAMMA .. .... 

0.001 AMMA-GAMMA ,' f : 
: :: AMM:::n: . :•i 
0.001 NEUTRON O :_ 
0.001 NEUTRON · '• t :. 
0.008 NEUTRON :,+•:> t 
!::: :!::=:; r: :: 

Conduct BH04 In Old BHo 11,850 IN' wol 
...... ,.. BH04 fTIIO IN' wol 
Combine Olla NA -

0.001 ACTIVATION .. : -' • • • 
0 008 ACTIVATION (\ . . f ·: 

. NA (wr..,,. j (:,;:) d ••• 

0 .7 1.7 1.7 1.7 t .7 t.7 t.7 •. , 
I I I 4 I .. · 8 , f .• :, ·' · I 
• • • • • 0 • 

n ~ u u n ~ a 
IIO M M II II M II 
31 31 M II II II II 
31 31 31 II II II II 
I 74 72 .1 ft.I t 74 ft.I . .. .. . . .. . . . .. . . . . .. .. . . . . . 

431 431 431 Ill 411 431 431 
131 131 131 131 II II • 
044 310 322 IU 044 IOI , .. 
431 431 431 ... QI 431 431 
131 131 131 Ill OI II 02 
044 3IO UI 1H 044 IOI , .. 
127 127 127 114 111 117 117 
UI 3M 320 IN IN IN Ill 

11 11 n n • • • 
IOI IOI IOI IOI 41 41 41 

I I I e t I t 

• • • • • • • 141 141 141 174 141 141 .. 
113 ,u ,u 113 71 71 71 

I I I I t t t 
,oo too ,oo too to• too 111 

IIO IIO SO IIO II II II 
IIIO IIIO ISO IIIO IIO IIIO t• 
• • • • • • • • • • • • • • • • • • • • • 
I I I I t I • 

• • • • • • • • • • • • • • t t t t t 1 t 
79 79 79 79 1' 1' 1' 
,. ,. ,. ,. ,. 1• ,. 
IOO IOI IOO IOO IOI IOO IOI 

t t t 1 t .. .. .. .. .. 
140 ,. ,. ,. ,. 

121 UI Ill 128 Ill . ' ' . ' . ,.. ,. . ,. 
I 181 181 t 181 
I 429 421 I 421 
• • 1 • • . . ,. . . 
0 I NI I I 
I I 421 I I 

• • • • • 

• a 
• .. 
31 

ft.I 

• • • .. .. , .. .. 
II , .. 
48 ... 
• 
41 

• • 
'" 71 

• , .. .. 
IIIO 

• • • • • • 
' " ,. ... 
' .. ,. 

Id 

' ,. 
181 
419 

I ,. 
181 
411 

• 

••• u 
• • a .. .. 

II 
ft.I 

• • • 
Ill 
a, ... 
Ill 
11, ... 
114 , .. 
71 , .. 
• • 174 

111 

• too .. 
tllO 

• • • • • • 
' " 110 ... 
• • • • • • • • 
' ,. 

NI 
421 

• 

... .. , .. , 
• 

II 

• .. .. 
ft.I -• • .. .. 
IOI .. .. 
IOI 

41 ... 
• 
41 

• • 
'" 71 

• , .. 
IIO ,so 
• • • • • • 
' " ,. 

IOO 

• • • • • • • • 
' ,. 

NI 
428 

• 



Q .... 
...... 

RUN 3: BASE CASE• FIVE OPERABLE UNITS (BHO 6UB FOR NEW BHot CHARACTERIZATION PAOORAM8(excludlnt letet ~,... _.._... 
SAMPLE CHANOE I 0 .1 0 .1 0 .1 I.I 0.1 I.I I.I 

BOREHOLE CHANOE NA 0 .7 0 .7 0 .7 0 .7 0 .7 0.1 0 .1 
PAOORAM ELEMENTS COST(S) UNIT TIME(yr) I PROGRAM; 0 I 2 :, . 4 • , .. . · ;., , 1 . 

TOTAL CHAR PROGRAM COST (Mil S): I uue *27.12 $24 .50 S25.IIO $24 .83 125.IM 123.25 124.54 

r -- • • ', 

... .., 
I 

121.87 

·•.: ), 

••• o., 
• 

121.11 

• •• 
1.7 
10 

120.20 
CHANGE IN TOT Al PAOORAM COST (MIi S,: (*7.47) (SIO.OIII CSl.98) ($9."8) (SI .IIOI (Sll .34) CSIO.lllil 1112.1131 (tll .431 (Sl4 .l0) 

TOT Al CHAR PROO SCHED (yr1): I I .I 3.2 4.7 4.7 1 .0 I .Z 4.7 
CHANGE IN TOTAL PAOOAAM 6CHEDULE(yr1) 0.2 I.I .. 1.1 lt.O u u 

TOOL COMIIINA TION8 
PROGRAM I, I llpectrlll a--0ntr. rep!- JOM c- ......,,,,,ad .......... edcl1dieffloner....,..• 
PROGRAM 2, I ,._ abow (PROO 1,11), pl111 Oemma-9emma danellJIDal, repleclnl O.l"lOCpar-.1 (-......., olpll ......... ....,... 
PROGRAM 3, 1 ,._ ebow (PROO U), plu1 Neutron pon,tlly IDal replacing ~ (- ......., crl pll,-.1 enalpee 
PROOAAM 4, I ,._ abow (PROO U). plue-on ecllwllon 1epleclng xx• c-......., ol c'- ......... . 

4.7 I .D u 
1.1 , 1.0 0.1 

PAOORAM I, ID Dewlap apeclrel e•mma end MUllon ectlwallon ont,, 1epleclng XX. ol rad end ca- ........ ,_....,, 111111.l"XX,_....ol...,... ...... ......,, 

PAOORAM OROUPS 
PROORAMD ~ ......, __ Nollmahc,la Oeaph,_. 

PAOORAMS I ,2,1,4,1 ~ Reduction In -pint. a.- number ol bor ...... .,_... 
PROORAMS 1,1,7,1, ID ~ Reduction In Mmpllng. •-number of borehole.:,...h 

TOOl APPUCATIONI 
SP£CTIW. OAMUA (BHOI) Red llcnhole1 & ... ,; - • ......... 

OMAIA-OAMMA (8H02) NorMld borehole, end-•• only. N- oner 
NEUmON-NEUTAON (8H03) Rad & _ ... bor1holff & -••: New• ........ 

NEUTAON ACTIVATION (8H04) Rad &- rad barellalel end wal1; - • eKllllnt 

OTHERDATA 
NUMBER OF IIIUUl T ACTB P0881BLE DRILUTE8T RIO IAMPl.lNG OOMPA,_IUTY ....... 

TYPE: I I I • AIO: I I I 4 
0RllllW08 I I • • BH 1 I I 4 
TEBTRI08 I I I OEO 121 Ill Ill IH 
OEOLAB8 IOO IOO IDD NA WO IH IU 121 IH 
WOLAB8 IOO IOO I NA OTHER 121 tll Ill IH 
OTHER ANAL I I I NA 8HG IIUl.'R-TOOl 0EVB.OPM£NT C08T IAVNI 
BHOTOOl.8 I I I I COMBO 14 II Ill 1114 
BHB 0£VElOPtANAl ITN'F I I I I ta ta 1210.000 ••••••• 

3.1 
D.I 



n 
I .... 
0, 

RUN I : BASE CASE • FIVE OPERABLE UNITS (BHQ &UB FOR NEW 8Hol CHARACTERIZATION PAOQRAMI (Hcludtng later_...., path_...., 
&AMPLE CHANQE 

BOREHOLE CHANGE NA 
I I .I I .I I I I.I l .t l.t l.t .. , .. , .. , .. , .. , .. , .. , 

PAOOAAM ELEMENTS COST(SI UNIT TIME(,., I PROORAM; • 2 I 4 I I 7 · 

PAOORAM 
FACTOR 0 1 2 I .. 4 . I •· 1 

PROBABILITY OF SUCCESS 1 0.1 0 .14 0 .27 I .II 0.1 0.14 UJ 
FAILURECO&T .,.._,, '35.1131 '30.40 '30.W IM.73 138.a ...... 

FAil.URE SCHEDULE I .OIi 3 .lflll 1 .11186 1.18119 Ult , ..... uees 
EXPECTEO COST (MIi SI '34.118 127.11 SM.12 133.61 '34.7' IX.It &21.M 13UI 

EXPECTEO ICHEOULE (yr .. t.l I.I 4.1 4.1 4.1 1.1 u 4.t 
EXPECTEO COST OIFF IMfl SI to.GO (ltl.71) (14.17) (11.0JI to.II ..,_,., (ti.-, (It ... 

EXPECTEO SCHEDUl.E OIFF (,r .. ••• O.t u u ,., 8 .t u u 
TECHNOlOOIC CAPABILITY ' t I 4 I t I 4 

AEOULATOAY ACCEPTANCE • 4 I I 4 4 I I 
WEIGHT 

COST DIFF UTll.lTY ' ,o.o U .I IU "·' 1.0 ..... • •• "·' ICHEO OIFF UTILITY ' II.I .... -, .. -I.I -u , ... -, .. -u 
TECH CAP UTlllTY ' t .8 4.1 ••• ... .... ••• ••• ... 

AEO ACCEPT UTILITY ' ti.I ••• ••• ••• ••• ••• • •• • •• 
.. ... . .: •., ·, · .• TOTALUTIUTY .. . 42 . 71 • 29 ... .-: -21 .•. ;ic. JJ .-• .:· ::: .. ··' :, -· .... n .:, 

UTILITY FUNCTIONS EQUIVALENT 
WORST BEST ..... lnl--,1 

008' Olff UTILITY to.GO (SZ.OO) -I.I , ..• 
ICHEO OIFF UTILITY 0.IIO I .GO -II.I II.I 

TECH CAP UTILITY I.GO I .GO u ••• 
REG ACCEPT UTILITY I.GO I.GO t.l ••• 

' 

u .., 
• 
• 

1 .18 .,._., 
UNI .,.._. 

4.1 
(Ill.flt 

t.1 
I 

• 
,u ... .. .... 
••• 

..... ::··.- IJ 

. . • 

••• .. , 
• 
• ..... 

'30.W 
1.4111 .,.,_. 

u 
(14.00, 

••• 
I 

• 
• •• ,., 
• •• • •• 

)/:: :. 11 · 

,o 
1 .46 .,._., 

1.4111 
Ill.II 

1.7 
(Ill.Ill 

• •• 
I 
4 

.... ,., 
• •• ••• 

·. II 



RUN 4 : BASE CASE • FIFTY OPERABLE UNITS 

f'ROORAM REMENTI COST(9' UNIT 
Wcwk Pla11 NA ,,,.n-,r 

~.._8H1a .... IOO each 
~•• N- BH2• .. I.IOO each 
Orll,'Carnplete N-BH3• 807,IOO each 
OrllllComplele N- BH41 807,IOO each 

MoblDMnabTellRlgonOldBHla 80 each 
Mob.o.n.ob Tell Rig on Old BH21 80 NCI! 
Mob/Oemob Tell Rig on Old BH3e 80 each 
Mob.o.n.ob THI Rig on Old BH41 80 Mell 
Obtain 0.01 811111plee In N- 8He II, 100 each 
Obleln Oeol IIMlplee In New BHe 14.480 -'i 
Oblaln Oeo3 8e111plee In N- BHe t400 each 

Conduc:VANI Lab'"'• (0.01) 11,400 NCtl 
c.liducttAnal lab Te111 (Oeo2) 11,400 each 
Conduct/Anal lab Telle (Oeo3) '500 each 

Obleln WCII Bemplea In New BHa 11,000 each 
Obleln WCII BM,plHln Old BHe 11,000 Nd! 
Obleln W02 IIMlplee In New BHe 11.000 each 
Obl•ln WCII BelnplN In Old BH, 11,000 NCfl 
Ob41ln WCl3 ........ In New BHe 80 .Mell 
Obin, WO, 811lllplee In Old BHa 80 NCI! 

Condud/AMI u11 , .... ewo1, a .too .... 
Conduel/Anal Lab Tell• (W02) 11,400 NCfl 
Condud/Anal Lab Tell• (W03t 80 NCI! 

Cenci OIi,« BHI Teele In New BHa 11,000 per_. 
Cenci 011,e, BHI , ... , In Old BHe 11,000 per_. 

,-,,,reOChef BHI T ... , 11.IOO per_. 
CondOll,e,BHIT ... ,lnN-BHe 80 per_. 
Cenci OIi,« BH2 , ... , In Old BHe 80 per_. 

AMl,ie Olhe< BH2 '"'• 80 per_. 
CondOll,«BttlT ... eln .... BH• 80 per_. 
Cenci 011,e, 8ttl , .... In Old BHe 80 per-• 

,-,,,re 01t,« 8ttl Telle 80 per_. 
o.w.ic.BHOI 11.,IOO -

Condual IHOI In New BH• 11.140 per_. 
c«Mluc:IBHOllnOldBHt 11.140 per_. 

--,.,reBHOI .. ,.per_. 
o.w.ic. BHOI IIOl.000 -

Conduct lHO:t In New BH1 1114 per_. 
ConductBH021nOlclBHe 1114 per_. 

--,,re BHOI .... per-• 
o.w.ic. BH03 l1,021,000 -

Ccinduol 8H03 In New BHt 1114 per_. 
Conduct8H031nOldBH• 1114 .,.._. 

Anal,ie BHOI .... per_. 
Dewlop8H04 1122,IOO -

Condual BH04 In New BH• 11.850 per_. 
Conduct BH04 In Old BHe 11,850 per-• 

Anelpe BH04 17!50 per _. 
Combine Dale NA -

CHARACTERIZATION PAOORAMB(e•cludlne later-.«lllaal .............. 
SAMPLE CHANGE 

80REHOl.E CHANOE NA 
IO 0 .1 0 .1 0 .1 0.1 0 .1 I .I I.I I.I 

TIME(,r) i PAOORAM; O 

NA (II~ 0 
0.111 N-RAO YADOSE ?90 
O.OIO NON-RAO WELL IOO 
0.180 RAO VADOSE IOO . 
0.180 RAO WELL IOO 
0.000 N-RAO VADOSE 0 
1 .000 NON-RAD WELL .. , 9 ::: ==~ {>t:tJI 
0 .000 8011. RAD :. . NOO 

1.000 8011. PHYS c' l2CIO 

:::: E::,:~:! :::: :: ~= < = 
I.OH OW RAD .. :.ttM . 
0.003 OW RAD ;c . • t1IIO i 

l§ -:::: "" ~; 
0.000 c-•, .: . · ·°" 0 .003 aUG TEIT i ) tooi C: 

0 .003 81..UO TEST . . eoi ; 
:::: 81..UO TEST , .\ 1sctl 
o.000 · '• I I 

:::: :; 
:::: t: 
O.IOO IP£CTIW. .. 

l§ § 111:!i 
:::: ::=:=: r .1 
0.OOI AMMA-OAMMA • •. t i 

::!!~ == :. >:i 
::::! ~~= \1(. ; :1 
UN ACTIVATION . . • : :::: ~::!:: t<:: : •. 
0 .OOI ACTIVATION : • :• 

NA (wt....., •. :,:> . 0 ,: 

I I I I I I I I 

I I I •• • I .· . . • :.:· t-·•···"•· ·c: i, -·• 
0 0 t I 0 O I 0 

150 7IO 7IO 780 710 710 790 710 
IOO IOO IOO IOO IOO IOO IOO IOO 
IOO IOO IOO IOO IOO IOO IOO IOO 
IOO 

0 

• IOO 
IOO 

12IO 
SlOO 
l200 
12IO 
l3CIO 
l200 
3250 
»oo 
,on 
1071 

• • t4IO 
11IO 

• 
1000 
IOO 

IIOO 

• • • • • • 
1000 
1000 
IOOO 

IOO 
IOO 
IOO 
IOO 
IOO 

1211 
3300 
1520 

1250 
l3CIO 
11620 

»60 
1200 
ton 
1071 

• • 
1460 
11IO 

• 
1000 

IOO 
1500 

• • • • • • 
I 

1000 
1000 
IOOO 

I 
IHO 
1000 
1260 

• • • • • • 
0 

• • 

IOO 
IOO 
IOO 
IOO 
IOO 

1260 
SlOO 
4800 
1250 
a,oo 
4800 
»II 
3200 
1071 
1071 

• • 
14IO 
11IO 

• 1000 
IOO 

1IOO 

• • • • • • I 
1000 
1000 
IOOO 

I 
121!1 
1000 
1260 

' l290 
IOOO 
4250 

• • 
0 

• • 

IOO 
IOI 
IOI 
IOO 
IOI 

ltH 
a,oo 
4800 
1121 
l3CIO 
4800 
1121 
1800 
ton 
1171 

• • 12N 
11IO 

• 1000 
IOO 

1111 

• • • • • • 1 , .. 
1000 
IOOO 

1 
lltlO 
1000 
l2IO 

' l280 
IOOO 
4HO 

1 
l280 
IOOO 
4260 

0 

IOO 
0 

• 
IOO 
IOO -1'21 

l200 
IZII 
1'21 
t200 
IHI 
l20I 
4IO l 
431 ' 

• • .... .. 
• IOOI 

IOI 
11111 

• • • • • • I 
IOOI 
1000 
IOOO 

IOO 
IOO 
IOO 
IOO 
IOO 

12IO 
1121 
4411 
1260 
IIZO 
4411 
UIO 
3200 

430 
430 

• • ... 
0 

1000 
IOO 

IIOO 

• • • • • • 
1 

1000 
1000 
IOOO 

1 
lltlO 
1000 
12IO 

• • • • • • • • • 

IOO 
IOO 
IOO 
IOO 
IOO a• 

IIIO 
I .. 
12• 
1128 
1 .. 

•• -430 
4311 

• • .... ... 
• .... 

IOO 
1IOO 

• • • • • • I 
1000 
1000 
IOOO 

' , .. 
1000 
1211 

' 1211 
IOOO 
4280 

• • • • • 

IOO 
IOO 
IOO 
IOO 
IOO 

IIN 
IUO 
I .. 
IIN 
IUO 
I .. -MO .. .. 
• • 1IIO .. 
• 

1• 
IOI 

IIOI 

• • • • • • I 
1111 
1000 
IOOO 

I 
IIN 
1000 
1211 

' 1211 
IOOO 
ueo 

' INO 
IOOO 
4111 

• 

••• 
I • • 

7IO 
IOO 
IOO 
IOI 
IOI 
IOI 
IOI 
IOI 

ltN .. ..,. 
1121 .. ..,. 
"" IIOI 
1171 
ton 

• • 
1111 ... 
• 1111 

IOO 
1111 

• • • • • • 1 
IOOO 
1000 
IOOO 

• • • • • • • • 
' 1111 

IOOO 
41111 

• 

• •• I ,, 1 
• 

7IO 
IOI 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

1110 
1120 
4410 
1111 
1120 
4411 .. 

MO .. .. 
• • 1IIO ... 
• 1000 

IOO 
IIOO 

• • • • • • I 
1000 
1000 
IOOO 

• • • • • • • • I 
INO 
IOOO 
42111 

• 



RUN 4 : BASE CASE• FIFTY OPERABLE UNITS CHARACTERIZATION PAOGAAMS(•xeludlnt..._ __....,,..._.._.. 
SAMPLE CHANGE IO 0.1 0 .1 0 .1 0 .1 0.1 0.1 0.1 

BOREHOLE CHANGE NA I 1 1 1 1 I 1 
PROGRAM ELEMENTS COST(S) UNIT TIME(y,) I PROGRAM; 0 1 I a .. .. 4 I • .. . 7 · 

TOTAL CHAR PROGRAM COST (MIi $): I $346.111 $324 .23 S324 .30 S321.II SlOll.03 S:!01.24 $307.32 $310.44 

••• 
I 

• • 
121111.IO 

••• 
' • 

S:!01.158 

I.I 

' 10 

1283.15 
CHANGE IN TOTAL PROGRAM COST (MIi S): ($21.97) ($21 .8111 (Ste,11111 1$38.17) IS37.911 CS31.- 1$35.471 CPI.Ill 1144.32) 1112.08) 

TOT Al CHAR PAOG &CHED ("•) : I 21.1 2'1.1 30.3 30.4 . 34.1 21.I 30.3 
CHANGE IN TOTAL PROGRAM SC:HEOULE ,,.•, 0.2 I.I I.I I .I 0.2 1.1 

TOOl COMIIINATIONS 
POOGAAM 1, I lpealral 0•-Only, repl-)0(• (-W-,olra4 ....,., _..,.._ ,,,.,....,... 
PROORAMl,0 ,...,_(PROO ,.-. • .,..,.o-•-11-d1n•llyloal,replaclnoO.l")O(.,.._,.(_....,.,, .. ,.., ............ 
POOORAM I, 7 ,. abaw (PROO Ut. plua Neulroll pa,o•lly loal ,..,.... ~ 1-w-1 ol phy•lcal anal,-. 
PAOGAAM 4, I ,. ..,_ (PROO Ut. plu1 neutrcw, ec!Mllon r1placlng XX. (-bet-, ol cheM -,111 

30.4 34.I 21U 
I .I , 1.7 0.1 

PAOORAM •• 10 o...lop 11p1Ctral glfflffll and neutron actMllon only, r1placlng ~ olrad •nd chem •-rnple•(- ...,, Wl.1")0(..,_. .,...,._. ......._....,. 

PROGRAM OAOUP9 
PROGRAM O Exlellng Proar-- No ......... Qeac,hyllce 

PAOOAAMS 1,1,3,4,1 ... Alductlan In Ulllpllng. S.1111 INlmbar olllcnholelllwell1 
PAOORAMS I.0,7 ,I, 10 00°" Reduction In ......,.ng. S.1111 fttlfflNf ol borlhole.,_.h 

TOOL Al'l'LICATIONI 
IP£CTAAL OAMr.lAl9HOI) W....,._&W111;-• ........ 

OAMMA-OAMMA l9HOZ, No!Had borlllalel and WIii• orlJ. Nlw or1J 
NEUTRON-.iEUTRON 1BH03' Rad a -ad bor ...... , a welll; N .... 111 ...... 

NEUTRON ACTIVATION l9H04) Rad a - rad bor ...... 1 and WIiie; - • ••llllng 

OTtlERDATA 
NUMBER OF SIMUl.T ACTI POSSIBLE 

TYP£: 1 I I 4 RIO: 
DRILLAIOI • I I I BH 
TEST AIOI ' ' ' I OEO 
OEOLABS IOO IOO 100 NA WQ 
WQLABI IOO IOO 1 NA OTtlEA 
OfflEAANAl ' I I NA 
BHOTOOll I 1 1 I COMBO 
BHO DEVEl.OPIANAL ITAFF I I I I 

DRIUIT£8T RIO IAMPI.INO COMPAT181UTY fd9lnedt 

' I I • 1 I I 4 
IH 113 Ill Ill 
1n 111 Ill Ill 
12'3 121 111 Ill 

BHOMU\.11-TOOlDEVEl.OflMENfCOITIAVINe 
14 II 121 1114 
IO IO 1191J.OOO ••••••• 

H.4 
0.1 



RUN 4 : BASE CASE • FIFTY OPERABLE UNITS 

PAOORAM nEMENTS COST(SI UNIT 

FACTOR 

PROBABILITY OF SUCCESS 
FAN..URECOST 

FAil.URE SCHmULE 
EXPECTm COST (Ml SI 

EXPEcTm 8CHmuLE '"" 
EXPfCTm COST DIFF (Ml SI 

EXPECTED SCHEDUl.E DIFF ("If 
TECHNOLOOIC CAPABN..ITY 

REOULATORY ACCEPTANCE 

COST DIFF UTILITY 
8CHm DIFF UTI..ITY 

TECH CAP UTUTY 
REO ACCEPT UTN..ITY 

' · TOTALUTILITY · 

n· UT1UTY FUNCTIONS I 
N .... 

COST OIFF UTILITY 
8CHm DIFF UTILITY 

TECH CAP UTILITY 
REO ACCEPT UTILITY 

CHARACTERIZATION PAOGRAMS(ncludlntlNr _........,... _.._... 
SAMPLE CHANOE 

80REHOLECHANOE NA 
TIME(rtl I PROGRAM; 

IIO . 0 .1 0 .1 0.1 0 .1 0.1 0.1 O.t 
I I I It It 

0 I 2 I 4 I . 0 . : 7 

PROGRAM 
0 I I a ·• • .. : 1 

I 0 .1 0 .54 0 .17 0 .11 0.0 0 .54 0.17 
13441.04 1348.N 1341.11 1347.11 '3411.M ta40N 1147.Jt 

H.731 H.1111 H .1181 H.1111 11.ne N.1111 "·"· 1341.0t '328.41 '334.n 1342.M 1341.71 8311.DI 1321.11 '337.11 
21.0 21.1 IO.O H .7 IO.I II.I IO.I "·' to.OD (111.41) (111 .11) (11.27) et-4., .. ($33 . .., ..... 111 .... 
0.0 0.1 u t .l t.7 I.I u u 

1 • • .. • I I 4 
I .. I I 4 • I • 

WEIGHT 
1 10.0 107.I 15.0 II.I JO.I 111.4 ltU It.I 

' IO.O tl.O -7.I -u -•··· .tl.O 
_,_. -u 

' 2.0 4.0 1.0 1 .0 .... 4.0 0.0 ... 
1 10.0 1.0 1.0 0 .0 ••• ••• ... 1.0 

0.1 

' . 0 

• .. ,. 
1147.11 
N.IIN 
1131.47 

Ill.I 
..... at ,., 

• 4 

.... _,,., 
tl.O ... 

42 . 135 10 .:. :n 34 i IOJ -,. ii> tta . ·:r,, N ii ii';.: . • 

EQUIVALENT 
WORST BEST ... lnl--,t 

to.OD csua, -e.o to.o 
O.IIO O.OD -IO.O I0.0 
O.OD I.OD ••• 0.1 
O.OD I .OD 2.0 0.0 

••• t 
0 

• 
0 .41 

114711 
N .0811 
1317.lt 

N.t ..... ..., 
0.0 

I 
4 

tM.O 
u 
0.0 
1.0 

.:-: i ::: 1:11111 

0.t 

' . ,o I 
IO 

0.41 
1147.11 
JI.NII 
'310.tl .... 
(SN.JI) 

••• 
I 

• 
tll.O ,., ... 

I.I 

'.·':>' 111 

.... p 
0 

R-



RUN 2 : BASE CASE • FtYE OPERABLE UNITS CHARACTERIZATION PAOORAM8 ( .. cludlni laller _... ...... - -"'-"'II 
SAMPLE CHANOE 8 0.1 O.I 0.1 0 .1 I .I I.I I.I 

BOREHOLE CHANGE NA I . I I I t t 
PROORAM REMENT8 COBTISl UNIT TIMEIY"l j PROGRAM; 0 2 3 4 I I 7 · 

PROGRAM 
FACTOR 0 • z 3 4 I I 1 

PR09A81LITY OF SUCCESS I 0.1 0 .1>4 0.27 0.11 . 0 .1 0 .14 U7 
FAILURE COST 134.U 136.13 1311.40 13111 tM.71 131.13 131.40 

FAILURE SCHmULE I .OIi I .MIi 1.188a l .leel I.ON ...... I .MIS 
EXPECTm COST (MN SI 134.N 132.71 134.41 '35.lt 131104 131.11 IU.49 131 .• 

EXPECTED SCHmutE IY'et I .I U . ••• 4.1 4.1 1.1 4.1 ... 
EXPECTm COST DIFF !MIi S) I0.00 Ill.Ill (I0.111 tuo 11.41 IIUJ) ett.lllt IO.IO 

EXPECTm GCHmuLE OIFF (y,., 1.0 ••• , .. I.I t .l 0 .1 , .. u 
TECHNOl.OOIC CAPMIIUTY t I I • • - I I • REGULATORY ACCEPTANCE I 4 I I • • • • WEIGHT 

COST DIFF UTILITY I 11.0 · tt.1 10.1 u 1.7 .... II.I ... 
SCHm OIFF UTILITY • ... o 41.1 -n.• •14.I •It.I 11.1 -11.4 ..... 

TECH CAP UTlllTY t 1.0 ••• ••• 1.0 , ..• ... • •• ... 
REO ACCEPT UTII.ITY t II.I I.I ••• 0.0 ... ... ••• ... 

TOTAL UTILITY 12 n 1 I · 10 . ... ,, ... .: ,.,,c:.;.,, I : .. . .c:.:;c, . ., . ,,, 

Q UTILITY FUNCTION• EQUIVALENT 
~ WORST BEST ..... 1111.,.,. 

COIT Dlff UTII.ITY IOOO (12.oot ..... IO.I 
BCHEO DIFF UTILITY I .IO 0 .00 -20.0 20.1 

TECH CAP UTILITY 1.00 1.00 I.I ••• 
REG ACCEPT UTILITY 0.00 1.00 I.I 0.1 

... 
t 

• 
• 

0 .11 
... If 
I.MIS 
1311.41 

4.t 
lo.II 

u 
• • 

••• 
-ti.I , ... ... 

:.: /.11 , .. ,{ 

I.I 
t 

• 
• 

0.41 
131.ff 
1.4111 
114.11 

I.I 
(I0.481 

o., 
I 

• 
ti.I 
I0.4 

••• 
1.0 

,,,,,,,, . ..,,, .. ,., 

... 
t 

11 I 
11 

0.41 
... ff 
1.4111 
131.41 

t .7 
(11.111 

0.0 
I 

• 
I0.1 
IU 

• •• ••• 
, .... ... 



RUN ll : BASE CASE• FIVE OPERABLE UN"9 

PAOORAM ELEMENTS COST(S) UNIT 

FACTOR 

PROBABILITY OF SUCCESS 
FAil.URE COST 

FAil.URE SCHEDULE 
!EXPECTED COST (Ml S) 

EXPECTEO SCHEOULE (,.,) 
EXPECTEO COST DtFF (Ml S, 

EXPECTEO SCHEDULE DIFF (,.•t 
TECHNOl.OOIC CAPABI..ITY 

REOUlATORY ACCEPTANCE 

COST DIFF UTft.lTY 
9CHEO DIFF UTILITY 

TECH CAP UTllfTY 
REO ACCEPT UTilfTY 

:-· . .. .. ,• TOTALUTILl • l 

·n UTllfTY FUNCTIONS tJ 
COST OtFF UTilfTY 

SCHED DIFF UTlllTY 
TECH CN' UTILITY 

REO ACCEPT UTR.fTY 

' 

CHARACTERIZATION PAOORAM8 (e1N:ludlnt W• w-erllloal,.. _lllal.lfl 
8AMPlE CHANGE I 0 .1 0 I 0.1 0 .1 0 .1 I.I I .I 

80REHOLECHANOE NA 
TIME(Y'} I PAOORAU; 0 

PROGRAM 
0 I 

1 0.1 
134.71 
I.OIi 

134.M 132.71 
2.1 u 

I0.00 (IU3t 

••• I.I 
t I 

• 4 
WEIOHT 

I 10.0 II.I 
I II.I 11.• 

• I .I tl.0 
I 10.I 1.0 

1 1 t t 1 
2 · a 4 I . I 1 

2 3 4 . , I _.,.-_ . ·.-, 
0.54 0 .27 I .ti ••• 0 .54 Uf 

135.83 '38.40 '31.17 "4.71 131.13 '38.40 
1 .1011 1.1114111 1.19111 ..... I.NII UNI 
$34.41 13511 ........ lat.II 131.48 131.• 

4.1 4.2 4.t I .I 4.1 4.1 
(ID.II) •••• ,1.41 113.lfJ (II.lat ID.II 

1.4 1.1 t.l I .I 1.4 u 
• 4 • I • 4 

• • .. 4 • • 
10 .• I .I u N.I ti.I ••• 
-1.1 -u -u ti.I -u -4.1 
ti.I 14.0 ••• ti.I .... 14.1 

••• a.o ... ••• • •• ••• 

I.I 
t ... 
I 

I .ti 
'31.17 
UNI 
t31.41 

4.t 
ID.II 

t.l 
I .. 

••• 
-I.I 
ID.I 

••• .. 15 21 · 21 . · :· SJ .: • .. •. ·. IZ : ,,.:c: 11 ·•·.>::-C: /' 40 .. 

EQUIVALENT 
WORST IE8T ... ..__ 

ID.00 ($2.00I ..... 10.0 
0 .IO 0 .00 -IO.O IO.O 
0 .00 1.00 1 .0 0 .0 
0.00 1.00 1.0 0 .0 

I.I 
t 

•· 
• 

0 .45 
... 17 
1.4111 
134.11 

I.I 
(I0.481 

1.1 

• .. 
ti.I ... 
ti.I ... 

I.I 
t 

'° I 
ID 

0.45 
... 17 
1.4111 
'32.41 

t .1 .... 
I.I 

• • .. .. 
u 

ti.I 
1.0 

.-::cf .. . _,_.,., .. 14 



RUN 2 : BASE CASE • FIVE OPERABLE UNITS 

PAOQRAM ELEMENTS COST(S) UNIT 

FACTOR 

PROBABILITY OF SUCCESS 
FAILURE COST 

FAILURE SCHEDULE 
EXPECTED COST jMI S) 

EXPECTED SCHEDULE (,re) 
fXPECTED COST DIFF 4MI SJ 

EXPECTED SCHEDULE DIFF (,r .. 
TECHNOLOOIC CAPABILITY 

REOULATORY ACCEPTANCE 

COST DIFF UTILITY 
SCHED DIFF UTILITY 

TECH CAP UTILITY 
RECI ACCEPT UTILITY 

... . " TOTAL UTllrn 

n 
~ UTILITY FUNCTIONS 

COST DIFF UTll.lTY 
8CHED DIFF UTILITY 

TECH CAP UTILITY 
RECl ACCEPT UTH.ITY 

CHARACTERIZATION PAOORAMS(elldudlnt lalet IICIIHfllloal palll _......, 
SAMPLE CHANOE 

BOAEHOLECHANOE NA 
TIME(y,l I PROGRAM; 

I 0.1 0.1 0.1 0.1 0.1 I .I I.I 

' ' ' ' ' ' 0 I I 4 I ·.· I · '· 1 
PROGRAM 
0 ' I 3 4 • • 1 

I 0.1 054 0.27 0.10 ••• 0 .54 0 .17 
134.71 $35.13 '38.40 ., ... , "4.71 1311.13 .... 

I .OIi 1.1111 I.HIii , .... I.OIi I.NII ..... .,._. '32.H '34.41 '35.11 '39.04 S,UI 131.41 .... 
I.I I .I 4.1 4.1 4.1 1.1 4.1 4.1 

eo.oo (11.13' (to.Ill suo ...... 113.171 (It .Ill I0.11 
0.1 •-• 1.4 I.I I.I 0.1 u I.I 

1 I I 4 • I I • I 4 I I 4 • I I 
WEIGHT 

1 IO.O 11.1 to.I u u N .I II.I ••• 
t IO.I II.I -u -4.I -u .... -u ' -4.1 
1 1.0 4.1 1.0 1.0 to.I 4.1 1.0 ••• I 30.0 IU 11.0 11.0 14.1 14.1 II.I 11.1 

I.I I .I 

' ' . . .. . 
I I 

0.11 0.46 
... 91 ... '1 ..... 1.4111 
131.41 "4.11 

4.t ••• 
IO.U ....... 

u 0.7 

• • • • 
I.I II.I 

-I.I ... .... •-• 
14.1 14.1 

· 12 · 03 27 -· 21 ,., 13 . -: . n .. -· II -_: '\ :.:, r,,:.t/ " ., . ;. { ,.· 41 -: 

EQUIVALENT 
WORST · BEST ..,. .._,. 

I0.00 (12.00, -I.I to.I 
O.IO 0.00 -20.0 !0.0 
0.00 1.00 •-• 0.1 
0.00 1.00 ... 0.0 

I.I 
I 

IO J 
10 

0.411 
131.'7 
1.4111 
131.41 

u 
(12.111 

••• 
. I 

• 
to.I 
1.1 

• •• 
14.1 

: .. , ... 

., 



RUN I : IABE CASE.: Fl\11: OPERABLE UNITS 

POOORAM REMENTS COST(S) UNIT 

FACTOR 

PROBABILITY OF SUCCESS 
FAILURE COST 

FAILURE SCHEDULE 
EXP£CTm COST (MN S, 

ElCPECTm BCHmULE (Jl'ol 
EXPECTED COST DIFF (Ml SI 

EXPECTED SCHEDULE DIFF (Jl'ol 
TECHNOl.OOIC CAPABI..ITY 

REGULATORY ACCEPTANCE 

COST DIFF UTILITY 
ICHED DIFF UTILITY 

TECH CAP UTILITY 
REO ACCEPT tmllTY 

. , TOTAL UTILITY 

n UT1UTY FUNCTIONS 
I 

~ COIT DIFF tmllTY 
ICHm DIFF UTILITY 

TECH CAP UTILITY 
REO ACCEPT UTILITY 

~- . .. , 

CHARACTERIZATION PAOCIRAMS(elcctu.lnt...__ ...... ,.. _._, .. 
SAMPLE CHANGE I 0.1 0.1 0.1 O.I 0.1 0.1 0.1 

BOREHOLE CHANGE NA 1 1 1 1 1 1 1 
TIME(,rl i PROGRAM; 0 1 2 I , · · 4 , I 8 · .. . f 

PROGRAM 
0 1 . 2 I 4 • • 1 

' ••• o., ••• ••• , 0.1 ••• 0.1 
134.U 1311.IS '31.40 '31.11 tM.n 1311.ea ..... 

:I.OIi ...... ueos I .IOOI Ult 1.1111 ... ... 
134.111 SU.N 133.N '34.71 133.11 ISUI W.17 1:13.04 

I .I 1 .1 4.8 4 .t I.I u u 4.1 
I0.00 . (tl.lJI (11.00, I0.11 (t1.4~ (11.17) (II.at .. , .... 

0.1 0.1 1.7 I.I 1.4 ... t .7 I.I 
t I I 4 • I I 4 
I 4 I I 4 • I I 

WEIGHT ' 
1 10.1 11.1 11.0 1.4 11.1 IU au 11.1 
t IO.I 11.1 -,u -11.1 -17.1 ti.I -11.1 -11., . 
t · 1.0 4.1 I .I 1 .0 10.I 4.1 ••• I .I 
t 10.I ••• 1.0 1 .0 ••• I.I 1.0 I.I 

-· .... . , 

0.1 
1 
I 

. . 
••• 

... 11 ...... 
en.ea 

I.I ....... 
1.4 

I 

• 
M.I .. ,u 
II.I 
I.I 

I.I 
1 

• 
• 

0 .1 
... 11 
1.4111 
1:1, .• 

••• 
Cl:t-NI 
••• 

I 

• 
n .o 
I.I 

••• 
I .I 

4Z 47 " . .... ,:c ::a , ·. H . ..':· 11 . ·. /.:- . 11·.,,•·,,·/, · ft ;'; ;:;.,}· ,a 

EQUIVALENT 
WORST BEST ... .......,. 

I0.00 (12 .... ... .. II.I 
0 .90 0 .00 ·-ao.• I0.1 
1 .00 1.00 I.I 0.1 
0 .00 a.oo 1 .0 0 .0 

•····, 

I.I 
1 

IO I 
10 

• •• 
'31.11 
1.4111 
IH.11 

1.4 
....40) 

••• 
I 
4 

41.1 
I.I 

••• • •• .• 



n 
~ 

·1 

RUN I : BASE CASE • FIVE OPE'AABLE UNITS CHARACTERIZATION PAOORAMB (•lrdudlna lllle, w ..... ,.. _._.Ill 
SAMPLE CHANOE I ' ~.I 0 .1 I .I 0.1 I .I I.I 0.1 

BOREHOLE CHANOE NA t t t t t t t 
PflOORAM ELEMENTS COSTIS, UNIT TIMElytl l PAOORAM; 0 t I I 4 I I : . . 7 . 

PROORAM 
FACTOR D I 2 3 4 • .. .. . :. . . 1 .. 

PROBABILITY OF SUCCESS I 0 .7 D.7 D.7 D.7 1.7 0.7 0.7 
FAILURE COST 134.?i 135.83 '38.41 ... 17 134.n 131.11 ..... 

FAILURE SCHEDULE :I.OIi 3Ntl UNI UNI ..... 1.1111 UNO 
txPECTB> COST (Ml I) 134 .• 13UO $3-4.01 135.0I '33.04 tu.DI 132.N 131.n 

EXPECTB> 8CHB>ULE IY'el I .I · 1 .1 4.4 4.7 1.0 .. , u .. , 
EXPECTED COST DIFF (Ml I) IO.OD (It ... , ..... , ID.41 (tD.llt (II.It) (It .Jal (ID.NI 

EXPECTED 8CHB>ULE DIFF (y,9' 0.0 0.1 I.I t .7 1.1 u t.l t.7 
TECHNOLOOIC CAPABILITY t I • • I I I 4 

REOULATORYACCEPTANCE I • I • • 4 I I 
WEIOHT 

COST DIFF UTILITY I l0.0 17.0 11.7 7.1 tu U .I ,.., , ... 
8CHB> DWF UTILITY t 20.0 ti.I -10.1 -14.7 -It.I 11.t -to.t -tu 

TECH CM' UTILITY t I .I 4.0 ••• ••• ti.I ... I.I ••• 
REG ACCEPT UTILITY I ti.I I.I ••• ••• I .I I.I I .I ... 

I.I 
t 
I 

I.I 
t 

. I 

I .,. .. . · •· 
1.7 0.7 

... 17 ... '1 ..... 1.4111 
131.11 131.71 ,.,· 1.7 
(11.481 (It .NJ 

I.I I.I 

• I 
4 4 

17.1 11.4 
-II.I 4.1 

ti.I • •• 
I.I I .I 

. TOTALUTIUTY 42 41 ., ti . ·· 1 . .,c:·.:· 10 · ··•.:'i, H ·c:'.}: :.-. .:C: llF· , .. i .C:::•c,:•,'.1a)f{:){ · 1• i;lt'? ·: ·• )\ 

U11UTY, FUNCTIONS EQUIVALENT 
WORST BEST ......... ~ 

COST DIFf UTILITY IO.OD (SI.OOI -I.I ti.I 
8CHB> DIFF UTillTY O.IIO 0.00 -20.1 11.0 

TECH CM' UTILITY 1 .00 1.00 I.I ••• 
REO ACCEPT UTILITY 0.00 1.00 I .I I.I . 

, 

I.I 
t 

111 
10 

0.7 
... 17 
1.4111 
131.07 

1.7 .... .., 
1.7 

I 
4 

IU , .. 
••• 
I.I 

\\\:: II 



' •·- -
- ·, 

RUN Z : BASE CASE• FIVE OP£AABLE UNITS CHARACTERIZATION PAOOAAMI (ewcludlng lalef _...,,... _....., 
SAMPLE CHANOE I 0.1 0.1 0 .1 0.1 I .I I .I I.I 

BOREHOLE CHANGE NA I 1 1 1 t t 
PAOOAAM ELEMENTS COST(S) UNIT TIME(yrl i PROGRAM; 0 2 3 -. 4 I · I .7 

PROGRAM 
FACTOR 0 1 2 !I . 4 cc I C . .. 1 

PROBABILITY OF SUCCESS 1 0 .1 0.5 0.5 0.1 0.1 0.1 ••• 
FAILURE COST 134.n '31.113 131.40 S:18.17 134.n ... 13 131.40 

FAILURE SCHEDULE !I.OIi J .11111 J .11181 Ueel UN 1.1111 ..... 
EXPECTm COST (Ml t) SM.II S:1314 SM.IO 1:15.41 SM.71 '3U4 '33.• 134.11 

EXPECTm SCHmULE '"'., Z.I J .t 4.J 4.4 4.7 l .t 4.1 u 
EXPECTm COIT DIFF (Ml t) I0.00 IIONt (IO.oet I0.17 I0.11 Clt,711 II0-141 IIO-Nt 

EXPECTm SCHEDULE DIFF Cl"., 0.1 ... u 1.1 t.7 I.I t.l t.l 
TECHNOLOOIC CAPABILITY 1 I J 4 • I • • REGULATORY ACCEPTANCE • 4 I I 4 - • • • WEIGHT 

COST DIFF UTILITY 1 10.0 14.1 10.I 1.7 1.4 11.1 14.7 11.1 
SCHED DIFF UTILITY 1 IO.I 11.4 ..... -11.t -tu tu ..... -ti.I 

TECH CAP UTILITY 1 I .I 4.1 ••• 1.0 ti.I u ••• ... 
REO ACCEPT UTlllTY t 10.1 I .I ••• 1.0 ... ... I .I ... 

TOTAL UTIUTY . •2 43 11 10 . <c.1.1 -, - .:_cc'' " f '·'_.-.- ,. ··· .. II ,• . . ·._::.- :.c:1'.cc 

n UT1UTY FUNCTIONS EQUIVALENT 
I WOAIT BEST ..... ..._,. 
~ COIT DIFF tJn.lTY I0 .00 (S2.CIOI -I.I 100 

SCHm DIFF UTIUTY O.IO 0 .00 -20.I IO.O 
TECH CAP UTIUTY 0.00 1 .00 1.0 0.0 

REO ACCEPT UTIUTY 0.00 1 .00 1 .0 0.0 

, -. . , 

I.I I .I 
t t .. _. · .. 
• • 

I .I 0.1 
131.17 131.17 ..... 1.4111 
t:JZ.71 '33.14 

4.7 I.I 
111.111 cto.111 

t.7 1.7 

• • • • 
11.1 11.7 

-tu u 
ti.I 1.0 ... ••• 

C :n c. '(.:: M ' . :·:-::·:•:·. 

I .I 
1 

"I 
10 

0.1 
131.17 
1.4111 
131 .11 

t .l 
IIZ-131 

1.7 
I 

• 
IU 

•• ••• ... 
,- ·-__ ,,-,_ .... 

--------· 
. ' 



n 
t 

~ 

RUN I : BASE CASE • FIVE OPERABLE UNITS CHARACTERIZATION PAOORAMB l•scludlno W• IIOII--Gilloal pall ...... .., 
SAMPLE CHANGE 

BOREHOLE CHANGE NA 
UNIT TIME(~I I PROGRAM; 

I 0 .1 0 .1 0 .1 0 .1 •-• •-• •. I 
1 1 1 1 1 

PROGRAM ELEMENTS COST(t) 0 2 3 4 I · I 7 . 
PROGRAM 

FACTOR 0 1 2 :I 4 •· • 1 

PRODAOlllTY OF SUCCESS 1 o.:a 0.3 0.31 0.3 0.:1 o.:a o.:a 
FAILURE COST 134.7:t 1315.113 13840 t31.ff 134.7:t ..... ... 40 

FAil.URE SCHEDULE 31 .0H 311111 3.1885 u• I.ON I.NII ...... 
EXPECTm COST (Mii S, 134.M 134.07 bUI 135.11 1315.IO tu.• 134.44 ..... 

EXPECTm BCHmULE br•t ••• I.I 4.1 4.1 4.4 I.I .. , u 
£XPECTm COST OlfF !Ml SI I0.00 fl0.12) IO.:le 11.14 ..,_., 111.0CJI fl0.111 ..,_. 

EXPECTm BCHmuLE OIFF ,,.., •-• I .I 1.1 I.I 1.4 ... I.I u 
TECHNOlOOIC CAPA8ll1TY I I :a • • I I • 

REGULATORY ACCEPTANCE • • I I • • I I 
WEIGHT 

COST OIFF UTlllTY I 10.0 12 .• I .I I .I I.I 11.0 10.7 ••• 
BCHB> Olff UTN..ITY I IO.O .... -a., ..... -I.I II.I -a., ... .. 

TECH C#' UTILITY I 1.0 4.0 •-• ••• "·' ••• ... ... 
REG ACCEPT UTILITY I 10.0 1.0 1.0 ••• I.I 1.0 ... ••• 

I.I 
I 

• 
·• 
o.:a 

... ff 
ueee 
134.31 

••• 
fl0.11) 

1.4 

• • 
II.I .... , .... ... 

TOTAL UTILITY _. 42 - 41 17 12 """ ·-._ --·"" 
.. _ _ _. . .-_..- . . 

" i-.-.:·: _11 -:t.": - IL 

UTILITY FUNCTIONS EOUWAlENT 
WORST BEST llapa lnl«ee,I 

COST DIFF UTllnY I0.00 112.00, -1.0 to., 
BCHm OIFF UTILITY 0 .IO 0 .00 -IO.O IO.O 

TECH CAP UTILITY 0.00 1.00 1.0 0.0 
FIEO ACCEPT UTILITY 0.00 1.00 I.I 0.0 

••• 
1 

• 
• 

0.:1 
... ff 
1.4111 
134.97 ... ..,_. 

••• 
I 

• ,., ... . 
•-• 
I .I 

,;;::: ,• ,--- • --::::-.-..... , 

I.I 
I .. , 

10 

0.31 
... ff 
:t.4111 
'33.14 

u 
fl0.71t 

• •• 
I 

• 
IU 
I.I 

•-• • •• 
:.-:: • 
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~ 
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\ 

RUN I : BASE CASE • FIVE OPERABLE UNITS CHARACTERIZATION PAOORAMS( .. cludlnt lat• --..tllcal,... _ ........ 
I I.I 0.1 0.1 0.1 0.1 0.1 ... 0.1 ••• 0 .. 

'' ''' 't 
t t 1 

PROORAM ELEMENTS COST(S} 

SAMPLE CHANGE 
BOAEHOLECHANOE NA 

UNIT TIME(~l l PAOORAM; 0 I 3 4 , ... I O - . f ·• -• '•. _. I - ... ,o 1 
PROGRAM 

FACTOR 0 t I 3 4 I • 1 I . I 10 

PROBABILITY OF SUCCESS 1 o., o., 0.1 0.1 0.1 I.I I .I 0.t o., 0 .1 
FAit.URE COST '34.73 1311.83 131.40 131.97 IM.n 131.13 131.40 ... ., ... ., ... ., 

FAILURE IICHEOULE · 3.0II 3.HII 3.111811 UIICII I.OIi Ult• 3.111111 1.111111 1.4111 1.4111 
ECPECTEO COST (Mii S) pue PUt 136.41 hi.It 131.H 13-UI 1311.14 131.ot 1311.N 131.IO 1311.n 

EXPECTm IICHEOULEl~•I 2.1 l.t 31 4.0 4.1 1.1 I .I 4 .• 4.0 I.I 0.4 
EXPECTED OOST OIFF tMN S} to.DO (tO.OI) tou 11.11 ., .. CID.14) to.• 11.41 IUO ., ... lt.14 

EXPECTED IICHmuLE DIFF ~at 0.0 0.1 1.1 1.0 u 0.1 ... 1.1 t.t 0.1 ••• 
TECHNOLOGIC CAPABUTY t I I 4 I I I .. • I I 

AEOULATORY ACCEPTANCE • 4 I I • • I I .. .. 4 
WEIOHT 

COST DIFF Ula.ITV ' 10.0 11.4 ••• 1.1 1.1 tt.l I .I I .I I.I ••• 4.1 
IICHEO OIFF UTUTY t 20.0 II.I -41.t -41.1 -u ti.I -1.t -1.1 -,., ,., I.I 

TECH CAP UTUTY t 1.0 4.1 ••• 1.0 11.0 4.1 ••• ••• ti.I ••• e.o 
REG ACCEPT UTILITY t 10.0 1.0 1.0 1.0 ••• ••• • •• I.I ••• I.I 1.0 

,. TOTALUTIUTY 42 . 31 ... . .. 15 -• . 11 . ... ., .... :,:.:::;:.;: ,. · ... _,-:: ...-.,._ •,.,: ....... .. _.., ,.. •i ... •ftl .• .. ..... ::::~ :. .. 

UTIUTY FUNCTIONS lOUIYAl.ENT 
WORST IIE8T ............. 

008T DIFI' UTll.lTY to.DO CU.OCII ..... 11.0 
8CHEO DIFf UT11.ITY O.IO 0 .00 -N.I 20.0 

TECH CAP UTILITY 0.00 1 .00 1.0 1 .0 
AEO ACCEPT UTILITY 0.00 1.00 1.0 0.0 




