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In the last decade, knowledge about the region beneath the Hanford Site Tank Farms has 
increased tremendously. Single-shell tanks and pipelines have released contamination into the 
ground. In the mid 1990s, cesium-137 was found 30 to 50 feet away from the bottom of tanks. 
The then-current understanding was that it should have moved just a few feet. There were 
concerns that waste from Hanford ' s large underground storage tanks was moving faster than the 
Hanford scientists thought and that large amounts of this waste would soon be in the 
groundwater on its way to the Columbia River. There were serious concerns because the waste 
in Hanford' s underground tanks is radioactive and extremely hazardous. 

After a decade of field , laboratory, and computer modeling, our understanding has greatly 
improved. We now understand why the cesium was found so far from the tanks. During the 
early stages of the leak, the sodium in the waste overcomes the natural tendency of the soil to 
chemically react with the cesium, allowing the cesium to move freely until the natural chemistry 
reasserts itself We have a much better understanding of the geology underlying the 200 Areas 
Central Plateau and the processes which formed it. We have developed a better understanding of 
how moisture moves in the subsurface. This moisture movement takes the contaminants that 
escape the tanks down to the groundwater. We have developed additional supporting 
information needed to predict future contaminant movement and their impacts. We have drilled 
through the zones of largest contamination and found that the vast majority of the tank waste 
plumes end far above the groundwater. Nevertheless, new groundwater wells show mobile 
radionuclide concentrations over a hundred times greater than the drinking water standard 
(e.g., techneticium-99). And for the first time, we have detailed, robust, quantitative risk 
assessments of what all of our understanding means. And, most important, we have begun to 
remediate the tank farms by installing berms and gutters and implementing other interim 
corrective measures . 

This report describes what we have learned and how we have incorporated the data and 
information into a system of knowledge. The report incorporates data and information 
developed not only by the Tank Farm Vadose Zone Program, but also by staff supporting the 
Integrated Disposal Facility and others. This first tier ( contained in Chapters I to 33) 
summarizes the knowledge in a way that a nontechnical reader can follow the discussion. The 
second tier ( contained in Appendices A through N) provides a technical reader with more details, 
even though the discussion is not in the area of his expertise. The final tier is geared toward the 
specialist in each subfield, so that the state of knowledge can be independently judged. 
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NOTES TO THE READER 

The following information is provided to assist the reader in understanding the technical data and 
format of this report. 

1. Structure of the RCRA Facility Investigation Report for Hanford Single-Shell Tank 
Waste Management Areas 

This report covers an extremely large amount of technical material. The general approach is to 
divide the report into a number of volumes, or tiers. Partially, this is because of its size. More 
important, the report is divided into a number of tiers because of the different audiences for this 
report (Table 1 ). Because this first tier is written for a non-technical audience, the emphasis is 
on presenting information through figures , photographs, and tables, rather than text. In Tier 2, 
there is more emphasis on textual descriptions and data summaries that support our 
understanding of the system. Tier 3 provides a reference shelf of key Hanford documents related 
to Tank Farm Vadose Zone activities. 

Audience 

Non-technical 

Table 1. Audiences for this Report 

Purpose of Section 

Tier 1: Provides informal summaries of background information, project results , state of 
knowledge (including values of key parameters), and path forward ,__ ____________ _ 

Technical, but not expert in 
area covered 

Tier 2: Provides technical information for professional audiences. 

a. Provides detailed description of state of knowledge, work accomplished since publication 
of respective field investigative reports, and the path forward. 

b. Provides the Field Investigation Reports for Waste Management Areas A/AX, C, and U. ,__ ____________ _ 
Technical, expert in area 
covered 

Tier 3: Provides documents already published. 

a. Data packages (written in conjunction with Tier 1 and Tier 2 of this report) intended for 
subject matter experts. 

b. Major documents separately published that will be useful to the technical reader. 

Each chapter, appendix, and data package is written by one or more Hanford Site experts in that 
discipline. For disciplines that occur in various volumes, the same team produces the section at 
each level of detail. Table 2 gives the key authors for each area of expertise. 

2. Definitions of Terms 

A number of terms are conventionally abbreviated in this document ( e.g., waste management 
area is expressed as WMA). Abbreviated terms are spelled out on their first use, and as a 
convenience for the reader, a list of acronyms and abbreviations with their definitions can be 
found following the Tables of Contents in the main document and in each appendix. A glossary 
of terms can be found in Chapter 32. For readers using the electronic version, hyperlinks can be 
used to take readers from technical words and phrases to their definition. 
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Table 2. Layout of the RCRA Field Investigation Report (Page 1 of 2) 

Data 
Area Summary Detailed Package Author(s) 

Introduction 

Introduction l F. Mann 

Existing Contamination 2 F. Mann 

Facility Description l F. Mann and D. Myers 

Project Results 

History of the Project 1 F. Mann 

Major Accomplishments 2 F. Mann 

Summary of New Work Q J D. Myers and F. Mann 

Field Activities and Results 1 F. Mann 

Laboratory Results li C. Brown 

Inventory 2 F. Mann 

Simulations 10 F. Mann 

Interim Measures 11 K F. Anderson 

Planned Corrective Measures Study 12 J. Field 

Associated Science Activities 11 M. Freshley 

Technology Development 14 F. Mann 

State of Knowledge 

Risk Assessment Requirements u F. Mann 

Conceptual Model 1.§ A M. Wood 

Inventory 11 B F. Mann 

Recharge lli C I M. Fayer 

Contaminant Release 12 D II W. Deutsch 

Geology 20 E III S. Reidel and M. Chamness 

Hydrology 21 F IV R. Khaleel 

Geochemistry 22 G V, VI K. Cantrell 

Groundwater Contamination 23 H VII D. Horton 

Hanford Site Groundwater Model 24 F. Mann 

Dosimetry 25 VIII P. Rittrnann 

Computer Models 26 F. Mann 

Future Impacts 27 F. Mann 

Cumulative Impacts 28 F. Mann 
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Table 2. Layout of the RCRA Field Investigation Report (Page 1 of 2) 

Data 
Area Summary Detailed Package 

Future Work 

Data Gaps 29 IX 

Pa th Forward 30 

End Material 

Preparers 11 
Glossary 32 

References 33 

Field Investigation Reports 

WMA C & A-AX FIR L 

WMA UFIR M 

Conclusions and Recommendations N 

a. Sections having detailed descriptions are in Appendices A through N. 

To avoid confusion, the letter I is not used to identify the appendices. 

Data Packages have been issued separately from the RCRA Facility Investigation Report : 

Author(s) 

F. Mann 

F. Mann 

All 

F. Mann 

All 

M. Connelly 

M. Connelly 

F. Mann 

I. Recharge Data Package. Fayer 2007, M.J. Fayer and J.M. Keller, Recharge Dala Package for Hanford Single-Shell Tank 
Was/e Managemenl Areas, PNNL-16688, Pacific Northwest National Laboratory, Richland, Washington, September 
2007. 

II . Release Data Package. Deutsch 2007, W.J. Deutsch, K.M. Krupka, and K.J. Cantrell, Contaminanl Release Data Package 
for Residual Wasle in Single-Shell Hanford Tanks, PNNL-16748, Pacific Northwest National Laboratory, Richland, 
Washington. 

III. Geology Data Package. Reidel 2007, S.P. Reidel and M.A. Chamness, Geology Dala Package for !he Single-Shell Tank 
Wasle Managemenl Areas al the Hanford Sile, PNNL-15955, Pacific Northwest National Laboratory, Richland, 
Washington. 

IV. Hydrology Data Package. Khaleel 2007, R. Khaleel, Far-Field Hydrology Data Package for the RCRA Facility 
Investigation (RF/) Report, RPP-RPT-35222, Rev. 1, CH2M HILL Hanford Group, Inc. Richland, Washington. 

V. Geochemistry Data Package. Cantrell 2007, K.J. Cantrell, J.M. Zachara, P.E. Dresel, K.M. Krupka, and R.J. Seme, 
Geochemical Process Data Package for the Vadose Zone in !he Single Shell Tank Waste Managemenl Areas at !he 
Hanford Site, PNNL- 16663, Pacific Northwest National Laboratory, Richland, Washington, September 2007. 

VI. Characterization Data Package. Cantrell 2007, K .J. Cantrell , C.F. Brown, R.J. Seme, and K .M . Krupka, Geochemical 
Characlerizalion Dal a Package for !he Vadose Zone in the Single-Shell Tank Waste Management Areas al the Hanford 
Site, PNNL-17154, Pacific Northwest National Laboratory, Richland, Washington. 

VII. Dosimetry Data Package. Rittmann 2007, P.D. Rittmann, Exposure Scenarios and Uni! Dose Factors for the Hanford 
Tank Waste Performance Assessment, HNF-SD-WM-TI-707, Rev. 5, Fluor Government Group, Inc., Richland, 
Washington. 

VIII. Current Groundwater Contamination Data Package. Horton 2007, D.G. Horton, Past and Current Groundwater Flow and 
Contaminalion al Single-Shell Tank Waste Managemenl Areas, PNNL-15837, Pacific Northwest National Laboratory, 
Richland, Washington, April 2007. 

IX. Data Gaps. Mann 2007, F.M. Mann, M. Connelly, D.A. Myers, T.E. Jones, R. Khaleel, M.I. Wood, M.D. Freshley, and 
R.J. Seme, An Evaluation of Hanford Site Tank Farm Subsurface Contamination, FY 2007, RPP-33441 , CH2M HILL 
Hanford Group, Inc., Richland, Washington, June 2007.) 
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Throughout the text of this report, reference citations are presented where information from the 
referenced report was used. These reference citations are, for the most part, contained within 
parentheses. This identification corresponds to the reference list at the end of each chapter and 
the complete reference list in Chapter 33 . For each appendix, a separate reference list can be 
found at the end of the appendix. 

4. Chemical Elements and Radioactive Isotopes 

Many chemical elements and radioactive isotopes are referenced in this report. Examples of the 
chemical elements are cesium, strontium, and uranium; isotopes are expressed after the element 
name (e.g. , cesium-137). To save space in tables and illustrations, elements and isotopes may 
appear in abbreviated form (e.g., Cs-137). 

5. Scientific Notation 

Scientific notation is used in this report to express very large or very small numbers . For 
example, the number one million could be written in scientific notation as 1.0E+06 (or 1.0 x 106

) 

or in traditional form as 1,000,000. Translating from scientific notation to the traditional number 
requires moving the decimal point either right or left from the number being multiplied by 10 to 
some power, depending on the sign of the power (i .e., negative power move left or positive 
power move right). 

6. Units of Measure 

Information derived from historical or referenced sources is presented in the units cited in the 
reference. Field and laboratory data are presented in the units as measured in the field or 
reported by the laboratory. The approximate customary measurements are shown in parentheses 
directly following the use of many of the metric measurements. For example, a distance 
presented as 10 meters (m) is followed by 33 feet (ft) or vice versa. This example is often 
presented in the text as : 10 m (33 ft) . 

7. Electronic Viewing Option 

An electronic version of this report is available. The reader is encouraged to utilize the 
electronic version to view the graphics particularly. Throughout the report, graphics make use of 
color to convey information, and when the report is printed, the color differences may be lost. 

Hyperlinks are used extensively in Tier 1 to allow the reader to go to cited material. Hyperlinks 
connect 

• citations to a RCRA Field Investigation (RFI) Report section to that section 

• citations to a figure or table to that object. 
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8. Well Numbering and Identification 

Several well-numbering methods exist on the Hanford Site, leading to confusion in identify ing 
those structures on various maps and cross-referencing them in this report. Three numbering 
methods are used here: 

• Tank Farm System - In this method, drywells are numbered to identify the tank farm, 
associated tank, and the clock position of the well relative to the tank. The tank farm 
numbers are A= l0, AX= l l , B=20, BX=21 , BY=30, C=40, S=50, SX=51 , T = 50, TX = 51 , 
TY =52, and U=60; each tank is assigned a two-digit number corresponding to its official 
number (101 = 01 , 102 = 02, etc.); and the two-digit clock position numbers are based on 
north as 12 o' clock (for example, south would be 06). 

Example: well 50-01-12 is north of tank T-101 . 

Many farms have drywells drilled along the peripheries. These wells are noted by the tank 
farm number, followed by "00", and then the clock position related to the entire farm. 

Example: drywell 51-00-1 0 is at the 10:00 position on the periphery of the TX tank farm. 

Use of the tank farm numbering system is common because it permits the reader to readily 
visualize the spatial position of a given well relative to the tank it monitors. 

• Hanford Site Well Numbering- In this method, based on the Hanford Site 200 Areas Well
Number protocol, each well is assigned a number based on the Hanford area in which the 
well exists (for example, 299 = well in either of the 200 Areas), followed by a number 
designating the survey sheet on which it can be found (for T, TX, and TY, these are sheets 
Wl0, Wl 1, and Wl5 , respectively), and finally a number based on the sequential order in 
which the well was drilled. 

Example: The well just south of Tank SX-113 is labeled 299- W23-19. 

• Washington Department of Ecology Start Card Number - In this method, every well drilled 
on the Hanford Site has a tracking number assigned by the Washington State Department of 
Ecology. Wells drilled solely for the purpose of collecting soil samples and decommissioned 
after those samples were collected, often have only this number. The number is 
alphanumeric, such as C3 l 04. All characterization boreholes, not extending to groundwater, 
drilled by the Groundwater Protection Program have only this number assigned. 

Example: One of the boreholes is designated C3 l 04. 

Every effort has been made to minimize confusion by including the name 'well ' or ' borehole ' 
with the unit-identifying number. 

9. Relationship with Other Efforts 

A number of programs and projects provide " information for the single-shell tank (SST) waste 
management areas (WMAs) that support SST retrieval and closure." Some of these are the 
responsibility of the tank farm contractor (CH2M HILL Hanford Group, Inc.); some are the 
responsibility of other Hanford Site contractors; while still others are the responsibility of the 
U.S. Department of Energy. 
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10. RCRA Corrective Actions Project 

The RCRA Corrective Actions Project (managed by CH2M HILL Hanford Group, Inc.) is 
responsible for characterizing the sediments in the SST farms, for analyzing the long-term risks 
from contaminated sediments, for implementing remediation of sediments and facilities in those 
farms external to the tanks, and for providing information supportive of tank waste retrieval and 
farm closure. The RCRA Facility Investigation Report is part of the RCRA Corrective Action 
Project. The RCRA Facility Investigation Report activity will rely heavily on work previously 
performed and planned to be performed by the RCRA Corrective Actions Project. Many of 
those leading the preparation of sections for the RCRA Facility Investigation Report are leading 
or supporting the corresponding activities for the Corrective Actions Project. 

11. Relationships with Other Efforts 

A number of programs and projects provide information that supports this effort. Many of these 
are the responsibility of the CH2M HILL Hanford Group, Inc. Some are the responsibility of 
other Hanford Site contractors. Finally, some are the responsibility of U.S. Department of 
Energy-Headquarters. 

a. RCRA Corrective Actions Program. The RCRA Corrective Actions Program 
(managed by CH2M HILL Hanford Group, Inc.) is responsible for 

• characterizing sediments contaminated by tank farm releases 

• understanding how the waste moved in the past and will move in the future 

• estimating future impacts from the waste 

• implementing interim measures to reduce the impacts of the waste 

• providing information to the tank waste retrieval and tank farm closure activities to 
optimize their activities . 

This RCRA facility investigation report is part of the RCRA Corrective Actions Program. Many 
of the authors of this report are part of the RCRA Corrective Actions Program team. 

b. Single-Shell Tank Performance Assessment. The single-shell tank performance 
assessment (SST PA) activity (managed by CH2M HILL Hanford Group, Inc.) is responsible for 
producing long-term risk assessments (and collecting associated data) resulting from the past 
operations of the SST farms , from the retrieval of tank waste, and from the closure of the farms . 
The RCRA Facility Investigation Report activity is tightly coordinated with the SST PA effort. 
Some activities formerly controlled by the SST PA effort (e.g., data packages) will serve both the 
SST PA and this RCRA Facility Investigation Report effort. The intent is to have one 
data/information base for the calculation of long-term impacts from tank farm operations. 

The RCRA Facility Investigation Report activity will perform no computer simulations, but wi ll, 
instead, rely on the efforts of the SST PA activity. The lead of the SST PA is an active member 
of the team producing this RCRA Facility Investigation Report. 
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c. Integrated Disposal Facility Performance Assessment. The Integrated Disposal 
Facility Performance Assessment (IDF PA) activity (managed by CH2M HILL Hanford, Inc.) is 
responsible for producing the long-term risk assessment for the Integrated Disposal Facility, 
Hanford's newest disposal facility . Much of the geotechnical data and information needed for 
uncontaminated sediments can (and will) be taken from the IDF PA activity. Again, the 
technical leads for many of the sections have also served as leads for the corresponding IDF PA 
tasks. The leader of the RCRA Facility Investigation Report activity is also the leader of the IDF 
PA activity. 

d. Tank Closure Project. The Tank Closure Project (managed by CH2M HILL Hanford, 
Inc.) is responsible for retrieving waste and closing the SSTs and their associated WMAs. 
Information from the tank farm organizations are discussed when it has a direct bearing on long
term environmental or human-health impacts from retrieval or closure. Other information ( e.g., 
sequence and schedule of tank waste retrieval) is considered operational detail and is not 
included in the main part of this report. 

e. Groundwater Remediation Project. The Groundwater Remediation Project, often 
called the "Integration Project" after its initial name (Hanford Groundwater/ Vadose Zone 
Integration Project), is the leader of the Hanford Site effort on characterization and risk analysis 
for the vadose zone and groundwater. The Groundwater Remediation Project (managed by the 
Management and Integration Contractor, Fluor Hanford, Inc.) also has the responsibility 

• to monitor groundwater 

• to characterize the vadose zone under past liquid discharge sites (e.g., cribs and trenches) 

• to remediate groundwater and the waste sites. 

The RCRA Facility Investigation Report team has worked closely with the Groundwater 
Remediation Project. 

f. Hanford Site Environmental Surveillance Program. The Hanford Site Environmental 
Surveillance Program (managed by Pacific Northwest National Laboratory) takes field and 
laboratory measurements of contamination in the various media (e.g., soil, air, water) in and 
around the Hanford Site. The program produces annual reports on its findings ( e.g., Summary of 
the Hanford Site Environmental Report/or Calendar Year 2005.) The annual Hanford Site 
Groundwater Monitoring Report is now the responsibility of the Groundwater Remediation 
Project. 

g. Remediation and Closure Science Project. One important goal of the Integration 
Project is to bring the best science to bear on the resolution of key Hanford Site environmental 
issues, including strong participation from the U.S. Department of Energy 's national laboratories 
and universities. This project (managed by Pacific Northwest National Laboratory) is tightly 
coordinated with the Tank Farm Vadose Zone Project effort and has contributed significant 
insights . 
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h. Environmental Management Science Project. Through the efforts of the Integration 
Project and the Radiation and Closure Science Project, U.S. Department of Energy Headquarters 
(through the Environmental Management Science Program [EMSP]) has also contributed 
significantly. The EMSP initially awarded 31 grants (approximately 25 million dollars) that 
were directed toward vadose zone problems, most of which were focused on Hanford Site 
problems. Additional grants have since been awarded, and the results of all the efforts have been 
incorporated into the specific tank farm field investigation reports. 

i. Hanford River Corridor Project. The Hanford River Corridor Project (managed by 
Washington Closure Project) has the responsibility for remediation of vadose zone areas outside 
of the 200 Areas central plateau . Relatively little data created from that project are included in 
this report. 
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1. INTRODUCTION 
Author: Fred Mann 

1.1 PURPOSE 

The RFI Report will provide a detailed description of the 
state of know ledge gained in the last 10 years by the 
Tank Farm Vadose Zone Program and needed for Tank 
Farm risk assessments. This document fulfills the 
requirements for Milestone M-045-55 . As required by 
the Federal Facility Agreement and Consent Order 
(HFF ACO, Ecology et al. 2007), this report: 

Tier 1 - Chapter 1 
DOE/ORP-2008-01 , Rev. 1 

This document fulfills the requirements of 
Hanford Federal Facility Agreement and 
Consent Order Milestone M-045-055. It 
provides a detailed description of the 
state of knowledge gained in the last 
10 years by the Tank Farm Vadose Zone 
Program and needed for Tank Farm risk 
assessments. 

• Integrates the results of data-gathering activities and evaluations for all Hanford Site Single
Shell Tank (SST) Waste Management Areas (WMA) with conclusions and recommendations 

• Documents results from field investigations at A, AX, C, and U Tank Farms 

• Data and information obtained after the publication of the Field Investigation Report for 
B-BX-BY, S-SX, T, and TX-TY waste management areas 

• Provides all available information for the SST farms that support retrieval and closure, 
especially that needed for risk assessments dealing with the SSTs. 

1.2 RCRA FACILITY INVESTIGATION REPORTS 

Normally, a RCRA Facility Investigation Report under the Resource Conservation and Recovery 
Act of 1976 (RCRA) is the immediate predecessor to a Corrective Measures Study, which 
analyzes and recommends corrective actions to remediate the past releases or events. Under the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), the 
process is the same, but while documents are the same they are called a Remediation 
Investigation Report and a Feasibility Study. 

However, the U.S . Environmental Protection Agency 
(EPA) has recognized that a phase approach may be 
more efficient (see below). This phase approach has 
been implanted into the Hanford Federal Facility 
Agreement and Consent Order (HFFACO, Ecology et 

DOE, Ecology, and EPA have agreed a 
phase approach will be used in the 
investigation and remediation of 
contaminated Tank Farm soils. 

al. 2007), the legally binding agreement among U.S. Department of Energy (DOE), the EPA, and 
the Washington State Department of Ecology (Ecology). HFFACO, the formal agreement for 
the cleanup of the Hanford Site, was modified in the late 1990s after Ecology determined that the 
Hanford Site groundwater had been impacted by the release of waste from several tank farms . 
The latest modification of HFF ACO dealing with the RFI (HFF ACO Change Control Form 
M-45-06-03 , Ecology 2007a) makes the commitment to a Phase 2 part of the effort (creating 
HFF ACO milestones M-045-58, -60, -61 , and -62), acknowledging that there is insufficient 
information at the present time to lead to a Corrective Measures Study. 
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When RCRA corrective actions were developed by EPA, they were developed to allow the 
process to be as flexible as possible in order to account for site-specific circumstances. The 
concept that more than one phase of characterization may be needed in order to evaluate 
corrective measure alternatives is embodied in the corrective action program. In the May 1, 
1996 Advanced Notice of Proposed Rulemaking (EPA, 61 Federal Register 19432 Corrective 
Action for Releases from Solid Waste Management Units at Hazardous Waste Management 
Facilities), EPA states (emphasis added): 

Significant efficiencies can be gained by phasing corrective action at individual facilities 
to focus on areas of the facility that represent the greatest risk to human health and/or the 
environment. Phasing allows information obtained from previous phases to be used 
for planning and refining subsequent investigations or responses . .... . EPA has 
emphasized a flexib le, facility-specific approach to corrective action. Few cleanups wi ll 
follow exactly the same course; therefore, program implementers and facility 
owners/operators must be allowed significant latitude to structure the corrective 
action process, develop cleanup objectives, and select remedies appropriate to 
facility-specific circumstances . . .. 

In EPA's RCRA Corrective Action Plan (OSWER Directive 9902.3-2A) it is similarly stated: 

A phased approach to corrective action may be appropriate where a variety of releases ( or 
threats ofreleases) exist; particularly if some of the releases or threats can be 
stabilized .. .. Phasing may also be appropriate when determining the extent of 
contamination if it is believed that substantial migration of contaminants has occurred. 

The HFF ACO has mirrored the intent of a phased characterization program for SST corrective 
actions. The HFF ACO Action Plan Section 7 sets up the RI/FS process (functionally equivalent 
to the RFI/CMS process) in phases with the understanding that data collection is an iterative 
process. HFFACO Sections 7.3.3 and 7.3.6 respectively state the intent behind the first and 
second phases of the remedial investigation (RI) process, " The first phase of the remedial 
investigation (RI) will focus on defining the nature and extent of contamination through field 
sampling and laboratory analysis .... [The] second phase of the RI will focus on collecting data 
sufficient to substantiate a decision for remedy selection." These Phase 1 and 2 purposes are 
reflected in the SST Phase I and Phase 2 data collection activities. The Figure 1-1 reflects the 
original intent of the HFF ACO milestones (pursuant to HFF ACO milestone Change Control 
Form M-45-98-03 in 1998) as a phased program (see emphasis added as red dashed boxes). 
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1.3 SCOPE OFT ANK FARM V ADOSE ZONE
4 

PROGRAM 

The Director of Ecology determined (Wilson 1998) in 
the late 1990s that the groundwater at the Hanford Site 
had been impacted by the release of wastes contained 
in tanks in WMAs B/BX/BY, S/SX, T, and TX/TY 

Leaked tank waste has impacted the vadose 
zone and groundwater. The scope of the 
Tank Farm Vadose Zone Program is to 
obtain information about such impacts, 
estimate future impacts, and recommend 
ways to mitigate the future impacts. 

and placed these facilities under RCRA Corrective Action. This formal process was codified 
with the introduction of the suite of Milestones M-045-51 through M-045-60 into the Hanford 
Federal Facility Agreement and Consent Order. To implement these requirements, the Tank 
Farm Vadose Zone Program was created . Its scope includes the following: 

• Planning and implementing field characterizations and laboratory analyses (with the explicit 
approval of Ecology) 

• Performing simulations to estimate impacts of contamination already lost to the environment 

• Documenting results of efforts (including recommendations for future actions) 

• Implementing interim measures to mitigate future impacts. 

The scope was expanded to include the following : 

• Performing data collection for tank farm performance assessments 

• Performing simulations for tank farm performance assessments 

• Creating the tank farm performance assessments. 

The RCRA Corrective Action process is portrayed in Figure 1-1. The first 7 actions in the upper 
left-hand corner of Figure 1-1 have been completed: 

• M-045-51: Issue Phase 1 RCRA Facility Investigation/Corrective Measures Study Work 
Plan for SST Waste Management Areas (DOE/RL 99-36) 

• M-045-52 : Issue Site-Specific SST Phase I RFI/CMS Work Plan Addendum for WMA 
S-SX (HNF-5085, Rev. 1) (Knepp and Rogers 2000) 

• M-045-52-T0I : Issue Field Investigation Report for Waste Management Area S-SX 
(RPP-7884) (Knepp 2002a) 

• M-045-52-T02: Issue Field Investigation Report for Waste Management Area B-BX-BY 
(RPP-10098) (Knepp 2002b) 

• M-045-52-T03 : Issue Field Investigation Report for Waste Management Areas T and 
TX-TY (RPP-10098) (Myers 2005) 

• M-045-53 : Issue Site Specific SST Phase 1 RFI/CMS Work Plan Addendum for WMA 
B-BX-BY (RPP-6072, Rev. 1) (Rogers and Knepp 2000) 

• M-045-54: Issue Site Specific SST Phase 1 RFI/CMS Work Plan Addendum for WMAs T 
and TX-TY (RPP-7578, Rev. 2) (Crumpler 2002) 

4 Vadose zone is the region between the ground surface and the top of the groundwater. 
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1.4 HIGfilIGHTS OF THE PROGRAM 

Activities performed by the Tank Fann Vadose Zone Program complied with the requirements of 
the master work plan (DOE/RL 99-36) and the WMA-specific work plan addenda (Knepp and 
Rogers 2000, Rogers and Knepp 2000, and Crumpler 2002). 

A summary of the major accomplishments of the program is given in Chapter 5. In general , the 
work was oriented around WMAs and was reported in the corresponding field investigation 
reports (WMA S-SX: Knepp 2002a, WMA B-BX-BY: Knepp 2002b, WMAs T and TX-TY: 
Myers 2005 , WMAs A-AX and C: Connelly 2007a, and WMA U: Connelly 2007b). In some 
cases, the work was performed after the issuance of the WMA-specific field investigation report 
and is summarized (with references to issued reports for a detailed discussion) in Chapter 6 and 
in Appendix J. The Tier 3 characterization data package (Cantrell 2007), Geochemical 
Characterization Data Package/or the Vadose Zone in the Single-Shell Tank Waste 
Management Areas at the Hanford Site documents the identification and chemical analyses done 
on all vadose zone samples during Phase 1. 

Besides the work specified in the WMA-specific work plans, additional work was performed: 

• Development and application of surface geophysical exploration tools . 

• Development and application of the hydraulically driven direct push unit 

• Moisture measurements in existing boreholes in SX Farm. 

Some of the key findings from the Phase 1 efforts of the Tank Farm Vadose Program are 

• Past releases from tank farm facilities will have a much greater impact to groundwater 
than residual tank waste, assuming that 99% of the tank waste is removed from the tanks, 

• Past releases have impacted groundwater above drinking water standards and are 
predicted to peak within the next 100 years, 

• Geophysical measurements show a plume from Tank S-104 to groundwater, 

• The amount of water entering the vadose zone (whether from natural precipitation or 
man-made sources) is key to understanding groundwater contamination, and 

• Vadose zone plumes (for example, from Tanks BX-102, SX-108, or T-106) can have 
significant lateral extent. 

Appendix N contains the conclusions and recommendations from each of the WMA-specific 
field investigation reports (updated based on new information) as well as from the Initial Single
Shell Tank System Performance Assessment/or the Hanford Site (DOE/ORP-2005-01). 

A key part of the Phase 1 Tank Fann Vadose Zone Program was the installation of interim 
measures to mitigate future subsurface plume movement. Examples are 

• The testing of water lines going into SST farms , 

• The capping of leaking and unneeded waterlines outside of the tank farms , and 

• The construction of berms and gutters to protect the tank farms from water run-on. 
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1.5 STRUCTURE OF THE DOCUMENT 

This report covers an extremely large amount of technical material. The general approach is to 
divide the report into a number of volumes. Partially, this is because of size. More importantly 
it is because of the different audiences for this report. This first volume is written for a non
technical audience, hence the emphasis is on presenting information through figures, 
photographs, and tables, rather than text. In the two other volumes, there is more emphasis on 
textual descriptions and supporting data. For more information on the structure of the document, 
see "Notes to the Reader," following the Preface. 

The first volume consists of five units: 

• Unit I : Background (provide background for reader unfamiliar with Tank Farm Vadose 
Zone Program, tank farms , and Hanford, Chapters 1 - 3) 

• Unit 2: Program Results (focus on process and significance of results; descriptions of the 
results are found in Chapters 4 - 14) 

• Unit 3: State of Knowledge (describe key processes, sources of data, recommended 
numerical values for key parameters, relevance, Chapters 15 - 29; this is given from the 
perspective of a risk assessor, Table 1-1 ). 

• Unit 4: Path Forward (Chapter 30) 

• Unit 5: End Material (biographies of authors, glossary, and references, Chapters 31 - 33). 

Table 1-1. Organization of State of Knowledge Sections 

(as seen from the viewpoint of a risk assessor) 

Moisture Flow Contaminants Other 

Groundwater Conceptual Model (16) Risk Assessment Requirements (15) 

Recharge (18) Inventory ( 17) Geology (20) 

Contaminant Release (19) 
Past and Current Groundwater Flow and 

Contamination (23) 

Moisture Flow in Vadose Zone Contaminant Movement in 
Computer Models (26) 

(21) Vadose Zone (22) 

Groundwater Model (24) Cumulative Impacts (28) 

Dosimetry (25) Data Gaps (29) 

Future Impacts (27) Glossary (30) 

Chapter numbers are given in parentheses. 
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Operations at the Hanford Site have impacted the environment, including groundwater 
underneath the site. This chapter presents a brief history of the Hanford Site, discusses 
groundwater contamination in a site-wide context as well as a tank farm context, and discusses 
contamination in the sediments above the groundwater. 

2.2 HISTORY OF HANFORD SITE 

The Hanford Site, a facility in the U.S. Department of 
Energy (DOE) nuclear waste complex, encompasses 
~ 1517 square kilometers northwest of the city of Richland 

The Hanford Site was created to 
produce special nuclear materials for 
the defense of the country. Its 
current mission is to remediate the 
site and to perform scientific and 
technical research and development. 

along the Columbia River in southeastern Washington State (Figure 2-1 ). The federal 
government acquired the site in 1943 for the production of plutonium. Production of such 
special nuclear materials continued until the 1980s. Beginning in the 1990s, DOE has focused 
on cleaning up the Hanford Site . For an extended summary, see History of Hanford Site Def ense 
Production (Brief) (Gerber 2001 ). For more information, read On the Home Front: The Cold 
War Legacy of the Hanford Site (Gerber 2002) or Hanford: A Conversation About Nuclear 
Waste and Cleanup (Gephart 2003). 

Once the land was acquired, many facilities were constructed, including three full-size nuclear 
production reactors (B, D, and F) along the Columbia River and three extremely large 
radiochemical separations plants (B, T, and U) in the Central Plateau. In addition, 64 large, 
underground, high-level waste-storage tanks (located within B, C, T, and U tank farms) were 
built near the separations plants in the 200 East and West Areas . Figure 2-2 shows the current 
facilities in the 200 East and 200 West Areas, including these early facilities . 

In the early 1950s, additional facilities were built in response to world events. Another reactor 
(C) was built near the Columbia River. The reduction-oxidation (REDOX) separations facility 
(REDOX) and 18 more underground tanks were built in the 200 West Area. During this time, 
sludges were mined from the underground tanks and reprocessed through U Plant to extract 
uranium for reuse in reactor fuel elements. 

The next Hanford facility expansion occurred in the mid 1950s. The KE and KW reactors were 
built along the Columbia River. The plutonium-uranium extraction (PUREX) separations plant 
was built in the 200 East Area. Twenty-one (21) more underground tanks were built. 

The peak production years were from 1956 through 1964. During this time, the last production 
reactor (N) was built along the river. In addition, on the Central Plateau a number of "isotope 
campaigns" produced mega-Curie quantities of cerium, strontium, cesium, promethium, and 
other radioisotopes from reprocessing the wastes stored in the underground tanks . 
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Figure 2-1. Hanford Site and its Location in Washington State 
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Figure 2-2. Facilities in the 200 Areas of Hanford's Central Plateau 

200-West Area 
• Single-shell Tank Farms 

200-East Area 

A brief production campaign occurred in the early and mid- l 980s. However, no defense 
plutonium has been produced at the Hanford Site since 1988. After 1988, the Hanford Site 
turned to cleaning up its wastes. 

Hanford operations have released contaminants to the environment. In the early years of 
Hanford 's plutonium production, airborne releases from the stacks of the separations plants 
constituted a significant release of radioactive contaminants to the environment. During the 
years of peak production, the cooling waters for the reactors near the Columbia River became 
contaminated and then contaminated the river as they were discharged to it. Some Hanford 
operations purposefully discharged process liquid wastes to the soil. 

Hanford policy allowed untreated radioactive waste discharges to the soi l from 1943 to 1995. 
Over 400 billion gallons of waste (predominately contaminated wastewater) were discharged to 
the soil, producing large mounds in the groundwater (over 50 feet high underneath the 200 West 
Area). Even tank waste fluids (on the order of 100 million gallons) were intentionally 
discharged to the ground after cascading through three or more tanks to allow settling of the 
more radioactive sludges. 

To supplement the original underground tank system, double-shell tanks were built, starting in 
the late 1960s, to replace the older single-shell tank design. Many of the first-generation single
shell tanks have leaked, with release estimates ranging from 500,000 gallons to over a million 
gallons of waste (HNF-EP-0182). All retrievable liquids have been removed from the single
shell tanks. Wastes from 7 of the single-shell tanks (C-103, C-106, C-201 , C-202, and C-203 , 
C-204, and S-112) have been removed such that residual wastes in these tanks meet the removal 
goals of the Hanford Federal Facility Agreement and Consent Order (Ecology et al. 2007). 
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2.3 WHATISTA KWASTE? 

Figure 2-3 presents an overview of waste at Hanford. The 
original mission of the Hanford Site was to produce 
plutonium for the atomic bombs of World War II . As the 
cold war began and intensified, much more plutonium and 
other special nuclear material were produced. 

Waste that was stored in Hanford 
tanks is radioactive and hazardous 
waste created from fuel processing, 
subsequent refinement steps, and 
isotope recovery. 

Figure 2-3. Waste at Hanford 
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1 

-I Tanks I Cascaded liquid waste ' I 
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Accidentally Waste left in tanks Vitrified waste and grouted Vitrified waste at 

released into the after retrieval secondary waste at the a geologic repository 
ground Integrated Disposal Facility 

To produce such material, reactors irradiated rods in which relatively few atoms were changed 
into the desired material. The irradiated rods were chemically processed in extremely large 
facilities to obtain the desired material. However, along with the desired material came heat and 
waste. The heat generated by the radioactive material was controlled through the use of large 
amounts (billions of gallons) of cooling water. This cooling water, which had very little 
radioactivity or chemical contamination, was sent to large ponds. The most hazardous waste was 
sent to underground tanks for storage, with less hazardous materials sent to cribs and trenches. 
However, as production demands grew, tank waste-storage limits were reached. Waste was 
allowed to settle in the tanks, and the resulting fluid cascaded to another tank. After several 
cascades, the fluids , which still contained significant amounts of radioactivity and chemicals, 
were discharged to cribs (hundreds of millions of gallons) . Some of the tank waste was recycled 
to the processing plants to obtain key materials (for example, uranium and cesium-137). 
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Over the years, spills and releases from the tank waste system occurred. Some pipelines broke, 
some tanks were overfilled, and some single-shell tanks leaked, all events releasing tank waste to 
the ground. The estimated volume of such releases is being assessed (Field 2007). 

The current plan is to retrieve most of the 53 million gallons of waste left in the tanks, leaving 
about a half a million gallons as residuals. The retrieved waste will be processed, creating three 
waste forms : 

• Vitrified (glass) high-level waste, destined for a federally licensed geologic repository 

• Vitrified low-activity waste (that is, waste processed to remove most of the radioactivity), 
destined for disposal at Hanford's Integrated Disposal Facility 

• Grouted secondary waste (that is, waste produced from making the glass products), also 
destined for the Integrated Disposal Facility. 

Table 2-1 provides a comparison of the various volumes of waste and the inventory of 
techneticum-99 (a key contaminant) for key facilities . 

Table 2-1. Tank Waste Inventory of Key Facilities 

Facility 

Ponds 

Cribs/trenches 

Tank releases 

Tanks (as of 10/1/2007) 

Residual waste - Future 

Treated low-activity waste - Future 

Geologic repository - Future 

a SIM Model - (Corbin et al. 2005) 

b HTWOS - (Kirkbride et al. 2005) 

Technetium-99 
Volume (Curies) 

~200,000,000,000 gallons a ~2.5 a 

~300,000,000 gallons a ~600 a 

~1 ,000,000 gallons a ~1 00 a 

~50,000,000 gallons b ~26,500b 

~300,000 gallons b ~68 b 

~360,000 cubic meters b ~25,000 b 

~13,000 cubic meters b ~1 ,500 b 

2.4 GROUNDWATER CONT AMI A TIO AT THE HANFORD SITE 

Each year, the Hanford Site issues reports on the environmental 
impacts of operations on the site. The latest are Hanford Site 
Environmental Report for Calendar Year 2006 (Poston et al. 
2007) and Hanford Site Groundwater Monitoring for Fiscal Year 
2006 (Hartman et al. 2007). Figure 2-4 and Figure 2-5 display the 

Hanford Site operations 
contaminated large volumes of 
the groundwater underneath 
the Hanford Site. 

most recent depiction of groundwater contamination underneath the Hanford Site. 
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Figure 2-4. Chemical Contamination Underneath the Hanford Site 

(from Hartman et al. 2007) 
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Figure 2-5. Radionuclide Contamination Underneath the Hanford Site 

(from Hartman et al. 2007) 
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Large groundwater plumes can be seen extending from the 200 East Area going southeast and 
northwest and from the 200 West Area going east and northeast. As shown in Figure 2-4 and 
Figure 2-5, large areas of the groundwater have concentrations above drinking water standards. 
The sources of most of the contamination are mainly from large liquid discharges made many 
decades ago from the separations plants to crib facilities . However, it has been shown recently 
that some of the fluids that leaked from the single-shell tanks have reached the groundwater 

There are several groundwater pump-and-treat cleanup projects. However, only two are in the 
200 Areas. One is treating technetium and uranium from wastes discharges from U Plant to 
nearby cribs. The other is treating carbon tetrachloride from wastes discharged from the 
Plutonium Finishing Plant to nearby cribs. The latter groundwater pump and treat is being 
expanded to treat technetium near T Farm. 

2.5 GROUNDWATER CO TAMI A TIO AT AND NEAR THE TANK FARMS 

The Director of the Washington State Department of Ecology 
(Wilson 1998) has determined that waste from four single
shell tank farm waste management units (WMA B-BX-BY, 
WMA S-SX, WMA T, and WMA TX-TY) has impacted 
groundwater. 

The Director of the Washington 
State Department of Ecology has 
determined that waste from single
shell tank farm waste management 
units has impacted groundwater. 

Some of the highest concentrations of technetium-99, a significant contaminant in tank waste, 
are found near the eastern edges of the SX and the T Tank Farms. The source of groundwater 
contamination is difficult to determine as many of the tank farms are surrounded by cribs that 
received over 100 million gallons of liquid waste from tanks (Waite 1991). Figure 2-6 shows the 
technetium-99 plumes in the northwest part of the 200 East Area (the location of the B, BX, and 
BY Tank Farms), while Figure 2-7 shows the technetium-99 plumes in the northern region of the 
200 West Area (the location of the T, TX, and TY Tank Farms). Finally, Figure 2-8 shows the 
technetium-99 plumes in the southern region of the 200 West Area (the location of the S, SX, 
and U Tank Farms). 

Why We Are Here 2-8 



Tier 1 - Chapter 2 
DOE/ORP-2008-01 

Figure 2-6. Technetium-99 Plumes in the Northwestern Region of the 200 East Area 

The B, BX, and BY Tank Farms are at the bottom of the figure (labeled WMA B-BX-BY). 
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Figure 2-7. Technetium-99 Plumes in the Northern Region of the 200 West Area 

The T, TX, and TY Tank Farms form a vertical line just right of the center of the 
figure. The T Farm is labeled WMA Tand the TX and TY Tank Farms 
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Figure 2-8. Technetium-99 Plumes in the Southern Region of the 200 West Area 

The TX U, S, and SX Tank Farms form a vertical line just right of the left edge of 
the figure. The TX Tank Farm is at the top (unlabeled). The U Tank Farm is 

labeled WMA U, while the Sand SX Tank Farms are labeled WMA S-SX 
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2.6 Co TAMINA TION IN THE V ADOSE ZONE IN THE TA K FARMS 

There have been significant leaks from single-shell 
tanks (Field and Jones 2006) as well as spills from 
tank farm operations. About 500,000 to a million 
gallons of tank waste have been lost to the soil. 

About 500,000 to a million gallons of waste 
have been released from the tanks, 
pipelines, and other infrastructures. 

A wide suite of chemicals were in the single-shell tanks and hence are now in the sediments 
underneath the tanks. Figure 2-9 and Figure 2-10 show the vertical distribution of technetium-99 
and cesium-137 near Tank SX-108. Figure 2-11 , Figure 2-12, and Figure 2-13 show the vertical 
distribution of technetium-99, uranium, and cesium-13 7 near T-106. These two tanks have been 
documented as having leaked the largest volumes of wastes (Field and Jones 2006). The 
distributions of these contaminants in the sediments are different because the contaminants 
chemically interact differently with the sediments. Technetium has the least interaction and 
hence travels the farthest. Cesium strongly interacts (i .e., adsorbs to soil surface sites) with 
sediments and hence moves much shorter distances . However, because the large initial amounts 
of cesium and sodium present in Tank SX-108 overcame the natural adsorption capacity of the 
soil, the distribution of cesium within the Hanford soils above the groundwater can be variable, 
as will be explained in Chapter 22. 
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Figure 2-9. Vertical Distribution of 99Tc in Slant Borehole 
Underneath Tank SX-108 
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Figure 2-10. Vertical Distribution of 137Cs in Slant Borehole 
Underneath Tank SX-108 
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Figure 2-11. Vertical Distribution of 99Tc in Boreholes C4104 and 299-Wl0-196 
Near Tank T-106 
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Figure 2-12. Vertical Distribution of U in Boreholes C4104 and 299-Wl0-196 
Near Tank T-106 
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Figure 2-13. Vertical Distribution of 137Cs in Boreholes C4104 and 299-Wl0-196 
Near Tank T-106. All data decay corrected to May 2003 
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3. FACILITY DESCRIPTION 
Authors: Fred Mann and Dave Myers 

3.1 I TRODUCTIO 

There are 177 large, underground tanks located at the 
Hanford Site, 149 of them single-shelled. These single-shell 
tanks (SST) and their associated facilities are grouped into 
12 farms . This chapter focuses on the single-shell tanks and 
their associated facilities . The 28 large, underground, 
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There are 12 single-shell tank farms 
grouped into 7 waste management 
areas. Inside each tank farm, there 
are tanks, pipelines, and other 
infrastructures. 

double-shelled tanks are mentioned within this description for completeness; however, they are 
not part of this RCRA Facility Investigation action. 

3.2 DESCRIPTIONS OFF ARMS A D WASTE MA AGEME T AREAS (WMAS) 

The role of the tanks was to store the most dangerous and hazardous waste produced during the 
processing of the irradiated fuel to obtain plutonium. Groups of tanks (known as farms) were 
located downhill from the chemical separations plants so that the wastes would flow to the tanks 
because of gravity; no pumps were required. 

To minimize the possibility of enemy destruction, the plants and tanks were spatially separated 
(Figure 3-1 ). Six single-shell tank farms (S, SX, T, TX, TY, and U) are located in the 200 West 
Area and six (A, AX, B, BX, BY, and C) are located in the 200 East Area. The double-shell tank 
farms are located mainly in the 200 East Area (AN, AP, AW, AY, and AZ) . However, the SY 
double-shell tank farm is located in the 200 West Area. 

Figure 3-1. Facilities in the 200 Areas of Hanford's Central Plateau. 

200-West Area 
• Single-shell Tank Farms 

200-EastArea 
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For regulatory purposes, the single-shell tank farms have been grouped into waste management 
areas (WMA). The seven WMAs are A-AX, B-BX-BY, C, S-SX, T, TX-TY, and U. 

3.3 DESCRIPTION OF MAJOR STRUCTURES 

Inside a single-shell tank farm are various underground facilities : 

• Large storage tanks 

• Smaller miscellaneous storage tanks 

• Concrete vaults 

• Pits 

• Transfer pipelines. 

There are two series of large tanks, based mainly on size: the 100-Series tanks and the much 
smaller 200-Series tanks. Three generations of 100-Series tanks of varying sizes (500,000 to 
1,000,000 gallons) were constructed from 1943 to 1964, and all incorporated common design 
elements, such as carbon-steel liners and cylindrical reinforced concrete structures as shown in 
Figure 3-2. For all designs of the single-shell tanks, the carbon-steel liners covered the interior 
bottom and sides of the reinforced concrete cylindrical shell but did not cover the domed top of 
each of the 100-Series tanks. The domes of the I 00-Series tanks were designed and constructed 
with an internal, exposed, bare concrete surface. Also, depending on the volume of the tank, the 
steel liners varied in height from 18 to 32 feet , with specific tank diameters varying from 20 to 
75 feet. For the purpose of shielding personnel from radiation, all SST domes remain covered 
with a minimum of 7 feet of soil (Anderson 1990). 

Facility Description 

Figure 3-2. Typical Single-Shell Tank 
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The 200-Series tanks have a diameter of 20 feet and a waste volume capacity of 55,000 gallons. 
The wastes in the 200-Series tanks typically resulted from a specific process that required less 
tank volume than the 100-Series tanks, which were mainly used for storage. The number of 
risers and riser diameters (Figure 3-3) are less than those required to operate the 100-Series 
tanks . This limits the options for waste retrieval operations in the 200-Series tanks to smaller 
available retrieval machinery configurations (Anderson 1990). 

Figure 3-3. 200-Series Single-Shell Tank 
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In addition to the 149 underground single-shell storage tanks, there are active and inactive 
miscellaneous underground storage tanks (MUSTs) in the 200 Areas. These tanks were 
constructed to three basic designs including direct-buried concrete tanks, concrete tanks with a 
steel liner, and direct-buried steel tanks . The MUSTs that are now designated inactive, were 
used during processing and waste-transfer operations and were not intended for use as long-term 
storage tanks. During past fuel processing operations, MUSTs were used primarily for waste 
solids settling, adding caustic to the waste stream, and as catch tanks . The MUSTs that are 
currently active are used as receiver tanks during waste transfer activities or as catch tanks to 
collect potential spills and leaks. Most of the inactive MUSTs were interim stabilized and 
isolated before September 1985 and range in size from 900 to 50,000 gallons (Field 2003). 
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Tanks sometimes were placed inside concrete vaults . A typical two-level, multi-cell, reinforced 
concrete structure that was constructed below grade and contains four underground tanks along 
with overhead piping and equipment is shown in Figure 3-4. Two of the tanks in this example 
have a capacity of 50,000 gallons and two have capacities of 15,000 gallons (Field 2003). 

Figure 3-4. 244-CR Waste Vault 
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Pits are underground concrete enclosures with removable, reinforced concrete cover blocks that 
contain pumps, monitoring equipment, and transfer systems. The type and number of pits 
associated with SSTs depend on the type of waste stored and the function of the SST. The pits 
located above the 100- and 200-Series tanks are collectively referred to as "at-tank pits" and 
include pump pits, sluice pits, heel pits, distribution pits, and saltwell caissons. These pits 
typically have a floor drain that drains directly back to the SST it services. The at-tank pits serve 
to collect spills or leaks from the equipment within the pit, but do not provide a storage function 
(Field 2003). 

The pits between tanks provide for flexible connection to the pipeline network, which allows 
waste to be transferred between tanks in the SST system. The between-tank pits include 
diversion boxes, valve pits, and flush pits . The valve pits and diversion boxes were designed 
to collect spills or leaks from the piping components within the boundaries of the pits 
(e.g. , jurnpers, valves). Also, piping encasements were designed to drain back into the valve pits 
and diversion boxes. As the pits were not designed to store waste, the collected liquids drained 
from the pit into a connected catch tank. Spray nozzles in the pits provide a means to flush these 
components after transfer operations (Field 2003). 

Underground pipelines were used to transfer liquid waste from the processing plants (for 
example, T Plant, Plutonium Finishing Plant, B Plant, and PUREX) to the tank farms and also 
within tank farms to transfer waste between tanks . These pipelines were placed underground to 
shield workers from radiation. Most of the transfer lines installed during early operations are 
single-wall carbon-steel pipelines, while lines installed at a later time are double-wall pipe with a 
stainless-steel inner pipe encased in an outer carbon-steel pipe. Some of the older transfer lines 
are either blocked or plugged or failed pressure testing and cannot be used for waste transfers 
(Lambert 2005). 
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More information concerning each WMA can be found in Sections 2.6 through 2.12 in the Initial 
Single-Shell Tank Performance Assessment for the Hanford Site (DOEIORP-2005-01 ). The key 
facilities in each WMA are shown in Figure 3-5 (A and AX), Figure 3-6 (B-BX-BY), 
Figure 3-7 (C), Figure 3-8 (S-SX), Figure 3-9 (T), Figure 3-10 (TX-TY), and Figure 3-11 (U). 

3.4 NEARBY FACILITIES 

As can be seen from Figures 3-5 through 3-11 , the tank farms are often surrounded by other 
facilities, such as cribs, trenches, retention basins, ditches, and solid waste burial grounds. Many 
of those facilities received hundreds of millions of gallons of waste. Contaminant inventories 
released from these near-by facilities exceed those released from tank farm facilities (Corbin 
et al. 2005). These nearby facilities will be remediated under the Comprehensive Environmental 
Response. Compensation and Liability Act or the Resource. Conservation and Recovery Act of 
1976 (as part of the PW-5, TW-1 , and TW-2 operable units, DOE/RL 2004). 

Cribs are underground chambers used to dispose of large volumes (tens of millions of gallons) of 
radioactive liquid waste. They usually consist of loosely spaced timbers several feet below 
ground level, creating a chamber of more than 1000 cubic feet. The liquid would then percolate 
through the underlying soil, often reaching groundwater in less than a year. The source of liquid 
wastes for the cribs surrounding the tank farms usually was intentional overflow from tanks . 

Trenches (and especially specific retention trenches) are long, usually narrow, near-surface 
engineered depressions used to dispose of smaller volumes of radioactive liquid waste. The 
maximum volume for each trench was calculated so that the resulting volume of liquid in the 
sediment pores beneath the trench would not exceed about 10 per cent of their original volume. 
Again, the source of most of the waste was intentional overflow from the tanks. 

Retention basins are usually concrete and are used to temporarily hold liquid waste. During this 
time, solids would settle and some water would evaporate. The liquids would then be 
transported to another facility, and the settled solids would be disposed. 

Ditches were used as transport lines to carry diluted liquid wastes from separations plants to 
ponds. They are quite evident near U Tank Farm. 

Solid waste burial grounds are near-surface depressions into which only solid waste is disposed. 
The waste could be in the form of debris, cardboard boxes, metal drums, or some other container. 
Because of the lack of a significant driving force, contaminants from such facilities have not 
reached groundwater. 
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Figure 3-5. Location Map of Waste Management Area A-AX and 
Surrounding Facilities 
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Figure 3-7. Location Map of C Tank Farm and Surrounding FaciJities 
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Figure 3-8. Location Map of Waste Management Area S-SX and 
Surrounding Facilities 
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Figure 3-9. Location Map of Waste Management Area T and 
Surrounding Facilities 
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Figure 3-10. Location Map of TX and TY Tank Farms and 
Surrounding Facilities 
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Figure 3-11. Location Map of U Tank Farm and Surrounding Facilities 
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3.5 CLOSURE STRATEGY FOR TANK FARMS 

The current closure planning strategy for single-shell tank farms is to 

• Remove as much liquid as possible from the tanks 

• Retrieve solid waste from the tanks 

• Remediate the contamination released to the soil 

• Close the tanks 

• Close the associated facilities 

• Perform tank fann closure. 

Tier 1 - Chapter 3 
DOE/ORP-2008-01 

Because many tank farms have contaminated facilities near them, integration of the remediation 
and closure of those facilities will be necessary. The Tank Closure and Waste Management 
Environment Impact Statement process is undeiway (76 FR 5655). Current planning is likely to 
be impacted by that effort. 

The removal of liquids from the tanks (a process known as Interim Stabilization) has been 
completed for all single-shell tanks. Because the wastes do retain some water, all pumbable 
liquid has been removed and sent to the double-shell tanks . To aid the retrieval of wastes 
(particularly when liquid sluicing is used), water will be reintroduced into the tanks during waste 
retrieval. 

The Hanford Federal Facility Agreement and Consent Order (Ecology et al. 2007, milestone 
M-45) requires retrieval of "as much tank waste as technically possible, with tank waste residues 
not to exceed 360 cubic feet ( cubic feet) in each of the 100 Series tanks, 30 cubic feet in each of 
the 200 Series tanks, or the limit of waste retrieval technology capability, whichever is less." A 
waiver process to be implemented on a tank-by-tank basis has been established in Appendix Hof 
the Hanford Federal Facility Agreement and Consent Order. 

Radioactive hazardous waste has leaked from the tanks and the associated facilities into the soil. 
Some of it has traveled over one hundred feet toward groundwater. How this contaminated soil 
will be remediated is a major focus of the Tank Farm Vadose Zone Program. So far, the efforts 
have focused mainly on characterization. 

The emptied tanks are planned to be filled with some material to prevent their collapse. This 
material may also serve to immobilize the tank waste residues or to lessen the release rates of 
contaminants from the residues. 

In addition, the other tank farm facilities (for example, diversion boxes and pipelines) must also 
be closed. In fact, many closures will affect other closures, so the entire closure activity must be 
highly controlled and integrated. 

Finally, the tank farm itself will be closed. Likely, the tank farm closure will include a surface 
barrier to minimize human, animal, plant, and water intrusion. Such a barrier will extend beyond 
the current tank farm boundary. Thus, coordination with nearby facilities will be required. 
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Similarly, if tanks are to be removed, the excavations will impact near-by facilities and 
coordination with those remediation/closure actions is critical. 
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4. HISTORY OF THE TANK FARM VADOSE ZONE 
PROGRAM 

Author: Fred Mann 

4.1 PROGRAM ESTABLISHMENT 

In the mid 1990s, Hanford Site regulators and stakeholders 
became very concerned that tank waste constituents 
(particularly cesium-1 3 7) had traveled farther (perhaps to 
groundwater) than had previously been presumed. The U.S . 

The Tank Farm Vadose Zone 
Program was established to 
address the past releases from 
Hanford Site tank farms. 

Government Accounting Office issued a report, Understanding of Waste Migration at Hanford is 
Inadequate for Key Decisions (GAO 1998), and an external expert panel provided their views in 
TWRS Vadose Zone Contamination Issue Expert Panel Status Report (DOE/RL 97-49). 

In response to these concerns, the Tank Farm Vadose Zone Program was established. With the 
help of various stakeholders and regulators, the Tank Waste Remediation System Vadose Zone 
Program Plan (DOE/RL 98-49) was prepared and issued. The activities laid out in this 
ambitious plan are now being completed. The technical goals outlined in the plan were the 
following: 

• Provide vadose zone information and impacts to Tank Waste Remediation System decision 
makers 

• Determine the nature and extent of vadose zone contamination in the tank farms through new 
field studies, laboratory analyses and experiments, and historical data searches 

• Validate models used in providing information 

• Develop the database needed for tank farm risk models 

• Perform interim corrective actions that will lessen the impacts of existing tank leak 
contaminants. 

The principles outlined in the Tank Waste Remediation System Vadose Zone Program Plan 
(DOE/RL 98-49) were the following: 

• Information generated will be determined by the need of other Tank Waste Remediation 
System programs 

• Scientific methods and principles will be used 

• Information from other programs will be used in the Tank Farm Vadose Zone Program as 
appropriate 

• Before new data or tools are generated, current information will be reviewed to develop 
understanding and to identify what, why, where, and how new information will be collected 

• External peer review is important for success 

• Input from the public is important for success. 
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4.2 CODIFICATION OF REQUIREMENTS 

After much interaction between the U.S. Department of 
Energy, the U.S . Environmental Protection Agency, and the 
Washington State Department of Ecology, requirements were 
placed in the Hanford Federal Facility Agreement and 
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Requirements are placed in the 
Hanford Federal Facility Agreement 
and Consent Order. 

Consent Order (Ecology et al. 2007). Over the years, these have been modified. 
requirements are shown in Figure 1-1 in Chapter 1. 

The current 

The general process is to 

• Document previously obtained data and information 

• Determine what new information is needed and document in work plans (and addenda) how 
that data and information will be obtained (mi lestones M-045-51 , -52, -53, and-54) 

• Obtain the data and information 

• Document data and analyses in Field Investigation Reports (Milestones M-045-55-T0 1, 
-T02, -T03 , and-T04). 

The Field Investigation Reports include 

• the new results 

• the impact on risk of the current state of knowledge 

• descriptions of interim measures that have been or will be implemented 

• recommendations for future work 

• Document in a RCRA Facility Investigation (RFI) Report all the current data, information, 
and knowledge (Milestone M-045-55). This document is the RFI report. 

• Implement measures (known as interim measures) that would lessen environmental impacts. 
Milestone M-045-56 requires annual meetings to determine the need for such interim 
measures. Such interim measures have been and will continue to be implemented under 
Milestone M-045-57. 

• Using the RFI report, perform a Corrective Measures Study on possible additional interim 
corrective measures to further minimize impacts (Milestone M-045-58). The implementation 
of these measures is covered by Milestone M-045-59. 

• Determine at a high level how final remediation outside of the tanks would be performed in 
the single-shell tank waste management areas (Milestone M-045-60). 

4.3 WHERE WE ARE 

We are nearing the end of Phase 1 of the Tank Farm Vadose 
Zone Program. Table 4-1 displays the activities and the 
reports generated so far. 

History of the Tank Farm Vadose Zone Project 

Much has been accomplished during 
Phase 1. Initial characterization has 
occurred in each of the waste 
management areas. More will be 
done in Phase 2. 
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Item 

Document previously 
obtained data and 
information 

Determine what new 
information is needed 
and document how to 
obtain that data and 
information 

Obtain the data and 
information 

Document data and 
analyses 

Document all the 
current data, 
information, and 
knowledge 

Implement measures 
that would lessen 
environmental impacts 

Perform a Corrective 
Measures Study on 
possible interim 
corrective measures to 
further minimize impacts 
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Table 4-1. Status of the Program (Phase 1) 

Waste Management Area 

A-AX, C, and U B-BX-BY S-SX T and TX-TY 

Subsurface Conditions Subsurface Conditions Subsurface Conditions Subsurface Conditions 
Description Report for Description Report for Description Report for Description Report for 
the C & A-AX Waste the B & BX & BY Waste the S-SX Waste the T & TX- TY Waste 
Management Areas Management Area Management Area Management Areas 
(Wood et al. 2003) (Wood et al. 2000) (Wood et al. 1999) (Wood et al. 2001 ) 

Subsurface Conditions 
Description Report for 
the U Waste 
Management Area 
(Wood and Jones. 
2003) 

A Summary and Evaluation of Hanford Site Tank Fann Subsurface Contamination (Jones et al. 1998) 

Phase 1 RCRA Facility Investigation/Corrective Measures Study Work Plan for SST Waste 
Management Areas (DOE/RL 99-36) 

Site Specific SST Phase Site Specific SST Phase Site-Specific SST Site Specific SST Phase 
1 RFI/CMS Work Plan 1 RFIICMS Work Plan Phase 1 RFIICMS Work 1 RFI/CMS Work Plan 
Addendum for WMAs A- Addendum for WMA 8- Plan Addendum for Addendum for WMAs T 
AX, C, and U (Crumpler BX-BY (Rogers and WMA S-SX, (Knepp and and TX-TY (Crumpler 
2005) Knepp2000) Rogers 2000) 2002) 

Complete, except for Complete Complete Complete 
advanced analysis of 
U Farm samples 

Field Investigation Field Investigation Field Investigation Field Investigation 
Report for Waste Report for Waste Report for Waste Report for Waste 
Management Areas C & Management Area Management Area S-SX Management Areas 
A/AX (Connelly 2007a) 8-BX-BY QSmmQ (Knepp 2002a) T and TX-TY (Myers 

Field Investigation 
2002b) 2005) 

Report for Waste Updates are discussed in Appendix J of this RFI Report 
Management Area U 
(Connelly 2007b) 

This RFI Report 

Implemented 
(tested water lines, installed berms and gutters, as well as installed caps for boreholes) 

(installation of interim barrier over Tank T-106 subsurface plume) 

In progress 
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We have thoroughly researched the Hanford Site records (including operations reports) that dealt 
with tank farm operations, paying particular attention to spills and leaks. We summarized the 
findings from that effort in a series of Subsurface Conditions Descriptions Reports (Wood et al. 
1999, Wood et al. 2000, Wood et al. 2001 , Wood et al. 2003 , and Wood and Jones 2003). Based 
on that information and the need of risk estimates, data gaps were identified and prioritized in 
A Summary and Evaluation of Hanford Site Tank Farm Subsurface Contamination (Jones et al 
1998). A master work plan was written (DOE/RL 99-36) and approved by the Washington State 
Department of Ecology (Ecology). 

For each collection of farms (the collection being known as a waste management area), a site
specific work plan was written (Knepp and Rogers 2000, Rogers and Knepp 2000, Crumpler 
2002, and Crumpler 2005) and approved by Ecology. The work (whether field or laboratory) 
was implemented and summarized in Field Investigation Reports (Knepp 2002a, Knepp 2002b, 
Myers 2005, Connelly 2007a, and Connelly 2007b). Each Field Investigation Report also 
contains a risk assessment, a description of the interim measures implemented, and 
recommendations for further actions. All of this information (including the Field Investigation 
Report for the last waste management areas) is included or summarized in this document. 
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Appendix L of this RCRA Facility Investigation Report. 
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5. MAJOR ACCOMPLISHMENTS 
Authors: Fred Mann and the RFI Team 

5.1 I TRODUCTIO 

The Tank Farm Vadose Zone Program has been in existence 
for 10 years . Chapters 6 through 14 provide details of the 
accomplishments. Chapters 15 through 28 show how the 
information and understanding gained have increased our state 
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The Tank Farm Vadose Zone 
Program has been very successful 
in its 10 years of existence 

of knowledge. The Program has accomplished the following major tasks: 

• Established a process to characterize vadose zone (Section 5.2) 

• Conducted field investigations (Section 5.3) 

• Performed laboratory analyses (Section 5.4) 

• Evaluated data (Section 5.5) 

• Implemented interim measures (Section 5.6) 

• Created the single-shell tank farm system performance assessment (Section 5.7). 

5.2 CHARACTERIZATION PROCESS 

5.2.1 Overview 

Although in some senses, Hanford Site tank farms are not 

Five approaches are key to the 
accomplishments of the Tank Farm 
Vadose Zone Program. 

much different than groups of tanks at other facilities ; the situation at Hanford poses unique 
challenges to carry out remediation. For many of the early years of the Hanford Site, production 
goals and secrecy were paramount to win the cold war. Environmental protection was not high 
on the list of goals. Thus, there was public and regulatory mistrust as the Tank Farm Vadose 
Zone Program was created. Five important new approaches were adopted: 

• Emphasis on knowledge and understanding (Section 5.2.2) 

• Use of previously obtained data (Section 5.2.3) 

• Incorporation of gross and spectral gamma radiation measurements (Section 5.2.4) 

• Tiered laboratory approach (Section 5.2.5) 

• Multidiscipline Science Team (Section 5.2.6). 

5.2.2 Emphasis on Knowing and Understanding 

Early on, the Tank Farm Vadose Zone Program determined that to be successful the emphasis 
had to be on knowledge and understanding, rather than only the collection of data. Many 
Hanford cleanup projects simply measure soil contaminant levels, compare those levels to a 
standard, and then decide what to do (remove the soil or leave it in place). However, inside the 
tank farms, there can be many sources, there is much infrastructure in the way, some of the waste 
will be extremely difficult to remove (the hard heel waste skin at the bottom on the tank or the 
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contaminated soils 250 feet below ground surface) , and there are many options for remediation. 
Therefore, instead of a simple rule-based process, the process used was to understand what has 
happened through many lines of evidence and then to know how the situation will evolve with 
time, so that decision makers can best select remediation options. 

5.2.3 Use of Previously Obtained Data 

Many investigations were performed before the creation of the Tank Farm Vadose Zone 
Program. The Hanford Site kept careful records of the activities performed. Before 
characterization efforts started, a detailed examination of past characterization was performed 
that lead to the creation of Subsurface Condition Description Reports (Wood et al. 1999, Wood 
et al. 2000, Wood et al. 2001 , Wood et al. 2003, Wood and Jones 2003). Moreover, by 
investigating operations reports of the various process canyons, detailed descriptions of the 
components of waste processing streams and of off-normal conditions were discovered (for 
example, Field and Jones 2006 and Lambert 2005). 

5.2.4 Incorporation of Gross and Spectral Gamma Radiation Measurements 

One of the key resources available to the Tank Farm Vadose Zone Program was the long-term 
effort to measure gamma radiation in the sediments in the tank farms through the use of gamma 
ray detectors. When a leak from a single-shell storage tank was suspected, boreholes were 
installed to obtain sediment samples and to create a cased borehole to monitor future movement 
of contamination. The boreholes, commonly referred to as dry monitoring boreholes, were used 
to remotely monitor the contamination in the soils (more about this in the next section). By 
using dry monitoring borehole records, much can be learned about the volumes of waste lost (by 
leaks or spills), the type of waste lost, and the associated chemicals that can impact the 
movement of the waste. From 1975 to 1995, detectors that measured only the total amount of 
gamma ( or gross) radiation were used. Reports on the analyses of these measurements are 
shown in Table 5-1. 

Table 5-1. Analyses of Dry Well Gross Gamma Logs 

Farm Document Number Year Farm Document Number Year 

A RPP-8820 2001 s HNF-4220 1999 

AX RPP-8821 2001 sx HNF-3136 1999 

B HNF-5433 2000 T RPP-6088 2000 

BX HNF-3531 1999 TX RPP-6353 2000 

BY HNF-3532 1999 TY HNF-3831 1999 

C RPP-8321 2001 u RPP-7729 2001 
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In the late 1990s, the measurement of gamma radiation in the boreholes was resumed using more 
modem spectral gamma detectors (those that measured not only the amount of radiation, but also 
its energy distribution). Such energy information usually allows the determination of the 
radionuclides that emitted each radiation energy level. A report, which discussed the spectral 
gamma measurements versus time, was issued for each single-shell tank. The individual tank 
reports for each tank farm were further summarized as tank farm roll ups. Table 5-2 displays the 
summary reports for each tank farm. 

Table 5-2. Analyses of Dry Well Spectral Gamma Logs 

Farm Document Number Year Farm Document Number Year 

A GJO-98-64-T AR; GJO-HAN-23 1999 s GJO-97-31 -T AR; GJO-HAN-17 1998 

AX GJO-97-14-TAR; GJO-HAN-12 1997 sx DOE/ID/12584-268; GJO-HAN-4 1996 

B GJO-99-113-TAR;GJO-HAN-28 1999 T GJO-99-101-T AR; GJO-HAN-27 1999 

BX GJO-98-40-T AR; GJO-HAN-19 1998 TX GJO-97-11-TAR; GJO-HAN-13 1997 

BY GJO-HAN-6 1997 TY GJO-97-30-T AR; GJO-HAN-1 6 1998 

C GJO-HAN-1 8 1998 u GJO-97-1-TAR; GJO-HAN-8 1997 

Combining the analyses of the historical and the modern spectral gamma logs allowed the Tank 
Farm Vadose Zone Program to identify the most impacted areas in the single-shell tank farms . It 
was through these assessments of the gross and spectral gamma historical information that the 
Program determined where to place new boreholes to obtain samples for laboratory analyses. 

5.2.5 Tiered Laboratory Approach 

The purpose of the laboratory measurements is not only to determine contaminant 
concentrations, but to collect data to understand how the contaminants moved through the 
subsurface and how they will move in the future . Normally, about 20 high-quality ("split 
spoon") samples 1, each weighing about 120 pounds, are retrieved from each borehole. A direct
push campaign2 usually involves between 20 and 40 pushes, but only one sediment sample, 
weighing about 2 pounds, is gathered from each direct push. 

Some of the sampled sediments are lightly contaminated; others contain high levels of radiation 
that could be lethal if precautions were not taken. In addition, a wide variety of laboratory 
analyses are generally desired to meet regulatory and scientific needs. Thus, laboratory analyses 
must be chosen carefully to protect the workers/analysts and to optimize the data obtained. With 
the approval of the Washington State Department of Ecology, a three-tier approach for 
laboratory analyses was developed: 

1 Split-spoon samples are collected by driving a plastic hollow pipe (a pipe of about 4 to 12 inches in diameter that is 
split in two vertical halves) through the sediment. Once the plastic pipe is retrieved and sent to a laboratory, the 
sediments can be removed. This methodology results in the least disturbance to the sediments. 
2 Direct-push campaigns use much narrower pipes (about 2 inches in diameter) that can be pushed into the 
subsurface. 
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• Tier 1: What are the major constituents in the sample 

• Tier 2: What are other significant contaminants in the sample and what are the key 
properties of the sample 

• Tier 3: Using advanced techniques, how did the contaminants arrive in the samples and how 
would they have moved in the future? 

The first tier analyses are performed on each sample to provide a quantitative measure of the 
following: 

• Moisture content of the sediments 

• Hazard of the sample (based on gamma and high energy beta radiation dose rates 

• Spectral gamma radiation content 

• Key tank waste contaminants (such as technetium, nitrate, chromium) that can be removed 
by the sediments by the introduction of water 

• Key properties of the extracted water (such as pH and electrical conductivity) 

A visual observation of the sediments to determine if interesting physical or chemical processes 
have occurred is also performed. 

Depending on the expected source of the plume being investigated, additional analyses are 
included in the first tier analyses to focus on additional key contaminants. 

Based on the results of the first-tier analyses, further analyses, named tier 2 analyses, are 
selected, again with the concurrence of the Washington State Department of Ecology. For the 
selected samples, the tier-2 analyses determine the concentration of the majority contaminants in 
the sediment (common alkali and alkaline earth cations 1

; aluminum; silicon; iron; common 
anions 2, such as sulfate, phosphate, carbonate) and tank waste constituents ( most of the RCRA 
metals and long-lived radionuclides (actinides with half lives greater than several hundred years 
and fission products3 with half-lives greater than 10 years]). In addition, tier-2 analyses can 
include the determination of mineralogy4 of the sediments; hydro logic properties such as matric 
potential, which indicates whether the sediments are "dry" or "wet" ( capable of draining water in 
the natural field state); and mobility of the contaminants. 

A third (final) tier of analyses are performed on a limited number of sediment samples selected 
to understand the underlying chemical and physical processes for contaminant transport. These 
range from determining the speciation of contaminants (for example, Cr+3

, Ct 6
) to determining 

location of particular contaminants inside or attached to the surfaces of mineral structures to 
determine the release or migration kinetics of specific contaminants from the sediments during 
current or future interactions with percolating water. Often, the analyses in this tier are 

1 Cations are positively charged atoms (for example, the sodium ion) or collections of atoms in the collected water. 
2 Anions are negatively charged atoms or collections of atoms (for example, nitrate ions) in the collected water. 
3 Fission products are the atoms formed during the fissioning of uranium, plutonium, or other atoms. 
4 Mineralogy is how the various chemicals are combined to form sediment particles. 
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performed in DOE' s most advanced facilities as described in the next section on wrap-around 
science. 

5.2.6 Multidiscipline Science Team 

The Tank Farm Vadose Zone Program assembled a team consisting of some of the U.S. 
Department of Energy' s best scientists and facilities to study the sediments that have been 
gathered. These sediments are unique. They have been subjected to a broad range of chemicals 
under extreme chemical conditions (very high salinity, very highly caustic, and elevated 
temperature) for up to 60 years of contact. Thus, the sediments have become prizes eagerly 
sought. The scientists have used some of the finest facilities in the DOE system, from the large 
particle accelerators at the Sanford Linear Accelerator Center and at the Argonne National 
Laboratory to large magnetic spectrometers at the Environmental and Molecular Sciences 
Laboratory. As seen in many sections below, the efforts of the multi-disciplined science team 
have significantly aided the effort to improve the understanding of the chemical, physical, and 
hydro logic processes that control the fate of key contaminants and the natural and stressed 
subsurface environment. 

5.3 FIELD I VESTIGA TIO S 

5.3.1 Overview 

Data collection is a critical part of the Tank Farm Vadose Zone Program effort, and data 
collection starts in the field. Sediment samples must be collected. Geophysical measurements 
must be gathered. There have been many significant accomplishments in the last ten years: 

• Safety (Section 5.3.2) 

• Tank SX-108 slant borehole (Section 5.3.3) 

• Reentered laterals in A and SX Tank Farms (Section 5.3.4) 

• Innovative sampling techniques (Section 5.3.5) 

• Surface geophysical exploration (Section 5.3.6). 

5.3.2 Safety 

New data collection starts in 
the field. A wide variety of 
techniques are used to obtain 
needed data. 

Drilling is a dangerous activity. There is large equipment, it moves fast, and many activities are 
occurring quickly. Drilling for the Tank Farm Vadose Zone Program adds the presence of highly 
radioactive material. However, the safety record over the eight years of drilling has been 
excellent: 1 day lost to injuries, 4 first-aid cases, and no significant radiation exposures. This 
rate is far better than industry averages. It results from good planning and careful execution. 

5.3.3 Tank SX-108 Slant Borehole 

The largest leaks from the single-shell tanks are thought to come from the bottoms of the tanks. 
Yet the most difficult locations to drill are underneath the tanks, because of the possibility of 
drilling into and through a tank, an event that could cause more contamination to be released. 
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Efforts early in the Program life looked at directional drilling; that is, drilling in which the 
direction of the bore could change during drilling. However, the industry techniques for such 
drilling would introduce significant amounts of water into the subsurface, accelerating the 
movement of already released contaminants. A safer technique is to drill a borehole at an angle 
that passes along the side of the tank and penetrates the sediment beneath the tank bottom. In the 
late 1990s, many believed that such a slant drilling could not be done or would not be done in a 
tank farm. However, after many demonstrations outside of tank farms , the slant borehole drilling 
under tank SX-108 (the source of one of the largest subsurface plumes) was approved. 

The intent was not only to drill underneath the tank, but also to retrieve samples. The samples 
were expected to contain 109 picoCuries I of Cesium-13 7 per gram of sediment. An unshielded 
soda-can-sized sediment sample with this level of contaminant would quickly kill a worker. So, 
additional planning occurred to shield the workers who would gather and handle the samples. 

The planning was successful. The borehole was drilled, passing within 5 feet of the base of the 
tank. Seventeen split-spoon samples, each containing two 2-inch diameter by 6-inch long cores 
were gathered underneath the tank and then analyzed. All of these data were reported in the 
Investigation Report for Waste Management Area S-SX (Knepp 2002a). Figure 5-la shows a 
picture of the SX 108 Slant Borehole operation, while Figure 5-1 b shows the locations of the 
sediment samples. 

Figure 5-la. SX-108 Slant Borehole Drilling 

1 A picoCurie (or pCi) is the standard unit of describing the amount of radionuclides in soil or water. One pCi is I 
million millionth 00·12

) ofa Curie. Thus 109 pCi = I Curie/1000. 
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Figure 5-lb. Locations of Sediment Samples Obtained from the SX-108 Slant Borehole 
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5.3.4 Reentered Laterals Underneath the A and SX Tanks 

There are over 700 vertical boreholes surrounding the tanks available for monitoring tank leaks. 
However, starting in the late 1950s, horizontal tubes were placed under the self-boiling tanks 
(that is, tanks that had sufficient heat from nuclear decay to heat water to boiling) in the A and 
SX Tank Farms. For many years, radiation detectors were placed in these laterals to detect leaks 
and contaminant movement. However, in the late 1980s, such monitoring stopped, as worker 
exposure issues and concern over "collapsed" tunnels made the effort unacceptably risky. 

The Tank farm Vadose Program reinvestigated the laterals and found that they were still usable 
with smaller diameter equipment that could be threaded into the laterals without the need for 
humans entering the confined spaces. New, modem detectors, video cameras and pipeline 
deployment apparatus were used. The laterals under Tanks A-103 , A-104, A-105 , SX-107, 
SX-108, SX-110, SX-11 , SX-112, and SX-115 were relogged. The results are summarized in 
Appendix J. 
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Sediment sampling is a mature technology. However, safe sampling of highly contaminated 
(radioactive) sediments required development of novel equipment and techniques. For example, 
the first sampling campaign occurred in and below an existing borehole. Techniques to extend 
the borehole without remobilizing contamination and to obtain samples through the existing 
borehole (side-wall sampling) were developed. Bringing highly contaminated samples to the 
surface required the development of new sampling methods, such as the use of lead-overpacked 
(shielded) split-spoon liners, reconfigured split-spoon samplers to facilitate direct shipment to the 
laboratory or easy manipulation in the field, and shielded secondary containment (portable 
gloveboxes or green houses), walk-in fume hoods, and extended long-handled wrenches/tools to 
break open the split spoons to obtain the shielded liners containing the sediment. 

Boreholes are very expensive to install in the tank farms . Although costs have been reduced 
from many millions of dollars down to less than a million dollars per borehole, many sampling 
events are needed, particularly for samples near the surface. Direct-push technology (where a 
rod is pushed through the sediment) was investigated, but found wanting because the rods could 
not penetrate the compacted sediments at the bottom of the tank farm. A new technique (using a 
hydraulic hammer) was developed that is now lowering costs and accelerating the field schedule. 
It has been used in B, BX, C, T, TY, and U Farms. A photograph of the hydraulic hammer 
equipment is shown in Figure 5-2 . The new results from this technique are summarized in 
Appendix J. 

Figure 5-2. Hydraulically Driven Direct Push Sampler 
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Plumes in the subsurface are inherently three-dimensional. Sediment sampling via traditional 
borehole drilling is, at best, point sampling usually along a vertical line. Similarly, borehole 
logging of emplaced casing provides information along a continuous line. The Fluor Hanford 
Company, the DOE prime contractor for areas outside of the tank farms on the Central Plateau, 
brought in a new technique that provides three-dimensional information on subsurface plumes 
(Rucker and Sweeney 2004). This technique, known as high-resolution resistivity (or surface 
geophysical exploration) measures the electrical resistance between many different points (most 
on the surface, but some subsurface). These resistance values can be inverted (as is done in 
computer assisted tomography-or CAT-scans) to show the electrical resistance of a particular 
volume of sediment. The key species that influence the vadose zone resistivity or its reciprocal 
(conductivity) are the dominant dissolved salts in pore water, usually sodium and nitrate from the 
neutralization of highly concentrated nitric acid wastes with sodium hydroxide. From the 
resistivity measurements, the actual concentrations can then be inferred. Figure 5-3 shows the 
"resistivity" plumes under T Farm. The entire tank farm surface geophysical exploration effort 
is summarized in Appendix J. 

Figure 5-3. Plumes under T Farm as Determined by Surface Geophysics Exploration 
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5.4 LABO RA TORY ANALYSES 

5.4.1 Overview 

Once sediment samples are obtained, they undergo 
laboratory analysis not only to determine the 
contaminant concentrations but also ( and usually more 
importantly) the processes that control the movement 
of contaminants. A relatively recent extension of the 
Tank Farm Vadose Zone Program has been the 
laboratory analyses of sludges and saltcake from pre
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The laboratory analyses of sediments 
collected in the field provide not only 
contaminant concentrations but also the 
parameters needed to understand transport 
processes and how the contamination will 
move in the future. 

and post-retrieved single-shell tanks in support of determining what processes are important in 
releasing contaminants from residual wastes contained in the closed tanks into the environment. 
Some laboratory highlights from the 10 years are the following: 

• Interactions of highly caustic tank waste with sediments (Section 5.4.2) 

• Cesium mobility (Section 5.4.3) 

• Uranium mobility (Section 5.4.4) 

• Fate of technetium through the bismuth phosphate precipitation process (Section 5.4.5) 

• Release rates from tank waste residuals (Section 5.4.6). 

5.4.2 Interactions of Highly Caustic Tank Waste with Sediments 

Tank waste was kept extremely basic (pH being greater 14) to minimize corrosion of the single
shell carbon steel tanks . In addition, some of the tanks had temperatures above 200°F because of 
the radioactive decay of the large concentrations of short-lived radionuclides. At the birth of the 
Tank Farm Vadose Zone Program, many believed that such waste would greatly alter the 
physical and chemical properties of the sediments right outside the leak location. 

Some changes in chemical and mineralogical properties of near-tank sediments have been seen. 
Besides the presence of the contamination, the pH of the soil has been increased from its natural 
value of about 7.5 to 8 to as high as 9.5 to 10. In addition, water-soluble magnesium and 
calcium generally present in the sediment have been displaced downward, having been replaced 
by sodium present in very high concentrations in the tank liquids that leaked. 

Few sediment samples have been retrieved within 10 to 15 feet of the sides and bottoms of 
single-shell tanks near where leaks are suspected to have occurred. The closest sampling event 
to date has been sediment cores taken from the slant borehole along and below Tank SX-108. 
One core was obtained 2 feet below the base of the tank and 8 feet away from the tank sidewall 
and another sediment core was obtained 14.5 feet below the base of the tank and directly under 
the tank sidewall. Another 14 cores were obtained at deeper depths, as the slant hole penetrated 
all the way to locations directly under the center of Tank SX-108's bottom. 
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• The sediment from the core taken 14.5 feet below the tank bottom but directly under the 
sidewall showed slight indications of caustic fluid dissolution attack on individual grains of 
sediments and faint signs of some mineral alteration to new solids, called zeolites. 

• This sediment was quite dry (likely from the high heat from the tank, thus driving water 
away) and its water extract had a pH of 9.6 and was moderately laden with salts from the 
tank liquids. 

• Sediment water extracts 21 feet deeper and farther toward the tank' s center contained 
80 times more salts but normal pH values. 

• The sediments at a depth closest to the tank bottom and the sediments 14 .5 feet below the 
tank bottom but right below the tank sidewall that showed the mineral alteration contained 
slightly lower concentrations of the highly sorptive radionuclide cesium-137 than the 
sediments 21 feet deeper and closer to the center of the tank bottom. 

• The most mobile contaminants, technetium-99, hexavalent chromium, and nitrate were found 
40 feet below and underneath SX-108's bottom in cores #9 and # 10 (Figure 5. lb) within 
sediments that showed no signs of caustic attack. 

We, thus, conclude that 

• The zone of caustic attack around leaking single-shell tanks is likely limited to a zone with a 
radius of 15 to 20 feet. 

• The caustic influence did not dramatically alter the sediment's physical , hydrological and 
mineralogical properties. That is, grain dissolution does not form large void spaces and 
subsequent re-precipitation does not completely plug existing pores and thus cause large 
changes in porosity and hydraulic conductivity (water-flow rates) . 

• Slight changes in porosity, hydraulic conductivity, and formation of new precipitates, (within 
the caustic zone created by tank leaks) can have measurable effects on fluid-flow direction 
and contaminant migration. 

5.4.3 Cesium Mobility 

One of the main technical reasons that the Tank Farm Vadose Zone Program was created was 
because radioactive cesium was found much farther away from tanks in the SX Tank Farm than 
then-current theories could explain. Based on extensive laboratory analyses, most by the science 
team (see Section 5.2.6, John Zachara and his team from the Pacific Northwest National 
Laboratory) studied the highly contaminated sediments from below the SX Tank Farm and 
developed a more accurate and mechanistically based cesium-movement model that explained 
the processes involved and determined the parameters needed to quantify cesium migration 
through sediments (Appendix D of the Field Investigation Report for Waste Management Area 
S-SX [Knepp 2002a] and Zachara et al. 2000, Liu et al. 2003a, Liu et al. 2003b, Liu et al. 2004a, 
McKinley et al. 2001 , and McKinley 2004). The key findings that were not appreciated in 
earlier cesium adsorption models recognized the following: 

• Large amount of sodium that is in tank waste was concentrated by self-boiling to 
concentrations up to four times higher than previously thought 
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• Fission process created four isotopes of cesium (133, 134, 135, 137) that, when also 
concentrated by the self-boiling, resulted in high enough mass concentrations to saturate 
available sorption sites in Hanford sediments. 

As sodium is very simi lar in its chemical properties to cesium, the large quantities of sodium 
significantly competed for the available sorption sites I usually preferred by cesium, and the 
larger than previously considered mass concentrations of cesium in the leaked fluids also 
overwhelmed (saturated) the low quantity of preferred sorption sites in the sediments closest to 
the tank leak. Thus, instead of being relatively easi ly adsorbed in a small volume of sediment, 
cesium present in fluids that leaked from self-boiling tanks migrates farther than previously 
predicted until the cesium atoms find sorption sites not already saturated with cesium or sodium. 
Hence, cesium from the self-boiling tanks that leaked, a subset of all of Hanford ' s single-shell 
tanks, moves with the water larger distances than previously predicted. As the leaked fluid 
migrates away from the leak location, the sodium in the leaked fluids is diluted by direct ion 
exchange removal onto the native sediments and by mixing with the sediment' s natural moisture . 
The cesium concentrations also diminish by sorption onto both cesium-preferred sites and 
general cation-exchange sites on the sediments, and by the same dilution with the sediment's 
natural moisture content. Once the sodium and cesium concentrations in the pore fluids drop to 
lower concentrations, the normal sediment interactions adequately modeled in the past take 
place, with the result that cesium ' s migration is significantly retarded in relation to sodium and 
most other cationic species. 

The parameters needed to model the behavior of cesium in the liquids that leaked from self
boiling tanks have now been determined, and current cesium migration-modeling predictions 
agree well with the field observations (both spectral gamma logs and distributions measured in 
contaminated boreholes) . 

5.4.4 Uranium Mobility 

Much work has been done to understand the fate of uranium in subsurface systems below the 
single-shell tanks in the Central Plateau and the fuels fabrication disposal facilities in the 
300 Area. However, at the present time, a universal and simple uranium fate conceptual model 
is not available to accurately describe uranium migration in a quantitative fashion. Work is 
continuing, and as the transport mechanisms are better understood, predictions are improving. 

Uranium interactions with Hanford sediments have been found to vary significantly with 
chemical composition of the waste stream that was disposed with uranium. In the Central 
Plateau underneath several single-shell tanks that leaked several types of wastes, numerous 
boreholes have intersected plumes containing uranium. The distribution of uranium as a function 
of depth or distance from the likely leak source varies between boreholes. Leaching experiments 
and detailed solid-phase characterization studies on the contaminated sediments show that 
uranium retardation varies considerably, and the uranium/mineral forms, both discrete uranium 
precipitate phases and minerals to which uranium appears to be adsorbed/co-precipitated, are 

1 Sorption sites are points on sediment particles where ions in the water are exchanged for atoms on the sediment 
surface. 
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diverse between the boreholes. The kinetics of uranium leaching from the various contaminated 
sediments also vary, with some uranium leaching fairly quickly and most leaching rather slowly. 
The chemical composition of the water used to leach the contaminated sediments also has a 
strong effect on how much and how fast uranium leaches out of contaminated sediments. It has 
been known for many years that the pH and carbonate/bicarbonate content of the solutions that 
either contain the uranium or that leach uranium from contaminated sediments are key variables 
that control the fate of uranium. The presence of natural or waste-induced calcium carbonate and 
ferric oxides in Hanford sediments can interact strongly with dissolved uranium to retard its 
migration in the percolating porewaters when the pH of the solutions is within certain ranges. If 
the solution pH and carbonate/bicarbonate concentrations are above neutral and moderately high 
(but below concentrations where calcite is actively precipitating), respectively, uranium 
migration potential is high. It also appears that elevated temperature and the presence of 
phosphate and sulfate ions (both present at high concentrations in the bismuth phosphate type 
waste streams) can add further complications to the fate of uranium in the Hanford subsurface 
environment, where carbonate/bicarbonate and neutral to high pH are always present below the 
single-shell tanks . 

Further, along the Columbia River near the former uranium fuel fabrication facilities , uranium 
has been a persistent contaminant in the shallow groundwater for decades. In general, the waste 
streams that were disposed did not contain phosphate, sulfate and dissolved constituents, in 
concentrations as high as the tank liquors that leaked from the tanks. The pH of the fuels 
fabrication waste streams was variable. The sediments along the Columbia River bank near the 
uranium fuels fabrication facilities are coarser grained than sediments underlying the tank farms, 
and the porewaters in the vadose zone and the groundwater below the fuels fabrication facilities 
are more dilute than those below the tank farms . The groundwater chemical composition near 
the Columbia River is also variable, as river water is pushed inland during times when the 
Columbia River elevation is high, either from the seasonal effects of snowmelt or hydroelectric 
energy production at the various upstream dams. The fate of the uranium in the groundwater 
plume near the Columbia River is even more difficult to understand than the uranium in the 
groundwater and vadose zone below the tank farms . However, some similarities have been 
found that suggest dissolved uranium in both places will interact with carbonate-bearing 
sediments to slow its migration via sorption/co-precipitation reactions. The release of sorbed/ 
co-precipitated uranium is enhanced by high pH and high carbonate/ bicarbonate-bearing waters, 
as long as the waters do not become supersaturated with respect to calcite precipitation. If 
calcite is actively precipitating, some uranium is captured in the calcite precipitate and removed 
from solution. 

In both locations, under single-shell tanks that leaked and the 300Area fuels fabrication disposal 
facilities, where there exists significant concentrations of sorbed/precipitated uranium in the 
sediments (both vadose zone and aquifer), it is quite possible to leach uranium, such that the 
leachate solutions contain greater than the allowable drinking water limits of uranium for long 
periods of time. Thus, the porewaters leaving zones of elevated sorbed uranium can sustain 
dissolved uranium concentrations above drinking water concentrations for long periods oftime. 
Dependent on the concentration of uranium present on the sediments farther away from these 
zones of elevated uranium and the evolution of the chemical composition of the migrating 
uranium-laden water, the uranium in solution may be diminished (reabsorbed/co-precipitated) or 
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continue to move with little retardation. One must know the values of many parameters of the 
sediments, the percolating porewaters, and the mass of uranium in the system to adequately 
predict the fate of uranium. 

5.4.5 Fate of Technetium Through the Bismuth Phosphate Precipitation Process 

Hanford Site operations were well planned and documented, however, work in the early years 
was focused on plutonium production. As the mission changed to environmental clean up, some 
technical issues that in the early years seemed less important are now being recognized as very 
important for making cleanup decisions or understanding the fate of key contaminants. One 
good example is determining which Bismuth Phosphate Process waste stream contains most of 
the technetium. This process was the first one used to separate plutonium from irradiated reactor 
fuels at Hanford. The volumes of waste created by the bismuth phosphate processing of 
irradiated fuels at Hanford constitute 80 per cent of the total volume of fuel reprocessing wastes 
generated. At the time, technetium was thought unimportant because of its long half-life and 
lack of penetrating radiation. We now know that technetium usually drives long-term 
groundwater risks . During bismuth phosphate operations, it was assumed that 90 per cent of the 
technetium went with the metal waste stream and 10 per cent with the first- and second-cycle 
product wash waste streams, based on gross beta analyses of batches of the various waste 
streams. It was tacitly assumed that all beta emitters would act similarly during the process steps 
and, thus, each would partition to the waste streams according to the gross beta measurements. 
The assumption that all the beta-emitting fission products have the same chemical properties is 
obviously too simple to be useful. What is important to understand today is that the metal waste 
stream (after neutralization) was sent to single-shell tanks while the first- and second-cycle 
product wash waste streams were disposed to cribs and trenches. Thus, a more accurate 
understanding on where technetium would partition within the bismuth phosphate waste streams 
is quite important. 

The Tank Farm Vadose Zone Program funded the Pacific Northwest National Laboratory to 
simulate the bismuth phosphate process. The results of four replications of the bismuth 
phosphate process found that >97% of the technetium would be found in the metals waste 
solution that was disposed to single-shell tanks and that 1 % or less would be found in the waste 
streams that were sent directly to cribs and trenches. This new information provided better 
agreement with tank waste measurements, as well as technetium measurements below the 
trenches just west of the BX Tank Farm. 

5.4.6 Release Rates from Tank Waste Residuals 

To support the Single-Shell Tank Performance Assessment, the Pacific Northwest National 
Laboratory has measured the release of waste constituents from actual sludge from Tanks C-106, 
C-203, and C-204. Each of these tanks is described as a sludge tank, which is a tank having 
waste characterized as being dominated by metal oxides rather than salts. However, the 
contaminant-release behavior is very different in each of these tanks and different for technetium 
and uranium (the key contaminants of concern). 
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The total concentrations of the primary contaminants of concern (technetium-99, iodine-129, 
chromium, and uranium) are relatively low in the residual C-106 sludge. Moreover, the water
leachable release rates are low. Such low values are attributable to the flushes with oxalic acid 
that were used to retrieve the waste out of C-106. At the end of these flushes, very little water
soluble material remained. 

The total concentrations of technetium-99 in Tanks C-203 and C-204 sludge are lower than the 
technetium-99 concentrations found in Tank C-106. The uranium concentrations in C-203 and 
C-204 sludges are 300 to I 000 times higher than the uranium concentrations in the residual 
sludge from C-106, perhaps reflecting the efficiency of oxalic acid at dissolving and removing 
uramum. Discrete uranium minerals, including cejkaite, were found in Tanks C-203 and C-204 
sludges. 

Quantitative release models for technetium-99 developed from the laboratory testing of Tank 
C-203 and C-204 sludges are based on the concentrations and solubilities of technetium-bearing 
solids in contact with porewater migrating through the sludges. There are two stages of 
technetium release to solution: 

I . Initially, a fast release of very mobile technetium-99 from an undetermined 
compound 

2. Followed by a slow release of the remaining technetium-99, which is relatively 
immobile because it is likely incorporated in a very insoluble iron mineral. 

The uranium-238 release model for Tanks C-203 and C-204 sludges is based on the 
concentrations and solubilities of uranium- and sodium-bearing minerals in contact with 
porewater migrating through the sludges. There are three stages of uranium release to solution: 

1. Initially, uranium release is suppressed by the release of sodium salts, as a result of 
the "common ion" effect 

2. Followed by the faster release of uranium from cejkaite [N£14(UO2)(CO3)3] 

3. Followed by a very low release rate because of a release from an undetermined 
mineral. 

The uranium stages of release do not coincide with the technetium stages of release. 

5.5 DATA EVALUATIONS 

5.5.1 Overview 

Analyses synthesize data ("connect 
the dots"), so that patterns can be 
seen and understood. 

Using the data collected through literature searches, fieldwork, and laboratory measurements , 
future groundwater impacts are estimated using computer models and codes. As a result of 
evaluations conducted, important advances to model inputs have been made in the following 
areas: 
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• Conceptual model (Section 5.5.2) 

• Temperature-dependent contaminant modeling (Section 5.5.3) 

• Reevaluation of single-shell tank leak volumes (Section 5.5.4) 

• Development of the first complete inventory estimate for single-shell tank leaks 
(Section 5.5.5) 

• Comparison of contaminant distributions in boreholes near the 1973 Tank T-106 leak event. 
(Section 5.5.6) 

5.5.2 Conceptual Model (including ion-exchange effects and lateral movement) 

Leaking tank waste has a variety of chemical and physical properties, some of which can be 
quite extreme. For example, the leaked waste from Tank SX-108 is thought to have a 
temperature greater than 300°F, a density more than 1.5 times that of water, and a pH greater 
than 14. Modeling such a complex system is difficult, because not only do many coupled 
processes have to be mathematically described but also values for all the numerous parameters 
for each model must be measured or estimated from some technically defensible process. 

It was realized fairly early on by the Program that the most realistic conceptual model could be 
broken into two steps: 

• An initial , short-duration step when tank waste properties completely overwhelm the natural 
system 

• A long-lasting step when the natural system reasserts its control of most of the key 
properties/parameters. 

Such a two-step conceptual model allows us to focus on knowing where contamination is now, 
rather than knowing the properties of the system at the time of the leak, and knowing how the 
system is changing now and in the future under the natural system dominance. For such an 
approach to be valid, we must show that now (and, presumably, in the future) the natural system 
has reasserted control. 

5.5.3 Temperature-Dependent Contaminant Modeling 

Because of the heat generated from radioactive decay, the temperatures of many of the tanks far 
exceeded the boiling point of water. Such a high-heat source also heated the sediments around 
the tanks. A key question early in the Program was whether such temperature effects were 
important in modeling moisture flow and contaminant transport outside the tanks. In key studies, 
Steve Yabasuki showed (Appendix D.7.1 of the S-SX Field Investigation Report [Knepp 2002a]) 
that temperature-dependent modeling is absolutely necessary for high-heat tanks when modeling 
begins at the time of the leak. However, if the modeling begins in the year 2000 with the 
existing plume and temperature regime used as boundary conditions, the differences in estimated 
fluxes entering groundwater using temperature-dependent and isothermal calculations are found 
to be small. 
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In the early 1990s, a systematic evaluation of how much fluid had been released from single
shell tanks was performed. That evaluation of volume estimates relied mainly on in-tank liquid 
level measurements done at the time of the leaks and tended to be conservative ( estimated the 
maximum volume loss) . There is still some controversy about leak volumes. Recently, the 
Office of River Protection and the Washington State Department of Ecology have begun an 
activity to reassess leak volumes from the single-shell tank system. The document Process to 
Assess Tank Farm Leaks in Support of Retrieval and Closure Planning (Eield 2007) establishes 
the process to develop estimates of tank-farm leak loss inventories. The first application of the 
process is documented in Hanford C-Farm Leak Assessments Report: 241-C-JOJ, 241-C-l JO, 
241-C-l l l , and 241-C-105 (Johnson and Field 2007). 

5.5.5 Developed the First Complete Inventory Estimate for Single-Shell Tank Leaks 

Based on the reevaluated single-shell tank-release estimates, the improved waste-stream transfer 
records, and knowledge of the chemical compositions of various waste types, better estimates of 
the inventory of the released contaminants in each leak event were developed (Corbin et al. 
2005). This document not only details the releases inside the tank farm, but also all of the 
releases to the soil in the cribs, trenches, and ponds and the larger inadvertent spills or unplanned 
events in the Central Plateau. 

5.5.6 Comparison of Contaminant Distributions in Boreholes C4104 and 299-Wl0-196 
Near the 1973 Tank T-106 Leak Event 

Borehole C4104 was drilled in 2003 to provide sediment from the vadose zone as close as 
possible to borehole 299-W 10-196 that was installed in 1993 to assess the migration of 
contaminants from the 1973 leak at Tank T-106. The C4 l 04 borehole is situated about 13 feet to 
the east of 299-W 10-196 and is farther away from Tank T- 106. The drilling techniques differed 
such that C4104 met refusal at a shallower depth about 127 feet below ground surface (bgs) than 
was reached at 299-Wl0-196 (about 180 feet bgs). The following discussion compares the 
vertical distribution and concentrations of various constituents per gram of dry sediment for both 
boreholes. No water extracts or attempts were made to obtain estimates of the porewater within 
the sediments at 299-W 10-196 in 1993; thus, the only comparisons that can be made are for the 
total concentration of constituents in the sediments of each borehole. The activities of short
lived radionuclides found in borehole 299-Wl 0-196 were decay-corrected to 2003 when 
borehole C4 l 04 was emplaced, so that the comparisons represent the current conditions 
( assuming that significant migration of radionuclides has not occurred in borehole 299-W 10-196 
over the last ten years). 

Nitrate is one of the most mobile and highest concentrated contaminants present in tank fluids 
and is not present in the Hanford natural environment at high concentrations. Thus, nitrate is a 
very good indicator of tank fluid and its migration. Data collected in 2003 for nitrate in 
sediments from borehole C4104 suggest that the maximum concentration in C4104 might be 
about 6 feet deeper than at 299-Wl 0-196, so there is evidence of vertical migration of 6 feet in 
the ten years between drilling of the boreholes. The concentrations of nitrate found in the 
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sediments vary some with peak concentrations of 4,400 and 2,600 µgig in 299-WI0-196 and 
C4104, respectively. 

Another highly mobile constituent in tank fluids is technetium-99. The C4104 to 299-Wl0-196 
comparison data show that technetium-99 present between the depths of 95 to 105 feet bgs in the 
Cold Creek lower subunit in borehole 299-Wl0-196 in 1993 is not present in borehole C4104 at 
similar depths in 2004. Unfortunately, the sampling and technetium-99 measurement frequency 
in 1993 for borehole 299-W 10-196 was too coarse to adequately complete a profile of the shape 
of the technetium-99 plume. Depending on what the technetium-99 concentration was in the 
peak of the plume (between 105 and 115 feet bgs; the zone where data are missing) in borehole 
299-Wl 0-196, the total masses of technetium-99 in the two boreholes appears to be quite similar. 
We can only conclude that the shallow portion of the technetium peak does appear to have 
descended six to ten feet over the ten-year span between the measurements. We can ' t assess 
whether the deeper part of the plume has descended a similar distance. 

A third fairly mobile, though not totally mobile , constituent in the Tank T-106 leak fluids is 
cobalt-60. After decay correcting the two borehole data sets to a common time, the data suggest 
that cobalt-60 has migrated somewhat deeper into the sediment profile within the Ringold Taylor 
Flat member at borehole C4104 when compared to the profile in 1993. At the 299-Wl0-196 
borehole, the cobalt-60 deepest peak is found at 111 feet bgs in 1993; whereas in borehole 
C4104 in 2003, the deepest cobalt-60 peak is found at about 113 feet bgs. The cobalt-60 
activities, after decay correction to 2003 , for both borehole profiles are in close agreement. This 
suggests that the total mass of cobalt-60 has not changed, once radioactive decay has been 
compensated for, in the sediments, and that the leading edge of the plume has redistributed only 
a few feet deeper into the profile in the past ten years. All three comparisons suggest movement 
of between 0.2 to 1 foot per year for mobile constituents over the past ten years under tank 
T-106. Additional details and comparisons of less mobile contaminants are found in Seme et al. 
(2004a). 

5.6 IMPLEMENTATION OF INTERIM MEASURES 

Although final closure of the single-shell tank farms is many 
years away, actions (known as interim measures) can be taken 
that mitigate contaminant movement. Three such actions have 
already occurred (see Chapter 5 in each of the Field 
Investigation Reports [Knepp 2002a, Knepp 2002b, 
Myers 2005, Connelly 2007a, and Connelly 2007b]): 

• Build berms and gutters to control surfacewater runon 

• Test and remove or cap off waterlines 

• Cap open boreholes. 

The Tank Farm Vadose Zone 
Program has not only studied past 
releases, the Program has 
implemented interim measures to 
mitigate the impacts of the releases. 

The tank farms are built in low points in the Central Plateau so that the waste created during the 
reprocessing of fuels would flow downhill from the processing plant to the storage tank. 
However, that design also allows water (particularly water from melting snows) to drain onto the 

Major Accomplishments 5-18 



Tier 1 - Chapter 5 
DOE/ORP-2008-01 

tank farms via surface runon (water flowing along the ground surface to low-lying locations). 
Once such water percolates into the subsurface it will drive any released contaminants towards 
the water table . In the early part of this decade, berms were constructed around the single-shell 
tank farms to divert any such surfacewater away from the farms and into gutters ( existing and 
newly built). These berms and gutters were tested during the 2004-2005 winter, which was very 
wet and created volumes of surfacewater very much above the average amounts . 

Historically, water was used for a variety of purposes inside the tank farms. With fewer 
operations, the current needs for water inside the single-shell tank farms are few. All waterlines 
entering and existing inside the single-shell tank farm fencelines have been tested. Those lines 
that have leaks and those lines that are no longer needed have been capped or stubbed off outside 
the tank farms . The testing revealed mainly leaking waterlines, including the one at the 
southwestern edge of the SX Tank Farm, which leaked so much water that a tree grew. 

There are numerous boreholes in the tank farms that are used for vadose zone monitoring. At 
one time, each borehole was capped, so that water would not have a preferential path from the 
surface down to the bottom of the borehole. As the years progressed, many of the caps were 
misplaced, such that many of the boreholes were open conduits to the subsurface. Early in the 
Program's history, new, relatively waterproof caps were placed on all of the boreholes to 
minimize this pathway. 

5. 7 SINGLE-SHELL TA K FARM SYSTEM PERFORMANCE ASSESSME T 

The Initial Single-Shell Tank Farm System Performance 
Assessment for the Hanford Site (DOEIORP 2005-001) 
estimates the future impacts from the following : 

• Past tank waste releases 

• Potential releases during retrieval 

Initial Single-Shell Tank Farm System 
Performance Assessment for the Hanford 
Site estimates future impacts from past 
and future tank farm operations. 

• Releases from residual waste in the tanks, associated infrastructure, and liquid disposal sites 
within the tank farm fences. 

The results are summarized in Chapter 27 of this document. As noted by its title, the Initial 
Single-Shell Tank Farm System Performance Assessment for the Hanford Site 
(DOE/ORP 2005-01 ) does not provide the final estimates of environmental impacts from tank 
farms . Rather, the performance assessment will be maintained, based on new data and on 
comments from readers . 
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6. SUMMARY OF WORK ACCOMPLISHED SINCE 
PUBLICATION OF RESPECTIVE FIELD 
INVESTIGATION REPORT 

Author: Dave Myers and Fred Mann 

6.1 I TRODUCTION 

Field investigation Reports (Knepp 2002a, Knepp 2002b, and Myers 2005) documented the work 
performed by the Tank Farm Vadose Zone Program and associated activities in the Sand SX, the 
B, BX, and BY, and the T, TX, TY Waste Management Areas (WMA), respectively. However, 
there have been extensive field investigations that occurred after the publication of each report 
on their respective farms . Some of these field activities (for example, the direct-push 
characterization in the B-BX-BY, T, and TX-TY WMAs) were included in the original work 
plans, but not completed because of schedule constraints. Other field activities ( e.g., the use of 
Surface Geophysical Exploration (SGE) to explore the distribution of contamination or the use of 
lateral boreholes to characterize underneath the tanks) involved the use of a new technology that 
was developed after the original work plan was approved. 

This chapter discusses the following WMAs: 

• S-SX 

• B-BX-BY 

• T and TX-TY. 

The Field Investigation Reports for the other three WMAs (A-AX, C, and U) were recently 
published (Connelly 2007a and Connelly 2007b) and are included as Appendices Land M of this 
report. 

6.2 WMAS-SX 

Since the issuance of the Field Investigation Report for Waste Management Area S-SX 
(Knepp 2002a), the following additional work was performed in WMA S-SX: 

• Lateral Survey in SX Tank Farm 

• SGE in S Tank Farm. 

6.2.1 Laterals Survey in SX Tank Farm 

A tank farm lateral consists of a small-diameter access tube that was advanced beneath a single
shell tank. These near-horizontal tubes were then connected via a radius bend to a vertical pipe 
that extended to the ground surface (Figure 6-1 ). The laterals were historically used as part of 
the leak-detection system by inserting a gamma sonde to the farthest point in the tube, and then 
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withdrawing the sonde and recording the magnitude and distribution of gamma radiation. Most 
tanks had three laterals; SX-113 had five laterals. The laterals were last logged in 1984 when 
equipment failures and a lack of replacement parts brought the program to a halt. 

Figure 6-1. Construction Diagram of Tank Farm Laterals 

Seventeen of the laterals in the SX Tank Farm were relogged in 2005 . Because the condition of 
the laterals was not known, a system known as PipeExplorer™ was used to deploy new slim-line 
logging sondes that were short enough to negotiate the 4-foot radius tum from vertical to 
horizontal in the pipes (Figure 6-2a and Figure 6-2b ). The data acquired from this effort are 
reported in Gamma Surveys of the Single-Shell Tank Laterals for A and SX Tank Farms (Randall 
and Price 2006). 

Figure 6-2a. PipeExplorerTM Being Deployed in SX Tank Farm 
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Figure 6-2b. Slim-Line Logging Sondes Used in Laterals Investigation 

6.2.2 Surface Geophysical Exploration in S Tank Farm 

Surface Geophysical Exploration (SGE) resistivity 1 surveys were performed in the S Tank Farm 
in conjunction with a leak-detection monitoring test associated with Tank S-102. Three separate 
surveys were run: 1) prior to a leak injection test, 2) during the test interval, and 3) following 
completion of the injection test. These surveys were designed to determine how well resistivity 
techniques could be used in assessing the subsurface distribution of a "leak" of known volume. 
The survey site, shown in Figure 6-3 is centered on Tank S-102 but extends sufficiently in each 
direction to allow the subsurface to be "seen" to about 240 feet (the depth to groundwater). 

Analysis of the data collected during the three deployments (RPP-RPT-30976) resulted in 
identifying a subsurface resistivity anomaly (Figure 6-4) that extends from near the base of 
Tank S-104 in a westerly direction and appears to be close or has reached the water table . Tank 
S-104 is the only tank in the S Tank Farm that is known to have had a waste release. The release 
was caused by an overfill of the tank. Because of the overpressure, one or more of the excess 
entry ports leaked, allowing the waste to enter the vadose zone. 

1 Resisitivity refers to the resistance of electricity to pass through a material. Dry sediments are very resistive. As 
the amount of water and sa lts (such as sodium nitrate - the main constituent of tank waste) are increased, the 
resistivity decreases. 
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Figure 6-3. Configuration of S Tank Farm Resistivity Survey 
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6.3 WMA B-BX-BY 

Since the issuance of the Field Investigation Report for Waste Management Area B-BX-BY 
(Knepp 2002a), the following work was performed in WMA B-BX-BY: 

• SGE in B, BX, and BY Tank Farms as well as the surrounding area 

• Direct-push probes in BX and B Tank Farms 

6.3.1 SGE in B, BX, and BY Tank Farms as Well as Surrounding Areas 

Surface geophysical exploration was performed across B-BX-BY farms and adjacent waste sites 
between October 2006 and September 2007. Field data was collected during the first 6 months, 
and analyzed during the latter 6 months. Inside the farm, work included ground penetrating 
radar surveys, to confirm the location of subsurface features, and resistivity surveys. Outside the 
farms , the work included electromagnetic induction, differential magnetometry, and resistivity 
surveys. The layout of the resistivity lines is shown in Figure 6-5 . 

Figure 6-5. Layout of SGE lines in WMA B-BX-BY 
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WMA B-BX-BY is a complex site, with numerous liquid disposal sites surrounding the tank 
farms . Deconvoluting the complex interactions of the adjacent sites through SGE and supporting 
drilling provided important insight for further characterization and, ultimately, remediation 
decisions. Figure 6-6 depicts the distribution of resistivity anomalies in and around 
WMA B-BX-BY (Rucker et al. 2007b). 

Figure 6-6. Resistivity Anomalies In and Around WMA B-BX-BY 

6.3.2 Direct Push Probes in BX and B Tank Farms 
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Direct-push probes in BX and B Tank Farms were advanced to complete the work described in 
the initial work plan (Rogers and Knepp 2000). These direct pushes were advanced using the 
hydraulic hammer unit (Figure 6-7) and were placed to investigate the 1951 BX-102 Tank 
overfill release; a region identified by spectral gamma logging around Tank BX-108; and, 
finally, regions around the diversion boxes in the B Farm (Figure 6-8a and Figure 6-8b, 
respectively). As part of this investigation, electrodes were placed at depth to support the 
subsequent SGE investigation of the WMA. 
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Figure 6-7. Hydraulic Hammer Unit 

Figure 6-Sa. Location of Hydraulic Hammer-Based Sampling 
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Figure 6-8b. Location of Hydraulic Hammer-Based 
Sampling in B Tank Farm 
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Results for the laboratory analyses for sediments taken from the B and BX direct pushes can be 
found in Characterization of Direct Push Vadose Zone Sediments from the241-B and 241-BX 
Waste Management Area (Brown et al. 2007d). Geophysical logging results are in Randall and 
Price 2007a and Randall and Price 2007b. The characterization shows that it is likely the plume 
front migrated below the level of sampling from these pushholes in BX Tank Farm. The 
laboratory study does lend considerable weight to the notion that simple geochemical tests, such 
as the 1: 1 water extracts, can quickly supply evidence of contamination. Further, the conclusion 
can be drawn that uranium sequestration occurs by formation of microprecipitates within small 
pore volumes in the sediment, and that an unusual amount is present in the finer-grained 
fractions that are interspersed throughout the Hanford formation. 
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Since the issuance of the Field Investigation Report/or Waste Management Areas T and TX-TY 
(Myers 2005), the following work was performed in WMAs T, TX and TY: 

• SGE in T Tank Farm 

• Direct-push probes in T and TY Tank Farms 

6.4.1 SGE in T Tank Farm 

The SGE survey in the T Tank Farm was the first in-farm survey. A prime objective was to 
assess the capability of the technique to map the distribution of resistivity in a region containing 
significant metallic infrastructure. The initial survey was conducted using ground-penetrating 
radar, electromagnetic induction, differential magnetometry, and surface resistivity 
measurements over the entire tank farm and surrounding waste sites. A second SGE survey was 
conducted using two surface lines and a well-to-well (long electrode) approach to help "see" 
beneath the pipelines. The layout of the surface resistivity lines and wells used in the well-to
well survey is shown in Figure 6-9. 

Figure 6-9. Layout of SGE Survey of WMA T 

Summary of Work Accomplished Since Publication of Respective Field Investigation Report 6-9 



Tier 1 - Chapter 6 
DOE/ORP-2008-01 

As expected, the SGE survey provided a clear three-dimensional view of resistivity anomalies in 
those areas outside the tank farm (Figure 6-1 0); inside the tank farm, the results were less clear 
because of the infrastructure. The second deployment, using the wells ( drywells and 
groundwater monitoring wells) as long electrodes provided a two-dimensional view of the 
distribution of resistivity anomalies inside the farm (Figure 6-11 ). Analysis of just the 
groundwater monitoring well data yielded a partial view (likely due to the lack of coverage) of 
the distribution of a low-resistivity groundwater plume (Figure 6-12). Details can be found in 
Surface Geophysical Exploration ofT Tank Farm at the Hanford Site (Rucker et al. 2006). 

Surface Geophysical Exploration ofWMA TX-TY has begun. 

Figure 6-10. Resistivity Anomalies Adjacent to WMA T 
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Figure 6-11. Two-Dimensional View of Resistivity Anomalies in WMA T 

MAP LE D 

Tan -R i tivit 
( hm-m 

0 
t.o. 1-c--17 

1 

0 

HJ I - 1-

Figure 6-12. Two-Dimensional View of Resistivity Anomalies Evident in 
Groundwater Well Survey 

R i i ity 
(ohm-m 

80 

60 

40 

20 

0 

M P LE E 0 

... ....... T nk 

.......... Wast~ ri 

..... ..... ell 

Summary of Work Accomplished Since Publication of Respective Field Investigation Report 

211f,,W11.,, 

6-11 



Tier 1 - Chapter 6 
DOE/ORP-2008-01 

6.4.2 Direct Push Probes in T and TY Tank Farms 

The hydraulic hammer direct-push technique was used to complete the planned investigation of 
WMA T. Direct pushes, accompanied by geophysical logging of the probe holes and selective 
sampling, were used to investigate the region around Tank T-101 where spectral gamma logging 
of the drywells had identified zones of contamination near the inlet ports of the tank. This area 
was also identified in the SGE survey as a zone with a low-resistivity anomaly. Figure 6-13 
shows the locations of the direct-push investigations. 

Figure 6-13. Locations of Direct Push Investigation for WMA T 
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A series of direct pushes in the TY Farm completed the work described in the work plan 
(Crumpler 2002) for that area. Pushes in excess of those called out in the work plan were 
advanced to better delineate the extent of contamination in that farm. Figure 6-14 shows where 
the investigation pushes were advanced. 

Results for the laboratory results for sediments taken from the T and TY direct pushes can be 
found in Characterization of Direct Push Vadose Zone Sediments from the T and TY Waste 
Management Areas (Brown et al. 2007b ). Geophysical logging results are in Randall and Price 
2007c and Sydnor 2007. After evaluating all the characterization and analytical data associated 
with the T and TY Farms direct-push campaign, there is no question that the vadose zone in the 
vicinity of Tank T-101 , directly northeast of Tank T-104, the vadose zone surrounding Tank 
TY-106, and the vadose zone south of Tank TY-105 have been affected by a tank-related waste 
solution. 
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Figure 6-14. Locations of Direct Push Investigation for WMA TX-TY 
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7. FIELD ACTIVITIES 
Authors: Dave Myers and Fred Mann 

7.1 INTRODUCTION 
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Field activities play a critical role in the Tank Farm Vadose Zone Program. The activities and 
their results are described in Field Investigation Reports (Knepp 2002a, Knepp 2002b, Myers 
2005 , Connelly 2007a, and Connelly 2007b ). Those field activities that occurred after the 
relevant Field Investigations Report was issued (for example, direct pushes, surface geophysical 
exploration, and geophysical logging of laterals) were 
summarized in Chapter 6. This chapter places the field 
characterization activities into context and then describes 
each of the major activities: 

• Boreholes (Section 7.2) 

• Direct push (Section 7.3) 

• Other geophysical measurements (Section 7.4) 

The heart of the Tank Farm Vadose 
Zone Project is the collection of 
vadose zone sediments and field 
measurements. A large variety of 
technologies are used. 

• Integration with other Hanford Site field activities (Section 7 .5) 

The discussion of interim measures, which are also done in the field, is deferred until Chapter 11 . 

7.2 BOREHOLES 

7.2.1 Purpose 

Boreholes provide a means of directly interrogating 
portions of the vadose zone. These boreholes provide soil 

Boreholes are the most robust means 
for retrieving vadose zone sediments. 
They can be used to bring up the least 
disturbed samples, the largest volume, 
and from the deepest depths. 

samples that can be analyzed in the laboratory, access for geophysical sondes (spectral gamma 
sondes, neutron-moisture sondes, etc.), and placement of a variety of monitoring sensors. When 
extended to groundwater, boreholes provide an opportunity to sample the groundwater and can 
be converted to permanent wells should that be appropriate. 

Vadose zone investigation boreholes have been advanced by a variety of drilling methods, 
including cable tool (Figure 7-la) and diesel hammer (Figure 7-lb). 
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Figure 7-la. Cable-Tool Drill Rig in B Tank Farm 

Figure 7-lb. Diesel Hammer Drill Rig in SX Tank Farm 
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7.2.2 Number and Location 
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Since the Tank Farm Vadose Zone Program initially targeted those places where the greatest 
insult to the environment was known to have taken place, the number of boreholes was limited 
because of the inherent dangers . As the efforts have been directed toward areas of lesser insult, 
the number of boreholes has increased. Table 7-1 chronicles the boreholes advanced by the Tank 
Farm Vadose Zone Program. 

Table 7-1. Distribution of the 11 Boreholes Drilled by the Tank Farm 
Vadose Zone Program 

Tank Farm 

B 

BX 

C 

sx 
T 

TX 

Boreholes 
Drilled 

3 

2 

3 

Extended from 131 feet 

Slant borehole: total length - 171 feet 

7 .2.3 Geologic Interpretation 

Depth (feet) Reference 

264 Knepp 2002b 

261 Knepp 2002b 

197 Connelly 2007a 

211a, 144, 246 Knepp 2002a 

130, 127 Myers 2005 

115, 116, 117 Myers 2005 

Geological interpretation is performed on the materials derived from all boreholes drilled by the 
Tank Farm Vadose Zone Program. By identifying where in the geologic column contamination 
exists, we are better able to predict how that contamination will respond to environmental 
changes. In addition, the geologic strata interact with contaminants, sometimes causing them to 
stop moving and at other times causing them to move laterally. Thus, geologic interpretation 
enhances our understanding of the risks associated with the tank waste materials in the 
subsurface. The Hanford units of geologic interpretation in the stratigraphic column, 1s 
presented in Figure 7-2. More information can be found in Chapter 20 (Geology) of this 
document. 

7 .2.4 Geophysical Monitoring 

Geophysical monitoring consists of repeated indirect measurement and subsequent interpretation 
of the physical properties of vadose zone materials. The primary geophysical momtoring 
activities are the measurements of gamma-emitting radionuclides, using a passive sonde, and the 
moisture content of the sediments, using a neutron source and secondary capture sonde. 
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Figure 7-2. Stratigraphic Column for Hanford Site 
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There are both natural and man-made radionuclides present in the subsurface. Naturally 
occurring radionuclides include isotopes of potassium, thorium, and uranium. Gamma logs may 
either be either a "gross gamma", in which all gamma photons are counted and not differentiated, 
or as a "spectral gamma", in which the specific gamma photon energies are differentiated 
allowing individual radionuclides to be identified and quantified. Repeated gamma 
measurements can be used to interpret the stability or movement of gamma-emitting 
radionuclides in the vadose zone sediments. Examples of gamma emission geophysical logs are 
shown in Figure 7-3. More information can be found in Section 5.2.4 of Chapter 5 of this 
document. 

Neutron moisture logs are used to monitor the amount and movement of water in the vadose 
zone. The mass of the hydrogen in a water molecule is very close to the mass of a neutron. The 
neutrons from a source scatter off the hydrogen atoms back to a detector. The number of 
neutrons returning to the detector is proportional to the amount of water in the formation. 
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Figure 7-3. Combination Log of Typical Tank Farm Drywell 
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7.2.5 Sediment Collection 

Collection of sediment samples for laboratory analyses of the major contaminants of concern is 
the single most important reason for advancing a borehole in through the tank farm vadose zone. 
These samples provide the basis of our knowledge concerning how contaminants interact with 
the sediments and, ultimately, how they move through the vadose zone. Sample collection 
consists of two basic approaches: 

1. A split-spoon sampler I driven into the formation and retrieved intact for laboratory 
analysis 

2. A grab -sample2 collected from the drill cuttings that are returned to the surface. 

Most drilling and sampling activities use both techniques. The split-spoon derived samples 
provide an exact position, the samples are maintained such that fine-grained lenses can be 
identified and separated, if desired, and the geologic fabric is maintained, so that the interaction 
of the contaminants of concern with the geologic environment can be seen and interpreted. Grab 
samples are readily taken, without interfering, or slowing, the drilling process. Positions of these 

1 Split-spoon samples are collected by driving a plastic hollow pipe (a pipe of 4 to 12 inches in diameter that is split 
in two vertical halves) through the sediment. Once the plastic pipe is retrieved and sent to a laboratory, the 
sediments can be removed. This methodology results in the least disturbance to the sediments. 
2 Grab samples are those collected at the surface as sediment is brought up. 
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samples are generally less precisely known, and interpretation of the geology is more difficult to 
make. 

7.2.6 Installation of Downhole Instruments 

The relatively large diameter of drilled boreholes makes these structures conducive to the 
installation of permanent down-ho le monitoring instruments. Movement of water vertically 
through the tank farms provides the driving force that pushes contaminants toward the 
underlying groundwater. Instruments that monitor movement are useful in guiding the remedial 
actions that can be taken to mitigate that movement. Several kinds of instruments have been 
installed in boreholes drilled by the Tank Farm Vadose Zone Program, including the following: 

• Drainage fluxmeters , designed to measure the actual quantity of water that infiltrates the tank 
farm surfaces 

• Soil capacitance probes, designed to capture the soil properties that contribute to transport of 
water through the vadose zone 

• Heat dissipation units, designed to provide a real-time measure of soil moisture content 
(because the amount of water in the soil controls the rate of movement through the soil) 

• Suction lysimeters, designed to provide a means of sampling the porewater that is moving 
through the vadose zone 

• Subsurface electrodes, placed to provide better definition of the vertical distribution of 
resistivity anomalies in the subsurface. 

The T Tank Farm Interim Surface Barrier Demonstration--Vadose Zone Monitoring Plan (Zhang 
et al. 2007) provides a description of many of the monitoring tools. 

7.3 DIRECT PUSH 

Direct push, as applied in the Hanford tank farms , 
consists of two distinct applications: cone 
penetrometers and hydraulic hammer-driven systems. 

In direct push technology, thin rods are 
pushed into the subsurface. The technology 
can retrieve sediment samples and/or be 
used as a platform for instrumentation. 

Cone penetrometers depend on the weight of the deployment vehicle to advance the tools and are 
usually limited to the depth of the tank farm. The hydraulic hammer uses a rotating hammer to 
advance the tools, and depths beyond 100 feet have been achieved in tank farm applications. 
Because the cone penetrometer requires a massive vehicle to be successful, and because these 
trucks are not very maneuverable, this method has limited application in the close confines of a 
tank farm. The hydraulic hammer unit is mounted on a relatively small, highly maneuverable 
backhoe, allowing it great flexibility inside the tank farms . The hydraulic hammer unit can also 
push at a slant, allowing surface obstacles to be circumvented. 

7.3.1 Purpose 

Direct-push techniques are used to rapidly and cost-effectively characterize the upper portions 
(typically the upper 100 feet) of the vadose zone. Specific horizons in the vadose zone 
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sediments are targeted for sampling by first pushing a hole to about 100 feet. This hole is then 
investigated for moisture and/or gamma emitting radionuclides . The moisture and gamma logs 
are then used to identify specific zones to be sampled. Subsequent holes are advanced to sample 
the selected zones. These holes are then decommissioned by pulling back the casing and filling 
the resultant hole with bentonite clay. No drilling waste is returned to the surface using this 
approach; thus, the generation of waste is minimized, as is the probability that one of the workers 
could be contaminated. 

7.3.2 Geophysical Logging 

The direct-push drill casing is, of necessity, small diameter, ranging from 2.5- to 2.62-inch 
outside diameter and 1.12- to 1.75-inch inside diameter. Because of the small inside diameter, 
small diameter geophysical logging sondes are used. These sondes provide logs of moisture 
content and gamma-emitting radionuclides . 

7.3.3 Sediment Collection 

Sediment samples are collected from targeted zones that were identified by the geophysical 
logging. To collect a sample, a special drive tip is used. When the target depth is reached, the 
tip is released and the drill string driven ahead. A sample, up to 2 feet long, is then captured 
inside the drill string. This sample is then pulled back to the surface and sent to the laboratory 
for analysis. Samplers that can collect sediments at various depths have been developed and 
deployed in the tank farms . 

7.4 GEOPHYSICAL MEASUREME TS 

7.4.1 Purpose 

Geophysical measurements provide a means of 
interrogating the subsurface without actually 
collecting a sample and submitting it for 
chemical or radiological analyses. Geophysical 

Geophysical instruments look beyond the borehole 
or direct push rod into the subsurface. However, 
because they measure physical properties, 
concentration of contaminations must be inferred. 

measurements are, by their nature, indirect measurements of the environment. They measure 
specific properties of the environment that are then interpreted to provide insight into what exists 
in the subsurface. 

7.4.2 Surface Geophysical Exploration 

Surface geophysical exploration is the name that has been given to the suite of geophysical tools 
that generally do not use deep penetration of the ground. Surface geophysical exploration tools 
that have been applied in the tank farms include ground-penetrating radar, electromagnetic 
induction, differential magnetometry, and electrical resistivity. Other tools have been applied 
outside the farms that include seismic studies, cross-borehole radar and seismic analyses, and 
induced potential approaches. 
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Tank farm use of surface geophysical exploration has provided insight into where potential 
contaminants reside within the vadose zone. Surface geophysical exploration analyses are being 
used to direct more conventional sampling. Hopefully, refined analysis efforts will lead to a 
fuller understanding of the nature and extent of contamination originating in the tank farms . 

The S Tank Farm is an example of the use of surface geophysical exploration (Rucker et al. 
2007a). Figure 7-4a displays the layout of the surface lines used in the S Tank Farm. 
Figure 7-4b shows some results, including the large plume from the Tank S-104 release, which 
has reached groundwater. 

Figure 7-4a. Layout of Surface Geophysical Exploration Lines at the S Tank Farm 
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7.4.3 Gamma Radiation Logging (Routine/Retrieval/Laterals) 
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Gamma radiation logging has long been used at Hanford. In the early days, gross gamma 
logging of drywells provided a means of detecting releases from the single-shell tanks. 
Measurements were taken on fixed schedules, ranging from weekly to annually. Gamma logging 
remains an essential part of characterizing the impact of Hanford operations on the vadose zone. 
The emphasis has changed from detecting leaks to monitoring the stability of radiological 
plumes present in the vadose zone. Gamma logs of drywells are run prior to the onset of 
retrieval, as needed during retrieval, and following completion of retrieval. The data derived 
from these logs are analyzed to assess whether a release has taken place during retrieval. 
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Figure 7-4b. Surface Geophysical Exploration Interpretation 
of Anomalies at the S Tank Farm 

• Resistivity = 1-2 ohm-m 
• Re i tivity = 2-5 ohm-m 

The A and SX Tank Farms have near-horizontal tubes (laterals) that extend beneath many of the 
tanks (all six in A Tank Farm and nine in the SX Tank Farm). Routine logging of these laterals 
stopped in 1984. The Tank Farm Vadose Zone Program revisited those laterals to reassess the 
distribution of gamma-emitting radio-contaminants beneath the two farms; the effort is being 
used to provide additional evidence on the leak status of those tanks that were logged. 

7.4.4 Neutron Logging (SX Tank Farm and Retrieval) 

Neutron logging refers to the tool used to estimate the volumetric water content of soils; it is also 
used as a qualitative tool to identify regions of relatively high moisture content. Moisture 
content is an important parameter because water is the means by which contaminants are carried 
through the vadose zone, ultimately reaching the water table and entering the groundwater. 
Moisture content typically ranges from 2 to 30 per cent by volume with 30 per cent being near 
saturation for Hanford formation sandy sediments. However, most Hanford formation sediments 
are below 5 per cent moisture content. 

7 .5 INTEGRA TIO WITH OTHER HANFORD SITE FIELD ACTIVITIES 

7 .5.1 Overview 

The Tank Farm Vadose Zone Program has worked with 
other Hanford Site efforts to achieve a better under-
standing of contaminant migration. The main interaction 

The Tank Farm Vadose Zone Program 
works with many other Hanford Site 
groups to better understand contaminant 
location and future movement. 

has been with the Groundwater Remediation Project, which now integrates all vadose zone and 
groundwater characterization activities . The Tank Farm Vadose Zone Program has also worked 
with the Groundwater Monitoring Project. 
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The Hanford Groundwater Remediation Project is the organization within the Central Plateau 
Remediation Contractor (presently Fluor Hanford, Inc.) responsible for groundwater monitoring 
and remediation throughout the entire Hanford Site as well as remediation of non-tank farm 
waste sites on the Central Plateau. The Hanford Groundwater Remediation Project has been 
tasked by the U.S. Department of Energy to integrate all vadose zone and groundwater 
characterization on the Hanford Site. 

As part of its characterization of Central Plateau waste sites and groundwater, the Hanford 
Groundwater Remediation Project drills boreholes. Although these boreholes sample zones not 
directly in the scope of the Tank Farm Vadose Zone Program, often these zones have been 
contaminated with waste that has come from tank farms . In particular, the Tank Farm Vadose 
Zone Program is interested in waste that was cascaded through the tanks and then disposed to 
cribs. 

The best example of vadose zone sampling cooperation are the BC Cribs and Trenches (south of 
the 200 East Area) and the cribs and trenches surrounding the B, BX, and BY tank farms . 
Historically, Fluor Hanford, Inc. (the Central Plateau Remediation Contractor) takes samples 
directly under a crib or trench and then takes samples at 50-foot intervals . Because the waste 
diverted to the BC Cribs and Trenches and to the cribs and trenches surrounding the B, BX, and 
BY tank farms came from cascaded waste from B, BX, and BY tank farms , characterization of 
these non-tank farm facilities was of interest to the Tank Farm Vadose Zone Program. Samples 
were taken at 5-foot intervals, and the Tank Farm Vadose Zone Program analyzed the additional 
samples. At the BC Cribs and Trenches, the additional samples showed that the technetium 
found at 100 and 150 feet below ground surface were, in fact, just the tails of a very significant 
peak at about 120 feet below ground surface. This discovery led to a rethinking of how such 
waste is transported after release to the cribs. 

In the area near the B-BX-BY WMA, the Tank Farm Vadose Zone Program paid for additional 
sampling (every 5 feet) . Here, no technetium was found, even though nitrate was found, having 
the normal spatial distribution. This discovery led to the reinvestigation of the waste type 
released at these sites. It was determined through laboratory measurements reproducing the 
bismuth phosphate separations process that assumptions of how technetium partitioned in 
various wastes were incorrect. 

7.5.3 Groundwater Monitoring Project 

The Groundwater Monitoring Project retrieves samples from groundwater from all over the 
Hanford Site to determine if and how Hanford operations have impacted groundwater. The Tank 
Farm Vadose Zone Program is interested in such groundwater samples from outside of the farms 
(almost all groundwater wells are outside the farms) , so that the impacts of tank farms on 
groundwater can be determined. 

In particular, the Tank Farm Vadose Zone Program has sponsored a variety of analyses to look at 
ratios of contaminants and radionuclides to determine the source(s) of contaminations through 
fingerprints . Because of the different reactor operations and separations processing histories, 
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various waste streams had different ratios. By comparing the ratios of samples taken in the 
vadose zone and the groundwater, it can be determined if the streams are related. If the samples 
have different ratios of materials thought to transport similarly (for example, nitrate and 
technetium that travel with water or the isotopes of ruthenium), then the source of the vadose 
zone contamination cannot be the source of the groundwater contamination. Unfortunately, if 
the ratios match, the conclusion cannot be made that the same source contaminated both, as 
various nearby sources often have the same fingerprint (for example, for waste cascaded through 
the tanks, whether such waste came from a release from a tank or from the intentional discharge 
to a crib cannot be determined, as both wastes have the same fingerprint) . 
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8. LABORATORY ACTIVITIES 
Authors: Chris Brown and Jeff Serne 

This chapter summarizes the laboratory activities 
performed in support of the Tank Farm Vadose Zone 
Program. All such laboratory activities have been 
performed by the Vadose Zone Characterization Project 
of the Pacific Northwest National Laboratory (PNNL). 
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Once sediments are collected in the 
field, they are analyzed in the laboratory. 
Not only are contaminant concentrations 
measured, but so are the vadose zone 
properties that determine future 
contaminant movement. 

The results of these studies are contained in numerous reports (Lindenmeier et al. 2002, 
Lindenmeier et al. 2003; Seme et al. 2002a, Seme et al. 2002b, Seme et al. 2002c, Seme et al. 
2002d, Seme et al. 2002e, Seme et al. 2004a, Seme et al. 2004b, Seme et al. 2007; Brown et al. 
2005, Brown et al. 2006a, Brown et al. 2007a, and Brown et al. 2007b) and have generated much 
of the geochemistry data reported in the Facility Investigation Reports for Hanford single-shell 
tank waste management areas (Knepp 2002a, Knepp 2002b, Myers 2005, Connelly 2007a, and 
Connelly 2007b ). Sediment samples and characterization results from the PNNL project also are 
shared with other science and technology research projects, such as those summarized in 
Chapter 13 (Associated Science Activities). 

8.1 WHY CHARACTERIZE CONT AMI A TIO IN SEDIME TS SAMPLED BE EATH 

THE SINGLE-SHELL TANKS? 

Tank waste contaminants are present in the groundwater at all 7 of the single-shell tank waste 
management areas (i.e. , WMAs A-AX, B-BX-BY, C, S-SX, T, TX-TY, and U). The goal is to 
understand the extent of contamination and the transport processes that affect the mobility of 
contaminants released from the single-shell tanks. PNNL' s chemists, geologists, geochemists, 
hydrologists, and computer modelers perform detailed characterization of the sediment 
properties and the associated contamination as a function of depth. Sediments are obtained from 
core and grab samples collected by the Tank Farm Vadose Zone Program. The data collected by 
PNNL are required to assess the long-term environmental impact associated with residual vadose 
zone contamination. 

Although approximately 60 to 70 of the single-shell tanks are suspected to have leaked or 
released fluids (Field and Jones 2006), the waste management areas are surrounded by other 
waste sites, such as specific retention cribs and process trenches, where various waste streams 
were purposefully discharged to the sediment. Consequently, understanding the source of the 
contamination (tank or associated pipes, crib, or trench) could aid in identifying appropriate 
remedial actions. Because tank waste contaminants have been observed in the groundwater at all 
seven of the waste management areas, it will be important to determine from the sediment 
characterization studies if contamination measured in the groundwater can be either linked to or 
found to be independent of contamination in the vadose zone. 
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8.2 WHAT ARE THE OBJECTIVES OF THESE LABO RA TORY CHARACTERIZA TIO 

STUDIES? 

The four primary objectives of this work are the following: 

• Identify the type and quantity of contamination present. This is accomplished in part by 
developing conceptual representations for the lateral location and vertical extent of specific 
contaminants (for example, uranium, technetium-99, cesium-137, and cobalt-60) in the 
sediments. 

• Understand the physical processes that affect the transport of contaminants in the vadose 
zone sediments. The vadose zone is the area located vertically between the land surface and 
water table and consists of soil pores that contain a mixture of air and water. 

• When practical, identify the source(s) of the contamination found in the sediment samples. 

• When practical, determine if a link can be made between the vadose zone contamination 
observed and any known groundwater contaminants in the vicinity. 

These four objectives were established to obtain the data required to assess the long-term 
environmental impact associated with residual vadose zone contamination. Before an accurate 
assessment can be made, it is imperative to understand what type of contamination is present as 
well as how much of it resides in the vadose zone. Knowledge of the location of the 
contamination within the vadose zone is also important, because different remediation options 
are available for shallow versus deep contamination. Different physical and chemical processes 
(for example, diffusion, sorption, and precipitation) can affect the mobility of contaminants 
dramatically; therefore, knowledge of the existing state of the contamination can provide 
valuable insight when estimating its current and future mobility in the vadose zone. 

8.3 WHAT IS THE APPROACH TO CHARACTERIZI G THE SEDIMENTS 

CONTAMI ATED BY THE SI GLE-SHELL TANKS? 

Since its inception in 1998, the PNNL Vadose Zone Characterization Project has evolved to 
better meet its four key research objectives. The single largest adaptation of the project during 
that period was the advent of a tiered approach to sample analysis . The basic premise of the 
three-tiered approach is to acquire the largest amount of scientific information, through an 
incremental process, that can be used to best meet project objectives while conserving resources 
and limiting risk to workers . Another factor that must be considered when working with 
sediment samples is that sample mass often is limited as a function of the field techniques used 
to acquire the sediment from beneath the tank farms . Depending on the drilling or coring 
technique (Brown et al. 2006a, 2007a), sediment samples range in mass from a few hundred 
grams to several kilograms. When only a few hundred grams of sample material are available, it 
is increasingly important to judiciously select the order in which the analyses will be performed. 
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In the tiered analysis approach (Figure 8-1 ), Tier I includes analyses that 

• Provide information paramount to identifying contaminants present in the samples and 

• Help determine the basic chemical properties of the sediments. 

Figure 8-1. Tiered Approach to Sample Analysis and Characterization. 

Tier I 
• Geologic Description of the Samples • Sediment-Water Extracts 
• Digital Photography of Samples • Acid Extractions of the Sediment 
• Sediment Moisture Content • ICP-MS Analysis of Extracts 
• Sediment Carbon Content • ICP-OES Analysis of Extracts 
• Gamma Energy Analysis • IC Analysis of Extracts 

Tier II 
• Particle-Size Analysis • Actinide Separations 
• Matric Potential Measurements • Iodine-129 Extraction and Analysis 
• Tritium Separations • Total Elemental Analysis 
• Strontiurn-90 Separations • Mineralogy 

Tier III 
• Batch Sorption/Leaching Tests • Selective Extractions 
• Column Transport Tests • Iron Oxide Extractions 
• Cation-Exchange Capacity • Solid-Phase Characterization 
• Specific Surface Area Measurements 

JCP-MS = inductively coupled plasma - mass spectrometer 
JCP-OES = inductively coupled plasma - optical emission spectrometer 
JC = ion chromograph 

Additionally, several of the Tier I analyses are nondestructive (that is, the tests do not alter the 
properties of the samples), so these samples can be used again in other tests. The concentration 
profiles of contaminants measured in the sediment as a function of the sample depth and 
sediment geology are one of the most important results from Tier I testing. These concentration 
profiles provide a measure of the extent of migration and relative mobility of each detected 
contaminant along the borehole length. As an example, Figure 8-2 shows the concentration 
profiles of selected contaminants measured in sediment-water extracts from sediments from 
borehole C4297 located adjacent to Tank C-105. 
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Figure 8-2. Tier I Characterization Data from Borehole C4297 
Emplaced Adjacent to Tank C-105 

The technetium-99, cesium-137, and cobalt-60 data are reported in units of 
activity (pCi/g) . The uranium-238 and molybdenum-95 data are reported in 

units of mass (µg/g) . 
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On completion of the Tier I tests, the data are evaluated; the Tank Farm Vadose Zone Program 
then decides whether there is a need to extend the studies to include Tier II and Tier III testing. 
Tier II testing is focused on better resolving the type and extent of contamination present in the 
samples. Tests employed during Tier II characterization activities include specialized sediment 
chemical-dissolution (that is, extraction) and analytical techniques, in addition to tests focused on 
identifying differences in the physical properties of the sediments. Tier III is reserved for those 
analyses and experiments that will provide detailed information on the type of contamination 
present (for example, its oxidation state or its physical/chemical state within the sample) , as well 
as information on the transport properties of the contaminants. More detailed information about 
the specific tests performed during each tier of analysis is included in several reports 
(Lindenmeier et al. 2002, Lindenmeier 2003 ; Seme et al. Serne et al. 2002a, Serne et al. 2002b, 
Serne et al. 2002c, Serne et al. 2002d, Serne et al. 2002e, Serne et al. 2004a, Serne et al. 2004b; 
Brown et al. 2005, Brown et al. 2006a, Brown et al. 2007a, Brown et al. 2007b) and reference 
procedures (EPA 1984, EPA 2000a, EPA 2000b, EPA 2000c; ASA 1996; ASTM 1998; 
USGS 2001 ). 

8.4 How DO THE LABO RA TORY CHARACTERIZA TIO STUDIES INFLUE CE THE 

FIELD DRILLI G EFFORTS? 

Another significant but more recent adaptation of the Vadose Zone Characterization Project has 
been the implementation of a rapid turnaround characterization process, in which sediment 
samples are analyzed in near real time to aid drilling activities within the tank farms . One of the 
primary objectives of a borehole characterization effort is to define the vertical extent of 
contamination at a specific location. The ability to accomplish this can be complicated by 
several factors. For example, the subsurface could become impenetrable by the drill rig (that is, 
cause the drill rig to meet refusal) . A few sediment layers at the Hanford Site are very difficult 
to penetrate via push techniques; these include the Cold Creek Unit (Figure 8-3) and basalts from 
the Columbia River Basalt Group (see Appendix E [Geology] and Reidel and Chamness (2007] 
for more information). Although it may be difficult for a drill rig to penetrate these layers, these 
sediments do not necessarily prevent the downward migration of contaminants. In other rare 
situations, the drilling activity could be halted before the maximum depth of contamination is 
reached. To ensure capturing the maximum depth of contamination within specific drilling 
activities, the boreholes often are emplaced much deeper than necessary. While this practice is 
necessary to most accurately define the contaminant plume(s) at specific locations, it leads to 
additional safety risks and chemical/radiological exposures to tank farm workers because of the 
additional time spent in the tank farms retrieving samples. 

To minimize worker exposure while still capturing the maximum extent of contamination, the 
PNNL Vadose Zone Characterization Project has developed a process in which vadose zone 
sediment samples can be processed for key contaminants of concern in near real time. Previous 
research has shown that two contaminants, nitrate and technetium-99, are typically found at the 
leading edge of waste plumes (Serne et al. 2002a, Serne et al. 2002b, Seme et al. 2002c). 
Beginning with samples that have been collected from approximately 150 feet below ground 
surface, samples every 10 feet are processed via water-dissolution extraction, and the resulting 
leachates are rapidly analyzed for nitrate and technetium-99. Results from these extractions are 
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made available to the Tank Farm Vadose Program contractor within 24 hours of receipt of the 
sediment by the laboratory. If either (or both) of the contaminants are measured at quantifiable 
concentrations in the extracts, borehole drilling continues. Once neither contaminant is detected 
in the sediment, another IO to 20 feet of borehole will be drilled; the sediment will be extracted, 
and leachates from the water-dissolution extractions are analyzed for nitrate and technetium-99. 
Should subsequent analyses of these samples fail to detect either of these two contaminants, 
drilling activities can be halted. This staggered drilling/characterization approach was used for 
the characterization effort conducted at the C Tank Farm (Brown et al. 2006a) and now serves as 
a model for future borehole drilling campaigns. 

Figure 8-3. Core Sample from Lower Cold Creek Unit 

The lower Cold Creek Unit is one of the sediment layers very difficult to penetrate via 
dri lling. The Cold Creek unit is made up of cemented caliche, a crust or layer (usually 

white) of hard sediment encrusted or cemented together with calcium carbonate. Caliche is 
found in arid or semiarid regions . In sediments at the Hanford Site, this unit is known to 

react strongly with uranium, binding it, and retarding its migration deeper into the 
subsurface. (The container holding the sediment rubble is approximately 8 inches wide.) 

Core Sample 115.18'-115.89' 
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8.5 WHAT DISCOVERIES FROM THE V ADOSE ZONE CHARACTERIZA TIO 

PROJECT HA VE CHANGED OUR VIEW OF THE BEHAVIOR OF 

Co TAMI A TS I THE VADOSE Zo E? 

Much has been learned during the initial investigations of the Tank Farm Vadose Zone Program. 
Key geochemistry discoveries are the following: 

• The geologic layering of the vadose zone sediments has an important impact on the direction 
and rate of migration of the waste liquids and dissolved contaminants 

• The zone of caustic attack, because of the high pH tank waste, can be determined by 
measuring the pH of the soil 

• A front of naturally present calcium and magnesium that has been removed from the 
sediment exchange sites precede the tank waste plume containing the elevated sodium, thus 
aiding in determining the peak concentration of mobile contaminants of concern 

• Using a 1: 1 sediment:water extract, water-soluble inorganic constituents can be determined 
in sediment that is too dry to easily extract water from the volumes among the sediments 
(which is known as porewater). 

Results from the Vadose Zone Characterization Project have revealed that mobile contaminants, 
such as technetium-99 and nitrate, migrate much differently in the subsurface than previously 
believed. Conventional thinking was that once mobile contaminants entered the subsurface, they 
migrated in a nearly vertical path through the soil column. However, the extensive amount of 
work performed by the Vadose Zone Characterization Project has shown that the geologic 
layering of the vadose zone sediments has an important impact on the direction and rate of 
migration of the waste liquids and dissolved contaminants. The detailed sampling and 
characterization of both contaminated and uncontaminated vadose zone sediments has shown the 
importance of thin lenses (often a few millimeters to a few centimeters in thickness; Figure 8-4) 
of fine-grained sediments in the various Hanford formation sediment types. These fine-grained 
lenses have been shown to cause significant horizontal spreading of leaked fluids within the 
vadose zone. For example, characterization work performed on sediments collected from two 
boreholes emplaced in the T Tank Farm has shown that a large amount of horizontal spreading 
(in excess of 80 feet [25 meters]) occurred when the tank waste solution intercepted the Cold 
Creek unit (Seme et al. 2004a). As a result of findings such as these, characterization campaigns 
now target fine-grained lenses as optimal sampling points to locate contaminants. 

Another discovery from the laboratory studies has been the observation that the zone of caustic 
attack, because of the high pH tank waste, can be determined by measuring the pH of the soil. 
Given that tank waste is generally considered caustic (in excess of !Molar free hydroxide), it is 
quite common to find elevated soil pHs (between 8.5 and 10) in the vadose zone adjacent to the 
point of waste release. However, natural minerals present in the sediment act to buffer the 
elevated pH tank waste; as such, the total area exhibiting elevated soil pH is always considerably 
smaller than the footprint that has been contaminated by more mobile constituents, such as 
nitrate or technetium-99. Because of this, soil pH has become one of the key parameters 
measured when looking for waste discharge locations in the vadose zone. 
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Figure 8-4. Split-Spoon Sediment Core Taken from the Hanford Formation Containing 
a Thin (approximately 3 centimeters wide) Lens of Fine-Grained Sediment 

Scale bar at bottom of photograph is in centimeters. Fine-grained lenses 
such as these can lead to significant lateral spreading of contaminants. 

Calcium and magnesium are the two dominant cations (positively charged atoms or groups of 
atoms) present in Hanford sediments. When waste solutions containing high concentrations of 
dissolved sodium (in excess of 4Molar) contact the sediment, the sodium exchanges with the 
calcium and magnesium, creating an ion-exchange front. In this scenario, a front, or wall, of 
naturally present calcium and magnesium that has been removed from the sediment-exchange 
sites precede the tank waste plume containing the elevated sodium. Although the ion-exchange 
front will not necessarily define the total vertical impact of tank waste contamination, it can be 
used to target the most appropriate depths to look for mobile contaminants. 

A key extraction that is performed as part of the Vadose Zone Characterization Project is a 1: I 
sediment:water extract. Using this technique, water-soluble inorganic constituents can be 
determined in sediment that is too dry to easily extract vadose zone porewater. The extracts are 
prepared by adding an exact amount of deionized water to the sediment, so that the ratio of water 
to dry sediment is exactly I: 1. After 24 hours of contact time, the extract is filtered and analyzed 
for numerous constituents, including pH, electrical conductivity, alkalinity, cations and trace 
metals, radionuclides, and anions. The I : I water-extract data can then be processed to derive the 
porewater composition of the vadose zone sediments, so that electrical balances (anions versus 
cation) of the samples can be performed. While performing this, an assumption has to be made 
that the de-ionized water acts solely as a diluent of the existing porewater and that the deionized 
water does not dissolve any of the solids in the sediments. Thus, by correcting for the dilution, 
an estimate of the actual chemical composition of the native porewater in the vadose zone 
sediments can be derived. 

Laboratory Activities 8-8 



Tier 1 - Chapter 8 
DOE/ORP-2008-01 

8.6 WHAT IS BEING DONE (OR NEEDS TO BE DONE) TO BETTER DEFINE THE 

RISKS ASSOCIATED WITH RESIDUAL TANK WASTE MATERIAL IN THE 

V ADOSE ZONE? 

The Vadose Zone Characterization Project continues to evolve to better meet the needs of the 
Tank Farm Vadose Zone Program. A significant amount of work has been performed to 
characterize contamination found in the vadose zone within and around the single-shell tank 
farms . However, little success has been achieved at linking contamination found in the 
groundwater with that found in the vadose zone. This lack of success is the result of the complex 
flow paths for porewater and multiple sources for contamination. As mentioned previously, fluid 
releases from single-shell tanks and their supporting infrastructure are not the only potential 
sources of contamination in Hanford' s Central Plateau region. Because the single-shell tank 
farms are sited close to waste disposal sites (that is, cribs and/or trenches), it is imperative to 
determine the source of the contamination in the groundwater. Historically, this has been 
difficult because the characteristics of the waste change significantly as it migrates through the 
sediments. However, innovative approaches, such as analyses of certain stable and radioactive 
isotope concentrations and signatures are now being used (see summary of Hanford isotope 
studies in Chapter 13 [ Associated Science Activities] , Appendix G [ Geochemistry-Contaminant 
Movement], and Cantrell et al. [2007a [Vadose Zone Geochemistry Data Package/or the Single
Shell Tank Waste Management Areas at the Hanford Site] and Cantrell et al. 2007b 
[Geochemical Characterization Data Package/or the Vadose Zone in the Single-Shell Tank 
Waste Management Areas at the Hanford Site]). These studies employ advanced analytical 
techniques and instrumentation to enable better "fingerprinting" of contaminant plumes, making 
quantitative identification of contaminant source terms plausible (Brown et al. 2006b ). While 
the use of "fingerprinting" at the Hanford Site still is relatively new, it has the potential to 
provide significant support in defining the current and future risks associated with contamination 
currently residing in the vadose zone. 
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9. TANK WASTE INVENTORY IN THE VADOSE ZONE 
Author: Fred Mann 

9.1 O VERVIEW 

Inventory ( or the amount of a contaminant) is a 
key parameter in environmental analyses. The 
environmental impact from a contaminant is 

Inventory (or the amount of a contaminant) is one 
of the key parameters of any risk assessment. 
Impacts from a contaminant depend linearly on 
the amount of that contaminant. 

normally proportional to the amount of the contaminant. The exceptions to this rule usually 
involve a contaminant having two sources with different release rates (for example, one source 
with glass-encapsulated waste and the other being simply debris) or with different transport 
properties (for example, cobalt associated with organic acids moves faster than simple cobalt 
ions) . However, even in these cases, if the sources are considered separately, the environmental 
impact from each source is proportional to the inventory of the particular contaminant in each 
source. Times when such proportionality does not occur are not common, but have been seen at 
Hanford. 

An important distinction among contaminant sources is the time and characteristic of the release. 
Past tank system releases (Section 9 .2) consisted of liquid discharges as a tank failed, as a tank 
was overfilled, or as some infrastructure (for example, a pipeline) broke. Most future releases 
(potential leaks during retrieval being an exception) will result from a slow release from solid 
waste forms Section 9.3). 

Many hundreds of chemicals and radionuclides are in tank waste. However, because of their 
inventory, mobility, and toxicity, only a relatively few contaminants show up in Hanford 
groundwater. Key contaminants of concern are the following: 

• Technetium-99 • Chromium 

• Tritium (Hydrogen-3) • Nitrate 

• Iodine-129 • Uranium. 

The background to how tank waste was produced and managed and how it will be processed for 
disposal is given in Section 2.3 of Chapter 2. Chapter 17 provides a more detailed look at the 
various tank waste inventories. 

9.2 PAST TANK SYSTEM RELEASES 

The original objective of the Tank Farm Vadose Zone 
Program was to understand the nature and extent of 
the contamination that was released from the single
shell tank system. Two conclusions became apparent: 

Tank Waste Inventory in the Vadose Zone 

Inventories of past releases are estimated 
by multiplying the concentration of 
contaminants released by the volume 
released, rather than from field 
characterization. Field characterization can 
provide information to validate inputs to the 
calculation. 

9-1 



Tier 1 - Chapter 9 
DOE/ORP-2008-01 

• Field characterization (whether the analyses of retrieved sediments or through traditional 
geophysical techniques) would not determine the inventories of the contaminants released 

• A combination of information (past records, field characterization, and analysis) could 
determine the inventory of key contaminants for all but the smallest leaks. 

Field characterization determines the concentration ( or amount per mass unit) of a contaminant 
at selected locations. Given enough locations, the inventory ( or total amount) of the contaminant 
can be found . However, because of the extensive infrastructure in the tank farms, it is not 
possible to obtain enough sediment samples to infer the inventory of contaminants sufficiently 
well. Even augmenting the sample information with traditional geophysical measurements (such 
as gamma radiation monitoring) does not produce enough data. 

As a result, the Tank Farm Vadose Zone Program developed an integrated approach, displayed in 
Figure 9 .1 , to estimate the inventory of past releases. This approach recognizes the limitations of 
field characterizations while incorporating other information that can determine the volume of 
the released material and the average concentration of that released material. The integrated 
approach takes advantage of the equation : 

Inventory released = Volume of material released 
x Concentration of contaminant in the released material 

Figure 9-1. Integrated Approach to Develop Past Release Inventory Estimates 

Tank Waste 
Transfer Records 

Process Flow 
Sheets 

Historical Tank Leak 
Documents 

Tank Waste Transfer 
Records 

Tank Waste Level 
Measurements 

Field Characterization 
- Gross Gamma 
- Spectral Gamma 

Hanford 
Defined 

Waste Model 

Hanford Soil 
Inventory 

Model 

Time of Leak 

Volume of Leak 

Field Characterization 
- Soil Analysis 

Validation 

Supernatant Liquid 
Composition at the 

Time of Leak 

Inventory of Tank Waste 
Lost to the Vadose Zone 

The Hanford Site has kept careful records (tank leak documents, tank waste-transfer records, and 
tank waste-level measurements) that help estimate the volume of released materials. Estimating 
the volume of materials released to the soi l is not simple, because re leases could occur for many 
reasons (for example, evaporation, thermal effects, presence of bubbles, chemical reactions, as 
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well as leaks). In addition, the classified nature of some of the material sometimes led writers of 
historical documents down the wrong path. An example is that, for many years, the release from 
Tank BX-102 was thought to be dominated by cesium-137, whereas in reality, it is dominated by 
uranium isotopes. 

The estimation of inventory of contaminants in the released material relies less on direct 
measurements and more on analysis. A key parameter is the date at which the leak occurred. 
Knowing this date and the location of the leak narrows down the potential waste streams that 
were present inside the tank. As the individual waste streams are highly characterized (but 
complicated by multiple waste transfers among tanks), models (such as the Hanford Defined 
Waste Model (Higley and Place 2005] and the Hanford Soi l Inventory Model (Corbin et al. 
2005]) use algorithms for chemical interaction and precipitation to estimate concentrations of 
specific contaminants resulting from the complicated set of waste streams. 

However, the most direct method of determining waste concentrations in contaminated 
sediments is to obtain sample data. During the Phase 1 Characterization, the Tank Farm Vadose 
Zone Program characterized the plumes from the largest leaks through borehole sampling. 
Laboratory analyses of vadose zone soil samples generally agree with expected values predicted, 
based on a knowledge of the volume of fluid leaked, its chemical composition, and the 
contaminant reactions with the sediments. A major exception occurred for predicted 
technetium-99 concentrations from waste streams associated with the Bismuth Phosphate 
Process as compared to sample data obtained for the BX trenches. The reason for the 
discrepancy was determined when laboratory measurements (Serne et al. 2007) simulating the 
Bismuth Phosphate Process showed that assumptions made in the 1960s and 1970s about the 
split of fission products among the various Bismuth Phosphate Process waste streams going to 
the single-shell tanks were incorrect. Both Anderson ( 1980) and Agnew ( 1997) state that 
approximately 10% of the fission products (including technetium-99) went with the I st cycle 
waste stream. However, the laboratory studies showed that essentially all of the water-soluble 
fission products would have ended up in the "metal waste" stream, a conclusion supported by 
field data from the BX trenches. The Seme et al. (2007) study led to significant modifications in 
inventory estimates from both Best Basis Inventory and Hanford Soil Inventory Model 
(additional details are found in Appendix B). 

With this integrated approach, inventories for contaminants released from single-shell tank farm 
facilities and from associated cribs and trenches are available (Corbin et al. 2005). Although 
there are many such releases from single-shell tanks, only a few (T-106, SX-108 for example) 
dominate (Figure 9-2). 

There is sti ll some controversy about leak volumes. Recently, DO E's Office of River Protection 
and the Washington State Department of Ecology have begun an activity to reassess leak 
volumes from the single-shell tank system. The document, Process to Assess Tank Farm Leaks 
in Support of Retrieval and Closure Planning (Field 2007) establishes the process to develop 
estimates of tank-farm leak loss inventories. The first application of the process is documented 
in Hanford C-Farm Leak Assessments Report: 241-C-101, 241-C-110, 241-C-111, and 
241-C-105 (Johnson and Field 2007). 
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Figure 9-2. Major Releases in the Tank Farms 
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9.3 FUTURE TANK SYSTEM R ELEASES 

Future releases are categorized as follows: 

• Potential leaks occurring during retrieval 

• Residual waste left in tanks after retrieval 

Future tank system releases are 
estimated using the HTWOS 
(Hanford Tank Waste Operations 
Simulator) computer simulations. 

• Residual waste left in infrastructure (example, pipelines). 

A common diffi culty is that any estimate of such inventories depends on assumptions of future 
actions; for example: 

• How much waste will be retrieved from each tank? 

• Will there be a leak during retrieval? 

• How much infrastructure will be removed? 

The Hanford Tank Waste Operations Simulator (HTWOS) (Kirkbride et al. 2005) models how 
waste is retrieved from the tanks, treated, and sent to disposal faciliti es. 

The role of the Tank Farm Vadose Zone Program is small in estimating future tank system 
inventories by mainly supplying requirements as a user of the results. 
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10. SIMULATIONS 
Author: Fred Mann 

10.1 OVERVIEW 

Although there is contamination currently in the 
groundwater underneath the Hanford Site (see 
Chapter 2 for a summary and Chapter 23 for a 
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Computer simulations are used to estimate 
future impacts , particularly to groundwater. 
The goal is to understand how the total system 
(natural and man-made) behaves over time. 

fuller discussion), more concern is expressed about suspected larger groundwater contamination 
levels in the future. However, future groundwater impacts cannot be extrapolated from past 
groundwater data. Instead, the total system (source, vadose zone, and groundwater) must be 
modeled using computer simulations to estimate future groundwater impacts from tank waste 
sources. 

The goal of using simulations is to understand how the total system behaves . The underl ying 
philosophy of performing simulations is given in the next section. The following two sections 
describe simulation advances that have occurred in generating Field Investigation Reports (FIRs) 
(Section I 0.3) and the Single-Shell Tank System Performance Assessment (Section I 0.4 ). The 
chapter concludes with the relationship with other Hanford Site modeling efforts. More 
informati on on what we know from simulations is given in Chapter 27 . 

Simulations are built on a number of assumptions that change with time as characterization 
brings forth more data and experiments bring better understanding. This is clearly evident as one 
reads the early FIRs (Knepp 2002a and Knepp 2002b), then the Single-Shell Tank System 
Performance Assessment (DOE/ORP-2005-0 I ), and finally the late FIRs (Connelly 2007 and 
Connelly 2008). Thus, it is not surpri sing the simulation results will also change. 

10.2 PHILOSOPHY 

The philosophy fo r performing computer simulations is to use the simplest model that adequately 
simulates the system. The complexity of the model is consistent with the level of knowledge of 
the system. The model uses processes and data that provide results (Knepp 2002a) for the best 
estimate of impacts (though, if necessary, with a bias toward larger impacts). 

The dimensionality used in vadose zone modeling performs a useful example. The system is, in 
reality, three-dimensional. There are finite man-made structures. While having symmetry in one 
or two dimensions, they are not uniform in all three dimensions. The natural system varies as a 
function of depth and its layers are tilted relative to each other. The Tank Farm Vadose Zone 
Program has modeled the vadose zone underneath the SX Tank Farm in three dimensions, but 
has found that the results from two-dimensional vadose zone analyses are practically identical. 
However, the results of one-dimensional vadose zone simulations were far different. This is 
quite understandable, because important effects (for example, water shedding by the tank 
structures, tilting and bending of vadose layers) cannot be modeled in one dimension; whereas 
adding the third dimension does not add significant new effects. Thus, the Program performs 
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most of its vadose zone modeling in two dimensions (so as to perform many more simulations) 
and occasionally compares the results of those runs using three-dimensional simulations. 

10.3 SIMULATIONS OF PAST TANK SYSTEM RELEASES 

Chapter 4 of the Field Investigation Reports (FIR, Knepp 2002a, Knepp 2002b, Myers 2005 , 
Connelly 2007, and Connelly 2008) describes simulations of the impacts from past releases from 
the tank farms. From the beginning in S-SX Tank Farms, the simulations not only estimate what 
we think will happen, but also provide simulations for different values of key systems parameters 
and for different remediation scenarios. Thus, the impact of different amounts of water entering 
the sediments is explicitly calculated in all of the Field Investigation Reports. The first FIR 
(Knepp 2002a) investigated the sensitivity of groundwater impact to shape (or extent) of the 
vadose zone plume that started the analysis. The FIRs investigate the effect of placing a 
temporary surface moisture barrier over the farms. The analyses in each of the FIRs were to 
understand important features of the system. 

Another key approach of the FIR modeling is the use of an initial condition that reflects the year 
2000, rather than that of 1940 Uust before the tank farms were constructed). Thus, the initi al 
condition of the simulation describes the plumes in the vadose zone in the year 2000 as 
determined through characterization and monitoring, rather than having the initial condition 
being intact tanks. This FIR initial condition is more defensible since there are insufficient data 
to characterize the actual leak events between 1940 and 2000. The hypothesized vol ume and 
composition of the leaks are provided in Chapter 9 and Chapter 17. 

However, the location and duration of the leaks into the vadose zone are poorly known, as is how 
the tank structure interacted with the released fluids. In addition, as discussed in the next 
paragraph, complex processes affect the initi al history of the leaked fluids. 

Figure 10-1 displays the estimated peak technetium-99 concentration in groundwater at the edge 
of the S-SX Tank Farms at various times as a function of recharge (the amount of water entering 
the subsurface) as described in the S-SX Field Investigation Report (Knepp 2002a). 

Additional investigations were performed to determine if the conceptual models included all of 
the important features. Because of the decay of the radionuclides in the tank waste, the 
temperatures of the waste, tanks, and surrounding sediments are above normal. In some 
analyses, temperatures above the normal boiling point of water (212°F) have been measured. 
Steve Yabusaki of the Pacific Northwest National Laboratory performed simulations that 
included and ignored the temperature-dependent effects (Knepp 2002a). The results showed that 
use of the simpler model used in the FIRs was adequate, but other approaches (such as modeling 
the leak from the time it began) would need more complex treatment. Another set of sensitivity 
analyses looked at preferential flow (for example, through elastic dikes, usually a near-vertical 
geologic feature found at the Hanford Site). However, the inclusion of such features did not 
change the estimated groundwater impacts from simulations without such preferential flows. 
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Figure 10.1. Averaged Breakthrough Curves for Technetium-99 at the 
WMA S-SX Boundary for Various Recharge Rates 
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10.4 SINGLE-SHELL TANK FARM SYSTEM 

The simulations in the Initial Single-Shell Tank System Performance Assessment for the Hanford 
Site (DOE/ORP-2005-1) go beyond those of the Field Investigation Reports'. Thi s performance 
assessment includes more sources and provides many more sensitivity analyses. Also, unlike the 
FIRs which only include a few farms, the performance assessment includes all of the single-shell 
tank farms. 

The Single-Shell Tank System Performance Assessment simulates not only past releases from 
tank farm facilities , but also the releases from residuals that may be left in the tanks and the 
auxiliary equipment (for example, pipelines and diversion boxes) and releases that could occur 
during tank waste retrieval. The inclusion of these new sources adds new processes and data 
needs . 

The Single-Shell Tank Farm System Performance Assessment also performs many more 
sensi tivity analyses than did the Field Investigation Reports. This is partly because of the larger 
scale of the analysis (that is, more tank farms, more sources in a tank farm) and because of the 
desire to better understand the system. Sensitivity analyses cover various recharge rates, past 
water pipeline leaks, residual waste models , vadose zone properties, and plume overlaps. 

There are key open issues on DOE/ORP-2005-1 , based on comments from the Washington State 
Department of Ecology, which have not yet been resolved (Reference: Letter 0700068, J. J. Lyon to 
R. J. Schepens, Initial Single Shell Tank System Performance Assessment (SSTPA) for the Hanford 
Site, DOE/ORP-2005-1, Rev. 0). The process that will be used to develop each WMA specific PA wi ll 
address any applicable comments. This process will be described in the Master Work Plan, to be 
provided by December 31, 2008 (M45-58). 
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10.5 INTERACTION WITH OTHER H ANFORD ACTIVITIES 

There are other modeling efforts being performed on the Hanfo rd Site. Lessons learned from 
such modeling efforts can greatly aid the tank farm modeling efforts. During Phase 1 of the 
Tank Farm Vadose Zone Program, interactions were extensive with the performance assessments 
associated with the di sposal of immobilized low-activity tank waste and with the composite 
analysis of Hanfo rd Site's residual waste. 

The immobilized low-activity tank waste performance assessments (Mann et al. 1998 and 
Mann et al. 200 I ) and the Integrated Disposal Facility analyses (Mann et al. 2003) used methods 
and data very similar to the simulations performed by the Tank Farm Vadose Zone Program. 
The main differences are the source terms (the immobilized low-activity tank waste performance 
assessments and Integrated Disposal Facility analyses dealing with treated/processed tank waste) 
and the availability of much more site-specific data at the Integrated Disposal Facility site. 
However, as discussed in Chapter 27 (Future Impacts), the results, conclusions, and insights 
from all of these analyses are quite similar. 

By its nature, the Hanford Site Composite Analysis (Kincaid et al. 1998) evaluated a much 
broader scale than the tank farms . However, in maintaining this document, much information on 
data, methods, and results have been exchanged. Consistent approaches and data have resulted. 
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11. INTERIM MEASURES 
Author: Frank Anderson 

11.1 INTRODUCTION 

The Hanford Federal Facility Agreement and 
Consent Order (HFF ACO), informally known 
as the Tri-Party Agreement (Ecology 1998), 
requires that DOE implement interim measures 
and corrective actions to remediate the 
environmental impacts of contaminants in the 
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The Tank Farm Vadose Zone Program implemented 
a number of interim measures to mitigate impacts 
from past tank farm releases. Each works by limiting 
contaminant mobility by controlling the amount of 
water introduced into the system: 

• Installation of well caps on dry wells 
• Decommissioning wells 
• Decommissioning waterlines 
• Construction of berms and gutters 
• Construction of surface barriers. 

soil and gravel around and below single-shell tanks and associated facilities in the 200 Area tank 
farms. Interim measures are presented in much greater detail in Appendix K (Interim Measures) 
of this report. The approach to corrective measures is discussed in Chapter 12. 

Figure 11-1 shows a conceptual model of these hydraulic drivers. Chapter 16 provides more 
detail on the groundwater pathway conceptual model. 

Figure 11-1. Conceptual Model of Hydraulic Drivers at Single-Shell Tank Farms 
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The concept of interim measures is contained in the U.S. Resource Conservation and 
Reclamation Act (RCRA) and its Federal administrative regulations. The State of Washington 
has similar RCRA-type regulations (WAC 173-303 and WAC 173-340). 

Interim measures are initial response actions that can be taken at any time while contaminant 
characterization activities are under way and while long-term strategies are being developed to 
reduce actual or potential impacts of tank leaks on groundwater. In general, interim measures 
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are used when data or information indicate that actual or threatened releases pose an immediate 
threat to public health or the environment, and that early remediation will reduce or eliminate 
this threat. They are "good engineering practice" actions that do not require vadose zone 
characterization and that will reduce water infiltration at the tank farms and/or limit the 
migration of contamination through the vadose zone. Interim measures are intended to improve 
the situation and are not tied to meeting contamination action levels. Therefore, Interim 
measures do not require comprehensive evaluation in a Corrective Measures Study, cost-benefit 
analyses, or an evaluation of multiple alternatives. 

Corrective actions are response actions with the objective ofreducing contaminant migration to 
groundwater to acceptable regulatory levels and that require balancing risk, benefits, and costs. 
In general, corrective actions involve a substantial commitment of resources, require a more 
thorough evaluation than an interim measure, and are intended to provide a more permanent 
solution to the long-term threats posed by past and future contaminant releases. Detailed 
evaluations of corrective actions are performed in a Corrective Measures Study, which based on 
results from a RCRA Field Investigation (RFI), such as this document. See Chapter 12 for 
information on Corrective Actions. 

Note that interim measure demonstration projects_may be required to obtain information on 
design effectiveness, construction methods, material durability, effectiveness, maintenance, and 
costs before corrective measures can be selected and implemented (Section 11.3 .6 [Surface 
Barriers]). 

11.2.2 Limiting Contaminant Mobility 
Interim measures succeed by limiting 
contaminant mobility by reducing the 
amount of water in the system. 

Moisture passing through the soil column may carry or 
drive leaked and spilled contamination downward toward the groundwater through what is 
termed the vadose zone. Such moisture can originate from the following: 

• Man-made systems, such as broken or leaking pressurized waterlines and existing wells 

• Natural precipitation. 

There are four specific pathways for downward moisture migration at the single-shell tank farms. 
The pathways are the following: 

• Surfacewater flowing into or down the outside of existing monitoring and dry wells within 
single-shell tank farms via absent or leaking caps on the wells, or ineffective well 
construction 

• Leaking buried pressurized waterlines, coupled with failed valves, within and adjacent to the 
single-shell tank farms (Figure 11-2 and Figure 11 -3 give examples of this driver.) 

• Upgradient surfacewater run-on to the single-shell tank farm ground surfaces from 
catastrophic meteorological events and pressurized pipeline breaks and leaks upgradient of 
the farms. (Figures 11-4, 11-5, and 11-6 are examples of this driver.) 

• Infiltration of precipitation falling on the gravel- and sand- covered tank farm surfaces. 
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Figure 11-2. Leaking Potable Waterline 
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Surface ponding from to a break in a 12-inch potable waterline near U Plant at 200 West Area 
on March 17, 2000 shown in top picture. Excavation of break was 12 to 14 feet deep as 
shown in bottom picture. Break was a crack 2 to 3 feet long, with a second break farther 

down the pipe. Note that white areas are snow-covered ice. 
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Figure 11-3. Gate Valve Failure 

Precipitates keep 12-inch waterline valve from fully closing allowing a 
valved-off waterline to still be pressurized in July 1997 
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Figure 11-4. Ponding Caused by Precipitation 
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Surface ponding adjacent to U Farm caused by normal precipitation on November 8, 2000. 
Top photo looks south along 16th Street near corner of farm. Bottom photo looks 

north along Camden A venue from the same comer. 
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Figure 11-5. Catastrophic Flooding of T Farm 
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A Chinook wind rapidly melted snow cover on frozen ground flooding T Farm in 
February 1979. Resultant ponding inundated dry wells and other structures. 
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Figure 11-6. Catastrophic Waterline Break 
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Catastrophic break of a temporary section of a 14-inch raw waterline caused flooding of S and 
SY Farms on September 26, 1996. Over 570 gallons were released in 2 hours after the blue 

waterline (upper left) failed. Water flowed into the farms via the construction trench for 
the cross-site transfer line to SY Farm shown in the foreground. The water had 

infiltrated into the ground at the farms within a day. 

11.2.3 Process for Identifying the Need for Interim Measures 

The U.S. Department of Energy, Office of River Protection initiated the Single-Shell Tank 
RCRA Corrective Action Program to address the nature and extent of contamination and 
associated risk impacts of past and potential future tank waste releases to the environment. 
RCAP also includes necessary interim measures to remediate soil contamination associated with 
the single-shell tanks. Interim measures are an essential part of the remediation of the 
contaminated soils outside of the tanks in the waste management areas. 

Figures l l-7a and l l-7b illustrate the initial conceptual sequence of RCRA Correction Action 
Program interim measures and their relationship to the Hanford Federal Facilitv Agreement and 
Consent Order (Ecology et al. 2007) Milestones that document RCAP progress. Notice that 
many individual interim measures projects were accelerated to be completed in 2001 and 2002 . 
Some scheduled milestone completion dates on Figure l l-7a and Figure 11-7b were 
subsequently revised to accommodate DOE budget and scheduling constraints, such as interim 
surface barriers. (See Section 11.3.6 [Surface Barriers].) 

The adequacy of the RCRA Corrective Action Program information collected to date, the need 
for additional interim measures, interim milestones, and associated target dates are assessed at an 
annual meeting between Ecology and DOE. This activity is part of Hanford Federal Facility 
Agreement and Consent Order Action Plan Milestone M-45-56 (Ecology et al. 1998) and 
provides for the annual approval for upcoming interim measures activities. 
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Figure 11-7a. RCRA Corrective Action Program Activities and Hanford Federal 
Facilities Agreement and Consent Order Milestones: Interim Measures 
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Figure 11-7b. RCRA Corrective Action Program Activities and Hanford Federal 
Facilities Agreement and Consent Order: Install Surface Barriers 

Interim Measures 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

·i 
1 

~ ii 
. l , , Ii 
I I I l! 
:;J Ii l e 

.:s = I 
f i f 

"! 
l ! --

·n . 
;I 
~! t 
!Ji i : n r r· i i 

- { 

ff' ~i J 
• I ~ · ~ 

• 

~ i • 

t l .. 
1--

ft 1111 I fi 11 I 

II i
1 

ti I !1 h I 
I 11 II f! ilil J 111 ~,, i 
I E ~I t= •I f : 

- I ii 1, 1i ,11 I ,1 11 I 
II II fit 111!1 I Iii ii 1! 

t:jj I 
~i i . 
u-1 : · I r'~ . z i ": 
:Pit I • ! ~ur~ 1 ~ h1,J i q 
(.l!z! 1; , .. ft i !!' 
llf.!!Ja l "8 I 
iflil i i I 
-~:,, .I! i I 2 J1~1I If q 
dip I I h 
ili•,1 id n :lbll ii 

..: NM ..;ao 

11-9 



Tier 1 - Chapter 11 
DOE/ORP-2008-01 

11.2.4 Types of Interim Measures 

There are currently five categories of interim measures that reduce moisture flow through 
contaminated soil near the single-shell tanks (with the years tasks were active given in 
parentheses): 

• Installation of leak-tight well caps on RCRA groundwater monitoring wells and tank farm 
dry wells ( 1999) 

• Decommissioning of unneeded RCRA groundwater monitoring wells and tank farm dry 
wells (2000) 

• Leak testing and cutting and capping of leaking pressurized waterlines near the single-shell 
tanks (2001-2002, 2006) 

• Diversion of up gradient surface water run-on, using barriers and culverts, to keep 
surfacewater from running onto the tank farms (2001-2002) 

• Demonstration of an infiltration barrier over contaminated soi l to reduce infiltration from 
precipitation (2002, 2006-2008). 

Additional interim measures not related to the above five categories have provided for well 
maintenance (Section 11.3.9) activities and contamination migration mitigation (Section 11.3.7 
and Section 11.3 .8). 

11.2.5 Key Reports 

The titles and purposes of significant reports are given in Table 11-1 . The reports can be divided 
into three categories: 

• Engineering reports on interim measures 

• Interim surface barrier reports 

• Field investigation reports, which provided recommendations for interim measures. 

The Engineering Report; Single-Shell Tank Farms Interim Measures to Limit Infiltration 
through the Vadose Zone (Anderson 2001 ) fits into both of the first two categories. 

11.3 SUMMARIES OF COMPLETED INTERIM MEASURES 

Fifteen interim measures have been completed. Table 11-2 lists the interim measures, with more 
information provided below. The completed interim measures can be grouped as: follows 

• Installation of well caps on drywells (Section 11.3 .1 ) 

• Decommissioning of single-shell tank farm wells (Section 11.3.2) 

• Decommission leaking lines (Section 11.3.3) 

• Construction of surface water control measures (Section 11.3.4) 
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• Repair of effects caused by a catastrophic rainstorm at Waste Management Areas (WMAs) 
A-AX and B-BX-BY (Section 11.3 .5) 

• Construct interim surface barriers (Section 11.3 .6), 

• Perform technetium-99 groundwater remediation at SX Farm (Section 11 .3.7) 

• Relocate groundwater monitoring point (SX Farm) (Section 11 .3.8), and 

• Replace groundwater monitoring wells at WMA A-AX (Section 11.3.9) 

Table 11-1. Key Reports on Interim Measures 

Title and Citation Purpose 

Engineering Reporl; Single-Shel/ Tank Farms Identified, evaluated and recommended interim measures for reducing or 
Interim Measures to Limit Infiltration Through eliminating water sources and preferential pathways within the vadose zone 
the Vadose Zone (Anderson 2001 ) of the single-shell tank farms. 

DOE's Management of Single Shell Tanks at Recommended that DOE "Develop specific plans to replace the gravel 
Hanford Washington (GAO 1989) surfaces at the tank farms with a less permeable material and promptly 

replace the gravel surfaces if ongoing studies indicate that these surfaces 
could promote the movement of (leaked) waste toward the groundwater." 

Single-Shell Tank Interim Cover Engineering Evaluated four alternatives for reducing surface infiltration at the WMAs 
Study (Schroeder and Carvo, 1992) 

"Polyurea Spray Elastomer for Waste Reported laboratory testing conducted on factory sprayed and field sprayed 
Containment Applications" (Miller et al. 1997) polyurea elastomer samples 

"Reducing Water Infiltration Around Hanford Summarized the May 4-6, 1999 workshop on techniques to reduce and 
Tanks," (Molton 1999) monitor infiltration at single-shell tank farms 

Phase 1 RCRA Facility Section 4.2 identified a number of general response actions, technology and 
Investigation/Corrective Measures Study Work process options associated with each general response action, and 
Plan for Single-Shell Tank Waste screened each option based on effectiveness, ability to implement, worker 
Management Areas (DOE/RL-99-36) safety, and cost. 

Engineering Reporl; Single-Shell Tank Farms Assessed the potential measures to limit infiltration at the single-shell tank 
Interim Measures to Limit Infiltration Through farms 
the Vadose Zone (Anderson 2001 ) 

Interim Surface Barriers (Anderson 2002) Discussed how interim surface barriers complement other completed or 
planned interim measures at single-shell tanks. 

"Draft Technical Guidance for RCRA/CERCLA Concluded that an elastomer (for example, polyurea/polyurethane) sprayed 
Final Covers" (EPA 2006) over a non-woven geotextile could likely perform the function of a final 

hydraulic barrier at landfills 

Field Investigation Reporl for Waste Recommended that ( 1) interim measures (waterl ine isolation and leak 
Management Area S-SX (Knepp 2002a) testing , run-on/runoff controls, groundwater remediation) should be 

extended to other tank farms and that periodic waterline testing should be 
conducted and (2) an engineering study to determine the costs and impacts 
of placing an interim surface barrier 

Field Investigation Reporl for Waste Recommended construction of a drain and culvert system to move water 
Management Area 8-BX-BY (Knepp 2002b) from south to north beneath a waste transfer line that crosses Baltimore 

Avenue from B Tank Farm to BX Tank Farm. 

Field Investigation Reporl for Waste Recommended that an interim surface barrier be constructed at T farm as a 
Management Areas T and TX-TY (Myers demonstration project. 
2005) 
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Table 11-2. Interim Measures Completed 

HFFACO Year 
Milestone Done Interim Measures Description 

M-45-57 1999 Complete upgrading of leak-tight caps on 
monitoring drywells around single-shell tanks 

M-45-56 2000 Decommission Priority 1 wells within single-
shell tank farms 

M-45-56 2001 Update tank farm waterline maps in 200 Area 

M-45-56 2001 Leak test waterlines serving WMA S-SX 

M-45-56 2001 Leak test waterline serving WMA U 

M-45-56 2001 Design and construct upgradient surface 
water run-on control measures for WMA S-SX 

M-45-56 2001 Design and construct upgradient surface 
water run-on control measures for WMA T and 
TX-TY 

M-45-56 2001 Design and construct upgradient surface 
water run-on control measures for WMA U 

M-45-56 2002 Leak test waterlines serving WMAs A-AX, 
B-BX-BY, C, and TX-TY 

M-45-56 2002 Design and construct upgradient surface 
water run-on control measures for WMAs 
A-AX, B-BX-BY and C 

M-45-56 2003 Quarterly groundwater monitoring using Well 
299-W23-19 in SX Tank Farm 

M-45-56 2004 Replace two failed RCRA groundwater-
monitoring wells in WMA A-AX 

M-45-56 2004 Relocation of groundwater-monitoring point for 
Well 299-W23-19 in SX Tank Farm 

M-45-56 2006 Decommission waterline to WMA B 

M-45-56 2007 Begin interim surface barrier demonstration 
project 

HFFACO = Hanford Federal Facility Agreement and Consent Order 

WMA = waste management area 

Interim Measures 

Action Taken 

Installed 786 new leak-tight well caps in WMAs A-
AX, B-BX-BY, C, S-SX, T, TX-TY, and U 

Decommissioned 4 RCRA monitoring wells near 
single-shell tank farms 

Updated 4 sets of drawings, totaling 36 drawings 

Leak tested 4 waterlines; cut and capped 2 
waterlines 

Leak tested one waterl ine 

Constructed a combination of low and high soil 
berms, gravel roads, asphalt paving, riprap, safety 
signage, and a concrete cover over a waste transfer 
line 

Constructed a combination of low soil berms, graded 
ditches, a trench drain , rip rap , and safety signage 

Constructed a combination of concrete gutters, new 
asphalt paving, a va lley drain, riprap, and safety 
signage and road markings 

Five excavations were required for leak testing or 
observation. Three waterlines were cut, capped, and 
abandoned in place 

Constructed a combination of concrete and asphalt 
gutters, asphalt paving, a valley drain, 3 culverts, low 
soil berms, riprap, and safety signage and road 
markings 

Quarterly monitoring instituted, followed by pumping 
and disposal of at least 1000 gallons 

Decommissioned 2 failed wells and constructed 
2 replacement wells; determined probable cause of 
fa ilure 

Moved monitoring point from inside SX Tank Farm to 
a point outside the farm fence 

Cut and capped waterline 

Constructed a polyurea interim surface barrier over 
the T-106 tank leak; installed 4 vadose zone 
monitoring wells 

11-12 



11.3.1 Installation of Well Caps on Drywells 

Tier 1 - Chapter 11 
DOE/ORP-2008-01 

During 1998-1999, all drywells in single-shell tank farms were capped with new leak-tight caps. 
A total of 786 well caps were installed, with the last one installed on May 26, 1999 thereby 
completing Hanford Federal Facilities Agreement and Consent Order Milestone M-045-57. 
While these new leak-tight drywell caps were effective, informal information indicates that after 
8 years of use, some drywell caps are again broken or missing. The drywell caps should be 
resurveyed, and new caps placed on drywells when warranted. 

11.3.2 Decommissioning of Single-Shell Tank Farm Wells 

An engineering study was conducted to prioritize tank farm wells for decommissioning. The 
study identified 62 Priority l wells that present the highest risk to groundwater as well as Priority 
2 and 3 wells Anderson 200 l ). None of the Priority l wells ere decommissioned because 
technical personnel and regulators determined that these wells may be needed for tank waste 
retrieval and WMA closure. Consequently, Priority 2 and 3 wells were not evaluated. 

Subsequently, RCRA monitoring wells adjacent to or near to WMAs T and TX-TY were 
reviewed, with four wells identified for decommissioning. The decommissioning was completed 
in July 2000. 

11.3.3 Decommission Leaking Waterlines 

Work associated with water lines was begun in 2001 and completed in 2002 . This work included 
the following: 

• Updating and revising of waterline drawings in the 200 Area 

• Leak testing of waterlines serving single-shell tank farms 

• Cutting and capping (decommissioning) of leaking waterlines . 

Four sets of drawings were created, totaling 68 engineering drawings for potable and raw water 
lines in the 200 Area. Table 11-3 summarizes the pressurized pipeline abandonment activities 
and related information for the seven WMAs that occurred during fiscal years 2001 and2002. 
More recently, a raw waterline serving B Farm was cut and capped in fiscal year 2006. 

Leaking waterlines were cut and capped in place. This activity was performed near the water 
supply main lines that are generally well outside of the WMAs. Note that cutting of the supply 
lines to a tank farm also abandons the connected feeder lines within the farm . 

Leak testing of waterlines was accomplishing by temporarily depressurizing the supplying main 
waterline, and then inserting a pressure-testing device in the single-shell tank-farm-supplying 
waterline near the main waterline, as illustrated in Figure 11-8. The line was then re-pressurized 
and allowed to reach pressure stability. The water pressure in the line was then monitored for up 
to 24 hours. If the water-supply line did not leak, the supply pipe was reconnected, sealed, and 
re-pressurized. Leaking lines were cut and capped, as shown in Figure 11-9. 
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Table 11-3. Summary of Waterline Abandonment Activities for Single-Shell Tank Farms in the 
200 Area During FY 2001-2002 

Leak 
Detected Verified that 
(gallons Line(s) Waterline was 

Waterline Water Year Leak No Leak per Cut and Leak Cut and Capped 
Farm Size (inch) Type Installed Test(s) Detected minute) Capped Stopped in Past Comments 

A, AX, C 8 Raw 1953 1 1 A 

C 10 Sanitary 1963 1 

B, BX,BY 6 Raw 1942 3 2 1.0 1 B 

sx 8 Raw 1954/73 1 C 

sx 6 Raw 1954/84 1 C 

s 4 Sanitary 1964 1 1 

s 14 Raw 1964 1 1 

TX 4 Raw 1957 2 0.4? 1 D 

u 4 Raw 1951 1 1 

TOTAL 9 6 2 3 1 1 

A A single testing location was used to test waterlines running to A, AX, and C Farms. 
B A single testing location was used to conduct 3 leak tests. The first test detected a 1 gallon per minute leak through a hose bib at the 

Hanford Barrier test site. The hose bib valve was closed , and the leak was eliminated. The two additional tests detected no leaks 
involving other lines. 

C Waterlines were no longer needed and were cut and capped. 
D A single testing location was used to test the waterline inside and outside the TX Farm. Both portions of the line were found to be 

leaking a total of 0.4 gallon per minute. 

Figure 11-8. Waterline Leak-Testing Device is inserted in Waterline 
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Figure 11-9. Example of a "Nuclear Blank" Style used to Cut and Cap a Waterline 

The waterline is cut in two places and the pipe removed. The up- and downgradient cuts 
are blanked off so that there is no possibility of water flowing through the waterline. The 

upgradient seal is on the right. This area is then formed and the blank is encased with 
poured concrete to make the cutting and capping permanent. 

11.3.4 Construction of Surface Waste-Control Measures 

The construction of upgradient surfacewater run-on control measures adjacent to the single-shell 
tank farms occurred at all seven WMAs (A-AX, B-BX-BY, C, S-SX, T, TX-TY, and U). 
Engineering designs underwent 25% and 90% design reviews. A total 36 engineering drawings 
were produced. Design and construction were completed in the 200 West Area in fiscal year 
2001, and in the 200 East Area in fiscal year 2002. 

The control measures for each WMA consisted of various combinations of the following: 

• Low and high gravel-armored soil berms (Figures 11 -10 and ll.:..!l) 

• Concrete and asphalt road gutters (Figures 11-12 and 11-13) 

• Asphaltpaving(Figure 11-14) 

• Culverts (Figure 11-15) 

• Valley (Figure I 1-16) and trench drains (Figure l 1-1 7) 

• Riprap (Figure 11-18). 

Note the all appropriate signage and safety measures, such as pavement striping (Figure 11-19), 
were installed. Also, necessary exemptions for Archeological, Storm Water, National 
Environmental Policy Act, and Air Quality permits were obtained. On completion, 
responsibility for the control measures was transferred to CH2M HILL's Tank Farm Operations. 

Interim Measures 11-15 



Tier 1 - Chapter 11 
DOE/ORP-2008-01 

Figure 11-10. High Berm Placed Adjacent to the East Side of SX Farm 

This berm is approximately 4 feet high and is wide enough for a one-lane road to allow 
access to the west side of SX and SY Farms. Both the sides and top of berm are 
armored with gravel. Note white safety reflectors defining the side of the road. 

Figure 11-11. Completed Low Soil Berm with Gravel Armor Placed 
along the West Side of TX Farm 

Interim Measures 

Note sign in left foreground identifying the surface water run-on berm, 
and vehicle drive-over ramps in fore- and middle ground. 
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Figure 11-12. Placement of Concrete Gutter along Baltimore Avenue near BX Farm 

Figure 11-13. Completed Asphalt and Concrete Gutter System Constructed Downgradient 
of the Culvert Installed under the Waste Transfer Line Crossing 

Baltimore Avenue from B to BX Farms 

Note that water is conveyed in an asphalt gutter on the western side of Baltimore A venue 
to the culvert beneath I t 11 Street in the distance. 
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Figure 11-14. Installed Concrete Gutter and Asphalt Paving along 
the East Side of Baltimore Avenue Adjacent to B Farm 

Figure 11-15. Installation of 12-inch Culvert Beneath 12th Street 
North of Baltimore Avenue and BY Farm 
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Figure 11-16. Valley Drain Crossing Cannon Avenue 
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Note that this figure also shows the failure of surface water disposal system at SE comer of 
WMA A-AX. Surfacewater flowed downhill from the A Evaporator parking lot, across 

Canton A venue in the valley drain, into the inlet basin for the culvert (blue) into an 
Environmental Restoration Disposal Faci lity (ERDF) manhole. Water also flowed 

into the inlet basin from parking lots to the south (left of this picture) via a 
ditch on the eastern side of Canton A venue. 

Figure 11-17. Trench Drain Crossing 23rd Street Near Southeast Corner of T Farm 

Note that a wide, shallow depression has been graded just east of the eastern boundary of 
T Farm. Upgradient surface water flowing downgradient from the right of the picture is 

intercepted by the depression and diverted to the trench drain. Note the flow energy of the 
water exiting the trench drain is dissipated by the riprap in the ditch in the middle foreground. 
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Figure 11-18. Rip rap Placed at the Northeastern Corner of T Farm 

Note that a soil gutter was graded on the north side of T Farm to intercept upgradient 
surfacewater run-on to T farm from the upgradient area in the left of the picture. 

Downgradient water flow in the gutter is toward the riprap which dissipates 
the flow energy of the water to prevent soil erosion. 

Figure 11-19. Completed Concrete Gutters and Paving at U Farm at the 
Intersection of Camden A venue and 16th Street 

Note safety striping of roads 
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Surfacewater runoff calculations for engineering designs for berms, culverts, and trench and 
valley drains were used to size these facilities. The following surfacewater design criteria were 
used for engineering designs: 

• Normal precipitation; street drainage was designed for not less than the 25-year, 6-hour 
storm. 

• Catastrophic events; there are no criteria for these types of events; therefore, criteria were 
developed for the evaluation of the design. 

• Rapid snowmelt; rapid snowmelt design flows were based on assuming a 50-year interval 
maximum ground snowmelt over a 24-hour period. 

• Waterline rupture; waterline rupture design flows were determined based on the worst-case 
ruptures that could affect each single-shell tank farm. The size and age of the waterlines and 
the adjacent surface contours were evaluated to determine the worst case. 

11.3.5 Repair of Effects Caused by Catastrophic Rainstorm at WMAs A-AX and 
B-BX-BY 

A catastrophic rainstorm occurred in the vicinity of WMAs A-AX and B-BX-BY on April 14, 
2003 . Based on a rain gauge at the Hanford Prototype Soil Barrier, located adjacent to BY farm, 
an estimated 1. 7 inches of precipitation fell in 20 minutes, causing the equivalent of a 500-year 
rainstorm. This catastrophic rainstorm was 20 times greater than the design storm, and it 
overwhelmed the runoff capacity of the local tank farm control measures, causing ponding, 
extensive erosion, and sedimentation. This storm was a severe test of the interim measures 
constructed at WMA B-BX-BY, but the control measures performed reasonably well. 

The culvert running beneath the "dam" created by the surface waste-transfer line running from B 
to BX farm across Baltimore A venue (Figure 11-20) was unable to cope with the runoff, and 
water backed up behind the dam. The dam was partially topped by the ponded water, and it was 
breached, as shown in Figure 11-21 . Surfacewater flowed northward, breaching low berms and 
causing ponding and extensive downgradient erosion and sediment deposition extending more 
than 2,500 feet. The damage was repaired by CH2M HILL's Tank Farm Operations and control 
measures were fully operational by the summer of 2003. However, the upgradient surfacewater 
run-on control measures in the 200 Areas have degraded over time and currently require 
maintenance. 

This same storm overwhelmed the surfacewater disposal system for WMA A-AX. Surfacewater 
ran downgradient from the parking area east of the A Evaporator across the valley drain at 
Canton A venue into the inlet basin for the culvert to the Environmental Restoration Disposal 
Facility manhole. Because the culvert was blanked off, surfacewater filled the inlet basin and 
flowed eastward toward the abandoned 207-A-South Lagoon, as shown in Figures 11-16 and 
11-22. This situation has not been rectified. The Environmental Restoration Disposal Facility 
manhole is still blanked off. Any signific_ant future rainstorms or snowmelt events can be 
expected to produce similar flooding. 
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Figure 11-20. Effect of Interim Measure at WMA B-BX-BY 

Photograph looking north at gutter and culvert entrance along the west side of Baltimore A venue 
between Band BX Farms during a rainstorm. Note the gravel and asphalt "dam" north of the 
culvert entrance (surrounded by the white reflectors) created by the construction of a waste
transfer line between the farms and the coverage of the lines with gravel and the repaving of 

Baltimore Avenue. The culvert drains north beneath this "dam." The surfacewater just north 
of the yellow pipes indicates the area where historic ponding occurred prior to construction 

of this interim measure in 2002. Note that this picture was taken the morning after a 
500-year precipitation event that occurred on April 14, 2003 when 1. 7 inches of water 
fell in 20 minutes. The culvert design was for a 25-year precipitation event occurring 

during 6 hours. Overtopping of the "dam" eroded the earth berm to the left of the road. 
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Figure 11-21. Breach of "Dam" Formed by Waste Transfer Line Crossing Baltimore 
Avenue between Band BX Farms from a Catastrophic Rainstorm on April 14, 2004 

Inlet to culvert is located at the end of the concrete gutter shown in the middle ground. 
Surfacewater inflow to the area far exceeded the capacity of the culvert. Water rose 

behind the dam and, eventually, partially breached the soil cover over the waste
transfer line, exposing its concrete casement, which is painted yellow. 

Figure 11-22. Surfacewater Ponded in the Inlet Basin and Breached the 
Basin, Flowing Eastward 
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11.3.6 Construction of Interim Surface Barriers 

Evaluation of the installation of surface barriers was done as part of the RCRA Corrective Action 
Program. Demonstration of a polyurea interim surface barrier was proposed by the Tank Farm 
Vadose Zone Program in fiscal year 2002, with construction of the barrier to begin the following 
year. The concept of interim surface barriers constructed at single-shell tank farms has at least a 
19-year history. Seven studies pertaining to interim surface barriers have been released to the 
public Table 11 .1 ). 

The internally proposed draft interim surface barrier demonstration plan was to design, install, 
and evaluate an interim surface barrier at single-shell Tank T-106 as a demonstration that an 
interim surface barrier could substantially reduce water infiltration and thereby lower the long
term risk from contaminants in the soil and grave l around and below tanks. The T-106 Tank 
leaked 115,000 gallons that contained approximately 37.4 Curies oftechnetium-99 in 1973. It is 
the largest technetium-99 leak associated with the single-shell tanks at Hanford. Technetium-99 
is known to be highly mobile in both the vadose zone and groundwater and it is often used as the 
indicator of groundwater contamination. Construction of an interim surface barrier has been 
estimated to reduce the magnitude of the projected peak groundwater impacts by a factor of 2. 

A decision was made by the Tank Farm contractor and the Department of Energy on the proposal 
to postpone the demonstration. 

In fiscal year 2006, the interim surface barrier concept was revisited. The demonstration project 
was approved in September 2006. Figure 11-23 illustrates the current Tank T-106 surface
barrier concept. 

A draft interim surface barrier demonstration plan was developed in January 2007. The goals of 
this 2-year demonstration are to significantly reduce the quantity of infiltration, to demonstrate 
cost effective design and construction, and to determine whether the barrier is effective for its 
design life of at least 25 years . 

Two clusters of moisture-monitoring instruments were installed in August 2006, and two more 
were installed in June 2007 to help evaluate the barrier effectiveness before and after the barrier 
is constructed. Figure l l-23 shows their locations. 

Design and construction of the barrier is scheduled to be completed in fiscal year 2007. Bauer 
(2007 ) and Lucas and Bauer (2007) contain the design and construction specifications. 

The material selected for the barrier was a polyurea/polyurethane mixture sprayed on an 
underlying, non-woven, geotextile base. The barrier and its drainage control system were 
constructed to minimize "edge effects" and to capture and divert runoff to downgradient 
uncontaminated areas . 
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Figure 11-23. T Farm Interim Surface Barrier Location and Moisture 
Probe Nest Locations 
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Predictions of barrier performance are necessary to size the barrier and to estimate the timing and 
magnitude of soil-moisture changes that will likely result from the implementation of the barrier 
and to instrument the barrier with the appropriate equipment at the correct locations. Estimates 
of the performance of the impermeable barrier were made using the two-dimensional STOMP 
vadose zone computer code (see Section 26.3.4 of Chapter 26) configured to site-specific 
conditions. The mobile contaminant technetium-99 was used as an indicator of contamination to 
address surface barrier performance. All changes were compared to an initial simulation of the 
surface barrier assuming retrieval and final closure of T Farm in the year 2032. The results from 
this analysis indicated the following: 

• The installation of a barrier in 2007 that is 10 per cent larger than the projected 
contamination area reduces the peak groundwater impacts from the T-106 leak for 
technetium-99, nitrate and hexavalent chromium by 40, 44, and 58 percent, respectively, 
when compared to the results from a final closure barrier installed in the year 2032. 

• Groundwater impacts do not significantly improve with a larger barrier. 
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• Discharge of the surface barrier runoff greater than 70 meters (225 feet) from the edge of the 
barrier effectively eliminates negative impacts from this source of water on the interim 
surface barrier performance. 

• Changes in soil-moisture content over the first 3 years are confined to the top 5 meters 
(15 feet) . 

A Tank T-106 interim surface barrier demonstration status report is under preparation. An 
interim surface barrier final report is scheduled for September 2009. 

11.3.7 Technetium-99 Groundwater Remediation at SX Farm 

Ecology directed the Department of Energy in a letter on May 21 , 2001 to initiate an interim 
measure at well 299-W23-19 in SX Tank Farm to remediate the high levels oftechnetium-99 in 
the groundwater associated with this well. The following were required: 

• Immediate implementation of an aquifer pumping test using well 299-W23-l 9 

• Submittal of a concise feasibility options letter report on groundwater remediation to Ecology 
by June 22, 2001 

• Delivery of an interim measure implementation work plan for well 299-W23-29 to Ecology 
by October 31 , 2001 , for review and approval by December 1, 2001 . 

Ecology endorsed conduct of the pumping test as soon as possible, as proposed by ORP in the 
feasibility options letter report on September 6, 2001. 

CH2M HILL released a report on May 1, 2002 that updated the 2001 work plan. Ecology 
accepted the results of the pumping tests contained in that report and the conclusion that a 
sustainable yield of 3 to 3 .5 gallons per minute from Well 299-W23- l 9 did not merit a 
continuous pump-and-treat operation on July 31, 2002. Ecology then recommended that 

• Quarterly sampling of Well 299-W23-l 9 and nearby wells continue 

• Additional pumping of water from the well at the end of quarterly sampling be conducted 

• The pump would be set at a pumping rate of 3.5 gallons per minute, and that water removed 
be pumped to an empty (1000-gallon or more) tanker truck for transfer to the Effluent 
Treatment Facility for treatment. 

The Department of Energy conducted quarterly monitoring of the well. Technetium-99 
concentration peaked at 187,900 pCi/L on January 16, 2003. During fiscal year 2006, the 
technetium-99 concentration in well 299-W23-19 peaked at 137,000 pCi/L during September 
2005. At the end of fiscal year 2006 the concentration was measured at 43,200 pCi/L, well 
below the derived concentration guide of 100,000 pCi/L. The trend at this well indicates that the 
technetium-99 is entering the aquifer in an episodic manner. Since the start of groundwater 
treatment in 2003, 17,056 gallons of contaminated water have been retrieved and treated. A total 
of 0.0046 Curies (0.27 gram) of technetium-99 has been recovered. 
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Responsibility to implement the quarterly groundwater monitoring of Well 299-W23-19 (that 
was located inside the SX Tank Farm) was reassigned from tank farms staff to the Hanford Site 
Groundwater Monitoring Program, as part of the Interim Record of Decision for Groundwater 
Operable Unit 200-UP-l. Jurisdictional, scheduling and field work activity confusion between 
the monitoring program and Tank Farm Operations resulted. 

In FY 2004, an interim measure was implemented by tank farm staff to move the sampling point 
for well 299-W23-19 to a new location outside the SX Tank Farm fence. This interim measure 
allowed Hanford Site groundwater monitoring staff to conduct groundwater sampling, pumping, 
and tank-truck activities without interruption of tank-farm activities. 

11.3.9 Replace Groundwater Monitoring Wells at WMA A-AX 

In 2003 , Hanford Site groundwater monitoring personnel determined that two RCRA monitoring 
wells (299-E24-19 and 299-E25-46) in WMA A-AX failed as a result of rapid corrosion of the 
stainless steel casing. The two failed wells were decommissioned, and two new replacement 
RCRA groundwater monitoring wells were installed in 2004. The new wells were 299-E24-33 
and 299-E25-95 . 

Because of the concern about the cause of the well corrosion in WMA A-AX, the Tank Farm 
Vadose Zone Program implemented an interim measure to understand the cause of the corrosion. 
Pacific Northwest National Laboratory scientists performed detailed analyses of vadose zone 
sediment samples collected in the vicinity of the fai led well casings during their 
decommissioning in the hope of ascertaining the cause of the rapid well casing corrosion. Based 
on the findings of this report (Brown et al. 2005a), the use of Portland cement as an annulus
sealing agent in groundwater monitoring wells in zones with high moisture contents or that have 
the potential to accumulate perched water was recommended. 

11.4 CONCLUSIONS AND R ECOMMENDATIONS 

The Tank Farm Vadose Zone Program has completed 15 interim measures as part of the RCRA 
Corrective Measures Program for the 200 Area single-shell tank farms as a prime contractor for 
the Department of Energy since 1999. See Table I 1-2 for a summary of these interim measures. 

There are four potential pathways for downward moisture migration through the vadose zone at 
the single-shell tank WMAs. Completed interim measures have eliminated three of these 
pathways. Only the infiltration of precipitation on tank farm surfaces remains to be mitigated. 
The T-106 interim surface barrier demonstration project is evaluating a method to eliminate the 
final pathway. Significant work remains to be completed for this demonstration. 

The upgradient surfacewater run-on control measures have generally proved to be effective. A 
catastrophic rainstorm in 2003 , affecting B, BX, BY, A and AX Farms, tested these control 
measures under extreme conditions that were about 20 times greater than the design storm event. 
Control measures at WMA B-BX-BY continued to function though some individual components 
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failed or were damaged. This 2003 storm event also underscored the effect of blanking off a 
culvert draining to a liquid effluent retention facility manhole east ofWMA A-AX. 
Additionally, some upgradient surfacewater run-on control measures have been adversely 
impacted the ongoing lack of preventive maintenance. 

The following four actions are advised: 

• A survey of the status of well caps in single-shell tank farms is necessary; followed by a well 
cap maintenance campaign. 

• The necessity for the remaining buried pressurized waterlines serving the single-shell tank 
farms should be evaluated, and unneeded waterlines should be cut and capped. 

• The environmental analysis of surfacewater runoff to the culvert draining to a Treatment 
Effluent Disposal Facility Manhole (MH-H2) east of WMA A-AX should be completed as 
quickly as possible. If the existing culvert cannot be used, an alternative drainage system for 
this area should be designed and constructed. 

• A survey of the status of the effectiveness of existing upgradient surfacewater run-on control 
measures should be completed as soon as possible. An on-going maintenance program 
should be established. 
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12. RCRA PHASE 2 CORRECTIVE MEASURES AND 
ASSOCIATED ACTIVITIES 

Author: Jim Field 

12.1 INTRODUCTION 

Phase 2 of the Hanford Tank Resource Conservation 
and Recovery Act (RCRA) Corrective Action 
Program (RCAP) will include the following: 

Phase 1 of the RCRA Corrective Actions 
Program was to perform field/laboratory 
characterization of the largest releases and 
implement interim measures. Phase 2 will 
perform remaining characterization required to 
analyze and determine final corrective actions. 

• Additional characterization at the seven single-shell tank waste management areas required 
to define nature and extent of contamination and perfom1 alternatives analyses for final 
closure, 

• Evaluation of the characterization data to detem1ine risk to all pathways, including 
groundwater, direct human contact, and ecological contact 

• Preparation of a corrective measures study and selection of final cleanup actions . 

Under Phase 2, interim measures (Chapter l I) may still be implemented where deemed 
appropriate. However, the primary focus of Phase 2 will be in determining human-health or 
environmental risks, analyzing alternative corrective measures to mitigate these risks, and 
selecting final corrective measures. 

The initial step in the Phase 2 process is to define the data quality requirements that further 
characterization efforts must meet for adequate evaluation to be conducted to make closure 
decisions. These data will be used in developing a baseline risk assessment and completion of 
characterization of nature and extent, both of which will be used in the evaluation of alternatives 
in the corrective measures study. 

Corrective measures that will be evaluated as part of Phase 2 will be selected based upon a 
preliminary screening evaluation of applicable technologies (Section 12.4.1 ). This screening is 
based on criteria of effectiveness, implementability, and cost. Selected technologies can then be 
carried forward into the corrective measures study for a detailed and comparative evaluation 
based on the expanded criteria of overall protection, compliance with applicable requirements, 
long-term protection, reduction of toxicity, mobility, and volume through treatment, short-term 
effectiveness, cost, implementability, state acceptance, and public acceptance. The corrective 
measures study will then propose an alternative, or set of alternatives, for corrective measures 
that will be reviewed by the Washington State Department of Ecology (Ecology). This will form 
the basis for Ecology to modify the single-shell tank system closure permit. 

12.2 R EGULATORY R EQUIREMENTS 

Past releases from tank farm areas have caused surface, vadose zone, and groundwater 
contamination that has led to a number of regulatory responses, including but not limited to 
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implementation of a Resource Conservation and Recovery Act Corrective Action Program in 
accordance with the Hanford Federal Facility Agreement and Consent Order (Ecology et al. 
2007) and WAC 173-303-646. The Hanford Federal Facility Agreement and Consent Order 
(HFF ACO) is informally known as the Tri-Party Agreement. 

The U.S. Department of Energy, as a federal agency, must comply with the procedural and 
substantive requirements of Resource Conservation and Recovery Act of 1976 (RCRA) in 
addition to Executive Order 12580 (Superfund Implementation), Executive Order 12088 (Federal 
Compliance with Pollution Control Standards), and the Atomic Energy Act of 1954. As stated in 
Section 1006 ( 42 U.S.C. Section 6905) of RCRA, DOE is not required to take any action 
pursuant to RCRA that is inconsistent with the requirements of the Atomic Energy Act. 

12.2.1 Requirements of the Resource Conservation and Recovery Act of 1976 

Resource Conservation and Recovery Act (RCRA) corrective action programs are authorized by 
Sections 6001 , 3008(h), and 3004(u) and 3004(v) of RCRA [42 U.S.C. Sections 6961 , 6928(h), 
6924(u) and 6924(v)] , as amended by the Hazardous and Solid Waste Amendments of 1984 
(HSWA). The Hanford Tank RCAP is implemented under the Hanford Federal Facility 
Agreement and Consent Order. 

In accordance with Section 3006 of RCRA, the State of Washington has received authorization 
from the U.S. Environmental Protection Agency (EPA) to administer and enforce a state 
hazardous waste management program, in lieu of the federal hazardous waste management 
program within the State of Washington. The Department of Ecology (Ecology) is designated by 
the State of Washington's "Hazardous Waste Management Act (HWMA)" to implement and 
enforce the provisions of RCRA. The Corrective Action Program at Hanford will be conducted 
under the authorized state Hazardous Waste Management Area corrective action program in 
accordance with the provisions of the Hanford Federal Fadlity Agreement and Consent Order, 
WAC 173-303, and the Hanford Facility RCRA Dangerous Waste Permit (WA 7890008967). 

12.2.2 CERCLA Remedial Action Requirements 

HFF ACO Appendix I states that Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA) remedial action requirements will integrate with tank farm RCRA 
corrective actions . Because tank farms are within the CERCLA National Priorities List 
description for the 200 Areas of the Hanford Site, the completion of remediation of the 
200 Areas will eventually be finalized via CERCLA decisions made by the EPA, and permitting 
decisions made by Ecology. In order to ensure consistency with CERCLA, Appendix I states 
that EPA will have a role in reviewing regulatory documents for tank farm closure, including 
those under corrective action. 

Appendix I states, "Ecology, as the lead agency for SST System closure, EPA, and DOE are 
electing to investigate and remediate groundwater as part of the remedial investigation / 
feasibility study process under CERCLA. The information generated through the groundwater 
RI/FS [remedial investigation/feasibility study] process will be utilized in the development of 
SST System Closure Plans and Performance Assessment. Integration of CERCLA authority 
concurrently with RCRA closure and corrective action requirements, will allow Ecology and 
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EPA to address all regulatory and environmental obligations associated with contaminated 
groundwater regardless of the types of contaminants of concern being addressed." Groundwater 
remediation is being performed pursuant to CERCLA for the associated groundwater operable 
unit (OU): 

• 200-BP5: WMAs B-BX-BY and C 

• 200-PO-l : WMA A-AX 

• 200-UP-l WMAs S-SX and U 

• 200-ZP-l: WMAs T and TX-TY. 

Groundwater-monitoring and response actions are integrated within the context of the Hanford 
Federal Facility Agreement and Consent Order Milestones M-24 and M-45 and, as feasible, 
would be integrated with, but separate from, the waste management area closure activities. 

Releases from ancillary equipment such as pipelines and diversion boxes that are part of the tank 
farm system but outside of the waste management area fence line are part of the CERCLA 
200-IS-l Operable Unit. 

CERCLA operable unit decisions for both groundwater and the 200-IS-1 Operable Unit will be 
integrated with RCRA and approved by Ecology in the RCRA site-wide permit. 

12.2.3 Atomic Energy Act of 1954 and DOE Order 435.1 Requirements 

RCRA addresses chemically hazardous materials, but not radioactive materials. Under the 
Atomic Energy Act of 1954, the U.S. Department of Energy (DOE) has established regulatory 
requirements for radioactive waste, including DO E's Order on Radioactive Waste Management 
(DOE O 435.1-1 ). The Radioactive Waste Management Manual (DOE M 435.1-1 ), which 
implements the order, specifies criteria and processes for ensuring that radioactive wastes are 
generated, stored, treated, and disposed of in a manner that is protective of human health and the 
environment. 

12.2.4 Hanford Federal Facility Agreement and Consent Order 

The Hanford Federal Facility Agreement and Consent Order (Ecology et al. 2007) implements 
the requirements of RCRA and CERCLA for the Hanford Site. Section 7 ("Past Practice 
Processes") of Attachment 2 ("Action Plan") of the HFF ACO describes the overall process for 
the Tank Farm RCRA Corrective Action Program. Appendices H ("Single Shell Tank Waste 
Retrieval Criteria Procedure") and I ("Single Shell Tank System Waste Retrieval and Closure 
Process") describe tank waste retrieval and closure requirements. The Hanford Federal Facility 
Agreement and Consent Order also establishes a high-level schedule (Appendix D, "Work 
Schedule and Designation of Lead Regulatory Agency") for overall single-shell tank system 
closure activities. The milestones provide a structure for developing detailed plans that specify 
activities and requirements for single-shell tank system closure, including Phase 1 and Phase 2 
corrective action requirements. 
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12.2.5 Coordination with the National Environmental Policy Act (NEPA) 

To implement its requirements under the National Environmental Policy Act, DOE issued a 
"Notice to Prepare the Tank Closure and Waste Management Environmental Impact Statement 
for the Hanford Site, Richland, Washington," (76 FR 5655). This notice informed the public and 
interested agencies that DOE was planning to prepare an environmental impact statement (EIS) 
to support ORP decisions regarding the following : 

• Closing single-shel l tank farms in a manner that complies with federa l and Washington State 
requirements and protects the environment 

• Immobilizing the retrieved waste in the waste treatment plant and through supplemental 
treatment technologies, such as bulk vitrification, containerized grouting, steam reforming, 
and sulfate removal , and packaging the immobi lized waste for onsite di sposal or for offsite 
shipment and disposal in licensed and/or pennitted faci liti es. 

The Record of Decision for the Tank Closure and Waste Management Environmental Impact 
Statement will define DO E ' s selected alternative for proceeding with closure of the waste 
management areas including all of the tanks, ancillary equipment, and contaminated soil in the 
tank farm system. If post-closure care will be required because of residual waste in the single
shell tanks, residual soil contamination, or both, a post-closure plan will be submitted for 
incorporation into the Hanford Facility Dangerous Waste Permit with the closure plan. Final 
corrective actions for contaminated environmental media will be an element of the closure and 
post-closure plans. Specific final corrective action activities have not yet ·been identified and 
will depend on the amount of residual tank waste and environmental media contamination levels. 
The tank farm system will be incorporated into the Hanford Facility Dangerous Waste Permit 
when the closure and post-closure plans are approved by Ecology. 

12.3 PATH FORWARD 

The single-shell tank system closure process described in Hanford Federal Facilitv Agreement 
and Consent Order Appendix I emphasizes closure at the waste management area level. As 
planning continues, more information and detail will be included into the RCRA Site-Wide 
Permit for structural components and for corrective actions within the Waste Management Area. 
The initial Phase 1 effort is being followed by additional commitments for Phase 2 to address 
additional characterization efforts, the conduct of corrective measure studies and the associated 
corrective measures implementation. 

There are three primary steps in waste management area soil component closure activities : 

1. Characterizing the nature, extent, and mobility of the contamination in the soil column 

2. Evaluating characterization information to define associated risks to human health and 
the environment and determine how best these risks can be mitigated through a 
comparison of corrective measure alternatives 

3. Selecting and implementing necessary cleanup in accordance with applicable regulations. 
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The initial Phase 1 actions centered on the investigation and characterization at the single-shell 
tank waste management areas so that appropriate interim measures could be identified and 
implemented. The RCAP Phase 1 Work Plan and its implementation lead to an identification 
and confirmation of major release sites in the Waste Management Areas. The Phase 2 RCAP 
work will focus on verifying known and suspected release(s), and characterizing the nature, 
extent and rate of migration for releases of concern. 

The Phase 2 RCAP will include interpretation of release characterization data over the entire 
waste management area to established health and environmental impact criteria which will be 
used in a waste management area corrective measures study. This evaluation is crucial to the 
RCRA Corrective Action process. The data and information collected during the Phase 2 RCAP 
activities must adequately describe all of the waste management area releases and be useable 
with a high degree of confidence to make decisions regarding where and what kind of corrective 
measures will be required. 

Identifying and implementing interim measures may also be conducted during the Phase 2 
RCAP. If, in the process of conducting the investigation, a condition is identified that indicates 
that adverse exposure to hazardous constituents is occurring, is imminent, or that future exposure 
can be mitigated, interim corrective measures may be needed. Based on the results of the 
Phase 2 RCAP, a human-health and environmental risk assessment will determine the need for 
interim corrective measures. 

To ensure that appropriate data is collected to define nature and extent of contamination and 
perform a detailed and comparative analysis of corrective measure alternatives in a corrective 
measures study, a data quality objectives (DQO) process will be completed for each waste 
management area. The process will form the basis for a RCRA Facility Investigation/Corrective 
Measures Work Plan that will define the approach to characterization and will include Sampling 
and Analysis Plan for data collection. A RCRA Facility Investigation Report (an update of this 
report) will evaluate the Phase 2 data and will form the basis for the assessment of risk 
associated with contamination in the waste management area-specific performance assessment. 

A corrective measures study will be prepared which will identify and evaluate specific measures 
to remediate or mitigate the risk. The corrective measures study will be prepared in accordance 
with the requirements of the Hanford Federal Facility Agreement and Consent Order. Decisions 
concerning appropriate corrective measures would be determined through the RCRA faci li ty 
investigation/corrective measures study process defined in condition II.Y of the RCRA Site
Wide Permit (WA 7890008967), WAC 173-303-645, WAC 173-303-646, HFFACO Milestone 
M-45-55, and the RCRA corrective action process, as described in the HFF ACO. 

The CMS will contain an assessment of how the alternative corrective measures meet the general 
closure performance standards of WAC 173-303-610. In planning integrated closure actions 
within the waste management area, these standards will determine how closure is achieved under 
RCRA requirements. 
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Following the corrective measures study for each waste management area, the remedies will be 
selected as part of a modification to the Site-Wide Permit and are implemented through 
corrective measures implementation. A corrective measures implementation plan will be 
developed that will identify technical specifications for the corrective measures . This includes 
designing, constructing, operating, maintaining, and monitoring the corrective measures. 

12.4 REPORTS 

Two reports that have been issued in support of corrective measures studies are the following: 

• Central Plateau Vadose Zone Remediation Technology Screening Eva luation 
(RPP-ENV-34028) 

• Identification of Selected Locations of Elevated Radiological and Chemical Contamination 
in Single-Shell Tank Farms A, BX, C, and SX (RPP-RPT-33053) 

12.4.1 Vadose Zone Remediation Technology Screening Evaluation 

The Central Plateau Vadose Zone Remediation Technology Screening Evaluation 
(RPP-ENV-34028) identifies potentially viable technologies or process options for remediation 
of contaminated vadose zone soil and includes a preliminary screening evaluation of these 
technologies based on criteria of effectiveness, implementability, and cost. 

The report was developed in support of future CERCLA feasibility studies and RCRA corrective 
measures studies for operable units and waste management areas (WMAs) on the Central 
Plateau. Screening criteria used in the report are summarized in Table 12-1 . Recommended 
remediation technologies discussed in the report are summarized in Table 12-2. 

Effectiveness 

Which contaminants will this 
method address? 

Will this method reduce toxicity, 
mobility, or volume of 
contamination (thereby reducing 
long-term human-health and 
environmental impacts?) 

Will this reduction be permanent? 

Is there a potential for this method 
to produce hazardous byproducts 
or affect groundwater? 

Table 12-1 Screening Criteria 
Implementability 

Can the method be reliably constructed 
and operated or is it still in experimental 
phase? 

At what depth and relative area is the 
method effective? 

What is the relative risk to workers with 
respect to exposure and safety? 

What is the relative complexity of 
equipment required? 

What is the relative quantity of waste 
generated? 

RCRA Phase 2 Corrective Measures and Associated Activities 

Relative Cost 

Given scoping calculations: 

• Scale of infrastructure and 
consumables 

• Number and size of boreholes or 
other subsurface access 

• Disposal costs 

• Operation and Maintenance costs 

Are the relative costs for capital and 
O&M (per volume) expected to be 
grossly higher than other options with 
similar effectiveness and 
implementability? 
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Table 12-2. Summary of Potentially Viable Technologies 

Groundwater 
Technology Applicable COCs Functional Aspect Pathway Direct Exposure Post-Closure Intruder Effective Timeframe /Design Lile 

Interim Barriers ALL Limit moisture infiltration YES Short term only N/A (intrusion assumed to Short, typically less than 50 years 
(short-term) occur after institutional controls 

have lapsed and final closure) 

Surface Barriers ALL Reduce moisture infiltration at YES YES. Thickness of 15 NO, unless barrier is des9ned Design life < 1,000 years. Single-shell tank 
the surface feet or greater effectively to physically deter intrusion ~ertormance assessment assumes a 

eliminates direct method maximum of 500 year effective life. 
exposure pathway 

Subsurface ALL Isolate contaminants from YES YES. Assumes clean NO Unknown. Placement below surface 
Barriers (isolation) moisture moving through material above emplaced should reduce degradation because of 

subsurface barrier weathering and surface erosion processes. 
Potentia lly >500 years. 

Permeation ALL Isolate contaminants from YES YES. Assumes clean NO (Assuming well dri ller Unknown. Placement below surface 
Grouting moisture moving through material above emplaced scenario) should reduce degradation because of 

subsurface. Potential for using barrier. weathering and surface erosion processes. 
secuestering reagents to Potentially >500 years. 

chemically alter/bind specific 
contaminants 

Desiccation (soi l ALL Reduce moisture to prevent YES NO NO Unknown. Effectiveness will depend on 
moisture continued m9ration of net infiltration rate replacing moisture 

extraction) contaminants 

In Situ Gaseous Chromium Irreversibly changes hexavalent YES, but long NO YES (for hexavalent chromium Potentially permanent treatment for 
Reduction chromium to less toxic and less term only) hexavalent chromium. Tc-99, uranium, 

mobile trivalent chromium effectiveness is (and possibly nitrate and su~ate) may be 
limited to less mobile, as long as reducing conditions 

hexavalent are maintained, but will likely remobilize 
chromium. when treated zone reoxidizes because of 

natural flux of oxygen in soil gas 

In Situ Uranium, Sr-90, Immobilizes CoCs based on YES. Targeted NO NO If resulting chemical/mineral form is stable 
Phosphate/Calcite Cs-137(?) chemical/minera l encapsulation at immobilizing under normal vadose zone conditions, 

Immobilization COCs immobilization may be effective for a very 
long period of time 

RCRA Phase 2 Corrective Meas11res and Associated Activities 

Uncertainty/Limitations 

Short term effectiveness for controlling surface 
moisture infiltration, stabilizing surface, and/or 

reducing direct exposure. 

Limitations of design me only delay mobile 
contaminant arrival in GW. Lateral migration of 

moisture because of vadose zone 
heterogeneity may limit the depth of influence. 

Delayed influence at depth. Existing 
contaminated moisture will continue to migrate 

toward the water table 

Vertical barriers used in conjunction with either 
subsurface horizontal barriers (that is, macro 
encapsulation) or keyed into surface barriers 

may effectively reduce lateral moisture 
movement into contaminated material 

Verifying continuity of placement would be 
difficult. Shallow sites may be accessible using 

large auger (soil mixing), while deeper sites 
(greater than 30 to 40 feet) would require 

pressure injection 

Duration of effectiveness determined by net 
infiltration rate replacing extracted moisture at 
depth. Removing moisture from one zone may 

enhance lateral m9ration of 
moisture/contaminants from adjacent areas. 
Would requi re on-going periodic operation. 

Permanent for chromium under normal vadose 
zone conditions. Other affected mobile 

constituents would likely remobilize 

Unproven in vadose zone applications. 
Technology would require significant bench-top 

and field-scale demonstrations to assess its 
viability. Potentially applicable to a only a small 

number of CoCs 
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Comments 

Delivery of grout-like materials to the 
subsurface and verifying continuity of 

placement difficult. Drilling costs would be 
s9nificant 

Dri lling costs would increase substantially with 
depth. Less than 75 to100 feet may be able to 

use direct-push technologies to reduce 
emplacement and verification costs. 

Geophysical methods may aid verification. 
Permeability and leach studies would be 

required to estimate des9n life/effectiveness 

Combining soil-moisture extraction with 
surface/subsurface barrier emplacement may 

be the most effective application of this 
technology. Short-term control of moisture flux 

until passive barrier system is in place 

Limited to waste sites where hexavalent 
chromium is the sole CoC of concern. 

Hydrogen sulfide gas is extremely hazardous to 
work with. Vadose heterogeneity will make it 

difficult to control treaiment area. May be most 
effectively used in conjunction wnh soil vapor 
extraction as the physical requirements would 

be similar 

Unproven technology. Vadose zone 
heterogeneity presents s9nif,cant challenge 
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Technology Applicable COCs 

Electrokinetics Ionic CoCs. Tc-99, 
CN , Nnrate, 1-129, 

Chromium 
oxyanions, 

Uranium anionic 
species. 

Remove, Treat, All 
and Dispose 

CoCs = contaminants of concern 

NA = not applicable 

Functional Aspect 

Selective extraction of mobile 
ionic contaminants 

Removal and disposal under 
oontrolled, designed oonditions 

RCRA Phase 2 Corrective Measures and Associated Acliv1t1es 

Groundwater 
Pathway 

YES 

YES 

Table 12-2. Summary of Potentially Viable Technologies 

Direct Exposure Post-Closure Intruder Effective Timeframe /Design Life 

NO. Will not remove YES Permanent (removal) 
non-mobile radiological 

constnuents (e.g., 
Pu-239, Cs-137, 

Am-241) that may be 
significant risk 

contributors for direct 
exposure pathway 

YES YES Permanent (waste site location) 

Uncertainty/Limitations 

Effectiveness highly dependent on site-specific 
vadose zone oonditions (moisture, grain size, 

etc) 

Costs increases significantly wnh depth. 
Disposal pathway (that is, capacny) limned. 

Ex situ treatment adds addnional 
costs/handling. Waste site restoration 
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Comments 

Previous case studies report mixed 
effectiveness. Recent proposed system 

modifications promise better results. Significant 
field testing would be required to assess 

viabilny 

12-8 



Tier 1 - Chapter 12 
DOE/ORP-2008-01, Rev. 1 

12.4.2 Selected Locations of Elevated Radiological and Chemical Contamination 

The report, Identification of Selected Locations of Elevated Radiological and Chemical 
Contamination in Single-Shell Tank Farms A, BX, C, and SX (RPP-RPT-33053) was designed to 
support preliminary risk assessments for zero to 15 feet below ground surface by scaling 
contaminant levels in soil based on the results of spectral gamma logging of drywells. 

Because limited data on surface soil exists for the Hanford tank farms, the study was limited to 
cesium-13 7 detected in existing drywells. As more drywells are drilled within the farms and as 
samples of surface soil are collected, more complete data will be available. Specific constituent 
concentrations were extrapolated for individual elevated regions based on peak cesium-137 
concentration values as identified in the gamma logging data. 

Four locations with elevated near-surface cesium-137 contamination were evaluated. The areas 
were selected based on cesium-13 7 levels and the ability to assign a specific waste type. 
Table 12-3 shows cesium-137 concentrations and waste types for the locations evaluated. 

Table 12-3. Assessment of Elevated Regions 

Cesium-137 Concentration 
Tank Farm Borehole Number (pCi/g) Waste Type• 

A Farm 10-01-03 9.37E+05 PUREX high-level waste 

BX Farm 21-10-03 2.04E+07 BY saltcake supernatant 

C Farm 30-07-11 1.15E+05 B -Plant CSR waste 

SX Farm 41-05-08 1.74E+05 REDOX-2 waste 

a As defined in Higley and Place 2005. 

CSR = supernatant for cesium recovery process. 

PUREX = plutonium-uranium extraction. 

REDOX = reduction-oxidation. 

12.4.3 Other Planning Documents 

In addition to meeting the data needs to directly support the RCRA Corrective Actions process, it 
is important to understand the data needs involved in waste management area closure integration 
with the closure of the Central Plateau. The interfaces between the Central Plateau and the 
Waste Management Areas must be clearly accounted for in closure planning. The interactions 
and interfaces between Waste Management Area closure and other Central Plateau remediation 
and closure actions include waste sites, infrastructure, and groundwater. Proposed integration 
strategies for waste site remediation, infrastructure interface definition and remediation, and 
groundwater decision-making and remediation are being developed. The intent of these 
strategies would be to ensure that the Waste Management Area closure is closely coordinated 
with other actions on the Central Plateau and leads to consistency in the actions taken, clarity in 
the responsibilities for these actions, and completeness in the coverage of all actions that must be 
taken. Fundamental to the integration between Waste Management Areas and the Central 
Plateau would be a strategy that allows the Hanford DOE Field Offices (Office of River 
Protection and Richland Operations) to understand their respective processes to ensure that 
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decisions and strategies will accommodate structures and facilities at the interface areas and be 
complementary. Other planning documents relevant to the Phase 2 RCRA facility 
investigation/corrective measures study process include the following: 

• Near Term Data Quality Objectives for Yadose Zone Characterization Waste Management 
Area C (RPP-35169) 

• Waste Management Area Integration Study, Waste Management Area C (RPP-PLAN-25062) 

• Waste Management Area Integration Study, Waste Management Area T (RPP-PLN-25942) 

• Initial Single-Shell Tank Performance Assessment for the Hanford Site (DOE/ORP-2005-01 ) 

• Tanks/Lines/Pits/Boxes/Septic Tank and Drain Fields Waste Operable Unit RJ/FS Work Plan 
and RCRA TSO Unit Sampling Plan; Includes 200-IS-l and 200-ST- I Operable Units 
(DOE/RL-2002-14) 

• Supplemental Remedial Investigation / Feasibility Study Work Plan for the 200 Area Central 
Plateau Operable Units (DOE/RL-2007-2) 

• Remedial Investigation/Feasibility Study Work Plan for the 200-BP-5 Groundwater Operable 
Unit (DOE/RL-2007-18). 

• Single-Shell Tank Component Closure Data Quality Objectives (RPP-23403) 

12.5 INTERIM SURFACE BARRIERS 

In addition to the T-Tank Farm interim barrier demonstration interim measure described in 
Section 11.3.6 of Chapter 11 , interim surface barriers have been recommended for other sites and 
portions of other farms . Some of these may include the following sites. 

12.5.1 Tank ER-311 

Tank ER-311 is a small, underground catch tank southwest of B Plant near the eastern terminus 
of the cross-site waste-transfer line. Levels in this tank have declined. As part ofremediation, 
installation of a polyurea interim barrier at this tank was recommended in Options for 
Responding to the Assumed Leak from Catch Tank 241-ER-311 (RPP-RPT-29484). 

Such a barrier would minimize waste migration resulting from precipitation. Initial 
recommendations are for a barrier, conservatively sized at approximately l 00 feet by 100 feet, to 
cover both the assumed leak from catch tank ER-311 and a previous leak from the adjacent catch 
tank ER-31 lA. Minimal free liquid with very low concentrations of radiological or toxicological 
constituents remain in this catch tank ER-311 and the environmental impact of a continuing leak 
of the remaining liquid is low. Provisions are in place to minimize future intrusion into this 
catch tank, and liquid-level monitoring will ensure that additional moisture does not accumulate 
in the tank, which could potentially increase the plume size. Additional characterization is 
needed to determine the extent of contamination in support of barrier design. 
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Interim barriers have also been recommended for Tanks BX-101 and BX-103 in an effort to stop 
water intrusion into these tanks. These barriers would also be polyurea barriers, designed similar 
to that for the T-Tank Farm interim barrier. However, no monitoring would be required other 
than continued in-tank monitoring measurements to assess the effectiveness of the barrier. 

12.5.3 SX Farm 

An interim barrier is being considered for the SX Tank Farm based on modeling performed for 
the Initial Single-Shell Tank Performance Assessment for the Hanford Site (DOE/ORP-2005-01 ) 
that shows the potential to substantially reduce migration of past leaks from Tank SX-108 and 
other tanks in SX Tank Farm and to reduce concentrations at the water table for high risk 
contaminants of concern. The interim barrier for SX-Farm or other potential locations in the 
single-shell tank farms will be similar to the design and monitoring for T Tank Farm (see 
Section 11 .3 .6 in Chapter 11 ). 

12.6 C-200 DEMONSTRATION PROJECT 

The C-200 Demonstration Project will demonstrate a range of technical approaches and 
regulatory processes, some of which are relevant to Phase 2 corrective action planning activities 
and decision making for waste management areas. The C-200 system at Waste Management 
Area C was selected as the area of emphasis for the Project, because it includes most of the 
typical elements present in Waste Management Areas (such as tanks, encased and direct buried 
pipes, diversion boxes, pump pits, and unplanned release sites). Information and data generated 
will help the public and decision makers understand the options for closure and will support 
closure planning and decision making for all of Waste Management Area C and other waste 
management areas. It also will be relevant to environmental investigations, feasibility studies, 
and cleanup at other areas contaminated with tank waste in and around tank farm environments. 

The overall objective of the C-200 Demonstration Project is to identify "what we need to know" 
to make closure decisions and to identify "how we will obtain the needed data" in a timely way. 
Many types of information will be gathered. Some information gathering (such as the tank 
stabilization demonstration) will involve activities that require new permitting; these activities 
will be addressed under a RCRA Research, Development, and Demonstration permit. Other 
information can be gathered through review of records and other existing data or as part of 
activities (such as characterization work) that does not require new permitting. Still, other 
information is being gathered as part of other efforts at the Hanford Site, such as the ongoing 
RCRA facility investigation/corrective measures study. 

The C-200 Demonstration Project has six specific objectives: 

• Identify data needs to adequately characterize and close underground tanks, ancillary 
equipment, and contaminated soi l 
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• Identify and field test technologies and techniques that might be used to characterize or clean 
up underground tanks, ancillary equipment, and contaminated soil and determine which are 
feasible for closure of tank systems 

• Understand the flexibility in the RCRA closure requirements, and how these requirements 
interface with RCRA Corrective Action and CERCLA standards 

• Test the radioactive waste determination process for single-shel l tank waste residuals to meet 
regulatory criteria in 10 CFR 61 for on-site burial 

• Better understand agency roles and develop a positive working relationship 

• Forge a relationship with Tribal governments, stakeholders and the public on closure issues 

The key areas of the C-200 Demonstration Project are the following : 

• Soi l characterization and removal 

• Pipeline characterization and remediation demonstration 

• Evaluation of historical records on piping, 

• In Situ characterization and sampling technologies for pipelines 

• Remedial treatment technologies for pipelines. 

Additional details of the C-200 demonstration are included in "Transmittal of Final C-200 
Demonstration Project Plan" (Ecology 2007). 
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13. ASSOCIATED SCIENCE ACTIVITIES 
Author: Mark Freshley 

This chapter presents a brief description of the 
basic science activities performed in support of 
the Tank Farm Vadose Zone Program. These 
basic science contributions are discussed in 
greater detail in Appendices (C: Recharge, 
F: Hydrology, and G: Contaminant Movement) 
and in separate documents (Cantrell et al. 
2007a, Khaleel 2007, Fayer and Keller 2007). 

One of the main goals of the Tank Farm Vadose 
Zone Program is to understand the current conditions 
of the vadose zone underneath the tank farms and to 
understand how those conditions will evolve over 
time. Basic scientific research in support of the 
Program has examined the movement of moisture 
and contamination in the vadose zone. 

The studies of geology, hydrology, and geochemistry, as well as recharge, contaminant release, 
and laboratory characterization of vadose zone sediments, are scientific research. The activities 
described in this chapter are distinct because they focus on very detailed mechanistic or, so
called, basic science studies performed through a variety of funding sources. 

13.1 WHY IS INPUT FROM BASIC SCIENCE STUDIES IMPORT ANT TO 

CONTAMINANT MIGRATION AND SITE REMEDIATION? 

Since 1998, the U.S. Department of Energy (DOE) has actively characterized contaminated 
sediments from vadose zone regions on the Hanford Site impacted by tank wastes. The 
objectives of characterization performed by the Tank Farm Vadose Zone Program have been the 
following: 

1. Assess the risk posed to groundwater by tank-waste contaminants in the vadose zone 

2. Develop improved conceptual models of geologic features and hydrologic and 
geochemical processes that control contaminant migration in the vadose zone 

3. Identify appropriate remedial actions. 

Conceptual models are evolving hypotheses that identify the important features, events, and 
processes controlling fluid flow and contaminant migration at a specific field site and in the 
context of a specific problem. Looney and Falta (2000) further describe a conceptual model as 
answering the question "How do we believe the system actually operates?" To develop 
improved conceptual models, basic science studies are needed to understand the detailed 
mechanisms and complexities affecting the interactions of waste solutions that leaked from the 
single-shell waste tanks with vadose zone sediments. This complexity is the result of 
variations in the following: 

• Physical properties of the subsurface sediment-porewater system 

• Strong geochemical interactions between the sediments and highly concentrated, high-pH 
solutions that leaked from the tanks. 

The current conceptual model for impacts from contaminants in the groundwater pathway is 
given in Chapter 16. 

Associated Science Activities 13-1 



13.2 How WAS BASIC SCIENCE INVOLVED? 

Tier 1 - Chapter 13 
DOE/ORP-2008-01 

The DOE Richland Operations Office (RL) established the Hanford Groundwater/Vadose Zone 
Integration Project (Integration Project) in late 1997 to help ensure that cleanup actions and 
decisions at Hanford are protective of the Columbia River. One important goal of the Integration 
Project was to use scientific research to resolve key Hanford Site environmental issues. 
Accordingly, the Integration Project science and technology activity included strong 
participation from researchers at DOE national laboratories and universities . The Integration 
Project used a planning tool, called a roadmap, to identify gaps in scientific understanding and 
technologies and to serve as a guide for planning research to fill those needs. This research 
addressed issues associated with vadose zone contamination at the Hanford Site to develop 
scientific data, understanding, and refined conceptual models needed to make decisions about 
site characterization and remedial actions. The scheduling of research activities was coordinated 
with Hanford Site milestones and decision points so that new knowledge and information were 
available in time to influence decisions. The roadmap was first published in 1999 (DOE 1999b) 
and revised in 2000 (DOE 2000) and 2002 (Freshley et al. 2002). Early in the Integration 
Project, the National Research Council iliRC 2001 ) reviewed the research approach and 
concluded that the efforts had technical merit, were timely, and were potentially applicable to 
other DOE sites. The comments from the National Research Council guided revisions of the 
roadmap and planning of the scientific research. 

Both applied and basic science research addressed issues identified in the roadmap (DOE 1999b, 
2000; Freshley et al. 2002). DOE-RL, the DOE Office of River Protection, and their contractors 
funded applied research focused on solving specific cleanup problems. The DOE Office of 
Biological and Environmental Research funds basic science research focused on detailed, 
mechanistic studies of contaminant interactions at the interface between the porewater and 
surfaces of individual minerals and physical processes controlling their migration in the 
subsurface. Basic research was funded also as part of the Environmental Management Science 
Program. The 1999 version of the roadmap (DOE 1999b) influenced a call for Environmental 
Management Science Program proposals. In addition, the Integration Project provided a science 
plan specific to the Hanford Site linked to the Environmental Management Science Program call 
for proposals that identified key scientific issues associated with the long-term migration of tank 
waste residuals in the vadose zone. DOE funded 31 grants for projects conducted during 1999 to 
200 I that were both relevant to and focused on specific Hanford scientific issues through a two
phase evaluation and selection process based on both scientific merit and relevance to the needs 
of the DOE Office of Environmental Management. Additional projects continue through 
funding from the Environmental Remediation Sciences Program. 

To provide a linkage of Environmental Management Science Program research with ongoing 
cleanup activities at the Hanford Site, the Integration Project conducted workshops in 2000, 
2001, and 2003. The workshops brought Environmental Management Science Program principal 
investigators together with the people engaged in the actual problems of contaminant 
characterization and cleanup at the Hanford Site. The workshops encouraged Environmental 
Management Science Program investigators to find ways to make their research more relevant to 
those problems. The workshops and interactions of the investigators with Hanford Site people 
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provided practical benefits, in that a number of Environmental Management Science Program 
projects ( discussed below) focused their investigations on resolving issues important to the Tank 
Farm Vadose Zone Program. 

For example, a number of the Environmental Management Science Program projects focused on 
issues involving cesium-137 migration in the subsurface sediments, which was a controversial 
topic at Hanford. These projects included laboratory experiments with contaminated and 
uncontaminated sediment samples (Figure 13-1 ) from boreholes drilled and sediments 
characterized by the Tank Farm Vadose Zone Program. The uncontaminated samples were 
obtained from the placement of new compliance-driven monitoring wells, while contaminated 
samples were obtained from several different tank farms (S-SX, B-BX-BY, and T-TX-TY). 
These samples were carefully selected so that the results obtained from them would have the 
greatest scientific benefit ·and relevance to the Hanford Site. 

Figure 13-1. Contaminated Sediment Samples from the SX-108 Borehole. 

In other cases, funding from the Environmental Management Science Program Linkage Project 
augmented Environmental Management Science Program projects to perform specific state-of
science analyses, consistent with project objectives and scope, on high-visibility Hanford 
samples. This approach was used to obtain sophisticated measurements of the chemical form 
and location at the submillimeter scale of cesium and chromium (S-SX Tank Farm) and uranium 
(B-BX-BY Tank Farm) precipitated on the surfaces of specific minerals present in vadose zone 
sediments. Advanced DOE user faci lities, including the Environmental Molecular Sciences 
Laboratory at the Pacific Northwest National Laboratory, the Advanced Photon Source at 
Argonne National Laboratory, and the Molecular Environmental Science Beamline at the 
Stanford Synchrotron Radiation Laboratory, were used to evaluate the samples. 
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Environmental Management Science Program investigators also participated directly in vadose 
zone transport field studies. In these studies, coordinated by Integration Project staff, dilute and 
saline fluids were injected into the vadose zone to test hypotheses on geologic controls on 
unsaturated fluid flow. Moisture and tracer plumes were tracked, using different subsurface 
geophysical methods offered by Environmental Management Science Program investigators and 
other participants. The experiments used several different locations at 

1. A site in the 200 East Area (Figure 13.2) 

2. A elastic dike in the southern portion of the Hanford Site. 

Later proposal calls by Environmental Management Science Program and, more recently, by 
Environmental Remediation Sciences Program have focused on a broader set of problems than 
those existing for the Hanford Site. However, to this day, Office of Biological and 
Environmental Research continue to fund research relevant to scientific issues specific to the 
Hanford Site and the tank farms . 

Figure 13.2. Injection Array for the Clastic Dike Experiment 
along Army Loop Road 
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13.3 WHAT ARE THE CO TRIBUTIONS FROM BASIC SCIENCE STUDIES? 

The basic science studies have contributed in many areas. Among them are 

• Contaminant movement 

• Moisture movement. 

13.3.1 Contaminant Movement 

Results from the basic science projects have increased DOE's ability to describe past 
contaminant-migration events in the vadose zone beneath leaked single-shell tanks and to predict 
future transport as required for remedial assessment. In particular, laboratory studies of 
contaminated sediments have developed data to describe the transport behavior of cesium-137 
(Zachara et al. 2002, Liu et al. 2004a), strontium-90 (McKinley et al. 2007), chromium 
(Oafoku et al. 2003 , Zachara et al. 2004), technetium-99 (Zachara et al. 2007a), and uranium 
(Zachara et al. 2007b). These laboratory studies have shown that complex geochemical process 
reactions between leaked tank wastes and subsurface sediments have retarded the migration of 
certain contaminants, particularly cesium-137. For example, Figure 13-3 show the distribution 
of cesium-137 (shown in false color) concentrated along small fractures and within the structure 
of the mineral muscovite (shown in the optical image) from a sediment sample collected beneath 
the SX Tank Farm (McKinley et al. 2004). Processes suspected to faci litate the far-field 
transport of radionuclides that are usually considered immobile, such as formation of chemical 
compounds and mobile colloids, were found to be unlikely, with the exception of cyanide
facilitated migration of cobalt-60 in U Plant wastes disposed to the BY Cribs. Technetiuim-99 is 
among the most mobile of tank waste constituents, because it is an anion and competes for 
available adsorption sites with large concentrations of other anions. 

The effects of high-concentration solutions are now understood sufficiently to predict migration 
behavior of tank wastes in the Hanford vadose zone and to develop improved reactive transport 
models that simultaneously account for both chemical reactions and physical contaminant 
transport processes. The reactive transport models have been used to determine that the 
"constant Ki" approach is not appropriate for modeling the early stages of tank waste migration 
during which tank wastes mix with existing porewater (Liu et al. 2004a, Zachara et al 2007b). 
However, reactive transport models have been used to determine that the constant Kd approach is 
useful for some prediction of long-term contaminant transport in which the fluid compositions 
are less variable (Zachara et al. 2007b ). The distribution coefficient, ~. (also sometimes 
referred to as a partition coefficient) is a direct measure of the partitioning of a contaminant 
between the sediment and pore fluid and is an empirical metric that attempts to account for 
various chemical and physical mechanisms affecting the binding of a contaminant to sediment. 
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Figure 13-3. Distribution of Cesium-137 (shown in false color) in Grains 
of the Mineral Muscovite (shown in optical image) from a Sediment 

Sample Collected beneath the S-SX Tank Farm. 

Distribution of cesium-137 was measured by x-ray microprobe analysis completed 
at the Advanced Photon Source at Argonne National Laboratory. Highest 

concentrations of cesium-13 7 are indicated by the bright areas 
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13.3.2 Moisture Movement 

A collaborative team completed field experiments at the Hanford Site that have shown that subtle 
changes in sediment texture can induce lateral spreading of moisture plumes and contaminants in 
the vadose zone. The layered structure that is common in Hanford vadose zone sediments 
(Figure 13-4) promotes significant lateral transport of contaminants in the porewaters and greatly 
increases their travel times to groundwater. The data from the field experiment conducted in the 
200 East Area collected with the neutron-probe measurements that provide moisture content 
showed significant lateral movement of both freshwater and saline-solution plumes 
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(Figure 13-5). A modeling approach for capturing the effects of fine-scale layering has been 
developed and used to model several key waste sites at Hanford (Zhang et al. 2003 , Stewart et al. 
2006). Subsurface geophysical characterization methods were used in the transport experiments 
to track moisture movement and are now being deployed for subsurface characterization and 
detection of tank leaks during retrieval. 

Figure 13-4. Exposed Trench Face Showing Layered 
Sediments in the 200 East Area 
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Figure 13-5. Distribution of Moisture Content Measured During Injection of Saline 
Solution Within the Volume of the Sisson and Lu Site in 2001 

Color scale shows moisture content, with bright pink showing the highest values 
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In addition to being able to describe the impact of fine-scale layering on contaminant transport in 
the vadose zone, the behavior and impacts of elastic dikes (vertical features described in 
Appendix E [Geology] and Reidel and Chamness [2007] in the glacial flood deposits) have been 
characterized relative to the movement of moisture and, thus, contaminants. How and why 
elastic dikes formed are not clearly understood, but an Environmental Management Science 
Program project (Murray et al. 2007) and the collaborative field experimental team (Ward et al. 
2006) investigated how these sediment features affect the transport of water through the vadose 
zone. The results of these investigations show that elastic dikes have less influence on the 
vertical movement of moisture through the vadose zone than originally thought, but under 
saturated conditions, can transmit considerable moisture (Figure 13.6). 

13.3.3 Other 

A leak from Tank BX-102 resulted in one of the largest single point releases of uranium at 
Hanford. Some of the released uranium was immobilized approximately 30 meters (100 feet) 
below the ground surface by precipitation in fractures of particles of the mineral feldspar (Liu et 
al. 20046; Wang et al. 2005), commonly found in Hanford sediments. Uranium in this form is 
immobile, but small amounts likely will dissolve slowly as moisture migrates through the vadose 
zone and reacts with the uranyl-silicate precipitates. The contribution of this dissolved material 
to the total concentration of uranium in the groundwater plume is being investigated through 
ongoing Environmental Remediation Sciences Program and Hanford Site-directed research. 
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Figure 13.6. Clastic Dike Injection Experiment Showing Injection of Blue Dye and 
Moisture Content 

Color scale shows moisture content, with red showing the highest values. 
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Plutonium production at the Hanford Site between 1944 and 1990 produced extensive vadose 
zone and groundwater contamination through disposal of radioactive and chemical wastes. 
Specific isotopes I ofradioactive contaminants of interest have been studied at the Hanford Site. 
These studies are useful for evaluating groundwater and vadose zone flow, providing estimates 
of recharge through the vadose zone and insight into contaminant-transport processes and the 
source of contaminants found in the vadose zone and groundwater (Christensen et al. 2007). 

13.4 HAVE THE SCIENTIFIC RESULTS BEE USED? 

Details of the general findings from these basic science studies have been incorporated directly 
into the Field Investigation Reports for the S-SX Tank Farm (Knepp 2002a), the B-BX-BY Tank 
Farm (Knepp 2002b), and the T-TX-TY Tank Farm (Myers 2005). This is the first time that 
research results from Environmental Management Science Program and Environmental 

1 Atoms of an element with the same atomic number but differing mass numbers are isotopes. They differ only in 
the number of neutrons in the nucleus. Examples of isotopes are plutoniurn-238, plutonium-239, plutonium-240, 
and plutonium-241 . 
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Remediation Sciences Program directly supported Hanford regulatory milestones. The 
investment in scientific research by DOE Environmental Management and DOE Office of 
Biological and Environmental Research has resulted in a list of nearly 150 publications in peer
reviewed journals, with more than 90 of those directly related to the Tank Farm Vadose Zone 
Program. 

13.5 WHAT SURPRISES FROM BASIC RESEARCH STUDIES HA VE CHANGED OUR 

VIEW OF WATER FLOW AND CONT AMIN ANT TRANSPORT IN THE V ADOSE 

ZONE? 

Because of the continuing research by the scientific community engaged in Hanford Site issues, 
the understanding of processes controlling water flow and contaminant transport in the vadose 
zone have advanced significantly. The importance of small-scale variations in sediment texture 
on lateral flow of water and contaminants is now understood, but studies of elastic dikes have 
shown that they have less influence on the vertical movement of moisture than previously 
thought. Scientific research has resolved the issues of immobile radionuclides, such as cesium-
13 7 and mobile technetium-99, but the behavior of other contaminants, such as uranium, is more 
complex and difficult to characterize. Ongoing research is focused on uranium and other 
contaminants, such as technetium-99. 
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14. TECHNOLOGY DEVELOPMENT 
Author: Fred Mann 

14.1 OVERVIEW 

The Defense Nuclear Facility Safety Board on their website 
(http: //www.dnfsb.gov/pub docs/hanford/index.html) states 

The Tank Farm Vadose Zone 
Program has significantly improved 
the characterization technology. 

that "Hanford is engaged in the world's largest envirqnmental cleanup project." To be 
successful, new technology must be developed. Important technical advances have been made in 
the following areas: 

• Sampling tools (Section 14.2) 

• Field geophysical measurements (Section 14.3) 

• Laboratory protocols (Section 14.4) 

• Data Interpretation Techniques (Section 14.5). 

The following sections describe the problems and the resultant technological solutions. Each of 
these new technologies is being extensively used, usually as the baseline application. 

14.2 SAMPLING TOOLS 

14.2.1 Problem Statement 

Subsurface sample collection is difficult 
and expensive. Many new techniques 
were developed to improve sample 
quality, while reducing costs. 

The goal is to retrieve intact subsurface samples, so that 
laboratory analyses can be performed at the parts-per-trillion level ( or lower). To obtain the 
samples, 

• The sampling equipment must miss unseen subsurface tank farm components (tanks, 
pipelines, etc.), so that the residual contaminants in these components are not released to 
the environment 

• A minimum amount of nonsample material should be brought to the surface (to minimize 
contamination to workers and the environment and to reduce waste-disposal costs) 

• The sampling unit must be safely separated from the main unit and then transported 
safely to the laboratory 

• All of the above should be performed at minimum cost. 

Historically at Hanford to minimize contamination, an open-end pipe is pile driven vertically into 
the subsurface. Sediments (possibly contaminated) inside the pipe were removed, and samples 
were gathered as necessary. This approach greatly disturbed any samples collected. When high 
contamination was found (for example, a million picocuries of cesium-137 per gram of soil), 
drilling would be halted because it was unsafe to bring the material to the surface and expose 
workers to potentially lethal radiation doses. 
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The Multi-Angle Percussion Rig drilling system was developed. In this system, a closed-end 
pipe is driven at the chosen angle. Instead of drill cuttings coming to the surface, they are 
pushed aside and away from the closed end. When a sample is needed, the tip of the pile is 
removed and a sampling barrel is inserted. The inner sampling system is advanced until the 
sample barrel is filled. Then the sampling barrel is retrieved, the closed-end tip is replaced, and 
the main casing is advanced. For those cases of highly contaminated sediments, the sampling 
barrel was reduced in diameter, with the space taken up by lead shielding. Using this system, 
samples containing over l 00 million picocuries of cesium-13 7 per gram of soil were recovered 
from beneath Tank SX-108 without radiation exposure to the workers. Additionally, remote 
placement of piping to extend the drilling system was added to ensure that any radiation doses 
during the actual drilling operation were kept to a minimum. Figure 14-1 shows the Multi-Angle 
Percussion Rig system at Tank SX-108. 

Figure 14-1. Multi-Angle Percussion Rig System at Tank SX-108 

14.2.3 Hydraulic Direct-Push System 

Any drilling in the tank farms is expensive, starting at about half a million dollars per location, 
because of health and safety concerns. A less expensive and more mobile method of obtaining 
samples at discrete locations was needed. Using tank farm funding, Energy Solutions, Inc. 
developed a direct-push technique that included a percussive hammer mounted on a backhoe. 
This system has pushed not only vertically, but also at angles of 30, 45, and 60 degrees from 
vertical, allowing samples to be taken from underneath pipelines and surface protective barriers. 
This direct-push system uses rods of only 2.625 inches in diameter, which allows slim-line 
detectors (Section 14.3.2) to measure moisture content and gamma radiation. The system has not 
been modified so that multiple samples can be obtained at a direct-push location. Figure 14-2 
shows the Hydraulic Hammer Direct-Push system. 
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Figure 14-2. Hydraulically Driven Direct-Push Sampler 

14.3 

14.3.1 

FIELD GEOPHYSICAL MEASUREMENTS 

Problem Statement 

Besides obtaining sediment samples, field activities can 

The collection of geophysical information 
also improved. The introduction of 
Surface Geophysical Exploration has 
been a major advance. 

provide a variety of data. However, technological advances are often necessary to obtain that 
data. Three instances are 

• Development of geophysical logging tools thin enough to be used with direct-push 
technology. 

• Development of equipment and analysis methods to detect subsurface plumes using 
electrical resistivity. 

• Development of tools to investigate existing pipes underneath tanks. 

14.3.2 Slim Tool Development 

Most geophysical logging tools are developed to go down boreholes having diameters of 
3.5 inches or greater. The probe holes used in the direct-push technique system (described in 
Section 14.2.3) have an inner diameter of only 1.5 inches. 
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Slim tools were developed to enable these smaller diameter holes to be geophysically logged. 
These same tools were deployed in the A and SX Farm laterals, where it was necessary to have 
them pass through a small- diameter pipe. Tools include gamma detectors and moisture
monitoring sondes. 

14.3.3 Surface Geophysical Exploration 

Sampling allows the determination of many key parameters (for example, moisture, pH, 
contaminant concentration) but only at a few points. To obtain the values over the entire 
contaminant plume, more samples would be needed than could be obtained. A means to 
determine contamination areas at many sites was needed. 

Surface Geophysical Exploration is described in more detail in Section 5.3.6 in Chapter 5. This 
technology, the measurement of resistivity, was first tested at Hanford in the 1970s, as a leak
detection tool , but the ability to rapidly analyze the data was in its infancy. Resistivity has been 
used in numerous places around the world as a resource investigation tool. The Fluor Hanford 
Company introduced the technology with great success at the BC Cribs and Trenches Area, 
which is just south of the 200 East Area. The same technology (measuring resistance among 
numerous surface conductors) was applied at the T Tank Farm, but subsurface infrastructure 
(pipelines, etc.) created too much noise for the signal around the large storage tanks. The 
technology was modified to use existing well casings to obtain a signal from beneath the tank 
farm infrastructure. Although a plume could be detected and mapped, there was no 
discrimination in the z direction, as the casings effectively integrated away all information as a 
function of depth. Point conductors have been and are continuing to be placed below tank 
bottoms (and, hence, pipelines), thus allowing a three-dimensional picture to emerge. 
Figure 14-3 displays the inferred plume from the release of Tank S-104. 

Figure 14-3. Surface Geophysical Exploration Results from S Farm 
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Surface Geophysical Exploration has proved to be valuable in locating areas from which to 
obtain samples. Future refinements are hoped to delineate plumes and, eventually, to prove 
numerical estimates of contaminant concentrations. 

14.3.4 Pipe Explorer 

There are horizontal pipelines underneath the so-called "high heat" tanks in A and SX Tank 
Farms. These pipelines, known as laterals, had been used for gamma logging and other 
geophysical measurements. After years of disuse, the status of the laterals was unknown; they 
were likely contaminated. There was, thus, a concern that geophysical equipment would become 
contaminated if the equipment contacted the laterals. 

The Pipe Explorer is a large plastic bag that turns itself inside-out. The equipment is placed 
inside the bag, and low-pressure air is used to deploy the bag and logging sondes. As the 
equipment proceeds along the pipe, the bag inverts and expands down the pipe, protecting the 
equipment from the contamination, yet allowing the geophysical measurements to be made. The 
Pipe Explorer was successfully deployed, and the results of the geophysical measurements were 
published (Randall and Price 2006). 

14.4 LABORATORY PROTOCOLS 

14.4.1 Problem Statement 

Technical advances in the laboratory 
have allowed more radioactive samples 
to be handled safely. In addition, better 
quality data are being obtained. 

As in the field, improvements in laboratory technology 
were required to allow the Tank Farm Vadose Zone Program to succeed. Examples are 

• As the field crews obtained hotter and more hazardous samples, the laboratory had to 
develop methods to handle the samples. 

• As soil matrices became more varied and the desire for quantification more demanding, 
new ways to analyze for key contaminants needed to be developed. 

• Finally, with the need to understand basic processes and fundamental information, 
current techniques were used for new purposes. 

14.4.2 Sample Handling 

Some of the sediment samples contain so much radioactivity that, when unshielded, they could 
provide a lethal dose in just a few minutes. Yet the samples must be extruded from the sample 
holder and divided. 

The solution had two parts: 

1. develop a means to extrude the sediment samples in a hot cell or in an appropriately 
controlled radiological facility 

2. use very sensitive measurement techniques so that the minimal amount of sample is 
needed. 
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Working with the field sampling crew and the, Pacific Northwest National Laboratory, Energy 
Solutions, Inc. developed extrusion tools (Figure 14-4) that could remove highly radioactive 
samples (great than 100 million curies of cvesium-137 per gram of soil) in a hot cell. The 
materials then could be subdivided and placed in smaller shielded containers for subsequent use. 

Figure 14-4. Sample Extrusion Apparatus 

The Pacific Northwest National Laboratory also expanded the use of laboratory instrumentation 
(particularly the use of inductively coupled plasma-mass spectrometer and -atomic emission 
spectrometer) to accurately measure trace amounts of key contaminants (Section 14.4.2). 

14.4.3 Improved Detection Sensitivities 

As noted in Section 14.4. l , laboratory sample size was minimized to reduce potential worker 
radiation exposure. In addition, samples from direct push probe holes provide less sample 
volume than much larger diameter boreholes. Thus, improved methods for identification and 
quantification were necessary for key contaminants, particularly for technetium-99 and 
iodine-129. 

At the start of the program, the standard method for technetium-99 soil analyses was full 
digestion of soils, followed by chemical purification to concentrate the technetium, and finally 
counting of the beta radiation. Using such methods, technetium-99 could only be detected below 
environmentally relevant levels (that is, drinking water standards) with the aid of significant 
sample preconcentration. With the improvements in ion sources for inductively coupled plasma 
devices and the increasing precision of mass spectrometers (see Figure 14-5), technetium-99 can 
now be detected in the parts-per-trillion level in contaminated soils. 
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Figure 14-5. Inductively Coupled Plasma Mass Spectrometer Instrument 
with Dynamic Reaction Cell 

At the start of the program, the standard method for iodine-129 analysis followed the same steps 
as discussed above for technetium-99, but they were more complicated and more prone to errors. 
Up to eight liters of solution were required to achieve environmentally relevant detection limits 
(that is, the maximum concentration level of 1 picoCurie per liter). However, use of the 
inductively coupled plasma mass spectrometer enabled the direct analysis of leachates, which 
has significantly lowered detection limits and reduced the potential for error from sample 
processing. Using the inductively coupled plasma mass spectrometer with Dynamic Reaction 
Cell technology, samples consisting of no more than 20 milliliters can be analyzed, with the 
same reporting criteria (that is, detection limits, accuracy and precision) as the conventional 
radiochemistry technique. Additional details on the extraction and analysis of iodine-129 using 
this technique can be found in Brown et al. 2005b and Brown et al 2007c. 

The improvements of inductively coupled plasma/mass spectrometer and inductively coupled 
plasma/atomic energy emission instruments allow many contaminants to be analyzed 
simultaneously and to much higher precisions than before. As wet chemistry is eliminated, 
fewer process steps are needed, thus eliminating many potential sources of errors. 

14.4.4 Using Current Instrumentation in New Ways 

The goal of the Phase l activities of the Tank Farm Vadose Zone Program was to understand the 
nature and extent of the subsurface contamination and the processes that cause such 
contamination to occur and that would drive its future movement. This search led to new types 
of investigations. Two key examples were to use isotope ratios as fingerprints for waste types 
and to identify the valence state of key contaminants. Both of these efforts used existing 
instruments in new ways. 

Technology Development 14-7 



14.4.4.1 Isotope Ratio Measurements 

Tier 1 - Chapter 14 
DOE/ORP-2008-01 

There are many possible sources ofreleases in and around tank farms (for example, tanks, 
pipelines, surrounding cribs and trenches). Although the same waste at times could be in all of 
the them ( as waste would go through pipelines to a tank, cascade to another tank, and then 
cascade to a crib), often there were differences (length of time of exposure in the reactor, fuel 
type, and special reactor tests) in the ratio of key radioisotopes t~at distinguish different waste 
streams and, hence, different sources of releases. Knowing the source of releases can focus 
remediation efforts. 

Again, improved inductively coupled plasma mass spectrometer technology provided a solution. 
The technology has improved so that very sensitive measurements of ruthenium-IO 1, -102, and -
104 ratios can be made (Figure 14-6 and Brown et al. 2006b). As these ratios are sensitive to 
bumup and other reactor conditions, waste types can be and have been distinguished within 
various vadose zone and groundwater samples. Similarly, measurements of uranium-235, -236, 
and -238 ratios have been used in Waste Management Area B-BX-BY to improve knowledge of 
release sources. 

Figure 14-6. Example of Ruthenium Isotopic Ratio Plot for Samples 
Collected from Waste Management Area T 
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Chemical elements can exist in a variety of valence states (that is, in an aqueous solution or in a 
compound, they have different numbers of electrons associated with them). The valence state is 
the number of the electrons associated with the chemical subtracted from the number of protons 
in the nucleus. Thus, common valence states for chromium are + 3 and +6 and for technetium are 
+4 and +7. However, these valence states must be measured without disturbing the media 
because that could change the valence state. The best way to determine the valence state is to 
measure the spectrum of scattered x-rays off the media. The problems are to obtain a strong 
enough source of x-rays, and to obtain permission to place highly radioactive samples in the 
facility. 

Although originally developed to study questions in nuclear and high-energy physics, solid-state 
scientists and chemists soon learned that particle accelerators could generate large x-ray beams. 
Such beams have now been optimized, and particle accelerators play a major role in 
understanding materials. However, such facilities had never accepted highly radioactive samples 
to be tested . New protocols and procedures have been developed that allow our contaminated 
samples to be tested. The results from these measurements have allowed us to better understand 
how and why the valence states of key contaminants varies during their transport. 

14.5 D ATA I TERPRETATJON TECHNIQUES 

14.5.1 Problem Statement 

Technology improvements have 
also added computational 
analyses. 

The office environment can also experience technology improvements . With the tremendous 
improvements in computer efficiency over the last ten years , three key developments have aided 
the program: 

• Integration of computational results 

• Web-based comment resolution 

• Coupled moisture flow, contaminant transport, chemical reaction, and release codes. 

14.5.2 Integration of Computational Results 

A very large number of computer simulations are done as part of a performance or risk 
assessment. As such simulations only model part of the problem (that is, the amount of each 
contaminant released from a given source, the movement of a unit amount of each contaminant 
through the vadose zone to the groundwater, and the movement of that contaminant through the 
groundwater to the eventual receptor), they must be combined in an efficient way. 

The decision management tool combines all of the simulation information in a simple visual 
interface to allow the analyst to select the various cases that need to be investigated. The tool 
typically performs hundreds of millions of calculations to present the results as figures or tables 
that can be easily exported into reports or other software. The use of this software was 
invaluable in creating the Initial Single-Shell Tank Performance Assessment for the Hanford Site 
(DOE/ORP-2005-0 l ). 
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The Initial Single-Shell Tank Performance Assessment for the Hanford Site (DOE/ORP-2005-01 ) 
created over a thousand comments from the regulators. Many of the comments had common 
features. The traditional method ofhardcopy was too inefficient to show the commonality of the 
comments and of their resolutions. 

A database solution was originally developed. However, a web-based approach built on a 
database manager proved to be the most effective. Reviewers and authors can quickly determine 
the status of the comments and resolutions and also determine how the resolution affected other 
comments. 

14.5.4 Coupled Moisture Flow, Contaminant Transport, Chemical Reaction, and 
Release Codes 

The rate at which glass releases contaminants is very sensitive to the pH of the surrounding fluid 
as well as to the concentrations of key dissolved compounds in the fluid. These values vary in 
both space and time. To calculate such releases over tens of thousands of years requires the 
coupling of moisture flow, contaminant transport, chemical reactions, and release. 

The Subsurface Transport Over Reactive Multi phases (STORM) computer code (Bacon et al. 
2004) was developed to fill this need. It models the changing chemical environment and the 
resulting contaminant release from glass packages. STORM calculates the various minerals that 
form (and dissolve) as a function of position and time for a variety of glass compositions. This 
code has been used in the 2001 performance assessment for the disposal of treated tank waste 
(Mann et al. 2001 ) and other assessments of Hanford glass assessments. 
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15. RISK ASSESSMENT REQUIREMENTS 
Author: Fred Mann 

15.1 INTRODUCTION 

Over the years, the Tank Farm Vadose Zone Program has created a large number ofrisk 
assessments (that is, analyses oflong-term human-health and environmental impacts, dealing 
with the release of tank waste). The most sophisticated of these risk assessments are entitled 
performance assessments. This chapter describes the general requirements for those analyses. 
An understanding of the requirements of the risk assessments is the first step to understanding 
the data-collection process and how the data are used . Chapter 27 provides an overview of the 
results of the assessments performed to date. 

15.2 REGULATORY REQUIREMENTS 

Numerous laws and regulations set requirements for the 
long-term environmental risk assessments dealing with 
the tank farms. The main drivers for these assessments 
are the Resource Conservation and Recove1y Act 
(known as RCRA) and the Atomic Energy Act, the latter 
as implemented by DOE Order on Radioactive Waste 
Management. However, as the Hanford 200 Areas are 

Requirements for risk assessments come 
from a variety of sources, including the 
DOE Order on Radioactive Waste 
Management, the Hanford Federal 
Facility Agreement and Consent Order, 
and the Washington Administrative Code. 

on the National Priorities List, the Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA) will also apply to remediation of the Central Plateau. A common 
feature of all the regulatory drivers is the need to characterize, describe, and understand the 
system so that the impacts of various remediation options can be determined before decisions are 
made. Decision-makers can then select among the options, knowing the impacts to the 
environment and human health. 

The regulatory drivers also consider that the amount and depth of information will change as the 
program matures. This is particularly true for the risk assessments for the tank farms , which wi ll 
evolve from the early phase (characterization) to the mid-phase (individual component closure) 
to the final phase (whole waste management area closure) . 

The approach for the tank waste assessments is provided in the Contents of Long-Term 
Performance Analyses to Support the Retrieval and Closure of Tanks for the Washington State 
Department of Ecology (Mann et al. 2004), which melds the requirements from the various 
regulatory drivers. 

Risk Assessment Requirements 15-1 



15.3 PROCESS R EQUIREMENTS 

Tier 1 - Chapter 15 
DOE/ORP-2008-01, Rev. 1 

The system being analyzed is part natural (hence, complicated and difficult to characterize), part 
manufactured, and part yet to be designed. For tank farms, 

• The natural systems include soil, groundwater, air, sediment and surface water, as well as biota, 

• The manufactured system are the tanks and associated infrastructure, and 

• To be designed system is how cleanup and soil remediation will be performed. 

Thus, one cannot know everything about the system; much less know it to the detail that would 
be needed for a high degree of certainty. Moreover, the risk analyses extend over many 
thousands of years (a time duration that is comparable or exceeds the history of human 
civilization and longevity of most institutions). 

Given this basis, the focus of any risk assessment must be on understanding the system. 
Predicting a number (or even a set of numbers) 10,000 years into the future is foolhardy. Rather, 
information must be provided that allows people to make a decision on the impacts of the system 
and whether its proposed designs should be accepted. In particular, given the single-shell tanks 
are well beyond their design life, not doing anything also has long-term environmental impacts. 

To be successful, a performance assessment must be 

• Scientifically rigorous 

• Robust 

• Transparent. 

If the analyses are not based on sound science, no one will believe the results. These analyses 
use data and methods from biology, chemistry, geology, hydrology, material science, physics, 
and other scientific disciplines. Measurement techniques range from simple observation to the 
use of large high-energy particle accelerators, such as the Advanced Photon Source at Argonne 
National Laboratory. 

Because there are uncertainties in the analyses, one set of input values or one conceptual model 
is insufficient. Many sets of input data and conceptual models must be used to determine what 
processes and data are the most important (that is, what input values cause the biggest change in 
the output values). The goal of the performance assessment is to understand how the tank farm 
system and impacted environment behave. 

No matter how good and how many analyses are performed, unless that understanding can be 
readily communicated, the assessment will fail. The performance assessment must tell the 
stories that rise out of the analyses. One must go on a journey that allows the reader to 
understand how the system behaves. The writer of the performance assessment must understand 
the system, but unless that understanding is communicated, not much is accomplished. 
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15.4 P ERFORMANCE OBJ ECTIVES 

Performance objectives are the values, as well as 
the location and time, against which calculated 
results are compared. Decision-makers can then 

Performance objectives are the values against 
which calculated results are compared. 

decide which closure/remediation/treatment options to pursue given the impacts such options are 
estimated to have. They are established by looking at the relevant laws (for example, RCRA, 
Atomic Energy Act, the Comprehensive Environmental Response, Compensation, and Liability 
Act, the Clean Air Act, and the Clean Water Act) and corresponding regulations . The process 
and the values are documented in Performance Objectives for Tank Farm Closure Performance 
Assessments (Mann et al. 2005). Previously indentified example performance objectives for the 
Hanford tank farms are shown in Table 15-1. Note that ecological performance objectives were 
not identified in Mann et al 2005 . Performance objectives for the Integrated Disposal Facility 
are very similar and are documented in Performance Objectives for the Hanford Immobilized 
Low-Activity Waste (ILA W) Performance Assessment (Mann 1999). 

Table 15-1. Previously Identified Example Performance Objectives for Tank Closure a 

Protection of Groundwater Resources b, c, d, • · 1 

Alpha emitters 

226Ra plus 228Ra 5 pCi/L 

All others (excluding uranium) 15 pCill 

Beta and photon emitters 4 mrem in a year 

99Tc 900 pCi/L g 

1291 1 pCi/L g 

Chromium 0.05 mg/L 

Nitrate (as nitrogen) 10 mg/L 

Uranium 0.03 mg/L 

Protection of Air Resource b, h 

Radon (flux through surface) 20 pCi m-2 s-1 

All other radionuclides 

10 mrem in a year 

a All doses are calculated as effective dose equivalents. Values given are in addition to any existing amounts or background. 
b Evaluated for 1,000 years, but calculated to the time of peak or 10,000 years, whichever is longer. 
c Groundwater use starts at the time when groundwater contaminated by Hanford Site operations before the year 2000 is 
estimated to be potable. 
d Evaluated at the point of maximal exposure, but no closer than the fenceline of the waste management area in which the tank 
farm belongs. Also calculated at the edge of the 200 Area Core Zone and just before groundwater enters the Columbia River. 
e All concentrations are in water taken from a well. 
1 Main driver is National Primary Drinking Water Regulations (40 CFR 141 ). 
g Main driver is National Interim Primary Drinking Water Regulations (EPA 1976). 
h Main driver is National Emission Standards for Hazardous Air Pollutants (40 CFR 61 H and 40 CFR 610). 
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15.5 V ADOSE ZONE COMPUTER CODE REQUIREMENTS 

Because of the sophisticated analyses needed to estimate the future transport of the contaminants 
through the vadose zone in risk assessments, requirements for the computer model chosen to 
perform such transport modeling were set by the major contractors in the Hanford Groundwater / 
Vadose Zone Integration Program (see Computer Code Selection Criteria for Flow and 
Transport Code(s) to be Used in Vadose Zone Calculations for Environmental Analyses in the 
Hanford Site's Central Plateau [Mann et al. 19991). These requirements were reviewed and 
agreed to by the Washington State Department of Ecology and the U.S. Environmental 
Protection Agency as superseding the previous requirements set by Milestone M-29-2 of the 
Hanford Federal Facility Agreement and Consent Order (Ecology et al. 2007). 

15.6 CONTENTS AND FORMATS 

The U.S. Department of Energy created guidance for the contents and formats of performance 
assessments dealing with disposal sites in Format and Content Guide for U.S. Department of 
Energy Low-Level Waste Disposal Facility Performance Assessments and Composite Analyses 
(DOE 1999a). To meet the different requirements for tank closure, this guidance was modified 
in Contents of Long-Term Perform Analyses to Support the Retrieval and Closure of Tanks for 
the Washington State Department of Ecology (Mann et al. 2004) to support tank waste retrieval 
and tank farm closure. 
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16. GROUNDWATER PATHWAY CONCEPTUAL MODEL 
Author: Marc Wood 

A groundwater pathway conceptual model presents the basic 
ideas and principles used to describe the movement of tank 
waste into the subsurface and its subsequent migration into the 
groundwater. The conceptual model assumes standard 
physical and chemical processes to explain contaminant 

Conceptual models provide a 
description of the contaminants 
and the transport processes used 
to model the contaminants from 
source to impact. 

behavior in a geologic setting and uses hi storical records, field observations, and laboratory data 
of existing contamjnation in the subsurface to support those assumptions. The primary area of 
interest is the vadose zone and unconfined aquifer underlying a given waste management area 
that is bounded by the waste management area fenceline. Figure 16-1 is a schematic showing a 
conceptualized tank waste loss and subsequent contaminant migration process. 

16.1 WHY IS A CONCEPTUAL MODEL OF TANK WASTE CONTAMINANT 

MIG RA TIO NEEDED? 

Estimates of future contaminant levels in the unconfined aquifer are needed to make the 
necessary waste management decisions that provide adequate future environmental protection. 
Such estimates cannot be provided without a general understanding of the dominant natural 
processes that control contaminant migration through the subsurface. The conceptual model is a 
combination of the representation of the physical system and the description of the physical and 
chemical processes that are important to understanding the contaminant migration. Comparing 
these contaminant behavior projections against existing site-specific information helps determine 
the likely validity of the conceptual model. For example, the conceptual model describes 
generally how a particular contaminant should be di stributed in the subsurface in a given time 
period. Comparing field data with the modeling results using the conceptual model projection 
gauges the ability of the conceptual model to explain that contamjnant's behavior from key 
processes. Confidence in the conceptual model improves as more types of observed data are 
determined to be consistent with conceptual model expectations. 

The conceptual model also enables construction of simplified representations of complex 
geologic conditions. Numerical model s are then developed to provide contaminant behavior 
projections that can be compared to field data and to provide some confidence that the 
conceptual model may be applicable to regimes where little or no data are available, such as 
long-term contaminant migration through the vadose zone. 

Conceptual models are particularly important for resolving subsurface contaminant remediation 
issues because predictions of future contamination levels, a necessary component of the 
remediation decision process, are uncertain . That is, detailed observations of a given 
contamination event that accurately quantify the total process from both a temporal and spatial 
perspective are unattainable. Consequently, waste remediation decisions must be made in spite 
of unavoidable uncertainty about the nature of future environmental contamination. Remediation 
deci sions are usually made with a consensus that the primary processes controlling contaminant 
migration are generally understood (that is, the conceptual model is adequate). 
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Figure 16-1. Schematic Illustration of the Leak Event and Conceptual 
Representation of Plume Movement in the Subsurface a 

Subsequent Migration of Mobile 
Contaminants In Tank Waste 
Before Closure 

Subsequent Migration of Mobile 
Contaminants In Tank Wasta 
After Closure 

The generally horizantal colo rs represent various geologic units, with the deepest blue 
at the bottom representing the groundwater. 

a) The plumes depicted in the figure are simplified to illustrate the time periods of contaminant 
migration. More complex conceptual models are di scussed in the body of thi s document. 

Key Drivers: 

• Inventory • Groundwater flow 

• Recharge • Toxicity 

• Geochemistry 
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16.2 COMPONENTS OF AND PRIMARY SUPPORTING INFORMATION FOR THE 

CONCEPTUAL MODEL 

The conceptual model defines tank waste behavior in the subsurface chronologically as a two 
sequenti al step process. The first step is the leak event itself from either a tank or part of the tank 
infrastructure such as a waste-transfer line. The leak event includes the waste di scharge into and 
initial di stribution within the vadose zone. The extent and duration of this event is sensitive to 
the leak size and waste chemistry. The second step is subsequent contaminant migration within 
the unsaturated subsurface that leads ultimately to breakthrough into the underlying unconfined 
aquifer. This step is ongoing and is the focus of efforts to estimate future environmental impacts 
and to determine remediation requirements and effectiveness. To validate the conceptual model, 
significant processes and observed contaminant behavior in both steps must be reasonably 
explained. 

16.3 LEAK EVENT PROCESSES 

The leak events begin with rapid discharge of some waste fluid volume into the subsurface from 
a source, whose spatial extent is small (order of inches to rarely feet). This di scharge 
temporaril y increases moisture content in the unsaturated soil , particularly at the point of entry. 
Points of entry include poorly sealed openings in the tank structure, ruptured areas of steel tank 
liners coupled with nearby underlying concrete shell fractures, and breaks in waste-transfer lines. 
Natural processes then redistribute the excess moisture within the vadose zone, eventually 
returning the soil to ambient conditions. 

16.3.1 Physical Factors 

The redistribution process has two notable characteristics. First, the migration process occurs, 
for the most part, in partially saturated soil s because leak volumes are not sufficient to fill the 
pore spaces between soi l grains for very long or very far from the point of entry. This condition 
is referred to as unsaturated flow. Second, in addition to vertical flow , lateral flow can be a 
significant component of moisture redistribution in this process. Such lateral flow occurs 
because soil layers with different hydraulic properties tend to be layered more or less 
horizontall y by sediment deposition conditions. Differences in hydraulic properties are caused 
by differences in soil mineral phases and particle-size di stributions that exist on large (tens of 
meters [feet]) and small (centimeters [inches] or less) scales. Consequently, flow in the lateral 
direction can occur and can be enhanced by the unsaturated conditions. 

Several data sets are available that demonstrate thi s general process. The best quantified 
information comes from a series of field-scale experiments completed at a near-surface site in the 
central part of the 200 East Area, commonly referred to as the Sisson and Lu site. At this site, a 
shallow central well was drilled into the Hanford formation and perforated 5 meters ( 15 feet) 
below the surface to permit injection of salty fluids into the vadose zone. A series of concentric 
observation wells were drilled around the central well, into which neutron probe moisture 
measuring equipment could be inserted . By measuring moisture content changes in soil s 
adjacent to the monitoring wells and comparing these values with preinjection values at the same 
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locations, the movement of the injected fluid in the monitored soil cylinder was tracked. By 
completing multiple injections, multiple moisture movement events were recorded and compared 
with one another. 

The experiments showed the tendency of fluid s to move laterally as much as vertically and to 
collect in the fine-grained soi ls (Figure 16-2). They also demonstrated that ambient moisture 
distributions were rapidly reestablished. For approximately 1,000 gallon injections a return to 
ambient conditions took only a few weeks. 

Figure 16-2. Moisture Content Profiles from the Field Injection Experiments 
at the Sisson and Lu Site for Various Times 
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Also, because the experiments were monitored on a small scale, the results could be compared 
against numerical modeling analyses that used upscaled hydraulic property measurements as 
input. Upscaling is an estimate of average hydraulic properties for large volumes of soil that 
have been derived from laboratory measurements on small samples. The modeling results 
matched well with the observed data and validated the assumption that hydraulic properties that 
represent large volumes of soil can be successfully derived from small-scale laboratory data. 
With regard to conceptualization of a tank leak event, the experiments mimjcked several 
important features, including a relatively short-term injection of a small volume of salty fluid 
into the Hanford formation. 

Characterization of vadose zone soil s contaminated by real events also provided support to the 
process assumed by the conceptual model. In particular, some real -time monitoring of the leak 
migration after the 115,000 gal lon leak from Tank T-106 was recorded. Shortly after the leak 
event, a series of boreholes around Tank T-106 was drilled, and gross gamma measurements 
from gamma-emitting radionuclides were measured for several years. The dominant gamma
emitting radionuclide in the waste fluid , ruthenium-106, remained in solution as the fluid 
mjgrated, thereby providing an excellent marker for fluid movement. The spread of the 
ruthenium-106 in the vadose zone over time (Figure 16-3) showed the strong lateral component 
of fluid distribution over several years (Routson et al. 1979). Subsequent characterization of 
soil s contacted by the Tank T-106 waste have shown that technetium-99, another soluble 
component, is currently concentrated in fine-grained soil s (Myers 2005). This observation again 
illustrates the tendency for solutions to concentrate in fine-grained soil s during unsaturated flow. 

16.3.2 Chemical Processes 

As waste fluids are migrating within the vadose zone, numerous contamjnants are reacting 
chemically with the vadose zone soil/water system to varying degrees. In thi s period, tank waste 
chemistry changes the local chemjcal environment and influences the chemical behavior of some 
contamjnants. Tank wastes are typicall y highly alkaline (pH being 10 or higher) and enriched in 
nitrate and sodium. Mixing these fluids with ambient groundwater tends to increase the pH 
above ambient values (from 7.5 to 8) to an intermediate level (for example, 8.5 to 9.5) and adds 
nitrate and sodium to the sediment/water system. 

Under these conditions, aqueous species that are positi vely charged sorb 1 to varying degrees on 
negatively charged soil mineral surface sites; neutral species sorb very poorly, and negativel y 
charged species sorb very poorly or not at all. Nitrate, being negatively charged, does not sorb 
and migrates with the fluid. It is commonly referred to as a highl y mobile contaminant. Sodium, 
being positively charged, sorbs to soil sites and, overall, migrates more slowly than the waste 
fluid still containing soluble contaminants that do not sorb, such as nitrate. The relative change 
in the mjgration rate of sodium or other reactive constituents is commonly referred to as 
retardation. Retardation factors are frequently calculated that incorporate a di stribution 
coefficient (known as~) that describes the partitioning of a species between solid and liquid 
phases. Higher retardation factors indicate slower migration rates relative to water flow . 

1 Sorb is to remove fro m a fluid by binding to the surface of a solid (adsorb), by binding to the inside of a solid 
through pores (absorb), or by becoming insoluble (precipitate). 
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Figure 16-3. Distribution of Ruthenium-106 in the Vadose Zone Around 
Tank T-106 in 1973 and 1978 
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High sodium concentrations also influence the mobility of other positively charged species. 
Sodium displaces naturally sorbed elements, such as calcium and magnesi um, causing them to 
di ssolve and migrate with groundwater. Numerous analyses of sediments taken from boreholes 
in contaminated vadose zone sites show a shallow depth interval enriched in sodium and 
depleted in calcium and magnesium followed by a deeper depth interval with enriched calcium 
and magnesium. An extreme case of preferential di splacement occurred in tank leak fluid lost 
from Tank SX-108 (Knepp 2002a). Spectral gamma data from drywell s around thi s tank showed 
an unusually widespread distribution of cesium-137 suggesting greater than normal cesium-137 
mobility. A schematic of cesium-137 distribution in the vadose zone is provided in Figure 16-4, 
which is based on spectral gamma measurements in drywell s and characterization boreholes. 
Laboratory experiments confirmed that the extreme concentrations of sodium were such that 
cesium-137 could not sorb on its normal sites and stayed in solution. 

Figure 16-4. Plan and Cross-Section View of Cesium-137 in SX Tank Farm 
Vadose Zone Underneath Tanks SX-107,-108 and -109 

lsosurface 
5000 pC i/L 

c,. 137 (pC i/g) 

5E+08 
5E+07 
5E+06 
500000 
50000 
5000 
500 
50 
5 
No.Data 

y 

6-x 134200 

Background Level 
0.5 pCi/g 

566760 56678 566800 566820 566840 56 

~t=~~J:,1 

z 

,_d 

Tanks Displayed 
(Looking North) 

11•1 

Easting (m) 

B 

1-----+---------+----...... --------------t---11 50 

134300 134250 134200 134150 

Pink and gray rectangles represent existing boreholes and lateral access ports beneath the tanks. 
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Tank waste chemicals also include other constituents that affect contamjnant mobility. 
Two types of such interactions have been observed. First, uranium is widely distributed at BX 
and U Tank Farms. In both cases, the tank wastes containing thjs uranium were a product of the 
first plutonium separations process in the late 1940s and early 1950s. Process waste streams had 
been developed to solubilize all fission products except for plutonium. For uranium, highly 
carbonated fluids enforced high solubility. Consequently, uranium was quite mobile and 
migrated more than 100 feet from the point of entry in both locations. Second, some normal1y 
sorptive elements (particularly europium isotopes and cobalt-60) have been measured tens of feet 
or more from their respective points of entry, indicating unusually high mobility. The tank waste 
composition estimates and what is known about process history suggest the formation of mobile 
aqueous species that couple europium or cobalt with organic species . 

Toward the end of the leak event process, a transition period occurs when tank fluids approach a 
distri bution in the vadose zone to the point that natural moisture contents are reestablished, and 
aqueous chemistry approaches natural characteristics due to ongoing reactions between waste 
fluids , soils, and porewater. Eventually, tank leak volumes no longer influence fluid movement, 
and tank waste chemistry nomina11y impacts chemical behavior of contaminant reactions. The 
length of time required to reach the end of the tank leak period and the contamjnated vadose 
zone soil are greatest for the largest leak volumes. Field observations at tank waste contamjnated 
zones indicate that thi s transition period is essentia11y complete. 

Some sense of the maximum extent of tank waste distribution at the end of the leak event process 
is provided by characterization of the vadose zone area impacted by the Tank T-106 leak 
discussed above briefly. The Tank T-106 leak was the largest highly quantified leak 
(115 ,000 gallons) of the single-shell tank waste management area leaks. The ruthenium-106 data 
from the mid-1970s (Routson et al. 1979) suggest a contaminated vadose zone volume roughly 
150 feet in diameter and up to 100 feet deep. More than 100 feet of vadose zone thickness 
remained between the majority of the waste and the unconfined aquifer in 1978. 

Adjustments of contaminant behavior to changing chemical conditions as tank waste chemjstry 
effects diminish are also provided by field and laboratory characterization data. In three of the 
four cases described above where tank waste chemistry was initially increasing contamjnant 
mobility, chemical evidence and explanations for subsequent changes in mobility have been 
determjned. 

• At Waste Management Area S-SX, sodium and cesium-137 eventually separated in the 
vadose zone because of preferred sodium sorption and greater retardation . Once the high 
concentration zones of cesium-137 and sodium separated, cesium-137 sorbed normally again. 
This expectation was demonstrated when the high-cesium-137 soils taken from the borehole 
were leached. Very little cesium-137 left the soil particles and entered the water. 

• At Waste Management Area B-BX-BY, interactions with tank waste and porewater reduced 
the carbonate content of the mixed fluids and uranium began to react. Detailed 
characterization of uranium in the vadose zone at BX Tank Farm (Knepp 2002b and Zachara 
2007c) showed that high-uranium solubility was not maintained. Uranium is currently 
precipitated in uranyl silicate phases located in fractures of a naturally occurring soil mineral , 
feldspar. 
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• In various locations, europium migration has apparently ceased because no movement has 
been detected by spectral gamma measurements for some time. Conversely, simi lar gamma 
measurements show that vertical movement of cobalt-60 is continuing, and vertical 
separation between europium and cobalt-60 has been observed frequently. These 
observations suggest that mobile europium species originally formed in the tank waste have 
disaggregated, but the cobalt-60 mobile species are still present. 

The rates at which these processes occur are sensitive to the size of the leak volume, the affected 
vadose zone volume, the tank waste chemistry, and the contamjnant-specific chemical properties. 

16.4 SUBSEQUENT MIGRATION PROCESSES 

In the subsequent and ongoing migration period, further contaminant migration occurs as 
recharge from natural precipitation events and occasional unintentional releases (e.g. , water line 
leaks) move through the vadose zone. Because the waste still resides in the vadose zone at this 
point, unsaturated flow is the normal condition, and both lateral and vertical migrations occur. 
Putting aside the off-normal waterline leak for the moment, current average recharge at the tank 
farm waste management areas is estimated to be about 100 millimeters (4 inches) per year, 
occurring primarily during the winter months. This rate is high compared to rates at undisturbed 
sites (about 3 to 5 millimeters [-1/6 of an inch] per year) because the tank farm ground surface 
contains more gravel and is kept vegetation-free to facilitate operations. Thus, fluids move 
through the surface more easily, and evapotranspiration 1 processes that reduce water penetration 
into the subsurface are essentiall y absent. This compari son is important because contaminant 
migration rates increase with increasing average recharge rates and vegetation-free ground 
covers yield the maximum rate likely to be seen during the subsequent migration process. 
Recharge rates are also preferentially higher between the tanks, because the tank roofs act as 
impermeable objects that divert flow . However, cumulative recharge over the total tank farm 
does not change. 

As the assumed current average vertical contaminant migration rate is high , current planning is 
to place a much lower permeability barrier over the waste management areas as part of closure 
activities to minimize future contamjnant migration rates. Engineered barriers have been tested 
at the Hanford Site and show that very small recharge rates can be achieved at least in the short 
term. An effective recharge rate of 0.1 millimeter (-½inch) per year has been assumed in 
numerous analyses for a fully functioning engineered barrier with eventual degradation to 
somewhat higher rates. Thus, when the total subsequent migration process is considered, 
variable effective recharge rates are expected to occur. After the cover is placed and some lag 
time for drainage under the previous recharge rate is complete, further contaminant migration 
rates will decrease for those contaminants not already flushed into the unconfined aquifer. Also, 
as migration occurs at greater depth, the influences of deeper geologic units on migration rates 
become more significant. In particular, the relatively impermeable Cold Creek unit in parts of 

1 Evaportranspiration is removal of water from ground surface or near surface through evaporation or through the 
uptake of vegetation. 
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the 200 West Area appears to be acting generall y as a significant barrier to further vertical 
migration (see, for example, Myers 2005). 

As waste fluids and contaminants continue to migrate in the vadose zone, many contaminants 
continue to react chemically with the soil/water system . The basic groundwater chemistry is 
moderately alkaline and contains low concentrations of di ssolved chemical species. Under these 
conditions, all but a few contaminants are at least moderately sorptive and migrate slowly 
beyond their initial deposition location . Among these contaminants are those that were 
temporarily mobilized by tank waste chemistry effects. These tank waste chemistry effects have 
di ssipated and no longer contribute significantly to the mobility of contaminants. The most rapid 
migration rates occur for mobile contaminants that form stable negatively-charged aqueous 
species regardless of changing chemical conditions and therefore move with the groundwater. 
The most prominent of these are technetium-99 and nitrate and, to a lesser degree, chromium. 

Field characterization data of contamination in soils contacted by tank leak waste indicate 
additional vertical migration of mobile contaminants since the leak events. In vadose zone 
sediment samples taken from boreholes drilled near known leaks of tank waste (e.g., near 
Tanks SX-108, SX-115 [Knepp 2002a], BX-102, B-110 [Knepp 2002b], T-106, TX-107 
[Myers 2005]) the highest concentrations of nitrate and technetium-99 are always found tens of 
feet below likely points of entry and are separated from high concentrations of highly sorbing 
contaminants, such as sodium or cesium-137, by similar depth intervals. Some of thi s separation 
likely occurred during the leak event process, but some also occurred in the time interval 
between the leak and current time. 

An example of differential migration during the subsequent migration period is provided in 
Figure 16-5, where cesium- I 37 and technetium-99 data in sediments retrieved from 
two boreholes are shown with depth below ground surface. The two columns on the left are 
from a slant borehole that extends underneath Tank SX-108 while the two columns on the right 
are from borehole 41-09-39 located 20 feet west of Tank SX-108. An estimated 35,000 gallons 
of REDOX waste leaked from Tank SX-108 in the mid-1960s in one or more leak episodes. The 
cesium-137 di stribution approximates the initial leak distribution and the technetium-99 
approximates the subsequent migration of mobile contaminants in the vadose zone. Cesium-137 
peaks occur from 80 to 85 feet below ground surface and technetium-99 is most elevated from 95 
to 115 feet below ground surface. These differences indicate additional migration of mobile 
contaminants during the subsequent migration period. 

At this location groundwater is approximately 215 feet below ground surface showing that 
additional travel time is needed for the bulk of mobile contaminants (for example, 
technetium-99) to reach the unconfined aquifer. Contaminant migration analyses 
(DOE/ORP-2005-0 I) calculate that several decades should pass before this occurs at Waste 
Management Area S-SX. A peak technetium-99 concentration value in the year 2043 was 
determined for completely mobile contaminants if migration from the present location begins in 
2000. 
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Figure 16-5. Distributions of Cesium-137 and Technetium-99 in Borehole 
Sediments near Tank SX-108 
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For contaminants that are only slightly and moderately reactive, timely placement of low
permeability covers will greatly reduce or effectively prevent the bulk of these contaminants 
from reaching the unconfined aquifer under the influence of current operational recharge rates. 
The assumption of cover placement by the year 2032 in the available analyses increases travel 
time estimates substantially, thereby delaying and reducing peak concentration estimates. For 
example, estimated arrival times for peak concentrations for slightly and moderately reactive 
contaminants can drop by orders of magnitude and occur much later (for example, out to the year 
2132 and greater than 10,000 yr in the future , respectively). Cesium-137 is both highly reactive 
and relatively short-lived (30 year half-life) and will decay to insignificant levels long before 
approaching the groundwater. Given the great sensitivity of contaminant travel time to small 
increases in chemical reactivity, only a handful of essentially inert contaminants will be reaching 
the unconfined aquifer in the foreseeable future. 
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Despite these data and analytical results , groundwater data in monitoring wells near waste 
management area fencelines indicate that a small fraction of tank waste has already reached the 
aquifer in discrete locations, notably on the southern side of the SX Tank Farm and the 
northeastern corner of the T Tank Farm and, perhaps, east of BX Tank Farm and south of C Tank 
Farm. These sites are noted for high technetium-99 concentrations in nearby groundwater 
monitoring wells and hi gh uranium concentrations at BX Tank Farm as well. If these 
contaminants were initially present in leaked tank waste, the conceptual model described above 
must be expanded to explain these observations. 

Examination of site-specific conditions at these sites indicates that unintentional releases of 
rawwater or waste water near tank waste contaminated vadose zone soi ls have occurred. These 
releases are characterized as a fairly limited number of short-term large volume water losses 
relative to the 100 millimeters (4 inches) per year rate typical of the tank farm operational cover. 
For example, at the southeast corner of SX Tank Farm, a several year period of steady water loss 
from an operating raw water line in the early I 990s was indicated by sustained growth of a tree 
at that location. Also, during field characterization, the moisture content in ediments retrieved 
from a nearby borehole was anomalously high, suggesting recent additions of water to the 
vadose zone locally (Knepp 2002a). A long period of leakage without detection is feasible 
because small pipeline leaks are difficult to measure. Conceptually, water losses of several 
gallons per minute (gpm) for several years above a vadose zone contaminated by tank waste 
could result in effective recharge rates well above average recharge rates from precipitation of 
about 100 millimeters (4 inches) per year. Consequently, the mobi le contaminant migration rate 
would be greatly enhanced, apparently enough to drive the contaminant (in thi s case 
technetium-99) to groundwater. Future events like this are expected to decrease or not occur as 
interim measures have been taken to cut off unnecessary waterlines and build berms to divert 
surfacewater from hi gh-volume natural precipitation events away from tank farms to prevent 
potentially ponding above contaminated vadose zone regions. 

16.6 WHAT IS BEING DONE TO IMPROVE THE CONCEPTUAL MODEL? 

Improvements in the conceptual model wi ll be largely provided by additional data collection in 
the field. These include vadose zone characterization to better determine the nature and extent of 
tank waste contaminants in the waste management areas. Similarly, new groundwater 
contaminant monitoring data from locations near the single-shell tank waste management areas 
will be routinely evaluated to better understand cause-and-effect relationships between tank 
waste sources and groundwater contamination. Each additional set of data will be considered in 
the context of existing information and wi ll be evaluated for consistency with the available data 
and the current conceptual model. These comparisons will either confirm the current conceptual 
model or impose further refinement and improvement of the conceptual model. 
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17. INVENTORY 
Author: Fred Mann 

17.1 INTRODUCTION 

Human-health and environmental impacts are proportional to 
the amount (or inventory) of the key contaminants. Thus, 
knowing the inventory is crucial to risk assessments. 
However, at the Hanford Site, knowing the inventory is 
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Inventory is important because the 
amount of key contaminants drive 
the amount of risk or impacts 
caused from released waste. 

difficu lt because of the long time history and the numerous operations that have occurred. Most 
of the inventory at the Hanford Site, in one way or another, is part of the tank waste cycle as 
shown in Figure 17-1 . Other waste was imported to the Hanford Site or was the result of other 
activities. Much more information can be found in Appendix B (Inventory) . 

Figure 17-1. Tank Waste Inventory Cycle 

Production of --+ 
Radionuclides -+ Fuel ---+ Storage - Treatment 
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. 

for Special 
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Importation of ..._ Offsite on Site Disposal 
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The major mission of the Hanford Site from the early 1940s to the 1980s was special nuclear 
materials production, mainly for the defense of the country. Materials (mainly uranium) were 
irradiated in nine large reactors along the Columbia River. The irradiated fuel was carried to the 
Central Plateau region of the Hanford Site, where in large processing buildings, the product, (that 
is, plutonium) was chemically purified. The plutonium product was sent off site. However, 
remaining at the Hanford Site were large amounts of radioactive and toxic waste. The most 
hazardous waste was and, sti ll to this day, is stored in large underground tanks (see Chapter 4). 
Less hazardous waste went to near-surface cribs and trenches that allowed the liquids to 
percolate into the soil. The least hazardous wastes were sent to ponds. 

The plan is to retrieve the waste from the storage tanks and treat it. A limited amount will be 
treated and disposed at the Waste Isolation Pilot Plant in New Mexico. The vast majority of the 
waste will be made into glass. Two types of glass will be made in the Waste Treatment Plant, 
now being built: 

• Glass made from a waste stream from which most radionuclides and toxic chemicals have 
been removed (known as immobilized low-activity waste or ILA W) and 

• Glass made from a waste stream from which many radionuclides and chemicals have been 
concentrated (known as immobilized high-level waste or IHL W). 
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The capabilities of the Waste Treatment Plant for producing immobilized low-activity waste may 
be supplemented by another glass immobilization process, known as bulk vitrification. The off
gas and other incidental wastes (known as secondary wastes) generated during the treatment of 
tank wastes will itself be treated (most probably by immobilization with grouts or cements. The 
immobilized low-activity waste and the secondary waste will be disposed of onsite. 

17.2 WHAT ARE THE CONTAMINANTS OF CONCERN? 

Large numbers of radionuclides were produced and even larger 
numbers of chemicals were used in the fuel processing. The 
risk assessment process focuses attention on the constituents 
that have the largest inventories or that move rapidly through 

Only a few contaminants (mainly 
radionuclides) cause the vast 
majority of the impacts. 

the sediments and groundwater and, thus, have high risk impacts. Usually 46 radionuclides, the 
ones with half-lives greater than one year, are included in risk analyses. A comparable number 
of chemicals are usually also included in risk assessments. However, the risk assessments 
usually show that a small number of key contaminants, known as the contaminants of concern, 
have the highest impacts. The contaminants having the largest impacts from tank waste are 
displayed in Table 17-1 . Other Hanford processing used chemicals, like carbon tetrachloride and 
trichloroethylene, which do not have tank sources, but are very important in determining the 
overall risks to the Hanford environment. 

Table 17-1. Key Contaminants of Concern for Tank Waste 

Groundwater Pathway Air Pathway 

T echnetium-99 Tritium (Hydrogen-3) 

lodine-129 Carbon-14 

Uranium isotopes Radon-226 

Nitrite and Nitrate 

Chromium 

17.3 How WERE RADIONUCLIDES PRODUCED? 

The mission of the Hanford Site was the creation of special 
nuclear materials for the nation's defense. In producing 
these special nuclear materials in nuclear reactors, much 
radioactive material was created, most of which became 

Inadvertent Drilling into Waste 

Strontium-90 

Tin-126 

Cesium-137 

Uranium isotopes 

Neptunium-237 

Plutonium-239/240 

Americium-241 

The radionuclides were produced in 
nuclear reactors operated to 
produce materials for the country's 
defense. 

waste. Chemically hazardous materials, in general, were not created at the Hanford Site. Rather, 
they were purchased and used onsite. However, over time some of these chemicals degrade into 
other chemicals. 
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Nine production reactors, iong closed, are located along the Columbia River at Hanford's current 
northern edge. Eight of these reactors (B, C, D, DR, F, H, KE, and KW) are known as single
pass reactors because of the once-through nature of their water-cooling systems. These reactors 
were built between 1943 and 1955 and were shut down between 1964 and 1971 Figure 17-2). 
The ninth reactor (N) recirculated its cooling water, which not only reduced environmental 
impacts from the radionuclides discharged into the Columbia River, but also allowed for the 
generation of electricity. Particularly, for the early reactors, as more reactor physics knowledge 
was obtained, power levels increased (for example, D Reactor went from 250 megawatts-thermal 
(MWt) at design to over 2000 MWt in the mid 1960s. The K Reactors peaked at 4100 MWt 
each. 

17.4 How WERE THE WASTES CREATED? 

This section summarizes the process history of the 
irradiated fuel. A much more complete description is 
given in Section B4 of Appendix B. 

After irradiation in the reactor, the fuel was placed 
under water to cool and to allow short-lived 

The irradiated fuel from the nuclear 
reactors was processed in large chemical 
plants. As a consequence, very large 
quantities of waste were generated, 
particularly during the early years. 

radionuclides to decay. Except for some N Reactor fuel , the fuel was sent to reprocessing plants 
to separate the plutonium from the fuel. The earliest separations process was the bismuth 
phosphate process. Improvements were made, resulting in the reduction and oxidation 
separation process and, later, the plutonium-uranium extraction separation process. During these 
separations processes, wastes were generated. Because of the need for uranium and because the 
bismuth phosphate process treated uranium as a waste, a uranium recovery process was 
instituted. Wastes were again generated during the uranium recovery activities. The 
refinement/purification of the plutonium streams also generated wastes. Finally, some of the 
radioisotopes in the wastes were thought to have commercial value, so some of the wastes were 
again processed to recover this material (that is, cobalt-60, strontium-90, and cesium-137). A 
timeline for the reprocessing facilities and other processing faculties is given in Figure 17-2. 

Figure 17-3 provides a timeline for uranium fuel reprocessing at the Hanford Site. It is 
interesting to note that approximately 74 per cent of the reprocessing was completed at the 
Plutonium-Uranium Extraction (PUREX) Plant. Thus, this fraction of total fission products 
would be associated with PUREX waste streams. As noted in Figure 17-3 , only about 7 per cent 
of the fuel was processed using the bismuth phosphate process in B and T Plants. However, as 
will be discussed in detail further, an inordinate amount of the chemical wastes currently stored 
in the underground storage tanks were associated with this bismuth phosphate reprocessed fuel. 
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Figure 17-2. Timeline of Hanford Site Production Reactors and Processing Facilities 
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Figure 17-3. Timeline of the Hanford Site Uranium Fuel Reprocessing 
(Metric Tons of Uranium) 

T&B Plllnlo 7,000 
REDOX 19,000 
PUREX 74,000 

Total --100,000 mlu 

The multitude of chemical separations processes used at the Hanford Site led to the production of 
a wide array of chemical waste streams. Figure 17-4 shows a schematic diagram of typical 
reprocessing and waste stream production activities that would have been associated with 
operations of each major plant. Some waste streams contained large quantities of radionuclides 
in a neutralized nitric acid-based mixture of supernatant and sludge. Other waste streams were 
large volume aqueous streams that contained low levels of radionuclides and very large volumes 
of non-contaminated cooling water. Management of the various chemical waste streams 
generated in the Hanford Site processing plants was always a daunting challenge. 

Because of a critical shortage of tank space in the mid-l 950s, approximately 23 million gallons 
of higher activity tank waste were routed to cribs, and approximately 27 million gallons of higher 
activity tank wastes were routed to "specific retention trenches" for disposal. These trenches 
were engineered to trap contaminants within the soil column well above the groundwater table. 

Many of the cribs and specific retention trenches are located in the vicinity of the tank farms . 
Therefore, discharges to nearby cribs or specific retention trenches would have contributed 
vadose zone contamination near these tank farms. It is likely that essentially all of the large 
volume discharges to cribs would have impacted groundwater quality. Thus, a realistic 
assessment of the impact of past and future tank farm operations on the environment must 
include information on known discharges to nearby cribs and specific trenches and other soil 
disposal sites. 

Large volumes of non-contaminated water (approximately 134 billion gallons) were discharged 
to surface impoundments or ponds. The discharges to these surface ponds significantly impacted 
water-table levels in the 200 East and 200 West Areas. 
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Figure 17-4. Overview of Waste Streams and Discharges from Hanford Site Chemical 
Separations Processes 
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17.5 WHERE IS THE WASTE STORED? 

Except for the adjustment of pH, very little of the waste 
generated during reprocessing or material refinement was 
treated. Rather, the high-activity fraction was stored in large 

After the waste was created, it was 
stored in large underground tanks. 

underground tanks, with the low-activity waste being sent to cribs and trenches, and the very 
low-activity wastes sent to ponds. 

The physical form of the wastes in tanks can be divided into the fo llowing: 

• Supematants 

• Saltcakes 

• Sludges. 

Supernatants are the liquid fraction (which contains many dissolved salts). Saltcake is a 
dewatered supernatant. Sludges are precipitates and are mainly metal oxides. Both single-shell 
tanks and double-shell tanks were constructed at Hanford. These tanks have been grouped into 
farms, and some farms have been combined into waste management areas. Wastes were also 
sent to cribs, trenches, and ponds. 
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There are 149 single-shell tanks and 28 double-shell tanks. Many ( over 60) of the single-shell 
tanks are known or are thought to have released wastes to the soil. Some of these releases 
resulted from tank overfills, broken pipes, and tank failures. The largest leak, from Tank T-106, 
released 115,000 gallons. More information about the releases from the single-shell tank system 
can be found in Section B6 of Appendix B. Most of the liquids have been removed from the 
single-shell tank systems. So far, solids from Tanks C-103, C-106, C-201, C-202, C-203, C-204, 
and S-112 have been retrieved. 

The double-shell tanks ( each about a million gallons in capacity) are now the primary storage 
system for tank waste. There have been no leaks from the double-shell tanks or the double-shell 
tank farm system. 

Some process waste (including tank waste) was disposed to ground. The lowest activity (usually 
cooling water that might become radioactive from leaks) was sent to large ponds. Early on, cribs 
received low-activity waste directly from processing plants. When tank space became limited, 
wastes from tanks were sent to the cribs. In this case, three to six single-shell tanks were linked 
with pipes to form a cascade, thus allowing the overfill of one tank to become the source for the 
next tank in the cascade. The last facility in this cascade was a crib, the concept being that most 
of the radioactivity would settle in the bottom of the tanks as sludges and that the cascading 
supernatant liquid would contain limited radioactivity. However, groundwater measurements 
showed the vadose zone sediments below the cribs (particularly the BY cribs) did not 
contain/adsorb all of the contaminants in the waste. Hence, specific retention trenches were 
created that received much lower volumes of liquid waste. Over 100 billion gallons of 
wastewater were intentionally discharged to the ground at Hanford. More information about the 
inventories discharged to the ground can be found in Hanford Soil Inventory Model, Rev. 1 
(Corbin et al. 2005). 

17.6 WHAT HAPPENS TO THEW ASTE AFTER STORAGE? 

17.6.1 Overview 

The plan is to retrieve the waste from the large underground tanks, treat the waste, and then 
dispose the treated waste in licensed disposal sites or geologic repositories. 

17.6.2 Tank Waste Retrieval and Tank Farm Closure 

Retrieval of waste from the single-shell tanks has begun. Removal of drainable liquids from all 
the single-shell tanks to the extent practicable has been completed. Retrieval of the solid waste 
has been completed to the standards of the Hanford Federal Facility Agreement and Consent 
Order (Ecology et al. 2007) for Tanks C-103, C-106, C-201, C-202, C-203, C-204, and S-112. 
Such retrievals are required to remove waste to the "limit of technology" or to leave no more 
than 360 cubic feet in the 100 Series Single-shell tanks and no more than 30 cubic feet in the 
200 Series tanks. In parallel, system infrastructure and soils will be remediated consistent with 
the requirements of the Atomic Energy Act and the Resource, Conservation, and Recoverv Act. 
Once all of the tanks in a farm (a single-shell tank farm contains from 4 to 18 tanks) are retrieved 
and the associated infrastructure and soils are remediated, the tank farm will be closed. 
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17.6.3 Treatment 

Treatment of most tank waste will be by vitrification. The Waste Treatment Plant is being built 
on the eastern edge of Hanford's Central Plateau. The current plan is for this facility to separate 
the incoming tank waste into two streams: 

• A high-activity waste stream, having a small volume but most of the radioactivity 

• A low-activity waste stream, having a large volume but relatively little radioactivity. 

The plan has both waste streams feeding into separate, large vitrification facilities where glass 
formers would be added, resulting in large, metal-encapsulated glass logs. 

Supplemental treatments to the Waste Treatment Plant are being investigated to speed treatment. 
A major effort is to use soils as glass formers in disposable melters, a process known as bulk 
vitrification. A decision to use such supplemental treatment is not scheduled until after 2010. 

Some of the existing tank waste may be eligible for disposal at the Waste Isolation Pilot Plant in 
New Mexico. If so, this waste would be taken from the tanks and appropriately packaged before 
being sent to this geologic repository. 

17.6.4 Disposal 

The Hanford Site has two low-level radioactive waste disposal sites currently in operation: 

• Solid Waste Burial Grounds 

• Environmental Restoration Disposal Facility. 

A third, the Integrated Disposal Facility, has been built to the most modem standards and has a 
RCRA Part B Permit. The current plan is to dispose of the low-level waste from the Waste 
Treatment Plant (including the vitrified low-activity waste stream and the secondary waste 
produced by the plant) at the Integrated Disposal Facility. This disposal facility would also 
handle the low-level waste produced by the supplemental treatment facilities , if they are built 
and operated. 

The high-activity glass logs would be sent to the federal high-level waste geologic repository 
currently planned for Yucca Mountain, Nevada. As noted above, some waste may be sent to the 
Waste Isolation Pilot Plant in New Mexico. 
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estimating these inventories relies on four activities: 

Tier 1 - Chapter 17 
DOE/ORP-2008-01 

Most estimates of the amount of waste 
present in various current and future 
facilities are based on computer 
models. Measurements have been 
taken and more will be taken as waste 
is retrieved and treated. 

• Modeling radionuclide production and past waste transfers with measurements to verify and 
anchor actual in-tank inventories (that is, the Best Basis Inventory) 

• Modeling past discharges to soil through the Soil Inventory Model 

• Modeling future tank waste storage, retrieval, pretreatment and treatment using the Hanford 
Tank Waste Operations Simulator (HTWOS) 

• Actual measurements of wastes left at the site (for example, measurements of tank residuals 
or of wastes buried in disposal facilities). 

As the site nears closure, more of the inventory estimates will arise from measured quantities. 

17.7.2 Best Basis Inventory 

The Best Basis Inventory is the official estimate of the current contents (46 radionuclides and 
25 chemicals) in double-shell and single-shell underground storage tanks. Separate inventories 
are provided for supernatant, saltcake, and sludge waste. Whenever possible, measured 
analytical values for a particular phase are used. If such measurements are not available, then 
measured values in a similar phase/layer in another tank are used. Finally, if no analogous 
measurements are available, then values from the Hanford Defined Waste Model (see the 
paragraph below) are used. Inventory estimates for most radionuclides are based on values from 
the Hanford Defined Waste Model. The requirements for the Best Basis Inventory process are 
given in (Place 2006). 

The Hanford Defined Waste Model (Higley and Place 2005) estimates the inventory of 
processing plant and material refinement facility waste streams that were routed to the tanks 
from reactor and process facility operating records . The Hanford Defined Waste model is 
supported by the Oak Ridge Isotope Generation and Depletion (ORIGEN2) fuel activity code 
(Croft 1980) and the DKPRO code (Watrous et al. 2002). 

The Hanford Defined Waste model starts with the composition of irradiated fuel calculated by 
the ORIGEN2 fuel activity code. ORIGEN2 uses fuel compositions, the neutron spectrum (as a 
function of time), and the power history of the particular production reactor to estimate 
radionuclide inventory values for a reactor fuel batch. The latest estimate of irradiated fuel 
composition (Watrous et al. 2002) used updated nuclear data information (neutron cross sections, 
decay data, and fission product yields) as well as a more detailed and comprehensive description 
of fuel and cladding impurities for the ORIGEN2 estimates. The DKPRO computer code 
(Watrous et al. 2002) was used in conjunction with the ORIGEN2 results to model separation of 
cladding from the fuel. 
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The Hanford Defined Waste Model then simulates the paths of the irradiated fuel and cladding 
into the process plants, where the various chemical operations took place (Higley and Place 
2005). Chemicals added to process the wastes streams were also tracked. Improvements in this 
revision were treating fuel and cladding separation as discrete steps, incorporation of process 
losses, improved chemical process models, redefining selected physical and chemical 
assumptions, and an improved solubility model. 

17.7.3 Soil Inventory Model 

The Hanford Soil Inventory Model (Corbin et al. 2005) extends the Hanford Defined Waste 
Model (see the above section) by following the wastes to their final discharge, such as cribs, 
trenches, and ponds. This model also provides estimates for the inventories in vadose zone 
sediments from tank releases. The model generates inventory and uncertainty estimates for 
46 radionuclides and 29 chemicals using 196 waste streams applied to 3 77 liquid waste disposal 
sites, unplanned releases, and tank leaks. 

17.7.4 Hanford Tank Waste Operations System 

The Hanford Tank Waste Operations Simulator (HTWOS, Naiknimbalker 2005a) is a mass 
balance model that is used to predict and evaluate the movement and timing of tank waste mass 
and activity from storage to retrieval to treatment to disposal. Various treatment processes are 
mode led in sufficient detail to provide estimates of process operation, of interactions of recycle 
between unit operations, and of quantities of primary waste products and composition of 
secondary waste streams. The model adheres to physical constraints inherent to the equipment 
and safety limitations as well as the programrnic constraints from current plans or business 
strategies. Figure 17-5 displays a simplified picture of the waste flow simulated by HTWOS. 
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Figure 17-5. Hanford Tank Waste Operations Simulator Waste Flow 
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17.7.5 Measurements of Tank Waste 

Direct measurements of tank waste concentrations and volumes are limited. As waste is 
retrieved from the tanks and treated, the number of measurements will significantly increase as 
both the tank residual and treated waste inventories will be measured. 

17 .8 REFERENCES 

Atomic Energy Act of 1954. As amended, Ch. 1073, 68 Stat. 919, 42 USC 2011 et seq. 

Corbin et al. 2005, R.A. Corbin, B.C. Simpson, M.J. Anderson, W.F. Danielson III, J.G. Field, 
T.E. Jones, and C.T. Kincaid, Hanford Soil Inventory Model, Rev. 1, RPP-26744, Rev. 0, 
CH2M HILL Hanford Group, Inc. , Richland, Washington, September 2005 . This 
document was also released at the same time as PNNL-15367 by the Pacific Northwest 
National Laboratory, Richland, Washington. 

Croft 1980, A.G. Croft, ORIGEN2 - A Revised and Updated Version of the Oak Ridge Isotope 
Generation and Depletion Code, ORNL-5621 , Oak Ridge National Laboratory, Oak 
Ridge, Tennessee. 

Ecology et al. 2007, Washington State Department of Ecology, U.S. Environmental Protection 
Agency, U.S. Department of Energy, Hanford Federal Facility Agreement and Consent 
Order, as amended through July 23, 2007, 89-10, Rev. 7, Olympia, Washington. This 
document is available from any of the parties. 

Higley and Place 2005, B.A. Higley and D.E. Place, Hanford Defined Waste Model - Revision 
5.0, RPP-19822, Rev. 0-A, CH2M HILL Hanford Group, Inc. , Richland, Washington. 

Naiknimbalker 2005a, A.N. Naiknimbalker, Configuration Management Plan for Hanford Tank 
Waste Operations Simulator Flowsheet Modeling, RPP-7630, Rev. 4, CH2M HILL 
Hanford Group, Inc. , Richland, Washington. 

Place 2006, D.E. Place, Best-Basis Inventory Process Requirements, RPP-7625, Rev. 6a, 
CH2M HILL Hanford Group, Inc. , Richland, Washington. 

Resource Conservation and Recovery Act of 1976. Public Law 94-580, as amended, 90 Stat. 
2795, 42 USC 6901 et seq. Also known as RCRA. 

WA 7890008967, Hanford Facility RCRA Dangerous Waste Permit, RCRA Part B Permit issued 
by the Washington State Department of Ecology for Hanford Site activities. 

Watrous et al. 2002, R.A. Watrous, D.W. Wootan, and S.F. Finfrock, Activity of Fuel Batches 
Processed Through Hanford Separations Plants, 1944 through 1989, RPP-13489, 
CH2M HILL Hanford Group, Inc., Richland, Washington. 

Inventory 17-11 



Inventory 

Tier 1 - Chapter 17 
DOE/ORP-2008-01 

17-12 




