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EXECUTIVE SUMMARY 

The evaluation of potential impacts to groundwater from contaminants in the vadose mne soils at the 

Hanford Site is important for making final remedial action decisions at the Hanford Site. Federal and 

state regulations, requirements, and guidelines concerning environmental remediation fonn the basis for 

the methods used to conduct these evaluations. Although many methods and/or models may be used to 

evaluate the potential impacts to groundwater, the use of environmental regulatory models (ERMs) is 

appropriate for applications to evaluate pathways involving vadose zone and/or groundwater systems. 

This document identifies and addresses the items needed for appropriate and consistent regulatory 

methods/models for the assessment and characterization of the impacts/risk to groundwater from vadose 

zone contamination at the Hanford Site for the 200-UW-l Operable Unit waste sites. This documentation 

may also be used to support other assessments of vadose zone contamination at the Hanford Site. It also 

describes the manner in which Federal and state requirements and guidelines concerning the selection and 

use of ERMs can be employed to address these issues. 

The primary aspects of these issues addressed in this document include the following: 

• Identifying and comparing the technical and Federal and state regulatory requirements and 

expectations associated with the selection and use of ERMs in general, and specifically for vadose 

zone modeling 

• Applying these requirements and guidelines that result in the determination that fare and transport 

modeling is the most appropriate model type for most vadose zone modeling risk characteriz.ation 

applications at the Hanford Site 

• Demonstrating the acceptability of the Subsurface Transport Over Multiple Phases (STOMP) code for 

implementing the fate and transport model type 

• Demonstrating and documenting consistency with Federal and state requirements and guidelines 

concerning method/model selection for most vadose zone modeling applications 

• Documenting the correspondence of the pertinent Federal and state requirements and guidelines, as 

well as consistency with the Federal guidelines that can satisfies all pertinent regulatory ""IUirements. 
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METRIC CONVERSION CHART 

Into metric units Out of metric wiits 

If you know Multiplybv Toaet Ifyouknow Multioly by To~ct , _ _._ ' .......... 
inches 25.40 millimeters millimeters 0.03937 inches 
inches 2.54 centimeters . centimeters 0.393701 inches 
feet 0.3048 meters meters 3.28084 feet 
yards 0.9144 meters meters 1.0936 yards 

miles (statute) 1.60934 kilometers kilometers 0.62137 miles (statute) 
Area Area 

square inches 6.4516 square square 0.155 square inches 
centimeters centimeters 

sauare feet 0.09290304 sauare meters sauare meters 10.7639 souare feet 
square vards 0.8361274 sauare meters square meters 1.19599 square yards 
square miles 2.59 square square 0.386102 square miles 

kilometers kilometers 
acres 0.404687 hectares hectares 2.47104 acres 

Mau (weh!ht) Mau (wei2ht) 
ounces (avoir) 2834952 2nlDlS lmlDlS 0.035274 0tmces (avoir) 
oounds 0.4S359237 kilolZnllDs kil 2.204623 oounds (avoir) 
tons (short) 0.9071847 tons (metric) tons (metric) 1.1023 tons (short) 

Volume Volume 
ounces 29.57353 milliliters milliliters 0.033814 ounces 
<U.S., liquid) (U.S .• liquid) 
quarts 0.9463529 liters liters 1.0567 quarts 
<U.S., liquid) (U.S., liquid) 
gallons 3.7854 liters liters 0.26417 gallons 
(U.S., liauid) <V .S., liauid) 
cubic feet 0.02831685 cubic meters cubic meters 35.3147 cubic feet 
cubicvards 0.7645549 cubic meters cubic meters 1.308 cubic yards 

Temoerature Temuenture 
Fahrenheit subtract32 Celsius Celsius multiply by Fahrenheit 

then 9/Sths, then 
multiply by add32 
5/9ths 

Enel'l!V EDtl'IY 
kilowatt hour 3,412 British thermal British thermal 0.000293 kilowatt hour 

unit unit 
kilowatt 0.94782 British thermal British thermal 1.055 kilowatt 

unit oer second unit per second 
Fo'ttd°PN'Jll• re Force/Presaure 

pounds (force) 6.894757 kilopascals kilopascals 0.14504 pounds per 
oer sauare inch sauare inch 

06/lOOI 

Source: Engineering Unit Conversions, M. R. Lindeburg, PE., Third Ed., 1993, Professional 
Publications, Inc., Belmont, California. 
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REGULATORY CRITERIA FOR THE SELECTION OF V ADOSE ZONE MODELING 
IN SUPPORT OF THE 200-UW-1 OPERABLE UNIT 

1.0 INTRODUCTION 

This document provides regulatocy and technical basis supporting the use of environmental regulatocy 
models (ERMs) in the evaluations of potential impacts to groundwater from vadose rone contamination at 
the Hanford Site for 200-UW-1 Operable Unit (OU) waste sites. The document identifies the Federal and 
state regulations, requirements, and guidelines that provide the regulatocy and teclmical basis pertaining 
to the selection, use, and required documentation of ERMs. Of particular importance ere the requirements 
in the Comprehensive Environmental Respome, Compensation, and Liability Act of 1980 (CERCLA) and 
Resource Conservation and Recovery Act of 1976 (RCRA). The identification of these requirements and 
guidelines serve to establish the criteria and expectations necessary for the selection of a vadose mne 
model. This document may be also used to support the selection of other vadose mne models to assess 
risk from contamination. 

The primary use of vadose zone modeling at the Hanford Site is to quantitatively assess potential impacts 
to groundwater from contaminants in the vadose :zone. Federa1 and state regulations require the use of 
scientifically based method for assessing and demonstrating consistency with the primary objective of 
environmental cleanup regulations (i.e., protection of human health and the environment) 
(EPA 402-R-93-005, OSWER Directive 9200.4-18, EP All 00/8-04/001, Washington Administrative 
Code [WAC] 173-340-747). The primary guidelines state these computations involve methods 

- appropriate for the objectives and conditions of the assessment ( e.g., EPA 500-R-94-00 I, 
EPA 402-R-93-005, and OSWER Directive 9200.4-18). 

.,-

l _. 

The main issues associated with the assessment of gro1D1dwater impacts/risks from vadose zone 
con~ination at Hanford, therefore, include the foUowing: 

• What methods/models ere most appropriate for assessing impacts to groundwater from vadose mne 
contaminants at the Hanford Site? 

• How are appropriate models detennined? 

• What regulatocy requirements and technical rationale are associated with the selection of appropriate 
models? 

• What regulatory requirements and technical rationale are associated with the use of an appropriate 
model for risk-based applications (e.g., risk characterimtion)? 

• What is necessary to demonstrate consistency with these requirements and expectations, and the 
acceptability of a method? 

This document addresses these issues and focuses on the selection and use of appropriate and acceptable 
ERMs for assessing potential impacts to groundwater from vadose mne contamination at Hanford in 
support of a final remedial action for the 200-UW-l OU waste sites. The process for selection and use of 
ERMs discussed in this document may be useful in other applications at Hanford. U.S. Environmental 
Protection Agency (EPA) guidance on risk assessment (EP A/540/1-89/002) states that the evaluation of 
risks associated with all relevant pathways and the risk characterization methods be appropriate for the 
objectives and conditions of the assessment (e.g., EPA SOO-R-94-001, EPA 402-R-93-005, and OSWER 
Directive 9200.4-18). Risk characterimtion associated with the vadose zone to groundwater pathway 
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{also referred to here as the "protection of grolllldwater'' pathway) involves a combination of the vadose 
zone and groundwater pathways and systems and is particularly important for environmental remediation 
efforts at Hanford for several reasons: 

1. Risk characteri2lltion efforts associated with the protection of groundwater pathway are integral to the 
remediation efforts at the Hanford Site. 

2. The ''protection of groundwater" pathway can often dominate the risk and/or ha7.ard posed by soil 
contamination and associated soil cleanup levels. 

3. In the absence of a risk-based methods for assessing the levels of soil contaminants protective of 
groundwater, soil cleanup levels for this pathway are based soil background levels, detection limits, 
or predetennined values . 

. 4. Federal environmental regulations (e.g., 40 Code of Federal Regulations [CFRJ 300, CERCLA. and 
RCRA), and Federal risk assessment guidelines (EPA/540/1-89/002, EPA/540/R-92/003) require the 
use of technical methods that are risk-based, appropriate for the intended application, appropriate for 
the site conditions, and that use site-specific data. 

S. Appropriate risk characterization methods provide a technically valid basis for defining the baseline 
risks, which are essential for the risk management and risk communication aspects (National 
Research Council 1983, 1994). The baseline risk for the protection of groundwater pathway is 
integral to evaluating the efficacy of remedies and to making decisions regarding the allocation of 
resources for effectively mitigating the risks at sites to levels/conditions protective of human health 
and the environment. 

The selection and use of ERMs appropriate for the evaluation of grolmdwater impacts from contaminants 
in the Hanford vadose zone need to be selected in a manner that is technically justified and consistent 
with the purpose and requirements of the pertinent Federal and state regulations and guidelines. 

This document addresses the woes associated with the need for technically appropriate and regulatory 
consistent methods/models for the assessment and characterimtion of the impacts/risk to groundwater 
from vadose zone contamination at Hanford. The following is an overview of the content and 
organimtion of this document, and the manner in which these issues are addressed. 

• Section 1.0: Introduces the purpose of the document and the issues associated with vadose modeling 
at the Hanford. Describes why these issues are important to environmental remediation efforts, how 
and why modeling is used in the regulations, and provides an overview of the structure ant contents of 
this document. 

• Section 2.0: Identifies Federal and state requirements, guidelines, and criteria pertaining to the 
selection and use of ERMs for assessing impacts/risk to groundwater from vadose zone contaminants 
at the Hanford Site. 

• Scction3.0: Provides documentation concerning the technical basis and rationale for using the 
processes identified in the Federal guidelines for selecting and using a model type appropriate for 
most vadose zone modeling risk charactemation applications at the Hanford Site. 

-.. 

• Section 4.0: Describes the application of the Federal guidelines for the selection of a model type 
capable of meeting the objectives of most vadose modeling risk characteriz.ation applications at the -~ 
Hanford Site. ~ 
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• Section 5.0: Describes the required and expected documentation associated with the use of vadose 
mne modeling for riBk cbaracteri7Jltion applications. 

• Section 6.0: Documents an example of the application of the Federal code selection guidelines for 
evaluating the adequacy of a code to meet the required attributes and criteria of fate and transport 
modeling. The code evaluation/selection process is docwnented for the Subsurface Transport Over 
Multiple Phases (STOMP) code. 

• Sec:tjon 7,0: Summarizes the manner and extent to which the application of the guidelines concerning 
the selection and use of an ERM appropriate for Hanford vadose modeling risk cbaracteri7.ation 
applications are consistent with Federal requirements and guidelines. 

• Section 8.0: Documents the demonstration of consistency with state regulations concerning the 
selection and use of ERMs pertaining to vadose zone modeling. including the use of the STOMP 
code. 

• Section 9,0: Provides a summary of the information contained in this doc1U11ent regarding the 
technical and regulatory requirements and expectations associated with the selection, as well as the 
use of ERMs and their applications for vadose zone modeling and risk characterization applications at 
the Hanford Site. 

• Awendix A: Provides a synopsis of technical infonnation pertaining to preferential pathways in the 
context of transport-related mechanisms in the conceptual model for vadose mne system at the 
Hanford Site. 

• Ap_pendix B: Provides an example of the application of published guidelines coocerning the manner 
in which Hanford Site data base information is used in the selection of appropriate, site-specific 
model parameters. such as instantaneous equilibrium distribution coefficient (Kd) values. 
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2.0 REGULATORY REQUIREMENTS, GUIDELINES, AND CRITERIA 
ASSOCIATED WITH THE USE OF ENVIRONMENTAL 

REGULATORY MODELS 

Federal and state regulations and guidelines identify requirements and recommendations concerning the 
selection and use ofERMs in risk-based applications (e.g., risk characterization) in environmental 
remediation efforts. These requirements and recommendations provide guidance on the processes and 
rationale for the selection of appropriate models and codes, the use of ERMs, and the expected 
documentation of model results. This section identifies and summam.es the processes and criteria 
identified in the Federal guidelines concerning the evaluation, selection, and use of an ERM and model 
code. 

2.1 BACKGROUND ON THE USE OF ENVIRONMENTAL 
REGULATORY MODELS 

The selection ofERMs methodology is based on the requirements in the following Federal environmental 
regulations: 

• National Contingency Plan (NCP) (40 CFR 8665-8865 300) 

• CERCLA regulations 

• RCRA regulations 

~ • Hanford Federal Facility Agreement and Con.sent Order (Tri-Party Agreement) (Ecology et al. 

-

2003). 

The W asbington State requirements are contained in the following environmental regulations: 

• "Hll.7Jll'dous Waste Management Act" (Revised Code of Washington [RCW] 70.105) 

• "Model Toxics Control Act - Cleanup" (WAC 173-340), in the context of RCRA corrective action, 
and also where applicable or relevant and appropriate requirements (ARARs) are pursuant to 
CERCLA. (lbese regulations are overseen by the Washington State Department of Ecology 
[Ecology]). 

The role of computer models in these Federal and state environmental regulations is to support protection 
ofhwnan health and the environment. Under CERCLA, the EPA is required to assess the risk to human 
health posed by hamrdous and radioactive wastes at sites on the National Priorities List (NPL). Both 
Federal and state regulations and guidelines recognize the use ofERMs u appropriate methods and tools 
for assessing and characterizing risk to bwnan health and the environment. The use of ERMs is 
warranted where contaminant behavior involves media in complex and dynamic systems, such as 
groundwater and vadose :zone pathways. 

2.2 RATIONALE FOR THE USE OF ENVIRONMENTAL 
REGULATORY MODELS 

The Federal ERM guidelines indicate that the reason for modeling to support environmental regulatory 
efforts typically include the following: (1) supporting risk assessment requirements; and (2) identifying, 
selecting, and designing remedial alternatives (EPA 402-R-93-009). There are many reasons why 
modeling is needed to fulfiJl the regulatory requirements associated with the CERCLA remedial action 
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and RCRA corrective action processes are identified in the Federal guidelines (fable 2-1). Among these, 
the principal reasons (EPA 402-R-94-012) include the following: 

1. Assess the actual or potential risk impacts of the site (i.e., assessment of risk) 
2. Comply with applicable regulations 
3. Define remediation strategies for the site 
4. Evaluate alternative remedies. 

This information is summari7.ed in Table 2-1, which identifies where and when modeling is likely to be 
needed and used during different phases of the risk assesmnent and remedial action evaluation process 
(EPA 402-R-94-012). The Federal guidelines indicate that, "Notwithstanding the limitations of models, it 
is difficult to support remedial decisions or the assessment of risk at a site without the use of models" 
(EPA 402-R-93-009). 

The following are examples of the EPA primary guidance documents that provide technical rational and 
precedents pertaining to the selection and/or use of ERMs, primarily in the context of CERCLA risk · 
assessment requirements: 

• The EPA 's Agency Task Force on Environmental Regulatory Modeling (A TFERM) guidance states 
that, " ... environmental models ... may fonn part of the scientific basis for regulatory decision making at 
EPA" (EPA 1999, 2003a). 

• ERMs are regarded as appropriate tools throughout EPA guidance on environmental risk assessment 
(EPA 2001, 2003a; EPA-SAB-EEC-89-012). 

• EPA risk assessment supplemental guidance identifies the use of models as being justified where 
site-specific data or changes in knowledge over time warrant the use of methods different than the 
basic risk charactemation methods and formulas (EPA/540/R-92/003, EPA 1992). 

Other Federal and state regulations and guidelines that recognize environmental regulatory modeling as 
a method for risk assessments and/or the development of media-specific cleanup levels include the 
following: 

• Report of Agency Task Force on Environmental Regulatory Modeling: Guidance, Support Needs, 
Draft Crlleria and Charter (EPA SOO-R-94-001) 

• A Summary of General Assessment Factors/or Evaluating the Quality o/Scienlific and Technical 
Information (EPA 2003b) 

• CERCLA Baseline Risk ksessment Reference Manual for Toxicity & Exposure Assessment and Risk 
Characterization (DOE/EH-0484) 

• Proposed .Agency Strategy for the Development of Guidance on /recommended Practices in 
Environmental Modeling (EPA 2001) 

• Draft Guidance on the DevelopmenJ, Evaluation, and Application of Regulatory Enviro,rmental 
Models (EPA 2003a) 

• Models Toxics Control Act Cleanup Levels & Risk Calculations (CL.ARC), Version 3.1 
(Ecology 94-145) 

• "Deriving Soil Concentrations for Ground Water Protection" (WAC 173-340-7 4 7). 
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, .. - The main issue concerning ERMs, however, concerns the technical basis and regulatory consistency 
associated with the selection and use of appropriate models and codes. 

-........ 

Table 2-1. Matrix of Reasons for Modeling in the Remedial Process 
(fiom EPA 402-R-94-012, Table 2-1). (2 D82CS) 

1. When it is not feasible to perform field measurements; 
i.e .• 
• Cannot get access to sampling locations 
• Budget is limited 
• Time is limited. 

2. Wbm .lhereu·(XJlicn that dawnpmentlocationa may 
beicome ccwam!naed It 101DC dme in 1he future. 

3. When field data alone arc not sufficient to characteriz.c 
fully the nature and extent of the contamination; i.e., 
• When field sampling is limited in space and time 

and needs to be supplemented with models 
• When field sampling results are ambiguous or 

suspect. 

4. When there is concern that conditions at a site may 
change, thereby changing the fate and transport of the 

· contaminants; i.e., 
• Seasonal changes in environmental conditions 
• Severe weather (floods, tornadoes) 
• Acc;idcnts (fire). 

8. When there is concern that at some time in the past 
individuals were exposed to elevated levels of 
contamination and it is desirable to reconstruct the 
doses. 

9. When there is concern that contaminants may be 
present but below the lower limits of detection 

. • . . .. ,O•• ·· ··-· •·•· .. ,- -----·- •·• --· -- ·-
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Table 2-1. Matrix of Reasons for Modeling in the Remedial Process 
(fromEPA402-R-94-0l2, Table2-1). (2 ) 

JO. .!.~~~~ ....... at- ~·:;~ :;: :~.;-i ~NR: 
C(IQbgpfninis and It Ii deainble to detemib.e if ad O e 0 
wban othiir MIIQlffltwa llllOCiated with tbe:aource . 

. nve; --wtiat 1ove1s. . · · 
11. When field measurements reveal the presence of 

contaminants and it is desirable to identify the source or 
somccs of the cootaminatino. 

13. . ''Ylbcri tlMn is a need to determine remediil Ktion 
. . . . ·• ... 

14. 

' Whin~i ·qaititidffdole ormk ......... . 

17. When designing the site c~on program and 
identi · wa s of potential si · cance. 

11. . When ~ ii a Di:loctto cc,mpme or pn,cHct.tbe. , '. . . 
· :~ cli8tribution intpecund time of d..,,,,. : 
; · · ,ftom tho · 1Q11R;O of radioauclidos: • · 

19. ·Wlm thin iu need ·~ cpmdfy the dep'Oe of • 
~ ,in tlicundcipilltecf ticibavior of the 

. :1'1Cfioin>dide1 in:the mvimrmcmt and tbe auocjatocf 
. : .. : .;daieaind;rfab. .. -. : :··.· . . 

20. · :Wbeil<~l!Ji~~ the public about the 
. ;pwnitliiJ~:utibe.tw and1he benefits of the 

.·~ ·.-·.····· . 

• • 0 

0 0 • 
0 0 , .. 
• ., •. ·:•• 

.. o )o:_ ·:·,• 

' 
.. 

0 • • 
• 0 • 
• 0 0 

• 0 0 

• O ·· 

NOTE: Areas shaded denote modeling reasons typically associated with the vadosc zone protection of groundwater 
pathway at the Hanford Site. 

• Legend: 
• Denotes an important role. 
0 Denotes a less important role. 

2.3 FEDERAL GUIDELINES FOR THE SELECTION AND USE 
OF ENVIRONMENTAL REGUALTORY MODELS 

Federal guidelines specify that the process for using ERMs begins with the development of the rationale 
for selecting a modeling method instead of selecting another simpler method for the purpose of the risk 
assessment After demonstrating that the use of an ERM is the appropriate method, the documentation 
defines the model objectives. The EPA guidance then recommends adhering to guidelines pertaining to 
the selection and use of appropriate model type and codes to accomplish those objectives. The following 
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sections identify and summarize the processes and criteria identified in the Federal guidelines concerning 
the evaluation and selection of model types and model code(s) used for ERMs. 

The selection of an appropriate method/model involves consideration of the strategy for assessing the risk 
to human health and the environment posed by waste site contaminants. That strategy includes 
identifying the type and quality of information needed to evaluate the risk associated with the waste 
site(s). The risk information can include simple screening criteria, quantitative assessments and 
characteri7.ation of the risk, and/or the determination of soil cleanup levels that are protective of human 
health and the environment. Other criteria include consideration of the characteristics of the pathway 
and/or system of interest, and the level of model complexity that is consistent with the quality of the 
information appropriate for meeting the modeling objectives. 

2.4 MODEL AND CODE SELECTION GUIDELINES 

Federal guidelines identify a technically based processes for model and code selection 
(EPA 402-R-93-009, EPA 402-R-94-012) and provide guidance on the evaluation and application of 
ERMs (CREM 2003). The merits of this process include the following: 

• It is the product of nearly two decades of consensus building amopg subject matter experts on the 
development, evaluation, and application ofERMs within the scientific community. 

• It meets the objectives and intent of Federal and state regulations and guidelines in terms of 
describing and explaining the selection process, as well as the scientific reasoning, rationale, and 
assumptions associated with the process. 

The intent of applying this process is to provide a valid technical basis for the selection of the model. 
Although there is no formal corresponding state process for ERM method/model selection (e.g., in 
accordance with WAC 173-340-747, Federal guidelines addresses the intent and expectations of both 
Federal and state requirements to document the technical basis of the ERM, including the reasons, 
ratiodale, and logic for model and code selection). As noted in Federal guidelines, model selection and 
code selection are different but related activities, as described in the following paragraphs. 

Toe EPA technical guidelines indicate that the model selection process begins with defining the 
objectives and identifying the-type of predictive tasks to be included in the model (EPA 402-R-94-012). 
This step is followed by the development of a site conceptual model, which is divided into conceptual 
model components. The conceptual model components help to identify the important factors such as the 
site features, events, and processes (FEPs) to be included in the model. Model selection involves 
identifying the type of predictive tasks to be included in the model, consistent with the objectives and 
purpose of the problem, and determining the attributes necessmy for a mrAningfid simulation. These 
elements of the model selection process are sUllllD8J'i7.ed in the following and are illustrated in Figure 2-1: 

1. Define the regulatory purpose of the problem, and descnoe the rationale/need for modeling. 

2. Define the project and site-specific objectives for the use of the ERM. 

3. Detennine model selection criteria and attributes: 

a. Develop a conceptual model and conceptual model components. 

b. Determine principal FEPs and phenomena to be modeled. 

c. Identify other factors, requirements, or attributes to be included in the selection criteria. 
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d. Determine the level of model sophistication or capability required to meet the criteria and 
attributes. 

e. Select/identify an appropriate model type. 

4. Select a code capable of meeting the criteria and attributes: 

a. Identify candidate code(s). 

b. Evaluate the administrative criteria imociated with the candidate codc(s). 

c. Evaluate/document adequacy of code(s) to meet model criteria/attributes. 

d. Select/identify appropriate modeling code. 

5. Document the use of the ERM: 

a. Describe the model and code selection process and rationale. 

b. Identify the sources of information and the rationale used to develop the input parameters. 

c. Present the model results. 

d. Identify the uncertainties in the model and model results, and describe their possible impact on 
the results. 

e. Identify, provide the rationale, and describe the impact on the model results for the assumptions 
used in the model. 

f. Identify the limitations of the model and limitations associated with the interpretations of the 
model results. 

The code selection process focuses on the evaluation and identification of one or more code(s) that meet 
the requin,d/necessary modeling criteria and attributes, as well as any administrative criteria 
(e.g., availability, computer language, and hardware requirements) that must be factored into the code 
selection decision (EPA 402-R-94-012). Code selection involves choosing one or more specific computer 
codes that are capable of performing the simulation(s) in a manner that satisfies and incorporates the 
required/necessmy modeling criteria and attributes. 

2.5 MODEL SELECTION PROCESS 

2.5.1 Problem Statement, Objectives, and Modeling Need 

The EPA' s technical guidelines indicate that the first step in the model selection process is to develop the 
problem statements. The problem statements define the regulatory purpose of the ERM, determine the 
objective(s) of the task at hand, and explain the reasons and rationale for using a model to meet the 
objective(s) (EPA 402-R-94-012, CREM 2003). The documentation of these elements serves as the top­
level criteria for model selection. The project-specific objectives (e.g., determining cleanup levels) drive 
the specific quantitative results required from the model. Combined with the objectives, an initial high­
level description of general characteristics of the system(s) and pathway(s) can be identified prior to 
fonnal development of the conceptual site model ( e.g., involving a groundwater and/or vadose mne 
system). 
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Figure 2-1. Summary of the U.S. Environmental Protection Agency Model (ERM) and Code Evaluation/Selection Process. 

ERM Evaluation/Selection Process 

Define replatory plll'pole(s) 
of tile problem od nitiollale 

for tbe need of•• ERM 

Ddlne tile objeetives of tbe ERM 

Attributes/criteria required for 
model and code selection 

ERM selection 
( e.a., two-dimensional 
'ridose mne fate and 

transport) 

I • 

Code Evaluation/Selection Process 

-~ ocode 
o code tcstbig (e.g., verification, validatton) 

• Hardware reqidranemi 
• Solution methodology 
• Code dimensiopality 
• Code output 

Consideration of aclmbUstrative criteria 
• Authors, versions, obtainable, hardware 

requirements, computer language, etc. 

) 



DOFJRL-2007-34, Rev. 0 

2.5.2 -Conceptual Site Models 

The development of the conceptual site model, integral to the conduct ofrisk assessments, is the next step in the 
model selection process (EPA/540/R.-92/003, EPA 402-R-94-012, ASTM 1999, CREM 2003). The conceptual 
model is the set of characteristics and behavior that reflect the actual site system(s) (EPA 402-R-94-012). The 
conceptual model serves as the basis for determining the processes, mechanisms, and phenomenon to be 
considered in the selection and use ofERMs (EPA/540/R.-92/003). The EPA guidelines state that the required 
capabilities of the ERM are based on the nature and type of predictive tasks to be performed, and on information 
in the conceptual model that concern the site's physical and chemical characteristics, conditions, and system 
processes (EPA/540/R-96/003). The conceptual model also serves as the basis for the selection of appropriate 
site-specific model input parameters and for evaluating uncertainties, assumptions, and limitations of the model. 

The development of the site conceptual model is based on field, laboratory, literature, and other relevant data 
and descriptive site infonnation (EPA 402-R-94-012, ASTM 1999, CREM 2003). The approach to developing 
an appropriate conceptual model of the site involves integrating the generalized knowledge of physical and 
chemical processes with the available site-specific information. Thus, the conceptual model provides a 
simplifying framework in which information can be organized and linked to processes that can be simulated 
with predictive models (EPA 402-R-94-012). 

Typical examples of conceptual model components for vadose zone and groundwater systems include the 
geology, hydrolo~, and the nature and extent of contamination. Each conceptual model component 
incorporates FEPs for inclusion in the consideration of the necessary modeling capabilities. The principal FEPs 
associated with the conceptual model components are those that must be simulated to achieve the modeling 
objectives. These generally include a combination of general physical and/or chemical behavior ( e.g., porous 
media fluid transport and chemical partitioning) and site-specific factors (e.g., geologic stratigraphy and 
recharge). Conceptual models and conceptual model components may also include simplifying assumptions that 
are based upon mathematical or scientific rationale, which are necessary and appropriate to simulate the 
principal FEPs. 

Other factors, requirements, or attributes to be included in the model selection criteria are then identified. These 
can include model complexity, dimensionality, model output requirements, and code-related attributes. Model 
complexity includes consideration of spatial and temporal discretization, solution methods, model 
dimensionality, quality and quantity of data, and output requirements. 

2.5.3 Determination of Environmental Regulatory Model Selection Criteria and Attributes 

The next phase in the model selection process involves identifying and determining the model attributes 
necessary to meet the objectives of the modeling. These attributes also serve as criteria for model selection. 
The ERM attributes and selection criteria are related to and derived from the site conceptual model in the 
manner described in Figure 2-2. 

1 FEPs refers to physical and chemical features, events, and processes of the system that ERMs are required to simulate. 
The use of•'FEPs" stems from the approach used by the Nuclear Energy Agency (NEA) to assess the conceptual model 
components in the context of the combinations of relevant features, events, and processes, and U.S. Nuclear Regulatory 
Commission (NRC) reference to ••processes, mechanisms, and phenomena" as FEPs, to define the nature and type of 
predictive tasks necessary to be perfonned by a computer model (NEA 2000, Bailey and Billingham 1998, 
PNNL-14702a). 
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Figure 2-2. The Relationship of ERM Model Attributes and Selection Criteria to the FEPs 
and the Site Conceptual Model. 
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The determination of the principal FEPs involves consideration of the actual physical and chemical systems and 
processes in the conceptual model component system (e.g., the hydrologic system in groundwater). Feat,ua 
are generally physical characteristics and systems that define or describe the area being modeled (e.g., geologic 
system). Events are significant occurrences that introduce some stress or change, either natural or artificial, to 
the area being modeled ( e.g., climate-related events such as groundwater recharge or waste site operation 
events). Procasa are the mechanisms, phenomena, and/or driving forces associated with the system being 
modeled (e.g., fluid transport processes, geochemical processes). For example in vadose zone modeling, the 
conceptual model integrates the site-specific knowledge of such items as the site geology (feature), bydrologic 
regime (feature), soil properties (feature), waste site discharges (events), waste site remediation (event), 
recharge (process), and distribution of contaminants (process). 

l .5.5 Other Model Attributes and Criteria to Be Con1ldered 

Identifying other model attributes and criteria involves combining the FEPs with other relevant criteria that 
collectively describe the attributes of the model necessary to achieve the modeling objectives. Other model 
attributes considered in addition to the primary criteria associated with the FEPs include the following: 

• Model complexity and solution methodology 
• Model dimensionality 
• Outputrequirements 
• Other application-specific requirements. 

The following is a summary of model attributes and criteria commonly considered in the selection ofERMs. 

2.5.5.1 Model Compleilty and Solution Methodology 

The necessary degree of sophistication or complexity of the modeling is a key attribute. The necessary degree 
of sophistication of the modeling must be evaluated in terms of both the site-related issues (FEPs) and modeling 
objectives (EPA 402-R-94-012). Federal guidelines indicate that the factors with the greatest influence on 
determining the type and complexity of modeling needed are ( 1) the objectives of the modeling; (2) the 
environmental conditions and characteristics of the site; and (3) the nature, extent, and behavior of the 
contaminants. The combination of these factors detennioe the modeling needs and type (EPA 402-R-93-009). 

Federal guidelines indicate that ERMs should begin with the simplest models and codes that satisfy the 
objec~ves, and then progress toward more sophisticated models/codes until the modeling objectives are 
achieved (EPA 402-R-94-012). However, an overly conservative approach may be contradictory to the 
objectives of the optimiz.ation between remedial activities and the accompanying reduction in risk (EPA 402-

2-9 

. ··---~·- ----·- - ~---- ----... - , .. -· 



DOFJRL-2007-34, Rev. 0 

R-93-009). Complex or semi-<:omplex models, for example, are warranted when FEPs criteria cannot be 
adequately simulated with simpler analytical methods. 

2.5.5.2 Model Dlmemionallty 

The detennination of the nwnber of dimensions that a code should be capab]e of simulating is based primarily 
upon the data available. the modeling objectives. and the dimensionality of the FEPs. Certain FEPs 
(e.g., geoJogic layer thickness or recharge rates) may vary spatially and require multiple dimensions in the 
model to desaibe them adequately. Lower dimensionality models tend to be more conservative in their 
predictions, and their use frequently limited to screening analyses (EPA 402-R-94-012). Available data can also 
affect model dimensionality, because the utility of two- or three-dimensional aoa]ysis depends on whether the 
quantity and dimensionality of the data are consistent with, and/or support, the number of dimensions in the 
model. 

2.5.5.3 Modeling ofRadloauclides 

In accordance with Federal requirements for the use ofERMs in risk assessment applications involving 
radionuclides (OSWER Directive 9200.4-18), the models must take into account the factors listed below and the 
adequacy of numerical models to accommodate these factors: 

• Radioactive decay 
• Time (year) peak concentrations in groundwater 
• (Spatial) movement of contaminants within and between media. 

2.5.5.4 Summary or Guidelines for Identifying Key FEPs aad Modeling Attributes 

Once the key FEPs have been identified, the model attributes delineate the required capability of the model to 
incorporate the FEPs adequately while meeting the objectives of the model. Together, the FEPs and attributes 
are criteria used to select the appropriate model type. Model selection involves matching the FEPs and the 
model"attributes to detennine the level of model complexity required to meet the objectives of the model. These 
criteria are used in the identification of needed model input parameters and assumptions. 

2.6 CODE SELECTION PROCESS 

The code selection process involves identifying and evaluating one or more codes that meet the modeling needs 
after the model attributes have been detennined {EPA 402-R-94-012). The evaluation process identified in 
Federal guidelines (EPA 402-R-94-012) involves evaluation of the capability of the code to meet the following: 

• Modeling objectives 
• Required model attributes 
• Code-related criteria 
• Administrative criteria. 

The following subsections describe the requirements and expectations associated with the evaluation and use of 
the model type attributes and criteria, code-related criteria, and administrative criteria in the code selection 
process. 
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2.6.1 Code-Related Selection Criteria 

The regulatory code-related criteria considered in the code acceptance process (EPA 402-R-94-012) include the 
code's fidelity, usage, and acceptance in the scientific community; the code's quality assurance (QA) and 
quality control (QC) requirements; and the code's output capability. The technical code-related criteria 
considered include the code's ability to simulate the site-specific primary FEPs to the level of detail according to 
the required model attributes. Administrative criteria such as the authors, availability, obtainable version 
updates, hardware requirements, and computer language are also considered in the code evaluation and selection 
process. The code-related criteria recommended in the Federal guidelines for consideration in the code 
acceptance process (EPA 402-R-94-012) include the following: 

• Source code availability 

• History of use and acceptance in the scientific community 

• Code usability 

• QA 

- Code documentation 

- Code testing (e.g., verification and validation) 

• Hardware requirements 

• Solution methodology (consistency with model attribute requirements) 

• Code dimensionality (consist.ency with model attribute requirements) 

."-" • Code output (consistency with model attribute requirements). 

.. -

Application of the code selection and evaluation process ensures that the selected code is capable of 
mathematically representing the site, the pathway-related FEPs, and the discrete components of the conceptual 
model. The application of this approach can be reduced to three considerations: (I) each key component 
(attribute) of the conceptual model is adequately described by the mathematical model, (2) each of the separate 
mathematical models has been successfully integrated to where the sum of the parts is equal to the whole, and 
(3) the code is accessible and executable (EPA 402-R-94-012). Documentation of the evaluation and selection 
process, which includes a description of the adequacy of a specific code to meet these criteria, serves as the 
technical basis and rationale for code selection. 

2.7 GUIDELINES FOR ENVIRONMENT AL REGULATORY MODEL USE 
AND DOCUMENTATION 

Documentation of the technical basis and rationale associated with the selection and use ofERMs is necessary 
for the demonstration of meeting Federal and/or state requirements (EPA 2003a) and guidelines. The genera] 
model documentation elements recommended by EPA's Committee on Regulatory Environmental Modeling 
(CREM) (CREM 2003) are summarized in Table 2-2 . 
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Table 2-2. Recommended Model Documentation Elements (amended from CREM 2003). Associated 
with the Common Model Use Asoects of the Hanford Vadose 7.one System. 

Management objectives 

Conceptual model 
• Model type selection 
• Aspects common to Hanford 

vadose zone modcline 
• Model type/code selection 
• Aspects common to Hanford 

Sections 1.0, 2.0, and 3.0 

Sections 3.0 aod 4.0 

Sections 3.0, 4.0, and 8.0 
Choice of technical approach vadose zone modeling 

1-•!...._~S~tate~~~~ts!._ _ _ --4 _____ ___ ___ _j 
• Code selection 

MtiulU• ··· 

Parameter estimation 

Uncertainty/error evaluation 

Assumption evaluation 

Evaluation of model results 

• State reauinments 

• Aspects common to Hanford 
vadosc mne modeling 

• State reauirmnents 
• Aspects common to Hanford 

vadose mne modeling 
• State reauircments 
• Aspec:ts common to Hanford 

vadose zone modeling 
• State rcquiremcnts 
• Not applicable; 
• ADDlicati -- -- ific 

Limitations in the applicability • Aspects common to Hanford 
of model results vadose :zone modelin2 
Conclusions of analysis in 
relationship to management 
obicctivos 
Recommendations for 
additional analysis, if 
necessary 

• Aspects common to Hanford 
vadose zone modeling 

• Not applicable 
• Application•specific 

Sections 6.0 and 8.0 

.... ;. ·::..:. :.,: ' ' . .. , . 

Sections 4.0, 5.0, and 8.0 and 
AppcodixB 

Sections 5.0 and 3.0 

Sections 3.0, 4.0, 5.0, and 8.0 

Not applkable 

SectionS.0 

Section 7.0 

Not applicable to this document; see 
site-specific/wute site-specific document 

These e]ements are intended to encompass the documentation necessary for the demonstration of meeting 
Federal and/or state requirements and guidance regarding the use of ERMs. The general documentation 
expectations required for meeting Federal guidelines for the selection and use of ERMs are summarized in 
Figure 2-3 and also in the context of sequential elements in Table 2·3. 

2.7.1 Parameter Estimation GuideHnes 

• . I 

The consideration of model parameters in the use of ERMs involves two aspects: (1) evaluation and selection of 
model parameters, and (2) evaluation of parameter uncertainty. The following is a summary of Federal 
guidelines associated with the evaluation and selection of model parameters in the use of ERMs. ~ 

---1 
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Figure 2-3 . Summary of the Sequential Steps in the Federal Guidelines for ERM Selection 
and Use Processes and Documentation Expectations. 

These processes involve two main subdivisions: (1) elements associated with model and code selection, 
and (2) elements associated with model use. Note that the ERM selection process illustrated here 
refers to both model type and code. The documentation requirements and expectations associated 

with these processes are highlighted in pink. 

Demonstration 
& 

Documentation 
orCode 

Adequuy 

ERM Model Selection and Use 
Documentation Expectations 

iB1plaln.ratloaalefor tbe 
ned/ue of modellnc 

Develop C011.ceptual111odel(s) le conceptual 
111odel componen : 
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Model and code 
selection 
documentation, e.g.: 

o Proces 
o Rationale 
o Criteria 

Model use documentation 
• Model parameterization; 

estimation rationale 
o [nitial and boundary 

conditions 
o Data sources, methods, 

pedigree 
o Rationale for parameter 

selection (consistency 
with conceptual model 
components) 

• Uncertainty (sensitivity) 
analysis 

• Model assumptions analysis 
• Model results 
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Table 2-3. Comparison of Federal and State Requirements and Elements Pertaining to the Selection and Use of Alternative Fate 
arid Trans ort Modelin for the Derivation of Soil Levels Protective of Groundwater. 

Fedenl Compliance Elements and Requirements for the Selection and Use 
of Environmental Regulatory Models for Risk Based Applications 

Code 

Model Use 
Documenlallon 

Rationale of need/use for modeling 

Conceptual model(s); description of processes, mechanisms, phenomenon, 
site and system (i .e., vadose zone) characteristics to be considered 

Determine nature and types of primary system (i.e., vadosc rone) FEPs and 
predictive tasks to be modeled 

Assess/determine other required model requirements/attributes 

Method selection/documentation 

Evaluation/assessment of adequacy/capabilities of candidate codes (vs. 
required model attributes) 

Consideration of code-related criteria (characteristics, QA, etc.) and 
administrative criteria 

Model 
Parameterization 

Evaluation of result 

Boundary conditions 

Data sources, methods, pedigree 

Rationa le for parameter estimation & selection 

Dominant factors, parameters 

Uncertainty / Parameter/variable ranges 
Sensitivity Analysis .,__ ________ --I 

Magnitude & direction of 
parameter variability on model 

results 

Model Assumptions Magnitude & direction of effec 
Analysis on model results 

Limitations of Modeling & Results 

Conclusions, Recommendations 

State Compliance Elements for the Derivation of Soil 
Concentntions for Groundwater Protectioa, and the 
Selection and Use of Alternative Fate and Tnnsport 

Model 
Parameterization 

Documentation of 
model application 

and results 

Models 

Purpose/Objectives 

Model (Type) selection; model attributes 

Method selection/documentation 

Code Selection: Demonstration of adequacy, QNQC 

Specified parameters 

Other parameters 

Burden of proof (Asssumptions, RME, point of 
compliance/calculation) 

(New) Scientific Information 

Adequacy and Quality 
of Information 

Data/information acceptability, 
sources, references 

Accepted methods 

Assumptions, uncertaintes, 
conservatism/protectiveness 

QA/QC, model limitations 

State Requirement, 
Driver 

WAC 173-340-740n45; 
WAC 173-340-747 

none 

WAC 173-340-747 

WAC 173-340-702 
(14, 15, 16) 

WAC 173-340-747(8)(b) 

WAC 173-340-702 
(14, 15, 16) 

WAC 173-340-702 
(14, 15, 16) 
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The EPA guidance concerning the evaluation and selection of model parameters for use in ERMs 
stipulates consideration of the following criteria in the selection of model parameters: 

l. Values that yield a ''reasonable maximum exposure" (EP A/540/1-89/002) 
2. "Best-estimate" values for the actual site conditions and/or properties (EPA 540-R-02-002). 

Values that have the lowest uncertainty and/or greatest accuracy, therefore, contribute the least amount of 
uncertainty to the model results (EPA 540-R-02-002). 

The selection of parameters in the context of these considerations also depends on the extent to which 
parameter values are lcnown, or can be estimated. Parameter variability and data gaps are the two main 
sources of parameter uncertainty in the use of ERMs (EPA 2001 ). Where reasonable site data are 
available, the parameter estimation can be based on a measured distribution of parameter values. The 
parameter variability (due to inherent heterogeneity or diversity of the parameter) is typically manifested 
in the range of values. Where parameter data arc sparse or data gaps exist, additional conservatism in 
parameter estimation may be warranted to acco1D1t for the associated uncertainty. 

Best-estimate values are generally values detennined from the reasonable range of measured parameter 
variability and best represent the actual site conditions or properties. They are the most probable and least 
uncertain values, but they can also represent conservatively biased values where the range of parameter 
variability is not well defined. In the context of uncertainties due to parameter variability, the average 
values within the parameter ranges have the greatest accuracy and lowest uncertainty (PNNL-13091) and 
are, therefore, often considered the best-estimate values (NUREG/CR-6565). 

Parameter estimation associated with data gaps or sparse data, however. may require assumptions 
regarding the selection and use of estimated or surrogate parameter values (EPA 1999). CERCLA 
guidance recommends the use of "best professional judgment'' when data gaps are encountered in risk 
analysis (EP A/600/Z-92/001 ). Although best professional judgment is itself a source of uncertainty. 
EPA 's position is that, "Expert opinion based on years of observation of similar circumstances usually 
carries more weight than anecdotal information" (EP A/600/Z..92/00 l ). 

2. 7.2 Galdelbles and Expectations for Addressing and Documenting Model UncerCainty, 
Auumptions, and Limitations 

As noted in Figures 2-3 and Table 2-3, another primary expectation Rgll'ding the use of ERMs concerns 
the evaluation of model results, particularly in the context of uncertainty evaluations (EP A/540/1--89/002). 
The prinwy expectations of uncertainty evaluations prescn'bed in the Federal guidelines include the 
identification and analysis of uncertainties, summary/analysis of asswnptions, and description of the 
modeling limitations, and these are summarized in Table 2-4. 

Federal guidelines indicate that a common problem with modeling efforts is the lack of discussion and 
documentation dealing with uncertainties, including uncertainties in data. sensitivities, and assumptions 
(EPA 540-F-96/002). Environmental risk assessments, particularly in Superfund applications, focus on 
providing information necessary to justify action at a site and to select the best remedy for that site 
(EPA/540/1-89/002). The Federal guidelines indicate that the evaluation of model uncertainties is 
intended to gauge the extent to which the model results are useful or sufficient for assessing the risk at the 
site in order to make remedial action decisions. lt is not intended to be a quantification of the accuracy of 
the model for the sake of accUl"IIC}' alone. These guidelines state that it is more important to identify the 
key site-related variables and assumptions that contribute most to the uncertainty than it is to precisely 

-- quantify the degree of uncertainty in the risk assessment (BP A/540/1-89/002) . 
.......... 
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Table 2-4. Primaiy Expectations For Uncertainty Evaluations Associated with the Use of ERMs 

• Identification of uncertainty factors and parameters in the model to include the following: 

- The primary factors and parameters that dominate the risk and/or model results 
- The variables and values used in the risk characterization 
- Description of the selection rationale 

- The range of expected values (as appropriate) 

- Which variable have the greatest range and impact on the results 
- Justification for the use: of values that may be less certain. 

• Analysis of uncertainties (e.g., quantitative, semi-quantitative, or qualitative) . 

• Summary of the major assumptions in the modeling, the magnitude and direction of the effect on estimated 
risk and/or model RSUlts. 

• Description of the limitations oftbe modeling . 

2.7.2.1 Sources ofUacertalnty 

Consistency with reqwrements and expectations for the evaluation and documentation of model 
uncertainties requires understanding of the main sourees of potential uncertainty in the model. Potential 
sources of uncertainty in ERMs can be divided into three categories (EPA 540/R-02-002): 

• Model uncertainty: Uncertainty associated with the model structure/design and simplifying 
assumptions. 

• Scenario and concq,tual model uncertainty: Uncertainty associated with missing or incomplete 
information on the FEPs important for the model simulation of the intended system(s). 

• Parameter uncertainty: Uncertainty in the estimates of input variable in a model. 

Some of these sources oftmcertainty can be quantified. while others (e.g., scenario uncertainty) are best 
addressed qualitatively (EP A/540/1-89/002). 

Model uncertainties are associated with the model structure/design and simplifying assumptions. These 
uncertainties also include code-specific factors pertaining to the adequacy, benchmarking/calibrations. 
and QA/QC of the selected code. 

Scenario and conceptual model uncertainties concern the uncertainties ~iated with the translation of 
qualitative conceptual model components into a quantitative mathematical model, which involves 
simplification of the system being modeled. A conceptualimtion of geologic stratigraphy, for example, 
may be represented in a mathematical model as a simplified, layered geology with discrete homogeneous 
layers. The validity of the conceptual model can be evaluated by comparing measurements made at the 
site to predictions from a mathematical model of the site. The conceptual model and/or the mathematical 
model may be modified as a result of new data or observations (PNNL-13091). 

Parameter uncertainty refers to uncertainty or variability in parameter values and is generally the focus of 
most uncertainty analyses. Federal risk assessment guidance recommends general quantitative 
(statistical), semi-quantitative (sensitivity), or qualitative approaches for parameter uncertainty analyses 
(BP A/540/1-89/002). Sensitivity analyses are normally used to identify influential model input variables 
(EPA 1985, EPA 540-R-02-002). Sensitivity analyses can be used to develop bounds on the exposure or 
risk. Alternatively, the guidelines indicate that the most practical approach to characterizing parameter 
uncertainty is often the development of a quantitative or qualitative description of the uncertainty for each 
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,- parameter and simply indicating the possible influence of these uncertainties on the final risk estimates 
'-" (EPA/540/1-89/002). 

2.7.2.2 Sensltlvlty Analysa 

Federal guidelines recommend performing sensitivity analyses to indicate the magnitude of uncertainty 
associated with a model, especially when there is an absence of field data for model validation 
(EP A/S40/1-89/002, EPA-SAB-06-009). Sensitivity analyses demonstrate the extent to which model 
results and risk assessment are affected by the variability within a plausible range of model parameter 
values. The design and results of sensitivity analyses are documented on a site-specific, model-specific 
basis. 

The results of sensitivity analyses can be used to indicate the relative importance of parameter 
uncertainties to the model results, specifically in terms of the magnitude and direction of the change in the 
model results caused by the variability in the input parameter. The importance of parameter uncertainty is 
greatest when the value of the parameter is relatively uncertain and the model results are sensitive to the 
parameter's value, and the importance is lowest when either the model results are insensitive to the 
parameter value or the value of the parameter is well known (PNNL-13091 ). These relationships can be 
defined as the product of: the sensitivity of the model result to the parameter value and the uncertainty in 
the parameter (as measured by its coefficient of variation): 

Importance of parameter to cc Sensitivity of model results x 
IDlcertainty in model result to parameter value 

Uncertainty in parameter 
value 

These relationships can be useful in assessing the importance of modeling parameters when there is 
information available on the statistical uncertainty, the model sensitivity to parameter values and/or 
ranges, or both. 

Table 2-5 is a generic example from an uncertainty analysis for a vadose zone hydrogeologic modeling 
case, showing the relative importance of parameter wtcertainties to the model results. Evaluation of 
llllccrtainty magnitude serves to priori~ the relative importance of vadose zone modeling parameters 
and their uncertainties to the model results. Similar evaluations and summaries can be customiml for 
site-specific analyses, accompanied by the technical basis and rationale to justify or prioriti7.e the relative 
importance of the parameters. · 

l. 7.2.3 All•mptiou Analysis 

Fcdcral guidelines underscore the importance of identifying key model assumptions ( e.g., linearity, 
heterogeneity/homogeneity, steady-state conditions, and equilibrimn) and their potential impact 
However, there is as yet no specific guidance on the conduct of assumptions analyses. The only 
expectations presented in EPA/600/Z-92/001 refer to identifying the key model assumptions and 
discussing their potential impacts on the model results. Most assumptions result from the simplification · 
of the representation of the FEPs in the model and/or assmnptions associated with parameter selection. 
The c,valuation provides a qualitative estimate of the relative conservatism of the assumptions in terms of 
the direction and magnitude of change in the model results caused by the inclusion of the assumption. 
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Table 2-5. Generali7.Cd Example of Portraying the Relative Importance ofVadose Zone 
Hydrogeologic Modeling Parameters in Uncertainty Analyses (from PNNL-13091 ). 

llflb 

l -. . Etr.ctive porosicy u=~ 
UZ thickness 

Distribution coefficients 
Net infiltration rate 

SZ exposure parameters 
SZ hydraulic conductivity I Bulk density content 

:, 1 /~i------+----+-------I 
· ·- · · Soil-type exponent UZ saturated hydraulic conductivity 

Dispersivity 
Low Porosity 

UZ = unsaturated zone 
SZ = saturated zone 

2. 7.2.4 Evaluation of Model Umitations 

Field capacity 

The evaluation of model limitations must consider two types of limitations: (1) limitations associated 
with the model, and (2) limitations associated with the applicability of the model results. Model 
limitations primarily depend on the model capabilities, model design assumption. model input parameters, 
and modeVcode abiliiy to represent simulations of complex combinations of dynamic FEPs. Limitations --.. 
associated with the applicability of the model results concern the extent to which the results are relevant 
and applicable for different purposes and objectives, or different conditions, parameters, or asmunptions. 

Federal guidelines (EPA 540/F-96/002) state that proper docwnentation of model results should also 
address and answer the following questions that are related to model limitations: 

1. Do the objectives of the simulation correspond to the decision-making needs? 

2. Is the modeler's conceptual approach consistent with the site's physicaJ and chemical processes? 

3. Can the model satisfy all the components in the conceptual model, and will it provide the results 
necessary to satisfy the study's objectives? 

4. Are there sufficient data to characteme the site? 

5. Arc the model's data, initial conditions, and boundary conditions identified and consistent with 
geology and hydrology? 

6. Are the conclusions consistent with the degree of uncertainty or sensitivity ascribed to the model 
study, and do these conclusions satisfy the modeler's original objectives? 

These six questions align with the model documentation elements recommended in the EPA's CREM 
documentation guidelines summarized in Table 2-2 (CREM 2003). 
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2.8 STATEREQUIREMENTS 

State regulations also identify pathway-specific models for use in establishing "protectiveness" for RCRA 
sites and/or as ARARs for CERCLA sites. The Washington State regulation most pertinent to risk-based 
applications involving the assessment of soil (vadose zone) contaminant levels protective of groundwater 
is WAC 173-340-747, "Deriving Soil Concentrations for Ground Water Protection." The state 
regulations concerning soil cleanup standards for unrestricted land use (WAC 173-340-740), and for 
industrial properties (WAC l 73-340-745), both direct users to the WAC 173-340-747 for the 
detennination of soil levels: 

" ... that will not cause contaminaJion of growrd water at levels which exceed ground 
water cleanup levels established under WAC 173-340-720 as determined using the 
methods described in WAC 173-340-747." 

Factors specifically identified in CERCLA guidance (40 CFR 300.400) for the consideration to whether 
a requirement is appropriate include the following: 

• Goals and objectives of the remedial actions at the site 
• Purpose of the requirement 
• Whether the use of the requirement at the site is consistent with the purpose 
• Physical characteristics of the site. 

The primary requirements associated with the WAC 173-340-747 are (1) selection and use of one 
of seven specified "methods, for "deriving soil concentrations for groundwater protection"; and 
(2) additional conditional requirements associated with the selection of one of the specified methods. 
A summary of the state requirements associated with the WAC 173-340-747 is illustrated schematically 
in Figure 2-4. The following is a brief description of these requirements and the conditions and 
expectations associated with them. · 

2.8.1 Method Selection 

The WAC regulations address the need for a scientifically valid method for detennining cleanup levels 
protective of groundwater. WAC 173-340-747(3), "Overview of Methods," provides an overview of the 
identified methods that may be used for deriving soil concentrations, and that meet the criteria specified 
in WAC 173-340-747(2), "General Requirements". WAC 173-340-747(3) states that: 

"Certain methods are tailored for particular types of hazardous .substances or sites. 
Certain methods are more complex than others and certain methods require the use of 
.site-specific daJa. The specific requirements for deriving a soil concentration under 
a particular method may also depend on the hazardous substance. " 
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Figure 2-4. WAC I 73-340-747 Requirements for Deriving Soil Concentrations for Groundwater 
Protection Associated with the Selection of Alternative Fate and Transport Modeling. 

The notations (747) and (702) refer to requirements specific to WAC 173-340-74 
and WAC I 73-340-702. 

Method Selection (747) 

AFf Method Conditional 
Requirement (747) 

AFf Method Conditional 
Requirement (747) 

A.Ff Method Conditional 
Requirement (747) 

Burden of Proof Conditional 
Requirement (702) 

Burden of Proof Conditional 
Requirement (702) 

Burden of Proof Conditional 
Requirement (702) 

Use of site-specific data 

Rationale for use of specific input parameters 
(e.g., sorption, infiltration/recharge, etc.) 

Compliance with WAC 173-340 702 (14), (15), (16), 
as appropriate 

(14) Burden of Proof 
• Trigger: use of methods, exposure scenarios or assumptions 

other than defaults 
• Requirement: demonstrate that (15) and (16) have been met 

(15) New scientific information in establishing site 
cleanup/remediation levels: 

• Shall meet the quality of infonnation requirements in 
subsection ( 16) 

• Introduced as early in the cleanup process as possible 

1 
(16) Criteria for quality of information: 

(i) Infonnation based on accepted theory or technique within the 
scientific community? 

(ii) lnfonnation derived using standard testing methods or widely 
accepted scientific methods? 

(iii) Rationale for the proposed modification ; review of the relevant 
available infonnation provided? 

(iv) Validity of assumptions· modifications err on side of protection of 
human health and the environment? 

(v) lnfonnation addresses more highly exposed populations? 
(vi) Adequate quality assurance and quality control procedures used? 

Significant anomalies explained? Limitations of information 
identified; acceptable error rate? 
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WAC 173-340-74 7(2), "General Requirements," stipulates that one of seven methods specified in 
WAC 173-340-747(4) through (10) shall be used to detennine the soil concentration that will not cause an 
exceedance of the groundwater cleanup level established under WAC 173-340-720, "Ground Water 
Cleanup Standards." The following are the methods identified in WAC 173-340-747(4) through (10): 

1. Fixed parameter three-phase partitioning model (WAC 173-340-747(3][a] and [4]) 
2. Variable parameter three-phase partitioning model (WAC 173-340-747[3][b] and [5]) 
3. Four-phase partitioning model (WAC I 73-340-747[3][c] and [6]) 
4. Leaching tests (WAC 173-340-747[3][d] and [7]) 
5. Alternative fate and transport model (WAC 173-340-747[3][e] and [8]) 
6. Empirical demonstration (WAC 173-340-747[3][f] and [9]) 
7. Residual saturation (WAC 173-340-747[3](g] and (10]). 

The WAC 173-340:.. 747 (3) requirements contain no specific provisions or criteria concerning method or 
code selection. However, the conditional requirements invoked by the selection of specific methods 
include requirements concerning the adequacy and quality of infonnation. 

2.8.l Conditional Requiremenb 

Additional conditional requirements are associated with the selection of each of the methods identified in 
WAC 173-340-747(4) through (10). The conditional requirements associated with the selection of the 
"alternative fate and transport models" method appear to involve the full range of conditional 
requirements identified in WAC 173-340-747 for all of the methods listed. The remainder of this section, 
therefore, addresses and describes the conditional requirements associated with the selection of the 
"alternative fate and transport models" method. 

The conditional requirements associated with the selection of the "alternative fate and transport models" 
method include the following: 

• Use of site-specific data 

• Documentation concerning the technical basis and rationale for the selection of values for several 
specific model parameters 

• Additional evaluation criteria requirements involving documentation of the technical basis and 
rationale concerning the proposed fate and transport models, input parameters, and model 
assumptions (WAC 173-340-702( 14), (I 5), and [ I 6)). 

The conditional requirements associated with the selection of the "alternative fate and transport models" 
method are described in WAC 173-340-747(8) for " ... the use of fate and transport models other than 
those specified in WAC 173-340-747(4) through (6) .. . " that are used for establishing soil concentrations. 
As specified in WAC 173-340-747(8): 

"These alternative models may be used lo establish a soil concentration for any hazardous 
substance ... Site-specific data are required for use of these models ... "Proposed fate and 
transport model, input parameters, and assumptions shall comply with WAC 173-340-702 
( /4), (15), and (16) . " 

The selection of the "alternative fate and transport models" method in accordance with 
WAC 173-340-747(8) also specifies that, "When using alternative models chemical portioning and 
advective flow may be coupled with other processes to predict contaminant fate and transport ... ", with 
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the provision that conditions are met concerning the selection and use of a number of specific parameters. 
The following are the specific parameters associated with this requirement: 

• Sorption (deriving Kd from site data) 
• Vapor-phase partitioning 
• Natural biodegradation 
• Dispersion 
• Decaying source 
• Dilution 
• Infiltration (site-specific). 

The conditions for consistency with this requirement are inferred to involve documentation of the 
regulatory conditions for consistency, identification of the parameter values selected for use in the model, 
and the technical basis and/or rationale for the derivation and/or selection of the parameter value(s). 

The conditional "evaluation criteria" states that consistency with the "burden of proof'' requirements 
(found in WAC 173-340-702(14], [IS], and (16] concerning the method/model, model parameter values, 
and/or assumptions) is also required for the selection and use of the "alternative fate and transport 
models" method. These "burden of proof' conditional requirements ·are invoked as follows: 

"For any person responsible for undertaking a cleanup action ... who proposes to: 

• Use a reasonable maximum exposure scenario other than the default provided for each 
medium 

• Use assumptions other than the default values provided for in this chapter 
• &tab/ish a cleanup level wider Method C, or 
• Use a conditional point of compliance. " 

WAC 173-340-702( 14) "Burden of Proof'' requirements involve " ... demonstrating to the department thaJ 
reqairements in this chapter {WAC 173-340-702(14), (15), and (16)] have been met to ensure protection 
of human health and the environment. " 

These requirements primarily concern the appropriateness of the data and information used in the model 
and the "burden of proof'' to .demonstrate the adequacy of the science and quality of information 
concerning model input parameters and assumptions. The elements of these "burden of proof'' 
requirements (WAC 173-340-702[14, [15], and [16]) are summari:zed in Figure 2-4. The 
WAC 173-340-747 and WAC 173-340-702 requirements are also summarized in Table 2-3 . 

2.9 COMBINING THE STATE REGULATIONS AND FEDERAL GUIDANCE 
FOR THE SELECTION AND USE OF ENVIRONMENTAL REGULATORY 
MODELS 

The state and Federal regulations and guidelines pertaining to the selection and use of ERMs each have 
specific requirements but, overall, most of the requirements and expectations are largely comparable or 
can be shown to be essentially equivalent. The alignment of the Federal guidelines and state requirements 
concerning the selection and use of ERMs shown in Figure 2-5 illustrates the general correspondence and 
comparability of the requirements and consistency criteria. The portions of Figure 2-5 highlighted in blue 
refer to the aspects of the framework pertaining to the model and code selection process recommended by 
Federal guidelines. The portions of Figure 2-5 highlighted in yellow refer to the parts of the framework 
that pertain to the state method selection requirements and attendant conditional requirements. The 
vertical organiz.ation of the figure is intended to indicate the logical sequence of these requirements, both 
in the Federal and state segments. 
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Figure 2-5. Framework for Identifying the Processes and Requirements for Demonstrating Consistency 
with Federal and Corresponding State Requirements for the Use of Fate 

and Transport Modeling for the Derivation of Soil Remedial Action Goal Values. 

Blue highlighted sections denote Federal requirements; Yellow highlighted sections 
denote State requirements. Horizontal alignment of Federal and state requirements illustrate 

corresponding elements and/or processes. 
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ln this context, the state requirements associated with method/model selection, the modeling objectives, 
and application must be consistent with the risk assessment process and methodology. This, in turn, 
implies consistency with Federal guidelines for selection and use of environmental models that are 
relevant and appropriate to support environmental risk assessment applications. Thus, the technical basis 
for the demonstration of consistency with the fundamental requirement of both the Federal and state 
regulations (i.e., protectiveness) requires the use of appropriate risk-based methods and processes. 

The logic flow in Figure 2-5 illustrates the role of ERMs for risk-based applications (e.g., risk 
characterization) where such methods are valuable or necessary. From this point forward (downward in 
the figure), the main elements of the Federal processes concerning method/model and code selection, 
model use, and model documentation can be reasonably well aligned with the WAC 173-340-74 7 and 
WAC 173-340-702 state requirements. The framework shown in Figure 2-5 indicates that the pertinent 
state and Federal requirements and expectations, although structured differently, are largely comparable 
or equivalent and can be aligned reasonably well. The following discussion demonstrates the 
comparability of the individual state requirements for consistency with corresponding Federal 
counterparts. 

The state's conditional requirements concerning the use of site-specific data, model parameterization, and 
the "burden of proof' requirements concerning method/models, input parameters, and assumptions are 
effectively consistent with elements of the Federal guidelines for the selection and use of ERMs. The 
state requirements concerning the use of site-specific data correspond to the Federal requirements to use 
site-specific information in the conduct of risk-based assessments. FinaJly, the state conditional 
requirements regarding model parameter selection are consistent with Federal guidelines concerning the 
identification and documentation of the basis for the parameter estimates used to represent the system 
FEPs from the conceptual site model. 

Other comparable aspects of the "burden of proof' requirements in WAC l 73-340-702(14), ( l 5), and ( 16) 
also have corresponding counterparts in the Federal guidelines. The primary emphasis of 
WAC 173-340-702(14) is to demonstrate that protection of human health and the environment has been 
ensured, which is comparable to the Federal guidance to provide documentation of the basis and rationale 
for the model to ensure protection of human health and the environment. The WAC 173-340-702(15) 
requirement concerns the use and availability of new scientific information and is consistent with the 
Federal guideline requirements to document the basis and rationale for parameter estimates, model 
complexity, and code selection. WAC 173-340-702( 16) contains criteria for the quality of information, 
which is relevant to model, method, and code selection; assumptions; and the technical basis for the 
selection of model parameter values. The requirements concerning model uncertainties, assumptions, and 
limitations in WAC 173-340-702( 16) correspond to requirements in the Federal guidelines for the 
analysis of model uncertainties, assumptions, and limitations of the model and model results. 

A more detailed side-by-side comparison of the Federal and state requirements and elements associated 
with the selection and use of ERMs for vadose zone modeling is shown in Table 2-3 . The alignment and 
comparability of the main elements of method/model/code selection and model use documentation in the 
Federal and state requirements and guidelines are clearly indicated in Table 2-3 . This comparison serves 
to illustrate that the Federal regulations and guidelines for the selection and use of ERMs are comparable 
and consistent with those in the state regulations for the derivation of soil concentrations for groundwater 
protection. 

2.10 SUMMARY OF REGULATORY REQUIREMENTS AND GUIDELINES 

The use of an ERM for characterization of impacts/risk to groundwater at the Hanford Site involves 
observance of, and consistency with, pertinent Federal and state requirements and guidelines. Federal 
regulations and guidelines concerning the selection and use stem from the recognized use of ERMs in 
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detennining protection of human health and the environment. The Federal regulations and guidelines 
identify processes for the method/modeVcode selection and documentation requirements associated with 
the use ofERMs. The identification of these requirements and guidelines provide a basis for 
understanding the expectations and criteria necessary for technically validity and consistency with the 
Federal requirements and expectations. Documentation of the technical basis and rationale associated 
with the various elements of the method/model and code selection processes and model use are necessary 
to meet and comply with these expectations and requirements. The documentation elements associated 
with model and code selection processes include descriptions of the modeling objective, the site/system 
conceptual model, the FEPs to be simulated, and the attributes and criteria used in the selection processes. 
The documentation elements associated with model use include the technical basis and rationale for 
model parameterization, model results, and analyses of model uncertainties, assumptions, and limitations. 

The state requirement most relevant to the use of vadose zone modeling for risk-based applications is 
WAC 173-340-747 and the conditional requirements associated with certain subsections of 
WAC l 73-340-702. 

There is a comparability of the elements of Federal and state requirements and guidelines pertaining to the 
use of ERMs for the assessment of impacts/risk to groundwater from vadose zone contaminants at 
Hanford. Based on the overall comparability of these elements that serve as criteria, it is indicated that 
demonstration of consistency with the Federal guideline requirements addresses all of the requirements 
and expectations associated with the state regulations and can be regarded as appropriate and acceptable 
for the demonstration of consistency with the requirements in the state regulations. 
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3.0 RATIONALE FOR THE SELECTION AND USE OF ENVIRONMENTAL 
REGULATORY MODELS FOR V ADOSE ZONE MODELING 

AT THE HANFORD SITE 

Consistency with the Federal and state regulations and guidelines for the selection and use ofERMs 
typically requires infonnation related to site-specific modeling applications. The ERM use for risk 
characterization applications associated with the vadose zone system at the Hanford Site involves 
a purpose and objectives common to essentially all potential applications: evaluation of the impact to 
groundwater from vadose zone contamination. The primary characteristics and conditions of the vadose 
zone system are also largely common for much of Hanford. Most vadose modeling applications at 
Hanford have (I) common purpose and objectives, (2) largely common conceptual model and conceptual 
model components, and (3) a largely common group of principal FEPs. 

3.1 DESCRIPTION OF RISK CHARACTERIZATION METHODS AND MODELS 

Risk characteriz.ation computation and solution methods range from simple analytical/algebraic equations 
with direct and exact solutions, to complex systems of ( differential) equations that require the use of 
computer-based programs (i.e., codes) to solve. In general, the amount of site-specific data required for 
the selected computation and solution method depends on the complexity of the method. Figure 3-1 
depicts the range of methods most commonly considered for the risk characteriz.ation step of the risk 
assessment process. 

The simplest method to estimate soil contaminant levels that are protective of groundwater is the use of 
look-up or tabulated values typically determined from generalized assumptions, background levels, or 
minimum laboratory detection limits. This method requires essentially no site-specific data or 
information and no site-specific calculations of risk. The levels are protective and are also typically very 
conservative because they generally do not account for site-specific conditions or processes. Empirical 
data evaluation represents the other end of the spectrum of risk characterization methods. Use of this 
method requires sufficient waste site data that support certain/specific "protectiveness" conclusions on the 
basis of certain/specific conditions/trends exhibited by the data. The method does not involve site­
specific calculations of risk levels because the conclusions are based solely on interpretation of the data. 

The remaining two methods involve computation and solution methods that require varying amounts and 
quality of site-specific data. These methods use predictive modeling to calculate site-specific risk levels 
on the basis of the available data. 

The risk characteriz.ation methods most appropriate for the protection of groundwater from contamination 
in the vadose zone at Hanford involve modeling. Modeling is the only "method" that involves predictive 
calculations for the levels of exposure point contamination and associated risk. In this context, the terms 
"method" and (mathematical) ''model" are often used synonymously. The terms refer to any 
computational approach designed and appropriate for the purpose of risk characteriz.ation of the system or 
systems of interest ( e.g., natural systems). Both simple and complex computation methods can be 
considered to be "models" because both use mathematical equations to represent or approximate natural 
systems. Further explanation regarding the uses and meanings of the terms "method" and "model" is 
presented in Section 3 .5. 
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Figure 3-1. Illustration of the Relationship Between Method and Model Types 
in the Context of Environmental Regulatory Model Use. 
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The boxed areas denote the methods that require the use of model 
for risk characteri:zation applications. 
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3.2 IMPLICATIONS OF V ADOSE ZONE SYSTEM COMMONALITIES 
FOR MODEL TYPE SELECTION 

The extent to which the elements of the ERM model and code selection processes can be applied and 
documented here is based on the commonalities in the characteristics, conditions, and processes of the 
vadose :zone system on the regional scale of the Hanford Site. Consistency with the Federal model type 
and code selection processes requires a thorough documentation"ofthe technical basis and rationale. 
An integral element of this documentation is a description of the aspects of the conceptual model and 
conceptual model components that are common to the vadose zone system. This Hanford Site-specific 
"basic" conceptual model provides the information necessary to identify selection of a model type and 
code capable of meeting the objectives ofvadose zone modeling. The "basic" vadose zone conceptual 
model provides a basis for the development of waste site-specific conceptual models, which incorporates 
waste site-specific information in the manner illustrated in Figure 3-2. 

The application of the Federal guidelines for the selection of an ERM type appropriate for evaluations 
concerning impacts/risk to groundwater from contaminants in Hanford vadose zone soils is documented 
in Section 4.0. 
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figure 3-2. Relationship of the Hanford Site-Specific "Basic" Vadose Zone Conceptual Model to Waste 
Site-Specific Conceptual Models. 
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3.3 IMPLICATIONS OF V ADOSE ZONE SYSTEM COMMONALITIES 
FOR CODE SELECTION 

The commonalities in the vadose zone system also impact the evaluation and selection of codes that are 
capable of implementing the model type appropriate for most Hanford vadose zone modeling. The 
common model attributes and criteria must result in the identification of codes that are also applicable and 
acceptable for most Hanford vadose zone modeling applications. Thus, documentation of the code 
evaluation process, conducted in accordance with the Federal guidelines, also requires only a single, 
thorough description of the technical basis and rationale for the evaluation of candidate codes. 
Demonstration of the use of the Federal guidelines regarding the code selection for the model type 
appropriate for most vadose zone modeling at the Hanford Site is presented in Section 6.0. This · 
documentation describes the evaluation process, presents an evaluation of the STOMP code in accordance 
with the process, and validates the use as an appropriate model code for vadose zone modeling at 
Hanford. 

3.4 IMPLICATIONS OF VADOSE ZONE SYSTEM COMMONALITIES 
FOR MODEL USE AND ASSOCIATED DOCUMENTATION 

Site- and application-specific infonnation is also required for complete evaluations and documentation of 
the model use elements. However, there are also many aspects of model use that are common to most 
vadose zone modeling at Hanford. As described in Section 2. 7 and in Table 2-2, these model use 
elements primarily include model parameters, model uncertainties, model assumptions, and model 
limitations. 

The description of the common aspects of model use for most Hanford vadose zone modeling 
applications and the extent to which they are generally relevant and applicable to these applications are 
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presented in Section S.O. Documentation concerning the relationship of these commonalities to the 
overall model use documentation requirements is relevant to the evaluation of the impact of uncertainties, 
model assumptions, and model limitations. This documentation provides a basis and framework for 
consistency with the Federal and state requirements concerning model parameterimion, as well as the 
evaluation of model uncertainties, a~umptions, and limitations. 

3.S RISK CHARACTERIZATION METHODS AND MODELS TERMINOLOGY 

It is important to recognize that the terms "method" and "model" refCJTed to here and in subsequent 
sections are often used interchangeably in the context of ERMs, but the terms can have somewhat 
different meanings in the state and Federal regulations and guidelines. This section provides 
a clarification of these and related tenns and describes the context of their use. The general relationship 
between "methods" and "models" is illustrated in Figure 3-1. The "method" generally refers to the 
approach used to quantitatively identify or assess risk levels and/or levels of protectiveness. 

Much of the EPA guidance concerning method selection and model selection refer to "models" only in 
the context of computer-based methods. They consider simple analytical/algebraic-type equations 4s 
a distinct method rather than a model type. However, the tem1S "method" and "model" are used 
interchangeably in WAC 173-340-747. Therefore, the terms "method" and "model" are largely used 
interchangeably in this document to refer to any appropriate risk characterimtion computational method 
(simple or complex "model"). In this doc1D11ent, the terms "method selection" and "model selection" 
both refer to the decision about whether to use simple analyticaJ/algebraic equations or complex systems 
of equations that require computer programs (i.e., codes) to solve. In this context, method/model 
selection focuses primarily on the necessa,y level of complexity required for adequate representation of 
the natural system for the purpose of risk characteru:ation. The term "environmental regulatory model 
(ERM)" in this document n,fers to a specific computational method (computer-based model) that is 
selected and developed for the purpose of risk characteriz.ation in accordance with state and Federal 
requirements and guidelines. "V adose zone modeling'' in this document refers collectively to ERMs 
developed for the pwposes of risk characterization for the protection of groundwau:r pathway (vadose 
zone) at Hanford. 
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4.0 APPLICATION OF THE MODEL SELECTION PROCESS 
FOR THE HANFORD V ADOSE WNE SYSTEM: CONCEPTUAL MODEL; 

FEATURES, EVENTS, AND PROCESSES; AND IDENTIFICATION 
OF MODEL ATTRIBUTES 

The selection of an appropriate model type (as described in Section 2.5) for assessing the impact/risk to 
groundwater from contaminants in Hanford vadose zone involves the following steps: 

1. Identify the problem and define the objectives and regulatory purpose of the modeling. 

2. Develop a conceptual model and conceptual model components. 

3. Detennine principal FEPs to be modeled. 

4. Identify other factors and requirements to be considered as required model attributes and selection 
criteria. 

5. Select an appropriate model type: 

a. Evaluate candidate methods/models possessing the required attributes for their ability to meet the 
model criteria. 

b. Select the appropriate ERM model type that possesses the required model attributes and is 
capable of meeting the modeling objectives. 

The following sections use these steps in describing the manner in which the model selection processes 
have been implemented. 

4.l PROBLEM IDENTIFICATION: PURPOSE AND OBJECTIVES OF V ADOSE 
ZONE MODELING AT THE HANFORD SITE 

As described in Section 1.0, the primary purpose of this document is to addre~ the need to select 
a technically appropriate ERM that meets regulatory requirements to detennine the potential risk (impact) 
to groundwater from vadose mne contaminants at the Hanford Site. This purpose also involves the need 
to understand the technical and regulatory requirements for the technical adequacy of the risk assessment, 
and to attain consistency with the requirements and intent of the Federal and state regulations and 
guidelines for ERM selection and use. 

The need for vadose zone modeling at Hanford is based on the requirement for evaluation of risk 
associated with the protection of groundwater pathway from vadose mne contamination. In accordance 
with EPA guidance on risk assessment (EP A/540/ 1-89/002), risk assessments perfonned for CERCLA are 
required to evaluate risks associated with Ill relevant pathways. This pathway often yields the lowest soil 
cleanup levels among the relevant pathways for protection of human health and the environment. It is, 
therefore, important that the selection and use of the appropriate ERM model type is technically justified 
and consistent with the requirements and intent of the pertinent Federal and state regulatioos and 
guidelines. 

After defining the pwpose and objectives of the ERM, the model selection proce~ requires the 
development of a site conceptual model, identification of the conceptual model components, and 
detennination of the FEPs. The c~ptual model, conceptual model components, and FEPs are also used 
as a basis for the identification of model attributes, criteria, which are then used in the selection of an 
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ERM model type and computer code that are appropriate for most vadose zone modeling needs at 
Hanford. 

4.2 CONCEPTUAL MODEL FOR HANFORD SITE V ADOSE ZONE SYSTEM 

The general conceptual mode] for the Hanford vadose z.one system focuses on the characteristics, 
conditions, and associated FEPs that are largely common to Hanford vadose zone conceptual models. 
The Hanford Site-specific conceptual model provides the fundamental infonnation necessary to identify 
the criteria for selecting the most appropriate model type and code. 

The conceptual mode) for the vadose zone to groundwater (protection of groundwater) pathway at 
Hanford is based on the basic nature, characteristics, and behavior of the vadose zone system on 
a regional scale. Many aspects of the conceptual model of the vadose zone to groundwater pathway are 
largely common for most vadose zone risk characterization model applications, especially for the Central 
Plateau where the vadose z.one is the thickest. These aspects include the general site conditions, the 
dominant transport mechanisms, and the driving forces and related factors. Many of the FEPs in the 
conceptual model components pertain to regional characteristics and conditions that are common to the 
vadose zone system in general. Therefore, this conceptual model can serve as template for both regional 
and OU/waste site scale models. 

The conceptual model framework for the Hanford vadose zone system can be divided into key conceptual 
model components, which include descriptions of the subsystems and associated FEPs that are important 
for description of the vadose system as a whole. The key conceptual model components that are common 
Hanford vadose zone conceptual models include the foJlowing: 

• Model domain and boundary conditions 
• Geologic setting 
• Source term 
• Groundwater domain 
• Hydrogeology and fluid transport 
• Recharge 
• Geochemistry. 

These conceptual model components are consistent with those identified in EPA guidelines for the 
evaluation of the protection of grotDldwater pathway (EPA 402-R-94-012, OSWER Directive 9200.4-18, 
HNF-5294). The principal FEPs associated with these conceptual model components include the ' 
following: 

• A relatively thick vadose zone composed of predominantly similar sediments (geologic setting 
conceptual model component) 

• A semi-arid region (recharge conceptual mode) component) and an underlying unconfined aquifer 
(groundwater domain conceptual model component) 

• A relatively limited nwnber of contaminants of concern (COCs) in the vadose zone soils (source 
term) that have potential impacts to groundwater. 

The key conceptual model components listed above, as well as the FEPs associated with them, are 
discussed in the following subsections. The discussion includes the rationale and basis for each of the 
conceptual model components. This Hanford Site-specific conceptual model for the vadose zone system 
incorporates key conceptua) model components and FEPs and can also include infonnation such as 
typical parameter types, parameter ranges, and sources of data (e.g., Hanford Site databases). This 
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conceptual model can be amended with waste site-specific conceptual model component information 
(e.g., source term, geologic units, hydrogeologic properties, site-specific recharge, and local groundwater 
conditions). As such, this conceptual model also provides a common technical basis and rationale for 
identification of the attributes and criteria used for selection of an ERM model type and code. It also 
provides for consistency in the use of the vadose zone models for the various site-specific applications 
(see Figure 3-2). 

4.2.1 Model Domain and Boundary Conceptual Model Component 

4.2.1.1 Rationale and Basis 

Model domain and boundary conditions define the physical extent and constraints on the flow and 
transport simulated at the boundaries of the model domain, respectively. Boundary conditions are 
assigned to approximate the chemical and hydraulic characteristics of the model at the extent of the model 
domain because they are necessary to solve flow and transport model equations. For risk assessment 
purposes at Hanford, the model domain for simulations of flow and transport in the vadose .zone is · 
commonly represented numerically as a two-dimensional, vertical cross-section aligned with the direction 
of groundwater fl.ow. Aligning the vertical cross-section with the direction of groundwater flow allows 
contaminant concentrations to be calculated downgradient of the waste site(s). The following is 
a summary of the model domain and boundary condition requirements for vadose mne modeling at 
Hanford: 

• Model domain (length, width, height, node spacing, and depth to grmmdwater) 

• Waste site dimensions 

• Grid size (horizontal and vertical node spacing, and total number of nodes) 

• Boundary conditions (flow and transport assigned to the top or ground surface, sides, and bottom of 
the model domain). 

4.2.1.2 Aawnptions 

Boundary conditions are prescribed input values and fonn one basis of the solution of the numerical 
model equations. Because boundary conditions must be assumed, boundary conditions are typically 
established where the domain boundary is reasonably well defined or far enough away to minimiz.e 
interference with the solution of the numerical model equations in the area of interest. In vadose zone 
models, boundary conditions must be defmed for flow and transport at the top, sides, and bottom of the 
model domain. Boundary conditions applied at the top boundary, representing ground swface, vary 
spatially and temporally depending on (1) site conditions, (2) location and physical dimensions of the 
waste site, (3) time of waste operations, and (4) surface remedy. Boundary conditions at the sides of the 
model domain, located far enough away to avoid interfering with the solution in the area of interest 
(assuming that they do not intersect a prominent geologic feature beforehand), are usually assumed to be 
"no flow" in the vadose zone and "constant head" or prescribed flux in the saturated z.one. In the event 
that the boundary conditions do intersect a prominent geologic feature, the boundary conditions are 
established in accordance with the feature. The bottom boundary of the model in groundwater is usually 
defined as a vertical no-flow condition. 

4.2.~.3 Features, Events, and Processes 

Because the model domain and boundary conditions establish the framework for the numerical model, 
their development typically affects the integrity of the solution of the numerical model. For this reason, 
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they are located or prescribed to minimize interference with the solution of the numerical model equations ~. , 
in the area of interest. The model domain and boundary conditions incorporate those FEPs that can limit ......,; 
the model domain or impact the approximations of the chemical and hydraulic characteristics of the 
model at the boundaries. 

4.2.1.4 Impact OD Relults 

Models are constructed with the intent that the model domain and bolllldary conditions exert as little 
influence on the solution of the model equations as possible, except where the boundary conditions are 
defined on the basis of available data and infonnation. 

4.2.2 Geologic Settlag Conceptual Model Compoaent 

4.2.2.1 Rationale and Buis 

The geologic setting conceptual model component contains infonnation on Hanford Site geologic units, 
their spatial relationship to one another and groundwater, physical characteristics, and structures. 

The geologic setting is fundamental to the conceptual model and int~ in the assessment of risk 
~iated with the vadose zone and groundwater processes at the Hanford Site because of the unique 
geologic province, the Channeled Scablands (Bretz, 1928, 1969; RHO-ST-23; RHO-BWI-ST-14; Baker 
et al. 1991; DOE'/RL-92-24). Characteristic features of the Channeled Scablands geographic province 
include the extreme erosional scouring (channels) associated with the Ice Age cataclysmic (Missoula) 
floods (DOE'/RL-92-23) and the attendant deposition of this erosional material elsewhere within the 
province. These flood deposits that comprise the Hanford vadose zone extend to over 91.4 m (300 ft) _ j 
thick and are composed predominately of a series of elastic sediments. Many of the bydrogcologic 

1 properties and parameters associated with fate and transport modeling reflect their geologic environment 1 
and arc strongly influenced by other related processes, including the geochemical, recharge, and 
hydrologic transport conceptual model components. 

The Hanford Site geology, particularly the subsurface geology, has been extensively studied, 
chanK:terii,ed, and documented ( e.g., Newcomb et al. 1972, RHO-ST-23, Fecht et al. 1987, 
WHC-SD-EN-TI-008, DOFJRL-2002-39, RPP-23748, and DOE 2005). Most of the infonnation in these 
documents focuses on site-specific subsurface geology obtained from an extensive collection of well and 
borehole drilling data, sediment sampling and analysis, and geophysical logging. These data provide 
considerable iofonnation and insight into the lithology, stratigraphy, structure, bydrologic, and 
geochemical information. For the geologic setting conceptual model component, lithology, stratigraphy, 
and structure are the key features. 

4.2.2.2 Features, Events, and Processes: Lithology, Stratigraphy, and Structure 

The vadose zone at the Hanford Site consists of sediments from Holocene glaciofluvial to 
Miocene/Pliocene fluviaV lacustrine deposits (e.g., DOF/RL-92-23, DOE/RL-96-61, and 
DOE/RL-98-48). These sediments range in thickness from less than 1 m (3.3 ft) along the Columbia 
River in the 100 and 300 Areas to more than 91.4 m (300 ft) on the Central Plateau in the center of the 
Hanford Site. 

Toe general stratigraphy of the Hanford vadose zone consists of three main geologic formations 
(PNNL-14702a) including glaciofluvial deposits of the Pleistocene-Age (Hanford fonnation), fluvial 
and/or eolian deposits and paleosols of the Pliocene/Pleistocene Age (Cold Creek unit), and 
fluvial/lacustrine deposits of the Miocene/Pliocene Age (Ringold Formation). About 85% of the vadose 
zone sediments throughout the Hanford Site are the immature, poorly consolidated glaciofluvial elastic 
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sediments of the Hanford formation deposited during the Ice Age cataclysmic floods (DOFJRL-92-23). 
The detailed stratigraphy varies significantly across the Central Plateau of the Hanford Site, which is 
a large-scale sedimentary flood bar. However, the general stratigraphy of the vadosc mne and uppermost 
parts of aquifer on the scale of the Central Plateau is relatively similar overaU in the context of a thick 
vadose zone over 91 m (300 ft) in places, composed predominately of poorly consolidated glaciofluvial 
elastic sediments of the Hanford formation, Wlderlain by the Cold Creek unit (which is discontinuous 
and/or absent to the eastern part of the plateau), which is in tum underlain by the upper Ringold 
Fonnation. While the thickness of the different geologic layers varies across Hanford, the consistency in 
the sedimentary composition indicates that the generic features of the vadose zone can be described by 
a "basic" Hanford vadose zone system conceptual model. For site-specific applications, the geology 
conceptual model requires site-specific infonnation describing and/or estimating unit thicknesses and 
composition. 

4.2.2.3 Hanford Formation 

Hanford formation sediments occur as a succession of alternating and discontinuous layers of higb­
energy, coarse-grained gravels to low-energy, sand sih deposits resulting in vertical and lateral variability. 
The variable physical characteristics of these sediments are primarily atttibutable to differences in the 
proportions of the constituent si.ze fractions and sedimentary structures, which include size grading 
(vertically and laterally), cross-bedding, draping, and channeling with lateral variations in layer 
thicknesses. 

Despite the physical heterogeneity of these sediments, there is consistency in the types of materials that 
dominate the finer-grained si.ze fractions among these sedimentary facies (layers). One to two-thirds of 
the finer-grained size ftactions consist of elastic basaltic material, along with variable proportions of 
quartz, feldspar, and other subordinate minerals (DOFJRL-92-23). On a regional scale, Hanford 
formation sediments are closely related in tenns of their provenance, as well as basic sedimentary 
characteristics, and have been shown to comprise a single compositional population of sediments 
(DOE/RL-92-23). 

4.2.2.4 Cold Creek Unit 

The Cold Creek unit is one of the most significant lithologies affecting vadose zone transport in the 
200 West Area and parts of the 200 East Area because it physically retards water transport and chemically 
retards moderately mobile contaminants. The Cold Creek sedimentary sequence overlies the older 
Ringold Formation and underlies cataclysmic flood deposits of the Hanford formation 
(DOFJRL-2002-39). 

Cold Creek sediments consist of ovcrbank eolian, calcic paleosol, mainstream alluvial, colluvial, and side 
stream alluvial deposits. These deposits occur as fine- to coarse-grained, laminated, massive layers; fine­
to coarse-grained calcium-carbonate cemented layers; and coarse-grained, multi-lithic basaltic layers. 
The layers range in thickness from 1 m (3.3 ft) in the calcic paleosol facies in the southern portion of the 
200 West Area to a 15-m ( 49.2-ft) sequence oflayers north of the 200 West Area (DOFJRL-2002-39) and 
pinching out of the carbonate layers in the 200 East Area. The degree of cementation varies considerably 
within the Cold Creek unit and contains many weathering products (oxides and carbonates) that 
chemically react with transported wastes. Where it occurs as continuous layer, the indurated calicbc 
represents a potentially substantial physical "barrier" to inhibit and/or divert the downward transport of 
liquids and contaminants to deeper levels in the vadose mne. Although discharge water from Hanford 
operations have been observed to have ponded on it, the degree of cementation varies considerably and 
can be fractured and/or laterally discontinuous. 

4-5 

. ------··-··•·--- ------......... •·- .. -• , .,-.. , ...•... ~~----•·· 



I 
I 
I 
I 
\ 

I 

' I 
I 

- . ~ -· -- -- - . 

DOFJRL-2007-34, Rev. 0 

Immediately overlying the carbonate-cemented layers of the Cold Creek wtit are fine-grained, laminated, 
massive layers with high moisture-retention capacity and correspondingly low permeability that tend to 
retard the downward movement of moisture and contaminants. These tine>-graincd facies may also 
contain calcareous components. Recent studies confirm that the fme-grained Cold Creek sediments are 
highly sorptive for contaminants such as lD'allium and act to chemically retard migration (Qafolru et al. 
2005). 

4.2.2.5 Upper Ringold Formation 

The Upper Ringold Fonnation is above groundwater in places where it comprises less than lOo/o of the 
volume of the vadose zone. These sediments lie below the Cold Creek unit (where present) or below the 
Hanford fonnation (where the Cold Creek unit is absent). The Upper Ringold Formation filled the Pasco 
Basin to an elevation of approximately 275 m (900 ft) with fluvial-lacustrine deposits in the Miocene/ 
Pliocene period (WHC-SD-EN-EE-004, DOFJRL-2002-39). The fluvial-lacustrine Ringold Fonnation 
consists of semi-indurated clay, silt, pedified mud, fine- to coarse-grained sand, and granule to cobble 
gravels. The Upper Ringold (Unit E) facies in the vadose zone in the 200 West Area include the basaltic 
gravel and fanglomerate unit overlain by an overbank and lacustrine mud and lesser sand unit where it is 
not eroded (Newcomb et al. 1972, SD-BWI-DP-039, DOFlRW-0164, Lindsey and Gaylord 1990). The 
contact between Ringold Unit E and the Hanford formation is important because the saturated hydraulic 
conductivity for the Upper Ringold Units can differ up to two orders of magnitude between each other 
and/or the gravel-dominated sequence of the Hanford formation or Cold Creek unit. 

4.2.2.6 Fades, Strlngen, Clastic Dikes, and Sills 

Both the Ringold and the Hanford fonnations contain relatively thin, fine-grained stringers that contribute 
to the lateral spreading of moisture and slow the vertical movement of water and contaminants within the 
vadose :zone. Low-permeability layers within the Ringold Formation often occur as single, relatively 
thick-(meters or more) continuous layers. Low-permeability layers within the Hanford formation are 
relatively thin (0.5 m [1.6 ft] or Jess) and laterally discontinuous. Low-penneability layers within the 
sand-dominated :facies of the Hanford formation are generally thicker and more continuous than those in 
the gravel-dominated facies. Paleosols and some facies changes (i.e., the contact between fine-grained 
and coarser grained facies) have been observed to be fairly continuous and promote lateral spreading of 
crib effluent over the range of at least 100 m (328 ft) (PNNL-14907, PNNL-t.4702b). 

elastic dilccs and sills are of particular interest because of their potential for allowing water and 
contaminants to bypass vadose mne continuum fate and transport processes. Clastic dikes and sills are 
thin (generally less than 1 m [3.3 ft] thick), discordant, and concordant features (respectively) that occur 
in the vadose zone. They are typically fine-grained, silty units that extend up to tens of meters in length. 
Features such as elastic dikes, sills, and tectonic structures typically considered responsible for creating 
preferential flow paths, are described further in Section 3.4.5, Appendix A. and in more comprehensive 
summaries of Hanford Site geology (BHJ-01103, RPP-23748, PNNL-15955). 

4.2.2. 7 Auumptiona 

The primary assumption is that the geologic stratigraphy can be adequately represented by the geometric 
approximation of the geologic layers in the numerical grid and as a porous media continuum. 

4.2.2.8 Impact on Resultl 

The geology at the Hanford Site has a large impact on the fate and transport of contaminants. The 
geology at Hanford, particularly the thickness and sediment types of the vadose zone in the 200 Areas, is 
one of the major reasons that the decision to dispose of liquid waste in buried cribs appeared to be 
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a satisfactory answer to the problem of liquid waste disposal (HW-9671 ). In fate and transport models, 
....__ the distance between the source and the aquifer impacts the peak groundwater concentration, especially if 

the travel time of contaminants to groundwater encompasses changes in the surface that impact the 
recharge rate (DOFJORP-2005-01 ). Estimates in OOFJORP-2005-0 I indicate that without ongoing 
discharge, but with relatively high recharge resulting from infiltration through the tank farm surface 
gravel (JOO mm/yr), mobile contaminants starting 45.7 m (150 ft) below ground surface (bgs) at Waste 
Management Area S/SX and 39.6 m (130 ft) bgs require approximately 40 to 60 years to produce peak 
concentrations in groundwater. 

4.l.3 Source-Tenn Conceptual Model Component 

4.l.3.1 Rationale and Basis 

The source-term conceptual model component defines the nature and extent of the contamination, 
including the contaminant inventory, characteristics of the release (type of release [e.g., crib, trench, 
pond, wame tank. pipeline, surface spill, etc.], as well as the release or discharge volume and the 
chemistry of the solution), and the resulting distribution of the contaminants. The type of waste site 
where the release occurred, either planned or unplanned, provides an indication of where contamination is 
expected to be fowtd. Discharge to high-volume structures (e.g., ponds, cribs, and certain ttenehes) 
resulted in deeper contamination than discharge to low-volume structures (e.g., french drains or specific 
retention trenches) or surface spills. Descriptions and approximations of these features and events are 
based on vadose mne characterization data (contaminant concentrations and depths), operational 
information relevant to estimates of contaminant inventories, timing and magnitude of discharges, 
contaminant release mechanisms and rates, effluent chemistry, estimates of the extent of contamination, 

- estimates of contaminant distributions, and concentration profiles based on characterization and/or 
'--' contaminant inventory data. 

·--\.-· 

4.l.3.2 Features, Events, and Processes 

During Hanford's operational history, both planned and unplanned releases of hamrdous chemical and 
radioactive materials were made to the soil on an immense scale. Waste production overwhelmed the 
available waste storage capacity, and much of the waste was disposed directly to the ground or 
subsurface. According to current estimates, over 1. 7 trillion L ( 450 billion gal) of contaminated liquid 
were discharged to the ground beginning in 1944, primarily through engineered drainage structures 
(e.g., cribs and trenches), but also through ponds and retention basins. The Waste Information Data 
System (WIDS) database (DOFJRL-88-30) contains a list of2,963 waste sites at Hanford. Each listing 
contains information describing the extent of each waste unit and the waste it contains. Most of 
Hanford's inventory of hazardous chemical and radioactive wastes is located in the 200 Areas in the 
Central Plateau region. About 1.3 trillion L (346 billion gal) of waste were discharged to the soil in this 
area. The key assumption of these waste disposal operations was that radioactive contaminants with long 
half-lives would migrate very slowly, if at all, through the soil column (HW •9671 ). Contamination of the 
groundwater outside of the 200 Areas from crib discharge is known to have occurred beginning in 
January 1956 (HW-43149). 

The main types of structures used to dispose liquid waste were ponds, cribs, trenches, ftench drains, and 
reverse wells. Ponds were located in natural depressions and received large volumes of relatively 
uncontaminated process water. Cn"b construction consisted of an excavation, usually containing one or 
more timber box frames filled with soil and/or crushed gravel. Cribs often received large quantities of 
waste and stopped operating when contamination was detect.ed in the groundwater beneath the crib. 
Trench construction consisted of an unlined excavation. Some trenches received large volumes of 
relatively uncontaminated wastewater. Specific retention trenches were designed to receive a specific 
volume of low-level or intennediate-level radioactive waste. The french drain construction consisted of 
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a shallow, buried, open-ended or perforated pipe filled with rock. Reverse well construction consisted of 
a deep vertical pipe with the lower end open or perforated. 

The 200 Areas also contain the Hanford Site's 177 large-capacity, high-level waste tanks that hold 
a combined total of approximately 200 million L (S4 million gal) and 200 million curies of high-level 
radioactive waste. It is currently estimated that as much as 3.8 million L (1 million gal) (1 million curies) 
have leaked from the waste tanks to the underlying soils. Additionally, over 379,000 m3 (496,000 yd3) of 
solid waste, an estimated 4.8 million curies of radioactive materials, are buried in disposal trenches in the 
200 Amis. Waste also entered the environment as a result of unplanned relC8SC8> such as those from the 
waste storage tanks, diversion boxes, or releases from pipelines used to transport waste. 

4..2.3.3 Auumptlom 

Inventory estimates associated with many waste sites depend on often incomplete disposal and discharge 
records and estimates, along with process knowledge about the waste streams, to quantify contaminant 
inventories {RPP-26744, RPP-23405). The distribution of contaminants in the subsurface is 
approximated from very limited field data, especially at depths requiring boreholes to access. Substantial 
quantities of certain contaminants have reached groundwater, hence, estimating the contaminant mass 
remaining in the vadose zone requires another estimated quantity. Consequently, vadose zone models 
either simulate the discharge release of the inventory at the time of occurrence on the basis of the disposal 
and discharge records and estimates, or the vadose zone models approximate inventory and distribution 
on the basis of characteri7.ation data. 

One example of a model simulating an inventory discharge release can be fowid in PNNL-16198. 
Additional examples of models using-assumed or approximated contaminant distributions include those 
descnl>ed in RPP-7884, RPP-10098, OOE/RL-2003-23, and RPP-237S2, which include simulations using 
various hypothesi7.ed contaminant distributions. 

Many assumptions are necessary for estimating contaminant inventory or approximating the current 
contaminant distribution. The choice of assumptions used will depend on the objectives of the model, 
which is consistent with EPA guidance on the conduct of environmental regulatory modeling~ The 
emphasis, according to the guidance in CREM (2001 ), is placed on documenting the assumptions, their 
rationale, and evaluating their range of impact on the results. Federal guidelines favor the development of 

· a general constitution of principles for developing, applying, or otherwise evaluating a model rather than 
compiling a lengthy compendium of methodologies. When developing a modeling strategy EPA 's Model 
Evaluation Action Team recommends that it not be "too specific, long, or burdensome," because it may 

. be too unwieldy to meet the needs of1he decision makers (EPA 402-R-94-012, CREM 2001). 

4.l.3.4 Impact OD Results 

The source-term conceptual model component bas a large impact on the results. Toe groundwater 
concentration and risk results are often proportional to the contaminant inventory. The depth of the 
contaminants may also strongly impact the results, depending on the contaminants' mobility. The vertical 
distribution of contaminants, within ranges of comparable depths, does not appear to have as great an 
effect on the results. A comparison of the results in RPP-7884, RPP-10098, and RPP-237S2 indicates that 
different hypothesized contaminant distnl>utions produced minimal differences in the results. The 
contaminants in those distributions were mostly located within 4S.7 m (150 ft) of the ground surface, with 
most of the contamination located within close proximity to the center of mass. 
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4.2.4 Groundwater Domain Conceptual Model Component 

4.2.4.1 Rationale and Basis 

Risk assessment or establishing soil cleanup goals for the protection of groundwater pathway includes the 
mixing of the vadose mne leachate (recharge transporting contaminants) with groundwater in the 
underlying aquifer. The resulting contaminant concentration in groundwater provides the basis for the 
evaluation of risk assessment and soil cleanup goals. In addition to local groundwater contamination 
concerns, the aquifer system provides a possible pathway for transport of contaminants to off site 
receptors. The groundwater conceptual model includes the uppennost unconfined aquifer system that 
exists within Ringold and Hanford formation sediments. Similar to the Hanford Site's geology, the 
groundwater and aquifer system have been studied extensively throughout Hanford's operational history 
(USGS-WP-7) and with renewed interest after contamination associated with crib discharges was 
discovered in groundwater outside of the 200 Areas (HW-43149, HW-60601). 

Most recently, PNNL-14753, PNNL-10886, and PNL-10195 have provided summaries of Hanford 
geologic and hydrologic data for the unconfined aquifer. Other documents that provide the basis for 
the hydrogeologic interpretations of the 100, 200, and 300 Areas of the Hanford Site include the 
following: WHC-SD-EN-TI-008, WHC-SD-EN-TI-011, WHC-SD-EN-TI-012, WHC-SD-EN-TI-132, 
WHC-SD-EN-TI-133, WHC-SD-EN-Tl-155, WHC-SD-EN-EV-027, WHC-SE-EN-TI-052, 
WHC-SD-EN-TI-014, and WHC-SD-EN-TI-019. 

4.2.4.2 Features, Events, and Processes 

,.-. Groundwater in the unconfined aquifer at Hanford generally flows from the west and discharges into the 
\...,, Columbia River. Some northerly flow occurs through the gap between and to the north of Gable 

Mountain and Gable Butte. Artificial discharge resulting from Hanford operations greatly altered the 
flow regime. Because of the cessation of large operational -liquid discharges to the ground, the water table 
in the Central Plateau is expected to continue declining for more than I 00 years, according to the most 
recent estimates (PNNL-14753). The saturated thickness of the unconfined aquifer on the Hanford Site 
ranges from zero (where basalt ridges associated with Gable Mountain and Gable Butte extend above the 
water table) to greater than 61 m (200 ft) around the 200 West Area. Depth to the water table ranges from 
less than 0.3 m (approximately 1 ft) near the Columbia River to more than 100 m (330 ft) near the 

·-

200 Areas (PNNL-10886). Perched water-table conditions, caused by the liquid discharges to the swface, 
have been encountered in sediments above the unconfined aquifer in the 200 West Area (WHC-MR-0206, 
PNL-8597). 

PNNL-14 753 identifies eight distinct hydrogeologic units comprising the Hanford Site unconfined aquifer 
system and provides a brief description of the units provided in BHI-00184: 

• Hanford formation gravel, sand, and silt (dominated by gravel and sand within the aquifer) 

• Coarse-grained multilithic facies of the Cold Creek unit 

• Silt and clay facies of the Upper Ringold Unit 

• Ringold gravel Units E and C, also including sand facies of the Upper Ringold Unit where it directly 
overlies the other gravel units 

• Ringold fine-grained overbank and paleosol deposits that separate Ringold gravel Units B and D in 
the eastern part of the Hanford Site 
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• Ringold gravel Units B and D 

• Lower Ringold Mud Unit 

• Ringold Unit A, gravel and sand facies dominated by sand in the western part of the Pasco Basin. 

Figure 4-1 (adapted from PNNL-14753) presents the distribution of the different units as they occur at the 
estimated water table of 1944, which is assumed to represent steady-state conditions. For long-term risk 
assessment and establishing soil cleanup goals, the distribution from this figure is used to identify the 
aquifer unit for the specific area addressed by an individual waste site-specific model, and the estimated 
water table of 1944 provides the basis for estimating the hydraulic gradient. The groundwater conceptual 
model includes information (presented in PNNL-14753) that describes the physical characteristics and 
transport parameters of the hydrologic system: hydraulic conductivity, total porosity, effective porosity, 
dispersivity, and horizontal to vertical and anisotropy. 

Figure 4-1. Distribution of Hydrogeologic Units Present at the Water Table for 1944 
(Pre-Hanford) Conditions. 
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4.2.4.3 A&sumptions 

Leachate from the vadose zone is assumed to enter the aquifer and mix with the groundwater by advcctive 
and dispersive processes. Concentrations calculated in the model for a specified depth, elevation, or 
interval in the aquifer are assumed to be comparable to concentrations that would be measured by 
sampling a well with a well screen at the same location. Because the model domain can extend beyond 
the edge of the waste site, the estimated concentration in groundwater downgradient of the waste site can 
be calculated. However, for two-dimensional vadose zone models, all flow and transport in the vadose 
zone and aquifer remains confined within the two-dimensional cross-section of the model. 

4.2.4.4 Impact on Raults 

The groundwater domain conceptual model component has a large impact on the results. The 
groundwater concentration and risk results are often proportional to the flow of water in the aquifer, as 
determined by the hydraulic conductivity and hydraulic gradient. 

4.2.5 Bydrogeology and Fluid Tnuport Conceptaal Model Compo• ents 

4.2.5.1 Rationale and Buis 

The hydrogeology conceptual model components represent the structure within which fluid transport 
through the vadose z.one occurs. The porous media continuum assumption (an extended form of Darcy's 
Law for vadose z.one applications) and the soil relative penneability/saturation/capillary pressure relations 
provide the basis for vadose zone flow and transport modeling (PNNL-11217). In the model domain, the 
hydraulic properties describing fluid transport characteristics associated with each geologic layer are 
approximated by average values, with each unit having different flow and transport parameter values 
(hydraulic conductivity, bulk. density, and dispersivity). The model describes buUc (or mean) flow and 
contaminant transport behavior in the vadose z.one, limiting the evaluation to estimating the overall and 
eventual contaminant impacts to groundwater. 

Features such as elastic dikes, sills, and tectonic structures can allow water and contaminants to bypass 
vadose z.one continuum fate and transport processes. However, there is little evidence of enhanced 
transport in these preferential pathways in arid and semi-arid climates with low-water flux in the vadose 
zone, particularly where soils are coarse-grained such as in Hanford fonnation sediments. While these 
features may form preferentially faster flow pathways under saturated conditions, under unsaturated flow 
conditions, these features tend to act as barriers to transport. Precipitation at arid sites is usually too low 
(in relation to saturated hydraulic conductivity) to invoke preferential flow. Much of the water in the dry 
soils is simply retained on grain surfaces by capillary forces and does not move along preferential 
pathways (see Appendix A for additional information). 

4.2.S.2 Features, Events, and Processes 

The fluid transport and soil moisture-retention conceptual model component describes the hydrogeologic 
flow and contaminant transport characteristics of the subsurface environment flow and transport 
phenomena in terms of the soil hydraulic properties. Soil hydraulic properties control the movement of 
water and contaminants through the vadose :zone. They descn'be the amount of water that the soil is 
capable of containing, the capillary pres.,ure at which the soil retains a certain quantity of water, and the 
rate at which water is capable of moving through the soil. Capillary pressure refers to the suction exerted 
by the soil to hold water in place. Measurable soil properties of interest are bulk density, porosity, 
saturated moisture content, and soil moisture-retention (moisture content measured at different capillary 
suction pressures). 
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Using an analytical equation and a curve-fitting process, soil moisture-retention charact.eristic curves 
(moisture content as a function of capillary pressure) and relative permeability curves (permeability as 
a function of capillary pressure) may be fit to the soil moi.sturc-retention data determined by physical 
properties testing. The characteristic curves aJlow the relationship to be expressed for the entire 
continuum of values, which is a necessity of modeling. Moisture content is often expressed in tcnns of 
saturation (the amount of water contained by the soil relative to the maximum amount the soil could 
contain). Residual moisture content (or saturation) refers to the minimum amount of water retained by 
the soil regardless of the amount of pre.,sure applied. Residua] saturation represents water so tightly 
bowtd to the soil that is does not move regardless of the capillary pressure gradient. It is not measurable 
but is determined through the CID'Ve-fitting process. 

Much of the information needed to determine effective values of parameters from small-scale samples in 
conjunction with information on the fine-scale structure of these sediments exists, and is integrated into 
the model along with upscaling and volume-averaging methods. One approach bas been to assign flow 
and transport parameters based on the similarity between grain-size statistics of the different soil textures 
at the site and at previously characterized sites (PNNL-14907). Hydraulic properties are estimated based 
on similarities in grain-si:ze statistics (mean grain si7.e and sorting index) between sediments at the waste 
site and other characteriz.ed sites on the Hanford Site (PNNL-13672) using pedotransfer functions. 
Grain-size distributions are obtained from a database (i.e., ROCSAN). Effective, large-scale diffusion 
coefficients for the different textures are assumed to be a function of volumetric moisture content 
Measured hydraulic properties arc obtained from databases for the immobili7.ed low-activity waste and 
Sisson and Lu sites (RHO-ST-46-P). Fluid flow parameters for the vadosc zone include soil moisture­
retention characteristics and saturated hydraulic conductivity. Variable or saturation-dependent 
anisotropy was used as a framework for simulating the effects of saturation on lateral spreading using 
laboratory measurements on undisturbed directionaJ cores. 

Another approach is to estimate the effective unsaturated hydraulic conductivity tensor of an equivalent 
homogeneous medium using the Richards' equation and the evolution of spatial movements in a moisture 
plume (Yeh et al. 2005). A hierarchical geostatistical analysis is performed to examine the large-scale 
geologic structure for the entire field site~ subsequently, smaJl•scale features within different layers are 
investigated. 

Based on the anaJysis of the injection experiment data at the Sisson and Lu site, the effective hydraulic 
conductivities compare weU with the laboratory-~ured conductivities for core samples. Spatial 
movements of the simulated plume based on the effective hydraulic conductivities agree with those for 
the observed plume. This approach provides a way to estimate effective Kd and allows the previously 
developed moisture-dependent anisotropy concept to be quantitatively evaluated. h also appears to be 
a useful practical tool for estimating effective unsaturated hydraulic conductivities based on snapshots of 
moisture movement in a large•scale vadose zone and is applicable to column- or field-scale problems 
(Yeh et al. 2005). 

4.2.5.3 Allamptiom 

The average parameter values for different soil types are assumed to adequately represent the bulk 
contaminant flow and transport processes occurring in the vadose zone. Small-scale heterogeneity is 
important with respect to contaminant deposition and impacts flow and transport in the vadose zone 
(PNNL-15443). PNNL-15443 indicates that model results from upscaled homogeneous parameters with 
constant anisotropy match the centroid of an injected water plume reasonably well, even without 
accounting entirely for the effects of small-scale heterogeneity. To approximate the bulk flow, upscaling 
the parameters incorporates the effects of small-scale textural contrasts that introduc.e heterogeneity into 
the flow parameters. 
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4.2.5.4 Impact OD Results 

The hydraulic parameter values for the vadose zone units do not appear to have a large impact on the 
results. DOF/RL-2005-01 indicates that increasing or decreasing the hydraulic conductivity of the vadose 
zone units by a factor of 10 increased or decreased the peak concentration in groundwater of the mobile 
contaminants by less than a factor of 2. The change in the results for moderately mobile contaminants 
(K.d = 0.2 mUg) was even less. DOE/ORP-2000-24 included sensitivity cases that treated the entire 
vadose zone as having the properties of sand or gravel. The results indicated that little difference from 
the base case results occurred for the mobile contaminants. 

4.2.6 Recharge Conceptual Model Component 

4.2.6.1 Rationale and Baals 

b 

Recharge is the amount of water that enters the groundwater from the vadose zone. It can be defined as 
the net difference between the water entering soil by infiltration at the surface or by subsurface discharge 
and the water stored indefinitely by the soil or returned to the atmosphere by evapotranspiration 
processes. It is the driving force for the movement of contaminants in the vadose zone to groundwater; 
therefore, recharge is a primary parameter in vadose zone fate and transport processes. When recharge is 
combined with residual soil moisture content, it determines the flux of water available for transport 
through the vadose zone. The recharge conceptual model component documents the technical basis, data, 
and rationale used in the selection of recharge rate parameters in Hanford vadose zone models. Recharge 
rates for the Hanford have been estimated from UNSA T-H models, whose use at Hanford was agreed 
upon via the Hanford Federal Facility Agreement and Consent Order (Tri-Party Agreement) (Ecology 
et. al. 2003) process (OOFJRL-91-44). 

4.2.6.2 Featurr.t, Events, and Processes 

Regional recharge rates depend on climate in terms of (average) precipitation and evaporation rates, on 
vegetation (which detennincs transpiration rates), and on soil type (which determines the rate and extent 
of water infiltration into the soil). Recharge rates can also vary locally where there are local differences 
in soil and vegetation conditions. Any factors that impact these processes, conditions, or events can 
potentially affect the episodic recharge rate, including the frequency and magnitude of rangeland fires and 
other factors affecting the nature and rate of revegetation. Site-specific measurements or estimates of 
recharge rate are, therefore, dependent on the scale of the site. 

Significant effort has gone into site-specific detenninations of recharge rates across the Hanford Site 
based on data from lysimeter measurements over extended periods (2o+ years) and chlorine isotopic 
measurements (Gee ct al. 1992, 2005a, 2005b; PNNL-13033; PNNL-14744; Murphy et al. 1996). These 
data and other relevant information have gone into the development of a Hanford recharge database that 
serves as the primary technical basis for estimates of the recharge rate in this region as a function of soil 
type and vegetative conditions. 

These data have been compiled and summariud in a Hanford Site database by geographic area in tenns 
of major baseline soil types and plant community (vegetation) for the following four conditions 
(PNNL-14 702a, PNNL-14 725a, PNNL-14 725b ): 

• No vegetation 
• Cheatgrass 

1 • Young shrub-steppe assemblage 
-, • Mature shrub-steppe assemblage. 
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The compilation of recharge rate databases at the Hanford Site enable tabulated recharge rate values to ~ 
be estimated for most site-specific or waste site-specific conditions on the Site. PNNL-13033, ,-,,1 
PNNL-14702a, and PNNL-14702b provide "best-estimate case" (mean values) and "reasonable bowiding 
case" (upper and lower bounds) recharge rates for the main baseline soil types. The upper-bowid values 
refer to the highest value for each soil and vegetation type, and lower-bound values to the lower 
1 percentile of JognormaJ disttibutions. The "best-estimate" recharge rates are a function of soil type, the 
four vegetation conditions provided in the data summam.ed above (PNNL-l 4702a), and various time 
intervals (e.g., site use conditions). Recharge rate data for site-use conditions have been assembled into 
a suite of recharge classes that describe probability distribution fimctions for recharge rates appropriate 
for pre-Hanford, operations, post-remediation, and post-Hanford conditions. The basis for assignment of 
recharge values for the four vegetation conditions listed above is to base the "no vegetation" and "mature 
shrub-steppe" recharge rates on site-based field measurements, to assign the recharge rate for 
"cheatgrass" as 500/4 of the "no vegetation" values, and ''young shrub-steppe" estimates as two times the 
''mature shrub-steppe" values. Data and interpretations sumnuuiz.ed in PNNL-14 702a and PNNL-14725 
estimate site-specific recharge rates for Hanford that meet or exceed the criteria for applications to 
environmentaJ regulatory and risk assessment modeling, and also meet or exceed the requirements of 
WAC l 73-340-747(8)(bXvii) for estimating recharge in RCRA applications or for applications as ARA.Rs 
in CERCLA activities. More recently, best-estimate recharge rates values for post-remediation recharge 
classes were updated to include values for the short-term, post-remediation transitional recovery period 
(e.g., 30 years); baniers; and long-tenn recharge values (final long-tenn recharge class) (PNNL-14725b). 

These guidelines, the recharge data package (PNNL-14744), and the Geographic and Operational Site 
Parameters List (GOSPL) (PNNL-l 4725a, PNNL-l 472Sb) facilitate the identification and selection of the 
most appropriate site-specific recharge rates and surface soil conditions for use in vadose zone modeling 
at each waste site. Soil conditions and recharge estimates were derived from a suite of available field data ..-.... 
and computer simulation resuhs (PNNL-14725a, PNNL-14725b). 

4.2.6.3 Auumpdoos 

Annual recharge estimates incorporate the effects of episodic infiltration events and spatial heterogeneity 
within individuaJ soil types and surface conditions into a single steady-state value. Infiltration is an 
inherently episodic process. Data measuring the net infiltration of winter rains through bare sand surfaces 
at Hanford show that the pulses do not appear to penetrate beyond 3 m (9.8 ft) below the surface, and 
a near steady-state drainage condition prevails below this depth (PNNL-14115). This allows for the use 
of time-averaged recharge rates for risk assessment applications of vadose mne modeling. The 
PNNL-l 4702a identifies appropriate parameter values and/or ranges for use in vadose mne fate and 
transport modeling. 

4.2.6.4 Impact on Results 

The recharge conceptual model component typically has a large impact on the results, especially with 
respect to long-tenn recharge rates such as those associated with post-remediation conditions. However, 
because recharge may undergo transient changes, the effects vary depending on the quantity of recharge, 
duration, and location and mobility of the contaminants in the vadose mne. The groundwater 
concentration depends upon the flux rate of the contaminant into the groundwater, which depends on the 
recharge entering the aquifer. Changes in the recharge rate, applied at ground surface in the model, 
require some duration of time for the perturbation to impact the flux rate of water from the vadose mne to 
the aquifer. OOE/ORP-2005-01 evaluated several recharge sensitivity cases and noted that increased or 
decreased recharge increased or decreased the peak concentration, but only if the recharge rate was 
sufficient to transport the contaminants to groundwater at the time when the increased or decreased 
recharge occurred. 
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4.2.7 Geochemical Conceptul Model Component 

4.2. 7.1 Rationale and Buis 

Geochem.icaJ conceptual modeJs primariJy provide a technical basis for contaminant release and 
retardation mechanisms. The parameters describe contaminant mobility (Kd values) and provide 
rationale for simplifying assumptions in vadose mne modeling. The dynamic interaction of contaminants 
with the geologic media (physical and chemical environments) in the vadose mne impacts the 
geochemical conceptual model and is variably dependent on contaminant and waste site composition. 
Contaminant behavior in Hanford vadosc mne is complex and dependent on many transient factors. 
Dominant geochemical processes are contaminant-specific, but contaminant mobility can be described in 
terms of highly mobile, moderately mobile, relatively immobile, and variable groupings in tenns of 
behavior. The importance of geochemical processes on the transport of contaminants through the vadose 
mne is described in the U.S. Department of Energy's (DOE's) state-of-knowledge and preliminary 
concept documents (DOFJRL-98-48), the international list of FEPs, and the list of relevant Hanford Site 
FEPs (BIIl-01S73). The geochemical conceptual model provides the technical basis for the 
understanding of contaminant behavior and the rationale for making simplifying assumptions in vadose 
mne modeling. 

Guidelines arc avaiJable to assist users in selecting appropriate Kd values from the Hanford Kd database 
(PNNL-13895). The Kd values for a given COC can be selected on the basis of geographic location, 
site-specific area designation, specific waste sites, the stratigraphic units within the area of interest, waste 
site type (operations), waste chemistry group, and source categories (PNNL-147028, PNNL-14725a, 
PNNL-1472Sb). Best-estimate, minimum, and maximum Kd values have been projected based on data 
distributions from the Hanford Kd database. In cases of sparse data, distributions were developed from 
the best exifflng data using professional judgment for the distnl,utioo construct. This approach is 
consistent with EPA risk assessment guidelines for the use and application of professional judgment and 
the consideration of data uncertainties (EPA/540/1-89/002, EPA/600Z-92/001). A process for using these 
documents to select Hanford Site-specific Kd values for vadosc mne applications is summari7.ed in 
AppendixB. . 

4.2.7.2 Featara, Events, and Processes 

The range of geochemical processes associated with fate and transport of contaminants in the vadose 
mnc at Hanford include oxidation/reduction, aqueous speciation, adsorption/desorption, 
precipitation/dis.,olution, diffusion, colloid-facilitated transport., and anion exclusion (PNNL-13037, 
Rev. I). Summaries of these processes and their implications for geochem.i~ conceptual models have 
been documented ( e.g., EPA 1999 and EPA 402-R-04-002C). Site-specific behavior and the associated 
geochemistry of contaminants at Hanford have been documented in many project reports and 
investigations (e.g., PNL-8889, PNL-10722, PNL-10379, PNNL-1148S, PNNL-11966, PNNL-13895, 
PNNL-15502, PNNL-1S121, and Qafoku et al. 2005). 

Geochemical behavior of contaminants in the Hanford vadose z.one can be described in terms of the 
primary geochemical processes affecting contaminant transport, including adsorption/desorption (ion 
exchange) and precipitation dissolution (PNNL-1303 7, Rev. 1 ). Adsorption/desorption typically controls 
contaminant retardation in areas where low concentrations of dissolved radioo.uclides exist, such as those 
associated with the far-field environments of disposal facilities or spill sites. Precipitation/dissolution is 
typically an important process where elevated concentrations of dissolved radionuclides occur, such as in 
the near-field environment of waste site facilities (PNNL-1303 7, Rev. I). 

Some Kd measurements are only applicable for a specific set of conditions because Kd vaJue variability 
cannot be confidently estimated beyond the range of chemicaJ conditions under which it was measured. 
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This )imitation is not a significant problem as long as site-specific conditions being modeled do not 
deviate significantly from those for which Kd measmements are available (PNNL-13037, Rev. 1). The 
Kd values from the Hanford contaminant distribution coefficient database that have been measured 
multiple times, preferably in separate studies with suspect outliers excluded from consideration, are the 
most reliable (PNNL-13895). The Kd values selected for modeling purposes are typically the lowest, or 
close to the lowest, value for the sake of conservatism (PNNL-1303 7, Rev. 1 ). This conservative 
approach tends to over-estimate the transport of the contaminants, leading to the selection of overly 
conservative remedial actions and wasted efforts. The linear adsorption (Kd model) approach bas been 
shown to adequately describe contaminant behavior in modeling vadose 7.00e fate and transport for 
Hanford Site sediments under most circumstances involving far-field and/or low-impact sites where 
geochemical conditions remain fairly constant and contaminant loading of adsorption sites is low 
(PNNL-13895). 

PNNL-13895 contains 90% of the existing site-specific data on contaminant distribution coefficients 
applicable to sediment and related materials in the vadose zone and growidwater at Hanford. This 
database includes documentation of co,itaminant concentrations in the solution phase and solid phase, 
sediment mineralogy, physical properties, experimental procedures used, the availability of the original 
reference, availability of sediment cbaracterimtion data, a comprehensive bibliography of published 
docmnents containing useful distribution coefficient data applicable to Hanford, and ratings and 
evaluations of the data in terms of quality of documentation for each value. For situations associated with 
large changes in chemical condition, especially in near-field environments and/or certain disposal 
chemistry conditions (e.g., large variations in pH, alkaline concentrations, or complexing agents), the 
linear adsorption model may not be appropriate due to the departure from dilute solution behavior implicit 
in the use of the Kd model and/or other dominance of other geochemical processes (e.g., aqueous 
COIIlplexation or solubility-controlled behavior) (RPP-10098, Qafoku et al. 2005). 

Other factors that have potential impacts on the geochemistry conceptual model include the aging of 
sediments after adsorption of a contaminant and kinetically controlled contaminant release. The effects of 
sediment aging after the adsorption of a contaminant can alter the physical and/or chemical processes that 
dominate the subsequent desorption and transport of the contaminant Contaminant deposition and 
adsorption can occur in a geochemical environment that bas been altered because of the characteristics of 
the waste discharges. In time, the buffering capacity and other natural processes in the vadose soils 
mitigate the impacts of the waste discharges. As the geochemical environment changes, the release and 
desorption characteristics of the contaminant can also change. Water and contaminants entering dead-end 
pores can result in the subsequent contaminant release becoming kinetically controlled, especially if the 
contaminant solubility changes as a result of sediment aging. As sediments drain and desaturate, 
a fraction of the porewater and total sorbed inventory can become isolated ftom the advective transport 
pathway (Qafoku et al. 2005). Diffusion through micropores within sediments can physically isolate 
contaminants from advective transport and increase the importance of diffusion controls in the release 
process for some contaminants. This can result in an increase in effective Kd values over time and/or 
higher desorption Kd values. Porewater isolation also has implications with respect to multiple porosity. 

A synopsis of nitrate, technetium-99, and uranium (COCs) geochemistry in vadose zone soils is provided 
below. These contaminants represent some of the more common COCs evaluated for the protection of 
groundwater. The synopsis includes the technical basis and rationale regarding the con1aminant behavior 
conceptual models and the selection of Kd values for these contaminants in the protection of groW1dwater 
pathway. 

Nitrate 
Nitrate is one of the most widespread contaminants associated with past Hanford operations. It is highly 
mobile and does not precipitate or readily adsorb on minerals Wlder the near-neutral or slightly alkaline 
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pH conditions common in sediment systems. As anions, their adsorption is expected to be high under 
acidic conditions, decrease with increasing pH values, and be essentially zero in basic pH conditions. 
Based on measurements ofni1rate Kd values, PNNL-1389S concluded that nitrate adsorption under most 
Hanford Site-relevant conditions is essentially zero (Kd == 0) within experimental error. However, under 
some conditions (e.g., acidic), nitrate adsorption may be higher. 

Tecllntium•99 

Of the several technetium isotopes produced as fission products in nuclear reactors, only technetiurn-99 is 
a potential b87.ard at DOE defense waste sites because of the specific activity and long half.life 
(2.11 x 105 years) of this isotope (EPA 402•R..o4-002C). The most stable and characteristic oxidation 
state of technetium in slightly acid, neutral, or basic aqueous solutions in equilibrium with the atmosphere 
is pertechnetate ion (TcO4 -) in which technetium is in the +7 oxidation state (Hanke et al. 1986). The 
adsorption oftechnetium(VIl) oxyanion TcO4 - is expected to be very low to zero, with Kd values of 
approximately O mIJg at near-neutral and basic pH conditions and increasing when pH values decrease to 
less than 5. 

PNNL• I 389S compiled the K.d values measured from Hanford sediments for radionuclides and 
contaminants of environmental concern to the vadose mne and grotU1dwater. The data indicate that 
technetium(VII) adsorption is low under nearly all conditions relevant to the Hanford vadose zone and 
upper llllconftned aquifer, with Kd values ranging from zero (0) to a high of approximately 1 mUg. 
PNNL-13895 concludes that, 1D1der normal Hanford Site conditions, zero is the most appropriate 
Kd value for technetium(VII), and 0.0 to 0.1 mUg is the best estimate for the range for technetium(Vl) 
Kd values. 

· urantam 

The geochemical behavior of uranium is complex, and has been extensively studied (Langmuir 1978, 
1997; Bums and Finch 1999). In studies conducted at Hanford, uranium is found primarily in 
the +6 valence state (PNNL-14022, RPP•l0098). It is often the only COC that is associated with 
geochemical release and retardation processes. The release mode)(s) for uranium for remedial action goal 
modeling is (are) based on consideration of sorption, and precipitation and solubility controlled release. 

The dissolved concentrations of uranium(VI) beyond the very near field are controlled by adsorption 
processes in the Hanford vadose zone (sediments) and llllconfined aquifer system (PNNL-13037, Rev. 1 ), 
making the selection of appropriate Kd values highly dependent on disposal chemistry, soil type, pH, 
chemistry of the leachate/porewater, and the concentration of dissolved carbonate/bicarbonate in solution. 
uranium(Vl) has been found to range from highly mobile to highly immobile in Hanford vadose zone 
systems depending on the combination of conditions. In the presence of alkaline, bicarbonate-rich waste 
streams, uranium(VI) exists as strong aqueous anionic uranium(VI) complexes, which do not readily 
adsorb to the naturally negatively charged Hanford Site sediments at neutral-to-alkaline pH conditions. 
Under mildly alkaline conditions, aqueous uranyl carbonate species may adsorb onto reactive surfaces 
present in soil minerals (Bargar et al. 1999), soils (Duff and Amrhein 1996), and sediments (Qafoku et al. 
200S). 

Precipitation and co-precipitation processes are important for uranium(VI) under some environmental 
conditions. Dissolved calcium uranyl carbonate complex has an important effect on the geochemical 
behavior ofuranium(V]) in calcium•rich aqueous systems at near•neutral to basic pH conditions. 
Characteriz.ation studies at the Hanford, Fernald, Oak Ridge, and Savannah River sites indicate that 
uranium~ontaining minerals or ~precipitates may be present in sediments and soils contaminated from 
disposal or spills of uranium-containing liquid wastes (Delegard et al. 1986, PNNL-14022, RPP· J 0098, 
Catalano et al. 2004, Buck et al. 1994, Morris et al. 1996, Roh et al. 2000, Bertsch et al. 1994, Hunter and 
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Bertsch 1998). These studies show that uraniwn (VI) dissolution from the contaminated sediments ~ : 
containing uranyl-silicate mineralimtion is a pseudo-first-order rate kinetic process(ck) characterized by ....,I 
an initial fast rate, and reaching constant concentration solubility-controlled release after period of30 to 
200 days. The rate and extent of uraniwn dissolution is dependent on the pH, electrolyte (i.e., porewater) 
composition. and bicarbonate/carbonate concentration. Initial kinetic reaction rates were observed to be 
slower, and uranium concentrations lower for release from calcareous sediments. These results were 
caused by rapid dissolution of the uranyl silicates from grain surfaces and cavities, with dissolution 
kinetics of the precipitated uranyl minerals regulating the slow release (Liu et al. 2004). The solubility 
of uranium(Vl) decreases significantly as pore/leachate water compositions become increasingly 
equilibrated by interaction with the vadose .zone sediments (solubilities are greater than five times higher 
in calcite-saturated deioniz.ed water than in calcite-saturated, sodium- and silicon-rich electrolytes) 
(Qafolcu et al. 2005). Surface secondary uranium mineralization in the deep vadose rone sediments 
extended to groundwater. 

4.2.7.3 Alaamptioas 

The empirical distribution coefficient, K.d construct, through the application of the empirical linear 
adsorption model, will be used at Hanford waste sites for key contaminants and system perfonnance 
activities. The rationale for the utility of the empirical linear adsorption model or K.d approach is that it is 
a simple, useful, and practical approach for modeling contaminant adsorption and transport in geologic 
systems. Additionally, a considerable database is available for Hanford Site-specific Kd values measured 
under a variety of conditions (PNNL-13 895). Experiments have been conducted with site-specific 
sediments, water resembling natural recharge and/or vadose zone porewater, and actual or simulated 
contaminant materials for most of the sorption data (PNL-8889, PNNL-14022, PNNL-14594, 
PNL-10722, PNL-SA-10390, PNNL-11485, PNNL-11966, PNNL-15502, PNNL-15121). PNNL-13037 
(Rev. 1) summarizes the key attributes and shortcomings of the empirical construct and mechanistic 
models for application to vadose zone and groundwater modeling at Hanford. Empirical modeling 
involves the collection of representative data for model building and validation. PNNL-13895 directs that 
geochemical environments will be mechanistically studied. Mechanistic models are based on 
fundamental knowledge of the mechanisms governing the process and provide thenecessary paradigms 
on which technically defensible empirical Kd values must be based. These models involve experiments 
to define model structure and data found in the model validation process. An alternative is to use 
a combination of fundamentals and process knowledge for the model structure and empirical procedures 
thereafter. 

4.2. 7 .4 Impact on Results 

The geochemical conceptual model component typically has a large impact on the results. Contaminant 
mobility is a major factor in the model results. 

4.3 DETERMINATION OF MODEL SELECTION ATI'RIBUTES AND CRITERIA 

The FEPs within the conceptual model components identified as important for vadose rone modeling at 
the Hanford Site are summarized in Table 4-1. The following is an evaluation of these FEPs in the 
consideration of the model complexity and type needed for the objectives of this modeling, as well as the 
identification of the attributes and criteria for model selection. 
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Table 4-1. Examples of Principal Features, Events, and Processes Identified 
as Important for Vadose Zone Modeling at the Hanford Site. 

Conceptual Model Component Features, Eventl, and Processes 

Location and geologic setting • Waste site type 

• Geologic stratigraphy 

• Discharge or release event 

Characteristics of the discharge or unplanned • Contaminant inventory 

• Discharge chemistry 
release event 

• Discharge volume 

• Plume size and location 

Infiltration and recharge characteristics of the • Infiltration 
• Recharge 

surface soils Drainage• • 
• Vadose zone hydrogeology 

Vadose zone fluid and contaminant transport • Vadose zone geochemistry 

• Contaminant geochemical characteristics 

• Capillary fringe unit's hydrogeology and 
Contaminant mixing and transport in the geochemistry 
capillary fringe • Contaminant geochemical characteristics 

• Capillary fringe flow 

Contaminant mixing and transport in the • Groundwater unit's hydrogeology and geochemistry 
• Contaminant geochemical characteristics groundwater 
• Groundwater flow 

• Drainage, in the context of the features, events, and processes identified in this table, refers to the downward 
movement of water artificially introduced into the subsurface environment. 

The combination ofFEPs relevant to model selection for Hanford vadose wne system is depicted in 
Figure 4-2 in the manner recommended by the Nuclear Energy Agency (NEA) for this type of evaluation 
(NEA 2000). This approach is comparable to the process relationship tool developed by PNNL 
(PNNL-SA-34515). This depiction of the features and processes illustrates the relationships between 
them in the conceptual model components and their ability to facilitate identification and selection of 
adequate model capabilities (i.e., required model attributes and criteria). 

Two of the most important FEPs required for meaningful simulation of vadose zone processes at the 
Hanford Site are (1) the uncommonly thick sequence of vadose zone sediments with associated 
hydrologic properties, and (2) the infiltration rates imposed by the semi-arid climatic conditions in this 
region. The following is an example of the association provided in the Federal guidelines: 

"ff the risk assessment is based on arrival times and peak concentrations of contaminants 
( and radionuclides) arriving in groundwater, then consideration of transport through 
even a thin unsaturated zone is significant" (EPA 402-R-93-009). 

The Federal guidelines further specify that flow, fate, and transport models are needed for vadose wne 
models in remedial processes and/or remedy selection and design applications. The model criteria 
identified in Tables 4-1 and Figure 4-2 also indicate that that fluid flow and contaminant fate 
(i.e., retardation) are integral for adequately describing fluid and contaminant transport in Hanford 
vadose zone models. 
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Figure 4-2. Features and Processes Potentially Relevant for Vadose Zone Model Types 
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NOTE: The primary features and processes most relevant to the vadose zone models at the Hanford Site 
are highlighted (adapted from PNNL-14702a). 
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Federal guidelines associate the level of complexity needed to accommodate the principal FEPs for most 
vadose zone models with the attributes and criteria necessary for fate, flow, and transport models 
(EPA-402R-93-009) (also referred to as "fate and transport models;. As noted in Section 2.S.5, Federal 
guidelines indicate that risk assessments should begin with the simplest models that satisfy the objectives, 
progressing toward more sophisticated models/codes as necessary to accommodate the principal FEPs and 
achieve the modeling objectives (EPA 402-R-94-012). The guidelines also state that a conservative, 
simplistic method or approach should not be taken to avoid modeling, because an overly conservative 
approach may be contradictory to the objectives of the optimization between remedial activities and the 
accompanying reduction in risk (EPA 402-R-93-009). An evaluation of the appropriate level of 
complexity for the Hanford vadose mne models is surnmariz.ed in Table 4-2, which compares principle 
FEPs with model complexity. Based on the characteristics of the Hanford Site's unsatmated zone and the 
types and nature of associated features and processes identified in Table 4-1 and Figure 4-2, it is indicated 
in Table 4-2 that "complex" models are required versus the use of"simple" or "semi-complex" models. 

This conclusion is consistent with Federal guidelines which indicate that complex fate and transport 
models are needed for systems involving the following types of FEPs, which are all principal FEPs for the 
Hanford vadose mne: 

• Thick vadose zone 
• Layering or heterogeneous lithology 
• Sub-regional recharge 
• Step-wise release and attenuation of contaminants versus a simple, single partitioning event 
• Unsaturated flow. 

_,,,,__ In accordance with Federal requirements for the use of ERMs in risk assessment applications involving 
radionuclides (OSWER Directive 9200.4-18), the level of model sophistication must also take into 
account and accommodate the factors listed below: 

t 

• Radioactive decay 
• Time (year) peak concentrations in groundwater 
• (Spatial) movement of contaminants within and between media. 

Generic or simple models incapable of adequately addressing these FEPs arc not considered suitable for 
long-term contamination assessments at the Hanford Site. Complex or semi-complex models in the 
context of these factors are required when FEPs criteria cannot be adequately simulated with analytical 
methods. This is because analytical models do not generally account for many of the flow and transport 
processes that require more complex models (EPA 402-R-93-009). 

Model complexity also refers to the required numbers of dimensions in the model domain. While 
simulations in three spatial dimensions may provide the most accurate representation of the Hanford 
vadose 7.0llC system, such numerical models require computational capability that exceeds most 
accessible contemporary computers. Thus, the dimensionality of the FEPs must be balanced against the 
available computation capability and data. Two-dimensional models appear to be adequate to incorporate 
the spatial variability in the key FEPs (e.g., sloping geologic layers and variability in recharge) without 
introducing excessive demands for computational resources. 
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Table 4-2. Model Comnlexity, Dimensionalitv and Other Factors in Consideration of Model Attributes and Criteria/Model Selection. 

Simple 

Moderately 
complex 

Complex 

• One-dimensional • Aqueous phase transport 

• 4 to 6 horizontal layers • Lb,nr sorptlon lsotllnm 
• Homogeneous, isotropic (K4) 

• Two-dimensional 

• Up to JO sloplnf layers 

• Homogeneous, isotropic 

• Two- and three-dimensional 

• >10 complex layers 

• HetntJfffl«JIII anti 
anisotropic 

• Preferential flow paths 

• Chemically enhanced 
penneability 

• Density and temperature 
effects 

• Llnur sorptlon &otl,enn 
(Kd) 

• Peak urlvtl& 

• Multi-phase transport 

• Colloidal transport 

• Barometric effects 

• RetU:tlvt tnmsport 

• Wind and water erosion 

• Stq-wlle nntly Stole 

• One site per area per 
waste type 

• Long-term climate 
changes 

• Sites on finer grid 

• Episodic, seasonal 
variations 

• Long-term climate 
changes 

• Seide on sltNpeclJlc 
btuls 

• Near- and long-term 

NOTE: Principal features, events, and processes for the Hao.ford Site vadose zone are shown in bold/italics. 
Kd = instantaneous equilibrium distn'bution coefficient 

' \ 

• lla4ltHM:tlve tl«ay 

• Biological pseudo-decay 

• Homogeneous. isotropic 

• R,utlooctlve dttq 

• Biological decay 

• Rtu/Joactlve dtttlY 

• Biological decay 

• Inorganic decay 
( oxidative/rcducti ve) 

l) 

I . I 
I 



OOFJRL-2007~34, Rev. 0 

,.-- These evaluations based on the principal FEPs identified in the conceptual model components and the 
~ Federal model selection process serve to collectively identify the model capabilities required of an ERM 

model type for vadose zone modeling at Hanford. It is clearly indicated &om this evaluation that the most 
appropriate model type capable of incorporating the characteristics and conditions of the Hanford vadose 
zone, and meeting the modeling objectives for most risk characterimtion applications conceming the 
vadose rone pathway, is "fate (flow) and transport'' modeling. Based on this evaluation, a two­
dimensional fate and transport model type is necessary to account for the distinct geologic, hydrologic, 
and meteorological conditions of the Hanford vadose zone system and to adequately accommodate the 
other principal FEPs, attributes, and criteria identified in conjunction with the implementation of the 
Federal model selection process. The results and conclusions of this model selection process are also 
regarded as appropriate and adequate for most vadose zone modeling at the Hanford Site. These model 
attributes and criteria serve as conditions and criteria for the identification and selection of one or more 
codes for implementation of the fate and transport model type. 

-
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5.0 APPLICATION OF GUIDELINES FOR THE USE AND DOCUMENTATION 
OF ENVIRONMENTAL REGULATORY MODELS 

FOR THE HANFORD SITE V ADOSE ZONE SYSTEM 

There are many common aspects of the requirements and expectations concerning ERM selection, use, 
and documentation for most vadose z.one modeling applications at the Hanford Site. The following are 
the general model documentation elements recommended by EPA (2003a) and identified in Section 2.4 
concerning the selection and use ofERMs: 

• Describe the model and code selection process and rationale. 

• Identify the sources of information and the rationale used to develop the input parameters. 

• Present the model resuJts. 

• Identify the uncertainties in the model and model results, and describe their possible impact on the 
results. 

• Identify, provide the rationale, and describe the impact on the model results for the assumptions used 
in the model. 

• Identify the limitations of the model and the limitations associated with the interpretations of the 
model results. 

These documentation elements are also identified and segregated in Table 2-2 under the categories of 
model selection and model use. Section 4.0 presents documentation associated with the selection of an 
appropriate model type for the Hanford vadose zone system. This section documents the application of 
the requirements and guidelines concerning the use and documentation of the vadose mne fate and 
transport model type at Hanford for risk characterimtion applications. As indicated in Table 2-2, model 
use elements that require substantiating documentation (in addition to the model results) primarily include 
model parametcrimtion, as weJI as the evaluation of model uncertainties, assumptions, and limitations. 

Although complete evaluations and documentation of these elements of model use require site-specific 
and application-specific information, there are underlying assumptions, considerations, and factors 
common to most vadose mne modeling at the Hanford Site. The common aspects of the model use 
elements described here provide a fundamental basis for waste site-specific·modeling documentation. 
This information is intended to serve as a foundation and framework for the information and 
documentation necessary for most vadose mne modeling efforts at Hanford in the manner illustrated in 
Figure 5•1. The information and documentation for complete technical adequacy and regulatory 
consistency requires the. inclusion of those elements that are common for the vadose mne system, 
amended with site- and application-specific information and documentation. The relationship of the 
documentation on the common aspects of model use to the overall documentation necessary to 
demonstrate ERM technical adequacy and regulatory consistency is shown in Figure 5· l. This 
relationship resembles the relationship shown in Figure 3-2 of the Hanford vadose mne system 
conceptual model to the site-specific conceptual model required for waste site•specific applications. 

5.1 
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Figure 5-1 . Illustration of the Relationship Between the Model Use Documentation 
Associated with the Common Aspects of the Hanford Site V adose Zone System 

and That Associated with Waste Site-Specific lnfonnation. 

w.- ...... uc1 Wute 1ite-1pecific 
appllcat11• .... ..... ............... _ 

...... tloa 

Model me laformatlo• ud docame• tatie• commo• 
to mott vadoae zo•e .aodellng efforts; bued on tile 
comao• upedl oftlle Buford vadou zone system 

conceptual model 

Information and 
documentation 
neceuary for 

tecluaical 
adequacy a• d 

replatory 
compliance 

The model use elements documented in the following sections include the basis and rationale for the 
determination and/or estimation of model input parameters, and for the general aspects common to the 
evaluation of model uncertainties, model assumptions, and model limitations, all in the context of their 
impact on and applicability to the model results. The documentation of these elements also contributes to 
the technical basis for the modeling, and to the demonstration of consistency with Federal and state 
requirements. 

5.1 MODEL PARAMETERIZATION 

V adose zone model parameter estimates are based almost entirely on data from site-specific studies and 
characteriz.ation efforts. This infonnation and data have been compiled, summari7.ed, and evaluated in 
databases; published in data packages; and/or published in other environmental investigation reports 
( e.g., limited field investigation reports, field investigation reports, and remedial field investigation 
reports). These data summaries and evaluations provide a basis for understanding the common aspects of 
(and fundamental relationships between) the parameter values, data sets, and populations. From the 
evaluation of the data sets comes the information and insight necessary to determine parameter best­
estimate values, parameter ranges, and parameter variability, all of which are considered in the model 
parameteriz.ation and uncertainty analyses. New site-specific data are typically used both to augment 
these Hanford data sets and for site-specific model applications. A comprehensive list of all of the 
sources of information relevant to ERM parameteriz.ation is beyond the scope of this report, but 
examples of some of the major source documents that contain data compilations and estimates for the 
vadose zone conceptual model components parameters include the following: RPP-23748, 
WHC-SD-EN-TI-008, WHC-SD-EN-TI-012, RPP-26744, PNNL-14753, PNNL-14702b, PNNL-14744, 
and PNNL-13895. 
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These and other relevant documents serve as sources of infonnation in the development of the Hanford 
vadose zone system and site-specific conceptual models, from which model parameter estimates are 
derived for use in site-specific ERMs. Examples of the types of parameters typically used in vadose zone 
fate and transport models are summarized in Table 5-1. 

5.2 V ADOSE ZONE MODEL UNCERTAINTY FACTORS AND CONSIDERATIONS 

S.2.1 Model Uncertaindes 

Factors in the model selection process that can contribute to uncertainties for vadose zone modeling at the 
Hanford Site are addressed qualitatively in Section 4.0 (e.g., simplifying assumptions). Code-specific 
factors pertaining to the adequacy, benchmarking/calibrations, and QA/QC of candidate codes in general 
are addressed in the following subsections and to a specific candidate code in Section 6.0 and Section 8.2. 

Table 5-1. Examples of Parameters Typically Used in Vadose Zone Fate 
and TransPort Modelinst. 

Mtlffl DolNIII ad - - ,.c....,,, 
• Model domain dimensions Oongitudinal and vertical dimensions, unit width (e.g., l-m); saturated zone 

vertical dimension 

• Waste site dimensions 

• Grid size 

• Boundarv conditions (flow conditions at surface, sides, and bottom of domain boundaries) - . . _.,,,.. 
.. 

• Geolosdc unit thicknesses; associated ireoloaic ·es (see h ..:. losric .,. ~~-..:es) 
SM,n.,. --

• Source-term ( contaminated soil) dimensions Oatcral and vertical) 

• Source-term denths and denth intervals 

• Source-term concentrationl s) 
- . ....,.,, • ,,,.,,,,,,. t:flllllldMJ 

• Pre · nost-remediation . 
rates . .,..,,_a,,w,,,,ltl .. ,, """,, -

. 
le -• 

--

• Particle density 
• Drv bulk densitv 

• Saturated moisture content 

• Residual moistw'e content 

• Van Oenuchten nanuneters 

• Residual saturation 

• Vertical saturated hvdraulic conductivitv 

• Total norositv 

• Lonititudinal disoenivitv 

• Dispcnion anisotropy 
- . . 

,:, 
' ' ' i 

• COC-mecific Kd (± 2eolosric unit-mecific Kd values) G,.,,,,.,_, .... ""4 dltmldelllla •- ' .. , 

• A verue water table elevation 

• Groundwater thickness 

• Hydraulic ~t 

• A verue hvdraulic conductivity 

COC = contaminant of concern 
Kd = instantaneous equilibrium distribution coefficient 

5-3 



OOF/RL-2007-34, Rev. 0 

S.2.2 Scenario and Coaceptual Model Uncertainties 

The conversion of qualitative conceptual model components or FEPs into a quantitative mathematical 
model typically involves simplifying the system being modeled and introducing uncertainty associated 
with the simplification. For example, a geologic conceptualization may be represented in a mathematical 
model as a simplified, layered geology with homogeneous layers. The linear isotherm Kd construct 
includes the assumption that porewater and soil concentrations equilibrate immediately and 
proportionally. The conceptual model and/or the mathematical model may be modified to reduce this 
uncertainty on the basis of new data or observations (PNNL-13091). These new data or observations may 
also foster improvements to the mathematical model that allow more rigorous representation of the · 
conceptual model components or FEPs. Ultimately, the overall validity or accuracy of the conceptual 
model in representing the Hanford vadose zone system may or can be evaluated by comparing actual or 
analogous measurements to predictions or results from the corresponding mathematical model. 

5.2.3 Parameter Uncertainties 

V adose zone model parameter uncertainty can result from the lack of adequate data and/or from 
variability in the data used to quantify a parameter. Parameter estimates based on site-specific data tend 
to have relatively low uncertainties. In vadose zone modeling at Hanford, parameters associated with the 
contaminant source term (i.e .• quantity, extent, and depth) are the most significant sources of parameter 
uncertainty affecting model results because they are highly variable and are usually based on limited data. 
Recharge rate also has a large effect on vadose zone model results, but with ~ uncertainty because of 
the available site-specific data that form the basis for the estimates. Apart from waste configuration 
(contaminant source tenn), the sensitivity to model parameters also depends on the contaminant type. 
For mobile contaminants, the most significant parameter is recharge rate. For semi-mobile contaminants, 
significant parameters are the sorption coefficient (Kd value) and recharge rates. Parameter estimates 
representing the greatest sources of uncertainty, their nature and magnitude of effect on model results, and 
the relative confidence of the estimated values are listed in Table S-2. An widerstanding of the magnitude 
and direction of the sensitivity model results to variability in key parameters of the Hanford vadose zone 
system can be ascertained from the results of the sensitivity analysis that have been performed to date 
(e.g., OOF/ORP-200S-01 and DOE/RL-2007-35). 

Reviewing and comparing vadose zone parameter sensitivity analyses from Hanford and non-Hanford 
SOllntCS is instructive and demonstrates a number of important commonalities among the results. The 
most notable finding among non-Hanford vadose zone sensitivity analyses of hydrogeologic parameters 
is that the results consistently have the greatest sensitivity to infiltration/recharge rate, unsaturated zone 
thickness, and contaminant distribution coefficient parameters (e.g., NUREO/CR-S621, Beyeler et al. 
1998, and PNL-7296). The uncertainties and sensitivities associated with most hydrogeologic parameters 
stemming from natural system heterogeneities have been found to be low (Table 5-2). Uncertainties 
associated with such parameters are a secondary source of overall uncertainty. The results of these 
sensitivity analyses appear to be consistent with the results of most vadose zone modeling sensitivity 
analyses conducted at Hanford, in terms of identifying which parameters have the greatest impact on the 
results. Those parameters representing the greatest sources ofuncatainty, nature, and magnitude of 
effect on model results, as well as the relative confidence of representative best-estimate values, are listed 
in Table S-2 . 
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Table 5-2. Evaluation of Primary Parameter Uncertainty Factors 
in Hanford Site Vadose 2.one Modeling. 

Geologic setting 
Vadose 7.0lle thickness/depth to water table 
Stratigraphy/geologic units and characteristics (unit 

thickness, erain size, etc.) 
Contami•ant source term 

Mass 
Depth 
Conc:,c,ntration 
Volume and aeometrv 

Groundwater domain 
Hydraulic conductivity 
Hvdraulic midient 

HydroceoloeY aad Doiel transport 
Hydraulic conductivity 
Porosity, permeability 
Dispersivity 
A • 

Recbarae rates 
Undisturbed (vegetated) soil 
Operatiooal period (bare, disturbed soil) 
Post-remediation period ( disturbed, vegetated, 

time-averaged) 
Artificial recluuve (ducbane water: volume, tim.in2) 

Geocllemistry/eontaminant behavior 
Contaminant release mechanism, parameter values 

( e.g., Kd, Ksp) 
Retardation/attenuation mechanism(s); parameter 

values (e.g .• Kd) 

Kd = instantaneous equilibrium distribution coefficient 
Ksp = solubility product constant 

Moderate to 
high 

High 

Moderate to 
high 

Low 

Moderate to 
high 

Low to high 

High 

Low to medium 

Medium to high 

High 

Medium to high 

Medium to high 

5.2.4 Determination oftbe Relative Importance of Parameten in an Uncertainty Analysll 

The relative magnitude of uncertainty for certain vadose zone modeling.parameters can be identified and 
compared using the coefficient of variation (i.e., the standard deviation divided by the mean value). This 
measure of uncertainty is based on a review of the literature and available databases. The sensitivity of 
the model results to their parameter values is a function of the model results and the coefficient of 
variation, which depend on site-specific conditions and exposure scenarios. 

The main factors and parameters affecting Hanford vadose zone model results can also be qualitatively 
and/or semi-quantitatively evaluated using the results of sensitivity analyses from Hanford Site and other 
case studies. The relationships were described previously for evaluating the importance of model 
parameters to uncertainty in the model result and the relative importance of parameters in uncertainty 
analyses. These relationships are significant for Hanford vadose zone modeling because most parameters 
have low importance to the overaU uncertainty in the model result, excluding contaminant source-term 
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parameters (i.e., extent, depth, and mobility). Because the vadose zone model parameters are essentially 
all derived from site-specific data, most other parameters tend to have relatively low uncertainties. 

5.2.5 Uncertaiatles/E1TOn Auodated with Coupled ProcesHS and Other Effecta 

The most likely sources of coupled uncertainties are hydrogeologic properties and their relationship to 
soil moisture-retention characteristics. Changes in soil retention characteristics may change the soil 
hydraulic conductivity, anisotropy, or recharge through the soil. Soil moisture content has been observed 
to affect anisotropy, while soil retention characteristics and recharge effect the soil moisture content 
These parameters, individually or collectively, may affect the distribution coefficient of contaminants 
(K.d values). Effects of coupled hydrogeologic parameter variation on vadose zone modeling results are 
compiled in correlation coefficient matrices for 12 hydrogeologic parameters over a range of elastic 
sediment types (clay to sand) reported in PNNL-13091. In this summary, some significant positive and 
negative correlations were noted between several of the hydrogeologic parameters. However, no 
significant corrclations between logically unrelated parameters were observed in the uncertainty 
evaluation of recent vadose zone modeling results (DOF/RL-2007-35). 

Some characteristics that factor into the net average processes controlling fate and transport of 
contaminants through the vadose zone may or may not be accounted for directly in simplifying 
assumptions or in sensitivity analyses. Scaling effects for representing hydrogcologic properties 
(upscaling from laboratory to field-scale). spatial and temporal resolution of data, colloid transport, 
density effects, and thermal effects (PNNL-14702a) all can introduce uncertainty into vadose zone 
modeling, but for most risk assessment applications do not introduce uncertainty that is at least accounted 
for indirectly by the other sources of acknowledged uncertainty. Scaling effects resulting from the 
assignment of physical properties determined from laboratory studies ( e.g., effective penneability, 
porosity, moisture-retention cbaractmstics, anisotropy, and dispersivity) to larger modeJcd units can be 
addressed through physical property sensitivity analysis. Similarly, uncertainty introduced by the spatial 
and temporal resolution of data can be addressed through sensitivity and assumptions analysis. While 
certain models may have to include or consider colloidal transport as a key FEP, colloid fonnation or 
colloid-facilitated transport is not consequential at most waste sites at Hanford because of the low water 
contents and relatively simple geochemistry (PNNL-l4702a). Likewise, thermal and density effects are 
not considered consequential in most, but not all, vadose zone model applications because below 10 m 
(32.8 ft) bgs, the temperature varies by less than I °C (33.8°F) during the seasons. While the waste 
releases introduced immediate density and thermal gradients into the vadose zone, the gradients have 
been buffered by the capacity of the vadose zone and the time since the releases occurred, and they appear 
to have limited impact on contaminant transport in the future (RPP-7884}. 

5.3 EVALUATION OF V ADOSE ZONE MODELING ASSUMPTIONS 

An evaluation of the primary and largely common assumptions associated with the traditional vadose 
zone modeling approach at the Hanford Site is summariz.ed in Table 5-3 . The type (category) of 
assumptions, the magnitude and direction in which they impact model results, and the rationale for the 
assignment of model impacts are summarized in Table 5-3. In the context used here, "conservative" 
refers to conditions or parameter values that include a bias to yield model results with higher 
concentrations in groundwater and earlier arrival times than might reasonably be expected. Usually the 
bias compensates for some feature or process that is not well defined or insufficient data exist to 
characteriz.e it adequately. 
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Table 5-3. Summary of the Type (Category) of Assumptions, Magnitude, and Direction 
in Which They Imnact Model Results. and Rationale for the Assimment of Model Imnacts. (3 nttes) 

c.J::!·· .. •··z;.ii~I~:ll··••· ~, ~:imw···--_ ··~-. 
Geology 

Hydro geology 
and soil 
properties 

Transport 

Source term 

Hydrogcology 
and ,oil 
properties 

Hydrogcology 
and soil 
properties 

Domain 

Numerical grid 
approximates 
geologic layers 
and 
Single values for 
IIS90Cialed 
physical/ 
hydrogeologic 
properties for 
each of the main 
stratigraphic 
units in the 
vadosezonc 
Vadoscmne 
Dow domain is 
dominalcd by 
aqueous phase 
drainage 

Entire souroc 
terms available 
for advective 
transport 

Uniform mabix 
flow through 
porous media 
versus unstable 
(fingering) flow, 
prcfcrcotial 
oathways 
Horimntal to 
vertical 
anisotropy is 
adcqwdcly 
approximated by 
a constant 10: l 
ratio 
Two-dimensional 
vado,e7.011c 
modeling is 
rcorcscntative/ 

Stratigraphy Neutral 

Hydrogcologic Neutral 
properties 

Hydrogcologic None 
paramct.crs 

Source term Conservative 

Hydrogcologic Slightly non 
conservative 

Anisotropy 

Neutral 

Hydrogcolop; Con9Cl"Vlltive 
parameters 

Low 

Low 

None 

Lowto 
high 

Neutral to 
low 

Low 

High()Oto 
40times) 

Resolution and/or me of grid can be 
adjusted to include repn::scntation of 
the different geologic layers and 
sc:ciucoces. 

Anrage up-scaled properties rcprcsent 
the bulk or average moisture Dow in 
vadose zone rcaaonably well. based on 
evaluation results in the PNNL-15443 
and laboratory tests oo lite-specific 
materials and field-scale testing 
reported in that document 

The vadosc: mne flow domain is 
defined by aqueous phase drainage as 
oppotcd to tmlsport mcchanimls 
associated with other types of fluids 
(e.g., NAPLs) or phases (vapor-phase 
transoort) 
This IWWllption is comcrvative 
bc:causc laboratory SlUdics 
(e.g., Frcehley ct al. 2000) indicate 
that not all corrtaminants may 
available for advcctivc tnnsport in 
porous media (i.e., elastic sediments) 
due to multiple porosity effects 
(i.e., ~ of the mass transfer may be 
diffusion rather than advcctioo 
controlled, or isolated in dead-end 
pore spaces). The asmmption that 
I 00--' of contamination is available 
and transpor1a1 by adnctive flow can 
over-estimate the mass tnmsfa rate of 
contaminants to groundwater and 
undcr-cstimale arrival times. 
The effects of the local connectivity 
and an.i901ropy structures are 
reasonably well rcprcscntcd, even 
when the detailed effects of fino-scale 
hcterogencitics (e.g., preferential flow 
patb.1, fingering flow) arc not captured 
(PNNL-15443). 
Thi! ratio is a comcrvative estimate 
describing lat.cral water movement in 
the modeling based on comparisons to 
moisture dependent anisoeropy 
fj.mction values presented in 
Figwes D2 through D6 in lhc 
RPP-17209. Rev. 1. 
This asumption is comcrvative 
becau,c it yields groundwater 
conc:cntradons 1hat arc greater, and 
arrival times that are shortel than 



adequate for 
pwposeof 
evaluating 
groundwater 
risk/impacts 

Recharge rates 
arc representative 

Use of linear 
,orptioo isotherm 
construct 
(equilibrium 
partitioning 
behavior; Kd 
model) for 
description of 
gcocbemical 
behavior 
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Recharge rates Conservative 

Kd Conservative 
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Moderate 

Moderate 
to high 

threo-dimensiooal models; the 
transport of all water and 
contamination is restricted to the two­
dimensional domain compucd to more 
c:xtcnsive spreading and sediment 
interaction (retardation) in a three· 
dimensional domain. 
Recharge rates arc biued toward 
higher values; the pre•Hanford and 
undisturbed ground value is regarded 
as appropriate for representing the 
natural (tmdlsturbed) recharge 
conditions 111 waste sites prior to 
Hanford operations and for 
undistwbc:d soil clscwhc:n, in the area 
(PNNL-147028, PNNL-14702b, 
PNNL-l 4725a, PNNL-14725b ); Best• 
cstimale recharge rates generally 
represent values at the upper end of 
data distn'butions. 
The linear adsorption (K.d model) 
approach has been shown to 
adequately describe contaminant 
behavior when modeling vadose zone 
fate and transport for Hanford Site 
sediments under most circumstances 
involving far.field and/or low•impact 
sites where geocbemic;al conditions 
remain fairly constant and contaminant 
loading of adsorption sites is low 
(PNNL-13895). However, in 
situations UIOCiated with large 
changes in chemical condition. 
especially in near-field environments, 
and/or certain diBposa1 c:bcmistry 
conditions (e.g., large variations in pH, 
alkaline concentrations, or complexing 
agents), the linear adsorption model 
may not be appropriate. Guidelines 
exist for sci~ appropriate Kd 
values ftom the Hanford Kd Wltlll>uc 
(PNNL-13895). In PNNL-13037 
(Rev. 2), the llllhors note that Kd 
values selected for modeling purposes 
arc typically the lowest value. or close 
to the lowest value of the range of 
values available in order to give 
a cooscrvative estimate. This tends to 
over-estimate the transport of 
contaminants to water. 

I ,.,.._ 
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Table 5-3. Summary of the Type (Category) of Assumptions, Magnitude, and Direction 
in Which They Impact Model Results. and Rationale for the Assimment of Model Impacts. (3 nuell) 

Geochemistry Instantaneous Numerical Coruicrvative Variable 
equilibrium model 
betwecnwater 
and contaminants 

Geochemistty Utilimion of Kd CoDSCfVative Moderate 
adsorption Kd 
values for bodt 
adsorption and 
desorption Kd 
values (for 
contaminant 
release) 

Geochemistry M&Utrmsfcr .K.d Comc:rvativc Modcran: 
rate to to high 
groundwater 
basedonKd-
based retardation 

Geochemistry Discharge Kd Conservative Low to 
chemistry effects modcratc 
lower 
uranium (VI) Kd 
values 

COC = contaminant of concern 
Kd =- instantaneous equilibrium distribution coefficient 
NAPL = nonaqueous phase liquid 

The umunption of instantanc:ous 
equilibrium bc:twc:cn waler and 
contaminants is oonscrvative bccall9C 
laboratory studies of contaminated 
Hanford vadose mne sediments 
indicate that this IL'!ISUmption over­
estimates observed mass tnmsfer rates 
(PNNL. 14594 PNNL- l .5121). 
This assumption is conservative, 
because laboratory studies show 
dc3orptioo Kd values to be greater 
than adsorption Kd values for COCs at 
Hanford (PNNL-14022, J'NNL.14.594, 
PNNL-1389S). 

Model assumptions using Kd-bucd 
rdardation can significantly over­
estimate the mass transfer rate to 
groundwacr compnd to kinetic or 
solubility-limited release: for some 
contmrinants (urmium), as 
dcmonstJ'ated in PNNL-1.5121, 
PNNL-14.594 andRPP-7884. 
Assumptions involving the selection of 
low Kd values for some contaminants 
due to the observed effects of clcvllled 
pH, alkaline, and/or bialrbonate 
concentrations in porewatcr to reduce 
Kd values arc not applicable to all 
waste sites at the Hanford Site or to 
behavior throughout 1he vadoae mnc, 
These effects on unmium Kd arc 
limited to mas IS90Cialed with such 
disdlargc compositions (tank fanns 
near-field environmc:nts. and 
cond:itiom of cootaminant 
emplacement, but not necessarily 
conlmninant releue from 
contaminant-at!ed scdimcotsl. 

The evaluation of these assumptions indicates that (I) most of the assumptions involve hydrogeologic and 
geochemical factors, (2) most of the assumptions are either conservative or neutral, (3) source-term 
uncertainty is potentially non-conservative, and ( 4) the majority of conservative assumptions range from 
moderate to high magnitudes in terms of their potential effect on risk and vadose zone model results. The 
evaluation of these imumptions indicates that. with the exception of the source-term uncertainty, the 
assumptions associated with model parameterization are largely conservative. Based on the assumptions 
evaluation, results of vadose zone modeling at Hanford should provide conservative estimates of risk in 
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terms of impacts to groundwater from soil contaminants. 1bis presupposes that the source term can be 
reasonably cons1rained or bounded and that care has been taken to ensure that the selection of parameters 
from the Hanford Site databases are both appropriate for the model conditions and within the range of 
plausible parameter variability. 

5.4 LIMITATIONS IN THE APPLICABILITY OF V ADOSE ZONE 
MODEL RESULTS 

Vadose zone model limitations associated with the FEPs are considered dwing the model (Section 3.4) 
and code selection processes (Section 4.0). The limitations also ad~ uncertainties in the model results. 
Some examples of common vadose zone model limitations at Hanford include the following: 

• Simulating only Kd-controlled contaminant geochemical reaction and transport processes, which 
neglect surface· complexation and precipitation 

• Simulating contaminant release and retardation based on the assumption of reversible equilibrium 
conditions (i.e., the same Kd coefficients used for both adsorption and desorption, which neglect 
differing contaminant adsorption and desorption characteristics) 

• Simulating bulk-flow and transport processes as described by the assumption of a porous media 
continuum, which homogenizes small-scale heterogeneity and discordant preferential pathways 

• Simulating only predicted increase in groundwater contaminant concentrations (and incremental risk 
impacts to groundwater) ftom site-specific contaminant source terms, which neglects interaction with 
waste or discharges from other waste sites, or the accumulation of risk from one waste site to the 
next, unless included in the model domain or otherwise accounted for in the model design. 

In general, the applicability of waste site-specific model results is limited by the site-specific conditions, 
parameters, and assumptions used in the model. The main exceptions arc situations for which other site­
specific conditions and intended purposes are sufficiently comparable or bounding, based on comparison 
of the magnitude of the similarities and/or di1ferenccs in the context of the sensitivity analyses. 

However, these may not necessarily represent limitations of the model or code; rather, they represent 
limitations associated with the most common use of the model/code and the applicability of the model 
results. Some examples of limitations in the applicability of vadose mne model results obtained using 
a specific set of waste site conditions and using waste site-specific parameters at Hanford include the 
following: 

• Domain and scale limitations: 

- Results represent incremental groundwater risk/contamination 

- Limited to source-tenn components within the model domain 

- Limited to discharge impacts within the model domain 

• Geologic setting limitations: 

- Results limited to modeled and comparable stratigraphy 

- Portions of the Hanford Site forwbich the vadose zone characteristics are comparable or 
bounding in terms of thickness and geology/stratigraphy 
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• Source-tenn limitations: 

- Results limited to modeled and comparable source-tenn distributions 

- Results limited to modeled and comparable source-tenn release mechanisms 

• Groundwater domain limitations: 

- Limited to dilution effects within model domain based on site hydrologic properties 

• Hydrogeologic parameter limitations: 

Flow and transport is dominated by unsaturated porous media flow, with comparable or 
acceptably bounding moisture content profiles 

- Limited to values within the plausible range expected for the site 

Limited to constant (unchanging) values over time 

- Limited to porous media continuum behavior 
- Preferential pathways not considered (e.g., discordant voids such as well seals/casing. elastic 

dikes, and sills) 

• Recharge limitations: 

- Conditions similar to, or bounded by, the values of recharge rates evaluated in the models 

• Geochemical limitations: 

- Limited to linear isothenn behavior for contaminant release and attenuation 

- Limited to assumption that adsorption Kd and desorption Kd values are equivalent 
Contaminant behavior similar to, or within the range of, evaluated Kd values. 

For the purposes of risk assessment applications, these limitations appear to be acceptable because the 
results represent reasonable (upper) bounding or limiting conditions, or the risk implications of the results 
arc not sensitive to the limitations apart from those identified through the sensitivity analysis. 

5.5 SUMMARY 

The common aspects of the vadose zone system at the Hanford Site have implications for model selection 
and model use documentation. The expected documentation for the determination and/or estimation of 
model input parameters, and many aspects of the evaluation of model uncertainties, model assumptions, 
and model limitations share a common basis and rationale. The common aspects of model 
parameterimtion primarily involve the data compilations, swnmaries, and evaluations that collectively 
provide a basis for understanding the;. common aspects of, and fundamental relationships between, the 
parameter values, data sets, and populations for the Hanford vadose zone system. This information 
provides insight for the detennination of parameter best.estimate values, parameter ranges, and parameter 
variability. The parameters typically used in vadose mne fate and transport modeling, and the parameters 
that generally have the greatest sources of uncertainty, are identified in Table 5-1. Expected 
documentation concerning the common aspects of uncertainty evaluations includes the identification of 
the nature and (quali1ative) magnitude of their effect on model results. and a summary of the relative 
confKlence of representative best-estimate values (Table 5-2). 

An evaluation of the common assumptions and uncertainties associated with most vadose zone modeling 
is summarized in Table 5-3. These assumptions include the type (category), the magnitude and direction 
in which they impact model results. and the rationale for the assignment of model impacts (Table 5-3). It 
is indicated from the evaluation of these assumptions that most assumptions involve bydrogeologic and 
geochemical factors. Most assumptions are either conservative or neutral. with the exception of those 
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concerning source tenns, which are non-conservative. Also indicated is that the potential effect of the 
most conservative assumptions on calculated risk and/or vadose :zone model results, range in magnitude 
from moderate to high. The evaluation of these assumptions indicates that the assumptions associated 
with model parameters are largely conservative, with the possible exception of the source tenn. 

Documentation is also provided on the evaluation of the common aspects ofvadose :zone model 
limitations. This evaluation of common limitation includes those associated with the conceptual model 
FEPs, code selection processes, and uncertainties in the model results. These model limitations'appear to 
be acceptable for risk characteriz.ation applications, because the results represent reasonable (upper) 
bounding or limiting conditions, or the risk implications of the results are not sensitive to the limitations 
apart from those identified through the sensitivity analysis. 

The documentation on these common aspects of model use is intended to provide a basis and framework 
that supports the technical adequacy and regulatory consistency of most waste site-specific vadose zone 
modeling applications at Hanford. This documentation is intended to be amended with waste site- and _ 
application-specific infonnation and documentation. The documentation of the common aspects of model 
use presented here fosters the development of the technical basis and the achievement of regulatory 
consistency. 
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6.0 APPLICATION OF THE CODE SELECTION PROCESS FOR V ADOSE ZONE 
FATE AND TRANSPORT MODELING AT THE HANFORD SITE 

This section presents an application of the code selection process. As noted in Federal guidelines, model 
selection and code selection are different, but related, activities. Model selection involves identification 
of the type and attributes of the computer simulation that are oecess81Y for a meaningful simulatioo of the 
vadose mne system and code selection involves the choice of one or more specific computer code(s) 
capable of adequately implementing the selected model type (Section 2.6). Candidate codes are evaluated 
based on their ability to meet the model objectives, adequately express/represent the tasks to be modeled, 
and meet the identified requirements and attributes (EPA 402-R-94-012). The main steps associated with 
the code selection process and their re1ationships to the model selection process are swnmarized in 
Figure 2-1. The evaluation process involves determination of the capability of the code to meet 
(1) modeling objectives, (2) required model attributes, and (3) code-related criteria (EPA 402-R-94-012). 

The following sections apply the code selection process to the STOMP code. 

6.1 EVALUATION OF THE SUBSURFACE TRANSPORT OVER MULTIPLE 
PHASES (STOMP) CODE 

The technical criteria in HNF-S294 are consistent with the model attributes and FEPs descn"bed in 
Section 3.5, and the administrative criteria are consistent with the other factors and criteria described in 
Section 6.2. Appendix A of RPP-18227 contains an evaluation of the STOMP code against these criteria 
and requirements. Although this evaluation was based on model criteria and attn'bute requirements 
identified in HNF-5294, these are comparable to those swnmarized in Table 6-1 because they were both 
developed specifically for vadose mne fate and transport modeling at HanfonPs Central Plateau. The 
results of the evaluation show that the STOMP code is capable of meeting or exceeding the identified 
attributes and criteria necessary for the simulation of vadose zone flow and contaminant transport and 
assessment of groundwater impacts at Hanford. A summary of the documentation demonstrating the 
adequacy of the STOMP code for vadosc mne fate and transport modeling at Hanford is presented in the 
following section. 

Table 6-1 provides a summary of the main model attributes and code selection criteria that serve as the 
basis for demonstration of the adequacy of the STOMP code for use in vadosc mne modeling at Hanford. 
The comparison of the code selection criteria to the STOMP code capabilities indicates that the STOMP 
code is capable of simulating aU of the necessary FEPs and meets all of the other required code selection 
crit.eria. Several specific aspects oftbe adequacy of the STOMP code are provided in Section 6.4.1 that 
address aspects of the code selection criteria, including QA doc\DJtentation of verification studies for 
specific model attributes ( e.g., unsaturated flow, solute transport, infiltration, and drainage) and discussion 
of code-related criteria (i.e., intercede comparison, hardware requirements, solution methodology, 
dimensionality, and output). Information on verification studies not included in or required by the model 
attributes (e.g., density-driven flow and transport, nonaqueous phase liquid [NAPL] transport, and heat 
flow) are also included in these discussions for completeness and demonstration of additional capabilities 
ofthe STOMP code. 
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Table 6-1. Summary of the Model Attributes and Code-Related Criteria Required for 
Vadose Zone Fate and Transport Modeling at the Hanford Site and Comparison to the 

Canabilities of the STOMP Comoutcr Code. (2 mu es) 

Fluid properties X 

Hydrogeologic conditions: X 

- Capilluy retention X 

- Fluid pressure and saturation distribution X 

- Geology X 

Hydrogeologic material properties: X 

- Porous media X 

- Physical characteristics X 

- Vadosc mne thickness (depth to groundwater) X 

.. ·.· A)t[t}f 
Recharge X 

Source terms/releases: X 

- Water X 

- Contaminants X 

Physical transport mechanisms/rates X 

Advection X 

Vadose z.one drainage X 

Estimating time (year) of peak concentrations in groundwater X 

Hydrodynamic dispersion X 

Molecular diffusion X 

Spatial movement of contaminants within and between media X 

Physical and chemical interactions: X 

- Desorption X 

- Solubility-based release/precipitate X 

- Sorption X 

Capillary fringe: X 

- Capillary action X 

- Drainage X 

Radioactive decay X 
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Table 6-1. Summary of the Model Attributes and Code-Related Criteria Required for 
Vadose Z.One Fate and Transport Modeling at the Hanford Site and Comparison to the 

Caoabilities of the STOMP Comnuttt Code. (2 nu:es) 

... . ·. · .. . : .... . : ·· . 
.·. : ~~ 

Dilution X 

:>,, ·.·· .. 
Solution methodology X 

Model dimensionality X 

Time (year) peak concentrations in groundwater X 

(Spatial) movement of contaminants within and between media X 
., . 

. i ::<: ... ·. 

Source code availability X 

History of use and acccptance in the scientific community X 

Code usability X 

Quality assurance: X 

- Code docwnentation X 

- Code testing (e.g., verification and validation) X 

Hardware rcquircments X 

Solution methodology (consistency with model attribute requirements) X 

Code dimensionality (coosistency with model attribute requirements) X 

Code output (consistency with model attribute requimncnts) X 

• Groundwater transport is not a vadose zone FEP. It is included in tbi1 lable because it is an important 
factor in calc:ulating the contaminant concentration resuhs for the indicated methods. 

FEPs = features, evmts, 1111d proce.,scs 
STOMP = Subsurface Tramport Over Multiple Phases 

6.2 DOCUMENTATION OF THE ADEQUACY OF THE STOMP CODE 
FOR V ADOSE ZONE FATE AND TRANSPORT MODELING AT 
THE HANFORD SITE 

Based on the model and code selection criteria identified and swnmari7.cd in Table 6-1, the model 
complexity required for vadose zone fate and transport modeling for risk-based assessments for 
groundwater protection is a semi-complex, tw~mensional fate and transport model that includes some 
features from complex models (two-dimensional and three-dimensional). As noted in Table 6-1, the 
STOMP code possesses the capabilities associated with the level of model complexity necessary for 
vadose 7.00C modeling at the Hanford Site. The STOMP code is capable of one-, two-, and 
three-dimensional. multi-phase simulations with essentially Wllimited heterogeneous and anisotropic 
layers. The gridding scheme allows for almost any scale of problem. including some grid refinement 
techniques to evaluate some preferential flow pathways. Certain add-on modules extend the capability of 
the code to include chemically eobam:ed permeability, colloidal transport, and reactive transport, while 
others extend the capability to include meteorological and barometric effects. The code can 
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accommodate episodic and seasonal variations in input parameters and variations associated with long­
term climate changes, and can provide output for both the near and long term. The code can also account 
for radiological, biological, and inorganic decay. 

6.2.1 STOMP AcceptabWty Documentation 

6.2.1.1 Source Code Avallability 

The STOMP simulator is a finite-difference code developed by and available from Pacific Northwest 
National Laboratory (PNNL) for analyzing multi-phase subsurface flow and transport. The STOMP code 
development is managed under a configuration management plan (PNNL-SA-54023) in conjunction with 
a software test plan (PNNL-SA-54022) (both only available from PNNL) that detail the procedures used 
to test, document, and archive modifications to the source code. The STOMP code development is also 
supported by a software specifications document (PNNL-SA-54079), as well as a software design 
document (PNNL-SA-54078) (both also only available from PNNL). 

6.2.1.2 llinory of Use and Acceptance in the Sdentfflc Community 

The scientific theory upon which the code is based is documented in PNNL-12030. Subsurface flow and 
contaminant transport are generated from the numerical solution of non-linear partial differmtial 
equations that descnl>e subsurface environment flow and transport phenomena. 'The STOMP code's 
capabilities include the simulation of saturated and unsaturated flow regimes, transport of radioactive 
elements and non-decaying contaminants, and transport of aqueous phase and nonaqueous phase organics. 
The STOMP code has also been used extensively at Hanford to simulate vadose zone flow and 
contaminant transport for various remedial and corrective actions (PNNL-11310, PNNL-12192, 
PNWD-3111, PNNL-65410, OOFlRL-2003-23). 

6.2.1.3 Code Usability 

The STOMP code is not a simple code to apply; however, it meets the selection criteria for vadose mne 
modeling at Hanford. Use of the STOMP code is supported by application guides, user's guides, and 
theory guides maintained by PNNL. The use and application of the STOMP code requires knowledge 
and understanding of, as well as experience with Fortran. To augment dissemination and usage of the 
code in the scientific community, PNNL provides short courses taught by the code developers to instruct 
new users how to apply the STOMP code to a variety of examples of varying complexity. Additional 
lecture topics address documentation, governing equations, constitutive relations, numerical solution 
schemes, algorithms, applications, parallel computing, and future development plans for the simulator 
(http://stomp.pnl.gov/stomp _ course.stm). 

6.2.1.4 Quality Assurance 

The QC for the STOMP source code is currently maintained under configuration control procedures by 
PNNL. The STOMP code development is managed under a configuration management plan in 
conjunction with a software test plan that detail the procedures used to test, document and archive 
modifications to the source code. Formal procedures for software problem reporting and corrective 
actions for software errors and updates are maintained and rigorously implemented. Documentation of 
all verification and validation testing is publicly available. 

The QA overview includes the results of verification and validation tests. The process of comparing 
model output with either analytical or other numerical model results is known as model verification. 
Model validation, however, compares output from a verified model with independent laboratory or field 
data. Generally, validation studies are perfonned at the laboratory scale, where sediments are well 
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characterized and driving forces are controlled. The STOMP code verification and validation studies 
have been carried out since its inception. AB new capabilities are incorporated into the simulator, model 
results are compared against both analytical and other numerical solutions for both old and new 
capabilities. Although intema1 records of tests are maintained at PNNL (and are publicly available upon 
request), many of the verification and validation studies have been published in PNNL documents and 
peer-reviewed journals. A brief overview of some of these results is presented in this section. 

6.2.2 Initial Verificatlon and Validation Eumples 

Early in the STOMP simulator's development, three-phase flow verification and validation studies were 
published in a peer-reviewed journal (White et al. 1995, Lenhard et al. 1995). In this work, the STOMP 
code was tested against simulation results from a published numerical code, MOFAT-2D (Kaluarachchi 
and Parker 1989), and against non-hysteretic and hysteretic data from three-phase flow experiments. 
Figure 6-1 plots NAPL and aqueous saturations against time for a 25.2-cm depth in the experimental 
column. These results demonstrate good agreement between the STOMP and MOF A T-2D simulations, 
as well as good agreement between the simulated and measured data. 

Figure 6-1 . Experimental and Simulation Results at the 25.2-cm Depth for Nonaqueous 
Phase Liquid and Aqueous Saturations (from Lenhard et al. 1995). 

u---------------... .. a) 

• • - .. - - -TIMI---) 

..---.------------.... 

1= 
i= 
;I u 

1: 
~ ... 

-fflJIIP II) 
-MOfATa 
• I I I •: 

• 

a.2 .... u.,__ ____ -.-___________ .J 

• .. - - - - -TDIR{ 1 2 ) 

6-5 

-=====--==·--=--=-=-=-=-=-=-=-=-=--=-=-=-=-=-=-=-=--=--=-=-=-=-=-=--=--=-=---~~~ .. -~--=· .. ··-~--~-·-·==· ===·--~-- - -- - -



------------------------------- - ······-· ·--· .. .. 

DOFJRL-2007-34, Rev. 0 

6.2.3 Application Guide Verification and V alldation Eumples 

Additional verification studies for thermal and hydrogeologic flow and transport examples BM presented 
in the STOMP application guide (PNNL-11216). The examples in this guide arc selected to demonstrate 
the STOMP code capabilities, as well as to serve as verification and benchmark cases that could be 
compared to analytical solutions or to results reported elsewhere in the literature using other computer 
codes. Results presented in this report verified the STOMP code solution for flow and transport in fully 
saturated media, flow and transport in variably saturated media, salt-water intrusion and density-driven 
flow, non-isothennal flow, heat pipe flow and transport, and NAPL flow and transport. The examples 
presented here were selected based on capabilities needed to represent FEPs and simulate flow and 
transport at the Hanford Site. For more detailed descriptions of the test examples, see PNN!,..11216. 

6.2.4 Unsatllrated Flow 

The STOMP application guide presents verification and validation studies for unsaturated flow and 
transport. Traditionally, this two-phase flow problem involving air and water is reduced to a single-phase 
problem by assuming that the air phase is at constant atmospheric pressure. A case is presented that uses 
this constant atmospheric pressure assumption where results generated by the STOMP simulator arc 
compared to experimental data provided by Scgol (1994). Hills et al. (1989) (as reported by Segol in 
a personal communication) used Havertamp et al. (I 977) problem definition and results to test alternative 
pn,ssure-based and moisture-cootent-based formulations for infiltration, with 1he ultimate objective being 
the development of an algorithm capable of addressing infiltration into very dry soils. 

The solutions obtained using the STOMP simulator for two test cases (labeled Case 3 and Case 6) are 
displayed in Figure 6-2, along with the computational results reported in ScSgol (1994). In Case 3, good 
agreement is obtained between the STOMP code and the Hills et al. (1989) solution; in Case 6, however, 
the STOMP code wetting front is not as sharp. In the STOMP code, temporal and spatial refinement is 
required to obtain a sharply defined wetting front that would match the Hills et al. (1989) solution. The 
Hills et al. (1989) model, however, was optimized for infiltration into very dry soils, and the refined 
temporal and spatial resolution is not required. 

6.2.5 Sol• te Tramport 

Also presented in the STOMP application guide are verification examples for solute transport. In 
a one-dimensional transport example, assuming a fully saturated porous medium, concentration profiles 
predicted by the STOMP code are compared to results generated by an analytical solution. In Figure 6-3, 
results are presented for a Peclet number of 0.2 and five different values of the Courant number. (The 
Peclet number is defined as is a measure of the relative importance of advection to diffusion, whereas the 
Courant nwnber is the ratio of a time step to a cell residence time). These results demonstrate that for 
a Peclet number (Pe) of 0.2. both the Patanlw and total variation diminishing (TVD) transport schemes 
yield solutions close to the analytical results. Other results presented in PNNL-11216 demonstrate that 
when advection dominates (higher values of the Peclet number), the TVD transport scheme is superior to 
the Patankar scheme in simulating a sharp transport front. 

Figure 6-4 provides further verification of the STOMP numerical transport solution, where an analytical 
solution for a "patch concentration" problem is used (Cleary and Ungs 1978). In this example, a fixed. 
concentration boundary condition is used as source in a steady, unifonn, two-dimensional flow field that 
represents a fully sab.u'ated and confined aquifer. For all three times, STOMP's TVD transport 
predictions show a good match with the analytical solution. 
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Figure 6-2. Comparison of the STOMP Code and Hills et al. (1989) Solutions 
to the Haverkamp et al. (1977) Infiltration Example. 
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6.l.6 Deulty-Driven Flow and Tnuport 

Henry's Problem is a classic problem that describes the advance of a diffused salt-water wedge in 
a confined aquifer initially filled with fresh water. This application was presented in the STOMP 
application guide to demonstrate the coupled flow and transport capabilities of the STOMP simulator. 
Although these capabilities have been specifically written for salt-water brines. other solutes could be 
considered by changing the algorithms for computing the brine properties (e.g., density and viscosity). 
Results of the comparison are shown in Figure 6-5, which demonstrate good agreement between 
analytical and numerical solutions for the concentration distribution. 
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Figure 6-3. Comparison of Analytical and Numerical Relative Concentration 
Data for Two Different Transport Schemes in STOMP. 
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NOTE: Results are for a ooe-di.mensional transport problem with a uniform, steady flow field (from PNNL-11216). 

Figure 6-4. Longitudinal Concentration Profiles at y = 1 Along the x-Direction 
for the Patch Source Example (from PNNL-11216). 
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Figure 6-5. Steady-State Concentration Distribution from the STOMP Solution (Solid Lines) with the 
Sego) Analytical Solution (Dashed Lines) for the Chwical Hcncy's Problem (from PNNL-11216). 

1.00-....---------------------, 

-0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Horimml Distance. m 

6.2.7 Nonaqueou Phase Lfqukl Transport 

The application guide presents a validation case where STOMP simulation results are compared with 
experimentally determined fluid saturations during the infiltration and redistribution of a light NAPL 
(Soltrol~ and a dense NAPL (carbon tetrachloride) in a partly saturated one-dimensional column 
(Oostrom et al. 1995). The main objective is to evaluate the performance of the Brooks and Corey and 
the van Genuchten pressure-saturation relations in combination with either the Burdine of Mualem 
pore-si7,e distribution model. The experimentally detennined fluid saturations arc compared with 
simulated results from four relative penneability-saturation.;.pressure (k-S-p) models. The four models arc 
the Brooks and Corey-Burdine (BCB), Brooks and Corey-Mualem (BCM), van Genuchten-Burdine 
(VGB), and van Genuchten-Mualem (VGM) models. It was shown (see Figure 6-6) that Brooks-Corey 
capillary-pressure relations in combination with the Burdine pore-siz.e distribution model yield the best 
agreement between experimental and simulated NAPL saturations for infiltration and redistribution of 
Soltrol and carbon tetrachloride in the unsaturated wne of sand. 

Soltrol• is a registered trademark of Chevron Phillips Chemical Company, The Woodlands, Texas. 
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Figure 6-6. (a) Soltrol Saturation versus Elevation at t = 72 hr, and (b) Carbon Tetrachloride 
Saturation versus Elevation at t = 4 hr (from PNNL-11216). 
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6.3 SUPPLEMENTAL VERIFICATION AND PARTIAL VALIDATION EXAMPLES 

Additional verification examples are presented in PNNL-15465 that describe the theory implemented in 
the STOMP code for the sparse vegetation evapotranspiration model (i.e., engineered barrier). The 
verification examples include tests for infiltration, drainage, and heat flow in a homogeneous and layered 
system from the UNSA T-H problem set (PNNL-13249). In addition to these examples, the barrier 
simulations reported in the intercode comparison found in Scanlon et al. (2002) are included both for 
veriftcation and to establish a benchmark. for STOMP code users. Only brief descriptions of the test 
examples are presented. For more detailed descriptions, see PNNL-1S465. 

6.3.1 lnftltration 

For the infiltration verification and validation, the problem of isothermal infiltration into Yolo light clay 
and sand, as reported by Haverkamp et al. (1977), was selected. This example is based on the simulation 
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of ponded and non-ponded isothermal infiltration into Yolo light clay and soil, as reported by Haverkamp 
et al. (1977). The infiltration process was simulated with both STOMP-W (water mode) and 
STOMP-WAE (water-air-energy). Figure 6-7 compares the results of the STOMP-Wand STOMP-WAE 
simulations with those of UNSAT-H, and demonstrates that the STOMP code converged to the 
established solutions for the two soils in comparable times. In general, the agreement between the results 
ofUNSAT-H (PNNL-13249) and the STOMP simulator (STOMP-W and STOMP-W AE) is good, 
thereby verifying the infiltration component of the STOMP code. 

Figure 6-7. Infiltration Rate and Cumulative Infiltration Versus Time in Yolo Clay Soil 
for STOMP-W, STOMP-WAE, and UNSAT-H for(a) Yolo Clay and{b) Sand 

(from PNNL-15465). 
0.10 • (a) 

Yololia!afc!-r 

• j 
! O.OI 40 I 

~ 

.i ,,., ,.t'NU:I'~r.11 
.,, 
• 

i -STOMP-I W: V 

- - stOMP-J Ill: i 
ir 

- • - U!IIA?JlC-111£ 101 i;; OM 
.i -nvMP-, c-1o11 C 

- - STIJeO-JC--

0-04 0 

0 - llOO 

Tiat(llr) 

(b) 
]6 12 

5-111 

,I:: 21 • ! ! J ! ... 
·I 

•·••·•0114T-8:- .a 
-l't'OIO-! WI !: 
- • S?mO.J WI ~ 

ii1 lO - · · i:r.cur.ac-wi • ! ·= -srms,..: c-:i.a 
- - SlUla-J ,_ .. 

12 0 

0.0 02 0.4 0.6 u 
T•(k} 

6.3.l Drainage 

To verify and validate the drainage component of the STOMP code, the experiment of Kool et al. (1985) 
is simulated with the STOMP code and compared to both the experimental data and the numerical 
simulation results ftom UNSA T-H. In the Kool et al. (1985) experiment, drainage was monitored on an 
undisturbed core of a silt loam from a field in Virginia. Kool et al. (1985) measured the water content and 
unsaturated hydraulic conductivity in the laboratory, but the unsaturated hydraulic properties used in the 
van Genuchtcn equation were obtained by inverse modeling. Figure 6-8 compares the cumulative 
outflow predicted by UNSAT-H and the STOMP code with the laboratory measurements and predictions 
from Kool et al. ( 1985). Overall, the agreement between the STOMP code predictions, the observed data, 
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and UNSAT-H is good. However, neither the STOMP code nor UNSAT-H was able to duplicate the 
approximation used by Kool et al. (1985) to describe flow in portions of the core that remained saturated 
during the very early times of drainage. However, this difference between the models should not 
significantly affect the comparison because saturated conditions in the simulated core disappeared after 
less than 0.01 hr. 

Figure 6-8. Cumulative Drainage Versus Time as Measured by Kool et al. (1985) 
and Versus Time Compared to Predictions ofSTOMP-W, STOMP-WAE, and UNSAT-H. 
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NOTE: STOMP-Wand STOMP-WAE are mostly indistinguishable (PNNL-15465). 

6.3.3 Heat Flow 

In unsaturated soils, water vapor flow is an important heat transport mechanism; thus, the capability to 
accurately simulate heat transport is a prerequisite for modeling flow in non-isothermal systems. To 
verify the energy component of the STOMP code, diurnal variations in soil temperatures caused by 
a sinusoidal variation in temperature at the soil surface were simulated. An analytical solution for this 
type of heat conduction problem has been reported in Campbell (1977). For this heat verification 
problem, a 1-m (3.3-ft)-deep soil profile consisting ofloamy sand is considered. This soil type is 
representative of many of the near-surface sediments at Hanford, is present in the 300-N V adose Zone 
Lysimeter Facility, and is sometimes referred to as the L-soil (PNL-6488). Vapor flow is not included so 
water contents and thennal conductivities remain constant during the simulation. 

Figure 6-9 compares the STOMP-WAE predicted temperature profiles with those predicted by the 
analytical solution. The agreement between the analytical solution and the simulated temperatures at all 
depths and times indicates that STOMP-W AE correctly solves the heat conduction equation. More 
importantly, these results suggest that the use of representative physical, hydraulic, and thermal properties 
of Hanford Site sediments should allow accurate prediction of the temperature changes as saturation 
changes. 
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Figure 6-9. Soil Temperature as a Function of Depth as Determined 
by the Analytical Solution (Symbols) and STOMP-W AE (Lines). 
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6.3.4 Intercode Comparilon 

1
'-" Scanlon et al. (2002) reported on an intercode comparison study aimed at comparing the water-balance 

simulation results from seven different codes, including HELP, HYDRUS-1D, SHAW, SoitCover, 
SWIM, UNSA T-H, and VS2DTI. The comparison was based on 1- to 3-year water-balance monitoring 
data from the Idaho National Engineering and Environmental Laboratory in southeastern Idaho. This 
example was chosen as a benchmark problem for STOMP in PNNL-15465. 

The site and soil infonnatioo can be found in Scanlon et al. (2002). Details on parameter identification, 
hourly meteorological data,_and problem setup are outlined in PNNL-15465. To perform the verification, 
four different STOMP simulations were executed with different values of saturated hydraulic conductivity 
and aerodynamic roughness length. Measured and simulated water balances for the Idaho site were 
compared for three different time periods. However, only representative results for a single water year 
and single water-balance component arc presented in this document PNNL-15465 provides descriptions 
of other components and water years included in the intercode comparison. 

Although simulation results ftom most codes were similar and reasonably approximated measured water­
balance components, the STOMP code results were consistently associated with the smallest enor. In 
Figure 6-10, a positive value indicates over-predication while a negative value indicates an 
under-prediction. For all 22 simulations, these differences vary ftom -6.0 and 17.3 cm for the water year 
1998 (WY98), whereas the results of the four STOMP code simulations were within -3.8 to -1.0 for 
STOMP code simulations. 
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Figure 6-10. Differences Between Simulated Drainage 
and the Measured Values (in cm) for Water in 1998. 
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In addition to the QA requirements pertaining to the development and management of the STOMP code at 
PNNL, there are also QA requirements associated with usage of the code by other Hanford contractors. 
Example QA (QA plan and testing) and QC ( configuration management) requirements for the STOMP 
code for other Hanford contractors are presented in RPP-18226, RPP-18227. and RPP-18228. ln general, 
these QA requirements are limited to demonstrating the integrity of the executable file. after the Fortran 
source code has been compiled with the commons file and the user-prepared (problem-specific) parameter 
files on the system operating it This is accomplished by executing the documented test cases that PNNL 
used to verify and benchmark the code and comparing the resulting files to files provided by PNNL 
(e.g., RPP-25859). ' 

6.3.4.1 Hardware Requirements 

Written in Fortran with extensions for parallel implementation, the STOMP code has been executed on 
a variety of platfonns at national laboratories, government agencies, private companies, and universities. 
The STOMP code is a commercial off-the-shelf code (obtainable from PNNL), which requires a compiler 
to compile the code with a "commons file" and a "problem-specific parameters file." FuU optimization of 
the simulator has been successful on several workstations and mainframe computers. The current 
configuration management requirements for the STOMP code at CH2M Hill Hanford Group, Inc. limit its 
operation to stand-alone computers (Intel Xeon Processor, 3.06 GHz., 2GB DDR266 SDRAM memOI)') 
with a UN:ixe or LIN~ operating system (RPP-18228), which provides an indication of the computer 
hardware necessary to operate the code practicaUy. 

~ is a registered trademark of The Open Group, San Francisco, California. 
LINUX* is a registered trademark of Linus Torvalds. 
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6.3.4.2 Solution Methodology 

The STOMP code is a finite-difference code for analyzing multi-phase subsurface flow and transport 
founded on the conservation of mass and energy equations, with constitutive functions relating the 
relevant properties to the conservation equations. The fundamental equations are solved using an integral 
volume finite-difference approach, with the linear systems of equations solved using a direct-banded 
matrix solver, an unsymmetric pattern, multi-frontal package, or an indirect conjugant gradient-based 
solver (PNNL-12030). A complete description of the actual equations and the partial differential 
approximations are contained in the user's guide (PNNL-15782), theory guide (PNNL-12030), and theory 
guide addendums (PNNL-15465, PNNL-15482). 

6.3.4.3 Code Dimensionality 

The STOMP code-is capable of simulating vadose zone flow and transport in one, two, or three 
dimensions. The only limitations associated with dimensionality regard the hardware capabilities of the 
computer system executing the code. · 

6.3.4.4 Code Output 

The STOMP code is capable of generating several types of output to meet any practical output 
requirements- The STOMP code is capable of generating output files with results of specific variables 
presented for specific nodes within the model domain identified in the input file by the STOMP code 
user. The STOMP code is also capable of generating plot files, which contain the results of specific 
variables for every node in the model domain for a specific time during the execution period. Finally, the 
STOMP code is capable of generating surface files with flux rate and integral results of specific variables 
across specific planes within the model domain, including planes across boundary conditions, identified 
by the code user. 

6.4 SUMMARY OF THE STOMP CODE EVALUATION AND ACCEPT ABILITY 

The STOMP simulator is a robust tool that can be successfully applied at Hanford. However, the validity 
of STOMP code predictions is highly dependent on the conceptual model and the data available to 
support its development and incorporation into the numerical modeling framework. Spatial and temporal 
discretization, appropriate boundary condition assignment, and hydraulic parameter estimates are all 
examples of factors that impact results independent of any STOMP code capabilities or limitations. 
Identification of FEPs is a critical step in model development. Because STOMP code developers are 
located onsit.e, any FEPs not currently represent.ed in the STOMP simulator can be incorporated into the 
simulator following strict QA/QC procedures supported by PNNL. Alternatively, any limitations in either 
the conceptual model or its implementation within the STOMP code may be acceptable for the purposes 
of risk assessment applications, if simplifying assumptions in the model provide conservative bounding, 
or limiting conditions, or have risk implications insensitive to the limitations. 
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7.0 CONSISTENCY WITH FEDERAL REQUIREMENTS AND GUIDELINES 

Consistency with the Federal requirements and guidelines identified in Section 2.0 pertaining to the 
selection and use ofERMs is achieved by means of the documentation associated with the application of 
the guidelines. This documentation includes the description of the technical basis, rationale, and 
processes used in the selection and/or use of an ERM. The general documentation elements 
recommended by EPA for the selection and use ofERMs (CREM 2003) involve the following general 
model documentation elements: 

• Method/model selection: 

- General management objectives (identification of problem and objectives of the modeling) 
- Conceptual model development 
- Choice of technical approach (method, model, and code selection) 

• Model use: 

- Parameter estimation 
- Uncertainty/error evaluation 
- Assumption evaluation 
- Limitations in the applicability of model results 
- Evaluation of model results (conclusions in relationship to management objectives) 
- Recommendations. 

These requirements and guidelines are summarized in Table 7-1, where they are divided into two main 
categories: (1) those pertaining to method, model, and code selection (green headings); and 2) those 
pertaining to the model use and the use of the results in risk-based applications (orange headings). These 
requirements are also cross-referenced in Table 7-1, with t~e specific locations in this document where 
documentation is provided that pertain to the demonstration and/or support of consistency with the 
identified Federal ERM documentation elements. 

7.1 METHOD/MODEL-TYPE AND CODE SELECTION 

The method selection process involved the application of all elements of the Federal guidelines on ERM 
model selection, which include the following steps: 

I. Identify the problem and define the objectives and regulatory purpose of the modeling. 

2. Develop a conceptual model and conceptual model components. 

3. Detennine principal FEPs to be modeled. 

4. Identify other factors and requirements to be considered as required model attributes and selection 
criteria. 

5. Select an appropriate model type: 

a. Evaluate candidate methods/models possessing the required attributes for their ability to meet the 
model criteria. 

b. Select the appropriate ERM model type that possesses the required model attributes and is 
capable of meeting the modeling objectives. 
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Table 7-l. Documentation Elements for Consistency with Federal Requirements 
and Guidelines for the Use of Environmental Regulatory Models. 

Federal Compliance Elements and Requirements for the Selection and Use Location 
of Environmental Regulatory Models (ERM.s) for Risk Based Applications (ChapteDocr/Sectioa) 1 

Model Use 
Documentation 

Rationale of need/use for modeling 

Conceptual model(s); description of processes, mechanisms, phenomenon, 
site and system (i.e., vadose zone) characteristics to be considered 

Determine nature and types of primary system (i.e., vadose zone) FEPs and 
predictive tasks to be modeled 

Assess/determine other required model requirements/attributes 

Method selection/documentation 

Evaluation/assessment of adequacy/capabilities of candidate codes (vs. 
required model attributes) 

Consideration ofcode-related criteria characteristics, QA, etc.) and 
administrative criteria 

Model 
Parameterization 

Boundary conditions 

Data sources, methods, pedigree 

Rationale for parameter estimation & selection 

Dominant factors, parameters 

Parameter/variable ranges 

this umeat 

1.0, 3.0, 4.1 

2.2 

4.2 

4.3 

4.3 

4.3 

6.0 

6.2, 8.4 

Application-Specific 

4.2 + Application­
Specific 

4.2 + Application­
s cific 

5.2 + Application­
s cific 

Uncertainty / 
Sensitivity Analysis 1------------ 4.2, 5.2 + Application­

Evaluation of results 

Conclusions, Recommendations 

Magnitude & direction of 
parameter variability on model 

results 

Model Assumptions Magnitude & direction of effect 
Analysis on model results 

Limitations of Modeling & Results 
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7.1.1 Problem, Objectives and Purpose for tile Use of Emronmental Regulatory Models 
at the Hanford Site 

The problem (discussed in Sections 1.0 and 4.1) concerns the need for a technically appropriate and 
regulatory-consistent method of risk characterimion associated with vadose :zone contaminants at the 
Hanford Site. The regulatory purpose for the use of an ERM in this capacity concerns the assessment and 
characterimtion of the potential risk to groundwater from vadose :zone contaminants at Hanford. The use 
of an ERM for this purpose fulfills the requirements and expectations that the methods and tools used in 
risk-based applications must be appropriate for addressing the problem to be solved. 

7.1.2 Hanford Sit~Spedftc Vadose Zone System Conceptual Model, FEPs, and Model Attrib• tes 

Consistency with the Federal requirements concerning the rationale and basis for the development of the 
conceptual site model includes documentation regarding the conceptual model components, as well as the 
identification of associated FEPs and model input parameters. The evaluation of these FEPs provides the 
basis for the identification for use in the evaluation of necessary modeling capabilities. The FEPs for 
vadose zone modeling at Hanford include consideration of the thick and stratified vadose :zone and 
spatially and temporally vmying recharge conditions. The model attributes and criteria for the selection 
of an appropriate ERM model type were identified by combining the FEPs with other necessary criteria 
and capabilities, which include consideration of the level of model complexity, dimensionality, and other 
requirements necessary to achieve the modeling objectives. These other model attributes for Hanford 
vadose zone modeling include Federal requirements concerning the requirement for the model results to 
include time (year) of peak concentrations in grotmdwater, and approximate the spatial movement of 
contaminants within and between media. 

7.1.3 Model Type Selection 

As indicated from the application of these Federal guidelines for the model selection process 
(Section 4.3), two-dimensional fate and transport is the model type identified as necessary to meet the 
required attributes and aiteria. This model type is capable of satisfying the objectives of risk 
characterization applications at Hanford. The documentation in Section 4.3 provides the infonnation 
necessary for the demonstration of consistency with the Federal requirements and guidelines for the 
selection of a method/model appropriate for most vadose :zone modeling applications at Hanford. 

7.2 CODE SELECTION 

Consistency with the Federal guidelines for the code evaluation and selection process is documented in 
Section 6.0, in the context of the evaluation of a candidate code, STOMP. The code evaluation/selection 
proccs., involved the detennination of the capability of the STOMP code to meet the modeling objectives, 
the required model attributes, the code-related criteria, and to also be acceptable in the consideration of 
administrative criteria (EPA 402-R-94-012). The documentation provided in Section 6.0 addresses all 
aspects oftbe Federal guideline requirements and expectations. The results of this evaluation indicate 
that the STOMP code meets all of the required model type attributes and criteria. and it is appropriate for 
use in conducting vadose mne fate and transport modeling at the Hanford Site at the 200-UW-l OU 
waste sites and at other 00s. 
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7.3 CONSISTENCY WITH FEDERAL REQUIREMENTS FOR THE USE 
OF ENVIRONMENTAL REGULATORY MODELING AND EVALUATION 
OF MODEL RESULTS 

The documentation provided in Sections 4.2 and 5 .0 addresses the aspects of consistency with the Federal 
guidelines concerning the use of vadose zone fate and transport ERMs at the Hanford Sit.c for risk 

. characterization applications. The information and documentation necessary for complete technical 
adequacy and regulatory consistency require amending the common elements with waste site- and 
application-specific infonnation and documentation. This information is intended to serve as 
a foundation that contributes to the full documentation necessary to demonstrate the technical adequacy 
and regulatory consistency for most vadose zone modeling efforts at Hanford. The following subsections 
contain a synopsis of this documentation and its relationship to that required for consistency with these 
requirements and guidelines. 

7.3.1 Model ParameterlDtlon 

The Federal guidelines for the evaluation and selection of parameter values to be used in ERMs are 
related to the conceptual site model and uncertainty evaluations. The conceptual model and conceptual 
model components for the Hanfonl vadose zone system documented in Section 4.2 provide a starting 
point and the basis for the selection of model parameters. Input for model parameters (Section S.1) is 
obtained from data contained in Hanford Site-specific databases, data pdages, and reports. These data 
provide baseline information on the populations and ranges of parameter values, best-estimate and/or 
statistical values (e.g., mean and median values), and also information on area and/or waste site-specific 
sub-populations. This documentation explains bow and why the data contained in these documents 

~; 
I 

provide an appropriate basis for asses.,ing the sources, quality, and criteria of the data sets used in the -.. 
parameterization of vadose zone models at Hanford This documentation is intended to be augmented by 
waste site-specific data for application-specific vadose mne ERMs. 

7.3.2 Model Uae and Evaluation of Model Rt.suits, Uncertainties, Auamptions, and Limitations 

The remainder of the Federal requirements associated with the use ofERMs concerns documentation 
pertaining to the evaluation of model results, and the evaluation of model uncertainties, assumptions, and 
limitations. The docwnentation presented in Sections 52 through 5.4 addresses the extent to which these 
model .use elements can be docwnented for vadose :wne modeling at Hanford in general. Thus, this 
documentation is intended to provide a fundamental basis and framework that supports the model use 
documentation necessary for most vadosc fat.c and transport modeling at Hanford. Consistency with the 
Federal guidelines concerning the evaluation and summary of model results requires application-specific 
documentation of modeling results, which is not addressed here. Examples of the common limitations in 
the applicability ofvadose modeling at Hanford are documented in Section S.4. This documentation is 
also intended to be used as a common basis in the documentation of Hanford vadose zone modeling 
efforts, but supplemented with application-specific information for the demonstration of consistency with 
Federal requirements. 

7.4 FEDERAL REGULATORY FRAMEWORK 

A modified fonn of the framework for consistency with Federal and state regulations and guidelines 
(shown in Figure 2-5 and described in Section 2.9) is presented in Figure 2-5. The figure identifies the 
combined requirements and expectations. The elements of the Federal and state requirements and 
guidelines (shown in the figure and are color-coded in the same manner used in Table 7-1) are divided 
between (1) model/method and code selection, and (2) model use and results evaluation. As shown in this 
figure, the state elements pertaining to the derivation of soil concentrations for groundwater protection 
have direct and/or indirect counterparts in the Federal requirements and guidelines. Thus, the 

7-4 



---~---···-'· · ..... ·-· . -· · 

I ,_ 
I\._, 
I 

DOF/RL-2007-34, Rev. 0 

documentation demonstrating and/or supporting consistency with the Federal guidelines can also serve as 
the basis for the demonstration of consistency with the corresponding State requirements. A direct 
comparison of these requirements and locations of documentation concerning consistency and/or 
relevance to elements is provided in Section 8.6. This comparison illustrates the correspondence between 
the state and Federal requirements and between the parallel documentation necessary for the 
demonstration of consistency with both sets of requirements. 

7.5 SUMMARY 

The summa,y of documentation presented in this section demonstrates that the elements of the Federal 
requirements for method, model, and code selection have been addressed. The rationale and technical 
basis provided in this docmncnt arc intended to demonstrate consistency with the Federal requirements 
and guidelines. This documentation addresses the conceptual model, FEPs, and model attributes 
applicable to the Hanford vadose mne system, and the use of this information in the determination that 
fate and transport modeling is the most appropriate model type pursuant to risk characterization 
applications for 200-UW-1 OU waste sites. An evaluation of the adequacy of the STOMP code for 
implementing vadose zone fate and transport modeling is also documented, which indicates that the 
STOMP code is appropriate for this vadosc zone modeling application. 

Many aspects of the elements associated with the Federal guidelines on the of ERMs in the context of 
vadose zone fate and transport are documented here. This documentation addresses the common 
background and fundamental information typically associated with vadose zone modeling at Hanford. 
This documentation provides an important demonstration of and supports consistency with these Federal 
requirements and guidelines. However, consistency associated with model use is incomplete without site-

1 ,-.. and application-specific information on model parameterization, and the evaluation of model 
I "'-' uncertainties, assumptions, limitations, and model results . 

. -. 
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8.0 DEMONSTRATION OF CONSISTENCY WITH STATE REGULATIONS 
FOR IBE SELECTION AND USE OF A MEfflOD FOR DERIVING SOIL 

CONCENTRATIONS FOR GROUND WATER PROTECTION 
AT THE HANFORD SITE 

This section addresses consistency with the state regulations most relevant to the use of ERMs for risk 
characterization applications associated with the Hanford vadose zone system. As discussed in 
Section 2.8, the requirements of WAC 173-340-747 mandate the selection and use of an appropriate 
method (ERM) for the purpose of protecting groundwater from vadose zone ( soil) contamination. 
Consistency with the state requirements involves and/or implies the need for documentation of the 
rationale and technical basis associated with the elements of ( 1) method selection (WAC 173-340-74 7), 
and (2) conditional requirements that accompany the selection of a method. These conditional 
requirements can include method-specific requirements (e.g., scientific approach and parameterization), 
and also the WAC 173-340-702(14), (15), and (16) burden of proof requirements. The burden of proof 
requirements concern the adequacy and quality of infonnation and method/model-specific criteria 
typically associated with model use (e.g., parameterization, assumptions, uncertainties, limitations, and 
conservatism). 

The evaluation of the state methods described here concerns determination of the extent to which the 
methods identified in WAC l 73-340-747(3) are appropriate and capable of meeting the objectives of 
vadose zone modeling at the Hanford Site. Based on the application of the ERM selection process 
described in Section 4.0, it is indicated that fate and transport modeling is the model type most 
appropriate for meeting the objectives of vadose zone modeling at Hanford. Although this model type is 
consistent with the "alternative fate and transport modeling'' method identified in the 
WAC 173-340-74 7(3), all of the identified state methods are evaluated here in the context of their 
capabilities as appropriate methods/models for meeting the objective ofvadose zone modeling at 
Hanford. The documentation provided here concerning method selection and use demonstrates and/or 
supports consistency with the requirements and/or intent of state regulations, as illustrated in Figure 8-1. 
Figure 8-2 illustrates the regulatory consistency framework 

The documentation concerning consistency with the State regulations is organized in the following 
manner. Section 8.1 provides a summary of the infonnation and rationale regarding the selection of 
"alternative fate and transport'' as the most appropriate choice of the state methods. Section 8.2 
documents the manner and extent to which this information also demonstrates and/or supports 
consistency with the conditional state requirements that accompany the selection and use of the 
"alternative fate and transport modeling" method. The extent to which the rationale, evaluation, and 
documentation provided on code selection, and the STOMP code in particular, complies with the 
expectations and/or intent of the WAC 173-340-702( 14 ), ( 15), and ( 16) burden of proof requirements is 
provided in Section 8.4. 
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Figure 8-1. Summary of WAC 173-340-747 Method Selection Requirements and WAC 173-340-702 
Conditions Associated with the Choice of the Alternative Fate and Transport Models. 

Green highlighted boxes denote requirements associated with method selection. Orange-highlighted 
boxes denote requirements/conditions associated with method parameterization. 

Ecology Method Selection: Alternative Fate and 
Transport Model Requirements/Conditions 

Method Selection 

AFf Requirement (747) Use of site-specific data 

AFf Requirement (747) 
Rationale for use of specific input parameters 

(e.g., sorption, mliltration/recharge, etc.) 

AFf Requirement (747) 
Compliance with 702 (14), (15), ( 16) 

as appropriate 

702 Requirement 

702 Requirement 

702 Requirement 

( l4) Burden of Proof 
• Trigger: use of method , e po ure scenarios or assumptions 

other than defaults 
• Requirement: Demonstrate that (15) and (16) have been met 

(15) cw Sdenlific Information in tslablisbiag ite 
deanuplremediatioa levels: 

• Shall meet the quality of infonnation requirements in 
subsection ( 16) 

• Introduced as early in the cleanup process as possible 

(16) Criteria for quality of information: 
(i) Information based on accepted theory or technique within the 

scientific community? 
(ii) lnfonnation derived using standard testing methods or widely 

accepted scientific methods? 
(iii) Rationale for the proposed modification; Review of the relevant 

available information provided? 
(iv) Validity of assumptions; modifications err on side of protection of 

human health and the environment? 
(v) Information addresses more highly exposed populations? 
(vi) Adequate quality assurance and quality control procedures used? 

Significant anomalies explained? Limitations of information 
identified; Acceptable error rate? 

Disposition/Compliance 

Yes, documentation provided 

Y cs, rationale provided 

Y cs, documentation provided 

• 747 Method (Alternative 
Fate and Transpon model) 
selected 

• 747 Non-default parameter 
rationale provided in 

• Assumptions and other 
parameter values 
documented 

Al I data ( except for 
recharge rate) from 
published scientific 
literature; post-operational 
recharge rate information 
presented to Ecology; 
sensitivities perfonned 

• Yes, documentation provided 

• Yes, documentation provided 

• Y cs, documentation provided 
• Y cs, documentation provided 
• Not applicable 

• Yes, documentation provided 

NOTE: Green highlighted boxes denote requirements associated with method selection. Orange-highlighted 
boxes denote requirements/conditions associated with method parameterization. 
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Figure 8-2. Regulatory Consistency Framework. 

Framework/or identifying the processes and requirements for demonstrating consistency with Federal and 
corresponding state requirements for the use of ERMs. The upper half highlighted in green denotes the 

requirements and elements associated with the model, method, and code selection process. The lower part, 
highlighted in orange, denotes the requirements elements associated with model use and model documentation. 

Modeling Documentation 
• Model Parameterization; Esumauon Rationale 
• Model Assumptions Analysis 
• Uncenainty (Sensitivi ty) Analysis 
• Model Results 

Documentation of Compliance with 
State Requirements (e.g., Rationale) 

747-Conditions/Requirements 
Associated with Selection of • Alternative 

fate and transoon models' 

• Use of site-specific data 
• Rationale for specific parameters 

Evaluation Criteria (702 Compliance) 

• PropoSCtJ fate and • Model parameters 
transport model • Model Assumptions 

Provided ror model/code 
selection 

Required ror model use 

(14) Burden or Proof 
• Use of methods, exposure scenarios or assumpt10ns other 

lhan defaults 
• Requirement. Dcmonslrate that ( IS) and (16) have been met 

(15) ew Scientific laformatlon In atabllshln1 
site cleu• re.aedilltlo• leYeb 

(16) Criteria for quality or Information 
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8.1 RATIONALE FOR SELECTION OF METHOD FOR THE CALCULATION 
OF SOIL CONCENTRATIONS FOR GROUNDWATER PROTECTION 
(WAC 173-340-747) 

The WAC regulations address the need for a scientifically valid method for determining cleanup levels 
protective of groundwater. For the protection of groundwater pathway at Hanford, WAC 173-340-747 is 
the most pertinent requirement. WAC 173-340-747(2) dictates that one of the methods specified in 
WAC 173-340-747( 4) through (9) shall be used to determine the soil concentration that will not cause 
an exceedance of the groundwater cleanup level established under WAC 173-340-720. 
WAC 173-340-74 7(3) provides an overview of methods for deriving soil concentrations that meet the 
criteria specified in WAC 173-343-747(2) and specifies that one of the seven methodologies in 
WAC 173-340-747(4) through (10), including WAC 173-340-747(8), shall be used. The methods in 
WAC 173-340-747 include the following: 

1. Fixed parameter three-phase partitioning model (WAC 173-340-747[3][a] and [4]) 
2. Variable parameter three-phase partitioning model (WAC 173-340-7 4 7 [3 l[b] and [ S]) 
3. Four-phase partitioning model (WAC 173-340-747[3][c] and [6]) 
4. Leaching tests (WAC 173-340-747[3][d] and [7]) 
5. Alternative fate and transport model (WAC 173-340-747[3][e] and [8]) 
6. Empirical demonstration (WAC 173-340-747[3][t] and [9]) 
7. Residual saturation (WAC l 73-340-747[3][g] and [10]). 

The evaluation of the applicability of each methodology to Hanford vadose zone waste sites is presented 
below along with an associated evaluation of each method documenting the technical basis and rationale 
for the method selection: 

(1) Fixed parameter three-phase partitioning model and (2) Variable parameter three-phase 
partitioning model: The three-phase partitioning model, either fixed or variable, is a mathematical 
expression (Equation 747-1 in WAC 170-340-747) used to derive soil concentrations protective of 
groundwater. Use of the model requires adopting many simplifying assumptions (e.g., constant and 
uniform recharge conditions) that contamination exists unifonnly throughout the vadose zone, that 
Kd-based partitioning between solid (soil) and liquid (water) phases occurs, and that vadose :zone and 
groundwater dilution may be approximated by an effective dilution factor (DF) that acts as 
a combined parameter for all vadose zone and groundwater transport processes. This parameter 
provides a basic and fixed representation of subsurface conditions controlling contaminant transport. 
These partitioning models/methods (Method 1 and 2) are examples of a simple analytical model. 
Simple analytical models are typically intended to function as screening tools before the 
implementation of more complex models (ASTM E 1739-95, EPA 402-R-94-012). Although the 
partitioning models likely provide conservative estimates of soil concentrations protective of 
groundwater, the assumptions associated with the model are not representative of dominant processes 
impacting contaminant transport in the vadose zone at Hanford. Use of such a model is inconsistent 
with the EPA's stated environmental regulatory policy that identifies and manages uncertainties that 
compromise the decision-makers' ability to make accurate predictions of risk or risk reduction 
(Crumbling 2002). 

These partitioning models are not capable of representing a dynamic vadose zone system that has fate 
and transport of contaminants occurring through heterogeneous porous media of variable thickness 
and hydrogeologic properties. The limitations of simple analytical models include the inability to 
account for heterogeneous porous medium properties, the inability to account for multiple sources 
contributing to a plume, and the inability to account for irregular site boundaries. The partitioning 
models do not account for retardation of contaminants associated with fate and transport processes in 
natural environments with non-negligible vadose zone thicknesses. The assumptions made in the 
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partitioning mode) c&Mot be justified for the Hanford vadose rone system, where the unsaturated 
.zone can extend to over 80 m (262 ft). Empirical data have also confinned that variable retardation of 
contaminants occurs in the Hanford vadose .zone. The partitioning models also lack the ability to 
account for retardation and/or sequestration of contaminants associated with fate and transport 
processes that may change in the system over time. The EPA guidance for the assessment of risk for 
Superfund Sites (EPA/540-R-92/003, EPA 1995, OSWER Directive 9200.4-18) specifically calls for 
the assessment of risk/protectiveness over time, in terms of predictions using appropriate models to 
examine the estimated future threats posed by residual contaminants. These guidelines identify 
expectations to predict the year of peak concentration and/or dose in grolllldwatcr and model the 
expected movement of contaminants at the site within both the soi) and groundwater. The 
partitioning models, therefore, are not appropriate for applications to the Hanford vadose rone waste 
sites because they do not adequately incorporate key FEPs required to simulate the system of this 
complex vadose zone. While acceptable for use as a screening tool, the partitioning model is 
inadequate for the purpose of risk asses.gnent modeling and establishing appropriate soil contaminant 
levels protective of groundwater at Hanford vadose mne waste sites. 

(3) Four-phase partitionin& model: This methodology is a variation of the three-phase partitioning 
model intended for applications also involving NAPL COCs. This methodology is also not adequate 
to describe the dominant factors affecting contaminants in the Hanford vadose zone for the same 
reasons described for the three--phase partitioning methodology. 

(4) Leaching tests: The leaching test methodology alone is not a sufficiently robust tnethod to 
accommodate the FEPS associated with transport and behavior of contaminants in the vadose rone 
soils at Hanford. Although leaching tests can provide infonnation on contaminant mobility in the 
context of partitioning between solid (soil) and liquid (water) phases and/or solubility, this is only one 
aspect of one of the conceptual model components (i.e., geochemistry) concerning contaminant 
transport and behavior through the vadose mne. While leachability may be a dominant factor in the 
impact to groundwater for systems where the thickness of the vadose zone is subordinate or 
inconsequential, it is, by itself. highly inadequate for describing systems with a substantial vadose 
'zone thickness. such as that at the Hanford Site, because this methodology does not accommodate any 
other .key FEPs such as transport•related processes, or other aspects of the vadose system apart from 
geochemical partitioning. Thus, this methodology, by itself, is incapable of yielding the type of risk 
charactcmation information necessary and required for risk-based applications associated with the 
Hanford vadose zone system. 

(5) Alternative fate and trans.port modeling: This method is the most appropriate model for the 
derivation of soil concentrations for groundwater protection (WAC I 73•340-747(3][e] and [8], 
"Alternative Fate and Transport Models") for a number of reasons: 

• This option provides for the use of site-specific information, data, and model parameters. 

• This option provides for the capability to more effectively account for the characteristics and 
properties of the thick sequences of vadose zone sediments at the Hanford Site that influence 
contaminant migration. 

• This option allows for the use of models capable of simulating the dynamic behavior of 
contaminants associated with fate and transport associated with ~ed porous media flow 
through the Hanford vadose :zone much more effectively (i.e., directly) than the other methods. 
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• This option provides f01 · the capability to simulate the observed attenuation of contaminant flux 
rates and concentrations through the Hanford vadose :wne associated with naturally occurring 
processes such as tortuosity in the flow paths, anisotropy, dispersion, and contaminant 
retardation/attenuation. 

• This option is the only one of the WAC 173-340-747 methods capable of meeting the EPA criteria 
of assessment of risk/protectiveness over time, including radioactive decay. 

• This option is the most appropriate choice based on the consideration of the assumptions and 
uncertainties inherent in the method for the intended application. 

Overall, this method provides the capabilities necessary to describe the dominant FEPs associated 
with contaminant behavior in the vadose mne at the Hanford Site. 

(6) Empirical demonstration: The empirical demonstration method calls for the use of site-specific 
soil and groundwater sample data to demonstrate that soil concentrations will not cause an 
exceedance of the applicable groundwater cleanup level. As stated in WAC 173-340-747(3.)(ii), it 
must be demonstrated that sufficient time has elapsed for the hazardous substances to migrate from 
the soil (vadose mne) into groundwater. Demonsttation of a sufficient lapse of time does not appear 
to be feasible for certain COCs in the Hanford vadose zone ( e.g., significantly retarded COCs ). 
Although measures such as long-term monitoring will have an increasingly important role in 
assessing vadose zone impacts to groundwater over time, the use of the empirical demonstration 
method alone is not an adequate method for the purpose of risk characterization concerning 
groundwater impacts from contamination in vadose mne soils at Hanford. 

(7) Residual saturation: This method concerns soil concentrations that do not result in the 
accumulation of NAPL on or in groundwater. This methodology is not applicable for modeling 
efforts not involving NAPL COCs. 

WAC 173-340-740(c)(ii)(A) and WAC l 73-340-745(c)(ii)(A) point to the use of the methods in 
WAC 173-340-747 to determine soil cleanup levels that are protective of groundwater without providing 
any indication of preference toward any method. The following is a summary of the limitations of the 
modeling methods listed in WAC 173-340-74 7, besides alternative fate and transport models, that prevent 
these models from adequately simulating contaminant migration in the Hanford Site subsurface: 

• The model mathematical expression(s) fails to incorporate the site specific conditions at Hanford 
such as follows: 

- Arid climate levels of infiltration and recharge 
- Thick vadose zone consisting of heterogeneous units with variable thickness 
- Site-specific geochemistry prone to inhibit the transport of uranium 
- Hydrologic conditions that change over time. · 

• The expression requires the use of the assumptions ofKd-based partitioning between solid (soil) and 
liquid (water) phases and an effective DF that cannot be derived from Hanford vadose zone and 
groundwater mixing dilution effects. 

• The expression essentially represents instantaneous, uniform, static equilibrium ratios of vadose zone 
leachate and volume to groundwater volume, rather than the results of fate and transport through 
heterogeneous porous media of variable thickness and hydrogeologic properties. 
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• The expression lacks the ability to accolDlt for retardation and/or sequestration of contaminants 
associated with fate and transport processes in natunl environments, or changes in the system over 
time. 

These shortcomings are especially important for applications involving the vadose l.Olle at Hanford, 
having a thickness 1hat extends over 80 m (260 ft), and/or for empirical data confmning/validating the 
variable retardation of contaminants in 1he vadose zone (PNNI.r 13895, PNNI.rl3037). The application of 
inaccurate estimates of potential grolDldwater contamination can translate to overly conservative risk and 
cleanup-level estimates. 

The WAC 173-340-747(3) directs that a method be chosen that is appropriate for the intended risk 
assessment application including the determination of cleanup goals. However, this regulation does not 
identify how method selection should occur, but it does invoke conditional evaluation criteria 
requirements associated with the selection of"alternative fate and transport models" in 
WAC 173-340-747(8Xc) and WAC 173-340-702(14), (15), and (16). This evaluation is provided to 
identify that this method is the only one that is appropriate. relevant, and applicable in terms of its 
capabilities for meeting all of the required model objectives and attributes for risk assessments and 
establishing cleanup goals at Hanford (i.e., level of complexity, the use of site specific data, and 
incorporation of specific information for hazardous and radiological soH contaminants). 

As specified in WAC 173-340-747(3), aJtemative fate and transport models an: an acceptable method for 
calculating soil concentration cleanup levels for any lumrdous substance for groundwater protection. 
Comparison of these methods to the model attributes and FEPs required for vadosc mne risk assessment 
and soil cleanup-level applications is sU1JlJD81Ued in Table 8-1. h is indicated, from the comparison of 
the methods identified in WAC 173-340-747(3) to the model attributes and FEPs required for vadosc 
zone· modeling at Hanford, that alternative fate and transport models is the only method with the 
capabilities to meet all of the requirements for risk characterization applications. This method is the most 
appropriate for the assessment and charactcruation of risk and the establishment of soil cleanup levels 
protective of groundwater in the 200 Areas at 1he Hanford Site. The other methods specified in of 
WAC 173-340-747(4) through (10) an: inadequate for the purposes of risk charactai7.ation for the 
conditions and characteristics of the Hanford vadose zone. The selection of alternative fate and transport 
modeling for the purposes of risk cbaracterization and the derivation of soil cleanup levels for the 
protection of groundwater pathway are also consistent with Federal guidelines, which require that models 
have the capability to incorporate/address the dominant FEPs to be simulated in the oatuml environment. 

8.2 CONDITIONAL REQUIREMENTS ASSOCIATED WITH THE SELECTION 
OF THE ALTERNATIVE FATE AND TRANSPORT MODELING MEfflOD 

The WAC 173-340-74 7(8), "Alternative Fate and Transport Model," subsection specifies conditional 
requirements for establishing soil concentrations through the use of fate and transport models other than 
those specified in WAC 173-340-747(4) through (6). As specified in subsection (8): 

"The allemartve models may be used lo eslablish a soil concentration for any 
hazardous substance ... Sile-specific data are required/or use of these models ... 
"Proposed fate and transport models, input parameters, and assumptions shall comply 
with W.A.C 173-340-702(14), (15), and (16). " 
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Table 8-1. Comparison of the Methods Identified in WAC 173-340-747(3) to Model Attributes and the 
Features, Events, and Processes Required for Vadose Zone Modeling 

ModelA.._.aiii Dhllac)alr'4d 
,·flr:V.-....Zo• "·· 

-·.,M~U,-~~Sbe· · · .·_· 

NU1ber Aaoclated wltl Description 

Fhlid nrooerti• 
Hvd. ·c condltloa1: 

Caoillarv retention 
Fluid prasurc and saturation 
disanbution 

Hyd. mat.ill propertiu: 
Porous media 

Vadoec moc thickness (depth to 
itrouodwatcr) 

Seara termlln.._: 

Contmninants 

Pllvllcal tnmnnrt mecbuitma/ntes: 
Advection 
V adosc 1.0ne 
Estimating time (year) of peak 
coDCCllb1ltioos in nnundwatcr 
H 
Molecular diffillion 
Spatial movement of contaminants 
within and bctwccn media 

Pllvsical and demkaJ lnteractloD1: 
Dcsomtion 
Solubilitv-bucd relcasc/orccioitate 
Somtion 

CanHi.rv frian: 
Canillav action 

lbdloadh-e decav 
. ·,.c;'.-;:'.: : . 

DUudea 

at the Hanford Site. 

,, t= -~ i ·, _', ' . : <: :' -,:'._' . ' . 
- .·: ;. : 

l 2 3 4 5 6 

. . ·.-:·;' __ --: . ... .. -

X X X 

X 

X 
X X X 

X X X X X X 
X 

X 
._-EYlll'irm 

X X X X 

X X 
X X X X X X 

-n1JCFASU 

X X X X 
X 

X 
X 
X 

X 

X X X X X 
X X 
X X 

X 
X X 
X X 

G•OUNDWATRll '. -~-:-~r 
X X X X X 

• Groundwater transport is not a vadose mnc FEP. It is included in this table because it is an important factor in 
calculating the contaminant concc:ntration results for the indicated methods. 

FEPs = features. events, and processes 
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NIA 

NIA 

NIA 
N/A 

NIA 
NIA 

NIA 

NIA 

NIA 
NIA 

NIA 
NIA 
NIA 

NIA 
NIA 
NIA 

NIA 
NIA 
NIA 

NIA 
NIA 
NIA 

NIA 
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Thus, the use of alternative fate and transport modeling invokes conditional requirements associated with 
WAC 173-340-747(3) and (8) and WAC 173-340-702(14), (15), and (16). The conditional requirements 
include the use of site-specific data in the models, and demonstration that the fate and transport models, 
input parameters, and asswnptions comply with the burden of proof requirements found in 
WAC 173-340-702. Some of the conditional requirements associated with the selection of the 
"alternative fate and transport modeling" method involve model-specific criteria, such as model 
parameteri:zation and model usc requirements (e.g., evaluation of assumptions, uncer1ainties). These are 
factors and criteria that are not associated with method, model, or code selection, but rather with ERM use 
and documentation requirements. 

The state conditional requirements that invoke the evaluation criteria for proposed fate and transport 
models (WAC 173-340-747[8][c] and WAC 173-340-702(14], [IS], and [16)) primarily concern the 
adequacy and quality of data used in the modeling. Elements of WAC 173-340-702(14), (15), and (16) 
burden of proof requirements are also regarded here as consistent with and contained within elements of 
the Federal guidelines concerning the acceptability of the model type and code. Demonstration of 
consistency with these conditional requirements is provided in the following subsections. This 
documentation provides the basis for demonstrating consistency, and/or support for consistency, with the 
conditional requirements concerning the selection of the alternative fate and transport models method. 

The primary conditions associated with the usc of fate and transport models identified by . 
WAC 173-340-747(3) and (8) include the following: 

• Use of site specific data 

• Documentation concerning the technical basis and rationale for model parameterimtion and several 
specific parameters 

• Additional evaluation criteria (WAC 173-340-702(14], [15], and [16]) requirements involving 
documentation of the technical buis and rationale concerning the proposed fate and transport models, 
input parameters, and model assumptions. 

These "burden of proof' conditions associated with WAC 173-340-702 are primarily invoked when one 
or more of the following is proposed: 

• "Use a reasonable maximum e~posure scenario other than the default 
prOYidedfor each medium, " 

• "Use assumptions other than the default values provided for in this chapter" 
• "&tab/uh a cleanup level under Method C, " or 
• "Use a conditional point of compliance. " 

Most model/code applications at Hanford use a common Hanford Site-specific basis and databases for 
parameteri:zation of the models. Therefore, the documentation regarding consistency with the 
WAC l 73-340-747(8)(b) conditional requirements is limited to those aspects of the Hanford Site-specific 
data that are common and applicable for most model applications (e.g., data types, sources, etc.). This 
documentation concerns these common aspects of parameterization. Waste site-specific applications also 
require supplemental documentation based on waste site-specific characteristics, conditions, and data for 
consistency with these requirements . 
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8.2.1 WAC 173-340-747(8) aad (8)(B)-Criterla 

WAC 173-340-74 7(8), "Alternative Fate and Transport Models." specifies the procedures and 
requirements for establishing soil concentrations through the use of fate and transport models other than 
those specified in WAC 173-340-747( 4) through (6). The assumptions under this subsection further state: 

"When using altername models, chemical partiJioning and advective flow may be 
coupled with other proce3ses to predict contaminant faJe and transport, provided the 
following collditions are met:" 

The specific model parameters identified in WAC 173-340-747(8)(b) are as follows: 

• Sorption 
• Vapor phase partitioning 
• Natural biodcgradation 
• Dispersion 
• Decaying source 
• Dilution 
• Infiltration. 

The conditional requirement associated with the selection of the "alternative fate and transport models" 
method is that specified parameters shall be estimated or derived in accordance with stated conditions. 
Site-specific data are required for the use of these models. Consist.ency with this requirement primarily 
involves documentation of, and demonstration for, the manner in which (1) site data are used in the 
estimation or derivation of these specified parameters, and (2) specified parameter conditions 
(e.g., WAC 173-340-747[8][b][v]) m met The following is a description and/or explanation of the 
manner in which the conditions for each of these parameters is, or has been. satisfied. The 
descriptions/explanations, and the information in Table 1-2, serve as documentation and demonstration of 
consistency with the requirements of WAC 173-340-747(8)(bXv). 

WAC 173-340-747(8)(b )(I), "Sorption" 

WAC Condition. "Sorptlon values shall be derived in accordance wiJh either suh3ection (4)(c) of thi.J 
section or the methods specified in subsection (5)(b) of this section." 

Condition Collliateaey. WAC l 73-340-747(5)(b) identifies methods for deriving instantaneous 
equilibrium distribution coefficient (Kd) values ftom site data, batch tests, and scientific literature. 
These methods provide the best information cUJTCJ1tly available. At the Hanford Site, a database of 
Kd values determined experimentally from site-specific samples for the most common COCs has 
been assembled. The site-specific database is a compilation of data determined over a period of 
decades and reported in project-based documents. These data represent laboratory-determined Kd 
values collected by PNNL and documented in CP-17089, PNNL-13895, PNNL-11800, PNNL-14702, 
PNNL-14725. These Kd estimates are based on both batch and column tests and have included tests 
on reaction kinetics, as well as successive water and acid leaching tests in an effort to obtain the most 
representative, high-quality data for understanding the geochemical processes at Hanford. 
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Table 8-2. Summary of Specific Model Parameters and Conditions Associated with the 
Use of Alternative Fate and TranSl>Ol't Models oer WAC 173-340-747(8). (2 oues) 

··.::··!I_ iwa:.r::.T· . r ·_ . : :,:.,.~.,__, . 
-WAC 1~'14'1(1)J · :~ii ·. !'t= · •T~~;1·at=? .. 
Sorption (deriving Kd 
fiom site data) 

Vapor-phase 
partition1ng 

Site-specific mcasun:mcnts 
(e.g., soils) fiom same 
(appropriate) depths and 
locations. 

Based 011 batch equilibrium 
tests (minimum rigor). 

Not gcnaally applicable to 

risk characterization for 
Hanford Site: COCs. 

·. : ....... ...., 
Kd • 0 for Tc-99 Hanford Site-specific 
and nitrate in all laboratory testing results and 
site-specific associated Kd database 
vadose zone units (PNNL-13895) (sec 

~ons A9.0 through 
Kd = 0.6 for Al 1.0). 
uranium in all 
site-specific "Best-estimate" unmiwn Kd 
vadose :r.one units values from sitc-spccific 
except the Cold tcmplalcs and lithology­
Creek carbonate specific values; 

Kd= 10 for 
wanium in the 
Cold Creek. 
carbonate 

NIA 

(PNNL-14702b, 
PNNL-14725b) (for more 
detail sec Sections A9.0 and 
Al2.0). 

Conservatively biased for 
I.D'lllllum Kd determinations 
in site--specific Cold Credc 
carbooaceous sediments 
(Qafoku ct al. 2005, Dong 
ct al. 2005) (for mon: detail 
sec Sections A9.0 and 
A12.0). 

NIA 

Maximum 001ltaminant 
mobility. 

Conservative bias: 
value for uranium Kd 
=- 25% lower than 
"best-estimate" value 
(see Section Al2.0). 

The Kd value of 
0.6 mUg corresponds 
to a rate of mass 
transfer 7 to over 
80 times greater than 
for (laboratory) 
observed desorption 
kinetic release (sec 
Section Al2.l.2 -
A12.1.4). 

The Cold Creek Kd 
value of 10 mUg 
corresponds to a rate of 
mass transfer up to 
5 times greater rate 
than for (laboralory) 
observed dc:,orption 
kinetic release ( sec 
Section Al2.1.2 • 
Al2. l.4). 

NIA 

Natural biodcgrcdation !Not gcoaally applicable to 
risk charaetc:rization for 

Hanford Site COCs. 

NIA NIA NIA 

Dispersion 

Decaying source 

Estimates of dispersion shall Anisotropy = 
be derived from either 10:1; 
site-specific measurements dispersivity 
or literature values. values listed in 

Table4-2 

Fate and transport Tc-99 half-life 
algorithms may be used that approximately 
account for decay over time. 210,000 years 
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Based on estimales and Comc:rvative bias; 
calibrations of dispersivity in based on homogeneous 
Hanford-specific sediments lithology; no 

from the vadose zone consideration of 
hydrology data package illCRa.9cd di!lf)Cnion 
(PNNL-14702a). Anisotropy from heterogeneity and 
ratios consistent with greater anisotropy 
moisturo-dcpcnden from small-scale, 
estimations of anisotropy for finer-grained facics. 
site-specific sediments types 

(RPP-17209, Rev. 1, 
Appendix C). 

NIA NIA 
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Table 8-2. Summary of Specific Model Parameters and Conditions Associated with the 
UseofAlternativeFateandT Models WAC 173-340-747 8. 2 

Dilution 

Infiltration 
(site-specific) 

Dilution shall be based on 
site-specific measurements 
or estimated using a model 
incorponding sitMpecific 
cbar8':tcristics. 
Infiltration shall be derived 
in accordance with 
subsection (S)(f)(ii)(B): 
"Site-8J)ecljic IIWUIU'eJMnt 

or utiMale of ilff dtration 
mall b, band on lite 
condilioru wtdwul 1,uface 
Cap8 (e.g., pavement) or 
otMr :1tnlctlll'r1 that WOMld 
control or imped, 
infiltration, and musl 

co,nply with 
WAC 173-340.702(/4), 
(I 5). and (I 6)." 

Based on 
algorithms 
integrated into the 
STOMP code 

Recharge 

(pro-Hanford/ 
undisturbed 
ground) = 
4mmlyr 

Recharge 

(pre-closure 
operational 
period) = 
63 mm/yr (1944 

to2010) 

Recharge 
(post-closure) :: 

8 mm/yr for 30 
years then 

4mm/yr 

thereafter 

See STOMP wier and theory Varies with distance 
guides (PNNL-144 78 and downgradicnt (point of 
PNNL-12030, respectively). calculation). 

Based on consc:rvati vcly Bcst-estimale value = 

biased recharge maximum measured 
measurements and estimates value for Rupert sand. 
as a function of Hanford 
Site-specific soil type (Rupert 
sand) and vegetation 
conditiOD (PNNL-13033, 
PNNL-14744) (see 
Section At.4). 

Conscrvuive bias: 

Based on Hanford based on sorted, 
Site-specific lysimctcr medium-grained sand 

measurements (Gee ct al. versus natural 

200Sa, 2005b) (sec distn'bution of grain 
Sections A6.0 and 7 .0). sizes in site-specific 

soil. 

Conservative 
Best-estimate recharge rates upper-bound estimate; 
for recovering or young · 2.S times maximum 
vegetated disturbed soil and mcuurcd value for 

long-term based on Hanford Rupert sand; IO to 
Site-specific recharge data 100 times value of 
(PNNL-1472Sb) . undistUJbcd vegetated 

soil 

NOTE: See the refcreoce section of this document for the complete citations for the references identified in this table. 
COC ,. cootaminant of concern 
Kd = instantaneous equilibrium distribution coefficient 
NIA = not applicable 
STOMP = Subsurface Transport Over Multiple Phases 
WAC = Wa.Jltington Administrative Cot:k 
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Based on the geologic setting conceptual model, the measurement of Kd values from vadose zone 
samples throughout the Hanford Site can be considered collectively as "site data" because essentially 
all of the vadose 7.0lle (Kd) measurements involved sediments from the Hanford Ringold and 
Plio-Pleistocene Cold Creek sediments. Waste site-specific Kd values for some COCs, however, are 
variable as a function of the chemistry of the waste stream. Still, even in these cases, the effects are 
largely limited to the uppermost portion (up to a few tens of feet) of the vadose zone and for a short 
time relative to travel time through the vadose mne (up to a few years), because the vadose zone 
sediments have an intrinsic buffering capacity that tends to neutralize many/most of the these 
chemical effects for the portions of the vadose zone below/beyond the near-field environment Where 
waste stream chemistry does affect solid/liquid partitioning (Kd), the effects appear to be associated 
with the initial deposition of contaminants in the vadose zone (e.g., initial adsorptive processes) rather 
than subsequent release (desorption) of contaminants years or decades following cessation of the 
discharges. 

The site data from the Hanford contaminant distribution coefficient (Kd) database that are most 
representative and appropriate for fate and transport modeling at the various locations and/or waste 
sites throughout the Hanford Site have been cross-referenced with geographic area, geologic unit, and 
waste site type and chemistry in the PNNL-14725. The PNNL-14725 guidance document, together 
with the Hanford Site Kd database (PNNL-13895 and PNNL-4~02), provide guidelines for the 
selection of the most appropriate Kd values for the various stratigraphic uoits/Jithologics in the 
vadose mne as a function of (1) geographic location at Hanford, (2) underlying vadose mne 
stratigraphy, (3) waste site operational/process chemistry associated with the waste site; and 
(4) physical characteristics of the stratigraphic unit (i.e., lithology and grain size). 

Result. The WAC criteria have been met. Estimates of Kd values are derived from values available 
in the Hanford literature cited above, site data, results of batch tests, and other methods of measuring 
contaminant mobility, partitioning, and geochemical behavior. 

WAC 173-340-747(8)(b)(U), "Vapor Phase. Partitioning" 

WAC Condldon. "If Henry 's Law constant is wed to establish vapor-phase partitioning, then the 
constant shall be derived in accordance with subsection (4){d) of this section. " 

Condition Consistency; Vapor-phase partitioning and multi-phase contaminant transport for 
individual contaminants are accommodated in the mode/code selection through the use of algorithms 
that use associated Henry's Law constants (e.g., Sections 4.4 and 8.1 of PNNL-12030). When 
NAPLs are present, Henry's Law constants are derived according to the regulation for the individuaJ 
contaminants subject to vapor-phase partitioning or transport. 

Result: The WAC criteria are met. Vapor-phase partitioning and multi-phase contaminant b'ansport 
for individual contaminants arc accommodated in the model/code selection through the use of 
algorithms and associated Henry's Law constants. When applicable, vapor-phase partitioning and 
Henry's Law constants, derived from site data or scientific literature, may be assigned to individual 
contaminants. 

WAC 173-340-747(8)(b)(Ui), "Natural Biodegradation" 

WAC Condition. "Rates of natural biodegradalion shall be derived from site-specific measurements. " 

Evaluation. Conceptual models ofHanford's waste sites do not typically include contaminants 
subject to biodegradation. SbouJd this process be specified in a conceptual model, then the method 
used to approximate the biodegradation rate and data substantiating the rate of natural biodegradation 
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would be provided, evaluated, and subject to review in accordance with WAC 173-340-702(15) and 
(16). 

Results: The WAC criteria are not currently applicable. Should a conceptual model dictate natural 
biodegradation be implemented, then the method used to approximate the rate biodegradation, and 
data substantiating the rate of natural biodegradation would be provided, evaluated, and subject to 
review in accordance with WAC 173-340-702(15) and (16). 

WAC 173-340-747(8)(b)(iv), "Di1penion" 

WAC Condition. "Estimates of dispersion shall be derived from either site-specific measurements or 
literature values. " 

Condition Couistency. Mechanical dispersion, as determined by the product of dispersivity and 
porewater velocity, relates the dispersive solute flux to the solute concentration gradient. Estimates 
of dispersivity are contained in SAND98-2880 and serve as the basis for the dispersion estimates in 
PNNL-14 702. The use of the estimates of dispersion in SAND98-2880 by composite analysis 
asswnes that these estimates are applicable to soil types located throughout the Hanford Site. Other 
estimates of dispersivity are contained in RPP-7884 and RPP-10098. Transverse dispersivity values 
are estimated to be one-tenth of the longitudinal values based on the work of Gelhar et al. ( 1992). 

Result The WAC criteria have been met. Estimates of dispersion are derived from values available 
in the Hanford literature. 

WAC 173-3.747(8)(b)(v) "Decaying Source" 

WAC Condition. "Fate and transport algorithms may be used that account for decay over time. " 

Co• ditioD Consistency. Radioactive decay ofradionuclides over time is accommodated in 
modeVcode selection through the inclusion of appropriate radioactive decay algorithms. The 
radioactive decay values used in the models use the most current and comprehensive infonnation on 
radionuclide half-lives (e.g., the comprehensive compilation of half-life for the radioisotopes), which 
can be found in HNF-EP-0063-3. Radiological decay may be omitted from the fate and transport 
models when the consideration of radiological decay over the periods modeled has an insignificant 
impact on model results or conclusions. 

Results. The WAC criteria have been met. The fate and transport models include radioactive decay 
in accordance with the requirements. 

WAC 173-340-747(8)(b)(vl), "Dilution" 

WAC Condition. "Dilution shall be based on site-specific measurements or estimaled U.$ing a model 
incorporating site-specific characteristics. If detectable concentrations of hazardous substances are 
present in upgradient groundwaJer, then the DF may need to be adjusted downward in proportion to the 
background (upgradient) concentration. " 

Condition Comistency. The DFs, per se, are not used in process-, spatial- and temporal-based 
simulation models. Hence, most models/codes do not include specific DFs, but effective dilution may 
occur as mass is transported through the system. Model and code selection attributes of the fate and 
transport models include the capability to output groundwater concentrations (which include the 
effects of dilution) for COCs at the point of calculation. 
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The effective dilution associated with fate and transport modeling of the Hanford vadose zone 
includes consideration of mixing in both the vadose :zone and grolllldwater. Dilution in the vadose 
rone occlll'S as recharge interacts with the moisture in the soil and. thus, depends both on the recharge 
rate and the moisture-retention characteristics of the soil type, as well as all processes that affect the 
net flux rate of water/leachate to groundwater. Site-specific recharge rates are described in 
PNNL-14744, whereas vadose zone hydraulic parameters are described in PNNL-14702 and 
PNNL-14 725. 

In groundwater, dilution occurs as recharge potentially containing contamination (leachate) enters the 
aquifer and, thus, depends both on the flux rate of water/leachate to the aquifer and the volume of 
water flowing through the aquifer. In the aquifer, the volume of water flow is calculated from the 
hydraulic conductivity, the hydraulic gradient, and the depth of the mixing :rone. PNNL-14753 
provides estimates for the aquifer properties at various locations beneath the Hanford Site. The 
hydraulic gradient can also be estimated from the 1944 hind-cast water table map, as reproduced from 
ERDA-1538 in OOF/ORP-2003-11. Parameters also considered in groundwater dilution effects . 
include an aquifer mixing-zone thickness and, for a two-<limensional model, a unit cross-sectional 
width of 1 m (3 .3 ft), consistent with those identified in WAC 173-340-74 7 for use in Equation 74 7-4 
(W AC 173-340-747[5](f][i]). 

Result. The WAC criteria have been met Dilution is based on site-specific data for vadose wne and 
aquifer hydraulic parameters, which include hydraulic properties and recharge rates derived from 
Hanford studies and databases. Although process-, spatial- and temporal-based simulation models 
and codes do not include a specific dilution algorithm, effective dilution is determined internally 
within the fate and transport model during the solution to the mass and solute conservation equations. 
Dilution can be considered among the model and code selection attributes by requiring the model to 
have the capability output contaminant groundwater and leachate concentrations. 

WAC 173-340-747(8)(bXvli), "Infiltration" 

WAC Condition. "Infiltration shall be derived in accordance with subsection (5)(/)(ii)(A) or (B) of this 
section. " 

Subsection (5)(1)(11) (B): "If a site-specif,c measurement or estimate of infiltration (Inf) is 
made, it shall be based on site conditions without su,foce caps (e.g., pavement) or other 
structures that would control or impede infiltration. The pruena! of a cover or cap may be 
considered when evaluating the protectiveness of a remedy under WAC 173-340-350 
through 173-340-360. If a site-specific measurement or estimate of infiltration is made, 
then it must comply with WAC 173-340-702 (14), (15), and (16). " 

Co• dition Coaslstency. Site-specific estimates of infiltration rate for vadose :rone fate and transport 
modeling are based on the site-specific field measurements for the various soil types at Hanford. 
These measurements have been determined primarily from lysimeter studies specifically designed for 
the direct measurement of Hanford Site infiltration/recharge rates over periods ranging up to 26 years 
( e.g., Gee et al. 2005b ), and also from isotopic determinations of infiltration (Murphy et al. 1996). 
These site-specific data have been compiled and evaluated by PNNL in several documents 
(PNNL-13033 ; PNNL-14744; PNNL-14702b; Gee et al. 200Sa, 2005b), with recommended values 
for best estimates, reasonable bounding cases, and statistical data identified for the various soil 
type/elm (grain size and pedogenesis) and vegetation conditions. The infiltration/recharge data from 
these sources are considered in identification of values most appropriate for vadose zone modeling at 
1-lanford. In this analysis, recharge rates are generally determined/estimated for three conditions: 
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• Natural recharge rate for the undisturbed site-specific soil type 

• Recharge for an operational period at unvegetated (bare) and waste sites with disturbed soil 
conditions 

• A post-remedy (e.g., backfilled and revegetated with no surface barrier) recharge rate for the 
site-specific soil type. 

The data collected and anal}'7.Cd, along with the results of the analyses, satisfy the requirements in 
WAC 173-340-702(14), (15), and (16). The values used in the model, the basis for the values, and 
discussion about the variability and uncertainty associated with those values are contained in 
Sections 4.0 and S.0 and Appendices A and B. These data and analyses ensure protection of human 
health and the environment by erring on the side of conservatism (subsection [ 141). The estimates are 
based on published data and information (e.g., reference) and also new scientific information that 
have been presented as early as possible in the cleanup process (subsection [15]). The infonnation is 
based on theories and techniques with widespread acceptance in the relevant scientific community 
(subsection [16][i]), is derived using standard testing methods or other widely accepted scientific 
methods ( subsection [16J[ii]), is provided with a review of available information and a rationale 
explaining the reason for using the infonnation (subsection 16[iii]), the assumptions used in applying 
the information are valid and err on the side of conservatism to protect human health and the 
environment (subsection [16][iv]), the information adequately addresses populations likely to be 
present at the site (subsection (16][v]) (the remedial action goal [RAG] values are based on 
contaminant levels that do not produce concentrations that exceed maximum contaminant levels 
(MCLs) in groWJdwater), and adequate QA/QC procedures have been used, anomalies have been 
explained, limitations of the information have been identified, and the known or potential rate of error 
is acceptable (subsection [16][vi]). 

Resulta. The WAC criteria have been met. Estimates of infiltration are derived from Hanford Site 
data that comply with WAC l 73-340-702(14), (15), and (16). 

8.2.2 WAC 173-340-747(8)(q and WAC 173-340-702(14), (15), and (16)-Criteria 

WAC 173-340-747(8.)(c) identifies "evaluation criteria," which state that "Proposed fate and transport 
models, input parameters, and assumptions shall comply with WAC l 73-340-702(14), (15), and (16)." 
WAC 173-340-702, "General Polices," includes sections on burdDI ofproof(subsection [14]), new 
sclentlflc infonnatll>n (subsection [151), and criteria/or qllllllty of brformation (subsection [161). The 
burden of proof subsection calls for demonstration (to the department) that the requirements specified in 
this section are met for any modification of the default assumptions in the standard Method B and 
Method C equations (WAC 173-340-740 and WAC 173-340-745, respectively), including modification of 
the standard reasonable maximum exposures and exposure parameters, or any modification of default 
assumptions or methods specified in WAC 173-340-747. The "new scientific information" subsection 
concerns consideration of new scientific infonnation when establishing cleanup levels and remediation 
levels (for individual sites), in the context of also meeting the quality of infonnation requirements in 
subsection (16). The documentation requirements pertaining to consistency with WAC 173-340-702(14), 
(IS), and (16) are also regarded as reasonable and appropriate expectations in the context of Federal 
environmental modeling requirements (CREM 2003). 
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WAC 173-340-702(14), "Burden of Proof" 

".Any person responsible for undertaking a cleanup action under this .section who 
proposes to: 

(a) Use a reasonable maximum exposure scenario other than the default provided/or 
each medium; 
(b) U.se assumptions other than the default values provided/or in this chapter; 
(c) &tabluh a cleanup level under Method C; or 
(d) Use a conditional point of compliance, 

shall have the burden of demonstrating to the department that requirements in this 
chapter have been met to ensure protection of human health and the environment. The 
department shall only approve of such proposals when it determines that this burden of 
proof u met. " 

Items (a), (c), and (d) may not be strictly applicable to the Hanford vadoie zone modeling because the 
modeling does not affect the exposure scenario, propose to use a cleanup level under Method C, or use 
a conditional point of consistency. Item (c) may not be applicable because WAC 173-340-747 does not 
explicitly state default assumptions and values, except for WAC 173-340-747(4), which prescribes 
specific assumptions, equations, and parameter values for that particular method. However, model 
parameteri1lltion, assumptions, quality of information, and uncertainties are included in the 
documentation requirements for model results recommended by the Federal guidelines (e.g., CREM 
2003). Thus, for the purpose of completeness, the fo1lowing subsections intend to demonstrate that 
requirements of WAC 173-34(). 702( 14 ), (15), and ( 16) pertinent to item ( c) have been met for Hanford 
Site-specific vadose mne models. All elements of the recommended elements for model documentation 
are provided here, and the parts of that documentation that pertain to WAC 173~340-702(14), (15), 
and (16) are also provided. The following sections demonstrate that the requirements of 
WAC 173•340-702(14), (15), and (16) have been met with regard to the Hanford Site-specific vadose 
zone fate and transport model assumptions and input values. The foUowing discussions, in conjunction 
with information presented in previous sections, demonstrate that the requirements for ensuring protection 
of human health and the environment in WAC 173-340 have also been met in accordance with 
WAC 173-340-702(14), (15), and (16). · 

WAC 173-348-702(15), "New Sclentfflc Information" 

"The department shall consider new scientific information when establishing cleanup 
levels and remediation levels for individual sites. In making a deter,ninalion on how to 
use this new information, the department shall, as appropriate, consult with the Science 
Advisory &Jard. the Department of Health, and the United States Environmenlal 
Protection Agency. Any proposal to use new scientific information shall meet the quality 
of information requirements in subsection (16) of this section. To minimize delay in 
cleanups, any proposal to use new scientific information should he introduced as early in 
the cleanup process as possible. Proposals to use new scientific information may be 
considered up to the time of issuance of the fwd cleanup action plan governing the 
cleanup action for a site unless triggered as part of a periodic review under 
WAC 173-340-420 or through a reopener under RCW10. l 0SD.040 (4)(c). " 

Evaluation. Data and inputs used in the Hanford Site-specific fate and transport models are based on 
values documented in Hanford Site-specific literature. This includes the references to the specific 
documentation for the data, parameters, and input values. The infonnation is and has been introduced 
in the form of publicly available government reports and/or scientific literature as early as possible, 
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and the referenced documentation is readily available to the Washington State Department of Ecology 
(Ecology). 

Result. The WAC criteria have been met. The information concerning the data, parameters, and 
input values used in the Hanford fate and transport models have been introduced as early as possible, 
and the referenced documentation is available to Ecology. 

WAC 173-340-702(16), "Criteria for Quality of Information" 

WAC 173-340-702(16)(a). "The intent of this subsection is to establish minimum 
criteria to be considered when evaluating information used by or submitted to the 
department proposing to modify the default methods or assumptions specified in this 
chapter or proposing methods or assumptions not specified in this chapter for calculating 
cleanup levels and remediation levels. This subsection does not establish a burden of 
proof or alter the burden of proof provided for elsewhere in this chapter. " 

WAC 173-~ 702(16)(b). "When deciding whether to approve or require modificaJions 
to the default methods or assumptions specified in this chapter for establishing cleanup 
levels and remediation levels, or when deciding whether to approve or require 
alternative or additional methods or assumptions, the department shall comider 
infonnalion submitted by all interested persons and the quality of tho/ information. When 
evaluating the quality of the information the department shall consider the following 
factors, as appropriate, for the type of information submitted· " 

WAC l 73--340-702(16)(1). "Whether the information is bmed on a theory or technique 
that has widespread acceptance within the relevanJ scientific community; " 

Evaluadon. The data and inputs described for use in the Hanford fate and transport models are based 
on values documented in the Hanford-specific literature, most of which is associated with studies 
undertaken by PNNL, but which also include publicly available government and peer reviewed 
publications. The methods used to collect, analyze, and interpret the data are identified in these 
publications. The source references include government documents and journal articles that have 
undergone peer review inside and outside of the Hanford scientific community. Much of the 
information bas been presented at scientific meetings and symposiums. The information has 
a demonstrated basis on theories or techniques that have widespread acceptance within the relevant 
scientific community. 

Result. The WAC criteria have been met. The data and inputs used in the Hanford fate and transport 
models (presented in Section 3.0, with appropriate references) are based on values, theories, and 
techniques that have widespread acceptance within the relevant scientific community. 

WAC 173-~ 702(16)(0). "Whether the information was derived using standard 
testing methods or other widely accepted scientific methods; " 

Evaluatioa. The theories, methods, and techniques used to collect, analyze, and interpret the data 
used in the Hanford vadose zone fate and transport models are presented in the referenced source 
material (Section 3.0), much of which have undergone peer review inside and outside of the Hanford 
scientific commwtlty. The theories, methods, and techniques follow accepted standards or establish 
new standards that the scientific community then implements. 

Result. The WAC criteria have been met. The iofonnation used in the Hanford fate and transport 
models were derived or developed using standard testing methods or other widely accepted scientific 
-method. 
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WAC 173-340-702(16)(ill). "Whether a review of relevant available information, both 
in support of and not in support of the proposed modification, has been provided along 
"with the rationale explaining the reasons for the proposed modification; " 

Evaluation. Section 4.0, as well as Appendices A and B, contain descriptions of and rationale for the 
data, parameters, and input values commonly used in the Hanford fate and transport models, along 
with the basis for the values and disamion of the variability, uncertainty, and limitations. These 
sections and appendixes also contain references to the source material which provides additional 
infonnation on the data. These sections and appendices also provide the rationale for why default 
cleanup levels or model parameters, developed for use across the state of Washington, are 
inconsistent with or do not adequately represent the vadose mne characteristics, conditions, and 
processes in Hanford's Central Plateau (see Section 4.0). The Central Plateau is characterized by the 
following conditions and characteristics, which are dissimilar to most other regions in Washington: 

• Low annual precipitation and high evapotranspiration rates 

• Thick vadose zone (greater that 91 .4 m [300 ft] in places) 

• V adose zone made up of multiple layers with varying hydraulic properties conducive to 
producing lateral flow 

• Groundwater velocities that result in dilution facto.rs significantly different than the 20 included 
in the three-phase models. 

Result The WAC criteria have been met The rationale for developing model values applicable to 
Hanford, s Central Plateau, the basis for the values used in applicable models, and discussion about 
the variability and uncertainty associated with those values are contained in Section 3.0. 

WAC 173-340-702(16)(iv). "Whether the assumptions used in applying the inftmnation 
to the facility are valid and would emure the proposed modification would err on behalf 
of protection of human health and the environment; " 

Evaluation. Estimated Hanford values for the soil levels that are protective of groundwater are based 
primarily on conservative assumptions, as well as somewhat conservative parameter values. The 
validity of assumptions that are part of the conceptual model for Hanford Site modeling, as well as 
the magnitude and direction of the impact of those assumptions on the model results, are discussed in 
Sections 5.4 and S.S. Section 5.S contains an evaluation of the conservatism associated with the 
primary vadose mne model assumptions. Over 60% of the nearly 30 assumptions in the model are 
conservative, most of which have a potentially moderate to high magnitude of impact on contaminant 
soil concentration values protective of grmmdwater. Thus, it is indicated that the soil concentration 
values protective of groundwater are biased low based on a significant amount of compounded 
conservatism in the model assumptions and parameter selection. 

Result The WAC criteria have been met The assumptions used in applying the information to the 
facility ere valid and would ensure the proposed modification would err on behalf of protection of 
human health and the environment. 

WAC 173-340-70l(16)(v). "Whether the information adequately addresses populations 
that are more highly exposed than the population cu a whole and are reasonably likely to 
be present at the site;" 

Evaluation. Hanford vadose mne modeling pertains primarily to the protection of groundwater 
pathway and uses the MCL as the risk parameter against which groundwater contaminant levels are 
compared. These efforts do not involve exposure assessments other than those associated with the 
use of MCLs values for groundwater impacts. In this regard. the soil concentration values protective 
of groundwater are based on contaminant levels that do not produce concentrations that exceed MCu 
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in groundwater. The MCu contain margins to adequately address populations that are more highly ~ 
exposed than the population as a whole. _,,r 

Result. The WAC criteria have been met Risk characterization and remedial action goal values are 
based on contaminant levels that do not produce concentrations that exceed MCLs in groundwater. 

WAC 173-340-702(16)(vi). "Whether adequate quality assurance and quality control 
procedures have been used, any significant anomalies are adequately explained, the 
limitations of the information are identified, and the known or potential rate of error is 
acceptable. " 

Evaluation. Data collected for Hanford vadose zone model parameters and input values used QA 
and QC procedures. Data associated with parameters and input values for the model derived from 
Hanford Site-specific scientific literature were detennined in conjunction with standard protocols and 
methods (e.g., as maintained by PNNL). The QA/QC procedures have been vetted in conjunction 
with the peer-reviewed publication process and document the basis for the parameters and inputs used 
in Hanford vadose mne model models including descriptions of the QA/QC procedures used to 
collect the data. Those documents identify and discuss the anomalies and limitations of the data. 

Result. The WAC criteria have been met. The QA/QC procedures are contained in the referenced 
documents and any significant anomalies are adequately explained. The limitations of the 
infonnation are identified, both in the context oftbe model input data and the model results. The 
known or potential rate of error is acceptable. 

8.3 DEMONSTRATION OF-CONSISTENCY WITH STATE REQUIREMENTS 
RELATED TO METHOD SELECTION 

The consistency documentation presented in Section 8.2 demonstrates that the each of the elements of the 
state requirements for determining soil cleanup levels for groundwater protection has been addressed. 
Figure 8-1 provides a schematic compilation of all oftbe pertinent state requirements associated with the 
selection of alternative fate and transport modeling and the manner in which they bav~ been addressed. 
The specific elements identified in the state regulations that pertain to method selection and to the use of 
alternative fate and transport models are summarized in Table 8-3, which identifies where each element of 
specific consistency documentation is located. 

This documentation also provides the explanation and rationale that support consistency with the 
conditional requirements in WAC 173-340-747(8)(b) to use site-specific data in the estimation and 
derivation of selected parameters. Most modeVcode applications at Hanford use a common basis and 
databases for parameterization of the models. This documentation concerns these common aspects of 
parameterizBtion. Waste site-specific applications also require supplemental documentation based on 
waste site-specific• characteristics, conditions, and data for full consistency with these requirements. 
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Table 8-3 . Comparison of the Elements for Federal and State and Requirements Pertaining to the Derivation 
of Soil RAG Values Protective of Groundwater. 

Specific requirements and guidelines are identified in Sections 3.0, and in DOF,/RL-2007-34, Section 4.0. The organization of these requirements and consistency 
documentation references is largely consistent with that of the consistency framework. shown in Figure 2-5. The headings for the model, method. and code selection 
elements of consistency are highlighted in green, and those for the model documentation, parameterization, and evaluation of model results (e.g., uncertainties and 

assum lions are hi hli hted in oran e in the same manner as that in Fi re 2-5 and Tables 6-1 and 7-1. 

Federal Compliance Elements and Requirements for the Selection and Use Location 
of Environmental Replatory Models (ERMs) for Risk Based Applications <~r_teDocr/Secdoa) I 

State Compliance Elemeats for the Derivatioa of Soll 
Concentrations for Groundwater Protection, and the 
Selection and Use of Alternative Fate and Tnnsport 

Locadoa 
(Cluipter/Secdoa) la 

tbl1 Docameat 

Model Use 
0ocumcl'lllhOn 

Conceptual model(s); description of processes. mechanisms, phenomenon. 
site and system (i.e., vadosc zone) characteristics to be considered 

Determine nature and types of primary system (i.e., vadose zone) FEPs and 
predictive tasks to be modeled 

Assess/determine other required model requirements/attributes 

Method selection/documentation 

Evaluation/assessment of adequacy/capabilities of candidate codes (vs. 
required model attributes) 

onstderation of code-related criteria (characteristics, QA. etc.) and 
administrative criteria 

Model 
Parametenzat1on 

Bowxlary conditions 

Data sources, methods, pedigree 

Rationale for parameter estimation & selection 

Dominant factors, parameters 

Parameter/variable ranges 

twa umeat 

1.0, 3.0, 4.1 

2.2 

4.2 

4.3 

4.3 

4.3 

6.0 

6.2, 8.4 

Application-Specific 

4.2 + Application­
Specific 

4.2 + Application­
Specific 

5.2 + Application­
s ific 

Uncertainty / 
Sensitivity Analysis -----------1 4.2, 5.2 + Application­

Evaluation of results 
Magnitude & direction of 

parameter variability on model 
results 

Model Assumptions Magnitude &. direction of effect 
Analysis on model results 

Limitations of Modeling & Results 

Specific 

5.3 + Application­
Specific 

5.4 + Application­
Specific 
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Model 
Parametenzation 

Docurnentauon of 
model applicauon 

and results 

Models 

Purpose/Objectives 

Model (Type) selection; model attributes 

Method selection/documentation 

Code Selection: Demonstration of adequacy, QNQC 

Specified parameters 

Other parameters 

Burden of proof (Asssumptioos, RME, point of 
compliance/calculation) 

(New) Scientific Information 

Data/information acceptability, 

1.0, 3.0,4.1 

4.3 

4.3, 8. 1, 8.3 

6.0, 8.4 

4.2, 8.2.1 + Application­
s cific 

4. 2 + Application­
Specific 

5.3, 8.2.2, 8.4 + 
Application-S cific 

5.0-6.0 + Application­
s ific 

sources, references 
-----------18,2.2, 8.4 + Application 

Adequacy and Quality 
of information 

Accepted methods 

Assumptions, uncertaintes, 
conservatism/protectiveness 

QA/Q<::,, model limitations 

Specific 

8.2.2, 8.4 + Applicatio 
Specific 

8.2.2, 8.4 + Application­
Specific 
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8.4 CONSISTENCY WITH WAC 173-340-747{8)(C) AND WAC 173-340-702(14)t {15)t 
AND {16) CONDITIONAL REQUIREMENTS RELEVANT TO CODE 
SELECTION 

The following section addresses the requirements of WAC l 73-340-702(14), (15), and (16), as required 
by WAC 173-340-747(8Xc), as they pertain to the selection and use of a model code. The 
WAC 173-340-74 7 and relevant WAC 173-340-702 regulations do not specifically explicate 
requirements for the selection and demonstration of acceptability of a code used to implement 
a method/model type. However, elements of the WAC 173-340-702(14), (15), and (16) burden of proof 
requirements are reasonably consistent with certain elements of the Federal guidelines addressing the 
selection and acceptability of codes. Documentation pertaining to the fulfillment of these conditional 
requirements is therefore provided in the following subsections for purpose of demonstrating the 
completeness of the technical basis used for method and code selection. This documentation provides the 
basis for demonstrating consistency, and/or support for consistency, with the conditional requirements, 
and/or intent of the requirements, concerning the selection of the alternative fate and transport models 
method. This section also addresses the WAC 173-340-702(14), (15), and (16) burden of proof 
requirements in the context of the acceptability of using the STOMP code. This code. evaluated in 
Section 6.0 in tenns of the Federal guidelines and requirements, was found to be acceptable for 
implementing vadose zone fate and transport modeling at Hanford. 

8.4.1 Criteria 

WAC 173-340-747(8Xc) identifies the "evaluation criteria," which state, "Proposed fate and transport 
models, input parameters, and assumptions shall comply with WAC 173-340-702(14), (15), and (16)." 
WAC 173-340-702 includes subsections on "burden of proof' (subsection [14]), "new scientific 
infonnation" (subsection (15]), and "criteria for quality of infonnation" (subsection (16]). The "burden of 
proof' subsection caHs for demonstration (to the department) that the requirements specified in this 
section are met for any modification of the default assumptions in the standard Method B and Method C 
equations (WAC 173-340-740 and WAC 173-340-745, respectively), including modification of the 
standard reasonable maximum exposures and exposure parameters, or any modification of default 
assumptions or methods specified in WAC 173-340-747. The "new scientific infonnation" subsection 
concerns consideration of new scientific information when establishing cleanup levels and remediation 
levels (for individual sites), in the context of also meeting the "criteria for quality of information" 
requirements in subsection (16). 

WAC 173-340-747(3)(e}, "Deriving Soil Concentrations for Ground Water Protection," "Overview of 
Methods," "Alternative Fate and Transport Models," allows the use of fate and transport models as an 
alternative to the methods described in WAC 173-340-747( 4) through (6) to establish soil concentrations 
that will not cause contamination of groundwater at levels that exceed the groundwater cleanup levels. 
WAC 173-340-747(8Xa), "Deriving Soil Concentrations for Ground Water Protection," "Alternative Fate 
and Transport Models," "Overview," specifies the procedures and requirements for using fate and 
transport models other than those specified in WAC 173-340-747( 4) through (6). 
WAC 173-340-74 7(8X c ), "Evaluation Criteria," states that "Proposed fate and transport models, input 
parameters, and assumptions shall comply with WAC 173-340-702(14), (15) and (16)." Hanford vadose 
zone fate and transport models, input parameters, and assumptions comply with WAC 173-340-702(14), 
(15), and (16). This section addresses these requirements as they pertain to the evaluation of a model 
code, specifically the STOMP code. 
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WAC 173-340-702(14), "Burden of Proof" 

"Any ptmon nspon.rible for undertaking a cleanup action under this chapter who 
proposes to: 
(a) Use a reasonable maximum exposure scenario other than the default provided for each 
medium; 
(b) Use assumptions other than the default values provided in this chapter,· 

(c) Establish a cleanup level under Method C; or 
(d) Use a conditional point of consistency, shall have the burden of demonstrating to the 
department that requirements in this chapter have been met to ensure protection of human 
health and the emironment The department shall only approve of such proposals when it 
determines that this burden of proof is met. " 

Evaluation. The satisfaction of the WAC 173-340-702(14) "burden of proof' requirements is met 
through satisfaction of the WAC 173-340-702(1 S) and (16) requirements with regard to the STOMP 
code. Therefore, the evaluation of this criterion is deferred until after discussion of consistency with 
the WAC 173-340-702 (15) and (16) requirements. 

Result. Because the evaluation of this criterion is deferred until after discussion of consistency with 
the WAC 173-340-702(15) and (16) requiremen~ the resuJt of the evaluation is similarly deferred. 

WAC 173-340-702(15), "New Scie• tfflc Information" 

"The deparlmenl aha// consider new scientific information when establishing cleanup 
levels and remediation levels for individual sites. In making a determination on how to 
use this new infonnation, the department ,hall, as appropriale, con.rult with thi? Science 
Advisory Board, the Department of Health, and the United States Environmental 
Protection Agency. Any proposal lo use new scientific information shall meet the quality 
of information requirements in subsection (16) of this section. To minimize delay in 
cleanups, any propo3al to u.,e new scientific information should be introduced as early in 
the cleanup process as po33ible. Proposah to use new scientific information may be 
considered up to the time of issuance of the fmal cleanup action plan governing the 
cleanup action for a aite unless triggered as part of a periodic review under 
WAC 173-340-420 or through a reopener under RCW 70.105D.040 (4)(c)." 

Evaluation. The STOMP code bas been routinely used in environmental assessments since before 
lrJ97. The scientific theory upon which the code is ba3ed is documented in PNNL's STOMP theory 
guide (PNNL-12030), and guidance for users oftbe code is presented in PNNlrl5782. An 
application guide (PNNL 11216) is also available. The application guide is organi7.cd into several 
sections that group similar classical vadose zone and groundwater problems and presents their 
solutions using the STOMP simulator. The examples in the guide were selected to demonstrate the 
application of the simulator to a variety of thermal and hydrogeologic flow and transport problems 
while illustrating a range of features available in the simulator. Simultaneously, the application 
examples serve as verification and benchmark cases wherever possible through comparison to 
analytic solutions or results reported elsewhere in the literature for similar problems solved using 
other computer codes. The application guide is available at: http://stomp.pn1.gov/documentation/ 
application _guide.sun. 

In addition to the application guide, a STOMP short-course document (PNNL-14440) is available and 
provides further example problems and exm:ises. The STOMP short-course docwnentation was 
intended to be used as an educational resource; however, the suite of problems (cwrently over 
20 problems) in the short course is also being used in the STOMP QA program. 
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Ecology. Although the STOMP code bas been in use for some time and is not necessarily new 
scientific infonnation, the preceding discussion serves the purpose of fully documenting that STOMP 
code usage complies with "new scientific infonnation" criteria to "meet the quality of infonnation 
requirements in subsection (16)." The referenced documents al.so provide a nwnber of example 
calculations that demonstrate that the STOMP code provides results that are consistent with other 
accepted methods for evaluating movement of water and contaminants in the vadose zone. This 
documentation serves to assist Ecology in their determination on how to use the infonnation. 

WAC 173-340-702(16), "Criteria for Quality oflnformation" 

WAC 17J..340-702(16)(a). "The intent of this subsection is to establish minimum criteria 
to he considered when evaluating information used by or submitted to the department 
proposing to modify the default methods or assumptiom specified in this chapter or 
proposing methods or assumptions not specified in this chapter for calculating clecmup 
levels and remediation levels. This subsection does not establish a burden of proof or alte-,,. 
the burden of proof provided for elsewhere in this chapter. " 

WAC 173-340-702(16)(b). "When deciding whether to approve or require modifications 
to the default methods or assumptions specified in this chapter for establishing clecmup 
levels and remediation levels, or when deciding whether to approve or require alternative 
or additional methods or assumptiom, the department shall consider information submitted 
by all interested persons and the quality of that information. When evaluating the quality 
of the Information the department shall consider thefollawingfactors, as appropriate.for 
the type of information submitted: " 

WAC 173-340-702(16)(1). "Whether the information is based on a theory or technique 
that has widespread acceptance within the relevcmt scientific community; " 

Evaluation. The STOMP code's (sequential) and its parallel (scalable) implementation, STOMP SC, 
arc computer codes designed to be general purpose tools for simulating subsurface flow and transport 
processes. These codes provide scientists and engineers from varied disciplines with 
muhi-dimensiooal analysis capabilities for modeling subsurface flow and ttansport phenomena. 
The original target capabilities for the simulator were guided by proposed or applied remediation 
activities at Federal sites contaminated with volatile organics and radioactive materials. 

The theoretical and numerical approaches applied in the simulator have been docwneoted in a 
published theory guide (PNNL-12030) and addendums (e.g .• PNNI,.1546S and PNNL-15482). The 
simulator has undergone a rigorous validation process against analytical solutions, laboratory-scale 
experiments, and field-scale demonstrations and currently is maintained under configuration control 
procedures. Application and use of the simulator have been documented in the STOMP users guide 
(PNNL-15782) and short-course guide (PNNL-14440). 

The STOMP simulator is founded on partial differential equations that describe the conservation of 
a component mass, thermal energy, or solute mass in variably saturated porous media. These 
conservation equations, along with a corresponding set of constitutive relations that relate variables 
within the conservation equations, are solved numerically by employing integrated volume, finite 
difference discrewation to the physical domain and first or second order Euler discretization to the 
time domain. The resulting equations are non-linear, coupled algebraic equations, which are solved 
using Newton Raphson iteration. 

Each operational mode of the STOMP simulator solves a unique set of conservation equations 
( e.g .• water mass; water and air mass; water, oil, and dissolved oil mass; and water mass, air mass, 
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and thennal energy). Depending on the chosen operational mode, the governing transport equations 
can be written over multiple phases. Phases relevant to Hanford applications include the aqueous 
phase and the gas phase. Where organic liquids are present, the simulator may also be configured to 
simulate NAPLs. Solute transport, radioactive decay, and first order chemical reactions arc solved 
using a direct-solution technique (e.g., Patankar's power law formulation, total variation diminishing) 
scheme following the solution of the coupled flow equations. 

One measure of acceptance of the theory and techniques implemented in the STOMP simulator is its 
use in subsurface flow and transport investigations within the scientific community. Several 
groundwater and vadose mne studies have been published in peer reviewed journals that have used 
the STOMP simulator as a tool to ( 1) predict laboratory or field results, or (2) perform numerical 
experiments. These studies have been published by researchers both inside and outside the Hanford 
community and include investigations ofNAPL transport in porous media, as well as two-phase flow 
and transport. These published studies include the following: 

• Effect of Soil Moisho'e Dynamics on Dense Nonaqueous Phase Liquid (DNA.PL) Spill Zone 
.Architecture in Heterogeneous Porous Media (Yoon et al. 2007) 

• Three-Dimensional Multijluid Flow and Transport at the Brooklawn Site Near Baton Rouge, LA.: 
A Case Study (Oostrom et al. 2007) 

• Behavior of a Vucous LNAPL Under Variable Water Table Conditions (Oostrom et al. 2006) 

• Infiltration and Redistribulion of LNAPL into Unsaturated Layered Porous Media (Wipfler 
et al. 2004) 

• A Practical Mode/for Mobile, Residual, and Entrapped N.APL in Water-Wet Porous Media 
(White et al. 2004) 

• Flow Behavior and Residual Saturation Formation of Liqukl Carbon Tetrachloride in 
Umaturated Heterogeneous Porous Media (Oostrom et al. 2003) 

• Effective Parameters for Two-Phase Flow in a Porous Medium with Periodic Heterogeneities 
(Ataie-Ashtiani et al. 2001) 

• Influence of Heterogeneity and Sampling Method on Aqueous Concentrations .Associated with 
NA.PL Dissolution (Brusseau et al. 2000) 

• Movement and Remediation of Trichloroethylene in a Saturated Heterogeneous Porous Medium. 
1. Spill Behavior and Initial Dissolution (Oostrom et al 1999) 

• Modeling Surfactant-Enhanced Nonaqueous-Phase Liquid Remediation of Porous Media 
(White and Oostrom 1998) 

• Infiltration and Redistribution of Perch/oroethy/ene in Partially SaJurated Stratified Porous 
Media (Hofstee et al. 1998) 

• MultV,uid Flow in Bedded Porous Media: Laboratory Experiments and Numerical Simulations 
(Schroth et al. 1998) 

• Light Nonaqueous-Phase Liquid Movement in a Variable Saturated Sand (Oostrom et al. 1997) 

• Assessment of CO2 Injection Potential and Monitoring Well Location at the Mormtaineer Power 
Plant Site (Bacon et al. 2006) 

• Up.scaling Unsaturated Hydraulic Parameters for Flow Through Heterogeneous Anisotropic 
Sedime111s (Ward et al. 2006) 

• A Parameter Scaling Concept for Estimating Field-Scale Hydraulic Fvnctions of Layered Soils 
(Zhang et al. 2004) 
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• A Numerical Study of M,cro-Heterogeneity Effects on Upscaled Properties of Two-Phase Flow ~ 
in Porous Media (Das et al. 2004) "-"' 

• Transport of Carbon-] 4 in a Large Umaluraled Soil Column (Plummer et al. 2004) 

• EstimaJing Soil Hydraulic Parameters of a Field Drainage Experiment Using Inverse 
Techniques (Zhang et al. 2003) 

• A Vadose Z-one Water Fluxmeter with Divergence Control (Gee et al. 2002) 

• Fluid Flow, Heal Transfer, and Solute Transport at Nuclear Waste Storage Tanks in the Hanford 
Vadose Zone (Pruess et al. 2002) 

• Oxygenation of Anoxic Water in a Fluctuating Water Table System: An Experimental and 
Numerical Study (Williams and Oostrom 2000) 

• Parameterizing Flow and Transport Models for Field-&ale Applications in Heterogeneous, 
Unsaturated Soils (Rockhold 1999) 

• PMFCT-2D: A Solute-Transport Simulator for Various Grid Pee/et Numbers (Aimo and 
Oostrom 1997) 

• Application of Similar Media &aling and Conditional Simulation/or Modeling Water Flow and 
Tritium Transport at the Las Cruces Trench Site (Rockhold et al. 1996). 

These publications have appeared in a number of peer-reviewed journals that include the following: 

• Advancu in Water Resources 
• Environmental &ience & Technology 
• Ground Water 
• Journal of Hydraulic Research 
• Journal of Contaminant Hydrology 
• Soil and Sediment Contamination 
• Soil Science Society of America Journal 
• Transport in Porous Media 
• Vadose Zone Journal 
• Water Resources Research. 

Result The WAC criteria have been met. The STOMP code is based on theory or technique that has 
widespread acceptance within the relevant scientific community. 

WAC 173•340-702(16)(11). "Whether the informarion was derived using standard testing 
methods or other widely accepted scientific methods; " 

Evaluation. The STOMP simulator has been subjected to a fonnal verification process that included 
benchimuicing against analytical solutions and independent numeric:al solutions at both the laboratory 
and field scales. Initial three-phase verification studies have been published in a peer-reviewed 
journal (White et al., 1995, Lenhard et al., 1995). Additional verification studies have been formally 
documented in the STOMP application guide (P~ 11216), and internal PNNL documents provide 
further verification studies that compare STOMP numerical solutions against analytical results. In 
addition, the simulator continues to be evaluated against analytical solutions, numerical solutions, and 
experimental data when other users conduct independent verification studies. Historically, the best 
strategy for identifying potential errors bas been to build a sizable and diverse user group and 
encourage the code's application to a variety of problems. The STOMP simulator bas a strong user ~ 
group within the DOE community and academia. Graduate students in both the United States and the ......,.., 
European communities have made significant contributions to continued STOMP code development 
and integrity. 
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Result. The WAC criteria have been met. The STOMP simulator was derived using standard testing 
methods or other widely accepted scientific methods. 

WAC l 73-340-702(16)(1ll). "Whether a review of relevanl available information, both 
in support of and not in support of the proposed modification, has been provided along 
with the rationale explaining the reasons for the proposed modification; " 

Evaluation. Section 6.0 presents the rationale for the model code selection process and includes 
a description of the STOMP code and its features, capabilities, and limitations. Sections 3.5 through 
3. 7 present the rationale for determining the necessary complexity of the alternate fate and transport 
model needed to adequately represent the vadose zone characteristics and conditions. The STOMP 
code has been selected for vadose zone fate and transport modeling at Hanford because it is capable 
of simulating the necessary complexity of the vadose mne FEPs. The rationale for using alternate 
fate and transport models in general includes the evaJuation of the methods identified in 
WAC 173-340- 747, "Deriving Soil Concentrations for Ground Water Protection," which is provided 
in Section 4.0. The conclusion of the evaluation is that the use of altemate fate and transport models 
(WAC 173-340-747[8]) is the most appropriate method for Hanford vadose mne modeling. The use 
of aJtemate fate and transport models (WAC 173-340-747[8]) is proposed for vadose mne modeling 
because the other methods proposed by WAC 173-340-747(4) through (10) cannot adequately 
represent the vadose zone characteristics and conditions in Hanford's Central Plateau. nor do they 
adequately represent the vadose mne processes at Hanford. · 

Result. The WAC criteria have been met. The rationale for using the STOMP code is presented in 
Sections 3.S through 3.7, which identify the model complexity required to simulate Hanford's Central 
Plateau FEPs. and Section 6.0, which presents a description of the STOMP code. Review of models 
proposed by WAC 173-340-747(4) through (6) has been provided and selection of aJte.mate fate and 
transport models for vadose zone modeling explained in Section 4.0. A description of the STOMP 
code. its features, capabilities, and limitations are presented in Section 6.0. 

WAC 173-348-702(16)(lv). "Whether the assumptions wed in applying the information 
to the facility are valid and would ensure the proposed modification would err on behalf 
of protection of human health and the environment;" 

Evaluation. .Responses to (i) and (ii) address this requirement for the STOMP code. The validity of 
assumptions that are part of the conceptual model and that are made as the conceptual model is 
translated into a numerical model will be addressed when the evaluation of the numerical model is 
made. Ensuring the proposed modification errors on the behalf of prot.ection of human health and the 
environment will be addres.,ed with each site-specific assessment. 

Bault. The WAC criteria have been met for the STOMP code. 

WAC l 73-3-C0-702(16)(v). "Whether the information adequately addresses populations 
that are more highly exposed than the population as a whole and are reawnably likely to 
be pre3ent at the site; " 

Evaluation. This criterion is not applicable to the STOMP code because this code only calculates 
contaminant distribution in the environment and does not apply exposure scenarios to that 
contaminant distribution. 1be contaminant dimibution is consistent regardless of population 
sensitivity to the contaminant Differences in exposure among elements of a population must be 
accounted for in the exposure calculation. 

Result Not applicable. 
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WAC 173-340-702(16)(vi), "Whether adequate quality assurance and quality control 
procedura have been used, any significant anon,a/ies are adequately explained, the 
limilatiom of the information are identified, and the larown or potential rate of en-or is 
acceptable. " 

Evaluation. The STOMP simulator has been under software configuration management at PNNL 
since 1997 (PNNL-SA-54023). Currently, concurrent version system (CVS) software (Cederqvist 
et al. 1993) is used to manage source code updates and provides a means to track versions for both the 
individual source code files and the STOMP software releases. Fonnal procedures for software 
problem reporting and conective actions for software errors and updates are maintained and 
rigorously implemented. Production code releases of the STOMP software undergo rigorous testing 
for both intended and unintended uses (PNNL-SA-54022). Testing is perfonned on a mode-by-mode 
basis and is benchmarked against analytical solutions and data. Docwnentation of all test results is 
publicly available. 

In addition, the STOMP software is supported by software requirement specifications 
(PNNL-SA-54079) and software design documents (PNNL-SA-54078), maintained by PNNL, which 
are essential for developing quality software and lifecycle maintenance. In the software design 
documents, the overall source code structure is described, including a description of the control flow, 
control logic, and data flow model. In the software requirement documents. user input requirements 
arc outlined with the primary purpose of guiding software testing. Requirements on subsurface flow 
and transport theory, and 1he mathematical rep1esentations of those theories, are specified in the 
STOMP theory guide and addendums (e.g., PNNL-12030. PNNL-15465, and PNNL-15482). The 
user's guide (PNNL-15782) provides support on specific input file requirements. 

The STOMP software is compliant with Quality .Assurance Requirements for Nuclear Facility 
Applications (NQA-1-2000), and also complies with DOE requirements for safety software 
(DOE G 414.1-40 and DOE O 414.IC). Under this order, STOMP software has been generically 
graded as "Class C safety software," but the classification is application dependent and is re-evaluated 
for each application. 

Result. The WAC criteria have been met. 

8.5 DOCUMENTATION/DEMONSTRATION OF CONSISTENCY WITH STATE 
REQUIREMENTS RELATED TO CODE SELECTION 

The preceding documentation demonstrates that the primary conditions associated with the use of fate and 
transport models identified by WAC 173-340-747(3) and (8), including the additional evaluation criteria 
in WAC 173-340-702(14), {IS), and (16) have been met with respect to the selection and use of the 
STOMP code. Several criteria (e.g., the requirement to use site specific data and provide documentation 
concerning the technical basis and rationale for model parameterization and several specific parameters) 
do not pertain directly to the code selection process, other than to the inferred requirement that the code 
be able to incorporate site specific data. The STOMP theory and user's guides provide thorough 
description and explanation of how to do that. The satisfaction of the WAC 173-340-702(14) "bwden of 
proof' requirements have been met through the satisfaction of the WAC 173-340-702(1 S) and ( 16) 
requirements Therefore, the evaluation of these criteria demonstrate that the WAC 173-340-747(3) and 
(8) and WAC 173-340-702 (14) "burden of proof' requirements have been met regarding the selection 
and use of the STOMP code for fate and transport modeling of Hanford vadose zone system. 
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8.6 SUMMARY AND CORRESPONDENCE WITH FEDERAL CONSISTENCY 
--.. DOCUMENTATION 

The information presented in Sections 8.1 through 8.5 addresses and meets the specific and conditional 
WAC 173-340-747(3) requirements concerning method selection. Most elements of the 
WAC 173-340-702(15) and ( 16) conditional requirements pertaining the selection and use of the 
"alternative fate and transport'' method (WAC I 73-340-747[8]) m also addressed. This documentation 
supports the demonstration of consistency, for method/model type and code selection, required for site­
specific applications of fate and transport modeling at the Hanford Site. A sumnwy of the main elements 
of these state regulations pertaining to the selection and use of a method for the purpose of deriving soil 
concentrations protective of groundwater, together with the locations of the documentation that 
demonstrates the consistency of these elements, is shown in Table 8-3. This table includes the distinction 
between the state requirements relevant to method/model and code selection and those associated with the 
use of and ERM, such as fate and transport modeling. 

As shown in the framework in Figure 8-1, the state elements pertaining to the derivation of soil 
concentrations for groundwater protection have direct and/or indirect counterparts in the Federal 
requirements and guidelines concerning the selection and use of ERMs. Toe headings for the method, 
model, and code selection elements of consistency in Table 8-3 are highlighted in green to facilitate 
comparison to their counterparts in the Federal documentation elements for consistency (see Figure 2-5 
and Table 7-1). The headings for the model documentation, parameterimtion, and evaluation of model 
results (e.g., uncertainties and assumptions) are highlighted in orange for comparison to their Federal 
counterparts identified in Table 7-1. A direct comparison of state and Federal requirements, along with 
the locations of consistency documentation, is summarized in Table 8-3. It is indicated from the summary 

-- of consistency with State requirements in this Section, and the summary of consistency with the Federal 
·'-"' requirements in Section 7.0, that the documentation provided in Section 7.0 addresses all pertinent 

elements of both. Therefore, the documentation provided in Section 7 .0 regarding consistency with 
Federal guidelines can also serve to demonstrate of consistency with all of the State requirements, as 
indicated in Table 8-3. 
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9.0 SUMMARY 

This document identifies the Federal and state requirements and guidelines pertaining to the selection and 
use of ERMs, and also documents the application of the processes for method/model selection vadose 
zone modeling. There are specific requirements and expectations associated with their use in risk 
characterization applications concerning potential impacts to groundwater from vadose zone 
contamination at Hanford. Understanding the pertinent requirements, criteria, and expectations 
concerning the selection and use ofERMs is needed to demonstrate consistency with Federal and/or state 
requirements. 

The Federal and state regulations, requirements. and guidelines that pertain to the selection and use of 
ERMs in risk assessment applications are summarized and evaluated in Section 2.0. As indicated from 
this evaluation, the Federal requirements and guidelines identify systematic processes for the selection 
and use ofERMs. Documentation provided in Sections 3.0 and 4.0, identify information for model 
selection concerns the common aspects of the FEPs of the vadose zone system at Hanford. Based on the 
common objectives of most vadose zone modeling and FEPs, the Federal guidelines can be applied to 
selection of a model type that is most appropriate for vadose zone modeling at Hanford. 

A demonstration of the application of the Federal guidelines concerning code selection is also 
documented. It involves the use of required model type attributes and criteria in evaluating the 
acceptability of the STOMP code for implementing the model type. It is indicated from this evaluation 
(Section 6.0) that the STOMP code is acceptable for modeling the fate and transport of the vadose zone at 
the Hanford Site. 

The manner and extent to which this documentation is consistent with the Federal requirements and 
guidelines concerning the selection and use ofERMs are presented in Section 7.0 for vadose zone 
modeling applications at Hanford. The manner in which the documentation provided here is consistent 
with and/or supports consistency with the state requirements that pertain to the selection and use of 
a method/model for vadose zone risk characteriz.ation applications at Hanford (WAC 173-340-74 7 and 
WAC 173-340-702(14), [15), and [16)) is presented in Section 8.0. The documentation meets all aspects 
of the requirements and expectations of Federal and state regulatory consistency concerning the common 
elements of method/model and code selection. 

It is further indicated from the comparison of the Federal and state requirements and guidelines that the 
Federal requirements and guidelines encompass all aspects of the specific and conditional state 
requirements, and/or the intent of these requirements. All state requirements are shown to correspond to 
elements of the processes identified in Federal requirements and guidelines for ERM selection and use, 
and that documentation of consistency with these Federal guidelines can be used in the demonstration of 
consistency with the state requirements. Consistency with these Federal guidelines and processes also 

.. -belps to ensure that the infonnatioo and rationale necessary for demonstration of the technical adequacy 
and defensibility are incorporated in modeling documentation. 
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APPENDIXA 

PREFERENTIAL PATHWAYS 

Preferential pathways are not the most common transport-related mechanism in the Hanford vadose zone. 
They are of particular interest because of their potential for allowing fluid to bypass nonnal vadose zone 
fate and transport processes and impact groundwater sooner than otherwise possible. Preferential flow 
has been recognized and widely studied under saturated or near-saturated flow conditions (Nkedi-Kizza 
et al. 1983, De Smedt and Wierenga 1984), but there is little evidence of it occurring in arid and semi-arid 
climates or under low-water fluxes, particularly where soils arc coarse-grained (Scanlon et al. 1997), such 
as in the Hanford formation. Water infiltration at arid sites, particularly ones with interfluvial settings 
with unconsolidated sediments, appears to occur mostly as piston-like flow rather than in preferential 
flow paths. Capillary and adsorptive forces greatly exceed gravitational forces, so instability along the 
wetting front does not appear to occur under low infiltration rates (Scanlon et al. 1997). 

The most likely preferential flow paths in Hanford sediments are unsealed well boreholes and elastic 
dikes (Figure A-1). Poorly sealed or compromised well boreholes may provide preferential flow conduits 
for uncharacteristically rapid transport of subsurface water and contamination to the water table, but only 
under saturated or near-saturated conditions. The groundwater contamination plume(s) in the vicinity of 
the 216-U-l and U-2 Cribs is/are believed to be evidence of this. During 1984-1985, high-volume 
discharges of contaminated water into the 216-U-l 6 Crib (located about 100 m (328 ft] to the south of the 
216-U-1 and U-2 Cribs) perched on the Cold Creek Unit and migrated northward along a sedimentary 
structure contact. It is believed to have then intersected the outer casings of wells in the vicinity of 
216-U-1 and U-2 Cribs (many of the wells near the 216-U-1 and U-2 Cribs were drilled prior to the 
initiation of Washington Administrative Code [WAC] standards to seal boreholes). These unsealed 
boreholes likely served as conduits for the contamination observed in groundwater there in the 1980s 
(WHC-EP-0133). 

Clastic dikes and sills are ubiquitous sedimentary structures in the Hanford vadose zone, especially in the 
Hanford formation in the 200 Areas (BHI-01103). Clastic dikes are discordant sedimentary structures 
that occur as near-vertical tabular bodies filled with multiple layers of unconsolidated sediments. There is 
very little evidence, however, to indicate that they extend all the way from near the ground surface to the 
water table. In general, the hydraulic properties of elastic dikes can be considered as a subset of the 
porous matrix properties for the Hanford sediments (PNNL-14224 ). This is based on laboratory 
measurements of elastic dike samples. Clastic dikes are typically composed of fine-silt to very 
fine-grained, sand-sized material with vertically laminated orientations. When water is introduced into 
these fine-grained discordant structures, vertical flow is significantly retarded due to the high matric 
potential in these units, compared to vertical flow within coarser adjacent sediments. In general, elastic 
dike sediments represent properties of fine sediments (e.g., fine sand, silt, and clay) and can, therefore, 
represent regions of high moisture content (PNNL-14224 ). 
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Figure A-1. Infilled Sediments within Clastic Dikes. 

(From Bill-0LI03 .) 

The middle portion of the two 
photographs shows the infilled 
sediments within a dike. The host 
sediments are shown on the left and 
right edges of the two photographs. 

(From Hydrologic Mechanisms 
Governing Fluid Flow in Saturated, 
Fractured, Porous Media [Wang and 
Narasimhan 1985)) 

Although these features may act as preferentially faster flow pathways under saturated conditions, under 
unsaturated flow conditions, these features tend to act as barriers to transport rather than preferential, 
fast-flow channels. For example, if the area between the sediments and the outer well casing contained 
large void spaces, or the elastic dikes were filled with gravelly sediments (with large pore sizes), the bulk 
of laterally migrating water does not divert downward along the casing or within the dike under 
unsaturated conditions for the following reasons: 

• The porous matrix has a much smaller average pore size than the gravelly media within the elastic 
dike. 

• Under low recharge, unsaturated conditions material with larger pore spaces or voids will contain 
or attract less moisture than finer-grained porous sediments because of the greater matric 
potential of the finer-grained material. 

A-2 
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Under natural recharge conditions, precipitation at arid sites is usually too low (in relation to saturated 
hydraulic cooductivity) to invoke preferential flow. Much of the water in the dry soils is simply adsorbed 
onto the grain surfaces and cannot move along preferred pathways. A conceptual model component for 
this phenomenon is illustrated schematically in Figure A-2. The expanded vertical slice illustrates the 
manner in which bulk flow, Wider unsaturated conditions and low recharge, bypasses the pathway formed 
by larger pore sizes and essentially fottows the pathway formed by smaller pore size network. The large, 
open spaces in the figure mimic large pores, such as those in a gravelly medium. Under unsaturated 
conditions, the bulk of the flow is shown to be prevented from entering the media with large pore sizes. 
The flow bypasses them along routes composed of finer-grained material and smaller pore spaces. 

Figure A-2. Conceptuali7.ation of Fracture Flow under Unsaturated Conditions 
(from Wang and Narasimhan 1985). 
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APPENDIXB 

HANFORD SITE .. SPECIFIC GUIDELINES FOR SELECTION 
OF APPROPRIATE KD VALUES 

ROADMAP FOR SELECTION OF HANFORD SPECIFIC 
KDs FOR V ADOSE WNE ANALYSIS 

These guidelines have been developed to assist operable unit managers in the selection of Hanford Site­
specific instantaneous equilibrium distribution coefficients (Kds) from data compiled in the 
PNNL-14702. 

1. Identify the appropriate geographical area for the waste site( s) of interest ( e.g., letter designations 
keyed to geographic areas map) (Figure B-1) (PNNL-14702, Figure 3.1) AND/OR 
from geographic area designations (fable 8-1) (PNNL-14702, Table 3.2). · 

2. Identify the appropriate site>specific area designation for the area of interest from Table B-2 
(PNNL-14702, Table 3.3). 

3. Identify the appropriate group of hydrostratigraphic templates for the waste site(s) and/or 
geographic area of interest (fable B-3 or Table B-4) (PNNL-14702, Table 3.1 or Table 3.6). 

4. Identify appropriate waste site type and waste chemistly infonoation using the PNNL-14725 
appendix: ''Simplified Rendition of the Geographic and Operational Site Parameters List for 
Waste Sit.es to be Simulated in Hanford Assessments." 

a. Identify appropriate waste site identifier: 

i. By geographic area designation 

ii. By Waste Information Data System (WIDS) database identifier: 

1. WIDS site code (e.g., 216-U-1/2) 

2. Site type 

b. Identify key information pertaining to Kd selection: 

i. Site hydrostratigraphic template (e.g., 216S_U_N-4) (Table B-5) (PNNL-14702, 
Table 3.7) 

ii. Waste chemistly group (numbered 1 through 6, as described in PNNL-14702, 
Section 3.2.3, and Table B-6 [PNNL-14702, Table 3.5], e.g., 2 for very high salt/very 
basic or 4 for low salt/near neutral waste chemistries) 

iii. Impact zone (e.g., "H'' for high or near-field; "11" and "12" for intennediate or far-field 
vadose zone sand and gravel, respectively; "G" for very far-field vadose zone or 
groundwater impact mnes) 

c. Identify Kd class for~ stratigraphic unit within the appropriate site-specific waste 
chemistry/source category (e.g., 2H, 411,412): 

i. 2H = V cry high salt/very basic waste chemistry in the high or near-field impact zone 

ii. 411 = Low salt/near neutral waste chemistry in the intermediate or far-field impact zone 
sand 
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iii. 412 = Low salt/near neutral waste chemistry in the intermediate or far-field impact mne ::, 
gravel 

5. Select appropriate~ value(s) (e.g., best. minimum, maximum) for the analyte of interest from 
Table B-7 (Kd ranges by waste chemistry/source category) (PNNL-14 702, Table 4.11 ): 

Individual reports will need to identify whether Kd data are from the existing database and/or include new 
sources ( e.g., laboratory measurements) that exist for the specific contaminants, waste chemistry types, or 
vadose zone geochemistry at the site(s): 

- Specific vadose :zone wiit or contaminant measurements (particularly for deeper vadose z.one 
units) 

- The number of and representativeness of the measurements 

- Analogous or comparable vadose mne unit, waste chemistry, and/or contaminant 
measurements 

- Technical basis for the use and/or extrapolation of specific vadose mne unit or contaminant 
measurements and/or analogous or comparable data. 
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Figure B-1 . Location of Geographic Areas Represented by a Single 
Generalized Stratigraphic Column (PNNL-14702, Figure 3.1). 
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Table B-1. Geographic Area Designations Used in the Hydrostratigraphic Template Codes. 
·-_,_,,,, 

Des.igmtioa Geographic Area Descriptioa 

A Soudlem 200 East Area - encompusiag die PUREX (A plaat), bot Hmi-worb (C-Plant), 
associated facilities (includillg PUREX tunnels), BC cribs, US Ecology, ad the A, AN, AP, A\V, 
AX.AY, AZ., C TanltFanm 

B Northwestern 200 East Area - eocompauing the B-plant, associated waste disposal facilities, and 
the B, BX, BY Tmk Fanm 

C 100-B/C Area 
D 100-D/DRAtea 
E East of 200 East - B Pond 
F 100-F Area 

G Gab1e Mouatam Poad Areu 
H 100-HArea 
I 200North 
K 100-KEIKW Ai-ea 

M 600 Area mar Enet'JfV Northwest md die 61&-11 burial grouad 
N 100-N.Atta 
p 600 Area southwe.st oftbe 400 area near the 618-10 burial ground 

Q 400.Area 
R 300 Area (and a few isolated flcilitie1 in aad near the 400 Area) 

s Soutbem 200 West Area - encompassing the REDOX (S-Pbnt), U--plant, Z-plam associated 
facilities, ERDF, md du, S, SX, SY, U Tank Fama 

T Nortbem 200 West Area - mcompusing T Plant , associated faci.lities, and the T, TX, TY Tank 
Farms 

(PNNL-14702, Table 3.2) 

Table B-2. Site-Specific Area Designations Used in the Hydrostratigraphic Template Codes. 

Site-Specific Area Description 

ABC W Soutbenl 200 East Area -

Soatbem 200 East Area-" 
Bet W Soutbau 200 East A.tea - " 

Soathem 200 East Area -

Soutbem 200 Eat Area -
Soutbem 200 West Arm- the eastem half ofERDF 

Southem 200 West Arm- the westem half of ERDF 

Soutbem 200 West Area - the 241-UTaukFann 
SOU!bem200We&tArea-

Soulbem 200 Weat Area -
the 216-Z-9 tnach area 

(PNNL-14702, Table 3.3) 
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Table B-4. Genera] Hydrostratigraphic Templates for Each Geographic Area. (2 pages) 

GeollDDllic:Ana WntlSiteTIPI' Waste 
Templatl! Cbmuatry 

Delipalioll Ana I>esipaliolloo ~itJWG Decipatioal'l Dem . ·~ -1aatioa' 
lOOC-4 1ooa1c C Sadia Facilities 100 4 

ll6C-4 Netr &w&ce Facilmn 116 .. 
1001>-4 100D D Surflce Facilitin 100 4 

1160-4 Nears.face Facilities 116 4 
lOOF-4 IOOF F SurfM:e Facilitin 100 4 
llff'-4 Nea-SadaceFldlitin 116 4 
lOOH-4 lOOH H Sarf«e FICilities 100 4 
1l6H-4 New Swface Fac:ilitia lt6 4 
100&-4 IOOK Jt Sadllce Facilitia 100 4 
ll&-4 'NeerSudlce Pacilitie .. 116 4 

lMK-4 Knene (Jaiectioa} Wells U56 4 

lOON-4 100N N s.&ce Facilitin 100 4 

116?\-4 Near SadaceFac:iJitiH 116 4 

2000-4 O.W.Mta.. G Sadlce Facilities 200 4 

2001-4 200N I SarfaceFICilitin lOO 4 

200£-4 E 200 E (B-J'aad) E Slldlce FaciJil:ia :?00 4 

21e-4 Mes s.tm:e FacililiH 216 4 
2008-2 N 200 E (B-PJMt) B Sarllce Facilities 200 2 

2008-4 4 

2HB-2 Ne.- s.tace Facilities 216 2 

21C5B-J 3 

21&-4 4 

241B-2 Tanb 241 2 
~A hveN (mjectiaa) Wells 266 4 

2678-2 267'<-I 2 

200A-2 S 200 E (PUREX, A Sarflice Facilities 200 2 

lOOA-4 BC Cribl) 4 

21M-2 Near Surface FacilitiH 216 2 

216.\-4 4 

241A-2 Tub :?41 2 

241A-3 l 

2t6A-4 :Re\,,me - . . . Wells lt6 4 

200S-2 S200W(bm, & Surface Facilities 200 2 

2005-4 U-Plant,Ulmt) 4 

-
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Table B-4. General Hydrostratigraphic Temp~ for ~b Geographic Area. {2 pages) 

v.-·aue 
Templa Cbemittay . . lw:Afta WulebT•rps - . . tt) 

21.SS-l S200W(bloz. s Neu Smface Facihtiu 21.S 1 
21GS-2 U-Plaat, Z-Plaal) 2 

2USS-4 4 

2415-2 Tab 241 2 
2415-3 3 

2415-4 4 

2e6$-4 ~ llaiectioa) Wella :?66 ,4 

200T-2 N 200 W CT Plmt) l Sar6ce Facilitin. 200 2 
lOOT-4 4 

216T-2 Near Smface FIICihtiel 216 2 
216T-3 3 

216T-4 4 

241T-2 TIDb 241 2 
266I'-l ~ (lajectioll) We& 266 2 
2'6T-4 4 
300ll,.4 JOOAIN(Nodb 'R. Surfllce Faalilin 300 4 
318,4 lic•t...t N_. Sala Facilities 316 .. - I~..-_. 400 Q S'lldlce Facilities 400 4 -
61&1-4 600 M INftr Sudlce Facilitie.s 616 4 
HIP-4 600 p INes s.face Facilitift 616 4 
IPumD - - WatK Supply Wells ...., -
Rn-a - - lln-er oadlat1s li"8' -
(a) Aaipecllftlerdnipiiatbrpognpbic11U. 
(b) A.Aiped---cheip•timaforwate liR type; Fint IIDlll.blr derip.,.. lndilioaal Balri s-.. (i.e .• 

100. 200, JOO. 400. GOO Ar..); lut hft) ...mben clelipate'WISte ute t),- (00 • ..race flci1ibn, 16 • mar 
~facililiK,41 •lab.,66i67•nwnewda). 

(c) Two..,.....,..,.___.. mw (iajectiml) nlla llatllln-e ,._,.1;:e,.-, cllplt. wi1lliD • -.ie 
... ,.,.ic .... Tbt ""U cleeip....,_ ~ 1lae ,-aydeep n!wrw (iajediosa) wen. tt'OID 1boR at• ------le 4lepda (66). Cd) Aaipedmmaber dnipatica hwam cbemiatry type (aer Table 3.5). 

(PNNL-14702, Table 3.6) 
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Table B-5. Site-Specific Templates Established for a Few Key Facilities . 

... ~ ... - ·- Ala Wuw Site Tn-s Wate 
Templde Cbemillry 

l>mp,MD Ana ';"' (I) ';"' . ';"' Ct} - • • (tJ 

216.A_BC_W-3 S 200 E, BC Cti!K, V.'ftllnl A_BC_W NarSarke 216 3 
POJtiaa Facilitin 

216.A_BC_E-3 S 200 E. BC Cribs, Entem A_BC_E N..-&aflla 216 3 
POl1iaa Facilities 

i216A_BCT_N-3 S 200 E, BC Tfflldle\, A_BT_K N..-Sarla~ 216 3 
216.A BCT_N-4 Nartbeahrlioa Facilitifi 4 

216.A_BCT_S-3 S 200 E, BC TftlllCas, A_BT_S Nars.tace 216 3 
SoulllllaPartiaa Facilitie, 

1216.A_BCT_W-J S 200 E,. BC TnadMM, A_BT_W N .. Swface :ms 3 
WeamPonioa Facilitifl 

216.A_ILAW C-S S 200 E. ll.AW b , Caln! A_Il.AW_C N..-Smfilce 216 s 
216.A UAW C9' PostiaD Fac:ililiH 6 
21GS_EltDF _E-4 S 200 W. EltDF, ...aaa laalf S_Elll>F_E NeaSmflace :ms 4 

Facililie, 
llfi_EJtDF_V/-4 S 200 W, ERDF, wellml S_EllDF_W NurSadllce .?Ui 4 

baJf Fac:iliaia 
216S_U_N-4 S 200 W, 216-U-1&2 AIN, S_V_N NesSadllce 216 4 

Nodlllm.Ponioa FacilitiR 
ll4S_U_S-4 S lOOW, 216-U-t&l.Ana, s_u_s NearSldlce 216 4 

Nortum Paltiaa Facililm 
lt'5_Z5'-l S 200 W, 216-U-1&2 ANa. S_ZP N..-Swllce 216 l 

NoctlllmPortiae Facildin 
241A C-2 S 200E, 241-CTlllkfam A_C Tub 241 2 

l4lA_C-3 J 

UIS t:..J S 200 W. 241-U Tat FMm SU Tub 241 2 

(a) ~W.1rd,.peeioab~..._ 
(b) Aniped---dripdlialll k-•- utetype: Fin11111111ber +sip,m aditioaal Hafmd Site am (ie., 

100, 200,300,400,600 Aaw); latm> ilWllbKa tlelip•- ..- IUII ...,,_ (00-audlce 6ieililin, 16 --..t•ce &c:ilities, 41 - lab. ~7 • RWrN [iajectioa) weJh). 
(c) A.upedlllllllhrdeli.-- 1,rwatt dmaimytype (w Table 3.'). . 
(PNNL-14702, Table 3.7) 
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Table B-6. Waste Chemist!)' Designations Used in the Base Template Codes. 

v.r.- C'bemillly 
Desipmoa Waste Saam DnaiptiOll 

1 Verv&idit 
l Hip Slit/Vay Baiic: 
3 Cbtlldnlllilh Salt 
4 Lo-.· Salt/Near Neml 

' JDF Vitri&d Wam 
6 IDF ra 14:iti~ Wate 

II>F-~Di.,..S Facilitr-

(PNNL-14702, Table 3.5) 
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Geographic and Operational Site 
Parameten List (GOSPL) for Hanford Auessments 

July2006 
PNNL-14725, Rev.I 

Appendix 

Simplified Rendition of the Geographic and Operational Site Parameters List 
for Waste Sites to Be Simulated in Hanford Assessments 
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Appendix A 
Hydrostratigraphic Templates (PNNL-14702) 

VZ Base Templates - U Cribs 
u cribs (216-U-1, -2 and -16) 

N:xal~ons: 
1} ~ellvata'l ~ tum211.Dm(eo2.3ft) nur218-U-teto2t2.~m(S7.2ft} MSL,_.11t21~1 n.:ZOils•lllkll1'""1 fla 

HlnbdS Mll(BHI 19116~ 
2} <3ra1m ..._n.-.r~••.....,. frorn:he HYOROOAT dmlae rnarragad IJrthe Par:ilc Nart'li'MtN1fcna1 lllbarery. 
3) The pr•Ualud ,,..,tltlle (Jnay 11144) s e fmr.ad to N'A bNI a a, allwacai of G MSl (bald on Kfpnl IUtd 1074~ 
"'l Thui:e ~ 'ID b«1cm d l'le 21W 1 and -2 Crta is repcno 'ID bd4 ft/rin (7.3 m) ba,ect on Mafield (1V79). No bcxta,,, is ,.,.tad lcr 

tht 21e,,u.1e Qib. '"1u. flt blctt!U is .-.INC! ID te 24 11 delp far ii. ilne crlll. 

!ta_UJk_.._ .. _,._21AJ.1UClla.. ..... •1iill~11IJIUD.2('ESlml. .. lllllllll 
........ IN-U-10.. 

Esmuiitd ~ .... ~ 

"7m- Battam s..mon ,....., MC lol 
IIU"" o-th fltl ffU n-lnnic Unit 

. . r-• r-
~ ell!S.1~7 St.If- NA NA NA 

~ 87 01 tD4 l-lalbdH1 ··-· - - - - - ~ crrnelD s Mos_2W oo,wc.-wt ;aod _ _ 

~ IIINbiddlio l,,.n of lilly ID ee ~ 14«1 ~G HanbuH2 f.ne. l'll8llkrn. n--und s 16_U 

,, n 11111 Slt a,a - y,,u :.s P'l"'lC u 

2 2 1e1 DI CCU-lcwar -.ell ss PPlc Ylllf. 11lt .-1 c wlcalo'!el 
K• IC< ..... _, .......,,.UnlE ·- .~ ,...., Rau 

.,..,11111 ~~- NA N.11. -
T ...... 1ta_u_ ..................... m.u-taz111t-. .............. M,.tamt.14.E 
-·- ........ - - s -- ·~r.. 

emn.d AdjllltlKI BCIIIDffl 
~ ·-- Bottom Elftman ,.,... (Ill O!pthlltl nn Gaaluaic Uni 

. . 

0 OW-4"' ~ NA 

a, 811 110 9113 HalbdH1 I Y)llll dmelD 
. n•-...--i 

lr llllfbtddld l")'n dlllJID "'2 4~ 152 541 HMlbdH2 
fine. fflldiwn. and-und 

u I• l ft ft ~ · :;JI """ fl,_ HNI 

4 4 170 !123 ~ c.-wl . llilt i,,d ,- ovl.-a1~ 1 
ft 71 - IUnl E -nr3'\IWI ....... _,,, ..... , n .ie.- 1m1 NA 

' ,,,,_ Khilffl inl F1ffrNn (1-'«I). ,- \\flilll pa;;« br Khllff (S4fJll!mber 2'.DO). 
" ah IMpad. 1-tn:ermed• r,pa::t {aftrKncaid• .ii. 1GG8). 
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Appendix A 
Hydrostratigraphic Templates (PNNL-14702) 

VZ Bu e Templates S 
South 200 Wnt ArH (I , U (Hcept U-1&2), Z Arns [exoept 218.Z-9)) ltnligr.iphio CGlumns 

------r--1---··--=· .. ~, ... , _._ __ { _ _. .... •- J. 
-•--nL t•: NIii: ·--••ti 2 .. ... z .. ~a ·•~la- 11•1•~ ._ Wei' 2 •1-t.M ll IOMftN t,cro- S)-71 I. 
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Table B-7. Contaminant Distribution Coefficient Estimates by Waste Chemistry Type. (2 pages) 

" .... - - - I: \ rm-Addk , __ . 
Jultlmedin lmplct- 1111111 !inlmplct-

BilhlmNct(lB) s..l(!D) Gmwl(lll) 

Xd Eftimlle Cdlf) UEstimltlr(ml.iJ) UE111m1te<mL•f) 
Am1y1II Best Mill Mn Best Min Ma Belt Mm ~ 

Nm-.AdtcldtilJ llldialmcJide, 

H3 0 0 0 0 0 0 0 0 0 

Td9 0 0 0.1 0 0 0.1 0 0 0.01 
Cl36 0 0 0 C 0 0 0 0 0 .. . . . . .. .. . 

Ult 4 0 u 0.2 0 :? 0.02 0 0.2 
, .... 211 0.2 0 4 0.8 0..2 4 O.OI 0.02 0.4 
S.79 ' 3 10 s 3 10 0..5 Q.J 1 
Np237 0 0 1 10 2 30 l O.l 3 
Cl4 0 0 0 0 0 100 D 0 100 
Hialv" • · 

SttO 10 .5 1S 22 10 .50 d.l .u l'-S 
Cll37 1000 200 10000 2000 200 10000 fln Q 3100 
Pl&lJP 0.4 D.l 1 eoo 200 1000 lU Q 621) 

&1,2 20 ,I 100 lO'J 10 1000 Q 3.1 310 

w .. :-- - • 2: \'nyBiaSaltl\'~ ... - .. 
Iutw11elift Impact - L• edint lmplct-

Hllhlmllct(?H) Sad(m) Gmwl(lt?) 

x.t&aiame(JDL,'m LIEl-..6a[.i)l) UEdim•(IDLi~ 
Amlyte Belt Mm Ma Best Mm Ma Bat Mm l4a .... . - - . l1Nm1ct.les • 

m 0 0 0 0 0 0 0 0 0 
Tc99 0 0 0.1 0 0 0.1 0 0 0.01 
C136 0 0 0 0 0 0 1) 0 0 
MolllntelyA&hrd .. 
112' 0.02 0 0.2 0.1 0 0.2 ,0.01 0 0.02 
U"..31 0.1 02 " 0.1 0.2 4 O.OI O.G.2 0.4 
S.79 0 0 0.1 0 0 1 0 0 O.l 
Npll7 200 100 ,00 200 100 soo 200 100 ,00 

Cl4 100 0 100 1 0 100 1 0 100 
.11:ialv .. . . 

Sl90 22 10 ,o 22 10 ,0 6.1 l.1 l'-5 
C1137 10 0 500 100 10 1000 ll J.1 310 
"1?39 200 ;o tOO 600 200 lOOO lPO Q 620 
&Ul 200 10 1000 200 10 1000 12 3.1 310 
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Table B-7. Contaminant Distnbution Coefficient Estimates by Waste Chemistry Type. 
(2 pages) 

w..-o I l:r'Salu~ . J: .- • . - Sala 

·-- HJidelmpld-
lma11w4iatt Impact -

Hilrhlamaet(JB) Sad(JD) Gm-.1(112) 
KdE.._. (mL'I) Xd~c.t.Jm U~(mVa) 

ADllyle Best Ym Ma Bat Mia ~ BISt ltfm Ma 
HialY Mobile m .. 11 

ID 0 0 0 0 0 0 0 0 0 
Tdl9 0 0 0.1 0 0 0.1 C 0 0.01 
Q)f 0 0 0 0 0 D 0 0 0 
SamealtMallile FIii,,,.,.. 
1129 0.2 0 2 0.2 0 2 0.02 0 0.2 
U'JI 0.2 0 4 o.a 0.2 4 . 0.08 0.02 0.4 
Se7' 0 0 0.1 0 0 1 0 0 0.1 
ND237 2 I 1.5 ' 2 JO o., 0.2 J 
Cl4 0 0 1°'1 0 0 100 0 0 100 
Md11-1v bneDPbil- FJewts 
!dlO 1 0.2 20 10 ~ 20 l.1 u 62 
CdJ7 10 0 XIO 100 10 1000 ll l.1 310 
Pl2J9 10 l 100 600 lOO 2000 190 Q 00 
&1'2 20 l 100 200 10 1000 fl 3.1 310 

..... - - • - - . 4: ..... ·--SaWNNrNftll"II 
fwl+ +Ii+ -,.ct- Le felapct-

u:...a. "'---(411) S-(4I1) Gm"1(4I2) Gnlmdnllr{40) 
KdEflimlllt(mt.00 l:d Ettimm (al),> EdEltimlt(mlJJ) Xi Eltillla1e (1111.ig) 

Aalylt Belt Mill ... 8llt Mill ... BIil Mm Ma Bllt Mia Ma 
HilrhlvMollileE-. 
m 0 0 0 0 0 C 0 0 0 0 0 0 
Tc:99 0 0 0.1 0 0 O.l 0 0 .0.01 0 0 0.1 
CIJ6 0 0 0 0 0 0 0 0 0 0 0 0 
Samnlllt W.W. m--u 
lllt o.2 0 2 0.2 0 2 0.02 0 0.2 0.2 0 2 

tml Q.I 0.2 4 O.J 0.2 4 O.OI om · o., O.I 0.2 4 
Se7' !5 J 10 !5 J 10 0-' O.J 1 ' 3 10 

ND2l7 10 l 30 10 2 Jg l 0.2 3 10 2 30 
C14 0 0 100 0 0 100 0 0 10 D D 100 
. . . ,_,..n..-1 . 
SdO 22 10 ,0 l.:? 10 50 7 ) 16 2l 10 ,0 

C&ll7 2000 lCO 10000 lOOO 200 10000 '20 Q 3100 2000 200 10000 
PalJ9 IOO 200 lOOO ., 100 lOOO UIO Q 620 IOO 200 2000 
Eu1'2 . 200 10 1000 200 10 lCIOO Q J.1 310 lGO 10 1000 

(PNNL-14702, Table 4.11) 
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