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EXECUTIVE SUMMARY

The Hanford Site Permanent Isolation Barrier Development Program (Barrier
Development Program) was organized to develop the technology needed to provide
an in-place disposal capability for lTow-level nuclear waste for the
U.S. Department of Energy at the Hanford Site in south-central Washington.

The goal of the Barrier Development Program is to provide defensible evidence
that final barrier design(s) will adequately control water infiltration, plant
and animal intrusion, and wind and water erosion for a minimum of 1,000 yr; to
isolate wastes from the accessible environment; and to use markers to warn
inadvertent human intruders. Evidence for barrier performance will be
obtained by conducting laboratory experiments, field tests, computer modeling,
and other studies that establish confidence in the barrier's ability to meet
its 1,000-yr design life. The performance and stability of natural barrier
analogs that have existed for several millennia and the reconstruction of
climate changes during the past 10,000 yr and beyond also will provide insight
into bounding conditions of possible future changes and increase confidence in

the barriers design.

Climate will have a pervasive influence on barrier performance. Soil
water movement will be influenced by changes in precipitation, temperature,
and vegetation. Climatically induced changes in plant and animal communities
will affect the potential for bio-intrusion. Surface stability may be
impacted by changes in wind patterns, but also by changes in vegetative cover
that may result from climate change. Currently, the potential future climate
variation and vegetation change in the Pasco Basin for the millennium is
largely unknown. Consequently, the effects of climatic variability on barrier

performance .have not been evaluated adequately. Efforts are under way to

iii
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improve projection of future climatic variability and to measure the
uncertainty of those projections. Local climate projections are model-derived
estimates based on current climate, past climate, and projected future global

climatic controlling factors and bounding conditions.

The Basalt Waste Isolation Project (BWIP) had develioped plans for
characterizing Tong-term changes in the Pasco Basin climate, some of which the
Barrier Development Program proposed to use; however, with the closing of the
BWIP, the Barrier Development Program's plans for obtaining much of its
climatic information from BWIP changed and this document details a research
approach to fill the gap. An early draft of this document benefitted from the
comments of a peer review panel made up of internationally recognized experts
in climate characterization, paleoclimate reconstruction, and global climate

modeling and prediction.

This document describes the Barrier Development Program's new multi-
disciplinary approach to climatic data acquisition to be taken to obtain
defensible projections of climate parameters based on studies of current
climate, past climate, and projected future climate. The overall objective of

the Long-Term Climate Change Task is to complete the following:
e Obtain defensible probabilistic projections of the long-term climate
variability in the Hanford Site and Pasco Basin region at many

different time scales into the future

o Develop several test case climate scenarios that bracket the range

of potential future climate

iv
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Use the climate scenarios both to test and to model protective

barrier performance.

Obtaining defensible climatic information will aid in satisfying

(1) design and regulation requirements, (2) barrier performance assessment

requirements, and (3) hydrologic and other barrier task input needs. The
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13.

strategy being applied to accomplish this is a series of proposed task studies
to be accomplished during a 5-yr research program. The proposed program is

broken into 13 tasks, titled as follows:

Identification of Climatic Data and Sensitivity Requirements
Synthesis of Existing Information

Pollen and Lake Sediment Studies

Fluvial Sediment and Groundwater Studies

Terrestrial Sediment Studies

Past Climate/Vegetation Variations

Future Climate/Vegetation Projections

Local Climate Forecast Model

Model Calibration and Validation

Projection of Future Climates

Generation of Weather Statistics

Identification of Spatial Analogs of Vegetation Response to
Projected Climates

Input Climatic Data to Barrier Performance Assessment.

The work performed under this test plan will be a collaborative effort by

scientists and engineers from Westinghouse Hanford Company and Pacific

all
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Northwest Laboratory. Total estimated cost for the program is $608,000 for
Westinghouse Hanford Company and $1.3 million for Pacific Northwest
Laboratory, for a total of $1.9 million. A task-by-task schedule is not
provided but can be inferred from the yearly cost projections. Milestones are
briefly described but not scheduled. A modular approach has been specifically
designed to provide an overall research strategy that is flexible so it can be
scaled to accommodate future funding uncertainties or to be used for other

applications that might have need for climate information.

vi
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LONG-TERM CLIMATE CHANGE ASSESSMENT STUDY PLAN FOR THE HANFORD SITE
PERMANENT ISOLATION BARRIER DEVELOPMENT PROGRAM

1.0 INTRODUCTION

The Hanford Site Permanent Isolation Barrier Development Program (Barrier
Development Program) was organized to develop the technology needed to provide
an in-place disposal capability for the Hanford Site (Adams and Wing 1986;
Wing and Gee 1990). The goal of the Barrier Development Program is to provide
defensible evidence that final barrier design(s) will adequately control water
infiltration; plant and animal intrusion; and wind and water erosion for a
minimum of 1,000 yr and isolate wastes from the accessible environment and
warm inadvertent human intruders using markers. Evidence for barrier
performance will be obtained by conducting laboratory experiments, field
tests, computer modeling, and other studies that establish confidence in the
barrier's ability to meet its 1,000-yr design life. The performance and
stability of natural barrier analogs that have existed for millennia and the
reconstruction of climate changes over the past 10,000 yr to 125,000 yr aiso
provide insight into bounding conditions of possible future changes and
increase confidence in the barriers design.

The Barrier Development Program system uses engineered layers of natural
material to create an integrated structure with redundant protective features.
The natural construction materials (e.g., fine soil, sand, gravel, riprap,
clay, asphalt) have been selected to optimize barrier performance and
longevity. The objective of the current designs is to use natural materials
to develop a maintenance-free permanent isolation barrier and warning marker
system that isolates the wastes for hundreds to thousands of years by limiting
water drainage to near-zero amounts; reducing the likelihood of plant, animal
and human intrusion; controlling the exhalation of noxious gases; and
minimizing erosion-related problems. Once developed, it is anticipated that
the permanent isolation barrier could be used at arid to semiarid sites other
than the Hanford Site.

This document describes the long-term climate change studies planned to
support the Barrier Development Program. The plan outlines a multiyear and
multidiscipline approach to assess long-term climate change issues and to help
optimize the design of the permanent isolation barriers. A multidisciplinary
approach to climatic data acquisition will be responsible for obtaining needed
information for concurrent barrier tasks and for developing a local climate
forecast model. This model will couple past climate patterns with models of
regional and global climate drivers to provide bounding conditions for barrier
performance assessment analyses.

The work performed under this test plan for the U.S. Department of Energy
(DOE) will be a collaborative effort by scientists and engineers from
Westinghouse Hanford Company (Westinghouse Hanford) and Pacific Northwest
Laboratory (PNL). The plan provides an overall research strategy that has
been designed to be modular to be scaled to accommodate future funding
uncertainties or to be used for other applications that might need climate
information, such as the Grouted Double-Shell Tank Waste Disposal at the

"o 1 RO 1 meo ) IIET o
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Hanford Site or the implementation of DOE, Richland Operations Office (RL)
Order 5820.2A, which specifies that climate changes should be considered in
Site-specific radiological performance assessment.

1.1 BACKGROUND

1.1.1 The Hanford Site

At the DOE's Hanford Site in south-central Washington, efforts are under
way to remediate radioactive and hazardous chemical waste sites that have
accumulated from defense-related activities. The Hanford Waste Management
Plan (DOE-RL 1987) and the Final Environmental Impact Statement, Disposal of
Hanford Defense High-Level, Transuranic, and Tank Wastes, Hanford Site,
Richland, Washington (DOE 1987) present several options for final disposal of
the Hanford Site's radioactive defense wastes. Implementation of these
alternatives could include the construction of a permanent isolation barrier
and warning marker system over waste that may be disposed of near surface.
The barriers would be designed to protect the accessible environment for a
minimum of 1,000 yr by limiting the transport of contamlnants from the wastes
caused by the following circumstances:

e Animal and plant intrusion

* Wind and water erosion/deposition
e Water infiltration/percolation

e Inadvertent human intrusion.

Because of the time desired for waste isolation, long-term changes in the
local climate will have a pervasive influence. Therefore, before the
formulation of final design criteria and the engineering of permanent
isolation barriers for waste sites, projections of climatic variability will
be required for the Hanford Site and surrounding regions. The reconstruction
of climate changes over the past 10,000 yr to 125,000 yr will provide insight
into bounding conditions of possible future changes and increase confidence in
the barrier design. The lessons being learned during this study also may be
useful for other studies needing climate change information.

1.1.2 Global Climate Change

Climatologists universally accept that global climates have undergone
significant variation in the past, and such natural variations are expected to
continue into the future (Houghton et al. 1990). For instance, according to
the Milankovitch theory (Milankovitch 1969), the Pleistocene ice ages were
caused primarily by changes in the seasonal distribution of incoming radiation
associated with orbit variations. During the last 700,000 yr, and possibly
for as long as 2,000,000 yr, the Earth has experienced a number of glacial
cycles, each about 10 yr long with a 10,000-yr-long interglacial (Hays et
al. 1976; Kukla 1981; Berger et al. 1984). The last interglacial/glacial
cycle started with a 10,000-yr-Tong interglacial cycle about 125 ka, which was
immediately followed by a rapid growth of global ice sheets beginning 115 ka.
Glacial climate dominated the Earth until about 12 ka when continental ice
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retreated from its most southern extent into what is now the state of
Washington. No vegetation escaped the repeated stress of these climates and
interglacial adjustments, and the Pasco Basin of south-central Washington is
no exception. With each glacial cycle, the species displaced by climate, ice,
water, and competition responded through growth form, migration, or selection,
or faced lTocal extinction. Based on the geophysical evidence of the past,
there is a strong suggestion that the earth is cycling into the next glacial
period (Imbrie and Imbrie 1980; Berger 1981; Berger et al. 1984). Important
questions include when and to what magnitude natural climate change will occur
and which other confounding effects can be expected.

Although there are large uncertainties in the knowledge of climate, many
climatologists now believe that future natural climates will differ
significantly from those of today (Houghton et al. 1990; Berger et al. 1984).
However, human activity apparently is rivaling nature's ability to produce
climatic change as judged by the potential impact of increasing carbon dioxide
and other trace gases in the atmosphere (Hansen et al. 1981; Schneider 1989).
The cycle into the next i.© ~je may be confounded by the steady contribution
to the atmospheric burder. ¢ carbon dioxide and other trace gases, produced
largely through fossil fu: use and possibly through deforestation. There is
a growing world concern that this "greenhouse effect" will lead to
unprecedented global warming in as little as 50 yr. The potential greenhouse
effect, which is possibly the most important consideration for the next
1,000 yr, as well as the next glacial period, suggests that the Pasco Basin
could have climate extremes that may affect the performance of the permanent
isolation barrier. Identification of those potential extremes is important
for the proper barrier design to provide assurance that the barriers will
function for their design life, without maintenance.

1.1.3 Engineered Barriers

Westinghouse Hanford and PNL are jointly developing engineered barriers
for hazardous waste site remediation (Adams and Wing 1986). The Barrier
Development Program has a research team consisting of experts in soil physics,
hydrology, geology and erosion, zoology, botany and range management, plant
physiology, quaternary climates, computer modeling, civil engineering, and
project management. Various barrier designs have been evaluated with
simulation models and natural analogs, and are being or will be demonstrated
in the field. The preliminary results from these and other studies suggest
that barriers designed of layered earthen materials may be effective in
limiting water infiltration and intrusion by plants and burrowing animals on a
thousands~-of-years time scale. A definitive permanent isolation barrier
design is planned for completion by the mid-1990's.

A drawing of a conceptual barrier and warning marker system is shown in
Figure 1. The barrier and warning marker system consists of a variety of
different materials (fine soils, sands, gravels, asphalts, and geosynthetics)
placed in layers to form an abovegrade mound directly above the waste zone.
Throughout the multilayer barrier, subsurface markers may be placed to warn
any inadvertent human intruders of the danger of the wastes below. In
addition, surface markers would be placed around the periphery of the waste
sites to inform future generations of the nature and hazards of the buried
wastes.
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Figure 1. A Conceptual Permanent Isolation Barrier
and Warning Marker System.
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A critical design feature of barriers is the layering sequence.
A conceptual design is shown in Figure 1. The protective barrier design
consists of a fine-soil layer overlying other layers of coarser materials such
as sands, gravels, or basalt riprap. Each of these layers serves a distinct
purpose. The fine-soil layer acts as a medium for moisture storage until the
processes of evaporation and transpiration can recycle any excess water back
to the atmosphere. The fine-soil layer also provides the medium for
establishing plants necessary for transpiration. The coarser materials placed
directly below the fine-soil layer create a capillary break that inhibits the
downward percolation of water through the barrier (Richards 1950). This
functions because in an unsaturated system, the capillary pressures are much
less than atmospheric pressure. For significant quantities of water to flow
into and through the coarser sublayers, the water pressure must be raised to
nearly equal atmospheric pressure. The overlying fine-textured soils must
become nearly saturated for the water pressure to approach atmospheric and
allow water to flow into the sublayers. This resistance to drainage explains
the large storage capacity of the overlying fine-textured soil. Keeping the
water in the fine-textured layer provides time for the processes of
evaporation and transpiration to remove it.

The results of preliminary computer simulation model runs suggest using a
4.92-ft (1.5-m) layer of suitable fine soils in the design of the barrier
(Fayer 1987). Also, the capillary barrier concept has been tested for several
years at the Field Lysimeter Test Facility (FLTF). Results from these tests
indicate that the capillary barrier functions as designed (Campbell and
Gee 1990). During a 3-yr test period, water losses in the lysimeters by
evaporation and transpiration have exceeded water gains by precipitation and
irrigation for conditions representative of two times the annual average
precipitation. (Soil water storage decreased in the lysimeters during the
3-yr test period and no drainage occurred.) Annual water losses by
evapotranspiration create a soil storage capacity adequate to accommodate
estimated 1,000-yr storm events at the Hanford Site [1.11 in. (2.82 cm) of
water in 60 min]. In two of the drainage lysimeters at the FLTF, enough water
was added to force water to break through the capillary barrier. As expected,
it was determined that water does not pass through the capillary barrier in
the Tiquid phase until the soil approaches saturation and pore pressure
becomes positive. Once breached, the capillary barriers in the lysimeters
drained only slowly until they reached a stable water content almost twice as
high as that normally held by that soil against gravity.

The coarser materials below the fine soil also act as deterrents for
burrowing animals and deep-rooting plants. Low-permeability layers, placed in
the barrier profile below the capillary break, are now being considered for
use in the protective barriers. The low-permeability layers would be used
(1) to divert any percolating water that gets through the capillary break away
from the waste zone, and (2) to 1imit the upward movement of noxious gases
from the waste zone. Solution grouts alsc are being evaluated for use as a
gonstruction aid and to provide additional structural stability to the

arrier.
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1.1.4 Parrier Development Program

The Barrier Development Program (Adams and Wing 1986) outlines several
studies that address specific issues related to the design and long-term
behavior of barriers. Twelve groups of tasks have been identified to resolve
the technical concerns and complete the development of barriers and markers.
These groups are as follows:

Project management

Biointrusion control development

Water infiltration control development
Erosion/deposition control development
Physical stability testing

Human interference control

Barrier construction materials procurement
Prototype barrier designs and testing
Model development and validation
Natural analogs studies

Long-term climate change effects

Final design.

This process of designing and testing barriers requires an understanding
of the interaction among design components and environmental and climatic
factors.

Water movement within layered soil systems connects closely to changes in
surface soils, precipitation, temperature, and the water extraction
characteristics of plants. Changes in climate also may alter the structure of
plant and animal communities inhabiting the area and, thus, the potential for
biointrusion. Biointrusion studies may need to account for the influence of
climate on plant-rooting depths and the regional distribution and behavior of
burrowing animals. The stability of the barrier surface may be influenced by
changes in the plant cover, burrowing animal behavior, precipitation,
temperature, and wind regimes.

1.1.5 1Initial Objectives

In the Protective Barrier and Warning Marker System Development Plan,
Adams and Wing (1986) describe the objective of the long-term climate change
assessment tasks as follows.

At present, the possible 10,000-yr variation in the climate and
ecology of the Pasco Basin are largely unknown. The object of this
task is to obtain probabilistic projections of long-term variability
in the Pasco Basin climate that can be input to analyses of water
balance, biointrusion, and erosion of barriers.
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Adams and Wing (1986) also describe objectives for the activity,
including the following:

e The evaluation of climate informational needs (CLIM-1) by using the
following operations:

- Identify specific parameters of long-term climate that will be
required for water infiltration, erosion, and biointrusion
analyses

- Evaluate the adequacy of existing information

- Coordinate Barrier Development Program involvement in a climate
characterization project funded by the Basalt Waste Isolation
Project (BWIP).

e The prediction of local climate and vegetational changes (CLIM-2)
incorporating the following actions:

- Employ different types of models to predict variability in the
climate and vegetation of the Pasco Basin during the next
10,000 yr

- Use statistical models (called transfer functions) to
reconstruct past climate from geologic and paleobiotic
indicators, such as glacier fluctuations, fossil pollen
records, and tree rings

- Using the geologic and paleobiotic information, calibrate a
local climate forecast model

- Model the relationships between local climate variables and
regional controlling factors (such as atmospheric oceanic
circulation patterns) and input the information to the local
climate forecasts

- Estimate future variability in the vegetation and wind regime
of the Pasco Basin in addition to variability in precipitation
and temperature; this information will be input to water
infiltration, biointrusion, and erosion control tasks.

1.1.6 History of the Long-Term Climate Change Effect Task

In the early stages of the Barrier Development Program, the BWIP was in
the process of developing study plans for characterizing long-term climate
variability in the Hanford Site region in support of high-level waste
disposal. Of particular concern to BWIP was the potential effect of climate
on the isolation of waste in a geologic repository. The BWIP's multimillion-
dollar work requirements were developed in consultation with a panel of
recognized leaders in climate modeling and paleoclimate research.

To avoid duplication, PNL and Westinghouse Hanford convened a Barrier
Development Program workshop in January 1987 to define key issues regarding
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the impacts of climatic variability on the performance of layered soil and
rock barriers proposed for possible use at the Hanford Site (Waugh and

Foley 1988). Workshop participants concluded that the sensitivity of
vegetation and evapotranspiration to potential future climatic changes was a
key issue that must be understood better before climatic change impacts on
drainage through the barrier and groundwater recharge could be adequately
modeled. Based on the workshop findings, Waugh and Foley (1988) proposed
several technical tasks to obtain needed information. The BWIP climate
program was to be the source of much of the climatic information needed by the
Barrier Development Program. By tying into BWIP, the Barrier Development
Program would be able to acquire needed climatically related information
without incurring the significant costs associated with generating the data
for BWIP. The Barrier Development Program would provide funding for and
gﬁggorm any additional climatic work that was needed but not conducted by

A decision was made late in 1987 to discontinue investigating the Hanford
Site as a possible location for a commercial nuclear waste repository for
high-level waste. So BWIP was closed out and the Barrier Development Program
was forced to reevaluate its strategy for obtaining needed climate
information. The current proposal is presented in this document.

1.2 DEVELOPMENT OF A RESEARCH STRATEGY

Figure 2 shows the long-term climate change assessment needs, tasks, and
objectives. Before initiating a new climate task, key climate parameters
needed by various other Barrier Development Program tasks must be identified.
Once identified, the key climate parameters must be priority rated so that an
orderly and cost-effective approach can be taken to obtain the needed climate
data. In addition, identification must be made of the regulatory requirements
and performance standards (as they currently exist or as they evolve) that
pertain to the effects of climate change on the disposal of wastes at the
Hanford Site.

At a minimum, the ability to predict and defend the performance of
barriers over the next 1,000 yr depends on the following two conditions:

e An understanding of present environmental conditions that could
compromise long-term barrier integrity and performance to facilitate
proper barrier design

e An ability to predict climate changes and climate-induced changes in
environmental processes that might adversely affect the barrier in
the future, so that appropriate design considerations can be
formulated, tested, and implemented.

To accomplish the objectives of the long-term climate change assessment
task, paleoclimatic studies and future climatic projections must be closely
linked. Local climatic projections will be model-derived estimates based on
current climate, past climate, and projected global climatic controlling
factors and bounding conditions.
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Figure 2. Long-Term Climate Change Assessment Task.

Requirements Needs
Regulations Climate Parameters
for Hydrologic
Models and Other

Design Barrier Tasks
Task

Paleoclimate Studies

!

Future Climate Projections

Objectives
Satisfy
Regulations Satisfy Hydrologic
and Performance and Other Task

Assessment Input Needs
Requirements

H9206001.1

The climate study plans that were prepared for BWIP were reviewed for
applicability to the Barrier Development Program. 1In 1989, a draft version of
the Barrier Development Program's climate study plan was completed. 1In
contrast to the BWIP approach, this plan proposed a focused, stepwise approach
to data acquisition whereby the complexity (and cost) would increase with
successive tasks. Decisions to progress were to be based on assessments of
the expected returns in improved confidence relative to the required
sensitivity and cost. The Barrier Development Program's approach accounts for
potential future impact of greenhouse gases, something the BWIP approach did
not address. In August 1989, the draft was submitted to a peer review panel
consisting of a number of experts in paleoclimatic reconstruction and future
climate projection. The review of the plan was undertaken at the draft stage
so that an early interchange of ideas regarding the document could assist in
focusing the proposed investigation. The panel concluded that the program
could be focused usefully on several critical issues to eliminate some
unnecessary paleoclimate studies, thereby reducing costs and focusing the
climate change assessment efforts. The panel noted that detecting extremes
that could make a difference in performance of the barrier for up to 10,000 yr
should be emphasized. These climatic extremes include changes in temperature,
precipitation, and vegetation related to greenhouse warming and the cycling of
the climate into the next ice age.
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The review panelists were Dr. Cathy Whitlock (Barnosky), Museum of
Natural History, Pittsburgh, Pennsylvania (palynology); Dr. Brian Atwater,
U.G. Geological Survey at the University of Washington, Seattle, Washington
(glaciation and other nonbiotic studies); Dr. David Rind, National Aeronautics
and Space Administration's (NASA) Goddard Institute for Space Studies (GISS),
New York (climatic modeling); and Dr. Roger Barry, Cooperative Institute for
Research in Environmental Sciences (CIRES), University of Colorado, Boulder,
Colorado (general climatology).

1.3 OBJECTIVES

Figure 2 indicates the relationship between the various components of the
long-term climate change assessment task. The overall objective, as
illustrated in Figure 2, is to provide defensible climatic information that
will aid in satisfying regulations, barrier performance assessment
requirements, and hydrologic and other barrier task input needs. More
specific objectives include the following:

* To use the past climate, current meteorological conditions, and
modeled future global changes to project likely climatic variability
in the Pasco Basin for the next 1,000 yr

e To provide information that pertains to the effects of climatic
change on the disposal of wastes at the Hanford Site to the other
components of the Protective Barrier Development Program so that the
final design meets regulatory requirements and performance standards

e To provide information that will be used to test the long-term
performance of the barrier to confirm its effectiveness in
minimizing drainage that could Tead ultimately to movement of
radionuclides to the accessible environment.

The strategy being selected to accomplish these general objectives is a
series of studies that provide for an understanding of the range and
probability of recurrence of past ciimate change and for a projection of
potential climate at the Hanford Site.

As mentioned in Section 1.1.3, there is strong geophysical evidence from
earth history that the Earth is cycling into the next glacial period
(Hays et al. 1976; Berger et al. 1984). This cycling into the next ice age
may be influenced by global warming by the steady increase of anthropogenic
carbon dioxide and other trace gases. Thus, an ice age climate and greenhouse
warming can provide two contrasting extreme climate scenarios. The technical
review panel suggested that the long-term climate change assessment task could
be usefully focused on a series of discrete severe climate scenarios that
could provide the bounding condition used to test the performance of barriers.
Once selected, efforts would be made to characterize the climatic nature of
these extremes in the Hanford region. '

Based partly on the recommendations of the technical review panel and
partly on the experience of the authors, the following have been selected as
potential climatic extremes that could have impact on the barriers performance
if such extremes were to occur in the future: the last interglacial/glacial
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transition (deep sea oxygen isotope stage 5 to 2); the last glacial maximum
(nominally 18 ka); the early Holocene (9 ka); and the middle to late Holocene
(6 ka and 3.5 ka). Many questions can be posed to help structure the research
strategy to address these other climatic extremes.

e What are the specific climatic parameters that need to be obtained
through study (i.e., annual precipitation, daily temperature range)?

 If the needed climatic parameters are unobtainable, are there ways
to approximate them?

e How soon will the next ice age begin?
e How rapid will the transition be?

* How rapidly did the last interglacial/glacial transition occur
(nominally 115 ka)?

e What is the nature of a glacial climate at the Hanford Site?

* Could a glacial climate impact the effectiveness and performance of
a permanent isolation barrier?

e What is the nature of a warmer greenhouse climate at the Hanford
Site?

e Could a warmer greenhouse climate impact the effectiveness and
performance of a permanent isolation barrier?

e Based on paleoclimate studies, are there other periods of potential
climatic extremes that should be considered?

e What is the nature of these other climate extremes at the Hanford
Site?

e Could these other climate extremes impact the effectiveness and
performance of a permanent isolation barrier?

1.4 SCOPE

The current approach for accomplishing the objectives and obtaining
needed climatic information for the Barrier Development Program is presented
in this study plan. The work described in this plan is consistent with the
Protective Barrier and Warning Marker System Development Plan (Adams and
Wing 1986), which was prepared as a guide for resolving the technical issues
associated with protective barrier and warning marker systems.

This document will describe the climatically related activities to be
undertaken to support development and performance assessment of barrier
designs. This document provides a preliminary estimate of climate information
needs and describes a series of tasks designed to obtain information about the
range of past climatic variation and efforts to predict potential climate
conditions. Task interactions, schedules, and preliminary cost estimates also

11
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are provided. Because this is a multiyear plan, initial tasks are described
more comprehensively than later tasks. When individual tasks are undertaken,
they probably also will be guided by approved technical work plans that will
be more comprehensive than this study.

2.0 TASKS

Although the design 1ife of the permanent isolation barrier is a minimum
of a 1,000 yr, future climate projections will be assessed to 10,000 yr. This
additional margin is being added so that the confidence in the 1,000-yr
projections can be improved. Based on the recommendations of the independent,
third-party technical review panel, a simplified figure was developed
depicting various tasks and key decision points to be addressed in the revised
climate study plan (Figure 3). In the proposed climatic assessment of the
barriers, a stepwise approach to data acquisition will be undertaken. The
£I?¥ of information among tasks is illustrated in Figure 3 and outlined as

ollows.

e Tasks:

Identification of Climatic Data and Sensitivity Requirements
- Synthesis of Existing Information.

e Decision point 1: Does Existing Information Satisfy Data Needs?

Pollen and Lake Sediment Studies

Fluvial Sediment and Groundwater Studies
Terrestrial Sediment Studies

Past Climate/Vegetation Variation

Future Climate/Vegetation Projections.

e Decision point 2: Do Reconstructions Bound Long-Term Astronomical
Forcing and Projected Greenhouse Effects?

Local Climate Forecast Model
- Model Calibration and Validation
Projections of Future Climates.

e Decision point 3: Do Projections Satisfy Climate/Vegetation Data
Needs?

- Generation of Weather Statistics
- Spatial Analogs of Vegetation Response
- Input Climatic Data to Barrier Performance Assessment.

The first box in Figure 3 indicates the identification of climate data
needs. The next activity in the sequence shown in Figure 3 is the synthesis
of existing information. This task is comprehensive, covering the evolving
field of global climate modeling. Additionally, the relationship between

12
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Figure 3. Decision Matrix for Barrier Development Program
Long-Term Climate Change Assessment Tasks.
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local climate variables and regional climatic controlling factors, such as
atmospheric and oceanic circulation patterns, must be understood.

The task of synthesizing information also will focus on gathering
information on selected paleoclimatic extremes experienced in the Pacific
Northwest and the world as a whole. Such information is available from
studies of fossil pollen and stable isotope ratios from lake and ocean
sediment cores; fossilized limbic organisms with narrow tolerances for H,
temperature, and solutes; isotopic, mineralogic, and sedimentological
indicators of lake-level or climatic fluctuation; glacial and eolian
depositional histories; and dendroclimatic reconstructions using tree rings.
Because some Barrier Development Program studies will need information on
specific parameters (i.e., the magnitude and frequency of extreme rainfall
events or the seasonality of precipitation), an attempt will be made to
identify the range of such parameters historically and for selected
prehistoric periods of climatic extremes, and projection of these also will be
provided.

New field studies to be undertaken include paleoclimate reconstruction
based on interpretations of paleobiotic and geologic records. Because of the
paucity and incompleteness of various kinds of evidence, a range of different
types of data and analytical tools will be investigated to characterize best
the selected times of extreme climatic conditions. These studies are grouped
into three types: Pollen and Lake Sediments Studies, Fluvial Sediment and
Groundwater Studies, and Terrestrial Sediment Studies. Reconstructions of
past climate in the Hanford Site region will be based primarily on
interpretations of variability in the composition of fossil pollen from lake
sediment cores. Additional index climate data are planned to be used to help
characterize extreme climatic conditions and events such as past aridity
through the study of past sand dune activity and the evidence for paleofloods.
These studies will aid in the development of bounding conditions for the local
climate forecasts.

The problem of forecasting future climatic variations is challenging.
Modeling projections of future climate at the Hanford Site region will be
accomplished by developing a local climate model. Initial bounding conditions
for the local climate model will be obtained from general circulation models
to be reviewed during the synthesis of information task. In turn, the local
climate model will need to be calibrated and verified against present climatic
conditions and reconstructions of past local climate. The ability of the
local climate model to reproduce past climatic conditions will give some
measure of the model's sensitivity to changing bounding conditions. After
calibration and validation, the future variability in the precipitation and
temperature (and the potential vegetation) and wind regime of the Hanford Site
region will be estimated. If additional data needs remain, the generation of
weather statistics and development of spatial analogs of vegetation response
will be undertaken.

The objective of climate studies is to obtain defensible projections of
climate parameters that satisfy the climate-input data needs of various
Barrier Development Program tasks (manipulative experiments, barrier analog
studies, modeling studies) that in turn will used in the performance
assessment of the barriers as shown by the last box in Figure 3.

14
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2.1 TASK 1: IDENTIFICATION OF CLIMATIC DATA
AND SENSITIVITY REQUIREMENTS

The Protective Barrier and Warning Marker System Development Plan (Adams
and Wing 1986) outlines several studies that address specific issues related
to the design and long-term behavior of permaneiat isolation barriers
(Section 1.1.4). Included in the plan are studies of hydrologic performance,
erosion control, biointrusion control, construction material requirements,
physical stability, human intrusion control, and climatic change effects.
Praedictions of future changes in local climate will be required by almost all
of the studies. Tests of snil water movement and storage in the barrier will
be sensitive to changes in precipitation, temperature, plant cover and type,
and the water extraction characteristics of plants. Biointrusion studies may
need to account for the influence of climatic change on plant type and rooting
depths and the regional distribution and behavior of burrowing animals.
Changes in plant cover, burrowing animal behavior, precipitation, temperature,
and the wind regime may influence the stability of the barrier surface.

2.1.1 Purpoze

Task 1 is an essential first step in assessing the effects of climatic
change on the long-term performance of permanent isolation barriers. The
objectives of this task are the following:

e To identify specific climatic parameters that will be required by
the various studies of long-term barrier performance

¢ To identify the temporal resolution and precision required for each
climatic parameter

e To conduct climatic sensitivity analyses to assess the relative
jwportance of c¢limatic parameters

e To daveiop a task hierarchy, task priority ranking, and task
sequence for the timely acquisition of needed climatic cata.

The following sections are a preliminary survey of the climatic
parameters required by the various barrier development studies. Table 1 is a
summary of the findings of the survey. The requirements likely will be
modified in the future as work on the various studies progresses and the
results of climatic sensitivity analyses become available. Currently data
needs cannot be organized into task sequences, hierarchies, or priority
rankings. This will require additional input from project managers.

2.1.2 Requirements for Assessing Hydrologic Performance

Precipitation infiltrating the soil overlying buried waste, not extracted
by evapotranspiration, will be available to move toward the waste zone. The
interface of the fine-textured topsoil layer and the underlying coarse sand
and gravel layers will act as a barrier to downward flow, as long as water
storage at the interface does not approach saturatien. If saturation occurs
(i.e., if the storage capacity of the topsoil is exceeded), water could drain
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Table 1.

Summary of Environmental Parameters Needed by Barrier Development
Studies to Assess Long-Term Performance.

(sheet 1 of 2)

Issues and studies

Parameters

Issue: Hydrologic Performance

1. Field Lysimeter Test Facility

2. Soil Water Balance Modeling

3. Evapotranspiration Modeling

4. Alternative Barrier Tests

Erosion, Deposition, and
Structural Stability

1. Wind Erosion and Deposition
Tests

Issue:

16

Precipitation: Annual mean, monthly
means, storm frequency, storm
intensity

Vegetation: Species composition,
abundance, and phenology

Input parameters: Hourly, daily, or
monthly precipitation, surface soil
temperature, atmospheric relative
humidity; mean annual solar radiation

Parameters controlling stomatal
conductance: Light intensity, light
quality, carbon dioxide
concentrations, precipitation,
temperature, atmospheric relative
humidity, wind speed

Plant communities: Species
composition, relative abundance, leaf
area, biomass

Precipitation: Annual mean, monthly
means, storm frequency, storm
intensity
Vegetation: Species composition and
abundance

Wind: Annual or monthly mean
velocity and direction; velocity,
frequency, and duration of peak gust
events

Other: Annual and monthly mean
precipitation; monthly means and
ranges of temperature; plant cover as
a soil stability factor
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Summary of Environmental Parameters Needed by Barrier Development

Studies to Assess Long-Term Performance. (sheet 2 of 2)

Issues and Studies

Parameters

2.

3.

Water Erosion and Sideslope
Stability

Gravel Mulch Effects on
Hydrologic Performance

Issue: Biological Intrusion

1.

Biointrusion Control Tests

Precipitation: Rainfall amount;
duration and return frequency of
high-intensity storms

Vegetation: Plant cover
characteristics influencing soil
stability

Precipitation: Annual and monthly
means, storm frequency, storm
intensity

Vegetation: Species composition and
abundance

Vegetation: Species composition,
abundance, spatial distribution

Precipitation: Annual and monthly
means, snow accumulation, drought
frequency and duration, atmospheric
relative humidity

Temperature: Seasonality, diurnal
fluctuation, frequency and duration
of extreme warm and cold periods

Other: Wind speed, carbon dioxide
concentrations, atmospheric
pollutants
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through the gravel layer and into the underlying waste zone. Calculations in
the Hanford Defense Waste-Environmental Impact Statement (HDW-EIS) (DOE 1987)
indicate that a minimum of 0.04 in./yr (0.1 cm/yr) drainage through the waste
zone potentially could carry radionuclides to the groundwater. Based on these
calculations, stringent hydrologic performance standards with respect to water
movement into the waste zone (e.g., near-zero drainage from the barrier for
extended periods of time) will be imposed on the barrier design.

Four studies of hydrologic performance will require climatic data:
(1) field lysimeter tests of the HDW-EIS barrier, (2) unsaturated water flow
model development, (3) plant transpiration modeling, and (4) lysimeter tests
of alternate barrier designs.

2.1.2.1 Field Lysimeter Test Facility. The FLTF was constructed at the
Hanford Site in 1987 to measure water balance in various barrier
configurations (Gee et al. 1989). The facility contains 14 drainage
lysimeters and 4 weighing lysimeters (Figure 4). The drainage lysimeters
consist of closed-bottom steel tanks buried in the soil at grade. They
contain barrier designs with a fixed volume [6.56 ft in diameter by 9.84 ft
deep (2 m in diameter by 3 m deep)] in which water storage is measured with
neutron and gamma attenuation probes. Drainage water is collected from a
drain port at the bottom of the lysimeter. The weighing lysimeters isolate a
soil volume [4.92 ft by 4.92 ft by 4.92 ft (1.5 m by 1.5 m by 1.5 m)] resting
on a platform scale so that a continual record of weight changes can be
generated, which, when supplemented with physical measurements, can be used to
estimate precipitation, evapotranspiration, and storage changes. The weighing
lysimeters also are equipped with bottom ports for direct collection of
drainage.

The inputs and outputs of the lysimeter water storage (S) are the water
added to the barrier [rain or snow (P)] and the water extracted at the barrier
surface [evapotranspiration (ET)], respectively. When ET exceeds P,

S decreases. Conversely, when P exceeds ET, S increases, which can lead to
drainage (D) at the bottom of the lysimeter. Physical soil characteristics,
such as particle size, abruptness of layer boundaries, and soil development
(Tong-term natural changes), determine the amount of water that can be stored
in the soil before D occurs.

The treatment structure of the FLTF was selected (1) to demonstrate the
effectiveness of a layered soil and gravel barrier with abrupt pore-size
discontinuities (textural breaks) in limiting unsaturated flow, (2) to
demonstrate the water balance response of a layered barrier to a wetter
climate, and (3) to demonstrate the sensitivity of water balance to changes in
vegetation. Lysimeters with bare soil and others transplanted with native
species are compared to examine the influence of vegetation on water balance.
Simulation of a wetter climate at the FLTF is limited to the addition of water
(greater precipitation). Currently, water is added to selected lysimeters
biweekly to bring the total received during the month up to double the average
monthly precipitation. In addition, two lysimeters received even greater
amounts of precipitation [0.79 in./week (2 cm/week)] until a breakthrough
occurred and water drained to the bottom of the lysimeter.
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Climatic change data are needed to reduce uncertainties associated with
the precipitation and vegetation treatments at the FLTF and, if appropriate,
to refine these treatments. Aspects of the precipitation treatment that could
be modified include the average annual amount, the seasonal distribution
(monthly amount), and the application frequency (daily, twice weekly,
biweekly, monthly, etc.). Also, a better understanding of the potential
response of the plant community to climatic change is needed to evaluate FLTF
vegetation resemblance to expected changes in plant species composition,
abundance, and water extraction behavior.

Although climatic change estimates will help to quantify uncertainty in
FLTF treatments and to improve treatments, other constraints remain.
Currently, precipitation is the only climatic parameter that can be
manipulated at the FLTF. However, increased precipitation is only one of
several attributes of a wetter climate. Cloud cover, for example, plays an
important role in energy exchange at the Earth's surface. Clouds absorb and
reflect solar radiation, reducing the amount received and, consequantly, the
evaporative demand at the surface. Conversely, clouds reradiate infrared
radiation emitted from the earth's surface that otherwise would escape through
the atmosphere into space. Also, in wetter climates, more energy is removed
from or added to the surface environment as latent heat of evaporation and
condensation, respectively. The overall result is a moderation of temperature
extremes both diurnally and seasonally.

Other constraints include the water application frequency, application
rate, application lag time, and inclement weather. Ideally, the application
frequency and rate would change seasonally, proportional to meteorological
statistics. However, the interval is dictated by labor costs, and the rate is
constrained by the output of the rainulator. The rate must be less than the
saturated conductivity of the soil but fast enough to complete each session in
a reasonable time. Water cannot be applied when the soil is frozen or snow
covered. Applications that lag too far behind may force a seasonally
artificial delay in plant growth (and ET) responses, thus confounding
interpretations of the influence of a wetter climate on barrier performance.

2.1.2.2 Unsaturated Water Flow Model. Because of the complex and dynamic
nature of the waste disposal environment, computer simulation models will
serve as the principal tools for predicting Tong-term barrier behavior.

Models also are needed because of the limitations in physically simulating
climatic changes in lysimeters (Section 2.1.2.1) and the uncertainties and
impracticality of attempting to test multiple combinations of barrier
prototypes and climatic scenarios in lysimeters. Manipulative experiments
(1ysimeters, field plots, etc.) inadequately depict long-term changes in some
key parameters. It may be possible, using computer models, to simulate
efficiently the interaction of many different combinations of barrier designs
and environmental scenarios. Limitations in modeling involve the acquisition
of adequate input parameter data and validation data, and in particular a lack
of knowledge regarding the change (over time and space) of input parameters
describing the climate, vegetation, and the physical structure of the barrier.

The computer model developed to predict the long-term hydrologic
performance of barriers [UNSAT-H (Fayer et al. 1986)] is a one-dimensional
flow code. The UNSAT-H simulates the dynamic processes of infiltration,
drainage, redistribution, surface evaporation, and uptake of water from the
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soil by plants (Fayer et al. 1986). The mathematical basis for the model is
Darcy's Law as extended by Richards (1931). The numerical implementation of
UNSAT-H is based on the UNSAT model of Gupta et al. (1978). The UNSAT-H uses
a fully implicit, finite difference method for solving the water transport
equation. Plant water uptake is introduced as a sink term at each of a
vertical string of nodes in the barrier profile and is calculated as a
function of root density, soil moisture content, and potential evapotrans-
piration. The barrier profile can be simulated as either homogeneous or
layered. The boundary conditions can be controlled either as a constant head
or as a flux to reflect actual conditions.

Input requirements for UNSAT-H include soil hydraulic properties, plant
transpiration parameters, system boundary conditions that drive infiltration
and drainage, and simulation time steps (Fayer et al. 1986). The output
parameter of greatest interest is drainage (water movement out of the cover
and into the waste zone). Other output parameters may include water content
distribution throughout the barrier profile, evaporation, and plant
transpiration, all of which are directly coupled to drainage.

Water flow in UNSAT-H is driven by meteorological input parameters that
are a function of the climate. The surface soil boundary during a simulation
is described either as a precipitation/evapotranspiration flux or as a
constant head (ponding or evaporation), depending on whether the suction head
at the soil surface is above or below prescribed thresholds. Precipitation is
normally described as an amount per hour, but also can be input as daily
precipitation if hourly precipitation is not available. Also, UNSAT-H
presently does not consider snow cover. Precipitation in the form of snow is
treated as an equivalent rainfall. The potential water loss from the soil
profiles by evaporation and plant transpiration [potential evapotranspiration
(PET)] is calculated with the Penman Equation (Doorenbos and Pruitt 1977)
using either hourly or daily meteorological parameters, the mean annual solar
radiation, and a uniform nighttime PET loss.

Two suction-head thresholds determine whether the boundary is in a
constant head condition or a flux condition. The maximum suction-head
threshold, which switches the soil boundary back and forth from a constant
head evaporation to a flux condition, and the minimum suction-head threshold,
which switches the soil boundary from a flux to a constant infiltration head
condition, are based, in part, on meteorological inputs of atmospheric
relative humidity, soil temperature at the 0.5-in. (1.27-cm) depth, and
precipitation intensity.

Although these meteorological input parameters are known for the present
climate, they are not known for any future climate. [If UNSAT-H predictions
are to have any reliable confidence 1imits, meteorological subsets will be
required for possible future climates. It may be possible to project
parameters such as mean monthly precipitation, mean monthly temperature, and
coefficients of variation for solar radiation. However, weather statistics
generation models, such as WGEN (Richardson and Wright 1984), will have to be
applied to create much of the time series input data that will be required by
U?SAT—H to simulate the hydrologic performance of the barrier for future
climates.
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As with other types of performance assessment models, the credibility of
UNSAT-H must be established before it can be used confidently to predict the
long-term behavior of barriers. The model must be validated to measure
uncertainty in its predictive power. Simmons and Cole (1985) indicated that,
*A validation should be performed to test a code's ability to simulate
specific processes as observed in an actual system under controlled
experimental conditions." Model validation involves a comparison of one or
more model outputs with experimental data from the system being simulated.
The FLTF data will be used to validate UNSAT-H.

In lysimeters, model input requirements (i.e., soil hydraulic properties
and system boundary conditions) and output parameters (i.e., soil water
content and drainage) can be measured with relatively high-level precision.
The greatest uncertainty in such a validation exercise is the comparison of
the lysimeter treatments to the water balance conditions of an actual waste
disposal environment. Treatments in the FLTF may inadequately represent
iong-term changes in climate and climatically driven changes in soil hydraulic
properties, plant species, and plant water extraction (evapotranspiration).
Studies of natural analogs of soil development and plant succession will
supply the data for measuring the adequacy of lysimeter treatments, and for
judging the sensitivity of models to long-term changes in these parameters.

2.1.2.3 Evapotranspiration Data Collection and Modeling. A study is under
way to improve the measurement and modeling of evapotranspiration (Link and
Waugh 1989). The plant-water relation component of the UNSAT-H code,
currently based on 2 months of cheatgrass growth, limits the credibility of
the model for predicting long-term drainage. The goal of the
evapotranspiration study is to develop a plant model that simulates root and
shoot growth throughout the growing season. For this model, growth and
resulting transpiration will depend on conditions of the simulation rather
than being preordained by the code user. Two variables constrain the
development and use of a new plant transpiration model: (1) the key input
parameters and (2) vegetation changes over time. Key parameters will be
evaluated by constructing multidimensional response surfaces at points
throughout the growing season. The response-surface models will be the
product of controllied experiments that employ whole-plant gas exchange
chambers. It is hoped that the climatic change studies will predict possible
changes in vegetation.

Transpiration is a function of the supply of water to roots, plant liquid
water conductance, stomatal conductance, and leaf area. If a plant is able to
acquire adequate water by root exploration, it will transpire at rates
controlled by 1iquid water conductance, stomatal conductance, and leaf area.
As the supply of water is reduced, transpiration will be reduced. Abiotic and
biotic parameters that drive these components of transpiration will be
measured in the field. The most important meteorological parameters
controlling stomatal conductance are 1ight intensity, light quality, CO,
concentration, temperature, humidity, and wind speed. Some of these
parameters will contribute greatly to variation in transpiration whiie others
will contribute little. The greatest contributors will become input
parameters for the UNSAT-H upgrade.
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The transpiration model also will be dependent on the species composition
of the barrier plant community. Plants growing on waste sites probably will
change significantly. The plant community may change in response to climate,
or to disturbances such as fire and inadvertent cultivation. Changes in the
types and diversity of species may be accompanied by changes in rates of water
extraction. Even under the present climate conditions and without
disturbances, the relative abundance of species, biomass production, and
transpiration rates will vary seasonally and from year to year in response to
variations in precipitation and temperature.

It may be difficult or impossible to predict changes in plant water
extraction because of the complex ecological interactions that control plant
community development using computer simulation models. One approach to
estimating the influences of climatic change on evapotranspiration would be to
predict possible future climates, infer what types of plant communities would
be present for these climates (based on paleo-ecological data), locate
present-day analogs of these climate/vegetation states, and measure
evapotranspiration at the analog sites.

Limitations associated with this approach must be recognized. Because
agriculture has introduced many non-native plant species, the paleo-ecology of
a waste disposal site may be an imperfect representation of possible future
changes in vegetation. Much of the Hanford Site vegetation currently is
dominated by Asian plants such as cheatgrass and Russian thistle, plants that
were found only in the eastern hemisphere 150 yr ago. These species dominate
not only cultivated and overgrazed lands, but are supplanting native species
on undisturbed lands (Mack 1986). The dominance of such species appears to
alter functional ecological processes, such as evapotranspiration, as well as
the general appearance of the vegetation.

Increased atmospheric CO, presents a unique situation for which analogs
may not exist. Much has been published recently theorizing about the global
rise in atmospheric CO, and other greenhouse gases, which have thrown the
global climate off ba]ance According to greenhouse theory, the global
climate will be restored to equilibrium by a warming of the lower atmosphere
to a point that far exceeds climatic changes in historical times
(Ramanathan 1988). However, a reduction in plant growth associated with
higher global temperatures may be balanced partly by an increase in growth
attributable to the higher CO, concentrations. A doub]lng of atmospheric CO,,
for example, could lead to a greater than 80% increase in biomass yield and,
simultaneously, as much as a 10% decrease in the per-unit-leaf-area
transpiration rate (Idso et al. 1987).

2.1.2.4 Alternate Barrier Lysimeter Tests. Several experiments using
lysimeters considerably smaller than those at the FLTF (Section 2.1.2.1) were
started in 1988 to test the hydrologic performance of alternate designs of the
HDW-EIS conceptual barrier (Freeman et al. 1989; Waugh and Link 1988). The
alternate designs include placement of low-permeability layers at the
interface of fine-textured topsoil and under]ying coarse-textured layers, and
replacement of the graded sand-gravel-riprap layers with a mixed sand and
gravel layer (pitrun gravel). The low-permeability materials include aspha]t
bentonite clay, and sodium silicate grout.
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These alternate barrier designs are being tested in a small-tube
lysimeter facility (STLF) constructed adjacent to the FLTF
(Sackschewsky et al. 1991). The STLF contains an array of 100 lysimeters
(Figure 5). The lysimeters consist of 66.54-in.-long-by-11.81-in.-I.D.
(169-cm-1ong-by-30-cm-1.D.) sections of flush-threaded plastic well casing,
sealed at one end with a recessed cap. The sealed tube serves as a combined
drainage and weighing lysimeter. Drainage is measured by collecting water
from a clear, flexible polymer tube fitted to a threaded drain hole at the low
end of the end cap. Water storage is estimated from a record of weight
changes measured by suspending the lysimeters from a load cell attached to a
gantry crane. The lysimeters are placed in buried racks of PVC sleeves with
the lysimeter surface slightly above the grade of the surrounding terrain.
The lysimeters also are designed to be coupled to an acrylic plant
gas-exchange chamber, which will be used to conduct controlled experiments on
evapotranspiration (Section 2.1.2.3).

Like the FLTF studies, the precipitation-enhancement treatment in the
STLF experiments consists of monthly water additions to achieve a total
(irrigation plus ambient rainfall) of twice the Hanford Site monthly average.
The parameters of long-term climatic change needed to improve this treatment
are average annual precipitation, seasonality of precipitation (i.e., shifts
in the wet season), and storm frequency. The constraints and uncertainties
associated with lysimeter simulations of a wetter climate were discussed in
Section 2.1.2.2.

2.1.3 Requirements for Assessing Barrier Stability
and Erosion Control

The long-term performance of the permanent isolation barrier depends, in
part, on a design that controls soil loss. The fine-textured topsoil is
intended to store rainwater until surface evaporation and plant transpiration
cycle it back into the atmosphere. Erosion of the soil layer could lead to
drainage through underlying coarse-textured layers and into the waste zone.
The deposition of wind-blown sand on the barrier surface also could have a
deleterious effect on barrier performance, permitting rapid infiltration and
deeper percolation, which would result in reduced evapotranspiration.
Protection of the embankment slope of the mounded barrier from erosion and
prevention of slope failure is also critical for long-term performance.

Gravel mulches or admixtures have been proposed for topsoil erosion
control, much like pavements and lag gravel veneers that have protected
mineral soils in deserts for thousands of years. Well-graded gravel and rock
riprap covers have been proposed to control sideslope failure. However,
before these concepts can be transformed into defensible designs, the
following issues must be resolved:

e Optimal gravel and rock sizes, shapes, layer depths, and
concentrations for controlling wind and runoff erosion

o Effect of a surface gravel on soil water balance, plant growth, and
evapotranspiration

24



WHC-EP-0569, Rev. 1

Figure 5. Small-Tube Lysimeter Facility near the Hanford Meteorological
Station To Test Alternative Surface Configurations.
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o Effect of pedoturbation (natural processes of soil mixing) on the
morphology of the surface gravel layer

o Effect of riprap on sideslope water balance and on the potential for
slope failure

¢ Sensitivity of the system to climatic change.

2.1.3.1 Wind Erosion Control Requirements. The effects of eolian processes
on the performance of the permanent isolation barrier can be grouped in two
categories: deflation and deposition. Deflation is the loss of surface soil,
especially during extreme wind events, resulting in a gradual lowering of the
surface elevation. Rapid deflation can result in depressions, such as
blowouts, which form when high winds are directed toward the ground leeward of
topographic highs or following a severe disturbance of vegetation on soils
high in sand. The following two conditions could lead to sand deposition and
dune formation on permanent isolation barriers:

¢ Unstable surfaces on sandy soils upwind of the barrier

e Influences of the elevated barrier surface and the surrounding
topography on wind-flow patterns.

The Barrier Development Program includes several tasks to accomplish the
following:

e Testing the resistance of soil and gravel surfaces to wind erosion

o Estimating the probability of sand deposition and sand dune
formation on barriers

e Modeling air flow patterns and boundary layers to identify potential
edge effects and the possible need for windbreaks (Ligotke 1989).

The deflation tests are being conducted at the Aerosol Wind Tunnel
Research Facility, which is at the Hanford Site, which is operated by PNL,
(Ligotke 1989). Several experiments were designed to measure the resistance
to deflation of various gravel designs in combination with treatments for
vegetation, soil moisture content, and surface crusts (Ligotke 1989).

Air-flow profiles, boundary layers, wind speed, relative humidity,
temperature, and lighting can be closely controlled and monitored in the wind
tunnel. Field studies have also been initiated to estimate sand transport
potentials and to measure wind boundary layers and patterns upwind of, at the
edges of, and over the surface of full-scale barrier prototypes. Included are
studies of natural analogs to better understand the 1ikelihood and causes of
sand transport and dune formation on barriers. These data will be used to aid
in calibration and validation of simulation models of eolian processes on
barriers. Simulation models are required because of differences between
laboratory and field conditions, and the impossibility of physically testing
myriad combinations of surface and environmental conditions.

The wind erosion and sand deposition tests will require climatic data for
an adequate assessment of the long-term stability of the barrier surface.
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Testing currently is based on Hanford Site meteorological data. However,
possible future changes in the magnitude, direction, and duration of Hanford
Site winds (such as the possibility of enhanced future aridity and that could
least to increased tornadic/dust devil type wind erosion) will be important
for the selection of wind tunnel treatments and for developing predictive
models of soil transport, surface deflation, and sand deposition. An
understanding of possible changes in the frequencies, speeds, and durations of
peak gust events also will be needed. Changes in wind direction will be less
important for the erosion studies, but will be of primary importance for the
studies of sand transport and deposition on barrier surfaces. Other climatic
parameters needed for testing and modeling include amount and seasonality of
precipitation (in relation to soil water content and the development of
surface crusts); temperature ranges, extremes, and seasonality (freeze-thaw
cycles); and changes in plant cover as a soil stability factor.

2.1.3.2 Water Erosion Control and Sideslope Stability Requirements. The
concepiual barrier design includes two components that could fail as a result
of runoff erosion (Cadwell and Walters 1989): (1) the fine-textured topsoil
covering the expansive central portion of the barrier, and (2) the riprap
shoulder along the upper perimeter of the barrier. Although a level barrier
surface may seem ideally suited for controlling runoff erosion, it may become
necessary to design barriers with sloped surfaces, if sloped waste sites
exist. Crowned surfaces may be used if an effective design requires the
partitioning of precipitation into infiltration and runoff components and
diverts the runoff away from the barrier. This partitioning may be necessary
if precipitation exceeds evapotranspiration for a future wet climate. In that
case, barrier designs may require slopes of sufficient declination to provide
adequate runoff without causing excessive erosion. Slopes also may be
necessary because barriers with level surfaces probably would develop some
micro-relief depressions from natural processes (e.g., burrowing, nonuniform
soil deposition around plants, freeze-thaw cycles) and differential settlement
of barrier materials and underlying waste structures. Infiltration could
exceed evapotranspiration in such depressions.

The following forces could damage a riprap sideslope over thousands of
years:

Overland flow after high-intensity storms

Rock weathering

Hydrostatic pressures from excess soil moisture
Subsidence

Animal burrowing

Freeze-thaw cycles.

Flood protection also would be of concern if barriers were constructed
within the Columbia River floodplain.

As with the previous barrier performance tasks, field studies and
modeling exercises both will be required to adequately design and test surface
and sideslope components for runoff erosion control (Cadwell and
Walters 1989). Estimates of important physical design and environmental
parameters obtained in field-plot studies, natural analog studies, and from
long-term climatic change projections will be used to calibrate and validate
models that will become the engineering design tools needed to optimize
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barrier performance. The key climatic parameters are storm properties,
including storm duration, intensity, time distribution of intensity, and
antecedent climatic parameters such as soil moisture and plant cover as
influenced by fire, disease, grazing, and plant succession.

Rainfall intensity and return frequencies are of primary importance in
these studies. The present predictions of rainfall amount, storm intensities,
and return frequencies are based on extreme value analysis of relatively short
Hanford Site meteorological records. Although there is considerable
uncertainty in extrapolating estimates of infrequent extreme events, such as
the intensity of a storm with a 1,000-yr return interval, meteorological
records suggest that the Hanford Site 1lies geographically and climatologically
in a region of high-intensity rainfall and occasional flash floods (Cadwell
and Walters 1989). An objective of the climatic change task should be to
reduce the uncertainty associated with estimates of infrequent, high-intensity
rainfall events.

2.1.3.3 Effects of Surface Gravel and Sand Deposition on Soil Water.

Surface gravel admixtures and mulches have been proposed for the long-term
control of wind and runoff erosion on permanent isolation barriers. A gravel
mulch or admixture, however, could reduce surface evaporation and plant
transpiration, thus restricting the return of stored water to the atmosphere.
Two studies were designed to measure the influence of coarse-textured surface
layers on water movement in the permanent isolation barrier (Waugh and

Link 1988; Waugh 1989). Both studies used factorial experimen.al designs to
measure the interactive effects of gravel, sand deposition, and a wet climate
(twice the average monthly precipitation) on soil water storage, plant
abundance, plant water extraction, and drainage. Tube lysimeters

(Section 2.1.2.4) and large field plots were chosen as the experimental units
for these studies.

The field-plot study started in 1986 at McGee Ranch, the site selected as
a fine soil borrow area at the Hanford Site for the construction of permanent
isolation barriers (Figure 6). The silt-loam soil at McGee Ranch has formed
on deep flood sediments deposited during Pleistocene cataclysmic flooding of
the Columbia Basin. The field-plot experiment was designed to test the
combined effects of gravel admixtures and enhanced precipitation on soil water
storage and plant cover. In contrast with the lysimeter experiments described
in the following paragraph, the field plots, because of their location and
greater size, retain a degree of edaphic heterogeneity, and the experimental
design provides the means for isolating and testing the variation attributable
to it. The first-year results of the experiment show that with vegetation
absent, gravel admixtures can elevate soil water content within 17.71 in.
(45 cm) of the surface. Gravel had no effect on soil water content in plots
where plants were allowed to grow. The experiment will be continued for
several more years to detect the influence of gravel and enhanced
precipitation on plant establishment and on the soil water profile below the
root zone.

The effects of various combinations of coarse-textured surface layers on
drainage and evapotranspiration are being measured in lysimeters installed at
the STLF near the Hanford Meteorological Station (Section 2.1.2.4). The
treatment structure consists of 5 replications of 12 different combinations of
gravel, sand, soil, vegetation, and precipitation. The results of wind

28



Split-Plot Treatments

Yakima
Barricace

WHC-EP-0569, Rev. 1

Vegetation

30% Admix Gravel/
Vegetation

Whole Plot Treatments

15% Admix Gravel/
Vegetation

Moisture Probe
Access Wells

(Typical)

m 2x Monthly Precipitation

- ..C:ontrol

H9206001.4

Design Structure for the Gravel Admix Field Experiment.

Figure 6.



WHC-EP-0569, Rev. 1

tunnel tests (Section 2.1.3.1) were used as a guide in the selectiocn of gravel
treatments. Drainage is measured directly from a valve in the bottom of the
lysimeter. Lysimeters are weighed periodically from a hoist-mounted load
cell, and water storage changes are estimated as the difference between the
current weight of the drained lysimeter and its drained weight from the
previous session. Evapotranspiration is estimated by subtracting the drainage
value from the sum of precipita’ion and storage changes.

As in the FLTF and alternate barrier demonstrations (Sections 2.1.2.1 and
2.1.2.4), simulation of a wetter climate in these erosion control tests is
limited to pe:-iodic irrigation and comparisons of plots with and without
vegetation. To improve these treatments, predictions of possible changes in
the average annual amount of precipitation, seasonal distribution (monthly
amount), and storm intensities and frequencies are needed.

2.1.4 Requirements for Assessing Biointrusion Control

The scope of the bio-intrusion control tasks includes field studies and
modeling to assess the influence of burrowing animals in relation to surface
water movement through barriers, st:rface soil erosion, and the direct physical
transport of contaminants to the surface (Landeen et al. 1989;

Cadwell et al. 1989). Burrowing may influence infiltration by creating
conduits for water movement through the barrier topsoil. Accelerated erosion
may result as burrowing animals cast loose soil to the surface where it is
susceptible to wind and water erosion. The field work planned to address
these issues includes studies of climatic change on burrowing animal habitat,
measurements of animal burrow characteristics (depth, soil volume excavated,
density, survival, etc.), tests of burrowing effects on water infiltration,
and tests of various construction materials for controlling bio-intrusion.
Data from the field tests will be input to the model BIOPORT

(McKenzie et al. 1986) to predict cumulative volumes of animal burrows,
cumulative volumes of soil displaced by burrowing activities, and the
cumulative amount of radioactive material brought to the surface of a
permanent isolation barrier by burrowing animals.

To predict changes in burrowing animal habitat on barriers, a better
understanding of the probable response of the barrier plant community to
climatic change is needed. Plant species composition, abundance, and
distribution determine the availability and quality of food and cover for
burrowing animals. Burrowing animal habitat also is influenced by the
following climatic parameters:

e Rainfall--amount and seasonality, snow accumulations, frequency and
duration of droughts, humidity

e Temperature--seasonality, diurnal fluctuation, frequency and
duration of extreme warm and cold periods, soil frost depth

e Wind speed

* Atmospheric gas composition (CO,, pollutants).
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A rotating-boom rainfall simulator is used to test the effects of
burrowing on water infiltration. Tests of small-mammal burrowing (pocket mice
and pocket gophers) are conducted in large steel and wooden enclosures
containing barrier materials. Rainfall, equivalent to a 100-yr storm event
(6.4 cm/h for 13 min), is applied on these small-mammal lysimeters on a
monthly basis. The extent of rainfall penetration below large-mammal burrows
(badgers and coyotes) is determined in the field. The effects of
high-intensity storms (6.4 cm/h for 20 min) have been simulated on the
large-mammal burrows. Climatic change predictions are needed to justify the
selection of these treatments.

2.1.5 Climate Sensitivity Analyses

Sensitivity analyses will be conducted to quantify the relative
importance of climatic input parameters required by the various tasks to
predict the long-term behavior of the permanent isolation barrier. The
previous sections specify the many input parameters that will be required. In
some cases, levels of temporal resolution and precision are indicated. The
information in these sections should be viewed as a preliminary discussion of
climatic data needs. Many more parameters may be required for future studies
of barrier performance assessment.

Analyses of the sensitivity of the barrier to climate are a critical
early phase in Task 1. Sensitivity analyses should dictate the scope and
progression of the program. If the methods adopted to predict the long-term
performance of the permanent isolation barrier indicate that, within
prescribed levels of uncertainty, measures of performance are insensitive to
climatic change, then the Long-Term Climate Change Effects Task would become
more qualitative and less complex. Conversely (and more likely), if analyses
indicate that barrier performance is highly sensitive to changes in certain
climatic parameters, then the task would be expected to produce more
quantitative estimates of bounding conditions for those parameters.
Reasonable margins of uncertainty, which are needed to guide the sensitivity
analyses, will hopefully emerge from regulatory guidelines and performance
standards. Regardless, uncertainty will be constrained by the technology
available for performance assessment.

The relative importance of climatic parameters will be determined by
monitoring the sensitivity of one or more outputs of interest, such as
drainage or evapotranspiration, to variation in one or more climatic inputs,
such as precipitation or wind speed. For most tasks, an expedient approach
will be to first examine the sensitivity of the performance assessment tool
(e.g., model, lysimeter, or field plet) to climatic parameters within a range
bounding the values expected for a series of worst-case scenarios. Refinement
of a sensitivity analysis for a particular climatic parameter would be pursued
only if warranted by the results of the worst-case situations. Refinement
would consist of additional analyses for successively less severe scenarios.
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2.2 TASK 2: SYNTHESIS OF EXISTING INFORMATION

2.2.1 Purpose

The available published literature will form the basis for developing a
systematic understanding of the nature, magnitude, and rate of past and
potential future climatic change in the Pacific Northwest. This information
then will help to answer the first decision point question: "Does existing
information satisfy data needs of the various Barrier Development Program
Tasks?" In general, the answer to this question is "no," and additional
studies must be undertaken to gain the needed resolution and detail. However,
most of the studies associated with the other Barrier Development Tasks are
already underway. In designing the treatments for many of these studies, some
assumptions were made about possible future climatic conditions (precipitation
amount, storm intensity, wind speed, etc.). These preliminary estimates of
potential climate are actually an early product of Task 7: Future Climate/
Vegetation Projections and are shown logically in Figure 3 as the arrow that
by-passes the field studies and goes directly to the box titled Future
Climate/Vegetation Projections. Because the final results of the climate
tasks may not be available until near the conclusion of these other barrier
development task studies (when changes in treatments would be impractical), it
will be necessary to make the best projections possible when they are needed
based on the results of Task 2, the synthesis of information. For those tasks
for which climate projections have been provided early, the remainder of the
climate program may actually serve more of a confirmatory role and be an
effort to improve our confidence of the estimates that were made relatively
early in the program. If new information is discovered too late for inclusion
in experiment treatment design, the impact of these new considerations will
have to be modeled.

2.2.2 Methods

Based partly on the recommendation of the technical review panel, this
task is divided into five subtasks: Modern Climatic Patterns, Holocene
Paleoclimatic Literature, Late Quaternary Paleoclimate Literature, Flood
History, and Global Climate Modeling. These five divisions make some
intuitive sense because of the differing expertise that is required to deal
with each one. This task will compile, analyze, and synthesize extant
literature on the five parts. It will help identify areas that are
sufficiently covered by extant literature and areas in need of further study.
Literature and records will be reviewed and analyzed and the results
integrated into climatically or hydrologically meaningful synopses. A useful
starting place is provided by Houghton et al. (1990), Crowley and
North (1990), and Goodess and Palutikof (1991).

Based on the recommendations of the technical review panel, the synthesis
of paleoclimatic/paleo-environmental information will focus on characterizing
periods of selected climatic extremes as contrasted with the present that
could impact the barriers if such extremes were to occur. These include the
last interglacial/glacial transition (deep sea oxygen isotope stage 5 to
2 ka); the last glacial maximum (nominally 18 ka); and the early Holocene
(9 ka). Based on the results of some literature surveys and the experience of
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the authors, it may be appropriate to analyze other periods of times. For
instance, the COHMAP model simulations include characterization for 18 ka and
9 ka, but also for 6 ka and 3 ka (COHMAP Members 1988). If these two later
time periods were also examined, it would allow for an assessment of the
applicability of the COHMAP simulation to the central Columbia Basin. Based
on the experience of Chatters and Hoover (1992), the period 3.5 ka appears to
have the greatest relative wetness locally and thus potentially provides an
analog for an extreme climatic condition that could affect water infiltration
potential into the barriers. The local and regional paleoclimatic
reconstructions for 125 ka, 18 ka, 9 ka, 6 ka, and 3.5 ka will be compared
with other available global climate modeling simulations for these intervals.

2.2.2.1 Modern Climatic Patterns. Understanding modern climatic patterns
gives a better basis for evaluating past changes and potential changes. In
addition, historic characteristics of extreme events and changes of
seasonality ultimately may give insight to important controlling variables to
be considered in assessing climatic impacts to permanent isolation barrier
performance. A number of regional dendroclimatic reconstructions using tree
rings provide additional insight into recent climatic trends. These modern
trends can be used to compare and contrast with the five discrete time periods
that have been identified for further characterization.

2.2.2.2 Holocene Paleoclimate Literature. The available paleoclimatic
literature is divided into the two groups indicated because of the paucity of
records covering the Pleistocene (about the last 1,500,000 yr) in the Pacific
Northwest, contrasted with abundance of those records for the Holocene (the
last 10,000 yr). The Holocene Paleoclimate Literature study will analyze
alpine glacier histories of the mountain ranges surrounding the Columbia
Basin, physical stratigraphy in caves and rockshelters of the region, fluvial
geomorphology and riparian archaeofaunas from the Columbia and Snake Rivers
(as indicators of climatic change), evidence for elevational changes in
regional timber lines, palynology of lake basins and terrestrial sediments of
the region, and terrestrial archaeofaunas. A1l will be integrated into a
record of temperature and precipitation patterns on a seasonal and mean annual
scale to the extent that the data permits such conclusions. Because the
magnitude and frequency of extreme rainfall events and/or the seasonality of
precipitation may prove important, a special effort will be made to identify
the range of such parameters for the selected periods of past climatic
extremes.

The 9,000-yr period has been identified by the technical review panel as
a period of climatic extreme to receive particular study. There is
considerable paleo-ecologic evidence from the Pacific Northwest that the
period from 6 to 10 ka was a time of greater summer drought than today. The
COHMAP model results for the 9-ka condition point to the amplification of the
seasonal cycle of radiation and the consequent expansion of the subtropical
high as the cause of drier hotter summers at the time (COHMAP Members 1988).
Another period selected for study is the period centered on 3.5 ka because
preliminary indications are that it was locally a period of increased
recharge.

2.2.2.3 Late Quaternary Paleoclimate Literature. The focus of this study

will be on climatic records primarily for the last 200 ka because of the
paucity of records older than that and because the five periods of climatic
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extreme that have been identified to be the focus of study fall with in that
time period. A useful starting place is provided by Houghton et al. (1990),
Crowley and North (1990), and Goodess and Palutikof (1991); Chapter 5 of the
BWIP SCP (DOE-RW 1988) will also be consulted. Synthesis of data on full
glacial and interglacial climates will use more limited sets of data from a
larger geographic area that include ocean sediment and reef records, ice core
records, long pollen and lake sediment records, calcic veins and spring
deposits, glacial moraines, and geomorphology and palecpedology of loess
deposits in the Columbia Basin and elsewhere. These records, when viewed in
the context of global climate change, possibly can give information about the
timing and type of climatic change in relation to astronomical forcing (the
so-called Milankovitch cycles) that have occurred in the past thus helping to
provide bounding conditions for any potential changes in the future. This
paleoclimate synthesis will attempt also to provide a brief but critical
comparison among purported index data.

2.2.2.4 Flood Records. The Hanford Site region has been affected by past
catastrophic flooding, and a large body of literature has been devoted
specifically to that one topic. This task will outline clearly the history of
the flooding concerns that have been expressed in the development of the
research strategy in support of the Barrier Development Program. The
synthesis of the literature on flood histories will compile hydrographs of the
historic Columbia River, compile evidence for estimates of the magnitude of
Holocene floods, and search information on Scabland Floods and, later, glacial
flooding to gain estimates of the magnitude and climatic controls on
catastrophic floods that have scoured this region. Using these groupings,
floods will be categorized into the following three classes.

e Type I consists of floods resulting from precipitation or snowmelt
without drainage from ice-dammed lakes.

e Type II floods are glacial outburst floods from Canada, which
occurred in the terminal Pleistocene, after glaciers had receded
north of the international boundary. Initiation of a new glacial
cycle during the next 10,000 yr may occasion floods of comparable
magnitude.

o Type III floods are those from Glacial Lake Missoula, the largest of
which formed the gravel plateau on which the 200 Areas are located.
This task will explore the possibility that floods of this magnitude
could occur during a less-than-full glaciation which could develop
during the next 1,000 to 10,000 yr. Flood protection for Type III
floods is impractical--they would wipe out all Pasco Basin sites.

2.2.2.5 Global Climate Modeling. Because of the recent concern over the -
potential impact on global climate by increasing CO,, this study encompasses
the quickly developing field of global climate modeiing (Section 1.1.2).
Various general circulation model (GCM) experiments have been run for the
doubled CO, climate and the ice age climate, which arguably could represent
extreme climate scenarios probable during the next 1,000 to 10,000 yr. Data
available from the models include most of the relevant parameters for many
hydrologic models including temperature, precipitation, cloud cover, etc.

A review will be conducted of modeling results of the ice age and doubled CO,
climatic conditions focusing on the Pacific Northwest. Useful starting
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material is provided by Houghton et al. (1990), Crowley and North (1990), and
Goodess and Palutikof (1991). The GCMs also produce changes in soil moisture
and ground temperature, which would be of relevance. Additional model results
are available for the (approximately) 9,000-yr interval, a time of possible
extreme for which paleodata is more readily available. The methodology of
Smith and Tirpack (1989) will be used to evaluate model results. An improved
approach currently under development is the use of a high-resolution mesoscale
model that has a higher grid density nested within a global climate model.

The global climate model provides the boundary conditions for the mesoscale
model simulation (Dickinson et al. 1989; Giorgi 1991). Anyway, the
relationship between local climate variables and regional climatic controlling
factors, such as atmospheric and oceanic circulation patterns, must be
understood and summarized.

2.2.3 Required Inputs and Expected Outputs

The inputs needed by this study are the bodies of literature mentioned in
Section 2.2.2, instrumental climatic records, and the critical reviews by
other climate and paleoclimate experts. Expected outputs are project reports
and journal articles subject to peer review that synthesize data on future
climate probabilities, Holocene paleoclimates, glacial and interglacial
climates, and flooding histories of the Hanford Site area. Each of these
documents wiil assess the completeness of extant information, and will make
recommendations for additional studies needed to make the climate scenarios
for extreme conditions detailed enough so that they can be input to the local
climate model. These syntheses are shown first in Figure 3 to be input into
the three groups of field studies (Terrestrial Sediment Studies/Fluvial
Sediment and Groundwater Studies/Pollen and Lake Sediment Studies) or into
Task 7: Future Climate/Vegetation Projections (Section 2.7).

2.3 TASK 3: POLLEN AND LAKE SEDIMENT STUDIES

Pollen grains and spores of vascular plants are among the most abundant
type of fossils preserved in terrestrial quaternary sediments. As a result,
extensive use of the techniques of stratigraphic pollen analysis have been
applied in attempts to reconstruct past plant distribution and abundance and
to estimate the controlling climatic conditions (Berglund 1986). Analysis of
dated cores of lake sediments can yield pollen characteristics of the
vegetation and climate at the time the sediment was deposited. Specifically,
polien analysis can aid in accomplishing the following activities:

Detecting differences in past vegetation distribution
* Indicating relative differences in effective moisture through time
e Helping to determine the 1imits of the extent of climatic variation

* Characterizing the rates of change from one climate regime to
another.
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2.3.1 Purpose

The purpose of this task is to collect, date, and analyze fossil pollen
and other lake sediment data obtained from long cores to allow further
refinement of the developing climate history of the Pasco Basin region and
provide more location-specific climatic information on periods of climatic
extreme identified for study in this study plan. Specifically, two subtasks
(Sections 2.3.2.1 and 2.3.2.2) have been identified to accomplish this task.

2.3.2 Methods

The study of lake sediments cores and their constituents (including the
sediments [gross physical and chemical characteristics, organic weight loss on
ignition, volcanic ashes, and isotopic content], charcoal, fossil pollen,
plant and fungal spores, algae, and plant and animal macrofossils) provide
evidence of vegetational and climatic changes for the time period represented
by the deposited sediments (Berglund 1986; Birks and Birks 1980; Birks and
Gordon 1985; Faegri et al. 1989). Two subtasks will be undertaken to
elucidate specific details of paleoclimate in eastern Washington. The first
subtask (Section 2.3.2.1) is a transect of pollen sites across the central
Columbia Basin designed to refine estimates of change in past climatic
conditions and especially for the 9-ka, 6-ka, and 3.5-ka periods. The second
subtask (Section 2.3.2.2) is a recording of a lake near Goldendale,
Washington, that already has a pollen record dating 33 ka. The specific
objectives of this second subtask includes getting more information on the
18-ka period of extreme climate, extending the record as far back in time to
document the antecedent climate conditions, and attempting to recover some
missing record that occurred during the 9-ka period.

Sediment cores will be taken from each lake in an attempt to obtain
unbroken records from modern times back to the time the basins began to
accumulate sediment (since the last glacial flood in the case of the first
subtask or creation of the volcanic crater in the case of the second task).
Coring will be conducted using a modified Livingstone piston sampler
(Deevey 1965). Once obtained, cores will be opened, described, and sampled
for chronological, compositional, and palynological studies. Chronology will
be based on radiocarbon dating of organic sediment and tephrochronology using
as many as six volcanic ash layers of known age and mineral composition.
Compositional analyses, used to determine the rates of organic and inorganic
sediment influx, will rely on weight loss on ignition. Palynological studies
(taken here to include analyses of pollen, spores, plant macrofossils, and
diatoms) will follow standard, state-of-the-art techniques. Sampling
intervals will vary with the site and time period; sediments representing
intervals of special interest (18 ka, 9 ka, 6 ka, and 3.5 ka) may be sampled
more closely than others, as will sediments from important floristic
transitions. Sediment samples taken for pollen and spore analyses will be of
constant volume and be combined with known concentrations of tracer Lycopodium
spores as a standard for use in computation of pollen and diatom
concentrations. Identification will be done in a standard manner, using type
collection for identification of unknowns. Results of palynological analyses
will be described as raw counts, pollen percentages, and pollen
concentrations/influx rates.
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2.3.2.1 Transect of Pollen Sites Across the Scabland of the Central Columbia
Basin. Studies will be conducted of lacustrine sediments from four lake
basins. These lakes, Williams (near Cheney, Washington), Wildcat (near
Hooper, Washington), Sulphur (near Connell, Washington), and Badlands (near
Benton City, Washington) span the steppe zone of eastern Washington and
straddle the Hanford Site, and thus are expected to provide detailed
information on the distributions of vegetation types and levels of groundwater
in the Pasco Basin and vicinity. Cores already exist for Williams and Wildcat
Lakes, and these have been analyzed to varying extents already

(Mehringer 1985; Nickmann 1979), but core will need to be taken from Sulphur
and Badlands Lakes. The time period covered by these basins is the past
13,000 yr for all basins and may be as much as 20,000 yr for Sulphur Lake.
Variations in the occurrence and frequencies of different pollen, algae, and
plant macrofossil types across this transect will be interpreted in terms of
changing plant community composition, which will in turn be a basis for
estimates of changing subannual patterns of temperature and precipitation, and
positions and intensities of major storm tracks for the latest Pleistocene and
periods of the Holocene centering on 9 ka, 6 ka, and 3.5 ka. Sulphur Lake in
particular has been chosen for study because of its potential to contain a
pollen record dating to the full Glacial (ca. 18 ka) about which nothing is
known for the central Columbia Basin. In addition to vegetation and
paleoclimatic reconstruction, lake sediments will be studied for evidence of
changing water levels in the lakes, which are believed to reflect groundwater
levels in the lakes' vicinities. These data will be used as an adjunct to,
and cross-check of, data on groundwater recharge rates obtained from extant
wells (see Section 2.4.2, Feasibility Study for Episodic Groundwater
Recharge).

2.3.2.2 Full Glacial Pollen Record from Carp Lake, Goldendale, Washington.
The second subtask is a recording of Carp Lake, south-central Washington.

Carp Lake, 7 mi (11.27 km) north of Goldendale, is within a volcanic crater of
early Pleistocene age, and has been shown (Barnosky 1985) to have a record
that extends at least 33 ka and brackets the period of maximum full glacial
conditions that date to approximately 18 ka. A geophysical survey of the
bottom of Carp Lake will be performed to locate within the lake basin the
thickest and hopefully the most complete section of lake sediment. This will
aid in the attempt to extend the climatic record even farther back in time to
provide more information on the antecedent climatic conditions that preceded
development of full glacial conditions. This second coring will aid also in
the attempt to recover sediment from the 9-ka period that appears as a hiatus
in the earlier coring record. A pollen profile will be produced and analysis
performed on the data in terms of quantitative estimates of past climate. The
location of Carp Lake is such that it will complete the northeast-to-southwest
linear transect formed by the four lakes to be studied in the other pollen
subtask (Section 2.3.1) and can be compared and contrasted with them for the
post 13-ka period. The work at Carp Lake also will utilize response surfaces
that are being currently developed for western plant taxa and other
regression-based methods to reconstruct paleoclimate.

2.3.3 Required Inputs and Expected Outputs

Input requirements for this task include the existing sediment cores from
Williams and Wildcat lakes, extant palynological data from previous work at
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those two lakes, and that of Carp Lake, and botanical data on the ecological
tolerances and climatic controls on plant communities of the Steppe and
foothills region. .Expected outputs include dated records of pollen, spores,
plant macrofossils, diatoms, physical stratigraphy, and deposition rates from
the five lake linear transect. These data and those previously reported for
a number of pollen sites that surround the central Columbia Basin

(Barnosky et al. 1987; Baker 1983; Huesser 1983; Mehringer 1985) will be used
to infer past climatic conditions for the time periods identified for study.
These data and those from the other tasks in this study plan also will be used
to reconstruct past lake (groundwater) levels for the entire Holocene and the
late Pleistocene. This information will be passed to Task 7: Past Climate/
Vegetational Variation, which is shown as a box in Figure 3.

2.4 TASK 4: FLUVIAL SEDIMENT AND GROUNDWATER STUDIES

This task focuses on evidence of climatic change from fluvial sediment or
groundwater studies. It has two subtasks: one flood history (Section 2.4.1)
and a feasibility study (Section 2.4.2) for using groundwater dates to infer
climatic change.

2.4.1 Fluvial Indicators

2.4.1.1 Purpose. This task will assess the potential that Columbia River and
glacial outburst floods might inundate and erode barriers located at lower
elevations of the Hanford Site, and can be used in conjunction with
paleoclimatic records to assess the effects of climatic conditions on the
magnitude of flood hazards. The 100 and 300 Areas of the Hanford Site are
located a few meters above the modern Columbia River, and it is possible that
under extreme flooding conditions, water might exceed the confines of the
river's channel and affect the barriers and waste deposits located there. The
200 Areas of the Hanford Site are located much higher on the landscape, but
nonetheless were under water during the maximum glacial floods that swept the
region in the late Pleistocene.

Floods will be considered in three classes. Type I consists of floods
resulting from precipitation or snowmelt without drainage from ice-dammed
lakes. This type of flood may have the potential to affect only the 100 and
300 Areas of the Site; this possibility will be explored by studying the
elevations of Holocene floods and historic floods on the Columbia River using
geological and historical techniques. Type II floods are Glacial outburst
floods from Canada, which occurred in the terminal Pleistocene, after glaciers
had receded north of the international boundary. Initiation of a new glacial
cycle during the next 1,000 to 10,000 yr may occasion floods of comparable
magnitude. Such floods, if repeated, also would affect only the 100 and
300 Areas. Type III floods are those from Glacial Lake Missoula, the largest
of which formed the gravel plateau on which the 200 Areas are located. This
task will explore the possibility that floods of this magnitude could occur
during a less-than-full glaciation, which could develop during the next 1,000
to 10,000 yr. Of course protection from floods of this magnitude is not
practical because they would wipe out Pasco Basin sites.
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2.4.1.2 Methods. We will consider both the record of various flood types and
the probability for similar floods to occur in the future. The past record of
the largest Type I floods will be explored using geological (e.g., Kochel and
Baker 1982; Costa 1978) and historical techniques. Historical records of the
largest floods of modern times, the 1894 and 1948 Columbia River floods will
be searched for records of flood water elevation. In addition, floodplain
sediments, particularly those exposed along the Columbia River near the 300,
100-D to 100-H, 100-N, and 100-F Areas, will be trenched using a backhoe to
identify and document fluvial sediments of Holocene age. Maximum elevations
of individual fluvial beds will be measured, and these sediments will be dated
using either tephrochronology, radiocarbon, or thermoluminescence. Paleoflood
records thus obtained will be compared with paleoclimatic data obtained in
other tasks and also will be used to infer the climatic conditions that
contribute to major flooding. Risks to the low-elevation waste sites then
will be estimated by elevation and climatic scenario. Geologic records also
will be used to explore the magnitude of Type II floods, but in this case will
include a search for the youngest glacial flood channels on the Hanford Site,
using aerial photogrammetry and surface inspection. When sediments are
identified, their elevations will be mapped and they will be dated by one or
more of the aforementioned means. Dated flood deposits then will be
correlated with glacier positions and paleoclimates so that the conditions
necessary for the occurrence of Type II floods can be determined. Type III
floods, which have been studied extensively by others, will be investigated
through a literature review, covered largely under Task 2. The potential for
all types of floods found to reach elevations high enough to affect potential
waste sites will be estimated using extant models of climatic change and
development of glacial cycles.

2.4.1.3 Required Inputs and Expected Outputs. Required data include
paleo-ecological and paleoflood summaries for the Columbia Basin prepared in
Task 2, data on historical flow characteristics of the Columbia River, and
models of future climate and glacial development scenarios. Data produced by
the task will be used to produce the following:

A chronology of severe Type I floods and their maximum elevations

An estimate of the timing and severity of Type II floods
e Models of the conditions contributing to severe Type I and II floods

e Estimates of the probability for any of the three flood types to
occur in the next 1,000 to 10,000 yr and in doing so the possibility
that they could adversely affect barrier survival.

2.4.2 Feasibility Study for Episodic Groundwater Recharge

2.4.2.1 Purpose. In a study of groundwater in eastern Washington, Silar
(1969) obtained 43 radiocarbon dates on dissolved CO, from confined aquifers
that 1ie between basalt strata. Preliminary reanalysis of these dates and
their geographic distributions has shown that, rather than exhibiting the
expected inverse exponential frequency distribution with age, the dates
exhibit strong modalities that correlate with climatic periods recognized in
the Holocene. Although the number of dates is small, it is indicative of the
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potential of water dating for understanding the relationship between climate
and groundwater recharge in the region around the Hanford Site. Additionally,
because groundwater is 1ikely to percolate from the surface into the vadose
zone early in the year--before evaporation becomes a significant
influence--isotopic composition of dissolved oxygen in groundwater should
reflect the cumposition of the precipitation from which it was derived (Eicher
and Siegenthaler 1976; Stuiver 1970). The isotopic composition of this
precipitation is directly related to air temperature (Dansgaard 1964).

Because the majority of precipitation in this region falls in winter--and the
primary source of groundwater is winter precipitation--the oxygen isotope
composition of groundwater should be useful as a measure of winter temperature
(which is not available from any other data source). This task will explore
the feasibility of radiocarbon and oxygen isotope assay of confined
groundwaters in and around the Pasco Basin as means for studying recharge in
relation to climate and winter temperatures, respectively. If the approach
proves feasible for one or both applications, the task will be expanded into a
full-scale study that will contribute significantly to the understanding of
?he impact of climatic scenarios on the infiltration of water into waste

orms.

2.4.2.2 Methods. This feasibility study will have two parts. Part I will
consist of a literature review, and Part II will consist of field studies. In
Part I, review of the theory and techniques of groundwater dating and isotopic
analysis will be undertaken and experts will be consulted. If this review
demonstrates the theoretical feasibility of the research, then Part II, the
field studies, will be initiated. This will consist of analysis of an initial
10 groundwater samples. Samples will be obtained from existing irrigation or
drinking water wells that draw from confined aquifers, distributed
systematically in geographic space. The exact sampling procedures to be used
will depend on results of the literature review. Carbon from carbon dioxide,
and oxygen, deuterium, and tritium from water will be extracted and .
isotopically ana]yzed by mass spectrometry. Important carbon isotopes are e
and the ratio of '°C:'2C; the former for determines sample age, the latter the
contribution of ancient carbonates (e.g., from limestone) to the carbon
content of the water. If ancient carbon is absent or occurs in insignificant
amounts, then the radiocarbon date may be correct. Deuterium and O isotopes
will be analyzed together to ascertain the water source. If they are derived
from meteoric precipitation, and little recent water has been added to the
aquifer, then D and 0 should exhibit a linear relationship. Tritium will also
indicate the extent of modern groundwater contamination of deep aquifers.
Finally, the ratio of 0 to 0 will be determined and compared with the ratio
for standard mean sea water to calculate the air temperature at the time of
condensation.

2.4.2.3 Data Input Requirements and Expected Outputs. Data input
requirements for this task include literature on dating and isotopic analyses
of groundwaters and water samples from 10 wells in the Columbia Basin.
Expected outputs are an assessment of task feasibility, and if this result is
positive, a demonstration of technical approach used including tables of
isotopic contents of the 10 water samples. If the work proves feasible, a
final output of this feasibility task will be development of a detailed task
plan for further research.
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2.5 TASK 5: TERRESTRIAL SEDIMENT STUDIES

This task focuses on terrestrial sediment studies. It has two subtasks,
studies of eolian sediments (Section 2.5.1) and faunal data (Section 2.5.2).

2.5.1 Studies of Eolian Processes

2.5.1.1 Purpose. The influence of climate on surface winds is a variable
important for understanding the impact of those climatic states on the
performance of permanent isolation barriers. The direction and velocity of
surface winds flowing over sediment source areas (also partially controlled by
climate) affects patterns of wind erosion and disposition. Collectively these
are referred to as eolian processes. Removal from or deposition of fine
sediment on barriers may impact soil water balance, thereby affecting the
barrier's ability to prevent dissolution and transport of waste materials.
This task will study the relationship between eolian processes and climatic
conditions during the postglacial period (the last 10,000 to 13,000 yr) on and
around the Hanford Site. This task consists of three phases. Phase I will
characterize the eolian systems and eolian sediment chronology on the Hanford
Site by collating and analyzing existing meteorological and dune distribution
data to clarify the link between climate and eolian processes and by outlining
a sequence of dune formation and stabilization intervals on the Hanford Site
during the postglacial period (the last 10,000 to 13,000 yr). Phase II will
accomplish the following:

¢ Conduct studies of the regional terrain
e Map and date dune formation episodes on a regional scale
e Reconstruct past wind flow patterns.

Phase III will interpret the 1ink between Holocene climatic conditions and
eolian erosion and sedimentation. The results can be used in conjunction with
future climate models, past climatic scenarios, and wind tunnel experiments
studied by other Barrier Development Program tasks to estimate the future
l1ikelihood for extensive dune formation on and wind erosion from the barriers.

2.5.1.2 Methods. One goal of Phase I is to characterize the eolian systems
on the Hanford Site by collating and analyzing existing meteorological and
dune distribution data to clarify the link between climate and eolian
processes. Phase I will begin by characterizing dune formation prec-esses on
the Hanford Site. Extant data will be compiled on meteorology (especially
wind) and sand roses that have been generated by Hanford Site contractors
during the past 45 yr. Aerial photographs of the Site will be analyzed to
allow creation of maps of past dune movement. Results will be used to
reconstruct a history of dune migration in relation to short-term climatic
variation at the Site. Some measurement of dune migration rates during the
contract period may be necessary although this type of activity mostly will be
covered in Phase II. Another goal of Phase I is outlining a sequence of dune
formation and stabilization intervals on the Hanford Site during the
postglacial period (the last 10,000 to 13,000 yr). Phase I will next
establish a chronology of eolian deposition on the Hanford Site by
identifying, describing, sampling, and analyzing dune deposits and source
areas for eolian sediment. Chronological control will be accomplished by
locating dunal sediments that are associated with some datable material such
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as soil carbon, archaeological remains, or volcanic ashes. Dates will be
obtained by tephrochronology, thermoluminescence, or radiocarbon. Eolian
sediments at each site will be described, including sediment structure,
texture, mineralogy, and the degree and type of soil development at the
surface of each depositional stratum.

Phase II includes objectives to conduct studies of the regional terrain,
to map and to date dune formation episodes on a regional scale, and to
reconstruct past wind flow patterns. Phase II provides for the collection of
data on the morphology and sedimentology of dunes active since 1945 from areas
within and beyond the Hanford Site and for analysis of these with
meteorological and sand rose data for the same period to clarify the causal
relationships of these phenomena. Additional data on the geographic
distribution of different-aged dune sediments and sediment source areas also
will be studied. Systematic sampling of stabilized and active dunes will be
conducted on and around the Hanford Site to generate maps of dune fields for
each depositional episode, identify sediment sources for each episode, and
obtain data for use in determining wind direction and velocity from the dune
field maps, and dune sedimentology and morphology. This will require
extensive trenching, core sampling, and textural, mineralogical,
sedimentological, and chronological analysis to obtain cross-dating of sampled
dunes with the eolian chronology of Phase I and evidence for air flow
patterns. The result will be maps of air flow patterns and velocitics for
identified periods in the past.

Phase III js for the interpretation of the link between Holocene climatic
conditions and eolian erosion and sedimentation. The results can be used in
conjunction with future climate models, past climatic scenarios, and wind
tunnel experiments studied by other Barrier Development Program tasks to
estimate the future 1ikelihood for extensive dune formation on and wind
erosion from the barriers. Phase III will compare maps produced in Phase II,
with the climatic conditions for the periods they represent. This
information, along with data obtained during Task 2 on modern climates and
dune formation, will be used to generate a model of the relationship between
climate and eolian processes. This model then can be run using climatic
conditions expected under extreme climatic states identified and characterized
by other components of the Climate Change task of the Barriers Development
Program.

2.5.1.3 Required Inputs and Expected Outputs. Required inputs are the
paleoclimatic reconstructions from Task 3 and other tasks, historic data on
Hanford Site meteorology and sand and wind roses, a dated series of aerial
photographs, and literature on eolian processes. Expected outputs are an
analysis of the recent history of dune formation and movement on the Hanford
Site, maps of dune fields and paleowind patterns in the region, and a model
describing the relationship between climate and eolian processes throughout
the Late Glacial and Holocene.

2.5.2 Faunal Indicators
2.5.2.1 Purpose. In the event that palynological studies fail to obtain a

record of vegetation for the full glacial period (18 ka) or the last
interglacial period (125 ka), assemblages of small vertebrate fossils will be
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obtained from the loess deposits in the vicinity of the Pasco Basin to provide
the needed data. The composition of microfaunal communities is relevant to
the characterization of past climate at the Hanford Site because animal
community composition correlates with modern vegetation distributions and
temperature extremes (Harris and Maser 1984). Microfauna, including primarily
rodents and reptiles, are short-lived, nonmigratory animals with small home
ranges. They are often highly habitat specific, so that individual species
are good indicators of vegetation and other environmental characteristics.
Their bones are resistent to decay in the neutral to basic soils of arid lands
and are readily identifiable to genus and usually to species leve'. Based on
the ecelogical amplitudes of the various animals found in paleontological
collections, and the relative abundance of different species, past
environmental conditions can be inferred. The results of analysis are usually
consistent with paleo-envircnmental reconstructions from other sources.

2.5.2.2 Methods. Agrouomists from Washington State University have reported
observing concentrations of small mammal remains while conducting studies of
fossil soils in southeastern Washington. Additional fossil deposits are known
to occur in the Horse Heaven Hills (Rensberger et al. 1984). Known sites will
be visited and assessed for their potential to provide the needed quantity of
remains, then a subset of observed sites will be selected for sampling.
Fossils will be excavated and preserved using standard paleontological
techniques. Associated sediments will be dated by tephrochronology,
thermoluminescence and, if appropriate, radiocarbon. Bone assemblages will be
identified using keys (e.g., Maser and Storm 1970) and comparative
collections, and they will be quantified by appropriate methods

(Grayson 1984). Using modern ecologies of the represented animals,
environmental conditions at the time of assemblage deposition will be
inferred. These will be used along with any other evidence obtained from
outside the area to estimate climatic conditions in the Pasco Basin during the
full glacial and last interglacial.

2.5.2.3 Required Inputs and Expected Outputs. Data required will be
information on the ecology and identification of microvertebrates, the |
locations of fossil sites, and records and possibly collections from previous
palecatological excavations in the region. The expected output is a
tabulation of small mammal and reptile faunas from the loess deposits around
the Pasco Basin dating to the full glacial and/or interglacial, an
interpretation of their meaning in environmental and climatic terms.

2.6 TASK 6: PAST CLIMATE/VEGETATION VARIATIONS

The results obtained from Tasks 2 though 5 will be integrated into one
comprehensive picture of past climate/vegetation variations in the Hanford
Site region for the Late Quaternary and Holocene with special emphasis on the
periods 125 ka, 18 ka, 9 ka, 5 ka, and 3.5 ka. For this task, the gathered
data will be used to formally document a defensible answer to part of the
question contained in the second decision point in Figure 3: "Do
Reconstructions Bound Long-Term Astronomical Forcing ... ?" At this point it
might be possible to learn enough about the bounding ranges of precipitation
and temperature and the types of vegetation that have occurred in the past to
use these ranges exclusively in the performance assessment of the permanent
isolation barviers. However, the entire question for the second decision
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point cannot be answered completely until the timing, character, and
uncertainty for greenhouse warming can be projected for the Hanford Site

$eglo;. Therefore, the results of this task must be coupled with those of
ask 7.

2.7 TASK 7: FUTURE CLIMATE/VEGETATION PROJECTIONS

The results obtained from the literature search in Task 2 will be used to
make future climate/vegetation projections that take into consideration the
potential near-term effect of future greenhouse warming and the longer term
effect of cycling into the next ice age. Together with Task 6, the gathered
data for this task will be used to document formally a defensible answer tot
the question posed in the second decision point: "Do Reconstructions Bound
Long-Term Astronomical Forcing and Projected Greenhouse Effects?" If it were
found that the characterization of the past climate change more than bound
those anticipated for the future based on the a result of the literature
survey, the answer to the question would be "yes" and there possibly would not
need to be a development of a local climate model. The results of Task 6 and
this task then would be fed directly to Task 10: Projection of Future
Climate. However, preliminary indications are that a local climate forecast
model is called for because of the uncertainty of the local effect that
greenhouse warming could have in the Hanford Site Region. Some of these
concerns will be discussed in the following sections.

Further, as discussed in Section 2.2.1, most of the studies associated
with the other Barrier Development Program Tasks are already underway. In
designing the treatments for many of these studies, some initial estimates
were or will be made about possible future climatic conditions (precipitation
amount, storm intensity, wind speed, etc.). Because the final results of the
long-term climatic assessment task may not be available until near the
conclusion of some of these studies (when changes in treatments would most
likely be impractical), the remainder of the climate change assessment for
these studies may serve as a confirmatory role for the early estimates. If
new information is received too late for inclusion in treatment design, the
impact of these new considerations will have to be modeled or estimated using
professional judgement.

2.8 TASK 8: LOCAL CLIMATE FORECAST MODEL AND TASK 9: MODEL
CALIBRATION AND VALIDATION

2.8.1 Purpose

Conceptually, the projection of future climate variation in the Hanford
Site region will be accomplished through the development of a local climate
forecast model that will use GCM experiment results to provide initial and
lateral bounding conditions. The primary purpose of the local-climate-
modeling effort to substantiate estimates of future climate change from the
effects of increased CO, or other anthropogenic gas sources, such as methane
or chlorofluorocarbon. Validation and calibration of the local climate model
will be accomplished in part by using past climate conditions derived from
paleoclimate studies. The output from the Tocal climate model then will be
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used to project future variability in the precipitation and temperature of the
Hanford Site region, which then will be available to aid in barrier
performance assessment analyses.

2.8.2 Methods

Assuming general circulation models can provide a reasonable climate
forecast for the large-scale atmospheric flow, local climatic changes can be
determined by correlating point-specific data with large-scale patterns. This
idea will be used to construct a climate model for the Pasco Basin region.

The research will be divided into three phases: (1) determining the pattern
identification process, (2) building a stochastic or regression model between
historical large scale patterns and regional precipitation or temperature, and
(3) applying the model to GCM results for altered climate.

Work on the first phase has started as part of a separate project to
examine the impact of global change on the Cascade hydrological cycle.
Results from this research have identified statistical methods for
classification of weather types based on rotated principal components. As
part of the first and second phases, a statistical analysis of the variability
explained by the pattern classification method will be performed. It is
important to understand the predictive ability of pattern classifications for
the current climate before undertaking an extensive forecast study. For
example, pattern identification schemes should be able to identify short-term
(decades) climate variability with reasonable accuracy.

One method for testing the pattern classification is to generate a
stochastic model of a parameter using one 10-yr period of data and apply the
model to a different 10-yr control. By running the model numerous times, a
statistical sample can be obtained and used for determining the model
variance. The model variance then can be compared to observed variability to
ascertain model uncertainty. The stochastic model also will be tested by
using GCM control run cases that represent current atmospheric climatic
conditions. These tests will determine the bias of GCM runs compared to
actual climate parameters and may be used to adjust altered climate scenarios.

After determining the uncertainty of the stochastic model, tests will be
performed to simulate the local climate for the paleoclimate periods. These
validation tests will use data simulated using a GCM for times examined in the
paleoclimate analysis (Tasks 2 through 6). Based on the stochastic model
output, simulated parameters (such as average monthly precipitation, monthly
average temperature, and extreme events, such as record maximums of rain or
temperature) will be determined. Values for these climate measures should be
within the values found in the reconstructed paleoclimate record, providing
verification.

Simulations of future climates will proceed with the application of CO,
GCM simulation results. This phase of the study will involve the examination
of various model runs including cases with doubled CO, and gradual CO,
increase. From these runs, estimates of precipitation and temperature for the
Hanford Site region will be made for long-term changes.
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2.8.3 Required Inputs and Expected Outputs

The proposed model will require outputs from a GCM model run representing
the type of climate of interest. Currently, 5° lat. by 5° long. data are
being used to determine principal components for the northwest region.

A station record for observation sites over the period from 1946 to present
also is needed to calibrate the stochastic model.

Output from the stochastic model will consist of daily precipitation
totals along with maximum and minimum temperatures for a length of record
equal to the GCM output period. More extended records can be artificially
constructed using Monte Carlo techniques with the GCM output.

2.9 TASK 10: PROJECTION OF FUTURE CLIMATES

2.9.1 Purpose

The purpose of this task is to provide the needed information on
potential future climates so that the effects of future climatic change can be
assessed as they pertain to the disposal of wastes at the Hanford Site. This
will aid in development of the barrier design and the demonstration of
compliance to regulatory requirements and performance standards. Specifically
the information in this task will be used to help answer the question posed in
decision point 4 which asks, "Do projections Satisfy Climate/Vegetation Data
Needs?" This task also acts as the administrator of and collector for all
other tasks and their output, and includes miscellaneous level-of-effort
activities.

2.9.2 Methods

This task will focus on documenting the use of past climatic
reconstructions, current meteorological conditions and historic patterns, and
the modeled future global changes related to both the greenhouse effect and
the cycling into the next ice age to provide defensible projections of future
climatic variability and vegetation in the Pasco Basin for the next 1,000 to
10,000 yr. Both paleoclimate indicators and modeling outputs will be examined
to identify the bounding ranges of potential future climate change. Any
deficiencies will attempt to be rectified by Tasks 11 and 12.

2.9.3 Required Inputs and Expected Outputs

Information is required from Tasks 2 through 9. The expected
deliverables and output include the following:

e Defensible probabilistic projections of the long-term climate
variability in the Hanford Site and Pasco Basin region at many
different time scales into the future

e Several test case climate scenarios that bracket the range of
potential future climate
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e Use of the climate scenarios both to test and model protective
barrier performance

e Status reports documenting program progress.
2.10 TASK 11: GENERATION OF WEATHER STATISTICS

2.10.1 Purpose

If data from Task 10 do not project specific parameters in enough detail
such as mean monthly precipitation, mean monthly temperature, and coefficients
of variation for solar radiation, then specific weather statistics generation
models will be used to estimate these parameters.

2.10.2 Methods

Weather statistics generation models, such as WGEN (Richardson and
Wright 1984), have been used to generate specific climatic parameters such as
mean monthly precipitation, mean monthly temperature, and coefficients of
variation for solar radiation. One method of applying such a model is to
select a representative analog location, obtain the characteristic climatic
data for the analog site, and then use it as the basis for generating
time-series data of the type required by UNSAT-H to simulate the hydrologic
performance of the barrier for a future climate state that matches that of the
analog site. These time series data also could supply the needs of other
Barrier Development Tasks (Table 1). To ensure confidence limits for the
predictions of UNSAT-H, such meteorological subsets will be required.

Also, if data from Task 10 do not project specific parameters such as
maximum storm events, a statistical study will have to be undertaken to obtain
the needed parameters using techniques such as those described by Nyhan et al.
(1989), Ballerini and Waylen (1989), Gumbel (1954), and Kinnison (1985).

2.10.3 Required Inputs and Expected Outputs
Input includes the results of Task 10 and the climzte data needs from

Task 1, Table 1, and the output is the specific parameter needed in the form
that can be used by the task requiring them.

2.11 TASK 12: [IDENTIFICATION OF SPATIAL ANALOGS OF VEGETATION
RESPONSE TO PROJECTED CLIMATES

2.11.1 Purpose
The Natural Analogs Studies of the Barriers Development Program includes
a study of the effects of different vegetation types likely to develop on

barriers under the extremes of climate characterized by the this study plan.
Task 12 will provide the criteria, in terms of climatic conditions and plant
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community composition, that will be used to select vegetation analog sites.
Further, as discussed in Section 2.2.1, this is a study that may have to be
undertaken before the final projection of climates is made.

2.11.2 Methods

Two possible approaches will be used to select spatial analogs of
possible future vegetation communities. These sites will be studied
intensively, data to be collected include a community description, rooting
characteristics, evapotranspiration, and soil water balance on an annual
scale. The first approach will use the results from Tasks 7 and 10 to
identify, in the greatest possible detail, the vegetation communities and
climatic patterns for five past extreme climatic periods identified for study.
However, as discussed, these studies may have to be undertaken before the
final characterization of these five and the projection of future climate
states are made. In this case, there will have to be some initial estimates
made using the best available information about possible future climatic
conditions. Once this is done, much of the focus of the climates studies will
be focused on increasing the confidence concerning the initial estimates. For
instance, an analog location that has three times the annual precipitation of
the Hanford Site may be selected as one of the sites for intensive study. In
this case, the study efforts will be focused on providing a defensible
justification for selecting a three-times-annual-precipitation analog site,
rather than a four-times-annual-precipitation analog site. The later efforts
would serve a confirmatory role for the early estimates. However, if new
information indicates that the four-times annual site would have been a better
effgrt, it may have to be modeled using the three-times annual site as a
guide.

It is possible that for future climate scenarios based on GCMs, no
vegetation community data may be available. For past scenarios including
vegetation communities with known modern analog communities, analog sites will
be chosen using maps of modern steppe vegetation types in the Northwest (as in
Daubenmire 1970) or others farther afield. An effort will be made to select
analog sites with climates most closely approximating those that have been
reconstructed by paleoclimate tasks. For all other climate scenarios,
localities will be sought that have the same or similar climate to those that
are reconstructed or modeled. Climate statistics from the U.S. Weather
Service will be used in this endeavor. At least four alternative sites will
be]idengified for each climate scenario from which study sites can be
selected.

2.11.3 Required Inputs and Expected Outputs
Required input will include the climatic and past vegetation scenarios
generated by other tasks of this study, plant community maps for the Northwest

region, and climate statistics published by the United States Government.
Output will be a selection of analog sites to be studied in greater detail.
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2.12 TASK 13: INPUT CLIMATIC DATA TO BARRIER
PERFORMANCE ASSESSMENT

The purpose of this task is to meet the objectives specified in
Section 1.3, which include the following.

e Use the past climate, current meteorological conditions, and modeled
future global changes to project that future climatic variability in
the Pasco Basin for the next 1,000 to 10,000 yr.

e Provide information that pertains to the effects of climatic. change
on the disposal of wastes at the Hanford Site to the other
components of the Protective Barrier Development Program so the
final design meets regulatory requirements and performance standards
(as they currently exist or as they evolve).

e Provide information that will be used to test the long-term
performance of the barrier to confirm its effectiveness in
minimizing drainage that ultimately could lead to movement of
radionuclides to the accessible environment.

To meet these objectives, close cooperation and coordination is necessary
so that the needed information will be provided to all other barrier tasks in
a timely manner. In some cases this will include early climatic parameter
estimates, with much of the subsequent work serving a confirmatory role for
those estimates.

3.0 COST ESTIMATES, SCHEDULE, AND MILESTONES

The schedule for this study plan is designed to cover 5 yr. The
estimated dollar figures are programmatic dollars (shown in thousands of
dollars) and do not include escalation and contingency (see Tables 2, 3, and
4). The estimated budget is provided as a strawman that shows the first cut
at a schedule and cost estimates. The budget is based partly on the estimates
developed with the BWIP climate program. The level of funding with the years
of funding provide a rough timeline for the schedule and sequencing of tasks.
One new task not discussed previously is Tisted in the following tables: "O.
Task Administration.” This category is included to cover the expenses and
time associated with such items as completing the peer review, writing the
Statements of Work, writing and updating the study plan, preparing for and
attending Barrier Team meetings, and any a number of other miscellaneous
activities that do not fit in the other categories.

The milestones listed below could apply to any one of the tasks. The
date associated with any one milestone as it is applied to a specific task
still must be worked out either in a specific technical work plan or work
order. In addition, an overall timeline that coordinates the points of
integration between tasks needs to be developed.

s



Table 2. Westinghouse Hanford Company Programmatic Cost Estimates

WHC-EP-0569, Rev. 1

($1,000s).
Task Name Year 1 Year 2 Year 3 Year 4 Year S Total
0. Task Administration 10.0 10.0 5.0 5.0 5.0 35.0
1. Identification of Climatic 5.4 5.4
Data Needs
2.1 Modern Climatic Patterns 32.4 32.4
2.2 Holocene Paleoclimate 0.0
Literature
2.3 Late Quaternary Literature 16.2 32.4 48.6
2.4 Flood Records 0.0
2.5 Global Climate Modeling 10.8 10.8 32.4 54.0
3.1 Scablands Pollen Site Transect 0.0
3.2 Full Glacial Pollen Study 51.8 82.7 134.5
4.1 Fluvial Indicators 0.0
4.2 Episodic Groundwater Recharge 0.0
5.1 Studies of Eolian Processes 0.0
5.2 Faunal Indicators 0.0
6. Past Climate/Vegetation 5.4 10.8 16.2
Variations
7. Future Climate/Vegetation 5.4 10.8 16.2
Projections
8. Local Climate Forecast Model 0.0
9. Model Calibration and 0.0
validation
10. Projection of Future Climates 43.6 43.6 43.4 59.6 43.4 233.6
1. Generation of Weather 0.0
Statistics
12. Identification of Future 0.0
Spatial Analogs
13. Input to Barrier Performance 16.2 16.2 32.4
Assessment
Total 181.0 201.1 80.8 80.8 64.6 608.3
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Table 3. Pacific Northwest Laboratory Programmatic Cost Estimates
($1,000s)".
Task Name Year 1 Year 2 Year 3 Year 4 Year 5 Total
0. Task Administration 26.9 26.9 20.2 13.5 6.7 94.2
1. Identification of Climatic 13.5 13.5
Data Needs
2.1 Modern Climatic Patterns 0.0
2.2 Holocene Paleoclimate 13.5 13.5
Literature
2.3 Late Quaternary Literature 16.1 16.1 32.2
2.4 Flood Records 33.6 40.4 20.2 94.2
2.5 Global Climate Modeling 2.7 2.7 10.8 16.2
3.1 Scablands Pollen Site Transect 46.5 51.8 98.3
3.2 Full Glacial Pollen Study 0.0
4.1 Fluvial Indicators 74.0 20.2 94.2
4,2 Episodic Groundwater Recharge 53.8 87.4 87.4 228.6
5.1 Studies of Eolian Processes 51.8 51.8 103.6
5.2 Faunal Indicators 33.6 74.0 40.4 148.0
6. Past Climate/Vegetation 6.7 13.5 20.2
Variations
7. Future Climate/Vegetation 6.7 6.7 13.5 26.9
Projections
8. Local Climate Forecast Model 40.4 26.9 67.3
9. Model Calibration and 6.7 20.2 26.9
validation
10. Projection of Future Climates 47.1 20.2 67.3
1. Generation of Weather 40.4 40.4
Statistics
12. Identification of Future 40.4 40.4
Spatial Analogs
13. Input to Barrier Performance 40.4 40.4 80.8
Assessment
Total 359.3 391.4 374.2 134.7 47.1 1,306.7

51




WHC-EP-0569, Rev. 1

Table 4. Total Programmatic Cost Estimates ($1,000s).

Task Name Year 1 Year 2 Year 3 Year 4 Year 5 Total
0. Task Administration 80.5 80.5 68.6 61.9 55.1 346.6
1. Identification of Climatic 18.9 18.9
Data Needs
2.1 Modern Climatic Patterns 32.4 32.4
2.2 Holocene Paleoclimate 13.5 13.5
Literature
2.3 Late Quaternary Literature 32.4 48.5 80.9
2.4 Flood Records 33.6 40.4 20.2 94.2
2.5 Global Climate Modeling 13.5 13.5 43,2 70.2
3.1 Scablands Pollen Site 46.5 51.8 98.3
Transect
3.2 Full Glacial Pollen Study 51.8 82.7 134.5
4.1 Fluvial Indicators 74.0 20.2 94.2
4.2 Episodic Groundwater Recharge 53.8 87.4 87.4 228.6
5.1 studies of Eolian Processes 51.8 51.8 103.6
5.2 Faunal Indicators 33.6 74.0 40.4 148.0
6. Past Climate/Vegetation 12.1 24.3 36.4
variations
7. Future Climate/Vegetation 12.1 17.5 13.5 43.1
Projections
8. Local Climate Forecast Model 40.4 26.9 67.3
9. Model Calibration and 6.7 20.2 26.9
validation
10. Projection of Future Climates 47.1 36.4 83.5
1. Generation of Weather 40.4 40.4
Statistics
12. Identification of Future 40.4 40.4
Spatial Analogs
13. Input to Barrier Performance 56.6 56.6 113.2
Assessment
Total 540.4 592.5 455.0 215.5 1M1.7 1,915.1
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This document also has been designed to be modular to allow scaling to
meet specific needs. Like Adams and Wing (1986), this document is expected to
be supplement as the needs for climate tasks evolve or future funding levels
become more concrete. It also can provide the basis for developing climate
studies for other applications that might have need such as the Grouted
Double-Shell Tank Waste Disposal at the Hanford Site or the implementation of
DOE-RL Order 5820.2A (DOE-RL 1990) that specifies climate changes should be
considered ("Site Specific Radiological Performance Assessment").

MILESTONES

The following are milestones for the project:

1.

S o Aa W N

Work Plans/Cost Plans/Statements of Work for contracts, completed as
appropriate

Initiation of studies

Annual status reports

Data for climatic model verification

Field studies and sample collection completion

Data analysis completion; availability of data to test climatic
models

Draft Reports submittal

Final Reports submittal.

4.0 QUALITY ASSURANCE

A1l work and deliverables to be performed under this study plan must
comply with the following requirements for the documentation and traceability
of project records.

Project Files must contain a Technical Work Plan that outlines the
specific work to be accomplished, the methods and procedures to be
used, and the identity and qualification of all major participants.

A1l project work must be documented to produce complete and
traceable data or information. Original data or information must be
treated as evidence to provide QA-defensible work.

Final project data or information must be complete, clearly legibie,

and readily traceable through intermediary information to the
original data.
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e The identity, qualifications, and contribution cf all researchers
must be traceable through project records.

e If the original data or information are entered into a computer, a
printout may serve as the original record.

e Original data or information generated by the project must be
retained and accounted for in a systematic manner.

e A1l sources of infermation must be identified and complete
references maintained.

e All verifiable items will be verified through the use of one or a
combination of the six following verification methods:

Alternate calculations
Alternate tests

Controlled notebook review
Data evaluation report review
Peer review

Technical document review.
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