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Summary

The U.S. Departmentof Energy's HartfordProtectiveBarrierDevelopmentProgramis funding
studies of natural analogs of the long-term performance of waste site covers. Natural-analog studies
examine past environments as evidence for projecting the future performance of engineered structures.
The information generated by analog studies is needed to 1) evaluate the designs and results of short-
term experiments and demonstrations, 2) formulate performance-modelingproblems that bound expec-
ted changes in waste site environments, and 3) understandemergent system attributes that cannot be

• evaluatedwith short-term experiments or computer models• Waste site covers will be part of dynamic
environmental systems with attributes that transcend the traits of engineered components.

Long-term performance issues that might be addressedwith analog studies include climate change,
soil development, vegetation change, mound stability, and human intrusion. Climate change will influ-
ence all components of a waste cover system. Analogs of localized responses to future global climate
change exist as evidence remaining from similar past climates. Soil development, the chemical reac-
tions and physical rearrangementsthat naturallyoccur in all soils, can alter the structureand hydrologic
properties of materials used to construct waste covers. Future influences of soil development can be
inferred from measurements of key soil properties in old soil profiles that are (or were) similar to waste
covers. Many waste cover designs are dependenton water extraction by plants. The effects of vegeta-
tion change can be inferred from plant measurements at sites having soils similar to waste covers, but
differingwith respect to climate and disturblmcehistories. Studies of ancient manmade mounds may
provide evidence of the futurestability of waste covers and of mound characteristics that may
discouragehuman intrusion.

This reportdiscusses results of the previously unreported preliminary studiesconducted in 1983
and 1984. These results indicate that analogs could play an important role in predicting the long-term
behaviorof engineered waste covers• Layered exposures of glacial-flood-deposited gravels mantled
with silt or sand that resemble contemporary barrier designs were examined. Bergmounds, another
anomaly left by cataclysmic glacial floods, were also examined as analogs of surface gravel• The fol-
lowing design considerations emerged from a moderate characterization of these deposi_cs"

• A capillarymoisture barrierdesign consisting of a fine-texturedtopsoil overlying a mixed layer of
gravel and coarse sand (pitrun gravel) may be more stable than designs featuring graded, well-
sorted soil, sand, and gravel layers.

• Soil development processes that can alter soil hydraulicproperties,such as particle aggregation and
. illuviation of soluble salts and colloids, will likely take place on waste covers.

• The depth anddispersionof carbonate accumulationmay provide an indicationof past soil water
movementin layered soils.
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• Disturbancescausing deep-rooted perennial vegetation to be replacedby shallow-rooted, short-lived
species could reduce plant water extraction and triggerdrainage.

• Spatial patterns in surface water infiltration, water retention, and evapotranspiration may evolve on
waste covers in response to soil formation processes and clumped plant distributionpatterns.

We recommend the continuation of analog studies of the effects of soil development and vegetation
change on soil water. Soil development studies should address theeffects of carbonate accumulation,
soil illuviation, pedoturbation (soil mixing processes), and soil structure(particle aggregation). The
emergence of spatial patterns in soil-plant-water relationson engineered covers should also be consid-
ered. Because vegetationchange can be difficult to predict, analog studies of vegetation change should
be undertakenonly 'aftera conceptualmodel of plant community dynamicson engineered covers has
been developed. In general, new analog studies should be initiated only after research has clearly
defined: 1) the applicationof the analog to performanceassessment; and 2) the characteristicsof the
analog relative to initialand eventual states of the engineeredcover.
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1.0 Introduction

Pacific Northwest Laboratory(PNL)(°)and WestinghouseHartfordCompany (WHC) are working
jointly on the Hanford Protective BarrierDevelopment Program, funded by the U.S. Department of
Energy (DOE) to engineer earthen "protectivebarriers"that will inhibitplants, animals, and water
from contacting radioactive waste lying underground;the barrierswould impede the migration of

• contaminants to the groundwaterand tO the landsurface. The work is justified by a Record of
Decision issuedby the DOE on the Final Environmental Impact Statement Disposal of HartfordDefense
High-Level, Transuranic, and Tank Wastes (DOE 1987) for applicationto the HanfordSite in south-

" central Washington. The Record of Decision defersdecisions on the disposal of many waste classes
until additional research on near-surface disposal methods has been completed and reviewed by the
public. This policy reflects the uncertainty associated with evaluating the long-term behavior of
engineered structures. Defensible predictions of the performance of engineered barriers for up to
1,000 years may be required (40 CFR 191).

The Hartford Protective Barrier Development Program consists of three distinct yet interactive
research approaches for assessing the long-term performance of possible barriers (Figure 1.1). One
approach is to conduct field and laboratory experiments on a limited number of designs, under con-
trolled environmental conditions. The second is to evaluate, using computer models, the long-term
behavior of many barrier designs under many environmental scenarios. The third approach, adopted
by this report, involves the identification and evaluation of analogs of long-term barrier behavior. An

Figure 1.1. The Hanford Barrier Development Triad, Contributingto an Engineered Barrier Design
o

(a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute for the U.S. Department
of Energy under Contract DE-AC06-76RLO 1830.
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analog providesevidence of changes in past environmentsthatcan be appliedto evaluate the futureper-
formance of engineeredbarriers. The purposesof this reportare to review the long-termperformance
issues and the rationalefor analog studies, to summarizepreviously unpublishedbarrier analog work,
and to providerecommendationsfor futurework.
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2.0 Reasons For Analog Studies

Barrier analogstudies addressthe limitationsand uncertaintiesinherentin evaluatingthe long-term
behaviorof engineeredstructuresexclusively from manipulativeexperimentsand computermodels. In
the HanfordProtectiveBarrierDevelopmentProgram,barrieranalog studies have three purposes:

. * to help guide the selection andto judge the accuracyof treatmentsimposed in field and laboratory
experiments that are intended to representlong-termchanges in the barrierenvironment,

• * to supportthe conception of computermodelproblemsthat deal with long-termchanges in the
climate, vegetation, and barrierconstructionmaterials, and

• to examine anthropogenic,geomorphic, pedologic, and ecological indicatorsof emergentlong-term
changes in the barriersystem that may not be understoodfrom short-termexperimentsor computer
model simulations.

Several field and laboratoryexperimentshave measuredhow barrierswill respondto imposed
changes in processes _at control watermovement, erosion, and biointrusion. However, how represen-
tative the treatmentsin these experimentsare of future barrierstates is uncertain. Thus, barrieranalog
studies are needed to tailor new experiments to the long-termconditions to be encounteredat the
HartfordSite and to evaluate how closely experiments alreadyunderwaysimulatesuch conditions.

It wouldbe impracticalto attemptto test with manipulativeexperimentsthe manycombinationsof
barrierdesigns and environmentalscenarios of interest. If properlydesigned, however, manipulative
experimentscan generatedata needed to validate computer modelsof barrierbehavior. With computer
models, it may be possible to simulate many combinationsof barrier designs and environmentalsce-
narios. The usefulness of models is limited, however, by the quantityand qualityof inputdata and
validation data, and in particularby a lack of knowledge concerninghow climate, vegetation, and the
constructionmaterials may changeover time. Field and laboratory experiments inadequatelydepict
long-termchanges in some key parameters. Thus, analog studies are needed to betterunderstand
futurevariation in key performanceparameters and to use this knowledge to designmodeling problems
that boundfuturechange.

The final role of analog studies is to uncoveremergentclues as to the long-term behaviorof
barriers that alreadyexist and are recordedin the HanfordSite geomorphology, pedology, and ecol-
ogy. The engineeredcover will be part of a dynamic environmentwith attributesthat transcendthe
traits of individualcomponents. System attributesthat may emerge over the long-termcan only be

. poorly understoodfrom short-termexperimentsand computermodels. For example, computermodels
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of plant waterextraction rely on parametersfor individual species such as root and stomatal
conductance. ][ncontrast, species interactionscauseplant communities to exhibit patterns in water
extraction, and in other processes, that are beyond the traits of component species (Barbour
et al. 1987).
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3.0 Long-Term Performance Issues and Analogs

Analog studies may be appropriateto help resolve five issues of long-termbarrierperformance:
1) climatechange, 2) vegetationchange, 3) soiJ development, 4) cover stability, 5) human intrusion,
and 6) asphaltdurability.

3.1 Climate Change

" Field experimentsand modelsof watermovement, erosion, and biointrusionin engineeredcovers
all include meteorologicalparametersthatare functions of climate. These parametersare knownfor
the present climate, butnot for any futurechanges in climate. Futureclimate variation atthe Hanford
Site may exceed variation in the meteorological record. The global climate system may have been
thrownoff balance by a rise in atmosphericconcentrationsof carbon dioxide, methane, and other
greenhousegases. Accordingto the greenhousetheory, the climate system will be restoredto equilib-
riumby a warmingof the lower atmosphere. Surfacewarmingof the magnitudepredictedby some
models wouldbe unprecedentedin the present interglacialperiod (Ramanathan1988). Furthermore,
models that correlatepast climatic variability with periodicity in the earth's orbitalparameters suggest
that the earth's climate may be moving into another ice age duringthe next 10,000 years
(Imbrie1985).

The influenceot_global climatechange on the local Hanfordclimate is poorly understood. In an
attemptto predict the magnitudeand impactof global warming,governmentagencies such as the DOE,
the U.S. EnvironmentalProtectionAgency; and the National Science Foundationare funding extensive
effortsto model global circulation. However, these general circulationmodels (GCMs) lack the preci-
sion needed to predict the impactsof warmingat regional and local scales. The GCMs do agree, how-
ever, that the mean annual temperatureof western regions will rise between 1.5 and 5°C.

Paleoecological and paleoclimaticrecordsof analogous periodsof climatic change can provide
more precise informationon climate change impactsthan that providedby GCMs. During the mid-
Holocene (an interval from approximately9000 to 5000 years B.P.), global temperatureswere between
to 1 and 2°C warmerthan at present(Kutzbach1987). Evidenceof the regional and sometimes local
ecological, hydrological, and climaticconditions that characterizedportionsof that period is available
from pollens, fossil tree lines, fluvialsediments, lake basin deposits, eolian landforms, and archaeolo-

. gical sites. These sources can provideproxy evidence for a wide variety of environmental conditions
expected to result from higher global temperatures, including changes in such variables as dominant
patterns of atmospheric circulation (Nielsen 1986), seasonal variation in temperature and precipitation

- (Fritts 1976), runoff characteristics of trunk streams (Kochel and Baker 1982), and the distribution and
content of plant and animal communities (Ruddiman and Wright 1987).

3.1



I II w

Climateanalogscould be used in two ways: to select inputdatafor model simulationsand to con-
firm climate treatments imposed in fieldexperiments. The Hanford ProtectiveBarrierDevelopment
Programhas initiateda projectto identifypast extreme-climatestates thatcould reasonablybe expected
in the futureand then to either statisticallygenerateweather sequences for those states or measure
performanceparametersat analogs of those states. Becauseof the all-pervadinginfluenceof climate
changeon long-term performance, a separate task that goes beyond the scope of this reporthas been
developed (Petersenet al. 1993).

3.2 Soil Development
,t

Long-termpredictionsof watermovementin protectivebarriersrequirean understandingof poten-
tial changesin soil hydraulicpropertiesresultingfrom soil-developmentprocesses. Soil development
involvesboth complicatedreactionsand relativelysimple rearrangementsof soil materials. Soil
developmentprocesses act either to differentiatea uniformsoil mass into distinctivelayers (horizona-
tion) or conversely to inhibitsoil horizonationby mixing layers formed previously(haploidizadon).
Processes that could alter water movementandstorage in engineeredcovers includeboth internal
processes, such as the illuviationof fine-textured, soluble, and colloidal material from higher to lower
horizons in a profile, andexternal processes, such as the erosion, depositionor redistributionof surface
sediments.

The long-term performanceof a layeredcover design will dependin parton maintainingdiscontin-
uity at interfacesof fine-texturedand coarse-textured layers. Overtime, the possibilityexists for the
fine-texturedsoil and soluble salts to migratedownward, filling the matricesof underlyingsoil and
gravel layers. Theoretically, fine-grainedand colloidal materialcouldmove downward either during
the constructionof the cover or via eluviation/illuviationprocesses duringsoil development. The
movementof finesfrom topsoil layers and their accumulationin sand and gravel layers could compro-
mise thecapillary breakand reduce the water storagecapacity of the topsoil. These processes also
cause the developmentof soil structure, which can influenceratesand patternsof water movement.

Another soil-formingprocess thatcouldaffect soil hydraulicproperties,and cap stability, is
pedoturbation. Pedoturbationis a process of mixing that takesplace, to some degree, in all soils.
Some types of pedoturbationact to mix surface layers (Boul et al. 1980). Examples include mixing by
burrowinganimalssuch as ants and rodents,by plant root growth, and by seismic activity. Otherproc-
esses couldcause admixedgravel layersto move toward the surface or cause a mixing of textural inter-
faces within a barrier. Examples of these processes includethe formation of lag layers by winnowing,
frostheaving(cryoturbation),movementof gas in soils duringandafter rain (Evenari et al. 1974), and
shrink-swellaction of expansiveclays. In contrast to winnowing, loess (wind-depositedsilts) slowly
depositedon a graveled surfacecan be transportedbelow the gravel in cracks formed in underlying
vesicularsoil, thus elevatingthe gravel above the former landsurface (McFaddenet al. 1987).
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Naturally occurring, layered sediment profiles of alluvial and eolian origin occur on the Hartford
Site. These deposits often resemble proposed barrier designs closely enough that their careful study
could be used to refute or support field-plot studies and performance assessment models. The influ-

ences of soil-development processes could be inferred from measurements of key performance para-
meters at these analog sites. The analog sites could constitute soil development chronosequences,
which are groups of several sites having similar soil parent material, stratigraphy, and climate but
differing in age. As such, the studies would encompass a range of conditions including recently
disturbed soils and soils that have developed for thousands of years.

I

. 3.3 Vegetation Change

Plant transpiration (extraction of water from the soil by plants) is an important component of

models of water movement in protective barriers (Nyhan and Barnes 1988, Fayer 1987). Model simu-
lations have shown that the performance of some designs in preventing drainage depends largely on
evapotranspiration (ET), a combination of evaporation from the soil surface and plant transpiration
(Fayer et al. 1985). Water not lost by ET and runoff is stored in the soil or is lost as subsurface

drainage below the root zone. For long-term barrier performance predictions, it will be important to
know how changes in the plant community inhabiting a barrier may influence evapotranspiration.

The vegetation on engineered covers will likely change significantly. The plant community may
change in response to climate or to disturbances such as fire or inadvertent cultivation. Climate change

and disturbances can alter the numbers, types, and diversity of species, and may be accompanied by
changes in water extraction rates. Even under the present climate and without disturbances, species
abundance, biomass production, and transpiration rates vary seasonally and from year to year in

response to precipitation and temperature.

In the arid west of North America, succession may follow no inherent order or schedule in the

context of species associations replacing each other over time. The arrival of alien species further

confounds predictability. For example, the dominance gained by alien species such as Bromus

tectorum (cheatgrass) and Salsola kali (Russian thistle) in southeastern Washington over the past
150 years is unprecedented. These species dominate not only cultivated and overgrazed lands at and
adjacent to the Hanford Site, but they are supplanting native species on undisturbed sites as well
(Mack 1986). New aliens continue to appear, and in some cases their potential ranges are quite large.

Alien species such as B. tectorum tend to foster their own persistence. Fire was important in pre-
settlement ecology, but these relatively infrequent, low-temperature fires probably altered species com-
position little (Daubenmire 1975). In contrast, increased incidence and intensity of fire resulting from

the several-fold greater litter production of B. tectorum (Rickard et al. 1977) may be having the long-
term effect of eradicating native shrubs such as Artemisia tridentata (sagebrush). Who could have

predicted this in 18507 Knowing that over the past 150 years dramatic unprecedented changes in the
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vegetationof Hartfordunrelatedto climate have takenplace andthat these changes are continuing
today, with what degree of certaintycan we expect to predicthow the vegetationwill change overthe
next 10,000 years7

The only unequivocalway to documentthe influenceof plantsuccession on evapotranspiration
wouldbe to take repeatedmeasurements. However, becausewe don't have decades to trackplant suc-
cession, we need an alternative. Plant communitychronosequencesoffer a reasonable,albeit less
certain, alternative. For our purposes, a chronosequencecan be defined as a suite of sites havingsoils
similar to an engineeredcover butdifferingwith respectto the history of disturbanceand climate.
Futureclimate states and types of disturbanceswouldbe conjectured,the plantcommunities that might
be present duringthese states wouldbe inferred, present-dayanalogsof these states wouldbe located,
andevapotranspiration(and other key parameters)would be measured atthose sites.

No standard methods for measuringevapotranspirationin the field exist for arid landscapes. Mete-
orological methods have been used to estimateET over large relativelyuniformlandscapes such as
field crops, but the standardcalculations (Penman,Thornthwaite, or Priestly-Taylor)give biased esti-
mates for the non-wettedcondition. When these estimatorsare used at arid sites, actual waterloss
from soils is overestimated,exceptduringand immediatelyfollowing rainfall events (Gee et al. 1989).
Leaf and whole-plantmethods are more precise, butdataextrapolationto a landscape scale is difficult.
Lysimetryis precise but expensive. Micrometeorologicaltechniques andremote sensing may provide
community-andlandscape-scaledata, but they lack precision. A combinationof methods may provide
both precisionand scale.

3.4 Cover Stability

The conceptualHanford barrieris an above-grademound. The effectivenessof the design in
isolating the waste mediumwill depend in parton the long-termstability of the moundedstructure,
which could be inferredfrom the survivalof similar ancient manmadeearthenmoundsthat exist today
in a variety of settings. Manmademoundsas old as 2500 years are found in the eastern and south-
western United States. Similar, often much older, featuresexist throughoutthe world in environmental
conditionsresembling those that now, or in the future, may exist at Hanford. Age and design charac-
teristics of these moundsvary. Manmadedeposits often resembleproposed waste cover structures
closely enoughthat careful studyof their design, soil physical properties, and erosion could be useful
for assessing long-term performance.

A mound study was initiated in supportof cover design research for uranium mill tailings impound-
ments (Lindsey et al. 1983; Waiters 1987). Although an in-depthanalysis of informationcollected by
that study remainsto be undertaken,results of the preliminarywork show that such an analysis is
warranted. Moundstructures exist in China, Korea,Europe, North Africa, the eastern United States,
and Central and South America. As the most visible residues of ancient human habitation, mounds
attract intensive researchattention, and many have been excavated. Informationwould therefore be
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availablefrom the literatureor could be obtainedthrough collaborationwith excavators. The arti-
facts contained in manymounds providean accuratemeansfor chronologicalcontrol (Sharerand
Ashmore 1978). The value of these analogs may be limited by the imprecisionof datingmethods and
the unlikelihoodthat rapidlybuilt, layered series of deposits will be identical to proposedcover designs
in their absolutethickness, textural characteristics,andconstructionhistory. Nevertheless, information
obtainedfrom moundstudies couldprovide insights as to which kindsof designs would be most
durable.

3.5 Human Intrusion

Four intruder scenarios can be addressedby analog studies: explorationfor resources, discovery
of resources (whichcan includethose in the waste deposit), recovery of materials in the waste medium,
and recyclingof waste materials. Combined, these scenarios addressthe possibility that people may
rediscoverusable, locally scarce raw materialsbeneaththe barriersand then mine the waste for those
materials. Facilitiesshould be designedto minimize the possibilityof this kind of exposure.

As currentlydesigned, barrierswould be readilydistinguishableas manmadestructures. Once
futureresidents discoverthat usablematerials lie beneaththeir surfaces, and if the knowledge that the
contents are dangerous is lost, these obviouslymanmadecovers are likely to be intrudedinto regularly.
This would not only result in exposureto the intruders, processors, and users of the materials,but
would also eliminate the covers as barriersto water infiltration,raisingthe risk of exposurefrom con-
taminatedgroundwater.

The HanfordProtectiveBarrierDevelopmentProgramhas funded a study of archaeological ana-
logs that was orientedtoward developinga systemfor marking waste sites (Kaplan and Adams 1986).
The researchfocused on markersand the characteristicsthat promotedlong survivalof marker objects
and marker texts. It did not, however, consider the relationshipbetween the recognizabilityof a monu-
mentas manmadeand the likelihood of intrusion. To provide such information, studies of archae-
ological moundscould be expanded to include considerationof ratesof intrusion and of the time
elapsed between construction and first intrusion. Othertypes of archaeological deposits, such as vil-
lage sites, couldalso be investigatedto determinethe relationshipbetween intrusionrates and the
presenceof obviously manmadestructures.

3.6 Studies of Ancient Asphalt

The protectivebarrier designs that are currentlybeingconsideredfor the Hanford Site include an
. asphalt membraneplaced beneath the layered capillarybarrier of loam, sand, and gravel. This mem-

brane will serve as a secondarymeans for preventingwater from infiltratinginto an underlyingwaste
form if the capillarybarrierfails. Becauseasphaltexposed at the ground surface is subject to attackby
microorganismsand is degradedby exposureto sun and weather, its suitability as a moisturebarrier
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has come into question. The studyof ancientasphalts,used as floorsin ancientmounds and as mois-
ture barriersin a variety of contexts, couldprovide data neededfor answeringthe questionof asphalt's
suitability in barrier designs.

Tar is found in naturalseeps in many partsof the world and, mixed with sand andother aggre-
gates, has been used as a mastic or sealantfor thousands of years (Meyer and Schenk 1985). With-
in the United States, asphaltfrom tar seeps was used by Native American peoples of Californiaand o.f
thesoutheast to seal baskets and canoes, attachtools to handles, and serve as a general glue for many
purposes(Hudsonet al. 1978; Gutman 1979). Archaeological assemblagesfrom these areas often con-
tainasphalt artifacts. This is especially true of California, where asphaltum,as it is locally called, is a
commoncomponentof graves datingback more than 5000 years (Gutman 1979;Priestaf 1979).

Asphalt artifactsfrom grave contexts are analogousto asphalt membranesproposedfor use in the
protectivebarrierenvironmentbecause their burialwas intentionalratherthan being the resultof
naturalsoil accretion. Asphalt placed in such contexts is subjectto a chemical, physical, and microbial J
environmentsimilar to thatof protectivebarriers. Analysis of the chemical and physical propertiesof
an age-seriesof asphaltsfrom the same source could, therefore, provide importantdata on the durabil-
ity and probableperformanceof this material on the time scale of millennia.
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4.0 Preliminary Hanford Barrier Analog Studies

In 1983, Rockwell HanfordOperationsinitiateda studyto assess the feasibility of locating and
examininggeologic exposures and ecological settings at Hanfordas analogs of the long-termperfor-
mance of protectivebarriers. The resultshave not been reportedpreviously. The studyprogressed
through three phases: 1) reconnaissance,2) a studyof soil waterstorageand root growth in layered

• andmassive barrierdesign analogs, and 3) a studyof theeffects of surfacegravel on soil waterand
plantcover.

q.

4.1 Analog Site Reconnaissance

The initial reconnaissancefocused on locatinggravel pits, roadcuts, old manmadeearthenstruc-
tures, andother sedimentexposures with featuressimilar to the conceptual barrierdesigns of the time.
The designs includedmassive-rock, massive-soil, and layered-soil-and-gravelcover designs (Phillips et
al. 1985; DOE 1987). This initial search was limitedprimarily to the Hanford formationand to local
alluvium, colluvium, and eolian veneers within the PascoBasin. The age, depositionalenvironment,
and location of the Hartfordformationmade it a desirableand convenientcandidatefor finding
sedimentstratigraphiessimilarto massive-softand, especially, layered-soil-and-gravelcoverdesigns.

4.1.1 HartfordFormation Geology and Hydrology

The Hanfordformation is one of six majorstratigraphicsequences underlyingthe Pasco Basin
(Tallmanet al. 1979). The sequences, in ascendingorder, are 1) "basementrocks" of undetermined
origin, 2) the ColumbiaRiver Basalt Groupand interstratifiedsediments of the EllensburgFormation,
3) the Ringold Formation,4) early Palouse soil, 5) the Hanfordformation, and 6) local veneers of
alluvium, colluvium, and eolian sediments.

The Hanford formation consists of a sequenceof cataclysmicflood sediments depositedwhen ice
dams, formed in westernMontanaand eastern IdahoduringQuaternaryperiodsof glacial maxima,
were breached, causingmassive volumes of waterto spill abruptlyacross eastern andcentral Washing-
ton (Baker 1973). The floods scoured the land surface, locally eroding the Ringold Formation, the
basalts, and the sedimentaryinterbeds, and leaving a networkof buried channelscrossing the Pasco
Basin (Tallman et al. 1979). Thick sequences of sediments were depositedby several episodes of

. Pleistoceneflooding, the last major floodsequence beingdated at about 13,000 years before present
(Mullineaux 1986).

The Hanfordformation has been divided locally into two facies: Pasco gravels and Touchetbeds.
The Pasco gravels, depositedextensively throughoutthe channel floors and depositionalbasins, consist
of relativelypoorly sorted coarse sands and gravels that commonlydisplay foreset bedding. This mor-
phology indicatesa high-energydepositionalenvironment. In contrast,the Toucherbeds, found along
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the marginsof the PascoBasin andin adjoiningvalleys, consist of rhythmicallybedded sequences of
graded silt, sand, andgravelunits. This morphology indicatesa relativelylow-energydepositional
environmentwhere slackwaterconditionsoccurred duringthe impoundmentof flood watersbehind
WallulaGap. Both facies were examined duringthe reconnaissancefor barrieranalogs.

The unsaturatedzone in the PascoBasin varies in thickness from 0 m at the ColumbiaRiver to

over 135 m on the 200 Area Plateauand generally occurs in surficialeolian sediments, the Hanford
formation,and the early Palouse soil. An unconfinedaquiferlies within partiallyconsolidated sands
andgravels of the RingoldFormationand the unconsolidatedsands and gravels of the Hanford forma-
tion. Recharge is thought to occur primarily from higher elevationsborderingthe Pasco Basin, from
influentreachesof the Columbiaand Yakimarivers, and from ephemeralstreamsalong the flanksof
surroundinghills. Recharge through the Hanford formation sediments andoverlyingdeposits within
the centralpartof the Basin may range locally from near zero to a large fractionof the annualprecipi-
tation (16 cm/yr), dependingon the soil textureandthe abundanceand type of vegetation.
Morphologicalindicatorsof past waternlovementthroughlayered surflcial sediments were soughtdur-
ingthe reconnaissancefor barrieranalogs.

4.1.2 Methods and Observations

Forty-foursites within the Pasco Basin were examined as stratigraphicanalogs of massive-soil,
massive-rock,and layeredbarrierdesigns and for clues as to the long-termperformance of these
designs (Figure4.1 and Table4.1). Observationsat each site were recorded in fieldnotes and on a
formatted checklist. The checklist consisted of five parts: 1) site description, 2) structuralanalogs
represented, 3) hydrogeologicalobservations, 4) ecological observations,and 5) barrier performance
indicators.

Location, landuse history, topography,and climate were included in the site description. In
additionto the type of barrierrepresentedby the exposure, if any, the site was subjectivelyscored
(Table4.1) for possible additionalstudy, based on the following geological and ecological observa-
tions:

Geological Features
1. Physicaldimensions and depositionalenvironment
2. Stratigraphy,matrix, grain sizes, bedding forms, sorting, and roundness
3. Lithology
4. Secondarymineralization
5. Proximity to the watertable
6. Estimationof age based on occurrenceof datablehorizons
7. Occurrence and descriptionof geofilters
8. Occurrenceand descriptionof surfacegravel
9. Sedimentweathering
10. Moisturedistribution
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Figure 4.1. Barrier Analog Reconnaissance Sites Visited in 1983 (See Table 4.1 for site names)
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Table 4.1. Names andSuitabilityScores for Sites Visited During the Reconnaissancefor Barrier
Analogs

Number(a) Site Name Score(b)

1 New ColumbiaRiver BridgePit 3
2 ACME_PitAlluvium 2

3 ACME Pit East 2 "

4 ACME Water Station 3

5 Old Richland Landfill 2

6 Flat Top Mountain 2

7 WeberCanyon 2

8 Cold CreekBergmounds 1

9 UmtanumRidge Talus 3
10 DC-4 and 5 Gravel Pits 1

11 200 Area Batch Plant 3

12 Pit 29 1

13 Ethel SubstationPit 1

14 Reese Junction 3

15 Divide Anticline 3

16 GardeniaCliffs 2

17 CumminsBridge 2

18 McNary Pit 2

19 Oregon Street GravelPit 2
20 45th Street Pit, Kennewick 3

21 UpperRiver RoadGravel Pit 2

22 SpringGravelPit 3

23 RingoldGravel Pit 1
24 ShelfieldRoadGravelPit 3

25 Amen WastewayRailroadCuts 2
26 200 East Area Ash Pit 2
27 PUREX Sand Pit 1

28 200 West Area Ash Pit 1

29 Pit 21 2

3O Pit 6 2

31 Pit 13 2

32 Pit 3 (GableMountainSandPit) 2
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Table 4.1. (contd)

Number(a) Site Name Score (b)

33 Pits 16 and 17 2

34 Pits 15, 19, and 20 1
35 NSTF Sand Pit 1

. 36 Bergmound1 1

37 Bergmound2 2

38 Bergmound 3 2

39 Bergmound4 2

40 Bergmound 5 2
41 Premix Pit 2

42 May JunctionPit 1
43 Hanford Town Site School Grounds 3

44 Route 4 Backslope 1

(a) Numberscorrespondto site locationsshown on Figure 4.1.
(b) Relative scores of suitabilityfor continuedstudy; the highest rating

is 1 and lowest is 3.

Ecological Features
1. Plantspecies composition and relative abundance
2. Magnitudeand probablesource of plant communitydisturbances
3. Estimationof the pre-disturbance,naturalvegetation
4. Evidenceof environmentalgradientsor mosaics
5. Soil morphology (horizonation,texture, structure)
6. Evidenceof burrowinganimal activity
7. Distributionof exposed plant roots, root casts, and animal burrowsrelativeto geologic andedaphic

features

Sites given a score of 1 were consideredgood candidatesfor additionalstudy, those scoring a
2 were consideredfair candidates,and sites receiving a 3 were excluded from consideration. Finally,
the investigatorsnotedspecific indicatorsof barrierperformance,such as moisture distribution,plant
root distribution,animal burrows, and the presence of geofilters. All of this information,plus several
photographsof each exposure, has been compiled in a barrier analog site catalog as a referencefor
futurestudies.
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4.1.3 Reconnaissance Summary

Findings of thereconnaissanceare summarized below:

1. Manysediment exposures resembled the layeredbarrierdesign. These profiles consisted of fluvial
or eolian silts and fine-grainedsandsoverlying fluvialgravels and sands. However, layered sedi-
mentprofileswith featuresclosely resemblingconceptual layered-barrierdesigns, with continuous
geofiltersand "open-work"(well-sorted)fluvialgravels, were uncommon. Pockets of open-work
fluvtalgravels were observed, butnot as continuoushorizons. The lack of continuouslayers of
open-workgravel indicateseither thatthe depositionalenvironmentfor such a stratigraphywas
uncommonor that it was unstable. If graded sedimentsare unstable in nature, and if over time
fine-grainmaterialgraduallyfills in the interstitialvoids in underlyinggravel layers, then designs
that incorporatefine soils over well-sorted gravels and larger materialsshouldbe re-evaluated.

2. The prevalentstratigraphyobserved duringthe survey consisted of fluvial andeolian sands and
ailts overlyingmixed (not graded)horizons of fluvial cobble, gravel, andcoarse-grained sand.
Similar two-layerconfigurationsmay be preferableto layered designs with gradedgeofilters if they
can be demonstratedto provide a suitable capillarymoisturebarrier.

3. As is common in desert soils, horizons of calcium carbonate accumulation(caliche) were observed
in many of the sedimentexposures. The formationof CaCO3horizons in desert soils is linked to
patternsof soil water movement(Arldey 1963). The distributionof carbonates at these sites
appearedto be relatedto the depth of the fine-texturedtopsoil layer, and to the diffusenessof the
boundarybetween the fines and the underlyingfluvial gravels. Wherethe topsoil was thick and the
boundaryabrupt,distinctand narrowcalcic horizons often occurredat the layer interface, sugges-
ting that dcepercarbonate illuviationhas been limited by low moisturecontent. Where the topsoil
was coarse or thin, carbonatedeposits were observed on the undersideof fluvial cobbles and
gravels,possibly indicatingpast watermovementbelow the boundary. These observations have
since led to studies of pedogenic carbonateas an indicatorof long-term watermovement in layered
profiles, and of carbonateinfluenceson soil hydraulicproperties and watermovement(Hunter
et al. 1990).

4. The depth of exposed plant roo*.svaried amongsit_s. Where soils were relativelyuniform and
without underlyingcoarse-texturedsediments, roots of rabbitbrush(Chrysothamnus nauseosus),
sagebrush (Artemisia tridentate), bitterbrush(Purshia tridentate), and hopsage (Grayia spinosa)
penetratedto depths greaterthan 250 cm. In contrast, in layered profiles, plant roots often spread
laterallyin finesoils above coarse-texturedlayer bound_ies.

5. Bergmounds,formed by the melting of debris-ladenicebergs following the last Missoula food

(Fecht and Tallman 1978), were consideredpotential analogs of gravel armoring on barriers.
Gravel mulchor admix may be used in the barrierdesign to control erosion by wind and water.
However, the incorporation of gravel into the barrier topsoil may also influence water infiltration,
water retention, and the water extractionbehavior of vegetation. Bergmoundsnear the Yakima
Barricadedisplayed fairly uniform veneers of gravel-size basalt diamicton (glacial rock).
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6. Fourof the sites that scored high duringthe reconnaissance(Pit 29, PUREX SandPit,
Bergmound1, and Route 4 Backslope) were selected for detailed characterizationfollowing a sub-
jective rankingof candidate sites. Physicalsimilarity to a proposedbarrier design, presence of
barrierperformanceindicators,proximity to waste managementoperations,ease of sampling, and
other logistical factors were considered in this subjectiveranking.

4.2 Comparison of Layered and Massive-Soil Barrier Analogs
p

Layered and massive-soil barrierdesigns hadbeen proposed for demonstrationwhen the analog
studiescommencedin 1983(Phillipsetal. 1985). Researchonlandfilldisposalalternativesfor radio-

" activeandhazardouswastein aridandsemiaridlandshasconsistentlyfavoredthe useof layeredsys-
tems. Themassive-soildesignwasincludedto satisfycriteriaandstandardsproposedat thattimefor
landdisposalof radioactivewaste(10CFR 61). Depositsanalogousto the layeredandmassive-soil
designswereselectedfor furthercharacterizationfroma rankingof the 44 sitesvisitedin 1983. Pit29
andPUREX SandPit, sitenumbers12 and27 in Figure4.l, wereexaminedasanalogsof layeredand
massive-soildesigns,respectively.

4.2.1 Objectives

The objectives of this studywere to

1. quantify the physical propertiesof analog site soil profiles for comparison with engineereddesigns,

2. compare soil waterstorage in layeredand massive-soil barrieranalogs,

3. compare soil waterstorage in disturbedand undisturbedvegetation growing at the soil analog sites,

4. measure carbonatedistributionas a possible indicatorof past watermovement patterns,and

5. measure the depths and distributionsof plant rootsrelative to edaphic features.

4.2.2 Sampling Methods

Locations were chosen at each of the two sites (Pit 29 and the PUREX Sand Pit) for the three com-
ponents of the preliminarycharacterization: 1) a disturbedsurface immediately back from the pit face,
2) an adjacentundisturbedareafor a second excavation(trench), and 3) a location for the installationof
hydroprobeaccess ports. Pit faces were cut back to obtain watercontent samples not influencedby
lateraldrying. Neighboringtrenches were excavatedwith a backhoe to depths of approximately2.5 m

• alongside maturesagebrushandbitterbnlsh in the undisturbed locations.
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Soil Desrz'iptions

Descriptionsof the pit andtrenchfaces, including the dimensions, approximategrain sizes, color,
lithology, and reactionto 10% HCIof each sedimentbed, were recorded in geologist's logs. Eachpro-
file was also subdivided into genetic horizons and describedusing standardsoil nomenclature (Soil
Survey Staff 1975).

Gravimetrie Water Content

Soil and sediment samples at depth incrementsroughly corresponding to genetic horizons were
extracted, sealed in corrosion-resistantcontainers with tight-fittinglids and plastic tape, and then
transportedto the laboratoryby day's eM. Samples were then weighed (balance precision = :!:0.1 g),
oven-dried tbr at least 20 h with the lid removed, and reweighed with the lid replaced to determine the
soil water content (ASTM 1980).

Particle_ize Analysis

Particle.-sizedistributionswere analyzed by sieving. A desegregated, oven-dried aliquotof 150 g
was takenfrom compositesof three samples for each depth andplaced in the top of a nest of 20.3-cm
U.S. Standardbrass sieves havingthe coarsest mesh screenon the top, descendingto the finest mesh
screen on _te bottom (Table4.2). The nest was shakenon a Rotap"mechanicalshaker for at least
15 rain. Soil separates were then transferredfrom each sieve to a balance, using a brushto make a
transfer, and weighed to ± 0.1 g. Aggregates were brokenup in a soil grinder. Sieves were cleaned
between aliquots witha stream of compressed air. If the sum of recorded weights exceeded 2% of the
original sample weight, the analysis was repeated.

Carbmmte Analysis

Carbonatewas determined using a CO2-displacementprocedure (AppendixA). All soil fractions
that passed throughU.S. Standardsieve no.18 in the particle-sizeanalysis were used for the analysis.

Sediment and Soil Classification

Two classificationschemes were used: a quantitative classificationbased on particle-size distribu-
tions, and a taxonomic classification using standard soil science nomenclature (Soil Survey Staff 1975).
The particle-size classes were determinedby the weight percentof gravel and the sand:silt ratio using a
scheme modifiedby Tallman et al. (1979) (Figure 4.2). The sand, silt/clay, and gravel portions of
each sample were determinedfrom the particle-size analysis shown in Table 4.2. Table 4.3 lists the
classification symbols used to reportthe data.

Plant Cover, Root Depths, Stature, and Age

Percent cover of the plant canopy was estimated on the disturbed surface along pit faces and in
undisturbedcommunities adjacent to the trench excavations at both sites. The soil surface adjacent to
the face of Pit 29 had recently been denuded by heavy equipment. Canopy cover is considered a better
index of the importanceof a specie in a community than is density (number/unit area) because it per-
mits less biased comparisons of different growth forms (Mueller-Dombois and Ellenberg 1974). A
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Table 4.2. Sieve Sizes, CorrespondingParticle Sizes, and Particle-size Classes for Granulometric
Analysis of DesegregatedSediment Samples¢')

U.S. Standard Retained Particle
Sieve Number Size (mm) Particle-Size Nomenclature

5 >4.0 Fine pebbles (FP) and larger
• 10 2.0-4.0 Very fine pebbles (VFP)

• Sand
18 1.0-2.0 Very coarse sand
35 0.5-1.0 Coarse sand (CS)
60 0.26-0.5 Medium sand (MS)
120 0.125-0.25 Fine sand (FS)

230 0.063-0.125 Very fine sand (VFS)

Silt andClay

325 0.043-0.063 Verycoarse silt

pan(b) < 0.043 Clay to coarse silt

(a) Modifiersoften used to denote second-orderfractionsof gravel and sand
classes are shown in parentheses.

Co) The pan was the sediment fraction that passed through U.S. Standard Sieve
number 325.

modifiedDaubenmire(1959) cover class method was employed. We used the prescribed 0.1-m2 quad-
ratto estimate Bromus tectorum (cheatgrass)cover, butused 1.0-m2 quadratesfor Artemisia tridentate
(sagebrush)cover estimates. Both quadrateswere placed at 1.0-m intervalsalong50-m transects.

The trenchesat both sites were carefully excavated to expose the roots of as many Artemisia
tridentate (sagebrush)andPurshia tridentate Coitterbrush)as practical. The roots of two Purshia and
fourArtemisia were excavated in the trench adjacentto the PUREX Sand Pit (a massive-soil barrier
analog) andsevenArtemisia were uprootedin the trenchadjacentto Pit 29 (a layered soil barrier
analog). Plant height and canopy area were measured for each specimen, and stem cross-sectionswere
cut for cross-datingwith a masterchronology of Artemisia growth rings at Hanford.

4.2.3 Comparison with Engineered Designs

Differencesbetween the stratigraphyof engineereddesigns and the sites examined as natural
analogs of these designs can be attributedeither to the initial depositionalmorphologyof the flood
deposits or to pedogenic processes that have since alteredtheir morphology. This genetic separationis
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Table 4.3. SedimentClassificationSymbols

Symbol(s) ClassificationNomenclature Symbol(a) ClassificationNomenclature

G Gravei 0VIG)S Slightly silty slightly gravelly sand
SG Sandygravel (G)MS Slightly gravellysilty sand
MSG Silty sandy gravel (G)SM Slightly gravellysandy silt
MG Silty gravel (G)M Slightly gravellysilt
GS Gravellysand S Sand
(M)GS Slightly silty gravelly sand (M)S Slightly silty sand

- GMS Gravellysilty sand MS Silty sand
GSM Gravellysandy silt SM Sandy silt
GM Gravellysilt M Silt
(G)S Slightly gravelly sand

(a) The symbol "M" and the terms "silty" or "silt" aredefinedhere to includeboth silt- and
clay-sizeparticles (< 0.063 mm).

criticalto forming inferencesaboutthe long-termstabilityand behaviorof the designs from analogs--
initialconditionsmustbe understood. Particle-sizedistributionsof both the engineereddesigns and the
analog profiles were examined as a physical measureof their present likeness. The geomorphology
and pedology of the analog sites displayedevidence of their dePositionalmorphology andsubsequent
pedogenic changes.

Partide-size Distributions

The functionalperformance of engineeredwaste covers, as barriers to unsaturatedflow, will
dependon the depth, waterretention, and in situ hydraulicconductivityof the soil and gravel layers
(Fayeret al. 1986). Particle-sizedistributioncan be used as an index of the potentialwaterstorage
capacity of a soil, but it cannotbe viewed as the only test of materialsuitability. For our purposes,
however, particle-size distributionwas considered to be the single most appropriateparameter.

Tables4.4 and 4.5 show the gravel, sand, and combined silt/clay fractions for layeredandmassive-
soil designs and for analog profiles. To constructthesetables, data from AppendixB and from an
engineeringstudyof barrier materialsat the Hanford ProtectiveBarrierTest Facility (Phillips
et al. 1985)were reduced. The analog-site data were summarized using the Wentworthclassification

- scheme (Wentworth1922)with divisions between gravel, and sand, and between sand and silt-size par-
ticles at 2 mm and 63 ttm, respectively. In Phillips et al. (1985), 20/zm was used as the breakbetween
sand and silt.

Table4.4 shows the particle-sizedistributionsin the PUREX Sand Pit and the massive-soil design.
The only noteworthydifferencebetweenthe two was the lower silt content in the PUREX trenchpro-
file. As shownin Table4.5, other than their differences in dimensions, Pit 29 profiles and the layered
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Table 4.4. Particle-sizeDistributionsandClasses for the Massive-Soil BarrierDesign and for Analog
Profilesat PUREX Sand Pit (ParticleSize as wt%)_*J

Purex SandPit

Depth Massive-Soil Design Face Trench

(_X) 6r Sa Si&O _ Gr Sa Si&CXClass Cr Sa Si&O Class
0 0 85 15 0 80 20 (M_S

30 0 85 15 0 91 9

60 0 82 18 0 97 3

90 0 86 14 0 98 2 "

20 0 90 10 _ 1 97 2

150 0 94 6 1 97 2

180 0 97 3 0 99 1

210 0 97 3 0 99 1 .S

3OO 0 85 15
315 0 99 1

415 • 0 98 2

515 0 97 3 S

(a) Modified after Folk (1974). Design specificationsfrom Phillips et al. (1985). Particlesize
breaksbetween gravel, sand, and silt/clay fractions are 2 mm and 63/tm for the analog
profiles and 2 mm and 20/_m for the layereddesign.

design differprimarily in silt/clay contentin the top 60 to 80 cm, in sand contentbelow 100 cm, andin
the diffusenessof layerboundaries. Pit 29 "topsoil" hadclose to twice the silt/clay content as the
layered design. Therefore,we would expect it to have a higher waterstoragecapacity. Unlike the
layered design, however, 10 to 44% of the mass of the lower gravel layers at Pit 29 was sand, and the
boundarybetween topsoil and gravel was more diffuse than was intendedin the engineereddesign.
These datasupportthe reconnaissanceobservationsthat continuous,well-sorted (open-work)gravel
layers underlyinggradedlayers of silt and sand may be difficultto findin Hanford formation
sediments.

Geomorphology of Pit 29 and the PUREX Sand Pit

Pit 29 sediments are of the Pasco gravel facies of the Hanfordformation,with a surfacelayer of
eolian sediment. The Pasco gravels were deposited by proglacial flood waters as these waters spread
out and lost energy afterenteringthe Pasco Basin from the northwest. The southeasterly flowing
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Table 4.5. Particle-size Distributions and Classes for the Graded Barrier Design and for Analog
Profiles at Pit 29 (Particle Size as wt%) <a)

Depth GradedDesign Ht 29 Face Ht 29 Trench1 Ht 29 Trench2

Or Sa Si_Clf.!_ Or SaSi&¢l_ Or Sa_flw OrSaSi&ClClus
25 24 53 23 GMS ]

I30 2 75 23

6O 2 63 35 MS

70 1 76 23 MS

80 5 59 36 MS

. 90 0 85 15 ¢M3S [

100 [ ] 6 48 46 (G)SM|

I10 121 76 3 GS 80 14 6 _ 6 55 39 (G)SM

120 [ 68 24 8

140 [ 68 25 7
150 54 44 2 _. 92 8 0
165 64 34 2

180 90 10 0 72 27 1

195 _' 86 12 2 G

210 100 _.G 93 6 1 89 10 1

240 87 13 o (_ 8o 19 1 _o

(a) Modifiedafter Folk (1974). Design specificationsfromPhillipset al. (1985). Particlesize breaksbetween
gravel, sandand silt/clay fractionsare 2 mm and 63 #tmfor theanalog profiles, and2 mm and 20/tm for
the layereddesign.

waters formed a large expansion bar known informally as the 200 Areas Bar. Although several epi-
sodes of flooding have been postulated, the gravels at this site were likely deposited by the last event.
Based on an apparent correlation of these sediments with those containing the Mount St. Helens set
"S" ash (MuUineaux 1986), these gravels appear to be about 13,000 years old.

The gravels in Pit 29 display southward-dipping foreset beds of clast-supported and partially open-
work gravel up to 5 cm in diameter. The coarse materials grade upward into lenses of clean, well-
sorted pea gravel and poorly sorted, slightly gravelly sandy silt. These flood deposits were blanketed
by a silty fine to very fine eolian sand. The contact between the Pasco gravels and the eolian sand was
gradational, indicating some reworking and redepositing of the finer-grained Hanford formation sedi-
ments by wind and by soil-forming processes.

PUREX Sand Pit sediments were interpreted to be reworked and redeposited eolian sediments
derived from the glacio-fluvial Hanford formation. A layer of volcanic ash, correlated to Mount St.
Helens set "S" and dated at approximately 13,000 years ago, was encountered at a depth of about 5 m.
The structures of the deposits depict a long period of repeated eolian deposition followed by a more
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recent periodof stabilityandsoil development. The depositsare partof a longitudinaldune now stabi-
lized by vegetation. Long, eastward-dippingforeset laminationswere observedbelow 1.5 m, with
some evidence of bioturbation(mixing by burrowinganimals and plant root growth). Above 1.5 m,
bioturbationand pedogenic processes had disruptedthe primarysediment structure.

Soil Morphology

Soil profiles in the trenchesexcavatedadjacentto Pit 29 and the PUREX Sand Pit were examined
for evidence of possible long-termpedologic changes thatcould influenceengineered-barrierperform-
ance. Tables4.6 and4.7 are pedon descriptionsof these profiles using Soil ConservationService
nomenclature(Soil SurveyStaff 1975). Carbonatecontents, which may reflectlong-term watermove-
mentpatterns,are summarized in AppendixB.

Both pedons were classified taxonomically as typic torrlpsamments, which means that they
resemble many other recent sandy soils that have evolved in a dry climate. Although as entisols they
exhibit limited profile development, soil-forming processes evidenced as horizons (layers) unrelatedto
depositionalstratificationhave transformedthese soils to be quite differentfrom a newly constructed,
relativelyuniformsoil mass such as the barriertopsoil. Distinct "A" horizons, layers formingadjacent
to the surface and consisting of humifled organic mattermixed with mineralconstituents,were readily
apparentin both pedons by their darker color. The A horizons displayedmoderateto stronggranular
structureand containedmany fineroots. The formationof soil structure,the aggregationof soil
particlesinto larger units with planes of weaknessbetween them, may influencesoil permeability and
water-holdingcapacity. These influencescannotbe measured in the structurelesssoils of an
engineered-barriertest plot.

Both pedons exhibitedweak cambric "B" horizons with moderate,medium-to-coarse prismatic
structure. Slightly higher silt and clay contentin the B horizonsportraythe gradual illuviation
(analogous to immigration)of finesby waterand gravity. The B horizons are transitionalbetween the
overlyingA horizons and the underlyingC horizons of mineral soil. In general, C horizons lie below
the zone of majorbiological activity and are little affectedby pedogenic processes, other than the
accumulationof soluble salts.

The C horizons in these pedons consisted of structureless,single-grainlayers of coarse sand and, in
Pit 29, gravel. Calcification,theeluviation (analogous to emigration)of calcium carbonate, is the
salientpedogenic feature. Differences between the pedons in the depthanddispersionof carbonates
may portenddifferencesin watermovementpatternsbetween layeredand massive-soil barriers. The
depthof CaCO3 eluviation in desert soils is largely dependenton soil water flow, and increaseswith
increasingmean annualprecipitation(Arldey 1963, Jenny 1980). Temperatureandevapotranspiration
also strongly influencewater movementand thus carbonateaccumulationpatterns(Ahmad 1978,
McFaddenand Tinsley 1985). However, since climate andvegetationat the two sites are nearlyidenti-
cal, the sharpcontrast in CaCO3 accumulationbetween the sites (Figure4.3) is not attributableto
precipitationand evapotranspiration. The differencein stratigraphyis a more plausiblecause. The
texturalbreak in the Pit 29 profile may retarddrainage,whereas the lack of majortexturalbreaksand
the general lack of carbonatedeposits in the PUREX SandPit may suggest deeperdrainage.

4.14



Table 4,6. Pedon Description for the Massive Soil Barrier Analog Profile Adjacent to the PUREX
Sand Pit (Site #27 in Figure 4.1)

Horizon Description

AI I 0 to 3 ore; very darkbrown(I0 YR 3/I) sandyloam, darkgrayish brown(I0 YR 412)when dry;
strongfine granular-structure,loose (dry), very friable(moist), nonstickyand slightlyplastic (wet);
manyfine andvery fine roots;clear smoothboundary.

AI2 3 to II cm; darkbrown(I0 YR 3/3) sandyloam, brown(I0 YR 5/3) when dry; moderatemedium
granularstructure;soft (dry), very friable(moist), nonstickyandslightly plastic (wet); many fine and
very fine roots;clear smoothboundary.

B2 II to 32 cm; darkbrown(I0 YR 4/3) sandyloam, yellowish brown(I0 YR 5/4) whendry; moderate
mediumprismaticstructure;slightly hard(dry), very friable(moist), nonstickyand slightlyplastic
(wet); manyvery fine roots; clearsmoothboundary.

C1 32 to 58 cm; darkgrayish brown(10 YR 4/2) coarse loamysand, light brownishgray (10 YR 6/2)
when dry; weak mediumprismaticstructure;soft (dry), loose (moist), nonstickyandnonplastic(wet);
very few coarse and few very fine roots;gradualsmooth boundary.

C2 58 to 80 cm; darkgrayish brown(10 YR 4/2)coarse sand, gray (10 YR 6/1) when dry; structureless
single grain; loose (dry and moist), nonstickyand nonplasti¢(wet), very few coarse roots, abrupt
wavy boundary.

C3ca 80 to 95 cm; darkgrayish brown(I0 YR 4/2) coarse sand, gray (I0 YR 6/I) when dry; structureless
single grain; loose (dry and moist), nonstickyand nonplastic(wet); violently effervescent;clear wavy
boundary.

C4 95 cm plus; darkgrayishbrown(I0 YR 4/2) coarse sand, gray (I0 YR 6/I) when dry; structureless
single grain, loose (dry and moist), nonstickyand nonplastic(wet); slightly effervescent.

Table 4.7. PedonDescriptionforthe LayeredBarrierAnalogProfileAdjacentto Pit 29
(Site#12 in Figure4.1)

Horizon Description

AI 0 to 15 cm; darkbrown (10 YR 4/3) sandy loam, brown(10 YR 5/3) whendry; very coarse
granularstructure;slightly hard(dry), very friable (moist), nonstickyand slightly plastic (wet);
manyvery fineroots; clearwavy boundary.

B2 5 to 50 cm; brown(10 YR 4/3) sandyloam, palebrown(10 YR 6/3) when dry; coarse prismatic
structure;slightly hard(dry), very friable(moist), nonstickyand slightlyplastic (wet); common
mediumand few fine roots; clearsmooth boundary.

C1 50 to 81 cm; darkgrayishbrown(2.5 Y 4/2) sandyloam, light brownish gray (2.5 Y 6/2) when dry;
coarse prismatic structure; slightly hard(dry), very friable(moist), nonstickyand slightlyplastic
(wet); common mediumand few fine roots; abruptsmoothboundary.

llC2ca 81 to 110cm; yellowish brown (10 YR 5/4) loam, light brownishgray (2.5 Y 6/2) when dry; coarse
prismatic structure;hard (dry), friable(moist), slightly stickyand plastic (wet); violently
effervescent; 10% gravels, calcium carbonate buildupon pad faces; clear smoothboundary.

flC3ca 110 to 240 cm; darkgrayishbrown (2.5 Y 4/2) gravelly coarse sand, light brownishgray (2.5 Y
6/2) whendry; structureless single grainwith same mediumsubangularblock; hard(dry), loose
(moist), nonstickyand nonplastic(wet); violently effervescent;calciumcarbonatebuildupon lower
side of gravels; 70% gravels.
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Figure 4.3. Comparison of Calcium Carbonate in the Massive-SoilBarrier of the PUREX Trench and
the Layered Barrier of Pit 29 Trench. Particle-size Classes for Each Horizon are
Indicated (see Table 4.2 for class definitions).

The spike of carbonate accumulation in the Pit 29 profile coincides with the textural boundary
between silty-sand and gravel layers. A task to explore the relationship between carbonate deposition
and water movement in layered sediments has since been published (Hunter et al. 1990).

4.2.4 Plant Cover and Root Penetration

Negligible differences in sagebrush and cheatgrass cover were detected in plant stands sampled
adjacent to Pit 29 and the PUREX Sand Pit (Table 4.8). The slight differences in the data could very
well be artifacts of sampling error or the bias associated with the method used. Therefore, inferred
dissimilarities based on these data would be unfounded. Table 4.9 lists all species observed.

Plant root penetration is of interest for two reasons. First, water movement below the root zone
may drain through the lower layers of a barrier and contact underlying waste. Second, plant roots that
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Table 4.8. Canopy Coverage of Sagebrush and Cheatgrass in Stands Adjacent to Pit 29 and
the PUREX Sand Pit (% cover)

Species Pit 29 PUREX Sand Pit
- - i, i i, ill -- _ ll,ll __ ii i ill

Sagebrush (Artemista tridentate) 7.9 6.0
Cheatgrass (Bromus tectorum) 17.4 19.8

Table 4.9. Higher-Plant Species Observed at Pit 29 and the PUREX Sand Pit

" Scientific Name Common Name Pit 29 PUREX Sand Pit
...... , , , J_ , ,, ,,,

Ambrosia acanthicarpa (Hook.) Bur ragweed x x

Amsinckia tessellata Gray TesSellate flddleneck x

Artemisia tridentate Nutt. Big sagebrush x x

Balsamorhlza careyana Gray Carey's balsamroot x x

Bromu$ tectorum L. Cheatgrass x x

Chaenactls douglasii (Hook.) H. & A. Hoary false-yarrow x

Comandra pallida (DC.) Jones Pale bastard toadfiax • x x

O_rysothamnus viscid_orus (Hook.) Nutt. Green rabbitbrush x

Cryptantha circumscissa (H. & A.) Johnst. Matted cryptantha x

Cryptantha pterocarya (tort.) Greene Winged cryptantha x

Cymopteris terebinthinus (Hook.) T.& G. Turpentine cymopteris x

Descurainia pinnata (Walt.) Britt. Western tansymustard x x

Erysimum asperum (Nutt.) DC. Rough wallflower x

Lactuca serriola L. Prickly lettuce x

Machaeranthera canescens (Pursh) Gray Hoary aster x

Oenothera pallida Lindl. Pale evening primrose x

Phlox longifolia Nutt. Longleaf phlox x

Pea sandbergii Vasey Sandberg's bluegrass x x

Psoralea lanceolata Pursh Scurf pea x

Purshia tridentate (Pursh) DC. L Bitterbrush x

Salsola kali L. Russian thistle x x

Sisymbrium altissimum L. Tumblemustard x x

Sitanion hystrix (Nutt.) Smith Squirreltail grass x

Sphaeralcea munroana (Dougl.) Spach Munro's globe-mallow x x

Stipa comata Trin. & Rupr. Needle-and-thread x

Tragopogon dubius Scop. Yellow salsify x x
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contactthe waste zone may move certain radionuclidesto above-groundtissues, which may subse-
quentlybe disseminatedby wind or herbivory. Root depths in these analog profiles also provided a
general indexof soil water content. Root-depth, height, and canopy-areadata for several plants
excavatedat Pit 29 and the PUREX Sand Pit are summarized in Table4.10. The roots of bitterbrush
(Purshla tridentate), a woody rose that thrives on inactivedunes in the ColumbiaBasin, penetrated
deeper than 250 cm in undisturbedsoils at the PUREX trench. The rootsof one bitterbrushappeared
to go much deeper than 250 cm, butsloughing sandfrom the drying walls of *hetrench inhibitedfur-
filer digging. The meanroot depth for bitterbrushandsagebrush(Artemlsia tridentate) growing in the
trenchwas 190 cm. In contrast, the meanroot depth for annualforbs growing in disturbedsoil near

Table 4.10. Root-Depth, Plant-Height, and Canopy-AreaMeasurementsfor ShrubsandForbs
Excavatedin the Massive-Soil and Layered BarrierAnalog Profiles

Root Depth Height Canopy
Site Species (cm) (cm) Area (m2)

Pit 29 Artemisia tridentate > 180 210 3.8

Trench A. tridentate 170 90 1.3

A. tridentate" 230 180 3.6

A. tridentate > 210 150 1.7

A. tridentate 190 120 0.9

A. tHdentate 170 140 0.7

A. tridentate 190 100 0.8

PUREX Artemisia re'dentate 150 90 1.4

Trench A. _dentate 160 80 1.4

A. tHdentate 140 90 0.4

A. tHdentate 170 130 2.0

Purshia tridentate > 250 210 6.4

P. tridemate 260 220 5.5

PUREX A. acanthicarpa 132 17 -

Pit Face A. acanthicarpa 107 25 -

A. acanthicarpa 107 15 -

A. acanthicarpa 109 23 -

A. acanthicarpa 112 23 -
Salsola ka/i 130 18 -

S. kali 137 18 - "

S. ka/i 102 15 -

Sisymbrium altisimum 97 48 -

Ambrosia acanthicarpa 81 23 -
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the PUREX Pit face was I I1 cm. Sagebrush roots at Pit 29 penetratedthe topsoil-gravel boundary by
more than 100 cm, an indicationthatwateralso frequentlypercolatespast the boundary. This percola-
tion can be attributedto inadequatemoistureretentionin the shallow, relativelycoarse topsoil layer.
Wecan conjecturethat an engineeredbarrierwith similar topsoil depth and texture woulddrain, and
may fail to prevent plant rootsfrom contactingthe waste.

Root depth and above-groundplant dimensions were poorly correlated. A multiple-regression
analysis suggested that only wea_ linear relationshipsexisted between sagebrushroot depth and a com-

. binationof height and canopy area(Table 4.11). Less than 25% of the total variation in root depths for
seven sagebrushexcavatedin the PUREX trench and for four in the Pit 29 trenchcould be attributedto
a linear relationshipwith height and canopy area. With height in the model, canopy areacontributed

. nothingsignificant to the regression relationship. This suggests that root penetrationwas relatedmore
to layering in the soil profileand associated water storage patternsthan to above-grounddimensions.

4.2.5 Soil Water Profile Comparisons

The water extractionbehaviorof plant communitiesgrowing on barrierswill largely control
drainageand groundwaterrecharge. However, the dynamicsandheterogeneityof arid-landplantcom-
munitiesmakewater extractionbehaviordifficultto quantify. Furthermore,vegetation disturbances
can alter species composition, growth, and root activityand thus cause a step interventionin water
extractionrates.

Comparisons of profiles of soil water content measured in September 1983 at Pit 29 and the
PUREX SandPit demonstrate the impactsof vegetation disturbance(Figures4.4 and 4.5). Higher
water content in disturbedsoil profiles borderingthe pit faces than in undisturbedtrench profiles

Table 4.11. Multiple-RegressionStatistics for the RelationshipBetweenRoot Depth, Plant Height,
and Canopy Areaof SagebrushExcavatedat the Massive-Soil (PUREX Sand Pit) and
Layered (Pit 29) BarrierAnalog Profiles

C0¢ffi_ic!a_of MultipleDetermination
. ffi0.38;R2 ffi0.23
Analysis of Variance
Source Sum Squares d f Mean Square F-test

Regression 2594.5 2 1297.3 2.489
Error 4169.1 8 521.1 p -- .1444
Total 6763.3 10

Beta Coefficients
Parameter Value StandardError t-value Probability

8o 132.3
l_hzight 0.339 0.295 1.148 0.284
I_canopyare, 2.072 11.023 0.188 0.856
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adjacentto the pits can be attributedto differencesin the vegetation. Sparsestands of relatively
shallow-rooted annualgrasses and forbs grew in the pit profiles. The trenchprofiles supportedstands
of maturesagebrush. Although these are one-time measurements, the low water contents in the
PUREX trench profile(Figure4.4), the undisturbedmassive-soil barrieranalog site, indicate that little
water is drainingfrom the root zone. In contrast, a relatively high watercontentbelow the root zone
in the PUREXPit, the disturbed-siteprofile, may be evidence of drainage. Contrastingmoisturecon-
tents were also observed between disturbed and undisturbedvegetation in the fine-soil layerof the
layered-barrieranalog at Pit 29 (Figure 4.5). Soil moisturecontent at the disturbedsite was more than
twice that at the undisturbedsite.o

. 4.3 Surface Gravel Analogs

A surface gravel mulch or g,'aveladmix maybe included in the barrier design to control wind and
runoff erosion. Several barrier programtasks are devoted to determiningthe optimumdesign for con-
trolling erosion (Ligotke 1988) and for measuringthe influenceof gravel on soil water balance within a
barrier(Fayeret al. 1985; Gee et al. 1989; Waugh1989). In general, dependingon its thickness, a
surfacegravel mulchcan increase surface waterinfiltration,decrease surfaceevaporation,and change
the composition, abundance,and waterextractionbehaviorof vegetation (Beedlow 1984; Nichols
et al. 1984). Also, because the thermalconductivityand thermal capacity wouldlikely be lower in a
surfacegravel layer than in a fine-texturedsurface(Rosenberget al. 1983), gravel could impede plant
communityrecoveryfollowing disturbancessuch as fire. Well-designed lysimeterand field-plot
experimentsmay depict the waterrelationsof a newly constructed barrier,but they may not depict
inevitable changes in gravel, vegetation, and soil waterinteractionsover time.

The purposeof this investigationwas to measurethe influenceof gravel mulchon soil water
content and vegetationabundanceat sites potentially analogous to barriersurfacestens to hundredsof
years afterconstruction. Two sites visited duringthe 1983 reconnaissance(Section 4.1) were selected
for study. Bergmound1, located in the Cold Creek Valley about400 m southeast of the Yakima
Barricade, was examined as representinga thin gravel mulch. Bergmound I has a relativelyeven
veneer of gravel-sized basalt diamicton. The Route 4 Backslopesite, locatedat the southwest cornerof
the intersectionof Route 4 and the Central Landfillturnoff, was considered an analog of a thick gravel
mulch. MaturePurshia _dentate (bitterbrush)growing out of a 15- to 20-cm-thick layer of round
gravel andcobble covering the Route 4 Backslopesite indicate that the gravel has been in place for
many years. In Figure 4.1, BergmoundandRoute4 Backslopeare site numbers36 and 44,
respectively.

4.3.1 Bergmound Geomorphology

The bergmoundsor iceberg mounds of the Cold Creek Valley are artifactsof the last of many
cataclysmicfloodsthat scoured much of easternWashingtonduring periods of Pleistocene glaciation.
The last cataclysmic flood occurred about 13,000 years ago (Mullineaux 1986). Debris-ladenicebergs,

. fragmentsof a lobe of the continental ice sheet that hadformed immense Glacial Lake Missoula (Waitt
andThorson 1983), were carried on flood watersinto the Pasco Basin after the ice dam failed. As the
flood waters drainedout of the Pasco Basin through WallulaGap, after being hydraulically impounded
behindthe Gap, many icebergs were apparentlycaughtup in back-watereddies in the Cold Creek
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Valley, andcame to reston the newly deposited slackwatersediments (ToucherBeds). The berg-
moundsme,lted, leaving their load of glacial rock (diamicton)as a surface veneer. The mounds
probablyformed by erosion of surroundingunprotectedsediments, most likely as the flood waters
receded (Fecht and Tallman1978). Subsequentwind and runofferosion of surroundingnon-graveled
sediments over the past 13,000 years may have enhanced the relief of the mounds.

4.3.2 Methods

Paired 30-m-squarefield plots (one with a gravel cover and the other with no gravel cover) were
marked at both the Bergmound1 and Route 4 Backslopesites. Similarfield plots without gravel were
marked adjacentto the gravel plots in areas with otherwise similar soils andvegetation. The sites were
sampled in May and Juneof 1984.

A combinationof line-intercept (Canfield 1941) and point-interceptmethod(Goodall 1957) were
used to m_Lsurecover• Eleven transects, 30 m long, were placed east to west every 3 m to attaina
uniformcoverage. The cover of grasses, forbs, cryptogams, litter, soil, and gravel was sampled using
a 10-pinpoint-interceptframe. Percentcover for a species was estimatedsimply as the proportionof
hits. The percentcanopy coverage of shrubspecies was estimatedby dividing the total lengthof a
transect(tape measure)interceptedby a species by the length of the transect. Five sediment cores were
extractedfrom each fieldplot in a stratified randommanner,one from the plot centerand the other
four from randompoints within each plot quarter. Samples were retrieved from incrementaldepths
andanalyz_ for gravimetric water contentand particle-sizedistributionusing the proceduresdescribed
in Section 4.2.

4.3.3 Particle-size Distribution

Particle-sizedistributionwas sampled as an indexof soil water retention.The Route 4 Backslope
soils were much coarser textured than Bergmound 1 soils, being a sand compared with a loam or silt
loam. As a roughcomparison, using the Bodman and Mahmud (1932) equation for moistureequiva-
lent, the approximate fieldcapacities were < 10% for Route 4 Backslope soils and between 20% and
30% for Bergmound 1 soils. Therefore, inferences relatinggravel-layerthickness and soil water
content based on a comparison of the two sims would be unfounded. In contrast, the sand and silt/clay
fractions in graveled and nongraveled plots at each site were not significantly different (Table 4.12),
lending credence to inferences from plot pairs. Soil particle-size distributiondata for these sites are
contained in Appendix C.

4.3.4 Plant Community Comparisons

Plant species composition andabundance depend, in part, on the season of observation. There-
fore, the list of species observed at Bergmound1 and Route 4 Backslope in Juneand May (Table 4.13)
is most likely incomplete. Many summer-activeplants identifiablelater in the yearare probablymis-
sing. Nonetheless, several patternsare evident from the lists. Species richness, the total numberof
species observed, was greaterin the sandy Route 4 Backslopesoil than in the Bergmound1 silt loam
(40 versus 19)• Species compositionvaried little between the graveledand non-gravelplots at
Bergmound 1, the thin-gravel-mulchanalog. Only five species, 26%, were observed on one and
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Table 4.12. Particle-size Distribution and Sediment Classes for Profiles of Surface Gravel Analog
Sites

Gravel, Sand, 0.063-2.0 Silt + Clay,
>2.0 nun (_) rnm (%) 0.063 mm(_t)

Sediment

Study Site Depth x SE(x) x SE(x) x SE(x) Class_')
II II

" Bergmound 0-5 5.45 2.74 60.40 4.58 34.15 5.33 (G)MS
Gravel 40-50 0.97 0.36 36.49 1.97 62.54 2.06 SM

100-110 0.58 0.41 32.70 5.64 66.72 6.01 SM

Bergmound 0-5 0.44 0.27 50.82 8.91 48.74 9.04 MS-SM
Control 40-50 1.23 0.45 36.59 8.82 62.17 8.90 SM

100-110 1.34 1.07 40.04 4.56 58.62 4.32 SM

Backslope 0-20 56.84 6.93 41.34 6.83 1.83 0.15 SG
Gravel 40-50 0.07 0.03 98.45 0.56 1.47 0.54 S

120-130 0.14 0.10 97.56 1.22 2.31 1.23 S

200-210 0.23 0.13 95.41 2.70 4.36 2.75 S

Backslope 0-10 0.01 0.01 94.70 0.83 5.29 0.83 S
Control 80-90 0.00 0.00 95.27 0.91 4.73 0.91 S

160-170 0.03 0.03 95.66 1.57 4.31 1.58 S

240-250 0.13 0.11 93.35 2.47 6.52 2.38 S

(a) Symbols defined in Tables 4.2 and 4.3

Table 4.13. Vascular Plant Species Observed at the Surface Gravel Analog Sites

Bergmound Bergmound Baekslope Backslope
ScientificName Common Name Gravel Control Gravel Control

Shrub__=.ss

Artoni_ tridentate Nutt. Big sagebrush X X X X
Chrysothamnus nauseosus (P_dl.) Brill. Gray rabbitbrush X

Chrysothamnus viscid_/$orus (Hook.) Nutt. Green rabbitbrush X X

Grayia spinosa (Hook.) Moq. Spiny hopsage X X X
Purshia triden_ae (Pursh) DC. L Bitterbmsh X X
Grasses

Bromus tectorum L. Cheatgrass X X X X
Oryz.opsis hymenoides (R. & S.) Rieker Indian rieegrass X X X

Pea sandbergii Vasey Sandberg's bluegrass X X X X

" Sitanion hystrix (Null.) Smith Squirreltail grass X X
Vulpia octoflora Walt. Slender six-weeks X

Forb__.._s

Achillea m//hfo//um L. Common yarrow X
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Table 4.13. (contd)

Bergmound Bergmound Backslope Backslope
Scientific Name Common Name Gravel Control Gravel Control

Ambrosia acanthicarpa Hook. Bur ragweed X
Antsinckia tessellata Gray Tessellate fiddleneck X X

Astragalus caricinus fJones) Barneby Buckwheat mig_etch X X

Astragalas sclerocarpgs Gray Stalked-pod X X
nfilkvetch

Astragalus succumbens Dougl. Crouching milkvetch X "
Balsamorhiza careyana Gray Carey's balsamroot X X

Chaenactis douglasff (Hook.) H. & A. Hoary false-yarrow X
Cryptantha circumscissa (H. & A.) Johnst. Matted cryptantha X -

Cryptanthafendleri (Gray) Greene Fendler's cryptantha X

Cryptantha pterocarya ('rorr.) Greene Winged cryptantha X
C_mopteris lerebinthings (Hook.) T.& G. Turpentine X X

cymopteris

Descurainia pinnata (Walt.) Britt. Western tansy X X
mustard

Draba verna L. Spring whitow-grass X

Epilobium paniculatum Nutt. Tall willow-herb X X X X

Erigeronfllifolius Nutt. Thread-leaf fleabane X
Erigeron poliospernuts Gray Cushion fleabane X

Erigeron pumilgs Nutt. Shaggy fleabane X X
Erysimum asperum (Nutt.) DC. Rough wallflower X X

Fritillaria pudica (Pursh) Spreng. Yellow bell X

Gilia leptomeria Gray Great Basin gilia X
Holosteum umbeUatum L. Jagged chickweed X X

Hymenopappusflh'folius Hook. Columbia cut-leaf X
Lactuca serriola L. Prickly lettuce X

Lay/ag/andu/osa(Hook.) H. & A. White daisy ridytips X X

Machaeranthera canescens (Pursh) Gray Hoary aster X X X

Medicago saliva L. Alfalfa X
Mentzelia albicaulis Dougl. White stem mentzelia X

Oenothera pallida Lindl. Pale evening X X
primrose

Penstemon acuminatus Dougl. Sharp leaf penstemon X X
Phacelia ha_tata Dougl. Whiteleaf phacelia X

Phacelia linearis (Pursh) Holz. Threadleaf phacelia X

Phlox longifolia Nutt. Longleafphlox X X X
Psoralea/anceo/ata Pursh Scurf pea X
Salsola kali L. Russian thistle X X

$/symbr/um a/t/ss/mum L. Tumblemustard X X

Sphaeralcea munroana (Dougl.) Spach Munro's globe- X X
mallow

Townsendiaflorifer (Hook.) Gray Showy townsendia X
Tragopogon dubius Scop. Yellow salsify X X

Species richness 15 16 27 31
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not the other. At the Route 4 Backslope site, the thick-gravel-mulch analog, 55 % of the species
observed, or 22 species, grew on only one of the plots. Except for Chrysothamnus nauseosus (gray
rabbitbrush) and Grayia spinosa (spiny hopsage), however, all were only minor components of these
communities.

At both sites, estimates of total plant cover were nearly 50% greater on non-gravel soil than on
graveled soil (Table 4.14). At Bergmound 1, the increase was nearly proportional among the more
abundant species. In contrast, marked differences were measured in the relative dominance of the

Table 4.14. Percent Cover of Gravel, Soil, Litter, Cryptogams, and Higher Plants on Surface Gravel
Analog Plots, Bergmound 1 and the Route 4 Backslope

Bergmound 1 Route 4 Backslope

Surface Component Gravel No Gravel Gravel No Gravel
i

mean 2SE mean 2SE mean 2SE mean 2SE

Gravel 10.9 3.8 0.2 0.4 44.4 7.2

Soil 38.9 7.4 24.4 7.2 20.6 5.5 40.4 8.8

Litter 36.7 7.2 52.5 7.0 11.2 5.2 32.4 6.4

Cryptogams 1.5 6.2 3.1 1.9 12.0 3.7 3.8 2.5

Grasses and Forbs

Achillea mUlifolium 0.2 0.4

Astragalus sclerocarpus 0.4 O.8
Bromus tectorum 10.2 3.7 18.9 4.7 9.6 3.6 20.4 5.2

Cryptantha pterocarya O.2 O.4
Cymopteris terebinthinus 3.2 2.2 0.8 1.0
Festuca ovina O.1 O.1

Machaeranthera canescens 0.2 0.4 0.1 0.1

Oenothera paUida 0.2 0.4

Oryzopsis hymenoides 0.4 0.6
Penstemon acuminatus O.1 O.1

Pea sandbergii 0.2 0.4 0.4 0.5 0.8 1.0 0.4 0.6
Sphaeralcea munroana 0.6 0.8
Shrubs

Artemisia tn'dentate 11.6 1.8 16.2 1.3 0.3 0.3 6.2 1.7

Chrysothamnus nauseosus 0.9 0.4

Chrysothamnus viscidiflorus 2.1 0.6 4.3 1.2
" Grayia spinosa 7.7 1.3 10.2 1.3 1.1 0.5

Purshia tridentate 14.2 2.2 12.0 2.7

30.5
Total plant cover 45.7 31.8 45.7
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I

more abundantspecies in the graveled and non-gravelplots at the Route4 Backslope site. The non-
gravel plot hadmore than twice the Bromus tectorum (cheatgrass)Coverthan the same soil with a thick-
gravel mulch, twice as much Chrysothamnus viscidiflorus (greenrabbitbrush),20 times as much
Artemisia tridentate (sagebrush),slightly less Purshia tridentate Caitterbrush),andonly,a thirdas much
cryptogam cover.

4.3.5 Soil Water Comparisens

No conspicuousdifferences in soil watercontent with and withouta surface gravel layer were
evident (Figures4.6 and 4.7; Appendix D). However, contraryto what might be expected, the water
content in the no-gravel plot adjacentto Bergmound 1 was slightly higher (Figure 4.6). Given little
differencein soil texture, 50% less plant cover, and a lag layerof gravel that has been shown else-
where to enhance infiltrationand to suppressevaporation0tosenberg et al.1983; Nichols et al. 1984),
one might expect higher soil watercontentin the bergmound. Three possible explanationsarethat
I) the vegetationextractsany excess infiltration,2) runoff reduces infiltrationon the slope of the
bergmound,and 3) the relativelydark-colored basaltveneer may increasenet radiationat the ground
surface, enhancing evaporation.

Standard-errorstatistics are perhapsmore informativethan meanvalues in this analysis. If the
sampling were repeatedmanytimes, the meanwouldprobablybe within the bounds of the errorbars
about95% of the time. The high variance suggests that no real differencesexist in the meanmoisture
contentof graveled and no-gravel plots. The source of this high variance may be most importantin
assessing the long-term performance of barriers. The coefficients of variation(Table4.15) suggest that
the highvariance in watercontent may reflect, in part, variationin soil texture. Otherfactors that
might cause the developmentof spatialpatternson barriersin soil water infiltration,drainage,and
evapotranspirationincludesoil de;'elopment,mixing of surfacegravels by burrowinganimals, and
plant distributionpatterns.

4.4 Summary of Observations

Observations andconclusions from these preliminarystudies of barrier analogs includethe
following:

1. Pasco Basin sediments consisting of Pleistocene-agesilts and sandsoverlying proglacial flood
gravels differ from layered engineered-barrierdesigns in two ways: layer interfacesare relatively
diffuse, andgravel-layermatrices are commonly filled with silt and/orsand. By comparison, the
engineereddesigns specify abrupt layerinterfaces andwell-sorted gravel layers. A two-layer
design, with the gravel-layermatrices filled in with sand at construction(pit-run gravel), may be
more stable than a graded-layerdesign. Studies of the depositionalmorphologyof analog profiles
andof subsequentsoil formation processes thatdisrupt the interface, or move fines into the gravel

• layer, may provide an indicationof long-term barrierstability.

2. Evidenceof a gradualdownwardmovementof fines in analog site profiles and the formationof soil
structure, both of which can influencesoil waterretentionandmovement, may reflect futuresoil
formationprocesses on barriers.
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Figure 4.6. Mean Soil Water Content (nffi5) at Bergmound 1 Surface Gravel Analog and an Adjacent
No-gravel Plot. Error Bars are 2SE (mean). Letters designate sediment classes.

3. Contrasts in the depth and diffuseness of CaCO3 accumulation in massive-soil and layered barrier
analogs were attributed to the occurrence of a zone of drying at the textural boundary between
loamy sand and underlying gravel horizons in layered profiles. The effects of carbonate accumula-
tion on soil hydraulic properties could be studied at these sites. The carbonate accumulation
patterns also support the capillary barrier concept. In contrast, the occurrence of CaCO3 deposits

q on gravels underlying relatively thin free-soil layers at some sites may suggest frequent drainage.
The presence of sagebrush roots in the gravel layers at these sites was additional evidence of water
movement past the coarse-fine boundary. Therefore, the depth of fines is a critical design issue.
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Figure 4.7. Mean Soil Water Content (nffi5) at the Route 4 Backslope Gravel Mulch Analog and an
Adjacent No-gravel Plot. Error Bars are 2SE (mean). Letters designate sediment
classes.

4. Prior surface disturbancesat someanalogsites,which replaceddeep-rootedperennialspecieswith
shallow-rootedannualspecies,apparentlyresultedin lower plant water extraction, greatersoil
water content, and an increased probability of drainage.

5. Comparisons of paired plots with and without gravel at a Bergmound (a thin surface-gravel analog)
and on an old roadside backslope (a thick surface gravel analog) suggested that 1) a heavy gravel
mulch could significantly alter species composition and 2) relatively sparse gravel surfaces can

reduce plant cover in this environment. Variation in soi; water data, possibly caused by mosaics in
the surface environment, masked any salient differences in mean water content of graveled and non

gravel plots. Time series data on soil water storage are needed. Future analog studies should
investigate the evolution of spatial patterns and the influences of these patterns on the hydrologic
performance of barriers.
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Table 4.1S. Coefficientsof Variationfor PercentSand, PercentSilt and Clay, and PercentWater
Contentin Soil Profilesof SurfaceGravelAnalogs

Water

Study Site Depth Sand Silt andClay Content(wt %)
I I iiii iiiiii ii I iiiii iiiiiiii i i ] iii i ii

Bergmound 0-5 17.0 34.9 9.8
Gravel 20-30 14.8

" 40-50 12.0 7.4 10.8
60-70 37.5
80-90 30.8

100-110 38.5 20.1 21.2

Bergmound 0-5 39.2 41.5 12.2
Control 20-30 20.2

40-50 53.8 32.0 6.3
60-70 21.3
80-90 30.8

100-110 25.5 16.5 33.9

Backslope 0-5 36.9 18.3 12.4
Gravel 40-50 1.2 81.3 12.9

80-90 30.9
120-130 2.8 119.5 26.3
160-170 14.5
200-210 6.3 140.7 8.9

Backslope 0-5 2.0 35.1 30.7
40-50 2.1 42.9 12.3
80-90 11.5

120-130 3.7 81.7 20.6
160-170 34.2
200-210 5.9 81_5 45.5
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$.0 Recommendations For Future Barrier Analog Studies

To support evaluationsof long-termbarrierperformance,we recommendfour areasfor future
study: l) soil development,2) vegetationdynamics, 3) durabilityandperformanceof anthropogenic
materialsandstructuresanalogous to those used in barrierdesigns, and 4) analog site selection sum-
dards. These tasks wouldsupport the selection of treatmentsfor field experiments, the acquisitionof

. model inputand validationdata, and an understandingof emergentlong-termprocesses thatmay be
difficultto evaluate otherwise. Studies of paleoclimaticanalogs of futureclimate extremes are funded
undera separate task (Petersen 1993). Two additionalissues of importanceto the HartfordProtective

" BarrierDevelopmentProgram,barriermoundstabilityand human intrusion(Sections 3.4 and 3.5),
will be investigatedusing archaeologicalanalogsas partof the NationalLow-Level WasteManagement
Program(Chatterset al. 1990).

5.1 Soil Development Studies

Analog studies of the effects of soil developmenton barrierperformance (Section 3.3) shouldfocus
on four issues: I) carbonateaccumulation,2) soil mixing, 3) soil structure,and 4) spatial patternsin
soil-plant-waterrelations.

5.1.1 Carbonate Accumulation

A studyconductedfor PNL by WashingtonStateUniversity in 1989 (Hunteret. al 1990) addressed
two barrierperformanceissues: 1) whether thedistributionof carbonates in layered sediments is
relatedto Holocene watermovementandwhether it can be used as an analog of futurewater movement
in protectivebarriers,and2) whatfeedbackeffectcarbonateaccumulationwouldhave on soil hydraulic
propertiesin protective-barrierdesigns.

The most significantpedogenic indicatorsof soil watermovementin arid andsemi-arid environ-
mentsare clay, silt, andsoluble salts, includingCaCO3. The accumulationof CaCO3was considered
to be the most likely pedogenic indicatorof watermovementat the HanfordSite. The geochemistryof
CaCO3is relativelysimple, anddependson the availabilityof Ca2., the pCO2,andwater. Two mech-
anismswere identifiedas being primarilyresponsiblefor carbonateprecipitationin soils: evapotrans-
pirationand degassing of CO2. Thus, there likely is both a biotic and an abioticcomponentinvolved in
the precipitationof carbonatein soil. The amountand morphologyof carbonates in soils is a function
of the progressiveaccumulationof carbonateover time. Two models (CALDEP and CALSOIL)that

. simulatethe accumulationof CaCO3were examined. Both use saturatedflow as the mechanismfor
• water and solute transport. Although one was determinedto be more sensitive to soil and climate para-

metersthat influencewater movement, it was concluded that neither model simulates in an effective

manner the conditions expected in the protective barriers.
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Based on the study, we recommendthe following:

1. Although carbonateaccumulationis relatedto patternsof soil watermovementover many years,
the concept that the depthat which carbonatesprecipitateis the depth below which no unsaturated
rechargeoccurs should be abandoned. The presenceof a calcic horizon indicatesthat the soil solu-
tion became supersaturatedwith respect to carbonate, not thatwaterflow stoppedcompletely.

2. Naturalanalogsshould be used to measure hydraulicpropertiesof calcic horizons andto compare
them with noncalcic soils to determinethe likely influenceof carbonate accumulationson water
movementin the protectivebarriers.

Therefore, naturalanalogsdo not directly answerthe drainagequestion, butthey do indicatethat
calcic horizons will form in the protectivebarriers. The questions remain, however, of how much,
when, and where in the barriercarbonate will accumulate. Enoughuncertaintyaboutthe effectof car-
bonateaccumulationson the hydraulicpropertiesexists that the studyshouldcontinue with this focus.

5.1.2 Soil llluvlatton and Pedoturbaflon

The long-termperformanceof the barrierdepends in parton maintainingan adequatethickness of
fine-texturedtopsoil, and on maintainingdiscontinuityat layerinterfaces. Overtime, there is the pos-
sibility for soil finesto settle or migratedownward,filling either completely or partiallythe matricesof
theunderlyinggravel layer. Upward movementof gravel into the fine-grainedlayer couldoccur as
well, throughthe freeze-thawprocess (i.e., frost heaving). Either of these scenarios could reduce the
effectivethickness of the fine-grainedlayerenough to allow moistureor organisms to come into con-
tact with the buriedwastes. It is possible, however, that the time requiredfor these processes to signif-
icantlyaffectbarrierperformanceexceeds the planneduse life of thebarrier.

Many of the sites visited in the initial reconnaissance(Section 4.1) are candidatesfor analog studies
of layerdiscontinuity. Most of these sites consist of either Pleistocene-ageslackwatersilt and sand
(ToucherBed facies) overlyingcoarse-grained Missoula flood gravels (Pasco gravels facies) or Holo-
cene loess (windblownsilt) overlying Pasco gravels. The Pasco gravels sometimesdisplayan open-
work (i.e., matrix-free)fabriccomparableto the coarse layer in presentbarrierdesigns. Matrices
within the Pasco gravels, however, more often are filled with poorly sorted mixturesof sand andsilt.
While it is most likely that the wide range in grainsizes in the Pasco gravels is a resultof transient-
flow dynamics andrapiddepositionduringcataclysmicflooding, filling in of voids by fine-grained
materialfrom above is still a possibility.

Two issues should be addressedin a studyof the stabilityof layerinterfaces in analogs of both the
two-layerdesign (finesover gravels infilled with sand) and the gradedbarrier design. One would focus
on the downwardmovementof fine-grainedsediment and colloidal material. The other wouldexamine
thepotential for upwardmovementof gravel via freeze-thawplocesses. Several approachescouldbe
taken to determine the extent to which fine-grainedsediment is translocateddownward. These include
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detailed descriptions of the parent material and soil horizons and analyses of particle-size distributions,
clay and petrographicmineralogy, and geochemistry. The study should focus on field and laboratory
analyses of soil horizons, specifically on the amount of eluviation/illuviationthat has takenplace.
Rates and timing of sedimentation and soil formationcould be analyzed using age-dating techniques
such as tephra (volcanic ash) markers, thermoluminescencemethods, and organic carbon (_C)
methods.

• The upward movementof gravel, againstthe force of gravity, is well documented in periglacialand
otherenvironmentsthat undergofrequentalternatefreezing and thawing. Mixing of soil layersthrough
the freeze-thaw process, or cryoturbation,is most pronouncedin soils havinga predominanceof silt-

" sized particles in proglacialarctic environments(Embletonand King 1968). The HanfordSite experi-
enced periglacialconditionsas recentlyas 13,000 years ago, when the CordilleranIce Sheet covered •
northeasternWashington(C/aiRandThorson 1983). The potential for a return to periglacialconditions
within the next 10,000 years (Craig and Hanson 1985) makes cryoturbationa possibility over the pro-
posed design life of the barrier. This study should beginwith a literaturesearch to determinethe con-
trolling factors (e.g., temperatureregime, moistureregime, grain-size distribution,etc.) thatlead to
cryoturbation. Once the phenomenonis understood,a fieldreconnaissanceshould be performed.
Potential analog sites are those wherefine-grainedsoils, developed in eolian loess, overlie gravels or
basalt bedrockrubblein areas of low relief. In these environments, any coarse-grained clasts found in
a loess matrixmay have been lifted upwardby cryoturbation. This work should be performed in con-
junctionwith the climate change task to determine likely changes in temperatureand precipitationthat
might lead to cryoturbationover the next 10,000 years.

Becauseerosion would lower the Waterstorage capacity of the topsoil layer of the barrier, a design
option to mulch or admixthe surface soil with gravel has been proposed. Studiesare under way to test
and model the resistance of various gravel-armordesigns to wind erosion (Ligotke 1989) and overland
flow and to measurethe influence of gravel on soil water balance and vegetation (Waugh 1989). Much
of this work would be superfluous if gravel surfaces were shown to be unstable over time. Regardless
of how the surface gravel is initially put down, as a mulch or as an admixture,its morphologymay
change in response to the balance of several factors, some of which would tend to mix the gravel,
whereas others would tend to move the gravel to the surface (Section 3.3).

Analogs of surface gravel exist at the Hanford Site (Section 4.3). The origin and morphologyof
gravels at these sites, and evidence of pedoturbation, should be furthercharacterized. This should
include characterizationof soil micromorphology for vesicular structures and other pedologic evidence
of soil mixing. Analysis of the mineralogy,geochemistry, and relative ages of gravels and silt deposits
may also be needed to sort out soil formation sequences. Before intensive studies of such analogs are
conducted, it is necessary to determinewhether pedoturbation appears to significantly affect layer-inter-
face stability on the time scale for which barriersare designed.
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5.1.3 Soil Structure

Soil structure is the aggregation of soil particles, or clusters of particles, that are separated from

adjoining aggregates by planes of weakness (Soil Survey Staff 1975). Some of these aggregates, called
peals, have thin surface films that act to keep them apart. Other peals are held together wholly by
internal forces. Soil structure can greatly influence water movement and plant growth. Soils with

weak spheroidal peds are often more permeable and have a greater water storage capacity than soils
with massive or blocky structure. In contrast, some soils with very well-developed spheroidal peds
have a low water storage capacity, and drain rapidly, much like a coarse, gravely soil. In these soils,
water moves rapidly along the planes of weakness and does not readily penetrate the peds.

Soil structure should be described at soil development and vegetation analog sites using standard
soil characterization methods and nomenclature (Soil Survey Staff 1975). A suite of sites should be

selected that are of the same soil type (Ritzville or Warden silt loam) but that differ with respect to cli-
mate and disturbance histories. If secondary soil aggregation is evident, the hydraulic properties of
these soils (e.g., hydraulic conductivity) should be measured in situ and compared with the properties
of the structureless soil of a newly constructed barrier.

5.1.4 Spatial Patterns in Soil-Plant-Water Relations

In arid ecosystems, plant species are typically distributed neither randomly nor uniformly, but in
clumps. This occurs for three reasons: 1) seeds and fruits fall close to the parent, 2) rhizomes and

stolens produce offspring near the parent plant, and 3) the habitat, at finer scales, consists of microsites
within which species establish with varying degrees of success. Of importance to barrier performance,

plant distribution patterns can influence soil water balance, either directly or by causing patterns to
emerge in soil development processes.

Spatial patterns in plant distribution and soil development exist at McGee Ranch, which is the

source area at Hanford for fine sediment that will be used in the construction of barriers. A study of

the likelihood that this morphology will reform on barriers, and its influence on the soil water balance,

was initiated in 1990. The study was funded in part by the National Low-Level Waste Management
Program (Chatters et ai. 1990). The distribution of hummocks (small mounds) at McGee Ranch
appears to be associated with the distribution of hopsage and sagebrush. Soil mounds found in close

association with clumped vegetation were called "coppice dunes" by Melton (19,;9). At McGee Ranch,

coppice dunes are circular to oblong with diameters of 1 to 3 m, and range in height from 20 to 70 cm.
Sagebrush were found growing on the mounds and in depressions between mounds. In contrast, hop-
sage was found growing only on the mounds.

Preliminary results of the McGee coppice-dune study suggest that soil formation in dune and inter-
dune units has not been continuous through time. The soils of both interdune and dune consist of a
loamy sand layer (or sandy loam) overlying silt loam. The upper part of the silt loam contains large

numbers of vesicular pores below which is a zone of laminated silts and sands. Although the genesis of
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vesicularpores is not fully understood, they most commonly form in surface horizons that are sub-
jected to extremewetting anddrying (crusts form as the wet surface dries, trappingand "casting" gas
bubbles). Thus, the silt may havebeen the land surface at one time, subsequentlyhaving been overlain
by wind-blownloam. In fact, many interduneslack the loam overlay. The laminar soils are probably
slackwaterJediments attributedto late Pleistocenecatastrophicfloods. The primarydifference between
dune and interduneunits is the thickness of the sandy strata. The thickness is ascribed to the trapping
of blowingsandby the shrubs.

The secondaryphase of the study, a comparison of soil waterstoragein dune and interduneunits,
beganin 1990. The monitoringof soil moistureshould be continuedto establish the seasonalityof

. waterstoragechanges. Plant distributionpatternsshould also be quantified. Distance methods
(Podani 1984)could be used to detect distributionpatternsof largershrubs (sagebrush and hopsage).
A Poisson analysis of cover quadratedata(Barbouret al. 1987) couldbe used to detectpatternsin
grass andforb distribution. Spatialpatternsin water content at depth associated with surface spatial
patternscouldbe measured using gravimetricmethods or neutronmoistureprobes in a stratified
random-samplingscheme.

5.2 Vegetation Dynamics Studies

Changes in vegetation will influence the performance of engineeredcovers as infiltration,erosion,
and biointrusionbarriers(Section 3.2). Vegetationwill change seasonally, yearly, andover the long-
term. Change will be driven by propaguleaccessibility, soil development,climatic variabilit3,,distur-
bancessuch as fire, andspecies interactions(competition, microorganismassociations, allelochemic
reactions, herbivory). Change is manifested by shifts in the abundance,composition, and diversityof
species, and may be accompanied by changes in biogeochemical cycling, in energy exchange at the
land surface, and (of importancein assessing barrierperformance) in rates of evapotranspiration. Con-
sequently, vegetation change is complicated and its effects are difficultto model and predict. The fol-
lowingphased researchstudy is recommendedfor an evaluationof possible future vegetation changes
on barriers.

5.2.1 Parameter Identification

Protective barrier program tasks should be reviewed, and importantvegetation parameters identi-
fied. This review will determine what field data to collect at analog sites. The review should include
vegetation input parameters for water balance and erosion models and treatments used, or planned, for
laboratory and field-plot studies of wind erosion, water erosion, water balance lysimetry, and biointru-
sion. The parameters should then be prioritized based on regulatory standards and the results of model
sensitivity analyses and prior field-study results.
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5.2.2 Conceptual Model

A conceptualmodel should be used as a tool for gaininga better understandingof processes
influencingvegetationdevelopmenton protectivebarriersand thus for guiding the developmentof field
studies. The model shouldbe based on the following balances and tradeoffs: 1) balances between
species and habitat factors (climate, soils, topography,allelopaths,herbivory,naturaland human dis-
turbance)and physiologicaltolerance of species to these factors, 2) balances betweenpropagule
accessibility (dispersalmechanisms)and landscape accommodation,3) balances between allogenic and
autogenic factors, and 4) tradeoffsin plant partitioningof a limited energy budgetamongcontrasting
physiological, morphological, and reproductivecharacteristics. Figure 5.1 is a simple conceptual
model.

5.2.3 Site Selection

Criteriashould be defined and candidate studysites selectedbased on predictedchanges in the
barrierenvironment. The selection shouldemphasizehabitat factors that influencevegetation change
(e.g., climate, fire, grazing, etc.) and that are uniqueto engineeredbarriers(e.g., soil compaction and
topographicposition). Selection criteriashould also be based on a range of possible changes in barrier
habitat factorsas determined from other long-termbarrierperformance tasks (climatechange, soil
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Figure 5.1. Simple ConceptualModel of Plant Community DevelopmentandChange on Barriers
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development, erosion, andbiointrusion). From this information, a set of extreme conditionsor states
should be defined that would test the performance of the barrier. A reconnaissance for analog sites of
these extreme conditions (climate, soils, disturbance histories) should be conducted using tools such as
remote imagery and geographical information systems (GISs) where appropriate (see Section 5.4).

5.2.4 Experimental Design

The last step, which should be undertakenonly afterthe previous steps have been completed, is to
design and conductcomparativeexperimentsat selected analog sites. The studies shouldbe designed
to compare analogs of differentenvironmentalstateswith each other, and with initialbarrier conditions
as definedby engineeringspecifications. Site conditions(e.g., soils, climate) mustbe quantifiedas
part of these studies, as mustvegetationparametersassociated with barrierperformance.

5.3 Durability and Performance of Anthropogenic Materials and Structures

The two anthropogeniccomponents of the proposedbarrier design for which analogs can be found
are the barriermound itself and the asphalt moisturemembraneto be buried within it. Both these com-
ponents have analogs in the archaeological recordin the United States and elsewhere.

Studiesof ancient temple and burialmounds, which were initiated in support of research for
uranium mill tailings impoundmentsand carried further under the National Low-Level Waste
Management Program (Chatterset al. 1990) should be continued as part of analog research for protec-
tive barrierdevelopment. Study of data on these mounds, obtained by archaeologists over the past
century, indicates that certain mound designs have a better chance for long-term survival. Additional
study should analyze data on manmade mounds that were assembled for the low-level waste program
and estimate survival probabilitiesof different mound designs. Extant mounds that share design
characteristicswith proposed barriers and/or that are located in arid or semiarid environments should
be identified and studies conducted to determine the relationship between mound design characteristics
and water distributions beneath the mound surface. Fieldwork would entail coring or trenching of the
mound, characterizing mound stratigraphy and soil physical characteristics, and measuring soil water
content of each mound stratum. Work would be conducted in conjunction with ongoing archaeological
projects in Arizona and the American Midwest. Results would support assessments of barrier
performance after long-term exposure to natural modificationprocesses.

. Ancient asphalt will provide a source of analog data on how the chemical and physical properties of
this material change through time. Materials suitable for sampling and chemical analyses are available
in museum collections from archaeological sites on the south-central coast of California. Selected

. specimens would be dated and analyzed to determine their source. A sample of items from the same
source would be analyzed by petrochemical experts and compared to material collected for this study
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from the same source, to ascertainhow they have changed in the centuriessince they were last heated
and buried. The result wouldbe a trajectoryof change in the asphalt's propertieswith time, from
which the performanceof the moisture membranesto be used in barrierscould be estimated.

5.4 Analog Site Selection With Geographical Information Systems
I

Site selection should involve 1) defining analog site criteriafor the study, 2) retrievinglandscape
datato identifycandidatesites, 3) conductingfield reconnaissanceto corroboratesite characteristics,
and 4) selecting study areas. Geographicalinformationsystems wouldenable one to retrieve, store,
manipulate, and makereadily and rapidlyavailablea vast amount and variety of landscape-scale
environmentaldata. With a GIS, landscape characteristicssuch as geology, soils, vegetation, climate,
and land use could be acquired,analyzed, and integratedin the site-selectionprocess.

A GIS enablesa user to input,modify, overlay, search, analyze, display, and outputmaps and
aerialor satellite image data. Geographicdatacan consist of line data, such as propertyboundariesand
roads;textdata, such as tables or writtendescriptions;points, such as well locations or study sites; and
grid-cell data, such as soil and vegetation maps. Data can be inputto a GISdirectly as with digital
satellite imagery, it cartbe digitized using desk-top scannersas whenentering soils and vegetation
maps, or it can be entered manually with a digitizing tablet as with point and line information.

Once in the GIS system, a wide rangeof operationscan be performed, includingimage analysis,
coordinateconversions, overlays, statisticalcalculations, databaseoperations, three-dimensional
representations,distancemeasurement,and many others. The critical step in using a GIS is geo-
referencingthe data, or locating the data points with respect to a map grid. Once geo-referencingis
completed, data analysis and modeling can be performed quicklyand accurately.

Criteriadefiningparameters such as soils, geology, vegetation,climate, landform, and geographic
position for analogs of various barriercomponentsand environmentalstates could be compiled for each
analog task. The types and forms of needed landscape data could be determined from these criteria.
Numeroussourcesof landscapedata, includingLandsatand SPOTsatellite imagery, vegetation maps,
soil surveys, geological surveys, and meteorological databases, could be compiled to identifycandidate
analog sites in the ColumbiaBasin and, if needed, throughoutthe Northwestand IntermountainWest.
Imagery could be obtained and classified using supervised and unsupervised classificationtechniquesto
identify areas with desirableland-coverfeatures. PacificNorthwestLaboratory's GeographicResource
Analysis SupportSystem (GRASS) could be used for data integration, manipulation, and the initial
selection of candidate sites. Field data obtained during reconnaissance of candidate sites could be
entered into the GRASS database and used in conjunction with imagery and map data for the final
selection of study locations.
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Appendix A

Carbonate Content Analysis Procedure

" A.1 Reagents

. I. Hydrochloricacid, 4 M - Add 340 mL of concentratedreagentgrade HCIto about500 mL of
deionized water. Dilute to 1 L andmix thoroughly.

2. Calibrationstandard- Dry a quantityof reagent-grade (or primary standard)sodiumcarbonate
for 2 h at 120 to 125°C. Weigh 31.80 ;e 0.01g, dissolve it in deionized water, and dilute to
1.00 L. Store in a polyethylene bottle. This solutionshould be protectedfrom evaporation
andcontaminationand replacedeach month. One milliliteris equivalentto 30.0 mg of CaC03.

3. Quality assurancestandard- Use reagent-gradecalcium carbonatewith a minimumassay of
99%. Dry overnight in an oven at a minimumtemperatureof 120°C and store in a desiccator.

4. Displacementsolution- Dissolve 100 g of sodium sulfate decahydrate(Na2SO4,10H2)in
500 mL of deionized water. Add about 1 g of sodium bicarbonate, NaHCO3.and2 mL of a
0.5 % methyl orange solution. Add HCI(4-5 M) to make slightly acid (a definite pink color).
Stir until CO2bubblesare no longer visible. This solutionwill be saturatedwith CO2and will
not have a tendency to absorb CO2from the sample.

A.2 Equipment

1. Balance - Single pan, sensitive to a minimumof 0.01 g or less.

2. Gasometer - Shop-made,consisting of gas tube, graduatedgas buret, compensating tube, and
leveling bulb.

3. Flasks - Pyrex, 150 mL with 34/28 standardtaperneck fitted with special acid buret.

4. Magneticstirrerandstir bars.

5. Buret (for dispensingcalibrationstandard)- Twenty-five or fifty milliliter, graduatedin 0.1-mL
increments, fitted with a loose cap to exclude dust. This buretmust be kept clean. If it does
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not drainsmoothly (drops retainedon walls), it should be cleaned with a warm solution of
detergentor trisodium phosphate(5 g/L) andrinsed thoroughly.

6. Interval timer

A.3 Method
J,

1. Weigh approximately5 g to > 0.01 g of sampleand transferto a reactionflask. Add a stir
bar to the flask (for quality assurance standard, use 0.10 to 0.15 g weighed to 0.0001 g).

2. Fit the acid buretto the top of the'flask andplace flask on magneticstirrer.

3. Close top of acid buret with a rubberstopper.

4. Turnthree-way stopcock to vent gas tube and compensatingtube to the air.

5. Adjust height of leveling bulb until liquid level in gas buret is at 0.

6. Turn three-way stopcockto connect gas tube to gas buretwith outside vent tube closed.

7. Set timer for three minutesandopen stopcock on acid buret. Turn magnetic stirreron.

8. When the timer alarms,lower the leveling bulb until the liquid levels in the compensating tube
andgas buretare the same. Recordthe volume reading on the gas buret (adjustingthe levels
in this way ensures that the gas in the buret is at atmosphericpressure).

9. Rerun the sample if a) a leak is suspected in the apparatus or, b) if the volume of gas measured
is greater than the greatest gas volume used in the calibration. In such case, rerun using a
smaller sample.

10. Percent calciumcarbonateis determined using the method of Horowitz (Nelson 1982).

11. Return the unusedportion of sample to original container in the HanfordGeotechnical Sample
Library.

12. Results of the analysis are to be forwarded to the cognizant geoscientist who transfersthe
informationonto the Sediment Analysis form.
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A.4 Calcium Carbonate Analysis Quality Assurance

I. Run calcium carbonatestandardevery four hours. If the recoveryis outside of I00 percent by
> 15 percent, run a new calibrationcurve. Rerunthe calciumcarbonatestandardto verify the
new calibrationcurve,

2. At thecompletionof every ten sample analyses, select one of the samples at randomand rerun.

A.5 Reference

Nelson, R. E. 1982. "CarbonateandGypsum." In Methods of Soil Analysis, Part 2: Chemical and
Microbiological Properties, 2nd ed., ed. A. L. Page, pp. 181-197. Amer. Soc. of Agroc.,
Madison, Wisconsin.
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Appendix B

Particle-Size-Distribution, Sediment Classes, CaCO 3 Content, and
Soil Moisture Content for Pit 29 and the PUREX Sand Pit

• (Sampled September 1983)

Pit 29, Pit Face

Particlesizes(nun)

Depth Sediment >CaCO s SMC

(cm) >2.0 1.0-2.0 0.5-1.0 0.25-0.50 0.125-0.25 0.063-0.125 <0.063 Glass (%) (wt%)

0-25 24.0 1.4 4.9 6.8 12.5 27.3 23.2 GMS 0.05 6.03

50-80 5.4 1.9 5.1 6.9 13.6 31.1 36.1 MS 0.37 8.03

80-110 79.9 2.5 4.3 0.9 4.1 1.9 6.3 MSG 0.38 3.73

110-150 54.1 10.I 18.9 11.6 2.7 1.0 1.6 SG 0.28 3.07

150-180 90.2 3.7 3.8 1.3 0.4 0.2 0.3 O 0.79 2.30

185-205 93.0 2.0 2.5 1.0 0.4 0.3 0.8 G 3.79 0.97

205-235 87.3 5.1 5.3 1.5 0.3 0.1 0.4 G 0.26 2.40

Pit 29, Trench Face 1

Particle sizes (ram)

Depth Sediment CaCO 3 SMC
(cm) >2.0 1.0-2.0 0.5-1.0 0.25-0.50 0.125-0.25 0.063-0.125 <0.063 Glass (%) (wt%)

30 1.5 1.2 5.4 11.1 20.1 37.5 23.0 MS 0.10 2.57

60 1.7 1.0 4.5 8.1 15.1 33.7 35.4 MS 0.20 2.49

90 6.1 15.7 14.8 5.7 8.3 12.6 46.5 (G)SM 4.89 3.56

120 67.9 5.7 6.9 5.9 3.2 2.5 7.8 G 2.05 2.38

150 92.0 3.2 2.5 1.3 0.3 0.1 0.4 G 1.07 2.00

180 72.0 10.7 10.5 5.1 0.8 0.3 0.7 G 0.47 2.20

210 88.6 4.0 3.5 2.4 0.5 0.3 0.5 G 0.48 1.90

240 80.2 5.7 5.3 6.2 1.2 0.4 0.8 G 0.47 2.50
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Pit 29, Trench Face 2

Particle sizes (ram)

Depth Sediment CaCO 3 SMC

(cm) >2.0 1.0-2.0 0.5-1.0 0.25-0.50 0.125-0.25 0.063-0.125 <0.063 Glass (%) (wt%)

45 1.2 1.0 4.8 10.6 20.2 38.7 23.3 MS 0.3 2.42

90 6.2 2.1 5.3 7.1 13.8 26.4 38.8 (G)SM 5.17 3.65

130 68.1 3.4 5.0 6.3 4.5 4.6 7.2 G 5.95 2.43

165 64.3 8.9 10.9 9.3 3.2 1.4 1.8 G 0.66 2.27 "

195 85.8 5.0 2.7 2.7 1.0 0.5 2.0 G 0.95 2.42

Purex Sand pih Trench Face

Particle sizes (nun)

Sediment CaCO3 SMC

Depth (cm) > 2.0 1.0-2.0 0.5-1.0 0.25-0.50 0.125-0.25 0.063-0.125 < 0.063 Glass (%) (wt%)

0 0.1 2.7 17.4 12.0 19.6 28.1 19.7 (M)S 0.60 0.9

30 0.3 10.3 31.5 11.5 16.4 20.6 9.4 S 0.00 2.2

60 0.1 7.7 49.6 12.6 14.6 13.1 2.7 S 1.9

90 0.1 7.8 43.6 16.3 15.4 14.8 1.9 S 0.13 1.7

120 0.5 12.9 43.5 11.6 13.9 15.5 2.2 S 0.50 1.7

150 0.8 10.9 37.9 15.0 17.7 15.9 2.1 S 0.60 1.7

180 0.0 2.1 45.1 22.1 17.3 12.0 1.4 S 0.27 1.6

210 0.0 1.6 36.6 24.7 20.9 14.7 1.4 S 0.29 1.7

Purex Sand pit_ pit Face

Particle sizes (mm)

Sediment CaCO 3 SMC

Depth (ore) >2.0 1.0-2.0 0.5-1.0 0.25-0.50 0.125-0.25 0.063-0.125 <0.063 Glass (%) (wt%)

0 0.1 1.5 10.2 9.5 27.9 35.3 15.2 (M)S 0.00 0.7

30 0.i 2.4 17.5 12.2 21.6 31.6 14.6 (M)S 0.03 2.7

60 0.1 2.3 17.4 12.6 19.2 30.6 17.7 (M)S 0.02 2.7

90 0.1 3.6 20.7 13.0 20.0 28.2 14.3 (M)S 0.72 2.9

120 0.1 5.3 24.0 12.8 21.7 25.7 10.0 (M)S 0.14 3.6

150 0.1 4.0 27.9 17.4 22.8 22.1 5.9 S 0.43 3.1

180 0.1 6.8 46_2 14.1 15.4 15.0 2.6 S 0.07 4.1

210 0.1 3.4 36.7 22.4 19.2 15.6 2.5 S 0.30 3.9 "

315 0.1 3.5 33.1 31.8 20.1 10.4 0.9 S 0.24 3.3

415 0.0 1.0 24.1 31.2 26.0 15.8 1.8 S 0.18 3.3

515 0.0 0.8 17.6 27.2 28.7 23.0 2.9 S 0.65 3.9
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Appendix C

Particle-Size-Distribution Data for Bergmound 1 Gravel,
Bergmound 1 No-gravel, Route 4 Gravel, mid Route 4 No-gravel

• Analog Sites

Bergmound 1 Gravel Site
D

Particle Sizes (mm)

Depth

(cm) >,4.0 2.0-4.0 1.0-2.0 .5-1.0 .25-0.5 0.125-.25 .963-.125 .043-.063 <:.943

0-5 0.2 0.8 0.5 1.0 4.6 16.4 28.9 24.8 22.9

0-5 0.1 0.4 0.5 1.3 2.8 25.0 43.3 16.6 10.0

0-5 14.8 0.7 0.3 0.9 2.6 22.7 33.1 15.6 9.2

0-5 5.9 0.7 0.4 1.0 4.9 21.3 40.8 17.7 7.4

0-5 2.5 1.2 1. ! 1.8 4.2 13.7 28.7 23.3 23.4

40-50 0.0 0.4 0.1 0.4 1.9 6.6 24.6 29.7 36.4

40-50 0.6 1.3 1.2 2.2 1.9 8.8 17.9 24.7 41.4

40-50 1.2 0.5 0.5 0.9 3.4 10.0 28.2 27.0 28.5

40-50 0.5 0.3 0.3 0.5 0.7 3.8 33.7 35.7 24.6

40-50 0.0 O.1 0.2 0.5 1.7 4.6 28.2 33.2 31.6

100-110 0.0 0.0 O.1 0.1 0.1 1.9 23.6 36.1 38.1

100-110 1.2 1.0 0.7 1.0 3.3 14.8 33.7 21.2 23.2

100-110 0.0 0.1 0.3 0.5 1.4 5.5 24.8 27.0 40.4

100-110 0.1 0.3 0,4 0.8 3.0 8.0 19.4 23.7 44.3

100-110 0.0 0.2 0.8 1.6 1.4 3.1 13.1 27.3 52.4

Bergmound 1 No-Gravel Site

Particle Sizes (ram)

Dep-:_
(cm) > 4.0 2.0-4.0 1.0-2.0 .5-1.0 .25-0,5 0.125-.25 .063-. 125 .043-.063 < .043

0-5 0.0 0.0 0,2 0.4 1.1 10.0 40.9 30.8 16.7

" 0-5 O.1 0.2 0.4 1.2 2.9 14.2 40.8 27.8 12.3

0-5 1.3 0.1 0.4 1.3 4.0 18.1 37.5 22.7 14.6

0-5 0.3 0.1 0.1 0.9 2,6 19.6 41.5 24.0 10.9

0-5 0.0 0.0 0.1 0.2 0.4 1.6 13.9 37.2 46.7

40-50 0.0 0.O 0.1 0.3 0.5 2.3 17.4 35.6 43.9

40-50 0.5 0.6 0,8 1.9 3.8 5.9 20.7 31.3 34.5
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Depth

(cm) > 4.0 2.0-4.0 1.0-2.0 .5-1.0 .25-0.5 0.125-.25 .063-.125 .043-.063 < .043

40-50 0.7 2.1 1.0 1.3 0.9 4.8 23.6 33.I 32.5

40-50 0.0 1.0 1.4 1.7 1.8 4.4 17.7 34.3 37.7

40-50 0.3 0.9 1.4 4.4 7.5 23.2 34.2 22.8 5.2

100-I10 0.0 0.I 0.4 0.9 0.9 14.0 35.7 22.8 25.2

100-110 0.0 0.5 0.3 0.5 0.5 2.6 23.3 31.7 40.6

100-110 0.0 0.3 0.5 1.6 2.3 6.8 26.1 25.9 36.6

100-110 3.9 1.8 1.2 1.8 7,.1 7.2 22.7 22.8 36.7

100-110 0.1 0.1 0.4 1.4 3.1 11.7 32,4 24.2 26.7

Route 4 BackslopeGravel Site

Particle Sizes (ram)

Depth

(cm) > 4.0 2.0-4.0 1.0-2.0 .5-1.0 .25-0.5 0.125-.25 .063-. 125 .043-.063 < .043

0-20 60.5 7.7 4.9 17.8 4.5 2.2 0.9 0.3 1,2

0-20 63.0 4.7 4.2 20.8 3.3 1.9 0.1 1.0 1.0

0-20 56.3 8.3 4.4 20.7 4.4 3.1 1.3 0.3 1.1

0-20 18.8 13.1 8.7 38.5 8.1 7.9 2.9 0,9 1,3

0-20 40.2 11.5 7.9 26.5 4.3 5.8 1.8 0.6 1.4

40-50 0.0 0.0 0.1 11.1 44.7 38.1 5.9 0.1 0.1

40-50 0.0 0.1 0.7 9.3 23.2 40.9 22.5 2.3 1.0

40-50 0.0 0.1 3.6 18.4 27.8 31.0 17.1 1.4 0.5

40-50 0.0 0.0 2.7 17.4 32.0 36.6 10_3 0.5 0.4

40-50 0.0 0.1 1.5 12.4 22.9 47.5 14.5 0.8 0.3

120-130 0,0 0.0 0.3 7.9 18.5 37.2 28.8 4.5 2.6

120-130 0.0 0.1 0.4 15,0 31.6 37.7 14.0 0.9 0.3

120-130 0.0 0.5 2.3 12.9 20.9 44.3 17.4 1.1 0.6

120-130 0.0 0.0 0.0 4.9 31.1 57.6 6.2 0.2 0.1

120-130 0.0 0.0 0.7 5.7 17.7 52.2 22.5 0.9 0.3

200-210 0.0 0.1 2.1 7.7 19.9 43.7 25.0 1.3 0.1

200-210 0.0 0.3 1.4 9.0 28.3 37.7 21.0 2.0 0.3

200-210 0.0 0.7 1.8 9.7 23.6 39.1 23.3 1.8 0.1

200-210 0.0 0.0 1.3 5.0 13.3 36.7 28.4 12.3 3.0

200-210 0.0 0.0 2.0 4.2 17.8 57.7 17.4 0.7 0.2 i,
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Route 4 Backslope No-Gravel Site

ParticleSizes(ram)

Depth

(cm) > 4.0 2.0-4.0 1.0-2.0 .5-I.0 .25-0.5 0.125-.25 .063-.125 .043-.063 < .043

0-10 0.0 0.0 0.0 3.7 23.4 44.5 24.6 2.7 1 .I

0-10 0.0 0.0 0.5 12.5 25.0 34.2 22.8 3.5 1.6

0-10 0.0 0.1 0.3 5.7 22.3 39.8 27.5 3.0 1.4

0-10 0.0 0.0 0.1 6.1 22.5 41.8 25.0 3.0 1.6

0-10 0.0 0.0 0.1 5.3 18.3 36.4 31.3 5.0 3.5

, 80--90 0.0 0.0 0.2 8.9 21.2 37.4 28.2 2.7 1.5

80-90 0.0 0.0 O.1 2.2 9.9 36.7 46.4 4.3 0.3

80-90 0.0 0.0 O.1 3.6 17.3 40.3 35.1 3.1 0.6

80-90 0.0 0.0 0.2 4.9 19.4 41.2 31.4 2.9 O.1

80-90 0.0 0.0 0.6 2.7 11.7 27.2 49.6 6.3 1.9

160-170 0.0 0.0 0.1 3.1 25.0 47.5 21.9 1.8 0.6

160-170 0.0 0.0 O.1 7.1 14.9 36.4 38.5 2.8 0.3

160-170 0.0 0.1 0.1 4.3 30.3 39.0 23.1 2.7 0.4

160-170 0.0 0.0 0.2 3.0 10.8 25.6 49.8 7.9 2.7

160-170 0.0 0.0 0.0 0.7 17.1 51.8 28.0 2.2 0.2

240-250 0.0 0.0 0.2 3.6 13.5 49.9 29.8 2.7 0.3

240-250 0.0 0.0 0.3 16.2 18.8 36.0 25.3 2.8 0.6

240-250 0.0 0.6 1.2 • 7.8 7.5 20.2 47.4 12.3 3.1

240-250 0.0 O.1 0.2 2.8 7.9 38.5 47.4 2.8 0.2

240-250 0.0 0.0 0.0 5.1 2.6 25.9 58.7 6.9 0.9

=ai
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Appendix D
B

Soil-Water-Content Data for Bergmound 1 Gravel, Bergmound 1
No-gravel, Route 4 Gravel, and Route 4 No-gravel Analog Sites

(Sampled May 1984)
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Appendix D

Soil-Water-Content Data for Bergmound 1 Gravel, Bergmound 1
No-gravel, Route 4 Gravel, and Route 4 No-gravel Analog Sites

• (Sampled May 1984)

. Soil Moisture Content (wt%)

Site Depth (cm) Value Mean SE (mean)

Bergmound 1 Gravel 0-I0 9.9 I0.0 0.44
0-I0 I0.i

0-I0 8.4
0-10 10.9
0-10 10.7

20-30 7.6 8.8 0.58
20-30 8.2

20-30 7.8
20-30 9.8
20-30 10.5
40-50 9.2 10.1 0.49

40-50 10.5
40-50 8.7

40-50 10.8

40-50 I1.3

60-70 9.6 11.7 1.97

60-70 10.2

60-70 9.3

60-70 10.0
60-70 19.6

• 80-90 8.4 9.8 0.80
80-90 10.1
80-90 11.8

• 80-90 7.5

80-90 I1.0
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Soil Moisture Content (wt%)
i,i i, i °,, i i i i

Site Depth (cm) Value Mean SE (mean)

100-110 6.1 7.2 0.68
100-110 5.6
100-110 8.0
100-110 7.4
100-110 8.8

Bergrnound 1 No-Gravel 0-10 9.8 9.7 0.53 .
0-10 9.5
0-10 11.2
0-10 7.9
0-10 10.1

20-30 10.0 10.7 0.97
20-30 9.1
20-30 14.3
20-30 9.1
20-30 11.2
40-50 9.3 10.4 0.29
40-50 10.3
40-50 10.5

40-50 10.8
40-50 10.9
60-70 20.3 15.9 1.51
60-70 15.9
60-70 10.8

60-70 16.1

60-70 16.2

80-90 10.9 11.9 1.64
80-90 II.6

80-90 9.9

80-90 10.4

80-90 17.7
100-110 5.9 8.4 1.28
100-110 10.4

100-110 6.5
100-110 12.5
100-110 6.9
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Soil MoistureContent(wt%)

, i, i ill ,,ll i i

Site Depth(cm) Value Mean SE (mean)

Route4 Gravel - 25 cm

surface gravel layer 0-10 2.3 2.5 0.23
1-10 2.4

. 0-10 2.7
0-I0 2.8
0-10 2.3

' 15-20 2.0 2.2 0.40
15-20 2.6
15-20 2.0
15-20 2.7
15-20 1.8

Soil Surface 0-10 3.5 3.1 0.17
0-10 2.8
0-10 3.4
o-io 3.0
0-10 2.6

40-50 3.7 3.5 0.20
40-50 3.5

40-50 3.7

40-50 2.7

40-50 3.8

80-90 7.8 5.1 0.70
80-90 4.2
80-90 4.7
80-90 3.9
80-90 4.7

120-130 7.5 5.1 0.60
120-130 4.3
120-130 4.6

120-130 4.5
• 120-130 4.6

160-170 5.7 5.4 0.35

• 160-170 5.6
160-170 5.0
160-170 6.4
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Soil Moisture Content(wt%)

Site Depth (cm) Value Mean SE (mean)

160-170 4.3
200-210 5.3 5.3 0.21

200-210 5.5

200-210 5.5

200-210 4.5

200-210 5.7

Route 4 No-Gravel 0-10 2.9 2.0 0.28 '
0-I0 1.6

0-I0 1.3

0-I0 2.2

0-I0 2.2

40-50 4.3 4.4 0.24

40-50 4.5

40-50 4.9
40-50 3.5
40-50 4.6

80-90 4.9 5.2 0.27

80-90 5.9
80-90 5.3

80-90 4.4

80-90 5.7
120-130 5.1 5.8 0.53
120-130 7.3
120-130 4.6
120-130 5.8
120-130 6.0
160-170 5.4 4.4 0.68
160-170 3.4
160-170 2.3 "
160-170 5.8
160-170 5.3
200-210 6.4 3.5 0.72

200-210 3.1
200-210 2.6
200-210 3.0
200-210 2.6
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