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Executive Summary

Included in several of the finaldisposal strategies proposed in the Interim Hanford Waste
Management Plan (DOE-RL 1986a) is design of a protective barrier to isolate the underlying waste
sites from the environment. The conceptual protective barrier design requiresa fine-grainedsediment
to retain precipitation near the top of the barrier where evapotranspirationcan recycle the moisture
back into the atmosphere. The design incorporates gravel into the topsoil as one way to reduce its

- erosion. Information is needed to determinethe optimal ratio of gravel to topsoil needed to reduce
erosion without significantly reducing evapotranspiration, and its effect on erosion.

!1

Bergmounds are mounds with a gravelly surface that were formed about 13,000 years ago and
represent natural analogs to the topsoil portion of the protective barrier. The primary goal of this study
was to identify characteristics of bergmounds and the effects of these characteristics, especially the
gravelly surface, on the amount and rate of erosion. A secondary goal was to apply a technique
normally used to estimate vegetation cover to measure percent gravel cover, and to compare this
technique with particle size distribution based on weight percent.

Four bergmounds were investigated for this study, two in a windy site and two in a more sheltered
site. Each bergmound was sampled in eight locations. Two methods were used to estimate the amount
of surface gravel: the ocular point-intercept method which estimates the percent gravel cover, and
sieved samples of the surface sedimentswhich me,_'_urethe percent gravel by weight. Holes were dug
at each bergmound's eight sampling sites to examine andsample the subsurfacesediments.

From this study, it was determined that 90% of the gravel occurs on the north, west, andsouth
sides of the bergmounds in both the windy and more sheltered sites. There was virtuallyno gravel
beneath the surface. This does not fit the hypothesis that the gravelly layerhad at one time been rela-
tively uniform over the entire bergmoundand that erosion and freeze-thawprocesses had caused the
variations in the amount of surface gravel. Based on this study, the distributionof gravel is now
hypothesized to be a relict of the way in which the bergmoundactuallyformed. The bergmounddid
not form directly beneaththe iceberg as the debris-ladenice melted, butratheron the downstream
(east) side of the iceberg where it was sheltered from erosion by the receding floodwaters. Most of the
icebergdebris -- and, therefore, gravel -- was deposited on the west side of the bergmoundsimmedi-
ately beneath the iceberg, with less gravel on the north and southsides only partiallybeneath the
iceberg, and the least amounton the east side where little of the moundwas covered by the iceberg.
Although evidence of erosion could be seen in _eas between bergmounds, none was found on the

" bergmounds themselves, implying that they are less susceptible to long-term erosion. However, since
erosion is not the cause of the observed distribution of surface gravel, no measurement of the effects of

, gravel on erosion can be made.

However, there are a number of features present on the bergmound which have probably played a
role in erosion resistance of the bergmound. These include vegetation, eryptogams (moss and lichens
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on the soil), a crust on the sandy silt, the texture and calcium carbonate content of the subsurface
sediments, and the graveled surface. Wind tunnel tests have been performed to determine the impor-
tance of some of these features in protection against erosion (Ligotke 1993). One recommendation is to
use bergmounds to evaluate the effectiveness of evapotranspiration in preventing moisture infiltration
below a specified depth.
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1.0 Introduction

The Interim Hanford Waste Management Plan (HWMP) (DOE-RL 1986a)presents a strategy for
the final disposal of defense wastes at the Hanford Site. This strategy includes isolating some waste
sites from the environment by means of a protective barrier that would serve to minimize moisture
movement, erosion, and intrusion by humans, animals, and plants into the waste site. These barriers
will be required to perform these functions without human maintenance for up to 1000 years.
Technical issues which must be resolved relative to protective barriers are presented in the Hanford
Waste Management Technology Plan (HWMTP) (DOE-RL 1986b). The major technical issues

. concerning protective barriers are determining which materialsand configurationwill best impede
processes that can potentially cause radionuclide transport.

The protective barrier prototype (WHC 1993) is a mounded multi-layer system that minimizes
migration of precipitation down through the barrier and prevents plant, animal, or human intrusion into
the underlying contaminated sediments (Figure 1.1). One primary design feature utilizes the concept of
capillary barriers, by which saturation of an overlying fine-grained sediment must be attained before
moisture can migrate down into coarser-grained sediments. In the prototype barrier design, this takes
the form of multiple layers of crushed basalt and fill, overlain by a topsoil ranging in consistency from
a silty very-fine to fine sand, to a sandy silt. This topsoil has a high moisture-retention capability so
that precipitation is retained near the surface where evapotranspiration can recycle moisture back to the
atmosphere rather than allowing it to a_umulate and percolate down into the waste zone. The crushed
basalt also serves to prevent animal intrusion into the waste zone. A geotextile placed between the sand
and gravel prevents sand from filtering down into the gravel, maintaining the integrity of the layers
both during construction and for the life of the barrier.

Erosion, especially wind erosion, is a concern because the topsoil is fine-grained and susceptible to
wind transport. If the barrier is to perform as required over a long time period, the topsoil must main-
tain a minimum thickness sufficient to contain moisture from extreme precipitation events and to allow
sufficient plant growth for evapotranspiration of moisture. Excessive topsoil erosion on the barrier
could severely limit the effectiveness of this crucial component of the capillary barrier. The sides of
the barrier are protected from erosion and animal intrusion by a thick layer of riprap and gravel; how-
ever, this is not possible on the top portion of the barrier if the desired plant population and evapotran-
spiration rate are to be achieved. Thus, the conceptual protective barrier design calls for gravel to be
mixed into the upper 1 m (3 ft) of topsoil, which should act as a protective armor against erosion.

To develop a gravel armor for the surface of a protective barrier, more information is needed on
physical factors that can reduce erosion. An example is the optimum percent gravel cover required to

- prevent erosion from weather conditions prevalentor expected on the Hanford Site, as well as the
range of particle sizes that can be protected by such a cover. A literature search for pertinent studies of
wind and water erosion and a field search for potential natural analogs to the top layer of the concep-
tual protective barrier were performed. Bergmounds and stony desert pavements appeared to have
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features similar to the surface of the conceptual barrier. In addition, bergmounds are found lying on
the same fine-grained sediments that will be used in the protective barriers.

Bergmounds were chosen for further studybecause they consist of fine-grained sediments covered
with a stony desert-type pavement. Although the bergmounds are mounded rather than a flat surface
like the barrier design, this difference should add some conservatism to the estimate of having erosion
resistance. The study was to determine the actual characteristics of bergmounds, and whether any of
these characteristics, particularly graveled surfaces, have affected erosion in the past 13,000 years.

If the data collected during this study indicate that bergmounds can provide needed information on
features affecting erosion, then a more detailed study of these features will be recommended. This

" document describes the studyand results, and provides recommendations for other studies to further
develop the best design for protective barriers.
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2.0 Background Information

In semi-arid environments, gravel is commonly found in higher concentrations at the surface than
in the underlying fine-grained sediments (Mabbutt 1977). These gravels form a stony desert pavement,
an irregular surface that protects the surrounding and underlying finer-grained sediments from erosion.
Stony desert pavements may form through one or more of the following processes: 1) erosion of fine-
grained particles by wind, 2) erosion of fine-grained particles by water, 3) upward movement of gravel
by bioturbation, and/or 4) upward movement of gravel by wetting/drying or freeze/thaw actions within
the soil. Mabbutt (1977) states that wind erosion is virtually ineffective when gravel cover reaches
50 percent. In studies performed in Arizona (Simanton et al. 1984), erosion due to rainfall was found
to be inversely proportional to the percentage of rock fragments in the top layer of a soil.

Bergmounds in the vicinity of the HartfordSite consist of fine-grained sediments with a partially
graveled surface that has characteristics of a stony desert pavement. These bergmounds are low hills
up to 5.5 m (16 ft) high and 50 m (164 ft) in diameter (Feeht and Tallman 1978).

The bergrnoundsin this area formed approximately 13,000 years ago toward the end of the last ice
age. Ice dams located in northern Idahooccasionally failed, causing cataclysmic flooding across the
ColumbiaPlateau (Baker 1973). As the water swept into the Paste Basin, it deposited sand and gravel
(coarse-grained facies of the Hanfordformation) in areas where the currentwas strong, such as the
200 Area Plateauregion (Figure 2.1). In areasof weaker flood currents, such as Cold CreekValley on
the west side of the Paste Basin (Figure 2.1), silt andsand (transitionaland slaekwater facies of the
Hanfordformation) were deposited (Baker et al. 1991). Floodwaterwas temporarilyhydraulically
dammedbehind water gaps, such as at WaUulaGap, formingshort-lived lakes. Coveringthe Paseo
Basin was Lake Lewis, a lake 230 m (750 ft) deep that reachedan elevation of up to 380 m (1250 ft)
above sea level. Icebergs loaded with rocky debris floated in this lake, and many becamegroundedor
strandedin shallow water andback-eddiesalong the western margin of the Paste Basin. One such
back-eddywas in Cold CreekValley, where the icebergs came to reston slackwater flood sediments
(Fecht and Tallman 1978). Lake Lewis only lasted a matterof days, while the icebergs probably
required weeks to completely melt. It was assumedthatthe melting icebergdeposited a moundof
diamicton, the poorly-sortedclay- to boulder-sizedsedimentparticlescarriedby the iceberg, and that
this moundhas been accentuatedby the normal wind and watererosion of surroundingsediments.

Fecht and Tallman (1978) described the locations, general physical characteristics, and lithologic
types of bergmounds in south-central Washington. The physical characteristics they described,
analogous to the surface of the prototype barrier, are listed below.

• • Bergmoundshave survivedas local topographichighs for 13,000 years, significantly longer than
the proposed 1000-year life of the protectivebarriers.

• Bergmounds have, and the engineered barrierwill likely develop, a graveled, stony pavement-like
surface with fine-grainedsediment beneath.
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• Both contain a fine-grained sediment/topsoil ranging from a silty, very-fine to fine sand, to a sandy
silt.

* Both occur in wind-prone areas.

• Climate as well as plant and animal communities are similar.
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3.0 Objectives

The objective of this study was to collect more informationon the physical characteristicsof
bergmoundsandtheir effect on erosion. This informationwill be used to determinewhich physical
characteristicsmay help control erosion and, consequently,these characteristicsmay be tested further
in other studies. These test results wouldeventuallybe used to optimize erosion-controlfeatures for a
protectivebarrier.

This study is a preliminaryinvestigationof the bergmoundsandof methods thatmay be used to
collect the required information. The objective is to answerthe following questions:

• Whatare the physical characteristicsof the bergmounds7

• Have bergmoundsresistederosion7 If so, whatcharacteristics haveplayed a role in this resistance7
In particular,has the gravel mixed in with the diamictonprovidedprotectionfrom erosion7

• Can the ocular point-interceptmethod be used to estimatethe percentgravel cover?

This documentreports the resultsof the investigationof bergmoundsas naturalanalogs to the
upperportion of the conceptualbarrierdesign, and providesrecommendationsfor future studies.
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4.0 Study Design

This study was designed to 1) investigatethe physical characteristicsof bergmoundsin greater
detail than had Fecht and Tallman(1978), 2) recordany evidence of erosion, and3) determinewhether
these characteristics,particularly the gravelly surface, had reducederosion. Data collected include
height, diameter, areasof animal burrowing,estimateof percentgravel cover, weight percentof gravel
on the surface, particle-size analysis of the surface andsubsurfacesediments, and areas of erosion or

• deposition. By using two methods to measure the amountof surface gravelpresent, comparisonscan
be madewith othererosion studies using percent gravel cover (lVlabbutt1977; Simantonet al. 1984)
and characterizationstudies using weight percentdata (Last et al. 1987).

Some of the factorsthat may affect erosion on bergmoundsare given below. Because these factors
are related to specific sides of the bergmounds,any variations they produce in the amountof surface
gravel will also be relatedto a specific side.

• Wind. The predominandy westerly winds, at least atthe windy site, may selectively transportfine-
grained sediments from the west side of the bergmound,leaving behindthe gravel and coarser sand
panicles. These fines may then be deposited on the downwind,or east, side of the mound,
coveringthe graveled surface.

• Temperature. The bergmound'ssouth side receives more sunshineandheat, which may cause
increased and/ormore rapidsoil moistureloss. This could affect the type and amountof
vegetation and, therefore, the amount of erosionby wind or water.

• Bioturbation. Burrowinganimals mayprefer sunnysouthern exposures for warmth and the east
side of the bergrnoundsfor easier digging due to wind-blownsediments, bringinggravel to the
surface and/or disturbingthe gravel coveron those sides.

• Cryoturbation. During the winter the northside would tend to stayfrozen all day while the south
side would thaw during the day and freeze againat night. Freeze-thaw cycles help move gravels
withinthe top I0 cm (4 in.) to the surface because waterexpands when freezing, pushing all
sedimentparticles up. When the sedimentsthaw, the gravel delays meltingof the ice directly
beneath it, allowing the finer-grainedsediments to fill in small cracks and holes around the gravel.
This process gradually moves the gravel up to the surface.

• Vegetation. Shrubssuch as sagebrushcan act as sediment trapsfor windblownparticles, causing
small mounds to accumulateat their base. All vegetation also helps removemoisture from the

. subsurfacethrough evapotranspiration.The more densely vegetated the surface, the less chance
there is of moisturemoving down to a significantdepth.

• Texture. Silts become more coherentafter periodic wetting and drying, forming an erosion-
resistantcrust (Mabbutt 1977).
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4.1 Location of Study

Three criteria were used in selecting areas to study bergmounds: 1) wind conditionat two sites, one
windy and anotherless windy, to comparethe effectsof wind on erosion of the bergmoundsurface;
2) a high areal density of bergmounds;and3) presenceof diamictonoverlying fine-grainedsediments.
These last two criteriahelp reducebias in choosing specific bergmoundsandassureas much similarity
to the conceptualbarrierdesign as possible.

Numerousbergmoundsoccur west of WashingtonStateHighway240 on both sides of State Road
24 along the westernmargin of the Pasco Basin. The high density of bergmoundswith diamicton
overlying slackwaterdeposits meet two of the three criteria. To satisfy the first criterion, two study
sites were chosen within this region. Site 1, located in Cold CreekValley between Yakima Ridge and
UmtanumRidge (Figure 4.1), was chosen as the windy site. The two ridges appearto "funnel" wind
down the Cold Creekvalley, causing relativelyhigher wind velocities andfrequencies as well as a
more focused wind direction, with winds primarily from the south-southwest to northwest(Stone et al.
1983). Site 2 is located on the gently-sloping, east-northeastflankof YakimaRidge (Figure 4.1).
Because of proximity to the ridge, this area is assumedto be more protected from the wind.
Precipitationis assumed to be essentially equal in both areas.

4.2 Methods Used to Estimate the Percent Gravel Cover

Two methods for investigatingthe amountof surface gravel were used. The first method provides
a direct estimateof gravel on the bergmoundsby percentof surfacearea coveredby gravel. This
method, called the ocularpoint-interceptmethod, uses a frame (Figure 4) developed by Floyd and
Anderson(1983a) for use in vegetation coverage estimations. This method has been shown to be more
precise and less time-consuming than other methods frequentlyused in measurementsof vegetation
cover (Floyd and Anderson 1983b). Although previouslyused only on vegetation, this method should
be applicable to gravel coverage as well.

T_.,_second method involves scrapinga sample from the top 1 cm (0.2 in.) of the bergmound
surface at the selected sample location. This sample is then sieved andthe percent by weight of each
particlesize groupdeterminedand relatedto the original sample as a percent of the original sample
weight.

It shouldbe pointf._l out that these two methods measuredifferentparameters. The first method
measuresthe percent cover, while the second measuresthe weight percent, of the gravel fractionin
sediments covering the bergmounds. Sieving is a standard geologic tool used to acquirewhat is gener-
ally qualitative or semi-quantitativedataon particle size distribution,by weight, of sediments. The
point-interceptmethod can provide quantitativedataon the percent of a given surface area covered by
any specific feature of interest;i_lthis case, gravel. The purposeof using both methodswas to test the
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Figure 4.2. OcularPoint-InterceptFrame

point-interceptmethodas a meansof collectingquantitativedata on gravel coverof the bergmounds,
whileusingthe sievedatafor a semi-quantitativecomparisonwith similardatafrom previousnatural
analogstudies,if desired.

Thepoint-interceptframeusedinthisstudyis 60x60cm (2x2 f_)andhastwogrids,one abovethe
other,set 10.2¢m (4 in.) apart. Eachgrid consistsof eightlines,fourin eitherdirection,with identi-
cal spacingbetweeneachline. The framecontains16intersections.Whenvieweddirectlyfrom
above,the alignmentof intersectionson boththe upperandlowergriddefinesa uniquepointon the
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ground surface below, which is then identified according to category of featvre and recorded. For this
study, five categories were defined for use with the point-intercept frame: gravel, bare ground, litter
(loose, dead vegetation such as leaves or pieces of tumbleweeds), plants, and cryptogams (moss and
lichens). For each gravel intercepted, its exposed long and short axes were measured and the general
lithology (i.e., igneous, metamorphic, etc.) noted. Where possible, the type of plant intercepted was
also noted.

- 4.3 Sampling Design

Two bergmounds were investigated at each site, providinga b_sis for estimating differences
between the two sites as well as some of the variations within each site. It was determined that eight
sampling locations on each bergmound, with two in each major compass direction, would provide the
minimum requirements for a statistically valid test of the two methods of estimating percent gravel
cover, i.e., to compare windy versus more sheltered locations, and amount of surface gravel present on
one side versus another side of the bergmound. This would allow comparison between variations in the
percent gravel cover and between factors that could affect the amount of surface gravel.

Specificbergmounds were selected at the two sites if they were large enough for eight sampling
locations and had only a few boulderson the surface. A large numberof boulderson the surfacecould
bias the samplingand/or limit the numberof samplinglocations on each bergmound. Spacesbetween
large shrubswere randomly sampled. Animalburrowswere avoided. A compass was used while
standingatop the bergmoundto determinethe four compass directions relative to the bergmound. The
specific sampling locations were then chosen within a 50-degree arc centeredon each majorcompass
direction.

The point-intercept frame was used firstat each of the bergmoundsampling locations. Once all
features intercepted with the point-intercept frame had been identifiedand recorded, the frame was
moved aside and enough of the top 1 cm (0.2 in.) of sediment collected to fiUone pint jar. By sam-
piing the same area measuredwith the point-interceptframe, a consistency is establishedfor comparing
the two methods. A shovel was then used to dig a hole measuringapproximately45 cm2 (1.5 ft2) to a
depth of 45 cm (1.5 ft) below the bottomof the diamieton. Samples were takenevery 15 cm (6 in.), or
where there was a change in texture. The samples were composites of all sides of the hole at each
sampling depth,and assigned a unique sampling numbersuch as 1-2-16. The left numberdesignates
the specificbergmoundfrom which the sample was taken: bergmounds1 and 2 are located in Cold
CreekValley at Site l, while 3 and 4 are located at Site 2 near YakimaRidge. The middle number
refers to the specific sampling location on that bergmound: the firsttwo were always located on the
northside of thebergmound, the second two on the west side, the next two on the south, and the last
two samplinglocations on the east. Bergmound1 also has one sampling site on top of the mound,
designatedas Site 9. The right numberrefers to the depth at which the sample was taken, in inches.
Selected samples were then dry-sieved for particlesize analysis. All samples arestored at the Hartford
Geotechnical SampleLibrary.
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Brief descriptions of the texture, color, and any other observable features were recorded, such as
the 13,000-year-old Mt. St. Helens set "S" ash, root casts, and calcium carbonate deposits. Also noted
were areas of erosion or deposition, and animal burrowing. The height and diameter of the
bergmounds were measured using either a plane table and alidade or a Brunton compass and tape.
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5.0 Results

The bergmounds in this studycontainedgravels of various lithologies and sizes. One bergmound
containedexclusively basaltclasts, while the others hada mixtureof igneous, metamorphic,and
sedimentary clasts. Exact bergmound sizes were somewhatdifficult to measure because they merge
smoothlywith the surroundingterrain. The edge of the bergmoundwasthereforedeterminedto be the
point at which the amountof gravel decreasedto thatof the areas between mounds. This is probablya

" slight size overestimation,since some gravels have probablymoved down the slope of the bergmounds
andonto the adjacentsurface. Since this method was used on all of them, however, their relative sizes
are consistent. Diameters rangefrom approximately26 m (85 f-t)to 53 m (175 ft), and height ranges
from 1.2 m (4 ft) to 3 m (10 ft). All of the bergmounds.investigatedwere generally circular andsym-
metrical in form, with a relativelyflattop. Animal burrowswere foundprimarily on the south and
east sides, and occasionally on top of the bergmounds. Areas of wind-blownsand deposition were
confined to the downwind,eastern side of **hemound, indicatedby the loose, fine texture of sediments
andby the general lack of cryptogams which requiresedimentsundisturbedover time. Plots of the
sieve data (see Appendix) indicate that almost all surface sample,s from the east sides of the
bergmounds(holes 7 and 8 for each bergmound)containless of the finestparticle size (._.4.75ck). This
is probablydue to the ability of finesilts and clays to form aggregatesand crusts that are less credible
by wind; therefore, they are not found in the wind-blowndeposits. Also, there are small hunanocks of
sand and silt beneath each sagebrush or hopsage wherever these plants occur, trappedby the dense
growth of these types of plants.

There are no obvious signs of erosion on the bergmounds,such as rivulets or wind-deflatedareas.
A cursoryexaminationof the areas between bergmoundsshowed evidence of erosion by waterin the
form of broad, shallow gullies andsmall rivulets leading to lower areas. There are far fewer gravels in
these areas, andthe gravels presentare on averagesmaller than those on the bergmounds.

When the point-interceptdata for percent covered by gravel were compared with the sieve datafor
percent gravel by weight (Table5.1), a wide variation was found in the weight percentof gravel
t_etweendifferentsides of any given bergmound,with a maximum differenceof 65 % for one
bergmound.

When the 95 % confidence intervalfor the differencebetween the point-interceptvalues and sieved
values (point-interceptmethod minussieving) was calculated, there was no distinguishabledifference

between the two methods due to the large amountof variatio_ in the data. When a regression analysis
was run on the same data, the coefficientof determination,r , was 0.57. In other words, only 57 %of
the variation in the point-interceptdatacorrelates withvariation in the sieve data; the other 43%of the
variation was not common to both datasets.

To determinethe numberof sampling points neededto use the point-interceptframe for measuring
percentgravel cover, with a confidence intervalof 95 _; and an absoluteprecision of 5, the data from
the west side of the bergmounds(shown in Table5.1) were evaluatedusing the equationbelow:
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Table 5.1. Summary of Point-lntercept and Sieve Data from Surface Samples of Each Bergmound

...................... I Ill,,

Point Intercept Method Sieving Method
Bergmound and ...................... Weight-%of -

Location Side of Hill Site Number of Gravels Gravel from
Number(a) Located on Hit/Site (n) % Cover (nil6) Sieving

.... 1'i ......................... N ............ 6 37'3"..... 37.6
1-2 N 4 25 38.8
1-3 W 10 62.5 60.4
1-4 W 6 37.5 44.7
i-5 S 8 50 55.3
1-6 S 9 56,3 64.7
1-7 E 5 31.3 22.6
1-8 E 1 6.3 0.6

1-9 Top 11 68.8 44.8
- 2'1 N ......... 4 .... 25 18.1

2-2 N 3 18.8 19.1
2-3 W 2 12.5 50.6
2-4 W 3 18.8 15.7
2-5 S 3 18.8 50.2
2-6 S 1 6.3 2.6
2-7 E 3 18.8 4.6
2-8 E 0 0 0.5

3-1 .... N ..... 0 .......... 0 20.4-
3-2 N 3 18.8 II
3-3 W 2 12.5 16.4
3-4 W 2 12.5 20.9
3-5 S 1 6.3 1.2
3-6 S 3 18.8 18.7
3-7 E 0 0 3.7
3-8 E 0 0 2

.... ....' N 3 ls.S' ..............2 .5
4-2 N 1 6.3 6
4-3 W 5 31.3 68.8
4-4 W 4 25 36.2
4-5 S 2 12.5 3.8
4-6 S 3 18.8 48.6
4-7 E I 6.3 13.1
4-8 E 1 6.3 6.8

-(a)Number left of hyphen ihd|eates bergmound, while the number right of hyphen indicates Which
hole on that bergmound. Bergmounds 1 and 2 are in Cold Creek Valley, 3 and 4 are at Yakima
Ridge.

_ 1,,,,,__ _ ,,1 ,, ...........
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NO := Z2S2

d2

where N ffi numberof samplingpoints
Z_ ffi 1.96 for a confidence interval of 95 %
S2 --- variance of the data
d2 _ absolute precision.

Generally, 10% is addedto NOwhen using that value to estimate the numberof samplinglocations
to be used on other locations. Based on this analysis, approximatelyeight sampling locations per side
of each bergmoundwouldbe requiredto achieve an accurateestimate of the percentgravel cover.
Because only two samplinglocationsper side were used, there is insufficientdatafor an accurate
estimate of the percent gravel cover. Therefore, most of the data collected using the point-intercept
framehas not been included in this report. Weightpercentdata from the sieve analyses will be used
exclusively in the remainingdiscussion.

As can be seen in Table5.1, the amountof surface gravel varies dependingon the aspect of the
bergmound. Figure 5.1 shows the meanrelative weight percent of gravel plotted againsteach compass
direction for all bergmoundscombined. On all bergmounds, the greatestamountof gravel is found on
the surfaceof either the west or south sides, with the east side always having the least amount. Three
of the bergmoundshave the highest proportion of surface gravel on the west side (bergmounds2, 3,
and4), while the fourthhas thehighest on the south side (bergmound1).

Sieve datafrom subsurfacesamples indicatethe sediments are sandy silts to silty very-finesands
with virtually no gravel clasts. The dry-sieving procedureused cannot distinguishbetween silt- and
clay-sized particles, which are consequently grouped together as silt in this report. The appendix
provides plots of the weight percentfor each particlesize for all samples sieved. This is similar to the
fine-grainedfractionof the surflcialsediments. In all sampling locations on all four bergmounds,only
three revealed gravels below approximately5 cm (2 in.) of the surface. Those gravels found below
this depth are isolated occurrences, with no evidence of other gravel or diamicton. These gravels may
have been deposited as drop-stoneswith the slackwaterdeposits or rolled down animal burrows. The
sampling locations containingsubsurfacegravel are as follows: bergmound 1, hole 1, at depthsof 46
and 61 cm (18 and 24 in.); and bergmound4, hole 7, at a depth of 25 cm (10 in.), andhole 8 at a
depthof 15 cm (6 in.). The gravels found at these depths appearto be of the same lithologies as those
on the surface, indicatingthey are associated with the flooddeposits, either as dropstonesor from

" diamicton.
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Direction

The abundanceof gravel at the surface andlack of it at depth fits the hypothesis that erosion,
freeze-thawandother factors could affectthe amount of gravel on the surface of the bergmounds.
Surfacegravel on the west side would be increasedby west winds blowing away fine-grained sediments
anddepositingthem on the east side, where fewer gravels were found. More freeze-thawcycles would
also act to bringmore gravel to the surface on the south side. However, there was virtually no gravel
found below the surface on any side of the bergrnounds. If the bergmoundconsists of diamicton, there
shouldbe subsurfacegravels on at least the east side.

As noted earlier,stony desert pavementshave a higher concentrationof gravel on the surface than
beneathit. Fecht and Tallman (1978) noted that the diamictonon the bergmoundswas up to 45 cm
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(1.5 ft) thick and apparentlycontained some gravel dispersed throughout it. There may be several
reasons why so little subsurface gravel was found in the bergmounds studied for this investigation. The
bergmounds may normally have a very thin veneer of diamicton, with only a few pockets of thicker
diamicton in places. The three holes containing gravel at depth could lie within these thicker pockets,
whereas the rest of the sampling locations are in areas with only a veneer of diamicton.

Although Bjornstadand Teel (in press) did not see any evidence for cryoturbation,they were
looking at sites where sources of gravel are one or more meters below the surface. Freeze-thaw

. processes are only effective in movinggravel to the surface in the upper 10 cm (4 in.) of sediment.
Since the diamic:oncovered the surface of the bergmoundsto a depthof up to 45 cm (i8 in.) (Fecht
andTallman 1978), freeze-thawcouldhave caused gravel to move to the surface, creatingthe subsur-

" face gravel-free gap in the few sampling locations with gravel at depth. Another possibility is that
erosion has removed all the fine-grained portion of the 4iamicton, leaving the gravel behindas a lag
deposit, Or thecause may be some combination of the above. Evaluatingthe cause of so little.
subsurface grawl is complicated by the impossibility of distinguishing between the slackwaterdeposits
and the fine-grained portion of the diamicton.

There appearsto have been a fair amount of bioturbationin thestudy area, as indicatedby
Mt. St. Helons set "S" ash found in burrowsandmixed with sediments in three of the bergmounds.
This ash was originallydeposited as one or two thin laminaeof even thickness. The bioturbationand
lack of distinguishingcharacteristicsin the diamicton prevented determinationboth of the thickness of
the diamictonandthe process by which diamicton gravels reachedthe surfaceot the bergmound.

This bioturbationalso preventsevaluationof the extent of erosion on the bergmounds. It was
thought thaterosion could be estimated by measuring the amountof gravel in relatively pristine sub-
surfacediamicton and extrapolatingthe amountof diamicton that wouldhave Icon eroded to arrive at
the concentrationof gravel found on the surface. The implicationsof not Icing able to do this are
discussed furtherin Section 6.0.

Other featuresnoticed in sampling the sediments includea crust on the surface andcalcium car-
bonate andsecondaryvesicular horizons beneaththe surface. The crustiness of the surflcialsediments
was exhibitedby a general lack of loose sand or silt particlesover much of the surface, andwhen
excavated, the surface sediments often remainedin coherentblocks several centimeters (inches) in
diameter. One factor thatmay affect the crustinessof the surface soil is the abundanceof cryptogams,
small mosses and lichens which grow on soil. Cryptogamshelp hold sedimentparticles together on the
surface. The crust on the surface sedimentshas also causedthe developmentof a secondaryvesicular

" zone found immediatelybeneath thesurface and extending downas far as 15 cm (6 in.). The vesicles
are small, on the orderof a millimeteror so, and do not seem to be connected. Whensoils become
saturated,air bubbles form andmove toward the surface. The presenceof a crust at the surface
prevents the release of these air bubbles, and as the soil dries, they form small vesicles immediately
below the surface. Vesicular zones are often indicativeof fmer-grainedsediments in the crust than
below the surface (Evenari et ai. 1974).
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The coherence of the surface crust and the vesicular horizons may be enhanced by calcium
carbonate accumulation in the sediments. Concentrations of calcium carbonate are ubiquitous in
semiarid soils of the western U.S. (Gile et al. 1966). Calcium carbonate in Stage I or Ii categories
(Gile et al. 1966) forms stringers and nodules in the sediments at various depths, most common in the
upper 30 crn (1 ft) of almost every hole. This often occurs adjacent to roots or root casts, where
moisture is removed from the sediments, leaving the calcium carbonate behind as a precipitate. The
sediments beneath the vesicular horizon were dry and very loose, blowing around in the slightest
breeze, with occasional hard layers. These hard layers may be caused by an increase in calcium car-
bonate, although this was not visually discernible, or by an increase in the proportion of fine silt and
clay, which are not distinguishable with the dry sieving technique used.
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6.0 Conclusions

This study was designed to determinethe physical characteristics of bergmounds and their
relationships to erosion. These characteristics are summarized by the following statements.

1. The bergmounds studied have a topographic relief of up to 5 m (16 ft) (Fecht and Tallman 1978)
and diameter of up to 56 m (175 ft) or more. They are roughly circular and symmetrical in shape,
and have a flat top.

. 2. There is no visible evidence of wind or water erosion on the bergmound surface,s. However, areas
between bergmounds show definite evidence of water erosion.

3. Diarnicton appears to be only a thin veneer over most of the bergmounds, with rare pockets up to
0.6 m (2 ft) thick.

4. The surfaces of the bergmounds are partially graveled, with most of the gravel on the west, north,
and south sides, and the least gravel on the east side.

5. The surflcial sediments (excluding gravel) range in composition from silty, fine to very-fine sand to
sandy silt, as do those beneath the surface. The surficial sediments often form a crust.

6. The bergmounds support a mature plant community including sagebrush, hopsage, passes, and
cryptogams.

7. Most sediments immediately beneath the surfaceare gravel-free and exhibit a vesicular and blocky
texture indicating long, undisturbed periods.

8. Calcium carbonate is accumulating in the subsurface sediments.

The first two characteristics listed above imply that bergmounds have survived, apparently intact, for
nearly 13,000 years against natural processes that are proceeding to erode sediments all around them.
There is no direct evidence to prove that bergraounds have not undergone some degree of erosion in
the past. The latter five characteristics listed above are all related to soil development and are thought
to provide some erosion resistance; with the exception of number 4, all are found in areas between

. bergmounds as well. Because there is less gravel in the areas that show signs of erosion between
bergmounds, it could be inferred that gravel on the bergmound surface has increased its resistance to
erosion.

It was hoped that the concentrations of surface gravel would clearly indicate an equilibrium
between erosive processes and the sediments on the bergrnounds, i.e., only the amount of gravel
necessary to prevent further wind erosion of the fine-grained sediments would be found on the surface,
with the rest still below the surface. This would have allowed estimation of the amount of gravel
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necessary for erosion resistance. This concept, however, was simplistic. The bergmoundsexhibit a
distributionof gravels over their Surfacesthat, at first glance, implies that processes such as wind
erosion on the west, eolian deposition on the east, and freeze-thawon the south side have caused the
variations in surface gravel cover. This concept was based on the assumptionsthat 1) the gravel was
spreadrandomlythroughoutthe iceberg and 2) the icebergwas centeredover the mound, causing a
fairly even distributionof gravel throughoutthe diamictonandof diamicton across the mound. This is
contradictedby the lack of gravels found beneath the surface anywhereon the bergmounds, most nota-
bly on the east side where less erosion and more deposition shouldhave caused this evenly distributed
diamicton to have remained in its nearly original form beneath a layer of windblownsand. The mecha-
nism for the uneven distributionof gravel must, therefore, be directlyrelated to the bergmound
formation, and not to erosion or freeze-thaw activity.

'It is proposedhere that the bergmoundsformed on the downstreamside of the iceberg, affording
some shelter from the floodwatersdrainingto the east/southeast. The topographic relief of the mound
was formed by the erosive force of the drainingcatastrophicflood water. The top of the moundwas
probablyslightly in front of the iceberg (Figure6.1). As the ice melted, most of the diamicton would
have been deposited as a layeron the west side of the bergnmunds,thinning on the northand south,
andalmost nonexistenton the east side. It is coincident_lthat this distributionmatchesthat expected
from wind erosion and freeze-thawprocesses, although these may have helped accentuatethe uneven
distributionby causing all of the gravels to be on the surface.

Several conclusions can be drawnfrom this study. First, although bergmoundsdo not appearto
have suffered excessive erosion, there is no way to relatethe amountof gravel on the surfaceto the
amountof erosion resistance provided. This will have to be determinedin other ways.

Second, there are several characteristics of bergmoundsthathave probablyimproved the resistance
of the bergmoundsto erosion. The graveled surface and soil development indicatedby the latterfive
bergmoundcharacteristicswould all contributeto protectionof the barrier surface andshould be con-
sidered in futuretests anddesigns. Although the larger cryoParbationprocesses do not seem to have
occurredin the Pasco Basin, smaller scale processes such as freeze-thaw may have occurred or are
coBtinuing. Freeze-thawcould potentially bring more gravel to the surfaceof the protectivebarrier
than is desired, affecting the evapotranspirationrateof the topsoil.

Third, the surfaces of the bergmoundsgenerally appearto have reachedlong-term stability with
respect to erosion, based on thedevelopmentof the cryptogramsand soil textures. This implies that
the analogous protectivebarriersurfaces will also reach a long-term stability after some period of
erosion and weathering of the surface.

Finally, althoughthe point-interceptmethod was not able to provide an adequateestimateof the
percentgravel cover of bergmounds, calculatingthe number of grid intersectionsper frame and/orthe
numberof replications requiredper sampling location will show that this method can provide accurate
estimates for percent gravel cover. This method couldbe a valuable tool for nondestructivetime-
efficientmeasurementsof percent cover.
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7.0 Recommendations

One purpose of this report is to make recommendations for possible future studies. Since this
study was unable to evaluate quantitatively the bergmounds' resistance to erosion ._"_dits causes, their
use in future erosion studies is not recommended.

There are other ways in which bergmoundsand the informationcollected from bergmoundscan be
• valuable in the effort to perfect the protectivebarrierdesign. One way would be to take those

bergmoundcharacteristicsthought to be a factor in erosion resistance andtest them in a wind tunnel.
Ligotke (1993) has performed tests with various amountsof gravel in a wind tunnel. By testing other
bergmoundcharacteristics in various combinations, theoptimal protective featuresnecessary for a
barriercan be determined. Different combinationsof bergmoundscharacteristics listedbelow would
be an excellent beginning for such tests.

• Crustysandy silt

• Sandy silt (not crusty)

• Cryptogams

• Maturevegetation

It should be possible to findgeographicareas where these combinationsof desired characteristics
occur naturally. Sections of these areas can thenbe excavated and transportedrelativelyundisturbedto
the test facility. Othersimilar studies on wind erosion (Chepil 1953) have used this method
successfully. This wouldbe especially importantin studying theeffects of cryptogamsandsome
plants, since they requirerelatively long periods of time to reachmaturity.

Othercharacteristics could be simulatedin the test facility, such as repeatedwetting and drying to
producea crust on the sandy silt. Winds at various speeds can be blown across these surfaces,
providingmeasuresof amountand size of sediments eroded per unit time. Such simulationscould be
invaluablein testingthe barriertopsoil design.

Waughet al. (in press) have investigatedevapotranspirationof moisture from test plots of fine
sedimentsmixed with varyingamounts of gravel. However, there has been insufficienttime for fully
mature,deep-rootedplants to become established. Bergmoundscould be useful in studyingthe
changingsediment moisture profile with depthusing neutronprobes to evaluateevapotranspirationon a

• matureanalog to the conceptualprotectivebarrier. This would provide informationon the effects of
matureplants, animalburrows, andgraveled and ungraveledsurfaces on moisture in the sedimentat
variousdepths, and would indicatewhetherthe barrierdesign will allow adequateevapotranspiration
underambientclimatic conditions. There are even bergmoundsfound at elevations up to 61 m (200 ft)
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higher thantho_e used for this study, which would provide informationon the same featuresunder
slightly cooler, slightly moisterconditions, which could occur at lower elevations duringa lO00-year
time-span.
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Appendix

Plots of Sieve Data from Surface and Various Depths of Bergmounds



Grain Size Scales
Modified Wentworth Scale

.U.S.
Grade Limits Standard

phi mm mm Inches Sieve Series Grade Name
,,,, i i IL

-12 .... 4096 161.3 ................................
Very large

" -11 .... 2048 ............... 80.6 ................................
Large

-I0 .... 1024 ............... 40.3 ................................Boulders
Medium

-9 .... 512 --- 20.2 ................................
Smai1

-8 .... 256 I0.i ..............................
Large

-7 .... 128 5.0 ................. Cobbles
Sma11 GRAVEL

-6 .... 64- 2.52 ...... 63mm ..................
Very coarse

-5 .... 32 ............... 1.26 ...... 31.5mm ..................
Coarse

-4 .... 16 0.63 ...... 16ram ........
Medium Pebbles

-3 .... 8 O.32 ...... 8mm .........
Fine

-2 .... 4 0,16 ..... NO. 5 ..................
Very fine

-I .... 2 0,08 ..... No, I0 ................
Very coarse

0 .... I ............... O.04 ..... No. 18 ..................
Coarse

+i .... I/2 .... 0,500 .................No. 35 ..................
Medium Sand SAND

.2 .... i/4 .... 0 250 .................No. 60 ..................
Fine

*3 .... !/8 .... 0 125 .................No. 120 ..................
Very fine

*4 .... 1/16.... 0 062 .................No. 230 ................
Cuer_e

*5 .... 1/32.... 0 031 ............................................
Medium

+6 .... 1/64.... 0 016 ............................................Silt
Fine

+7 .... 1/12_°--- 0 008 ...............
Very fine

+8 .... 1/256 -- 0 004 ................................................ MUD
Coarse

+9 .... 1/512 -- 0,002 ............................................
Medium

*I0 .... 1/1024 - 0,001 .................................Clay
Fine

" .If .... 1/2048 -'0.0005............................................
Very fine

.12 .... 1/409B - 0.00025 .........................................
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