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Problem Statement:

An Important design parameter for the final cover of the Moab uranium mill tailings repository Is the maximum
depth to which frost can be expected to penetrate into the cover. When surficial soils freeze, the coupled
processes of freeze-induced expansion and desiccation result In reduced soil density and the development of
cracks and fissures in the cover soils. These occurrences lead to increases In hydraulic conductivity and gas
permeability, which manifest as detrimental Increases in the Infiltration of meteoric water into the cover, and
also to increased flux of soil gases (e.g. radon) from the cover. As it Is a design imperative to reduce both the
water Infiltration into and the radon flux out of the repository, the upper surface of the radon barrier must be
situated sufficiently below the effective ground surface that It Is protected from seasonal freeze/thaw effects:
The objective of this calculation set Is to identify the design maximum frost penetration (design frost depth) at
the repository site assuming a recurrence interval of 200 years for design of the freeze/tha{& protective layer.

Method of Solution:

" Obtain climate data for the site.

" Obtain material properties for the in-situ borrow materials from the Field Test Documentation Calc set
for the Crescent Junction Site.

" Use the method described In Smith and Rager (2002) to predict the maximum depth of frost
penetration for the Crescent Junction Disposal Site.

Sources of Formulae and References:

Aldrich, H.P. and Paynter, H.M., 1953. "Analytical Studies of Freezing and Thawing of Soils," First Interim
Report, U.S. Army Corps of Engineers, New England Division, Arctic Construction and Frost Effects
Laboratory (ACFEL) Technical Report 42.

Kersten, M.S., 1 949."Laboratory Research for the Determination of the Thermal Properties of Soils," Final
Report, U.S. Army Corps of Engineers, New England Division, Arctic Construction and Frost Effects
Laboratory (ACFEL) Technical Report 23.

NAVFAC, 1986. Naval Facilities Engineering Command. Soil Mechanics Design Manual 7.01.
Alexandria, VA. pp 7.1-42.

Smith, G. E. and Rager, R. E., 2002. "Protective Layer Design in Landfill Covers Based on Frost
Penetration." ASCE J. Geotechnical/Geoenvironmental Engineering, 128:9, pp. 794-799.

U. S. Army and Air Force, 1988. (Departments of the Army and the Air Force). "Arctic and Subarctic:
Construction Calculation Methods for Determination of Depths of Freeze and Thaw in Soils, First Intern
Report." Army TM 5-852-6, Air Force AFR 88-19, Vol. 6. ,

Assumptions:

" No climate data is available for the Crescent Junction Disposal Site. Climate data from
Thompson Springs, Utah, was available for 37 of 61 years from 1933 to 1994. Thompson Springs is
located approximately 5 miles due east of the proposed disposal cell site. The elevation at the
weather station (5,150 feet [ft]) Is approximately 112 ft higher than the estimated highest top-of-cover
elevation (5,038 ft) at the Crescent Junction Site. It Is assumed that the climate at the Crescent
Junction Disposal Site is the same as that of nearby Thompson Springs, Utah.

" Literature sources are reliable and representative sources of the physical phenomena.

Regardless of the final cover configuration selected, the loosely compacted cover materials will act as
either the protective layer over a typical compacted. soil radon barrier or as the upper zone of a
monolithic cover. The effects of rock mulch or other surface treatment were conservatively neglected.
Frost penetration decreases with both increasing soil bulk density and increasing water content, due

U.S. Department of Energy FreezelThaw Layer Design
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to the insulating effect of ice that forms as water freezes. Although the loosely placed cover materials
will initially have higher bulk density and water content than the in-situ borrow materials, the cover soil
density and moisture conditions will eventually return to their in-situ state due to prolonged exposure
to freezing and thawing cycles. Consequently, soil conditions for the frost prediction model were
assumed to approximate those of the in-situ borrow soils, as indicated below.

Water Content
Borrow Material Condition Dry Density (gravimetric)

(pcf) %
Loosely placed cover

(85% ASTM D 1557 max dry density 103.5 9.7
@ 2% below optimum water content)

Average In-situ conditions 87.9 7.2

Conditions modeled 90.0 8.0

Calculation:

Step 1. Determine Freeze-Index Parameters
Climate data consisting of 37 years of maximum and minimum daily air temperatures were used to
compute the air-freeze index (degree-days), duration of freeze, and mean annual temperature for
each year. Plotted data are included as Appendix A.

Step 2. Determine Surface Temperature Correction Data
The daily temperature data used to determine the freeze-index parameters are typically measured 1.5
meters (m) above ground surface. However, measured ground temperatures can be greater than air
temperatures due to the effects of snow cover, net solar radiation, thermal conduction from warmer
soils below the surface, and convective h6at transfer (Smith and Rager 2002). The ratio of the
surface-freeze index to the air-freeze index is related through a factor, N. Because of the complexity
and uncertainty between the freeze indices, a conservative estimate for N Is recommended for
practitioners (U.S. Army and Air Force 1998). The surface correction factor, N, was conservatively
assumed to be 1.0 for analysis of the Crescent Junction Disposal Site. In addition, values for N of 0.8
and 0.9 are used to more realistic estimates for depth of frost penetration assuming a vegetative
cover and a rock cover, respectively.

Step 3. Determine Soil Thermal Properties
Soil thermal properties-thermal conductivity, heat capacity, and latent heat of fusion--are products
of empirical relationships between the dry unit weight (pcf) and gravimetric moisture content (%).
These relationships are reproduced in Aitken and Berg (1968),originally published by Aldrich and
Paynter (1953) and Kersten (1949).

Step 4. Determine Annual Frost Depths
Annual frost depths were determined for each of the subject years using the Modified Berggren
Formula (MBF) as discussed in Smith and Rager (2002). The MBF was converted to PC software by
the U. S. Army Corps of Engineers in 1997. Computer output for each year analyzed are presented
as Appendix B, including design air freezing index, design surface freezing index, mean annual
temperature, length of freezing season, and total frost penetration.

' Step 5. Determine Extreme Frost Depth
Extreme-value frost depths for the 200-year recurrence interval are determined by extrapolating
beyond the record of observed data using the cumulative probability distribution of the Gumbel
function (Smith and Rager 2002). Frost depths are plotted in relation to the standard variate and
recurrence interval, and linear regression is used to extrapolate and interpolate freezing depths.
Graphical results of the extreme-frost-depth analysis are included In Appendix C, and indicate a
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maximum frost penetration of 41 inches (104 centimeters [cm]) for a recurrence interval of 200 years
with a surface factor of 1.0. Frost-depth predictions are also made with surface factors of 0.9,
predicted depth of 41.5 inches; and with a surface factor of 0.8, a frost-penetration depth of 38.5
inches is determined.

Discussion:

Placing a 44-inch-thick frost-protection layer over the radon barrier layer is the maximum thickness of soil
required to prevent freeze-thaw degradation of the barrier layer (N=1.0). Less thicknesses of 41.5 inches
(N=0.9), down to 38.5 inches (N=0.8) are also pred!cted dependent on the ratio between the air
temperature and surface temperature. Verification of the 41-inch predicted frost depth at proposed
Crescent Junction Disposal Site compares well to other uranium mill tailings disposal cells in the general
region as shown in the Table below.

Site Design Dry Density Design Water Predicted Frost
(pcf) Content (%) 'Depth (Inches)

Monticello, LIT 90 17 45

Cheney (Grand Junction, CO)' 104 12 38
Estes Gulch (Rifle, CO)' 106 9 69Green River, UT No frost protection layer included in the design

Three layers In protective cover:. 12-inch coarse material (rock riprap), 6-inch coarse material (sand bedding),
and fine material with these properties reported.

Green River, Utah, is the closest constructed disposal cell to the proposed Crescent Junction Site. No
information was found to document that a frost-penetration analysis had been performed here. The cover
at the Green River Site consists of a 12-inch-thick riprap layer underlain by a 6-inch-thick sand drainage
layer. Discussions with designers of the disposal cell reveal that an analysis was performed and without a

) protective layer, the depth of frost penetration does extend into the radon barrier, but not completely*
through the layer. No performance data was discovered.

Given similar density and moisture conditions, the depth of frost penetration into coarse-grained soils,
such as a sand layer, is slightly greater than for a fine-grained soil layer. Thus, Inclusion of a sand
drainage layer below a protective layer of soil would slightly increase the magnitude of frost penetration, if
the sand were used to replace the fine-grained soil. However, the magnitude of the difference in
thicknesses is not expected to be significant.

Conclusions and Recommendations:

* Based on results of the freeze/thaw analysis, a maximum frost penetration of 41.5 inches (1.05 m)
should be assumed for design of the Moab uranium tailings cover at the Crescent Junction Disposal.
Site, using a rock cover, and 38.5 inches (0.98 m) if a vegetated cover is used

The design depth of frost protections depends on'the type of cover chosen In the final design.

Computer Source:

MBF (Modified Berggren Formula). Coded for personal computer use by U.S.Army Corps of
Engineers, Cold Regions Research and Engineering Laboratory in 1997.
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Appendix A

Plotted Freeze-Index Data



Appendix B

MBF Computer Output



Appendix C

Results of Extreme Frost Depth Analysis



APPENDIX A

PLOTTED FREEZE-INDEX DATA
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APPENDIX B

MBF COMPUTER OUTPUT
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it: f ype inclleý; Fa c It Lo ye v A c c ontt I at ed

End of' Fro!ý f, Penet vat ion

TOTAL FROST PFNFfRATI0N i fa-!;

Do _YOU tpant a hard copy of tbis data (,ý, or ýo?

1941

CV,,R -~ 1* NDSPG I 9fotX0

De ý ifill Fvee., i liq I ode x (1) 1 H) F, dayýý
Del;ign Yvve,,inýj Index (IMIWACU) F daw,.,
Mean Annual fenjoevol'ove OF
Lentith of Fveeýýimj ScOt-,on Da t)!;

11flyl-H r R FI,*Z I NG INDIX DIýIRIBIJTION
11A Y Fit I R I C KNt 1ý

inc hes It Lkyev Accktriolated

und of Frost Pelletrat, ion

TOTAL FRMF PENETRATION ý I . i n ( he!;

Do Voo, want a lilrd copy of thiý; dota ov N

co0



Dei gnI, I'veei nq Inde (AR 17tltd''• " F- days•_E

LAYR:N i FREZN INDE Dl'TIBUITlW]I[ON

ii L AY[ýJ TNIICK]NlO]l-- []_[]IS •

#: ,•n~nir • Type/• (ncbei Eac Layer tU'Acu n mIla

li

I.n•t ofl Fr en If l'iaI'on Dim a __ )

Ii •YF FIIUZIN. INDEXlI] II DISTRBUTIO

LAY '~u Rn1[ T~• • •:i • KI S



1945
*L 11' -~xt

Smikiftary: MOD I f'I ED 131 RGGRF.N 0 [Al I I ON

Design Fveezinq Index (AIR) - 32 F-day--
Design Freezinq Index (SURFACE) - e? F-days
Mean Annual Tenperat"re OFLengtb of Freezing Season Day g

LAYFR FREEZING INDEX DllýTRIBUTIONLAYER T 111 CHNFSS
H: Type in c hes > Each Layer Accunttlated

q 1"i i e, it
griiined

!7ini- g výý imed
End of I'vost Penetration

TOTAL FROST PLNETRPTION 4,01 inches,

Do YOU want a bard copy of thit; data (Y or

Deýýq 1,1ce'n Index• [!UFAF Fm da Y!

LA Yb•••li FR I FRIHI fZ I-N INDE ll'tl•+,Ri BU O

LYRI'l I ~•lL IKNE ý'ý•|li~l~flf!If]'

,rOTA~lm FR PENETRlllATIONi, - i:ý . ] t'inches
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1950
..... .. .* .. -. ..x. Ii

Sunmary-, MODIVII'D I*.'RAGRLN S01,0110H

Design Free2inq Index (AIR) W FMays
Design Freezing Index (SURFACE) IJU F-days-
flean Ammal TemperaLtme 520 OF
Lenqth of Freezing Season Q Days

IAYFR FRFEZING INDFX DISTRIBUTION
hAYUR THICHNES`ý

U: 'Type in(,- Iles Fach I"W",ter AccunnIated

Fnd of Frost Penetration

'I'01AI, FROST PENLTRAHON : 1 , inchefý

Do you want a hard copy of this data <',' or

1954
- 1. 9 P 1I

ýT ý,

DeAgn I'mesing Index (AIR) W F-da,
Design Free,ýinq Index W 17 days
Man An"al TeMie"tnaw OF
Lenqtb of Frevý,Kq Season Dayi;

LAYER 17RI:FZI NG' INDI-X DVýIVIRIJTION
LAYUR 1111 CENVS ý,' I

H: I ype < i"Uhm WC11 KAWIr Act "n"Jaced

o,
Und of Frw't Pertetv"t ion

IOTAI, FROST PENEIRATION ý : ý inchw;

Do you uant a hard copy of thiF. data ýý, at- )?

!
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Desiti Freeýin Inde (SRFCE Wlld'9 Fel daysso
Mea Aima iinoertu 1 O

1956
C:V)ROGRA-lADOSPRG-IlfrostAGO2.e)m

De ý, it) 11 Fvcc,.ýiw 'j Index (AIR) F do Yý;
Vveeý'illt4 Index (SUREACF) F da y,ý

MeAn Annual fenpeeattive 0
Lerq1th of Fl-ecý-'ioq ("eaý;on a s

LAY ER ERU EZ I NG I NDFX D I t, I R I BUT I ON
LA Y FR 114 1 C RN VS!,

0" Tvkpe (incbe,,;) Lac 11 1-1 ye r Accunn 1,ited

Elf,
End of Fl-w-'t. Perwell.l.'Ition

rofAl. FRO`ýT PENETRATION 1,ýý incjkefý

Do yok, klant A 11,11.0 Copy of tjliý; data <' of'

i

C--i
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C:VRO(iRA 1b~iJ IWISgP i

ilT',kriary MODIFIED OLUHi
i!e riLgn.T Frezn •Index• (AR 08AI~ F-~a idays•mlf1

1961
I ,,* 9) * - -:PO;AIDSRGlfot~~~ .4DR-2x1

Wy-rw H"H! I 1 1 P WIN TIA 'np 10 WH

Det;iqo Fvee,,,inq Iodex (AIR) F dayýý
Design Freezing Index I" daqýl
Mean Anotual Teriperatilre Or,
be"tb of I'meni"q Season Dayn

LAYER FREEZING MDFX DISFRIMITION
LAYER I H I CKNFS!ý

H: Type ( imAws Each Inyer Acum"lated

End of Fron, t Penc-t rat ion

TOTAL FROST PPNETRATION : ý , 1 ilcche!ý

Do yout u,ýknt oL hard copy of Lhiý; data <,ý or ?0?

cr1



lei gn11 I'ezn I ndex (AI) F day

iLAYERf FRFfaN INEF DISTRIBUTIONl~

a LAYE JHIGHiN'FSS ~u [ll11••ET

It: T ypt < ililli'e'l l Fac" h %W Lay r c urtla

!

1971
CVRORA-1 WOPRG 1 f rot%6.ex IE

Hý11ýf I Fill T10:11f.14

Des ijo Free,: iOg I odex (A I P) F dayt,
Deniqn Free.iiii(I hidex <SURFACE) F day,,ý
Mean Animal I e IT) PV V,1 t I I Ile ol"

Length of Fveeý,inj Seaýýori Do y

IIAYIýR FRI;FZ I NG INDEX DPý'IRIBIJTTON1, A Y F R T I I I C HN F S S
F ype (it i c fit- s > Each I-ITkev Act.4knolated

Fild of Front flejwtval, ioll

TOIAL FROST PENETRATION iriches

DO yot( tiant a hard Copy of tlliý; datA (Y oi- Y?



1974
. 9 W

Design Freezing Index (AIR)
Design Freezing Index (SURFACE) ýl F dayf;
Mean Annual Tenpevatiwe 0 OF
Length of Free,ýinq Season W, Days

LAVER FREEZING INDEX DIRTRIBUTION
LAYER THICENESS

4: Tqpe (inclkes) Each Layet, AccOrittlated

ro i Of! 
v ,

End of Fvo!ýt Penetrat ion

TOTAL FROST PENETRATION inches,

Do YOU klAnt A 11,11-d C-01)9 Of tlliý; Cllta ("' 01' H)?

[| e i.] nl FveeIIýinC x IRIIA -- day,•1111m111

Mean1 AnnnI re iertivel, OFll~tm~ke
Leotrith of$Jll l rceý,nl Se,-ýi 111on



1976

Sl.%mmary: MODII'IED BERGGREN SOLUTION

Design Freezing Index (AIR) 29ý F--day--
Design Freezing Index (SURFACE) 293 F-days
Mean Annual Temperattire OF
Lenqtb of Freezing Season 4!:, Dayss

------ -- -- ---------------

LAYER FREEZING INDEX DISTRIBUTION
LAYER THICKNESS

4: Type (inches> Each Layer Accunulated

V groined
J"hw 4 1-,k ined I,,

End of Frost Penetration

TOTAL FROST PENETRATION l'-8 inches

DO _YOU tiant a hard copy of this data ('ý' ot, N)?

1977
C:.ROGAlDOSRG* frst 92 s xt

MAD I" I T' I 1: 1) 1 1, F If G. G R I .'N S' 0 1, 111 1 ON

Design Freezinq Inklex (AIR) - ýl F da 9
Design Freezing Index <ýURI'ACL) F--dwq,,ý
Mean Armuiikl Tenpevatitre OF

qth of Fvee;-inq !ýeason y n

LAYER FEFUZING INDFX DlýTRIIJUIION
LAYER T H I C HN FS, !3

It: Type (inches) u'lch 1.ýVer Act,141114lated

Fold of, F ro f" t Peneurat ioll

TOTAL FRORF PYNETRATION ; .ý ýg inche!;

Do yoo, want a bard copq (if thin. datA (ýý or



1978
........ ........-....... .......

zjrý, X -I

'U Rma vtý ý MO D If, IED B I.,Rc-RLH 11011111 ION

Design Ft-eezinq Index <AIR) F dayý-,
Design Free2ing Index (SURFACEý F d'Ays
Mean Annual Teriperatore
Length of Ft-ce;!inq Season DAgs

LAYER FRFFZING INDEX DISTRIBUTION
LAYER TH I CHNESS

4: Type if) c bes > Fach Lt ye r Accunulated

I' i1w 41-,A in *-J 0
va i I I 0ý

A

End of Fj-w-;t Penetration

TOTAL FROST PENETRATION inches

DO yon QAnt ck IkAl-d COPY Of thiS d1At1t C9' 01- N)?

1979
'e ' £ U - - ...lfostAGD.ex Jl

Des igo Free-ing Index (AIR) F- (Iay,ýDesign Freezing Index 0ý11RFACF.> F
Mean Animal Teriperatore OF
LengtIt of' Fveeý-,inq ýeanon

LAYER HIFEZ I NG INDEX DISTRIBUTIONLAYER J 111 CKNFIý
It: fype ji n c Ile, > Lacl) Layel- Acckmolated

A

End of Front Penett-ation

T01"AL FROST PLNF1 RAT I ON ýý, ',I illcllf-:ý

Do yoll klant ý hard copy of' tlki!. datA <V or f0?
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II n FrI I7 in Ine <AIR)

Deiq Fee ingIdex~l < D-F•F I9 F daysm~
Meal n Ai rma Terpe.•ur OF~lI ••r r1Im•[IN

Length of~~l I Free.iI: i ngI -- no 4P1 Day-I

Ii

1982
C:0~ 9'ORA-1 OPR 1 %rsX02.94m ti

Desiqn Fveeý!iroj lodex 0M) F datv
Deý;iqn Fveeýýinq 111(lex <ýMPUACF) F dayn
Mean Anrii.k 4A 1 Tenvel'atilre III,
Leogt1i of Freeýill(l st-,,kýopo D'A y s

LAYER F REEZ I NG INDE-X DP;IRII;0TION
LA Y Ell THICKNU!,!,

It I ype < inc hes) t"A I I La ye 1, A c c tk nit I a t e (I

End of Frof"t. Penetration

IoTAL FROST PFNEfRATION 'Vý; incjveý;

Do yolt kPalit a hard copy of tbir, data C., or H -e
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1983

-ni '

Simriarg: MODIFIED BLRGGHT"'N ROUII ION

Desiqn Free7ing Index (AIR) ? F da 9 n
Design Free.7inq Index (SURFACE) F (I,*
Mean Annual Tenperattwe OF
Length of Fteezinq Season Da yn

LAYER FREEZING INDEX DISTRIBUTION
LAYER TIIICI(NEqS

ft: Type inclies Each Layer Acctmnlated

V i gr a i n d P
Yi;w

End of Frost Penetration

TOTAL FROST PENETRATION - 8-" inclies

Do I)OLI. iyant a hard copy of this data (Y or N) ?

1986 -

IC:U)ROGRA-,IIOPG-lrstG 2 mm I [11l, i - m I11,

IllLAYERIFREEZING INDLllL Vl- • IHlBU]fi'

I L• • mFiE * I '~~l m ll •I C l'ffN EII SS
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1987

"imn MEN SOLUT 10 Nary: MODIFIED BL.RGG

Design Freezing Index <AIR> 225 F da ys
Design Freeoing Index <SIIBFACE) F-dal)s
Mean AnnLtOl Tenperatnre L,:ý OF
Length of Free:7inq Season Do 9 s

-------------
LAVLR PBFFZINC INDEX DISTRIBUTION

LAYER THICYNESS
It: Type (inches) Eacb Layer Accunctlated

48
Fiw !Jt-, ine-1 0 M

no i d 9
End of Fvost Penetrtition

TOTAL FROST PENETRATION - il:-1; inclies

Do gott woait a hard copy of this datt (,I' or H)?

Design Fveeiin Ine <S•URF|•I[R Fa i 9Lj
le~'mnctlt~ ili asou Days~

LAYER FUIZINGINDEX l~• D RIBtIOND'
iLARfs41 111 CYNM•

liar il(i, n • tles tilml [Lave rccorittlaLte

i~etl gll ll:,80
4:itfl P f!+•i lAli•llll'J - • l l'l



I • tnrlay I MOD•IFI' PERGGHn SOL I ON a
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Mea Ar'folJ Tempe raim re OF••m~ii
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1990
hi, *7779777 ,797- -

- icliý Xý

Dý 1, ý i I g !I ý W;( Ji EN SOLU I I oN

Design Fuleezing Index (AIR) ý5ý F - da ys
Desiqn Ff-ee.ýill<4 Index (ýIJRFACF) F-days
Mean AnnUal Tenperlattive 0
Lew th of Fveeý!inq Sew;on Daqtý

LAYUR FREJ,1Z I NG INDEX Dt';IRIBtlllONLAYER T H I C HN f. S ýý
It: I ype if) c Ike n Uac 11 1 lit ye v A c, c I trw l'a t e d

Ji

End of Ft otA Pelletv"t i (11

TOTAL FROST PENETRATION oc 11(-;

Do yoll kPant a hal-d copy of this data < ` ot,

Ct



1991
C., * Fl * RG11fos- -Dx Ij

MOD111 I D fil-RCGREN SOL111 [ON

Design Free,,,inq Index (AIR) F day7
De--iqn Freezinq Index (SURFACE) Wlfý F (lays
Mean Annual TeUlVel'atlAVV OF
Length of Freezinq Searon Daw-,

LAYER 17REEZING INDEX DISTRIBUTION
LAYER T H I CHNESS

ff: Type (irlcllef0 Fach Layer ACCUnolated

j 14

F it, j- i n ý09A

End of Fiont Penetration

TOTAL FROST PENETRATION - :'; At inches

Do YOU klant, a hard copy of this data (Y or N>?

1992
C:IPROGRA-11DOSPRG-IlfrostXG02.exe

T-'M

S of'll T I ON

Dcsiln I'veeLing Index (AIR) ? 18 17 days,
Deniqn Freeýýinq Index (SURFACE> '.118 F-day,ý
Mean Anflual lenpel'ature '.0 "F
Lenqtli of I'veezinq Svaý3oit 11 Da y-j

LAYER FRLLZ I NG' INDEX DISIRIBUTION
LAYER III I CHNESS

ff: type illelles Fach bayel, Accunniated

Yý

End of Fl-wA Pcnet.rdLioll

iorAl, FROST PENETRATION " " A inelle.;

Do 9o(i uant a hard copy of this data (Y or > ?

J•
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1994

I
Stmnai,.q: MOMFIT'D BERCGREN ý;OLUIIOH

Design Freezing Index 01R) = 284 F days
Design Fieezing Index (SURFACE) = 284 F-daVs
Mean Annnal Tenperatnre 1,2.'; OF
Length of Freezing ýeason 81! Days

LAYER l,'RFFZINC INDEX Dl(ýTRIBUTION
LAYER I III CKNESS

U: Type (inches) Each I"Ayel. Accimolated

Ylop. va ine. (I
W.1

t ine gt,,, i it e rl
End of' I'vost Penetration

TOTAL FROST PENETRATION !,I - ý incht-s-

Do you tianL a hard copy of this data (Y Or

i DeJs''B ii cn i veen Index ( I R)l~i

c2- I



APPENDIX C

RESULTS OF EXTREME FROST DEPTH ANALYSIS
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Problem Statement:

* Part 40 of the Code of Federal Regulations, section 192.02 (40 CFR 192.02) requires that control of
radioactive materials and their listed constituents shall be designed to provide reasonable assurance
that release of radon-222 from residual radioactive material (RRM) to the atmosphere will not exceed
an average of 20 picocuries per square meter per second (pCi/m 2/sec), averaged over the entire
cover top slope.

" The cover of the Crescent Junction Disposal Cell must be sufficient to provide isolation of tailings and
control of radon emanation for the period of up to one thousand years, to the extent reasonably
achievable, and, in any case, for at least 200 years.

* This calculation establishes the dimensions and input parameters for design of the Crescent Junction
Disposal Cell radon barrier that will provide the requisite reasonable assurance of performance.

Method of Solution:

* Site-specific data for the RRM, which includes tailings, contaminated soils, mill debris, and other
contaminated materials, and for the native cover materials were developed through thorough field
investigations and laboratory testing programs (DOE 2006a; Golder.2006a). These site-specific data
are presented in summary tables presented in Appendix B.

" Two conceptual design configurations were evaluated. One using a compacted-clay radon barrier
(Uranium Mill Tailings Remedial Action [UMTRA] checklist cover) and one using a monolithic soil
cover (Alternative cover).

• The Nuclear Regulatory Commission (NRC) computer code RAECOM (Rogers et al. 1984) was used
to calculate the optimum radon-barrier thickness, given the specific input parameters for each model

In order to evaluate the impact of the uncertainty for the input parameter values on the calculated
radon-barrier thickness, model runs were performed using the mean value of the key input
parameters and using the mean value plus the standard error of the mean (SEM). A ratio of the
calculated radon-barrier thickness, using these two ranges of input values of greater than 1.4,
indicates that additional characterization of the input materials may be required to decrease the
design uncertainty (DOE 1989).

Assumptions:

" Tailings activity will be relatively homogeneous as placed; no layers of different radium-226 activity
were modeled. This is conservative, as placement of contaminated soils of lower activity may be
placed in the upper portions of the pile. It is anticipated that the cover design will be re-evaluated
during construction using actual as-placed source material activities and properties to ensure the
cover is optimized for as-built conditions.

* Bottom-boundary radon flux is equal to zero, as per the Technical Approach Document (TAD)
(DOE 1989).

* Ambient air radon concentrations were assumed to equal the conservative default value of zero, no
local ambient air radon concentration data were available. Should these data become available prior
to construction, these measured values should be considered in evaluation of the final cover design.

* The tailing side slopes will be constructed of dikes made from clean fill to thicknesses far in excess of
-the cover and with properties comparable to the cover material; therefore, radon flux through the side
slopes was not modeled.

Following UMTRA precedence, materials above the radon barrier (e.g., freeze/thaw protection layers,
riprap, or rock mulch erosion-protection layers) were not modeled. These overlying materials provide
additional radon attenuation. This conservative assumption enhances the reasonable assurance that
the barrier as designed will provide the requisite protection and long-term performance.

U.S. Department of Energy Radon Barrier Design Remedial Action Plan
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* A clean-fill interim cover 1 foot (ft) thick will be placed over the tailings as a best management
practice.

* Physical properties of the cover materials are adequately represented by the characterization data.
This is supported by analysis of parameter uncertainty using the SEM in cover calculations. These
show that the calculated radon-barrier thickness when using the mean parameter values plus the
SEM is less than 40 percent greater than the calculated radon-barrier thickness when using the mean
parameter values.

* RAECOM model default values for radon-emanation coefficient (0.35) are assumed conservative and
appropriate.

* Capillary breaks and biointrusion layers were assumed to have insignificant impact on radon
attenuation, given their large pore size and low long-term moisture content. Therefore, these layers
have conservatively been omitted form the RAECOM model runs.

Calculation:

" The mean value (Xmean) of any parameter is calculated by the equation:

Xmean = •xi / n

where: xj = the ith value, and
n = the total number of values.

* The standard deviation (s) of a set of values is calculated by the equation:

s = sqrt( (Z(Xi- Xmean) 2 j [n-li))

where: sqrt = the square root of the value.

• The SEM is calculated by the equation:

SEM = s / sqrt(n)

Porosity ('q) of a sample is calculated from the equation:

(rI = (1 - [dry bulk density - (specific gravity x unit weight of water)])

where the Unit weight of water is 62.4 pounds per cubic foot (pcf), or 1 gram per cubic
centimeter (g/cc).

" The density of a sample in g/cc is converted to pcf by multiplying the unit weight of water (62A4 pcf).

" The Rawls & Brakensiek equation referenced in the NRC Regulatory Guide 3.64 (NRC 1989a) can be
used to estimate the 15 bar moisture content as a reasonable lower bound of long-term moisture
content. The equation is:

15 bar moisture content = 0.026 + 0.005z +0.0158y

where: z = percent clay in the soil
y = percent organic matter in the soil

U.S. Department of Energy Radon Barrier Design Remedial Action Plan
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For example, the calculated 15 bar moisture content of the alluvial site materials, which have a
mean clay content of 18.63 percent and a mean organic matter content of 0.28 percent is:

15 bar moisture content = 0.026 + 0.005(18.23) +0.0158(0.28)
15 bar moisture content = 0.075, or 7.5 percent

The individual RAECOM model output files, which include the input parameter values for each model
layer, are included in Appendix A. -Appendix B provides additional calculations and data supporting
development of the input parameters.

Discussion:

Two general cover configurations were considered: 1) a "typical" UMTRA-style cover consisting of a
compacted, native-clay radon barrier (see Figure 1); and 2) an alternative cover design using a monolithic
cover of loosely compacted native materials (see Figure 2). It has been assumed as a best management
practice that a 1 -ft-thick interim cover of clean native materials will be placed on the RRM to control wind
transport of fine material and to provide for a relatively clean and uniform work surface on which the
radon barrier will be constructed.

The radon barrier layers have been optimized by the RAECOM model to limit the radon flux to
20 pCVm2/sec under long-term moisture content conditions. As with previous UMTRA Title I cover
designs, the attenuation of radon by the freeze/thaw or erosion protection layers are not considered in
these analyses, though these layers will further reduce the radon flux rate at the Disposal Cell surface.

Because the Disposal Cell design calls for clean-fill dikes, only flux through the top cover is modeled.

Description of Model and Input Values

Rad-,f,, emanation calculations from a multilayered cover system were made with the RAECOM model
(Rogers et al. 1984; NRC 1989), a one-dimensional model that calculates radon flux from decay of a
radium-226 (Ra-226) source (such as the tailings). The key input parameters to the model include:

0 Layer thickness.

0 Porosity.

0 Mass density.

0 Ra-226 activity concentration.

* Emanation coefficient.

• Weight percent moisture.

• Coefficient of radon diffusion.

Only those material layers including the radon barrier and below are modeled. This ensures that the radon
barrier alone can meet the long-term average radon flux requirement of 20 pCi/m2/s, without the additional
attenuation provided by overlying layers such as freeze/thaw protection layers or rock mulch layers. The
input parameters and values used in the model are outlined below. Table 1 summarizes the individual
input parameters used for all of the models run and their bases.

As per the TAD (DOE 1989), the uncertainty regarding model parameters has been evaluated. Input
parameter uncertainty is evaluated by comparing the calculated radon barrier thickness using mean input
parameters to the calculated radon barrier thickness using mean +/- SEM input parameters. If the ratio of
the radon barrier calculated using mean +/- SEM input parameters to the calculated radon barrier
thickness using mean input parameters is greater than 1.4, then the uncertainty regarding the variability of
the input parameters is considered too large and additional input parameter characterization is
recommended. Table 1 summarizes the input parameters for each model run and the calculated radon
barrier thickness. Appendix B provides additional calculations of the mean input values and related
statistics, including the SEM.
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' Table 1. Crescent Junction Disposal Cell Radon Barrier Design, RAECOM Model Runs Summary, UMTRA Cover

Output File Name UMTRA 1 Output File Name UMTRA 2 Output File Name UMTRA 3
Parameters

Run Purpose UMTRA Cover, Mean input values UMTRA Cover, Mean +/- SEM input values UMTRA Cover, Mean input values, RadonBarrier moisture content @ Mean - SEM value

Source for Input Parameters Source for Input Parameters Source for Input Parameters
Tailings

Average value for tailings from Average value for tailings from Average value for tailings from
Specific Gravity 2.8 Shaw Lab Data (DOE 2006e) 2.8 Shaw Lab Data (DOE 2006e) 2.8 Shaw Lab Data (DOE 2006e) for

_ _f for all tailings samples for all tailings samples all tailings samples
Porosity 0.44 Calculated 0.44 Calculated 0.44 Calculated
Dry Density (g/cc) 1.57 Calculated 1.57 Calculated 1.57 Calculated

90% of average standard 90% of average standard 90% of average standard proctor
Dry Density (pcf) 98 proctor max dry density of 9 proctor max dry density of 98 max dry density of transition

transition tailings from Golder transition tailings from Golder tailings from Golder bench scale
bench scale test (2006a) bench scale test (2006a) test (2006a)
Based on calculated long-term Based on calculated long-term Based on calculated long-term

Moisture Content (%) 15 moisture content from 15 moisture content from 15 moisture content from Infiltration
Infiltration modeling I lnfiltration modeling nmodeling

Degree of Saturation 53.5 Calculated 53.5 Calculated 53.5 Calculated
(%). ._ _ _

Radium Activity Mean of 27 values from Mean plus SEM from Mean of 27 values from
(pCVg) 868 November 2005 OCS analysis 954 November 2005 OCS analysis 868 November 2005 OCS analysis of

of tailings of tailings tailings
Diffusion Coef(cm2/sec) 1.045 x 10o-2 Calculated by RAECOM 1.045 x 1W"-2 Calculated by RAECOM 1.045 x 10A-2 Calculated by RAECOM

Model not sensitive to depths Model not sensitive to depths Model not sensitive to depthsThickness a(cm) .500 Mdlntssiveodphs 500 500
5 gqreater than 500 cm 50 reater than 500 cm greater than 500 cm

Thickness (it) 16.4 Calculated 16.4. 16.4

Interim Cover

Average value for sheet wash, Average plus SEM for sheet Average value for sheet wash,
Specific Gravity 2.67 fluvial, and eolian soils from 2.7 ash, fluvial, and eolian soils 2.67 fluvial, and eolian soils from GEGGEG lab data (DOE 2006f) from GEG lab data

____labdata_(DOE_2006f) (DOE 2006f) lab data (DOE 2006f)

Porosity 0.38 Calculated 0.39 Calculated 0.38 Calculated
Density (g/cc) 1.65 Calculated 1.65 Calculated 1.65 Calculated

Densi 85% of average modified 103 85% of average modified 85% of average modified proctorD ity (pcf) ' 103 proctor max dry density of 0 roctor max dry density of 103 85% of aerage ofisheet washp
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Output File Name UMTRA 1 Output File Name UMTRA 2 Output File Name UMTRA 3

Parameters I

s UMTRA Cover, Mean +/- SEM input Values UMTRA Cover, Mean inputvalues, Radon
Run Purpose UMTRA Cover, Mean input values UBarrier moisture content @ Mean - SEM value

Source for Input Parameters Source for Input Parameters Source for Input Parameters
sheet wash, fluvial, and eolian sheet wash, fluvial, and eolian fluvial, and eolian soils from GEG
Soils from GEG lab data soils from GEG lab data lab data (DOE 20061)
(DOE 2006f (DOE 20061)
Mean gravimetric moisture Mean minus SEM gravimetric Mean gravimetric moisture
content value estimated form moisture content value content value estimated form in-
in-situ soils analysis, Rawls & estimated form in-situ soils situ soils analysis, Rawls &
Brakensiek Equation, and analysis, Rawls & Brakensiek Brakensiek Eqn, and average
average measured 15 bar Eqn, and average measured measured 15 bar moisture

moisture content for sheet 15 bar moisture content for content for sheet wash and
wash and fluvial/eolian sheet wash and fluvial/eolian fluvial/eolian materials by ASTM
materials by ASTM D3152 materials by ASTM D3152 D3152

Degree of Saturation 34.7 Calculated 29.6 Calculated 34.7 Calculated
N%)

Radium Activity Mean from February 2006 Mean plus 1 SEM from Mean from February 2006 OCS(padiumCActivity)1.86 OCS sheet wash and eolian 2.02 February 2006 OCS sheet 1.86 sheet wash and eolian data
_ _pCi/g) data sheet wash and eolian data

Diffusion Coef 2.089 x 10A-2 Calculated by RAECOM 2.541 x 101-2 Calculated by RAECOM 2.089 x 10&-2 Calculated by RAECOM
(cm2/sec)_______ _____________ _______ _____________ __ ____

Thickness (cm) 30.5 30.5 30.5
Thickness (ft) 1 1 1

Radon Barrier
Mean value for weathered Mean plus SEM value for Mean value for weathered

Specific Gravity 2.65 Manc6s soils from GEG lab 2.73 weathered Mancos soils from 2.65 Mancos soils from GEG lab data
data (DOE 2006f) GEG lab data (DOE 2006f) (DOE 2006f)

Porosity 0.33 Calculated 0.35 Calculated 0.33 Calculated
Density (q/cc) 1.78 Calculated 1.78 Calculated 1.78 Calculated

90% of average modified 90% of average modified 90% of average modified proctor

Density (pcf) i proctor max dry density of proctor max dry density of max dry density of weathered
weathered Mancos soils from weathered Mancos soils from Mancos soils from GEG lab data

GEG lab data (DOE 2006f) GEG lab data (DOE 2006f) (DOE 2006f)

Mean gravirnetric moisture Value is mean observed insitu Value is mean observed insitu
content value estimated form value, lower than mean plus value, lower than mean plus SEMMoisture Content (%) 12 n-situ soils analysis, Rawls & 10 SEM Gravimetric moisture 10 Gravimetric moisture contentcontent value estimated from

Brakensiek Eqn, and average in-situ soils analysis, Rawls & value estimated from in-situ soils
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_Output File Name UMTRA 1 Output File Name UMTRA 2 Output File Name UMTRA 3
Parameters

Run Purpose UMTRA Cover, Mean input values UMTRA Cover, Mean +/- SEM input values UMTRA Cover, Mean input values, Radon•_________________ __________________Barrier moisture content @ Mean - SEM value
Source for InputParameters Source for Input Parameters Source for Input Parameters

measured 15 bar moisture Brakensiek Eqn, and average analysis, Rawls & Brakensiek
content for weathered Mancos measured 15 bar moisture Eqn, and average measured 15
Shale by ASTM D3152 content for weathered Mancos bar moisture content for

Shale by ASTM D3152 weathered Mancos Shale by
_ _ASTM D3152

Degree of Saturation 64.7. Calculated 50.9 Calculated 53.9 Calculatedf%)

Radium Activity 2.3 ean from February 2006 Mean plus 1 SEM from Mean from February 2006 OCS(pCi/g) 2.3 OCS Weathered Mancos 3 February 2006 OCS 2.3
_______ _ __ weathered Mancos weathered Mancos

Diffusion Coef
Diffse 4.423 x 1OA-3 Calculated by RADON 1. X 101-2 Calculated by RADON 1.025 x 10,'-2 Calculated by RADON

Thickness (cm) 126.1 Calculated 235.3 Calculated 197.7 Calculated
4h1ckness (f) Calculated 7.7 Calculated 6.5 Calculated

INote: RADON uses pravimetric water contents.
I - - Ratio of calculated radon barrier thickness: 1.2.

CD

Wo



The model output file names and the purpose of the model runs are summarized below.

* Model Run UMTRA 1 uses mean input values for the UMTRA style cover.

* Model Run UMTRA 2 uses mean +/- SEM input values for the UMTRA style cover.

* Model Run UMTRA 3 uses mean input values for the UMTRA style cover except it uses the mean
minus SEM long-term moisture content for the radon barrier to evaluate the sensitivity of the model to
this parameter.

* Model Run ALT 1 uses mean input values for the Alternative cover.

* Model Run ALT 2 uses mean +/- SEM input values for the Alternative cover.

Layer Thickness

The layers and sequences are illustrated in Figure 1 and Figure 2 and represent the geometries of the
tailings and of each cover-layer component. For all model runs, a tailings thickness of 500 centimeters
(cm) is used; the model output is insensitive to source term thicknesses greater than 500 cm.

UMTRA-Style Cover

The current conceptual design of the UMTRA cover system consists of 1 ft of interim cover below the
compacted-clay radon barrier. A 1-ft-thick interim cover of clean, native materials will be placed on the
surface of the tailings as a best management proaction to control wind transport of fine material and to
provide for a relatively clean, uniform work surface upon which to construct the radon barrier. The model
is used to optimize the layer thickness of the compacted-clay radon barrier.

Alternative Cover

The current conceptual design of the alternative cover system consists of one foot of interim cover, a
9-inch-thick capillary break/biointrusion layer and a monolithic moisture-storage/radon-barrier layer.
However, because the capillary barrier is very coarse grained and will have very low long-term moisture
content, experience has shown that its influence on radon attenuation is minimal. Therefore, it has
conservatively been omitted from the model runs.

The Alternative cover uses a monolithic soil layer placed at a density similar to existing native soils
conditions and is modeled under conservative long-term soil moisture conditions. Therefore, a
freeze/thaw protection layer is not needed to protect it from changes due to seasonal freeze/thaw cycles.
This monolithic soil layer'will.also be covered by a rock mulch designed to resist wind and surface water
runoff erosional forces under the Probable Maximum Flow (PMF) event, ensuring that the layer endures
as an integral unit for the design life of the disposal cell.

Porosity (n)

The porosity of the layer materials have been calculated based on the dry density and the specific gravity
of the specific materials according to the following equation:.

n = 1 - (dry density - [specific gravity x unit weight of water])

for example, tailings porosity is:

n = 1 - (1.57 g/cc +[2.8 x 1 g/cc])
n = 0.44
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The porosity of the tailings was modeled as 0.44, given a mean specific gravity of 2.8 for the tailings
based on the data in the Shaw Labs Calculation set (DOE 2006e), and a designed placement density of
1.57 gfcc (98 pcf).

The porosity of the interim cover and the monolithic layer of the alternative cover, to be developed from
the alluvial silty sands and sheet wash deposits overlying the in-situ weathered Mancos Shale, was
modeled as 0.38, given a mean specific gravity of 2.67-based on nine samples presented in Calculation
Set MOA-02-03-2006-4-01-00 (DOE 2006a) and Appendix B--and a designed placement density of 1.65 g/cc
(103 pcf). These two layers will be constructed of the same on-site materials from the Crescent Junction
Site and will be placed in the same conditions.

The porosity of the compacted Mancos Shale was modeled as 0.33, given a mean specific gravity for the
Mancos of 2.65-based on the data in Calculation Set MOA-02-03-2006-4-01-00 (DOE 2006a) and Appendix
•B-and a designed placement density of 1.78 glcc (111 pcf).

Mass Density

The dry density of the tailings as placed has been modeled as 1.57 g/cc (98 pcf), which is 90 percent of
the mean standard Proctor maximum dry density of transition tailings materials as reported in the Golder
Draft Tech Memo (2006b).

The density of the interim cover materials and the alternative cover monolithic layer, as placed, has been
modeled as 1.65 g/cc (103 pcf), which is 85 percent of the mean modified Proctor dry density value
(121.6 pcf) for these materials as developed in Calculation Set MOA-02-03-2006-4-01-00 (DOE 2006a).

The density of the compacted clay materials and the UMTRA-style cover, as placed, has been modeled
as 1.78 g/cc (111 pcf), which is 90 percent of the mean modified Proctor dry density value (123 pcf) for
these materials as developed in Calculation Set MOA-02-03-2006-4-01-00 (2006).

Radium Activity Concentration

The radium-226 activity concentration Values used in the model for each specific material are outlined
below.

Tailin-s

The Ra-226 activity values for the tailings are based on 27 tailings samples collected in November 2005, and
range in depth from the tailings surface to 75 ft below the surface. The collection and analysis of the samples
is discussed in the Calculation Set MOA-02-05-2006-5-02-00 (DOE 2006a). The samples were analyzed using
the opposed crystal system (OCS) at theMoab Site. Measured Ra-226 activity values range from 186
picocuries per gram (pCVg) to 1,670 pCi/g, with a mean value of 868 pCVg (see Appendix B). To evaluate the
impact of uncertainty of the tailings activity as an input parameter for the radon-barrier design, the tailings'
Ra-226 activity have been modeled using the mean activity and the mean-plus-one SEM as per the TAD
(DOE 1989). Appendix B provides supporting documentation regarding Ra-226 activity measurements.

The• current conceptual plan for tailings removal and placement would entail a significant amount of blending
of lower-activity beach sands and higher-activity slimes. Therefore, no layering of the tailings source term has
been modeled, and a single activity value has been used. However, it is highly likely that lower-activity
contaminated sub-pile soils and contaminated soils from the mill site and clean up of peripheral and vicinity
properties will be placed above the higher activity tailings, which would serve to further reduce Ra-226 activity
at the base of the cover. However, the source term activity and properties as well as the actual properties of
the cover materials once delivered to the site should be reevaluated to ensure that the cover design is
optimized for the actual as-built conditions of the cell contents.

Interim Cover and Alternative Cover Monolithic Layer

The monolithic layer Ra-226 activity for the interim and alternative covers is based on eight samples of native
materials collected from the Crescent Junction Site that will be used to construct the cover and clean-fill
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perimeter dikes (see Appendix B). Samples were collected from alluvial materials with depth ranging from
4 to 15 ft below the surface. The samples were analyzed using the OCS at the Moab Site.

The Ra-226 activity of the alluvial material ranged from 1.4 to 2.3 pC'/g with a mean value of 1.86 pCi/g. To
evaluate the impact of uncertainty of the cover materials activity as an input parameter for the radon barrier
design, the cover materials Ra-226 activity have been modeled using the mean activity and the mean plus
one SEM as per the TAD (DOE, 1989).

Compacted Clay Layer

The Ra-226 activity value for the.compacted clay layer is based on two samples of Mancos Shale collected
from the Crescent Junction Site that will be used to construct the compacted-clay radon barrier and clean-fill
perimeter dikes (see Appendix B). Samples were collected from weathered Mancos Shale samples with
depths of approximately 20 to 22 ft below the surface. The Ra-226 activity of the weathered Mancos Shale
ranged from 1.6 to 3.0 pCVg, with a mean value of 2.3 pCVg. The samples were analyzed using the OCS at
the Moab Site. To evaluate the impact of uncertainty of the cover materials activity as an input parameter for
the radon-barrier design, the Ra-226 activity of the cover materials has been modeled using the mean activity
and the mean-plus-one SEM as per the TAD (DOE 1989).

Radon Emanation Coefficient

A radon-emanation coefficient of 0.35 was used for all of the tailings, random fill, and cover materials. This is
the conservative default value used in the RADON model.

Weight Percent Moisture

The mean weight percent moisture of the tailings has been modeled as 15 percent based on the modeled
long-term moisture content from the calculation set MOA-02-05-2006-03-21 -00 (Infiltration Modeling for
Alternative Cover Design).

The mean long-term gravimetric moisture content of the interim cover and alternative cover monolithic
layer is modeled as 8 percent. This value is based on a review of the measured in-situ moisture content
for the alluvial materials (6.8 percent), the mean measured 15 bar moisture content (9.0 percent) as
determined by ASTM Method D3152 and presented in the GEG calculation set (DOE 2006g), and a
calculated 15 bar moisture content based on the Rawls and Brakenseik equation (7.5 percent) as presented
in the NRC Regulatory Guide 3.64 (NRC 1989). These data are summarized in Appendix B.

The mean long-term moisture content of the compacted clay derived form the on-site weathered Mancos
Shale is modeled as 10 percent. This value is based on a review of the measured in-situ moisture content
for the weathered Mancos Shale (10.2 percent), the mean measured 15-bar" moisture content for the
weathered Mancos Shale (12.1 percent) as determined by ASTM Method D3152 and presented in the
GEG calculation set (DOE 2006g), and a calculated 15-bar moisture content based on the Rawls and
SBrakensiek equation (11.9 percent) as presented in the NRC Regulatory Guide 3.64 (NRC 1989). Table 2
summarizes these data. The lower value of 10 percent was selected because it was the observed in-situ
condition and, though these materials will be remolded during the cover construction process, it represents a
conservative loweý bound on future performance as per NRC guidance.

Radon-Diffusion Coefficient

The radon-diffusion coefficient used in the RAECOM model can either be calculated within the model (based
on an empirical relationship with degree of saturation) or input directly into the model using values measured
from laboratory testing.For this evaluation, the RAECOM model was used to calculate the values in the
model runs. The lower the diffusion coefficient value, the lower the resulting rate of radon emanation. The
values that were calculated by the model are summarized in Appendix A.
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Radon In Ambient Air

The ambient air radon concentrations above the radon-barrier layer are assumed to zero in absence of
site-specific data.

Conclusion and Recommendations

* The alternative cover design showed less than 40 percent difference in modeled radon-barrier
thickness (actual ratio is 1.2) when modeled using mean input parameter values and mean values
plus the SEM input values. This indicates three things: 1) that the current characterization data for the
input parameters are adequate for this design; 2) that uncertainty related to the variability of input
parameter data is sufficiently low; and 3) that further characterization to reduce this uncertainty is not
required for this level of design.

" The UMTRA-style cover showed greater than 40 percent difference in modeled radon-barrier
thickness (actual ratio is 1.9) when modeled using mean input parameter values and mean values
plus the SEM input values. This indicates that: 1) the current characterization data for the input
parameters is not adequate for this design; 2) uncertainty related to the variability of input parameter
data is large; and 3) further characterization to reduce this uncertainty is required for this level of
design. The difference is likely related to the differences in long-term moistuie content of the
compacted-clay radon barrier and the increased Ra-226 activity of the tailings. Model Run UMTRA 3
uses mean input values for all input parameters except the long-term moisture content, which is set at
10 percent rather than the mean value of 12 percent. This single-input change accounts for
approximately one third of the difference between the two scenarios.
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Table 2. Crescent Junction Disposal Cell Radon Barrier Design, RAECOM Model Runs Summary, Alternative Cover

ALT 1 ALT 2
Parameters Output File Name Source for Input Parameters Output File Name Source for Input Parameters

Tailings
Mean Input Parameter Mean Plus SEM Input

Values Parameter Values
g ve Average value for tailings from

Specific Gravity 2.8 verage value for tailings from Shaw Lab Data 2.8 Shaw Lab Data (DOE 2006e) for
8(DOE 2006e) for all tailings samples all tailings samples

Porosity 0.44 Calculated 0.44 Calculated
Dry Density (g/cc) 1.57 Calculated 1.57 Calculated

90% of average standard proctor max dry 90% of average standard proctor
Dry Density 98 density of transition tailings from Golder bench 98 max dry density of transitiont(pcf) test, 2006 ailings from Golder bench scale

tscale test, 2006

Based on calculated long-term
Moisture Content (%) 15 cnBased on calculated long-term moisture 15 moisture content from Infiltration

content from Infiltration modeling modeling
Degree of Saturation (%) 53.5 Calculated 53.5 Calculated

R t gMean of 27 values from November 2005 OCS 954 Mean plus 1 SEM from November
analysis of tailings 2005 OCS analysis of tailings

Diffusion Coef (cm2/sec) 1.045 x 10A&2 Calculated by RAECOM 1.045 x 1011-2 Calculated by_RAECOM
Thickness (cm) 500 Model not sensitive to depths greater than 500 500 Model not sensitive to depths

cm qreater than 500 cm

Thickness (ft) 16.4. Calculated 16.4 Calculated

Interim Cover

Average value for sheet wash, fluvial, and 2Average plus SEM for sheet
Specific Gravity 2.67 eolian soils from GEG lab data (DOE 2006f) 2.7 wash, fluvial, and eolian soils

from GEG lab data (DOE 2006f)
Porosity 0.38 Calculated 0.39 Calculated
Density (:/cc) 1.65 Calculated 1 65 J•I¢.ul'tltd
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ALT" I ALT 2
Parameters Output File Name Source for Input Parameters Output File Name Source for Input Parameters

85% of average modified proctor max dry 85% of average modified proctor
Density (pcf) 103 density of sheet wash, fluvial, and eolian soils 103 max dry density of sheet wash,

fluvial, and eolian soils from GEGfrom GEG lab data (DOE 2006f) lab data (DOE 2006f)

Mean plus SEM gravimetric
moisture content value estimatedMean gravimetric moisture content value rnsitu soilsnanalysisawes

estimated form in-situ soils analysis, Rawls & form in-situ soils analysis, Rawls
Moisture Content (%) 8 Rakenseik Eqn, and average measured 15 bar 7 & Rakenseik Eqn1 and average

moisture content for sheet wash and measured 15 bar moisture
fluviaVeolian materials by ASTM D3152 fon ian matetias andfluvial/eolian materials by ASTM

-____D3152

Degree of Saturation (%) 34.7 Calculated 29.6 Calculated

Mean plus 1 SEM from February 2006 OCS Mean plus 1 SEM from FebruaryRadium Activity (pCVg) 1.86 sheet wash and eolian data- 2.02 2006 OCS sheet wash and eolianwdata

Diffusion Coef (cm2/sec) 2.089 x 10A-2 Calculated by RAECOM 2.541 x 1 0A-2 Calculated by RAECOM
Thickness (cm) 30.5 30.5
Thickness (ft) 1 1

Radon Barrier

Average value for sheet wash, fluvial, and Average plus SEM for sheet
Specific eolian soils from GEG lab data (DOE 2006f) 2.7 wash fluvial, and eolian soils

_from GEG lab data (DOE 2006f)
Porosity 0.38 Calculated 0.39 Calculated

Density (g/cc) 1.65 Calculated 1.65 Calculated

85% of average modified proctor max dry 85% of average modified proctor
Density (pcf) . 103 density of sheet wash, fluvial, and eolian soils 103 max dry density of sheet wash,

from GEG lab data (DOE 2006f0 fluvial, and eolian soils from GEGfrom__ __ lab_ data_(DOE_20061)lab data (DOE 2006f)
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ALT 1 ALT 2
Parameters Output File Name Source for Input Parameters Output File Name Source for Input Parameters

Mean plus SEM gravimetdc
moisture content value estimatedM Vean gravimetric moisture content value form in-situ soils analysis, Rawls

estimated form in-situ soils analysis, Rawls & &oRakensit Eqn, and ava
Moisture Content (%) Rakenseik Eqn, and average measured 15 bar 7 & Rakenseik Eqn, and average"noituracontnt or seet ash nd easured 15 bar moisture

moisture content for sheet wash and content for sheet wash and
fluviaVeolian materials by ASTM D3152 fluvial/eolian materials by ASTM

___D3152

Degree of Saturation (%) 34.7 Calculated 29.6 Calculated

Mean plus 1 SEM from February 2006 OCS 2Mean plus 1 SEM from FebruaryMeanplu 1 SM fom ebrury 006 CS .022006 OCS sheet wash and eolian
Radium Activity (pCVg) 1.86 sheet wash and eolian data dhata

Diffusion Coef (cm2/sec) 2.089 x 10A-2 Calculated by RAECOM 2.541 x 10,'-2 Calculated by RAECOM
Thickness (cm) 355 Calculated by RAECOM 415.1 Calculated by RAECOM
Thickness (ft) 11.6 Calculated by RAECOM .13.6 Calculated by RAECOM

Note: RADON uses gravimetric water contents.
Ratio of Calculated Radon Barrier 1.2
Thicknesses: 2 I
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* The compacted-clay radon barrier of the UMTRA checklist-type cover under the modeled conditions,
using the mean plus SEM input values, is 7.7 ft thick.

* The alternative cover design, under the modeled conditions, using the mean plus SEM input values,
is 13.6 ft thick.

• Based on these results, either design is capable of meeting the requisite reasonable assurance of
providing long-term control of radon flux to the specific average of 20 pCVm2/sec.

* It is recommended that the model be run again once the laboratory Ra-226 data for the tailings
source term are available..

" It is recommended that three actions occur during construction and prior to placement of the radon
barrier:

1. Additional testing of Ra-226 activity for the contaminated materials placed in the upper 10 ft of
the cell.

2. Additional testing of long-term moisture content of materials stockpiled for construction of the
radon barrier.

3. Another run of the model to refine the required cover thickness.

Computer Source:

Rogers, V.C., K.K. Nielson, and D.R. Kalkwarf, 1984. "Radon Attenuation Handbook for Uranium Mill
Tailings Cover Design," NUREG/CR-3533, prepared for U.S. Nuclear Regulatory Commission,
April.

U.S. Department of Energy
June 2006

Radon Barrier Design Remedial Action Plan.
Doc. No. X0175600

Page 17
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-- - ***' RADON! + **---

Versicn 1.2 - MiAY 22, 1989 - G.F. 5irchard tel.# (301)492-7C00
U.S. Nuclear Regulatory Co.mmission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS
ARE CALCULATED FOP, MULTIPLE LAYERS

OUTPUT FILE: Alt I

DESCRIPTION: Alternative Cover, Mean Input Values

CONSTANT S

RADON DECAY CONSTANT .0000021 s^-l
RADON WATER/AIR PARTITION COEFFICIENT .26
DEFAULT SPECIFIC GRAVITY OF COVER & TAILIN•GS 2.65

GENERAL INPUT PARAMETERS

LAYERS OF COVER AND TAILINGS
DEFAULT RADON FLUX LIMIT
NO. OF THE LAYER TO BE OPTIMIZED
DEFAULT SURFACE RADON CONCENTPATION
SURFACE FLUX PRECISION

20

0
.001

pCi -1^-2 s^-l

pCi 1'-1
p.-i m^-2 s^-1

LAYER INPUT PARAMETERS

LAYER 1 Tailings

THICKNESS
POROSITY.
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMAVJATION COEFFICIENT
CALCULATED SOURCE TERX CONCENTRATION
WEIGHT XM0ISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

500
.44
1.57

.35
2.276D-03
15
.535
1.045D-02

c:nr

cm^2 s^-!

LAYER 2 Interim Cover

THICKNESS.
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM. ACTIVITY
DEFAULT LAYER EMANATION COEFFICIENT.
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT ý MOISTURE
MOISTURE SATUPATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

30.5
.38
1.65
1.86
.35
5.936D-06
8
.347
2.0292D-02

cm

g ~A.

n^2, S.



LAYER 3 Radon Barrier

THICKNESS
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMAPtNATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRPATION
WEIGHT % MCISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

1.86
.3-5
5.936D-06

.340
2. 089D-02

r)Ci cnrr-K3 S ̂ -1

c~n^2 s^-1

DATA SENT TO THE FILE 'RNDATA' ON DRIVE A:

N
3

LAYER
I

2
3

F01
-!.CO0D+00

DX
5.000D+G2
3.050D-Cl
3.000D+C!

CN1
0. 000D+00

D
1.045D-02
2.089D-02
2.089D-02

ICOST
3

CRITJ ACC
2.000D+01 !.0COD-03

4.400D-01
3.800D-01
3.800D-01

Q
2.276D-03
5. 936D-06
5. 936D-06

XM;S
5. 352D-01

3. 47 40-01

RHC
1.570
1.650
1.650

BARE SOURCE FLUX FROM LAYER 1: 7.059D-02 pCi4m^-2 s^-i

RESULTS OF THE RADON D:FFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.
(cm) (pCi :m^-2 s^-l) (pCi 1^-i)

i

3

5. OOOD÷02
3.05DD+01
3.550D+02

4.234D+02
3.120D+02
2. OOO+01

4.342D+05
3.S40D+35
0.0000+00



Q2 RADON !**.-

Versicn 1.2 - MAY 22, 1989 - G.F. Birchard teel.# (301)492-7000.
U.S. Nuclear Regulatory Commission Office of Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS
ARE CALCULATED FOR MULTIPLE LAYERS

OUTPUT FILE: Alt 2

DESCRIPTION: Alternative Cover, Mean Plus Standard Error of the
Values

Mean inout

CONSTANTS

RADON DECAYCONSTANT .0000021
RADON WATER/AIR PARTITION COEFFICIENT .26
DEFAULT SPECIFIC GRAVITY OF COVER & TAILINGS

s --1

2.65

GENERAL INPUT PARAMETERS

LAYERS OF COVER AND TAILINGS
DEFAULT RADON FLUX LIMIT
NO. OF THE LAYER TO BE OPTIMIZED
DEFAULT SURFACE RADON CONCENTRATION
SURFACE FLUX PRECISION

20
3
0
.00!

pCi l'^-1
rmCi m^'-2 s^'-l.

LAYER INPUT PARAMETERS

LAYER 1 Tailings

THICKNESS
PCROSITY
MEASURED .MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMANATION COEFFICIENT
CALCULATED SOURCE TERm CONCENTRATION
WEIGHT % MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

500
.44
1.57
954
.35
2.502D-03
15
.535
1. 045D-02

er:a

cm cr"3
pCi/g^-!

PCIi c~n^-3. s^-:

cm^'2 s^-!

LAYER 2 interim Cover

THICKNESS
POROSITY
MEASURED MASS DENSITY
MFASURED RADIUM ACTIVITY
DEFAULT LAYER EMAINATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE
MOISTURE SATURATION FRACTION 12
CALCULATED DIFFUS:ON COEFF:CIENT

30.5
.39
1.65
2. 02
.35

6.261D-06
.7
. 296
2.54'!D-02

cm

pci/g^-l

em ^ - s^



LAYER-~ . Radon Barrier

THICKNESS
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMAPNATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT %. MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

30
39

1.65
2.02

E-.28ID-6C
7
.296
2.541D-02

pCi crn'-3 ^1

cr;'2 s^-1

DATA SENT TO THE FILE 'RNDATA' ON DRIVE A:

N

LAYER
i
2

F01
-i.000D+00

DX
S. 000D+02
3. 050D+01
3. 000D+01

CN 1
0. OOOD+00

D
1.045D-02
2.54 1D-02
2.54 1D-02

ICOST

p
4 .400D-01
3.900D-01.
3.900D-01.

CRITJ
2. 000D+01

Q
2.502D-03
6.281D-06
6.281.D-06

. ACC
1.00CD-03

XMS

5.352D-01
2. 962D-01
2. 962D-01

RHO
1.57C
1 . 650
1. 650

BARE SOURCE FLUX FROM LAYER 1: 7.758D+02 ;Ci n^-2 s^-!

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNCESS EXIT FLUX EXIT CONC.
(cm) (pCi m^-2 s-1) lpCi !-

2 5. 000D+02
3.050D+01
4.15iD+02

4.970D+02
3.767D+02
1.999D+01

4.267D+05
4 .206D+05
0.000D+00



. -.... ****! RADON - -----

Version 1.2 -MAY 22, 1969 - G.F. Sirchard tel.# 1301)492-7000
U.S. Nuclear Regulatory Co:nission Office of Research

RADON FLUX, CONCEN.RATI.7'1ON AND TAILINGS COVER THICKNESS
ARE CALCULATED FOR MULTIPLE LAYERS

OUTPUT FILE: UMTRA 1

DESCRIPTION: Mean Input Values

CONSTANTS

RADON DECAY CONSTANT .J000021
RADON WATER/AIR 'PARTITION COEFFICIENT .26
DEFAULT SPECIFIC GRAVITY OF COVER & TAILINGS

GENERAL INPUT PARAMETERS

2.65

LAYERS OF COVER AND TAILINGS
DEFAULT RADON FLUX LIMIT
NO. OF THE LAYER TO BE OPTIMIZED
DEFAULT SURFACE RADON CONCENTRATION
SURFACE FLUX PRECISION

20

.00o

pCi mr'-2 s ' -1

pCi 1^~-l

LAYER INPUT PARAMIETERS

TailingsLAYER I

THICKNESS
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUMACTIVITY
DEFAULT 'LAYER EMANATION COEFFICIENT
CALCULATED SCURCE TER[ CONCENTRATION
WEIGHT % MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

5OO
.44

.57
86E
.35
2.276D-03

.15
.535
1.045D-02

g z~ -
pCi/g^-!

pCi C~"3s^-1

cm^2 sý-1

LAYER 2 Interim Cover

THICKNESS
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % M.OISTURE
MOISTUREATEDDIFUION FRACTION T
CALCULIATED DIFFUSION COEFFIC:EN'T

30.5
.38
1.65
1.86
.35
5.936D-06

.347
2.C89D-02

o~ cm^-3 S

pCi^ sn- ~-



LAYER 3 LAYER 3Radon 2arrier

THICKNESS
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMhANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT t MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

2.3
.35
9.1-18D-06

.647
4.4233-03

pCi/q'-2 l

pCmi srcv-1 ~-

DATA SENT TO THE FILE "RNDATA' CN DRIVE A:

N
3

LAYER
1
2

FO1
-:.000D+00

DX
5.0c0D+02
3.050D+01
3.0COD+01

CNI
0.000D÷00

D
1.045D-02
2.089D-02
4.423D-03.

ICOST CRITJ ACC
2.000D+01 1.000D-03

P
•4.400D-0i

3.800D-01
3.300D-01

Q
2.276C-03
5. 936D-06
9..18D-06

XMS

3.474D-01
6.473D-01

R 0

1.650

BARE SOURCE FLUX FROM LAYER 1: 7.059D+02 pCi m^-2 s--i

RESULTS OF THE RADON DIFFUSION CALCULATIONS

LAYER THICKNESS EXIT FLUX EXIT CONC.
(cm) (pCi m^2S^-!) (PC-; ^-111

5.000D+02
2 3.050D+0i
3 1.262D+02

3. 136D+02
1.458P+02
I.'998D+01

6.027D+05"
6.539D4-05
0.000D+00



- -*- P.RADON '-

Version 1.2 - MAY 22, 1989 - G.FE. Birchard tel.4 (301)492-7300
U.S. Nuclear Regulatory Cozmission Office cf Research

RADON FLUX, CONCENTRATION AND TAILINGS COVER THICKNESS
ARE CALCULATED FOR MULTIPLE LAYERS

OUTPUT FILE: UMTRA 2

DESCRIPTION: Mean plus standard error of the mean input values.

CONSTANTS

RADON DECAY. CONSTANT .000C021
RADON WATER/AIR PARTITION COEFFICIENT .26
DEFAULT SPECIFIC GPAVITY OF COVER & TAILINGS 2.65

GENEERAL INPUT PARAM•ETERS

LAYERS OF COVER AND TAILINGS
DEFAULT RADON FLUX LIMIT
NO. OF THE LAYER TO BE OPTIMIZED
DEFAULT SURFACE PADON CONCENTRATION
SURFACE FLUX PRECISION

3
20
3
0
.0oc

pCi mn"-2 s^'-!

pCi4 J^_',
PC4 z^-2 s^-l

LAYER INPUT PARAMETERS

LAYER 1 Tailings

THICKNES S
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

500
.44

954

.35
2.502D703
I5

.535
1.045D-02

cir.

g =n'-3

cm^2 s'--2

LAYER 2 Interim Cover

THICKNESS
POROSITY
MEA.SURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EMANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

30.5
.39
i.65
2.02
.35
6. 281D-06
7

.296
2. 541D-32

cm

o crn^-3

poi cm^ý s^-

cv,^2 s"-7



LAYER 3 Radon Barrier

THICKNESS
POROSITY
MEASURED MASS DENSITY
MEASURED RADIUM ACTIVITY
DEFAULT LAYER EXANATION COEFFICIENT
CALCULATED SOURCE TERM CONCENTRATION
WEIGHT % MOISTURE
MOISTURE SATURATION FRACTION
CALCULATED DIFFUSION COEFFICIENT

30
.- 5
' .76
3 '35
-. 121D-05

.509
S.025D-02

g rmf-3
pCi/g•'-I

pci cm^-3 s^-!

cmT.2 s'-I'

DATA SENT TO THE FILE 'RNDATA'. ON DRIVE A:

LAYER

2
3

F01
-1'. 000400

DX
5.000b+02
3.0500+01
3.OCOD+01

CNI
0.O00D+00

D
i.045D-02
2.54!D-02
.025D-02

ICOST
3

CRITJ AC-
2.0000D+1 .C000D-03

P
4.400D-01
3.9000-01
3. 500D-01

Q
2. 502D-03
6. 281D-06
-. 121D-05

XHS
5.35i2D-01
2.962D-01
5.CSED-01

RHO
1.570
1.650
1.780

BARE SOURCE FLUX FROM LAYER 1: 7.758D+02 pCi m^-2 s^-!

RESULTS OF THE RADON DIFFUSION CALCULATITONS

LAYER THICKNESS EXIT FLUX EXIT CONC.
(cr'n) (pCi -,,^-2 s^-!) (pCi 1^-1)

1
2
3

5.000D÷02
3.0500D01
2.353D-02

4.150D+02
2. 5C4D-02
1.998D+01

5.546D+05
6.153-D+05
O.O00D+0o



Appendix B

Supporting Calculations and Data



C C
Summary of Geotechnical Testing Data From Calculation Set X0156200 (Geotechnical Propc

Tested Natural Dry Liquid Passing WOO
* Depth Moisture Density Limit Plasticity No. 200 Specific (Modified (Modified

Sampl( Number Field Description (ft) N(%) (pf) V%) Index (% (%) Gravity Proctor) Proctor)
TP 156 eolian 12 19 2 64 2.64 124.5 11.0
TP liner 154 eotian 13 5.7 82.0 20 2 69
TP liner 156 eolian 12.25 7.9 88.0 0 0 50
IP 152 fluvialleolian 15 21 3 84 2.63 127.5 10.0
TP 153 fluvial/eolian 8.5 0 0 67 2.65 118.0 11.0
TP 154 fluvialfeolian 12 20 3 63 2.65 122.0 12.0
BH 005 sandy silt 2 4.2 91.0 21 4 69
BH 007 sandy silt,
8H 009 • sandy silt 4 6.6 83.0 24 9 74
1H 011 sandy silt 2 6.1 83.0 22 9 78l
OH 013 sandy silt .7 8.3 113.4 0 0 431
BH 013. sandy silt 2.5 . 5.8 89.0 24 9 • 701
BH 023 sandy silt 3.5 6.0 25 8 72
BH 025 sandy silt 16.5 1.3 106.0 21 6 66
B!H 025 sandy silt 6 4.9 89.0 24 9 59
BOH 027 sandy silt 16.5. 8.4 108.0 24 11 87
BH 027 sandy silt 4 5.9 _ 24 3 44
811 029 sandy silt 7 13.4 - 77.0 23 6 77
OH 031 sandy silt 12 8.2 96.0 24 4 50
BFI 031 sandy silt .5.5 7.0 87.0 25 9 85
BH, 043 sandy silt 3.5 6.1 90.0 25 8 53
OH 045 sandy silt, 1.5 4.6 84.0 19 7 57
BH_ 045 sandy silt 6.5 8.6 98.0 32 9 78
BH 049 sandy silt 6.5 6.0 83.0 20 6 62
BH 049 sandy silt . 12 5.4 102.0 19 5 80
BH_ 051 sandy silt 3.5 3.8 85.0. 20 6 57
OH___ 062 sandy silt 4 7.6 103.0 29 101 69
BH 1062 sandy silt I
OH 064 sandy silt 2 12.4 95.0 34 5 74
BRH_ 066 sandy silt 3.5 .4.7 90.0 21 5 53
BH 068 sandy silt .2 4.2 94.0 21 6 36
1H 078 sandy siltl 7 5.7 85.0 23 7 70(
OHll 080 sandy silt 3 2.8 95.0 19 5 53 _

C
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C C
Summary of Geotechnical Testing Data From Calculation Set X0156200 (Geotechnical PropE

Tested Natural Dry Liquid Passing w.
Depth Moisture Density Limit Plasticity No. 200 Specific (Modified (Modified

Sample Number Field Description , ' (%) (f j% Index M% (%) Gravity Proctor) Proctor)
BH 080 sandy silt 7 6.0 89.0 24 7 65
OH 082 sandy silt 12 4.7 91.0 21 *8 79
8H • 092 sandysilt 2 5.7 87.0 22 9. 63
BH 094 sandy silt 4 12.2 89.0 31 10 61
BOl 094 sandy silt 17 7.1 102.0 20 5 37
Bt-I 095. sandy silt 7 6.5 85.0 23 7 46
BH 099 , sandy silt 2.5 4.8 87.0 18 3 47
BH 100 sandy silt _ _4 8.0 25 5 69
TP 151 sheet wash 4.5 24 5 66 118.5 13.0
TP 152 sheet wash 7.5 26 9 74 2.64 120.5 13.0
TP 1 153 sheet wash 3.5 23 5 72 2.68 120.5 12.5
1 P 154 sheet wash 4 22 4 83 123.0 12.0
TP 156 sheetwash 5 24 7 69 2.82 120.0 11.5
TP liner 154 sheet wash 4 9.5 81.0 22 5 81
TIP liner 156 sheet wash 3.5 9.5 89.0 0 0 79
T13 liner 156 sheetwash 7.25 6.0 91.0 63,
BH 011 silty qravel 11.5 2.6 21 4 19
BH 005 . weathered shale 11 6.0 118.0 25 10 79
OH 009 weathered shale 6.5 6.6 107.2 28 9 84
BH 026 weathered shale 15.5 &. 5.7 24 10 71
OH 029 weathered shale 27 6.4 81.0 29 10 81
131 033 weathered shale .10.75 6.7 117.0 34 18 82
OH 043 weathered shale 6 5.0 93.0 24 16 47.
OH 046 weathered shale
OH 064 weathered shale 3.5 10.0 109.0 31 19 86
BH 066 weathered shale 7 12.3 112.0 31 10 90
BH 079 weathered shale 10.5 25 10 78
BH 082 weathered shale 17 7.1 118.0 34 14 93
BH 090 weathered shale 12 8.2 99.0 22 5 55
OH 092 weathered shale 12 7.7 71.0 26 __ _ 6 71.
3H 094 weathered shale. 21.5 6.8 112.01 21 4 33

TIP 152 weathered shale 23 33 12 97 121.0 12.0
TP 154 , weathered shale 20 38 20 95 2.73 - 120.5 13.0
IP 156 weathered shale 22 25 7 84 2.56 127.5 11.0

C
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C C " C
Summary of Geotechnical Testing Data From Calculation Set X01 56200 (Geotechnical Propc

I Tested N3turil Dry Liquid Passing y,,, wor
Depth Moisture Density Limit. Plasticity No. 200 Specific (Modified (Modified

Simple Number Field Description 1 tU(-L %) (4c (%) Index (%1 (%) Gravity Proctor) Proctor)
All Data Max 13.4 118.0 38 20 97 2.82 127.5 13.0

Min 2.6 71.0 0 0 19 2.56 118.0 10.0
Avg. 6.8 94.0 23 7 67 2.67 122.0 11.8

Median .6.4 90.5 24 7 69 2.65 120.8 12.0
count 51.0 46.0 63 63 64 9.00 12.0 12.0

Standard Deviation 2.3 11.6 .7.4 4.2 16.1 0.1 3.1 1.0
Standard Error of the Mean (SEM) 0.3 1.7 0.9 0.5 2.0 0.0 0.9 0.3

Averag!e - SEM 6.5 92.3 21.9 6.6 65.4 2.6 121.1 11.6

Weathered Mancos Max 12.3 118.0 38 20 97 2.73 127.5 13.0
Min 5.0 71.0 "21 4 33 2.56 - 120.5 11.0
Avg. 7.4 103.4 28 11 77 . 2.65 123.0 12.0

Median 6.8 109.0 27 10 82 2.65 121.0 12.0
count 12 11 16 16 16 2 3 3

Standard Deviation 2.0 15.8 4.9 4.9 17.8 0.1 3.9 1.0
Standard Error of the Mean (SEM) 0.6 4.8 1.2 1.2 4.5 0.1 • 2.3 0.6

Averae. - SEM 6.8 98.6 26.9 10.0 72.2 2.6 120.7 11.4

All Data without

Weathered
Mancos Max 13.4 113.4 34.0 11.0 87. 2.8 127.5 13.C

Min 2.8 77.0 0.0 0.0 36.0 2.6 118.0 10.0
Avg 6.8 91.1 21.0 5.8 65.2 2.7 121.6 11.8

Median 6.1 89.0 220 6.0 67.0 2.7 120.5 12.C
count 38 3546 46 47 7 g C

Standard Deviation 2.3 8.3 7.4 2.9 12.9 .1 3.0 1.0
Standard Error of the Mean (SEM) 0.4 1.4 1.1 0.4 1.9 0.0 1.0Average - SEM 6.1 89.7 20.0 5.3 63.4 2.6 120.6 11.4

C;klab results TW.xls .5116/2006



Summary of Geotechnicalirties of Native Materials

C C

Sieve .Hyd meter
Double

Sample Number Field Description % Gravel % Sand % Fines % silt % clay Hydrometer
TP 156 eolian 0 35 65 39 26 83
TPliner 154 eolian •
TPliner 156 eolian _

P T 152 •tiAvlal/eolian 49 22 29 15 .14
TP 153 tluvial/eolian 1 32 67 52 15
1P 154 hluviaL'eolian 0 33 67 40 27 62
BH 005 sandy silt
OH- 007 sandy silt -
1H 009 sandy silt
BH ,011 sandy silt
BH 013 sandy silt-
011 013 sandy silt
11-1 023 - ,sandy Silt
BH 025 sandy silt
OH 025 sandy silt .. _.,

OH 027 sandy silt
OH 027 sandy silt
BH 029 sandy silt
BH 031 sandy silt .. _ _
BH 031 sandy silt
BOI 043 sandy silt __

6H 045 sandy silt
BH 045 sandy silt
BH 049 sandy silt

-iH 049 sandy silt _

OIH 051 sandy silt
Bt1t 062 sandy silt
BH 062 sandy silt
BH 064 sandy silt
OH 066 sandy silt
BH 1068 sandy silt _

BiO 1078 sandy silt
OH 080 sandy silt
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C
Summary of Geotechnical~rties of Native Materials

C C

Sieve Hydrometer
Double

Sample Number Field Description %Gravel % Sand % Fines % silt % clay Hydrometer
1311 080 sandy silt
81H 082 sandy silt
8H 092 sandy silt .
BH 094 sandy silt .
BH 094 sandy silt
BH- 095 sandy silt
BH - 099 sandy silt
B1H 100 sandy silt
TP 151 sheet wash 4 30 66
IP 152 sheet wash 0 25 75 59 16 _ .
TP 153 sheet wash 0 27 73 60 13
TP 154 sheet wash 0 16 84 62 22 79
TP 156 sheet wash 1 29 70 54 16 61
TP liner 154 sheetwash
TP liner 156 sheetwash
III liner 156 sheetwash
BH 011 silty gravel
BH-I 005 weathered shale
1H 009 weathered shale
BH 026 weathered shale
BH 029 weathered shale
BH" 033 weathered shale
BH 043 weathered shale.
BH 046 weathered shale
BH 064 weathered shale
Bit 066 weathered shale
BH 079 weathered shale
81 082 weathered shale
BH 090 weathered shale
BH 092 weathered shale
B31 094 weathered shale ..
TP 152 weathered shale 0 3 97 55 42
TP 154 weathered shale 0 5 95 55 40 62
T 156 weathered shale 2 14 84 53 31 86-. - -,,,-
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.c C C
Summary of Geotechnicalarties of Native Materials

*1~~ I -. ..

Samnle I Number I Field Descriotion

SIRVR Hvdrnrn~mt~rsieve H drometer

% Fines
Double
Hvdrometer% Gravel 1% Sand % silt 1%clav

- --! . .. . . r -- - htl- i . .. . .
All Data

Standard
Standard Error of the Mc

Avert

49
0
5
0

12
14.0
4.0
0.7

35
3

- 23
26
12

10.8
. 3.1
19.5

97
29
73
72
12

17.7
5.1

67.6

62
15
49
54
11

13.6
4.1

45.4

42
13
24
22
11

10.4
3.1

20.7

86
61
72
71
6

11.7
4.8

67.4

4 = 4 = = 4 = 4 =

Weathered Mancos

Standard I
Standard Error of the Mo

Avera

All Data without
Weathered

Mancos

Standard
Standard Error of the Mc

.Averz

2
0

0
3

1.2

0.7
0.0

14
3
7

:5

'3
5.9
3.4
4.0

97
84
92
95
3

7.0
4.0

88.0

55
53
54
55
3

1.2
0.7

53.7

42
31
38
40
3

5.S
3.4

34.3

86
62
74
74
2

17.0
12.0
62.0

* = e - a = _______ =

-49.0

0.0
611
0.0

9
16.1
.5.4
0.7

35.0
16.0
27.7
29.0
. 9
6.0
2.0

25.7

29.0
66.2
67.0

9
15.2
5.1
97

62.0
.15.0
47.6
53.0

8
15.8
5.6

42.0

27.0
13.0
18.6
16.0

8
5.6
2.0

16.7

83.0
61.C
71.3
70.!

4
11.4

5.7
65.E
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Figure 1. Map Depicting the Locations of the 100 Geotechnlcal Boretfoles at the Crescent Junction Site
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Figure 2. Map Depicting the Location of the Five Test Pits at the Crescent Junction Site



C C
Moab Project, Crescent Junction Disposal Cell
Radon Barrier Design, RAECOM Model Runs
Summary of Mean and Standard Error of the Mean (SEM) Calculations for Key Parameters

Porosity f (Gs) ' No. of Samples I G5  yd n G,+SEM yd n
Alluvium . 9 2.67 1.65 0.38 2.7 1.65 0.39
Weathered Mancos _3 2.65 1.78 0.33 2.73 1.78 0.35
Tailings _ _ _? 2.8 1.57 0.44 ? 1.57 ?

C

Long-term Gravimotric.. .Moisture Content (%) No. of Samples In Situ Rawls & Breckensic ASTM D3151 15 bar tests n mean St Dev Mean - SEM Used

_ _ .. .. *Avg Avg
Alluvium 38 6.8 7.5 9 3 7.8 1.12 7.1 7
Weathered Mancos 12 7.4 13.4 12.1 3 11 3.16 7.8 8Tailings NA 15

Ra-226 Activity (pCilg) No. of Samples.I Mean SEM Mean+SEM
Alluvium 51 1.86 0.16 2.02
Weathered Mancos 21 2.3 0.7 3
Tailinqs 271 868 86.2 954

P\1 81268\Moab Radon\New Folder\Key Parameter SEM summary.xls Sheet1 511612006



•=• Moab Project, Crescent Junction Disposal Cell

Native Materials for Cover Construction
~= i ~ ~

Number
Tested

Depth (ft)
Field

Description

Specific % Organic

Gravity I Matter'
Ra-226'
focifa)Sample % Clay,

TP 156 12 eolian 2.64 0.10 26 2.1

TP 156 15 fluvial/eolian 0.20
TP 152 15 fluvial/eolian 2.63 14 1.4

TP 153 8.5 fluvial/eolian 2.65 15

TP 154 12 fluvial/eolian 2.65 0.20 27 1.6

TP 152 7.5 sheet wash 2.64 16 1.9

TP 153 3.5 sheet wash 2.68 13 .. 1
TP 1154' 4 sheet wash 0.50 22 2.3

P _P 155 4-5 sheet wash 0.40 2.4
TP 156 5 sheet wash 2.82 16

TP liner 156 3.5 sheet wash
TP liner 156 7.25 sheet wash 0.30
TP 152 23 weathered shale 42_
TP 154 20 weathered shale 2.73 40 1.6

TP 156 23 weathered shale 1 0.40 1

ITP 156 22 weathered shale 2.56 31 3.0

All data Max 2.82 0.50 42.00 3.00
Min 2.56 0.10 13.00 1.40
Avg. 2.67 0.30 23.82 2.04

Median. 2.65 0.30 22.00 2.00
count 9 7 11 8

Standard Deviation 0.07 0.14 10.37 0.53
Standard Error of the Mean (SEM) 0.02 0.05 3.13 0.19

Average + SEM 2.69 0.25 20.69 2.22

All Data wlout Max 2.82 0.50 27.00 2.40
Weathered Shale Min 2.63 0.10 13.00 1.40

Avg. 2.67 0.28 18.63 1.95
Median 2.65 0.25 16.00 2.00

count 7 6 8 .6
Standard Deviation 0.07 0.15 5.55 0.39

Standard Error of the Mean (SEM) 0.03 0.06 1.96 0.16
Average +'SEM 2.70 0.22 16.66 2.11

Weathered Shale Only Max
Min.

* Avg.
Median
count

Standard Deviation
Standard Error of the Mean (SEM)

Average + SEM

2.73 0.40 42.00 3.00
2.56 0.40 31.00 1.60
2.65 0.40 37.67 2.30
2.65 0.40 40.00 2.30

2 1 .3 2
* 0.12 NA 5.86 0.99

0.08 NA 3.38 0.70
2.73 NA 34.28 3.00

Note: For % organic matter and % clay. Agerage minus SEM is used.
1 Geo'echnical data are from calculation set X0156200 (Geotechnical Properties of Native Materials)

2 OCS system analyses of native materials from Crescent Junction

P:.1f812SW'Moab Radoniew FdoefrRaden SEM ca~cs.xis 101111



Moab Project, Moab Tailings .
OCS system analyses of tailings samples

Nov-05

Sample Depth in Date Sampled Ra-226

Location Feet pCi/g

Number

BH 700 30-60 11-07 to 11-09-05 466.5

BH 713 20-36.5 11-07 to 11-09-05 631.1

BH 701 0-20 11-07 to 11-09-05 400.9

BH 701 20-40 11-07 to 11-09-05 480.8

BH 701 40-60 11-07 to 11-09-05 5758.9

BH 709 0-20 11-07 to 11-09-05 289.9

BH 709 20-40 11-07 to 11-09-05 546.6

BH 709 40-60 11-07 to 11-09-05 1195.3

BH 709 60-65,75 11-07 to 11-09-05 1205.8

BH 701 60-80 11-07 to 11-09-05 1215.8

BH 703 0-20 11-07 to 11-09-05 457.6

BH 703 20-40 11-07 to 11-09-05 610.1

BH 703 40-60 11-07 to 11-09-05 1396.3

BH 703 65-73 11-07 to 11-09-05 1333

BH --5 0-20 11-10 to 11-13-05 1000.5

BH 715 20-.40 11-10 to 11-13-05 278.9

BH 715 40-60 11-10 to 11-13-05 1225.9

BH .715 60+ 11-10 to 11-13-05 .1518.6

BH 719 0-20 Nov-05 357.4

BH7 19 20-40 Nov-05 1117.7

BH 719 40-51.5 Nov-05 1669.7

BH 705 0-20 Dec-05 186.2

BH 705 20-40 Dec-05 616.9

BH 705 40-60 Dec-05 1232.8

BH 718 0-20 Dec-05 7!7.8

BR 718 20-40 Dec-05 917.3

BH 718 40-43 Dec-05 1601.7

MAX 1669.7
MIN 186.2

Average 868

Median 759

Count (n) 27

Std. Dev. 447.8

Standard Error of 86.2

the Mean (SEM)

Average + SEM 954.0

P:\181268\Moab Radon\New Folder\Radon SEM calcs.xls 5115/2006



Golder Associates Inc.

44 Union Boulevard
Lakewood. CO 80228
Telephone: (3030)980-0540
Fax: (303) 985-2080

Goder
~' Assci ahe s

DRAFT TECHNICAL MEMORANDUM

TO: Greg Lorid, S.M. Stoller DATE: April 3, 2006

FR: James M. Johnson. Golder Associates Inc. OUR REF: 053-2269.2050
Luis A. Quirindongo, Golder Associates Inc.
Ron DiDonato, Golder Associates Inc.

RE: RESULTS OF THE BENCH SCALE TESTING PROGRAM ON COVER SOILS AND
URANIUM MILL TAILINGS FROM THE MOAB TAILINGS IMPOUNDMENT,
GRAND COUNTY, UTAH

INTRODUCTION

As part of our approved work program on the Moab Project, personnel from Golder Associates Inc.
(Golder) completed an onsite bench scale testing program during the period of March 15 through
March 23, 2006.

The objective of the bench scale testing program was to advance the tailings characterization efforts
started during the August 2005 preliminary tailings test program, adjusted to meet the evolving needs
and goals of the tailings relocation materials handling evaluation and design.

During this period Goldei completed the following tests:

a As sampled moisture content testing of the cover soils and tailings materials after
compositing (ASTM D2216) - 14 tests;

* Standard Proctor compaction testing (ASTIM D698) - 14 tests;

* Loose density testing (no ASTM standard) - 14 tests; and

* Settled density tests (no ASTM standard) - 14 tests..

Each of the 14 samples was created by mixing either bulk samples. obtained from the ten backhoe test
pits completed in early December 2005, or selected Shelby tube andlor split spoon samples from the
Noveniber/December.2005 geotechnical drilling and sampling program.

TESTING PROGRAM DESCRIPTION

Sample Prelparation

The bench scale testing program was designed to make use of cover soils and tailings samples
remaining onsite, exclusive of the samples already selected and shipped for offsite geotechnical
laboratbry testing. The •samples pre-selected for use in this program are listed in the March 14, 2006
Golder letter describingthe proposed bench scale testing program. At the" start of the sample
preparation phase of the work, Golder personnel noted that some of the pre-selected samples were no

OFFICES ACROSS AFRICA. ASIA, AUSTRALIA. EUROPE, NORTH AMERICA AND SOUTH AMERICA



DRAFT TECHNICAL MEMORANDUM
Greg Lord April 3, 2006
S.M. Stoller -2- 053-2269

longer available onsite or were different material types than originally classified. Therefore, the list
of samples to be used in this testing program was modified based on review of the available samples
and material types. The final sample list is presented in Table I.

From March 15 through March 17, Messrs. Luis Quirindongo and Jeff Robison of Golder visited the
site to begin the preparation of the samples for the -testing program. Each group of samples was
mixed to create a composite sample, with splits set aside for Proctor compaction and loose/settled
density testing. The sample for Proctor compaction testing was set out to air dry (over the weekend
of March 18-19, 2006). The samples for'loose and settled density testing were placed either in
buckets or bags to preserve the as-sampled moisture content.

Sanmple Testing

During the sample preparation period, moisture content samples were obtained and tested to
determine the initial, or as-sampled moisture content. During the period of March 20 through 23,
Messrs. Luis Quirindongo and Ron DiDonato were present on site to perform the standard Proctor
compaction and loose/settled density testing. During the course of the week, "sample processing,
moisture conditioning, and testing were performed. All testing was completed by March 23.

Natural Afoisture Contett Testing

* Fourteen moisture content tests were performed following ASTM D22 16 procedures.

Standard Proctor Conmaction Testing

* Fourteen compaction tests were performed following ASTM D698, Method A
procedures.

Loose Settled Density Testing

Fourteen loose settled. density tests were performed. These are non-standard tests
designed to collect data which we expect to be useful indicators of material
characteristics following excavation and during and after transport. ASTM D4253 -
Standard Method for Maximum Index Density and Unit Weight of Soil Using Vibratory
Table and ASTM D4254 Standard Method for Maximum Index Density and Unit Weight
of Soil and Calculation of Relative Density were used as guidelincs. The procedures
developed by Golder for these tests are as follows:

o For loose density testing, a standard Proctor mold with a known'volume was used.
Material at its natural moisture content was placed in the mold as loosely as possible,
struck off at the top of the mold, and the weight of the mold plus wet soil was
recorded.

o For the settled density test, the same mold and material was used. To prevent any
loss of mass and obtain a smoother recording surface, a cap weighing 1.34 pounds
was placed on top of the sample before proceeding 'with testing. To settle the sample,
the mold with the sample was dropped on a concrete floor from a height of I to
3 inches, 100 times. After every 25 drops, the side of the mold was tapped with a

Golder Associates
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hammer approximately 16 to 20 times. After shaking the sample, height changes and
moisture content were measured and recorded.

TEST RESULTS

During sample preparation and testing, materials were mixed to represent four typical types found at
the site: cover soils, sand tailings, transition tailings, and slimes tailings. Golder recommends that
leftover sample materials be tested for classification properties in an offsite laboratory to either
confirm the visual classification presented in this technical memorandum or provide a basis for
modifying the classification. The range of measurements obtained for the four primary material types
are presented below.

Natural Moisture Content:
* Cover Soil - 6.5%
• Sand Tailings- .1 to 9.4%.
* Transition Tailings - 16.5 to 37.0%
* Slimes Tailings -- 37.5 to 52.3%

Proctor Maximum Dry Density:
" (C'over Soil - 109.2 to 117.7 pcf
" Sand Tailings- 103.9 to 107.3 pcf
" Transition "Tailings - 102.0 to 113.3 pcf
" Slimes Tailings- 95.0 to 101.6 pef

Proctor Optinun Moisture Content:
* Cover Soil -11.9 to 13.8%
* Sand Tailings- 12.7 to 15.6%
* Transition Tailings- 13.1 to 21.1%
i Slimes Tailings - 20.9 to 28.7%

Loose Wet Density:
* Cover Soil - 71.5 to 78.7 pef
a Sand Tailings - 63.7 to 66.8 pcf
* Transition Tailings- 71.6 to 103.1 pcf
o Slihies Tailings - 49.0 to 93.8 p•f

Loose Dry Density:
C Cover Soil - 66.9 to 73.1 pcf

. Sand Tailings - 57.7 to 61.7 pcf
• Transition Tailings - 53.2 to 83.9 pcf
* Slimes Tailings -'33.2 to 64.3 pef

Settled Wet Densit:.
a Cover Soil - 100.9 to 103.3 pcf
e Sand 'railings - 93.1 to 95.9 pcf
e Transition Tailings.- 107.3 to 126.4 pef
* Slimes Tailings - 58.9 to 114.2 pef

Golder Associates
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Settled Dr, Densio,:
* Cover Soil - 93.7 to 96.6 pcf

e Sand Tailings - 84.3 to 88.6 pcf
* Transition Tailings - 84.6 to 102.9 pcf.

& Slimes Tailings - 39.9 to 80.7 pcf

Percent Vertical Compression (iuhdc'r dynaic loading):

* Cover Soil - 22.0 to 30.8%
* Sand Tailings - 30.3 to 31.5%
* Transition Tailings - 18.4 to 39%
• Slimes Tailings- 16.9 to 39.6%

Percent Compaction (Settled Dri, Density as a pereentage of the standalrd Proctor uayximutm thy.,

* Cover Soil - 82.0 to 85.8%
* Sand Tailings - 79.3 to 82.6%
9 Transition Tailings - 78.8 to 94.6%

e Slimes Tailings - 39.3 to 84.9%

All test results are summarized on Table 2. The bench scale test data sheets are included in
Attachment 1.

Golder Associates.
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TABLE I
sAmptLEsEI.Ec'rlON MIX SUMMIARY

Blench Iesl Borehole or Derpth or sidlecilo
Sample %N Teot pit lnfvrval ____________________________________________________

(,ABT-0I (pATi-03 Q-5- SAND (SP). litle silt, trace gravel, line prained. neddish brown. cover soil

S3ABT-02 GATP-08 0-S' SAND) (%P). some silt, poorly graded. 5ellhroish brown. cover soil

(iAI3T-03 CATP-04 5-ICY SAND (SP). some sill. poorly IgradL'd. mmist. yellowish brown. sand LtiI~iigs
10-15,

_______________ 15-20' ___________________________________________

(ABT-04 GATP.U.S 5-10' SAND) (SP). trace to little Silt. trace clay. poorly graded. ns.iit. light brown. sand tailings
10-15,

(ABr-05 (JA7T'-O6 5-ICW Claycy SAND (SC). 1,4x.Tly graded. saturated. reddish bmwxn. transiticii tailings

(iAVIT-O0 GATII.09 5-10' SAND) (SIP), little to sonic sill, saturated. reddish brown. sand tailingts
10-IS'

(JABTA r- G(ATI'-O 10-15' Sandy SILT (.NIL). moist. reddish brown. transition tailings

(;ABr-ON. (iAl1-40 10-IS' Sandy SILT (NIL). mioist. little to sonic clay, reddish brown. transition tailings
___________ (ATI'-II1 10-15' ___________________________________

GAICT.0' 7N( 12-14' Sandy CLAY (CL). some silt. medium plasticity. grayish lbroni. moiost. tran~stinn i aitngs
24-26'
40-422
42.44'

(JAIT-10 707 6-8' Sandy CLAY (CL), -somi silt, medium pla.-ticity. dark ?ray, wcl. transition tailings

10-12'
12.14'

20-22'
_____________ 713 13.5-15.5' ________________________________________

PT- . ?3 18t-20' SILT (MIL). low plasticity. oioist.. dark brown, shines tailings
)3335'

43.45'

63-(s5'

(GA131r-I2 3(19 13-I5' Silly C~lAY (CL). mnediumn plwasicity. moist, grayi~sh brown. snitsis tailings
23-25'

53-55'
___________ ________ 63-65'

GAB~T-13 700 64-66' CLAY (CL).) low to medium plasticity, moist, grayish brown. slines tailinmm
- 70.72'

90-42'
7077 34-36'

GA13T.I4 708 201-22' CLAY (CI I). high p1astICity. inIiS.qt dark gruy. slinics tailings
30-321
38-to'
44-46'
59-f60'
60-62'

March 2006~ ~~~ I 1~~~~.55551~ C V.,'w. odrAsoitst5326)?SGolder Associates 053.-2269•.2050



C C.
TABLE 2

BFNCII TESTING RESULTS SIhIMARY

C
Rec Ts Cnen Tae azisimu Dry Optimums L~ooe Wet Density Loose, Dry Density Settled Wet Settled Dry V'ertical Pnerent Settled Percent

Sample No. March 17, 206)e Density fpi• ) Moisture Content (pet) (pet) Density (pen Density (•) Settlement Compaction Comment

(GABT-0I 6.5% 117.? 1.9%, 71.5 66.9 103.3 06.6 30.8% 820% CoverSoil
GABT.02 6.5% 109.2 13.8% 78.7 73.1 100.9 93.7 22.0% 85.8% Cover Soil
OAB'T-03 9.4% 106.3 12.7% 63.7 57.7 93.1 86.3 31.5% 79.3% SandTailings
GAHT-t14 1.1% 103.9 15.6% 661 59.3 95.1 85.4 30.3% 82.2% . Sand Tailmws
GABT-05 19.9% 113.3 13.1% 103.1 83.9 126.4 102.9 18.4% 90.9% Transition Tailings
OADT.06 5 4 1073 14.6% 66.4 61.7 95.9 88.6 30.3% 82.6% SandTailings
GAf'T.07 35 4% 107.3 IR.4% 72.7 53.2 115.7 84.6 37.1% 78.8% Tranition Tailinp
GADY-098 16.-% 112.9 16.0% 716 62.7 107.3 93.9 33.3% 83.3% Transition Taili!.
GART-09 37.0% 102.0 21.1% 718 54.7 117.6 89.7 . 39.0% 87.9% Transimon Tailings
GAIOT-10 30.7% 107.8 18.7% 825 66.2 127.0 102.0 35.1% 94.6% Transition Tailings
GAI'-1Il 49.4% 96.0 . 27.8% 583 40.6 94.5 65.7 3.3% 68.5% Slimes Tailings
GABT-12 40.8% .101.6 22.5% 49.0. 33.2 58.9 39.9 16.9% 39.3% Slimes Tailings
GABT-13 37.5% 95.0 28.7% 689 48.7 114.2 80.7 39.6% 84.9% SlimesTailless
GABIT.14 523%. 101.5 20.9% 32 64.3 113.4 77.7 17.3% 76.6% SlimesTsilin ..

MNrch 2006
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