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1.0 Introduction 

A land t"i!l ...:P\cr .:;yst.:m !:; being constdcr.:d for instai!ati,m as pari llf the do sun: pnh.:..:s:.: ai th.· 

l.o:-- Alamos Nati(>nal ! .aboralnrv. Technical Area ( l i\-l )4, \laterinl Dtsposal .\r~·:1 ( \ll l.'\ l ( r. 

I (i\\ -Lcvd Radinac!i\1..' Waste Site. Landfill ,:(1\crs are nne or the ll1\.1Sl UJ!lltl!Oll m:lll<li~"·mcn\ 

approaches f{n· n:dtlt:ing ri:d;:s ihHn buried \Va~tt.· :-:mcs. Ctn~:r~ sen·~;.· l\\U pnmary n:-k t\.·dtK'1iPn 

roles. hrst they scrv...· a:- n barrier betwe(:n !he wask and the surl;!L'e emimnnk'llL rhu:-; r..:dunn~ 

f~uma. Se~..:ond. landfill eo\-ers reduce tht· dov-al\\an! nK>vemem (lf\v~!!('!' into and belcm th,· \\;Jc;k' 

/one. lhb dct:rcilSC in downward !1UC\ is iC\pCl'[Cd In reduce the ra!e or \\ :JSlC flcl 

dcf!rad:niun and ,.hm nward !ran spurt nf ~_:onlammanh 1o lh~: groundwater sy~tcm. lb.: nwdcl m~· 

and analysis discussed lll this n:por! {{lCUS on t:Stim;uing th<: dm\'11\\:Il'\.J 0UX of W:ikl !hWllc!iJ the 

,·o-.cr and inh1 the wa:-;te /one. 

hF this assessment, the performance of th;.' rnotlnlilhir c\·apotranspimtion ( L! .1 ,:\l\ cr ll1r 

\lDA (i desLTibcd in <.'tal. (2005) was e:xanllncd tFigun.: I l. hapotranspiraticm ~'overs an.: 

1n!cmh:d to prm ide water storage suffkictlt !o contain spring s!Hl\\ mel! \\ ithm the con:r mm l 1t 

:s u~cd through l ! lakr 111 the year. Th(· CO\ cr design propuscd !\n· \H>A (i a \ an:thk 

t!w.:ktKss \\'tlh a mmimunl 2.:-\--m (1\.2-l'n thick L'tncr on·r the waste !hv ,.tl\er i,; ,·nmpo,.nl .,j' 

crush::d Bandel i~:.T I uiT mixed \\ ith f) pereen! bcmonitc and ! 2 pcn:cnt angular tuhhk·~. and hJ, ;~ 

shalkm sur!ill:e ?one t.ksigned to pnnnok plant growth. Additional inltmnatinn un the genera! 

perfnrmance nf l· I covers can be found in Bonap~it'IC r:t <tl. ! 2004 ). IT!H · L \ \·h:m ! 2Uil." L 

and Scan ion ct aL 12002 l. 

!he rcm;~inder of this report descril11..·:-. the approach. results. and cow.:lus!otb of thi:- .'\n 

o\ en it'\\' nf" the l !Y DIH fS snl!ware packag.: sckc!cd for the mode! mg. a discuss inn of tlw rnprn 

data used In condt1ct the model ::;imu!auons. and information ahnut model scnsitivit~ tn vanatl!Hb 

m conditions arc prnndcd in :--.c,:tton 2. ·rhc results of the l1h)dl'ling are prc:-cntcd Ill Scctwn 3: 

lht"st r~.·.->uit::; and !hL· nnn:rtamlks rela!cd tn tht: mmlcling an.· dis1.:usscd in SL~l·tilln ...\. 
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2.0 Methods 

Thn;,~c majt1r eonsH.krattons fm !hi:> study were the select inn n t' an apprnpnall: moi..h:l mr 

the sc!c-.·ti,m df n.:pn:scniativc inpul da!ascts. and St.'llS!It\it~ of the mockl h• vanathllb m 

2.1 Selection of the HYDRUS Model 
:Vlany •.;o!!watT packages an: :naibbk: ltlf cva!uatin~~ !;mdlill Cuh~r pcrf4wman(·c: !he l!Yl>!\l'S 
modd (Sirnunck d aL 191);..: and ]099) was sdi.xk·d !(H· lhts study. 'Tlh: IJYDR{:S mndd is 

h;bnl on Richards· equation {!he lh~:nn:!kal cqu:uion 
the anaJvsi:, oJ' \VatC!' fhm and SOJU!C l!'allSpl'tfl Hl \anab]y Saturated pornth llh:dia. '( fll.' l'C:hPfb 

for tlw; sckction and !he basic characteristics of the! !Yil!U'S pa~.:kage arc presented hck1\\. 

!ht: J h•drologic h a luation of Land!lll Pcrt\wrnanct: (l 11: Ll') modd 1 Schrneckr ~.:t aL l tl<LH is 
olkn used for tandt!H cuvcr mudding. How.:veL n.:cem !iteratlln: ! Albright e! aL 20tt2: Scanlon 
et aL 2002J, the draft FPA alternative ('over gmdance IBtlllllpartc ..:! al.. 2004!. a11d II IH l:on:r 
g!!idance !2CHJJ) all indi~..:ate that !IFL!1 is a pour dwict' t(w modding Fl and c·apd -barner 
._'0\Crs. especially in ;,t'llltJrid enviwnmell!s. nns i:' mainly because tht: Ill] p modd !'; !WI 

based on Richard's equation and thus cannot properlv represent the dynamics of \\ah:r c:ont.::m 

dmngcs and fluxes. particularly under 

dmK·nsional ( 1-D .! or pst:udo two-dimcnsional\2 · D J mudding. 

Oth..:r !amllill pcrrormance models based on the Richards' equationtc.g .. L\S,\ l-Tl) l:tmld hrm:: 
lwcn sckcted [i1r thrs study: howncr. using tl'r'DRl JS uiJcn:d several ath antagcs. hrst. 2,-D and 
tim:t:-dink·nsional iJ·U) \ersions nf!!'!'J)IU'S (!!\'DRtiS-2ll and l!YDR!'S,JD) an;' :l\;lilablt·, 

and future studies a! MDA (;may n.:quire 2-D or 3-D moddmg. In ElcL HYDRl D !Simunek 
d aL. !991)) \\as in an early phase of this SccomL modds arc more easily ,k\dopcd 
and impkmentcd u,;mg I I YDH! 'S tk'ctwsc nf its gmphical imcr!:icc. !bird. !lw opportunity 
t:-.:istcd w dis"~u:;s ill-: modeling npproad1 and results din::cti)' with the author ol the HYDIU rs 
package !l Sirmmck. I ;mvcrsity or Ca!i l(lmia. Rn cr:>!IJC). hnally. rccenl versions or tlK: cmk 
have n:~.:chcd cx~..'dk~nt n;:YiC'ws by th;.· sel<.'n!ifir nHmmmily !Sdkcr. 2004.1. 

\1nsl of the modeling work undcnakcn lo cvaluak covcr pcr!lxmath.'C at MDA (i w;~s \'Whludcd 

\\llh HYD!US-JD. \crc>wn 30 (Sinwnek d aL !'19kL J.l'd>lH 1S-lD uscs a fin11l'-dl'l11L'nt 

approach l!.lr simulating: !ht~ one-dimensiunal !Wl\ em en! nf \\ atcr. heat. and multiple sohn~:~ m 
\ ariably salllr:l!t:d media. ( mhequent!y. it is used e\t(:n>;ivd) to addn:ss a \Vide 'ariety tlf \\ thic 

,llSpusal and \ilhcr hydroh)gic prnhkms that n.:qum: l'llll'idcration <lf variably ;,;tturakd pnroth 

medw. ! .I YtJR( :s mtnk:rically stJh·es t!H.' Rid1ards· vquation lin· satur<Itvd-tmsatur~lh:.:d \\ akr !low 



and Fickmn-!xts-.:J advectintHlispersion t;XjlWIIlllh tin· h~:at and solute transport. !h~: water lk1\\ 

pan of tht: modeL \\'hich •vas the fcatun: or llYDRl ·s used specifically !br t!n:; ~tudy. can 

addn:ss constant or linW·\·arying prescribed h..:ad or nux hou!ldaries. boundarks cuntrollcd by 

;nmosphcri(· condmons, and !h:..:-drainage btltmdary umditmns, The !1nw region m HY! >RUS 

can indudc nonunilhrm soils. trnsaturmed soil hydraulic properties can be described u~m}: a 

\ariL~ty <lf analytil·al rundions van Gcnuchtcn-typc p;muncil'rs} and both c·Yaporatinn and 

rout water uptake (transpiration) can he moddcd. Tht: l!'d>RUS pad:.ag~: has hc~~~n 1;.'\t!:nsndy 

lesll:d. u;;cd for rt~!!u!atory-bast:d assessments, and thcd i(w rcscarch. Additional infommt ion on 

lhl: !!YDIH 'S mndding pacJ.,.agc can be !\Hmd in the l!YDRt 'S-l D mamta! (Stmund: .:1 aL 

l (}\)~ l, 

2.2 Input Data 

The HYDRUS nmJcl n:qum.:s ,·anous inpm parmm:lcrs tu define the atmosphene boundary 

~.·onditions !(w the simulations and tn spt:cify the hydraulic propcrtks or th~.· em cr matt:riab. ThiS 

.-.cclion discusses thl: data sckrll;'d fu charach:ri~:c lhcs.: parameters, 

2.2.1 Atmospheric Input Data 
rhc atmosplwric input data !~:.g .. site-spccilk prt:cipitatinn and potential F r time-series \:llllt:Sl 

arc imponanl controls on how wdl a land!il! cover model actually n:pn:scnts cover pedbnnam:c 

!Honapanc c! ul.. 200.t: ITRC. 2003), These data can be a key source or uncertainty. especially 

m semiarid environments when: the I:'I and pn:cipitation an;· of similar magnituJcs, and 

pn.:cJpitation is highly \artablc in time and space lkcause of the impnnance of th~: atnwsphenc 

input data to the modeling. substantial effort was spent in determining till.' best approach fi•r 

L'fmstraining, the atmospheric boundary in l!YDRUS. The objective of this efll.m \\:IS !o de,·d(lp 

mput data that acn1ratdy represented thL' sit<.' under ~.~urrent dimati~,: conditions. 

The paramoulll C(l!1~.Ccrn in dc\cklping atrnosphcr·ic input data \V:Js to constrain LT. as thi,; is 

n!tcn where the grcute:>t unc-.:rtainty l'Xists. (h cn:stima!ion of ET leads w undcrprcdil'ttnn t.>f 

dowm,anl fluxes tsccpngc} and vice versa, Four difll:rcnt apprnnchcs for estimating FT were 

~;.·xamincd by Sinmnck and ivh:Tivcr \2004 l using data from the F'! cover studies of N ~than 

t::!OO:' l aml Nyhan ct aL ( 1997!: these evaluations arc tkscribcd below, 

Nyhan (2005) and Nyhan ct aL ( 1997! l'tmductcd a multiyear study of an ET cmcr design on 

Mcs!m del Bucy at a lncation just wc,;t ofMDA G The general con!lguration nftlw ~.~mer design 

that ''as C\ aluakd and some aspects tlf the cxpcnmental desJgn arc shown in Figun: 2, !he 

'Jyhan and Nyhan ct aL res~.~an:h provides an cxcclkm basis t{Jr t:xamining different appmadws 

~~~r prcdh:ting Ll ut thl;' disposal faciiil~' bccaust.: of the study lol'ation's do:;~: proximity io 

\1DA (i, htrlhcnmm.::. cxpcrim..::ntal data were cnlicdcd ttll a daily basis and, as such. pn)\ide a 

ddadcd r-.:cord of site conditions. 
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Lismg dailv total predpitation and other nu:leoroiPgt,cal data colh.:ct~.:J at the expcrimcntal ~ih: 

descriheJ in N yhan (~005 ), Simum:k anJ Me l1ver ( 2004) ~..~ondueted simulations to determim: 

wlnd1 of fimr appmndtes to constraining L'l yielded re:>ult:., that best mah.:hed the "\yhan water 

conk'nt pmfiks. seepage. and inter!lnw (side drainage l data. Th~..· li:1ur approaches estimated dai!~ 

r 1 using ( ll the water h:.llance equation to cakulalt: ll directly !rom the l ()((\ experimental datu 

las n;·rwrted in N yhan, 2005 ), ) the original \ crs ion of tht: P~.~nnwn- ivhtnteirh equation 

(Monteith, 1965 and !9Hl). (.\)the combination Pemmm Monteith f!.mnula !FAO. 1990), and 

{ 4) cdd:. covariance data collected a! the Los Alamos, TA-6 mekorologieal ;-;tat ion {sec 

-: http:'·weatht:r.lanLgov:>). The Pcnman-Monh:ith appmad1c:s calculate "potentml'' l· l. <lr the 

maximum amount or water that can br: lost to c\apotranspirmion mHkr giv~;~n awwsplwric 

cond1tmns. The other two methods yield "'a.::tuar· L~T valu..:s, which may he less !han p,nemial 

I· T bl'c<tUst: tlf Htctors such as !he depth of tiH.: evaporation lhmt in the soil. Although each of tlw 

Hu1r approaches lms associated probh:ms (Simunck and McTiver. 20Ll4~. they currently repn.:s~:nt 

the best m.::an:-. of l..'onstraining LT. For comparison purposes, cumulative r·I values for l ()93. 

deh:rmined with ead1 of the l!.mr metlmds, arc plntted in I igun;· 3. 

Simunek and Mel in!r used I !YDRUS-2D because the Nyhan experimental design had ;.:apillar;. 

batTier e!'fects lhat caust:d intcrHow in addition In downward !low. Daily prccipimtinn anti other 

parameters were hdd constant to allow the efrect or the di!Tr;:renl ET dalasets to he readily seen. 

Direct ( fotward} and inverse modeling wcr~' used 10 evaluate the lour ET approaches using the 

!993 data reported in N'yhan \2005 ), For the din:ct simulations, the Nyhan cxpcrimt.~ntal F l data 

(appro<Kh l) yiekkd reasonable predit:tions of water ~.:ontent However, the simulation did not 

prt.~dkt seepagt~ and, although it did pn:dict intc:rllow, tht· nux was lmdcrcstimatctL Both s~:epagt: 

and interllow occurred in the actual field cs:penrnem. The two Penman-!'vfontdlh approaches 

greatly undcrprcdkted water contents. (ailed lo predict seepage. and predicted only minor 

intcrnow. Tht~ eddy t'ovarinm:c approach s~'\Crcly nvc11Jredtc!ed water contents. scepat!t. and 

in!t::TilllW, 

HY DRUS provides an inverse simulation option that allows the user to mpm certain pruper11cs 

while the program optimizes others. This optk111 was used as an additional check on hnw wdl the 

four di!krent ET estimation approaches could n:pres;;~nt aeuwl conditions. Under this option, 

HYD!U estimates water nmh;:nts and seepage and inlerllow fluxes using an initial set of 

hydrologic properties (taken t!·om Nyhan, 1 <)t)]J and compares predicted water content and 

t1uxes lo the nbservcd values reported hy Nyhan {2005 ). lhe program tiK~n varies the hydrologic 

properties until the :>ums of squares of the resiuuals bd\\ c~n !he observed and predicted water 

cnnt~nts and lluxes are minimi;cd. Thus. the modd is nm many times to find the ''optimal'' set 

of hydrologic properties that best tit the observed data. If the inverse simulation results fnr a 

given l:! dataset shmv that only minor adjustments of hydrologic properties ar~..~ rwetk:d and rhnt 

seepage and intt:rHow lluxes can be reasonably simulated. this provides additional c\Hknce that 

a gh en !· I datase! i.;; likely a reasonable r.:pn:sentation or uctual FT \ alu.:s. 
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!he im.:rsc simulations t~:>ing the Nyhan ..:·xperinH;'ntul l T data (approa-:h 1) resulted in [_!nod 

nmkhcs for water nmtenL cumulative sccpagt:.\ and cumulative mtcrllow l hg.urc 4l and !h.: 

optm1ized panum:tcrs using the Nyhan ex pen mental data were not signifi~~~m!ly di !Tcrcnt th:m the 

measured hydraulic properties. The Nyhan~data inverse sinml<.t!i1llls did, howeYcr. tnhkrprcdh-'l 

water contents in the region just ahovc the crushed tufFgravd contact during the IW!.I \\t:t 

periods. which <h.:curn.:d just alter 200 and 400 days (Flgun.: 4aL The inverse results for the two 

Pcmnan-:V1onkith simutations were less SIH.:ccssll!l in smwlating the observed water cunt;;;lll" and 

thc optimized paramch.:rs for these approaches differed greatly from measured prnpcrtic". ·rhc 

results from the original Pcnman-\·1onteith equation \appro~H.:h 2) arc shmvn m Fip:un;~ 5: it Js 

.:vident tbat the cakulatcJ and rw.::asured wmcr conlt:nts dn not match. especially during nnd after 

the twn wet periods (Figure 5a). Also. althnugh the occuncnct: of seepage and intcrllmY wen.: 

pn:Jictcd (Figures 5b and 5c), the Pcnmai!-Mnntdth approat:h did not accurately simulate the 

tllning of thc flows as shov>n in Figure :'ic. The n::su Its nf the inverse sinmlatlon using th..: .:ddv 

cmariance data showed th.: greatest di~~..:rcpancy with the rncasured data ( Figuh.· 6 l. Water 

contents. seepage. and imert1ow w~:n: all m .:q;n.;dicted and optimized valut:s were physicallv 

unrealistic. Additional discussion and details of the inverse: modeling rt:sulh cm1 be !i.nmd m 

Simunck and :Vklivcr !2004}. 

Th~: Pcnman-Mnntcith approach 1s commonly used to constrain FT (()r landfill-l:nn:r 

performance modeling. llmvcvcr, as shown by the !\lnvard simulations. this approach can result 

in overestimation of E"l v:hich. in tum. results in lmvcr ~·stimated downward ami lateral !lmu.:~. 

This is clearly not n.:prcscntaLivc or conservative in terms of the grmmdwat;;;r ri~k pathway. In 

adJition, the pnor inverse modeling results suggest that this approach is problematic fi.1r usc at 

MDAG. 

Fddy ~.~ovarianec is considered to be one of the most accmlHc approaches for measuring Fr if the 

energy balance error <:an he adequately rt•dw:vlL lt was hoped that the eddy eovariane~o.· data 

would el1h·thely constrain the atmospheric houndary condition because multidecadal 

atmospheric records including actual FT ~.:ould nc gem:rated tor I .ns Alamos. l !owcvcr. the 

tiYDRUS modeling shm.vs that !he t:ddy-cov:niance-based dma from Los Alamos an: 

problematic and likely undcrestirmltc actual ET by signifi~.:anl amounts. The annual and monthly 

differences bet\\ ecn measured precipitation and predicted Fr were calculatcu and it was f{mnd 

!hat annual pr~~o:ipitation systematically exceeded annual FT. sometimes by a large amounL ! data 

not shown). This differcn..:e is ch:al'ly nnl ;;;orTcct fbr a ~crniarid climate such as Los Alamos. and 

provides further eon!lnnation thal the ET \alucs arc probably underestimated. The possibility of 

-..·nrrccting the ET \';.llu~:s was con.-;itk'rc!.L but consultation with a mkrorm.:tcorologist indicated 

1his is csscmial!y an impossible task because of !ht: nattm: of the errors in the lalem hl..'at 

lk'lnminations (Cooper_ 2004 ). 
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In ::;hort. the 5-ycar-long., wmcr-balance-derived LT dataset lillfll Nyhan's .:over demonstration 

plot (approach ll appears to he the most reprt.:scntativc !(lr usc at iVll);\ ( i. A llhough nnt perfect 

wlwn compared to the data available !~H· many otiKT landfill-cover studies, these data an: 

t'\cclkm l!,r dcllning the atmospheric boundary conditions. 'fhc HYDIU .'S IH\ crsc !1Hl~klmg 

shows that these data can reasonably reproduce very complex cover behaviors including dynamiC 

watt:r ~·ont.:nl chang~:s. intcrllo\\. and sccpagc. One dtsmkamag~: or using !ht:sc dat<l to mudel 

Fl is that they em cr only S yt:ars. Ncvcrthckss. during this 5-ycar perim.L annual prn:ipitalion 

ranged tl·om about 3(1 to 46 em ! !4 to I x in.) compared to the long-term average annual 

pn:ctpitaiion ror MDA (j of about J 7 ,:m (I:' in.) ( Hnwcn. 1990). Although one nf tlll· y~:ar-., 

( 1998) !wd precipttation that was slightly below avemge at .\(, em ( 14 in.). all other years had 

above averagt: precipitation. Thus. c\ ~.:n though the dataset docs no! adequately capture the bed 

long-tcnn \·ariability in dnnatc, it docs appear to n:.'preswnt an:rage or :'!tightly ahtw-:-an:ragc 

conditions. Another limitation to usmg the watcr-balann~-derivcd approach is that it pnwtdt·s 

actual FT rather than potential FT. (l'he HYDIUJS model is designed to usc pmcntial FT as 

input and then to calculate actual FI based nn hydraulic prnperlics. i Despite this incon-.istcnc~. 

howt:vt:r. the abov~: analysis supports the usc oft he data !'rum this approa;.;h. 

As a further check on the inHucm:e of the atmospheric boundary data, simulations of the 'v11 ).\ (J 

cover were conducted using experimental dnta from an earlier set or lanllfill cover experiments 

( Nyhan ct aL 1990). These experiments. knnwn as the Integrated lest Plots (liP l. wen: 

conducted over a 9-ycar period from !985 through !91/J. Daily precipitation records f\lr the 

experimental period \Vcre nbtaincd. but the Fl data \Vcrc available only as eumulative FT over 

2-wc:ck periods, In build a daily time series. ET values were apportioned evenly fiJr each of the 

14 days. This led to an artificial stcp-typ~.: appearance w tht: dala. Howen:r. over longwr time 

scales, it was thought that this approxunation would not severely arkct the results. 

Simulations hascd on lht.· lTP dam yieklt:d higher L 1 rntes than did the 199.1 cxp-.'rimental datn 

reported in Nyhan (20051. Thus, the ITP dma appt•ar to bt• slightly less .:onservali\ e than the 

nt~\\ cr data. This result, in conjunction with the lower resolution of the FT data and \Vater content 

measurements Hnmd in the ITP dataset. led to th~.: adoption of the ~yhan (2005) cover-.-;tudy dat~l 

th the primary source ror H YDRl iS modeling of the \1DA (i cover. Thus. l lYDRl'S-1 D 

simulations of th~: MDA (I cover design were conductt:d using Lhc 5-ycar atmospheric dataset 

supplemented by a !l:w 9-year simulations using the lTP dataset. Additional I ,(){Hi-yt:ar 

simulations wen: conducted by rcpeat~:dly concatenating. the 5-year dataset to huild a 1.000-year

hmg time ~cries. 

2. 2.2 Hydraulic Properties 

lhe hydr;wlic prnpcrti~:s (e.g., saturated hydraulic ccmductivity and th..:: van (icnudHen 

parameters) of the materials ust:d in the cover arc a major control nn the rate at \\ hidt water 

M.~~~'i>l-if)J d Ml t >ld:td!&".?)/:4'-i..>fi(:P <>:~~· ft1 ti"xf< ',),• <>i]<JwiJ!W f--Wtr.wty & ~P.Ni. ·p .I;" W\t. <:~ 

~:; 



lhat COHSL'its of crushed lull Wtth (l percent bcnhmilt:, and a lP\\Cr 

\:msl~t:d m \Y. '] h;.' lmvcr, crushed tu Cf lai,'Cr was me 1t1,kd tu rcpt'L''>L!H the ojK'WliP!lal -.·u\ er pLt<.·,·d 

0\l'l dispn:~al unih durin~; interim closure and. in :;,nmc .. :~t::;L·s. 1hc underlying w~htc i fij.elll\: [ L 

Gcnuchkn ( lllR7J, [:n!ixtunmcly, IW nu:•!SLHl'lllCIJLs ~1rc· ::nailabk I{H' lhv (, pt,TL:,:nt hcn!onih.: and 

~·rushcd wrfmi\!tH\~ included in thL~ 1vl!JA (i l:O\;.:r dt:>ign. Cnnsequcntly. !he propcr!!cs I'm tlm 

byL~r were cqimat..·d usmg several approacht•s, 

( )ne of the mtcn;srmg things that happcr1S \\hen nuslh:d lufr h mr\l:d with small pen:cnta;,~e:.; uf 

bt:ntumte is !hat the saturated hydraulic cnndm:m·nv i dramatica!lv. A !vptcal A' 

'aluc !tlr ~.~ru-;hcd !UIT is about 1 ' 1 ~.·m s L~ _, > !\)' fb.). llnwcu:r. \\ i!h the additHl!l ,d' l\J 

p;;.·rcent benton itt\ the A. ~:an dl·neasc by !imr otdlTS nr magnitude ( i\ vban C! elL. 1997), ln l:n.·t. u 

W pcn:cm-bcntonitc addition n.:duces tlh.' cnndu,.,·ti\ it.v In suGh an extent that !he n.:...n!tam 

crushed w!Yrhcntnnik material is cqUI\akn! In !he "impcmh.·ahk" clay layer thl:d m the ! .~ 

Lm·iromm:nlal Pn•U.:ction Agency ! EPA} Rcsour~.:~.: ( onsenation and Rc,·o\ en.· \~·t ( !{( 'RA l 

em cr dcsi):!n 1 '<ylwn ct aL. ! l)l)7 ). 

In 11.:rms of the current swdy. 1t was necessary to determine hzl\\ th~: (l-pcrcenl-bentonite add!llon 

afkcls the hydr~mlic condw.:tivity and other hydr;mlk propcrtic:c; nl' the upper h1ycr nf the 

mndeh:d em cr. Alx:de ~ l tJt\4) conllw:tcd a LlhonHor; and mmklmtz study of ~.:ru.~hcd toll 

mixtures with varim::-, proportions ur bcnlonitl' and pn::st·nts two models !i.1r pn:dictin12 at 

,·arinus cmnpal'tions ti•r a l~ll pcn:enta):!.c nf bentonite. When used 1\) cslimalc A, f<H' the 

(l·pcn:cnt-hcntonite admixture\ these models yidd .. xl \;dues ranging from 2.9' lil' k> 

53) x ems ('1.5 x l lO 1.1:1 > 1U" n :-;J Nyhan c! al. ( !9971 n:purted a A, \aluc o! 

() ,; >- Ill:~ em's L:'.. l " !u·'J ft 1s) for n Hl-pch·,:nl·bcntonitc·uJil mixture, which ~tq;;.:t:st:.; 1h:H the· 

.\heclc (I 'li'\4) estirmll(~:;; may be hm. Tn examine this. a linear regression was Ill hd\\ ccn the A' 

values fill' pure erw;hcd lU rr and the value !(lr th<.: !0-pcrccnt-henlonitc mixture rcport;:d in i\ vhan 

et a!. t l 997) r!K· l::'itimatt:d n::m!t for the 6-pcrc·cnt--bcnlnnit~·Jcrush~d tuff mi.\ltm:· was 

l.! < ! cnn !·L~ ! 0 i11. sL Because this was tilt.· !H~hest estimated A, \~due, it was sdcctcd 

fi.1r u:c;e in the H\'DR\ 1S mudding. 

fln-. linear regn:s:c;inn approa,;h \vas ab(! thcd to cstm1alL: the water ctnHcnt <li '>~lluration. the 

residual water conh.:nt. and thc \'all { icnuc!HL~n " anJ 11 paramdcrs. These parameters arc used tP 

es!lm.lh: unsamratcd hydraulic <..'(mducth itics under \a!'~'ing water ('Untcnt ~.:onditions. The lm;:ar 

n:grcssitlrl approach was pragmatic. that there \\ere data !(lr only r.wu ,-rushed 

w!!'hent<~nitc mixtures and that all of the~c· pwpertlc~ are highly nonlinear. l he approa~.·h \l.;h 

dis•:ussed \\ ith Ri~.:n \all Crenuchten from tlle L Brown. Jr. Salinitv Lah{ 

the l r:-, Lkpartnh.:'lll of Agrint!wr~:). \\ hP ~·\JllCll!Ti:d !hat ~.::-:tim;llion u:-;mg linL·ar r..;·t:n:~.sHHl 



wa~ probably the best available approach given the lack nf measurements 1 \all l H.:nucht~~n. 

2004 L The hydraulic properlit:s used in the snnulatiom, :trt· shmvn in lahle L 

Tnhle I 
Hydnmlic Properties l'scd in the HY[)Rl'S-1 ()Simulations 

van Genuchten Saturated 
Residual Saturated Parameters Hydraulic 

Water Water Conductivity 
Material Content i Content I a n (mid) I 

1- Crushed Tuff with 6% Bentonite 0 4 OE-01 5 6E-02 3.0E+OO 9 3E-04 
........ 

"""~-- m~,~-"'"Y 
--~•mm•4 ._,.,, ................. "'~""'"'·""" 

2- Crushed Tuff 1 OE02 I 3 3E-01 14E+OO 1 5E+OO 2.5£01 

The hydraulic properties developed l{>r the cmsht.:d mff!hentonite layer an: h1ghly um:crtmn. the 

1m pacts of which arc discussed in Section 4. A series of crushed tuffibcntonitL' mixtures ha;-; bt:cn 

submitted lix analysis to the ticorge F Bnmn, k Salinity Laboratory for hydrauii~..· prop...:rties 

analy~is. llowevcr. the data \\'ill not be avai lahk until btc ::!005. 

(iruwl and cobblt: are also incluck:d in the ~,.;over dt:Sil;J1 !Figure l) and may afte~..·t thi..' hydraulic 

bella\ ior of the ~_:over. However. the dTeets or the gravel and cohhk· additmns wcre not modckd. 

Approad1cs do exist that <tllmv hydraulic propel1ics to be adjusted for the addition of graveL but 

given the larg~..: uncl:rtaimics related w the \Hlucs H1r the basic propt.~rtics of the (1-pcrccnl· 

bentonite cover. the examination pf the dTc~.~ts nf gravel mixtures was delerrctl umil the 

bboratory analyses of the crushed tuf[/bcntonitt: mhturcs become availahk:. 

:\ ttlpsoil and optional gravel layer are abo )ihown in 1-igun: ! . ·rhese features wen: n~H included 

in the H'fDRl ~s modeling li.w several reasons. First, these layers wGn.: no! incJuckd in the 

landsl:apt: evolution modd fi.n the l'V1DA (i perfl.mnam.'c ass~:ssn~<:nt and ~..~mnpo;;itc analysi;, 

(\Vilson et aL 2005). and tlw decision was made to preserve consistency betwc~..~n the sur!:1c~: and 

cover modding: c!Tnns. In addition. the topsoil layer is identical to the ~:rushed tufCbcntonitc 

material in the main cover layer except that it is amended with soil "pep." a ground bark rmnerial 

to support plant establishment ·rhus. thL' topsoi I layer should be more similar hydrologically to 

the erushed tufJ'bcntonite mixture that was mmklcd than to topsoil. Once tht: laboratory an~tlysis 

or the crushed wff'bcntonite mixtun: is completed. subsequent IlYDRt;s modeling ,.,ill include 

the topsoil layer Simulations with and without the optional gravel layer can also be run: 

howcn:r, this will requin: 2-D mndding because of the strong potential for capillary barrier 

cfli:cts and intcrt1ow generation. 



2.3 Simulations Using Variable Conditions 
Simul<l!l\Jlb \Vcre mn 1n explore the cnt:~...:l \dfhllimL-: in th~.· cmshed m1Tbt.:1HO!llh.' 
!hickn..:ss. tntal pm!!k thickn..:::-;s. initial pre:o;c;nt\.: head. p!am uplakc \lll dLlhtlW:trd llm .. ! o 
prdtct 1lw <.:!Teet of con:r thickness un 11m ... both the thtcknc:<' ol· the crushed !ulf'b .. m!nmk hlvcr 
ami tlf the hila] pwlik wen; \aricd. Tlnckn:.:ssvs ul I and 5 m 13.3 umi lf1 f!J \\lTC ~dn:!vd !n 
r.;:pres('lll ihe loj)nlOS! ( l'rtbhCJ tuff!bcntonik) !aver 0 f lh~: nlil(k:kd cmer. r!w, range \\ :1~ dtlbCfl 

on th·.: hac-;i~.; of the cross sc~.:wm of a long slope length cut fhm1 the gcographi(· in!ilrnt:tt!nn 

system Hi!Sl c~_;vcr mo•.Jd (\Vibon and (Hl\\l'! 200:"1 and 1s cxp<.·,·tcd 10 -~~cncralh cn~.:ompas~ 

hltal prolik thickm:ss wa.~ \ari~:.·d he!wL:cn 2 and l:' m Hd1 and !(1 Jl) to asses:. the tmp:ll'l nf 
variah!e backfill t:Prll.litions at the sitt:. Simulmions !(lr 5~ and LOO{i~vcar pcrinds \\\:n: p~.:rli,nm..:d 

using th .. : daily atmn:->phcriL· hmmJary data colkc~~.:·d hv 1\ylwn ! 2005 L ns dcs,:rih~:d 111 ~cellon 

2.2.1 In addition, 9~~·car simulations \\r.:rc mazk usm:,~ the ll I' data. 

Benwsc of the larf!l.' um.:crtainucs associated wilh !rvdrauli-.· prnpcrw:s at present. m.> ,;enst!i\!l) 

nr the dfccl of these properties was perJ\mncd: such analysis ha::. been d<.:terred umil 
nu:asurcd hydraulic prupc1iies of the crusht:d tufFhcnlonite n~atcri~d arc m·~1ilahk frnm tiw 
Gl~11rgc· I· Brown. Jr. Salinity Laboratrlry. l he cl1l:~.:ts of two difll:n.:nt initial prt:ssun;: ht:ad 

nmditiuns \\t'rv d;.;tcnnined c,mducting sinmlutions with a -1 m !'-~ .3 n J mitial condiHon 
\ rcprcscnting \\ct. but nol saturated condll 

( r(~pl\"Si.'rltmg a dncr condition .L 

Mus! simulations involved n.:moval or water tlmntgh r I directly from the surl;u:c of 
Ho\vcvcr. be-.· a usc plants \\ill also ~.:a use water rcmtn al ln uccur \\ llhm the CO\CL a 
simulations were mad-.· using till' H'd>KUS root up!;tk~.· feature ( Sinmnl:k ct l99i'\! !he 
h:ddes wot uptake model was used to rcpn:sclll a gc·ncri,; grJss con.·r: this model \\i!S 
n::cnrmncndeJ by J. :-.irmmek over t!H.· S-shaped mndt.:l 1 !he othn roul uptake mudd includt:d in 

l!':rTHH :s; S1X" Simun..:k ct l 99k and 1990 for more mltH1nati\ln) ns more appropriate fi11· the 
~v1 !>A (i simulations ( Simum:k. 2005 ). As a stanm;; point lbr the plant uptake sinmlat ions. 

50 p-.;;rccnt of the total I· l was arhitrari ly ass 1f.IH:d 10 n apm11tion and 50 percent to transpiration. 



3.0 Results 

The ! IYDIU IS modt.::lin!! included short-1\.:rm ( and 9-ycan and long-wm1 ( l JlO!l-ycarJ 

..;imulations, as described above. The 5-y~;.:ar simulations u::;c the L'[ data documented in i\yhan 

(2005}; these data '>verc concatenated repeatedly to build the l.OOO-ycar time series. The ll-year 

simulations usc FT data front the llP cxpcrimcm of Nvhan d al. ( 1990 ). Th~: result,; of th.: 

simulmions arc described hclow. 

3.1 Short-Term Simulations 

:\vcragt: annual !lux.cs l(w the 5- and 9-ycar simulations are shown in 'Table 2. F'luxes nm~t· from 

0.05 hl 0. J 9 crwyr ( 0.02 lo 0.075 in .. •yr) and \Verc: determined by dividing the cumulative amount 

of water lcm·ing the bottom of the prolik by the nurnber of years that the simulation wa:; nm ( m 

this case. 5 or I) years). !'he 9-ycar results, conducted using the ll'P dataset \\en: L'Ompambk: h• 

the 5-year results. but the nux was slightly lower (Table 2. simulations l and ·fl. This difl~·rcn;;T 

can be attributed to tht:: slightly· low~.:r precipitation -til· F 1 ratw that \vas obsc1v;;d in tht: ITP data. 

Tahle 2 
A vt.•rage Annual Flux for 5- and 9-Y ear Simulations 

Thickness (m) 

Simulation a Cover (6% bentonite Cover Plus Underlying Crushed Tuff 1 Flux (cm/yr) 

5-Year Simulations 

2 

2 15 
............................ - .... ~ ........... , ..... ____ ~-...... -~--·---~·-- ... --............. -·~·--........................................... -............................................................ - .•. 

9-Year Snnula!ions 

4 1 2 50H)2 

5 1 3 1 OE-Gl 
.. - -· 

6 1 6 U3E-01 



! vpica! results li1r the simu!al!ons ~m:: slmwn m htLurcs 7 through t)_ f'lwsc rz•sttlt-. plntted 

thm1 the simulatHHI l data s!Hmn m Table 2. n.:prcscnt a !-rn (J.Lfl) thid, <lf crushed 

iul'f11Cl1!1ll1l!z' 0\l'flying l m l.\.7- ft) or,:rus!u:d wrr_ !he cfft.~~.·ts ol'tht.· tilllc-\:trying ;1l!lln\ph1.:1'J, 

:~urf:K:t.~ (l.np) llf the prnJ!k. with !lt:gal!Vt: flux indk'<llll1t,: the rcmmal nf water from the <.'0\ ~'! 

V;dw:s oscillate aruund ;.cro depending un \\ lwthcr prccipitatiun or E'l \\:IS un ;J )!!\en 

da). Variations in water ._·omen! tlmmgh time an: shown in X, m \\hh:h thr.: cft\:,~t u( tht: 

1\\u di!TLTcnt ,;.·nYcr materials is vicar fhnn tlw sharp transition at a depth 11r l m L' :; li) 

CunHll:nin: wat<.T at th~.· bottom of the pmfik ( i.v., Iota I \\ ater p~ts:->mg 

b<Hmdary nf' t!J~..· profik 1Wcr the stnmlation peri( Hl 1 durinp. the simu!atwn is shown Hl 

F1gun: CJ. l he nonlinear ..:umulative \\·;ner plot indi~..·atcs !hat steady-s:ak cnnditlnll" (i.e .. a nc:n 

Cl\11St;Jn! flux 0\CI' time} wen: not quitL' reached. 

3.2 Long· Term Simulations 

lb.: compliance period of lilt: M DA Ci pcribrmancL' as~cssmcnl und <.:~lmpo:o.itc h l .uon 
y":ars. C(mscqu ... 'nll\. a series of lJHHl-year sirnu buoth was eonduclcd: the atrlhJspherk data 

series iiw these smmlations \\as generated by ~.:mKalenating the :'-year datascb as discussed t!l 

~l~t"tion 2.2. Tlw a\cragc annual nux rcsu!b for these simulation~. an.: ;,;hm\n in I ahk .\. \'aluv~ 

were generally kl\VCl' than fluxes fix the simula!itllh. f:l!ll,!lll!,: fn.Hn tl.(H1:> Hl {1.(}7 ern V! 

(O.OOl to 0.03 in.'_:.T) 

Tabir 3 
A vcntgc Annual Fhn i'or IJHW-Y car Simulntions 

Simulation 

10 

1 
,.., 
I. 

13 

Thickness (m) 

Crushed Tuff f 
Bentonite Layer 

i 

5 

t 

Crushed Tuff I Bentonite 
Layer Plus Underlying 

Crushed Tuff 

2 

n 
·-~~--~~-.... ~""""_.,. __ . .,._.,. __ .,. ____ ~~-...-.-

2 

l) 

2 

5 

tl 

17 

Initial Pressure 

l 
Flux 

Head (m) (cm!yr) 

' ""10 I 3 OE 02 

-10 b OE:-03 

-1[! 8 (i[-fn 

"" 10 S OE 0:3 

-1 1 2E-02 
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from smndatmn II 1 ~~ ;lhk 'i. an: 

shnwn m F1gur~s lU rhn1ugh 12. Simulation l J repn.:sen!Cd a 1-m U J-!1) tlHd: l't>\ er 

l m d .. ~ ftl uf nushcd tuff. The 

.:.ur!~t<.'<.: nuC\L::-. can he su.:n in 

f tgure l I: ~~:-. \\ ith the 

of the tinW-\ arymg almnspiH::rit· h~)umbry ,'<mditlun on 

!0. \ anations in water cn!l!em thnHtgh tin~t.~ arc ~'h'''"n lfi 

1 n walcr ~.:onh:nt <.tl the interi~K~L· hct \VCL'll the ':ru,.,hcd tu iJ'bcnton ite layer and tb.: 

crushed tuff·w<LStc. ( wmdative water al tlK· houom or the pro nit: m cr I he l.OO( ear simulation 

pcrind is shown in Figun.: 12. This cumulatl\c wah.T plot mdicatc-, !hal ,;nnditHl!h 

(!H.:ar-lmear change~ in wakr ka\·ing tlH: bol!om of the pro nk (1\i,:r I ime) \\lT'-' ;Kim·vvd U\ ('! 

must pf th<: simuLtlim1 period. Bet.:ausc a low steady--stall: l1ux was rcac·hcd. llh.: a\ crag~· anmwl 

t1u\c:-; lcndcd Ill he lmvcr than 111 the ."-year simulations (I ahk :~ ). In other \'.IWd~. the :'.y,·:n 

simu!at~uns \\en: dnminakd by the higher fluxe~ during the initial draina~:c~r phas~.:' t>C th,· prorlk. 

'.\ lH:n:as !he 1 .ooo .. :vcar sinmlation:-, wen: mor~· inl1ucnu:d by the lun~~ .. krm. stcmh -stat~.: 

conditi(l!JS. 
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4.0 Discussion 

ln t:cm:mL the l1uxJ.~~ f(lf' all sHnulali\llb arc quite km. Results 1mhca1c expected a\ cr:t/;!c <Hmual 

!1uxcs will h: h:ss than 0.2 em vr l{l.(l79 in. and possibly as h1\\ as n ll'\\ nt' a 

ccnttrllt.:tcr per \C<lL This iCl'tioll discus,;cs lhL' dTe..:t or \:tried L'O!ldillOJh tlll dP\\'ll\\;\!\1 !lu\ a,; 

wdl <b th~.· unccrtaimie;, inherent in this modeling cll\ 1n. 

4.1 Effects of Variable Conditions 
PnlJCCtcd nu;...c:.; appear to he sensitive tn initial pn:ssun: cmhli!iuns. as shown 111 l abk :: the 

inng-tcrm simulations in whi..:h nux is )!!'cater with an initial pn:ssun.: of- J m ( ._\ _; n) !han \\ llh 

an initial pn.:ssun: td' ., w m ! <i.~ rn. l·ur .:xampk, sinmlution 7, wh:ch had an milia! prcs.-.un: oi 

-1\! n1 ( J:< ftl shU\\ed a f1nx ufO.OO.' cnvvr (0.0012 in. yn: in cuutrasL sinml~lliun ll. wllkh had 

paramctcr,; ident~eat to sirnulation 7 except ii1r an initial pn:s.surc of ~l m (··-~--' flL yielded a flu'-. 
ul' O.!ll2 c:m.yr (0004-; As nntcd abO\'l', the ~I m (~3.3 fll milia! pressure !\;prcscnb a 

fairly \Vel conditmrL while the- !0 m ( ftJ initial prcssun: is mort· reprcsentauv;: of :>oil!-. with 

volumctrk water contenH of around W pel'l'<:nt, whid1 is similar to thns.e cnmnwnh nhscn cd in 

the shallow suh;o;urf~H.:c at l\tD:\ (i. 

The thickncs." \)!'the layer uf crushed tufl?b~.~ntunitc shown in Fi!lun: l IKh n;hluvch ll!llc crti.xr 

on flux values. hw simulations 7 and B. both of which had an mitial pn::->s.urc of -l m ( ·.' ft L 
flux inl·rcw;t:d from O.OOJ w \1.005 ~·m·yr iCLOOl2 tn 0.002 in.'\T) \\ht:n the thkknc:;s 1>f the 

crushed tu tfbcntonite layer was irKreu:-.~:d li·mn l tn 5 m Ct3 lP !() frl. Sinmlation;; 11 and 12. 

whid1 had a higln:r initial pressure head. abn :showed minor change;; m nux \\hen !Ill.· !lw.:kness 

this cover layer was \aried. !'he nux ror stmul:luon 1 L which had a ,;ru.,;hcd lttlfihcntontk 

layer rhid;nciis or I m (3.3 ftL was (L0l2 -.·mJyr (ILH041 m.·yrL !be nux for s;mubttnn l2. m 
wlllch the same 

tO oo?l in. yn. 

i he c!'fccr of total profile thickness on infiltration ":harat.'lcnstil·s is also n.:lati'h'ly small. l·Pr 

e;.;ampk. a tntal pn>fik thickness ur l-m ( J.3-ti) resul!cd in a !lux of (J.O l em lil.D~l:~9 111. 

! 'lirmdation 11 l When the crushed !uiT la;,cr '>Va:-. increased to 5-m ( l fJ·lt l thi-:k. the tlux 

(c;inm!a!ion I.~L !n shiJrL \'anations in cover thkkncs~ and 

u\ l'ratl profile tfnd~nc:;s rcsuh in fiux changes that an.: kss than an order of magnitw.h:. 1ltt:\ dPc-; 

tlKTcase \\ ith thid:rh:ss. hut this ~:; probably rdatt:d In the larger vulumc of initw! drainage tbt 

th.\.:ms in the thk·kcr protik's. The small variation in flu\ in response h.> <.:hanges m !hi~:kncs~; is 

prnbahly rdatcJ tn the f:ll:t that t:\Ct1 the thinncs\ prurik examined l l m fJ .. { ft! ~1f ~.:rushed 

tufl/hL~!1lllTH1c 0\l"rlymg 1 m I flj or l'l'Ushcd tuff) appears to have ampk Shll':I);C \l.l (.\Hll~ll!l 

infiltL.l!lfl)l wah:r until il is r.:mml:d by! l. 



The addition of plant uptake also haJ a re!ativc!v small elTe<:t on nux \'alue'> The _'.-vear 

simulations I ami ~, which were identical t'.\CCp! li:Jr roo! uptake. showed no sil!nificant 

di!Tercnce in lhL\ values (I able 2 ). There was. hmvcvl.'r, a slight (bttl insignificant) incn.:~l:'.t' in 

estimated nux when root uptake was added hl the ! J!OO-;.'car simulations. Simulation 7, with nn 

plant uptake. had a !lux of (LOOJ cmfyr (\J.IJ(!!2 in yrJ in eontrast tu a t1ux of OJJ00 r..:rwyr 

l OJ)03::? in. yrl for simulatiun 9. which indudcJ plant uptake (lahk~ 3 ). This mncasc was 

somewhat surprising. hut is probably rclattd to the grass uptake parameters rbat vvcre lbl'd. 

which do not allo·w transpiration to occur ifthe cover materia! becomes toP dr}·. In other \Vords. 

tht: rnot uptakl' parameters c~m shut down transpirativc rcmm·ai nf vvatcr unck:r soml' <.:t.mditions. 

resulting in more water that can move downwanl thwugh the prolik compared tu ~tmulmions 

without mot uptake. In any case, the root uptake results nrc considered exploratnry in nature: 

additional work is required to better implement rotl! uptake tbr l'v1DA < i. as discussed in Section 

4.2. 

4.2 Modeling Uncertainties 

Then.' arc major um:crtaintics that should he addrc:>scd m any tl.tture modeling or the 1:1 cov·cr. 

and there is a real possibility that revised modeling results could difier substantially from what i<> 

reported twrc. This section discusses maJor uncertuintic" n:lathe to possible fuwn: modding 

work. 

As explained in Section 2. the atmospheric-boundary-condition time serit.·s {e.g., precipitation 

and ET} is a critie;11ly impnrtanl aspet.:t of the t:o\er mndcling, This study used an inlenmlly 

consistent set of data that was colh::ctt:d at Mesita dd Buey. the !lH;:Sa on which MDA ( i is 

located. llowcver. \\'bile these data represent llt.:ar-an~ragc conditions, they do not ~.~apturc !he 

wide variation in dimalK conditions that c:xts1 at l .os Alamos. One nh:uns of addressing thi" 

\ariation \\ou!d be to modd a 1.000-y~.:ar. stodmstically gcncratt:d thne series as \\LIS done fi1r 

MDA H (LANL 2005). However. this would requin: using an approm.:h such as the Pcnman

\•lontdth for I L and the comparisons pcrl{mncd in this study indicate the Pcnman-?vtontcitb 

method may nverprcdict ET and, consequently. undcrprt:dkt downward nux. It i<> possible rhat 

the Pcmmm-fvlonteilh approach could be adjusted or calibrated to the cover demonstration data 

and used to generate F·r lhr the I ,000-ycar stochastic weather pn::dictions. 

A fcv. simulations wen: made to account !br plant uptake using generic grass parameters: as 

discussed ahou.:. the introduction or plant uptake dtd not a her the results signdkantly. Ilowc,·er. 

!(Jr these simulations the ratio of evaporation to transpiration was set arbitrarily to I: l. C\ en 

though this ratio is a~:tually dynami.: over time. ln addition. a generic grass C<•Ycr may not 

accuratdy rdlcct the charach.'rtstics tlf Ml >A (i "s nati\·c grass or any trees that could invade th(;' 

s1te. flms. it would certainly be worthwhile to explore how the cvaporation-to-transpirahon ratio 

and thl~ indl!sion of more representatin: vegdation parameu:rs mighl impact the simulation 



n::-;ult.s Futun: '.\tltl could include a mM~: n.:tlncd plum uptukc rnodd usin12 more sit~.·-·sp'-'l'iiil: 
gm~s and tree uptake parameters, and a more dynamic ratw or evaporal!nn Ill tr;msrnmiun 

fi;,,Jrau(ic propC'r!tJ:.'S of tht.: Cn!Sht.:J !uff-bcntonilc: tni:..:tmc an: ;1 major \tn~:crt:llntj.. 1\ 
since the lrvdrau!t~.· comlul'tivity cstim~Hcd hen: conrrash so dr:tnwlically with pun: ,:ndlcd tuff 
Wh~~n the lahor:l!ory data been me ava[!abk. it \vi ll he imporlan! to rerun the simu latHHh !'hi:-. 
will :dlnw the st'nsitivit: to hydraulk propn-!ws to be examined in :.1 me:m1ng!ul \\a;., ;md \\ill 
prn'- idv a basts tur dctcnn:ning the ellr.:et the gr;n eland cuhhk additions II• tilL' c\1\L'l 

!he HYDRUS sJmub!ions shnweu a marked contt\JSt in \\atcr cnntcnb at the cmu:K! ln:t\H:c:1 
the crushed lut'fhcntonilc layer and underlying crushed rnffwas!L· tl'J~ur,~s fl and ! J J ~~L~<hmcd 
hydraulic prop;;rtic~s !11r the cnlsht'd tufFbcntonik wi!l help !o \·cnfv thh :,Hong 
dcmarcatmn m 'a lues. l r the contrast remains when rncasun.:d \'aluc:- an: used. it ts that 
..:apillary harrier effects and interflow alnn~ tl11: ~.·dg,cs of the \,:over may h· •. · cd. 
HYDR!•S-1D or possiblv !I'(DRL'S-3D simulatwns \u.mhl bv required ln c;.,~m1llh: capd 
harrier emx:ts and possible interfhm gcnermion l:.xaminawm of slope kng,th effects \\ ouid alsn 
need \u DL' ,:nnsidcrcd. t\ capillary barrier is illh:n ncwcd ;h n tksign as,;ct and E in!cntinnaHy 
inc·urporated in snrm: ~.:over !lowen:L it is import;Jlll ln zh:termmv 1!' intcrrHl\\ \\ill 
ocnn. ht:causc l'ngmccring controls rrwy be needed w marugc this \\ a!t:t and nmtc rt awa: rwm 
!he site. lhc npti1nml liltration bycr ~hnwn in ht:urc I is annthcr an·a were ,:a pi ilar; harrier 
ct'kcu might \h.'l't!r: if !his la_:.>"cr is Hh:uq;nrmcd in th1.· Jimd design. It -;hould ht.: t''.aluatcd nbt• . 

.1\ linal <mccrtamt) that may n:qum: rtlture ;,bscssmcnt i:-. the 1ssu..: of pn:krcntial !hn\ I h<..' 
moddmg presented here used porous media (matnxl !vpc fkm throughout the l.O(H !XTind 
and did IW! <J:-Gtlmc any cvohniun or degradation or 1hc cu\ cr. I 1\l\\CH:L the addni, m ol' btn!•llll k' 

may rnake tl~t· C\1\Cl' prone to cracking. which ha:~ been a sq:nit!cant failure H1lllc m HCR;\-!ypc 
cla;.-!av~Cr l:nn:.Ts. '!he percentage of mav be l,m enouf!h tn prevent crad;inh:. the 
possibilny ;-;huuld ht: assessed lx: .. 'ausc crad .. s ;;an route water quickly LhrPugh lht: CO\CL ln 
adthtidn, th~: powntial fi.H lrec irnasitm mdlcat.:;.; that stcmllow and macrnpon: nm, m root 
ehamk•ls mny he 1mportant prdcrcnli:ll llnw considerations. I! Y DIH JS-.21> i:-; currcnHv being 
used In cxamint~ pondcrusa pine~ root channel prdi.:n:nti;d llo\\ (C1uan. 2005l: similar ,,;imulatioJ~:> 
,:ou!d ht..· .. xmduch:d f{H \fDA U. 

!inall:,. it should he noted th:H !icld experiments und s!udic:-; could be perfonncd In supptlrl 11r 
complcm(~rll future I !YDI<l.'S modeling. This applies not only !o prckn:ntiai nnw qw::-tions, hu! 
to the l(~~tm)! or l'll\itr matcriab. Small- or mt::nncd!atc··S\,'llk field experiments \\ould h~: n:ry 
usdul as a 1\::-.t nn exptctcd bch:n·iors and perl{wm:mcc and would help 1dentt(v unantic1pat1:d 

!Sand build confhle!ll'C in modd l'l"·adt. .... 



(ii\ en the variety of uncertainties. one qw.:stion is \l.:hctln:r the liYDIU 'S-predictt:d nux(·~ 

obtained in this smdy an: reasonable. To examim: tills question. the distribution of H"(l )!{l fS 

!luxes >'-ere plotkd against !luxes mca:'iun:d independently at i'vH>A G using the chloride ml.~:->:>

bal:.mce approach described in Newman ct aL (2005). I bi~ plot. shuwn in Figun: L\ indicate~ 

that the HYDRl iS and chloride-based fluxes span a similar range. and consequently. that the 

IlYDHUS n.:sults arc ·'n:usonahk" values fix the MD:\ Ci cmironmcnl. ll should he noted. 

hm\C\\.a. that the ~.·hlorich:-bast:J fluxes n:pn::scnt lollgAcrm avr;;ragc values for cum:m ~:ondition::; 

at MDA (i and do not account for the addition nr !he proposed cover design modded here. 

Ncvcr!hdcss. the comparison is useful for evaluation purposes. 



()2<; +---------------~-------------------

D.2 

0.1 

and fh.tA eshrnnks 
. 2CJS; 

Figun· U 
Comparison of HYI>RHS Fhu Estimalcs and Chloridt: Mass 

lbl:mc:t• EstirmHl'S for \lat<:rial Disposal An~a C 



5. 0 References 

Aht~ek. vV,V .. ! 9?\4, c;cotcdmhal < 'fwracJcrivtics ul !icnwniJc Sumlt· ,\'ilt JHn·, /r)r l ·,., in 

H ttstc !lisfHJ.m/ Silcs. l.os A !amos :\ational l.abomtory Rc:port ! A -l 0 l 0 l- MS. 

Albright. W.!L G.W. Ucc. G.V. Wilson, and M .. L . 2002. A!wrnafi\'C { 'm•er .ls\C.IYrncm 

ProJecf l'lww I Neporl. DIU Rcp<1rt #4l!i:G. tk~J.:rt Rcseard1 Institute. I nivcrsl!\ of "\ie\;;H..la. 

Las Vegas. 

Bonaparte. R .. RA. Gross. D.F. Daniel. R.M. Koerner, and S.F Dwyer. 2004. Drat[ Tcdmicaf 

Ciuidancc For RC 'RlliC/~'R( 'LA Final Col'ers. t .S. I:nvimnrHcma! Pmt~.:dmn Agt~ncy. OfT!i.:~.: nf 

Solid Wast!: and Lmcll_(Cncy Response, Washington D.C 

Bowen. B. M .. 1990. Los rllamus ( 'limatology. ! .os Alamos National l.aboratory Report !.A· 

117~5-MS. 

Coopcr. D.L 2004. Los Alamos National Laboratory h~!!t:rimental Atmnsph;.;ric and Climak 

Physics. Personal Communication. 

Day, M.S .. 2004. fvkmorandum from Mark Day. URS Corporation. w S. Fn:nch and C. \Vilson. 

Los Alamos National Laboratory, ( ·m·cr :\4ix llcsign/in- .1rea (; JA-5./. 

Day. t\-LS., C.K. Anderson, and C.D. Pederst:n. 2005. ( 'm1ccpwa! Design of the Earthen Ctwcr 

}iw Los .·1/amos :\ationaf Laboratw:r J(•clmical Area 54 .. 'vfawrial Disposal An.•a U. t 'H.S 

Coqmratinn Report lo LAN L Scp!cmhcr. 

FAO. 1990. Proposed C'alculmion Procedures ,!iw FTo Comhimaion Formula. Annex V FAO 

Pcnman-Mnntcith Fom1ula. Food and Agriculture Clrgani;atinn of the t nttcd Nations Expert 

Consultation on Rt:\ision ofFAO Methodologies for Crop vVatcr Rcquin:mcnts, Rome. 

Gu:m. H .. 2005, PbJ). disscrwtion in rrogrcss. Dcp:mmcnt t>f h1rth and l· nvironm::ntal s~.~ic%.:t:. 

NC\\' X1cxico lnstituh: of Mining and 'l.:dmolog:L So(:mm, Nl'v!. 

ITRC. :!00.\, Technical and kegufmm:r Guidance .fin· Design installation and Afonitoring O/ 

/Jllernarivc Final Lwulfill Covers. .1 LT-2. Interstate T~.:t:hnolog,y & Regulatory Coun..:il 

Alternative Landfill lt:chnologics Team. Washing.llm. D.C 

l '"'\:\i » 2005, ( 'orrectit·c J.feasurcs Studr Report tor Jfaterial Disposal "I rca ll f<\(>fid WL/slc 

Mmwgt'/lJCIIt Lnil 5-J-OO-n at T£,clmica! ·lrca Los Alamos National Laboratory Rcp011 LA· 

l1R-o2--+5t~7, rm.2003-o 121. 

:-v1ontcith, J.L. 1965. "Fvapotranspiration and the l:nvironmcnt.'' In Ibc Srme and .Hon·mcll/ o/ 

Hat a in l.it·ing Organisms. X !Xth Symposium. Soc. fnr Xp. HioL S\\ansca. Camhndg'-' 

t · niv..:rsit:. Pr..:s~. pp. 205 134. 



\lonh:lth, Jl .. I!)S L "l·\·apttmtion and SurllKc I crnperatme." .luunwi ot the· 
:';lh'i<'!r. VuL l 07. pp. l 27. 

\t:\\m;m. B.l .U. Gard. D.A. ( ourlt:l\ I C Kluk. J.L Manim.:l. D. \.ewelL J SaL.uar . 
.?no). farimirm in .\car-.\w~tocc lhdrol<i,t~ic fichit1'ior at lA-5-! . .HJH (,. l o:, Alamo~ 
\.ct!lonal Lahnratmy Report 1:\-l Scptcmh:r. 

'~vhan. J. \\' .. 200). "A Seven-Year \Vater Balance Study pf an l \ ~lpotran.,;plr;lt 1\lli I and fi I i 
Cm cr :n Slope fr1r Semiarid " I 11dov(· /mn· }uurnu/. \'oL 4. pp. ··Hlf> ·tSO. 

'\\haiL J.W .. 1.1: .. llakonson, and BJ. !)n.:mKHL IIJ90. "A \Valcr Balan ... ·~;· Studv of In<' l.andtlll 
(\ncr Dc.signs 1~lt Semiarid Regions ... .luuma! o! r.m·irUJW}('/If!ll UU<llil,l \' uL l'l. pp. -~~I :s:-,. 

nr lour l.audf11! 
Ct1vcr Dcs1gns \':1rying Ill Slope lbr Semiarid Regltm<· .Joumul of f:.m·imnnll'llhil (}twfin \' uL 
2fl. rr. ! 1RS 1.' 1J2 

Scaniun. B.R .. i\L Christman. R.C Reedy. !. Porro. J. ;)imunck. and ti.N. 
"lmcrcudc Comparisons !ill· Simulating \Vater Balance Sur!kial Scdmu.:nh m :->erniand 
Regions." Water Rc.,ourccs N.ncard1 Vol. p l ~1J ldoi JO.l01'l 2iH1l \\'!W012Y~] 

Sduoedcr. P.R .. C.i'vl. Lloyd, and P.A. /appi. PJ94. The ffnlmlugic Emhwriun ••! Lmdti!/ 
!'er/urmancc ill fl.!' 1 \!ode!: {sa\ (!I tide Jilr l'a.1ion 3. I P ·\ (J(l{). R -'J4 I (,~;a. ! .S 
Lmironmemal PnlkTti\)TJ Agt.'rKy. Risk Rcductwn Fngm._·,:ring I ahoratnry. Ci.ncinnall. 01 L 

Sclker . .1. 2004. "Mudding Variably Saturated !:J,,w \Vllh ! l'i'l >Rl S·2D.'' l udmc /mw .fot/l'l.'lt/. 
l'of 3. p. 72'!'. 

Simunek. L and S. tvkTiYcr.. 2004. llrHRl ·.\' .. 'f) ·lno!rsi' o! the f'roJeetln' Bt~rricr 

{ 'm\'!' .\'mdr irea,lf los Alamm .\t~Jiol!al l.ahor11!UJT. l ·m vcrsily uf ( aiil{lrnia. R1' ._·p;idL·. 

Simund ... L \L Scjna, and M .T \an ( IC!lUCh!en, I 998. 'fhc I f}L.l/U 'S- j n .\'uffl\ <II'< !'uck<l'..;C 
.'limttloting the t Jnc-lJtmen.,ionul o\Jovenh'llf of II mer. 1 !cor. and \lu/!lph· .";ufttk,\ in 1· 
.)'aiurau:d Jlcdia. l'crsion :!.0. lG\VMC- TPS 70. lrll\:maliunal GruunJv,alt:r 1\lodcling C('tllL'I. 
Colorado Schon! or Mines. Ciolden. Cnlnrado .. 202 p. 

Simunck . .!, i\1. Sejna. and ivtT. van Gennrhtcn. 1991J, !he l!iiJ/U ~\-:JD S'ottm1n /'(lckagc !iw 
.\'imu!urint: the hw-/)imensimw! \lowmcm H'wt'!·. flea!. ami \11/ltiplc .\'olwes m I'unahh· 
\'aturah·d Medin l ·!'nion ::. 0. Ki W l'vlt · lntcrnallonul GrouiJdwaler \1odding C..:nter. 

Simun~~k. L ::on:;, l{,;sean.:h hydrologist. Lkpartmc!lt nf Soil and hwirunmental s~.:kflL'C). 
lnivcrs!ty uf ('all forma, PL~rsonal ( \\nmmnka!inn. 

VdTl Uenw:hh.·n, .\1.! .. J.('. Parker. and J.B. Km1L 19:\7. "Analysts and PrLcdiL'!ion or \\'a!i:r ;.md 
Snlul<.~ l r:mspt1rJ l!l a Large 1 m..:tcr." p. 242 111 {] ,!', Sprinper and ll.R l w.:nks, cds.J 
,\II ,\'tlidt· ,\'olwc Jr,mspori m rhc I ns,;wrmed Vol. 2. N! 'RH.d'R,4<>l;;. I A· 
fO"".jO-i\lS cd. l Nuclear Regulatory i. \1mmiss1on. 



van Gcnuclu:n, R .. 20fl4. Soil physicist USDA. !\RS \ ienrge E. Hmwn JL Salinitv Lab. l'ersona! 

( 'ommunil:atHHL 

\\'ibon. J .C.L, CmwdL K.L and Lane, L.L 2005. ,\.,'twl!tce l:'rmion .\Judeliugjur rhe Nel1oslfotT 

WwN Con·r at l.os .·/!amos :\ational J.a!wrarorr 7i,chnh·al An' a .\fat erial Dispo.1.al :lrea \ j, 

I os Alamos Sational Laboratory RL~port. St:plemh~:r. 

32 




