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ABSTRAcr 

Risk assessment. both human and ecologiul. embodies tundamenta.l » 
sumptions about hydrological procnsn. npccially how they affect the mOW"­
ment of contaminant.s in the enVIronment. The lateral movement of water 
through the soil, or mtrrflow. is tTequcntJv a componrnt of risk assessments 
for humid environments. but not of thosr for acnUarid environments. Our 
research has ahown that, contran' to what was prn~ousty thought. interflow 
can be important in semiarid landscapes and is. therefore, an euemial consid­
eration for risk ~ment in thest ~ons. To illustratt and a.ssess the effect 
of mterflow on esumates of risk. wr ( 1 l drvcloped a Simple conceptual modt-1 
to describe the role that antcrflow mav have an the redistribution of surface and 
near-surface conwnimmon. and (21 used RESRAD. an exposurr model for 
assessing rad.ionuclidc doses to humans. to naluatr thr eflectiveness of landfill 
coven m mitigating do5e5 of thrct' conwnmants (5H. mv. and nii!I.OPul at a 
snc m non.hem New MeXJco at which mterflow ts known to be occurring. Onl\ 
those calculations of the model that took anttrflow anto account yielded tht' 
result that the radionuclidn would contaminate groundwater- undencoring 
the potential imponancr of antt'rflow as a mechamsm tor tht' transpon of 
contaminants. We concludt' that faitun" to take interflow into account can 
rendcr risk assessments inaccurate and . rcmedaation ineflcctivc. further. our 
work demonauatcs that a general undentanding of h,mological processes is 
essential for accuratt' risk asst"s.smrnt. tocologicaJ a.' well as human . 
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1NT'RODUCI10N 

Assessing thr im~ct of rm11onm~nw con&ammaoon m ~maand ar~as u ' 
an (:normous tasL Withm th(' DOF. compln alone . ~t uacu art' pottno.alh 
conlammat~d -for nampk. Lm Alamm. Hanford. t.ht' ~n;ad;s Tnt Sttt> . 
Idaho Nauonal Engm«nn~ Labor.uol"\·. Rock\ f1ab. and Pantt'X CRHn· and 
Zachara. 19921. Human and tcolo~acal nsl assessm~nu pia\· a ctntral rolf' m 
the dt"\'dopmtm of maugauon st.rategtts ( Harw~U. 19tf9; Sandi. t.ardnf!r. and 
O'N~ill. 1992: Sutt=r. 199~1 To t»e- tft(:CU~ . howt"V~r. nsk ~s.smtm must b«­
b~d on a sound undt'rstandan~ of t'll\1ronmtntal pnKt'SSt'' (Till. l9M8t 
Wat.hout that undersWldmg. n ·t"n t.h(" most (:laboratt' n~ ~ssrntm t"Xt"rctsc.· 
will b<- falall\' flawt>d . In manv ca'li("~ . the most Important uf t.ht>st" t"muonmtn· 
tal proc~sses as the mo\·tment of Wdttr. a pnman· transpont'r uf nmtArrunanb 
Evt>n m "'rn1and landsopt"~ . whach art" b\ dtfuuuou ~~.urr-hmurd. ~"alt'T 

mo\'tm~nt IS ofrtn thl" pnnnpal mt"chanasm b\ "'·~uch contammant'i art' rr 
dlStributrd ( Ha.k.omo11 . Lam· . and ~pran~t"r . I~!! ! 

The tscalaun~ co'it' ol u·mrda.tuun an· re!~ulun~ m <allll to tnsurt> that 
remt'dJauon work not on I\· rtducts actual nu.. but ts co!>t~ftecUvt" ( Mc{iwr(:. 
1989; ~bon. 1990. 1992. 1993. 7..-«khawc.-r and Vasru!ol . 1990: Brtshtars. 
\\ luckt>r. and Hakon!>on . I CJY~ 1 Rl!o._ as5o("5501f'nt IS mttndt"d to dnvt> lhr 
n'aluation of r~m~d1auon opuon' tn ht-lpan~ w ct.n<M"rr ~uch quMuuns as· 
'Which options rt"suh m lilt' must nst.. rrduruon~ h remtd1auon ·nsk.J~rp than 
nn rtm~d.Jauon ~ 

Ont remtdaauon opuon that ., t~mJZ f"\'aluatf"d lor ma.m: dntr locauon!t. 
rsJK"Cia.llv wht'rr c·ortldmlfl<lflt.' au· hunrd . ... th.tt ol surt.to· l 'OVf'f' (Nvhan . 
HaJmnson. and ()u·JH .on . 1'~11 Caldwrll. 1~!! . Blad. and Latham . 19941 
Thc~Sf" cow:f!l arr dr51)Cilf"rl to prr\'rnr or rrdurr- I 1• thr vrrucaJ move-ment of 
"'~atrr through the- ront.anunarrd marrnal. and 1!!' tl~«· nul\'emf'nl ot con tam•· 
nateci ~d•menL'i acrcw. ttw ~urt.tct· Th<-~ (:an br a' sampk .t.\ .s lavt-r of gravrl 
or a'i complex a' a mululavrrt'd 'l("qU("JICr ot <-arth matrnal~ and !Zf'Otf'xtilt'~ 
In rrtht"r cast". thf' pnman Jlll'l)()\t' ,., tu •~olau· tilt' c·ontammatrd mau•nal 
trom thf" ~nvuonmtnt h' rt'ducm~ movt"an(:nt of ~"attr . How~·rr. surtact" 
covtn can bt- dltcU\'r on I\ .l'l lon~Z a.'i tht> nwn darrt uon of watrr mo~mf'nt 
1s from top 10 bottom; t1 mtt'rtlo"' ·--\ll,·att'r mnvtn!Z latrrallv throu~h subsurtace­
soil.,__a~ o<Tumn~. f"Vrn thr hesHtt's&J{ntd surf<h c ovrr l an tM' nrcumvf"ntt'd 
unlt'ss provi5JOm an madr to dJvtn thr wattr 

In this papt'r. wr n-aluatr thr tt"l.auw- amporwttr of Ullt"rfln"'· as a mtch<t­
msm of nmt.arnmant rno\'tmrnt m water -hmurd land~ apr ... r.spc-ualh· area.' 
m whach engan('ert'd surtace cuvt~ haW' ~n put ua place 1o t·onwn contamt­
nants. S~cally. our ohr~cuvf' 1s to n'aluatt thf' amphcauons of antrrflow for 
ns.k asstSSment m St'mtand rm11onmrnb. wrtl1 respe-ct to both !>Urtace and 
!ubsurface contanunaunn 

CONCEPnJAL MODElS Of nn: WATER BUDGET 

Fundamental to undt'nranding how wattr. movn m srm1a.nd tnvtronmenu 
is knowltdge of thr watn ~. that IS. how wattr 1'1 paruuont'd m thr 
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environment CDu'lnf' and l..tepold. 1978) . ~Jor categones withm thf' watrr 
budJ{et are t'Yapotransparauon. runoB. storage m Utt' soil. and storagf' m 
groundwater. 

In dner envuonmenu. most of Ulf· water t~f'nf'ralh . 8~100% l a.s lost 
through tv.lporation or uanspar.auon (Dunne and Lt-opold. 19781 Of tht• 
watf'r t!aat enters t!ae soil. Vf"n· lmlt- perrolates U<-vond t!ar- root zone: mosr '" 
("V('ntuallv lost \1a f'\ctpotr.msparauon lThe h1gh t'\~clpotransparauon rate. com­
bmed ~ith lo~· amoun~ of preopu~uon in and and semaarid land.scaprs. 
explaan" thr- sunabilm of the~< · em-uonmen t' for lon~-rerm srora~r- of 
WclSlt'~- Reath and Thompson . 199:! 1. ~urtan· runoff .suoun~ for mos1 of tht' 
rt"mamm~ watt"r and •~ a \'t"n amportanl a~t"nt ot tr.msport tor sf"damf"lll. 
numt"nu. and <.ontammanl'>. How much ~~.alt"r run~ ott and how much pt>rn~ 
latt"S bfovond tht' fOOl lOUt' ,Ut' rnuc a( faClfiP• an a.'~~\lrlg nsi. 

Water that '" reta.Jnt"d an tilt' soli nld\ mm·t' f'ltht'r n~rucall\ or later.alh 
throu~h Utf:' ~oil If tlw soil nmwm' nmtanunant ... . thf:'"f" can tx- trdllsportf'd 
h\· tht' mo\1n~ water . Wa1er th.tt mo\'t'" \'t'rucalh throujZh lhf" !WUI and anto tht· 
und~rtvmg earth mat~nal will, glV~n ~nough umc. r~ach ~undwater . l.ven 
though fl(1"oundwat~r rechargt- as vcr\' small an most dn· envtronmenu. thi!l 
proc~s.s ha.' bf:'comt' a subJeCt of ancrrasan~ antt'rr~t and stud\· ~cauSf' of tht· 
lon~·tenn poten ual for trroundw.ltt"r cuntanunauon C Mr-vrr. 19921. 

Water that moves lateralh· uuou~h tlt~ soil. or mterllo~. h;u generalt'· ~"" 
overlooked in studaes of sema.and lan<hcapes Ahhou~h rr-cogmzed as com­
mon m humid ~nvuonment5. such as t11e eastf'm t.:nnrd States (Anderson and 
Burt. 19851. tnlf'rtlnw had bt-C'n thou~ht not to ht· Important an semaarid 
emuonment~ But our rt'~arch hac, kd u~ to rondudr that mtt-rflow can bt· 
an amportant rontrihutor to tlw ~ctt('r hudgt"t m area.'\ m wh~eh annual prt'CIJH· 
t.luon t'XCt't'd~ 4~11 mm '\'t"ar ( \\licoJ>. c·1 .tl.. 1 ~ti . In .. uch c.a.'i<'!l. fa1lurt' to takt' 
If anro account can lead to ancnrrt'n t":oiUOI.ttrc, nl coutamandnllranspon, wh1ch 
lt-<t<is to puur nsk ;.L'\.,t"S.'inlt"UI ctnd lll.tpprupn.ttt· .spph< OillUII ot C'll\1f0Jlnlt'lltal 

resrorauon tt'chnolug1es. 
(.t"neralh·. lor mtt'rflo~· to IK c Ul. l~o < "mdauon' mu!'.t bt· sau~ied : ( 1 1 Ulf'rt• 

must bf:' an 1mprnnrablt' lavt"r dust" tu tht' ~urta(· f" l t'lther an thr- soil or m tht' 
underlvtn~ pan~nr matenal l Ul<U KJ't"ath rt>duct"ll tht" verucal movement of 
w-.att"r: and C!.! I t.hrrf" musr ht' C'rtough prt'npat.luon 10 saturatt' a ponaon of thC' 
soil abovt' tht- 1mpenneablr- la~·er. allnwm~ tht' dt>velopment of a ~rchf'd 
saturared zone I mrrrflow has bef'n observed an unsaturated aoib. but ontv an 
small quanuue!l- Mulholland. Wil!oon. and Jardmt·. l~liJ. And. of course. 
somf' slope u required. Sanct' watC'r m thas 1unr c:annut movt" verucaJI)·. il will 
move latcraltv down~dient. 

D~tailed hvdromf'tric ~tudaes una YHH·m: hall~lope. tn a M'maarid pond~rosa 
pme forest WJUam the boundanes of the Los AJamos NauonaJ Laboratory. have 
demonstrated t!aat interflow as not onh a vr-n· ampon.ant proces.s. but u the 
major mechanum b\· whach sust.laned strf'amflo~· 1!1 Jlf'nerated from lht'St' 
torests (Walcox et al., 1996) .Dunn~ snowmt"lt or JX'ncKh of prolonged ramfall, 
a 53turated zonf' dt'Velops ar a dept!a of about I m cwhich corresponds to the 
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Fll'ft 1. Daik- intrrflow vs. ~m~ratur~ and pr~capnauon . Ft>bruary I 4 ·April 5. 199~ 
(from Wilcox «'l aJ ., 1996i 

mterfact' ~rween the soil and Lh«" underh1n~ tufl tx-drod. l . and imerflow can 
be sustained for weeks. 

Two of the four wmteo of our srud\ havt' ~n significant amounts of 
imerflow- the largest dunnJ! Lhf' wmtt'r of 1992-199~. when the snowpack 
was above avefa~ite . ~earl\" 50 mm of mterflow t reprt>~nting about 20% of tht­
winter snow pack I was mt'asurrd . most of 11 trom the dav-rich Bt horizon. Daik 
snterflow measurements during lht' late "1nter and spring of 1993. and tht>n 
correlation with precipitauon and ill\'efa~it~ da.ll\· temperature. are shown in 
Figure 1. Wt' recordt'd thrt't' ffiillJor ph~!i of anterflow as tht' snow pack meht'd 
twhich ~in the laurr halt of Februan·. wht'n air temperanues bq{an to 
~). The first phase. m earh· March. showed a clear conapondenct' with 
rising temperatures: interflow dropped off sharpl\' when a ~riod of below­
freezing temperatures ensued m mid March. The ~cond major phase, which 
~gan around March 16, also correspondt>d with a rise in air temperarures that 
funher reduced the snow pack. The thard phase. m late March, resulted from 
a raiJK)n-tnow t"Vent that melted much of tht' remaining snow pack. lnterflow 
rna\' occur in summt'r as well. but onl\· m small amounts. 

On average, interflow has accountt'd for a small portion ofthe total watrr 
budget for the site. At tht> aamt' timt'. our dara not only ahow that intrrflow can 
periodically be a very impon.ant run oft mechanism. but they~ its dynamic 
narure: water can move through th~ soils at a faster rate than can ~ 
explained by the hvdraubc properut>s of the soil matrix. In humid mviron­
m~nu, where the phenom~non of mterflow has ~en weU swdied, it has been 
shown that •macropores· (~pores or cracks in tht' soil) are capabl~ of 
conducting large qlWltities of watt'r al verv rapid rates (Bnen and German, 
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1982). And at our snr as ~u. mnsurnnmu dnnonstratr that me- W'l'\ 

dvnamic and often qwte rapid m~ment of uuerflow is explainc.-d bv mr tact 
that it travels pnmaritv thro~h macropores (Nrwman. 1996). Usm~ suabk 
asoto~s and othc.-r natural uacc.-~. Nf'Wman dc.-monstratc.-d the.- prc.-tc.-rc.-nual 
mo~mem of water throuRh macroporr nttworu in the.- soil. Thr conceptual 
model devdoped from thn(' StlJldlt"S protravs the prderenuaJ now process and 
macroporc.- /matrix mtc.-racuom 

Before.- having tht' resuits from thMe stud1~. wr had drvc.-loped a concc.-~ 
tual mode.-I of water movemrnt m semsand pondt>rosa pmr forrst.s that focus.rd 
on surfact' runoff and jlTOund"'-atn rrch~t' as rra.nspon mechan•sms 'o"' . 
m light of th~ nc.-w tindtnRS. wr havr rt"\15c.-d tht" modt'l (fiR 21 . Our rc.-suJt• 
confirm that surface runofi u ,·rn am porum m theSt" are~. but thr-\· also sho" 
that recharge to gToundwater ~much less smponant than on~nallv assumf'd 
tK"calist" of tht' prc.-st"ncr of a zont' of lo"'· pt"rmeabthn· 1 restncuvr horuon t u: 
the soil, vc.-n· )lltlt" watrr 1s abk ro mfiltratr and rt>charJ.!r $ll'oundw-.urr bodse!. 
h:en mort> •mponant •~ tl1a1 •tunng uw penud~ ot hJfZh w.ttf'r a\'ailatnht• 
<spnng snowmelt, prolonRt-d tmntal storms), uas thas resmcuvr horuon that 
causes water to build up. creating a perchrd zonr of sarurauon that gives n11t 

to interflow (ser F1g. 2bl. ~uch a la~r of lo"'· prrmc.-abihn·. whtch rna,· be 
bt"drock or a natural soil kamre. 1s morr often prrM"nt than not 

In addiuon. watrr g~n~ratt"d a.' mtf'rtlow can r«m~~e at tht" surtace and 
now into a n~~· stream channrl. h u thts mrcharusm that can suswn 
streamflow for a prnod of da~ or wr-rk.!.. lntc.-rtlow watc.-rs. thrn. can abu 
tr.mspon conta.mmants from thr sot I to Ult' surtact" and. now a.' surfact" runoff . 
cam· them swiftJv dowmlope 

ThrM" findmfZs conc<"mm~ tlw unport.an< r of mtrrtln"· a.nrltt' rt>le\-.Ulft' tt • 
nsk asst"ssm~m art" umeh g~vrn that n~~ d.'M:"Mmt"nt' att" cun<"nU\ undr-r W"cl' 

for numerou.'i conummatt"d ~Itt"' 111 •md around Los Aiamo~ (l)omt"s rt al . 
I 993; Hanmann et al . I~:'\, 

IMPUCATIONS OF INTERFLOW FOR CONTAMINANT MOVEMENT 
AND RISK ASSESSMENT 
Potential Effect of Interflow oo Cootaminant Movement 

Thr potential eflect ot t"\'rn occasaonal occurrt"nc~ of mterflow on con· 
taminant movemc.-nt is illustrated b\ lhr. followmR two ex.amplei. Thr first t!o 

built on a qualitative r-vaJuauon of contarnmant mm·t"mt"nt. whrrt"a'i thr st"< . 

ond mvolvrs a morr quantataUVt" analm.\ 

E.xampk 1: MCilJt'mnll of ft.itar·,~urjau ( ..onl4mmanL\ 

M.anv of the activiues of the l..o~ Alamos J',;auonaJ Laboratorv ha~ mvolvc.-d 
testing of explos1ves dt"vtces or matenab ~mt> of tht" explosaons crc.-ated 
shallow pits that contain conQmmants at or n~ar thr- surfacr (Los Alam~ 
National Laboratory. 1995) . Watrr collects m tht's.r ptt.s and easitv moves into 
the soil, potentially carrying contammant.'i with Jt . In othrr areas of such test 
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New Model 
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........ -> ... : .. :·· .. ·.·.··--~"---~-~--~~ n_~_:::'~=~~~._ _ _L_L ___ LLd 
. ... ·. ~ . . ·. . . . . · . ·'\) · GROUNDWATER . ·. : . ·: : ·.·. : . · :. ' . . : · . ... . : 

• • • • • • • • • •• • • • • •• • • • • 0 • • • 

f1swe 1. Conc~ptual mod~ls of wat~r m~m~nt m w-miarid enYironmt-nts: (al old 
model; Cbl ne-w modt'l . 

sites, wast~ has ~n piled on th~ ground surfac~ and c~red with ~anh 
matrrial; conwn.inanu pr~nt in th~ buri~ wastr could abo ~ traruponed 
by water percolating through th~ OVffburden. 

Using our original conceptual model (Fag. 2a), our focus would ba~ been 
on the potential for ~rrical mo~ment of contaminants lowards the ground­
water, and we would ~ struc~d the investigation to de~eet downward 
movement of watrr and contaminants. But for the ahallow piu as weD as th~ 
buried waste piles, the subsoil remained undisturbed and thus aas as a •rauic:· 
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Shallow Pit Scenario 

122 Coraminated Media 

. . ... . . GROUNDWATER 

, ..... . . : 

,....,.. 5. Po~ntial rifl"<"l of an~rflow on mowm~nl of surfac~ contammanb. 

tiv~ horizon, .. tmpedmg thf' Vf'rucaJ mov~m~nt of "cllf'r Our nrw concC'p~ 
model (F~. 2b) tUf's this factor mto account; u supposn that if thC' pu doc5 
not extrnd below lht" rt"suiCUVf' horizon. it is much mort' likt>l\·lhat walC'r and 
contaminanu will movf' lat~rall'· - and thC'rC'forf' that contammants ma' 
inst~ad be- rf'dastributf'd withm downslope- soils or be- cam~d back to UaC' 
surface and thrncr transpone-d e~hrrr b'· surtacr "'cltc>r or wmd (fig . 3) . 
Tht5 r~vi~d perspecU\'t' not on I\" amprovr~ our ~ssm~nt ot assocaateod nsk.s. 
but allows tor mort- dlrcuve sur c ha.rant"ru.auon J. urther . tht- modf'l allow" 
u~ to monuor fururr cont.amananr nmvrmrm. wht'tht'r or not tht' Silt" 1!1 

remediatt"d . 

bcampll /1: ,\fovt'J'I'&I"nl of Gontmrunantl .. /Jolai«J"' bt a .\urfau Cot"' 

Surfact' coven arr an eospecaallv eoftt>cUvt' tnnn of rnvuonmrntal reostorauon 
for sites in semaand envuonm~nu that conwn bunt>d contammants (Nvhan, 
Hakanson. and Drrnnon, 1990; Ca.ldwrll. 19921 . Th~\· arC' deSJgnC'd to prrvenr 
or minimize tht" vertical mo~ment of watC'r into con&aminant-conlaining 
zones. lf, h~r. int~rflow is an activt' procn5 at tht' contaminated sitr. a 
surfac~ cover will be mefft'CU\'C': at ca.n bt- complet~h· bypaw-d bv water movmg 
laterally {rag. 4). Mor~o~r. beau.e the pus dug for disposal of the wastes ar~ 
d«p enough to haw- pent"trat.ed th~ "'rntricti~ horizon." one~ tht" wat~r 
reaches th~ pat n is no long~r forc~d to movr l~t~ralh·; it can now movt" 
~rticallv mto and through the wast~ . 

Vlia& RESRAD to A.8lell the Eff«t of lnlftflow on Risk AM •ao.eut lllld 
Reatedietioa 

What impact might inlf'rflow - if nol takt"n mto account - ha~ on riak 
to humans? To answrr this question, wr applit"d an exposur~ model, RESRAD, 
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F~ .f. Potmtial df~ct of mtrrflow on m~mrnt of subsurtac~ comanunanu hn a 
COvt'~d landfill I 

to a hypoth~tical sit~ fuung t.h~ d~Knpuon m lx.unpl~ IJ-a covered land· 
fiU-und~r thrtt !ICenanos: ( 1 1 no anttrflow, ( 2 l mod~nt~ amoun l5 of imerflow, 
and (~) high amounts of inttrflow. 8<-cal!M' wr are most familiar with thf:' Los 
AJamos art"a and havt" docum~nt«"d tht" impon.ancr of mtt"r1low m that area. 
we ha\'e paramett'ruf'd t.ht" modt'l tor Los Alamm c-ondauons 

lJtJmptum and Para~aon oft/i, MOIUJ 

RESRAD is wrll sulled tn our purpoS('. wh1ch ,., to n-aluatt' the relauvt' risk 
posed hv mterflo"'·. Thf' model as rurrrntl\' ~mg uK"d at man\· rontanunatf:'d 
1>0[ sues (Ch~ng. Yu. and l.Jel~n. 1991; Cheng and 't'u. 199~; Wang. Bswrr, 
and \"u, 1993; Yu et aJ., 19933. 199~b) . Bt-causr manv rnvironment.al regula­
uons ar«' ba.\ed on esumatrd radaonuchdr doM'll, Rf.SRAD as dnignrd to 
pr~dJct lh~sr doses, and has ~en used f:'Xttnsl\'eh· to assess riak to humans 
posed by radionuclides in the enVIronment COomes et aJ .. 1995; Rua and 
Gr~n. 199~; Yu f:'t al .• 199~b; Ea~n. Plt:'ru. and Halford. 1996). As mch, 
11 hou been both extrnsavel\' vt'rified fHalhbunon NL'S U>rporauon. 1994) 
and validated against othf:'r models CFaillacf:'. Cheng. and \'u, 1994). The 
hYdrologic component, which is quite aimple. ~ not dcsignrd to limulatr 
complex hvdrologic processes. But non~ of the currentJv exisung ri& aa.teS&o 

mem models directly simulatt interflow; and, mor~r. n has nrver been 
d~monsuated that complex h)'d.rologic models proVIde more accurate limula­
uons than do simplt:' models - quitt tht- oppositr. in fact (Bnen, 1989; 
Blaylock.1990;Grayson. Moore, and McMahon,l992). Ouratratqyforaaking 
into account the additional wattr conbibutrd ~ intrrflow was to modify th~ 
precipitation and evapotra.nSpiration temu in RESRAD. Having direct mea-

1M Hum. i..col. lliU. Alina. Vol. S, No. 2, 1997 
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IA.lTemcnu of in~rflow on th~ si~ for which the risk estimates arc bcm~ mad~ . 

~ arc confidcm &hat these mampulanoru an appropnatt . 
Thr- model assumes that a t.lrnih· L'i I.Jvm~ on thr- SJte an qucsuon me 

obwnmg dnnkmg watr-r from lonl ~und-v.-..ter. ik-callM' mJtcsuon of dnnt.. · 
m~ water 15 the cxposw·e routr most hkt"h to lX' afiectrd b\ mtcrflo-v.· < Uar 

assumption being thar amertlow walt~. upon t"ntr-nn~ a wastr pat. will mon· 
downward to groundwater'· wt· d1d not constdt'r ot.hrr pott-nual cxposurr· 
routes in this modelmg r-xernst". Our s~nfic qucsuon w-.u. undr-r thr- modt-r · 
ate and hagh intrrflow scenano~ 1M rontrc&Strd -v.-it.h tht" no·mtrrlluw sc·t-nanc' 
tu what extent will the- r.ur ot ~toundwatt"r c-ontanuna~on l>t' mcrea.\<·d .uu! 
thrreby, thr- do~ to humam dnnt.m~ tlar ront~unanatt"d -v.-..tr-r ~ 

R.ESRAD emplm-s somt" sampk relauon!~haps 10 den\·t- the- rdtC" ot ronum • 
nant movt"mt"nt hom thr sour< r arra to ~nundwatC"t Tht· r.att· at wtuc I; 
radionuclides -v.ill ht> lr<tch~d trom tlu· ronwnanatt"d zont' '" C"sumated ov.1tt. . 1 

sc>rptJon-dt-sorpunn aofi-('Xdlclll~r lr<tdlln~ t-quauon 

when~ 

R, ( tl = rt>lea.\f" r.ttt" for r.uhon uclJCk• t pLt ,, · 
L.= leach r.tU." tor radwnurhtir!oo t\T;J . 

ph m . = bulk densatv of thr ront.anunatt-d znnr I~ ' m' 1. 

A = area of thr rontammatt"d zunr 1m~ 1 

T(tl = Uucknt'S.\ of tht- contanunatt>d Lorw ;Jt tum· r 1011 • .&net 

II · 

S,(t) = avt'~l' conc:entr.uum of thr· rth prmnp<tl r.sciumudack m tht' , .Nt · 

,.__~r- unatt"d LOOt" a\'ailahk tor h·.t< luu~.: .tt unu· r 1 p< .1 kg t 
TI1c- kach r,lf(' 1 1.., 1 I' t''iUill.ttt•cl .t· 

••• f l ! . ~ 

wht>rr 
I = mtiltr.ltwn r au· 1m .. n • I watr•t rutt'nn~ Ull!kitllratr·d 1onr hdo-v. land 

fill) ; 
0 ..... . -= volumrt.nr w-cttt'r r ontrnt ot t}w < or1 t.munatrd lOIIr . 

T0 = miuaJ th1ckne~' of thr nmtanatn<tlt'd Wilt' < rn J; and 
~ • rrwdauon factor m ttu· 'ontamuaatf'ci zunt' tor r.tdwnudade a 

Thr- rr-wdauon tanm ( R.t.' t' the" r.uw ot tht' avrr~r porf" w..ttrr vrlunt\ 
to the r.a.c:honuchdt' t.raJupon \'rlncll\ It 1~ < .th ulatrd a..' 

wht'rr 
Pt .. bulk soil drnsm \~ ' cna' r. 
K.• distribution codJiclt>nt lor tlw tddatmu' hdr 1. and 
6 = volumrmc wattr contt"nl 

Hum. EcoL RiU. Aalcu. Vol . ~. ~o . 2. 199':' 195 
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I = II £.11 fl. · (~' P,J . 

wh~rr 

C, = c-vapotranspar.uwn t orflior-ur . 
L, = runotl codlinr-nL and 
P, "" annual pr~npuauun 1m · n; 

Funher drorail., on tltr- lumpu~.auonoi.l rnt"Utudoi<~J.." md\ iM- lound 111 \u rt 
al (l993bl 

\\'r par.unrtron.trd Rl.SR.\.ll t•• ... amularr- (ont.anunanr mm·rmrnt hom .s 

small (24 m7 1. rovrrt"d landfilla11 .a porutrro~ pmr (Pinto f~tmdnv.wt n•mrnu· 
llllV wnhm Lus Alamo\ !'iatlfmdll..tbcw.uon 111 11urthrn1 !'.t'~ Mrxaru . Avt-r~t· 

annual prrCipitauon oat thr !lilt" " r,oo mm Thr landfill ht-' pt"fJM"ndarular IP 

tllr- \lopf· ol.t lull. c tr.tiJJI)..: .111 llf"l"l" ' • llllllthlltlll).! .ttr.lllll llltrrtluw ut .. t.ulll 
fiOU mY ()("pth to thr rnam "'JIIIIrt "'"' tw· "-' gtrat a.' '()o m . hut prrrhrrl 
groundw-atrr bodtt"!\ rllL\1 th.u .tr r muc t. c luM"r tu tJar surt;,u r Wr haW' thrrr 
turr a.\..,umrd ;&II avrra~r rlrruh '" I{JOIUutw-.urr ul r,u Ill 

l-or UIC~ uv·anterilo" M «:n.u 111 . ""' ~d U1c- tullowtUJ.t p.uaiilt"trn .Ulllu.tl 

precipitation CP, 1 "' 500 mm: runoft n>effanrnt (C, l : 0 .2 : and ~polr.lnspa· 
rauon coefficaent (C,l = 0.99. P~r eq 4. Utt> mfiJuauon ratr as 4 mm,yr . 

Forth~ two intrrflow sc~nanos. wr ~lrct~d amounL"i of 10 and 20 mm1w 
to r~prr~nt mod~ratr tnlt"rflo"· and ht~h am~rflo"· · rrspt>cuvrh· (on thc- basa~ 
of our finding that mt~rflo"· ~tnt"r.lllv makc-~ up ~ - 5% of thf' annual wat~r 
budRrt-Wilcux rt al .. 1~1. hn a rontnbuun~ upsloJM" area of 600 m~. tht!>r 
amounts translatr to \'olumt-!i 11! Wdlt>r rntrnn~ tht" landfill of 6 m' and 12 m' . 
rn~cuvelv. We thrn ca.lrulatt"d tht> mfihrauon rates that would result an th~S«' 
two annual volum~s: tor Utr modr-ratr mt~rflow sc~nanu. Utt' mfihrauon ratr 
t!> 250 mm/\T (6 m\'24 m'l. and tor Ult' tugh uurrfln"· !lie"t'llano. Utr mfdtnt· 
uon ratr ts 500 mmlvr (12m~ .' ~4 m1 l 

~cau~ mterflo"' cannot br samulat<-d dtr~ctlv an RESRAD. Wt' tht-n subsu· 
tut~d tht-~ infiltraunn rates an to c-q . 4 and manapulat<"d othrr parametrn such 
that t.h~ ~quauon VJt"ld<"d du,y r.ur~ fur thr mod~nllt' mt~rflow scrnanu. 
with t.hr runoff coefficaent CC,) ma.mwn~d at 0.2 and the annual pr«ipnation 
ratr (P,) at !;()() mm. srtunR tht" f'V.&polrallsp•raoon cotflin~m (C.,) at 0.~7fl 
Vleldr-d t.hr desurd mfiltrauou r.ur of 2!'JCI nun ' \1 . 1- or lltr hagh mtrrilu" 
scenario. with C. mamt.amrd at 0.2 and Cr at 0 .~75 , w~ had to in~ P, to 
1000 mm/yr to obwn thr drsuf'd mfiltrauon ratr of 500 mm/vr. For lhr 
groundwatrr mg~suon routr. mfihrauon ratr a!> thr mal\· factor aflect~d tn­
cbeae parameter manapulations. In oUtc."r wunh. otl1rr cakulauons an R£4iRAD 
ar~ not aff~ctrd bv thnr changr. .. 

A blong of pertin~nt Rf..SRAI> paramr.tt"rs tor each samulauon u given an 
Table 1. w~ ~lec:tt'd lht" nondJSJ)(TSJVt" now opuon m RESRAD tor cbe~ 
calculations. 
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Table 1. RESRAD ,_ ...... padJW:ut tD die diiaDac WMer clpDIUft 
I'CMIIe. 

RESRAD PARAMETER No Moderaae HiP 
mlftflow ' lDterflow IDierflow 

Comanunated Zonr 

Area ~4 m~ !N m~ 24m: 

Thickness 2m 2m 2m 

Depth of 1urface cover O.S m (1.5 m 0.5 m 

Density of cover malt"nal l.:,F, ! Cffi~ 1.5 g ' em' 1.5 g / cm" 

Porolil}' 0.4 0.4 0.4 

EffcctJve porosat\ 0.3:) 0.3:, 0.35 

Hydraulic conducthm 100m 1\"J )()() 01 1 \T JOO m/vr 

EvapoU"anSpiraDon 0.99 0.375 O.S75 -coefficient 

Runoff coefficient 0.2 0.2 0.2 

Precipitation 0.5 m/yr 0.5 mtyr 1.0 m/yr 

Unsaturated Zonr 

Thickness 50 m 50 m 50m 

Densi~· l.h~ .' cm' l.tJg ,~ cm ' 1.6 g/cm~ 

Porosi~· o.:. u.:, 0 .!1 

Effective porosm· 0.4 0 .4 0.4 

Hvdraulic conducU\11\. 470 m ' \'T 470 m 1\'f 470 m / yr 

Saturated Zone 

Density 1.~ g;cm' 1.5 gt cm' 1.5 glan' 
Porosity 0.4 0.4 0.4 

Effective porosin· 0.~5 0 . ~ :, o.gs 
Hydraulic conductivity 100 m/yr 100 mtyr 100 m/yr 
WeU pump inlakr depth 10m 10m JOm 
Water table drop 0.001 m/vr 0.001 m/yr 0.001 m/yr 
Well pumping rate 250 m'lvr 250 m'l vr 250 m'lyr 
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We ntimaLrd lht movement of. md sublcquent dosr from. rad.Jonudi~ 
of lhrtt elemmu that bthaw qwlt' diffe~ntly in lhe enVIJ'Onmmt: mtium 
('H), uranaum-238 (l!eU 1. and pluwmum-259/240 (I"!MOpu). The ontv radio­
nuclidMptcific paramtter m th~ model that dincdv influmcn groundwalt'r 
contammauon is.}\, teq . ~~ an thr ronwnmatrd zone. for uus paramelt'r.­
assumed vaJun of 0 for 'H. 5 tor tsltt · ( snr--sptdfic dara: l.ANL. 1995). and 
2000 for nY 'J40Pu. reflf'cUn~ tht'lr d.lftnent behavaors: tntium u not adsorbtd 
to soil partidn and e~nuallv mm"M at tht" samf' rate as water. ~·here~ mt• 
and ""·'!«<pu are adsorbed to soil and thus wdl b<- transponed much mor~ 
slowh . The~ radaonud1dt~ also havr difit"renr dose-eqUJvaJrnt conversaon 
facton . with 'H •· n~tt · .. nY 1401-'u \\r .usum<"d lntUal to~al concentrations of 1 
pC1 1 ~ tor cad• drmf'rtl . waJa a ""J'u to HOJ-'u r.tuo of ~.5CJ< to O.S(i( . . ~UW· 

qu<"nr modt"l runs confinnrd that doy W"cL\ hnt"arh rtlated 10 maual nmcen­
u-auon\ for thes.r r.Adaonudadr!>. our rt"sul~. thrn- proVIded~ c mrem ' vr l 
( pCa t ~ 1 -can I"M- muluphrd ll\ sll~fH"nfi( con( tnt.rauons ( pC1 1 g 1 to obtam 
rsumau:-s ot sltrooSJH"< lli( rloow- ratr' 1 mrrm ' n 1 

l.inder the nu-mtcrflo~· Yrnano. dow- from angtsuon of groundw-,urr wa..' 
zero for allthr radJOnucbdts tor thr first 100.000 vean; &here s•mplv was not 
rnough w-.Ater w movt- ~onc.a.nunanL-. to groundwater . Under lht IWO inttrll~· 

Kr-nanos. dose from m~nuun of ttroundwatf'r vaned among radionuclidn in 
magnnude and ummg accordm~ 10 tlte amount of simulated intrrflow (6 m5 

or 12m') (Fig. 51 . Stmulatrd do5«" for all th~ radionuclidn was higher and 
morr quicJUv d~hwred und~r th~ hiJZh·mterilow 02·m'lvr) condiuons. 

Tht- diftt"rencr~ among thr !lllnulaoom art' all related to diffc-rtncf'~ m 
mfiluauon r.ur~ . UH' rctdannudadf"·drpt-ndent M>rpuon I drsorpuon prcx:rs.-. 
( tht' magnttudr- ot ~·hKh ~~cL., ~~ ~1th Utr ~l. and thr dolt"<onwnJOn facton. 
Ttw u-an5port um~ to groundw4ltrr dtflrrrd amun~ rad10nu(hdc-s. rc-fl~cung 
tht' diflrrencc-!1 m 1\,., Tnuum had thr lnwt"st 1\,., arad thr- most rapad uanspon 
umt" . ~mall concentrauom of n~t ·. produced a' mPu progt'n)·, reachrd lhe 
gmundwater at thr same umc- a. .. ~( : C RESRAI> iL\Sumes all radionudidn an­
m rquilibnum Wlth theiT pr()Jitem amuallyl . How~r. ""1140Pu rad10nuclides 
did not actualtv reach the groundwatrt~cause of au w-ry largt' K.t. exptclt'd 
trmspon umr exceelh 250.000 nan 

For each of thr radionuchdn. thr dosr resulting from lhe moderak'­
inrerflow scenano as lower than that from the ha~h·mtrrflow acenano btcausr 
the acuvuy was added to thr groundwattr in lown concentrauona over a 
greatrr period of time. For 'H. thf' d(M from the moderai.Mntrrflow acenario 
i.s funher rtducrd b\· the addauonal phvsaaLl decav that occun dunng lhe 
longer transpon time 

The highest dme resulted 1)\· far from ""L' . The I!IU~oae exct"edrd that 
from 'H bv ntariv thrt"t" ordf'n of magnitude. dur to the diffe~nces in the 
dosr conwnion factors becw~n thr radaonuclidn and lhe physical drcay of 
thf' !IH that occurrrd during tr.mspon.. Funher, the d~ from •u exc~rd 
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that from thr !!&U, producltd as l!ePu progeny, b!o' mo~ Uw\ trwn orden of 
magniwdc because thr au was present only in CXO"emc)v UDall conccnua- a 
nons. These results arc an agrrcmcm with other modchng aucumcnu of thr 
groundwater comammauon Jirom m'140Pu in thr Los Alamos area (Han~n 
and Rogers. 198~). 

IMPUCATIONS FOR ENVIRONMENTAL MANAGEMENT 

Wr havr shown that mtrrflo~. it not rccogmzrd. m;n havt" unnpccs.td 
amphcauon~ tor contammant movrmrnt m scrruand rcg.onll, both on thr 
surtacc and m the subsurtact> rmuonment. Our samulauom. although ob\1· 
ousl\· a sampliJacauon ot the actual hvdroloJncal pr<xnst:~ mvolved. do demon­
sucue the potenualampact of amc-rflow on ruk asscssmem and. thrreb\·, on sur 
charitc~rnzauon and the M-lr-cuon of a landfill rrmedJauon st.r.ltf'g\·. Mam· 
factors. mcludang mrerflow arnount.s. dt'pth to ~oundwater. and pcnncabibt\ 
of underlvmg medact. will dr-tr-nnmt• th<- rxtrnt to whach mterflow will mflu­
cnce thr movement of contarrunants at a s~cific SJlt. But it u dear that 
consideration of intcrflow amproves risk aucssmcnts and thereby enables 
more cost~ffcctive remt'dJation at Los Alamos. Morrover. although the o­
arnples we havt' prrscntrd deal wtth thr movement of radJOnuchdes, hazard­
ous chemicals would be sunilarl\· afirctrd b\· mtcrflow· (an deed. the RISRAD 
model as being modified to addreM nsk a.ssessmt'm for hazardous chem­
icah-Cheng and Yu. 199~: Cheng ct al .. 19931.1n like manner. although­
have focused on human risk ~ssment. tht' pnncaplrs demonsuated apply 
equallv to ccologtcal mk ~ssment . 

We argue. then . that mtr-rflow as a potrnuaH\' vrn Important hvdrologtc 
process that currentl\' a~ not ~an~ considrrrd 111 ns~ a.uessmrn~. We ~com­
mrnd the follnwtn~ acuons tor ancorpor.lun~ unc-r11ow amu n~k as.sessmrnu 
and into remcdiauon drcisaons 

1. Silt'S rrceavin~ mon· than 4,r,o mm, \T ot ramfall should ~ mvesugated 
spccificalJv for the occurrence" of mtrrilo" 

2. Risk-assessment modrls. such a.' RESRAD. should br modified to ancor­
poratr intcrflow. Samplr mathcmaucal ~pr~ntauons of antcrflow have 
been drvclopcd (t'.g .• f'Wlaga.n and Neanng. 19951 that could readily bt 
incorporated into RF.SRAD. 

~~- For aitca at which mtcrflow has bttn shown to ~ amporuru.. rrmediation 
designs. such as landfill coven. should andudr svstrms for routing water 

away from contanunatt"d zone~ . 
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