
~/7' ( '_) .... ___ ..,....-..:.-
I 

) 

Human and U:olog~aJ Riak AIRMmeru.: Vol. ~. No.2, pp 187-20~ ()997) 

lnterflow in Semiarid Environments: An 
Overlooked Process in Risk Assessment 
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ABSTRACT 

Risk. asseumem, both human and ecological. embodl.cs tundamental ai­sumprions about hvdrological processc:s. npecially how th~ affect the m<M-­mcm of contaminants in the envtronmcnL The lateral movemem of water through the soil. or mtcrflow. is fTcquentlv a componem of risk assessments for humid envu-onmenu. but nor of those for seml.arid environments. Our research has shown that. contrarY to what was prev~ously thought. interflow can be important in semiarid landscapes and is. therefore. an essential consid· eration for risk as.sessment in the~ re¢ons. To ill~p;au: and :usess the effect of mterflow on c.sUPI)atcs ~>I risk. we (I) developed a Simple conceptual modrl to describe the role that m terflow mav have m the- redistribution of surface- and near-surface cont.aminauon. and (2) used RESRAD. an exposure model for 
assessing radionuclide doses to humans. to evaluate'the efiectiven~1 of landfill covers m m'i.ogating dose~ of thrc:-c:- contarmnanu (5H .. ""l';-and n•MH1'Pu) at a sne m northern New Mexrco,at which mu~rflow lS krl<)wh to~ occurring. Onh those calculaoons of the modei that took mtc:rflow ~into account yielded the 
result that the radionuclides would contaminate gioundwatc:r- undttaeoring the potenual 1mpon.ancc:- of mterflow as a mechamsm .. for thr transpon of contaminants. We conclude that failure- to take mterflow mto account can render risk :usessments maccur.ne and rr-mechauon inrii«tive. Funher. our work demonsrrates that a general understanding of hydrological processes is essential for accurate nsk assessment. ecological a.~ well as human. 
Key Words: runoff, contaminant transport. mtc:rflow, New'Mexico hydrology. 
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Wlka&..... ., 
INTRODUC'nON 

A.asessing the impact of enVl!Onrnent:al conrammanon in semaarid ~is an enormous wk. Withm the DOE complex alone. large tracu are potrnualh· contaminated -for example. Los Alamos. Hanford. the N~-ad.a T~t Stte. Idaho National Engmeenng Laboraton. Rockv flau. and Pa111ex IRHev and Zachara. 1992). Human and ecolopcal nsk asscssmenu plav a central role m the development of mJUgauon strategaes (Harwell, 1989; BaneU. Gardner, and O'Neill. 1992; Suter. 1993). To tx- effective, hown-er. risk assessment must tx­b;u.ed on a sound undersc.mdmg of environmental processe~ ITill. 1988). Wnhout that undersc.mdmg. evc:n the most elaborate ruk assessment exerctSC' "ill be fatally flawed. In manv ca<~es. the most important of these enVJronmen­IAI processes 1S the movement ot W'dter. a pnmano transponer of c:oniOUTimanu. Even m semtarid landsape~. which art' b\ defil11Uon W'dter-hmned. watror mo,-ement is often thl" pnnopal mechanasm b\· whach contammanL~ are rt'­dtstributed IHakonson. Lane. and ~pnnl{er. 199:.? 1 
The escalaung cosL' ol rc:mt'dt;tuotl an· resulunK 111 calls to ensure that remediation work not onlv reduces actual nsk.. but as cost-effecuve CMcGwre, 1989; Abelson, 1990. 1992. 1993; Zediliaust'r and Viscust. 1990: Breshears. \\lucker. and Hakanson. 1993) Ruk assessment IS amended to dnve tht­~'aluauon of remedaation opuons bv help1ng w answrr such questions as· Which options result m the most nsk reduruon ~ Is remed1auon "nsluer" than nn remediauon~ 
One remediaoon opuon that 1s tx-mg ~uated lor manv dner locauon~. es~)('CJallv wht>n ron!Ammanl' arr huned. 1~ th<tt of surtact- cove~ CNvhan. Hakanson .. and lJreru.ori: ~~~(): l.aldwell. 19Y~:· Black and Latham. 1994i These coven an· desJ)!Tlec'l to prl"v·ent or reduce Ill the v•erucal movement of water through the rontarntnate'd marenal. and C:! 1 tltr movement of con~t· nated S<."dunents acros.' thf' surf act·. Thev c.au be a\ srmple a.\ a laver of gravel or a5 complex a~ a multil~ve'red sequence of earth matrrials and geotextiteS' In etther case. the pnmaT\ ptJif)(J\t" ts to tsolatr t11r cont.ammated rnau~~nal trom the enVIronment h\ reductn~ movement of ~-ater. However, surface co~e·rs can be effecuve onh· a.\-lon~ as the mam d1recuon of water movement is from top to bottom; tf mterflo\<--water movtn~ laterallv through subsurface .<>oil~ts occumng. even thf' t)('SI·desrgned surlac rover can ht- CJrcumventt>d unless provis1ons arr made to diven the water. 

In this paper. we !"''aluate the relative trnportance of inrerflow as a mecha­msm of coniOUTitnant movement m water-hmued landscape~. esprnallv areil!> m wh1ch engineered surtace covers have been put m place to conwn contamt­nanu. Specifically. our obfective 1s to evaluate the 1mplicauons of intt'rflow for nsk a5.S<.'SSment m semJarid em1ronment.s. wttlt respect 10 both surface and subsurface contarnmauon. 

CONCEPTUAL MODELS Of TilE WATER BUDGET 
Fundamental to understanding howwatrr m~ m sem1arid environments is knowledge of tht> watn bu.d.gn. that Ill. how water as paruuoned m the 
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environment (Dunne and Leopold. 1978). MaJor ca~ories within the wa~r 
bu~t are t'Vllpotranspiration, runoff. storage in the soil. and storage in 
groundwater. 

In drier emironments. most of thr- water (gent'ralh-. 8~100%) i.s lost 
through t'Vllporation or transptrauon (Dunne and 11opold. 1978). Of the­
\Oo'atcr that emers the soil. ven· little percolates b(ovond tht" root zone; most is 
~entuallv lost Vla e-vapou-.msptrauon. /The high t"'.'apotransptrauon rate. com· 
bmed \Ooith low amounLS of precipitation in and and sem1arid landscapes. 
explams tht' suitabilm of thesr em1ronmenL\ for lon,ll'·term SIOfaRC" of 
waste~- ReJtl1 and Thompson. 199:! 1. ~urtact' runoff accounLS for most of Utt­
remammg \Oo'ater and ts a Vt'n· tmpon.ant ~ent of rr.msport tor sf'drment. 
numenLS. and contammanLS. Hm•• much \Oo'ater run~ oft and how much perco· 
lares ~vond the- root zone- art' rnucal facto~ m a.~ssmg risl... · 

. v•ater that ~~ retamed m the- soil rnav movt' e1tht-r verucalh· or lateralh 
throu~h the soil If tht· soil cunt.am~ cmnanuna.nl!>. the~f" ca.n be o-c~.nsportrd 
hv tht> ffi0\1ng \lo"dtt'r. v.:ater that movt'~ vt-rucall\· throu~h the- soil and mto tht• 
underlvmg earth matenal will, gwen enough orne, reach groundwater. Even 
though groundwater recharge is ven· small m most dn· environmenu. this 
process has become a subject of mcreasmp; mterest a.nd srudv ~cause of tht' 
long-tenn potenual for ground\lo'ater contammauon CMever, 19921. 

Water that moves late~h· through the soil. or mtertlo\lo·, has generallv b(oen 
overlooked m studies of sem1arid landscapes. Althoup;h recognized as com­
mon in humid enV!ronmenLS, such as the eastern Unned·States (Anderson and 
Bun. 19851, mtertlow had been thou~ht not tu lx': ,Important m semaarid 
env1ronment-.. But our rt"search. ha.~ le-d m to concludt'· that n1tertlow can bt-

,an 1mporta.nt contributor to lht> water budp;et m areann whach annual prenp1· 
taU On t'XCt"eds. 4:l0 mm I vear (\\-~~~OX etaJ., J996i. in SUCh Ca5t'S, failure 10 ~(" 
lt mto account ca.n lead to mco'!ect e~umates ol rontammant U'anspon. whim 
kads to p<)ur n~k a.uer..~ment c~.nd mappropnatt:, appl,trauou ol c-n\1ronmc:-ntal 
restorauon technolo~es. · 

C.enerallv. tor lnter11ow to cxccur. two condmom must be sausfied: (I l therr­
must be an 1mpenneable lavt'r dose to tht- surtace fe1the-r m the soil or m tht­
underiVlng parent matt" rial) that gn:ath reduces the verucal movement of 
\lo'ater: and (!!l tht'rt" must bt" enough precipitauon to saturate a poruon of the 
soil above tht" tmpermeable laver. allowmg the development of a perched 
saturated zont" ( intertlow has been observed m unsaturated soils. but onlv in 
small quanutie~- Mulholland. Wilson. :mdjardme. 19901. And. of course. 
some slope lS required. Since water m thiS zone cannot move vertJcaJ}y. it will 
move la~rallv down-gradient. 

Detailed hvdromt"tric studu~s on a 9(~m~ hillslope. m a semaarid ponderosa 
pine forest within the boundaries of the Los Alamos National Laboratory. havt" 
demonstrated that interflow is not onlv a vt"n· amportant process. but i.s the 
major mechantsm bv which sustamed streamflow 1s ~enerated from these 
foresu (Wucox et al., 1996). Dunng snowmelt or penods of prolonged rainfall, 
a S!lturated zone drvelops at a depth of about I m I which corresponds to the 
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Frrure 1. Daiiv interflow vs. temper.u~ and prec•pu~uon. February J 4 -April 5. 199~ (from Wilcox e1 a!.. 1996l 

mterface between the soil and the underlving ruff bedrock). and interflow can be swtained for weeks. ' 
Two of the four wmten; of our studv have K-en significant amounts of interflow......,.. the largest dunng the Winter of 1992-199S. when. the snowpatk . W.U.above average. Near!\· 50 mm of mtt'rfl9w 1 repr~senting about 20% of the winter snow pack 1 W'"dS measured. most of 11 from tht' clav-rich Bt horizon. Dail\' 

inu:r'flow measurements during the latt' wtntt'r and spring of 1993. and their_ corrdation with precipi~uon and averagt' dailv temperature, ~ shown in· Figure 1. We recorded three maJor phase~ of mterflow as the snow pack melted ~(which began in the iauer half of Februa.rv. when air temperarures ~to 
rise). The first phase, in earlv March. showed a clear correspondence with 
rising temperatures: interflow dropped off sha.rplv when a period of below­
freezing temperatures ensued in mid March. The second major phase. which 
began around March 16, also corresponded with a rise in air temperatures that funher reduced the snow pack. The third phase, m late March, resulted from 
a rain-on-mow event that melted much of the remaining snow pack. lnterflow mav occur in summer as well, but onh· in small amounts. 

On average, interflow has accounted for a small portion of the total water 
budget for the site. At the same time, our data not only show that interflow can 
periodically be a very important runoff mechanism, but they R!\'eal its dynamic nature: water can move through these soils at a faster rate than can be expbined by the hydraulic propernes of the soil matrix. In humid environ­ments, where the phenomenon of mterflow has been weU swdied, it has been shown that ~macropores~ (large pores or cracks in the soil) are capable of conducting large quantities of water at very rapid rates (Beven and Gennan, 
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1982). And at our site as well. measurements demonstrate trun the ven· 
dynamic and often quite rapid movement of i.nterflow is explained bv the fact 
that it travels primarilY thro~h macropores (Newman. 1996). Using stable 
ISOtopes and other natural tracers. Newman demonstrated the preferential 
movement of water through macropore networks in the soil. The conct'ptual 
model develo~d from tht"Se studtes protravs the prt'ferential flow process and 
macropore I matrix mteracuons 

Before having the results from tht'S<:' studies. we had dt"velo~d a conc·e~ 
tual model of water movement m sem1arid pondt'rosa pme forests that focused 
on surface runoff and groundwater rech~e as transport mechan1sms. No". 
m light of these n~· fi,ndmgs. we have r~d the model (fig. 21. Our result• 
confirm that surface runoff IS verv •mpurtantm thest" areas. but tht'V also shO'h 
that recharge to groundwater JS much less 1mponant than ongmaJiv assumed 
hecatise of the presencr- of a zon,. of low permeabihrv ( resmcuve honzon J m 
the soil, verv httlt' W'.tter 1s able to mfiltrate and rech~e ~oundwater bod1es 
Even more •mpon.anr •~ that dunng r.ht> penod~ of htgh water a\Olilabihl' 
(spnng snowmelt, prolonged frontal storms). ll i.s th1s restncove horuon that 
causes water to build up. creating a ~ched zone of sawration that gives n.'lt' 
to interflow (see F1g. 2b). Such a laver of low ~rmeabihn·. wh1ch rna\· lx­
bedrock or a natural soil feature. 1s more often present than not 

In addition. water generated as mterflow can ret'merg-e at the surface and 
flow into a nearby stream channel. It IS this m·t'thanism that can suswn 
streamflow for a ~riod of davs or w~k.s. lnterflow wattors. thl'n. can also 
transpon comarnmants from the" soil to the:" surfaCe·~'d. now as surface runoff. 
carrv them swiftlv.downslope · · 

These findrngs concemtnjZ J .. hc- 1mponam·e of t~t~rllo'l\·.anrlJt~ rde\-d.Il.Ce tP 
risk assessment arc:" umeh gJVen that nsk a.'ISessment\ are currentJv under W".t' · 
for numerou.~ cont.ammated Silt"~ m and arounrl~ ~~~~Ala-mos (Dornes et al .. 
!993; Hartmann et aJ. 1993, .. ~ ... , " . 

IMPUCATIONS OF INTERFLOW FOR CONT~ MOVEMENT 
AND RISK .ASSESSMENT 
Potential Effect of lnterflow on Contaminant Movement 

The potential effect of t'Ven occasiOnal occurrences of mterflow on con­
wnmant movement is illustrated bv the followmg two e:umples. The first LS 
built on a qualitative" ("Valuation of contaminant movement. wherea.~ tht' se<· 
ond mvolves a more quanur.ative analys~s. 

b:ampk 1: Muvemmt of Ntar ... 'iurjau ConlOmman:.s 
Many of the activiues of the Los Alamos Nauonal Laboratorv have mvolved 

testing of explosJVes devtces or materials. Some- of the explostons created 
shallow pits that conwn cont.ammanu at or near the surface (Los Alam~ 
National Laboratory, 1995). Water collect~ m the!>t' ptts and easily moves into 
the 50il, potentially carrying contammants with it. In other areas of such test 
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Old Model 

New Model 

. . ·:·PARENT MATERIAL_-:·.;: .. ·.::.'::.·· .. ·'.</·;:'· .... · : ··.·. · .. -.-........ --··------···-··..jl-··-··-·-.·~ .·• ·_...,. _________ ·,-· ~--.... ·.-:,..;.· .. ;·--: ... :~-.· .. .-_· : .. ·.,..;: .......... _,~ 
. : .·: ... 

. . . . . . . . : · GROUNDWATER 

F~ %. Conceptual models of water movement m semiarid environments: (a I old 
model; (bJ new model. 

sites, waste has been piled on the ground swface and covered with earth 
material; contaminants present in the buried waste could alao be rransponed 
by water percolating through the overburden. 

Using our original conceptual model (Fig. 2a). our focus would have been 
on the potential for vertical movement of contaminants towards the ground­
water, and we would have strucnmed tM investigation to detect downward 
movement of water and contaminants. Rut for the shallow pits as weD as the 
buried waste piles, the subsoil remained undiswrbed and thus acts as a ·restric-
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Shallow Pit Scenario 

t2'2l Contaminated Media 

·.·.· .. ' ··.·. . ·GROUNDWATER .. 

F~ 5. Po~ntial ditoet of in~rflow on movement of surface conr:ammants. 

tivc- horuon." impedtng the vc-rucal movement of water. Our new conceptual 
model (Fig. 2b) takes this factor mto account; it supposes that if the pit does 
not a tend below the restrictive horizon, it is much more likelv that wa~r and 
contaminants will move la~ra1lv - and therefore that contaminants rna\· 
instead be redistributed within downslope soils 0! ~- C:amed blick to the 
surface and thence transponed el~here bv surfact>,wat:rf·or wind (Fig. 3). 
Thts revised perspecuve not onlv tmproves our assess~~n} of associated nsks. 
but allows for morro eflecuve sue chardctell,Zauon. Jurth.er. the model allow~ 
u.s to monitor fumn· cont.amtnanl ~ovt"mt"nt.. whether .. or not the site IS 
remediated. 

Exampu ll: A1ovnnrol of ContammanLI "Jsol.aud" by a Surfati (~ 
Surface covers are an especiallv effecuve form of C:1l\1rO!l11:Jent+l restoration 

for sites in senuand enVIronments that conwn buned contaminants (Nyhan, 
Hakonson, and Drennon, 1990; Caldwell, 1992J. The\· art: designed to prnent 
or minimize thr- vertical movement of water into comam.inant<onaaining 
zones. If, ho~r. interflow is an active proca~ at the contaminated site, a 
surface cover will be meffective: it can be completelv bypassed bv water moving 
laterally (Fig. 4). Moreover. because the piu dug for disposal of the wastes are 
deep enough to have penetrated the ·restrictive horizon." onct" the water 
reacht"s the pit It is no longer forced to move lateralh~ it can now move 
vertically into and through the wastt". 

UlliDg RESRAD to A-.ess the Effect of lnterflow on Risk Aaleament and 
Jtemedi•rioa 

What impact might interflow- if not taken into accounr- have on risk 
to humaru? To answer this question, we applied an exposurt" model, RESRAD, 
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Farwe 4. Potm~ ~ff~ct of im~rflow on movc:m~nt of subsurtac~ contaminants (in a 
co~red landfill). 

to a hypothetical si~ fitting the description iil Example 11-a covered land, 
fiU-underthr~ucenarios: (1, nointerflow, (2) moderateamountsofinterflow, 
and (3) high amounts of in~rflow. ~cause~ are most familiar with the Los 
AJam9s ar~a .and hav~ documented the import.ar:JCt> of interltow tn that area, 
we have parameterized the model for Los ·Alamos condmons. 

·. 
JJamplWrl and ParamLtmzAIWTI of tilL Modtl , .... 

RE5RAD is well sua ted to our pl!lrpose. wh1ch 1s to n-aluate the relaove risk' · 
posed bv interflow. The model is currentlv bemg used at manv contammated 
DOE si~s (Cheng, Yu, and Zielen, 1991; Cheng and Yu. 1993; Wang, Biwer, 
and Yu. 1993; Yu et al., 1993a, 1993b). ~ca~ manv environmental regula­
uons an~ based on est.imat~d radionuclide dose~. RESRAD is designed to 
predict these doses, and has been used extenswely to assess risk to humans 
posed by radionuclides in the environment (Dorries et al., 1993; Ruu and 
Green. 1993; Yu et al., 1993b; E.spegren. Pierce. and Halford, 1996). As such, 
it has been both extensively verified (Hallibunon NUS Corporation, 19!H) 
and valida~ against olher models (Faillace. Cheng, and Yu, 1994). The 
hvdrologic component.. which is quite simple, is not designed to simulate 
complex hydrologic processes. But none of the currently existing risk :aasess-­
m~nt models directly simula~ in~rflow; and, moreover, it has never been 
demonstra~ that complex hydrologic models provide more accurate limula­
tions lhan do simple models - qui~ the opposite, in fact (Beven, 1989; 
Blaylock. 1990; Grayson. Moore. and McMahon. 1992). Our stntegy for taking 
into account the additional water contributed by interflow was w modify th~ 
precipitation and cv.apotr.Ullpiration terms in RESRAD. Having direct mea-
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suremenu of in terflow on the site for which the risk estimates are being made. 
we an: confident !.hat these manipulations are appropriate. 

The model assumes that a tunilv is !Jving on the site in question and 
obtaining drinking water from local ~undwater. lkcaUSt' mgesaon of dnnk· mg water is the exposure route most likelv to be affected b\' interflow (tnr 
assumption being that imerflow waten. upon entering a waste pit, will move· 
downward to groundwater). we did not consider other pott'ntial exposure 
routes in this modeling exercise. Our specific question wall. under the moder· 
ate and high interflow scenarios t as contrasted with tht' n~imerflow scenano 1 to what extent will r.ht> rate of ~ound,.-ater contammation be increased anc!. 
thereby. r.he dose to humans dnnlung the conummated water' 

• RESRAD emplovs some stmple relauonshtps to dt'nve r.he ratt' of comam•· nant movemt'nr from tht> source area to JlTOun'dw;uer The· ratt· at wh1rh 
radionuclides will be leached from the contaminated zone 1s esumated With " sorpuon-desorpuon wn~xchanl{t" learhm~ equauon · 

R,(tl = l,p1, "''A 1 (II S,(tJ. 

whert' 
R,itJ =release rdte for r..tdiOnuchdc·~ tpLt·\TJ. 
L, = leach rate lor radionuclides l\1 1 1: 
pb tat= bulk densitv of the contammated zon.:- (kj;!;'m,l: 
A"' area of the contammated zone (m%1. 
T (I) = thic;knes.\ of the rontam!nated wnr at umeo t II"Jfl: and 

(1, 

· S,(tJ = avel"3Re concenrrauon -o1 tltr ~~ prmnpal rildionurhde in the con­
tam mated lOne available tor lt'aclung at umc· t t pCt: k~i. 

The leach rdte ( L.• 1s esum.tted ;l.' 

L ~ I W '" T .. R.s.;. (~ ... .. 
where 
I"' mfiltrauon ratr (01/\TI lwatrr l"ntc-nn~ unsatilratt-cl7ont- lx-low land-

fill]: 
tl ta. = volumetnr water content ol thf' rontammated zone. 
T0 = initial thickness of the contammated zone ( m); and 
R.t., = retardation factor m the rontammated zone for rad10nuchde L 

The retardauon tanor IR.t,l 1~ the rauo of the average porr watt'r veloot\ to tht' rad.ionuclide transpon vdocJtV. h 1~ calculated a.~ 

where 
P."' bulk soil densitv (g/ em~). 
K,. • disuibution codlictent for tllt' rad10nuchde 1; and e =volumetric water content. 

Hum. Ecol. Risk Asseu. Vol. 3. No.2. l99i 195 



'Wiklm...t• ·-

The infih:raaon r.o~.te is gtVell bv 

I= ().{;.)[(1-C,l P,]. 

where 
C, = ~potransptr.o~.uon roeffinent. 
C, = runofi codiicn:nt.: and 
P, "'annual prectpttaaon (m.'vr) 

(4) 

further detail\ on thr- comput:auon.t.l methodolog\· mav b(' found 111 Yu et 
al (l993bl 

Wt" pan.ml"tenzl"d RESR.AD to ~tmulate contammant movement from a 
small (24 m 1 ). covered landfiilm a pondero~ ptn(" (Pinu.l pondnwal commu­
nrtV w1th111 Los Alamos !'liauoual Laboratorv tn northent Nl"l•• MexiCo. AVf'~e 
annual prectpit:ation at the 511!" t\ ~00 mm Thl" landfill h~"' J>('~ndtc-ular tn 
tlu- ~lope· ol" IIIII. < ll".liJII~ .111 UJ"I"l''' < <llllltb\JIIIIK ill C'.t lor lllll"Tflnw ul ahcnu 
fiOO m~. [)epth to thr mam aqurll"r rna.v ht- ;u gtl"at a' ~()() m, hut pt'rrhf"rl 
groundwater bodre5 elU.Stt.hat illl" much doser to the surt-.tce. We ha~ Uter'"" 
Iori" a~umed an ;tVI"Tagl" dt"pth lo gruunciw-.tii"J nf ~~~ rn 

tor the no-uner1low scenano. we U5ed tile followmg para.meterr.: annual 
precipitation (P,l = 500 mm: runoff coefficiem (C,l "'0.2; and ~potranspa­
raoon coefficiem (C,) = 0.99. Per eq. 4. the infiltration rate is 4 mm/yr. 

For the two interflow scenarios. we selected amounts of 10 and 20 mm/vr 
to represent moderate interflow and hirzh imerflow. r:espectivelv ~on the basi..~ 
of our finding that interflow rzenerallv makes up 2 ·- 5% of the annual water 
budget-Wilcox et al .. 19961. For a contributing upslope area of600 m:. thesl" 
amounts uanslate to volumes of water entenng·the l.andfill of6 m3 and 12m'. 

· respectivel'y. We then calculat~d the mfiltrauon rates that would ~ult m these. 
two llllnual volumes: for the moderate mterflow scenario. the infiltration r.ue 
is 250·mm/vr (6 m' /24 m'l; and for the high tnterflow Kenano, the mfilrr~­
tion rate is 5oo mm/vr (12 m~/24 m'l. 

Because interflow cannot be Simulate-d directJv m RESRAD. we then substi­
tuted these infiltration rates an to eq. 4 and manipulated other parametensuch 
that the equation V1elded thoSf' rates. For the moderate interflow scenario. 
with the runoff coefficient (C,) mamwned at 0.2 and the annual precipitation 
rate (P,) at 500 mm. setnng tl1e evapotranspiration coefficient ((;.) at O.!n5 
Yielded the deSired mfiltrauon r.1te of 250 mm/vr. For the high anterflo"· 
scenario, with C.,. mamtamed at 0.2 and C.. at 0.~75, we had to increase P, to 
1000 mm/yr to obtain the desired infiltranon rate of 500 mm/yr. For the 
groundwater ingestion route, infiltratior1 rate is the onlv factor affected bv 
theae parameter manipulation~ ln other words, other calculauons in RESRAD 
are not affected by these changes. 

A listing of pertinent RESRAD para.meterr. for each atmulation as given in 
Table I. We selected the nondJSpers!Vt': flow opuon in RESRAD for these 
calculations. 
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"'!' .... ,, ....... , I ...... 
Tllhle J, JIPSIW) ~ paliwatto the clriall:ior W8ter ~ 

nMJte. 

RESRAD PARAMETER No Moderak Hip 
IDterflow IDtaflow lDterfJow 

Contaminated Zone 

Area ~4 m~ 24m~ 24m~ 
Thickness 2m 2m 2m 
Depth of surface cover O.S m 0.5 m 0.5 m· 
Density of cover material 1.5 ~vern, 1.5 gtcm' 1.5 g/cm~ 
Poroiity 0.4 0.4 0.4 
Effective porositY 0.35 0.35 0.35 
Hydraulic conducti\11\ 100 mtn 100 m/\T 100 m/vr 
Evapotranspiration 0.99 0.375 0.575 ..,_. coefficient 
Runoff coefficient 0.2 0.2 0.2 
Precipitation 0.5 m/yr 0.5 m/yr 1.0 m/yr 

Unsarurated Zone 

Thickness 50m · 50 m 50m 
Density 1.6 ~1cm~ -l.~~icm'_ 1.6 g/cm" 

·~ .,.·. . Porosiry o.:. O.;i .. 0.5 
Efffi:ti.ve porosm- 0.4 0,4: 0.4 

~ Hydraulic conducti\'li'V . 470 m/vr 47(1 ffi/\T. 470 m/yr 

Satur.ued Zone .. _ .. _ 

Density 1.5 gicm' 1.5 g;cm' 1.5 g/cm' 
Porosity 0.4 0.4 0.4 
Effective porosi!\· 0.35 0.35 0.35 
Hydraulic conducavity 100 m/yr 100 m/yr 100 m/yr 
WeU pump intake depth lOrn 10m 10m 
Water table drop 0.001 m/yr 0.001 m/)T 0.001 m/yr 
Well pumping rate 250 m'/vr 250 m'lvr 250 m'/yr 
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We estimated the mOYCment of, and sublequent dose from, radlonuclides 
of thret- elements that behave quite differently in the environment: tritium ('H), uranium-~ (U.U), and plutonium-259/240 (D'/Hipu). The onlyndio­
nudidc-cpecific parameter in the model that directly influences groundwater 
contamination is K.t (eq. 3) in the ronwninated zone. For this parameter,~ assumed values of 0 for 'H. 5 for ~ (sue-specific data: l..ANL, 1995), and 
2000 for :D!i!rtOf>u. reflecting their different behaviors: tritium is not adsorbed 
to soil particles and esscntiallv moves at the same rate as water. whereas l3llJ 
and Dllf240J>u are adsorbed to soil and thus will ~ transponed much more 
slowly. Thest" radionuclides also have different dose-equivalent conversion 
factors, with 'H < DlltJ < !!!lntopu. We assum~ initial total concentrations of 1 
pCi;g for each dement. wtth a fWPu to N<IPu rauo of 99.5% to 0.5%. Subst"­
quent model runs confirmed that dose was linearlv related to initial concen­
crauons for thest" rad1onuclides: our resuJu. then- provided as lmrem/yr) I 
lpCi/gl-am~ multiplied bv sJIMpec-ific concentrations (pCi/gl to obtain 
estimates of sitt"-Specific dost" rates 1mrem/vr). 

Model ResulLs 
Under the no-interflow scenano. dose from ingestion of groundwater was zero for all the rac:lionuclides for the first 100,000 years; there simply was not 

enough water to move contaminants to groundwater. Under the two interflow 
scenarios, dose from ingestion of gToundwater varied among radionudides in 
magnitude and timing accordmg to the amount of simulated interflow (6 m' 
or 12 m') (Fig. 5). Simulated dose for all the ndionudides was higher and 
more quickly delivered und~r the high-interflow (12-m'/yr) conditions. 

The differences among the s1mulanons are all related to differences in 
infiltration rates. tht" ro~dionuclidN:Iependent sorption/desqrpuon process 
(the magnitude of which was set ~ith the 1\.t). and th~ dose<onversion factors. 
The transport time to gToundw.uer differed among radionudid~s. reflecting 
the differences m K.,. Tritium had the low~st K.t and the most rapid transport 
time. Small concentrauons of ~c. produced as~ progeny, reached th~ 
groundwater at the same time as 1511li (RESRAD assumes all radionudides are 
in equilibrium with their progeny initially). However, Dlf!otOPu radionudides 
did not actuallv reach the gToundwater-becawe of its very large K.t. expected 
transport time exceeds 250,000 years. 

For each of the radionuclida. the d~ resulting from the moderate­
interflow scenario is lower than that from the high-int.erflow scenario because 
the activity was added to the gToundwater in lower concentraliona ow:t" a 
greater period of time. For 'H. the dose from the moderat.e-interilow scenario 
is funher reduced by the additional physical decay that occurs during the 
longer transpon time. 

The highest d~ resulted by far from "D. The DIU-dote exceeded that 
from 'H by nearly three orders of magnitude, due to the differences in the 
dose conversion factors between the radionuclides and the physical decay of 
the 'H that occurred during tnmspon. Funher, the dole from "'U exceeded 
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that from th~ !!15U, produced as~ progeny, by more than anen orders of 
magniwd~ because th~ !!15U was present only in euremeiy small concenO"a- 1 
nons. Th~ results are m agreement with other modeling aaaeasments of th~ 
groundwater contaminaoon from "''140Pu in the Los Alamos area (Hansen 

and Rogers. 198~). 

IMPUC\TIONS FOR ENVIRONMENTAL MANAGEMENT 

We have shown that int~rflow, if not recognu~d. mav have un~x~cted 
1mphcations tor contaminant movement m semiarid regton~. both on the­
surface and m the subsurface em'lTonment. Our simulations, although ot:M· 
ouslv a 51mpli.ficauon ot th~ actual hvdrol~cal proces.w:s mvolved. do demon­
strate the potential tmpact of tmerflow on ruk. assessment and. there~>-.·, on site 
chmct.erization and the selection of a landfill remedlauon stra~. Man'· 
factors. mcludmg mterflow amounts. depth to .,-oundwater, and ~nneabili(\· 
of underlvmg media . .,.,-ill determme the extent to whiC'h mterflow will mflu· 
ence the movement of cont.ammants at a specific sne. But il ts clear that 
consideration of interflow improves risk assessments and thereby enables 
more cost-dfective remediation at Los Alamos. Moreover. although the ex­
amples we have presented deal with the movement of radJonuclidcs, hazard. 
ous chemicals would be similarlv affected bv interllow ( mdeed. the RESRAD 
model is being modified to address ruk a.s.sessment tor hazardous chem­
Icals- Cheng and Yu. 1993: Cheng et al., 1993 l. In like manner, although~ 
hav~ focused on human risk assessment. the pnnciples demonstrated apply 
equallv to ecolog1cal mk assessment. 

We argue. then. that imerflow 1s a potenuallv ven· 1mportant hvdrolog1(' 
process that currentlv 1s not bein~ considered m risk assessments. We recom­
mend the followin!< acuons tor mcorporaung mterllow mto nsk. iUICSSIDenu 
and mto remediauon deciSions· 

l. SHes receiving mort· than 4!i0 mm/\T of ramfall should be mvesugated 
specifically for the occurrence of mtertlo". 

~- Risk..;wessment models. such a.'> RESRAD, should~ modified to incor­
porat.e interllow. Stmple mathematical representauons of interflow have 
been developed (e.g., Flanagan and Nearing. 1995) that could readily~ 
incorporated into RESRAD. 

3. For sites at which interflow has been shown to be important. remediation 
designs. such as landfill covers. should indude svstems for routing water 

away from contammated zones. 
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