g

Human and kcologrcal Risk Assessment: Vol. 3, No.2, pp. 187-208 (1997)

interflow in Semiarid Environments: An
Overlooked Process in Risk Assessment

Bradford P. Wilcox! and David D. Breshears? .
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ABSTRACT

Risk assessment, both human and ccological, embodies fundamental as-
sumptons about hvdrological processes. especially how they afiect the move
ment of contaminants in the environment. The lateral movement of water
through the soil. or interflow. is frequenuv a component of risk assessments
for humid environments, but not of those for semiarid environments. Our
rescarch has shown that, contrarv to what was previously thought, interflow
can be important in semiarid landscapes and is, therefore, an essential consid-
eration for risk assessment in these regions. To illysirate and assess the effect
of interflow on esumates of risk. we (1) developed a simple conceptual model
to describe the role that interflow mav have in the redistribution of surface and
near-surface contamination. and (2) used RESRAD, an exposure model tor
assessing radionuclide doses to humans. to evaluatcithie effiectiveness of landsil

covers in miugaung doses of three contaminants (*H.. B and ™779py) 3¢ 5 .

site in northern' New-Mexico,at which mterflow 1s kngwn 10 be occurring. Onh
those calculatons of the model that ook interflow into account vicided the
result that the radionuclides would contaminate groundwater — underscoring
the potenual importance of interflow as a mechanism, for the transport of
contaminants. We conclude that failure 10 take interflow nto account can
render risk assessments inaccurate and remediation ineffectve. Further, our
work demonsmrates that a general understanding of hvdrological processes is
essential for accurate risk assessment, ecological as well as human.
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Wilcox and Breshears

INTRODUCTION

Assessing the impact of environmental contaminaunon in semiarid areas is
an enormous @sk. Within the DOE complex alone, large tracts are potenualiv
contaminated — for example, Los Alamos, Hanford. the Nevada Test Sue,
Idaho Nationa! Engineenng Laboratory. Rockv Flats, and Pantex (Rilev and
Zachara, 1992). Human and ecological nisk assessments piav a central role 1n
the development of miugauon strategies (Harwell, 1989: Bartell, Gardner, and
O'Neill. 1992; Suter. 1993). To be effective. however. risk assessment must be
based on a sound understanding of environmental processes (Till. 1988).
Without that undersianding, even the most elaborate risk assessment exercise
will be fatally flawed. In manv cases. the most important of these environmen-
ll processes i1s the movement of water, a pnmarv transporter of contaminants.
Even in semiand landscapes. which are by defimuon water-ltmited, water
movement is often the pnncipal mechamism by which contaminants are re-
cistributed (Hakonson, Lane. and Springer, 1992,

The escalaung costs o1 remediauon are resulung in calls wo ensure that
remediaton work not onlv reduces actual nisk, but 1s cost-effecuve (McGuire,
1989 Abelson, 1990. 1992, 1993; Zeckhauser and Viscusi. 1990; Breshears.
Whicker. and Hakonson, 1993) Risk assessment s intended 1o dnve the
evaluaton of remediation opuons bv helping 10 answer such questions as:
Which options result in the most nsk reducuon: Is remediauon “nskier” than
no remediauon*

One remediavon opuon that is being evaluated for manv dner locauons,
especially where conaminants arc buned. 15 that of surtace covers (Nvhan,
Hakonson. .and Drens.on.”1990: Caldwell. 1992: Black and Latham, 1994;
These covers are designed 1o preveat.or reduce (1) the verucal movement of
water through the contaminated matenal, and (2) the movement of contamy-

nated sediments across the surface. Thev can be as simple as a laver of gravel
or as complex as a multilavered sequence of earth materials and geotextites

In either case. the pnman pymose s 1o solate the contaminated matenal
trom the environment bv reducing movement of water. However, surface
covers can be effecuve oniv as-long as the maun direcuon of water movement
is from top to bottom; if interflow-—water mowing laterallv through subsurface
soils—13 occurming. even the best<designed surfac  cover can be circumvented
unless provisions are made 1o divert the water.

In this paper, we evaluate the relative tmpaortance of interflow as a mecha-
msm of contaminant movement in water-imited landscapes. especially areas
in which engineered surtace covers have been putin place to contan contami-
nants. Specifically. our objective is to evaluate the implicavons of interflow for
nsk assessment in semiarid environments, with respect to both surface and
subsurface contamination.

CONCEPTUAL MQODELS OF THE WATER BUDGET

Fundamental o understanding how water moves in semiarid environments
is knowledge of the water budget. that s, how water is partiioned in the
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environment {Dunne and Leopold, 1978). Major categories within the water
budget are evapotranspiration, runoff, storage in the soil. and storage in
groundwater.

In dner environments. most of the water {generailv. 85-100%) is lost
through evaporation or transpiration (Dunne and Leopoid. 1978). Of the
water that enters the soil, verv linje percolates bevond the root zone: most is
eventually lost via evapotranspirauon. (The high evapotranspirauon rate, conr
bined with low amounts of precipitation in and and semiarid landscapes.
explains the suitabilin of these environments for long-term siorage of
wastes — Reith and Thompson. 1992). Surtace runoff accounts for most of the
remaining water and 1s a verv important agent of wansport for sediment.
nuwnents. and contaminants. How much water runs ofl and how much perco-
lates bevond the root zone are cnucal factors in assessing rish. ’

- Water that 1s retamned 1n the soil mav move either verucaliv or lateralh
through the soil If the soil cantans contaminant. these can be gansported
bv the moving water. Water that moves verucaliv through the soil and into the
underiving eanth matenal will, gwven enough ume, reach groundwater. Even
though groundwater recharge is verv small in most drv environments. this
process has become a subject of Increasing interest and studv because of the
long-term potenual for groundwater contaminauon (Mever, 1992).

Water that moves laterally through the soil. or interflow, has generallv been
overiooked 1n studies of semiarid landscapes. Although recognized as com-
mon in humid environments, such as the eastern United States (Anderson and
Bun. 1985;, interflow had. been thought not te be important in semiarid
environments. But our research. has led us to conclide. that mterflow can be

-Animporiant contributor to the water budgetin areasin which annual precips-
Lauon exceeds 450 mm/vc_:xr (\Mlq)x ctal, 1996 In such cases. failure 1o take

t1nto account can lead 1o Incorrect esumates ot contaminant wransport, which

leads 1o pdor nsk assessment and inappropnate ap'pl‘xcauun of environmenta)
restorauon technologies. *  :~ - 3

(enerally, toriaterflow 1o oecur, two condiuons must be sausfied: (1) there
must be an impermeable laver close to the surface (either in the soi} or in the
underiving parent material) that greauv reduces the verucal movement of
water: and (2) there must be enough precipitauon to saturate a poruon of the
soil above the impermeable laver, aliowing the development of a perched
saturated zone (interflow has been observed in unsaturated soils. but onlv in
small quantities — Mulholland. Wilson, and Jardine. 1990). And. of course,
some slope is required. Since water in this zone cannot move verucally, it will
move laterallv downgradient.

Detailed hvdrometric studies on a 900-m? hillsiope. in a semiarid ponderosa
pine forest within the boundaries of the Los Alamos National Laboratory, have
demonstrated that interflow is not oniv a verv important process, but is the
major mechamism by which sustained streamflow 1s generated from these
forests (Wilcox et al., 1996). Duning snowmelt or penods of prolonged rainfall,
a saturated zone develops at a depth of about 1 m (which corresponds to the
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Figure 1. Dailv interflow vs. temperature and precipitauon. February 14 - April 5, 1993
(from Wiicox et al., 1996)

interface between the soil and the underlving wff bedrock). and interflow can

be sustained for weeks. ’

Two of the four winters of our studv have seen significant amounts of
interflow — the largest duning the winter of 1992-1993. when the snowpack

" was above average. Nearlv 50 mm of interflow (representing about 20% of the
winter snow pack) was measured. most of it from the clavrich Bt horizon. Dailv

interflow measurements durning the late winter and spring of 1993, and their .
* correlation with precipitation and average dailv temperature, are shown in
Figure 1. We recorded three major phases of interflow as the snow pack melted
(which began in the latter half of February. when air temperatures began to
nse). The first phase, in-early March. showed a clear correspondence with
nsing temperatures: interflow dropped off sharplv 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 remperatures that
further reduced the snow pack. The third phase, in late March, resulted from
a rain-on-snow event that melted much of the remaining snow pack. Interflow
mav occur in summer as well, but onlv 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 reveal its dynamic
nanure: water can move through these soils at a faster rate than can be
explained by the hydraulic propernes of the soil matrix. In humid environ-
ments, where the phenomenon of interflow has been well studied, 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 German,

-
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1982). And at our site as well, measurements demonstrate that the verv
dynamic and often quite rapid movement of interflow is explained by the fact
that it travels primarily through macropores (Newman, 1996). Using stable
1sotopes and other natural racers, Newman demonstrated the preferenual
movement of water through macropore networks in the soil. The conceptual
model developed from these studies prowrays the preferendal flow process and
macropore/Matrix interacuons.

Before having the results from these studies, we had developed a concep-
tual model of water movement in semiarid ponderosa pine forests that focused
on surface runoff and groundwater recharge as transport mechanisms. Now.
in light of these new findings, we have revised the model (Fig. 2). Our resulu
confirm that surface runoff is verv Imporiant in these areas. but thev also show
that recharge to groundwater 1s much less important than onginallv assumed
because of the presence of a zon~ of low permeability (restncuve honzon) in
the soil, verv hitle water 1s able 10 infiltrate and recharge groundwater bodies
Even more imporant 1s that dunng the peniods of high water availabilin
(spring snowmelt, prolonged frontal storms). 1 is this restncuve honzon that
causes water to build up. creating a perched zone of saturation that gives nse
to interflow (see Fig. 2b). Such a laver of low permeability. which mav be
bedrock or a natural soil feature, 1s more often present than not.

In addition. water generated as interflow can reemerge at the surface and
flow into a necarby stream channel. It 1s this mechanism that can sustun
streamflow for a period of davs or weeks, Interflow waters, then, can also
ransport contamisiants from the soil to the surface an'd. now as surface runoff,

These findings concerning the imporwance of mtérﬂnw.and 1ts relevance o
risk assessment are umely given that nsk assessments are currenuv under was -
for numerous conwaminated sites in and around Lais’Aiamos (Dornes et al..
1993; Hartumann et al . 1993, : . .

. »
v E .
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IMPLICATIONS OF INTERFLOW FOR CONTAMINANT MOVEMENT
AND RISK ASSESSMENT

Potential Effect of lme'rﬂow on Contamimant Movem,ent ‘

The potendal effect of even occasional occurrences of interflow on con
taminant movement is illustrated by the following two examples. The first 1s
built on a qualitative evaluation of contaminant movement. whereas the se
ond involves a more quanutatve analysis.

Example I: Movement of Near-Surface Contamnants

Many of the activities of the Los Alamos Nauonal Laboratory have involved
tesung of explosives devices or materials. Some of the explosions created
shaliow pits that contain conminants at or near the surface (Los Alamos
Nauonal Laboratory, 1995). Water collects in these pits amrd easily moves into
the soil, potentially carrying contaminants with it. In other areas of such test
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Figure 2. Conceptual models of water movement in semiarid environments: (a) old
model: (b) new model.

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

Using our original conceptual model (Fig. 2a). our focus would have been
on the potental for vertical movement of contaminants towards the ground-
water, and we would have structured the investigation to detect downward
movement of water and contaminants. But for the shallow pits as well as the
buried waste piles, the subsoil remained undisturbed and thus acts asa “restric-
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Shallow Pit Scenario
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Figure 3. Potendal effect of interflow on movement of surface contaminants.

uve horzon.” impeding the verucal movement of water. Our new conceptual
model (Fig. 2b) wakes this factor into account; it supposes that if the pit does
not cxtend below the restnictive horizon, it is much more likelv that water and
conaminants will move laterally — and therefore that contaminants may
instead be redistributed within downslope soils oy bé carried ‘bdck to the
surface and thence transported elsewhere by surtace water-or wind (Fig. 3).
This revised perspecuve not onlv improves our assessmenyt of associated nrisks,
but allows for more effecuve site characterizauon. Further, the model allows
us to monitor furure contaminant movement, whether.or not the site is
remediated. ' R ' ’
Example 11: Movement of Contaminants “Isolated” by a Surface Cover

Surface covers are an especiallv effecuve form of environmental restoration
for sites in semiand environments that contain buned contaminants ( Nyhan,
Hakonson. and Drennon, 1990; Caldwell, 1992). They are designed to prevent
or minimize the vertical movement of water into con@aminant-containing
zones. If, however, interflow is an active process at the contaminated site, a
surface cover will be ineffective: it can be completelv bypassed by water moving
laterally (Fig. 4). Moreover. because the pits dug for disposal of the wastes are
deep enough to have penetrated the “restrictive horizon.” once the water
reaches the pit it is no longer forced to move laterallv; it can now move
vertically into and through the waste.

Uning RESRAD to0 Assess the Effect of Interflow on Risk Assessment and
R fiati

What impact might interflow — if not taken into account — have on risk
to humans? To answer this question, we applied an exposure model, RESRAD,

Hum. Ecol. Risk Assess. Vol. 3, No. 2, 1997
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Figure 4. Potential effect of interflow on movement of subsurtace contaminants (ina
covered landfill).

to a hypotheucal site fitting the description in Example Il—a covered land-
fill—under three scenarios: (1) no interflow, (2) moderate amounts of interflow,
and (3) high amounts of interflow. Because we are most familiar with the Los
Alamgs area and have documented the importance of interflow in that area,
we have parameterized the model for Los-Alamos condiuons.

" Desenpuon and Parameterzation of the Model

RESRAD is well suited to our purpese, which is to-evaluate the relatve risk” "

posed by interflow. The model is currentlv being used at many contaminated
DOE sites (Cheng, Yu, and Zielen, 1991; Cheng and Yu, 1993; Wang, Biwer,
and Yu. 1993; Yu et al,, 1993a, 1993b). Because many environmental regula-
uons are based on esumated radionuclide doses, RESRAD is designed to
predict these doses. and has been used extensively to assess risk 1o humans
posed by radionuclides in the environment (Dorries et al., 1993; Rutz and
Green, 1993; Yu et al., 1993b; Espegren, Pierce, and Halford, 1996). As such,
it has been both extensively verified (Halliburton NUS Corporation, 1994)
and validated against other models (Failtace, Cheng, and Yu, 1994). The
hydrologic component. which is quite simple, is not designed to simulate
complex hydrologic processes. But none of the currently existing risk assess-
ment models directly simulate interflow; and, moreover, it has never been
demonstrated that complex hydrologic models provide more accurate simula-
uons than do simple models — quite the opposite, in fact (Beven, 1989;
Blaylock, 1990; Grayson, Moore, and McMahon, 1992). Our strategy for taking
into account the additional water contributed by interflow was to modify the
precipitation and evapotranspiration terms in RESRAD. Having direct mea-
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surements of interflow on the site for which the risk estimates are being made.
- we are confident that these manipulations are appropnate,
The model assumes that a familv is Iving on the site in question and
o obraining drinking water from local groundwater. Because ingesuon of dnnk-
{ Ing water is the expasure route most likelv to be affected by interflow (the
' assumption being that interflow waters, upon entering a waste pit, will move
downward to groundwater], we did not consider other potenual exposure
routes in this modeling exercise. OQur specific question was. under the moder-
ate and high interflow scenarios (as contrasted with the no-interflow scenano
1o what extent will the rate of groundwater contaminauon be increased and.
thereby, the dose to humans dnnking the contaminated water?

" RESRAD emplovs some simpie relavonships to denve the rate of conam-
nant movement from the source area to grourrdwater. The rate at which
radionuclides will be ieached from the contaminated zone is esumated with s
sorpuon-desorpuon 1on-exchange leaching equauon:

R(v = Lip, AT S, th

where

R/(1) = release rate for radionuchdes tplirvr),

L, = Jeach rate for radionuclides o).

P, ‘“’ = bulk density of the contaminated zone (kg/mYy;

A = area of the contaminated zone (m?). ’

T(1) = thickness of the contamnated zone at ume t (nv): and

- $,(1) = average concentrauon -of the #th prnncipal radionuchde in the con-

taminated zone available tor leachung at ume ¢ (pCiskgy,

The leach rate (L)1 1s esumated as .
-

e

Lo=1 (0o T Ry o

. Ao
where - . .
I = mfiltravon rate (m/vr) jwater entenng unsaturated zone beiow land-
fill]:
'“ = volumetric water content ot the contamnated zone.
Ty = initial thickness of the contaminated zone (m); and
Ry, = retardation factor in the contaminated zone for radionuclide L

The rewardauon factor (R, 1s the rauo of the average pore water veloan
to the radionuclide wanspon veloaity. It 1s calculated as

LR IO SUECIN {3,

where

p, = bulk soil density (g/cm?).

K, = distribution cocfficient for the radionuchde 1; and
0 = volumetmnic water content.

Hum. Ecol Risk Assess. Vol. 8. No. 2, 1997 195




Wilcox and Breshoars
The infiloagon rate is gven by
I=0CH(1-C) P, {4)

where

C, = evapotranspirauon coefficient.
C, = runoft coefficient: and

P, = annual precipianon (m/vr).

Further details on the computauonal methodology mav be found in Yu et
al. (1993b).

We parameternized RESRALD to simulate contaminant movement from a
small (24 m?). covered landfiil 1 a ponderosa pine (Finus ponderosa) commu-
nuv within Los Alamos Nauonal Laboratory in northert New Mexico. Average
annual precipitation at the site 18 500 mm The landfill hes perpendicular 10
the slope ot a lull, crcaunyg an upslope conusbuting arca tor interflow of about
600 m?. Depth to the main aquufer mav be as great as 300 m; but perched
groundwater bodies exist that are much closer w the surtace. We have there
fore assumed an average depth 10 groundwater of 50 m

For the nonterflow scenano. we used the following parameters: annual
precipitauon (P,) = 500 mm: runoff coeflicient (C,) = 0.2; and evapotranspi-
ravon coefficient (C,) = 0.99. Per eq. 4. the infiltradon rate is 4 mm/yr.

For the two interflow scenarios. we selected amounts of 10 and 20 mm/yr
to represent moderate interflow and high interflow. respectively (on the basis
of our finding that interflow generally makes up ¢ - 5% of the annual water
budget—Wiicox et al., 1996). For a contributing upslope area of 600 m*, these
amounts ransiate to volumes ot water entening the kmdfill of 6 m? and 12 m*,

- respecuively. We then calculated the infiltrauon ratés that would result in these.
two imnua] volumes: for the moderate tnterflow scenario. the infiltration rate
15 250-mm/yr (6 m*/24 m?); and for the high interflow scenanio, the infiltra-
tion rate is 500 mm/yr (12 m°/24 m?).

Because interflow cannot be simulated directv in RESRAD, we then substi-
tuted these infiltration rates into eq. 4 and manipulated other parameters such
that the equation vielded those rates. For the moderate interflow scenario,
with the runoff coefficient (C,) mainwained at 0.2 and the annuai precipitation
rate (P,) at 500 mm. setung the evapotranspiration coefficient (C,) a1 0375
viclded the desired infiltrauon rate of 250 mm/wr. For the high interflow
scenano, with C, maintained at 0.2 and C_ at 6.375, we had 1o increase P, 1o
1000 mm/yr 1o obuin the desired infiltranon rate of 500 mm/yr. For the
groundwater ingestion route, infiltration rate is the only factor affected by
these parameter manipulations. In other words, other calculations in RESRAD
are not affected by these changes.

A hsung of pertinent RESRAD parameters for each simulation s given in
Table 1. We selected the nondispersive flow option in RESRAD for these
calculadons.
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Table 1. mmmmh&m“m

route.

RESRAD PARAMETER No Moderate High
Interflow Interflow Interflow
Contaminated Zone
Area 24 m? 24 m* 24 m*
Thickness 2m 2m 2m
Depth of surface cover 05m 0.5m 05 m
Density of cover material 15 g/em® 1.5 gsem® L5 g/cm?®
Porosity 0.4 0.4 0.4
Effectve porosiry 0.85 0.35 0.35
Hydraulic conductiviry 100 m/yvr 100 m/vr 100 m/wr
Evapotranspiranon 0.99 0.375 0.375
coefficient
Runoff coefficient 0.2 0.2 0.2
Precipitation 0.5 m/yr 0.5 m/yr 1.0 m/yr
Unsaturated Zone
Thickness - C 50m: 50m . 50m
Density 1.6 g/em’ -1.6 gsem”. 1.6 g/cm?
Porosity . 0.5 05 -- 0.5
Effective porosity 0.4 04. 0.4
Hydraulic conducunv‘y - 470 m/wvr 470 msvt - 470 m/yr
‘Saturated Zone

Density 1.5 g/em® 1.5 g/em’ 15g/em®
Porosity 0.4 0.4 0.4
Effecuve porositv 0.35 0.35 0.35
Hydraulic conducvity 100 m/yr 100 m/yr 100 m/yr
Well pump inwke depth 10 m 10m 10 m
Water table drop 0.001 m/yr 0.001 m/yr 0.001 m/yr
Well pumping rate 250 m®/vr 250 m3/vr 250 md/yr

Hum. Ecol. Risk Assess. Vol. 8, No. 2, 1997
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We estimated the movement of, and subsequent dose from, radionuclides
of three eiements that behave quite differently in the environment: witium
(*H), uranium-238 (™), and plutonium-239,/240 (*/2%py). The only radio-
nuclide-specific parameter in the model that directly influences groundwater
contaminaton is K, (eq. 3) in the contaminated zone. For this parameter, we
assumed values of 0 for *H, 5 for ®*U (site-specific data: LANL, 1995), and
2000 for ™*/MPy, reflecting their different behaviors: tritium is not adsorbed
1o soil particles and essentally moves at the same rate as water, whereas ™0
and ™/2Py are adsorbed 10 soi! and thus will be transported much more
slowly. These radionuclides also have different dose-equivalent conversion
factors, with SH < B8 < ™/10py. We assumed initial total concentrations of 1
pCi/g for each element. with 2 ™Pu 10 ™Pu rauo of 99.5% to 0.5%. Subse-
quent model runs confirmed that dose was linearly related to initial concen-
auons for these radionuclides: our results, then — provided as (mrem/yr) /
(pCi/g) — can be multiplhied by sitesspecific concentrations (pCi/g) to obtain
esumates of site-specific dose rates tmrem/vr).

Model Results

Under the no-interflow scenario, dose from ingestion of groundwater was
zero for all the radionuclides 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 groundwater vanied among radionuclides in
magnitude and tming according to the amouns of simulated interflow (6ms
or 12 m*) (Fig. 5). Simulated dose for all the radionuclides was higher and
more quickly delivered under the high-interflow (12-m%/yr) conditions.

The differences among the simulanons are all related to differences in
infiltradon rates. the radionuclide-dependent sorption/desqrpuon process
(the magnitude of which was set with the K,), and the dose-conversion factors,
The ransport ume to groundwater differed among radionuclides. reflecting
the differences in K, Tritum had the lowest K, and the most rapid transport
tme. Small concentrauons of ™U, produced as ™Pu progeny, reached the
groundwater at the same time as 21 (RESRAD assumes all radionuclides are
in equilibnum with their progeny initially). However, /™Py radionuclides
did not actually reach the groundwater—because of its very large K, expected
transport tme exceeds 250,000 years.

For each of the radionuclides, the dose resulting from the moderate
interflow scenario is lower than that from the high-interflow scenario because
the acuvity was added to the groundwater in lower concentrations over a
greater period of time. For *H, the dose from the moderate-interflow scenario
is further reduced by the additional physical decay that occurs during the
longer wanspor tme.

The highest dose resulted by far from ™U. The ™U-dose exceeded that
from H by nearly three orders of magnitude, due 1o the differences in the
dose conversion factors between the radionuclides and the physical decay of
the *H that occurred during transport. Further, the dose from ™U exceeded
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Figure 5. Simulated doses. from ingestion of groundwater. of (a) °H, (b) ™U, and (c)
T®/MPy under conditions of moderate and high interflow.
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that from the U, produced as ®Pu progeny, by more than seven orders of
magnitude because the ™U was present only in extoemely small concentra-
tons. These results are in agreement with other modeling assessments of the
groundwater contaminaoon from /2Py in the Los Alamos area (Hansen
and Rogers. 1983).

IMPLICATIONS FOR ENVIRONMENTAL MANAGEMENT

We have shown that interflow, if not recognized. mav have unexpected
implicadons for contaminant movement 1n sermuarid regions, both on the
surface and in the subsurface environment. Our simulauons, although obm-
ously a ssmplificauon ot the actual hvdrologcai processes involved. do demon-
strate the potential impact of interflow on risk assessment and, thereby, on site
characierization and the selection of a landfill remediauon strategv. Manv
factors, including interflow amounts, depth to groundwater, and permeabiliry
of underiving media. will determine the extent 1o which interflow will influ-
ence the movement of contaminants at a specific site. But it 1s clear that
consideraton of interflow improves risk assessments and thereby enables
more costeffective remediation at Los Alamos. Moreover, although the ex-
amples we have presented deal with the movement of radionuclides, hazard-
ous chemicals would be similarly affected bv interflow (indeed. the RESRAD
model is being modified to address risk assessment for hazardous chem- -
icals — Cheng and Yu. 1993: Cheng et al., 1993). In like manner, although we
have focused on human nisk assessment, the prninciples demonstrated apply
equallv to ecological nsk assessment.

We argue, then. that interflow is a potenually verv important hvdrologic
process that currenty is not being considered in nsk assessments. We recom-
mend the following acuons for incorporaung interflow into nsk assessments
and into remediauon decisions

1. Sites receiving more than 450 min/svr of rainfall should be invesugated
specifically for the occurrence of interflow.

2. Risk-assessment models. such as RESRAD, should be modified to incor-
porate interflow. Simple mathematical representauons of interflow have
been developed (e.g., Flanagan and Neanng, 1995) that could readily be
incorporated into RESRAD.

3. For sites at which interflow has been shown to be imponant, remediaton
designs, such as landfill covers, should include systems for routing water
away from coniaminated zones.
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