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Variations in Recharge at the Hanford Site

Abstract
Recharge lron n:trrrric sources (ranr ard uoxrnclt) is u imporrant h,vdrologi. vrrilble. ,{ bosledge of re.hlrgc r{Les is needed
in the ass.sn.cnt ol pokntjd ground$atd (1'rtadrination problems at the tl.S. Dcplrlment o{ Energl's Hanfrrd Site. ned Rich
land- $ashingtor- L)sim.,te lata. colie.ted at a nrrrbcr ol locations ar Han{ord ovr:. ! p.riod ol 20 rrs, ird;.al. Lhd recharse
raLes larl sidell, rangirg l;om more th.n 100 mn/). to far.s ,x,!r zero (i.e.. no nremurable drainrs(]. This ivide range i. rlharge
;s atLribuled to !diatiors in pnr;I)iLdion. leget.tive cover. and surl&r, soil llpe. Cotuse-lexrur.d soils $ithour planls vield lln: don
re.harg, . finc 1e\lured soils with or $iLhouL pl{nts _vield the least. De.p-k,otd pllnts. such as sagehrush. arc generallr successtul
in liuiLilg nlharge on all soils at Harirrd to ncar-zero anounts. but shallou-roored planrs su.h as.h.lLsrrss appeu nnable ro
prc!.,nt rc(hatse. DLain.ge (i.e.. re.harsc) lroh a cheatgrass-corered lisinreter. tracklitled rvith sandv soil. averaged 62 nm/,-r
(350/0 ol rhc annual precipitatior) rlurins r i rf test (1984 to 19B6).

Th. lim( required for .olilaminar Ls lo lr!!d through the drick ursatLrrarcd zone at Hanford is estinalcrl to ranse from thousards
ol v,urs. lb. recharge r.te-( beloii I nm/!r. ro lens ofyears. for rettrargc rltes abore 50 mmhr- Th(i implicutions ofthese firdings
to edriron'r,ntll cleanup and nraDageh.nL !L Hanlord are signilicanl. t'r.s.nL I).!ctices that ieplace surfu(i. soils wirh coarse saDds
and grarels ard prcrent or limit leget.tiv. gnNLl, rre inducing signilicant rc(illlrgc lh{t ma-!.ontriliule lo (rr,t!minant migralion-
Remediatior. surtr as r oriJjns arste sites sirh a silrloam soil hyer, nra\- be reqtrift,d t) limiL recharge to negligibl: arnounLs. thus
'  n - , r r i n p  l o , s  r p r n  l ' r ' r " ,  r i , , ,  , , 1  r r , ' r n J " : , r " 1

Introduction

Isolation of rddioactive $,astes ;n dry sediments
high above the water tablc (i.e., in the vadose
zone)! has been considcrecl a viable disposal op-
tion for Hanford's dcfense t'astes (IISDOII l9B7).
Public acceptance of an in-place disposal option
depends, in p:rt. on clearly dcmonstrating that the
\sastes ilill remain hydrologically isolated ftrr thou-
sands of vears because some wastc components
(e.€i.. technetium, iocline) have verv long haliJires.
To be hydrologicallv isolated, the waste zone must
be located \l,here meteoric n'ater does not pcne-
trate beloh the plant root zone and travel to thc
$rater table. Such $'ater is termed rer:hargc and
serves as a mcchanisrn lbr transponing soluble con-
laminants to the ground$atcr.

Ju . t  hn \ \  mr r , h  su tn r  f r om me teo r i c  ! r , r l r ' ( ( s
penetrates belxv thc plant root zone? Th;s ques-
t ion has been asked rcpeatedly over the past,17
yeaN. A commitlee ofthc National Research Coun-
cil (National Academy of Sciences) \ras lormed in
1955 to address issues related to disposinpl ofradi-
u l r ' l i r c  \ a " l c :  i n  t h .  g ro r rn r l .  The  eommi t t e -
reviewed the scientific basis for waste disposal a<r-
tivities at Hanford and other arid sites and ex-
pressed concerns about thc assumplion that all
precipitation was returned to the atmosphere (via
evaporation) and none percolated downNard to the
\ \ a te r  t ab lF  a l  -  '  h  s i t e . .  I n  lQh t r .  r h i . ,  ummi r ree
reiterated its earlier concems by stating. !'the Coun-

cil is dubious about the concept that in arid and
semiarid lands meteoric water does not percolate
dot,nward as far as the uater table but instead is
lost entirelv by evaporation and plant lranspiration"
(\AS 1966). The committec rccommended that
vadose zone rvatcr movement should bc thoroughly
studied. particularlv with reference to qucstions
about percolation ofrain and snoilmelt Lo the rya-
ter table.

In I985. a panel of university and government
cxperts on hydrology re\.ic$.ed the recharge ques-
tion at Hanford (Cee 1987). Thev shared the con-
cems expresscd previously by the National
Academy ofSciences and stated fnnher: "Not n'ith-
standing the general ariditv of the climate at the
Hanford Site and the absence of deep percolation
in'normal ycars'.  i t  is entirely possible that some
recharge ofgroundwater may indecd occur folloir-
ing episodes of high precipitation. Such occur-
rences arc particularly likely undcr topographic
depressions ryherc surface waler might accumu-
late. in places underlain by ven'coarse and highlv
permeable deposits. and rvhen the land is dcnuded
ol ve€ietation (as by firc, bv overgrazing, or by
mechanicnl clealing)."

ln a rccent paper, Routson and Johnson (1990)
concluded that rcchnrge on rhe Hanford Site 200
Areas Plateau (rvhere most of the nuclear rvastes
are stored) is negligiblv small (0 + 2 mm/yr). The
basis for this conciusion rcsts mainly on watcr
stsoragc data obtained from one location. At other
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iocations on the 200 Areas Plateau and else$hclc
on thc Ilanlold Site there is mounting er-idence that
recharge can be large (exceeding 100 mm/yr) un-
der certain circunstanccs (Ccc 19{}7, Cee er al.
l989a. Rockhold er al.  1990. Waugh er al.  1991).

ln this paper, n'c addrcss the rcasons rvhy re-
chargc is so highll variable at Hanford. revielr'the
rechdrgc studics publ ished to date. then use
rechdr[lc cstimates to predict the time erpected for
mobile q)ntalninants to travel through thc vadosc
zone to the underl,ving n'atcr' tablc. S'e <tnclude
by cliscussing the imJrlications of recharge r.aria-
l i , , r  i ' n  $a : l c  man j rgemcn l  l r Jc l i . c :

General Considerations

Itcchtrge is controllecl by three major factors: cli-
matc" soi l  and regetation. 

' l 'he 
assessment o1

recharge at waste sites at Hrnfold requires an un-
derstanding of thc interaction of the three major
lattors. lioth under natural site conditions and un-
cler conditions that have bccn disturbecl or modi-
lied by site opelations. Topographical relief can
aLso aflect recharge, but most $aste processing sites
at Hanford dre locatcd on ncarlv llal lerrain, and
runoff (or runon) is inlrequent, thus topography is
, , , n . i de re , I  n f  - econd rn  impu r t rn r ' . .

Climate

AL the Hanfbrd Site the 79-yr-average precipita-
t ion is 162 mm/yr. Winters arc cool and rvet $ith
summerc hot and dry (Stone et al. 19ti3). (lhanges

in total prccipilation as well as seasonal distribu-
t ion signif icantly al lect recharge. Sincc 1970. an-
mral precipitation has varied rvidel-"-. rangin€{ from
76 mm in 1976 to 2l l l  mm in 1983. ln spite of
thcsc varial;ons. the 20-yr average ol 168 mm is
just sl ightly more than the 79-yr average. Periods
ercccding 65 days u'ithout lain havc bccn re-
corded trvice in the last,X yrs (1988 and 199I).
while storm events such as thundershowers (r'ith
intensit ies greater than I l  rnm in l0 min) have
also been recorded in the lcccnl pasl (1991).

l]nder Hanfcrrd clmate. mosl of the t'ater avail-
able for rccharlle comes in the winter months, dur-
ing pcriods oflow evaporation. In addition to r.intcr
rains, snowmelt can be an important contributor lo
recharge at Han{ord. Rapicl snorvmclt has been ob-
sencd to cause high fates o[ water infiltration into
soils resulting in signilicant drainage (rcchargei. For
example, in l'ebruary 1985, a $arm "chinook'

rind. gusting to 72 km,4u. mcltcd most of a 200
mm (approx. B in.) snorv pack in less than one dav,

oausinli significant runofl in some locations and in-
filtration in others (Cee and Hillel 19BB).

So ls

Surface soils on the 200 Areas Platcau at Han-
ford are predominantl_v coarsc-tcxtured alluvial
sands, covered bv a variably thick mantle of rvind-
deposited fine sands (Hajek 1966). and are as-
sociated with thc Quincv soi l  series (mired, mesic
Xcric Torr-ipsarnrnents). These surfhce soils have
high inhltration capacities, thus rains infiltratc rcad-
ily with Jittle or no surface runoff. Srrbsurface sedi-
mcnts are well-drained coarse sands and €iravels
of glacial-fluvial (llood) origin (classcd informallv
as the Hanlbrd formation). These scdimcnts over-
lav compacted silts ancl cla-vs of thc Ringold For-
nation (Tallman et al. 1979\. On the 200 Areas
Plateau (Figurc l) the \later table (located near the
trp oi the Ringold Fonnation) is as much as 100 m
belot the land surlacc ([ ,SDOE l9{t7).

Vegetation

Vegetation consists of shrub-steppe plant commu-
nities composed o[ lvinter and summer annual
grasscs and perennial gra-sses and shrubs (ltickard
and Vaughan I9BB). This dcscrt vegelat ion, be-
cause of i ts mixture of shal low and deep-rooted
plants, is generally verv e{licient in utilizing soil
water. Winter annuals such as poa (Poa sondbergli
Vasey) or cheatgrass (Bromus tectorum 1,.) hate
roots that extend only a frnct ion of a mcler rnto
the soi l  (Link er al.  l990). While wintel annuals
are cfficicnt in competing for water stored near the
so;l surface, they cannot access n'atcr bclo$ thcir
shallor,". roots. l,ack ofwater coupled with inr:rea-sed
tempcrature cause these grasses to produce seed
ancl die in late spring. A mantle of dead biomass
l l ,  ur..-  - t .rn-. Ftc.t  from l lrc:e gfc-.e- per- i"t-  r-
ground corer durinpl summer and fnll and contrib-
utes 1() ffequent and extcnsivc rcildfircs at Hanford
(Rickard and \iaughan l9{3{3).

Perennial shmbs, including sr:gebrLrsh (Azerdsio

tridEnkrta N ulr, l. rabbitbrush (Chnsothnmnus mLuse-
osrr.' Pirllus), ancl bitterbrush (Punhia tridentata
I'ursh), as rvcll as summer annuals. such as rus-
sian thistle or tumbleweeel (SaLsola ktli L.',-;l. tenu-
i/olia Tausch) and bursage (,4nrbnxia acttnthit:arya
L .1  a te  co tn tnu t r  l , '  l h ,  s i l ,  und  ha \ -  e \ lF r r - i \ e  r , , o l
s,vstems (Kleppel er aL t9B5). The perennial shrubs
and summer amuals sufier summer $ater stress but
generally sur-vivc during the strmmer months. uliliz-
ing both summcr rains and water stored at depth
in  t he  su i J  p ro f i l c  f r ,m  s i r ' t " r  p rec i ; ' i t a t i on .
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Climate/Vegetatlon nteractions

Vcplctation changes in response to climate at Han-
ftrrd are relatively cornmon. Over lhe vears there
have been pcriocls of drought and periods of cx-
cess r,inter precipitation which halc affected spe-
cics composit ion. ln addit ion. there have been
numerous (ildfrcs which hare dralnatically altcrcd
plant communitics at Han[ord (Rickard and
Vaughan l9BB). For example. as shot 'n in Figure
l, a r.ildfirc in l9fl4 sl,ept over Rattlcsnakc Moun-
tain and eastward to the Columbia Rirer, burning
more dran 518 km' (over one-third o{ thc cntire
Hanford SitQ (Pri<:e et nl.  1986). SagcbrLrsh does
not resprout afler fires, so lbr thc pasl {:l }.rs a si€i-
n;ficant paft of the burned arca has remained
shrubless, covered primori lv with cheatgrass. ln
the burned area it is e\pcclcd that recharge poten-
tial has increascd, since water stored at depth from
wintcr rains has likel,v drained bclorr the root zone
of lhe shalloir-rootcd grasses.

Surface Disturbances

Sit, .  L,p.rat i .r-  h.rr" h.r, l  r  si tnif i ,  ant impart on
rccharge through changing the surlace soil and
vegetative conditions at specific \,taste sitcs. As an
examplc. since 1947. many largc storage tanks
(ranging in size from 55 thousand- to I million-
gallon capacity) havc bcen buried in the 200 Arcas
at locations cal led "tank larms" (USCAO l9B9).
During excavation of the tank farms, both vegela-
tion and surfact soil rvere removed. Backfill, which
non' covers lhe lanks to a tlcpth of about 2.5 m,
consists of very coaNc sands and gravels (Smoot

er al. 1990). The coarse-textured sur{acc combined
*'ith an absence ofvegetation (via herbicide appli-
cation) optimizes condit;ons for recharge.

At othcr locations in the 200 Arcas, where liq-
uid and solid rvastes have been br.rricd. the sur-
faces oltcn have been coverccl with soil and
revegetated. prima ly $ith a variety ol grasses
(Fuchs and Cox f9{33). There arc no dctai led
studies of soil tvpe or plant rooting depth at these
\raste sites, so it is difficult to estjmate rechnrgc
conditions at these sites. Ilorvever, the transplantecl
grasses at these sitcs hare, in general. shallo$cr
roots than the original cover (shrubs. etc.).  thus
we irould cxpect the recharge potential to have
increased.

Recharge Methodology

The *ide range ofchangin€i surface conditions has
givcn rise to a wide rangc of recharge that is only
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now being documentcd. Quantification of recharge
can only be indirect since thc deep rvarer table and
lack of surface $ater (strcams, etc.) preclude di
rect rneasurements. Tracer techniques and
lvsimetcrs are tllo approaches that have bccn used
to estimatc recharge conditions on thc 200 Areas
I'latcau and elseirhere at the Hanhrrd SiLe.

lnitial Studies

There rvele several research stud;es initialed al the
Hanford Site in thc latc 1960s and early 1970s
designed to address the question of natural
(meteoric) rccharge in the 200 Areas. Onc of the
studies mcasured bomb-pulse tritium distributions
in the soil. Another slLrdy focused on ivatcr bal-
ance measuremcnts in lvsirneters.

Tr tiun'r Profiles

Fnrrn I95il to 1969, significant quantiLies of tritium
were released to thc environment during atmos-
pheric testinpl of thermonuclear- t eapons (i.e., hvdro-
gen bombs). Tlitium rcmoved from the atmosphere
during precipitation cvents rvas deposited on the
land surface in pulses in thc 1950s and 1960s. The
downilard migration of these tritium pulses shoulcl
indicate the depth of penetration of recent rechargc.
Based on consistenLly e-levated ler.els olnitium firund
irr neru-surface sediments (Brot'nell l97l), there
is an indication that meteoric ilater moved to depths
of about 5 m during a l6-year pcriod. Ilowever.
thc tritiom fallout study $ras rnarred bv non-
replicated sampJing. possible cross-contamination,
and poor vertical resoludon.

Lysimeter Stud es

Lysimcters are sirnply soil-lilled containers ofvar-
ious sizcs and conligurations which can bc used
io measure *,ater (and solutc) flor\ through soil.
Lvsimeters. as used undcr field conditions, are
generally sct vcrticall,v in the ground rvith the top
opcn and flush with the surrounding soil surface.
Th. lr . imeter -oi l  re.pt,nt ls t , '  the pr"cipitat ion in-
cident on it and the water balance (i.e., precipita-
t i , , n  hc l cnced  rgJ in - l  F \a l ' o l r an :n i r s l i on .  $c le r
storage. and drainage) rellects the sudace condi-
t i on -  u f  t h ,  l r - i r n . t e r .  I  n6 le r  3pp16p1 i x1c  l i n  u rn -
stanccs lysimeter data can be uscfirl in estimating
recharge (Gec and Joncs l9tl5). Generally. thc
largcr (and deeper) the lysimeter, and the more srmr-
liu the lysimeter sur{acc soil and vegetation are to
thc surroundings, the bettcr the estimate of
recharge.



The l irst study of recharge using lysirneters rvas
conducted at the Hanford Site in l97I (Hsieh er
ol.  1973). Trvo 18-m-deep lysimeter-s. one closcd
at the bottom, thc othcr opcn, t'ere instnlled on
the 200 Areas Plateau in a location that is about
2 km direct ly south oIthe 200-East Area (Figures

I and 2). To our knolvledge these are the deepest
lvsirneters in the rvorld. As indicatcd by Browncll
et al.  11975.), 

"the general plan ol the lysimeter
experiment rlas to usc thc closcd-bottom lysimeter
as a container to collect water. if it does indeed
tend to percolate to the watef tablc on thc 200
Areas Platcau ofthc Hanford site." Me.rsLrrerlelrs
of water content in the closed-bottom l,vsirneter
could thcn be interpreted as an indication of the
presence or absence of rechargc. Incrcascd watcr
content in the bottom oi the lysimeter tould re-
sult only ifl'ater had pefcolatcd to thc bottom over
th , . p , . r i od  u I  t h .  s t , r d \ .  S t cb l l .  o r  dee re . r " i r r g  r , r '
ter contents t'ould indicate lack of recharge.

'l'he 
lysimeters lere lilled with sediment which

had bccn cxcavated from the site and thoroughly
mixed using a road construction batch-plant hcated
nearby (Hsieh et al. 1973). Cee (1987) reported
that the sediment in the closcd-lrottom lysimcter
had a sand tcxturc (8770 sand, l09o silt and 30/o
clav). This is very similar to the texture of core sedi-
ments talen from four weils adjacent to the
lysimetcrs (Routson and Johnson 1990). Downwell
access tub;ng was installed fcrr-monitonng lvatcr
content proliles using fa-st-neutron-moderation lech-
niques. Monitoring of thc lysimcters rvas init iated
in ear\ 1972 and continued on a routine basis
for a period o[ about 7 yrs (Brownell  eL al- 1975.
Last et al.  1976. Joncs l97B).

Detailed records ofvogctation wcrc not kept for'
these lvsimeters. Routson and Johnson (I990) sug-
gest that the lysimeter sur{aces were relatir.elv free
ofvegelat ion from 1972 through L9{10. Horvever.
Cee and Hcllcr (1985) shon photographs of the
lysimeters taken in 1974 and I97B with vegeta-
t ion (presurnablv tumblerveed) gro*ing on the
lysimeter surfaces. We assume from photographic
rei ord- an,l  periL,di l  r i - i ts thut somr \egi lr l iun $Js
present on the lysimeters during mr.rch of their
historv.

Interpretat ion of the neutron logs by several
rcscarchcn {Brownell et a\.I975, Last et al.I976
and Jones 1978) suggested thal if meteoric waler
was moving deep into the closed-bottom lysimctcr.
it was doing so very slorvly. Below the 5-m depth
thc $atcr content staved rclntively constant at about

0.06 cm'/cm'. Jones (1978) sugplcstcd that the
constant waler conlent irnpl ied a uniL hvdraul ic gra-
dicnt (i.c.. gravit-v drainage) condition. Jones used
the data of Hsieh et aL. (197.1) and calculatecl the
unsaturated hvdraulic condLrctivity at a \latcr con-
ttnt oI0.0o cmlcm'. rhich he u"etl  Lo e'Lim.rte
a steady-state recharge rate o[ approrimatelv 5
mm/vr.

Subsequent Studies

Since the 1970s, studies of recharge ha\.e con-
t inued. Model development and use of addit ional
Jysimctcr facilitics have increased our understand-
ing of recharge processes a1 Hanford. Figure I
shows the location of the additional lysimeter
str.rdies. Both modeling and lysimeter studies havc
been used to document recharEie under a range
ofsoi l  and vegetal ive condit ions, including the con-
d;t ions at thc 200-Flast l ,vsimctcr si te.

Mode ing of the Closed-Bottom 200-East
Lysrmeler

To delermine the role oI vegetation in control l ing
$.atcr balancc, l'ayer er al. (1986) used the
UNSAT"H cornputer code to model the 200-East
t]llrsecl-bottom lysimeter. Thc UNSAT-H codc cm-
bodics a linite-difference model that solves tran-
sient, unsaturaled water f low problems. With thc
LNSAT-H code, they simulated the dailv rvater bal-
ance ofthc closcd-bottom lysimeter, with and {'ith-
out vepietation, for the 14-yr period from Januarv
1972 to December I 985. Inpus to thc modcl u'ere
t l .r i l r  h istorie.r l  rr  ecther r.r icble- t f  recipitat ion. "o-
l r r  r ad ia t i on .  ma \ imum and  m in imum a i r  t e rnPe r -
ature, relative humiditl. wind specd), soil hydlaulic
propert ies. and a plant algori t l rm that accounled
for uptake of vater by vegetation. Plant cover es-
t imates ranged lrorn 0{l /o in 1972 and 1973 to a
m.*imum of300/o in 1978 (based on photoppaphic
evidence). Seasona-l ppowth was sirnulated bv in-
i t iat ing i{ater uptake in late spring and summcr.
and allorving the plant to extend roots to a depth
o[ 3 m over lhe course of cach sumncr.

Figure 3 shows the simulation results reported
by Fayer er al.  (19{16). Simulated water storagc
increascd 175 mm vhen no plants $ere present
and decreased 2B mm when plants were present.
The simulated water storage r. i th plants is in
rcnsonable a€ireement with the value calculated
from the core data obtained in October l9B5 and
reported bv Routson et a1. ( l9BB).
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Figrrre 3. Predicted and obseNed $ar.,r slordg. !t th, -,-

Ect closed bottom hsimeter.

Additional 200 East Lyslmeter lvleasurements

Routson et a1. (t9BB) col lected samplcs for rvatcr
content analvsis by coring the closcd-boltom
lysimctcr in October 1985. The,v fbund low rrater '
contents lhat compilred favorably 1{ith $,ater con-
tents measured during f i l l ing opcrations in 1971.
'l'hc_v 

also observed no increase in rvater contcnt

1 0 0

- 5 0

al the bottom of the lysimeter and onlv sl ight
chan€ies in water conlenl belou, thc 3-m depth.
From the measured differences in rvaicr colrelLs
between 1971 and l9f l i>, Routson eri  ol.  (1988)
concluded that the drainage (recharge) at this lo-
cdtion *as negJi$bl,v small (0 + 2 rnm/,yr).

In Janary l9BB a visit r,".as made to thc
200-East lysimeters. ' l 'he open-bottom lysimctcr
had been paltiall,v excavated and could not be
monitored. s.e lound the rim of thc closecl$ottom
lvsimeter br.rried bencath about 20 cm of soil and
the surface vegetated with mosllv annual grasses
and $,eeds. While renroving the soil tlot'n to the
lysimeter rim te disco!ered that thc roots of scur'l
pea lPsoralce LonceoLora Pursh), a desert lentil t'ith
a prol i f ic root systcm, lrere abundant in the soi l
abore thc lysimcter as lr'ell as outside Lhe lvsimeter
(Ccc ct al.  1989a). Brounell  c, al.  (1975) indi-
catcd that the r im t 'as buried mor-e than l5 cm
bcncath the soil surface at leasl as lar back as
1975. Thus. cvcn i{  plants $ere specif ical lv re-
movcd from the suriirce directlv above thc
lysimeter. roots lrom plants outside thc lvsimcter
could have accessed the watelwithin thc lysimeter.

F igu r "  4  . ho r ' -  t he  oh . . n .d ,  h : rn : ,  s  i n  r ' r t e r
stora€te compared to changes in surrounding
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t igure ,1. Ueasured water storage charges at Lhc 200-lldst (lo,ql lotlonr lysimeter and adjarent sires. Bar gruq,hs rlresenL rronrhlv
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vegetated sites (Rocklold er al. 1990). The data
clearl,v shot' differences in $ater removal by bare
and vegetated sur{dces. The data also sholr the ef-
fects o[ $inler rain on waler accumulal ion ;n the
soil. In the bare sur'lace lvsimeter the $ater stored
from t'inter rains in late l9BB and earh l9B9 are
not r-emoved from thc ptu{ile. At adjacent loc.rtions
rrh, r, .  plunt- lgru-- rn'1 -hrrrL,st r ' ,  r ,  gronin; un
the soi l  surface. lhe winter rains wer-c cntirelv re-
moved bv late spring. The data are in qual i tat ive
a€ireement with the model predictions b,v Fayer el
al. (I9a6\. fhc lack ofrccharplc suggcstcd by thc
l 9tt5 orr ing data of RoLrtson et al.  (1 9{:t{ :}) does
not appear to be duc lo evaporation alone. buL
ralher 1() the combination ofevaporation and tran-
spirat ion. I f  plants are remoled frorn waste srles
with soils similar lo (or coarser than) the sands

found in the 200-East lysimeter, i!'e would expect
\. l l i  r  slurf lgi  trnrl  thrrs recherge) lo irrcre.r-e.

Buried Waste Test Fac lity Lys rneters

Figure 2 shows the configurat;on of the Buried
Wastc Tcsr Facility (BWTF) which has been iD
operation since t97lt  (Rockhold eI aL. 1990). A
suite of lysimete$ at this faciJity are used to mea-
sure lhe $ater balance of unvegetated and
ve€ietnted sands. Drainage lvsimeters (2.7-m dia.
b1- 7.6-m deep) and weighing lvsimetcrs (1.5 m
by 1.5 m bv I.5-m dccp) havc bccn uscd to mon-
itor drainaple nt this site lbr the past 13 yrs.

Table I shows that drainage from the weigh-
ing lysimctclwith a chcatgrass cover lcas about
350i of the annual pre<ripitat ion for a 3-vr period

TABLE 1 Sumnarl o{ estimated recharse frorn lrsimeter facilities at the Hanford Site.

Fa.ilib- Irrig.

Rer:harge Estnnate

(oi of I'recb.r R . 1 . '

200 [6t
200 Flast

BWTF
BWTF
BWTF
BWTF
B\i TF
BWTF
B\I]'F
lJ\\ 1t'

ALI]
ALE

l t . l  f '
.1 !'

tL l  t '
.1 l'

STLF
S T I , F

19; l  1985
r 988 r 989

1985 19Ua)
1986 198;
l9 i l ;  l9 i l8
t9 i l8 t9u9
1984 t9U6
1986-19U7
l 9 u 7 - 1 9 8 8
1988-1989

t 9 8 6 - 1 9 9 0
1986-1990

1987-1990
t9B7-1990
1987-t  990
t 9 B 7 - t 9 9 0

1988 1989
r 988 r 989

SandiBare

SandiBare

SandiBte

Sand/Dore

Sand/Cheatgrass

SilL l.oarrt,sagcbrush

Silt Loarrttsunchgrass

Silt l-oamiSagrt,rush

Si l t  l .oan i /Sagehnsh

Grarel orer SiltrBare

Grave l  o rer  S i l t tBar

\o

\o

\o

No

No

No

No

\o

No

90

1 1 1
fo2

42
62

I
0 '

1 0

0.

0'
0'
( f

20{
?,t

4J

18
55
29
24
35
5

6

0
0

0

;9
.18

I
2

2
2
2
2
3
2
2
2

4
I

5
5
5
5

6
()

"200 E6t = ll3 m deep. (ilosed Bottom Lrsineter (Figures I rmd 21
BXTF : Buried Waste Test Facilitv 300 trer {Figures I ard 2)
-4.L[ : ,{rn] Lods Ecolosl Reserre Lrsnnerers (Fisures I and 2l
FI.TF : Field l.rsimeter Tesr FriLitr (Figures I and 2)
STLF :  Smrl l  Tube l . rs imeter Frc i l i t r  {F igures 1 anr l  2)

b l - R o u t s o n  a n r l  J , r [ n s o n  ( 1 9 9 0 )

2 Rocknold .t dl. (1990)
3 ( jee {19[ ]7)
:l_(;(ar cr d/. 0{l() I )
5 Canrpbel .r al. l99l)
6-Wlush er  o l .  l l  9r : )  I  )

'Zero ralue nrdi.ates that ro drainagc o..une.l lron lrsimerer(s).
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(1984-1986). Cheatgrass is shal lot-roored (ob-
scrr,ed rooting depths ofless than I rn under Han-
ford Site soil conditions) and apparentlv unable to
utilize the winter rniDs rhat infiltrared the sandv
su i l  an , l  a , ,  un ru la t - , 1  be lo r .  r l r ,  r ou t  zonc .  t he
incrcased storage belrrv the root zone resultcd
in clrainage. In subserluenl vears. when deeper-
rooted plants (c.E1.. turnbloleed) invaded thc
lysimetcr. $ater in the lo*er parl of the lvsimeter
t'as rcmoved and drainage rvas reducecl signifi-
cantly. As cxpected. clrainage from lysimerers r,".ith
no plants rvas alvavs grcater than liorn thc
lysirnetel l.ith plants. I)rainagc from barc sand var-
ied viLh t ime. ranging from 40 mm/vr to I  I  I
mm/yr, in response to annual f luctuations in
plecipi lat ion ( ' l  able l) .

ALE Lysimeters

Figures I and 2 shrxl the locarion and schematic
of ftrur monolith lvsineters tirat *erc installed in
-t986 at the Arid Lands Ficologr- {ALli) Site ar rhc
north cnd of Ratt lcsnake Mountain at an elevarion
o l  300  m  chn r "  \ ' lSL .  l l r e  m , ,no l i t h  h - im , . l e r :  a r c
boxes approxirnalelv 1.5 rn on a side. constructed
to conLain undisturbed. si l t  loam (mired. mcsic.
Xerol l ic Canborthids) soi l  (Gee er al.  1991). Thc
rvildfirc of 19{}4 provided thc treatment eflect tor
the lvsimcter studv of \rater balance ol differing
plant communitics. Roads in thc ar.ea atlcd as a
I ire break und isolatcd an undisturbed are.r adja-
cent to an mea r:onsumed in thc burn. Onc pair
of lysimeters contained bunchgrass \Agnpgon
spir:olum Pursh.) ancl were located in thc burnerl
area rvhilc the other puir containcd burrcrrgrass ano
sagcbrush and t'ere Jocatcd in the unburned arca.
Sincc installation, the lysimcters have been exposcd
to ambient prccipitat ion which. bccause of loca-
t ion near Ratt lcsnake Mountain, is about 2130 mm
(42olo higher than on the 200 Areas Plateau). In
spite o[ plant coler differ.ence and eler.ated precipi-
tat ion, none ofthe l t ,sirnctcrs aL rhe ALE site havc
draincd (Table 1).

F eld Lysimeter Test Faci ity

Figures I and 2 show thc location and scherrat ic
ol thc l'ield Lysimeter Tcsr Facilitv (FL'll'). which
rvas constructed rrcar the Han{ord \IeLcorological
Station in 1987 to e\,aluatc the use of engineercd
.oi l  ,  or, rs rLarr irr-t  tu [ imit l thnrge ar rr,r-te - ir-s
(Cee et al.  l989b. Camphell  er al.  1990). Four-
tecn ol the FLTI' lvsirnctcrs are 2 m in diamder

and 3 m decp. Thesc lvsimeters iuc filled rsith serli-
ment lavers in the folbwing sequence from bot-
tom to Lop: rock, grar.el,  sand, and a 1.S-m-thicl.r
laver of silt loarn soil. The remaining lour lvsimerers
arc square boxes (1.5 m x 1.5 m x 1.6 m) f i l led
$.ith I.5 m of silt loam soil ovcr.lying a layer of
sand. The bores rest on large (9.6-Nlg-capaeitv)
clectronic scales. The soil in the top of all thc !'LTF
lvsimeters \ras e\calaled from an area aboul l0
km u,est ofthe FLTI', u'here the soil is classifiecl
as Warden silt loam (rnixecl, mesic Xcrollic Cam-
borthids). A t1'pical parricle-size distr.iburion lor this
si l t  loam is 19 perccnt sand. 69 percent si l t  and
12 percent clav.

A serics of vatcr balance cxperirnents hare
becn condu<1cd to test various surlace condil ions,
including changes in r.egetarion (bare soil vs. trans-
plantcd shrubs and grasses) and changes in
prccipitation. l'he prec;pitation rrcatments exposed
l ! s imc tF r {  t o  amb i ,  n t  . r nd  enh rneed  1 r r , r ' i p i r a t i on
condit ions. The enhanccd (320 mm/vr) treatment
is t\'\'ice the annual averagr: precipitation ancl is
higher than any annual amount cvel.reorded at
the Harfold Site. There has been no drainage fnrm
trcatrnents $'ith or rvithout plants under ambient
or enhanccd precipitat ion (Tablc t).

Sma Tube Lysimeter Fac lity

Adjacrnt to the FL'fl' rhcrc are 105 smaller
(0 . : l - r n . l i rme t - r  I ' r  l . t r .m - ,1 , .  p r  l v - im , . r o r -  cu r -
lcntlv in usc lbr watcr balance studies (Figure 2).
Thcse iysimrtcrs. part ofthe Small Tube Lvsirncter
l'acilitv (STLF). havc been construcred to provide
rcplication ofthe FLTF treatmenrs and to add addi
t ional t leatments, including unvegetated, gravel
co!er to simulatc condit ions that currentl ,v exist at
somc of the r, 'aslc sites in thc 200 Arcas {\ \  aLrgh
et al- 199I.).  The STLF lrsimders, with si l t  loam
soil surfaccs, have pcr{ormed similarl,v to thc larger
lysimeters at l'L'fF; no drainage has occured ftom
thern. The gra,,el-cor.ered lvsimeters havc had as
rnuch as 5070 oi thc appJied watcr drain lhrough
thcm (Tablc 1). These data confirm thaL f inc-soi l
sur{irces are cffective barriers in prc.r.enting drain
age under Hanford climatc conditions. while coarse
soil surlirces arc not. Quantificntion ofthe rates o{
drainage continue to be made t'ith these lvsimeter
facilities. Studics of rhe clfecr of significantly in
creascd precipitation (up to three times the annual
uverage) htve been initiated and t'ill conlrnue oler
the next scvelal vears to document recharge un-
dcr condit ions of elevated precipitat ion.
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Travel-Time Calculations

Knolledge ol recharpie rates at the Hanford Sitc
is neccssary for calculat ing contaminant h avel
times through thc r.adosc zonc. flsing a simple one-
dimensional model, the stead,v-statc wdlcr vol{)c-
i tv in the ladose zone can be reLated to the
recharge rate as fbllot's:

'  =  r /O  ( I )

Where v :  watef lelocit ,y (mm/vr)

r = r'ccharge rate (rnm/yr)
O = later content (cm3/cm3)

The velocity_ can also be e-jipressed as

r ' =  T . / T  \ 2 )
rrhele I- is the tr-arel distance (mm) and'f  is the
travel t ime (vr).  Combining Eqs. (1) and (2)yields

thc crpression [rrr travel Lime

T = r . e h  ( 3 )
For the tritium studv oftsrorvncll ( 1971) we can

cstimate recharge knowing the t iming ofthe init ial
tritium pulse (1953), the m.Lximum dcpth oftrilium
penetrat ion and thc $aler conlenL of the sediments
in lhich the tr i t ium pulse was mensuled. Bascd
on thc rcpo cd gra\ ' ;melr ic waler contents and as-
suming a tvpical bulk dcnsitv oI 1.7 g/cm' we es-
timale an average i!'aler content lbr the sedimcnts
las 0.0,17 cm3/cm3. Then osing Eq. (I)  and the
estimated .lepth ol tritium penetration of 5 m in
16 vrs (I95,l  to 1970). r 'c calculate a recharge
ratr:  of 1,1.7 mm/r r.  Civen that the tr i t ium can also
more as a vapor'. thc calculated recharge rate
represents a. ionsen'at ive estimate ( i .e.,  the actual
r. t luc frrr l ic luid f lol  may be lower).

Assuming a 60-m-thick vadose zone abote a
water table. Eq. (1) can be used to calculate that,
under the above conditions, Nith lcchargc, r, :

14 .7  mm/ l r  and  r , a te r  ( on len t .  O .  :  0 .047
cm3/cm3. a non-sorbing contaminant n'ould rcach
thc w tcr table in 192 ;-rs. \or suppose that be-
lorr the 5-m clepth to vhich thc tr i t ium penctraled.
the sediments i!'ere coarser. as is oftcn thc casc
at Hanford (Tallman et ol. 1979). In coarser sedi-
mcnls lhr water o)nlent t 'ould be lor, 'er: for ex-
ample,0.025 cm3/cm3. S'atcr contcnls this lo\\ '
halc bcen found in coar-se, *'ell drained sediments
at Hanlbrd (Brownell  l97l).  Hdlcr er nl.  (1985)

indicate thal for la_vered sediments, the or.erall
trar.cl timc can be cornpLlLed as a sumrnation of
travel times through thc various laycrs of d iffcring
\ J l ,  r  .  u r l r r l - .  T l r r r . -  r . l ' i l e  t he  recha rge  ra l e  i -
constant throughout the soil prolile, thc $'atcr

velocity through various lavers n'ill vary according
to their volumctric rrater content. Summing the
travel times through the tt'o layers, the total travel
timc is 1 l0 years. This is 82 years less than (about

one-hal1) the travel timc through a profilc rvith no
coarse sul)taver.

Our simplified (1'dimensional) analysis docs
not account for latcral sprcading in laverrd sedi-
mcnts. as mighl occur fol lo$,ing a local ized injec-
lion of water (e.g., flow from a lcaking tank and
subsequenL spreadinpl of the contaminant plume
abovc a cal ichc layer)-

Thc travel time analvsis suggests that a long'
lived. mobile contaminont lvould rcach the rrater
tablc fastcr in coarser than in f iner sediments. In
general. the coarser the soil. the shorter thc travcl
time through thc vadosc zone lrrr the sarne recharge
rate. In addition. there is mounting cvidcncc that
unsaLllfated flow in coarse sediments can be un-
. t r r b l ,  .  s r l h  l h r l  pu l se -  u f \ a l e r  m igh t  mnr .  i n  p re -
ferled channels or paths at rates far in e\cess o{
t he  r re r r rg ,  r r r l ,  r  r , l o ,  i t r  t ha t  r ' uu ld  u , ,  r r r  i r r  un i -
forml,v $'ctted soils (Hillel 1987. Cee and Hillel
I9BB). The one-dimensioni i l  analvsis uscd hcrc
, l oe -  r r n t  t r Le  1 ' r e fe ren t i a l  l l ou  i n to  r ceo r rn t .  - r ,  i t
n'ould not prcdict potcntial carly arriral (faster flotJ
that could occur ilprcfcrcntial flow occurs in Han-
ford secl iments.

Travcl t imes through a 60-rn-cleep sedirnent
prolile ilere computed as a lunction of lechar€ie
ratc for '  thr 'ce Hanford Site sediments (two sands
and a silt loam) lbllowing procedurcs dcscribcd by
Ileller el o1. (I985). Hydraulic propefiies 1r'ere de'
tcrmincd in thc laboraton lor the three sediments
and were used to detennine wnter contcnts for. a
givcn rcc,hargc flux. Then Eq. (3) rvas used to cal-
t 'ulale the corresponding travel t imes ( l ' igure 5).

The cornputecl travel times pror.ide guidance
on rechargc control.  For cxample. lo excced a
10,000 vr limit in travel time. the rechar'gc ratc
in thc sands must be belol!  0.5 mm/vr. For the
same travel time in silt loam. thc rcchuge rate must
bc lcss than I mm/vr. This analysis holds lor uni-
form soils that are subjected to areally uniform
rechdrgc ratcs undcr steady state c{)ndit ions. A
sirnilar'analvsis has been reporled for lavered sedi-
mcnts by USDOE (Appendir Q of the Final En-
\.ironmentnl Impact Statcment-Disposal of Hanford
Defense High-Ler.el. 

'l'ransuranic 
and Tank

Vastcs, Hanford Site Richland S'ashington;
USDOF: r 9B7).
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Figure 5. Trarel tirn.i !s ! liriction ol recharge in a 60 nldeep vados. rctui.

Discussion

Thc lysimcter drainage data indicaLr lhat, rcgard-
less of location. r irainagc (rccharge) occurred in
both sand_v and pgavefcovered soils (Tablc l). The
data indicate that rechargc valucs ranged frorn
more lhan 100 mm/,vr to less than 2 rnm/vr in
sandv soils (or. those cove|ed $,ith gravcl) and r,".as
estimated to be zero (no mcnsurable drainage) in
silt loam soils.

Coarse-Textured Soil

,{ll lysimeLer rlala collected to date suggest that
recharge is signif icant $'hen coarse-textured soi ls
(typical of most of the Hanford Site) are kcpt frce
of vepietation. Recent rnodeling of wflter flo$ and
conLaminanl mi[ i lat ion at a tank farm. where bu-
ricd single-shell tanks are located. has shorvn that
annual recharge could bc more than II0 mm/yr
(709/o of thc long-tcrm annu:r l  prer: ipi tat ion) be-
causc thc surfaces of co:rrse sands and gravcls arc
kept frcc ofvcgetation (Sm()()r er .rl. 1990). Thcsc
modeling results are consislent rvith l,vsimeter
results presentcd hclc. L,nder such high rechargc
r.r le..  0orr arourrd lanL. i .  arrr 'L rrt ,  , l .  r ' . rrr- irrg mo.

bile contaminants leaking from thc tanks to be
mo\.cd to the $'ater table at aoceleratcd rates.
Model simulations (Smool ea al. 1990) shorv that
l low to lhe water table can occur in Lens of vcars
at lank farms or other similar sites ir'here surfaces
iue bare and gravel covcred.

'I'he 
recharge rate in anv onc vear in bare soils

dcpends on the seasonal distribution of precipita-
tion, t'ith maximum recharge erents occurring af-
lcr thc vettest winter periods (Figurc 4). Data in
TaLl. |  "hor'  r  r .rr irhle amorrnt ol druin:rg, oc-
curred in barc sand at the Buried Waste Test Fa-
cfitv (BWTF) over a period of 4 vrs (1985 through
1989). Although there is some lag betrveen prccipi-
tat ion and drainagc in the 7.6-m-deep lvsimeters
at the BWTF. the highcst drainage rate (111 mm)
i .  r . - oc ia t c , l  s i t h  t h ,  mu - t  . r nnu . r l  p rec ip i t a t i nn
(231 mm) and the lowesl drainage rate (40 mrn)
rvith the least precipitation (134 mm). In soils with
a deep ( i .c.,  )90 m) $,ater table, as exists in the
200 Areas Plateau at Hanforcl, such drainage flue
nrations rtould Jikel,v be dampecl clonsidcrablv. The
re, hcrg. in '1," p -crJimenl- thpn rnnuld h- rn l ,  r '
age of multiple yeurs of fluctuating drainage. This
suggests thal lvsimeter data should be laken over

- - ' .- --\:r -

I  t .
'  I  I 0 0  y r
|  |  -  -  * , . 1  - - -
l t * r -
t t t s
l l
t l
t l

200 East Area sand
300 Area sand
Barr ier s i l t  loam

1
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a number-of vears to produce rel iable estrmates
of rccharge.

Vegetation

Vegetation produces a dramatic ellect on recharge
in coarsc-tcxtur-cd soils. At thc IIWTI' sitc. a sond-
filled lysimeter. revegetated with cheatgrass.
produced signif icant drainagc (62 rnm/vr) during
1984 throrrgh 1986. uhi le precipitat ion averaged
I77 mm/yr (Table l) .  Invasion oftumbleweed on
this lvsimeter in subsequent vears reduced the
drainage to small  amounts. ranging irom 0 b 10
mm/vr. The data suggest that shallovr-rooted plants
do not reduce recharge to negJigible amounts on
coa$e-textured soiLs at Hadord. The data also sug-
gest thflt dcep-rooted plants. such as tumblcr.ecd.
ma_y not be cntirell cffective in climinating rcchargc
in sandv soi ls. since in 2 of i l  vrs there r ' !as mea-
surable drainage in the sand-filled lysimeter when
tLrmbleueed was prcsent.

The intrusion into waste sites by plant roots is
a major concern for $,aste management at the Han-
lbrd Site. Radioactive tumbleweeds
lbund growing on t'aste burial grounds (Dabrowski
1973, Marshall l9B7). For this rcason plants havc
been removed by non-selectivc herbicides and soil
sterilants liom some $aste sites (Dabrowski 1973)
and relatir.ely shallow-rooted grass species have
bcen plantcd on other waste sites (Fuchs and Cox
1983). Whilc cffect ivelv l imit ing radionucl ide up-
take. the removal of vegetation or the modif icat ion
of plant species (i.e.. changes to shallorv-rooted spe-
cies) tends to enhance rechargc.

No drainage was obserred in the sandy soi l  in
the 200-East closed-bottorn lvsimeter lbr nearlv l,X

1rs (Figure 2. Table 1). The lack of drainage is
attributed to the t,ype of \.egetation (deep-rooted
annuals and perennials) gro.i\'inp1 on the lvsimetcr
(from at lcast 1 978 through I 9BB). S hcn plants
u . re  re rno rc , l  f r om th -  200 -Eas t  l r . i r n - t e r  i r r
l98B, rvater storage stayed relatively constant un-
t i l  thc wintcr of 19BB-1989. Tn rcsponsc to latc
t ! i n t ,  r  und  , : r r l r  " p r i ng  r r i n .  \ \ r l r r  s l o rap r  i n -
creascd by ncarJy 100 mm so that by July, rvater
storage was orer 85 mm rnore lhan in early l9BB
(Figure ii). In r:ontrast. mea-surements taken in ad-
jacent grass- and shrub-covered soiJs shot'ed large
lrater storage losses in the sr.rmmer of l9BB and
even larger losses in 1989. Bv July oi 1989, all
ofthe incident precipitation had becn rcmovcd b"v
evapotranspiration from the vegetated soils (Fig-
'rre 4 t.  W" , "n. lut l"  lhr l  rh{on.o uf \ ,  tr ,  lJ l iun L,n

the sand-filled lysimeter caused increased storagc.
Increased storage below the root zone evcntually
leads to recharge.

Finelextured Soll
None of the lysimeters containing si l t  loam soi l
produced any drainage (Table 1). The lacl ol
drainage was irrespective of location, $ater appli-
cation (precipitation and irrigation), or the pres-
ence or absence of\.egetation. On bare lysimeters
at the FT,TF. water application rates werc as much
as i320 mm/yr (twice the long-term annual aver-
Jfrcl.  E\.n under thc-c cleretct l  precipit .r t i t ,n cun-
dit ions. bare. si l t  loam soi l  did not drain.
Evaporal ion $as able to remove the enl ire water
application over the three year test. With plants,
the lysimelers (at both ALE and FLTF locations)
dried even furlher and there was no drainage. The
lack of drainagc suggcsts that a surfacc contarn-
ing silt soil is ideal lor limiting water infiltration un-
der Hanford Site conditions. The optimum soil
depth needed to effcctively control uater infiltra-
tion is prescntly undcr shrdy (Campbcll et al.
1991). To date rve have measured no drainage in
barrier (FLTF) lysimelers conlaining either a I  -m-

thick layer or a 1.S-m"thick layer of silt loam soil.

Summary
R. ,  hu rqe  i "  r c r i a l , l .  c t  t he  Han fo rd  S i t " .  r an t i nE
from over 100 mm/yr in bare sands and gravels
to near zero (non-meir-surable) amounts in silt-loam
soils. The impJications for waste management at
the Hanford Site are relatively straightforward.
Present condit ions (bare, crrarse soi l  sur{aces)
lbund at tank farms and other $,aste sites are con-
d r r ,  i r ,  l o  r , ,  h i r r t ,  r n r l  r r ' , , l ,  r l t ,  t l  ,  un l Jm inJn l
rnigration. Howcvcr, $,astc sitcs can bc mana€ied
to greatly rcduce rccharge and thus significantl,v
increase the time it takes for contaminants to travel
1() the water table. Vegetal ion on coarse soi ls can
reduce recharge. Deep-rooted plants. such as saEie-
brush or tumblcwccd arc morc cfficicnt in utiliz-
ing soi l  water than shal lo$-rooted planls, such as
cheatgrass. linlbrtunately, deep-rooted plants can
access buried wa-ste and assimilate radioactive and
chemical contaminants. ! or this reason plants are
often removed (via herbicides and soil sterilants)
from t'aste site surfaces.

The lrest cover material for l imit ing rechargc
at lvaste sites appears to be a fine-textured soil.
such as thc silt loam soil found ncar thc 200 Areas
Plateau. Ongoing research is testing how well silt
Ioam soil can pcrform in rcducing recharge under
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a range of vegetatir.c and climatic conditions. Tests
conducted ovcr the past several rears are en-
couraging and suggest that both \.egetated and bare
sih loam soil (at least t-rn thick) can cffectivel_v limit
recharge k, ncgligible amounts, er,en nhen the
precipitation is at least t*icc thc annual average.
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