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SU\l!Vl,.41?Y: Ttlis article doscrihw a fiol(l t’xp(’rinwnt st.u(]ying lhe migration in alluvium

of radioactive rlcrrmnts away from an 1111~1(’rgrol]nil Ill]rloar t’xptosion at the LNtwada Tmt

Site in t]i(? (Tnilcd St,atcs. Nuclitim (It’lm-lr(l in t.llr lJIIrlll)o(l bvatt*r art’ tritium, chlorine-36,

io(linr-129, and kry~)ton-N5 ii]] ;Ll ]t’vt’k ])(’Iwv I lIv rllilxirllurl] pt’rmissil)k roncmltratiorl for

IIrirl king uatcr in cent.rollwl ar(li~s. ‘l’tIf*chloriflo-3(i f’llltiorl cl]rvl’ prccmlm that of tritium

;iflfi Is (Illc to al I iirliorl (Ixclllsi[)l] IJr(w(w. A (“OIIV(’111iollill I ~vo-{lit]l(’r]siorlill” convcction-

(Ii!!llsion (v~llatiorl (I(Iw I]ot fully (I(wrilw I Ilv vlllt.i(]n rllrvos for t ritium ilrl(l rhlorirlc-3G;

1II(! tailir]g of t hc curvvs is Iongcr than pmiictcd. Successful mmbling of this fwperirmnt

tvil] I)t* iltll)ort,iil]t, for validating ro(iw and mmicls to be used in tho high -lovol nm-loar

\ViU; t(8 i)rogramo

Kl”;}” \\ ’ol{l)S: l{il(li(~flllc”liflf’ \ligrilti(~ll. (~hlorinw36, Trit,illrn, I“iold Il:xprrirrwllt,

I



1NTRODL’CTION:

In 1974, the Radionucli(lc \ligration (R X\l) Drojcct \ViM startmi at the Xrvadil

I’mt Site (NTS) to c-ictermine the pot[’ntial for movcm(lIIt of radioactivity atvay fror]]

underground nuclear explosions.

The first frcld (!xporimcnt in this projoct is a Ionp-term singlo-well pumping test in

which the cavity of n nuclear explosion is trcatt-wl a.. the slug-injection point and the

cxp]osion products are the tramrs. The sit.c of tho 0.75-ht nuclear explosion called Carnhric

was rhoscn t’cr ttlis firld cxpvrirr](’rlt. This mporirnrnt stlollltl Iw CIOSOto itloal for modeling

1](~(.iills~~ I ) the sm;ill virl(l (~i t IIV (’xplosioi] shoIIld not havt’ in flucrrrwl the natural hydrology

of t}hc area to any gr~at extent, 2) sufIici[’nt trilihrll illl(l other radionuclidcs are prcscn[

to serve rL9 trac(’rs for both thr witt(lr flow iill(l t II(*snrl)illg Ilucli{lrs , iill(l 3) illlll Vil!’rl is

pvrhaps the simp]mt and most ullif.~rnl nmlium ilt I.h(’ XI’S (or such iln Cxpcrirm’llt and

thvrcforc should simplify the mmicling process.

it NI’I’; lll\ll’:xT,\ l,:

Two wells, as shown in I;igllrr I , wore drilled 91 m apart for this test, !15’Nl-2S Wils

{Irilltvl first w) t tl;~t it woul(l flot tw rwlltiirninatod I)y the drilling ot’ It Yi.tl-l, wtlich Wil!i

rlrillcvl t t]r[)li~tl t ill’ (’x])l(~sion (“ii Vil~, ‘1’tl(’ (’il)iillg irl l?X\l-2S N’iLS Iwrforat,m! i~t (ll’j)l, hs of 31(;

l.) :110 11], illll! ;1 ~)11111]) WAS iflstilllv(l iil)ok’{” lIIO!N! pcrfori~tiorl~, II, SN1-2S Wil~ pulrllw(l fro!rl

orll~tj(tr 1!)75 t{) oct(~lmr 1!)77 ilt tho riit~ of I rtl:{jrnin: sinco that tirm’ it tlilS I)(’t’r] pllrrlpwl

at M rilt~~ {If ?.3 111:’ rllin. /1 pl]mp il]~tiill~~(! atmvc’ t hc packers and perforations in t13J\f - I

allows wat{’r to tw pulr]pml from tl19 arw immwliatcly ah{w(’ t.h(’ rfkvity. RN Nf - I lIa.s Im’rl

~~IImpOfl v~ilrl~ tf) (]t)tain irlff)rrrl~tiorl orl rho I harl~m of t,ho ri~(lionllcli~lo rf)rlc(’lltrilti(~lls ill

III(’ sf)l]rrv, :f(lllilillll ill (1(’tilil~ (Jrl 1110 (h(~rlslr~lcf.i~~n of ttlo Wwlls (’iIll Ij{’ follllrl ill ll(~lrtllilrl.

SIIIIIC* ;Irif[ lJll 1111, \ [ I ) ;111{1 llo!Tlll iill (’I ~11. (2).

‘1’IIc* iI1lll’o :!lf II :11 fllis ilrf’il 1)1’tllI’ S’1’S I*SIIIIIIIS ll(h Vll\Vi\fll !~lr ;Ij)llrosifllill{’ly ?[)(~ III

llt’lt)rf~ 11)11 ,11111 1( II h. ,Irf’ 11111olllll~trl~fl, 41’IIVSC’ III tllru (NIvII(I illl illl(lil;~ltl;il (;00 III lo ltl~’

1’,1[1,11/,1,1I(I4 h,. I !l, Ir, I, 1,.llt.lli~lll 1~1tlI(~ ;Illllvilllll ;It 1111~(’:lflitlrit’ %ilc~w’;l~ ilflllf~ I)\” ~11]{1)’itl~



13 sidewall samples taken brtwwr 103.6 and 319.9 m during the drilling of we]] RX\l-I.

Sampled locations arc shown ir I:igurr 1. information WM also obtained from cutting

samples taken during the drilling of R.N\f-2S and those from an exploratory hole 500

m distant, The samples from t hrsc three holrw arc qllitc uniform and arc compr-md of

tuffaccous sand an(l gravel ( 1,3). l,ithologirs of the sand particles indicate that they were

derived mainly from Tertiary volcanic rocks. only a small portion of the clasts originated

from Paleozoic , ocks . One sidewall sarTIplr, hmvvvvr, \vas (]ifTcrcnt. Tile sample from

2!)2-rIl vrrlica] ({cpl h in 11,S\!-1 Wil.’- cr)mpos(vi of silty, t)lllish-grii~ clay.

[rl the early part of the pumping, samplm wvrr taken weekly for tritium analysis, hut

iri July 1984, the sampling becanw monthly. Thr samples are anal}zmi both by Reynolds

Electric Company at the ?iTS and by IIS at I,ns Alammi. I.iqui(i scintillation counting is

usrd by both laboratories and good agrwmcnt is,ohtairrwi ( 1,4-9). \Vater samplm are taken

in prc+vacuatcd stainless steel tuhm that are connected directly to the main water Iinc

from w(III !{?{11-2S. lrl Illis R’ily ttl(’ (.onlvrlt of ttw water is not inlluonccd by the iltrllosl)hrrc.

‘1’hr ~riit(’r in th(w siltrll)lvs is iit];il~~l’(1 for krypton-K5 iind tritiatml witt(!r. I)lastic-lirwd

l)ilrlV’lS hol(li’lg ?[l~ 1 arv illS() Iillwl orlco il l]mnth, but I1O ~frort is rrlil(l(’ to pr(~vcnt. this

watur frorrl lwir]g (Ix~)(N(*(l to tll(~ itir ils is (Ionc with the stainlmr st(wl tulws, ‘1’h(wc lilrg(~

saml)lm arc for fllturr arlillysis, [n s(ml(’ ca.ws they arn boiled down to dryn(ws and t.h(i

rmi(lur is cxarninod with ( :{ ’(iii) ddcctors for gamma-t= mitting rwlioisotopcsm l)ortions

of some of the Iargc snmplos arc also usd for chmrinc-3tl and iodi~. r-12!l analysm. ‘1’ho

rutios of chlorin~-36 to rhlorinc wor~ doter minml by accclrrtitor mass spcctronwtry at I h~’

[~rlivrrsity of ltortlvstf’r. A rolr]ph~tx’ drwrription of thr iiti;~l~t.i(.ii! rlwthod c~n Iw ff)lllll!

irl l’jlr Ior(” (It ii], ( I()). ( ~hl~)rillo-;!(; (Oorlt(’nt.s wvrr Ih(’rl ral(*IIlaI{’11 frf)tll III(* krl(~wrl ;lllll~llljt

of ct]lurillr illl(ll’(1 to 1’;1(”11Silllll)l[’, ‘1’IIv results (If trilillrrl ;IIIII rllloril’,(’-;;t~ ;IIIiIl}stIs ;Ir{’

{Iisrllww(l ill t Ilis ;Irt i(li’,



RESULTS:

Tritium, M tritiatcd water, is by far thr most abundant of the radioactive materials in

t}le water being pumped frorri well R.X\l-2S. It is incxpcnsivc to analyze and is generally

considered to be an iclcal ground water tracer hccausc it travels as the watm molcculcs.

The tritium rcslllt.s and disclmion will he d(IvPlopcd hcforc those of chlorine-36 so that

there will be a baseline against which the chlorine-36 results can he compared.

The individual values of the tritium concentrations arc far too numerous to list hem;

the reader is dircctcd to th{~ I.os Alamcs reports in r~’fcronccs 4-!3. All the tritium rcsu]ts

itr~ included in Figure 2, which shows tho tritiun) (Ilution curve for a period of more than

11 years. 13iscontirruities in the curve occur durinK short periods when the pump was not

operating. By September 1!M6, 75Y) of tho original tritium present at Cambric after th~

t]ntonation had hccn pumped out throllgll 11.N\l-2S.

‘f ’he chlorirle-36 rt-mtcnt for some of three same waters are listed in Table 1. I]c{ausc

~Jf tho ]]ig]l cost for analysis of Iow-I(Iv(’I ~hlor:il~-36 samples, their number is much smalkv

lhiin the numh(’r of tritium analyscsm

The chloiine-36 concentrations are also included in Figure 2 so that they can bc

rorrlparod to thr f ril, illln data, ‘1’li~ ordiniit,m for both tritium and chlorine-36 were drawn

so that (tar)) s~t of data was Iwst fit by the same numerical so!utirm, as shown Iator irl

I$igllrrs 4 iln(l 5.

[)ls(; (:ss10s:

A conlparisorl of the clution d;ita for chlorine-3C with t!lat of tritiurn in Figurr 2

in(liratm th;it th(’ I)roakthrm]gh of III(’ chlorinw3fi iippmmi first and thf’ mnxin]l]ll] ill thr

rhlorillc-3(j (I,lta also occurs tmforv thnt of tritium. Ttlls phcrlomcrlrm of arliorls sllrh ;IN

Ctllori(lc Iwil]g (I IIItwl twforc cations or neutral spm-iwr such ~~ trill iatwl wi~tvr llfis IN* VII

olwrvwl in s~)il cholr]istry St utli[.s I)y ‘1’tlolllA~ arid Swotmdn (1 1) ;lrl(l iliL! IWI’11 gi~oll

tlIfs (lw(”ri~)tiv(’ rlilrlll’ of aniorl rxrlusion. Ar~iorl#, Ijvir]g of tll~~w~rlw (mi]i~rg(~ M iil]~ (liIYS

or zoolit(w in ltlr ~,~il, nro r(’lwilwi I),v t’lil~!i tir)(l porhnlls zoolitos illl(l :lro (~ffi’(.f.i~l’ly



TABLE 1

CHLORINE-36 CONCENTRATIONS IN CANIJ3RIC WATERS

Volume Pumped 36C] VOlumc Pumped 36c1

[10” m’~ (lO’’atoms/l) (106 HF) (lO’’atoms/l]—. —.. . —— — . -. .-. ——. .—_ .—

0.41 0.01 + 0.002 4.6 3.61 + 0.33

1.4 0.03 + 0.006 4.88 3.87 + 0.29

2.6 1.74 + 0.11 5.3 3.56 + 0.25

2.61 2.03 * 0.17 5.58 2.96 + 0.26

2.99 2.89 + 0.16 5.9 2.86 + 0.26

3.3 3.04 * 0.20 6.59 2.73 + 0.24

3.39 4.04 * 0.27 7.77 2.22 + 0.20

3.81 3.95 + 0.26 8.94 1,64 * 0,17

4.17 5.12 + 0,39 10.19 1.18 + 0.10

4.2 3,94 + 0.37 10.87 1,10 i 0,06

4,6 3.66 + 0,26 12.0 1.01 * 0,05

prcvcntcd from entering into the intergranular porosity of the soil particles.

TO calcu]atc the value of anion exclusion in our ongoing experirrwnt, it is necessary to

fit wparatoly the clution data for chiorinM6 and tritium to a nun-wrical m; “~tion such M

thr trv:()-(lirncnsi()nal solutions of Sauty ( I2) for instantarwous tracer injmtibn in a ra~lial

couvrrging I!ow field. The diffcroncc in the two goncratml curvm is then uwd to citlculatc

:lP exclusion volume.

‘rtlCearly part of thr chlorine-3[; and tritiurn clution rurvcs t!lrough the trlfixitna in

I:igllrv 2 hwvo IN’(’IImodcld I)y a Ilufl]lwr of pcoplr. [11a report wlitwl I)y llillli(’lH (5), 111(’

rmults Of ttlv trilllspor~ Of tritii{tcd Wilt{”r arid rhh)rirlo-:l(i ilWiiV frolll Itlv (;illlll)ri(’ vvrllt

to the satellite well at llhihf-2S worr romparrd witt: the twf)-(iitll(’fl~if)ll;ll ralculntioils of

S;ll]ty (12), At thnt tinw, rllrvvs I)w;tul on it I)vclvt, nullllwr (d’ 1[) glIVr vxcvllvfli Iil.s to tht’

Ililtil throll~li tll(’ ill;lxiti]a, I)llt t Ill’J’ illS() ill(lit’ilt(’~1 t Ililt. t 11[’ [lilt il \\olll(l (livrr~o rroftl t 111’

5



curves for },oth tritium and chlorine-36 at longer elution times. This excellent fit, however,

could or,ly be achieved by allowing the tritium source term to float; the best fit was a

value tihat was 70% of the calculated source term. Travis, in the same report (5), made a

thr(,e-dimensional numerical s~mulation of the transport at Cambric using the TRACR3D

rr.odel (13). Both the leading edge of the elution front and the time of the appearance

of the pezk concentration of tritium agreed weli with the observed data . There were

insufficient results at that time to model the taii of the elution curve.

With the addition of data from 1983 to the present, the results have been reexamined

using the Sauty (12) model. Although a curve with Peclet number of 10 (Figure 3) fits the

tritium data through the maximum, now, a better fit to the tailing portion of the data can

be made using a curve with Peclet number of 6 (Figure 4). The solution for chlorine-36

calculated with a Peclet number of 6 is shown in Figure 5. However, a difference in slope

between the data and the Sauty curve at longer pumping times is still evident for both

tritium and chlorine-36 and may indicate that a curve with still lGwer Peclet number is

needed,

The dimensionless tinm (Tr) of the Sauty curves , given in the upper abscissa in

Figures 3-5, equals 1 for the time required to pump the volume of water contained in a

cv!inder whose radius is equal to the distance from the source term to the WCII. TIM volur-m

of water from which the chloride ion is excluded is the difference in volumes for Tr = 1 on

the chlorine-3G curvu (6.5x 10” m3) and or. the tritium curve (8.6x 10° ma). From these

va!ucs the chloriclc exclusion volume is 2.1x 10° m 3. The m,ass of the aliuvium contaiilcd

in the same cylir]dcr can be estimated from some of the known or cstirnatcd proprrtirs

of alluvium. The hu]k rbnsity of the al!uvium (I .46 g/cru3) is calculntwi from thp grnin

~lcnsity (2. sI g/rrrl:’) ddmrrnind on a side-wall mmplc tnken from 2G0 m in R,NM-1. This

number, coiuhinmi with an twtimatm.! porosity (-(1.42 totai) for inter and irltrugrunulur

porosity (fij, yirl(ls n mruw of alluvium of 2.4:] x 10”) kg in this cyliudor. Arlioll reclusion,

I)y convention, is Iishl wq nlillilitf’rs of Iiqtlid oxrlutlwl l~y 100 g t)f soil. ‘1’1111stilt’ (’:ll(”lllillml



anion exclusion of the al!uvium at the NTS is 8.6 ml/100 g. Previously, the anion exclusion

was calculated to be 5.o ml/10Cl g using a Peclet number of 10 in the Sauty curves (5).

Thomas and Swoboda (11) found anion exclusion for various soils to vary from 3.7 nll/100 g

for sandy loam soil to 20 ml/100 g for clay that was 40% montmori!kmite. An alluvium

had an anion exclusion of 3.9 rnl/100 g, a value somewhat lower but co]nparable to the

ones we calculate.

A Peclet number of 6 corresponds to a dispersivity of 15.1 m for the geometry of this

experiment, where= a Peclet number of 10 corresponds to a dispersivity of 9.1 m. These

values can be compared to the longitudinal dispersivities reported by Borg et al. (14),

which were estimated by calibrating mathematical models of transport against observed

transport in fie!d studies. Dispersivities were in the range of 11.6 to 91 m for a wide

variety of lithologies. A sand or gravel deposit, which probably most closely approximates

the tuffaceous alluvium of the NTS, had a calculated dispersivity of 21.3 m.

It appears that as pumping is continued with time, a Sauty curve with a lower

Peclct number best fits the latest portion of the elution data. The calculated dispersivity,

correspondingly, increases with time of pumping —an effect that has sometimes been called

a “scaling effect” of (Iispcrsivitics in field experiments, Matheron and de Marsily (15)

propose that the scaling effect observed in field experiments is an artifact of the model and

that the convection-diffusion equation will not fit the transport of solutes except for large

distances or long times because diffusion behavior is not homogeneous in three dimensions.

They suggernt that all media are layered to some extent and that the ciiffcrcnt dispersivitics

of each of the horizontal layers as well ~ the vertical velocities must be considcrod.

The present field experiment presents an opportunity to model the transport of solutes

in a relatively hnmngcncous-but Iaycrcd media. Methods are being dcvclopcd to calcutatc

dispcrsivitim w a function of conccntraticm of the solute on the Sauty curve at difrcront

t irmw. Suci~ culculat.ions will 5I1OWif an wymptotic rrlilcro(lis~)(!rsiorl” of Mnthoron and

(I(! hlnrsily ( 15) is cvor ronchm{ M the oxpwimmt is rontinuwl. An wl(litionul illlportant

7



benefit will be obtained bycontinuing this experiment until it is successfully modeled; it

can then be used for validating codes to be used in the calculations Gf transport away from

a high-level nuclear waste reposit, or:{.
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CAPTIONS

Figure 1 Cambric SingleWell Pumping Test

Figure 2 Chlorine-36 and Tritium Elution Curves

Figure 3 Tritium Elution Data Compared with a Sauty Curve (Peclet Number Equal to

10)

Figure 4 Tritium Elution Data Compared with a Sauty Curve (Feclet Number Equal to 6)

Figure 5 Chlorine-36 Elution Data Compared with a Sauty Curve (Peclet Number llquai

to 6)
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