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ASSESSMENT OF THE TOTENTIAL FOR
RADIONUCLIDE MIGRATION FROM A NUCLEAR EXPLOSION CAVITY

Carleane C. Hoffran and William R. Daunicls

Introducton

A field study >f the dastribution of radiounclides around an underground
nuclear explosion cavity was initiated in 1974, about niue yeais after detona-
tion of the nuclear test. The goals of this Radionuclide Migration (RNM) Pioject
were to determine thir rates of migration nnilergronnd in various media at the
Nevada Test Site (NTS) and to determine the potential fur movement hoth on and
off the NIS of radioactivity from underground nuclear explosions. Thi're was
pitrticular interest in possible contumination of water supplics. 1t was alno
cenvistoned that the stusdy might jiovide data applicable to the andergronnd
disponal of radioactive waste.

flus ongoing pri.ject 18 sponsorcd by the Nevada Operations Office af the
Deparum-ut of Energy with the participation of {he lLos Alams Nationai Labora-
tory, the Lawrence Livermorve National Laboratary, the United States Gioroyical
Survey. the Desert Research lpstitute, and appropriste support orgmizat ions

The si1te of the 0.70-kt anclrar test Cambrie, wlach war tire-d beneath
the water table an tuftactrrous alluviam 294 m helow the sarface, s clmsen fol
initial studies. It was anticijuited that eventually tests in other geologic
media wouhll e examinerd.

Cambric was chosen jor a unmber of reasons:  The Cambrie exploasion
cavity s within the NS Area 5 watvr=supply ayuifer. 1t was preedicted that
sufficient time had elapsird so that the cavity and chiomiry had f1lled with
groudwater to the jueshnt static water lhievel, 73 w above the detanat ron
porut. 11 so, rahionu: Liaes might b present an the water and constitute o
potent il soarvce for mipgration. Tl Cambric detonation pornt iz ouly 294 m
below ground suvface, aud thus the re-entey dotl hing el sampling pperat rons
wolld he less drttrenlt and expensive than for some of the more sleeply huied
tests. Tl sate an Frenclunan Flat s far ceough from the arcas of astive
nuclear testing su thit damage or interrcuption af the re-eutry and samplaing
opeiatians fram those activities would he untikely. Sufficiont tritium
(1ll ar T) was present to provide en rasily measurable tracor far water {rom
thy cavity rvgran.  The pastshot debris alsa coutarued plutontom, uraninm,

and lissi1on products whode concentratians tn the ruhhile aml gronndwater ¢ rum



the cavity ard chimney regions could be mcasured'and compared. A summary of
the intensity of the radionuclide source term at the time of re-entry s
giver in Table I. The small yield was expected to have had little effect on
the local hydrology. Further, it was judged that the alluvium constitutell a
good medium for hydrologic studies because it was more permeable than tuff
and did not have large fissures or cracks through which the water might
selectively flow.

The field studies can he divided into twn phases: The Cambric cavity
region was re-entered and a well (RNM-1) was completird to a depth of 370 m.
Samples were talken to determine the radionuclide distribution between the solid
material and water at the time the experiment was started. Watcer was then
pumpced from a nearby satcllite well (RNM-2S) so as to induce an artificial gra-
dient sufficient to draw water from the Cambric cavity and provide an opportunity
tor the study of radiouunclidir migration under field couditions. A schematic
diagram of the placement of RNM-1 and RNYM-2S is shown in Fig. 1.

Details of the varly stages of the RNM Cambric experimcnt are given in

Refs. 1 and 2.

Cambric Re-centry

Thrie types or sauples were removed fran the RNM=1 re-eutry heole iunto
the Caml:vice cavity: sidewall cores, pumped water, and water with containel
gases.  As drilliug progressal, a total of 97 sidewall core samples was taken
from RNM=! from 34 w helow the surface to 50 wm below the orviginal detonat tan
pornt (Fig. 2). Oue core from rach Jdepth was placed immediately in g nitropen-
rlusluer, gas-t,pht, stainless=sterl contaiaer for subsouent daulyses of
Rl'l\'r. 0T, UT9, and fo. gamme=spectral aalyses.  Other cove sanples were
s;nlvd in water=tight plastic bags for later pamma=spectral awd vadiochemival
analyszes to determine the concentrdat tons pf the vagseus radiotac] shes prescut.,
The cores werr alzo subjected toa Titholopic rxamuation to dirterncine the composi-
tion of Ll medimw at difterent depths. Solnd sawmples and water removisl feosm the
tidewall cores from the lower cavity region were aslvzed radiochemically lor quSr,
”7(.':-'. JSaud ?"wl'u. aud pffective dlistiilation coefficieults (ratio af the couceut ra-
tion in o1 v the solid to the rouceratration i the aqueors plase) werr sletermined.
Thesie eftective distribntion cacrfticients are a merasnre af hoth reteation in the
fased material aud sorption.  The ralioaucli-des were found to be nlmost entaively

fucorporated 1n by on ther solid materiul(Talue 11).



After sidewall core sampling had been complo‘l(:d and the hole had been
cleaned, casing with appropriately placed, inflatable, external packers was
installed. The packers were used teo minimize external water movement in the
annular space between the casing and the wali. Beginaiug at the bottom, the
water in five zones was sampled successively Ly isolating the zones with
internal packers and peirforatiug the casing (Fig. 3). Gas-tight water samples
were taken at depth, and additional water samples were removed to the surface
by a submersible pump. Representative activity levels of the radiodaucliles
detected 1n water from ecach zone are given in Tablie 111 Ten yedrs afier the
test most of thr radiovactivity and the highest concentrations «f all
radionuclides wert still found in the region of the original .« xplosion
cavily. No activity was fouud 50 m below the cavity. Measurements of LT and
HTO removed from the cores and gas-tipht water samples showisd that more than
99.9% ol the tritium was present as HTO.  Althaugh some B'r‘I\'r aml tritiuam were
found in the fractured zone abuve the erxplosion region, they were coucentrated
in the cavity region.  The measured ﬂsl(r to T ratios for water from the
explosion cavity zone were censasterut with the relative amonnts resaltoug
from the Caubric test; the H"’I\'r strewmed to bie dizsisolved in the waterr. No
krypton was observed in water or solid aaterial from cores taken alcove the
waterr table.  Water from 2he rergioa of hipheso radioactivity at the botton of
the cavity contaimw=d wly tritium =utl 9051 at levels higher than the rerommemnled
couceut ration pitdes (UG) for drinkiug water in uncoutrolled -ll'('.‘ls.jil:l

By cemparing the measure:dl catin of cach unclhide detected tn the water to
the tritiam 1 the water with the calenlated ratio for the Cambrie sourvre

term, sn efthrctive overall retvution tactor, | for cach e lide (ratio ot

e
tie total activity in o1 on the solid to the total activity tn the aqaeen. phas.e)
win stimeted,  (Thhs calcnlation as:ames that all the vadiouno] les had bepen
retaimed below the wate-r table and that the fraction of a waclides not ju tle-

witer was iu the solid.)

E (A.‘(/A'l')(:..mlu-u ‘.AX Cambi e ,(A'l' w.uln-r"
d U\X/'\T'wuu-r (AX h‘.ll('.")(AT (I.'uul-ru-)

AT water
Substituting ) *0.999 ~ | (Ret. 1),

T Cambric



Ed - fx Cambric . AX solid !

B %( water AX water

The nuclides 9:)Sr, 106Ru. lszb, 137CsI 147PmI and 239Pu were all found

to have high retention factors, indicating they are ecither retained in the

fused debris or highly sorbed on the solid matecial, or both (Table IV).

Satellite Well

The satellite well RNM-2S was located 91 m f.om the Cambric explosion
cavitv. Pumping was begun in Octcber, 1975 at a rate of about 1 m3/m1n; an
October 1977 the rate was increased te about 2.3 mj/min. Significant amounts
of tritjated watcr, signaling arrival of water from the Camlaric cavity regior,
were finally detected about two years later after a total of alout 1.4¢ mallion
m3 of water had been pumped from the satellite well. After almast
six years of pumping, th- tritium concentration in the pumped water appears
to have peaked, as shown in Fig. 4. Discontinuities in the plot correspoud to
periods during which the pump was not operating.

Siuce the observation of tratium in water fram the saccellite well,
samples with contailned gases have heen taken by pumjang trom RNMN=-25 and frowm
RNII=1. Resnlts for such semples from the satellite wirll indicate the preseace
of LlsKr. a gas which apparently was retained 1n the water during trausit.

The concceutration ol 85Kr in @ater pumpisd from kKNM=-2S al:no appears to have
reachasd 2 wazimm volue (Fig. %). The 85Kr/T datem ritrus dare shown in Fig. 6.
Tt shaculd be voted that these are rrrlatively constant at a value of approximately
0.5 x IO-A, cousiderably lower than that of 1.28 x l()-4 colentatad for Caabric.
So fur tie reason for this s not knewn; however, this result may very well be
rlated to 1vents pecurring at RNM=1. The jawme awd packers iu RNM=1 were Jett
in g comtipguration st ch that pumpiug removes water frow Zounes IV oand V (Fag. 3),
which are just avove the cavity region; most of the watetl prshiction is believed
to be from Zoue 1V. Data for water puaped from RNM=1 are presented in Tabie V.
The conceutrations ol tritinm aond g:-,l'h: i vitterr from RNM-1 have ddecreaved by
wore than a factor ot 100, presumalily as a result of pumping at the satellite
well; however, the usKr cancenteatior is apparrutly decreasing more slowly than
the tritiuw conccutratior. The 85l\'r/T raitios oldained for sawples collected
from RNM=1 ziuce pumping beegan at the satelliti well wre consisteatly greater

than the calculaterd ratio.
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More than a dozen 55-gallon (0.21-m3) water samples, taken at intervals
from RNM-2S since the first observation of tritium, have been reduced to
solid residues ny evaporation, and the gamma-ray spectra have been observed.

106Ru (concentration

With the porsible exception of a very small amount of
<1% of that produced in Cambnc).5 no gamma-cmitting nuclides have been
identified in these samples. Radiochemical analyses of other water samples

for the beta-emitting nuclide 90Sr have also given negative results.

After removal of more than 5.6 million |n3 (over 1.5 billion gallons) of
water from the satellite well, only tritium, which is present as HTO and
chemically the same 25 Lthe water, and 85l\'r. which seems to be dissolved in
the water, have been positiviriy identified in water from RNM-2S.

The arrival of tritium at the s~tellite well was comp.nrcd6 with the
calculations of S.'luly7 for an instantaneous tracer injection in a radial,
cowverging flow ficld, similar to the Cambric expry iment. The shape of the
clution curve depends on tlur Peclet munber, which is inversely proportional
to the dispersivity., The smarler the Peclet numhier the greater the dispersion,
i.e., tle broader and more skewid the clution peak. 1n order to compare the
experimental cdata with the caleulation, dimensionless time, tr' and dimension-
lens concentration, Cr. must be nsed. The dimensionless time is time ¢
divided by the time when the maximum of the eclution peak ocenrs; likewisoe,
the dimensionless concentration is Lhe coucencration at t divided by the
maximum coucentratiovn,

Since the maximun in the tritimn concentrution in water from RNM-28 ix
no yet kunwn, a caledlat:on wias made hased on the amaunt of teitiwn pumped
fram RNM-28 by July 6, 1981, specifically 24% of that praduced iun Cambric.
Values {or lr awd Cr were deteeminedl Tor the same date (5.00 x 100 mJ ol
witer quunped) hy locating the point an a calenlated curve al Sarty correspanlip
to clution of 247 or the tatal tracer. The ﬂvniluhlv7 calenlaterd carves for
several Peclet numhers were thus compatr<d with the normalized experimental
data (Fipg. 7). Yt apprars that a calenlated curve for a Peelet nmmng between
three and ten (dispersivity hetwecen 30 and 10 m) would brst fit the experimeatal
data. This resnlt can be campuired with the data prescuted hy borg et nl..“
who reported longitidinal dispersivity values whicl, were ostimated hy catilirating
mathematical wodels for trausporl ageinst ohserved transpart . Values rangel
from 15.0 to Yl m for a wide variety of lithalogies. The dlspersivity for a
sand and gravel deposit, the lithology prahialhily mast c<losely resceubling the

tuffaceous alluvium ot the current experiment, was found to he 21.3 m. It
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also appears that the tritium concentration in water from RNM-25 was essentially

at its maximum value as of July 1981l.

Laboratory Experiments

Laboratory experiments have primarily involved measurement of the parti-
tion of various radionuclides of interest between groundwaters and crushed
rock samples of various geologic media ("batch™ studies). Some experiments
involving the lezch rates for the removal of various radionuclides from
nuclear test debris have also been performed. 1In general, the rates for
removal of a radionuclide from sucli debris were found9 to be quite low (Table VI1).

Results for thke batch measurement of the sorption of a number of radio-
nuclides on *uffaceous alluvium and bentonite are given in Table VII (Refs. 9
and 10). It is worth noting that the sorption properties of tuffaceous alluvium
are comparable to those of bentonite, which is being considered for use as an
engiunecerid barrier because of its excellent sorptive properties. Sorplion-
descrption «¢quilibria are approached slowly, aud results obtained for sorption
measurements, where the tracer is initially present in the squrous phase, and
for desorption measurements, wlere th- tracer is initially present with the
solid plase, frequeatly differ. Wwe therefore omplasize that “distribution
rocffivients” colenlated from such data may repeesrut noucquilibrium cond: -
tions. Iu addition, it slhould be noted that surh values for the laboratory
experiments reier only to sorption phenomena aud do not include the ~ftects of
reteution in fuscd debris as do the results given in Talde 11, The "irrevers-
ibler™ sorption oy much slawi'r desorption may be dar to speciatiou clianges,
diffusion 1uto minerals, crystatlization reactious on snlids, or nou-ionic
sorption of celloids or precipriates.  These possibilities requive further
investigation.

A comparison of the results from laboratory sorption experimeats (Table V1)
amd calenlated retentioa factors frewm Cambric water samples (Table 1V) judicates
that wo=t of the radipactivity {from the explosion is incorporated in the fused
debris rather than sorhied. Iu the apprr cavity amd chimney regions, whirre
sorption is presumahily the ddominaut process, the 'aboratory results and
retention factors from ficld data arve comparalde.

The sorptive praoperties of tuff have been extreasively Nlutli('(l.ll-l]

aud
it has beern demoustrated that theve ave minerals o the variecties of tufl at

the Nevada Test Site that exhilit excellent sorptive jooprrtics for catious.
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Such tuffs should provide a natural barrier against radionuclide wigration to

the biosphere.

Most nuclides were found to sorb well on the geologic media studied;
however, sorption of anionic species such as those of iodine. technetium, and
uranium, which is frequently complexed by carbounatc in the groundwater, is
normally quite low for all geologic media (sce Table VII and Refs. 11 and 12,
for example). The chemistry of the actinides and lanthanides in gronndwaters is
complex and poorly unnderstood. A significant research effort is necessary to
achieve proper understanding of actinide and lanthanide cliemistry in near-necutral
solutions for adequate prediction of transport behavior in natural systems.

It took tritium, which is assumed to have a distribution coefficient of
zero, over two years to reach RNM-2S. Ve estimate that more than 13 years
would be requirzd at current jumping rates for a hvpothetica! radionuclide
with a distribution cocfficient of ouly 1 m€/g to truvel the 91 m berwren the
explosion zone and RNM-2S. The laboratory experiments indicate that mosi
elements have Kd values much greatie'r than this (sce Talde VII) and would not
be expected in water from the satellite well for many yecars. For example,
strontium has a Kd of approximately 200 m2/g and would not reachh RNM-S fou
1500 years. Nou-equilibrium »flects or the prescuce of colloidal or other
non-sorhing species might allow some nuclides to move more rapidly than
cxpected; thrrefore, monitoring for radicnuclides iun water pumped from RNM-2S

is contipnulug.

Summary aud Conclusions

The source term for radionuclides in tle region of the Cambric nuclear
explosion haz been ditermined.  Drillback cores were oldained and aualyzed,
and water was pumped from several vertiral zones awd aualyze»d. Most of the
radivactivity produced iu the test wis found to he retained in the fused
debris with only low convirntrations in the water whiclh had becn in rontact
with tln debris for nprrarly ten years.  Most of the radioactivity and the
highest specific activities of all rviddionuclides were found to hie qu tlne
region of the original oxplosian cavity. No activity was lound 50 m brr'low
the cavity. Water from the region ol bighest radioactivity at che hodtom ol
the cavity coutataed ouly tritium and 9U'dr at levels higher than the recom-

mendz:d concentration guides for drinking water in uncontrolled arcas.



During nearly six years (over 1.5 billion g‘llons of water) of pumping from

a satellite well located 91 m from the Cambric cavity, only tritium, which is
present as HTO and chemically the same as the water, and 8sl(r. which seems to

be dissolved in the water, have been positively identified in water removed

from Lhis well, although there is some evidence for the possible migreztion of
minute amc.nts of 1°6Ru (less than 1% of that produced by the explosion).

These results are consistent with laboratory studies which indicate that, in
general, radionuclide sorption is sufficiently high to preclude the migration

of such nuclides from the original cavity to the satellite well in the near
future. Pumping and radioassay of water from the satellite well will be

continued to investigate the possible arrival oi non-sorbing species.
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TABLE [
CAMBRIC SOURCE TERM TEN YEARS AFTER DETONATION

Half i.ife Activity
Nuclide -(years) (i)
34 12.3 3.4 x 10°
83kr 10.7 4.4
90, 29 34
106g,, 1.0 2.8
125y, 2.8 3.2
137 30 99
144e, 0.78 0.4
Y7o 2.6 33
155g, 5.0 6.4
TABLE 11

EFFECTIVE DISTRIRBUTION COEFYICIENTS
IN THE LOWER CAVITY REGICN

Distribution Coefficiens

Nuclide ——mB/p)
9oSr ‘.-‘:104
137C:; >104
239 ' 8
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TABLE III
REPRESENTATIVE ACTIVITY LEVELS IN CAMBRIC
WATER SAMPLES TEN YFARS AFTER DETONATION

oot L dctivity Level (dpm/me) e

Zone eimd  Bxe Ve %% e Dl 2,
helow cavity bga bg bg bg hg bg bg
lower cavity 6.1 800 8 11 5 1.6 <0.003
upper cavity 3.8 1200 5 4 2 1.4 £0.003
chimney 0.084% 70 5 ndb nd .8 nd
adjacent to 0.028 20 0.2 nd nd 0.2 nd
chimney

cct 2 x 107 --- 0.67 22.2 222 44 4 1.1
abg = no activity detcectabhle above bhackgrcund levels.

nd = not detected.

€CG = rrcommuended (Refs. 3 and 4) concentrition guide applicable to water iu

uucontrolled areas.

TABLE 1V
RETEXNTIUN FACTOKS FROM CAMBRIC WATER SAMPLES

‘ )
om0 O%se 0 e e, 0 Do Mem P
below favaty hgn leg by bg hg g
: 3 2 . 2 4 6
lower cavity 2.1 x 1G 1.0 x 10 2.9 x 10 2.5 x 10 >10 >3.2 x 10
e ]
upper cavity 1.6 x 103 1.9 x 102 3.6 x 10° 1.8 x 104 nd >1.9 x 10
cliimney 3.9 x« 10l ndh 1= 6.6 x 102 nd nd
adjacent to 3.1 x 102 ud nd .1 x 103 ml nd
chimney
abg = no activity detectable alove background levely.

bnd = not detected.
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TABLE V
TRITIUM AND ~~Kr ACTIVITY LEVELS? IN RN¥-1
GAS-TIGHT WATER SAMPLES

85

Volume of Water T 85]\'r t;‘SI\'r/T
Entry __ . _Date_  from RNM-25(a”)"  (aCi/ml) (dpm/mf) (atom ratio)
original-Zoue IV 8-8-75 0 150 70 1.8 x 1074
originat-Zone V  B8-14-75 0 38 13 1.3 x 107"
re-entre 19 10-4-77 1.17 x 10° 3.2 75 9.4 x 1077
re-entry 119 11-30-77 1.34 x 10° 2.0 6 1.3 x 1072
re-ertry i119 9-4-79 3.50 x 10° 0.26 0.57 8.8 x 107"

aan activity levels corrected to Cambrir 2ero time.

l,Voluuu- af water removed from REM-28 by indicated date.
cThc: calculated B%Kr/T atom ratio for Camhric is 1.22 x 10-".

dThe packe~ between Zones 1V and V was driiled aut before pumping was started at
RNM-2S. VWater pumped ftor "re=rentry” samples can eater from pertforations in heth
Zoues IV and V, tut most of the wati'r I8 bhelieved to be frow Zoue IV,
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TABLE V1

LEACHING DAFA FUR NIGL-GRADED REFRACTORY DEBRS

Test Locataion
Shaking Time (days)

TR

5“Hn

[ A
RJCu

BSY

140
50

lﬁlw

lhﬂw

lﬂ.!.l.n

LH"

239,240
I'n

JSUIUIIOH and cuntainer

Ground Materiat

Ul'un U3ki

21.6 23.b
8 x 1077 <6 x In"?
-f, -
<8 x 10 <2 x 107°
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0.1 x Iu

leaduing.

_.:(;l.u-!ul'.s.
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v )

la
Cs
Co
Ce
En

lll).ll-'l from Ret. 9, except 1 and R from Ret. 10,

bTr.'uu-d water jaodacid by leaching test debris.

14

TABLE. V11
DISTRIBUTION COEFFICIENIS FOR

ALLUVIUM ANU HENTON!TE®

Sorption

6

d 1. '4_,
1900
3800
8000
9000
220000

>2000

60
80
220

1801

{

3500
4000
8000
210u0
>2000

>.2100

-~

_ .. _Distribution Cocttrcient (m¥/y)
Alluwviam
Desorpt ion

200
7

1
1700
{
1000
4000
1800
1300
hoo

21400

Sorption

l;_-o_-.s_-u rj-l I on
170
50

2560

2200
6000
2200
7000
22000
>6000



Figure 1.
Figure 2.

Figure 3.

Figure 4,

Figure 5.
Figure 6.

Figure 7.

’
FIGURE CAI'TIUNS

Schiermat 1 of R3M-1 and RNM-2S.

Locatiuons of sidewall core saxples taken from RNM=-1 (M), Ronuu
numerals indicate locations ot isolated wetrr sampling zanes,
The detouxtion point s indicated by W, 1.

Coustruction detatls of RNN=1 in and near the tower part of the
Cambric chimuey. Roman numerals indicate isalated water sampling
sones.  The origiied empliicement hole was denipiated li=he.

Traitinm concentiation in water fram RNM=285, corrvected to Cambric zero
time.

KiKr coucentration tu water fiom RNM-28, correctinl to Cambric zero tome.
8LKv/T atom ratios for water trow RNM-285.  The calenlated value for
Cambric is 1.22 x 10 %,

Caleniatadl elution of tracer tar instautaucons tracer injrcetion in a
radial, conver,up flow ti1old tar Feclet unumbers 3. O, 30, and 1000
(trom Reef. 0). Normalizoel slata for teityum observed in RNM=28 water
are shown by d tor I' = 3 Janld by 0 for P = ]U.
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