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1. Introduction

When the matrix of a auclear waste in porous rock dissolves
in ground water, oLher species in the waate are also releaned. Sowne
specien, such as the actinides and rare-earths, are of such low solubil-
ity that they may precipitate sasooun aa they ate dissolved, depending
on the rate of matrix dissolution, their ion in the waate
solid, their solubilities, and the ground water ransport rate. We
have previously studied the solubility-limited dissolution of single
specios as controlled by the rate of advective mass tranefer from the
waste surface.! When the waste constituents include low-solubility
members of a decay chain, Lhe radioactive decay daughter can form
8 precipitate at the waste surface ot in the rock away from the waste
surface. Here we present & simplified analysia of the precipitate for-
mation and dissolution of species in & two-member decay chain. For

this purpose it is meumed that flowing ground water becomes satu. |

rated with the chemicsl sp of the nuclides as it flows past the
waate, resuiting in & conetant rate of solubility-limited dissolution of
the waste matrix. Assuming congruent relene of other waate con-
stituents from the solid, the time-d d of p

of the first and second member of the decay chaia at the waate sur-
face can be calculated. Numerical illuetzations for the 33U —29T}h
chain from spent {uel are given in this paper. Full derivations are
given elsewhere?

2. Amalysis

We id di ionsl heough porows rock
&ununlllhplmmrummdtolbedmdnwlw
Wnur lom lmdmcuonlly at the same welocity Uhroughout the

d is treat ‘byqullbnmm D-pemou

freet et in d. The mass balance st the interf:
waste nd porous rock is shown achematically ia Figuee 1.

The governing equations for port of a t et decay
chain are

x‘!ﬂ“%ﬂ FAK N =0, 050 (1)

K:%N-!-i- I% + M KNy = L K\ Ny, 2>04>0 (2)
where subscripts 1 and 2 refer Lo the mother aad daughter auclides
respectively, and

Ni{2,2) is the concentration of the i'* member in the water phase in
a porous medium at a distance : from the dissolution location at a
time ¢ afler the etart of dissolution, [kg-nuclide/m?], i=1,2
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&, = sorption retardution coeflicient for the i member, i=1,2
A = decay constant of the '™ member [ye=?), i=1,2

The aim of this paper is to ﬁnd the mass rate of release per
unit cross sectional area, ¢;; the mass of precipitates per unit croas
sectionnl area, £; the ation of the nuclides at the interface
and in the field, Ni(0,8), Ni(z,t); and tpa, the starting Lime of 2¥TH
pmlpnuuun. 4 the duration of uranium precipitate; and t§,, the
duration of ¥ Th precipitate.

For illusteation, we assume a simplified dissolution model
whereby the waste solid diseolves at & conetant mass rate for a leach
tine T, relcasing its waste constituents congruently. We sssume a
waate cylinder 4 m high and 0.5 m in diameter with 1.8 Mg of hieavy *
metal, conumin; 1710 kg of 234U, 0,329 kg of MY and 3.59 x 10=¢
kg of 2°Th initially.? The waale ia in & watecsaturated repository
where the rock porosity ¢ is 0.01 aud ground water Baws at a pore
velocity v of 10 m/a. We assume u leach time T for the waate solid of
10% years and solubilities N* for uraaium and thorium of 10~ kg/m?
and 10~7 kg/m? respectively. Uranium teleased from the waste will
initially precipitate due to the choice of solubilities.

Np(@ 9

Porous rock

Precipi-1
tate

Fig. 1 A compulment model for the dissclution
jonofat ber decay chain
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From a mass balance in the waste we find thiese initial concentrations
that would resuit in the absence of solubiiity limits

N3 =855 x 107 kg/m® 3)
ND = 164 x 10°° kg/m® )
Nia = 180 x 107'° kg/n? )

where the subscripts 4, 3 and Th stand for 3, ™Y and BT 1~
spectively. Because N3 +N$ > N, the uranium solulniity, uranium
precipitates at ¢ = 0 and continues untit

th = 5.5 x 10° yearn (6}
For the purpose of calculating the duration of the uranium precip.
itate, we include the decay of U, but we neglect the decay of
34U in the formation of ¥™U in ealculating the Intter's concentra-
tion. Asewining that U and 3% Jissolve from the waate in the
same ratio as they exiat in the waste, we can write equationa for the
cancentration at the interface

No(0,8) = N§ ::"‘ A 0<teT (%)

e
No(0,1) = NS %e-*-"*-"-”. Tet<ty  (8)

N0,8) =0, t> 0y {9)

The release function for the mother nuclide 23U
#a(t) = vNJe MU R({E) - At - T)) (19

where A() is & Heaviside step function. Eq. (10) states that, in
the sbeence of a solubility llmxt ground water at velocuy v would
carry away the initial t of 34U exposed at the interface,
subject to decay, during the leach time. If we assume the isotopic
tatio in the precipitate is the same m the waate, we can calculate

the rate of {or of the precipitate of uranium
.
.
Py(t) = u%%(h’.‘ ~Niye=*'  0gtgT 1)
.

Eq. (11) states the conservation of mase at the interface. The excess
of the initial concentration over the solubility that is mot advected
away is ipitated. Here b 3%Q ia much more abumdant
than U, peecipitation is iled by the ration difference
of 3y, Beyond  the leu-h time, the amount of precipitate of 31U

2t) = x—:'e“"“‘"'ﬂ}’.(t). t>T 12)

is directly related to the amount of precipitate of 3%U. Assuming
Py(t) > Py(t), Fu(t) is given by

Pyit) = vT(N] = Ng)e2a(6-T) _ !ﬁiu —emMU=TI) 5 T (13)
This completes the set of boundary conditions needed to eolve the
governing equation for the concentration of the mother suckde 29y
evetywhere, and a full solution can be given

N, )= N :‘ ~Oulvids femt-timip(r - ;‘T) —h(t-T- &)]

>0

t>0
4y

=Aa(t=2fu )4 Ay (1=T =2 fw))) r-Xy. -l - i
+e ek VA= T = =) = M= 2 = Sl

where vp = /Ky @ the migration speed, the pore velocity divided
Ly the retardation coctficient of uranium.

Now we ate ready to deal with the daughter nuclide 33°Th.
At ¢ = 0 33°Th ia not at solubility so no preapitate of 3¥Th ex-
ist initially. The releane rate of L from the waate ix alwo the
dissolution rate, and in

vNQAe {2

—ett o<t T
Ary = Aa losts

(15)
Using {15) Lo solve the following equation for the time tra, that
preapitation of 23Tk beginy at the wate wurlace

® APy(1)
Nea(0,0) = —:ﬁ + -'-;'——

ora(l) = vNFeTiT 4

=N {16}
we get
tra = 1088 yr

The precipitation of ¥Th starte well before the end of the leach
time. 'To deterinine the duration of this 33°Th precipitate we solve

for n zero of
Pra(t) = ve= reNN,

o feAramAot o gy plArumii)ire
-l
(“ N } Ara = Aq

{ - tra ﬁe“"‘“"' - eAma=daitre )
BT (Arh = AoJ?

-%‘I‘A[l _e"\fl("'fl)]' tra ST un
Th

and obtain
13, = 15 x10% ye

as the end of the 3Th precipitate. Thus the **Th precipihte lasts
longet than the leach time and we need & modified version of eq. (h)
to serve 3e the source term for P9Th until the end of the uranium

precipilate

vNz - - -
Pra{t) = Pan(The re=T) = =PI 1 - 78D 0e i NI AL

(T N N 1 ) era=del L fAra-2T

NS Arn = Aq Ara = A¢

Telrra=ra)T

N' gethra=ade o
—yp—ATALAIS
v NG A Ne ( Arn — Ay

).TStSta

(18)
After t,, Pra(t) = 0. Using the above we can obtain the intetface
concentration of ¥9Th

Nra(0.t) = ““‘ &;‘(Q. 0<tgt;  (19)
Nra(0.0) = Niy, Sty (196)
Nra(0.t) = *—":,‘i’- gty (19¢)
Nra(0,8) =0, > (19d)

Eq. (194) states that before the stast of ¥Th precipitation, the
interface concentration is controlled by the rate of waste dissolu-
tion. advection. and decay from the precipitate of 33U, the mother
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Fig. 3 Notrmalized concentrations of the 34U =337 chain
in rock at 10, 10%, 10% years

for the precipitate exiat and nuclid tation flelds. The
icad illuat weed the MU —¥Th chain from spent fuel,
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the 33*U—3Th chain from spent fuel, &t the interface

auclide. In the period of *¥Th precipitation, the intetface concentra-
tion is saturation, eq. (19b). ARet the 2 Th precipitate hea disap-
peared but while the uranium precipitate still remains, the interface
concentration is controlled by the decay from the precipitate of the
mother ouclide and advection, eq. (19¢). Finally, alter all precipi-
tates bave disappeared, thete is no 339Th at the interface, eq. (19d).

The lized at the interface and

of precipitates of 24U and *¥Th are shown in Figure 2. The equa-
tions for Nya(z.1) are very lengthy. They are given in Reference 2
but not reproduced here. Figure 3 shows the far-Reld concentrations
of My and ”“Th in the enucal penod when tl:ere P "'Ti pnupn-
tate at thei Jeulated wsing diep

transport, using a previously derived Anlyuc nluuo.‘ and the data
in Table I. Actual numerical outputa given in Reference 2 show that
330Th concentrations in the fieid do not reach saturation,

‘Table . Properties of the 3 U—3"Th chain.

iy ™My Th
Decay constant, 1/a 1.54 x 10-192.81 x 10~*8.66 x 10-$
Sorption coefficient, cm?/g 20t 20t 250t
Retardation coefficient® 6,000 6,000 74,300
Migration speed, m/n 1,67 x 10~ 1.67 x 10-%1.38 x 10~1

*K =1+ pKp(1 = ¢)fe, tock density p = 3.0 g/em> t Ref. 5.
Conclusion

We have p d a simplified analysia of the dissolution, pre-
cipitation and transport of a two-member decay chain with advection
as the only transport mechanism, We show the analytic solutions for
the various fluxes such as dimsolution rates, precipitation rates; times

An important limitation of this anslysis is that advection was
sssumed to be the only mode of transport. In several other studies,
we have determined that in typical U. S. tepauitoty environments,
ground water velocity may be so low that diffusive-advective trane-
port may be the determinant of dissolution rates.® A more realistic
model would be to include a diffusive term in the governing equa-
tions.
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