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EXECUTIVE SUMMARY

Mathematcal moedels have become essential tools 1in performance assessment in.estipations, tor
estimanny the potential tmpact o radionuchde migraton out of @ HEW geologc repository te
the biosphere These maodels involve a mathematical desenption of hydro-geochenncal and peo
physical processes, and their predictive capamhues are usvally commensurate with our
understanding of the vanous classes ot geologie media: porous and fractured rock Currentls
the candidate HEW disposal site 15 one which s located in fractured tst?. Since this geologicd!
medium s poorly understood because of its inherent structural uncertainties and currently there
ts a limited ability 1o quantitatisels desenbe geological processes in that medium, the ase ot
simpitficd mathematicai models for a consenvative probabilistic assessment ol perlormanee o
appropnate. Maoreover, in o spite of thar limitanons the high degree of precision ot anaisticad
models coupled with theirr computational etficiency have induced manv investigators worldw ide
(Rosimgerand Tremarne (1978, Hodgkinson and Maul 119853, Rasmuson and Neretnieks €198 -
and Burkholder et al L 0197610 o adopt these for addressing some of the cniical issues inheren:
W the contamment charactenstics of potenital radioactive waste disposal sites

I'his report s prosented in two paris

Part | reports the dervation and ventfication of the closed torm analvticdl selutions of the one
dimensional nen-ispersise and nothermal fransport of a radionuchde 1na lavered svatem of
saturated planar fractures coupled with ditfusion nto the adiacent saturated rock matniv, s
addition o maitnx diffusion effects as reported by Grisak et al o (1981, 198M and Neretnieks
(19801 ¢see also Gureghian (199033 for a comprehensive hist of references) on the one hand, amd
non-zere imtial condittons 1o both fracture and rock as illustrated by Gureghian ¢ 1990 ou the
other, three new features assoctated wath D the lavered nature of the rock matrin, 2y the length
dependency ot fracture aperture. and D penodicity aspect o radwonuchdes released from the
source have been implemented in these new solutions

Part 2 evaluates and demonstrates the use of several sensitivity and uncertinnty analy sis methods
using the analvucal model developed 1in Pant 1.

The mathematical model "MULTFRACT associated with Part ool this report includes two
maodules. The first module predicts the space-time dependent concentration of a decaving species
migrating within the fracture network and the surrounding rock matnx lavers. inciuding the
cumulative mass at an arhitrary observation point within the fracture.  Note that the steady
umdirecuional ow of water through the fracture 1s normal to the rock matnx lavers Moreover,
the matenal properties of aindividual fracture and rock matnx lavers assumed 1o be tully
saturated. are homogencous and sotropic. The second module predicts the analytical and
numerical tocal sensitivities 1.¢., the first order denvatives of the conzentration and cumulatise
mass with respect to the dependent vanables.  These are basic requirements for paramecter
estimatton or sampling design in the case of the concentration, and for uncertarnty analys:s af
cumulative releases of a typical species from the repository at a typrcal pointin time along the
fracture as illustrated in Part 2 of this report.



The analytical solutiens are based on the Laplace transform method where the domains ot
radionuclide migration n both fractures and rock tavers are one-dimensional and of the sem
inhinite type. implying mn this instance that radionuchide ditfusion from the fractures wall to the
rock matnx may extend to mfinity. The sorption phenomena in both fracture and rock matrin
lavers are descrnibed by a linear equihbrium sorption 1sotherm.  Two types of radionuchde
release modes are considered: the continuously decaying and the penadically  fluctuating
decaying source, which may n turn be subject to step and band release modes.  The imital
concentrations n the fracture and rock matrix lavers may be assigned spatally varving values
tin the case of the first whereas vnifo,m ones may be implemented in both cases.

The venhication of the new analytical solutions pertaiming to solute transport in fraciure and rovk
matnix was performed by means of several well established numencal evaluation methads ol
Laplace inversion integral proposed by Talbot (1979, Durbin (1974}, and Stethest (197010 Two
test cases involving the migration of Np-227 and Cm-245, 1n a five-lavered fractured rock
svstem were investigated.  An evaluation of some of these wnversion methods over the range ot
investigated parameters have also been reported. On the other hand, the venihication of the
analyucal solutions tor the tocal sensitivities of the concentration and cumulative mass i the
fracture with respect to the parameters of the svstem was performed by means of somenics
ditferentiation techmgues based on the fmite-ditterence method of approvimation

APPLICATIONS

The deterministic solutions presented 1n Part 1 of this report are pnmartdy related to performance
assessment investigations of potenual nuclear waste repository sites restricied to typreal scenario
analyses associated with long term mugration of radionuchdes inan dealized fractured ok
svstem.  The new predictive capabithiiies imbedded in the denived solutions are expected e
improve the confidence of the investigator performing sensitivity and uncertamty analyses hased
on this model.

The model MULTEFRAC was wntien in VAN FORTRAN Version 4. R using the G oanng point
option (REAL®16). The computation was cxecuted on a VAX 8700 under VMS Version 407

X1
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1. INTRODUCTION

For more than a decade analyucal solutions have plaved an important role in assessing the
impact of burving radioactive waste 1 permeable porous media (Gureghian (1987), Gureghian
and Jansen (1985, 1983, van Genuchten (1982), Pigford et al., (1980). Hadermann (1980),
Burkholder ct al., (1976), Rosinger and Tremaine (1978), Lester et al., (1975}, and Shanur and
Harleman (1966)). and fractured rock masses (Gureghan (1990¢a.by. Ahn ctal.. (1986, 1985,
Chen (1986). Hedgkinson and Maul (19855, Sudicky and Frind (1984 Grisak and Prekens
(1981}, Kankictal.. (1981), Chambr¢ et al.. (19821, Sudicky and I'rind (1982}, Tang ¢t ab
(198 1), and Neretnicks (198%M).

In order to cope with the heterogeneity problem currently witnessed i geelogic media. a new
analytical solution of radionuchde transport through an wdeahized saturated tractured rock system
composed of n number of parallel fractured rock lavers s developed.  Typcally cach Lver i
assumed 10 be charactenzed by constant parameters.

In this instance the geometry of the cross section of such a tractured rock network corresponds
to a senes of connected parallel hine scgments of different thicknesses tsee brgure ! h
Computattonally viable closed form analvtical solutions which satisty some of the requirements
of Part 2 of this report (1.¢., the section dealing with the uncertainties issues) are deveioped atter
assuming that transport through the fractures 1s predominantly caused by advection and that
matnx diffusion may extend to infimty.  In a single layer situation, the solutton with sero
dispersion 1n the fracture has been shown by Ahn et.al. . (1985) to vield close enough resuits 1o
the one with non-zero dispersion contingent to it satisfying a cnterion which will be subseguentis
reported. Furthermore. the solution corresponding to the mfinite rock matnx diffusion case
{1.c.. single fracture) was proven by Gureghian (1990a) to yield simular results to the finte
diffusion one (i.e.. parallel fractures), as long as the resulting Founer number, i dimensionless
parameter, was less than or equal to 0.1

With the assumption that mugration within the fracture 1s solely by advecoon, the mass 1oy |
at the cxit or entry face of a typical fracture laver 1+ of umit width mav be wnitten as

F' -{2buA} th 1
t 1 1
w here
A, is the concentration in the fracture (MI. %)
u, is the average fluid velocity in the fracture (I.TH
2b, ts the thickness of the tracture (1.)
+ 1s the symbol of an entry face

- 1s the symbol of an exit face



Figure 1-1. Description of Migration Pathways in a System of Homogeneous Lavers of
Fractured Rock. (See Appendix F for definition of symbols.)
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Note that in Equation (1-1) it is assumed that transport occurs under isothermal conditions and
the fluid density is constant and that concentrations are small such that these do not affect the

propertics of the fluid or rock. In addition, the transfer of fluid through the tracture walls as
assumed neghigible.

At the interface of two consecutive fracture fayers -1 and 1, the steady -state continuity equation

for fluid 1s given by

C e e -
w b = ub’ (-2

F - F° NERY

with the notion that the flow rate within a typical fracture segment 1s constant under steady - state
flow conditions, substituting Equations (1-1) and (1-2) into Equation (1 3) vields

-4 ’ -14. “4)

which guarantees a continuity of concentration at the nterface between fracture lavers.



2. ANALYTICAL CONCENTRATIONS AND CUMULATIVE MASS

2.1. GOVERNING EQUATIONS

The governing one-dimensional equation describing the non-disperstve movement of a
typrcal nuchde in the 1ith layer of the fracture and rock matnx respectively {Neretmeks, [URh
is given by

{a) Fracture
CA, a4, J, |
R— +u— + ARA - -- 0. r ,<x«x, (= b
& o b
(h) Rock Matnx
. dB, &B . .
R — D --- iR B 0 re o1
ot el '

>0, x>0, z2b, 1123, n

where
1s the retardation 1in the fracture
A 15 the first-order rate constant for decay (T

J, 1s the diffusive rate of radionuclhide at surface of {racture per unit area of fracture
surface (ML ‘TH

R 1s the retardation factor 1n the rock matnx

B, is the concentration in the rock matnx (ML)

D, is the pore diffusivity (L°T")

x is the spatial coordinate 1n the fracture (1)

z 15 the spatial coordinate in the rock matnx (1.}

( is the time (T)

t 1s the index related to the particular laver of fracture and surrounding rock
matnx

n 15 the tolal number of fractured rock lavers

A complete list of symbols and their meanings is given in Appendix F.
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The diffusive rate of a nuclide into the ith layer of the rock matrix 1s assumed to obey
Fick's law of diffusion wnitten as

3B,
J - D - = ot

| {2-3
' ot a:. LI 3

where D, 15 the effective diffusivity 1n the typical section of the rock matrix (see Neretmieks,
1980) defined as

D :=¢D -4

et p

where
¢, 1s the rock porosity
D, is the pore diffusivity (i.e., D= D,z (L°TH
D, ts the molecular diffusion of auclide in water (I.°T'")

is the geometric factor (3, /7)) where
1s constnctivity for diffusion (i.0
15 tortuosity of rock matnx (L")

a

- O e
e

The retardation factor in the ith laver of the fracture (R) and the rock matnix (R, respectivels
(sce Neretnicks et al., 1982), are given by:

X
R -1 - A Y
bl
Rl =1 «(1-0)10,p K, (26
where
Pn is the bulk rock density (ML)
Kg is the surface distribution coefficient in the fracture (L)
K, is the distnibution coefficient in the rock matnx (L’M™)

2.1.1. Initial and Boundary Conditions

The set of differential equations, Equations (2-1) and (2-2), are subject to the
initial conditions:

-e,x 5.7
Ax0) = a, +a,e ™™, x  <xgx (--1

wheie

o
[



X, =
(2-8)
-1
X - X, =X - ZL;'DI
11
B(xz0) = b, x, ,<xsx, x>0, 22b, (29

where a,,, a,, by, (all ML?), and a, (L") are constant for each layer i of the fracture rock system
and time invanant, and independent of boundary conditions in the fracture and rock matnx. The
boundary conditions in the fracture are given by

A0 = A(0), >0 (210
=0 0. >0 (2-11)
ax

where A(1) is the concentration at the source.

For the ith layer of the rock matrix, the corresponding boundary conditions are

B(x,b.1) = A(xt), 1>0, x>0, x_ <xsx (2-12)
9B, (x,=,0) .
—L - 0. r0, x>0, X, <x4x, (2-13)

oz

2.1.2. Concentrations of the Source

For a step release mode, the concentration of a typical nuclide at the source A(t)
decaying either continuously or subject to periodical fluctuations are given by

(a) Exponentially Decaying Source
Ay = A% ™ >0 (2-14)
(b) Periodically Fluctuating Source with Exponential Decay

23



A = A%e My, - v sinwt], >0 (2-15)

where A is the concentration of the species at time equals zero, v, and i, are constants which
sum corresponds to one, with », < »,, and the time period T, of a complete cycle of vanauon

is 2nfw. These source types are illustrated in Figure 2-1.

For a band rclease mode, the boundary condition at the fracture inlet may be wnitten as

A0 = AO{UM® - Ut-T), >0 1216
where T is the leaching tme and U(1-T) 1s the Heavistde function defined as
I, >T
U -T)= et (217
0, 1<T

The gencral form of the solutions for the band release mode in the ith laver of
the fracture and rock matrix based on a boundary condition given by Equation (2-16) and which
uses the superposttion mcthod (Foglia et al. (1979)) may be wntten as:

A (0 = Afxt AW).A(x.0), B(x,2,0))

(2 1%
- e AL -T; A-N)UE-T)

*B (x.2,1) = B‘(x.z,r; A, A,(x,0), B,xz,0)

(2-19)
- e ez, t-T, AG-THUE-T )
where "A (x.1) and *B(x.z.1) correspond to the band-release solutions.
At the interface of two consecutive fracture layers we have:

(2-2M

Alxn) = A (x0), i>1
2.1.3. Solution of Trinsport Equations for the Rock Matrix and Fracture

2.1.3.1. Rock Matrix

The Laplace transformation of Equation (2-2) with its associated imitial
and boundary condition Equations (2-9, (2-12)., and (2-13) may be written as

24
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Figure 2-1. Source Models: (a) Expouentially decaying, and (b) Periodically Muctuating decaying.




d'B

! ! Y / a8
Dy— - Ri (s + VB, = -Rb, (2-21)
dz
with
E,(X.b,,f) - A—‘(x,s') (222
and
__._.______aB'(x'm's) -0 (222
oz
where
B, = [Be "t (223
0

The gencral solution of Equation (2-21) yielding the concentration in
the ith layer of the rock matnx is given by

B (x,z,s) = (/T. - sti”l] e EP sb."l (2-24

with
ry = ¢ (s + "7 (2-25)

and
Cq = (R"[D")‘” (2-26)

Note that the inverse Laplace transform of B, might be sought once A, is identified as shown in
the subsequent section.

The Laplace transform of the diffusive flux Equation (2-13) prevailing
at the interface of the fracture and rock matrix within a typical layer i is given by

2-6



- 3B (x,b,.5) — , T,
Jl : ¢|Dﬂ‘—-j—(¥!_—‘ = ¢|D"ru [A'(I.S) :‘"“_" -~

Note that r,, in the above equation is given by FEquation (2-25).
2.1.3.2. Fracture

After proper substitution of the transform ot the ditfusise flux grnen
by Equation (2-27) into the Laplace transformation of Equation (2 D

a4 ) o ) ‘ .
|()tl * .Rl(s . A) ’ C‘(s . l)lﬂA' . Rl(d“ R a:‘( .l() . AT (. -q'

with

. 3! ‘R’ D ‘,'7 ‘: _")‘
bl

L

Note that the imtial condititions given by Equation (2-7) are included nto Eguation 12 28y by
virtue of Theorem (A.1-4) of Appendix A. '

Similarly, the boundary conditions given by Equations (2-14) and (Z-15) are obtained using the
appropniate Laplace transforms given in Appendix A, Hence,

{a) Exponennally Decaying Source

- 4°
A, 0y) - —— 1> up
s+ A
(b) Peniodically Fluctuating Decaying Source
- v v, w s
A (0s) - A —— - : (231

M

s+ A (s » A)z . w
2.1.3.2.1. First Layer
The solution of Equation (2-28) for the first laver

(i.e., with i sct 1o one), subject to its initial and boundary conditions given by Equations (2-7),
(2-10), and (2-11), may be written as



where
F, = 4,(0,5) (2 3y
)
F' o2 (2 iy
F, zlj;(s)
s
. 4
DAL (233
11
12
with
Ra,
fi(n - (2
rnll
R
fuls) = 2 (2-33b)
Ta ~ Py
c. b
Sl = L (2440
rﬁ
foxs) = f(s)e ©% (2-34d)
and
Ty * R(s < 1) + s » D (2-15a)
P, = ura (2-35b)y
r, = r (s + )7 (2-15¢)




Y
n' - _._‘ (. x‘d'
u
|
n - X (2S¢
u

Note that subscnpt 1 reters to a typical laver and y, given by Equanion (2 %) corresponds to the
distance within the portion of ihe fracture network stretching between the exit face of faver |
and the locaton of the observation point 1n layer 1.

21322 Second Layer

With the assumption that the upstream boundary
condition of the second layer will correspond to the prevailing concentration at the downstream
end of the tirst layer (sce FEquation (1-4)), we may wnie

A05) = AL (236

hence the solution of Equation (2-28). related to the second fracture laver. may be wnitten as

Tt E (AR

2.1323 Nth Layer

Applying successively the above approach 1o the
subsequent portions of the fracture layers, the solution of Equanon (2-28)y corresponding to the
nth layer may be wntten as

Z_(X.\‘) - .Fo _ Fll}£ ran. H . ram,

(AR Y
] ~ . ) - )
* Z(Fl’l - F”)e =" I-It R F-
-2 1=

Using the following notations

[ 3S)
L]



B, = Y ¢4n, - c,n, (2-39)
-1 ~ \
YM = lenl * Runl (--40,
a1 - v
PG IR § PRCATEIPIRL S (2-41)

the inverse Laplace transform of Equation (2-38) yiclding the closed form solution of the
concentration of a typical species in the nth fracture layer is obtained by means of the various
theorems and Laplace transforms reported in Table A of Appendix A. This may be wnitten as

A(xn) = Fy (x0) - 3 F' (xp) -

(2-42)
Z Fs-h-(x'!) * F.(IJ)
i-2
The various components of the above equation correspond to
Fo (x0) = L7'[Fyg,,(x9)] (21
)
Floanzt) = 3 L7 (5)°8,,,(x5) (2-43b)
71
)
Fraa@d) = Y L7, () 8,,() + L7 (x5) g, (x5) (243)
7=t
12
3
Fat) = 3 L7 + L7 (x9) (2-43)
j

je2

where Fo, f.(s), and g_.(x,s) are given by Equations (2-33a), (2-34), and (2-41) respectivehy
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The components of functions Fg(x.t), F_.(x.t}), F_.(x,t) and F,(x.t) are now given by:
(a) Exponentially Decaying Source

-7 -\E . - 0, -1 Iu_? ) (:_443)
FO\,(I") L [FO gln('t"g)] Ave (dcl 2 (f -y ' ”)]n J]l U(f Yl n)
(b Penodically Fluctuating Source with Exponential Decay

Fol,('r") =L "If‘o.gl_(x,f)i = A% M

(2-44b)

v
LE(-y, B iw) - Eff -v,.0, i U@ - v,)
1 a7 1n ( 1nV1n ! Ir

The reader may refer to Appendix A, Equation (A.2-3) for a full definition of funcuion E(-) .
Note that the second member of the above equation, which includes a combination of
exponential and complementary error functions with complex arguments, has bcen shown to
vield a real number (see Appendix B, Scction B.3).

The inverse Laplace transforms of the the night hand side of Equations (2-43b), (2-43c) and (2-

43d) are given by
8 _c ¢,V
- ___ﬁ_ i1 - -
e

L [f,,(S)'g"(x,s)] =eMa, cx‘{__ﬁ

exp

i i

edc{%(‘ ) Y-n)‘n * __i:___— U('_Ynn)

2 (- Y,,.)m

2
L 08,9 = X (1Y e '“f’—";?f CXP[D,.G,., » Palt - 'r,,.,.)]'
;=1 t
(2-45b)
Ule-v,.)

0
~ 17 + mn
C’f{pﬂ(t Yul) 2 (I - Y-.)In




-0 0 ¢
L . = ¢~Mp S LI SmalAl
LfJ‘(S) gmn(x-s)] [4 |[‘dc[2(t } Ymn)‘n] cXxX l R‘_ l
(2-45¢)
o (—ﬁ] o ]"ﬁ PR e [ t®
R R, 2(t - Ya)
L'l{f“(.t.s) 'gm(x,s)] = ¢ MU L“[fzx("") 'gm(.t,S)] 12-45d)
! [fd pon (2-36a)
L [f"(s)] = e Mg cxp[(R']r erfc R,' 246
L-l{f“(x,ﬂ] Z (- lY D (4 bf.)r(rf((p"l 112y (2 d6h)

'

e {ﬁ IRU (2.360)

L) - e'“b“[l - exp (f] t

with

(2-47)

and

tJ
tJ
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B

Note that 3,, and 8,, have dimensions of 7,

Groujnng the components of FLR(I,I). Foa(x.1). and F (x.1), one may then wnite

where

and

exp

Foa() = (H, (00 + e "™ H,_ (x0)
S V) ma
(H, (x1) = € b“e:j'c[z(r R
2 2(r ~ vy \lerfc cﬂ(! - Y.,.)m + Oon
R, ~) R, 2(c - v, )"
2-13

0|8

Flo ) = Ho@n + H, (x0)

( b ) Omcﬁ
« (a,, - b)e :
u 1/ &X R

(2-48a)

(2-48b)

(2-49)

(2-50)

(2-51)
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2
Hopn () = e Y (—lva’;p"‘cxpw,,o,, . Balt = v I
AR !

(2-52)
erfc| Bt - AR R O ute -v,,)
2(t - y )
2 a e".l. oy gl
Fxn = ¥ (-1 Bubuc 7 0 PYerfe(p 17
(=1 n
(2-53)

erfc[;—”tm]

e b+ (a,, - b A
1n In 1w CXP| ==

RA
Note that the evaluation of expressions involving products of exponential and complementary
error functions arc presented in Appendix B.

2.1.3.3. Rock Matrix

Substitution of Equation (2-38) in Equation (2-24) gives the Laplace
transform solution of the concentration in the nth layer of the rock matnx

-— n-1 _
B_.(I,ZJ) = [F; - F,I]C lr,an. * 2=} H . ranp
i=1

. n-1 -
D R e e | (2-54)

i-2 =i

Foe et __Ii‘_."_(l - e TR
) s+ A

The inverse Laplace transform of the above equation yielding the closed form solution of the
concentration in the nth layer of the rock matrix is then obtained by means of the various
thcorems and Laplace transforms reported in Appendix A. This may be written as



B (x,z,1) = G,, (x.2.1) - Y G’ (xz0) +
o (2-55)
G, 1.tz + Gxz0)
-2

The components of functions Gy, (x, z, 1), G{:M (x,z,t) , Goa(x, z, ) and G (x, z, 1) are now
given by:

(a) Exponeniially Decaying Source

ell n

— Ut - v,) {2-56a)
2(r - Yl..)m :

Gy (x,2.0) = A%e™ erfc

b) Periodically Fluctuating Source with Exponential Decay

_ I ]
Gy, (xzt) =L | Fo.g,,(x9)] = A% ™My erfd— 2 1 -

ta Z(f - Y,,,)ml

{(2-56bh)
v"E(r— 0 iw) - Eft-v,.8 ~io)lUCG -
-4—;[ Yln’ 1art @ ( YimY 1 ’Q)] ({ Yln)
where function E(-) is given in Appendix A, Equeggsy (A.2-3).

Gz = H' | (x.2%)+ H' (1,20 (2-57a)
G2,y = \H' (xz,0) + ¢ " H' (x,2,0 (2-57b)

where
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2.2.

/

H' (x0) = eV b, erfc

0 ¢
+ {a,, - b Yexp—=-4|.
(a,, 1.)‘:“{ R l

2(t - v, )"
(2-58)
Ch 2 ¢ n 0 ]
expii = | (r - Y Jlerfe| =@ - v, )7 v —2— 00U -y,)
(R,.]( )} [R‘ 20 - v, )‘”j
! - At : aﬂB}i / 2
,HW‘(X.Z.!) = e Z (-l)/ cxp[pﬂe.“ + Bﬂ(r - Ymn”’
Jje1 i
(2-59)
]
Cfff G (t - Y S -——'—___’"L—_—JU( Ymn)
Id """) 2(f - YM)InJ

J

F(xzh) = e'“z (-1 -ﬂB—‘;———cxp[ﬁ fr BuCa(s b))

[ (Z"bn) c
erfc ph,m) » B 2y e Mlb s (a, - b Yexplc (z-b J_h_‘ 5
[ 22 J ta ln la p‘L ml o) Rnl (2-6(h
cp \ ¢ c (z-b
expl| 2| tlerfe| 2ot Emfz ~50)
R, R, 217
8 =8, + Co (2 - b)) (2:61)

CUMULATIVE MASS

The cumulative mass per unit width at any point within the fracture is given by

[
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M(x,0) = quanAn(x,r)dt = q.2b, [Qoh(x,t) - Z Q' (x.n)
t-1

0 (2-62)

+ Y QD + Qx0
t=2

where A, (x,t) the concentration in the fracture is given by Equation (2-42). In the above
equation the components of functions Qu.(x,1), Q' (x,1), Qu(x,t) and Q,(x,t) are evaluated based
on the various integrals derived in Appendix C and are given by

(a) Exponentially Decaying Source

t
0
Qy () = [ Fy ()dr = AH(A 2y UG- ,) (2-63a)

Tia

(b) Penodically Fluctuating Source with Exponential Decay

{
Qo () = [ Fy (v)dr -
Tia (2-63b)

]
A° vqll(r,l,—il:,yh) ~ v,0 (10, v, Ay U -Y,,)

Qunlxt) = [ Flixtdr =\ Qluxt)+ ;) (2-64a)
L™
Quxd) = [ F, (x0)de = QL) + e *™,0! (x0) (2-64b)

Yo

where




/ r 0
Qo) = [, (xds = by LAy, )
L™ )
(2-65
. N (< AL ZAN 91'! _
(a, bu)cxp{R‘[BM 3 ]11({&) -A, R 5 Y ] Utr-v,,)
1@ ) = [ H(xD)de =Y (C1IY 2 Lexp{B,(6,, B ,¥,.0 1
- (2-66)
[r(pﬂ l) ﬁﬂv ’ )U(r Y,,m,)
Q.(x,0) fF(x:) E (-1y "ﬂ  1,0.(B;, - A).8,)
a (2-67)

v bl 3t

I 2
h ' 2
T = Ho = . 'fﬁ .
i Y ’ mn a
¥ . /-1 ql
I 2 O
2 B\P; Py Y ma
[ 4
= 2 -
n o n !
b -
I\ In
. : | .. ‘ ) .
- 0
. -
e-*"ln 8, /1 el
e efol——— + JA(t - v,)
21 20t - Y;,.)m
.oln\/I el
¢ erfq —— - [X(r - Vi) | Ul - yy)
2(:—71")”1 '
|

(2-63) through (2-67) may be written as

More explicitly, using the definitions of I, through [, reported in Appendix C. Equations
() Exponentially Decaying Source
Qo (%) = Al {- - erfc
* {(2-68a)

..
L}
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(b)

Periodically Fluctuating Source with Exponential Decay

- At

f
4
-V erfc
] A. fl

Ia .

Q,, (xn) = A°

2(! - Yh)ln

‘l'{
e s

22

3

6, v
el-\/

0

2(t - yl)'n

oy 6
e b Telf —_—t . At - Yln)
2(e-v, )"

I 1 e “h-toN . e (Ariwx o
-V,W - E,(r—yh.Bh,lm) + ———— E, {t-y,",Bln, -lw)i
l lw i

erfc

4iw A~iw

e MAsin(ioy,) + ivcos(ivy,)

2iw (At - w?)

- ) e (2-68b)
"V erfd——1"  + [X(t-y
ln Ill)
2(t-v,,)
}J

+

U(‘ - Yln)

6
v e erf:{-—————" m]

?‘(l ~Y In)ln—

where functions E;(+) and E,(-) in the above equation arc given by Equations (C.4-3) of
Appendix C, and:



+

- Ly 3)
IQIIM(X':) = bll - ‘ e’f B
A 2(t-v, )"

e'x""[ o_v1 -

2X [e "ﬁ[z(r VR YA )l
l} ue v,
J

c'a"‘ﬁerfd O A0y,

20e-v, )7

2( - v )? R " (2-69)
CXP( ).Y.m) mn A
c + JA@ -y + 1 -
2 ["(f-v..,,)‘” '"')][ W J
8 /i 0 c
e =" erfc M - Ay Ol 2 - ]| ue Y n)
[ 2(e- Y"‘")m ' l[ l‘/I ]
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Note that when the expornential term in the model descnbing the initial concentration distribution
in the fracture (see Equation (2-7)) is taken into account, overflow problems are likely to be
encountered when the value of the time parameter becomes excessively large.  This state of
affairs is inherent to the presence of parameter 8, (see, for example, Equation (2-52)), which
by virtue of being negative (i.c., when subseript 1 carresponds to |, see Equation (2-48ah), tends
to freeze the complementary function at a constant value of approximately 2 (re., when iy
argument becomes less than or equal 1o -3), whilst the exponential term will increase positively
with increasing values of ume. To mitigate the incumbent overtlow problem, the solution 1y
optimized through an iterative process intended to estimate an acceptable upper limit for the
magnitude of the exponential argument. Consequently, exponcntial terms witnessing 3, in their
list of arguments are ignored (i.e., sct automatically to zero) when the preset limit is exceeded.
Computationally, this is achieved after initializing the significant absolute limit of the exponential
argument, inttially to a value corresponding to 30, the latter affecting exclusively the spectlic
components of the solutions which include parameter 8,,. The computation 1s reiterated after
halving the value of the exponential argument, and the absolute refative error in the computed
results is subsequently estimated.  This process 1s continued until when, in two successive
iterations, the preset convergence critenia (1.e., | % relative crror) is said to be satistied  For
the test cases reported herein a maximum of three iterations were proven sutficient to provude
an optimized value of the exponential argument and yield a highly accurate solution.

2.3,  DISCUSSIONS OF RESULTS

The analytical solutions presenled in this section of the report were venfied by
comparison with three approximate methods of Laplace inversion integral as proposed by Talbat
(19. ), Durbin (1974), as modificd by Piessens and Huysmans (1984) and Stethest (1970v. All
three methods apply to the case where the source term corresponds 1o a continuous exponentially
decaying one, in which instance the required inversion of the Laplace transform s strictly
confined to the real domain. However, when a penodically fluctuating and decaying source term
1s adopted, then only the first two of these methods are useful for evaluating the | aplace
transform inversion in the complex domatn.  Note that in the case of Stethest's algonthm, 36
summation points were found to produce almost osciliation-free solutions.

As far as the calculation of the analytical solution related 1o the cumulative mass (1.c..
the time integrated solution of the concentration at a typical point along the longitudinal aus of
the fracture) is concerned, this is performed by numerically integrating solutions of the Laplace-
transformed cquation of the concentration in the fracture. This integration is performed using
a composite Gauss-legendre quadrature scheme, where 40 integration points were found
adcquate to yield a convergent quadrature fer the investigated test cases.

The two test cases repurted subscquently refer to the one-dimensional transport of two
radionuclides: Np-237 (i.c., long half-life) and Cm-245 (short half-life), in a heterogencous
salurated fractured rock system composed of five layers (the last extending to infinity), with
pieccwisc constant paramelers. In the first test case, the imposed source term corresponds to
an exponentially decaying function (see Equation (2-14)). This is substituted by a periodically
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fluctuating and decaying one (sec Equation (2-15)) in the sccond, respectively.  In both cases,
the steady fNow rate of water per unit width of [racture corresponds to 0.1 m¥/yr. Two types of
solute release modes al the source were investigated namely: step and band. Note that the Now
domain in both fracturc and rock layers arc assigned non-zero initial concentrations (see
Equations (2-7) and (2-9)).

2.3.1. Case 1| Results

This test case examines the spatial and temporal variation ol the concentraton
of Np-237, as well as the cumulative release of mass from the fracture. In addition, the spanal
variation of the concentration in the rock matrix is also investigated. The nput data pertaining
1o this test case is presented in Table 2-1,

Figure 2-2(a) shows the spatial relative concentration profiles of Np-2317
calculated in the fracture layers at simulation times of 10, 5x10' and S5x10' years. A
comparison of our results with the ones obtained from the three numerical inversion afgorithme
(sec Tables 2-2(a) through 2-2(c)) show that these are in excellent agreement. Note that in this
test casc, the observation times were sclected in a manner to allow an evaluation of the accuracy
of our solution for both release modes of the radionuclide at the source, it may be added that
in the case of the intermediate obscrvation time, the source strength s reduced by Lalf from its
original value (sec Equation (2-17)).

Figure 2-2(b) shows the tcmporal relative concentration of Np-237 observed in
the fracture at three different observation points: 100, 200, and 500 meters downstream from
the source, located in the second, third and fifth layer, respectively, for a band release. Uip to
the lecaching time of 5x10° years, the shape of the profiles bears a close similarity with those of
a step release. Past the leaching time, the relative concentrations profiles show a rapid change
of their gradient from positive to negative and concentrations decrease with time to a value lying
within closc range to the initial concentrations of the various fracture layers of interest. A
comparison of our results with the three numerical ones (sec Tables 2-3(a) through 2-3(¢)) show
that with the exception of a portion of the results yiclded by Talbot's solution, these are in
excellent agreement. Note that in this instance, the adoption of three recommended' values of
the constants required by Talbot's algorithm, scems to have restricted the accuracy of the latier
to simulation times greater than 30, 80 and 100 years. Therefore, it appears that the three
constants in Talbot’s algorithm seem to be correlated with the independent variables, renderning
their selection problem dependent.

Figure 2-2(c) depicts the time-dependent evolution of the cumulative mass (per
unit width of the fracture) profile at three different observation points in the fracture as in the
previous example. Because of its computational viability Stefhest's algorithm is selected from
this point on as the benchmark. A companison of our analytical solution results with those

' D. Hodgkinson, personal communication.
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vielded by Stefhest’s solution (see Tables 2-4(a) through 2-4(¢)) indicales excellent agreement.
Note that all three profiles tend to become asymptotic to three specific values of the cumulative
mass namely, 4.903 x10°, 4.7 x10°, and 4.309 <1 (UA/mY. The latter may be casiby

computed from Equation (2-62) after setting the value of the independent vanable 1 cqual o
nfinity.

Figure 2-2(d) shows the concentration profiles in the rock matrnix at three
positions downstream from the source (i.c.. x = 100m, 200m, and 500m) for a step release.
Comparison of our analytical results against those yiclded by the Stethest’s solution method (see
Tables 2-5¢a) through 2-5(¢)) indicate an excellent agreement.  Note that at their downstream
end, all three profiles tend to become asymptotic to a concentration value shghtly in excess of
the residual concentration prevailing in their respective layers.

Figure 2-2(e) shows the concentration profiles i the rock mainx at three
positions downstream from the source (e, x = 100m | 200m, and S0Om) and tor a simulation
time of Sx10" years, for a band release with a leaching time corresponding to S<10' sears Past
the leaching time, the contaminant in a typical rock layer close to the source would begin to
cxhibit a higher concentration than in the fracture, which would then iitiate s distusion back
into the fracture. Indeed a quick reference to Figure 2-2(e) shows that the gradient ot the
concentration profiles at the fracture rock interface tends 1o decrease with increasing distances
from the source. As in the preceding casc, results reported in Tables 2-6(a) through 2 b(c) show
excellent agreement between the analytical and the numerical solutions.

2 UA: Arbitrary Units of Activity/meter.
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Table 2-1. INPUT PARAMETERS FOR CASE 1 EXPONENTIALLY DECAYING
SOURCE

— T T T T T T T T .-

SPECIES Np-237

Tn 2.3x 10%yr

Release Mode:
Step NA
Band Leaching Time 5x 10 yr

A° Lo

Q 0.1 (mi/yr)

v, NA

vy NA

T, NA

LAYER L{m) b (m) u (m/yr) $
1 50.0 5.0E-03 10.0 0.01
2 75.0 4.0E-03 12.5 0.008
3 100.0 3.0E-03 16.666 0.006
4 150.0 2.0E-03 25.0 0.004
h] oo 1.5E-03 33.333 0.002
LAYER p (g/cm?) D, (m%/yr) K, (m) K, (cm'/g)
1 2.0 0.01 5.0E-03 0.5
2 2.1 0.02 8.0E-03 0.6978
3 2.6 0.06 2.7E-02 [.158
4 2.65 0.05 1.0E-02 1.059
5 2.7 0.03 3.0E-03 0.741
2-25
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Table 2-1. INPUT PARAMETERS FOR CASE 1 EXPONENTIALLY DECAYING
SOURCE (Continued)
LAYER a, | a,” a (m’) b,

i 1.S0E-04 -0.50E-04 0.02 1.OOE-08

2 2.00E-04 -0.25E-05 0.02 .7SE-0S

3 1.75E-04 -0.20E-05 0.02 1.25E-08

4 2.00E-04 -0 1SE-05 0.02 I OSE-0S

5 1.S0E-04 0.20E-08 0.02 L.OS1:-08

. (arbitrary umits of activity/LY
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Table 2-2(a). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE

AT TIME t = 1,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND STEP

RELEASE MODE)

DISTANCE (m)

1.000E-01
1.500E-01
2.000E-01
3.000E-01
4 000E-01
S.000E-01
6.000E-01
7.000E-01
8.000E-01
9.000E-01
1.000E+00
1.500E+00
2.000E+00
3.000E+00
4.000E+00
5.000E+00
6.000E+00
7.000E+00
8.000E+00
9.000E+00
1.000E+01
1.500E+01
2.000E+01
3.000E+01
4.000E+01
5.000E+01
6.000E+01
7.000E+01
8.000E+01
9.000E+01
1.000E+02
1.500E+02
2.000E+02
3.000E+02
4, 000E+02
5.000E+02

MULTFRAC

9.993E-01
9.992E-01
9.990E-01
9.986E-01
9.983E-01
9.973E-01
9.976E-01
9.972E-01
9.968E-01
9.965E-01
9.961E-01
9.943E-0!
9.926[:-01
9.890E-01
9.854E-01
9.819E-01
9.783E-01
9.747E-01
9.711E-01
9.676E-01
9.640E-01
9.461E-01
9.283E-01
8.927E-01
8.572E-01
8.219E-01
7.550E-01
7.061E-01
6.558E-01
6.056E-01
5.564E-01
2.491E-01
5.308E-02
1.400E-03
3.744E-05
1.409E-05

to

STEFHEST

9.993E-01
9.992E-01
9.990E-0l
9.986E-01
9.983E-01
9.979E-01
9.976E-01
9.972E-01
9.968E-01
9.965E-01
9.961E-01
9.943E-01
9.926E-01
9.890E-01
9.854E-01
9.819E-01
9.783E-01
9.747E-01
9.711E-01
9.676E-01
9.640E-01
9.462E-01
9.283E-01
8.927E-01
8.572E-01
8.219E-01
7.662E-01
7.116E-01
6.582E-01
6.064E-01
5.564E-01
2.490E-01
5.308E-02
1.400E-03
3.761E-05
1.411E-05

TALBOT

9.993E-01
9.992L:-01
9.990E-01
4.986E-01
9.983E-01
9.979E-01
9.976E-01
9.972E-01
9.968E-01
9.965E-01
9.961E-01
9.943L:-0t
9.9261:-01
9.890E-01
9.854E-01
9.819E-01
9.783E-01
9. 747E-01
9.711E-01
9.676E-01
9.640E-01
9.462E-01
9.283L:-01
8.927E-01
8.572E-01
8.219E-01
7.662E-01
7.116L-01
6.582E-01
6.064E-01
5.564E-01
2.490E-01
5.308E-02
1.400E-03
3.761E-05
1.411E-05

DURBLIN

9.991L-01
9.992E-01
9.990E-01
Q.986E-01
9.981E-01
9.979E-01
9.976E-01
9.972L-01
Q.968I:-01
9.965E-01
9.961E-01
994301
9.9261:-01
9.890E-01
9.854E-01
9.819E-01
9.7831:-01
9. 747L:-01
9.71E 01
9.6761-01
9.6410E-01
9.462E-01
9.28131:-01
8.927E-01
8.572E-01
8.219E-01
7.662E-01
7.11615-01
6.582E-01
6.064E-01
5.564E-01
2.490E-01
5.308E-02
1.400E-03
3.761E-05
1.413E-05



Table 2-2{a). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURFE
AT TIME t = 1,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND STEP
RELEASE MODE) {Continued)

DISTANCE (m) MULTFRAC STEFHEST TALBOT DURBILN
6.000E+02 1.201E-05 1.202E-05 1.202E-05 F.204E-05
7.000E+02 L.171E-05 LLI71E-05 LI7IE-05 PE74E-05
8.000E+02 1.159E-05 1.155E-05 1.159E-05 LLI61E-0S
9.000E+02 1.154E-05 1.154E-05 1. 1S4E-0S [.IS6E-05
1.000E+03 1.152E-05 L.152E-05 1.152E-05 FISSE-05
1.500E+03 1.152E-05 1.152E-05 1.152E-08 1.154E-08
2.000E+03 L.152E-05 1.152E-05 [.I52E-05 1L1S4E-05
3.000E+03 1.152E-05 1.152E-05 1.152E-05 1.154E-05
4.000E+03 1.152E-05 1.152E-05 LLIS2E-05 1LIS4E-08
5.000E+03 1.152E-05 1.152E-05 1.152E-05 LASHE-0S

Table 2-2(b). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
AT TIME t = 5,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND BAND
RELEASE MODE)

— R - “HEEE - - BEE  Suas  ma - amas  jame  SEEE  NEEN _SNER R BN

DISTANCE (m) MULTFRAC
1.000E-01 4.612E-05
1.500E-01 6.943E-05
2.000E-01 9.273E-05
3.000E-01 1.393E-04
4.000E-01 1.859E-04
5.000E-01 2.325E-04
6.000E-01 2.791E-04
7.000E-01 3.257E-04
8.000E-01 3.723E-04
9.000E-01 4.189E-04
1.000E+00 4.655E-04
1.500E+00 6.986E-04
2.000E+00 9.316E-04
3.000E+00 1.398E-03
4.000E+00 1.864E-03
5.000E+00 2.330E-03
6.000E+00 2.796E-03
7.000E+00 3.262E-03
8.000E+00 3.728E-03
9.000E+00 4.195E-03

STEFHEST

4.660E-05
6.990E-05
9.320E-05
1.398E-04
1.864E-04
2.330E-04
2.796E-04
3.262E-04
3.728E-04
4.194E-04
4.660E-04
6.990E-04
9.321E-04
1.398E-03
1.864E-03
2.330E-03
2.797E-03
3.263E-03
3.729E-03
4.135E-03

TALBOT

4.660E-05
6.990E-05
9.320E-05
1.398E-04
[.B64E-04
2.330E-04
2.796E-04
J.262E-04
3.728E-04
4 194E-04
4 660E-04
6.990E-04
9.321E-04
1.398E-03
1.864L-03
2.330E-03
2.797E-03
3.263E-03
3.729E-03
4.195E-03

DURBLN

4.660E-05
6.990E-05
9.320E-05
1.398E-(4
1.864E- (1
2 300E-04
2.796L-04
J.262E-04
J.728E-04
4. 194E-04
4.660F-04
6.990E-04
9.321E-04
1.398E-03
[.864E-03
2.330E-03
2797803
3.263E-03
3.729E-03
4.195E-0}



Table 2-2(b). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
AT TIME t = 5,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND BAND
RELEASE MODE) (Continued)

DISTANCE (m) MULTFRAC STEFHEST TALBOT DURBEN
1.OOOE+01 4.661E-0)3 4.661E-03 4.661E-03 4.661E-03
1.500E+01 6.992E-03 6.992E-03 6.992E-03 6.992E-03
2.000E+01 9.322E-03 9.323E-03 9.323E-03 9.321E-03
3.000E+0t 1.398E-02 [.398E-02 1.398E-02 [.398E-02
4.000E +01 1.863E-02 1.861E-02 1.863E-02 LROIE-02
5.000E+01 2.327E-02 2327E-02 2 27E-02 2 A27E-02
6.000E+01 J.064E-02 3.064E-02 JO64E-02 1OME-02
7.000E+01 3. 796E-02 J.796E-02 3. 796E-02 1 796E-02
8.000E+01 4.520E-02 4.520E-02 4.520E-02 4.520E-02
9.000E +01 5.234E-02 5.234E-02 5.2ME-02 5.234E-02
1.000E+02 5.938E-02 5.938E-02 5.938E-02 5.938E-02
1.500E+02 t.080E-01 1.080E-01 1.080LE-01 1.080k:-01
2.000E+02 1.525E-01 1.525E-01 1.525E-01 1.525E-01
3.000E+02 1.642E-01 1.642E-01 1L642E-01 1.642E-01
4.000E+02 1.A52E-01 1.352E-01 1.352E-01 1.3521:-01
5.000E+02 1.135E-01 i.135E-01 1.135E-01 1.135E-01
6.000E+02 9.129E-02 9.129E-02 9.129E-02 9. 129E-02
7.000E+02 7.056E-02 7.056E-02 7.056E-02 7.0561:-02
8.000E+02 5.256E-02 5.256E-02 5.256E-02 $.257E-02
9.000E+02 3.784E-02 J.784E-02 3.784E-02 1 784E:-02
1.000E+03 2.638E-02 2.638E-02 2.638E-02 2.638F-02
1.500E+03 2.836E-03 2.836E-03 2.836E-03 2.837E-03
2.000E+03 1.703E-04 1.703E-04 1.703E-04 1.7021-04
3.000E+03 1.087E-05 [.087E-05 1.087E-05 1.089:-05
4.000E+03 1.079E-05 1.079E-05 1.079E-05 1.081E-05
5.000E+03 1.079E-05 1.079E-05 i.079E-05 1.081E-05

TABLE 2-2(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
AT TIME t = 50,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND STEP
RELEASE MODE)

DISTANCE (m) MULTFRAC STEFHEST [ALBOT DURBIN

1.000E-01 2.479E-06 2.689E-06 2.689E-06 2.689E-06
1.500E-01 3.824E-06 4.034E-06 4.034E-06 4.00E-06
2.000E-01 5.169E-06 5.379E-06 5.379E-06 S.A79E-06
3.000E-01 7.859E-06 8.068E-06 8.068E-06 8.068E--06
4.000E-01 1.055E-05 1.076E-05 1.O76E-05 1.0761:-05
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Table 2-2(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
AT TIME t = 50,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND STEP
RELEASE MODE) (Continued)

DISTANCE (m) MULTYRAC STEFHEST TALBOT DURBIN

5.000E-01 1.324E-05 1.345E-05 1.345E-05 1.A4SE-05
6.000E-01 1.593E-05 1.614E-05 1L614E-05 1.614E-05
7.000E-01 1.862E-05 1.883E-05 1.883E-05 1.883E-05
8.000E-01 2. 131E-05 2. 151E-05 2.151E-05 2.ISIE-05
9.000E-O1 2.400E-05 2.420E-05 2.420E-05 2.420E-05
{.000E +00 2.669E-05 2.689E-0S 2.689E-05 2.689E-08
1.500E+00 4.013E-05 4.034E-05 4.0ME-05 1.034E-05
2.000E+00 5.358E-05 5.379E-05 5.379E-05 5.379E-05
J.000E+00 8.048E-05 8.068E-05 8.068E-05 R.068E-05
4.000E+00 1.074E-04 1.076E-04 1.076E-04 1.O76E-04
5.000E+00 1.343E-04 1.345E-04 [.345E-04 1.345E-04
6.000E+00 1.612E-04 1.614E-04 1.614E-04 1.614E-04
7.000E+00 1.881E-04 1.883E-04 1.883E-04 1.883E-04
8.000E+0) 2.150E-04 2.152E-04 2. 152E-04 2152604
9.000E+00 2.419E-04 2.420E-04 2.420E-04 2 420E-04
1.000E+01 2.688E-04 2.689E-04 2.689E-04 2.689E-(4
1.500E+01 4.032E-(4 4.0ME-04 4.034E-04 4.0 E-04
2.000E+01 S.377E-04 5.379E-04 5.379E-04 S.379E-(4
3.000E+01 8.066E-04 8.068E-04 8.068E-04 8.068L-04
4.000E+01 1.075E-03 1.076E-03 1.076E-03 1.076E-03
5.000E+01 1.344E-03 1.344E-03 1.344E-03 1.344E-03
6.000E+01 1.774E-03 1.774E-03 1.774E-03 1.774E-03
7.000E+01 2.203E-03 2.203E-03 2.203E-03 2.203E-03
8.000E+01 2.632E-03 2.632E-03 2.632E-03 2.632E-03
9.000E+01 3.060E-03 3.060E-03 3.060E-03 J.060E-013
1.000E+02 3.486E-03 3.486E-03 3.486E-03 3. 486E-03
1.500E+02 6.700E-03 6.700E-03 6.700E-03 6.700E-03
2.000E+02 1.082E-02 t.082E-02 .082E-02 1.082E-02
3.000E+02 [.656E-Q02 1.656E-02 [.656E-02 1.656E-02
4. 000E+02 2.018E-02 2.018E-02 2.018E-02 2.018E-02
5.000E+02 2.174E-02 2.174E-02 2.174E-02 2.174E 02
6.000E+02 2.300E-02 2.300E-02 2.300E-02 2.300E-02
7.000E+02 2.398E-02 2.398E-02 2.398E:-02 2.1981:-02
8.000E+02 2.467E-02 2.467E-02 2.467E-02 2.467E-02
9.000E+02 2.508E-02 2.508E-02 2.508E-02 2.508E-02
1.000E+03 2.521E-02 2.521E-02 2.521E-02 2.521E-02
1.500E+03 2.248E-02 2.248E-02 2.248E-02 2.248E-02
2.000E+03 1.642E-02 1.642E-02 1.642E-02 1.642E-02

-
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Table 2-2(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE

AT TIME t = 50,000 YEARS (EXPONENTIALLY DECAYING SOURCE AND STEP
RELEASE MODE) (Continued)

DISTANCE (m) MULTFRAC STEFHEST TALBOT DURBIN

3.000E+03 5.311E-03 5.311E-03 5.311E-03 SAHE-0

4.000E+03 9.475E-04 9.475E-04 9.475E-04 9.474E-04

5.000E+03 1.046E-04 1.046E-04 1.046E-04 1.046E-04
2-32
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Figure 2-2(b). Relative concentration of Np-237 in the fracture vs. time at different positions x = 100 meters, 200
meters, and 500 meters (Exponentially decaying source).
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Table 2-3(a). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
'LAYER 2, AT DISTANCE x = 100 METERS (EXPONENTIALLY DECAYING SOURCE
AND STEP RELEASE MODE)

1.000E-01 1.370E-04 1.370E-04 31.453+248
1.S00E-01 1.278E-04 1.278E-04 -1.309+258
2.000E-01 1.209E-04 1.209E-04 -1.006+263
3.000E-01 1.109E-04 1.109E-04 -1.457+232
4.000E-0l -1.037E-04 1.037E-04 -3.245+266
5.000E-0! 9.806E-05 9.806E-05 2.308 +235
6.000E-01 9.353E-05 9.153E-05 1.153+253
7.000E-01 8.975E-05 8.975E-05 8.592+213
8.000E-01 8.652E-05 8.652E-05 2.367+243
9.000E-01 8.371E-05 8.371E-05 1.139+213
1.000E+00 8.124E-05 8.124E-05 -1.166+254
1.500E+00 7.215E-05 7.215E-05 1.420+223
2.000E+00 6.617E-05 6.617E-05 -3.639+2)
3.000E+00 5.850E-05 5.850E-05 -1.693+237
4.000E+00 5.362E-05 5.362E-05 -3.822+167
5.000E+00 5.016E-05 5.016E-05 -1.900+125
6.000E+00 4.753E-05 4,753E-05 -1.166E+97
7.000E+00 4.546E-05 4.546E-05 3.444+168
8.000E+00 4.376E-05 4.376E-05 -5.676+136
9.000E+00 4.234E-05 4.234E-05 1.595+112
1.000E+01 4.113E-05 4.113E-05 -5.187E+93
1.500E+01 3.694E-05 3.694E-05 7.614E+34
2.000E+01 3.440E-05 3.439E-05 4. 816E+05
3.000E+01 3.129E-05 3.111E-05 3.122E-05
4.000E+01 4.396E-05 4.359E-05 4,372E-05
5.000E+01 5.396E-04 5.394E-04 5.392E-04
6.000E+01 2.886E-03 2.885E-03 2.885E-03
7.000E+01 7.987E-03 7.987E-03 7.987E-03
8.000E+01 1.580E-02 1.580E-02 1.580E-02
9.000E+01 2.580E-02 2.580E-02 2.580E-02
1.000E+02 3.739E-02 3.739E-02 3.739E-02
1.500E+02 1.042E-01 1.042E-01 1.042E-01
2.000E+02 1.682E-01 1.682E-01 1.682E-01
3.000E+02 2.702E-01 2.702E-01 2.702E-01
4.000E+02 3.443E-01 3.443E-0! 3.443E-01
5.000E+02 4.003E-01 4.003E-01 4.003E-01
6.000E+02 4,444E-0! 4.444E-01 4.444E-01
7.000E+02 4.800E-01 4.800E-01 4.800E-0!
2-34

DURBIN

1.370E-04

1.278E-04

1.209E-04

1.109E-04

1.037E-04
9.807E-05
9.154E-05

8.976E-05

8.653E-05

8.372E-05

8.125E-05

7.216E-05

6.618E-05

5.848E-05

5.360E-05

S.014E-05

4.752E-05

4.544E-05
4.375E-05

4.232E-05

4.111E-05

3.693E-05

3.439E-05

J.131E-05

4,373E-05

5.389E-04
2.885E-03
7.987E-03
1.580E-02
2.580E-02
3.739E-02
1.042E-01

1.682E-01

2.702E-01

3.443E-01

4.003E-01

4.444E-01

4.800E-01




Table 2-3(a). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
LAYER 2, AT DISTANCE x = 100 METERS (EXPONENTIALLY DECAYING SOURCE
AND STEP RELEASE MODE) (Continued)

——— R R T T e T T T T

8.000E+02 5.097E-01 5.097E-01 5.097E-01 5.097E-01
9.000E+02 5.348E-01 5.348E-01 5.348E-0! 5.348E-01
1.000E+03 5.564E-01 5.564E-01 5.564E-01 5.564E-01
1.500E+03 6.322E-01 6.322E-01 6.322E-01 6.322E-01
2.000E+03 6.789E-01 6.789E-01 6.789E-01 6.789E-01
3.000E+03 7.355E-01 7.355E-01 7.355E-01 7.355E-01
4.000E+03 1.697E-01 7.697E-01 7.697E-01 1.697E-01
5.000E+03 7.932E-01 7.932E-01 7.932E-01 7.932E-01
6.000E+03 2.550E-01 2.550E-01 2.550E-01 2.550E-01
7.000E+03 1.462E-01 1.462E-01 1.462E-01 1.462E-01
8.000E+03 1.005E-01 1.00SE-01 1.00SE-0l 1.00SE-01
9.000E+03 7.528E-02 7.528E-02 7.528E-02 7.528E-02
1.000E+04 5.938E-02 5.938E-02 5.938E-02 5.938E-02
1.500E+04 2.650E-02 2.650E-02 2.650E-02 2.650E-02
2.000E+04 1.583E-02 1.583E-02 1.583E-02 1.583E-02
3.000E+04 7.972E-03 7.972E-03 7.972E-03 7.972E-03
4.000E+04 4.986E-03 4.986E-03 4.986E-03 4.986E-03
5.000E+04 3.486E-03 3.486E-03 3.486E-03 3.486E-03
6.000E+04 2.610E-03 2.610E-03 2.610E-03 2.610E-03
7.000E+04 2.046E-03 2.046E-03 2.046E-03 2.046E-03
8.000E+04 1.658E-03 1.658E-03 1.658E-03 1.658E-03
9.000E+04 1.378E-03 1.378E-03 1.378E-03 1.378E-03
1.000E+05 1.168E-03 1.168E-03 1.168E-03 [.168E-03
1.500E+05 6.188E-04 6.188E-04 6.188E-04 6.188E-04
2.000E+05 3.936E-04 3.936E-04 3.936E-04 3.936E-04
3.000E+05 2.067E-04 2.067E-04 - 2.067E-04 2.067E-04
4.000E+05 1.300E-04 1.300E-04 1.300E-04 1.300E-04
5.000E+05 9.011E-05 9.013E-05 9.013E-05 9.013E-05
6.000E+05 6.647E-05 6.649E-05 - 6.649E-05 6.649E-05
7.000E+05 5.116E-05 5.118E-05 5.118E-05 5.118E-05
8.000E+05 4.063E-05 4,064E-05 4.064E-05 4.064E-05
9.000E+05 3.304E-0S 3.305E-05 3.30SE-05 3.305E-05
1.000E+06 2.738E-05 2.739E-05 2.739E-05 2.739E-05
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Table 2-3(b). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
LAYER 3, AT DISTANCE x = 200 METERS (EXPONENTIALLY DECAYING SOURCE
AND BAND RELEASE MODE)

TIME t(yr) MULTFRAC  STEFHEST = TALBOT DURRBIN

1.032E-02

2-36

1.000E-01 1.266E-04 1.266E-04 3.773+263 1.266E-04
1.500E-01 1.189E-04 1.189E-04 -2.483+248 1. 189E-04
2.000E-0! 1.131E-04 1LI31E-04 -6.383+224 1LI13E-04
3.000E-01 1.045E-04 1.045E-04 1.549+232 1.O45E-04
4.000E-01 9.819E-05 9.819E-05 -3.547+269 9.821E-05
5.000E-01 9.321E-05 9.321E-05 -1.915+271 9.323E-05
6.000E-01 8.913E-05 8.913E-05 -9.269 +254 8.914E-05
7.000E-0! 8.568E-05 8.568E-05 -7.268+257 8.569E-05
8.000E-01 8.270E-05 8.270E-05 4.472+262 8.272E-05
9.000E-01 8.010E-05 8.010E-05 3.029+267 8.0111:-05
1.000E+00 7.7719E-05 1.779E-05 -6.074 +236 7.780E-05
1.500E+00 6.915E-05 6.915E-05 1.481+256 6.916E-05
2.000E+00 6.334E-05 6.334E-05 -5.650+263 6.332E-05
3.000E+00 5.574E-05 5.574E-05 5.634+226 5.572E-05
4.000E+00 5.081E-05 5.081E-05 -7.401 4231 5.080E-05
5.000E+00 4.728E-05 4,728E-05 2.485+213 4.726E-05
6.000E+00 4.458E-05 4.458E-05 -2.428+255 4.456E-05
7.000E+00 4.243E-05 4,243E-05 1.182+214 4.241E-05
8.000E+00 4.066E-05 4.066E-05 1.540+183 4.064E-05
9.000E+00 3.918E-05 3.918E-05 -2.004+216 3.916E-05
1.000E+01 3.790E-05 3.790E-05 -2.717+231 3. 789E-05
1.500E+01 3.349E-05 3.349E-05 -1.524 +152 3.348E-05
2.000E+01 3.079E-05 3.079E-05 -3.934+163 3.078E-05
3.000E+01 2.753E-05 2.753E-05 -2.499+110 2.751E-05
4.000E+01 2.555E-05 2.555E-05 3.674E+61 2.554E-05
5.000E+01 - 2.420E-05 2.420E-05 9.401E+32 2.428E-05
6.000E+01 2.319E-05 2.319E-05 2.380E+13 2.326E-05
7.000E+01 2.240E-05 2.240E-05 1.140E+00 2.248E-05
8.000E+01 2.177E-05 2.177E-05 2.176E-05 2.1B4E-05
9.000E+01 2.124E-05 2.124E-05 2.124E-05 2.131E-05
1.000E+02 2.080E-05 2.080E-05 2.080E-05 2.086E-05
1.500E+02 1.928E-05 1.928E-05 1.928E-05 1.934E-05
2.000E+02 1.856E-05 1.856E-05 1.856E-05 1.853E-05
3.000E+02 1.101E-04 1.102E-04 1.102E-04 1.102E-04
4.000E+02 - 1.144E-03 1.144E-03 1.144E-03 1.144E-03
5.000E+02 4.388E-03 4.388E-03 4.388E-03 - 4.388E-03
- 6.000E+02 1.032E-02 1.032E-02 1.032E-02



Table 2-3(b). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
LAYER 3, AT DISTANCE x = 200 METERS (EXPONENTIALLY DECAYING SOURCE
AND BAND RELEASE MODE) (Continued)

—— N R T e e

TIME t(yp) MULTFRAC STEFHEST TALBOT DURBIN
7.000E+G2 1.869E-02 1.869E-02 i.869E-CG2 1.869E-02
8.000E+02 2.896E-02 2.896E-02 2.896E-02 2.896E-02
9.000E+02 4.058E-02 4.058E-02 4.058E-02 4.058E-02
1.000E+03 5.308E-02 5.308E-02 5.308E-02 5.308E-02
1.500E+03 1.190E-01 1.190E-01 1.190E-01 1.190E-01
2.000E+03 1.796E-01 1.796E-01 1.796E-01 1.796E-01
3.000E+03 2.761E-01 2.761E-01 2.761E-0t 2.761E-01
4.000E+03 3.469E-01 3.469E-01 J.469E-01 3.469E-01
5.000E+03 4.009E-01 4.009E-01 4.009E-01 4.009E-01
6.000E+03 3.905E-01 3.905E-01 3.905E-01 3.90SE-01
7.000E+03 2.988E-01 2.988E-01 2.988E-01 2.988E-01
3.000E+03 2.314E-01 2.314E-01 2. 314101 2.314E-01
9.000E+03 1.853E-01 1.853E-01 1.853E-01 1.853E-01
1.000E + 04 1.525E-01 1.525E-01 1.525E-01 1.525E-01
1.500E+04 7.499E-02 7.499E-02 7.499E-02 7.499E.02
2.000E+04 4.647E-02 4.647E-02 4.647E-02 4.647E-02
3.000E+04 2.418E-02 2.418E-02 2.418E-02 2.418E-02
4.000E+04 1.535E-02 1.535E-02 1.535E-02 1.535E-02
5.000E+04 1.082E-02 1.082E-02 1.082E-02 1.082E-02
6.000E+04 8.146E-03 8.146E-03 8.146E-03 8.146E-0)
7.000E+04 6.410E-03 6.410E-03 6.410E-03 6.410E-03
8.000E+04 5.210E-03 5.210E-03 5.210E-03 5.210E-03
9.000E+04 4.340E-03 4,340E-03 4:340E-03 4.340E-03
1.000E+05 3.685E-03 3.686E-03 3.686E-03 3.686E-0}
1.500E+05 1.962E-03 1.962E-03 1.962E-03 1.962E-03
2.000E+05 1.251E-03 1.2S1E-03 1.251E-03 1.251E-03
3.000E+05 6.588E-04 6.589E-04 6.589E-04 6.589E-04
4,000E+05 4.147E-04 4.147E-04 4.147E-04 4.147E-04
5.000E+05 2.878E-04 2.878E-04 2.878E-04 2.878E-04
6.000E +05 2.124E-04 2.124E-04 2.124E-04 2.124E-04
7.000E+05 1.635E-04 1.635E-04 1.635E-04 1.635E-04
8.000E+05 1.299E-04 1.299E-04 1.299E-04 1.299E-04
9.000E+05 1.056E-04 1.057E-04 1.057E-04 1.057E-04
1.000E+06 8.755E-05 8.757E-05 8.757E-05 8.757E-05
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Table 2-3(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
LAYER 5, AT DISTANCE x = 500 METERS (EXPONENTIALLY DECAYING SOURCE
AND BAND RELEASE MODE)

1.000E-01 8.014E-05 8.014E-05 1.068 +242 8.016E-05
1.500E-01 7.234E-05 7.234E-05 -5.321+263 7.235E-05
2.000E-01 6.687E-05 6.687E-05 -7.510+213 6.689E-05
3.000E-01 5.943E-05 5.943E-05 3.313+254 5.942E-05
4.000E-01 5.443E-05 S.443E-05 5.954+235 5.441E-05
5.000E-01 5.074E-05 S.074E-05 -1.736+248 5.073E-05
6.000E-01 4.787E-05 4.787E-05 -4.745+270 4.786E-05
7.000E-01 4.555E-05 4.555E-05 1.094+267 4.554E-05
8.000E-01 4.362E-05 4.362E-05 -4.012+268 4.361E-05
9.000E-01 4.199E-05 4,199E-05 3.677+251 4.197E-0S
1.000E+00 4.057E-05 4.057E-05 5.799+260 4.056E-05
1.500E+00 3.559E-05 3.559E-05 4.358 +244 3.557E-05
2.000E+00 3.248E-05 3.248E-05 9.867+243 3.246E-05
3.000E+00 2.866E-05 2.866E-05 4.827+261 2.865E-05
4.000E+00 2.632E-05 2.632E-05 -4.553+259 2.631E-05
5.000E+00 2.471E-05 2.471E-05 5.079+253 2.479E-05
6.000E+00 2.350E-05 2.350E-05 6.143+248 2.358E-05
7.000E+00 2.256E-05 2.256E-05 4.573+246 2.264E-05
8.000E+00 2.180E-05 2.180E-05 -2.746+234 2.187E-05
9.000E+00 2.116E-05 2.116E-05 1.214+234 2.123E-05
1.000E+01 2.062E-05 2.062E-05 4.457+246 2.069E-05
1.500E+01 1.879E-05 1.879E-05 4,433+213 1.885E-05
2.000E+01 1.768E-05 1.768E-05 1.464+203 1.774E-05
3.000E+01l 1.637E-05 1.637E-05 -2.484+193 1.642E-05
4.000E+01 1.559E-05 1.559E-05 1.093+ 182 1.563E-05
5.000E+0! 1.507E-05 1.507E-05 4.421+128 1.511E-05
6.000E+01 1.471E-05 1.471E-05 -7.477E+92 1.475E-05
7.000E+01 1.444E-05 1.444E-05 -1.793E+67 1.448E-0S
8.000E+01 1.424E-05 1.425E-05 -1.223E+48 1.428E-05
9.000E+01 1.409E-C5 1.409E-05 8.463E+33 1.413E-05
1.000E+02 1.396E-05 1.397E-05 1.263JE+21 1.401E-05
1.500E+02 1.356E-05 1.358E-05 1.358E-05 1.361E-05
2.000E+02 1.332E-05 1.334E-05 1.334E-05 1.337E-05
3.000E+02 1.299E-05 1.301E-05 1.301E-05 1.304E-05
4.000E+02 1.275E-05 1.278E-05 1.278E-05 1.281E-05
5.000E+02 1.258E-05 1.261E-05 1.261E-05 1.264E-05
6.000E+02 1.245E-05 1.248E-05 1.248E-05 1.251E-05
7.000E+02 1.236E-05 1.238E-05 1.238E-05 1.241E-05
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Table 2-3(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE FRACTURE
LAYER 5, AT DISTANCE x = 500 METERS (EXPONENTIALLY DECAYING SOURCE
AND BAND RELEASE MODE) (Continued)

- — R R IR T N R O —

TIME t{yr) MULTFRAC STEFHEST TALBOT DURBIN

8.000E+02 1.233E-05 1.236E-05 1.236E-05 1.238E-05
9.000E+02 1.263E-05 1.266E-05 1.266E-05 1.263E-05
1.000E+03 1.409E-05 1.411E-05 1.411E-05 1.413E-05
1.500E+03 1.619E-04 1.619E-04 1.619E-04 1.619E-04
2.000E+03 1.192E-03 1.193E-03 1.193E-03 1.189E-03
3.000E+03 8.880E-03 8.880E-03 8.880E-03 8.881E-03
4.000E+03 2.425E-02 2.425E-02 2.425E-02 2.425E-02
5.000E+03 4.458E-02 4.458E-02 4.458E-02 4.458E-02
6.000E+03 6.731E-02 6.731E-02 6.731E-02 6.731E-02
7.000E+03 8.959E-02 8.959E-02 8.959E-02 8.959E-02
8.000E+03 - 1.051E-01 1.051E-01 1.051E-O! 1.051E-0!}
9.000E+03 1.123E-01 1.123E-01 1.123E-01 1.123E-01
1.000E+04 1.135E-0! 1.135E-01 1.135E-01 1.135E-01
1.500E +04 9.175E-02 9.175E-02 9.175E-02 9.175E-02
2.000E+04 6.929E-02 6.929E-02 6.929E-02 6.929E-02
3.000E+04 4.287E-02 4.287E-02 4.287E-02 4.287E-02
4.000E+04 2.946E-02 2.946E-02 2.946E-02 2.946E-02
5.000E +04 2.174E-02 2.174E-02 2.174E-02 2.174E-02
6.000E+04 1.685E-02 1.685E-02 1.685E-02 1.685E-02
7.000E+04 1.354E-02 1.354E-02 1.354E-02 1.354E-02
8.000E + 04 1.118E-02 1.118E-02 1.118E-02 1.118E-02
9.000E+04 9.420E-03 Q.420E-03 9.420E-03 9.420E-03
1.000E+05 8.075E-03 8.075E-03 8.075E-03 8.075E-03
1.500E+05 4.420E-03 4.420E-03 4.420E-03 4.420E-03
2.000E+05 2.857E-03 2.858E-03 2.858E-03 2.858E-03
3.000E+05 1.525E-03 1.525E-03 1.525E-03 1.525E-03
4,000E+05 9.664E-04 9.665E-04 9.665E-04 9.665E-04
5.000E+05 6.733E-04 6.733E-04 6.733E-04 6.733E-04
6.000E+05 4.982E-04 4.982E-04 4.982E-04 4.982E-04
7.000E+05 3.843E-04 3.844E-04 3.844E-04 3.844E-04
8.000E+05 3.057E-04 3.057E-04 3.057E-04 3.057E-04
9.000E+05 2.489E-04 2.489E-04 2.439E-04 2.489E-04
1.000E+06 2.064E-04 2.065E-04 2.065E-04 2.065E-04
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Figure 2-2(c). Cumulative mass of Np-237 per unit in the fracture vs. time at different positions x = 100, 200, and
500 meters (Exponentially decaying source and band release mode).




Table 2-4(a). CASE 1 RESULTS: CUMULATIVE MASS OF Np-237 IN THE FRACTURE
AT DISTANCE x = 100 METERS (EXPONENTIALLY DECAYING SOURCE AND
BAND RELEASE MODE)

—— — — — N T R T T .

TIME (yr) MULTFRAC  STEFHEST
1.000E-01 1.543E-06 1.543E-06
1.500E-01 2.204E-06 2.204E-06
2.000E-01 2.825E-06 2.825E-06
3.000E-01 3.980E-06 3.980E-06
4.000E-01 5.051E-06 5.051E-06
5.000E-01 6.059E-06 6.059E-06
6.000E-01 7.016E-06 7.016E-06
7.000E-01 7.932E-06 7.932E-06
8.000E-01 8.813E-06 8.813E-06
9.000E-0! 9.664E-06 9.664E-06
1.000E +00 1.049E-05 1.049E-05
1.SO0E +00 1.430E-05 1.430E-05
2.000E+00 1.775E-05 1.775E-05
3.000E+00 2.395E-05 2.395E-05
4.000E +00 2.954E-0S 2.954E-05
5.000E+00 3.472E-05 3.472E-05
6.000E+00 3.960E-05 3.960E-05
7.000E+00 4.425E-05 4.425E-05
8.000E +00 4.871E-05 4.870E-05
9.000E +00 5.301E-05 5.301E-05
1.000E+01 5.718E-05 5.718E-05
1.S00E+01 7.660E-05 7.659E-05
2.000E +01 9.439E-05 9.438E-05
3.000E+0! 1.271E-04 1.270E-04
4.000E+01 1.S94E-04 1.594E-04
5.000E +01 3.594E-04 3.594E-04
6.000E +01 1.863E-03 1.863E-03
7.000E+01 7.060E-03 7.060E-03
8.000E+01 1.874E-02 1.874E-02
9.000E +01 3.939E-02 3.939E-02
1.000E+02 7.087E-02 7.087E-02
1.S00E+02 4.223E-01 4.223E-01
2.000E+02 1.107E+00 1.107E+00
3.000E+02 3.326E+00 3.326E+00
4.000E +02 6.417E+00 6.417E+00
5.000E+02 1.015E+01 1.01SE+01
6.000E +02 1.438E+01 1.438E+01
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Table 2-4(a). CASE 1 RESULTS: CUMULATIVE MASS OF Np-237 IN THE FRACTURE
AT DISTANCE x = 100 METERS (EXPONENTIALLY DECAYING SOURCE AND
BAND RELEASE MODE) (Continued)

STEFHEST

— — ———— I R R T T T ..

TIME (yr) MULTFRAC

7.000E+02 1.901E+01 1.901E+01
8.000E+02 2.397E+01 2.397E+01
9.000E+02 2.919E+01 2.919E+01
1.000E+03 3.465E+01 3.465E+01
1.500E+03 6.454E+01 6.454E+01
2.000E+03 9.740E+01 9.740E+01
3.000E+03 1.684E+02 1.684E+02
4.000E+03 2.438E+02 2.438E+02
5.000E+03 3.220E+02 3.220E+402
6.000E+03 3.676E+02 3.676E+02
7.000E+03 3.867E+02 31.867E+02
8.000E+03 3.988E+02 3.988E+02
9.000E+03 4.075E+02 4.07SE+02
1.OOOE+04 4.142E+02 4.141E+02
1.500E +04 4,.338E+02 4.338E+02
2.000E+04 4,440E+02 4.440E+02
3.000E+04 4.551E+02 4.551E+02
4.000E+04 4.614E+02 4.613E+02
5.000E+04 4.656E+02 4.655E+02
6.000E+04 4,686E+02 4,685E+02
7.000E+04 4.709E+02 4.709E+02
8.000E+04 4,728E+02 4.727E402
9.000E+04 4,743E+02 4.743E+02
1.000E+0S 4.755E+02 4,755E+02
1.S00E+05 4,798E+02 4. 798E+02
2.000E+05 4.822E+02 4,823E+02
3.000E+05 4.851E+4+02 4,.852E+02
4 000E+05 4.867E+02 4.868E+02
5.000E+0S 4.878E+02 4.879E+02
6.000E+05 4,886E+02 4.887E+02
7.000E+05 4.891E+02 4.893E+02
8.000E+05 4.896E +02 4.897E+02
9.000E+05 4 900E+02 4.901E+02
1.000E+06 4.G03E+02 4.904E+02
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Table 2-4(b). CASE 1 RESULTS: CUMULATIVE MASS OF Np-237 IN THE FRACTURE
AT DISTANCE x = 200 METERS (EXPONENTIALLY DECAYING SOURCE AND
BAND RELEASE MODE)

TIME (yr) MULTFRAC STEFHEST
1.000E-01 1.404E-06 1.404E-06
1.500E-01 2.016E-06 2.016E-06
2.000E-01 2.596E-06 2.596E-06
3.000E-01 3.682E-06 3.682E-06
4.000E-01 4.694E-06 4.694E-06
5.000E-01 5.650E-06 5.650E-06
6.000E-01 6.561E-06 6.561E-06
7.000E-01 7.434E-06 7.434E-06
8.000E-01 8.276E-06 8.276E-06
9.000E-01 9.090E-06 9.090E-06
1.000E +00 9.879E-06 9.879E-06
1.500E+00 1.354E-05 1.354E-05
2.000E+00 1.684E-05 1.684E-05
3.000E+00 2.276E-05 2.276E-05
4.000E +00 2.807E-05 2.807E-05
5.000E +00 3.297E-05 3.297E-05
6.000E+00 3.756E-05 © 3.756E-05
7.000E +00 4.190E-05 4.190E-05
8.000E+00 4.606E-05 4.605E-05
9.000E+00 5.005E-05 5.004E-05
1.000E+01 5.390E-05 5.390E-05
1.500E+01 7.164E-05 7.164E-05
2.000E+01 8.767E-05 8.766E-05
3.000E+01 1.167E-04 1.166E-04
4.000E+01 1.431E-04 1.431E-04
5.000E+01 1.680E-04 1.679E-04
6.000E+01 1.916E-04 1.916E-04
7.000E+01 2.144E-04 2.144E-04
8.000E+01 2.365E-04 2.364E-04
9.000E +01 2.580E-04 2.579E-04
1.000E 402 2.790E-04 2.789E-04
1.500E+02 3.788E-04 3.787E-04
2.000E+02 4.730E-04 4,728E-04
3.000E+02 8.643E-04 8.640E-04
4.000E+02 5.753E-03 5.753E-03
F 5.000E+02 - 3.122E-02 3.122E-02
6.000E+02 1.026E-01 1.026E-01
F 7.000E +02 2.458E-01 2.458E-01
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Table 2-4(b). CASE 1 RESULTS: CUMULATIVE MASS OF Np-237 IN THE FRACTURE
AT DISTANCE x = 200 METERS (EXPONENTIALLY DECAYING SOURCE AND
BAND RELEASE MODE) (Continued)

- T L G TN ¢ T T Gme—

TIME (yr) MULTFRAC STEFHEST
8.000E+02 4,827E-01 4.827E-01
9.000E+02 8.295E-01 8.294E-01
1.000E+03 1.297E+00 1.297E+00
1.500E+03 5.598E+00 5.598E+00
2.000E+03 1:310E+01 1.310E+01
3.000E+03 3.614E+01 J.614E+01
4.000E+03 6.747E+01 6.747E+01
5.000E+03 1.050E+02 1.050E+02
6.000E+03 1.460E+02 1.460E+02
7.000E+03 1.803E+02 1.803E+02
8.000E+03 2.066E+02 2.066E+02
9.000E+03 2.273E+02 2.273E+02
1.000E+04 2.441E+02 2.441E+02
1.500E+04 2.972E+02 2.972E+02
2.000E+04 3.266E+02 3.266E+02
3.000E+04 3.600E+02 3.600E+02
4,000E+04 3.792E+02 3.792E+02
5.000E+04 3.920E+02 3.920E+02
6.000E+04 4.014E+02 4.014E+02
7.000E+04 4.086E+02 4.086E+02
8.000E+04 4.144E+02 4.144E+02
9.000E+04 4.192E+02 4.192E+02
1.000E+05 4.232E+02 4.232E+02
1.500E+05 4,365E+02 4.366E+02
2.000E+05 4.444E+02 4.444E+02
3.000E+05 4.534E+02 4.534E+02
4.000E+05 4.586E+02 4,586E+02
5.000E+05 4.621E+02 4.620E+02
6.000E +05 4.646E+02 4. 645SE+02
7.000E +05 4.664E+02 4.664E+02
8.000E+05 4.679E+02 4.679E+02
9.000E+05 4.690E+02 4.690E+02
1.000E+06 4.700E+02 4.700E+02



Table 2-4{c). CASE 1 RESULTS: CUMULATIVE MASS OF Np-237 IN THE FRACTURE
AT DISTANCE x = 500 METERS (EXPONENTIALLY DECAYING SOURCE AND
BAND RELEASE MODE)

S . IEEER . Gaams ammas - SIS pmman o mamaw | W Y T .

TIME (yr) MULTFRAC  STEFHEST
1.000E-01 9.712E-07 9.712E-07
1.500E-01 1.351E-06 1.351E-06
2.000E-01 1.698E-06 1.698E-06
3.000E-01 2.327E-06 2.327E-06
4.000E-01 2.895E-06 2.895E-06
5.000E-01 3.420E-06 3.420E-06
6.000E-01 3.913E-06 3.913E-06
7.000E-01 4.379E-06 4.379E-06
8.000E-0l 4.825E-06 4.825E-06
9.000E-01 5.253E-06 5.253E-06
1.000E+00 5.666E-06 5.665E-06
1.500E+00 7.558E-06 7.558E-06
2.000E+00 9.254E-06 9.254E-06
3.000E+00 1.229E-05 1.229E-05
4.000E+00 1.503E-05 1.503E-05
5.000E+00 1.758E-05 1.758E-05
6.000E+00 1.999E-05 1.999E-05
7.000E+00 2.229E-05 2.229E-05
8.000E+00 2.451E-05 2.450E-05
9.000E+00 2.665E-05 2.665E-05
1.000E+01 2.874E-05 2.874E-05
1.S00E+01 3.855E-05 3.854E-05
2.000E+01 4.765E-05 4.763E-05
3.000E+01 6.461E-05 6.459E-05
4.000E+01 8.056E-05 8.053E-05
5.000E+01 9.588E-05 9.583E-05
6.000E+01 1.108E-04 1.107E-04
7.000E+01 1.253E-04 1.252E-04
8.000E+01 1.397E-04 1.396E-04
9.000E+01 1.538E-04 1.537E-04
1.000E+02 1.679E-04 1.677E-04
1.500E+02 2.366E-04 2.364E-04
2.000E+02 3.039E-04 3.036E-04
3.000E+02 4,355E-04 4.351E-04
4.000E+02 5.644E-04 5.638E-04
5.000E+02 6.913E-04 6.906E-04
6.000E+02 8.167E-04 8.158E-04
7.000E+02 9.410E-04 9.400E-04
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Table 2-4(c). CASE 1 RESULTS: CUMULATIVE MASS OF Np-237 IN THE FRACTURE
AT DISTANCE x = 500 METERS (EXPONENTIALLY DFCAYING SOURCE AND
BAND RELEASE MODE) (Continued)

TIME (yr) MULTEFRAC STEFHEST
8.000E+02 1.065E-03 1.063E-03
9.000E+02 1.189E-03 1.188E-03
1.000E+03 1.321E-03 1.320E-03
1.500E+03 4.087E-03 4.086E-03
2.000E+03 3.215E-02 3.215E-02
3.000E+03 4.659E-01 4.659E-01
4.000E+03 2.068E+00 2.068E+00
5.000E+03 5.480E+00 5.480E+00
6.000E+03 1.106E+01 1.106E+0l
7.000E+03 1.894E+01 1.894E+01
8.000E+03 2.875E+0l 2.875E+01
9.000E+03 3.968E+0! J.968E+01
1.000E+04 5.101E+01 5.101E+01
1.500E +04 1.031E+02 1.031E+02
2.000E+04 1.430E+02 1.430E+02
3.000E+04 1.975E+02 1.975E+02
4.000E +04 2.330E+02 2.330E+02
5.000E+04 2.583E+02 2.583E+02
6.000E+04 2.774E+02 2.7714E+02
7.000E+04 2.925E+02 2.925E+02
8.000E+04 3.048E+02 3.048E+02
9.000E+04 3.150E+02 - J.I50E+Q2
1.000E+05 3.238E+02 J.238E+02
1.500E+05 3.535E+02 3.535E+02
2.000E+05 3.713E+02 3.713E+02
3.000E+05 3.921E+02 3.920E+02
4.000E+05 4.042E+02 4.042E+02
5.000E+05 4.122E+02 4.123E+02
6.000E+05 4,.180E+02 4.181E+02
7.000E+05 4.224E+02 4.224E+02
8.000E+05 4.258E+02 4.259E+02
9.000E+05 4.286E+02 4,286E+(2
1.000E+06 4.309E+02 4.309E+02
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Table 2-5(a). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 2, AT DISTANCE x = 100 METERS AND TIME t = 5,000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND STEP RELEASE MODE)

DISTANCE z(m) MULTFRAC STEFHEST
1.000E-02 7.886E-01 7.886E-01
1.500E-02 7.847E-01 7.847E-01
2.000E-02 7.809E-01 7.809E-01
3.000E-02 7.732E-01 7.732E O1
4.000E-02 7.656E-01 7.656E-01
5.000E-02 7.579E-01 7.579E-01
6.000E-02 7.503E-01 7.503E-01
7.000E-02 7.428E-01 7.428E-01
8.000E-02 7.352E-01 7.352E-01
9.000E-02 7.277E-01 7.277E-01
1.000E-01 7.202E-01 7.202E-01
1.500E-01 6.831E-01 6.831E-01
2.000E-01 6.467E-01 6.467E-01
3.000E-01 5.765E-01 5.765E-01
4.000E-0! 5.101E-01 5.101E-01
5.000E-01 4.480E-01 4.480E-01
6.000E-01 3.904E-01 3.904E-01
7.000E-01 3.375E-01 3.375E-01
8.000E-01 2.895E-01 2.895E-01
9.000E-01 2.463E-01 2.463E-01
1.000E+00 2.078E-01 2.078E-01
1.500E+00 7.774E-02 7.832E-02
2.000E+00 2.371E-02 2.374E-02
3.000E+00 1.117E-03 1.117E-03
4.000E+00 3.739E-05 3.739E-05
5.000E+00 1.761E-0S 1.761E-05
6.000E+00 1.747E-05 1.747E-05
7.000E+00 1.747E-05 1.747E-05
8.000E+00 1.747E-05 1.747E-05
9.000E+00 1.747E-05 1.747E-05
1.000E+01 1.747E-05 1.747E-05
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Table 2-5(b). CASE 1 RESULTS: CONCENTRATION OF Ngp-237 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 200 METERS AND TIME t = 5,000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND STEP RELEASE MODE)

DISTANCE z(m) MULTFRAC STEFHEST
1.000E-02 3.973E-01 3.971E-01
1.500E-02 3.947E-01 3.947E-01
2.000E-02 3.922E-01 3.922E-0!
3.000E-02 3.871E-01 3.871E-01
4.000E-02 3.821E-01 3.821E-01
5.000E-02 3.771E-01 3.771E-0I
6.000E-02 3. 722E-01 3. 722E-01
7.000E-02 3.673E-01 3.673E-01
8.000E-02 3.624E-01 J.624E-01
9.000E-02 3.576E-01 J.576E-01
1.000E-01 3.528E-01 3.528E-01
1.500E-01 3.295E-01 3.295E-01
2.000E-01 3.072E-01 3.072E-01l
3.000E-0! 2.657E-01 2.657E-01
4.000E-01 2.283E-01 2.283E-01
5.000E-01 1.947E-01 1.947E-01
6.000E-01 1.649E-01 1.649E-01
7.000E-01 1,387E-01 1.387E-01
8.000E-01 1.158E-01 1.158E-01
9.000E-01 9.604E-02 9.604E-02
1.000E+00 7.904E-02 7.904E-02
1.500E+00 2.671E-02 2.671E-02
2.000E+00 7.473E-03 7.473E-03
3.000E+00 3.370E-04 3.370E-04
4.000E+00 1.884E-05 1.884E-05
5.000E+00 1.254E-05 1.254E-05
6.000E+00 1.248E-05 1.248E-05
7.000E+00 1.248E-05 1.248E-05
8.000E+00 1.248E-05 1.248E-05
9.000E+00 1.248E-05 1.248E-05
1.000E+01 1.248E-05 1.248E-05



Table 2-5(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER §, AT DISTANCE x = 500 METERS AND TIME t = 5,000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND STEP RELEASE MODE)

DISTANCE z(m) MULTFRAC STEFHEST

1.000E-02 4.293E-02 4,294E-02
1.500E-02 4,199E-02 4.200E-02
2.000E-02 4.107E-02 4,107E-02
3.000E-02 3.927E-02 3.927E-02
4.000E-02 J.754E-02 J.754E-02
5.000E-02 3.588E-02 3.588E-02
6.000E-02 3.428E-02 3.428E-02
7.000E-02 3.274E-02 1.274E-02
8.000E-02 3.126E-02 3. 126E-02
9.000E-02 2.983E-02 2.983E-02
1.000E-01 2.847E-02 2.847E-02
1.500E-01 2.242E-02 2.241E-02
2.000E-01 1.752E-02 1.751E-02
3.000E-01 1.045E-02 1.045E-02
4.000E-01 6.045E-03 6.040E-03
5.000E-01 3.390E-03 3.384E-03
6.000E-01 1.844E-03 1.837E-03
- 7.000E-01 9.744E-04 9.660E-04
8.000E-01 5.011E-04 4.921E-04
9.000E-0! 2.523E-04 2.429E-04
1.000E+00 1.259E-04 l.I61E-04
1.500E+00 1.223E-05 1.823E-06
2.0007:+00 1.625E-06 1.505E-08
3.000E+00 1.048E-05 7.758E-13
4.000E+00 1.048E-05 3.047E-15
5.000E+00 1.048E-05 -9.383E-17
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Table 2-6(a). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 2, AT DISTANCE X = 100 METERS AND TIME t = 50,000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND BAND RELEASE MODE)

— e — T T AR R R T T T T e

1.000E-02 3.566E-03 3.566E-03
1.500E-02 3.633E-03 3.633E-03
2.000E-02 3.699E-03 3.699E-03
3.000E-02 1.832E-03 3.832E-03
4.000E-J2 3.965E-03 J.965E-03
5.000E-02 4.098E-03 4.098E-03
6.000E-02 4.230E-03 4.230E-03
7.000E-02 4.363E-03 4.363E-03
8.000E-02 4.495E-03 4.495E-03
9.000E-02 4.627E-03 4.627E-03
1.000E-01 4.759E-03 4.759E-03
1.500E-01 5.416E-03 5.417E-03
2.000E-01 6.070E-03 6.070E-03
3.000E-01 7.361E-03 7.362E-03
4.000E-0! 8.630E-03 8.630E-03
5.000E-01 9.872E-03 ' 9.872E-03
6.000E-01 1.108E-02 1.108E-02
7.000E-01 1.226E-02 1.226E-02
8.000E-01 1.340E-02 1.340E-02
9.000E-01 1.450E-02 1.450E-02
1.000E+00 1.555E-02 1.555E-02
1.500E+00 2.008E-02 2.008E-02
2.000E+00 2.321E-02 2.321E-02
3.000E+00 2.505E-02 2.505E-02
4.000E+00 2.203E-02 2.203E-02
5.000E+00 1.649E-02 1.649E-02
6.000E+00 1.070E-02 1.070E-0z
7.000E+00 6.101E-03 6.101E-03
8.000E+00 3.077E-03 3.077E-03
9.000E+00 1.383E-03 1.383E-03
1.000E+01 5.603E-04 5.603E-04
1.500E+01 1.825E-0S 1.825E-05
2.000E+91 i.724E-05 1.724E-05
3.000E+01 1.719E-05 1.724E-05
4.000E+01 1.724E-05 1.724E-05
5.000E+01 1.724E-05 1.724E-05
6.000E+01 1.724E-05 1.724E-05
7.000E+01 1.724F-05 1.724-05
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Table 2-6(a). CASE 1t RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 2, AT DISTANCE X = 100 METERS AND TIME t = 50,000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND BAND RELEASE MODE) (Continuced)

RISTANCE z(m) MULTFRAC  STEFHESY
8.000E+01 1.724E-05 1.724E-05
9.000E +0! 1.724E-05 1.724E-05
1.000E +02 1.724E-05 1.724E-05

Table 2-6(b). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 200 METERS AND TIME t = 50,000 vears

-(EXPONENTIALLY DECAYING SOURCE AND BAND RELEASE MODE)

DISTANCE z(m) MULTFRAC STEFHEST
1.000E-02 1.090E-02 1.090E-02
1.500E-02 1.095E-02 1.095E-02
2.000E-02 1.101E-02 1.101E-02
3.000E-02 1.112E-02 [.112E-02
4.000E-02 1.123E-02 1.123E-02
5.000E-02 1.134E-02 LI4E-02
6.000E-02 1.144E-02 1.144E-02 .
7.000E-02 1.155E-02 1.155E-02
8.000E-02 1.166E-02 1.166E-02
9.000E-02 1.177E-02 1.177E-02
1.000E-01 1.187E-02 1.187E-02
1.500E-01 1.241E-02 1.241E-02
2.000E-01 1.293E-02 1.293E-02
3.000E-01 1.395E-02 1.395E-02
4.000E-01 1.494E-02 1.494E-02
5.000E-01 1.589E-02 1.589E-02
6.000E-01 1.680E-02 1.680E-02
7.000E-01 1.767E-02 1.767E-02
§.U00E-01 1.849E-02 1.849E-02
9.000E-01 1.927E-02 1.927E-02
1.000E+00 2.001E-02 2.001E-02
1.500E+00 2.296E-02 2.296E-02
2.000E+00 2.466E-02 2.466E-02
3.000E+00 2.455E-02 2.455E-02
4.000E+00 2.092E-02 2.092E-02
5.000E+00 1.566E-02 1.566E-02
6.000E+00 1.043E-02 1.043E-02
2-53



Table 2-6(b). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 200 METERS AND TIME t = 50,000 ycars
(EXPONENTIALLY DECAYING SOURCE AND BAND RELEASE MODE) (Continued)

DISTANCE z{m) MULTFRAC STEFHEST
7.000E+00 6.232E-03 6.232E-03
8.000E+00 3.361E-03 3.361E-03
9.000E+00 1.644E-03 1.644E-03
1.000E+01 7.339E-04 7.339E-04
1.500E+01 1.468E-05 1.532E-05
2.000E+01 1.231E-05 1.231E-05
3.000E+01 1.231E-05 1.231E-05
4.000E+01 1.231E-05 1.231E-05
5.000E+01 1.231E-05 1.231E-05
6.000E+01 1.231E-05 [.231E-05
7.000E+01 1.231E-05 1.231E-05
8.000E+01 1.231E-05 1.231E-05
9.000E+01 1.231E-05 1.231E-05
1.000E+02 1.231E-05 1.231E-05

Table 2-6(c). CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 500 METERS AND TIME t = 50.000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND BAND RELEASE MODE)

DISTANCE z(m) MULTFRAC STEFHES]
1.000E-02 2.184E-02 2.184E-02
1.500E-02 . 2.189E-02 2.189E-02
2.000E-02 2.195E-02 2.195E-02
3.000E-02 2.206E-02 2.206E-02
4.000E-02 2.217E-02 2.217E-02
5.000E-02 2.228E-02 2.228E-02
6.000E-02 2.239E-02 2.239E-02
7.000E-02 2.249E-02 2.249E-02
8.000E-02 2.260E-02 2.259E-02
9.000E-02 2.270E-02 2.270E-02
1.000E-01 2.279E-02 2.279E-02
1.500E-01 2.326E-02 2.326E-02
2.000E-01 2.367E-02 2.367E-02
3.000E-01 2.434E-02 2.434E-02
4.000E-01 2.481E-02 2.481E-02
5.000E-01 2.509E-02 2.509E-02
6.000E-01 2.519E-02 2.518E-02
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Table 2-6(c}. CASE 1 RESULTS: CONCENTRATION OF Np-237 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 500 METERS AND TIME t = 50,000 YEARS
(EXPONENTIALLY DECAYING SOURCE AND BAND RELEASE MODE) (Continued)

DISTANCE z(m) MULTFRAC STEFHEST
7.000E-01 2.510E-02 2.510E-02
8.000E-01 2.485E-02 2.485E-02
9.000E-01 2.445E-02 2.444E-02
1.000E+00 2.1390E-02 2.190E-02
1.500E+00 1.966E-02 1.965E-02
2.000E+00 1.425E-02 1.424E-02
3.000E+00 S.357E-03 5.347E-03
4.000E+00 1.341E-03 1.331E-03
5.000E+00 2.350E-04 2.247E-04
6.000E+00 3.646E-05 2.613E-05
7.000E+00 1.245E-05 2.110E-06
8.000E+00 1.046E-05 1.192E-07
9.000E+00 1.035E-05 4,741E-09
1.000E+01 1.034E-05 1.336E-10
1.500E+01 1.034E-05 6.509E-16
2.000E+01 1.034E-05 2.326E-17
3.000E+01 1.034E-05 -6.476E-22
4.000E+01 1.034E-05 -3.892E-26
5.000E+01 1.034E-05 5.217E-30
6.000E+01 1.034E-05 -2.151E-33
7.000E+01 1.034E-05 -3.111E-36
8.000E+01 1.034E-05 -3.367E-39
9.000E+01 1.034E-05 -3.562E-42
1.000E+02 1.034E-05 -3.746E-45
2.3.2 Case 2 Results

‘This test case examines, as before, the spatial and temporal variation
of the concentration of Cm-245, as well as its cumulative mass flux in the fracture. In addition,
the spatial variations of the concentration in the rock matrix are also investigated. The source
terms correspond now lo a periodically fluctuating one with exponential decay, and the assigned
residual concentrations are almost one order of magnitude less than their counterparts in the case
of Np-237. The input data pertaining to this test case is presented in Table 2-7. Note that the
implementation of a periodically decaying source restricts the use of benchmarking algorithms
other than Talbot's and Durbin’s for reasons presented earlier.
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Figure 2-3(a) shows the spatial relative concentration profiles of Cm-
245 observed in the fracture layers for simulation times corresponding to 10%, 5x10' and 5 X 10
years. A comparison of our results with the ones obtained from the two numerical inversion
algorithms. Tables 2-8(a) through 2-8(c) show that these are in excellent agreement.

Figure 2-3(b) shows the temporal relative concentration of Np-237
observed in the fracture at three different observation points: 100, 200 and 500 meters
downstream from the source, located in the second, third and fifth laycr respectively, for a band
rclease mode. The observations here are similar to the ones reported for Np-237 except that in
the present case the upper tail of the concentration profiles is akin to the assigned initial
concentrations of the various fracture layers of interest. A comparison of our results with those
yielded by Talbot's and Durbin’s algorithms lying within the acceptable range of concentrations
(see Tables 2-9(a) through 2-9(c)) seem to indicate good agrcement. Note that Talbot's
algorithm performance is further reduced in this case, where correct predictions of the
concentrations at the three monitoring points seem to be registered only for times greater than
40, 80 and 300 ycars respectively.

Figure 2-3(c) depicts the time-dependent evolution of the cumulative
mass release (per unit width of the fracture) profile at three different observation points in the
fracturc as in the previous example. Because of its robustness, Durbin's algorithm is selected
as the benchmark. A comparison of our analylical solution rcsults with those yielded by
Durbin's solution (see Tables 2-10(a) through 2-10(c)) indicate excellent agreement. Note that
all three profiles will tend to become asymptotic to three specific values of the cumulative mass
namely: 2.175 x10%, 1.237 x10%, and 40.9 (UA/m)".

Figures 2-3(d) and 2-3(e) show the concentration profiles in the rock
matrix at three position downstream from the source (i.c.. x = 100m , 200m, and 500m) for
a step release and band release respectively. Comparison of our analytical results against those
yielded by the two approximate solution methods (see Tables 2-11(a) through 2-12(c) indicate
cxcellent agreement.

The assumption of zero dispersive flux in the fracturc raiscs the
question of the range of validity of the analytical soluticns presented in this report. This matter
depends very much on the importance of the hydrodynamic dispersion effects prevailing in the
fracture. This matter has been investigated and quantified numenically by Ahn et al., (1985)
(i.e., for the case of zero initial concentrations in both fracture and rock) who suggested that
hydrodynamic dispersion D (sec Bear, 1972) should meet the following criterion

Y UA: Arbitrary Units of Activity/meter.
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in order to validate the use of the zero fracture dispersion solution. The maximum permissible
value of D, for any layer i would correspond to a minimum of 254.0 m¥/yr for Test Case |, and

245.0 m¥yr for Test Case 2.
correspond approximately to a value of 16 m in both cases.

Table 2-7. INPUT PARAMETERS FOR CASE 2 PERIODICALLY FLUCTUATING

D..s

10u’b,
o0, &/)"

SOURCE WITH EXPONENTIAL DECAY

Expressed in terms of dispersivity (i.e., D/u) these would

SPECIES Cm-245
Ta 8.5 x 10° yr
Release Mode:
Step NA
Band Leaching Time 5x 10" yr
AY 1.0°
Q 0.1 (mYyr)
v, 0.75
"y 0.25
T, 5.0yr
LAYER L(m) b (m) u (m/yr) 4
1 50.0 5.0E-03 10.0 0.01
2 75.0 4.0E-03 12.5 0.008
3 100.0 3.0E-03 16.666 0.006
4 150.0 2.0E-03 25.0 0.004
5 o 1.5E-03 33.333 0.002
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Table 2-7. INPUT PARAMETERS FOR CASE 2 PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY (Continucd)

LAYER p (glcm®) D, (m¥yr) K, (m) K, (cm’/g)
1 2.0 0.01 1.SE-02 1.5
2 2.3 0.02 $.0E-03 1.2
3 2.6 0.06 5.4E-02 1.25
4 2.65 0.05 1.0E-02 0.75
5 2.7 0.03 4.5E-03 2
LAYER a,” a, a (m) b’
-
1 1.50E-05 -0.50E-05 0.05 1.00E-06
2 2.00E-05 -0.25E-06 0.05 1.75E-06
3 1.75E-05 -0.20E-06 0.05 1.25E-06
4 2.00E-05 -0.15E-06 0.05 1.0SE-06
5 1.50E-05 -0.20E-06 0.05 1.OSE-06

. (arbitrary units of acuvity/L’)
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Distance, x(m)

Figure 2-3(a). Relative concentration of Cm-245 vs. distance in the fracture at different times t = 1,000, 5,000, and

50,000 years (Periodically fluctuating source with exponential decay).
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Table 2-8(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
AT TIME t = 1,000 YEARS (PERIODICALLY FLUCTUATIING SOURCE WITH
EXPONENTIAL DECAY AND STEP RELEASE MODE)

DISTANCE x(m) MULTFRAC TALBOT DURBIN
1.000E-01 6.908E-01 6.908E-01  6.908E-0)
1.500E-01 6.906E-01 6.906E-01  6.906E-01
2.000E-01 6.904E-01 6.904E-01  6.904E-01
3.000E-0! 6.900E-01 6.900E-01  6.900E-01
4.000E-01 6.896E-01 6.896E-01  6.896E-01
5.000E-01 6.891E-01 6.891E-01  6.891E-01
6.000E-01 6.887E-01 6.887E-01  6.887E-01
7.000E-01 6.883E-01 6.883E-01  6.883E-0l
8.000E-01 6.879E-01 6.879E-01  6.879E-01]
9.000E-01 6.874E-01 6.874E-01  6.874E-01
1.000E +00 6.870E-01 6.8701-01  6.870E-01
1.500E+00 6.849E-01 6.849E-01  6.849E-01
2.000E+00 6.827E-01 6.827E-01  6.827E-01
3.000E+00 6.785E-01 6.785E-01  6.785E-01
4.000E+00 6.742E-01 =~ 6.742E-01.  6.742E-01
5.000E+00 6.700E-0! 6.700E-01  6.700E-01
6.000E+00 6.657E-01 6.657E-01  6.657E-01
7.000E+00 6.614E-01 6.614E-01  6.614E-01
8.000E+00 6.572E-01 6.572E-01  6.572E-0I
9.000E+00 6.529E-01 6.529E-01  6.529E-01
1.000E+0t 6.486E-01 6.486E-01  6.486E-0l
1.500E+01 6.273E-01 6.273E-01  6.273E-01
2.000E+01 6.061E-01 6.061E-01  6.061E-01l
3.000E+0! 5.639E-01 5.639E-01  5.639E-0l
4.000E+01 5.223E-01 5.223E-01  5.223E-01
5.000E+01 4.815E-01 4.815E-01  4.815E-01
6.000E +01 4.338E-01 4.)18E-01 - 4.338E-01
7.000E+01 3.881E-01 3.821E-01  3.881E-0l
8.000E+01 3.448E-01 3.447E-01  3.447E-01
9.000E+01 3.040E-01 J.040E-01  3.040E-01
1.000E +02 2.661E-01 2.661E-01  2.661E-0!
1.500E+02 8.846E-02 8.842E-02  8.842E-02
2.000E+02 1.177E-02 1.176E-02  1.176E-02
3.000E+02 2.178E-04 2.174E-04  2.172E-04
4.000E+02 J.934E-06 J.925E-06  3.953E-06
5.000E+02 1.145E-06 1.145E-06  1.154E-06
6.000E+02 1.066E-06 1.066E-06  1.080E-06
7.000E+02 1.047E-06 1.047E-06 1.061E-06
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Table 2-8(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
AT TIME t = 1,000 YEARS (PERIODICALLY FLUCTUATING SOURCE WITH
EXPONENTIAL DECAY AND STEP RELEASE MODE) (Continued)

DISTANCE x(m) MULTFRAC TALBOI  DURBIN
8.000E+02 1.045E-06 1.045E-06  1.058E-06
9.000E+02 1.044E-06 1LO44E-06  1.057E-06
1.000E+03 1.044E-06 1.044E-06  1.057E-06
1.500E+03 1.044E-06 1.O44E-06  1.057E-06
2.000E+03 1.044E-06 1.044E-06  1.057E-06
3.000E+03 1.044E-06 1.044E-06  1.057E-06
4.000E+03 1.044E-06 1.044E-06  1.057E-06
5.000E+03 1.044E-06 1.O44E-06  1.057E-06

Table 2-8(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
AT TIME t = 5,000 YEARS (PERIODICALLY FLUCTUATING SOURCE WITH
EXPONENTIAL DECAY AND BAND RELEASE MODE)

DISTANCE x(m) MULTFRAC TALBOT DURBIN
1.000E-01 2.675E-05 2.677E-05  2.679E-05
1.500E-01 4.014E-05 4.016E-05 4.018E-05
2.000E-01 5.352E-05 5.355E-05  5.357E-05
3.000E-01 8.030E-05 8.033E-05  8.035E-05
4.000E-01 1.071E-04 1.071E-04  1.071E-04
5.000E-01 1.338E-04 1.339E-04  1.339E-O4
6.000E-01 1.606E-04 1.607E-04  1.607E-04
7.000E-01 1.874E-04 1.874E-04  1.875E-04
8.000E-01 2.142E-04 2.142E-04  2.142E-04
9.000E-01 2.410E-04 2.410E-04 2.410E-04
1.000E+00 2.677E-04 2.678E-04  2.678E-04
1.500E+00 4.016E-04 4.017E-04  4.017E-04
2.000E+00 5.355E-04 5.356E-04  5.356E-04
3.000E+00 8.034E-04 8.034E-04  8.034E-04
4.000E+00 1.071E-03 1.071E-03  1.071E-03
5.000E+00 1.339E-03 1.339E-03  1.339E-03
6.000E+00 1.607E-03 1.607E-03  1.607E-03
7.000E+00 1.875E-03 1.875E-03  1.875E-03
8.000E+00 2.143E-03 2.143E-03  2.143E-03
9.000E+00 2.411E-03 2.411E-03 2.411E-03
1.000E+01 2.678E-03 2.679E-03  2.679E-03
1.500E+01 4.017E-03 4.018E-03  4.018E-03
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Table 2-8(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE. FRACTURE
AT TIME t = 5,000 YEARS (PERIODICALLY FLUCTUATING SOURCE WITH
EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)

DISTANCE x(m) MULTFRAC TALBOT DURBIN
2.000E+01 5.355E-03 5.355E-03  5.355E-03
3.000E+01 8.021E-03 8.022E-03  8.022E-03
4.000E+01 1.067E-02 1.067E-02  1.067E-02
5.000E +01 1.330E-02 1.330E-02  1.330E-02
6.000E+01 1.644E-02 1.644E-02  |.644E-02
7.000E+01 1.952E-02 1.952E-02  1.952E-02
8.000E+01 2.253E-02 2.253E-02  2.253E-02
9.000E+01 2.545E-02 2.545E-02  2.545E-02
1.000E+02 2.828E-02 2.828E-02  2.828E-02
1.500E+02 4.409E-02 4.409E-02  4.409E-02
2.000E+02 5.491E-02 5.491E-02  5.491E-02
J.000E+02 5.303E-02 5.303E-02  5.303E-02
4.000E +02 4.201E-02 4.201E-02  4.201E-02
5.000E+02 2.974E-02 2.974E-02  2.974E-02
6.000E+02 1.893E-02 1.893E-02  1.893E-02
7.000E+02 1.097E-02 1.097E-02  1.097E-02
- 8.000E+02 5.839E-03 5.838E-03  5.838E-03
9.000E+02 2.877E-03 2.876E-03  2.877E-0)
1.000E+03 1.319E-03 1.318E-03  1.318E-03
1.500E+03 1.019E-05 1.018E-05  1.019E-05
2.000E+03 4.896E-07 4.896E-07  4.969E-07
3.000E+03 4.762E-07 4.762E-07  4.840E-07
4.000E+03 4.762E-07 4.762E-07  4.840E-07
5.000E+03 4.762E-07 4.762E-07  4.840E-07

Table 2-8(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
AT TIME t = 50,000 YEARS (PERIODICALLY FLUCTUATING SOURCE WITH
EXPONENTIAL DECAY AND BAND RELEASE MODE)

RISTANCE x(m) MULTFRAC TALBQT  DURRIN

1.000E-01 5.953E-08 5.991E-08  S.991E-08

1.500E-01 8.949E-08 8.987E-08  8.987E-08

2.000E-01 1.194E-07 1.198E-07  1.198E-07

3.000E-01 1.794E-07 1.797E-07  1.797E-07

4.000E-01 2.393E-07 2.397E-07  2.397E-Q7
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I Table 2-8(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
AT TIME t = 50,000 YEARS (PERIODICALLY FLUCTUATING SOURCE WITH
l EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)
i DISTANCE x(m} MULTFRAC TALBOT DURBIN
5.000E-01 2.992E-07 2.996E-07 2.996E-07
6.000E-01 3.591E-07 3.595E-07 ).595E-07
7.000E-01 4.190E-07 4,194E-07 4. 194E-07
8.000E-01 4,789E-07 4.793E-07 4.793E-07
9.000E-01 5.389E-07 5.392E-07 5.392E-07
1.000E+00Q 5.988E-07 5.991E-07 5.991E-07
1.500E+00 8.983E-07 8.987E-07 8.987E-07
2.000E+00 1.198E-06 1.198E-06 1.198E-06
3.000E4+00 1.797E-06 1.797E-06 1.797E-06
4.000E+00 2.396E-06 2.397E-06 2.397E-06
5.000E+00 2.995E-06 2.996E-06 2.996E-06
6.000E+00 31.595E-06 3.595E-06 1.595E-06
7.000E+00 4.194E-06 4.194E-06 4.194E-06
8.000E+00 4.793E-06 4.793E-06 4,793E-06
9.000E+00 5.)92E-06 5.393E-06 5.393E-06
1.000E+0! 5.991E-06 5.992E-06 5.992E-06
1.500E+01 8.987E-06 8.987E-06 8.987E-06
I 2.000E+01 I.198E-05 1.198E-05 1.198E-05
3.000E+01 1.797E-05 1.797E-05 1.797E-05
4.000E+01 2.395E-05 2.395E-05 2.395E-05
F 5.000E+01 2.993E-05 2.993E-05 2.993E-05
6.000E+01 J.717E-05 3.717E-05 3.717E-05
i 7.000E+01 4.439E-05 4.439E-05 4.439E-05
8.000E+01 5.158E-05 5.158E-05 5.158E-05
9.000E+01 5.875E-05 5.875E-05 5.876E-05
1.000E+02 6.589E-05 6.589E-05 6.590E-05
1.500E+02 1.118E-(4 1.118E-04 1.118E-04
2.000E+02 1.651E-04 1.651E-04 1.650E-04
3.000E+(02 2.286E-04 2.286E-04 2.286E-04
4 .000E+02 2.701E-04 2.701E-04 2.701E-04
5.000E+02 2.984E-04 2.984E-04 2.984E-04
6.000E+02 3.167E-04 3. 167E-04 3. 167E-04
7.000E+02 3.250E-04 3.250E-04 3.250E-04
8.000E+02 3.240E-04 3.240E-04 J.240E-04
9.000E+02 3.149E-04 3.149E-04 3.149E-04
1.000E+03 2,988E-04 2.988E-04 2.990E-04
1.500E+03 1.695E-04 1.695E-04 1.696E-04
I 2.000E+03 6.162E-05 6.162E-05  6.162E-05
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Table 2-8(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE

AT TIME t = 50,000 YEARS (PERIODICALLY FLUCTUATING SOURCE WITH
EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)

DISTANCE x(m) MULTFRAC TALBOT DURBIN

3.000E+03 2.503E-06 2.503E-06  2.504E-06
4.000E+03 4.072E-08 4.072E-08  4.073E-08
5.000E+03 1.805E-08 1.80SE-08  1.80SE-08
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Figure 2-3(b). Relative concentration of Cin-245 in the fracture vs. time at different positions x = 100 meters, 200
meters, and 500 meiers (Periodically fluctuating source with exponential decay).




Table 2-9(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
IN LAYER 2, AT DISTANCE x = 100 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND STEP RELEASE MODE)

TIME (v) MULTFRAC TALBOT DURBIN

1.000E-01 1.250E-05 2.184+188 1.253E-05
1.500E-01 1.151E-05 -4.441+246 1.154E-05
2.000E-01 1.079E-05 -4.5724+261 1.081E-05
3.000E-01 9.765E-06 2.005+243 9.791E-06
4.000E-01 9.052E-06 4.431+259 9.076E-06
5.000E-O1 8.511E-06 -5.666+260 B8.53SE-06
6.000E-01 8.082E-06 2.925+222 8.105E-06
7.000E-01 7.728E-06 4.361+238 7.751E-06
8.000E-01 7.431E-06 -2.506+272  7.453E-06
9.000E-0} 7.175E-06 2.301+238 7.196E-06
1.000E+00 6.951E-06 -1.678+213 6.973E-06
1.500E+00 6.147E-06 -1.604+242 6.167E-06
2.000E+00 5.632E-06 -1.656+242 5.650E-06
3.000E+00 4.986E-06 2.438+224 5.002E-06
4.000E+00 4.583E-06 -2.694+160 4.598E-06
5.000E+00 4.301E-06 1.5534+200 4.316E-06
6.000E+00 4.090E-06 8.813+159 4.103E-06
7.000E+00 3.923E-06 1.114+131  3.936E-06
8.000E+00 3.788E-06 2.442+109 3.800E-06
9.000E+00 3.675E-06 -2.759E+92 3.686E-06
1.000E+01 3.578E-06 6.475+172  3.590E-06
1.500E+01 3.248E-06 5.749E+87 3.259E-06
2.000E+01 3.049E-06 -1.702E+45 3.058E-06
3.000E+01 2.810E-06 -5.177E402 2.837E-06
4.000E+01 2.667E-06 2.680E-06  2.673E-06
5.000E+01 2.570E-06 2.568E-06  2.544E-06
6.000E+01 2.703E-06 2.708E-06  2.669E-06
7.000E+01 1.027E-05 1.050E-05  1.054E-05
8.000E+01 6.893E-05 7.056E-05  7.053E-05
9.000E+01 2.757E-04 2.814E-04  2.813E-04
1.000E+02 7.497E-04 7.634E-04  7.635E-04
1.500E+02 9.519E-03 9.442E-03  9.442E-03
2.000E+02 2.718E-02 2.723E-02  2.723E-02
3.000E+02 7.209E-02 7.214E-02  7.215E-02
4.000E+02 1.152E-01 1.152E-01 1.152E-01
5.000E+02 1.522E-01 1.522E-01 1.522E-01
6.000E+02 1.834E-01 1.833E-01 1.833E-01
7.000E+02 2.095E-01 2.094E-01  2.094E-0l
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Table 2-9(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
IN LAYER 2, AT DISTANCE x = 100 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND STEP RELEASE MODE) (Continued)

— e e W RN N RN TR T T T e

TIME (y) MULTFRAC TALBOT DURBIN
8.000E+02 2.315E-01 2.314E-01  2.314E-01
9.000E+02 2.502E-01 2.501E-01 2.501E-01
1.000E+03 2.661E-01 2.661E-01  2.661E-Cl
1.500E+03 -3.189E-01 3.189E-01  3.189E-0l
2.000E+03 3.456E-01 3.455E-01  3.455E-01
3.000E+03 3.640E-01 J.640E-01  3.640E-O1
4.000E+03 3.615E-01 J.615E-01  3.615E-0l
5.000E+03 3.499E-0! 3.499E-01  3.499E-0l
6.000E+03 1.570E-01 1.570E-01 1.570E-01
7.000E+03 8.635E-02 8.636E-02  8.636E-02
8.000E+03 5.556E-02 5.556E-02  5.556E-02
9.000E+03 3.869E-02 3.869E-02  3.869E-02
1.000E+04 2.828E-02 2.828E-02  2.828E-02
1.500E +04 8.507E-03 8.508E-03  8.508E-03
2.000E+04 3.400E-03 3.400E-03  3.400E-03
3.000E+04 7.630E-04 7.630E-04  7.629E-04
4.000E+04 2.121E-04 2.121E-04 2.121E-04
5.000E+04 6.589E-05 6.589E-05  6.590E-05
6.000E+04 2.190E-05 2.190E-05  2.190E-05
7.000E+04 7.622E-06 7.622E-06  7.622E-06
8.000E+04 2.742E-06 2.742E-06  2.742E-06
9.000E+04 1.012E-06 1.012E-06  1.012E-06
1.000E +05 3.806E-07 3J.806E-07  3.806E-07
1.S00E+05 3.471E-09 3471E-09 3.471E-09
2.000E+05 3.800E-11 3.800E-11  3.800E-11
3.000E+05 5.910E-15 5.982E-15  5.896E-15
4.000E+05 1.100E-18 4.007E-16  1.408E-17
5.000E+05 2.258E-22 5.580E-16  -7.54SE-18
6.000E+05 4.932E-26 6.163E-16  i.497E-17
7.000E+05 1.124E-29 3.204E-16  5.328E-18
8.000E+05 2.642E-33 2.729E-16  2.488E-17
9.000E+05 6.361E-37 2.835E-17  -5.385E-18
1.000E+06 1.560E-40 7.371E-17  -8.938E-19
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Table 2-9(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
IN LAYER 3, AT DISTANCE x = 200 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE)

TIME (y) MULTFRAC TALBOT  DRURBIN

1.000E-01 1.453E-05 5.273+234  1.456E-05
1.500E-01 1.399E-05 1.474+113 1.401E-05
2.000E-01 1.J55E-05 -3.5276E+69 1.358E-05
3.000E-01 1.288E-05 1.8124+209 1.290E-0S
4.000E-01 1.235E-05 4.523+256 1.238E-05
5.000E-01 1.193E-05 1.4384+236 1.195E-05
6.000E-01 1.156E-05 -4,659+264 1.159E-05
7.000E-01 LI24E-08 24914267 1127808
8.000E-0! 1.096E-0S -1.440+249 1.099E-05
9.000E-01 1.071E-05 -4.417+247 1.073E-05
1.000E +00 1.048E-05 -2.991+269 1.051E-0S
1.500E +00 9.584E-06 1.216+268 9.6081:-06
2.000E+00 8.938E-06 1.989+261 8.961E-06
3.000E+00 8.032E-06 9.815+270 8.054E-06
4.000E+00 7.405E-06 1.001+263 7.426E-06
5.000E+00 6.933E-06 -2.075+225 6.954E-06
6.000E+00 6.560E-06 -8.843+254 6.580E-06
7.000E+00 6.255E-06 -1.4374+214 6.274E-06
8.000E+00 5.998E-06 1. 726+228  6.017E-06
92.000L + 00 5. 7788-00 3403+ 236 5.7961-00
1.000E+01 5.58€E-06 -3.213+209 5.604E-06
1.500E+01 4.900E-06 -3.235+4211 4.917E-06
2.000E+01 4.464E-06 -5.380+189 4.479E-06
3.000E+01 3.919E-06 -6.937+186 3.933E-06
4.000E+01 3.581E-06 -7.301+162 3.593E-06
5.000E+01 3.344E-06 2.565+113  3.356E-06
6.000E+0! J.167E-06 -2.135E4+80 ). 178E-06
7.000E+01 }.027E-06 -2.093E+57 J.0I7E 06
8.000E+01 2.913E-06 9.066E+39 2.923E-06
9.000E+01 2.818E-06 1.164dE+26 2.827E-06
1.000E+02 2.737E-06 -2.442E+15 2.746E-06
1.500E+02 2.457E-06 2.460E-06  2.482E-06
2.000E+02 2.284E-06 2.284E-06  2.312E-06
3.000E+02 2.133E-06 2.135E-06  2.127E-06
4.000E+02 1.718E-05 1.740E-05  1.756E-0S
5.000E+02 1.944 .04 1.966E-04  1.963E-04
6.000E+02 8510104 8.640E-04  8.643E-04
7.000E+02 2765503 2.305E-03  2.305E-03
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Table 2-9(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
IN LAYER 3, AT DISTANCE x = 200 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)

TIME (v) MULTFRAC TALBOT  DURBIN
8.000E+02 4,644E-03 4.636E-03  4.6)6E-03
9.000L: +02 7.835E-03 7.826E-03  7.826L-03
1.000E+03 L.177E-02 1.176E-02  1.176E-02
1.500E+03 3.776E-02 3.775E-02  3.775E-02
2.000E+03 6.558E-02 6.557E-02  6.557E-02
3.000E+03 1.103E-01 1.103E-01  1.103E-0l
4.000E+03 1.389E-01 1.388E-01 1.388E-01
5.000E+03 1.555E-01 1.555E-01 1.555E-01
6.000E+03 1.562E-01 1.562E-01 1.562E-01
7.000E+03 1.235E-01 1.235E-01 1.235E-01
R.000L+0) 9.3061:-02 2.3078-02  9.307E-02
9.000E+03 7.086E-02 7.087E-02  7.087E-02
1.000E+04 5.491E-02 S491E-02  5.491E-02
1.SOOE+04 1.882E-02 1.882E-02  1.882E-02
2.000E+04 7.907E-03 7.907E-03  7.907E-03
J.000E+04 1.853E-03 1.853E-03  1.853E-03
4.000E+04 5.256E-04 5.256E-04  5.256E-04
5.000E+04 1.651E-04 1.651E-04  1.650E-04
6.000E+04 5.5201:-05 5.529E-05  5.5291:-05
7.000+04 1.OME-0S5 1LOME-05  1.934E.08
8.000E +04 6.985E-06 6.985E-06  6.985E-06
9.000E+04 2.585E-06 2.585E-06  2.585E-06
1.000E+05 9.747E-07 9.747E-07  9.747E-07
1.500E+05 8.950E-09 8.951E-09 8.951E-09
2.000E+05 9.832E-11 9.832E-11  9.832E-11
3.000E+05 1.534E-14 1.540E-14  -5.189E-07
4.000E+05 2.861E-18 7.985E-17  -7.419E-08
5.000E +05 5.879E-22 1.400E-16  -4.753E-07
6.000E +05  1.285E-25 287TIE-16  -3.961E-07
7.000E+05 2.929E-29 3949E-16  -6.632FE-08
- 8.000E+05 6.889E-33 1.189E-16  2.972E-07
9.000E+05 1.659E-36 2.184E-16  2.641E-07
1.000E+06 4.071E-40 2190E-17  2.377E-07
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Table 2-9(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE FRACTURE
IN LAYER 5, AT DISTANCE x = 500 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE)

TIME () MULTFRAC TALBOT  DURBIN

1.000E-0! 7.219E-06 8.6890+218 7.238E-06
1.500E-01 6.453E-06 -4.152+271 6.471E-06
2.000E-01 5.929E-06 -2.893+190 5.946E-06
3.000E-01 5.232E-06 4.875+250 5.249E-06
4.000E-0! 4.774E-06 7.382+227 4.790E-06
5.000E-01 4.442E-06 1.802+261 4.457E-06
6.000E-01 4.187E-06 3.548+242 4.201E-06
7.000E-01 3.982E-06 -1.281+242 1.996E-06
8.000E-01 3.813E-06 2.024+261 3.826E-06
9.000E-01 3.671E-06 -1.002+273  3.684E-06
1.000E+00 3.549E-00 -2.800+235 ).561LE-06
1.500E+00 3.121E-06 39144264 3.132E-06
2.000E+00 2.858E-06 -8.926+248 2.868E-06
3.000E+00 2.539E-06 4,032+250 2.565E-06
4.000E+00 2.344E-06 -9.699+245 2.369E-06
5.000E+00 2.211E-06 -2.552+260 2.233E-06
6.000E+00 2.111E-06 -4.125+265 2.133E-06
7.000E+00 2.033E-06 -1.167+245  2.054E-06
R.OOE+00 L.9711:-06 2.827+4265  1.991E-06
9.000E+00 [.918E-06 [.118+232 1.938E-06
1.000E+01 1.874E-06 3.661+256 1.893E-06
1.500E+01 1.723E-06 -3.1374241 1.741E-06
2.000E+01 1.633E-06 3.227+198  1.649E-06
J.000E+01 1.525E-06 -1.671+205 1.540E-06
4.000E+01 1.460E-06 -1.511+142 1.475E-06
5.000E+01 1.415E-06 -1.568+172 1.430E-06
6.000E+01 1.382E-06 -3.968+ 181 1.396E-06
7.000E+01 1.356E-06 1.606+143  1.370E-06
8.000E+01 1.335E-06 -1.064+116 1.349E-06
9.000E+01 1.317E-06 -4.803E+93 1.331E-06
1.000E+02 1.302E-06 -3.967E+75 1.316E-06
1.500E+02 1.255E-06 -4.242E+22 1.269E-06
2.000E+02 1.231E-06 -2.924E-05 1.245E-06
3.000E+02 1.207E-06 1.207E-06  1.220E-06
4,000E+02 1.191E-06 [.192E-06  1.205E-06
5.000E+02 1.177E-06 1.178E-06  1.192E-06
6.000E+02 1.164E-06 1.LI65E-06  1.181E-06
7.000E+02 I 152E-06 LLIS4E-06  1.174E-06
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Table 2-9(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THHE FRACTURE
IN LAYER 5, AT DISTANCE x = 500 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)

TIME (y) MULTFRAC TALBQOT DURBIN
8.000E+02 1. 1445-06 LI44E-06 1.164E-06
9.000 +02 1.136L-06 1LI37E-06 1. 145E-06
1.000E+03 1.145E-06 1.14SE-06  1.154E-06
1.S00E+03 1.001E-05 9.994E-06  |.008E-05
2.000E+03 1.396E-04 1.394E-04  1.392E-04
3.000E+03 1.784E-03 1.783E-03  1.783E-03
4.000E+03 5.934E-03 5.932E-03  5.932E-03
S.000E+03 1.178E-02 1.178E-02  1.178E-02
6.000E+03 1.8175:-02 1.816E-02  1.BI6E-02
7.000E+03 2.4178-02 2ATE-02 2.417E-2
8.000E+03 2.844E-02 2.8441-02 2.844E-02
9.000E +03 3.013E-02 3.013E-02  3.013E-02
1.000E+04 2.974E-02 2.974E-02  2.974E-02
1.SO0E +04 1.860E-02 1.860E-02  1.860E-02
2.000E+04 9.942E-03 9.942E-03  9.942E-03
3.000E+04 2.878E-03 2.878E-03  2.878E-03
4,000+ 04 8.989E-04 8.980L-04  8.989E-04
5.000E +04 2.984E-04 2.984E-04  2.984E-04
6.000E +04 1.036E-04 1.036E-04  1.035E-04
7.000E + 04 3.716E-05 3.716E-05  3.711E-05
8.000E +04 1.367E-05 1.367E-05  1.367E-05
9.000E +04 5.133E-06 S.133E-06  S5.133E-06
1.000E +05 1.958E-06 1.958E-06  1.956E-06
1.500E+05 |.860E-08 1.860E-08  [.860E-08
2.000E +05 2.077E-10 2077610 2.077E-10
3.000E+05 3.296E-14 3.322E-14  1.447E-07
4,000E+05 6.195E-18 6.849E-17  5.450E-07
S.000E+0S 1.279E-21 1.129E-16  -4.404E-07
6.000E+05 2.805E-25 7.443E-17  -3.6605-07
7.000E+05 6.410E-29 S.21SE-17  -5.327E-07
8.000E+05 1.510E-32 -2.602E-17  4.667E-07
9.000E+0S 3.642E-36 -1.457E-17  -8.083E-08
1.0006 +06 8.945G-40 -2.802E-17  7.299E-08
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Figure 2-3(c). Cumulative mass of Cm-245 per unit in the fracture vs. time at different positions x = 100, 200, and
500 meters (Periodically fluctuating source with exponential decay).




Table 2-10(a). CASE 2 RESULTS: CUMULATIVE MASS OF Cm-245 IN THE
FRACTURE AT DISTANCE x = 100 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE)

TIME (yr) MULTFRAC DURBIN
1.000E-01 1.448E-07 1.451E-07
1.500E-01 2.047E-07 2.051E-07
2.000E-01 2.603E-07 2.609E-07
3,000E-01 3.6276-07 3.636E-07
4.000E-01 4.566E-07 4.577E-07
5.000E-01 5.443E-07 5.457E-07
6.0001:-01 6.2726-07 6.28813-07
7.000E-01 7.0621:-07 7.0801:-07
8.000E-01 7.820E-07 7.840E-07
9.000E-01 8.550E-07 8.572E-07
1.000E+00 9.256E-07 9.280E-07
1.500E+00 1.251E-06 [.255E-06
2.000E+00 1.545E-06 1.549E-06
3.000E+00 2.073E-06 2.079E-06
4,000E+00 2.550E-06 2.558E-06
5.0001 +00 2,9931-06 30031506
6.000E+00 3.413E-06 3.423E-06
7.000E+00 3.813E-06 3.825E-06
8.000E +00 4,198E-06 4.211E-06
9.000E +00 4.571E-06 4.585E-06
1.000E+01 4.934E-06 4.949E-06
1.S00E+01 6.632E-06 6.652E-06
2.000E+01 8.203E-06 .229E-06
3.000E+01 1.11255-05 1.117E-08
4.000E+01 1.385E-05 1.392E-05
5.000E+01 1.647E-05 1.653E-05
6.000F +01 1.904-05 1.910E-05
7.000E+01 2.4561-05 2.402E-05
8.000E +01 6.008E-05 5.6801:-05
9.000E+01 2.289E-04 2.151E-04
1.000E+02 7.479E-04 7.101E-04
1.500E+02 2.207E-02 2.164E-02
2.000E+02 1.119E-01 1.106E-01
3.000E+02 6.078E-01 6.043E-01
4.000E+02 1.551E+00 1.546E +00
5.000E+02 2.895E+00 2.888E +00
6.000E +02 4.579E+00 4.570E+00
7.000E +02 6.548E+00 6.537E+00
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Table 2-10(a)., CASE 2 RESULTS: CUMULATIVE MASS OF Cm-245 IN THE
FRACTURE AT DISTANCE x = 100 METERS (PERIODICALLY i'LUCTUATING
DECAYING SOURCE AND BAND RELEASE MODE) (Continued)

TIME (yr) MULTFRAC DURBIN
8.000E +02 8.756F +00 8. 7444+ 00
9.000E+02 1.117E+01 [.1ISE+01
1.000E+03 1.375E+01 1.374E+01
1.500E+03 2.853E+01 2.852E+01
2.000E+03 4.522E+01 4.520+01
3.000E+03 8.096E+01 8.094E+01
4.000E+03 1.173E+02 1.173E+02
5.000E+03 1.530E+02 1.529E+02
6.000E+03 1.780E+02 1.780E+02
7.000E+03 1.896E+02 1.896E+02
8.000E+03 1.965E-+02 1.96SE +02
9.000E+03 2.012E+02 2.012E+02
1.000E+04 2.045E+02 2.045E+02
1.S00E +04 2.124E+02 2.124E+02
2.000E+04 2.152E+02 2.152E+02
3.000E +04 2.169E+02 2.16954-02
4.0008 + (4 2.173E+02 ATHEHO2
5.000E+04 2.174E+02 2175+
6.000E+04 2.175E+02 2.1756+02
7.000E+04 2.175E+02 2. 174E 402
8.000E+04 2.175E+02 2.174E+02
9.000E+04 2.175E+02 2.173E+02
1.000E +05 2.175E+02 2.173E+02
1.500E +05 2.175E+02 2. 172E+02
2.000E+05 2.17SE+02 2.1T2E+02
3.000E+05 2.17SE+02 2.174E+02
4.0001% 405 2.175E+02 2. 1796402
5,000 +05 217513+ 02 21840 +02
6.000E +05 2.175E+02 NA
7.000E+05 2.17SE+02 NA
8.000E+05 2.175E+02 NA
9.000E+05 2.175E+02 NA
1.000E+06 2.175E+02 NA




Table 2-10(b). CASE 2 RESULTS: CUMULATIVE MASS OF Cm-245 IN THE
FRACTURE AT DISTANCE x = 200 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODF)

TIME (yr) MULTFRAC DURBIN
1.000E-01 1.544E-07 NA
1.500E-01 2.257E-07 NA
2.000E-01 2.945E-07 NA
3.000E-01 4.264E-07 NA
4.000E-01 5.525E-07 NA
5.000E-01 6.738E-07 NA
6.000E-01 1.912E-07 NA
7.000E-01 9.052E-07 NA
8.000E-01 1.016E-06 NA
9.000E-01t 1.125E-06 NA
1.000E+00 1.230E-06 NA
1.500E+00 1.731E-06 NA
2.000E+00 2.193E-06 NA
3.000E+00 3.038E-06 NA
4.000E+00 3.809E-06 NA
5.000E+00 4.524E-06 NA
6.000E+00 3. 198E-06 NA
7.000E+00 5.839L-06 NA
8.000E+00 6.451E-06 NA
9.000E+00 7.040E-06 NA
1.000E+01 7.608E-06 7.628E-06
1.500E+01 1.021E-05 1.024E-05
2.000E+01 1.255E-05 1.259E-05
3.000E+0! 1.671E-05 1.677E-05
4,000 +01 2.045E-05 2.052E-05
5.000E+01 2.391E-05 2.399E-05
6.000E+01 2.716E-05 2.725E-05
7.000E+0I 3.026E-05 3.035E-05
8.000E+01 3.322E-05 3.333E-05
9.000E+01 3.609E-05 3.620E-05
1.000E+02 3.886E-05 3.899E-05
1.500E+02 5.178E-05 5.202E-05
2.000E+02 6.360E-05 6, 1975-05
30001 +02 8.53212-05 8.581E-08
4.000L+02 1.439E-04 1.435E-04
5.000E+02 9.618E-04 9.541F-04
6.000E+02 5.744E-03 5.708E-03
7.000E+02 2.093E-02 2.084E-02
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Table 2-10(b). CASE 2 RESULTS: CUMULATIVE MASS OF Cm-245 IN THE
FRACTURE AT DISTANCE x = 200 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)

TIME (yr) MULTERAC DUSBIN

8.000E+02 5.497E-02 5.480E-02
9.000E+02 1. 167E-01 1L 164E-01
{.000E+0) 2.142E-01 2.138E-01
1.500E+03 1.424E+00 1.423E+00
2.000E+03 4.016E+00 4.014E+00
3.000E+03 1.295E+01 1.295E+01
4.000E+03 2.553E+0! 2.552E+01
5.000E+03 4.033E+01 4.032E+01
6.000E+03 5.622E+01 5.621E+01
7.000E+03} 7.028E+01 7.028E+01
8.000E+03 8.104E+01 8.103E+01
9.000E +03 8.917E+0! 8.917E+01
1.000E+04 9.542E+01 9.542E+01
1.500E+04 1.119E+02 NA
2.000E+04 1.181E+02 NA
3.000E+04 1.222E+02 NA
4.000E+04 1.232E+02 NA
5.000E+04 1.235E+02 NA
6.000E+04 1.236E+02 NA
7.000E+04 1.237E+02 NA
8.000E+04 1.237E+02 NA
9.000E+04 1.237E+02 NA

1.000E +05 1.237EE+02 NA
1.500E+05 1.237E+02 NA
2.000E+05 1.237E+02 NA
3.000E+05 1.237E+02 NA
4.000E+05 1.237E+02 NA
5.000E+05 1.237E+02 NA
6.000E+05 1.237E+02 NA

7.000E +05 1.237E+02 NA
8.000E+05 1.237E+02 NA

9.000E +05 1.237E+02 NA
1.000E+06 1.237E+02 NA
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TABLE 2-10(c). CASE 2 RESULTS: CUMULATIVE MASS OF Cm-245 IN THE
FRACTURE AT DISTANCE x = 500 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE)

TIME (yr) MULTFRAC DURBIN
1.000E-01 8.996E-08 NA
1.500E-01 [.240E-07 NA
2.000E-01 [.S49E-07 NA
3.000E-01 2. 104E-07 NA
4.000E-01 2.603E-07 NA
5.000E-01 3.063E-07 NA
6.0006-01 3.4941-07 NA
7.000G-01 3.902E-07 NA
8.000E-01 4.292E-07 NA
9.000%-01 4.666E-07 NA
1.000E+00 5.027E-07 NA
1.500E+00 6.684E-07 NA
2.000E +00 8.174E-07 NA
3.000E+00 1.086E-06 NA
4.000E+00 1.329E-06 NA
5.000E+00 1.557E-06 NA
6.000E+00 |.772E-06 NA
7.000E+00 1.980E-06 NA
8.000E+00 2.180E-06 NA

| 9.000E+00 2.374E-06 NA

1 .O00E+01 2.564E-06 2.582E-06

] 1.S00E+01 3.459E-06 3.486E-06

h 2.000E+01 4.2975-06 4.3311-06
3.000E +01 5.870E-06 5.920E-06
4.000E+01 7.360E-06 7.423E-06
5.000E+01 8.796E-06 8.873E-06
6.000E +01 1.019E-05 1.028E-05
7.000E+01 1.156E-05 1.167E-05
8.000E+01 1.291E-05 1.302E-05

I 9.000E+01 1.4235-05 1.436E-05
10005 +02 1.554E-05 1.568E-05
1.500L+02 2.192E-05 2.212E-05
2.000E+02 2.813E-05 2.839E-05
3.000E+02 4.032E-05 4.069E-05
4.000E+02 5.231E-05 5.280E-05
5.000E+02 6.41SE-05 6.477E-05
6.000E+02 7.587E-05 7.662E-05
7.000E+02 8,746F-05 8.838E-05
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TABLE 2-10(c). CASE 2 RESULTS: CUMULATIVE MASS OF Cm-245 IN THE
FRACTURE AT DISTANCE x = 500 METERS (PERIODICALLY FLUCTUATING
SOURCE WITH EXPONENTIAL DECAY AND BAND RELEASE MODE) (Continued)

— E— T RN R R T T N A e R e

TIME (yr) MULTFRAC DURBIN
8.000E+02 9.896E-05 1LOOLE-O4
9.0001+02 1O 04 L6
1.000E+03 1.217E-04 1.230E-04
1.S00E+03 2.765E-04 2.782E-04
2.000E+03 3.020E-03 JOM4E-0
1.000E+03 7.9031L-02 T.R93E-02
4,000E+03 4.459E-01 4.455E-01
5.000E+03 1.323E+00 1.322E+00
6, 0005403 28206 +00 2. 8196+00
700018 403 49450 4+ (X) 4,94 M 4 (X)
8.000E+03 7.596E +00 7.595E+00
9.000E+03 1.0S5E+01 1.054E +01
1.000E+04 1.35SE+01 1.355E+01
1.500E + 04 2.580E+01 NA
2.000E+04 3.273E+0! NA
J.000E+(04 3.840E+0l1 NA
4,000E+04 4.009E+01 NA
5.000E+04 4.063E+01 NA
6.000E+04 4.082E+01 NA
7.000E+04 4 083E+01 NA
8.000E+04 4.090E+0l NA
9.000E+04 4. 091E+0! NA
1.000E+05 4,092E+01 NA
1.500E+05 4.092E+01 NA

2.000E +05 4.092E+01] NA
3.000E+05 4.092E+01 NA
4.000E+05 4.092E+401 NA
5.000E+0S 4.092E+01 NA

6.0008 405 4,092E+0] NA
7.000E+05 4.092E+01 NA
8.000E+05 4.092E+01 NA
9.000E+05 4,092E+01 NA
1.000E+06 4.092E+01 NA
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Figure 2-3(d). Relative concentration of Cm-245 in rock vs. distance z at time t = 5,000 years and distances from
the source x = 100, 200, and 500 meters (Periodically fluctuating source with exponential decay).




Table 2-11(a). CASE 2 Results: CONCENTRATION OF Cm-245 IN THE ROCK MATRIX
LAYER 2, AT DISTANCE x = 100 METERS AND TIME t = 5,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY ANDSTEP

RELEASE MODE)

DISTANCE z{m) MULTFRAC TALBOT DURBIN
1.500E-02 J.446E-01 J.446E-01  3.446E-01
2.000E-02 3.421E-Q! 1421601 3.421E-0l
J.000E-02 IIE-O1 JATME-01 YATIE-01
A XKHE-02 L A20E-01 LAGE-0] 3. 6E-01
5.000E-02 3.278E-01 L2785-01  X27RE01
6.000E-02 3.231E-01 JL23LIE-01 L23LE-OI
7.000E-02 3.184E-01 JI84E-01 1 1B4E-01
8.000E-02 3.137E-01 J137E-01  3.137E-0I
9.000E-02 J.091E-01 J.O9IE-01  3.091E-O1
1.000E-01 3.045E-01 J.045E-01  3.045E-01
1.500E-01 2.819E-01 2.819E-01  2.819E-01
2. 000E-01 2602001 2001101 001101
JOOE-O1 219401 2194101 2194501
4.000E-01 1.826[:-01 1.826L:-01 1.826E-01
5.000E-01 1.499E-01 1.499E-01 1.499E-01
6.000E-01 1.214E-01 [.214E-01 1.214E-01
7.000E-01 9.689E-02 9.689E-02  9.689E-02
8.000E-01 7.624E-02 7.624E-02  7.624E-02
9.000E-01 5.913E-02 S.912E-02  5.912E-02
1.000E+00 4.518E-02 4.517E-02  4.517E-02
1.S00E+00 9.377E-03 9.376E-03  9.376E-03
2.000E+00 1.319E-03 1.318E-03  1.318E-03
J.O0E+(X) 8.914E-06 ROIOE-06 9071506
4.000E+ 00 1.076L-06 LIT3E-06 1L L89L-06
S.000E+00 1.164E-06 LIGIE-06 LIRIE-06
6.000E+X) 1. 164E-06 L164E-06 1.184E-006
7.000E+00 1.164E-06 1.I64E-06  1.184E-06
8.000E+00 1.164E-06 1.164E-06  1.184E-06
9.000E+00 1.164E-06 1.164E-06  1.184E-06
1.000E+01 1.164E-06 1.164E-06  1.18B4E-06
1.S00E+01 1.164E-06 1.14E-06  1.184E-06
2.000E+01 1.164E-06 1.164E-06  1.1B4E-06
3.000E+01 1.164E-06 1LI64E-06 1. I84E-06
4, (00K 401 1.16415-00 LIGAE-06 1 IRBAE-06
S.00E+01 LIGAE-06 LIGE-06  1.1BAE-06
6.000E+01 1.164E-06 1.164E-06  1.184E-06
7.000E+01 1.164E-06 1.164E-06  1.184E-06

2-80



Table 2-11(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 2, AT DISTANCE x = 100 METERS AND TIME t = 50 YEARS
(PERIODICALLY FLUCTUATING SOURCEW ITH EXPONENTIAL DECAY ANDSTEP
RELEASE MODE) (Continued)

DISTANCE z(m) MULTFRAC TALBOT DURBIN
8.000E+0! 1.164E-06 LLIG4E-06 L I84E-06
9.000E+01 L I64E-06 LIGME-06  1.184E-06
1.LOOOE+02 1.164E-06 LIGIE-06  1.184E-06

Table 2-11(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 200 METERS AND TIME t = 5,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY ANDSTEP
RELEASE MODE)

DISTANCE z(m) MULTFRAC TALBOT

1.000E-02
1.500E-02
2.000E-02
3.000E-02
4.000E-02
5.000L-02
6.000E-02
7.000E-02
8.000E-02
9.000E-02
1.000E-01
1.500E-01
2.000E-01
3.000E-01
4.000E-01
5.000E-01
6.000E-01
7.000E-01
8.000E-0!
9.000E-01
1.000E+00
1.500E+00
2.000E+00
3.000E+00
4.000E+00
5.000E+00

1.539E-01
1.528E-01
1.516E-01
1.494E-01
1.472E-01
1.450E-01
1.428E-01
1.407E-01
1.385E-01
1.364E-01
1.343E-01
1.242E-01
1.147E-01
9.714E-02
8.166E-02
6.812E-02
5.638E-02
4.630E-02
3.771E-02
3.048E-02
2.443E-02
7.149E-03
1.692E-03
5.103E-05
1.450E-06
8.346E-07

DURBIN
1.539E-0l 1.539E-01
1.528E-01 1.528E-01
1.516E-01 1.516E-01
1.494E-01 1.494E-01
1.472E-01 1L472E-01
1.450E-01 1.450E-0!
1.428E-01 1.428E-01
1.407E-01 1.407E-01
1.385E-01 1.385E-01
1.364 E-01 1.364E-01
1.343E-01 1.343E-01
1.242E-01 1.242E-01
1.147E-01 1.147E-01
9.713E-02  9.713E-02
8.165E-02  8.165E-02
6.811E-02  6.811E-02
5.637E-02  5.637E-02
4,629E-02  4.629E-02
3.771E-02 3.771E-02
3J.047E-02  3.047E-02
2.443E-02  2.443E-02
7.148E-03  7.149E-03
1.697E-03  1.697E-03
5.102E-05  5.093E-05
1.450E-06  1.462F-06
8.346E-07 8.221E-07
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Table 2-11(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE x = 200 METERS AND TIME t = 5,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY ANDSTEP

RELEASE MODE) (Continuecd)

DISTANCE z(m) MULTFRAC TALBOT DURBIN

6.000E+00 8.315E-07 8.315E-07  B8.258E-07
7.000E+00 8.314E-07 R.I4E-07  B.257E-07
8.000E+00 8.314E-07 RIME0T  R.257E-07
9.000E+00 8.314E-07 8.314E-07  8.257E-07
1.000E+01 8.314E-07 8.314E-07  8.257E-07
1.500E+0! 8.314E-07 8.314E-07  8.257E-07
2.000E+01 8.314E-07 8.314E-07  8.257E-07
3.000E+01 8.314E-07 8.314E-07  8.257E-07
4.000E+01 8.314E-07 8.314E-07  8.257E-07
5.000E+01 8.314E-07 8.314E-07  8.257E-07
6.000E+01! 8.314E-07 8.314E-07.  8.257E-07
7.000E+01 8.314E-07 8.314E-07  B8.257E-07
8.000E+01 8.314E-07 8.314E-07  8.257E-07
9.000E4 01 8.2141E.07 B.AAB07  R.2571-07
1.OO0IE+02 8.3148-07 8.V41E07 8257807

Table 2-11(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 5, AT DISTANCE x = 500 METERS AND TIME t = 5,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIALDECAY ANDSTEP

RELEASE MODE)

RISTANCE z(m) MULTFRAC TALBOT  DURBIN
1.000E-02 1.101E-02 1.100E-02  1.100E-02
1.500£-02 1.057E-02 1.0S7E-02  [.057E-02
2.000E-02 1.015E-02 1.015E-02  1.015E-02
3.000E-02 9.353E-03 9.352E-03  9.352E-03
4.000E-02 8.611E-03 8.610E-03  8.610E-03
5.000E-02 7.921E-03 7.920E-03  7.920E-03
6.000E-02 7.281E-03 7.279E-03  7.280E-03
7.000E-02 6.686E-03 6.685E-03  6.685E-03
8.000E-02 6.135E-03 6.134E-03  6.134E-03
9.000E-02 5.624E-03 5.623E-03  5.624E-03
1.000E-01 5.152E-03 S.ISIE-03  S.ISIE-0}
1.500E-01 3.280E-03 3.279E-03  3.279E-03
2.000E-01 2.043E-03 2043603 2,043E-00
3.000E-01 7.436E-04 740504 7,4)4E-04
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Table 2-11(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER §, AT DISTANCE x = 500 METERS AND TIME t = 5,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY ANDSTFEP
RELEASE MODE) (Continucd)

DISTANCE z(m) MULTFRAC TALBOT  DURBIN

4.000E-01 2.482E-04 2.481E-04  2.474E-04
5.000E-01 7.621E-05 7.618E-05  7.615E-05
6.000E-01 2.178E-05 2.177E-05  2.176E-05
7.000E-01 6.080E-06 6.077E-06  6.301E-06
8.000E-01 1.954E-06 1.954E-06  1.971E-06
9.000E-01 9.661E-07 9.665E-07  9.7555:-07
1.000E +00 7.506E-07 7.508E-07  7.587E-07
1.500E+00 6.984E-07 6.984E-07  6.845E-07
2.000E+00 6.984E-07 6.984E-07  6.852E-07
3.000E+00 6.984E-07 6.984E-07  6.852E-07
4.000E+00 6.984E-07 6.984E-07  6.852E-07
5.000E+00 6.984E-07 6.984E-07  6.852E-07
6.000E +00 6.984E-07 6.984E-07  6.852E-07
7.000E +00 6.984F-07 6.984E-07  6.852F-07
8.000E +00 6.984E-07 6.984FE-07  6.852E-07
9.000E +00 6.984E-07 6.984E-07  6.852E-07
1.000E+01 6.984E-07 6.984E-07  6.852E-07
1.500E+01 6.984E-07 6.984E-07  6.852E-07
2.000E+01 6.984E-07 6.984E-07  6.852E-07
3.000E+0]1 6.984E-07 6.984E-07  6.852E-07
4.000E+01 6.984E-07 6.984E-07  6.852E-07
5.000E+01 6.984E-07 6.984E-07  6.852E-07
6.000E+01 6.984E-07 6.984E-07  6.852E-07
7.000E+01 6.984E-07 6.984E-07  6.852E-07
8.000E+01 6.984E-07 6.984E-07  6.852E-07
9.000E+01 6.984E-07  6.984E-07  6.852E-07
1.000E+02 6.984E-07 6.984E-07  6.852E-07
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Figure 2-3(e). Relative concentration of Cm-245 in rock vs. distance at t = 50,000 years (Periodically fluctuating
source with exponential decay).




Table 2-12(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK

2-85

MATRIX LAYER 2, AT DISTANCE x = 100 METERS AND TIME t = 50,000 YEARS
H (PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY AND
BAND RELEASE MODE)
E DISTANCE z(m) MULTFRAC TALBOT  DURBIN
1.000E-02 6.722E-05 6.722E-05  6.723E-05
h 1.SO0E-02 6.833E-05 6.833E-05  6.834E-05
2.000E-02 6.944E-05 6.944E-05  6.944E-05
3.000E-02 7.166E-05 7.166E-05  7.165E-0S
4.000E-02 7.387E-05 7.387E-05  7.387E-05
5.000E-02 7.608E-05 7.608E-05  7.607E-0S
6.000E-02 7.828E-05 7.828E-05  7.828E-05
7.000E-02 8.048E-05 8.048E-05  8.048E-05
8.000E-02 8.267E-05 8.268E-05  8.267E-05
9.000E-02 8.486E-05 8.487E-05  8.486E-05
é 1.000E-01 8.70SE-05 8.705E-05  8.705E-05
1.500E-01 9.791E-05 9.791E-05  9.791E-05
| 2.000E-01 1.086E-04 [.086E-04  1.086E-04
3.000E-01 1.296E-04 1.206E-04  1.296E-04
4.000E-01 1.SO0E-04 1.500E-04  1.500E-04
5.000E-01 1.695E-04 1.69SE-04  1.694E-04
l 6.000E-01 1.881E-04 1.881E-04  1.880E-04
7.000L-01 2.0581:-04 2,0580-04  2.0581-04
8.000E-01 2.224E-04 2.224E-04  2.224E-04
l 9.000E-01 2.379E-04 2.379E-04  2.379E-04
1.000E+00 2.522E-04 2.522E-04  2.522E-04
1.SO0E 00 3.046E-04 3.046E-04  3.046E-04
2.000E+00 3.241E-04 3.241E-04  3.241E-04
3.000E+00 2.811E-04 2.811E-04  2.811E-04
4.000E +00 1.847E-04 1.847E-04  1.B47E-04
5.000E+00 9.587E-0S 9,587E-05  9.583E-0S
: 6.000E +00 4.008E-05 4.008E-05  4.002E-0S
7.000E+00 1.366E-05 1.366E-05  1.360E-05
8.000E+00 3.838E-06 3.838E-06  3.823E-06
| 9.000E +00 9.069E-07 9.069E-07  8.981E-07
' 1.000E+01 1.969E-07 1.969E-07  1.995E-07
1.S00E+01 2.967E-08 2.967E-08  2.967E-08
2.000E+01 2.967E-08 2967508  2.967E-08
l 3.000E+01 2.967E-08 2.967E-08  2.967E-08
4.000E+01 2.967E-08 2.967E-08  2.967E-08
5.000E+01 2.967E-08 2.967E-08  2.967E-08
6.000E+01 2.967E-08 2.967E-08  2.967E-08



Table 2-12(a). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 2, AT DISTANCE x = 100 METERS AND TIME t = 50,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY AND
BAND RELEASE MODE) (Continued)

DISTANCE z(m) MULTFRAC TALBQT  DURBIN
7.000E+01 2.967E-08 2.967E-08  2.967E-08
8.000E+01 2.967E:-08 2.967E-08  2.967E-0R8
9.000E +01 2.967E-08 2.967E-08  2.967E-08
1.000E+02 2.967E-08 2.967E-08  2.967E-08

Table 2-12(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 3, AT DISTANCE X = 200 METERS AND TIME t = 50,0000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY AND

— RN R TR N T T e e ey

BAND RELEASE MODE)

DISTANCE z(m) MULTFRAC TALBOT  DURBIN

[.000E-02 1.661E-04 1.L661E-04  1.660E-04
1.500E-02 1.668E-04 1.668E-04  L.66TE-04
<.000E-02 1L675E-04 [.67SE-O4 1674104
3.000E-02 1.689E-04 1.6891:-04 1.6881:-04
4.000E-02 1.703E-04 1.703E-04  1.702E-04
5.000E-02 1.716E-04 1.716E-04  1.716E-04
6.000E-02 1.730E-04 1.730E-04  1.729E-04
7.000E-02 1.744E-04 1.744E-04  1.743E-04
8.000E-02 1.758E-04 1.758E-04  1.757E-04
9.000E-02 1.771E-04 1.771E-04  1.770E-04
1.000E-01 [.785E-04 1.785E-04 [.784E-04
1.500E-01 1.852E-04 1.BS2E-04  1.851E-04
2.000E-01 1.918E-04 1.918E-04  1.917E-04
3.000E-01 2.046E-04 2.046E-04  2.046E-04
4.000E-01 2.168E-04 2.168E-04  2.168E-04
5.000C-01 2.285E-04 2.285E-04  2.285E-04
6.000L 71 2.395E-04 2.395E-04  2.395E-04
7.000E-( ' 2.500E-04 2.500E-04  2.500E-04
8.000E-0, 2.598E-04 2.598E-04 2.598E-04
9.000E-01 2.689E-04 2.689E-04  2.689E-04
1.000E+00 2.7T714E-04 2.774E-04  2.774E-04
LSOOE+() JOO2E 04 JOREO4 VONE-O4
2.000E+00 3.238E-04 J2BE-04  3.237E-04
3.000E+00 3.068E-04 J.068E-04  3.068E-04
4,000E +00 2.482E-04 JARE-O4 2. 482E-04
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Table 2-12(b). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THEF, ROCK
MATRIX LAYER 3, AT DISTANCE X = 200 METERS AND TIME t = 50,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY AND
BAND RELEASE MODE) (Continued)

DISTANCE z(m) MULTFRAC TALBOT DURBIN
5.000E+00 1.755E-04 1.755E-04  1.755E-04
6.000E+00 1.098E-04 1.098E-04  1.099E-04
7.000E +00 6.129E-05 6.129E-05  6.131E-05
8.000E+00 J.065E-05 J.065E-05  J.075L-0S
9.000E +00 1.378E-0S 1.YJ78E-05  1.371E-05
1.000E+01 $.596E-06 S.596E-06  5.457E-06
1.500E+01 3.477E-08 3.477E-08  3.477E-08
2.000E+01 2.119E-08 2.119E-08  2.119E-08
3J.000E+01 2.119E-08 2.119E-08  2.119E-08
4,000E+01 2.119E-08 2.119E-08  2.119E-08
5.000E+01 2.119E-08 2.119E-08  2.119E-08
6.000E+01 2.119E-08 2.119E-08  2.119E-08
7.000E+01 2.119E-08 2 119E-08  2.119E-08
8.000E+01 2.119E-08 11908 2.119E-08
9.000E +01 2.119E-08 2.119E-08  2.119E-08
1.000E+02 2.119E-08 2.119E-08  2.119E-08

Table 2-12(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER 5, AT DISTANCE x = 500 METERS AND TIME t = 50,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY AND
BAND RELEASE MODE)

1.000E-02 3.001E-04 J.00IE-04  3.001E-04
1.500E-02 3.010E-04 3.010E-04  3.010E-04
2.000E-02 J.019E-04 3.019E-04  3.019E-04
3.000E-02 3.037E-04 3.037E-04  3.037E-04
4.000E-02 3.054E-04 3.054E-04  3.054E-04
5.000E-02 3.070E-04 3.070E-04  3.070E-04
6.000E-02 3.086E-04 3.086E-04  3.085E-04
7.000E-02 3.100E-04 3.100E-04  3.100E-04
8.000E-02 3.115E-04 3.115E-04  3.115E-04
9.000E-02 3.128E-04 3.128E-04  3.128E-04
1.000E-01 3.141E-04 3.141E-04 3.141E-04
1.500E-01 3.194E-04 J.194E-04  3.194E-04
2.000E-01 3.231E-04 J23E-04  3.231E-04
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Table 2-12(c). CASE 2 RESULTS: CONCENTRATION OF Cm-245 IN THE ROCK
MATRIX LAYER §, AT DISTANCE x = 500 METERS AND TIME t = 50,000 YEARS
(PERIODICALLY FLUCTUATING SOURCE WITH EXPONENTIAL DECAY AND
BAND RELEASE MODE) (Continued)

DISTANCE z(m) MULTFRAC TALBOT DURBIN
3.000E-0! 3.254E-04 3.254E-04  3.253E-04
4.000E-01 3.217E-04 J.217E-04  3.216E-04
5.000E-01 3.125E-04 J.125E-04  3.126E-04
6.000E-01 2.988E-04 2.988E-04  2.990E-04
7.000E-01 2.814E-04 2.8145E-04  2.Bl14E-04
8.000E-01 2.613E-04 2.613E-04  2.613E-04
9.000E-01 2.393E-04 2.393E-04  2.392C-04
1.000E+00 2.162E-04 2.162E-04  2.162E-04
1.500E+00 1.083E-04 1.083E-04  1.083E-04
2.000E+00 4,066E-05 4.066E-05  4.078E-05
3.000E+00 2.598E-06 2.598E-06  2.599E-06
4.000E+00 7.751E-08 7.751E-08  8.064E-08
5.000E+00 1.832E-08 1.832E-08  1.833E-08
6.000E+00 1.780E-08 1.780E-08  1.780E-08
7.000E+00 1.780E-08 1.780E-08  1.780E-08
8.000E+00 1.780E-08 1.780E-08  1.780E-08
9.000E+00 1.780E-08 1.780E-08  1.780E-08
1.000E+01 1.780E-08 1.780E-08  1.780E-08
1.500E+01 1.780E-08 1.780E-08  1.780E-08
2.000E+01 1.780E-08 1.780E-08  1.780E-08
3.000E+01 1.780E-08 1.780E-08  1.780E-08
4,.000E+01 1.780E-08 1.780E-08  1.780E-08
5.000E+01 1.780E-08 1.780E-08  1.780E-08
6.000E+01 1 .780E-08 1.780E-08  1.780E-08
7.000E+01 1.780E-08 1.780E-08  1.780E-08
F 8.000E+01 1.780E-08 1.780E-08  1.780E-08
9.000E+01 1.780E-08 1.780E-08  1.780E-08
! 1.000E+02 1.780E-08 1.780E-08  1.780E-08
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3. ANALYTICALLY DERIVED SENSITIVITIES IN THE FRACTURE
J.1.  LOCAL SENSITIVITIES

L.ocal sensitivities or first-order derivatives of the concentration and cumulative mass in
the fracture, with respect to a typical parameter a (i.c., dA/da, and dM/da), are required in
parameter estimation or sampling design studies (sensitivity of concentration), and in predicting
the sensitivity and uncertainty of the performance of a system (sensitivity of cumulative mass).
There are two classical methods for evaluating the local sensitivities. The first (and the most
accurate) is the analytically derived solution, which is estimated after a direct differentiation of
the closed form solution with respect to the parameters of interest.  The second uses numerical
derivatives obtained from finite-differcnce approximations. In the following, we report the
analytically derived sensitivities related to the concentration in the fracture, where the initial
concentration in both fracturc and rock matrix are assumed to correspond to some constant
values. In addition, we provide the verification, performed through a comparison of the results
with those derived through finite-difference approximations (i.c., forward-difference and central-
difference) currently available as options in the associated mathematical model.

J.2. ANALYTICAL DERIVATIVES

This section presents the analytically derived local sensitivities of the concentrations and
cumulative mass flux in the fracture with respect to the entire range of parameters governing the
non-dispersive transport process in the fractured rock system of interest described by the
equations reported in the previous chapter of this report.

3.2.1. Total Differentials

In order to evaluate the first order derivatives of the concentration and cumulative
mass in the fracture reported in the preceding sections, the total differentials of R, R,
v Pue Omnr Yemar Q» and B;, given by Equations (2-5), (2-6), (2-29), (2-35b), (2-39), (2-40).
(2-47) and (2-48) (see also Appendix F) have to be defined. Applying the chain rule of
differentiation, these may be written as

dR, oR,
dR, - ~—tdK, + —!db, (3-1)
K, 3b,
, OR’ oR’, oR’, ,
dR', = —d§, + — dp  + — dK, (3-2)
0P, ap,, oK,



-~

dc ac dc ac
dey = —Ldo, + —Ldb, + —LdR', «
| o, aR’, aD

oy dy
YM aR‘ (] + al-\‘ [

dq, = fﬂdcﬁ ¢ .aﬂdR, 2

dp
dc, R, op, "

d d d
dB,, = _ﬁﬁdcﬁ + _ﬁp de + -—ﬁp dp‘
A oR, op,

substitution of Equations (3-3) and (3-9) in Equation (3-5) gives

32

-2 4D

(3-3)

(3-4)

(3-5)

(3-6)

3-7

-8

(39

(3-10a)

(3-10b)



de" = 9&“—_& ‘«l-ic_ﬂ.dba-acf|I ‘,+E£dDﬂ
o, |30, '@, ' R/ ' oD,
(3-11)
3, [ o, ar,
+ —dL, + —du,
[ al’l aul

Similarly, substituting Equations (3-1) and (3-9) in Equation (3-6) yields

ar oar }
dy,, = s , N —dL, + —du, (2-12)
dR, dr, | oL, Au,
where
Ju
du, = —! db, (3-13)
ob

Note that the total differentials of dR; and dR', as given by Equations (3-1) and (3-2) arc used
whenever appropriate (i.e., if either R; or R’ arc expressed in terms of their respective

components).

Using the following partial derivatives

—! = 1 (3-14a)
oL,
L, i<n
L= ' (3-14b)
x-x_, i=n
E‘ = - .._‘ (3'!4C)
u, u?
(3.15a)



—_— =
oar, *
A
3R,
4
a?ﬂ qu}
2
S, 29 , P
R, 9|2R} R}
% 2
ap, q,R,
9By - Loy -2
s 2R, 2q,R,

2
d c 1]¢
° =L - )’—;J—*Pu J =12
aR‘ 2R‘ R‘ 2R‘
d
Pa -yl jone
og, 2

(3-15b)

(3-16b)

(3-17a)

(3-17b)

(3-17¢)

(3-18a)

(3-18b)

(3-18¢c)

(3-18d)



— = a‘ (3'193)
Oy,

2 = u, (3']9b)
da,

Ju
. Q (3-20)
ob,  2p}

the first orcer derivatives of 6., Ym. €, R; and R/, with respect to a typical parameter q; are
reported in Tables 3-1 through 3-5, respectively. Whereas the one corresponding to 8, given
by Equation (3-8) may be evaluated based on the latter tables and the various derivatives given
in Equations (3-14) through (3-20). Note that Q in Equation (3-20) corresponds to the steady
flow rate of water (Q = 2 y, b)) through the fracture.

3.2.2. First Order Derivatives of the Concentrations

Using the notations reported in Appendix D, the various components of Equation
(2-42) may now be written as

F, (xn) = AP UGt - v,) (3-21a)

for a continuously decaying source

Hipa(x:8) = ‘.“[bu ‘P, + (ay - bp°P,°P,, II;M]UU = Y (3-21b)
2
JH, (k1) = e az,l):; (-1 °p,tP, P, UG-y, (3-21¢)

' 2
F.(x$) = ea, Y (-1Y %P, "YP, 1P,)
1e1 (3-21d)

* e-“.[bln * (aln - bln) SPA 6Pu]
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Table 3-1. FIRST ORDER PARTIAL DERIVATIVES OF ¢, WITH RESPECT TO INPUT
PARAhiETERs o (i-e., 14, u;, ¢'" Pis Dp;, R." Kn, th and Kr‘l)

a; oln.u' a; O i
L, D,
€ . c
L, i<n, n>1 —A—I‘,
u, 2Dﬂ
u, c R, NA
__ﬂp'
k,
bi - Kr, NA
-fﬂl‘ * 2C !
b, ! Q
¢ R}
' ¢ ' c
IDIST2)=0: -ZT, —Lr,
¢| 2R’l
c X
DIST@) =1: 2|1- 2o,
& 29R,
pi’ Kn.
(1%, ¢ afl-% o T
2R & J " 2R\ & )"

I,=n, i<n; [\=q,i=n

NA = Not Applicable

1.
$

Applicable if IDIST(2) = |
Applicable if IDIST(2) = 0
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Table 3-2. FIRST ORDER PARTIAL DERIVATIVES OF y,, WITH RESPECT TO
INPUT PARAMETERS ¢, (i.e., L, u, by, R, and Kg )

a.i ‘Ym.an

L,
—'. i<n, n>1
b

% RT

b,
IDIST(1) =0: s

IDIST() =1; - A4 11

R‘_‘

|-

o
Q

I,=n,i<n; T,=n,i=n

t Applicable only if IDIST(1) = |
$ Applicable only if IDIST(1) = 0
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Table 3-3. FIRST ORDER PARTIAL DERIVATIVES OF ¢, WITH RESPECT TO INPUT
PARALIETERS o (i-e.. L, Uiy é'“ Pir D#, R‘, Kn, R", I\ND l{ﬁ)

a; Cﬁ.., o; C A,
Li Nf\ DP'
a
2D,
u; NA R, NA
b K, NA
W,
bl
@, c R} .
IDIST2) =0; -4 A
b, 2R’

K
IDIST(2) = 1: ../![1 _Pnlta

pi K,'

NA = Not Applicable
t Applicable only if IDIST(2) = 1
S Applicablc only if IDIST(2) = 0
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Table 3-4. FIRST ORDER PARTIAL DERIVATIVES OF R. WITH RESPECT TO INPUT

PARAMETERS ¢ (i.e., b;, R, and K)

a, R|,-d oy Rllm o, o Rle i
b, ., R} 1.0 Ky'
) !
h|’ "a
b Appheable anly if IDIST(1) - |
1 Applicable only if IDIST() = 0
Table 3-5. FIRST ORDER PARTIAL DERIVATIVES OF R, WITH RESPECT TO INPUT
PARAMETERS o, (i.c., ¥, p, K, AND R')
m R . (, ATTZNUURN L LT i R,
't" ' K ' R ] )
) .‘!.- "l ( l ‘x.') , " ( l q") ] l
- eee .o )
3 ° o, '
Y Applicable only i IDIST(D) = | - ST

t Applicable only it IIST(1) - 0

The parttal dentvatives of the above equabions with tespect to a typeal pariometer o at the

exvhision of A"y, 8y, by and N may now be written as

Fo, (x) = 4 Pe7MP, Ut - vy

MM

(xg) = ¢ “{hll 'P ! ("lv hll){ ‘,’mn

‘len( 4pmm,. Jpnu ' ‘le 2Pmn R ] UU

-9

L] ‘P

[L1]

Ynn)

.

(3-2Mn

(V2




2
Hi, (1) = € -“"u[ Y (-1Y °P, PP,
i1 (3-22¢)

wpﬁ( *Prnn.  Pinn * *Pn 7Pﬂm.)] ue - v,,)

2
F. ) = e a3 (—l)"[ *Prl CPu, P ¢ B "B} v P 0P, P,
S
+ e'“[b,, + (ay, - b)(P, °P, ’P.°P.,,)]

(3-22d)

the first order partial derivatives of the functions given by Equations (3-21) with respect to A®,
a,. a,. and b,; may now be written as

Fohl'(x,t) =eMp, UC - v,,) (3-23a)

F, (&) = -t F, x) UG - v,) (3-23b)
Hyn, (58 = e[ °P,, ‘P PLJUC - v,,) (3-24a)
1H¢M,(x-‘) = -t H_GnUC-v,) (3-24b)

Hopn, () = e¥['P,, - P, P, P, |UC - v,) (3-24¢)
Hon (50 = ;‘; Ho () Ult-Y,) (3-25a)

1Hyp, (X0) = -t H (x) UCt-v,) (3-25b)
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F. (xt) = e 3P %P (3-26a)
L A

' 2
F, =¢ '“L}%‘ (-1Y °p, "P,.,] (3-26b)
= - a-M[3p 6 M
F,Gn=1-¢ ‘°P. %P, (3-26¢)

FM(x,r) = -t F (x0) (3-26d)

3.2.3. First Order Derivatives of the Cumulative Mass

Using the notations reported in Appendix E, the various components of Equation
(2-62) may now be written as

Q°u(x’t) } Ao{ - %G ‘Gln ’[ G, %G, + ’G, 1G,, } Uft-v,.,) (3-27a)

for a continuously decaying source

Qunaxt) = by{-°G'G,,,+ 3G, G.,+ 3G G LY U ,,)

(3-27b)
+@y=0{ G, G *Cipn = *Gn G *Gy + 362G, 4G YU - v,,,)
, 2
1Qua(xt) = ay Z (‘l)’{ mGIg 9Gjy“ “Gﬁ ‘G/w
IS (3-27¢)

9G,(- 36,,2G1, "G, + ’G1, G "Gy ) Ut-v,)

2
Qn(x.‘) = auizl (_1),{ IOGh HGA I2Gh lJGj,‘ . lstn( ijn - 1)”

p 3-11




3 bh(_l_ - OG) +(a" - bl") 76"[ 17Gn UG" . ‘9Gu . l] (3'27d)

The partial derivitives of the above equation with respect tooa typreal parmeter oot the

exclusion of 4%,a,.ay,, and by, may now be written as

Q, (x.0) = 4%{-°G,.'G,, -°G 'G,, [ ’Gy,_ %Gy, Gy, %Gy,
(3-28a)

¢ "Gl.n.. 2Glu ! SG'." ’G'."“]}

Qo (5:1) = by [ - %G, "G, °G'G,,, + G Gl G G,
+ G,y 2Gap* GG YUY )
*(ay *b“){ 70‘.. GG(M ’Gw ' 16‘(,‘66“. 3G, " 'G,, sGmn,.)
- 'Gon ¥, %G, - "G, G, UG - G, 16, G (3-28h)

’JG' ZG'

M. mA

‘G + G 16, G, °G,L G, ‘G,_‘_} Uit ¥ .0)




2
O (5) = a3, T (V]G *Gya] G, G, + VG, "G, |
I\

10 14 ¢ 1
G, G,,[ I

-’m'.

+ OGﬂM IG ]
o0, 1620215 - 7057626
g 2P
- mGI' [ JG,‘M.. 6., "G, + °G,., 20’:“'. "G, + 3G, 'G,, “G,,". (3-28¢)

- )Gn-u\.. ZG.‘M “GI; - )G;m ZG;". "G/: _ )G:M 20;‘ “G};.,]} U("'YM)

2
Q, (x0) = ay, ;)‘? (-1Y[ "G, "G, + G, "G, |[VG, "Gt GG, 1)
. IOG’" “G)’{ lIG,&. ”G}n . IIG’" IIG,-.. N ”G/n..(MG[u . ‘) . ”(;[n MG]n,_l

1 0 7 174 18 19
b | -1, -G, |+(a,-b,) |G, (G, G, UG, -]
In( A’ ] ( | { ) [ u..( ) (.‘ ?R(I]

. TG. ("G"‘. IRG" . I7G' "Gn‘. R WG'.. H

The first order derivatives of the equations given by Equations (3-27) with respect to parameters
A°, a,,, 4, and b, arc given by

Q,, i - ;L;Oo,,("") UG - v,) (3-29)

n

,Q,'M‘"(x.r) “ { 70' “G‘M ’Gw v ’G.'m 36"“' 4(-;'- ' ‘Gu:n !G.'“ ‘Gl.} U(l . YM) (\ ‘0.\‘
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10;...,,"(1’") = {- GG, + G, G, + G, ’G,;,,} Ut =¥ ,.,)

(3-30m
{76, %G ¥y~ 2 G G} + 26 G G YUt ¥,
2Q pn (1D) = L QLD U - v,,) (3-3h)
o ay
Q,, o - G, |"G, "G, v PG, ] (3220
"o

2
- - 05 1 2 B L 18 16 - RERA
Q. &0 = T (-W{"G, “G,[ "G, "G, + “G,( G, 1)) I
Q&. (x'[) " ,_;. -G - ’G.[ ”G' “G. . “G' 1] (.‘-.‘JC)
(U]

3.3. NUMERICAL DERIVATIVES

The numerically derived derivatives are based on the parameter perturbation technique
(scc Becker and Yeh, 1972), which uses forward or central difference schemes. In such
instances, the choice of the step size (or perturbation vector) usually has an important beanng
on the choice of the particular scheme. The investigator is commonly confronted with the
problem of deciding upon the magnitude of this parameter, which is generally selected by menns
of  teinl-and-error procedure,

The forward-difference approximation (FDA) is given by

AfA) LA+ B) - fA) | oy (3-33)
oh A

and the centraldifference approximation (CDA) is given by

aﬂA) .ﬂA + h) "ﬂA - h) . o(h!) (3-34
oh h
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where h is the step size. Idcally, the step size should be small enough to reduce the truncation
error and large enough to cause a reasonable change in the significant figures of vector A.
Following Bard (1974), we write

h=¢A
where 10Y < ¢ < 107,

Recently, Dennis and Schnabel (1983) recommended setting ¢ equal to the square root
of the relative computer precision, which in our case corresponds approximately to 10'*. Note
that for a typical parameter, N + | evaluations of the response vector are required at cach
itcration by the FDA (comparcd to 2N + 1 cvaluations in the case of CDA), where N
corresponds to the number of observation points.

3.4,  VYERIFICATION

The verification of the analytically derived local sensitivities was performed by
comparison of the results yiclded by this solution scheme with the ones obtained through the two
finite-difference appproximations discussed carlier. The cxact derivatives as well as the ones
yiclded by FDA and CDA werc estimated, based on the data presented in Table 2-1 and values
of ¢ corresponding to 107", Figures (3-1) and (3-2) illustrate the sensitivity of the concentration
and cumulative mass of Np-237 in the fracture to a selected choice of parameters (i.e., b, D,
K. and K,) in cach of the five fracture layers. Al the exception of the very low range of
sensitivities, the numerical results are in excellent agreement with the analytical ones. Note that
the values obtained from both FDA and CDA methods were identical for all the investigated test
cases, when the selected values of ¢ are less than 10?, A detailed examination of the
sensitivities will be presented in Part 2 of this report.
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Figure 3-2b. Sensitivity of cumulative mass to pore diffusivity vs. time for Np-237

(Exponentially decaying source).
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4. CONCLUSIONS

Analytical solutions based on the Laplace transforms have been derived for predicting the one-
dimensional non-dispersive isothermal transport of a radionuclide in a layered system of planar
fractures coupled with the one-dimensional infinite diffusive transport into the adjacent rock
matrix units. The solution for the cumulative mass in the fracture has also been reported.

The particular features of these salutions reside in their analytical capability designed to handle:

(a) residual concentrations in both fracture and rock matrix layers respectively. The
latter are represented by a constant and/or a spatially dependent function in the
case of the fracture, and a constant, in the case of the rock matrix,

(b) layered naturc of the rock mass,
(c) length dependency of fracture aperture yielding a non-untform velocity ficld, and

(d) both exponentially decaying and periodically fluctuating decaying source of
solute at the upstream end of the fracture nctwork, which may then be subject
to cither a step or band reclease mode.

The reported analytical solutions pertaining (o the concentrations and cumnulative mass were
successfully verified by means of three reliable numerical methods for evaluating the inverse
Laplace transform in the real and complex domain respectively. To this end. two test cases
involving the migration of Np-237 and Cm-245 in a five-layered fractured rock svstem, using
synthetic, but realistic data, were investigated. The calculated analytical local sensttivities of
nuclide concentration and cumulative mass flux in fractures with respect to all of the model
parameters were in excellent agreement with the ones obtained through a finite-difference
mcthod of approximation. In this particular instance, no marked evidence of a superior
performance of the central over the forward finite-difference method was thund as theory
suggests.

In spite of some limitations (i.c., assumptions of zero dispersion in the fracture and infinite
matrix diffusion), the new featurcs embedded in the reported solutions, which allow one to deal
with layered media having piece-wise constant propertics, as well as non-zero initial conditions,
coupled with a realistic option of a periodically fluctuating decaying source, render these
solutions very useful and, above all, cost effective for performing sensitivity and uncertainty
analyses of scenarios likely to be adopted in performance assessment investigations of potential
nuclear waste repositories.
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APPENDIX A

THEOREMS AND LAPLACE TRANSFORMS



In this appendix, a sclected number of theorems and inverse Laplace transforms are reported
(Abramowitz and Stegun, 1972).

A.l. THEOREMS

The operations for the Laplace transformation reported in this report require, in some

cascs, the usc of the following thcorems. Note that f(s) corresponds to the Laplace transtorm of
function F(1). :

A.1.1. Translation
L' |e®As)| = Fit - BUt - b),b>0 . (A1)

where U() is the Heaviside unit step function defined as

0, t<0
1
un = -.1=0 (A2
I, >0
A.1l.2. Linear Transformation
L Y{fis - a)) = e*F(1) (AL1-3)
A.1.3. Differentiation
L 'sfis) - F(+0) = F'(1) (A.1-4)
L-Isuﬂs) - L-IS"-,F(*O)'L-‘S".IF,("O) ‘-"‘F("-“(‘O) - F(n)(t)
A.1.4. Convolution or Faltung
i H
L F®) = [Ft - D)F(t)ds = F,+F, (A1-5)
0
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In the following, the Laplace transtorm of the function on the right is given on the left-hand side,

Table A.1. LAPLACE TRANSFORMS

f(s) F @)
- T
1 e e
S +a
- —— s - — —— - — - g
| N "
\ (4 . edc .a . ] !
S 2\’?
I
c..a_va ! . exp[ - q2 []
Vs Vnt 4
e e - e e —
e oVl ( al i
e e exp - —
2/x1 4t
| e erfeafi
V/.;(a + \,G)
e - .
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e%eterfc|ayt + X
2/t

- ac"'erfcaﬁ

Al-
~

o) 5l

1

sla + \5)

b

(s +a)} + b?

sinbt

The inverse Laplace transform of the product of 1/(s? + a*) and e™**

may be obtained using their

respective inverse transforms given in Table A.1 and applying the convolution theorem, Equation

(A.1-5), to yicld
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e
-8 _[__¢ 4% e (A.2-1)

Using the integral given by Equmion: (C-1) we get

-1 C-‘ﬁ - .|¢-°"/;|- 1 _ 1 ]
3 2 : = N,
st+ b 2ib ls ib s+ib (A.2-2)
{ .
= —I{E(t,a,ib) - E(t,8,-1
4ib[ (ta,ib) - E(1,8,-ib))

where

E(t,a,ib) = c"{c“m erfc(—g- + ‘[IE) +e /B erfr[—g— - ﬁl?t]) (A.2-3)
2/t 2/t

Substituting for Vi in Equation (A.2-3) using the following rclations

Ji = (e . cos-:-:- . igin® » 12 (A.2-4)

4 N2

yiclds
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s -3 - o3 o 5 - 3
el o2 - (2

A similar expression to the above may be obtained for E (1, a, -ib) after substituting for v-i the
following relation

(A.2-5)

B!
1

/= (e . .1_‘/__2_‘ (A.2:6)
Hencee
E(t.a,ib) - E(ta,-ib) =
exp(4 + iB)erfe(C + iD) - exp(A - iB)erfc(C - iD) + (A.2-T)
exp(d + iByerfe(C + iD) - exp(A - iB)erfc(C - iD)
where



APPENDIX B

EVALUATION OF ERROR FUNCTION AND PRODUCT OF EXPONENTIAL AND
COMPLEMENTARY ERROR FUNCTION TERMS



B0 N ENN  wemm wme—

B.l. Error Function

The crror or probability function is defined as

2 1
erfix) = =-[ e¥dE (B.1-1)
=
with
e’ﬁ-x) = -'c’ﬂx) (B.I-Z)
this may be expressed in terms of the complementary error function crfc(x) written as
erfix) = 1 - erfe(x) (B.1-3)
where
2 y ]
erfe(x) = = e Vdt (B.1-4)
2
and
erfe(-x) = 2 - erfe(x) (B.1-5)

Note that when x is small the integrand in Equation (B.1-1) may be convenicntly expanded in
a power scrics convergent everywhere and integrated term by term to yicld

k 3 7
e’ﬂx) = ._2_.. x- X + X - X +
177310 sar 73
(B.1-6)
2n¢l
) S
(2n+1)nl

A few terms in the cxpansion arc necessary 10 determine the value of erf(x) to a given
number of decimal places. Howcver, as x becomes large, the loss in accuracy must be
compensated by a large number of terms which renders the calculation tedious and impractical.
A rational Chebysheb approximation may be used to alleviate this problem when x 2 4 (sce
Cody, 1969). Alternatively, the asymptotic expansion reported by Abramowitz and Stegun (1972)
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expressed in terms of the complementary error function erfe(x) (sec Equation (B.2-3)) is used.

The derivative of the error function may be written as

j—-[etﬂx)] = -?l—e.xp( -x?) -3:—; (B.1-7)

da ‘[;

B.2. Formulae of Error Functions with Complex Arguments
Let z be the complex argument written as

Z=xtly (B.2-1)

and Euler’s formula written as

-4

e% = cosz + isinz (B.2-2)

Note that the evolution of the error function for a real argument was based on Cody (1969).
B.2-1. Asymptotic Expansion |z [>2 andx<1 and |y |26

In this casc, the asymptotic cxpunsion of erfc(z) as given by
Abramowitz and Stegun (1972) may be written as

+ R (x)
2w nel Q%"

afc(‘)___ E( yr 1:3.:2n-1)
W
(B.2-3)
where R (x) is the remainder after n terms.
B.2-2. Confluent Hypergeometric Function | z | < 2

In this case, the crror function is evaluated from the confluent hypergeometric function
(scc Abramowitz and Stegun (1972) Equation (7.1.21), written as

ez = Bmt,2,- - Zeuq, 3,0 (B.2-4)
R 2 S 2

where M is the Kummer's function (see Abramowitz and Stegun (1972). p.504, Equation
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(13.1.2)), written as

2 n
M@,b,z) =1 + £ + @,2" (@),

o + e (BZ-Sd)
b (b),2 ®),n

with

(a)“ =al@+1D@~+2)-(@+n-1), (a)o = | (B.2.5b)

B.2-3. Continued Fraction Approximation | z | >2and x> 1

In this case, the crror function is cvaluated from the continued fractions approximations
(sce Abramowitz and Stegun (1972) p.298, Equation (7.1.14)), written as

erfe(@) = ——{-‘——‘-’—2- L322 ~](Rz> 0) (B.2-6)
nlz" 27227 27

B.2-4. Infinite Series Expansion |z | >2,0<x<1,y<6

In this case, the eror function is evaluated from the infinite scrics approximation (sce
Abramowitz and Stegun (1972), p. 299, Equation (7.1.29)), written as

erf(x + iy) = erfx + ;[(1 - cos2xy) + isin2xy)

(B.2-7)
* % ” RE_: - 2[f (xy) + ig,(xy)] + €(xy)
where
f.(xy) = 2x - 2xcoshny cos2xy + nsinhnysin2xy (B.2-8a)
g,(x.y) = 2xcoshnysin2xy + nsinhny cos2xy (B.2-8b)
le(xy)| = 107 erf(x + iy)| (B.2-8¢c)
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B.3. Evaluation of Product of Exponential and Complementary Error Function with
Complex Arguments

Functions involving the product of cxponential and complementary error functions may
witness two types of arguments inherent to such functions, i.c.. real or complex.

When the arguments of the exponential and complementary functions are both real. the
scheme reported in Apperdix C of Gureghian (1990) is the one adopted in this work. Howcever,
in the event where the arguments of these functions are of the complex form, the typical model
for the complementary error function as reported in the preceding sections is selected based upon
its adequacy to copc with the magnitude of the complex argument of interest. In the case where
an infinite series approximation model for the complex error function, such as given by Equation
(B.2-7) is adopted, it will be subsequently shown that expressions similar to one given by
Equation A.2-7, which display a combination of products of complex cxponential and
complementary crror functions, may yicid either a real or an imaginary number.

Writing
F (tAl1B,C,iD) = exp(A + iB)erfc(C + iD)
+ exp(A - iB)erfc(C - iD)

(B.3-1)

and using Equations (B.2-2) and (B.2-7). it may be shown that the result is a real number given
by

F *(tAiB,CD) = 2exp<A)[oosB(a-fc<C) -

#(C)(1 - cos2CD) - {O)Y r,(O) f.(Cﬂ)]

. (B.3-2)
+ sinB | ¥(C)sin2CD + »(C) ¥ r, (C)g.(C-D)]}
+ €(A,B,C,D)
Similarly, writing
F"(t,A,iB,C,iD) = exp(A + iB)erfc(C + iD) (B.3-3)

- exp(A - iB)erfc(C + iD)
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it may be shown that the result is an imaginary number given by
F "(1A,iB,C.iD) = i2exp(A)| sinB(erfc(C) -

u(C)X1 - cos2CD)- UO)Y r,,(C)f,.(C.D))

, - (B.3-9)
- cos B| u(O)sin2CD « WO} r,(C) 8,(C.D)
+ €¢(A,B,C.D)
wherc
e B.3-5
. (B.3-5a)
uO = 57
)
vo = 2 (B.3-5b)
n.
-Rz
4 (B.3-5¢)

e
r,(Q) =~ ————
" n? + 4C?

and f,, g, and € arc given by Equations (B.2-Ra) through (B.2-8c¢).

Equations (B.3-2) and (B.3-4) may be written in a more explicit form as
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F*(tA4B,CiD) = 2{cosB exp(A)erfc(C)

. SPA - €N B + cos(B - 2CD))

2rC
= B.3-6)
--2-2 ——L—{-n [E, - E)Jsin(B - 2CD) (B.3-0
R oaet +4C
+ 2C(E,cosB - cos(B - 2CD)E, + Ej)]]
F (t,A,iB,CID) = 2i[sinB exp(A) erfc(C)
2
. SXpA = C)( . GnB 4 sin(B - 2CDY;
2nC
2 « (B.3-7)
Ay~ _[n[E, - EjJcos(B - 2CD)
""" + 2C(E,sinB - sin(B - 2CDYE, + E,))|
where
2
E, = expld - C? - l';'-) (B.3-8a)
| 1 2 _ nt (B.3-Rb)
.= -c*- T v D
E, 2mtp(A i )
2
E, - -;. expld - C? - - - nD) (B.3-8¢)
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APPENDIX C

SOME INTEGRALS INVOLVING THE ERROR FUNCTION AND OTHER
FUNCTIONS



This appendix reports the derivation of a number of integrals involving products of exponential
and complcmentary crror functions which are required for an exact evaluation of the cumulative
mass flux presented in scction 2.3,

From Abramowitz and Stegun (1972) (p.304. Eqn. 7.4.33), we have the following indefinite

integral:
-ahl- b: ﬁt: b . b D
fe o Yden LleMeptax ¢ 2 ¢ eerftax - 2), @0 0) -
4a x x
C.L1
Writing
' p | |
L(ta,By) = [e % erfc (C.1-1)
l { 'L(r - Y)‘”f

Intcgrating this cquation by parts gives

ILita,By) =1, + I, (C.1-2)
where
’n - c’f"l P 7 (o
a (-
‘ A L
I, - —i-fg t-v) g ___9___] (C.1-d
“\/;‘-7 (t - Y)m]
f- 1
I, - Pe 1 L. 4 (C.1-5)

subsituting 1) = 1/7'% in thc above, and using Equation (C.1), will then yicld
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-ay
1u,e2 (czpﬁc,fc[__g__ . m) .
04 t -
Y (C.1-6)
e"“ﬁeifc[ P_ . Va(t - 7)]]
t-y
C2
Writing
' p
- ] - N 2
Ig(ro“»ﬂper) f‘c CIfC{ﬂl(T )"t o+ ‘_‘—_‘_‘_ Vl}lt (C.2-1)
Y (t -y
Integration by parts gives
La,p.B,y) = 1), + 1, (C.2-2)
where
at
’11 - F—-—CU’C B‘([ - Y)ln + _.._p_?.__.... (C.2-3)
@ - '~
and
! ﬂ-[ﬁ.(v-r)"‘ . ]’ B
s - (x-pV - )12 2
In ﬁa Ye d pl(t Y) (r ~ Y)ln (C.2-4)
substitution of n = 7 - y in the above cquation gives
Iy = Iy + 1y, (C.2-5)
wherc
2
7P 1 ol -am - B2 .
Im = By In‘ ' " dn (C.2-6)
ﬁ“ oM
and
C-2



BRI R BT mams geeeas

-3 - i .
ﬂ;e“ BBy 2y .(p: - a)y - %!dﬂ (C.2-7

- r )
= L -

Lay
yra o nV?

AR

substitution of 7 = n'*in I, and 7 = I/n** in I,; respectively, gives

1
ay-2p\p; w-n" -(p} - a)y? - -“—’ -

e (C.2-8)

Ly =29, 5—— [ ¢ " ds

/ra o

(b: - a)
T g (€.2-9)

ev -0, " -pae? -

o ¢

Ly = -2B,-
Tt a (,_Y)-ln

Using the results given by Equation (C.1), we then have

p'cq-zp,p, 20,087 - @32 1 B, |
Ly = - ——————1e"" e (B - )P - )R 0 —2 ~) -
221 2a(pf-a)"‘~ ! (t-y)"7
e'"”“’:"’merf[“(ﬂf-a)"’(r-v)"’ - :n)
(t-v)
(C.2-1
ey -2p,F, 1__\n ﬂ
I . - € 2p,(B,-a) 2__ . 2- 1n . 2|,
222 T ¢ erfe ——("Y)m Pr-a) U - ¥)
-20.8% - ) g )
e 24P -e) e Zln - (pi_a) ﬂ(t_Y)!ﬂ)]
(t-v) }
(C.2-11)
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ey -2p,p, )
I, = - B0, -0 SN T YRS T SR & S
n 2a \‘ erfc|(Py-a)“(t - v) T
B, ). om0t
|
(8, - a)i (C.2-12)
cn'c['(ﬂf-a)‘”(t-v)'” LB b
¢-N2) . 3
(B, - «)
C3
Writing
4
I(t,5,a,p) = f e*erfe(Pt'P)dx (C.3-1)
Integration by parts yiclds
. 2
Is(’l,tz,a,n) = .l_‘z (_l)l[elﬁcd'c(ﬂt"n) +
1
p (C.3-2)
(p? - a)me'f( (P - a)t‘]
C4
Writing
(C4-1

-dt
L6ab ) = [So-{EG-vaib) - Es-ya,-ib)ds
Y

where I (1, a, ib) Is given by Fquation (A.2-3). Integration by parts gives
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L(ta,ib A y) = I, + I, (C.4-2)

using the following definitions

E (ta,ib) = ¢ ®E(1,a,ib) (C-4.3a)
and
E,(ta,-ib) = ¢ ™E(ta,-ib) " (C.4-3b)
I,, may then be written as
!
1| e-tr-#¥ ) ¢ "By _ (o)
L, = —|- E (- Jib) + E.(t- ,~ib .
41 4lb l“lb |( Y4 ) A"'lb 2( Y4 )

multiplying the first and second terms in squarc brackets in the above cquation, by the conjugate
of their respective denominators. we then get

€ -At

b4 -
4(A? + b?)

a -

[(Ei(t - Ymib) + Ep(¢-v.m,-ib)) +
(C.4-5)

-‘%(E,(t-y.a.ib) - Et -v.a.-ib))]

~ Note that 1,, corresponds to a rcal number, since it has been shown earlier (sce Section B.3) that

the sum and differencc of E,[ - ] and E,[ - ] will yicld a real and an imaginary number
respectively.

t

I SRR P Pr - -
o " o0 - ib)'[ ‘ AF e -vaib)
: . (C.4-6)
«{X * éb)c - -4
——_——_41'5(1 D) fc d[E,(t Y .4, xb)]

Y

substituting 7' = 7 - 7y in the above cquation and after some simplifications leads to
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1 [e‘“““ ) ¢4pwnIf a M o 4ot (C.4-7)

I =
T g mibl( - i) (A b))y ¢

substituting n = 1/7'% in the above equation yields

y a’ 2 A
[ onl-g - 2

-4
H

ae""[ e e ®r

I, = — - dn (C.4-8)
@ o mibl( - (A+ib)

-
Using the integral given by Equation (C.1) and the following propertics of a complex variable

el - c'l:

sing = ———— : (C.4-9a)
2§
8@, ,-
coss = _e.___g_u. (C.4-9b)
2

we then get

- ¢ Y (Asinby + bcosby)[emfxc,:fc a ISR E
“ 260 + bY 287

ot -]

\2/t-y

(C.4-10)
REFERENCES:

Abramowitz, M., and LA. Stcpun. 1972, Handbook of Mathematical Functions. Dover
Publications, Inc. New York, NY.
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APPENDIX D

FIRST ORDER DERIVATIVES OF THE COMPONENTS OF THE
CONCENTRATION SOLUTION IN THE FRACTURE LAYERS



This appendix reports the first order derivatives of the components of the solution of the
concentration in the fracture laycrs as reported in Scction 3.2.2 of Chapter 3.
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APPENDIX E

FIRST ORDER DERIVATIVES OF THE COMPONENTS OF THE CUMULATIVE
MASS SOLUTION IN THE FRACTURE LAYERS



This appendix reports the first order derivatives of the cumulative mass in the fracture layers as
reported in Section 3.2.3 of Chapter 3.
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where ,*h is given by Equation (E-17b), and its derivative by Equation (E-17¢)
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APPENDIX F

NOTATIONS




. 2, o constants in the model for residual concentrations in the ith fracture layer i

A, -concentration of the species in the ith fracture layer

A° concentration of the species at the source at time equals to zero

b, hal(-thickness of the ith fracturc layer

b, residual concentration in the ith rock matrix layer

B, concentration of the species in the ith rock matrix layer

D., effective diffusivity in the ith rock matrix layer

D, molccular diffusion of nuclide in water

D,, pore diffusivity in the ith rock matnx layer

8n geometric factor of the ith rock matrix layer

J; diffusive rate of nuclide at surface of ith fracture layer per unit area of fracture
surface

K, surface distribution in the ith fracture lﬁyer

Ka distribution coefficient in the ith rock matrix layer

L, thickness of ith rock matrix layer

n total number of layers

Q steady water flow rate in fracture

R; retardation factor in the ith fracture layer

R, retardation factor in the ith rock matrix layer

t time

T leaching time

T, time period of a complete cycle (2x/w)

Tlfl half'li fe

F-1
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4

¥y

Pa

average fluid velocity in the ith fracture layer

position vector in the fracture

position vector in the rock matrix

constant in model of initial concentration in the ith fracture layer
constrictivity for diffusion in the ith rock layer

first-order rate constant for decay

constants in model of periodically fluctuating decaying source

constants in model of periodically fluctuating decaying sourcc
rock density in the ith layer

tortuosity of the ith rock layer

porosity of the ith rock layer

frequency of oscillation

Abbreviated Forms

¢
¢y = I:_(RI‘ Dp‘)lﬂ

€ = (R’l/Dﬂm

D, = ¢er¢




p; = 4

Q = 2ub,

K
R =1+-1
b

R, =1+ [(1-0)/®)p K,

X = X‘_l

n-1
BM = Ecﬁnl * cﬁlnn

{=m

8, =0, *+c,(z-b)
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APPENDIX G

MODEL PARAMETERS



The following parameters are used in the computer code (written in ANS! Standard
FORTRAN 77) that implements the analytic solutions described in Section 2.

FORTRAN NAME EXPLANATION

ALFA(D) Constant alpha in the exponential term in residual
concentration mode in the ith fracture layer (1/1.)

cCo Concentration of the species at the source at time cquals
zero (units of activity/L?)

CINF(1,1) Constant in residual concentration model in the ith fracture
(units of activity/L?)

CINF(2,D) Cocfficient of exponential term in residual concentradion
model in the ith fracture (units of activity/L")

CINR(I) Residual concentration in the ith rock matrix fayer (units of
activity/L?)

CNS(1) Constant in periodically fluctuating decaying source term
model (NPERIOD = 1)

CNS(2) Cocfficient of sine function term in periodically fluctuating
decaying source term model (NPERIOD = 1)

DENSR(I) ith Rock matrix layer bulk density (M/L?) (used if IDIST(1)

DIFFR(I) Pore diffusivity (L¥T)

DIMENS(I,J) Dimensions used in the problem; each must be < 12

characters in length,

(1,J) = Species name
(2,]) = Time (year)
(3,J) = Length (meter)

(4,J) = L/T (meter/year)

(5,)) = LYT (m%year)

(6,J) = Mass/Volume (g/cc)

(7.]) = Volume/Mass (cc/g)

(8,J) = l/Time ( 1./ycar)

(9,J) = Units of Activity/Volume ( UA/L?)

(10,1) = /L (1./meter)
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EQRTRAN NAME
DISTX(1)

DISTRB_F(I)

DISTRB_R(T)

EXMAX

FLOWR
HALFL
HALF_THICK(T)

IAUTO

TIME

IBAND

ICONCF

ICONCR

ICUMF

IDIST(1)

EXPLANATION
Thickness of ith fracture or rock layer (L)

ith Fracture layer surface distribution coefficient (L)
(IDIST(1) = 1)

ith Rock matrix layer distribution coefficient (L*M)
(IDIST(2) = 1)

lLargest allowed magnitude for exponential arguments
{(machine dependent)

Steady water flow rate per unit width of fracture (LY/T)
Half-life of species (T)

Half-thickness of the ith fracture layer (L)

= 0 User supplies arrays REFX, REFZ, and TIME
including paramecters NX, NZ and NT = | Automatic
generation of arrays REFX, REFZ and

including parameters NX, NZ and NT (sce Note)

= () Step release mode at source
= | Band release mode at source

(I

0 Do not calculate fracture concentrations
1 Do calculate fracture concentrations

0 Do not calculate rock concentrations
1 Do calculate rock concentrations

0 Do not calculate cumulative mass flux
1 Do calculate cumulative mass flux

= 0 RETARD_F corresponds to retardation factor in
fracture

= | RETARD_F corresponds to surface distribution
cocfficient in fracture (i.e., DISTRB_F)



FORTRAN NAM

IDIST(2)

IGRAPH

INDEX(D)

LAYER

NCONC_SENSIT

NPERIOD

NRUNMAX

NT

NVAL

EXPLANATION

= 0 RETARD_R corresponds to retardation factor in rock
matrix

= ] RETARD_R corresponds to distribution cocfficient in
rock matrix (i.c., DISTRB_R)

= 0 Graphics output disabled
= | Graphics output cnabled; formatted graphics wntten to
logical unit 30, 31, 32, 35, 36

Logical Unit 30: Concentrations in Fracture
" " 31: Concentrations in Rock Matrix
" " 32: Cumulative Mass
" " 35: Concentration Sensitivitics

36: Cumulative Mass Scnsitivitics

= | Evaluate sensitivity computation related to parameter
i (i.e., NCONC_SENSIT 22)
= 0 Skip

Number of fracture/rock matrix layers

= | Exccute Module I (i.e., calculate concentrations and
cumulative mass in the fracturcs and concentrations in the
rock matrix

= 2 Exccutc Module 2 (calculate sensitivity coefficients,
relative sensitivies and variance

= 3 Execute both Modules 1 and 2

= 0 Continuously Dccaying Source
= | Periodically Fluctuating Decaying Source

Number of data sets to be run

< 500, number of time values to be evaluated (skip if
[AUTO = 1)

Index for selecting solution module

= 0 Option for analytical solutions
= | Option for sensitivity module
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EORTRAN NA

NX

NZ

PERIOD

POROSR(I)
REFX(I)
REFZ(I)

RETARD_F(I)

RETARD_R(I)

STDV(I)

TIME(I)
TIML
TITLE

VELX(D)

X0
DX
ENDX

XPLANATION

< 500, number of positions to be cvaluated in x direction
(skip if IAUTO = 1)

< 500, number of positions to be cvaluated in x direction
(skip if IAUTO = 1)

Time period for a complete cycle of variation in
periodically fluctuating decaying source term  model
(NPERIOD = 1)

Average porosity in ith rock matrix layer

x-position in space (L) (read if IAUTO = 0)

z-position in space (L) (read if IAUTO = 0)

Retardation factor in the ith fracture layer (IDIST(1) = Q)
or Surface distribution coefficient (i.e., DISTRB_F) in the
ith fracture layer (IDIST(1) = 1)

Retardation factor in the ith rock matrix layer (IDIST(2) =
0) or Distribution cocfficicnt (i.e., DISTRB_R) in the ith
rock matrix layer(IDIST(2) = 1)

Standard deviation of parameter [ (i.e., NCONC_SENSIT
2 2)

Position in time (T) (read if IAUTO = 0)
Leaching time (T) (used if IBAND = 1)
2 Lines, < 80 characters per line, title of data set

Average fluid velocity in the ith fracture layer (L/T)

Note: Thc following parameters are read-in if IAUTO = 1 in order to generate arrays REFX,
REFZ and TIME and their associated parameters NX, NZ and NT.

First value of spatial coordinate X = REFX(l)
Spatial increment along X-axis
Final value of spatial coordinate X = REFX(NX)
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20
DZ
ENDZ

DT
ENDT

NLOG

First value of spatial coordinate Z = REFZ(1)
Spatial increment along Z-axis
Final value of spatial coordinate Z = REFZ(NZ)

First value of simulation time = TIME(1)
Time increment

End value of simulation time = TIME(NT)
= 0 Position in space or time arc equally spaced

= | Log scale used for splitting space or time arrays.
REFX, REFZ and TIME (i.e., 10 divisions per log cycle)
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