%547 B 3 W ¥k w5 g 4 o o Vol. 47 No. 3
2025 4 6 H Journal of Nuclear and Radiochemistry Jun. 2025

A RN EZEEER LI
TEHRAHFRE

FANAEARED ARDS, Foagh 2, 2R A B0 #

1 g AE K2 IR EE 520 & TR e, WIRd M FH 4210015
2. MK A UM W AL B A B S RO E R R & b, Wi AFFH 4210015
3K R R B, W A5 PR 421001

FEE: A 5 A S TR I P AL R B IR A B R, AR IR B A T R TR S AUR A B A T M
fillo A% TAE B 7E LA IR B S50 3K B0 58 48 4K 5 25 v A% 3R 30 B (W B0 S i, O LA e 57 2 J 2% 0 B - % 3 - TR
Y 22 TN A B T L DL B AR 4R A A5 B A% R TR S8 AR 1K A 2 AL BR A B b o Ak v B O R AT
fi#, 31 B I MATLAB ) e/ — 3 200 S B0HR 4006 T2 5, A0 (99 SRRk 43 A9 2 BT, A S 7R 4 L R At A 78 T L
e 3T P, AN 0 R v I A 3R O 5 A% R, AT RE T A b A R A R B TR S R R A A S TR I AL
N7 FH 2 A5 B0 43 AT TR Se> i) B 3 B S SR B HiE , 5 B THE TS B 37 245 18 T 19 e {E o (2.2540.35) x107'* m¥/s, St FE G
A3 £ 1 T 19 Ds, (B (4.8040.31) x107 m¥s, A, 2450 B I BT LA B — 2 W B 3o 36 R 40 B, O T AR RE AL K
FAE 58 AR B4 0 W BB AL o TR, 38 Sk o3 A S B it 4 Y R SR S i B, BB A TR A B AR Lk PR WK Y
TR L

KRR 2 ) A W B X L -TR O A P OB BELVS 5 B MR G PE A% R TR

FE 5K S: TLI42.1 X ERARERD: A X EHE: 0253-9950(2025) 03-0267-09

doi: 10.7538/hhx.2025.47.03.0267

Multiple Coupled Mathematical Model for Radionuclide

Electromigration Experiments in Granites

LI Xiao-jie!, TAN Kai-xuan"*, LIU Long-cheng*?, LI Yong-mei'?,
LI Chun-guang"2, ZOU Zhi?, LIU Qi!

1. School of Resource Environment and Safety Engineering, University of South China, Hengyang 421001, China;
2. R & D and Modelling Center for Treatment and Disposal of Radioactive Waste,
University of South China, Hengyang 421001, China;
3. School of Nuclear Science and Technology, University of South China, Hengyang 421001, China

Abstract: Granite is considered an ideal medium for geological disposal of nuclear waste due to its unique
stability and wide distribution. When the repository media barrier fails, granite serves as the peripheral rock

medium. The porous nature of intact granite in the deep subsurface provides a basis for groundwater
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storage and radionuclide migration, allowing radionuclides to migrate and diffuse to the biosphere along
with groundwater flow, ultimately affecting the ecological environment. In this study, an advection-
dispersion model for primary kinetic adsorption was developed, introducing a primary adsorption rate
coefficient f to describe the kinetic adsorption phenomenon. The model also considered important
mechanisms affecting the movement of nuclide ions, including electromigration, electroosmosis, and
dispersion. Using the Laplace transform, combined with the nonlinear adsorption process of the nuclide ion
tracer between solid-phase granite and liquid-phase water-saturated pores, the first-order reversible kinetic
reaction equation was introduced into the total continuity equation to obtain an analytical solution for the
standardized concentration of nuclides in the intact granite porous medium. The computational program
was coded in MATLAB. The non-adsorbed nuclides I” and the moderately strongly adsorbed nuclides Sr**
were selected as the analytical objects during the simulation process. The diffusion and adsorption in the
matrix domains of the studied granite rock samples were analyzed in conjunction with basic parameters
such as the porosity and the dry weight of the studied granite rock samples to obtain the relevant key
migration parameters. The conclusions of this study are as follows: (1) The new model is based on the
advection-dispersion model with linear adsorption and introduces a first-order adsorption rate coefficient £.
The first-order adsorption kinetic advection-dispersion model has been successfully established. (2) The
sensitivity analysis of the new model proves that the primary adsorption rate coefficient S affects the output
of the model. When the partition coefficient K; between the solution phase and the solid phase is fixed and
p is large to a certain extent, the new model reaches a linear adsorption state. (3) Using this model to
analyze the electromigration experimental data of I" and Sr*, the D¢, of I" without electric field is
(2.25+0.35) x107* m%s, and the D¢, of Sr** without electric field is (4.80+0.31)x107"* m?/s. Additionally,
this model can estimate the first-order adsorption rate coefficient #, and explain the adsorption retardation
mechanism of nuclide ions in intact granite. By analyzing the slope and curvature of the breakthrough
curve, the migration mechanism of nonlinear adsorption can be deeply understood.

Key words: dynamic adsorption-advection-dispersion model; nonlinear adsorption; retardation; mathem-

atical model; radionuclide migration

47

B REAE Ay e % AR Bk B9 RE I 2 — , 1R8I 22 X
A5 748 Al A0 96l HE il 2 MR D T By 18 B A R
SR, A% v T 7™ A 1) o OIS 1 O 0 4 Ak B 18
A BRPE AR YR PR B Ak o R A
SRR W) 20T, A2 [ R I A A%
SRR RS NP N WL NP SRS R RPN
IR TR s LA DI O P A 2R 5 A 2 A 5 2 ] Y B

A H AR E P A O R AR R AR A AR,

JBC P A 2R RT RE S i 3 R KA A = R, AT
X A 25 R B AG BT TR UL, AE B o D RS
PRI R AT LA 8 e S T P I W B Ik
TSRS P A R N AR AR R BT U, BN O R A R
[ Ak B PR T R, TRA T MR
BLH] . B DR b B ) 2 4 2 i PR ) Ak T 5 Y
R, b, SREGE R A A S RITI B S
B AT AL P AT OB D R

ORI Y€ IR S & LY R T G
Tkonen 55 PVl F A6 i 75 75 00 F AT B RUBE S0 88,
XS ST IR AN BB S B S b T BR BT Y A AR
Nilsson 510 Xf SE AL b = P T 29 e, |
T T AR B A R Y . TR R ROR,
Lofgren 55U 45 7 A 30 8 52 50, 3 3o it in £l /s
vl Lt 2 4 e S B JR Y . L AEU a5 A H
b2 TAE 36 X Lofgren 55 U1 (1 oL 3 A% 5 560 152 75 it
F7 O, DL S o A0 Ak B R R K BT I
RETIRITH,

FERCE T3 A I E) R DA e AL B K
W2 Ak, BB LR AR B A R0 7 1%, Du
4041 2k £ PSUADE H1 AQUIFER J5 ¥ % JiC 56 7 4%
RHEEMZAN TR T — RIS 5
KPP, W T IC I X AL A S B
FLARRRE, A7 0 B i Al ik S M A% 3R A R U PR R



5534

/NN AE R PR R RS S5 Y 2 FE R 4 R 269

Yy 4k S5 B DN O RS B AS B A, DA g A L A4
TSI 25 SR ) HE AR 1 o Tia AR UK SRR R BB
L, e R I AT R MARS J5 ¥ A S5 A, w4 T
AL b 2 o A0 RS PR A% R AT RS S R O A
2B AN A P RO o AT, Tia EUO T R T
Ji& ZLE A Tt rh R Sy i 18 S B e B S LR R ], Sk
FHiA% B H AR (LBTM) (1 € 80 18 b 52
DIAE 5 10.55%. Hu S U7 F 58 R B, A [R)RDRS B2
PR P BB B AT A A 22 S o AR EERL L
Puukko 5518 X 58 & AE b 4 (19 T R R 7 AT T
PRPAG T P, A ROR T L T 7% 552 36 K 4l AR 1
PR R BRI A S B R AT T2 B 0 U

g8 I, AL T B 52 56 B4 >R il Plug-Flow £ 7
PEAT AT, AT T B R T X IR
SR, 20 T RS S AR RO R B BTk . %2
T, Meng S U0 58 3o 73 A o A B A S A,
AL T 2 R B X I - R RO Y G Y [] 2 & T
HIERS . B & FIOR O B FiE s . R
T, 7 24 A R B £1% 68 97 - 7 AR 2 v i R s TR 45
fife WS 5 e A A T N 220 3k B 3 2 1 i, B BEL IR T
ST 1, JFARE R MR TR R AR
LEPEM RS . N, A TARZR & H BRI .
HLB s | R TR AR 2 1 BT ATL 1 % 4% 3R B 1 T A%
A1 09 B2, A5 — 2 W B o R AR R, S —
G W BT 2l 7 2 08 3 - R BORE RS, LT E A b o
Li 55 02200 (g WL 30 A% S 96 B0, AR T A Se> i) A A%
Y7 HZR D5, R AR 22 18] 6 8 B 0 E 28 5 K g5 [
B, DAAZ A AL 3 TR Se> Y B(EL, LA 4f b ff B¢
1% R AR LA B A T R LB

1 #RBIEST
R E JE 70 2 12, 15 8 A A AR 5 PR R 2 )

F 34 25 7 R 1,
0c  ON° Oc,
L P T3 e

S ¢ F5 1 I 280 7E i B x b B T R B T
VI 5 ers 7 40T PE AL N R A RO Bt
s ¢, FR TR R B TR

SR R T 00 2 P I L A
B i 2 o, SR K 5 R SRR A 2
SRS A, T LK I i 2 ik — 2% T 0t 5
1% R R,

:ﬁ<c—%) 2

A p R A AFEMBTHE; ¢, RGO

R A ) 7S B8 0 1 TR 5 B R — R IR R R AR A

— G B Bl T 2 X O - R ERORR B JE AE 2 ME
MRZ I 19 68 97 - 7 R TR ) Al b, 5 A\ — 20 % i 3
RABPAE T S B, i 5 A T Bl 2 T
W gy 32 SN AR T, X R S N HILR TE A A R
ain FL B RE 1 5 B 32 AR - i B2 e B9 B0 T A
S (e

E VNS PN VN R e e
V1% W% RS 5 Wt 38 1) 0 257 DR A T A 2 A T Y
B . BEE, FE b i 7R BR B 1 S AL B
TR R R R LU AR AR AR E 3 TE AR A M I A 2
B BT3B 3R S B B T AR A R R Y IR R
M 3ok F2 0] DL Meng S5 100 41 H A0 2 1 TR o X 9 -
R HORE R figp B, FLART AL T 2l 25 0 B AT 33 s Oy o
S5 L B Bl b B

R4 o SP I E A, A5 A R (D) (2) 15 3
— G B 2y 7 2 (8 R -9 B A

eTs%:sTs e%—&s\f%—p% (3)
A D RN R E T 0 R R BG v &R
A O It R

Wb 25 A
WItH 4L =0, ¢=0 4
WItH4&AF2: =0, ¢,=0 (5
A
BFREMAL: x=0, c=cL (6)
WFRFM2: x=L, c=cx @D

A LRARE AR RE; o, WIEE R T
WP 5 co, HEMOIE 2RI B TR EZ .

% 18 Meng 25UV B SC 90 J5 vk, oh RIS A A 4
W s = Y 2 WL B B ST E R, HE SR e T e YT
AR I xE T R (3) BEAT R R A e, A5

82*, aﬁ
&rs * 5 Cc=ers * D° ai;z—ﬁs Vot (‘ch_
pes-. B c (8)
Sk
Ky
Vs SR cly U E AL V8 TR SN/ (VA2 1A= K
Jr A (8) AT LR Ak A -
__ .o0c 0%
SRC——VCE'FDW (9)
Ao, R ARG AR B -, AT AR R
R=1+£ . P (10)
&rs p's+£
K4



270

Btk Sty HaTE

>R FH Meng S5 U9V AJF 5 24 14 W87 6 1) X6 37 - 7 HIOASE
BB TS HE SRR D B, B X AR AR R AL v 2 5

BRITIAFI R, 2015, A

- (E ) Pcsch(P)
ER:— 2 Pe zﬂLCO (11)
P Pcoth(P) } P _ . Pcoth(P) } {Pcsch(P) }
2 Thus+ Pe 2 Prs Pe * Pe

b Pe y Péclet £; 7 P 28 10 b Bk 1) 5
Pr 227N W 2 B SR I ] 5 {25 Meng 45191 5K
fif 25 RN, (1) s P AR e
_& 4RTAS

P 5 1+ e (12>
2 (12) FAFE S R N A 70, R RN
— (13)
ve

2 BREEIBXESH

T A IE S AL 1 e A FLBR S A X A R
TIEBAT R, SIA RS BOHZN T F, %
P25 08 T Wi BE A2 il BE S 2 50 R e

0
(14

T2
A o WA B, Ok T 53 1 AR S LR Z E Y
POAELs o 02 25 il R, SO T 7% A% SE B i i 5 5
56 DN A5 A B o A i 22 TR S 2 Ll T X
NSEAELL B, LITCA R ALK o> 78
HUAR B R Fre

Fy=é&rg -

(15

e D5, RN A B BURRG Dy Fom LA AL
Ko YRR

LT R L R SC e P R R B T L RS AT N
(4 2 SEAL, R, SRS RO R T
17 O 195 W AL 28 DX O o MR Ol 2 A 3 E e
HYETIBRR e S50 TV HMAD, HER

e,
_ ﬂkB T

ze
A kg RARPURZE 2 WHG TR GEXHRE; 2 3£
IR BB TR 2 e ROR LT R
A BRI B De AT DL A R U,

(16

D,

D= (ptpe) 22ipe amn
0x

K o RoRIRECRK B pe, RN BB R B T 1F
B o FRINH R
B R (1) W] A5, S0 v % 2 1 o B2 57

WY A AL T DeL BRI Ko i i il
de Hoog B 200 4 Iy & (11) %% 48t [m] B $uiC 1M 4K 15
cr MIEME AR . DLAE Sk B/ 3 4% o MO ERMH
fift 55 S I KA B 2 2R AU, R LA A IE R
TG B e DL B Ky

cr = fOV., D°, B, Ky, ¢o, 1)
Kb, e W TR RS TIRE.

3 BERMES

A TAEFE T Li 5802200 (g H 18 B8 S0 90 B0 40 o
ST BB BER AT 43 BT . Meng U0 DL 2 W
Xof L - R RS 7R 43 AT 55 W B B AN R A R A L
B8 S0 B0 o, A 4 T R BOIE R 0. 1T Li A 120
A2 P 52 R S A - SR RS 7R 43 T v s R A 3R Y
F I RS S0 00 BOHE B, BT AR 4 R B S R
(8.90x107) ~ (1.14x10°°) m*/kg, 7£ ML A 5T Y 5 Al
L Ak 5 45 RAE A IR B Kg=1x1074 1x107°,
13107, 11077 m’/kg #F A7 — G WK Bt 2 3 2%k i - 5
RO TR A AR M, SRR TR L. R LB
W, AR K AE TS, BiE pEIS N2 — 2 B {H,
BAE ) HE— 25 18 KA 25 5 i 3F 26 1 BEL W B R 1)
KN, W BEAH v 09 4% 3R B 1 W B B S A TP
RETWRENTARREELR, X—HLHE
IR TAE— AT, B3 g 2% 5 B el R R
B PR SR AL  AR TAER & BRI T 3
fift A AL B IX — S EO R R Z LA TP R
EBAT N E M,

1 3 7R ARG BB A K (38 T 1%
W il e, BRE T B A A8 £k X — 2 W% B 5l 7 24 %) i -
PROECRL A A s S5 A . A 1Ca) BT Y
Kg=1x10"* m3/kg B, g i1 1x10°h 2 4L 2] 1x10'/h
B, — G W B B g 27 5% 38 - 5/ TBORRE TR AR 4D A5 1) 1) 58
Tl iy 2 v 453 A AR B RO [, R M BE A R
R7ZZAL W35 . X RY] AL H NS AL, ¥
o A% R B B AR A A R b B R
AR V- A7 0 B R ) SF RS . R, R B AT
FEAT S 32 BT 0 43 FOPL A 60 52 e, D 2 2 0 B AL

)



53 ARG AR R TP R R R S Y 2 FAR G B T 271
25001 (a) 0.020 (b)
—e— p=1x10%h . —o— p=1x10'/h
2000 © p=1x10%h [ —&— B=1x10%h
o ' e i
» N =]1X / —e— f=1x10"
£ 1.500 & -
® ‘
Y 1.000 | 4% = 0.010
o 5 P ‘
2 P hany
S 0500 Fof
AP 0.005 |
0.000 [eeeeneesesneeresnesenseneeneen: cocsepeeet
—0.500 : 0.000 :
0 10 20 30 40 50 60 0 50 60
t/h t/h
0.0251  (¢) 0.025 1 (q) .
—e— p=1x107h ﬁﬁp o f=1x10/h e
0.020 | —=— A=1x107h # 0.020 | —=— p=1x10%h s
p=1x10"/h y B=1x10""h 9222“
—e— f=1x10"h #
= 005} 2 ooist A
~
o 0010} m 0010} A
#
0.005 0.005 | ??2%2”
-
P F
0.000 : . : : . ) 0.000 =— :
0 10 20 30 40 50 60 0 10 20 30 40 50 60
th th
ve=1.0x10"° m/s, £15=0.007, ¢,=0.1 mol/L
K, m’/kg: (a) 1x107, (b) 1x1075, (¢) 1x1075, (d) 1x1077
BT — G B R R B B R U 43 A
Fig. 1 Sensitivity analysis of the first-order adsorption rate coefficient
il By 52 1 ) IF, P 1A SRR S B 45 R 2R B, 2 S mi it

i 1(b) Al 0L, 2% Ky=1x10"° m*/kg B, p 7
(1x1072~1x107") /h By 28 £k [l P, Al 2 1 BE ¥ 1
T RAMEIE W . (B2, 76 3R % 1x107/h K78
KAG W FE oy, ALk B AR X+ R LT A FEE 4k

& 1) AT L, 24 K=1x10"° m3/kg i}, g 1E
(1x107*~1x107") /h 128 1k 15 [ P, AlE e 1k BH s 1A
T RAEMAHM AN X —Z5 R KW, Y K=1x
10°° m’/kg B}, B (1) 728 £k X — G W B Bl 77 24 5% - o
RO TR Ayt 45 L 5 e 0N B, Bl 2 I B HIL ) A
XFCR AT X R B T ERBAT I A+
GrEE,

i 1(d) AT L, B /N K=1x1077 m¥/kg B,
B Y AS AT L PR BT P R B 52 . 7R X R
FRORG OL T, JCie B WU R AR B /M, JE 2P FH
i K RAEEANAE o — G N 3l I 5 X0 It - R
5 A 1 B 25 W B AL ) 8 B Ak R BEEIR S, — )
W B 2l 3 2 X8 T - SR RIS AR g 45 R g A g
XoF AL - AR TR A s 25 SR T AT AT 22 50

218 A1 RE BRI, — 3 T 2 W B e 37 - 7 A
T iy i 45 2R 52 3l 25 W BE AL DAY R e R 5 . A
Ky /MR e vp, AR LB # N T R 2 K S 8
B AELFY 52 M) Dk 553

BT, Ko (65 g, ¥ 2 —%
8% RS 300 3 = o 7 - S RO TR 5 Al £ ) 53 £ AR R
FIAE L B N 5~ Ro — 90 W B 2 3 2 X i -
FICRE Y 14 S 23 A 95 2R AN AIE ] T A St
[e] I g Ak FE B 5 R R 37 B350 S 1 B T oA
R WA R 4 01 1 T S A BRI R

4 BRSNS

DA — 2 W BT 2l 3 2 o O - W BIORE R 4805 o3 A
A HL O A% S 3 s 1), S5 5 T IR 20 e 2 fi
I, R UL SR REAR 4 M 1 A A TR B AR
S5 M ) AR AR B

BT AR TR R S B Y X -
SR BRI 0F TR o P S5 0 A0 400 15 2 A SC i S



272

Btk Sty HaTE

350
300
o250t
D
< 200
g 150 |
= 100}
< sof
0 fes
0 5 10 15 20 25 30 35 40 45 50
th
¢, V:0 1L, A 2,0—4
B2 LA— B B 2 5 - R SR A LA Nal 7 355570 1Y
ST Hh £k

Fig. 2 Fitting breakthrough curves of Nal tracer with the first-

order adsorption kinetic advection-dispersion model

1 — G BN Bl 2 0 - IO X Nall 7 52 511 B 58 i
i £ 3 BT 45 2R B X L
Table | Results and comparison of breakthrough curves analysis
of Nal tracer by the first-order kinetic adsorption

advection-dispersion model

Nal7/REE5
%Im*ﬁﬂ 10]4 c/ 107[(/
D 10°F, ¢
(m?es™) (mPekg™)
MR- 11.5£0.60  5.61+0.29
ARTAEM—RRGM B T2 2.2540.35  1.10£0.02 9.05
Xt L - HSOA R
SCHR[ 1914 iE 45 5 1.0~46.0  1.0~20.0 0

BEE R AR A TAE A — S B 3l T 2 % -
PREUR AL A 43T Li U2 3RELE 1. 20 4 V LR
T A IR SR B, A B4 B = AR LR
TR De . P RIS =R AS TR R T Y
DefH (1 3), L (17) A5 543 8 T i 5 /5 R 1
D¢ A (2.2540.35) x107* m?/s., 5 Meng 45U i
28 W B XoF A - R OB AL A AR B Y D, Y HE S
R [23] B M 25 BB BN . SOk [27] H3E T
D,, N 2.048x107° m*/s, LA 2 (14) 552 Fp N
(1.10£0.02) x107°, 5 Meng &' (1 F; 25 S AHUT, 4R
FESCHR [4] RIE WA BB N . TR,
Meng ZE0 L2 W BE X6 37 - 5k HIORR £ B3 G R 3
YER T TIDS JEsRk 2V fil4 V ELETR D EYF
B o AR T AR, Lh— 2 B 3h ) 2 0 3 - 9 1
B AS AR 1, 2, 4V R Y Dol 8 1o 26 ¢ [l 5
P EAR TEXEGIER WD, . BR, —
0 W B 2 3 2 X6F i - R IR Y R A e A W R X O -
PR R LA BT A5 1R 25 B/, DS S EGR U X

ATEE . BB, — OB Bl X I - R O A
RN A RAESE b b A i B AT A A
TR P A 2

147 o

1=(3.00£0.40) x107"6x+ (2.254+0.35) x107'* :
12 | *=0.94

10" DY/ (m2es™)

DE=(2.25+0.35) x107* m%s
0 50 100 150 200 250 300 350 400
IV

2

3 LMERASHT TR TR /R T B9 D,
Fig. 3 Linear regression analysis of D¢ of I in absence

of electric field

2 P W R XoF 9L - R OB R 1 0 P 2 B T BV
PR 15 A 1R B 43 e R A S 0 iR R, 5 R
B 58 B A6 B 4 FL B 2 T R TS W B A R, I
Al REMEAS SR BT o (HR, DA— G B B 7 2 X 3 -
RIS AU A3 AT T R A S S B0 AR U2 B, SR L
2,4V EAREHIET K, 0¥, 4518280
ML R B Ky 58 9.05x1077 m/kg, % A LLAR
L Hb S B T S8 BE AE i) AL B R T A N B R
Mo [RIBF, — 2 Bk 3h 77 25 it -k o L LA (18)
8 T = AR R T 8 BAE, IR HF ¥ E
f 34 TC H 3 78 R B9 f=3.07x10"%h, 1 I Ak 15
B 76 JCH 3918 F R B9 pIK, N 3.39%10% kg/(mPh) .
SGERFLW, AETCHRIVE R, TR0 i W ot 72 o 35 PR
TRk A, BIFEAR K AE b A FLEB b, TRy 3l 25k
(IR VN =B RS 4 Y IR T 7NN S R D Bl ol
M, AR TAEWRIN TFE AN 5 0 &4, T4ERE
W BRF 0 e W 114 Bl 21 A IR S

DL — 25 W B 2l g 2 X - Rk BORE AL LA 4 B

Li %P0 [ S it A B S 0 Mt , 25288 T IR 40
P 4 BT, R0 B 0L 5 45 R RE AR 4 i 34t Y b

NGNS 8 & R SR

2 BEE T VR AS [ Y X U - TR EOBE B X
Sr2"HL T F% ST 50 B A 005 45 B G O B SR A R
AW FE LA — G B By g 2 X - R O L B 4y
BrLi 25RO AREC 1, 2, 3, 4 VI JE R S»* i HL i
% S5 A, 43 0 A5 3 DU AP OR [ F R B DR AL



%531 BN AL R TP A R B R SRR Y £ R R A 273
500 ¢ VERE Sy D sk 2.3 L 4 VHIE R D iyF
400 Yl . MAEARBEFE H, LL— 200 B 3l 0 2% X i - %
-t HCHER AR BRI 1, 2.3, 4 V R B DF (i, il it 28
E Lol e 119 3 7 8 545 ) Se% 1 6 L 5 06 1 F 09 D
ol AT 55 46 B B 2 , — S 30 1 2 R -5
< AU R A 2 P W B XoF - DR RO AR L RO B A
o7 D ZHGRIOT R E A, X — R R T — %
e — U B B 3 2 AL - 340 A T b v R R B
t/h SERAL K A P AT AT Ry B R P A AL
g Vo Ao T = (6.60£0.40) x10 1ox+ (4.8040.31) x10
B4 Lh—Z W B 2l ) 2 0 -3k U B4 & SrCl, 7 B3 5 70 L7=0.97 ©
7 1 1 2 y
Fig. 4 Fitting breakthrough curves of SrCl, tracer :; 651 °
with advection-dispersion model of i% 6.0
the first-order adsorption kinetics ,_2 o5l
H2 — G Bl T -5 O AR X SrCL, 2 B R A 5% solb ’
T il £k 53 A7 45 1 B X D¢ =(4.80+0.31) x107> m/s
Table 2 Results and comparison of breakthrough curves analysis 4'50 5.0 160 ]éO 260 250 360 3;0 460

of SrCl, tracer by the first-order kinetic adsorption

convection-dispersion model

SrClL7R

SRR 108D/ . 10K/
m 10°F;
(m2s™) (m’kg™)
L IR A R 3 - R R AR 2.86 3.62 0.01
ATAEM—HWMsh 1% 4.80+0.31  6.07+0.39 0.32
Yo - R FASE A
SCHR[281 B 2 0.32~1.7 1.0~20.0 14~133

T3 2o 2 M LA DU R AS ) B R R Y Do fEL, 25 SRR
T 5. gl 5 s, L (17) Al 3545 2] J0 f 35 1
JHTF B Dg 2y (4.8040.31) <1072 m¥/s, 55 Li 4829 i
JH 2k VW BFE T A - R HIORE YA B A5 2 9 DS, A
¥, Yamaguchi 5508 (g BF 5% 25 S 46, WP
TE T 5 A 4 AL B R (0.68+0.03) %, AHAL T
Li 55 POV T B R 5, AR AN R FLBRRRAE . AL
B B2 A Sk 52 e A R AR R R B G HE S 4, HoE
T AERCE AR A B N ] 5 g R rh g st o % &, NI,
Yamaguchi 55 2% 412 {1 (1% 12 3% 1 B AH OC S 500 X
P i AN [] LB BE R A6 B i R R AR AT AR
VENA #5252 . SCHR [20, 29] $/3E S D, N 7.91%
107" m?/s, R = (14) 115545 2 F; Ry (6.07+0.39) x
107, #E 3CHK [28] i 3H (19 A B F N o EARH W
&, Li S5 200 DL 2R M W B T 3T - R OB 2R A BTG F

Y

5 Lotk mIH 587 S TR R A E TR 19 D,
Fig. 5 Linear regression analysis of D¢ of Sr**

in absence of an electric field

2P W B SXoF A - 9/ HICRE L 3 BT S Y HL A AR S
50 504 2O B, pl TR BEL e R R B 43 T AR Y
fE 2 B 5, T BE K F0 43 % I — 2 W R A 2R BT
PH 5w T Z20m T 2l AR R AL Y BTk, JF
ANRER R MR IR S B RE. — X
W BF 20 3 2 6 300 - RO 78 43 BT S Y LA B S5
B POV I, 51— G B A 7R R B X A 1 R
XoF Ui - SR HBORE Y R AT A E, A A S8, i an 2k
P 8% B A BEL 9 R, A3 B 4 B g 2R R R
7 FH — 2% W [ 51 7 2 3 - 9K HOBE R 5 0 A O
[ B 5T Ky WP 2{E, 75 B Tl 54 T 5y
Ky {8 4 3.2x10* m¥/kg, [a] B}, 5+ — %W it 5h
A L - DR O T Se o DA R R R S R
17X AR, JF 4 A S e g MR TR ) B
H2.56x107"/h, #E— A BAT 1 Sr¥ TR T R I 1E
FH R BIKy M 8 kg/(mish) . Wen 2509 [ f 5% 5
ARG S5 AL, ¥R S A Y R K
P TR o b, W5 T 56 F IR it 3l g 27 1 F 52 501 3
FWT, SeFEAL B v A U B SR 2 s T HE
AR, e WAL AL 1A P A I B o R 2 R



274

Btk Sty HaTE

T 1] AT FL B A AL TR B T, AT B T HEOBIL
TE 12 W B ot A bl = A . Wen 25 PO RGBT 5
PE— AR, IO AR T, Se i fift W AR B
Z A 25 SR UHIN, 4878 T St R E DR 1 A0
AR 3K B T B 2 £L B 2 1T, i A 5€ 42 AN R
WA P, PA— W% B Bl 7 2 X6 37 - 70 B 284 )
LT 5 B b A% B S e AE b o P Y IE A AL .

5 & it

AR TAEAS B W R w128 4538

(1) B3 52 2 A6 B 25 1 05 PR A% Rl i 8 o
Ky, HEST T R B BN T 2 - TR 22 FRE A A

(2) XeF 97 A58 780 174 fige T A 0 AUk o0 BT 22 B,
AR AR T At A A B B 5 M, AN R X T
Hh SR W B A% 3O R 55 0 BRE A 3R, X RE AR 47 b
R RES FHESEENA S S ST ET
Fo L, JUH R 2h A W B HL X A% R AT N
AR

(3) A% T A5 B AS 0 De, {45 2 1k 0 I 1 %o
T - B BB TR A5 3 (03 B 28025 R E TN, 451
T A] 33 Xt T S M R Ak % 4
M AL

TR R A 5 R FH Ak A A F T B S G
HOHE IR B AT B (0 55 S 50, o o R W A
VI 2 A VAN $R R B R MR RO DT O v . AR, —
G W B 2 1 28 Xob - ) BOBERY iy T D R L AT
B S0 B4 HE AT LG 2 BT, 78 B o3 b 2 AR opoRT
RE 23 77 AR AR IR 25 B R, FE S AR R K 5
NG R IR 5 U D 6 S 50 B A NS AL AR B 7
W S HIEAT RS IE, LA 30 T 38 45 52 B g A O gk
BRI

S & k-

(1] a2 I b [ A f BEAR AL A TR (0] R 5 41,2024,
42(4):1-2.

(2] 895800, 5 P E R U Y AL B T S0 %
HEGFRE[T]. A B #,2022,39(1):1-13.

[3] Boyle C H, Meguid S A. Mechanical performance of
integrally bonded copper coatings for the long term
disposal of used nuclear fuel[J]. Nucl Eng Des, 2015, 293:
403-412.

[4] Vomvoris S, Claudel A, Blechschmidt I, et al. The Swiss
radioactive waste management program: brief history,

status, and outlook[J]. J Nucl Fuel Cycle Waste Technol,

[5]

[6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

2013, 1(1): 9-27.

Yim M S. Geological barriers for disposal of nuclear
waste[M]//Nuclear Dordrecht:
Springer Netherlands, 2021: 461-500.

Waste  Management.
Yu H, Lu C, Chen W, et al. Law of nuclide migration in
clayey rocks considering diffusion and fluid transport[J].
Front Earth Sci, 2022, 10: 927232.

Olhoeft G R. Electrical properties of granite with
implications for the lower crust[J]. J Geophys Res, 1981,
86(B2): 931-936.

Skagius K, Svedberg G, Neretnieks I. A study of strontium
and cesium sorption on granite[J]. Nucl Technol, 1982,
59(2): 302-313.

Ikonen J, Voutilainen M, Séderlund M, et al. Sorption and
diffusion of selenium oxyanions in granitic rock[J]. J
Contam Hydrol, 2016, 192: 203-211.

Nilsson K, Byegard J, Selnert E, et al. Aspd hard rock
laboratory: long term sorption diffusion experiment
(LTDE-SD) results from rock sample analyses and
modeling, R-10-68[R]. Stockholm: Swedish Nuclear Fuel
and Waste Management Company(SKB), 2010.

Lofgren M, Neretnieks I. Formation factor logging by
electrical methods comparison of formation factor logs
obtained in situ and in the laboratory[J]. J Contam Hydrol,
2003, 61(1-4): 107-115.

Li X, Meng S, Puhakka E, et al. A modification of the
electromigration device and modelling methods for
diffusion and sorption studies of radionuclides in intact
crystalline rocks[J]. J Contam Hydrol, 2020, 231: 103585.
Zhang X, Ma F, Dai Z, et al. Radionuclide transport in
multi-scale fractured rocks: a review[J]. J Hazard Mater,
2022, 424: 127550.

Du Z, Dai Z, Yang Z, et al. Uncertainty and sensitivity
analysis of radionuclide migration through fractured granite
aquifer[J]. J Environ Radioact, 2022, 255: 107020.

Jia S, Dai Z, Yang Z, et al. Uncertainty quantification of
radionuclide migration in fractured granite[J]. J Clean Prod,
2022, 366: 132944.

Jia S, Dai Z, Zhou Z, et al. Upscaling dispersivity for
conservative solute transport

media[J]. Water Res, 2023, 235: 119844.

Hu Y, Xu W, Zhan L, et al. Quantitative characterization of

in naturally fractured

solute transport in fractures with different surface
roughness based on ten Barton profiles[J]. Environ Sci
Pollut ResInt, 2020, 27(12): 13534-13549.

Puukko E, Lehto J, Lindberg A, et al. Electromigration
experiments for studying transport parameters and sorption

of cesium and strontium on intact crystalline rock[J]. J


https://doi.org/10.3969/j.issn.1672-0636.2022.01.001
https://doi.org/10.1016/j.nucengdes.2015.08.011
https://doi.org/10.7733/jnfcwt.2013.1.1.9
https://doi.org/10.3389/feart.2022.927232
https://doi.org/10.13182/NT82-A33033
https://doi.org/10.1016/j.jconhyd.2016.08.003
https://doi.org/10.1016/j.jconhyd.2016.08.003
https://doi.org/10.1016/S0169-7722(02)00117-1
https://doi.org/10.1016/j.jconhyd.2019.103585
https://doi.org/10.1016/j.jhazmat.2021.127550
https://doi.org/10.1016/j.jenvrad.2022.107020
https://doi.org/10.1016/j.jclepro.2022.132944
https://doi.org/10.1016/j.watres.2023.119844
https://doi.org/10.1007/s11356-019-07482-z
https://doi.org/10.1007/s11356-019-07482-z
https://doi.org/10.1016/j.jconhyd.2018.08.010

5534

/NN AE R PR R RS S5 Y 2 FE R 4 R

275

[19]

[20]

[21]

[22]

[23]

[24]

Contam Hydrol, 2018, 217: 1-7.

Meng S, Li X, Siitari-Kauppi M, et al. Development and
application of an advection-dispersion model for data
analysis of electromigration experiments with intact rock
cores[J]. J Contam Hydrol, 2020, 231: 103618.

Li X, Sammaljarvi J, Meng S, et al. Diffusion and sorption
studies of Cs, Sr and Co in intact crystalline rock[J].
Minerals, 2022, 12(2): 231.

Appelo C A J. Solute transport solved with the Nernst-
Planck equation for concrete pores with ‘free’ water and a
double layer[J]. Cem Concr Res, 2017, 101: 102-113.

Han K, Guo X, Wang X, et al. The electrical conductivity
of granite: the role of hydrous accessory minerals and the
structure water in major minerals[J]. Tectonophysics, 2023,
856: 229857.

Neretnieks 1. Diffusion in the rock matrix: an important
factor in radionuclide retardation?[J]. J Geophys Res, 1980,
85(B8): 4379-4397.

Soler J M, Landa J, Havlova V, et al. Comparative

[25]

[26]

[27]

[28]

[29]

[30]

modeling of an in situ diffusion experiment in granite at the
Grimsel Test Site[J]. J Contam Hydrol, 2015, 179: 89-101.
Tang D H, Frind E O, Sudicky E A. Contaminant transport
in fractured porous media: analytical solution for a single
fracture[J]. Water Resour Res, 1981, 17(3): 555-564.

de Hoog F R, Knight J H, Stokes A N. An improved
method for numerical inversion of Laplace transforms[J].
SIAM J Sci Stat Comput, 1982, 3(3): 357-366.

Atkins P, de Paula J. Elements of physical chemistry[M].
Sth ed. New York: Oxford University Press, 2009.
Yamaguchi T, Sakamoto Y, Senoo M. Consideration on
effective diffusivity of strontium in granite[J]. J Nucl Sci
Technol, 1993, 30(8): 796-803.

Haynes W M, Lide D R, Bruno T J. CRC handbook of
chemistry and physics[M]. UK: Taylor & Francis Group,
2014.

Wen R'Y, Gao H C, Wang X Y, et al. Diffusion of fission
fragment nuclides in granite[J]. Radiochim Acta, 1997,
76(3): 137-142.


https://doi.org/10.1016/j.jconhyd.2018.08.010
https://doi.org/10.1016/j.jconhyd.2020.103618
https://doi.org/10.3390/min12020231
https://doi.org/10.1016/j.cemconres.2017.08.030
https://doi.org/10.1016/j.tecto.2023.229857
https://doi.org/10.1029/JB085iB08p04379
https://doi.org/10.1016/j.jconhyd.2015.06.002
https://doi.org/10.1029/WR017i003p00555
https://doi.org/10.1137/0903022
https://doi.org/10.1080/18811248.1993.9734550
https://doi.org/10.1080/18811248.1993.9734550
https://doi.org/10.1524/ract.1997.76.3.137

	1 模型建立
	2 核素迁移关键参数
	3 敏感性分析
	4 数据分析
	5 结　论
	参考文献

