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An Exploratory Approach for Global Sensitivity Analysis on Long-Term
Performance of the Geological Disposal System (IT)
- shi Oyamada*, Takao Ikeda*
Abstract

The near-field represents the least speculative and best controlled part of the
geological disposal system for the high level radioactive waste. However,
prediction of the behaviour of radioactive substances migrating from the
waste through the EBS is subject to a considerable amount of uncertainty
due to the mechanical, thermal, chemical and hydrological perturbations to
and from the host rock that drive the near-field to evolve into one of a range
of possible futures. Impacts of evolving physical and chemical conditions in
the near field on migration of radionuclides are often dealt with by filtered
discussions and audits by expert groups. The source term models
subsequently employed further fix the conditions within barriers (e.g., the
integrity of the barrier materials, quasi-steady-state conditions, or step
changes) and incorporate further assumptions (radial symmetry,
instantaneous equilibrium, linear partition of nuclide mass, and so forth).
This approach is motivated by the recognition that detailed knowledge of the
individual processes that will take place in future is generally lacking and
that it is necessary to keep the model simple enough to allow computational
efficiency. Thus “conservatism” is employed to justify such simplifications.
However, the complexity of the problem, i.e., spatio-temporal dependence of
events and coupled processes, their timing or sequencing, calls into question
the validity of the experts’ judgment concerning whether ignoring certain
features and/or processes is in fact conservative. In order to underpin and
defend the definition of calculation cases and simplified PA models, we
discuss a complementary approach which reverses the standard procedure of
scenario development and case definition described above.

A methodology which is prototypical to the Scenario Exploration Method is
called the Environmental Simulation Method. An important feature of this
methodology is in its capability of producing large number of quantitative
realizations of the future system behaviour by varying the input parameter
values in a stochastic manner. An obvious limitation of the existing
Environmental Simulation Method is the constraint in the coverage due to
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use of speciﬁé mathematical models. To overcome this problem, we design a
set of extremely flexible mathematical tools called ‘Shadow Models’ for the
particular purpose of ‘scanfxing’ the whole parameter/model space which has
not yet been rejected by the experts rather than scrutinizing it.

In the financial year 1996, we developed the Shadow Source Term Model
(SSTM) which solves nuclide transport equations within the engineered
barrier system (EBS). The key feature of the SSTM as a source term model is
in its very generic formulation and flexibility to model wide spectrum of
transport behaviours such as ' '

) the partitioning of the nuclide mass due to fast (instantaneous) reactions
such as aqueous speciation, sorption, and colloid formation;

b) the partitioning of the nuclide mass due to slow (kinetic) reactions such as
dissolution/precipitation, mineralisation, and crystallization;

c) the variation in values for diffusivity of different chemical forms of the
nuclides;

d) the formation, and sealing, of the possible gaps in the EBS and the
advection of nuclides in various chemical forms with possibly different
mobilities within the gaps;

e) the effects of time-dependent flow around and inside the EBS on nuclide
migration;

f) the effects of geochemical evolution (changes in pH, Eh, temperature, ete.)
in and around the EBS on chemical partitioning of nuclide mass;

g) the effects of movement/deformation of the EBS (such as cave-in, canister
sinking, etc.) on nuclide migration.

The SSTM was used extensively to generate an ensemble of stochastic
realizations of the possible nuclide transport behaviour within the EBS. The
principal component analysis on the ensemble and the analysis of the
contribution of input parameter variations to the output variations
reconstructed the existing knowledge concerning the sensitivity structure for
the reference cases in a more formal and quantitative way. In addition, an
analysis on the subset of realizations corresponding to high peak release rate
revealed a critical combination and sequence of events that could potentially
lead to a significantly higher release rate than that of the reference cases.
The result suggests the importance of considering what type of actual
phenomena can cause this sequence of events and how; whether it is
physically possible or not; and how likely they are, in the process of scenario
development and safety case definition. This, in turn, encourages the use of



our methodology as a complementary approach to the more standard PA
. procedure guiding and supporting the experts’ understanding of the future
system behaviour. ' ' o ' o

In the current financial year, the objective of the study is three-fold:

(1) To conduct a more thorough stochastic calculations using SSTM with
improved efficiency and to support the results obtained in the last
financial year. This includes a set of (repeated) importance sampling
around high release cases and the ‘reference’ case defined by PNC
followed by more detailed local sensitivity analysis;

(2) To use the SSTM in a deter.minist_ic mode and produce a set of -
calculations for a number of perturbations around the ‘reference’ case
provided by PNC; ' ' R

(3) To extend the"_meth_oddlbgy further .and dei}elop a .shadow model for

nuclide transport through near-field host rock which is represented as a
time-dependent channel network with dual porosity. ' R

Work performed by J GC Corporation under contract with Power Reactor and

1 Development Corporation. . _
gl%%eaii]i;lsinz Isolation System Analysis Section, Waste Technology

Development Division, Tokai Works, Katsuhiko I?HIGURO
*Project Management Department, JGC Corporation
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DEBERT 2RHESTEENTROEBHE DA V<~V V) -3 TFoORE
oS AV A N, Sy AV I A o N

#4.3.1 ERERUCTHA Ry M) O#HE

FEH () MEAA <Y MY (mol)
HgfE 10°~107 107°~10"

(Log Uniform) (Log Uniform)
IRA%IE 1~107 ' 107%~10"

(Log Uniform) (Log Uniform)

4.3.2 Mg

77AY—DREEV)HEMEEOEHND/- 012, EAMFIT ShHE
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T2 7 ADHMTHEBNF —FA U F o 7 AORLBELIN D, EHEO=
T74 - FPoORAKHE BHFERELLT) OIEIRIVELORES
HFATEBY, o THEWEEIONE, T/, HEICR~REIC, eSS
DXFRELDL [ARN] BBIZ, {ITIFRI—DBUD-DORETH
D, INGIEETVWTHRNF—FA UV Fy 7 ADKRM4BF L EIEFEY T
bdH b,

4.3.3 &IEHH

ST T7A=N RN EEEEGHOENL (NI 7THOLE, SR UH
TARODHIKEFRIFEOER) B3R LD IEFEDF— ¥V —TET B LW BR
PEMARIINV T Lo TRENTWE I ERE, =7 74— Fbo#E
BHEBEOE -2 2525707 10E2SEONETBEL+4,

4.3.4 WHEADEFTEFNL

DT, BEHEERIT Y Y FYEFVICEINELETONT A— ¥ 23 LT,
HMAtBIEI B O R LT 2 BEOHBALEHTI L ET D, SO THESNT
NRT A= SEQHHED L —FRITHET LT Y Y72 G352 Lk Y, #35F
HEtEZERT 5,

1} BREFY Y Fyd7EF0L

METRVRTRICBWTIE, 77 ABEERR I — =Xy 2= b 7 20
ERBOZRREEZEE T ET D, 7. BEMRUWD ABIZOWT
L A EICEEAVNS v (FICEAENEETH L) JEas, —EELET
5, . 7?72@1“757520‘71"—}\—/\/70)13:?*‘7""“?& LJ\'F@'\%%EU@
ETFNLERVWTERRT 5, '

(4.31) VU)=th—n(Z%i)

BL V(t) ; RRIEOWE DRSS
H(.) | ~NEHA FR7 v THH
TR (. BH) 5
t 5 RSB ORR
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&ﬁ\hTuﬁﬁéﬁ%ﬂ%ﬁ%%ﬁT%tbu\%%wﬁﬁu\kﬂtﬁm
Td>n& LTUBDREELT A LICINFTI b0 ET 2,

n 41 4
(4.31") V(t)={l—(-;-;) (1+(-%) ] }
RiT, (4.31) RUA.31)ICETE, Y hY 7 AWOZEREOELE LT O
ﬁniﬁ?%y
(4.32) , O(t)=6,(1)+6,(1~v(t))
BL. 60 ; ¥ b7 2ADFIgZepE

o.%ﬁfov}uﬁxwm@% .

Hil. (4.31) RUF(4.31 )fa%ﬁ\ﬁdaﬁza;*

 REL & OB
BEEZLTORICERT 5, |

BL. J,0) ; BIABMLGELLOKE | Ol
L S 2E (V2 )

720 AINY THOFBRFEHSTHICONTIE, BRI B 23RS
ERLTEY, o THRXRLELATHRBEDOHZF v v 7IEBETHI LA
ERTHHLEZON, ZOX)IRFy v TORET 3 EROBERNELE K
431&%A%LT?ﬁLJh#ﬁﬁ%GTT®U/7kioTiﬁTé k&
T 5,

v v TEBRBEOSM EFOBEE Loy, nid, LTI D ET 5,

$o. R(t)<r<r,

0, otherwise,

(4.34) qb(r.t):{
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4 5. - | HBRERERE L

R T, 1
4.35 R(t) =48 (f—¢ — 9\t —t +-2

B, (4.35) i3, H4.3.2 CRTHIBIHET240TH 5,

A, %>gkwﬁﬂﬁﬁ%%ﬁnﬁb6:kt?éo:@ﬁ&&—xu‘

PIZERED 2 VB IEOMLADIT —ICL D BHFEHDICTFOE v v 7
FELTVARBREAICHIELTWS,

OBHE
BRXEEZ0BD (MR
BRHLEF Yy 7ORES
)

RO R

R(®
B4.3.1 ALY 7THHCEHXEL & 0152 4EE

BUXREZVEIEETIE, Fr vy P M 2R LOBOBERTLE
i%%%ﬁ%écC@tbu,7%072@%%ﬁtti%hﬁ$ﬁtabf
b MU AERKOKY) B LABEDO M) 2 A2 5DFy v FADERI
LB zELIBER L DT ZVWERETAILIZI Y, 5. 1o~k
D —iB 2 RBCBVTRBTIEBIRE T2 2 L2 BEL-UToR 2 Bun
AIilta,

2L, J.. =eD(o;CF —aMCM)
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J,  BERT o)
e . WEBEHEK
G ¥ ¥y 7RUT M) 7 RIZERFRRIET 2 /T

it\%ﬁgﬁﬁﬁekuzégtLTiéﬂ%%@k#%(A;ﬁﬁﬁ%
®7b0?20$%77K565ﬂtﬁ®Eﬁ\H:VPU7X7D77®¢
LEFy v SLOESE) | .

. Tad

tc

rB . L Time t

H4.3.2 ATAYTHCHALEE % )55 BROER
R(t) DR LD /85y — >

K 43213, ENTFA—F ORI T 7)) USRI BEOHBE T L0
50:CT\ﬂTwﬂﬁﬂ—ﬁﬂﬁwfu‘@mﬂﬁﬂH&KwLTﬁﬁ%K
EEMREA/NE W &b, —EER2HEVE L E LT,

 RRERURERD Y & 2 2=

- WBABERDOF ¥ v SRR

- T MY Y AORERR

SRR ZRATOY 2 ORLBHE Y v L TOMER
- @.3DRFoRE

LeLad b, CNIETTRIGIONBELRBINTG A — S BAEKREL LY

BELILEBTL-00LDTHY, LEDOET A — & {HIZREERI S
TNBILEBETHLDOTIILV,
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% 4.3.2 85 A — S EORHE (1); HHRET

% . #H A=
F—=3—=y I BEOREEA; 1, 10°- 10° yrs (i 1) log
H T AEHDFRIERL; 1, 10°- 10%rs (3£ 2) log
F=N—%y ZIRE OGN, T, 10°- 10°yrs (B 2) | jop
W T AR OBERER; T, 10°- 10° yrs (iF 2) log
~&;n 1@ N/A
RREIEDA—N=2y 23 b Y 7 2AOER|0EE) N/A
%0,
RECDHT T AT +1) 7 ADERE; §F 0 (E=) N/A
BISHRO A ==y 2% 2 ) 2 AOERE; | 03 (@D N/A
o
RISHDH 5 2=} ) 7 A0, ¢9 0.3 (A%E) N/A
WM< M 2 ADZmER, g8 0.3 (%) N/A
AT THBIOF v v FEMEER, o2 K645 BRI 3) ||
W % BIRDF + v TLEPRE,; 9P 0.01 (A5%E) ‘ N/A
B & % 1) 1% % $HIR D FANE; Rmax 0-15m linear
Rmax \ZXJ I % WeH; ¢ 10°- 10° yrs (V£ 2) log
Fry TORGEHM; T, 10°- 107yrs (£ 4) log
< MY 7 ADHEERK; A 0.6 m" (BE) (7 5) {n/A
TrUZATOy 7HRLEX vy TEOERE [0Im@EE)FE S |(wa

&

152,13, BTRFALSNY 7 28MT50LET SEMICHET 5. 8%, AT 708
KERBEWEFXONEY, ¥F7AELE,SOBRIZI IBRShIBEARO:-DIZELK
BEFEBEESRZ LV FHIB] dHh, vwbW3 thermal period DEBOEELH & LT
10 FETLEERBEAICED S,

2 INLDNTA-SECFHEREIL. V-2 a3y FBTIEMES V- 70 RBICERT
B55DTHB DI 2A—FizDo0TI, ZhENLTEERBOZ &,

3 INLEFry TROBAM LB THREEINILEND D (BERMR),

45 F vy THBUHRBRT 2 TEMY (Self-sealing $2WITAE Y — L) I2onT KELR
BEUTFHFET 57:0, STEPRHEEE I —T IR REETo 7 _

5 METMEIEEHEN Y FY Y I TRLTIA XL EH 54012, 10cn BB TEE ImBE
DF2—TROF Y v THFEFEL T BRRIIHE L —EEPEESH TS, L Lids
5, COFE, ChEDNSTA-SDEEDPEELZ IO L LA NESLTETARTIXER .,
SNHDNTG A DEEIZDNT, R, REEMA2LE»S 3,
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2) WTKFERS v Fod7Esn

BELY, WERBRUAINY THOF v v THOH T KROS5 E 2 41
R ZOBMOHIZ, K 4.3.1 FOBKEERL 2 ) ELERIIB T 51
TARRBH LT, RESWIHERSEAGHET L 28HTs, $7-, fH
D7z, ARIMET 2 RO RS IAEAETH S L HET 2,
UEIRET S, ROTNOKEFRRE P o —proosh(r — o) £\ ) Zfh b & &
I T & &4,

(4.36)
v =—kVP,
VP:O’

EROBSUHELSEOREEIEET 52 21250 . 0B OHEEO KT
POV THTORERE,

(4.37)
Bn
14

P=—(A,y +—")cosB.

BL, 4L RV BRENEFRERTHY ., UTFITH~<22S DR SR DS
RETKEET v FERLI LI VREShDLENS S,

s, B 4.3.1 ERERTO B BRIATE LT LEOERE R 57010
B FSIRE VY, IS LTUTOR B LTSNS 2,

(4.38) |
B
Apgs +—25 = A, + By ,
s Ty
B B
K ess (Aas —%) = kDZ(ADZ +—= )
s _ i
—_ BEBS =
EBS Rl(t)
ADZ_+£2£ =r.
r =
SOTL BURERT A 2 RTMENEN (CRERIE) LHAMLLDLS.

re=rp & Uy 720 r IEFERICBITS ® B HIR L5 & TERD KA A & &
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HENDFHLGELAEL D LI ICREERS,

PEo#ERELT. %E(Hﬁ)W®$ﬁﬂTKﬁﬁﬁ KRTELLIS
kEhib,

(4.39)
x
1 3 B
= Ika,s Agps ——E- Iry cos6d6
TopEBS __ BontomEBS ¢£BS mB x B
Vr —-—Vr Y
_ 2 k ( A _ Bpgs )
- ERS EBS 2 I
T ggg s
TopDZ Bonompz _ 2 By,
v, P =y T pz(Apz ——55),
EBS Tpz
TopEBS _ Trg TopEBS
Vg = e By TR
2(ry — R(1))
v Ban‘omEBS birg B BottomEBS 1
[} r
2("5 - R(z))
vﬂwDZ _ ﬂ?b¢ﬂm vﬁwﬂﬁ__ ﬂ”bz TapDZ 1
a r r
2(rpz —Tg)Ppz 2rpy ~13)
BonomDZ __ TP pgs BotomEBS Mrpg BottomDZ 1
L - v, B ——
2(rpz —15)n2 2(rpy — 13}
HL.

VP () LAY TRE Y v TR LEHHESE
vImmERS (g FEBALNY 7HE Y v SO LB H R FEYE
VPR () s ERALNY 7TAF v v SEOBHIAEST®E
vrEES 1y TEBAL /S PAHAF v v T 5 AR iR
m,?miﬁtﬁb F5 ALY 7T EBROFEEKEE
k,, i W5 RIBDOFE BB

T, BERICBWTIE, HABZIES L, (@.39)F0EFREYREILY
FZEEOAMRUCHASER A HID BT AT S v 7 RONELLHESHh S,

(4.39) RiZ. =77 4 =V FROBABEESHFRIYIHETH Y proxt

HTLHLEVIRENLETLIDTHS, ZOHBIO- DI, TFHENIE
BICREEAEP L L@ AR TATLNY 7HEBICEAL., 222585
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CTEHOBRBIZHAT S, LA LEAS, EEI2IE, TIOR8y
—yﬁ&zﬁaadm%&w BT, BEFOEKBEESFORY G T
YUANDOFEEDDIZ, L@ B A E AT PEEBIZEHEA LS T KIS,
%ﬂ%ﬂﬁﬁ?%TﬁﬁﬁT@?<\uﬂb%ﬂﬁthTﬁﬂf%Tb&#
Hho CORZIKKIL, BOF XA EHOLAIHIHEZ LI LTS
3= Mh v MPETIRESEICELANIENEZ L ELE, ZOBLRR
DHEERBITIIRIZTEELRET L4010, B0 bSA NANET 284
CHETAHRTA—F y(t) 2BATE, SONRFA-55HNT, @2AEE
UALN) THADHTRANDGTH 2 ROBRIIKRBET LI EHNTED,

(4.40)
7 TopEBS _ (1- v(r))anpEBS,

. ~TopDZ _

TopD2
v o

=V,

FgT{JpEBS — ( 1— v(r))v TanBS

_reTnpDZ ( y ( 7 )) v TopDZ ,

~TopDZ _
vb_\'pass - V(t)v

‘-FrBarmmEBS — ( 1— ¥ ( ! ))V :?ntramEBS ,

TnpDZ

ﬁermn:DZ — ( 1— y ( t )) v BomszZ

i}-gBmmn;EES — ( 1— v ( ¢ )) v, BmmmEBS

‘-;eﬂmmmDZ - ( ] -y ( r) ) V Botno! mDZ

I T, %ﬁ’ LICEREB TN ENR, N AN ZEBLABTAK7 T v
7 ADBRETHEDORBEIIHIET 5,

(4.40) . » 2 A ml¢5#77/7x®vByQMN4w)ﬁ¢®
ET T I ADNLENENDORNEFDNT P A REEDOMYES L) #
fEERT bDOTH2, HEIEIPOONDE LI, ZOREICLI>T=T 7 4
— N FEEOKIEFHREND Z LTk,

—ﬁﬁay@ﬁ%Q%&T%%oL#L&ﬁaxﬁﬁwﬁ%%%ﬁtﬁwf
d, BEOZOBENII—ELREL., TOREIIHAT 28BS 12
YrF) v rdaIEt s, |

BiZ, R{4.360) 125 E N5 FHERGEIZ OV TIE, DToMzet 5
2LDET B,
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(4.41)
) VP, 1Sttt +T,
VP@® = { VP_.. otherwise,P
5L
VP, ; BIKEROBAME
VP, ; BIAKGEROR/ME
t, 5 BV ALO AR
T, ; SIS R

KIS, ADSNYTHE v v TEKREERUEREONS X — ¥ EOHE 2
BT BDIELE T, T, AINVTHIZETITERDDLF v v 705
AR E EREL 2, AROBIIEHORAY v b e F 2 —TOHAE b L
DE=EHRT 5,

(4. 42)
{n‘b3 n,md* } pg
s =y, t— =
12 8 7]
¢ = (n,b-i—nzfrdz)‘c
BL

nn, s TNTNRENIHEFOR) v VRUF 2 —7%
bd ; 2y FOFHBER T 2 — 7 OFHEE

7 ; FHE =R

pKOELE

g s EJINEEE

B KOEREER

X4.3.31k. (4.42) KEBAWCUTOHBEISHSW LY > T ¥ 7247
R (10005 2FLwd0THhH 2,

nn,:0-10
b,d:107° — 107 [m](log scale),
r1-10. |
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Log[{EBs]

Log(kEBS] (m/s)

& 4.3.3 AIAUT*wﬁmiRt&U%%ﬁﬁ®$%ffﬂﬁwtﬁm%_
Bo#E |

(4.42) R Lo THEEINBEr — A% BET L7010, SEHUECIIE
4.3.3 POPHFIIROHEBRD 5 F v v 7ERE L BABROBAL DT %
METBICT TV Y 7528835, 2OT, (4.42) REKDDEREZE
LT, H4.3.3FDFTIMIRIE(4.42) REFOEEEDOAZF Yy ¥ —71
Y PEDBFITE, BILFy y THORESKEL RAWATEVDDE L
> TWAE I LIZEEEINIWV,

T 2T 74—V P2kl LTOBTRERS 2 ENE, ©258R0A
TSVT VAT LEHBOBAME 20 S ¥ 2 BALR & ORI IIHEED
%W%ﬁﬁ%ngiU\EEQ%Q&E§EQQEKEK$OT:774—
VEERDBBTARORT T v 7 RCRMBHSH 570, © 5 ABR AT
VT VAT LDFEKRED B BIRELE I UL, ij'fh'é‘éﬁgjyj(fjgagiﬁ,}j-é
EThbH, DML, Tﬁﬁ%@ﬁﬁézﬂxwﬁﬁ&*ﬂ%ﬁklofg
BEINTSH U Ll_F-a)Pqié-ﬁfﬂiibl_t'C:l:naﬂfﬁﬁiﬁéiﬁqgigavg-zs L ASTEET %
%" : b : : PR

VP(t) sz Skun
b VP(f) kDZ

DZ

Lﬁ¢ﬁﬁﬂéﬁL&%@&mﬁﬁhmLomfm;&%ﬁéﬂﬁﬁﬁfﬁé
SRR LBBAOTHIOE b L WBROWE n &%

vﬁ
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b=10"°-10"[m],
n=01-1[m"]
V) BENTEREEHAZLICINBLONS

kye =107° —107[ms™]
EVIEHERETHI L ET D,

£ 4.3.3 NFA—FEOHE (2); HThEEE

& # A Adr—Jv
BUXE L 2 VBBAT/NY THEEDEK | 10™. 10* m/s log
¥ kEBS |
W % HIXDERFREL; kDZ 10™-10° m/s log
G aEefOEKRBE; kHR . 10™ - 10° m/s log

BRIELL 2V EL ALY THEBEOF ¥ | 13 KEBS - (-3 +0.33 kEBS )' | log
v TZEMIEE; ¢EBS

T EIK AR OREKAE; VPmax | VPmin~10"%k,, log

FIEKGE DO B/ME; VPmin 10°~1 o log

SRTE LD FHRAEERE; 10° - 10 yrs _|log

BGOSR, Tp L 10* ~ HflogVPmax]10"™ | o0
+(1-H[logVPmax])10’

INA ISR TOE Ly 10° - 10° ~og

E

BOHNOBFHMT p & FHEIKGRORAMEYPuax & OBFI. Seisnic Purping &0
B RBLLEHROARCETERELNLOOTH Y, BERICR, TRICHELTY
%o |

Log Tp

T RE 2 #EE
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4.3.5 MEETEOERUBITESES v Fy 3 TEFL

FNENVC=v BCRUDC=D,s CTEINZ EHBHEER FTY
LHRREEEOENTCHAVWL LD LABORSWICER 2 Y * FyyTEF
JPL:IOT%%T%O '

FEFEDERLOE IR

- 04 FOX) RWEHREEE. FYyy S TLIEETE 2V,

- RODBBEIIEERBOIMMEEL, WERBHO A H = XL IIFEEL W
72, o DEIZFEHEIEER USRI XETH S,

C ETOTAPRSBITHOBLERE (v M) 7 ARNOBRA F Y RU
BMEAOIOA F)ICHIOEEZFHOBTHIIBIL Z EFTERV,
- WERMEEMEERICBIT 5 FHBITERE., BE0ZL8TOFEYBIT
BHErEEMIcy 7 Lzt ELTESRS,

(4.43)

al-al —al

a0 dl dl d2) gz
oC = min| C, ¢ 1+ C 1+ C
Ra Cal CaZ

50
bol- My 217
BC = min mC,{l — Heaviside[C - C;3]} c 1+ C: > 1+ -—C,'-
Rﬁl Coi) | C

2 =H0 42 b2

« b0 * 7]— * 2122

. 1C C o

+ Heaviside[C — Cp|-2—11+| 2 1+ =8| |
Rﬁ Cﬁl CBZ ]

BL. CoRUC,IIEHRONE (¢ <C,) « a. b i3QE. dIZHEANES,
RiZ TEERE] . miouq FOTE (8% OBRETH D,

WIRKILEMEEIIBIIZ2AT 1 v FRUTO IS IR SRS,
LogC,,(anomaly) = LogC,,(normal)+ K,
(4.44) LogCy,(anomaly) = LogCy (normal)+ K,

K=0
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IF BB, 2B, ﬁménfac&UﬁC@W%l434tT¢ o

mﬁ\@%%ﬁ\%%E&U:U4thotEFM%§’ CORBITIRE A
ZEMOUEBNDEERIRKIER RUREHES» SBE~OEE LR
RZENENLUTOL Y FIHTEFVTEBET 5, |

R =-u,(C - aC)
R,qu'
BL. u.p,  RIGEREERK
S, s BEMHE LTOILERIERE
F—ORNII. C-o,CTEDLING, £BEDS LEBME X2 WBITE

BRI LR —E ORI o TV EERTHIAHBL SRS T U+ 24
WIELTH Y. MBECRTHRAEE ML L2 b DL ED T EHTE D,
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log( ﬂ'c» ﬁC) o

log( eC, 8C)

-15}
~20—3 -8 s oy _2 0 2 2
log C

0 L

-5t

log( aC, B C)

-10

.. 15+

10 e r -1 2 0 2 2

Log C
4.3.4 FHIHER(« CO)RUFHBREE(FC)ICHATEZ S ¥ FYEFALOH
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#4.3.4 NI A-SEOHEQG) | BEUTEOLER BTN

% ® # B A=
E—DORR HE) a0 1 N/A
E_0HE (HE) :al 0~2 linear
S—0LE (BW#) b0 1 N/A
F=0LE (BH) . b2 0~2 linear
E—OHSIRE (BE) : C*el 0"~0.1R « log
FE_OBSRE JEH) C*a2 10"~0.1 R « log
F—OHISBRE (Bi) :C*p1 10"~0.1R 8 log
B_OEHIBRE (BRE) [ C*pl 10"~0.1R B log
EZOHBRE (Bik) : C*p 3 10"~0.1 R g log
BREFBCTOBIESHE ) Ra|1~10° log
RRERIKTOEESRYE (Bf) :Rp|1~10° log
MEnEs 41 10 N/A
HAORE | d 2 | 10 N/A
HIKIEFERECNTAES 7 1k 0~10 linear
204 FOTEHERE: m 10 N/A
AEEEOFREER 1 1 107°°~10°yrs™! log
BEMBERORETE 4 2 10°°~10%yrs™! log

4.3.6 HIEKILZET v FoHTEFTL

BROTFHGHITHEYE (HREEUBHEE) 13, =7 74— FRO#ER
EEBRHICHIEFEL T B, Z020, HEMYEEDO 2012, BIKILFEHE
HOEEN T 77 ANEZTORBENL #BRETHLINETH S, L
D BAEEIIE. BTER Y FhELB R 5 {EFNEERECH D 2 DOERIC
FEL. TROLZO0EROMOBRIBEOZERE HXICBHT L2 L 2IRE
Uiz T—ffba -] #EftE 700 bolB&AVWE, Bl2, ZORLt 7O

Vbu\%<@ﬁﬁ—ﬁﬁ%%tmwrﬁ%néﬁ&uﬁhwuﬁwﬁﬁTé

CERIET B, LLEOFHROTIIZ, (r, t) FELOBHBIC LY., HELAD
BARHHB S BIIEE T 2BEE TV — L, EA LV IMEBICEIZET LAY
Th—Ah, HEVEBKOFEE V-2, B+ ) 72 AF0OEL OHIR LD
RREBABE LCERTAIEITEREL S,
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MEEEER L ZATHEMOEROSEL LT, SEOHKSWIEIZH V2
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@FW®&%%K% i -

A2 SHEHORR U EHEIZ, rmééwutmu$ﬁf$5af&

; MEIORMIE. EERHTHE LT 5,

; Sl OFER O LG, ﬁﬁ@uﬁkbé%th F 2, TEHOEHOA
%é(Oibﬁﬁ%ﬁt&lmé)ﬁt%w%ﬂLﬁLf A IRRE DL S
WKL TRr—aEhs (FE1) .

A5, F v v THROILFELEMFL. SMIOHERAFEEL TV RHAIIE® 2 AR0
%#&%L<\%hﬁﬂ@%ﬁﬁ%ﬁLtVFUﬁzw%ﬁ&%bwt¢éo

E .

15 ZOFE, S RAFAR L EHDO® D RBIEA L T AL T TR
WAHABETEHALNY 7 LICEBHEICIE, A0 2 >0EEOKE S its
CACLRBIEERBRLTVS, I, NI SARSEET 2SI, T
BOMFHRERFRE, BRAREPNE 2B LI, 2OMEME S 2728
MENDZILEhn, BEEHAL LT, 2TOBTANTED 2 AihE 54 /3
AT BFHEITIE, T%ﬂﬁ@ﬁm(ﬁ%ﬁﬁ)uﬁ&t&w;aaaao

TN BOA S < 225, e

&ﬁ\ﬁﬁuf&n$w?ﬁﬁﬁ£bﬂﬁztfu ELEL L Fy o AL
MIGLTUE AR ERETALEND D, LELadE, ZOBEe. KitA Y
Ty ZA0LE 1 OWRIZDNT (4.43) DEIINT A— ¥ % HFHWHIZH > TY >
TULEGETONRN I A—FHEP R VEARTE—F. Tho o0& 4II8E
TEFHBEERESENEFREEICER S L I REE RV, 22T, BUSE
BFEWZHENLZODIEDE VI EREHP S, ORI LT 2 R0
FRE (A Ty 7 20) LBWTIEHBEEHICY > T v Shiz (s A — 5
2@ 3)NICHEA L TH O LBEEEEH ., BEORE. o ) bl
MZFERBRK (A1 7v2721) 2BV TIE, (d.44) RISRLZE S 0@E
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ERXDTUX FIETN (6) ~ (8) 2UTORECVENLEETS,
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(6.4.6)

df,
dr

ACLG(:')

0, i

-V

resel

9erGi

1

——, if0< fi(t)< Lygpand

ALGW)
(2:(c) < £.{£), (LG(3) > O)or g,(£) > £,(1) (LG() < O)),

or
-~ |f, =0and Max[fk Ligw |2 0and g,.64, 20, (LG()>0)
if
fi = Ly, and Max{- fk]>0andqcm(.) <0, (LG()<0)

keUP(i)
f 0and<Max[fk m(k)]<00rqcm(,.) <0>and
(LG > 0)or g,(t) > £,() (LG < O))
fi =Ly and<Max[— i ] < Oorqcm(,) > 0>

keUP(i)
(LG <0)or g, (1) < £, (1) (LGG) > 0))

if g:(1)2 f.(£)>0, (LG >0)
\Vre.\‘et lf‘ g!' (t) S ff (t) < LLG(r')’ (LG(I) < 0)

£0)= {0 LG@)>0

Lie LG <0
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a8 _
dt
[
Jaow 1 i#0< g,(t)< Ligyand
Aacey Yaouw
(8:(t) < £.(t), (LG(G) > O)or g,() > £.(¢) (LG(E) < 0),
or
= 0and k%;’f [Max[gk Liguys Loy — fi ]] 20and g5, 20
J if and f; >0, (LG(i)>0)
8 = Ly and kﬂgf’ﬁ [Max[ 8-S — 5]] 2 Qand Gecn 0
and f; < Ly, (LG()<0)
g, =0and <k12rglrll [Max[gk Licays Liguy = fa ]] < 0.orch(i) <0orf, < 0>and
- ((LGG) > 0)or g,() > £,(t) (LG () < 0))
, if4
g = LLG(,) and <k%g€lc[Max[—- 8irfo — 8]] <00rq,q., >0or f, = Lw(i)>and
L (LG < 0)or g,(z) < f.(2) (LGG) > 0))
- Vre.se: lf & (f) Z -ft (t) > 0’ (LG(i) > 0)
\Vreser 'if gr’ (t) S f;(t) < LLG({)’ (LG(I) < O)

0)= [0 L6 >0
M L LG <0
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Y, ¥, 70Y FRUT A VOEEOBIEGE

e . (TH/hasw) EnE#k
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O¥ b, f,(t) R 74N, gt), 2B TOXSIZEET 5,
0, 1<t
fo(t)z

| L t21
(6.4.8)

0, t<tg '

()= {

1, t21
BL. t, t, ZEDEHRTHY, $ (6.4.6) R (6.4.7) % source &
AP0 TWBE L ICOBRAMRBREIC Ll &5, WENLRBAPOTS L,
t, tITHIRIEFZREOMET Y LEDYORBICEL TS TS, T2, [V
o b HERE (C6) WX, DEICRLETIDL I LEEIBRY R LERET
BTH5, 28, FLHELEAEKICL ) BIKEZEE % source Ao i & B

THIELTES, | B

CITHYEFTVBETAMr—ATE, t,=5ed RV ¢, = 7.5¢4 L
RET Do HFLVITOERERKRILVIBII—EEREL. 0 ~ 100 (Y,) RO
0 ~ 50 (Y, ) D#EEHY OHEMITH > T 755, £6.4.9 CABFIDZDIC
VTS RER T ED B,

#£6.4.9~Ny FRUF 4 VOEEZRE

V7l Y [ Y, [
1 29.9 0.140
2 0.336 48.7
3 15.2 28.9
4 80.7 9.77
5 13.7 16.6
6 66.3 25.7
7 36.4 25.6
8 36.0 '26.9
9 20.8 48.0
10 30.1 38.2

HIRILFREEOERE PHRBICOWTOEEHKESR 6.4.2 132, o
T, T4 VANV o - ERILEFE L Wx, 0, 1)id, HIKLFEFOBTIT L,
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(6.4.9)

1 D .
6,—=—, ifO0<f,<land
Yffmi

(2;(6) < x< £,(2). (LG(j) = i)or g,() > x = £, (1), (LG(j) = ~i))
40, if fu=lL>g,or

(gj(r) >x>0,(LG(j)=i)org,(t)<x < L, (LG(j)= —i))or

(fj(t)<x<Lj,(LG(j)zi)orfj(t)>x_>0,(LG(j)=_l-)>
~f'DRese:’ if0<f,,,,-5gm,-, o

fri(0)=0,

(6.4.10)
dgmt' —_
d

6, 2 fo<g. <l and
Ygfmf

(g,()2x>0,(LG(j)=i)org,(r)< x < L. (LG(j)=—i))
10, if g,; =0and |

(g,() <x<L;,(LG(j)=i)org,()> x>0, (L6(j)=—i))
—DReser’ lfo<fmr‘ Sgrm ’

8x:(0)=0,

BL. Do, B (FHCkEV) Eomk

HWIKILFREOERIL. <~ M) 2 AhoBREEEL+ET28MONE LS
bDOTHY, o T—HIZ7T Y FDRIET, BILHERLFEREEOR S LT
Y M) ADFEMEKIEIEL B, ZOZ G, TN 7 ARG, —&ki
POEBRFZRAY DOERE = I LR 254113, OB
BTT5I8ehd, DTORATIZ, COILEEBEORRSMEELT. < Y

7 ADEREQ,(x, y, t) L HIFREOMITIZ, TSRS Bith BRI
NADHDERET 5,
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0.01, i ¥(x,y,t)=0

(6.4.11) | .. em(x’y?t)={0.1 if¥(x,y,t)=1.

K 6.4.3 42 D, =0.01 a/EDERFEA L. = MY 2 AROBIRILERE D&
BEHRE B LRRETT,

6.4.3 ?x}&—x,f

(1) B—Lry—2

F6.4.10 ISRTEMET. B—DOL 72K RHER L. 72, BERT
FEEE LTIZE 6. 4. 11 IR THBICESEREEUBHEELHV 5, 2B,

KREAIN THOBEBTLR—TH 5,

#6.4.10 B—V 7 EFNOBNEME

RE(E

A 1.0E-5m’
L 1E3m
D, =dL q/ A,
| (d=0.1)
q.  1ES5 m'/yr
. | 4E3m"
q. 1

0_ 0.01
D 1.0 E-5 m’/yr
A 0 yr'
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REE
a, 1
a, 0
b, 1
b, 0
m 0.01
Cou® 100
Cor® 200
cpr* 100
cpa* 200
cp3* 300
Re | 100
Rg 100
K 0
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d, 10
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BHERELTRONZF ¥ YA VART Y M) 7 AR OEBIERE S ORI
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Ea3NTW5,

(2) BEL 77— 2
(1) OE—L /7 OREY . EROL VAS WL FICSET2 o Link 0Ty

VaA v M ROBERT 77 v 7 AOEREOER 2T 72, BETH 6.4.7
o S
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$64.12 FxUANFy FT— 2T BN
(F % 7 3V 585 2 — ¥ BF)

LV IEE LIRS 2Ry 2R I I 1% HALiithad 7 R A= F—

PEHLRE S Ac (x 1e-7) D&MW 6c | qc (x 1le-6) TERE{ZE TEREAR R

0 2.797 0.964 5.43 617 5 48.4 22.5

1 3.218 0.562 3.39 360 4 19.0 12.8

2 6.9563 0.912 4.17 545 7 84.5 3.97

3 3.445 0.422 9.80 194 4 57.1 8.85

4 8.082 0.680 6.91 306 17 34.7 47.1

b 4,785 - 0.952 7.05 805 4 33.6 36.5

6 3.952 0.830 9.71 688 14 70.9 20.6

7 5.940 0.753 6.01 694 8 36.8 24.0

8 1.930 0.122 5.25 503 21 62.4 40.0

(BHABITEEICET 259 A — 5 §f)

a( 1.337 c*f1 4.87e-10 dl 10 omin 0.01

al 1.271 c*p2 0.494 d2 10 émax 0.1

b0 1.865 c*p3 3.303 m 0.01 Dm anomaly 0.01
b1 0.05637 Ra - 120356 A 9.30e-5 Tf 50000yr
c*al 135 Rp 19842 nd 5 Tg 75000yr

c*o2 5.32e-b K 4,989 Dm le-5 initial mass le-7
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