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Brumbaugh (1984) OO#IE "EIJ%EE?‘J

S CIGTED

o PUIFOIEME (JITRE (the Verde fault) &A—-92U—-JrfE (the Oak Creek fault) ) ©OLEEIOVIICESNS, BATRIREHERE
& (1Beh, wHrE, &LRE) OFRXIZXAICDOVWTERLTLS,

o OIS, LBMRSERISHICEDIEMEBZERC, 20 B IOVINTRET BN REMHEISICIOTTEREZEZIBLNTULDEL TS,

o COLIBEMSHE, NI—REEEFEIESNSEHUEMBECI O TREITIIBENHDIEL, MBEAMRCLZ EEIOYvIRORITOY)
(sub-blocks) fEM:EE) ([OlEx, AR, A—/\—3vF) (Figure 8 A) t°, EIJOV/REIDEENREDIEL\(Figure 8 B) h'SBEPIMIREME
HOFREERZSHALTNS,

ABSTRACT
Hanging-wall blocks of some normal faults located in central and
Southern Arizona show that both ductile and brittle localized
structures formed in response to a compressive stress regime.
The structures are believed to result from localized compressive
- stresses generated within the hanging-wall block during normal
= N . fault movement in a regional extensional stress. Such
FRPTEYISIEHEIG 1% FRIPTISIE %T\E‘FGEJ z compressive stresses may be generated by block movement over
HFO1ERRE FOIEHTE an irregular normal fault surface or by interactions of sub-blocks in

‘ ______ the hanging-wall block.
= : \ C B A VA=v5=vc
CONCLUSIONS

The hanging-wall blocks of several normal faults in Arizona have
been found to contain localized compressive structures that

g = = include folds and reverse and thrust faults. These structures are
Cc B A V=V, believed to be generated by localized compressive stress fields
= generated by movement of the hanging-wall block. The structures

may be a response to (1) movement of the hanging-wall block
over an irreqular normal fault surface or (2) interactions of the sub-
A ‘ B. blocks of the hanging-wall block during the movement phase.

Figure 8. Suggested schemes for development of compressive structures on hanging-wall
block of normal faults. A: illustration of role of uneven fault surface in producing rotation or tilt-
ing, buttressing, and space problems (lined area - overlap) between sub-blocks of hanging-
wall block. B: Suggested scheme leading to development of compressive stress in
hanging-wall block due to velocity discontinuity between sub-blocks.

(FRBTRIXFRURF G HINE)
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McClay and Ellis (1987) DHIE ,.'q:gaénu

(ZARE) -

o SIRIBEUALFRICRE T MTEDAZREIC DOV TIRETL TLVB,

o —HRICBISRZZ(F2EEE (ERT) LoORER, RSHAROESIERDIE, INDABER TS BADLERZ4EUDEZEZRL TS, (Figure 4)

o VT ISYMESEREDEBOEERT(E, BFIMNASRIEI A KRSINZCEZIBHEL TS, (Figure 6)

o MIEORRE(IEREDRARIZ I TRLEEL TRAEIIMEDV I HERELBIN ZICHIKTFITDEL TV,

EFax:)

o IUT-JoyMEBEEDDEE (IEME) LowkiE (Figure 6) (&, Brumbaugh (1984) (C&oTEEASNZLSC, ANI—RMBmE(EESNIERUIEm
([CEOTRETZFBFAMIBEFICHICLZEDEEZSND HME(L, EHEISHZEDIERMECHAZAE(E N, SIERIBERZDMERADARTEUDIEMEICLEAER
(F R0,

Uniform Extension
« Uniform extension experiments were undertaken to compare
extension on a horizontal plane and extension above a sloping
surface.
» Figure 4A shows extension above a 10° slope, producing domino-
style extensional fault arrays with all of the faults facing downslope.
* The faults began as, and remained, predominantly planar surfaces,
and both the faults and the layering showed a consistent clockwise
rotation opposite to the transport direction down the sloping
B 40% EXTENSION basement.
Figure 4. Experiment no. 109—uniform extension with 10° tilt 1o left. A: Serial section no. 2, 2 cm from margin of model; B: Fault sequence diagram. Listric fault with a ramp/flat geometry
EfEIS 1% e A listric detachment fault with a ramp/flat geometry (Fig.
’ SO IEHE 6A) produced a pair of crestal collapse grabens separated
by a poorly developed hanging-wall syncline associated with
an array of geometrically necessary reverse faults.

» Listric extensional faults with a ramp/flat geometry also
produce hanging-wall crustal collapse grabens and local
reverse faults.

SUMMARY AND CONCLUSIONS

» Our experiments indicate that the geometries of both faults

S and fault blocks change with time as extension progresses.
Hence, the shape of a particular extensional fault plane at
any one position in the crust will depend not only on the
initial fault geometry but also on strain history and
kinematics of associated fault arrays.

Figure 6. Experiment no
94—ramp/fiat listric ex-
tension fault geometry. A
Serial section no. 2, 2 cn
from margin of model
showing crestal collapse
grabens and reverse fault-
ing above ramp crest; 8

(FRETRINFRURFZFIHAINE) g 208 ExTENsiON
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Fossen and Gabrielsen (1996) DHIE ,.' PBEN

(SCHEMBEE )

. BERAZEELL, SRBLUABICREIIMEORRECOVTERIL TS,

- BERTHIEERAVKDEEE - MIREFMHCLOEBOEE, WMt eZEbet, BREMFOBVIMERRECS X 277 /BT
TRUNBOFSELRIEI DY) OEFICBEBURRSITRUTWS, (Fig. 6)

o BB OHZERATEBEVLERT - T, B8NS TERD, REROIEMENRIDIERMEBOEENCLDLIERLFTE
{6922 E=MRL TS, (Fig. 6 fault 4) FREIT—XTE, > TOFREROBPAIMIREMEICBHEL CERIET> 20/ \HifE
(minor reverse faults) HNFEEI2ezHERL TS, (Fig. 5a)

gt

o [EERCEDFERTECUIZIERTE (Fig. 6 fault 4) (X, BATHD, LEREEDIEMBICLEAZAIEF/NE,

- BPFRFIREMECRRHEL CRAEUPERIE (minor reverse fault : Fig. 5a) (&, BFMLEMREEZEDIERIECLEAZTAIREENK,
53RIBERDHERA DR T EUDIEMIECLEARZZ AR,

o BFTREMRCEEL TRAEUCEMER, IERBHRCHTHT 3,

» The antithetic fault separated the rotating and collapsing upper part of block C
from its stable lower part, and the steep, upper part of the antithetic fault (fault
4 in Fig. 6d) became vertical and finally overturned, so that it displays an
apparent reverse sense of displacement.

» Minor reverse faults associated with fault 2 to the right of the horst (Fig. 5a)
are related to local compression during the development of the ramp in the
basement.

#ifE4 (fault 4)
AEEEL, BN
WiRFfEE 12D,

4!
S
VRN, 7 .
S e
DA A ., NS [EEEED
Fig. 5. Final stage of (a) run 1. 10¢cm =

(BB R UREBTRI X F RURAZEE AT - hiE) 5

Fig. 6. Run 1, incremental stages, beginning with (a) and ending
at (g). Redrawn from slide series taken during the experiment.
(5’5@({??2?&0}}3(3%@:3[]%) Copyright © Chubu Electric Power Co., Inc. All rights reserved.




Nollet et al. (2012) OHIE
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T,

o IFWRERERINT0 U LERBT—XT(F, RETEIFERIBLL THEERENS
WTENRED CIFIERIBALEBIZ I 28R FERL TS,

(Ztttie]

o IFWIBIERIN'T0° LA LERBT—ATIE, BEOAMERIOIERMBENA—/-
I\DIU, RETRSABEMERIOPRIELL THERINS,

The finite element program ELFEN is used to study the effect of
basement fault dip on the evolution of shear band patterns in
unconsolidated sand.

Depending on the dip of the basement fault, different localization
patterns develop which are categorized in three domains: (1) graben
domain for basement fault dip of 60°and less (Fig.4a-f), (2) precursor
domain characterized by a reverse fault transitioning into a normal fault
for basement fault dip of 70°and higher (Fig. 4h-j) and (3) a transitional
domain where a reverse fault is succeeded by normal faulting and then
graben formation for basement fault dip between 60° and 70° (Fig. 4g).
When the basement fault dips at 70°, a curved shear band with a dip
significantly steeper than the basement fault forms first. The dip
direction changes along this shear band from synthetic to the basement
fault at its base and becomes near vertical at the top.

For basement fault dips of 70° and higher, a reverse shear band
(precursor) is formed, followed by a synthetic, nhormal shear band.

- Fig.4. Deformed material grids shown as passive horizontal marker lines after 29 mm of

il S displacement on the basement fault (except for (j) where the displacement is 9 mm), for different
basement fault dips: (a) 0°, (b) 10°, © 20°, (d) 30°, (e) 40 °, (f) 50 °, (g) 60 °, (h) 70 °, (i)
80 °, (j) 90 °. The thickness of the sand package is 140 mm in all models. Different shear band

= patterns are observed. In (a)-(d), a synthetic shear band forms first, followed by an antithetic

o ) shear band. Later on, a secondary antithetic shear band is formed, causing a secondary graben
Note that this simulation structure. In (e)-(g), a graben structure forms without a secondary antithetic shear band. In (h)-
has less displacement (j), a reverse shear band forms first, followed by a normal shear band with dip close to the
<—— because of early termination basement fault dip. The simulation in (j) had numerical instabilities and could therefore only run
until a displacement of 9 mm. The folded marker layers in (b)-(g) represent a slope instability.

(BETRINFRURFFHINZE)
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<JdA>BMNo0.84>
o MIROEEAERNDOBISECREI 2R ELTEIALTLSMoore et al.(2015) (CDWT(E, XEORNSZ2EREL, BYICSIEI 3L,
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+ Moore et al.(2015) (CDVWT, XBAORBZIEEL, FAXECRSNDIEMERCHIIEREOBFREZEIED L, HEEROKENDE
RICBVWTEYIEIAT 3.
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Moore et al. (2015) O#FE (1./4) ,,' B S

. Moore et aI (2015) (&, FmBNSIREFFBZOMERENRMEHIRAEOERNS, KBESZ (FER SR ERT) LOMNAICHRIZETZr1HIVEED
s ZTL\(LDL\'C% L, EXDILHE (C}{:}Dﬂzﬁ_@%%fI@LJ(Jﬁ%ﬁiéﬁ%ﬁ*ﬁﬁ%h’)(,\'C% LTWS (Fig,1288) .

. ,mﬁ/ﬁﬁﬁ((i JL— I\O)JEJ#LE#(LJ:DY@FE%D‘ SEFRIAIIILTED, EXDIEMIEICASMER (SSMFIERT « H1tT) @Wﬁﬂ@ﬁuﬁmlﬁﬁiﬂﬂ%
D‘B§1,\J(L4tﬁfﬁ4354ﬁ}ﬂ%Imb"Cb\5 (Fig.2, Fig.7AZHg)

_C0002 CO001 coo4/8/10

Fg. 2. Regronal 2-D sessmic line KRD108-5, showing 100P Sites used In this paper [red) o relation to ol other NanTroSEIZE doll sites (hlack) PSP . Phllippine Sea Pate, Location
shown in Fig. 1. Modifeed from Park et al (2002), Nakanichi et al (2008), and Mooee et al (2014).

me e nr o

H
Fig. 1. Regional location map, Red dots « 10DP drill sites used in this paper, blue §
dots « other NanTroSEIZE drill sites. Black outline - region with 3-D seismic data;
yellow arrows = estimated far-field vectors for motion of Philippine Sea Plate (PSP)
with respect to Japan (Seno et al., 1993; Heki, 2007). Stars — epicenter locations of 1944
and 1946 ssunamigenic earthquakes. Black line = KRO108-5 seismic reflection line :
shown in Fig 2. KBEFZ = Kumano Basin Edge Fault Zone (Martin et al, 2010} Inset in B =
uppéer right is regional Jocation map — KB = Kumano Basin; MB = Muroto Basin; 5
T8 = Tosa Basin. Hig 7. Arbutrasy seisiic Bne through drill sites C0002 and CO009, Lecation shown in Fig. 4. Colors of tectopo-stratigraphic unts are the same 25 in g 5 amd 0. AL Interpresed
selsivec data. B. Correlanion af selsmac-stratigraphe sequence boundaries across the ared. C Chronostratgraphic disgram (F|g70)A0)a715§7T<)
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Moore et al. (2015) OHIE (2.74) ,.' B S

- AEEFRIUBZETIE, 3 RTHERERVKXEER-USJHEE (H4hC0002,C0009) HEMENTVS (Fig.4S58) .

. .ﬂaiJZ'C(i @%ﬂﬂkjl/ NEFAFHHAFWFEET DIMNRIEIL T, @Eﬂﬁui/]\%E*EEBxL*%LD‘mén‘CL\%)O

. ﬁuﬁml’iﬁﬁ@iﬂj 5 RUMERBFEMRICOVT, ERELFRRUR— 'J/’)uﬂ BEERENS, 4D201=vh (FAINS, 49H07UX L (Accretionary
Prism) , RIE¥REY) (Slope sed|ments) TERRIIVEBZREIEY) (Lower forearc basin) , _EEPERINERMHEY) (Upper forearc
basin) ((X53&h, #nen, Wit ?s#%ﬁﬂi, SEIUFCOHERSTIEREIRL TS (Fig.5§ﬁ.-’?=-?) o

NW Cross-line # 6250 6200 SE

=

100
200
00
s al 400
33°24'N
N
§ 500
= o
24fig. 50, % 600
(ELEwlIED) %
= 700
£
Lo &
REfig. 9D
(H1100=L) 90
33"18N
1000
1o
1200
1300
-\ Lithology Logs Tectone-stratigraphic Units
136'30€ 136'36'E 13642 = o Hl NS ooy v s
) Volcanic
St
Fig. 4 Details of high-resolution bathymetry of our study area with color table opt- - -— wh - ol - o
ml{fd to show the Sm‘"hw“' Uplift. Dashed line shows location of 3D seismic survey. Fig. 5. Lithostr atigraphic sammary columm of See CO002 overbain on o 30 sismic in-line. Seisemac yoguence boundanes are from Colick o2 28 12010), Labeied scimic horizons are
solid lines show locations of seismic inlines and crosslines shown in later figures. the tops of sequence boundaries 25 defined by Gullck of 3l (20107 eg. KL - top of “Kumane Lower”, K11 - top of "Kumano 11°. VE - vertical exaggevation,
XEFE DS HEINE
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Moore et al. (2015) OHE (3,/4)

+ Moore et al. (2015) (&, BIIVBZOREERA], IROHEERFOICEERICHNT, BE
RCRAFI6~7°TLERI I 2HEEYIE, RtEZYIMT2, BUERICESEE THER
IREITRIEMIERIZRU (MtE | [ERERIALIES) , CNBDZKIEBEEZISLT
W3 (HtE5F  IBESEIULTCVWREEIRENS)  (Fig.9=) .

. ZUT, INB0R8iE%E, T —NEFAHESE KD ISAEQ VORI ICAES DO L7
FRLTW3,

o Fz, TOMUINRIERIERIBELEL T, FAEBORmO/)IIERMERE (I EWEEi%
RU (HDT : EBRBEEBLITES) , CNB(E, K5,K4EBRF%z235LTVWSH, K4 BRFRDiE
ReIsLTORVCENS, FEENEEISIRT, KADHERBNERN2FICEEZ{EIEUE
ELTWS (Fig.11=88)

IEAEREA

TR : Xm0

TH : SHHCCHEORIR (FROMHR) RUE
SR A DFEE (ROWHER) #IIE

IFRTEREB )
(&F (2O [FSIE) | 5B, EHIERADR

D OERAICE, SRR

| deEs o) s |
B () OLERC,
| IEMAERFACLZARY 1
| OIEWIE (IR (€ |
L) (FEfNEE) !
| HRHANB. X
|
1
1
1
I .
1 F
-
1 B
1
1
1
1
1 oy P :
\ ol o “J
LT N Ve 00 m
” N -
PR V0, Sersme cnas-dwe (X0) OB S0 showing NE-CRof sequences 54 through K7 and INooing of seguences K7 and K3 over (D updied feghon Seqoences K5 through K7 are 81 XME@H'E[(;%H:Z]D%

(e 1A same amoumt, sdicating that 1ilbey occureed during depaniton of sequence K4, Note man - tranipor deposits MTOs wathin sequences K3 and K4, further described by
andd St DN Lication shown @ g 4

Fig. 9. Detail of the frontal part of the forearc basin section showing older sequences
progressively onlapping the KL unconformity. Location shown in Fig. 4.
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Moore et al. (2015) OHE (4,/4)

"EIJEEE:’:I

o ARMBIHOBSFIZECDUT, Moore et al. (2015) (&, U TFOLIIERBALTWS (Fig.13888)
o TU—NEHAH, 12— AASAMFIEL, RNEEBYHIHERE (E: ~2.2Ma) , 7IMNATI—45>2ZZ5AN (OOST)HeRk, TFEPaTEZ
HWIEYINHERE (D : ~1.6Ma) , OOSTORE, TEPEIIVEZERYINIEAICtERZREIA, Mt (C: ~1.2Ma, B: ~0.75Ma) , EXDI%
fEDRRE, FERFBORR&ANBEIEREY)OFEAINOIERINMEE (21LF | BRPICIERENAZRK)

(A:~IRTE) &

a © landwordshiftofee b  Landward step
Onlap of UFS of QOsT
‘.
' Y 0/'.‘,/.:"?,' I"AJ‘.:‘& : —'L’
’ . =
v 5 ‘( QOuter prism /}/

A (IRTE)
UFB (BIRIVEZ _LEE6) DS,
UFBEHWVTI DY hOfER]

B (~#90.75Ma) :
BRMERRY) (K41Zwh) Ofit
HEIRERL, (TINAT ORI
W E={OENET )

K10-16Ma

Plae Subchuction

Frontal Décollemant

In sequence

Pre KL <22 Ma

C (~#91.2Ma) :
LSB (FIIEBRTE6) , K8>—
TOADKERE, LFBHEREYIOER

D (~#J1.6Ma) :
OOSTORZEN5#70.4Mat%,
LFBOK10>— > ADHERE

E (~2.2Ma) :
REHEEY OHERS R

Fig- 13. Model of evolution of Kumano Basin. Left side: schematic moded of entire frontal region: Right side: details of FAB evolution, A, Sedimentation of UFE; titing of UFB and
older units ( present day), B Continwed tilting of basin sediments (K4 unit); reactivation of bured thrust in acoretionary prism {-0.75 Ma ). €. Deposition of LS8, sequence K8: tilting
of LF8 sediments (~1.2 Ma). D. Approximately 0.4 Ma after formation of OOST, sedimentation of LFB sequence K10 (L6 Ma). E During depmition of slope sediments (2.2 Ma).
a = slope sediments: b = LF8 sediments plus correlative slope sediments; ¢ = UFB sediments plus correlative slope sedliments. Color scheme s the same as Fig 5 and 6 Modified

from Moore et al. (20057}
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Moore et al.(2015)DIIE (X &£ 8) ,.' B S

OMoore et al.(2015) OMIEZ LT (CEIET 3,

BN IDEREBR TEMENT, 3RTHERERUKNEER-UZJAE (Y1HC0002,C0009) DIFERMNS, KBESZ (FEEFE
ZiFHET) JONRAICFEET ZRTEBRDEEIHEIRS AT AIOVWTERL TV,

TU— bDIRFHAHCIOHEBPINER(ATNLTED, EXRDIKRIERVDIERE OMRIZET) (T4, ARBRHEREYHPERICER
LTWS,

giERZOME X, TAHS, 4InJUXL (Accretionary Prism) , RIEHEREY) (Slope sediments) , TEPETIERMHEREY)
(Lower forearc basin) , tEPEIEINEZHEREY) (Upper forearc basin) (CX9an, HEER(EIZENEN, #RSEH, S5t
SEMFcELTVS,

HIVERZHEIRY 2S5, HEEYIOER S EEEARICIEAICE AR TER T ZTATREMERF (StDE | [ERBETALITS) HER
SN, INSOEKFBEEZISUTVSEEFIRL TS (H1DE | IRELEBILTVSLEFIRENS) . 20O, FAEEOREED/NMIRRE
RICHSIEMERF (S1DE : [ERERIBLITS) N'E865N, IRAEXEEZZIEUREFIRLTVS,

AEIVBZR OB AT ADEILICOVT, OTL—NE#HAH, (2 —TYAASAMFEEL, NEHEEHIHE (E: ~2.2Ma) , @
TIOMATS=G2ZRA5Z N (OOST)W R, TEPRTIVBRZMEEYINHELE (D : ~1.6Ma) , ®OOSTOME, TEPRIIEZERH
PERICIERZRMG, #i#%c (C, B: ~0.75Ma) , @EXDIKHIEORKE, FEEFEORENRVEBEHEEYIOZERINOERIN M (2
OF  BREPICIERTENZRR)  (A~IRTE) LAERRLTWS.
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Moore et al. (2015) (RSN DEEETB R DIEMEREF O ENR UV ES ,.' B )

[Moore et al. (2015) £H1F3, IEEMERDEEHRDOEIE]
EXDIL#ECA 'JB:—Et'FE(DEEE(LctD H'JEUR/ﬁﬁiE$$¢%D\%L%JLE’](LB%'fEU(L{tE?-l BB ZRP(C B USPEAICHER I B IEMEEFH RS
nTVLd, FFHFIRTEOREZRT, %ﬂ(:_ﬁ%\IELﬁ}EEiBiET_ LIEELTVWBREEZSZAND (IEFIEEFA),

. Eﬁﬁﬁﬁ@@ﬁ([(i’]\iﬁ,ﬁmﬁﬁb“%y), FEIFFHE(CEBRDIERTERF (IERERFB)NMERREN TS, BIEMERFFIRTE(TENZFIEL TV

<=

[Moore et al. (2015) [CH(13, IEEEEEFORKICIRIER]

(1) IEHESORMRER, MEBSCEADIER
- IEWR/ERE (A,B)IODVT, FEEZFOHRELAMICIGHEVNDIEDD, LWINICHEWTH, PEE(CLIMEDEENCSIOT, EAMICHERNT

B EDFATRIERIBEINZ RSN TS,
. HREVBZMERBYIR(CIERTEEF (A, B)DIHZERENTVSY, INBEVINE, TEIOAIMANSERER I DLIBIEE TIEAL (HTRERIC
EHITDEDTIFRLY)

(2) IEHREEF ORI - HEDMHIRICEADSIER

- IFWRERFOFEES SRTIVBRHEEY) (LFB,UFB)(E, SEIUCOMEREITHD, FEERELTORVLEEZBND.,

- PER-EENTITITHNE, EMERFETIT4ITHD (IEEMEREA)—75, BER-tEEIN/> 7T T ToHNE, EMBEFE) > 7074
JTHhd (IEWEEEB).
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[Moore et al. (2015) [CRENSREEF B2 P DIEWRIEEFE HERE SR L DXFLE]
- FEBNSIOREFHNCHTS, sPVERERYPICERHSNDIEMBEEHCOVWTIRATZ, Moore et al. (2015) ([2DWT, XEADA
BeREDL, HEROMEODZRICEWT, (1) [EHEBEIOKAER-EEE, (2) IERVEEFORZAEHA- B MR
Eﬁﬁ(LEBL\'C OB SR MR BT,

(1) IEHRESFORZRER - HHEEE

+ Moore et al. (2015) (ZRENDIEREBEHE, EXRDUIKEREICQIIMRIEL S O RIER FH(TITORPRB PR (A KRR O
HEENCLOTEULBIRIG IS IO TSN TS,

- —75, HEERE, FRVBZRORERICEVT, FEriEhDT 5> 2 MEOBANERICI TIEMREINEEZSN, TINIANRE
=EUTIERRBD.

o ZIEL, INsRVING, “BEECHIRBMAOHBOMEENCLOTEURLBISRISNICL TSN, HTRENOERET, 875
ElER4 A5 —BOTATH MR LV SHS TR — THaEEZ5N S,

(2) IEMRIEEE DRz ARESHA - B D TR
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