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Abstract

We develop a thermal-mechanical model for describing the formation of shear zones. We
consider shear deformation of a two-dimensional rectangular region composed of a viscous fluid
under a constant velocity at the boundary. Viscosity of the material is assumed to depend only
on temperature for simplicity. In order to enhance the shear deformation, we included a small
inclusion whose viscosity differs from that of the surrounding material. We carried out
time-marching simulations and monitored the evolution of temperature and strain around the
inclusion. Our results show that the deformation localizes in a narrow region when sufficient
heat is generated by viscous dissipation. In the zone of localized deformation, temperature
increases by several hundred degrees owing to strong dissipative heating. We found that the
zone of localized deformation develops in the region where the greatest heat is generated at the
initial stage of evolution. The zone of localized deformation pierces the inclusion when the
inclusion is weaker than the surrounding material, while it develops away from the inclusion
when the inclusion is stiffer than the surrounding material. These findings, though qual-
itatively, suggest that heating by viscous dissipation may play an important role in the
formation of decollements around subducted seamounts.

Key words: frictional heating, shear deformation, decollements, earthquakes, two-dimensional
finite difference method
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Fig. 1. Schematic of numerical model in this study.

Table 1.

The adopted values of physical parameters.

Symbol Description Value
il Temperature at outer boundary 500~1100 K
oT Initial temperature-perturbation 140~140 K
¥ Radius of region where initial temperature is 7, +67T 0.05d
Mo Reference viscosity 10%Pa s
E Temperature-dependence of viscosity 2.843x107* K!
T, Reference temperature 1127TK
0 Density 3000 kg/m?
Cy Specific heat 800J/kg K
K Thermal diffusivity

10 *m?*/s

KIET 5 &L,

n=n.exp|—E(T—T,)] (3)

DEIICEL. TTTn, E Ty REHETHB. TEHIE dry olivine
1993] i<l \M\ ks j/ HLIICEATS 5.

i D IRg ]2

[KaraTO and Wu,

ATHAON 5.

T (53 T T G, b O . ()
o "ot 9z > ox 0 . 0z e 1) oCp E

Ao 5, HHE 1 EHZEGE &
0, 85 2 TH, B S TEIIREIAIC L A K, O 4 THIRKMERGR (B Ik
HAaFbhd, FEEICE L HERS 20 OFRBEO

I Tr REIHCE, o IFH, (
3l
I}

-
D1

LD ET

(I)—UHEH 7 (f[])l (5)

THAONS., TIT, on, &t BETNETNET v Vv, BlET vV VO 2 AL
& % OEABIW Y 5.

I (4) OFERLEME, (DAMEER z=d TOREAE T="T, 12[E, 2)dilz=0 T3

129




Bl H#H b
Table 2. The values of scaling parameters.
Quantity Unit Values

Length d 5% 10 m
Time d*/k 7.93%107 yr
Velocity r/d 6.31x107? cm/yr
Temperature 1/E 35.17 K
Strain rate r/d? 4X1071 !
Viscosity Mo 10% Pa-s
Stress Nole/d* 4108 Pa
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Fig. 2 JUF Fig. 3 Iz Case A0 DFEERA/RY. Fig. 2 BREXIcB T 5, x () HRIICE
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Table 3. The adopted values of parameters U,
T, and 67 employed in numerical experi-
ments presented in this paper.

Case U [cm/yr] T. K] oT [K]
A0 12.6 1000 0

r
A2 31.5 1000 140
Al 12.6 1000 140
A3 .31 1000 140
Ad .15 1000 140
Ab .26 1000 140

Bl .15 900 140
B2 .26 900 140
B3 .631 900 140
B4 315 900 140
Cl1 31.
C2 12.
D1 12.
D2 12
D3 12
D4 12.
D5 12.
El 12.
Alb 12.
Alt 12,
Aln 12.
Als 12.
D5b 12
Dbt 12.
Dbs 12.

S O =W - W

1100 140
1100 140
1000 35
1000 —35
1000 —70
1000 —105
1000 —140
1100 —140
1000 140
1000 140
1000 140
1000 140
1000 —140
1000 —140
1000 —140
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Fig. 2. Plots of distributions of <7 >, temperature averaged in x-direction, against z for
Case A0 where no temperature-perturbation is given. The elapsed time is shown by
the numbers in the figure. Parameter values are T,,=1000K and U=12.61cm/yr.
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Fig.3. Temporal evolution of (a) maximum
temperature Ty, (solid line) and spatially
averaged temperature 7, (dashed line),
and (b) maximum strain rate &me (solid
line), for Case A0. In (b), the average shear
strain rate &,=U/d is shown by a dashed
line for comparison.

Fig. 4. The same as Fig. 3 but for Case Al
where temperature-perturbation §77=140K
is given.
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Fig. 5. (a) Snapshots of distributions of temperature 7 (indicated by shadings) and
strain rate &p (indicated by solid lines), and (b) the profile of <u»,>, velocity in
x-direction averaged over 0=x<Aid, against z, for Case Al. The elapsed time is shown
by numbers attached on each row. In (a), contours indicate the logarithm of &, in the
unit of s . The meaning of the gray-scale is indicated by the scale-bar at the bottom
of the figure. In (b), <w»,> is normalized with U, velocity at the outer boundary z=d.
Parameter values are 7, =1000K, U=1261cm/yr and 6§T=140K.
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Fig. 6. (a) Snapshots of distributions of temperature T (indicated by shadings) and
strain rate e (indicated by solid lines), and (b) the profile of <wv,> against z, for the

cases indicated by the run numbers in the figure. The elapsed time is shown by the
numbers in the figure. In (a), the meanings of gray-scale and contours are the same as
in Fig. 5a. The region outlined by solid semicircle indicates ds, where temperature-
perturbation is given by the initial condition. In (b), <u,> is normalized with U,
velocity at the outer boundary z=d. The values of U are shown by the humbers in the
figure. Parameter values are 7,,=1000K and 6T=140K.
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0T WE DA (Cases D2, D5) TRREIVEEE 6s Z T 3 X 5 1 Hz=0» o8 h/zET A
THEZ BT L, FOT OfEEick -, BELRELEEEOHAOEX 3EIED
SN &b s.

Fig. 10 iz Case Al & D5 B %, HEVHAOERME comNE &, BRIC X 2 HBED
DHERT. Ko, 6T DEVICK > TEROENT 258 RIT 5 DI, KARDEERH
BRET ZEHOEVICLZ I EWbr5, LD 6T 2H\\ iz Case Al T, FEROE
WERIEL Ss iz » THRABHEHT SN Tn5E, Thick b, RUOEHRT3HEz=01W\I
REOBEEENSFREL, I TRENMAI ERATILICKE, ZORETiIg 90L&
I, z=0 i RVWICEENER L BPREST 5L 91085, —F, BD 6T %M\ Case D
5Tld, AL Os ORSERMSE VY, HEz=0fhEToBAEORABTS Sh, Hhid
0s ZFEd 2 L DIEL . Coky, BEICLZHAR, HnribEhT 2, 6s0E
LTERIiZBY, 2 TOREEENKRENS, BEOLFIZE T, RIORLEE
BERNEDED T 4 — KNy 7ickb, BREOEBE &b, FEMOE L TRE & EEE
DEREPSETD, 147X10°4FER (Fig. 9B ICREE LBFEEOKE WIEKTROIA
WENRICHRET 2 L5155, (KL, COBATH RN ESEEIREET Case A0 D
ZRERUIIKKE AT EICEERISNIZV.)

O0s D r % 02d, 002d ILEZ CRABDOFHEETE /&5, BROETDORI 5
Bk L 6s S DBARREDL SITWT EATER L 7. 6T BIEDES (Cases Alb, Alt), £
DEFIZ s #BL L H T H, BDIFE (Cases D5b, D5t) (d 6s A:EEd 3 & 9 iie
5. %7205 DA x=2d/2, 2=d/2 \ZEZ TCEHEATE - 14 (Cases Als, D5s)
THZOEEPEHL ORI & bHER L 1.

Fig. 93 %7, B Tw U%E5A1E%, 6T HADEEIE, BELDEIE DK E WV
BB ST BIEDBEDZNEL D $IFEFWEL L >TWEIEERLTVAS, TOEHE,
BDOT %52 2B RIED 6T 252 1BE L HARTEROEHMDIEI DIt H->T
W5 THS., BD 6T 2B A IS, AR 6s OE _LICRADEEEMNE U 2 BT
72 (Fig. 10b). COMRBRD z [EEA 2z, 45 &, ORI 2=z, I [EOBREFEZE
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Fig. 9. (a) Snapshots of distributions of temperature 7 (indicated by shadings) and
strain rate ¢, (indicated by solid lines), and (b) the profile of <, > against z, for the
cases indicated by the run numbers in the figure. In (a), the meanings of gray-scale
and contours are the same as in Fig. 5a. The region outlined by solid semicircle
indicates ds, where temperature-perturbation is given by the initial condition. In (b),
<w,> is normalized with U, velocity at the outer boundary z=d. Parameter values are
T,=1000K and U=126cm/yr.
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(a) Case A1 (f = 5.33 x 102 yr)

(b) Case D3 (t
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log ®[W /m?]

Fig. 10. Snapshots of distributions of frictional
heating @ (indicated by shadings) and
streamlines (indicated by solid lines) for the
cases indicated by the run numbers in the
figure. The logarithm of @ in the unit of W/
m®is shown. The meaning of the gray-scale is
indicated by the scale-bar at the bottom of the
figure. The region outlined by solid semicircle
indicates §s. Note that the distributions in the

range 3 Ad<x< jAd and 0=z<=d/2 are shown

in the figure. Parameter values are T,=1000K
and U=126cm/yr.
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mﬁfﬁ%TmaaTﬁﬁw%ﬁu&@%%tm«f&m®%¢iL_D {3, %
Ofed, Fig. 9 RL RN T TR, 10 6T 25 Atam”%ﬁ®ﬁﬁﬁu<ﬁ&¢ i
Hoic, BOPHIREEERE WOLWRTORED LR 5. L I0EES,
FeHid B REERASRE A, EROEDHREC 5, FEEE, WkHEE U % 10 5ok
< LCREOHEATE S &, AD ST 254155 T HERO ORI ICHE<
A LAMEEL .

CopHiOREREE LB &, Do DE, UINOBKE TRAOEEANELT 5 L
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FEREEER L TWETEO Y I ab—va v

REROER LBz OfEE» SBNARD L CATHREST S, T TR s IKEA
LHMRD v 52 b OFKRE LTREDAAREZ TV, BEDANDERT 6s 1o
BRI v bR MEDFoNIIBAETS, BREEETHS. ssKBEI 52+ RE
Z9NT, Os OO AR A TRHINCE L LEHEATRY, BEOEHORE T 2T
Os EDORRIREDL S W AR L 7-.

4. ZHe- BB

KR TOHEY 2 2 L—v a2 YORER, (1) KEDEEENSFKAT 58I, BEEE
Kk BRELRE, BELRCIZ2BERTEOBOED T + — Ny 212k, BRD
BEOGEROICEE FREDESERT BT &, Fiz, QFICSZ AREI Y 52 b
OFBIC LT, BEOEROR I O AMBEIELZE, THbE, BELYPHOLLVY)
BRbsLER, 2B LI ERoEDSECY, AELD SEVHENSH 5 & &
i, TIDoBEN L IATERORMMBIRI L, bbbtk BEOERSET 3
Te DI HBIEEEDE S, dry olivine DM/ Y5 A — s AHWIEA BB L Z 1074
W/m*BE LR onte. COBERAKOKME 74— 2B VTITR -2 LIRTLY
I alb—¥av [KamMEvaMaet al, 1999] 2o BEL Szl (O (1075 W/m®) &1 b
REW, TOERKELT, (@) IRTTEFNVE 2IRTEFADEY, (b) HilEL 4 09—
CHELA D Y —DEY, BEZILNE. 1RTEFVTETFOEINCLD - BEa v
FIRMBEZOLNTVWBEDIRHL, TITHOWEZ 2IRILEFVTR Sy FIROBEE DT v
FSRMEBZTVA, Ny FIROBEEI VS X M OENESEOMERERESE S
iz, KO KEOEBEESNE I -t ELZ ONDS. i, Ml 4o -2
A, FOELONAMET 2 LFE—PET X L E—ICE s N, BEEDAOEES
ZOERE FRICEE T3 [Ocawa, 1987; KaMeyaMa et al, 1999]. U/ Ll L A4 o
V—RHWIEER, s XA VEF—-D0FSBBVIY, ThITHET 2B 2V F—
REBICK > THIBET AL ERH 2P LEZL LGNS,

FRIRIC L 3 v 7 — VIBERE 7V, BB Eld 2 HIBRER T O L 0
BIZITERHMBEORERA [Ocawa, 1987)) B INTEL, TITHE, AFEOKES
HWREB CTOERICEHT AL 2EL 5, AR THVWIEEY I av—yva VEFN
TREFA 1 =X & UTHERE LHZEL T Wiey, MEEELSEEYT 2 8D
N3 EEOHBREETORREFEMICHET 2L TERV. Lrl, BEEHRORE
BEZ B ETARIE DIHEETE CRAWEL) Th oo, AR (AHED %
MR L 2 EIC X 2RBHBEEIRDE L, FEHMCIIESAERIc 2 L EZ LN 5,
22T, IEONEBTEL ZEEANOBEREER 5. A OHEREY O ERE DA M
INS T NE, FIMEOER B EICHEEIC L - TR D, MENRESEAEE Lz &Itk
BREBIINSVEHARTE AN 6TH 5.

BEav+52F6TA2BICE-T, ALY SEVEBZHEALKEE (Cases D4,
D5) &, FohWAIADthA R D 5 75 2 E O IELDSTEA A A TV BRI & Hi
T& 5, COFHEOERN S, REMITELER WEEENILSH AL itk > T
EOEW A2 5 &, BRTARICED 7RO SR ORI M L0 EificFEd 2 T &0
Hiahsd, 2H L TRELCSEOTE, BLUOBMCREST 573 <EHICHEET S
LEZ OND. TEOKGHHETES [Paret al, 1999] <& b, EFMHEERE N 5 7 RN
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Bl Hi fh

ERE L AALE L E, BLOFROF a v @OBRESIEL MK ->TVWS, ThER
OEDOPFTRE, SKEPOBKPEAICET 3 LHFsNs. SKIEMOTIKIZEDAEL
7K F AV HOBEERET S, RELITNDEBELESNT ENAFEICE S EEL
5N % [HueeerT and Rueey, 1959]. A T, Fa V<EICKEBOKREE NI, Fhick -
TEBLREEERENBA S aRE bbb 5. 1251, HEYOMERE XUZ0RE
KEEOWESRE TS 20T, EERCLIEEOERBERIHIFEoh TR %0
EADRIASHhTREWL, i, EROMIMEEEE T L - M7 L — MEREAIIT LT
HTHZLERFEBLOSNBVOT, WHREERE LT VOMENEOREHEFTE S
DOHSHLTREBV, I TREERC X ZEEOET E 7 a v RO KRRERE E
MWRICER Lo, SBRIVBEBELERNERE T A0, MINEOERICHE L«
T FVTRIES BUENS 5.

COMETE, BEALEZFLOMEFREF VICKD, B TOT NI EEDH
(Fig. 6b) 2BHEIT LI ENTE, —4HT, HENZ - &5 - TRERLAE] &
CENBEFEHSELY OBMEERCEBNEE» S RBS N TV 5, McKenzie and
BrUNE [1972] iz & hid, HIEROWBO T~ itk > T, FEl, BN TRy D
BEABZ 3 L0GERAREI L IO BEOBMSERE I X - TREL S 2. £
fo, HRBMWIBOEAY v 7 rontr WIZAIEAH, 1998] LERMBOZE 54—
[KaNaMoRri et al., 1998] & W - IeBRl» 5 b, HEDOT D ITX > THEYOREISK E /2
TR RIES W T VA, TR, HEDL S BIED T <03, T I TR -EERE
EEFROMEFREFVICEZOEEN S 3K AID? TITEATOAREETIVT
3, BRRMEFRBTOAMEC 2 EREL TS, HtEREDOAZEZ EFLVTELN
oD, MBETHRET 29N OFHAR L TuRL, EERETRISN TS
LEFEESETLTLEY, BAOETHT N OEEKET o0V, F/z, MR
WEBZHFEE L D REVITRDER BN L, #-T, TOEFILEHIERE A
H=XLADETFVICRBISE LD, BEEEOYRELY ANSE I EWARAIRTDH
5. TFNVYEEREEARICEL 5 LIk, EREBHEELTVWEEEZELSNTVLS
VY A7 =7 COERAWS T ENTREICIE S, E12, BEEEOMREED B itk
D, 7= FEELOREVTARY EESEMRFEIC & > THRET 5 SN [Ocawa,
1987; KAMEYAMA et al., 1999], S 4 XD Ick » Tk 0 KEOEERESTA T, 3%
YIORSEABZ 5L AT TRENS EF T ATEE® EZ 515 [McKEnzE and BRUNE,
1972]. SRBIIHIBFRE X A = X A~OEH BB AN, REMEREE RO TEBEO v
alb—Ya YETEIFTETHA.

e ‘

COHBEOTAFTR, A7+ v=T IHRFOSFETA L OFGFOhTAT L
fo. &, FHEMELE 7~ EASINT AR, BEREEN v v — OB RN
+, FMEFELICER L TR VW, B3 EOKROMRICKE, I XV FR¥D
Arkady Ten &1 & OERMBIEEICBIC > 1. ABOBEZICH 72> TF S - 72T
B2, BLUBZOBEFREP L3, AEEWETL/-0DICELOFRL I A v M ETEO.
EELTESHOBEERDLLE T,
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