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Pressure-load Calibration of Multi-anvil Press at Ambient Temperature
through Structural Change in Cold Compressed Amorphous Pyrope

Juho Lhee, Yong-Hyun Kim, A Chim Lee, Eun Jeong Kim, Seoyoung Lee and Sung Keun Lee*

School of Earth and Environmental Sciences, Seoul National University, Seoul, 08826 Korea

ok A7l Ul B AAsk e olalaly] dalME Temer Bl AT Ui 74
oIt} ol2j3 AL A fele] AlgEE WE 9 mas

ress)e 2 AHUERA) F3 AL Adske AT PE dzese) QA8 A}
3 zalne] ftst AAR AR TliAE 9

H
Atole] FAQ U535 BA (pressure-load calibration)o]th, 8 -F-5F HAHL dutdog 72 7} F7o
AMe 2AFE =29 FHolE ol 838lA olFolA e, 2ol st D] A(FR)e] Ae Frel #
Aol A oR nEgHoluR FH- At B thE WyPEe] s7HT B AfdAMe go|RE 24
(Mg;ALSi,0,,)¢] BIAZAMFE go]ZZ)o] ALore] =(cold compression)el] wel LS = F+Z<el I

U3l A (permanent densification)s} 2 7o) == ¢FulE w9 379 WHelE =] YAl MAS
2 3QMAS NMR #3248 53l A#slslar, o|25E g wE dFulge] wigls HslE o83 14/
8 HT ZHAH| E(assembly set)e} 1,1008 HE] M Zgzof tgh A2oAxe] ¢g- sl RS F3331T).
2 A= NMREHEAE o]g8te] JERAS Fagh x| Adzfeln, ngd dlo|2x o] oi&-79te
w2 Yzl ejelA 9] v7tgR 2 Wshs AUl 73 22 A2 29t M vRE Edo] A= |
slo} 1o M2 AAETH Fge ols|age] AnielE AlFgit.

S2l0f: Bl do]=Z, YAl MAS & 3QMAS NMR, 55 vig] 274, e il Zg s, 42 qhe-hs)
L

Abstract: The proper estimation of physical and chemical properties of Earth materials and their structures
at high pressure and high temperature conditions is key to the full understanding of diverse geological
processes in Earth and planetary interiors. Multi-anvil press - high-pressure generating device - provides unique
information of Earth materials under compression, mainly relevant to Earth’s upper mantle. The quantitative
estimation of the relationship between the oil load within press and the actual pressure conditions within
the sample needs to be established to infer the planetary processes. Such pressure-load calibration has often
been based on the phase transitions of crystalline earth materials with known pressure conditions; however,
unlike at high temperature conditions, phase transitions at low (or room) temperatures can be sluggish,
making the calibration at such conditions challenging. In this study, we explored the changes in Al coordination
environments of permanently densified pyrope glasses upon the cold compression using the high-resolution
Al MAS and 3QMAS NMR. The fractions of highly coordinated Al in the cold compressed pyrope glasses
increase with increasing oil load and thus, the peak pressure condition. Based on known relationship
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between the peak pressure and the Al coordination environment in the compressed pyrope glasses at room
temperature, we established a room temperature pressure-load calibration of the 14/8 HT assembly in 1,100-ton
multi-anvil press. The current results highlight the first pressure-load calibration of any high pressure
device using high-resolution NMR. Irreversible structural densification upon cold compression observed for
the pyrope glasses provides insights into the deformation and densification mechanisms of amorphous earth
materials at low temperature and high pressure conditions within the subducting slabs.

Keywords: Pyrope glass, Al MAS & 3QMAS NMR, Al coordination environment, Multi-anvil press,

Room temperature pressure-load calibration

g Bd 542 A7ske Ze A

(hydrostatic) ¢8-S 718k=
stressye 71ohe WHO R W ojXit) o] F A 4
QI S Thske A3 7171R £3) AMeEE
Ml 3| 2~(multi-anvil press, MAP)=, <F 2-140 mm*S]
122 78, Uukd oz 525 GPal st
35 FAT 7 oA s W2 Al Ffdste
°(%F 660 km)7A| o] $73E AP +HE
A== )5 HBertka and Fei, 1997; Kim and Lee,
2018). ©=] J2ES o Jfe] EelE ANES
FolA AlE 3 FGEHHRL HE S Tkeke 4ol
HA7IA] o] &= A2 M (Liebermann, 2011), 2
©o] o] 84X+ MAPE 6-8 EFYJOE, ©&9 {9
3| 2~E Atolef] 67112] 12} N (first-stage anvil)} 87112
22} M" (second-stage anvil)©] A5 #-3] g8t
29 FEe 7hek=E AAH ] 3itk. 3, MAPE +
d 7t o) g 23 il E AEEE B
Hof At Hggor AYE e, diE oz Hol
AHE-EE B 2E Fhatel 5 (WO)E Al FH 30
GPa®] o8 3ol 7Fs3ahH, H2ells 44 tolo}
== (sintered diamond)E WU Z o] &3+ 60-100
GPa7HA ¢E& 78T = IA S ATh(Leinenweber
et al., 2012; Tto, 2015; Yamazaki et al., 2019).
JQtllM v B4 o] 25 ATsh] HsliA=
MAP 5] 48 7|71& ol&ste] HZd E48 §
AsHA Foh Bol olgH= W F o VA= &
&-FEWZ (melt-quench) WHO 2 A|EE Qo)A

>

4y B A

—

7kgsle] Hol & 3|E e AFE Zo F5YLS
A7V e R, olE g WEe Tgel £§ gl
AR F25 AFehst] %ol o]fEE Whdolth =

2 WyoR AL el g, ol ggdelx
H8d B4S s &, 255 SEA ¥aL %

H

L= 974U A =3Hpermanent densification)
A2go] BAYSHA Eth(Lee er al., 2020b).

AAA 2, 2388 o8¢k v A AkslE9
T2 H3E T dT7ES Fokd, 2 3 2]
14 454 (solid-state nuclear magnetic resonance,
NMR)e] 1§tsh73 o] nigd A= Fxws)
TIARQI WHelo]l Bt v d dRuus4k
Foll FE 7hshd S A= 27 Wak=],
@AE] A% & SN e FE UEYA A °
2(Si  ADQ] w9l Tt FolF Aka Ale] ]
A3 7= 2 Zo] Wslrt Yeldti(see (Lee, 2010;
Kim et al, 2019; Lee et al., 2021) and references
therein]. NMR2 5% gl tjst A=} 374 Wl
of ol gt HF E4L T F d= LT By
Eolt}. o] o= sl HFA dFrutikd
o] gt mE dFulwe] me 34 Wl tigh
A= 7Al NMRE ©]§-3fo] &hilbo] o]Fojxi it}
o5 Eof, YHO|E(NaAlSi;0p) Fe2E X33 &
Ze] GFretitdol] kol TS W, FUALY
Fo] YAl NMR = ERS 53] A=Ak Yarger
et al, 1995; Lee, 2004; Lee er al, 2004; Allwardt,
2005; Kelsey et al, 2009; Kim et al, 2018). YE
FHT} o] Al 7](cation field strengthy’} & ZHS
E3hek AHA v A dFE|earitbdel bEE v
o, O B2 9 gFulge] AEEE Ao
L THLee et al.,, 2005; Allwardt et al, 2007; Kelsey
et al., 2009; Bista et al., 2015). THEA 29 &+
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o &5l AHL 5 GPaZIA| 71kl we) )
A EFHFe Bgol FUretdth(Lee e al,

FHAR, o] theFek o] vIgd B2 A
A5 APA F7AA 2LEs) do] BalE o
A THBridgman and Simon, 1953; Della Valle and
Venuti, 1996; Ji et al., 2006; Vandembroucq et al.,
2008; Rouxel et al., 2010; Keryvin et al., 2014; Mol-
nér et al, 2017; Lee et al., 2020b). 7]152] thiEe] o
TFEo] ALES} o]Fof v L] oFo]29] ul9]et
73] W7t AT A] 2 Ao Hste], H2e] A2
U Fo]BEZ 24 (Mg,ALSL0 ) fral(H182
glo] 232)9] YAl NMR 7oA, HjZ A gho| 2
7 meske Aol gl ek M EYZ FA4AR]
Al 5,6 w9 5= AlP9ADS] &0 S7Hhe 2
o2 Yelgt); ol zxge ME 24 e
T e vivlE EFVETANE SR, golRE 2
g =] YAl NMR Z3ellA, 5 GPa o3| &9 (d
o] Fo)ellA] BIIAlL] wgo] AAT] Frketthrt, 15
GPa o’}(ZE3t F)elx= A F7HetA Lstek
(Lee et al., 2020b). ©]2EH0IAle] F-8 Z7) ke
TAR] L3 FAdol o3 dw St A
A A, BIAAE sfo]mzol| A FFA U3}
o] AR 7190] AlL] w913 WstolH,
o =2 4 2 wielee] Al £, 283 U
W3lE A sle o LA (erfe function)g 71O 2
gt 2] Fdlo] A|FE vl th(Lee et al, 2020b).
¢, MAPE A8 Fo2 s s o
o, A A&l 7FeliAl= = F Atele] A
ol DA olrh. Azl o] 7hsfiAl= gl
M Ajole] whzhzl Aot M k2 vl A (pressure
medium)e} 22} M Ato]e] mpd Fof o8k {5 &
Ho| WA, A gA0 A% ZPAE HE =
7] wiiol] §Fe--at BA-L 7Hzke] MAP9F 747t
RSl w2l SslE X7 (assembly) A Ee) dis]
A o] F o]z of gktl(Stoyanov et al., 2010; Lieber-
mann, 2011; Leinenweber ef al, 2012; Kim and Lee,
2018). sl HAL dwxoz & o] Izl
EZo] delE o] 838t Fadgth(lto, 2015). L]
U A2l e el £E7F 543] s,
e 4 ol F et = A I
H 205 A o] FxF 7t Al sigehe
AR} F22 W3kl = Stk (Guerette et al., 2019).
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whhA] 2 Ao A, vIE A slo| 2z gk AL
AE Ao T s Al w9 37 st s-
12 GPa Atolell Al F23HAl WA sh= A3} 3] &
dE olgste], Metie AF=d e A4
22713 MAPSF A 2 14/8 high temperature (HT)
ZHAE thal deelAe] gE-f BES 9
ataL, 2 AAE =Rt gt

el

9 A

HIGE o] ZZMgALSEO = MgO, ALO;, SiO,%},
NMR ZgEA oA 20-AA ¢slE 7Fslshr] f1s)
oF 0.2 weight %2 CoOE F7Isle] ZdetellA A4
stttk 244 EFES e ZriY e ¥a, a1
SFRE o] g3lo] Ho|zxo] GG oAt 2
1,660°CellA] 30 &< &8AI & ST/HTE ©
st FEYIAA vZd g2 25 YT
& Y71 v1Z A S|z el AR E§E9
S v wIS wl, 1 wit% Wl A 2po]7) AU
o} ool S BIAAES] 22 HEE Tleo|Rxe)
¢ 77k Ao 2 AR ETHLee et al, 2016).

A2 5 o8 3 AFe Aeuigae] A
A5 9] Ag Ao &A) 3 Rockland AF€] 1,100 ton
MAPE ©]&3I3th ZH5E2 COMPRESOA] A
I-3l= 14/8 HT M EE ]88} th(Leinenweber er
al., 2012). 14/8 HTel| th3t #AAS 7 FuEdd
o AZ=e] ATHKim and Lee, 2018). A& A=
ofehe 2 1A]7F 59k &F 60°C N AlFE =
FEE o]&3I3t} 14/8 HT ZHAME &l 22
(1,000-1,200°C)ol| Al F&E -3} HAgo] 210 ton, 350
ton, 615 ton2] Al FFoNA B =R, 2+ 5.9 GPa,
92 GPa, 13.1 GPaZ %7 ¥} th(Kim and Lee, 2018).
w2 AoMe 7|0 129t AFoes W
A= 210 ton, 350 ton, 615 ton LA A=
AYS FYPste] 4EH-79 28-S Sk MAPE
o]g-3ted 100 ton/hre] £=2 719 & 7HES A
oL, 7t Ao HA fFSelA 1A St {9
FAG 5 oF 24 ton/hr £ AT 4
2ot FAe Yoz FAHE v AsiEe
Atze YUY AOE oddn. aEu AR
HAexe] AF a7t AT & o, o= H
AE FEx7NA mAg HelE 7HHE e dS

[0}
W ol oo O
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ZAl MAS % 3QMAS NMR £2ZHEA

ZAl magic angle spinning (MAS) ¥ triple quantum
(3Q) MAS NMR #3484 A8 #x1&52] A3 4o
TH] 3k 400 MHz NMR (9.4 T Varian)2 ©]-8 3}
o]FZo]H o, 104.23 MHz2| 2H:o)(Lamor) 55
oA &FujE FH 9z 4L =H I Varian
32 mm ZZH (probe)E AHEEIAAL, AR 3 &
& 18 kHzZ 3}tk YAl MAS NMR A 24 S
3537 S8l B A P2 ukE gi7] A7k
1s2 T, 03 ps e M5 25 A3}
AT} 400 MHz2] 2717 Al7lollA E535E YAl MAS
NMR ZHER oA g3E50] AAER s =
o]7] $18] YAl 3QMAS NMR 2 &S 3333 th
YAl 3QMAS NMR 232 H2 gk gj7] A7+
1s2 o, 73 B23.0 ps, 0.7 ps, 0.7 ps)= 713k o
=, % 500 ps YHF o= th71E AR vk, oFe F
2(15 psyE 7ste] 53t SHEH] 7jEe
0.1 M AICL, =&42] Al 92} 43S 0 ppme &
ElSvi=

g2 I EE

1z

M2 et=2 H|MA mo|2=2| Al NMR 2XE
Al&] Z
==

Fig. 12 A2 A=H vgd mpo|2xo] o =

£ YAl MAS NMR 2= Edo|t}. o
719t Ao A vA A slo)Z L] YAl MAS NMR
2HEFL oF 60 ppmoll Y18 WL ¥t A<

[5] (6]
wpy PAL_ A

615 ton
350 ton

210 ton

150 100 50 0 -50 -100 -150
Frequency (ppm)
Fig. 1.”7Al MAS NMR spectra for permanently densified

Mg;ALSi;0,, (pyrope) glasses with increasing oil tonnage
up to 615 ton.

A R G ] =

Fejo] FAE HolH, olx 4jeg ¢FrE S
(MADNS AAg) g4, ¢F 30 ppm 2 0 ppm 5=
oMM Yehve vae 77t 5, el el EFrlE 2
(AN 719181T}H(Stebbins ef al., 2000; Lee et
al., 2009; Lee and Ryu, 2018). Th71¢+ 84 2 210
ton®] F4-5 7Hek HIH A To|R2zoA HIE 1 A
717} 2Fsht 30 ppm Szl FIAL] ]38t w35 1%
T ok Al 7RE fSte] 71l wEA] PIAL (~30
ppm) 2 Al (~0 ppm) ¥|=2] Ml7]= HAF F7tst
™, WAL (~60 ppm) 2] Al7|= A At
ol AL AFS AL HAHZA Fo|2 LA BAA]
o] H-go| F7IRIths 71Ee] BRust dAs, 4F
vlE Hie] $73 9 Wit AL kES AL v
o] Z o YELA I3} 7] 2L A ASH
(Lee et al., 2020b).

A2 G5l e GFvE we 4] Heks
AFgH oz B35 95k YAl 3QMAS NMR 2
39S YTt Fig 25 71 84 2 AL ¢
=S AL v A go] 2Z 9] YAl 3QMAS NMR
2HEHo|th, YAl MAS NMR ZHEH A=
W30IALe] s Fshe w27t AAA e vido,
YAl 3QMAS NMR 2#HEHo| = ztzhe] &2
F HifIgolA Idleke Hart & EellHe As
I 4 ok AR A=l W dFrlE w9l 3¢
& WstE 24317] 913k Al 3QMAS NMR
2HEHS jsotropic XM T4 (projection)stal, Z+
Hj 9] g sdshs FAE 7RI B SR
AlEgold et S EY AlEgold B A &
218 DMfit T2 1%L E3)] 831 THLee and Ahn,

o (B ol

HIA|

EIA| Q

1 atm 12.2 GPa
Mg3Al2Si;012 (pyrope) (615 ton)

MAS dimension (ppm)

o 25 50 75 0 25 50 75
Isotropic dimension (ppm)
Fig. 2. Al 3QMAS NMR spectra for permanently densi-
fied pyrope glasses at 1 atm and 12.2 GPa (615 ton). The
current spectra confirm the presence of distinct Al coordi-
nation environments. The spectra in Fig. 3 allow us to esti-
mate the quantitative fractions of Al species.

Korean J. Mineral. Petrol.



]XJX1 _1_]_01

[IA]

SIAI

©IAl
12.2 GPa

8.1 GPa

5.4 GPa

20 0 -20 -40 -60 -80

Isotropic projection (ppm)
Fig. 3. Total isotropic projection of Al 3QMAS NMR spec-
tra for permanently densified pyrope glasses with increasing
oil tonnage up to 615 ton. The thick lines show the experi-
mental spectra. The thin black lines represent the results of
fitting with multiple Gaussian functions accounting for
AL species: grey, red, blue envelopes for YAl BIAl, and
[9IAl, respectively.

2014; Park and Lee, 2018). Isotropic 2ol T3t
3QMAS NMR =HE-S vleto g 7t 947t 8474 9]
HES AL ke 2 AR B39 A=At
712 % *F<4*(quadrupolar coupling constant)S &
stefof &b, o] A9 Fh& o]-8-3HATHLee ef dl.,
2016). Fig. 32 A& F5 ol whE vz o]
Z3x9] YAl 3QMAS NMR ~H|EZ o 2 HE AL
isotropic projection®} Z~HEF] AlEdo]d Aot}
YAl MAS NMR ZA3Fig. 1)¢} LX) Axte
[136IA]19] 82 Table 19 A|AISI3ATH

719 Sl B A mho] Rz o] YRuli uj9
e F2 VAL (~92.6%)P1H, 2de] BIAL (~7.4%)
AAl I 5 Ao VAR gle AoE e

r,], 210 tOM O]'_E OLZQ }‘].\‘?‘_9] 7;]0 [4.5.6]A1

o) A& el W 72 WslE ol

A CRE PR INE R 69

B8O 7247} ~88.4%, ~9.7%, ~1.9%=E WH3}Eom,
719 3 2] AlEet Blawetals of AR 7HAstal
BIALS} WAL Z7}5}e], BOAle] Hgo] 11.6%2 =
7Velaith. A2 FEe] ffol Fistel wheba x4
2o g WAL 7FAsta, PIAl W AL F715}e],
BSIAIS] E8-L 350 tono| A& 23.6%, 615 tonol| A&
37.8%% S/t

HIAP A go] 2o ?ﬂ& 4= l ogh
=3} YL o w2 3
vieto 2 I7 A 99 _EL ;qu A, oA
oz ve oty %7301]*1 AL G5E YT o|F
et AHE AAH GFrlEe] gl o] ti7]
A vlsH Eotee v WY Y] YeRd
o A2 = ol o 2 44, oFF H4 W
603@)%] [5-6]Alo] D% J,].ﬁo 7{;] o]_,_oﬂl: H—o]_
om A& SFE ol FUIgel wheba] BOALS] &

(e}

ol Epdt}. vix|eto s, A

&) S7k5ks Aol 4

© 4% YL o F/ATIHEE BIALL] Bgo
7o) Walel] e w8} geo] A1 B g W
glolA vpehdth, oo} 7k T2 W P o

A wH(Eq DS HPOR 1 EHS 2
oh;]_
AR .

X{S’()]Al(p) =1 —% X erfc(p_po's)

Eq. 194 xPq0p) e
Ay =g e;a,pos_ 5 000) 6]Al(p)7]' aw o

A 24 _‘J—!__”_O] :I.sz4 oﬂzsl—z% é% ‘ﬂ'c’éé}uﬁl, po.sT‘}

o] goe] AL, a= ><4°1 Foe

of vjgd 2o J1Ad +x tﬂﬁ‘ﬂ} L}EM% 3
oS AT 5 Ak viA Fo|R o] He p=

7.8 GPa, o= 392 HuEo] glom AL gt=d
H| A2 slo] 2 Zof| A BsIAle] BE-& oF |5 GPaol|A]
38% AEZ FHWAE zH=THLee et al., 2020b).

Table 1. Fraction of the B9Al in the pyrope glasses upon cold compression up to ~615 ton. Pressure conditions estimated from

the fraction of the PSIAI (see Eq. 1) are also shown.

Oil tonnage 1 atm 210 ton 350 ton 615 ton
X BSIA] 7.4% 11.6% 23.6% 37.8%
Pressure 1 atm 5.4 GPa 8.1 GPa 12.2 GPa

Vol. 35, No. 1, 2022
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E %) Lee et al, 2020b
§ 02 O HAl
¢ ° o
0.0 O Z S —l
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Pressure (GPa)

Fig, 4. Normalized ™Al proportion X**“141(p) for per-
manently densified pyrope glasses with increasing pressures.

14 18
14/8 HT ~
12 ~1200°C ¢
\ F & ] 8
E 10 + & e
S <> £
o Room Temperature o =
- 1Q <
s N =
w 6 %
8 a
o /
o 4r %4 & Pyrope glass (This Study) | g
4 Kim and Lee, 2018 ==
2 r y Leinenweber et al., 2012
2 Mosenfelder et al., 2006
0

0 100 200 300 400 500 600 700
Load (ton)

Fig. 5. Pressure-load calibration curves for 14/8 HT assem-
bly at room temperature, established fiom the fraction of PAl
in permanently densified pyrope glasses. Calibration curves
for 14/8 HT assemblies at 1,200°C are shown for comparison
(Mosenfelder et al., 2006; Leinenweber et al., 2012; Kim and
Lee, 2018).

[¢]

225t 2Y
Aol = 72 fetellA Fgk PIAIY] £8&
x| (~38%)5 7o Hslelal, sk PIAL
&S ol&ate] 7 Ao ool oW ol aT
SAE T4 RdS o83t Ak oFge
Fig. 49} Table 19 YEMIATE.
AL G5 HAA go]2xo] Al Wi S
o]-g&3te] 7} fStell sFete dY S AXe A
210 tone 5.4 GPa, 350 tonS 8.1 GPa, 615 tone

I

2
=
2o

i)

I M

24 - olXg - ol
12.2 GPaol| a3t Th. o= 32-2(1000-1,200°C)el
A9] 55k A 7kl 210 ton- 5.9 GPa, 350 ton
-9.2 GPa, 615 ton- 13.1 GPa®} H| 3} S o,
A3t F¢HE Thett et d2olx ARl 7ketk= OJ
o] I Age] 7hehe EET Avhs A
ojmjgitt, 2 Aol e oA o] o -Hst
Y A 9 7 a2 obg-Fel B4 342
Fig. 59l UERAQIT) 3, YAl 3QMAS NMR 2%
Efe] 5 AGE AEH o)A g5 Al F
&9 QA= +2-3% oW, qAgE RS o|&a)
o o]& Yo oA MR sk Ho] G (~5-
12 GPa)ol|l A4l 2%} ¥ $l= +0.4-0.6 GPa °]t}. Fig.
591 £0.6 GPa®l 24} WIS HASIA
7180l BALE e 9 A 2049 OLE:]'“I“O}' B
Aol MEH, Fd3 TS 7tettats Al e
He g 2 wET ARolM o 22 Ao
2 YeRJtH(Frost et al., 2004). o] I AJE]oA]
dEo] A5 ¢ T&FoE AYdd  USS 9
v st} 221} Leineweber et al., (2012)2] A&l
e Est 991 71E1AS w Al AgE= of
go| 2 FHjollA o =2 9% U, vhHe]| i1
BEflA B B AR eSS IS o=
71 oMM A o ol FIFES vAE 2
¢le] E}"JOV] wjFolth, WA, A EE 7tEste] W
ot A9, o2 st §FgHe
ol& zqu] ZHMETL diAom
oA F& vehdtt. vbe] FHe] A
7tEEE 79 ol FAske B2l
7} kA AL, 2 A ZHAE] 7} i
wo] el B O0R HMYER| Ge=th webs Al
Foll AeEe 9ge Aol /\FQ“E]L
A, 283 ZHAEES HAdske BEEY] A=, ¢
A, GAFES FHslokstn, Alm AA¢] Hst
(7§72>7q 2o o] F) I AA AlETE e
Ao J3FS & 4 AUh(Leinenweber et al., 2012).
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o d2u)F wig] B4 Wshs 54 = Wel(Rlol
939}, ~5-12 GPayellA vrehdm, 7 s} e of
ARt JEE BHT S gk ol E L o
g, wheEE Ao s laje] o] ol ¢
oA YEPA] e W 2% dYoA oFE-E
& BAL e &= 9t ¢ Yoy}, v E 229
oF=_7}oto|| ¢)3l v/} A WHals At T Y
HollA] dojuhs theke v E o] Ak g
& olsle =& & vk 53] W32 ol
ke kel w4l sl Zel 23k o

= E—E——_] /‘]/\E\J—E E]'”— X]Ojﬁ.‘:]'
Ao] v Ay AR et A 24
LS 288 ¢ ok Egh A2 g5l o3 g4
et A2 2] (path dependence)
2, A4 o vgE =2 72
E b2k wE vl

o]
H
AUEE 58 T %S Zolth(Lee ef al. in preparation,

1=}
k1
ot
ox
rlo
i
ol
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T
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