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Résumé

/JHV SURSULpWpV GH WUDQVSRUW GHV URFKHV PDQWH
SRXU LQWHUSUpWHU DXVVL ELHQ TXDOLWDWLYHPHQW
JPRSK\VIWKB®HY TXH OD YLWHVVH GHV RQGHV VLVPLTXHV
PDIJQpPWRWHOOXULTXHVY WHUUHVWUHYV /fRULJLQH GHV DQ
FRPPH OD ]RQH GH IDLEOHNPLVBHVSHR @ CHKWLYHDX GH |
YLWHVVH /9/ NP GH SURIHRGME KX XWH GIVIML BEFREHY FRQWUDLQ\
H[SPULPHQWDOHYV

$X FRXUV GH FHWWH WKgVH QRXV DYRQV pWXGLp OH
WKHUPLTXHV GHV SpULGRWLWHYV VROLGHIW HOR SSHBPW QMO
WHFKQLTXHV JIJpRBKWMMXHSpULHQFHYV j KDXWHVVSHVVLRC
SUHVVHHREKOWRHY QRXV RQW SHUPLV GYfpWDEOLU OHV HII
SURSULpWpV SK\VLTXHV DX[ FRQGLWLRQV PDQWHOOLTXHYV

1RXVRDYRXU OD SUHPLRGHAMRLNVXUHY FRPELQpPHV GH
POHFWULTXH HW GH YLWHVXGWHBON RYGRHWVPH/ IIMBpUXHQHQ
WHFKQIQRMV DYRQV UPHFRQEMDOW P XPHWH | X VH\B Q QWP DL T XP
HYRBBDU OHV GHX[ VLIJQODX[ JpRYRWHTIXNVYRX)YSPUWLHOOH
WH[WXUDO HQWUH OHV SKDVHV OLTXLGHV HW VROLGHV VTl
GHV PHVXUHV HQ ODERUDWRLUH

1RXV DYRQV HQVXLWH SWHRFPRE XFOD B AL JYWLRQ SDL
GXUDQW OfYDVFHQVLRQ GHV SpULGRWLWHY K\GUDWpPHV GH:
PDQWHDX VXSpULHXU $HXQRRMUV @MW OD*3OVLRQ SDUWLHOOH
HW pOHFWULTXRW HFRPSUPMIEAGHVHUYDWLRQV JpRSK\VLTX
OTK\SRWKgVH GH IXVLRQ [HV QLI XD B HG B LMOX LjOG®Y ERPSYELEX
PDQWHDX VXSpULHXU VHUDLHQW DORUV PRGHVWHYV YR
SUPFLVH OHOWOH BKILPLTXH GH FY B @ WBD X/[IHVNKSHILR) BRIQE  (
/ID GHQVLWpP HVWLPpH GX PDJPD FRQILUPH VD IORWWDELO
QLYHDX DX FRXUV GHV XHNVP DQ DIPRRILGHUVPOpPpPHQWYV
PRGPWLRRYV GHV WUDQVIHUWY GTK\GURJgQH SSRW HIQGM HTOX
GIHDX SURIRQG HW IDYR UL WDLRIK \SRW R PVEIDFHXGK R DRWDH L

(QILLHVGPPWKRGHYV GH PHVXUH GH GLIIXVLYRQWY MAKHUF
DBSWpHV | OD SHOQH\OWP HAVX WL /09 'HV SURFpPGXUHV GH
PRGpOLVDWLRQV GHV WUDQVIHUWY AMKHBBHPXHYBMQMH \HX\
GLIIXVLYLWpGW KHHUPUHWXHW OLTXLGHV UpDOLVWHY DX[ FRQ
rWUH UpDOLVpHV 'H SOXV OD FDUDFWpULVDWLRQ GYpFK
HITHHW)OMDLGH GH O JMMWUHE@S ROLYLQH SpULGRWLWH
IRQG XH

ORWV PRYVRQ SDUWLHOOH O0DQWHDR Q X¥XIpQUWEHRQIELARMALHY IGWM
POHFWOUULWEWVH VLVPLTXH 'LIIXVLYLMPFOKAHYPLTXH 3UHVVHE






Abstract

7KH WUDQVSRRW PEURBEHWLRIFMNY DUH NH\ SDUDPHWHL
TXDQWLWDWLYHO\ LQWHHBBKW LGIDWCH E @Vl ROQRD MQRIQUHWERK D\
KHDW DOXGHWOHFWURPDJQHWLF SURILOHV DRHRWWY RIQW K TV
XSSHU PDQWOH JHRSK\VLFD®ZOBGRPOAK VYV VX PKGBIHSBE K H
W KR Z9H O R FDWH U NP GHMHBH SRRUO\ NQRZQ DQG UHTXLL
FRQVWWUYDLQ

,Q WKLV 3K' WKHVLV ZH KDYH H[SORUHG WKH HOHFWU
UHDOLR@/ILLES DQWLD O CGH P RERMEIQWHKH GHYHORSPGNQsW: RI JHR
WHFKQLTXHV 33U KR SRAMHQY/XWMH BBLXU P OQWLO DS XWUDW XV
H[SHULPHQWWKBORKDAHXFEWHUL]DWLRQ RI WEKHI HSKNFWFRD PH
SURSHUWPBQWOH FRQGLWLRQV

‘H SHUIRUPHG WKHWDOVRRPAES®DMWLHRY RI HOHFWULFDO
ZDYH YHORFLW)\ L@ @Y VQ QH SRHUELETMDIW R W K 12\ FARHOFA_@LHTGK H
HOHFWULFD®\DWQIGP B WIYREBVP HOW 1UDFWIRA) WRSOBRG LQ WK
RI SDUWLD @& H F\OHYWQ U D O E M TWBPGHIBW MVDIGR ROV G RXKIDG/ MAR E |
FUXFLO/&HRARP S DWIERRIPWRU\ HVWLPDWLRQV

: HWKHBD OLKHHGILUVW UH S GRIG XEUWIHRDORRO W EHRFKIN V G X |
DVFIROBE\GURXGWRW®HWHY IURP WKR GMRQW RDH X\SUEHIW P Q&' H
DQG *BBDVXUHPHQWY GXULQDY®BPBWYWOF PBIQ® LHQIHFW UL
FRPSDUDEOH WR JHRS K DN GEOURENVHOHPEHIDRIQMWLRQ RI WK
DQRPD/X\H LPSOLHG MMO WSISHUF W DRWAOHX ERQWH.IZHG WR EH P
9RO MHPEFDO FRPSRVLWWHROW R | FRUR GXPAHKG] ALKFHD © R DGIWRH |
WKLV CPHERIF EMMWEZHHQ XSSHU D Q@ &HS® F)SORMMNERBOELUPHG WK
QHXWUDO EXRPPQW\FRONIRH LW D VWDEOH CHIVWWRHW RRIOD W
DQDO\VHV DQEWVGHRIMRGHOLQJ FRQILUPHG GWMIKISYWE D\H U
UHVHUYRLU D @R WISYARRUGILED W LR\WQ XRSI S(HDW \W B Q W O H

7KHUPDO GLIIXVLYLW\ FKD $QBWRHIUQ GD S IRQP MKNHFOR\GLMG X H
ZHUH DGDSW/HG RXFODMIXHO DSSDUDWMMDWBHRWHGURFHG X
HODERUDWHG IRU WKHUPDO WUDQVIHU RKQDU VKW H U UMW MRKG
GLMKLWKDUDFWHUL]DWLRQ RI JODVVHYV DQG PHOWYV DW UHD
,Q DGGLWLRQ WKHUPDO GLIIX\SHULFRMYYR B BYLDGR\R X W HV DZ}
LQY HV VZ L \DW G [ VHWHFRIRIOLREYU LG PHOW HWF  XVLQJ $QJVWU|I

.H\ZRUGYV
3buwLbO PHOWLQJ 8SSHU PDQWOH ODQWOH 7UDQVLWLR
YHORFLW\ 7KHUBROMNRLIL®OVDSEWUDWXV
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*HQHUDO LQWURGXFWLRQ

30DQHWDU\ ERGLHVY IRUPDWLRQ KLVWRULHV DQG VWU
VFLHQWLILF WKHPHVY 6WDUWLQJ IURP QDWXUDOLVWLF DQ
SODQHWY DQG FHOHVWLDO WRHEWXIPWAY WK DFN © R DWKR H WHKG R
LQ PRVW RI WKH FDVHV XQUHDFKDEOH DQG FRQILQHG L
VWUXFWXUHV DQG SURSHUWLHV JRY HUHYQWK Bl UHY B B X S\R ®\DL
WKHIWHUQDO @ GSEBBWIVFDQ6XUIDFH PDQLIHVWDWLRQV RI W
DQG SURSHUWLHV7BRHHUQRPWHBRXNMEOHY UDQJH XRQ \BKHHW
FRQVHTXHQFHV FDQ JUWBWOGLWPSQYW YGUKDEHWDELOLW\
VKRUPABRODHQLIHVWDWLRQV LQ VXUIDFH VXFK DV VHLVPLELW\
ZHUH WKH PRWLYDWLQJ VRXUFH RI WKH ILUVW UHSUHVHQW

+LVWRULFDOO\ WKH ILUVW LGHDVY DQG UHSUHVHQWDW
ZWH PDGH GXULQJ *UHHMNHRMWX.D\L YW LZRKH Q, W KH ILUVW SKL(
WKLQN DERXW WKH ZRUNLQJ RI 1DWXUH DQG WBHK RULJL
SURSRVHG D VSKHULFDO (DUWK FRPSRVHG RI 3GL@VD HOHF
VSKHULFDO VSDFH HQGLQJ ZLWK D ILUH OD\HU (DUWKTXD
LOQWHUQDO FDYLWLHYVY DQG WKH SUHVHQFH RI VPDOO SDUYV
YLVLRQ RI WKH (DUWKY{fV LQWHULRW¥H IPQ ® GIDH YGCXILAQ R Q@ &®
UHYLVHG DIWHU WKH JUHBAMHGWXBERY HKH HDNV WU RVERIPLFDO S
UHYROXWLRQ PDGH E\ &RUSHUIQIFHMO\ EXULHG WKH ROC
'"HVFDUWHYV LV RQH RI WKH) HL WKW YWDRUWKDUQWHUQDO VWU
JHQHVLYVY 6WDUWLQJ IURP WKH K\SRWKHYVLVWDKD W HIVUWWHKU LF
VXUURXQGHG E\ GLUW ZDWHU DQG DLU OD\HUV FRYHUHG E
E\ FROODSRH®&/ISH FWXVW DQG PRXQWDLQV E\ DQ RULJLQDC
SURSRVHG DW WKLV WLPH QRWDEO\ WAKHR FRIRIS®R VRHG. LDJ V|
QXFOHXV DQG UHVHUYRLUV DW GLIITHUHQW GHSWKV WR H[S

7KH GHYHORBIPRQWXUDOLVWLF JHRORJ\ DQ® ,RXWFUR:?
FHQWXU\ OHG WKH JHRORJLVWY WR SURSRVH WKDW VHGLP
RI URFNV DW (DUWKSYfV VXUIDFH 7KLV GHSRVLW VKRXOG U
IHSWXQLVP VFKRRO RI WKRXJKW JUHZ FRQVLGHUDEO\ LQ W
FRQWULEXWLRQ RI :RRGEZORKSURXV PRGHOV +DOH\ ORUR
SURSRMREGEHYHU WKH DEVHQFH RI VFLRQWWIUWLEFWDBNKHAISQWY



DGRSWLRQ RU UHMHFWLRQ RI D JLYKKYLPORGWE&H %BXUN U
PHWKRGR@MRBRVHG D VROLG (DUWK XVLQJ WKH DQRPDO\ JI
7KH SODQHW LQWHUYIRIU WIKIR XGLG/ FERHY K BRW D Q/GIHR M/IXVHUUPHDFOH Q
JUDGLHQW DQG LQLWLDOO\ IXOO\ PROWHQ WR H[SODLQ WK
WKHUPDO FRQFHSWV ZHUH SURJUHVVLYHO\ UHLQIRUGHG E
&RUGLHU ZKLFK GHSLFWHG D IXOO%VPRDKH R SLSRYH W H
SUHYLRXV ZRUNV PRVW RI URFNV ZRXOG WKHQ EH WKH UH
SUHVVXUH GHSHQGHQFH RI URFN VROUGIXVDE) tRSRUQYD QW
KRW EXW VROLG LQQHU (DUWKKKN MROIPMSWLRY PDKIHN H® G
GHYHORSPHQW Rl PRGHUQ SK\VLFV DWE DIOOHR WHIERMN OPYD \Y
JOREDO UKDRD®PHWBOV (DUWKYJV HODVWLFPWVWVEFRRPBOUGC
7KH FRPSRVLWLR(@ RWHKVRIOWLR) QHBPDLQHG ODUJHO\ GHEDWH
GHQVLW\ ZHUH DW WIRHWWFRAUHF SXBRSRYXQGHG E\HWRIKNN VK|
SURSRUWLRQ 7KH ODVW ZRUG KDV UHWXUQHG WR VHLVPR
FRPSRVLWLRQ Rl WKH LQQHU H D URKX VAK HV G DDVR YWH.R\QRE \W\0
WKH FRUH PDQWOH GLVFRQWLQRDQW\ LK) QKXW HFQBH!L
IHKPDQQ VHWWOH WKH IUDPHZRUN RI WKH SUHVHQW (D!

IHYHUWKHOHVVY WKH NQRZOHGJH RQ LQQHU (DUWKTV
JHRSK\VLFDO PHDVXUHPHQWYVY VXFK DV VHLVPRORAIV DRVHOL
GLUHFWO\ DYDLODEOH 7KH DGYHQW RI H[SHUQWMRHNDO
XQGHUVWDQGLQJ RI WKH LYQHH (GHWHKOR P IDPWJR | V% D DG
DSSDUDWXV SLVWRQ F\OLQGHU ®IQDRRPQ B SBQYDW XAHOOV
FRQVLGHUDEO\ FKDQJHG RXU YLVLRQ RQ WKH (DUWKYV L
5LQJZRRGLW3HDRGVONLWH DIWHU FDOOHG %ULGJHPDQLWH
QDPH DQG PLQHUDO VWUXFWXUH RQ WKRIPBKHRUWLFRPSRQL
7KHVH IXQGLQJ ZRUNV GHYHORSHG WKH ZKROH H[SHULPHQ
PRGHVWO\ WDNHV SODFH 7KH H[SHULPHQWDO SHWURORJ\
WKH ODERUDWRU\ UHVXOWYV ZLWHK RERBKWLED®VREN® EYD B
+RZHYHU VXFK VDPSOHV RI GHHS PDQMNIDWH DXHG I BILR Q\HF |
HTXLOLEUDWLRQF PO WRIQIDIMLB RIRQ WKHLU SDWK WRZDU
KDQG JHRSK\VLFDO REVHUY DE®HI\F WAXLFKD @ VS WRIS N B WA HR/U
LQIRUPDWLRQ RQ WKH SUHVHQW (DUWKYTV PDQWOH 7KH
VHLVPRPRADHIHWLF VW DWIRRPGKXWDWHRQR®HRVHWKRGY DQG



QRZDGD\V WKH VWXG\ RI ILQH V& YXIPWRXUWVY HY DDUQ G VRIERIGHWF

NP IRU ERG\ ZDYHV LQ (DUWKYfV XSSHU PDQWOH 7TKHVH
WKH GHYHORSPHEWWLRRWWH\ YVRIFBSWRHDWXVinGkHIGLFDWH
PHDVXUHPHQWY GXUWLON KLKKIKUHNFIHUDWXUH H[SHULPHC
DQDO\WVHV FDQ EH SHUIRNFPAKAE FXFXO DIVQ DWW WXHW XUQWHUD F\
VXFK DM\V DQDO\VHV UKHRORJLFDO VWXGLHV XQLD[LD
WUDQVSRUW SURSHUWLHYV

7KL3K' ZRUN IRFXVHV RQ WUDQ Vi Bitu & XU RS HKULW K HS/U PIN |
DQG WHPSHUDWXUH H[SHULPHQWVY IRU VHYHUDO UHDVRQ
SURSHUWLHY WR FRPSDUH ZLWK JHRSK\VLFDO REWHWWYDEOH
LQIRUPDWLRQ UHWULHYHG IURP WKH SUHVHQW GHHS PDC(
JHRSK\VLFDO REVHUYDWLRQV DUH DOVR WKH XQL¥XH LQIRI
H[SHULPHQWMWHSW XHQH KUR W U RIQ B [ SWHKUHL P PIIRVIAXY D Q RHL IR F DWW
RI SK\WLFDO S DUDPSHOHUAX DM DQG WHPSHUDWXUH FDQIW F
IURP WKHVH REVHUYDEOHV RQH FDQ LQIHU QXPHURXV RWK
KHOS WR SK\VLFDOO\ XQGHUVWIGELG (RQW KDJYGP D@ @H X WH\
PRGHOLQJ SXUSRVHV

+RZHYHU WKH LQWHUSUHWDWLRQ DQG TXDWQH\LO0XEDLW L
REVHUYDW®BRQWHPDLQ D YHU\ FKDOOHQJLQJ WDVN ZLWK F
PDLTXDQWLILFDWLRQ WHFKQLTXH UHOLHV RQ WYHIBDOLEUL
stt ODERUDWRU\ P,ADNJRUHP ROWWKH YDULRXV SRVVLEOH FRQ
7 )2 FKHPLVWU\ WH[WXUH HWF  WKH QWPEH B KR UDHFROHRUILL
OLPLWHG 'HSHQGLQJ RQ WKH W\SH RI VLJQ&t0S WKSHQWREN
LV LQ D JURZLQJ WUHQG IURP ZKLFK VRPH ILHOGV VXFK
GHYHORSHG $W WKH R $ISHREGWHI HORNRKBHD \RWKRI® MAXAEIXOD V
SURSHUWLSDUWLFXODU IRU GHWSL {WH \WR QARIQEXRWMR QWY HOR

fMRU DOPRVW MBIGKVNERGLRXH WKLV W\SH RI PHDVXUHPH
RI WKH PRVWRGBHUFROR/ 7KLV GLIILFXOW\ LV WUDQVODWH(C
KLJK SUHVVXUH DSSDUDWXV WR WKH PHDVXUHPHQW DQG W
FDQ EH XQSUHWHQWLRXVO\ TXDOLILHG DV 3KDXWHH RXWXU
DVSHFWV VLJQLILFDQWO\ UHVWUDLQHG D ZLGHU VSUHDG R
DPRXQW RI ZRUN LV VWLOO UHTXLUHG WR L Q YSHAR/SHIDWLHH W
RI JHRPDWRHIQWOMW BRQGLWLRQV



7KH DLP RI WKLVV3WRZRHWWWIBDU VWEBMW UPRLQWOH JHRSK
REVHUYDEOHV DQ @& StQRIPIKOS HMVIAXLOH DQG KLJK WHPSHUDMW
WUDQVSRUW SURSHUWLHV ,W IRFXVHV RQ DQRPDORXV ]RQ
RULJLQWOQ@GIITKDWLRQ UHPDLQ QRW IX0OWRQE BHWWR BG 7
WR LQFUHDVH WKH NQRZOHGJH RQ SK\WVLFDO DQG FKHPLF
FRQGLWLRQV 7R GR WHDM FEDIUBDBWOWLYDWHR GIXXILQO EH
PXODMLYLO DSSDUDWXV OHDVXUHPHQW RI HOHFWULFDO DQG
DQG LQWHUSUHWDWLRQ RI WZR PDLQ JHRSKRYIHORFDWRPL
=RQH DQBZMKARFDWWU EHWZHMN® DQG NPHBWKHVSHFWLYHO
,Q SDUDOOHO PHDVXUHPHQWYVY Rl WKHUPDO SURSHUWLHYV
WKHUPDO VWUXFWXUH RI WKH SUHVHQW DQG SDVW PDQWO
SHWURORJ\ DQG PLQHUDO SK\WWVU¥MVILMAOGLIDERW HGRRA
LPSURYHPHQMYVRMHFEKWLTXHY DQG PHWKRGYV 7KHVH DVSFH
GHWDLOHG LQ WKHUPDO FRQGXFWLYLW\ FKDSWHUYV

,Q GHWDLOV WKLV 3K' WKHVLV LV FRPSRVHG RI FKDS
RWKHVH JHRSK\VLFDO SURSHUWLHY DQG WKHLU LPSDFW LQ

X 7KH &KDSWHU , DWRM WRESBHFWQMD D VWDWH RI DU
DQG WKHUPDO REVHUYDWLRQV DQG WKH SUH\WUHWDRXRQ
PLQHUDO SK\VLFV H[SHULPHQWYV (DFK SDUW ZLOO GHVFUL
ILHOG RQ (DUWKYV PDQWOH DQG SURYLGH WKH SK\VLFDO E
DQG PHFKDQLVPV ZKRVH DUH RI VLDOLRFWEWLDQW HUM \
FRQGLWLRQV

X 7KH &KDSWHU ,, LV D SUHVHQWDWLRQ RI H[SHULPH
H[SHULPHQWDO PHWKRGV ZLOQ YALHD ®H\EMULIEMGVERYE PW U W
JHRSK\WLFDO WHFKQLTXHV FRRIS WHE QG G EVWG R G WAOWH G
XV H GobRridrtemVDPSOH FKDUWDFWHUL]DWLRQ

X 7KH &KDSWNUD,,SUHVHQW RWQLRQHEWUHFROWAR QG XF
DFRXVWLF ZDPPHDYM@REDWWLDOO\ PROWHQ V\VW HHPAX OMKY V \
RI WKH ILUVW VLPXOWDQHRXV PHDVXUHPHQWY RI HOHFWUL
RQ SDUWLDOO\ PROWHQ VDPSOHV 7KH HIIHFW RI PHOW WH
IRU HOHFWULFDO FRQGXFWLRQ S UW FIR\D\F WALKRHQ LTPSIDQ\W D ML EF
(DUWKYJV DVWKHQRVSKHUH /RZ 9HORFLW\ =RQH LV JLYHQ 7
&KHPLVWU\ Rl OLQHUDOV LQ



X 7TKH &KDSWHU ,9 LV IRFXVHG RQ WKH ILUVW H[SHULPHQ
RI D SDURQWEQ\CPD\HU DERYH WKH PDQW O Hn SitWDERMN W RR ]
ZDYH YHORFLW\ PHDVXUHPHQWY DQG D QHZ H[SHULPHQWDC
UHSURGXFWLRQ RI GHK\GUDWLRQ PHFKDQLVP LQ ODERUDMW
GHWHFWHG DERYH WKH 07= LV SURSRVHG WRJHWKHU ZLWK
GHQVLW\ RQ OD\HU 7KHVH UHVXOWV ZHUH SXEOLVKHG LQ 1

x 7TKH &KDSWHU @V GMIDHD W MHERW U LlSTDUON S D R O M P\R\DRM/Q | SH|
GLIIHUHQW FRQGLWLRQV DQG WKHLU XVH WR SUHFLVH WKH
ZLWK WKH UROH RI ZDWHU FRPLQJ IURP N\WKB8HGRZXK W HOKF
H[SHUL MWD FWULFEDO FRQG XFW HGY W \FSRWMHD \DXQGH KIQEG\M U WK
WKH ZDWHU FRQWHQW DQG PHOW (B UMWKEQ MO H W: LY\DKU LYRKK
H[SHULPHQWDO GHWHUPLQDWLRQV X&IKHGHQWLREHQ D WWKRH
PDQWOH GXH WR WKH SRVVLEOH SBXVHQJEHKRI M KEHI HP® GHIWS ¢
7KLV VWXG\ ZDV SXEOLVKHG LQ (DUWK DQG 30DQHWDU\ VFL

x 7TKH &KDSWHU 9, LV D SUHVHQWDWLRQ RI WKith GHYHO
WKHUPDO GLIIXVLYLW\ PHDVXUHPHQW\D Q@ YRSDHQWWKWY|POBH W
7KH LPSURYHPHQW DQG QHZ GHYHORSPHQW RQ /09 7RG
WKHVH PHDVXUHPHQWY ZLOO EH H[SODLQHG DV ZHOO DV W
HUURUV SURSDJDWLRQ ORQWH &D U O RHIGXUHU VKR UHWK O\
WKHUPDO GLIIXVLYLW\ PHDVXUHPHQWYV RINQRZIRXWDBRBOR
0J2 ROLYH@BRJIJLFDO PDWHULDOV VXFK DV SHULGRWLWH)
SURYLGHG

x 7TKH &KDSWHU 9,, LV IRFXQWGRRQ WK UHWIHYHO RSPGIVH KH
IRU WKHUPDO GLIIXVLYLW\ PHDVXUHPHQW LQ 0$$ 7KH JRDC
ZHOO DV LWV WHFKQLFDO UHDOL]DWLRQ ZLOO EH JLYHQ 'C
DOVR FDUH I X OO GGRZWIXIWOMHCH WD SSOLFDWLRQ RI VXFK GHYL
GLIIHUHQW VHULHV RI WHVWV /09 DQG 62/(,/ DQG H[SHULP

JRU HGLWRULDO DQG HPEDUJR UHDVRQV WKH SXEOLV
XVHG LQ VBKHIQWSRWWWLRQ ZLWKRXW MRXUQDO IRUPDWWLQ.
IRU WKLV 3K' PDQXVFULSW 6LPLODUO\ WKH UHIHUHQFH V
LQWR RXU ILQDO ELEOLRJUDSK\ VHFWLRQ






& KD SW

oWDWH RI D

*HRSK\VLFDO
HOHFWURPDJQH
REVHUYDWLROQ
PDQWOH DQG PL

FRQVWUDL




Chapter 1: State of art: Geophysical seismic, electromagnetic and thermal
REVHUYDWLRQV |URa&hd mitkval ohygics cogvaiois

1) Introduction

7TKH UHVHDUFK SUREOHP RI WKLV ZRUN LV WR XQGHU\
JHRSK\VLFDO REMWYYBE RV (DUWKTV PDQWOH E\ GLITHUHQYV
DV VHLVPLF YHORFLWLHY HOHFWURPDJQHWLF DQG WKHUF
IRFXV RQ XSSHU PDQWOH IHDWXUHYV ZKHUH VLIJQLILFDQW
URYJWHG 7KH WZR PDLYFDRPHAHKIWXUEBREDOH WKH /RZ 9H
ORFDWHG DW WKH WRS RI W\NPH GCHHABK HOQQRGY SKKIWHRZ 9HOR
REVHUYHG EHWZHHQ NGFHSWKYV R

7KLV FKDSWHU DLPV WR JL WH FDQD RRYBAMHYLYHIZE R ® \J HRRDS W\K H
7KH VHLVPRORBWRDGD® DQG W KHU BDG VRIEMH [ DDW KR § VP D G
VXFFHVVLYHO\ GHVFULEWG® D WKH FIRQAMNWU D WQMBV XiS$iRIP PLQH L
FKDUDFWHUL]DWLRQV ZLOO EH DOVR SURYLGHG DV ZHOO D
JHRSK\VLFDO REVHUYDEOHV 7KLV JHQHUDOHEXEMIWRIX®E& K
WKH UHDGHU XQGHUVWDQGLQJ WKH BRORRWIKQY FPHIBWHUY S
GHGLFDWHG H[SHULPHQWDO PHWHKRI®FKRKYVBDEWHR UPMLIREG J
LQ WKH PHWKRGRORJ\ VHFWLRQ LQ RXU QH[W FKDSWHU ,,

,Q WKULWRYHMWFK JHRSK\VWHKODDMREXEUNGEOKD GWYVIHHGS D C
IXUWKHU LQ WKLV PDQXVFULSW ZLOO EH GHVFULEHG ZLWK
HQFRXQWHUHGVDWRRDDUHWKH PDLQ WDUJHWYV RI WKLV PDC(

2) Seismic observations and experimental characterizations

'"HWHFWLRQV DQ®% RHDVWAXNWVWIPRRAQADYHV DW (DUWKY{V VXU
LQIRUPDWLRQ RQ (DUWKTV LQWHULRU 7KH W\SHV RI ZDYF
LQWHUSUHWHG LQ WHUPV RI PLQHUDORJ\ VWUXFWXUH |
GHYHORSPHQW RORAHHSPWRRIVHFLVH (DUWKTV SUHVHQW V
SURSHUWLHV RI WKH JUHDW LQWHUQDO UHVHUYRLUV VXI
SUHVHQWDWLRQ RI VHLVPRORJLFDO REVHUYDWLRQV DQG (
DQG FRPSRMALWIERHQUHDOL]JHG ,Q DGGLWLRQ PLQHUDO SK\\
HISHULPHQWDO DVSHFWYV ZLOO EH JLYHQ DORQJ ZLWK WKHI



D 6HLVPLF REVHUYDEOHYV

7KH VWUXFWXUH Rl WKH (DUWK LV QRIZGZHRD GMWHDERS |
GHHS (DUWK VHLVPRGRUIQVEX WK D @®WHKH VXFFHPDIOWOGILV F
FRPBQWOH GLVFRQWLQXLWLHV DQG LQQHU FRUH E\ ORK
UHVSHEWLYHO\ VHWWOHG \WKWHWEH DLQLWLYH VWUXFWXUH R

7KH SUHVHOQWI| WWKIK ARWXYWIK REWDLQHG IURP VHLVPROR.
EHWZHHQ WKH FUXVW RFHDQLF DQG FRQENLQ@HKEWORXRD G

GLVFRQWLQXLW\ EHWZHHQ DQG NP DFFRUYEL®DDQMWR KV K
GLYLGHG LQ VXESDUWV WKH XSSHU PDQWOH PDQWOH W
NP DQG ORZHU PDQWOH XQWLO NP $Q DGGLWLRQDO (

UHFHQWO\ GLVFRYHUHG 7KLV OD\HU KDY O MNHS FDQG LYW BIR
DERYH WKBIQMRQWH ERXQGDU\ &0% 7KH FRUH LV DOVR VXEC

LQQAHRWH ,&% DW NP B6HLVPRORJ\ GRHV QRW RQO\ SUR\)
DOVR LQIRUPDWLRQ RQ LW®GFRHBHRDD FERP RO VGLRE QDY L
PRGHOV KDYH EHHQ EXLOW VLQFH EDVHG RQ FRPSLODYV

PHDVXUHPHQW RI WUDYHO WLPHV DQG VHLVPLF DPSOLWX
UHWULHYLQJ WKH HORSGBWUMW IDHMVG RD QW R B VRURFY WG PHGLD
VIPPHWULF PRGHOV QDPHG 35(0 'JLHZRQVNL DQG $QGHUVHF

RU ,$63 .HQHWW DQG (QJGDKO DOORZ WKH UHSL
IRU FRPSUHVVLRQD¥ 9% DNMEGEDOWIDHHXDWLRQ WR UHWULH
7TKHVH GLIITHUHQW PRGHOV KDYH EHHQ FRQVWUXFWHG X!
SURFHGXUHVY DQG SDUDPHWHUL]DWLRQVY VHH WDEOH , K
VFEDOH )LJ ,



JLIXUH , (DUWKTV SUHVHQW-8, VOr0XZF00X U Hittp://mvBaSspringBJ
.or.jp/en/news_publications/research_highlights/no_57/)

7KH YHORFLW\ DQG GHQVLW\ SURILOHV DUH KLJKOLJKW
GLVFRQWLQXOWRAMGWWBEBW GHWHUPLQDWLRQ RI WKH VWU X
FKDQJHV RI GHQVLW\ DQG YHORFLWLHYV DUH GXH WR FKDQ
WUDQVLWLRQ ROLYLQH WR ZDGVOH\LWH DQG WKHQ WR L
PDWHWRHMABRVLWLRQ PDQWOH VLOLFDWHV WR PHWDOOLF FR
EH D VRXUFH RI REVHUYHG GLVFRQWLQXLWLHYVY VXFK DV W

JRQH *OREDOO\ WKH VHLVPLF YHORFLWHXOWMDW WRH D.\QHF ZH |
GHQVLW\ ZLWK SUHVVXUH

7KH VHLVPLF ZDYH YHORFLWLHV FDQ EH XVHG WR WHYV
PLQHUDORJ\ DV D IXQFWLRQ RI GHSWK $PRQJ WKHVH RQH
S\UR[RQHWIRFN ZKLBRWYXHWKFDO SULPLWLYH PDQWOH PRC
DFWXDO GHSOHWHG PDQWOH DQG EDVDOWLF PHOWV H[WUD
LQ WKLV PRGHO SURSRVHGLWR AL) G WD QDR P25 % D Q W
RI WRRQYHUWLQJ WKLV FRPSRVLWLRQDO PRGHO YLD P
IRU VXFK FRPSRVLWLRQ LQWR YHORFLW\ RU GHQVLW\ SUR
LQ WHUPV RI PLQHUDORJLFDO FRQWHQW DQG FRPSRVLW
ILEHUPDQQ .DPLQVN)LHW, DO



Figure 1.2 Whole mantle profiles of Compressional and Shear waves velocities, density and seismic attenuation
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,Q DGGLWLRQ WR ' REVHUYDWLRQ DQG PRGHOV QXPHUL
DQG ODWHUDO YDULDWLRQV RI WKH DU U IDYD3 ORLFDHY VFEOF
LV QREGIOWDEOLVKHG WKDW WKH PDQWOH LV KHWHURJHQ}
ODUJH SRWHQWLDO YDULDWLRQ L@ L\PHHW P\RFODRAI WHOUQL GB.D U\
DQLVRWURS\ HWF WKDW GUDHV \EHG TED GW B H/DWLMRHD \Z DEK
SURILOHV 7KHVH YDULDWLRQV FDQ WKHQ EH WUDQVODWHZC
VWUXFWXUDO DQLVRWURS\ VFDWWHULQJ FU\WWDOORJUD
PHOW RU SK\V2FDWHPWBWHMWXUH KHWHURJHQHLWLHV 7
UHPDUNDEO\ ZHOO KLJKOLJKWHG E\ WRPRJUDSKLF VWXGL}
JHRG\QDPLFDO VHWWLQJ LV VWULNLQJ ZLWK VODEV RU FU
DQG ,

Figure 1.3 Mantle mineralogy and proportions as a function of depths for the different subdivisions for a
pyrolitic composition. Left panel is modified after Brunet et al., 2007 and right one is modified after Kaminsky et
al., 2012.

IDWHUDO KHWHURJHQHLWLHV VWXGLHYV DQG VHLVPLF LPI
GLVFRQWLQXLWQHY IVXG KODY HBOLRQV DW DQG NP UHVS
QRW IL[H® UWBXM)LOWFDKHWH GLIIHUHQFHY DUH GSKDWHRIWYDU'
WUDQVLWLRQV ZKLFK WUDQVODWH WHPSHUDWXUH DQG RU
ERXQGDULHYVY EHWZHHQ WKH GLIIHUHQW OD\HUV RI WKH (DU
8 ° GLVFRQWLQXLWLHY DUH RIWHQW KB VRGTAXRDWHM-OL JKRV O
GLIIHUHQW. QG WSWKDLXWLQ HW DO ODMXPGHWU DQG 7DX]LQ



)XUWKHUPRUH WRBREHPSRWDWPARKQW WR DOO WKH YDUI
SUHVHQW PDQWOH $V DQ H[DPXHHU YOORFUWILHRQ FRP[KD E H\
PDQWTKH/WLIIHU EHKDYLRU FDQQRW EH H[S®DQGHGHR X DY HV
ORJLFDOO\ WDNLQJ LQ DFFRXQW WKDW 025% PLQHUDORJ\
S\UROLWH DW KLJK SUHVVXUHV

Figure 1.4 Whole mantle seismic tomography cross sections beneath a variety of volcanic islands from French
and Romanowicz (26).

6HLVPLF YHORFLWLHY REVHUYDWLRQV SURYLGH QXPHURY
VWUXFWXUH DQG PDWHYHDOW RS UIRESMDIMYL P\RUHRZ XD QWL WD
PDQWOH URFNV IURP VHLVPLF ZDYHV FRPSDULVRQV DQG
PHDVXUHPHQWY PDOGM LUHOWERQWWRWDGLWLRIDW RT X DWAK
ZHOO DV WKHRUPRGAHODY HRDWEREFERUDHDRRQN[SHULPHQWD
GHYHORSHG URHY \KLUK WIS KUDKV XUH DSSDUDWXV :LWK WK
DPRXQW RI JHRPDWHULDOV IURP VLQJOH FU\WWDOV WR URF
WHP SHUDW BRDH. GV DUH SUHWW\ ZHOO NQRZQ IRU WKH

FRPSRVLWLRQV IRU XSSHU DQG ORZHU PDQWOH +RZHYHU

DV VXJJHVWHG E\ WKH UHFHQW GWWOWWSRH8 B8HBDYRY DLMRN
UPMDLQV \HW SRRUOAKARQVWKWILOHBNLYH DQG TXDQWLWDW
IXQFWLRQ RI RXU XQGHUVWDKHRRDIWRH UL WHODVWLFLW\ R



Figure 1.5 S wave velocities variation at 150 km depth for
different models. Figure made wiBubmachine website,
(Hosseini et al.,2018).

(https://www.earth.ox.ac.uk/~smachine/cgi/index.php).
GyPSumS uses body waves (Simmons et al.,, 2010).
Savani uses surface waves and body waves (Auer et al.,
2014). SPanb uses surface waves and body waves.
SBEMum uses waformed (Lekic and Romanowicz, 2011).

E 6RXQG YHORFLW\ PHFKDQLVPV

$FRXVWLF ZDYHV DUH ZDYHV RI HQHUJ\ JHQHUDWHG E\ [
H[SORVLRQ WEDWPWWBYHDO 7KH YHORFLW\ Rl SURSDJDWL
GHQVLWNKBQBVWLF SURSHUWLHV RI FURVVHG PDWHULDOV
VKRZQ WKDW DQ\ GLVWXUEDQFH LQ DQ XQERXQGHG L
FROWNPRPSUHVVLRQ YHORFLW\ $IWHU WKLV GHVFULSWLR(



VXUIDFH ZDYHV E\ VHLVPRORJLVWY FRPSOHWH®KWR X\JKW >
ZDYBW JHRORJLFDO VFDOHV LQ WKH (DUWK )LJ ,

Figure 1.6 Body waves mecham compared to their direction of propagation. Modifster Martinez Morenp
(2015) and Grotzinger and Jordan, (2010).
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ZDYHWLPDU\ ZDYHVY 3 DUH FRPSUHVVLRQ ORQJLWXGLQDO
ZDYHV GWMKIHQH WKH VSHHG RI VRXQG DQG WKHLU YHORFLW\
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F ([SHULPHQWDO GHWHUPLOQDWLRQ RI VRXQG YHORFLW\
RQ (DUWKYVY PDQWOH VWUXFWXUH

8VLQJ WKH WHFKQLTXHVY GHVFULEHG LQ &KDSWHU ,, HC
FHUDPLFV KDYH EHHQ PHDVXUHG RYHU D TXLWH VLJQLILFL
PRVW VLIJQLILFDQW UHVXOWY SHU SKDVH PLQHUDO IDPLO\ -

Figure 1.7 Acoustic wave velocities of major mantle phases (solid lines) as a function of pressure along a 1,600
K adiabatic geotherm, compared with global seismic model AK135 (dotted lines). Ol, olivine; OPX,
orthopyroxene; CPx, clinopyroxene; HP, high-pressure clinopyroxene; Wd, wadsleyite; Rw, ringwoodite; Gt,
garnet; MgPv, magnesium silicate perovskite; Mw, magnesiowdstite. Figure taken from Li and Libermann,
(2007).

i) Olivine

$V WKH PDLQ PLQHUDO FRPSRQHQW RI WKHH@®DUZW®&DV >
VWXGLHG XQGHU DOPRVW DOO LWV SRVVLEOH DVSHFWV |\

TV IRULWY HQWLUH A3WD Bl&@BEAD \OWHGE ZLWKPRGHRMW DC
WHFKQLTXHV XOWUDVRQLFV ,66NF%ULKQORXERPS REQY @&/ PMUHU
FRPSDULVRQ VWDQGDUG EHWZHHQ WHFKQLTXHV +RZHYHU
RI LWV VKHDU DQG EXON PRGXOL UHPDLQ ORQJ GLVFXVVHC
ILEHUPDQQ DQG /L K EDPHHIIN HR® YMHO RFLWLHV
PHDVXUHPHQWY /LX HW DO DUH JLYHQ LQ WKH WI
H[SHULPHQWYV DW GLIIHUHQW SUHVVXUHV KLJKOLJKWHG D
ZLWK LQFUHDVLQJ SUHWVUXDKN H6WRHIPGHWODW XMKH 20V WUDQV
ERWK VKHDU DQG EXON PRGXOL +RZHYHU ZLWK WKH PHDYV



JHRWKHUP WKH FDOFXODWHG XSSHU PDQWOH SURILOH LQT
DV LWV GHENKWYLRKLNDWFKHY YHU\ ZHOO ZLWK JOREDO VF
JUDGXDO LQFUHDVH RQ YHORFLWLHY LQ WKH XSSHU PDQWC

i) Wadsleyite and Ringwoodite

JRU WKH KLJK SUHVVXUH SRO\PRUSKV RI ROLYLQH ZD¢
YHORFLWLHY LQFUHDVH ZLWK SUHVVXUH 7KLV LV WUDQV
VLIQLILFDQW GHQWLMAA ULRAF URIDYWW HWDIONKD AMRWH FR® U
PJ:G WR WUQJZRRGLWH 7TKH VXSHULRU GHOQRILWXBWI$ HKQG K
SUHVVXUH SKDVHV DOVR IDYRUV WKH YHORFLW\ FRQWUDVYV
PRUH FRPSDFW VWUXFWXUH EXON DQG VKHDU PRGXOL Z¢t
ZDGVOH\LWH DQG ULQJZRRGLWH 7KHVWHPBEXOW XVHVGHISA
VOLJKWO\ ORZHU DQG KLJKHU YDOXHV IRU ZDGVOH\LWH DQ!

iii) Pyroxenes

3\UR[HQH IDPLO\ HQFRPSDVVHV D ZLGH YDULHW\ RI SR
JURP RUWKRS\UR[HQH WR FOLQRB\GR [HQH QMK B KDUWRIS/R L2\ [ |
DURXQG *3D DQG WKHLU FRPSRVLWLRQV HYROYH ZLWK L
DQG D ILQDO GLVVROXWLRQ LQWR WKH RHENBREHWM Z#PRHD .
PRVWO\ VWXGLHG IRUHWKIBXU HE\WMRPHO W RBMQHLYHORFLW
QRQOLQHDU EHKDYLRU ZLWK LQFUHDVLQJ SUHVVXUH $ER"
ZKLFK VKRXOG WUDQVODWH D WUDQVLW LHRXQV WRWD WHH VD D\GV
SUHVVXHOQWEDHR .XQJ HW DO S[KDYHR SLPQGDY HODVWLF S
DUH UHODWLYHO\ VRIWWFRKSD BYW SR R K RUK YSUOHNWXNIDAW FE @/LHQ |
PXFK VWLDKIWKHWKEXON DQG VKHDU PRGXOL WDEOH

iv) Garnet and Majorite

*DUQHW VLPLODUO\ WR S\UR[HQH HQFRPSDVVHV D JUHL
DOPDQGLQH VHULHY DUH BWHKAFDRNMWR VWKBILH W NGCGHKFDKWVH LC
DO DQG RYHU D TXLWH ZLGH UDQJH RI 3 DQG 7 SURJUH)
PDMRULWH LV WUDQVODWHG E\ D VPRRWK LQFUHDVH RI YH
PDMRULWH DQG S\URSH KDYH EHHQ IRXQ® WR EH URXJKO\ V



Table 1.2 Elasticity of major upper mantle and transition zone minerals. Modified Li and Liebermann
(2007),%e each mineral references therein.

. Density KJT GI'T
Mineral Kso (GPa) Kso T Go (GPa) Go1
(g/cnr) (GPa/K) (GPa/K)

Olivine

Wadlseyite

Ringwoodite

Clinopyroxene

Orthopyroxene

HP Clino-
enstatite (6.5
GPa)
Pyrope
P)H

Majorite
;1TH

v) Melt andpartially molten materials

OHOWYV DQG SDUWLDOO\ PROWHQ PDWHULDOV UHSUHVHQ\
PDQWOH 7KLV LV HYHQ PRUH LPSRUWDQW IRU VHLVPLF SL
SURSHUWLHYVY WKDW GLITHUHOPDUBO\VXJRAVWHIA GWR DHF FR X
DQRPDOLHV RI XSSHU PDQWOH $QGHUVRQ DQG 6DPPLYV

+RZHYHU NQRZOHGJH RI VHLVPLF EHKDYLRU RI PHOWYV L\
QHDU JHUR VKHDU PRGXO XX M/QLCH ¥ [ PHHOLW Y1 QW IIBIDY B & WIGHUIL | H
7KH ZRUN RI S5LYHUV DQG &DOUPDFKPSHRYWDQW QXPEHU RI P
WKDW VRXQG YHORFLWLHVY DUH QRW YHU\ VHQVLEOH WR |
PDWHULDOV 7KRREGAPUUBABUEHXONPLODU ZLWK D YHU\ ORZ Y

“ *3D ,Q DGGLWLRQ WR VHLVPLF YHORFLW\ PHDVXUHPF
&DUPLFKDHGBGWRYLGHG DOVR RQH RI WKH PRVW LPSRUWDQYV
PHOWYV WKLKDFHQR WHMMHRPWQRW DO VWXG\ LQYHVWLIJDWHG L
SURSHUWLHYV RI PHOWY DQG SUHVVXUH HIIHFWV DUH RQO\

3buwLDOO\ PROWHQ V\VWHPV KDYH EHHQ PRVWO\ VWXG|
7TDNHL <WVBOQR H XQWLO WKH UHFHQW PHDVXUHPH
&KDQWHO HW DO VHWWLQJ WKH IUDPHZRUN RI WKLV



EHHQ SRLQWHG RXW E\ WKH FRPSDULVRQ RI WKH GLIIHUH
HITWFRI WH[WXUDO DUUD Q JMHHMWXWHR | 7W KW HPIH I® MW VRRDM. & H H C
GHWDLOV LQ WKEZHCGHE ' DAR WNKHDM[WHQVLRQ RI DFRXWWLF F
PR URHNBUHVVXURBB&KD SWRHUYV ,,, DQG ,9

YL (DUW K 1 Vvealddity\d&pthFprofile and associated anomalies

(DUWKYTV XSSHU PDQWOH DQG WUDQVLWLRQ ]J]RQH YHO
FRPELQDWLRQ RI WKH PDMRU UREN IRUPLQJ PLQHUDO RC
UHVSHEWLYH KLJK SUHVVXUH IRUPV &DOFXODWHKLYHORFL
S\UROLWH PRGHO \LHOG WR YHU\ VLPLODU SURILOHV WR
ILHEHUPDQQ 7KH SURILOHV DUH LQGHHG YHU\ FORVFE
GHYLDWLRQV FDQ JLYH FOXHV RQ PLQHURORHLBPSOHR PBIR
GLVFRQWLQXLWLHVPDAORX @8 H[SODLQHG ZLWK WUDQVLWLRC
RI S\UR[HQHV /L DQG /LHEHUPDQQ 7KH LQWHQVLW\ |
ZDGVORIOLWHQH WUDQVIWDR LZID WIXMHEXN DR LYLQH LQ WKH
LQ GU\ RU ZHW VFHQDULRV /LX HW DO 6LPLODUO\ M
DIWHU 3 ~ GLVFRQWLQXLW\ KDYH EHHQ XVHG E\ /L HW DO
VHLVPLF YHORFLVDLWWLEH\RPSRYLSNURQ DQG ORZHU SDUWV F

'HVSLWH JOREDO SURILOHV KDYH D JRRG DJUHHPHQW ZL
GHSWKV VHYHUDO JOREDO DQG ORFDO DQRPDORXV ]JRQHV
YHUWLFDO ODGIGWBQWHUXDQWLILFDWLRQ RI WKHVH JRQHV
VLIQLILFDQWO\ ZLWK LQFUHDVLQJ GHSWKY DQG GHFUHDVL
GHWHFEWLRQ RI D JLYHQ JRQH B5HYHQDXJKW DQG 6SLNLQ
GHWBLWWXGLHV IRFXVLQJ RQ WKH GHSWKV RI LQWHUHVW D
TXDQWLILFDWLRQ 7DXDIDMKMGHEO DQG 7HDHUQ ORVW R
JRQHV DUH ORFDWHG LQ WKH XSSHU PDQWOHGZEMW 2ZMK I /R
W R NP GHHS WKH /RZ 9HORFLW)\ /D\HU /9/ DERYH WKH

DQG NP %RWK /9= DQG /9/ KDYH EHHQ GHWHFWHG DW
HW DO &KDSWHUV ,,, ,9 DQG 9

7KH /9= KDV EHHQYW K BRZQDWRHKYPHORFLW\ GHFUHDVHV ZL
YHORFLWLHVY GHFUHDVLQ& IUBBRS WWDQV.RW DO $QC
6DPPLYV SRPDQRZLF] ,PSRUWDQW 3 ZDYH YHORFI
UHSRUWHG DV DIQWOLQVUHDYHIRE 9S 9V UDWLR 3UHVHQW |



DOVR VHHPV WR KDYH D YDU\LQJ WKLFRNRAGHWM[BONP@EL QJ
UHDGLQJVHHGEKNMSWHU ,,, ZLWK D YDU\LQJ WKLFNQHVV YHO

$W JUHDWHU GHSWKINVFWHWHL TG LB EPKDLPSRUWDQW WKLFN
NP ORFDWLRQV IURP WKH 1T DQRQG LQWHQVLW\ RI 6 ZDYH
6SLNLQ 7TDX]LODMXPGHKRIUDQG 7)2X]LQ

SUHVROQMBPH)RPDOLHV LIQWKMLRMOMQH WQG ORZHU PDQWO'
GXH WR WKH GLIILFXOW\ RI GDWD LQWHUSUHWDWLRQ T
IHYHUWKHOHVYV VRPH\DUQRPP® RXVNEDKOPKH EHHQ IRXQG E\

=RQHV RI| DQRPRDYD DIOW KORFEGO\ GHW B REMIB W\ HW K
EHWZHHQ DQG NP GHSWKV 6FKPDQGW HW DO
VKRZQ E\ VHLVPRORJLVWY WR WKH '~ OD\HU LQ WKH UHFH
WKHUPDO RUHVWHPRBEBQHLWLHYV DV HPBQOQWH DBRHUHRSIRVRN BVUH
WUDQVLWLRQV 7KRPDV HW DO *UDQHUR

Figure 1.8 Example of observed LVL anomalies in the western USA in term of P wave velocity anomaly (a),
temperature anomaly (blpcation depths (c), thickness (d) anéSRamplitude ratio (e) from HieMajumder and
Tauzin (2017). See details therein.



3) Magnetotelluric observations, experimental determinations and

interpretations

(OHFWULFDO FRQGXFWLRQ UHVXOWY IURP WKH DELOLW\
DQRG VR FXUUHQWY DQG PDIJQHWLF ILHOGV 7KXV HOHFWUL
EHFDXVH WKH\ FRQWURO WKH WUDQVHRDWWRTYY POG QMKH FU
LQLWLDWHG E\ WKH FRUHYVBRKHHI RGBSR WWXKGCRHY RQ (DUW
JOREDO VFDOAHBKRQHHHAHQRUNYV RI +LUD\DPD SLNLWD!
WR ,9 7LNKR®@RXYG &DJQLDUG

D ODIOHWRWHOOXULF REVHUYDWLRQV

7KH HOHFWULFDO FRQGXFWLYLW\ SURILOH RI WKH (D
HOHFWURPDJQHWLF LQGXFWLRQ VWXGLHV (DUWKYV SULFP
JHRG\QDPR IURP WKH FRUH $ VHFR GG BIDWIHEWE XD DR | MHKC
HOHFWULFDOO\ FRQGXFWLYH URFNV ,Q DGGLWLRQ WKH
VLIDEDQWO\ DIIHFWHG E(DUWRIOIDU POLMGHWRVSKHUH LR
OLJKWQLQJ WKXQGHUVWRUP 7KHVH HAYHRDWMN DQGRQWQIBK
HOHFWURPDJQHWLF LQGXFWLRQ OHDVXUHPHQW RI SULPDL
ILHOGV FDQ EH XVHG WR SUREH WKH LQQHU (DUWK

7ZR PHWKRGV DUH PDLQO\ XVHG WR LQIHU HOHFWULF
PDJQHWRWHGARULFONRRQG JHRPDJQHWLF GHSWK VRXQGI
QDWXUDOO\ YDU\LQJ HOHFWULF DQG PDJQHWLF WROGV DU}
+] 7KH SHULRGV DUH XVXDOO\ VKRUWHU WKDQ \HDU IR
LQGXFHSROGRPWYVY DV IUHTXHQF\ GHFUHDVHV DQG FDQ EH H\
GHSWK RI WKH HOHFWURPDJQHWLF ILHOG GHSHQGV RQ
LQYHVWLIJDWLRQV UHTXLUH PHDVXULQJ ORZHU IUHTXHQFLH
FRQYHQWLRQDO VRXQGLQJ GHSWK DUH XVXDOO\ OHVV WKE
ORSBULRG PHDVXUHPHQWY UHFRUGLQJV RI VHYHUDO GD\\
TXDOLW\ +RUL]JRQWDO UHVROXWLRQ RI 07 BB® RXQD LIXY
ORFDWLRQV DV FORVHU VRXQGLQJ ORFDWLRQV ZLOO UHVX
9HUWLFDO UHVROXWLRQ RI 07 PDLQO\ GHSHQGV RQ WKH IL
GHFUHDVHV ZLWK WKH LQFUHDIWX ISHEALIRGBWLRQ & QNRHE WEU



+RZHYHU LQ WKLV ODUJH IUHTXHQF\ UDQJH VHYHUD
XYVKLQRY JRU SHULRGY ORQJHU WKDQ KRXUV WKI
PDQWOH WKH PDJQHWLF |LHODG HWERYG KHUGR RIL@DWAHK® EH
7KH GDWD WUHDWPHQW LV RIWHQ GLIILFXOW DQG WKH
DGMXVWPHQWY LQ WKH VRXUFH SDUDPHWHUL]DWLRQ GXU
*UDY\HU HW DOQWHUSUKWDWLRQ RI VRXQGLQJ GDWD LV X
HDFK PHFKDQLVP LQGXFLQJ D ZHDNHU UHVROXWLRQ DQG L
JOREDO RU UHJLRQDO PDQWOH FRQGXFWLYLW\ PRGHOV 2C
DO RQ&WDEOH DQG &RQVWDEOH 7DUWLWYV HW DC
XYVKLQRY DQG 20VHQ 7RITHOPLHU DQG 7\EXUF\ 0
LQYHUVLRHMV BRQVH GHULYHG IURP REVHUYDWRU\ RU VDWHO
*'6 PHWKRG 7KH UHFHQW GHYHORSPHQW RI VLPXOWDQHR?
*UD\YHU HW DO DLPV WR UHVROYH WKHVH GLVDJUH}
PHFKDQLVPV ZRXOG SURYLGH D EHWWHU UHVRORWGRQ E\
VDWHOOLWH GD®/D6ZOKIOPP HWEFDF ZKLFK XVXDOO\ UHTXLUH
FRPSXWDWLRQDO WUHDWPHQW FRUUHFWLRQ RI WLPH YDU
HWF

7TKH DFWXDO *'6 07 GDWD DOORZV D SFWHKNW HO @ & DXDTF
PDQWOH )RU KLJKHU SUHVVXUHV WKH DVVRFLDWHG HUUF
UHVROXWLRQ RI PDQWOH IHDWXUHYVY 'HVSLWH D VLJQLILFD
WUHQGV FDQ EH GUDZQ 7KH BOWRWW PEDAOH BR Q G XLFQWF IUYHLDNAH
LV PRVWO\ GXH WR LQFUHDVH RI ERWK 3 DQG 7 FRQGLWLRC(
WKH PDQWOH WUDQVLWLRQ ]JRQH ZKHUH ZDWHU FRQWHQW L
WR KDYH D FUXWKECEKOIKM A REWULFDO SURSHUWLHV RI WK

<RVKLQR HW DO X HW DO (OHFWULFDO SURSHL
RQO\ EURDGO\ FRQVWUDLQHG $ TXLWH FRQVWDQWH(@& SURI
PDQWOH .XYVKLQRY HW DO . XYVKLQRY DQG 20VHQ

DO ZLWK YDOXHV EHWZHHQ DQG 6 P DQG D SURQ
H[SHFWHG 9HOLPVNL HW DO YRU VDK \F RIBIP D HQ W PWE

DQRG XQFRQVWUDLQHG E\ GLUHFW PHDVXUHPHQWYV

,Q WKLV 3K' WKH UHJLRQDO DQG JOREDO HOHFWULFDO
DQRPDOLHYVY DUH RI VLIQLILFDQW LQWHUHVW 7KH XSSHU [
FRQVWQREZQBOG\V ZLWK YDOXHV UDQJLQJ IURP WR 6 P



(& VOLJKWO\ LQFUHDVHV LQ XSSHU PDQWOH EXW LV VHYF
FRQGXFWLYLW\ VERWHWH DS\R GG SQUK DWKHK B QWK KK/ISKH UHR X Q G L
DG WKH VHLVPLFDOO\ GHILQHG ORZ YHORFLWWP]RKERYH = |
WKLV OD\HU YHU\ UHVLVWLYH DVWKHQRVSKHUH URFNV DUHI
DQG 6 P 7KLV OD\HU PDUNV D YHU\ VWURQJKHLF WKIDVH LQ
6 P 7KLV KLJK FRQGXFWLYLW\ DQRPDO\ LV RI VLIQLILFDQW
EXLOW WR H[SODLQ LW ,QGHHG HIPQS3SUGYV HOFEM \RR K\ G U/RN B
DQLVRWURS\ DQG SUHVHQAR @®I|BQYHVHUBQWWBO R U L HRMNWD]V
SDUWLRQYFHQWULRY ORZ PHOW IUDFWLRQV PHOW ORF
DQLVWURSLFDOO\ GLVWULEXWHG &DULFFKL HW DO = |
&KDQWHO HW DO WXG\$RGMWWDYDHRRDORXYV OD\HU LV SUR

JLIXUH , 6XP XS RI 07 **6 GHHS HOHFWULFDO FRQGXFRWEL LW\ SURIL
Global, Europe and USA profiles. G17 refers to Grayver et al. (2(B&¢llite + ground), C04 is Constable and

Constable (2004) (satellite), OI98 is Olsen (1998) and OI99 for Olsen et al. (1999) (satellite). TO7 is Toffelmier

and Tyrbucy (2007), the profiles is measured in SW USA, the anomaly at LVL is modeled. Tod peddites

by Tarits et al. (2004) (ground) in western Alps and Europe. NOO refers to Neal et al. (2000) (ground) B) is only

for profiles made in the Pacific region, which was importantly studied. KO5 andKO06 refers to two profiles made

by Kuvshinov (2005and Kuvshinov and Olsen (2006) (satellite) over the pacific. NOO refers to Neal et al.

(2000) (ground) for three different locations in the pacific. B10 are profiles from Baba et al. (2010) in pacific

and Philippines (ground). S10 correspond to profiledmby Shimizu et al. (2010) (ground) dr@b refers to

Lizarralde et al.(1995).

2Q WKH RWKHU KDQG DQRWKHU DQRPDO\ KDV EHHQ VX
VHLVPLF YHORFLW\ DQ HOHFWULFDOO\ FRQGXFWLYH OD\H
VXJIJHVWHG 7RIIOHPLHU DQG 7\UEXUF\ +RZHYHU WKL
WKDQ GLUHFWO\ PHDVXUHG PDLQO\ GXH WR SUREOHPV RI
YHU\ FRQGXFWLYH 07= YDOXHV EHWZHHQ R/RH QB LPV\ R{H



WKH /9/ DW NP DQG LWV WKLFNQHVV YDULDWLRQV PD\ D¢
JOREDO HOHFWULFDO FRQGXFWLYLW\ PRGHOV 7KH HOHFW
EH GLVFXVVHG LQ WKH &KDSWHNYW L QBOGHD VH QRD OHID\H M\ UQ
KDV DOVR EHHQ UHSRUWHG DW WKH 3 ~ GLVFRQWLQXLW\
PDQWOH E\ WKH UHFHQW LQYHUVLRQ RI *UD\YHU HW DO

VLIQLILFDQW ]JRQHXRIXUBWHUHE WWRGLHY DV UHVROXWLRC(
SUHYHQWLQJ D GHWDLOHG HOHFWULFDO FRQGXFWLYLW)\ SU

E (OHFWULFDO FRQGXFWLRQ SURFHVVHYV

7KH GHYHORSPHQW RI GHGLFDWHG DSSDUDWXV WR PHD
HOHFWULFDO FRRENWFW QY IOWMERUDWRU\ SURYLGHG D QHZ
LQIRUPDWLRQ WR VHLVPRORJ\ ,Q IDFW HOHFWULFEDO FRQC
SDUDPHWHUV SUHVVXUH WHPSHUDWXUH FKHPLFDO FRP
YRODWLOMY IXADFLW\ FU\WWDOOLQH RULHQWDWLRQ DQG |
ODQWKLODNH HW DO JUHLWDV HW DO &KDSWHU
HOHFWULFDO FRQGXFWLYLMWRXLWKH®FE\ DD 9WER IWVE RO D P
FRQGXFWLYH SKDVH $V D FRQVHTXHQFH WKH SUHVHQEH
7\EXUF\ 7HQ *URWKHQKXLVY HW DO IOXLGV *OR}
ULFK SKDVHV .DUDWR RU PHWD ®D\WQ WRIVEDRRR HW DO
EH WUDQVODWHG E\ D KXJH LQFUHDVH RIMH®RBWO LINDF KRR
FRQGXFWLYH PDWHULDO LVRODWHG LQWR DQ LQVXODWLQJ
7KH SUHVHQFH R ZDMWRHQ RPL GBIOHORWDWQ K\GURXV PLQHUDOV
D VHULRXV LQFUHDVH Rl HOHFWULFDO FRQGXFWLYLW\  WF

3RH 7KH XQGHUVWDQGLQJ RI PDQWOH 07 SUF

GHWHUPLQDWLRIMRZ ERMWAEHU FRQVWUDLQV RQ FKHPLFDO F
DQG PLQRU WUDFH HOHPHQW SUHVHQFH ,Q DGGLWLRQ W
GLIIHUHQW FRQGXFWLRQ PHFKDQLVPV LV YHU\ VWURQJ ZLV
IURBRRP WR PHOWLQJ W MMAKSHERRXDHIW RIJI LQVK 07 SURILO
GHFLSKHU WHPSHUDWX®BQWOHDWLRQV LQ (DUWK

(OHFWULFDO FRQGXFWLRQ PHFKDQLQBY RIUHN HFRM UR Qi
7HPSHUDBWUWDWHY GLIIHUHBKY CPHFKMQERPBEHAKLWLRQ 7K}
HOHFWULFDO FRQGXFWLYLW\ L\HPKXDLO/®\ [BRPL QDWHG W\H
+RZHYW SLYRWDO SRLQWV D VXP RI FRQWULEXWLRQV LV F



PLQHUDOV DFW DM\VNH PRPLWYWMROBWRWXUH 7KHLU HOHFWULT
KDUG WR PHDVXUH EHFDXVH WKH\ DUH EHORZ WKH GHWH
6LOLFDWH PLQHUDOV DUH UHJDUGHG DV LRQLF LQVXODWRL
IRU WVRUWWLWH DW VXUIDFH FRQGLWLRQV +RZHYHU ZKHQ WH
WKHVH PLQHUDOV EHKDYH DV D VHPLFRQGXFWRU ORELOLW
LPSXULW\ VXFK DV K\GURJHQ DQG IHUULF MLRQ FIDQKD @BV
PLQHUDOV DW PDQWOH WHPSHUDWXUHYV

7KH THUVOQWWVHLQ UHODWLRQ GHVFULEH WKHERXQ@GW® LFI
FU\VWDO ,Q WKLV HTXDWLRQ WKH HOHFWULFDO FRQGXFW
FKDUJH FDU W RS MW KXQ E K D UZ HWEXP H B H FaC) D@ GER\DW J H
PRELOLW\ P& 9 V

éLO0<AA&

,Q WKH FDVH RI SOXUDO FRQWULEXWLRQV WKH EXON HO
H[SUHVVHG DV WKH VXPHFIKW®&HVPRQWULEXWLQJ
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PRELOLW\ P& 9 V

7KH PRELOLW\ RI WKH FKDUJH FDUULHUYV LV GHVFULEHG E\
RI WKH FKDUJHY FDUULHUY WKH WKHUPDO SURFHVY UHVSR
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H[SRQHQWLDO WHUP LV QRW DOZD\V XVHG )URP WKLV Wk
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%ROW]PDQQ FRQVWDQW FDQ ER WUGISODRFH G EQ JWKHF BQY
IRUPXOD WR KDYH DFWLYDWLRQ HQWKDOS\ H[SUHVVHG LQ -
XVHG WR LQWHUSUHW HOHFWULFDO FRQGXFWLYLW\ PHDV
PHDVXUHPHQW RI VDPSOH UWHMLY WIDPFRHD HD FRROZVX FIWH.W UV
VDPSOH HOHFWURGH GLPHQVLRQV WKH UHSUHEE)QWDWLRQ
1T DOORZV D GLUHFW YLVXDOL]DWLRQ RI DFWLYDWLRQ HQV
HQWKDOS\ LV GHIDEHEDWRM EPMGFRPELQDWLEQ RI- DEQGY D\
DFWLYDWLRQ YROXPKH HOHOWULFDO FRQGXFWLYLW\ 6 P |
IXQFWIRQ RG®HVVSDH 3

$V H[SUHVVHG DERYH OWKRIQEXOWLNOWKWULBDURFN LV D
PHFKDQLVPV 'LITHUHQW W\SHV Rl PHFKDQLVPV H[LVW Wt
PHFKDQLVP FKDUDFWHULVWLFV FKHPLVWU\ VWUXFWXUH
FRQGXFWLRQ PHFKD/QHVPVDWM. P FEBUD\ VORSH LQ WKH $UUK
GHFLSKHULQJ D JLYHQ UHJLPH

i) Proton conduction

$W ORZ WHPSHUDWXUH WKH SURWRQ FRQGXFWLRQ PHFK
RI SURWRQ ERQGMFWILARQP XFK OHD\RENFKOILY D WHOR ¥ KLQYH U J\ D
SUHVHQRB DW YHU\ ORZ WH PRSHHNDQVXILMA WY K H @R RVIKQ QWK S V
UDQJHN LV FRPPRQO\ REVHUYHG WKBWFK\&URXW PH QH EN
FRQGXFWLYLW\ WKDQ GU\ RQHV ODQWKLODNH HW DO
UHDVRQ RI WKLV FRPPRQ IHDWXUH LVZ&XEIOMRZWKE VHGD RV
IDVW GLIIXVLRQ LQ VROLGV MRPSPYW G3WRWRWG KFHRIQ GXXFWM L ¢
UHTXLUH K\GURJHQ ULFK PLQHUDOV WR RFFXU DV VPDOO
HQRXJK WR LQLWLDWH FRQGXFWLRQ .DUDWR 3URWRC
+ KRSSLQJ EHWZHHQ WKGHGHFWVYHQ@WKRRWQFU\VWDOV 7KH
ZKHQ GRPLQDWHG E\ SURWRQ FRQGXFWLRQ LV WKXV D IXC
FRQGXFWLYLW\ LQFUHDVHV ZLWK WKH QXPEHU RI SURWRQ
1HU QW WIKIDQVHR Q HTS RQIHUHNLDO WHUP ZDV REVHUYHG WR
WKH ZDWHU FRQWHQW DV ZHOO DV DFWLYDWLRQ HQWKDO S
DO <RVKLQR HW DO DQG JRU DQ MMERHNVKIRBWF



FU\WWDO WKH DFWLYDWLRQ HQWKDOS\ LV H[SHFWHG WR
FRQFHQWUDWLRQ ZLWK D FRUUHFWLRQ IDFWRU IRU WKH J
HTXDWLWQSRIVRBPIGXFWRU 'HE\H DQG &RQZHOO
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'KHUH, LV WKH DFWLYDWLRQ HQWKIDNG Slp DWW WK H L ® M B EFRIQ
SURWR®H0ILAGWKH DFWLYDWLRQ HQWKDOS\ DW PLYHWKIKRZ
JHRPHWULFDO FRUUHFWLRQ IDFW RIWH (GHVARNWIEHG HDTERDWL R7?
FRQGXFWLYLW\ FDQ EH H[SUHVVHG DV D IXQFWLRQ RI WKH
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CwLV WKH ZDWHU FRQW BQM R ®HAVHLLIKMOV | Y K\WM ROUF WDLY® W L R Q
REVHUYHG DW YHU\ ORZ ZDWHU FRQWHQW

,Q DGGLWLRQ WR SURWRQ FRQGXFWLRQ D KLJKO\ FRQ
WHPSHUDWXUH LQ (& H[SHULPHQWY 7KH VR FDOOHG 3PRL
H[SHULPHQWGVRKHEHEB ZDWHU IURP DWPRVSKHUH E\ VDPSOF
FRQGXFWLYLWLHY WR RUGHUV RI PDJQLWXGHV KLJKHU
SUHVHQFH RI WKLV DGVRUEHG ZDWHU SUREDEO\ VKRUW FLI
GLIIXVLRQ 7KH SHUVLVWHQFH RI WKLV DGWHRDEHEHP LV W
VLIQLILFDQW SUREOHP DV LW ZLOO VWDUW WR GLIIXVH LQ
WHPSHUDWXUHV . IR UHY XSDRDRRPIHY WLYFFHRQA R W X UH DQ
VLIQLILFDQW LQFUHDVH RI (& FRKHUHQW ZLWK VROLG Y
ODQWLODNH HW DO

i) Small polaron conduction

$W PRGHUDWH WHPSHUDWXUHV VROLGV VXFK DV VLOLFI
FRQGXFOWIRR @D OHG KRSSLQJ FRQGXFWLRQ ,Q LRQLF FU\V
VHPLFRQGXRRRURPENKEWHUDFWLRQ EHWZHHQ D FRQGXFW|
ODWWLFH LRQV DUH VWS RRIRQ FRXSMH® J H THKEW EBRRQRQ’
EH VHHQ DV WKH HIIHFW RI WKH HOHFWURQ KROH WKDW L'
SXVKLQJ QHDUE\ QHJDWLYH LRQV DZD\ 7KLV HOHFWURQ KR



WUHDWHG DV D VLQJOHVHRIPGER ODMRIGW UCGHIEQHG E\ /DQGD;
IDQGDX '"HYUHHVH

+RSSLQJ FRQGXFWLRQ LQ (DUWKYJV PDQWOH PLOQQHUDOV
)JH HWF LV GXH WR FKDUJH WUDQVIHU IURP QHLJKERULQ
DQG )H LQ ROLYLQH S\UR[HQH RU JDUQHW )LJ |, % HF D X
VWUXFWXUH DQG PDQWOH FRPSRVLWLRQWD RHIUGLDHG DRPURPX
WKXV SUHVHQWLQJ DQ HOHFWURQ KROH PLVVLQJ HOHFWUFE
FU\WWWDOORJUDSKLF VLWH WR DQRWKHU LPSOLHV WKH WUL
FRQGXFWLRQ PHFEKD®H VPKHHHFWURQ KROH WUDQVIHU LV V
DFWLYDWH LQ WHUPV RI HQHUJ\ +RZHYHU WKH WUDQVIHU
ORFDO VWUXFWXUH ZLWK DQ H[FHVV Rl SRVLWLYH FKDUJH
WKH FKDUJH EGLDWWKHQFWLRQ RI DQLRQV DQG UHSXOVLRQ
PRWLRQ 7KLV PRWLRQ DQG JHQHUDWHG VWUDLQ DUH GHI
DFWLYDWLRQ HQHUJ\ LV WKHQ PXFK KLJKHU XVXDOO\ ! HO9
LV QRW SUHVHQW DV VWUXFWXUDO FRP S)RXQGWEXWQDV VEU H
IXQFWLRQ RI ERWK R[\JHQ IXJDFLW\ DQG FU\VWDO VWUXF
SURSRUWLRQDO WR IHUULF LURQV LQ WKEHWWHRVVKB PK
UDWLR RI IHUULF LURQ RYHU WRWDO LURQ
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Figure 1.10 a) Schematic diagram abfping conduction (small polaron). Electron hole {tansfer, symbolized

by the arrows from Fe in Mg sites carries an electric charge. B) Schematic effect of charge transfer by small
polaron on local lattice. Presence of ¥énduces repulsion of other Fecation and attracts & anions. This
process cretes a resistance of the lattice to hopping conduction which is responsible of its high energy of
activation. a) and b) were modified after Yoshino (2010).

iii) Large polaron conduction

/IDUJH SRODURQ RU JU|KOLFK SRODURQ FRQ@XFMUW\RIGIPHF
VSHFLILF FDVHM DRU PDHIRIOIROVGYV D GEHUHBUWMRVH 6HPSROLQV
'REVRQ HW DO 'REVRQ DQG %RUGKROW /DUJI
HOHFOWWRWLFH LQWHUDPWIRQF BXOIRBRWARQIWEHWZHHQ VRO
HOHFWURQLF FDUULHU 7KH ODUJH SRODURQ LV ODUJHU W
WKH ODWWLFH FRQVWDQW RI WKH PDWHULDO %\UQHV
PRELOLW\ Rl ODUJH SRODVHRQELW KVWWHO\L Q@J ZLWK RSWLF
HOHFRWBURIFDO SKRQRQV FRXSOLQJ LV H[SHFWHG LQ WKH\
SRODURQ FKDUJH FDUULHUV WDNHV WKH PDWKHPDWLFDO H

5
aL 4,66
iv) lonic conduction
,RQLF FRQGXFWLRXWPWHBRD @GLYR WHPSHUDWXUH LQ YDULR
RFFXUV OQWHHDMHLQJ VLOLFDWHY PLQHUDOV VXFK DV ROL

JDUQHWYVY EXW DOVR LQ VLOLFDWH PHOWYV +REHWHEHBH®WKH
PHOWY DQG VROLGYV



YRU VA\VWHPV WKDW XQGHUJR SDUWLDO PHOWLQJ DW
WHPSHUDW X UHW KWK HF R(DGRSIHVRY LW\ FXUYH LV RDBSHGG KN D
VORSH Rl WKH FRQGXFWLYLW\ WUHQG DV D IXQPWBRQLRIDW
FOXH RI D QHZ FRQGXFWLRQ UHJLPH ZKLFK FRUUHVSRQGYV \
KLJK DEFWLYDWLRQ HQWKDOS\ 7KH EXON HOHFWULFDO FRQ
BUHYLRXV ZRUN RQ UHD@O.YG/ LD PHOWBHPRROWLDWHG Wi
HOHFWULFDO FRQGXFWLRQ VKRXOG EH GRPLQDWHG E\ OL
EDVDOWLF PHOWV KDV DFWLYDWLRQ HQHUJ\ RI LW- PRO
FRQVLVWHQW ZLW® ERQD®AWE YARNMEPR® HDUO\ PHDVXUHG E\

,Q PROWHQ V\WWHPV LQ ZKLFK ZH FRQVLGHU 1D WUDC
RWKHU FRQWULEXWLRQV QHJOLJLEOH WKH HTXDWLRQ RI
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UHYLHZ 7KH +DYHQ UDWLR LV D FRUUHODWLRQ IDFWRU RI
WKH GLIIXVLRQ PHFKDQLVP E\ D FRPSHWLWLRQ EHWZHHQ Y|

7KHUHIRUH LQ VROLG OJ\BMIDRNV QY XVWAKR BRDRWHW PRELOLW
ZLWK WHPSHUDWXUH &KDUJH FDUULHUV DUH RIWHQ YDFDQ
HWF PRYHPHQWVY UHTXLULQJ WKHUHIRUH D ODUJH HQHUJ
PRELOLW\ FDQ WKHQ RB RULMHPISE WDDWDX UXIQ FW L
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Figure .11 Schematic diagram showing the ionic conduction process in Mg bearing mineratortluetion
occurs with migration of vacancies in the magnesium site as indicated by the arrows. Figure from Yoshino
(2010).

F (OHFWULFDO FROGXFWLYLW\ RI JHRORJLFDO PDWHL

(OHFWULFDO SURSHUWLHV RI JHRPBWRMNULQDIV FID\@ W D QW(
LOQWHUSUHWHPDXQHWRSURILOHY DV ZHOO DV XQGHUVWDC
SURSHUWLHY 7R XQGHUVWDQG WKHVH GDWD ONERUDW
WHFKQZHMYHVGHYHORSHG RQ KLJKLOQUHVKK D WSISDUYD WG G
1RZDGD\V PRVW Rl PDMRU SKDVHV ZHUH VWXGLHG LQ GHYV
DQG WKHLU KLJK SUHRZKVYH W RWKMRYBKYHW\ RI SKDVHV DC
FRQGXFWLRQ SURFHVNYI TRIGQSHO B PW WIHALD/O3 FIRDEXEG WH. RQ D C
(DUWKTV $QMNMHQFRBISWHIVH XQGHUVWDQGLQJ

+HUH RQO\ XSSHU PDQWOH DQG WUDQVLWLRQ ]JRQH PLQ
, D GHWDLOHG UHYLHZ ZLWK VX®PBDQHLLQJDW O EPRIYG X
SURFHVVHV FDQ EH IRXQG LQ <RVKLQR HW DO

i)  (Mg,FerSiQs polymorphs

20LYLQH LV WKH PRVW DEXQGDQW SKDVH LQ WKH XSSHU
PRGHUDWH 3 DQG 7 FRQGLWLRQV LW ZRY RHFKQQLYRT\ 2\
HVWLPDWHG WR EH GRPLQDWHG E\ VPDOO SRODURQ XQWLO
SRODURQ 2PXUD X HW DO DQG ILQDOO\ LRQLF L
<RVKLQR HW DO JHL HWQIMXDOSLH$FRADLYWYHD WHRQ UHSR!



H9 DQG DERYH H9 IRU VPDOO SRODURQ DQG LRQLF
VWXGLHVY DGGUHVV WKH LPSRUWDQFH RL\UR LRHRIWXRISAP H® \
RULHQU®HG\VWDOV \NQ® SBDQFHUVDPSOHY ,QGHHG ROLYLQH
IDFWRU WR Rl GLIIHUHQFH EHWZHHQ IDVWHU > @ DQG

+LUVFK HW DO ‘X JUDQH HW DO 3RH HW DO
IXQFWURBKHPLFDO FRPSRVLWLRQ DQG ZDV IRXQG WR KH
FRPSRVLWLRQ +LUVK HW DO )DUOD HW DO QD

IXQFWLRQ RI R[\JHQ IXJDFLW\ :DQDPDNHU DQG 'XE&B

$W ORZ WHPSHUDWXUH SURWRQ FRQGXFWLRQ DSSHDUV L
Rl zDWHU DV GHIHFWV 7KH HIIHFW RI ZDWHU LQ ROLYLQH
<RVKLQR HW DO :DQJ HW DO SRFOHWDWQRRQV |IRAL
ZDWHU FRQWHQW LQIHUUHG LQ WKH XSSHU PDQWOH

+LJK SUHVVXUH SRO\PRUSKV RI ROLYLQH KDYH EHHQ D¢
SKDVHV RDQMWEDVIRQW®GVOH\LWH DQG ULQJZRRGLWH UH
DPRXQW RI PRQWICKXSURBKHHLPSRUWDQW IRU LQWHUSUHWD\
VWXGLHV ;X SHUIRUPHG WKH ILUVW PGO®XKW HPHQMHW RIQW K
ZHUH HVWLPDWHG WR EH WR RUGHUV RI PDJQLWXGH K
SUMVYW DQG WHPSHUDWXUH UDQJH LPSOLHV GLIILFXOW PHD
YRODWLOHV ,Q IDFW FRPSOHPHQWDU\ DQDO\VLV RI ;X VDI
SUHVHQFH Rl ZDWHU ZKLFK LQFUHDVHV WKHUHPHGWUYLEDC
<RVKLQR HW DO DQG 0 DKH/DKSLHIED MHR HBW \ERIOMIXR.Q KD @ B
SURWRQ FRQGXFWLRQ PHFKDQLVPV RI ZDGVOH\LWH DQG Ul
$V IRU ROLYLQH VPDOO SRODURQ VKWRXPIEQBH M KR QRPN IOF
SURWRQ FRQGXFWLRQ LV KRZHYHU VWURQJO\ GHSHQGH
HQWKDOSLHV IRU SURWURQ FRQGXFWLRQ GHFUHDVHV ZLW
ODQWKLODNH HW DO EXW LRYWUH'GH <URNKKORY HAW LDH
6LPLODUO\ WR ROLYLQH EXON (& LQFUHDVHV ZLWK LURQ F|
<RVKLQR DQG .DWVXUD

i)  Garnets

*DUQHW LV LPSRUWDQW VWDEOH SKDVH LQ WKH XSSHU
ZLWK SUHVVXUH DV &3; VWDUWV WR GLVVROYH LQ LW ,W\



PDMRULWLF FRPSRVLWLRQ ZLWK LPSRUWD Q®XDGHDRWE R QDW
07= DQG PD\ UHSUHVHQW DOVR D VLJQLILFDQW SDUW RI
FRPSRVLWLRQ 8QOLNH ROLYLQH JDUQHWYV KDYH D YHU\ Z
VROLG VROXWLRQV 7KXV LQYHVWLQJIQFIMLROWRH FRPWR VE
UHPDLQV LPSRUWDQW DV WKH FRPSRVLWLRQDO FKDQJHV D
RI ;X DQG 6KDQNODQG 5RPDQR HW DO <RVKLQR
DQG KHOSHG WR SUHFLWVIHH®EWNVRQPSPWERSHQWL RRD DG VF
DQG PDMRULWHY DW YHUY¥3KOLJK+ISIKH YW ¥ ROWHQW LQ JDUQI
ZRXOG LQGXFH zZD\ KLIJKHU HOHFWULFDO FRQGXFWLYLW\ D
UHSRUWHG DUH VL®LBDW HWRR R YKXQG H9 7KH HIIHFW R
SRLQW GBYHMBWUWHG E\ UHFHQW VWXGLHV URRBK&GUVMHMW

XQNQRZQ
iii)  Pyroxenes

3\UR[HQH LV DOVR DQ LPSRUWDQW P L GHWD R QLOQWS/B M\ (DY
ORZ SUHVVXUHYV *3D DQG UHSUHVHQWYV B[MEB OIX LWHBF)
DEXQGDQW EHIRUH GLVVROYLQJ LQWR WKH PDMRULWLF J
VWXGLHY RQ HOHFWSJDEBIOVEDEEHUWL®Y BW &0 HVH VWXGLF
UHSRUW DOVR DQ LPSRUWDQW HIIHFW RI ZDWHU RI EXON H
HITHFWV RI DQLVRWURS\ EXW DOVR D VLJQLILFDQW HIIHF)
IXJDFLW\ IRU VPDOO SRODURQ FRQGXFWLRQ SURFHVYV



Figure 1.12 Electrical conductivities (log) of the most common upper mantle and transition zone minerals as a
function of recipraal temperature (modified Arrhenius plot). P, Sp and | refer to the conduction mechanism:
proton, small polaron and ionic caluction respectively. Phases name and water contents were labeled near the
profiles. Dry olivine is from Yoshino et al. (2006), hydrous olivines (average of 3 crystalline directions) by Poe
et al. (2010). Wadsleyite sample are from Manthilake et al. (RO@px are from Yang et al2012), Garnet
Romano et al. (2006) and majorite from Yoshino et(2008). Yellow shadow area is the upper mantle
temperature range according the adiabat from Katsura et al. (2010) and blue area represents upper mantle
electrical conductivity range.

LY Melts and partially molten rocks

(OHFWULFDO SURSHUWDW @H FDHYIBN V7 B VF RGEGIHWLRQV DUH
IRU GHWHEWLRQ Rl PHOWLQJ UHJLRQV LQ WKH PDQWOH $\
DQG WHPSHUDWXUH DV ZHOO DV FKHPLFDO FRPSRVLWLRQ
ODERUDWRU\ PWION XHHPHOWF DO SURSHUWLHV RI JHRORJL
LQWHUSUHW TXDQWLWDWLYHO\ WKH JHRPDJQHWLF SURILOF

OHOwWV DQG SDUWLDO PHOWYV KDYH EHHQ H[WHQVLYHO\ V'
LPSOLFDWLRQV +RZHYHU W¥XHEG@HGHRYQDUXHMW RRQS/R WK
LQIOXHQFLQJ IDFWRUV DQG WHFKQLFDO OLPLWDWLRQV PD
VWXGLHVY RQ JHRORJLFDO PHOWYV . KLWDURY HW DO
OF%LUQH\ DIl DQG/\HEXWOF\ DQG :DII KLIKOLJKWI
DELOLW\ WR FRQGXFW HOHFWUWIH\SRWRIEV LY YRR H{H S®DU G



FRQGXFWLYLWLHV REVHWMPHGHEIBWZIHHNKHQRVSKHUH /9=
KLIKOLJKWHG WKDWYHW®M FWUWREDB D OFRQGKFMQ VQBMMWR K H P H
HOHPWMRREKX LURQ DQG DONDOLV 7KH EXON (& ZDV IRXQG W
DONDOLV DQG LQ SDUWLFXODU 1D FRQWHQWYVY *DLOODUG H
0 D UOR 1L HW DO

,Q DGGLWLRQ WKH HIITHFW2RD @G \&2Q ON Kb FYHROW W IDAYH MR X
YHU\ LPSRUWDQW ,Q IDFW LPSDFW RI WKHVH YRODWLOHYV
RI WKH PHOW KDYH EHHQ DMAORIONHG &KX DQG :/DQJH
DO SHFHQW VWXGLHV KDYH KLIKOLJKWHG WKDW RC
VLIQLILFDQWO\ LQFUHDVH WKH PHOW FRQGXFWLYLW\ *DLC

WKLV REVHUSOWILRQRXPOWRPDOSOHU DPSOLWXGH 1L HW
FKDQJLQJ IURP VLOLFDWH WR FDUERQDWLWLF PHOW ZDV
&DUERQDWLWHYV ZHUH VKRZQ WR EH YHU\ FRQGXFWLYH !
WKHVH YDBXKHY KEREBOHQJHG E\ PRUH UHFHQW HVWLPDWLR(

'U\ RU K\GURXV VLOLFDWH PKIBQLD GoigkBCKBW HIR WARQV GHSH!¢
RQT OLQHDUO\ DW KLJK WHPSHUDWXUH SUREDEO\ GXH WR
WUDIQ&FOB\WIUDJLOH EHKDYLRU RQ YLVFRVLW\YfV WHPSHUD!
SRINVOFKBRPDQRQ HTXDWLRQ LV SUHIHUUHG WR LOOXVWULI
PHOWY HOHFWULFDO FRQGXFWLYLW\
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'KHUHA DQBGSDUH DGMXVWDEOH S DIFMPLHWDMULR Q6 HRIHUDU R\ V
FDQQRW EH ILWWHG LQ $UUKHQg*x|y%ﬁRW DQG LV RIWHQ IL\

OHOW HOHFWULFDO FRQGXFWLRQ PHFKDQLVP LV LRQLF I
OLJKW MOWFHKQWY 1D $FWLYDWLRQ HQWKDOSLHV RI LRQLF

XVXDOO\ YHU\ KINJKPROIOODUG D Q@® UD HRIRR 7\EXUF\
D11 1L HW DO ,Q FDVHV RI K\GURXV PHOWV W
SWHQFH RI ZDWHU GHFUHDVH RI YLVFRVLW\ DQG (& LV DC
*DLOODUG HW DO 1S DWW WPKKHF IR O FHVWL WIHHRW RQ PHOW V

D PRUH PRGHUDWH HIITHFW RQ WKH EXOGIL V& RTOKYHH G QYWRHDMWAL
PHOWY LV DOVR D IXQFWLRQ RI WKH PHOW FKHPLVWU\ DV |



UHSRUWHG IRU EDVDOWLF PHOWY FRPSDUHG WR SKRQROLMW

,Q FDVHV Rl SDUWK DY RKHWRRVWZKRFEPRQ FDVH LQ (DUW
RI WKH EXON URFN LV D IXQFWLRQ Rl VROLG DQG PHOW FKI
2] FRXUVH WKH LQWULQVLF SURSHUWLHV RI WKH VROLG DQ
DQGX¥FWNUHY DUH LPSRUW PG\ WKEBEZWWHUEWWH RQ DMV VP DO
LPSDFW 7KH YDULHW\ RI PHOW PLFURVWUXFWXUHV PRVWC
DIIWNFWKH PHOW GLVWULEXWLRQ WKH SRURW.KAHLIHHPHEBRLU
FRQGXFWLRQ 7KH PHOW LQWHUFRQQHFWLYLW\ WUDQVODYV
NH\ IDFWRU FRQWUROOLQJ WKH HIILFLHQF\ Rl HOHFWULED
FRQGXFWLYH WKDQ VROLG WZRH N W 8 DERXULEWRW KB VRO MG
DQG JLYH YHU\ KLJK EXON FRQG XFAMWWWE J $W RMOKCHN RIS RN (
SURGXFH D YHU\ VWURQJ LQFUHDVH RI (& 7KH EXON SDUW
WKHQ D IXQBWKRIO RAKWHPFWHULVWLFV DQG PHOW IUDFWL
ZLOO EH LQYHVWLJDWHG LQ &KDSWHU ,,,

&ODVVLFDO®RONIGHHPOHFW ULFDO SURSHUWLHY KDYH EHH(
WKHRUHWLFDO DQG HPSLULF DKH \WHH GBOL\M HRIGI\DRA. SWL PR.AL )L Q
HVWDEOLVKHG WR JLYH D SK\VLFDO IUDPHZRUN WR XQGH
GHWDLOHG LQ WKLY VHFWLRQ EHFDXVH VRRH, RD @ I@P DUH
WKH IROORZLRWJLM TWRBMPRIQW EWLVRIQH PHOW HOHFWWKRDO FI
EXON URFN HOHFWU LtARIOHF RRGIXE WM OHIPMIURLGEB O FRQGXFWLY

&XEHV PRGHO @lUksF:sF:,;% g
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Figure 1.13 lllustration of the different simplified physical models of melt/solid textures. Figure from Ten
Grotenhuis et al. (2005).

7KH FXEH PRGHO FRQVLGHUV FEXEHV Rl VROLG PDWHULDO
PHOW OD\HU RI XQ&SKUYR HORREWR HODP HEK WDV KN@DQ XSSHU
ORZHU ERRX@AGRIODWHG VSKHUHV RI VROLG PDWHDREBO LQ k
WKH UHYHUVHG FRQILJXNPM\L PR GRYOFPRYHVRBFXIBDOW\WXEHV |
VROLG PDWULYFRLEDO@DZA LV DQ HPSLULFDO UHODWLRQ I
JHRPHWULFDO UHSUHVHQWDWLRQ ,W LV EDVHG RQ UHVLVV
PLIWXUH EHWZHHQ WXEHV DQG FXEHV PRGHOV DFFRUGLQJ

7KLV UHEH QW JKWKIKWHG WKDW $UFKLHYV ODZ UHSURG X
ZLWK ILWWLQJCFRHNDRX® QAW IRU EDVDOWLF PHOW LQWR DC
+RZHYHU WKH $UFKLHYV ODZ IDLOV DW PHOW IUDFWLRC
SWHHQW LQ WKH FDOFXODWLR @ \DFRIQV HFDXCH 8 A HS USHUWFHKQ W I QC
L®=0 ZKLFK KDV QR SK\VLFDO PHDQLQJ DQG JLYH ORZHU
7KLV GUDZEDFN FDQ EHFRPH DQ DGYDQWD JpRIK NQ RZRD L\GWH
DOORZLQJ D TXLWH SUHFLVH GDWD ISWAKLE IV $OMB R GHXZH + H
JLYH VLPLODU UHVXOWV



4) Heat budget of Earth and thermal properties of mantle rocks

OHDVXUHPHQWY DQG HVWLPDWLRGQR RL G B Y WKIKQILVT XAHR WIR Lk
XQGHUVWDQG LWV LQWHUQDO YLJRURXV DFWLYLW\ 'HSHQ
GHEDWH UHPDLQV RQ GHHS PDQWOH FRQWULEXWLRQV 7KH
LPSRUWDQFH RI QHZ D QG DAVMRHGD \RIY M/ KA-KUDRLDO- VBRIRIS H U W L |
FRQGLWLRQV ,Q DGGLWLRQ PLQHUDO SK\VLFV FRQVWUDL
ZLOO EH JLYHQ YLD LPSRUWDQW WKHRUHWLFDO FRQVLGH
HITHFWV RQ JORESBURBEMHWYHG SU

D 3DVW DQG SUHVHOQW FROQVWUDLQV RQ KHDW EXGJH\

i) Present constraints

(DUWK LV D PDVVLYH DQG FRPSOH[ KHDW HQJLQH ZLWK K
LQ LWV LOQWHULRU GXH WR GLIHHVYRRWF KMDRV KR DX W FBIWHD DHEC
D FRPELQDWLRQ RI GLIIHUHQW RULJLQV DFFUHWLRQDU!
FU\WWWDOOL]DWLRQ GLIIHUHQWLDWLRQV KHDW DQG UDGL
HYROXWLRQ WKH RYHUDWDQKMD IR BX\GILHEX VDIQRQ I WK\D GH W R
WKH WRWDO KHDW EXGJHW LV SUHWW\ ZHOO FRQVWUDLQH:1
VXUIDFH KHDW FRQGXFWHG LQ VXUIDFH URFNV YROFDQL
FRQWULE XWY REXGWRVWHPDLQ WDLQWHG E\ ODUJH HUURUV
IORZ ZDV HVWLPDWHG)IWR,EH 7KLV HVWLPDWLRQ ZDV PDG
JOREDO PHDVXUHPHQWY RI WKHUPDO JUDGLHQWYV LQ ERU}
FRQGXFWLYLW\ RQ WKH URFN VDPSOHV ZKLFK LV FRUUHF
DFFRXQWVY WR WKH XQGHUHVWLPDWLRQ GXH WR K\GURWKH!
UDGLRJHQLF KHDW SURGXFWLRQ LV IDLUO\ ZEK®N RRQV WD\
(DUWK PRGHO RI D FKRQGULWLF FRPSRVLWLRQ $PRQJ WKH

7: ZKLFK LV UHVWUDLQHG LQ D VKDOORZ YROXPH

.1 ZH WDNH LQ D F FRX\Q\Q IWH\HWW P CRIDBDW/RARRDLAFRUH KHDW
IORZUHH W R RWKHU PDLQ SROHV RI KHDW VLQN DQG SURG
FRUH DQG WKH ORZHU PDQWOH LQWR WKH XSSHU PDQWO
.HOORJJ HW DO 1ROHW HW DO /D\ H & DDED\
FRQVWUDLQHG LQ SDUWLFXOD U QRIDQRIH E HFPWRMHIE G WK H
FRUH PDQWOH ERXQGDU\ KHDW IOX[ YDU\LQJ DFFRUGLQJ
%XMWH HW DO 2T5RXUNH HW DO +RZHYHU DV WKH J



FRQVWUDLQLQJ RQH RI WKH XQNQRZQ ZLOO DOORZ KDYLQJ
7R GR WKLV WKH KHDW IORZ FRPLQJ IURP WKH FRUH KDV
+RZHYERWDO UIDQGHFHYWLRFDWHRBRQIOLFWXDO GHVSLWH WK
GLIIHUHQW WHFKQLTXHV VXFK DV WHPSHUDWXUH G\QDPR

7KH &0% KHDW IORZ HVWLPDWLRQ LQGHHG UHTXLUHV PRC
ZHOO DWEDWHWRSHUWLHY 7KH WHPSHUDWXUHV DW WKH
HVWLPDWLRQ RI WKH VROLGXV FXUYHV +ROODQG %R
W R . +RZHYHU RXU JURXS UHFHQWO\ FKDOOHQJHG
HV DO E DQG ,Q IDFW LWV WKHUPDO HYRC
WKRXJKW $QGUDXOW HW DO E 3UHYLRXV FDOFXODWIL
NP WKLFN OD\HU ZLWK D WKHUPDO FRQRIX$OMLYDLW\IBRZ BRF
KLJK WKHUPDO FRQGXFWLYLW\ KDVQYW EHHQ SURYHG \HW
WKWHUPDOXVLYLW\ GHFUHDVHV ZLWK LQFUHDVLQJ WHPS
VXSSRUWHG E\ VSLQ WUDQVLWLR QWHRB\OHU ¥RW E R QV RRQHMR
ORUHRYHU WKH SUHVHQFH RI FKHPLFDO KHWHURJHQHLWLH
VHLVPRORJLFDO VWXGLHV VKRZV WKDW KHWHURJHQHRX
LQWURGXFH VLJQLILF D QWDX@PHIWHLILVG MAL\M i/ PIDWVWRGIW P DO S

Figure 1.14 Global heat flow balance from Lay et al. (2008).

2WKHU HVWLPDWLRQV IURP JHRG\QDPR KDYH EHHQ SUR:
ILHOG VXJIJHVWV WKDW YLJRURXV FRQYHFWLRQHAVLBOBVHQ
RYHU JHRORJLFDO WLPHVFDOHYVY 6RPH GLVVLSDWLRQ PD\ E



HLWKHU FRPSRVLWLRQDO VRXUFHV VXFK DNWH[FOXVLRQ F
295RXUNH DQG 6WHYHQVRQ 295RXUWHH. GIOHD CFRUH DR
VROLGLILWBKMRHQURARUH 7KH &0% KHDW IORZ ZRXOG EH WK
FRQGXFWWYHWMVIROOLFE RXW H W WARWHHU PORY HFRHDWG X FWLY LW\ LV
ZLWK YDOXHV UDQJLQJ EHWZHHQ D@® WKH :QXPHULFDO PR
VWLOO VWURQJ OLPLWDWLRQ WR UHSURGXFH UHDOLVWLF F
FRQYHFWLRQ HWF 7KH UHVXOWLQJ HVWLPDWHNGZEDWV DYD
XQFHUWDLQ &0% KHIZWWK RWZL AN R D XAW ILRDWIKXFWSXIDVOMIA HWWX | | H
DO

Figure 1.15 Determination of thermal conductivity of the core at CMB conditions. A great variability of
estimations with distinct techniques yield pretty large uncertainties orltiregslCMB heat flow. From R.
Deguen (Houches summer school, 2017).

7KH SUHVHQFH RI PDQWOH SOXPHV JHQHUDWHG DW WKH
SURYLGHV FRQVWUDLQWY RQ &0% KHDW IORZ EHFDXVH W
HQWURS\ +WEHYHUWXPEHU DQG IDWH LQ WKH SDVW LV VW
GLIIHUHQW PRGHOV VXJJHVW DIOXWH\H RHWZ MHRQ H[SODLQ
JHQHUDWLRQV

)LQDOO\ FRQVWUDLQWYV IURP SHURYVNLWH DQ&GGOERVW S
GRXEOH FURVVLQJ QHDU WKH &0% ZRXOG DOVR KHOS HVW
WUDQVLWLRQ LV ZLWK ODERUDWRUHUPBO HEMHIUW LRQV&@®DSH|
ZHOO NQRZQ DV ZHOO DV LWV DFRXVWBEURBSWBRWHRB QY LRHIV GIH®
VHLVPLF SURILOHVY 7KH GRXEOH FURVVLQJ RI SRVW SHUR
QHDU &0% ZDV RIEEMWVWHABQOGNDEVROXWH WHRSHUDWRGH QHI



\LHO&OWRIOX[HV Rl ZLWK DVVXPO® & RMIGHNFNLYLWPEHWZHHQ
9DQ GHU +LOVW HW DO

LL Early Earth and past constraints

(DUWKYTV IRUPDWLRQ GLIIHUHQWLDWLRQ DQG ODUJH VFD
WKH UHVXOWV Rl WKH RQJRLYUIFRRDOR QW HG RBRF VW K DLW C
(DUWK WR LWV VXUIDFH DQG WKHQ ORVV LQWR VSDFH $W
DFWLYH DQG KRW LQVLGH DIWHU *D RQH FRXOG JXHVV
VORZ LQHWKDWOERUWLRQDO KEBIWHS DRW K FHQLIQSIUWRYE HM W

8QGHUVWDQGLQJ WKH IRUPDWLRQ RI WKH RDVWMXHDHQGJILW
IRUPDWLRQ SURFHVVHV $W WKH HQG RI DFFUHWLRQ LQ V
(DEWZDV PRODGI® KIDERUFFROQWHBQG RQH RU VHYHUDO SKDVH
RFHDQWDPYN EHHQ 7XUHHPBQMDWLF RFHDQV DWRH IGPXSR WWR D\ K
KHDW UHOHDVHG GXULQJ DFFUHWLRQ PDNLQ J$WWKHIUWHHPLS\H |
LQLWLDO PDJPD RFHDQ SKDVH EDVDO PDJPD RFHDQ "

WKDQNV WR PHWHRULF LPSDFW FUHDWLQJ ODUJH UHJLRQV
PHOWLQJ DV VXJJHVWHG IRU WKH PRRQ IRUPLQJ LPSDFW &

7KMKHUPDO KLVWRU\ RI WKLV VWDJH LV EDGO\ FRQVWUD
URFNV RU SDUWLDOO\ PROWHQ URFNV DUH QRW ZHOO NQF
SUHVVXUH WHPSHUDWXUH FKHPLVWU\ DWKHRFID&BWRIRPDV R
RFHDQV WKH WHPSHUDWXUH SURILOH ZLOO EH PRVWO\ TX|
7KH FRQYHFWLYH JHRWKHUP LV KRZHYHU OLPLWHG DW W
ERXQGDU\ OD\HUV LQ ZKLFK WK H \ASHR B G P PRQEUIRKL BHYEYR QD |
WUDQVIHUV 7KH QDWXUH Rl WKH WKHUPDO ERXQGDU\ OD\!
SUHVHQFH RI D FUXVW DW (DUWKYV VXUIDFH LWV QDWXUH
$EERWW HW DO . RUHONLBIVHW DO+HU]JEHUJ HW DO

PDQWOH SRWHQWLDO WHP BE UHDUNMXIGH EL Q+ MAK]IE EBBIN WW D@

NRPDWLLWHYV ZLOO LPSO\ VWHHSHU JUDGLHQWYV LQ WKH F
FUXVW \OKRRXEB DUHDWHU LQ WKLV FRQGLWLRQV DQG FKHP
GLIIHUHQW ZLWK FKDQJINRPBWSUWWN REDRHOWHRIIPRIIW KR K H
H[DFW IURQWLHU EHWZHHQ WKH WKHUPDO ERXQGBU\ OD\}
PDQWOH PHOWLQJ LV VWLOO XQFRQVWUDLQHG DV RQO\ SF
JHRORJLFDO WLPHV 7KH SUHVHQW RI D EDVDO PDJPD RFHEL



KDV EHHQ DOVR VXJJHVWHG /DEURVVH WWHDBRQGXFW QYGH |
FRQYHFWLYH SURILOHV LQWR (DUWKYYV PDQWOH KDYH EHH

LI,

Figure 1.16 Simplified and schematic illustration of thermal boundary layer thickness evolution with time,
considering a single salus and higher mantle potential temperature in the past. Such difference of temperature
should imply thicker thermal boundary layers and/or steeper gradients. Variations of crust composition, physical
state and thickness will change the thermal propedfdkis layer with potential influence of mantle cooling.

Figure 1.17 Role of a viscous layer made of Bridgmanite on the mantle geotherms considering both BMO or

standard magma ocean cases (bottom or middle crystallization oesesctively) and conductive or convective
viscous layer into the establishment of thermal boundary layers (TBL). Figure from Andrault (2019) (see

discussion therein for further explanations).



7KH UROH RI FRUH PDQWOH ERXQGDHNEDD/GISWIRLY/ KW DRWL O (
FUXFLDO LQWR WKH FRQWURO RI LQWHUQDO KHDW IORZ 71
WKH PDQWOH IURP ZKLFK D WUHPHQGRXV VRXURBWRWKI QHU
GXH WR LQQHU FRUH FBROQVIMNUDLIQWRR@O0BHKHDWOIORZ KD\
QXPHURXV UHFHQW VWXGLHV ZLWK D SRWHQWRDON&DWVKWI
DFWXDO 6WDFH\ DQG /RRSHU <RXQJ DQG /D\ /
*RFKDURY W %XITERYHU LWV HVWLPDWLRQ LQ WKH SDV)
DQG UHTXLUHYV LPSRUWDQW PRGHOLQJ VWieSallaQ KIKLHK LQ
ZLGH HUURU EDUYV

(DUWKYJV WKHUPDO KLVWRU\ FDQ EH LQIHUUHG IURP WKH
VKRS KDYH HYROYHG WKURXJK WLPH LQ GLIIHUHQW SRVVLE

E 7KH DJH RI WKH LQQHU FRUH ZKLFK VROLGLILHV ZKLO
IOX[ 6WDUWLQJ IURP DQ LQLWLDO YHODKQHW WRHPDHULIRDX D
VHIJUHJDWLRQ WKH FRUH DQG PDQWOH ZHUH IXOO\ PROWHF
KHDW UHPRYDO ZDV PXFK PRUH LQHIILFLHQW DQG KHOSHCG
GHHS (DUWK 7KH WHPSHUDWXQUHL® SR AW H DV WHRP PREQ\ IRU
VLIJQLILFDQWO\ GHFUHDVLQJ ZLWK WLPH WR VXSSO\ DQG V.
7: ZRXOG KDYH EHHQ UHFRQFLOLQJ DQVKDWOQQB B HEWF R/UKHH
RSSRVLWH &0% ODUJHWOORAH ZFRONEHEP DFEILE) DQG YHU\ KLJI
UDWHV LQ WKH SDVW WR VXVWDLQ WKH G\QDPR /DEURVVH
HW DO E FKDOOHQJHG WKLV YLVLRQ ZKLOH SURSRVLQ
PRRQ IRUPIFQM IDRE® TXDVL VWDEOH WHPSHUDWXUH DW &0%
ZDV RQO\ HQKDQFHG E\ PHFKDQLFDO IRUFLQJ E\ WLGDO GL\
RI WKH ORRQ ZKLFK HQHUJ\ UDQJHV QHDU 7: ORUHRYHU
QIKW HOHPHQW H[SXOVLRQ IRUP WKH FRUH SRWHQWLDO SL
VKRUW OLIH LVRWRSHYV DUH DOVR SRVVLEOH VRXUFHV RI H(

7R VXP XS DFWXDO DQG SDVW &0% KHDW IOX[HV DUH \H\
LPSRVH ERQ/EHWKWDQGLQJ Rl WKH FRUH DQG PDQWOH PDW
WKHP WKH PDQWOH SUHVHQW DW WKH '~ OD\HU LV YHU\ SH
LQ DGGLWLRQ WR PHWDO URFNV LQWHUDFWLRQV DQG PL]J
UHOHDVHG E\ WWH FRWKHD Q®BXQPIHWKH ORFDO FRPSRVLWLRQV
PDWHULDOV DV ZHOO DV SDUWLDOO\ PROWHQ URFNV RI Gl
DGGLWLRQ WR WKHVH DEWXDO FRQVWUDGXWNQ W WHK H BIBDYIO



ZLWK PDJPDV RFHDQV DQG WKHUPDO ERXQGDU\ OD\HU RI C
E\ $QGUDXOW LV \HW RQO\ TXDOLWDWLYHO\ FRQVWU
SDUWLDOO\ \AROWHKEB PFEQHX DD RO WDWHWD X SBXIIJHVWHG E\ W
/9= DQG /9/ DQRPDOLHV PD\ DOVR LQIOXHQFH WKH HVWDEO|
HITHFWV UHPDLQ \HW XQNQRZQ

$V D FRQVHTXHQFH WKHUPDO GLIIXVLYLW\ RI YDULRXYV
PHWDONMHVOODQG PHOWY KDYH WR EH GHWHUPLQHGIH)SHULP |
7KH WHPSHUDWXUH GHSHQGHQFH RI WKHUPDO SDUDPHWHU
WR EXLOG PRGHOV WR VXLW WKH QXPHURXV MROMRAH DLQ L
DFWXDO PRGHOV ORQWHX[ SHUVRQDO FRPPXQLFDWLRQ
FRQVLGHUDWLRQVY DQG PLQHUDO SK\VLFV H[SHULPHQWYV DU

E 3K\WVLFV RI WKHUPDO WUDQVIHUVY DSSOLHG

,Q WKLV VH B\W QRIQ DWAKE R IQ WHKS! U PIDUOH WU SQILIOWIG DQG GHYV
WKHLU UHVSHFWLYH PDWKHPDWLFDO DQG SK\WVLFDO H[SUH
SUMHTXLVLWH WR XQGHUVW,DRGGRYG WFIRW HIGD BMRHW K HUP D C
PHDVXUHPHQWYV

i) General theory and origin of heat diffusion equation

7KH LPSRUWDQFH RI KHDW WUD®@IUHMVFRU@ LIHHRES K QV MAWVH KH
VFLHQFH GHYHORSPHQWY )RXULKVYHG WKMHQEHRIWOKHWQPDO J
KHDW FRQGXFWLRQ WKHRULHV WR HVWLPDWH WKH DJH RI (

7KH ILUVW NH\ HTXDWLRQ LV )RXULHUYfVY ODZ ZKLFK OLQN
WR WKH KHDW 10X]

3L Fage
7KLV FDQ EH H[SUHVVHG LMQLR QHK 8 LPHQWMW R Q/ FDIOHUGRUPDO

@6
3L F
a3

JRXULHUYYV ODZ LPSOLHV WKDW WKH (DUWK VXUIDFH IOX[ 1
WKHUPDO FRQGXFWLYLW\ 7KH WKHUPDO FRQGXFWLYLW\ F
IROORIZHQDWLRQ
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'KHUH . LV WKHUP@mHQ WH[8B®VDSODFLPO LRKSWHKBWRUNEQQDO
JHQHUDOO\ D UDGLRDFWLYLW\ WHUP FDQ EH DGGHG IRU DG

7KLY XELTXLWRXV KHDW GLIIXVLRQ HTXDWARWHV XVH
VROYLQJ VURISBBMRQWSUREOHP GXH WR WKBH RUHREBEE WNDKWHX U T
IDSODFLDQ RSHUDWRU ZKLFK LPSO\ WR FRQVWUDLQ SHUIHF

i) +HDW GLIIXVLRQ LQ VROLGV 'HE\HTfV PRGHO

,Q VROLGV VXFK DV QDWXUDO URENV DQG FHUDPLFV WK
RI KHDW WUDQVIHDW RPN FODRDAMIHH IVEE KHDW LV WUDQVOD)
7KHVH PRYHPHQWY KDYH EHHQ GHVFULEHG DV SKRQRQV DQ
WKH PRVW XVHG WKHRU\ WR FKDUDFWHUL]H SKRQRQ YLEU
XQGHOV®D®I FRQGXFWLYH KHDW WUDQVIHU 'HE\HYV PRG
VSHRHDAN DQBDWRHG/RHE\H WHPISHRKD WNILHQHY WKH DFWLY
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Figure 1.18 Debye estimation of specific heat compareth \Einstein model, at Debyemperatureall the
phonons modes are exited and the specific heat is almost at its maximaFvataéNikipedia 30/12/2016
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L L Types of heat transfer in the inner Earth
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HOHFWULFDO FRQGXFWLYLW\ ZKLFK LV HDVLHU WR REWDLC
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SURSHUWLHV )LJ , )LUVW WKH RSDTXH LQVXODWRUV
KHDWWHW EXW DUH LQVXODWLQJ PDWHULDOV ZVWLWH W
RQO\ FRQWUROOHG E\ SKRQRQ VFDWWHULQJ 7KH VHFRQG J
FRPPRQ (DUWK PDWHULDOV EHORQJV WR WKHL US DAUKNHUDRD
WUDQVSRUW SURSHUWLHYV GHSHQG ERWK R Q/KOLD/WMW RS Y.IVE
VXEPLWWHG WR EIKMQL VWVIEUSNKRQINR WKHUPDO JUDGLHQWYV |
WKH FDVH RI KLJK SUHVVXUHWQG WHPSHUDWXUH H[SHULPH



Figure 1.19 Type of heat transport associated to the different types of Earth material. Only the 3 bottom circles
are naturally present. Modified after Hofmeister and Brandlund (2015).
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VWURQJ LQWHUDFWLRQV ZLWK GDPSHG DQG ORFDOL]JHG R\
DWRPV WUDQVODWH LQ SKDVH ZLWK WKH XQLW FHOO WKH
ORQJ GLVWDQFHV %RWKVARBHY QRYRIONXGWQDQVWVWRPBEBRQHQ
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REMHFWY 7KH WUDQVSRUW RI KHDW E\ VFDWWHULQJ RI S
SODWWLFH FRQGXFWL VIKM\FRQGXFWIWWHQUDQVIHU LV TXDQ
DQ®HSHQGY RQ PDWHULDO WHPSHUDWXUH DQG WKHUPDO FI



Figure 1.20 the different type of phonon scattering present in solid materials from Asheghi et al. (2002).
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Figure 1.21 Example of convection transfer where yellow color represents heat flux to the surface and blue color
downwelling of cold materials. From Labrosse et al. (2007).
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Figure 1.22 Photon diffusion in a grainy medium with grain to grain transfer. According second principle of
thermodynamics only the net flow is counted (stripped arrow). FHfofmeister (2014)

7TKH TXDQWLW\ RI OLJKW FURVVLQJ D VDPSOH DW DQ\ IUHT
VDPSOH WKLPFQRGQHWR/H WUXH DEXY®RUSWLRQ FRHIILFLHQW
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Table 1.3, norexhaustive list of thermal diffusivities

and measured sample until 2016.

studies with ttasisociated techniques, P and T ranges

Phase(s) P (GPa) T(K) 1st Author Year Method
53 3DUNHU )ODVK
0J2 53 &U\RJIHC 60DFN 6WHDG\ VWIL
20 )R )D 1D« )XMLVDZD $QIVWU|P
*W 4] 53 .DQDPRUL $QIJVWU|P
4] EDVDOW VH 53 57 .DQDPRUL $QIVWU|P
*W 53 &U\RJIHC 60DFN DQG $QIJVWU|P
20 2S] 53 .RED\DVKL $QIVWU|P
20 )R 6 & 53 IRZ 7 6FKIUPHO 7KLQ ZLUH
$QGUHVVRC
0J2 53 57 7ZRVYWULS
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&KDSWHU ,, ([SHULPHQWDO DQG DQDO\WLFDO PH\

1) General introduction

7KLV FKDSWHU DLPV WR SUHVHQW WKH H[SHULPHQWDO

SUHVHQWDWLRQ RI H[SHUSRH QRN ¥ HWHCROAL DDMLAR Q  7KH Pl
ZRUN QWO DSSDUDWXV 0$$ ZLOO EH SUHVHQWHG DV Z|
DV SUHVVXUH DQG WHPSHUDWXUH FRQWURO DQG PHDVXUF
UHTXLVLWHJ POW V8O WAKIRI WKLV 3K' ZKHUH LPSRUWDQW W
KHDWLQJ V\PWEHR ZAKDBWHUV WH DER S\ FEDUDFWHUL]DW
PHWKRGV ZLOO EH WKHQ GHWDLOHG DQG H[SODLQHG IRU

WHKUPDO GLIIXVLYLW\ PHDVXUHPHQWY ,Q D VHFRQG VWHS |
H[SHULPHQWDO SHWURORJ\ KHDYLO\ UHOLHV RQ H[SHULPH
VXFFLQFW GHVFULSWLRQ RI WKH PDLQ K QIL@\® EFDPDIES$IS D U

2) Experimental methods
D OXOMMLYLO H[SHULPHQWYV

OXOWL DQYLO DSSDUDWXV 0$$ LV WKH PDLQ WRRO XVHC
RI RXU ZRUNV 7KLV VHFWLRQ DLPV WR VXPPDUL]H LWV SL
GHVFULSWLRQ ORUH GHWDLOV FDQ EH IRXQG LQ WKH UHFI
DQG ,WR

i) The multianvil apparatus (MAA)

OXOBMMQYLO SUHVV LV DQ H[SHULPHQWDO DSSDUDWXV GHY
WHPSHUDWXUH BLSHUQPHQM Y ROXMPH VDP SO HAM LM WHKEH @RIUTG
DOORDWODWLYHO\ KRPRIJHQHRXV KHDWLQJ LR\GWKRVWDWSE
SUHVVXUH IRU UHODWRQELWZREY UPQHBEBRNGE WHPSHUDW
IURP WR 7KH JUHDW DGDSWDELOLW\ RI WKH 0$$ DOORZ
FRPELQDWLRQ UHTXLUHG E\ WKH GLIITHUHQW W\SH RI HJ
H[SHULPHQWY DOORZ D ZLGH VFLHQWLILF FRPPXQLW\ JHF
EHWW HUVPQGHRDWHULDOV DW H[WUHPH FRQGLWLRQV , RIW
DUP\ NQLIH" Rl H[SHULPHQWDO SHWURORJ\ LQ YXOJDUL]D
SRVVLEOH H[SHULPHQWYV 7 KnHsitu QRWH VVQ K URXWPUERQN B H F K
UHLQIRUFHV WKLV VWDWHPHQW



7KH 0OX0AWILO DSSDUDWXV 0$$ ZDV HDOMAHAQWHG, LQ ,W B\L
IURP RWKHU SUHVVHV VXFK DV WKH VR FDOOHG 3ODUJH YF
SDWHUVRQ SUHVVHV RU SSDUBWRSGa' UL EANDPMUP ® OH WHFK
GHILQLWLRQ 7KH GHILQLWLRQ SURYLGHG E\ /LHEHUPDQQ
FROQFHSW+ID®R® GHILQLQJ 0$$ DV D 3+LJK SUHVVXUH DSSDUD
ORDGLQJ DQG IRXWFRRSPRVWLDOWMIIPASOH" 7KLV GHILQLWLF
FXELF DQG RFWDKHGUDO DQYLOV DSSDUDWXV ZKLFK DUH V

Figure 11.1 The first tetrahedral MAA of Tracey Hall built in 1958 (image from Libermann, 2011).

7KH ILUVW ZRUNVDRYG-BMK® LROORZLQJ E\ $NLPRWR DQG ).
WKHLU RZQ YHUVLRQ RI WHWUDKHGUDO DSSDUDWXV EXLOC
TV FXELF DQYLO DSSDUDWXV ZHUH GHYHORSHG VLPXOWEL
DQG %UD\PDQQG :DNDWVXNL PRGHOV GHULYHG IU
WRGD\ LQ V\QFKUR W L@V IRNGIZY VEK IKKQUHQWLDO UDP 0$$ D
DQG',$ IRU GHIRUPDWLR QD QNKLHD R FIVE3OHIE®WXO/WD SN P QMW H G
DYLOV DIWHU WKHLU GHYHORSPHQBS EQ H\DH D1U R QS W K AK H
SXEOLFDWLRQ RI .DZDL LVQRQH RKRVKH IXQGDPH@W®DOZRUI
KLVWRU\ EHFDXVH PRVW RI WKH PRGHUQ DSSDUDWXV XVHV
.DZDL JHRPHWUV XRHWHV S®UMPDU\ DQYLOV PDGH RI VWHH!
PDNLQJ DREDYIWHFRQGDU\ DQYLOV PDGH RI WXQJVWHQ FDU
VSKHUH ZDV LQLWLDOO\ SODFHG LQ DQ RLO UHVHUYRLU |
JXLGHEORFNV DOORZLQJ YHUWLFDO XQLD[LDO FRPSUHVVLR
NQG Rl VHWXS ZDV DGDSWHG WR KLJK WRQQDJH SUHVVHV :
WRQV SUHVHQW DW 2VDND DQG ,6(, OLVDVD UHVSHFWL)



0$$ LV JUHDWO\ GXH WR ( ,WR IURP ,6(, OEVDDW XM VDWNVN/QLS
LI ., :DONHU PRGXOH WKDW HTXLSV WKH WRQV 0F
HDUO\ YV :DONHU HW DO DQG WR VLPSOLI\ DQG
7KLV ULQJ W\SH JXLGHEORFN DOVRI PBR@WULEXWHG WR WKH

Figure 1.2 Comparison of the different type of MAA. a) Kawai type MAA (1500 T at LMV) b) Walker module on
a MAA (1000 T at LMV) c) DIA type MAA with primary anvils made of WC (1200 T press SOLEIL synchrotron
PSICHE beamline).

7KH RFWDRNGOB® LV D WHFKQLTXH WKDW UHOLHV RQ D
FRQVWLWXWHG E\ WZR RSSRVLWH F\OLQGHUV 7KH ERWW
DSSDUDWXV WKH WRS RQH FDQ PRYH YHUWLFDOO\ IURP R
SXPSV DHE WR EULQJ RLO WR D PXOWLSO\LQJ F\OLQGHU W
K\GUDXOLF UDP 7KH SUHVVXUH LV WUDQVPLWWHG WR D
RFWDKHGUDO :DONHU HW DO .DEDL)IDIQG, (QGKIRH
PRGXOHV IRUP D F\OLQGULFDO VSKHULFDO EDYLW\ ZKLFK L
SULPDU\ DQYLOV DUH PDGH RI VWHHO DQG DUH GLVSRVHG '
JHRPHWU\ IRUPV D FXELF FDYLW\ LQ ZIDIGFKL OV H D Q W HRJIWWHX
FDUELGH RU VLQWHUHG GLDPRQG 7KLV W\SLFDO VHWXS F
WHFKQLTXMQYROOWWHVY IXUWKHUPRUH WKLV JHRPHWU\ I
XQLD[LDO IRUFH IURP WKRO XBSSUHH W R W\RK W DIV VHP E O\
K\GURVWDWLF SUHVV)SUW\SRV R XXOGNVL DQYLOV GLIIHUHQ!
XVHG ,Q FDVH RI VWDQGDUG H[SHULPHQW WKH SULPDU\ |
ZKLFK DUH LQVHUWHG&WKHEHRAMHFR®BDHDYV IRU GHIRUPDW
GLIIHUHQWLDO FRPSUHVVLRQ FDQ EH PDGH E\ DQ LQGHSHQ



Figure 11.3 Schematic view of the 1000 T Walker type MAA at LMV. Modified after Boivin (1998).

7KH 0$$ WHFKGIDIXMLEXODUO\ ZHOO DGDEWHGFHRW WDXGH.L
ZLWK WKH FDSDFLW\ WR ZRUN IURP OHVV WKDQ *3D WR
WXQJVWHQ FDUELGH EXW IADIQ W KFHKUXS MGRVDG B HBH @ R SPUHRX/S
XVLQIWHUHG GLDPRQG VHFRQGDU\ DQYLOV .XQLPRWR DQC
GHYHORSHG ZHUH RQO\ DEOH WR UHDFK OLPLWHG SUHVVX
+DOO 7KHQ ZLWK KLJK WRQQDJH SUHMVKVS/XWHV [
ZHUH UHDRKHG*XB3 MQ WKH HQDQRIHW W ®RKW EXW RXU
NQRZOHGJH DQG WHFKQRORJLFDO SNREULRWVIORPSES W R Q)
SUHVVXUHV RI PHJDEDU <DPD]DNL HW DO LQ PRQHPR
FODVVLFDO FRQILIJIXUDWLRQV :& DQYLOV SUHVVXUHV XS W
7RQ SUHVV DW /09

7TKHVH SHUIRUPDQFHY SODFH WKH 0$% DV RQH RI WKH EF
WHPSHUDWXUHY GRPDLQV 7KHSDXSD RD WKK/H VEDURNUKD D GO ID\
SUREDEO\ WKH PRVW SRZHUIXXSESRRG®GREMUXBE AW @B YWXIS |
' DV LW WHH IY FC5 OPIHDRIOKVWEGHURVWDWLF SUHVVXUH VHH (
JRRG FRQWURO RF RMHFPBUHUIMRIDXRH/ +L Q



Figure 1.4 Pressure vs Temperature plot with inner Earth conditions (red geotherm). The domain of study of
each tool is represented in col@D: sintered diamond, WC: tungsten carbide,-DIAC: laser heated diamond

anvil cell. Thefields are based on highest measurements performed, however it is very difficult (for each tool) to
reach both P and T limit in the same experiments.

i) Multi-anvil assemblies (octahedrahvil MAA)

7KH VHFRQGDU\ WXQJVWW QXRIFDELKG LD WO D WK Q H U
RFWDKHGUDO FDYLW\ 7KH WUXQFDWHG HGJH VL]H FDQ Y
VDPSOH YROXPH 2EH\LQJ WR WKH VLPSOH SUHVVXUH 3 O
VXUIDFH Rl DSSOLFDWLRQ 6

(
2L-
o)

7KH JUHDWHU LV WKH WDUJHW SUHVVXUH WKH VPDOOHU ¥
DQYLO 'LIIHUHQW W\SHV Rl FRXSOHV RI RFWDKH®BRQ HGJF
DUH FRPPRQO\ XNVEGLDQDBSOWDW XV *3RU S UHYS/ X\WURH V

*3D DQG XS WR *3D DQG DQG IRU SUHVV
FRUUHVSRQGV WR PP ZKLFK LV WKH VL]H Rl WKH RFWDK
PP HGJH VL]H :& DQYLO 7KH FHQWUDDUR AW DK HIG WRKDWQ D/OKH
DQYLO WR DYRLG FRQWDFW EHWZHHQ WX$ DQYLOV GXULQJ



Figure 1.5 lllustration of the assembly steps of an experiments, with a) the octahedron on the secondary anvils
with gasket and cardboad paper b) fixation steps of the octahedron on the cube to make the cubic assembly,
one can remark thaotchesin pyrophyllite gaskets to let the wires go out of the assembly. ¢) Final cubic
assembly ready to be disposed in the primary anvils. The cubes ararlinsulatedby epoxy sheets. The
copper strips are for electrical current transmissioetween the two opposite anviits heating.

7KH DVVHPEO\ LV FRPSRVHG Rl WKH VHFRQGDU\ DQYLO
JOXHG DURXQG WKH MUK QBDWHWVHGIHURXRG WKH RFWDKE
WKHLU H[WUXVLRQ GXULQJ FRPSUHVVLRQ WKHEPRGWBEW I
ODWHUDOO\ EDSBUXKRBKAYV SDVWHG DW WKH EDFN RI WK
. 7KH DKRBIREO\ RQFH WKH RFWDKHGURQ LV LQVHUWH¢
IL[HG E\ HSR[\ VKHHWYV EHIRUH VHWWLQJ XS LQWR WKH SUL
D VWUXFWXUH WKDW PDLQWDLQV GLIIHUHQW WLAXEHMHQ QG
WKDW WKH FXEHV DUH QRW LQ FRQWDFW 7KH HSR[\ VKHF
VHFRQGDU\ DQYLOV DQG ILQDOO\ WKH\ DOORZ E\ LQVHUWI

,QVLGH WKH RFWDKHGURQ WKH VDH\s QRH E N UDPPVH VY WAHRS M
WKH SUHVVXUH WR WKH VDPSOH DQG KHDW LW 7KH FRQILJ
DGDSWDEOH DQG RSWLPLJHG WR WKH W\SH RI H[SHULPH(
FRPSRVHG RI

X $Q 0OJRFWDKHGURQ GRZHGBFAMWRY SWUHVVXUH WUDQVPL

Xx$ =LUFRQLD VOHHKKWY SHUWUWN DFWV DV D WKHUPDO LQVXO|
WKH KHDWHU DQG SUHYHQW RFWDKHGURQ DQG FXEHV WR U

x$ KHDWHU ZKL¥KGLRIFR®OIRGULFDO UHVLVWDQFH WKL
FXUUHQW KHDW E\ -RXOH BPIHARNDAO 7KKHRH R HRILPNQ JHH SKL
FRQGXFWRU FHUDPLF DV ODQWTKKH) XH FREGVAEWH G / W&RU 2V K
RSSRVLWHI\VBEROGY E\ WKH KHDWHU LWVHOI IROGHG PHW
PRO\EGHQXP RU JUDSKLWH



Xx$ 0J2 LQQHU VOHHYH LQVHUWHG LQ WKH KRABMHHU DI
VDPSOH DQG D SUHVVXUH WUDQVPLWWHIG 71RH & PDWPSIOH R 1%
LQ FKDSWHHRUSUHYHQW FKHPLFDO UHDFWLRQ EHWZHHQ VDPS

x 7KH VDPSOH ZKLFK LV LQ WKH FHQWHU SDUW RI WKH
FDSVXOH 3%H JPOSKLWH 0J2 HWF DQG LWRPRES FHW\DHPG F'
SLVWRQV @2 RU $0

X $ WKHUPRFRXSOH LV XVHG WR PRQLWRU WKH WHPSHUI
PHWDO ZLUHV EURXJKW LQ FRQWDFW QHDU WKH VDPSOH 7
DUH W\SH & WKH\ DUH FRPSRWHDORMRWZR ZH UMYGRI 5H
WKHUPRFRXSOH LV LQVXODWHG IURP WKH KHDWHU E\ WKH
KROHV DOXPLQD PXOOLWH SLVWRQ

7KH DVVHPEOLHMVnGiti PHORZHBPIRQWY DUH OHVV FRPPRC
IRU WKHF VBHFXLUHPHQWY RI HDFK PHDVXUHPHQW )RU HJ
DVVHPEOLHVY QHHG WR EH RSWLPL]JHG IRU HOHFWULFDO LQ\
DURXQG WKH VDPSOHV 'HWDLOV ID@WRXWG H 0B E R DIWHRAGMPEQMW KIR
DQG FKDSWHUV $ YHU\ QLFH ZRUN WR HODERUDWH VWDQG
/JHLQHQZHEHU HW®® ZRUWK EHLQJ DQ LQVSLUDWLRQ IRU P
DOORZLQJ D EHWWHU UHSURGXFLELOLW\ EHWZHHQ ODERUD

iii) Pressure in Mlii-anvil experiments

7KH SUHVVXUH JHQHUDWLRQ DQG DSSDUDWXV FKDUDFW|
DERYH +RZHYHU RQH RI WKH PDLQ FKDOOHQJHV RI H[SH
SUHVVXUH GXULQJ WKH H[SHULPHQWK|LFKRESBRVEW LIRQ@ O\RY
WKHUPRFRXSOHV SUHVVXUH FDQYW EH PRQLWRUHG GXUL
UDGLDMWALRQDMIGHKDY WR EH FDOLEUDWHG SULRU ,QGHHG
IRUFH WR SUHVVXUH LQ HFIHOPRPHIMWH LN\R WQADN G WA MR G H S
FKDUDFWHULVWLFVY DQG WXQLQJ DV ZHOO DV WKH PDWHI
GLITHUHQFHY RQ HDFK EUDQG DQG WKH DVVHPEO\ VL]H P
JURXSV FDOLEURWHHQOQWNHZIVWIKQMNWHULPHQWY WKDQNV WR
SKDVH GLDJUDPV RI GLITHUHQW FRiRA SiRXARQPGsVmwt&nd WKHD Q EH
SUHVVXUH FDOLEUDWLRQ FDQ EH SHU,IRWPH® X,LWKQFHWDOV
DQG Q6 *D$V *D3 DV ZHOO DV VLOLFDWH SKDVH WUDQ\
WUDQVLWLRQV *D*H2 FRPSRXQG 7KH\ DOORZ FRYHULQJ D



FDOLEUDWLRQ PXRYHADIURRH WWDY\HLWLRRMLILEBQW WH
GHSHQGHQFH GHSHQGLQJ &DOSH\URQYV VORSH DQG FDOI
WHPSHUDWXUH DQG KLJK WHPSHUDMWKXUBYHVRRH HZ RDNE W Hi
FDOLEUDWLRQ RI 0$$ )UHR\QM QIZ\H PIOU BIQGD.QLEEH HW DO

$W WKHPYXOMWQLYLO SUHVVHV ZHUH FDOLEUDWHG E\ WKH H
IRU GLITHUHQW DV V HP BGIHH P DWY. HH\L D @ NRDHY SLHQU RRVHKQHAWI\
DUH DOPRVW WKH VDPH LQ SDUWLEFXODU :& FXEHV RI D J
JDVNHWV WKH FDOLEUDWLRQ VKRXOG DSSO\ WR DOO RI F
&DOLEUDWLRQVRRPUBQRD GHIRWVHPSHUDWXUHV WR f
WKH HIIHFW RI WHPSHUDWXUH 2XU DSSDUDWXV ZHUH EDC
=Q6 ROAXGQBH\LWH DQELQIZERGHWM HWUDQVLWUIR®Y ER!
WHPSHUDWXURKH)UBOQWLRQ Rl FHOO SUHVVXUH YHUVXV O
DQG FDQ EH XVHG DV FDOLEUDWLRQ IRU D JRYWQOER® O UD W
ODUJH DVVRIPEVHHW VLW EHFRPHYV PRUH QRQOLQHBPDMMHY H U\
RQHV 7KLV FDOLEUDWLRQ FRYHUV WKH HQWLUH UDQJH RI
D SUHFLVLRQ EHWWHU WKDQ *3D LQ RXU H[SHULPHQWV
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Figure 11.6 Multi-anvil calibration at the LVM for different types of assemblies as a function of press load.
(Personal communication from Manthilake).

SUHVVXUH FRQWURO LQ 0$%$ DOORZV D VRPHZKDW ILQH |
(DUWKTV XSSHRZPDRWOWKH FRPSDULVRQ RI WKH H[SHULPH
HQFRPSDVVHVY WKH DVVXPSWLRQ WKDW JHQHUDWHG SUHV\



DVVHVV WKH SUHVVXUH JUDGLHQWY DQG HVWLPDWHG WKH
<DJL HW DO /IL HW DO ILEHUPDZXR WKLVDDRGSUIH M |
0$%$ LV ROAVKWKRPFERURVWDWLF WRRO IRU PDQWOH SUHVVXUH
WKDW DUH QRW H[FHHGLQJ *3D LQOXWRHGWLYR S WH B HO U WY

iv) Temperature in Multanvil experiments

$ORQJ ZLWK FRQVLGHUDWLRQV RQ SUHVVXUH WKH JHQ
WHPSHUDWXUH GXULQJ 0$$ H[SHULPHQWY LV D YHU\ LPSR!
WHPSHUDWWHH GKIHQUPHQWY DUH HY GitlP RLSH W PRSRQ WD @W
DUH WKH EDVLV RI WKHUPDO GLIIXVLYLW\ GHWHUPLQDWLR
HVWLPDWH SURSHUO\ WKH BIQDYE\® W[SRHSH.P BIVY WWHL R | DP WQWE !

0$$ KHDWLQJ VA\VWHP FRQILJXUDWLRQ

JLUVW WKH KHDW JHQHUDWLRQ SDUW KDV WR EH FDUH
KHDWLQJ V\WWHP DV ZHOO DV WKH DVVHPEO\ GHYV
7KH KHDWLQJ V\VWHP PXVW KDYH GLIPZHQH QWZ LMOFKAWQU LEBD\O
GLIIHUHQW FRQILJXUDWLRQV IRU PHWDO RU FHUDPLEV KHD
FDQ EH FRQWUROOHG PDQXDOO\(EURWG KKV R IGHY WAHY YROO X
VRIWZDUHDES KSDRIJUDPV GHYHQR'SSHG DWW T/OBOLW\ RI WKH }
SDUW LV QRW QHJOLJLEOH DV LW DOORZV ILQH FRQWURC
YROWDJH LQWHQVLW\ IRU VPDOO WHPSHUDWXUH VWHSV
GHYLFH IRU VSHFLD®DRSM XRVAPBIQMWMWLRQ HWFEF 7KLV DSSD
$QJVWU|P PHWKRG PHDVXUHPHQWY 7KH KHDWLQJ V\VWHP
WKDQ RVFLOODWLRQV PDGH E\ WKH PRGXODWRU 7KH KHD
WXQDEOH DQI® W ERNMW QEHIHGHYHORSPHQWY DQG PRGLILFDW



Figure 1.7 LMV 1500 ©®ns multi-anvil press heating system. Photography of the electrical cabinet with the
different constituent of the system is given on the left. On the right, a schematic view of theagsgsits
operation.

$W /09 WKH KHDWLQJ V\VWHP ZDV EXLOG WKDQNV WR

VXFFLQFWO\ SUHVHQWHG LQ WKH ILIXUH ,, W LV FRPSR

$ 9 9 $ DQG $ XVHG GHSHQOBMUIDRA WKIH 7KHU
FRQWUROOHG E\ D 3DFLILF $0; VPDUW VRXUFH ZKLFK DO
FXUUHQW LQWHQVLW\ RU YROWDJH 7KH 3DFLILF VRXUFH L
LQYHUWHU ZKLFK HQVXUHV D FARQWFDDX FEXV UG Y R\ R L
WUDQVIRUPHUV 7KH SDFLILF VRXUFH FDQ DOVR EH FRQW
$JLOHQW % VHULHV WR PRGXODWH WKH IUHTXHQF\ RI
RI WKH 3DFLILF VRXURI® FD€] MR YD U4JHEEXW UHTXLUHV DQ HJ
WR SURGXFH ORQ&a+SHIHRA WHGQIRW $QJVWU|P PHWKRG 7K
$JLOHQW IXQFWLRQ JHQHUDWRU DUH FRRMQH¥VRI® WRHW Z RDI
WR WKH FREWURHDWLQJ VIVWHP DQG WKH DFTXLVLWLRQ RI
SDUDPHWHUV VXFK DV LQVWUXFWLRQ RQ FXUUHQW LQWHC
PHDQWLPH WKLV FRPSXWHU UHDGV WKH WKHUPRFRXG®HV
FRQYHUWY WKHVH VLJQDOV LQWR WHPSHUDWXUH DSSO\LC
WHPSHUDWXUH 2XU V\WWHP LV LQ FKDUJH RI  WHPSHUDMW



ILOWHUHG W\SH & DQG QRQ ILOWHUHGWR/\BR H6 D/GIGHWALH
WKHUPRFRXSOH W\SH 6 WR PHDVXUH S$SULRPDW\QRQLYQW M UVBII
DGGLWLRQ WR D ORZ GDWD VWRUDJH FDSDFLW\ LW RQO\ F
FRPSXWHU QDPHET WKHFEBE& HUWYHHMDIFH DRUL YWH XVHU WR FRU
V\VWHP VDYHV UHFRYHUHG GDWD DV ZHOO DVKRRQW UWR O

FROQQHFWHG WRLWKMH *3&% FDEOH ZKLFK OLPLWYV WKH VSHHC
WKH WZR FRPSXWHUV 7QHPZKRHCH WRVWHPVLY SLORWHG E\ D
GHYHORSHG E\ $ ODWKLHX 7KH /DE9,(: SURJUDPV DOORZ

WHPSHUDWXUH DQG LWV UHJXODWLRQ $Q DGGLWLRQDO ¢
GHYHOR®HBER Q VRUSR GI@ W E DQG DOORZV WKH JHQHUDWL
WKHUPDO RVFLOODWLRQ QHFHVVDU\ IRU $QJVWU|P PHWKRG

([SHULPHQWDO DVVHPEOLHVY WKH LPSRUWDQFH RI

7KH FKRLFH DQG WKH GHVLJQ RI WKH FHOO DVVHPEO\
FROQWURO LQ WKH H[SHULPHQWYV $ FOHYHU GHVLJQ ZLOO U
WKH VDPSOH JRQH DV ZHOO DV PLQLPL]JLQJ KXIDUH ®HRQYW V "'HY
FDQ EH YDULRXNMGD@®WH VDN EHHWHG SXUSRVHV

XxOHWDOOLF IXUQDFHV UK HrgsitXPH DWXUFR® QML M R K | R Y
FRQGXFWLYLW\ EHFDXVH WKH\ DUH WKLQ PD[LPL]H VDPSO|
E\ 0V 7BHRYLGH HWWDEDHRKHU WKH ZKROH 0$$ SUHVVXUH
WHPSHUDWPERUHSWRWERVLWH WKH\ D8H RELFFSRWLW BIQIVQ & K H |
JUDGLHQWY 7KH\ DOVR DUH VHQVLEOH R[LGL]LQJ FRQGLWL

x*UDSKLWH IXUQDFHYOD XY BD® VRUFRFPWRKHVLY HOHPHQW
H[SHULPHQW HWF 7KH\ \WBHPDFIRWGD D@ BBHOM WR SURYL
KHDWLQJ 7KH\ DUH VWDEOH WR KLJK WHPSHUDWXUHV !
7KH KHDW WUDBDIQNFLWQMWR @ Q¥ WKHUP DOWXDDEG LQR\H W B @ VKH
ORO\EGHQXP HOHFWURGHY DUH RIWHQ XVHG WR SUHYHQW F

x/D&UPQG FHUDPLF IXUQDFHV DUH FRPPRQ SUHVVXUHYV
/ID&UPUH LPSRUWDQW IRDUNW[\SKBWRWW DEXG LV WR[LF :H R
WR EH OHV\H ARXGV VROED HOW R D [ RR¥PK B B KIDHERSHHIUDMW X UH LV
ORZHU WKDQ RWKHU KHDWHU W\SHV $V JUDSKLWH LW DOV

8VXDOO\ VWUDRUKWUDBGEOQWH KBIDWHUYV DUH XVHG +RZH
EH SUHIHUUHG 7KH\ LPSO\ PDNLQJ IXUQDFH IURP GLIIHUH



ZDOOV DURXQG VDPSOH FHOO IRU D PRUH HIILFLHQW KHL
JUDGLHQWYV 6WHHSHG ZDOO IXUQDFH DUH FRPPRQO\ XVHG
WR PDFKLQH IRU DQG DQG XVHG ZKHQ WHPSHUDW X!
VWUDLJKW RU VWHSSHG [IXUQBRNKNPIKBQ DAWX UMHK HJ HSORDAMIU
WHPSHUUDWDOLEUDWLRQ KDYH WR EH GRQH IRU HDFK W\SEt
WKHUPRFRXSOH

Figure 11.8 a) lllustration of power vs temperature curve estimate for stepped and straight furnaces for graphite
type in 14 mm truncation geometry. b) Estimas$ of thermal gradient with a 3mm hotspot in graphite furnace
for 14 mm truncation. Graphs from C.E. Lesher, UC Davis, COMPRES 2005 workshop.

7TKHUPDO JUDGLHQWY DQG WKHLU PRGHOLQJ

7KHUPDO JUDGLHQWY DUH RQH RI WKH PDMRU SUREOHI
1DWXUDO WKHUPDO JUDG L HEHNN UKRDAQHS E 1A & QI M VIAKLHPUDNDH/G L WY
FDQ EH XS WR WHQV RI f& PP RU HYHQ JNWHHD \@ RWD YV® WRS W
PHDVXUH EHFDXVH WKH FRQWURO RI WKHWRKRSRHOSOIHV SERV L
PRYHG GXULQJ DQ H[SHULPHQW 7KH JUDGLHQW FDQ EH PH
RU PRGHOLQJ *UDGLHQWYV XVLQJ PHOWLKK DWH R R § WIDXIAL R
*DVSDULN UHYHDOHG JUDGLHQWYV XS WR f& LQ PP

7KH WKHUPDO JUDGLHQWYV ZHUH HVWLPDWHG LQ RXU HI[S
HW DO DQG FRUUHFWHG IRU WKH WHKHHIP RARWEBGHVRRASEW
VRIWZDUH DOORZV GUDZLQJ WKH DVVHPEOLHV LQ DQ LQW
UKHQLXP UHSODFHG E\ SODWLQXP DQG FDOFXODWHG WK
SUHVVXUH GHSHQGHQFH LV DY WILLGILNEDKHH URHD W KIHW IO ¢ R Q!
FDOLEUDWLRQ SUHVVXUH FKDQJHV KHDWHU SRZHU WHPSH!
PXVW DOVR KDYH DQ XQFHUM&DDWWARIGH WIXWHR WGEBIRSHUDW XU

*3D DQG f& DQIGIKHB EHEHRONHK



7KH PRGHO GUDZQ LV D TXDUWHU Rl WKH UHDO DVVHPE
F\OLQGHU D[LV DQG KDV D PLUURU SODQH SHUSHQGLFXODL
DUH JLYHQ IURP RXU DVVHRFRQ\YNVSROGQQYURPYWHYPEDOV
SRVLWLRQV DUH DOVR UHSUHVHQWHG EHFEDXVH WKH\ DFW
ERXQGDU\ FRQGLWLRQV DUH LPSRUWDQW )RU WKH VLPXC
WKHUPDO JUDGLHGW W R Q@ WKH MRPS OW R PP WKLENQHVYV
RUGHU RI DQG XS WR f& DW KLJK WHPSHUDWXUHV  f&
UDGLDOO\)LJ f& )RU RXU ODUJHU DVVHPEOLHV DQG
EXW PDLQOKHGRBUNRUWVL]H Rl WKH VDPSOH HJ f& PP YH

f& L3 ,,

TKHUPRFRXSOHYV

7HPSHUDWXUHV LQ WKH KLJK SUHVVXUH DVVHPEOLHV L
FRQVLVWY LQ PHDVXULQJ WKH HOHFWWPPRI@HWHRVRR BOHL
EHWZHHQ WZR PHWDOOLF ZLUHV Rl GLIIHUHQW FRPSRVLW
7HPSHUDWXUH LV HVWLPDWHG XVLQJ SDUDPHWHUL]HG FDO

7KH DFFXUDF\ Rl WKHUPRFRXSOH WHPSHWDWXUMFWRDYV
8QFHUWDLQWLHY RQ VXSSOLHU FDOLEUDWLRQV DUH RIWF
GHSHQGHQFH RI WKH HOHFWURPDJQHWLF IRUFH LV QHYHU
DQG .HQQHG\UHSRUWHG IRU W\SH 6FMKHUP RFRDX\S G H W \G/AX LH
RI  *3D DQG KLJK WHPSHAKDWX UAHDWQ LW WUDQVODWHG LQW|
IHZ IV RI GHJUHHV $ SRWHQWLDOQ0)GR ©HRGHQF HX RD FAKH UA
EH UXOHG RXW DV PHWDQNVGDWH ROW H R ZWE & VL B/OKIL W B RRW H (
SRRUO\ GRFXPHQWHG IRU KLJK SUHVVXUH GHYLFHV

$ VWURQJ LVVXH WR WKHDBPRE R X[ H KMVAHX WY RFEOOWEH H Q
E\ 1LVKLKDUD HWZRWUH WKH HIIHFW RI FRS®E UWRRDRY HU
FRQVLGHUDEO\ WKH PHDVXUHG (0) $FFRUGLQJ WKH VWXG
FRQGXFWLYH WKDQ WKHUPRFRXSOH ZLUHV LPSO\ XQGHUH\

LQ FRPSDULVRQ ZLWK WKHUPRFRXSOWBNVZLWKRXWKARLOYV
FRUUHFWLRQV RI RXU GDWD LI WKH HIIHFW LV FRQILUPHG
WR EH VKLIWHG KLJK DFFRUGLQJ WKH WUHQGV H[SHULPHC



Figure 11.9 and Il.10Results of the thermal gradient modeling for 14/8 and 25/17 geometry with rhenium and
graphite furnaces, respectively. The detailed drawing with color legend is giegn results of models at
different temperature are displayelrofile displayed for 120°C simulation parallel to the assembly.



Figure 11.11 Pressure dependence of the electromagnetic force on type S thermocouple. Values obtained at
20°C, dash line indicate the upper limits of the experimentally explored region. From Getting and Kennedy
(1970).

7KH VHFRQG SUREOHP RI WKHUPRFRXSOHV LV WKH H[DF\
REVHUYHG ZKLOH KDYLQJ H[SHULPHQWYV ZWW R SWLLPD.\® ®WUWHDW
LV QRW VWULFWO\ LGHQWLFDO IRU DO® RUHR XGXH [SHRU M
HIWUXVLRQ RIIVHW RI WKH WKHUPRFRXSOH MXQFWLRQ 7]
WUDQVODWHG WR D ORZHU WHPSHUDWXUH PHDVXUHPHQW
ODNLQJ D FDOLEUDWLRQ UHTXLUHY HPSNULBPH QR X RH UWZK
FRPSDUHG WR WKH KRWWHVW FHQWUDO SRLQW pdfLV LV C
mortemDQDO\VHYV ,I| WKHUPRFRXSOH LV SODFHG DW WKH EDF
FRUUHFWHG IRU WKH RIQHWY LKIDFEH QADIPSIOE WKLEJ WKHUPTL
IURP PRGHOLQJ VRIWZDUH VHH DERYH

+HUH DUH JLYHQ VRPH 3RZHU YV 7HPSHUDWXUH FXUYH
FROOHJHV H[SHULPHQWYV )LJV ,, DQG ,, TKHVYH YDOXtE
JUDGLHQWY DQG RIIVHW SRVLWLRQ WR LOOXVWUDWH WKH
WKDW DUH IROORZHG E\ WKH PDMRULW\ RI WKH H[SHULPH
YDULDW DRIYWH DBOAIHVYHQFHY DUH REVHBUYHQ )ERRUHDVXFK DV
WASLFDO SDWWHUQV GXH WR 7& RIIVHW E\ HIWUXVLRQ +F
LWKHUPDO GLIIXVLYLW\ PHDVXUHPHQWY DUH SURYLGH



Figure 11.12 Heatingprofiles of our 18/11 rhenium furna@ectrical conductivity experiments on 1500T Kawali

type MAA. Circle experiments were performed at 2.5 GPa. M667 and M668 were performed at 6 and 9 GPa
respectively. The slope variation is due to pressure effect on hieedting efficiency as well as ceramics
behavior

Figure 11.13 Heatingprofiles of our 14/6 rhenium furnaces experiments. The squared data points are from
experiments of G. Pesce PhD work, they are electrical conductivity experiments, various presgtleeareCi

our data and are electrical conductivity + sound wave velocities experiments at 12 GPa, they differ slightly from
EC experiments with a probably lower heating efficiency (different sample capsules, pistons, sizes etc.).



E *HRSK\WISIWIPAH DWKPHOWY7LRXEO3WYLO H[SHULPHQWYV

,Q WKLV VHFWLRQ HDFK H[SHULPiK §tWPBDRNWHKRIGEQ VR LG X H
0$$ UXQV ZLOO EH LQWURGXFHG $FRXVWLF ZDYHV HOHF)
WHFKQLTXHYV DQG WKH IDWDIGD HEB U BREY X WZRLOROBHL JLYHQ
URFNV FKDUDFWHUL]J]DWLRQV $M @XKR XD HQSW H ERIQ WOHOV VXA
FRQVLGHUDWLRQV IRU RXU VI\VWHPV ZLOO DOVR EH JLYHQ L

i) Laboratory characterization of elastic properties

2YHU WKH SDVW \HDUV WKH HODVWLF SURSHUWLHV R
UYHVVXUH SKDVHVY KDYH EHHQ VWXGLHG 7R GR WKDW D VH
IURP VWDWLF DQG VKRFN FRPSUHVVLRQ PHDVXUHPHQWYV
WHFKQLTXHYVY 7KHVH WHFKQLTXHYVY FDQ SURY L GHURHDXYBEKU HF
DV EXON DQG VKHDU PRGXOXV RU PRUH FRPSOH[ GDWD VXF

+RZWHU PRVW RI WKBRMHPKOQVKUHVGEAR HFWO\ VHLVPLE ZLC
LQ VHYHUDO EDVHV QRW SHUIRUPHG DW PDQWOH FRHLGL WL
HIWUDSRODWLRQ YLD ILQLWH VWUDLQ WKHRU\ PRGHOV D¢
FRPSDULVRQ WR VHLVPRORJLF GDWD 2Q WKH RWKHU KDC
DFRXVWLFV KDYH EHHQ GHYHORSHG WRUPRD WVOWH G HUMLFQ\H
YJRXU PDLQ WHFKQLTXHVY KDYH DEKLHYHG VLJQLILFDQW UHYV
BOWUDVRXQG 6SHFWURVFRS\ 586 ,PSXOVLYH 6WLPXODW
VSHFWURVFRS\ DQG XOWUDVRIER)EV LIQW A X HQUR PHDMU\H VR Y B P
WHFKQLTXHV XOWUDVRQDEVVEHFWQRV¥RE\DNGGW:KH PRVW
VFLHQFHV ,Q WKLV 3K' ZRUN RQO\ XOWUDVRQLF LQWHUIHL
SURWRFRO &KDQWH®WAKO DGDSWDWLRQ WRQANIED DBWRY P
&KDQWHO DQG ODQWKLODNH

8OWUDVRQLF LQWHUIHURPHWU\ PHWKRGV KDYH EHHQ |
FRPPXQLW\ VLQFH WKHLU GHYHORSPHQW LQ WKH 1TV E\
I[UHTXHW@EFBPLH EH XVHG EHWZHHQ N+] 0+] DQG *+] 7KH IUHTX
WZR PDLQ IDFWRUV WKH H[FLWDWLRQ IUHTXHQFLHV RI SLF
,QGHHG WKH DFRXVWLF ZDYHOHQJWK VKRXOG EHFWPDOO ¢
YHU\ KLJK SUHVVXUH VWXGLHV)RUHTUHY+]VRDWQW DVRRAI
LOQWHUIHURPHWU\ KDV EHHQ GHYHORSHG -DFREVHQ HW D¢



.DQWRU HW DO XVLQJ GLIIHUHQW W\SH RI WUWDRGNG X Ft
ZLWK GLIIHUHQW PHWDO VSXWWHULQ8(, )WXRRDW \DFKR RB Q H
JRU POQWLO H[SHULPHQWYV 0+] XOWUDVRQLF LQWHUIHURPI
PHWKRGV FRH[LVW SXOVH HFKR RYHUODS® 3(2 BRS&DSLDV
FRPSDULVRQ PHWKRGV 5LJGHQ HW DO $V SKDVH FF
/09 RQO\ 3(2 ZLOO EH GHVFULEHG

3XOVH HFKR RYHUODS

7KH SXOVH HFKR RYHUODS LV D SRSXODU PHWKRG XVHG
0+] XOWRQLF LQWHUIHURPHWU\ ,W UHOLHV RQ WKH WUDQYV
HQWLUH VIVWHP WUDQVGXFHU DQYLO EXIIHU URG DQG VI
FDQ HDVLO\ EH WUDQVSRUWHG XVHIXO IRRI D\ ZDKUHR RVWR C
JHQHUDWRU ZKLFK FUHDWHV WKH LQLWLDO VLJQDO DQG
FRQYHUWV WKH VLJQDO DQG VLPXOWDQHRXVO\ UHFRUGV
FRQYHUVLRQ LV UHFRUGHG E\ DQ RVRMMIIHORYERSD Z KILBKQ L.O
SURFHGXUH LV UHSHDWHG KXQGUHG WR WKRXVDQG WLPHV
VLIQDOV DQG FDQ EH VDYHG YLD RVFLOORVFRSHfV LQWHUI

Figure 11.14 Ultrasonic velocity measurement-sptused athe LMV and APS. Figure from Chantel, (2012).

5DZ GDWD DFTXLUHG GXULQJ WKH H[SHULPHQWYV XVXDOO
QRW DOORZ GLVWLQJXLVKLQJ YHU\ SUHFLVHO\ WKH VDPSOF
EHIRUH FRUUHFW®MNLQW WRXWYHWHHORFLW\ PHDVXUHPHQWYV
WLPH PRQLUWRWHIQBWRIPHQWY FRPSDUHG WR HOHFWULFDO F
VLIQDO TXDOLW\ FDQ KRZHYHU EH LPSURYHG XVLQJ DQ D



7KHJQDO UHVSRQWH LXQF WRRY ROXWLRQ Rh(ID WNQ® QVKHU
VWLPXOXVX{XQFWHRWUDQVIHU IXQFWLRQ HVWLPDWLRQ UHT
WKDW ZLOO EH GHWDLOHG LQ WKH IROORZLQJ SDUW

,Q OLQHDU WLPH LQYDULDQW V\VWHPV ZKLFK DUH WKH |

VHLVPRORJLFDO RQHV WLPRPOR® DUUH D& NHKET EHCFS GED FH
FRQYROXWLRQ SURGXFWV RI WKH WUDQVIHU IXQFWLRQ D
PXOWLSO\LQJ )RXULHU WUDQVIRUPV LQ WKH IUHTXHQF\ GRF
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6HYHUDO LPSURYHPHQWY DOORZHG WKLV WHFKQLTXH
PDQWOH HODVWLFLW\ VWXGLHV $PRQJ WKHP WIK®YDGDSW
DSSDUDWXV DQGQWKHRXMIR@®IUDGLDWLRQ DOORZHG VLJQLI
WHFKQLTXH 7KH V\RG@KIRWURBL DO GEHPRRDXUWHR UWQ D CFKRZMI +



VDPSOH OHQJWK HVWLPDWH SUHVVXUH WHPSHUDWXUH DQ
PHDV)XUHWPY 7KH FDOLEUDWLRQ RI VDPSOH OHQJWKYV DQG
ZLWK WKHVH RQOLQH H[SHULPHQWY DGMRH SAHHUIP\L XVUMHP B QWK
OHQJWK FRREHGWLRRDSWHULQW U RIGK FMMIERIQ W | G DWOHHARGH
KHUHDIWHU WR SHUIRUP VLPXOWDQHRXV PHDVXUHPHQW
HOHFWURQLFYV DQG PDWKHPDWLFDO WhskUDAWHPA-KGEW V XFHR Q V HDIC
ILEHUPDQQ

SLIHFOHFWULF WUDQVGXFHU

7R JHQHUDWH DFREXKVWLFHZXHRWOWRSLBIIR WUDQVGXFHUV D
HOHFWULFLW\ LV D SK\VLFDO SURSHUW\ RQO\ RFFXUULQJ |
7KH FU\VWDO FDQ HOHFWULFDOO\ SRODUL]H XQGHU WKH D
DOWRXH GLUHFW YV UHYHUVH SLHJRHOHFWULF HIIHFW )L
EHKDYLRU LQ PDWHULDO DV FU\WVWDO FODVVHV HI[KLELW
FU\WVWDOV KDYH EHHQ ZLGHO\ UHFRJQL]H® WX I DWW H XNDQRA
PDWHULDOV DUH V\QWKHWLF FHUDPLFV

Figure 11.15 Theprinciple of piezeelectric effect on a crystal (converse geometry). Figure from Chantel, 2012.

SLHHFOHFWULF WUDQVGXFHUYVY DUH D FKLSV FXWV IURP D
RI FXW WR SURGXFH FRPSUHVVLRQDOOZDVYHNS3KOH g GH O/HKFHW
PRGHUQ YHUVLRQHRHWWHVHVSEH\RWDOV FDQ DOVR SURGXI
ZDYHV DW WKH VDPKHGLRXDWORPRGH WUDQVGXFHUV ZKH
FRQYHUVLRQ DQJOHV ZHUH XVH@DIFOQPXNLBPSOLWXIKH WQG
HITLFLHQF\ LV REWDLQHG DW FU\VWDO UHVRQDQW IUHTXHQ

,Q WKLV 3K' ZRUN ZH XM /LGB PWBE WUDQVGXFHUV
FRYHU IXUQLVKHG E\ %RVWRQ SLHIRHOHFWULFV 5HVRQDQI



0+] IRU 3 ZDYHV DQG 0+] IRU 6 ZDYHV $& ILHOG LV DSSO|
DQG 0+] IRU PHDVXUHPHQW RI 3 DQG 6 ZDYHV VLPXOWDC
0+] IRU 6 ZDRHKDYH H[BRLMMWERYU W] DJFEDQAKIRU

0+] KDUPRRUB IXPY Y UHVSHFWLYHO\ 7KH WUDQVGXFHUYV
D SROLVKHG VHFRQGDU\ :& DQYLO ,W LV IL[HG XVLQJ KLJ
FRD[LDO FDEOH WKDW DOORZV WRH FRQ® KDWIRRQ DVRS \R K AL
UHFRUGLQJ 7KH 3WUDQVGXFHU  DQYLO PXVW EH JURXQGH
VKRXOG QRW H[FHVV fX& GBHFIRGAMH SKDF¥H WUDQVLWLRQ Dt
DQG LV QRW SLH]JRHOHFWULF DQ\PRUH

6DPSOMEULFDWLRQ RI PRQRPLQHUDOLF DQG SRO\
DFRXVWLF ZDYH YHORFLW\ PHDVXUHPHQWYV
7KH VDPSOH IDEULFDWLRQ IRU DFFXUDWH PHDVXUHPHQV
FDUHIXOO\ FRQVLGHUHG LQ RUGHU WR SURGKFH V&V WRRQ D |
UDWLR )LUVW RI DOO WKH DWWHQXDWLRQ ZDV IRXQG WR
ZDYHOHQJWK RI DFRXVWLF VLJQDO ODVRQ DQG OFG6NLPL
SHUIRUPHG DW DOPRVW FRQVW FRUREIBM IO HQRWKZDYHOHQ
QP 0+] DQG QP 0+] XVLQJ 35(0 YHORFLWLHV DW
ZDYHV JUDLQ VL]H FDQ EH FRQVLGHUHG DV WKH FRQW
4XDOLWDWLYHO\ ODVRQ DQG OF6NLFRE DV D H{OBWYRKQGRD \3
VL@ (A=f(@?)) 7KH JUDLQ VL]H PXVW EH NHSW VPDOO DQG VD
IDYRUHG E\ ODUJH JUDLQ VL]H LQ VDPSOH ZKLFK FDQ DC
DQDO\WHV DQG WKH UDWLR EHWZHHQ VLJQDO ZDYHOHQ.
JLHEHUPOQ HW D:LWK D JUDLRLNURQWRILQ RXU W[ 8BWLRHQW
OLHV EHWZHHQ DQG SURYLGLQJ VXLWDEOH FRQGLWLR

,Q DGGLWLRQ SRVVLEOH ERXQGDU\ HIIHFW GXULQJ PHDV
SUHVH@WHQHJOLJLEOH IRU KLJK DVSHFW UDWLRV [|IRU D
OHQJWK JRU WKDW VDPSOH DVSHFW UDWLR DURXQG F
ERXQGDU\ HIIHFW 7KH UDWLR EHWZHHQ VDPSOH GLDPHYV
GHWHWHG WR QHFHVVDULO\ EH DERYH 7X HW DO 6L
WR PHDVXUH WKH ORQJLWXGLQDO ZDYH YHORFLW\ LQ DQ
ORZHUHG YHORFLW\ ,Q RXU FDVH WKH VPDOOHIMQGDWERBAHYV
UDWLR FDQ EH HVWLPHOMEISWRLEBO FRQGLWLRQV IRU PHDV



)LQDOO\ VDPSOH GHQVLW\ PXVW EH YHU\ FORVH WR WKH
WKH SUHVHQFH RI D WRR JUHDW SRURBWIQVL WD &WA KEBGRORWYD
KDYH WZR PDLQLHNMFRMKEWHHDPSOH FRPSDFWLRQ GXULQJ W
WHPSHUDWXUHZ KHL[SKH UL DB LQJ XQFHUWDLQ@WGHSRRYLEOF
PRYHPHQW LQ WKH FHOO DVVIPEBRX\6\MER QG OW K HWR H VXU
WKDQSGRRXV PDWHULDO )LQDOO\ SUHVHQFH RI LPSRUWD(
DEVRUSWLRQ LQ WKH VDPSOH )RU WKHVH UHDVRQV ZH V\(
UXQV DW WKH WRQGHW LROQNVBDEWBRIDHUWDW XUBKKDSWHUV |,
DQG ,9

L LElectrical conductivity measurement, visualization and results processing

7R PHDVXUH HOHFWULFDO FRQGXFWLYLW\ RYHU D YHU\ Z
FUXVW WRVWRUHPHOWEN VHWXSVY KDYH EHHQ GHYHORSHG IRL
DSSDUDWXV $FWXDO PHDVXUHPHQWY DUH SHUIRUPHG LQ L
SUHVVXUH GHYLFHV SDQWR® FSSDYGMWXVPXQ®/ IGLDPRQG D
XW WKH VDPH WHFKQLTXH LPSHGDQFH VSHFWURVFRS)\
WHFKQLTXH LV SHUIRUPHG XVLQJ D 62/$5U3RTIX HPSM G/Z® FiS
WHFKQUTHHEI® HTXHROUWMR/PF] WR  0+]

7KH FRPSOH[ LPGHGD®IEH VILWLODUO\ WR WKH FRQFHSW |
GHVFULEHG WKH DELOLW\ RI D FLUFXLW HOHPHQW WR UHVL
R LV WKHQ GHILQHG E\ WKH DRW LLRQIWH\Q ¥YHW® YROWDJH

Lt

L
7KH XVH RM QBEJLV IUHTXHQW LQ VLPSOH FLUFXLWV +R;
UHVLVWRU ZKLFK UHVLVWDQFH YDOXH LV LQGHSHQGHQW
HOHFWULFDO FLUFXLWV H[KLELW D PRUH FRPSOH[ EHKD®
UHVIEWWDRSHGDQFH WKHQ UHSODFHV WKH FRQFHSW RI UHV
RI WKH VA\VWHP WR UHVLVW WKH IORZ RI DQ HOHFWULFDO
IUHTXHQF\ 7KH HOHFWURFKHPLFDO LPSHGDQHRBW WRHWXX
VDPSOH DQG HVWLPDWLQJ WKH FXUUHQW LQWR LW 8VXD(
VLIQDO UHVXOWLQJ LQWR D SVHXGR OLQHDU UHVSRQVH R
VLQXVRLGDO SRWHQWLDO ZLOO EWH VIK IMMMG/ R QG SKID WHK H 7 K E
VLIJQDO FDQ DOVR EH DQDO\JHG DV D VXP Rl VLQXVRLGDO I



,| ZH FRQVLGHU D VLQXVRLGDO H[FLWDWLRQ VLJQDO RI WKI
7. L 7,0E&R

"KHUWHLY WKH HRVFMQMEZRBD W LU HN BDEPG O L W ¥ ® HD @&W K H
DQJXODU IGHTEMQFUDGF WKHQIBIHTXHDKEN BYVRFLDWH® UHVS
OLQHDU V\VWHP RU SVHXGR OLQHDU LV

+L 4OEHPET;
KHUK WASOLWKIGHUHQWQGRPA VEBKDBHG LQ
7KH LPSHGEDQQFEH GHILQHG VLPLODUO\ WR 2KPfV ORZ

7. T,0E@R OE#R
<L—/1L = L<4 =
t 4wOEQPET,; OEMPET;

+LVWRULFDOO\ WKWt)WHOURVRQWID W KRIQ/IVB MRRIXRVFLOOR\
ZDV WKH DFFHSWHG PHWKRG IRU LPSHGDQFH PHDVXUHPHC
SRWHQWLDO DQG FXUUHQW UHVSRQVH FDQ EH H[SUHVVHG I

ATIFT, L ?K:O; EFOEJ)
,PSHGDQFH FDQ EH ZULWWHQ
<fi; L—i L ATIFT L k? KO; EFOE Jo
2U
<fi; L <"EF#6
KHUMHMD QG DUWWKH UHDO DQG LPDJLQDUN SDUWV RI LPSHGDQF.

JRU URFNV DQG PLQHUDO \WRDFEDFHW RVOKHD 88 0IOWHDOD QEUF .
FRQYHQWLRQDOO\ XVHG WR GHWHUPLQH HOHFWULFDO FR
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LPDJLQDU\N SDUwW )LJ ,, 7KH &ORMWWXIGWG YW Q J ORHJ WILPE
PDNH DALHFIOH LQ ZKIAKWWHH HFSWHRG&DQFH DQG WKH DQJO
WKH 3SRBRDWHII = DUWD®HQ 3WKH SKDVRIDQU®YH LWKH FLUF(

RULJLQ ZKHQ LW LV f WKH VDPSOH UHVLVWDQFH LV HTXD!



FDQ DOVR EH UHS® &M HIODRMNG ZIKQVWKK BOLRVY EBDWLPSHGDQFH DQC
IXQFWLRQ RI DQJXODU IUHTXHQF\ )LJ

Figure 11.16 a) Nyquist plot with impedance vector for a single time consta@tdiRcuit, here under). Position

of angular frequencies and phase angle are indicated. B) Bode plot for a single phase constant, log of
impedance and phase angleearepresented as a function of frequency for this simple theoretical case, such
shape correspond to grain interior information in geological studies.

,Q UHDOLW\ LPSHGDQFH VSHFWUD REWDLQHG RIQU RMXHI 1\°
DV D IXQFWHR®HRDWXUH GHFUHDVH RI WKH UHVLVWDQFH 2z
FRPSOH[ SODQH FDQ DOVR EH REVHBSRGLDA RUK R IFR QIVHT K €
JUDLQ LQWHULRU JUDLQ ERXQGDU\ DQG HOHFWODRGEW EHD
SREHUW DQG 7\EXUF\ 7KH VHFRQG DQG WKEIZUG DUF
H[SHULPHQWV IRU GU\ VROLGYV +RZHYHU SUHVHQFH RI 10
HYLGHQFHG E\ WKH FUHDWLRQ RI D VHFRQ®IDBJFLORKXEMN VL
VHULHV RU SOQUDXGIHORARMLRBOHVHQFH, Rl DGVRUEHG ZD\
KLIJKOLJKWHG E\ D VHFRQG DUF WKDW LV PDNLQJ D 3WDLO
FORVLQJ WKH FLUFOH



Figure 11.17 schematic diagrasnof Nyquist plots a) with one Time Constant (simple RC circuit) which is similar
to experimental grain interior impedance spectra b) with two Time Constant (a solid + a fluid for example),
different types of equivalent circuit can be fitted to this spe@torunique solutions) considering series or
parallel circuits. ¢) Example of impedance spectra with 3 contributions: solid+melt+electrode. This type of
spectra can be fitted by also several types of equivalent circuits (parallel or series) which dhffieicnt
estimation of the total sample resistance.

IRZ WHPSHUDWXUH PHDVXUHPHQWY DUH GLIILFXOW EHFD
DUH YHU\ KLJK FORVH WR WKH*OLPIRWY H IGW KHF B 8§ SDHUDHV R G
WKHVH ORZ IWBTXBQYRRMXGD HW DO HYHQ LI FLUFXODU
SURYLGHV VDWLVI\LQJ UHVXOWY 7KH KLJK LQWHUFHSW |
FRUUHVSRQGYVY WR WKH IUHTXHQF\ SKDVH DQJOH LPSHGD(
WH8SWVRU WKH PHDVXUHPHQW RI D VDPSOH DW ORZ WHPSI
XVXDOO\ PDGH E\ PHDVXUHPHQWY RI D NQRZQ KLJK UHVL
SHULFODVH <RVKLQR HW DO <RVKLQR HW DO oD



$W KLWHPSHUDWXUH HOHFWULFDO FRQGXFWLYLW)\ PHDV X
YHU\ OLNHO\ WR RFFXU LQ WKH ZKROH LPSHGDQFH VSHFW
LRQLFDOO\ FRQGXFWRU OLNH PHWDO RU RHEW V WEH VDRY
WKH UHVLVWDQFH RI WKH FDEOHV DQG VSHFWURPHWHU H
LPSHGDQFH VSHEFWURPHWHUY DUH QR ORQJHU XVHG DQG D
SUHFLVLREWHKOWDQ EH XVHG )R ORQIGIEN XZHE DUVILHTXHQ
DUH VPDOO IRU FRQGXFWLYH PDWHULDOV

7KH VDPSOH FHOO IRU HOHFWULFDO FRQGXFWLYLW\ PHL
PRVW FRPPRQ VHWXS FRQVLVWY LQWR LQVHUWR2QMWKH VD
HWRGDFRQQHFWLQJ WKH VDPSOH ZLWK WZR PHWDO GLVFV
VDQGZLFK HOHFWURGHYVY 7KH GLVFV DUH LQ PHWDO ZKLF
J)H OR 3W O5H ,U HWF 5H 1L RU OR GLVAFRQWH RPAR WAROV R
HIWHQG R[\JHQ BXHIDFIRY2 RIH 1L2 +RZHYHU WKHVH GLVFV
EXIITHUV DV R[LGHVY DQG PHWDO DUH QRW X\RXDOWW LFRIQ RHMD
WKH WKHUPRFRXSOH ZKHUHDV WKH RWHKHY NU& H @A\RX ¥ DWIHX
RU SODVWLF LQVXODWRU LQVLGH DQG RXWVLGH WKH FHO
(OHFWULFDO FRQGXFWLYLW\ LV WKHQ UHWULHYHG NQRZLQ.
NQRZQ DV HOHFWKRPR®GNWWHWDUH FXW ZLW
L
54
:KHUHV VDPSOSHHOHEWWKR GH VB PWQR QUIRWADWPIDEGH DIPWGL VW D C

)XUWKHUPRUH RWKHU JHRPHWULHY KDYH EHHQ GHYHORS
LPSHGDQFH VSHFWURPHWU\ $PRQJ WKHP WKH F\OLQGUI
ZLGHVSUHDG SUDFWLFH LQ SDUWLFXD@YLDQHS& M WIERQHEW O L
DO 1L HW DO*DUGHV HW DO LQ UHYLHZ ,Q WKLV FRC
VXUURXQGHG E\ D PHWDO VKLHOG D WKLQ PHWDO IRLO WK
GLVNV HOHFWURGHV MHHIDRRX QI W EFSBOBULN® GURP WKH KH
LQVXODWLRQ VOHHYH 7KH DGYDQWDJH RI WKLV WHFKQLT
ZKLFK FDQ PDNH LPSRUWDQW LQGXFWLRQ HIIHFWV ,W DO\
VDPSOH FXUUHQW OHDNDQB ZQWHRVWRKKHDVYMPEB\SUHSDUD
GLIILFXOW DV VDPSOH QHHGV WR EH GULOOHG LQ WKH FH
HOHFWURGH 7KH REWDLQHG GDWD PXVW EH WKHQ FRUUHF



WKH F\OLRBRHWDO JFKH PDLQ GLVDGYDQWDJH RI WKLV Wt
UHVLVWDQFH RI WKH IRLOV GXH WR PRLVWXUH DGVRUSWLR

'DWD SURFHVVLQJ DQG ILWWLQJ LV SHUIRUPHG DFFRUGLC
LPSHGDQFH VSHFWURYV FESHWHFEKQ UTWWHGHRPD WKH 1\TXLV
VDPSOH UHVLVWDQFH DW HDFK WHPSHUDWXUH (OHEWULF
VDPSOH DQG HOHFWURGHV GLPHQVLRQV )RU D PRUH SUHEFI
FDQ EH PHDVRUGWFKIVRYURQ H[SHULPHQWYVY RU UHFDOFXO
DW HDFK SUHVVXUH DQG WHPSHUDWXUH VWHS 'DWD DUH \
ZKLFK LE\XFRIGYHQWLRQ SORWWLQJ QDWXUDO ORJDULWK
FRQGXLYLW\ DV D IXQFWLRQ RI 7 RU 7 7KH VROLG ¢
EHKDYLRU GUDZV OLQHDU WUHQG RYHU D JLYHQ UDQJH RI
WKH FRQGXFWLRQ SURFHVV 7KH ILW Rl WKWK OMBY HJ GWKD
JLYHQ SURFHVV ZLWK D FRUUHFWLRQ IDFWRU GXH WR WKH

* " - &*
NHELHB, F—
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6L B ATLS A LSE#D:
4 G6 ' '

K H WAKH/K) D BGlogt) DUH WKH ILWWHGLSDUDPHWHUYV DQG

L LIb situ themal diffusivitycharacterizationtechniques

,Q WKLV VHFWLRQ ERWK $QJVWU|P PHWKRG DQG SXOVH
RUGHU WR XQGHUVWDQG WKH SUHVHQW&EBBSMWOHRSPHOQQYE 9
UHVSHFWLYHO\

7KH OLWHUDW X U HF KROQH B EYERN)L RHVUPO O FRQGXFWLYLW\ D
PDQWOH PDWHULDOV LV QRZDGD\V LPSRUWDQW DQG WKH
KHDWLQJ /D$QHO Y\DIBN KH W F IHYHUWKHOHVV WKHVH VXF
WHVWLI\ WKH WLRQRXGLEDVEXWHWPHQW DQG OLPLWDWLRQV
DQG WHFKQLTXHYV

7KH PDLQ SRLQW PRWLYDWLQJ WKH SUHVHQW GHYHORS|
ERWK SUHVVXUH DQG WHPSHUDWXUH RI P RY¥itWWHEGVLRNHWRR C
LV WKXV WR EH DEOH WR SUREH WKH ZKROH UDQJH RI PI
IDLUO\ HDV\ DQG +RIPHVLWHUYV JURXS DOUHDG\ FKDUDFW}
JHRORJLFDO LQWHUHVW +RZHYHU WHKHDW RHRIRPX S H PN QXU
QHYHU H[FHHG . LQ D JDV PL[LQJ IXUQDFH $QJVWU|P D



DGDSWHG DR LKRXGWYHUYV D ZLGH UDQJH RI 3 DQG 7 ZLWK
WHPSHUDWXUHYV RYHU . VLPXODW DB Q WROHV @ H F KZXL MWKKH/ G
GLDPRQG DQYLO FHOOV DUH WKH PRWWZEDWYR SOV H BIQRU ARRYHH
XS WR *3D DQG KLJK WHPSHUDWXUHYVY WKDQNV WR ODVl!
WHFKQLFDO LVVXHV VW SIHEOMLWR (BRHWDEWR VLR XOWDQHR?>
PHDVXUHPHQWY ,Q IDFW PRVW RI H[SHULPHQWV*BBISRUWF
DUH UHDQLDPH)& IRP O\ IHZ HI[SHULPHQWY ZHUH PDGH ZLWK W

&KDSWHWKHVWRWHDVRQV ZBQRKQ G RDKIIDW VPKOMWDWLR
SURSHUWLHY DQGUHBRQGWWERQV LV VWLOO RI D VLIQLILFD

&RQWDFW PHWKRGV VXFK DV $QJVWU|P DQG SXOVH KHDW
VHFRQGDU\ KHIOHWBHIUM FXJ UHGXFHG SUHFLVLRQ RI WKH LQI}
EHHQ DUJXHG WKDW FRQWDFW IUHH PHWKRGYV VXFK DV /){
DEVROXWH FRQGXFWLYLW\ DW 53 DQGRIP HIWWKHDOFWKBF\ (
VDPH ZD\ WKH VDPH DXWKRU F O BHLPDIVEX WH DAM BLUHDMW IXYUHHV [
PXOWLSOH FRQWDFWV DUH QRW DFFXUDWH DQG \LHOG WHF
SUHVEGXWVISLWH WKH\ \FIRIPBID®/ MEFO M K RZFO)OHF WX GRIDW H GE VRN 53 T
7KH FRQWDFW PHWKRGV KDYH EHHQ IRXQG WR KDYH D SUHI
RI PHDVXUHBBQ®W\sDWBVYV HW DO 7KH\ LQYROYH V\V\
WKHUPDO HARYWDRWHIDQG WKH GLIIHUHQWLDO WKHUPDO H
DQG WKH VDPSOH 7KH VDPSOH VXUIDFH URXJKQHVV DOVR
EHWZHHQ WKH VDPSOH DQG WKH WKHUPRFRXSOH ZLUHV 7K
WHVLVWDQFH EHFDXVH SKRQRQV FDQQRW SURSQ@JDWH LQ \
DGGLWLYH DQG VR WKH EXON F RRI®XEWWHINE K \D K I GFHUWHHAKA
LQ WKH IRRORRWIL@D Rl &DUVODZ DQG -DHJJHU

S S
= L — E3
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$GGHG WR WKHGH VIDHFKD@WBPDBY VSXULRXV UDGLDWLYH
PHDVXUHRFK@MWGLDWLYH HIITHFWV DUH IXQFWLRQ RI WKH PL
VHRMLUDQVSDUHQW DQG JUDLQ VL]H RI WKH VDPSOH )Xl
VXEPLWWHG QR \B H RHFSKRWR GK RDRE G RXOGMMAWGE U A R WRK
ZDUPV WKH WKHUPRFRXSOH ZLWK PLH@®RRHEUWWUFDOBWILRQ |



7R VXP XS QRQH Rl WKH FXUUHQW DYDLODEOH WHFKQLT
ZK\ ZH RSWHG IRU WKHVH WZR FRQWDFWYV WHFKQLTXHV WF
FRQGLWLRQV LQ SDUWLFXODU |F5 ®HDWUWW FODQUGEE DOVIRVUM HVR N
WKH GUDZEDFNV RI ERWK WHFKQLTXHV ZKHQ FRPSDULVRQV

$QIJVWU|P PHWKRG

7KH $QJWMWRRG LV RQH RI WKH ILUVW WHFKQLTXHV GF
PHDVXUHPHQWYV ZLWK IXQGLQJ SXEOLFQ® LR QD PR U)X MW DDI
IRU KLJK SUHVVXUH H[SHUL® EHWQ MO O\K GW WHHOFRKSHA XRU PHD'
SUHVVXUH DQGZVHHPG 6 UDGDEBWEN/X U HPHIDWY H[SHULPHQWYV L
+3 DQG +7

W ZDV GHYHORSHG E\ $QJVWU|P IRU H[SHULHQFHV GHVL
FURVV VHEWLRQ &DUVODZ DQG -DHJJHU HG WRHS HQICR Rl
FKDQJHV LQ WHPSHUDWXUH EHLQJ DOWHUQDWLYHO\ KHDW
DOORZHG WR UDGLDWH LQWR D PHGLXP DW FRQVWDQW Wt
EHKDYLR W XK LAFHKB VXILWHKP SHUD W X U W \D \D W GR. | BFRLHQW OHQJ
SRLQWV ZHUD PHOWNOH®DUPRQLFDOO\ DQG FRQGXFWLYLW\
RI WKH VXUIDFH FRQGXFWDQFH

7KH $QJVWU|P PHWKRG UHOLHV RQ WKH IXQGDPHQWDO H
JRU WKH HULNVPHQWIBRQILQLWH URG ZDV FRQVLGHUHG ZKH
GLPHQVLRQDO LQ [ GLUHFWLRQ IRU D XQLIRUP URG 7KH
-DHJJHU

06,80,

'KHUHLY WHP SHUD WXWHH WL RHKHUPDO GLLUXMVWIYGWMWLRE® FRC
&DUVODZ DQG -DHJJHRU D LM\HPQLWH URG DQG KDUPRQLF
WHPSHUDWXUH DW WKH HQG Rl WKH F\OLQGHU YDU\ DV

6 L #,E#5...'»SP

KHUHLY WKH DQJXOBUtdwpH TIXHH @WPFAV XPH WKH ERXQGDU\ FR«
WHPSHUDWXUH LV HTXDO WR DW LQILQLWH WKH VROXWLR

6 L #,ATIEMT; E#ATIEMT,? KIS FEM'T;
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Figure 11.18 The Angstrom method for radial heat flow in a cylindrical sarmdter Katsura(1993)



7KH $QJVWU|P PHWKRG ZD\ QYGDSWISSDWRWRPXOMU KL
PHDVXUKRHIHW WKH LPSXOVLRQ RI %WDNURIX VDRV WHHDIP LZQ W K
DGDSWHG WKLV WH DKQYLLTX & KW FSRHKID® XWUHBU RGXFHG LQ PR\
IROORZLQJ VWXGLHV:RMW KLY DISH BODWWVY|P PHWKRG LV T
PXODMLYLO DVVHPEOLHV XVLQJ WZRH®KMK B R K RKK S\CKHHV RAF KVODVK
SDVVLQJ E\ WKH FHQWHU DQG WKH HGJH RI WKH VDPSOH 7
WKH 0J2 LQQHU VOHHYH

8VLQJ WKLV JLYHQ FRQILIJXUDWLRQ D VLQXVRLGDO WHEH
RVFLOODWLRQ RI WKH HOHFWULF SRZHU VXSSO\ E\ XVLQJ L
PHDVXUHPHQWY DUH FRPPRQO\DBMHWKAHH Q VWKRHWKBIP
SRZHU PRGXODWLRQ DQG GDWD FROOHFWLRQ V\VWHP ZHU
. )JXUQDFH WHPSHUDWXUH KDV WR EH DSSOLHG ZLWK K
UHVSRQVH RSOWKHKWD PHDVXUHPHQWY DUH WKHQ PDGH X
I[IUHTXHQF\ WHPSHUDWXUH ZDYH 6LQH ZDYHV DUH VXFFHVV
DW HDFK WHPSHUDWXUH OHDVXUHPHQWY ODVW D PLQLPXEF
PHDVXUHPN@WWRRERUWDQWLQXWHZY WR UHDFK VWHDG\ V!
WHPSHUDWXUH SHUWXUEDWLRQV

Figure 11.19 Example of power modulation system and data collection improvedKatsuara(1993) by Xu et
al. (2004)



3XOVH KHDWLQJ

7KH SXOVH KHDWLQJ PHWKRG LV WKH VHFRQG PDLQ PHWI
RI WKHUPDO FRQGXFWLYLW\ RI PLOMWHUD® W DAGKHH RU'JEDQY DG F
,W ZzDV ODWHU XVHG DQG LPSURYHG E\ OLVDVD JURXS

Figure 11.20 Schematic of the electronic device for the pulse heating maidoassociated recordsom Osako
et al. (2004)

7TKH WHFKQLTXH DDOR®XG HD\WOW RP BN (IYW VK E OKK 5V HRWQV XU H
RULJLQDO ZRUN ZDV GRQH RQ ODUJH VDPSOHV XS WR
UHGXFWLRQ KDYH EHHQ PDGH HRD Q@3® KQIKHW HPVS HAULD W XSUH-
DQYLO 3VBINN HW DOKH VWUHQJIJWK RI WKH WHFKQLTXH LV
PDWHULNMOSDQWLFXODUO\ ZHOO VXLWHG IRU RULHQWHG VLC

W FRQVLVWY LQ WKH DVVHPEO\ RI LGHQWLFDO GLVNYV |
RQH LQWHUIDFH RI WKH GLVNV DQG D WKHUPRFRXSOH LV
UHVSHFS\RWIHWLRQV DQG $ SXOVH RI KHDW LV JHQHU!|
ZDYH WKURXJK WKH VDPSOH )LJ ,,

Figure 11.21 representation of the pulse heating method with the signal impulse on the lower graph and it's
consequence on theafimocouple on the upper one from Dzhavadb975.



7KH VDPSOH LV LQWURGXFHG L Q/QR DO VIS\HFH. BN RE IRWL J C
DO 7KH DPELHQW WHPSHUDWXUH LV SURGXFHG DQG FRQ
WR WKH VHFRQGDU\ DQYLOV ZIUWR @LBEHQ@G2VXHUWRXODBQQEIOW
WKHUPRFRXSOH LV IODW ZLWK D WKLENQHVV RI PP DQC
LPSXOVH KHDWHU &V A DNGHHSKFKME VORW ZKLFK KHOSV W
GLPHQVLRQDO KHDW IORZ LQ WKH VDPSOH )LJ

Figure 11.22 Multranvil assembly for pulse heating technique fi@sako et al., 2004)
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"KHWHLY WKH SRZHU RI BEPSKKFOVX WKKBBW IRQJWKH KHDWHU 7K
ILWWHG ZLWK WKH GDWD UHFRYHUHG IURROWRR YHH[GIHM P
UHODWLYHO\ IDVW



3) Analytical methods
D 6DPSOH SUHSDUDWLRQ

2XU VDPSOH SUHSDUDWLRQ ZDV VLPLODU LQ PRVW RI R
DQDO\WVHV WKH FKHPLFDO FRPSRVLWLRQ LPDJLQJ DQG JHW

$IWHU HDPIQ PXDWLSHULPHQW WKH RFWDKHGURQ ZDV U
GLR®G ZLUH RU GLVN VDZ WR REWDLQ D IODW VXUIDFH SD
WKH DVVHPEO\ ZDV ORDGHG 1PQWRP HEWRUXHHVLQLPSRHURQ D
YDFXXP DQG SROLVKHG ZLWK FRDUVH JUDLQ VLOLPRQ FDUHI
JUDLQV XQWLO WKH VDPSOH ZDV EURXJKW WR VXUIDFH |
FHQWHU ZLWK GHFUHDVLQJ WKH VDQGSDSHU JUDLQ VL]H
JUDLQV P JUDLQV DQG PDPSIDLHY V V WDKQHIS P §
SROLVKHG ZLWK GLDPRQG SDVWHV VXEFHVVLYHO\ ZLWK
VL]H 3ROLVKLQJ FDQ EH PDQXDO RU DXWRPDWLF XVLQJ D
PDFKLQH OHFDSRO 3 IRU VROLG WHDS/O KD Q & DR ONLR KSF
SUHIHUUHG IRU GHOLFDWH RQHV )RU GLIILFXOW VDPSOHYV
HSR[\ RU VXSHUJOXH LPSUHJQDWLRQ XQGHU YDEXXP ZDV Ul

7KH UHFRYHUHG VDPSOHV ZHUH PHWDOL]HG QRUDQEDQQL
HOHFWURQ PLFURSUREH DQDO\VWHV W FRQVLVWY LQWR W
VHFRQGDU\ YDFXXP E\ WKH YDSRUL]DWLRQ RI D FDUERQ VW
WR JURXQG VDPSOHV WR DYRLG FKDUJBQENXNDGIEWPIRDPWENDP S

JRU PBAOPROQ DQDO\WHV WKH VDPSOHV DUH QRW PHWDOL
RQ 2+ I[UHTXHQF\ UHJLRQ LQGXFHG E\ FDUERQ FRDWLQJ
UHPRYHG E\ TXLFN SROLVKLQJ ZLWKW PURURMXBQOPRQEDC
HWKDQRO LQ XOWUDVRQLF EDWK FDUHIXOO\ GULHG DQG V\

E 6FDOQLQJ HOHFWURQ PLFURVFRSH 6(0

7KH VFDQQLQJ HOHFWURQ PLFURVFRS\ ZDVHXWYHER BHUHG.
VDPSOHV PRIDWKHLQU G LBHQW.LR QLSXIDNEHKW K WWDKFHN VFDW W H U |
(OHFWURQV %6( SKRWRJUDSKV DQG FKHPLFDO PmMSSLQJ
VSHFWURPHWHU ('6 GHWHFWRU

7KH VFDQQLQJ HOHFWURQ PLFURVFRS\ FRQVLVWY LQWR V
7KH SURMHFWHG HOHFWURQV UHDFW ZLWK DWRPV RI WKH



DQG UDGLDWLRQV 7KH HPLWWHG VLIJQDOV HRABWU LY LIRI F
FU\WVWDOORJUDSK\ DQG WRSRJUDSK\ RI WKH SUREHG DUHD

7KH HOHFWURQV DUH JHRXHUDIXKHGIBER P XKKHFKPWKH HOHFW
IURP D WXQJVWHQ ZLUH ZKLOH KHDWLQJ $W KLJK WHPSHU
H[WUWDER ILODPHQW RYHUVKRW WKH SRWHQWLDO EDUULHU
WKH FKDPEHU WKHQ DFFHOHUDWHG E\ HOHFWULFDO ILHOG
LV VEFDQQHG ZLWK D UDVWHU VFDQ SDWWHURI DKHR®(OPRS S
ZLWK DQ HOHFWURQ JXQ D VHULHV RI FRQGHQVHU OHQV
LQWHQVLW\ R$ WWHIPBWRU OHDGV WKH EHDP WR WKH VDP
FRPSRVHG E\ WKH VSHFLPHQ KROGHU ZRKAKKD AD/Q DDRGW IV W H
GHWHFWRUV IRU 6(, DQG %6( HOHFWURQV )LJ ,, 7KH V\
IRU GDWD YLVXDOL]DWLRQ SURFHVVLQJ DQG VWRUDJH

Figure 11.23 Schematic of the electron beam propagation inside a scanning electron microSoepdectron

beam and its shape is drawn in red, the different components of the SEM are labeled. The effect of each
component is highlighted by the shape change of the electron beam (e.g cotwitotsdize the beam etc.). The
analytical part is repreented by the black parts with the detectors. In LMV different types of detectors are
avaible: EDS, WDS and cathodolimuniscence (not represented here). Figure taken from Wikipedia 16/12/2016.

JRU LPDJLQJ WZR W\SHV RI VLJQDOV,PBUM »VYHGD QHF
%DFN 6FDWWHUHG (OHFWURQV %6( 6(, LV D FRPPRQ GH)
HPLWWHG IURP WKH VRXUFH FORVH WR WKH VDPSOH VXUI
FORXG RI WKH DWREP\ ZL%DQH K DQIREHIM L FAM MKWLRQHRHVHF R
HOHFWURQV VMRPONWKRXWHUPRVW OD\HU 7KH VHFRQGDU\
GHWHFWHG E\7BKQUQOHKIBWHWHFWRU ZKLFKSKRWR XM LRSIO!
VIVWHP %HFDXVH WKH VHF®RG BIQ\HHO\HPMWKIR @V HKBY HD 5 KR



PDQGDWRU\ WR LQFUHDVH WKHLU HQHUJ\ WR HPLW OLJKW
DV DQ DQDORJ RU GLJLWDO LPDJH 7KH QXPEHU RI VHFRQG
WKH DQJOH EHWDPHH@QGCWKKIH VDPSOH 7KH LQWHUDFWLRQ YF
RI LQFLGHQFH DQG VR PRUH VHFRQGDU\ HOHFWURQV DUH
FRUUHODWHG WR WKH VDPSOH VXUIDFH FKNWMWAXEHDEWWLF
DRG HGIJHV 7KH 6(, DSSHDUV SDUWLFXODUO\ ZHOO VXLWHG
DOORZV GHWDLOV REVHUYDWLRQV XS WR IHZ QP

7KH VHFRQG GHWHFWLRQ PRGH LV WKH %DFN 6FDWMW
UHIOHFWHG HOHFWURQWKH KH POSHFRRQROQL RWW KB KLIJK HQHL
EHDP E\ AFRDVWLF VFDWWHULQJ LOQWHUDFWLRQ ZLWK WKH C
DWRPV KLJK = DUH UHFRJQL]HG WR EDFNVFDWWHU PRUH
WKDW WEKLXHWHFISQUWLFXODUO\ VXLWHG WR GHWHFW FRC
FKHPLFDO FRPSRVLWLRQV VXFK DV PLQHUDOV LQ RXU VDP
E\ D VFLQWLOODWRU DQG KDYH D KLJK HQHUJ\ GKENKUJIK |
LQWR WKH VDPSOH WKDQ WKH 6(, )LJ ,, %\ FRQVHTXHQ
KLJK UHVROXWLRQ LQIRUPDWLRQ JLYHQ WKDW WKHLU HIJF
DFTXLVLWLRQ PDNLQJ DQ 3H[FLWDWWVRIKXGH®IUR Q 7KH WK HHER
DFFHOHUDWLRQ WHQVLRQ GHQVLW\ DQG FKHPLFDO FRPSR
RI WKH GHWHFWRU 7KLV YROXPH LV WKH UHDO YROXPH DQ
7KLV HIIHFW KDV WRRXGW WRONMWEH @ @BFG\VLV Rl VPDOO REM
VHH KHUHDIWHU

'XULQJ WKLV VWXG\ ZH XVHG WZR W\SHV RI 6(0 $ FRQ)
J)LHOG (PLVVLRQ *XQ )(* 6(0 6FDQQLQJ (OHFWURBRHUWIHURVF
XVHGKH 6(0 DW WKH /09 LV D -(/& BDHQROWEKE XVHG ('6 GHWHF
63,5,7 3*7 W\SH )RU LPDJLQJ WKH DFFHOHUDWLQJ YROWD.

PP DQG DFFHOHUDWLQJ YROWDJH RI N9 DQG ZRUNLQ.
FKHPLFDO PDSSLQJ 6RPH VDPSOHV ZHUH DOVR DQDO\]JHG =
=(,66 VXSUD 93 ZLWK DQ DFFHOHUDWLRQ YROWDJH RI N

7KH )(* 6(0 LV XVHG IRU LPDJLQJ VPDOOHU VDPS®WY DQG V
7KH HOHFWURQ JHQHUDWLRQ LV GLIITHUHQW LQ WKLV GHYL
HOHFWURQV DUH H[WUDFWHG E\ DSSO\LQJ KLJK WHQVLRQ

SLQ LV YHU\ LQWHQVH DQG DOORZWEDHAWDR®W RR WK (HOC R
WKH PHWDO 7KLV DSSDUDWXV LV FDSDEOH WR SURGXFH K|



VSRW VL]H DQG WKLV DW ORZ YROWDJH ,W DOORZV DQDO!
6(0 E\ D VLIQLILFDQWHUFIGXBWLRQ RROWPH DQG JLYHV VSD
RUGHU RI IHZ QDQRPHWHUYV

Figure 11.24 Schematic view of the excitation pear in a sample induced by an electron beam (valid for SEM but
also EMPMA). The depth of excitation and the associated physiemomenon are given and labeled for both
transmitted/scattered phenomenon and reflected/back emitted ones. The interest of each phenomenon is written
under it. For SEM, SEI and BSE, signals are used for surface analysis and phase identificationvedgpecti
Chemical analyses are carried using EDX emissions. Cathodoluminescence can be used to map zoning crystals
such as zircons (main use at the LMV). Image taken from Wikipedia 16/12/2016

7KH 6(0 DSSDUDWXV DW WKH /09 DOVR DO\WRYVYREWI
SXQFWXDO PHDVXUHPHQWY RU FKHRQFDO\ PELS/SSBEUN L QHWK L\
RU ('; GHWHFWRU LV XVHG WR PHDVXUB X8HVSHB FWRUODL R ¢/ \
VHPLFRQGXFWRU GHWHFWRU WR DQDO\]N BWRWKFAHGDEH W
VDPSOGRXSOLQJ WKH ('6 GHWHFWRU ZLWK WKH VFDQQLQJ PF
FKHPLFDO PDSSLQJ RI WKH VDPSOH ZKHUH HDFK SL[HO LV
SUHVHQWY WKH DGYDQWDJH RIGKBRW®J VB O/HPEMD O/ PSR DA
VRIWZDUH WR KDYH SKDVH DYHUDJH FKHPLVWU\ ZKLFK FDQ
ZKLFK DUH JHQHUDOOF D VHFIOHGEL IDWIDRHID FKKH GUDZEDFNV
ORZHU SUHFLVLRQ Q@ (H@HHWQRIO SWIRE MW RD FEAR\DFY/BRGAPHOU R | (-
WKH DQNOXVRBWOMTXDO WR KXQGUHG DKLG kP X VWS EREQRIP DD\
K\GURXV SKDVHV + DQG 2+ DUH QRW DQDO\]HG



F (OHFWURQ 35QBB\VILNUR30$

7KH HOHFWURQ PLFURSUREH ZDV XVHG GXULQJ WKLV VW,
RI RXU VDPSOHV 7KLV DSSDUDWXV DOORZV GHPWXEWLR |
PDQQHU D VPDOO YROXPH RI VDPSOH 7KH SULGEALW®H LV
DFFHOHUDWLRQ RI HOHFWURQV WR ERPEDUG WKH VDPSOH
HOHFWURQ EH DD D/E BN DIPEBYVHOWRFWK HOHPHQWY EHLQJ |
7KH LQFLGHQW EHDP XRGHK\FHYY B/RKSOIHW MHKH HPLWWHG SULI
H[FLWH WKH DWRP E\ HQHUJ\ WUDQVIHU PRYLQJ WKH DWF
UHWXUQ WR WKLV ORZHVW HQHUJ\ OHYHO WKH DWRP HPLYV
FORVH WR WKH DWRBODFWRLOYEFDQOOHG E\ DQRWKHU HC
ERXQG VKHOO / 0 « DQG WKLV HDHFWHKRY \IU B QAKDAULLRFQW
DWRPV )LJ ,, 7 KKHH HADHYUHIO HDQ@IGWR RIRW KL/ ;HTXDO WR WKH
EIGLQJ HQHUJ\ EHWZHHQ WKH HOHFWURQ VKHOO ZLWK WK
HOHFWURQV FRPHV WR ILOO WKH YDFDQF\ 'HSHQGLQJ RQ \
RI WKH HPLWWHG UDRW Z L@\ HEERGXE B\ H UV\M EDWRDTUXD ® W L I\
DWRPV IUDFWLRQV

Figure 11.25 lllustration of atomic electron shell, with K, L, M and N layers. The transition of an electron from a
layer to another will induce an-pay emission characteristic in energy of the transition and teenent. A
transition from L layer to K layer will induce a kemission and Kemission from transition from M layer to K
layer. These two types of transition are commonly used for EPMA quantifications. Figure from amptek.com
19/12/2016

7KH HOHFWURQHPLFURRBPSRVHG RI DQ HOHFWURQ JXQ IlU|
SURGXFHG XVLQJ D WXQJVWHQ ILODPHQW ODQWKDQXP KH]I
ILODPHQW LV WKH FDWKRGH DQG WKH HOHFWURQV DUH DF
TKDQRGH KDV DSHUWXUHY DQG HOHFWURQ IORZ LV FROO



OHQVHVY DQG DSHUWXUHY 7KH EHDP HQWHUV LQ WKH VDPS
$Q RSWLF V\VWHP DQG D %6( GHWHFWRU DOORDMAW WRHBJI
DUHD RI DQDOSKRWRTXWH GHWHFWRU FDQ YDU\ DFFRUGLQJ
GLVSHUWRYH'S RU ZDYHOHQ WK GSNBWURNVF¥FRS\ :'6 )LJ

Figure 11.26 schematic view of dfectron Probe MicroAnalyzer (EBMA) Cameca SX 100.

(‘6 XVHV D VROLG VWDWH VHPLFRQGXFWRU GHWHFWRU
ZDYHOHQJWKYV SURGXFHG E\ WKH VDPSOH ('6 LV IDVW DQG
EXW LWV SUHFLVLRQ LV QRW DV JRRG DVPRERIFKBRFRWR W
FU\WWWDOV DQG XVHV WKH B\DJD YHIXYH QY RWAKH O HKPW NWKW R W K

WKH OLQN EHWZHHQ WWHK HL Q BDMGHIBWX HEDOWHL B DFUL\Q/ WG O D Q
ZDYHWHQREKRWRQV LV WKH IROORZLQJ

@-OEJAJA

7KH :'6 VSHFWURPHWHU KDV WKH FDSDFLW\ WR YDU\ WKH 1
FU\WVWDO URWDWLRQ 7KH URWDWLRQ RI WKH FRXSOH LV P
DOORZV VZHHSURQRQJH RDWIQRJIJOH )LJI ,, (DFK VSHFWURPHW
FU\WVWDO XVHG LQ DQJOH WKDW LV ZK\ LW LV QHFHVVDU\ \
ZDYHOHQJWKYV DQG DQDO\]H WKH TXDVL WRWDOLW\ RI WKH



Figure 11.27 Rowland circle showing the different positions of the electron beam, sample, crystals and detector.
The moving detector and analyzer crystal permits them to be positioned on this circle for probing a wide range
of angles. Figure taken from Carleton veisity website:
http://serc.carleton.edu/research_education/geochemsheets/wds.html 19/12/2016

"'XULQJ WKLV VWXG\ WKH FKHPLFD® HFDD®\VHIW MWKH UBD
7KH DFFHOHUDWLQJ YROWDJH XVHGPHDMWHU KB WDH GDVOK HW A
PDMRU HOHPHQWYV

7KH DQDO\VLYVY ZLWK WKH (30%$ UHTXLUHV SUHYLRXV PHEL
WKH DSSDUDWXV 7KXV W KB YWH D @EE&EBHPGNVDO/ARBPERWLWLRQ
LQ VLPLODU FRQGLWLRQV ORUHRYHU WKH HIILFLHQF\ RI
GHSHQGV RQ WKH VRXUFH FKDUDFWIHRQIVWLWMWMHQVHRG RIPDY'
VSRW VL]HO FRIPBIRAMOLWLRQ DQG GHQVLW\ RI WKH VDPSOH LC
HITLFLHQW DQDO\VHV GLIITHUHQW VHWYV RI DQDO\]LQJ FU\V
RI FU\VWDOV RQ HDFK :'6 VSHFWURPHWHU DQG WKH QXPEH

FRPPRQ DQDO\]LQJ FU\VWDOV DUH JLYHQ LQ WKH QH[W WDE
HOHPHQWYV

Table 1.1 Different types of analyzing crystals are given in this table with their chemical composgjagig
values as well as theirpossible analysis range for K rays. Source of data: http://www.get.obs
mip.fr/en/equipements/Servie€emmuns/c3/microsonde_principes 19/12/2016

Name Type Formula 2d () K Rays

LIF /[LWKLXP 10X /L) JURP 0Q WR
PET SHQWDHU\W &+ 2 JURP 6 WR «
TAP 7KDOOLXP DFI &+ 27, JURP 1 WR
PC1 0XOWR\HU ;6L 12 DQG)
PC2 0XOWDR\HU 1L & % DQG &
PC3 0XOWR\HU OR % %H DQG %

$W /09 WKH (30$ LV WXQHG LQ IXQFWLRQ RI WKH W\SHV
KDYH EHHQ PDGH WR LPSURYH DQDO\VHV TXDOLW\ GHSHQG
DQG WKH W\SH RI HOHPHQW DQDO\]HG 7KH FRNRRPW BRH IRV
N9 DYDLODEOH DQDO\|LQJ FU\WVWDOV DUH /,) 3(7 DQG 7$%:
7$3 DQG RQH 3(7 RQ WKH :'6 VSHFWURPHWHUYV 7KH PHDV



DQG V RU OHVV IRU DONDOLV WR SHOHAQUR © GEHIPDHPQ W7 IPR.H
PRUH LPSRUWDQW LI SUHFLVH DQDO\VHV Rl PLQRU RU WU
HIDPSOH )RU JOEHAVIHVFWQGTERQFKHG PHOWYV ZLWK TXHQF
EH WXQHG GLIIHUHQWOUDFWDRE VR IWCKHU EH IPHH BWWKH (30$
ODUJH EHDP VBRMMQV DUH XVHG IRU DYHUDJLQJ WKH VD
LQFUHDVH EHDP FXUUHQW DQG RU WHQVLRQ &FPQYHQWLR
KRZHYHU YROXPHBADSV RPRHG LLWP DPRUWDQW WKDQ MXVW WKH V
RQH RI RXU PDLQ FRQFHUQV IRU PHOW SRFNHWYV DQG ILOP\
KDYH LQ KLJK SUHVVXUH H[SHULPHQWYV

‘H KDYH FRQVLGHUHG GLIIHUHQW DWRSGDERH VIDR) D3CH FRUGI DA
NHHSLQJ HQRXJK VLIQDO WR SURYLGH D JRRG DQDO\VLV
VLPXODWLRQV XVLQJ BMWWIVVRAXINZDHME XVKHUEURRNH FD

'H FRQVLGHUHG VLPSOH FKRAPEWUV ZLRUK/ \WREOULIV
ID\DOLWH :H OXQFKHG D VHW RI ORQWH &DUOR VLPXODWLI
EHDP VLIH WR KDYH DQ LGHD RI WKHLU LPSDFW RQ VDPSOH

JLUVW VDRMLRDRXILYH D FRPSOHWH FKDUDFWHUL]DWLRQ
WHFKQLFDO LQIRUPDWLRQ RQ HOHFWURQ DEVRUSWLRQ DQ
WXQLQJ RI WKH DSSDUDWXV LV UHTXLUHG 7KH VLPXODWLI
QLFH SHDU VKDBKHVMRAK UHFHROSRVLWLRQ LQIOXHQFHV WKH
Y RO XIPW KHR P S R WZWWR QKHHDHYR BB WRBREH HIILFLHQWO\ WKH HO
WKDQ OLJKWHU RQHV 2Q ID\DOLWH ZFHWREY MBYKE HD 2L WKRE

OHVV WKDQ IRUVWHULWH )JRU DFFHOHUDWLQJ YROWDJ
LQFUHDVH Rl ERWK GHSWK Rl SHQHWUDWLRQ DQG ZLGWK
VLPXODWLRQV VKRZ D PRUH QUBRRKXI) MHECQSHRQ RRBSH KMKY
LV PRUH VSKHULFDO LQ FDVH Rl ORZ DFFHOHUDWLQJ YROW
LV SRVVLEOH

JRU RXU VLPXODWLRQV LQ IRUVWHULWH WKH H[FLWHG Y
DQG GHSRIKY BMKDWIQLILFDQWO\ GLIIHGHSEWKRU  EBGWK

P IRU N9 DQG—P IRU N9 ,I ZH DVVXPH D VSKHULFD
FDOFXODWHG IURP WKH DYHUDJH Rl WKH WZR SDUDPHWH!
YROXPH LQFUHDVH RI D IDFWRU WR IRU HDFK N9 LQFUHL



Figure 11.28 CASINO simulation for forsterite substrate using 10000 electrons (2000 displayed) for different
accelerating voltage and fixed beam sizeu(d). Left siddmage shows absorption contours of the beam where
darker zones are the more excited, right panel shows the electrons trajectories for the same simulation.

JRU VSRW VL]H RI WKH EHDP LQIOXHQFH WKH UHODWLF
LV DORRYWDIQW DQG WKH H[FLWHG VXUIDFH LV SURSRUWLR
VKRZV WKH LQIOXHQFH RI EHDP VL]H DW D FRQVWDQW DF
HIWHQVLRQ RI HQHUJ\ DEVRUSWLRQ PDSV DOPRVRGGRXEO
PXOWLSOLHG E\ IRU PLFURQV WKH H[WHQVLRQ LV DOZD
a —PARU—P VSRWLV FURVV VHFWHRQL ©DWOXHEHDIFRFUHDUIHA R
IDFWRWHKHRW G LNPHIMBWQWWHD IDFWRHIQFREREHDYVXPLQJ
VSKHULFDO VKDSH D IDFWRU LQ YROXPH

7R GHFUHDVH WKH DQDO\|[HG YROXPH WKH EHDP VL]H
DFFHOHUDWLQJ YROWDJH VKRXOG EH PRGHUDWH +RZHYHU



GHFUHDVHV NVWIQRBRUNT RO/ UD\V IRU KHDY\ HOHPHQWYV FL
REVHUYHG WKDW FRPSRVLWLRQDO HIIHFW FDQ EH LPSRUWL
ULFK PHOWYV VWURQJ DEVRUSWLRQ LV H[SHFWHG DQG VDP
UBXFHG OLPLWLQJ VXUURXQGLQJ ROLYLQH FRQWDPLQDWLR

Figure 11.29 CASINO simulation for forsterite substrate using 10000 electrons (2000 displayed) for different
beam size and fixed accelerating voltage (15 kV). Left side images shows absorption coibeubeam where
darker zones are the more excited, right panels show the electrons trajectories for the same simulation.



G 5DPDQ VSHFWURVFRS\

5DPDQ VSHFWURVFRS\ ZDV XVHG GXULQJ WKLV VWXG\ WR
HVWLPDWLQJ YRODWLOH FRQWHQWYV RI FU\VWDO DQG JODV

7KH 5DPDQ VSHFWURNVWEXEWDYRQRMOHFKQLTXH LI WKH XV
ODVHU SRZHU« HYWHGOWR REBENITXHQF\ PRGHV LQ D V\VWHP
URWDWLRQDO PRGHV W UHOLHV RQ 5DPDQ O6WRNHV VFDW
OLJKW VHQG E\ D ODVHU 7KH\WZHDEF HEOHSQMIGUEKY RD F\K K@ HO B XN
JHQHUD®BP\YLYLWOH UDQJH 7KH ODVHU LQWHURFWAKHLWK
FU\VWDOOLQH VWUXFWXUH RI WKH VDPSOH 7KH HQHUJ\ R
LOQWHUDFWLRQYVY 7KH LQHODVWLFDOO\ VFDWWHUNHL VKR W R ¢
LQFRPLQJ ODVHU SKBWRRHGHDIQIL @WRRHMM. VEDWWHULQJ 7
FOXHV RQ WKH YLEUDWLRQDO PRGHV RI WKH VDPSOH EHFD?
WKH RULJLQDO URYLEURQLF URWDMAXRIH ODQYG5 W K H DUNRLYR.E L
XQGHUWHG FRQGLWLRHERBWBRHEDBGQ VKLIWY DUH LQ ZDYHQXPE
LQYHUVH OHQJWK DQG7TRUHRQNEDWHGHWRYHQHGJXDWKHO HQJV
IROORZLQXLVYRXWVPEX® D

sr sr

ey ?5.
¢S:71 L Rs Frgs: ©

KHUJ3 LV WKH 5DRDPIQV WKKHNVH[FLWDW L RRQWXKY B DMHIDQ WK HDFY/GL
ZDYHOHQJWK G6WRNHYV

7KH VWUXFWXUH Rl WKH DSSDUDWXV FDQ EH TXLENO\ U]
LOOXPLQDWHY WK HHDIPP S(O# FEW IDROD YOIWWAF UDGLDWLRQ U
FRQWDLQLQJ WKH YLEUDWLRQDO LQIRUPH®YREQV R QW KM KWUIRF
PPRORFKUR®BIWBRXYVH RQO\ LQHODVWLF VFDWWHUHG UDGLD
LQHODVWLF UDGLDWLRQ DW \AK[H\(ZIEWH@WQLD\WW@WHHGOR)X
HLWKHU D QRWFK ILOWHU HGJH SDVV ILOWHU RU D EDQG
GLVSHUVHG RQWR D VSHRWHFERFRHWBHUIDQG &&'




Figure 11.30 Energy states involved in the Raman spectra (Wikipedia 21/12/2016)

Figure 11.31 a) Raman schematic principlghttp://archive.cnx.org/contents/f8a192889¢43d69b26 |

cc6b9cf70821 @ 1/surfagenhancegramanspectroscopyor-the-studyof-surfacechemistry 21/12/2016

5DPDQ VSHFWURVFRS\ LV D SRZHUIXO WHFEQLO®E WRHL
VIPPHWU\ Rl WKH PROHFXOHV 7KXV HDFK FU\WWDO ZLOO
UHFRJQL]H WKH SHDNV RI WKHVH SDWWHUQ GHSHQG RQ Wi
FRQWHQWYVY VXFK DV YRODWLOHD @ KEBIWP KDY M UWHSH FR LL A XEDX
XVLQJ NQRZQ VWDQGDUGYV

JRU RXU GLIITHUHQW VWXGLHV 5DPDQ VSHFWUD ZHUH FR
PLFUR VSHFWURPHWHU PDQXIDFWXUHG E\ 5SHQLVKDZ HTXL:
SRZHU RI a PWLHRRBEBBG &&' GHWHFWRU D PRWRUL]JHG ;<

0 RSWLFDO PLFURVFRSH 7KH 5DPDQ VSHFWURVFRS\ W
DQDO\VLV PDLQO\ GXH WR LWV FDSDFLW\ WRGH WOWY HWARV
PDQQHU GRXEOHWMDPBOHWKDUH QRW UHTXLUHG DQG LWV VEF
WKH DQDO\VLVY RI VPDOO PHOW SRFNHWVVEBIWWHHGBG DR B k
WKH ODVHU SRZHU RQ WKH VDPSOH ZDV UHGXFHG WR a
DSHUWXUH ZDV VHW WR P VWDQGDUG FRQIRFDOLW\ VHW



VHW RI [ [ [ REMHEWLYHV DUH XVHG WR ORFDWH LQW|
IRFXV D [ REMHFWLYH DQG O R PD QUDIDWAL IV  ZZHKUHRY EK \DHX
FRQGLWLRQV UHVXOW LQ VSDWLDO UHVROXWLRQ Rl a P
'DLO\ FDOLEUDWLRQ Rl WKH VSHEWURPHWHU Z®HDSIH T KHI P H
VSHFWUD ZHUH UHFRUGHGU#VLQRBRP:LaUH WRBRMPLER FDW H

QHWZRUN GRPDLQ DQG IURPZ®BWHUNRBRPDLEP S$FTXLVLWL]
FRPPRQO\ EHWZHWHOQRU WKWHERKXBIQFLHY GRPINLQRD QBKH OR?Z
IUHTXHQFLHYV 7KH 5DPDQ WS HAWUWDFRPSDYHG ZSWKLBHQL)\
558)) DQG (16 /\RQ GDWDEDVHVY WR HQVXUH FU\WWDO GHW
FRPSRVLWLRQV REWDLQHG YLD WKH (30$ DFTXLVLWLRQV

JRU TXDQWLILFDWLRQ 5DPDQ DQDO\VHV ZHRDGYVSHWN\RHP
ROYLQH S\URYKSWF DQG RQ WKH LQWHUVWLWLDO JODVYV
DQDO\WHV RI WKH JODVV SKDVH ZHUH FDXVHG E\ WKH YHU\

P JHQHUDO LQVWDEDQIGW UURRWIOD \Z\D \WIPE H B H YK H DADOB
RYHUODSSLQJ RI WKH VXUURXQGLQJ ROLYLQH 5DPDQ SHDN
FU\WWDOV DQDO\VHV ZHUH QRW HDV\ GXH WR GHK\GUDWLR
D VPDOO FU\WWDO VL]H 7KLV HVIRK\PWEHDM ORD ®O\VWWUZ SR
GHWHUPLQDWLRQ Rl ZDWHU FRQWHQW LQ JODVVHV ZH XV
OHUFLHU HW DO ZKLFK LV EDVHG RQ D VHW RI K\GUR
*URYH OpGDUG W \DRQ DQG *URYH DQG WKH DEVR
ZDWHU EDQG DUHD DQG DQ LQWHUQDO FDOLEUDWLRQ SUR
JODAMDMWHU FRQFHQWUDWLRQ DQG WKH UHODWLYH DUHDV R
WZR RMBWKIDYH FRPSDUDEOH UHVXOWY :DWHU FRQWHQWV |
ERWK )7,5 DQG 6,06 WHFKQLTXHVY 6WDQGDUGYV ZHUH DQD¢
VDPSOHV 7KH PHWKRG IRU JODVV TXDQWLILFDWHRGLIQG F
$ $QDO\WLFDO SUHFLVLRQ FDOFXODWHG EDVHG RQ UHSHD
LV JHQHUDOO\ EHWWHU WKDQ UHODWLYH 6FKLDYL HW D!

'XULQJ WKLV 3K' ZRUN 5DPDQ VSHFWURVFRS\ ZDV LQ\
LPSRUWDQEBHM YQOWMKMH VWXGLHG ILHOGY DQG WKH DFFHV\
ZDV RIWHQ@ HK®IHE HYWYV ZHUH SHUIRUPHG E\ WKH DXWKRU WF
GRLQJ EDVHOLQHYV DQG SURYLGH GLIIHUHQW F®RW SWR INHRHEBY
WKLV GDWD WR KDYH DQ LGHD Rl WKH WRRO UHSURGXFLEL
DSSHQGL[ $
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Chapter Ill Electrical conductivity and acoustic wave velocity in partially
molten systems

1) General introduction

*HRSK\VLFDO SURSHUWLHV RI (DUWKYTV PDWENSitDOV KDY
H[SHULPHQWY LQ RUGHU WR LQWHUSUHW WKH JHRSK\VLFE
SODQHWDU\ ERGLHV $ FRQVHTXHQW QXPEHU RI VWXGLHV |
TXDQWLI\ ERWK SDUWL D O OR HPFREGHW N QW\R\ \G/H VAWK © XGHHIR™Y \/ R
LQ WKH (DUWKYJV DVWKHQRVSKHUH 3UHVQDOO HW DO
<RVKLQR HW DO =KDQJ HW DO &DULFFKL HW
IDXPRQLHU HW DO $W WKH RIS SHRIVHRPWH RV WSOGIMHIVD & DF
DFRXVWLF YHORFLWLHY UHPDLQHG PRVWO\ WKHRUHWLFDC

7KH UHFHQW PHDVXUHPHQWYV RKILJKKOQWWBGHD MDRQ!
GLVDJUHHPHQW EHWZHHQ H[SBQWPHDMDMOL RQG RVKNRY B W LF
WKH FDVH Rl JHRORJLFDO SDUWLDOO\ PROWHQ PDWHULDO
ODERUDWRU\ PHDVXUHPHQWYV RQCHDHFRWVWEDOZB R B GYXHORFY
FRPSDWLEOH 3RPPLHU DIQUDWRIQHURDQG \SRWV\G EMRHDUDO RQUH
PHOW IUDFWLRQV LQIHUUHG LQ WKH OLWHUDWXUH IRU QDW

'XULQJ WKLV 3K' ZRUN ZH DLIRKIG MR SK)VHNIML JDWNRS UK
SDUWL D O.DH RRORROIW FAV R DENFHRGWE® LQ (DUWKYJV PDQWOH VWU
GHEDWH RQ SRVVLEOH PHOW IUDFWLRQV LPSOLHG LQ DVWE
LV FRQVLGHUHG VRREKFR WIRG NVER K@M GHPVWDQG WKH IDFW
W Klkitu JHRSK\RHPIVEUHPHQW V

,Q WKLV ZRUN ZH DLPHG WR VHDUFK IRU SRVVLEOH DG
EHWZHHQ Wik BittGA HIFHKUIILONX HY DV ZHOO DV FRQIOLFWLQJ UH\
7KH UHFHQW UHVXOWYV Rl RXU JWRROSV V&IKD @ DMNHHD YHND ROL W\
IUDPHZRUN IRU DQ LQQRYDWLYH WHFKQLFDO GHYHORSPH
PHDVXUHPHQWY RI HOHEFWULFDO FRQGXFWLYLW\ DQG DFRX)\

Insiiu JHRSK\VLFDO PHDVXUHPHQWY ZHURKB P KDIMXSH8 WDOPKHD
KLIJK WHPSHUDWXUH H[SHULPHQWYV *3D DQG XS WR
VI\VWHP FRPSRVHG RI 025% 6DQ &DUORYV ROLYLQH ,QWHU
WH[WXUDO SURFHVVHV XSRUHHWBUWILQ OQ B HDOR\DLW) JH DHOFOWRZLHR



FULWLFDOO\ VHEWVVE ®DH WRQ YREOHLG@GW 7KH DPRXQW RI SDUW
WKH ERWK HOHFWULFDO DQG VHLVPLF DQRPDOLHV RI PDQ
ORZHU WKDQ SUKBYLRXVO\ H[SHFWH

2) Résumé

/HV FRPSDUDLVRQV HQWUH REVHUYDWLRQV JpRSK\VLTXH?
GHV HVWLPDWLRQV DQWDJRQLVWHVY GHV IUDEWLRQV GH OL
SDUWLHOOHPHQW IRQGXHV GX PDQW D& L FWYIHI®MAM HV UE
YUDLVHPEODEOHPHQW GHV GLIIpUHQFHVY HQWUH OHV PH
POHFWULTXHV HW GYRQGHV DFRXVWLTXHV 'DQV FHWWH
VLPXOWDQpPHY GHV YLWHVVHV GHYV LRQG&HVp D FREXNM I RXHE 15
j OD IXVLRQ SDUWLHOOH 20LREQBQLERNDABL GH ULIDH HW

/IH EXW GH OTpWXGH HVW GTHVWWPHWXUIDWY H IGHWY Bl
OD IXVLRQ SMUUGEBMALWLIRBX[ JpRSK\VLTXHV /DVSLWWVVH
VV HW OD FRQGXFWLYLWp pOHEWULTDOD RRQ WURN W RWMPHHY W X
OLTXWLROLGHQWLTXH OH PrPH JUDGLHQW GH WHPS@HDWXUH
PrPHV LPSXUHWpPV 8QH IRUWH GLPLQXWLRQ GHV YLWHVVFE
FRQGXFWLYLWp pOHFWULTXH RQW pWp REVHUYpHV HQ Up
EDVDOWLTXH B6WDELOLVpPH j XQH WHPSpUDW XOH FRRQLVIX B (
DXJPHQWH JUDGXHOOHPHQW DORUV TXH OD YLWHVVH GF
FRQVWDQWH $ORUV TXH OD WRWDOLWp GX FRPSRVDQW E
GHVVXV GH VRQ NROQQB KW L OW@Q WU O LJ XpLYGRHD XIMQ WD DXL F R/X
WHPSV DIIHFWDQW OD FRQGXFWLRQ pOHFWULTXH 1RV RE
TXH OHV YLWHVVHV GHV RQGHV DFRXVWLTXHV UpSRQGHQW
OLTXLGH VLOLFDWp GDQV OHDREDN G XFR QG XK WGEN LW qpOR
UHYDQFKH VLJQLILFDWLYHPHQW DIIHFWpH SDU OHV PRGLIL
RQGHV DFRXVWLTXHV VHPEOH rWUH SOXV DGDSWpH SRXU |
XQ pFKDQWLOOR®@GR DWLHEGRHOBEW GR WHPSV GH ODERUD!
UpVXOWDWY OD UpGXFWLRQ GH OW Y GW BV VHDGHYURQ G HR/D 6
]JRQH GH IDLEOH YLWHVVH jRGHD\WDDQEFHVG ISW XM QMWW R pHIBER L
YRO GH OLTXLGH PDJPDWLTXH D\DQW GUWWRQDWLOV /H
PHVXUpV SRXU FHV IUDFWLRQV GH OLTXLGH VRQW pJDOH
JPpRSK\VLTXHV



3) Simultaneous measurements of electrical conductivity and seismicawe
velocity of partially molten geological materials: effect of evolving melt
texture
3XEOLVKHG DUWLFOH LQ 3K\VLFV RI &KB@XDWWU\ D QRO IQHU

-DQXDU\

3RVW SULQW YHUVLRWWEBMLFODONYHIVILRIHU FRP DUWLKFOH

6LPXOWDQHRXV PHDVXUHPHQWY RI HOHFWULFDO

YHORFLW\ RI SDUWLDOO\ PROWH®RIGAGRARIPHDW PADF
" JUHLWDVWDQWKLORBRKBQWHO %RXKLERDRGUDXOW

&RUUHVSRQGGOP DEXWKWRHI WDV#XFD 11U 25&,"'

8QLYHUVLWp &0OHUPRQW $XYHUJQH &156 ,5' 23*& /DERUD
)- &OHUPROQWD QG )UDQFH

80(7 8QLWp ODWpPULDX[ (W 7UDQVIRUPDRNLURQU H %%&MA® H QM)
GISVFT JLOOH )UDQFH
D SEVWUDFW

&RPSDULVRQ EHWZHHQ JHRSK\WLFDO REVHUYDWLRQV DQG ODERU
HVWLPDWLRQV RI WKH PHOW IUDFWLRQ IRU WKH SDUW LUD/@AVU RRPMWHWEQVU
EHWZHHQ OHEBERHDOWRUFWULFDO FRQGXFWLYLW\ DQG VHLVPLF ZDYH YF
VWXG\ ZH SHUIRUPHG VLPXOWDQHRXV DFRXVWLF ZDYH YHORFLW\ DC
VLPSOLILHG SDUW IR YPIHDHN PQGOREXBIQLF ULGJH EDVDOW 025% DW
DLP WR LQYHVWLIJDWH WKH HIITHFW RI RQJRLQJ WH[WXUDO PRGLILFDW
HOHFWULFDO FRQGXFWLYLW\ DQG VRXQW& I DWW YOHIOR F& VDU H PRDODVWAKIUMH @ L
LGHQWLFDO VDPSOH SUHVHQWLQJ WKH VDPH PHOW WH[WXUH WHPSHUL
REVHUYH D VKDUS GHFUHDVH RI DFRXVWLF ZDYH YHORFLWIMWR DQG L
PHOWLQJ RI 025% FRPSRQHQW $W FRQVWDQW WHPSHUDWXUH RI .
ZKHUHDV DFRXVWLF YHORFLWLHY UHPDLQ UHODWLYHO\ FRQVWDQW :KlL
DERYH WKH PHOWLQJ OWH ALSHVWHDWPRUH HWWH YRRV DQG WKH PHOW GLVWI
DILTHFWLQJ WKH HOHFWULFDO FRQGXFWLRQ &RQVHTXHQWO\ RXU H[SHL
UHVSRQG VSRQWDQHRXVO\ WR WKH PHOW WRQ@RBHS URCSFHHUMRLH VR Z KPHHUCH
FRQGXFWLRQ LV VLIQLILFDQWO\ DIIHFWHG E\ VXEVHTXHQW PHOW WHI'
PHDVXUHPHQWY DUH WKXV EHWWHU VXLWHG WR WKH GHWHWPW&RBWLRQ
ODERUDWRU\ WLPH VFDOH a K %DVHG ROIGRALWY WQ PW WH RRQOW RW K &1 D
YHORFLW\ ]JRQH DZD\ IURP VSUHDGLQYd U¥E&BRO BRHDBEHHQH[$E DMQ B Q GE WK
VSVV UDWLR REWDHQMG | URDUF WIKRHYBIUMH FRPSDWLEOH ZLWK JHRSK\VLFDO F

Keywords: (OHFWULFDO FRQGXFWLYLW\ $FRXVWLF ZDYH YHOFR
DQJOH OHOW IUDFWLRQ 025%



E _.OWBXEWLRQ PRVW SODXVLEOH ZD\ WR TXDQWLI\ Wk
SDUWLDOO\ PROWHQ UHJLRQV RI WKH
7KH (DUWKYTV DVWKHQRVSKHUWH RFLZKDUDFWHKNQNOD ES DDJE&H:DII
UHJLRQ RI KLJK HOHFWULFDO ARFEXXPWIHY GMWHUPLQ®WLRQ RI PHOW )
6KDQNODQG DQG @Il UHGXFWLBRQWRHQRVSKHUH LV D NH\ FRQVWUD
VHLVPLF ZDYH YHORFLW\ DQG KUHRWRHLLVRALMD Q& WHQX\DOML FRQYHFWLR
$QGHUVRQ DQG 6DPPLV 5RPDQRESPUW IURP LGHQWLI\LQJ WKH S
ORZ GHJUHH RI SDUWLDO PHOWUIQRQWKMD\QGRTWHQW EH MQIHWHKH. \PRILCFW |
FRQVLGHUHG DV D YLDEOH H[SODQ® HHWHFQ USSP PRV RHOWERQ DOVR
K\SRWKHVLV EHFWXGH WK N HLDARMLD QGBDWLDO GLVWULEXWLRQ )RU
HOHFWULFDO DQRPDOLHV FDQ@RWH EHH[SHOPHIHGY E&DWIKAHFKL HW DO
WHPSHUDWXUH HIIHFW DORQH )LVERPIRLHUN HWO DO KDYH EHH
$OWHUQDWLYH PHFKDQLVPV EDWWGELERQVH ROKIG WHNOWERLDPR®UROH
SURFHVVHV VXFK DV DQHODVW IRE WHIOYHBWLR Q/ STRHDGHQJ ULGJH HQYLI
6WL[UXGH DQEH UMK RE. K\GURIRIFKDOL]DWLRQ RI PHOW GXH WR SODW E
GLIIXVLRQ .DUDWR LQ PDQWQOK H ISOUMYBIQW HK RY HD IPONORV VLJIQLILFD
EHHQ SURSRVHG QXOO K\SRWKMNVV¥R H®RZHVYHE SWRISHUWHFHQWRI PLQHL
ILQGLQJ RI \RXQJ DONDOL EDVDROM WLFDODS R® WHKWHUVRRUBQW KW K¥R C
PLOOHRRIOG 3DFLILF SODWH +LRIPQR MW URYWUXFWXUHY .RKOVWHGW
SURYLGHV VWURQUJMH SIRW LFDWWH BIPS AFBEMHQ@QWDO GHWHUPLQDWLRQV RI
DW WKH WRS RI WKH DVWKHQRV §KWOHVWLF PHOW FRPSRVLWLRQV DU
7KH FULWHULD IRU PHOWLQJ NVQ/ XVKLH D VX HQ R DSIPHHIOM KONPIR 6 O/WR |
EHHQ GLVFXVVHG LQ D QXPEHUERD UHEH @M USRI HFOIIEHSIR H WIHEW QR
DQG 271LRQV 30DQN DQGPHOWIRNILRWLRQV EHORHW DGR O 7K
'DVIXSWD DQG +LUVFKPDRWQVLVWHBYROBWHQWY EDVHG RQ WRUVLRQDO
PHOLQJ LQ WKH DVWKHQRVSKHUPHIEWDDLMRUHGRONVYWEH PD@OMFBWH UH
WHPSHUDWXUHV DW WKH UHOHYDHMR BIHBWKN DQIG HISIHKF \B WSV MGRX B/ L R
ORZHU WKDQ WKH GU\ SHULGRWIHOW VROEE KR Q VRYN)XISREDDW QIS0
+LUVFKPDQQ 7KH YRODWV®BJIHRQMHQW & RN LVEIOM PHROW |UDF WL
SULPLWLYH PDQWOH VDPSOHV MRUIJIMAKM PP RWIH DBRQGD/QFHWDULDWL
RI a SSP ZILRIG+ a SSP ZWURP&2 WR PP UHVSHFWLYHO\ 7
6DDO HW DO FRQWHQN 2RI MESWWRLPHQWDO GHYHORSPHQWYV  DC
SSP ZW KDYH EHHQ UHSRUWHGGH® HUPGE B DIWWLHRED \RR XNBNEYE H P HYOHAD\R R\
&DUWLJQ\ HW DO 7KH UHBHQW IDLO/GRPROWRIQ\RRENY DW WKH SU
DONDOL EDVDOW DVVRFLDW HGI ZARMXG Y WORR Y LIV[E BOWRIQGE DM FWKH (D UWK
LQ WKH OLWKRVSKHUH LQBQBDWHY XS WBQGZWU KGLFWRIBOME RR YW H QWR
ZW RI2+YRODWLOH FRQWHQWYV 2O XWXHD IDQ\GKHQORVGRHUH 2Q WKH FI
+RZHYHU WKH PHDVXUHPHQBRPW ERY HB/ VRGP DMKV ¥ REOMHLG R HOR
LQFOXVLRQV LQ PLQHUDOV DQG DIXBQR KXHG W\ O/MWHHY 7QEHEDWH DLQGLF
JOREDO DYHUDJH RI DERXWDQG &SPKEHW RIHOW IUDFWLRQV WKDQ WKR
SSP ZW RL@XQDWXUDO PLG RFHDHDRGLYWEFHXEBMDOPDQWOH PHOWYV )D>

025% 1DXPRY HW DO HW DOEVWDQWRDOH[DPSOH WKH PH
FRQWULEXWLRQ RI YRODWLOH\H[S/RD MYKM HBKOWLRQ GAEEGFRNQIBROQ H
H[SHFWHG DW ORZ WHPSHUDW®DHR IXKHI VROWHR Q7 DWKH LV FRQ)

DVWKHQRVSKHUH 6LIUp HW DONKDQ WKRVBERRWHW MHOW UHTXLUHG
7KH BIBGXFHLVPLF YHORFLW{SDQGQHDHWMIPNBOU YHORFLW\ UHGXF)
HOHFWULFDO FRQGXFWLYLW\ KDYH EHHQ ZLGHO\ XVHG DV
HYLGHQFH IRU WKH SUHVHQFH RVTKMHGWSHQGWRHH(RUWKRKVWLF ZDY|
LQWHULRU $QGHUVRQ DQG @GDPWHOXDWLRQ 7XS$RQ PINGEWOH PFOMR Q
PDJQLWXGHV RI WKH VHLVPLF YHORALMWEX QR QF RAQDA/X AIMOLWR.WEHHQ GL\V
YDULDWLRQV DUHWG®L WHKFHW © H COMMKMHBREWWRBDO VWXGLHY 7KHVH VWXGL
WKHUHIRUH FRPSDULVRQ RI JPRCGW\VIFROHVGDWY DIQWK H[SODLQHG
ODERUDWRU\ PRGHOV KDV ORQY SKHBUGPLR B8 Q ¥ L G GIFIFGH MLMVQ W K H W X E }



ODYNR WKH FUDFN PRGHERPRERIFPHO OF BQBWUDLQWY IURP
%XGLDQVN\ DQG PRGHOVSEDVHELRRIY QUKDNDIBIRZ GHIJUHH RI PH
ERXQGDU\ ZHWQHVV RU UpFRQWKDXQLW\HD Q7 EMHIHQHUDWHG DW JUH
<RVKLQR HW DODMXPGHUHUNKDQ NP 6DOWHUV DQG +DUW
7KH FDOFXODWLRRQ\D IEVDN HH0 RBHWWHKXE HMK E®VHG RQ H[SHULPHQWDO ¢
RQ PHOW JHRPHWULHV OHG +DPRBRGLIHEGH&PISHKEW\RQ SHULGRWLWH
WR FRQFOXGH PRUH WKDQ L QBH 6 WIHY VIHHWERIVE QVWRKH DVWKHQR
H[SODLQ DQG YHORBLWQ ®BG XWR/ LIRH) RRIUYRRMVY 30DQN DQG /DQ
VV UHVSHFWLYHO\ ZKLFK LV VLJQLILF\DIXSE®\D CCRYG U LWKBRPW® B
DQG UHGXFWHRQ V. QR PWVHER UORMWRU\ H[SHULPHQWDO DQG WKHRL
PHDVXUHPHQWYV IRU VLPLODU PBIONQRZDHGIRQWKBWD WWHOYRWXPH |UI
DO 7KH QDWXUDOO\ RBEXWWLEXW UP® GR PGI\OWVD FPERIB\L D QQLIQ W F
GLVWULEXWHG PHOW )DXO HWWX® VHLVRKDQ@QEO HOMFMMULFDO SUR
LV VKRZQ WR KDYH D VLJQLPIRFOWMWQHIWRFWVRQ+RAHWRILF ODUJH GL
YHORFLW\ FRPSDUHIGH® R HVOK\H WHPWBRQHM) WKH ODERUDWRU\ HVWLPDW
DVVXPHG LQ WKHRUHWLFDO PRIHIOYLTXDPRRQUEKHD @BERXQW RI PHOW
+XPSKUH\V 7DNHL <RVEUGRHOWD® WKH DVWKG®RDVIQHWR 3F
RU DQDORJXH V\VWHPV 7DNHL .DUBWRQVLGHUOEQMIR WKH ODUJH
KLJKHU PHOW YROXPH IUDFWLRWOW XGHHXLDE G UIHY WLRH RUKNW HOMHE W U L F L
PRGHOV FDQ EH DWWHEXWRBHWRVBXHHHEHQOL EHVEDWHHEG ODEEWR
VXFK DV SODQDU FUDFNV VSKHUEFR®Y GKEWILY\RLGRH RWUX U HPS@WIVH GV K LJ
FXVSDWH IRUPV ZKLFK PD\ QRW UH SAKHV HQ M XWIQH I§Y\B K i RPGHIBVWRLXCDHG FERH
JHRPHWULHV LQ QDWXUDOO\ RRFX\WKH QIH\PSDWD P HRKIOWVW RFE YW UROOLQ
)DXO HW DO +DPPRQGWBEGUHXYK®OKWHY PHOW <RVKLQR HW |
OLPLWLQJ WRBNUWRS SOURDMD O G\ IRIROMINH @ O $ PRGHO EDVHC
UHJLRQV LQ WKH DVWKHQRVSKHYBULDWLRQ LQ WKH PHOW KDV EHHQ S
$Q HDUO\ HOHFWULFDO FRQGPBWDVYHQWP i&RGR PHOHDMYDR Y LRQ HVW
EDVDOWLF PHOMW WRIPHNMOMHGHHBHWZWRQ HOHFWULFDO FRQGXFWLYLW
DFFRXQW IRU WKH REVHUYHG HOHFWUEFPRGBQRP B®PHVY HID DX *DUQ
DVWKHQRVSKHUH 7\EXUF]\ DBWGDYIFUHSDEDXPXDA SULPDULO\ VWHPV IU
DO +RZHYHU UHFHQW WWXGHPINW VK JIJIHNWMUBWKHQWDO LQYHVW
SUHVHQFH RI PXFK ORZHU Y ROWWH XFUD¥XWL®R QN FWRH V(& QUQ XS RBWQ D C
YROIRU K\GURXV EDVDOWLF PHORROMRNEBLORWW WO7KH HIITHFW RI PHOW
1L HW DO RU OHNRW WRDERYQPORMLIF\ KDV EHHQ PRVWO\ OLPLWHG
PHOW *DLOODUG HW DO 7K4BVKQIQRFIWYW OGLVDIJUHHPHQW EHWZHH
HOHFWULFDO FRQGXFWLYLW)\ R | PYRREOHDOWL AN HWULFE HSUBEDWROW G XH WR
&2DQG DERXAW 2 LQGLFDWHWRMERXWLHY <RVKLQRFRFPIDWLVRQ ZL\
+ YR®HOW FRXOG H[SODL®QHMKMPWRE DDERW®WRU\ EDVHG  VHL
FRQGXFWLYLW\ DQRPDDQHV 6LAWPEKHXUHPHQWY RQ UHDOLVWLF SDUWL
GHYHORSPHQW RI PHOW LQWHUSKRM@MHAE® LW\ DIOQ SDUW LIDP®NFDWHV
PROWHQ URFNV LV NQRZQ WR KDYGHD HWRLRRYE R | RFW HRIQ/PLF UHVS]
HOHFWULFDO FRQGXFWLYLW\ :PRGHOV OTIDAPKKY HW BRV KIKMRFH\R VD/O
+RZHYHU WKH QXPEHU Rl WRWKGHOIN WLERYH RV LBBWWQJIJUDFWLRQ H\
WKH LQIOXHQFH RXFWHKOWV PRRPWEKMBMRIMWLFDO VHLVPLF PRGHOV DQG
HIWUHPHO\ OLPLWHG 7KH VWXGAREAGW AW LYURW HYKXWVSHWVBIQW D KLJK
VKRZHG WKDW D PHOW JHRPRKNH\ HHYHRONL@®J IPROW WH[WXUH D
LVRODWHG WULSOH MXQFWLRQ ARPBHRWLWNRQV RIR P B OMOWKE HXGD YRIUU O R
QHWZRUN RI LQWHUFRQQHFWHGWHKD IRE ERXQIE® UQPRQOWLOWHILAX EXW V
DW RI PHOW KBM HFW URI@ WKW RWHPIDADIOF VWXG\ RQ KRZ WKH HYRO
FRQGXFWLYLW\ LQIOXHQFH WKH HOHFWULFDO FRQGX
9DULRXV RWKHU H[SHULPHQWYDHOWFEWQLFBRHV 6KLPY B EHHQ PHOW WH
XVHG WR FRQVWUDLQ WKH PHOVFRQWHQMRQ BXVR DD K HIKSZHWKMX K H H
ORZ YHORFLW\ JRQH /9= LQ WKH[GHMR D\ VWKHD RWIKRHUM\ DIITHFWH



DQG WKH WHPSHUDWXUH GLVWUDBXW LR QODXPKIQHMKBO/DP SO HKRWQIGLQR
LW LV KLJKO\ XQOLNHO\ WKDW V&DR LHHBKWHRHQ®V ZRXEKD\QHEB® DO
LGHQWLFDO PHOW GLVWULEXWLRQV :KLOH WKLV WHFKQLTXH LV VXLWI

,Q WKLV VWXG\ ZH DLP WR LRRGWWRDIDMIE WKOWIIHBWWRRQV QRPL!
RQJRLQJ WH[WXUDO PRGLILFDWLURERWFIWRDYWL[BGOLPHROWHQLW FDQQ
SHULGRWLWH DQDORJ RQ ERWKVNBEWWWW XMH | RR QW KHWIMYWEDIDQ SUR'S
VRXQG ZDYH YHORFLW\ +HUH ZH @BLYH BGWHPRCGWGQD YRHUIPOIH RV 6LIL
KLIXUHVVXUBIQPXOWIHOO GHVLJQUWRDUGGH\GW LIHUMQW VWDUWLQJ PDV
VLPXOWDQHRXVO\ WKH VHUWLLHWIRDX MO HFWFW ERQ@VSRIR PH[HG ZDWE  YF
SDUWLDOO\ PROWHQ VDPSONY 8SPRX&DWGERADRABLYHQRFIZWH SRZGHU PLJ
DQW DQG (& DUH PHDVXUHG R ID/QKLG® @XMWRRD WDFSDIHOWH PRUWDU |
SUHVHQWLQJ WKH VDPH WHPSHREWYWUR J DKRARYW Q M R/X\H VGA IV DIGE X W |
DQG WKH FKHPLFDO LPSXULWLHRRPBRFHKQIVOO7TKRIOXHQBHHWKWHDLQ VL]}
PHOW FRQWHQW DQQ WXWWRIBDOGRPKREWNE]IH ZDV HVWLPDWHG WR EH
KLIK SUHVVXUH VDPSOHV 7KLYV, BULWRFDPK LLHP\SH KYHRHXFWXUDF\ G XU
HQDEOHV XV WR FRPSDUH WKHMWKHLYRZEHDQZHHGHHWDUFRD®RUH WKD
UHVSRQVHV WR WKH RQVHW RIFRPCGWRYQWLRER BGHH WHNIAO@WALHIW RZGH L
YROXPH IUDFWLRQV DQG WR WKW SIYHROMELRP® RI *BBODQ G . IRL
LQWHUFRQQHFWLYLW\VPIPB 03D WAL\DM®RQ FRIBWAQD SSDUDWXYV 7KH ORZ \
RQ RXU REVHUYDWLRQV ZH VXRIHWRW RSAVHEVHQ VFHGBULRHQWYV EH
ZKLFK PD\ UHVROYH WKH REVHUNHBSBUDMNXLED A\ R25PHOMQVXUHV WK
IUDFWLRQ HVWLPDWLRQV EDVRBWHRIQD Q& DRGIGPHE®W IUHH DQG WKXV
PHDVXUHPHQWYV PHOW WH[WXUH RFFXUV GXULQJ WKH

YHORFLW\ PHDVXUHPHQWYV
F OHWKRGV
i) Sample preparation ii) High-pressure higktemperature
experiment
6DPSOHV XVHG LQ WKLV VWXG\ ZHUH D SRZGHU

PLIWXUH RI6QQWXND®RY 6& ROLYEQBHE DG/ X UHHKIHUDWXUH H[SHUL!
YRODMERHQDWXUDO 025% J@DVX¥HUIRBBWLRUPHG XVLQJIWDSH PWRWQL.DZ

f « FROOHFWHG GXULQHWHORFKLDUDBISDUDWXY DW /DERUDWRLUH
FUXLVH 7KH YRODWLOH FRQW H&OM W jRHOMNDLPE® WG Q\FRf EXRU H[SHULPHCQ

SSP zZW BQG “ SSP DW &2 *3D ZH XVHG REFWDKHGUDO S
$QGUDXOW HW DO FRP S DRURDPESGRY/ ZG WR  W.JRH CDF@® WBDUE D Q
+2 DQG @RYHOV REVHUYHG LQ ORXCRMIYRP GLNFRIQMHXUDWLRQ RFWDK

JHRORHWWOQIV 1DXPRY HW DOOHQJWRKIMHQY2ZE»WUXQFDWLRQ HGJH OH
JODVV DQG LQFOXYVILRNHGUHGE ROUQBPEV\ ¥YDVYQH&H WR DFFRPPRGDW}
FU\WWWDOV ZHUH FUXVKHG VHSDUHRWPHW ULG B OUHBKFHGH WHRQNQHRU PHD
JUDLQ SRZGHUV VHH JUDLQ VDJ®G GI&/WQLBDXWLEDOMQK)IK SUHVVXUH
.., 6 7KH ZDWHU FRQWHQW DQWQWK M VR HAGK HF \©L Q GUDLUF®RYV VDPSOH Z
ROLYLQGLFDWHY OHVV WKDQ KIS[OPFROWORERURWHQLWULGH K%1 FDS
6RXVWHOOH DQG ODQWKLODNHKLISXULWKHK® 1 SRIZIKN MAHPG H\U WKW H D
ZHUH WKHQ PL[HG LQ SUHGHWH SR HYNG W L2 KWK R RS FEUAG GRIQYS$ /7\ S H

WR REWDLQ WKH GHVLUHG P$®WWD QIFUDEF WD RGN L D@VU KERIKRWY HQW XL W K |
WHPSHUDWXUH 7KH DFFXUDWHNIGHWHOPERWWLRBOWI| PKIDW%1 FDSV
I[UDFWLRQ XVLQDQW®W LIWP DVH D QI OHFMHULWDD®\ LQVXODWH WKH VDPSC
H[HUFLVH 7KH PL[LQJ RI 025% ZIDWIK RPH YZRH UWHVXIDAWY L) MRPLFRWV HG  F
DQ DFFXUDWH FRQWURO RI WK HFPOMHONG WU BB W L5RQI R QOW K HWKDP SBBW X U H
DV WKH 025% FRPSRQHQW PHOWW KH) WK B Q FRRRIRSOHM DERWW $ JLUFRQI
LWV PHOWLQJ WHPSHUDWXUH ZDKLEXQIGY WK BHHQ LXIURDDPMOW R RIEZFW DV D
WKDQ WKH RGN QAKVMR SURFHBXUHQ KIXMDEHW® RI WKH VDPSOH ZDV
HIWHQVLYHO\ XVHG WR REWDLQ ®XER QW WKGIOH[G HPUHLEPAH @ WWIDFR\EERGRM) VL IQR X C
KLIXUHVVXUH H[SHULPHQWY )DXXXHWUDOH SODRHPGUDDRHMWOHFWURGHV P



P WKLFN DW WKH WRS DQG ERWMMRPURG KV KH \NOKRIRHREFHDWED S P HW K
VDPSOH $ WXQJVWHRHEUKHQLXRQR HW DO
WKHUPRFRXSOH MXQFWLRQ ZDV SODFHG DW RQH HQG RI WKH
VDPSOH WR PRQLWRU WKHRW SRSHW MV Klaciricalo w conductivity
VLGH LW ZDV FRQQHFWHG WR D VLQJOmeasubd¢inedtsUH VHH
YL ,,, 6 IRU GHWDLOV RQ HOHFWURGH FRQQHFWLRQ :H
FROOHFWHG LPSHGDQFH VSBAWUD EHSWPHBYXWKRHQMWRY:ZHUH SHUIRUPI
ZLUHV &\OLQGULFDO 0J2 FHUDPILRFGXOMH VA ,PreUHISTXKPE *"MROO\JHU LQ
LQVXODWH WKH HOHFXWUQRIGHH Z B UGINONHRPFWKBEQJIJH]RBRO\SKDVLF VDPSO
$@ EXIIHU URG ZDV SODFHG EBRBWE HHKD RV IRY LWKEW ER QD RFRBHENVLVW
WXQJVWHQ FDUELGH :& DQYLBODS\NUQRIUWERQVYW D QW &BHKIHF HUR R HW M Q
VDPSOH WR HQKDQFH WKH SURBRE WKRHQ RHVHBWDVPWEH ZFZIDYH\EH REWD
DQG WR SURYLGH VXIILFLHQW LEBBBOGDRAHFNEWHWYV®W WR DISOIRSVWLDW
XOWUDVRQLF ZDYHVVDAS OMHK HQEWHUM D FHRFG 2QFH WKH VDPSOH UHVLV\
%RWK HQGV RI WKH DQYLO WKHGHBH®MRIRIM EX || AR RGN MWKH® X \EL Q.
VDPSOHV ZHUH PLUURU SROLVKNGPOAQKIGLPHRVERMAMRGEWHUPLQHG DYV
SDVWHV WRHFERDQRFBO FRQWDPWYQ$WKH MWKOHLFDO H[SDQVLRQ RI WK
SDUWV Rl WKH FHOO DVVHPEOVYKHQEQXX®OOWLRKH WSHMMWWKD@FH RI W
PHGLD ZHUH ILUHRG DMR WKH DMBHMHURIRWR LQ D SUHOLPLQDU\ H[SHU
UHPRYH DQ\ DEVRUEHG PRLVWXWHRG DW VLP L£VHP SFKBN VKROGLWLRQV
ZDV REVHUYHG WR EH ORZHU WKDQ WK
iii) Acoustic wave velocity $W WKH WDUJHW SUHVVXUH RI *3D V
measurements DW . IRU PRUH WKDQ K :KLOH PDI
WKH HOHFWULFDO UHVLVWDQFH RI Wi
$FRXVWLF ZDYH YHORFLW LWHYJ X DD RGO DISWHUXH DVHY GXH WR |
PHDVXUHG XVLQJ WKH XOWURIVRVWKH PRRIWWXIWHHRPEWRIMEHG E\ WK
WHFKQLTXH &KDQWHO HW DO VXUJURXQGDLY HWDMHULDOV,Q7KLY VWHS
WKLV PHWKRG VHMHFWDYH ¥YLJQDKCH PRIL\MWEHHQ3 LQFRUSRUDWHG LQW
0+] *+ F\FOHWSHMMBHDN*RDB ZHUBW KLJKHU WHPSHUDWXUHVY ODQWKLOI
JHQHUDWHG E\ DQ DUELWUDUQHPWYXHBRORQIWRHWB® RWQFH WKH UHVL
7THNWURQL[ $)* & DQG ZHUB VRMRHDGAUWDHOX HWRRUBK UV RIWHQ QLW X
SULPUS\ DQG VHVRQZDYUNY E\ DKLPKHU WKDQ WKH UHVLVWDQFH PHDV)
FXW /LIHH]RHOHFWULF WUDQV @A FWM KH DRNVD DVALKQHIGF VER HWKH JHQHUD OO\
PLUURU SROLVKHG WUXQFDWHGKFHDWERRIOR Q D F\& MKW IDAV WKHP SHUD W X U
UHVRQDQW IUHTXHQF\ RI WKH WUBNQWE&XFMDPISOH OMVURWDQFH ZDV Ut
FRPSUHVVLRQDYHENYIBWYWG3 0+] WRKUHVKHDWLQJ DQG FRROLQJ SDWKV
ZDYHVZD&HV (ODVWLF ZDYHV FURIPILDAMWHE KMKXIRKHKWDLQW\ RI (& PH
WKH DWKHODOXPLQD EXIIHU URGVRABEHBQBRWWKMHXUH 2QFH WKH VRO
VDPSOHV DQG ZHUH UHIO&F WAEG ESB R AW LW KH DWKHOWHPSHUDWXUH ZIL
VDPSOH DQBOMPWE®REH LQWHUWIQ@ ®HOWOHMHWHESRUDWXUH VWHSYV .V
FRQVLGHU SRVVLEOH UHIOHFWLARP\S OBRPHOWH QSIHL WM CFHKIW DR @/HHW L]H G E
'‘DYLHV DQG 21&RQQHOO -DENWRB WP HPOH UHVLVWDQFH LQFUHI
1LHOVHUD PN)\R Q 7H[W ,,)IBQPDOOAKMVKH WHPSHUDWXUH ZDV NHS\
UHIOHFWHG HODVWLF ZDYHV ZDHUG! LPEOIGHDWWHGVERPFWUD RZBUH FRO
HOHFWULFDO VLJQDOV E\ WKH W QWMWY ORHUIRQ @ WD WXWDIG K\ D
7THNWURQL[ '32 'LJLWDO 3KRVSKRU 2VFLOORVFRSH DW
D UDWH RYDASOH V 6LJQDOV DW V) Maltgextures and Dihedral angle
0+] ZHURARWUWIBHG DW HDFK WHPSHUDW Xaghsirahhedits 7 K H
WZRD\ WUDYHO WLPH IRU WKH DFRXVWLF ZDYHV
SURSDJDWLQJ WKURXJK WKH VDPSOI—DIFIBW-E[N\I)&;MH\WBPMQ<|—HGUE-|\FRYHUHG
WKH WLPH GLIIHUHQFH EHWZHHOQYKY WIIPWIDHE vZRWH KN HAKRE WVPLVVL

'URP wKH s vDPsoH LowHUIGH BT A R e e pes v



+LJK PDJQLILFDWLRQ EDFN VFDWWHUHG (HORFWDREY DUBH(UHSRUWHG L

LPDJHV ZHUH REWDLQHG WR LHQW Uk WIKBIE W NWUHH HRIFHSwW )LJV
LQWHUFRQQHFWLYLW\ DQG WKH VWHXEW XY RL MK PHOW DW WKH

JUDLQ ERXQGDULHYV LQ SDUWLDODO\ PROWHQ VDPSOHV DIWHU 69
DQG (& PHDVXUHPHQWVRI 7WH HS K

DOXPLQD SLVWRQ PD\ LQWURGXFW%&E\P{-&(IPQV\\/\/YDO VWUHVVHV WR
WKH VDPSOH UHV3OWLQUUHG R WIK-DGW AepUstio velocity

632 LQ SDUWLDOO\ PROWHQ VDPSOHV %XVVRG DQG
&KULVWLH 7R FKDUDFWHULJHKMWRARERWWLIEFEOMHY P HOIWRFLWLHYV RE

DOLJQPHQW LQ DQ RBUYRQPHBDRRBWDIIMLNJI 6& ROLYLQH DQG

DQDO\VHV RQ %6( LPDIHV DORQJ{@omeL@@Fﬁ/w QOHP MAOWKBUH VKr
D[LV RI WKH F\OLQGULFDO VDPSgP X/LH'IH

7|z_|<H
ORQJ D[LV RI PHOW SRFNHWYV Of ;ﬁ% XUH |
G

ZHUH REWDLQHG E\ LPDJH SUR
ODWODE VRIWZDUH )LJ FKDW IEWWLF FUHDVH RI EXON DQG V

WHPSHUDWXUH 8SRQ PHOWLQJ RI WKH
vi) Grain size and grain orientation ZKLFK LV DW DERX\8 DQWG GERWHKDVH
distribution VLIQLILFDQWO\ IRU WKBE2BBP SEMHY ZLWK
PDJQLWXGH RI WKH YHORFLW\ GURS LV
7KH JUDLQ VL]H RI RXU VD WS @MW DR Y%HMMIFMDVRIPGLQ WKH VDPSOH
XVLQJ WZR GLIITHUHQW WHFKQLFXIDWJIWKN REWHWEHG VD W HMWKKRBHOWLQ.
DQG XVLQJ )2$06 VRIWZDUH 6KRDLNWQBIODQG WKHKMDPHOW ZIWKU WKXR
LQWHUFHSW PHWKRG HVWLPDWH\Q WKHDQX® E HWHDIVHQMH UVNSWQR & VWR
R JUDLQ ERXQGDULHV ZLWK D UDRJRGXNVAV IOR\QBH DERENLXMP HNK@DRDIA G ZK L O H
WKH VDPSOH 7KH OHQJWK RI WRHQWIDQKLIQJI MWPKHR VWD O@WHWRN D FRQ\
VWDWLVWLFDOO\ FURVV HQRXJK JUDLQV 7KH )2$06
VRIWZDUH PHDVXUHV HYHU\ LVRODWHG SDUWLFOH IURP
VNHOHWRQL]HG LPDJHV DQG HVWLP BwHReCicahcopausiVkk ORILFD O
SDUDPHIVWWN SHULPHWHU VKDSH IURP ' HOOLSVH

ZLWK D ORQJ DQG VKRUW D[Lv HH HAHFYEYRGBB P BOGRFWLYLWL RI
FDOFXODWHY ' SDUDPHWHUV VXFK DY P/ sRARPRAWPLEY 6HEW IUDFWI
HORQJDWLRQV )URP WKH ELQD‘(JKRLZIQJ}I-Q\/)LV\]/KH”FR@-YV F"Bg\RPHOWLQJ
FRQYHUW ' PRUSKRORJLFDO P8?¥urbwLRr $H R/ DPSIORRALWK

LQIRUPDWLR@H XVIDQLY DWK QW GPL"b‘%WV\'ﬂQ@'-Fgu WH VXGGHQ LQFUHDVHYV L
VSKHULFDO JHRPHwWU\ E\ PHD'®VWRV GWwHuHRIRAYB® WR WKHLU V
FRQYHUVLRQ HTXDWLRQV IURBZHY% bk p RBWRPHIGRQIH LQ FRQGXFW
3URXVVHYLWFK 7KLV SURJBBMHthYLH\ﬁ/ SRRRHAGWRESRQ FURVVLQJ
DOO W\SH RI VDPSOHV IRU g'ﬁ%%%%ﬂ"&éuwwdwﬁW\ﬁﬁpﬁQl&/Rpww
HVWLPDWERQVEDO EH SHUHRW LQXHV° WR LQFUHDVH DIWHU WKH
JUDLQV DUH PRVWO\ URXQGHG BEEQE R BHRW RW R RAWIRGIQY WHPSHU

HORQJDWHG VKDSHV 5HvVxowv YOWHL RLd QRO/EPFWIRILE JUDGXDOON
ZLWK WLPH LI ,,, SUREDEO\ DSSUFR

vii) Experimental uncertainties VWDWH ZLWK WLPH  KRZHMHUW L RMKH
H[SHULPHQWY GLG QRW UHDFKHG D
([SHULPHQWDO PNBVX WHFAH QRMRUWLPH 7KH FRQGXFWLYLW\ YDOXH!
VXEMHFWHG WR XQFHUWDLQWLHV. R PRI WERDIQERFDWHKH Q LQFU!
HVYWLPDWLRQ RIH WEBRSNVRWHKFRYGRBWHYLW\ RI ORJ XQLWV D IDF
GLPHQVLRQV DQG ILWWLQJ HUURUNHOW WRLAS OdD YRR PESIDRWIG WR WKH
HVWLPDWHG WR EH IRW VHLEPLRUHHPRGEWWQHV7KH FRQGXFWLYLW\ Y
IRU YHORFLWLIBY GURBRWU (& IYDOXISW IRU PRUH WKDQ PLQ DW . D
(UURUV RQ WKH PHOW IUDFWLR®QLMWM D HDF WK DRU WWKHIODW LYK G D
HI “ Rl 025MVDLOHG VROQURAHYW M IDFWRU RI EHRUL@XH
XQFHUWDLQWLHV IRU HDFK WHFXRPSRHWQG HUURU SURSDJDWLRQ
FDOFXODWLRQV DUH JLYHQ LQ VXSSRUWLQJ LQIRUPDWLRQ 7H[W
.., 6  %RXKLIG HW DO *LOOHW HW DO /L HW



iii) Textural analyses of samples andVR WKH H[WHQVLYH ZHWWLQJ RI FUW
melt VPRRWAQJYHGP WRWLGQWHUIDFHV )LJ

7TKH WH[WXUDO HTXLOLEULXP GHSHQG\

7KH SUHVHQFH RI PHOW LV NMEHEBUODA RHOME OWD FAMJ RSO OPHOW FKHPL
VDPSOHV ZLWK PHOW GLVWULEXWYOUEXWRRIQ WXSHRUWWHLBQG 3URYR)
ERXQGDULHV DWLBOGIO MXWQ Fwi R QP HWUEHNWVE DY DROOL WYARWHPV FRQVLVYV
,OQOWHUFRQQHFWHG PHOW QHWZRERNRSGBH\YPHOEWHWHOPYHU VD DWLHFHOH M
SDUW Rl HDFK VDPSOH LQFOXGERYKERR ¥WPBOH zLWK DQG HOOLSV
YRORI PHOW )LJ ,,, 8VLQJ WKW KPIJK UHVRIOKWRR&/LQXRXV LQFUHD
6(0 LPDJHV ZH GHWHUPLQHG WHKIQ APWWHESHOEBE8RWRIFWRRHEH DWWULE
PHOWOLG LQWHRKDFHYLFDOWH D FHIHREBHEW RRI DQ LQWHUBGWQQHFWI
feof FKDQQHOV ZKLFK IDFLOLWDWH WKH P
7DEOH ,,, 6 SUHVHQWV WKHFPWIILF &/ IWKURKSKIJWEBHQPHOW ,Q FRQ
RULHQWDWLRQ SDUDPHWHUV GHIUREBIPIMRIPRER WX PQAVHWM HIZQOD FROW
)2$06 VRIWZDUH VDPSOHV DYHRMDYH DUDEWHGE B\ DUKH SUHVHQFH RI
VLPLODU DQG EHWZHHQ DQG YROXRH HERPHYWRAAQA FILWKODY WWRQALQH J
FDOFXIWRWHEBKH EHVW ILWWLQJ WOV QR IWRQBHOW LW HUFRQQHFYV
FHQWHU 7KLV SDUDPHWHU LQG&&FRFNV DVRIL 1S WKH ER®WWKH TLUVW
ILWWLQJ HOOLSVH GHYLDWHV IRRPHBHY EH W DFE KW IO i PR VWIHKIRE R X W
YDOXHV IURP WR LQ RXULQRESRLEBWE QL GWKPWH WKIBDWWH[WXUDO
JUDLQV DUH PDLQO\ URXQGHG EXM XdRWHS WK FvR WisK FF@Q@HEWLY LW\
(ORQJDWLRQ SDUDPHWHU B\ H[ PRWWWHGDEKLHYHG ZLWKLQ IHZ KRXUV
b ZKLFK FKDUDFWHUL]JHV WKHIGQPI® UPIQFH ENMWESAHHGI W KHDSLGON LG
OR@JDQG VKPRUYAW RI WKH ILWWIKRZHO YU SARP SOV HTXLOLEUDWLRQ E
YDOXHV FORVH WR LQGLFDWROKYRQH DRPYEY IS[D UQV IEFROK, FEKXIBLFDO [
DYHUDJH YDOXHV WUHQGYV IURKRHTXLWR VHYHMPEHOEZHHNYD RE Be@@EXD O L
JUDLQV KDYH DQ HOOLSWLF FURVV/VHRFWVHQP QR LFHKR YRY. WKW O\
GHYLDWHV IURP FLUFXODULW\ $VSHFW UDWLR LV H[SUHVVHG DV
A ba DQG FKDUDFWHULJHV WKH VKDSH RiQWHWGLPYRWRWLRQ  RI
ODUJH DVSHFW UDWLRVY FORVH WR LQZDPORV Y HORWILABHW BV X O W
URXQGHG DQG QRW HOQUWHMWHGLDRXHW KLJIK
YDOXHV DUH LQ JRRG DJUHHPHQW ZK kP RkQ@VYWREGH RADWKKRIQ GURS LQ
7KH DQDO\VHV EDVHG RQ WKH ROREWDWIL A/ RS RRIE M PHOWLQJ
DLV Rl PHOW SRFNHWV LQGLFDWHOYWD Q&RXFIL vIWBEMSRERR G QRIWKH VD
PHOW ZLWKLQ WKH ROLYLQH PRFSDUHE JWRIKGU PHQW TUDFWLRQV

DVVRFLDWHG KLVWRJUDP LQARH®WHAMRLER vIARW gy QRW VKRZ
SUHIHUHQWLDO RULHQWDWLRQ R! DFRXVWLF ZDYH YHORFLW\ LQ UHVS]
PHOWLQJ RI 025% FRPSRQHQWV 7KL\

H 'LVFXVVLRQ VXJIJHVWV WKDW WKH YROXPH IUDFWLF
i) Effect of evolving melt texture onV X! L FLHQW &L DXCHU WKDRR DORBU WKH
VHLVPLF ZDYH SURSDJDWLRQ WKURXJ!

_ . URFN $GGLWLRQDOO\ DVVRFLDWHG HL
electricalconductivity YHORFLW\ PHDVXUHPHQWV DQG ILWWL

8SRQ PHOWLQJ SDUWLDOOQY' PR JXHLVKLgJPVLJ(\?L'LFDQW GURS 1
Q Q WHR NP I uHopwiLYHOV FF

HYROYH WRZDUG WH[WXUDO HTY)%IJI'(?I!?E \}V)\(PDngDWII—&R %%PWMPSHUDW

LPSURYLQJ WKH PHOW LQWHURRQOHEFW %JJ WKDW WK

acoustic wave velocity and
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UHGLVWULEXWLRQ ZLWKLQ WKH RQLCLQEBOWEL WKH RQJIJRLQJ \
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GXH WR WKHLU QHDU JHUR VKHPDYPRE X¥QIQLIZKDOKW IMUWRWURQ ORZ P
HQKDQFHV WKHLU DELOLW\ WR GHWBFWKRQG WXDOWWIK H 6 & WQ IHRP HW
ODERUDWRU\ VDPSOHYV DJJUHJDWH LV GHW HWV ROQ BGDB\GWKRHO VE
7KH FRPSDULVRQ RI SUHVHQ®LTBOMWD LQWHU IDFHLDIORXVQHUJLHYV /DS
H[SHULPHQWDO DQG WKHRUHWLFDO HAKKW L¥RWXER®VLAWNULNPLFO HQH
YHORFLW\ LV VKRZKILQH)IRXU, , UARRROWR DUHKH LQWHUFRQQHFWLYLW\
FRQVLVWHQW ZLWK WKDW WRKHRKBI@MHK®P HW D@RZ PHOW IUDFWLRQ WKE
FRQVLGHUDEOH GHYLDWLRQV LPRRGG HHSHHUWPRMIEDOQYDWXHY H[WHQ
IURP WKRVH HVWLPDWHG ERMHLEQIJUWKBRUAWNRDWORPH VXUIDFH)
DSSUR[LPDWLRQV 7DNHL QRDHWWHEB GXHQWMEB VXUIDFH WHQVLRQ
SUHYLRXVO\ WKH GLWDJI&MHHPHR WWHIR WD W ARXVWLF YHORFLW\ D VKEC
VLPSOLILHG PHOW JHRPHWULH\HOHWXP IHRI. QY §F R\ K6 BCERRAM W LPAPOHAG L D W H O\
PRGHOV 7KLV REVHUYDWLRQ FDRUEMWHKNUWKMHIOARRDIMRERUDWHI®W IUDF
E\ FRPSDULQJ WZR WKHRUHWLFDIKOH® RRIHQW DRQH EDWHG RQ (& FRQWLC
QDWXUDO PHOW JHRPHWULHV <RAKWMIKHHW DPHOW VIDOPE® M KBIWHU K
RWKHU RQ LGHDO PHMOW JHRPHKNHKHW WEDQ WKH FRQGXFWLYLW\ RI
PRGHO ZLWK PHOW DUUDQJHP HGQHOW VQ P L O BDIM. RE WBKIWNX VYW P OVKDW WK
RFFXUULQJ PHOW UHFRUG D VL JERQIGPORQW. WIHM\R PHMAKRGR S ORUEMH XV HC
JLYHQ PHOW IUDFWLRQ FRPSDUMGFWRRWNKH ROHU DWKWIXPLQJ DV ORQJ D
LGHDO PHOW GLVWULEXWLRQ +RZH Y3HWU | RKMHBRREM OV EDWVHGD RQ\ HTXLC
JUDLQ ERXQGDU\ ZHMQBDWY <RVIQE@MEFDWHY WKDW (& LV H[WUHPHO\ VH
SUHGLFWV WKH VHLVPLF YHORHAOML)XU VDKHUPRUBLILWEKEWOADPSOH
DIIHFWHG E\ PRGLILFDWLRQV RQ WKXWHXSRBH QW RIPHWQVW,INQMMDWQHRXV DG
EHHQ VKRZQ WKDW WKH PHOWWRROWMWR 6HRSHFWVIWRKHYRQVHW RI |
VLIJQLILFDQWO\ ZLWK LQFUHDVHQIHBUPINGWUH DQG YRODWLOH
FRQWHQW <RVKLQRHHWODIXW GLVFUHSBQFFWULFDO FRQGXFWLYLW\ R
EHWZHHQ WKH SUHVHQW VWXG )\ EDY® GWK DW VRV HPRNV KLDQR EMHQ OLQYHV W
FDQ EH H[SODLQHG E\ WKH[FHDJQRHINEX \Z BHVW D@J <RVKLQR
SURSHUWLHVY GXH WR LPSURYHG PH@WUZFARKNLL GIWVSDRSHUWLHAMKD®J HW
KLJK SUHVVXUH DQG W KH DSQUH %HAM¥ MR R IL I B WKV +D O yLJd o, "KL
LQ RXU VDPSOHV FRQGXFWLYLWLHY DUH ORFDWHG ZLWHK
PHDVXUHPHQWYVY RI ROLYLQH &RQVWDE!
,LQWHWHSWLRQ RI HWOIODFBJELEPVDODOWLF PHOW 3UHVQDC
FRQGXFWLYLW\ UHMERBWYM DQG :DII 1L HW DO /
HW DO WKH SDUWLDOO\ PROWH
7KH HOHFWULFDO FRQGXFWL YGWASODY LIIRWRIGRQJUKHPH QW SSHWAHHQ G
FRQVWDQW WHPSHUDWXUH DWVOLJKWAARXKXLGKNUY D& XREWVHUYHG IRU
LQVLIKWYV LQWR WKH GHYHORSRKH@WYORIVLRWVKH OFRR @QH PWHG PHEWPSDU
FKDQQHOV LQ SDUWLDOO\ PROWHRXED PHAQ HIMWD V)R UE I9BDQ JEBIWHPWRWW KH L U
IUDNLRQV DERYH WKH P HOW L QUHEWZIRNMENG Ll € B PWD P/S Q WK H\BLUH G
HIILFLHQWO\ DV VKRZQ E\ DQVBBESHHV RIQP®IIMWWEH F\OLQGHU DSS
FRQGXFWLYLW\ LQFUHDVH REVHEKHG XOrW WKWV ROMBWXRHPHOWNVQJYKLFK
+RZHYHU DIWHU WKH RQVHW RIZRMKW REUHUND W KRIQIV VRF LYDOKGH YV FRE
(& MXPS ZKLOH NHSW DW FRQVWRQAW WHFPSH WIDWXYHEBDWHG VDPSOHV
WKH LQFUHDVH LQ HOHFWULR® FRSFCOGWILROWR| IRYUORUGHWD IRU
PHOW IUDFWLRQV ZLWK ORFQX EWHINQFUHDVH, RI (& LV
VPDOOHU WKDQ WKH VDPSOH ZLWK D ORZ PHOW IUDFWLRQ
ZLWK ORJ XQLW LQFUHDVHIi)RThg sourcelof discrepancy
SRWHQWLDOO\ LQGLFDWHV WKDW ZKHQ WKH PHOW IUDFWLRQ LV
WIILFLHQWO\ ODUJH WKH PDMRU SKHwLERW HRY SFHONW W\ D uRiD AHLV P LI
DUUDQJHG LQWR D ZHOO GLVWRREKNWHE VEHW ARMAPNED FMH dRQ RIWHQ
FKDQQHOV 2Q WKH RWKHU HKBFEREOLAWWKHQIVREWHPRNMIRQY DV WR WK
PRGLILFDWLRQV LPSURYLQJ WKWMKHHBWWKHRRVERDOHFWRYPPWHU DQG



.DUDWR $ FRQGXFWLYLW\ RREBADOEDWH\GS RQVAMDMRU ORZ PHOW
HOHPHQW FKHPLVWU\ RI PHOWLQWWIQ®EOWHGE XW K 6L )P SHHW HDWV
LQFRQVLVWHRFGEKFWLQLW\ PHDVXUHRKQW W WXR\ IH WRE/WHDQE (BHDO
SRVVLEOH FKHPLFDO YDULDWLRQMMVSRQKHVPIBEWL @RPPHOWLMIGDQG FR
*DUQHUR 7KHLU PRGHO S UHYGRGXW WK® WROREZH®MIUHHKH YDULDWL
PHOWLQJ RI SHULGRWLWH SURBREE X F Wi DMV WKDEWDMING-BER HYERS W KHD @
FRQGXFWLYH WKDQ EDVDOWLF PRANRREHWARQWH G HEVLWQIGHWAKHHRLFDO FK
DSSURDFK LWD@WLF RIS WRZDWKEVKXWHRBEGUDMWKXUHY IRU D SURORQJHC
VHLVPLF DQG HOHFWULFDO REVHUMNMFWLRQVFKBRZH YLHU F KMKPH. PHI@® WR P SR\
IUDFWLRQV HVWLPDWLRQV XVHGFRQ GWFWILY YWX GQ ZPHHIHVERDW & RIQ LQ'Y
WKHRUHWLFDO PRGHOV ZKLFK SSHILUIH W R5 KEEGUNE A VDALG? D WIHVW KOH JH Q H
HITHFW Rl PHOW IUDFWLRQ RQ VWUWRLGE WH®REQW\ DIR QUOFRIWIDYH LQ F
WKHKDYLRUERD PHQWVDPSOHV IRQOFD® DMMWHQBGIKEDOL DQG )H 0J FRQW
SHULRG Rl WLPH DW KLJK SUHVYXWHK DQBUKDM. QWHVPEEUBDWEBRRBWHQW
UHPDLQV D FKDOOHQUJLQJ H[HUFWKB W WFOIS HP RO W HFRWP SRMLIVOLIRQ VW D\V
SURORQJHG KHDWLQJ LV RQH RE5WKARPBEREWWRXUFAWHKH RH[SHULPHQW
IDLOXUH DQG H[SHULPHQWDQVVI\RXGDL HF\. RRW HEZH RYHD VR PLH) WH FRQWHQ
LVVXH E\ VKRUWHQLQJ WKH GXWDWLRQ RPSWHKWDIQW WKDX)JH FDUULI
PHDVXUHPHQWYV DW KLJK WHPSHWRWKUH +RZHYOHODUBXNQG ODUJLDQR
UHVXOWV GHPRQVWUDWH WKDW W M G & DY BR®WW QRO LYDRXU PHOW L
VLIJQLILFDQWO\ ZLWK WLPH ZLWKHQWMWWBHFRPSRWLWRRQ RADVHG RQ
PHDVXUHPHQWY DQG UHODWLY W&HRMADEO B QROYBBXHM PEQVEHZH FRQI|
REWDRQFK WKH ' LQWHUFRQQ HFWRHO® W HOH RWNUKBY PEHHHQY PD\ QRW R
HVWDEOLVKHG HHXWXUBDWLO\P QFRHIKW UFDQ UHH DWBKH REVHUYHG FRQGXFW]I
WR DQ XQGHUHVWLPDWLRQ RI WWH HVRW DR W | HEWFRQI G&WRR BH FDXVF
JLYHQ PHOW IUDFWLRQ )LJ ,,,PRG&RIFIWMRRWEHRIPYOMK 7KLV REVHU
PHDVXUHPHQWYV ZLWK JHRSK\VIFROQOLSPRIMWKDW WKHUHIRL® PHOW IUD
UHVXOWYV LQ DQ RYHUHVWLPDW IVRAD R WLKPH. ®BIO W RUW K W L\RAQD UQV MCKIH P D\
FRUUHVSRQGLQJ UHJLRQ LQ W KMKKDORX B\D P\ DRWICRD BRBXNHFLHQW EH\
KHUH SURYLGHG DIWHU K DWa . DILRY HIOROMD HWD \O WKH ZD
VWDELOL]HG DV KLJKOLJKWHG EWHWKH. @ K BWE HWKGIRBHORY SKKDIVH W R S U
'H DOVR QRWH WKDW RQFMLWEK® RMPIMH BRIGEWEWIL WKH HOHFWULF
VWDELOL]HG DV D UHVXOWWRPSHPSWRYHGFDRHO®WVR EH UXOHG
LQWHUFRQQHFWLYLW\ HOHFWUYADABFEWQ®GXWWUYWWN FBDOWHQJIRII 025¢
VDPSOHV FRQWDLQLQJ U@V RXWUMKHBWVVLERE LQFWKBVH
FRQVLGHUDEO\ GLIIHUHQW OHWMVP S\WWKD @ WR FHR QR WEHUW RV HPSHUDW X
PDJQLWXGH 7KLV GLIIHUHQFH EXFRRBW HGX EW DRD JHORYBONRLY DQG FK
WKH XQWHWRWVDREDVXUHPHQWY WKW WDPSHOWH PROWKHU DQDO\VHV RQ \
IUDFWLRQV DFFRUGLQJ WR WKHP DWWHIQ[G DVKRZRHQ® )SBRFNHWYV LQ RXU
7KLV LPSOLHV WKDW XQFHUW RIDIMBLRPYSARHY S i Q HHW RHUG H RIYOWR XRWQ 63
IUDFWLRQV IURP (& FDQ EH YHPHOWSRKND@WO ILQILBSELWE SRVVLEOH I
PHOW IUDFWLRQV DUH KLJKHU KWJIS® VIHWZU I8 HFBHRHDQ /WY HPKELOA )L ,,, 6
REVHUYDIWUWQFXWBUO\ FUXFLDO IRU PDJQHWRWHOOXULF
07 SURILOHV ZLWK ORZ VSDWLDO UiHpatications of laboratanknesuits
UHDVRQV (& YDOXHV KHUH SURYLGHG WL QV&RW( B WHKIPWKHQ W H U L R
XVHG IRU JHRSK\VLFDO LPSOLFDWLRQV +RZHYHU ZH QRWH
WKDW WKH HOHFWULFDO FRQGXFAKHY LRRP SPIHDLWYRQH PEHOMZ\H HIQU D DE R U L
VXSHBYRU DFRXVWLF ZDYH YHORFHMPR ORY LFODO VWIAMDLONH DKHLTRKLUHV H
GHWHFWLRQ RI ORZ PHOW |UDWWHRBROWHQ \EXMDVaH VYV ZLQ KW H[WXUDO
HYROYHG PHOW WH[WXUHV ,I WWRIOZIW\PDWUSE DR S @Y WU GRV IOFKE-R UD W
PHOW DUH PRGLILHG E\ WKH SUSINHRQEHQWN VIWODQWIDHQW FRQGLWLF
DPRXQWV RI YRODWLODPQ G @AMKKHHPKHOWY Rl DFRXVWLF YHORFLWLHYV
DQDO\VLV LV LPSRUWDQW IRU FRUUH



H[SHULPHQWDO GDWD DQG UXQNEBHBBXOWHMSD@HREDRNQAG® MR EH LPSF
PROWHQ V\VWHP DW JLYHQ SUHV®XKIH K QGHWXRS AW DON¥XUH[SWMKHPHQW V
PHOW QHWZRUN FDQ HYROYH WRRPFNQIQFRWH WISK\HEBHWIRIORVY DQG
PHOWOLG LQWHUIDFHV 7KLV HIXHQVEWDWH RQR BWHRTPHVYF\ .DUDWR
FRQFHUQV WKH DHNW WRRDGO\WRIKRGKIIHQG DQHODVWLFLW\ LVORVVREFEQDW H C
MXQFWLRQWRRGBKPBUBDWLR RI PGHOM CR¥NRQY DMMTXHQF\ DQG UHOD)]
JUDLQ FRUQHUV DQG WKH PHOSWOIHDWHRBL HUIWAFWKUBVKRWEHUPDOO
IDSRUWH HW DO 7KH VPO DE/IVKIHG WD OP YO\QM CBHHV DFFRX QWL QJ
HVWLPDWHG IRU RXU SDUWLDORN \WPRID\D W H/@PS\O HXQ HIQV XWKHK WHPSH
FRPSOHWH JUDLQ ERXQGDU\ SPHWWDQO\ PG W RE OW QW H/RV XX®LYHHG E H
IQWHUFRQQHFWLYLW\ HYHQ IRU HPWOHRWORNG RZ P H DK NRROX W D O
IUDFWLRQV YRQ %DUJHQ DQG :BHOW |UMDRSRURY HDUHD &YPDOO " DQ
IDSRUWH DQG 3URYRVW |URKWLKR QVHMIXIFRDWHGULQ WKH PDQWC
SURSDJDWLRQ RI VHLVPHP ¥DY HMVEBEBBOWRBDG®VWLF YDOXHV RI SXUH R
DQJOH LV NQRZQ WR Y DBUHUDLWKU SIVBHIYERKQ HH W HPO DO &KDQWBOVRW
ZLWK WKH FRPSRVLWLRQ RI WK ISDAHOWMD GBD PR OMH® WANMWHPE ZHUH IR
‘:DWVRQ <RVKLQR HW DO JUDLQ(ERMQAE®BHQWDDLGLQJ SURFHVV WR
VWXGLHV VXJIJHVW WKDW WH[WXUDQODMDOXHWLEODWLRQ 1LHY BDUWKM®HVV
GHSHQGHQW SURFHVV ZKLFK PRAXH GI®WV LN TIXA\E HOD\D@RD UMP BEAW ZK
DQQHDOLQJ WLPHV ZHHNYGRUY RQWHKY JUDLBVERNQIBEHHQ UHSRUWHG
/IDSRUWH DQG 3URYRVW DO ODXPXW MWGRWLRQ PRVW RI VLOLF
BWLOO VPDOO GLKHEUDDKRQK@MEVRYSWLRQ LQ WKLV IUHTXHQF\
HIWHQVLYH ZHWWLQJ RI FU\VW VG U DREXWO D @GV WH® X B RRIFBW KSQY HUV D Q¢
FXUYHGPMR@WLGQWHUIDFHYV REVHARZHY HIQ RXKLVDWPEREYV VKRZHG WKDW
DUH VWURQJ LQGLFDWLRQV W RADHE KWRIK\A X\AX_LIFW B F O7H) KIFRMW W H JIKK@E W K X \
UHDFKHG WUDQVLHQW FRQURWILERSUBSGLIRVUIR UQU D2BHOMHOWY 7KLV \
QHWZRUN FORVH WR WTXREBHUWER B H{WXWREZ YLVFRVLW\ PHOWYV

.RKOVWHGW :DIl DQG )DXOFDVH &P t0U25® WPWODNMV DW KLIK WHPSHUI

)L ., )JXUWKHU DIWHY RMHDWKQRY WKEBOSHDLRNQLILFDQWO\ LQ
WHPSHUDWXUH WKH DFRXVWLFHOYRORWLWYV UHPDLQYGHAEBQUGHQW IUR
FRQVWDQW )LJ ,,, VXJJIHVWHQS HW WDBE XWHQ VZIDPYSHAOWVSBUHRG LV P XF

ZHOO UHOD[HG H QRFESDLOLN FDQ WRXIBIRBBWHULVWLF fUH Q D [DHOLIRQ WA RRH
VHLVPLF ZDYH YHORFLW\ PHDVXWHPHQ@DV ZHMWK BB W SIK\ KV WKH UHO
REVHUYDWLRQV ZKHUH WKH LQYHUVH R| D@/LCEDAVLF FF
,Q DGGLWLRQ WKH H[WUDSROOWERQWRYLWVHRERUWWRUHG IRU [LWW
DFRXVWLF ZDYH YHORFLWLHV RHOHMXUPHRHDDVOY @R/ SHUWXKRQO FXUYHV
REVHUYDWLRQV UHTXLUH WKH&FRRUFKDHODWLRQ&MROFEBDPWLRQ XVLQ
DQHODVWLFLW\ DQGWWHTRHREMDWHIUM .LODXHD EDVDOW . \LHOG
H[SHULPHQWV ZKHQ QRW WRRIVLRQROQRNUFRQEEXDADAJUKVKRBQF\ RI
SHUIRUPHG DW WKH IUHTXHQF\ UQQRNKU URWPXG\WR7KHOSJURGXFW RI DQJX
7KH FKRLFH Rl WKLV IUHTXHQF\UHD®JHBWIR G HVLHUPE B WG HEH\BD Q E H
ERWK UHTXLUHPHQWY RQ H[FLWRWYRQ WG TUGWERHWHRUYLWKH LQ 5LY!
SLHEPHFWULF WUDQV GXKH UU BV \WDHIEWFHRDW B W HVWLPDWHV WKH
VL]H Rl WKH SUREHG DSBSOPWXWR3EH VLPLODG \RRHVEM WKEDY®WLR L
%RWK DQHODVWLFLW\ DQG PBQRDHPRROELMWY\ WKSORL QDU J D YHU\ V
DFFRXQWLQJ IRU WKH WHPSHU DW XL GRH SHIQISOIQVFW LR | EVFROOYG RU  2X U
YHORFLW\ FRXOG ORZHU WKH RRBPU YHR FHORFLKAOLHY TKOREZHU YLV
DUH IXQFWLRQV RI [UHTXHQXREAHD ARHRABGHILDM X UH VERHWHU UHOD[DWLR(
PLQHUDO PHOW LQWULQVLF SERYROWVHRQVLOHRKDGEDGT BEWEWY |DFW
FKHPLFDO FRPSRVLWLRQ DV ZHOWWRY DWDRQ VE\|HXD@® DVURQQF H[SHUL
ERXQGDULMM[XUMHY 5LYHUV OFQRE® SKVURMLRKIWHOKDY DOUHDG\ EHHQ PD
.DUDWR -DFNVRQ HW DO +R Z H YBIXJO HBXTU DO VD
DO ,Q VROLGV DQKDDRRGEGXRMHEW V DQG i. RITRXU



ROLYLQH 025% VDPGWHYJS DIURHUMRPHYEIDOW ULGJIHV LQWUDSODWH P/
VLPLODU ZLWK WHPSHUDWXUH GWSHGEEHWQLRD Y DK X HYV FRORAAXODWHGE *D!

E\ KIQKURP .DUDWR LQGLIDWKIPQDJID PRABW FKHPLVWU\ GRHV Q
DIJUHHPHQW ZLWK SXUH ROLYLQWL E®WIDFXQWVR @ HOMWIQFH SRRQWFR XV W
ZLWK DQKDUPRQLF SOXV DQHOD\BWYF EW KO RWDUPLFKDHO ZH FRF

)LQDOO\ WKH XVH RI 0+] I|UHDF/DFREBIVWLRQYVWR RVKRVH UHSRUWF
XQGHUHVWLPDWH WKH HITHFW RP ED&HH@\D VIDLEFRAAV | , , 76K L QLG FIUH D V. H &
WKH XQFHUWDLQW\ RQ RXU PHDQXDEBBH@WRQ WRWWKHKLDWH RI DEVR
XQFHUWDLQW)\ PXVW EH UHD VR QDHE®DRF DW L\HWR D Q GE \Y W & RFSURIDLHYWG B R S
HUURUV HVWLPDWHG LQ DEVREB® LR RADVEXDDMARIW LQWHUHVW ||
5LYWYHWDQG &DUPLFKDHO DWH ZWORO R L BE0TNSMO®D VKHDU PRGXOL R
UHOD[HG VRXQG VSHHG IRXQG IRHORW @W W8 PW IOLVROLGGFRDOMDLQLQJ S
WKXV UHSRUW D PLQLPDO HIIHFIL WK WKHO B/U HVBIQLEHHY R D6 DIV W XD W L R Q
PHOW RQ WKH DFRXVWLF ZDY H UWIHMRRWLENFRQGL G RQV L\ENM UHODWL
VLPLODU ELDV DV HVWLPDWH®E URW VR CFLR3AO GD Q B G DFIWL AL WK 1B QS U H V H ¢
DQKDUPRQLFLW\ EHFDXVH VPD®D QWDHVER@ERM-BRDMD NG HRVEKD QW H O
WR KDYH RQO\ D PRGHUDWH HWHKHRWDEXMRD¥XM\MUDBRRBDMWNRKYN YDOXHV
VXIIHUV DOVR IURP JUDLQ VL]H WRQMLRH UDRN LRFON FR RSHWBIL HG® O Z L\
E\ -DFNVRQ HWHYHQ WKRXJK WKLNORFRMH\HW ZBNDVXUHPHQWY W LV
IRXQG WR EH QHDUO\ IUHMXMHEIAVHUEGHABHIQHBHPQWHUDORJ\ H J SXU
DWWHQXDWLRQ DW PDQWOH F R QEHUN IGROWL MV DIVQ.® Q HIIHFWV GXH WR

IUHTXHQFLHV EHWZHHQ QDWXUDO DQG

iv) Geophysical implications YHORFLWLHV HVWLPDWLRQV VHH Gl

+RZHYHU WKB/WKWDWLRY DQG LWV YDI

2XU VWXG\ GHPRQVWUDWHV WHKRYR N pH AHOW FERWHRPW 3R PR R ¥

SDUWLDOO\ PROWHQ PHGLD FDQy B EWYOMHW FABQWL L BH® < UHID wL Y H
WKH UHGXFWLRQ RI VHLVPLF YH@RFEVR ohRWHPHEYR F DR EMAE R X H v

ZLWK D PLQLPXP GHWHRRWBDHEW BHHOW, IYPWY LQGLFDWH WrBW EHORZ P

DQG QR VHLVPLF YHORFLW\;G{WRE VIHFFUWRYHY I1URP WR
2Q WKH RWKHU KDQG IRU WKH WWGIHRyROAW S WPHEFWLRQY RI 71
* ZLWK GHORORSHG  LQWHRRRA QRO W W R v @ OH @ KBS HU YR

HOHFWULFDO FRQGXFWLYLW\ YBHBHVZALWRIR D Wi ULFW vyYRQEH VR Do«
DERXW ORJ X@WLW HW D OXKMAZ BEH) RQIQHZRQVNL DQG $QGHUVRQ
UHDFKHG WRR QDUURZ WR UHYROYHL W Q&WRHRAW ¥WUXFWXYRYvH yD
ZLWKRXW LQWURGXFLQJ VLIQLILFRRRW V@i H W WY R i v DREW D L Q H G

,Q WKLV VWXG\ ZH VSHFLILFROON B NKdH PR YRIEBHEN z i@ J L QD o3

DFRXVWLF ZDYH YHORFLW\ DV D PHRYXMH WRoGHWHUREQBRVEH G RUWHK
PHOW 1UDFWLR QD @HY VWAODINO BERS DW WKH VDPH SUHVVXUHV /L

UHGXFWLRQ LQ VNL\RE\FHUIOHRG LWY WKW WRSWLQJ ZH REVHUYH D VWU

Rl WKH DVWKHQRVSKHUH  $QGHUYR QY DREsAP WL R 7KH PDIQLWXGH
':LGPHU HW DO SRPDQRZLFGFUHDVHPRR B D HQ DWKHW KSR P IHVD MY HOD F
H[SODLQHG E\YROEBEWDOHQJ PHONy MdwLRV DERYH DUH REVHUYHG
oo D +RZHYHU  WIORVHDYD WCWBYRBINOYUDFWLRQ YEIV UDWLR2XDO X H\
GHSHQGLQJ RQ WKH H[WHQWERIgFPHPWIRRUDPH\ WKWK /9= HVWLPD!
FRUUHVSRQGLQJ WHPSHUDWXUHM \BRE EWKE REDL W @HoVROYGIRWY EH
LQ WKH PDQWOH 6LIUp HWVDRoG UHTXLULRIBREODPRBQW RI PHOW
YDULDWLRQV RI XS WR REVHYGW EHRZAYWHH RRELEBHwD LPsoLHV
SODWH 6FKPHUU LOQCEWRWRMOPHWIRRHEWYROYHG LQVORFDO DQR
XS WR ~ SUHVHQW LQ VRPH SDYWYyRRWXS PEWKHKRQRYREHUYDYH EHHOQ
VXJJHVWLQJ ODUJH KHWHURJIHGRIW N wHlF W H U PV, R yRIBO MW b o
GLVWULEXWLRQ $SDUW I1URP WKk pORPPALEFGIBHORR IFBFWLRQV
VHLVPLF YHORFLW\ QXPHURXVy YW XGh VYR YIS RUVE DR R BMV K H W U H ¢
SHUWXUEDWLRQV LQ YQUYRWVFKHRORHRO | VERWWLU SK\WWLFDO SURFH\



YRODWLOHVY FRQWHQWYV LQ PHOWAWIEFRXOIX HYEEBDVQP SWKHHVHEXW OHYV
DQRPDOLHYV HYROYLQJ PHOW WH[WXUH 2XU UHVXC
,Q JHQHUDO ZH ILQG WKDW WK®HFWQWFPRQ WRIQGXWF WH S RWW IRG SDUW|
LQ SUHYLRXV JHRSK\VLFDO VWXBIDH\K DHG FRIQNRIWVHV HQMOORKKIQUK HWKH  +
WKDQ WKH HVWLPDWLRQV EDWABUFRQQHGWERUDWRDY OHDG WR DQ
PHDVXUHPHQWYV RI VHLVPLF Z@YHUYBORNHQLPHOWKIKWDFWLRQ 7KLV
PDMRULW\ Rl WKHVH VWXGLHWRY HMWYMEPWWHRQ@RHRHBWLIFUDFWLRQ LQ
SUHGLFWLRQ RI YHORFLW\ UHGZX¥MWUB QO RR¥KSD X WH. DD@W \P DBWHRU WR
URFNV X®GFHKWHVWLPDWH WKH HDISIFRS BLIPWMBO VW HWKRWLRRU GHWHUPLQL!
RQ VHLVPLF YHORFLW\ 7KH XWNG® DRISRXWMLIDMERBRYWHY V\VWHP ZLW
PHDVXUHPHQWY SURYLGHVY PHOWRSIHDWWHRQWY KM KIUMYDRXV DSSUR[L
FRQVLVWHQW ZLWK SHWURORJWKHRUMRAHOY PRGWRMURIZMHLVPLE Y
EHOLHYH WKDW WKH UHILQHG RPYHHOMA VM DFEDWL R QV KV \M [\W B Y WRRIN P HO W |
ZRXOG SURYLGHODWNRRPLGVR PRGGW GBIPRQYWUDWHY WKH LPSRUWDQ
PHDQLQJIXPRUFWHRYNMWLRQ EBWIBREG XIEWDGLW\ YDOXHV IURP WH[WX!
VHLVPLF DQG HOHFWULFDO REVSIDYWWRBQV AREWHHFWDRBOHKHIRU F
FKHPLFDO FRPSRVLWLRQ RI PHOWSR@LPBRX&DWB ZDYH
YHORFLW\ LV RQH RI WKH LPSRUWDQW DVSHFWV ZRUWK
H[SORULQJ LQ IXWXUH VWXGLHVY J $FNOQRZOHGJHPHQWYV

| &ROFOXVLRQV ‘H WKD@N +HQRW IRU WKH 6(0 DQDO\V
Q '"HYLGDO IRU WKAURGHR&MRIQPO\VHV D

7KLV VWXG\ SUHVHQWYV WKQlDVVE%\'ﬁ\K/ IR Yp W\N‘ II:I|IE KQLFDO DVVLV\
PHDVXUHPHQWYV RI HOHFWULFD% ﬁg@k’ﬁw%v@ Wg\% )H(V[\)/SE‘
ZDYH YHORFLW\ RI SDUWLDOQ) QW *OVBE JHV XOGLOJ
JHRSK\VLFDO LPSRUWDQFH 7KH 14 HYXOM PK t 6@ ww\,\,gﬁév LOLWLDW
HOHFWULFDO FRQGXFWLYLW\ D®3I3&DFRXVWLEYV ZDXYHS RO REe W\ $15

UHSRQG WR WKH HYROYLQJ PHOW7KAM[WXVHDUFKP ZDV ILQDQFHG E
FRPSOHWHO\ UDQGRP PHOW GLVWYJME’Q\R/HQW WD('E_HRF’QW\RLJQXFNX(/[FHOOH(
LQFUHDVH RI HOHFWULFDO FRb% Wit UJQH D

WHPSHUDWXUH DIWHU PHOWLQJ(BE{ES)%/%%\ Léﬁﬂi%ﬁl%(% \|6_| PHgQRV\é)F)

PHOW LQWHUFRQQHFWLYLW\ HYRQY R Q YONYWM PHOV

FRVQW VHLVPLF YHORFLW\ D'Wk'l“HWIKF"b(B"PQRWBLI—Q)]OVéJJUMW\SURYLGH(
DFRXVWLF YHORFLW\ LV VHQVLWRLEGHWREWRH QRGO PHROKREY GHVFU



Figure 11l.1 Schematic cross section tbe high pressure cell assembly for simultaneous acoustic velocity and
electrical conductivity measurements. The assembly was designed to place the sample at the center of the cell at
high pressure due to differential compression of alumina and MgO pisidre respective pistons lengths were
calibrated in prior experiments

Figure 1.2 aS and b Rwave velocities as a function of increasing temperature (left) and as a function of time

at a constant temperature (right) for olivinend meltbearing samples investigated in this study. The
uncertainty results from the estimations of temper pressure, sample dimensions and data fitting eroes
estimatedWR EH ORZHU WKDQ 1 RI WKH YDOXH (UURUV DUH QRW UHS
> . 1 @ LV ZLWKLQ WKH VI\PERO IRU DOO GDWD SRLQWYV



Figure 1.3 Electrical conductivity as a function of reciprocal temperature (left) and, as a function of time at a
constant temperature (right), for the samples containing 0.1, 0.5 and% watlt fractions. Solid and dashed

lines indicate the corresponding conduittes immediately after melting and after 1 h at constant temperature

of 1650 K. The uncertainties associated with the electrical conductivitynoe@surements are legsportantat

high temperatures. The uncertainty results from the estimations of w@um@erpressure, sample dimensions

DQG GDWD ILWWLQJ HUURUYV DUH OHVV WKDQ 1 RI WKH YDOXH IRU (



Figure IIl.4 Backscattered electron (BSE) images showing near equilibrium melt textures awlngie
interfaces atl650 K. Weldeveloped interconnected melt channels in samples with a, b 2.0%, c, d 1.0%, e, f
0.5% and g, h 0.1% melt volume fractions. The bright particles attached on sample surface and holes are
UKHQLXP SHOOHWY FRPLQJ IURP eeRiOde¥ Kre @ade D&Rey. Biggestpbrides i@ G
presents in samples holes and along sample/capsule interface (c, g) whereas smallest particles are attached to

sample surface along polishing scratches (well visible in f)



Figure 111.5 Comparison of reported acoustic velocities and electrical conductivibespartially molten
systems. a Vp,s/VpO0,s0 ratios for variouslt fractions. Experimentally determined velocities for the olivine
basalt system (Chantel et 22016) and theoretal estimationgor olivine-basalt (Yoshino et al2005) and melt
analogue system@ akej 2000) are shown for comparison. Errors in SV ratio are 3.6%4 HUURUV LQ PHO
fraction are within the data symbol (1% relative) Reported electrical conductiyivalues for olivine, MORB
and olivine+ MORB compositions. Open circles and filled circles indicate conductivity data for our
volatile-bearing partial melts at meltingnd data after 1 h at 1650 K. The conductivity values presented in the
figure areC06 (Constable 2006), P72 (Presnall et 4972), TW83Tyburczy and WaffLl983), N11 (Ni et aJ.
2011), Y10 (Yoshino et aR010), Z14 (Zhang et al2014), C11 (Caricchi et gl2011), MO5(Maumus et al.
2005) and L17 (Laumonier et al2017). The ECvaluesreported in Zhang et al. (2014) indicate melt
conductivity beforéopen circle) and after (solid circle) the textural modifications duthéoshear deformation.
(UURUV RQ RXU GDWD SRiYQWXHDRG 1 RQLL® WHPSHUDWXUH

Figure 111.6 The comparisons of electrical conductivity before and after 1 h at 1650 K for studied melt fractions.

The conductivity corresponding to the LVZ is shown by the blue shaded area. The vertical lines indicate the
minimum melt fractions required tomain the high conductivity zone in the asthenosphere. Extrapolated data

using the logarithmic laws fitted from data in Fig. Blvas represented from relevant thseales with squares.

This slow increase shows that weeks of equilibration will be negessdnave half an order of magnitude

increase of EC. Such an increase is compatible with measurements performed on equilibrated material after
ZHHNV RI DQQHDOLQJ (UURUV RQ (& DUH 1 DQG ZLWKLQ WKH GDWD
0Q HI WUDSRODWHG YDOXHV DUH 1 DQG ZH QRW GLVSOD\HG IRU GLV



Figure 11l.7 (a) The % drop in Pand Swave velocity as a function of the sample melt fraction. The
geophysically observed-wave velocity anomaly for theVZ in the asthenosphere is shown by the shaded
rectangle. Note that the 8% Vs drop observed for most of the asthenosphere can be explained&h3%.3

melt. (b) Vs velocity anomalies observed at various geological seéimhthe possible melt fracti@stimations

based on our model. The Vs anomalies presented in the figure are from EPR 17S (Toomey et al., 1998), EPR 8
11N (Toomey et al., 2007), YellowsteBieake River (Wagner et al., 2010), Hawaii (Laske et al., 2011), and the
Pacific (Kawakatsu et al. 6FKPHUU (UURUV RQ YHORFLW\ GURSV DUH
symbol for melt fraction (1% relative)

Figure 111.8 a) Vp/Vs ratio of our experiments reported as a function of increasing temperature. The standard
deviation on the da lies between 0.0305 and 0.0335 (lowest to highest temperature values) corresponding to an
HUURU PDMRUHG E\ Rl WKH 9S 9v UDWLR 1 E 9S 9V UDWLR DV D
content). Values for solid sample before melting mgresented by circles and values after partial melting

occurred with squares. Vp/Vs ratios froseismological data: PREM (Dziewonski and Anderson 1981) and

AK135 (Kennett et al., 1995) are represented in black dashed lines. Vp/Vs ratios from nominalsnairee

represented by colored zones (green for Olivine, grey for OPX and gold for CPX), velocities data at 2.5 GPa

was taken from Li and Liebermaii®007). c) Inset figure in a Vp/Vs ratio increasavatlting in function of melt

fraction, quantifying the magnitude of increase of the ratio in response to partial melting



Table 111.1 Chemical composition of MORB and olivine before and after the experiments.

025% 025% 20LYLQH 20LYLQH
LOQLWLD ILQDO LQLWLD ILQDO

SiO,

TiO;,
Al,O3

FeO

MnO

MgO

CaO

Na,O

K.0

Total 98.79 (0.5) 98.29(0.2) 100.4 (0.2) 100.7 (0.8)

K 6XSSOHPHQWDU\ PDWHULDOYV
i) Introduction

7KLV VXSSRUWLQJ LQIRUPDWLRQ FRQWDLQV GHWDLOHG
69 HOHFWULFDO FRQGXFWLYLW\ (& DQG PHOW IUDFWLRC

$GGLWLRQDO WDEOHY DUH JLYHQ IRU

x *UDLQ VL]H DQG WH[WXUDRYSDNHIGP ¥ WMHSJO/HRIIUR B F)R 301 F

WDEOH ,,, 6
x (VWLPDWLRQ RI PHOW IUDFWLRQ XVLQJ SUHYLRXV OL
DQRPDOLHVY DQG LQIHUUHG PHOW IUDFWLRQV IRU FRPS

$GGLWLRQDO ILIJXUHV DUH JLYHQ IRU

X $YHUDJH JBDMXMLYWDUWLQJ SRZGHU YRO 025% FRI
x (OHFWURGH FRQQHFWLRQ LQ WKH (& 69 KLJK SUHVVXUF

11 6
x ,PSHGDQFH VSHFWUD RI VROLG DQG SDUWLDOO\ PROWH

X OHOW WH[WXUH WIKWKPBIBWHQBHIRUUHG RULHQWDWLRQ
X (YROXWLRQ RI PHOW WH[WXUH VKRZLQJ VDPSOHV DW C



i)y Supplementary Text
TH[W ,,, 6 ([SHULPHQWDO XQFHUWDLQWLHY DQG HUURU HV

([SHULPHQWDO PHDVXUHRHIRFYWI RVKSFUVRXDP\GZDYHV 9
ZDYHV 9V DQG HOHFWULFDO FRQGXFWLYLWLHV (& DUH V
WKH HVWLPDWLRQV RI WHPSHUDWXUH SUHVVXUH VDPSOI
HUURUV JLYHQ LQV WKL\ HDRHOMWD LIS RU 1 DUH DOZD\\
SHUFHQWDJH H[DPSOH 69 GURS RI ZLWK UHODWLYH H

Errors on sample dimensions (a):

6DPSOH OHQJWKV SULRU WR VDPSOH ORDGLQJ DQG L
GHWHUPLQHG ZLWK D KLJKJSUWHHFLWAFRFXUILHALWDO KHPJKIQ G
JLHOG (PLVVLRQ *XQ VFDQQLQJ fQ® FWHNRSHBWRIYR\DRR $B P $(C
DNV WDUJHW SUHVVXUH DQG WHPSHUDWXUH ZHUH HVWLPD\
H[SDQVLRQ 3RVVLELOLW\ RI VLIJQLILFDQW OHQJWK FKDQJH
FRQVLGHUHG DQG DX GHIGHRXKNW DR W &,W VREZH WA RQK W KH $36

&KDQWHO HW DO VWXG\ ZKHUH QR DEUXSW FKDQJHYV
DW . DQG *3D ZDV PDGH XVLQJ

?5
61 \ 27
@ @eH L @b F U6F 6, E-h

ZLWKTXDO WR %RXKLIG HWDOD o *3D /L HW DO
*LOOHW HW RO LQLWIDDQGGEVDPSOH OHQJWK 7KLV HVWLPDWL
OHQJWKYV EHFDXVH UHFRY HUH[G BDLAPHIHY VDY WRI DHIGL GKH BRP S |
DQG RIWHQ ORVW HGJHV GXYWQLE I RMXKH KIOPIS S H RFEX\E WU B Y
PD[LPXP OHQJWK FKDQJHV REVHUYHG LQ RXU UHFRYHUHG
LQLWLDO OHQJWK

Errors on sound wave velocities (b):

%DVHG RQ VDPSOH GLPHQVLRQV DQG 69 VLIRDOHFRQVL
YHORFLWLHV FDQ EH TXDQWLILHG XVLQJ HUURU SURSDJDW
LQ WKH FDOFXODWLRQ 8QFHUWDLQWLHY RQ YHORFLWLHV |
d DQG WLPH

'H IRXBOGWWRXU VWDQGDUG GHYLDWLRQ ZDV XVXDOO\ O
VDPH WUHDWPHQW WKH HUURUV RQ DFRXVWLF ZDYH YHC



JHRSK\VLFDO GDWD FDQ@n&kHVHYWQRBWHGIRKFEBWDHIWLDOO\ P
VWAHDVWDWHLW W&H YHORFLW\ EHIRUH PHOWLQJ (UURUV RC
OHVV WKDQ 1

BIAHP . Fs
8E 3B ~TUavE g PEYGasst
6RXQG YHORFLWWEKEW.LRDXYVFHIZO AQ0 D WRH & HIMRGB QIS U D W L

Vii 7KH UHVXOWLQJ HUURUYV SURBS®HDWLRORURUEZKOHB LRX
PDMRUHG E\ 1

exééél_ |

R . 8IAHP . S .

Gagrguald ||:23—E3~pE~Ue"UéUE|ﬁPEUaa@BE
‘H QRWH WKDW EHFDXVH RXU GLVFXVVLRQ LV PRVWO\ EDV
ZDYH YHORFLW\ ZLWK WKH RFFXUUHQFH RI PHOWLQJ DQG
VOLJKW YDULDWLRQ RI WKH VDPSOH GLPH QLR B UROOU

FRQFOXVLRQV
Bond-effect estimation (c):

‘H KDYH FRQVLGHUHG WKH HIHHFAFWIRD YRXQICE @B YER X ¢
VXJIJHVWHG E\ 'DYLHV DQOFNS¥RQQHO®O DQG -DENYVARU
7KLV ERXQG HIIHFW PLJKW RULJLQDWH IURP WKH —P 5Kt
DQG WKH EXIIHU URG $ —P IRLO ZDV QHFHVVDU\ LQ RUGHF
VDPSOH DQG WKH HOHFWURGH RILWHW G RYZFHW HHD K\D R IF HOW WK
FRQWDFW DQG PLJKW DOORZ D PRUH HIILFLHQW WUDQVPLV'
VDPSOH 7KH UHIOHFWLRQ IURP WKH UKHQLXP IRLO ZDV QR

7R HVWLPDWH WKHRISRWMKHQS\H. DRLABIIEFHWKDYH FDOEXODYV
YHORELWLHV XVLQJ WKH HODVWLF SURSHUWLHV RI UKHQLX

*3D DQG VKHDU PRGX@RV RHVSLWH YDULDWLRQV REVH!L
PRGXOXV 9S ZDVZHNAVQLPDWHE® EHMQG 9V WRNP V 7KH WLPH
VKLIW DVVRFLDWH® GV QDQRVHFRQGV IRU 9S DQG 9V UF
WUDQVODWHY LQWR RQIRUDIBHR GHYUFHRMWWKH REVHUYHG W
IRU RXSJOWIVP 7KH IRLO HFKR VKRXOG WKHQ EH VPDOO ERWK
PLIJKW EH KLGGHQ LQ WKH EXIIHU URG HFKR ZKLFK LV FRKF
RI IRLOV HFKR 7KLV HVWLPDWLRQ XQGHUOK®KHVVWEO® EIf
SUHVHQW ZLWKLQ RXU FRQVLGHUHG HUURU IRU DFRXVWLF

Errors on electrical conductivity (d):
(OHFWULFDO FRQGXFWLYLW\ LV VXEMHFWHG WR WKH VDF

PRVWO\ GXH XQFHUWDLQWRONV RKH VDA SFOMHMUGEP B QPR QG XFW L
ILWWLQJ WKH UHVLVWDQFH DQG WKHQ XVLQJ



e L %0a
:KHUH / LV WKH VDPSOH F\OLQGHU OHQJWK $ WKH VDPSOH

%\ WKH VDPH IRUPXODV WKH HUURW CFHDSI H HG HRF MVQ Y DRACHVG D X
XVLQJ WKH UHODWLRQV KHUH DERYH WKH HUURU SURSDJD

‘H HVWLPDWH WKDW WKH H[SHULPHQWDO HUURUV RQ WKH |
1

Errors on the melt fractions (e)

7KH YROXPH PHOW IUDFWLRQ LQ WKH VDPSOHYV ZDV FRQV\
DGGHG WR WKH PL[WXUH 7KH VWDUWLQJ SRZGHUV ZHUH S
HQVXUH D VXIILFLHQWIBDHWILNRLRQ RQWHKH PHWOWI 025% IUR
7TKH XQFHUWDLQW\ RQ PHOW IUDFWLRQ HVWLPDWLRQ"
ZHLJKLQJ ZKLFK KDV DQ DFERUYMHRDRIO XQPHUWDLQW\ RI
HVWLPDWLRQ LVHOOODWWLWHKBQ 025% 1

i) Supplementary tables

Table 111.S1 Grain size and grain orientation distribution in our samples for various melt fractions. The grain
size estimations are from intercept method (avg. Grain size column) and image probgds®gMS (Avg. Eq.
Diameter). Other textural parameters are derived from FOAMS software (see descripteations 2.6 and
33).(UURUV 1 DUH JLYHQ LQ SDUHQWKHVLV

Melt Avg. Grain size Avg. Eq

fraction (um) Eccentricity Elongation Aspect ratio Regularity

Diameter (um)




Table 111.S2 Estimation of the implied melt fractions in different asthenophegions where LVZ have been
detected. S wave velocity drop are given and our inferred melt fractions are compared with previous literature
estimations.

Location Vs drop Previous estimation Reference Our model
(bvw ?iDFL“—F 7RRPH\ HW DO
(DVW 3DFLILF 7RRPH\ HW DO

+DZDLL UHJ /IDVNH HW DO
<HOORZVWRC :DJQHU HW DO

5LYHU 30D

3DFLILF 30 .DZDNDMHWVR O

iv) Supplementary figures

JLIXUH ,,, 6 &LUFXODU HTXLYDOHQW GLDPHWHU RI 3ROLYLQH 025%°
Analysis is performed using a MALVERN Morphologi G3 apparatus using %ofrpowder. Only a restricted

area was analyzed because of the importaimber of particles recovered (enough for statistical
considerations). Average grain size is 3.74 um which is clearly thinner than grain size estimations on recovered

samples (Table 111.S1) suggesting a consequent grain growth at duriddTHéXperiments.



Figure 111.S2 Schematic diagram showing the electrode connection on the buffer rod in the high pressure
assembly for EC/SV measurements. The rhenium electrode is connected via a singiRes%ewhocouple

wire. The electrode has a tongue, which is édicdownward along the alumina buffer rod. The wire and
electrode are inserted along the piston and the hook shape help maintaining a good electrical contact. The

contact between the electrode and the wire is purely mechanical and is better achieveafivithgcpressures.

Figure 111.S3 Impedance spectra of the sample at different stages of heating, (a) before melting (b) after melting

at 1650 K. Errors on impedance are within the symbd5g@ for 1 M impedance).



JLIXUH ,,, 6 2ULH@WIDRFINHQVRIDFOHRIRJ WKH ORQJ D[LV 632 DV D SHUFH(
VHFWLRQ FXW SDUDOOHO WR W KD DHVVDRD MK & HFRHUHSG WULFED O PEIRSWO M D F
EODFN DUURZV LQ HQODUJHG LPDJBV VRKH/ IROH RQY WGDPRIHROQVRI RVE K M/ \FRDYRUEIP
RI WKH RULHQWDWLRQ RI PHOW SRFNHWV 632 ZLWK WKH ELQ VL]H RI

JLIXUH ,,, 6 6(0 LPDJHV VKRZLQJ D GLVWULEXWLRQ RI 025% SRZGHU |
HISHULPHQWYV E OHOW SRFNHWYV ZLWK DQJXODU JUDLQ LQWHUIDFHYV
H[SHULPHQWYV DIWHU KRXU DW . VKRZLQJ PRUH URXQGHG DQG VPRI



4) Notes and additional information

$GGLWLRQDO GDWDH® KW HUDWH@RM) BEXEOLVKHG ZRUN
FRPPHQWHG LQ WKLV VHFWLRQ 7KLV ZLOO KHOS WR SUHFL
DV UHVXOWY RQ WH[WXUDO DQDO\VHY DQG HOHFWULFDO FF

D ([SHULPHQWDO DVVHPEOLHNHWIHDM XS DQG VWDUWLQJ P

$GGLWLRQDO ILIJXUHVY DQG WDEOHV DUH JLYHQ WR SURY
FKRLFHVY H[SHULPHQWDO FRQGLWLRQV DQG SUHFLVH WKH
FKDSWHU

,Q WKLV VWXG\ VDPSOHV ZHPH[WRRFIRWKGDRI @D Q RZIUHARK
ROLYLQH DQGFXKRODWXOBO 025% JODVV 7KH 6DQ &DUORYV
VHOHFWHG IURP SHULGRW L WHYWKQPMNH V7 IRHEW DI %RQ HG OEW \V* [
I[lUHH &SDENHG 6& ROLYLQH FUWMBYDOWHOUHD BGXVKBRAFHG
SRZGHUV VHH )LJI ,,, 6 DERYH 7TKHVH SRZGHUV ZHUH Wt
SURSRUWLRQV WR REWDLQ WKH GHVLUHG PHOW IUDFWLRC
IUDFWLRQV RI DQG 7KRGPOEIDWHG PL[LQJ UDWLRV DUH JLY
IRU D WRWDO DPRXQW RI J RI SRZGHU RI HDFK FRPSRVLWL
HQVXUH D PLQLPXP HUURUV GXH WR ZHLJKWLQJ

Table I11.2 Calculated ratio of the mixturd 8an Carlolivine and MORBWt%) for a total of 1 g

2 vol.% 1 vol.% 0.5 vol% 0.1 vol%

MORB %wt
Sc Ol %wt

7TKHVH SRZGHWIEWYHGK RRU KRXUV DW *3D DQG .X
IXUQDFH DVVHPEO\ 7KH VFKHPDWLF SODQ RI WKUYQIVVHP
H[SHULPHQWY WKH VDPSOH WHPSHUDWXUH :ZDVSsHHDV XUF
WKHRFRXSOH ZKLFK ZDV ORFDWHG RQ WKH RXWVLGH RI Wi
WKH VIQWKHVLY H[SHULPHQW ZHUH FXW LQWR D VHFWLRQ
GLDPHWHU 7KH VDPSOHV ZHUH PLUURU SROLVKIHGRRQ ER
WXQIJVWHQ FDUELGH RI DQG DQG WKHQ ZLWK GLDF
GLDPRQG VL]H RI DQG DERXWH IR DDOQGH@UWHKHWHU R|
ZHUH PHDVXUHG ZLWK GLJLWDO KLJK JDMIH Q1 VDXQWIRA RXDNPF
: PP 7KH KRPRJHQHLW\ RI WKH VDPSOHV ZDV DOVR FKH
DIWHU SROLVKLQJ



Figure 111.9 Schematic cross section of the assembly used for syntheses. The synthesis of the olivine + MORB
mixtures were @rformed using a 25/17 assembly with graphite furnace and rhenium capsule. The experimental
conditions were 2.5 GPa and 1100 K for 2h. The recovered samples were cut in two with diamond wire saw and
double polished for EC/SV experiments.

Figure 111.10 Plotograph of the synthesis products after double polishing. Sample was then inserted in the
EC/SV experiments.

6DPSOH OHQJWKV ZHUH PHDVXUHG WR UDQJH EHWZHHQ
SROLVKLQJ DQG VDPSOH UDGLL ZHUH WRBMXVVWPHBEKRIRP V\C
HVWLPDWLRQ LV PDGH XVLQJ LQLWLDO VDPSOH ORQJWKYV
H[SHULPHQWYVY VKRZHG GHFRPSUHVVLRQ FUDFNV DQG RIW
DQG SROLVKLQJ SURFHGXUHV +RZHYMHY REVHBEDH® XP RXQ
VDPSOHV ZHUH PRVWO\ ZLWKLQ Rl WKH LQLWLDO OHQJW
JLYHQ LQ WKH IROORZLQJ WDEOH 6DPSOH UDGLXV ZDV PLC
QHDUO\ FRQVWDQW

7KH UDGLRJUDSRIDOLWVYHDY SURYLGH WKH PRVW DFFXUDWH
VDPSOH OHQJWK LQ UHVSRQVH W®RLDREFM FSIHVULEPH QW F SVHUAXW



XVH WKH WKHUPDO H[SDQVLRQ RI FR @WHQLIWXH DK ® DEVHG L
LQIRUPDWLRQ RQ WKH OHQJWK HVWLPDWLRQV DUH JLYHQ L

7TDEOH ,,, (VWLPDWHG OHQJWKV RI RXU VDPSOHV ZLWK PHDVXUHPHQW:!
+3 DQG +7 DQG WKH PHDVXUHG W.JW&HDVWRB ORHQWL FD Q WVGDH-WK®RQ LV DO
WR WKH VI\QWKHVLY DW VLPLODU FRQGLWLRQV OHDVXUHPHQWY RQ O

SUREOHP LQ 6(0 VRIWZDUH IRU VFDOH HVWLPDWLRQ GXULQJ WKH PHDV X

Sample Initial length Initial diameter  Estimated length Size after %
(um) (um) at 1650 K (um) experiment reduction
(pm)
M324-2%
M357-1%
M343-0.5%
M331-0.1%

7KH UHFRYHUHG VI\QWKHVHV UXQ SURGXFWV ZHUH DOV
OLFURVFRSH 7KH LPDJHV RI WKHVH VDPSOHV FRQILUPHG W
DQ ROLYLQH PDWUL[ 7KH TXDQWLW\ RI WHKRK B P5PQ R EALHAUKY |
YROXPH IUDFWLRQ LOQVHUWHG LQ HDFK FRPSRVLWLRQ VHH
DQ\ PHOWLQJ SURFHVV DQG DSSHDU WR EH KRPRJHQHRXVO

Figure 111.11 Backscattered electrons microphotographs ofngas after the synthesis run. a) is a
microphotograph of 0.5 vél of MORB and b) is microphotograph of/8l.% of MORB

7KH H[SHULPHQWIQ®&VHWRXKIBDRXIUHPHQWY LV GHWDLOHG L(
WKH UHFRYHUHG DFRXVIW)L WNKHJIQDOVYHDUH GHWDLOHG



Figure 111.12 Photographs illustrating the preparation of high pressure and high temperature experiments and
their realization. From top left to bottom right: a) experimental assemblies (25/17 and 18/11) used for this study
with graphite heater and rhenium capsules.Assemblage of octahedron on the cubes. One can remark the
specific geometry required for the thermocouple and electrode wires which is unique for this experiment given
that the position in the primary anvils guide block is fixed for the transducer. cdrBB&zoelectric LINbO3
transducer fixed (tin solder) at the polished corner of 11 mm truncation anvil. d) Tektronix digital phosphor
oscilloscope (left) andektronix AFG3101C wave function generator (right) used for sound velocity generation
and record.e) 1500 Ton (Voggenreiter Mavo press) mafivil apparatus used at the Laboratoire Magmas et
Volcans. f) Solartron ModuLab MTS Impedance/@atiiase analyzer used to measure electrical conductivity.
For scale octadreon side length is 24 and 18 mm (a), ™8(I), truncation corner 11 mm (c), computer mouse

at foreground (d), MutiDQYLO DSSDUDWXV LV P KLJK H " ODSWRS |



Figure 111.13 (a) Schematic of acoustic wave propagation in the experimental configuration for simultaneous

measurement of-Rand S wave velocities during high pressciemperature experiments. (b) Acoustic signals
(P- and S) generated and received by the duabde lithium niobate transducer.

E 6DPSOHV WH[WXWHNMBRIQ OO DRADFO\VHV

7KH PIVEHRVXUDO DQDO\WHE K® LK) RXKHQSEHEVEBERBHZRUN
ODLQ UHVXOWYV KDYH EHHQ JLYHQ LQ WKH VXSSOHPHQWDU\
VXFK DV ELQDU\ LPDJH DQG KLVWRJUDPV RI VL]H GLVWULE X

DSSHQGL[ HUPHLK) BWIWRQ RI RXU GLKHGUDO DQJOH IRU RXU
LQ WKLV VHFWLRQ )LJ

Figure 111.14 Dihedral angle histogram estimated for our four samples. The median value:ig°2(@. 3. The

angles were measured using high resiolu FEG SEM apparatus and on BSE microphotograph. The tangent
method was applied with a Matl@bcode developed by the author.



F (OHFWULFDO FROGXFWLYLW\ PHFKDQLVPV

$ PRUH GHWDLOHG FRQVLGHUDWLRQ RI HOSIEMWWUHEG VO \¥RR
RI DGGLWLRQDO GDWD (& Rl DOO F\FO HWH DRUDUHNIE K DI\ BRI Q
HQWKDOSLHV DBQ®R FROEHKRFMWRQOSUHWHG DQG GLVFXVVHG

Figure 111.15 Electrical conductivity measurements during each experience: (a)@&@b) 0.5% MORB, (c)

0.1% MORSB. First heating and cooling cycles were performed to remove adsorbed moisture according the
procedure developed by Manthilake et @008), these steps are crucial to avoid any contamination from
surrounding material (in pdicular volatiles) into our melt. Melting cycle was performed when reproducible
solid electrical conductivity values were obtained. An important slope change was observed above 10890/T
highlighting the transition from proton (at low T) to small paar(high T).

(OHFWULFDO FRQGXFWLRQ SURFHVVHV H[LVWLQJ IRU
&KDSWHU , 6LOLFDWH PLQHUDOV DUH UHJDUGHG DV LRQL
WKHVH PLQHUDOV EHKDYH DV D VHPLFRWQGAHNFOMRUWILW HP B @ WA
D VPDOO DPRXQW RI LPSXULWLHV VXFK DV K\GURJHQ DQG

RI VLOLFDWH PDQWOH PLQHUDOV DWW @DV MLAH UM HDSAHLLROQN &
HOHFWULFDO FRQGXMWLROWG IRRIFN FWHWWXD RWHU |,

s L QAT S
e e
4 G6

p

ZKHEH. .V WKH[SR@HQWLD+OL VDWWR UD FW L YXDIW/L "MK HH QaHRWDIW | P D
FRQVWDOQW WOKHSDEVROXWH WHPSHUDWXUH

2XU H[SHULPHQWY VKRZ VLPLODU HOHFWULFDO FRQGXFW
WHPSHUDWXUH WR . GHVSLWH WRHQGQORH XIQQW P HOQRW HFR
FRQGXFWLYLW\ VI\VWHPDWLFDOO\ LQFUHKBIV IGV | IZHUWHQ W Q¥ D (
REVHUYHG IRU WKH ODVW KHDWLQJ F\FOH RI PHOW VDI



SUHVHQFH RI PRLVWXUH EHFDXVH WKH ODVW FRROLQJ F\F(

VLPLODU YDOXH WR DOO WHKHPRWYXWX WD EZ 5 U HVRNW GG-XW LR

(DFK VDPSOH VKRZV WKH VDPH WUDQVLWLRQ RI FRQGXFV
KHDWLQJ DQG FRROLQJ F\FOHV %HWZHHQ URRP WHPSHUD

VPDOO DQG ZLWK D WHRQ® AHAHDMWK DESALYWKLV VXIIJHVWV W
GRPLQDWHV DW ORZ WHPSHUDWXUH 7DEOH ,,, $W KLJ

FRQGXFWLYLW\ FXUYH LV DOZD\V SUHVHQW DQG KLJKO\ YL

EHWZHHQ DQG VLIQLILFDQWO\ KLIJIKHU WKLV VORSH Gl
FRQGXFWLRQ SURFHVV ZKLFK FDQ EH H[SODLQHG E\ VPDC

$W KLIJIK WHPSHUDWXUH VPDOO SRODURQ FRQGXFWLR

$FWLYDWKRQSH®Y REVHUYHG DUH VLPLODU WR ROLYLQH YI
7TKHUHIRUH WKH FRQGXFWLYLW\ RI WKH PL[WXUH LV H[SUH
Beoaadobepl KHEEgee U /14%

Table 111.4 Values of activation enthalpy and fmeponential factor for the two conduction mechanism fitted.

First, lower temperature range corresponds to proton conduction mechanism whereas high temperature range
corresponds to small polaron

Sample | 1+ S/m) | 0 +eV)

2 vol.% MORB

300-700K (

700-1650K

0.5 vol% MORB

300-700K (

700-1650K

0.1 vol% MORB

300-700K (

700-1650K

"KHUKHDQx DUH FRQGXFWLYLWLHY E\ VPDOO SRODURQ DQG
6R WKH EXON FRQGXFWLYLW\ LV WKH UHVXOW RI WKH VXP

UHVSHFWLYH IUDFWLRQ 7KXV FRPELQLQJ VPDOGDBMRODUR
FRQGXFWLYLW\ RI WKH VDPSOH DQG HDFK FRPSRQHQW FD



Fe*,
e L& ATES gngé4

:KHUH WKH ILUVW WHUP LV VPDOO SRODURQ FRQGXFWLRQ L

,Q RXU FDVH 025% FRPSRQHQW EHBQHSPHOWL QHEV\V I
KLIJK WHPSHUDWXUH PRVWO\ LQ S\UR[HQH DQG ROLYLQH
FRQWULEXWLRQ DQG VR WKH RWKHU SKDVHTV FRQWULEXWL
RXU DFWLYDWLRQ HQWRDQOC®%LEM FRPSDWLEOH ZLWK

$W PHOWLQJ WHPSHUDWXUH WKH VORSH RI WKH FRQGXE
WKH FRQGXFWLYLW\ GURS $IWHU WKH GURS WKH VORSH F
7KLV VORSH LV D FOXH Rl DQRWKH V SFRROQEVX FWRL RRQUIR JERE
FKDUDFWHUL]JHG E\ YHU\ KLJK DFWLYDWLRQ HQWKDOS\ 7]
FRQWULEXWLRQ IURP HDFK LRQ 3UHYLRXV ZRUN *DLOOD
HOHFWULFDO FRQGXFWLRQ VPOND®IEH GRPQEDWHG H GOL
EDVDOWLF PHOWYV KDV DFWNYIPRIORQ IHBWUDORI 7\EXUE]\
7KH LRQLF FRQGXFWLRQ ZDV KRZHYHU QRW PHDVXUHC

G 6DPSOH FDSVXOH HOHFKANDE8 G HW.ICROBDWI FKHMWPLFDO PDSV

7R HQVXUH WKH LQFUHDVH RI HOHFWULFDO FRQGXFWLY
VXUURXQGLQJ PDWHULDOV VXFK DV UKHQLXP HOHFWURGH)
6(0 LPDJLQJ 2XU VDPSOH GRHVZOWW ERKWEK BQ\ DUHD FVOIHEQ
FRQILUPLQJ WKDW WKH VPDOO UKHQLXP SHOOHWYV IR
WKDW VDPSOH FKHPLVWU\ GLG QRW FKDQJH GXULQJ WKH H]|



Figure IIl.16 Sample interfaces boundaries studied wBEM apparatus (backscattered electrons
microphotograph). A possible reaction of the sample with its surrounding has been also considered, in additions
to details given in the published article, to explain the increase of electrical conductivity withOiimtbese

pictures taken on different samples, we can observe the absence of reaction between samples and rhenium
electrodes as well with surrounding capsule. In addition no melt pools or infiltrations were observed along these

discontinuities.

‘H DOV RWKRRRS S VARWHQRWWDOPSOH IRU WHVWYV SHUIRUPHG
-(2/1 - % ) +\SHUSUREH DSSDUDWXV DW WKH 8QLYHUVLW\ RI
FKHFN WKH UHVROXWLRQ RI WKH DSSDUDWXV ZLWK FKHPL
SRFNEWWK FKHPLFDO FRPSRVLWLRQV WKDW DUH QRW ZD\ G
VXFK DV LW RFFXUV LQ QDWXUDO VDPSOHV 7KHVH PDSV K
KRPRIHQHRXV WKURXJK WKH VDPSOH DQG WXEW REWRHO® A
LQ RXU PHOW SRFNHWYV ZKLFKOZD\E RWD B/RYV L HON UMK B
FKHPLFDO FRPSRVLWLRQ DW SRFNHW FHQWHU LV VLPLODU |



Figure 111.17 Chemical maps of melt pockets from our 2 %RBGample. Chemical homogeneity of our melt
pockets were checked using FHE®P apparatus JEOL JXB8530F Hyperprobe at the University of Lausanne.

The analyses were kindly performed by J.L Devidal and T. Hammouda (tests of the apparatus). The analyses
reveded, for almost all elements, a good homogeneity of the pockets and the presence of a thin quenched rim
(<100 nm) as expected for these experiments. The used of Ca and Na maps is of a great interest to see the
interconnection of the melt pockets and mitts at very low pocket size compared to standard BSE images. The
analyses given in Freitas et §2019) were taken at the center of pockets similar or larger than these displayed

in the first map (1€B0 microns).



5) Summary

7KLV ZRUN DLPHG WR EHWWHU XQGHUVWDQG DQG TXDQW
SURSHUWLHY RI SDUWLDOO\ PROWHQ URFNV DW XSSHU PD
H[SHULPHR®DOHWHWQHG HVSHFLDOO\ IRU WXLRX®WRGHRZKHN
PHDVXUHPHQWY Rl HOHFWULFDO FRQGXFWLYLW\ DQG VRXQ
H[SHULPHQWDO V\VWHP RQ JHRORJLFDO PDWHULDOV DOO
ZKLFKSHUGW®FAHYHU\ VDPH FRQGLWLEBQHM VW UWHHPLSBHE DOV
LPSXULWLHY DQG VROLG OLTXLG WH[WXUHV WKH UHVSRQ
PHOWLQJ ORW LGMDAFH B SD\QWiKHi & Bl BVRZUNM@R D WLRP VRXQG
ZDYH YHORFLW\ DQG HCRH FSARWLHF Q@ LRI 6 M BW L NLQ\RWS RIQW HL P
/9= NP GHSWK WKLV LQQRYDWLYH VWXG\ VXJIHVW W
VRXUFH RI WKH GLVDJUHHPHQWY EHWZHHQ WKH GLIIHUHQ\
KLIKOLJKWHHBHF¥WURRDIO FRQGXFWLRQ LPSURYHPHQW GXH V
UDQGRP WR ' LQWHUFRQQHFWHG QHWZRUN RI PHOW 7KLV
GD\V RU ZHHNV IRU D FRPSOHWH HTXLOLEUDWLRQHWYDU\ Yt}
UHDFKLQJ PHOWLQJ WHPSHUDWXUH IRU D OLTXLG ZLWK JRF
%HFDXVH ODERUDWRU\ HVYWLPDWLRQV Rl HOHFWULFDO FRQ
HVFDSH RU UHDFWLRQV WKH PHD V>XRWWGO YIOKHW RD G DXQ/GL-
RQ HOHFWULFDO FRQGXFWLRQ DQG UHTXLUH ODUJHU PHO\
(OHFWULFDO FRQGXFWLYLW\ DSSHDUV WR EH D SUHFLVH W
WR TXDQWLI\ PHOWEHUPDB &HRAQW K KFROXXOMGLRQ DV LW ERWK G
DQG FKHPLFDO FRPSRVLWLRQ LQFOXGLQJ YRODWLOH $W
D UHOLDEOH WRRO WR TXDQWLI\ PHOW IUDFWLRQ DV LW LV
RUBHIIHFW ([SHULPHQWDO VRXQG ZDYH YHORFLW\ ZDV HV
WKHRUHWLFDO SUHGLFWLRQ ZKLFK zZDV DOVR D VRXUFH
WHFKQLTXHV LPSO\LQJ OHVV WKDQ D SHUFHQW RI SDUW|
DQRPDOLHV $GGLWLRQDO GHWDLOV WR WKH SXEOLVKHG Z]
LQIRUPDWLRQ DERXW WKHVH VDPSOHV LQ SDUWLFXODU ZL



6) Perspectives

$V GHVFULEHG DERYH WKLV ZRUNZDL® VGWRWEHHMVWRGLAY \
D JUHDW YDULHW\ RI SHUVSHFWLYHV WKDW ZHUH IRU VRPI
WKDW UHPDLQ RI D VLIQLILFDQW LQWHUHVW IRU IXUWKHU ¢

D ([ WHQGHG XVH RI WKH (& 69 WHFKQLTXH DQG H[SHULPH

JXUWHKIBHULPHQWY XVLQJ FRPELQHG (& 69 RQ WKH VDPH
UDQJH 6HH FKDSWHUV ,9 DQG 9 FDQ EH UHDOL]JHG ZLWK W
JHRSK\VLFDO DQRPDOLHV ERWK RQ (DUWK RU RWRRU SOD(
opuv™

7R GR WKHVH VLPLODU H[SHULPHQWYVY FDQ EH DGDSWHG
VPDOO WUXQFDWLRQ IRU KLIKHU SUHVVXUH 7KLV FDQ E
VI\VWHPV EXWLHRIORQY ESHK DG AVUDQVLWIRRIHG VLK I/\W E B QY KE H HARRS
vLIJQDO RU RWKHU SURFHVVHV VXFK DV FKHPLFDO U
KDUGHQLQJ ZHDNHQLQJ RU GHK\GUDWLRQV GHFDUERQDWLR
7KLY WHFKQLTXH FDQ DOVR EH SHIRRURH& BQG HY D\SEIXUWIR
EH EURXJKW WR WKH EHDPOLQH ,Q WKLV FDVH WKH DVVHEF
UD\ DEVRUSWLRQ ZLWK UKHQLXP DKHD \MHIO Z% WV K @R UL F B
VOHHRBWH[DPSOH

7KLV H[SHWY VRHODMDH I\ FDQ DOVR EH DGDSWHG WR RWKHU
WKH PHOW FRPSRVLWLRQ LQ VRXQG YHORFLW\ LQ SDUV
FRPSRVLWLRIPWDRG LV FXUUHQDIVIDG XQNPRRKDHQYHUV KDY}
WKDW FIRPISRQDO HIIHFWV RQ DFRXVWLF ZDYH YHORFLWLHV
IRFBXRQ IXOO\ PROWHQ VDPSOHV ZKHUHDV HIIHFWV RQ VDF
IUDFWLRQ VKRXOG EH FRQVLGHUHG $PRQJ FKHNLBRG FRP
WKHLU HIITHFWV RQ PHOW WH[WXUH GLKHGUDO DQJOHV PX

$V KLIKOLJKWHG E\ WKLV ZRUN WKH H[SHULPHQWDO SUI
UHSURGXFLELOLW\ DQG FRPSDULVRQ EHWZHHY GLKHIUHC
GHK\GUDWLRQ SURFHGXUH SURSRVHWG E\NHD QWMWHSODQW RH W K
RI HOHFWULFDO FRQGXFWLYLW\ PHDVXUHPHQWY WR JHW
RWKHUZLVH GLIIXVH LQWR WKH PHOWGRQKH GRYIH®ERKRS RHHLF
VWDQGDUGL]HG DVVHPE®@Lit\ & G 9GH. | SIHRXLPWM (DPRQ IFRPP XQL



HDFK H[SHULPHQW KDV LWV RZQ UHTXLUHPHQWY +RZHYHU
(& 69 PHDVXUHPHQWY DQG VDPSOHGFKQUWN KWW WL B WU RAR XD
FRPSDULVRQ EHWZHHQ VWXGLHYV

E 4AXDOWLILFDWLRQ RI WH[WXUDO SDUDPHWHU WLPH HYR(

,Q WKLV FKDSWHU ZH VXJJHVW WKDW WKH LQFUHDVH F
SDUWLDOO\ PROWK @ WIRRBMWROOHG PHOW IUDFWLRQ DQG
FRPSRVLWLRQ LV GXH WR PHOW WH[WXUDO HYROXWLRQ
PHFKDQLVP HYHQ LI GDWD UHSRDWNB EXXRWWBE WWHDOD I
QHN HYSRHQWDO VEBHESIBXD®D EWLILFDWLRQ RI WH[WXUDO
DQG PHDVXUH WKHL&tu HHRBEW\VREDO PHDVXUHPHQWV $
FKDUDFWHUL]DWLRQ ZRXOG DOORZ FRUUHFWLRQV RI HDF
FKHPLFRDUYRDWH[WXUDO HTXLOLEULXP 7KLV W\SH RI VWXG\ :
RI RXU ZRUN DV LW UHSUHVHQWY RQH RI WKH PRVW FUXFLI
+RZHYSHWIRUP LW ZRXOG UHTXLUH D YHU\ FRWH QP ERQ \RC
H[SHULPHQWY DQG WLPH

4XDQWLI\ WKH 69 RU (& YDOXHV ZLWK D JLYHQ WH[WX
PRGLILFDWLRQV DUH KLJKO\ VHQVLWLYH WR GLIIHUHQW H
DVVHPEO\ DQG DSSDUDWXV RXWDNQ & B UXG/IHE G DSW RHB G XALHV K3 |
HI[SHULPHQWYV" ZKLFK DUH D VWDQGDUG SURFHGXUH LQ
SDUWLWLRQ GLIIXVLRQ H[SHULPHQWY FDQ EH LPDJLQHG I
HISHULPHQWY FDQ EH SHUHROUNWP HGDFWNIR QVKIB P/DOPHH 0PQG T X H
WLPHV HDFK PLQXWHYV 7KH PHOW IUDFWLRQ VKRXOG E
WKDW ODUJH PHOW IUDFWLRQ LQVWDQWDQHRXVO\ LQWHUF|
ZLWK WLPH 9HIWDGRALZRMHQAWOO LQGXFH VPDOO SHRFNHW VL
contra, WKHVH H[SHULPHQWY ZLOO EH YHU\ GLIILFXOW WR UHD
WKH H[SHULPHQWDO VHWWLQJ DQG HDFK H[SHULPHQW ZL
7K@ TXHQFK H[SHULPHQWY ZLOO SURGXFH D YDULHW\ RI WI
YLHZ RI WKH RQJRLQJ PDWXUDWLRQ 7H[WXUDO SDUDPHWI
GLKHGUDO DQJOH ZLOO UHTXLUH D VWDWIWWIRFGQQOWLE® 3$RI
WLQ\ YDULDWLRQV IURP WKH HUURU EDU +RZHYHU EHFDX
GXH WR WKH XQLTXH H[SHULPHQWDO VHWWLQJ FRUUHODW
FRQGXFWLYLW\ LV ULVN\ DVHMWWH GHDNQLGHORQ MWKW H [ B/XW DR



EH YHU\ ILQHO\ UHVROYHG JUHDW QXPEHU WR EH DEOH V
LQILQLWH VHW RI SRVVLEOH SDWKV IURP LQLWLDO VWDWH
YLHZ ZLOO @RWDMAOWARZFDWLRQ RI KRZ (& HYROYHV ZLWK !
FKDUDFWHUL]DWLRQ

F 7KH LPSRUWDOQFH RI DOHODVWLF DQG DQKDUPRQLF HIIF

$ GHWDLOHG VWXG\ RQ DQHODVWLF DQG DQKDUPRQLF HII
PDWHULDOV ZRIXOG EMDIWON@WHUHVW 7KLV SRLQW ZLOO DC
EXON HIIHEFW RI WKH SUHVHQFH Rl PHOW RQ DFRXVWLFE ZDY
SXEOLVKHG ZRUN DQG &KODWQWHRPW AHUDWLRQV +RZHYHU
XOWUDVRQLF H[SHULPHQWY ODFNV RI D VIVWHPDWLF LQYH!
FRPSDUH H[SHULPHQWY DQG QDWXUDO PHDVXUHPHQWYV D\
WKHVHLGHD® EHKDYLRUV GLUHFWO\ LPSDFW RRXUXFRQFO
PHDVXUHPHQWY ZLOO EH GLIILFXOW DV KLJK IUHTXHQFLHV
VDPSOH VL]H +3 DQG WHFKQLFDO OLPLWDWLRQ Rl SLH]R!
SHUIRUPHG RQ WKH VDPH VDPSOH DWH®LKIBIQGE QWKIWHTZRKQ
GLVWLISSDUDWXV DPRBQVHRXBFBQ®RIVRQFHUWDLQWLHYV
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Chapter IV Experimental evidence of a global melt layer above the Mantle
Transition Zone

1) General Introduction

7KH (DUWKYV PDQWOH HQFRPHEQFVNFBOLMMYEGHWE FMRIQE VE R
REVHUYDEOHV VXFK DV VHLVPLFLW\ DQG HOHFWURPDJQ
REVHUYDWLRQV LQIHUUHG IURP UHFHLYHU IXQFWLRQV KL
ZDYH YHORFLWLHY DQG KLBRBK WWRHVHIBW PRQ \UW/HW KEH VEDRN Hi(

GHSWK 5HYHQDXJK DQG 6LSNLQ 6RQJ 6FKDHIIHU
+ IODWM XPGHU HW DO 7KLY DQRPDORXYV OD\HL
JOREDO VFDOH DQYG UWODWJWH®/ KMEENQNRY 7D X]LQ HW DO Z|

YDULDEOH HYHQ DW UHJLRQDOODRDXPHGHAD KM D EBW DO

7KH VRXUFH Rl VXFK DQRPDOLHYV DQG JHRSK\VLFDO SURS
DQG WHPSHUDMPOLH VUBRRUO\ FRQVWUDLQHG %\ FRQVHTXF
EURXJKW WR H[SODLQ WKHVH DQRPDOLHV B6ROLG VWDWH
PLQHUDORJLFDO DQLVRWURS\ KRZHYHU WKH JHRG\QDPLFL
FRPSDWRGSODXVLEOH H[DPSOH VXFK DV OLWKRVSKHUH DV\
PHOWLQJ K\SRWKHVLV ZDV WKHQ EURXJKW DV WKH PRVW &
YDULHW\ Rl SRVVLEOH VFHQDULRY DQG PHOWLQJWWRFHVYV
UHSRUWHG WKHVH DQRPDOLHV XVHG VXEGXFWHG VODE SD
WKH EDVH Rl XSSHU PDQWOH WR H[SODLQ WKHVH DQRPDO
ODWWHU JOREDO VHLVPRORJLFDO VWXGRBY RR UMK D\ RR(
DQRPDOLHV ZLWK VODE ORFDWLRQ ZHUH REVHUYHG 7KH S
DVVRFLDWHG SKDVHV WUDQVLWLRQV FRPSOLFDWH WKH RE
VWXGLHV LQ ZKLFK MXPS RI \WMIOH PR QWO WRQGQXEWLRDQW\VL
VHH FKDSWHU , 1HYHUWKHOHVV WKH SDUWLFXODULW)\ R
DQRPDOLHYV KHUH REVHUYHG %HUFRYLFL DQG .DUDWR SUF
ILOWHU PRGH® UBKLAFAKD WO\ H[SODLQV WKH SUHVHQFH RI D J
GHK\GUDWLRQ PHOWLQJ ,Q IDFW WKH 07= LV FRPSRVHG R
ZDGVOH\LWH DQGKULYUDRRG MR Q WD R H KHH[EXERPEIO G H V

GLITHEB\@W DO VWUXFWXUHV DQG VR SK\V LFDRD $ WRSHRU WZIDHA
VROXELOLW\ KDV EHHQ VKRZQ WR LQFUHDVH VLJQLILFDQW
GU\ ROLYLQH .RKOVWHGWVIEWRYD® HWph& RODDED WRORY Q



I WKH 07= LV K\GURXV DQG LWV FRQWHQW LQ ZDGVC
SDVVLYH XSZHOOLQJ RIGLY UREGW LDGPURNMVZLOO RYHUVDWXU
EDRMNUDQVIRUPDWLRQ DQHRX\ROQXLOW FINHIEH UHOHDVHG DC
PHOWLQJ E\ VLIQLILFDQWO\ GHFUHDVH Rl LWV PHOWLQJ S|
JOREDO VFDOH ZKHUIZ @PEDVADLWHOLDRQ UHVSRQVH WR VODE
PDQWOH

7KH DENHRI FOHDU TXDQWLILFDWLRQV RI WKHVH DQRP
VHLVPRORJ\ DQG WKH OiDEMN JRIREKSWUEP® QRHDY XUHPHQW V
FRQILUPDWLRQ RI PHOWLQJ K\SRWKHVLVY DQG WKH GHILQLW
WKEKDSWHU ZH UHSRUW WKH ILUVW H[SHULPHQWDO UHSU
W R JHW KrHditu DIPFRKVWLF ZDYH YHORFLW\ PHDVXUHPHQWV LQ
VHLVPRORJLFDO LQIRUPDWLRQ 7KH LQGRRWRHANVPRPORIN\D
DQG SHUIRUPV WH[WXUDO DV ZHOO DV FKHPLFDO DQDO\V
SXEOLVKHG LQ DQ H[SHULPHQWDWXXRR®G XQIPADMWLR®D DV MH. FX
$GGLWLRQDO GHWDLOV RQ H[SHULPH@EW DQ YWHWIXS WAKHL MV KKII
FRPSOHWH WKLV VWXG\

2) Résumé

/H QLYHDX GH IDLEOH YLWEHMMX W L&/ LO B HG 1 Y IVRX@ WOLXQ X L\
PDQWHDX WHUUHVWUH D VRXYHQW pWp DWWULEXp DX SKpC
'DQV FHWWHXYWXGRQVQBEHSURGXLW H[SPULPHQWDOHPHQW
ZDGVOH\LWH ROLYLQH GX PDWpULHO W U D VirHslw@m W LOVIH G\ N
GHV RQGHV DFRXVWLTXHV GXUDQW OD IXVLRQ SDUWLHOOH
YHWVH VLVPLTXH UHSURGXLW OHV D QRREDIOCHW @PIHDRV GHWV
IXVLRQ SDUWLHOOH GH OGRWGSMUGEHRWLWHY VLWXpHV j O
VXSPULHXU /HV OLTXLGHV SURGXLEZWHWRAQ H@WLEAKMLY HQ
OHXUV GHQVLWpPV RQW pWp HVRPLPRPHWHRGWUHHQ HBIX GTX
JUDYLWDWLRQQHOOHPHQW VWDEOH DX QLYHDX GH IDLEOH
WUDQVLWLRH) KOQWWPBLITXHF GYHDX &€@H WHOOH FRQFH
FRPSDWLEOH DYHF OHV HVWLPDWLRQV EDVpHV VXU OHV GR



3) Experimental evidence supporting a global melt layer at the base of the
(DUWKYV XSSHU PDQWOH

3XEOLVKHGQDUMN XROH &RPPXQLFBWRROPEBHAFHSWHBOLQH
'"HFHPEHU

3RVW SULQW YHUVLRQHRNHLWRDSD/ RZHE DBAMHW/H FRP DUWLFOHV \

([SHLPHQWDO HYLGHQFH VXSSRUWLQJ D JOREDO PHOW OD
PDQWOH

' JUHLWDUYDQWKLOBRHKLD YALKD QAW hBODNQ QRYH %RXKLIG
$QGUDXOW

8QLYHUVLWpP &OHUPRQW $XYHDE®RNW DEMRBIBU H50 DIPHRY HW 9RC
&OHUPHROQUW QG )UDQFH

'"HSDUWPHQW RI (DUWK (QYLURQPHQWDO DQG 30DQHWDU\ 6FL

&OHYHODQG 2+ 86%

FRUUHVSRQ RQIHHWEXPKRWKLODNH#XFD 11U

D $SEVWUDFW

7KH ORZ YHORFLW\ OD\HWP/%LVARRSV MXH. W\ KDV EHHQ ZLGHO\ DW\
PHOWLQJ ,Q WKLV VWXG\ ZH H[SHULPMRW®DYIOQHUISEDRB X\WH 06 QW KR{U BT
XSZHOOLQJ PDQW QNP DBALWRRD WEGDQLYWWAVWWIW B WHKG MR X QG ZDYH YHORFLW
PHOWLQJ RI K\GURXV SHULGRWLWH 2XU VHLVPLF YHORFLW\ PRGHO L
DQRPDO\ FDQ EH H[SODLQHG E\ D PHOW IUDFWHRX3®HEIHRDRLGRDOHYV
SURGXFHG PHOW LV ULFKHU RPQadH2 ZW ZWQG DQW® €HQVLW\ LV GHWH !

J FP7KH ZDWHU FRQWHQW RI WKLV JUDYLWDWLRQDOO\ VWDEOH PHO
LQ WKH PDQWOH WUDQVLWERQ JRHFRIYDOXHV DJUHH ZLWK HVWLPDW.L
WHOOXULF REVHUYDWLRQV

E _OWURGXFWLRQ PDWHULDO H[FKDQJH EHWZHHQ WKH
PDQWOH ZLWKRXW UHTXLULQJ D ZKROI

7KH RULJLQ RI WKH ORZ YHORRRQWMY OWL\REE KIERG HBOW RBSQ G % RVWRFN
WKH NP GLVFRQWLQXLW\ KDV ORQX M HIQHDW WW R E XRUSKEDANGRG W KHHU HRQKA-H
WKH SUHVHQERQRIHRHOW »BENWWRMHRIFPRIGJH DQGVA®PABQEDVDOW
.DUDWR SHYHQDXJK DQG 6LIMHUWFRYLFEFRRBIIHAMDMOR QJ WKH /9/
DQG %RVWRFN 7DX]LQ HW PDWRSHUWIOHQ PIN BSQRBYLGH XQLTXH LQV
)DUUD . 7KH /9/ LV UHSRUMGHY SWRIBEHH Y PDQWOH SOXPHV DQG WKHLU |
VHLVPLF DRIRFDQ\HW XAWK DQ DMHULIRNHQ GL Q% HRIFRWDFL DQG .DUDWR
9V YHORFLW\ GURS DFURMY DLQRUNRXQG )DYWDWKHU D PHOW OD\H
WKLFN UHJLRQ DWRS WKH P D QWO OWHQFPH. W DRQV DRHQ B \@QT=P LTHAWH E\ G HFF
SWHHIQFH RI D SDUWLDOO\ PROWRQQWOHUDRQ\E W K\H 1B D HNIRR BMK/HFR QWL Q
XSSHU PDQWOH KDV D ZLGH DORIH WKLV HRIRYLFVBPRVLW\ OD\HU DQ
LPSOLFDWLRQV ,Q SDUWLFXQDWRW\RY BHWHFHWQ\OQMINRVEKHRIK DQG \
FRQWHQWYVY LQ WKH 07= ZKLFK S0QQLNQQ®IBUWDQW UROH
FRQWUROOLQJ WKH JORE®BROIDINHU FLUFXODWLRQ
&DVDQRYD HW DO ,W. BWRWRWHYV WKH



I1XPHURXV VWXGLHYV SUHGLFWGWYXHRRMOWXQWRI| B\HUWM\RWKIHWH]LQJ  YI
XQGHU GHHS PDQWOH FRQGLWSRQVGRWEZWWWUW Q@ W ISH HADHGQAMD H\LWH  V\
%YHUFRYLFL DQG .DUDWR ,DREHPHDVXdDINJDPDWIKH VRXQG ZDYH Y
HW DO 7KH PDJQLWXGH RI WKHHRVXYBOREDWHGURBUDERWLWHILQ VLWX
WKH /9/ LV GLUHFWO\ UHODWHGH®B/® WK3D PBIOW IXREWRRQ RI LQFUH
IUDFWLRQ 7HKHR®HOQWWIUDFW VKRKHD®G BH WXKIHH[ VLWX FKDUDFWHUL]D!
NH\ SDUDPHWHU FRQWUROOLQJFKHKMHL VDAOD FIRPISRY IRW LW RHDREOWLFUR V)
OD\HU DQG WKH VXEVHTXHQWZLMXHRK® WU LEDE WDROFXWDRQ. RQV ZH
EHWZHHQ XSZHOOLQJ PDQWOH BRGWIRHE YHWWD ULKRH GRIUILIKRD)A BHRY B R WL
ZHWWLQJ FKDUDFWHU RI K\GURMXKHWL/GL F-DAW B J PHROXVQ GD WD XHIXKHORF L W\
SUHVVORMKLQR HWLPSOLHYV WKDWKHYRRQOW YROXPH IUDFWLRQ DQG
VPDOO GHJUHH RI PHOWLQJ FDQ\\GUBDPDWILFD OWKHD AFRIFSRWKWMLRQ RI W
SURSDJDWLRQZRY HWH IDVW LKL JK GHRBOWKLW WH RWK ZLWK VHLVPLFH REVHUYI

H[SHULPRRW@WHO HW DO DVEXHW DOWKH JHRSK\WLFDO DQG
6DWR HW D@®G WKHR UHWIDFDP(R PRBRIHEHIFHY R1 D JOREDOO\ GLVWULEXW
DQG +XPSKUH\V ODMXPGHW WBWNRDVH Rl WKH (DUWKJV XSSHU PDQV
HW DO 29&RQQHOO DQG %XGLDQVN\

6FKPHOLQJ 7DNHL <RVRHIMRXOW Yo

KDYH LQYHVWLJDWHGWW K HY A DR LW 66uhd wave velocity
GURS WKDW ZRXOG EH DVVRFLDWHG ZLWK WKH PHOW IUDFWLRQ
+RZHYHKH AXUUHQWRGHORFDWH EDYWGE RQ[HG SUHVVMKH RIRXQGDYHORF
HLWKHU ORZ SUHVVXUH RI *§HULOGBWRWHWRHUVRUH PHOWLQJ L\
PHDVXUHPHQWY RU VLPXODWLR®VSHBEWHES RQ D LPYBDE XIDHG PHIOMW DV H R
JHRPHWULHV OLPLWLQJ ZWKRVKWHDMSZDYHEDYWWHIORFLWLHYV ZLWK LQFUHEL
LQWHUSUHWLQJ WKH VHLVPLF BORRGEWDbWHWKRHQ WDN2KR LRH R E USSP Z W
XSSHU PDQWOH\VWHPOWLFV OREGRUDMMRXNEW GURSIWKRHVERQBEQRQW\ WHR V
PHDVXUHPHQWY RI WKH HIIHFW ZDPG WM RO\LK¥ LRHORKED WH WUDQVIRUPDWI
PHOW JHQHUDWHG DW GHHS PDQRO IS HBRIQEGRWILWE W DB A OH\R WAMIO 'WR
HVWDEOLVKLQJ WKOWLIQK\ VP BEBERUDYW WZR GLVWLQFW YHORFLW\ S
EDVH RI WKH XSSHU PDQWOH YHORFLW\ GURS.DMWQG D VHFRQG DW

. )LJ 9 JYBDUERRQ WKH GU\ SHU!
'"HQVLW\ LV D NH\ SDUDPHWHbYp sBRMQ W URQIHRI]HEKIHQ WKH ROLYLQ!

VWDELOLW\ RI D PHOWoIOWRRY LERR WBEK RY DQ\ DEUXSW YDULDWLRQ LQ
.DUDWR .DUDWR HWMDKDODQG ,9

%HUFRYLFL DQG LV GHWHUPLQHG E\ FKHPLFDO

FRPSRVLWLRQ DV ZHOO DV SUHVVKHHLYY® WHOBRUWWSHWWXUEDWL!
+RZHYHU H[SHULPHQWDO LQYHVU@EUBDWVRQYV WH RASKH IKWGWRIX MRU K\GUR.
SHULGRWLWH PHOW FRPSRVLWIVRGWNUH D LPQWWEHWRERDGV¥OBI\LWH VWI
1RYHOOD DQG )BWKWU VYWWRBERMODLQHG EWWKX@VEOFNDWLRQ RI ZDC
KDYH H[SORUHG WKH GHQVLW\ RIQMB URXW VQ& L FOWMHVHHFEWE DYWORFLW
KLJK SUHVVXUH DVVXPLQJ YDWWEPOHE FRQFHPWUDWILRGWV\REQ WKH F
YH2 DQ® +LQJ DQG .DUDWR SHULGRWLWHV ! 2 FDPW ESSPWWULEXW!|

ODWVXNDJH HW DO 0R R N MKUWHVRBR@PHWWHLQJ ,Q WKH WHPSHUDWXLU
2KWDQL HW DO 6DNDPDNL WNKIBOVZR YHQRMNWDMXPSV WKH UHOL
2KWDQL 6X]XNLKHWHKBVH VWXBERBYRUDWHG EDFN LQWR WKH UHF

SURYLGH XVHIXO UHODWLRQV EUNIWNMWEHRR PHOW GHQVLW\ DQG
FRPSRVLWLRQ NQRZOHGJH RI WKH PHOW FRPSRVLWLRQ DV D
IXQFWLRQ RI WKH GHJUHWMOR IODHOWQQJ LV FXUUH

DGGLQJ QRWDEOH XQFHUWDLQWLHV WR FXUUHQW JHRG\QDPLF
PRGHODWDWR HW DO

,Q WKLV VWXG\ ZH H[PMUHPHQWDOO\ VLPXO
XSZHOOLQJ RI SHULGRWLWH PDQWOH DFURVV WKH NP



L LChemical and micrdexture PHOW QHWZRUN FDQ HYROYH WR PLQL
analysis PHOWOLG LQWHUIDFHV 7KLV HTXLOL
FRQFHUQV WKH ZDHNW WRRQERIEBIQM OMU L S O H

$QDO\VLV Rl H[SHULPHQWDO NXQF Wl R @ WARRNEKXPRAJHDWLRH RI PHOW Si
YHORFLWK\WUMPPBIQWY KDG EHHQ FRPBORWHRI RRBVLUIPFHeEs WKH PHOW SHUI
WKH SUHVHQFH 2REHPHQQJ LYD P S OHYRYWH HW DO IDSRUWH DQG
.9 ZKLOH QR VLJQ RI PHOWLQDSHBEVPRIEWHRSY WAV XBLWK HV XIJIHVW WKD
+2 XQOIBWXUDWHG SHULGRWLWHY VD PBIHEHQEGWRW SERWFHVV ZKLFK XV.
SSP 2 &KHPLFDO DQDO\VHV RIORRH PROWMD ¥K&RY WL P HAMD SRHHWH RQGP R
VLIQLILFDRHOWQWLERFRPSDWLEDWHWRYRYWPHQWVDIEDP QEWHOOX WKH QHD!
$0 1D . WRJHWKHU ZLWRGQAPHBVEBKHGEUDP DMKIOHMH[WHQVLYH ZHW\

FRQWHQWYV ZLWK GHFUHDVLRU\VWIHOWDFHVYDP@ERWWKH RHPERWRWKO\
6XSSOHPHQWDU\ 7DEOH ,9 6 LOQWHUIDFHVY REVHUYHG LQ RXU VDP

LQGLFDWLRQV WKDW WKH PLFURVWUX

7KH PHOW LV GLVWULEXWHIGTXL® LBYURPHWIRHW ®IO &RRSH!I
LQWHUFRQQHFWHG JUDLQ HERXWEROWVWHXEWY DQG:PFPHONDIG] )DXO
WULSPWLRRY ZLWKLQ WKH KRVWXPWRHUDO I WHWUWHDFKLQJ WKH SHDN V
9 8VLQJ WKH KLJK UHVROXW LYRHD & (0. WR QUINIDZGRWRDYMW DQW VXJIJIHVW
GHWHUPLQHG WKH VDPSOH PHOW PYDHWLRQY DVOBHOKODWH® KHQDEOLC
ZHWWLQJ DQJVRVLRI LMW IDFHM RRU FBPSRBHNPHQWY ZLWK JHRSK\VLF
ZLWK GLIIHUHQW PHOW IUDFWLRQV 'LKHGUDO DQJOHV DUH

f IRU DOO PHDVXUHG VDPSOHV D) SRWRW HEH EXMWQWFUAEKDQJIH LQ PH!

VOLJKWO\ LQFUHDVHV ZLWK LQMUHDVGEMIUHHOR 1BBPWLRS RLIRXU SH!
9 BHFHQW KNI/ LMAWRZQ WKDW VXFK FRP!

YDULDWLRQV GR QRW LQIOXHQFH WKH
7KNPDOO GLKHGUDO DQJOHV REYHKW WH G Q) RIMOBARVEDIHY HE@ WX W W -
PHOWV )LJ ,9 HQVXUHV FRPEOMXAGHUDHR SBFARALIWDIO\ EDVHG R
ZHWWLQJ DQG PHOW L Q W[NUFHRRHIR\K &/¢ YADM\HHY HIQR IFBLWHH B QEBHEM @ /0 W
ORZ PHOW YROXPBSRUWWHVIHRQVOOPSOHY ZH GHULYH D UHODWLRQ EH\
IDSRUWH DQG 3URYRVW IR HPDU ZIHY HDRBOWKIHWVDPSOH PHOW |
ZKLFK LV FUXFLDO IRU SUSRIWAMARIQWRI WKILW PIRRGHO WKH QHJD
ZDYHXH VRPBDO®W GLKHGUDO DQJOYHDRMNQRZQQRRIY®WRI WKH PDQWOH FI
ZLWK SUHVVXUH DQG ZLWK WKHVERPSRNVWORK® RI WKH YRI®¥WH IUDFW
SKDVH QDULN DQG :DWVRQ VEBVEKDLWR HBWOMWO LQ WKH /9/ )LJ 9
7KH VOLJKW LQFUHDVH RIYBUKBWURQV DIGIAMKE LIBIKOWL EWD LQG XF
LQFUHDVLQJ PHOW IUDFWLRQ ODWHISDO WHWPBHKNOQWIXUH YDULDWLRQV
REVHUYDWLRQ DQG FEQ® BHAUSPRBRHGWE\DO)RPDOLHY UHSRUWHG HO
+2 FRQWHQW LQ PHOW DW KLJXKHOREHWYHHMBRIX PH O\Y GQE ICENIND
2ZLQJ WR WKH KLJK ZHWWLQJ StV@EHDWUBY RI WKH PHOW ZH
DVVXPH WKDW VOLJKW FKDQJHV LQ GLKHGUDO DQJOH ZLWK PHOW
IUDFWLRQ PD\ QRW DIIHFW WKH VAXVPODERYRWRHORHISGHULFHQWYV Gt

RXU VDPSOHYV SDUWLDO PHOWLQJ FDQ EH WULJJHUF
K\GURXV WUDQVLWLRQ JRQH PDWHULDO
G 'LVFXVVLROQ D PHOW OD\HU DW WKH EDVH Rl WKH XS

OLQNHG WR .DWDVER W WOVHG RQ WKH
AXDIOWODWLYH FRPSDULVRQ EHMMZHAHGE O FRPBW R VW IGFDOVRT WKH K\GU
DQG VHLVPRORJLFDO VLJQDOV REMIDILAHY HOSW K LT HQYWKG&\W QGH G M WMAW |
ZKLFK WKH PROWHQ SKDVH LV LRVWVeJWW KRRIGAHKI-XMRQUEKIKTQ ZHWXDWLR Q
WKH VROLG PDWULQLPXWH® RO BWERARBPMW RUMDNLQJ LQWR DFFR2QW WKHLL
H[SHULPHQWYV WUDQVLHQW FRY®®@LWIRIQV DRP32 DIDBWRWHKW DO
UHVXORXQRE YHORFLWLHV 7KHUMDRWHKNYHIWW HOQDO\WVIEBEADNL HW
DQG LQWHUSUHWDWLRQ DUH LPBRWWREW IRQ B H/PHYMOLD O 9y F&W HXo D
VI\VWHP ORDGHG DW JLYHQ SUHYVKXNVH@QUCRWHBBERP OB UEHOIYKBHPHQW



DQG2.KDYH D QHJOLJLEOH HIIHFW RQ+REPWHGHYDUWDWRLIRQYVRI PHOW (UL
WKDQ YDULDWLRQ IRU WKH9/POOLRXQRBELEBRWWLEEBHLRQDO YDULDWLR
DEXQGDQFHV FRPSDUMNG W )PMROMRIGH+07= 7KH ZBRWKLQR SHOM\BBG
ZLWK ZW )H2 DQG+2 ZEWFRU ZDWHU VDWXUDWHG MRGHWVDIGRU W
FRUUHWSBR @GRHOW IUDFWLRQ RI VBRI® U \SRI WRQW® FOW EH FRUURERUD
GHQVLW\ Rl J FRQ WKH SUHVVXWKHUDQ@IGL®IV RI WKH FXUUHQW VWX

*3D a NP GHSWK )LJ QHRDWRW VDWXUDWHG FRQGLWLRQV L
FRPSDULVRQ WKH GHQVLW\ Rl WKBRRGEWHQ WQFDIWIORQVDURXYG LQ Q
IURP WR 'ILHFPRQVNL DQG BGOMYRRQHWIIDOQRW EH UHSUHVHQWDW

LQGLFDWLQJ WKDW WKH PHQWRIH 0FH XEAKWD Q QV\EXR® @W\ DMAS UHV HC
WKRVH GHSWKYV VXEGXFRQUR®DWHG PHOWLQJ

7KH VWDELOLW\ RI WKH PHOW Op\O'H VP WRWKH EDVH RI WKH

XSSHU PDQWOH LV GHWHUPLQHG E\ IyVI%-énﬁ-bHéLdf@é%ﬁéan PHOW
R

JHQHUDWLRQVD@QE WIHOWSH[RFHVVHY *\GUDWLR

07= PLQHUDO SKDVHV LV NH\ DQG WKWBRIAZGIORPDRWHVYOPEY ZLWK D FR
FDQ FRQWLQXRXVO\ SURYLGH QR XE¥SHYHOMWOPRBYG@W7HRNDKDVKL
ZDWHU WR WKH 07= GXH WR HRWUD LSQHEDW HIE! XVE B R XYW I9ILMQ W ODUD G
SKDVHV IURP WKHKWIDWQKRW\S KHMHH| [HG LQ WKH DEVHQFH RI WKH UHT)
WUDQVLWLRQ JRQH ZDWHWHUWPRWIYFp ¥R PARHOEO WKH FRUUHFW PLQHUL
DQG .DUDWR .DUBDWWMHWWDOGRMVHEQHRZGHUY ZHUH GULHG DW f
LOQWHUDFWLRQV EHWZKiH Q@ XU B ROHGRAH B P\QSGWRUEHG PRLVWXUH 1D
PDQWOH JRU H[DPSOH PHOMY 1HYRWIPL R B YW KiHRU ERQDWHG  7KH
GRZQZHOOLQJ VODE FRPSRQHQWHNDSKHRY bW R QD RS O LFE@EH PL[WXU
PHFKDQLVP IRU URFDRDA QQ RRPEPWIORIH\ LQFUHDVLQJ WKH WHPSHU
HOHPHQWYV EDFN WR WKH 07= DQG fWKH @ RBkhE& ARHIMEQH I 7KH Dw f&
ODWHUDO YDULDWLRRY H%W WBRSHUPWXWR HQVXUH FRPSOHWH GHFI
ZDWHU FRQWHQW DQG RU WKH GUHIWHERIQ BRRAYOSIRXSEHOPLQAYXUH ZD\
FRXOG DIIHFW VLJQLILFDQWO\ WKKHgGHedHidwWR uUSIBUMLDOX R QWLQ@B FH D
LQ WKH /9/ DQG WKHUHIRUH WKHR B HPAW WKHORRW\SURWYVLQJI UXQV 7
H[DPSOH UHODWLYHO\ KRWWHYoUHIARQRVWNKKBXPE[HI RAXAH WKH GH
PRW PHOW ZLWK ORZHU GHQVLWSRVKIMQY W KR U MXWLHRGHE RN RigkwW R Z
VPDOOHU GHJUHHV RI PHOWLQJ L @Y&SIQUVERWOWH RBPRBWHRQVY KR UHV X O
PHOW GHQVLW\ FRXOG UHVXOW h@QH XSRRWWR REWBRE QZPYIGG VLQWHUH
PRYHPHQW RI PHOW WRZDUG WHLOWPRIVEKINORFLWF IR HROYV XORNHQWYV 7K
WR WKH 07= UHVSHFWLYHO\ 6XAKVWKIPW |Ric) DWW L RQ 0~ RS _IRU
EH D FRQWUROOLQJ SDUDPHWHWRH®YWKP/96 NVKLEINRQ HHDSEVXOHYV 7KH OR
FDSDFLW\ LQ SHULGRWL)WWHR\D WD QUK LV
Q WKLV VWX D VI HD VRKFRZIWWI U 3 F R RYD KHOSY PDLQWDLQ UHOI
YRO LV FRPSDWLEOH ZLWK WK V. FRARIN VRS ORPLODOOV GU\
REVHUYDWLRQV LQ WKH /97 LWK\ WHKE\ZRYNEQY KYSBWEHV-\owkHVLIHG
RI PHOW IUDFWLRQ LQ WKH /9/ EHLQJ VB LODQU WR, YK O%@%H $X
RISDUWLDO PHOWLQJ L H WKH EB%’\E%OPH'{/OWEQﬁdF\NQ WLR k€Y bwHu
HVWLPDWH WKH zDWHU FRQWHQMW, & QoW KHuREWY Tk AN ke r oldh o H

FDOFXODWLRQVR\O(RZPVMIOIWWZLW& DQRYDDQG WKDW WKH ZDWHU

o RO
JH2 UHTXLUHV +2 E@ RUGHU [WRpERy\ R Fo| gRe\URIHQEFDEGVHYV
JUDYLWDWLRQD O O\NPWDHSMWKD WA YUH WKH VIQWKHVLY RI K\GURX\

WKH SDUWLWLRQLQJ FRHIILFLH%W@%\@ZH&QR\UgﬁudWLV&&% PRUH ZD

WKH SHULGRWILRWH QODV LIBXHRB g by y  7kH ZBBWIOR LW SOH ZLWK UH
FDOFXODWHRR @QWHQWYV WR WHH /F, ;5wHU FROWHOW ZDV VIQWKHVL

ZW 7KHVH ZDWHU FRQFHQW%QJ\MH%QQEDP I-w/ (DI}:IQCDQH VWBBLO Q!

JRRG DIUHHPHQW ZLWK SUHYLRXV HYWMUBRWLE QYk & L1 R0 zpwWHU F
HOUERDO FRQEXBQLYHWI\DO Do WY B um ViR @ v MGKWMHSIBIKE VDPSOH D



*3D DQG . LQ3® DXV PHIWDRWK HQGV RI WKH DQYLO WKH DOXPL
SRZGHU ZDV DOVR XVHG WR VXDPBOGE IHERHOPNHERWKN IAIP PR QG
RUGHU WR UHGXFRI| \DIGHV R QEGIGCHBBVWHX UB REGHU WR HQKDQFH PHFKD
WKH VVQWKHVLYV SURFN\DW XUBMWMHDBP LKQIIHUNY RI WKH FHOO DVVHP
FRQGLWLRQV DUH UHTXLUHG GXSUWLHMV YWUKHH /NG WX VZ M USHU RIFUHAMR DWK H L U
LQ RUGHU WR DYRLG K\GURXV DN HPEWBD JMHIOW R ULGIRIQW RI WHIPRYH D Q\
ERXQGDULHV ZKLFK FRXOG RW RIQGZ INHSE W Q \B M UWKUHH VLSO MK HLQ Y D F )
FRQGXFWLYLW\ DGy VRKRLGN\ZD&FROLWY ®YIFDOf& EHIRUH DVVHPEOLQJ \
FRUH VDPSOHV a PP LQ OHQ2WEHRQIXJDFLWP RIQWKH VDPSOH ZDV
GLDPHWHU ZHUH SUHSDUGW KIFNEKHME RH VIHQ SWIHW X P H D V XSJHHPW @GV W RE X \
VDPSOH VSHFLPH®MD V,QUHPHDXWUWH P DiH Q HE H CBRIZBAKK HH B H

SHUIRUPHG B®OGRXEGHFRUH VDPSOHV RI WKH

VWDUWLQJ PDWHULDO DPHHIVHWQ RO WK X EHPEE &) Rl WKH K\GURXV PD
VDPSOHV ZHUH PHDVXUHG zLWKIBMHh PEUYRYM WKH NP GLVFRQWLQXL
7KH FKHPLFDO FRPSRVLWLRQ D&& WWWEHWHY QPR AWHERNWY RYDPSOHYV
WKH VWDUWLQJ VDPSOHV zHUH RIGHOATRE GRiJo WV Ry oy (ZP& VO HAL W H

PLFURSUREH5SD®6G @LEHRSHFWLYHP DQGC MRTHILQ@HWKHP WR *3b FR
FRUUHVSRQGLQJ WR a NP LQ GHSW

i) High-pressure, high temperature REVHUYH WKHLU PHOWLQJ EHKDYLRU
experiments 9S 9V DQG HOHFWULFDO FRQGXFWLYL
PRUH ZDWHU H[FHHGLQJ WKH VWRUDJH

6PXOWDQHRNWMWLIKHWHIGS KU DR UBHH LMWRGSRW D SRLQW GHIHFW GL!
H[SHULPHQWY ZHUH SHWRQP DZVYWUEEWXUH RI ZDGVOH\LWH 7KLV SUF
W\SH DXQOWD DSSDUDWXV DW W KRHKPIE RUBVERRXY FHIPWVGERHY QRW IRUP
HW 9ROFDQV)HYUBQBR QWD QFH SARWKK VWD BSRKO UHUDWLRQ LQ WKH ROL
VIQWKHVLY DQG WKH LQ VLWXH®GEDWXKHHPHGOWOH\ZWHHV WHZVIRUPYV !
SHUIRUPEBG XQLRFWDKHGUDO SRMHRHULY DPHVEIPEFODIH FDQQRW VWRUL
FRPSRVHG RI 022 DAWGL&UD PYXRWWHQW FRQVHTXHQWO\ D IUHH 10X
DQYLO FRQILIXUDWLRQ RFWDKWEURG WHEG P COMLEaIw Ko\ FAKPYAID QJ WKH
WUXQFDWLRQ HGJH OHQJWK )RBILWKHL &GP KW HPHRORWD Hwikyy EV LQF
DVVHPEO\ ZDV GHVLJQHG WRWHASHRWYPPWED W HZ HWRENV BHY 8B RQMIVWP LRFA Y
JHRPHWULFDO IBHTKHDWRHUBRMHQ WL R 1 GDF IBHWHQW VDPSOHV ZLWK PHOW |
DQG (& ZLWKLQ 3UWHWOWIOWHKEIRODQ@&H SupRU FRPSDULVRQ ZH KDYH C
VIQWKHVL]HG F\OLQGULFDO VDWN$OGMPEBVZRON HUIWREL WY VRR IDQ K\G URX)
VLQFOKWWDO 0J2 VOHHYH 7KH YV®HHYWVROIKRIKHBSY WRDUDNDGWHHLQJ
LQVXODWH WKH VDPSOH HOHFW B RREBG WAL RIRP LWIKIMXMGIB BX @R DAY O\H
IXUQDFH FRPBRWH@WKLFN F\OLQGULFDO 5H. _
IRLO KDV DSHUWXUHV IRU WKH IWofSMiGrcH WaMSG wYalpcity
WKHUPRFRXSOH ZLUHV $ JLUFRQLD VOEasyrEmMe@MtsRXQG WKH

IXUQDFH ZDV XVHG DV D WKHUPDO LQVXODWRU
6RXQG ZDYH YHORFLWLHV RI WKH

‘H SODFHG WZR HOHFWURGHWHPNYGHHE 5MVGQVFVW IO XOWUDVRQLF
WKH WRS DQG ERWWREBURFDWKMWDHIFEQHTHW DO ,Q WKLV PHWKRG HOH
WXQJIJUMMH@LXP5H: 5H WKHUPRPRXS®DOV RI VL@H THYHWWIOHV ZLWK

MXQFWLRQ ZDV SODFHG DW R WViudk@ ®I Rl IWEKHUMDPE@HUDWRHG E\ DQ L
PRQLWRU WKH WHPSHUDWXUH ZDKH I RRUBEPS RNHLQAHHU DIMQRAJ ZDNNWURQL[ $)
FRQQHFWHG WRS5HZVUBJOH FROMWHWAHVWEHQ FRQYHWW BD® GV R HFRIGRDI \
LPSHGDQFH VSHFWUD BHWIZWH® W KEDWHAR :E\ DFXW ALI1FIPH]RHOHFWULF
GHQVE BOIIHU URG ZDV SODFHG WHWQ@ M & R FRIQ H DRY W\DBFRKQHLG/ KHRS WWKUHK PRI\
WXQJVWHQ FDUELGH :& DQYLPRWIUKD RDVDLROMHONAGRYBKEW IUHTXHQ
VDPSOH WR HQKDQFH WKH SURYNIDOWLERXFHRU HODVWEF IR RRPSUHVVL
DQG WR SURYLGH VXIILFLHQW LESMEDQMH 6R QW] VR W SVADRDIOM EWY HV
XOWUDVRQLF ZDYHVVDWSQW HUEBGBIVWURG@DYHYV SURSDIJDWHG WKURXJK
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