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SpVXPp

/IHV FLUFXODWLRQV GH VDXPXUHV FKORUXUpHV DFLGHV G
SOXVLHXUV W\SHV GH JLVHPHQWY GIXUDQLXP GRQW OHV .
VRQW GHV JLVHPHQWY JpDQWYV SDU OHXU WRQQDJH HW OH:
VXU OHV SURFHVVXV GH WUDQVSRUW HW GH GpS{WHGH OfX
HVW GRQF GpGLpH j GHV pWXGHV H[SpPULPHQWDOHY GH OD
XUDQLQLWH SDU UpGXFWLRQ HQ 8 ,9 HQ FRQGLWLRQ K\G
OfXUDQLXP OfpWXGH GH OD VSpFLDWLRQ GH 08 9, GDQ
UpDOLVpH SDU VSHFWURVFRSLH 5DPDQ HW GYDEVRUSWLRQ
SOXVLHXUV FRPSOH[HV G&®9D®\OH FKGROQW PPHEWDLQHYV F
FRPSOH[DWLRQ VRQW SURSRVpHV $LQVL OD FDSDFLWp GH
OD IRUWH FDSDFLWp GH WUDQVSRUW HQ 8 9, SDU OHV
QpFHVVDLUH j OD IRUPDWLRQ GH JLVHPHQWYVY GH IRUW W]
FLQPWLTXHV GH UpGXFWLRQ G&# OMS, 9, HWQ&S8JIBD SKOLW H VRQ
HW SDUDPpWUpHV HQ IRQFWLRQ GH OD WHPSpUDWXUH GH
UpGXFWH&AHW OH & JUDSKLWH VRQW rWUH WUQV HIILFDFHV
GH OfpSLVRGH PLQPUDOLVDWHXU QJHVW GRQF SDV FRQWU
OD FRQFHQWUDWLRQ HQ 8 GDQV OHV IOXLGHV WUDQVSRUW
UpGXFWHXUV /H FDUDFWQqUH PRELOH GHV JD] UpGXFWHXL
PDVVLYHV HW IRFDOLVpHV REVHUYpHV GDQV FHV JLVHPH
XUDQLQLWH IOXLGH GYpOpPHQWY HQ WUDFHV GRQW FHUWI
SHUVSHFWLYHV TXDQW j L OD FRPSUpKHQVLRQ GH OD VLJ
W\SH GH JLVHPHQW GYXUDQLXP HW LL OD FRPSRVLWLRQ
XUDQLIqQUHV

ORWY FOPVHPHQWY GIXUDQLXP W\SH GLVFRUGDQFH VSpt
GIXUDQ\OH FKORUXUpV FLQpWLTXH GH UpGXFWLRQ IUDFW



$SEVWUDFW

&LUFXODWLRQV RI DFLGLF FKORULGH EULQHV LQ WKH HDU\
XUDQLXP GHSRVLWVY SDUWLFXODUO\ XQFRQIRUPLW\ UHODW
KLJK JUDGH FRPELQHG ZLWK WKH ODUJH WRQQDJH RI WKHI
TXHVWLRQV FRQFHUQLQJ WKH JHRORJLFDO SURFHVVHV UH
7KH DLP Rl WKLV ZRUN LV WR SHUIRUPHG H[SHULPHQWDC
UHGXFWLRQ WR 8 ,9 VXEVHTXHQWO\ SUHFLSLWDWLRQ WR
$ERXW XUDQLXP WUDQVSRUW WKH VWXG\ Rl 8 9, VSHFLDW
SHUIRUPHG E\ 5DPDQ DQG ;$6 VSHFWURVFRS\ VKRZLQJ W
FKORULGH FRR®SEHJHV 82 )JURP WKLV VWXG\ FRPSOH[DW.
SURSRVHG 7KH VWURQJ FDSDELOLW\ RI FKORULGH WR FRP
RI 89, DW KLJK FRQFHQWUDWLRQ LQ DFLGLEF FKORULGH E
WKH UHDFWLYLW\ Rl IRXU SRWHQWLDO UHGXFWDQWV XQGH
LV LQYHVWL&E&BPWHG, +DQG WKH & JUDSKLWH 7KH NLQHWLF
PHDVXUHG DV D IXQFWLRQ Rl WHPSHUDWXUH VD@HEQLW)\ S
DQG WKH & JUDSKLWH DUH YHU\ HIILFLHQW ZKLOH )H ,, |
FRQGLWLRQV 7KH GXUDWLRQ RI WKH PLQHUDOL]JLQJ HYHQ\
WKH RUH IRUPLQJ IOXLGVY DQG LL E\ WKH JHQHUDWLRQ

UHGXFWLRQ NLQHWLFV 7KHVH PRELOH DQG HIILELHQW JDV
H[WUHPHO\ IRFXV DQG PDVVLYH FKDUDEWHU RI RUH LQ ¢
FRHIILFLHQWY XUDQLQLWH IOXLG RI WUDFH HOHPHQWYV D
SHUVSHFWLYHV RQ L 5(( VLJQDWXUHV LQWHUSUHWDWLRQ
UHFRQVWUXFWLRQ RI PLQHUDOL]LQJ IOXLGYV FRPSRVLWLRQ

.H\ZRUGV 8QFRQIRUPLW\ UHODWHG XUDQLXP GHSRVLWYV
FRPSOH[HV UHGXFWLRQ NLQHWLFV SDUWLWLRQLQJ RI 5((
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-H UHPHUFLH pJDO/MPHKRRAW ,SREHOWVRIQ DLGH DX WUDLWHP
GLVSRQLELOLWp HW VHV FULWLTXHV (W MH UHPHUFLH ELH
RQW SDUWLFLSp GH SUqV RX GH ORLQ j PHV WUDYDX] (
GITXUJHQFH GX IDLVFHDX SDU HUUHXU ORUV GH OD VHPDLQI



OHUFL j +HUYp ODUPLHU GX /,(& SRXU OHV DQDO\VHV ,&3 2
$OH[DQGHU *UDKDP GH Of(7+ GH =XULFK GIDYRLU FRQVDF
GH PHV pFKDQWLOORQV -H UHPHUFLH DXVVL /LVH 6DOVL G
OLIFGBW &&0@@RXU OHV DQDO\VHYV 0(7

OHUFL pJDOHPHQW j -HDQ 3LHUUH OLOHVL HW ODUF %URXD
PWXGH

-H UHPHUFLH pJDOHPHQW WRXV FHX[ GX ODER TXL RQW
SDUWLFXOLHU j ODULH &DPLOOH &DXPRQW SRXU VRQ DLG
EULFRODJHV GH GHUQLQUHV PLQXWHV VXU OD OLJQH KDXWtE
VD UpDFWLYLWp j XVLQHU GHV SLgFHV j YLWHVVH JUDQG 9
QRV GLVFXVVLRQV VXU OHV JLVHPHQWYV GT8 HW -XOLHQ OH
GHV 5(( PWDTSHUPLV GH UpDOLVHU GHV DQDO\VHV ,&3 06 j C

-H UHPHUFLH DXVVL OHV QRPEUHX[ WKpVDUGYVY GX ODER D>
FRXUV GH URXWH HW TXL RQW FRQWULEXp j OD ERQQH L
pJDOHPHQW j UHPHUFLHU WERXODER VWWDHQD&PFPU W L ¥ WO IDHAUL |
SRXU VD ERQQH KXPHXU VD FRQYLYLDOLWpPp HQ WRXWH F
LPSUHVVLRQVY PDLV pJDOHPHQW O0DUIOH 2L OBN QD@ S®GH H
IDXUHQFH ORLQH -fHVSqQUH FRQWLQXHU j MRXHU DX EDG
WRXUQRLWH QTRXEOLH SDV QRQ SOXV =LUD TXL D SHQVp
PRL MH Qf\ SHQVDLY SOXV OHUFL j WRL WD WDUWLIOHWWF

OHUFL j] PHV FRPSDIJQRQ@RGIHH EXXKHD®H SDSLHU VHXOHPH
ILQDOHPHQW DX &53* HW ELHQ VXU -XMX DYHF TXL MTDL F
WKgqVH 'HV FRXUV GH PDWKV HmX|[ G+ UNH qgQHH \5 IPIIHDAW HYL B €
PDOQXVFULW HQ SDVVDQW SDU OHV VWDJHV WHUUDLQV HC
WUDYHUVp WRXW oD HQVHPEOH OHQFLOQVRUPBWLWRE XIRGH
RULJLQ HWF VDQV WRL PRQ 3& VHUDLW®DRRp BODHFQ@QD IHQ

“H YHX[ pJDOHPHQW UHPHUFLHU FHUWDLQV PHPEUHV GH O
UHQGUH YLVLWH j PRL HW -XMX DX EXUHDX -H YHX[ ELHQ
RX HQFRUH -3 -H QTRXEOLH SDV QRQ SOXV OD WDWD GH O
WKpVDUG DX /,(& DYHF TXL MJDL SX SDUWDJHU OHV JDOqU
DY DQ W

(WRWYV OHV DXWUHYV «



&H PDQXVFULW QYDXUDLW SDV YX OH MRXU VDQV WRL -H
GLIILFLOH GH FHWWH WKgVH 7X PYDV UHOHYp HW VRXWHQ X

-H UHPHUFLOHELRABPEXWMHY GH PD WRXNRKWIEQ XPH] RLMT BIH V R C
PRL HQ SDUWLFXOLHU PD V°XU HW P D7RIqWXWXIH &KIDUL® HV
TXYXQ DPL XQ IUgUH WX DV ODUJH®XPMW FRE&WWH EMHP H B AL
PIDAXSSRUWpP FHV GHUQLHUV PRLV VDQV EURQFKHU HW DYH

(QILQ MH WHUPLQHUDL HQ PITDGUHVVDQW j WRL TXL HV S
WKqVH -H VDLV TXH WX DXUDLV pWp ILHU GH PRL OHUFL SF
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(HAPITREI : INTRODUCTION






/ID FRPSUpKHQVLRQ GH WRXW JLVHPHQW PpWDOOLIqU|
PWDSHV LQKpUHQWHY j OD |RURIDNVYR R UG HX G HM. \PHBWDQXW V R
FRQFHQWUDWLRQ FRQWHQXH GDQV XQ YROXPH LPSRUWDQ\
OHXU WUDQVSRUW SDU GHV IOXLGHV FDSDEOHV GH OHV FI
FRQFHQWUDWLRQ QHWWHPHQW VXSpULHXUH j FHOOH GX F
WHUUHVWUH GDQV GHV YROXPIH GFHH Q &/XE 15 BW pW HNGS IR XY
SKDVH PLQpPUDOH HQ WDQW TXH WHO RX ELHQ rWUH XQ p¢
/TLQYHVWLIDWLRQ GH FHV WURLV SURFHVVXV HVW UpDOLYV
DOODQW GH OfpFKHOOH PDFURVFRSLTXH JpRORJLH FRQWL
i OTpFKHOOH PLFURVFRSLTXH SpWURJUDSKLH VXU ODPH F
MXVTXYTj] OfpEFKHOOH DWRPLTXH HQ SDVVDQW SDU OfDQDO\
FRQFHSWXHO GH JHQQVH GTXQ JLVHPHQW LO HVW QpFHVVE
HW GH GpS{W GH OfpOpPHQW FRQVLGpUp HVWLPpV j SDUWL
TXHVWLRQV H[LJH OfJDFTXLVLWLRQ GH GRQQpPHV H[SPULPHC
QDWXUHO SHUPHWWDQW GH FRQQDLWUH OD IRUPH GH WUD
FRPSOH[HVY OD VROXELOLWp GH OD SKDVH SRUWHXVH GX
WKHUPRG\QDPLTXHV QpFHVVDLUHYV j OD PRGpOLVDWLRQ GH
FRQWUDLQWHY WHPSpUDWXUH SUHVVLRQO ERR®RYIMOLHRRYH
QRWHU TXH OD VRXUFH GHV IOXLGHV HVVHQWLHOOHPHQW
VWDEOHVY OD GDWDWLRQ GHV GLIIpUHQWY pSLVRGHV PLQp!
OH FRQWH[WH JpRORJLTXH UpJLRQDO FRPSOqWH OH PRGQO

/H WUDYDLO UpDOLVp D SRXU EXW GH FRPSUHQGUH
DVVRFLpV DX[ GLVFRUGDQFHV HQ VH IRFDOLVDQW VXU OH
GIpWXGHV H[SPpULPHQWDOHV SLRQQLqUHV HQ FRQGLWLRQ |

WRXW GYDERUG L OH FRQWH[WH JpRORJLTXH GH FHWWH



SURSULpWpV SK\WLFR FKLPLTXHV GH OTXUDQLXP GDQV OHV

GLVFRUGDQFH HW HIRLH QW L FUONKW ¥R BWEKFEWAL |V

1. Contexte géologique

/[HV JLVHPHQWY G{XUDQLXP UHODWLIV DX[ SURI

$ OJKHXUH DFWXHOOH LO H[LVWH SOXV GIXQH GL]D
GLIIpUHQWY GYDSUQqV OT,$($ ,QWHUQDWLRQDO $WRPLF (QH

HVW SURSRVpH SDU &XQH\ GDQV ODTXHOOH OHV JLV

IRQFWLRQ GH OHXUV FRQGLWLRQV GH [|JRUPOWLRQV] FAHYWDW H

FODVVLILFDWLRQ RQ UHWURXYH OHV JLVHPHQWYV OLpV | G
GH W\SHV pSLIJpQpWLTXHV VRQW DVVRFLpV j GHV FLUFXODW
HW RX IUDFWXUpHV GXUDQW RX SRVWpPULHXUHPHQW j OfH
rWUH PpWpPpRULTXH GLDJpQpWLTXH PpWDPRUSKLTXH RX HQ
‘fDSUqgV FHWWH FODVVLILFDWLRQ LO H[LVWH FLQT W\S

K\GURWK&EH EDMVH WHPSpUDWXUH f&

/IHV JLVHPHQWY GH W\SH EDVDO

/IHV URFKHVY HQFDLVVDQWHYV VRQW GHV QLYHDX[ JUpVHX][ IC
OH ORQJ GH SDOpRYDOOPpPHV LQFLVpHVY GDQV OH VRFOH /1
SDU GHV IOXLGHV FLUFXODQW GDQV OHV QLYHDX[ VDEO
LPSHUPpDEOHY VRFOH HW EDVDOWH ITXUDQLXP SUpFLSL

RUJDQLTXH /H JLVHPHQW GH %OL]]DUG DX &DQDGD HVW FD



/IHV JLVHPHQWY GH W\SH WDEXODLUH

/ID PLQpUDOLVDWLRQ VH VLWXH GDQV GHV FRXFKHV JUpVH>
LPSHUPpDEOHY /HV FHQGUHY YROFDQLTXHV FRQWHQXHV G
VRXUFH SRWHQWLHOOH GIXUDQLXP /H WUDQVSRUW GH Of

UpDFWLRQ DYHF GH OD PDWLqQUGBSRUDMNQ@QNVNTXH VRQW SURSRYV

/HV JLVHPHQWY GH W\SH 5ROO0O IURQW

/D PLQPUDOLVDWLRQ HVW UHWURXYpH GDQV OHV GpS{WV IC
GIXUDQLXP GDQV FHV JLVHPHQWY VRQW OHV FHQGUHV
HQFDLVVDQWH PDLV pJDOHPHQW OHV IRUPDWLRQV JUDQI
WUDQVSRUW GH OfXUDQLXP HVW SRVW GLDJpQpWLTXH H
PpWpRULTXHV R[\GDQWV j EDVVH WHPSpUDWXUH )LQFK H\
UHGR[ OTXUDQLXP HVW UpGXLW HW SUpFLSLWH 30XVLHX

PDWLgUH RUJDQLTXHURXGXHAWFRUWUB ©D VXOIDWR UpGXFWLRC

/IHV JLVHPHQWY ®H WKRII® RVUH FWHR QR
&HV JLVHPHQWY VH IRUPHQW GDQV GHV JUqV GRQW OD Fl
FRQWU{OpH SDU GHV IDLOOHYV 3DJHO HW DO /IHV SUR

VLPLODLUHV j FHX[ SURSRVpY GDQV OHV JLVHPHQWYV GH W\.

/IHV JLVHPHQWY GH W\SH HIIRQGUHPHQW EUQFKLTXH
&HV JLVHPHQWY VRQW VLWXpV GDQV OD UpJLRQ GX *UDC
SODWHIRUPH PDULQH /HW IOXVGRY VAOLBUFXY DEGHN OD PLQpU

VDXPXUHV R[\GDQWHYV G RQUILEBEAWSKDIDPp QpWLTXH



/HV JLVHPHQW VGRV¥RBIGD/QB XV
&H GHUQLHU W\SH GH GpS{W HVW OH SOXV UHSUpVHQWDYV

K\GURWKHUPDX[ /H SDUDJUDSKH T&GH WK\ WLNWKHIPMEL oSPp O

J)LIXUH SRVLWLRQ GHV W\SHV GH JLVHPHQWY GYXUDQLXP HQ
IUDFWLRQQHPHQWY ORUV GX F\FOH JpRORJLTXH GIfDS

/IH FDV GHV JLVHPHQWY GTXUDQLXP DVVRFLpV L

D*pRORJLH GH FHV JLVHPHQWYV
&HV JLVHPHQWY VRQW SULQFLSDOHPHQW ORFDOLVpPV |
GX SURWPpPUR]RwWTXH OH %DVVLQ GH OY$WKDEDVFD 6DV
OF®UWKXU 1RUWKHUQ 7HUULWRU\ $XVWUDOLH /IHV EDVVI
FRQVWLWXpYV HVVHQWLHOOHPHQW GH JUgV FRQJORPpPpUDW
TXHOTXHV NLORPgWUHV OS5DPDHNHUYV /IHV EDVVLQV U
PDJPDWLTXH HW PpWDPRUSKLTXH GDWDQW GH OfYDUFKpHQ

DOWpUp VXU XQH JRQH GH TXHOTXHV PqgWUHYV GYpSDLVVHXU



/IHV JLVHPHQWYV XUDQLIqQUHV VRQW REVHUYpV DX QLYH
GX EDVVLQ HW VRQW JpQpUDOHPHQW ORFDOLVpPV j OTLQWI
ULFKHV HQ JUDSKLWH TXL VIHOQUIDFRANEWEBDQ¥YED-OURFOH
HW DO +RHYH HW 4XLUW 6LEEDOG '‘DOMUW
FHUWDLQV JLVHPHQWY OHV PLQpUDOLVDWLRQV SHXYHQW r
GHVVXV GH OfLOQOWHUIDFH VRFOH EDVVLQ PLQpUDOLVDWLF

JRQHV GH FL\/)IDIJX)?H-HP/H-HQWPLQpUDOLVDWLRQV XUDQLIgQUHYV

FRQVWLWXpHYV GIXUDQLQLWH HW GH SHFKEOHQGH 'HV SUR

SKDVHV VRQW pJDOHPRIOQOMQRWYIHUY pHYV

/IHV PLQpUDOLVDWLRQV SULPDLUHV SRXU FH W\SH GH

OD /XGZLJ HW DO ODDV &XPPLQJ HW .UVWLF
.LVWHU $OH[DQGUH HW DO 'HV kJHV SOXV UpFHC
pJDOHPHQW pWp PHVXUpV &HV kJHV SHXYHQW rWUH LQWH
PLQpUDOLVDWLRQV WDUGLYHV VRLW GHV pSLVRGHV GH UH
GIRULJLQH PpWpPRULTXH +RHYH HW 4XLUW :LOVRQ HV
RXYMW

&HV PLQpUDOLVDWLRQV HQ IRUPH GH OHQWLOOHV GH

VI\VWpPDWLTXHPHQW HQWRXUpHYV |EIXW KO K AR GON PO L

HVvW FRPSRVp HVVHQWLHOOHPHQW GYLOOLWH FKORULWH
GIfRULJLQH K\GURWKHUPDO HW GHV DOXPLQR SKRVSKDWH
FHWWH JRQH OHV JUgV GX EDVVLQ VRQW EODQFKLV SDU O

FRQGLWLRQ UpGXFWULFH 'H OD S\ULWH HW VLGpULWH SHX



J)LIXUH 6FKpPD GX JLVHPHQW &LJDU /DNH &DQDGD DYHF PL(
OfLQWHUIDFH VRFOH EDVVLQ j JDXFKH HW (DJOH 3RLQW &DQD
j GURLWH GIDSUqV -HITHUVRQ HW DO

/JHV WRQQDJHV HW FRQFHQWUDWLRQV HQ 8 H[FHSWLRC
VRXUFH PDMHXUH G{XUDQLXP UHSUpVHQWDQW XQ WLHUV
JDQGV JLVHPHQWY GX &DQDGD VRQW FHOXL GH &LJDU /DN
OF$UWKXU 5LYHU DYHF NW GH PLQHUDL j SOXV GH

-HITHUVRQ HW DO&XQH\ . \VHE) HW

EORGQOH JpQpWLTXH

/D VRXUFH GTXUDQLXP GDQV FHV JLVHPHQWV HVW DF\
VRXUFHV SRWHQWLHOOHV VRQW SQHQ NRSOUFHPISQRY HE NG
VPGLPHQWDLUH )D\HN HW DO HW LL XQH VRXUFH S

& XQH\ SLFKDUG HW DO



/HV JLVHPHQWY DVVRFLpV DX[ GLVFRUGDQFHV VRQW C
GH IOXLGHV j JUDQGH pFKHOOH HQWUH HW f& &HV
SURYHQDQW GTDQFLHQV QLYHDX[ pYDSRULWLTXHV VXEMDF
FLUFXODWLRQ GH FHV VDXPXUHV GRQW OH PRWHXU VHPEO
DX QLYHDX GH OD GLVFRUGDQFH VRFOH EDVVLQ +RHYH +
%RLURQ HW DO /H WUDQVSRUW GH OfXUDQLXP GD
ODUJHPHQW pWp pWXGLp FHV GHUQLQUHV DQQpHV SDU Of
PLQpUDOLVDWLRQ &HV DQDO\WHV RQW GpPRQWUp TXH ¢
FRQFHQWUpPHY HQWUH 0 HW GDQAVOMY JDE&P QWY GH
&DQDBDBDJHO HW DO .RW]HU HW .\VHU 'HURPH F
OHV JLVHPHQWY GI$XVWUDOLH PRQWUHQW GHV IOXLGHV
QIH[FpGDQW SDV 0 'HURPH HW DO E 'HW6DQDO\V
,QGXFWLYHO\ &RXSOHG 30DVPD ODVV 6SHFWURPHWU\ HW
VXU LQFOXVLRQV IOXLGHV RQW pJDOHPHQW PLV HQ pYLG
VDXPXUHV VRGLTXHV FDOFLTXHV DYHF GHV FRQFHQWUD\
5LEKDUG HW DO 5LEKDUG HW DO 5LEKDUG HW D¢
OfXUDQDWH 8 9, GH VRGLXP RQW pWp UpDOLVpHV GDQV «
IRQEFWLRQ GX S+ j f& j SUHVVLRQ GH YDSHXU VDWXUD

/JHV UpVXOWDWY RQW GpPRQWUp TXH FHV IOXLGHV FK
FRQFHQWUDWLRQV pTXLYDOHQWHY j FHOOHV REVHUYpHV C
GHV FRQGLWLRQV DFLGHV [&+&HIIHQGIHXOW,| OD VSpFLDWLF

GH WHR@QGMWIHPGYUDWXUH FKORULQLWpPp S+ QYHVW SDV FF

/IH SURFHVVXV GH GpS{W GDQV OHV JLVHPHQWV VRXV
GLDIJpQpWLTXH K\GURWKHUPDO GDQV OHTXHO XQ IOXLGH

OTLQWHUIDFH VRFOH EDVVLQ XQ IOXLGH UpGXLW FDSDEOI



+RHYH HW G6LEEDOG +RHYH HW DO +RHYH HW 4
SLFKDUG HW DO SLFKDUG HW DO D 3OXVLHXU'
UpGXFWHXU GH OfXUDQLXP GDQV OHV JLVHPHQWYV VRXV (
SUpVHQW GDQV OHV PpWDVpGLPHQWY GX VRFOH HW OH OF
$OH[DQGUH HW DO /IH PpWKDQH HVW JpQpUDOH
SURYHQDQW GH OTDOWpUDWLRQ K\GURWKHUPDOH GX JUDS
E /HIHU ,, SURYHQDQW GX VRFOH $G6GHEDQUGDE WPV DWL
PLQpUDX[ VXOIXUpV 6SLUDNLYV VRQW pJDOHPHQW GH\
OD OLWWpUDWXUH (QILQ ELHQ TXYLO QH VRLW SDV H[SU
OLWWpUDWXUH DFWXHOOH WUDLWDQW GX VXMHW OD SUp\
FRPSDUDEOHYV DX[ JLVHPHQWY VRXV GLVFRUGDQFH HVW pY
JpQpUDWLRMUGONI®@WpUDWLRQ K\GURWKHUPDOH GH PLQpPUDX|
GDQV OH VRFOH FULVWDOOLQ RX HQFRUH OH PpWDPRUSE
UpDFWLRQV LPSOLTXDQW OH JUDSKLWH HW OH PpWKDQH
K\SRWKqVHV TXL GRLYHQW rWUH SULVHV HQ FRQVLGpUDWL
DXFXQH pWXGH FRQILUPDQW OD FDSDFLWp GHV UpGXFWHX!

HQ FRQGLWLRQ K\GURWKHUPDOH

/ITDSSRUW GHV (75 DVHRHLPWW R XUDQLXP

D6 XEVWLWXWLRQ GDQV OHV R[\GHV GTXUDQLXP
/IHV R[\GHV GITXUBRQDRRB2WH RX SHFKEOHQGH VRQW F
QRPEUHX[ pOpPHQWY HQ WUDFHV SDU VXEVWLWXWLRQ j C
PRPHQW GH OD FURLVVDQFH GHV PLQpUDX[ &DWKHOLQHD?
AVHU &HV pOpPHQWYV VRQW SULQFLSDOHPHQW &D 7K

(75 HQ UDLVRQ GH OHXUV UD\RQV LRQDE?H—H\JHSUBRKEM G

eOpPHQWY 7THUUHYV 5DUHV RX /DQWKDQLGHYD H&¥NW BBP3IBVY



6P (X *G 7E '\ +R (U 7P <E HW /X ,0V IRUPHQWWRXYV C

UD\RQV LRQLTXHYDERDRSIHWD EBHARQW VRXYHQW LQFOXV DX .

SUpVHQWHQW GHV BKIREWULEHNP VILPLK\WREBHY j FHV pOpPHQWYV

7TDEOH 5D\RQV LRQLTXHV GHV pOpPHQWYV VH VXEEKDMIORXD QW G

Cations U+ Ca* Tha+ Y3+ ETRe* Zra+ Ph2+
R%ms 1 1,12 1,05 1,02 1,16-0,98 0,84 1,32

7TDEOH 5D\RQV LRQLTXHV GHV (75 WULYDOHQWYV 6K

ETR Rayons (A) ETR Rayons (A) ETR Rayons (A)
Las* 1,16 Eust 1,07 Er3+ 1,00
Ce+ 1,14 G+ 1,05 Tm3+ 0,99
Pr3+ 1,12 Th3+ 1,04 Yb3+ 0,985
Nds3+ 1,10 Dys+ 1,03 Lus+ 0,977
S+ 1,08 Ho3+* 1,01

/HV pOpPHQWY VXEVWLWXpV GDQV OHV R[\GHV G{XUD
FRQGLWLRQV GH GpS{W FRPPH SDU H[HPSOH OD FRPSRVLWI
OHXUV WHPSpUDWXUHV GH FLUFXODWLRQ GHV IOXLGHV -C
QRWHU TXH OD FRPSRVLWLRQ GHV R[\GHV G{XUDQLXP
UppTXLOLEUDJHV SRVWpPULHXUV DX[ GpS{WV SUpPFRFHV GH\
GHV FLUFXODWLRQV GH IGHWIN\EHY WDUG &INS H@GDPDWNG UHH YV |
SDUWLFXODULWpP GIrWUH GHV pOpPHQWY WUQV SHX VHQVLI
VRQW SDU FRQVpPTXHQW SHX SHUWXUEpPV SDU GHV pSLVRC

/HV (75 VH UpYqOHQW GRQF rWUH XQ SUpFLHX[ RXWLO

GHV IOXLGHV PLQpUDOLVDWHXUYV



E/HV VSHFWUHVY HQ (75 GDQV OHV JLVHPHQWYV VF

ODOJUp GHV SURSULpWpV SK\WWLFR FKLPLTXHV VLPLODI

YDULDWLRQ GHADXERRY' H RPIFMXHWVHY PpWKRGHY Gpir& Bl OYYVHH \

PLFURPpWULTXH RQW pWp GpYHORSSpHV &RIBERXY H HW 6D
SXLV SDU DEODWLRQ ODVHU ,&3 06 DILQ GH TXDQWLILI
GITXUDQLXP TXH GDQV OHV LQFOXVLRQV IOXLGHV DVVRFLpP
/HLVHQ HW DK /ID YDULDWLRQ HQ (75 HVW UHSL
VSHFWUHYV GHV FRQFHQWUDWLRQV HQ (75 GDQV OHV R[\GH

FKRQGULWHYV &HV pWXGHV RQW SHUPLV GYfREWHQLU GHYV

GX W\SH GH JLVHPHQW OH|YJEDGQUHURSR\MXMH SDU /DBK 5

OM GRQQpPHV 5(( VXU R[\GHV GJXUDQLXP HQ IRQFWLRQ G

GTXUDQLXP



JLIXUH *UDSKLTXH SUPpVHQWDQW OH IUDFWLRQQHPHQW GHYV (
SRXU OHV GLIIpUHQWY W\SHV GH JLVHPHQWY GIXUDQLXP /fpFl}
QRUPDOLVpPY DX[ FKRQGULWHY HVW GRQQpH HQ H[HPSOH HQ

(Q FH TXL FRQFHUQH OHV VSHFWUHV HQ (75 GHV R]J
JLVHPHQWYV VRXV GLVFRUGDQFH ,0V VH SUpPpVHQWHQW VR
PRQWUDQW OJLQFRUSRUDWLRQ SUpIpUHQWLHOOH GY(75 L

ORXUGHV HW OpJqUHV OHUFDGLHU HW DO &HFL VY{HI!

SURFKHV GH FHOXL GH OfY8 WpWUDYD(DHEQG)I/HHQ()H-HQHVURQQ

GRQQpPHV SUPOLPLQDLUHV VXU OHV WHQHXUV HQ (75 GDQ\
DFTXLVHV SDU DEODWLRQ ODVHU ,&3 06 VXU LQFOXVLRQV |
FKDUJpV HQ (75 DYHF GHV FRQFHQWUDWLRQV YDULDQW H
FRQVLGpUpHY &HV FRQFHQWUDWLRQV HQ (75 pOHYpHV

HISOLTXHUDLHQW OHV WHQHXUV pOHYpHV GHV (75 GDQV OH



&HSHQGDQW OD FRPSDUDLVRQ HQWUH OHV (75 GDQV Ot
TXDOLWDWLYH SDU PDQTXH GH GRQQpPHV (Q HIIHW H
FULVWDOBRIJUDIKQIFIKUSRUDWLRQ GHV (75 GDQV OHV RI[\G
FRPSOH[DWLRQ GHV (75 TXL GpSHQG HOOH PrPH GH OD FKI

IOXLGHV PLQpUDOLVDWHXUV [/LQIOXHQFH GH FHV SDUDPQg\

2. Données expérimentales en lien avec les conditions de

formation Tfe %ocefeoefo—o T —"foc—eo of—0o Fceo  *"Ffo |

6SpFLDWLRQ GH Of8 9,

/I TXUDQLXP HVW XQ pOpPHQW VHQVLEOH DX[ FRQGLWL
VIDFFXPXOH GDQV OHV V\VWgPHV K\GURWKHUPDX[ UHIOqW
'DQV OHV V\VWgPHV JpRORJLTXHV OHV YDOHQFHV SUpGRP
SUpVHQFH GYXUDQLXP KH[DYDOHQW UHIOgWH GRQF XQ |
WpWUDYDOHQW HVW DVVRFLp j GHV PLOLHX[ UpGXLWV 'DQ
DVVRFLpV DX[ GLVFRUGDQFHYV OfXUDQLXP KH[DYDOHQW V|

VRXV IRUPH GTLRQ XO/PWOHKBRAQ PLOLHX UpGXLW OfXUDQL>

IRUPH GH GLR[\GH GIBRUDWUXPWSRUH GH OfLRIXUKHIDHY\WH S

FRPSRVpH GTXQH OLDLVRQ OLQpDLUH 2 8 2 HW GH PROPpPFX

GHV OLDLY¥BRH&2 HW DO 7TKRPSVRQ HW DO



JLIXUH *pRPpWULH GH 82 L+RQ XD DBWO B X/ B R R2OROHE

/IHV VDXPXUHV VRGLTXHV FDOFLTXHV DVVRFLpHV DXJ[ |
OHV JLVHPHQWY VRXV GLVFRUGDQFH VXJIJqUHQW XQ WUDQ\
GIXUDQ\OH FKORUXUpV $ OfKHXUH DFWXHOOH OHV VHXO
OTXUDQLXP GDQV OHV VROXWLRQV FKORUXUpHYVY DFLGHV R
FRQVWDQWHY GH FRPSOH[DWLRQV RQW pWp FDOFXOpHV

SRWHQWLRPpWULH OD VSHFWURSKRWRPpWULH OD FKURPCL

HW VRQW UpSHUWRULpHV GDQV *UHQWKH HW DO /
82 Q&O 82&@Q &KRSSLQ HW 'X HW $ZDVWKL HW 6X
GpWHUPLQpHY OHV YDOHXUWW®WRARI * UHVSHFWLYHPHQ

OHV FRPSO&HW 82 8QH YDOHXU GH OD FRQVWDQWH GH F
82&0D UpFHPPHQW pWp SURSRVp SDU 6RGHUKRREMWHWHD®D L
VSHFWUBYPRYRH S WIRRQWN GH KDXWH pQHUJLH &HWWH PrPH ¢
GIXQ FRPS@QB[HDBYWUXFWXUH GH XU MOQRR F SO R VL OQUWHW W L J.
HYVHOQWLHOOHPHQW SDU VSHFWUR®YPRISL H W PDCE WRW B & HR@

+HQQLJ HW DO 6RGHUNRRRIHGHBOGDQV OH SODQ

OfXUDQ\OH VRQW UHPSQODFPPHSDU GHV FKORUXUHV




/TpPWXGH SDU VSHFWURVFRSLH 5DPDQ GDQV OHV VROX
DPELDQWH D UpYpOp OTH[L&/QPEQRA G ERPYGHHV 82 1JIX\

DO &HWWH pWXGH D SHUPLV GYfpWDEOLU XQH UHOD

I[UpTXHQFH GH FEPEGBWALIR ® BDA GRIQO 1XUD G\QH J)LIXUH

/IH SDUDPgQWUH $ UHSUpVHQWH OH FRHW FQHOQH QERREAFHY

FKORUXUHYV

JLIXUH )UpTXHQFHIEBHYXEDQWLIRAEQ IRQFWLRQ GH OD QDWXUH
VRQ SODQ pTXDWRULDO GfDSUQV 1JX\HQ 7UXQJ

'"HV pWXGHV SDU VSHFWURVFR SIOHY 5\DIFEDOH HRVQ WG DI D\Ok
PRQWUp OD SUpPVHQFH GH FRPSOH[HV K\GUR[\OpV j S+ FRPS
PWp pWXGLpHV GDQV OHV VROXWLRQV FKORUXUpHV PDLV
HQWUH HW OHV SULQFLSDX[ FRPBOH[H2 RWGURHWpPV VI
82 2+ 1JX\HQ 7UXQJ HW DO MK MLR.P EWH B[O FRPSOH

K\GUR[\OpV GH VW°FKRRFPWRIQW @BEp PLV HQ pYLGHQFH

WHFKQLTXHYV TXDQWLWDWLYHV SRXUY)GHMDBD PHW \F FGHV B/HD Q @




GIpTXLOLEUHV RQW pWp FDOFXOpHV MXVTXTj f& /D |
WHPSpUDWXUH UDVVHPEOpPHV GDQV *UHQWKH HW DO

VSpFLDWLRQ GH OfXUDQ\OHH GWDXQ/I AN D X WIJKHE/R § DWWpP HY  p

PWGLpH Oj HQFRUH j WHPLSpXUBANWUF DRMBAVDRXWHW 3DQLDYV

DO , O HVW LQWpUHVVDQW GH FRQVWDWHU TXH OHV FRP
YDOHXUV GH S+ VXSpPUVHKRIRHSOH[HYV VXOIDWpV §RR W WOLEO/H
QH GRPLQHQW TXDVLPHQW MDPDLYVY OD VSpFLDWLRQ GH O¢Y8

DYHF OHV FDUERQDWHY SRXU GHV YDOHXUV GH S+ VXSpULHE



JLJXUH 6SpFLDWLRQ GH Of8 9, j f& D HQ VI\WWgPH K\GURI[\O
*XLOODXPRQW HW DO E HQ V\WVWgPH FDUBR QHDWWWRjXIRUFH
DQG 3DQLDV HW F HQ V\VWQqPH VXOIDWp j IRUFH LRQLTXH



/IHV VHXOHV GRQQpPpHV H[SpULPHQWDOHV VXU OD VRO>

XUDQDWH GH VRGLXP j KDXWH WHPSpUDWXUHGBRQW GM\ R

VDXPXUHV VRGLTXHVYJXUIBAO SYBW 5LFKDUG /HW DOV XOWDW V

PRQWUp OD IRUWH VROXELOLWpP GH OfXUDQDWH GH VRGL
>8@ ! 0

Y)LIXUH 6ROXELOLWpP GH OTXUDQDWH GH VRGLXP GDQV OH V\V\

S+ ¢HW GH OD FKORULQLWpPp GYDSUqV 5LFKDUG HW DO /H\

06 GDQV OHV LQFOXVLRQV IOXLGHYVY DVVRFLpHYV DX[ JLVHPHQV
UHSUpVHQWpHYV

5pGXFWLRQ H[SpULPHQWDOH GH 0OY8 9,

/IHV GRQQpPHV H[SpULPHQWDOHV GH UpGXFWLRQ GH
WHPSpUDWXUH HW HQ OLHQ DYHF OHV FRQGLWLRQV GH
GLVFRUGDQFH VRQW WUQV OLPR@MW HW X®IND @BLPIDQ W LG H
OfXUDQ\OH SDU OD PDWLQqUH RUJDQLTXH HQ FRPSDUDQW
FLQPWLTXH GH UpGXFWLRQ D pWp PHVXUpH MXVTXTj f&

82 &0 (D ! N- PPD@QV XQ FRQWH[WH GH VWRFNDJH Gt



(NHURWK HWRQ®W H[SpULPHQWDOHPHQW pWXGLp OD UpDFW]I

f& HW | EDQ GHOLHX FDUERQDWp (D /D UpGXFNLRRO
078 9, HQ SUpPpBWHRFHNEBH. GYHVWLJIXpHV XQLTXHPHQW | WH
PLOLHX FDUERQDWp DOFDOLQ +XD HW DO (QRILQ OI
ODUJHPHQW pWp pWXGLpH GDQV OH FDGUH QRWDPPHQW G
OHV 2RMRKJIKOLQ HW DO L,OWRQ HW DO BFRWW HW
DO &KDNUDERUW\ HW DO &HV UpDFWLRQV IRQW

VXUIDFLTXH SDU DGVRUSWLRQ GDQV GHV JDPPHV GH S+ QH

'HV PRGqOHV GH FLUFXODWLRQ GH IOXLGHV RQW pJD(
PWDQW FHOXL GH $JKEHODJK HW <DQJ GDQV OHTXHO
LQGXLW VRLW SDU OH PpWKDQH RX VRLW SDU GLPLQXWLRQ
GLPLQXWLRQ QTHVWDSDN HYSPRENPHY FRPPH FHOXL GH 5D

RX &XL HW DO RQW pWp GpYHORSSpV DILQ GH Gp

IOXLGHV PLQpPUD NECHBHRQWBLD QW WRXV FHV PRGgOHV VRQW

GRQQpHV WKHUPRG\QDPLTXHYV j WHPSpUDWXUH DPELDQWH
VHXOHPHQW GHX2 ERPHSREBHWRQW SULV HQ FRPSWH /HV !
PRGqOHV PRQWUHQW OD QpFHVVLWpPp GIfLQYHVWLJIJXHU OD V

WHPSpUDWXUH



JLIXUH ([HPSOH GH FLUFXODWLRQ GH IOXLGHVY GRQW OH PRWH
JLVHPHQWY VRXV GLVFRUGDQFH &XL HW DO

3. Objectifs scientifiques de la these

'"HSXLV FHV GHUQLqQUHYVY GpFHQQLHV GH QRPEUHX[ WUI
JLVHPHQWY GIXUDQLXP VRXV GLVFRUGDQFH &HV pWXGHYV '
SK\WWLFR FKLPLTXH GH OfXUDQLXP DX FRXU GHV WURLV S
JLVHPHQWYV L OTH[WUDFWLRQ GX PpWDO GY{XQH VRXUFH
JpQpUDO j IDLEOHV WHQHXUYV LL OH WUDQVSRUW GH OfY?
OfXUDQLXP SDU SUpFLSLWDWLRQ VXLWH |j GLIIpUHQWYV |
WHPSpUDWXUH YDULDWLRQV GH S+ GYpWDW UHGR[ GH F
PpODQJH GH IOXLGHV GIYLPPLVFLELOLWpPV RX GH UpDFWLEF

GpVWDELOLVDWLRQ GHVY FRPSOH[HV GY8 9,



/JHV REVHUYDWLRQV IDLWHV VXU pFKDQWLOORQV QDW
RX GIDOWpPUDWLRQ LQGLTXHQW TXH OHV VDXPXUHV FKORL
FRPSULVHV HQWUH f& HW f& MRXHQW XQ U{OH L
PLQPUDOLVDWHXUV HW SOXV VSpFLILTXHPHQW GDQV OH W
GIXUDQLXP GILQWpUrwWV VRQW DVVRFLpV j OD FLUFKWDWL
JLVHPHQWYVY GTHIIRQGUHPHQW EUQFKLTXH :HQULFK HW 7LW
PpWDPRUSKLVpVY OLQ HW DO RX HQFRUH OHV GpS{W
IOXLGHY D\DQW FLUFXOpV MXVTXT] f& .LVK HW &XQH\
OfLPSRUWDQFH GH OfpWXGH GH OD VSpFLDWLRQ GH OfXLl
f& HW f& $ FH MRXU LO IDXW QRWHU OD TXDVL RX WF
i WHPSPUDWXUH VXSpULHXUH | f& VXU OD VSpFLDWLRQ
VDXPXUHV FKORUXUpHV 3RXUWDQW FHV GRQQpHV VRQW
FRPSRUWHPHQW GH Of8 9, GDQV OHV FRQGLWLRQV GH IR
VROXELOLWp FRPSOH[DWLRQ UpGXFWLRQ
&RQFHUQDQW OD UpGXFWLRQ GH Of8 9, OHV VHXO}
FRQFHUQHQW TXH GHV FRQWH[WHY HQYLURQQHPHQWDX[ G
FRQWH[WH GH VWRFNDJH JpRORJLTXH SROOXWLRQ PLQLQqU
SHX SHUWLQHQWY GDQV OH FDGUH JpRORJLTXH GH PLVH HC
UpGXFWLRQ PLFUREDFWPpPULHQQH RX VXUIDFLTXH FDWDO\Vg
UpGXFWLRQ GH Of8 9, TXL VRLW FRXSOp DYHF VD VSpFLD)
VRQW SRXUWDQW QpFHVVDLUHV SRXU FRPSUHQGUH OD IR

GI182HW SRXU OHYHU OHV LQFHUWLWXGHYV VXU OD QDWXUH



&HV LQFHUWLWXGHV FRQFHUQDQW OD QDWXUH HW
OYRULJLQH GH OD SUpFLSLWDWLRQ GH OfXUDQLXP SDU UpC
GHV EHVRLQV OHV SOXV IRQGDPHQWDX[ GDQV OH GRPDLQ!
OYDFTXLVLWLRQ GH GRQQpPHVY WKHUPRG\QDPLTXHV HW FLQ
PLVHV HQ MHX 3RXU FHOD GHV pWXGHV H[SpPULPHQWDOHYV
GRQW WRXV OHV SDUDPqWUHV SK\WLFRFKLPLTXHV VRQW F
GRQQpPHV VRQW LQGLVSHQVDEOHY SRXU OH GpYHORSSHPHQ
FRQGLWLRQV GH JHQQVH GH FHV JLVHPHQWY SOXV VDWLVII
SUpVHQW SRXU OHV JLVHPHQWY GIXUDQLXP DVVRFLpV
5DIIHQVSHWUWKQHBXL HW DO gDIQIHODJIK HW

(Q HIIHW OHV GRQQpHV WKHUPRG\QDPLTXHV DFWX
FRQGLWLRQV GH IRUPDWLRQ GH FHV JLVHPHQWY SURYLHQ
GRQQpPHV H[SPULPHQWDOHY REWHQXHV j WHPSpUDWXUH
H[SPULPHQWDOHY PDOSFRQDU\WpPpOPHW YV IO2LpV j OD UpDFWLYLW
GH 098 9, /D FRQQDLVVDQFH GHV SURSULpWpV IRQGDPH
WHUPHV GH VSpFLDWLRQ HW GH FRPSRVLWLRQ HVW HVVH
UpDEFWLRQQHOV HW SDUDPpWUHU OHV ORLV FLQPWLTXHV ¢
GpYHORSSHPHQWY PpWKRGRORJLTXHY HW H[SpULPHQWDX]
SK\WLTXHV GH FDUDFWpULVDWLRQ LQ VLWX j OD PRGpOLVE
IOXLGHV JpRORJLTXHYV

(QILQ FRPPH VRXOLJQp SUpFpGHPPHQW OHV (75 HW
SUpPFLSLWDWLRQ GYR[\GHV GTXUDQLXP VRQW GHV RXWLOV
RXYHOOHV FRQQDLVVDQFHV VXU OD IRUPDWLRQ GHV JLV
GLVSRQLEOHV j OTKHXUH DFWXHO O H XJH X FSQ W PULORIYHRMSEI M/ |

GH JLVHPHQW DORUV TXfLOV UHQIHUPHQW SRWHQWLHOOH



VXU OHV FRQGLWLRQV GH GpS{W HW VXU OHV SURSULpWp
H[SPULPHQWDOH GX IUDFWLRQQHPHQW GHV (75 HZJWUH 10X
FRQWU{OpHV HVW QpFHVVDLUH DILQ GJREWHQLU GHV GRC(
SDUWDJH HW SUpGLUH OH FRPSRUWHPRRQYFHHR Q76 H\L ¥ R QG
SK\WLFR FKLPLTXHV GX IOXLGH PLQpPUDOLVDWHXU /{DQDOR
DYHF XQH pWXGH GH YDQ +LQVEHUJ HW DO R OHV FR
FHUWPPEQWY WUDFH\WRGRQW B IREWHQXV | f&

ITREMHFWLI GH FHWWH WHKgVFRPAYWHGRBQHF GRXEQH G
FKORUXUpV DFLGHV GDQV OH WUDQVSRUW GH OYXUDQLXP
FHV IOXLGHV j KDXWH WHPSpUDWXUH HW LL LQYHVWLJXH
OHV FRQGLWLRQV GH IRUPDWLRQ GHV JLVHPHQWV VRXV

UpGXFWHXUV SURSRVpVY GDQV OD OLWWpUDWXUH &H PpPRL

I fpWXGH H[SpULPHQWDOH GH OD VSpFLDWLRQ GH Of8 9
FKORUXUpV DFLGHV SDU GHX[ RXWLOV TXH VRQW L OD V¢
GIDEVRUSWLRQ T®MW XXGNRENVYU VSHFWURVFRSLH 5DPDQ UpGLJ

GDQWXWHSHDQ -RXUQDO RI OLQHUDORJ\

/TPWXGH GH OD FLQPWLTXH GH UpGXFWLRQ GH OY18 9, H(
&HWWH pWXGH GH FLQPWLTXH SDUDPpWUpH WHPSpUDW X
UpGXFWHXU HVW UpDOLVpPH HQ SUpPVHGFE4GHH , D JGIQWVR X)\p
HW OH FDUERQH JUDSKLWH &HWWH SDUWLH UpGLJpH HQ

*HRFKLPLFD HW &RVPRFKLPLFD $FWD

/TPWXGH GX IUDFWLRQQHPHQW GHV PpWDX[ HQ WUDFHYV
'\ 1G /D GDQV OHV XUDQLQLWHV &HWWH pWXGH SLRQQ
FHUWDLQHVY SHUVSHFWLYHV LQWpPpUHVVDQWHY TXDQW j OD

PLQpUDOLVDWHXUV j OTRULJLQH GHV JLVHPHQWY GTXUDQL?>



CHAPITREI : SPECIATIONDE (V1) DANS
LESH UIDESCHLORURESACIDESEN
CONDITIONHYDROTHERMALE






$ (WXGH SDU VSHFWURVFRSLH 5DPDQ

([SHULPHQWDO VWXG\ RI XUDQ\O 9, FKORULGH FRPSOH] IR
VROXWLRQV XQGHU K\GURWKHUPDP&FREBWW XFQEYJ D P Df
VSHFWURVFRS\

OD[LPH 'DUJHQW -HDQ 'XEHVV\ /DXUHQW 7UXFKH (OHQD )
3bvbREHUW

(WXGH SXEQ¥KHR &MY -RXUQDO RI OLQHUDORJ\

$EVWUDFW

7KH FKHPLVWU\ Rl PLQHUDOL]LQJ IOXLGYV DVVRFLDWHG ZL\
FKORULGH EULQHV 7R XQGHUVWDQG DQG PRGHO WKH IRUI
WKH EHKDYLRU RI 8 9, LQ FKORULGH EULQHV LV QHFHVVD
DTXHRXV VROXWLRQV LV VWXGLHG KHUH DORQJ WKH YDSRL
&KHPLFDO FRPSRVLWLRQ RI VR@OWLRQV % OVKH DROD®G L/Q:
FRQFHQWUDWLRQV XS WR 0 7KHVH VROXWLRQV KDYH
KHDWHG IURP  f& XS WR f& DW VDWXUDWHG YDSRU SUF
RI WKH EDQG SURILOH RI WKHIVBRRZHW K LLFQ ¥ WHBIWLRKIL Q/HP S+
FKORULQLW\ 7KLV EDQG SURILOH HYROXWLRQ UHVXOWV IL
FKORULGH FR®SOH[ 8®R DQG DQ XQLGHQWEKIHE FRX®OGH |
EH D SRO\XUDQ\O FKORULGH FRPSOH[ 8 9, LV WUDQVSRL
FRPSOH[HV LQ DFLGLF EULQHV FRQGLWLRQV )URR ILWWHG
8280%r &©Or 82&Q %t KDYH EHHQ FDOFXODWHG DV D IXQFW
FKORULQLW\ &RPSDULVRQ Rl WKH YDOXH RI WWHURWKRRPSZ
WHPSHUDWXUH IRU WKH ILUVW FKORULGH FRPSOH[ Q D
WKH SUHVXPHG SRO\XEDQ\FPFIRPBSOWMR EH XQUDYHOHG IRU
FRQFHQWUDWLRQ

.H\ZRUGV 5DPDQ VSHFWURVFRS\ ILWWHG 5DPDQ VSHFWUX
HTXLOLEULXP FRQVWDQW






1. Introduction

8QFRQIRUPLW\ W\SH XUDQLXP GHSRVLWYVY DUH NQRZQ \
DQG FRQFHQWUDWLRQ WKH IDPRXV RQH EHLQJ WKH OF$UW
IOXLG LQFOXVLRQV JHQHWLFDOO\ OLQNHG ZLWK WKH XUDC
H[KLELW KLJK FKORULGH FRQFHQWUDWLRQRPHDRO @O W
&XQH\ WRJIJHWKHU ZLWK KLJK XUDQLXP FRQWHQW IURP
DO &KORULGH ULFK EULQHV KDYH DOVR EHHQ LGHOQ
GHSRVLWV IRUPHG XQGHU K\GURWKHUPDO FRQGLWLRQV
VROXWLRQ FROODSVH EUHFFLD SLSH :HQULFK DQG 7LW(
XQPHWDPRUSKRVHG FDUERQDWH UREFNV 0LQ HW DO F
XS WR f& .LVK DQG &XQH\ 7R DFKLHYH KLJK XUDC
PLQHUDOL]LQJ IOXLGY FKORULGH EULQHV PXVW EH DFLG Z
JHQHVLV Rl WKHVH GHSRVLWYV DV GHPRQVWUDWHG E\ FRP.
DQG IOXLG LQFOXVLRQV 8 FRQFHQWUDWLRQ 5LFKDUG HW D

7KHHVH VWXGLHV ERWK IURP ILHOG LQYHVWLJDWLRQV L
WKDW 8 &0 FRPSOH[HV SOD\ DQ LPSRUWDQW UROH LQ W
FRQGLWLRQV 7KH GHWHUPLQDWLRQ RI WKH QDWXUH RI Wi
DUH UHTXLUHG WR PRGHO WKH WUDQVSRUW RI 8 LQ FKO
H[SHULPHQWDO GDWD RQ XUDQLXP FKORULGH FRPSOH[H)
WHPSHUDWXUH XVLQJ VHYHUDO PHWKRGV VXFK DV VSt
HOHFWURPRWLYH IRUFH )RU H[DPSOH &KRSSLQ 'X C
GHWHUPLQHG WKH YDOXH RI VWDELOLW\ FRQVWDQWY DW U

DQG ORJ “ UHVSHFWLYHO\ IRU WKH IRRMRZLQJ |

82 &@°



ORUH UHFHQWO\ D WKLUG VWDELOLW\ FRQEWDOIQWYV Z
HQHUJ\ ; UD\ VFDWWHULQJ B6RGHUKROP HW DO 7KH
FKORULGH VROXWLRQV KDV EHHQ LQYHVWLJDWHG DW URRP
LGHQWLILHG WKH IROORZRIODD Q/BS&IF LHWH\8R2OVR GHWHUPLQHC
GLVWDQFH “ c DQG 8 &0 GLVWDQFH “ c LQ
VSHFWURVFRS\ ZDV DOVR XVHG WR VWXG\ WKH VSHFLD!
WHPSHUDWXUH $ OLQHDU UHODWLRQ ERMWWHHQSV2KB QWGL B\
QXPEHU Q RI OLXBQWWR &0ZDV HVWDEOLVKHG $ Q

ZLWK $ WRH VORSH Rl OLQH GHSHQGLQJ RI DQLRQLF O
RQ WKLY UHODWLRQ WR LGHQWLI\ WKH GLIITHUHQW FRPSOH]

7KH DLPV Rl WKH SUHVHQW ZRUN DUH L WKH VWXG\
FKORULGH EULQHV DQG LWV FDSDELOLW\ WR IRUP XUDC
WHPSHUDWXUH DQG FKORULQLW\ LL WKH TXDQWLILFDWL
VSHFLHV DV D IXQFWLRQ Rl WHPSHUBRE®BHQWSUWWRLRQf & @
H[SHULPHQWDO V\VWHP EDVHG RQ SXUH VLOLFD JODVV F
VSHFWURVFRSLF FHOO FRXSOHG ZLWK D 5DPDQ VSHFWURP

ZDV XVHG WR REWDLQ GDWD XQGHU YDSRU VDWXUDWLRQ S



2. Experimental method

6ROXWLRQV SUHSDUDWLRQ

8UDQLXP FKORULGH DTXHRXV VROXWLRQV ZHUH SUI
GLVVROXWERQRILA@2+ 7KLV SKDVH ZDV REWDLQHG IURP KF
SRZGHU SXUH IURP 3URODER GXULQJ WKUHH GD\V
SRZGHU L&2 VXEVHTXHQWO\ GLVVROYHG LQ +&O 0O DW
HYDSRUDWHG MR REWIDRIQOB®2 O\ D DTXHRXVZIR GXIWMSPQ BG E
GLVVROYL@I 812 0 DW f& DQG VXEVHTXHQWO\ WKH VR
7KLY VROXWLRQ ZDV XVHG IRU WKH ILWWLQJ SURFHGXUH R

6ROXWLRQ FRPSRVLWLRQV DUH&WKH IRGARZDQQL WKF

FKORULGH FRQFHQWUDWLRQVY DUH DGMXVWHG IURP XS V
DQG 0 6ROXWLRQV ZHUH DFLGLILHG E\ +&0 S+ LQ RL
K\GURO\VLVY VSHFLHV )XMLL HW DO DQG SUHFLSLWDWI

ZDV XVHG LQVWHDG RI 1D&0 LQ RUGHU WR DFKLHYH KLJK F|

6SHFWURVFRSLF FHOO

7R REWDLQ KLJK TXDOLW\ 5DPDQ VSHFWUD VROXWLR
ZKLFK VDWLVILHVY VHYHUDO FRQVWUDLQWYV )LUVW WKH F
UHVLVWDQFH DW WKH H[SHULPHQWDO 3 7 FRQGLWLRQV 6}
VSHFWUDO UHJLRQ DQG LW PXVW QRW LQGXFH IOXRUHVF
FKHPLFDOO\ LQHUW ZLWK UHVSHFW WR WKH DTXHRXV VRO X
RI PLQHUDO SKDVH FRQWDLQLQJ WKH HOHPHQW IRU ZKLFK

VLOLFD JODVV FDSLOODU\ VDWLVILHY DOO WKHVH SURSHU\



&DSLOODULHY KDYH DQ LQWHUQDO GLDPHWHU RI —
JLUVW WKH FDSLOODU\ LV VHDOR G IDAW FR QHR BIFW U B PAMD | & |
7TKHQ WKH FDSLOODU\ LV ORDGHG ZLWK WKH VROXWLRQ

USP 7KH ORDGHG FDSLOODU\ LV LPPHUVHG LQWR Ol
VROXWLRQ ZKLOH D VI\VWHP RI YDFXXP SXPS HYDFXDWHV W
HYDFXDWLQJ WKH GLVVROYHG R[\JHQ LQ WKH VROXWLRQ 7
RI UHGXFWLREMHRD XS RI WKH R[LGL]LQJ FKDUDFWHU RI WKH
VHDOHG DW WKH VHFRQG H[WUHPLW\ $ KHDWLQJ VWDJH C

YDSRU SUHVVXUH S&$3 ILQNDP LV XVHG WRJXWW WKH F

7TKH KHDWLQJ VWDJH LV FRXSOHG ZLWK PREDRDQYNQHHFWURHE
DQG DQ RSWLFDO PLFURVFRSH 7KH EHVW FRPSURPLVH FR
5DPDQ EDQG RI XUDQ\O LRQ DQG WKH EHVW UHMHFWLRQ RI

—P PDJQLILFDWLRQ S20\PSXV DQG D —P GLDPHWHU I|

JLIXUH BLFWXUH RI WKH KHDWLQJ VWDJH GHGLFDWHG WR F



JLIXUH SLFWXUH RI FDSLOODU\ XQGHU RSWLFDO PLFU

7KH JUDWLQJ JURRYHV SHU PP WKH PP IRFDO
DQG WKH —P VOLW ZLGWK JLYHV D ¥BRDF® UWBEHRIMHYR
REWDLQHG E\ DQ H[FLWDWLRQ XVLQIDWKH 7KH @PVEUQSIRE
VDPSOH ZDV P: 6SHFWUD ZHUH FROOHFWHG LQ WKH VSkH
DQG FPLJK TXDOLW\ VSHFWUD ZHUH REWDLQHG DIWHU
ZLQGRZ DQG DFFXPXODWLRQV OHDVXUHPHQWYVY ZHUH SHUI
“ f& DQG IURP f& XS WR f& E\ VWHS RI f& IRU HE

YDSRXU SKDVH 5DPDQ VSHFWUD KDYH VKRZ@EEDQZLM\/\KROXW

LQFUHDVLQJ DQG GHFUHDVLQJ WHPSHUDWXUH LQGLFDWLQ.

Rl YDOHQFH ,9



JLWWLQJ SURFHGXUH RI 5DPDQ VSHFWUD

7KH ILW KDV EHHQ SHUIRUPHG XVLQJ D FRPPHUFLDO V
IXQFWLRQ D OLQHDU FRPELQDWLRQ RI *DXVVLDQ DQG /RUHI
EDQG SURILOH RI HDFK EDQG FRPSRQHQW )LWWLQJ DQ H[S
WKDQ RU FRPSRQHQWV LV DOZD\V GLIILFXOW WR DFEKLH
LQWHQVLW\ RI WKH GLIIHUHQW EDQG FRPSRQHQWYV ZHUH
DFFRUGLQJ WR WKH SURFHGXUHZGMMBXPEHE FBHOREHV)LRY W
FRPSOH[HV DW URRP WHPSHUDWXUH DUH WKRVH JLYHQ E\ 1
DW PD[LPXP LQWRIQWHKH ROFRPSRE[HGYBD E\ 0D\D DQG %HJ
ZDV VHOHFWHG DQG H[SHULPHQWDOO\ FROQWUR@AGOMN® LER Q LIV

0 %URRNHU HW DO GHPRQVWUDWHG WKDW WKH |
82 DQG 1IRFFXUV DW URRP WHPSHUDL®WXARD ROOW Z B WQ RUQK IH\
0 7KLV ILWWLQJ JDYH DOVR DFFHVV WR WKH YDOXH RI \

RI WKH XQFRPSOH[HG XUDQ\O LRQ

JLIXUWKRZV 5DPDQ VSHEWVRORNWLRI)Y BRP URRP WHP

W R f& ):+0 REMKG Rl XQFRPSOH[HG XUD Q QG L\RH)HPW DWRR b

FRQVWDQW UHJDUG O HM\V XRJHMXKXWHR WHRIZNWUD WX DK D QWX RIIW R

82 LR WR KLIJKHU IUHTXHQFLHYV ZLWK LQFUHDVLQJ WHPSH
EDQG RI XUDQ\O EHFRPHYVY DV\PPHWULF 1\/2XQ]\?HY/I\N-LQ'.KIANWHRIIF
XUDQ\O LRQ EDQG KDV EHHQ GHWHUPLQHG XS WR f& E\ I
f& 7KH YDULDWLRQ RI WKH ZDYHQXPEHU DW PD[LPXP LQW

EHHQ FRQVLGHUHG LQ ILWWLQJ SURFHGXUH IRU XUDQ\O LR



JLIXUH 5DPDQ VSHFW WD GHW RPHQE2 VARROXWLRQ 0 IURP
XS WR oW&RBZLQJ WKH EDQG RI XUDQ\O LRQ

J)LWWLQJ SDUDPHWHUV RI DQRWKHU VSHFLHV KDYH Et
GLITHUHQW RQXWLRQV 5DPDQ VSHFWUD ZLWK D FKORULQL)

DERYH f& VA\VWHPDWLFDOO\ VKRZ D VLPSOH EDQG SURIL

IHDWXUH LQGLFDWLQJ DQ REYLRXV SUHVHQFH |[RLIRIWKHU F

|:|P DQBGIXUS 7KHVH VSHFWUD KDYH EHHQ FRQVLGHUHG WR

FRPSOH[ DOORZLQJ WKH GHWHUPLQDWLRQ RI WKH ZDYHQXF
DQG LWV ):+0 “7TKHPDVVLIQPHQW RI WKLV EDQG ZLOO E
RWKHU XUDQ\O VSHFLHVY WKH ZDYHQXPEHU DW JLYHQ WHP
WKH SRVLWLRQV RI KLJKHVW PD[LPD LQWHQVLW\ DQG VKF

1JX\HQ HW DO DQG LLL FRQVLGHULQJ WKH VKLIW R

WHPSHYDWOXUWHI1IRWH WKDW WKH VKLIW REVHUYHG ZLWK LQ

LRQ ZDVQITW REVHUYHG IR&OFHX2®® IDP F SMHKHHWSBVL8Y DW

7TDEODH6RPH VSHFWUD XVHG WR GHILQH SRVLWURQ@XJUHGLIIH

|




YLIXUH 5DPDQ VEWROXWRR@Y XVHG WR GHWHUPLQH WKH ZC
FRPSRQHQWY DW D 0/L&O f& E 0 /L&O f& F 0 /L&
f& H 0 /L&O f& DQG | 0 /L&O f& 7KH XQLGHQWLILHC

DW FP



):+0 Rl XUDQ\O FKORULGH FRPSOH[HV KDYH EHHQ FDO

$ YDULDWLRQRY OHW SRVVLEOH IRU WKH SRVZWE®B®R DQG

VXPPDUL]HY SDUDPHWHUY GHWHUPLQHG DQG XVHG WR WKH

7TDEOH $VVLIQPHQW RI WKH ZDYHQXPEHU RI WKH V\PPHWULF V)
GLIITIHUHQW FKORULGH FRPSOH[HV

FWHM K+ 1 (cmi)atT (°C)
Uranyl Prirte k7

: +1 .
SPECISS  Gmay 21 50 100 150 200 250 300 350 atal-c

Maya and Begun

Ve 9 870 8705 871 872 873 874 875 876 1981)
UOCH 55 866 866 866 867 868 868 868 869 Nggggz‘)“ al
UOChLO 55 862 862 863 864 864 864 864 865 Nggggz‘)at al.
UQ.Ch 55 858 858 858 859 860 860 861 861 Nggge;;t al.
UOCLZ 55 84 854 854 854 854 854 854 855 Ngg’gegz‘)*t al.
UQCk™> 9 850 850 850 850 850 850 850 850 Ngggg; al.

Unidentfied 41 g41 841 841 841 841 841 841 841
species
3. Results

)LIXUB VKRZV WKH 5DPDQ VSHFWUD RI WKH V\RPHWULF

82 LQ FKORULGH VROXWLRQ ZLWK FKORULQLW\ DBADQG IURP
Rl 82 VKLIWV WR ORZHU IUHTXHQFLHYVY ,Q DGGLWLRQ WKH
LQFUHDVLQJ WHPSHUDWXUH DQG GLVSOD\ XS WR IRXU LQ\
VKRXOGHU LQGLFDWHYV D ZHOO GHILQHG VSHFWUDO FRQW

XUDQ\O FRPSOH[ 7KXV WKLV VKRZV WKH H[LVWHQFH RI DW



WKH EDQG SURILOH ZLWK LQFUHDVLQJ WHPSHUDWXUH LV W
HDFK VSHFLHV ZLWK LQFUHDVLQRIWSRPESIHU® WRUBRZKH WMKH"
ZLWK LQFUHDVLQJ WHPSHUDWXUH LQGLFDWHYV D FRQWULEX
DW KLIJIKHU WHPSHUDWXUHYV 7KLV GHFUHDVLQJ RI WKH VW

FRPSOH[HV KDV EHHQ GRFXPHQWHG DW URRP WHPSHUDWXI

$OOHQ HW DO $ QHLv BRG] IDY\H G DPRAP KLLJJ%UWHPSI-

|:|D DQG KLIJK[AKGRBLQLW)\
7KH 5DPDQ VSHFWUD REWDLQHG DW FRQVWDQW WHPS

FROQFHQWUDWLRQ IURP 0 WRLIXWHD WW\RWKVWEBB\WEGDISH LC

ZDYHQXPEHU RI WKH KLJKHVW PD[LERR G @WBQYHW\LRIKWIKH

VDOLQLW\ $W 0O /L&O DW OHDVW WKUHHPVIGHELHVFBUH S
FRUUHVSRQGLQJ URVSBRWLNYRG\8RARX8REHQ HW DO $W

0 /L&O WKH 5DPDQ VLJQDO LV DV\PPHWULF ZLWK DQ RE
7KH VKRXOGHU RQ WKH KLJK ZDYHQXPEHU SDUW RI WKH 5D

VSHFL KR\ ®&2V PG &8O DW FP



JLIXUH 5DPDQ VSHFW WM EHW RPHKQDQ\WPFKORULGH VROXWLR
/L&O DW URRP WHPSHUBWQG HEXD WRURRf& 30 XS WR 0 /L&O

7KH FRQWULEXWLRQ RI HDFK EDQG DVVLJQHG WR RQF

WKH VSHFWUXP 6RPH H[DPSOHV RI

DQG O /L&O DW

LWV

H GX &

MARJQ VS HFWU

DO@RG ILWNHG 5DPDQ VSHFWUD

$ (DFK FKORULGH FRPSOH[ LV UHSUHVHQWHG E\ D EDQG FF

VSHFLHVL82 GRPLQDQW DQ(XLqu:\’Z:’LSN)IH[Q-IVUSIQP

YLJ X UB

WR DUH PLC



$W WKH VDPH WHPSHUDWXUH DQG DW 0 /L&O WKU

FRQWULEXWH WR WKH ZKR &H FOFPHD\Q CE b () QIRIXQYES 815 WH V

f& DQG 0 /L&O FRPSOH[HV ZLWK ORZ FKORWLGH QXPEHU

ZKHHDV FRPSOH[HWOQW®W ZLWAW KLIKHU FKORULGH QXPEHU C(

GRPLQDQW VSHFLHV DW [ URINUWKHWDPHf BKIDRE L QA- WM&

VSHFLHY DWQG 82 DUH REYLRXVOUJUEBRLGBMBGEWDW KLIKHU FK

0 /L&O DQG IURP f& WKRDLSHRALHRQDWWLEXAPHVY WR WK

EDQXQAJXUH (YHQ LI VHFDRWG & DUH UHSUHVHQWHG RQ

VSHFWUXP WKHLU FRQWULEXWLRQ LV ZHDN $\WR P S Dfl&H GV WHR
5DPDQ VSHFWUD ZLWK /L&O FRQFHQWUDWLRQV DERYH 0 |

VROXWLRQV DW f& DLINEHDQG P f& ,Q D JHQHUDO PDQ

RI FKORULGH FRPSOH[HV ZLWK KLJK OLJDQG QXPEHU LQFULL
FKORULQLW\

$VVXPLQJ WKDW WKH 5DPDQ FURVV VHFWLRQ RI HDF
FKORULGH FRPSOH[HV LW LV SRVVLEOH WR T&)@jQQQ/LI\ WKH

WR 7KLV UHSUHVI—Q.WK)ﬂﬂFRI@ULVOVN.%ZQ@JEGIRU 0 /L&O
$W 0 DOO VSHFLHV DUH SUHVHQW EHWZHHQ f& DQG

FRPSRQHQW DW WKHPSUHGRPLQDQW VSHFLHV DQG DERYH

QHJOLUJLEPOKE VKRZV WKH LPSRUWDQFH RI WXKVFR DRRY HASH R

ZLGH UDQJH RI WHPSHUDWXUH DQG FKORULQLW\



JLIXUH JLWWHG 5DPDQ VSHFWUD RI WKH 8 2 VWURWFKL®RJ YLE
0O bQG 0 /L&O )LWWHG VSHFWUD VKRZ WKH GLITHUHQW EDQ!
FKORULGH FRKPASXOGNQOPRZQ VSHFLHVY FRUUHFPSRQGY WR WKH



Y)LIXUH SHUFHQWDJH REBDPFHKUPMRKRSWBROMUBDWN XUH D DW 0 D
7KH XQLGHQWLILHG VSHFLHVY FRUUHVSRQGV WR WKH

7KH IROORZLQJ HTXLO&@PJLDZQCEI-@@ZCHHQORZULGH EHDUL

FRPSOH[HVY DUH FRQVLGHUHG WR GHVFULEH WKH XUDQ\O V¢

82 p1 &Q@7r 82& b

82& 0Ot &@r 82&0pt
82 &0p7t &Q@71 82&0pt
82&0pt &Q@1 82&0npt

82 &O DT &(BT 82&0 DT



'HVSLWH WKH IDFW WKDW WKHIVSHEPBY\DW SRURD Q|
FKORULQLW\ DQG RU KLJK WHPSHUDWXUH DQ HTXLOLEULX
VSHFLHVY EHFDXVH LWV VWRHFKLRPHWU\ UHPDLQV XQNQRZ
GLVFXVVLRQ VHFWLRQ )URP ILWWHG 5DPDQ VSHFWUD W|
HTXLOLEULXRB 'R GBUWHYQRXV U BBEFWQ EGVZDWWWHQ DV

‘éU>5L EA xye - (U6

d) 70 dex7

ZKHEWFWL YA BMPEIWY S I § AW L YL 8MPEOIWM V' S HEY L HpH 1LYV
ZLWK WKHREFWEYHPH®WK @O0 W\ VFDOH $FWLYLW\ FRHIILFLH

XVLQJ WKH K@l 0FW&ERQ
ZLWKNKH LRQLF FKDUMBQ@GEDWKHWBABIHGY ' HE\H +«FNHO WHUP

VSHFLILF LRQ WKHRU\ &LH;I;%EHM—AM&ADO

$ DQBGDUH FRQVWDQWY GHSHQGH,QYV RVXHNIGR SR HDAMX U
K\GUDMWSIBFLHY GHSHQGLQJ Rl WKH VROXWH 7KLV2SDUDPHYV
/L&O +HOJHVRQ HWWIOH LRQLF VWU HQ JHXKU PRVSRDGY WR W
LQWHUDFWLRQ FRHIILKMDH@EWORE BIMZERIML K/ SHFIEHRELR DWLR Q

HTXDWLRQV DQG .B[[EVHVVLRQ RI ORJ

o) e}
. a .., . .7:U6-; Ay p - 1U6;
U AA X6~ ' ~EA g6 '
HKG L5l HG oo - EHK @5V
/EA_'XU'7U X AEA')(U.7U X

JRU VLPSOLILFDWLRQ UDWLR RI FRQFHQWK]JQDLWLRQV L
'LVVR@2RBGDW O FDQ EH QHJOHFWHG LQ WKH FDOFXOL
(TXDWLRQ LOQYROYHV WKH FRQFHQWUDWLRQ RI ITUHH F
FKORULGH LQ WKH PRODOLW\ VFDOH LV GHGXFHG IURP LW

H[SUHVVLRQ



5444

| VL Y H—— e
Y Y '54440,28,6 x

ZLVeK: D QMR yyd HVSHPWKN HBOHQV LW\ RIDQBOI VW GR W KIHWWP R O H F X
ZHLIJKW RORIOSDIDLWDWRIE&MBIQ FDOFXODWHG MRREIJWHBBHUDUR
DQG EDU 7KH GHQVLW\ RI VROXWLRQ DW f& DQG EDL
PRGHO LQ2/N&OWHP XS WR 0 /L&O ODR HW 'XDQ 7KH
FKORULGH LQ PRODOLW\ VFDOH IXTFRX @W QG EAROPOWLR QG
DW 3LVBWRFN HW DO 7 D J LAKRYY FHRVQ FOHA WPURIDWDIOR @Y\ V F D C

HDFK XUDQ\O FKORULGH FRPSOH[ KDV EHHQ FDOFXODWHG X
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ZLWKse - DQ& DUH UHVSHFWLYHO\ WKH DRW W& H Z®& R O HWD UR
5555-6 DWDQXH "WYURPHUKBWLRQV DQG WKH IROORZL

ZULWWHQ
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7:U6-

IRJ.o " FDQ EH GHWHUH—LIQ;B-EGSESI-GMML—Q%—G— YHUVXV

LRQLF VWUHQJIJWK , E\ OLQHDU UHJUHWHERNH WKVYVOYPOWHG

GRHVO@QPYMRIARD OLQHDU UHJUHVVLRQ L(Q(ELF[)VVL(QJ.MVkiﬁ OLPL

FRUUHVSRQGV WR WKH Y D[QXIK GV 7]KH R/ D R WFHVFW Q HTXAV B D

GHWHUPLQH WKH FRPSOH[DWWL FO®RER QWK B QYW [DR J 5H

JLYHQ LQ 7DEOH




0 /L&O

7DEOH &DOFXOHPWULRRE G RW D RIW 0 XS WR
Temperature (°C) LoghoK1 LogioK2 LoghoKs LoghoKa LogioKs
21 0.40+0.14 0.76 £ 0.28 0.34 £ 0.09 - -
50 0.83+0.14 0.86 = 0.09 -0.39+0.14 - -
100 0.91 +0.08 1.08 £ 0.02 -0.11 £ 0.06 - -
150 1.59 + 0.05 1.13+0.01 -0.08 + 0.03 -0.43 + 0.06 -
200 - 1.10+ 041 0.64 £ 0.37 -0.66 £ 0.81 -1.49 £ 0.09
250 - - 0.89 £ 0.05 -1.04 £ 0.36 -0.89 £ 0.22
300 - - - -0.73+£0.31 -1.42 £ 0.42
350 - - - - -0.96 £ 0.23
JLIXUH 4 ORJYHUVXV LRQLF VWUHQJWK DW f& D DQG

f&

GHWHUPLQDWIK® BRWRUWHG OLQHY UHSUHVHQW WKH HUU



4. Discussion

6SHFLHY DWLV SRHGRPLQDQW DW KLJK WH|BBHUDHN XUH

D 7KH HIWUDSRODWLRQ RYHMUWVKW IQQ HRO RWHGBWRQIRXD Q G
1JX\HQ HW DO WR FKORULGH OLJDQGKLYLGHM HUHADQY H
ZDYHQXPEHU VXJJHVWYVY DQRWKHU JHRPHWULF VWUXFWXU}

IUHH XUDQ\O LRQ VXUURXQGHG E\ ILYH ZDWHU PROI
LQFUHDVLQJ FKORULQLW\ DQG RU WHPSHUDWXUH ZDWHU

VWXGLHV RI K\GURO\VLV RI XUDQ\O VROXWt R Q6 KELYH/ \DKIR

FP D YDOXH YHU\ FORVH WK WKKHIE DQRONBWD QG PPHJIXQ

$VDQR DQG .RQLQJVWHLQ 'Q WKH DFLGLF FRQGLWL]
IRUPDWLRQ RI K\GURO\VRWY VBHFBE®RW OILNHQRB® IHDVLEOH %
ZDYHQXPEHUV RI WKH WEZQGEDQGWQG OMRJJH )+:0 FRPSDUHC
RWKHU FKORULGH EHDULQJ VSHFLHV FRXOG&EXIDWVWYV DOV
FP :LWK LQFUHDVLQJ WHPSHUDWXUH WKH GLHOHFWULF
LOQWHUDFWLRQ FKDUJH FKDUJH ZLOO FRPSHWHWIHDLYREM ER
FKDUJH GLSROH OHDGLQJ WR WKH IRUPDWLRQ RI SRO\XUL
LWV RZQ LV QRW VXIILFLHQW WR FRQILUP WKH VWUXFWXUH
FP ,W LV ZRUWK QRWLQJ WKDW SRO\XUDQARO X ®/H RIQH/N
FRQWDLQLQJ PROMRVE2LGHQWLILHG E\ +LJK HQHUJ\ ; UD
BRGHUKROP HW DO 2WKHU WHFKQLFV VXFK DV IOXRU
DSSOLHG LQ RUGHU WR FKHFN VXFK DVVXPSWLRQV ,Q DG
FKORULGH SRO\PHUV DQG DONDOL XUDQ\O SHUR[LGH FOXV

DTXHRXV VR®BERW LHRW\D O 1\PDQ HW DO



,Q FKORULGH ULFK EULQHV XU D Q LPRPO FIRIIFIHQK\® U BWH\R
DO ZKLFK LV WHQ WLPHV ORZHU WKDQ WKH FRQFHQW
RI WKH LQVXIILFLHQW VHQVLWLYLW\ RI WKH H[SHULPHQWD
VIVWHP XUDQ\O VROXWLRQV ZLWKOPRQ F B QQRW VEHR DY YDIWR
5DPDQ VSHFWURVFRS\ 7KXV RWKHU VSHFWURVFRSLF PHW
DSSHDULQJ DW SUHF®RPLQDQW DERYH f& DQG VDOLQLW\ |
7KH PHWKRG XVHG LQ WKH SUHVHQW ZRUN IRU WKH
.o LV OLPLWHG WR LRQLF VWUHQUR/KVRR ZPDJLWXPQ,Q DRER®
ODFN Rl WKHUPRG\QDPLF GDWD IRU WKH /L&O V\VWHP DW
SUHYHQWY WKH FDOFXODWLRQ R$W WK H FW Q¥ H\Y WRH LIRFQ. +
GHFUHDVHV ZLWK LQFUHDVLQJ WHPSHUDWXUH DQEBUWDOLQ]

SRVVLEOH RQO\ EHORZ f&

/IRJ. GHWHUPLQXGHLQ * FRUUHVSRQGNPWIRHORWLR

TDEOWYMXPPDULHV VRPH YROQXGIVWRHUDRIXUH 7KH SXEOLVKH

WKH H[SHULPHQWDO PHWKRG XVHG IRU WKHLU GHWHUPL
GHWHUPLQHG LQ WKH SUHVHQW ZRUN LV LQ FORVH DJUHHP

DQQHU 7KLY DOVR VXJIJHVWV WKDW WKH K\SRWKHVI
VHWLRQV REDVMXH RI HDFK FRPSOH[ LV YDOKDYH K&H F Q@ COXQHV

GHWHUPLQHG LQ WKH SUHVHQW ZRUN DW : SUHYLRX)

WR |7TDEQH7KH PRUH UHFHQW G HWH UFRGHDWKLRRGP RHWO R D

FDOFXODWH E\ +LJK HQHUJ\ ; UD\ VFDWWHULQJ %\ WKLV Pl
RI WKH BRRUGLQDWLRQ@L@YXPBEHHYHY BROORULQLXW WRLADPIHFWE
GRHVQYW WDNH DFFRXQW RI HDFK XUDQ\O FKORU&DH FRP:

WKH\ ILQG D FRRUGLQRWLRID QXPERQ RW&O



+RZHYHU WKH ILWWHG 5DP DA > BW PVEWRZ [PW GO N DA

WKUHH PDM&RAU V8RELBYE&O $Q\YDDEPBY®EPWKRZ D ODUJH

YDULHW\ RIQ@RJ WR 7TKXV D FRPSDULVROQGRIWW KR LYMH®GX H

GLITHUHQW PHWKRGYVY UHPDLQV GLIILFXOW

7TDEOH /IRDOFXODWHG IURP GLITHUHQW DXWKRUYV

logio 20 Method Reference
0.38 Electromotive force Ahrland (1951)
0.21 Spectrophotometry Davies & Monk (1956)
0.23 Spectrophotometry Awasthi & Sundaresan (1980)
0.45 Unified theory of metal ion complexation Brown & Wanner (1987)
0.17 Solvent extraction Choppin & Du (1992)
0.16 High-energy Xray scattering Soderholm et & (2011)
0.40 Raman spectroscopy The present study

7TDEOH /IRDOFXODWHG IURP GLITHUHQW DXWKRUYV

l0g10 >0 Method Reference
-1.20 Spectrophotometry Awasthi & Sundaresan (1980)
0.60 Unified theory of metal ion complexation Brown & Wanner (1987)
-0.10 High- energy Xray scattering Soderholm et al. (2011)
0.74 Raman spectroscopy The present study

JURP D JHRORJLFDO SRLQW RI YLHZ WKH SUHVHQW V
FKORULGH EHDULQJ XUDQ\O FRPSOH[HV IRU WKH WUDQVSRL

DOVR LPSRUWDQW WR QRWH WKDW XQGHU FHUWDLQ FRQGL

J)LIXUH VHYHUDO XUDQ\O FKORULGH FRPSOH[HV FRH[LVW D

FRPSOH[DWLRQ SURFHVVHV LV QRW FRPPRQ LROWKIHO QW W K
DFLGLF FKORULGH EULQHV LV OLPLWHG E\ WKH NQRZOHGJH

VSHFLHV DW ORZ XUDQ\O FRQFHQWUDWLRQ



5. Conclusions

7KH SUHVHQW VWXG\ LV WKH ILUVW RQH DERXW VSHFI
W R f& DW YDSRU VDWXUDWLRQ SUHVVXUH 5DPDQ GDWI
FDSLOODU\ 5DPDQ VSHFWUD VKRZ DQ HYROXWLRQ RI WKH
DQG FKORULQLW\ UHVXOWLQJ IURP WKH YDULDWLRQ RI WKF
FROWULEXWLRQV KDYH EHHQ TXDQWLILHG E\ ILWWLQJ 5DP
JRRG GLVWULEXWLRQ DQG FRKHUHQW HYROXWLRQ RI FRP
FKORULQLW\ 7KH HVWLPDWLRQ RI WXMH HHW WL RRKP®®H[ DWW |
7KH FRQWULEXWLRQ RI DQ XQNQRZQ VOHFEHW ZDG HX\
GRPLQDQW DW KLJK WHPSHUDWXU$!7 10 7K& VDRRP F®BRBL
SRWHQWLDOO\ SOD\ DQ LPYPOWBRWWUBQE K®UFRQIRUMLW
IRUPDWLRQ 7KXV LW LV RI SULPDU\ LPSRUWDQFH L WR
VSHEWURVFRS\ DQG LL WR HYDOXDWH WKH VWDELOLW\ RI
KDV VKRZQ XUDQLXP P\DRID KEW GLWD UR/XPBG[L XQGHU K\GURW |
EULQHV G5LFKDUG HW DO 7KLV ILUVW VWXG\ RI XU

FRQGLWLRQ S+ 7 LQ FKORULGH IOXLGV PXVW EH FRQWLQ.
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% (WXGH SDU VSHFWURVFRSLH GYDEVR

1. Introduction

/D FRQQDLVVDQFH GH OD VSpFLDWLRQ GHV PpWDX[ H
JUKFH | OTXWLOLVDWLRQ GH QRPEUHXVHV DSSURFKHV 3
VSHEWURVEFRSLTXHV TXL FKDEXQH DSSRUWHQW GHV LQIR
GIDEVRUSWLRQ GHV UD\RQV ; ;$6 HVW XQ RXWLO SXLVVDC
5DPDQ SHUPHW j GH VRQGHU j OD IRLV OfpWDW GH YDOHC
(GJH BWUXFWXUH :$1(6 HW OH YRLVLQDDH $EVREHSWRLEQP N
BWUXFWXUH (;$)6 (Q SDUWLFXOLHU OD VSHFWURVFRSLF
SUpPFLVH GHV GLVWDQWHQR®EWHUHIWRRLEKOWLWp GHV YRL
VWUXFWXUDO WKHUPLTXH /H SULQFLSH GH OD VSHFWURVF
SDU XQ SKRWRQ GIpQHUJLH pTXLYDOHQWH j OTpQHUJLH GH
DEVRUEHXU /fH[FLWDWLRQ GH OfDWRPH SDU OYDEVRUSW
FRHIILFLHQW GYDEVRUSWLRQ GH OTpFKDQWLOORQ /H FRHI
GHV LQWHQVLWpPV GX IDLVFHDX LQFLGHQW HW GX IDLVFHD)
IDPEHUW /D VSHEWURVFRSLH GH IOXRUHVFHQFH HVW XQ
GHV UD\RQV ; /RUVTXH TXTXQ pOHEWURQ GH F°XU GH OfDV
OYDEVRUSWLRQ GIXQ SKRWRQ ; XQ pOHFWURQ GH SOXV K
GIpQHUJLH SURYRTXH OfpPLVVLRQ GTXQ SKRWRQ &H SKp
VRXYHQW FRH\BOPHIXHQ WUDQVPLVVLRQ

/TPWXGH SDU VSHEWURVFRSLH 5DPDQ GH OD VSpFLD)
DTXHXVHVY FKORUXUpPHY DFLGHV MXVTXT] f& D PRQWUp
FKOR WRREROR Q j (OOH D pJDOHPHQW PLV HQ pYLGH!

VW°FKLRPpWULH LQFRQQXH GRPLQDQW j KDXWHWH®PSpUDW



/L&O 6D IUpTXHQFH GH YLEUDWLRQ V\PpWULHRWHD G @®HO L
VXU OHV VSHFWUHV 5DPDQ VH GLVWLQJXH GHV DXWUHV FR
i PL KDXWHXU ELHQ VXSpPULHXUH j FHOOH GHV DXWUHV FRP
$ OTKHXUH DFWXHOOH OD VWUXFWXUH GHV FRPSOH[F
DFLGHYV D pWp pWXGLpH XQLTXHPHQW j WHPSpUDWXUH H
WHFKQLTXHV WHOOHV TXH OD GLIIUDFWLRQ GHV UD\RQV
ODJQPWLTXH 1XFOpDLUH OD VSHFWURVFRSLH GYDEVRL
VSHFWURVFRSIH 086/ VROXWLRQV VDQV FKORUXUHV LO D p
FRPSOH[p D XQH VWUXFWXUH ELS82UDP L GIDYCHF jGHXV HR B\H QO
DSLFDLX[VAWXpV | XQH GLVWDQFH GH c GH OTXUDQLXP {
DO 'DQV OH SODQ pTXPy8RYL IDOD@H XE DH B WD H\ORVR 2 U
PROPFXDIBDUY OTLQWHUPPGLRPLGH GRQOXBKVRQV 8+®DEHUJ H
7KRPSVRQ HW DO $ WHPSpUDWXUH HW SUHVVLRQ DPE
PTXDWRULDX[ DLQVL TXH OHV GLVWDQFHYV LQWHU DWRPLTF
DYHF OHV GLIIpUHQWHY pWXGHV UpDOLVpHV VXU OH VXMH
+HQQLJ HW DO BRGHUKROP HW DO 7KRPSVRQ HW
'DQV OHV VROXWLRQV FKORUXDpPRRQWH® GDUHMWYPGH
OfH[LVWHQFH GHV FRPRQ@RDMHFKD PDODIYWSBH j HW X
OLDLVRQ 8+&0 GH c 8Q &OXWUBWHPRP S DIp[Hp 8PU +HQQLJ
SDU VSHFWURVFRSLH (;$)6 HW 89 HAWU RWF BRIGH G R 8 ¥ RF\VE
SD VSHFWURVFRSLH GH UD\RQV ; j KDXWH pQHUJLH
/TpPWXGH SDU VSHFWURVFRSLH TO({ID EXRWS VDL RQY pGH YD
GIXQH SDUW REWHQLU OHV SDUDPgWUHV VWUXFWXUDX[ G
GH OD WHPSpUDWXUH HW GH OD FKORULQLWpP HW GJDXW!

UpFHPPHQW SDU VSHFWURVFRSLH 5DPDQ 'DUJHQW HW DO



SUHPLgQUHV GRQQpPHV (;$)6 VXU OD VSpFLDWLRQ GH 0Of8 9,
WHPSp HMWDXWH SUHVVLRQ /H WUDYDLO TXL VXLW GRQQHUI

XQH UHYXH VFLHQWLILTXH LOWHUQDWLRQDOH

2. Matériel et méthodes

AXDWUH VROXWLRQV GIXUDQ\OH RQW pWp DQDO\VpHV I
OD WHPSpUDWXUH i f& | EDU /D VROXWLRQ VDQ
VWDQGDUG Gf8 9, 8Q VSHFWUH GfXQ pFKDQWLOORQ QDW.
DPELDQWH ORUV GIXQH pW >RGIH VSO UWH-CR Y § R® P $IX E W DH:

OTXUDQLXP GH YDOHQFH

3UpSDUDWLRQ GHV VROXWLRQV

/H SURWRFROH GH SUpSDUDWLRQ GHV VROXWLRQV FK
ORUV GH OfpWXGH SDU VSHEFWURVFRSLH 5DPDQ SDUDJUDS
FKORUXUpPHV HVW OB2WQA. YDQWIKRO HW /L&0O HQ FRQFHQWUD

HW 0

8QH VROXWLRQ VWDQGDUG GIXUDQ\OH QRQ FRPSOH]
SUpSDUpPH j SDUWLU GPBFLGH IVUWIGHT ¥RQ&)RUW UD\RQ LR
&)62 HVW DQLRQ IDLEOHPHQW QXFOpRSKLOH F{HVW j GL
FKLPLTXHV FDWLRQLTXH\D BMHYO HWK H6 ZDTXWMD\OH  &RPPH W
RUJDQLTXH OH WULIODWH VH GpFRPSRVH j KDXWH WHPSp!
VROXWLR@P2B2D pWp UpDOLVpH j SDUWLU GIXQH SRXGUH
MXVTXT] f& SHQGDQW HQYLURQ MRXUV MXVTXTj OTRE\
GIXUDQLXM SR XGUB BWH2G LUVRXOWEFSGH WDQM XDXEpFRHU
SLUH[S FKDXIlp j OTJDLGH GTXQH SODTXH FKDXIIDQWH UpJO

GITXQH OHQWLOOH GH YHUUH GDQV OH EXW GH OLPLWHU Of



GH GLVVROXWLRQ $SUqV GLVVR@2WHW Q@ B H ROXWHR W Q CELHAY
OTDFLGH D pWp pYDSRUp HQ UHWLUDQW OD OHQWLOOH GH
VHO &2)62 Q+ REWHQX HVW HQVXLWH GLVVRXV GDQV OfHD
OfXUDQLXP HQ VROXWLRQ HVW GRVp SDU ,&3 2(6 /D FRPS

VXLYDQWH®B2 &)62 HW &)B2+ /{fHQVHPEOH GHV VROXWLR

GDQVD@EﬂDH

7TDEOH 5pVXPp GHV VROXWLRQV HW WHPSpUDWXUHYV H[SpULPH

Solutions Compositions Gammes de températures expérimentales (°C)

Solution d'uranyle non UG(CRSQ)2 0,001 M

chlorurée CRSQH 0,1 M 25 250 (600 bar)

UO:Ch 0,001 M
HCI 0,1 M 25 300 (600 bar)
LiCI 0,1 M

UQGCL 0,001 M
HCIO,1 M 25 350 (600 bar)
LiCI3 M

Solutions d'uranyle
chlorurées

UGCL 0,001 M
HCIO,1 M 25 350 (600 bar)
LiCl 12 M

&RQGLWLRQV GIDFTXLWBWLRQ GHV VSHFWUHYV ;

I MpWXGHVGpPIFODWLRQ GH OfXUDQ\OH GDQV OHV VROXW
;$6 D pWp UpDOLVpPpH VXU OD OLJQH %0 E )$0( 3URX[ HW DC
SDGLDWLRQ )DFLOLW\ (65) jJ *UHQREOH ))UDQFH HQ FROO
,QVWLWXW 1pHO &156 /IDQQHDX GH VWRFNDJH GpOLYUH
XQ FRXUDQW GH P$ HQ PRGH EXQFKYV /HV VSHFWUH)
PRGH WUDQVPLVVLRQ HW I®XRYKVWUBDHQAKXKP DX VHXLNOHY9 GDQ
GITpQHUJLH NH9 /HV YDOHXUV GTpQHUJLH RQW pWp Vp(

j GRXEOH FULVWDX][ 6L $YDQW OH GPEXW GHV H[SPULHC



pWp UpDOLVpH j OTDLGH GTXQ pFKDQWLOORQ GH JLUFRQLX
NH9 PD[LPXP GH OD GpULYpH GX VSHFWUH /D WDLOOH C
OfpFKDQWLOORQ HVW GIHQYLURQ —P GH ODUJHXU VXU

LQFLGHQWY HW WUDQVPLV D pWp PHVXUpH SDU GHV GLR
IOXRUHVFHQFH RQW pWp DFTXLV j OfDLGH GT1XQ GpWHFWH

GTXQH GXUpH a PLQ FKDFXQ RQW pWp HQUHJILVWUpPV SRXU

JLIXUH SKRWRJUDSKLH GX PRQWDJH H[SpPULPHQWDO VXU OD
ODFTXLVLWLRQ GHVY VSHFWUHV GYDEVRUSWLRQ HW



/HV H[SPULHQFHV RQW pWp UpDOLVpHV j OfDLGH G
SUHVVLRQ WHPSpUDWXUH GpYHORSSpV SDU OTLQVWLWXW
ODUJHPHQW pWp XWLOLVp HQ FRQGLWLRQ K\GURWKHUPDO
VSpFLDWLRQ GH OfRU GDQV OHV IOXLGHV FKORUXUpPV RX V
DO E OD VSpFLDWLRQ GH =Q HQ SU p VOIRRKED®W EGRPWH (
IOXLGHY FKORUXUpV /LX HW DO OD SDOODGLXP HQ P
HQFRUH OD GLVVROXWLRQ GH OD VLGpULWH HQ PLOLHX FK

FRPSRVpH GTXQ F\OLQGUH HW GH GHX[ SLVWRQV HQ FDUEF

RQW pWp SODFpHV GDQV OD HHIOIXXEBH I RNURK VONHV HGH O[OS |

I fHIWUpPLWp GH FKDTXH SLVWRQ HVW PXQLH GTXQ MRLQW

ORUV GH OD PRQWpH HQ SUHVVLRQ HW WHPSpUDWXUH

8QH IRLVY OD VROXWLRQ FKDUJpH GDQV OD FHOOXOH
PDQLqUH j FH TXH OD VROXWLRQ VRLW SDUIDLWHPHQW VLW
SDVVDJH GHV UD\RQV DX WUDYHUV GH OD VROXWLRQ /D FI
VXU PHVXUH HQ DFLHU LQR[ SUHVVXULVp /D FHOOXOH HVW

SUHVVXULVDWLRQ HVW FRQWU{OpH SDU XQ IOX[ GYfKpOLX

EpU\OOLXP SHUPHWWDQW |(PH >XSUB/ Y BV W HRD/O H DH RIQIEXQ H I

|:|F 3RNURYVNL HW DO



J)LIXUH D 6FKpPD GH OD FHOOXOH HQ FDUERQH YLWUHX[ PR
SDUWLH LQWHUQH GH OIDXWRFODYH SUHVVXUL ViHX WREQ DLYpH G | [
3RNURYVNL HW DO

JIDFTXLVLWLRQ GH OJHQVHPEOH GHV VSHFWUHV D pW|
GH UpDOLVHU OHV H[SPULHQFHV XQLTXHPHQW HQ SKDVH I
LOQYHVWLJIXpHV /D VR@X&R2L RV WWAK@EDIPE SBXXGTHXTjj O T DFRL G H

WULIOLTXH VH GpFRPSRR& /BB HWROXWLRQWAO®N pWp SRUWpP

f& /HV VSHFWUHV G OD WRARWLRQ B&p UpD OLVPOHI XV TX T

/JH VSHFWUH GIXUDQLQLWH D pWp REWHQX j] WHPSpU
DQWPULHXUHPHQW j OfpWXGH SUpVHQWpPH LFL $ILQ GH SR

FHX[ GH FHWWH pWXGH OH VSHFWUH GH OfXUDQLQLWH D p

OLJQH DX PRFHQWL®HWIRRXQ



BURFpGXUH GTDQDO\WH GHV VSHFWUHYV (;%$)6

/TH[SORLWDWLRQ GHV VSHEWUHV (;$)6 D pWp UpDOLVp
$WKHQD HW $UWKHPLV 5DIDH U DHMW IHZYWOBH X SURJUDPPH
1HZYLOOH 3RXU FKDTXH WHPSpUDWXUH H[SpULPH
IOXRUHVFH@RR M pcMD PHOURBERUW3RXIQB B BEUXHW HQ Y H
GIRQGH ®WHY¥ VSHFWUHV (;$)6 REWHREW HQ p @HRWILIHO LPHX] |
ORJLFLHO $WKHQD L  SIWHSHRMIMWBERYW GIGIMHXLO GYIDE
FROYHQWLRQQHOOHPHQW FKRLVL FRPPH pWDQW OH PD[LPX
HW LLL VRXVWUDBPWLROXGA HROQGSWLDUID QW OTDOJRULWKP|

/D PRGpPOLVDWLRQ GHV VSHFWUHV (;$)6 D pWp UpDOLV
FDOFXO GHV IRQFWLRQV (;$)6 WKpRULTXHV SUHQG HQ FRFP
OfpOHFWURQ pMHFWp GH OTXUDQLXP YHUV VHV YRLVLQV G
DOOHU UHWRXU GH OfpOHFWURQ GH OfXUDQLXP YHUV VH!
SOXVLHXUV WUDMHWY SDUFRXUXV SDU OfpOHFWURQ DYDC
GLIIXVLRQ VLPSOH YHUV OHV R[\JgQHV HD\8LEB X [F KOMR/U K [) By
TXH WURLV FKHPLQV GH GLIIXVLRQ PXOWLSOH YHUV OHV R]
IRQFWLRQV (;$)6 WKpRULTXHV VRQW GpWHUPLQpPV SDU FDC
=DELQVNL HW DO /HV FDOFXOV DE LQLW2R¥RQW ED
7D\ORU HBR2 &0 7D\0O RUONM\R Q

$ILQ GTREWHQLU OHV SDUDPqQWUHV VWUXFWXUDX[ OD
HQ 5 GLVWD@RPLDDMWHY HQWUH HW c /U HW HQ Y

c /N SRQGPUpP/BDIDAWHXU GH UpGXFWLRQDGIWP SO |
GpWHUPLQp SDU WUDLWHPHQW GX VSHEWUH GH OD VROXWL
SRXU OfHQVHPEOH GHV VSHFWUHV /HV PRGpPOLVDWLRQV

DSLFDX[ HVW FRQVWDQW HW pJDOH | &H SDUDPqWUH D G



RX ' HVW XQ SDUDPgWUH TXL WLHQW FRPSWH GHV YLEUD
WKHUPLTXH HW DX GpVRUGUH VWUMXFWRBWE XUXQH-EWH P. H o

GHV OLBRYRIW2,tRQW QPWHUBRAPVFKDTXH WISPIMILDUN BN H
W U D L VBB PWHSBWFHWAUIH V R O X VELFR @ W/IW O QW Bl UGST X U DpQi @ FK WELHOVL WY [DH
SRXU OD PRGH®IMIHFEMRUHY GHV VRO XWHIREG W IBHVHD DOWH FK
GH OD O kDANCRMVGEp W H BFRDQD FKDTXH W ISP SEXLIMWMUXOUGKH P HQ W
VSHFW WR GKWMLBRUD Q\OHj FKORUEBYHYDOHX UV R B\ HKQWLHOL REX
SRXU OD PRGH® LWDHFIVRDH VX ¥ H R QDVX & 1XHI/D @RDHD R WOIRIDXE p & \
OD ORQJXHXU GTXQH OLDLVRQ HQWUH OfXUDQLXP HW XQ p

pPOpPHQW GDQV OD SUHPLQUH VSKqUH GH FRRUGLQDWLRQ

SBURFpGXUH GYDQDO\WVH GHV VSHFWUHYV ;$1(6

'"HV FDOFXOV ;$1(6 RQW pWp UpDOLVpV j OfDLGH GX SU
-RO\ /HV VSHFWUHV ;$1(6 GH GHX[8%&ROWh B G & DROGWHMN [
HW 8D\ORU HW :LGRR® OD YDOHQFH GH OJXUDQLXP H
/H VSHFWUH ;$1(6 WKpRULTRHpBXOFARPROH v p &ED OF X O p
ORQJXHXU GH @0 REIHMRXH 83DU PRGpOLVDWLRQ /®HV VSH
JPRPPWULH GH FH FRPSOH[H XWLOLV GH XS[RKKO®H XADHOF G LHF
FKORUXUHV GDQV OH SODQ pTXDWRULDO VpSDUpV GH f O

F\OLQGULTXHV XWLOLVpHYV



3. Résultats

/ID)LIXUHKBUpVHQWH GHX[ VpULHVY GH VSHFWUHYVY QRUPD

GIDEVRUSBVORG@UDQLXP L[$1L(EFKORULQLWpP FRQVMD ®WH 0
f& HW LL j WHPSpPpUDWXUHOFREVWDQ&MH &HWWH ILIXUH

OfpYROXWLRQ GHV RVFLOODWLRQV HQ IRQFWLRQ GH OD FK

JLIXUH6SHFWUHYV QRUPDOLVpPpV HQ p/QGH OHKDRMHPLO $A O E
(1 'HW GH OD WHPSpUDWXUH j FKORABL@LWp FREVWDHQWHIIHU
OD FKORWH@BWWYWDWXUH FRQUVEDQWHL&O f& EDU

JHV VSHFWUHV (;$)6 H[SpULPHQWDKXBULWp® HXQ VY IR RS k

GIRQGH N $ N HW $PRQEpUP¥HHQHN WUDQVIRUPpHV GH

FRUUHVSR®HE NQWRWYW) UHSUJYHIQXWHVIMRVHPEOH GHV SDUL

VWUXFWXUDX]| HWVEE(U\HVXPp GDQV OD




JLIXUH 6SHFWUHV (;$)6 QRUPDOLVpPV HQ$ YN NWHXEF KH] RKDVE HFO H X

WUDQVIRUPpPHV GH )R INHN 6Q LSO L WKGENWSHFWUHY VRQW UDV

GHV VROXWLRQV H[SPULPHQWDOHY HW SDU WHPSpUDWXUH FL

H[SPULPHQWDX[ VRQW HQ WUDLWY SOHLQV HW FHX[ FDOFXOpV

GLVFRQWLQXHV UHSUPVHQWHQW ds OH VQBHQDIO GHY R\ gRY M

PTXDWRWLDXLL2 OH VLIQDO GHV FKORUXUHV HW LY OH VLJQD
OLDLVRQ RQ8Q@pDLUH 2



7TDEOH 3SDUDPqQWUHV VWUXFWXUDX][ (;$)6 HOHW VRIORWXBRV G



/HV WUDQVIRUPpHV GH )RXULHU GHV VSHFWUHV ;$6 G
QRQ FRPSOH[p PRQWUHQW WURLV SLFV L OH SUHPLHU
OfXUDQWOH X@QH GLVWDQFH GH c LL OH VHFRQG FR
PTXDWR2JL BX[V PROPFXOHV GTHDX GDQV OH SODQ pTXDWRU
GHUQLHU SLF PRLQV LQWHQVH FRUUVSRQGDQW |j OD Gl
2058 2ps /H QRPEUH GIR[\JGQHV pTXDWRULDX[ REWHQX HVW
WHPSpUDWXUH H[SpULPHQWDOH &HV UpVXOWDWV VRQW H
OfXUDQ\@R 8XQRQ FRPSOH[p REWHQXV j WHPSpUDWXUH DF

$OOHQ HW DO HW +HQQLJ HW DO $YHF Of
QRPEUH GYR[\JqQHV DSLFDX[ HW pTXDWRULDX[ UHVWH FR«
IDFWHXUV ': GHYZp, SIMAYRDXIBHQWHQW DYHF OD WHPSpUDW:
OfDXJPHQWDWLRQ GX GpVRUGH DYHF OD WHPSpUDWXUH &

PpWDHK[XG %D]DUNLQD HW DO $J 3RNURYVNL HW DO

(Q SUpVHQFH GH FKORUXUH OZsOIRYIXRRWVGHQWMH O KE

VRLHQW OD WHPSpUDWXUH HW OD FKORULQLWpP HW HVW p

G 1 X U h\EgH j OYTHIFHSWLRQ GHV GRQQpHV REWHQXHYV |

GHUQLqUHV AMOWH  RRQGQWVYRDOSLFDX[ VRQW DEVHQWYV SLF FD

DSLFDX[ DEVHQW HQ WUDQ@XIRHJPHHVGCEHMR XWdWHIHY GH GRQ

/L&O f& VRQW FRPPHQWpPHV FL DSUqV 'DQV WRXWHV
QRPEUH GYR[\JqQHV pTXDWRULDX[ GLPLQXH DYHF OfDXJP]
FKORULQLWp FRPPH OH PRQWUH OD )LIJXUH D (Q FH TXI
LQYHUVH HVW REVHUYpH OH QRPEUH GH FKORUXUH DXJPI
JLIXUB &RQFHUQDQW OMNU @IWRMLIKHW LBHOOHV FL YDUL
PRQWUHU XQH WHQGDQFH QHWWH HQ IRQFWLRQ GH OD WH

ORQJIJXHXU GH QQPDXRIPHYRG &HPDVWLTXHPHQW HQWUH OHV \



0 +&0 0 /L&Oj c HW OD VpULH j 0 /H&RODFWHXU '": GH
OD OLD&ORDX8PHQWH DYHF OD WHPSpUDWXUH &HOXL REW

DFFRUG DYHF OH |I3BW HMOOHQ RYQpO HW +HQQLJ HW D

JLIXUH D 1RPEUH PR\HQ GYDWRPHV GTR[\JgqQH HW E GH FI
OTXUDQ\OH HQ IRQFWLRQ GH OD WHPSpUDWXUH HW ¢

'DQV OD VROXWLRQ j 0 /L&O j f& HW f& XQH Wl

OfDOOXUH GHV VSHpWIXIH HVWHREWHBSPEDWXUHY OH VLJC

PTXDWRULDX[ PDLV pJDOHPHQW GHV R[\JqQHV DSLFDX[ HVV

HQ FRPSWH GDQV OD PRGpPOLVDWLRQ GHV VSHFWUHV (;9%)



OfXUDQLXP HVW DORUV FRPSULV HQWUH HW i XQH G
SDUDPqQWUHV VWUXFWXUDOHV QH FRUUHVSRQGHQW SDV |j
GRQQpPHV OD PRGpPOLVDWLRQ ;$1(6 D pWp XWLOLVpH

/H PD[LPXP GH OD GpULYpH GHV VSHFWUHV ;$1(6 GH O
HW 0 /L&O | f& VRQW UHSUpPVHQWDpPV VXU OH )LIXUH
GpULYpH GTXQ VSHFWUH :$1(6 pQHUJLWHIIDGWH XQD GHOA?
OfpOpPHQW DEVRUEHXU /D SRVLWLRQ HQ pQHUJLH GX PD]
HO HW H9 UHVSHFWLYHPHQW SRXU OTXUDQLSLWH 8 ,9
GH YDOHQFH LQFRQQXH HW GB VROXWLBGRVIOWIRQ G X PD
OD GpULYpH GIXQ VSHFWUH QRUPDOLVp FRU& NWSRIQGOHD &R
HQWUH FHOOH FRUUHVSRQGDQW j OT8 ,9 HWHUM OHV /KD pV
PQHUJLHYV DYHF OTDXJPHQWDWLRQ GH OD YDOHQFH GH OT}

/H GpFDOD/MMXU XMW H GRQF XQ FKDQJHPHQW GH YDOHQF!

0 /L&O* & QRWHU TXJDXFXQ SUpPFLSLWp QYD pWp REVH

J)LIXUH OD[LPXP GHV GpULYpHVY GHV VSHFWUHV (;$)6 QRUPDOL
0 /L&O= f& HW GTXQ VROLGH QDWXUHO 82



/HVSHFWUH ;$1(6 GH OD VROXW&R/W FRPAROp DX[ V.
WKpPRULTXH V/IGBHEND YRIQIGIDHO HW DO7D\OR UHWWS &IO0 VR Q |
YDOHQFH GH OfXUDQLXP HVW UHVSHFWLYHPHQW DHW 8

pWp FDOFXOp j SDUWLU GHV SDUDPgWUHV VWDKFN XUBX[ R

VSHFWUH DLQVL TXH OH VSHFWUH ;$1(6 GH OfXUDQLQLWH \

SUpVHQWHRM VHU/HDN SHFWUH ;$1(6 REWHQX&jQHOFRW&WDHV SR Q!

DX VRO88&B®B %HQGDOO HW DO 7DWORNX MROLGHMR O

FRQWUH OHV RVFLOODWLRQV FRUUHVRERQYG\DHIPYE OXEPRR/SOF
VSHFWUH REWHQX ff& OWD&W+GRQQp TXH OH QRPEUH GH YR
OLDLVRQ VRQW PR\HQQpHV LO HVW SRVVLEOH TXH OH VLJ(
PpODQJH GH FRgleSCIH(DHD OO HQFH GH Of8 RX EdBB® LL >

JpRPpWULH GLIIpPUHQWH GH FHOOH FKRLVLH SRXU OH FDOF

J)LIXUH 6SHFWUHYV ;$1(6 OFIDQDAHAX DY N GHMBIBIQLEIDHO/O/HW DO
8&0 7D\ORU HW :LOVRQ j SDUWLU GX SURJUDPPH )'01(6 -R
VSHFWUH QRUPDOLVp GH OD VROXWLRQ | 0 /L&O= f&



4. co—eecte Fo L telfrfeete fTE L Zit——1F Cf7 o
Raman

7RXW FRPPH OHV VSHFWUHYVY 5DPDQ OHV VSHFWUHV (;
FDOFXOpV PRQWUHQW XQH pYROXWLRQ FRKpUHQWH HW
WHPSpUDWXUH HW OD FKURULQESPSOXXVDODDT]YDOHXU&GH |
SDUDPgQWUHYV HVW pOHYpH SOXV OfXUDQ\OH HVW FRPSOH([¢
PROpFXOHV GY{HDX UHSUpVHQWpV SDU OHV R[\JgQHV GDQ
3RXU DXWDQW OH UHPSODFHPHQW VW°FKLRPpWULTXH GHYV

WRXMRXUV REVHUYp (Q HIIHW FRP|FBD W RIFRPERIGIV WORHN Y

YRLVKLQGDDV OH SODQ pTXDWRULDO GH OTXUDQ\OH HVW FR

TXH VRLW OD FKORULQLWp 7RXWHRRLV FOHD XQRPLE UGH. PG.I X

OfDXJPHQWDWLRQ GH OD WHPSpUDWXUH SRXU XQH FKORU
f& nt H2 &0 DORUV TXTj 0 /hL&O HW j&0O f&H\U

SDUDPQWUHV VWUXRBWOOFX®/HW IpHWWXUH DPELDQWH VRQ)

FHX[ REWHQXV SDU $0O0OHQ HW DM QQLJ HWO DBG® 0 &0 0 HW
HW 6RGHUKROP HW DODFRKpUG D¥&Dp Y XNHPBSWWDWXGH DPELL
FHWWH pWXGHVDGHRQAMHXSICUPHXW EH YDOLGHU QRWUH SURF
VSHFWUHV ;$6Q-RWBRQARQ M B @V X OGDINVVORBEWHQXV j KDXWH

$ OD GLIIpUHQFH GH OD VSHFWURVFRSLH 5DPDQ TXL S
GH VD IUpTXHQFH GH YLEUDWLRQ OD VSHFWURVFRSLH (;$)
YRLVLQ HW QH SHUPHW SDV GLIIpUHQFLHU OHV FRPSOH[HV
GH FRPSOH[HV /D VSHFWURVFRSLH 5DPDQ D PRQWUp OD FF

WHPSpUDWXUH HW XQH FKORULQLWpPp GRQQpHV 7RXWHIRLYV



DQDO\VHV (;$)6 UHIOQWHQW OHV HVSgFHV GRPLQDQWHYV &
OfXUDQ\OH QRQ FRPSO¢HIE R/MIPEDGW MY UsH Q/IWHY REVHUYDWLF
OHV PHVXUHV UpDOLVpHV SDU VSHFWURVFRSLH 5DPDQ 'H
FRQFHUQDQW OH GRPDLQH GH SUpGRPLQDQFH HQ WHPSpU
QRQ FRPSOH[p GDQV OHV VROXWLRQV DFLGHV VRQW HQ SD!I
$ 0 +&0 HW | f& OH QRPEUH GH FKORUXUHV HV\
SUPVHQFH GIXQ FRPSIFHRM[IBPWDQW DYHF GIDXWUHV FRPSC
GRQW OH QRPEUH GH FKORUXUHV Q YDULH GH | 'H OD Pr
QRPEUH GH FKORUXUHV HVW GH VXJIpUDQW O&OFRQWUL!
/H QRPEUH GH FKORUXUHV GDQV OH SODQ pTXDWRULDO GH
TXL VXJJqQUH OYDEVHQFH RX WRXW DX PRLQV OD IDLEOH

FKORUX&PY &8 FRPSOH[H HVW SRXUWDQW LGI)H.QJ\MU|H1p SDU \

| HW H GYDSUqV 1JIJX\HQIRWRQVHWRXWHIRLY ZXOHQOHVRRP S (

MDPDLV REVHUYp GDRDQOHW V,SHF WRPIRFH pWDQW OH FRPSOH

/THVSQFH LQFRQQXH pWDQW SUpGRPLQDQWH j KDXWH

f& HW ! 0 /L&O SDU VSHFWURVFRSLH 5DPDQ QfHVW SD
VSHEWURVFRSLH ;$6 /HV GHX[ pWXGHV SDU VSHFWURVFRS
OHV PrPHV VROXWLRQV H[SPpULPHQWDOHV HW DX[ PrPHV
GLIIpUARSLOODLUHY GH VLOLFH SRXU OD VSHFWURVFRSLH
OD VSHFWURVFRSLH (;$)6 $ILQ GH YpULILHU VL OHV FDS
IRUPDWLRQ GH FHWWH HVSgFH LQFRQQXH XQH PHVXUH SD!
UpDOLVpH j OTLQVWLWXW 1((/ *UHQREOH GDQV XQH FHOO
FHOOXOH HQ FDUERQH YLWUHX[ XWLOLVpH SRXU OTpWXGH
OD VROXWLRQ SODFpH GDQV OD0 FB&OO X0 HLEDW O DO VWELOY D/\

FHOOXOH SODFpH GDQV XQ DXWRFODYH GpGLp j OD VSHFW



EDU %LHQ TXH OH UDSSRUW VLIJQDO EDX&EXW r'WRUHV FIOD EOH

REVHUYpKUH&H WHVW SURXYH ELHQ OTH[LVWHQFH GT1XQ FR

SDV OH SURGXLW GYXQH UpDHWLERVFKRPXIWIHRKY WU Sp0ODPH

/W GRQQpPHV (;$)6 QH PRQWUHQW SD¥2@&D RXpXBQFH
FRPSOH[H SRO\XUDQ\OH FRPPH LO D pWp VXSSRVp j OfLVV:
/TK\SRWKgVH OD SOXV SUREDEOH FRQFHUQDQW OfLGHQV
VSHFWURVFRSLH 5DPDQ HVW XQ 4RPS'OPH BH) KNG O R RPS O [H
GLVWLQJXH GLIILFLOHPH®©2W&XSD BRPSHOHYH RB2FRSLH ;$6 /
WKpRULTXHV GX S+ GDQV XQH YROXWKRGEIjpH j0 +&08% HW
UHVSHFWLYHPHQW HW 6KRFN HW DO 7DJLURY H
@QV FHV FRQGLWLRQV HIMW 3DV SHBWHXKWRHQ@D IRUPDWLF
FRPSOH[HV GIXUDQ\OH K\GUR[\OpV HVW REVHUYpH SRXU !
WHPSpUDWXUH DPELDQWH 1JX\HQ 7UXQJ HW DO V ,0
JURXSHPHQWY K\GUR[\OHV TXL FRPSOH[RY GIXIUBROGRHKL
GLVFHUQDEOHV B#H\H\WE&DI O RIOMWESEQWPUHVVDQW GH QRWHIL
GIXUDQ\OH FKORUXUpV K\GUR[\OpV RQW GpMj pWh SURSF
WHPSpPpUDWXUH ! f& HW GDQV VROXWLRQV LRQLTXHV 1C

HW DO .RYDOHQNR HW DO



YLIXUH 6SHFWUHYV 5DPDQ EUXWHV GT%QH WRIQXWLRQ G{XODQ\
FKDXIIpH | f& GDQV XQH FHOOXOH HQ VDSKLU | EDU VSHF\
SXUH j 3VDW VSHFWUH EOHX

(QILQ ELHQ TXH OD VSpFLDWLRQ GH O9fX& DSIOLXP |
VSHFWURVFRSLH (;$)6 QH VRLW SDV FODLUHPHQW pWDEOL
LGHQWLILpH SDU VSHFWURVFRSLH 5D PD®p FRYUHX SRIRG\H qjQ
DSLFDX[ (Q HIIHW REV HMUERHDWDBQ/ SHFWURVFRSLH 5DPDQ F
GH OD OLDLVRQ OLQpDLUH 2 8 2 GH OJLRQ XUDQ&OH /IBW QR
IUpTXHQFH GH YLEUDWLRQ ®HUPHWWHL\DXPHVR@IDESUqV HW
'RRGZMHWBH UH HWD SDV SX rWUH REVHUYpHV GDQV QRV FR
FDXVH GH OD SUpVHQFH GTXQH EDQGH 5DPDQ LQWHQVH G
VLIJQDO 5DPDQ IDLEOH SURD SQMPWQ WHVHVS B FVRIDEKW LSRIQ6 X Q

YDOHQFH GH OfpOpPHQW DEVRUEHXU HVW XQH K\$HRWKqgqVH



VSpFLDWLRQ HW RX GH JpRPpWULH GHV FRPSOH[HV SXLVVH

GIDEVRUSWLRQ $QWRQLR HW 6RQGHUKROP

'fDSUQV OHV FDOFXOV WKHUPRG\QDPLTXHV j WHPSpl

XQ GRPDLQH GH SUpGRPLQDQFH GH 018 9 H[LVWH
FROFHQWUDWLRQ HQ & LOQRpWWH HPWHX S H HGVWH Q psD OFIRM W HjI R L\
OHV GRQQpPHV GH +XEHU HW DO VRQW REWHQXHV j WH
WHPSpUDWXUH TXL SRXUUDLHQW SHUPHWWUH GH YpULILHL
SDV GLVDEQEHOHVHPHQW

8QH DXWUH K\SRWKgqVH HVW OD UpGXFWLRQ GH 0718
DSSX\pH SDU OHV UpVXOWDWY REWHQXV SDU +HQQLJ HW D¢
GDQV OHV VROXWLRQV DFLIGHD FKOHRRIXIUPMHWXUH DPELDQW
VSHEWUHV (;$)6 QRUPDOLVpPY HQ YHFWHXU GTRQGH DLQV
SRQGPUPGH®IMN8 ,9 HQ PLOLHX FKORUXUp DFLGH VRQW WU
FHWWH pWXGH j O /L&OfF&E: 0 /L&O LO VXJ2q&® DOHY SdiRH 8
GLVWDQFHV 8+&0 GH c 'DQV OH FDV SUpPVHQW OfHIIH)
TXHOD FKORULQLWp 0 /L&O SRXUUDLW H[SOLTXHU L O
VSKgqUH GH FRRUGLQDWLRQ LL OD FRRUGLQDWLRQ HQ &O
&0 SOXV FRXUWBYV FH&EDV QRXV VHULRQV HQ S &HMGRH C
K\SRWKqVH VXJJqUH GRQF XQH UpGXFWLRQ GH 078 9, HQ ¢
YLWUHX[ /YHIIHW UpGXFWHXU GH OD FHOOXOH HQ FDUERQ}!
IOXLGHV FKORUXUpV DFLGHV j KDXWH WHPSpPUDWXUH HVV
%D]DUNLQD HW DO 6L OH JUDSKLWH HVW j OTpTXLOLE
IOXLGH SHXW DWWHLQGUH GHV YDOHXUV SURFKHV GHV W
ODJQHWLWH FH TXL SHXW SRWHQWLHOOHPHQW LQGXLUH

GH O18 9, HQ 8 ,9 'I{DXWUH SDUW OYDEVHQFH GH SUPpFLS



VROXELOLWp LPSRUWDQWH GH FHWWH SKDVH SHUPLVH SLC
PLOLHX IRUWHPHQW FKORUXUp HW DFLGH j HW f&

,O HVW j QRWHU pJDOHPHQW TXH OfpWXGH GH OD V¢
FKORUXUpV DFLGHV DXVVL ELHQ SDU ;$6 TXH VSHFWURVFR
/IL&O %LHQ TXH FHW pOHFWURO\WH VRLW SHX UHSUpVHC

GTREWHQLU GHV FKORULQLWpPV pOHYpHV ! 0 j WHPSpU

5DPDQ REWHQXHYV j f& HQ SUpVHQFH GH 0 LLIX&JH RX 0 |

QH VXJJpUDQW SDV GH FKDQJHPHQW GH VSpFLDWLRQ VXLYL

JLIXUH6SHFWUHY 5DPDQ GIXQH VROXWLRQ GH FK@RUXUH G
HQ SUpVHQFH GH 0 /L&O VSHFWUH EOHX HW 01



& &RQFOXVLRQV JpQpUDOHYV

/TPWXGH GH OD VSpFLDWLRQ GH 018 9, GDQV OHV VD
SHUPLV GH PHWWUH HQ pYLGHQFH OH IRUW SRXYRLU FRI
82&9° Q + RQW pWp PLV HQ pYLGHQFH SDU VSHFWURV
FRPSOH[DWLRQV VRQW SURSRVpPHV j KDXWH WHPSpUDWXUH
TXH FHV FRPSOH[HV FRH[LVWHQW HQWUH HX[ VXU XQH ODU
FRPSOH[DWLRQ GH OYXUDQ\OH SDU OHV FKORUXUHV DXJPlI
(WDQW GRQQp OD FRH[LVWHQFH TXL HR2IZ®HHQWHHIHBWYV Gl
GLVWLQJXHU SDU VSHFWURVFRSLH (;$)6 TXL PR\HQQH OHV
'H SOXV OD VSHFWURVFRSLH (;$)6 QH GpWHFWH SDV OHV F
LQIPULHXUHV | GH OD FRQFHQWUDWLRQ G18 WRWDOH
GH OfXUDQ\OH SDU OHV FKORUXUHY DYHF OfDXJPHQWDWLF
DFFRUG DYHF FHOOH REVHUYpH SDU VSHFWURVFRSLH 5DPLE
82 | EDVVH WHPSpUDWXUH 7 f&@ HW HMWW OpH DFKIORHUQ Y
ELHQ GpILQL DYHF XQH WUqV ERQQH DGpTXDWLRQ HQWU

5DPDQ; 8\

8QH HVSqFH GRPLQDQWH QRQ LGHQWLILpH HDWp WD XWpH p
WHPSpUDWXUH ! f& SDU VSHFWURVFRSLH 5DPDQ /D VS|
SDV SHUPLV GYLGHQWLILHU XQ QRXYHDX FRPSOH[H &HFL \
GIXUDQ\OH K\GUR[8Q2pY 2GREO WRSHSLIILFLOHPHQW GLVWLQ.
FRPSOH[HV GIXPDREIMRBZHUYpYV /D VSpFLDWLRQ GH Of8 9,

GH IRUPDWLRQ GHV JLVHPHQWYV VRXY) LG XVHRRFGDW E B QNW \@

SUpGRPLQDQFH GX FRPSOH[H GIfXUDQ\OH K\GUR[\Op FKORU?



$ILQ GH YpULILHU OfK\SRWKgVH GH FRPSOH[HV FKOF
VSpFLDWLRQ GH OfXUDQ\OH HQ IRQFWLRQ GX S+ j KDXWH \
VDQV FKORUXUHV SXLV HQ SUpVHQFH GH FKORUXUHV DIL
K\GUR[\OpV GHV FRPSOH[HV GfXUDQ\OH FKORUXUpV K\GUR|
5DPDQ VHPEOH WRXWHIRLVY OLPLWpPpH j FDXVH L GHV IU]
DPELDQWH H[WUrPHPHQW UDSSURFKpHV GHV FRPSOH[HV F
1JX\HQ 7UXQJ HW DO HW LL GH UpDFWLRQV SKRWRF

pJDOH | j KDXWH WHPSpUDWXUH VRXV OfHIIHW GX ODVH

SUpFLSLWDWLRQ GH 018 VDQV GRXWUHH YV RMVXWRBHNVH RX WKL

VSHFWURVFRSLTXHV HQ FRPSOpPHQW GHV VSHFWURVFRSI
VHURQW GRQF QpFHVVDLUHV DILQ GH SUpPFLVHU OfLGHQWL
89 YLVLEOH TXL D GpMj SHUPLV GH PHWSQIMNQTXWI GH Q F i
WHPSpUDWXUH DPELDQWH +HQQLJ HW DO /D VSpFLI

VSHFWURVFRSLH GH IOXRUHVFHQRHDOHMRHCDW rG\DUHY LAOQQH MWH/F

/HV VSHEWUHYV ;$6 GH OD VROXWLRQ j O /L&O |
UpDEFWLRQ VDQV GRXWH GH UpGXFWLRQ LQGXLWH SDU UpD|
/HV VSHEWUHV (;$)6 UpYqOHQW ODJSUPYHEBFH OH YARPHBOHF
OfXUDQLXP 6L OD YDOHQFH GH OfXUDQLXP VIDYqUH rWuUH
Of8 VRXV IRUPH PRELOH GDQV GHV IOXLGHV j KDXWH FF
FUREWH WHUUHVWUH GDQV GHV HQYLURQQHPHQWYVY QRQ

IOXLGH JUDSKLWH



JLIXUH6SpFLDWLRQ GH Of8 9, HQ IRQFWLR@GH OO &KORU|
E j f& HW F j f& /D ]JRQH HQFDGUpH FRUUHVSRQG |
VDXPXUHV DVVRFLpHV DX[ JLVHPHQWYV VRXV GL)\



JLIXUH 3KRWRJUDSKLH VRXV PLFURVFRSH RSWLTXH GIXQH VR

j S+ pJDOHj j WHPSpUDWXUH DPELDQWH DSUQV PHVXUH 5DPL
SUHQDQW OD IRUPH GX VSRW GX ODVHU

'DQV OHV IOXLGHV FKORUXUpV DFLGHVY HQ FRQGLWLRQ)\

FRPSOH[p SDU OHV FKORUXUHV HW GRQF HIILFDFHPHQW

FKORU)\)J_pJ\XU’/I-BRQWUH OH IRUW FRQWU{OH GH OD VSpFLDWL

OTXUDQLQLWH HQ IRQFWLRQ GH OD FKORULQLWp j f& S
S\UUKRWLWH PDJQpWLWH &HFL H[SOLTXH HQ SDUWLH OHYV
GDQV OHV LQFOXVLRQV IOXLGHV DVVRFLpHV DX[ PLQpUDOL
/IH GpS{W GHV PLQpUDOLVDWIPpPREVWRMV QR UPWHp BIISLWDW LR
pPWDSH SDVVH GRQF SDU OD GpVWDELOLVDWLRQ GHV FRPS
0718 9, HQ 8 ,9 /H FKDSLWUH TXL VXLW HVW GpGLpH j Ofp
UpGXFWLRQ 078 9, H®WXUXQWUMNBLEPPUHQWY GRQQHXUV (

FRQGLWLRQV K\GURWKHUPDOHYV



JLIXUH ORGpOLVDWLHBQ B® IR VWROREGLOH VD GKORULQLWp j S
GRQQpH //1/ GH -RKQVRQ HW DO FRXUEH EOHX HW j SDUW
SDU OfDMRXW GHV FRQVWDQWHYV GH FRPSDBPHWL F® ¥ DBHF XURPH Y

f& S+ pJDOj HW j XQH IXJDFLWp HQ 2



(HAPITRE3 : REDUCTION DE I DANS
LES FLUIDES CHLORURES ACIDES EN
CONDITION HYDROTHERMLE






SHGXFWLRQ NLQHWLFV RI DTXHRXV 8 9, LQ DFLGLF FKORU
K\GURJHQ RU & JUDSKLWH XQGHU K\GURWKHUPDO FRQGLWL
UHODWHG XUDQLXP RUH GHSRVLWYV JHQHVLYV

OD[LPH 'DUJHQW /DXUHQW 7UXFKH -HDQ 'XEHVV\ *LOOF
(WXGH VRMYHRAMLPLFD HW &RVPRFKLPLFD $FWD
$SEVWUDFW

7KH IRUPDWLRQ RI K\GURWKHUPDO XUDQLXP RUH GHSRVL
8 9, WR XUDQLQLWH +RZHYHU WKH QDWXUH RI WKH UHG
SURFHVV DUH FXUUHQWO\ XQNQRZQ :H DGGUHVV WKLV T
H[SHULPHQWY SHUIRUPHG XQGHU FRQGLWLRQV UHOHYDQW
GHSRVLWVY JHQHVLV :H WHVWHG WKH FDSDELOLW)\ DQG HII|
VXSSRVHG WR EH LQYROYHG LQ WKH UHDEWERRIUBBKHGHR QDA
GLVVROYHG )H ,, 2XU UHVXOWV GHPRGW\DQDBWHJWE & KLWHE
UHGXFHp8LQWR XUDQLQLWH XQOLNH GLVVROYH®UH &+ 7L

EDU DQG & JUDSE(LWH WHARD U @WXORML RRIOQRD @ BDPFLGLF EULC

0 /L&O S+ § IL[HG E\ +&0 WR XUDQLQLWH DW f& DUH
UHVSHFWLYHO\ 7KH HIIHFWV RI VEDRS\HWDDWXWHYVVXUH f&
EDU VDOLQLW\ DQG 0 /L&O DQG S+ DQG R

LQYHVWLIJDWHG 5HVXOWY VKRZ WKBSBU WQBWHDBVHY Y XWHIP 5 €
UHDFWLRQ UDWH ZKHUHDV LQFUHDVLQJ VDOLQLW\ RU S+
XUDQ\O WR XUDQLQLWH IROORZV DQ DSSDUHQW ]JHUR RUGF
GRQRU )URP WKH PHDVXUHG UDWH FRQVWDQWY WKH IRO
QDWXUH Rl WKH HOHFWURQ SRRWhKDW+ PRBQ GHULYHG
N- PROQG (D “ N- PRO7 f& DQG DWN-!PROf& $Q
HPSLULFDO UHODWLRQVKLS EHWZHHQ WKH UHDFWLRQ UD
WHPSHUDWXUH LV DOVR SURSRVHG 7KLV DOORZV DQ HVWL
RUH GHSRVLW VXFK DV OF$UWKXU 5LYHU &DQDGD 7KH G
FRQWUROOHG ERWK E\ WKH 8 FRQFHQWUDWLRQ LQ WKH R
JDVHRXV UHGXFWDQWYV LQSXW DQG QRW E\ WKH NLQHWLE
PRELOH HOHFWURG@ GRRRUVIXDPVL YHUWLFDO IUDFWXUHG ]
R[LGL]JHG IOXLGV PD\ H[SODLQ WKH ODUJH YROXPH DQG KLJ
GHSRVLWVY )LQDOO\ D UHYLHZ RI WKH BRW HIMHQHUD WH R QRL
FRQGLWLRQV UHOHYDQW RI 858 GHSRVLWV LV GLVFXVVHG






1. Introduction

B8UDQLXP LV D JHRFKHPLFDOO\ UHGR[ VHQVLWLYH HO
K\GURWKHUPDO FRQGLWLRQV LV D SUHFLRXV LQGLFDWRU R
'XEHVV\ HW DO &XQH\ +\GURWKHUPDO XUDQLXP
RI XUDQLXP LQ WKH ZRUOG DQG DFFRXQW IRU PRUH WKDQ

$00 LQYROYH WKH FLUEXODWLRQ RI K\GURWKHUPF
VDOLQLW\ WKURXJK VHGLPHQWDU\ DQG LJQHRXV URENYV
XUDQ\O &RPSOH[HV DQG XUDQLXP GHSRVLWLRQ XQGHU
XUDQLQLWRHDBRLQJ WKDW IOXFWXDWLRQV RI UHGR[ FRQG

WUDQVSRUW DQG GHSRVLWLRQ 'XEHVV\ HW DO & XQH\

7KH WKUHH PDMRU W\SHV RI K\GURWKHUPDO XUDQLXP
DUH 5RO0 IURQW GHSRVLWV )LQFK DQG 'DYLV &DL
*ROG ,2&* GHSRVLWV +LW]PDQ DQG 9DOHQWD :LOO
$XVWUDOLD XQFRQIRUPLW\ UHODWHG XUDQLXP 8

“HIITHUVRQ HW DO AVHU DOSRVMIOWHA FRPELSHS VSH
KLJK JUDGH DQG ODUJH WRQQDJH XS WR NW Rl 8 DW
&DQDGD DQG KDYH EHHQ H[WHQVLYHO\ VWXGLHG IRU JHQ
UHGXFLQJ DJHQW DQG WKH UHDFWLRQ NLQHWLEFV IRU UHG)
IOXLGYV WR 8 ,6HBRGLS2LRQ KDV UHPDLQHG RQH RI WKH OH
JHQHVLV -HIIHUVRQ HW DO 7TKLHWU THEBWERQHLY VSt

DGGUHVVHG LQ WKLY SDSHU WKURXJK GHGLFDWHG H[SHULP



7KH SUHVHQW ZRUN DLPV ILUVW WR WHVW WKH FDSD
PHQWLRQHG DERYH DV JHRORJLFDO UHGXFLQJ DJHQWYV LQ |
HOHFWURQV GRQRUV LQYHVWLJDWHG+L& JWKLSK H\WSH D QBHDR T
JH ,, 7KH HIIHFWV Rl GLIIHUHQW SDUDPHWHUV WHPSHUDW
DQG S+ RQ WKH UHGXFWLRQ UDWH DQG PHFKDQLVP DUH I
WKHVH SDUDPHWHUV LV SURSRVHG )LQDOO\ WKH GHULYH
WKH WLPH VFDOH Rl 8 GHSRVLWLRQ DQG WKH TXDQWLW\ R

Rl1 858 GHSRVLWYVY JHQHVLYV

2. Geological and geochemical constraints for URU deposits

genesis

&RQGLWLRQV IRU 8 WUDQVSRUW LQ 858 GHSRVL

858 GHSRVX®MT DM HLR DHGHYMWREHU RI 3URWHUR]JRLF E|
$WKDEDVFD DQG 7KHORQ EDVLQV RI &DQDGD DQG WKH .R
“HIITHUVRQ HWVBO DQG &XQBUDQAIXPHUDOL]DWIL\R G DHN BIQW |
WKH XQFRQIRUPLWFEHWZ WHRQ 3ID@ BRSURWHUR]RLF FU\WWDC
WR OHVRSURWHUR]RLF VDQGVWRQH FRYHU WDRRWIHG TYBDGWIO
ULFK IDXOWYV 8UDQLXP PLQHUDOL]DWLRQ WBBEAWDKRKXQG D
0J FKORULVBUDYMRKUPDOLQH DOWHUDWLRQ KDOR 7KHVH
IRUPHG IURFFI®HWIJIH UFXODWLRQ Rl EDVLQDO E& QWD YW
SHUFRODWHG EHWZHHQ VHGLPHQWDU\ EDVLQW RIEEBQ G H U (
6LEEDOG 'HURPH HW DO $BRORNRLQO XMG DA FO X VL
JHQHWLFDOO\ OLQNHG ZLWK WKH XUDQLXP P,&3HEUDOL]DW
VIQFKURSYURIG ;$1(6 KDV VKRZQ WKDW WKH EZWYBOVKD Y H

YDULDEOH 1D &D UDMWKRMV ZISMDKOID&OQAEG K& DO 0J!1D!. HQG



PHPEHUV 3DJHO HW DO .RW]JHU DQG .\VHU "HUF
FROQWHQW XS3EYRKDUSSSHRW DO $ S5LFKDBPEDHWX WP HQ WV
Rl1 8 9, XUDQLXP WHRLRLG W\Q82KHWLF 1D&O EULQHYV DV D |
f& DQG YDSRU VDWXUDWLRQ SUHVVXUH KDYH VKRZQ WKD
8 9, DW VXFK KLJK FRQFHQWUDWLRQV XQGHU DFLGLF FRQC(
HW DO ([SHULPHQWDO VWXG\ E\ 5DPDQ VSHFWURVFEF
KDYH VKRZQ WKDW WKH VSHFLDWLRQ RI 8 9, LV GRPLQDWH
&0 QXPEHU LQ WKH H'&)@SGNRUMDFO SADGHUSWHPSHUDWXUH F

WR 858 GH®PRNHWQRW HW DO

S3RVVLEOH FRQGLWLRQV IRU 8 GHSRVLWLRQ LQ

'"HSRVLWLRQURTX32UHV WKH UHGXFWLRQ RI WKH XUDOQ\
ORQJ VWDQGLQJ GHEDWH FRQFHUQLQJ WKH QDWXUH RI WK
<HR DQG 3RWWHU DQG VXPPDUL]HG DQG XSGDWHG EHC

$OWHUDWLRQ RI JUDSKLWLF PHWDVHGLPHQWY E\ EDVL
Rl1 858 GHSRVLWYV 7KLV DOWHUDWLRQ UHVXOWY LQ SDUWLI
:DQJ HW DO DQG UHPRELOL]DWLRQ RI JUDBEXISKVLABOR
KDV EHHQ LQYRNHG DV D GLUHFW UHGXFLQ®F BXHQMWQE B VIHE
SODFH ZKHUH JQVXKRHWEHO HDYQFRUH HW KOHO UHKSIRHW LR Q EHW Z|

XUDQ\OJIWPGEKRLWH FDQ EH ZULWWHQ DV
82 pt & RoL782 v &2t +p7r D
82 »p1 & 2oLt 82 v &2p7r +p7r E

+RZHYHU XUDQLQLWH IUHTXHQWO\ RFHEXSIKBPIOOYRIRB ZLC
DQG <DQJ GHPRQVWUDWLQJ WKDW SURYLGHG JUDSKL

GHSRVLWV LW ZDV QRW WKH RQO\ RQH



+RHYH DQG 6LEEDOG WKDWSIEBAERVKIE GRPLQDQW SU
K\GURWKHUPDO DOWHUDWLRQ RI JUDSKLWH %UD\ HW DO
EULQHYV ZLWK VXOSKLGH EHDULQJ JUDSKLWLF PHWDYV
&2“&+“+6“+ JDVHV 7KHVH DXWKRUV VXJIJHVWHG WKDW WKH
EULQH JUDSKLWH LQWHUDIFW DRYQLDHE\VOSHBURGEV Y HRY WKH U
WR 8pPDQG VXEVHTXHQW XUDQLXP GHSRVLVEHDYLQU[IORIZ |
VDOLQLW\ IOXLGY FRXOG EH DOVR UHVSRQVLEOH IRU XUDQ

'"HURPH HW DO HTXEWLRKH FRUUHVSRQGLQJ WR 8 9, UHGX
82 pt &+p7r +t20L7 82 v &2p7 +p7 D
82 p1t &+ptr +20.7 82 v &2p7 +p7 E

+RZHYHU %UD\ HW DO 2D\ JWKW HGR IVLKDDAD V& 2S U
JUDSKLWH DOWHUDWLRQ EDVHG RQ JDV FKURPDWRJUDSKI
PDWHULDO % DPHIDGO/ ROQHPHQWY RQ XQDOWHUHG DQG DOWHU
DOVR FRQFOXEPE® WKBHWRPLQDQW SURGXFW RI EULQH JUDS
&+ %\ XVLQPHUDVXUHPHQWY RQ GRORPLWH DQG GRORPLWH
HW DO FRQILZPNGGWKDWH&2IURP JUDSKLWH ,Q DQ\ FI
JDVHV VXFK&V RY KDYH EHHQ GHWHFWHG E\ XVLQJ 5DPDQ
LQFOXVLRQV IURY :2%68G B HEWR VDLV 'HURPH HW DO [

E 'HURPH HW DO DQG )LVFKHU 7URSVFK W\SH UHDI
JHQHUDWLRQ RI DELRJHQHWLFDOO\ GHDWOLYWIH O KA GURPDRDER (

6DQJpO\ HW DO SRWWHU HW DO

Q&Zpr Q or &Qg Q2



WURQ LQ WKH UHG\R DQWIEWHAXRWRMWK FRPYIRKQBUXY W R
GLVVROYHG LQ ZDWHU DQG VWUXFWXUDOO\ ERXQG LQ PDQ
7TKH UHGXFWLRQ RJrWREVOBUBQRJO\ PMREGXWEEH 8®DGXFHG E\
'"HURPH HW DO D SUREQWKHKDHF K HBRIXYRIMMRY @M DO
DQG DOVR HQKDQFHG LQ WKH SUHVHQFH RHWRWLBOV XUID F-Ht

HW DO
82 pr )Hpr 82y )Hopr

,Q IDFW DELRWLF YH@XAWBEY)RI .8 GRHV QRW RFFXU |
KRPRJHQRXV DTXHRXV VROXWLRQ WKRXJK WRHXWRE®\@ DPR
DONDOLQH FRQGLWLRQ $FFRUGLQJPKNDUWQKDNLEHHROWKRE
)H6 PDJQHWALWHRU)MEHRWIHS$SO®L ) 2+ FDQ HIILFLHQWO\ U
8 9, poyHYHQ DW DPELHQWWRP SMUDWXUH 6 FMREMWYWWHD O
KHWHURJHQHRXV U @K VBLRE\ RHWBURXV LURQ WHK®IRXWK G/ X!
UHDFWLRQN[SDDQQ® WRH PDVVLYH SUHFLSLWDWLRQ RI XUL
FKDUDFWHU RI WKH 858 GHSRVLWYV )XUWKHUPRUH WKH UR
K\GURWKHUPDO FRQGLWLRQ UHPDLQV WR EH GHPRQVWUDW
+\GURJHQ VXOILGH IURP DOWHUDWLRQ RI VXOILGH P
DIJHQW R$186SLUDNLV &KHQH\ 4D HUWHDME D ® H
LQYHVWLIJDWHG E\ EDWFK H[SHULPHQWY DQG VSHFL4DWLRQ
E\' K\GURJHQ \D¥PEILHEHWDWHPSHUDWXUH 7KH UHDFWLRQ V

UHSUHVHQWHG E\

82 pt +6p7 82y 6pHT + DT



7KH UHDFWLRQ ZDV IRXQG WR EH JUHDWO\ IDYRUHG X
WKH XUDQLXP K\GUR[\O VSHFLHVY ZHUH WKH RQH EHLQJ UHC
FDUERQDWH VSHFLILHVY DOVR SUHVHQW LQ WKH H[SHULP
UHODWLRQVKLSY EHWZHHQ VXOILGH EHDULQJ PLQHUDOV DC

7R SURYLGH D FRPSOHWH DQG H[KDXVWLYH OLVW RI S
RI WKH IRUPDWLRQ RI 858 GHSRVLWYV K\GURJHQ PXVW D

EHWZHHQ K\GURJHQ DQG XUDQ\O LV ZULWWHQ DV
82 prt +pr *t20L7T 82y + D7

+\GURJHQ WRJHWKHU ZLWK PROHFXODU R[\JHQ LV N
ZDWHU UDGLRO\VLYVY LQ WKH FRQWDFW RI PLQHUDOL]DWLRQ
.U\ORYD HW DO /ILQ HW DO D DQG E IHYHUWKH
R[\JHQ VWURQJ R[LGDQW FDXVLQJ SRVW PLQHUDOL]DWLF
HITLFLHQW VHOI LQGXFHG UHGXFLQJ SURFHVV DW WKLV V\
SUHVHQFH DV D SULPDU\ UHDJHQW LW KDV WKXV EHHQ
+RZHYHU VLJQLILFDQW SRWHQWLDO K\GURJHQ VRXUFH KD

858 GHSRVLWYV ,QGHHG K\GURJHQ JHQHUDWLRQ FDQ EH L

J)H ,, EHDULQJ PLQHUDOV ELRWLWH DPSKLEROH S\UR[HQI
WKH FU\WVWDOOLQH EHGURFN +DZNHYV 6DOYL DQG :LOC
DO 6KHUZRRG /ROODU HW DO LQ D VLPLODU Z
XOWUDPDILF URFNV &KDUORX HW DO OF&ROORP DQG

UHDFWLRQV RI THUURXVY PLQHUD®O®V IIFKWRUVWIEKVWVHU S\ULWF
'UREQHU HW DO *UDKDP DQG 2KPRWR SLFNDUG
URFNV VXFK DV JUDSKLWLF PHWDSHOLWH FDQ DOVR SU

JUDSKLWH DQG PHWKDQH )UHQFK /IHYLQVRQ 'XEF



, W KDV DOVR EHHQ SURSRVHG WKDW K\GURJHQ DQG
GHFRPSRVLWLRQ LQ WKH XSSHU PDQWOH FRXOG EH WUDC
UHJLRQV LQ WKH (DUWKTTV &UXVW .ROHVQLNRY HW DO
6PLWK HW DO KDYH UHYLHZHG VRPH RI WKHVH QDW:
SURGXFWLRQ DQG WKH JHRORJLFDO DQG WHFWRQLF HQYLL

7TKH QDWXUH RI WKH UHGXFLQJ DJHQW LV RIWHQ GL
&XUUHQWO\ H[SHULPHQWDO VWXGLHV WHVWLQJ WKH FDSDI
LQ FRQGLWLRQV RI 858 GHSRVLWYV JHQHVLV DUH YHU\ O
DVVRFLDWHG UHGXFLQJ SURFHVVHY DUH SRRUO\ NQRZQ &F

KDYH GHPRQVWUDWHfr WHKGXBSWYRDEDGWRIXUDQLQLWH
XQGHU DFLGLF FRQGLWLRQV XVLQJ WKUHH W\SHV RI OLJQI
DIHQWYVY 7KHVH DXWKRUV KDYH PHDVXUHG D QRDFOLXYHDRWKIM
XUDQ\O UHGXFWLRQ ,Q WKH IUDPHZRUN RI VSHQW QXFOHD!
HISHULPHQWDOO\pYUMQBEHHGKBIX K\GURJHQ SUHVVXUH
VROXWLRQV DW 7 UDQJLQJ IURP f& WR f& $ FRUUHVS
N- PRODV EHHQ PHDVXUHG 8VLQJ UHDFWLYH PDVV WUDQVS

KDYH UHFHQWO\ HYDOXDWHG E\ WZR GLIIHUHQW UH
PHWKDQH DV UHGXFLQJ DJHQW RU D GHFUHDVH RI R[\JHQ |
LQ D W\SLFDO 858 GHSRVLW 7KH\ FRQFOXGHG WKDW WKH
PLIKW SUHFLSLWDWH XUDQLQLWH EXW WKH\ SRLQWHG R>
PDVVLYH SUHFLSLWDWLRQ RI XUDQLQLWH DURXQG WKH IDX

+RZHYHU WKHVH VLPXODWLRQV UHO\ RQ D OLPLWHG
XUDQ\O FKORULGH FRPSOH[HVY DQG NLQHWLF GDWD VHOHF
DQ®@WRP WKH SLRQHHULQJ VWXG\ RI 5DITHQVSHUJHU DQG *D

GR QRW UHO\ RQ PHDVXUHG H[SHULPHQWDO Y B®IXKWD\MH D&



QRW GHVFULEHG 7KHUHIRUH ODERUDWRU\ H[SHULPHQWYV

WUDQVSRUW PRGHOV DQG WR SURYLGH WKH UHTXLUHG WK

3. Experimental methods

8UDQ\O FKORULGH VROXWLRQV

([SHULPHQWDO XUDQ\O VROXWLRQV ZHUH REWDLQHG
SXUH IURP 3URODER 7KLV SKDVH ZDV KHDWHG GXULQJ WK
SRZGHU Z®Y VXEVHTXHQWO\ GLVVROYHG LQ +&O 0 DW
HYDSRUDWHG W R &ROBWDD Q GV V& H® 8212V B ROYRIRBPLW HP SHUD W
89, FRQFHQWUDWLRQ LQ H[SHULPHQWDO VM{RFRKOROXW®!
FRQFHQWUDWLRQV ZHUH DGMXVWHG E\ DGGLWLRQ RI /L&O
SUHVHQFH RI )H2, IURR®:5 SXU PRODU PDVADV XVH&E PR
WR SURYLGH NQRZQ @ FROXW IFRQH6ROXWLRQV ZHUH DFLGLI

JRU RQO\ RQH VROXWLRQ WKH S+ KDV EHHQ DGMRVWHG

RUGHU WR REWDLQ D VROXWLRQ DW S+ HTXDOV WR DW U

5HDFWRU GHVLJQ DQG H[SHULPHQWDO SURFHG)>

7KH H[SHULPHQWY SHUIRUPHG LQ WKH SYHRH@AMWRI J
)H ,, EHDULQJ DTXHRXV VROXWLRQ ZHUH FDUULHG RXW L
WLWDQLXP JUDGH KDYLQJ DQ LQWHUQDO YROXPH RI

VROXWLRQ IRU HPRK SHWKHPHRWLQDO PD[LPXP WHPSHUDYV

RI WKH UHDFWRU LV 03D DQG RU f& 7KH UHDFWRU ZC
WKDW HQDEOH SHULRGLF RQ OLQH VDPSOLQJ RI H[SHULPH(

WR DGMXVW WKH ZRUNLQJ SUHVVXUH DW D FRQVWDQW YDO



7KH YHVVHO DQG DOO LQWHUQDO WXELQJV ZHUH ILV
VROXWLRQ ZDV QRW LQ FRQWDFW ZLWK DQ\ PHWDOOLF SDU
FDWDO\WLF HITHFRDWLQWKRI "WKH YHVVHO 7KH $XWRFODYH
JORYH ER| >2SSP ,Q DGGLWLRQ DQ DUJRQ IORZ ZDV EX
GXULQJ PLQ WR GHR[\JHQDWH WKH VROXWLRQ )LQDOO
HPSW\LQJ ZHUH SHUIRUPHG WR UHPRYH WKH ODQW &+UDFH)
ZHUH ORDGHG WKURXJK D JDVHRXWRPLHWXURKR+FRQWDLQLQJ ¢

& JUDSKLWH H[SHULPHQWV ZHUH SHUIRUPHG LQ LQG

3DUUS ERPEV ILWWHG ZLW|[RLTIXUER QBSDSREZWW SREZGHU SDU

WR —P LQ VL]H DQG P/ RI XUDQ\O FKORULGH VWR
H[SHULPHQW PDVV UDWLR :DWHU 5RFN LV HTXDO WR §
FHQWULIXIJHG DQG ILOWUDWHG —P WR UHPRYH JUDSKIL

FRQGLWLRQV IRU HDFEOWHXQ LV JLYHQ LQ

7HIORQS PDWHULDOV LV NQRZQ IRU LWV PLFUR SRUR\
7R SHUIRUP H[SHULPHQWY LQ WRWDO DQR[LF FRQGLWLRC
SUHWUHDWHG EHIRUH WKH VHULHV RI HESHULBIBS@WDW LWK

f& GXULQJ KRXUV 'LVVROAZD\G WDHFRR RHEG ODXFKFHR® RLQJ WR
UHDFWLRQ
2 jpv 1+ p1 + 20171 50V

7KH UHDFWRU DQG WKH 7HIORQS SDUWV ZHUH FDUHIX

+&0 DQG ULQVHG ZLWK PLOOL4 ZDWHU SULRU WR XVH



J)LIXUH SLFWXUH RI UHDFWRU IRU H[SHULPHQWYV SHUIRUPHG
GLVVROYHG )H ,, DQG E & JUDSKLWH SRZGHU



7TDEOH 6 XPPDU\ RI HISHULPHQWDO FRQGLWLRQV IRU HDFK UX(
ZLWK P&B2ROXWLRQ 7KH S+ ZDV IL[HG LQLWLDOO\ E\ DGGLQJ

Experimentswith hydrogen

RuN T P(H2) [LiCI] pH ka HLO3 ting P
(°C) (bar) (mol-L-1) at 25 °C (mol-kgw-day?) (day)
#01 200 0 1 0.8 0 -
#02 1.4 1 0.8 2.58 -
#03 170 1.4 1 0.8 1.38 0.06
#04 0.14 1 0.8 0.15 0.01
#05 150 1.4 1 0.8 0.9 0.37
#06 1.4 0.1 1.1 0.93 0.21
#07 5.4 1 0.8 3.28 0.08
#08 0.14 1 0.8 0.09 0.33
#09 1.4 3 0.54 0.056 0.7
#10 14 1 3.3 0.11 0.22
#11 140 1.4 1 0.8 0.46 0.88
#12 130 1.4 1 0.8 0.13 2.69
#13 1.4 0.1 1.1 0.16 0.04
#14 100 14 1 0.8 0 -
#15 14 0.1 11 0.014 2.46

Experiments with methane

T P(CH,) [LiCI] pH ka HLO3 ting®

Run
(°C) (bar) (mol-L-1) at 25 °C (mol-kgwt-day?) (day)
#16 200 24 1 0.8 1.034 0.97
#17 170 0.076 3.75
#18 150 0.015 6.1

Experiments with Cgraphite

Run T MasSgraphite [LiCI] pH ka HLO3 tind®
(°C) (W/R cgraphite) (mol-L-1) at 25 °C (mol-kgwt-day?) (day)

#19 250 10 1 0.8 0.35 -

#20 220 0.037 -

#21 200 0.0081 -

Experiment with Fe(ll)

RuN T [FeCh] [LiCh pH ka HLO3 tina®
(°C) (mol-L1) (mol-L-1) at 25 °C (mol-kgwt-day?) (day)

#22 150 0.1 1 0.8 - -

arate constant,lag time or induction period




6DPSOLQJ DQG DQDO\WLFDO WHFKQLTXHV

'XULQJ HDFK 7L DXWRFODYH H[SHULPHQW VROXWLRQ
GLVVROYHG XUDQLXP FRQFHQWUDWLRQ DQDO\VHV (DEK WL
WRWDO YROXPH RI P/ 7KH ILUVW DOLTXRW ZDV WKH SXUJ
ZDV LPPHGLDWHO\ GLDWW HG IRUHIRPHLQJ DQDO\]HG IRU 8 ER
2(6 ZLWK D SUHFLVLRQ RI DW WKH FRQILGHQFH OHYHO
f& LQ WKH UHPDLQLQJ XQGLOXWHG VROXWLRQ

7KH WRWDO DPRXQW RIHVDPSOBIBESOROXRVLREY YROXPH
QRW H[FHHG RI WKH LQLWLDO YROXPH Rl VROXWLRQ
FDOFXODWH WRWDO DPRXQWYV RI XUDQLXP E\ WDNLQJ LQWR
WKH UHPDLQLQJ YROXPH Rl VROXWLRQ LQ WKH UHDFWRU L
DWRFODYHV ZHUH TXHQFKHG LQ FROG ZDWHU DQG RSHQHG
D JORYH ER[ ULQVHG ZLWK OLOOL 4 ZDWHU GULHG DQG V
VWUXFWXUDO DQG PLQHUDORJLFDO DQDO\WHV E\ VEDQQ
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0 &RQFHUQLQJ
ZLWK & JUDSKLWH HDFK GLVVROYHG XUDQLXP FRQFHQW!

LQGLYLGXDO EDWFK H[SHULPHQW

4. Results

9DOLGDWLRQ RI WKH H[SHULPHQWDO SURFHGXL

7R WHVW WKH UHDFWLYLW\ RI 7THIORQS ZLWK XUDQ\C

SHUIRUPHG DW f& LQ WKH WLWDQLXP DXWRFODYH XQG

B@8@UDWLR YHUVXV HOD S Y)HL.GXW|HPLHVS W& HVISQIDVHG Q. GRQF

RI 8 D& WKH FRQFHQWUDWLRQ RI 8 9, DW HDFK VDPSOLC

H[SHULPHQW zZzDV DOVR SHUIRUPHG DW f& IV VWK HWXWHHV



L H EDU #AKH UHWXGIVWEOROQN H[SHUE@HIWIW WKR 2 WKIDWVY ¥ FR
DV D IXQFWLRQ Rl WLPH GHPRQVWUDWLQJ WKDW 7HIORQS

HISHULPHQWDO FRQGLWLRQV RI WKLV VWXG\

Y)LIXUH &RPSDULVRQ RI 8 FRQFHQWUDWLRQ HYROXWLRQ DV D
ZLWK EDU $U EODQN DQG ZLWK f&EDUL&0@ + 0 DQG S+ I
+&0 3LFWXUHV VKRZ WKH SUHFLSLWDWLRQ RI D ILQH EODFN SR
WKH 7L DXWRFODYH IRU H[SHULPHQW FRQGXFWHG

,Q WKH SUHVHBQFRIQRH®WUDWLRQ LQ VROXWLRQ GHFUF
KRXUV $W WKH HQG RI H[SHULPHQW D ILQH EODFN SRZC

7KLV SRZGHU zZzDV DQDO\JHG E\ 6(0 DQG 7(0 ,PDJHV VKRZ VI

—P VDI XUB E (OHFWURQ GLIITUDFWLRQ SDWWHURUBQG (

|:|F G GHPRQVWUDWH WKDW WKH VROLGVY SUHFLSLWDWH
DWWHVWLQJ WKH UHGXFWLREQ RIGGRVMRO YHKG V&H WHR V80 W \

H[SHULPHQWDO SURFHGXUH XVHG LQ WKH SVHNG QI LML KG



HOHFWURQ GRQRUHGRARFWLRQ ,Q WKH IROORZLQJ VHFWLRC

NLQHWLF SDUDPHWULFD\Q WHWWHLO B FW R @ QXMW IGRQ R U

7TKH LQIOXHQFH RI WHPSHUDWXUH UHGXFWDQW FROQF
UHGXFWLRQ UDWH ZDV HDYDOXMNENEBTXMDAQWIO\W+ FRPSDUHG

HISHULPHQWY LQYROYLQJ PHWKDQH RU & JUDSKLWH DV WK

YLIXUH D E 6(0 LPDJHV LQ EDFNVFDWWHUHG HOHFWURQ PRC
HQG RI WKH H[SHBEPHQW BXW® 7 f& >/L&O@ 0 DQG S+
WHPSHUDWXUH IL[HG E\ +&0 F (IOMSONDRIY QU I WIHOH \§ D R §/ LSFDOMHW
('6 DQDO\WLVY GHPRQVWUDWH WKH DWRPLF FRPSRVLWLRQ RI W



([SHULPHQWYV ZLWK K\GURJHQ DV UHGXFLQJ DJ¢t

D(I/THFW RI WHPSHUDWXUH
7R VWXG\ WKH LQIOXHQFH RI WHPSHUDWXUH RQ 8 9,
EHHQ SHUIRUPHG LQ WIKRPSUHMHQABHWRI + f& DW 0O /L&O D

+ JDV PL[WXUH $W WHPSHUDWXUHV U D @BI28EMU DWRFR

UDSLGO\ GHFUHDVHG [DMIRPUKXKQFRILWBBHRWWRWHDHO 8 DPRXQW L(

UHGXFHG DQG SUHFLSLWDWHG LQ OHVV WKDQ KRXUV DW
UHTXLUHG DW f& WR UHDFK WKH VDPHpYHBDGEXWHW OR Q. HKIC
EHHQ HYLGHQFHG HYHQ DIWHU GD\V 7KHUHIRUH LQFUH
8 9, UHGXFWLRQ ZLWK WLPH $QRWKHU LPSRUWDQW REVH
FRQFHQWUDWLRQ SODWHDX SULRU WR WKH UHGXFWLRQ IR

f& 7KH GXUDWLRQ RI WKLV LQLWLDO DFWLYDWLRQ SHL
DERXW KRXUV DW f& DQG RI KRXUV DW f& $W
DFWLYDWLRQ SHULRG ZDV REVHUYHG DQG DIWHU KR

FRQFHQWUDWLRQ LQ VROXWLRQ ZDV IEH&®REZ WKH ,&3 2(6 GH



J)LIXUH (ITHFW RI WHPSHUDWXUH RQ 8 FRQFHQWUDWLRQ



E(ITHFW RI FKORULQLW\

7KH LQIOXHQFH RI FKORULGH FRQFHQWUDWLRQ RQ

LQYHVWLIJDWHG IRU WKUHH GLITHUHQW )EKRBHEWL W L HY

DQG DW 0 /IL&O RI 8 FRQFHQWUDWLRQ LQ VROXWLRC
ZKHUHDV DW 0 /L&O R@ADV URGRBFHG DIWHU GD\V DW WK

7KH VDPH WO HRHFUHDVHBHGXFWLRQ UDWH LQWR XUDQLC

FKORULQLW\ zZDV DOVR REVHUYHG DW f& DQG pr f& ,Q
RFFXUUHG DW f& 0O /L&O DIWHU DQ LQLWLDO DFWLY
UHGXFWLRQ ZDV REVHUYHG DW f& O /L&O HYHQ DIWHU

UHGXFWLRQ WEDMH RI1f8&9, 0 /L&O UHPDLQHG YHJIH GXIFRIG

LQ PROQWK FRPSDUHG WR WKH UHGXFWLRQ UDWH DW f

LOWHUHVWLQJ WR QRWH WKDW WKH GXUDWLRQ RI WKH DF
f& 7TKHUHIRUH LQFUHDVLQJ FKORULGH FRQFHQWUDWLR

SHULRG DQG GHFUHDVHV WKH UHGXFWLRQ UDWH

JLIXUH (II1HFW Rl FKORULQLW\ RQ 8 FRQFHQWUDWLRQ G}



F(ITHFW RI S+

J)LIXURWKRZV WKH HIITHFW RI S+ RQ XUDQ\O UHGXFWLR

URRP WHPSHUDWXUH WKH UHGXFWLRQ RI XUDQ\O LQWR XL
GD\V HODSVHG WLPH DW f& ZKHUHDYV GD\V ZHUH UHTX
DPRXQW RytB3BWO S + 7TKHUHIRUH ORZ S+ YDOXHV LQFUHDYV
QR H[SHULPHQW KDV EHHQ SHUIRUPHG DW S+ YDOXH KLJK
XUDQDWH FRPSRXQGVY GHFUHDVHV E\ RUGHUV RI PDJQLW.

FKORULGH EULQHV DW f& 5R]V\SDO SLFKDUG HW DO

YLIXUH (11 HFQVSRFERSGFHQWUDWLRQ GHFUHDVH DV D IXQF



G(IITHFW+RI 3
7KH HIIHF®DRMHA DO SUHVVXUH ZDV H[DPLQHG XVLQJ
DQG EDU DW f& DQG DW GLIIHUHQW SUHVVXUHYV

7TKH DPRXQWp®RH& RFHG WR XUDQLQLWH LQFS8BDWHY @ LSAUKH WA

DV VKEEL@XUH) ROORZLQJ +HQU\TV IODBURSRBRIALRP@DO WR

T DQG PRO; NUHVSHFWLYHO\ IRU DQG EDU

REVHUYHG LQFEHOANEX RW 8 R+ DWW HHEZS MKW H G

JLIXUH (lI"THFW RI K\GURJHQ SDUWLDO SUHVVXUH RQ 8 FRQFH



([SHULPHQW ZLWK PHWKDQH DV UHGXFLQJ DJHC

7KH UHDFWLY AMQRSUHYHQFH RI EDU PHWKDQH SDU\
DTXHRXVFR®@FHQWUDWLRQ@RGXNION T f& L H VLPLODU WF

FRQFHQWUDWLRBUAZIPWMIQWY IRU VDNH RI FRQVLVWHQF\ KD\

f& DQG f& 5HVWXUBOKRZWHIGHRQD PH WUHQGV WKD:(

LQ SUHVHQFWWVRH #UHDFWLRQ UDWH LQFUHDVHV ZLWK WHPSH
LV DOVR REVHUYHG DW 7 EHORZ f& +RZHYHU DW FRPSEC
UHDFWLRQ UDWHY DUH OREKBPQ LQ SUHWHQMHHO RWRBWLYH DQCLC
YDSRU SKDVH FRPSRVLWLRQ E\ JDV FKURPDWRJREVYK\UKDW

VXJIJHVWYV R[L GLOQDMWAGKARL @F XUDQ\O UHGXFWLRQ DFFRUGLQ

JLIXUH (INTHFW Rl WHPSHUDWXUH RQ XUDQ\O UHGXFWLRQ L



([SHULPHQW ZLWK & JUDSKLWH DV UHGXFLQJ D.

JLIXUHWKRZV WKH UHVXOWYV RI HISHULPHQWY LQ SUHYV

3DUU ERPEV ILWWHG ZLWK 7HIORQS ERZOV $W f& RQO\
DIWHU PRQWK )RU NLQHWLF UHDVRQV H[SHULPHQWYV L¢
FDUULHG RXW DW KDQGHBHDUWRD H[BHULPHQWY /LNH RWK
WHVWHG LQ WKLV VWXG\ WKH UHDFWLRQ UDWH LQFUHDVH
IRU 8 9, UHGXFWLRQ E\ & JUDSKLWH LV FORHDWROITKOGRZHU
VEDWWHULQJ RI WKH GDWD LV OLNHO\ GXH ORDGLQJ DC
PHDVXUHPHQW FRUUHVSRQGVY WR DQ LQGLYLGXDO EDWI

HISHULPHQWYV

JLIXUH (IMTHFW RI WHPSHUDWXUH RQ XUDQ\OI—;lJHGXFWLRQ ub



([SHULPHQW ZLWK BYVWHR®XYH® JHDIHQW

2QH H[SHULPHQW KDV EHHQ SHUIRUPHG LQ WKH SUH

)H&OD W f& DQG /L&J7DE ODFH$QFRQVWDQW GLVVROYHG 8 FF

PRQLWRUHG RYHU GD\W DQG QR XUDQLQLWH ZDV UHFRY
)JH LV QRW DEOH WHR LWHBXHH SSUBVHQW H[SHULPHQWDO ER
VXSSRUWHG E\ WKHUPRG\QDPLF FDOFXODWLRQ SHUIRUPH
9 3DUNXUVW DQG $SSHOR WRIJHWKHU ZLWK //1/

VKRZLQJ WKRW @RW UHGXFHG BEWGLVVKQQHIF)MIKGLF EULQH

5. Discussion

(IILFLHQF\ Rl WKH GLIIHUHQW UHGXFL8QJ DJIHC
JUDSKLWH DQG )H

7KH GLIITHUHQW VHWYV Rl H[SHULPHQWY SHUIRUPHG LQ WKL)\
RI VHYHUDO HOHFWURQ GRQRUV ZLWK UHVSHFW WR XUDQ\C
XQGHU K\GURWKHUPDO FRQGLWLK®Q®U RPFHE W HRWK BQ ¥ VIRQY |
DSSHDU WR EH JRRG DQG HIILFLHQW UHGXFLQJ DJHQWV
UHSUHVHQWDWLYH RI 858 GHSRVLWYV IRUPDWLRQ

$IWHU DQ DFWLYDWLRQ SHULRG YLVLEOH LQ DMKX&I FDVI

&+ [)LIXUHDQGIXUH WKH UHGXFWLRQ RI XUDQ\O LQWR XUDC

JHUR RUGHU UDWH ODZ ZKDWHYHU WKH FRQVLGHUHG HOH

GHULYHG IURP WKH VORSH RI WKH UHJUHVVLRQ OLQH FRL

FRQFHQWUDWILRRUHHB X HBDM@IGI X UHDUH SR UTDHE® H Q

JLIXUHFRPSDUHV LQ DQ $UUKHQLXV SORW RXU UDWH

FRQGXFWHG ZLWK K\GURJHQ PHWKDQH RU & JUDSKLWH L

WHPSHUDWXUH UDQJLQJ IURP WR f& KDWHYHU Wl



K\GURJHQ LV WKH PRVW HIILFLHQW UHGXFLQJ DJHQW 8U
SUHVHQFH RI K\GURJHQ DQG PHWKDQH DUH DERXW RUG|
PHDVXUHG LQ WKH SUHVHQFH RI & JUDSKLWH DW f& 7K
DIJHQWYV HIILFLHQF\ IRU XUDQ\O &#H G & FWIDRSE LLVPHW R K LRUVE H C
DOVR UHIOHFWHG E\ WKH DFWLYDWLRQ HQHUJ\ (D RI WKF
UHTXLUHG IRU WKH UHDFWLRQ WR RFFXUV EHLRW WKHH RQ

f& ,QGHHG WKH WHPSHUDWXUH GHSHQGHQFH RI WKH Ul
HQHUJ\ RI “ IRURRSHULPHQWYV I'RU NH{BRIQOLPHQWYV D(

“ N- PRRU & JUDSKLWH H[SHULPHQWYV LQ WKH f& W
WZR GLITHUHQW DFWLYDWLRQ HQSHUILMHNQRMD\WQ (EM GH UL G & H
WKH WHPSHUDWXUH UHJLPH FRQVLGHUHG DWG/ DWW RYHHOR,]

f& (D : N7PIROODWWHU DFWLYDWLRQ HQHUJ\ YDO
WR WKH RQH IRXQG E\ (NHURWK HW DO DW 7LUDQJILQ
FDUERQDWH EHDULQJ VROXMWMUIWOD&VEQHBVVXEIHJU DV UHGXFL
SURYLGH DOVR DQ HVWLPDWLRQ RI WKH DFWLYDWLRQ HQ

SUHVHQFHKDRI + ‘N- PRO



J)LIXUH SUUKHQLXV SORW RI WKH LQYHUVH RI UHDFWLRQ WHP
ORJDULWKP RI WKH UDWH FRQVGDQRU GRD Q\ALWKGNX AVQLRROL @ JW

+ EDU &+EDU DQG & JUDSKKLWH&RBDSBUIDARQRZLWK UHVXOWYV
DO DQG 1IDNDVKLPD HW DO H[SHULPHQWYV LQYROYLQJ

DOVR VKRZQ



7KLV ZLGH UDQJH RI DFWLYDWLRQ HQHUJL&H DBHULY HC

& JUDSKLWH DV HOHFWURQ GRQRUV SUREDEO\ UHIOHFWYV G
UHDFWLRQ UDWH LV PRVW OLNHO\ FRQWUROOHG E\ WKH R]
UHGXFWLRQ RI XUDQ\O LQWR XUDQLQLWH 7KXV WKH QDV
SDUDPHWHU FRQWUROOLQJ WKH UHDF\WRRQ &DHV B LIVY & OPYHH
VSHFLHVY XQOLNH VROLG & JUDSKLWH 5HGXFWLRQ RI XUDQ\
WKH VXUIDFH E\ DGYRRBWIBORRNIKBHW,PDO GLVVROXWLRQ RI
JHQHUDWLR® &2 QG & bDQ\ FDVH WKH UHGXFWLRQ UDWH
LQGXFHG E\ K\GURJHQ RU PHWKDQH RU & JUDSKLWH DSS
f& DQG LV SUREDEO\ QRW D OLPLWLQJ SDUDPHWHU JLY

ZKHQ GLVFXVVLQJ WKH IRUPDWLRQ RI 858 RUH GHSRVLWYV

SDUDPHWUL]DWLRQ RI UHDFWLRQ NLQHWLFV H]

DSHGXFWLRQ UDWH
7TKH UHGXFWLRQGUWDRVKUDIQRE QL WH LQFUHDVHV ZLWK WF
SDUWLDO SUHVVXUH EXW GHFUHDVHV ZLWK FKORULQLW\ D

3+ VXJIJHVWYVY D UHDFWLRQ RU 3H.ﬂJXB|B AIONBIJUHWP HRW VX RW

LQFUHDVH FRIQFHQWUDWLRQ ZLWK WKH LQFUHDVH RI K\GUR

DQG WKH VLPSOH + + ERQG EUHDNLQJ UHTXLUHG IRU HOHF!

&KORULQLW\ LV DQRWKHU PDMRU IDFWRU LQIQOXHNEBFLQJ W

VKRZLQJ WKH XUDQ\O UHGXFWLRQ UDWH DV D IXQFWLRQ
VSHFLDWLRQ DV PHDVXUHG E\ 'DUJHQW HW DO DW

XUDQ\O VSHFLDWLRQ LV GRPLQDWI—&@QEQ DURIH W XNURH R I ARHPLES
DW O /L&O WKH UHDFWLRQ UDWH GHFUHDQ\@-P\FR;FUSDO/I-V\{HR/DO

ZLWK Q DERYH



7KLV VXJIHVWV WKBR®° GRPEOH[MAR 82 DUH PRUH HDVLO

82&0 DQG KLJKHU FKORULGH XUDQ\O FRPSOH[HV 7KLV PD\

ODWWHU FRPSOH[HV DW KLJK FKORULGH FRQFHQWUDWLRQ

VWHULF FRQVWUDLQWY LPSRVHG E\ WKH SUHVHQFH RI RU

FKORULGH FRPSOH[HV WKDW REVWUXFW WKH QETRXRUUHG F

8

9, UHGXFWLRQ 6L

SLOB U

X WD \BF K\GUR[\O FRPSOH[HV D

OHDVW DW URRP WHPSHUDWXUH/ KHIXWRQELOAQA RW VWIOH V H

KLIJIKHU WHPSHUDWXUH FRXOG H[SODLQ WKH GHFUHDVH RI

WKH DEVHQFH RI HISHULPHQWDO GDWD WKH TXHVWLRQ UH

JLIXUH

E FKORULQLWDRW

O9DULDWLRQ RI WKH XUDQ\O3UHH@MXWFWLR@ DRQWH DY& DX

EODU IWVWULEXWLRQ RI XUDQ\O FKORULGH
'‘DUJHQW HW DO



)LQDOO\ LQ DQ DWWHPSW WR GHWHUPLQH WKH UDWH
GHWHUPLQLQJ DQ HPSLULFDO UHODWLRQVKL S EHWAKHHQ W
K\GURJHQ SDUWLDO SUHVVXUH EDU D®@&HWEKHWRRQW U REX M/
VHH J)LJEURI &®?FRPSOH[HV e Q - GHULYHG IURP WKHU

JLYHQ E\ 'DUJHQW HW DO 7KH UDWH H[SUHVVLRQ KDV

R 2500 Rgi 7 1AL

GL=HT#

ZKHUH D LV WKH UDWH FRQVWDQW DQG E WKH UHDFWLRC
DFWLYDWLRQ HQHUJ\ 5 LV WKH JDV FRQVWDQW DQG 7 LV W
7KH ILWWLQJ PHWKRG ZDV EDVHG RQ PXOWL OLQHDL
;/16%7 VRIWZDUH :‘H GLVFULPLQDWH GLIIHUHQW VHWYV RI |
WHPSHUDWXUH UDQJH DQG WKH FKORULQLW\ 7KLV FKRLFH
UHDFWLRQ UDWH DQG PHFKDQLVP DV D IXQFWLRQ RI WHPS

WKH FKDQJH LQ DFWLYDWLRQ HQHUJ\ DQG E\ WKH LQIOXH:!

UHVXOWY DUHDEDWKWUWKR XQG EH QRWHG WKDW WKH LQWH.

GDWD DQDO\VLV ILWV TXLWH ZHOO ZLWK WKH YDOXHV IRX
HDFK SDUDPHWHU WDNHQ RQH E\ RQH O5DWLRV RI FDOFX(

FRQVWDQWY KDYH D FRHIILFLHQW RI FRUUHODWLRQ HTXDO

7TDEOH JLWWLQJ SDUDPHWHUV IRU WKH $URSRAVNGLR@GEEMIO D Z
DFLGLF FRQGLWLRQV S+ 8§

f swr? - swr 1
Ea (k- PRO 110+ 2 39+3
a 2.22HO07 + 2HL06 2.47 + 0.50
b 0.95 + 0.05 0.97 £ 0.05

Cc 3.08 + 0.30 2.15+0.50




E.QGXFWLRQ SHULRG

7KH LQLWLDO DFWLYDWLRQ SHULRG REVHUYHG LQ HJ[

K\GURJIBEOHDQ EH DVVLPLODWHG WWEEDQ U@ GOKHFRWNIR@JI SAHKUHL

WLPH UHTXLUHG WR QXFOHDWH WKH ILUVW XUDQLQLWH FU

WKH SUHVHQW VWXG\ LW LV DVVXPHG WKDW WKH ILUVW |

ZKLFK 8 FRQFHQWUDWLRQ VWPUWUMR REH DB H B DM H $O L QKD

7 $ UHODWLRQ EHWZHHQ LQGXFWLRQ WLPH DQG H[SHUL
GHWHUPLQDWH WKH QXF Oy B VPR Q FWR YDWDRQ HQH U J\
I%éxl— $AT'§;

ZLWKGD\D FRQVVBDMKW DOQ8 FRQVWDQW 7KH VCOPRIH RI WKH
UHODWLRQ JLYHV LQGLUHFWO\ WKH QXFOHDWDRW D FEADLUY DV

+ DQG 0 /L&O

J)LIXUH SUUKHQLXV GLDJUDP IRU XUDQ\O UHGXFWLRQ DFWLYL
EDDW O /L&O DQG WHPSHUDWXUH UDQJLQJ IURP



*HRORJLFDO LPSOLFDWLRQV IRU 858 JHQHVL
PLQHUDOL]LQJ HYHQW

DORGHOOLQJ WKH GXUDWLRQ RI WKH PLQHUDOL]

7KH IRUPDWLRQ RI JLDQW 858 RUH GHSRVLWYV LQ UHOL

WR O\U 5DIIHQVSHUJHU DQG *DUYHQ UHVXOWYV IL
XUDQLXP IOX[ DQG HIILFLHQW XUDQLQLWH SUHFLSLWDWLRC
GDWD .\WHU DQG &XQH\ FDOFXODWLRQ RI WKH WLP
XUubDQLQLWH RUHERGLHV UHTXLUHV WKH NQRZOHGJH RI Q)
SRRUO\ FRQVWUDLQHG 7KH FRQVLGHUDWLRQ RI SDUDPHW
IORZ UDWH LLL XUDQLXP FRQFHQWUDWLRQ LQ PLQHUDO
XubQLQLwH DUH UHTXLUHG WR LQIHU WKH GXUDWLRQ R
GLVFXVVLRQ ZH HYDOXDWH WKH WLPH UHTXLUHG WR IRU
OF$UWKXU 5LYHU $WKDEDVFD &DYBBQPRWKHRIRIQGLAR G
SRVVLEOH OLPLWLQJ SDUDPHWHUV HLWKHU WKH 10X[ RI
WKH UDWH RI XUDQLQLWH SUHFLSLWDWLRQ FRQVLGHULQ.

UHGXFLQJ DIJHQWYV

6FHQDULR WKH PLQHUDOL]LQJ HYHQW LV FRQWUROOHG

WKDW DOO WKH LQFRPLQJ 8 9, LV UHGXFHG LQ D JLYHQ YR

JROORZLQJ WKLV VFHQDULR WKH RUH GHSRVLWLRQ UDWH
FRQFHQWUDWLRQ LQ VB@HPRIQNUDDL]O® L G-OPHGRRLGV\LLL

DUHD RI WKH 10X$.60BRRSXWLWYHBWLRRHG WKDW WKH IORZ R
KRULIRQWDO DQG XQLGLUHFWLRQDO 53KMWRQ@WWM DD/H® | EXU

WKH 1OX[ RI XUDQLXP HQWHULQJ LQ WKH PLQHUDOL]DWLRQ
dyged ¥ FH I HtagdlsrrrH /1 Hsr

ZLWKWKH PRODU PDVV RI 8 J PRO



7KH VHOHFWHG SDUDPHRNOHD Q @ WHK KD LWWVHWEK@MWMIPYDHH VK

D IRU WKUHH GLITHUHQW XUDQLXP FRQFHQWUDWLRQV LQ
7KLV UDQJH RI XUDQLXP FRQFHQWUDWLRQ FRYHUV WKH UD
LQ QDWXUDOO\ RFFXUULQJ IOXLG LQFOXVLRQV IURP WKH O

7KH FDOFXODWHG WLPHVY QHHGHG WR IRUP WKH OF$UW
DURXQG WRQV 8 DUH DURXQG 0\uU 0O\U DQG 0

KDYLQJ DQ XUDQLXP FRQFHQWUDWLRQ RI DQG SSP

7TDEOH 6HOHFWHG SDUDPHWHUYV IRU HVWLPDWLRQ RI GXUDWL
KDYLQJ WKH VL]H RI OF$UWKXU 5LYHU &DQDGD

Box volumea (m3) 450,000
Inlet area (m?) 9,000
Porosity b 0.2
Velocity? (m-y-1) 1
Fluid volume in the box (r#) 90,000

aJefferson et al., 2007Cui et 4., 2012

7KHVH ILUVW RUGHU DSSUR[LPDWLRQV DUH LQ DJUHH
PLQHUDOL]DWLRQ JLYLQJ WLPHV UDQJH IURP WR 0\U

7KLV ILUVW VLPSOH PRGHO GHPRQVWUDWHY WKDW 8 F
LPSRUWDQW SDUDPHWHU WR WDNH LQWR DFFRXQW ZKHQ (
+RZHYHU WKH FKRLFH RI WKH IOXLG YHORFLW\ LQ WKLV P
YHORFLW\ RLV PQUDYHUDJH IRU D VDQGVWRQH OD\HU EXV
GHSRVLWY FDQ DOVR FRQWURO WKH IOXLG FLUFXODWLRQ [
DQG 3DFTXHW ,QGHHG WKH LQWHUVHFWLRQV EHMW
XQFRQIRUPLW\ FDQ IDFLOLWDWH IOXLG FLUFXODWLRQV LC

XS WR RXU HW DO



7KXV WKH FDOFXODWHG GXUDWLRQ NAH@QXBRRLQHUD(
EH RYHUHVWLPDWHG H J 0\U ZLWXQ G HO FRLQWVF\H QKWL W

POHUDOL]LQJ IOXLG DW SSP

6FHQDULR WKH PLQHUDOL]LQJ HYHQW LV FRQWUROOHG E

WKH UHGXFLQJ DIJHQW VXSSOLHG LV QRW WKH OLPLWLQJ ID

$V GHVFULEHG DERYH WKH UHGXFWLRQ RI XUDQ\O WR
JUDSKLWH IROORZV DQ DSSDUHQW JHUR RUGHU UDWH ODz
UHGXFWDQW LV FRQVWDQW DQG VXSSOLHG LQ H[FHVV ZLWHK

UDWHByODRQ W GHILQHG E\ HTXDWLRQ
4, L G Hy&eaHsrrrH /; Hsr?

ZLWKx . ® WKH YROXPH RI IOXLG LQ WKH ER[ ZKLFK LV HTXD

RI WKHERQOH 7KH FRQWVUBH@WHYHWM/YVY PROHV RI 8 UHGXFHG

SHU \HDU O0XOWLSO\LQJ E\ WKH QXPEHU RI \HDUV WKH PCLC
PROHV RI 8 WR WRQV JLYHV WKH PDVV RI 8 SUHFLSLWDWH
DUH SHUIRUPHG XVLQJ UDWH FRQVWDQWY PHDVXUHG RU H]
ZLWK +0 /L&O &B& /L&O RU & JUDSKLWH 0 /L&O DV UHGXF

7LPHVY REWDLQHG WR IRUP DQ RUH GHSRVLW KDYLQJ W

WRQV 8 DUH LQ RUGHUDRI&+ DRADBUV ZLWHKHDHUV ZLUWHKX BUDSK

E ZKLFK DUH YHU\ VKRUW DQG SUREDEO\ XQUHDOLVWLF
WR YDOXHV F DO FXRO-DQWDHGWR RKRRKOL® EH QRWHG WKDW WKHV
PLQLPXP GXUDWLRQV DSSOLFDEOH WR PLQHUDOL]LQJ IOXL
WKRVH HQFRXQWHUHG LQ 1RWWRRHQHWXEP® UD O LD Q +RHE SR WIU
EH HIWHQGHG E\ RQH RUGHU RI PDJQLWXGH LQ IOXLGV KD°

WKH $WKDEDVFD %DVLQ LQ &DQDGD XS WR 0 FKORULQLW\



,Q DQ\ FDVH WKHVH WZR ERXQGDU\ VFHQDULL GHPR
XUDQLXP VXSSO\ QRU WKH NLQHWLF RI XUDQ\O UHGXFWL
GHSRVLWLRQ %\ FRQWUDVW WKH PHFKDQLVPV RI SURGXFYV
ZD\ WKH\ DUH VXSSOLHG WR WKH PLQHUDOL]DWLRQ VLWH
FDOFXODWLRQV DVVXPH WKDW WKE3JIMHR KR QVMAIGROER RV CD I\
DW WKH VLWH RI RUH GHSRVLWLRQ ZKLFK PD\ QRW EH WKH
GHWDLO WKH PHFKDQLVPVY DEOH WR SURGXFH WKHVH UHGX

LQYROYLQJ JDVHRXRWHGEG R FRV DG W \G B 3R WIKW V



YLIXUH 7RQV RI 8 SUHFLSLWDWHG DV D IXQFWLRQ RI WLPH
FRQWUROOHG E\ D WKH IOX[ Rl XUD@DWP LQ D QIGYHE SR ARQPW K
EHDULQJ IOXLG DQG E E\ WKH XUDQLXP UHGXFW&RQ UDWBIULQ
&+ 0 /L&0O DQG & JUDSKLWH 0 /L&O DW f& 5DWH FRQVWIE

OF$UWKXU 5LYHU GHSRVLW LV SORWWHG DV DQ HJ



ESRVVLEOH RULQGQ¥WRVIBBB+GHSRVLWYV

$PRQJ WKH UHGXFLQJ DIJHQWYV WHVWHG LQ WKH SUHVI
LQYRNHG IRU WKH UphQRB LROQ B VAXBEVHTXHQW SUHFLSLW
*UDSKLWLF PHWDSHOOLWHY DUH SUHVHQW LQ WKH PDMRU
FRXSOLQJ EHWZHHQ JUDSKLWLF IDXOWYV DQG RUH PLQHUDC(
LQ WKLV VWXG\ DWWHVW RI JUDSKLWH HIILFLHQF\pPV HOHF
E\ JUDSKLWH LQYROYHV KHWHURJHQHRXV VXUIDFH UHDFWL
PLQHUDOL]DWLRQ FKDUDFWHULVWLF Rl 858 GHSRVLWYV OI
VI\VWHPDWLFDOO\ LQ FRQWDFW ZLWK JUDSKLWH DQG WKF
PLQHUDOL]DWLRQ LV DQ HYLGHQFH RI VI\Q RUH IOXLGV IOR:
VDQGVWRQH FRYHU .LVWHU HW DO 7TKH WUDFH HOHEF
VXOIDWH PLQHUDOV *DERUHDX HW DO WKH FOD\ PLC
WKH LURQ GHSOHWLRQ RI WKH VDQGVWRQH DERYH WKH P
"HEHU DUH HYLGHQFH IRU WKH SHUFRODWLRQ RI D |
EDVHPHQW URRWHG IDXOWY DQG LPSDFWLQJ WKH VHGLPHC
XS WR P DERYH TKHUHIRUH WKH FRQVLGHUDWULRQ RI |
+ LV UHTXLUHG

+\GURJHQ LV WKH PRVW HIILFLHQW UHGXFWDQW LQYF
LQFOXVLRQV LV LOQOWHUSUHWHG DV WKH SURGXFW RI ZDWHL

'HURPH HW DO D +RZHYHU K\GURWKHUPDO DOWH
WKH EDVHPHQW VLGHULWH FKORULWH ELRWLWH LQWR )F
RI + 6XFK D SURFHVYVY VLPLODU WR VHUSHQWLQL]DWLRQ R
%HUQGW HW DO 6H\IULHG HW DO OF&ROORP DQC
858 JHQHVLV +DZNHV 6DOYL DQG :LOOLDP -RQHYV

JXUWKHUPRUH VIRAHFXIUWHLQ H®ERH DOWHUDWLRQ VHT)



HXKHGUDO FU\WWDOV IUHTXHQWO\ UHSODFHG E\ KHPDWLW
RFFXUV DIWHU WKH PDMRU XUDQLQLWH GHSRVLW %UXQ
XELTXLWRXV LQ ORFDWLRQ DQG SODFH LQ WKH SDUDJHQHYV

KDV H[SHULPHQWDOO\ GHPRQVWUDWHG WKDW VLGHUL
YDSRU DW f& JHQHUDWHY KXJH DPRXQW RI K\GURJHQ DC
WKXV FRXOG DOVR EH D VRXUFH RI K\GURJHQ PHWKDQH
IRUPDWLRQ

OHWKDQH JHQHUDWLRQ E\ K\GURWKHUPDO DOWHUDWL
LQYRNHG IRU WKH UHGXFW MR 8R4IBQE V8RO Y RIGLBHORI) DQ G
6LEEDOG 7KH FU\WWDOOLQH EDXWHRH QW DIEV. RIGI\DRY VDL
6KHUZRRG /ROODU HW DO 6KHUZRRG /ROODU HW DO
SHFH@WYHVWLJDWLRQRQKNBNYIM WBERWEBW WKH RFFXUUHQFH
GHSRVLWV RI $WKDEDVFD DV HQ &/KENQNGONRWY VD DS BHDLLRY
WKDW WKH LVRWRSLF IUDFWLRQDWLRQ UBCRD\WH® KWR HW B E
K\GURFDUERIQV RRIUDROLK FRPSRXQGV PD\ H[SODLQ WKH FDI
/ & Rl WRA DQG WKHLU YDULDWLRQ DV D IXQFWLRQ RI WK]|
WKH $WKDEDVFD XUDQLXP GHSRVLWV 7KH FDUERRQmQG K\(
RWKK\GURFDUERQV KDYH EHFRPH NH\ HOHPHQWY WR LGHQ\
LQ QDWXWHFKHUZRRG /ROODU HW DO 3RWWHU HW D¢

6KHUZRRGODU HW DO 7DBW/Q EIDW DBRAWRE HIR U
K\GURFEHPRQQJ IOXLG LQFOXVLRQ KRVWHG LQ SHUDOND
VXSSRUWHG DQ DELRJHQLF RULJLQ RI WHKHHV K\G U RBFRONME R Q

DO



7KH PRVW ZLGHO\ LQYRNHG SDWKZD\ IRU WKH DELRJH¢
K\GURFDUERQV LQ JHRORJLF H@®BVFRQRPHHW Y7ZV W& W K HWEK
:LOOLBRPHV OF&ROORP DQG 6HMYZDIPE VIQWKHVLV &2 RU
LV UHGXFHG WR PHWKDQH DQG ®UUQ B R UFDPRMSRXQ GW K PRX..
VWHSVY RQ WKH VXUIDFH Rl D FDWDO\VW OF&ROORP IR
UHDGLO\ ZLWK PLQHUDOV FRPPRQ LQ K\GURWKHUPDO V\VW
DOOR\V PDJQHWLWBGQLFKH R PLHVK) G B/H B OMDO DQG % HRI QW
OF&ROORP DQG BHRKAMORXNRY DQG 3XWUDREG
+ DQG &WH HIILFLHQW DV UHGXFLQJ DJHQWV GXH W]
8 9,p1DQG DOVR WKHLU KLYK@RBREUDEW\IOXLGYIZLWK DQ 8 9,
PLJUDWLQJ DW WKH XQFRQIRUPLW\ FRXOG KDYH LQGXFHG
IDXOWV GHHSO\ URRWHG LQ WKH JUDSKLWLF PHWDSHOLWH

IORZ SDWKV IRU IOXLGY DQG JDVHV DQG LPSRUWDQW VWL

PLQHUDOL]HG) RKWEHR @LHWKLY ZD\ WKH PLQHUDOL]DWLRQ

EDVHPHQW (DJOH 3RLQW GHSRVLW DERYH WKH XQFRQIR
SHUFKHG RUHV &LJDU /DNH GHSRVLW GHSHQGLQJ RQ WK
UHGXFLQJ SORRHZRW&+WKH IORZ RI R[LGL]LQJ 8 ULFK EULQI
XQFRQIRUPLW\ 5DIIHQVSHUJHU DQG *DUYHQ &XL HW D
PRELOH DQG HIILFLHQW UHGXFWDQWY GULYHQ E\ IDXOW V\\

IRFXV DQG PDVVLYH FKDUDFWHUXRHRUH LQ 858 GHSRVLWYV

YXUWKHU LQYHVWDQIBWERRUIR RXFWLRQ ERWK LQ WHUPYV
JHQHUDWHG JDV DQG NLQHWLF XQGHU FRQGLWLRQV UHOH®
WR SURYLGH EHWWHU FRQVWUDLQWY RQ WKH WLPLQJ RI W

PRGHO RI 858 JHQHVLYV



JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI D 858 GHSRVLW JH(
EULQHV IORZLQJ DURXQG WKH XQFRQIRUPLW\ ZLWK UHGXFLQJ



6. Conclusions

,PSRUWDQW ILQGLQJ IURP WKLV H[SHULPHQWDO VWXG\ DUI

X

+ &+DQG & JUDSKLWH DUH HIILFLHQW UHGXFLQJ DJHQ\
XUDQLQLWH LQ FKORULGH EHDULQJ DFLGLF IOXLGV DW

'LVVROYHG )H ,, GRHV QRW UHGXFH 8 9, XQGHU WKH V

7TKH UHGXFWLRQ UDWH RI 8 9, WR XUDQLQLWH LQFUH
SbuUwLDO SUHVVXUH EXW GHFUHDVHV ZLWK FKORULQ
LPSRUWDQW UROH LQ FRQWUROOLQJ WKH UHDFWLRQ

FKORULGH FRPSOH[HYV

$FWLYDWLRQ HQHUJ\ IRU GLVVROYHG 8 9, UHGXFWLF
SDUDPHWULF NLQHWLFEF LQYHV{DL&DIWIDRRXK LDMVHH WKH NR @
(D &+ N- PRO + N- PRW 7 f& DQG DWN7RRO

fé&

J)LUVW RUGHU FDOFXODWLRQV GHPRQVWUDWH WKDW W
FRQWUROOHG E\ WKH 8 FRQFHQWUDWLRQ LQ WKH RUL

JDVHRXV UHGXFW EQWKHBDQEQHWLFV RI 8 9, UHGXFWLRC

$V GLVVROYHG RU JD/YHRXAMWWHSHHUHMHWVWRELOH HOHFWURC
PL[LQJ ZLWK DQ 8 9, ULFK EULQH PLJUDWLQJ DW WKH
XUDQLQLWH SUHFLSLWDWLRQ 7KH KLJK PRELOLW\ RI W
WKH HIILFLHQW FLUFXODWLRQ V\VWHP GULYHQ E\ JU

EDVHPHQW FRXOG H[SODLQ WKH PDVVLYH DQG IRFXV Pl



X ([SHULPHQWDO DQG ILHOG LQYHVWLIJDWLRQV DUH VWL
PHWKDQH DQG K\GURJHQ LQ FRQGLWLRQV Rl 858 GH:?
SRWHQWLDO IRU )77 UHDFWLRQV RFFXUUHQFH DQG IR

EHDULQJ PLQHUDOV SUHVHQW LQ WKH EDVHPHQW PXVW
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CHAPITREIV :FRACTIONNEMENT DES
ELEMENTS TRACES DANS LES URANINITES






1. Introduction

/IHV R[\GHV G{XUDQLXP SUpVHQWHQW GHV IRUPHV GH

(75 QRUPDOLVpPY DX[ FKRQGULWHYV SDUWLFXOLHUV SRXU F

OHUFDGLHU HW DO ()LIJXUBFKY R[\GHV GIXUDQLXP GHV

GH W\SH PDJPDWLTXH SUpVHQWHQW GHY DERQGDQFHV JORI
GIXUDQLXP GIRULJLQH K\GURWSKRXW®P DAY KT XQWBH PWaLD L
HW DSSDXYUL HQ (75 OpJqUHV [/HV R[\GHV G{XUDQLXP G
SUPVHQWHQW XQ VSHFWBEHQWUIRVRH 66 EOREKHW OHV R|\
JLVHPHQWY GH W\SH ILORQLHQ SUPpVHQWHQW XQ VSHEWUH
ORXUGHYV

/JHV FRQGLWLRQV GH IRUPDWLRQV GH FHV JLVHPHQWYV
FRQGLWLRQV GH WUDQVSRUW HW GH GpS{W GHV PLQpUDOL
FODLUHPHQW TXH OHV VLJQDWXUHV HQ (75 GHV R[\GHV GT:
FRQGLWLRQV GH FH WULSW\TXH &HSHQGDQW GH QRPEUH
DXWUHV SHXYHQW LQIOXHQFHU FHV VLJQDWXUHV (Q HIIH
VRXUFHV HQ (75 LL OD FKLPLH GHV IOXLGHV PLQpUDOLVD
OHV FRQWUDLQWHYV GTRUGUH FULVWDOORFKLPLTXH LQIOX
UDUHV HW PpWDX[ HQ WUDFHV GDQV OHV XUDQLQLWHY GH |
QTHVW SDV j HIFOXUH TXH SOXVLHXUV FRPELQDLVRQV GLIIj
GH VSHFWUH /HV FDXVHV HW SDUDPqQWUHV FRQGXLVDQW
PpPULWHQW GIrWUH pWXGLpY QRWDPPHQW HQ FRQGLWLRQ

GH SRXYRLU JXLGHU OHV LQWHUSUpWDWLRQV VXU OHV FRQ



J)LIXUH 6SHFWUHV GH 7THUUHYV 5DUHV QRUDPDOLVpHV DX[ FKR
W\SHV GH JLVHPHQW GfDSUqV OHUFDGLHU HW DO

,OFRQYLHQW GRQF GYLGHQWLILHU FODLUHPHQW VL FH
HIHUFHQW XQ FRQWU{OH VXIILVDPPHQW IRUW SRXU LPSRYV
W\SH GH JLVHPHQW (Q SUHPLqQUH DSSURFKH GHX[ SDU
GpWHUPL@QD® FWLVWDOORFKLPLH GH OYfXUDQLQLWH HW OD

FRQWU{ODQW OH WUDQVSRUW GH OfXUDQLXP 9, HW GHV (



B3UHPLqQUHPHQW OHV UD\RQV LRQLTXHV GHV pOpPHQW

c j (U c VRQW SURFKHV GH FHOXL GH OfXUDQLX
REWDpGULTXH c 'H FH IDLW WRXV30H\O PLQFRWNG DD\
SUpIpUHQWLHOOH GH FHV pOpPHQWY GH WHUUHV UDUHV |
OpJqUHV HW ORXUGHV ORUV GTXQH FULVWDOOLVDWLRQ G

j f& GRLW VH WUDGXLUH SDU OD IRUPH HQ FORFKH
GIXUDQLXP GH W\SH GLVFRUGDQFH FHQWUpH VXU *G HW
IUDFWLRQQHPHQWY GHV (75 GTXQH S D WWHIHMBBUDQ/IEHMRAY HF
OfXUDQLQLWH QH ERXOHYHUVHQW SDV FHWWH DSSURF
FULVWDOORFKLPLTXH SURSUH j OTEHDPRGLWWH HWRD®R X UH

'HX[LGQPHPHQW GHV GRQQpPHVY SUpPOLPLQDLUHYV VXU OHYV
EDVVLQ GT$WKDEDVFD DFTXLVHV SDU /$ ,&3 06 VXU LQFOX
SHQVHU TXH FHV IOXLGHV VRQW DQRUPDOHPHQW FKDUJpV
HW SSP HQ IRQFWLRQ GHV WHUUHV UDUHV FRQVLGpPUpHV
GDQV OHV IOXLGHY PLQPUDOLVDWHXUV H[SOLTXHUDLHQW
R[\GHV GYXUDQLXP /HV VSHEWUHV REWHQXV VXU LQFOXV
UDLVRQ GH SUREOQqPHY DQDO\WLTXHGLEMHAWHRHQSHORMW S
IOXLGHV HW GIR[\GHV GIXUDQLXP 8Q GHV SUREOQqPHV PDNM
OH S+ GHV IOXLGHV SRXUWDQW SULPRUGLDO SRXU OD TXD
VRQW WUQV PDO FRQQXV 'HV DQDO\VHVY FRPSOpPHQWDLUH
GH GpWHFWLRQ SOXV EDVVHV GH XQ j GHX[ RUGUHV GH
VIQDWXUH HQ (75 GHV IOXLGHV VXSSRVpV PLQPUDOLVDW]I
FRHIILFLHQWY GH SDUWDJH GHV (75 HQWUH OHV IOXLGHYV

W\SH GLVFRUGDQFH &HSHQGDQW LO QfHQ UHVWH SDV PF



QDWXUHOOHV GRLW LPSpUDWLYHPHQW rWUH FRPSOpWpH SI
GHV (75 HQWUH IOXLGHV HW X37 DELLHIQ \WR QADUY D [0HHWV FRQG LV

(Q HIITHW OD FDSDFLWp GHV IOXLGHV K\GURWKHUPDX]
GpSHQG GIXQ FHUWDLQ QRPEUH GH SDUDPqQWUHVY WHOV TXI
FKORUXUHV IOXRUXUHV K\GUR[\GHV SKRVSKDWHV VXOI
WHPSpUDWXUH TXL FRQWU{OHQW OD VSpFLDWLRQ GHV pOp
RQW GpMj SHUPLVY GH FRPSUHQGUH OH U{OH IRQGDPHQWDO
HW OHV FKORUXUHV VXU OD VROXELOLWp GHV (75 HQ FRQ

SRXU XQH UHYXH GH &MOMWK FRIDV ISXp GEBLRQV WKHUPR(
pJDOHPHQW LPSRUWDQW GH SUHQGUH HQ FRPSWH OH OLHC
VRQ IUDFWLRQQHPHQW HQWUH VROLGH HW VROXWLRQ (Q
(75 GDQV OH IOXLGH GpSHQG GH OD VWDELOLWpP GHV FRPS
GPSQGDQFH GH OD UpGXFWLRQ GH Of8 9, HQ XUDQLQLWH

OfLRQ XUDQ\O HVW FOLRIXHWHHEW N VQEOGHHVAH SBXW GRQF

FRPPH XQ UpVHUYRLU SDVVLI GDQV OHTXHO FKDTXH pOpP!
SRXU rWUH LQFRUSRUp GDQV OH UpVHDX GX PLQpUDO K{WH

3RXU GpPpFULUH HW TXDQWLILHU FHV GHX[ SKpQRPQQH
FRQWU{ODQW OH IUDFWLRQQHPHQW GHV (75 QRXV DYRQ
SDUDPPpWULTXH GpGLpH j OD PHVXUH GHV FRHIILFLHQWYV Gt
HQ FRQGLWLRQ GH JLVHPHQW DVVRFLp DX[ GLVFRUGDQFHV
LQWHUSUpWpV VXU OD EDVH GYXQ FRQFHSW GpYHORSSp H
IUDFWLRQQHPHQWY PDJPD PLQpPUDO FRQQX VRXV OH QRP ¢
HWRR G (Q HITHW OD UHSUpVHQWDWLRQ VSHFWUDOH ¢
DX[ FKRQGULWHY HVW XQH DSSURFKH VLPSOLVWH TXL Q

TXDQWLWDWLYHV3VXGHOHRW PFRYGRWLRIXQ JLVHPHQW (Q UH



HQ SUHPLHU OLHX GH UHQGUH FRPSWH GX IRUW FRQWU{OH
(75 HW HQ VHFRQG OLHX GH SUpGLUH OD FRPSRVLWLRQ C

QRWDPPHGW OCOIRBVpFLSLWDWLRQ GX PLQpUDO HW GH OfLQ

FULVWDRDOOWRY &H GHUQLHU SRLQW D pWp GpPRQWUp DYHI

HISpPULPHQWDOH SLHRQUEHUHK BW DDQ VXU OH IUDFWLF
FRQGLWLRQ K\GURWKHUPDOH HQWUH VROXWLRQ DTXHXVH
IOXLGH (Q HIIHW OHV FRHIILFLHQWY GH SDUWDJH (75 HQW

GX OLJDQG GRPLQDQW S5KPRMWIAWHH Y ¥RID® RRY|HHGARUH Q

ORLY GH IUDFWLRQQHPHQW GHV (75 HQWUH VROXWLRQ HW
SDUDPpWUpPHV /fDSSRUW GH FHWWH pWXGH HVW HVVHQWL
SRXUUDLH HQVXLWH rWUH H[WBD;SROW VO H\G FEDMHYH & HF R@C
FRQQDLVVDQW VLPSOHPHQW OHV FRQFHQWUDWLRQV HQ (7°

UHPRQWHU j OD FRPSRVLWLRQ GX IOXLGH DX PRPHQW GH O

JLIXUH 6FKpPD GX SULQFLSH GH IUDFWLRQQHPHQW

IMpWXGH SLRQQLgqUH TXL VXLW YLVH j REWHQLU GH
XUDQLQLWH IOXLGH GHV (75 HQ FRQGLWLRQ K\GURWKHUP

PDLWULVH GH OD SUpFLSLWDWLRQ GH OfXUDQLQLWH ORUYV



FRQGLWLRQV UHSUpVHQWDWLYHV &KID/S I MWMHP H,Q WA W FERW IGU
SDUWDJH GH pOpPHQWY HQ WUDFHV /L 1D . 0J 6U 3E
&H HQWUH IOXLGH HW XUDQLQLWH VRQW GpWHUPLQpPV HI[S|

OH IRUPDOLVPH GH OD /67

2. La Lattice Strain Theory

/H FRQFHSW GH /67 WKpRULH GH G piNRW FEIDW pR\QX G YO D pR/L
GIXQH VWUXEFWXUH FULVWDOOLQH | DFFRP PIRFGGHW UDTHV | 1G\D C
XQ VLWH SOOWIFX "MHUXFWXUH FULVWDOOLQH GX PLQpUDO
GpIRUPDWLRQ GH OD VWUXFWXUH FULVWDOOLQH SRXU XQ \
QHW GXUEXHE@WLRQ HQWUDQW /D UpSRQVH GX FULVWDO |
SDUDPQWUH DSSHOp PRGXOH GH <RXQJ RX PRGXDH GfpOl
/TH[SUHVVLRIQFGXQVR H3 H G5O BWNHIRQUH OD SKBWHOPL QEKDDE

OLOXH HVW OD VXLYDQWH

U6 g U6 U6 A o .205306 .
28 G %, #%:%;@@6}:%;/*%-86’6}:%;/“

&UL &?:>/E;H ATL] Ei

DYHF 5 OD FRQVWD QWH GHP $h U BI/XDDHE RQWHWD QWH GT$YRJI
QRWpWHW,; UHVSHFWLYHPHQW OH UD\RHW LR EFRHHILEIpBDOQWG &
PD[LPXP 30XV OH UD\RQ GX FDWLRQ L HVW SURFKHLGX UD\

GDQV OD VWUXFWXUH FULVWDOOLQH HVW IDFLOH HW GRQF

POHYpPLJRUB PRQWUH OfpYROXWLRQ GH OD YDOHXU GHV FF

/67 HQ IRQFWLRQ G H\GWDRRNQWRQLIXFWLRQQDQW HQWUH
VRPPHW GH OD SDUDEROH FRUUHVSRQG j OD YDOHXU K\SR
SDUWDJSIRXU XQ pOpPHQW D\DQWUXB®RX\RGLICRQPUINH GEQD A

PLQPUDO K{WH



/ITpTXDWLRQ GpFULW FHWWH SDUDEROH GH IDORQ W
SURSUH DX PLQpUDO pQD\HMLBLWED&K G WDHOOH UD\RQ L
IUDFWLRQMMD @M UD\RQ WRQDRTEH D GpM) PRQWUpP VD SHUWLQ
OHV IUDFWLRQQHPHQWYV GfpOpPHQWY HQWUH XQ OLTXLGH
OfROLYLQH %HDWWLH HW DO RX HQFRUH OH FOLQRS

/D )LJXUﬂE PRQWH XQ H[HPSOH GH FRHIILFLHQWYV GH
FOLQRS\UR[gQH VROXWLRQ LRQLTXH PRGpOLVpPMW VIXLpWDm W

REVHUYp TXH L OD SDUDEROH GHYLHQW GHDXORM CGHDHS GIXV
LL XQ GpFDODJH GX UD\RQ LGpDO YHUWGLOHQXHDLEOMWFEF

OITDXJPHQWDWLRQ GH OD FKDUJH GHV pOpPHQWYV

JLIXUH D ,O0XVWUDWLRQ GX PRGHO ODWWLFH VWUDLQ %
FRHIILFLHQWY GH SDBW®WDQR SHUR[dODHHORVIDXAWLRQ LRQLTXH PRG¢
%OXQG\ HW DO

,O D pWp UpFHPPHQW PRQWUp TXH FHWWH WKpRULH H

IOXLGHV HW »Q Qp[HPS[OH )|-L\JWU|II:|R)(XWWDQW OHV FRHIILFLHC

IOXRULQH IOXLGH REWHQXYV HQ PLOLHX FKORUXUp VXOIDW

3RXU XQH FKRQUWRQODRELAWH] SDUWLU GH SOXVLHXUV



PLQPUDO IOXLGH PHVXUpV H[SPULPHQWDOHPHQW SRXU GH
GIREWHQLU OH UDW® LQWQL T G IFRHIILFLHQWSDBW SDU
PRGpOLVDWLRQ VXLYDQW OfpTXDWLRQ /HV FRHIILFLHQW
VRQW HQVXLWH GpGXLWV SDU H[WUDSRODWLRQ /D )LJXU
FRPSRVLWLRQ GH OD VROXWLRQ VXU OH IUDFWLRQQHPHQW
H[HPSOHV VRQW GRQQpV DYHF GHV VROXWLRQV FRQWHQDQ
VRLW GHV VXOIDWHVY F &HV DQLRQV VRQW GHV OLJDQGYV
WUDFHV GLVVRXV HQ VROXWLRQ DTXHXVH PRGLILDQWV O
SDUWLWLRQQHPHQW GHV (75 HQWUH IOXLGH HW PLQpUDO H
OfHVSqFH IUDFWLRQQDQW 2Q FRPSUHQG DORUV OfLQWpUr
GH SDUWDJH HQ IRQFWLRQ GH OD FRPSRVLWLRQ GH OD
FDUDFWpPULVWLTXHV SK\WLFR FKLPLTXHV GX SDOpR IOXLGH

WHQHXU HQ (75 GDQV OH PLQpPpUDO K{WH

J)LIXUH ([HPSOHV GH FRHIILFLHQWY GH SDUWDJH IOXRULQH IC
FKORUXUHVY E QLWUDWHYV HW F VXOIDWHYV j f& YDC



3. Protocole expérimental

6ROXWLRQ H[SpULPHQWDOH

8QH H[SPULHQFH GH IUDFWLRQQHPHQW XUDQLQLWH 10:
OfDLGH GIXQH VROXWLRQ GIXUDQ\OH FKORUXUpH GH P
0 820 0 +&0 /H SURWRFROH GH SUpSDUDWLRQ GH |
SRXU OHV VROXWLRQV XWLOLVpHV ORUV GH OfpWXGH GH
5DPDQ SDUDJUDSEHWHWWH VROXWLRQ GIXUDQ\OH FKORU)
POPPHQWYV HVRWWDEWRH GH VHOV FKORUXUpV GLVVRXV /D OL

SURYHQDQFH HW SXBR®MPHOPWQDWIREVOHY pOpPHQWYV HQ W

VRGRQQpHV7GEQH OD

7TDEOH ILVWH GHV pOpPHQWY HQ WUDFHV HW VHOV XWLOLVp)\

. Rayon - , Purete _Masse de [ElementSinia
Elément Charge ionique Sel utilisé Fournisseur (%) sel estimée  théorique
(A) (mg) (ppb) 2
Li 1+ 0.92 LiCl Merck 98 30.54 20000
Na 1+ 1.18 NaCl Alfa 98 11.16 17702
K 1+ 1.51 KCl Alfa 98 9.20 19395
Mg 2+ 0.89 MgCh.6H,0O Alfa 98 11.15 5273
Sr 2+ 1.26  SrCh.6H.O Alfa 98 4.01 5294
Pb 2+ 1.29 PbCk Merck 98 1.57 4693
Cu 2+ 0.889 CuC}.2H,0 Merck 98 3.67 5483
Zn 2+ 0.9 ZnCb Alfa 98 3.26 6232
Mn 2+ 0.96 MnCk Merck 98 2.94 5140
Fe 2+ 0.92 FeCh.4H,0 Alfa 98 351 4853
Sc 3+ 0.87 ScCi Alfa 99.9 4.63 5508
La 3+ 1.16 LaCk Alfa 99.9 0.11 249
Ce 3+ 1.143 CeC4 Alfa 99.9 0.12 273
Nd 3+ 1.109 NdCk Alfa 99.9 0.43 990
Dy 3+ 1.027 DyCk.6H,0 Alfa 99.9 0.64 1104
Ho 3+ 1.015 HoCk Alfa 99.9 0.50 1216

8 fZ..—74% Tif'"°e Zf eofeet T3 o427 te—cott



BURFpGXUH H[SpPULPHQWDOH

/D SUPFLSLWDWLRQ GIXUDQLQLWH SDU UpGXFWLRQ GT¢
G+ EDU | f& /H SURWRFROH H[SpPULPHQWDO HVW OH
GH OD UpGXFWLRQ Gf8 9, HQ FRQGLWLRQ K\GURWKHUPDO
OTH[SPULHQFH SUpOQYHPHQWY RQW pWp UpDOLVpPV HQ IF
3RXU FKDTXH SUpOQYHPHQW DOLTXRWHV GTXQ WRWDO G
SRXU VHUYDQW j OD SXUJH HW XQ SRXU OYDQDO\VH GH OD
/HV pFKDQWLOORQV j DQDO\WHU RQW—G B3RV GG hW X pl\. CGVD Q)

VXSUDSXU

(Q ILQ GYH[SPULHQFH XQH SDUWLH GH OD SRXGUH GT
WUDFHV LQFRUSRUpPV D pWp UpFEXSpUpH J HW DQDO\Vp

J D pWp GLVVRXWH GD@W X SREBS¥UkI2 | & SHQGDQW
GDQV OH ERO HQ WpIORQ GDQV OHTXHO OfH[SPULHQFH D

pPOpPHQWY HQ WUDFHYV OD VROXWLRQYXHIDHBAAXH HVW GLOX|

3URFpGXUH GIYDQDO\VH

D&RQFHQWUDWLRQV HQ 8
/JHV FRQFHQWUDWLRQV HQ XUDQLXP GDQV OD VROXWLR
WHPSV DLQVL TXH GDQV OD VROXWLRQ REWHQXH SPQWGLV\
pPWp GpWHUPLQpPHV SDU ,&3 2(6 DX ODEB®YDWRAWUH /,(& (
GILQFHUWLWXGH GH GpWHFWLRQ GH SSE /HV SUpOqQYH
H[SPULPHQWDOH RQW pWp GLOXWXSBDBEXU GIQH SHIBWLH G|

GITXUDQLQLWH GLVVRXV D pWp GYRIPD SOW GDQV +12



E&RQFHQWUDWLRQV HQ pOpPHQWY HQ WUDFHV
/JHV FRQFHQWUDWLRQV HQ pOpPHQW HQ WUDFH GDQV
IRQFWLRQ GX WHPSV DLQVL TXH GDQV OD VROXWLRQ REWH
0 RQW pWp GpWHWPLQPBELY BHWWERWXGH | OT(7+ GH =XULF

GX JURXSH 7UDFH (OHPHQW DQG OLFUR $QDO\WVLV GX ODER

GH GpWHFWLRQ GH OYDSSDUHLO SR XD E KB XBIWWDH R/AMDVD) GiD

LQWHUQHV RQW HWPRXWKHWPpVW /HVY FRXUEHV GH FDOLEUD)
GIpWDORQV QH FRQWHQDQW SDV GH VWDQGDUG GIXUDQLX!

/JHV SUpOQYHPHQWV SURYHQDQW GH OD VROXWLRQ DT
WHPSV RQW pWp GLOXPV SDUXSUMBDQVN (Q FH TXL FRQFHU
GIXUDQLQLWH GLVVRXWH VD FRQFHQWUDWLRQ HQ XUDQLX
DSUgQV FRUUHFWLRQ GX IDFWHXU GH GLOXWLRQ 8QH FRQF}
HIITHWV GH PDWULFH ORUV GH O $DLID G HV M X®HWV b OLpHPUH ®F W VG H
HIITHW GH PDWULFH OHV FRQFHQWUDWLRQV HQ pOpPHQWYV
RQW pWp REWHQXH j SOXVLHXUV IDFWHW UV G HH @ LIDPAWKIOR)
GLVFXWpV FL DSUQV

$ QRWHU TXH GHV DQDO\VHV GHV pOpPHQWYV HQ WUDFF
2(6 &HSHQGDQW OHV FRQFHQWUDWLRQV HQ pOpPHQWYV H¢
VHXLO GH GpWHFWLRQ GH OfDSSDUHLO DXVVL ELHQ GDQV

TXH GDQV OD VROXWLRQ GTXUDQLQLWH GLVVRXV

4. Résultats et discussion

&LQPWLTXH GILQFRUSRUDWLRBQ @H B TpOhPOILQN. W

/IHV FRQFHQWUDWLRQV HQVN B DHW VH Q DEO/HP FKQWXH SUpO

VROXWLRQ H[SpULPHQWDOH [AMREDMH SEIIJDW}H@‘WFDRIQWGHBIQ’(DH@I




FRQFHQ W QDpDLoM@QMHHVRQFWLRQ GX WHPSV FRPSDUp j OD
GH OT&DQV OD VROXWLRRXH[ODURPMWDWH GHY pOpPHQWV
0J 6U O0Q/D6F&H 1G '\ +R OHXU FRQFHQWUDWLRQ HQ IRC
GpFURLVVDQFH TXH OD FRQFHQWUDWLRQ HQ 8 HQ IRQFW
POPPHQWY HQ WUDFHV OD GLPLQXWLRQ GH OHXU FRQFHQ\
FRQFHQWUDWLRQ LQLWLDOH /HV DQDO\VHV 0(7 UpDOLVpH\
GIH[SPULHQFH QYD PRQWUp DXFXQH SKIDMHS®© K pEHVH FI>XOV
WKHUPRG\QDPLTXHVY EDVH GH GRQQpH //1/ FRGH 3KUHE
H[SPULPHQWDOH HVW VRXV VDWXUpH YLV j YLV GH WRXWH
FRPPH | f& &HFL GpPRQWUH TXH OD GLPLQXWLRQ GH OD
GDQV OD VROXWLRQ H[SPULPHQWDOH HQ IRQFWLRQ GX WHF
HW QRQ | OD SUpFLSLWDWLRQ GH SKDVHV FRQWHQDQW
FRQFHQWUDWLRQ DYHF OH WHPSV UHIOgWH G RIQFNUDF HLQp
GDQV OfXUDQLQLWH DX FRXUV GH VD SUpFLSLWDWLRQ VXL
GY+

/D FRQFHQWUDWLRQ HQ 0Q FKXWH UDSLGHPHQW MXVTX
XQH LQFRUSRUDWLRQ LPSHR8®/)D\Q WBSE B & VT ® i XFIHDWB. ) LOMY L
WUDFHV /HV FRQFHQWUDWLRQV GHV pOpPHQWV &X 3E 6
FRQVWDQWHV VXJJpUDQW XQH IDLEOH LQFRUSRUDWLRQ
DXJPHQWH DSUQqV K &HWWH DXJPHQWDWLRQ HVW VDQ
OfpFKDQWLOORQ HQ IHU SDU FRUURVLRQ GH OD YDOYH GH
SRXUWDQW VLWXpH HQ SDUWLH IURLGH DSUgV XQ UHIURLC

FRPSWH ORUV GH OD PRGpOLVDWLRQ GHV GRQQpPHYV



YLIXUH &RQFHQWUDWLRQV HQ 8 HW HQ pOpPHQWY WUDFHV HQ
EDU GDQV OHV SUHPLqQUHV K



7DEOH &RQFHQWUDWLRQV HQ 8 HW pOpP HRDXWQRRUDFHYV
H[SPULPHQWDOH HW GDQV OD VROXWLRQ GIXUDQLOC



AXDQWLILFDWLRQ GHVLQERRISQRW ¥ VHG DWQWDE HXU L

3RXU OH FDOFXO GHV FRHIILFLHQWY GH SDUWDJH XUDC
QpFHVVDLUH GH GpWHUPLQHU OD FRQFHQWUDWLRQ GH F
SUpPFLSLWpH ORUV GH OD UpGXFWLRQ GH 0f8 9, HQ 8,
HQYLVDJHDEOMBPQWLILEFDWLRQ SDU XUDQLQLWH GLVVRXV R

OD VROXWLRQ H[SpULPHQWDOH

DAXDQWLILEFDWLRQ SDU GLVVROXWLRQ GIXUDQL
IDPpWKRGH FRQVLVWH j UpFXSpUHU OD SRXGUH GfXU
GLVVRXGUH GD@EXDXIpH2E | OTDLGH GIXQH SODTXEBMHFKDXIIL
GLIIpUHQWY pOpPHQWYV HI) I\WUWFHH ¥ RIQE MVROXDWLRRQ HQ 8
SSP LQGXLW GHV HIIHWV GH PDWULFHV (Q HMHW OH
PHVXUpHV GDQV OD VROXWLRQ LVVXHV GH OD GLVVROXW,

GLOXWLRQ HW GRQF GH OD FRQFHQWUDWLRQ HQ XUDQLXF

PLV HQ pYLG {08 DIW D TXHOOH OHV FRQFHQWUDWLRQ"

OD VROXWLRQ GYXUDQLQLWH GLVVRXV VRQW SUpVHQWpHV
HW /IHV FRQFHQWUDWLRQV VRQW FRUULJpHV VXLYDQV

PRQWUHQW TXH OD FRQFHQWUDWLRQ HG KNG pORRWERWMHHD W

D UHSUpPpVHQWH OfpYROXWLRQ GH OD FRQFHQWUDWLRQ GFk

IDFWHXU GH GLOXWLRQ /D FRQFHQW W\WWHRFR GWW Dp@W P HjQI\W

GLOXWLRQLOIRUUE)LH&EIHVW pIJDOHPHQW OH FDV GHV pOpP|

FRQFHQWUDWLRQ GHV pOpPHQWYV '\ +R HW 6U PRQWUH XC

IDFWHXU GH GLOXWLRQ UHQGDQW GLIILFLOH QYHMWIHPDWL

D &HWWH pYROXWLRQ D pJDOHPHQW pWp REVHUYpH SR

FRQFHM®IpPHQWY /L /D &H HW 1G LOV QYRQW SDV pWp G



/IH SRWDVVLXP TXDQW j OXL QYHVW GpWHFWp GDQV DXF

G L O X WOLERGDH

JLIXUH (YROXWLRQ GH OD FRQFHQWUDWLRQ HQ pOpPHQW HQ \

SDU ,&3 2(6

D pYROXWLRQ ORJDULWKPLTXH HW E p?

,O HVW ] QRWHU TXH OHV VWDQGDUGYV LQWHUQHV %H

GH OHXU GLOXWLRQ

RQW pWp pJDOHPHQW LPSDFWpV SDL

PFKDQWLOORQV GLOXpV $ SDUWLU GH OD FRQFHQWUDWLR

GTREWHQLU XQH FRUUHFWLRQ GH OYfHIIHW GH PDWULFH VX

GLOXWLRQ

IHV FRQFHQWUDWLRQV GHV

PDHO

HIQWY W HD QDU

JLIXUBNLHQQHQW FRPSWH GH FHV FRUUHFWLRQV PDLV UHYV

GH PDWULFH



8QH HVWLPDWLRQ GHV FRQFHQWUDWLRQV GHV pOpPHC
OfXUDQLQLWH HVW SRVVLEOH j GLOXWLRQ LQILQLH OH I}
FRQWDPLOQDWLRQ SRVVLEOH SDU OD YDOYH GH SUpOqYHPH:
OH IDFWHXU GH GLOXWLRQ HVW LPSRUWDQW SOXV OTHUU]
IDLEOH &HSHQGDQW TXDQWLILHU OfHUUHXU VXU FHWWH

PWDORQV XWLOLVpV SRXU REWHQLU OSHNVFEBXXEBDYLXR FDOL

/I MPYROXWLRQ OLQpDLUH GH OD FRQFHQWUDWLRQ GHV
GIfHVWLPHU XQH FRQFHQWUDWLRQ SRXU FHV pOpPHQWYV j II
OHV FROQFHQWUDWLRQV REWHQXHY DYHF XQ IDFWHXU GH C
HITHWV GH PDWULFH HVW VDQV GRXWH LPSRUWDQWH HW Gl
GH GLOXWLRQ SRXUUDLW r'WUH HQYLVDJHDEOH ODLV GDQ\
pOpPHQWY HQ WUDFHV VHUDLW HQ GHVVRXV GX VHXLO GH (

FDV SRXU OHV pOpPHQWYVY . /L 1D &H HW 1G

&HV UpVXOWDWYV GYDQDO\WH PRQWUHQW OH IRUW LPSI
VXU OD PHVXUH GH OD FRQFHQWUDWLRQ GHV pOpPHQWYV H
ODOJUp OHV SUpFDXWLRQV SULVHV IDFWHXUV GH GLOXWL
VRXVWUDLUH DX[ HIIHWV GH PDWULFH GH OYDSSDUHLO HW
HQ WUDFHV LQFRUSRUpV SUpFLVHV HW MXVW V5 BWOWHYV HFEF

GIpOpPHQWEDHYY VODDFRI®XWLRQ H[SpULPHQWDOH

E4XDQWLILFDWLRQ SDU SHUWH HQ VROXWLRQ
&HWWH PpWKRGH VHHEBREFWOW 0ODWS R MVBFHEIW g8 pe HQ

VROXWLR@ MHEWEBD HW OD VROXWLRQ +BQHIH SHE@ | LQHGW!
POWKRGH VXSSRVH WRXWHIRLY TXH OfLQWpJUDOLWp GH

IUDFWLRQQHPHQW IOXLGH PLQpUDOH HW TXYIYDXFXQ DXWU



HIHPSOH QH YLHQW VH VXSHUSRVHU /HV DUJXPHQWYV SH

GRQQpV GDQV OH SDUDJUDSKH

'DQV FH FDOFXO LQWHUYLHQW QBRg PD V(W DG UDRQQph W

WRXW Of8 9, GLVVRXV D SUpFLSLWp VRXV IRUPH G{XUDQLI

GpGXLWH GH OD FRQFHQWUD|[WDR QHGILGW. DOHVRQ X9 L R QSG R

NYXLYPLQIAIWDBONLRQ

o 21BuodbiaHs 4/ . 6<<M4694B4/ ,
e L y H /e L P HtyrLrat C

JTH[SUHVVLRQ GH OHR FRAFISOWUGIN®R PO LRAEGRUSQ UW U
GDOQYXUDQLQLWH HVW OD VXLYDQWH

. ™ 2. . 2 ) Ko TN
> Wy o rT Eifo ui k1A
agpAHs 4/

ER L

/HV UpVXOWDWYV VRQBOGR SOUMWGD @HTMNY GRQQpHV Ol

SDUWDJH HQWUH IOXLGH HW XUDQLQLWH RQW SX rWUH FDO

&DOFXO GHV FRHIILFLHQWY GH SDUWDJH HW PR
JTH[SUHVVLRQ GX FRHIILFLHQ WG FBMOE@IAHQ XiUDpPLHILW
LHVOM UDSSRUW HQWUH VD FRQFHQWEDWQRSE B DIQW 68 B OBIG

OD VROXWHERQ HRQPIOMH 6RQ H[SUHVVLRQ HVW OD VXLYDQWH

&;7 15 F BHQAG@AL

NOUIx

/IHV FRHIILFLHQWY GH SDUWDJH XUDQLQLWH IOXLGH GH

7TDEQH$ SDUWLU GH FHV FRHIILFLHQWY GH SDUWMNROQW[SpUL

pWp FDOFXOpV VXLYDQW OfpTXDWLR|@DEQHO D LSSHU GEXR OR

PRGpOLVpH SRXU OHV pOpPHQWYV GYXQ H RFIKDRLHQ@RGK p3D 9

WKpRULTXH SUpGLW SDU OD /L BRIHP RFFK\W UK HOMO PRRK Q WL W




FRHIILFLHQWY GH SDUWDJH H[SpULPHQWDX[ HQWUH IOXLGF
HQ WUDFHV pWXGLpV HQ IRQFWLRQ GX UD\RQ LRQLTXH GHYV
/I fTHUUHXU VXU OH ORJDULWKPH GHV FRHIILFLHQWYV GH SDU!
GRQQpHV PRGpPpOLVpHV VXLYDQW OfpTXDWLRQ DSSDUDL\
PrPH ILJIXUH 6HXOHV OHV SDUDEROHV FRUUHVSRQGDQW D
PRGpOLVpHY /HV SDUDEROHV VRQW GH SOXV HQ SOXV pwu
OIDXJPHQWDWLRQ GH OD FKDUJH GHV pOpPHQWYVY &HV REV]
REVHUYpHYV SDU 9DQ +LYEXUIOHWUDFWLRQQHPHQW\IOXRULC

HW DO SRXU OH IUDFWLRQQHPHQW FOLQRS\VUR[gQH OLTXLG

7TDEOH &RQFHQWUDWLRQV GHV pOpPHQWY HQ WUDFHV LQFRU
SDUWDJH XUDQLQLWH IOXLGH

Rayon [Elements] log D
a
Element  Charge ioie )  9ansUQT (o iiide)
(ppb)

L 1+ 0.92 341229 1.23
Na 1+ 1.18 962649 1.71
K 1+ 1.51 225052 1.07
Mg 2+ 0.89 280381 1.70
Sr 2+ 1.26 129238 1.36
Pb 2+ 1.29 71000 1.22
Cu 2+ 0.889 129422 1.36
Zn 2+ 0.9 211631 1.54
Mn 2+ 0.96 30689 3.10
Fe 2+ 0.92 64405 1.02
Sc 3+ 0.87 230365 1.80
La 3+ 1.16 19109 1.52
Ce 3+ 1.143 20349 1.54
Nd 3+ 1.109 23966 1.57
Dy 3+ 1.027 35837 155
Ho 3+ 1.015 33488 1.56
u 6+ 1.06

&Calculé a parir de la perte en solution



7TDEOH 3DUDPgWUHV REWHQXV SDU PRGpOLVDWLRQ GHV FRH
OfTpTXDWLRQ

Eléments 1+ Eléments 2+
log Dv 1,72 3,44
E 12,3 117,3
ro 1,22 1,09
JLIXUH ORJ ' XUDQLQLWH £ IOXLGH HQ IRQFWLRQ GX UD\RQ

/IHV FRXUEHV UHSUpVHQWHQW OD PRGpOLVDWLRQ GHV C

&RQFHUQDQW OHV pOpPHQWY GH FKDUJH LRQLTXH
OHXU FRHIILFLHQW GH SOFRWNMWD QWV WXHH O XDYVH PHRQAW OH
PRGpOLVDWLRQ GIXQH SDUDEROH VXLYDQW OfpTXDWLRQ
XQLTXHPHQW HFHV GROMWPWHWVKPHY GHV FRHIILFLHQWY GH SD

VRQW UHVSHFWLYHPHQW HW HW VH VLWXHQW HQWU

GH 6F j JDXFKH HW /D)L&NUHCIY GRRILWALHQWY GH SDUWDJH




GHYUDLHQW rWUH DWWHQGXV SRXU +R HW '\ pWDQW GRQC
¢ SURFKH GH FHOXL GH OTXUDQLXP WpWUDYDOHQW
LQFRUSRUDWLRQ GDQV O XRUSDDOL WEIH YHWW BRKNYUHE H O p
SHUPHWWUDLHQW GH FRQWUDLQGUH OWi 'P RIGWOW PRIGD GHV A

XQH SDBBEKROCIHY FDWLRQV FKDUJpV

&HOD LA WNMQWL.QWpPpUHVVDQW GH FRPSDUHUIR®BN GCHRRQ QpH'

FHOOHYV SUpV-I)Q?@B/ GDRVHOQM QW GH OfpWXGH UpDOLVpH

VXU OH IUDFWLRQQHPHQW IOXRULQH IOXLGH GHV pOpP

'DQV OYpWXGH GH YDQ +LQVEHUJ HW DO OHV FDWLF
FRPSULV HQWUH HW ¢ RQW GHV FRHIILFLHQWYV GH
VLPLODLUHV &HWWH REVHUYDWLRQ HVW GRQF HQ DFF
XUDQLQLWH IOXLGH REWHQXV SRXU OHV FDWLRQV FKDUJ
FRHIILFLHQWY GH SDUWDJHV XUDQLQLWH IOXLGH SRXU OH)
RUGUHV GH JUDQGHXUV SOXV SHWLWV TXH FHX[ REWHQXV
PRQWUH TXH OfLQFRUSRUDWLRQ GHV pOpPHQWY HQ WUDEFH
TXH GDQV OfXUDQLQLWH | f& (Q SOXV GH OD WHPSpUI
PpFDQLVPH GH SUpPFLSLWDWLRQ GX PLQpPpUDO HVW XQ SD
+LQVEHUJ HW DO (Q HITHW OD SUpFLSLWDWLRQ GH O
VXUVDWXUDWLRQ HQ IOXRUXUH 'DQV OH FDV GH OfXUDC
UpGXPMLAENS 9, HQ VROXWLRQ G ®D9T X DI WhGF MQIRQL D O H
HVW WRWDOH DX ERXW GH K GITH[SPULHQFH GDQV OH FED)
SHUPHWWH SDV GILQYHVWLJXHU OH U{OH GH OD FLQpWL
IUDFWLRQQHPHQW GHV (75 HQWUH IOXLGH HW PLQpUDO K{V

LQIOXHQFH VXU OJLQFRUSRUDWLRQ GHV pOpPHQWYV HQ WUL



'DQV FHWWH pWXGH OHV FRHIILFLHQWY GH IUDFWLRQQ
GRQW (75 RQW pWp PHVXUpV ORUV GTXQH VHXOH H[SpULH

RQW LQYHVWLJXp OH IUDFWLRQQHPHQW IOXRULQH I0X
ORUV GH GHX[ H[SPULHQFHV LGHQWLTXHV IHV BWHMEXOWp
PRGpOLVHU XQH SDUDEROH SRXU OHV FDWLRQV  SDU PD!
UpLWpUHU FHV H[SPULHQFHV SOXVLHXUV IRLV HW DYHF
FRQWUDLQGUH FHV FRHIILFLHQWYV GMXYDQWDOH HRWU BRQIEVE
/167 &HWWH UHPDUTXH HVW pJDOHPHQW YDODEOH SRXU OH\
OHV FDWLRQV FKDUJpV (Q HIITHW VHXO OH ORJDULWKP}

SHUPHW GH FRQWUDLQGUH OH PRGQEBW KXW BRREWHMHQWXG]

PDI[LPDQ)LJXUH,O QTfHQ UHVWH SDV PRLQV TXH FHWWH HI[Sj

OH SRWHQWLHO GH OfpWXGH GHV IUDFWLRQQHPHQWYVY GHYV
FRQWU{OpHV SRXU PLHX[ FRPSUHQGUH OHV SDUDPgQWUHV L

QRWDPPHQW ORUV GH OD GRXBDILRR) VARXW J& VHPRILQAGAD\Q F H

5. Conclusions

%DVp VXU XQ SURWRFROH H[SpULPHQWDO UREXVWH F
GIpOpPHQWY WUDFHV GDQV OfXUDQLQLWH SDU UpGXFWLR
SUHPLHUV FRHIILFLHQWY GH SDUWDJH XUDQLQLWH IOXLGH
WHQGDQFHYV GHV FRHIILFLHQWY GH SDUWDJH H[SpPULPHQW!I
FKDUJH GRQQpH VRQW FRKpUHQWHVY DYHF OH PRGgOH GH
FDWLRQV HW RQW pWp PRGpPOLVpPV VXIHW QWSORS/BRAHW
FRQGLWLRQV H[SpPULPHQWDOHVY VRQW SURSRVpV /H QRPI
LOQYHVWLJIXpV GDQV FHWWH pWXGH QYD SDV SHUPLV GH PR

GITpOpPHQWYVY 7RXWHIRLVY OD WHQGDQFH GHV FRHIILFLHQ



IRQFWLRQ GX UD\RQ LRQLTXH HVW HQ DFFRUG DYHF OHV
HW HQFRXUDJH j LQYHVWLJXHU OH IUDFWLRQQHPHQW ¢
/H TUDFWLRQQHPH Q{7 5GHWV AXIO SPK@WHVW HQ PLOLHX IC
0 +&0 QH SHUPHW SDV GDQV OfLPPpGLDW GH UHSU}
LQFRUSRUpPV OHV XUDQLQLWHV j OD PDQLQqUH GHV VSHFW
GIREWHQLU GHV UpVXOWDWY VWDWLVWLTXHPHQW ILDEOHV
GHV (75 HW GIDXWUHV pOpPHQWY WUDFHV /HV SUREOQPHV
OD VROXWLRQ GTXUDQ L QILONFR XGL/MRIW H BDUQHIRZ OH SURW
(75 GDQV GHV VROXWLRQV FRQFHQWUpPHY HQ 8 HQ XWLOLYV
pJDOHPHQW LPSRUWDQW GH UpDOLVHU XQH H[SPULHQFH |j
SUpPpFLSLWDWLRQ GHV (75| f& 0 +&0 HW EDU GT+
&HV pWXGHV GHYURQW rWUH UpDOLVpHV DX[ WHPSpUL
FRQGLWLRQV GH IRUPDWLRQ GHV GLIIpUHQWY W\SHV GH JL
GH SDUWDJH XUDQLQLWH IOXLGH GH FHUWDLQV SDUDPqWU
VD FRQFHQWUDWLRQ OD FLQPWLTXH GH SUpPFLSLWDWLRQ C
GHV SDUDPgWUHV j LQYHVWLJXHU &HFL QpFHVVLWHUD H
VSPpFLDWLRQ GH Of8 HW GHV (75 HQ IRQFWLRQ GH FHV GLII

DFWXHOOH WUqV OLPLWpHYV






(HAPITREV :CONCLUSIONS GENERALES ET
PERSPECTIVES






"fee’t " — t1 Zi

&H WUDYDLO GH WKgqVH DERXWLW j GUHVVHU XQ SUHPL

OHV IOXLGHV FKORUXUpV + 0 /L&O DFLGHV S+ j
f& /D VSpFLDWLRQ GH 018 9, HQ FRQGLWLRQ K\GURW!
GHX[ RXWLOV VSHFWURVFRSLTXHV FRXISO®NQVGENY GD\BERW
VLOLFH SXUH SDU VSHFWURVFRSLH 5DPDQ HW LL GDQ\
VSHFWURVFRSLH GIfDEVRUSWLRQ GH UD\RQV ; /HV pWXGHV
PPWKRGHY PRQWUHQW OX® HP BRXH Y H\OMQIBDLRFH\GH OD FRPSC
DYHF OfDXJPHQWDWLRQ GH OD WHPSpUDWXUH HW GH OD Fk
GLVWLQJXHU FKDFXQ GH FHV FRP S{@HREH Y M B DYQ DADHD B R W/R G
/IHV VSHFWUHV 5DPDQ RQW pJDOHPHQW PLV HQ pYLGHQ
FRPSOH[HV FKORUXUpPV j XQH WHPSpUDWXUH HW XQH FKORI
YDOHXUV GH FRQVWDQWHY GIpTXLOLEUHV j KDXWH WHPSpU
/ID VSHFWURVFRSLH 5DPDQ D pJDOHPHQW UpYpOp OfHI[L
PDMRULWDLUH j SDUWLU GH 0 /L&O HW f& &H FRPSOH
GH IRUPDWLRQ GHV JLVHPHQWYV DVVRFLpV DX[ GLMFRUGD!
/I TLGHQWLILFDWLRQ GH FH FRPSOH[H LQFRQQX HVW GRQF
YLEUDWLRQ DX 5DPDQ pWDQW ELHQ GBRIIpYHPN BEHFHX]
VW°FKLRPpWULH GLIIpUHQWH HVW VXJJpUpH /D VSHFWURV!
UpYgOH SRXUWDQW DXFXQ FKDQJHPHQW QL HQ WHUPH GH
QDWXUH GHV YRLVLQV GDQV OD SUHPLqUH VSKqUH GH FRR
TXH OHV PROPFXOHV GYHDX OLpPHV j OTXUDQ\OHRIRLIHQW Ut

KDXWH WHPSpUDWXUH 83LOQVI& @HMVI/F RPBQPHY SHXYHQW
DYRLU OD PrPH UpSRQVH SDU VSHFWURVFRSLH GYDEVRUSW

XQH UpSRQVH GLIITpUHQWH SDU VSHFWURVFRSLH 5DPDQ HQ



SHUWH GHV R[\JGQHV DSLFDX[ LGHQWLILpY SDU VSHFWURYV
/L&O HW f& FRQWHQXH GDQV OD FHOOXOH HQ FDUERQ
GH OfXUDQLXP VRXV IRUPH Gf8 ,9 RX 8 9, GDQV GHV IOXL
&HWWH UHPDUTXH UHODQFH OD SUREOpPPDWLTXH FRQFHUQ
WDUGLYHV GDQV OHV JLVHPHQWV DVVRFLpV DX[ GLVFRU
SURYLHQQHQW GIXQ QRXYHO pSLVRGH PLQpUDOLVDWHXU R

&HWWH SUHPLQUH pWXGH GH VSpFLDWLRQ HVW UpDOLYV
ITK\SRWKqVH GT1%Q FRPR®HFH QpFHVVLWH XQH DXJPHQWD
KDXWH WHPSpUDWXUH HW KDXWH FKORULQLWp DILQ GH IF
OfpWXGH H[SpULPHQWDOH GH VROXELOLWp GH OTXUDQDW
UpDOLVpH SDU 5R]V\SDO PRQWUH TXH OHV FRQFHQWUL
IOXLGHY DVVRFLpHV DX[ JLVHPHQWYV VRXV GLVFRUGDQFH V.
HQWUH HW &HV GLIIpUHQWY UpVXOWDWY PRQWUHQW
S+ FRPSULV HQWUH HW GIDXWDQW SOXV TXH OD VWDEL
KDXWH WHPSpUDWXUH HVW SHX FRQQXH 8Q WHO WUDYDL
VSpFLDWLRQ GH Of8 9, j S+ FRPSULV HQWUH HW HW j KD
FKORUXUHV SXLV HQ PLOLHX FKORUXUp &HWWH pWXGH SC
PWDQW GRQQp L OHV UpDFWLRQV SKRWRFKLPLTXHV RE\
IUpTXHQFHV GH YLEUDWLRQV WUqV SURFKHV GHV FRPSOHI[F
GRQQpPHVY DYHF GIDXWUHV RXWLOV VSHFWURVFRSLTXHV WH
GDQV OH WHPSV RX OD VSHFWURVFRSLH 89 YLVLEOH HVW S

4XHOV TXH VRLHQW OHV UpVXOWDWVY DWWHQGXV GH FI
GH OfXUDQ\OH HQ VROXWLRQ FKORUXUpH OH WUDYDLO S
FDSDFLWpV GH WUDQVSRUW GH Of8 9, SDU GHV IOXLGHV F

SUHPLgQUH SDUWLH GX WUDYDLO GH WKqVH H[SOLTXH OH W



GLVFRUGDQFHV HW VRXOLJQH OH U{OH IDYRUDEOH GHV VD>
GH OfY8 9, REWHQXHV ORUV GH FHWWH pWXGH SRXUURQ
JLVHPHQWY G{XUDQLXP DVVRFLpV j GHV FLUFXODWLRQV GH
DVVRFLpV j GHV HIIRQGUHPHQWY EUqQFKLTXHV OHV JLVHPH

W\SH YHLQH RX HQFRUH FHUWDLQV JLVHPHQWY DVVRFLpV j

G- t1 Zi

/JHV H[SPULHQFHV GH UpGXFWLRQ GH 018 9, SUpVHQWp
MDPDLV UpDOLVpPHYV j KDXWH WHPSpUDWXUH HW HQ PLOLHX
H[SPULPHQWDO UREXVWH D SHUPLV GIREWHQLU GHV FLQpVW
SRWHQWLHOOHPHQW SDUWLFLSDQW DX[ SURFHVVXV GH Gp
GLVFRUGBQ&HVJYHU ,, HW & *UDSKLWH /HV UpVXOWDWYV PR
)JH ,, GLVVRXV HQ VROXWLRQ DTXHXVH QTHVW SDV HIILFDF
SOXV OD UpGXFWLRQ GH Of8 9, SDU )H,, SDU UpDFWLR
FRPPH LO D GpMj pWp PRQWUp | WHPSpUDWXUH DPELDQWH
PLQpPUDOLVDWLRQV PDVVLYHV HW ORFDOLVpHV REVHUYpH
GLVFRUGDQFHV )H ,, QH VHPEOH GRQF SDV rWUH XQ UpGX
GDQV FHV JLVHPHQWYV

3DU FRQWUH OD UpDFWIE¥LWYW KPSRISKDRYWHHQHRQW G
WRXW | IDLW HQYLVDJHDEOHV /HV FDOFXOV SUpGLFWLIV
JLVHPHQWYV DVVRFLpV DX[ GLVFRUGDQFHV PRQWUHQW FOTL
018 9, HQ XUDQLQLWH QfHVW SDV OH IDFWHXU OLPLWDQ
PLQPUDOLVDWHXUV DLQVL TXH OHV SURFHVVXV GH SURGX
WHPSV GH IRUPDWLRQ GH FHV JLVHPHQWYV &HV JD] UpGXF\

YLD OHV FLUFXODWLRQV IOXLGHV j WUDYHUV OHV V\VWq



JLVHPHQWYVY DVVRFLpV DX[ GLVFRUGDQFHV 'DQV FHWWH FR
rWUH j OTRULJLQH GX FDUDFWqUH PDVVLI HW IRFDOLVp GH
DX[ GLVFRUGDQFHV

&HV FRQFOXVLRQV PHWWHQW HQ pYLGHQFH FHUWDLQH
GHOj GX SURFHVVXV GH UpGXFWLRQ GH 08 9, HW TXL
FRPSUPKHQVLRQ GH OD IRUPDWLRQ GBWVIIRMHRHQWY &R XN
UpGXFWHXUV /HV SURFHVVEDV@M BXBGXFWLRMR GIH DYHF
SURGXFWLR®UGPOWpPUDWLRQ K\GURWKHUPDOH GH PLQpl
HQYLURQQHPHQW XOWUDPDILTXH SRXUUDLHQW UpVXOWHU
FULVWDOOLQ /D SURGXFWLRQ GH PpWKDQH SRXUUDLW SU
SDU GHV UpDFWLRQV GH W\SH )LVFKHR GO R KWK Kj\ SFOW KL\
YpULILHU SDU GHV pWXGHV H[SpPULPHQWDOHY HQ FRQGLWL
GLVFRUGDQFHV DILQ GH GpWHUPLQHU OHV FLQPWLTXHV GH
'H WHOOHY GRQQpHV SRXUURQW rWUH XWLOLVpHV GDQV O}
GHV JLVHPHQWY DVVRFLpV DX[ GLVFRUGDQFHV PRGQqOHV E
FRQFHQWUDWLRQ HQ 8 GDQV OHV IOXLGHYV PLQPUDOLVDWH>

/HV GLIIpUHQFHVY GH FLQPWLTXHY GH UpGXFWHRQ GH C
IRQFWLRQ GH OD FKORULQLWp HW GX S+ PRQWUH HQFRUH
0718 9, HQ IRQFWLRQ GH OD FKORULQLWp HW GX S+ FDU
UpGXFWLRQ SDVVH DYDQW WRXW SDU XQH ERQQH FRQQDL)
UpGXFWLRQ UpDOLVpHYV ORUV FHWWH WKgqVH RQW WRXWHYV
/L&O HW j S+ pJDO j j WHPSpUDWXUH DPELDQWH SRXU GH
OYDXWRFODYH HQ WLWDQH XWLOLVp ELHQ TXH FH GHUQLH
PHVXUHV GH FLQPWLTXHV GH UpGXFWLRQ GHYURQW rWUH U

HW j S+ FRPSULV HQWUH HW j KDXWH WHPSpUDWXUH DIL



FRQGLWLRQV GH IRUPDWLRQ GHV JLVHPHQWYV GY8 DVVREF
UpGXFWHXUV TXH FHX[ pWXGLpV GDQV FH WUDYDLEBXVRQW
HQFRUH &2 'HV H[SpULPHQWDWLRQV DYHF FHV GRQQHXUYV

UpDOLVpHV

"f o —cesfefe —Vfecoc—t "7 —@hiratds Z+efo—o

/JHV SUHPLHUV FRHIILFLHQWY GH SDUWDJH XUDQLQLWH
(75 +R '\ /D &H HW 1G RQW pWp REWHQXV j SDUWLU GH ¢
f& HW 0 +&0 &HV FRHIILFLHQWY GH SDUWDJH PHVXUpV |
OH PRGgqOH GH OD /DWWLFH 6WUDLQ 7KHRU\ /67 PRGQqOF
FULVWDOOLQH j VIDFFRPPRGHU VRXV OfHIIHW GIXQ FDWLF
GDQV OD VWUXFWXUH GTXQ PLQpUDO /HV GRQQpHV PRGpO
FKDUJH HW SHUPHWWHQW GYREWHQLU SDU H[WUDS
XUDQLQLWH IOXLGH SRXU XQ FDWLRQ GH UD\RQ LRQLTXH
FRQGLWLRQV H[SPULPHQWDOHV &RQFHUQDQW OHV pOpP
LQVXIILVDQW GYpOpPHQWY QYD SDV SHUPLV GH UpDOLVHU
EDVpH VXU OD /67

&HWWH pWXGH SLRQQLqUH UpDOLVpH HQ FRQGLWLRQ
PRGgOH GH OD /67 ELHQ TXH FH PRGgOH VRLW EDVp VXU
PLQpUDO HW PDJPD /fpYROXWLRQ GHV FRHIILFLHQWV Gt
VLPLODLUH j FHOOH REWHQXH SDU YDQ +LQVEHUJ HW DO
IOXRULQH IOXLGH GTpOf@P BRYW GIlQ IWWHDEFWY PLIDQGV

&HV SUHPLHUV UpVXOWDWY HQFRXUDJHDQW LQFLWHQV
GIDYDQWDJH GfpOpPHQWY QRWDPPHQW SRXU OHV (75 6X

pWXGLp GHV FRHIILFLHQWY GH SDUWDJH SRXUURQW rWuUH



WHO TXH OD WHPSpUDWXUH OH S+ OH OLJDQG RX HQFRU
PRGpOLVpHV SRXUUDLHQW SHUPHWWUH GH SUpGLUH OHV
GLIIpUHQWY SDUDPQWUHV 3DU OH ELDLV GH FHV FRHIILFLF
OHV R[\GHV GT{XUDQLXP LO VHUD DORUV SRVVLEOH GH UH
PLQpUDOLVDWHXU 3DU DLOOHXUV GH WHOOHV GRQQpHV S
VRXUFH GHV (75 HW GRQF rWUH XQH DLGH j OTLGHQWLILFDYV

(YLGHPPHQW OfTLQIOXHQFH VXU OHV FRHIILFLHQWYV G
HQWHQG GH FRQQDLWUH OD VSpFLBWLUR[QHYH OMS VGEHD QM R
YDODEOH DXVVL ELHQ SRXU OfpWXGH GX WUDQVSRUW ¢
IUDFWLRQQHPHQW GHV (75 GDQV OHV XUDQLQLWHV PRQW

GRQQpHV VXU OD VSpFLDWLRQ &H Of8 j GLIIpUHQWHYVY FRQG
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FU\WWDOOLQH EDVHPHQW RI WKH $WKDEDVFD %DVLQ 6
WKH IRUPDWLRQ RI XQFRQIRUPLW\ UHODWHG XUDQLXP
QR S GRL Y,

+HOJHVRQ + & .LUNKDP ' + JORZHUV * & 7KF
WKHUPRG\QDPLF EHKDYLRU RI DTXHRXV HOHFWURO\WH
,9 &DOFXODWLRQ RI DFWLYLW\ FRHIILFLHQWY RVPRWI
VWDQGDUG DQG UHODWLYH SDUWLDO PRODO SURSHUWI

6FLHQFH +

+HQQLJ & 6FKPHLGH . %UHQGOHU 9 OROO + 7TRNXVKL
BWUXFWXUH RI 8UDQ\O 6XOIDWH LQ $TXHRXV 6ROXWL
&RRUGLODBWELR@ HUHQFH 3URFHHGLQJV Y S

+HQQLJ & B6HUYDHV . 1RFNHPDQQ 3 9DQ +HFNH . 9DC
/  *JUOOHU :DOUDQG & DQG 9DQ 'HXQ 5 6S
&RRUGLQDWLRQ RI 8UDQ\O &KORUR &RPSOH[HV LQ $FHV
QR S+ GRL LF

+HQQLJ & 7XWVFKNX - B5RVVEHUJ $ %HUQKDUG * DQC

(;9)6 , QYHVWLJIJDWLRQ RI 8UDQLXP 9, DQG ,9 $TXR &K
8vLQJ D 1HZO\ ' HYHORSHG 6SHFWURHOHFWURFKHPLFD(
QR S+ GRL LF Q



YDQ +LQVEHUJ 9 - OLJGLVRY $$ DQG :LOOLDPV -RQHV
UHFRUG Rl IOXLG FRPSRVLWLRQ IURP HOHPHQW SDUWL

GRL *
+LW]PDQ O0: DQG 9DOHQWD 5 . BUDQLXP LQ ,URC
6\WWHPV (FRQRPLF *HRORJ\ Y QR GRL S

JVHFRQJHR

+RHYH - DQG 4XLUW ' + OLQHUDOL]DWLRQ DQG KRV
PLQHUDO GLDJHQHVLV DQG HYROXWLRQ RI WKH OLG
1IRUWKHUQ 6DVNDWFKEMRDQDE®BIQDGD KWWS DJULV I

VHDUFK GR"UHFRUG,"' 86 >$FFHVVHG 2FWREHU
+RHYH - DQG 6LEEDOG 7 , , 2Q WKH JHQHVLV RI 5D
WA\SH XUDQLXP GHSRVLWY LQ QRUWKHUQ 6DVNDWFKHZI
QR S+ GRL JVHFRQJHR
+RHYH - 6LEEDOG 7, , SDPDHNHUV 3 DQG /HZU\

XQFRQIRUPLW\ W\SH XUDQLXP GHSRVLWV $ VSHFLDO
$YDLODEOH DW KWWS LQLV LDHD RUJ 6HDUFK VHDUF

2FWREHU @

+RULWD - DQG %HUQGW 0 ( $ELRJHQLF PHWKDQH |
XQGHU K\GURWKHEPIDHQFRQ&®LWLRQYV

+XD % ;X + T7HUU\ - DQG 'HQJ % .LQHWLFV RI
+\GURJHQ 6XOILGH LQ $QR[LF $TXHRXV 6\WWHPV (
7HFKQRORJ\ Y QR GRL + HV Q

+XEHU ) B6FKLOG ' O9LWRYD 7 B5RWKH - .LUVFK 5 DQ
NLQHWLFV LQ SUHVHQFH Rl V\QWKHWLF PDJQHWLW
&RVPRFKLPLFD $FWD YGRL S +M JFD

JOWRQ (6 %RLO\ - ) %XFN (& B6NRPXUVNL )1 B5RVVH
DQG )HOP\ $ 5 ,QIOXHQFH RI '\QDPLFDO &RQGLWL
DW WKH ODJQHWLWHi6ROXWLRQ ,QWHUIDFH (QYLURQP!

S = GRL HV

 QWHUQDWLRQDO $WRPLF (QHUJ\ $JHQF\ ,$($ 7(&'2¢&
5DGLRQXFOLGH 7UDQVIHU LQ 7HUUHVWULDO DQG )UHYV
$VVHVVPHQWYV

,OWRQ ( 6 +DLGXF $ ORVHV & 2 +HDOG 6 0 (OEHUW
+HWHURJHQHRXV UHGXFWLRQ RI XUDQ\O E\ PLFDV &U\

*HRKLPLFD HW &RVPRFKLPLFD $FWD Y GRQR
M JED
-DQHF]JHN - DQG (ZLQJ 5 & 'LVVROXWLRQ DQG DOW

FRQGLWLRQV -RXUQDO RI 1XFOHDU GRWHULDOV Y



-DQJ - + '"HPSVH\ % $ DQG %XUJRV ' SHGXFWLR
SUHVHQFH RI K\GURXV IHUULF R[LGH DQG KHPDWLWH I
FRYHUDJH DQG KXPLF DFLG :DWHUSS5HVHDUGRL Y

M ZDWUHYV

“HIIHUVRQ & : 7KRPDV '- *DQGKL 66 G5DPDHNHUV 3
& 3RUWHOOD 3 DQG 20VRQ 5 $ 8QFRQIRUPLW\
WKH $WKDEDVFD %DVLQ 6DVWNDWEKHZOQ*BRGR $0 DHB
S8UDQLXP (;SORUDWLRQ 7(&+QRORJ\ RI WKH 3URWE
6DVNDWFKHZDQ DQG $OEHUWD &DQDGD &$1 S

-HRQ % + 'HPSVH\ % $ %XUJRV :' %DUQHWW 0 2 DQ
5HGXFWLRQ RI 8 9, E\ )H,, DW WKH 6ROLGi:DWHU
6\QWKHWLF )H ,,, 2[LGHV (QYLURQPHQWDO 6FLHQFH

+ GRL HV

RO\ < . UD\ DEVRUSWLRQ QHDU HGJH VWUXFWXUH
DSSUR[LPDWLRQ 3K\VWLFDO 5HYLHZ % Y QR

3K\V5HY %

.DVKFKLHY ' DQG YDQ 5RVPDOHQ * 0 SHYLHZ 1XFEC
&U\WWWDO 5HVHDUFK DQG 7HFKQRORJ\ Y GRL QR

FUDW
.LVK / DQG &XQH\ 0 B8UDQLQLWH DOELWH YHLQV Il

IDEUDGRU 7URXJK 4XHEHF

.LVWHU 3 ORELOLWp GHV pOpPHQWY JpRFKLPLTXHV G
GX 3URWYXHR]JRORXWHx EDVVLQ $WKDEDVFD 6DVNDWF
9DQGRHXYUH OHV 1DQF\ ,13/

LVWHU/DYHUUANMLUVEXQH\ 3DVODMHU%HDXIRUW ' DQG %UX

OLQHUDORJ\ DQG JHRFKHPLVWU\ RI WKH KRVW URF

6KHD &UHHN XQFRQIRUPLW\ W\SH XUDQLXP GHSRVLWYV

&DQDGD 3DUW SHILRQDO 6FDOH 6SDWLDO 'LVWULEX
PDWUL[ PEQBULWDOQG &0\ PLQHUDOV

.ROHVQLNRY $ .XWFKHURY 9 * DQG *RQFKDURY $)
SURGXFHG XQGHU XSSHU PDQWOH FRQGLWLRQV 1DWXL
GRL QJHR

.RW]JHU 7 * DQG .\VHU 7 . SHWURJHQHVLV RI WKH
QRUWKHUQ 6DVNDWFKHZDQ &DQDGD DQG LWV UHODW]
PLQHUDOL]DWLRQ DQG SDOHRK\GURJHRORJ\ &KHPLFDO
GRL 1

.UHVWRX $ DQG 3DQLDV 8UDQLXP 9, &S HRLDWLRQ
VI\VWHP DWKH AKURSHDQ -RXUQDO RI OLQHUDO 3URFH?
SURWHFWLRQ@ Y S



.U\ORYD 7/ $OHVKLQ $ 3 O9HOLFKNLQ 9, &XQH\ 0 3L
% 8UDQLXP EHDULQJ IOXLG FRPSRVLWLRQ DW WKt
(DVWHUQ 7UDQVED@NBOLD 5XVVLD

AVHU . DQG &XQH\ O D *HRFKHPLFDO FKDUDFWHUL
PHWKRGRORJLHV ,Q &XQH\ O AVHU .6 RFHGIHVQRW V
'"HYHORSPHQWYV LQ 8UDQLXP "HSRVLWYV DQG ,PSOLFDW.L
6HULHV Y S *

AVHU . DQG &XQH\ 0 E 8QFRQIRUPLW\ UHODWHG XU
AVHU . GSHFHQWRMNFGEQWRWHYHORSPHQWY LQ XUDC
LPSOLFDWLRQV IRU H[SORUDWLRQ OLQHUDORJLFDO $\

S +

AVHU . +LDWW ( SHQDF & "XURFKH . +RON * DQG
IOXLGY L@@ OHR/R 3URWHUR]JRLF VHGLPHQWDU\ EDVL
ORQJ SURWUDFWHGQRRUGY KIRANRBHLHYQGERRN Y
$VVRFLDWLRQ RI &DQDGD 2WWDZD S +

.\WHU 7. :LOVRQ 05 DQG 5XKUPDQQ * BWDEOH L\
JUDSKLWH LQ WKH JHQHVLV RI XQFRQIRUPLW\ W\SH XU
(DUWK 6FLHQFHV Y @QRL S H

IDFK 3 6LIQDWXUH JpRFKLPLTXH GHV pOpPHQWYV G
GIXUDQLXP HW PLQpUDX[ DVVRFLpVY GDQV OHV JLVHPH
ODVHU FRXSOpH jOT,&3 06 HW pWXGH JpRFKURQRORJLT?

IDQFLD $ OXVPDUUD ' DQG 3ULVFLDQGDUR 0 OF

FDOFLXP VXOIDWH GLK\GUDWH SUHFLSLWDWLRE®RLS, &K (
DLF

IJHLVHQ 0 $QDO\WH FKLPLTXH GHV LQFOXVLRQV IOXLG

06 HW DSSOLFDWLRQV JpRFKLPLTXHV 8QLYHUVLWp GH .

/JHLVHQ 0 %RLURQ 0 & 5LFKDUG $ 'XEHVV\ - '|
FRQFHQWUDWLRQV LQ LQGLYLGXDO IOXLG LQFOXVLRQV

,&306 DQDO\WLY LPSOLFDWLRQV IRU WKH RULJLQ RI VL
Y + +

/IHYLQVRQ $ $ D+ WBHIRYFHIQ3) DIJHQW LQ VRPH XUDQLXP
-RXUQDO RI (DUWK 6FLHQFHV YsRL QR HS +

ILIJHU ( &KDUOHW / DQG 9DQ &DSSHOOHQ 3 6 X
UHGXFWLRQ E\ LURQ ,, *HRFKLPLFD HW &RSVPRFKLPLFI
GRL 6

/ILQ/ + +DOGLSSPDQQ-3LSDIBIG$S 6KHUZRRG /ROODU % '
S5RWKPHO 5 ' GRVHMUKUL®J OLVOR&ZDFNDQG 2QVWRWW

D 5DGLROMLMWLWKH FRQWLQHQWDO FUXVW QXFOHDU
PLFURELDO FRIFRPKMIPUVMAW\ *HRSK\VLFW *HRV\VWHPV |



ILQ + 60DWHU 6KHUZRRG /ROODU % IDFUDPSH &R XORXP
E 7KH \LHOG DQG LVRWRSLF FRPSRWHQMRICD & RAUDHILR (
WKH GHHS VXEVXUHBFHKLPL RA/FRS\KRRFHKLB $£WD

/ILX : %RUJ 6 - 7HVWHPDOH ' (WVFKPDQQ % +D]HPI
6SHFLDWLRQ DQG WKHUPRG\QDPLF SURSHUWLHV IRU FRE
IOXLGV DW 2+ & DQAWXEBD® VIXG\ *&$ Y S

IXGZLJ .5 *UDXFK 5, 1XWW & - 1DVK -7 )ULVKPDQ

$JH RI XUDQLXP PLQHUDOL]DWLRQ DW WKH -DELOXN
7THUULWRU\ $XVWUDOLD QHZ 8 3E LVRWRSH HYLGHQFF
* GRL JVHFRQJHR

oObbv 5 16 6U LVRWRSH FRQVWUDLQWY RQ WKH DJ
XUDQLXP GHSRVLWY LQ WKH $OOLJDWRU 5LYHUV XUDQ
(FRQRPLF *HRORJ\ Y AR S IFVHFRQJHR

ODR 6 '‘XDQ = 7KH 397 SURSHUWLHV RI DTXHRX\
WHPSHUDWXUHYVY DQG SUHVVXUHV -RXUQDO RIz&KHPLF

OF&ROORP 7 O IDERUDWRU\ VLPXODWLRQ RI DELRWL
GHHS VXEYXKWUUBEWM LQ OLQHUDORJYD@EG *HRFKHPLVWU\

OF&ROORP 7 O DQG %DFK : TKHUPRG\QDPLF FRQVW
GXULQJ VHUSHQWLQL]DWLRQ RI XOWUDPDILF URFNV *H
QR St GRL M JFD

OF&ROORP 7 0 DQG 6HHZDOG - 6 $ UHDVVHVVPHQW
GLVVROYHG &2 WR K\GURFDUERQV GXULQJ VHUSHQWI
&RVPRFKLPLFD $FWD Y QR GRLS +6

OHUFDGLHU - &XQH\ 0 /DFK 3 %RLURQ 0 & %RQKRXL
.LVWHU 3 2ULJLQ RI XUDQLXP GHSRVLWV UHYHI
VLIQDWXUH /HUUD 1RYD Y AR S M =

[

OLQ 0 = /XR ;= ODR 6 |/ DK B DEDHR N D Q VR\L XM xQ L X
6BRXWK &KHQIHROY 5H8Y *

IDNDVKLPD 6 ‘'LvQDU - 5 DQG 3HUUXFKRW $ 3UH
VHGLPHQWDU\ RUJDQLF PDWWHU XQGHU GLDIJHQHWLF L
*HRORJ\ Y QR GRL = JVHFRQJHR

1HZYLOOH 0 )()),7 LQWHUDFWLYH ;$)6 DQDO\VLV I
6\QFKURWURQ 5DGLDWLRQ Y QR 3W S +



1JX\HQ 7UXQJ & %HJIXQ *0 DQG 3DOPHU '$ $TXH
5DPDQ VSHFWURVFRSLF VWXG\ RI WKH FRPSOH[ IRUPD
ZLWK D YDULHW\ RI LQRUJDQLF DQG RUJDQLF OLJDQGV

* GRL LF D
1JX\HQ 7UXQJ & S3DOPHU ' $ %WHJIXQ * 0 SHLITHUW &
$TXHRXV 8UDQ\O &RPSOH[HV SDPDQ 6SHFWURVFRSL
8UDQ\O 9, LQ 6ROXWLRQV R TULIOXRURPHWKD
THWUDPHWK\ODPPRQLXP +\GUR[LGH DW f& DQG
&KHPLVWU\ Y QR GRILS + 8

1\PDQ@ B5RGULJXH] 0 $ DQG &DPISOWHPEO) Rl $ONDOL 8l
3HUR[LGH &ORWWHRKWHB Y *

29/RXJKOLQ (- .HOO\ 6' &RRN 5 ( &VHQFVLWV 5 DQ
RI 8UDQLXP 9, E\ OL[HG ,URQ ,, ,URRVWRWROGWRRGHI
82 1DQRSDUWLFOHV (QYLURQPHQWDO 6FLHQFH 7HFK
GRL HV

SDFTXHW $ DQG :HEHU ) SHWURJUDSK\ DQG PLQHUL
&LJDU /DNH GHSRVLW DQG WKHLU UHODWLRQ WR
KWWS LQLV LDHD RUJ 6HDUFK VHDUFK DVS["RULJBT 51

Q@

3DJHO 0 &DYHOOHF 6 )JRUEHV 3 *HUEDXG 2 9HUJHO

BUDQLXP GHSRVLWV LQ LWKHR $3B0 LW [DQUGH D6 LG UIHLL Q

HGV OLQHUDO 'HSRVLW 5HVHDUFK OHHWLQJ WKH *C
+HLGHOEHUJ S +

3DJHO O SRW\ % DQG 6KHSSDUG 6 0) &RQWULE
XUDQLXP GHSRVLWV PDLQO\ IURP IOXLG LQFOXVLRQ
KWWS LQLV LDHD RUJ 6HDUFK VHDUFK DVS["RULJBT 51

@
3RNURYVNL *6 B5RX[ - )HUODW * -RQFKLqQUH 5 6F
+D]HPDQQ - / 6LYHU LQ VDOLQH K\GURWKHUPE

DEVRUSWLRQ VSHFWURVFRS\ DQG ILUVW SULQFLSOHYV

SRNURYVNL * 6 5RX[ - +DJ]HPDQQ -/ <X %RULVRYD
0 3 ,Q VLWX ; Ub\ DEVRUSWLRQ VSHFWURVFRS\
IUDFWLRQDWLRQ RI DQWLPRQ\ DW K\GURWKHUPDO FRQ
S

SRNURYVNL * 6 7TDIJLURY % 5 6FKRWW - %D]DUNLQD (

D $Q LQ VLWX ; UD\ DEVRUSWLRQ VSHFWURVFRS\ VW
K\GURWKHUPDO I10XLGYV &KHPLFDO *HRORK\GRYL
M FKHPJHR



SRNURYVNL * 6 7TDIJLURY % 5 6FKRWW - +D]HPDQQ -
YLHZ RQ JROG VSHFLDWLRQ LQ VXOIXU EHDULQJ K\GU
DEVRUSWLRQ VSHFWURVFRS\ DQG TXDQWXP FKHPLF
&RVPRFKLPLFD $FWD Y QR S M J¥D GR

SRWWHU - 5DQNLQ $ + DQG 7TUHORDWRSVFK V\Q WKL
K\GURFDUERQV LQ DONDOLQH LIQHRXV URFNV IOXLG L
I[IURP WKH /RYR]JHUR FRPSOH[ 1 : 5XV\WLD #LVWRRV Y

M OLWKRYV

SRWWHU - 6DOYL 6 DQG /RQJIJVWDIIH ) - $ELRJHQL
JUDQLWLF URFNV ,GHQWLI\LQJ SDWKZD\\ RI ERUPDWLI
GRL M OLWKRYV

BULYDORY 7 B6FKLPPHOSIHQQLJ % :DKOJUHQ 8 DQG
8UDQ\O 9, E\ ,URQ ,x$QQ$BRQXWLRQBWXG\ 7KH -RXUQI

&KHPLVWU\ $ Y QRGRLS + MS H

BURVNXURZVNL * /LOOH\ O0' 6HHZDOG -6 )U*K *UHHQ
6\OYD 63 DQG .HOOH\ ' 6 $ELRJHQLF +\GURFDU
+\GURWKHUPDO )LHOG 6FLHQFH Y @mRL

VFLHQFH

3URX[ 2 %LTXDUG ; /DKHUD ( OHQWKRQQH[ - - 3L
7UpYLVVRQ 3 .DSRXM\DQ * 3HUURX[ * 7DXQLHU
'HOHJOLVH 0 HW DO )$0( D QHZ EHDPOLQH IRU |
RI YHU\ GLOXWHG V\VWHPV Rl HQYLURQPHQWDO PDWF
6FULSWD Y QR 7 S GRL 3K\VLFD 7RSL

AXLUW +RVW URFN DOWHUDWLRQ DW (DJOH 3RLQW

65& SXEOLFDWLRQ 1R S

SDITHQVSHUJHU - 3 DQG *DUYHQ * 7KH IRUPDWLRQ
GHSRVLWYV &RXSOHG K\GURFKHPLFDO PRGHOLQJ $PH

+

S5DPDHNHUV 5HYLVHG JHRORJLFDO PDS DQG VWUDW
6DVNDWFKHZDQ @OROBEHDWB 8UDQLXP H[SORUDWLRQ
BURWHUR]JRLF $WKDEDVFD %DVLQ 6DVNDWFKHZDQ DQG
* '"HODQH\

5DYHO % DQG 1HZYLOOH 0 $7+(1$ $57(0,6 +(3+$(67
: UD\ DEVRUSWLRQ VSHFWURVFRS\ XVLQJ ,)()),7 -RXUQ
QR 3W S GR%t 6

5LFKDUG $ %RXOYDLV 3 OHUFDGLHU - %RLURQ O &
JUDQFH /DQRUG & D )URP HYDSRUDWHG VHDZDWHI
,VRWRSLF DQG WUDFH HGRPRE®WWWHWXHLQR/I TX DNJKN] £ W K
*HRFKLPLFD HW &RVPRFKLPLFD $FWD Y S + GRI



5LFKDUG $ &DX]LG - &DWKHOLQHDX 0 %RLURQ 0 & (
6\QFKURWURQ :;5) DQG ;$1(6 LQYHVWLJDWLRQ RI XUD:
GLVWULEXWLRQ LQ IOXLG LQFOXVLRQV IURP XQFRQ

*HRIOXLGV Y QR GRIS + JIO

5LFKDUG $ 3HWWNH 7 &DWKHOLQHDX 0 %RLURQ O
'HURPH URBNQMHMWHUDFWLRQ LQ WKH $WKDEDVED
8 GHSRVLW &DQDGD FRQVHTXHQFHV IRU IOXLG FKHI
1RYD Y QR SRL M [

5LFKDUG $ 5R]V\SDO & OHUFDGLHU - %DQNV '$ &
&DWKHOLQHDX 0 *LDQW XUDQLXP GHSRVLWV IRU

ULFK DFLGLF EULQHV 1DWXUH *HRGRLHQFH YQJHRR

SLFENDUG .LQHWLFV RI S\ ULWH IRUPDWLRQ E\ WKH +
LQ DTXHRXV VROXWLRQ EHWZHHQ DQG&RVP&KRFWKM UD
$ F WD S+

5R]V\SDO & (WXGH H[SPULPHQWDOH HW PRGpOLVDYV
FRQFHQWUDWLRQ HQ 1D&0 GX V\VWgqPH WHUQDLUH 8 9
GH YDSHXU VDWXUDQWH 1DQF\ S

6@YL 6 DQG :LOOLDPV -RQHV 8 ( JLVFKHU 7URSVEFEK
VXE VROLGXV DOWHUDWLRQ RI WKH 6WUDQJH /DNH S
&DQDGD *HRFKLPLFD HW &RVPRFKLPLFD $F®ML Y
6

6DOYL 6 DQG :LOOLDPV -RQHV $PLQHUDO$®WWUR @ LIRIG +K
IRUPDWLRQ LQ SHUDONDOLQH V\WWHPV LQVLJKWV IUF
JLWKRV SY #

6DQJpO\ / &KDXVVLGRQ O OLFKHOV 5 %WURXDQG O & X
3 OLFURPHWHU VFDOH FDUERQ LVRWRSLF VWX
$WKDEDVFD XUDQLXP GHSRVLWV &RQVWUDLQWYV RQ W
VRXUFH URFNV DQG WKH DELRJHQLF RULJLQ K\SRWKHVI
Y QR S + GRL M HSVO

6FRWW 7 % $OOHQ * & +HDUG 3 - DQG 5DQGHOO 0 *
RQ WKH VXUIDFH RI PDJQHWLWH *HRFKLPLFD HW &RV
+ GRL M JFD

BH\IULHG -U : ( )JRXVWRXNRV ', DQG )X 4 5HGR]
GXULQJ VHUSHQWLQL]DWLRQ $Q H[SHULPHBIMD @LDWKG W
LPSOLFDWLRQV IRU XOWUDPDILF KRVWHG K\GURWKHU
*HRFKLPLFD HW &RVPRFKLPLFD $FWD Y GRLQR

M JFD

6KDQQRQ 5 ' 5HYLVHG HIIHFWLYH LRQLF UDGLL DQGC
GLVWDQPHEHW IKPG FKDOFRJHQLGHV $FWD &U\WWDOOR
S ot GRL 6



6KHUZRRG /ROODU % )UDSH 6 . :HLVH 60 )ULW] 3
$ELRJHQLF PHWKDQRJHQHVLYV LQ FU\WWDOOLQH UF
$FWD Y QR + $HRL =

6KHUZRRG /ROODU % /DFUDPSH &RXORXPH * G6ODWHU *
70 /LQ / + DQG 2QVWRWW 7 & 8QUDYHOOLQJ
RI PHWKDQH LQ WKH (DUWKYV GHHS VXEVXUIDSH &KH

+ GRL M FKHPJHR

6KHUZRRG /ROODU % 6 /DFUDPSH &RXORXPH * 9RJOHVR
DQG 60ODWHU * ) , VRW PRYUGF KLIKQHDW KUFHMRRD EERQ
SUHFDPEULDQ 6KLHOG VLWHV $ PRGHO IRU DELRJHQL
*HRFKLPLFD HW &RVPRFKLPLFD $FWD Y GRLQR

M JFD
KHUZRRG /ROODU % :HVWJDWH 7' :DUG -$ 6O0ODWHU
$ELRJHQLF IRUPDWLRQ RI DONDQHV LQ WKH (DUWK:
K\GURFDUERQ UHVHUYRLUV 1DWXUGR LY QR D S
6KRFN / +HOJHMVRQ DQG 6YHUMHQVN\ ' $ &DOF

WKHUPRG\QDPLF DQG WUDQVSRUW SURSHUWLHV RI DT
WHPSHUDWXUHYVY 6WDQGDUG SDUWLDO PRODO SURSHUYV
&RVPRFKLPY $BWD %

6LEEDOG 7 , , *HRORJ\ DQG JHQHVLV RI WKH $WKDI
6XPPDU\ RI ,QYHVWLJDWLRQV 6DVNDWFKHZDQ *H
(QHUJ\ DQG OLQHV OLVFHOODQHRXV 5HSRUW Y S

6LPRQHW 9 &DO]DYD < +D]HPDQQ -/ $UJRXG 5 *HEL
BWUXFWXUH RI DTXRRXWLERQ»SUREHG E\ [ UD\ DEVRUS
QRUPDO DQG K\GURWKHUPDO FRQGLWLRQV -RXUQDO F

6NLUURZ 5 * DQG $XVWUDOLD * BUDQLXP PLQHUDC
FULWHULD DQG D QHZ GHSRVLW IUDPHZRUN *HRVFLHQF

6PLWK 1 -3 6KHSKHUGD®G :L6AWDBIRY +\GURJHQ H[SORUD
DUHYLHZ RI JOREDO K\GURJHQ DFFXPXODWLRQV DQG L|
1: (XURSH ,Q 3HWUROHXP *HRORJ\ 1RUWK :HVW (XURSE
3URFHHGLQJV RI WKH WK 3HWUROHXP *HRORJ\ FRQIH
9LQLQJ +S

6RGHUKROP / 6NDQWKDNXPDU 6 DQG :LOVRQ 5 (
EHWZHHQ 8UDQ\O &KORULGH &RPSOH[HV LQ 6ROXWLRQ

-RXUQDO RI 3K\WLFDO &KHPLVWU\ $ Y GRIQR
MS W
6SLUDNLV & 6 *HQHVLVY RI WKH WDEXODU W\SH YDQC

%DVLQ 8WDK GLVFXVVLRQ (FRQRPLF *HRORKRL Y
JVHFRQJHR



6SLUDNLV & 6 7KH SRVVLEOH UROH RI VXOIDWH UH
K\GURWKHUPDO XUDQLXP GHSRVLWYV 8QLWHG 6WDWHYV

7DIJLURYS =RWRY $ 9 DQG $NLESHUHPHQWIDO VWXG\ RI GL\
+&0 IURP WR f& DQG IURP WR EDUV 7KHU|
+&0O0f PHRFKLP &RVPRKKLPS $EWD

7DUDQ < $ 9DUOH\ 1 5 ,QIJXDJJLDWR 6 DQG &LHQIXHJ!
DQG &##QULFKHG K\GURWKHUPDO IOXLGV RI 6RFRUUR ,V
OH[LFR (YLGHQFH IRU VHUSHQWLQL]DWLRQ DQG DELRJI

S = GRL M [
7D\ORU - & 7KH VWRIWPFW X XM DRQ\W KHGUR[LGH $FWD &
BHFWLRQ % 6WUXFWXUDO &U\WWDOORJUDSK\ DXQG &U\V
GRL 6 :
7D\ORU - & DQG :LOVRQ 3 : 1IHXWURQ DQG ; UD\ SR

VWUXFWXUH RI XUDQLXP KH[DFKORULGH $FWD &U\VYV
&U\WVWDOORJUDSK\ DQG &U\WWDO &KHPLVWUGRLY
6

7D\ORU - & DQG :LOVRQ 3 : 7TKH VWUXFWXUH RI DQ
QHXWURQ GLIIUDFWLRQ $FWD &U\WVWDOORJUDSKLFD 6F
&U\WVWDO &KHPLVWU\ Y GRR S 6 +

7HVWHPDOH ' $UJRXG 5 *HD\PRQG 2 DQG +D]JHPDQQ
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SpVXPp

/IHV FLUFXODWLRQV GH VDXPXUHV FKORUXUpHV DFLGHV G
SOXVLHXUV W\SHV GH JLVHPHQWY GI{XUDQLXP GRQW OHV .
VRQW GHV JLVHPHQWY JpDQWYV SDU OHXU WRQQDJH HW OH:
VXU OHV SURFHVVXV GH WUDQVSRUW HW GH GpS{W GH OfX
HVW GRQF GpGLpH j GHV pWXGHV H[SpPULPHQWDOHY GH OD
XUDQLQLWH SDU UpGXFWLRQ HQ 8 ,9 HQ FRQGLWLRQ K\G
OfXUDQLXP OfpWXGH GH OD VSpFLDWLRQ GH 0f8 9, GDQ
UpDOLVpH SDU VSHFWURVFRSLH 5DPDQ HW GIfDEVRUSWLRQ
SOXVLHXUV FRPSOH[HV G&®9D®\OH FKGROQW PPHEWDLQHYV F
FRPSOH[DWLRQ VRQW SURSRVpHV $LQVL OD FDSDFLWp GH
OD IRUWH FDSDFLWp GH WUDQVSRUW HQ 8 9, SDU OHV
QpFHVVDLUH j OD IRUPDWLRQ GH JLVHPHQWYVY GH IRUW W]
FLQPWLTXHV GH UpGXFWLRQ G&# OMS, 9, HWQ&S8JIBD SKOLW H VRQ
HW SDUDPpWUpHV HQ IRQFWLRQ GH OD WHPSpUDWXUH GH
UpGXFWH&AHW OH & JUDSKLWH VRQW rWUH WUQV HIILFDFHV
GH OfpSLVRGH PLQPUDOLVDWHXU QTHVW GRQF SDV FRQWU
OD FRQFHQWUDWLRQ HQ 8 GDQV OHV IOXLGHV WUDQVSRUW
UpGXFWHXUV /H FDUDFWQqUH PRELOH GHV JD] UpGXFWHXL
PDVVLYHV HW IRFDOLVpHV REVHUYpHV GDQV FHV JLVHPH
XUDQLQLWH IOXLGH GYpOpPHQWY HQ WUDFHV GRQW FHUWI
SHUVSHFWLYHV TXDQW j L OD FRPSUpKHQVLRQ GH OD VLJ
W\SH GH JLVHPHQW GYXUDQLXP HW LL OD FRPSRVLWLRQ
XUDQLIqQUHV

ORWY FOpPVHPHQWY GIXUDQLXP W\SH GLVFRUGDQFH VSpt
GIXUDQ\OH FKORUXUpV FLQpWLTXH GH UpGXFWLRQ IUDFW



	SOMMAIRE

