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5HFHQWO\� ZH UHSRUWHG WKDW WKH VSHFLILF UDWHV IRU WKH VROYRO�

\VHV RI DON\O FKORURIRUPDWH �52&2&O� 5 &+��� &+�&+���

&�+��� &��+����
��� FDQ EH YHU\ ZHOO FRUUHODWHG XVLQJ WKH H[�

WHQGHG *UXQZDOG�:LQVWHLQ HTXDWLRQ >HT� ���@����

/HLPX� VKRZHG D VSHFLILF UDWH RUGHU RI 0H ! (W ! L�3U IRU

PHWKDQRO\VLV RI DON\O FKORURIRUPDWH� ZKLFK LV FRQVLVWHQW ZLWK

D ELPROHFXODU UHDFWLRQ LQ ZKLFK ERQG IRUPDWLRQ WR WKH DWWDFN�

LQJ QXFOHRSKLOH LV WKH GRPLQDQW DVSHFW� &UXQGHQ DQG+XGVRQ��

IRXQG D VSHFLILF UDWH RUGHU RI 0H ! (W � L�3U LQ ��� DTXHRXV

DFHWRQH DQG D VSHFLILF UDWH RUGHU RI 0H � (W �� L�3U LQ PRLVW

IRUPLF DFLG� 7KH\ FRQFOXGHG WKDW WKH LVRSURS\O FKORURIRU�

PDWH UHDFWHG E\ D GRPLQDQW XQLPROHFXODU PHFKDQLVP LQ ERWK

VROYHQWV� DQG HWK\O FKORURIRUPDWH E\ D ELPROHFXODU PHFKD�

QLVP LQ WKH DTXHRXV DFHWRQH DQG E\ D XQLPROHFXODU PHFKD�

QLVP LQ WKH PRLVW IRUPLF DFLG� 2UORY�� VWXGLHG WKH HWKDQRO\�

VLV RI D VHULHV RI KDORJHQRIRUPDWHV� LQFOXGLQJ LVRSURS\O FKORUR�

IRUPDWH� DQG FRQFOXGHG WKDW WKH\ DOO UHDFWHG E\ D ELPROHFX�

ODU PHFKDQLVP� LQYROYLQJ UDWH�GHWHUPLQLQJ DGGLWLRQ RI WKH

QXFOHRSKLOH ZLWKLQ DQ DGGLWLRQ�HOLPLQDWLRQ VHTXHQFH� (YLGHQFH

WKDW WKLV DGGLWLRQ�HOLPLQDWLRQ SDWKZD\ RIWHQ RSHUDWHV IRU WKH

VROYRO\VHV RI KDORIRUPDWH HVWHUV LQFOXGHV &O�) OHDYLQJ�JURXS

HIIHFWV RI FORVH WR XQLW\ RU ORZHU���E��� FRQVLVWHQW ZLWK WKH

DGGLWLRQ VWHS EHLQJ UDWH GHWHUPLQLQJ� DQG DOVR WKH UHODWLYHO\

KLJK N+�2�N'�2 VROYHQW LVRWRSH HIIHFWV DQG WKH ODUJH QHJDWLYH

YDOXHV IRU WKH HQWURSLHV RI DFWLYDWLRQ������4XHHQ�� SURSRVHG

D XQLPROHFXODU PHFKDQLVP IRU K\GURO\VLV RI LVRSURS\O FKOR�

URIRUPDWH RQ WKH EDVLV RI D SRVLWLYH HQWURS\ RI DFWLYDWLRQ DQG

D ORZ VROYHQW LVRWRSH HIIHFW� 7KH WHUWLDU\ ��DGDPDQW\O FKORUR�

IRUPDWH� VROYRO\]HV E\ D XQLPROHFXODU SDWKZD\ RYHU WKH IXOO

UDQJH RI VROYHQW FRPSRVLWLRQV VWXGLHG� ZKLFK DOVR LQYROYHV

ORVV RI FDUERQ GLR[LGH�

,Q WKH SUHVHQW VWXG\� ZH UHSRUW FRQFHUQLQJ WKH DSSOLFDWLRQ

RI HT� ��� WR WKH VROYRO\VHV RI VHFRQGDU\ LVRSURS\O FKORURIRU�

PDWH LQ D ZLGH UDQJH RI VROYHQW W\SH� DQG DOVR FRQVLGHU WKH

VSHFLILF UDWHV IRU WKH VROYRO\VHV RI SULPDU\� VHFRQGDU\ DQG

WHUWLDU\ DON\O FKORURIRUPDWH LQ WHUPV RI WKH H[WHQGHG *UXQ�

ZDOG�:LQVWHLQ HTXDWLRQ� ,Q SDUWLFXODU� ZH ZLVK WR VHH ZKHWKHU

WKHUH LV HYLGHQFH IURP DSSOLFDWLRQ RI HT� ��� IRU D FKDQJH LQ

PHFKDQLVP LQ WKH PRUH DQG�RU ZHDNO\ QXFOHRSKLOLF VROYHQWV�

7KLV LV WKH ILUVW WLPH WKDW WKLV HTXDWLRQ >HT� ���@ KDV EHHQ XVHG

DV D WRRO LQ VWXGLHV RI LVRSURS\O FKORURIRUPDWH VROYRO\VLV�

5HVXOWV DQG 'LVFXVVLRQ

7KH VSHFLILF UDWH FRQVWDQWV RI LVRSURS\O FKORURIRUPDWH PHD�

VXUHG DW ���� R& DUH UHSRUWHG LQ 7DEOH �� WRJHWKHU ZLWK WKH 17

DQG <&O YDOXHV�

$Q DQDO\VLV RI WKH �� VSHFLILF UDWHV RI 7DEOH � JLYHV� LQ

WHUPV RI WKH VLPSOH *UXQZDOG�:LQVWHLQ HTXDWLRQ >HT� ���

ZLWKRXW WKH O17 WHUP@� YDOXHV RI ���� � ���� IRU P� ����� �

���� IRU F� ����� IRU WKH FRUUHODWLRQ FRHIILFLHQW� DQG ��� IRU

WKH )�WHVW YDOXH� $ SRRU YDOXH ZDV REWDLQHG IRU WKH FRUUHOD�

WLRQ FRHIILFLHQW� &OHDUO\� WKLV HTXDWLRQ GRHV QRW FRUUHODWH WKH

GDWD� $JDLQ� WKH FRUUHODWLRQ LV FRQVLGHUDEO\ LPSURYHG E\ WKH

XVH RI WKH IXOO HT� ���� ZLWK YDOXHV RI ���� � ���� IRU O� ���� �
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GHYLDWLRQV� RI LVRSURS\O FKORURIRUPDWHD LQ SXUH DQG DTXHRXV
VROYHQWV DW ���� R& WRJHWKHU ZLWK WKH DSSURSULDWH 17 DQG <&OYDOXHV
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���� IRU P� ���� � ���� IRU F� ����� IRU WKH FRUUHODWLRQ FRHIIL�

FLHQW� DQG �� IRU WKH )�WHVW YDOXH� 7KH FRUUHODWLRQ FRHIILFLHQW

LV VWLOO UDWKHU SRRU DW ����� DQG WKH )�WHVW YDOXH LV ���

,QVSHFWLRQ RI WKH GDWD VKRZHG FRQVLGHUDEOH GHYLDWLRQ IRU

WKH PRUH QXFOHRSKLOLF DQG OHVV LRQL]LQJ VROYHQWV �HWKDQRO�

��� HWKDQRO� PHWKDQRO� DQG ��� PHWKDQRO�� $ FRQVLGHUDEO\

LPSURYHG FRUUHODWLRQ �)LJXUH �� UHVXOWV LQ ZKHQ WKHVH IRXU

GDWD SRLQWV DUH RPLWWHG DQG YDOXHV DUH REWDLQHG IRU �� VRO�

YHQWV RI ���� � ���� IRU O� ���� � ���� IRU P� ����� � ���� IRU

F� ����� IRU WKH FRUUHODWLRQ FRHIILFLHQW� DQG ��� IRU WKH )�WHVW

YDOXH� 7KHVH O DQG P YDOXHV DUH VLPLODU WR WKRVH REWDLQHG WR

UHIOHFW WKH LRQL]DWLRQ SDWKZD\ ZLWKLQ WKH DQDO\VHV RI WKH VRO�

YRO\VHV RI HWK\O FKORURIRUPDWH� HWK\O FKORURWKLRIRUPDWH� DQG

��DGDPDQW\O FKORURIRUPDWH �7DEOH ������ ZKHUH ERQG EUHDN�

LQJ �P�YDOXH� LV PRUH SURJUHVVHG WKDQ ERQG PDNLQJ �O�YDOXH��

$OVR� WKH YDOXHV RI WKH HQWKDOS\ DQG HQWURS\ RI DFWLYDWLRQ

IRU WKH PHWKDQRO\VLV RI LVRSURS\O FKORURIRUPDWH PHDVXUHG�

DV DQ H[DPSOH RI WKH IRXU H[FXOGHG VROYHQWV �HWKDQRO� ���

HWKDQRO� PHWKDQRO� DQG ��� PHWKDQRO�� DUH �� N- ± PROH−� DQG

���� - ± PROH−�.−�� UHVSHFWLYHO\� 7KHVH YDOXHV DUH FRQVLVWHQW

ZLWK WKH ILQGLQJ E\ 2UORY�� RI VLPLODU DFWLYDWLRQ SDUDPHWHUV

IRU WKH HWKDQRO\VHV RI PHWK\O FKORURIRUPDWH� HWK\O FKORURIRU�

PDWH� LVRSURS\O FKORURIRUPDWH� DQG HWK\O FKORURWKLRIRUPDWH�

ZLWK D YHU\ QHJDWLYH HQWURS\ RI DFWLYDWLRQ� 3UHVXPDEO\ WKH

ELPROHFXODU DGGLWLRQ�HOLPLQDWLRQ SDWKZD\ LV GRPLQDQW LQ WKH

IRXU H[FOXGHG VROYHQWV� 2QH YHU\ FRPSHOOLQJ W\SH RI HYLGHQFH

IRU D UDWH GHWHUPLQLQJ DGGLWLRQ� ZLWKLQ DQ DGGLWLRQ�HOLPLQD�

WLRQ SDWKZD\� LQYROYHV D VWXG\ RI FKORULQH�IOXRULQH OHDYLQJ�

JURXS HIIHFWV� :KHQ WKH FDUERQ�KDORJHQ ERQG LV EURNHQ LQ D

QXFOHRSKLOLF GLVSODFHPHQW UHDFWLRQ� WKH FKORUR�GHULYDWLYH UHDFWV

DSSUHFLDEO\ IDVWHU WKDQ WKH WKH IOXRUR�GHULYDWLYH� DV PXFK DV

��� WR ��� WLPHV IDVWHU IRU D XQLPROHFXODU LRQL]DWLRQ����� DQG

VRPH ��� WR ��� WLPHV IDVWHU LQ FRQFHUWHG ELPROHFXODU GLV�

SODFHPHQWV DW D VDWXUDWHG FDUERQ��� 7KH SUHYLRXV REVHU�

YDWLRQV��E��� WKDW� ZKHQ D ELPROHFXODU DWWDFN DW DQ DF\O FDU�

ERQ LV RSHUDWLYH� IOXRURIRUPDWH DQG FKORURIRUPDWH HVWHUV VRO�

YRO\]H DW YHU\ VLPLODU UDWHV� IUHTXHQWO\ ZLWK WKH IOXRURIRUPDWH

HVWHU WKH IDVWHU� KDYH EHHQ XQLIRUPO\ UDWLRQDOL]HG LQ WHUPV RI

WKH DGGLWLRQ VWHS RI DQ DGGLWLRQ�HOLPLQDWLRQ PHFKDQLVP EHLQJ

UDWH GHWHUPLQLQJ�

6ROYHQW LVRWRSH HIIHFWV �N+�2�N'�2�� ZKLFK KDYH EHHQ PHD�

VXUHG� LQFOXGH YDOXHV IRU DU\O FKORURIRUPDWHV RI ��������� LQ

��� DFHWRQH�� DQG ��������� IRU PHWK\O� HWK\O� DQG SKHQ\O

FKORURIRUPDWH LQ SXUH ZDWHU������7KHVH YDOXHV DUH ZLWKLQ WKH

UDQJH SUHGLFWHG IRU D ELPROHFXODU VROYRO\VLV ZKLFK LV FRP�

SDQLHG E\ JHQHUDO�EDVH FDWDO\VLV��������� %XW WKH YDOXH IRU LVR�

SURS\O FKORURIRUPDWH VKRZHG D VPDOOHU VROYHQW LVRWRSH HIIHFW

�N+�2�N'�2 ������
�� 7KLV LV VLPLODU WR D VPDOO VROYHQW LVRWRSH

HIIHFW YDOXH IRU WKH XQLPROHFXODU SDWKZD\ RI GLSKHQ\O FKOR�

URPHWKDQH���

7KH FRUUHODWLRQ DQDO\VHV RI WKH VSHFLILF UDWHV IRU WKH VRO�

YRO\VHV RI SULPDU\� VHFRQGDU\ DQG WHUWLDU\ DON\O FKORURIRU�

PDWH HVWHUV DUH VXPPHUL]HG LQ 7DEOH ��

)URP WKH O DQG P YDOXHV SUHVHQWHG LQ 7DEOH �� WKH VROYRO\�

VHV RI SKHQ\O�D DQG PHWK\O� FKORURIRUPDWHV DUH LQGLFDWHG WR

SURFHHG E\ D ELPROHFXODU DGGLWLRQ�HOLPLQDWLRQ LQ DOO WKH VRO�

YHQWV VWXGLHG� ,Q HWK\O FKORURIRUPDWH VROYRO\VLV��E DQ DGGL�

)LJXUH �� 7KH SORW RI ORJ�N�N�� IRU VROYRO\VHV RI LVRSURS\O
FKORURIRUPDWH DW ���� R& DJDLQVW �����17�����<&O�� �2PLVVLRQ�
(W2+� ��� (W2+� 0H2+� DQG ��� 0H2+��

7DEOH �� &RUUHODWLRQ RI WKH VSHFLILF UDWH FRQVWDQWV RI WKH VROYRO\VHV RI PHWK\O� HWK\O� LVRSURS\O� SKHQ\O� DQG ��DGDPDQW\O FKORURIRUPDWHV DQG
HWK\O FKORURWKLRIRUPDWH XVLQJ WKH H[WHQGHG *UXQZDOG�:LQVWHLQ HTXDWLRQ
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L�3U2&2&O , ��N ���� ���� � ���� ���� � ���� ����� � ���� ����� ���

��$G2&2&O , ��O a� a� ���� � ���� ���� � ���� ����� ��

D7KH WZR UHDFWLRQ FKDQQHOV DUH GHVLJQDWHG DV DGGLWLRQ�HOLPLQDWLRQ �$�(� DQG LRQL]DWLRQ�,�� E1XPEHU RI VROYHQW V\VWHPV LQFOXGHG LQ WKH FRUUHODWLRQ�
F8VLQJ HT� �� ZLWK VWDQGDUG HUURUV IRU O DQG P YDOXHV DQG ZLWK WKH VWDQGDUG HUURU RI WKH HVWLPDWH DFFRPSDQ\LQJ WKH F YDOXH� G&RUUHODWLRQ FRHIILFLHQW� H)�
WHVW YDOXH� I$OO VROYHQW V\VWHPV �UHI� �D�� J7KH �� VROYHQW V\VWHPV VWXGLHG� ZLWK RPLVVLRQ RI ��� +),3� DQG ���� +&2�+ �UHI� ��� K7KH VROYHQW V\VWHPV
GLYLGHG LQWR +&2�+� ���� DQG ��� 7)( DQG ������� +),3 �Q �� DQG WKH UHPDLQGHU �Q ���� �UHI� �E�� L/DUJH QHJDWLYH YDOXH IRU F EHFDXVH WKH
H[SHULPHQWDO N� YDOXH LV QRW IRU WKLV UHDFWLRQ FKDQQHO�

M7KH �� VROYHQWV V\VWHPV VWXGLHG� ZLWK RPLVVLRQ RI (W2+� ��� (W2+� DQG 0H2+ �UHI� �E�� N7KH
�� VROYHQWV V\VWHPV VWXGLHG� ZLWK RPLVVLRQ RI (W2+� ��� (W2+� 0H2+� DQG ��� 0H2+� O8VLQJ WKH VLPSOH *UXQZDOG�:LQVWHLQ HTXDWLRQ �UHI� ���
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WLRQ�HOLPLQDWLRQ SDWKZD\ GRPLQDWHV� DQG RQO\ LQ WKH PRUH

LRQL]LQJ DQG OHVV QXFOHRSKLOLF VROYHQWV GRHV WKH SULQFLSDO

UHDFWLRQ SDWKZD\ LQYROYH LRQL]DWLRQ� )RU LVRSURS\O FKORUR�

IRUPDWH� WKH LRQL]DWLRQ SDWKZD\ LV GRPLQDQW IRU WKH PDMRULW\

RI VROYHQWV� RQO\ LQ HKWDQRO� ��� HWKDQRO� PHWKDQRO� DQG ���

PHKDQRO LV WKH PDMRU SDWKZD\ ELPROHFXODU� 7KH WHUWLDU\ ��

DGDPDQW\O FKORURIRUPDWH� VROYRO\]HV E\ DQ LRQL]DWLRQ SDWK�

ZD\ RYHU WKH IXOO UDQJH RI VROYHQWV� 7KH FKDUDFWHULVWLFV IRU

WKH VROYRO\VHV RI WKH HWK\O DQG LVRSURS\O FKORURIRUPDWH DUH

LQWHUPHGLDWH EHWZHHQ WKRVH IRU WKH PHWK\O DQG ��DGDPDQW\O

FKORURIRUPDWH�

,Q FRQFOXVLRQ� WKH VSHFLILF UDWHV RI VROYRO\VLV RI LVRSURS\O

FKORURIRUPDWH DUH YHU\ ZHOO FRUUHODWHG E\ WKH H[WHQGHG

*UXQZDOG�:LQVWHLQ HTXDWLRQ RYHU D ZLGH UDQJH RI VROYHQWV�

7KLV VXEVWUDWH SURYLGHV DQ HYLGHQFH IRU WZR FRPSHWLQJ UHDF�

WLRQ FKDQQHOV� 7KH VROYRO\VHV RI LVRSURS\O FKORURIRUPDWH DUH

LQGLFDWHG WR SURFHHG E\ DQ LRQL]LQJ SDWKZD\ LQ DOO EXW WKH

PRUH QXFOHRSKLOLF DQG OHDVW LRQL]LQJ VROYHQWV� ,Q WKH PRUH

QXFOHRSKLOLFLW\�OHDVW LRQL]LQJ FRPELQDWLRQ �HWKDQRO� ��� HWK�

DQRO� PHWKDQRO DQG ��� PHWKDQRO� LV WKHUH HYLGHQFH IRU D

GRPLQDQW DGGLWLRQ�HOLPLQDWLRQ SDWKZD\� 7KLV EHKDYLRXU LV

YHU\ VLPLODU WR WKRVH DQDO\]HG RI WKH VSHFLILF UDWHV IRU VROYRO�

\VHV RI HWK\O FKORURWKLRIRUPDWH RYHU D ZLGH UDQJH RI VRO�

YHQWV�

7KLV VWXG\ LV DEOH WR GLYLGH LQWR WZR UHDFWLRQ FKDQQHOV� ,Q

RQH FKDQQHO� WKH O�P UDWLRV RI ��������� DUH FRQVLGHUHG WR

UHIOHFW WKH RSHUDWLRQ RI DQ DGGLWLRQ HOLPLQDWLRQ SDWKZD\� ,Q

WKH RWKHU FKDQQHO� WKH O�P UDWLRV RI� ���� DUH FRQVLGHUHG DV

EHLQJ D FRQVHTXHQFH RI DQ LRQL]DWLRQ SDWKZD\� $FFRUGLQJO\�

WKHVH YDOXHV �O�P UDWLRV� ZLOO EH YHU\ XVHIXO DV UHIHUHQFH YDO�

XHV LQ H[WHQGHG *UXQZDOG�:LQVWHLQ WUHDWPHQWV RI WKH VROYRO�

\VHV RI RWKHU FKORURIRUPDWH HVWHUV�

([SHULPHQWDO 6HFWLRQ

6ROYHQWV ZHUH SXULILHG DQG WKH NLQHWLF UXQV FDUULHG RXW DV

SUHYLRXVO\ GHVFULEHG�� ,VRSURS\O FKORURIRUPDWH �$OGULFK� ���

0 VROXWLRQ LQ WROXHQH� ZDV XVHG ZLWKRXW IXUWKHU SXULILFDWLRQ�

$OO UXQV ZHUH SHUIRUPHG DW OHDVW LQ GXSOLFDWH� 7KH O DQG P

YDOXHV ZHUH FDOFXODWHG XVLQJ WKH PXOWLSOH UHJUHVVLRQ DQDO\�

VHV�

$FNQRZOHGJPHQW� 7KLV ZRUN ZDV VXSSRUWHG E\ WKH +DQ�

\DQJ 8QLYHUVLW\ PDGH LQ SURJUDP \HDU RI �����
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