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2QH� RI� WKH� WDVNV� LV� WKH� GHYHORSPHQW� RI
;�UD\� PLFURVFRS\� EHLQJ� DQ� LPSRUWDQW� DQD�
O\WLFDO� LQVWUXPHQW� IRU� VWXG\LQJ� ELRORJLFDO
DQG�PHGLFDO� REMHFWV� >����@�� 7KH� HQFRXUDJLQJ
UHVXOWV� LQ� GHYHORSPHQW� RI� LPDJLQJ� V\VWHPV
REWDLQHG�XS�WR�QRZ�DUH�JHQHUDOO\�UHODWHG�WR
WKH� ORQJ�ZDYH� SDUW� RI� WKH� VRIW� ;�UD\V� �O� 
������ ������ ����� QP�� ZKHUH� ;�UD\� PLUURUV
KDYH�WKH�KLJK�UHIOHFWLYLW\��XS�WR�������>�Ü
�@�� 6HYHUDO� DWWHPSWV� WR� PRYH� WKH� LPDJLQJ
IRUZDUG� WR� WKH� VKRUWHU� ZDYHOHQJWK� KDYH
EHHQ� XQGHUWDNHQ� DV� ZHOO� >�@�� EXW� WKH\� DUH
QRW� VR� VXFFHVVIXO�� ,Q� PDQ\� UHVSHFWV�� LW� LV
FDXVHG� E\� GLIILFXOWLHV� LQ� GHYHORSLQJ� KLJK�
SHUIRUPDQFH�;�UD\�PLUURUV�ZLWK�VKRUW�SHUL�
RGV� �OHVV� WKDQ� ���� QP��� ,QFUHDVH� RI� ;�UD\
SHQHWUDWLRQ� LQWR�WKH�PLUURU� WKDW�HQWDLOV�GH�
FUHDVH� RI� EDQGZLGWK� DQG� UHIOHFWLYLW\� GH�
FUHDVH�GXH�WR�LQWHUIDFH�URXJKQHVV�PDNHV�DG�
GLWLRQDO�FRQVLGHUDEOH�GHPDQGV�LQ�WHFKQRORJ\
DQG� GHVLJQ� RI� D� QDQRVFDOH�PXOWLOD\HU�� ,W� LV
LPSRUWDQW� WR� SURYLGH� D� PXOWLOD\HU� SHULRG
YDOXH�DW�D�KLJK�DFFXUDF\�QRW�RQO\� LQ�PXOWL�
OD\HU� GHSWK� EXW� DOVR� ZLWKLQ� WKH� ZRUNLQJ

DUHD� RI� D� FXUYHG� VXEVWUDWH� ZLWK� WKH� QHFHV�
VDU\�ODZ�RI�SHULRG�GLVWULEXWLRQ�WR�ZRUN�FRDW�
LQJV�LQ�D�PXOWLPLUURU�RSWLFDO�V\VWHP��7KRVH
LPSHUIHFWLRQV�� VXFK�DV� LQWHUOD\HU�URXJKQHVV
DQG� LQWHUOD\HU� LQWHUDFWLRQ��KDYH� WR�EH�VWXG�
LHG�LQ�GHWDLO�VLQFH�WKH\�DUH�RI�D�JUHDW�LPSRU�
WDQFH� LQ� WKH� UHIOHFWLYLW\� GHFUHDVH� >�@�� 7KH
DLP�RI� WKLV�ZRUN� LV� WR� VWXG\� WKH� IRUPDWLRQ
IHDWXUHV� RI� D� QDQRVFDOH� &R�&� ;�UD\� PXOWL�
OD\HU� FRDWLQJ� WR� GHYHORS� 6FKZDU]VFKLOG� RE�
MHFWLYH� �)LJ����� IRU� �FDUERQ� ZLQGRZ�
�����dOd��QP���WKH�ZDYHOHQJWK�UDQJH�ZKLFK
IROORZV�WKH�MXPS�LQ�FDUERQ�DEVRUSWLRQ�HGJH�
8QOLNH� WKH� �ZDWHU� ZLQGRZ�
�����dOd�����QP���ZKHUH�WKH�PD[LPXP�FRQ�
WUDVW� RI� SURWHLQV� DQG� RWKHU� K\GURFDUERQV
PD\� EH� DFKLHYHG� LQ� FRPSDULVRQ� ZLWK� ZDWHU
>�@�� WKH� �FDUERQ� ZLQGRZ�� UDQJH� LV� D� YHU\
FRQYHQLHQW� IRU� DEVRUSWLRQ� PLFURVFRS\� RI
WKLFN� ELRORJLFDO� REMHFWV� �XS� WR� ��� PP��� 7KH
KLJKHVW� SHQHWUDWLRQ� RI� VRIW� ;�UD\V
�����O�����QP��LQWR�RUJDQLF�REMHFWV�LV�MXVW
LQ� �FDUERQ� ZLQGRZ�� VSHFWUDO� UDQJH�� 0RUH�
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RYHU�� WKH� DEVRUEDQFH� GLIIHUHQFH� RI� FHOOXODU
VWUXFWXUHV� LV� �Ü�� WLPHV� KLJKHU� WKDQ� LQ
�ZDWHU� ZLQGRZ�� UDQJH�� WKXV� SURYLGHV� HQD�
EOLQJ�WKH�GLIIHUHQWLDO�FRQWUDVW�RI�'1$��SUR�
WHLQV��IDW��DQG�RWKHU�PDWHULDOV�IRU�WKH�VDP�
SOH�VXSSRUW��H�J���SDUDIILQ��
7KH� &R�&� PXOWLOD\HUV� ZHUH� SUHSDUHG� E\

GF�PDJQHWURQ� VSXWWHULQJ� RI� &R� DQG� &� WDU�
JHWV�XQGHU�ORZ�$U�SUHVVXUH����Ü��3È��RQWR�D
VXEVWUDWH� DW� ���&�� 7KH� GHSRVLWLRQ� UDWH� RI
ERWK�PDWHULDOV�ZDV�DERXW�����QP�V��7KH�IODW
6L�ZDIHUV�DQG�WKH�FXUYHG� �FRQFDYH�DQG�FRQ�
YH[�� ILQLVK�JURXQG� EODQNV� RI� TXDUW]� �WKH
6FKZDU]VFKLOG� REMHFWLYH� FRPSRQHQWV�� ZHUH
XVHG�DV�WKH�VXEVWUDWHV��7KH�VXEVWUDWHV�ZHUH
D[LDOO\� URWDWHG� �DERXW� WKH� REMHFWLYH� RSWLFDO
D[LV�� GXULQJ� GHSRVLWLRQ� WKDW� SURYLGHG� FHQ�
WUDOO\� V\PPHWULF� GLVWULEXWLRQ� RI� WKH� OD\HU
WKLFNQHVVHV�� $Q� $U� LRQ� JXQ� ZDV� XVHG� WR
FOHDQ�WKH�VXEVWUDWHV�SULRU�WR�GHSRVLWLRQ��7KH
QXPEHU� RI� SHULRGV� LQ� WKH� PXOWLOD\HUV� ZDV
YDULHG�IURP�����WR�����DQG�PDGH�����LQ�WKH
REMHFWLYH�FRDWLQJV�
7R�DQDO\VH� WKH�PXOWLOD\HU�TXDOLW\�DQG�WR

REWDLQLQJ� TXDQWLWDWLYH� FKDUDFWHULVWLF�� WKH
VPDOO� DQJOH� ��Ü���� GLIIUDFWLRQ� FXUYHV� ZHUH
WDNHQ� XVLQJ� D� '521��0� JHQHUDO�SXUSRVH
GLIIUDFWRPHWHU� LQ� &X� ÇD�� UDGLDWLRQ� LQ� WKH4Ü�4� JHRPHWU\�� 7KHRUHWLFDO� VLPXODWLRQ� RI
H[SHULPHQWDO� GLIIUDFWLRQ� FXUYHV� EDVLQJ� RQ
WKH�)UHVQHO� IRUPXODV� >�@� DQG�+HQNH�DWRPLF
VFDWWHULQJ� IDFWRUV� >�@� HQDEOHV� FDOFXODWLQJ
WKH�PXOWLOD\HU�SHULRG�� WKLFNQHVV� RI� LQGLYLG�
XDO�OD\HUV��DQG�HVWLPDWLQJ�OD\HU�GHQVLW\�DQG
LQWHUIDFH�URXJKQHVV�DFURVV�D�PXOWLOD\HU��%H�
FDXVH� RI� VKDGRZLQJ� SULPDU\� EHDP� DW� VPDOO
DQJOH� ;�UD\� VFDWWHULQJ�� WKH� UDGLDO� SHULRG
GLVWULEXWLRQ� IRU� FRQFDYH� PLUURU� ZDV� GHWHU�
PLQHG� IURP� D� VHULHV� RI� PXOWLOD\HUV� GHSRV�
LWHG� RQWR� �u��PP�� VLOLFRQ� ZDIHUV�� 7KH� ZD�
IHUV� ZHUH� PRXQWHG� RQ� WKH� DUFK� KROGHU� OR�
FDWHG� DW� WKH� VDPH� SODFH� DV� WKH� FRQFDYH
PLUURU�� VR� WKHLU� VXUIDFHV� ZHUH� WDQJHQW� WR
VSKHULFDO� RQH�� 7KH� VWUXFWXUH� RI� OD\HUV� DQG
LQWHUIDFHV� LQ�&R�&� PXOWLOD\HUV� ZDV� VWXGLHG
E\� KLJK� UHVROXWLRQ� 7(0� RI� FURVV�VHFWLRQDO

YLHZ�XVLQJ�D�3(0�8�PLFURVFRSH�RSHUDWHG�DW
���� N9�� 7KH� VDPSOH� SUHSDUDWLRQ� LQFOXGHG
ERWK�PHFKDQLFDO�DQG�LRQ�WKLQQLQJ�
7KH�PD[LPXP�UHIOHFWLYLW\� RI�;�UD\�PLU�

URUV�FRPSRVHG�RI�WKH�EHVW�PDWHULDO�SDLUV� LQ
WHUPV�RI�RSWLFDO� LQGLFHV�KDV�EHHQ�FDOFXODWHG
LQ� >��@�� 7KH� QRUPDO� LQFLGHQFH�&R�&� PLUURU
KDV� WKH� SHDN� UHIOHFWLYLW\� DERXW� ����� QHDU
WKH� FDUERQ� DEVRUSWLRQ� HGJH�� FRQFHGLQJ� RQO\
7K�&�DQG�8�&�PLUURUV�KDYLQJ�UHIOHFWLYLW\���
DQG� ������ UHVSHFWLYHO\�� ,W� VKRXOG�EH� QRWHG
WKDW� &U�&� PLUURU� KDV� WKH� VDPH� UHIOHFWLYLW\
DV� &R�&�� KRZHYHU�� WKH� LQWHJUDO� UHIOHFWLYLW\
RI�&R�&�PLUURUV�LV�RQH�WKLUG�KLJKHU�
2XU�H[SHULPHQWDO�VWXG\�RI�WKH�&R�&�PLU�

URUV�ZLWK�����QP�SHULRG�>��@�KDV�VKRZQ�WKDW
WKH� REVHUYHG� UHIOHFWLYLW\� LV� VHYHUDO� WLPHV
ORZHU�WKDQ�WKHRUHWLFDOO\�SUHGLFWHG�YDOXH�DQG
DFFRXQWV� IRU���Ü����� �7DEOH���7KLV� LV� FRQ�
QHFWHG�ZLWK�D�VXEVWDQWLDO�GLIIHUHQFH�EHWZHHQ
WKH� UHDO� PXOWLOD\HU� VWUXFWXUH� DQG� LWV� LGHDO
PRGHO� XVHG� LQ� WKH� UHIOHFWLYLW\� FDOFXODWLRQV�
7KH�LQWHUOD\HU�URXJKQHVV�DQG�WKH�OD\HU�PL[�
LQJ� DUH� WKH� PDLQ� LPSHUIHFWLRQV� WKDW� FDXVH
WKH�GHFUHDVHG�PLUURU�UHIOHFWLYLW\��$FFRUGLQJ

)LJ����� $� GUDIW� RI� 6FKZDU]VFKLOG� REMHFWLYH
��� Û� ;�UD\� VRXUFH�� �� Û� DQDO\]LQJ� REMHFW�
�� Û� PXOWLOD\HU� FRDWLQJ� RQ� FRQYH[� PLUURU�
�� Û� PXOWLOD\HU� FRDWLQJ� RQ� FRQFDYH� PLUURU�
�� Û� ILOP� RU� ;�UD\� VHQVLWLYH� PDWUL[��� 7KH
ZRUNLQJ� PLUURU� UDQJH� LV� PDUNHG� E\� ZKLWH
SRLQWV�

7DEOH��3DUDPHWHUV�RI�&R�&�;�UD\�PLUURUV�H[SHULPHQWDOO\�REVHUYHG�LQ��FDUERQ�ZLQGRZ���
6SHFLPHQ 1R�� 1R�� 1R���DQQHDOHG�DW
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WR� VLPXODWLRQ� RI� VPDOO� DQJOH� ;�UD\� VSHFWUD
DQG�GLIIUDFWLRQ� FXUYHV�DW�QRUPDO� LQFLGHQFH�
WKH� LQWHUIDFH� URXJKQHVV� LQ� WKH�&R�&�PXOWL�
OD\HU� LV� DERXW� ���Ü�����QP��7KH� URXJKQHVV
OHYHO� LV� GXH�PDLQO\� WR� IHDWXUHV�RI� WKH�&R�&
PXOWLOD\HU�JURZWK�DQG�QRW� WR� WKH� VXEVWUDWH
URXJKQHVV� UHSOLFDWLRQ�� VLQFH� WKH� VXEVWUDWH
VXUIDFH�ZDV� ILQLVKHG�GRZQ�WR����Ü�����QP�
7KH� OD\HU� LQWHUPL[LQJ� GLVFRYHUHG� LQ� WKH
&R�&� V\VWHP� �VHH� EHORZ�� GHFUHDVHV� WKH� UH�
IOHFWLYLW\� DV� ZHOO� GXH� WR� VPRRWKHG� RSWLFDO
FRQWUDVW�RI�WKH�OD\HUV�DQG�LQFUHDVHG�IUDFWLRQ
RI�WKH�DEVRUELQJ�OD\HU�LQ�WKH�PXOWLOD\HU�SH�
ULRG��1HYHUWKHOHVV��WKH�DFKLHYHG�UHIOHFWLYLW\
RI� WKH�&h�&� WZR�KXQGUHG�SHULRG�PLUURUV�XS
WR���Ü�����SURYLGHV�D�6FKZDU]VFKLOG�REMHF�
WLYH� ZLWK� WRWDO� UHIOHFWLYLW\� H[FHHGLQJ� �� �
WKDW�LV�HQRXJK�IRU�SUDFWLFDO�SXUSRVHV��+RZ�
HYHU�� WKH� ODUJH� QXPEHU� RI� WKH� EL�OD\HUV
�1t����� UHVXOWV� LQ� H[WUHPHO\� QDUURZ� VSHF�
WUDO� EDQGZLGWK� RI� WKH� UHIOHFWLYH� FRDWLQJ
GRZQ�WR�'O�������QP��'O�O�a���1���7KH�DG�
GLWLRQDO� UHTXLUHPHQW� RI� D� JRRG� SHULRG
PDWFKLQJ� DQG� VHWWLQJ� DFURVV� WKH� ZRUNLQJ
VXUIDFH�RI�WKH�PLUURUV�GHPDQGV�DQ�HQJLQHHU�
LQJ�VROXWLRQ�LQ�GHYHORSLQJ�ODWHUDO�JUDGHG�;�UD\
PLUURUV�� $OWKRXJK� WKH� RSWLPDO� QXPEHU� RI
SHULRGV� LV� ���� DQG� KLJKHU�� WKH� QXPEHU� RI
EL�OD\HUV� ZDV� OLPLWHG� E\� ���� WR� PHHW� WKH
UHTXLUHPHQWV�RI�ODUJH�DSHUWXUH�RSWLFV�DV�WKH
ILUVW� VWHS� WRZDUGV� WKH� KLJK�WKURXJKSXW
6FKZDU]VFKLOG�REMHFWLYH��
&REDOW� DQG� FDUERQ� GR� QRW� IRUP� VWDEOH

FKHPLFDO� FRPSRXQGV�DFFRUGLQJ� WR�WKH�SKDVH
GLDJUDP�� EXW� PD\� IRUP� PHWDVWDEOH� &R�&DQG�&R�&�FDUELGHV�>��@��7KHVH�FDUELGHV�KDYHEHHQ� IRXQG� LQ� D� WKLQ� ILOP�&R±&� V\VWHP� DV

ZHOO�EHFDXVH�RI�OD\HU�LQWHUDFWLRQ�EHWZHHQ�&R
DQG� &� XQGHU� KHDWLQJ� DQG� IXUWKHU� FU\VWDO�
OL]DWLRQ� RI� WKH� UHDFWLRQ� SURGXFWV� >������@�
,QYHVWLJDWLRQ� RI� OD\HU� LQWHUDFWLRQ� SURFHVVHV
LQ�D�&R�&�PXOWLOD\HU�LQ�DV�GHSRVLWHG�VWDWH�E\
GLIIUDFWLRQ� PHWKRGV� LV� KDPSHUHG� E\� ORZ
FU\VWDO� SHUIHFWLRQ� DQG� VPDOO� WKLFNQHVV� RI
OD\HUV��&RQVLGHUDWLRQ�RI�HOHFWURQ�PLFURVFRS\
LPDJHV� GRHV� QRW� UHYHDO� GLUHFWO\� WKH� PL[HG
]RQHV� DV� WKH� SURGXFW� RI�&R� DQG�&� LQWHUDF�
WLRQ� �)LJ������ $W� WKH� VDPH� WLPH�� WKH�PL[HG
]RQHV�PD\� EH� VHHQ� ZHOO� LQ�0R�6L� DQG�6F�6L
PXOWLOD\HUV� >������@�� $� KLJK�TXDOLW\� LPDJ�
LQJ�RI�WKH�PL[HG�]RQHV�LQ�WKHVH�PXOWLOD\HUV
DV� FRPSDUHG� WR� &R�&� RQHV� LV� SURYLGHG� E\
GLVWLQFWLRQ� LQ� WKH� NLQG� RI� FRQWUDVW�� $� GLI�
IUDFWLRQ� FRQWUDVW�SUHYDLOV� LQ�SRO\FU\VWDOOLQH
PHWDO�OD\HUV�ZKLOH�WKH�DEVRUSWLRQ�DQG�SKDVH
RQH�GRPLQDWHV�LQ�WKH�DGMDFHQW�PL[HG�]RQHV�
+RZHYHU�� WKHUH� DUH� QXPHURXV� H[SHULPHQWDO
UHVXOWV�LQGLFDWLYH�RI�WKH�LQWHUDFWLRQ�EHWZHHQ
&R�DQG�&��)LUVW��WKH�YDU\LQJ�WKLFNQHVV�UDWLR
RI� WKH� FRQVWLWXHQW� OD\HUV� WHVWLILHV� D�PL[LQJ
&R� DQG�&�� 7KH� HOHFWURQ�PLFURVFRS\� LPDJHV
VKRZ� WKDW� WKH� PHWDO�WR�FDUERQ� OD\HU� WKLFN�
QHVV� UDWLR� LV� ������� ZKLOH� WKH� GHSRVLWLRQ
WLPH�GHULYHG�IURP�&R�DQG�&�UDWHV�ZDV�VHW�WR
SURYLGH�VDLG�UDWLR��������)LJ������7KHUHIRUH�
LW�KDV�EHHQ�REVHUYHG�WKH�LQFUHDVH�RI�&R�FRQ�
WDLQLQJ� OD\HU� WKLFNQHVV� DQG� WKH� GHFUHDVH� RI
WKH� &� RQH�� 6HFRQG�� ZKHQ� WKH� RQO\� FREDOW
OD\HU� KDV� EHHQ� VNLSSHG� �)LJ������ WKH� WKLFN�
QHVV�RI�FDUERQ�OD\HU�LQFUHDVHV�QRW�E\�D�IDF�
WRU� �� DV� VKRXOG� EH� H[SHFWHG� IRU� XQPL[HG
V\VWHP�EXW�E\�D�IDFWRU���WR�WKH�WKLFNQHVV�RI
FDUERQ� LQ� WKH� UHJXODU� VWDFN�� 7KH� H[FHVV� RI
WKH� FDUERQ� OD\HU� UHVXOWV� IURP� WKH� �GLVDS�
SHDUDQFH�� RI� WZR� &±&R� DQG� &R±&� ERXQGD�
ULHV�� ZKHUH� FDUERQ� LV� FRQVXPHG� E\� PHWDO�
FRQWDLQLQJ�OD\HU�GXH�WR�PL[LQJ��,Q�WKH�WKLUG

)LJ����� &URVV�VHFWLRQ� HOHFWURQ� PLFURVFRS\
LPDJH�RI�&R�&�PXOWLOD\HU�ZLWK�SHULRG�����QP�
7KH�KRUL]RQWDO�DUURZ� LQGLFDWHV�ZKHUH� WKH�&R
OD\HU�KDV�EHHQ�RPLWWHG�

)LJ�����'HSHQGHQFH�RI�&R�&�PXOWLOD\HU�SHULRG
IURP�WKH�WLPH�RI�&R�GHSRVLWLRQ�
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SODFH�� WKH� PXOWLOD\HU� SHULRG� VKULQNV� GRZQ
E\� �� �� LQ� FRPSDULVRQ� ZLWK� WKH� SUHGLFWHG
YDOXH�DSSDUHQWO\�DV�D�UHVXOW�RI�DQ�DOOR\�IRU�
PDWLRQ�ZLWK�D�PRUH�FRPSDFW�VWUXFWXUH�WKDQ
WKH� VLPSOH� PL[WXUH� RI� &R� DQG� &�� 7DNLQJ
LQWR� DFFRXQW� WKH� GHJUHH� RI� WKH� OD\HU� WKLFN�
QHVV�FKDQJH��ZH�H[SHFW�WKH�DOOR\�GHQVLW\�WR
EH�DURXQG��Ü����J�FP��
7R� GHWDLO� WKH� SURFHVV� RI� WKH�&R�&�PXOWL�

OD\HU� IRUPDWLRQ�� D� VHULHV� RI� PXOWLOD\HUV
ZLWK� IL[HG� FDUERQ� WKLFNQHVV� ZDV� GHSRVLWHG
DQG� WKH�PXOWLOD\HU� SHULRG�ZDV� SORWWHG� DV� D
IXQFWLRQ� RI� FREDOW� GHSRVLWLRQ� WLPH� �)LJ�����
(DFK�PXOWLOD\HU�FRQVLVWHG�RI�VHYHUDO�XQLTXH
UHJXODU� VWDFNV�� ,Q�VSLWH�RI�WKH�FRPSOH[�GLI�
IUDFWLRQ� SDWWHUQ�� WKH� FRLQFLGHQFH� EHWZHHQ
H[SHULPHQWDO� DQG� FDOFXODWHG� FXUYHV�ZDV� DF�
FHSWDEOH� �)LJ������ ,Q� )LJ����� WZR� OLQHDU� VHF�
WLRQV� DUH� VHHQ� ZLWK� GLIIHUHQW� VORSHV� WKDW
FRUUHVSRQG� WR� GLIIHUHQW� &R�&� PXOWLOD\HU
JURZWK� UDWHV�� 7KLV� GHSHQGHQFH� LV� UHSUH�
VHQWDWLYH� IRU� D� PXOWLOD\HU� ZKHUH� D� PL[HG
]RQH�LV�IRUPHG�>������@��7KH�VPDOOHU�UDWH�LQ
WKH� ILUVW� VWDJH� RI� PXOWLOD\HU� JURZWK� LV
FDXVHG� E\� WKH� OD\HU� LQWHUDFWLRQ�� 7KH� UDWH
LQFUHDVH� LQ� WKH� VHFRQG� VHFWLRQ� LV� FRQQHFWHG
ZLWK� SHULRG� LQFUHDVH� GXH� WR� IRUPDWLRQ� RI
QRQ�LQWHUDFWLQJ�FREDOW�DQG�FDUERQ� OD\HUV��$
PRGHO� RI� WKH�PXOWLOD\HU� VWUXFWXUH� KDV� EHHQ
GHULYHG� IURP� VLPXODWLRQ�RI� WKH�;�UD\� VSHF�
WUD��$FFRUGLQJ�WR�LW��FREDOW�FRQWDLQLQJ�OD\HU
KDV� D� WKLFNQHVV� XS� WR� ���� QP� DQG� WKH� UH�
GXFHG�GHQVLW\�RI�DERXW���J�FP��WKDW�LV�FRU�
UHODWHG� ZLWK� HVWLPDWLRQV� IRU� &R±&� DOOR\
PHQWLRQHG� DERYH�� $W� WKH� VDPH� WLPH�� WKH

GHQVLW\� RI� DERXW����QP�DQG�PRUH� WKLFN�FR�
EDOW� OD\HU� LV� DERXW� �� J�FP�� WKDW� QHYHUWKH�
OHVV�LV�ORZHU�WKDQ�����J�FP��RI�EXON�FREDOW�
7KH�&R�&�PXOWLOD\HU�GHSRVLWLRQ�WHFKQLTXH

RQ� WKH� 6FKZDU]VFKLOG� VXEVWUDWHV� SURSRVHG
KHUH�H[SHFWV�WKDW�;�UD\�VRXUFH�LQ�WKH�LPDJH
H[SHULPHQWV�ZLOO� KDYH� FRQWLQXRXV� RU� TXDVL�
FRQWLQXRXV� VSHFWUXP�DURXQG� WKH� DEVRUSWLRQ
HGJH� RI� FDUERQ�� 7KLV� PDNHV� LW� SRVVLEOH�
ILUVW�� WR� H[WHQG� VRPHZKDW� WKH� ZRUNLQJ
ZDYHOHQJWK�UDQJH�DQG�QRW�WR�EH�UHIHUUHG�WR
WKH� IL[HG� VSHFWUDO� OLQH� �H�J�� &±ÇD�� WKDW� LQWXUQ�PRGHUDWHV�WKH�UHTXLUHPHQWV�IRU�WKH�SH�
ULRG� YDOXH� DFFXUDF\� XQGHU�PXOWLOD\HU� GHSR�
VLWLRQ�� 6HFRQG�� WKH� GLVWULEXWLRQ� RI� PXOWL�
OD\HU�SHULRG�RYHU�WKH�PLUURU�VXUIDFH�PD\�EH
UHODWLYHO\� DUELWUDU\�� SURYLGLQJ� WKDW� LW� LV
VPRRWK�DQG�V\PPHWULFDO�ZLWK�UHVSHFW�WR�WKH
PLUURU�FHQWHU�DQG�FKDQJHV�ZLWKLQ�WR�VHYHUDO
SHU� FHQW��$� VLPSOH� URWDWLRQ� RI� FRQYH[�PLU�
URU�DERXW�LWV�D[LV�XQGHU�WKH�WDUJHWV�KDV�PHW
WKH� UHTXLUHPHQWV� ZLWKRXW� DSSO\LQJ� DQ\
VKDGRZ� PDVN� EHWZHHQ� WKH� WDUJHWV� DQG� WKH
VXEVWUDWH� �)LJ������ 7KH� PXOWLOD\HU� SHULRG
VWDUWV� IURP� |���� QP� DW� WKH� PLUURU� FHQWHU
DQG�YDULHV�GRPLFDOO\�GRZQ�WR�DERXW������QP
DW� WKH� PLUURU� HGJH� KDYLQJ� WKH� YDULDWLRQ
DERXW���������
7R� UHDFK� WKH� KLJKHVW� REMHFWLYH� WKURXJK�

SXW�� WKH� ;�UD\� ZDYHOHQJWK�� WKH� LQFLGHQFH
DQJOH�DQG�SHULRG�KDYH�WR�VDWLVI\�WKH�%UDJJ�V
ODZ� LQ� HYHU\� SRLQW�� 7KH� H[SHULPHQWDOO\
PHDVXUHG�SHULRG�GLVWULEXWLRQ�DFURVV�WKH�FRQ�
YH[�PLUURU�DOORZV�FRPSXWLQJ�WKH�PXOWLOD\HU
SHULRG� GLVWULEXWLRQ� IRU� D� FRQFDYH� PLUURU
EDVLQJ� RQ� WKH� %UDJJ�V� ODZ� ZLWK� FRUUHFWLRQ
IRU� WKH� UHIUDFWLRQ� >��@�� 7KH� FDOFXODWLRQ� UH�
VXOW� LV� VKRZQ� LQ� )LJ���� �WULDQJOHV��� 7KH� SH�
ULRG� FKDQJH� ZLWKLQ� WKH� REMHFWLYH� DSHUWXUH
�ZRUNLQJ� DUHD� IURP� ��� WR� ��� PP� RI� WKH

)LJ�����$QJXODU�GHSHQGHQFH�RI�WKH�UHIOHFWLYLW\
�O� ������� QP�� RI� &R�&� PXOWLVWDFN� FRDWLQJ
FRQVLVWHG� IURP� �� UHJXODU� VWDFNV� HDFK� RI� 1
EL�OD\HUV� QXPEHUHG� IURP� PXOWLOD\HU� VXUIDFH�
�G� ������� QP��1� ���� G� � ����� QP�� ���� � G� 
����QP��1� � ���� �G� � ���� QP��1� � ���� �G� 
����QP��1� ������

)LJ����� 3HULRG� GLVWULEXWLRQ� DORQJ� D� FRQYH[
PLUURU� VXUIDFH� LQ� DV�GHSRVLWHG� VWDWH� ���� DQG
DIWHU�DQQHDOLQJ�DW�����&�����
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PLUURU� UDGLXV�� LV� DERXW� �� ��� 7KH� GDVKHG
OLQHV�LQGLFDWH�D�]RQH�RXWVLGH�ZKLFK�WKH�GRX�
EOH�PLUURU�RSWLFV�UHIOHFWLYLW\�LV�KDOYHG�
7R� REWDLQ� WKH� UHTXLUHG� SHULRG� GLVWULEX�

WLRQ� DFURVV� D� FRQFDYH� PLUURU�� WZR� WHFK�
QLTXHV�RI�VKDGRZ�PDVN�GHSRVLWLRQ�KDYH�EHHQ
DSSOLHG�� ,Q� WKH� IRUPHU��D[LDOO\� URWDWHG�VXE�
VWUDWH�ZDV�WUDQVODWHG�XQGHU�WKH�PDVNHG�WDU�
JHWV� DW�YDULDEOH� YHORFLW\��7KH� VKDGRZ�PDVN
ZDV�GHVLJQHG�WR�JHW�XQLIRUP�FRDWLQJ�RQWR�D
IODW� VXEVWUDWH� EHLQJ� WUDQVODWHG� ZLWK� FRQ�
VWDQW� YHORFLW\� >��@�� 7KH� VXEVWUDWH� WUDYHOLQJ
ODZ�ZDV�ILWWHG�XVLQJ�GHSRVLWLRQ�SURFHVV�FRP�
SXWHU�VLPXODWLRQ�IRU�ERWK�FREDOW�DQG�FDUERQ
VHSDUDWHO\�� 7KH� UHVXOWV� RI� DSSO\LQJ� WKLV
WHFKQLTXH�DUH�UHSUHVHQWHG�LQ�)LJ����E\�VROLG
VTXDUHV�� 7KH� PHDVXUHG� SHULRG� GLVWULEXWLRQ
LV�YHU\�FORVH�WR� WKH�GHVLJQ�FKDUW� �WULDQJOHV�
DQG� GHYLDWLRQ� LV� OHVV� WKDQ� �������� DFFRUG�
LQJO\�� WKH� UHIOHFWDQFH� ORVV� DW� D� VSHFLILHG
SRLQW� RI� WKH� FRQFDYH�PLUURU� VKRXOG� QRW� H[�
FHHG������
,Q� WKH� VHFRQG� FDVH�� WKH� D[LDOO\� URWDWHG

VXEVWUDWH�ZDV� H[SRVHG� IRU� DSSURSULDWH� WLPH
XQGHU�RSHQ�&R� WDUJHW�DQG�&� WDUJHW� FRYHUHG
E\�D�PDVN�RI�DQRWKHU�GHVLJQ��([SRVLWLRQ�RI
WKH�FRQFDYH�VXEVWUDWH�XQGHU�WKH�RSHQ�FREDOW
WDUJHW� EULQJV� WKH� WKLFNQHVV� GLVWULEXWLRQ� RI
&R�YHU\�FORVH�WR�WKH�FDOFXODWHG�ODZ�DW�FRUUH�
VSRQGLQJ� FKRLFH� RI� WKH� VXEVWUDWH� GLVWDQFH�
7KH�FDUERQ�WDUJHW�ZDV�FRYHUHG�E\�D�VKDGRZ
PDVN�WKDW�FRUUHFWHG�WKH�H[SRVLWLRQ�WLPH�IRU
VSHFLILF�VXEVWUDWH�SRLQWV�DQG�UHTXLUHG�WKLFN�
QHVV� GLVWULEXWLRQ� ZDV� REWDLQHG� E\� VHYHUDO
UHILQHPHQWV� RI� LWV� VKDSH��7KH� RSHQ� VTXDUHV
LQ�)LJ����VKRZ�WKH�REWDLQHG�SHULRG�GLVWULEX�
WLRQ� ZLWK� GHVLUHG� DFFXUDF\�� D� FHQWUDO� SDUW
H[FHSWHG�� ZLWKLQ� WKH� ZKROH� ZRUNLQJ� UDQJH�
7KH� DGGLWLRQDO� H[SHULPHQWV� KDYH� WR� EH� SHU�

IRUPHG�WR�GHILQH�WKH�PDVN�VKDSH�DQG�SODFH�
PHQW�PRUH�H[DFWO\�
,W� LV�ZHOO� NQRZQ� WKDW� WKH�SHULRG� DQG� UH�

IOHFWLYLW\� RI� PHWDO�FDUERQ� ;�UD\� PLUURUV
YDU\�GXULQJ�KHDWLQJ�>������@��$V�LW�KDV�EHHQ
VKRZQ� IRU�1L�&��&U�&��&U�&��&�� DQG�&U%��&PLUURUV��ERWK�WKH�SHULRG�DQG�UHIOHFWLYLW\�LQ�
FUHDVH�DW�WKH�LQLWLDO�VWDJH�RI�DQQHDOLQJ��7KLV
IHDWXUH� RI� WKH�FDUERQ�EDVHG�PLUURUV� LV�YHU\
LPSRUWDQW� IRU� SHULRG� FRUUHFWLRQ� LQ� WKH� FDVH
RI� D� VRPHZKDW� VKRUWHU� PXOWLOD\HU� SHULRG
WKDQ� QHHGHG� ZDV� REWDLQHG�� 7KH� DEVROXWH
YDULDWLRQ� RI� WKH� SHULRG� DQG� UHIOHFWLYLW\� GH�
SHQGV�RQ�WKH�QDWXUH�RI�PDWHULDOV��WKH�SHULRG
YDOXH��DQG�WKH�WKLFNQHVV�UDWLR�RI�WKH�FRPSR�
QHQWV�� ,Q� WKLV� FRQQHFWLRQ�� WKH� LQIOXHQFH� RI
KHDW� WUHDWPHQW� RQ� WKH�SHULRG� DQG� UHIOHFWLY�
LW\�FKDQJH�LQ�WKH�&R�&�PLUURUV�ZLWK�SHULRGV
DURXQG� ���� QP� KDV� EHHQ� VWXGLHG�� 7KH� GDWD
REWDLQHG� IURP� WKH� VPDOO� DQJOH� GLIIUDFWLRQ
�&X� .D�� DUH� SUHVHQWHG� LQ� )LJ����� ,W� LV� VHHQ
WKDW� WKH� PXOWLOD\HU� SHULRG� LQFUHDVHV� IURP
����� WR� ������ QP� ZKHQ� WKH� WHPSHUDWXUH
ULVHV� IURP� ���� WR� ����&�� 7KH� UHIOHFWLYLW\
LQFUHDVHV� DV�ZHOO� WKDW� LV� LQ� DJUHHPHQW�ZLWK
WKH� VRIW� ;�UD\� GDWD� �VHH� 7DEOH����� 7KH� DQ�
QHDOLQJ� WHPSHUDWXUH� HOHYDWLRQ� DERYH� ����
&R� UHVXOWV� LQ� WKH� PLUURU� IDLOXUH� DQG�� DV� D
FRQVHTXHQFH�� LQ� WKH� UHIOHFWLYLW\� GURSSLQJ�
7KH� SHULRG� GHSHQGHQFH� RQ� WKH� DQQHDOLQJ
WHPSHUDWXUH� SURYLGH� WKH� FRUUHFWLRQ� RI� WKH
FRDWLQJ�SHULRG�WRZDUGV�WKH�GHVLJQ�YDOXH�IRU
ERWK� REMHFWLYH� PLUURUV�� 0HDQZKLOH�� WKH� SH�
ULRG� GLVWULEXWLRQ� ODZ�GRHV� QRW� XQGHUJR� VLJ�
QLILFDQW� FKDQJHV�� $� OLWWOH� GHYLDWLRQ� RI� WKH
SHULRG� IURP� WKH� LQLWLDO� GLVWULEXWLRQ�RQ� FRQ�
YH[� PLUURU� DIWHU� DQQHDOLQJ� KDV� EHHQ� LQ�
FOXGHG�LQ�FDOFXODWLRQ�RI�WKH�SHULRG�GLVWULEX�
WLRQ�ODZ�IRU�PDWFKHG�FRQFDYH�PLUURU�

)LJ�����7KH�FDOFXODWLRQ��VROLG�VTXDUHV��DQG�H[�
SHULPHQWDO� �WULDQJOHV� DQG� RSHQ� VTXDUHV�� QRU�
PDOL]HG�SHULRG�GLVWULEXWLRQ�DORQJ�WKH�FRQFDYH
PLUURU�VXUIDFH�

)LJ����� 'HSHQGHQFH� RI� SHULRG� LQFUHDVH
�VTXDUHV��DQG�UHIOHFWLYLW\�FLUFOHV�IURP�DQQHDO�
LQJ�WHPSHUDWXUH�
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7KH�REWDLQHG� UHVXOWV� RI� WKH� VWXG\�RI� WKH
;�UD\�&R�&�PLUURUV�ZLWK�SHULRG�����QP�VXE�
VWDQWLDWH�DQ�RSWLPLVWLF�IRUHFDVW�IRU�6FKZDU�
]VFKLOG�REMHFWLYH�GHYHORSPHQW��7KH�SURSRVHG
DQG�UHDOL]HG�WHFKQLTXH�RI�PLUURU�FRDWLQJ�LV�
�L��FRYHULQJ�D�FRQYH[�PLUURU���LL��GHWHUPLQD�
WLRQ�RI�WKH�SHULRG�GLVWULEXWLRQ�ODZ���LLL��SH�
ULRG� FDOFXODWLRQ� IRU� D� FRQFDYH� PLUURU�� �LY�
FRYHULQJ� D� FRQFDYH� PLUURU�� �Y�� SHULRG� DG�
MXVWLQJ� DQQHDOLQJ�� 7KH� H[SHULPHQWDO� GDWD
VXJJHVW� WKDW� WKLV� LV� WKH� WHFKQLTXH� RI� YHU\
JRRG� SURVSHFWV� LQ� FDVH� RI� TXDVLFRQWLQXRXV
;�UD\� VRXUFH�� 7KH� DFKLHYHG� FRUUHVSRQGHQFH
RI� FDOFXODWHG� DQG� H[SHULPHQWDOO\� REVHUYHG
SHULRG� GLVWULEXWLRQ� ODZV� IRU� D� FRQFDYH�PLU�
URU� LPSOLHV� DQ� RSSRUWXQLW\� WR� GHSRVLW� ���
&R� DQG�&� OD\HU� SDLUV� DQG�� LQ� VSLWH� RI� QDU�
URZLQJ�EDQGZLGWK�WR�'O|������QP�LQ��FDUE�
RQ� ZLQGRZ��� WR� LQFUHDVH� WKH� REMHFWLYH
WKURXJKSXW� WZLFH� LQ� FRPSDULVRQ� ZLWK� RQH�
KXQGUHG�SHULRG�PLUURUV��+RZHYHU��H[WHQVLRQ
RI� WKH� PXOWLOD\HU� WR� ���� EL�OD\HUV� UHTXLUHV
DGGLWLRQDO� HIIRUWV� IRU� GHFUHDVLQJ� WKLFNQHVV
HUURUV� LQ� WKH� FRXUVH� RI� GHSRVLWLRQ�� LQYHVWL�
JDWLRQ� RI� URXJKQHVV� HYROXWLRQ� DFURVV� WKH
PXOWLOD\HU� VWDFN�� HWF�� 7KH� LQWHUDFWLRQ� EH�
WZHHQ�&R�DQG�&�XQGHU�GHSRVLWLRQ� LV�DFFRP�
SDQLHG� E\� WKH� PXOWLOD\HU� FRQWUDFWLRQ�
FKDQJLQJ�WKH�OD\HU�WKLFNQHVV�UDWLR��DQG�GHQ�
VLW\� UHGXFWLRQ� RI� FREDOW�FRQWDLQLQJ� OD\HU� LQ
FRPSDULVRQ�ZLWK� WKH�GHQVLW\�RI�D� VLQJOH�&R
OD\HU��7KHVH�IHDWXUHV�ZLOO�EH�WDNHQ�LQWR�FRQ�
VLGHUDWLRQ� WR� FDUU\� RXW� RSWLPDO� GHVLJQ� RI
WKH� 6FKZDU]VFKLOG� PLUURUV�� 7KH� UHVXOWV� RI
WKH�VWXG\�GHPDQG�WKH�QH[W�VWHS�LQ�REMHFWLYH
GHYHORSPHQW��QDPHO\��WKH�VRIW�;�UD\�WHVW�LQ
�FDUERQ�ZLQGRZ���SRLQW�WR�SRLQW�UHIOHFWLYLW\
PHDVXUHPHQWV� DV� D� IXQFWLRQ� RI� ZDYHOHQJWK
XQGHU� WKH� QRUPDO� LQFLGHQFH� DQJOHV� LQ� WKH
ZRUNLQJ�UDQJH�RI�PDWFKHG�PLUURUV�

5HIHUHQFHV
� ���$�*�0LFKHWWH��2SWLFDO�6\VWHP�IRU�6RIW�;�5D\V�

3OHQXP�3UHVV��1HZ�<RUN�/RQGRQ���������
� ���*�6FKPDKO�� '�5XGROSK�� ;�UD\� 0LFURVFRS\�
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�������
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'DWD�DQG�1XFOHDU�'DWD�7DEOHV�����������������

����,�k�$UW\XNRY�� 9�9�=HOHQWVRY�� z�l�.ULPVNL\�
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����,�$�$UW\XNRY�� <H�� %XJD\HY�� 5�)HVFKHQNR� HW
DO���3URF��63,(��������������(��������

����0�+DQVHQ��.�$QGHUNR��&RQVWLWXWLRQ�RI�%LQDU\
$OOR\V�� 0F*UDZ�+LOO� %RRN� &R��� 1HZ� <RUN�
�������

����(�6SLOOHU�� '�6WHDUQV�� 0�.UXPUH\�� -��$SSO�
3K\V������������������
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3K\V���$��������������
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GUDWHQNR� HW� DO���0HWDOORIL]��1RYHLVK��7HNKQRO��
�����������������

����'�/�9RURQRY�� <H�1�=XEDUHY�� 9�9�.RQGUDWHQNR
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DO���-��$SSO��3K\V�������������������

����3�%RKHU�� 3K�+RXG\�� /�+HQQHW� HW� DO��� 3URF�
63,(������������������

����<X�8VSHQVNLL�� '�%XUHQNRY�� 7�+DWDQRO� HW� DO��
2SW��5HY�����������������

����k�<X�'HYL]HQNR�� <H�k�%XJD\HY�� 9�9�.RQ�
GUDWHQNR� HW� DO��� LQ�� .KDUNLY� 1DQRWHFKQRORJ\
$VVHPEO\�� 11&� �.K)7,�� �������� S���� >LQ
5XVVLDQ@�

����9�9�.RQGUDWHQNR�� )XQFWLRQDO� 0DWHULDOV�� ��
�����������

����<H�k�%XJD\HY�� (�1�=XEDUHY�� $�,�)HGRUHQNR�
LQ�� 3URF��1DW��� &RQI��RQ� ;�UD\�� 6\QFKURWURQ�
1HXWURQ� DQG� (OHFWURQ� $SSOLFDWLRQV�� 'XEQD�
5XVVLD���������Y����S�����>LQ�5XVVLDQ@�
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