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'LDEHWHV� PHOOLWXV� LV� RQH� RI� WKH� ZLGHVSUHDG� QRQ-
FRPPXQLFDEOH� GLVHDVHV� JOREDOO\�� ,W� DFFRXQWV� IRU� DERXW�
HLJKW� PLOOLRQ� GHDWKV� DQQXDOO\� IURP� DQ� HVWLPDWHG� ����
PLOOLRQ� DGXOW� GLDEHWLFV� ZRUOGZLGH� >�@�� � 1RQ-LQVXOLQ-
GHSHQGHQW�GLDEHWHV�PHOOLWXV��1,''0��RU�W\SH���GLDEHWHV�
PHOOLWXV� LV� WKH� PRVW� SUHYDOHQW� DQG� DFFRXQWV� IRU� DERXW�
���� RI� DOO� GLDEHWHV� FDVHV� >�@�� ,W� LV� GXH� WR� HLWKHU� WKH�
SDQFUHDV�QRW�SURGXFLQJ�HQRXJK�LQVXOLQ�RU�WKH�ERG\
V�FHOOV�
QRW� UHVSRQGLQJ� FRUUHFWO\� WR� WKH� LQVXOLQ� SURGXFHG� >�@��
,QFUHDVHG� EORRG� JOXFRVH� FRQFHQWUDWLRQ�� WHUPHG�
K\SHUJO\FHPLD�� LV� OLQNHG� WR� WKH�RQVHW�RI� W\SH���GLDEHWHV�
PHOOLWXV��ZKLFK� LV�DVVRFLDWHG�ZLWK� VHYHUDO� FRPSOLFDWLRQV�
LQFOXGLQJ�K\SHUWHQVLRQ��UHWLQRSDWK\��DQG�QHSKURSDWK\>�@�� 

3UHYHQWLRQ� DQG� WUHDWPHQW� RI� GLDEHWHV� PHOOLWXV� LQYROYH�
UHJXODWLQJ�EORRG�JOXFRVH�OHYHOV�LQ�SHRSOH�ZLWK�GLDEHWHV�RU�
WKRVH�ZLWK�KLJK�ULVN�� ,W�DOVR� LQYROYHV�FRQVXPLQJ�KHDOWK\�
GLHWV�� GRLQJ� UHJXODU� SK\VLFDO� H[HUFLVH�� DQG� PDLQWDLQLQJ�
QRUPDO� ERG\� ZHLJKW� >�@�� ,QVXOLQ� DQG� VRPH� RUDO�
K\SRJO\FHPLF� PHGLFDWLRQV� FDQ� UHGXFH� EORRG� JOXFRVH�
OHYHOV� >�@�� ZKLOH�ZHLJKW� ORVV� VXUJHU\� IRU� WKRVH�ZKR� DUH�
REHVH� LV� VRPHWLPHV� DQ� HIIHFWLYH� PHDVXUH� IRU� WUHDWLQJ�
W\SH�� 'LDEHWHV� PHOOLWXV� >�@�� 'HVSLWH� WKH� DSSUHFLDEOH�
SURJUHVV� PDGH� LQ� WKH� PDQDJHPHQW� RI� GLDEHWHV� XVLQJ�
FRQYHQWLRQDO�GUXJV� DQG�PDQDJHPHQW� VWUDWHJLHV�� GLDEHWHV�
DQG�LWV�FRPSOLFDWLRQV�FRQWLQXH�WR�EH�D�VLJQLILFDQW�PHGLFDO�
SUREOHP�� 0RVW� V\QWKHWLF� RUDO� K\SRJO\FDHPLF� DJHQWV�
UHFRPPHQGHG� IRU� PDQDJLQJ� WKLV� GLVHDVH� KDYH� VRPH�
OLPLWDWLRQV� WKDW� LQFOXGH� VHULRXV� VLGH� HIIHFWV��
LQDFFHVVLELOLW\� WR� VSHFLDOLVWV� DQG� GUXJV�� KLJK� FRVW�� DQG�
ULJLG�WUHDWPHQW�UHJLPHQ�>����@� 

,Q� DGGUHVVLQJ� WKH� OLPLWDWLRQV� HQFRXQWHUHG� LQ� WKH�
PDQDJHPHQW� RI� GLDEHWHV�PHOOLWXV� XVLQJ� V\QWKHWLF� GUXJV��
WKH� :+2� H[SHUW� FRPPLWWHH� RQ� GLDEHWHV� PHOOLWXV�
UHFRPPHQGHG� IXUWKHU� DQDO\VLV� RI� IRONORULF� KHUEV� DQG�
PHWKRGV� XVHG� LQ� WKH� PDQDJHPHQW� RI� GLDEHWHV� PHOOLWXV�
>��@���$OVR��PDQ\�SHRSOH�DUH�WXUQLQJ�WR�WUDGLWLRQDO�KHUEDO�
PHGLFLQHV� WR� SUHYHQW� DQG� WUHDW� GLDEHWHV� WKURXJKRXW� WKH�
ZRUOG�GXH�WR�HDV\�DFFHVVLELOLW\�DQG�SHUFHLYHG�VDIHW\�>����
��@�� 6RPH� RI� WKHVH� KHUEV� FRPPRQO\� XVHG� LQ� $IULFD�
WUDGLWLRQDO� PHGLFLQH� LQ� WKH� PDQDJHPHQW� RI� GLDEHWHV�
PHOOLWXV�DUH�EDVHG�RQ�FODLPV�RI�KDYLQJ�KHDOLQJ�SURSHUWLHV�
DJDLQVW� PDQ\� DLOPHQWV� >��@�� 2QH� RI� VXFK� LQGLJHQRXV�
KHUEV� XVHG� LQ� WKH� PDQDJHPHQW� RI� GLDEHWHV� PHOOLWXV�
DPRQJ� WKH� <RUXED� WULEH� RI� 6RXWK-:HVW� 1LJHULD� LV�
+XQWHULD�XPEHOODWD�NQRZQ�ORFDOO\�DV�
$EHHUH
�>��@� 

+XQWHULD�XPEHOODWD�.��6FKXP��IDPLO\��$SRF\QDFHDH��LV�D�
VPDOO� JODEURXV� WUHH� ZLWK� D� GHQVH� FURZQ�� QDWLYH� WR� WKH�

WURSLF� RI�:HVW� $IULFD�� 7KH� \HOORZ�� VPRRWK� IUXLWV� FDUU\�
VHHGV�� ZKLFK� DUH� HQFORVHG� LQ� WKH� SXOS�� 7KH� VHHGV�� URRW��
EDUN�� DQG� OHDYHV� DUH� KLJKO\� YDOXHG� IRU� WKHLU� PHGLFLQDO�
SURSHUWLHV� >��@�� ,W� LV� FDOOHG� 
DEHHUH
� RU� 
DULQ
� LQ� <RUXED��

RVX
�LQ�(GR��DQG�
QNSRNLUL
�LQ�,JER�>��@���,Q�$IULFDQ�IRON�
PHGLFLQH�� WKH�SODQW�KDV�ZLGH� WKHUDSHXWLF�XVHV�� LQFOXGLQJ�
WUHDWPHQW�RI�SDLQV��JDVWULF�XOFHUV��OLYHU�GLVHDVHV��REHVLW\��
GLDEHWHV� PHOOLWXV�� SUHJQDQF\-UHODWHG� DLOPHQWV�� DQG� WR�
LQGXFH� RU� DXJPHQW� ODERXU� DW� WHUP�� DPRQJ� PDQ\� RWKHU�
XVHV>��@�� 7KH� GULHG� VHHGV� DUH� SRSXODUO\� XVHG� WR� WUHDW�
GLDEHWHV� LQ�1LJHULD��ZLWK�FODLPV�RI�KDYLQJ� WKH�DELOLW\� WR�
ORZHU� EORRG� VXJDU� OHYHOV� >��@�� $OVR�� VHYHUDO� VFLHQWLILF�
UHSRUWV� KDYH� FRQILUPHG� WKH� K\SRJO\FHPLF� HIIHFW� RI� WKH�
H[WUDFWV�RI�WKLV�GULHG�VHHG�XVLQJ�GLIIHUHQW�GLDEHWHV�PRGHOV�
LQ�DQLPDOV�>������@�� 

7KH� VHHG
V� SK\WRFKHPLFDO� FRQVWLWXHQWV� UHYHDOHG� WKH�
SUHVHQFH� RI� DONDORLGV�� IODYRQRLGV�� WDQQLQV�� DQG�
JO\FRVLGHV��DQG�WKH�K\SRJO\FHPLF�HIIHFWV�RI�WKH�DTXHRXV�
VHHG� H[WUDFW� RI� +�� XPEHOODWD� LQ� QLFRWLQH-LQGXFHG�
K\SHUJO\FHPLF� UDWV� VKRZHG� D� GRVH-UHODWHG� UHGXFWLRQ� LQ�
WKH� EORRG� JOXFRVH� OHYHOV� >��@�� 7KH� ERLOHG� H[WUDFW� ZDV�
UHSRUWHG�WR�UHGXFH�EORRG�JOXFRVH�OHYHOV�DQG�LQFUHDVH�OLYHU�
JO\FRJHQ� OHYHOV� LQ� VWUHSWR]RWRFLQ-LQGXFHG� GLDEHWHV� UDWV�
>��@�� 'LDEHWLF� SDWLHQWV� SODFHG� RQ� D� WZLFH-D-GD\� GRVH� RI�
WKH� +�� XPEHOODWD� WUHDWPHQW� ZLWK� PHWIRUPLQ� DWWDLQHG�
QRUPDO� JOXFRVH� OHYHO� LQ� WKUHH�ZHHNV�� FRPSDUHG� WR� HLJKW�
ZHHNV� ZLWK� SDWLHQWV� WUHDWHG� RQO\� ZLWK� PHWIRUPLQ� >��@��
+RZHYHU��GHVSLWH�WKH�ORFDO�FODLPV�RI�HIILFDF\�RI�WKH�SODQW�
GHFRFWLRQ� LQ� PDQDJLQJ� GLDEHWLF� SDWLHQWV�� WKH� VFLHQWLILF�
VWXGLHV� KDYH� PDMRUO\� IRFXVHG� RQ� WKH� EORRG� JOXFRVH�
UHGXFLQJ� SURSHUW\� RI� WKH� VHHG� H[WUDFW�ZLWKRXW� SURYLGLQJ�
WKH� PHFKDQLVP�V�� EHKLQG� WKH� K\SRJO\FHPLF� DFWLYLW\� RI�
WKH�SODQW�� 

7KHUHIRUH�� WKLV� VWXG\� HYDOXDWHG� WKH� LQKLELWRU\� HIIHFW� RI�
WKH�+��XPEHOODWD�VHHG�H[WUDFW�RQ�VRPH�HQ]\PHV�WDUJHWHG�
LQ� WKH� PDQDJHPHQW� RI� GLDEHWHV� PHOOLWXV�� DV� D� SUREDEOH�
PHFKDQLVP�RI�DFWLRQ�IRU�LWV�K\SRJO\FHPLF�SURSHUW\� 
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+XQWHULD� XPEHOODWD� VHHGV�ZHUH� SXUFKDVHG� IURP� D� ORFDO�
PDUNHW�DW�$JEDODWD�LQ�%DGDJU\��/DJRV�6WDWH��1LJHULD��7KH�
VDPSOH�ZDV� DXWKHQWLFDWHG� DW� WKH�'HSDUWPHQW� RI�%RWDQ\��
)DFXOW\�RI�6FLHQFH��8QLYHUVLW\�RI�/DJRV��$NRND��/DJRV��
ZKHUH� D� YRXFKHU� VSHFLPHQ� QXPEHU� /8+� ����� ZDV� DV�
VLJQHG� DQG� GHSRVLWHG� DW� WKH� XQLYHUVLW\� KHUEDULXP�� 6DP�
SOHV�ZHUH�WKHQ�GULHG�XQGHU�VKDGH��EOHQGHG�LQWR�ILQH�SRZ�
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GHU�IRUP��DQG�VWRUHG�LQ�D�GULHG�FRQWDLQHU�EHIRUH�XVH�� 

����&KHPLFDOV 

7KH� Į-DP\ODVH� IURP� $VSHUJLOOXV� RU\]DH�� Į-JOXFRVLGDVH�
IURP�6DFFKDURP\FHV�FHUHYLVLDH��'-VRUELWRO��1$'+��VRU�
ELWRO� GHK\GURJHQDVH�� WULV� EXIIHU�� DFDUERVH�� TXHUFHWLQ��
PDOWRVH��DQG�VROXEOH�VWDUFK��H[WUD�SXUH��ZHUH�SURGXFWV�RI�
6LJPD-$OGULFK�&R���6W�/RXLV��86$��2WKHU�FKHPLFDOV�DQG�
UHDJHQWV� XVHG� ZHUH� RI� DQDO\WLFDO� JUDGH� ZKLOH� WKH� ZDWHU�
XVHG�ZDV�JODVV�GLVWLOOHG� 

����3UHSDUDWLRQ�RI�3ODQW�([WUDFWV 

7KH�SRZGHUHG� VDPSOH�ZDV� GLYLGHG� LQWR� WZR�SRUWLRQV� RI�
���J� HDFK��DQG� WKHVH�ZHUH� H[WUDFWHG� IRU����K� LQ� HWKDQRO�
DQG� GLVWLOOHG� ZDWHU�� UHVSHFWLYHO\�� $OO� H[WUDFWV� ZHUH� ILO�
WHUHG� XVLQJ� :KDWPDQ� 1R�� �� ILOWHU� SDSHU�� 7KH� ILOWUDWHV�
ZHUH� IXUWKHU�FRQFHQWUDWHG�E\� OHDYLQJ� WKH�HWKDQRO�H[WUDFW�
RSHQ� LQ�D�ZDWHU�EDWK�DW���� �&� IRU� WKH� HWKDQRO� WR�HYDSR�
UDWH�� 7KH� ZDWHU� H[WUDFW� ZDV� IUHH]H-GULHG� XVLQJ� D� IUHH]H�
GU\HU�� &RQFHQWUDWHG� FUXGH� H[WUDFWV� ZHUH� ZHLJKHG� DQG�
GLVVROYHG�LQ�����GLPHWK\O�VXOIR[LGH��'062��WR�\LHOG�D�
VWRFN� VROXWLRQ�RI�����PJ�P/� IURP�ZKLFK� ORZHU� FRQFHQ�
WUDWLRQV� ����������DQG������J�P/��ZHUH�SUHSDUHG�XVLQJ�
GLVWLOOHG�ZDWHU� 

����+3/&-$QDO\VLV�RI�3RO\SKHQROLF�&RPSRXQGV 

7KH�SRO\SKHQROLF�FRQWHQWV�RI� WKH�+��XPEHOODWH�ZHUH�GH�
WHUPLQHG�XVLQJ�KLJK-SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\�
�+3/&�$UJLOHQW�WHFKQRORJ\������VHULHV��FRXSOHG�ZLWK�DQ�
DXWRPDWLF� LQMHFWRU� �$UJLOHQW� WHFKQRORJ\� ����� VHULHV����
7ZR�JUDP�RI� WKH�VDPSOH�ZDV�PLOOHG�LQWR�ILQH�IRUP��DQG�
���PO�RI�D�PL[WXUH���������RI�DFHWRQLWULOH�DQG�PHWKDQRO�
ZDV�DGGHG� WR� WKH� ILQH�VDPSOH�IRU�H[WUDFWLRQ�� ,W�ZDV�YRU�
WH[HG�WKRURXJKO\�IRU�DERXW����PLQ�DQG�WKH�RUJDQLF�OD\HU�
SURGXFHG�ZDV�SRXUHG�LQWR�D�EHDNHU�����P/�RI�WKH�PL[WXUH�
RI� DFHWRQLWULOH� DQG� PHWKDQRO� ZDV� DGGHG� DJDLQ� WR� JHW� D�
FOHDQ�PL[WXUH��,W�ZDV�WKHQ�ILOWHUHG�XVLQJ�D�ILOWHU�SDSHU�DQG�
WKHQ�FOHDQ-XS�E\�SDVVLQJ�WKURXJK�D�VLOLFD�JHO-SDFNHG�FRO�
XPQ�� 7KH� FRQGLWLRQHG� SDFNHG� FROXPQ�ZDV� UXQ� ZLWK� ���
P/�RI�+3/&-JUDGH�PHWKDQRO��FRQGLWLRQLQJ���7KH�H[WUDFW�
ZDV�DOORZHG�WR�UXQ�WKURXJK�WKH�FROXPQ�WR�UHPRYH�XQQHF�
HVVDU\�IUDJPHQWV��DQG�WKH�FROXPQ�ZDV�HOXWHG�ZLWK�+3/&-
JUDGH�PHWKDQRO�WR�UHPRYH�DQ\�RWKHU�SDUWLFOH�SUHVHQW��7KH�
FOHDQ�� FOHDU� H[WUDFW� ZDV� FRQFHQWUDWHG� DQG� UHFRQVWLWXWHG�
ZLWK���P/�RI�PHWKDQRO-DFHWRQLWULOH�PL[WXUH�WKDW�ZDV�UXQ�
RQ�WKH�FROXPQ��89-GHWHFWRU�ZDV�XVHG�DW�����QP�WR�PRQL�
WRU� WKH� GHWHFWLRQ� RI� WKH� DQDO\WH��$Q� LQMHFWLRQ� YROXPH�RI�
DERXW�����/�ZDV�LQMHFWHG�LQWR�WKH�PDFKLQH��7KH�IORZ�UDWH�
ZDV� ���P/�PLQ�� DQG� WKH� OHQJWK� RI� WKH� FROXPQ� ZDV�
���î����PP��7KH�PRELOH�SKDVH�ZDV�DFLGLILHG�ZDWHU�DQG�

DFHWRQLWULOH�� 

����'HWHUPLQDWLRQ� RI� LQKLELWRU\� DFWLYLWLHV� RI� WKH� FRQ�
FHQWUDWHG�H[WUDFWV� 

L� 7KH� PRGLILHG� SURFHGXUH� RI� 0F&XH� 	� 6KHWW\� >��@�
ZDV�XVHG� WR� HYDOXDWH� WKH� LQKLELWLRQ�RI�Į-DP\ODVH�E\�
JUDGHG�FRQFHQWUDWLRQ������–�������J�P/��RI�WKH�H[�
WUDFWV�� 'LVWLOOHG� ZDWHU� VXEVWLWXWHG� WKH� H[WUDFWV� LQ� D�
FRQWURO�VROXWLRQ�IROORZLQJ�WKH�VDPH�SURFHGXUH�>��@� 

LL� 7KH�Į-JOXFRVLGDVH�LQKLELWRU\�DFWLYLW\�ZDV�GHWHUPLQHG�
E\�WKH�PRGLILHG�PHWKRG�GHVFULEHG�E\�.LP�HW�DO��>��@�
XVLQJ�YDU\LQJ�FRQFHQWUDWLRQV������–�������J�P/��RI�
WKH�H[WUDFWV�� 

LLL� ,QKLELWLRQ�RI� VRUELWRO� GHK\GURJHQDVH�DFWLYLW\�E\�GLI�
IHUHQW�FRQFHQWUDWLRQV������–�������J�P/��RI�WKH�H[�
WUDFWV� ZHUH� HYDOXDWHG� XVLQJ� WKH� PRGLILHG� SURFHGXUH�
>��@�� 

����&DOFXODWLRQ�RI�SHUFHQWDJH�LQKLELWLRQ�RI�HQ]\PHV 

7KH� SHUFHQWDJHV� LQKLELWLRQ� RI� WKH� WKUHH� HQ]\PHV� �Į-
DP\ODVH��Į-JOXFRVLGDVH�DQG�VRUELWRO�GHK\GURJHQDVH��ZHUH�
GHWHUPLQHG�XVLQJ�WKH�HTXDWLRQ�� 

:KHUH�$EVFRQWURO� LV� WKH� DEVRUEDQFH� RI� FRQWURO�ZKLOH�$EV�

H[WUDFW�LV�WKH�DEVRUEDQFH�RI�H[WUDFWV� 

����&DOFXODWLRQ�RI�,&���YDOXHV�RI�HQ]\PHV
�LQKLELWLRQ� 

7KH� FRQFHQWUDWLRQ� RI� H[WUDFW� RU� VWDQGDUG� WKDW� LQKLELWHG�
���� RI� HQ]\PH� DFWLYLWLHV� �,&���� ZDV� HYDOXDWHG� JUDSK�
LFDOO\� E\� SORWWLQJ� SHUFHQWDJH� LQKLELWLRQ� RI� HQ]\PHV�
DJDLQVW� WKH�FRQFHQWUDWLRQ�RI�H[WUDFW�XVLQJ�0LFURVRIW�([�
FHO�������� 

����'HWHUPLQDWLRQ�RI� NLQHWLFV� RI� LQKLELWLRQ� RI� WKH� HQ�
]\PHV 

7KH�PRGHV� RI� LQKLELWLRQ� RI� WKH� HQ]\PHV� �Į-DP\ODVH�� Į-
JOXFRVLGDVH�� DQG�VRUELWRO� GHK\GURJHQDVH��E\� WKH�HWKDQRO�
H[WUDFW�RI�+��XPEHOODWD�ZHUH�GHWHUPLQHG�IURP�D�GRXEOH-
UHFLSURFDO�SORW�XVLQJ�0LFKDHOLV�0HQWHQ�NLQHWLFV�>��@� 

����6WDWLVWLFDO�DQDO\VLV 

$OO� UHVXOWV�ZHUH� H[SUHVVHG� DV�PHDQ���6(0�RI� WULSOLFDWH�
GHWHUPLQDWLRQV�� 'DWD� ZHUH� DQDO\]HG� XVLQJ� DQDO\VLV� RI�
YDULDQFH� �$129$�� IROORZHG� E\� %RQIHUURQL� WHVW� �S� �ޒ
�������ZLWK�WKH�DLG�RI�*UDSK3DG�3ULVP��� 

%DQNROH�HW�DO�3DQ�$IULFDQ�-RXUQDO�RI�/LIH�6FLHQFHV����������������-��� 
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%DQNROH�HW�DO�3DQ�$IULFDQ�-RXUQDO�RI�/LIH�6FLHQFHV����������������-��� 

��5(68/76� 

����,QKLELWLRQ�RI�Į-DP\ODVH�DFWLYLW\ 

)LJXUH� �� VKRZV� WKH� OHYHO� RI� LQKLELWLRQ� RI� Į-DP\ODVH� E\�
DTXHRXV�DQG�HWKDQRO�H[WUDFWV�RI�+��XPEHOODWD�DW�YDU\LQJ�
FRQFHQWUDWLRQV� ������ ����� ����� ����� �J�P/��� ,QKLELWLRQ�
RI�WKH�HQ]\PH�E\�ERWK�DTXHRXV�DQG�HWKDQRO�H[WUDFWV�ZDV�
GRVH-GHSHQGHQW�DQG�WKHLU�OHYHO�RI�LQKLELWLRQV�ZDV�VLPLODU�
�Sޓ��������DW�WKH�ORZHVW�DQG�KLJKHVW�FRQFHQWUDWLRQV��+RZ�
HYHU�� WKH�SHUFHQWDJHV� LQKLELWLRQ�RI� WKH�HWKDQRO�H[WUDFW�DW�
����DQG������J�P/�ZHUH�VLJQLILFDQWO\�KLJKHU��Sޒ��������
WKDQ�DTXHRXV�H[WUDFW� 

����,QKLELWLRQ�RI�Į-JOXFRVLGDVH�DFWLYLW\ 

)LJXUH� �� UHSUHVHQWV� WKH� OHYHO� RI� LQKLELWLRQ� RI� Į-
JOXFRVLGDVH�E\�ERWK�DTXHRXV�DQG�HWKDQRO�H[WUDFWV�RI�+XQ�
WHULD�XPEHOODWD�DW�YDU\LQJ�FRQFHQWUDWLRQV�����������������
����� �J�P/��� 7KH� LQKLELWRU\� HIIHFWV� RI� ERWK� H[WUDFWV�
ZHUH�GRVH-GHSHQGHQW��KRZHYHU��WKH�OHYHO�RI�LQKLELWLRQ�E\�
WKH�HWKDQRO�H[WUDFWV�ZDV�VLJQLILFDQWO\�KLJKHU��Sޒ��������DW�
DOO�FRQFHQWUDWLRQV�FRPSDUHG�WR�WKH�DTXHRXV�H[WUDFWV�� 

����,QKLELWLRQ�RI�VRUELWRO�GHK\GURJHQDVH�DFWLYLW\ 

)LJXUH� �� UHSUHVHQWV� WKH� OHYHO� RI� VRUELWRO� GHK\GURJHQDVH�
LQKLELWLRQ�E\�HWKDQRO�DQG�DTXHRXV�H[WUDFWV�RI�+��XPEHOOD�
WD��7KH�H[WUDFWV�LQKLELWHG�WKH�HQ]\PH�LQ�D�GRVH-GHSHQGHQW�
PDQQHU��$OWKRXJK�WKH�ILJXUH�VKRZV�WKH�SHUFHQWDJH�LQKLEL�
WLRQ�RI�WKH�HWKDQRO�H[WUDFWV�ZHUH�KLJKHU�WKDQ�WKH�DTXHRXV�
H[WUDFWV�� WKH� GLIIHUHQFHV� ZHUH� QRW� VLJQLILFDQWO\� GLIIHUHQW�
�Sޓ��������DW�DOO�FRQFHQWUDWLRQV�WHVWHG� 

����,QKLELWRU\�FRQFHQWUDWLRQ�DW������HQ]\PH�DFWLYLWLHV 

7KH� ,&��� �H[WUDFW� FRQFHQWUDWLRQ� FDXVLQJ� ���� HQ]\PH�
LQKLELWLRQ��YDOXHV�RI�WKH�H[WUDFW�DJDLQVW�Į-JOXFRVLGDVH��Į-
DP\ODVH�� DQG� VRUELWRO� GHK\GURJHQDVH� DFWLYLW\�ZDV�GHWHU�
PLQHG��7DEOH�����7KHUH�ZDV�QR�VLJQLILFDQW�VWDWLVWLFDO�GLI�
IHUHQFH�LQ�WKH�,&���YDOXHV�EHWZHHQ�WKH�HWKDQRO�DQG�DTXH�
RXV�H[WUDFW�DJDLQVW�WKH�WKUHH�HQ]\PHV��+RZHYHU��WKH�HWKD�
QRO�DQG�DTXHRXV�H[WUDFWV�RI�+��XPEHOODWD�KDG�VLJQLILFDQW�
O\�ORZHU�,&���FRPSDUHG�WR�DFDUERVH�IRU�Į-DP\ODVH�DQG�Į-
JOXFRVLGDVH��DV�ZHOO�DV�TXHUFHWLQ�IRU�VRUELWRO�GHK\GURJHQ�
DVH�DFWLYLW\�� 
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)LJXUH� ��� ,QKLELWRU\� HIIHFWV� RI� DTXHRXV� DQG� HWKDQRO� H[WUDFWV� RI�
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)LJXUH� ��� ,QKLELWRU\� HIIHFWV� RI� DTXHRXV� DQG� HWKDQRO� H[WUDFWV� RI�
+XQWHULD�XPEHOODWD� RQ� VRUELWRO�GHK\GURJHQDVH� DFWLYLW\��9DOXHV� UHS�
UHVHQW�WKH�PHDQ���6(0�RI�WULSOLFDWH�H[SHULPHQWV��%DUV�ZLWK�GLIIHUHQW�
VXSHUVFULSWV�DW�WKH�VDPH�FRQFHQWUDWLRQ�DUH�VLJQLILFDQWO\�GLIIHUHQW��S���
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)LJXUH� ��� ,QKLELWRU\� HIIHFWV� RI� DTXHRXV� DQG� HWKDQRO� H[WUDFWV� RI�
+XQWHULD� XPEHOODWD� RQ� DOSKD-JOXFRVLGDVH� DFWLYLW\��9DOXHV� UHSUHVHQW�
WKH�PHDQ���6(0�RI�WULSOLFDWH�H[SHULPHQWV��%DUV�ZLWK�GLIIHUHQW�VXSHU�
VFULSWV�DW�WKH�VDPH�FRQFHQWUDWLRQ�DUH�VLJQLILFDQWO\�GLIIHUHQW��S��������� 

7DEOH� ��� ,QKLELWLRQ� FRQFHQWUDWLRQ� �,&���� YDOXHV� RI� Į-
$P\ODVH�� Į-*OXFRVLGDVH�� DQG� VRUELWRO� GHK\GURJHQDVH� E\�
DTXHRXV�DQG�HWKDQRO�H[WUDFWV�RI�+XQWHULD�XPEHOODWD 

6DPSOHV   ,&���YDOXHV   

  Į-DP\ODVH Į-
JOXFRVLGDVH 

6RUELWRO�GH�
K\GURJHQDVH 

$TXHRXV�
H[WUDFW 

����������D ����������D ����������D 

(WKDQRO�
H[WUDFW 

����������D ����������D ����������D 

$FDUERVH ����������E �����������E 1' 

4XHUFHWLQ 1' 1' ����������E 
1'��1RW�'HWHUPLQHG��9DOXHV�SUHVHQWHG�DUH�PHDQ���6(0�RI�H[SHULPHQWV�
FDUULHG�RXW�LQ�WULSOLFDWH��&ROXPQV�ZLWK�GLIIHUHQW�DOSKDEHWLFDO�VXSHUVFULSWV�
DUH�VLJQLILFDQWO\��S�������GLIIHUHQW� 
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����.LQHWLFV�RI�LQKLELWLRQ�RI�H[WUDFWV 

.LQHWLF� VWXGLHV� ZHUH� SHUIRUPHG� WR� GHWHUPLQH� WKH� HQ�
]\PHV
�PRGH�RI� LQKLELWLRQ�E\�/LQHZHDYHU-%XUN�SORW��XV�
LQJ�WKH�PRVW�SRWHQW��H[WUDFW�ZLWK�WKH�ORZHVW�,&����LQKLEL�
WRU��)LJXUHV������DQG���VKRZHG�WKH�'RXEOH�UHFLSURFDO�SORW�
RI� WKH�PRGHV� E\�ZKLFK� HWKDQRO� H[WUDFW� RI�+�� XPEHOODWD�
LQKLELWV� Į-DP\ODVH�� Į-JOXFRVLGDVH�� DQG� VRUELWRO� GHK\GUR�
JHQDVH��UHVSHFWLYHO\��7KH�SORWV�VKRZHG�WKDW�Į-JOXFRVLGDVH�
DQG� VRUELWRO� GHK\GURJHQDVH� ZHUH� LQKLELWHG� LQ� D� QRQ-
FRPSHWLWLYH� PDQQHU�� ZKLOH� WKH� Į-DP\ODVH� ZDV� LQKLELWHG�
FRPSHWLWLYHO\�� 

����3RO\SKHQROLF�FRPSRVLWLRQ 

)LJXUH���VKRZV�WKH�VSHFWUXP�RI�SRO\SKHQROV�LGHQWLILHG�LQ�
WKH�+3/&-89�DQDO\VLV�IRU�DTXHRXV�H[WUDFW�RI�+��XPEHO�
ODWD� DW� ���� QP�� 3KHQROLF� FRPSRXQGV� SUHVHQW� DUH� JDOOLF�
DFLG��FDWHFKLQ��S-FRXPDULF�DFLG��UXWLQ��DQG�IHUXOLF�DFLG�DV�
VKRZQ� E\� SHDNV� ZLWK� UHWHQWLRQ� WLPHV� RI� ������ PLQ��
������� PLQ�� ������� PLQ� ������� PLQ�� DQG� ������� PLQ��
UHVSHFWLYHO\� 

���'LVFXVVLRQ 

2QH�RI�WKH�PRVW�HIIHFWLYH�DSSURDFKHV�DGRSWHG�LQ�WKH�PDQ�
DJHPHQW�RI�GLDEHWHV�PHOOLWXV��HVSHFLDOO\� W\SH-��GLDEHWHV��
LV�WR�WDUJHW�WKH�PRGXODWLRQ�RI�HQ]\PHV�LQYROYHG�LQ�FDUER�
K\GUDWH� PHWDEROLVP�� HVSHFLDOO\� E\� LQKLELWLQJ� FDUERK\�
GUDWH� K\GURO\]LQJ� HQ]\PHV� LQ� WKH� JDVWURLQWHVWLQDO� WUDFW�
>��@��,Q�UHFHQW�WLPHV��PRUH�DWWHQWLRQ�LV�IRFXVHG�RQ�QDWXUDO�
SURGXFWV�WKDW�PD\�EH�EHQHILFLDO�LQ�WKH�WUHDWPHQW�RI�GLDEH�
WHV��,QKLELWRUV�RI�Į-DP\ODVH�DQG�Į-JOXFRVLGDVH�DUH�NQRZQ�
WR� VLJQLILFDQWO\�GHFUHDVH�SRVWSUDQGLDO�EORRG�JOXFRVH� OHY�
HOV� DIWHU� D� KLJK� FDUERK\GUDWH�PHDO� DQG� DUH� HPSOR\HG� DV�
DQ�DSSURDFK�LQ�PDQDJLQJ�GLDEHWHV�>��@��+RZHYHU��DQ�LQ�
FUHDVH� LQ�EORRG�JOXFRVH� OHYHO�FRXOG�DOVR�EH�PDQDJHG�E\�
LQKLELWLQJ�WKH�WZR�HQ]\PHV�RI�WKH�SRO\RO�SDWKZD\��DOGRVH�
UHGXFWDVH�DQG�VRUELWRO�GHK\GURJHQDVH�>��@�� 

7KH� SRO\RO� SDWKZD\� LV� D� JOXFRVH� PHWDEROLVP� DOWHUQDWH�
URXWH� WKDW� LV� LQLWLDWHG� LQ� WLVVXHV� WKDW�FDQ� WDNH-XS�JOXFRVH�
ZLWKRXW� LQVXOLQ� DVVLVWDQFH�� 7KH� SDWKZD\� LQYROYHV� FRQ�
YHUWLQJ�JOXFRVH� WR� VRUELWRO� E\� DOGRVH� UHGXFWDVH� DQG� WKHQ�
VRUELWRO�GHK\GURJHQDVH��IXUWKHU�PHWDEROL]LQJ�WKH�VRUELWRO�
WR� IUXFWRVH� >��@�� (OHYDWLRQ� RI� IUXFWRVH� WKURXJK� VRUELWRO�

%DQNROH�HW�DO�3DQ�$IULFDQ�-RXUQDO�RI�/LIH�6FLHQFHV����������������-��� 

-3 -2 -1 0 1 2 3

0.5

1.0

1.5

2.0
Extract

Control

1/[s] (mM)-1

1/
v 

(m
M

/m
in

)-1

)LJXUH����0RGH�RI�LQKLELWLRQ�RI�Į-DP\ODVH�E\�HWKDQRO�H[WUDFW�RI�
+XQWHULD�XPEHOODWD� 

)LJXUH�����+3/&�SURILOH�RI�DTXHRXV�H[WUDFW�RI�+XQWHULD�
XPEHOODWD�DW�����QP� 

-2 -1 1 2 3

-2

2

4
Extract

Control

1/[s] (mM)-1

1
/v

 (
m

M
/m

in
)-1

)LJXUH����0RGH�RI�LQKLELWLRQ�RI�Į-JOXFRVLGDVH�E\�HWKDQRO�H[WUDFW�
RI�+XQWHULD�XPEHOODWD 

-3 -2 -1 0 1 2 3

10

20

30

40

50Extract

Control

1/[s] (mM)-1

1/
v 

(m
M

/m
in

)-1

)LJXUH����0RGH�RI�LQKLELWLRQ�RI�VRUELWRO�GHK\GURJHQDVH�E\�DTXH�
RXV�H[WUDFW�RI�+XQWHULD�XPEHOODWD� 



 

ϭϵϯ 

 

GHK\GURJHQDVH� DFWLYLW\� PD\� SURPRWH� WKH� SURGXFWLRQ� RI�
DGYDQFHG� JO\FDWLRQ� HQG� SURGXFWV�� ZKLFK� FRQWULEXWHV� WR�
FRPSOLFDWLRQV�LQ�GLDEHWHV��7KXV��DJHQWV�WKDW�FRXOG�LQKLELW�
WKH�DFWLYLW\�RI�HQ]\PHV�RI�WKH�SRO\RO�SDWKZD\�DUH�XVHG�WR�
SUHYHQW�RU�DPHOLRUDWH�GLDEHWLF�FRPSOLFDWLRQV�>��@�� 

7KLV�VWXG\�FRPSDUHG�WKH�LQKLELWRU\�HIIHFWV�RI�WKH�DTXHRXV�
DQG�HWKDQRO�H[WUDFWV�RI�+��XPEHOODWD�VHHGV�RQ�WKH�DFWLYL�
WLHV� RI� Į-DP\ODVH�� Į-JOXFRVLGDVH�� DQG� VRUELWRO� GHK\GUR�
JHQDVH�� 7KH� IDFW� WKDW� ERWK� H[WUDFWV
� HIIHFWV� ZHUH� GRVH-
GHSHQGHQW�DQG�OHYHOV�RI�LQKLELWLRQ�ZHUH�VLPLODU�LQGLFDWHV�
WKDW� WKH� DFWLYH� LQKLELWRU\� FRQVWLWXHQWV� RI� WKH� VHHGV� DUH�
VROXEOH�LQ�ERWK�ZDWHU�DQG�HWKDQRO��7KH�ORZHU�,&���YDOXHV�
RI� WKH� H[WUDFWV� FRPSDUHG� WR� WKH� VWDQGDUG� GUXJV� VXJJHVW�
WKDW�WKH�H[WUDFWV�FRXOG�EH�PRUH�HIIHFWLYH�DV�LQKLELWRUV�RI�Į
-DP\ODVH� DQG� Į-JOXFRVLGDVH� WKDQ� DFDUERVH�� 7KLV� LV� DOVR�
DSSOLFDEOH�WR�WKH�LQKLELWLRQ�RI�VRUELWRO�GHK\GURJHQDVH�E\�
WKH� H[WUDFWV�� 7KH� ORZHU� WKH� ,&��� YDOXHV�� WKH� EHWWHU� WKH�
LQKLELWLRQ�RI�WKH�HQ]\PHV�>��@� 

7KH� HQ]\PH� UHVSRQVLEOH� IRU� WKH� EUHDNGRZQ� RI� SRO\VDF�
FKDULGHV� WR� VLPSOHU� VXJDU� LQ� WKH� KXPDQ� ERG\� LV� Į-
DP\ODVH�� &RPSOH[� SRO\VDFFKDULGHV� DUH� K\GURO\]HG� E\�
WKLV� HQ]\PH� WR� SURGXFH� ROLJRVDFFKDULGHV� DQG� GLVDFFKD�
ULGHV�ZKLFK�DUH�IXUWKHU�EURNHQ�GRZQ�E\�Į-JOXFRVLGDVH�WR�
PRQRVDFFKDULGHV�WKDW�DUH�DEVRUEHG�WKURXJK�WKH�VPDOO�LQ�
WHVWLQH� LQWR� WKH� KHSDWLF� SRUWDO� YHLQ� WR� LQFUHDVH� WKH� SRVW�
SUDQGLDO�EORRG�JOXFRVH�OHYHOV�>��@��7KXV��LQKLELWLRQ�RI�Į-
DP\ODVH� DQG� Į-JOXFRVLGDVH� ZLOO� GHFUHDVH� SRVWSUDQGLDO�
JOXFRVH�OHYHOV��+��XPEHOODWD�VHHGV
�([WUDFWV�GHPRQVWUDWHG�
VLJQLILFDQW�Į-DP\ODVH�DQG�Į-JOXFRVLGDVH� LQKLELWLRQ�� LQGL�
FDWLQJ� WKHLU� SRWHQWLDO� UROH� DV� D� SUREDEOH� DQWLGLDEHWLF�
DJHQW�� 7KH� PRGH� RI� LQKLELWLRQ� RI� Į-DP\ODVH� DQG� Į-
JOXFRVLGDVH�E\�WKH�H[WUDFWV�ZDV�VKRZQ�WR�EH�FRPSHWLWLYH�
DQG� QRQ-FRPSHWLWLYH� LQKLELWLRQ�� UHVSHFWLYHO\�� 7KLV� VXJ�
JHVWV� WKDW� WKH� LQKLELWRU\� FRPSRXQGV� ELQG� WKH� DFWLYH� VLWH�
RI�Į-DP\ODVH�ZKLOH�WKH�LQKLELWRU�GRHV�QRW�FRPSHWH�IRU�WKH�
DFWLYH�VLWH�LQ�LQKLELWLQJ�Į-JOXFRVLGDVH��7KLV�UHVXOW�LV�VLPL�
ODU�WR�HDUOLHU�VWXGLHV�WKDW�UHSRUWHG�WKDW�WKH�DTXHRXV�H[WUDFW�
RI�+��XPEHOODWD�LQKLELWHG�Į-DP\ODVH�DFWLYLW\�>������@� 

&KURQLF�K\SHUJO\FHPLD�UHVXOWLQJ�IURP�GLDEHWHV�LV�DVVRFL�
DWHG� ZLWK� ORQJ-WHUP� GDPDJH� RU� G\VIXQFWLRQ� RI� YDULRXV�
RUJDQV�VXFK�DV�WKH�H\HV��NLGQH\V��QHUYHV��KHDUW��DQG�EORRG�
YHVVHOV� >��@��7KH�SRO\RO�SDWKZD\� LV�RQH�RI� WKH�PRVW�HI�
IHFWLYH�PHFKDQLVPV� E\�ZKLFK� FRPSOLFDWLRQV� RI� GLDEHWHV�
RFFXU� VLQFH� LW� LV� DFWLYDWHG� ZKHQ� WKH� JOXFRVH� OHYHO� LQ�
FUHDVHG��7KH�LQKLELWLRQ�RI�VRUELWRO�GHK\GURJHQDVH�DFWLYLW\�
E\� WKH� H[WUDFWV� RI�+�� XPEHOODWWD� PD\� PLWLJDWH� WKH� IRU�
PDWLRQ�RI�DGYDQFHG�JO\FDWLRQ�HQG�SURGXFWV��WKHUHE\�FRQ�
WULEXWLQJ� WR� WKH� SUHYHQWLRQ� DQG� RU� SDOOLDWLRQ� RI� GLDEHWLF�

FRPSOLFDWLRQV� >��@�� 7KH� QRQ-FRPSHWLWLYH� LQKLELWLRQ� RI�
VRUELWRO� GHK\GURJHQDVH� E\� WKH� H[WUDFW� PD\� VXJJHVW� WKDW�
WKH� H[WUDFW
V� LQKLELWRU\� FRPSRQHQWV�GR�QRW� FRQWHQG�ZLWK�
WKH� VXEVWUDWH� LQ� ELQGLQJ� WR� WKH� HQ]\PH
V� DFWLYH� VLWH� EXW�
UDWKHU�LQWHUDFW�ZLWK�WKH�HQ]\PH�DW�D�VHSDUDWH�VLWH�WR�LQKLE�
LW� WKH� HQ]\PH� DFWLYLW\�� 7KH� EHQHILWV� RI� WKH� QRQ-
FRPSHWLWLYH� LQKLELWRUV� �VXFK� DV� GUXJV�� LV� WKDW� WKH\� GH�
FUHDVH�WKH�HQ]\PH
V�WXUQRYHU�UDWH�UDWKHU�WKDQ�SUHYHQW�WKH�
VXEVWUDWH� IURP�ELQGLQJ� WKH� HQ]\PH�� ,QVWHDG� RI� WKH� UHDF�
WLRQ�RI� WKH� HQ]\PH�EHLQJ� VWRSSHG�� LW� LV� UHGXFHG� DQG� WKH�
UHDFWLRQ�FDQQRW�EH�UHYHUVHG�E\�LQFUHDVLQJ�WKH�FRQFHQWUD�
WLRQ�RI�WKH�VXEVWUDWHV�>��@� 

3KHQROLF� FRPSRXQGV� KDYH� DWWUDFWHG�PXFK� DWWHQWLRQ� GXH�
WR� WKHLU� YDULRXV� ELRORJLFDO� DFWLYLWLHV�� LQFOXGLQJ� HQ]\PH�
LQKLELWLRQ�DQG�DQWL-GLDEHWLF�DFWLYLW\�>��@��)LYH�LQGLYLGXDO�
SKHQROLF�FRPSRXQGV�ZHUH�LGHQWLILHG�IURP�WKH�+��XPEHO�
ODWWD� VHHG�� ZKLFK� FRXOG� FRQWULEXWH� WR� WKH�Į-DP\ODVH�� Į-
JOXFRVLGDVH��DQG�VRUELWRO�GHK\GURJHQDVH�LQKLELWRU\�DFWLY�
LWLHV��6RPH�RI�WKHVH�FRPSRXQGV�KDYH�EHHQ�LGHQWLILHG�DQG�
LVRODWHG�IURP�H[WUDFWV�RI�WKH�VHHGV�RI�+��XPEHOODWWD� >����
��@�� *DOOLF� DFLG� KDV� EHHQ� UHSRUWHG� WR� DWWHQXDWH� LQVXOLQ�
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LQGXFHG� GLDEHWLF� QHSKURSDWK\� >��@�� 5XWLQ� IURP� WDUWDU\�
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PHOOLWXV�>��@��7KHVH�DUH�LQGLFDWLRQV�WKDW�WKH�H[WUDFWV�RI�+��
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H[WUDFWV� RI� +�� XPEHOODWWD� LQKLELW� WKH� DFWLYLWLHV� RI� Į-
DP\ODVH��Į-JOXFRVLGDVH��DQG�VRUELWRO�GHK\GURJHQDVH��7KH�
HWKDQRO�H[WUDFW�FRPSHWLWLYHO\� LQKLELWHG� WKH�DFWLYLW\�RI�Į-
DP\ODVH��ZKLOH�WKH�DFWLYLWLHV�RI�Į-JOXFRVLGDVH�DQG�VRUEL�
WRO� GHK\GURJHQDVH� ZHUH� LQKLELWHG� LQ� D� QRQ-FRPSHWLWLYH�
PDQQHU��7KH� LQKLELWRU\� HIIHFW� RI� WKH�+�� XPEHOODWWD� VHHG�
H[WUDFWV� PD\� EH� GXH� WR� WKH� SUHVHQFH� RI� SRO\SKHQROV�
�JDOOLF� DFLG�� FDWHFKLQ�� S-FRXPDULF� DFLG�� UXWLQ� DQG� IHUXOLF�
DFLG�� +RZHYHU�� LQGLYLGXDO� LQKLELWRU\� HIIHFWV� RI� WKHVH�
LGHQWLILHG�SRO\SKHQROV�IURP�+���XPEHOODWWD�VHHGV�QHHGV�WR�
EH�FDUULHG�RXW�WR�FRQILUP�WKHLU�VSHFLILF�UROH�LQ�DPHOLRUDW�
LQJ�GLDEHWHV�PHOOLWXV� 
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