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%LRK\GURPHWDOOXUJ\�KDV�EHHQ�GHYHORSHG�DV�D�GLVFLSOLQH�DQG�DQ�DOWHUQDWLYH�SURFHVV�IRU�WKH�H[WUDFWLRQ RI�PHWDOV�VXFK�DV�FRSSHU��XUDQLXP��JROG�DQG�FREDOW��DQG�RIIHUV�PDQ\�LQQRYDWLYH� VROXWLRQV� WR� WKH� K\GURPHWDOOXUJLVWV�� %XW� WLOO� QRZ� ELROHDFKLQJ� RI� RFHDQ�PDQJDQHVH�QRGXOH�KDV�QRW�EHHQ�FRPPHUFLDOL]HG�RQ�D�SLORW�RU� LQGXVWULDO�VFDOH� LQ�WKH�ZRUOG�� 0LFURELDO� OHDFKLQJ� XVLQJ� FKHPROLWKRWURSLF� EDFWHULD� 7KLREDFLOOL LV� D� ZHOO�HVWDEOLVKHG� SKHQRPHQD� IRU� WUHDWLQJ� WKH� VXOSKLGH� PLQHUDOV� DQG� KDV� DOVR� EHHQ�FRPPHUFLDOO\�H[SORLWHG�VLQFH�WKH�ODVW����\HDUV��6LQFH�H[WHQVLYHO\�QDWXUDOO\�RFFXUULQJ�RFHDQ�PDQJDQHVH�QRGXOHV�RQ� WKH�VHD�IORRU�RI�DOO�RFHDQV� LQFOXGLQJ�,QGLDQ�2FHDQ�DUH�ELRJHQLF�� WKHUH� LV�HYLGHQFH�RI�SUHVHQFH�RI�PL[HG�SRSXODWLRQ�RI�PDQJDQHVH�R[LGLVLQJ�DQG� UHGXFLQJ� EDFWHULD� DV�ZHOO� DV� EDFWHULD�ZKLFK� HYHQ� GR� QRW� DFW� RQ�PDQJDQHVH� RI�QRGXOH��0DQ\�FKHPLFDO�SURFHVVHV�EDVHG�RQ�GLIIHUHQW�DSSURDFKHV��KDYH�EHHQ� UHSRUWHG�IRU�H[WUDFWLRQ�RI�WKH�YDOXDEOH�PHWDOV�IURP�RFHDQ�PDQJDQHVH�QRGXOHV��.DQXQJR�HW�DO��������D��E�� -DQD�HW�DO��������DQG�+DQ�HW�DO����������+RZHYHU��RQO\�IHZ�LQYHVWLJDWLRQV�KDYH�EHHQ�FDUULHG�RXW�RQ�WKH�ELROHDFKLQJ�RI�RFHDQ�PDQJDQHVH�QRGXOHV��<DXKLUR�HW�DO���������� ,W� KDV� EHHQ� IRXQG� WKDW� JO\FHURO�� DOFRKRO�� PDQQLWRO� DQG� JOXFRVH� IDYRUHG�R[LGDWLRQ��DFWLQJ�HLWKHU�DV�VWLPXODQWV�RU�SOD\LQJ�D�SDUW�LQ�WKH�VWUXFWXUDO�UHTXLUHPHQWV�RI�WKH�RUJDQLVP��:DNVPDQ�DQG�-RIIH��������
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2FHDQ� PDQJDQHVH� QRGXOH� VDPSOHV� ZHUH� FROOHFWHG� IURP� WKH� ,QGLDQ� 2FHDQ� E\�1DWLRQDO� ,QVWLWXWH� RI� � 2FHDQRJUDSK\�� *RD�� 7KH� VDPSOH� ZDV� DLU� GULHG�� JURXQG� DQG�VLHYHG�WR�REWDLQ�WKH�����DQG�����P�IUDFWLRQ��7KH�FKHPLFDO�FRPSRVLWLRQ�RI��WKH�RFHDQ�PDQJDQHVH�QRGXOH�VDPSOH�LV�JLYHQ�LQ�7DEOH����7KH�RFHDQ�PDQJDQHVH�QRGXOH�VDPSOHV�DUH� HVVHQWLDOO\� FRPSRVLWH� PL[WXUHV� RI� R[LGHV�K\GUR[LGHV� RI� PDQJDQHVH� DQG� LURQ�R[LGHV�LQ�ZKLFK�R[LGHV�RI�FRSSHU��QLFNHO�DQG�FREDOW�DUH�LQWHUORFNHG��;�UD\�GLIIUDFWLRQ�DQG�PLQHUDORJLFDO�DQDO\VLV�LQGLFDWHG�WKH�SUHVHQFH�RI�WRGRURNLWH��PDQJDQLWH��ELUQHVLWH��JRHWKLWH��PDJKHPLWH�DQG�KHPDWLWH�DV�WKH�PDQJDQHVH�DQG�LURQ�PLQHUDOV�LQ�WKH�RFHDQ�PDQJDQHVH�QRGXOH�VDPSOH��3ULRU�UHGXFWLRQ�RI�PDQJDQLF�DQG�IHUULF�R[LGHV�LV�WKHUHIRUH�D�SUHUHTXLVLWH�WR�OLEHUDWH�WKH�DVVRFLDWHG�QRQIHUURXV�PHWDO�YDOXHV�EHIRUH�DQ\�VLJQLILFDQW�DFLG�GLVVROXWLRQ�FDQ�EH�DFKLHYHG�
7DEOH��&KHPLFDO�FRPSRVLWLRQ�RI�WKH�RFHDQ�PDQJDQHVH�QRGXOH�VDPSOH(OHPHQW �0Q ��)H ��1L ���&X ���&R ����
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6WUDLQV�RI�7KLREDFLOOXV�WKLRR[LGDQV �0&0%�����DQG�7KLREDFLOOXV�IHUURR[LGDQV �7I+���LVRODWHG�IURP�+XWWL�*ROG�0LQHV��,QGLD�ZHUH�XVHG��7KH�7KLREDFLOOXV�WKLRR[LGDQV FXOWXUH�ZDV�JURZQ�LQ�WKH�EDVDO��.� PHGLXP��WKH�FRPSRVLWLRQ�RI�ZKLFK�LV�JLYHQ�LQ�7DEOH����
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&KHPLFDO�OHDFKLQJ�DQG�ELROHDFKLQJ�H[SHULPHQWV�LQ�WKH�SUHVHQFH�RI�UHGXFLQJ�DJHQWV�ZHUH� FDUULHG� RXW� LQ� ���PO� (UOHQPH\HU� IODVNV� XVLQJ� ��� SXOS� GHQVLW\� RI� r��� DQG�����P�VL]H�IUDFWLRQ�RI�WKH�RFHDQ�PDQJDQHVH�QRGXOH�LQ�WKH�GHVLUHG�PHGLD�DQG�NHSW�IRU�VKDNLQJ�RQ�D�URWDU\�VKDNHU�DW����USP�DW�URRP�WHPSHUDWXUH��%LROHDFKLQJ�H[SHULPHQWV�ZHUH�DOVR�FDUULHG�RXW�LQ�WKH�SUHVHQFH�RI�S\ULWH�DW�GLIIHUHQW�UDWLRV�RI�QRGXOH�S\ULWH�ZLWK�PHWDEROLWH�FHOOV�RI�7KLREDFLOOXV�IHUURR[LGDQV DQG�7KLREDFLOOXV WKLRR[LGDQV WR�VWXG\�WKH�HIIHFW�RI�VXUIDFH�DUHD��%LROHDFKLQJ�H[SHULPHQWV�ZLWK�7KLREDFLOOXV�WKLRR[LGDQV DQG�WKHLU�PHWDEROLWH�KDYH�EHHQ�FDUULHG�RXW�LQ�WKH�SUHVHQFH�RI�VXFURVH�XQGHU�VLPLODU�FRQGLWLRQV��6LQFH� WKH� EDFWHULD� XVHG� LQ� OHDFKLQJ� ZHUH� DHURELF�� DSSURSULDWH� DHUDWLRQ� WKURXJK�SDVVDJH� RI� VWHULOLVHG� DLU� ZDV� GRQH� LQ� DOO� WKH� ELROHDFKLQJ� H[SHULPHQWV� WR� SURYLGH�R[\JHQ� DQG� FDUERQ� GLR[LGH� UHTXLUHG� IRU� EDFWHULDO� PHWDEROLVP�� 0HWDEROLWHV� XVHG� LQ�OHDFKLQJ� VWXGLHV� ZHUH� JHQHUDWHG� E\� JURZWK� RI� 7KLREDFLOOXV� IHUURR[LGDQV DQG�7KLREDFLOOXV�WKLRR[LGDQV LQ��.� DQG�VXOSKXUrULFK�PHGLD�IRU�D�SHULRG�RI�DERXW����KRXUV�DQG� UHPRYLQJ� WKH�EDFWHULDO� FHOOV� WKURXJK�FHQWULIXJDWLRQ�DQG� ILOWUDWLRQ�� ,Q�DOO� OHDFKLQJ�H[SHULPHQWV�D�SXOS�GHQVLW\�RI����ZDV�XVHG��(OHFWURELROHDFKLQJ� H[SHULPHQWV� ZHUH� FDUULHG� RXW� LQ� D� WKUHH� HOHFWURGH�HOHFWURFKHPLFDO�FHOO�XVLQJ�r���DQG�����P�VL]H�IUDFWLRQ�RI�RFHDQ�PDQJDQHVH�QRGXOH�VDPSOH� DW� ��R&�� ,W� HVVHQWLDOO\� FRQVLVWHG� RI� WKUHH� S\UH[� JODVV� FRPSDUWPHQWV� RI�F\OLQGULFDO� FURVV� VHFWLRQ� KDYLQJ� D� FDSDFLW\ RI� ����� ���� DQG� ��PO� UHVSHFWLYHO\�VXUURXQGHG� E\� D� JODVV� MDFNHW� WR� SHUPLW� FLUFXODWLRQ� RI� WKHUPRVWDWHG� ZDWHU� IRU�PDLQWDLQLQJ�FRQVWDQW�WHPSHUDWXUH����R&��$� SODWLQXP� PHVK� HOHFWURGH� VXEPHUJHG� LQWR� FRPSDUWPHQW� FRQWDLQLQJ� WKH� PLQHUDO�VOXUU\�VHUYHG�DV�WKH�ZRUNLQJ�HOHFWURGH�ZKLFK�ZDV�VHSDUDWHG�E\�LQVHUWLQJ�LQWR�D�IULWWHG�S\UH[�JODVV�RI�F\OLQGULFDO�FURVV�VHFWLRQ�LQ�ZKLFK�D�SODWLQXP�IRLO�DX[LOLDU\�HOHFWURGH�ZDV�LQWURGXFHG��7KH� WKLUG�FRPSDUWPHQW�FRQWDLQLQJ�DQ�6&(�HOHFWURGH�VHUYHG�DV� UHIHUHQFH�HOHFWURGH��FRQQHFWHG�WKURXJK�D�/XJJLQ�FDSLOODU\�
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'LVVROXWLRQ�EHKDYLRU�RI�WKH�RFHDQ�PDQJDQHVH�QRGXOH�VDPSOHV�LQ��0�+�62� LQ�WKH�DEVHQFH� RI� DQ\� DGGHG� UHGXFLQJ� DJHQW� LV� LOOXVWUDWHG� LQ� )LJXUH� ��� $IWHU� ��� KRXUV� RI�OHDFKLQJ� DERXW� ������� RI� FRSSHU�� QLFNHO� DQG� LURQ� FRXOG� EH� GLVVROYHG� ZKLOH� FREDOW�GLVVROXWLRQ�ZDV�RQO\�DERXW�����ZLWK�QHJOLJLEOH�PDQJDQHVH� LQ�VROXWLRQ��5HVXOWV� IURP�WKLV�H[SORUDWRU\� OHDFK� WHVWV� LQGLFDWH� WKDW�DW� OHDVW�����RI� WKH�QLFNHO�� LURQ�DQG�FRSSHU�SUHVHQW�LQ�WKH�QRGXOH�DUH�OLEHUDWHG�DQG�UHDGLO\�DFLG�VROXEOH��0RVW�RI�WKH�FREDOW��DW�OHDVW������ DQG� WKH� UHVW� RI� QLFNHO� DQG� FRSSHU� ��������� DUH� DVVRFLDWHG� ZLWK� PDQJDQHVH�R[LGHV�ZKRVH�UHGXFWLRQ�DQG�GLVVROXWLRQ�LV�D�SUHUHTXLVLWH�IRU�WKHLU�FRPSOHWH�GLVVROXWLRQ��7KH�FREDOW�YDOXHV�DUH�SUHVHQW�DV�&R�2� �KLJKHU�R[LGDWLRQ�VWDWH���3ULRU�RU�VLPXOWDQHRXV�UHGXFWLRQ� RI� PDQJDQHVH� DQG� LURQ� R[LGHV� KROGV� WKH� NH\� IRU� WKH� OLEHUDWLRQ� DQG�GLVVROXWLRQ�RI� DVVRFLDWHG�QRQIHUURXV�PHWDO� YDOXHV� VXFK�DV�FRSSHU��QLFNHO�DQG�FREDOW��5HGXFLQJ�DJHQWV�VXFK�DV�62���JOXFRVH�DQG�IHUURXV�VXOSKDWH�KDYH�EHHQ�XVHG�E\�HDUOLHU�LQYHVWLJDWRUV�WR�HQKDQFH�OHDFKLQJ�RI�PDQJDQLIHUURXV�RUHV�LQ�DFLG�PHGLD��.KDODIDOOD�HW�DO���������7ULIRQL�HW�DO���������'DV�HW�DO���������
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$QRWKHU� SRVVLEOH� SURFHVV� LV� WKH� WUHDWPHQW� RI� RFHDQ� PDQJDQHVH QRGXOHV� E\�PLFURELDO�PHDQV��<DVXKLUR�HW�DO���������DFKLHYHG������H[WUDFWLRQ�RI�ERWK�FRSSHU�DQG�]LQF�ZLWKLQ���GD\V�DQG�KLJK�H[WUDFWLRQ�RI�QLFNHO��������FREDOW�������DQG�PDQJDQHVH������� LQ� ��� GD\V� IURP� RFHDQ�PDQJDQHVH� QRGXOH� SDUWLFOH� LQ� SUHVHQFH� RI�$FLGLDQXV�EULHUOH\L DW���R&�,PDL� DQG�*KRVK�DQG� ,PDL� ������������� VWXGLHG� WKH� OHDFKLQJ�RI�PDQJDQHVH� IURP�PDQJDQHVH� GLR[LGH� GXULQJ� WKH� JURZWK� RI� 7KLREDFLOOXV� WKLRR[LGDQV RU� 7KLREDFLOOXV�IHUURR[LGDQV XVLQJ�HOHPHQWDO�VXOSKXU�DV�LWV�VXEVWUDWH��7KLREDFLOOXV VSHFLHV�ZHUH�IRXQG�WR�VROXELOL]H�WKH�R[LGH�E\�SURGXFLQJ�VXOSKXURXV�DFLG�DQG�UHGXFWLYH�LQWHUPHGLDWHV�7\SLFDO� UHVXOWV� RI� ELROHDFKLQJ� RI� RFHDQ� PDQJDQHVH� QRGXOH� LQ� WKH� SUHVHQFH� RI�7KLREDFLOOXV WKLRR[LGDQV DQG�VXOSKXU�DGDSWHG�7KLREDFLOOXV� IHUURR[LGDQV DUH�VKRZQ�LQ�)LJXUH ���$�&��

)LJXUH����%LROHDFKLQJ�RI�RFHDQ�PDQJDQHVH�QRGXOH������DV�D�IXQFWLRQ�RI�WLPH�DW�S+�����$��S+�����+�62����%��7KLREDFLOOXV�IHUURR[LGDQV �6�JURZQ�FHOOV����&��7KLREDFLOOXV�WKLRR[LGDQV FHOOV
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�������� ��������������
5HVXOWV�LQ�)LJXUH����$�&��UHSUHVHQW�WKH�H[WHQW�RI�&X��1L��&R��0Q�DQG�)H�GLVVROXWLRQ�DW�GLIIHUHQW� SHULRGV� RI� WLPH� ZKHQ� WKH� QRGXOHV� ZHUH� OHDFKHG� XVLQJ� PHWDEROLWH� RI�7KLREDFLOOXV�WKLRR[LGDQV RU�PHWDEROLWH�RI�7KLREDFLOOXV�IHUURR[LGDQV DW�S+������,Q�DOO�WKH�WKUHH�FDVHV�WKH�GLVVROXWLRQ�RI�DOO�YDOXDEOH�PHWDOV�ZDV�DOPRVW�WKH�VDPH�$�ODJ�SKDVH�LQ�GLVVROXWLRQ�RI�PHWDOV�GXULQJ�WKH�LQLWLDO�VWDJHV�GXH�WR�ODJ�SKDVH�RI�FHOO�JURZWK� FRXOG� EH� REVHUYHG� LQ� ELROHDFKLQJ� RI� QRGXOHV�� 5HGXFWLYH� LQWHUPHGLDWHV� RI�VXOSKXU� R[LGDWLRQ�� VXFK� DV� WKLRVXOSKDWH� DQG� VXOSKXURXV� DFLG� ZKLFK� DUH� ELRORJLFDOO\�SURGXFHG� IURP� WKH� HOHPHQWDO� VXOSKXU� GXH� WR� EDFWHULDO� R[LGDWLRQ� HIIHFWLYHO\� UHGXFH�PDQJDQLF�DQG�LURQ�R[LGHV�LQ�WKH�QRGXOH�UHOHDVLQJ�WKH�LQWHUORFNHG�PHWDOV�

�����%LROHDFKLQJ�LQ�WKH�SUHVHQFH�RI�RUJDQLF�UHGXFLQJ�DJHQWV
6XFURVH� EHKDYHV� DV� D� SRZHUIXO� UHGXFLQJ� DJHQW� LQ� DFLGLF� PHGLXP�� /HDFKLQJ� RI�PDQJDQHVH�QRGXOH� LQ�DPPRQLDFDO�PHGLXP�XVLQJ�JOXFRVH�DV�D� UHGXFWDQW� LV� UHSRUWHG��'DV�HW�DO����������$�����H[WUDFWLRQ�\LHOG�RI�0Q�� ZDV�EHHQ REWDLQHG�DW���R&�ZLWK��0�+�62� �����J�DFLG�J�RI�PLQHUDO��DQG���J�O�RI�VXFURVH�����J�RI�VXFURVH�J�RI�PLQHUDO��DIWHU����PLQ�RI�WUHDWPHQW��9HJOLÊ�DQG�7RUR��������5HVXOWV�RI�ELROHDFKLQJ�LQ�WKH�SUHVHQFH�RI�PHWDEROLWH��FHOOV�PHWDEROLWH�VXOSKXU�DQG�FHOOV�DORQH�ZLWK�VXFURVH�KDYH�EHHQ�LOOXVWUDWHG�LQ�)LJXUHV�����

)LJXUH� ��� %LROHDFKLQJ� RI� RFHDQ� PDQJDQHVH� QRGXOHV� ����� LQ� WKH� SUHVHQFH� RI� PHWDEROLWH� RI�7KLREDFLOOXV�WKLRR[LGDQV FRQWDLQLQJ���J�O�VXFURVH��S+�����
,W�FDQ�EH�VHHQ�WKDW�DOO�PDQJDQLF�DQG�IHUULF�R[LGHV�KDYH�EHHQ�UHGXFHG�ZKLFK�UHVXOWV�LQ� FRPSOHWH� OLEHUDWLRQ� RI� &X�� 1L� DQG� &R�� %LROHDFKLQJ� ZLWK� 7KLREDFLOOXV� WKLRR[LGDQVDORQH�LQ�WKH�SUHVHQFH�RI�VXFURVH�WDNHV�PRUH�WLPH�IRU�UHGXFWLRQ�RI�0Q�DQG�)H�R[LGH�LQ�FRPSDULVRQ�WR�ELROHDFKLQJ�LQ�WKH�SUHVHQFH�RI�LWV�PHWDEROLWH�
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)LJXUH� ��� %LROHDFKLQJ� RI� RFHDQ� PDQJDQHVH� QRGXOHV� ����� LQ� WKH� SUHVHQFH� RI� D� FXOWXUH� RI�7KLREDFLOOXV�WKLRR[LGDQV���PHWDEROLWH�FHOOV��VXOSKXU����J�O��DQG�VXFURVH����J�O�
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)LJXUH����%LROHDFKLQJ�RI�RFHDQ�PDQJDQHVH�QRGXOHV������ZLWK�FHOOV�RI�7KLREDFLOOXV�WKLRR[LGDQVDORQH�LQ�WKH�SUHVHQFH�RI�VXOSKXU����J�O��DQG�VXFURVH����J�O�
5HVXOWV� LQ� )LJXUH� �� FRUUHVSRQGV� WR� WKH� FRQGLWLRQ� ZKHUH� EDFWHULDO� FHOOV� DQG� WKHLU�PHWDEROLF�SURGXFWV�DUH�VLPXOWDQHRXVO\�SUHVHQW�WRJHWKHU�GXULQJ�OHDFKLQJ��ZKHUH�DV�LQ�WHVWV�FRUUHVSRQGLQJ�WR�)LJXUH����RQO\�EDFWHULDO�FHOOV��QR�PHWDEROLWHV��ZHUH�SUHVHQW�%HWWHU�GLVVROXWLRQ�FRXOG�EH�REVHUYHG�ZKHQ�ERWK�EDFWHULDO�FHOOV�DQG�WKHLU�PHWDEROLWHV�DUH� DYDLODEOH� VLPXOWDQHRXVO\�� 7KH� UHGXFWLRQ� RI�PDQJDQLF� DQG� IHUULF� LURQ� IURP�RFHDQ�QRGXOH�LQ�WKH�SUHVHQFH�RI�VXFURVH�WDNHV�SODFH�DFFRUGLQJ�WR�IROORZLQJ�UHDFWLRQV�
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������
��0Q2� ���&��+��2�� �����+����������o ��0Q�� �����&2� �����+�2 �����)H�2� ���&��+��2�� �����+�� o ��)H�� �����&2� �����+�2 ���
;5'� DQG� ('$;� VSHFWUD� RI� ELROHDFKHG� UHVLGXHV� RI� WKH� RFHDQ� PDQJDQHVH� QRGXOH�VDPSOH�LQ�WKH�SUHVHQFH�RI�VXFURVH�VKRZHG�DOPRVW�FRPSOHWH�GLVVROXWLRQ�RI�0Q��)H��&X��1L�DQG�&R�ZLWK�RQO\�SHDNV�IRU�6L�UHPDLQLQJ�E\�

�����%LROHDFKLQJ�WHVWV�ZLWK�JDOYDQLF�LQWHUDFWLRQV�DQG�HOHFWURELROHDFKLQJ
*DOYDQLF� LQWHUDFWLRQV� DPRQJ� GLIIHUHQW� PLQHUDOV� DUH� ZHOO� NQRZQ� SKHQRPHQD� DQG�EDVHG� RQ� HOHFWURFKHPLFDO� FRQFHSW�PDQ\�JDOYDQLF� OHDFKLQJ� V\VWHPV� HLWKHU� IRU�PHWDO�VXOSKLGH�RU�VXOSKLGH�VXOSKLGH�KDV�EHHQ�UHSRUWHG��1DWDUDMDQ�HW�DO���������0HKWD�HW�DO���������-R\WKL�HW�DO����������3DUDPJXUX�HW�DO����������KDYH�UHSRUWHG�JDOYDQLF�LQWHUDFWLRQ�EHWZHHQ�VSKDOHULWH�DQG�PDQJDQHVH�GLR[LGH�WKURXJK�OHDFKLQJ�DQG�IRXQG�D�VXEVWDQWLDO�LQFUHDVH�LQ�OHDFKLQJ�RI�ERWK�RI�WKH�PLQHUDOV��6WURQJ�JDOYDQLF�LQWHUDFWLRQ�ZDV�REVHUYHG�EHWZHHQ� VSKDOHULWH� DQG�PDQJDQHVH� GLR[LGH�� WKH� JDOYDQLF� LQWHUDFWLRQ� SUHGRPLQDWLQJ�RYHU� WKH� LQGLYLGXDO� GLVVROXWLRQ� �VHOI� FRUURVLRQ�� UDWHV�� 3DUDPJXUX� HW� DO�� ������� DOVR�H[DPLQHG� JDOYDQLF� LQWHUDFWLRQV� RI� WKH� 0Q2�r)H6� FRXSOH� WKURXJK SRODUL]DWLRQ� DQG�OHDFKLQJ�VWXGLHV��/DUJH�JDOYDQLF�FXUUHQWV�REVHUYHG�EHWZHHQ�HOHFWURGHV�RI�WKLV�FRXSOH��LQFUHDVH�IXUWKHU�ZLWK�DQ�LQFUHDVH�LQ�+� FRQFHQWUDWLRQ�RI�WKH�HOHFWURO\WH��'HYL�HW�DO��DQG�0DGKXFKKDQGD� HW� DO� ������� ������ KDYH� UHSRUWHG� GLVVROXWLRQ� RI� PHWDO� YDOXHV� IURP�GHHS�VHD� PDQJDQHVH� QRGXOH� LQ� +&O� PHGLXP� LQ� SUHVHQFH� RI� FKDOFRS\ULWH�� .DQXQJR������� D�� E�� UHSRUWHG� OHDFKLQJ�RI� WKH� QRGXOH� LQ� SUHVHQFH�RI� S\ULWH�� WKHUHE\� HIIHFWLQJ�VLPLODU� OHYHO� RI� GLVVROXWLRQ� DW� FRQVLGHUDEO\� ORZHU� FRQFHQWUDWLRQ� RI� +&O� DQG�VLPXOWDQHRXVO\� DYRLGLQJ� LURQ� GLVVROXWLRQ�� 5HGXFWLRQ� OHDFKLQJ� RI�PDQJDQHVH� QRGXOHV�E\�QLFNHO�PDWWH�LQ�K\GURFKORULF�DFLG�ZDV�VWXGLHG�E\�&KHQ�HW�DO���������,Q� JDOYDQLF� ELROHDFKLQJ� RI� RFHDQ� PDQJDQHVH� QRGXOH� LQ� WKH� SUHVHQFH� RI� S\ULWH��HOHFWURFKHPLFDO� LQWHUDFWLRQV� SOD\� D� YHU\� SURPLQHQW� UROH�� ,Q� RUGHU� WR� XQGHUVWDQG� WKH�UROH� RI� HOHFWURFKHPLVWU\� LQ� JDOYDQLF� ELROHDFKLQJ� LW� LV� HVVHQWLDO� WR� FRQVLGHU� ERWK�HOHFWURFKHPLFDO� DV� ZHOO� DV� PLFURELRORJLFDO� DVSHFWV�� 7KH� LQYROYHPHQW� RI� JDOYDQLF�HIIHFWV� LQ� WKH� ELROHDFKLQJ� RI� VRPH� ELQDU\� VXOSKLGH� PLQHUDOV� FRPELQDWLRQ� KDV� EHHQ�UHSRUWHG�SUHYLRXVO\��1DWDUDMDQ�HW�DO���������0HKWD�HW�DO����������(IIHFW�RI�7KLREDFLOOXV�IHUURR[LGDQV GXULQJ� UHGR[� OHDFKLQJ� RI� PDQJDQHVH� QRGXOHV� DQG� QLFNHO� VXOSKLGH� KDV�EHHQ� VWXGLHG� �.DL� HW� DO��� ������ .LQHWLF� PRGHO� IRU� VLPXOWDQHRXV� OHDFKLQJ� RI� ]LQF�VXOSKLGH� DQG�PDQJDQHVH�GLR[LGH� LQ� WKH�SUHVHQFH�RI� LURQ�R[LGL]LQJ�EDFWHULD�KDV�DOVR�EHHQ� UHSRUWHG� �7DNDPL� HW� DO��� ������� .LQHWLFV� RI� OHDFKLQJ�PDQJDQHVH� QRGXOH� LQ� WKH�SUHVHQFH�RI�]LQF�VXOSKLGH�PLQHUDO�KDV�EHHQ�VWXGLHG�E\�&KHQ�HW�DO�������� ��7KH� UROH� RI� DGGHG� S\ULWH� LQ� WKH� OHDFKLQJ� RI� WKH� RFHDQ�PDQJDQHVH� QRGXOH� LQ� �0�+�62� DW�WKUHH�GLIIHUHQW�UDWLRV�LV�LOOXVWUDWHG�LQ�)LJXUH���
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������

)LJXUH����/HDFKLQJ�RI�RFHDQ�PDQJDQHVH�QRGXOH������LQ��0�+�62� LQ�SUHVHQFH�RI�S\ULWH�$��RFHDQ�QRGXOH�S\ULWH����������%��RFHDQ�QRGXOH�S\ULWH���������&��RFHDQ�QRGXOH�S\ULWH������
&RPSDULQJ�WKHVH�UHVXOWV�ZLWK WKRVH�LQ�)LJXUH����WKH�EHQHILFLDO�UROH�RI�DGGHG�S\ULWH�FRXOG� EH� UHDGLO\� VHHQ�� +LJKHU� DPRXQWV� RI� S\ULWH� LQ� WKH� PL[WXUH� OHDG� WR� LQFUHDVHG�OHDFKLQJ�RI�WKH�RFHDQ�PDQJDQHVH�QRGXOH��
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������
&RPSOHWH�GLVVROXWLRQ�RI�DOO�WKH�PHWDOV�LQ�WKH�QRGXOH�FRXOG�EH�DFKLHYHG�LQ�DERXW����KRXUV�ZKHQ�WKH�QRGXOH�S\ULWH�UDWLR�ZDV�PDLQWDLQHG�DW�������5HODWLYHO\�PRUH�WLPH�ZLOO�EH�UHTXLUHG�IRU�KLJKHU�H[WUDFWLRQ�RI�WKH�QRQIHUURXV�PHWDOV�ZKHQ�WKH�DPRXQW�RI�S\ULWH�LQ�WKH�PL[WXUH�LV�ORZHUHG��7KH� UROH� RI� EDFWHULDO� DFWLYLW\� LQ� WKH� IRUP� RI�PHWDEROLF� SURGXFWV� DQG� FHOOV� RQ� WKH�JDOYDQLF�HIIHFWV�REVHUYHG�LQ�WKH�DGGHG�SUHVHQFH�RI�S\ULWH�LV�LOOXVWUDWHG�LQ�)LJXUHV�����

)LJXUH� ��� /HDFKLQJ� RI� RFHDQ� PDQJDQHVH� QRGXOH� ����� LQ� PHWDEROLWH�FHOOV� ������PO�� RI�7KLREDFLOOXV�WKLRR[LGDQV�$��RFHDQ�QRGXOH�S\ULWH����������%��RFHDQ�QRGXOH�S\ULWH���������&��RFHDQ�QRGXOH�S\ULWH������
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������

)LJXUH� ��� /HDFKLQJ� RI� RFHDQ� PDQJDQHVH� QRGXOH� ����� LQ� PHWDEROLWH�FHOOV� ������PO�� RI�7KLREDFLOOXV�IHUURR[LGDQV�$��RFHDQ�QRGXOH�S\ULWH����������%��RFHDQ�QRGXOH�S\ULWH������� �&��RFHDQ�QRGXOH�S\ULWH������
%LROHDFKLQJ�RI�RFHDQ�PDQJDQHVH�QRGXOH�PL[HG�ZLWK�GLIIHUHQW�UDWLRV�RI�S\ULWH�LQ�WKH�SUHVHQFH� RI� PHWDEROLWH� DQG� FHOOV� RI� 7KLREDFLOOXV� IHUURR[LGDQV DQG� 7KLREDFLOOXV�WKLRR[LGDQV ZDV�SHUIRUPHG��$OPRVW�FRPSOHWH�UHGXFWLRQ�RI�PDQJDQLF�DQG�LURQ�R[LGHV�SUHVHQW�LQ�WKH�RFHDQ�PDQJDQHVH�QRGXOH�LQ�WKH�SUHVHQFH�RI�S\ULWH�GXH�WR�WKH�SUHVHQFH�RI�DFLGLF�EDFWHULDO�PHWDEROLWHV�DQG�FHOOV�DOVR� IXUWKHU�SURPRWH�JDOYDQLF� LQWHUDFWLRQ�� ,Q�WKH� DEVHQFH�RI� DGGHG�S\ULWH� GLUHFW� ELROHDFKLQJ�RI� WKH� RFHDQ�PDQJDQHVH�QRGXOH�GLG�QRW�UHVXOW�LQ�VXFK�KLJKHU�GLVVROXWLRQ�DV�REVHUYHG�LQ�)LJXUH���
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������
7KH�UROH�RI�DGGHG�S\ULWH�LQ�SURPRWLQJ�WKH�OHDFKLQJ�RI�RFHDQ�PDQJDQHVH�QRGXOH�FDQ�EH� VHHQ� LQ� WKH� OLJKW� RI� JDOYDQLF� LQWHUDFWLRQ� EHWZHHQ� DQRGLF� S\ULWH� DQG� FDWKRGLF�PDQJDQLF�R[LGHV��SUHVHQW�LQ�WKH�QRGXOH��
$QRGLF�UHDFWLRQ��)H6� ����+�2���o )H�� ����62��� �����+� ����H ���
&DWKRGLF�UHDFWLRQV�0Q2� ����+� ����H� o 0Q�� ����+�2 ���0Q22+�������+� ����H� o 0Q�� ����+�2 ���)H�2� ����+� ����H� o �)H���� ����+�2 ���)H�22+�������+�� ����H� o )H�� ����+�2 ���
7KH� DERYH� UHDFWLRQV� SURYLGH� D� UHGXFLQJ� HQYLURQPHQW� E\� JHQHUDWLRQ� RI� IHUURXV�VXOSKDWH� DQG� WKH� UHGXFWLRQ� RI� PDQJDQLF� DQG� IHUULF� R[LGHV� OLEHUDWH� WKH� LQWHUORFNHG�QRQIHUURXV� PHWDO� YDOXHV� VXFK� DV� FRSSHU�� QLFNHO� DQG� FREDOW�� ,Q� WKH� SUHVHQFH� RI�DXWRWURSKLF� EDFWHULD� DQG� WKHLU� PHWDEROLWHV�� S\ULWH� R[LGDWLRQ� LV� IXUWKHU� SURPRWHG��HQKDQFLQJ�FDWKRGLF�UHGXFWLRQ�RI�PDQJDQLF�DQG�IHUULF�R[LGHV�$� UHGXFLQJ� DJHQW� VXFK� DV� IHUURXV� VXOSKDWH� LQ� VROXWLRQ� FDQ� DOVR� EH� JHQHUDWHG�WKURXJK� HOHFWURFKHPLFDO� UHGXFWLRQ� RI� EDFWHULDOO\� SURGXFHG� IHUULF� LRQV�� )RU� H[DPSOH��7KLREDFLOOXV IHUURR[LGDQV R[LGLVHV� IHUURXV� LRQV� WR� IHUULF� LRQV� DQG� WKH� EDFWHULDO��PHWDEROLWH� FRQWDLQV� XSWR� �J�O� RI� IHUULF� LRQV�� (OHFWURELROHDFKLQJ� RI� WKH� RFHDQ�PDQJDQHVH� QRGXOH� DW� r���P9� �6&(�� LQ� WKH� SUHVHQFH� RI� PHWDEROLWH� RI� 7KLREDFLOOXV�IHUURR[LGDQV UHVXOWHG� LQ�FRPSOHWH�GLVVROXWLRQ�RI�DOO�WKH�PHWDO�YDOXHV�ZLWKLQ����KRXUV�DW�D�S+�RI��DERXW�����ZKLFK�LV�LOOXVWUDWHG�LQ�)LJXUH���

)LJXUH� ���� (OHFWURELROHDFKLQJ� RI� WKH� RFHDQ�PDQJDQHVH� QRGXOH� ����� DW� ����P9�DV� D� IXQFWLRQ�WLPH�LQ�WKH�SUHVHQFH�RI�PHWDEROLWH�RI�)H�JURZQ�7KLREDFLOOXV�IHUURR[LGDQV DW�S+����
$W� WKH� DERYH� FDWKRGLF� UHGXFWLRQ� SRWHQWLDO�� DOO� WKH� IHUULF� LRQV� LQ� WKH� EDFWHULDO�PHWDEROLWH� FRXOG� EH� UHGXFHG� WR� WKH� IHUURXV� VWDWH� EHVLGHV� EULQJLQJ� DERXW� UHGXFWLYH�GLVVROXWLRQ� RI� WKH� PDQJDQLF�� IHUULF� DQG� FREDOWLF� R[LGHV SUHVHQW� LQ� WKH� RFHDQ�PDQJDQHVH�QRGXOH�
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$��.XPDUL��.��$��1DWDUDMDQ���7KH�(XURSHDQ�-RXUQDO�RI�0LQHUDO�3URFHVVLQJ�DQG�(QYLURQPHQWDO�3URWHFWLRQ�����������������������
���&21&/86,216

7KH�IROORZLQJ�PDMRU�FRQFOXVLRQV�FDQ�EH�PDGH�EDVHG�RQ�WKLV�VWXG\�
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