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����,QWURGXFWLRQ
7KH� SKHQRPHQRQ� RI� ILHOG� HOHFWURQ� HPLVVLRQ� IURP� GLDPRQG� DQG� D� YDULHW\� RI� FDUERQ� PDWHULDOV�DWWUDFWV�D�KLJK�LQWHUHVW�RI�UHVHDUFKHUV��7KH�HIIHFWLYH�HPLVVLRQ�ZDV�REVHUYHG�IRU�&9'�GLDPRQG�ILOPV�DQG�VLQJOH�FU\VWDO�GLDPRQG�>���@��GLDPRQG�OLNH�FDUERQ�ILOPV�>����@��QDQRWXEHV�>�����@��DQG�SRO\PHUV�>��@��,Q�VRPH�FDVHV�WKH�WKUHVKROG�ILHOGV�DUH�DV�ORZ�DV�������9�PP��+RZHYHU��WKH�QDWXUH�RI�WKH�HPLVVLRQ�LV�QRW�ZHOO�XQGHUVWRRG��$�FRPPRQ�WUHQG�LV�WKDW�WKH�ORZ�ILHOG�HPLVVLRQ�LV�REVHUYHG�PRVWO\�IRU�FDUERQ�PDWHULDOV�WKDW�FRQWDLQ�DW�OHDVW D�SDUW�RI�FDUERQ�ZLWK�VS��ERQGV��,W�ZDV�IRXQG�WKDW�WKH�SUHVHQFH�RI�JUDSKLWLF�SKDVH�>�������@�RU� GHIHFWV� >�@� LQ� GLDPRQG� ILOPV� LPSURYHV� WKH� HPLVVLRQ�� 0RUHRYHU�� WKH� HPLVVLRQ� ZDV� VXJJHVWHG� WR� EH�DVVRFLDWHG� ZLWK� JUDLQ� ERXQGDULHV� DQG� GLDPRQG�JUDSKLWH� LQWHUIDFHV >�����������@� WKDW� ZHUH� FRQILUPHG�H[SHULPHQWDOO\�E\�KLJK�UHVROXWLRQ�HPLVVLRQ�PDSSLQJ�XVLQJ�670�GHYLFHV�>�������@�6LQFH�WKH�HIIHFWLYH�HPLVVLRQ�ZDV�UHSRUWHG�DOVR�IRU�FDUERQ�VWUXFWXUHV�FRQWDLQLQJ�QR�VS� ERQGV�VXFK�DV�QDQRWXEHV�>�����@�DQG�IODNH�OLNH�&9'�JUDSKLWH�ILOPV�>�����@��LW�IROORZV�WKDW�WKH�SUHVHQFH�RI�GLDPRQG�SKDVH�WKDW�PLJKW�H[KLELW�QHJDWLYH�HOHFWURQ�DIILQLW\��1($��>�����@�LV�QRW�PDQGDWRU\�WR�SURYLGH�D�ORZ�ILHOG�HPLVVLRQ��,W�LV�QRW�FOHDU��KRZHYHU��LI�WKH�SK\VLFDO�PHFKDQLVPV�RI�WKH�HPLVVLRQ�DUH�VLPLODU�IRU�WKH�YDULHW\�RI�WKH�FDUERQ�PDWHULDOV�ZLWK�TXLWH�GLIIHUHQW�VWUXFWXUHV��GLIIHUHQW�ERQGLQJ�W\SH��'LDPRQG�S\URFDUERQ� FRPSRVLWHV� >�����@�� D� QHZ� FODVV� RI�PDWHULDOV�ZLWK� ORZ� HPLVVLRQ� WKUHVKROG�ILHOGV�>�����@�DQG�HDVLO\�FRQWUROOHG�VS��VS� ERQGLQJ�UDWLR��DUH�FRQYHQLHQW�REMHFWV�WR�H[SORUH�WKH�TXHVWLRQ�RQ� D� VSHFLILF� UROH�� LI� DQ\�� RI� GLDPRQG� FRPSRQHQW� LQ� WKH� HPLVVLRQ� SURFHVV�� +HUH� ZH� SUHVHQW� WKH�H[SHULPHQWDO�UHVXOWV�DQG�FRQVLGHU�VRPH�PRGHOV�RI�ORZ�ILHOG�HPLVVLRQ�RI�WKH�GLDPRQG�VS��ERQGHG�FDUERQ�FRPSRVLWHV�ZLWK�YDULDEOH�JUDSKLWH��S\URFDUERQ��FRQFHQWUDWLRQ�DQG�GLDPRQG�JUDLQ�VL]H��7KH�HPLVVLRQ�GDWD�UHSRUWHG�E\�GLIIHUHQW�DXWKRUV�IRU�&9'�GLDPRQG�ILOPV�DUH�DQDO\]HG�XVLQJ�WKH�VXJJHVWHG�PRGHOV����([SHULPHQWDO
7KH�GLDPRQG�FDUERQ�FRPSRVLWHV�FRQWDLQ�GLDPRQG�SDUWLFOHV�HPEHGGHG�LQWR�DQ�VS��ERQGHG�FDUERQ�PDWUL[� JURZQ� E\� D� S\URO\WLF� SURFHVV� >��@�� 7KH� JUDSKLWLF�PDWUL[�PDNHV� WKH� FRPSRVLWH� FRQGXFWLYH�� 7KH�GLPHQVLRQV� RI� GLDPRQG� SDUWLFOHV� PD\� VSDQ� IURP� D� IHZ� QDQRPHWHUV� WR� WHQV� PLFURQV�� DQG� WKHUH� LV� QR�JUDSKLWL]DWLRQ�RI�GLDPRQG�GXULQJ�WKH�S\URO\WLF�SURFHVV��7KH�XOWUDILQH�GLDPRQG�SDUWLFOHV�ZLWK�DYHUDJH�VL]H�RI� �� QP� SURGXFHG� E\� D� GHWRQDWLRQ� WHFKQLTXH�� DQG� ELJJHU� JUDLQV� SURGXFHG� E\� KLJK� SUHVVXUH�KLJK�WHPSHUDWXUH�WHFKQLTXH��ZHUH�XVHG�DV�WKH�VWDUWLQJ�PDWHULDO�LQ�WKH�FRPSRVLWH�IDEULFDWLRQ� %\�ILOOLQJ�WKH�SRUHV�ZLWK� S\URO\WLF� FDUERQ� WKH�PDVV� UDWLR� RI� VS��FDUERQ�WR�GLDPRQG� �VS��VS� UDWLR�� LQ� WKH� FRPSRVLWHV� FDQ� EH�FRQWUROOHG��)LJ�����7KH�FRPSRVLWLRQ�DQG�GLDPRQG�JUDLQ�VL]H�RI�VDPSOHV�VWXGLHG�KHUH�LV�VKRZQ�LQ�7DEOH����,Q�FDVH�RI�QDQRGLDPRQG�S\URFDUERQ�FRPSRVLWHV��1'&�W\SH��ZLWK���QP�SDUWLFOHV�WKH�VS��VS� UDWLR�LV�YDULHG�IURP�]HUR� �GLDPRQG� FRPSDFW�� WR������ WKXV� WKH� IUDFWLRQ�RI� VS��ERQGHG�FDUERQ� LV� LQ� WKH� UDQJH�RI��� WR����ZW���7KH�VDPSOH�GHQVLW\� LQFUHDVHV� IURP������ WR�����J�FP� >��@��ZKLOH� UHVLVWLYLW\�GHFUHDVHV�IURP���� WR�����:FP�ZLWK�VS� IUDFWLRQ��7KH�VDPSOHV�ZLWK�ELJJHU�JUDLQV��'3&�W\SH��ZHUH�SUHSDUHG�ZLWK�IL[HG�VS��VS�UDWLR� RI� ����� 7KH� VDPSOHV� ZHUH� SURGXFHG� LQ� WKH� IRUP� RI� GLVNV� RI� ��� PP� LQ� GLDPHWHU� DQG� �� PP� LQ�WKLFNQHVV��KRZHYHU�ODUJHU�FRPSRVLWH�VKHHWV��XS�WR�����PP�GLDPHWHU��FDQ�DOVR�EH�V\QWKHVL]HG�0LFUR5DPDQ� VSHFWUD� ZHUH� WDNHQ� IRU� TXDOLWDWLYH� SKDVH� DQDO\VLV� RI� WKH� FRPSRVLWHV� XVLQJ� ³-RELQ�<YRQ� 6�����´� VSHFWURPHWHU�� 7KH� VFDWWHULQJ� ZDV� H[FLWHG� DW� ������ QP� ZDYHOHQJWK� RI� DQ� $U��LRQ� ODVHU�IRFXVHG� LQWR�D���PP�GLDPHWHU�VSRW��)LHOG�HOHFWURQ�HPLVVLRQ�SURSHUWLHV��,�9�FKDUDFWHULVWLFV��ZHUH�VWXGLHG�XVLQJ�D�PLFURSUREH�GHYLFH�ZLWK�WXQJVWHQ�WLS�RI�FD�����PP�UDGLXV�SODFHG�DW��������PP�DERYH�WKH�VDPSOH�VXUIDFH�>����@��7KH�HPLVVLRQ�KDV�EHHQ�PHDVXUHG�LQ�YDFXXP����� 7RUU�DW�OHDVW�DW�IRXU�GLIIHUHQW�ORFDWLRQV�RQ�HDFK�VDPSOH��$�IODW���[���PP� IOXRUHVFHQW�VFUHHQ�ZDV�XVHG�WR�PRQLWRU�WKH�GLVWULEXWLRQ�RI�HPLVVLRQ�VLWHV�RQ�WKH�ZKROH�VDPSOH�DUHD��WKH�LPDJHV�EHLQJ�FDSWXUHG�E\�D�&&'�FDPHUD��DQG�VLPXOWDQHRXVO\�,±9�FXUYHV�ZHUH UHFRUGHG�� $� ����PP� WKLFN� JODVV� VSDFHU�ZDV� XVHG� WR� IL[� WKH� GLVWDQFH� EHWZHHQ� WKH� VFUHHQ� DQG� WKH�VDPSOH��$�KLJK�'�&��YROWDJH�XS�WR���N9�ZDV�F\FOLFDOO\�DSSOLHG�EHWZHHQ�VDPSOH�DQG�DQRGH��PLFURSUREHV�RU�IOXRUHVFHQW�VFUHHQ���DQG�WKH�HPLVVLRQ�FXUUHQW�LQ�D�UDQJH�RI����S$�� ��P$�ZDV�PHDVXUHG��$�6FDQQLQJ�7XQQHOLQJ�)LHOG� (PLVVLRQ�0LFURVFRSH� �67)(0�� >�������@�ZDV� DSSOLHG� IRU� KLJK� UHVROXWLRQ�PDSSLQJ� RI�VXUIDFH� WRSRJUDSK\�� ILHOG� HOHFWURQ� HPLVVLRQ� LQWHQVLW\�� VXUIDFH� SRWHQWLDO� �HIIHFWLYH� ZRUN� IXQFWLRQ�� DQG�HOHFWULFDO�FRQGXFWLYLW\�RI�WKH�VDPSOHV�



����5HVXOWV�����6WUXFWXUH�FKDUDFWHUL]DWLRQ
)LJXUH� �� VKRZV� 5DPDQ� VSHFWUD� RI� D� QDQRGLDPRQG� FRPSRVLWH� �1'&�� ZLWK� �� QP�GLDPRQG�SDUWLFOHV�DQG�D�GLDPRQG�S\URFDUERQ�FRPSRVLWH��'3& ����ZLWK��������PP�GLDPRQG�SDUWLFOHV�� 7KHVH� WZR� VDPSOHV� KDYH� WKH� VDPH� VS��VS� UDWLR� RI� ���� EXW� H[KLELW� GLIIHUHQW�VSHFWUD�� 7KH� FRDUVH�JUDLQHG� '3&��� FRPSRVLWH� �VHH� XSSHU� VSHFWUXP�� GLVSOD\V� WKH� VKDUS�GLDPRQG�SHDN�DW������FP�� DQG�WZR�EURDG�EDQGV�DW������FP�� �'�SHDN��DQG������FP�� �*�SHDN��DVFULEHG�WR�QDQRFU\VWDOOLQH�JUDSKLWH��7KH�W\SLFDO�VL]H�RI�JUDSKLWH�FU\VWDOOLWHV��OHQJWK�RI� EDVDO� SODQH�� LV� �� QP�DV� HYDOXDWHG� IURP� UDWLR� RI� LQWHJUDO� LQWHQVLWLHV�RI� WKH�' � DQG�*�SHDNV�� ,'�,* ����� >��@�� 7KH� VKLIW� RI� WKH� *�EDQG� RI� JUDSKLWH� IURP� ����� WR� ����� FP��HYLGHQFHV�D�KLJKO\�GLVRUGHUHG�VWUXFWXUH�RI� VS��ERQGHG�FDUERQ��7KH� VKLIW�RI� WKH�GLDPRQG�SHDN� IURP� ����� FP�� NQRZQ� IRU� GLDPRQG� WR� ����� FP�� FDQ� EH� DVVRFLDWHG�ZLWK� WKHUPDO�KHDWLQJ� RI� LVRODWHG� FU\VWDOOLWHV� E\� ODVHU� EHDP�� VLPLODU� WR� WKDW� REVHUYHG� IRU� KLJKO\�JUDSKLWL]HG� &9'� GLDPRQG� ILOPV� >��@�� HYLGHQFLQJ� WKDW� WKH� GLDPRQG� SDUWLFOHV� DUH�FRPSOHWHO\� VXUURXQGHG� E\� JUDSKLWLF� PDWUL[� DQG� GRQ¶W� FRQWDFW� ZLWK� HDFK� RWKHU�� 7KHVH�REVHUYDWLRQV� DUH� FRQVLVWHQW� ZLWK� DV �GHVLJQHG�PRGHO� RI� WKH� FRPSRVLWHV� ZKHUH� ��� ���PP�GLDPRQG� SDUWLFOHV� DUH� VXUURXQGHG� ZLWK� WKH� VS��ERQGHG� FDUERQ� FRYHU� RI� DERXW� ����� QP�WKLFNQHVV�7KH� VSHFWUXP�RI�1'&�VDPSOH�GLVSOD\V�RQO\� WZR�EDQGV�FHQWHUHG�DW������FP �� DQG������FP����ZLWK�,'�,* UDWLR�RI�DERXW�������WKDW�EHORQJ�WR�GLVRUGHUHG�JUDSKLWH�ZLWK�DYHUDJH�SDUWLFOH� VL]H� RI� DERXW� ���� QP� ;5'� VWXG\� VKRZHG� DQ� DYHUDJH� VL]H� RI� S\URFDUERQ�FU\VWDOOLWHV�RI�DERXW�����DQG�����QP�IRU�1'&����DQG�'3&���VDPSOHV�� UHVSHFWLYHO\� >��@��+RZHYHU��HIIHFWLYH� WKLFNQHVV�RI� WKH�S\URFDUERQ�VKHOO�FRYHULQJ� WKH�GLDPRQG�SDUWLFOHV�IRU�1'&���� VDPSOH� LV� DERXW� ���� QP� DV� FDOFXODWHG� IURP� VS��VS� PDVV� UDWLR�� 7KLV� OHDGV� WR�DVVXPSWLRQ�WKDW�WKLQ�S\URFDUERQ�VKHOOV�ORRN�OLNH�FRQWLQXRXV�JUDSKHQH�RU�RQLRQ�IUDJPHQWV��+LJK�UHVROXWLRQ� 7(0� VWXG\� GLUHFWO\� VKRZHG� VHSDUDWH� GLDPRQG� SDUWLFOHV� FRYHUHG�ZLWK� D�JUDSKLWLF� VKHOO� DQG� VRPH� IUDJPHQWV RI� RQLRQ�OLNH� FDUERQ� VXUURXQGLQJ�GLDPRQG�SDUWLFOHV�ZHUH� LQGHHG� REVHUYHG� IRU�1'&�W\SH� FRPSRVLWHV� >��@�� WKDW� LV� VLPLODU� WR� WKRVH� IRXQG� IRU�QDQRGLDPRQG�SRZGHUV�GXULQJ�KLJK�WHPSHUDWXUH�DQQHDOLQJ�>��@�$Q� ;�UD\� GLIIUDFWLRQ� DQDO\VLV� UHYHDOHG� WKH� SUHVHQFH� RI� GLDPRQG� SKDVH� LQ� 1'&�VDPSOHV�>��@��KRZHYHU�WKH�GLDPRQG�SHDN�LV�QRW�VHHQ�LQ�WKH�5DPDQ�VSHFWUXP�EHFDXVH�RI��L��D�EURDGHQLQJ�RI�WKH�GLDPRQG�SHDN�GXH�WR�SKRQRQ�FRQILQHPHQW�HIIHFW�LQ�XOWUDILQH�SDUWLFOHV�>��@�� DQG� �LL�� PXFK� VPDOOHU� VFDWWHULQJ� FURVV �VHFWLRQ� RI� GLDPRQG� FRPSDUHG� WR� JUDSKLWH��;$(6� DQG� ;36� VWXG\� RI� WKH� FRPSRVLWHV� VKRZHG� >��@� WKDW� D� IHZ� PRQROD\HUV� RI�QDQRVWUXFWXUHG� VS� FDUERQ� UHPDLQ�RQ� WKH� VXUIDFH� HYHQ� DIWHU� K\GURJHQ�SODVPD�WUHDWPHQW��ZKLOH�D�PL[WXUH�RI�VS� � DQG�VS�� ERQGHG�FDUERQ�ZDV�REVHUYHG�LQ�GHHSHU� OD\HUV��7DEOH����&RPSRVLWH�VDPSOHV�VWXGLHG�LQ�WKH�SUHVHQW�ZRUN�7\SH 'LDPRQG�SDUWLFOH�VL]H��QP VS��VS���ZW�UDWLR1'& ��� �����'3&���� ������ ���'3&�� ������� ���'3&�� ��������� ���
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)LJ�����6FKHPDWLF�VWUXFWXUH�RI�GLDPRQG�S\URFDUERQ�FRPSRVLWHV�
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�����0DFURVFRSLF�ILHOG�HPLVVLRQ�SURSHUWLHV

7KH� ILHOG�HOHFWURQ�HPLVVLRQ VWURQJO\�GHSHQGV�RQ�WKH�FRPSRVLWH�VWUXFWXUH��)LJXUH���LOOXVWUDWHV�KRZ�WKH�HPLVVLRQ� WKUHVKROG�ILHOG�( WK PHDVXUHG�ZLWK� WKH�PLFURSUREH�FRUUHODWHV�ZLWK�VS��ERQGHG�FDUERQ�FRQWHQW�LQ�WKH�QDQRFRPSRVLWH��7KH�YDOXH�RI�( WK LV�GHILQHG�DV�WKH�ILHOG� LQGXFLQJ� WKH�FXUUHQW�RI�����Q$� WKDW�FRUUHVSRQGV� WR� WKH�FXUUHQW�GHQVLW\�RI�DERXW����P$�FP���7KH� ORZHVW� WKUHVKROG�RI����9�PP�LV�DFKLHYHG�DW�RSWLPXP�VS� FRQWHQW�RI�������ZW��WKDW�LV�HTXLYDOHQW�WR�HIIHFWLYH��DYHUDJH��WKLFNQHVV�RI���� �����QP�RI�WKH�JUDSKLWLF�OD\HU�DURXQG� �� QP� GLDPRQG� SDUWLFOHV�� $W� KLJKHU� VS� FRQWHQWV� �WKLFNHU� JUDSKLWH� OD\HU�� WKH�HPLVVLRQ� WKUHVKROG� LQFUHDVHV� XS� WR� ��� 9�PP�� 2Q� WKH� RWKHU� KDQG�� D� GHSOHWLRQ� RI� WKH�FRPSRVLWH�ZLWK�WKH�JUDSKLWH�OHDGV�WR�D�GUDPDWLF�LQFUHDVH�LQ�( WK��LWV�YDOXH�EHLQJ�DV�KLJK�DV�����9�PP�IRU�JUDSKLWH�IUHH�QDQRGLDPRQG�FRPSDFW�
7KH� GHSHQGHQFH� RI� WKH� HPLVVLRQ� WKUHVKROG� RQ� GLDPRQG� SDUWLFOH� VL]H� LQ� WKH�FRPSRVLWHV�LV�VKRZQ�LQ�)LJ�����7KH�VS � FDUERQ�FRQWHQW�IRU�WKHVH�FRPSRVLWHV�ZDV�FORVH�WR�RSWLPXP� YDOXH� RI� ��� ZW��� 7KH� , �9� FXUYHV� ZHUH� PHDVXUHG� ZLWK� WKH� PLFURSUREH� DQG�IOXRUHVFHQW�VFUHHQ��LQ�WKH�ODWWHU�FDVH�WKH�WKUHVKROG�ILHOG�UHIHUV�WR���Q$�FXUUHQW�IURP�a��FP �HPLVVLRQ�DUHD���7KH�PLFURSUREH�GDWD�IRU�HDFK�VDPSOH�ZHUH�REWDLQHG�LQ�VHYHUDO�VLWHV��DQG�WKHQ� WKH� UHVXOWV� ZHUH� DYHUDJHG�� 7KXV� GHWHUPLQHG� WKUHVKR OG� ILHOGV� ZHUH� V\VWHPDWLFDOO\�KLJKHU�E\�D�IDFWRU�RI������WKDQ�(WK YDOXHV�PHDVXUHG�E\�WKH�VFUHHQ�WHFKQLTXH��7KLV�FDQ�EH�H[SODLQHG� E\� DQ� HIIHFW� RI� VXUIDFH� LQKRPRJHQHLWLHV� DQG� VWDWLVWLFDO� GLVWULEXWLRQ� IDFWRUV��$�VPDOO�QXPEHU�RI� VLWHV�ZLWK�YHU\� ORZ� WKUHVKROG�PD\�SUHVHQW�RQ� WKH� ODUJH�DUHD�PRQLWRUHG�ZLWK� WKH�VFUHHQ��)OXFWXDWLRQV� LQ�VWUXFWXUH�DQG�UHOLHI� �VLQJOH�KLJK�SURWUXVLRQV���DV�ZHOO�DV�FRQWDPLQDWLRQV�� PD\� FDXVH� WKH� HPLVVLRQ� RQVHW� DW� UHGXFHG� ILHOGV�� ,Q� FRQWUDVW�� WKH�PLFURSUREH� GDWD� EHLQJ� DYHUDJHG� SURYLGH� ³WUXH ´� HPLVVLRQ� FKDUDFWHULVWLF� RI� WKH�PDWHULDO��HVSHFLDOO\� LQ� FDVH� ZKHQ� WKH� VFUHHQLQJ� VKRZV� RQO\� UDUH� HPLWWLQJ� VLWHV�� <HW�� IRU� ERWK�PHDVXUHPHQW�WHFKQLTXHV�DQ�RSWLPXP�VWUXFWXUH�RI�WKH�FRPSRVLWH�WKDW�SURYLGHV�WKH�ORZHVW�(WK LV�DFKLHYHG�ZLWK�GLDPRQG�SDUWLFOH�VL]H� RI��������QP��7KLV�FRUUHVSRQGV�WR�WKLFNQHVV�RI�VXUURXQGLQJ�JUDSKLWLF�OD\HU�RI�������QP��7KH�XVH�RI�XOWUDGLVSHUVHG�GLDPRQG�SDUWLFOHV�RI�a��QP��DQG�ODUJH�GLDPRQG�JUDLQV�RI�� ���PP�OHDGV�WR�SRRUHU�VXUIDFH�XQLIRUPLW\�RI�WKH�HPLVVLRQ��VPDOO� QXPEHU� RI� HPLVVLRQ� VL WHV� DV� VKRZQ� E\� DUURZV� LQ� )LJ�� ��� DQG� KLJKHU� HPLVVLRQ�WKUHVKROG�ILHOGV�
)LJ����VKRZV�,�9�FXUYHV�IRU�RQH�RI�WKH�EHVW�FRPSRVLWH�ZLWK�����QP�GLDPRQG�JUDLQV��'3&�����VDPSOH��VS��VS�  ������7KH�HPLVVLRQ�EHJLQV�DW�ILHOGV�RI�����9�PP��DQG�ZHOO�ILWV�WKH�)RZOHU�1RUGKHLP�SORW��)LJ�����LQVHW���7KHUH�DUH�QR�K\VWHUHVLV�RU�DFWLYDWLRQ�SURFHVVHV�GXULQJ�PDQ\�F\FOLQJV�RI�WKH�DSSOLHG�YROWDJH��7KH�FXUUHQW�RI���P$�WKURXJK�a��FP � VFUHHQ�DUHD�FDQ�EH�HDVLO\�DFKLHYHG�DQG�UHSURGXFHG��7KH�VXUIDFH�GLVWULEXWLRQ�RI�WKH�HPLVVLRQ�VLWHV�DV� VHHQ� ZLWK� WKH� IOXRUHVFHQW� VFUHHQ� �)LJ�� ��� ORRNV� PRUH� RU� OHVV� XQLIRUP�� \HW� D� KLJKHU�GHQVLW\� RI� HPLWWLQJ� VLWHV�PD\� EH� UHTXLUHG� IRU� WHFKQLFDO� DSSOLFDWLRQV�� 7KH� GHQVLW\� RI� WKH�HPLVVLRQ�VLWHV�IRU�WKH�EHVW�VDPSOHV�LV�DERXW�RI���[��� � FP����ZKLOH�D�PDS�RI�WKH�VLWHV�ZDV�VWDEOH�DW�YROWDJH�F\FOLQJ�GXULQJ�DW�OHDVW���KRXUV�



�

)LJ�����(PLVVLRQ�WKUHVKROG�ILHOG�(WK YV�VS��ERQGHG�FDUERQ�FRQWHQW�LQ�WKH�1'&�W\SH�QDQRFRPSRVLWHV��7KH�HIIHFWLYH�WKLFNQHVV�RI�VS��ERQGHG�FDUERQ�VKHOO�DURXQG�WKH�GLDPRQG�SDUWLFOHV�LV�FKDQJHG�IURP�]HUR��OHIW�SRLQW��WR���QP��ULJKW�RQH���7KH�EHVW�HPLVVLRQ�FRUUHVSRQGV�WR�HIIHFWLYH�VKHOO�WKLFNQHVV�RI���������QP�

)LJ�����(PLVVLRQ�WKUHVKROG�ILHOG�YHUVXV�GLDPRQG�SDUWLFOH�VL]H�LQ�FRPSRVLWHV�ZLWK�VS��VS� ����DV�PHDVXUHG�ZLWK�WXQJVWHQ�PLFURSUREH��VTXDUHV��DQG�IOXRUHVFHQW�VFUHHQ��FLUFOHV���7KH�RQVHW�RI�HPLVVLRQ�DW�ILHOG�DV�ORZ�DV���9�PP�LV�REVHUYHG�ZLWK�WKH�VFUHHQ�IRU�WKH�VDPSOH�'3&�����ZLWK��������QP�GLDPRQG�SDUWLFOHV��7KH�EHVW�HPLVVLRQ�FRUUHVSRQGV�WR�HIIHFWLYH�VKHOO�WKLFNQHVV�RI�DERXW�������QP�



�

)LJ� ���,�9�FXUYHV�IRU�WKH�'3&�����FRPSRVLWH�UHFRUGHG�DW�LQFUHDVLQJ�ILHOG��RSHQ�VTXDUHV��DQG�GHFUHDVLQJ�ILHOG��FORVHG�VTXDUHV���)RZOHU �1RUGKHLP�SORW�LV�VKRZQ�LQ�LQVHW�

)LJ�����7KH�GLVWULEXWLRQ�RI�HPLVVLRQ�VLWHV�IRU�RQH�RI�WKH�EHVW�'3&�VDPSOH�YLVXDOL]HG�ZLW K�IOXRUHVFHQW�VFUHHQ��'LDPHWHU�RI�WKH�HPLWWLQJ�DUHD�LV����PP��FDWKRGH�FXUUHQW�RI����� P$�DW�ILHOG�RI����9�PP�



������0LFURVFRSLF�HPLVVLRQ�VWXG\
7R�XQGHUVWDQG�WKH�QDWXUH�RI�WKH�HPLVVLRQ�VLWHV�WKH�KLJK �UHVROXWLRQ�HPLVVLRQ�PDSSLQJ�ZLWK� 67)(0�ZDV� DSSOLHG�� )LJXUH �� VKRZV� W\SLFDO� PDSV� RI� WRSRJUDSK\�� ILHOG� HPLVVLRQ�LQWHQVLW\��HOHFWULFDO�FRQGXFWLYLW\�DQG�VXUIDFH�SRWHQWLDO�IRU�WKH�'3& �����VDPSOH�WDNHQ�DW�WKH�VDPH����[����PP� DUHD��7KH�HPLVVLRQ�]RQHV�DUH�FOHDUO\�ERXQGHG�WR�VRPH�KLOORFNV��JUDLQV��RI�DERXW�������PP�LQ�GLDPHWHU�DQG�KHLJKW��FRPSDUH�)LJ����D�E���1RWH�WKDW�WKHVH�JUDLQV�DUH�IRUPHG� �DJJORPHUDWHG�� DV� D� UXOH� IURP� D� QXPEHU� RI� VPDOOHU� GLDPRQG� SDUWLFOHV� >��@�� DQG�KDYH�QR�VKDUS�WLS�OLNH�SURWUXVLRQV��0RUHRYHU��WKH�HOHFWULFDO�FRQGXFWLYLW\�RQ�WKH�WRS�RI�WKH�HPLWWLQJ� JUDLQV� GHPRQVWUDWHV� UHODWLYHO\� ORZ� �³QRQ�JUDSKLWH´�� YDOXHV�� QRW� OLNH� IRU� DQ�LQVXODWRU� �GLDPRQG��� EXW� UDWKHU� W\SLFDO� IRU� D� VHPLFRQGXFWRU� RU� D� WKLQ� ��'�� FRQGXFWLQJ��JUDSKLWLF��OD\HU��)LJ���F���7KH�HIIHFWLYH�ZRUN�IXQFWLRQ��VXUIDFH�SRWHQWLDO��LV�DOVR�ORZHU�LQ�WKHVH�HPLWWLQJ�]RQHV�FRPSDUHG�WR�WKH�EDFNJURXQG��)LJ���G���8QIRUWXQDWHO\��LW�LV�GLIILFXOW�WR�TXDQWLI\� WKH�FRQGXFWLYLW\�DQG� WKH�ZRUN� IXQFWLRQ� VFDOHV�� WKHUHIRUH� WKH\�DUH�JLYHQ�KHUH� LQ�DUELWUDU\�XQLWV�
:H�DVFULEH�WKH�HPLVVLRQ�UHJLRQ�WR�DJJUHJDWHG�GLDPRQG�JUDLQV ��PRVW�SUREDEO\�ZLWK�WKLQ� JUDSKLWH� FRYHUDJH�� DW� OHDVW� PXFK� WKLQQHU� WKDQ� RQ� VXUURXQGLQJ� VXUIDFH� DUHD�� 7KH�XQFRYHUHG�GLDPRQG�SKDVH�VRPHWLPHV�DSSHDUV�RQ�WKH�VDPSOH�VXUIDFH�WKDW�FDQ�EH�FRQFOXGHG�IURP�FRQGXFWLYLW\�PDSV�PHDVXUHG�ZLWK� WKH�67)(0�� LQ�VXFK�FDVH� WKH� HPLVVLRQ�VSRWV�DUH�UHYHDOHG� QHDU� WKH� ERUGHU� RI� WKHVH� DUHDV�� %XW�� DV� D� UXOH�� WKH� JUDSKLWH� IRUPLQJ� ZHOO �FRQGXFWLQJ� VXUIDFH� UHJLRQV� RQ� WKH� JUDLQV� FRYHUV� WKH� GLDPRQG�� 6LPLODU� REVHUYDWLRQ�ZDV�SUHYLRXVO\�UHSRUWHG�IRU�QDQRFRPSRVLWHV�SUHSDUHG�ZLWK���QP�GLDPRQG�SDU WLFOHV�>��@�ZKHUH�ORFDO�HPLVVLRQ�PD[LPD�FRLQFLGHG�ZLWK�WKH�WRSV�RI�WKH�VXUIDFH�SURWUXVLRQV��JUDLQV���ZKLOH�WKH�HIIHFWLYH�ZRUN�IXQFWLRQ�RIWHQ�ZDV�PLQLPDO�DW�WKRVH�VLWHV��������������������������������������������������������������������������������������� �����������������������0HWRGLFV� 6SHFLDOO\�GHVLJQHG�KLJK�YDFXXP�67)(0�GHYLFH�JLYHV���PDSV�VLPXOWDQHRXVO\

�� 0RUSKRORJ\�RI�WKH�VXUIDFH��� /RFDO�ILHOG�HOHFWURQ�HPLVVLRQ�LQWHQVLW\��� 'LVWULEXWLRQ� RI� VXUIDFH� SRWHQWLDO� EDUULHU� IRU�HPLWWHG�HOHFWURQV��ORFDO�ZRUN�IXQFWLRQ���� /RFDO�VXUIDFH�HOHFWULFDO�FRQGXFWLYLW\�HYDOXDWLRQ�
� XVHV�WXQQHOLQJ�DQG�ILHOG�HPLVVLRQ�UHJLPHV�� DSSO\� WR� VHPLVRQGXFWLQJ� DQG� VHPL�LQVXODWLRQ�ILOPV�� XSWR� ��[��� PP� PDSV� LQVLGH� D� VTXDUH� RI� �[��PP� LQ�YDFXXP

��(�,R�� �'=�'8� ± ILHOG�HOHFWURQ�HPLVVLRQ�LQWHQVLW\�VLJQDO�)���  �&��8�,R���',�'=� ± HIIHFWLYH�ZRUN�IXQFWLRQ�VLJQDO�U a�',�'= ± HOHFWULFDO�FRQGXFWLYLW\�HYDOXDWLRQ�VLJQDO�
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)LJ������'�PDSSLQJ RI�WRSRJUDSK\��D���ILHOG�HPLVVLRQ��E���HOHFWULFDO�FRQGXFWLYLW\��F��DQG�VXUIDFH�SRWHQWLDO��G��PHDVXUHG�ZLWK�67)(0�IRU�'3&�����VDPSOH���H���'�WRSRJUDSK\�DUUDQJHG�ZLWK�FRORU��JUD\�VFDOH�EULJKWQHVV��HPLVVLRQ�PDS��6DPSOLQJ�DUHD�����[����PPP��



�����'LVFXVVLRQ7KHUH� LV�D�FHUWDLQ�DQDORJ\� LQ�VWUXFWXUH�RI�WKH� GLDPRQG�S\URFDUERQ� FRPSRVLWHV� H[DPLQHG�KHUH� DQG� &9'� GLDPRQG� ILOPV� FRQWDLQLQJ� WKH�JUDSKLWLF� SKDVH� LQ� VLJQLILFDQW� DPRXQWV�� DQG�VKRZLQJ� WKH� HOHFWURQ� HPLVVLRQ� DW� ORZ� �D� IHZ�9�PP��ILHOGV�>�����@��7KLV�VLPLODULW\�LV�GHSLFWHG�VFKHPDWLFDOO\�LQ�)LJ�����7KH�JUDSKLWH �OLNH�SKDVH�LV� ORFDWHG� DW� JUDLQ� ERXQGDULHV� LQ� WKRVH�QDQRFU\VWDOOLQH�ILOPV��DQG�WKH�HPLVVLRQ�KDV�EHHQ�IRXQG� WR� RULJLQ� PRVWO\� IURP� WKH� JUDLQ�ERXQGDULHV�DQG�GLDPRQG�JUDSKLWH�LQWHUIDFHV�>�� ���@�� %HORZ� ZH� EULHIO\� FRQVLGHU� WKH� HPLVVLRQ�PHFKDQLVPV� WKDW� WDNH� LQWR� DFFRXQW� WKH�FRH[LVWHQFH� WZR� FDUERQ� SKDVHV�� DQG� WKDW� FRXOG�EH�DSSOLFDEOH� IRU� WKH� FRPSRVLWHV� DV�ZHOO� DV� IRU�WKH�GLDPRQG�ILOPV�
)LJ�����7KH�VFKHPDWLF�VXUIDFH�VWUXFWXUH�RI�WKH�GLDPRQG�FDUERQ�FRPSRVLWH��D��DQG�&9'�GLDPRQG�ILOP�FRQWDLQLQJ�WKH�JUDSKLWLF�SKDVH�DW�JUDLQ�ERXQGDULHV��E���7KH�RXWHU�VXUIDFH�PD\�H[SRVH�XQFRYHUHG�GLDPRQG�DV�ZHOO�DV�WKLQ�RU�WKLFN�JUDSKLWH�OD\HUV�RQ�GLDPRQG�SDUWLFOH�

�����&RPSURPLVH�EHWZHHQ�ILHOG�HQKDQFHPHQW�DQG�ORZ�EDUULHU/RZ�ILHOG�HPLVVLRQ�IURP�FDUERQ�PDWHULDOV�VRPHWLPHV�LV�DVFULEHG�MXVW�WR�ORFDO�ILHOG�DPSOLILFDWLRQ� E\� SURWUXVLRQV� RU� FROXPQDU� JUDLQ� ERXQGDULHV� ZLWK� KLJK� DVSHFW� UDWLR�>��������@��7\SLFDOO\�WKH�ILHOG�HQKDQFHPHQW�IDFWRU� P RI�WKH�RUGHU�RI������DQG�HYHQ�KLJKHU�LV�UHTXLUHG�WR�H[SODLQ�WKH�H[SHULPHQWDO�GDWD��6LQFH�WKHUH�DUH�QR�VXFK�KLJK�DQG�VKDUS�WLSV�RQ�WKH� FRPSRVLWH� VXUIDFH�� RU� ORQJ� HQRXJK� QDUURZ� FRQGXFWLQJ� FKDQQHOV� LQ� WKH� LQVXODWLQJ�GLDPRQG�PDWUL[� LQ� WKLQ� ���� PP��&9'� ILOP�� WKH� HPLVVLRQ� KDUGO\� FDQ� EH� DVFULEHG� WR� WKH�JHRPHWULF� ILHOG�HQKDQFHPHQW�RQO\��,QGHHG�� WKH�HIIHFWLYH�ZRUN� IXQFWLRQ�GHULYHG�IURP�WKH�)RZOHU�1RUGKHLP�SORW��)LJ�����LQVHUW��LV�LPSUREDEO\�ORZ�) ������H9�LQ�WKH�FDVH�RI�]HUR�ILHOG� HQKDQFHPHQW� �P ����$VVXPLQJ� WKH�ZRUN� IXQFWLRQ� WR� EH� RI� JUDSKLWH� ) ���� H9� WKH�ILHOG� HQKDQFHPHQW� PXVW� EH� YHU\� ODUJH� �P ������� ,W� FDQ� EH� HVWLPDWHG� WKDW� LQ� RUGHU� WR�SURYLGH�VR�KLJK�HQKDQFHPHQW�IDFWRU��DQ�DWRPLFDOO\�VKDUS�WLS�PXVW�KDYH�WKH�KHLJKW�RI�PRUH�WKDQ����PP��EHFDXVH�LQ�WKLV�FDVH�WKH�WXQQHOLQJ�EDUULHU�LV�QRW�WULDQJOH��EXW�ORJDULWKPLF��VHH�>��@� IRU�GHWDLOV���6XFK�KLJK�SURWUXVLRQV�ZHUH�QRW�REVHUYHG�RQ� WKHVH� VDPSOHV��+HQFH�� DQ�HVVHQWLDO�UHGXFWLRQ�RI�WKH�VXUIDFH�WXQQHOLQJ�EDUULHU�KHLJKW�VKRXOG�EH�VXJJHVWHG�2Q� WKH�RWKHU�KDQG�� WKH�EDUULHU�FDQQRW�EH�DV� ORZ�DV������ �����H9��FRPSDULQJ�ZLWK������H9�RI�N7 DW�URRP�FRQGLWLRQV���RWKHUZLVH�WKHUPLRQLF�HPLVVLRQ�ZRXOG�EH�REVHUYHG�DW�URRP� WHPSHUDWXUH� >��@�� 6R� D� FRPELQDWLRQ� RI� ORFDO� ILHOG� HQKDQFHPHQW� DQG� ORZ� ZRUN�IXQFWLRQ�PRVW�SUREDEO\�WDNHV�SODFH�>��@�



�������/RZ�WXQQHOLQJ�EDUULHU�IRU�GLDPRQG�JUDSKLWH�VXUIDFHV
$� GHFUHDVH� RI� WKH� WXQQHOLQJ� EDUULHU� IRU� HVFDSLQJ� HOHFWURQV� FDQ� EH� FDXVHG�� IRU�H[DPSOH��E\�FRYHULQJ�WKH�GLDPRQG�ZLWK�DQ�XOWUDWKLQ�FRQGXFWLQJ�OD\HU��H�J��PHWDOV�DV�IRXQG�E\�GLIIHUHQW�DXWKRUV�>���������������@��WKDW�OHDGV�WR�D�QHJDWLYH�VXUIDFH�EDQG�EHQGLQJ��7 KH�QHJDWLYH�HOHFWURQ�DIILQLW\�RI�³XQFRDWHG´�GLDPRQG�>�� ���@�DOVR�FDQ�SOD\�DQ�LPSRUWDQW�UROH��7KH�SRVVLEOH�ZD\V�RI�WXQQHOLQJ�SURFHVV�DUH�VKRZQ�VFKHPDWLFDOO\�IRU�WKH�FRPSRVLWH�DQG�D�GLDPRQG�ILOP�LQ�)LJ�����1HDU�WKH�GLDPRQG�JUDSKLWH�LQWHUIDFH�WZR�FDVHV�FDQ�EH FRQVLGHUHG�7KH� ILUVW� PHFKDQLVP� LPSOLHV� WKH� HPLVVLRQ� IURP� GLDPRQG� VXUIDFH� FRYHUHG� E\� DQ�XOWUDWKLQ� JUDSKLWLF� OD\HU� WUDQVSDUHQW� IRU� WXQQHOLQJ� �)LJ�� �D��� (OHFWURQV� DUH� LQMHFWHG� IURP�JUDSKLWH�WR�GLDPRQG�DQG�WKHQ�HPLWWHG�DV�³GLDPRQG�HOHFWURQV´�WKURXJK�WKH�EDUU LHU��ORZHUHGGXH� WR� 1($� RU� EDQG� EHQGLQJ�� ,Q�WKLV� FDVH� WKH�SUHVHQFH�RI�1($�IRU�WKH� JUDSKLWH�FRDWHG� GLDPRQG� LV�DVVXPHG�� OLNH� WKDW� IRU� VRPH�PHWDO�FRDWLQJV�>�������@��6R�WKH�HPLVVLRQ�DUHD� LV� ORFDWHG� RQ� RXWHU� JUDSKLWLF�VXUIDFH� QHDU� GLDPRQG�JUDSKLWH�LQWHUIDFH� DQG� LV� GHWHUPLQHG�� LQ�SDUWLFXODU�� E\� ORFDO� WKLFNQHVV� RI�FRQGXFWLQJ��JUDSKLWLF��OD\HU�7KH�VHFRQG�SRVVLELOLW\�LV�WKH�HPLVVLRQ� IURP� 1($� GLDPRQG�VXUIDFH� �H[SRVHG� WR� YDFXXP���ZKHUH� HOHFWURQV� DUH� LQMHFWHG� IURP�JUDSKLWH� WR� GLDPRQG� >������������@��WKHQ�GLIIXVH�WR�WKH�GLDPRQG�VXUIDFH� �)LJ�� �E��� ,Q� WKLV� FDVH� WKH�HPLVVLRQ� DUHD� LV� ORFDWHG� RQ�GLDPRQG� VXUIDFH� QHDU�GLDPRQG�JUDSKLWH� LQWHUIDFH� DQG�OLPLWHG� E\� FDUULHU� GLIIXVLRQ� OHQJWK�LQ�GLDPRQG�>��@�
)LJ�����7ZR�SRVVLEOH�SURFHVVHV�RI�HOHFWURQ�WXQQHOLQJ�LQ�WKH�FRPSRVLWH�RU�GLDPRQG�ILOP���D��(PLVVLRQ�IURP�GLDPRQG�VXUIDFH�FRYHUHG�ZLWK�WKLQ�JUDSKLWLF�OD\HU��(OHFWURQV�DUH�LQMHFWHG�IURP�JUDSKLWH�WR�GLDPRQG�DQG�WKHQ�HPLW�DV�³GLDPRQG�HOHFWURQV´�WKURXJK�WKH�EDUULHU��ORZHUHG�GXH�WR�1($�RU�EDQG�EHQGLQJ���E��(OHFWURQV�DUH�LQMHFWHG�WKURXJK�JUDSKLWH�GLDPRQG�LQWHUIDFH��OLNH�³EDFN�FRQWDFW´���DQG�WKHQ�GLIIXVH�WR�WKH�GLDPRQG�VXUIDFH�ZLWK�ORZ�RU�1($�



��$V�QRWHG� LQ� VHFWLRQ������ WKH�HIIHFWV�RI� WKH�ILHOG�HQKDQFHPHQW�DQG� ORZHUHG�ZRUN�IXQFWLRQ� VKRXOG� EH� FRPELQHG� WR� H[SODLQ� WKH� ORZ� HPLVVLRQ� WKUH VKROGV� REVHUYHG��1HYHUWKHOHVV��VXFK�WKH�H[SODQDWLRQ�LV�SUREOHPDWLF�HYHQ�LQ�WKH�FDVH�ZKHQ�WKH�)HUPL�OHYHO�LV�SODFHG�QHDU�WKH�PLGGOH�RI�WKH�GLDPRQG�EDQGJDS��,QGHHG��LI�ZH�DVVXPH�WKH�SRVLWLRQ�RI�WKH�)HUPL�OHYHO�() DERYH�WKH�YDOHQFH�EDQG�PD[LPXP�(Y WR�EH�()�(Y ����H9�IRU�GLDPRQG��DV�UHSRUWHG�IRU�GLDPRQG�JUDSKLWH�6FKRWWN\�EDUULHU�>��@���DQG�WKH�YDOXH�RI�1($�DV�GHHS�DV� ������H9�>��@��WKH�WXQQHOLQJ�EDUULHU�KHLJKW�ZLOO�EH�DERXW�M ����H9��)LJ���D��7KLV�PHDQV�� WKDW�IRU� WKH�HPLVVLRQ�WKUHVKROG�ILHOG�RI���9� PP��)LJ���� WKH�KHLJKW�RI�DWRPLFDOO\�VKDUS�SURWUXVLRQ��RU�WKH�OHQJWK�RI�VLQJOH�JUDLQ�ERXQGDU\��PXVW�EH�PRUH�WKDQ���PP� �VHH� >��@� IRU� GHWDLOHG� FDOFXODWLRQ��� 7KLV� VHHPV� WR� EH� XQUHDOLVWLF� IRU� WKH�GLDPRQG�S\URFDUERQ�FRPSRVLWHV�VWXGLHG�KHUH�DV�ZHOO�DV� IRU� WKLQ�&9'�GLDPRQG� JUDSKLWH�ILOPV�>�����@��EHFDXVH�VXFK�KLJK�DQG�VKDUS�SURWUXVLRQV�ZHUH�QRW�IRXQG�LQ�RXU�67)(0�DQG�6(0�VWXGLHV��DQG�WKH�OHQJWK�RI�D�JUDLQ�ERXQGDU\�FDQ�QRW�EH�ORQJHU�WKH�ILOP�WKLFNQHVV�a���PP��RU�GLDPRQG�FU\VWDOOLWH�VL]H��OHVV�WKDQ�����QP�IRU�WKH�FRPSRVLWH�VK RZQ�LQ�)LJ����7KXV�� HYHQ� LQ� WKH�FDVH�RI�UHDOLVWLFDOO\� ORZ� WXQQHOLQJ�EDUULHU� IRU� GLDPRQG� LW� LV� KDUGO\�WR� ILQG� QHFHVVDU\� ILHOG�HQKDQFHPHQW� IRU� WKHVH�VDPSOHV��DQG� VXFK� WKH� PRGHOV� XVLQJ�GLDPRQG� SURSHUWLHV� KDYH� D�OLPLWHG� DSSOLFDWLRQ� IRU� WKH� ORZ�ILHOG� HOHFWURQ� HPLVVLRQ�REVHUYHG�

)LJ������7KH�TXDQWXP�ZHOO�VSOLWWLQJ�RI�FRQGXFWLRQ�EDQG�RI�D�WKLQ��'�JUDSKLWH�OD\HU�DGMDFHQW�WR�EXON�JUDSKLWH��D���DQG�WKH�EDQG�GLDJUDP�RI�ORZ�EDUULHU�HPLVVLRQ�IRU�VPRRWK��'��'�MXQFWLRQ�RI�JUDSKLWH��E��
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