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-RXUQDO�RI�3K\VLFDO�	�7KHRUHWLFDO�&KHPLVWU\,VODPLF�$]DG�8QLYHUVLW\�RI�,UDQ�� ���������6FLHQFH�DQG�5HVHDUFK�&DPSXV,661�����������
6HOHFWLYH DQG�VWDEOH�DGKHVLRQ�RI�<HDVW�FHOOV�WR�%RURQDWH�FRQWDLQLQJ�3RO\PHU�*UDIWHG�WR�JODVV�6XSSRUWV

+RPD\RQ�$KPDG 3DQDKL������$OH[DQGHU�(��,YDQRY���,JRU�<X��*DODHY ��%R� 0DWWLDVVRQ����+XVDLQ�6��:DTLI��
 DQG 0RKVHQ�-DKDQVKDKL��
� 'HSDUWPHQW�RI�&KHPLVWU\��6FLHQFH�DQG�5HVHDUFK�&DPSXV��,VODPLF�$]DG�8QLYHUVLW\��7HKUDQ��,UDQ� 'HSDUWPHQW�RI�&KHPLVWU\��&HQWUDO�7HKUDQ�%UDQFK��,VODPLF�$]DG�8QLYHUVLW\��7HKUDQ��,UDQ� 'HSDUWPHQW�RI�%LRWHFKQRORJ\��&HQWHU�IRU�&KHPLVWU\�DQG�&KHPLFDO�(QJLQHHULQJ��/XQG�8QLYHUVLW\��/XQG��6ZHGHQ��'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ��)DFXOW\�RI�(QJLQHHULQJ� 0D]DQGDUDQ 8QLYHUVLW\� %DERO��,UDQ

$%675$&7$�VHULHV�RI�VRUEHQWV�FRQWDLQLQJ�YDULRXV�DPRXQWV�RI�ERUDWH�JURXSV�ZHUH�SUHSDUHG�E\�FKHPLFDO�LPPRELOL]DWLRQ�RI�3�DPLQRHWK\OSKHQ\OERULF� � DFLG� RQ� D� FRSRO\PHU� WUHDWHG� RUJDQRVLODQH� VSDFHU� JODVV� SODWHV�� ,W�ZDV� IRXQG� WKDW�EDNHU¶V�\HDVW�FHOOV�VHOHFWLYHO\�DGKHUHG�WR�WKHVH�VXSSRUWV��<HDVW�FHOOV�VWDLQHG�ZLWK�SURFLRQ�UHG�+(��%�IRUPHG�GHQVHU� DQG� PRUH� VWDEOH� OD\HU� RQ� WKH� FRSRO\PHU�JUDIWHG� VXSSRUWV� FRPSDUHG� RQWR� VXSSRUWV� PRGLILHG� ZLWK�SKHQ\OERULF�DFLG�YLD�D�RUJDQRVLODQH�VSDFHU��$GKHVLRQ�RI�\HDVW�FHOOV�WR�ERURQDWH�FRQWDLQLQJ�SRO\PHU�IL[HG�RQ�VROLG�VXSSRUW� LQ�SUHVHQFH�RI�GLIIHUHQW�FRQFHQWUDWLRQ�RI�IUXFWRVH��D�VXJDU�ZLWK�KLJK�DIILQLW\� WR�ERURQDWHV��ZDV�VWXGLHG�
.H\ZRUGV� 6RUEHQW��&RSRO\PHU��<HDVW��$IILQLW\

,1752'8&7,217KH�DELOLW\�RI�ERURQDWH�WR�IRUP�FRPSOH[HV�ZLWK�K\GUR[\O�JURXSV� LQ� FDUERK\GUDWHV� LV� H[SORLWHG� LQ� ERURQDWH� DIILQLW\�FKURPDWRJUDSK\� >���@��'XULQJ� WKH� ODVW� GHFDGH� WKH� XVH� RI�ERURQLF� DFLG�VXEVWLWXWHG� SRO\PHUV� IRU� WKH� VHSDUDWLRQ� RI�GLRO�FRQWDLQLQJ�PROHFXOHV�VXFK�DV�QXFOHRVLGHV��QXFOHRWLGHV��FDWHFKRODPLQHV��FDUERK\GUDWHV�DQG�WUDQVIHU�51$�KDV�EHHQ�ZHOO� GRFXPHQWHG� >����@�� 7KH� YLFLQDO� GLROV� RI� WKHVH�VXEVWDQFHV� DUH� DEOH� WR� IRUP� UHYHUVLEO\� F\FOLF� ERURQDWH�HVWHUV� ZLWK� WKH� ERURQDWH� DQLRQ� DW� KLJK� S+�� DQG� WKH�IRUPDWLRQ� RI� WKHVH� FRPSOH[HV� LV� GHSHQGHQW� RQ� S+�� LRQLF�VWUHQJWK� WHPSHUDWXUH� DQG�� LQ� WKH� FDVH� RI� QXFOHLF� DFLG�FRPSRQHQWV��RQ�WKH�VWUXFWXUH�RI�WKH�EDVH�

7KH� LQWHUDFWLRQ� LV� QRW� RQO\� VSHFLILF� IRU�FDUERK\GUDWHV�� DV� DQ\� FRPSRXQG�FRQWDLQLQJ�K\GUR[\O�JURXSV� LQ�D�VXLWDEOH�JHRPHWU\�ZLOO� IRUP�D�PRGHUDWHO\�VWDEOH� FRPSOH[�ZLWK WKH�ERURQDWH��$V� D� FRQVHTXHQFH��ERURQDWH� FKURPDWRJUDSK\� FDQ�� IRU� H[DPSOH�� EH� XVHG�IRU� WKH� VHSDUDWLRQ� RI� JO\FRSURWHLQV�� QXFOHRVLGHV� DQG�FDWHFKRO� FRPSRXQGV� >�����@�� $� YDULHW\� RI� RWKHU�IXQFWLRQDO�JURXSV��VXFK�DV�.�K\GUR[\FDUER[\OLF�DFLGV��DURPDWLF�.� K\GUR[\�DFLGV�DQG�DPLGHV�FDQ�DOVR�LQWHUDFW�ZLWK�ERURQDWHV��7KHVH�IXQFWLRQDO�JURXSV�FDQ�EH�IRXQG�LQ� FRPSRXQGV� VXFK� DV� ODFWLF� DFLG�� VDOLF\OLF� DFLG��VDOLF\ODPLGH�DQG�VWHURLGV�>������@�

 &RUUHVSRQGLQJ�DXWKRU��(�PDLO��V\HGZKXVDLQ#\DKRR�FRP
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7KH� LQWHUDFWLRQ� LV�QRW�RQO\� VSHFLILF� IRU� FDUERK\GUDWHV��DV�DQ\�FRPSRXQG�FRQWDLQLQJ�K\GUR[\O�JURXSV�LQ�D�VXLWDEOH�JHRPHWU\�ZLOO�IRUP�D�PRGHUDWHO\�VWDEOH�FRPSOH[�ZLWK�WKH�ERURQDWH� �� $V� D� FRQVHTXHQFH�� ERURQDWH� FKURPDWRJUDSK\�FDQ�� IRU� H[DPSOH�� EH� XVHG� IRU� WKH� VHSDUDWLRQ� RI�JO\FRSURWHLQV�� QXFOHRVLGHV� DQG� FDWHFKRO� FRPSRXQGV� >�����@�� $� YDULHW\� RI� RWKHU� IXQFWLRQDO� JURXSV�� VXFK� DV� .�K\GUR[\FDUER[\OLF� DFLGV�� DURPDWLF� .� K\GUR[\� DFLGV� DQG�DPLGHV�FDQ�DOVR� LQWHUDFW�ZLWK�ERURQDWHV��7KHVH� IXQFWLRQDO�JURXSV� FDQ� EH� IRXQG� LQ� FRPSRXQGV� VXFK� DV� ODFWLF� DFLG��VDOLF\OLF�DFLG��VDOLF\ODPLGH�DQG�VWHURLGV�>������@����$OWKRXJK� ERURQDWH� FKURPDWRJUDSK\�ZDV� LQWURGXFHG�LQ� WKH� ����V�� WKH� QXPEHU� RI� VXFFHVVIXO� DSSOLFDWLRQV� LQ�WKH� SXULILFDWLRQ� RI� JO\FRSURWHLQV� LV� VWLOO� OLPLWHG�� 2QH�H[SODQDWLRQ� RI� WKLV� PD\� EH� WKH� IRUPDWLRQ� RI� SURWHLQ�ERURQDWH� FRPSOH[HV� ZKLFK� UHGXFH� WKH� FDSDFLW\� DQG�SXULILFDWLRQ� HIILFLHQF\� RI� WKH� PHWKRG�� %RURQDWH�FKURPDWRJUDSK\�ZRXOG�EH�D�PXFK�PRUH�SRZHUIXO�WRRO�LQ�JO\FRSURWHLQ�SXULILFDWLRQ�LI�LW�ZHUH�SRVVLEOH�WR�IDFLOLWDWH�WKH� SURFHVV� RI� LQWHUDFWLQJ� RI� ERURQDWH� OLJDQGV�ZLWK� WKH�FDUERK\GUDWH� PRLHWLHV� RI� JO\FRSURWHLQV� E\� VHOHFWLYHO\�SUHYHQWLQJ�WKH�LQWHUDFWLRQ�ZLWK�SURWHLQ�PRLHWLHV�7KLV�ZRUN�DLPV�WR�GHPRQVWUDWH�WKH�IHDVLELOLW\�RI�XVLQJ�FRPSRVLWH� VRUEHQWV�ZLWK� LPPRELOL]HG�SK\Q\OERURQLF� DFLG�IRU� DGKHVLRQ� RI� EDNHU¶V� \HDVW� FHOOV� DQG� DOVR� FRPSDUH�DGKHVLYLW\� RI� WKH� JUDIWHG ERURQDWH�FRQWDLQLQJ� FRSRO\PHUV�VXSSRUW�DQG�GLUHFW�LPPRELOL]HG�ERURQLF�DFLG�RQ�WKH�VXSSRUW�YLD�RUJDQRVLODQH��
(;35,0(17$/�
0DWHULDOV����'LR[DQH� �� VRGLXP� K\GUR[LGH� �� VRGLXP� FDUERQDWH� ��VRGLXP� ELFDUERQDWH� �� VRGLXP� FKORULGH� �� K\GURFKORULF�DFLG� �� DQG� DFHWLF� DFLG� ZHUH� SURGXFWV� RI� 0HUFN��'DUPVWDGW� �� *HUPDQ\� ��� ��$PLQRSKHQ\OERURQLF� DFLG�K\GURFKORULGH� �1�1�GLPHWK\ODFU\ODPLGH� �� ��PHUFDSWRSURS\OWULPHWKR[\VLODQH� �� ��JO\FLGR[\SURS\OWULPHWKR[\VLODQH� DQG� DOXPLQXP� R[LGH�ZHUH�IURP�$OGULFK��6WHLQKHLP���*HUPDQ\���������$]RELV���PHWK\OSURSLRQLWWULOH�� ZDV� SXUFKDVHG� IURP� $FURV��1HZ� -HUVH\�� 86$��� $FU\OR\O� FKORULGH� ZDV� SXUFKDVHG�IURP�)OXND�&KHPLFD���%XFKV�6ZLW]HUODQG���
���3UH�WUHDWPHQW�DQG�ZDVKLQJ�RI�JODVV�SODWHV����SLHFHV�RI�JODVV�SODWHV�����u����FP��ZHUH�SODFHG�LQWR��� 0� � 1D2+� IRU� WZR� GD\V� DQG� ZDVKHG� ZLWK� GLVWLOOHG�ZDWHU���7KHQ��WKH�JODVV�SODWHV�ZHUH�SODFHG�LQWR���0��+&O�IRU� WZR� GD\V�� ZDVKHG� ZLWK� GLVWLOOHG� ZDWHU� DQG� GULHG�XQGHU�YDFXXP�LQ�D�GHVLFFDWRU�RYHU�GU\�FDOFLXP�FKORULGH���
��� 0RGLILFDWLRQ� RI� JODVV� SODWHV� ZLWK� ��JO\FLGR[\SURS\OWULPHWKR[\�VLODQH��*3706�� DQG� LPPRELOL]DWLRQ� RI SKHQ\OERURQLF� DFLG��3%$�

D��3UHSDUDWLRQ�RI� J�JO\FLGR[\SURS\O�VLO\O� VXSSRUWV��*3706�JODVV�7KH� ILUVW� VWHS�ZDV�PRGLILFDWLRQ�RI� JODVV� SODWHV�ZLWK� ��JO\FLGR[\SURS\OWULPHWKR[\� VLODQH� �*3706��� *3706�VROXWLRQ �����LQ�����GLR[DQH� �ZDV�SUHSDUHG�����PO��E\�DGGLQJ� ���� PO� *3706� WR� VXIILFLHQW� DPRXQW� RI� ����GLR[DQH� �� 0RGLILFDWLRQ� ZDV� FDUULHG� RXW� LQ� WKH� ERLOLQJ�VROXWLRQ� RI� *3706� LQ� D� FRQLFDO� IODVN� IRU� FD�� ��� K� ��7KHQ�� WKH� JODVVHV� ZHUH� ZDVKHG� ZLWK� ����GLR[DQH� IRU�VHYHUDO� WLPHV� DQG� GULHG� XQGHU� YDFXXP� LQ� D� GHVLFFDWRU�RYHU�GU\�FDOFLXP�FKORULGH��E��+\GURO\VLV� RI� HSR[\� JURXSV�*3706�JODVVHV� LQ�WR�GLROV*3706�JODVV�SODWHV�ZHUH�GLYLGHG�LQ�WR�WZR�SDUWV�7KH� ILUVW�SDUW�ZDV� WUHDWHG�ZLWK�GLOXWHG�K\GURFKORULF�DFLG� S+� ���� IRU� ��� K�� DW� URRP� WHPSHUDWXUH� >�@�� $IWHU�K\GURO\VLV�WKH�SODWHV�ZHUH�ULQVHG�ZLWK�ZDWHU�7KH� VHFRQG� SDUW� RI� JODVVHV� ZHUH� XVHG� IRU�PRGLILFDWLRQ�ZLWK�3%$��VHFWLRQ��F��F� 3UHSDUDWLRQ� RI� PRGLILHG� JODVV� SODWH� ZLWK� 3%$��3%$�*3706�JODVV��7KH�QH[W�VWHS�ZDV�LPPRELOL]DWLRQ�RI 3%$�RQ�*3706�JODVV� SODWHV�� ���� PJ� ��DPLQRSKHQ\OERURQLF� DFLG�K\GURFKORULGH�ZDV� GLVVROYHG� LQ� ���PO�ZDWHU�� WKHQ� �����0�� VRGLXP� ELFDUERQDWH� EXIIHU� S+ �� ZDV� DGGHG�GURSZLVH� WR� WKH� VROXWLRQ� XQWLO� WKH� S+�ZDV� DGMXVWHG� WR������7KH�*3706�PRGLILHG�JODVV�SODWHV�ZHUH�SXW�LQWR�WKH�VROXWLRQ� DQG� VKDNHQ� RQ� D� URFNLQJ� WDEOH� IRU� ��� K DW�DPELHQW�WHPSHUDWXUH��7KHQ�WKH�JODVV�SODWHV�ZHUH�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�DQG�VWRUHG�LQ�ZDWHU��>�@
��� 6\QWKHVLV� RI� ��DFU\ODPLGRSKHQ\OERURQLF� DFLG��$$3%$������� J� ���PPRO�� ��DPLQRSKHQ\OERURQLF DFLG� ZDV�GLVVROYHG�LQ����PO���0�1D2+�����P�PRO��DQG�FRROHG�WR��q&� LQ� DQ� LFH� EDWK�� ���� PO� ���PPRO�� DFU\OR\O� FKORULGH�ZDV� DGGHG� GURSZLVH� WR� WKH� VROXWLRQ� RI� ��DPLQRSKHQ\OERURQLF� DFLG� XQGHU� LQWHQVLYH� PDJQHWLF�VWLUULQJ� IRU�������PLQ���0�K\GURFKORULF�DFLG�ZDV�DGGHG�GURSZLVH�WR�WKH�UHDFWLRQ�PL[WXUH�LQ�RUGHU�WR�DGMXVW�LWV�S+�WR�FD����DQG�SUHFLSLWDWH�WKH�SURGXFW���ZKLFK�ZDV�VHSDUDWHG�E\� ILOWUDWLRQ� � RQ� WKH� VLQWHUHG� JODVV� ILOWHU� �6FKRWW��'XUDQ�1R���� DQG� �ZDVKHG�RQ� WKH� ILOWHU�E\����PO�FKLOOHG�GLVWLOOHG�ZDWHU� �� 7KH� SUHFLSLWDWH�ZDV� GLVVROYHG� LQ� ���PO�GLVWLOOHG�ZDWHU�RQ�KHDWLQJ�WR�FD�����q &�DQG�FU\VWDOOL]HG�DV�QHHGOHV�IRU�RYHU�QLJKW�DW��q&��7KH�VXEVWDQFH�ZDV�ILOWHUHG�RII�RQ�0XQNWHOO�1R����SDSHU�ILOWHU� ��ZDVKHG�ZLWK�FKLOOHG�GLVWLOOHG� ZDWHU� DQG� GULHG� XQGHU� YDFXXP� LQ� D� GHVLFFDWRU��RYHU�GU\�FDOFLXP�FKORULGH��>�@
���0RGLILFDWLRQ�RI�JODVV�SODWHV�ZLWK����PHUFDSWRSURS\O�WULPHWKR[\�VLODQH��03706��DQG�JUDIW��FRSRO\PHUL]DWLRQ�RI�$$3%$�ZLWK�±1�1�GLPHWK\O�DFU\ODPLGH��'0$$�$$3%$�FRSRO\PHU�
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D�3UHSDUDWLRQ�RI�PHUFDSWRSURS\O �PRGLILHG�JODVVHV��03706�JODVVHV�7KH� ILUVW� VWHS�ZDV�PRGLILFDWLRQ� RI� JODVV� SODWH�ZLWK� ���PHUFDSWRSURS\O�WULPHWKR[\�VLODQH���03706����03706�VROXWLRQV������LQ�����GLR[DQH�����PO��ZHUH�SUHSDUHG�E\�DGGLQJ� ���� PO�03706� VLODQH� WR� VXIILFLHQW� DPRXQW� RI�����GLR[DQH���&KHPLFDO�PRGLILFDWLRQ�ZDV�FDUULHG�RXW�LQ�WKH� ERLOLQJ� VROXWLRQ� IRU� ��� K�� 7KHQ�� WKH� JODVVHV� ZHUH�ZDVKHG�VHYHUDO� WLPHV�ZLWK�����GLR[DQH�DQG�GULHG�XQGHU�YDFXXP�LQ�D�GHVLFFDWRU�RYHU�GU\�FDOFLXP�FKORULGH��
)ODVK�FKURPDWRJUDSK\�$�FROXPQ�������u ����FP� �� FRQWDLQLQJ�����J�DOXPLQXP�R[LGH�ZDV�XVHG� IRU� UHPRYDO� LPSXULWLHV� IURP���PO�1�1�GLPHWK\ODFU\ODPLGH�'0$$��� 7KHVH� LPSXULWLHV� SOD\�LQKLELWLQJ� UROH� LQ�SRO\PHUL]DWLRQ� UHDFWLRQ� �7KLV�DPRXQW�RI� '0$$� ZDV� DSSOLHG� WR� WKH� FROXPQ� GURSZLVH� DQG�FDPH�GRZQ�E\�LWV�JUDYLW\�E��3UHSDUDWLRQ�RI�JODVV�SODWHV�JUDIWHG�ZLWK�'0$$�$$3%$�FRSRO\PHU7KH� QH[W� VWHS� ZDV� JUDIWLQJ� WKH� '0$$�$$3%$�FRSRO\PHU RQ� WKH� PHUFDSWRSURS\O� PRGLILHG� JODVVHV��*ODVV�SODWHV��PRGLILHG�E\�*3706��ZHUH�SODFHG�LQWR�WKH�GHJDVVHG�SRO\PHUL]DWLRQ�PL[WXUH������PO�HWKDQRO���������PJ� $$3%$ �� ����� PO� 1�1� GLPHWK\ODFU\ODPLGH��'0$$�� �� DQG� ����� PJ� �����D]RELV��PHWK\O�SURSLRQLWULOH����IRU���K�DW���q &�ZLWK�QLWURJHQ�EXEEOLQJ��$IWHU�SRO\PHUL]DWLRQ��WKH�JODVV�SODWHV�ZHUH�ZDVKHG�ZLWK�HWKDQRO�DQG�SODFHG�LQ�ZDWHU���
��� 0RGLILFDWLRQ� RI� JODVV� SODWH� E\� SRO\� 1�1�GLPHWK\O�DFU\ODPLGH���SRO\�'0$$��3UHSDUDWLRQ� RI� JODVV� SODWHV� JUDIWHG� E\� SRO\� 1�� 1�GLPHWK\ODFU\ODPLGH7KH�JODVV�SODWHV�PRGLILHG�ZLWK�03706��VHH�VHFWLRQ��D�� ZHUH� SODFHG� LQWR� WKH� GHJDVVHG� SRO\PHUL]DWLRQ�PL[WXUH� ���� PO� HWKDQRO� �� ����� PO� 1�1�GLPHWK\ODFU\ODPLGH��'0$$����DQG������PJ������D]RELV��PHWK\O�SURSLRQLWULOH��� IRU� �� K� DW� ��q &�ZLWK� QLWURJHQ�EXEEOLQJ�� $IWHU� SRO\PHUL]DWLRQ� WKH� JODVV� SODWHV� ZHUH�ZDVKHG�ZLWK�HWKDQRO�DQG�SODFHG�LQ�ZDWHU���
���6WDLQLQJ�RI�\HDVW�FHOOV�E\�3URFLRQ�5HG�+(�� �%<HDVW�FHOO�VXVSHQVLRQ�����PJ���PO�VXVSHQVLRQ������PO��LQ������0�1D&O�ZDV�KHDWHG�IRU����PLQ��DW���q &��7KHQ�FHOOV�ZHUH�ZDVKHG� WZLFH�E\�FHQWULIXJDWLRQ� �����uJ�����PLQ�� DQG� UH�VXVSHQGHG� LQ� �� PO� GLVWLOOHG� ZDWHU�� 7KH�VXVSHQVLRQ�RI�\HDVW�FHOO�DQG������J�RI�3URFLRQ�5HG�ZDV�PL[HG�� ���� J� 1D&O� DGGHG� DQG� PL[HG� XS� RQ� D� URFNLQJ�WDEOH�IRU����KRXUV��7KH�QH[W�VWHS�ZDV�DGGLWLRQ�RI������J�1D�&2� IROORZHG� E\� VXVSHQGLQJ� RI� FHOOV� IRU� ��� KRXUV�RQ�URFNLQJ�WDEOH��7KHQ�FHOOV�ZHUH�ZDVKHG�ZLWK�ZDWHU�E\�FHQWULIXJDWLRQ� ����� uJ�� �PLQ�� XQWLO� WKH� ZDVKLQJV�EHFRPH�FRORUOHVV� >�@��7KH� FHOOV�ZHUH� UH�VXVSHQGHG�DQG�VWRUHG�LQ�����0�VRGLXP�ELFDUERQDWH�EXIIHU��S+������

��� 3UHFLSLWDWLRQ� RI� WKH� VWDLQHG� \HDVW� FHOOV� RQ� WKH�FKHPLFDOO\�PRGLILHG�JODVV�SODWHV$�FKHPLFDOO\�PRGLILHG�JODVV�SODWH�ZDV�ZDVKHG�ZLWK�����0� VRGLXP� ELFDUERQDWH� EXIIHU� S+� ����� DQG� SODFHG� LQWR�WKH�VXVSHQVLRQ�RI�VWDLQHG�\HDVW�FHOOV���J��LQ���PO�EXIIHU��7KH� VWDLQHG� \HDVW� FHOOV� ZHUH� DOORZHG� WR� SUHFLSLWDWH� RQ�WKH�PRGLILHG� JODVV� IRU� �K�� 7KHQ� WKH� JODVV�ZDV�ZDVKHG�ZLWK� EXIIHU� LQ� RUGHU� WR� UHPRYH� QRQ�DWWDFKHG VWDLQHG�\HDVW�FHOOV�IURP�WKH�JODVV��7KH�DPRXQW�RI�VWDLQHG�\HDVW�FHOOV�RQ�WKH�PRGLILHG�JODVV�ZDV�TXDQWLILHG�E\�89�� 9,6�VSHFWURPHWU\� �OPD[ ������ WKH� JODVV� SODWH� ZDV� SODFHG�YHUWLFDOO\� LQ� D� �� FP� FXYHWWH�� $IWHU� DWWDLQPHQW� WR� WKH�FRQVWDQW� DEVRUEDQFH�� WKH� FXYHWWH� FRQWDLQLQJ� WKH� SODWH�ZDV� VZXQJ� XS� VLGH� GRZQ� IRU� �� WLPHV� DQG� WKH� EXIIHU�VROXWLRQ�ZDV�GHFDQWHG��7KH�IUHVK�EXIIHU�ZDV�DGGHG�LQ�LW�DQG� WKH� DPRXQW� RI� DWWDFKHG� VWDLQHG� \HDVW� FHOOV� RQ� WKH�JODVVHV� ZDV� TXDQWLILHG� DJDLQ�� 7KLV� H[SHULPHQW� ZDV�UHSHDWHG� VHYHQ� WLPHV� IRU� 3%$�*3706�JODVV�� WKUHH�WLPHV� IRU� K\GURO\]HG� *3706� � JODVV�� WKUHH� WLPHV� IRU�03706�JODVV�� VL[� WLPHV� IRU� '0$$�$$3%$�JODVV��WKUHH� WLPHV� IRU� '0$$�JODVV� DQG� WKUHH� WLPHV� IRU� QRQ�PRGLILHG�JODVV�SODWHV�
��� 5HJHQHUDWLRQ� RI� '0$$�$$3%$�JUDIWHG�JODVVHV�������0�$FHWLF� DFLG� VROXWLRQ� S+������ZDV� SUHSDUHG� E\�DGGLQJ�DFHWLF�JODFLDO�DFLG�WR�ZDWHU�GRZQ�WR�S+�WR�������,Q�RUGHU� WR�UHJHQHUDWH�'0$$�$$3%$�JUDIWHG�JODVVHV��ZH� SXW� WKH� SODWHV� LQWR� WKH� SUHSDUHG� VROXWLRQ� DW� JLYHQ�SHULRG� RI� WLPH� ����� ± ��� K��� DIWHU� WKDW� WKH� SODWHV� ZHUH�VWRUHG�LQ�GLVWLOOHG�ZDWHU�EHIRUH�WKH�QH[W�F\FOH�
5HVXOWV�DQG�'LVFXVVLRQ�,Q� WKH� SUHVHQW� LQYHVWLJDWLRQ� ZH� ZRXOG� OLNH� WR� VWXG\�DGKHVLRQ�RI�\HDVW�FHOOV�WR�QRQ�PRGLILHG�JODVVHV���JODVVHV�FRQWDLQLQJ�3%$�DWWDFKHG�YLD�*3706��3%$�± *3706�±JODVVHV� �� DQG� � JODVVHV FRQWDLQLQJ� JUDIWHG� '0$$� ±$$3%$�FRSRO\PHU��'0$$�±$$3%$�±JODVVHV����$W�ILUVW�ZH�SUHSDUHG�JODVVHV�PRGLILHG�ZLWK�*3706�DQG�WKHQ�DWWDFKHG�3%$�WR�WKHP��)RU�LQFUHDVLQJ�WKH�PHDVXULQJ�VHQVLWLYLW\��\HDVW�FHOOV�ZHUH�VWDLQHG�ZLWK�3URFLRQ�5HG�+(��%��7KH�\HDVW�FHOOV�ZHUH�DOORZHG�WR�SUHFLSLWDWH�RQ�WKH�QRQ�PRGLILHG� JODVV� SODWHV� �WKH� PRGLILHG� JODVV� SODWHV� ZLWK�K\GURO\]HG�*3706� DQG� 3%$�*3706� IRU� �K� �� WKHQ� WKH�SODWHV�ZHUH� SKRWRPHWHUHG� LQ� �� FP� FXYHWWH� DW�OPD[ ���� ��)LJ��� LOOXVWUDWHV� WKH� DEVRUEDQFH� RI� VWDLQHG� \HDVW� FHOOV�DGKHUHG� WR� QRQ�PRGLILHG� JODVVHV� �� JODVVHV� PRGLILHG� ZLWK�K\GURO\]HG� *3706� DQG� 3%$�*3706� JODVVHV� �� 7KH�DUURZV� VKRZ� WKH� PRPHQWV� RI� VZLQJLQJ� WKH� FXYHWWH�FRQWDLQLQJ�D� FHOO�FRYHUHG�SODWH� DQG� ULQVLQJ� WKH�SODWH�ZLWK�IUHVK�EXIIHU���)LJ�� �� GHPRQVWUDWHV� SUHIHUHQWLDO� DGKHVLRQ� RI� WKH�VWDLQHG�\HDVW�FHOOV�WR�3%$�*3706�JODVVHV�FRPSDUHG�WR�QRQ�±PRGLILHG�JODVVHV�DQG�K\GURO\]HG�*3706�JODVVHVZLWK� GLRO� IXQFWLRQV�� 7KLV� LQGLFDWHV� D� ZHOO�H[SUHVVHG�LQWHUDFWLRQ� EHWZHHQ� WKH� 3%$�JODVVHV� DQG� WKH� FHOOV�� 7KH�
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OD\HU�RI�DGKHUHG�FHOOV�ZDV�QRW VWDEOH��KRZHYHU��DQG�ODUJHO\�GHFRPSRVHG�DIWHU���RU���ULQVLQJ�ZLWK�IUHVK�EXIIHU�VROXWLRQ��,Q� WKH� VHFRQG� VWHS�� ZH� PRGLILHG� WKH� JODVVHV� E\�03706�DQG�JUDIWHG�'0$$�$$3%$�FRSRO\PHU�WR�WKH�PRGLILHG�JODVV� SODWHV��$IWHU�SUHFLSLWDWLRQ�RI�\HDVW� FHOOV�RQ� WKH� SODWHV� DEVRUEDQFH� RI� ���� QP�ZDV�PHDVXUHG� WR�TXDQWLI\� WKH� \HDVW� FHOOV� DGKHUHG� WR� WKH� JODVVHV� �7KHDUURZV�LQ�)LJ����VKRZ�WKH�PRPHQWV�RI�VZLQJLQJ�WKH�FXYHWWH�FRQWDLQLQJ� SODWH� DQG� ULQVLQJ� WKH� SODWH� ZLWK� IUHVK� EXIIHU��%HFDXVH�WKH�VRGLXP�ELFDUERQDWH�EXIIHU�FRXOG�QRW�HOXWH�WKH�\HDVW�FHOOV�IURP�WKH�JODVV�SODWH�PRGLILHG�E\�WKH�FRSRO\PHU��

���� 0� VROXWLRQ� RI� IUXFWRVH� LQ� WKH� EXIIHU� ZDV� XVHG� WR�UHPRYH� WKH� \HDVW� FHOOV� IURP� WKH� SODWHV�� (OXWLRQ� RI� WKH�\HDVW� FHOOV� E\� ���� 0� IUXFWRVH� LQGLFDWHV� WKH� VSHFLILF�FKDUDFWHU� RI� LQWHUDFWLRQ�EHWZHHQ� WKH� FHOO� FDUERK\GUDWHV�DQG�ERURQLF�DFLG�JURXSV�RI� WKH�JUDIWHG�FRSRO\PHU��,W� LV�QRWHZRUWK\� WKDW� SRSXODWLRQ� RI� '0$$�$$3%$�JODVV�ZLWK� WKH� VWDLQHG� \HDVW� FHOOV� LV� GHQVHU� DQG� PRUH� VWDEOH�WKDQ� WKDW� RI� 3%$�*3706�JODVV�� VHH� )LJ�� ��� 7KLV�GLIIHUHQFH�FDQ�EH�DVFULEHG�WR�KLJKHU�DFFHVVLELOLW\�RI�WKH�3%$�OLJDQGV�DWWDFKHG�WR�WKH�SRO\PHU�JUDIWV��DQG���RU�WR�KLJKHU�DPRXQW�RI�WKHVH�OLJDQG�JURXSV��

)LJ��� &RPSDULVRQ�RI�DEVRUEDQFH�RI�VWDLQHG�\HDVW�FHOOV�DGKHUHG�WR�3%$�*3706�JODVVHV��i���*3706� JODVVHV�ZLWK�GLRO� JURXSV�����DQG�QRQ�PRGLILHG�� JODVVHV��'���7KH�DUURZV�LQGLFDWH�PRPHQWV�RI�FXYHWWH�VZLQJLQJ�DQG�ULQVLQJ�WKH�SODWHV�ZLWK�IUHVK�EXIIHU�

)LJ��� &RPSDULVRQ�RI�'0$$�$$3%$�JODVVHV��i���WKH�JODVVHV�PRGLILHG�ZLWK����PHUFDSWRSURS\O�WULPHWR[\�VLODQH�������DQG�QRQ�PRGLILHG�JODVVHV��'����7KH�DUURZV�LQGLFDWH�WKH�PRPHQWV�RI�VZLQJLQJ�DQG�UHSODFLQJ�IUHVK�EXIIHU�LQ�FXYHWWH�FRQWDLQLQJ�WKH�SODWHV��)RU�GHWDFKPHQW�RI�WKH�\HDVW�FHOOV�IURP�SRO\PHU�JUDIWHG�JODVVHV������0�IUXFWRVH�VROXWLRQ�LQ�����0�VRGLXP�ELFDUERQDWH�EXIIHU�ZDV�XVHG�
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7KH�GLIIHUHQFH�EHWZHHQ�WKH�JODVV�SODWHV�JUDIWHG�ZLWK�SRO\PHU�FRQWDLQLQJ�3%$�JURXSV�DQG�WKH�VDPH�SRO\PHU�ZLWKRXW� 3%$� JURXSV� ZDV� DOVR� LQYHVWLJDWHG� �)LJ�����$OWKRXJK� WKH� SODWHV� PRGLILHG� ZLWK� 03706� KDYH� D�VOLJKW�DELOLW\� WR�ELQG� WKH�\HDVW�FHOOV� �� WKH�DWWDFKPHQW�RI�SRO\�'0$$�VXSSUHVVHV�WKLV�DELOLW\�,Q�RUGHU� WR� UHPRYH� IUXFWRVH� IURP�'0$$�$$3%$�JODVV� SODWHV� DQG� UHJHQHUDWH� WKHP� IRU� WKH� QH[W�H[SHULPHQW�� ZH� SXW� WKH� JODVV� SODWHV� LQ� ������0� DFHWLF�DFLG�VROXWLRQ��S+ ������IRU��������DQG���K�DQG�FKDQJHG�

WKH� VROXWLRQ� HYHU\� �� K DQG� XVHG� WKH� SODWHV� DJDLQ� DQG�FRPSDUHG� WKH� UHVXOWV�ZLWK�SUHYLRXV� UHVXOWV��7KHUH�ZHUH�QR�GLIIHUHQFHV�EHWZHHQ�WKH�SODWHV��:H�UHGXFHG�WKH�WLPH�RI�UHJHQHUDWLRQ�LQ�WKH�DFHWLF�DFLG�VROXWLRQ���S+��������WR��� ���� ����DQG�����K�EHIRUH� WKH�QH[W�F\FOH�DQG�FRPSDUHG�WKH� UHVXOW�ZLWK� WKH� �� K�SODWH� �� )LJ��� �� �� 6R�� SXWWLQJ� WKH�SODWHV�LQ�WKH�DFHWLF�DFLG�VROXWLRQ�IRU�����K�LV�DFFHSWDEOH�PDQQHU� IRU� UHJHQHUDWLRQ� RI� WKH� '0$$�$$3%$�JODVV�SODWHV�DIWHU�HDFK�F\FOH�RI�FHOO�DGKHVLRQ�DQG�GHWDFKPHQW�

)LJ����&RPSDULVRQ�RI�'0$$�$$3%$�JODVVHV��i��ZLWK�JODVVHV�PRGLILHG�ZLWK����PHUFDSWRSURS\O�WULPHWR[\�VLODQH�������DQG�JODVVHV�PRGLILHG�ZLWK�SRO\�'0$$��'����7KH�DUURZV�LQGLFDWH��PRPHQWV�RI�FXYHWWH�VZLQJLQJ�DQG�ULQVLQJ�WKH�SODWHV�ZLWK�IUHVK�EXIIHU���)RU�GHWDFKPHQW�RI�\HDVW�FHOOV�IURP�SRO\PHU�� JUDIWHG�JODVVHV�������0�IUXFWRVH�VROXWLRQ�LQ�����0�VRGLXP�ELFDUERQDWH�EXIIHU�ZDV�XVHG�

)LJ���� LOOXVWUDWHV�WKH�GLIIHUHQFH�EHWZHHQ�QRQ�PRGLILHG�JODVVHV��3%$�*3706�JODVVHV�DQG�'0$$�$$3%$�JODVV�SODWHV��7KLV�ILJXUH�VKRZV�WKDW�WKH�DPRXQW�RI�\HDVW�FHOOV��ZKLFK�DGKHUH�WR�WKH�SRO\PHU�JUDIWHG�JODVV�SODWHV��LV�PXFK�KLJKHU�WKDQ�WKDW�REVHUYHG�ZLWK�3%$�*3706�JODVV��0RUHRYHU��WKH�DPRXQW�RI�WKH�\HDVW�FHOOV�RQ�WKH�3%$�*3706�JODVV�JRHV�WR�]HUR�DIWHU�IHZ�ZDVKLQJV�ZLWK�IUHVK�EXIIHU��ZKHUHDV�WKH�DEVRUEDQFH�SURILOH�GHVFULELQJ�WKH�FHOO�DGKHVLRQ�WR�WKH�SRO\PHU�JUDIWHG�JODVV�VKRZV�WKDW�HYHQ�DW�PXFK�ORQJHU�VZLQJLQJ�DQG�QXPHURXV�ZDVKLQJV�ZLWK�WKH�IUHVK�EXIIHU�WKH�DPRXQW�RI�\HDVW�FHOOV�RQ�WKH�SRO\PHU�JUDIWHG�JODVV�SODWHV�UHPDLQV�FRQVWDQW��'HWDFKPHQW�RI�WKH�\HDVW�FHOOV�QHHGV�����0�IUXFWRVH�LQ�WKH�ULQVLQJ�EXIIHU�
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)LJ���� )RU�UHJHQHUDWLRQ�FRQGLWLRQ��HDFK�SODWH�ZDV�SODFHG�LQ�GLOXWHG�DFHWLF�DFLG�VROXWLRQ��S+ ������IRU�JLYHQ�WLPH�������± ���K���LQ�RUGHU�WR�UHPRYH�DGKHUHG�IUXFWRVH�IURP�WKH�SODWH�EHIRUH�LW LV�XVHG�LQ�D�QHZ�F\FOH��7KH�DUURZV�LQGLFDWH�PRPHQWV�RI�FXYHWWH�VZLQJLQJ�DQG�ULQVLQJ�WKH�SODWHV�ZLWK�IUHVK�EXIIHU��)RU�GHWDFKPHQW�RI�\HDVW�FHOOV�IURP�SRO\PHU�JUDIWHG�JODVVHV������0�IUXFWRVH�VROXWLRQ�LQ�����0�VRGLXP�ELFDUERQDWH�EXIIHU�ZDV�XVHG�
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(IIHFW�RI� IUXFWRVH� FRQFHQWUDWLRQ�RQ� WKH�GHWDFKPHQW�RI�WKH�DGKHUHG�\HDVW�FHOOV�ZDV�DOVR�VWXGLHG��$V�IROORZV�IURP�)LJ�����WKH�KLJKHU�FRQFHQWUDWLRQ�RI�IUXFWRVH�������0�DQG�����0�� UHVXOWV� LQ� WKH� IDVWHU� FHOO� GHWDFKPHQW�� ZKLOH� WKH�GHWDFKPHQW� SURFHVV� EHFRPHV� VORZHU� DW� FRQFHQWUDWLRQV� RI�IUXFWRVH�ORZHU�WKDQ�����0��$W�IUXFWRVH�FRQFHQWUDWLRQ�RI���P0�WKH�FRPSOHWH�GHWDFKPHQW�RI�FHOOV�ZDV�QRW�SRVVLEOH�$GKHVLRQ� RI� \HDVW� FHOOV� LQ� WKH� SUHVHQFH� RI� GLIIHUHQW�FRQFHQWUDWLRQ� RI� IUXFWRVH� ZDV� DOVR� LQYHVWLJDWHG� �)LJ�� ����%HFDXVH�RI�WKH�VWURQJ�FRPSOH[DWLRQ�EHWZHHQ�IUXFWRVH�DQG�3%$�� LQFUHDVH� RI� IUXFWRVH� FRQFHQWUDWLRQ� LQ� WKH� V\VWHP�FDXVHV�GHFUHDVH�LQ�DWWDFKPHQW�RI�\HDVW�FHOOV�RQ�WKH�VXUIDFH�RI�'0$$�$$3%$�JODVV�SODWHV��$W�FRQFHQWUDWLRQ������0�IUXFWRVH� DQG� KLJKHU�� \HDVW� FHOOV� FDQ� QRW� DGKHUH� WR� WKH'0$$�$$3%$�JODVV�SODWHV�
&21&/86,21:H� KDYH� SUHSDUHG� JODVV� SODWHV� JUDIWHG� ZLWK� ERURQDWH�FRQWDLQLQJ�FRSRO\PHU� RI�1�1�GLPHWK\ODFU\ODPLGH��7KH�

VWDLQHG� \HDVW� FHOOV� H[KLELWHG� PXFK� KLJKHU� DIILQLW\� WR�'0$$�$$3%$�JUDIWHG� JODVVHV� FRPSDUHG� WR� QRQ�PRGLILHG� JODVVHV� DQG� WKH� JODVVHV� FRQWDLQLQJ� 3%$�LPPRELOL]HG�YLD�WKH�VHOI�DVVHPEOHG�OD\HUV�RI���*3706��$OWKRXJK� WKH� ODWWHU� VDPSOH� �3%$�*3706�PRGLILHG�JODVV��H[KLELWHG�FHUWDLQ�DIILQLW\� WRZDUGV� WKH�\HDVW�FHOOV��WKH�VWDELOLW\�RI� WKH�FHOO� OD\HU�ZDV�UHODWLYHO\� ORZ�VR� WKDW�RQO\ IHZ�UXQV�RI�ULQVLQJ�ZLWK�����0�ELFDUERQDWH�EXIIHU�VROXWLRQ��S+������UHVXOWHG�LQ�GLVLQWHJUDWLRQ�RI�WKH�OD\HU��,W� LV� QRWHZRUWK\� WKDW� SRSXODWLRQ� RI� '0$$�$$3%$�JODVV� ZLWK� WKH� VWDLQHG� \HDVW� FHOOV� LV� GHQVHU� DQG� PRUH�VWDEOH� WKDQ� WKDW� RI� 3%$�*3706�JODVV� SODWHV�� 7KH� FHOO�DGKHVLYH� SURSHUWLHV� RI� '0$$�1$$3%$�JODVVHV� ZHUH�FHUWDLQO\�GXH�WR�WKH�SHQGDQW�3%$�JURXSV�DWWDFKHG�WR�WKH�JUDIWHG�SRO\PHU�FKDLQV�

)LJ���� 5LQVLQJ�WKH�DGKHUHG�\HDVW�FHOOV�RQ�JODVV�SODWHV�ZLWK�IUXFWRVH�VROXWLRQ�LQ�����0�VRGLXP�ELFDUERQDWH�EXIIHU S+������DW�GLIIHUHQW�FRQFHQWUDWLRQ�RI�VXJDU���7KH�ILUVW�DUURZ�LQGLFDWHV�WKH�PRPHQW�RI�FXYHWWH�VZLQJLQJ�DQG�ULQVLQJ�WKH�SODWHV�ZLWK�IUHVK�����0�VRGLXP�ELFDUERQDWH�EXIIHU�S+������DQG�WKH�RWKHU�DUURZV�LQGLFDWH�PRPHQWV�RI�FXYHWWH�VZLQJLQJ�DQG�ULQVLQJ�WKH�SODWHV�ZLWK�IUHVK�IUXFWRVH�VROXWLRQ�IRU�GHWDFKPHQW�RI�\HDVW�FHOOV�IURP�'0$$�$$3%$�JODVV�SODWHV�
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)LJ���� $GKHVLRQ�RI�\HDVW�FHOOV�WR�WKH�'0$$�$$3%$�JODVV�SODWHV�LQ�WKH�SUHVHQFH�RI�GLIIHUHQW�FRQFHQWUDWLRQ�RI�IUXFWRVH�LQ�����0�VRGLXP�ELFDUERQDWH�EXIIHU��S+��������7KH�DUURZV�LQGLFDWH�PRPHQWV�RI�FXYHWWH�VZLQJLQJ�DQG�ULQVLQJ�RI�WKH�SODWHV�ZLWK�IUHVK�EXIIHU��
5()(5(1&(6���0�*ODG��6�2KOVRQ���/�+DQVVRQ���0�0DQVVRQ�DQG�.�0RVEDFK��-�&KURPDWRJU���������������� ������$�(�,YDQRY���+��/DUVVRQ���,��<X��*DODHY��%��0DWWLDVVRQ���3RO\PHU����������������� ������� *�7�+HUPDQVRQ�� $�.�0DOOLD�� 3�.�6PLWK� �,PPRELOL]HG� DIILQLW\� OLJDQG� WHFKQLTXHV�$FDGHPLF� SUHVV�� ,1&�� 6DQ�'LHJR�1HZ�<RUN������S���������)��(��5HJQLHU��5��1RHO��-�RI�&KURPDWRJUDSKLF�VFLHQFH����������������� ����� 5�.� 6FRSHV�� LQ��&�5��&DQWRU� �(G����3URWHLQ�SXULILFDWLRQ�± SULQFLSOHV� DQG�SUDFWLFH��6SULQJHU��1HZ�<RUN����������+��/��:HLWK��-��/��:LHEHUV�DQG�3��7��*LOKDP��%LRFKHPLVWU\�������������������0��5RVHQEHUJ��-��/��:LHEHUV�DQG�3�7��*LOKDP��%LRFKHPLVWU\�������������������+��6FKRWW��(��5XGORII��3��6FKPLGW��5��5R\FKRXGEXU\��DQG�+��.|VVHO��%LRFKHPLVWU\�������������������0��6SULQ]O��.�0��6FKHLW��+��6WHUQEDFK��)��YRQ�GHU�KDDU�DQG�)��&UDPHU��%LRFKHP��%LRSKRV��5HV ��&RPPXQ���������������������(�&��0RRUH��'��3HWHUVRQ��/�<��<DQJ��&�<��<HXQJ�DQG�1�)��1HII��%LRFKHPLVWU\���������������������$�0��<XUNHYLFK��,��,��.RORGNLQD��(��$��,YDQRYD�DQG�(��,��3LFKX]KNLQD��&DUERK\GU��5HV���������������������7��)��0F&XWFKDQ��3��7��*LOKDP�DQG�'��6ROO��1XFOHLF��$FLGV�5HV�� �����������������0��5RVHQEHUJ��-��:HLEHUV��3��*LOKDP��%LRFKHPLVWU\��������������������&��(OOLJHU��%��&KDQ��:��6WDQOH\��-��&KURPDWRJU��������������������)�$��0LGGOH��$��%DQQLVWHU��$�-��%HOLQJKDP��3�'�*��'HDQ��%LRFKHP��-���������������������5��0DHVWDV��-��3ULHWR��*��'XHKQ��-��+DJHPDQ��-��&KURPDWRJU���������������������%HUJROG��:�+��6FRXWHQ��LQ��6ROLG�SKDVH�%LRFKHPLVWU\�± $QDO\WLFDO�DQG�6\QWKHWLF�0HWKRGV��:LOH\��������S������


