
0ROHFXODU�LGHQWLILFDWLRQ�RI�WKUHH�FR�RFFXUULQJ�VSHFLHV�RI�$FDUWLD LQ�WKH�7KDX��

/DJRRQ��)UDQFH��

�

3��.��/LQGHTXH���6��%R\HU� DQG�'��%RQQHW���

�

���3O\PRXWK�0DULQH�/DERUDWRU\��3URVSHFW�3ODFH��:HVW�+RH��3O\PRXWK��3/���'+��8.���

SNZ#SPO�DF�XN��7HO����������������������)D[����������������������

���/DERUDWRLUH�(FR6\P��(FRORJLH�GHV�6\VWqPHV�0DULQV�&{WLHUV���805������8QLYHUVLWp��

0RQWSHOOLHU �� &&�����3ODFH�(XJqQH�%DWDLOORQ ������0RQWSHOOLHU�&HGH[�����)UDQFH��

��

.H\�:RUGV��$FDUWLD��7KDX�ODJRRQ��UHVWLQJ�HJJV��3&5�5)/3��

��



$EVWUDFW��

$FDUWLD VSHFLHV��RIWHQ�NQRZQ�WR�FR�RFFXU��FDQ�H[KLELW�FRPSOH[�OLIH�F\FOHV��VXFK�DV�WKH���

SURGXFWLRQ�RI�UHVWLQJ�HJJV��6WXG\LQJ�DQG�XQGHUVWDQGLQJ�WKHLU�SRSXODWLRQ�G\QDPLFV�LV�KLQGHUHG���

E\� WKH� LQDELOLW\� WR� LGHQWLI\� HJJV� DQG� HDUO\� GHYHORSPHQWDO� VWDJHV XVLQJ� PRUSKRORJLFDO���

WHFKQLTXHV�� $ VLPSOH� PROHFXODU� WHFKQLTXH� WR� GLVWLQJXLVK� EHWZHHQ� WKH� WKUHH� VSHFLHV� RI� WKH���

$FDUWLD JHQXV� �$�� FODXVL�� $�� GLVFDXGDWD� DQG� 3DUDFDUWLD� JUDQL�� WKDW� FR�RFFXU� LQ� WKH� 7KDX���

ODJRRQ��������1��������(��LQ 6RXWKHUQ�)UDQFH KDV�EHHQ�GHYHORSHG� 'LUHFW�DPSOLILFDWLRQ�RI�D���

SDUWLDO�UHJLRQ�RI�WKH�PLWRFKRQGULDO�F\WRFKURPH�R[LGDVH�,��PW&2,��JHQH�E\�SRO\PHUDVH�FKDLQ���

UHDFWLRQ��3&5� DQG�VXEVHTXHQW�UHVWULFWLRQ�IUDJPHQW�OHQJWK�SRO\PRUSKLVP��5)/3��UHVXOWV LQ�D���

XQLTXH� UHVWULFWLRQ� SURILOH� IRU� HDFK� VSHFLHV�� 7KH� WHFKQLTXH� LV� FDSDEOH RI� GHWHUPLQLQJ� WKH���

LGHQWLW\� RI� LQGLYLGXDO� FRSHSRGV� DQG� HJJV�� LQFOXGLQJ� UHVWLQJ� HJJV� UHWULHYHG� IURP� VHGLPHQW���

VDPSOHV�� LOOXVWUDWLQJ� LWV� DSSOLFDWLRQ� LQ� IDFLOLWDWLQJ� SRSXODWLRQ� G\QDPLF� VWXGLHV� RI� WKLV���

XELTXLWRXV�DQG�LPSRUWDQW�PHPEHU�RI�WKH�]RRSODQNWRQ�FRPPXQLW\���

��



,QWURGXFWLRQ��

7KH�FRSHSRGV� IURP� WKH�$FDUWLLGDH� IDPLO\� JHQHUDOO\�RFFXU� LQ� HVWXDULHV�� KDUERXUV� DQG���

RWKHU�VHPL�HQFORVHG�PDULQH�KDELWDWV �$OFDUD]��������LQ�ZKLFK�IRRG�LV�UDUHO\�OLPLWHG��&DOEHW�HW���

DO���������$FDUWLD VSHFLHV�DUH�FRPPRQO\�NQRZQ�WR�FR�RFFXU�LQ�WKH�VDPH�HQYLURQPHQW DQG�LQ���

0HGLWHUUDQHDQ�ED\V��ODJRRQV�DQG�KDUERXUV��WKH�QXPEHU RI�VSHFLHV�UHSRUWHG�WR�FR�H[LVW YDULHV���

IURP�WZR�LQ�WKH�SRUWV�RI�1DSOHV��<DPD]L�������DQG�0DUVHLOOH��$UIL�HW�DO��������WR�VL[�LQ�WKH���

VPDOO�SRUW�RI�-RXQLHK��/DNNLV��������,Q WKH�7KDX ODJRRQ� WKH�ODUJHVW�RI�D�VWULQJ�RI�ODJRRQV�WKDW���

VWUHWFK�DORQJ�WKH�/DQJXHGRF�5RXVVLOORQ )UHQFK FRDVW�IURP�WKH�5K{QH�5LYHU WR�WKH�IRRWKLOOV�RI���

WKH� 3\UHQHHV�� WKH� JHQXV� $FDUWLD UHSUHVHQWV� WKH� PRVW� DEXQGDQW� WD[RQ� LQ� WKH� SODQNWRQ���

FRPPXQLW\� �)DWHPL� ������ /DP�+DRL� ������� 7R� RXU� NQRZOHGJH�� �� FRQJHQHULF� VSHFLHV� KDYH���

EHHQ� LGHQWLILHG� XQWLO� QRZ� LQ� WKH� 7KDX ODJRRQ�� $�� FODXVL�� $�� ELILORVD�� $�� GLVFDXGDWD�� $����

PDUJDOHIL DQG�$��ODWLVHWRVD �0DWKLDV�DQG�(X]HW�������/DP�+DRL��������+RZHYHU��XQSXEOLVKHG���

REVHUYDWLRQV� �(X]HW� SHUV� FRPP�� %R\HU� HW� DO� LQ� SUHVV�� KDYH� KLJKOLJKWHG� WKDW� VLQFH� ��������

3DUDFDUWLD� JUDQL KDV� DSSHDUHG� LQ� WKLV� ODJRRQ��$� WZR� \HDU�PRQLWRULQJ� SURJUDP� LQ WKH�7KDX���

ODJRRQ ������¶ 1�� �����¶ (��� KDV� VKRZQ� WKDW� $�� FODXVL� SUHGRPLQDWHV� LQ� ZLQWHU�� ZKLOH� $����

GLVFDXGDWD SHDNV�LQ�VSULQJ�DQG�3��JUDQL LQ�VXPPHU��%R\HU�HW�DO� VXEPLWWHG����

$FDUWLD VSHFLHV� DUH� NQRZQ� WR� KDYH� FRPSOH[� OLIH� F\FOHV�ZLWK�$�� FODXVL DQG�3�� JUDQL��

SURGXFLQJ� UHVWLQJ� HJJV� �L�H�� .DVDKDUD� HW� DO� ������ 0DUFXV� ����� *XHUUHUR� DQG 5RGULJXH]��

�������7R�VWXG\ WKH SRSXODWLRQ�G\QDPLFV�RI�WKHVH�VSHFLHV� DEXQGDQFH��VWDJH�GHYHORSPHQW�DQG���

HJJ�SURGXFWLRQ�RI�$FDUWLD VSS��KDYH EHHQ UHFRUGHG�HYHU\�WZR�ZHHNV�GXULQJ�D���\HDU VXUYH\ LQ���

WKH�7KDX ODJRRQ �%R\HU� HW� DO� VXEPLWWHG��� 6HGLPHQW� FRUHV�ZHUH� DOVR� FROOHFWHG� DW� WZR� GDWHV���

�0D\� ����� DQG� $SULO� ������ WR� LQYHVWLJDWH� WKH� SRWHQWLDO� SRRO� RI� UHFUXLWV� FRPLQJ� IURP� WKH���

VHGLPHQW��,Q�������FRSHSRG�HJJV�H[WUDFWHG IURP�WKH�VHGLPHQW�ZHUH LQFXEDWHG�DQG�D YHU\�KLJK���

KDWFKLQJ� VXFFHVV ZDV� REVHUYHG�� 7R� HVWDEOLVK� WKH� VSHFLHV� LGHQWLW\� RI� WKH� HJJV� WKH\� ZHUH���

PDLQWDLQHG�LQGLYLGXDOO\�LQ�DQ�DWWHPSW�WR DOORZ�WKHP�WR UHDFK D�GHYHORSPHQWDO�VWDJH�VXLWDEOH���



IRU PRUSKRORJLF�LGHQWLILFDWLRQ��8QIRUWXQDWHO\��WKLV�ZDV�QHYHU�VXFFHVVIXO DV�PDQ\ QDXSOLL�DQG��

MXYHQLOHV�GLHG�EHIRUH�UHDFKLQJ�FRSHSRGLWH�VWDJHV����

,Q� VLWXDWLRQV� ZKHUH PRUSKRORJLFDO� FKDUDFWHUV� GR� QRW� SURYLGH� VXIILFLHQW� YDULDWLRQ WR���

LGHQWLI\�WR�VSHFLHV�OHYHO��DV�LV�WKH�FDVH�ZLWK�WKH�UHVWLQJ�HJJV�DQG�HDUO\ GHYHORSPHQWDO�VWDJHV�RI���

$FDUWLD VSS�� WKHQ� WD[RQRPLF�GLVFULPLQDWLRQ�FDQ�EH�DFKLHYHG�XVLQJ�JHQHWLF�FKDUDFWHUV� 6XFK���

WHFKQLTXHV� KDYH� EHHQ� GHYHORSHG� IRU� FRSHSRGV� RI� WKH� JHQXV� 3VHXGRFDODQXV �%XFNOLQ� HW� DO���

������*UDEEHUW�HW�DO� �������&DODQXV �/LQGHTXH�HW�DO� ������%XFNOLQ�HW�DO� ������+LOO�HW�DO���

������ DQG�&ODXVRFDODQXV �%ODQFR�%HUFLDO� DQG� $OYDUH]�0DUTXHV ������� +RZHYHU�� QR� VXFK���

WHFKQLTXH�KDV�EHHQ�GHYHORSHG�IRU�$FDUWLD VSHFLHV��7KHUHIRUH� GXULQJ�WKLV�VWXG\ ZH�GHYHORSHG���

D�PROHFXODU�WRRO�WR�LGHQWLI\�LQGLYLGXDOV��IURP HJJV WR DGXOWV�RI�WKH�WKUHH FRQJHQHULF�VSHFLHV��$����

FODXVL��$�� GLVFDXGDWD�� DQG� 3� JUDQL� WR� IDFLOLWDWH� SRSXODWLRQ� G\QDPLFV� VWXGLHV�� 7KHVH� WKUHH���

VSHFLHV�ZHUH�FKRVHQ�DV�WKH\�DUH�E\�IDU�WKH�GRPLQDQW�FR�RFFXUULQJ VSHFLHV� �/DP�+DRL ��������

%R\HU� HW� DO�� VXEPLWWHG�� DQG� EHFDXVH� WZR� RI� WKHP� �$�� FODXVL DQG� 3�� JUDQL�� DUH� NQRZQ WR��

SURGXFH UHVWLQJ�HJJV��DQ�LPSRUWDQW�OLIH�VWUDWHJ\�IRU�VXUYLYLQJ�DGYHUVH�SHULRGV �.DVDKDUD�HW�DO����

������ 0DUFXV� ������ *XHUUHUR� DQG� 5RGUtJXH] ������� 7KH� WHFKQLTXH WKHUHIRUH� KDV WR� EH���

VXIILFLHQWO\� UREXVW� WR�ZRUN� RQ LQGLYLGXDO HJJV� LQFOXGLQJ� UHVWLQJ� HJJV� WDNHQ� IURP VHGLPHQW���

FRUHV���

7KH�JHQH�RI� FKRLFH� IRU� RXU� VWXG\�ZDV� WKH� FRPPRQ�PHWD]RDQ�'1$�EDUFRGLQJ� JHQH����

PLWRFKRQGULDO�F\WRFKURPH�R[LGDVH VXEXQLW ,��PW&2,���7KLV�JHQH�KDV�SUHYLRXVO\�EHHQ XVHG�IRU���

WKH�LGHQWLILFDWLRQ�DQG�DVVHVVPHQW�RI�VSHFLHV�GLYHUVLW\�DQG�GLVWULEXWLRQ�RI�PDULQH�]RRSODQNWRQ���

�%XFNOLQ�HW�DO� ������+LOO�HW�DO� ����� :HEE�HW�DO� ������%ODQFR�%HUFLDO�DQG�$OYDUH]�0DUTXHV��

����� *UDEEHUW�HW�DO� ������%XFNOLQ�HW�DO� �������+RZHYHU��DW�WKH�EHJLQQLQJ�RI�WKLV�VWXG\��RXW���

RI�WKH�WKUHH�VSHFLHV�$��FODXVL��$��GLVFDXGDWD DQG 3� JUDQL��RQO\�VHTXHQFH�GDWD�IRU�WKH�PW&2,���

JHQH� IRU�$�� FODXVL H[LVWHG� RQ� WKH�(0%/�'1$ VHTXHQFH� GDWDEDVH�� 7KHUHIRUH� D� VHTXHQFLQJ���

HIIRUW�RI�DGXOWV�RI�DOO�WKUHH�VSHFLHV�FROOHFWHG�IURP�WKH�7KDX�ODJRRQ�ZDV�QHFHVVDU\��7KH�XVH�RI���



D�PLWRFKRQGULDO�JHQH�ZDV�SUHIHUHQWLDO�DV�VXFK�D�JHQH KDV�D�KLJK FRS\�QXPEHU�DQG�LV�UHODWLYHO\���

DFFHVVLEOH� WR� 3&5� SULPHUV� DOORZLQJ 3&5� DPSOLILFDWLRQ� WR� EH� DFKLHYHG� GLUHFW� IURP� DQ���

LQGLYLGXDO� HJJ� RU� FRSHSRG ZLWKRXW� SULRU� SXULILFDWLRQ� RI� WKH� '1$�� 7KH� PLWRFKRQGULDO ��6���

U51$�JHQH��ZKLFK�KDV�SUHYLRXVO\�EHHQ�XVHG�IRU�FRSHSRG�VSHFLHV�LGHQWLILFDWLRQ��%XFNOLQ�HW�DO���

������/LQGHTXH�HW�DO� ������VKRZHG�LQVXIILFLHQW�LQWHU�VSHFLILF�YDULDWLRQ�EHWZHHQ�WKH�$FDUWLD��

VSHFLHV��/LQGHTXH�XQSXEO�GDWD����

$�VLPSOH� DQG�XQDPELJXRXV�PHWKRG� WR�GLVWLQJXLVK�EHWZHHQ� WKH� FR�RFFXUULQJ�$FDUWLD���

VSS� LQ�WKH�7KDX�ODJRRQ��LQFOXGLQJ�HDUO\�GHYHORSPHQWDO�VWDJHV�DQG�UHVWLQJ�HJJV� ZLOO�DOORZ�D���

EHWWHU�GHVFULSWLRQ DQG�XQGHUVWDQGLQJ�RI�WKH�VSHFLHV�SRSXODWLRQ�G\QDPLFV����

��

��

0DWHULDO�DQG�0HWKRGV��

��

6DPSOH�FROOHFWLRQ�DQG�SUHVHUYDWLRQ��

=RRSODQNWRQ� VDPSOHV�ZHUH� FROOHFWHG� DW� D� IL[HG� VWDWLRQ� �������1�� ������(�� FORVH� WR���

6qWH�FKDQQHO� LQ� WKH�7KDX ODJRRQ �VRXWK�RI�)UDQFH���+RUL]RQWDO�KDXOV�ZHUH�SHUIRUPHG� LQ� WKH���

LQQHU�VXUIDFH�ZDWHU��PD[LPXP���P�GHSWK��ZLWK�D�:3� SODQNWRQ�QHW�������P�PHVK�VL]H���7KH���

FRG�HQG� FRQWHQWV� ZHUH� SODFHG� LQ� LQVXODWHG� FRQWDLQHUV� DQG� EURXJKW� EDFN WR� WKH� ODERUDWRU\���

ZLWKLQ���K DIWHU�FROOHFWLRQ��,Q�WKH�ODERUDWRU\��KHDOWK\�IHPDOHV�RI�$� FODXVL��$� GLVFDXGDWD�DQG��

3� JUDQL ZHUH�SLFNHG�RXW��3K\VLRORJLFDO�VWDWH�RI�WKH�IHPDOH��RYLJHURXV�YHUVXV QRQ�RYLJHURXV����

ZDV GHWHUPLQHG� ZLWK� D� ELQRFXODU PLFURVFRSH XVLQJ� PRUSKRORJLFDO� FKDUDFWHULVWLFV� �5RVH��

�������)RU�HDFK�VSHFLHV� RYLJHURXV IHPDOHV�ZHUH�LQFXEDWHG�IRU �� K�LQ D � / EHDNHU�ILOOHG�ZLWK���

������P�ILOWHUHG�VHD�ZDWHU��DIWHU�ZKLFK�WKH IHPDOHV�DQG�WKH�HJJV�SURGXFHG�ZHUH�IL[HG�LQ������

DOFRKRO�����

7ZR�VHGLPHQW�FRUHV�ZHUH�VDPSOHG RQ WKH���WK RI�0D\ �����DQG�WKH���WK $SULO����� DW���

WKH�VDPH�PRQLWRULQJ�VWDWLRQ E\�D�GLYHU��7KH�FRUHV�ZHUH�VOLFHG�DQG�HDFK�VOLFH SUHVHUYHG�DW���&����



LQ� GDUNQHVV� EHIRUH� DQDO\VHV�� 5HVWLQJ� HJJV� ZHUH� H[WUDFWHG� IURP� WKH� VHGLPHQW� VDPSOHV���

DFFRUGLQJ�WR�WKH�PHWKRG�RI�2QEp���������,Q�������FRSHSRG�HJJV�H[WUDFWHG�IURP�WKH�VHGLPHQW����

ZHUH�XVHG�IRU�KDWFKLQJ�H[SHULPHQWV��,Q����� QR�KDWFKLQJ�VXFFHVV�H[SHULPHQW�ZDV�UXQ�DQG WKH���

HJJV�FROOHFWHG�ZHUH�GLUHFWO\�FRXQWHG XVLQJ�D ELQRFXODU�PLFURVFRSH�DQG�IL[HG�LQ�����DOFRKRO����

���

'1$�DPSOLILFDWLRQ�DQG�VHTXHQFLQJ���

$GXOW LQGLYLGXDOV�RI� WKH� WKUHH $FDUWLD VSHFLHV� $��FODXVL��$��GLVFDXGDWD DQG�3� JUDQL���

ZHUH�SUHSDUHG�IRU�3&5�DPSOLILFDWLRQ�E\�UHK\GUDWLQJ�LQ�������ȝ/�'1$�JUDGH�ZDWHU�LQ�D�3&5����

WXEH�RU����ZHOO�SODWH�DW�URRP�WHPSHUDWXUH�IRU�EHWZHHQ���� K��)ROORZLQJ�WKLV�LQFXEDWLRQ����ȝ/����

RI��[�)OH[L�*R7$4�'1$�SRO\PHUDVH�EXIIHU� �3URPHJD�8.��ZDV�DGGHG� WR�HDFK�VDPSOH�DQG����

WKH�VDPSOH�KRPRJHQLVHG�XVLQJ D�K\SHUGHUPLF�QHHGOH����*� LQVHUWHG�LQWR�D�SHOOHW�SHVWOH�KDQG����

KHOG� KRPRJHQLVHU� �$QDFKHP� /WG�� DQG� LQFXEDWHG� RYHUQLJKW� DW� �R&�� 7KH� UHPDLQLQJ� 3&5����

UHDFWLRQ� FRPSRQHQWV� ZHUH� WKHQ� DGGHG�� �� ȝ/� ��P0� G1736� �3URPHJD� 8.� /WG��� ��� ȝ0� RI����

SULPHUV�/&2������ DQG�+&2������ �/&2�������¶�**7�&$$�&$$�$7&�$7$�$$*�$7$����

77*�*��¶ DQG�+&2�������¶�7$$�$&7�7&$�***�7*$�&&$�$$$�$$7�&$��¶� )ROPHU�HW����

DO� ���������ȝ/����P0�0J&O��DQG������8�*R7$4�'1$�SRO\PHUDVH��3URPHJD�8.�/WG��� $����

SRVLWLYH�FRQWURO�RI�$��FODXVL DQG�3��JUDQL H[WUDFWHG�JHQRPLF�'1$��������� QJ��DQG�D�17&����

�QR�WHPSODWH�FRQWURO��ZHUH�LQFOXGHG��$PSOLILFDWLRQV�ZHUH�FDUULHG�RXW�LQ�D�*�6WRUP�RU�9:5����

WKHUPRF\FOHU��7KH�F\FOLQJ�SDUDPHWHUV�LQFOXGHG�DQ�LQLWLDO GHQDWXUDWLRQ�VWHS�DW�����R&����PLQ�����

IROORZHG� E\� ��� F\FOHV� RI� ����R&� ��� PLQ�� ����R&� ����� PLQ��� ����R&� ����� PLQ�� $� ILQDO����

H[WHQVLRQ� SKDVH� DW� ��R&� ���PLQ��ZDV� IROORZHG� E\� VWRUDJH� DW� ����R&�����ȝ/� DOLTXRWV� RI� WKH����

DPSOLILFDWLRQ� UHDFWLRQ� ZHUH� DQDO\VHG� E\� JHO� HOHFWURSKRUHVLV� ����� WR� FKHFN� DPSOLILFDWLRQ����

HIILFLHQF\���� ȝ/�RI�VXFFHVVIXO�DPSOLILFDWLRQV�ZHUH�VHQW�DZD\�IRU�ELGLUHFWLRQDO�VHTXHQFLQJ�E\���

/*&� *HQRPLFV� *PE+�� *HUPDQ\� 7KHVH� VHTXHQFHV� �Q ���� ZHUH� WKHQ� XVHG� WR� SHUIRUP� D���

PXOWLSOH�VHTXHQFH�DOLJQPHQW�XVLQJ &OXVWDO:�DQDO\VLV�RQOLQH�DW�KWWS���FOXVWDO:�JHQRPH�MS� DQG����



VXEVHTXHQWO\� D� FRQVHQVXV� VHTXHQFH� IRU� HDFK� VSHFLHV� ZDV� FRQVWUXFWHG�� 7KH� EDVLF� ORFDO����

DOLJQPHQW� VHDUFK� WRRO� �%/$67��ZDV�XVHG� WR� VHDUFK� WKH�(0%/�'1$�GDWDEDVH� IRU� VHTXHQFH����

VLPLODULWLHV��$�)DVW$�ILOH�RI�WKH�VHTXHQFHV�ZDV�FRQYHUWHG�WR�D�VHTXHQFH�LGHQWLW\�PDWUL[�XVLQJ����

WKH�%LR(GLW�SURJUDP �+DOO �������7R�GHWHUPLQH� VLPLODULW\ DQG�FOXVWHULQJ�RI� WKH�VHTXHQFHV�D����

QRQPHWULF� PXOWLGLPHQVLRQDO� VFDOLQJ� SORW� ZDV� FRQVWUXFWHG� XVLQJ� 35,0(5 �&ODUNH� ���������

&ODUNH�DQG�:DUZLFN ���������

���

5HVWULFWLRQ�PDSSLQJ���

7KH�SDUWLDO� FRQVHQVXV�VHTXHQFHV�RI�PW&2,�'1$�IRU�$��FODXVL��$��GLVFDXGDWD DQG�3�����

JUDQL�ZHUH�UHVWULFWLRQ�PDSSHG�XVLQJ�WKH�RQOLQH�1(%FXWWHU 9����IURP�1HZ�(QJODQGV %LR/DEV����

LQF�� �9LQF]H� HW� DO� ������� )URP� WKHVH� UHVWULFWLRQ� PDSV�� VXLWDEOH� HQ]\PHV� ZHUH� VHOHFWHG� WR����

GLIIHUHQWLDOO\�GLJHVW�HDFK�RI�WKH�WKUHH�VSHFLHV� 7R�UHGXFH�ERWK�WLPH DQG�FRVW� WKH�DELOLW\�RI�WKH����

UHVWULFWLRQ�HQ]\PH�WR�SHUIRUP�LQ�WKH VDPH�EXIIHU�FRQGLWLRQV�DV�WKH�DPSOLILFDWLRQ�UHDFWLRQ�ZHUH����

WDNHQ�LQ�WR�FRQVLGHUDWLRQ�����

���

5HVWULFWLRQ�GLJHVWV���

5HVWULFWLRQ�GLJHVWV�ZHUH�SHUIRUPHG�RQ�D����ȝ/�DOLTXRW�RI�3&5�DPSOLILFDWLRQ�SURGXFW����

E\�WKH�DGGLWLRQ�RI�����ȝ/�RI�%6$�����ȝJ P/����DQG���8�RI�HDFK�UHVWULFWLRQ�HQ]\PH��'GH,�DQG����

3VW,�3URPHJD�8.�/WG�� ,QFXEDWLRQV�ZHUH�SHUIRUPHG�DW ��R&�IRU�����K��7KH�GLJHVWLRQ SURGXFWV����

ZHUH� VHSDUDWHG� E\� JHO� HOHFWURSKRUHVLV� RQ� D� ��� DJDURVH� JHO� DQG� YLVXDOLVHG� RQ� D� 89����

WUDQVLOOXPLQDWRU����

���

0ROHFXODU�LGHQWLILFDWLRQ�RI�$FDUWLD HJJV���

(WKDQRO�SUHVHUYHG���



)ROORZLQJ� WKH� GHYHORSPHQW� RI� WKH�5)/3 WHFKQLTXH EDVHG� RQ DGXOWV� WKH�PHWKRG�ZDV����

WKHQ�WULDOOHG�RQ�$FDUWLD HJJV�FROOHFWHG�IURP HJJ�SURGXFWLRQ�H[SHULPHQWV�DQG�WKHQ�DSSOLHG�WR����

WKH�FRSHSRG�HJJV�FROOHFWHG�GLUHFWO\�IURP�WKH�VHGLPHQW�����HJJV�IURP�FRUH��������� FP GHSWK�����

FROOHFWHG�LQ�$SULO������ZHUH�XVHG�WR�DVVHVV�WKH�DELOLW\�RI�WKLV�WHFKQLTXH�WR�LGHQWLI\�HJJV�IURP����

WKH�VHGLPHQW�IROORZLQJ�WKH�PHWKRG�GHVFULEHG�DERYH�����

'XULQJ�WKHVH�VWXGLHV� LW�EHFDPH�DSSDUHQW�WKDW�$FDUWLD HJJV��HLWKHU�IURP�HJJ�SURGXFWLRQ����

H[SHULPHQWV� RU� IURP� VHGLPHQW�� DUH� SRRUO\� SUHVHUYHG� LQ� HWKDQRO� IRU� DQ\� OHQJWK� RI� WLPH�����

7KHUHIRUH�� WKH� PHWKRG� ZDV� DGDSWHG WR� HQVXUH� VXFFHVVIXO� DPSOLILFDWLRQ� RI� '1$� IROORZLQJ����

SUHVHUYDWLRQ�DW����R&�� 7KLV�PHWKRG�LV�GHVFULEHG�EHORZ����

���

3UHVHUYHG�DW����R&���

(JJV�ZHUH�ZDVKHG�LQWR D�3HWUL�GLVK�ZLWK ILOWHUHG�VHDZDWHU��IVZ���8QGHU�D�PLFURVFRSH�D����

VLQJOH�HJJ�ZDV�DVSLUDWHG�ZLWK���� X/�IVZ�DQG�WUDQVIHUUHG WR�D�QHZ�3HWUL�GLVK�FRQWDLQLQJ�� P/���

RI� XOWUDSXUH� ZDWHU� �0LOOL4� WR� ³ZDVK´� WKH� HJJ�� 7KH� HJJ� ZDV� WKHQ� TXLFNO\� �WR� SUHYHQW����

UXSWXULQJ��DVSLUDWHG�ZLWK��� X/�RI�WKH�XOWUDSXUH�ZDWHU�DQG�WUDQVIHUUHG LQWR�D�ZHOO�RI D����ZHOO����

SODWH�� $IWHU� ���� KRXUV�� WKH� SODWH� ZDV� VHDOHG� DQG� IUR]HQ� DW� ����&� RYHUQLJKW� RU� ORQJHU�� 7KH����

VDPSOHV�ZHUH�WKHQ�GHIURVWHG�DQG�WKH�UHPDLQLQJ�3&5�UHDFWLRQ FRPSRQHQWV�DGGHG�WR�HDFK�ZHOO�����

��� ȝ/� RI� �[� )OH[L� *R7$4� '1$� SRO\PHUDVH� EXIIHU� �3URPHJD� 8.�� �� ȝ/� �� P0� G1736����

�3URPHJD�8.�/WG�������ȝ0�RI�SULPHUV�/&2������DQG�+&2�������/&2�������¶�**7�&$$����

&$$�$7&�$7$�$$*�$7$�77*�*��¶�DQG�+&2�������¶�7$$�$&7�7&$�***�7*$�&&$����

$$$� $$7� &$��¶�� )ROPHU� HW� DO ������� �� ȝ/� ��� P0� 0J&O�� DQG� ����� 8� *R7$4� '1$����

SRO\PHUDVH��3URPHJD�8. /WG���$PSOLILFDWLRQV�DQG�UHVWULFWLRQ�GLJHVWV�ZHUH�WKHQ�FDUULHG�RXW�DV����

GHVFULEHG�DERYH����

���

5HVXOWV���



$�SDUWLDO�UHJLRQ������ES��RI�WKH�PW&2, JHQH�ZDV�VXFFHVVIXOO\�DPSOLILHG�GLUHFWO\�IURP����

HWKDQRO�SUHVHUYHG�LQGLYLGXDOV�RI�WKH�WKUHH�$FDUWLD�VSS� $��FODXVL��$��GLVFDXGDWD DQG�3��JUDQL���

�)LJXUH ���FROOHFWHG�IURP�7KDX�ODJRRQ��)UDQFH� ,Q�WRWDO����VHTXHQFHV�ZHUH�JHQHUDWHG�IRU�WKLV���

UHJLRQ�RI�WKH�PW&2,�JHQH��$� FODXVL��Q ������KDSORW\SHV��$FFHVVLRQ�QXPEHUV�+(��������+(����

���������$��GLVFDXGDWD �Q ������KDSORW\SHV��$FFHVVLRQ�QXPEHUV�+(��������+(�������� DQG����

3�� JUDQL �Q ���� ��� KDSORW\SHV�� $FFHVVLRQ� QXPEHUV� +(� �������+(� �������� $� FRQVHQVXV����

VHTXHQFH� IRU�HDFK�VSHFLHV�ZDV�FRQVWUXFWHG� �)LJXUH�����:KHQ�FRPSDUHG� WR� VHTXHQFHV�RQ� WKH����

(0%/�'1$�GDWDEDVH� $�� FODXVL VHTXHQFHV VKRZHG EHWZHHQ� ��������� LGHQWLW\� RYHU� �������

FRYHUDJH WR� H[LVWLQJ� VHTXHQFHV�RI�$�� FODXVL �$FFHVVLRQ�QXPEHUV��+(����������+(�����������

1R� VHTXHQFH� KRPRORJ\� JUHDWHU� WKDQ� ����ZDV� VHHQ� IRU� VHTXHQFHV� RI� HLWKHU�3�� JUDQL RU�$�����

GLVFDXGDWD��2YHU� WKH�DPSOLILHG�SDUWLDO� UHJLRQ�RI� WKH�PW&2,�JHQH� WKH� LQWUDVSHFLILF�YDULDWLRQ����

UDQJHG� IURP�a����� IRU�$��GLVFDXGDWD�� WR�a����� IRU�3��JUDQL DQG�a����� IRU�$�� FODXVL� 7KH����

LQWHUVSHFLILF�YDULDWLRQ�EHWZHHQ�WKHVH�VSHFLHV�ZDV���� �)LJXUH��������

7KH�VHTXHQFHG�PW&2,�UHJLRQV�IRU�HDFK�RI�WKH�WKUHH�$FDUWLD VSHFLHV�ZHUH�PDSSHG�DQG����

DQDO\VHG�WR�DVFHUWDLQ�VXLWDEOH�UHVWULFWLRQ�HQ]\PH�VLWHV�VXFK�WKDW�HDFK�VSHFLHV��ZKHQ GLJHVWHG�����

ZRXOG�SURGXFH�D�XQLTXH�UHVWULFWLRQ�SURILOH �)LJXUH���� 7KH�UHVWULFWLRQ�HQ]\PHV�'GH,�DQG�3VW,����

ZHUH�FKRVHQ�DV�WKH\�ERWK�SURGXFHG�D�XQLTXH�UHVWULFWLRQ�SURILOH�IRU�HDFK�VSHFLHV�DQG EHFDXVH����

WKH� HQ]\PHV� H[KLELW� RSWLPXP� DFWLYLW\� DW� WKH� VDPH� WHPSHUDWXUH ���R&�� VXFK� WKDW UHVWULFWLRQ����

GLJHVWV�FDQ�EH�SHUIRUPHG� LQ� WKH�VDPH�EXIIHU� FRQGLWLRQV�DV� WKH�DPSOLILFDWLRQ� UHDFWLRQ �7ULWOH����

������ 6XFFHVVIXO� DPSOLILFDWLRQV� IURP LQGLYLGXDO� $FDUWLD DGXOWV� DQG� VXEVHTXHQW� 5)/3����

DQDO\VLV� UHVXOWHG� LQ�D�FKDUDFWHULVWLF� UHVWULFWLRQ SURILOH�RU� ILQJHUSULQW� IRU�HDFK�VSHFLHV� �)LJXUH����

����WKXV�DOORZLQJ�LGHQWLILFDWLRQ�RI�$FDUWLD VSHFLHV�WR�VSHFLHV�OHYHO����

$PSOLILFDWLRQ� RI� WKH� PW&2,� SDUWLDO� JHQH� IUDJPHQW� ZDV� DOVR� VXFFHVVIXO� IURP� HJJV����

FROOHFWHG�IURP�$FDUWLD HJJ�SURGXFWLRQ�H[SHULPHQWV�SUHVHUYHG�LQ�����HWKDQRO�DQG�IURP�HJJV����

FROOHFWHG� IURP�VHGLPHQW� VDPSOHV�SUHVHUYHG� LQ�����HWKDQRO� 2I� WKH����HJJV�SURFHVVHG� IURP����



VHGLPHQW� VDPSOHV� �&RUH� ��� �����FP GHSWK��$SULO� ������ ��� DPSOLILHG� VXFFHVVIXOO\� 2I� WKHVH����

VXFFHVVIXO�DPSOLFRQV�DOO����GLJHVWHG�WR�SURGXFH D�UHVWULFWLRQ�SURILOH�IRU�$��FODXVL �Q ���RU�3�����

JUDQL �Q ���� ,Q�RUGHU�WR�FRQILUP�WKH�DFFXUDF\�RI�VSHFLHV�LGHQWLILFDWLRQ�E\�5)/3�RQ�VHGLPHQW����

HJJV�WKH�DPSOLILHG�SURGXFWV�ZHUH�VHTXHQFHG��,Q�DOO�FDVHV�WKH�VHTXHQFHV�FRQILUPHG�WKH�VSHFLHV����

LGHQWLW\�RI�WKH�LQGLYLGXDO�HJJV�WR�EH�WKH�VDPH�DV�WKRVH�GHWHUPLQHG�E\�5)/3��'XULQJ�WKLV�VWXG\����

LW�EHFDPH�DSSDUHQW�WKDW�WKH�HJJV�ZHUH�QRW�VWDEOH�VWRUHG�LQ HWKDQRO�IRU�DQ\ OHQJWK�RI�WLPH� $IWHU����

VL[�PRQWKV�LW�ZDV�QR�ORQJHU�SRVVLEOH�WR�VXFFHVVIXOO\�DPSOLI\�WKH�'1$�IURP�LQGLYLGXDO�HJJV�����

$V�VXFK�WKH�WHFKQLTXH�ZDV�DGDSWHG�WR�SURYLGH�D�SURWRFRO�IRU�IXWXUH�SUHVHUYDWLRQ�RI�LQGLYLGXDO����

HJJV� WKDW� LV� UREXVW�DQG� UHOLDEOH��7KH� WHFKQLTXH�GHVFULEHG ZDV� WULDOOHG�RQ�$� FODXVL HJJV� ODLG����

GXULQJ� HJJ� SURGXFWLRQ� H[SHULPHQWV� DQG� URXWLQHO\� DOORZHG DPSOLILFDWLRQ� RI� LQGLYLGXDO� HJJV����

ZLWK�D�VXFFHVV�UDWH�RI�RYHU���������

���

'LVFXVVLRQ���

$�VLPSOH�PROHFXODU�PHWKRG�LQYROYLQJ�WKH�GLUHFW�DPSOLILFDWLRQ�RI�D�SDUWLDO�UHJLRQ�RI�WKH����

JHQH� HQFRGLQJ� WKH� PLWRFKRQGULDO� SURWHLQ� F\WRFKURPH� R[LGDVH VXEXQLW ,� �PW&2,�� DQG����

VXEVHTXHQW�UHVWULFWLRQ�IUDJPHQW�OHQJWK�SRO\PRUSKLVP��5)/3��KDV�EHHQ�GHYHORSHG�WR�LGHQWLI\����

LQGLYLGXDOV�RI�$��FODXVL��$��GLVFDXGDWD DQG�3��JUDQL� ,Q RUGHU�WR�GHYHORS�WKLV�WHFKQLTXH�D WRWDO���

RI ��� VHTXHQFHV�ZHUH� JHQHUDWHG� IRU� WKLV� UHJLRQ� RI� WKH�PW&2,� JHQH IRU� DOO� WKUHH� FRQJHQHULF����

VSHFLHV FROOHFWHG� IURP� WKH� 7KDX� ODJRRQ�� )UDQFH�� 2YHU� WKH� DPSOLILHG� SDUWLDO� UHJLRQ� RI� WKH����

PW&2,�JHQH�WKH�LQWUDVSHFLILF�YDULDWLRQ�UDQJHG�IURP�a�����IRU�$��GLVFDXGDWD��WR�a�����IRU�3�����

JUDQL DQG� a����� IRU�$�� FODXVL� DQ� DFFHSWHG� OHYHO� RI� LQWUD�VSHFLILF� GLIIHUHQFH� IRU� WKLV� JHQH����

UHJLRQ�� +LOO� HW� DO� ������ IRXQG� LQWUDVSHFLILF� YDULDWLRQ� RI� EHWZHHQ� ���� DQG� ����� IRU� WKLV����

UHJLRQ�RI�JHQH�LQ����&DODQXV VSHFLHV��)RU�WKH�VDPH�UHJLRQ�RI�JHQH�LQWUD�VSHFLILF�YDULDWLRQ�ZDV����

OHVV�WKDQ��� IRU�3VHXGRFDODQXV VSHFLHV��*UDEEHUW�HW�DO� ������DQG�EHWZHHQ �����DQG���������

IRU����VSHFLHV�RI�&ODXVRFDODQXV �%XFNOLQ�HW�DO� ������ :KHQ�FRPSDUHG�DJDLQVW�VHTXHQFHV�RQ����



WKH�(0%/�'1$�GDWDEDVH�$��FODXVL VKRZHG�EHWZHHQ�����DQG������KRPRORJ\�ZLWK�H[LVWLQJ����

$��FODXVL VHTXHQFHV��IXUWKHU�KHOSLQJ�WR�FRQILUP�WKH�LGHQWLW\�RI�RXU�VSHFLHV��1R�KRPRORJ\�IRU����

VHTXHQFHV�RI�HLWKHU�3��JUDQL RU�$��GLVFDXGDWD RYHU�����VLPLODULW\�ZDV�VHHQ��,Q�WKH�FDVH�RI�$�����

GLVFDXGDWD WKLV� LV�XQGHUVWDQGDEOH�DV� WKHUH�DUH QR�H[LVWLQJ�&2,�VHTXHQFHV�IRU� WKLV�VSHFLHV�RQ����

WKH� GDWDEDVH�� 7KHUH� LV� KRZHYHU�� D UHFHQW� VXEPLVVLRQ� RI� D� SXWDWDLYH 3�� JUDQL &2,� VHTXHQFH����

IURP� WKH�(J\SWLDQ� FRDVW� RI� WKH�0HGLWHUUDQHDQ� 6HD� �$FFHVVLRQ� QXPEHU� -4���������� RQ� WKH����

GDWDEDVH��:KHQ�DOLJQHG�ZLWK�RXU�3��JUDQL VHTXHQFHV LW�VKRZHG�D�YDULDWLRQ�JUHDWHU�WKDQ���������

7KLV�LQWUD�VSHFLILF�YDULDWLRQ�LV�H[WUHPHO\ KLJK IRU�WKLV�UHJLRQ�RI�JHQH��DV�GLVFXVVHG�DERYH�WKH����

UDQJH�RI�LQWUD�VSHFLILF�YDULDWLRQ�LV�XVXDOO\�EHWZHHQ����DQG�����,W�LV�LPSRVVLEOH WR�H[SODLQ�WKLV����

KLJK�OHYHO�RI�YDULDWLRQ�EHWZHHQ�WKH�VHTXHQFHV�RI�3��JUDQL IURP�WKH�7KDX�ODJRRQ��)UDQFH�DQG����

WKH�3��JUDQL VHTXHQFH�IURP�WKH�(J\SWLDQ�FRDVW�RI�WKH�0HGLWHUUDQHDQ�6HD�DV�WKH�ODWWHU LV�RQO\�D����

VLQJOH�XQYHULILHG�VHTXHQFH�����

7KH�LQWHU�VSHFLILF�YDULDWLRQ�EHWZHHQ�WKHVH�FRQJHQHULF�$FDUWLD VSHFLHV�ZDV������7KLV����

LV� DOVR� DQ� DFFHSWHG� OHYHO� RI� YDULDWLRQ� IRU� WKLV� JHQH� UHJLRQ� EHWZHHQ� FRQJHQHULF� VSHFLHV�����

3UHYLRXV� VWXGLHV� KDYH� VKRZQ� SDLU� ZLVH� VHTXHQFH� GLIIHUHQFHV� WR� EH� EHWZHHQ� a���� IRU� WZR����

VSHFLHV�RI�3VHXGRFDODQXV �%XFNOLQ�HW�DO� �������EHWZHHQ������DQG�������IRU����FRQJHQHULF����

VSHFLHV� RI� &DODQXV �+LOO� HW� DO� ������ DQG� EHWZHHQ� ����� DQG� ������ IRU� ��� VSHFLHV� RI���

&ODXVRFDODQXV��%XFNOLQ�HW�DO� ���������

7KH�GHYHORSHG�WHFKQLTXH LV�FDSDEOH�RI�GHWHUPLQLQJ�WKH�LGHQWLW\�RI�LQGLYLGXDO�FRSHSRGV����

DQG� LQGLYLGXDO� HJJV�� LQFOXGLQJ� UHVWLQJ�HJJV� UHWULHYHG� IURP�VHGLPHQW� VDPSOHV� &RQVLGHUDWLRQ����

KDV�EHHQ�PDGH�WR�SURGXFH�D�UHOLDEOH��TXLFN�DQG�FRVW�HIIHFWLYH�WHFKQLTXH��$V�VXFK�DPSOLILFDWLRQ����

LV� FDUULHG� RXW� GLUHFWO\� RQ� SUHVHUYHG� VDPSOHV� QHJDWLQJ� WKH� QHHG� IRU� SULRU� SXULILFDWLRQ� RI� WKH����

'1$��:KLOH�3&5�SURGXFWV�FDQ�EH�SXULILHG�SULRU� WR� UHVWULFWLRQ�HQGRQXFOHDVH�GLJHVWLRQ��ERWK����

WLPH�DQG�UHDJHQWV�DUH VDYHG�E\�SHUIRUPLQJ�UHVWULFWLRQ�GLJHVWV�LQ�WKH�VDPH�EXIIHU�FRQGLWLRQV�DV����

WKH� DPSOLILFDWLRQ� UHDFWLRQ� (OLPLQDWLQJ� D� SXULILFDWLRQ� VWHS� DIWHU� DPSOLILFDWLRQ� DQG� EHIRUH����



UHVWULFWLRQ� GLJHVW� DOVR� HOLPLQDWHV� SRWHQWLDO� SLSHWWLQJ� HUURU� DQG� GHFUHDVHV� DVVD\� SUHSDUDWLRQ����

WLPH����

$PSOLILFDWLRQ� RI� DGXOWV� SUHVHUYHG� LQ� ���� HWKDQRO� ZDV� FRQVLVWHQWO\� VXFFHVVIXO� DQG����

XQSUREOHPDWLF��7KH�VXFFHVV� UDWH�RI�DPSOLILFDWLRQ� IURP�HJJV� KRZHYHU��ZDV�PXFK� ORZHU� WKDQ����

IRU� DGXOWV�� ,QLWLDOO\� WKLV� ZDV� WKRXJKW� WR� EH� EHFDXVH� RI� WKH� YHU\� VPDOO� VL]H� RI� WKH� HJJV����

�a�������� �P� IRU� $�� FODXVL� %HOPRQWH� ����� ZKLFK� SRVHV� FRQVLGHUDEOH� FKDOOHQJHV� ZKHQ����

PDQLSXODWLQJ� WKHP�LQWR�D�3&5�WXEH�RU����ZHOO�SODWH��7KLV�SUREOHP�LV�H[DVSHUDWHG�ZKHQ� WKH����

HJJV�KDYH�EHHQ�VWRUHG�LQ�HWKDQRO�DV� WKH\� WKHQ�DSSHDU�WR�EH�µVWDWLF¶�DQG�UHJXODUO\�VWLFN�WR�DOO����

SODVWLF�ZDUH� )XUWKHU�WHVWV�UHYHDOHG�WKDW�WKH�HJJV�UXSWXUHG�RQ�FRQWDFW�ZLWK�WKH�HWKDQRO�DQG�WKDW����

WKH�F\WRSODVP�EXUVW�WKURXJK�WKH�PHPEUDQH�RI�WKH�HJJ��,W�ZDV�SRVVLEOH�WR�VXFFHVVIXOO\�DPSOLI\����

'1$�IURP�WKH�HJJV�WKDW�KDG�EHHQ�VWRUHG�LQ�HWKDQRO�LI�WKH�SUHVHUYDWLRQ�ZDV�XQGHU � PRQWKV�����

+RZHYHU�� WKH� HJJV� DSSHDU� WR� EH� XQVWDEOH� LQ� WKH� HWKDQRO� DQG� '1$� DPSOLILFDWLRQ� ZDV����

LPSRVVLEOH�DIWHU�D�UHODWLYHO\�VKRUW�SHULRG�RI�WLPH��a�VL[�PRQWKV���$V�VXFK�D�QHZ�SURWRFRO�KDV����

EHHQ� GHYHORSHG� ZKHUHE\ HJJV�� RULJLQDWLQJ� IURP� WKH� ZDWHU� FROXPQ�� HJJ� SURGXFWLRQ����

H[SHULPHQWV�RU�VHGLPHQW� DUH�ZDVKHG�LQ�ILOWHUHG�VHD�ZDWHU DQG�WKHQ�ULQVHG�LQ�XOWUD�SXUH 0LOOL4����

ZDWHU��7KH�HJJV�DUH�WKHQ�UHPRYHG�ZLWK�WKH�FRUUHFW�YROXPH�RI�ZDWHU�IRU�WKH�3&5�UHDFWLRQ�DQG����

LVRODWHG�LQ�D�ZHOO�RI�D����ZHOO�SODWH�EHIRUH�WKH\�UXSWXUH��7KLV�SURWRFRO�KDV�PDQ\�EHQHILWV��$V����

WKH� HJJV� KDYH QRW� EHHQ� VWRUHG� LQ� HWKDQRO� WKH\� DUH QRW� VWDWLF� ZKLFK�PDNHV� KDQGOLQJ�PXFK����

HDVLHU��7KH�HJJV�DUH LVRODWHG LQ�LQGLYLGXDO�ZHOOV�EHIRUH�UXSWXULQJ WKXV SUHYHQWLQJ�DQ\�SRVVLEOH����

FURVV� FRQWDPLQDWLRQ�� WKH� WHFKQLTXH� VLJQLILFDQWO\� UHGXFHV� WKH� WLPH� FRQVXPLQJ� DQG� GLIILFXOW����

PDQLSXODWLRQ�RI� WKH�HJJV�FRPSDUHG�WR�VWRUDJH�RI�PXOWLSOH�HJJV�LQ�D�VLQJOH�YLDO� DQG�SHUKDSV����

PRVW�LPSRUWDQWO\� LW�DOORZV�VXFFHVVIXO�DPSOLILFDWLRQ�RI�LQGLYLGXDO�HJJV�����

)RU� WKH� ILUVW� WLPH�D� WHFKQLTXH�QRZ�H[LVWV� WR� LGHQWLI\� WKH��� FRQJHQHULF� VSHFLHV�RI�FR����

RFFXUULQJ�$FDUWLD� $��FODXVL��$��GLVFDXGDWD DQG�3��JUDQL IURP�WKH�7KDX�ODJRRQ��)UDQFH��7KLV����

WHFKQLTXH� FDQ� LGHQWLI\� LQGLYLGXDOV� IURP� HJJV� WR� DGXOWV� LQFOXGLQJ� UHVWLQJ HJJV� IRXQG� LQ� WKH����



VHGLPHQW��7R�RXU�NQRZOHGJH� WKLV� LV� WKH�ILUVW� WLPH� WKDW� UHVWLQJ�HJJV� LQ� WKH�7KDX� ODJRRQ�KDYH����

EHHQ� LGHQWLILHG� WR� VSHFLHV� OHYHO��7KH�GHYHORSHG� WHFKQLTXH�ZDV� WULDOOHG�RQ�D� VPDOO� VDPSOH�RI����

UHVWLQJ�HJJV� UHWULHYHG� IURP� WKH� VHGLPHQW� DQG� VKRZHG� WKH�SUHVHQFH�RI�ERWK $�� FODXVL DQG�3�����

JUDQL VSHFLHV�� 7KHVH� UHVXOWV� FRQIHU� ZLWK� WKH� OLWHUDWXUH� WKDW� ERWK� WKHVH� VSHFLHV� DUH� DEOH� WR����

SURGXFH�UHVWLQJ�HJJV��L�H��.DVDKDUD�HW�DO ������0DUFXV�������*XHUUHUR�DQG 5RGUtJXH]�����������

&DUH� PXVW� EH� WDNHQ� KRZHYHU�� DV� WKH� &2,� SULPHUV� XVHG� DUH XQLYHUVDO� DQG� PD\ WKHUHIRUH����

DPSOLI\�&2,�IURP�RWKHU�RUJDQLVPV��,Q�WKH�7KDX�ODJRRQ�WKH�UHVWLQJ�HJJV�DUH�HDVLO\�LGHQWLILDEOH����

DV�FRSHSRG�HJJV��DQG�DOWKRXJK�WKHUH�LV�D�VOLJKW�FKDQFH�WKDW�RWKHU�FRSHSRGV�IRXQG�LQ�WKH�ODJRRQ����

PD\�SURGXFH�UHVWLQJ�HJJV�WKLV�LV�ILUVWO\�XQOLNHO\��XQGRFXPHQWHG�IRU�DOO�EXW�(XU\WHPRUD�YHOR[�����

DQG�VHFRQGO\�WKHVH�VSHFLHV�VXFK�DV�(XU\WHPRUD�DQG�&HQWURSDJHV VSHFLHV�PDNH�XS�RQO\�D�YHU\����

VPDOO�SURSRUWLRQ�RI�WKH�WRWDO�]RRSODQNWRQ�FRPPXQLW\�LQ�WKH�ODJRRQ������� �/DP�+DRL����������

&RQVLGHULQJ�WKH�GLIILFXOWLHV�RI�LGHQWLI\LQJ�HDUO\�GHYHORSPHQWDO�VWDJHV�WR�VSHFLHV�XVLQJ����
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RRWD[RQRP\�RI�FDODQRLGV� -�0DU�6\VW�������������
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)LJ� � 5HVWULFWLRQ�PDS�RI�D�SDUWLDO� UHJLRQ�RI� WKH�PW&2, JHQH� IRU�$��FODXVL��3��JUDQL DQG�$�����

GLVFDXGDWD� 'GH,� DQG� 3VW,� UHVWULFWLRQ� VLWHV� DUH� LQGLFDWHG�� 5HVXOWLQJ� IUDJPHQW� OHQJWKV� DUH����
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)LJ� � &RQVHQVXV�VHTXHQFH�RI�D�����ES�UHJLRQ�RI�WKH�PW&2,�JHQH�IRU�WKH�WKUHH�VSHFLHV�

$�� FODXVL �FODXVL���$�� GLVFDXGDWD �GLVFDXGDWD�� DQG�3�� JUDQL �JUDQL��� 
�  � KRPRORJ\�

EHWZHHQ�DOO�WKUHH�VSHFLHV��FWQDJ  ��'GH,�UHVWULFWLRQ�VLWH��FWJFDF  �3VW,�UHVWULFWLRQ�VLWH��

SULPHUV�LQ�LWDOLFV





&ŝŐ͘ ϯ EŽŶŵĞƚƌŝĐ�ŵƵůƚŝĚŝŵĞŶƐŝŽŶĂů�ƐĐĂůŝŶŐ�ƉůŽƚ�ĚĞŵŽŶƐƚƌĂƚŝŶŐ�ƐŝŵŝůĂƌŝƚǇ�ĂŶĚ�ĐůƵƐƚĞƌŝŶŐ�ŽĨ��͘�ĐůĂƵƐŝŸ

W͘�ŐƌĂŶŝź��ĂŶĚ��͘�ĚŝƐĐĂƵĚĂƚĂ Ŷ͘ ��ůů�ƐĞƋƵĞŶĐĞƐ�;ŶсϳϭͿ�ǁĞƌĞ�ƵƐĞĚ�ƚŽ�ĐƌĞĂƚĞ�Ă�ƐĞƋƵĞŶĐĞ�ŝĚĞŶƚŝƚǇ�ŵĂƚƌŝǆ͘�

^ĞƋƵĞŶĐĞƐ� ĨƌŽŵ� ƚŚĞ� ƐĂŵĞ� ƐƉĞĐŝĞƐ� ĐůƵƐƚĞƌ�ǁŝƚŚ�хϵϲй� ƐŝŵŝůĂƌŝƚǇ� �͘� ĐůĂƵƐŝ ĂŶĚ��͘�ĚŝƐĐĂƵĚĂƚĂ

ĐůƵƐƚĞƌ�Ăƚ�хϴϬй�ƐŝŵŝůĂƌŝƚǇ ĂŶĚ�Ăůů�ƚŚƌĞĞ�ƐƉĞĐŝĞƐ�ĐůƵƐƚĞƌ�Ăƚ�хϳϬй�ƐŝŵŝůĂƌŝƚǇ

)LJ� �

6SHFLHV
$FDUWLD�FODXVL
3DUDFDUWLD�JUDQL
$FDUWLD�GLVFDXGDWD

6LPLODULW\
��

��
��

�' 6WUHVV� �



)LJ��

)LJ� � 5HVWULFWLRQ�PDS�RI�D�SDUWLDO� UHJLRQ�RI� WKH�PW&2,�JHQH�IRU�$��FODXVL��3��JUDQL

DQG�$�� GLVFDXGDWD� 'GH,� DQG�3VW,� UHVWULFWLRQ� VLWHV� DUH� LQGLFDWHG��5HVXOWLQJ� IUDJPHQW�

OHQJWKV�DUH�VKRZQ�LQ�EDVH�SDLUV��ES�

����ES ����ES

���ES ����ES

����ES ����ES

3VW,

'GH,

'GH,

$��FODXVL

3��JUDQL

$��GLVFDXGDWD



)LJ���

D Dϭ Ϯ ϯ���ϰ���ϱ���ϲ���ϳ���ϴ����ϵ���h

)LJ����$PSOLILFDWLRQ�RI�D�UHJLRQ�RI�PW&2, JHQH�IURP�ZKROH�$FDUWLD
DGXOWV�DQG�VXEVHTXHQW�5)/3�DQDO\VLV�ZLWK�UHVWULFWLRQ�HQ]\PHV�'GH,
DQG�3VW,��0 ���ES�'1$�PDUNHUV��/DQHV����� �UHVWULFWLRQ�SURILOH�IRU�3��
JUDQL��/DQHV�����UHVWULFWLRQ�SURILOH�IRU�$��GLVFDXGDWD��/DQHV����� �
UHVWULFWLRQ�SURILOH�IRU�$��FODXVL��/DQH���� �XQGLJHVWHG�DPSOLFRQ�


