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7KH�VSHFLDWLRQ�DQG�PRELOLW\�RI�0Q�DQG�)H�LQ�HVWXDULQH�VHGLPHQWV

$XWKRUV� 9pURQLTXH�(��2OGKDP���0DWWKHZ�*��6LHEHFNHU�ާ��0DWWKHZ�5��-RQHV����$OIRQVR

0XFFL�� %UDGOH\�0��7HER���*HRUJH�:��/XWKHU�,,,�

$IILOLDWLRQV�

�6FKRRO�RI�0DULQH�6FLHQFH�DQG�3ROLF\��8QLYHUVLW\�RI�'HODZDUH��/HZHV��'(�������

�'LYLVLRQ�RI�(QYLURQPHQWDO�DQG�%LRPROHFXODU�6\VWHPV��,QVWLWXWH�RI�(QYLURQPHQWDO�+HDOWK��

2UHJRQ�+HDOWK�	 6FLHQFH�8QLYHUVLW\��3RUWODQG��25 �����

�*(2723�DQG�'HSDUWPHQW�RI�(DUWK�DQG�3ODQHWDU\�6FLHQFHV��0F*LOO�8QLYHUVLW\��0RQWUHDO��4&��

+�$��(�

&XUUHQW�DGGUHVVHV

'HSDUWPHQW�RI�0DULQH�&KHPLVWU\�DQG�*HRFKHPLVWU\��:RRGV�+ROH�2FHDQRJUDSKLF�,QVWLWXWH��

:RRGV�+ROH��0$�������

�3267(&+�± 3RKDQJ�8QLYHUVLW\�RI�6FLHQFH�DQG�7HFKQRORJ\��'LYLVLRQ�RI�(QYLURQPHQWDO�

6FLHQFH�DQG�(QJLQHHULQJ��3RKDQJ�VL��*\RXQJVDQJEXN�GR���������.RUHD

ާ'HSDUWPHQW�RI�3ODQW�DQG�6RLO�6FLHQFH��7H[DV�7HFK�8QLYHUVLW\��/XEERFN��7;���������86$

&RUUHVSRQGHQFH�WR���YROGKDP#ZKRL�HGX

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

jinnes
Typewritten Text

jinnes
Typewritten Text

jinnes
Typewritten Text
“This is a post-peer-review, pre-copyedit version of an article published in Aquat Geochem . The final authenticated version is available online at: https://doi.org/10.1007/s10498-019-09351-0”.



�

$EVWUDFW

'LVVROYHG DQG�VROLG�SKDVH VSHFLDWLRQ�RI�0Q DQG�)H�ZHUH�PHDVXUHG�LQ�WKH�SRUHZDWHUV�RI�

VHGLPHQWV�UHFRYHUHG�IURP�WKUHH VLWHV�LQ�WKH�*UHDWHU�6W��/DZUHQFH�(VWXDU\��WKH�6DJXHQD\�

)MRUG��6$*���WKH�/RZHU�6W��/DZUHQFH�(VWXDU\��/6/(��DQG�WKH�*XOI�RI�6W��/DZUHQFH��*6/���

$W�DOO VLWHV DQG�PRVW�GHSWKV��PHWDO�RUJDQLF�OLJDQG�FRPSOH[HV��0Q�,,,��/�DQG�)H�,,,��/�

GRPLQDWHG�WKH VHGLPHQWDU\�SRUHZDWHU VSHFLDWLRQ��PDNLQJ�XS�WR���� ��RI�WKH�WRWDO�GLVVROYHG�

0Q�RU�)H��:H�SURSRVH WKDW�WKHVH�FRPSOH[HV SOD\�D�SUHYLRXVO\�XQGHUHVWLPDWHG�UROH LQ�

PDLQWDLQLQJ�R[LGL]HG�VROXEOH�PHWDO�VSHFLHV�LQ�VHGLPHQWDU\�V\VWHPV�DQG LQ�VWDELOL]LQJ�

RUJDQLF�PDWWHU�LQ�WKH�IRUP�RI�VROXEOH�PHWDO�RUJDQLF�FRPSOH[HV��,Q�WKH�IMRUG�SRUHZDWHUV��

VWURQJ �ORJ.&21'!����� DQG�ZHDN��ORJ.&21'�������0Q�,,,��/�FRPSOH[HV�ZHUH�GHWHFWHG��

ZKHUHDV�RQO\�ZHDN�0Q�,,,��/�FRPSOH[HV�ZHUH�GHWHFWHG�DW�WKH�SHODJLF�DQG�KHPL�SHODJLF�VLWHV�

RI�WKH�*6/�DQG�/6/(��UHVSHFWLYHO\��$W�WKH�IMRUG VLWH��0Q�,,,��/�FRPSOH[HV�ZHUH�NLQHWLFDOO\�

VWDELOL]HG�DJDLQVW�UHGXFWLRQ�E\�)H�,,���HYHQ�ZKHQ )H�,,� FRQFHQWUDWLRQV�ZHUH�DV�KLJK�DV����

0� 2QO\�GLVVROYHG�0Q�,,��ZDV�UHOHDVHG�IURP�WKH�VHGLPHQWV�WR�RYHUO\LQJ�ZDWHUV��VXJJHVWLQJ�

WKDW�0Q�,,,��PD\�EH SUHIHUHQWLDOO\�R[LGL]HG�E\�VHGLPHQWDU\�PLFUREHV DW�RU�QHDU�WKH�

VHGLPHQW�ZDWHU�LQWHUIDFH��:H�FDOFXODWHG�WKH GLVVROYHG�0Q�,,� IOX[HV�IURP�WKH�VHGLPHQWV�WR�

WKH�RYHUO\LQJ�ZDWHUV WR�EH����� �PRO�FP�� \U�� DW�WKH�SHODJLF VLWH �*6/����� �PRO�FP�� \U�� DW

WKH�KHPL�SHODJLF�VLWH �/6/(���DQG ��� �PRO�FP�� \U�� LQ�WKH�IMRUG��7KH�KLJKHU�EHQWKLF�IOX[�LQ�

WKH�/6/( UHIOHFWV WKH ORZHU R[\JHQ�FRQFHQWUDWLRQV �G2�� RI WKH�ERWWRP�ZDWHUV DQG�

VHGLPHQWV DW�WKLV�VLWH��ZKLFK�IDYRU�WKH�UHGXFWLYH�GLVVROXWLRQ�RI�0Q�R[LGHV DV�ZHOO�DV WKH�

GHFUHDVH�LQ WKH�R[LGDWLRQ�UDWH�RI�GLVVROYHG�0Q�,,��GLIIXVLQJ�WKURXJK�WKH�R[LF�OD\HU�RI�WKH�

VHGLPHQW�DQG�LWV�UHOHDVH�WR�WKH�RYHUO\LQJ�ZDWHU�

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���



�

��,QWURGXFWLRQ�

�

7KH�UHGR[�FKHPLVWU\�RI�PDULQH�VHGLPHQWV�SOD\V�D�PDMRU�UROH�LQ�JOREDO�HOHPHQWDO�F\FOLQJ�DQG��

VHUYHV�DV�DQ�LQGLFDWRU�RI JOREDO�FOLPDWH�FKDQJH �H�J��+HGJHV�DQG�.HLO�������� 5HGR[�VHQVLWLYH��

HOHPHQWV��VXFK�DV�PDQJDQHVH��0Q� DQG�LURQ��)H���KDYH�EHHQ�XVHG�DV�WUDFHUV�RI�SURFHVVHV�WKDW��

DIIHFW WKH�FRQFHQWUDWLRQ�RI�DWPRVSKHULF�&2��DQG�WKH�JOREDO�FDUERQ�F\FOH�VLQFH WKH\�SDUWLFLSDWH�LQ��

WKH�UHPLQHUDOL]DWLRQ�RI�VHGLPHQWDU\�RUJDQLF�FDUERQ��H�J��&DQILHOG�HW�DO����������7KH��

WUDQVIRUPDWLRQ�RI�VHGLPHQWDU\�RUJDQLF�FDUERQ WR�&2� SURFHHGV�WKURXJK�D�FRPELQDWLRQ�RI�GLYHUVH��

UHVSLUDWRU\�DQG�IHUPHQWDWLYH�SDWKZD\V�WKDW�DUH�XOWLPDWHO\�EDODQFHG�E\�WKH UHGXFWLRQ�RI�LQRUJDQLF��

HOHFWURQ�DFFHSWRUV��2���12�
���0Q�DQG�)H�R[LGHV�DQG�62�

����7KXV��WR�EHWWHU�XQGHUVWDQG�DQG�PRGHO��

RUJDQLF FDUERQ�R[LGDWLRQ��D�FKDUDFWHUL]DWLRQ�RI�WKH�VSHFLDWLRQ��UHGR[�VWDWH�DQG�FRPSOH[DWLRQ��DQG���

UHDFWLYLW\�RI HDFK�HOHFWURQ�DFFHSWRU DORQJ�VHGLPHQWDU\�UHGR[�JUDGLHQWV LV�FULWLFDO���

��

$IWHU�WKH�GHSOHWLRQ RI�GLVVROYHG�R[\JHQ��G2���LQ�VHGLPHQWV��12�
���0Q�R[LGHV DQG�)H�R[LGHV���

EHFRPH��VHTXHQWLDOO\� WKH�WKHUPRG\QDPLFDOO\�SUHIHUUHG�HOHFWURQ�DFFHSWRUV LQ�WKH�PLFURELDO���

GHFRPSRVLWLRQ��L�H���PLQHUDOL]DWLRQ��RI�RUJDQLF�FDUERQ �)URHOLFK�HW�DO�� ������*DLOODUG�HW�DO�� ��������

9DQ�&DSHOOHQ�DQG�:DQJ��������/XWKHU�HW�DO����������7KH�PLQHUDOL]DWLRQ�RI�RUJDQLF�FDUERQ�E\�0Q���

DQG�)H�LV�WKRXJKW�WR�SURFHHG YLD UHGXFWLRQ�DQG�VROXELOL]DWLRQ�RI�VROLG�0Q�,,,�,9��DQG�)H�,,,����

R[LGHV��EXW WKH�SUHVHQFH�RI�PRUH�UHDGLO\�ELRDYDLODEOH�DQG�VROXEOH�0Q�,,,��DQG�)H�,,,� VSHFLHV��

FRXOG�DFFHOHUDWH�WKH�PLQHUDOL]DWLRQ RI�RUJDQLF�FDUERQ �/LQ�HW�DO����������6ROXEOH�)H�,,,��/���

FRPSOH[HV�KDYH�EHHQ�PHDVXUHG�LQ�VDOW�PDUVK�VHGLPHQWV��/XWKHU�HW�DO���������������DQG�LQ�DQR[LF���

VHGLPHQWV��%HFNOHU�HW�DO��������7DLOOHIHUW�HW�DO���������������DQG�DUH�FRQVLGHUHG�WKH�GRPLQDQW���

VROXEOH�VSHFLHV�RI�)H�LQ�RSHQ�RFHDQ ZDWHUV �H�J��YDQ�GHQ�%HUJ���������,Q�PDULQH�V\VWHPV��0Q��

VSHFLDWLRQ�LV�FRPSULVHG�RI GLVVROYHG�0Q�,,���0Q�,,,��DQG�VROLG�0Q�,,,�,9��R[LGHV �0Q2[���8QWLO���

WKH�ODVW�GHFDGH��LW�ZDV�WKRXJKW�WKDW�VROXEOH�0Q�ZDV�SUHGRPLQDQWO\�IRXQG�DV�IUHH�K\GUDWHG�0Q�,,�����

EXW�WKH�SUHVHQFH�RI 0Q�,,,��/��ZKHUH�/�GHQRWHV�D�FRPSOH[LQJ�OLJDQG� FRPSOH[HV�KDV�VLQFH�EHHQ��

IRXQG�WR�EH D�PDMRU��LI�QRW�WKH�PDMRU��FRPSRQHQW�RI�VROXEOH�0Q�VSHFLHV�LQ�ORZ�R[\JHQ���

HQYLURQPHQWV��7URXZERUVW�HW�DO��������<DNXVKHY�HW�DO���������������0DGLVRQ�HW�DO�����������

'HOOZLJ�HW�DO���������2OGKDP�HW�DO�������� LQFOXGLQJ�VXER[LF�VHGLPHQW�SRUHZDWHUV��0DGLVRQ�HW���

DO�������� DQG� PRUH�UHFHQWO\��LQ�R[LF�V\VWHPV��2OGKDP�HW�DO�� ����D������E������F���%HFDXVH���

0Q�,,,��/�FRPSOH[HV�FDQ�GRQDWH�RU�DFFHSW�HOHFWURQV��DFFRXQWLQJ�IRU WKHLU�SUHVHQFH�LQ�PDULQH���
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VHGLPHQWV LV�FULWLFDO�ZKHQ�DVVHVVLQJ RUJDQLF�FDUERQ�EXGJHWV�DQG�WKH�UHGR[ FDSDFLW\�RI�D���

VHGLPHQWDU\�V\VWHP �<DNXVKHY�HW�DO�� ������������0DGLVRQ�HW�DO����������$GGLWLRQDOO\��0Q�,,,����

FDQ�ELQG�WR�WKH�VDPH�OLJDQGV�DV�)H�,,,���'XFNZRUWK�DQG�6SRVLWR��������������3DUNHU�HW�DO�����������

������/XWKHU�HW�DO���������DQG� WKXV��LWV SUHVHQFH�FRXOG�GLVUXSW�WKH�PRELOLW\�DQG�ELRWLF XSWDNH RI���

)H�LQ�UHJLRQV�ZKHUH�WKH�ODWWHU�DUH IDFLOLWDWHG�E\ WKH�VROXELOL]DWLRQ�DQG ELQGLQJ�RI�)H�WR�RUJDQLF���

OLJDQGV� *LYHQ�WKDW�WKH�UHDFWLYLW\�DQG�VSHFLDWLRQ�RI�0Q DQG�)H DUH DOVR�S+�DQG�(K�GHSHQGHQW��

�6WXPP�DQG�0RUJDQ��������/XWKHU�������� PDULQH�VHGLPHQWV�KRVW�D�G\QDPLF�0Q�DQG�)H���

FKHPLVWU\�ZLWK�WKH�H[WHQW�RI GLDJHQHWLF�UHPRELOL]DWLRQ�XOWLPDWHO\ GULYHQ E\ WKH�R[LGDQW�GHPDQG���

RI�WKH�VHGLPHQW���

��

,Q�WKLV�VWXG\��ZH�SULPDULO\�H[DPLQHG�WKH�VSHFLDWLRQ�RI�0Q�LQ�WKH�VHGLPHQW�SRUHZDWHUV�DW WKUHH���

VLWHV �)LJ������(DFK�VLWH�KDG GLIIHUHQW�RYHUO\LQJ�ZDWHU�GLVVROYHG�R[\JHQ �G2�� FRQFHQWUDWLRQV DQG���

RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWHV��IURP�ODQG�WR�VHD� WKH�ILUVW�VLWH�ZDV�LQ�WKH�6DJXHQD\�)MRUG���

�6$*������D�WULEXWDU\�RI�WKH�/RZHU�6W��/DZUHQFH�(VWXDU\��/6/(���WKH�VHFRQG�LQ WKH�/6/(���

�6WDWLRQ������DQG�WKLUG�LQ�WKH�*XOI�RI�6W��/DZUHQFH��*6/��6WDWLRQ����� 7KH�JUHDWHU�6W��/DZUHQFH��

(VWXDU\�LV�WKH�ODUJHVW�HVWXDU\�LQ�WKH�ZRUOG��DQG�WKH�RXWOHW�RI�WKH�*UHDW�/DNHV�WR�WKH�$WODQWLF���

2FHDQ��7KH�GRPLQDQW�EDWK\PHWULF�IHDWXUH�RI�WKH�/6/(�DQG�*6/�LV�WKH�/DXUHQWLDQ�7URXJK �RU���

&KDQQHO���D����� P�GHHS 8�VKDSHG�YDOOH\�WKDW�H[WHQGV������NP�IURP�WKH�FRQWLQHQWDO�VKHOI EUHDN���

WR�WKH�KHDG�RI�WKH�/6/( DW�7DGRXVVDF��,Q�WKH�VXPPHU�PRQWKV��WKH�ZDWHU�FROXPQ�RI�WKH�/6/(�DQG���

WKH�*XOI�LV�FKDUDFWHUL]HG�E\�D�WKUHH�OD\HUHG�VWUXFWXUH VHSDUDWHG E\�WZR�VKDUS�WHPSHUDWXUH���

LQYHUVLRQV �'LFNLH�DQG�7ULWHV��������(O�6DEK�DQG�6LOYHUEHUJ� ������ %RWWRP�ZDWHU�G2���

FRQFHQWUDWLRQV�GHFUHDVH�DV�1RUWK�$WODQWLF�ZDWHU�IORZV�ODQGZDUG DORQJ�WKH�/DXUHQWLDQ�7URXJK���

IURP�&DERW�6WUDLW��*LOEHUW�HW�DO���������&RQVHTXHQWO\��ERWWRP�ZDWHUV DW�6WDWLRQ��� DUH�VHYHUHO\���

K\SR[LF��G2����� ȝ0���ZKHUHDV ERWWRP�ZDWHU�G2� FRQFHQWUDWLRQV�DW�6WDWLRQ����LQ�WKH�*6/�DUH��

a��� ± ����ȝ0� )DFWRUV�UHVSRQVLEOH�IRU�WKH�UHFHQW�GHYHORSPHQW�RI�K\SR[LF�ERWWRP�ZDWHUV�LQ�WKH���

/6/(�DUH�GLVFXVVHG�LQ�*LOEHUW�HW�DO��������� 7KLERGHDX�HW�DO���������DQG�*HQRYHVL�HW�DO������������

2UJDQLF�FDUERQ�DFFXPXODWLRQ�UDWHV�DORQJ�WKH�/DXUHQWLDQ�7URXJK�LQFUHDVH�ODQGZDUG�QHDUO\������

IROG��VHH�%HQRLW�HW�DO����������IRU�D�FRPSLODWLRQ���7KH�FRPELQHG�GHFUHDVH�LQ�ERWWRP�ZDWHU���

R[\JHQDWLRQ�DQG�LQFUHDVHG�RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWHV�PD\�OHQG�LWVHOI�WR�JUHDWHU�UHOHDVH���

RI�0Q�IURP�WKH�VHGLPHQWV�DQG LQFUHDVH LWV�ORQJ�UDQJH�WUDQVSRUW EHFDXVH DELRWLF�0Q�,,��R[LGDWLRQ���
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UDWHV�DQG SUHFLSLWDWLRQ�RI� 0Q�,,,�,9� R[LGHV ZLOO�GHFUHDVH�DV�G2� FRQFHQWUDWLRQV�GHFUHDVH��

�6WXPP�DQG�0RUJDQ����������

��

7KH�6DJXHQD\�)MRUG�VWXG\�VLWH �6$*�����)LJ�����LV�ZLWKLQ D�����NP�ORQJ IMRUG� ZKLFK�LV a� NP���

ZLGH��XS�WR�����P�GHHS��DQG FRQQHFWV�ZLWK�WKH�/6/(�WKURXJK�D����P�GHHS�VLOO��'HWDLOHG���

GHVFULSWLRQV�RI�WKH�SK\VLRJUDSKLF�IHDWXUHV�RI�WKH�6DJXHQD\�)MRUG�FDQ�EH�IRXQG�LQ�6FKDIHU�HW�DO����

�������DQG�/RFDW�DQG�/HYHVTXH���������7KH�ZDWHU�FROXPQ�RI�WKH�IMRUG�LV�FKDUDFWHUL]HG�E\�D�VKDUS���

S\FQRFOLQH�WKDW�VHSDUDWHV�WZR�GLVWLQFW�ZDWHU�PDVVHV��7KH�WKLFN�ERWWRP�OD\HU�LV�ZHOO�PL[HG�DQG���

ZHOO�R[\JHQDWHG �a����ȝ0 G2����ZLWK�ZDWHUV�SHQHWUDWLQJ�ODQGZDUG�IURP�WKH�6W��/DZUHQFH���

(VWXDU\�DV�WKH\�HSLVRGLFDOO\�VSLOO�RYHU�WKH�VLOO �6WDFH\�DQG�*UDWWRQ��������%pODQJHU��������%HO]LOH���

HW�DO�����������%RWWRP�ZDWHU�SUDFWLFDO�VDOLQLWLHV��63��DUH�DSSUR[LPDWHO\�������0XFFL�HW�DO������������

ZLWK�WHPSHUDWXUHV�UDQJLQJ�IURP�����WR���� R&��)RUWLQ�DQG�3HOOHWLHU���������7KH�� � ���P�WKLFN���

VXUIDFH�OD\HU�FRQVLVWV�RI�EUDFNLVK�ZDWHUV��63a� ± ����UHVXOWLQJ�IURP�WKH�WXUEXOHQW�PL[LQJ�RI�WKH���

RXWIORZ�IURP�WKH�6DJXHQD\�5LYHU�DQG�WKH�XQGHUO\LQJ�PDULQH�ZDWHUV��'HWDLOHG�K\GURJUDSKLF���

FKDUDFWHULVWLFV�RI�WKH�IMRUG�FDQ�EH�IRXQG�LQ�6FKDIHU�HW�DO���������DQG�*UDWWRQ�HW�DO�����������

��

3UHYLRXV�VWXGLHV KDYH�LQGLFDWHG�WKDW�0Q�LV�D�GRPLQDQW�UHGR[�DFWLYH�HOHPHQW LQ�WKH�XSSHU���

VHGLPHQW�DW�6WDWLRQ�����ZLWK�0Q2[ FRQFHQWUDWLRQV�H[FHHGLQJ�����ȝPRO�J�� �$QVFKXW]�HW�DO�����

������0DGLVRQ�HW�DO����������,Q�DGGLWLRQ��0DGLVRQ�HW�DO� �������REVHUYHG�WKDW�SRUHZDWHU�VROXEOH���

0Q�,,,��LV�D�PDMRU�FRPSRQHQW�RI�WKH�VHGLPHQWDU\�UHGR[�V\VWHP�RI�WKH�6W��/DZUHQFH�(VWXDU\����

LQFOXGLQJ�6WDWLRQ�����DQG�WKH�*XOI�RI�6W��/DZUHQFH� ,Q�WKLV�SDSHU��ZH�UHSRUW�YHUWLFDO�VHGLPHQW���

SURILOHV RI�0Q�VSHFLDWLRQ�DW�6WDWLRQ��� DV�ZHOO�DV SURILOHV DW�6WDWLRQ�����D�PRUH�SHODJLF�VLWH��DQG���

DW�6$*�����D�PRUH�WHUUHVWULDOO\�LQIOXHQFHG�VLWH��LQ�WKH�6DJXHQD\�)MRUG��)XUWKHUPRUH��ZH�DGGHG�D���

SURWRFRO�WR�GLVWLQJXLVK�ZHDN�IURP�VWURQJ�0Q�,,,��ELQGLQJ�OLJDQGV��2OGKDP�HW�DO����������%DVHG���

RQ SUHYLRXV ILQGLQJV�LQ�FRDVWDO�ZDWHUV��WHUUHVWULDOO\�GHULYHG OLJDQGV IRUP VWURQJ�0Q�,,,��/���

FRPSOH[HV �ORJ�.&21' !�������/XWKHU�HW�DO���������2OGKDP HW�DO�� ����D������E������F� DQG�WKHVH���

ZHUH�IRXQG�WR FRPSULVH XS�WR������RI�WKH�WRWDO�GLVVROYHG�0Q�LQ�WKH�ZDWHU�FROXPQ�DW�6$*�������
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ZKLOH >0Q�,,,��/@�UHDFKHG�D�PD[LPXP�RI�����Q0�a���P�DERYH�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH��

�2OGKDP�HW�DO�������D����

��

,Q�DGGLWLRQ�WR�GLVVROYHG�0Q�DQG�)H�VSHFLDWLRQ�PHDVXUHPHQWV��ZH GHWHUPLQHG WKH�FRQFHQWUDWLRQV���

RI�VROLG�SKDVH�0Q�DQG�)H�IROORZLQJ�DQ DVFRUEDWH�OHDFK DV�ZHOO�DV WKH�FRQFHQWUDWLRQ�RI SRUHZDWHU��

G2� YLD�YROWDPPHWULF�HOHFWURGH�SURILOLQJ��5HVXOWV�IURP�WKLV�VWXG\�ZHUH�XVHG�WR�UHILQH�RXU���

XQGHUVWDQGLQJ�RI�WKH�JHRFKHPLFDO�EHKDYLRU�RI�0Q�GXULQJ�HDUO\�GLDJHQHVLV��LQFOXGLQJ�IDFWRUV�WKDW���

FRQWURO�LWV UHPRELOL]DWLRQ�WR�WKH�RYHUO\LQJ�ZDWHUV���

��

���0DWHULDOV�DQG�0HWKRGV��

����3RUHZDWHU�VDPSOLQJ�DQG SURFHVVLQJ��

���

8QGLVWXUEHG�VHGLPHQW�FRUHV�ZHUH�UHFRYHUHG�XVLQJ�D������P� 2FHDQ�,QVWUXPHQWV�0DUN�,,�ER[����

FRUHU��LQ�6HSWHPEHU�������IURP�WKH�/RZHU�6W��/DZUHQFH�(VWXDU\��6WDWLRQ������WKH�*XOI�RI�6W�����

/DZUHQFH �6WDWLRQ�����DQG�WKH�6DJXHQD\ )MRUG��6$*������)LJ� ����7KH�HQWLUH�DUHD�RI�WKH�FRUHV����

ZDV�LPPHGLDWHO\�VHFWLRQHG��LQ�D�QLWURJHQ�SXUJHG�JORYH�ER[��(GHQERUQ�HW�DO���������WR�DYRLG����

R[\JHQ�FRQWDPLQDWLRQ��DW�GHSWK�LQWHUYDOV�RI�� ± ����FP����� ± ��FP��� ± ��FP��� ± ��FP� ��± ��FP����

� ± ��FP��� ± ��FP����± ��FP����± ���FP�����± ���FP�����± ���FP�����± ���FP��DQG����± ���FP�����

)UDFWLRQV RI�WKHVH�VHFWLRQV�ZHUH�WUDQVIHUUHG�WR�PRGLILHG�5HHEXUJK�VTXHH]HUV �5HHEXUJK����������

DQG�H[WUDFWHG�SRUHZDWHUV�ILOWHUHG�LQ�OLQH�WKURXJK�D ���P QRPLQDO�SRUH�VL]H PLFURILEHU�JODVV�ILOWHU����

DQG�D�������P�+$�PL[HG�FHOOXORVH�0LOOLSRUH�PHPEUDQH�ILOWHU�DV�WKH\�SDVVHG�GLUHFWO\�LQWR����P/����

SUH�FOHDQHG SODVWLF V\ULQJHV ZLWK�7HIORQ�FRYHUHG�SOXQJHUV��7KH�SRUHZDWHU�V\ULQJHV�ZHUH����

WUDQVIHUUHG�WR�DQ�DUJRQ�ILOOHG�JORYH�EDJ�DQG�VDPSOHV�ILOWHUHG�DJDLQ�WKURXJK������P�1\ORQ����

0LOOLSRUH�V\ULQJH�ILOWHUV LQWR�QHZ����P/�FHQWULIXJH��)DOFRQ� WXEHV�����

���

2YHUO\LQJ�ZDWHU�VDPSOHV�ZHUH�UHFRYHUHG�ZLWK�XQGLVWXUEHG�VHGLPHQWV XVLQJ�D�%RZHUV�	�&RQQHOO\����

PXOWL�FRUHU� ZHUH�V\SKRQHG�RII�WKH�WRS�RI�WKH�FRUH�XVLQJ�D�V\ULQJH�DQG�FOHDQ�3)7(�WXELQJ�DQG����

WUDQVIHUUHG�GLUHFWO\�LQWR�FOHDQ����P/�FHQWULIXJH�WXEHV��:H�QRWH�WKDW�WKHVH�RYHUO\LQJ�ZDWHUV DUH����

QRW�DOWHUHG�RQ�WKH�ZD\�XS�WKURXJK�WKH�ZDWHU�FROXPQ�DV�WKH�FRUHU�LV�VHDOHG��7KHVH�VDPSOHV�ZHUH����

LPPHGLDWHO\�ILOWHUHG�WKURXJK���� �P�1\ORQ�0LOOLSRUH�V\ULQJH�ILOWHUV LQWR�QHZ����P/�IDOFRQ����

WXEHV��6DPSOHV�ZHUH�NHSW�LQ�DQ�DUJRQ�DWPRVSKHUH�XQWLO�DQDO\VLV�DQG�ZHUH�DQDO\]HG�ZLWKLQ������
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KRXUV�RI�FROOHFWLRQ�IRU�0Q�VSHFLDWLRQ�DQG�WRWDO�GLVVROYHG�0Q��G0Q7�� DV�LQGLFDWHG�LQ�WKH�QH[W����

VHFWLRQ��,Q�DGGLWLRQ��PLFURHOHFWURGH�SURILOLQJ��VHFWLRQ������ZDV�SHUIRUPHG RQ RQH�RI�WKHVH�PXOWL����

FRUHV IURP�HDFK�VLWH����

���

7KH�WRWDO�FDUERQ��7&��DQG�WRWDO�QLWURJHQ��71��FRQWHQWV�RI�WKH�VHGLPHQW�ZHUH�GHWHUPLQHG�XVLQJ�D����

&DUOR�(UED70 1&������HOHPHQWDO�DQDO\]HU��DV�GHVFULEHG�LQ�7KLERGHDX�HW�DO����������7KH����

UHSURGXFLELOLW\�RI�WKH�DQDO\VHV�ZDV�HVWLPDWHG�DW������ ��IRU�7&�DQG������ ��IRU�71� EDVHG�RQ����

UHSOLFDWH�PHDVXUHPHQWV�RI�VWDQGDUG�VXEVWDQFHV��7KH�LQRUJDQLF�FDUERQ��,&��FRQWHQW RI�WKH�IUHH]H����

GULHG�VHGLPHQW�ZDV�PHDVXUHG�E\�FRXORPHWULF�WLWUDWLRQ�XVLQJ�D�8,&�FRXORPHWHU�IROORZLQJ����

DFLGLILFDWLRQ�RI�WKH�VDPSOHV�DQG�&2� H[WUDFWLRQ��7KH�DQDO\WLFDO�UHSURGXFLELOLW\�ZDV�EHWWHU�WKDQ�����

���7KH�RUJDQLF�FDUERQ��2&��FRQWHQW�RI�WKH�VHGLPHQW�ZDV�FDOFXODWHG�IURP�WKH�GLIIHUHQFH�EHWZHHQ����

WKH�7&�DQG�,&�FRQFHQWUDWLRQV����

���

7KH�PDVV�DFFXPXODWLRQ�DQG�RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWHV�ZHUH�FDOFXODWHG�IURP�WKH����

VHGLPHQWDWLRQ�UDWHV �6PLWK�DQG�6FKDIHU��������%DUEHDX�HW�DO���������6PLWK�DQG�:DOWRQ����������

DQG�WKH�VHGLPHQW�SRURVLW\��7KH�ODWWHU�ZDV�GHWHUPLQHG�IURP�WKH�ZDWHU�FRQWHQW�RI�WKH�VHGLPHQWV����

WKH�VDOLQLW\�RI�WKH�FRUUHVSRQGLQJ�ERWWRP ZDWHU DQG�D�GU\�VHGLPHQW�GHQVLW\�RI������J�FF��7KH�ZDWHU����

FRQWHQW�ZDV�GHWHUPLQHG�IURP�WKH�FKDQJH�LQ�ZHLJKW�DIWHU�IUHH]H�GU\LQJ�RI�DQ�DOLTXRW�RI�WKH�ZHW����

VHGLPHQW �/HIRUW�HW�DO������������

���

����'LVVROYHG�0Q�VSHFLDWLRQ���

���

$OO�����PP�ILOWHUHG�VDPSOHV�ZHUH�DQDO\]HG�IRU�VROXEOH�0Q�VSHFLDWLRQ �HT���� ZLWKLQ�� KRXUV�RI����

SRUHZDWHU�SURFHVVLQJ�IROORZLQJ�WKH�DGGLWLRQ�RI�D�VROXEOH�SRUSK\ULQ�OLJDQG�DV�D�FRORULPHWULF����

DJHQW��D�PHWKRG�GHVFULEHG�E\�0DGLVRQ�HW�DO� �����������

���

G0Q7  �0Q�,,����0Q�,,,�/ZHDN ��0Q�,,,�/VWURQJ ������

���

7KH�PHWKRG�DOORZV�IRU�WKH�VXEVHTXHQW�GHWHUPLQDWLRQ�RI�ERWK�0Q�,,��DQG�0Q�,,,��/ZHDN XVLQJ�WKH����

GLIIHUHQWLDO�NLQHWLFV�RI�WKH�UHDFWLRQ�EHWZHHQ�0Q�DQG�WKH�DGGHG�&G�VXEVWLWXWHG�SRUSK\ULQ��7KH����

0Q�,,��UHDFWV�UDSLGO\�ZLWK�WKH�SRUSK\ULQ��IRUPLQJ�D�0Q�,,,��SRUSK\ULQ�FRPSOH[�LQ�WKH�SUHVHQFH����
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RI�R[\JHQ��ZKHUHDV�WKH�0Q�,,,��/ZHDN XQGHUJRHV�D�VORZHU�OLJDQG�VXEVWLWXWLRQ�UHDFWLRQ�ZLWK�WKH����

SRUSK\ULQ�WR�IRUP�WKH�0Q�,,,��SRUSK\ULQ�FRPSOH[��ORJ�.FRQG �������/XWKHU�HW�DO����������7KH����

0Q�,,,��SRUSK\ULQ�FRPSOH[�\LHOGV�D�VKDUS�6RUHW�EDQG�DW�����QP��İ� ��������PRO�� FP�����ZKLFK�LV����

PHDVXUHG�RYHU�WKH�FRXUVH RI�WKH�UHDFWLRQ�����PLQXWHV��XVLQJ�D�+HZOHWW�3DFNDUG�����%�GLRGH����

DUUD\�VSHFWURSKRWRPHWHU����QP�ZDYHOHQJWK�UHVROXWLRQ��FRQWUROOHG�E\�2OLV��,QF��*OREDOZRUNV����

VRIWZDUH��7KH�SHDN�WKDW�GHYHORSV�RYHU�WKH�FRXUVH�RI�UHDFWLRQ�ZLWK�D�QDWXUDO�VDPSOH�LV�ILWWHG�WR�D����

��SDUDPHWHU�GRXEOH�H[SRQHQWLDO�HTXDWLRQ ZKLFK�FDQ�EH�VROYHG�WR�GHWHUPLQH WKH�0Q�,,��DQG����

0Q�,,,��/ZHDN FRQFHQWUDWLRQV��)URP�WKH�NLQHWLFV�RI�WKHVH�DQDO\VHV��FRQGLWLRQDO�VWDELOLW\�FRQVWDQWV����

RI�WKH�0Q�,,,��/ZHDN� FDQ�EH�GHWHUPLQHG��$ IRUPDWLRQ�FRQVWDQW��N���IRU�WKH�UHDFWLRQ�RI�0Q�,,��ZLWK����

WKH�SRUSK\ULQ�LV�VROYHG�XVLQJ�D�UHGXFHG�VDPSOH�FRQWDLQLQJ RQO\�0Q�,,� >FRQYHUWLQJ�DOO�G0Q7 WR����

0Q�,,�@ DQG�D�VLQJOH�SDUDPHWHU�ULVH�WR�D�PD[LPXP �0DGLVRQ�HW�DO����������%DVHG�RQ�WKLV�NLQHWLF����

FXUYH�DQG�RXU�NLQHWLF�FXUYH RI�XQUHGXFHG�VDPSOH�FRQWDLQLQJ�0Q�,,��DQG�0Q�,,,��/ZHDN��ZH�VROYH����

IRU�N�� ZKLFK�LV�WKH GLVVRFLDWLRQ�FRQVWDQW�RI�WKH�0Q�,,,��/ZHDN �NG���:H�WKHQ XVH�WKH�ZDWHU����

H[FKDQJH�UDWH�RI�0Q�,,,��DV�D�FRQVHUYDWLYH HVWLPDWH�RI�WKH 0Q�,,,��/ZHDN IRUPDWLRQ�FRQVWDQW �NI������

WKLV DOORZV�XV�WR�VROYH�IRU�.FRQG��ZKLFK�LV�HTXDO�WR�NI�NG��$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�VROXWLRQ�WR���

WKH�UHDFWLRQ�NLQHWLFV�LV�IRXQG�LQ�0DGLVRQ�HW�DO� �������DQG�/XWKHU�HW�DO� ��������7R�PHDVXUH����

0Q�,,,��/VWURQJ �ORJ�.FRQG !�������D�UHGXFLQJ�DJHQW��K\GUR[\ODPLQH����� WLPHV�H[FHVV�RI�H[SHFWHG����

G0Q7� LV�DGGHG�WR�WKH�ILOWHUHG�VDPSOH��FRQYHUWLQJ�DOO�0Q�,,,��/�WR�0Q�,,���DQG�WKH�VDPSOH�LV����

UHDQDO\]HG�IRU�G0Q7 �2OGKDP�HW�DO��������� 7KH�0Q�,,,��/VWURQJ FRQFHQWUDWLRQ�LV�REWDLQHG�IURP�WKH����

GLIIHUHQFH�EHWZHHQ�WKH�UHGXFHG�DQG�QRQ�UHGXFHG�VDPSOH�DQDO\VHV��&ROORLGDO�0Q2� GRHV�QRW�UHDFW����

ZLWK�WKH�SRUSK\ULQ��DV�VKRZQ�E\�0DGLVRQ�HW�DO����������7KH�GHWHFWLRQ�OLPLW�IRU�WKLV�PHWKRG�LV�������

Q0��ZKLFK�LV�VXIILFLHQWO\�ORZ IRU SRUHZDWHU�DQDO\VLV�����

���

��� $VFRUEDWH�0Q�DQG )H�H[WUDFWLRQV���

���

0Q�DVF��DQG�)H�DVF��ZHUH GHWHUPLQHG�DIWHU�H[WUDFWLRQ�RI�WKH�JURXQG��IUHH]H�GULHG�VHGLPHQW�LQ�D����

S+���EXIIHUHG�DVFRUELF�DFLG VROXWLRQ��)HUGHOPDQ� ������.RVWND�DQG�/XWKHU� ������DW�D����

VROLG�VROXWLRQ�UDWLR�RI������IRU����KRXUV�RQ�D�ZULVW�VKDNHU��7KLV�UHDJHQW�UHGXFHV�DQG�GLVVROYHV�WKH����

DPRUSKRXV�)H�R[LGH�SKDVHV�WKDW�DUH�DYDLODEOH�WR�GLVVLPLODWRU\�)H�UHGXFLQJ�EDFWHULD��.RVWND�DQG����

/XWKHU� ������+\DFLQWKH�HW�DO�� ������DQG�TXDQWLWDWLYHO\�H[WUDFWV VHGLPHQWDU\�0Q�R[LGH�SKDVHV����

�$QVFKXW]�HW�DO���������/HIRUW�HW�DO����������1RWH�WKDW�UHVXOWV�RI�WKLV�0Q�H[WUDFWLRQ�DUH�LGHQWLFDO�WR����
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WKRVH�REWDLQHG�DIWHU�H[WUDFWLRQ�LQ�D���0�K\GUR[\ODPLQH±K\GURFKORULGH�DQG�������Y�Y��DFHWLF�DFLG����

VROXWLRQ��&KHVWHU�DQG�+XJKHV� ������RU�� 1 +&O�VROXWLRQ��/HYHQWKDO�DQG�7D\ORU��������5DLVZHOO����

HW�DO������������

���

7KH�FRQFHQWUDWLRQV�RI )H�DQG�0Q�LQ�WKH�DVFRUEDWH�H[WUDFWV ZHUH�GHWHUPLQHG�E\�IODPH�DWRPLF����

DEVRUSWLRQ�VSHFWURVFRS\�RQ�D�3HUNLQ�(OPHU��PRGHO�$$����$WRPLF�$EVRUSWLRQ�6SHFWURPHWHU�����

7KH�LQVWUXPHQW�ZDV�FDOLEUDWHG�ZLWK�H[WHUQDO�VWDQGDUGV�SUHSDUHG�E\�GLOXWLRQ�RI D�FHUWLILHG����������

SSP�VWRFN�VROXWLRQ��)LVKHU�6FLHQWLILF�$$6�FHUWLILHG�VWDQGDUG���7KH�UHSURGXFLELOLW\�RI�WKH����

PHDVXUHPHQWV�ZDV�EHWWHU�WKDQ�� ��IRU�ERWK�0Q�DQG�)H��DQG�WKH�GHWHFWLRQ�OLPLWV�ZHUH�����

UHVSHFWLYHO\����������PRO�J DQG���������PRO�J� 7KH�UHSURGXFLELOLW\�RI�WKH�EXIIHUHG�DVFRUELF�DFLG���

H[WUDFWLRQ�SURFHGXUH�LV�W\SLFDOO\�� � ��IRU�0Q�DQG�� � ��IRU�)H��&KDLOORX�HW�DO�� ���������

���

��� )OX[�FDOFXODWLRQV���

���

7R�HVWLPDWH�WKH�IOX[�RI�G0Q7 IURP�WKH�VHGLPHQW�WR�WKH�RYHUO\LQJ�ZDWHUV��ZH�DSSOLHG )LFN¶V�/DZ���

XVLQJ D�YHUWLFDO�GLIIXVLRQ�FRHIILFLHQW�RI������[������ P��V�� �6FKXO]�������� DQ�DYHUDJH SRURVLW\�RI����

����IRU�WKHVH�VHGLPHQWV��DV�XVHG�LQ�0XFFL�HW�DO� �������DQG D�OLQHDU�FRQFHQWUDWLRQ�JUDGLHQW����

EHWZHHQ WKH�DYHUDJH�FRQFHQWUDWLRQV�LQ WKH�WRS ����FP�RI�WKH�VHGLPHQWV�DQG WKH�RYHUO\LQJ�ZDWHUV����

���

7KH�0Q�DVF��DQG�)H�DVF��DFFXPXODWLRQ�UDWHV�DUH�FDOFXODWHG�IURP�WKH�LQWHJUDWHG�DPRXQW�RI����

0Q�DVF��DQG�)H�DVF��LQ�WKH�VHGLPHQW���PRO�SHU�JUDP�RI�VHGLPHQW��RYHU�WKH�OHQJWK�RI�WKH�FRUH����

PXOWLSOLHG�E\�WKH�PDVV�DFFXPXODWLRQ�UDWH��0$5��JUDP�RI�VHGLPHQW�FP�� \U�����,Q�WXUQ��WKH�PDVV����

DFFXPXODWLRQ�UDWH�LV�FDOFXODWHG�IRU�HDFK�VDPSOLQJ�LQWHUYDO�IURP�WKH�VHGLPHQWDWLRQ�UDWH��FP�\U������

DQG�WKH�PDVV�RI�VROLGV�SHU�XQLW�YROXPH�RI�VHGLPHQW�� ����¡������ZKHUH�¡�LV�WKH�SRURVLW\��J�FP�������

7KH�0Q�DVF��DQG�)H�DVF��EXULDO�UDWHV�DUH�REWDLQHG�IURP�WKH�DYHUDJH�FRQFHQWUDWLRQ�RI�0Q�DVF��DQG����

)H�DVF��LQ�WKH�VHGLPHQW�RYHU�WKH�OHQJWK�RI�WKH�FRUH�EHORZ�WKH�DFWLYH�]RQH��L�H���WRS��� ± ���FP�����

PXOWLSOLHG�E\�0$5��RU�WKH�DYHUDJH�0Q�DVF��DQG�)H�DVF��FRQWHQW�RI�WKH�VHGLPHQW�GHSRVLWHG�LQ����

RQH�\HDU�LQ�WKH�ERWWRP�OD\HUV�RI�WKH�FRUH������

���

��� 7RWDO�GLVVROYHG�0Q�DQG�)H�FRQFHQWUDWLRQ�GHWHUPLQDWLRQV E\�)ODPH�$$6���

���
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�

7RWDO�GLVVROYHG�0Q�DQG�)H�FRQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�IRU�HDFK�VDPSOHG�VHGLPHQW�GHSWK����

LQWHUYDO�RQ ILOWHUHG��������P��SRUHZDWHUV��$OLTXRWV�ZHUH�DFLGLILHG�ZLWK�D�� ��HTXLYDOHQW�YROXPH����

RI�XOWUDSXUH��FRQFHQWUDWHG�+12� �6HDVWDU���S+������DQG�NHSW�UHIULJHUDWHG�XQWLO�DQDO\VLV�����

3RUHZDWHU�DQDO\VLV�ZDV�FRQGXFWHG�DV�GHVFULEHG�DERYH�IRU�WKH�DVFRUEDWH�H[WUDFWV��6HFWLRQ���������

'HWHFWLRQ�OLPLWV�IRU�G0Q7 DQG�G)H7 ZHUH��UHVSHFWLYHO\���DQG����0�DQG�WKH�UHSURGXFLELOLW\�ZDV����

EHWWHU�WKDQ�� �����

���

��� 'LVVROYHG�)H�,,����

���

3RUHZDWHU�VDPSOHV�ZHUH�DQDO\]HG�IRU�GLVVROYHG�)H�,,� XVLQJ�WKH�)HUUR]LQH�PHWKRG�RI�6WRRNH\����

��������6DPSOHV�ZHUH�VWRUHG�LQ�DQ�DUJRQ�ILOOHG JORYH�EDJ�XQWLO�DQDO\VLV�RQ�WKH�VDPH�GD\��,Q�WKLV����

PHWKRG��)H�,,��UHDFWV�WR�IRUP�D�SXUSOH�FRPSOH[�ZKRVH�DEVRUEDQFH�ZDV�PHDVXUHG DW�����QP� LQ�D����

��FP�TXDUW]�FHOO��XVLQJ�WKH�GLRGH�DUUD\�VSHFWURSKRWRPHWHU GHVFULEHG LQ�VHFWLRQ������7KH�GHWHFWLRQ����

OLPLW�IRU�WKLV�PHWKRG�LV�����Q0�XVLQJ�D���FP�FHOO� ZLWK�DQ�DYHUDJH�UHSURGXFLELOLW\�EHWWHU�WKDQ������

���7KH�FRQFHQWUDWLRQ�RI )H�,,,��/�FRPSOH[HV�ZDV�REWDLQHG�IURP WKH�GLIIHUHQFH�EHWZHHQ�WKH�WRWDO����

GLVVROYHG�)H�GHWHUPLQHG�E\�$$6�DQG�)H�,,��E\�IHUUR]LQH����

���

��� 9ROWDPPHWULF�SURILOLQJ RI�G2����

���

$�VROLG�VWDWH�JROG�DPDOJDP�JODVV�PLFURHOHFWURGH��%UHQGHO�DQG�/XWKHU���������/XWKHU�HW�DO������������

FRXSOHG�WR�D�SRWHQWLRVWDW��'/.����$QDO\WLFDO�,QVWUXPHQW�6\VWHPV��,QF���ZDV�XVHG�WR�PHDVXUH����

GLVVROYHG�R[\JHQ�SURILOHV�LQ�VHGLPHQW�FRUHV IURP�WKH�PXOWL�FRUHV �/XWKHU�HW�DO����������7KH����

SRVLWLRQ�RI�WKH�HOHFWURGH�ZDV�FRQWUROOHG�XVLQJ�D�PLFURPDQLSXODWRU�ZLWK�D�����PP�UHVROXWLRQ����

FDSDELOLW\��6FDQV�ZHUH�SHUIRUPHG�XVLQJ�F\FOLF�YROWDPPHWU\�DFURVV�D�SRWHQWLDO�RI�������WR������9����

DW�D������P9�V�� VFDQ�UDWH�ZLWK�D�FRQGLWLRQLQJ�VWHS�RI�������9�DSSOLHG�IRU���VHFRQGV�DW�WKH����

EHJLQQLQJ�RI�HDFK�VFDQ��1R�+�6�ZDV�SUHVHQW�DW�WKH�GHSWKV�DQDO\]HG�LQ�WKLV�VWXG\��7KH�GHWHFWLRQ����

OLPLW�IRU�WKLV�PHWKRG�LV������0 +�6�DQG����0 G2�����

���

��5HVXOWV����

���
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�

5HVXOWV�RI�WKH�VSHFLDWLRQ�DQDO\VHV�IURP�WKLV�VWXG\�DW�DOO���VLWHV FDQ�EH�IRXQG�LQ�)LJXUH���DQG����

7DEOH����7KH�UHVXOWV�IRFXV RQ G0Q7 PHDVXUHG�XVLQJ�WKH�SRUSK\ULQ�PHWKRG�UDWKHU�WKDQ�$$6��IRU����

UHDVRQV�GLVFXVVHG�LQ�VHFWLRQ���������

���

����6WDWLRQ������

���

7KH�WRS�WKUHH SDQHOV�RI�)LJXUH�� VKRZ�RXU�UHVXOWV�IURP�6WDWLRQ�����DQG�WKH�UHVXOWV�IRU�0Q�DQG�)H����

VSHFLDWLRQ�DUH�VXPPDUL]HG�LQ�7DEOH����7KH�ZDWHU�GLUHFWO\�RYHUO\LQJ�WKH VHGLPHQW�ZDWHU�LQWHUIDFH���

DW�6WDWLRQ����FRQWDLQHG ������� �0 G2���ZKLFK�UDSLGO\ GHFUHDVHG�WR��� �����0 ZLWKLQ�WKH�WRS����

����FP�RI WKH�VHGLPHQWV��EHIRUH�IDOOLQJ�EHORZ�RXU�GHWHFWLRQ�OLPLW�EH\RQG���� FP�GHSWK��%HORZ�WKH����

R[\JHQ�SHQHWUDWLRQ�GHSWK��ZH�REVHUYH�WKH�VROLG�SKDVH 0Q�DVF� PD[LPXP�RI��� �PRO�J����ZKLFK����

GHFUHDVHV�WR�a���PRO�J�� EHORZ���FP�GHSWK��7KH�PD[LPXP VROLG�SKDVH )H�DVF��FRQFHQWUDWLRQ��������

�PRO�J����DSSHDUV ZLWKLQ WKH�����± ����FP�GHSWK�LQWHUYDO� VOLJKWO\�EHORZ�WKH�0Q�DVF��PD[LPXP�����

7KH�)H�DVF��LV����± ����PRO�J�� LQ�WKH�WRS���FP�RI�WKH�VHGLPHQWV��FRPSDUHG�WR�����± �� �PRO�J�����

IRU�0Q�DVF���DQG�EHORZ�����FP��)H�DVF��GHFUHDVHV�VWHDGLO\�IURP����WR�a��� �PRO�J������

���

'HVSLWH�KLJKHU�VROLG�SKDVH�)H FRQFHQWUDWLRQV��WKH�SRUHZDWHU�G)H7 FRQFHQWUDWLRQ�LV�ORZHU�WKDQ WKDW����

RI G0Q7 DW�DOO�GHSWKV��&RLQFLGLQJ�ZLWK�WKH�GLVDSSHDUDQFH�RI�0Q�DVF���DQG�0Q2[� DW�GHSWK LV�WKH����

DSSHDUDQFH�RI�VROXEOH�0Q��ZKLFK�LQFUHDVHV�IURP���� ± �����0�LQ�WKH�WRS���FP�RI�VHGLPHQW�WR������

± ����0�EHORZ ��FP��ZKHUHDV�G)H7 UDQJHV�IURP�QRQ�GHWHFWDEOH WR�����0 LQ�WKH�VDPH�LQWHUYDO�����

0Q�,,,��/ZHDN DFFRXQWV�IRU���� ��RI�WKH�G0Q7 EHWZHHQ�����± ����FP��DQG����± �� ��EHWZHHQ����

�����± �����FP��:LWKLQ�WKH�����± �����FP�VHGLPHQW�GHSWK�LQWHUYDO��0Q�,,��FRPSULVHV�������RI�WKH����

G0Q7��ZKLFK�FRLQFLGHV�ZLWK�D�a��± ���0�LQFUHDVH�LQ�WKH�G)H7� 7KH�G)H7 VSHFLDWLRQ�LV�DOVR����

GRPLQDWHG�E\�RUJDQLF�FRPSOH[DWLRQ��ZLWK�)H�,,,��/�FRPSOH[HV�FRPSULVLQJ�WKH�HQWLUH�VROXEOH����

IUDFWLRQ�LQ�DOO�VDPSOHV����

���

��� 6WDWLRQ������

���

$W�6WDWLRQ���� WKH�G2� ZDV���������0 LQ�ZDWHUV�DERYH�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH DQG�LW����

GHFUHDVHG�WR�QRQ�GHWHFWDEOH�OHYHOV�EHORZ���� FP��7KH�VROLG�SKDVH�)H�DVF��FRQFHQWUDWLRQ�����±���

��� �PRO�J����LV�VLJQLILFDQWO\�KLJKHU�DW�DOO�GHSWKV�WKDQ�0Q�DVF�������± �� �PRO�J�����7KH����
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��

VXEVXUIDFH�0Q�DVF��PD[LPXP�RFFXUV�GLUHFWO\�DW�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH �L�H���� ± ����FP����

GHSWK�LQWHUYDO���ZKHUHDV�WKH�)H�DVF��PD[LPXP�LV�IRXQG�DW���� FP��7KH�0Q�DVF��FRQFHQWUDWLRQ����

GHFUHDVHV�UDSLGO\�WR �����PRO�J�� EHORZ�����FP ����WLPHV�ORZHU�WKDQ�WKH�PD[LPXP����

FRQFHQWUDWLRQ���ZKHUHDV WKH�)H�DVF��GHFUHDVHV�PRUH�VWHDGLO\� IURP����WR�����PRO�J��� EHORZ��������

FP �KDOI�DV�PXFK�DV�WKH�PD[LPXP�FRQFHQWUDWLRQ�����

���

7KH�FRQFHQWUDWLRQ RI G0Q7 H[FHHGHG G)H7 DW�DOO�GHSWKV��7KH�G0Q7 ZDV ��� �0�DW�WKH�VHGLPHQW����

ZDWHU�LQWHUIDFH�DQG�LQFUHDVHG WR�����± ��� �0�LQ�WKH�GHSWK�UDQJH�RI�����WR�����FP� ,Q�FRQWUDVW�����

G)H7 ZDV QRW�GHWHFWDEOH�XQWLO�����FP��DQG�LQFUHDVHG IURP�����0�ZLWKLQ�WKH�����± ����FP�LQWHUYDO����

WR�D�PD[LPXP�RI���� �0�DW�����± ����FP��1R�VWURQJ�0Q�,,,��/�FRPSOH[HV�ZHUH�GHWHFWHG�DW�WKLV����

VLWH��EXW�0Q�,,,��/ZHDN ZDV�SUHVHQW�DW�PRVW�GHSWKV��:KHUH�WKH�G0Q7 ZDV KLJKHU�WKDQ������0�������

0Q�,,,��/ZHDN�ZDV JUHDWHU�WKDQ������������± ������� ZKHUHDV� ZKHQ G0Q7 ZDV�EHORZ������0�����

WKH���0Q�,,,��/ZHDN ZDV�ORZHU�������± ���������:LWK�WKH�H[FHSWLRQ�RI WKH�VXUIDFH�VHGLPHQWV��WKH����

ORZHU���0Q�,,,��/�FRUUHVSRQGHG�WR WKH�VXEVXUIDFH�G)H7 PD[LPXP�����± ��� �0������± ����FP������

:H�PHDVXUHG )H�,,,��/�FRPSOH[HV�DW�DOO�GHSWKV�ZKHUH�GLVVROYHG�)H�ZDV�GHWHFWHG��H[FHSW�ZLWKLQ����

WKH����� ± ���� FP LQWHUYDO� DQG�LW�FRPSULVHG �� ± �� ��RI�G)H7����

���

��� 7KH�6DJXHQD\�)MRUG���

���

7KH�ZDWHU�RYHUO\LQJ�WKH�VHGLPHQWV�DW�WKH�6DJXHQD\�)MRUG VWDWLRQ��6$*���� FRQWDLQHG ��� ������

�0�G2� ZKLFK GHFUHDVHG�WR������� �0�ZLWKLQ�WKH�� ± ����FP�LQWHUYDO�EHIRUH�UHDFKLQJ QRQ����

GHWHFWDEOH�OHYHOV�EHORZ�����FP�GHSWK� $W�WKLV�VLWH� ZH�REVHUYHG�WKH�KLJKHVW�)H�DVF�����

FRQFHQWUDWLRQV ���� ± ��� �PRO�J����DQG�ORZHVW�0Q�DVF��FRQFHQWUDWLRQV������± �� �PRO�J��� RI�DOO����

WKUHH�VLWHV��+HUH��WKH�VXEVXUIDFH�)H�DVF��DQG�0Q�DVF��PD[LPD�FRLQFLGHG DQG�ZHUH�IRXQG ZLWKLQ����

WKH�ILUVW�VHGLPHQW�VDPSOLQJ�LQWHUYDO ���± ����FP��� )H�DVF��GHFUHDVHG�VWHDGLO\�WR�DERXW�����RI�WKH����

VXUIDFH�FRQFHQWUDWLRQ�E\ �����FP GHSWK��ZKHUHDV�0Q�DVF��GHFUHDVHG�E\�D�IDFWRU�RI����IURP�WKH����

VXUIDFH�WR������FP����

���

G)H7 DQG�G0Q7 LQFUHDVHG�GRZQFRUH�IURP�WKH�WRS�����FP�RI�VHGLPHQW �)LJ������%HORZ�����FP�����

G)H7 LQFUHDVHG VKDUSO\�IURP����± ����0�ZLWKLQ�WKH�����± ����FP�GHSWK�LQWHUYDOV� SHDNLQJ�DW����

QHDUO\������0�ZLWKLQ�WKH���� ± ����GHSWK�LQWHUYDO�DQG�YDU\LQJ�EHWZHHQ ��� DQG������0�EHORZ�����
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��

7KH�SRUHZDWHU�G)H7 LV�GRPLQDWHG�E\�)H�,,,��/�FRPSOH[HV��ZKLFK�PDNH�XS������± �������RI�WKH����

WRWDO� WKURXJKRXW�WKH�VHGLPHQW�SURILOH��/LNHZLVH��WKH�G0Q7 FRQFHQWUDWLRQ�LQFUHDVHV�DERYH��������

�0 ZLWKLQ�WKH���� ± ����LQWHUYDO��DQG�UHPDLQV�UHODWLYHO\�FRQVWDQW EHORZ��EXW�WKH�VROXEOH�0Q����

VSHFLDWLRQ�LV�PRUH�YDULDEOH��0Q�,,,��/�FRPSOH[HV�FRPSULVH����± ��� ��RI�WKH�G0Q7 DQG�ERWK����

VWURQJ�DQG�ZHDN�0Q�,,,��/�FRPSOH[HV�ZHUH�GHWHFWHG��ZLWK�VWURQJ�FRPSOH[HV�FRPSULVLQJ�XS�WR�������

��RI�WKH�G0Q7� %HORZ������FP GHSWK��WKH�G0Q7 GHFUHDVHG VOLJKWO\�IURP��� ± �� �0 ZKLOH ZHDN����

0Q�,,,��/�FRPSOH[HV�ZHUH�QRQ�GHWHFWDEOH��,Q�RWKHU�ZRUGV��RQO\�0Q�,,��DQG�VWURQJ�0Q�,,,��/����

FRPSOH[HV����± �����RI�G0Q7� ZHUH�SUHVHQW�EHORZ�WKLV�GHSWK����

���

����'LVVROYHG�0Q�DQG�)H�IOX[HV���

���

7DEOH���VXPPDUL]HV�WKH�IOX[HV�RI 0Q�DQG�)H�WR�DQG�IURP�WKH�VHGLPHQWV�DW�RXU�WKUHH�VWXG\�VLWHV�����

DORQJ�ZLWK�YDOXHV�REWDLQHG�GXULQJ�SUHYLRXV�VWXGLHV��6LOYHUEHUJ�HW�DO���������/HIRUW�HW�DO������������

0XFFL��XQSXEOLVKHG� DW�WKHVH�VLWHV�DQG�VL[ QHDUE\�VLWHV�LQ�WKH�6W��/DZUHQFH�(VWXDU\��6LWHV������������

��������&DERW�6WUDLW��&6� DQG HQWUDQFH�WR�WKH�/DXUHQWLDQ�&KDQQHO��(&/�� DUH�SURJUHVVLYHO\����

VHDZDUG�LQ�WKDW�RUGHU DQG�UHDFK�WKH�PRXWK�RI�WKH�/DXUHQWLDQ�&KDQQHO�DW�WKH�FRQWLQHQWDO�VKHOI����

EUHDN �)LJ���������

���

:H�FDOFXODWHG DQ�XSZDUG GLIIXVLYH IOX[�RI�0Q�,,� IURP�RXU WKUHH VWXG\ VLWHV��:KHUHDV��DFFRUGLQJ����

WR�WKH�FRQFHQWUDWLRQ�JUDGLHQWV��0Q�,,,��/�VKRXOG�EH�IOX[LQJ�RXW�RI�WKH�VHGLPHQWV��WKH�FRPSOH[����

FRXOG�QRW�EH�GHWHFWHG�LQ�ZDWHU�LPPHGLDWHO\�RYHUO\LQJ�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH��$W�6WDWLRQ����

����WKH IOX[ RI�0Q�,,��HVWLPDWHG�IURP�WKH�FRQFHQWUDWLRQ�JUDGLHQW�EHWZHHQ�WKH�WRS�����FP�RI�WKH����

VHGLPHQWV DQG�WKH�RYHUO\LQJ�ZDWHU�ZDV����� �PRO�FP�� \U����ZKHUHDV WKH�IOX[�RI�0Q�,,��HVWLPDWHG����

RYHU�WKH�VDPH�YHUWLFDO�GLVWDQFH�DFURVV�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH�DW�K\SR[LF�6WDWLRQ����LV�������

WLPHV�JUHDWHU������PRO�FP�� \U���� DQG���WLPHV�JUHDWHU�WKDQ�DW�6$*�����7DEOH�����7KLV�OLNHO\����

UHIOHFWV�WKH�FRPELQHG�HIIHFW�RI�ORZ�ERWWRP�ZDWHU�G2� DQG�KLJK�RUJDQLF�FDUERQ�DFFXPXODWLRQ����

UDWHV DW�6WDWLRQ�����7KH�0Q�DVF� DFFXPXODWLRQ�UDWH������ �PRO�FP�� \U��� DW�6WDWLRQ����LV�RQO\����

VOLJKWO\�GLIIHUHQW�IURP SUHYLRXV PHDVXUHPHQWV DW�WKLV�VDPH�VLWH ����� �PRO�FP�� \U����/HIRUW�����

������%HOOH\�HW�DO�������� DQG�EXULDO�UDWHV�DUH�LGHQWLFDO��$W�6$*�����ZH�DOVR�REVHUYH�ORZ����

0Q�DVF��DFFXPXODWLRQ�UDWHV��������PRO�FP�� \U����DQG�LQWHUPHGLDWH�0Q�DVF��EXULDO�UDWHV���������

�PRO�FP�� \U����FRPSDUHG�WR�6WDWLRQV��������� �PRO�FP�� \U����DQG�����������PRO�FP�� \U�����7KLV����
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��

PD\�EH�GXH�WR WKH KLJKHU ELRORJLFDO�DFWLYLW\�DW�WKLV PRUH�WHUUHVWULDOO\�LQIOXHQFHG�VLWH DQG�RU�WR�WKH���

GLIIHUHQWLDO�RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWH��R[LGDQW�GHPDQG��DW�HDFK�VWDWLRQ��'HVSLWH�WKH����

RUJDQLF�FDUERQ�EHLQJ�PRVWO\�WHUULJHQRXV�DW�6$*�����LWV�RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWH�LV���

LQWHUPHGLDWH�EHWZHHQ�VWDWLRQ����DQG�������

���

:H�DOVR�HVWLPDWHG�WKH�)H�DVF��DFFXPXODWLRQ�DQG�EXULDO�UDWHV�EXW�FDQQRW�DVVHVV ORVVHV�RI�GLVVROYHG����

)H�WR�RYHUO\LQJ�ZDWHU�DV�LW�ZDV XQGHWHFWDEOH LQ�RYHUO\LQJ�ZDWHUV��$WWHPSWV�WR�PHDVXUH�GLVVROYHG����

)H�IOX[HV�LQ�H[�VLWX�ZKROH�FRUH�LQFXEDWLRQV�KDYH�VKRZQ�WKDW�WKH\�DUH�EHORZ�RXU�GHWHFWLRQ�OLPLWV���

�/HIRUW���������.DWVHY�HW�DO���������KDYH�VXJJHVWHG�WKDW�GLVVROYHG�)H�ZLOO�QRW�IOX[ RXW�RI����

VHGLPHQWV�LI�G2� H[FHHGV�����0��GXH�WR�LWV�UDSLG�R[LGDWLRQ�DQG�SUHFLSLWDWLRQ DV�DXWKLJHQLF����

R[LGHV� $W�6WDWLRQ�����ZH�HVWLPDWHG�WKH�DFFXPXODWLRQ�DQG�EXULDO�UDWHV�RI�)H�DVF��DW����� DQG���������

�PRO�FP�� \U�� UHVSHFWLYHO\��ZKLFK�UHSURGXFH�YDOXHV�FDOFXODWHG�LQ������������DQG�������PRO�FP�����

\U�� UHVSHFWLYHO\�� 2XU�FDOFXODWLRQV�\LHOG LGHQWLFDO�DFFXPXODWLRQ�DQG�EXULDO�UDWHV IRU�)H�DVF� DW����

6WDWLRQ����LQ������DQG ���� ������DQG�������������PRO�FP�� \U����UHVSHFWLYHO\���/LNHZLVH��ZH����

FDOFXODWH�VLPLODU DFFXPXODWLRQ�DQG�EXULDO�UDWHV IRU�)H�DVF��DW�6$*����������DQG ������PRO�FP�����

\U����UHVSHFWLYHO\�����

���

��� 0Q�7RWDO�0HWKRGV &RPSDULVRQ���

���

7KH�G0Q7 FRQFHQWUDWLRQV�GHWHUPLQHG�E\�WKH�SRUSK\ULQ�PHWKRG�LQ�DOO�WKUHH�VHGLPHQW�SURILOHV����

UHSRUWHG�LQ�WKLV�VWXG\�IROORZ�WKH�GLVWULEXWLRQ�SDWWHUQ�RI�WKH�G0Q7 FRQFHQWUDWLRQV�PHDVXUHG�E\����

IODPH�$$6��)LJXUH����%�SDQHOV���EXW�WKH�IRUPHU�ZHUH ��± ����0�KLJKHU�WKDQ�WKH�ODWWHU��$OWKRXJK����

WKHVH�GLIIHUHQFHV�DUH�QRW�GLUHFWO\�FRUUHODWHG�WR�WKH�>0Q�,,,��/@�LQ�WKHVH�VDPSOHV��WKH�GLVFUHSDQF\����

PD\�EH�GXH�WR�WKH�SUHFLSLWDWLRQ�RI�0Q�,,,��/�KXPLF�FRPSOH[HV�WKDW�DUH�LQVROXEOH�DW�S+����DV�WKH����

IODPH�$$6�VDPSOHV ZHUH�DFLGLILHG�IRU�VDPSOH�SUHVHUYDWLRQ��2OGKDP�HW�DO�������D��IRXQG�WKDW�XS����

WR�������RI�WKH�0Q�,,,��/�FRPSOH[HV�PHDVXUHG�LQ�WKH�ZDWHU�FROXPQ�RI�WKH�/6/(�FRXOG�EH����

SUHFLSLWDWHG�E\�DFLGLILFDWLRQ��WKXV��DFLGLILFDWLRQ�OLNHO\�UHPRYHV�VRPH�RI�WKH�0Q�,,,��/�FRPSOH[HV����

SUHVHQW�DW�WKLV�VLWH��0DQ\�WHFKQLTXHV�IRU�WUDFH�PHWDO�DQDO\VHV�HPSOR\�DFLGLILFDWLRQ�IRU�VDPSOH����

SUHVHUYDWLRQ�SULRU�WR�VWRUDJH��DQG�ZH�QRWH WKDW�WKLV�PD\�QRW�EH�VXLWDEOH�IRU�VROXEOH�0Q�DVVD\V�����

SDUWLFXODUO\�DW�VLWHV�ZKHUH�KXPLF�PDWHULDO�LV�DEXQGDQW����

���
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��

��'LVFXVVLRQ���

����6WDWLRQV �� DQG������

���

7KH�VROXEOH�0Q�VSHFLDWLRQ�LQ�WKH�XSSHU�OD\HU�RI�WKH�VHGLPHQW�DW�6WDWLRQ�����)LJXUH����PLGGOH����

SDQHO��%��UHSURGXFHV�VRPH�RI�WKH�REVHUYDWLRQV�UHSRUWHG�LQ�0DGLVRQ�HW�DO� ������ IURP�WKH�VDPH����

VLWH��7KHVH�REVHUYDWLRQV�LQFOXGH�DEXQGDQW�0Q�,,,��/�FRPSOH[HV�DQG�WKH�SUHVHQFH�RI�KLJK����

0Q�,,,��/�FRQFHQWUDWLRQV�EHORZ�WKH�GHSWK�RI�WKH�VROLG�SKDVH�0Q�PD[LPXP��$OWKRXJK WKH����

0Q�,,,��/�FRQGLWLRQDO�VWDELOLW\�FRQVWDQWV�ZH�PHDVXUHG��ORJ.&21'  �������± �������IDOO�ZLWKLQ�WKH����

UDQJH�RI�WKRVH�GHWHUPLQHG�E\�0DGLVRQ�HW�DO����������ORJ.&21'  ������ ± ��������WKH�VKDSH�RI�RXU����

GLVVROYHG�0Q�VSHFLDWLRQ�SURILOH�LV�GLVVLPLODU��:H�ILQG�D�PXFK�VKDOORZHU�VXE�VXUIDFH G0Q7���

PD[LPXP����FP�YHUVXV ���FP�LQ�������0DGLVRQ�HW�DO����������DQG ZH�REVHUYH�0Q�,,,��/����

WKURXJKRXW�WKH�HQWLUH�SRUHZDWHU�SURILOH��ZKHUHDV�SUHYLRXV�ZRUN�LQGLFDWHG�D�VKDUS�0Q�,,,��/�SHDN����

DW���FP�GHSWK�ZKLFK�UDSLGO\�GLVDSSHDUHG�ZLWK�GHSWK��7KLV GLVFUHSDQF\�PD\�EH GXH�WR�VHDVRQDO����

GLIIHUHQFHV�LQ�VDPSOLQJ��SUHYLRXV�VDPSOLQJ�ZDV�FRQGXFWHG�LQ�-XO\�������ZKHUHDV�WKLV�ZRUN�ZDV����

FRQGXFWHG�LQ�6HSWHPEHU�������RU�VPDOO�VFDOH�VSDWLDO�KHWHURJHQHLW\�RI�EHQWKLF�FRORQL]DWLRQ����

�/HIRUW������� %HOOH\�HW�DO����������7KH�KLJKHU�VROXEOH�0Q�PD[LPXP�DQG�JUHDWHU�0Q�,,,��/����

FRQFHQWUDWLRQV�LQ�6HSWHPEHU�PD\�EH FRQVLVWHQW�ZLWK�WKH�JUHDWHU�IOX[�RI�0Q�WR�WKH�XSSHU����

VHGLPHQWV�IURP�VHWWOLQJ�SDUWLFOHV GXULQJ�WKH�IDOO�PRQWKV��DQG�RU�SHUKDSV�WKH�WUHQGV�DUH�WULJJHUHG����

E\�WKH�VHWWOLQJ�RI�DXWRFKWKRQRXV�RUJDQLF�PDWWHU�SURGXFHG�RYHU�WKH�FRXUVH�RI�WKH�LFH�IUHH�VHDVRQ���

�$QQDQH�HW�DO����������UHVXOWLQJ�LQ�JUHDWHU R[LGDQW�GHPDQG�DQG FRPSOH[DWLRQ�RI�0Q�,,,������

���

,Q�DGGLWLRQ�WR�VHDVRQDO�FKDQJHV��WKH�HIIHFWV�RI�ELRWXUEDWLRQ�PD\�EH�LPSRUWDQW�DW�WKLV�VLWH��DV�ZHOO����

DV�DW�RXU�WZR�RWKHU�VLWHV��6WDWLRQV����DQG�6$*�����$W�GHSWK��WKH�IRUPDWLRQ�RI�0Q�,,,��/����

FRPSOH[HV�PD\�EH�SURPRWHG E\�ELRWXUEDWLRQ DV UHGXFHG�0Q�,,��FDQ�EH�R[LGL]HG�E\�LQWUXVLRQV�RI����

2���7KH�DELRWLF�R[LGDWLRQ�RI�0Q�,,��E\ 2� LV�VORZ�EXW�FDQ�EH�DFFHOHUDWHG�E\�DGVRUSWLRQ�RQWR����

PLQHUDO�VXUIDFHV��'DYLHV�DQG�0RUJDQ���������WKURXJK�EDFWHULDO�PHGLDWLRQ��7HER�HW�DO������������

�������DQG�RU�YLD�LQ�VLWX OLJDQG�SURPRWHG�R[LGDWLRQ��'XFNZRUWK�DQG�6SRVLWR��������3DUNHU�HW�DO������

�������$V�OLJKW�GRHV�QRW�SHQHWUDWH�WR�WKH�VHDIORRU�LQ�RXU�VWXG\�DUHDV��WKHVH�REVHUYDWLRQV FRXOG����

DOVR�EH�D�PDQLIHVWDWLRQ�RI�GDUN�SURGXFWLRQ�RI�UHDFWLYH�R[\JHQ�VSHFLHV �526���VXFK�DV�2�
���DQG����

WKHLU�UHDFWLRQ�ZLWK�0Q�,,���+DQVDUG�HW�DO���������/HDUPDQ�HW�DO����������%UHQGHO�DQG�/XWKHU����

�������REVHUYHG�WKH�SUHVHQFH�RI�+�2� LQ�VDOW�PDUVK�VHGLPHQWV��LQGLFDWLQJ�WKDW�GXULQJ�WKH����
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��

UHGXFWLRQ�RI�2� WR�+�2��526�OLNHO\�IRUP��7KXV��526 DUH�OLNHO\ DQ�LPSRUWDQW�SDWKZD\�LQ�WKH����

IRUPDWLRQ�RI�R[LGL]HG�0Q�VSHFLHV LQ�RXU�VHGLPHQWV��7KH�SRWHQWLDO�HIIHFW�RI�ELRWXUEDWLRQ�RQ����

VSHFLDWLRQ�SURILOHV�LV VXSSRUWHG�E\�YLVLEOH�LQVSHFWLRQ�RI�WKH�FRUHV�WKURXJK�WKH�FOHDU�FRUH�EDUUHOV�RI����

WKH�PXOWL�FRUHU�DQG�WKH�VPDOO�VFDOH��FP��VSDWLDO�YDULDELOLW\�RI�WKH�VROXEOH�0Q�DQG�)H�YHUWLFDO����

SURILOHV DV�ZHOO�DV G2� DQG�0Q�,,��IOX[HV��/HIRUW���������SDUWLFXODUO\�DW�6WDWLRQ�������

���

2OGKDP�HW�DO�������D��REVHUYHG�WKDW�LQ�PRVW�RI�WKH�ZDWHU�FROXPQ�DW�6WDWLRQ����WKH�G0Q7���

VSHFLDWLRQ�ZDV�GRPLQDWHG�E\�0Q�,,,��/�����± �����RI�G0Q7���H[FHSW�LQ�VXUIDFH����������DQG����

ERWWRP�ZDWHUV����������G0Q7 ZDV�KLJKHVW�LQ�WKH�RYHUO\LQJ�VHGLPHQW�FRUH�ZDWHU�������P0�����

2OGKDP�HW�DO�������D��ZLWK�G0Q7 FRPSULVHG�HQWLUHO\�RI�0Q�,,���LQGLFDWLQJ�WKDW�G0Q7 HVFDSHG����

IURP�WKH�VHGLPHQW�WR�WKH�RYHUO\LQJ�ZDWHUV�DV 0Q�,,���2OGKDP�HW�DO�������D��DOVR�UHSRUWHG WKH����

SUHVHQFH�RI D�VROLG�SKDVH�>0Q2[@�������Q0��PD[LPXP���P�DERYH�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH����

DW�WKLV�VLWH��7KLV�LPSOLHV�WKDW�WKH�0Q�,,��HVFDSLQJ�WKH�VHGLPHQW�LV�UDSLGO\�R[LGL]HG� 0Q�,,,��/����

FRPSOH[HV�DUH�HLWKHU�GHFRPSRVHG�R[LGL]HG�FORVHU�WR�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH�RU�XSRQ����

HVFDSLQJ�WKH�VHGLPHQW��ZKLFK�PD\�EH�ZK\�WKHUH�LV�QR REVHUYHG 0Q�,,,��/�LPPHGLDWHO\�DERYH�WKH����

VHGLPHQW�ZDWHU�LQWHUIDFH �6:,���:HEE�HW�DO��������REVHUYHG�WKDW�WKH�R[LGDWLRQ�RI����

0Q�,,,�Æ0Q�,9��LV�PRUH�HQHUJHWLFDOO\�IDYRUDEOH�WKDQ�0Q�,,�Æ0Q�,,,���WKXV�SHUKDSV�R[LGL]LQJ����

EDFWHULD�DUH�SUHIHUHQWLDOO\�XVLQJ 0Q�,,,��/ DV�DQ�HOHFWURQ�GRQRU� 2XU�YHUWLFDO VHGLPHQW VDPSOLQJ����

UHVROXWLRQ������FP��GRHV�QRW�DOORZ�XV�WR�GRFXPHQW�WKHVH�SURFHVVHV� $V�>0Q�DVF�@�LQ�WKH�� ± ��FP����

GHSWK�LQWHUYDO�RI�WKH�VHGLPHQW�LV�� ± ���WLPHV�KLJKHU�WKDQ�LQ�WKH�GHHSHU�SRUWLRQV�RI�WKH�VHGLPHQW����

FROXPQ��)LJXUH����PLGGOH�SDQHOV��7DEOH�����R[LGDWLRQ RI�0Q�,,�,,,��DQG�WKH�IRUPDWLRQ�RI�0Q2[���

DOVR�RFFXUV�LQ�WKH�WRS�OD\HUV�RI�WKH�VHGLPHQW DQG�LV OLNHO\�DQ�LPSRUWDQW�VLQN�IRU�G2� LQ�WKHVH����

VHGLPHQWV� $V 0Q2[ PXVW�EH�UHF\FOHG�UDSLGO\�DFURVV�WKH�R[LF�VXER[LF�LQWHUIDFH�LQ�WKH�VHGLPHQW�����

LW�OLNHO\ PDNHV XS�D�VLJQLILFDQW�FRPSRQHQW�RI�VHGLPHQW�GLDJHQHVLV�DW�WKLV�VLWH��$OWKRXJK�6WDWLRQ����

���LV�FORVHU�WR�WHUUHVWULDO�VRXUFHV�RI�0Q�WKDQ�6WDWLRQ�����LWV�RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWH�LV����

IRXU�WLPHV�ODUJHU�DQG�ZH�REVHUYH�D�VOLJKWO\�VKDOORZHU�0Q�DVF��PD[LPXP������± ����FP�YHUVXV��������

± �����DQG�D�ORZHU�PD[LPXP�>0Q�DVF�@��������PRO�J�� YHUVXV����� �PRO�J��������

���

����6DJXHQD\�)MRUG���
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8QOLNH�DW�6WDWLRQ�����WKH�ZDWHU�FROXPQ�LQ�WKH�6DJXHQD\�)MRUG�LV�ZHOO�R[\JHQDWHG�������0�DW�WKH����

VXUIDFH�DQG������0�DW�WKH�ERWWRP���2OGKDP�HW�DO�������D��IRXQG�WKDW�0Q�,,,��/�DFFRXQWHG�IRU��������

± �����RI�G0Q7 LQ�WKH�ZDWHU�FROXPQ�RI�6$*�����DQG�WKDW�0Q�,,��DFFRXQWHG�IRU���� ��RI�WKH����

G0Q7 VSHFLDWLRQ�LQ�WKH�RYHUO\LQJ�VHGLPHQW�FRUH�ZDWHU��LQ�ZKLFK��OLNH�DW�6WDWLRQ�����WKH�KLJKHVW����

FRQFHQWUDWLRQ��������0��ZDV�REVHUYHG��7KH�HVWLPDWHG�GLVVROYHG�0Q�,,��IOX[�DW�WKLV�VWDWLRQ�ZDV����

�����PRO�FP�� \U�� �7DEOH�����a���WLPHV�ORZHU�WKDQ�DW�6WDWLRQ����EXW�a���WLPHV�KLJKHU�WKDQ�DW����

6WDWLRQ�����7KLV�IOX[�OLNHO\�UHIOHFWV WKH�FRPELQHG�HIIHFW�RI�JUHDWHU�ERWWRP�ZDWHU�G2� DORQJ�ZLWK����

WKH�KLJKHU�SHUFHQWDJH�RI�RUJDQLF�FDUERQ�FRQWHQW��������FRPSDUHG�WR�������DW�6WDWLRQ�����DQG��������

��DW�6WDWLRQ�����7DEOH��� DQG�R[LGDQW�GHPDQG�RI�WKHVH�VHGLPHQWV��7KH�KLJKHU�ERWWRP�ZDWHU����

R[\JHQ�FRQFHQWUDWLRQ�DW�WKLV�VLWH�FRPSDUHG�WR�6WDWLRQ����OLNHO\�SURPRWHV�WKH�R[LGDWLRQ RI�0Q�,,����

UHOHDVHG�IURP�WKH�VHGLPHQWV� DQG�LWV�UH�SUHFLSLWDWLRQ�DV�0Q2[��7KH�SRUHZDWHU�G0Q7 DW�6$*�������

�)LJXUH����ERWWRP�SDQHO��%��7DEOH����LV�ORZHU�WKDQ�DW�6WDWLRQ�����EXW�VWURQJ�0Q�,,,��FRPSOH[HV����

�ORJ�.FRQG !������DFFRXQWHG�IRU����WR��������RI�G0Q7 DW�WKLV�VLWH��7KH�SUHVHQFH�RI�VWURQJ�OLJDQGV����

PD\�UHIOHFW�WKH�JUHDWHU�DEXQGDQFH�RI�WHUUHVWULDOO\�GHULYHG�OLJDQGV�LQ�WKHVH�VHGLPHQWV�WKDQ�DW����

6WDWLRQV����DQG�����ZKHUH�VWURQJ�SRUHZDWHU�0Q�,,,��/�FRPSOH[HV�ZHUH�QRW�GHWHFWHG��/LNHZLVH�����

WKH�PXFK�ORZHU�0Q2[�FRQFHQWUDWLRQV������± �����Q0��LQ�WKH�ZDWHU�FROXPQ�DW�6$*����WKDQ�DW����

6WDWLRQ�����2OGKDP�HW�DO������D��PD\�EH�GXH�WR�WKH�SUHVHQFH�RI�PRUH�0Q�,,,��/�FRPSOH[HV�DW����

6$*�����VKRUW�FLUFXLWLQJ�WKH�FRPSOHWH�R[LGDWLRQ�RI�0Q�,,��WR�0Q2[��RU�E\�KLJKHU�DPRXQWV�RI����

RUJDQLF�OLJDQGV�UHGXFWLYHO\�GLVVROYLQJ�0Q2[ WR�SURGXFH�0Q�,,,��/�FRPSOH[HV� ,W�KDV�DOUHDG\����

EHHQ�VKRZQ�WKDW�KXPLF�OLJDQGV�FDQ�GRPLQDWH�0Q�,,,��FRPSOH[DWLRQ�LQ�R[LF�ZDWHUV��2OGKDP�HW����

DO�������E���+XPLF�VXEVWDQFHV�PDNH�XS�WR��� ± ��� ��RI�WKH�VHGLPHQWDU\�RUJDQLF�PDWWHU�DW�6$*����

�� �7UHPEOD\�DQG�*DJQp���������0Q�,,,��ELQGLQJ�WHUULJHQRXV�OLJDQGV�HQWHU�WKH�6DJXHQD\�)MRUG����

WKURXJK�VXUIDFH�UXQRII�DQG�QHDUE\�ZHWODQGV�DQG�XOWLPDWHO\�DFFXPXODWH�LQ�WKH�VHGLPHQWV��7KLV�LV����

VXSSRUWHG�E\�WKH�REVHUYDWLRQ�RI�DEXQGDQW�VWURQJ�0Q�,,,��/�FRPSOH[HV�LQ�WKH�VXUIDFH�ZDWHUV�DW����

VLWH�6$*�����2OGKDP�HW�DO�������D�����

���

����0Q�DQG�)H�F\FOLQJ�DQG�LQWHUDFWLRQV���

���

7KH�R[LGDWLRQ�RI�GLVVROYHG�0Q�DQG�)H�DQG�VXEVHTXHQW�SDUWLFXODWH�GHSRVLWLRQ�LV�WKH�SULPDU\����

VRXUFH�RI�0Q�DQG�)H�WR�WKH�VHGLPHQWV� DQG�WKLV�VRXUFH�GHFUHDVHV�LQ�PDJQLWXGH�DZD\�IURP����

WHUUHVWULDO�LQSXWV �H�J��%R\OH�HW�DO����������7KH�KLJKHU�G0Q7 FRPSDUHG�WR�G)H7 DW�6WDWLRQV����DQG����
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��

���DUH�FRQVLVWHQW�ZLWK�WKH�REVHUYDWLRQ�WKDW�GLVVROYHG�0Q�LV�PRUH�UHDGLO\�WUDQVSRUWHG�WKDQ�)H�LQ����

WKH�ZDWHU�FROXPQ�IURP�WKH�FRDVW�WR�WKH�RSHQ�RFHDQ GXH�WR�ORZHU�UDWHV�RI�DELRWLF�R[LGDWLRQ�RQ����

VXVSHQGHG�VROLG�SKDVHV �%R\OH�HW�DO����������8QOLNH�WKH�VROLG�SKDVH�0Q��ZKRVH�FRQFHQWUDWLRQ�LV����

ORZHU�LQ�WKH�VHGLPHQW�DW�6WDWLRQ����WKDQ�DW�6WDWLRQ�����WKH�)H�DVF��FRQFHQWUDWLRQ�LV�KLJKHU�DW����

6WDWLRQ�����DQG�LQ�IDFW��LV�KLJKHU�DW�DOO�GHSWKV�WKDQ�WKH�VROLG�SKDVH�0Q�FRQFHQWUDWLRQV��7KLV�LV����

FRQVLVWHQW�ZLWK�WKH�FORVHU�SUR[LPLW\�WR�WHUUHVWULDO�VRXUFHV�RI�)H DQG�WKH�LQDELOLW\�RI�)H�,,��WR����

HVFDSH�WKH�VHGLPHQW�HYHQ�XQGHU�VHYHUH�K\SR[LD�LQ�WKH�RYHUO\LQJ�ZDWHU�FROXPQ EHFDXVH�)H�,,� LV����

DELRWLFDOO\�R[LGL]HG�PRUH�UHDGLO\�WKDQ�0Q�,,���7KLV�LV�DOVR�UHIOHFWHG�LQ�WKH�EXULDO�UDWHV�RI�)H�DVF������

ZKLFK�DUH LGHQWLFDO�WR�WKH�)H�DVF��DFFXPXODWLRQ�UDWHV�DQG a���WLPHV�KLJKHU�DW�WKLV�VLWH�WKDQ�IRU����

0Q�DVF���7DEOH�����0XFK�RI�WKH G)H7 �DQG�UHDFWLYH�)H��DW�WKLV�VLWH�LV�EHLQJ�WUDSSHG�DV�DFLG����

YRODWLOH�VXOILGHV��$96���/HIRUW�HW�DO���������ZKHUHDV�G0Q7 GRHV�QRW�IRUP�VXOILGHV�DQG�LV����

WKHUHIRUH�PRUH�UHDGLO\�UHOHDVHG�IURP�WKH�VHGLPHQW �0XFFL�����������

���

,Q�FRQWUDVW�WR�6WDWLRQV����DQG����ZKHUH�G)H7 � G0Q7 LQ�DOO�VDPSOHV��DW�6$*�����G)H7 !�G0Q7���

EHORZ���FP��,Q�VSLWH�RI�WKLV��0Q�,,,��/�FRPSOH[HV�ZHUH�VWDEOH��VXJJHVWLQJ�SDUWLDO�NLQHWLF����

VWDELOL]DWLRQ�DJDLQVW�UHGXFWLRQ�E\�)H�,,���HT��������

���

0Q�,,,��/��)H�,,��Æ )H�,,,��/���0Q�,,���������������������������������������������������������������� ������

���

7KH�VWDELOLW\�RI�VWURQJ�0Q�,,,��/�FRPSOH[HV�DJDLQVW�UHGXFWLRQ�E\�)H�,,��KDV�EHHQ�GHPRQVWUDWHG�LQ����

VXUIDFH�ZDWHUV RI�D�ZHWODQG�HFRV\VWHP �2OGKDP�HW�DO�������E��DV�ZHOO�DV DJDLQVW�UHGXFWLRQ�E\�+6����

LQ�WKH�DQR[LF�ERWWRP�ZDWHUV�RI�WKH�&KHVDSHDNH�%D\��2OGKDP�HW�DO�������������F����,Q�IDFW������

0Q�,,,� RUJDQLF FRPSOH[DWLRQ�LQ�WKH�SRUHZDWHUV�DW�6$*����LV�KLJKHU�WKDQ�� )H�,,,�����

FRPSOH[DWLRQ�DW�DOO�GHSWKV��LQGLFDWLQJ�WKDW�WKH�OLJDQGV�LQ�WKLV V\VWHP�SUHIHUHQWLDOO\ ELQG�WR����

0Q�,,,��WKDQ WR )H�,,,�� 7KLV�LV�FRQVLVWHQW�ZLWK�UHVXOWV�RI�WKH�WKHUPRG\QDPLF�FDOFXODWLRQV�RI����

/XWKHU�HW�DO���������ZKR�IRXQG�WKDW�WKH�UDQJH�RI�ORJ.FRQG IRU�0Q�,,,��/�FRPSOH[HV�LV�IUHTXHQWO\����

JUHDWHU�WKDQ�IRU�)H�,,,��/�FRPSOH[HV�LQ�WKH�VDPH�VDPSOHV DQG�UHVXOWV�RI�3DUNHU�HW�DO���������LQ�WKH����

FDVH�RI�S\RYHUGLQH�FRPSOH[HV��'HVSLWH�WKH�KLJK�FRQFHQWUDWLRQ�RI�G)H7 LQ�WKHVH�VHGLPHQWV��ZH����

QRWH�WKDW�UDSLG�F\FOLQJ�LV�WDNLQJ�SODFH��DV�ZH�REVHUYH IRU H[DPSOH�DW�6WDWLRQ���� VOLJKWO\�KLJKHU���

)H�DVF��EXULDO WKDQ DFFXPXODWLRQ UDWHV��7KLV�OLNHO\�UHIOHFWV�WKH�IRUPDWLRQ�DQG�SUHVHUYDWLRQ�RI����

$96��D�VLJQLILFDQW�FRPSRQHQW�RI�)H�DVF�� IURP�WKH�ODUJH�UHDFWLYH�)H�SRRO�DQG�D�IUDFWLRQ�RI�WKH����
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PRUH�UHIUDFWRU\�VROLG�)H�SKDVHV�XQGHU�DQR[LF�FRQGLWLRQV �*DJQRQ�HW�DO���������/HIRUW�HW�DO������������

�7DEOH������7KLV�LQGLFDWHV�WKDW�WKH�F\FOLQJ�RI�)H�LQ�WKHVH�VHGLPHQWV�LV�UDSLG DQG D PDQLIHVWDWLRQ�RI����

ELRWXUEDWLRQ�DQG�KLJK�RUJDQLF�FDUERQ�WXUQRYHU��ZKLFK�ZH�ZRXOG�H[SHFW�DW�D�WHUUHVWULDOO\����

LQIOXHQFHG�VLWH� &RQVHTXHQWO\��ZH�QRWH�WKDW�EHFDXVH�RI�ELRWXUEDWLRQ�WKHVH�VHGLPHQWV�DUH����

KHWHURJHQHRXV� DQG�RXU�IOX[�HVWLPDWHV�VROHO\�UHSUHVHQW�D�RQH�GLPHQVLRQDO�VQDSVKRW�RI�WKH����

HOHPHQWDO�F\FOLQJ�DQG�QRW�D�VSDWLDOO\�LQWHJUDWHG�YDOXH��$OWKRXJK�ZH�FDOFXODWH WUHQGV��D�PRUH����

FRPSOHWH�IOX[�VWXG\�ZRXOG�UHTXLUH�PXOWLSOH�ZKROH�FRUH�LQFXEDWLRQV WR�IXOO\�FDSWXUH�WKH����

VHGLPHQWDU\�UHGR[�F\FOLQJ�DW�WKHVH�ELRORJLFDOO\�KHWHURJHQHRXV VLWHV����

���

,QWHUHVWLQJO\��DW�RXU�PRVW�SHODJLF�VLWH��6WDWLRQ���� )H�,,,��/�FRPSOH[HV�PDGH�XS������± ������RI����

WKH SRUHZDWHU G)H7 DW�DOO�GHSWKV��VXJJHVWLQJ�WKDW�)H�,,,��/�PD\�QRW�EH�XVHG�DV�PXFK�DV�0Q�,,,��/����

DV�D SRWHQWLDO HOHFWURQ�DFFHSWRU�LQ�WKH�GHJUDGDWLRQ�RI�RUJDQLF�PDWHULDO�DV�WKH�0Q�,,,��/�VSHFLDWLRQ����

LV�PRUH�YDULDEOH�ZLWK�GHSWK� 1HYHUWKHOHVV��LQ�WKH�WRS���FP�RI�VHGLPHQW�DW�WKLV�VLWH��WKHUH�LV�D�ORVV����

RI�a����PRO�J�� 0Q�DVF��DQG�a����PRO�J�� )H�DVF���EHORZ�WKLV�GHSWK��WKHUH�LV�DQ�LQFUHDVH�LQ����

VROXEOH�0Q������WR�������0���ZKLFK�H[FHHGV�WKH�LQFUHDVH�LQ�VROXEOH�)H��1'�WR�������0���*LYHQ����

WKDW�WKH�FRQFHQWUDWLRQV�RI GLVVROYHG�0Q�DQG�GLVVROYHG�)H�DUH�ORZHU�WKDQ�WKH�FRQFHQWUDWLRQV�RI����

WKHLU UHVSHFWLYH�UHDFWLYH�VROLG�SKDVHV��UHGXFWLYH�GLVVROXWLRQ�RI VROLG�SKDVHV PD\�QRW QHFHVVDULO\����

UHVXOW�LQ�WKH�EXLOGXS�RI�VROXEOH VSHFLHV LQ�WKH�SRUHZDWHU��)RU�G)H7��GLIIXVLRQ�GRZQZDUGV�RFFXUV����

DQG�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�$96�DQG�S\ULWH��ZKHUHDV�G0Q7 FDQ�HLWKHU�GLIIXVH�XS�DQG�RXW�RI����

WKH�VHGLPHQW�RU�GRZQZDUGV�WR�XOWLPDWHO\�FR�SUHFLSLWDWH�ZLWK�DXWKLJHQLF�FDUERQDWHV�RU�DGVRUE����

RQWR�$96�DQG�VHGLPHQW�SDUWLFOHV �0XFFL���������+RZHYHU��WKHUH�LV�KLJK���FRPSOH[DWLRQ�RI�ERWK����

SRUHZDWHU�0Q�DQG�)H�DW�6WDWLRQ�����VXJJHVWLQJ�WKDW�RUJDQLF�OLJDQG�FRQFHQWUDWLRQV�DUH�LQ�H[FHVV�RI����

GLVVROYHG�PHWDO�FRQFHQWUDWLRQV�DW�WKLV�VLWH��PDLQWDLQLQJ�ERWK�VSHFLHV�LQ�WKH�VROXEOH�SKDVH��$V����

0Q�,,,��/�FRPSOH[HV�DUH�EHLQJ�IRUPHG�EHORZ�WKH GHSWK�RI�0Q�DVF� GHSOHWLRQ��ZH�VXJJHVW�WKDW����

PRUH�UHIUDFWRU\�VROLG�SKDVHV�RI�0Q�EHORZ���FP�GHSWK�DUH UHGXFWLYHO\�GLVVROYHG�E\�RUJDQLF����

OLJDQGV��IRUPLQJ�0Q�,,,��/�FRPSOH[HV��DQG�WKDW�0Q2[ LV�DQ�LPSRUWDQW�FRPSRQHQW RI�VHGLPHQW����

RUJDQLF�PDWWHU�GHFRPSRVLWLRQ�DW�WKLV�VLWH����

���

+\GURJHQ VXOILGH��D�VWURQJ�UHGXFLQJ�DJHQW IRU�0Q�R[LGHV� ZDV�QRW�GHWHFWHG�LQ�WKHVH�VHGLPHQW����

SRUHZDWHUV� ZKLFK�LQGLFDWHV�WKDW�LW�LV�HLWKHU�WLWUDWHG�RXW�E\�UHDFWLRQ�ZLWK�R[LGL]HG�VSHFLHV�RI�0Q����

DQG�)H��RU�WKDW�LW�LV�QRW�IRUPHG�LQ�VXIILFLHQW�FRQFHQWUDWLRQV�WR�VLJQLILFDQWO\�FRQWULEXWH�WR�WKH����
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��

UHGXFWLRQ RI�0Q� *DJQRQ�HW�DO��������SURSRVHG�WKDW�WKH�WLWUDWLRQ�RI�K\GURJHQ�VXOILGH�E\�GLVVROYHG����

)H�GRHV�QRW�DOORZ�IRU�LWV�DFFXPXODWLRQ�LQ�VHGLPHQW�SRUHZDWHUV�DQG�FRQVHTXHQWO\��WKHUH�LV�QR����

XSZDUG�GLIIXVLRQ�WR�WKH�R[LF�OD\HU��$GGLWLRQDOO\� VLQFH�SRUHZDWHU�)H�,,� �DQRWKHU�UHGXFWDQW����

FRQFHQWUDWLRQV�ZHUH�EHORZ�RXU�GHWHFWLRQ�OLPLW�LQ�WKH�XSSHU�VHGLPHQWV����± ����FP��DW�6WDWLRQV�������

DQG�����WKH�UHGXFWLRQ�RI�0Q2[ LQ�WKHVH�XSSHU�VHGLPHQWV�LV�OLNHO\�GRPLQDWHG�E\ EDFWHULDOO\����

PHGLDWHG�GLVVLPLODWRU\�0Q�R[LGH�UHGXFWLRQ� $W�6$*�����ZH�REVHUYHG�WKH�0Q�DVF��PD[LPXP�DW����

WKH�VKDOORZHVW����± ����FP��GHSWK�LQWHUYDO��7KH�GHFUHDVH�LQ�0Q�DVF� FRLQFLGHG�ZLWK�WKH����

GLVDSSHDUDQFH�RI�G2���2QH�SRVVLEOH�H[SODQDWLRQ�IRU�WKLV�LV�WKH�KLJK�DFFXPXODWLRQ�UDWHV�RI�RUJDQLF����

FDUERQ LQ�WKHVH�VHGLPHQWV��FRXSOHG�ZLWK�WKH��'�KHWHURJHQHLW\�RI�VXUIDFH�VHGLPHQWV�DW�WKLV�VLWH�����

$OWKRXJK�0Q2[ PD\�EH�UDSLGO\�IRUPLQJ�DW�WKH�VHGLPHQW�VXUIDFH��UDSLG�UHGXFWLYH�GLVVROXWLRQ�DQG����

FRPSOH[DWLRQ�E\�WHUUHVWULDO�RUJDQLF�PDWWHU�PD\�VXEVHTXHQWO\�GLVVROYH�WKHVH�R[LGHV��SURGXFLQJ����

0Q�,,,��/ LQ�VXUIDFH�VHGLPHQWV��,QGHHG��ZH�VHH�KLJK�FRQFHQWUDWLRQV�RI�0Q�,,,��/�DW�VKDOORZHU����

GHSWKV�DW�WKLV�VLWH�WKDQ�DW�6WDWLRQ����RU�����ZLWK�!��� �0�0Q�,,,��/�LQ�WKH ����± ����FP�GHSWK���

LQWHUYDO����

���

:H�GLG�QRW�REVHUYH�GHWHFWDEOH�FRQFHQWUDWLRQV RI�0Q�,,,��/�FRPSOH[HV�LQ�WKH RYHUO\LQJ�ZDWHU�DW����

DQ\�RI�RXU�VWXG\�VLWHV��GHVSLWH�WKH�SUHVHQFH�RI�0Q�,,,��/�FRPSOH[HV�LQ�WKH�XSSHU�VHGLPHQW����

FROXPQ DQG�DERYH�WKH�SRUHZDWHU�0Q�,,��PD[LPXP��7KLV LPSOLHV�WKDW�0Q�,,,��/�FRPSOH[HV�GR����

QRW�GLIIXVH�RXW�RI�WKH�VHGLPHQW�DQG PD\ UHIOHFW�WKH SUHIHUHQWLDO�XVH�RI�0Q�,,,��E\�0Q�R[LGL]LQJ����

EDFWHULD�JLYHQ�WKDW�0Q�,,,��LV�D�PRUH�WKHUPRG\QDPLFDOO\�IDYRUDEOH�HOHFWURQ�GRQRU�WKDQ�0Q�,,�����

�:HEE�HW�DO��������� :H�HVWLPDWHG DQ�XSZDUG�IOX[�RI�VROXEOH�0Q�,,��IURP�WKH�VHGLPHQWV�WR�WKH����

ZDWHU�FROXPQ�DW�DOO�WKUHH�VLWHV��7KLV�IOX[�ZDV�KLJKHVW�DW�6WDWLRQ�����FRQVLVWHQW�ZLWK�SUHYLRXV����

ILQGLQJV��OLNHO\�EHFDXVH�RI�WKH�ORZHU�ERWWRP�ZDWHU�G2� FRQFHQWUDWLRQV�DW�WKLV�VWDWLRQ �7DEOH��������

&RQVHTXHQWO\��G2� LQ�WKH�WRS�����FP�RI�WKLV�VHGLPHQW LV�PXFK�ORZHU WKDQ�DW�RXU�RWKHU�WZR�VWDWLRQV����

�1' LQ�WKH�� ± ����FP�LQWHUYDO��7DEOH�����/RZHU�G2� LQ�WKH�VHGLPHQWV�DQG�D�WKLQQHU�R[\JHQ����

SHQHWUDWLRQ�GHSWK�UHVXOWV�LQ�JUHDWHU�ORVV�RI�GLVVROYHG�0Q�WR�WKH�RYHUO\LQJ�ZDWHU�FROXPQ����

���

,Q�)LJXUH����WKH�ORVV�UDWHV�RI 0Q�WR�WKH�RYHUO\LQJ�ZDWHU�IURP�WKLV� DQG�WZR�RWKHU�VWXGLHV�LQ�WKH����

6/(�DUH�SORWWHG�DJDLQVW�ERWWRP�ZDWHU�G2���$V�DQWLFLSDWHG��ZH�VHH�WKDW�KLJKHU�IOX[HV�RI�0Q�,,�����

DFURVV�WKH�6:, FRUUHVSRQG�WR�ORZHU�RYHUO\LQJ�ZDWHU�G2���7KXV��LQ�DUHDV�RI�GHFUHDVLQJ�ERWWRP����

ZDWHU�G2�ZLWK�VXIILFLHQW�VHGLPHQW�R[LGDQW�GHPDQG��RU�RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWH������
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��

JUHDWHU�PRELOLW\�RI�GLVVROYHG�0Q�IURP�WKH�VHGLPHQWV�WR�WKH�ZDWHU�FROXPQ�LV H[SHFWHG��,Q����

FRQWUDVW��WKH�UHVLGHQFH�WLPH�RI�0Q�,,��DERYH�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH�LV�OLNHO\�D�IXQFWLRQ�RI����

ERWWRP�ZDWHU�G2���,Q�WKH�6/(��K\SR[LF�ERWWRP�ZDWHUV�HQULFKHG�LQ�GLVVROYHG�0Q DQG�0Q����

HQULFKHG�ILQH�JUDLQHG�SDUWLFOHV PRYH�ODQGZDUG �6XQGE\��������6XQGE\�HW�DO��������� 7KHVH����

ZDWHUV�DUH�XOWLPDWHO\�XSZHOOHG�DW�WKH�KHDG�RI�WKH�/RZHU�6W��/DZUHQFH�(VWXDU\��*UDWWRQ�HW�DO�����

������DQG�DUH XOWLPDWHO\�WUDQVSRUWHG�VHDZDUG�LQ�VXUIDFH�ZDWHUV��UHVXOWLQJ�LQ�LQFUHDVHG�WUDQVSRUW�����

EH\RQG�WKH�ULYHU�LQSXW RI�G0Q7 IURP�WKH�FRDVW�WR�WKH�RSHQ�RFHDQ �6XQGE\�HW�DO������������

���

� &RQFOXVLRQV���

���

2XU�ILQGLQJV�VKHG�OLJKW�RQ�SURFHVVHV�WKDW�FRXSOH�WKH &��2��0Q� DQG�)H�F\FOHV�GXULQJ�VHGLPHQW����

GLDJHQHVLV��:H�REVHUYH�KLJK�FRQFHQWUDWLRQV�RI�GLVVROYHG�0Q�,,,��/�FRPSOH[HV�WKURXJKRXW�WKH����

VHGLPHQW�SURILOHV�RI�RXU�WKUHH�VWXG\�VLWHV��%DVHG�RQ�RXU�PHWKRGRORJ\��0Q�,,,��/ FRPSOH[HV�GR����

QRW�DSSHDU�WR�IOX[�RXW�RI�WKH�VHGLPHQWV��LPSO\LQJ�WKDW�WKH\�DUH�UDSLGO\�DQG�SUHIHUHQWLDOO\����

FRQVXPHG�UHODWLYH�WR�0Q�,,��GXULQJ�0Q�R[LGDWLRQ��+LJK�SRUHZDWHU�0Q�,,,��/�FRQFHQWUDWLRQV PD\����

DOVR�VXJJHVW�WKDW�WKHVH�SRWHQWLDO�HOHFWURQ�DFFHSWRUV SOD\�DQ LPSRUWDQW�UROH�LQ�WKH�GHJUDGDWLRQ�RI����

RUJDQLF�PDWWHU XSRQ�WKH�GHSOHWLRQ RI�G2���SDUWLFXODUO\�DW�VLWHV�ZLWK�KLJK�RUJDQLF�PDWWHU�FRQWHQW���

�DV�LQ�/LQ�HW�DO�������� DQG�DV�HOHFWURQ�GRQRUV�LQ�0Q�R[LGDWLRQ�WR�0Q2� �:HEE�HW�DO����������:H����

DOVR�ILQG�WKDW�0Q�,,,��/�DQG�)H�,,,��/�FRPSOH[HV�FRH[LVW�LQ�WKH�VXER[LF�SRUHZDWHUV�RI�WKH�/6/(�����

:KHUHDV�VHGLPHQW�)H�DVF��FRQFHQWUDWLRQV�H[FHHG�0Q�DVF�� SHDN�G0Q7 FRQFHQWUDWLRQV�W\SLFDOO\����

H[FHHG�SHDN�G)H7 FRQFHQWUDWLRQV LQ�WKH�PDLQ�HVWXDU\��VXJJHVWLQJ�WKDW�0Q�EHDULQJ�VROLG�SKDVHV����

DUH�PRUH�UHDGLO\�GLVVROYHG WR�IRUP�VROXEOH�FRPSOH[HV��,Q�WKH�IMRUG��G)H7 H[FHHGV�G0Q7��DQG����

)H�,,��LV�D�VLJQLILFDQW�FRPSRQHQW�RI�GLVVROYHG�)H�VSHFLDWLRQ��XS�WR������� 1RQHWKHOHVV� ZH IRXQG����

XS�WR�������0Q�,,,��/�FRPSOH[DWLRQ RI�SRUHZDWHU�0Q�DW�6$*���� LQGLFDWLQJ�WKDW�WKHVH 0Q�,,,�����

/�FRPSOH[HV�DUH�NLQHWLFDOO\�VWDELOL]HG�WR�)H�,,��UHGXFWLRQ �HT������ZKLFK�PD\�EH�VLPLODU�WR����

FRPSOH[HV�LQ�WKH�DQR[LF�ERWWRP�ZDWHUV�RI�WKH�&KHVDSHDNH�%D\�WKDW DUH NLQHWLFDOO\�VWDELOL]HG����

DJDLQVW�UHGXFWLRQ�E\�+6� �2OGKDP�HW�DO��������� 7ZR�RSHUDWLRQDOO\�GHILQHG 0Q�,,,��OLJDQG����

FODVVHV��ZHDN�DQG�VWURQJ�FRPSOH[HV� ZHUH�GHWHFWHG�DQG�TXDQWLILHG LQ�WKH�VHGLPHQW�SRUHZDWHUV�DW���

WKH�6$*��� VLWH��ZLWK�WKH�ZHDNHU�FRPSOH[HV�EHLQJ�OLNHO\�PRUH�IDYRUDEOH�HOHFWURQ�DFFHSWRUV�LQ����

WKH�PLFURELDOO\�PHGLDWHG�RUJDQLF�PDWWHU�GHFRPSRVLWLRQ� 7KH�SUHVHQFH�RI�WKHVH�WZR�FODVVHV�RI����

0Q�,,,��/�FRPSOH[HV�LQ�WKH�6DJXHQD\�)MRUG�VXJJHVWV WKDW�WHUULJHQRXV OLJDQGV�DUH�PRUH�YDULHG����
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��

DQG�FDQ�ELQG�0Q�PRUH�VWURQJO\�WKDQ�OLJDQGV�IRXQG�LQ�PDULQH�VHGLPHQWV�IXUWKHU�RIIVKRUH��7KLV�LV����

YDOLGDWHG�E\�WKH�GLVVROYHG�0Q�VSHFLDWLRQ�RI�VHGLPHQW�SRUHZDWHUV�UHFRYHUHG�LQ�WKH�/6/(�DQG����

*6/��ZKLFK RQO\�FRQWDLQHG�ZHDN�0Q�,,,��/�ELQGLQJ�OLJDQGV��ORJ.&21'����������

���

7KH 0Q�,,,��/�FRPSOH[HV ZH�PHDVXUHG�DW�DOO�WKUHH�VLWHV OLNHO\�SOD\�D�FULWLFDO�UROH�LQ�0Q�F\FOLQJ����

LQ�WKHVH�VHGLPHQWV��ERWK DV�HOHFWURQ�GRQRUV LQ WKH�UHR[LGDWLRQ RI�0Q�,,� WR�0Q2� LQ�VKDOORZ����

VHGLPHQWV��DQG�DV�HOHFWURQ�DFFHSWRUV�LQ�WKH�PLFURELDOO\�PHGLDWHG�GHFRPSRVLWLRQ�RI�RUJDQLF����

PDWWHU��3RUHZDWHU�0Q�IOX[HV�RXW RI�WKH�VHGLPHQWV VROHO\ DV�0Q�,,� DW�DOO�WKUHH VWXG\�VLWHV��EXW WKH����

IOX[�LV�a�� WLPHV�ODUJHU�DW�6WDWLRQ����LQ�WKH�/6/(�WKDQ�DW�6WDWLRQ �� LQ�WKH�*6/��DQG�a��WLPHV����

ODUJHU�WKDQ�DW�6$*�����2QH�SRVVLEOH�LQWHUSUHWDWLRQ�LV�WKDW�0Q�DW�6WDWLRQ��� LV�PRUH�PRELOH���

EHFDXVH LW�LV R[LGL]HG�PRUH�VORZO\ DV�LW�WUDQVLWV�WKURXJK WKH�WKLQQHU�DQG�PRUH�R[\JHQ�GHSOHWHG���

XSSHU�SRUWLRQ RI�WKH�VHGLPHQWV DQG�WKH�K\SR[LF�RYHUO\LQJ�ZDWHUV� 7KH�DFFXPXODWLRQ�GHOLYHU\����

UDWHV�RI�0Q�DVF� DQG�)H�DVF� WR�WKH�VHGLPHQWV�GHFUHDVH�VHDZDUG��ZKLFK�LV�ODUJHO\�D�IXQFWLRQ�RI����

WKH�PDVV�DFFXPXODWLRQ�UDWH��ZKHUHDV�WKH�ORVV�RI�0Q�WR�WKH�RYHUO\LQJ�ZDWHU�VKRXOG�EH�UHODWHG�WR����

WKH�VHGLPHQW�R[\JHQ�SHQHWUDWLRQ�GHSWK��LWVHOI�D�IXQFWLRQ�RI�WKH�RYHUO\LQJ�ZDWHU�G2� DQG�WKH����

RUJDQLF�FDUERQ�DFFXPXODWLRQ�UDWH��%HFDXVH VROXEOH 0Q�LV�WUDQVSRUWHG�IXUWKHU�WKDQ�)H�DORQJ����

HVWXDULQH�JUDGLHQWV �2OGKDP�HW�DO�������E���VROXEOH�0Q��DV�0Q�,,,��/�FRPSOH[HV� OLNHO\ SOD\V�DQ����

LPSRUWDQW�UROH�DV�D�UHDFWLYH�LQWHUPHGLDWH�LQ�WKH�EUHDNGRZQ�RI�FRPSOH[�RUJDQLF�PROHFXOHV �/LQ�HW����

DO��������� WKHUHE\�SUHVHQWLQJ�DQ�XQUHFRJQL]HG�SDWKZD\�DV�D�UHJXODWRU�LQ�JOREDO�FDUERQ�F\FOLQJ����

���

$FNQRZOHGJPHQWV���

7KLV�ZRUN�ZDV�IXQGHG�E\�JUDQWV�IURP�WKH�&KHPLFDO�2FHDQRJUDSK\�SURJUDP�RI�WKH�1DWLRQDO����

6FLHQFH�)RXQGDWLRQ��2&(���������DQG�2&(���������WR�*:/��2&(���������DQG�2&(����

��������WR�%07��DQG�WKH�1DWLRQDO�6FLHQFHV�DQG�(QJLQHHULQJ�5HVHDUFK�&RXQFLO�RI�&DQDGD����

�16(5&��WKURXJK�'LVFRYHU\�DQG�6KLS�WLPH�JUDQWV�WR�$0��9pURQLTXH�2OGKDP�WKDQNV�WKH����

8QLYHUVLW\�RI�'HODZDUH�IRU�UHFHLSW�RI�D�0DULDQ�5��2NLH�)HOORZVKLS�DQG�D�8QLYHUVLW\�RI�'HODZDUH����

*UDGXDWH�)HOORZVKLS��7KDQNV�DOVR�WR�*LOOHV�'HVPHXOHV�DV�ZHOO�DV�WKH�FDSWDLQ�DQG�FUHZ�RI�WKH����

5�9�&RULROLV�,, ZKR�PDGH�VDPSOLQJ�IRU�WKLV�UHVHDUFK�SRVVLEOH�����

���

5HIHUHQFHV���
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��

$QQDQH�6��6W�$PDQG�/��6WDUU�0��3HOOHWLHU�(� )HUUH\UD�*$���������&RQWULEXWLRQ�RI�WUDQVSDUHQW����

H[RSRO\PHULF�SDUWLFOHV��7(3��WR�HVWXDULQH�SDUWLFXODWH�RUJDQLF�FDUERQ�SRRO��0DU��(FRO��3URJ��6HU�����

�������±������

���

$QVFKXW]�3��'HGLHX�.��'HVPD]HV�)��&KDLOORX�*����������6SHFLDWLRQ��R[LGDWLRQ�VWDWH��DQG����

UHDFWLYLW\ RI�SDUWLFXODWH�PDQJDQHVH�LQ�PDULQH�VHGLPHQWV��&KHP��*HRO���������±�������

���

%DUEHDX�&��%RXJLH�5��&{Wp�-�(���������9DULDWLRQV�VSDWLDOHV�HW�WHPSRUHOOHV�GX�FHVLXP�����HW�GX����

FDUERQH�GDQV�OHV�VpGLPHQWV�GX�IMRUG�GX�6DJXHQD\��&DQ��-��(DUWK�6FL����������±��������

���

%HFNOHU�-6��-RQHV�0(��7DLOOHIHUW�0������� 7KH�RULJLQ��FRPSRVLWLRQ��DQG�UHDFWLYLW\�RI�GLVVROYHG����

LURQ�,,,��FRPSOH[HV�LQ�FRDVWDO�RUJDQLF� DQG�LURQ�ULFK�VHGLPHQWV��*HRFKLP��&RVPRFKLP��$FWD�����

��������������

���

%pODQJHU�&����������2EVHUYDWLRQ�DQG�0RGHOOLQJ�RI�D�5HQHZDO�(YHQW�LQ�WKH�6DJXHQD\�)MRUG�����

3K�'��WKHVLV��8QLYHUVLWp�GX�4XpEHF�j�5LPRXVNL��5LPRXVNL��4&������SS����

���

%HOOH\ 5��$UFKDPEDXOW�3��6XQGE\�%��*LOEHUW�)��*DJQRQ�-�0 ��������(IIHFWV�RI�K\SR[LD�RQ����

EHQWKLF�PDFURIDXQD�DQG�ELRWXUEDWLRQ�LQ�WKH�(VWXDU\�DQG�*XOI�RI�6W��/DZUHQFH��&DQDGD�����

&RQWLQHQWDO�6KHOI�5HVHDUFK����������������

���

%HQRLW�3��*UDWWRQ�<� 0XFFL�$��������0RGHOLQJ�RI�GLVVROYHG�R[\JHQ�OHYHOV�LQ�WKH�ERWWRP�ZDWHUV����

RI�WKH�/RZHU�6W��/DZUHQFH�(VWXDU\��FRXSOLQJ�RI�EHQWKLF�DQG�SHODJLF�SURFHVVHV��0DU��&KHP����������

���������

���

%R\OH�($��(GPRQG�-0��6KRONRYLW]�(5���������7KH�PHFKDQLVP�RI�LURQ�UHPRYDO�LQ�HVWXDULHV�����

*HRFKLP��&RVPRFKLP��$FWD����������±���������

���

%UHQGHO�3-� /XWKHU�*:��������'HYHORSPHQW�RI�D�JROG�DPDOJDP�YROWDPPHWULF�PLFURHOHFWURGH�IRU����

WKH�GHWHUPLQDWLRQ�RI�GLVVROYHG�)H��0Q��2���DQG�6��,,��LQ�SRUHZDWHUV�RI�PDULQH�DQG�IUHVKZDWHU����

VHGLPHQWV��(QYLURQ��6FL��7HFKQRO� �������±�������
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��

���

&DQILHOG�'(��-RUJHQVHQ�%%��)RVVLQJ�+��*OXG�5��*XQGHUVHQ�-��5DPVLQJ�1%��7KDPGUXS %�����

+DQVHQ�-:��1LHOVHQ�/3��+DOO�32-���������3DWKZD\V�RI�RUJDQLF�FDUERQ�R[LGDWLRQ�LQ�WKUHH����

FRQWLQHQWDO�PDUJLQ�VHGLPHQWV��0DU��*HRO��������������

���

&KDLOORX *��6FKDIHU�-��$QVFKXW]�3��/DYDX[�*��%ODQF�*���������7KH�EHKDYLRXU�RI�DUVHQLF�LQ����

PXGG\�VHGLPHQWV�RI�WKH�ED\�RI�%LVFD\��)UDQFH���*HRFKLP��&RVPRFKLP��$FWD���������±���������

���

&KHQ�4��0XFFL $��6XQGE\�%� 0LQDULN�:��������(DUO\�GLDJHQHVLV�RI�UHGR[�VHQVLWLYH�HOHPHQWV�LQ����

WKH�(VWXDU\�DQG�*XOI�RI�6W��/DZUHQFH��&RQWULEXWHG�SRVWHU�SUHVHQWDWLRQ����VW�9�0��*ROGVFKPLGW����

&RQIHUHQFH��-XQH��������0RQWUpDO��&DQDGD��0LQHUDORJLFDO�0DJ��������������

���

&KHVWHU 5��+XJKHV�0-���������$�FKHPLFDO�WHFKQLTXH�IRU�WKH�VHSDUDWLRQ�RI�IHUUR�PDQJDQHVH����

PLQHUDOV��FDUERQDWH�PLQHUDOV�DQG�DGVRUEHG�WUDFH�HOHPHQWV�IURP�SHODJLF�VHGLPHQWV��&KHP��*HRO�����

������±�������

���

'HOOZLJ�2��6FKQHWJHU�%��%UXPVDFN�+��*URVVDUW�+��8PODXI�/���������'LVVROYHG UHDFWLYH����

PDQJDQHVH�DW�SHODJLF�UHGR[FOLQHV��SDUW�,,���+\GURG\QDPLF�FRQGLWLRQV�IRU�DFFXPXODWLRQ��-� RI����

0DU� 6\VW� �������������

���

'LFNLH�/��7ULWHV�5:������� 7KH�*XOI�RI�6W��/DZUHQFH��,Q�(VWXDULHV�DQG�6HPL�HQFORVHG�6HDV�����

(GLWHG�E\�/��'LFNLH�DQG�5�:��7ULWHV���(OVHYLHU�6FLHQWLILF�3XEOLFDWLRQ��$PVWHUGDP��SS�������������

���

'XFNZRUWK�2:� 6SRVLWR�*���������6LGHURSKRUH�PDQJDQHVH�,,,��LQWHUDFWLRQV�,��0DQJDQLWH����

GLVVROXWLRQ�SURPRWHG�E\�GHVIHUULR[DPLQH�%��(QYLURQ��6FL��7HFKQRO������������������

���

(GHQERUQ�+0��0XFFL�$��%HO]LOH�1��/HEHO�-��6LOYHUEHUJ�1� 6XQGE\�%��������$�JORYH�ER[�IRU�WKH����

ILQH�VFDOH�VXEVDPSOLQJ�RI�VHGLPHQW�ER[�FRUHV��6HGLPHQWRORJ\����������������

���
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��

(O�6DKE�0,��6LOYHUEHUJ�1������� 7KH�6W��/DZUHQFH�(VWXDU\��LQWURGXFWLRQ��,Q�2FHDQRJUDSK\�RI�D����

/DUJH�VFDOH�(VWXDULQH�6\VWHP��(GLWHG�E\�0�,��(O�6DEK�DQG�1��6LOYHUEHUJ��6SULQJHU�9HUODJ��1HZ����

<RUN��SS���������

���

)HUGHOPDQ�*���������7KH�GLVWULEXWLRQ�RI�VXOIXU��LURQ��PDQJDQHVH��FRSSHU��DQG�XUDQLXP�LQ�D�VDOW����

PDUVK�VHGLPHQW�FRUH�DV�GHWHUPLQHG�E\�D�VHTXHQWLDO�H[WUDFWLRQ�PHWKRG��0�6F�WKHVLV��8QLYHUVLW\�RI����

'HODZDUH����

���

)URHOLFK�31��.OLQNKDPPHU�*3��%HQGHU�0/��/XHGWNH�1$��+HDWK�*5��&XOOHQ�'��'DXSKLQ�3�����

+DPPRQG�'��+DUWPDQ�%��0D\QDUG�9���������(DUO\�R[LGDWLRQ�RI�RUJDQLF�PDWWHU�LQ�SHODJLF����

VHGLPHQWV�RI�WKH�HDVWHUQ�HTXDWRULDO�$WODQWLF��VXER[LF�GLDJHQHVLV� *HRFKLP��&RVPRFKLP��$FWD�����

��� ����±��������

���

*DJQRQ�&��0XFFL�$��3HOOHWLHU�(��������$QRPDORXV�DFFXPXODWLRQ�RI�DFLG�YRODWLOH�VXOSKLGHV�LQ�D����

FRDVWDO�PDULQH�VHGLPHQW��6DJXHQD\�)MRUG��&DQDGD���*HRFKLP��&RVPRFKLP��$FWD������������������

���

*DLOODUG�-�)��3DXZHOV�+��0LFKDUG�*���������&KHPLFDO�'LDJHQHVLV�LQ�&RDVWDO�0DULQH�6HGLPHQWV�����

2FHDQRORJLD�$FWD����������������

���

*LOEHUW�'��*REHLO�&��6XQGE\�%��0XFFL $��7UHPEOD\�*+���������$�VHYHQW\�WZR�\HDU�UHFRUG�RI����

GLPLQLVKLQJ�GHHS�ZDWHU�R[\JHQ�OHYHOV�LQ�WKH�6W��/DZUHQFH�HVWXDU\��7KH QRUWKZHVW�$WODQWLF����

FRQQHFWLRQ��/LPQRO��2FHDQRJU�������������������

���

*HQRYHVL /��GH�9HUQDO�$��7KLERGHDX�%��+LOODLUH�0DUFHO�&� 0XFFL�$� *LOEHUW�'���������5HFHQW����

FKDQJHV�LQ�ERWWRP�ZDWHU�R[\JHQDWLRQ�DQG�WHPSHUDWXUH�LQ�WKH�*XOI�RI�6W��/DZUHQFH�����

PLFURSDOHRQWRORJLFDO�DQG�JHRFKHPLFDO�HYLGHQFH��/LPQRO��2FHDQRJU�������������������

���

*UDWWRQ�<��/HIDLYUH�'� &RXWXUH�0���������2FpDQRJUDSKLH�SK\VLTXH�GX�IMRUG�GX�6DJXHQD\��/H����

IMRUG�GX�6DJXHQD\��8Q�0LOLHX�([FHSWLRQQHO�GH�5HFKHUFKH��-��0��6pYLJQ\�DQG�&��0��&RXLOODUG�����

(GV���0LQLVWqUH�GHV�3rFKHV�HW�GHV�2FpDQV��,QVWLWXW�0DXULFH�/DPRQWDJQH���±������

���
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��

*UDWWRQ�<��0HUW]�*� *DJQp��-$��������6DWHOOLWH�REVHUYDWLRQV�RI�WLGDO�XSZHOOLQJ�DQG�PL[LQJ�LQ�WKH����

6W��/DZUHQFH�(VWXDU\��-��*HRSK\V��5HV�����&�����������������

���

+DQVDUG�63��(DVWHU�+'��9RHONHU�%0���������5DSLG�UHDFWLRQ�RI�QDQRPRODU�0Q�,,��ZLWK����

VXSHUR[LGH�UDGLFDO�LQ�VHDZDWHU�DQG�VLPXODWHG�IUHVKZDWHU��(QYLURQ��6FL��7HFKQRO�����������± ��������

���

+HGJHV�-,��.HLO��5*������� 6HGLPHQWDU\�RUJDQLF�PDWWHU�SUHVHUYDWLRQ��DQ�DVVHVVPHQW�DQG����

VSHFXODWLYH�V\QWKHVLV��0DU��&KHP����� ��±�������

���

+\DFLQWKH�&��%RQQHYLOOH�6��9DQ�&DSSHOOHQ�3���������5HDFWLYH�LURQ�,,,��LQ�VHGLPHQWV��FKHPLFDO����

YHUVXV�PLFURELDO�H[WUDFWLRQV��*HRFKLP��&RVPRFKLP��$FWD���� ����±��������

���

.DWVHY�6��&KDLOORX�*��6XQGE\�%��0XFFL�$���������(IIHFWV�RI�SURJUHVVLYH�R[\JHQ�GHSOHWLRQ�RQ����

VHGLPHQW�GLDJHQHVLV�DQG�IOX[HV��D�PRGHO�IRU�WKH�ORZHU�6W��/DZUHQFH�5LYHU�(VWXDU\��/LPQRO�����

2FHDQRJU�������������������

���

.RVWND�-��/XWKHU�*:���������3DUWLWLRQLQJ�DQG�VSHFLDWLRQ�RI�VROLG�SKDVH�LURQ�LQ�VDOW�PDUVK����

VHGLPHQWV��*HRFKLP��&RVPRFKLP��$FWD��������±��������

���

/LQ�+��6]HLQEDXP�1+��'L&KULVWLQD�7-��7DLOOHIHUW�0���������0LFURELDO�0Q�,9��UHGXFWLRQ�UHTXLUHV����

DQ�LQLWLDO�RQH�HOHFWURQ�UHGXFWLYH�VROXELOL]DWLRQ�VWHS��*HRFKLP��&RVPRFKLP��$FWD����� �����������

���

/HDUPDQ '5��9RHONHU�%0��9D]TXH]�5RGULJXHƐ� +DQVHO�&0������D���)RUPDWLRQ�RI�PDQJDQHVH����

R[LGHV�E\�EDFWHULDOO\�JHQHUDWHG�VXSHUR[LGH��1DWXUH��*HRVFLHQFH��������± ������

���

/HIRUW�6��0XFFL�$� 6XQGE\�%���������6HGLPHQW�UHVSRQVH�WR����\HDUV�RI�SHUVLVWHQW�K\SR[LD�����

$TXDW��*HRFKHP�����������������

���

/HIRUW�6��������0XOWLGLVFLSOLQDU\�VWXG\�RI�K\SR[LD�LQ�WKH�GHHS�ZDWHU�RI�WKH�(VWXDU\�DQG�*XOI�RI����

6W��/DZUHQFH��,V�WKLV�HFRV\VWHP�RQ�ERUURZHG�WLPH"�3K�'��WKHVLV������SS���0F*LOO�8QLYHUVLW\����

���

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���



��

/HYHQWKDO�-��7D\ORU�&���������&RPSDULVRQ�RI�PHWKRGV�WR�GHWHUPLQH�GHJUHH�RI�S\ULWL]DWLRQ�����

*HRFKLP��&RVPRFKLP��$FWD���������±��������

���

/RFDW�-��/HYHVTXH & ��������/H�)MRUG�GX�6DJXHQD\��8QH�SK\VLRJUDSKLH�HW�XQ�UHJLVWUH����

H[FHSWLRQQHO��5HYXH�GHV�6FLHQFHV�GH�O¶(DX�����������������

���

/XWKHU�*:��.RVWND�-(��&KXUFK�70��6XO]EHUJHU�%��6WXPP�:���������6HDVRQDO�LURQ�F\FOLQJ�LQ����

WKH�VDOW�PDUVK�VHGLPHQWDU\�HQYLURQPHQW��7KH�LPSRUWDQFH�RI�OLJDQG�FRPSOH[HV�ZLWK�)H�,,��DQG����

)H�,,,��LQ�WKH�GLVVROXWLRQ�RI�)H�,,,��PLQHUDOV�DQG�S\ULWH��UHVSHFWLYHO\��0DU��&KHP��������±�������

���

/XWKHU�*:��6XQGE\�%��/HZLV�%/��%UHQGHO�3-��6LOYHUEHUJ�1���������,QWHUDFWLRQV�RI�PDQJDQHVH����

ZLWK�WKH�QLWURJHQ�F\FOH��$OWHUQDWLYH�SDWKZD\V�WR�GLQLWURJHQ��*HRFKLP��&RVPRFKLP��$FWD��������

����±���������

���

/XWKHU�*:��������7KH�UROH�RI�RQHǦ �DQG�WZRǦ HOHFWURQ�WUDQVIHU�UHDFWLRQV�LQ�IRUPLQJ����

WKHUPRG\QDPLFDOO\�XQVWDEOH�LQWHUPHGLDWHV�DV�EDUULHUV�LQ�PXOWLǦ HOHFWURQ�UHGR[�UHDFWLRQV��$TXDW�����

*HRFKHP���������±�������

���

/XWKHU�*:�,,,��0DGLVRQ�$6��0XFFL�$��6XQGE\�%��2OGKDP�9(���������$�NLQHWLF�DSSURDFK�WR����

DVVHVV�WKH�VWUHQJWKV�RI�OLJDQGV�ERXQG�WR�VROXEOH�0Q�,,,���0DU��&KHP����������������

���

/XWKHU�*:��*OD]HU�%7��0D�6��7URXZERUVW�5(��0RRUH�76��0HW]JHU�(��.UDL\D�&��:DLWH�7-�����

'UXVFKHO�*��6XQGE\�%��7DLOOHIHUW����1X]]LR�'%��6KDQN�70��/HZLV�%/��%UHQGHO�3-��������8VH�RI����

YROWDPPHWULF�VROLG�VWDWH��PLFUR�HOHFWURGHV�IRU�VWXG\LQJ�ELRJHRFKHPLFDO�SURFHVVHV��/DERUDWRU\����

PHDVXUHPHQWV�WR�UHDO�WLPH�PHDVXUHPHQWV�ZLWK�DQ�LQ�VLWX�HOHFWURFKHPLFDO�DQDO\]HU��,6($���0DU�����

&KHP������������������

���

/XWKHU�*:��7KLEDXOW�GH�&KDQYDORQ�$��2OGKDP�9(��(VWHV�(��7HER�%0��0DGLVRQ�$��LQ�SUHVV������

5HGXFWLRQ�RI�PDQJDQHVH�R[LGHV��WKHUPRG\QDPLF��NLQHWLF�DQG�PHFKDQLVWLF�FRQVLGHUDWLRQV�IRU�RQH����

YHUVXV�WZR�HOHFWURQ�WUDQVIHU�VWHSV��$TXDW��*HRFKHP�����������������

���
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��

0DGLVRQ�$6��7HER�%0��/XWKHU�*:��������6LPXOWDQHRXV�GHWHUPLQDWLRQ�RI�VROXEOH����

PDQJDQHVH�,,,���PDQJDQHVH�,,��DQG�WRWDO�PDQJDQHVH�LQ�QDWXUDO��SRUH�ZDWHUV��7DODQWD�������������

�������

���

0DGLVRQ�$6��7HER�%0��0XFFL�$��6XQGE\�%��DQG�/XWKHU�,,,�*:���������$EXQGDQW�SRUHZDWHU����

0Q�,,,��LV�D�PDMRU�FRPSRQHQW�RI�WKH�VHGLPHQWDU\�UHGR[�V\VWHP��6FLHQFH�����������������

���

0XFFL�$��������7KH�EHKDYLRU�RI�PL[HG�&D�0Q�FDUERQDWHV�LQ�ZDWHU�DQG�VHDZDWHU��&RQWUROV�RI����

PDQJDQHVH�FRQFHQWUDWLRQV�LQ�PDULQH�SRUHZDWHUV��$TXDW��*HRFKHP����������������

���

0XFFL�$��%RXGUHDX�%��*XLJQDUG�&���������'LDJHQHWLF�PRELOLW\�RI�WUDFH�HOHPHQWV�LQ�VHGLPHQWV����

FRYHUHG�E\�D�IODVK�IORRG�GHSRVLW��0Q��)H�DQG�$V��$SSOLHG�*HRFKHP�������������������

���

0XFFL�$��5LFKDUG�/�)��/XFRWWH�0� *XLJQDUG�&���������7KH�GLIIHUHQWLDO�JHRFKHPLFDO�EHKDYLRU�RI����

DUVHQLF�DQG�SKRVSKRUXV�LQ�WKH�ZDWHU�FROXPQ�DQG�VHGLPHQWV�RI�WKH�6DJXHQD\�)MRUG�(VWXDU\�����

&DQDGD���$TXDW��*HRFKHP���� �����������

���

2OGKDP�9(��2ZLQJV�60��-RQHV�0��7HER�%0��/XWKHU�*:���������(YLGHQFH�IRU�WKH�SUHVHQFH�RI����

VWURQJ�0Q�,,,��ELQGLQJ�OLJDQGV�LQ�WKH�ZDWHU�FROXPQ�RI�WKH�&KHVDSHDNH�%D\��0DU��&KHP�������������

������

���

2OGKDP�9(��0XFFL�$��7HER�%0��/XWKHU�*:������D���6ROXEOH�0Q�,,,��/�FRPSOH[HV�DUH����

DEXQGDQW�LQ�R[\JHQDWHG�ZDWHUV�DQG�VWDELOL]HG�E\�KXPLF�OLJDQGV��*HRFKLP��&RVPRFKLP��$FWD�����

����������������

���

2OGKDP�9(��0LOOHU�07��-HQVHQ�/7��/XWKHU�*:������E���5HYLVLWLQJ�0Q�DQG�)H�UHPRYDO�LQ����

KXPLF�ULFK�HVWXDULHV��*HRFKLP��&RVPRFKLP��$FWD������������������

���

2OGKDP�9(��7HER�%0��-RQHV�05� /XWKHU�*:������F���2[LGDWLYH�DQG�UHGXFWLYH�SURFHVVHV����

FRQWULEXWLQJ�WR�PDQJDQHVH�F\FOLQJ�DW�R[LF�DQR[LF�LQWHUIDFHV��0DU��&KHP������ ������������
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3DUNHU '���6SRVLWR�*��7HER�%0���������0DQJDQHVH�,,,��%LQGLQJ�WR�D�3\RYHUGLQH�6LGHURSKRUH����

3URGXFHG�E\�D�PDQJDQHVH�,,��2[LGL]LQJ�%DFWHULXP��*HRFKLP��&RVPRFKLP��$FWD����������±������

���

3DUNHU�'/��0RULWD 7��0R]DIDU]DGHK 0/��9HULW\ 5��0F&DUWK\�-.��7HER�%0���������,QWHU����

UHODWLRQVKLSV�RI�0Q2� SUHFLSLWDWLRQ��VLGHURSKRUH�0Q�,,,��FRPSOH[�IRUPDWLRQ��VLGHURSKRUH����

GHJUDGDWLRQ��DQG�LURQ�OLPLWDWLRQ�LQ�0Q�,,��R[LGL]LQJ�EDFWHULDO�FXOWXUHV��*HRFKLP� &RVPRFKLP����

$FWD�����������������

���

5DLVZHOO�5��&DQILHOG�'(� %HUQHU�5$���������$�FRPSDULVRQ�RI�LURQ�H[WUDFWLRQ�PHWKRGV�IRU�WKH����

GHWHUPLQDWLRQ�RI�GHJUHH�RI�S\ULWLVDWLRQ�DQG�WKH�UHFRJQLWLRQ�RI�LURQ�OLPLWHG�S\ULWH�IRUPDWLRQ�����

&KHP��*HRO������ ���±�������

���

5HHEXUJK�:6���������$Q�LPSURYHG�LQWHUVWLWLDO�ZDWHU�VDPSOHU��/LPQRO��2FHDQRJU���������±�������

���

6FKDIHU�&7��6PLWK�-1��&{Wp�5���������7KH�6DJXHQD\�)MRUG��$�PDMRU�WULEXWDU\�WR�WKH�6W�����

/DZUHQFH�(VWXDU\���,Q��2FHDQRJUDSK\�RI�D�/DUJH�6FDOH�(VWXDULQH�6\VWHP��7KH�6W��/DZUHQFH��0�,����

(O�6DEK�DQG�1��6LOYHUEHUJ�HGV���YRO������1HZ�<RUN��6SULQJHU�9HUODJ�������������

���

6FKXO]�+' ������ ³4XDQWLILFDWLRQ�RI�HDUO\�GLDJHQHVLV��GLVVROYHG�FRQVWLWXHQWV�LQ�PDULQH����

SRUHZDWHUV´�LQ�0DULQH�*HRFKHPLVWU\��+�'��6KXO]��0��=DEHO��(GV���6SULQJHU����

���

6LOYHUEHUJ�1��%DNNHU�-��(GHQERUQ�+0� 6XQGE\�%���������2[\JHQ�SURILOHV�DQG�RUJDQLF�FDUERQ����

IOX[HV�LQ�/DXUHQWLDQ�7URXJK�VHGLPHQWV��1HWKHUODQGV�-RXUQDO�RI�6HD�5HVHDUFK����������������

���

6PLWK�-1� 6FKDIHU�&7���������6HGLPHQWDWLRQ��ELRWXUEDWLRQ��DQG�+J�XSWDNH�LQ�WKH�VHGLPHQWV�RI����

WKH�HVWXDU\�DQG�*XOI�RI�6W��/DZUHQFH��/LPQRO��2FHDQRJU�����������������

���

6PLWK�-1��:DOWRQ�$���������6HGLPHQW�DFFXPXODWLRQ�UDWHV�DQG�JHRFKURQRORJLHV PHDVXUHG�LQ�WKH����

6DJXHQD\�)MRUG�XVLQJ�WKH�3E�����GDWLQJ�PHWKRG��*HRFKLP��&RVPRFKLP��$FWD���� ���±��������
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��

6WDFH\�0:��*UDWWRQ�<���������7KH�HQHUJHWLFV�DQG�WLGDOO\�LQGXFHG�UHYHUVH�UHQHZDO�LQ�D�WZR�VLOOHG����

IMRUG��-��3K\V��2FHDQRJU�������������������

���

6WRRNH\�//���������)HUUR]LQH��$�QHZ�VSHFWURSKRWRPHWULF�UHDJHQW�IRU�LURQ��$QDO��&KHP�������������

�������

���

6WRQH�$7� 0RUJDQ�--���������5HGXFWLRQ�DQG�GLVVROXWLRQ�RI�PDQJDQHVH�,,,��DQG�PDQJDQHVH�,9�����

R[LGHV�E\�RUJDQLFV�����6XUYH\�RI�WKH�UHDFWLYLW\�RI�RUJDQLFV��(QYLURQ��6FL��7HFK����� �����������

���

6XQGE\�%��������0DQJDQHVH�ULFK�SDUWLFXODWH�PDWWHU�LQ�D�FRDVWDO�PDULQH�HQYLURQPHQW��1DWXUH����

����������������

���

6XQGE\�%��6LOYHUEHUJ 1� &KHVVHOHW�5��������3DWKZD\V�RI�PDQJDQHVH�LQ�DQ�RSHQ�HVWXDULQH����

V\VWHP��*HRFKLP��&RVPRFKLP��$FWD ���������������

���

7DLOOHIHUW�0��%RQR�$%��/XWKHU�*:���������5HDFWLYLW\�RI�IUHVKO\�IRUPHG�)H�,,,��LQ�V\QWKHWLF����

VROXWLRQV�DQG��SRUH�ZDWHUV��9ROWDPPHWULF�HYLGHQFH�RI�DQ�DJLQJ�SURFHVV��(QYLURQ��6FL��7HFKQRO�����

��������±��������

���

7DLOOHIHUW�0��5R]DQ�7)��*OD]HU�%7��+HUV]DJH�-��7URXZERUVW�5(��/XWKHU�*:���������6HDVRQDO����

YDULDWLRQV�RI�VROXEOH�RUJDQLF�)H�,,,��LQ�VHGLPHQW�SRUHZDWHUV�DV�UHYHDOHG�E\�YROWDPPHWULF����

PLFURHOHFWURGHV��S�����±�����,Q�0��7DLOOHIHUW�DQG�7��)��5R]DQ�>HGV�@��(QYLURQPHQWDO����

(OHFWURFKHPLVWU\��$QDO\VHV�RI�WUDFH�HOHPHQW�ELRJHRFKHPLVWU\����

���

7HER�%0��*KLRUVH�:&��YDQ:DDVEHUJHQ�/*� 6LHULQJ�3,��&DVSL�5���������5HYLHZ�LQ�0LQHUDORJ\�����

7KH�0LQHUDORJLFDO�6RFLHW\�RI�$PHULFD����������± �������

���

7HER�%0��-RKQVRQ�+$��0F&DUWK\�-.��7HPSOHWR��$6���������*HRPLFURELRORJ\�RI�PDQJDQHVH�,,�����

R[LGDWLRQ��7UHQGV�LQ�0LFURELRO����������± �������
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��

7KLERGHDX�%��GH�9HUQDO�$� 0XFFL�$���������5HFHQW�HXWURSKLFDWLRQ�DQG�FRQVHTXHQW�K\SR[LD�LQ����

WKH�ERWWRP�ZDWHUV�RI�WKH�/RZHU�6W��/DZUHQFH�(VWXDU\��0LFURSDOHRQWRORJLFDO�DQG�JHRFKHPLFDO����

HYLGHQFH��0DU��*HRO����������������

���

7UHPEOD\�/��*DJQp��-�3��������'LVWULEXWLRQ�DQG�ELRJHRFKHPLVWU\�RI�VHGLPHQWDU\�KXPLF����

VXEVWDQFHV�LQ�WKH�6W��/DZUHQFH�(VWXDU\�DQG�WKH�6DJXHQD\�)MRUG��4XpEHF��2UJDQLF�*HRFKHPLVWU\�����

���������������

���

7URXZERUVW�5�(��&OHPHQW�%���7HER�%0��*OD]HU�%7��/XWKHU�,,,�*:���������6ROXEOH�0Q�,,,��LQ����

VXER[LF�]RQHV��6FLHQFH�������������������

���

9DQ�&DSSHOOHQ�3��:DQJ�<��������&\FOLQJ�RI�LURQ�DQG�PDQJDQHVH�LQ�VXUIDFH�VHGLPHQWV��D�JHQHUDO����

WKHRU\�IRU�WKH�FRXSOHG�WUDQVSRUW�DQG�UHDFWLRQ�RI�FDUERQ��R[\JHQ��QLWURJHQ��VXOIXU��LURQ�DQG����

PDQJDQHVH��$P��-��6FL������ ���±�������

���

YDQ�GHQ�%HUJ�&0* �������(YLGHQFH�IRU�RUJDQLF�FRPSOH[DWLRQ�RI�LURQ�LQ�VHDZDWHU��0DU��&KHP�����

��� �����������

���

:HEE�60���'LFN�*-��%DUJDU�-5��7HER %0��������(YLGHQFH�IRU�WKH�SUHVHQFH�RI�0Q�,,,�����

LQHUPHGLDWHV�LQ�WKH�EDFWHULDO�R[LGDWLRQ RI�0Q�,,����3��1DWO��$FDG��6FL��86$������ �������������

���

<DNXVKHY�(9��3ROOHKQH )��-RVW�*� .X]QHWVRY�,� 6FKQHLGHU %� 8PODXI / ��������$QDO\VLV�RI�WKH����

ZDWHU�FROXPQ�R[LF�DQR[LF�LQWHUIDFH�LQ�WKH�%ODFN�DQG�%DOWLF�VHDV�ZLWK�D�QXPHULFDO�PRGHO��0DU�����

&KHP�������������������

���

<DNXVKHY (��3DNKRPRYD�6��6¡UHQVRQ�.��6NHL�-���������,PSRUWDQFH�RI�WKH�GLIIHUHQW�PDQJDQHVH����

VSHFLHV�LQ�WKH�IRUPDWLRQ�RI�ZDWHU�FROXPQ�UHGR[�]RQHV��2EVHUYDWLRQV�DQG�PRGHOLQJ��0DU��&KHP�����

���������������
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)LJXUHV����

���

)LJ����0DS�RI�WKH�VWXG\�VLWHV�LQ�WKH�6W��/DZUHQFH�(VWXDU\ ZLWK�DQ�LQVHW�RI�WKH�6DJXHQD\�)MRUG����

VLWH����
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��

)LJ��� 6HGLPHQW�SRUHZDWHU�SURILOHV IRU�6WDWLRQ�����WRS���6WDWLRQ�����PLGGOH��DQG�6$*�������

�ERWWRP���3DQHOV�$��OHIW��VKRZ G2� DQG�VROLG�0Q2[��0Q��DVF��DQG�)H�DVF���7KH�³%´�SDQHOV�VKRZ����

GLVVROYHG�0Q�VSHFLDWLRQ�E\�WKH�SRUSK\ULQ�PHWKRG�DQG�G0Q7 E\�$$6��7KH�³&´�SDQHOV�VKRZ�G)H7���

VSHFLDWLRQ�E\�$$6��WRWDO��DQG�IHUUR]LQH�PHWKRG��)H�,,����3RLQWV DERYH�]HUR�FP�GHSWK�LQGLFDWH����

GDWD�FROOHFWHG�LPPHGLDWHO\�DERYH�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH����

���

'
HS
WK
��
FP

�

�

�

��

��

��

>�0HWDO�@�� PRO�J�
� ��� ��� ��� ���

>�G0Q�@�� �
� �� ��� ��� ���

>�G)H�@�� �
� �� ��� ��� ���

'
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��
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��

>�G2��@�� �
� �� ��� ��� ���

'
HS
WK
��
P
�
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��

G2�

0Q�DVF��
)H�DVF���

��0Q�,,,��/
� �� �� �� �� ������

G0Q7�
G0Q7��$$6�
G0Q�,,�
��0Q�,,,��/

��)H�,,,��/
� �� �� �� �� ���

G)H7��$$6�

G)H�,,�
��)H�,,,��/

6WQ��

6WQ��

� � �
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)LJXUH�� 7KH�ORVV�RI�0Q�IURP�WKH�VHGLPHQWV�WR�WKH�RYHUO\LQJ�ZDWHU�FROXPQ�IURP�VWDWLRQV�LQ�WKH����

6W��/DZUHQFH�(VWXDU\�ZLWK�YDU\LQJ�ERWWRP�ZDWHU�R[\JHQ�FRQFHQWUDWLRQV��'DWD�DUH IURP�WKLV����

VWXG\� /HIRUW�HW�DO��������DQG�6LOYHUEHUJ�HW�DO�����������

���

���

7DEOH�� 6HGLPHQW�SRUHZDWHU�0Q�VSHFLDWLRQ��LQ��0���FRQGLWLRQDO�VWDELOLW\�FRQVWDQWV��ORJ�.FRQG�����

IRU�0Q�,,,��/ZHDN FRPSOH[HV��GLVVROYHG�)H�VSHFLDWLRQ��LQ��0��)H�,,��E\�)HUUR]LQH�DVVD\�DQG����

)H�7��E\�IODPH�$$6���DQG�G2� �LQ��0��E\�KLJK�UHVROXWLRQ�PLFUR�HOHFWURGH�PHDVXUHPHQWV��G0Q7���

UHSUHVHQWV�WKH�VXP�RI�0Q�,,���0Q�,,,��/ZHDN DQG�0Q�,,,��/VWURQJ��$QDO\VHV�IRU�0Q�,,��DQG�0Q�,,,�����

/ZHDN ZHUH�SHUIRUPHG�ZLWKRXW�D�UHGXFWDQW�DGGHG��DQG�WKHLU�VSHFLDWLRQ�ZDV�GHWHUPLQHG�NLQHWLFDOO\�����

0Q�,,,��/VWURQJ LV�FDOFXODWHG�IURP�WKH�GLIIHUHQFH EHWZHHQ�WKH�DQDO\VHV�RI�D�VDPSOH�SULRU�WR����

�0Q�,,��0Q�,,,��/ZHDN��DQG�DIWHU�D�UHGXFWDQW�ZDV�DGGHG��6ROLG�SKDVHV�RI�0Q�DQG�)H�DUH�JLYHQ�LQ����

�PRO J����%ODQN�VSDFHV�GHVLJQDWH�VDPSOHV�ZKHUH�QR�DQDO\VLV�ZDV�PDGH��DQG�³1'´�LQGLFDWHV����

VDPSOHV�ZKHUH�DQDO\WH�FRQFHQWUDWLRQ�ZDV�EHORZ�WKH�GHWHFWLRQ�OLPLW��)RU�HDFK�VWDWLRQ��D�GRWWHG����

OLQH�GHVLJQDWHV�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH �6:,���ZLWK�GDWD�DERYH�WKH�OLQH�UHSUHVHQWLQJ�VROXWH����

FRQFHQWUDWLRQ�LPPHGLDWHO\��a�����FP� DERYH�WKH�6:,����
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6WDWLRQ 'HSWK��FP� G2��� G0Q7 G0Q7
�$$6�

0Q�,,� 0Q�,,,��/ZHDN ORJ.FRQG

��
0Q�,,,��
/ ZHDN

0Q�,,,��
/VWURQJ

��
0Q�,,,��
/ VWURQJ

0Q�DVF� )H�,,� G)H7�
�$$6�

)H�DVF�

�� ������������� ��� � � ��� ��� ��� ��� 1' ��� 1' ���
��� ��� � �

������� �� � � ��� � ��� ��� ��� � ��� 1' ��� 1' ��� ����� 1' 1' ��
������� �� � � ��� � ��� ��� ��� � ��� 1' ��� 1' ��� ����� 1' 1' ��
������� 1' ��� � ��� ��� ��� � ��� ��� � ��� ����� ���� 1' ��� ����� 1' 1' ��
������� 1' ���� � ��� ���� 1' ���� � ��� ����� ����� 1' ��� ���� 1' ��� ��
������� 1' ���� � ��� ���� 1' ���� � ��� ����� ����� 1' ��� ���� 1' ��� ��
������� 1' ���� � ��� ���� 1' ���� � ��� ����� ����� 1' ��� ���� 1' ��� ��
������� 1' ���� � ��� ���� 1' ���� � ��� ����� ����� 1' ��� ���� 1' ��� ��
������� 1' ���� � ��� ���� 1' ���� � ��� ����� ����� 1' ��� ���� 1' ��� ��
�������� 1' ���� � ��� ���� ���� � ��� 1' ��� 1' ��� ���� 1' ���� ��
��������� 1' ���� � ��� ���� ���� � ��� 1' ��� 1' ��� ���� ��� � ��� ���� ��
��������� 1' ���� � ��� ���� ���� � ��� 1' ��� 1' ��� ���� 1' ��� ��
��������� 1' ���� � ��� ���� ��� � ��� ���� � ��� ����� ���� 1' ��� ���� 1' ��� ��
��������� 1' ���� ���� ��� � ��� ���� � ��� ����� ���� 1' ��� ���� 1' ��� ��

�� ������������� �� � � ��� ��� ��� ��� 1' � 1' ���
��� �� � �

������� 1' ����� � ��� ���� ���� � ���� ���� � ��� ����� ���� 1' ��� ���� 1' 1' ���
������� 1' ����� � ��� ����� ���� � ��� ����� � ���� ����� ���� 1' ��� ���� 1' 1' ���
������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� 1' ��� ���� 1' 1' ���
������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ���
������� 1' ����� � ��� ����� ���� � ��� ���� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ���
������� 1' ����� � ��� ���� ���� � ��� ���� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ��
������� 1' ����� � ��� ����� ���� � ��� ���� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ��
������� 1' ����� � ���� ����� ����� � ���� ���� � ��� ����� ���� 1' ��� ���� ���� � ��� ����� ��
�������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ��
��������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ��
��������� 1' ����� � ��� ����� ���� � ���� ����� � ���� ����� ���� 1' ��� ���� ���� � ��� ���� ��
��������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ��
��������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� 1' ��� ���� ���� � ��� ���� ��

6$*�� ������������� ��� � � ��� ��� ��� ��� 1' ��� 1' ���
��� ��� � ��

������� �� � � ���� � ��� ���� ��� � ��� ���� � ��� ����� ���� ��� ��� ���� 1' 1' ���
������� �� � � ����� � ��� ����� ��� � ��� ����� � ��� ����� ���� ��� ��� ���� ���� � ��� ���� ���
������� 1' ���� � ��� ���� ��� � ��� ���� � ��� ����� ���� ��� ��� ���� ���� � ��� ���� ���
������� 1' ����� � ���� ����� ���� � ��� ����� � ��� ����� ���� ��� ��� ���� ���� � ��� ���� ���
������� 1' ����� � ���� ���� ��� � ��� ����� � ��� ����� ���� ���� ��� ���� ���� � ��� ����� ���
������� 1' ����� � ��� ����� ��� � ��� ����� � ��� ����� ���� ��� ��� ���� ���� � ��� ����� ���
������� 1' ����� � ���� ���� ���� � ��� ����� � ��� ����� ���� ��� ��� ���� ���� � ��� ����� ���
������� 1' ����� � ��� ���� ���� � ��� ����� � ��� ����� ���� ��� ��� ���� ���� � ��� ����� ���
�������� 1' ����� � ��� ����� ���� � ��� ����� � ��� ����� ���� ��� ��� ���� ���� � ��� ����� ���
��������� 1' ����� � ���� ���� ��� � ��� ���� � ��� ����� ���� ���� ���� ���� ���� � ��� ����� ���
��������� 1' ���� � ��� ���� ���� � ��� 1' ��� ��� ��� ���� ���� � ��� ����� ���
��������� 1' ���� � ��� ���� ���� � ��� 1' ��� ���� ���� ���� ���� � ��� ����� ���
��������� 1' ���� � ��� ���� ���� � ��� 1' ��� ��� ���� ���� ���� � ��� ����� ������
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7DEOH�� ± )OX[HV RI�0Q�DQG�)H�WR�DQG�IURP�WKH�VHGLPHQWV�DW�6$*�����VHDZDUG�RI�WKH�&DERW����

6WUDLW��&6��DQG�(&/ �(QWUDQFH�RI�WKH�/DXUHQWLDQ�&KDQQHO�� &DOFXODWLRQV�IURP�WKLV�VWXG\�ZHUH����

FRPSDUHG�WR�GDWD�FRPSLOHG�IURP�0XFFL��������XQSXEOLVKHG���/HIRUW���������&KHQ�HW�DO������������
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DQG�6LOYHUEHUJ�HW�DO����������,Q�WKLV�WDEOH��65� �VHGLPHQWDWLRQ�UDWH��0$5� �PDVV�DFFXPXODWLRQ����

UDWH��2&� �RUJDQLF�FDUERQ��2&�$5� �RUJDQLF�FDUERQ DFFXPXODWLRQ�UDWH��9DOXHV�LQ�EROG�DUH�IURP����

WKLV�VWXG\����

���

���� ���� ���� ���� ���� /HIRUW������� 6	6�������

65 0$5
2&�

FRQWHQW
2&�$5 %:�2�

0Q�$VF��
DFFXPXODWLRQ�UDWH

0Q�$VF��EXULDO 0Q�ORVV�WR�2/: 0Q�ORVV�WR�2/:
)H�$VF��

DFFXPXODWLRQ

FP�\U
J�FP��\U �ZW�� J�&�P��\U

��0� ��PRO�FP���\U���� ��PRO�FP���\U���� ��PRO�FP���\U���� ��PRO�FP���\U���� �PPRO�FP���\U

,�0Q�DVF������65 ,�)H�DVF������65

6$*��� ���� ���� ��� ���� ��� ���� ���� ����
�� ��� ���� ��� ���� �� ���� ���� ��� ����
�� ��� ���� ��� ���� �� ���� ���� ����
�� ���� ����� ��� ��� �� ���� ���� ��� ��� ����
�� ��� ��� ��� ���� ��� ���� ���� ����
�� ���� ����� ���� �� ��� ����� ����� ����
�� ����� ����� ��� ���� ��� ����� ����� � ����
��&6 ����� ������ ��� ���� ��� ����� ����� � �����
(&/ ����� ����� ���� ���� ��� ������ ������ � �����

6LWH�
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