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5HFHLYHG�1RYHPEHU���������
6SHFWUDO�� IOXRUHVFHQFH� DQG� ODVLQJ� FKDUDFWHULVWLFV� RI� VHYHUDO� ODVHU�G\HV� IRU� IDU� UHG� DQG

QHDU�,5�ZDYHOHQJWK�UDQJH�KDYH�EHHQ�PHDVXUHG�DQG�FRQVLGHUHG��7KH�ODVHU�SHUIRUPDQFHV�RI
WKH�G\HV�KDYH�EHHQ�REWDLQHG�XQGHU�PRQRFKURPDWLF�H[FLWDWLRQ�QHDU�PD[LPD�RI�WKHLU�DEVRUS�
WLRQ� VSHFWUD�� 7KH� VWLPXODWHG� HPLVVLRQ� RI� WKH� G\HV� KDV� EHHQ� WXQHG� FRQWLQXRXVO\� ZLWKLQ
���Ü����QP�UHJLRQ��7KH�FKDUDFWHULVWLFV�REWDLQHG�PDNH�LW�SRVVLEOH�WR�XVH�WKH�G\HV�SXUSRVH�
IXOO\�ERWK�DV�DFWLYH�ODVHU�PHGLD�DQG�DV�IOXRUHVFHQW�ODEHOV�DQG�SUREHV�
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7XQDEOH� ODVHUV� RI� IDU� UHG� DQG� QHDU� ,5
VSHFWUDO� UDQJH� ����� WR�����QP��DQG�IOXRUR�
SKRUV� IRU� WKH� VDPH� ZDYHOHQJWK� UHJLRQ� DUH
XVHG� LQ� VSHFWUDO� VWXGLHV� RI� ELRORJLFDO� DQG
PHGLFDO� REMHFWV� DQG� RI� QRYHO� PDWHULDO� IRU
SKRWRQLFV��)RU�H[DPSOH��D�GXH�IOXRUHVFHQVLQJ
LQ�WKLV�VSHFWUDO�UHJLRQ�SURYLGHV�WKH�GLDJQRVWLFV
RI� DP\ORLG� GHSRVLWLRQ� LQ� EUDLQ� EORRG� YHVVHOV
WKDW� LV�D�SUHFXUVRU�RI�WKH�$O]KHLPHU�GLVHDVH�>�@�
7KH� XVH� RI� VXFK� G\HV� LV� HVSHFLDOO\� LPSRUWDQW� LQ
GHWDLOHG� HOXFLGDWLRQ� RI� ELRORJLFDO� DFWLYLW\� DW� WKH
PROHFXODU�OHYHO�EHFDXVH�WKRVH�G\HV�FDQ�EH�H[FLWHG
E\�VHPLFRQGXFWRU�ODVHUV�>�@�

%HIRUH� >�@��D� VHULHV�RI� ODVHU�G\HV�IRU�WKH
DERYH�PHQWLRQHG�JHQHUDWLRQ�UHJLRQ�KDV�EHHQ
UHSRUWHG��7KH�G\HV�KDYH�EHHQ�V\QWKHVL]HG�DW
WKH�&KDLU�IRU�ILQH�RUJDQLF�V\QWKHVLV�DQG�G\H
FKHPLVWU\�� '�0HQGHOH\HY� 0RVFRZ� ,QVWLWXWH
IRU�&KHPLFDO�7HFKQRORJ\��QRZ�5XVVLDQ�8QL�
YHUVLW\�IRU�&KHPLFDO�7HFKQRORJ\��>�@��7R�GH�
VLJQ� WKH� WXQDEOH� ODVHUV�EDVHG�RQ� WKRVH�G\HV
DQG� WR� XVH� WKHP� DV� IOXRUHVFHQW� ODEHOV� RU
SUREHV��LW�LV�QHFHVVDU\�WR�NQRZ�WKHLU�DEVRUS�
WLRQ� DQG� IOXRUHVFHQFH� FKDUDFWHULVWLFV� WKDW

KDYH�EHHQ�QRW�UHSRUWHG�LQ�>�@��,Q�WKLV�ZRUN�
SUHVHQWHG� DUH� WKH� PDLQ� VSHFWUDO� FKDUDF�
WHULVWLFV� RI� WKRVH� G\HV�� LQFOXGLQJ� WKRVH� RI
ODVLQJ� XQGHU� PRQRFKURPDWLF� H[FLWDWLRQ�� LQ
VROYHQWV�UHFRPPHQGHG�LQ�>�@�

7KH�DEVRUSWLRQ�DQG�IOXRUHVFHQFH�VSHFWUD�RI
WKH� G\H� VROXWLRQV� LQ� PHWKDQRO� �0H2+�� DQG
DFHWRQLWULOH��$F1��ZHUH�UHFRUGHG�XVLQJ�VWDQG�
DUG� SURFHGXUHV� E\�+LWDFKL�8������ DQG�+LWD�
FKL�)������LQVWUXPHQWV��:KHQ�PHDVXULQJ�WKH
IOXRUHVFHQFH� VSHFWUD� DQG� WKH� IOXRUHVFHQFH
TXDQWXP�\LHOGV�TI��GLOXWHG�G\H�VROXWLRQV�ZHUH
XVHG�KDYLQJ�WKH�DEVRUSWLRQ�FRHIILFLHQW�DW�WKH
H[FLWDWLRQ� ZDYHOHQJWK� N�OH[�� GLG� QRW� H[FHHG�����FPÜ��� 7R� LPSURYH� WKH� TI� PHDVXUHPHQW
DFFXUDF\�XVLQJ� WKH� HTXDO� DEVRUSWLRQ�PHWKRG�
WKH� N�OH[�� YDOXHV� ZHUH� PHDVXUHG� LQ� D� �� FPRSWLFDO� OHQJWK� FHOO� XVLQJ� D� 968��3� VSHFWUR�
SKRWRPHWHU�� :KHQ� PHDVXULQJ� TI�� WKH� /'��
G\H�DOFRKROLF�VROXWLRQ�ZDV�XVHG�DV�D�UHIHUHQFH
>�@��,WV�IOXRUHVFHQFH�TXDQWXP�\LHOG�TI� ���DQG
DEVRUSWLRQ� DQG� IOXRUHVFHQFH� VSHFWUD� GR� QRW
GLIIHU�VLJQLILFDQWO\�IURP�WKRVH�RI�FRPSRXQGV
XQGHU�VWXG\�
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7KH� JHQHUDWLRQ� FKDUDFWHULVWLFV� RI� WKH
G\HV� XQGHU� ODVHU� H[FLWDWLRQ� ZHUH� PHDVXUHG
XVLQJ�D�VHWXS�VKRZQ�VFKHPDWLFDOO\�LQ�)LJ����
7KH�G\H�VROXWLRQV�ZHUH�SRXUHG�LQWR�D�F\OLQ�
GULFDO� TXDUW]� FHOO� ���� PP� LQ� GLD�� DQG
��� PP� ORQJ�� RI� WKH� H[WHQGLQJ� ODVHU�� LWV
UHVRQDWRU�EHLQJ�IRUPHG�E\�D�ZLGH�EDQG�PLU�
URU� ZLWK� WKH� UHIOHFWLRQ� FRHIILFLHQW� LQ� WKH
JHQHUDWLRQ�UHJLRQ�5t�����DQG�D�SODQH�SDU�
DOOHO�SODWH�PDGH�RI�.��JODVV��7KH�G\H�VROX�
WLRQV� ZHUH� H[FLWHG� QHDU� WKH� PD[LPXP� RI
WKHLU�DEVRUSWLRQ�EDQG�DFFRUGLQJ�WR�WUDQVYHU�
VDO� VFKHPH� XVLQJ� DQ� DGGLWLRQDO� G\H� ODVHU
ZLWK� ODPS�SXPSLQJ� >�@��7KH�SXPSLQJ� ODVHU
JHQHUDWHG� OLJKW� SXOVHV� RI� DERXW� �� PV� GXUD�
WLRQ��DW�����OHYHO��DW�XS�WR�����-�HQHUJ\�DW
WKH� IROORZLQJ� ZDYHOHQJWKV�� ���r��� QP� RQ
LPLQRFRXPDULQ� *���� >�@�� ���r��� QP� RQ
5KRGDPLQ� �*� �5K�*�� DQG� ���r��� QP� RQ
2[D]LQ���� �2[�����7KH�SXPSLQJ� ODVHU�HPLV�
VLRQ� ZDV� IRFXVHG� E\� D� TXDUW]� F\OLQGULFDO
OHQV��)� �����PP��LQWR�D�KRUL]RQWDO�EDQG�RI
DERXW���PP�KHLJKW�RQ�WKH�FHOO�ZLWK�WKH�VR�

OXWLRQ� EHLQJ� VWXGLHG�� 7KH� JHQHUDWLRQ� DQG
SXPSLQJ� HQHUJ\� YDOXHV� ZHUH� PRQLWRUHG
XVLQJ�DQ�,02��1�GHYLFH�DQG�WKH�ODVHU�HPLV�
VLRQ� VSHFWUD� ZHUH� SKRWRJUDSKHG� XVLQJ
,VRSDQFKURP� SODWHV� LQ� DQ� 8)���� FDPHUD
ZLWK� GLIIUDFWLRQ� JUDWLQJ� ������ OLQHV� SHU
PP���7KH�PHDVXUHPHQWV�ZHUH�GRQH�DW�URRP
WHPSHUDWXUH�� 7KH� NQRZQ� ODVHU� G\H� 5K*�
ZDV� XVHG� DV� WKH� UHIHUHQFH�� 7KH� DEVRUSWLRQ
FRHIILFLHQWV� RI� DOO� WKH� GXH� VROXWLRQV� XQGHU
ODVHU� SXPSLQJ� DPRXQWHG� �r����FPÜ��� 7KH
PDLQ� PHDVXUHPHQW� UHVXOWV� DUH� SUHVHQWHG� LQ
WKH� 7DEOH�� ZKLOH� WKH� DEVRUSWLRQ� DQG� IOXRUHV�
FHQFH�VSHFWUD�RI�WKH�G\HV��LQ�)LJ�����7KH�G\HV
DUH�HQXPHUDWHG�DV�LQ�>�@�DQG�WKH�VROYHQWV�DUH
FKRVHQ� DV� LQ� WKDW� ZRUN�� QDPHO\�� DOFRKRO� IRU
/'����G\H�DQG�DFHWRQLWULOH�IRU�DOO�RWKHUV��

$V�LV�VHHQ�IURP�WKH�7DEOH��WKH�ORQJ�ZDYH�
OHQJWK� DEVRUSWLRQ� EDQG�PD[LPXP� ODP� LQ� WKHVROXWLRQV� RI� VWXGLHG� G\HV� YDULHV� RYHU� D� UDQJH
H[FHHGLQJ�����QP�� IURP����� WR�����QP��7KH
H[WLQFWLRQ�LQ�WKH�PD[LPXP�YDULHV�E\�D�IDFWRU
H[FHHGLQJ����$FFRUGLQJ�WR�WKH�H[WLQFWLRQ�YDOXH�
WKH� VWXGLHG� G\HV� FDQ� EH� VXEGLYLGHG� LQWR� WZR
JURXSV��7KH�ILUVW�RQH�FRQVLVWV�RI�/'�����/'���
DQG� /'���� ZKHUH� HP�!�����/��PROH�FP��� 7KHVHFRQG� JURXS� LQFOXGHV� /'����� /'����� DQG
/'����KDYLQJ�HPd��������/��PROH�FP��7KH� IOXRUHVFHQFH� EDQG� PD[LPXP� OIP� RIWKH� VWXGLHG� G\H� VROXWLRQV� YDULHV� E\� PRUH
WKDQ� ���� QP�� IURP� ���� WR� ���� QP�� 7KH
6WRNHV�VKLIW�YDOXH�'Y6W�EHWZHHQ�WKH�DEVRUS�
WLRQ� DQG� IOXRUHVFHQFH� PD[LPD� YDULHV� IURP
����WR�����FPÜ���7KLV� TXDQWLW\� LV� ���� WR��
WLPHV� KLJKHU� LQ� WKH� VHFRQG� JURXS� RI� WKH
G\HV������WR�����FPÜ���WKDQ�LQ�WKH�ILUVW�RQH

)LJ����� 6FKHPDWLF� GLDJUDP� RI� WKH� VHWXS� IRU
PHDVXULQJ� WKH� JHQHUDWLRQ� FKDUDFWHULVWLFV� RI
G\HV�XQGHU�ODVHU�SXPSLQJ�

7DEOH��0DLQ�VSHFWUDO�FKDUDFWHULVWLFV�RI�WKH�G\HV
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/'��� $F1 ��� ��� �� ��� ���� ��� ���� ���r� ���
/'��� $F1 ��� ��� �� ��� ��� ��� ���� ���r� ���
/'��� $F1 ��� ��� �� ��� ��� ��� ���� ���r� ���
5K�* 0H2+ ��� ���� ��� ��� ���� ��� ���� ���r�� ���
ODP�LV�WKH�ORQJ�ZDYHOHQJWK�DEVRUSWLRQ�EDQG�PD[LPXP��'QaD�LV�LWV�ZLGWK�DW�����OHYHO��HP�LV�PRODUH[WLQFWLRQ� FRHIILFLHQW� DW� ODP��OIP� LV�ZDYHOHQJWK� RI� IOXRUHVFHQFH� VSHFWUXP�PD[LPXP��'QaI� LV� LWVZLGWK�DW�����OHYHO��'Qa6W�LV�6WRNHV�VKLIW��TI�LV�IOXRUHVFHQFH�TXDQWXP�\LHOG��OODV�LV�PHDQ�JHQHUDWLRQ
ZDYHOHQJWK��'OODV���LV�LWV�KDOI�ZLGWK�DW�����OHYHO��(ODV�JHQHUDWLRQ�HQHUJ\�RI�G\HV�XQGHU�LGHQWLFDO
ODVHU� SXPSLQJ� FRQGLWLRQV� QHDU� ODP�� &KDUDFWHULVWLFV� RI� 5KRGDPLQ� �*� �5K�*�� DUH� SUHVHQWHG� IRUFRPSDULVRQ�
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����� WR�����FPÜ���� 7KH� TXDQWXP�\LHOG� YDU�
LHV� IURP� ��� WR� ����� IRU� WKH� �VW� JURXS� RI
G\HV�DQG�IURP���WR������LQ�WKH�VHFRQG�RQH�
7KH� 6WRNHV� VKLIW� LQFUHDVH� DQG� WKH� TXDQWXP
\LHOG�GURS�ZKHQ�SDVVLQJ�IURP�WKH��VW�WR��QG
JURXS�RI�G\HV�HYLGHQFH�WKDW�IRU�WKRVH�RI�WKH
�QG� JURXS�� WKH� QRQ�UDGLDWLYH� ORVVHV� DW� WKH
6�o6��WUDQVLWLRQ�DUH�PXFK�PRUH�LQWHQVH�1RWH�WKDW�ILYH�RI�WKH�G\HV�VWXGLHG�VKRZ�D
JRRG� ODVHU� HIILFLHQF\� XQGHU� H[FLWDWLRQ� QHDU
ODP�WKDW�LV�FRPSDUDEOH�WR�RU�H[FHHGV�WKDW�RI5KRGDPLQ��*��8QGHU� WKDW�H[FLWDWLRQ�� WKRVH
G\HV� LQ� WKH�JUDWLQJ�UHVRQDWRU� >�@�KDYH�JHQ�
HUDWHG� D� WXQDEOH� HPLVVLRQ� ZLWKLQ� D� UDQJH
H[FHHGLQJ� ��� QP� HDFK�� 7KH� HPLVVLRQ� VSHF�
WUXP�ZLGWK�'OODV�GLG�QRW�H[FHHG�����QP�DQG
WKH� WRWDO� VSHFWUDO� LQWHUYDO� RI� WXQLQJ� LQ�
FOXGHG�WKH�����WR�����QP�UHJLRQ�

7KXV��WKH�VSHFWUDO��OXPLQHVFHQFH��DQG�HQ�
HUJ\�FKDUDFWHULVWLFV�RI�WKH�G\HV�GHPRQVWUDWH
D� UDWKHU� KLJK� HIILFLHQF\� WKHUHRI� LQ� WKH� IDU
UHG� DQG�QHDU� ,5� VSHFWUDO� UHJLRQV� DQG�PDGH
LW�SRVVLEOH�WR�XVH�WKH�G\HV�SXUSRVHIXOO\�ERWK

DV�DFWLYH� ODVHU�PHGLD�DQG�DV� IOXRUHVFHQW� OD�
EHOV�DQG�SUREHV�
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0�3UREVW�� 2�6�:ROIEHLV�� 3KRWRFKHPLVWU\� DQG
3KRWRELRORJ\������������������

� ���9�9�0DVORY��0�,�']\XEHQNR�� 9�9�6KHYFKHQNR�
(�$�.XSNR�� LQ�� 3URF��&$2/������� �VW� ,QWHUQ�
&RQI��RQ�$GYDQFHG�2SWRHOHFWURQLFV�DQG�/DVHUV
�$OXVKWD�� �������.KDUNRY� �������� Y���� S�����
,(((�&DW������(;�����

� ���%�,�6WHSDQRY��1�1�%\FKNRY��9�*�1LNLIRURY�HW
DO���6RY��7HFK��3K\V��/HWW������������������

� ���9�9�0DVORY��0�,�']\XEHQNR�� 6�1�.RYDOHQNR� HW
DO���6RY��-��4XDQWXP�(OHFWURQ������������������

� ���0�,�']\XEHQNR�� 9�9�0DVORY�� 9�3�3HOLSHQNR�
9�9�6KHYFKHQNR��4XDQWXP�(OHFWURQ����������
�������

� ���9�9�0DVORY�� LQ��3URF��RI�&$2/��������QG� ,Q�
WHUQ��&RQI��RQ� $GYDQFHG� 2SWRHOHFWURQLFV� DQG
/DVHUV� �<DOWD�� ������� .KDUNRY� �������� Y���
S�����,(((�&DW������7+�����

)LJ�����$EVRUSWLRQ��D��DQG�IOXRUHVFHQFH��I��VSHFWUD�RI�WKH�G\HV�VWXGLHG�
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