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)HUURPDJQHWLF�VKDSH�PHPRU\�DOOR\V�DUH�D
QHZ�FODVV�RI�DFWLYH�PDWHULDOV�ZLWK�DQ�DELOLW\
WR� EH� GHIRUPHG� E\� PDJQHWLF� ILHOG� LQ� WKH
PDUWHQVLWLF�VWDWH��$�PDJQHWLF�ILHOG� LQGXFHG
WZLQQLQJ�VWUDLQ�ZDV�REVHUYHG�LQ�D�1L±0Q±*D
DOOR\�VLQJOH�FU\VWDO�>�@��7KH�VWUDLQV�LQGXFHG
E\� PDJQHWLF� ILHOG� KDYH� EHHQ� REVHUYHG� LQ
PDUWHQVLWH�RI�)H�EDVHG�DOOR\V�VXFK�DV�)H±3G
>�@�� )H±3W� >�@�� )H±&R±1L±7L� >�@�� 7KH� ZLGH
SUDFWLFDO�XVH�RI�PDJQHWLF�ILHOG�LQGXFHG�SODV�
WLF� VWUDLQV� LQ�1L±0Q±*D� DOOR\V� LV� KDPSHUHG
E\�VHYHUDO�IDFWRUV��LQFOXGLQJ�WKH�IUDJLOLW\�RI
KLJK�WHPSHUDWXUH�SKDVH��UHODWLYHO\�ORZ�VDWX�
UDWLRQ� PDJQHWL]DWLRQ� DQG� ORZ� &XULH� WHP�
SHUDWXUH��7KH�DOOR\V�RI�)H±1L±&R±7L�V\VWHP
H[FHHG�1L±0Q±*D�RQHV�LQ�WKH�DERYH�SDUDPH�

WHUV� DQG�� LQ� SULQFLSOH�� FRXOG� EH� FRQVLGHUHG
DV� DQ� DOWHUQDWLYH� PDWHULDO� IRU� WKH� XVH� LQ
DFWXDWRUV�
7KH� FRPSOHWH� UHYHUVLELOLW\� DQG� QDUURZ

WHPSHUDWXUH� K\VWHUHVLV� LQ� )H±1L±&R±7L� DO�
OR\V� LV� DWWDLQHG� GXH� WR� IRUPDWLRQ� RI� WKH
VWUXFWXUH� PLFUR�LQKRPRJHQHLWLHV� DW� WKH
DXVWHQLWH�DJLQJ�DQG�XVH�RI�WKH�PDJQHWLF�RU�
GHULQJ�HIIHFW�RQ�WKH�VXEVHTXHQW�PDUWHQVLWLF
WUDQVIRUPDWLRQ� >�@�� 7KH� GLVSHUVH� SDUWLFOHV
SUHFLSLWDWHG� LQ� DXVWHQLWH� PDLQWDLQ� WKH� FR�
KHUHQF\�ZLWK�WKH�PDUWHQVLWH�FU\VWDO� ODWWLFH�
FDXVLQJ� LWV� WHWUDJRQDO� GLVWRUWLRQ�� DQG� DOVR
LQFUHDVH� WKH� HODVWLFLW\� OLPLW�� KLQGHULQJ� WKH
GHYHORSPHQW� RI� UHOD[DWLRQ� SURFHVVHV� >�@�� ,Q
RUGHU�WR�GHFUHDVH�WKH�WHPSHUDWXUH�K\VWHUHVLV

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

� )XQFWLRQDO�PDWHULDOV�������������



ZLGWK�RI�PDUWHQVLWLF� WUDQVIRUPDWLRQ� LQ�)H±
1L±&R±7L�DOOR\V�� LW� LV�GHVLUDEOH� WR� ORZHU�WKH
VKHDU�PRGXOXV�RI�DXVWHQLWLF�SKDVH��WKXV�SUR�
YLGLQJ� DQ� HODVWLF� HQHUJ\� UHGXFWLRQ� LQ� WKH
JURZLQJ� PDUWHQVLWLF� FU\VWDOV� ZKLFK� DUH� FR�
KHUHQWO\� FRQQHFWHG� ZLWK� DQ� DXVWHQLWLF� PD�
WUL[�� 7KH� HODVWLF� HQHUJ\� GHFUHDVH�� LQ� LWV
WXUQ��JLYHV�ULVH�WR�WKH�K\VWHUHVLV�QDUURZLQJ
>�@�� $� VKHDU� PRGXOXV� GHFUHDVLQJ� RI� )H±1L
DXVWHQLWH�RFFXUV�DW�WKHLU�GRSLQJ�ZLWK�FRSSHU
>�@�� WKH� &XULH� WHPSHUDWXUH� DQG� VDWXUDWLRQ
PDJQHWL]DWLRQ�EHLQJ�LQFUHDVLQJ�LQ�WKLV�FDVH�
WRR��7KHUHIRUH�� WKH�SXUSRVH� RI� WKLV�ZRUN� LV
WR� DVFHUWDLQ� KRZ� &X� GRSLQJ� LQIOXHQFHV� WKH
FKDUDFWHULVWLFV� RI� PDUWHQVLWLF� WUDQVIRUPD�
WLRQ� LQ� )H±1L±&R±7L� IHUURPDJQHWLF� DOOR\V
ZLWK� VKDSH� PHPRU\�� 7KH� DOOR\V� RI� VLPLODU
FRPSRVLWLRQ�EXW�ZLWKRXW�&X�ZHUH�FRQVLGHUHG
EHIRUH� >�@�� WKHUH� ZDV� IL[HG� D� K\VWHUHVLV
'7|����.�
7ZR�DOOR\V�ZHUH�LQYHVWLJDWHG������)H�����

&R������ 1L����� 7L������ &X� �ZW����� ���� )H�
�����&R������1L������7L������&X��ZW�����7KH
DOOR\V�ZHUH�PHOWHG� LQ� DQ� LQGXFWLRQ� IXUQDFH
XQGHU� DUJRQ� DWPRVSKHUH�� DQQHDOHG� DW
�����&� IRU� ��� K� DQG� WKHQ� ZDWHU� TXHQFKHG
IURP� �����&�� 7KH� VDPSOHV� ZHUH� WKHQ� DJHG
LQ� D� YDFXXP� IXUQDFH� DW� ����&�� ����&�� DQG
����&� ��Ü��� K��� 7KH�PLFURVWUXFWXUH� RI� WKH
VDPSOHV�DIWHU�KHDW�WUHDWPHQW�ZDV�VWXGLHG�E\
RSWLFDO� PLFURVFRS\�� 7KH� PDUWHQVLWLF� WUDQV�
IRUPDWLRQ�SDUDPHWHUV�ZHUH�GHWHUPLQHG�IURP
WKH� ORZ�ILHOG� PDJQHWLF� VXVFHSWLELOLW\� WHP�
SHUDWXUH� GHSHQGHQFHV� �F�7��PHDVXUHG� LQ� DO�
WHUQDWLQJ� ILHOG� DW�DPSOLWXGH�d��2H�DQG�IUH�
TXHQF\� �� N+]�� 7KH� GHSHQGHQFHV� F�7��FPD[ZHUH� SORWWHG�� ZKHUH� FPD[� LV� WKH� PD[LPXPF�YDOXH�REWDLQHG�IRU�)H±1L±&R±7L�DOOR\V�LQ�D
VSHFLILF� PHDVXUHPHQW� F\FOH�� 7KH� FKDUDF�
WHULVWLF� WHPSHUDWXUHV�� K\VWHUHVLV� DQG� &XULH
SRLQW��7F��ZHUH�IRXQG�DV�WKH�LQWHUVHFWLRQV�RIFRUUHVSRQGLQJ� OLQHDU� SDUWV� RI�F�7��FPD[� GH�SHQGHQFHV�� 7KH� PHDVXUHPHQWV� ZHUH� FDUULHG
RXW� DW� DQ� DFFXUDF\� WR� ��.��7KH�PDJQHWL]D�

WLRQ�ZDV�PHDVXUHG� LQ�PDJQHWLF� ILHOGV� IURP
����� WR� ��� N2H� E\� EDOOLVWLF� PHWKRG� DW� DQ
DFFXUDF\�WR�����
$� YROXPH� IUDFWLRQ� DQG� JUDLQ� VL]H� RI� Jc

SKDVH��1L�7L��KDYH�EHHQ�VKRZQ�EHIRUH�WR�ULVHGXULQJ� WKH� HDUO\� VWDJHV� RI� DXVWHQLWH� DJLQJ
LQ� )H±1L±&R±7L� DOOR\V�� 7KH� Jc� SKDVH� LQFOX�
VLRQV� LQKHULWHG� LQ� PDUWHQVLWH� FU\VWDOV� DUH
WUDQVIRUPHG� LQWR� VKHDU� FHQWHUV� LQ� PDUWHQ�
VLWH��DV�D�UHVXOW�� WKH�PDUWHQVLWH�FU\VWDO� ODW�
WLFH� WHWUDJRQDOLW\� GHJUHH� �F�D� UDWLR�� LQ�
FUHDVHV� >�@�� ,Q� WKH� &X�GRSHG� DOOR\V� RI� WKH
)H±1L±&R±7L� V\VWHP�� GHFRPSRVLWLRQ� RI� WKH
KRPRJHQHRXV� VROXWLRQ� LV� REVHUYHG� GXULQJ
DXVWHQLWH� DJLQJ�� WRR�� ,W� LV� NQRZQ� WKDW� IRU�
PDWLRQ� RI� VROLG� VROXWLRQ� SDUWLFOHV� EDVHG� RQ
&X� LQ� WKH� )H±1L±&X� DOOR\V� LQIOXHQFHV� RQO\
LQVLJQLILFDQWO\� WKH� PDUWHQVLWLF� WUDQVIRUPD�
WLRQ�RQVHW�WHPSHUDWXUH�DQG�WKH�F�D�UDWLR�RI
PDUWHQVLWH� ODWWLFH� >�@�� 7KLV� LV� H[SODLQHG� E\
ORZ�HODVWLFLW\�PRGXOXV�YDOXH�RI�WKH�SDUWLFOHV
DV�FRPSDUHG�WR�WKH�PDWUL[�
$JLQJ� RI� )H±1L±&R±7L±&X� DOOR\V� DERYH

����&�UHVXOWV�LQ�IRUPDWLRQ�RI�WKH�KDUGHQLQJ
SUHFLSLWDWLRQ� FRORQLHV� QHDU� WKH� JUDLQ
ERXQGDULHV� �)LJ���D���$V� WKH�DQQHDOLQJ�WHP�
SHUDWXUH�LQFUHDVHV�IURP�����WR�����&��WKHVH
FRORQLHV�DUH�REVHUYHG�WR�JURZ��7KH� LQFRKHU�
HQW�SKDVH�SUHFLSLWDWHV�DSSHDU�GXULQJ�WKH�FHO�
OXODU� GHFRPSRVLWLRQ� >��@�� DV� D� UHVXOW�
PDUWHQVLWLF� WUDQVIRUPDWLRQ� LV� QRW� RFFXUUHG
LQ�WKH�VDPSOH�DUHDV�RFFXSLHG�E\�WKH�FHOOXODU
SUHFLSLWDWHG�SKDVH� FRORQLHV��7KH� DJLQJ� WHP�
SHUDWXUH� ORZHULQJ�GRZQ�WR�����&�UHVXOWV� LQ
GLPLQLVKLQJ� RI� WKH� DUHDV� RFFXSLHG� E\� FHOOX�
ODU�SUHFLSLWDWLRQV��)LJ���E���7KH�FHOOXODU�SUH�
FLSLWDWLRQ�FRORQLHV�DUH�IRUPHG�QRW�RQO\�QHDU
WKH� JUDLQ� ERXQGDULHV� EXW� DOVR� ZLWKLQ� WKH
JUDLQ� ERG\�� WKDW� LV� D� FKDUDFWHULVWLF� IHDWXUH
RI�WKHVH�DOOR\V�
7KH�WHPSHUDWXUH�GHSHQGHQFHV�RI�ORZ�ILHOG

PDJQHWLF� VXVFHSWLELOLW\� IRU� DOOR\V� �� DQG� �
DUH� VKRZQ� LQ� )LJ����� 7KH� UHYHUVLEOH� VWUXF�
WXUDO� WUDQVLWLRQ� LV� VHHQ� WR� RFFXU� LQ� IHUUR�
PDJQHWLF� DXVWHQLWH�� ,Q� WKH� VDPSOHV� ZKHUH

)LJ�����0LFURVWUXFWXUH�RI�)H±1L±&R±7L±&X� DOOR\�DW� �URRP�WHPSHUDWXUH�� �D��DOOR\���DJHG�IRU���K�DW
����&���E��DOOR\���DJHG�IRU����K�DW�����&���F��DOOR\���DJHG�IRU����K�DW�����&��WKH�VDPSOH�ZDV�FRROHG
LQ�OLTXLG�QLWURJHQ�DQG�WKHQ�KHDWHG�WR�URRP�WHPSHUDWXUH��
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FHOOXODU� SUHFLSLWDWLRQ� LV� SUHVHQW�� WKH� IUDF�
WLRQ� RI� PDUWHQVLWLF� SKDVH� GHFUHDVHV�� ,W� LV
HYLGHQW�WKDW�WKH�PDUWHQVLWLF�WUDQVIRUPDWLRQ
WDNHV�SODFH�RQO\� LQ� WKH�DUHDV� IUHH� IURP�WKH
FHOOXODU�SUHFLSLWDWLRQV�
$FFRUGLQJ� WR� WKH� WHPSHUDWXUH� GHSHQG�

HQFHV� RI� VXVFHSWLELOLW\�� IRU� WKH� DOOR\� �� LW
ZDV� IRXQG� WKDW� lV� ����&� �0V� LV� WKHPDUWHQVLWLF� WUDQVIRUPDWLRQ� RQVHW� WHPSHUD�
WXUH���$I� �����&� �$I� LV� WKH� ILQLVK� WHPSHUD�WXUH� RI� UHYHUVH�PDUWHQVLWLF� WUDQVIRUPDWLRQ�
�)LJ���E��� 7KHUH� LV� D� PDUWHQVLWLF� SKDVH� DW
WKH� URRP� WHPSHUDWXUH� LQ� WKH� VDPSOH� ��� EH�
FDXVH�kI�H[FHHGV�WKH�URRP�WHPSHUDWXUH��7KHPDUWHQVLWLF� WUDQVIRUPDWLRQ� SDUDPHWHUV� LQ
DOOR\V� �� DQG� �� REWDLQHG� IURP� WKH�PDJQHWLF
PHDVXUHPHQWV�DUH�OLVWHG�LQ�7DEOH��0I�LV�WKHWHPSHUDWXUH� RI� PDUWHQVLWH� WUDQVIRUPDWLRQ
ILQLVK��$V��WKH�UHYHUVH�WUDQVIRUPDWLRQ�RQVHWWHPSHUDWXUH�� 7&�� &XULH� WHPSHUDWXUH�� '7�WHPSHUDWXUH�K\VWHUHVLV�ZLGWK��
7KH�PDUWHQVLWH�LQ�WKHVH�DOOR\V�FRQVLVWV�RI

WKLQ�SODWHV�ZLWK�SODQH�ERXQGDULHV� �)LJ���F��
,W�LV�WR�QRWH�WKDW�WKH�UHODWLYHO\�QDUURZ�K\V�
WHUHVLV�RI�PDUWHQVLWLF� WUDQVIRUPDWLRQ� LQ� LQ�
YHVWLJDWHG�)H±1L±&R±7L±&X�DOOR\V� �'7� ����&
IRU� DOOR\� �� DQG� ���&� IRU� DOOR\� ��� LV� GXH� WR
WKHUPRHODVWLF�QDWXUH�RI�WKLV�WUDQVIRUPDWLRQ
DV� ZHOO� DV� WR� &X� GRSLQJ�� $V� D� UHVXOW�� WKH
DXVWHQLWH� HODVWLFLW\� PRGXOXV� GHFUHDVHV� DQG�
FRUUHVSRQGLQJO\�� WKH� HODVWLF� HQHUJ\� RI

PDUWHQVLWLF� FU\VWDOV� GHFUHDVHV�� WRR�� 7KH
HODVWLF� HQHUJ\� YDOXH� LV� SURSRUWLRQDO� WR� WKH
WHPSHUDWXUH�K\VWHUHVLV�ZLGWK�>�@��$FFRUGLQJ
WR� >�@�� WKH� WHWUDJRQDOLW\� GHJUHH� RI� PDUWHQ�
VLWH� FU\VWDO� ODWWLFH� �F�D�� DSSURDFKHV� WR�����
LQ�DOOR\V�ZLWK�QDUURZ�K\VWHUHVLV�ZLGWK��7KH
PDUWHQVLWH� ODWWLFH� WHWUDJRQDO� GLVWRUWLRQ
FDXVHV� DQ� XQLD[LDO� PDJQHWLF� DQLVRWURS\� LQ
WKH� ORZ�WHPSHUDWXUH� SKDVH� RI� WKRVH� IHUUR�
PDJQHWLF�VKDSH�PHPRU\�DOOR\V�
7KH� ORZ�ILHOG�PDJQHWLF� VXVFHSWLELOLW\� GH�

FUHDVHV� HVVHQWLDOO\� ZKHQ� WKH� PDUWHQVLWLF
FU\VWDOV� DSSHDU� �)LJ������ 7KLV� PD\� EH� H[�
SODLQHG� E\� ORZHU� PRELOLW\� RI� PDJQHWLF� GR�
PDLQ� ERXQGDULHV� LQ� PDUWHQVLWH� LQ� FRPSDUL�
VRQ�ZLWK�DQ�DXVWHQLWH��7KH�GRPDLQ�ERXQGD�
ULHV� FRQWULEXWLRQ� LV� GRPLQDQW�� VLQFH� F� ZDV
PHDVXUHG�LQ�ORZ�ILHOG��d��2H��
7KH�WHPSHUDWXUH�GHSHQGHQFHV�RI�PDJQHWL�

]DWLRQ�PHDVXUHG�LQ�WKH�PDJQHWLF�ILHOGV�����
WR� ��� N2H� IRU� WKH� VDPSOHV� RI� WKH� LQYHVWL�
JDWHG� IHUURPDJQHWLF�)H±1L±&R±7L±&X� DOOR\V
DJHG�LQ�D�YDFXXP�IXUQDFH�DW�����&�IRU����K
DUH�VKRZQ�LQ�)LJV����DQG����$V�IROORZV�IURP

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�PDJQHWL�
]DWLRQ�IRU�DOOR\���DW�GLIIHUHQW�PDJQHWLF�ILHOG
YDOXHV�

7DEOH�

$OOR\
1R�

+HDW�WUHDWPHQW��TXHQFKLQJ������&��DQQHDOLQJ�����&�����K
lV���& lI���& kV���& kI���& ��'����& �F���&��

� Ü�� Ü��� Ü��� Ü�� �� ���
� �� Ü�� �� ��� �� ���

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI� ORZ�ILHOG
PDJQHWLF� VXVFHSWLELOLW\� IRU� )H±1L±&R±7L±&X
DOOR\V���D��DOOR\����DJLQJ�DW�����&�����K����E�
DOOR\��������&�����K��
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WKH�FXUYHV�F�7���WKH�DOOR\V���DQG���SDVV�LQWR
WKH� IHUURPDJQHWLF� VWDWH� DW� WKH� &XULH� WHP�
SHUDWXUHV� RI� 7F|����&� DQG� 7F|����&�� UH�VSHFWLYHO\�� 7KH� GHSHQGHQFHV� RI� )LJV����� �
ZHUH�REWDLQHG�LQ�WKH�ILHOGV��ZKHUH�WKH�PDJ�
QHWL]DWLRQ�RFFXUV�PDLQO\�GXH� WR� URWDWLRQ�RI
PDJQHWLF� PRPHQWV�� $� FKDUDFWHULVWLF� ORRS
DQG�GHFUHDVH�RI�PDJQHWL]DWLRQ�DW�FRROLQJ�DUH
REVHUYHG� LQ� WKH� WHPSHUDWXUH� UDQJH� RI� WKHU�
PRHODVWLF� PDUWHQVLWLF� WUDQVIRUPDWLRQ�7KXV�
WKH� PDJQHWRFU\VWDOOLQH� DQLVRWURS\� RI� WKH
PDUWHQVLWLF� SKDVH� H[FHHGV� WKH� DXVWHQLWH�DQ�
LVRWURS\�� 7KH�PDUWHQVLWLF� SKDVH�PDJQHWL]D�
WLRQ�RI�DOOR\���GRHV�QRW�DFKLHYH�WKH�VDWXUD�
WLRQ� HYHQ� LQ� WKH� ILHOG�+� ����N2H� �)LJ�����
0HDQWLPH�� WKH� FRQVLGHUDWLRQ� RI� )LJ���� HYL�
GHQFHV� WKDW� WKH� ILHOG� RI����N(� LV� VXIILFLHQW
WR� SURYLGH� D� VWDWH� FORVH� WR� WKH� VDWXUDWHG
PDJQHWL]DWLRQ�RI�PDUWHQVLWH� LQ� WKH� DOOR\���
EHFDXVH� WKH� V� YDOXH� FRUUHVSRQGLQJ� WR� WZR�

SKDVH� VWDWH� �QHDU�7|0V�� DW�KHDWLQJ� H[FHHGVV� DW� FRROLQJ�� 7KLV� PHDQV� WKDW� PDUWHQVLWH
KDV� D� KLJKHU� PDJQHWL]DWLRQ� WKDQ� DQ
DXVWHQLWH�DW�WKH�VDPH�WHPSHUDWXUH�
7KXV�� LW� KDV� EHHQ� VKRZQ� WKDW� GRSLQJ� RI

IHUURPDJQHWLF�)H±1L±&R±7L� DOOR\V�ZLWK� FRS�
SHU�DOORZV�WR�GHFUHDVH�WKH�WHPSHUDWXUH�K\V�
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