
3UHSDUDWLRQ�RI�QDQRSRURXV�Q�,Q3������OD\HUVE\�HOHFWURFKHPLFDO�HWFKLQJ�LQ�+&, VROXWLRQ
-�$�6XFKLNRYD��9�9�.LGDORY��*�$�6XNDFK


%HUG\DQVN�6WDWH�3HGDJRJLFDO�8QLYHUVLW\����6KPLGW�6W��
������%HUG\DQVN��8NUDLQH
9�/DVKNDU\RY�,QVWLWXWH�RI�6HPLFRQGXFWRU�3K\VLFV��1DWLRQDO�$FDGHP\�RI

6FLHQFHV�RI�8NUDLQH�����1DXNL�$YH���������.LHY��8NUDLQH�

5HFHLYHG�1RYHPEHU���������
7KH�PDQXIDFWXUH�SURFHGXUH�RI�SRURXV� ,Q3�ZLWK�������QP�SRUH�VL]H�E\�HOHFWURFKHPLFDO

HWFKLQJ� RI�Q�W\SH� ,Q3� VLQJOH� FU\VWDOV� LQ�+&O� VROXWLRQ� LV� SUHVHQWHG�� 7KH�;�UD\� GLIIUDFWLRQ
VWXGLHV�DQG�FKHPLFDO�FRPSRVLWLRQ�GHWHUPLQDWLRQ�XVLQJ�('$;�PDGH�LW�SRVVLEOH�WR�HVWDEOLVK
WKH�R[LGH�ILOP�DEVHQFH�DQG�D�VXUIDFH�VWRLFKLRPHWU\�YLRODWLRQ�LQ�WKH�SRURXV�,Q3�OD\HUV�
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���,QWURGXFWLRQ
7KH�SRURXV�VXEVWUDWHV�RI�$�%��FRPSRXQGV

DUH�D�PDWHULDO�RI�SURPLVH�IRU�SURGXFWLRQ�RI
KRPR�� DQG� KHWHURHSLWD[LDO� OD\HUV� RI� LP�
SURYHG� VWUXFWXUH� SHUIHFWLRQ��6R�� LQ� >�@��XQ�
VWUHVVHG� ,Q[*D�±[$V� OD\HUV� RQ� SRURXV� *D$VZHUH� REWDLQHG�� WKH� SURSHUWLHV� RI� KLJK�TXDO�
LW\� FXELF� *D1� ILOPV� REWDLQHG� E\� QLWULGL]D�
WLRQ� RQ� SRURXV� *D$V� VXEVWUDWHV�� DUH� SUH�
VHQWHG�LQ�RXU�ZRUN�>�@��,Q�>�@��ZH�KDYH�VWXG�
LHG� WKH� SKRWROXPLQHVFHQFH� RI� SRURXV� *D3
ILOPV�QDQRVWUXFWXUL]HG�E\�&G6H�SDUWLFOHV��G� 
���� QP��� 7KH� SRURXV� ,Q3� VXSHUODWWLFHV� KDYH
EHHQ� REWDLQHG� DQG� LQYHVWLJDWHG� LQ� >�@�
7KHUHIRUH��WKH�SUHSDUDWLRQ�RI�KLJK�TXDOLW\�SR�
URXV� VWUXFWXUHV� LV�DQ� LPSRUWDQW�SK\VLFDO�DQG
WHFKQRORJLFDO� SUREOHP� WKDW� EHFDPH� WKH� UH�
VHDUFK�REMHFW�IRU�QXPHURXV�VFLHQWLVWV� >�Ü��@�
1RZDGD\V�� D� VSHFLDO� DWWHQWLRQ� JLYHQ� WR
VWXG\LQJ� WKH� SURSHUWLHV� RI� SRURXV� ,Q3�� EH�
FDXVH� LW� LV� D� YHU\� LPSRUWDQW� PDWHULDO� IRU
SURGXFLQJ�D� OLJKW�HPLVVLRQ�GLRGHV�DQG�VRODU
FHOOV�� 7KH� SRURXV� VXUIDFH� DUHD� LV� PLOOLRQV
WLPHV� ODUJHU� WKDQ� WKDW� RI� D� VLQJOH� FU\VWDO�

7KLV� DPD]LQJ� IHDWXUH� DOORZV� WR� DVVHVV� WKH
DGYDQWDJH�RI�SRURXV�OD\HUV�IRU�XVDJH�LQ�WKH
PDQXIDFWXUH�RI�VHQVRUV��EHFDXVH�WKHLU�VHQVL�
WLYLW\� GHSHQGV� RQ� WKH� VXUIDFH� DUHD� �� DQG
VRODU�FHOOV��WKH�DFFXPXODWLQJ�SRVVLELOLW\�RI�D
UHFRUG� HQHUJ\� DPRXQW��,Q� >��@�� WKH� HOHFWUR�
O\WLF� HWFKLQJ� RI� Q�,Q3� ������ LQ� D� VROXWLRQ
FRQVLVWLQJ� RI� �� 0�+&O� ����� PO�� DQG�+12������PO�� LV� GHVFULEHG��7KXV� DQ� RUGHUHG� V\V�
WHP�RI�SRUHV�KDV�EHHQ�REWDLQHG�ZLWK�DYHUDJH
SRUH� GLDPHWHU� RI� ����QP�� WKH� SRUH� VSDFLQJ
�VR�FDOOHG�SRUH�ZDOOV��RI����WR����QP��6LPL�
ODU�UHVXOWV�ZHUH�SUHVHQWHG�DOVR�LQ�>��@�ZKHUH
D�SRURXV�Q�,Q3� ������VWUXFWXUH�KDV�EHHQ�RE�
WDLQHG� DW� HWFKLQJ� LQ� HOHFWURO\WH� �� 0� +&O
�����PO����+12�� ���PO���7KH�SRUH�GLDPHWHUZDV�RI�WKH�RUGHU�RI�����QP��WKH�SRUH�VSDF�
LQJ�����WR����QP��

7KH� DLP� RI� RXU� VWXGLHV� ZDV� WR� REWDLQ
SRURXV� ,Q3� QDQRVWUXFWXUHV� ZLWK� PLQLPXP
SRUH� VL]H��7R� WKDW� HQG��ZH�KDYH� VHOHFWHG� LQ
H[SHULPHQW� WKH� WKUHVKROG� YROWDJH� RI� WKH
SRUH�IRUPDWLRQ�RQVHW��WKH�SDUDPRXQW�LPSRU�
WDQFH�RI�WKDW�SDUDPHWHU�EHLQJ�HPSKDVL]HG�LQ
>�@�� 7KH�PRUSKRORJ\� DQG� FKHPLFDO� FRPSRVL�
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WLRQ�RI�WKH�REWDLQHG�SRURXV�OD\HUV�KDYH�EHHQ
VWXGLHG�� PRUHRYHU�� WKH� ;�UD\� GLIIUDFWLRQ
DQDO\VLV�KDV�EHHQ�FDUULHG�RXW�

���([SHULPHQWDO
7KH� SRURXV� ,Q3� ILOPV� ZHUH� SUHSDUHG� E\

HOHFWURFKHPLFDO� HWFKLQJ�RI�Q�W\SH� ������RUL�
HQWHG� FU\VWDOOLQH� ,Q3� VXEVWUDWH� �FRQFHQWUD�
WLRQ�RI�FDUULHUV����������FPÜ����7KH�,Q3�VLQ�
JOH� FU\VWDOV�ZHUH�REWDLQHG�DW� WKH�0ROHFXODU
7HFKQRORJ\� *PE+� ODERUDWRU\� �%HUOLQ��� $V
WKH� HOHFWURO\WH�� WKH� �� �� +&O� VROXWLRQ� ZDV
XVHG��$V�WKH�FDWKRGH��D�SODWLQXP�SODWH�ZDV
XVHG�LQ�WKH�HOHFWURFKHPLFDO�FHOO��$OO�WKH�H[�
SHULPHQWV� ZHUH� FDUULHG� RXW� DW� URRP� WHP�
SHUDWXUH� LQ� GDUN�� 3ULRU� WR� H[SHULPHQW�� WKH
VDPSOHV� ZHUH� FOHDQHG� LQ� WROXHQH� DQG� LVR�
SURSDQRO� DQG� WKHQ� ZDVKHG� LQ� GLVWLOOHG
ZDWHU��7KH�,Q�WKH�FRXUVH�RI�WKH�HOHFWURO\WLFDO
WUHDWPHQW�� WKH� YROWDJH� ZDV� UDLVHG� DW� WKH
UDWH�RI���9�PLQ�WLOO�WKH�WKUHVKROG�YROWDJH�RI
WKH� SRUH� IRUPDWLRQ� ZKLFK� LQ� WKLV� FDVH� ZDV
����9��W� ���PLQ���7KDW�ZDV�IROORZHG�E\�WKH
IL[HG� YROWDJH� PRGH� DW� ZKLFK� WKH� VDPSOHV
ZHUH�HWFKHG�GXULQJ���PLQ��7KH�WRWDO�HWFKLQJ
GXUHWLRQ�ZDV� ��PLQ��$IWHU� WKH� H[SHULPHQW�
WKH� VDPSOHV� ZHUH� FOHDQHG� LQ� HWKDQRO� DQG
GULHG� LQ� D� QLWURJHQ� IORZ� IRU� ��� PLQ�� 7KH
PRUSKRORJ\� RI� WKH� REWDLQHG� SRURXV� VWUXF�
WXUHV� ZDV� VWXGLHG� E\� XVLQJ� D� -60�����
VFDQQLQJ� HOHFWURQLF� PLFURVFRSH�� 7KH� FKHPL�
FDO� FRPSRVLWLRQ� ZDV� VWXGLHG� E\� ('$;
PHWKRG�� 7KH� VWUXFWXUH� RI� SRURXV� ,Q3� VDP�
SOHV� ZDV� H[DPLQHG� E\� ;�UD\� GLIIUDFWLRQ
XVLQJ�D�'521��0�GLIUDFWRPHWHU�

���5HVXOWV�DQG�GLVFXVVLRQ
,W�LV�HPSKDVL]HG�>��@�WKDW�WKH�SRUH�IRUPD�

WLRQ�FRQGLWLRQV�DOZD\V�DUH�OLPLWHG�E\�D�PRUH
RU� OHVV�QDUURZ�UDQJH�RI�SRODUL]DWLRQ�YROWDJH�
7KH�VKDUSHVW��ZHOO�GHILQHG�HGJH�RI�WKDW�UDQJH
LV�WKH�PLQLPXP��WKUHVKROG��YROWDJH�YDOXH�QHF�
HVVDU\� IRU� WKH� SRUH� QXFOHDWLRQ�� VR�FDOOHG� WKH
SRUH�IRUPDWLRQ�WKUHVKROG�YROWDJH�>�@�

7KH� SRUH� IRUPDWLRQ� WKUHVKROG� YROWDJH
ZDV� GHWHUPLQHG� DV� IROORZV�� 7KH� YROWDJH
YDULDWLRQ�UDWH�ZDV���9�PLQ��GXULQJ�DQRGL]D�
WLRQ���7KH�FXUUHQW�GHQVLW\��XS�WR�WKH�FULWLFDO
YROWDJH� YDOXH�� UHPDLQHG� ZLWKLQ� OLPLWV� RI
���P$�FP��� 6WDUWLQJ� IURP�8F� �����9�� WKHFXUUHQW� GHQVLW\� LQFUHDVHG� LQ� WLPH� VKDUSO\
�XS� WR� ����P$�FP�� ZLWKLQ� �� PLQ�� )LJ�����
7KLV�FDQ�EH�H[SODLQHG�E\�D�JUDGXDO�LQFUHDVH
LQ� QXPEHU� RI� LQSXW� SRUWV� RI� SRUHV� DQG
EUDQFKLQJ�WKHUHRI�XQGHU�WKH�VDPSOH�VXUIDFH�
$IWHU���PLQ��WKH�FXUUHQW�FHDVHG�WR�ULVH��7KXV�
WKH�SRUH�IRUPDWLRQ�WKUHVKROG�YROWDJH�IRU�Q�
W\SH�������,Q3�DW�WKH�LPSXULW\�FRQFHQWUDWLRQ

���������FPÜ��LV�����9��,W�LV�WR�QRWH�WKDW�WKH
SRUH� IRUPDWLRQ� WKUHVKROG� YROWDJH� GHSHQGV
RQ� VHYHUDO� IDFWRUV�� WKH� VHPLFRQGXFWRU� GRS�
LQJ�OHYHO�DQG�LWV�RULHQWDWLRQ��WKH�HOHFWURO\WH
FRPSRVLWLRQ�DQG�WHPSHUDWXUH��FRQFHQWUDWLRQ
RI�GHIHFWV�DW�WKH�FU\VWDO�VXUIDFH��HWF��7KHUH�
IRUH�� WKLV� TXDQWLW\�KDV�GLIIHUHQW�YDOXHV� IRU
HDFK�LQGLYLGXDO�FDVH�

)LJ���� LPDJHV� WKH� PRUSKRORJ\� RI� D� SR�
URXV� ,Q3� VDPSOH� REWDLQHG� E\� HOHFWURO\WLF
HWFKLQJ�RI�Q�,Q3�������LQ�D�K\GURFKORULF�DFLG
VROXWLRQ�� $Q� RUGHUHG� HQVHPEOH� RI� SRUHV� LV
VHHQ�WKDW�ZDV�IRUPHG�RQ�D�,Q3�VLQJOH�FU\VWDO
VXEVWUDWH�� 7KH� SRUHV� SHQHWUDWHG� WKH� ZKROH
LQJRW� VXUIDFH�� 7KH� SRUH� VL]H� DYHUDJHV
��� QP�� WKXV� HYLGHQFLQJ� WKDW� WKH� VWUXFWXUH
LV�QDQRVL]HG�>���������@��7KH�SRUH�VSDFLQJ�LV
ZLWKLQ� OLPLWV�RI���WR����QP��7KDW�UHVXOW� LV
RI� D� WHFKQRORJLFDO� LPSRUWDQFH�� VLQFH� WKH
TXDOLW\� RI� SRURXV� ILOPV� LV� GHILQHG� E\� WKH
QDQRVWUXFWXUH�VL]HV�� WKH�SRURVLW\�UDQJH�DQG
GLVWULEXWLRQ� XQLIRUPLW\� RI� SRUHV� RYHU� WKH
VDPSOH�VXUIDFH��7KH�VPDOOHU�LV�WKH�SRUH�VL]H
DQG� WKH� KLJKHU� LV� WKH� SRURVLW\� UDQJH�� WKH
KLJKHU� LV� WKH� SRURXV� VWUXFWXUH� TXDOLW\�� 6R�
IRU� H[DPSOH�� WKH� SKRWROXPLQHVFHQFH� LQ� YLV�

)LJ����� &XUUHQW�YROWDJH� FKDUDFWHULVWLF� RI� SR�
URXV�,Q3�GXULQJ�DQRGL]DWLRQ�

)LJ����� 6(0� LPDJH� Q�,Q3� ������ RI� VXUIDFH
DIWHU�SRUH�IRUPDWLRQ�LQ�����+&O�
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LEOH�VSHFWUDO�UHJLRQ�LV�REVHUYHG�RQO\�IRU�VWUXF�
WXUHV� ZKHUH� WKH� QDQRFU\VWDOOLWH� VL]H� PDNHV
WKH� RUGHU� RI� QDQRPHWHUV� >������@�� 7KH� SHQH�
WUDWLRQ� GHSWK� RI� SRUH� FKDQQHOV� LV� DSSUR[L�
PDWHO\����PP�� ,W� LV� WR� QRWH� WKDW� WKH� SRURXV
OD\HU� GHSWK� LV� DOVR� DQ� LPSRUWDQW� FKDUDF�
WHULVWLF��1XPHURXV�UHVHDUFKHUV�DUH�ZRUNLQJ�LQ
WKLV� GLUHFWLRQ� >�����������@�� 7KH� SRURVLW\
UDQJH� LV� DSSUR[LPDWHO\� ����� RI� WKH� VDPSOH
WRWDO�VXUIDFH�

7KH� VXUIDFH� FKHPLFDO� FRPSRVLWLRQ�ZDV� H[�
DPLQHG� E\� ('$;� PHWKRG�� 5HVXOWV� RI� PHDV�
XUHPHQWV� DUH� SUHVHQWHG� LQ� 7DEOH���� 3URFHHG�
LQJ� IURP� WKH� FKHPLFDO� DQDO\VLV� UHVXOWV� RI�Q�
,Q3��7DEOH�����LW�LV�SRVVLEOH�WR�DVVHUW�WKDW�WKH
VXUIDFH� LV� SUDFWLFDOO\� R[\JHQ�IUHH�� WKXV�� WKH
SRUH�IRUPDWLRQ�SURFHVV�RFFXUHG�ZLWKRXW�R[LGH
ILOP�IRUPDWLRQ��7KLV�LV�FRQILUPHG�E\�WKH�GDWD
RI� ;�UD\� GLIIUDFWRPHWU\� XVLQJ� '521��0
�)LJ������,Q�)LJ�����WKHUH�DUH�UHIOH[HV�IURP�,Q3
VLQJOH� FU\VWDO� VWUXFWXUH� �VSKDOHULWH�� RQO\�
7KDW�LV��GXULQJ�HWFKLQJ��QR�UHRUJDQL]DWLRQ�LQ
WKH� FU\VWDO� ODWWLFH� RI� LQGLXP� SKRVSKLGH� RF�
FXUHG��7KH� VWRLFKLRPHWU\�RI� WKH� SRURXV� VDP�
SOH� LV� VKLIWHG� WRZDUGV� LQGLXP� H[FHVV�� 7KLV
PD\� EH� DQ� HYLGHQFH� WKDW� LW� LV� MXVW� WKH�SKRV�
SKRUXV� VXEODWWLFH� WKDW� LV� HWFKHG� DW� D� KLJKHU
UDWH��L�H��WKDW�LW�LV�MXVW�3�DWRPV�WKDW�SOD\�WKH
PDLQ�SDUW�LQ�WKH�SRUH�IRUPDWLRQ�

���&RQFOXVLRQV
7KXV��ZH�PDQDJHG� WR� REWDLQ� QDQRSRURXV

,Q3� OD\HUV� E\� WKH� HOHFWURO\WLF� HWFKLQJ� RI�Q�
,Q3�������FU\VWDOV�LQ�D�K\GURFKORULF�DFLG�VR�
OXWLRQ�� 7KH� OD\HUV� VKRZ� WKH� SRUH� VL]H� RI
��� QP� DQG� WKH� SRUH� VSDFLQJ� RI� �Ü��� QP�
7KH� SRURXV� OD\HU� WKLFNQHVV� DPRXQWHG
���PP�� 7KLV� WHVWLILHV� WKDW� WKH� DQRGL]DWLRQ
UHVXOWV�LQ�IRUPDWLRQ�RI�WKLQ�ORQJ�SRUH�FKDQ�
QHOV� SDUDOOHO� WR� HDFK� RWKHU� KDYLQJ� D� VKDSH
FORVH�WR�D�UHJXODU�TXDGUDQJOH�LQ�FURVV�VHFWLRQ�
6XFK� D� SRUH� VKDSH� LV� GHILQHG� E\� WKH� VXUIDFH
RULHQWDWLRQ�RI�WKH�VDPSOH�EHLQJ�VWXGLHG�

1R� R[LGHV� KDYH� EHHQ� IRUPHG� GXULQJ� WKH
HOHFWURO\WLF� SURFHVV� DW� WKH� VDPSOH� VXUIDFH�
KRZHYHU�� WKH� LQLWLDO� FU\VWDO� VWRLFKLRPHWU\
ZDV� GLVWRUWHG� GXH� WR� D� IDVWHU� HWFKLQJ� RI
SKRVSKRUXV� VXEODWWLFH�� 7KH� SRURXV� VDPSOHV
REWDLQHG�KDYH�WKH�VLQJOH�FU\VWDO�VWUXFWXUH�RI
VSKDOHULWH�W\SH��

5HIHUHQFHV
� ���)�<X�6ROGDWHQNRY�� 9�3�8OLQ�� $�$�<DNRYHQNR

HW�DO���7HFKQ��3K\V��/HWW�������������������
� ���9�9�.LGDORY��*�$�6XNDFK��$�6�5HYHQNR�HW�DO��

3K\V��6WDW��6RO��D��������������������
� ���<X�<X�%DFKHULFRY�� 2�9�2NKULPHQNR�� 9�9�.L�

GDORY�HW�DO���6HPLFRQGXFWRUV������������������
� ���+�7VXFKL\D�� 0�+XHSSH�� 7�'MHQL]LDQ� HW� DO��

6XUIDFH�6FL�������������������
� ���9�3�8OLQ�� 6�*�.RQQLNRY�� 6HPLFRQGXFWRUV�

�������������������
� ���6�%HQ�.KDOLID��%�*UX]]D��&�5REHUW�*RXPHW�HW

DO���6XUIDFH�6FL��������������������
� ���6�/DQJD�� -�&DUVWHQVHQ�� ,�0�7LJLQ\DQX� HW� DO��

(OHFWURFKHPLFDO� DQG� 6ROLG�6WDWH� /HWW��� �����
*����������

� ���6�/DQJD�� ,�0�7LJLQ\DQX�� -�&DUVWHQVHQ� HW� DO��
$SSO��3K\V��/HWW��������������������

� ���(�3�'RPDVKHYVND\D��9�0�.DVKNDURY��3�9�6HUHGLQ
HW� DO���%XOO��RI� WKH�5XVVLDQ�$FDG��6FL��3K\VLFV�
������������������

����9�9�.XU\DWNRY�� +�7HPNLQ�� -�&�&DPSEHOO�
$SSO��3K\V��/HWW��������������������

����+�7VXFKL\D�� 0�+XHSSH�� 7K�'MHQL]LDQ� HW� DO��
6XUIDFH�6FL�������������������

����7�6DWR��7�)XMLQR��7�+DVKL]XPH��(OHFWURFKHPL�
FDO�DQG�6ROLG�6WDWH�/HWW����������+�����������

����3�6FKPXNL��8�6FKOLHUI��7�+HUUPDQQ��*�&KDP�
SLRQ��(OHFWURFKLP��$FWD�������������������

����(�6SLHFNHU�� 0�5XGHO�� :�-DJHU� HW� DO��� 3K\V�
6WDW��6RO������������������������

����8�6FKOLHUI��'�-�/RFNZRRG��0�-�*UDKDP�HW�DO��
3K\V��6WDW��6RO���D�����������������������

����+�7VXFKL\D�� 0�+XHSSH�� 7�'MHQL]LDQ� HW� DO��
6XUIDFH�6FL�������������������

)LJ�� ��� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� SRURXV
,Q3�������

7DEOH����&RPSRVLWLRQ�RI�SRURXV�,Q3�VXUIDFH
E\�HQHUJ\�GLVSHUVLYH�;�UD\�DQDO\VLV

(OHPHQW 2 3 ,Q 7RWDO
$WRPLF�� ���� ����� ����� ������
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