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*URXQGZDWHU�IRUPV�D�JUHDW�VLJQLILFDQW�SDUW�RI�WKH�ZDWHU�
UHVRXUFHV� DOO� RYHU� WKH� ZRUOG � SDUWLFXODUO\ � LQ � WKH� DULG �
UHJLRQV�VXFK�DV�WKH�VWXG\�DUHD��0DQ\�KXPDQ�KDELWDWV�DQG�
LQGXVWULHV�GZHOO�VR�PXFK�RQ�WKLV�VXEVXUIDFH�ZDWHU�GXH�WR�
WKH�IDFW�WKDW��LW �LV�RI�KLJK�TXDOLW\�DQG�UHTXLUHG�OLWWOH �RU�QR�
WUHDWPHQW� EHIRUH� XVH�� $FFRUGLQJ� WR� 6DPSDW� ��������
EDFWHULD�� IXQJL� DQG� RWKHU� ELRORJLFDO� SROOXWDQWV� DUH�
QDWXUDOO\� ILOWHUHG� DQG� GLOXWHG� DV� WKH�ZDWHU� SHQHWUDWH� RU�
SHUFRODWHV�WKURXJK�WKH�VRLO��$QRWKHU�UHDVRQ�ZK\�JURXQG�
ZDWHU� LV�XVHG�IRU�GRPHVWLF�DQG� LQGXVWULDO�XVH�LV�WKDW�WKH�
SURYLVLRQ�RI�SRWDEOH�ZDWHU�Y LD�WKH�ZDWHU�VXSSO\�VFKHPH�
LV�JURVVO\�LQDGHTXDWH�IRU�WKH�QHHGV�RI�WKH�SHRSOH��%XW�DV�
D� UHVXOW� RI� FDUHOHVV� PDQDJHPHQW� DQG�RU� GLVSRVDO� RI�
KD]DUGRXV�PDWHULDOV�� IUHVK� JURXQGZDWHU� VXSSOLHV�ZRXOG�
EH�JUHDWO\�GHFUHDVHG�ZLWKLQ �WKH�VWXG\�DUHD��3UHVHQWO\��WKH�
SUREOHP�RI� HQYLURQPHQWDO� FRQWDPLQDWLRQV� LV� RQH�RI� WKH�
FRQFHUQV�RI�HDUWK�VFLHQWLVWV�DQG�RWKHU�UHODWHG�UHVHDUFKHUV�
DURXQG� WKH� ZRUOG�� 6R OLG� ZDVWH� ODQGILOOV� FRQVWLWXWH�
LQWHJUDO�SDUW�RI�WKH�VRLO�K\GURORJLFDO�V\VWHP��5RVTYLVW�HW�
DO�� ������� WKHUHIRUH�� SRVH� D� VHULRXV� WKUHDW� RI� SROOXWLQJ�
ERWK�JURXQGZDWHU�DQG�GRZQVWUHDP�VXUIDFH�ZDWHU��7KHUH�
LV� WKHUHIRUH� WKH� QHHG� WR� XQGHUVWDQG� DQG� TXDQWLI\� WKH�

K\GUDXOLF�EHKDYLRU�RI�ODQGILOOV��

$FFRUGLQJ� WR� %URZQ� DQG� 'RQQHOO\� �������� WKHUH� DUH�
QXPHURXV� WR[LF� FKHPLFDOV� IURP� ZHOO� ZDWHUV� LQ � WKH�
8QLWHG�6WDWHV�RI�$PHULFD�DV�D�UHVXOW�RI�PXQLFLSDO�VROLG �
ZDVWH� OHDFKDWH� DFFXPXODWLRQ� ZKLFK� KDYH� ORWV� RI� KHDOWK�
KD]DUGV� VXFK� DV� FDQFHU�� ELUWK � GHIHFWV�� JHQHWLF� HIIHFWV��
QHUYRXV� V\VWHPV� HIIHFWV�� .LGQH\�/LYHU� HIIHFWV��
FLUFXODWRU\� V\VWHP� HIIHFWV�� FHQWUDO� QHUYRXV� V\VWHP�
HIIHFWV�DQG�VNHOHWDO�GDPDJH��0RVW�SHRSOH�DUH�LJQRUDQW�RI�
WKHVH� KHDOWK� KD]DUGV� EHFDXVH� RI� WKH� JHQHUDO� EHOLHI� WKDW�
KRXVHKROG� PDWHULDOV� DUH� UHODW LYHO\� VDIH� DQG� ZRXOG� QRW�
DGYHUVHO\� DIIHFW� JURXQGZDWHU� DQG� SXEOLF� KHDOWK�� 7KH�
ORQJ� HVWDEOLVKHG� PHWKRG� IRU� VROLG� ZDVWH� GLVSRVDO� WKDW�
GHPDQGV� D� PLQLPXP�RI� HIIRUW� DQG� H[SHQVH� LQ 1LJHULD�
KDV� EHHQ� WKH� RSHQ� GXPSVLWHV�� 'UDZEDFNV� WR� VXFK�
IDFLOLW LHV� DUH� IDLUO\� REYLRXV�� HVSHFLDOO\� WR� WKRVH� KDYLQJ�
WKH� PLVIRUWXQH� WR� OLYH� QHDU� WKH� GXPSVLWHV��$SDUW� IURP�
SROOXWLQJ� WKH� JURXQGZDWHU�� RSHQ� GXPSV� DUH� XQVLJKWO\��
XQVDQLWDU\�� DQG� VWLQNLQJ��.DGXQD�0XQLFLSDO� DV� D� UHVXOW�
RI� JURZWK� DQG� XUEDQL]DWLRQ� LV� QRW� DQ� H[FHSWLRQ� WR�
HQYLURQPHQWDO� SUREOHP� EHFDXVH� WKHUH� DUH� DERXW� ����
VROLG� ZDVWH� VLWHV� LQ� .DGXQD� 0HWURSROLV� �0LQ LVWU\� RI�
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LQWHJUDWLRQ�RI�UHVLVWLYLW\�DQG�VHLVPLF�WRPRJUDSK\�PHWKRGV��6FKOXPEHUJHU�DUUD\�ZDV�XVHG�WR�DFTXLUH�RQH�KXQGUHG�
DQG� IRUW\�IRXU� 9(6� VWDWLRQV� DQG�ZHUH� LQWHUSUHWHG� XVLQJ� VRIWZDUH� ± :LQ�5HVLVW�� 7ZR�KXQGUHG� DQG� QLQHW\� IRXU�
VHLVPLF�VWDWLRQV�ZHUH�VKRW�DORQJ�ILIWHHQ�SURILOHV�ZLWK�JHRSKRQH�VHSDUDWLRQ�RI��P�DQG�DQ�RIIVHW�GLVWDQFH�RI����P�
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5HIOH[: VRIWZDUH��7KH�9(6�UHVXOWV�REWDLQHG�UHYHDO�WKDW�WKH�WKLFNQHVV�DQG�UHVLVWLYLW\�YDOXHV�IRU�YDULRXV�OD\HUV�DUH�
JLYHQ�DV��WRS�VRLO������WR�����P�DQG������WR�������ȍ �P���ZHDWKHUHG�OD\HU �����WR������ȍ�P�DQG������WR�������ȍ�P���
IUDFWXUHG�EDVHPHQW �����WR������P�DQG�����WR �������ȍ �P���DQG�IUHVK�EDVHPHQW �������WR��������ȍ�P���7KH�VHLVPLF�
WRPRJUDSK\�UHVXOWV�UHYHDO�OD\HU�YHORFLW\�UDQJHV������WR� �����P�V�WRSVRLO������WR� �����P�V� ZHDWKHUHG�OD\HU��DQG�
�����WR������P�V�IUDFWXUHG�EDVHPHQW��7KH�UDWH�RI�OHDFKDWH�FRQWDPLQDWLRQ�DW�WKH�DUHD�LV�FDOFXODWHG�WR�EH�����P SHU�
\HDU��ZKLOH�WKH�GHSWK�RI�FRQWDPLQDWLRQV�UDQJHV�IURP�����WR������P�LQ�WKH�DUHD��7KH�VWXG\�VXJJHVWV�WKDW�0LOOHQQLXP�
GXPSVLWHV�WUXO\�FRQWDPLQDWHG�WKH�JURXQGZDWHU�VRXUFHV��XQOLNH�WKH�1'$�GXPSVLWHV�ZKLFK�LV�PLQLPDO��
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(QYLURQPHQW� DQG� 1DWXUDO� 5HVRXUFHV�� .DGXQD� 6WDWH��
������� 7KH� HQWLUH� ���� ZDVWH� GLVSRVDO� VLWHV� DUH� RSHQ�
GXPS� W\SH�� ZKLFK� LQYDULDEO\� FUHDWHV� VHULRXV� WKUHDWV� WR�
ORFDO�HQYLURQPHQWDO�TXDOLW\�DQG�SXEOLF�KHDOWK��

&RQVHTXHQWO\�� .DGXQD� PHWURSROLV� ZLOO� IDFH� FULW LFDO�
SUREOHP�SHUWDLQ LQJ�WR�LWV�JURXQGZDWHU�UHVRXUFHV�ZLWK�WKH�
FRPLQJ� \HDUV� LI� WKLV� SUREOHP� RI� ZDVWH� GLVSRVDO� VLWHV�
ZKLFK� LQGLVFULPLQDWHO\� OLWWHUV� WKH� FLW\� LV� QRW� DGHTXDWHO\�
DGGUHVVHG�� 2QH� RI� WKH� PRVW� IUHTXHQW� GHPDQGV� LQ�
PHWURSROLWDQ� DUHDV� LQFOXGHV� GHWHFWLQJ� WKH� ORFDWLRQ� DQG�
H[WHQW� RI� FRQWDPLQDWLRQ� SDWFKHV� LQ� DUHDV� RFFXSLHG� E\�
GXPSVLWHV�� ,Q� VXFK� FRQWH[W�� WKH� XVH� RI� UHVLVWLYLW\� DQG�
VHLVPLF� UHIUDFWLRQ� WRPRJUDSK\� SURYLGHV� DQ� LPSRUWDQW�
WRRO� LQ� WKH� HYDOXDWLRQ� DQG� FKDUDFWHUL]DWLRQ� RI�
FRQWDPLQDQWV� JHQHUDWHG� E\� XUEDQ� UHVLGXHV�� 7KH�
UHVLVWLYLW\� DQG� VHLVPLF� UHIUDFWLRQ� WRPRJUDSK\� PHWKRGV�
KDYH� EHHQ� IRXQG� YHU\� VXLWDEOH� IRU� VXFK� NLQG� RI�
HQYLURQPHQWDO� VWXGLHV�� 7KLV� LV� GXH� WR� WKH� IDFW� WKDW�
JHQHUDOO\��LRQLF�FRQFHQWUDWLRQ�RI�OHDFKDWH�LV�PXFK�KLJKHU�
WKDQ�WKDW�RI�JURXQGZDWHU�DQG�VR�ZKHQ�WKH�OHDFKDWH�HQWHUV�
WKH� DTXLIHU�� LW � UHVXOWV� LQ� D� ODUJH� FRQWUDVW� LQ� HOHFWULFDO�
SURSHUWLHV� DQG� WKH�PHWKRGV�ZLOO� LGHQWLI\� WKHVH� ]RQHV� DV�
DQ� DQRPDO\� ZKLFK� HQDEOHV� WKH� OHDFKDWH� SOXPH� WR� EH�
GHWHFWHG��7KH� XVH� RI� UHVLVWLYLW\� DQG� VHLVPLF� UHIUDFW LRQV�
PHWKRGV�DSSOLHG�WR�ODQGILOOV�VWXGLHV�DUH�ZHOO�GRFXPHQWHG�
�.DUOLN� HW� DO�� ������ %HQVRQ� HW� DO�� ������ =KDQJ� DQG�
7RNVR]�� ������0XNKWDU� HW� DO�� ������ )DWWD� HW� DO�� ����� �
%XVHOOL�HW �DO�������� �'DKOLQ�� ������3RUVDQL�HW�DO�� ����� �
2VD]XZD�DQG�$EGXOODK L��������-HJHGH�HW�DO�������� �8GRK�
HW� DO��� ������� 7KHLU� UHVXOWV� DOVR� VKRZ� WKH� DSSOLFDWLRQV�
DQG� OLPLWDWLRQV� RI� WKH� JHRSK\VLFDO� PHWKRGV� LQ�
HQYLURQPHQWDO� SURE OHPV� DVVRFLDWHG� ZLWK� JURXQG� ZDWHU�
FRQWDPLQDWLRQ�GXH�WR�OHDFKDWH�PRYHPHQW�

/2&$7,21�$1'�*(2/2*<�2)�7+(�678'<�
$5($
7KH� VWXG\� DUHD� ZKLFK� FRYHUV� WZR� XQFRQWUROOHG� RSHQ�
ZDVWH� GLVSRVDO� VLWHV� DW� 0LOOHQQLXP� &LW\� DQG� 1LJHULDQ�
'HIHQVH�$FDGHPLF��1'$��LV�VLWXDWHG�ZLWKLQ�WKH�.DGXQD�
PHWURSROLV��7KH�1'$�GXPSVLWH�LV�ORFDWHG�ZLWKLQ�ODWLWXGH�
��R� ��O� 1� DQG� ��R �� (� ZLWK� HOHYDWLRQ� RI� ���� PHWHU�
ZKLOH� WKH� 0LOOHQQLXP� &LW\� GXPSVLWH� LV� ORFDWHG� ZLWKLQ�
ODWLWXGH� ��R� �� 1� DQG� ��R �� (�ZLWK� HOHYDWLRQ� RI� ����
PHWHU�� 7KH� WRWDO� DUHD� FRYHUHG� IRU� WKH� VWXG\� LV� �������
VTXDUH�PHWHUV�LQ�1'$�DUHD�SUHFLVHO\�DW�QRUWKHDVWHUQ�SDUW�
RI� .DGXQD� PHWURSROLV� DQG� ������� VTXDUH� PHWHUV� LQ �
0LOOHQQLXP�&LW\�GXPSVLWH�SUHFLVHO\�DW�WKH�QRUWKZHVWHUQ�
SDUW� RI� .DGXQD� PHWURSROLV� �)LJ�� ���� 7KH� GXPSVLWHV�
FRQVLVW� RI� KHWHURJHQHRXV� UHIXVH� OLNH� KRXVHKROG� UHIXVH��
EXLOGLQJ�UXEEOH�DQG�RU�LQGXVWULDO�UHIXVH�

7KH� VXUYH\� DUHD� OLHV� ZLWK LQ� WKH�%DVHPHQW� &RPSOH[� RI�
1RUWKHUQ� 1LJHULD� �)LJ�� ���� 7KH� URFNV� FRQVLVW� RI�
XQGLIIHUHQWLDWHG� EDVHPHQW� FRPSOH[� URFNV� PDLQO\ �
JUDQLWHV��JQHLVVHV��PLJPDWLWH��TXDUW]LWH�DQG�DPSKLEROLWHV�

WKDW� KDYH� EHHQ� JURXSHG� E\� WKH� %ULWLVK� DXWKRUV� DV�
µ%DVHPHQW�&RPSOH[¶�RI�WKH�3UHFDPEULDQ�DJH��$FFRUGLQJ�
WR� 0F&XUU\ � �������� WKH� ZKROH� %DVHPHQW� KDV� EHHQ�
WKURXJK�DW�OHDVW�WZR�WHFWRQLF ± PHWDPRUSKLF�F\FOHV�DQG�
FRQVHTXHQW� PHWDPRUSKLVP�� PDJQHWL]DW LRQ� DQG�
JUDQLWL]DWLRQ� KDYH� H[WHQVLYHO\� PRGLILHG� WKH� RULJLQDO�
URFNV� VR� WKDW� WKH\� JHQHUDOO\ � RFFXU� DV� UHOLFW � UDIWV� DQG�
[HQROLWKV�LQ�PLJPDW LWH�DQG�JUDQLWHV��7ZR�PDLQ�JURXSV�RI�
JUDQLWHV� DUH� SUHVHQW� DQG� WKHVH� DUH� WKH� \RXQJHU� JUDQLWHV�
DQG�WKH�ROGHU�JUDQLWHV��7KH�ROGHU�JUDQLWHV�DUH�ZLGHVSUHDG�
DQG� RIWHQ� JLYHQ� ULVH� WR� VPRRWKO\� GRPHG� KLOOV� ZKLFK�
W\SLFDOO\� ULVH� WR� DERXW� ���P� DERYH� WKH� VXUURXQGLQJ�
SODLQV��5XVV���������7KH�\RXQJHU�JUDQLWHV�ZKLFK�LQFOXGH�
JUDQLWHV��V\HQLWHV�DQG�UK\ROLWHV�FRYHU�H[WHQVLYH�DUHDV�LQ �
WKH�3ODWHDX�SURYLQFH�EXW�WKHUH�DUH�DOVR�VPDOOHU�PDVVHV�LQ�
.DGXQD�6RXWK��.DQR�� %DXFKL� DQG�=DULD� SURY LQFHV� DQG�
VRPH�RWKHU�LVRODWHG�PDVVHV�LQ�WKH�%RUQR�SURYLQFH��5XVV��
������

0(7+2'2/2*<�
,Q�WKLV�VWXG\�WKH GDWD�FROOHFWHG�ZHUH�EDVLFDOO\�IURP�PDLQ �
PHDVXULQJ� PRGH� RI� WKH� 7HUUDPHWHU� 6$6� �����
�5HVLVWLYLW\��� 7KH� SURILOLQJ� GDWD� ZHUH� FROOHFWHG� XVLQJ�
6FKOXPEHUJHU� FRQILJXUDW LRQ� RI� YHUWLFDO� HOHFWULFDO�
VRXQGLQJ� �9(6��� &DUH� ZDV� WDNHQ � WR� HQVXUH� WKDW� WKH�
HOHFWURGH� OD\RXW� IROORZ� D� VWUDLJKW� OLQH� DORQJ� WKH� 1�6�
SURILOH� OD\RXW�� 6LPLODUO\�� WKH� PD[LPXP� KDOI� FXUUHQW�
HOHFWURGH� VHSDUDWLRQ� RI� ���� PHWHUV� DQG� SRWHQWLDO�
HOHFWURGH�VHSDUDWLRQ�RI���P�ZHUH�XVHG�GXULQJ�9(6�GDWD�
DFTXLVLWLRQ��7KH�)LJ�� ��VKRZV�WKH�SURILOH�OD\RXW�IRU�9(6�
GDWD�FROOHFWLRQ�LQ�ERWK�1'$�DQG�PLOOHQQLXP�FLW\��ZKLOH�
3ODWH��D�VKRZV�WKH�9(6�ILHOGZRUN�ZLWK LQ�WKH�VWXG\�DUHD��
$�WRWDO�RI�RQH�KXQGUHG�DQG�IRUW\�IRXU�������9(6�SRLQWV�
ZHUH� VRXQGHG� LQ� ERWK� GXPSVLWHV� DQG� FRQWURO� VLWH�� 7KH�
DSSDUHQW� UHVLVWLYLW\� YDOXHV� DFTXLUHG� IURP� WKH
PHDVXUHPHQW� ZHUH� S ORWWHG� DJDLQVW� KDOI� WKH� FXUUHQW�
HOHFWURGH� VSDFLQJ�RQ� D�EL�ORJDULWKPLF� JUDSK� LQ� RUGHU� WR�
GHWHUPLQH� WKH� DSSDUHQW� UHVLVWLYLW\�� WK LFNQHVVHV� DQG�
GHSWKV� RI� YDULRXV� OD\HUV� SHQHWUDWHG� XVLQJ� :LQ�UHVLVW�
VRIWZDUH�� 7KH� DSSDUHQW� UHVLVWLYLW\� RXWSXWV� JHQHUDWHG�
ZHUH� XVHG� WR� SURGXFH� LVR�UHVLVWLYLW\�� ,Q� WKLV� SDUWLFXODU�
VHFWLRQ��FRQWRXU�PDSV�RI�DOO�WKH�9(6�SRLQWV�RQ�WKH�GXPS�
DQG� FRQWURO� VLWHV�ZHUH� SURGXFHG��7KH� PDLQ� SXUSRVH� RI�
WKHVH�PDSV�ZDV� WR� FRUUHODWH� WKH� WZR�PDSV� DQG�REVHUYH�
WKH� YDULDWLRQ� LQ� FRQGXFWLYLW\� RI� WKH� HDUWK PDWHULDO� DW�
YDULRXV� GHSWKV� LQ� RUGHU� WR� GHOLQHDWH� WKH� H[WHQW� RI�
FRQWDPLQDWLRQ�DW�SDUW LFXODU�OHYHO��6RPH�UHVHDUFKHUV�KDYH�
ZULWWHQ� RQ� WKH�QHHG� DQG� XVHV� RI� 6FKOXPEHUJHU� DUUD\� LQ �
JURXQGZDWHU� LQYHVWLJDWLRQ� �=RKG\� DQG� -DFNVRQ�� ����� �
8GHQVL� DQG� 6DODNR�� ������ 0RKDPPHG� HW� DO��� ����� �
$QDNZXED� HW� DO��� ������ $QDNZXED� HW� DO��� ����� �
2ELDEXQPR�HW�DO��������&KLQZXNR�HW�DO���������2VHOH�HW�
DO��� ������ &KLQZXNR� HW � DO��� ������$PDGL� HW� DO��� ������
6KDLEX�HW�DO�� ������8GRK�HW�DO�� ������DQG�RWKHUV��
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)LJXUH��� *HRORJLFDO�PDS�RI�1LJHULD�VKRZLQJ�WKH�VWXG\�DUHD��1*6$�������
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)LJXUH���$�SDUW�RI�WKH�3URILOH �OD\RXW�IRU�9(6�DQG�VHLVPLF�'DWD�&ROOHFWLRQ�WKH�VWXG\�DUHD

)LJXUH��� 'DWD�DFTXLVLWLRQ�ZLWKLQ�WKH�VWXG\�DUHD���D��9(6�OD\RXW���E��6HLVPLF�5HIUDFW LRQ�7RPRJUDSK\�OD\RXW

,Q�DGGLWLRQ��WKH�UHIUDFWLRQ�WRPRJUDSK\�SURILOLQJ�DGRSWHG�
IRU� WKLV� UHVHDUFK� ZRUN� ZDV� VHLVPLF� UHIUDFWLRQ� VKRRWLQJ�
DORQJ�WKH�SURILOHV��$��%��&��'��(��DQG�)��)LJ������ZLWK�WKH�
���JHRSKRQHV�HTXLSPHQW�NHSW�DW���P�LQWHUYDO�DORQJ�HDFK�
SURILOH� OLQH� GXULQJ� WKH� VXUYH\� �)LJ�� ���� 7KH� JHRSKRQHV�
ZHUH� FRQQHFWHG� WR� WKH� UHFRUGLQJ� LQVWUXPHQW� FDOOHG�
VHLVPRJUDSK�� ZKLFK� ZDV� SODFHG� EHWZHHQ� WKH� ��WK�
������P�� DQG� ��WK� �������P�� JHRSKRQHV� UHVSHFWLYHO\�
WKDW�LV�WKH�PLG�SRLQW�RI�WKH�OD\RXW��7KHQ� WKH�DPSOLILHUV��
ILOWHUV� DQG� JDLQV� ZHUH� DFFXUDWHO\� VHW��$OVR�� WKH� VRXUFH�
ZDV� SODFHG� DW� ���� PHWHU� RIIVHW� DZD\� IURP� WKH� ILUVW�
JHRSKRQH� DQG� WKHQ�� WKH ILUVW� VKRW� ZDV� PDGH� RQ� WKH�
VHLVPRJUDSK��7KXV��WKH�VKRWV�ZHUH�PDGH�EHWZHHQ�WKH��WK�
DQG� �WK� JHRSKRQH�� ��WK� DQG� ��WK� JHRSKRQH�� ��WK� DQG�

��WK� JHRSKRQH� DORQJ�ZLWK� ���P�RIIVHW� DZD\� IURP� ��WK
JHRSKRQH��7KHQ�WKH�UHVXOWLQJ�VLJQDOV�ZHUH�UHFRUGHG�DQG�
VWRUHG�RQ�WKH�6HLVPRJUDSK��)LJ������+HQFH��D �WRWDO�RI�����
VKRW� SRLQWV� IRU� WKH� GXPSVLWHV� DQG� ���� VKRW� SRLQWV� IRU�
FRQWURO�VLWHV�ZHUH�PDGH��,Q �DGGLWLRQ��WKH�VHLVPLF�VRXUFHV�
DQG� UHFHLYHUV� DUH� DUUDQJHG� LQ� VXFK� D�ZD\� WKDW�PXOWLSOH�
VHLVPLF� UD\V� SDVV� WKURXJK� HDFK� HOHPHQW� RI� WKH�
DUUDQJHPHQW�� WKHUHE\� REWDLQLQJ� WKH� WRWDO� WUDYHO�WLPH� IRU�
HDFK� UD\� ZKLFK� ZDV� WKH� EDVLF� GDWD� QHHGHG� IRU�
LQWHUSUHWDWLRQ��7KH� UHIUDFWLRQ� WRPRJUDSK\� LQWHUSUHWDWLRQ�
DQG� IXOO� UHIUDFW LRQ� PRGHOLQJ� ZHUH� GRQH� XVLQJ� DQ�
LQYHUVLRQ�VRIWZDUH�SDFNDJH�FDOOHG�5HIOH[:��)LQDOO\��WKH�
WRPRJUDPV� JHQHUDWHG� WKURXJK� WKH� LQYHUVLRQV� ZHUH�
WUDQVIRUPHG�LQWR�YHORFLW\�PRGHOV�

)LJXUH��� *HRSKRQHV�DUUDQJHPHQW�GXULQJ�VHLVPLF�GDWD�DFTXLVLWLRQ
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5(68/7�$1'�',6&866,21
9(6�&XUYH�,QWHUSUHWDWLRQ
7KH� UHVXOWV� RI� WKH� TXDOLWDWLYH� LQWHUSUHWDWLRQ� DFURVV� WKH�
HQWLUH�RQH�KXQGUHG�DQG�IRUW\�IRXU�VRXQGLQJ�SRLQWV�UHYHDO�
WKDW� WKH� FXUYH� W\SHV� ZLWKLQ� WKH� GXPSVLWHV� DQG� FRQWURO�
VLWHV� RI� 1'$� DQG� 0LOOHQQLXP� &LW\� FRQVLVW� RI� WKUHH�
GLVWLQFW�OD\HUV�QDPHO\��$��+�DQG�.+�FXUYH�W\SHV��)LJ����

DQG� 7DEOH� ���� 7KH� SUHGRPLQDQW� FXUYH� W\SH� ZLWKLQ� WKH�
DUHD� LV� +�FXUYH� W\SH� ZLWK� DERXW� ������ ZKLOH� WKH�
UHPDLQ LQJ� ������ EHORQJV� WR� .+� DQG� $�FXUYH� W\SHV��
$FWXDOO\��WKH�FRQWURO�VLWHV�SRVVHVV������RI�+�FXUYH�W\SH�
ZKLOH� WKH� GXPSVLWHV� KDYH� WKUHH� DIRUHPHQWLRQHG� FXUYH�
W\SHV�DFURVV�WKH�DUHD�

)LJXUH��� *HRHOHFWULF�&XUYHV�DFURVV�WKH�VWXG\�DUHD���D��1'$�'XPSVLWH���E��1'$�FRQWURO�VLWH�
�F��0LOOHQQLXP�&LW\�'XPSVLWH
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7DEOH��� &XUYH�W\SHV�ZLWKLQ�WKH�VWXG\�DUHD

&XUYH�7\SH 1R�RI�&XUYH�W\SH ��RI�&XUYH�7\SH

$ �� ���

+ �� ����

.+ �� ����

7RWDO ��� ���

*HRHOHFWULF�/D\HU
)LUVW�/D\HU
7KH�UHVLVWLYLW\�YDOXHV�RI�WKH�ILUVW�OD\HUV�DFURVV�WKH�1'$�
DUHDV�UDQJH�IURP������2KP�P�DW�9(6�'� WR������2KP�
P�DW�9(6�)��ZLWK�WKH�WK LFNQHVV�UDQJH�EHWZHHQ����P�DW �
9(6�$� DQG�$� WR� ����P� DW � 9(6� %� �7DEOH� �D��� 7KH�
PD[LPXP� WKLFNQHVV� LV� DURXQG� 9(6� %� ZKHUHDV� WKH�
PLQLPXP�WKLFNQHVV�LV�DW�9(6�$� DQG�$���,Q�0LOOHQQLXP�
&LW\�DUHDV��WKH�UHVLVWLYLW\�YDOXHV�RI�WKH�ILUVW OD\HUV�UDQJH�
IURP� �����2KP�P� DW� 9(6�$�� WR� �����2KP�P� DW� 9(6�
$���ZLWK� WKH� WKLFNQHVV� UDQJH� EHWZHHQ� ���P� DW �$����%��

DQG� &�� WR� ����P� DW� $�� DQG� &��� �7DEOH� �E��� 7KH�
PD[LPXP� WKLFNQHVV� LV� DURXQG� $�� DQG� &�� ZKLOH� WKH�
PLQLPXP�WKLFNQHVV�LV�DW�$����%�� DQG�&����+RZHYHU��WKH�
UHVLVWLYLW\� YDOXHV� RI� WKH� ILUVW� OD\HUV� DFURVV� WKH� 1'$�
FRQWURO� VLWHV� UDQJH� IURP� ������ 2KP�P� DW � 9(6� (�� WR�
������ 2KP�P� DW� 9(6� $��� ZLWK� WKH� WKLFNQHVV� UDQJH�
EHWZHHQ����P�DW�9(6�)�� WR����P�DW�9(6�'����7DEOH��F���
7KH�PD[LPXP�WKLFNQHVV�LV�DURXQG�9(6 '�� ZKHUHDV�WKH�
PLQLPXP� WKLFNQHVV� LV� DW� 9(6� )���� $OWKRXJK�� LQ�
0LOOHQQLXP�&LW\� FRQWURO� VLWHV�� WKH� UHVLVWLYLW\� YDOXHV� RI�
WKH�ILUVW�OD\HUV� UDQJH�IURP�������2KP�P�DW�9(6�$�� WR�
������ 2KP�P� DW� 9(6� '��� ZLWK� WKH� WKLFNQHVV� UDQJH�
EHWZHHQ����P�DW�$�� DQG�(�� WR����P�DW�$����7DEOH� �G���
7KH� PD[LPXP� WKLFNQHVV� LV� DURXQG� $�� ZKLOH� WKH�
PLQLPXP�WKLFNQHVV�LV�DW�$�� DQG�(����7KH�ILUVW�OD\HUV�DUH�
GHVLJQDWHG�DV�WKH�ODWHULWLF �WRSVRLO�

6HFRQG�/D\HU
7KH� UHVLVWLYLW\� YDOXHV� RI� WKH� VHFRQG� OD\HUV� DFURVV� WKH�
1'$� DUHDV� UDQJH� IURP� ���� 2KP�P� DW� 9(6� $� WR�
������� 2KP�P� DW� 9(6� &��� ZLWK� WKH� FRUUHVSRQGLQJ�
WKLFNQHVV� UDQJH� EHWZHHQ� ���P� DW� 9(6�$� WR� ����P� DW �
9(6�&���7DEOH� �D��� 7KH�WKLFNHVW�9(6�SRLQW�LV�DW�&� DQG�
WKH� WKLQQHVW� LV� DW�$���%XW�� WKH� UHVLVWLYLW\� YDOXHV� RI� WKH�
VHFRQG� OD\HUV� DFURVV� WKH� 0LOOHQQLXP� &LW\� UDQJH� IURP�
�����2KP�P�DW�9(6�(�� WR��������2KP�P�DW�9(6�%����
ZLWK�WKH�FRUUHVSRQGLQJ�WKLFNQHVV�UDQJH�EHWZHHQ����P�DW�
9(6�(���WR�����P�DW�9(6�$����%����DQG�&����7DEOH� �E���
7KH� WKLFNHVW�9(6�SRLQW� LV� DW�$����%���� DQG�&�� DQG� WKH�
WKLQQHVW�LV�DW� (����1HYHUWKHOHVV��WKH�UHVLVWLYLW\�YDOXHV�RI�
WKH� VHFRQG� OD\HUV� DFURVV� WKH� 1'$� FRQWURO� VLWHV� UDQJH�
IURP� �����2KP�P� DW� 9(6� %�� WR� �����2KP�P� DW� 9(6�
$��� ZLWK � WKH� FRUUHVSRQGLQJ� WKLFNQHVV� UDQJH� EHWZHHQ�
���P� DW�9(6� &�� WR� ����P� DW�9(6� '��� �7DEOH� �F��� 7KH�
WKLFNHVW�9(6�SRLQW� LV� DW�'�� DQG�WKH� WKLQQHVW� LV� DW�&����

%XW��WKH�UHVLVWLYLW\�YDOXHV�RI�WKH�VHFRQG�OD\HUV�DFURVV�WKH�
0LOOHQQLXP� FRQWURO� VLWHV� UDQJH� IURP� ����� 2KP�P� DW�
9(6� $�� WR� ������ 2KP�P� DW� 9(6� )���� ZLWK� WKH�
FRUUHVSRQGLQJ�WKLFNQHVV�UDQJH�EHWZHHQ����P�DW�9(6�'���

WR�����P�DW�9(6�$����7DEOH��G���7KH�WKLFNHVW�9(6�SRLQW�
LV�DW�$�� DQG�WKH�WKLQQHVW�LV�DW�'����7KH�VHFRQG�OD\HUV�DUH�
GHVLJQDWHG� DV� WKH� ZHDWKHUHG� EDVHPHQW�� 7KLV�
LQWHUSUHWDWLRQ� DOLJQHG�ZLWK� WKDW� REWDLQHG� E\� ,MLOD� HW� DO�
��������ZKHUH�WKH\�FKDUDFWHUL]HG�WKH�EDVHPHQW�URFNV�DQG�
GHOLQHDWHV� JURXQGZDWHU� SRWHQWLDO� ]RQHV� LQ� D� EDVHPHQW�
FRPSOH[� WHUUDLQ� RI� $GH\HPL� &ROOHJH� RI� (GXFDWLRQ��
2QGR�� 6RXWKZHVWHUQ� 1LJHULD� XVLQJ� YHUWLFDO� HOHFWULFDO�
VRXQGLQJ�� 7KH\� GHOLQHDWHG� WKDW� WKH� ZHDWKHUHG� OD\HU�
ZLWKLQ � WKH� UHJLRQ� UDQJH� EHWZHHQ� ���� � �����P��$OVR��
$OL\X� HW� DO�� ������� VWDWHG� WKDW� WKH�ZHDWKHUHG� EDVHPHQW�
SRVVHVVHG� UHVLVWLYLW\� UDQJH� RI� �������ȍP� ZLWKLQ �
=DLQDZD�9LOODJH��.DQR�6WDWH��1LJHULD�

7KLUG�/D\HU
$W�WKH�1'$�GXPSVLWHV��WKH�WKLUG� OD\HUV�KDYH�UHVLVWLYLW\�
YDOXHV�UDQJLQJ�IURP������� 2KP�P�DW�9(6�$� WR��������
2KP�P� DW� 9(6�$� ZLWK� WKLFNQHVV� UDQJH� IURP� ���P� DW�
9(6�(� WR�����P�DW�9(6�%� DFURVV�WKH�DUHD��7DEOH��D���
7KH� PD[LPXP� WKLFNQHVV� LV� DURXQG� 9(6� %� DQG� WKH�
PLQLPXP� WKLFNQHVV� LV� DW� 9(6� (���$W� WKH� 0LOOHQQLXP�
GXPSVLWHV�� WKH� WKLUG� OD\HUV� KDYH� UHVLVWLYLW\� YDOXHV�
UDQJLQJ�IURP�������2KP�P�DW�9(6�&�� WR��������2KP�
P� DW � 9(6� %�� ZLWK� WKH� WKLFNQHVV� UDQJH� IURP� ���P� DW�
9(6�&�� WR�����P�DW�9(6�&�� DFURVV�WKH�DUHD��7DEOH��E���
7KH�PD[LPXP�WKLFNQHVV�LV�DURXQG�&�� DQG�WKH�PLQ LPXP�
WKLFNQHVV� LV� DW� &���� 6XEVHTXHQWO\�� DW� WKH� 1'$� FRQWURO�
VLWH��WKH�WKLUG �OD\HUV�KDYH�UHVLVWLYLW\�YDOXHV�UDQJLQJ�IURP�
������2KP�P� DW�9(6�$� WR� ������� 2KP�P� DW�9(6�$�

ZLWK�WKH�WKLFNQHVV�UDQJH�IURP����P�DW�9(6�$�� WR�����P�
DW� 9(6�'�� DFURVV� WKH� DUHD� �7DEOH� �F��� 7KH� PD[LPXP�
WKLFNQHVV�LV DURXQG�9(6�'�� DQG�WKH�PLQ LPXP�WKLFNQHVV�
LV�DW�9(6�$����$W�WKH�0LOOHQQLXP�FRQWURO�VLWHV��WKH�WKLUG�
OD\HUV�KDYH�UHVLVWLYLW\�YDOXHV�UDQJLQJ� IURP�������2KP�
P� DW� 9(6� '�� WR� ������� 2KP�P� DW� 9(6�$�� ZLWK� WKH�
WKLFNQHVV�UDQJH�IURP����P�DW�9(6�(�� WR�����P�DW�9(6�
&�� DFURVV�WKH�DUHD��7DEOH� �G���7KH�PD[LPXP�WKLFNQHVV�
LV�DURXQG�&�� DQG�WKH�PLQ LPXP�WKLFNQHVV�LV�DW�(����7KH�
WKLUG�OD\HUV�DUH�GHVLJQDWHG�DV�WKH�IUDFWXUHG�EDVHPHQW�

)RUWK�/D\HU
$W�WKH�1'$�GXPSVLWHV��WKH�IRXUWK�OD\HUV�KDYH�UHVLVWLYLW\�
YDOXHV� ������� RKP�P DW � 9(6� %� WR� ������� RKP�P� DW �
9(6�&� �7DEOH� �D���ZKLOH��DW�WKH�0LOOHQQLXP�GXPSVLWHV��
WKH� IRXUWK� OD\HUV� KDYH� UHVLVWLYLW\� YDOXHV� UDQJH� IURP�
�������2KP�P�DW�9(6�'�� WR��������RKP�P�DW�9(6�%���

�7DEOH� �E��� 7KH� WKLFNQHVVHV� RI� WKH� OD\HUV� ZHUH� QRW�
UHDFKHG� �7DEOH� �E���&RQVHTXHQWO\�� DW� WKH�1'$�FRQWURO�
VLWHV�� WKH� IRXUWK� OD\HUV� KDYH� UHVLVWLYLW\� YDOXHV� �������
RKP�P� DW� 9(6�)�� WR� ������� RKP�P� DW�$� �7DEOH� �F���
ZKHUHDV�� DW� WKH� 0LOOHQQLXP� FRQWURO� VLWHV�� WKH� IRXUWK�
OD\HUV�KDYH�UHVLVWLYLW\�YDOXHV�UDQJH�IURP��������2KP�P�
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DW�9(6�)�� WR��������RKP�P�DW�9(6�$���7KH�IRUWK�OD\HUV�
DUH�GHVLJQDWHG�DV�WKH�IUHVK�EDVHPHQW�

,VR�5HVLVWLYLW\�0DS� 7KH�,VR�UHVLVWLYLW\�FRQWRXU�PDSV�DW�
��P�GHSWK�IRU�ERWK�GXPS�DQG�FRQWURO�VLWHV�DW 1'$�DQG�
0LOOHQQLXP� &LW\� DUH� FRQWRXUHG� DW� DQ� LQWHUYDO� RI� �ષP�
UHVSHFWLYHO\� �)LJ�� ���� 7KH� FRQWRXU� OLQHV� WUHQG� WRZDUG�
QRUWKHDVW� WR� VRXWKZHVW� GLUHFWLRQV LQ� ERWK� GXPS� DQG�
FRQWURO� VLWHV� RI� WKH� WZR� DUHDV� �)LJ�� ���� 7KH� PDSV� DUH�
SURGXFHG�LQ�RUGHU�WR�REVHUYH�WKH�H[WHQW�RI�FRQWDPLQDWLRQ�
LQ� WKLV� DUHD� E\� FRUUHODWLQJ� WKH� WZR� PDSV� DQG�FRPSDUHG�
WKHP��$W� 1'$�DUHD�� WKH� UHVLVWLYLW\� YDOXHV� RI� WKH� GXPS�
VLWH� �)LJ�� �D�� UDQJHV� IURP� ��ષP� WR� ��ષP� ZKLFK� LV�
H[WUHPHO\�YHU\� ORZ�ZKHQ�FRPSDUHG�ZLWK �WKH�UHVLVWLYLW\�

YDOXHV� RI� WKH� FRQWURO� VLWH� �)LJ�� �F��ZKLFK� UDQJHV� IURP�
���ષP� WR� ���ષP�� ZKHUHDV�� DW� 0LOOHQQLXP� &LW\� DUHD��
WKH� UHVLVWLYLW\� YDOXHV� RI� WKH� GXPS� VLWH� �)LJ�� �E�� UDQJHV�
IURP���ષP�WR���ષP�ZKLFK�LV�H[W UHPHO\�YHU\ �ORZ�ZKHQ�
FRPSDUHG�ZLWK� WKH� UHVLVWLYLW\� YDOXHV� RI� WKH� FRQWURO� VLWH�
�)LJ�� �G�� ZKLFK� UDQJHV� IURP� ���ષP� WR� ���ષP�� 7KLV�
VKRZV� WKDW WKH� GXPS� VLWHV� DUH� YHU\� FRQGXFWLYH� DW� �� P�
GHSWK DQG� WKH� FRQGXFWLRQ� LV� GXH� WR� WKH� SUHVHQFH� RI�
OHDFKDWH� SOXPH� FRQWDPLQDQW� DW� WKLV� GHSWK�� )LJ�� �� DOVR�
VKRZV�WKDW�WKH�UHJLRQV�FRYHUHG�ZLWK�\HOORZLVK�WR�UHGGLVK�
FRORXU� DUH� DVVRFLDWHG�ZLWK� KLJK� UHVLVWLYLW\� FRPSDUHG� WR�
WKH� GDUN� EOXLVK� UHJLRQV� WKDW� KDYH� ORZ� UHVLVWLYLW\� DFURVV�
WKH�VWXG\�DUHD�

7DEOH��D� 6XPPDUL]HG�9(6�LQWHUSUHWDWLRQ�LQ�WKH�1'$�'XPSVLWH

$SSDUHQW�5HVLVWLYLW\��2KP�P�
/D\HU ,QIHUUHG�OLWKRORJ\ 0LQLPXP 9(6�3RLQW 0D[LPXP 9(6�3RLQW

� 7RS�VRLO �����2KP�P '� �����2KP�P )�
� :HDWKHUHG�EDVHPHQW �����2KP�P $� �������2KP�P &�
� )UDFWXUHG�EDVHPHQW ������2KP�P $� �������2KP�P $�
� )UHVK�EDVHPHQW �������RKP�P %� �������RKP�P &�

7KLFNQHVV��P�
� 7RS�VRLO ���P $��DQG�$� ����P %�
� :HDWKHUHG�EDVHPHQW ���P $� ����P &�
� )UDFWXUHG�EDVHPHQW ���P (� ����P %�
� )UHVK�EDVHPHQW

7DEOH��E� 6XPPDUL]HG�9(6�LQWHUSUHWDWLRQ�LQ�WKH�0LOOHQQLXP�&LW\�'XPSVLWH

$SSDUHQW�5HVLVWLYLW\��2KP�P�
/D\HU ,QIHUUHG�OLWKRORJ\ 0LQLPXP 9(6�3RLQW 0D[LPXP 9(6�3RLQW

� 7RS VRLO �����2KP�P $�� �����2KP�P $��

�
:HDWKHUHG�
EDVHPHQW �����2KP�P (�� �������2KP�P %��

� )UDFWXUHG�EDVHPHQW ������2KP�P &�� �������2KP�P %��
� )UHVK�EDVHPHQW �������2KP�P '�� �������RKP�P %��

7KLFNQHVV��P��
� 7RS�VRLO ���P $����%���DQG�&�� ����P $���DQG�&��

�
:HDWKHUHG�
EDVHPHQW ���P (�� ����P $����%����DQG�&��

� )UDFWXUHG�EDVHPHQW ���P &�� ����P &��
� )UHVK�EDVHPHQW

7DEOH��F� 6XPPDUL]HG�9(6�LQWHUSUHWDWLRQ�LQ�WKH�1'$�&RQWURO�6LWH

$SSDUHQW�5HVLVWLYLW\��2KP�P�
/D\HU ,QIHUUHG�OLWKRORJ\ 0LQLPXP 9(6�3RLQW 0D[LPXP 9(6�3RLQW

� 7RS�VRLO ������2KP�P (�� ������2KP�P $��
� :HDWKHUHG�EDVHPHQW �����2KP�P %�� �����2KP�P $�
� )UDFWXUHG�EDVHPHQW ������2KP�P $� �������2KP�P $�
� )UHVK�EDVHPHQW �������RKP�P )�� �������RKP�P $�

7KLFNQHVV��P�
� 7RS�VRLO ���P )�� ���P '��
� :HDWKHUHG�EDVHPHQW ���P &�� ����P '��
� )UDFWXUHG�EDVHPHQW ���P $�� ����P '��
� )UHVK�EDVHPHQW

��ZZZ�QLSQJQ�RUJ
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7DEOH��G� 6XPPDUL]HG�9(6�LQWHUSUHWDWLRQ�LQ�WKH�0LOOHQQLXP�&LW\�&RQWURO�6LWH

$SSDUHQW�5HVLVWLYLW\��2KP�P�
/D\HU ,QIHUUHG�OLWKRORJ\ 0LQLPXP 9(6�3RLQW 0D[LPXP 9(6�3RLQW

� 7RS�VRLO ������2KP�P $�� ������2KP�P '��
� :HDWKHUHG�EDVHPHQW �����2KP�P $�� ������2KP�P )��
� )UDFWXUHG�EDVHPHQW ������2KP�P '�� �������2KP�P $��
� )UHVK�EDVHPHQW �������2KP�P� )�� �������RKP�P $�

7KLFNQHVV��P��
� 7RS�VRLO ���P $���DQG�(�� ���P $��
� :HDWKHUHG�EDVHPHQW ���P '��� ����P $��
� )UDFWXUHG�EDVHPHQW ���P (�� ����P &��
� )UHVK�EDVHPHQW

)LJXUH��� ,VR�UHVLVWLYLW\�DW���P�DFURVV�WKH�VWXG\�DUHD��&RQWRXU�LQWHUYDOa��ષP���D��1'$�GXPS�VLWH��
�E��0LOOHQQLXP�&LW\�GXPS�6LWH���F��1'$�FRQWURO�6LWH���G��0LOOHQQLXP�&LW\�FRQWURO�VLWH@

,Q�DGGLWLRQ��FRQVLGHULQJ�WKH�,VR�UHVLVWLYLW\�FRQWRXU�PDSV�
JHQHUDWHG�DW�GHSWK�RI����P�� ���P�� ���P�� ���P�DQG���P
IRU�ERWK�GXPS�DQG�FRQWURO�VLWHV�DW 1'$�DQG�0LOOHQQLXP�
&LW\�� WKH� UHVXOWV�VKRZ� WKDW� WKH� GXPS� VLWHV� DUH� VWLOO� YHU\�
FRQGXFWLYH�DW�WKHVH�GHSWKV��7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�
SUHVHQW� RI� OHDFKDWH� SOXPH� FRQWDPLQDQW� DURXQG� PRVW�
SRUWLRQV�RI� WKH�PDS� GXH� WR� OHDFKDWH�YHUWLFDO� DQG� ODWHUDO�
PLJUDW LRQ DW�WKHVH�GHSWKV�RI�WKH�DUHD��7KH�FRQWRXU�OLQHV�
WUHQG�PRVWO\�LQ�WKH�QRUWKHDVW�DQG�VRXWKZHVW�GLUHFWLRQ�RQ�
WKH� GXPS� VLWHV�� ZKLOH� DW� WKH� FRQWURO� VLWHV�� WKH� FRQWRXU�
OLQHV� WUHQG� WRZDUG� WKH� QRUWKZHVW� DQG� FHQWUDO� SDUWV�
WKURXJKRXW� WKH�DUHD��7KH� UHVLVWLYLW\� YDOXHV�RI� WKH�GXPS�
VLWHV� UDQJHV� IURP� ��ષP� WR� ��ષP�ZKLOH� WKH� UHVLVWLYLW\�

YDOXHV�RI�WKH�FRQWURO�VLWH�UDQJHV�IURP���ષP�WR����ષP��
7KLV� LPSOLHV� WKDW� WKH� GXPS� VLWHV� DUH� PRUH� FRQGXFWLYH�
WKDQ�WKH�FRQWURO�VLWHV�VXFK�WKDW�WKH�DUHD�LV�DIIHFWHG�E\�WKH�
OHDFKDWH� FRQWDPLQDWLRQ��7KH� YHU\� ORZ� UHVLVWLYLW\� YDOXHV�
RQ�WKH�GXPS�VLWHV�KDYH�EHHQ�YHU\�FRQVLVWHQW�ZLWKLQ �WKH�
UDQJH� RI� DQ� DTXLIHU� SRWHQWLDO� ]RQH�� EXW� GLIIHU� IURP� WKH�
UHVLVWLYLW\�REWDLQHG�RQ�WKH�FRQWURO�VLWHV�

,QWHUSUHWDWLRQ�RI�9HORFLW\�0RGHO�
7KH� YHORFLW\� PRGHOV� JHQHUDWHG� DFURVV� WKH� GXPS� VLWHV�
IURP� WKH� VHLVPLF� UHIUDFWLRQ� WRPRJUDSK\� UHVXOWV� SRUWUD\�
WKDW�WKHUH�DUH�JHQHUDO� LQFUHDVH�LQ�YHORFLW LHV�ZLWK�UHVSHFW�
WR�GHSWKV�DFURVV�WKH�VWXG\�DUHD��7DEOH���DQG�)LJ������7KH�
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LQWHUSUHWDWLRQV� RI� WKH�PRGHOV� DUH� EDVHG� RQ� WKH� YHORFLW\�
YDOXHV� DWWDFKHG� WR�WKH� FRORXUHG� VFDOH� EDU� SODFHG� E\� WKH�
ULJKW� KDQG� VLGH� RI� WKH� PRGHOV�� &RQVLGHULQJ� WKH�
WRPRJUDSK\�PRGHOV�SURGXFHG�DFURVV�WKH�GXPS�VLWHV��WKH�
IROORZLQJ� DWWULEXWHV� DUH� REWDLQHG�� DW� 1'$� DUHD�� WKH�
RYHUEXUGHQ�OD\HUV�SRVVHVV�YHORFLW\�UDQJH�RI�����WR������
P�V� ZLWK� GHSWK� UDQJH� RI� ���� WR� ����� P� DQG� WKLFNQHVV�
UDQJH�RI�����P�WR������P��)LJ���D�DQG�7DEOH��D���ZKHUHDV�
DW�0LOOHQQLXP� &LW\�� WKH� YHORFLW\� UDQJH� RI� ���� WR� �����
P�V�ZLWK�GHSWK�UDQJH�RI� ����WR� �����P�DQG�WKLFNQHVV�RI�
���� WR � ����� P� �)LJ�� �E� DQG� 7DE OH� �E��� 0RUH� VR�� WKH�
GHOLQHDWHG� ZHDWKHUHG� EDVHPHQW� DW � 1'$� DUHD� KDYH�
YHORFLW\� UDQJH� RI� ����� P�V� WR� ����� P�V� DQG� DYHUDJH�
GHSWK�RI�����P�WR������P�ZLWK�DYHUDJH�WKLFNQHVV�RI�����
P� WR� ����� P��ZKLOH� DW�0LOOHQQLXP� &LW\�� WKH�ZHDWKHUHG�
EDVHPHQW�KDYH�YHORFLW\�UDQJH�RI� �����P�V�WR� �����P�V�
DQG� DYHUDJH� GHSWK� RI� ���� P� WR� ����� P� ZLWK� DYHUDJH�
WKLFNQHVV�RI�����P�WR������P��7KHVH�]RQHV�DUH�GHOLQHDWHG�
DV� WKH� OHDFKDWH� SOXPH� FRQWDPLQDW LRQV�� ,Q� DGGLWLRQ�� WKH�
IUHVK�EDVHPHQW�OD\HUV�DW�1'$�DUHD�KDYH�YHORFLW\ �UDQJH�
IURP������P�V�WR ������P�V�DERYH�ZLWK�DYHUDJH�GHSWK�RI�
����WR������P�DERYH��ZLWK�DYHUDJH�WKLFNQHVV�RI������P�WR�
�����P�DERYH��ZKHUHDV�DW�0LOOHQQLXP�&LW\��WKH�YHORFLW\�
UDQJH� IURP������ P�V� WR� ����� P�V� DERYH�ZLWK� DYHUDJH�
GHSWK�RI�����WR������P�DERYH��ZLWK�DYHUDJH�WKLFNQHVV�RI�
����P�WR������P�DERYH��

,Q� WKH� VDPH� ZD\�� WKH� WRPRJUDSK\� PRGHOV� SURGXFHG�
DFURVV� WKH� FRQWURO� VLWHV� UHYHDO� WKDW� DW � 1'$� DUHD�� WKH�
RYHUEXUGHQ�OD\HUV�SRVVHVV�YHORFLW\�UDQJH�RI�����WR������
P�V�ZLWK�GHSWK�UDQJH�RI�����WR�����P�DQG�WKLFNQHVV�UDQJH�
RI� ���� WR� ���P� �)LJ�� �F� DQG� 7DEOH� �F��� ZKHUHDV� DW�
0LOOHQQLXP�&LW\��WKH�RYHUEXUGHQ�OD\HUV�SRVVHVV�YHORFLW\�
UDQJH�RI�����WR������P�V�ZLWK�GHSWK�UDQJH�RI�����WR�����
P�DQG�WKLFNQHVV�UDQJH�RI�����WR�����P��)LJ���G�DQG�7DEOH�
�G��� 7KH� FRQWDFW� DUHD� EHWZHHQ� RYHUEXUGHQ� DQG� WKH�
EDVHPHQW� VKRZHG� YHU\� PXFK� XQGXODWLRQ�� $OVR�� WKH�
GHOLQHDWHG� ZHDWKHUHG� EDVHPHQW� DW � 1'$� DUHD� KDYH�
YHORFLW\�UDQJH�RI������WR������P�V�ZLWK�GHSWK�UDQJH�RI�
���� WR� ����� P� ZLWK� DYHUDJH� WKLFNQHVV�RI� ���� WR� ����� P��
ZKLOH�DW�0LOOHQQLXP�&LW\��WKH�ZHDWKHUHG�EDVHPHQW�KDYH�

YHORFLW\�UDQJH�RI������WR� �����P�V�ZLWK�GHSWK�UDQJH�RI�
���� WR � ���� �� P� DQG� WKLFNQHVV� UDQJH� RI� ���� WR� ����� P��
7KHVH� ]RQHV� DUH� GHOLQHDWHG� DV� WKH� OHDFKDWH� SOXPH�
FRQWDPLQDWLRQV�� /LNHZLVH�� WKH� IUHVK� EDVHPHQW� DW� 1'$�
DUHD� KDYH� YHORFLW\ � UDQJH� IURP������ WR� ����� P�V�ZLWK�
GHSWK�UDQJH�RI������WR�����P�DQG�WKLFNQHVV�UDQJH�RI�����
WR� ����P�� ZKHUHDV� DW� 0LOOHQQLXP� &LW\�� WKH� IUHVK�
EDVHPHQW� KDYH� YHORFLW\� UDQJH� IURP� ����� WR� ����P�V�
ZLWK� DYHUDJH� GHSWK� RI� ����� WR� ����� P� DQG� WKLFNQHVV�
UDQJH�RI�����P�WR������P�DERYH��7K LV�UHVXOW�LPSOLHV�WKDW�
VHLVPLF� GDWD� SRLQW� &�� KDYH� WKH� WKLFNHVW� ZHDWKHUHG�
EDVHPHQW� DW� DERXW� ����� P� ZKLOH� '�� SRVVHVVHV� WKH�
PLQLPXP�WKLFNQHVV�ZKLFK�LV�DERXW�����P�

0RUH� VR�� WKHVH�YHORFLWLHV� REWDLQHG� LQGLFDWH� SUHVHQFH� RI�
ORRVH� PDWHULDO� DURXQG� WKHVH� ]RQHV�� 7KH� FRQWDFW� DUHD�
EHWZHHQ� WKH� RYHUEXUGHQ� DQG� WKH� EDVHPHQW� VKRZHG� D�
PXFK� UHPDUNDEOH� OHYHO� RI� XQGXODWLRQ� ZLWK LQ� WKH�
VXEVXUIDFH��DQG�VORSH�GRZQ� IURP�WKH�HQG�RI�WKH�SURILOH �
WRZDUG�WKH�FHQWHU�RI�WKH�SURILOH��7KHVH�]RQHV�DUH�VLWXDWHG�
ZLWKLQ � WKH� DTXLIHU� SRWHQWLDO� DUHDV�� 7KHVH� DUH� LQ �
DJUHHPHQW�ZLWK� 9(6� DQDO\VLV� REWDLQHG� DFURVV� WKH� DUHD��
IRU� LQVWDQFH�� DW� 1'$� GXPS� VLWH� WKH� 9(6� SRLQWV� KDYH�
DYHUDJH� GHSWK� WR� DTXLIHU� DV� ��� PHWHUV� ZKHUHDV� DW�
0LOOHQQLXP�&LW\ �GXPS�VLWH��WKH�DYHUDJH�GHSWK�WR�DTXLIHU�
LV� ��� PHWHUV�� 7KHVH� YDOXHV� REWDLQHG� DUH� LQ� JRRG�
DJUHHPHQW� ZLWK� VXJJHVWLRQV� RI� $GHJEROD� HW� DO� ��������
ZKHUH� WKH� UHVHDUFKHUV� HVWDEOLVKHG� WKH� PXOW LFKDQQHO�
DQDO\VLV�RI�WKH�VXUIDFH�ZDYHV�RI�HDUWK�PDWHULDOV�LQ�VRPH�
SDUWV� RI�/DJRV�6WDWH��1LJHULD� ZLWK� YHORFLW\� UDQJH� IURP�
OHVV�WKDQ����P�V�WR�JUHDWHU�WKDQ ����IRU�VHGLPHQWV��0RUH�
VR�� WKH� YHORFLW\� REWDLQHG� ZLWKLQ� WKH� ZHDWKHUHG� DQG�
IUDFWXUHG� EDVHPHQWV� DUH� LQ� DJUHHPHQW� ZLWK� %DUUHWW DQG�
)URJJDWW���������WKH�VFKRODUV�HVWDEOLVKHG�WKDW�WKH�VHLVPLF�
YHORFLWLHV� RI� VRPH� URFNV� OLNH� WKH� EDVHPHQWV� IURP�
9LFWRULD� /DQG�� $QWDUFWLFD� KDYH� ����� WR� ����P�V��
*HQHUDOO\�� WKH� UHJLRQV� FRYHUHG� E\� WKH� EOXLVK� FRORXU�
ZLWKLQ � WKH� YHORFLW\� PRGHOV� SRVVHVVHG� KLJK� YHORFLW\�
YDOXHV� FRPSDUHV� WR� WKH� ORZ� YHORFLW\� UHJLRQV� ZLWK� WKH�
UHGGLVK�FRORXU��)LJXUH ���

7DEOH��D� 7KH�VXPPDU\�RI�YHORFLW\�0RGHO�3DUDPHWHU�LQ�1'$��'XPS�VLWH�

1'$�
'XPSVLWH 9HORFLW\�5DQJH��P�V� $YHUDJH�'HSWKV��P�

9� 9� 9� '� '� '�
$ ���� ���� ���� ��� ��� ��
% ��� ���� ���� ��� ���� ����
& ��� ���� ���� ��� ���� ����
' ��� ���� ��� ���� ���� ����

$YHUDJH ��� ���� ���� ����� ���� ����

��ZZZ�QLSQJQ�RUJ



6XUYH\�RI�*URXQGZDWHU�&RQWDPLQDWLRQ�/HYHO�LQ�6HOHFWHG�'XPSVLWHV�LQ�.DGXQD ������6KDLEX HW�DO�

1LJHULDQ�-RXUQDO�RI�3K\VLFV������� 1RYHPEHU������ ZZZ�QLSQJQ�RUJ ��

7DEOH��E� 7KH�VXPPDU\�RI�9HORFLW\�0RGHO�3DUDPHWHU�LQ�0LOOHQQLXP�&LW\��'XPS�

0LOOHQQLXP�
&LW\�'XPSVLWH 9HORFLW\�5DQJH��P�V� $YHUDJH�'HSWKV��P�

9� 9� 9� '� '� '�
$ ���� ���� ���� ���� ���� ����
% ���� ���� ���� ��� ���� ����
& ��� ���� ���� ��� ���� ���
' ���� ���� ���� ��� ���� ���
( ���� ���� ���� ��� ���� ���

$YHUDJH ���� ���� ���� ��� ����� �����

7DEOH��F� 7KH�VXPPDU\�RI�9HORFLW\�0RGHO�SDUDPHWHU�LQ�1'$��&RQWURO�VLWH�

1'$�
&RQWURO�VLWH 9HORFLW\�5DQJH��P�V� $YHUDJH�'HSWKV��P�

9� 9� 9� '� '� '�

$ ���� ���� ���� ��� ���� ����
% ���� ���� ���� ��� ���� ����
& ��� ���� ���� ��� �� ���
' ���� ���� ���� ��� ���� ����

$YHUDJH ���� ���� ���� ����� ������ ������

7DEOH��G� 7KH�VXPPDU\�RI�9HORFLW\�0RGHO�3DUDPHWHU�LQ�0LOOHQQLXP�&LW\��&RQWURO�VLWH�

0LOOHQQLXP�&LW\�
&RQWURO�VLWH 9HORFLW\�5DQJH��P�V� $YHUDJH�'HSWKV��P�

9� 9� 9� '� '� '�

$ ���� ���� ���� ��� ���� ����
% ��� ���� ���� ��� ���� ����
& ���� ���� ���� ��� ���� ����
' ���� ���� ���� ��� ���� ����
( ���� ���� ���� ��� ���� ����
$YHUDJH ���� ���� ���� ���� ����� �����

)LJXUH��� 9HORFLW\�0RGHOV�JHQHUDWHG�DFURVV�WKH�VWXG\�DUHD
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&RPSDULVRQ�RI�9(6�DQG�6HLVPLF�5HIUDFWLRQ�
7RPRJUDSK\�
7DEOH���VKRZV�GHWHUPLQDWLRQ�RI�WKLFNQHVV�YDULDWLRQV�GXH�
WR� GLIIHUHQW� SK\VLFDO� SURSHUWLHV� PHDVXUHG� E\� WZR�
JHRSK\VLFDO� PHWKRGV� XVHG� ZLWKLQ� WKH� VWXG\� DUHD�� 7KH�
UHVXOWV� REWDLQHG� IRU� GLIIHUHQW� HDUWK� SURSHUWLHV�PHDVXUHG�
E\� WZR� JHRSK\VLFDO� PHWKRGV� �YHUWLFDO� HOHFWULFDO�
VRXQGLQJ� �9(6�� DQG� VHLVPLF� UHIUDFWLRQ� WRPRJUDSK\�
PHWKRGV��ZHUH� XVHG� WR� GHWHUPLQH� WKH� OHYHO� RI� OHDFKDWH�
FRQWDPLQDWLRQ� RI� WKH� VXEVXUIDFH� VWUXFWXUHV� DQG� WKH�
DTXLIHU�SRWHQWLDOV��%RWK�WKH�9(6�DQG�VHLVPLF� UHIUDFWLRQ�
WRPRJUDSK\�LQWHUSUHWDWLRQV�ZLWKLQ �WKH�VWXG\�DUHD�UHYHDO�
WKDW� WKHUH� DUH� WKUHH� WR� IRXU� GLVWLQFW� JHRORJLF� XQLWV��
RYHUEXUGHQ� OD\HU� �WRSVRLO��� ZHDWKHUHG� OD\HU�� IUDFWXUHG�

DQG� IUHVK� EDVHPHQWV�� 7KH� LQWHUSUHWHG� JHRHOHFWULF�
VHFWLRQV� UHYHDO� WKDW� WKH� ILUVW� OD\HU� FRQVLVWV� RI�
FRQWDPLQDWHG�DUHD��ZHDWKHUHG�ODWHULW LF�DQG�VDQG\�WRSVRLO��
WKH� VHFRQG� OD\HUV� WKHQ� VXJJHVWHG� WKH� SUHVHQFH� RI�
ZHDWKHUHG� EDVHPHQW�� WKH� WKLUG� OD\HUV� FRQVWLWXWHV�
IUDFWXUHG�EDVHPHQW�DQG�WKH�IRXUWK�OD\HUV�DUH�GHVLJQDWHG�
DV� IUHVK� EDVHPHQW�� 6RPHWLPHV�� VHFRQG� DQG� WKLUG� OD\HUV�
ZKLFK�FRPSULVH�ZHDWKHUHG�DQG�IUDFWXUHG�EDVHPHQWV�DUH�
VDQGZLFKHG�WRJHWKHU�DQG�WKLV�LV�DOVR�HYLGHQW�LQ�WKH�WKLUG
DQG� IRXUWK� OD\HUV�� 7KHVH� DUH� SRVVLEOH� EHFDXVH� WKHVH�
OD\HUV� DUH� LQ� DJUHHPHQW� ZLWK� DSSUR[LPDWH� UHVLVWLYLW\�
UDQJHV� IRU� ERWK� URFNV� DQG�ZDWHU� W\SHV� LQ� WKH� EDVHPHQW�
FRPSOH[�WHUUDLQ�DV�VXJJHVWHG�E\�.HDU\�HW�DO���������

7DEOH��� 9DULDWLRQV�RI�WKLFNQHVV�REWDLQHG E\�9(6�DQG�6HLVPLF�0HWKRGV�8VHG

6SHFLILF�$UHD� *HRSK\VLFDO�
PHWKRG

'HOLQHDWHG�OD\HU $YHUDJH�7KLFNQHVV��P� 7RWDO�
$YHUDJH�
�P�

$ % & ' ( )

1'$�'XPSVLWH 9(6 :% ���� ���� ���� ��� ��� ���� ����
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6HLVPLF�
7RPRJUDSK\
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0LOOHQQLXP� &LW\�
'XPSVLWH
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)LJXUH ���$�EDU�FKDUW�UHSUHVHQWDWLRQ RI�9(6�DQG�6HLVPLF�0HWKRGV�ZLWKLQ�WKH�DUHD

*HRVWDWLVWLFDO�'HGXFWLRQV
7KHUH�DUH�SRVLWLYH�UHODWLRQVKLSV�EHWZHHQ�WKH�VHLVPLF�DQG�
9(6� WKLFNQHVVHV�ZLWK� WKH� FRUUHODWLRQ� FRHIILFLHQW� UDQJH�
RI� �������� WR� ������� IRU� ZHDWKHUHG� EDVHPHQW� OD\HU�
ZKLOH� WKH� IUDFWXUHG� EDVHPHQW� UDQJHG� IURP� ������� WR�
������� DFURVV� WKH� DUHD� �)LJ�� ����� &RQVLGHULQJ� WKH�
VWUHQJWK� RI� WKH� UHODWLRQVKLS� LQ� )LJ�� ���� LW� VKRZV� WKDW�
DERXW�������RI�WKH�HQWLUH�GHOLQHDWHG�WKLFNQHVVHV�SRVVHVV�
D� YHU\� VWURQJ� SRVLWLYH� UHODW LRQVKLS� �)LJ�� �L��� ZKLFK�
VLJQLILHV� WKDW� LQFUHDVH� LQ� 9(6� WKLFNQHVVHV� FDXVHV�

LQFUHDVH� LQ� VHLVPLF� WKLFNQHVVHV�� ZKHUHDV�� WKH� ����
EHORQJV� WR� ZHDN� UHODWLRQVKLS�� ZKLFK� GHSLFWV� WKDW� WKH�
WKLFNQHVV� SRLQWV� FORVHO\� FOLQFK� RQ� WKH� FRUUHODWLRQ� OLQHV�
�)LJ�� �LL�� )LJ�YL�YLLL��� $OVR�� ������ RI� WKH� FRUUHODW LRQ�
FRHIILFLHQW�ZKLFK�UDQJH�IURP�������± ������VLJQLILHV�QR�
OLQHDU�UHODWLRQVKLS�EHWZHHQ�9(6�DQG�VHLVPLF�WKLFNQHVVHV�
ZLWKLQ�WKH�DUHD��)LJ�� �LLL�Y���$FFRUGLQJ�WR�.OHLQEDXP�HW�
DO��� �������� WKH� FRUUHODWLRQ� WHVW� RI� DERXW� ������ RI� WKH�
9(6� DQG� VHLVPLF� WKLFNQHVVHV� ZLWKLQ� WKH� VWXG\� DUHD� LV�
LQGLFDWLYH�RI�D�VWDWLVWLFDOO\�VLJQLILFDQW�FRUUHODW LRQ�

�D��1'$�VLWH
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�E��0LOOHQQLXP�VLWH

)LJXUH���� *UDSK�VKRZLQJ�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�VHLVPLF�DQG�9(6�WKLFNQHVVHV�LQ�WKH�DUHD

+\GURJHRORJLFDO�DQG�(QYLURQPHQWDO�,PSOLFDWLRQV�RI�
WKH�,QWHUSUHWHG�5HVXOWV
&RQVLGHULQJ� WKH� HQWLUH� UHVXOWV� REWDLQHG�� LW� FDQ� EH�
GHGXFHG�WKDW�PRVW�9(6�DQG�VHLVPLF�UHIUDFWLRQ�SRLQWV�RQ�
ERWK� 1'$� DQG� 0LOOHQQLXP� FLW\� GXPS� VLWHV� DUH�
K\GUDXOLFDOO\�YHU\�DFWLYH��7KHVH�DUH�GXH�WR�WKH�IDFW�WKDW�
WKH� VWXG\� DUHD� LV� VLWXDWHG� ZLWKLQ� WKH� EDVHPHQW� WHUUDLQ �
ZKHUH�WKH�DTXLIHU�LV�DVVRFLDWHG�ZLWK�IUDFWXUHG�]RQHV�DQG�
VKDOORZHU�GHSWKV�ZKLFK �LV�QRW�EH\RQG���P�DV�GHOLQHDWHG�
IURP� WKH� LQWHUSUHWDWLRQV�� 6SHFLILFDOO\�� ZLWKLQ� WKH� VWXG\�
DUHD��WKHUH�DUH�YHU\�JRRG�DTXLIHU�SRWHQWLDOV WKDW�DUH�QRW�
FRQWDPLQDWHG� IRU� QRZ� GHVSLWH� RFFXUULQJ� ZLWKLQ� WKH�
GXPSVLWH� UHJLRQV�� )RU� LQVWDQFH�� DW�1'$�GXPS� VLWH� WKH�
9(6� SRLQWV�$���$��� %��� DQG� &�� ZLWK� DYHUDJH� GHSWK� WR�
DTXLIHU� DV� ��� P� DUH� QRW� FRQWDPLQDWHG�� OLNHZLVH� DW�
0LOOHQQLXP� &LW\� GXPS� VLWH�� WKH� 9(6� SRLQW� %�� ZLWK�
GHSWK�WR�DTXLIHU�DV����P�LV�QRW�FRQWDPLQDWHG��

1HYHUWKHOHVV�� WKHUH� DUH� VLPLODU� DUHDV� ZLWK� RYHUEXUGHQ�
WKLFNQHVV� DERYH� ��� P� DQG� ORZ� UHVLVWLYLW\� YDOXHV� OHVV�
WKDQ� ���� ષP� WKDW� KDG� OHDFKDWH� FRQWDPLQDWLRQ� DQG�
LQYDVLRQ�RQ�ERWK�1'$�DQG�0LOOHQQLXP�FLW\�GXPS�VLWHV��
$V�VXFK��WKH�UHVXOWV�RI�GHOLQHDWHG�OHDFKDWH�SOXPH� ]RQHV�
ZLWKLQ� WKH� DUHD� VLJQLI\� WKDW� WKH� ]RQHV� DUH� PDLQO\ �
DVVRFLDWHG�ZLWK�ORZ�UHVLVWLYLW\�YDOXHV�ZKLFK� UDQJH�IURP�
���WR���ષP�DW�1'$�GXPSVLWH�ZKLOH�DW�0LOOHQQLXP�&LW\�
DUHD��WKH�UHVLVWLYLW\�YDOXHV�RI�WKH�GXPS�VLWH�UDQJHV�IURP�
��ષP� WR� ��ષP��$FWXDOO\�� RYHU� ����RI� WKH� WRWDO� 9(6�
SRLQWV�KDYH�VRPH�OHYHO�RI�FRQWDPLQDWLRQ�ZKLFK�PD\ �EH�
DWWULEXWHG�WR�WKH�WKLFNQHVV�QDWXUH�RI�WKH GXPS�VLWHV�DQG�
WKH�OHQJWK�RI�WLPH�RI�WKH�GXPS�VLWHV��7KHUHIRUH��WKH�UDWH�
RI� OHDFKDWH� FRQWDPLQDQWV� PLJUDWLRQ� RQ� ERWK� 1'$� DQG�
0LOOHQQLXP�FLW\�GXPS�VLWHV�KDV�EHHQ�FDOFXODWHG�WR�EH�����

PHWHU�SHU�\HDU�DQG�WKH�ZDVWH�KDG�EHHQ�GHSRVLWHG�DW�ERWK�
VLWHV�IRU�DW�OHDVW ���\HDUV�QRZ��0LQLVWU\�RI�(QYLURQPHQW�
DQG�1DWXUDO�5HVRXUFHV��.DGXQD�6WDWH��������DQG�6KDLEX�
HW�DO����������

1RWDEO\�� WKH� VWXG\� DUHD� LV� XQGHUODLQ� E\� %DVHPHQW�
&RPSOH[� ZLWK� GLVWLQFW� JHRORJLFDO� VWUXFWXUHV� VXFK� DV�
IUDFWXUHV�� ZKLFK� ZHUH� LGHQWLILHG� RQ� PRVW� RI� WKH� IRXU�
OD\HUHG� JHRORJLF� IRUPDW LRQV�ZLWK� WKH�$�� .+�� DQG� +� ±
FXUYH�W\SHV�DW�PRVW�RI�WKH�9(6�SRLQWV�RQ�ERWK�1'$�DQG�
0LOOHQQLXP�FLW\�GXPS�VLWHV�DQG�LQ�UHWXUQV�SDYH�ZD\V�IRU�
IXUWKHU�OHDFKDWH�LQILOWUDW LRQ�LQWR�WKH�DTXLIHU�V\VWHP��7KLV�
LPSOLHV� WKDW� WKH� YHUWLFDO� PRYHPHQW� RI� OHDFKDWH�
�FRQWDPLQDWH�� ZLOO� EH� IDVW� DFURVV� WKH� DUHD�� WKHUHE\�
DOORZLQJ�SK\VLFDO��ILOWUDW LRQ���FKHPLFDO�DQG�ELRFKHPLFDO�
SURFHVVHV�WR�DLG�FRQWDPLQDQWV�GRZQ�WR�WKH�JURXQGZDWHU�
]RQH�� 7KLV� GHGXFWLRQ� DOLJQV� ZLWK� WKH� H[W UHPH UHODW LYH�
YXOQHUDELOLW\� WR� SROOXWLRQ� E\� K\GURORJLF� VHWWLQJ� DIWHU�
0RQWJRPHU\���������

*HQHUDOO\�� ERWK� WKH� VHFRQG� DQG� WKLUG� OD\HUV� ZKLFK� DUH�
GHVLJQDWHG�DV�ZHDWKHUHG�DQG�IUDFWXUHG�EDVHPHQWV�DFURVV�
WKH�VWXG\�DUHD��KDYH�ORZ�WR�PRGHUDWH�UHVLVWLYLW\�YDOXHV�DW�
PRVW�RI�WKH�9(6�SRLQWV�DW�WKH GXPSVLWHV�FRPSDUHG�ZLWK�
WKH� UHVLVWLYLW\� YDOXHV� RI� WKH� 9(6�SRLQWV� DW� WKH� FRQWURO�
VLWHV� ZKLFK� DUH� UHODWLYHO\� KLJK�� 7KLV� LQGLFDWHV� WKDW�
OHDFKDWH� FRQWDPLQDWLRQV� DUH� OLNHO\� WR� EH� SUHVHQW� LQ�
VHFRQG� DQG� WKLUG� OD\HUV� RI� WKH� GXPSVLWHV��$FWXDOO\�� WKH�
OHDFKDWH�FRQWDPLQDWLRQV�ZLWKLQ�WKH�1'$�GXPSVLWH�UDQJH�
IURP� ���� WR� ����P�� ZKHUHDV�� DW� 0LOOHQQLXP� &LW\�
GXPSVLWH�� WKH� GHSWK� UDQJHG� IURP� ���� WR� ����� P�GHSLFW�
WKDW�WKH�UDWH�RI�FRQWDPLQDWLRQ�ZLOO�UHODWLYHO\�EH�K LJK�GXH�
WR�WKH�VKDOORZ�GHSWK�GHOLQHDWHG��$OVR��WKH�FRQVLVWHQF\�RI
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ORZ� UHVLVWLYLW\�YDOXHV�RI�WKH�VHFRQG�OD\HUV�LQ�WKH�FRQWURO�
VLWHV�DUH�OLNHO\�FDXVHG�E\�OHDFKDWH�FRQWDPLQDWLRQV�XS�WR�
GHSWK� RI� DERXW� ����P� WR� ����P� DW� 1'$�� ZKLOH� DW�
0LOOHQQLXP� &LW\�� WKH� GHSWK� UDQJHG� IURP� ���� WR� ����P��
7KHVH� GHGXFWLRQV� DUH� LQ� FRQVLVWHQW�ZLWK 0RKDPPHG� HW�
DO���������DQG�2VD]XZD�DQG�$EGXOODKL���������
6HLVPLF� UHIUDFW LRQ� WRPRJUDSK\� PHWKRG� DOVR� GHOLQHDWHG�
WKUHH�WR�IRXU�YHORFLW\�OD\HUV�ZLWK�GLIIHUHQW�WKLFNQHVV�DQG�
YDULRXV� FRPSRVLWLRQV� RI� OLWKRORJ\�� 7KH� YHORFLW\� WKHQ�
LQFUHDVHV� GRZQ� WKH� GHSWK�� 7KH� FRUUHODWLRQV� EHWZHHQ�
VHLVPLF� UHIUDFWLRQ� WRPRJUDSK\� DQG� HOHFWULFDO� UHVLVWLYLW\�
JHR�HOHFWULF�VHFWLRQV�LQGLFDWHV�WKDW�HYHQ�WKRXJK�WKH�VDPH�
QXPEHU� RI� OD\HUV� LV� GHOLQHDWHG�� YDULDWLRQV� LQ� WKLFNQHVV�
DOVR�H[LVWV�GXH�WR�GLIIHUHQW�SURSHUWLHV�PHDVXUHG�E\�ERWK�
PHWKRGV�XVHG�

&21&/86,216
7KH� VXUYH\� RI� JURXQGZDWHU� FRQWDPLQDWLRQ� OHYHO� LQ �
VHOHFWHG� GXPSVLWHV� LQ�.DGXQD��1LJHULD� XVLQJ� UHVLVWLYLW\�
DQG�VHLVPLF� WRPRJUDSK\�PHWKRGV� KDV�EHHQ� FDUULHG� RXW��
)HZ�FRQWDPLQDWHG�]RQHV�IURP�WKH�1'$�GXPSVLWH�LV�\HW�
WR� DIIHFW� WKH� JURXQGZDWHU� VRXUFHV� FRPSDUHG� WR� WKH�
0LOOHQQLXP�GXPSVLWH��ZKHUH�EDUHO\�DOO�WKH�FRQWDPLQDWHG�
]RQHV� KDYH� FRQWDPLQDWHG� WKH� JURXQGZDWHU� VRXUFHV�
WKHUHE\�PDNLQJ�WKH�JURXQGZDWHU�XQILW�IRU�WKH�GZHOOHUV�LQ �
WKLV�UHJLRQ��

5()(5(1&(6�
$GHJEROD��5�%���2\HGHOH��.�)���$GHRWL��/���DQG $GHOR\H��

$�%����������0XOWLFKDQQHO�DQDO\VLV�RI�WKH�VXUIDFH�
ZDYHV� RI� HDUWK� PDWHULDOV� LQ� VRPH� SDUWV� RI� /DJRV�
6WDWH��1LJHULD��'H�*UX\WHU�2SHQ�50=±0	*��9RO��
���SS���������

$OL\X�� 1�6��� $PLQX�� $�/��� DQG� &KLHPHNH�� &�� ��������
*HRSK\VLFDO ,QYHVWLJDWLRQ� RI� :HDWKHUHG� %DVH�
PHQW�� 8VLQJ� (OHFWULFDO� 5HVLVWLYLW\� 0HWKRG� LQ�
=DLQDZD� 9LOODJH�� .DQR� 6WDWH�� 1LJHULD�� 7KH�
,QWHUQDWLRQDO� -RXUQDO� RI (QJLQHHULQJ� DQG�6FLHQFH��
9RO����������SS��������

$PDGL�� 6�&��� 2QZXHPHVL�� $�*��� $QDNZXED�� (� .���
&KLQZXNR�� $�,��� DQG� 2NHNH�� +�&�� ��������
(VWLPDWLRQ� RI� $TXLIHU� +\GUDXOLF� &KDUDFWHULVWLFV�
IURP� 6XUIDFH� *HR�(OHFWULFDO� 6RXQGLQJ� RI� $IID�
$QG� (QYLURQV 6RXWKHDVWHUQ�� 1LJHULD�� ,265�
-RXUQDO� RI� $SSOLHG� *HRORJ\� DQG� *HRSK\VLFV�
�,265�-$**���9RO���������SS�������

$QDNZXED�� (�� .��� &KLQZXNR�� $�,��� 2QXED�� /� 1�� DQG�
2ELDGL�� ,�,�� �������� ,QWHJUDWHG� JHRSK\VLFDO�
DSSURDFK�LQ *URXQGZDWHU�([SORUDWLRQ�RI�:DOOD�%��
*ZR]D� /RFDO *RYHUQPHQW� $UHD� RI� %RUQR� 6WDWH��
1LJHULD�� 1LJHULDQ� -RXUQDO� RI� 3K\VLFV�� YRO�� ���� SS��
��������

$QDNZXED��(�.���1ZRNHDE LD��&�1���&KLQZXNR��$�,���DQG�
2Q\HNZHOX� &�8� ������+\GURJHRSK\VLFDO�DVVHVV�
PHQW� RI� VRPH� SDUWV� RI� $QDPEUD� EDVLQ�� 1LJHULD��

,QWHUQDWLRQDO� -RXUQDO� RI� $GYDQFHG� *HRVFLHQFHV ��
9RO����������������

%DUUHWW�� 3�-��� DQG� )URJJDWW�� 3�&�� �������� 'HQVLWLHV��
SRURVLWLHV�� DQG� VHLVPLF� YHORFLW LHV� RI� VRPH� URFNV�
IURP� 9LFWRULD /DQG�� $QWDUFWLFD�� 1HZ� =HDODQG�
-RXUQDO� RI� *HRORJ\� DQG� *HRSE\VLFV�� YRO�� ��� ����
SS����������

%HQVRQ��$��.���3DQH��.��/���DQG�6WXEEHQ��0��$����������
0DSSLQJ� JURXQGZDWHU� FRQWDPLQDWLRQ� XVLQJ� '&�
5HVLVWLYLW\�DQG�9/)�JHRSK\VLFDO�PHWKRGV ±$�FDVH�
VWXG\��*HRSK\VLFV��Y9RO����������SS��������

%URZQ��0��&���	�'RQQHOO\��2��7�� ��������(OHFWULFDO�DQG�
6HLVPLF� LPDJLQJ� VXUYH\V� IRU� (QYLURQPHQWDO� DQG�
(QJLQHHULQJ�VWXGLHV��$�SUDFWLFDO�JXLGH�WR� ��'�DQG�
��'�VXUYH\V��

%XVHOOL��� *�� %DUHEHU�� &��� 'DYLV�� *�� %�� 	� 6DDPD� 5��
%��������� 'HWHFWLRQ� RI� *URXQGZDWHU� FRQWDPLQD�
WLRQ� QHDU� ZDVWH� GLVSRVDO� VLWHV� ZLWK� (OHFWUR�
PDJQHWLF� PHWKRGV�� *HRWHFKQLFDO� (QYLURQPHQWDO�
*HRSK\VLFV��YRO������SS��������

&KLQZXNR�� $�,��� $QDNZXED�� (�.��� 2NHNH�� +�&���
2Q\HNZHOX�� &�8��� 8VPDQ��$�2���2VHOH�� &�(��� DQG�
,KHPH��2�.����������$VVHVVPHQW� RI� +\GURJHR�
SK\VLFDO� DQG� *HRWHFKQLFDO� 3URSHUWLHV� LQ� &HQWUDO�
3DUW� RI� $QDPEUD� 6WDWH�� 1LJHULD�� ,QWHUQDWLRQDO�
-RXUQDO� RI� *HRSK\VLFV� DQG� *HRFKHPLVWU\� 9RO�� ��
�����SS�������

&KLQZXNR��$�,���$QDNZXED��(�.���2NHNH��+�&���8VPDQ��
$�2��� 2YZDVD�� 0�2��� 2NR\H�� ,�� )�� �������� *HR�
HOHFWULF ,QYHVWLJDWLRQ�IRU�*URXQGZDWHU�3RWHQWLDO�LQ �
$ZND $QDPEUD� 6WDWH�� 1LJHULD�� ,QWHUQDWLRQDO�
-RXUQDO�RI 6FLHQFH�IRU�*OREDO� 6XVWDLQDELOLW\��9RO��
O������SS��������

)DWWD��'���1DRPL��&���.DUOLV��3���	�/RL]LGRX� 0�� ��������
1XPHULFDO� 6LPXODWLRQ� 2I� IORZ� VDQG� FRQWDPLQDQW�
PLJUDW LRQ� DW� D � PXQLFLSDO� ODQGILOO�-RXUQDO� RI�
(QYLURQPHQWDO�K\GURORJ\��YRO���������SS�������

'DKOLQ��7��	� %LQJ��=�� ��������$� QXPHULFDO� FRPSDULVRQ�
RI� �'� 5HVLVWLYLW\� LPDJLQJ� ZLWK� WHQ� HOHFWURGH�
DUUD\V� 5HYLVHG� YHUVLRQ� IRU� *HRSK\VLFDO�
3URVSHFWLQJ��YRO�����SS��������

,MLOD��3���.ROHEDMH��2���DQG �2MR��$����������*HRSK\VLFDO�
&KDUDFWHUL]DW LRQ� RI� WKH� %DVHPHQW� 5RFNV� DQG�
*URXQGZDWHU� 3RWHQWLDO� =RQHV� 8VLQJ� (OHFWULFDO�
5HVLVWLYLW\� 6RXQGLQJ� 7HFKQLTXH�� -RXUQDO� RI�
(QYLURQPHQW�DQG�(DUWK�6FLHQFH��YRO��� �����SS�����
���

-HJHGH�� 6�,��� 2VD]XZD�� ,�%��� 8MXDQEL��2���	� &KLHPHNH��
&�&�� �������� �'� HOHFWULFDO� LPDJLQJ� VXUYH\� IRU�
VLWXDWLRQ� DVVHVVPHQW� RI� OHDFKDWH� SOXPH� PLJUDW LRQ�
DW� WZR�ZDVWH�GLVSRVDO� VLWHV� LQ� WKH�=DULD� EDVHPHQW�
FRPSOH[� $GYDQFHV� LQ�$SSOLHG�6FLHQFH�5HVHDUFK��
YRO���������SS������

.DUOLN�� *��� 	� .D\D�� $�0�� �������� ,QYHVWLJDWLRQ� RI�
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JURXQGZDWHU� FRQWDPLQDWLRQ� XVLQJ� HOHFWULF� DQG�
HOHFWURPDJQHWLF� PHWKRGV� DW� DQ� RSHQ� ZDVWH�
GLVSRVDO� VLWH�� D� FDVH� VWXG\� IURP ,VSDUWD�� 7XUNH\��
(QYLURQPHQWDO�*HRORJ\��YRO����������SS����������

.HDUH\��3���%URRNV��0���	�,DQ��+����������$Q�,QWURGXF�
WLRQ� WR� *HRSK\VLFDO� ([SORUDWLRQ�� 7KLUG� (GLWLRQ��
%ODFNZHOO�SXEOLVKLQJ��8.�����S�

.OHLQEDXP��'�*���.XSSHU��/�/���	�0XOOHU��.�(�� ��������
9DULDE OH�5HGXFWLRQ�DQG�)DFWRU�$QDO\VLV�LQ�$SSOLHG�
5HJUHVVLRQ� $QDO\VLV� DQG� 2WKHU� 0XOWLYDULDEOH�
0HWKRGV�� 3:6� .HQW� 3XEOLVKLQJ� &R��� %RVWRQ��
86$� SS����������

0F&XUU\�� 3�� �������� 7KH� *HRORJ\� RI� 3UHFDPEULDQ� WR�
ORZHU� 3DOHR]RLF� URFNV� RI� 1RUWKHUQ� 1LJHULD±$�
UHYLHZ� LQ��.RJEH��&�$�� �(G�� *HRORJ\� RI�1LJHULD�
(OL]DEHWK�DQG�3XEOLVKHG�FR��/DJRV�����S�

0RKDPPHG�� /�� 1��� $ERK�� +�2��� DQG� (PHQLNH�� (�$��
��������$� 5HJLRQDO� *HRHOHFWULF� ,QYHVWLJDWLRQ�)RU�
*URXQGZDWHU� ([SORUDWLRQ� ,Q� 0LQQD� $UHD�1RUWK�
:HVW�1LJHULD�� 6FLHQFH�:RUOG � -RXUQDO�� YRO�� �� �����
SS��������

0RQWJRPHU\�� &�� /��������� (QYLURQPHQWDO� *HRORJ\�� �WK�
(GLWLRQ�� 0F*UDZ� +LOO�� +LJKHU� (GXFDWLRQ�
3XEOLFDWLRQ�

0XNKWDU��$��� ,EUDKLP�� 6���$EGXOODWLI�� 3���	�+DQDIL��0��
�������� 'HWHFWLRQ� RI� JURXQGZDWHU� SROOXWLRQ� XVLQJ�
5HVLVWLYLW\� LPDJLQJ� DW� 6HUL� 3HWDQJ� ODQGILOO��
0DOD\VLD�� -RXUQDO� RI� (QYLURQPHQWDO� K\GURORJ\��
9RO�����SS�����

0LQLVWU\� RI� (QYLURQPHQW� DQG� 1DWXUDO� 5HVRXUFHV��
.DGXQD�6WDWH�������

2ELDEXQPR�� 2�&��� 8PHJR�� 0�1��� 2ELHNH]LH�� 7�1��� 	�
&KLQZXNR��$�,�� ������� $SSOLFDW LRQ� RI� (OHFWULFDO�
5HVLVWLYLW\� 0HWKRG� IRU� *URXQGZDWHU ([SORUDW LRQ�
LQ� 2ED� DQG� (QYLURQV�� $QDPEUD� 6WDWH�� 1LJHULD�
$GYDQFHV� LQ� 3K\VLFV� 7KHRULHV� DQG�$SSOLFDWLRQV��
YRO������SS������

2VHOH�� &�(��� 2QZXHPHVL� $�*��� $QDNZXED�� (�.��� 	�
&KLQZXNR�� $�,�� �������� +\GURJHRSK\VLFDO�
DVVHVVPHQW� RI� VRPH� SDUWV� RI� $QDPEUD� EDVLQ�
1LJHULD� ,QWHUQDWLRQDO -RXUQDO� RI� $GYDQFHG�
*HRVFLHQFHV��YRO���������SS������
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