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KWWS���G[�GRL�RUJ���������MXVW�Y��L��� 

.H\ZRUGV��7RORQ-.XPEXQJX��YHUWLFDO�HOHFWULFDO�VRXQGLQJ��DTXLIHU��JURXQGZDWHU��DSSDUHQW� 
UHVLVWLYLW\ 

$%675$&7 
$�JHRSK\VLFDO� LQYHVWLJDWLRQ� LQ� JURXQGZDWHU� SURVSHFWLQJ�� XVLQJ� WKH� YHUWLFDO� HOHFWULFDO� VRXQGLQJ�
�9(6��PHWKRG�LQ�UHVLVWLYLW\�VXUYH\LQJ��ZDV�XQGHUWDNHQ�LQ�WKH�7RORQ-.XPEXQJX�GLVWULFW�RI�1RUWK�
HUQ� *KDQD�� 7KH� DLP� ZDV� WR� HYDOXDWH� WKH� HIIHFWLYHQHVV� RI� WKH� 9(6� WHFKQLTXH� DV� D� ORZ-FRVW�
JURXQGZDWHU� H[SORUDWLRQ�PHWKRG�� 8VLQJ� WKH� GLSROH-GLSROH� 9(6� WHFKQLTXH�� IUDFWXUH� ]RQHV� WKDW�
KHOG� JRRG� SURVSHFWV� IRU� JURXQGZDWHU� ORFDWLRQ� ZHUH� SURVSHFWLYHO\� LGHQWLILHG� DW� ��� VLWHV� LQ� WKH�
*EXOOXQJ�DQG�:D\DPED�FRPPXQLWLHV�RI� WKH�GLVWULFW�� ,Q�DGGLWLRQ�� UHWURVSHFWLYH�9(6�GDWD� IRU���
VLWHV�ZHUH�REWDLQHG� IURP�SUHYLRXV� VWXGLHV��*HRSK\VLFDO�9(6�GDWD�DQG�DYDLODEOH�GULOO� ORJV� IRU���
VLWHV�LQ�WKH�SURVSHFWLYH�VWXG\�DQG�DOO���VLWHV�LQ�WKH�UHWURVSHFWLYH�VWXG\��D�WRWDO�RI���VLWHV��ZHUH�WKHQ�
HYDOXDWHG� E\� WKH� 9(6� ORJ-ORJ� JUDSK� LQWHUSUHWDWLRQ�PHWKRG� WR� HVWDEOLVK� D� FRUUHODWLRQ� ZLWK� WKH�
JURXQGZDWHU� FKDUDFWHULVWLFV� RI� WKH� VWXG\� DUHD�� 7KH� DQDO\VHV� RI� WKH� 9(6� FXUYHV� LQGLFDWHG� WKH�
SUHVHQFH�RI�DQRPDORXV�IUDFWXUH�]RQHV�RFFXUULQJ�ZLWKLQ�KDUG�VDQGVWRQH�IRUPDWLRQV�WKDW�KDG�KLJK�
JURXQGZDWHU�SRWHQWLDO��:HDWKHUHG�]RQHV�RU�IUHVK�URFN�DTXLIHUV�KRZHYHU�GLG�QRW�VKRZ�SRWHQWLDO�
IRU�JURXQGZDWHU��7KH�GRPLQDQW�IRUPDWLRQV�LQ�WKH�DUHD�ZHUH�IRXQG�WR�EH�WKLQ-EHGGHG�VHTXHQFHV�
RI�VDQGVWRQH��PXGVWRQH��VKDOH��VLOWVWRQH�DQG� WKHLU� LQWHUFDODWLRQV��*URXQGZDWHU�ZDV�FRQILQHG� WR�
EHWZHHQ�WKH�GHSWKV�RI������P�DQG������P��ZLWK�PDMRU�DTXLIHUV�RFFXUULQJ�DSSUR[LPDWHO\�EHWZHHQ�
WKH�GHSWKV�RI������P�DQG������P��7KHVH�SUHGLFWLRQV�ZHUH�FRQILUPHG�E\� WKH�DYDLODEOH�GULOO� ORJV��
8VLQJ�WKH�9(6�FXUYH�LQWHUSUHWDWLRQ�DV�D�PHDQV�RI�VHOHFWLQJ�SURPLVLQJ�ZDWHU-EHDULQJ�VLWHV����RXW�
RI�WKH���VLWHV�GULOOHG�ZHUH�VXFFHVVIXO�ZHOOV��UHFRUGLQJ�ZDWHU�\LHOGV�UDQJLQJ�IURP����/�PLQ�WR�����
/�PLQ��ZLWK�DQ�DYHUDJH�\LHOG�RI������/�PLQ��7KH�VWXG\� WKXV�VKRZHG� WKDW� WKH�GLSROH-GLSROH�9(6�
WHFKQLTXH�LQ�JURXQGZDWHU�SURVSHFWLQJ�LV�HIIHFWLYH�IRU�WKH�JHRORJ\�RI�WKH�VWXG\�DUHD� 
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0XPXQL�DQG�%D\RU �� 

*URXQGZDWHU� PD\� DSSHDU� HLWKHU� DW� WKH� JURXQG�
VXUIDFH� LQ� WKH� IRUP� RI� VSULQJV�� RU� LW� PD\� EH�
WUDSSHG�LQ�ZHOOV��'XULQJ�GU\�SHULRGV��LW�FDQ�DOVR�
VXVWDLQ�WKH�IORZ�RI�VXUIDFH�ZDWHU��*URXQGZDWHU�
LV� RIWHQ� SUHIHUDEOH� EHFDXVH� LW� WHQGV� WR� EH� OHVV�
FRQWDPLQDWHG� E\� ZDVWHV� DQG� RUJDQLVPV�
�)DONHQPDUN� DQG�5RFNVWU|P�� ������:LFDQGHU�
DQG� 0RQURH�� ������� DQG� VR� FRQVXPSWLRQ� RI�
JURXQGZDWHU�FRXOG�PHDQ�EHLQJ�IUHH�IURP�ZDWHU�
UHODWHG�GLVHDVHV� VXFK�DV�FKROHUD��JXLQHD�ZRUP��
ULYHU�EOLQGQHVV��DQG�W\SKRLG� 
 
,W� LV� HVWLPDWHG� WKDW� ����PLOOLRQ�SHRSOH��PRVWO\�
OLYLQJ� LQ� WKH� UXUDO� DUHDV� RI� WKH� GHYHORSLQJ�
ZRUOG�� GR� QRW� KDYH� DFFHVV� WR� SRWDEOH�ZDWHU� RI�
DGHTXDWH�TXDOLW\�DQG�TXDQWLW\��:+2�81,&()��
������� 7KHUH� LV� WKHUHIRUH� WKH� JURZLQJ� FRQVHQ�
VXV� WKDW� WKHVH� QXPEHUV� FDQ� RQO\� EH� UHGXFHG�
VLJQLILFDQWO\� WKURXJK� DSSURDFKHV� WKDW� DUH� ORZ�
FRVW�DQG� WKDW� LQYROYH� WKH�DIIHFWHG�FRPPXQLWLHV�
LQ� WKH� SODQQLQJ�� ILQDQFLQJ� DQG�PDLQWHQDQFH� RI�
VXFK� DSSURDFKHV� �81'3�� ������ :RUOG� EDQN��
�������6FDUFLW\�RI� GULQNDEOH�ZDWHU� LQ� WKLV� FDVH�
LV� SDUWO\� GXH� WR� K\GURFOLPDWRORJLFDO� DQG� RWKHU�
SK\VLFDO� FLUFXPVWDQFHV�� EXW� PRUH� LPSRUWDQWO\��
WKH� VLWXDWLRQ� LV� DVVRFLDWHG�ZLWK� WKH� FDSDFLW\� WR�
H[SORLW�YDULRXV�GULQNDEOH�ZDWHU� VRXUFHV��ZKLFK�
LQFOXGH� WKH� H[SORUDWLRQ� DQG� H[WUDFWLRQ� RI�
JURXQGZDWHU� �)DONHQPDUN� DQG� 5RFNVWU|P��
������� 
 
:KHUH� IXQGV�DUH� OLPLWHG��KDQG-SXPS�HTXLSSHG�
ZHOOV�DSSHDU� WR�EH� WKH�PRVW�VXLWDEOH�GHFHQWUDO�
L]HG�DQG�ORZ-FRVW�DSSURDFK�WR�SURYLGLQJ�GULQN�
LQJ�ZDWHU�LQ�UXUDO�DUHDV��81'3���������+RZHY�
HU�� RQH� DVSHFW� RI� ORZ-FRVW� FRPPXQLW\� ZDWHU�
VXSSO\� WKDW� KDV� UHFHLYHG� OHVV� DWWHQWLRQ� LV�
JURXQGZDWHU� H[SORUDWLRQ� RU�ZHOO� VLWLQJ��0HDQ�
ZKLOH�� D� SURSHUO\� VLWHG� ZHOO� FDQ� VLJQLILFDQWO\�
LQFUHDVH�ZDWHU�VXSSO\�DW�D�ORZ�FRVW� 
 
,Q� IDFW�� FRPPXQLWLHV� LQ� WKH� 7RORQ-.XPEXQJX�
GLVWULFW� KDG� LQ� WKH� SDVW� VLWHG� DQG� FRQVWUXFWHG�
KDQG-GXJ�ZHOOV�E\�LQGLJHQRXV�PHWKRGV��7RORQ-
.XPEXQJX� 'LVWULFW� $VVHPEO\�� ������� :DWHU�
IURP� WKHVH� ZHOOV� ZDV� FRPSOHPHQWHG� E\� RWKHU�
VRXUFHV� VXFK� DV� SRQGV�� GXJRXWV� DQG� VWUHDPV��
7KH�ZHOOV�ZHUH�XVXDOO\�GXJ�WKURXJK�RYHUEXUGHQ�
DQG�ZHDWKHUHG�URFN�PDWHULDO�DQG�ZHUH�W\SLFDOO\�
RQO\� XS� WR� �� P� GHHS��:KHQ� WKHVH� ZHOOV� ZHUH�
QRW� \LHOGLQJ� DQ\� ZDWHU� GXULQJ� WKH� GU\� VHDVRQ��
WKH\�ZHUH�DEDQGRQHG�DQG�RWKHU�VRXUFHV�RI�ZD- 

WHU�ZHUH� UHVRUWHG� WR�XQWLO� WKH� DTXLIHUV�ZHUH� UH- 
FKDUJHG� LQ� WKH� UDLQ\� VHDVRQ� �%D\RU�� ������
'DSDDK-6LDNZDQ�DQG�*\DX-%RDN\H�������� 
 
$�QXPEHU�RI�JHRSK\VLFDO�WHFKQLTXHV�DUH�DYDLOD�
EOH� IRU� ORFDWLQJ�JURXQGZDWHU� �0DF'RQDOG��'D�
YLHV� DQG� 3HDUW�� ������� 7KH� )UHTXHQF\� GRPDLQ�
HOHFWURPDJQHWLF� �)(0�� PHWKRG� PHDVXUHV� DS�
SDUHQW�WHUUDLQ�HOHFWULFDO�FRQGXFWLYLW\�DW�D�PD[L�
PXP�GHSWK�RI����P�EHORZ�WKH�JURXQG�VXUIDFH��
,W�LV�D�TXLFN�DQG�HDV\-WR-LPSOHPHQW�PHWKRG�IRU�
GHWHUPLQLQJ�FKDQJHV� LQ� WKLFNQHVV�RI�ZHDWKHUHG�
]RQHV� RU� DOOXYLXP�� ,QWHUSUHWDWLRQ� RI� )(0�GDWD�
KRZHYHU� UHTXLUHV� FDUHIXO� JHRORJLFDO� FRQWURO��
7KH� 7UDQVLHQW� HOHFWURPDJQHWLF� �7(0�� PHWKRG�
PHDVXUHV� DSSDUHQW� HOHFWULFDO� UHVLVWDQFH� RI� WKH�
JURXQG�DW�D�PD[LPXP�GHSWK�RI�����P��7(0�LV�
EHWWHU� DW� ORFDWLQJ� WDUJHWV� WKURXJK� FRQGXFWLYH�
RYHUEXUGHQ�WKDQ�)(0��LW�DOVR�KDV�D�EHWWHU�GHSWK�
RI�SHQHWUDWLRQ��EXW�LV�H[SHQVLYH�DQG�GLIILFXOW�WR�
RSHUDWH�� *URXQG� SHQHWUDWLQJ� UDGDU� �*35��
PHDVXUHV� UHIOHFWLRQV� IURP� ERXQGDULHV� EHWZHHQ�
ERGLHV� ���� P� EHORZ� WKH� JURXQG�� RI� GLIIHUHQW�
GLHOHFWULF�FRQVWDQW��*35�LV�DQ�DFFXUDWH�PHWKRG�
IRU�GHWHUPLQLQJ�WKH�WKLFNQHVV�RI�VDQG�DQG�JUDY�
HO��EXW�FDQQRW�SHQHWUDWH�FOD\��6HLVPLF�UHIUDFWLRQ�
�65�� PHDVXUHV� 3-ZDYH� YHORFLW\� WKURXJK� WKH�
JURXQG� WR� D�PD[LPXP� GHSWK� RI� ����P�� ,W� FDQ�
ORFDWH�IUDFWXUH�]RQHV�LQ�EDVHPHQW�URFN�DQG�DOVR�
WKLFNQHVV� RI� GULIW� GHSRVLWV�� ,W� LV� KRZHYHU� QRW�
VXLWDEOH� IRU� PHDVXULQJ� YDULDWLRQV� LQ� FRPSRVL�
WLRQ�RI�GULIW�� DQG� LV� IDLUO\� VORZ�DQG�GLIILFXOW� WR�
LQWHUSUHW��7KH�0DJQHWLF�VXUYH\��06��WHFKQLTXH�
PHDVXUHV�LQWHQVLW\��DQG�VRPHWLPHV�GLUHFWLRQ��RI�
WKH�HDUWK¶V�PDJQHWLF� ILHOG�DW� D�PD[LPXP�GHSWK�
RI����P��,W�FDQ�ORFDWH�PDJQHWLF�ERGLHV�VXFK�DV�
G\NHV�RU� VLOOV�� EXW� LV� VXVFHSWLEOH� WR�QRLVH� IURP�
DQ\�PHWDOOLF�REMHFW�RU�SRZHU�FDEOHV��7KH�9HU\�
/RZ� )UHTXHQF\� �9/)�� WHFKQLTXH� PHDVXUHV�
VHFRQGDU\� PDJQHWLF� ILHOGV� LQGXFHG� LQ� WKH�
JURXQG� E\� PLOLWDU\� FRPPXQLFDWLRQV� WUDQVPLW�
WHUV�� ,W� FDQ� ORFDWH� YHUWLFDO� IUDFWXUH� ]RQHV� DQG�
G\NHV�ZLWKLQ�EDVHPHQW�URFNV�RU�PDMRU�DTXLIHUV�
���P�EHORZ�WKH�JURXQG�VXUIDFH� 
 
7KH� 5HVLVWLYLW\� WHFKQLTXH� �XVHG� LQ� WKLV� VWXG\��
PHDVXUHV�DSSDUHQW�UHVLVWLYLW\�RI�WKH�JURXQG�WR�D�
PD[LPXP�GHSWK�RI����P��7KH�WHFKQLTXH�LV�DEOH�
WR�ORFDWH�FKDQJHV�LQ�ZHDWKHUHG�]RQH�DQG�GLIIHU�
HQFHV� � LQ� JHRORJ\�� DQG� LGHQWLI\� WKLFNQHVV� RI�
VDQG�RU�JUDYHO�ZLWKLQ� VXSHUILFLDO�GHSRVLWV�� ,W� LV�
RIWHQ� XVHG� WR� FDOLEUDWH�(0�VXUYH\V�� ,W� LV� KRZ- 
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'LSROH-GLSROH�9(6�WHFKQLTXH�LQ�JURXQGZDWHU�SURVSHFWLQJ��� �� 

 

HYHU�D�VORZ�VXUYH\�PHWKRG�DQG�LWV�GDWD�UHTXLUHV�
FDUHIXO� LQWHUSUHWDWLRQ� �0DF'RQDOG��'DYLHV�DQG�
3HDUW�� ������� 6DQGVWRQH� FDQ� HDVLO\� EH� GLVWLQ�
JXLVKHG� IURP� PXGVWRQH� XVLQJ� WKH� UHVLVWLYLW\�
PHWKRG� �'DYLHV� DQG�0DF'RQDOG�� ������ ,QWHU�
FRQVXOW�� ������� 6LPLODUO\�� KDUGHU� PXGVWRQHV�
FDQ� DOVR�EH�GLVWLQJXLVKHG� IURP� VRIW�PXGVWRQH��
,Q� DUHDV� ZKHUH� ODUJH� VDQGVWRQH� RU� OLPHVWRQH�
DTXLIHUV� DUH� SUHVHQW�� DV� LQ� WKH� 7RORQ-
.XPEXQJX�GLVWULFW��OLWWOH�RU�QR�GHWDLOHG�VLWLQJ�LV�
UHTXLUHG� IRU� UXUDO� GRPHVWLF� VXSSO\�� ERUHKROHV�
FDQ� EH� GULOOHG� DQ\ZKHUH�� 7KLV� WKXV�PDNHV� WKH�
UHVLVWLYLW\�VXUYH\�PHWKRG�VXLWDEOH�IRU�WKH�VWXG\�
DUHD�� 
 
,Q� WKLV� VWXG\�� ILIWHHQ� VLWHV� LQ� WZR� FRPPXQLWLHV�
LQ� WKH�7RORQ-.XPEXQJX�GLVWULFW�ZHUH�SURVSHF�
WLYHO\� H[SORUHG� LQ� RUGHU� WR� VLWH� ERUHKROHV�� ([�
SORUDWLRQ� VLWHV� ZHUH� VWXGLHG� XVLQJ� WKH� GLSROH-
GLSROH� FRQILJXUDWLRQ� IRU� YHUWLFDO� HOHFWULFDO�
VRXQGLQJ��9(6��LQ�RUGHU�WR�UHYHDO�SURVSHFWV�IRU�
JURXQGZDWHU� DQG� VXEVHTXHQW� GULOOLQJ� RI� WKH�
VLWHV��WKH�JRDO�ZDV�WR�DVVHVV�WKH�HIIHFWLYHQHVV�RI�
9(6�IRU�ZHOO� VLWLQJ� LQ� WKH�VWXG\�DUHD�� ,Q�DGGL�
WLRQ�WR�WKH�SURVSHFWLYH�GDWD��UHWURVSHFWLYH�9(6�
GDWD� IRU� VL[� RWKHU� VLWHV� ZHUH� LQFOXGHG� LQ� WKLV�
VWXG\� WR� HQKDQFH� UHOLDELOLW\� RI� WKH� GHGXFWLRQV��
7KH�JHRSK\VLFDO�GDWD�JDWKHUHG��XVLQJ� WKH�9(6�
WHFKQLTXH�� DQG� WKHLU� FRUUHVSRQGLQJ� GULOO�ZHOO�
ORJV��ZKHUH�DYDLODEOH��ZHUH�FRPSDUHG� LQ�RUGHU�
WR�HVWDEOLVK�FRUUHODWLRQV�ZLWK�JURXQGZDWHU�SUR�
VSHFWV�DW�WKH�H[SORUDWLRQ�VLWHV�� 
 
0$7(5,$/6�$1'�0(7+2'6 
6WXG\�$UHD 
7KLV� VWXG\� ZDV� FDUULHG� RXW� LQ� WKH� 7RORQ-
.XPEXQJX� GLVWULFW��ZKLFK� OLHV� LQ� WKH�9ROWDLDQ�
6HGLPHQWDU\�%DVLQ�ZLWK�D�UDQJH�RI�WRSRJUDSK\�
RI� DERXW� ���� P� WR� ���� P� DERYH� VHD� OHYHO�
�7RORQ-.XPEXQJX� 'LVWULFW� $VVHPEO\�� �������
7KH�'LVWULFW�OLHV�EHWZHHQ�ODWLWXGHV�����ƍ�1�DQG�
�����ƍ�1�� DQG� ORQJLWXGHV�����ƍ�:�DQG�����ƍ:�
�&REELQD�HW�DO����������DQG�VKDUHV�ERUGHUV�ZLWK�
WKH�:HVW�0DPSUXVL�'LVWULFW�LQ�WKH�1RUWK��:HVW�
*RQMD� 'LVWULFW� LQ� WKH� :HVW�� 6DYHOXJX�1DQWRQ�
'LVWULFW�LQ�WKH�(DVW��DQG�WKH�7DPDOH�0HWURSROL�
WDQ�DUHD�LQ�WKH�6RXWKHDVW�� 
 
7KH� VRLO� W\SH� RI� WKH� DUHD� LV� JHQHUDOO\� RI� WKH�
VDQG\�ORDP�W\SH�H[FHSW�LQ�WKH�ORZ�ODQGV�ZKHUH�
DOOXYLDO� GHSRVLWV� DQG� JUDYHO� DUH� IRXQG� �*KDQD�
6WDWLVWLFDO� 6HUYLFH�� ������� ,Q� DGGLWLRQ�� XSSHU� 

YROWDLDQ� VDQGVWRQH� DQG� TXDUW]LWH� XQGHUOLH� D� 
VPDOO� SRUWLRQ� RI� WKH� GLVWULFW� DW� WKH� H[WUHPH�
QRUWKZHVW� �&REELQD� HW� DO��� ������� 7KH� VDQG�
VWRQHV� DUH� PRVWO\� LPSHUPHDEOH� EXW� ZKHUH� H[�
WHQVLYH� IUDFWXUHV� RFFXU�� FRQVLGHUDEOH� ZDWHU�
PLJKW� EH� FROOHFWHG� LQWR� WKH� UHJROLWK� WR� IRUP�
JURXQGZDWHU� UHVHUYRLUV�� ,W� LV� UHSRUWHG� WKDW�
JURXQGZDWHU� VXSSOLHV� LQ� WKH� DUHD� DUH� PDLQO\�
IURP� WKH� ZHDWKHUHG� OD\HUV� RU� UHJROLWK� GHYHO�
RSHG�RQ�WKH�URFNV��DQG�IUDFWXUHV�ZLWKLQ�WKH�EHG�
URFN� �*LOO�� ������� 7KH� DTXLIHUV� DUH� RIWHQ� GLV�
FRQWLQXRXV� LQ� QDWXUH� �&REELQD� HW� DO��� �������
ZKLOH�WKH�RFFXUUHQFH�RI�ODWHULWLF�FRYHU�LQ�VRPH�
DUHDV�DUH�RIWHQ�DVVRFLDWHG�ZLWK�SRRU�JURXQGZD�
WHU�UHVHUYHV�� 
 
7KH� URFN� W\SHV� LQ� WKH� 9ROWDLDQ� 6HGLPHQWDU\�
%DVLQ� LQFOXGH� ILQH-JUDLQHG� VDQGVWRQH�� PXG�
VWRQH�� VKDOH�� VLOWVWRQH� DQG� LQWHUFDODWLRQV� RI�
WKHVH�URFNV�DW�VRPH�SODFHV��7KHVH�URFNV�PRVWO\�
EHFRPH�SHUPHDEOH� WKURXJK� MRLQWLQJ�� IUDFWXULQJ�
DQG� ZHDWKHULQJ�� 7KH� SUHGRPLQDQW� EHGURFN� LQ�
WKH� DUHD� KRZHYHU� LV� VKDOH�� ZLWK� WKH� YDULRXV�
URFNV� KDYLQJ� YDU\LQJ� JURXQGZDWHU� SRWHQWLDO��
LQIOXHQFHG� E\� WKH� FOLPDWH� DQG� JHRORJ\� RI� WKH�
DUHD� �7RORQ-.XPEXQJX� 'LVWULFW� $VVHPEO\��
������ 
 
7KH� LGHDO� ORFDWLRQV� IRU� ZHOOV� LQ� WKH� 9ROWDLDQ�
GLVWULFW�DUH�LQ�IDXOWV�DQG�IUDFWXUH�]RQHV�LQ�VHGL�
PHQWDU\�URFNV��LQFOXGLQJ�VDQGVWRQH��PXGVWRQH��
DQG� VKDOH�� WKDW� DUH� RYHUODLQ� E\� D� JURXQGZDWHU�
VDWXUDWHG� ZHDWKHUHG� ]RQH� WKURXJK� ZKLFK� WKH�
IDXOW� RU� IUDFWXUH� ]RQH� LV� EHLQJ� UHFKDUJHG��7KLV�
WKHUHIRUH� PDNHV� WKH� 9(6� PHWKRG� VXLWDEOH� IRU�
WKH� VWXG\� DUHD�� DV� LW� LV� HIIHFWLYH� DW� GHWHFWLQJ�
IDXOWV�RU�IUDFWXUH�]RQHV�� 
 
*HRSK\VLFDO�VXUYH\ 
9HUWLFDO�(OHFWULFDO�6RXQGLQJ��9(6��DV�DQ�(OHF�
WULFDO�5HVLVWLYLW\�6XUYH\�WHFKQLTXH�ZDV�XVHG�WR�
ORFDWH� VXLWDEOH� VXEVXUIDFH� HOHFWULFDO� FRQGLWLRQV�
E\� H[SORLWLQJ� WKH� UHVLVWLYLW\� FRQWUDVW� EHWZHHQ�
IUHVK� XQSURGXFWLYH� URFN� DQG� ZDWHU-EHDULQJ�
]RQHV��7KH�UHVLVWLYLW\�RI� WKH� IRUPHU�FRPPRQO\�
H[FHHGV� �����ȍP�� ZKHUHDV� WKDW� RI� WKH� ZDWHU-
EHDULQJ� ]RQHV� LV� ORZHU�� EHLQJ� GHSHQGHQW� XSRQ�
WKH� GHJUHH� RI�ZHDWKHULQJ� DQG� WKH� JURXQGZDWHU�
TXDOLW\��0F1HLO���������9DULDWLRQ�RI�UHVLVWLYLW\�
ZLWK� GHSWK� ZDV� WKHUHIRUH� H[SORUHG� XVLQJ� WKH�
9(6� WHFKQLTXH��7KH�GHSWK�RI� LQYHVWLJDWLRQ� IRU�
WKH�9(6�VXUYH\�DW�DOO� WKH� VWDWLRQV�VWDUWHG� IURP� 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

��  0XPXQL�DQG�%D\RU 

����P��DV�WKH�ZDWHU�WDEOH�LQ�WKH�GLVWULFW�LV�UHSR- 
UWHG�WR�EH�EHWZHHQ�WKH�GHSWKV�RI�����P�DQG������
P� �%D\RU�� ������� 7KH� PD[LPXP� LQYHVWLJDWLRQ�
GHSWK�ZDV������P�� 
 
7KH� VXUYH\� SURFHVV� LQYROYHG� SDVVLQJ� ORZ� IUH�
TXHQF\� DOWHUQDWLQJ� FXUUHQW� LQWR� WKH� JURXQG�
WKURXJK�WZR�PHWDO�FXUUHQW�HOHFWURGHV�DQG�PHDV�
XULQJ� WKH� UHVXOWLQJ� SRWHQWLDO� GLIIHUHQFH� DFURVV�
WZR� SRWHQWLDO� HOHFWURGHV�� %\� PDLQWDLQLQJ� D�
NQRZQ�GLVWDQFH�RI�VHSDUDWLRQ�EHWZHHQ� WKH�IRXU�
HOHFWURGHV�� D� UHVLVWLYLW\� YDOXH� IRU� WKDW� ORFDWLRQ�
RI�WKH�(DUWK�FDQ�EH�FDOFXODWHG��(TQ������,QFUHDV�
LQJ� WKH� GLVWDQFH� EHWZHHQ� WKH� HOHFWURGHV� HIIHF�
WLYHO\� LQFUHDVHV� WKH�GHSWK�RI�SHQHWUDWLRQ�RI� WKH�
VRXQGLQJ��7KXV��GHYLDWLRQV� IURP� WKH�SDWWHUQ�RI�
SRWHQWLDO�GLIIHUHQFHV�H[SHFWHG� IURP�D�KRPRJH�
QHRXV�JURXQG�SURYLGH� LQIRUPDWLRQ�RQ� WKH� IRUP�
DQG�HOHFWULFDO�SURSHUWLHV�RI�WKH�VXEVXUIDFH�LQKR�
PRJHQHLWLHV�� 
 
%\�NQRZLQJ�WKH�H[SHFWHG�UHVLVWLYLW\�RI�WKH�URFN�
HQFRXQWHUHG��7DEOH�����DQRPDOLHV�FDQ�EH�LQYHV�
WLJDWHG� WR� LQIHU� WKH� SUHVHQFH� RI� JURXQGZDWHU��
,PSRUWDQWO\�� KLJKHU� DSSDUHQW� UHVLVWLYLW\� YDOXHV�
DUH�LQGLFDWLYH�RI�GULHU�VXEVXUIDFH�VWUXFWXUHV�WKDW�
GR� QRW� VKRZ� SURPLVH� IRU� PRLVWXUH� RU� ZDWHU�
SUHVHQFH��D�FRQGLWLRQ�WKDW�ZRXOG�UDWKHU�LQFUHDVH�
HOHFWULFDO� FRQGXFWLYLW\��� 7KH� IRFXV� WKHUHIRUH� LV�
RQ� ORZHU� DSSDUHQW� UHVLVWLYLW\� YDOXHV� WKDW� PD\�
SRLQW� WR� ZHDWKHUHG�� ZHW� RU� ZDWHU-EHDULQJ� VXE�
VXUIDFH�VWUXFWXUHV�� 
 
7KH� GLSROH-GLSROH� FRQILJXUDWLRQ� �)LJ�� ��� IRU� 

9(6� ZDV� XVHG� LQ� WKH� H[SORUDWLRQ� SURFHVV�� ,Q�
WKLV�FRQILJXUDWLRQ��WKH�FXUUHQW�HOHFWURGHV�$�DQG�
%�DQG�WKH�SRWHQWLDO�HOHFWURGHV�&�DQG�'�DUH�VHS�
DUDWHG��HDFK�SDLU�KDYLQJ�D�FRQVWDQW�PXWXDO�VHSD�
UDWLRQ��D� �P���,I�WKH�GLVWDQFH�/� �P��EHWZHHQ�WKH�
WZR�SDLUV�LV�UHODWLYHO\�ODUJH��L�H���/�!!�D���HDFK�
SDLU�PD\�EH� WUHDWHG�DV�DQ�HOHFWULF�GLSROH�RI� UH�
VLVWLYLW\��ȡ�ȍP��HYDOXDWHG�DV��%D\RU�������� 

 

���������� 

 

�6RXUFH��%D\RU�������� 

 5RFN�PDWHULDO 5HVLVWLYLW\�UDQJH��ȍP� 

/LPHVWRQH��PDUEOH� !���� 
4XDUW]LWLF�URFN �����–����� 
5RFN�VDOW ����–���� 
*UDQLWH �����–���� 
6DQGVWRQH ���–����� 
/LPHVWRQH ����–���� 

&OD\�6KDOH�0XGVWRQH ��–��� 

7DEOH����$SSDUHQW�UHVLVWLYLW\�YDOXHV�IRU�VRPH�FRPPRQ�URFNV� 

ZKHUH�9�LV�SRWHQWLDO�GLIIHUHQFH��9���,�LV�FXUUHQW�
�$��DQG�ʌ�LV�D�FRQVWDQW���������� 
 
7KH�GLSROH-GLSROH�FRQILJXUDWLRQ� �)LJ����� LV� DG�
YDQWDJHRXV� IRU� 9(6� VXUYH\V� EHFDXVH� WKH� FXU�
UHQW� DQG�SRWHQWLDO� GLSROH� FDEOHV� DUH�ZHOO� VHSD�
UDWHG� IURP� RQH� DQRWKHU�� ZKLFK� HIIHFWLYHO\� UH�
GXFHV� QRLVH� GXH� WR� HOHFWURPDJQHWLF� LQGXFWLYH�
FRXSOLQJ� �6KDUPD�� ������� 7KXV�� GXH� WR� WKH�
QRLVH-SURQH�QDWXUH�RI�WKH�9ROWDLDQ�6HGLPHQWDU\�
%DVLQ� �%D\RU�� ������� DV� LW� LV� LQ� WKH� 7RORQ-
.XPEXQJX� GLVWULFW�� WKH� GLSROH-GLSROH� FRQILJX�
UDWLRQ� LV�PRVW�DSSURSULDWH� IRU� WKH�9(6�VXUYH\��
+RZHYHU�� RQH� OLPLWDWLRQ� RI� WKH� 9(6� VXUYH\�
WHFKQLTXH� LV� WKDW� WKH� SRZHU� VXSSOLHG� WR� WKH�
JURXQG� UHGXFHV� LQ� PDJQLWXGH� RU� SHQHWUDWLRQ�
DELOLW\�ZLWK�WKH�GHSWK�RI�LQYHVWLJDWLRQ��0F1HLO��
�������7KLV� LV�PRVWO\� LQIOXHQFHG�E\� WKH� VWUHQ-� 
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'LSROH-GLSROH�9(6�WHFKQLTXH�LQ�JURXQGZDWHU�SURVSHFWLQJ���� �� 

 

)LJ�����7KH�GLSROH-GLSROH�FRQILJXUDWLRQ�IRU�9(6�VXUYH\ 

JWK�RI�WKH�SRZHU�VXSSO\�DQG�WKH�FRQGXFWLYLW\�RI�
WKH� PHGLXP�� 7KH� 6$6-���� &� WHUUDPHWHU�
�$%(0�� 6ZHGHQ�� ZDV� XVHG� IRU� WKH� 9(6� VXU�
YH\V�DW�WKH�H[SORUDWLRQ�VLWHV� 
 
)LHOGZRUN 
8VLQJ� DQ� H[SORUDWLRQ� VWDWLRQ� DV� WKH� FHQWUDO�
SRLQW� RI� WKH� FRQILJXUDWLRQ�� WKH� SRWHQWLDO� DQG�
FXUUHQW�HOHFWURGHV�ZHUH�FRQWLQXRXVO\�H[SDQGHG�
DERXW� WKH� VWDWLRQ�ZKLOH�PDLQWDLQLQJ� D� FRQVWDQW�
FXUUHQW��)RU�D�JLYHQ�HOHFWURGH� VSDFLQJ�� ORJ-ORJ�
FXUYHV�SORWWHG�DV�DSSDUHQW�UHVLVWLYLW\��ȍP��YHU�
VXV�GHSWK��P��DORQJ�D�JLYHQ�WUDYHUVH�ZHUH�JHQ�
HUDWHG� IRU� HDFK� H[SORUDWLRQ� VWDWLRQ�� WR� TXDOLWD�
WLYHO\� LQWHUSUHW�VXEVXUIDFH�DQRPDOLHV�� ,QWHUSUH�
WDWLRQ�RI�WKH�FXUYHV�LQYROYHG�XVLQJ�WKH�DSSDUHQW�
UHVLVWLYLW\� YDOXHV� UHFRUGHG� DV�PHDQV� RI� LGHQWL�
I\LQJ� H[SHFWHG� URFN� PDWHULDOV� �7DEOH� ��� VXFK�
WKDW� GHYLDWLRQV� IURP� WKHVH� UHVLVWLYLW\� SDWWHUQV�
FRXOG�EH�UHODWHG�WR�WKH�SRVVLEOH�SUHVHQFH�RI�DQ�
DTXLIHU͘ 
 
6HOHFWLRQ�RI�VXUYH\�DQG�GULOO�VLWHV 
3UHOLPLQDU\�REVHUYDWLRQ�RI� WKH� VWXG\� VLWHV�ZDV�
PDGH�� DQG� DUHDV� WKDW� ZHUH� YLVLEO\� VORSLQJ� LQ�
QDWXUH� ZHUH� FRQVLGHUHG� IRU� HOHFWURPDJQHWLF�
�(0�� VXUYH\�� (0� VXUYH\� ZDV� FDUULHG� RXW� WR�
REVHUYH� DQRPDOLHV� WKDW� JDYH� LQGLFDWLRQ� RI�
JURXQGZDWHU� KROGLQJ�SRWHQWLDO��5HVLVWLYLW\� VXU�
YH\� ZDV� WKHQ� FRQGXFWHG� DFURVV� LGHQWLILHG�
DQRPDOLHV� DW� VHOHFWHG� VLWHV�� )LIWHHQ� VLWHV�ZHUH 

VHOHFWHG� LQ� WZR� VWXG\� FRPPXQLWLHV� IRU� 9(6�
SURILOLQJ��XVLQJ�WKH�(0�SURILOHV�RI�WKRVH�VLWHV��
7KH�VHOHFWHG�VWXG\�VLWHV�ZHUH�PRVWO\�UDQGRPO\�
GLVWULEXWHG��6LWHV�ZHUH�UHFRPPHQGHG�IRU�GULOO�
LQJ� LI� WKH� DQDO\VLV� RI� WKHLU� UHVSHFWLYH� ORJ-ORJ�
9(6�FXUYHV�VKRZHG�JUHDWHU�SURVSHFWV�RI�KROG�
LQJ� JURXQGZDWHU�� (YHQ� WKRXJK� �� RXW� RI� ���
VLWHV� ZHUH� UHFRPPHQGHG� IRU� GULOOLQJ�� RQO\� ��
VLWHV�ZHUH� GULOOHG� GXULQJ� WKH� SHULRG� RI� WKLV�
VWXG\�� WKHUHIRUH�� RQO\� WKHVH� WKUHH� VLWHV� KDG�
FRUUHVSRQGLQJ�GULOO�ORJV�WR�YDOLGDWH�WKH�ORJ-ORJ�
9(6�FXUYH�DQDO\VLV��6HFRQGDU\�9(6�GDWD�DQG�
WKHLU� FRUUHVSRQGLQJ� GULOO� ORJV� IRU� VL[� RWKHU�
FRPPXQLWLHV� ZHUH� WKHUHIRUH� REWDLQHG� UHWUR�
VSHFWLYHO\�IURP�WKH�:RUOG�9LVLRQ�,QWHUQDWLRQ�
DO�:DWHU�3URMHFW� LQ� WKH� VWXG\� DUHD� WR�FRPSOH�
PHQW�WKH�SURVSHFWLYH�GDWD�IURP�WKLV�VWXG\��7KH�
VL[� FRPPXQLWLHV� ZHUH� *EDQMRQJ�� 6RQJ�� =R�
RQD\LOL��*EDQ]RJX��6LQGLJX��DQG�.DQVKHJX�� 
 
5(68/76 
'LSROH-'LSROH�9(6�VXUYH\V� 
*EXOOXQJ�JHRSK\VLFDO�VXUYH\ 
7DEOH��� VKRZV� WKH� DSSDUHQW� UHVLVWLYLW\� YDOXHV�
UHFRUGHG�DW� WKH�VL[�VWDWLRQV�VXUYH\HG�LQ�*EXO�
OXQJ�� 
 
7KH� UHVLVWLYLW\� YDOXHV� DW� VWDWLRQ�*�� �7DEOH����
FDQ� EH� LQWHUSUHWHG� WR� LQGLFDWH� D� GU\� VDQG\�
RYHUEXUGHQ� DW� WKH� WRS�� XQGHUODLQ� E\� SODVWLF�
FOD\� VHGLPHQWV� DV� VKRZQ� E\� WKH� UHVLVWLYLW\� 
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7DEOH����'LSROH-GLSROH�9(6�VXUYH\�UHVXOWV�IRU�WKH�*EXOOXQJ�FRPPXQLW\ 

 'HSWK��P� $SSDUHQW�UHVLVWLYLW\�DW�VWDWLRQ��ȍP� 

  *� *� *� *� *� *� 
��� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 
���� ���� ���� ���� ���� ���� ���� 

'ULOOHG�VWDWLRQ� 

YDOXHV�GURSSLQJ�LQLWLDOO\�IURP������ȍP�WR������
ȍP��7KLV�JUDGLHQW�YDULDWLRQ�LV�SUREDEO\�GXH�WR�
WKH�KDUG�QDWXUH�RI� VRPH�RI� WKH�FRPSRQHQWV�RI�
WKH�RYHUO\LQJ�PDWHULDO��ZKLFK�LV�H[SHFWHG�WR�EH�
KDUG�VDQGVWRQH��7KH�LQIOH[LRQ�SRLQWV�DW������P�
DQG� ����� P� PD\� SRLQW� WR� VRPH� SURVSHFWV� RI�
JURXQGZDWHU�SUHVHQFH��DQG�RI�KDUG�URFN�DUHDV��
%HORZ������P��WKHUH�GRHV�QRW�VHHP�WR�EH�JRRG�
SURVSHFWV� RI� JURXQGZDWHU� SUHVHQFH�� WKH� VLWH�
KRZHYHU�JHQHUDOO\�DSSHDUV�WR�KROG�VRPH�SRWHQ�
WLDO� RI� JURXQGZDWHU� SUHVHQFH�� OLNHO\� WR� EH� HQ�
FRXQWHUHG�DW�WKH�GHSWKV�RI������P�WR������P� 
 
:D\DPED�JHRSK\VLFDO�VXUYH\ 
7DEOH� �� VKRZV� WKH� DSSDUHQW� UHVLVWLYLW\� YDOXHV�
UHFRUGHG� DW� WKH� QLQH� VWDWLRQV� VXUYH\HG� LQ�
:D\DPED�� 
 
$W� VWDWLRQ�:�� �7DEOH����� WKH� YHU\� KLJK� LQLWLDO�
UHVLVWLYLW\�RI� ������ȍP� LV� LQGLFDWLYH�RI� D� GU\��
KDUG�URFN�IRUPDWLRQ��$�VKDUS�GURS�LQ�UHVLVWLYLW\�
WKHQ� LV� REVHUYHG� IURP� WKH� GHSWK� RI� �����P� WR�
WKDW� RI� ����� P�� 7KLV� GURS� LV� VXJJHVWLYH� RI� D�
SUHGRPLQDQWO\�VKDOH�HQYLURQPHQW�DQG�WKH�OLNH�
OLKRRG� RI� D�PDMRU� DTXLIHU�� 7KH� UHVLVWLYLW\� YDO�
XHV� WKHQ� UHPDLQ� IDLUO\� FRQVWDQW� EHWZHHQ� WKH�
GHSWKV�RI������P�DQG������P�DQG�ILQDOO\�GURS�
VOLJKWO\� IURP� WKH� GHSWK� RI� �����P� WR� �����P��
WKLV�LQGLFDWHV�D�XQLIRUP�OLWKRORJ\��IURP������P�
WR������P���7KH������P�GHSWK�WKHUHIRUH�PDUNV� 

WKH� HQG� RI� WKH� PDMRU� DTXLIHU� UHJLRQ�� IURP�
ZKHUH�D�VKDOH�IRUPDWLRQ�LV�OLNHO\�WR�EH�SUHVHQW��
*HQHUDOO\�� VWDWLRQ� :�� DSSHDUV� WR� EH� D� PRUH�
SURPLVLQJ�ORFDWLRQ�RI�JURXQGZDWHU�RYHU�D������
P�VWUHWFK��IURP�D�GHSWK�RI������P�WR������P���
ZKHUH� WKH�ZDWHU� WDEOH�ZLOO�PRVW� OLNHO\�EH� HQ�
FRXQWHUHG�ZLWKLQ�WKH�GHSWKV�RI������P�WR������
P� 
 
7KH�UHVLVWLYLW\�YDOXHV�IRU�VWDWLRQ�:���7DEOH����
LQGLFDWH�WKH�SRVVLELOLW\�RI�D�KDUG�URFN�RYHUEXU�
GHQ�� PRVW� OLNHO\� WR� EH� XQGHUODLQ� E\� VKDOH�� $�
KLJKO\�FRQGXFWLYH�OD\HU�LV�H[SHFWHG�EHORZ�WKH�
�����P� GHSWK�� %HWZHHQ� WKH� GHSWKV� RI� �����P�
DQG������P��D�FRQWLQXRXV�GHFOLQH�LQ�WKH�UHVLV�
WLYLW\� YDOXHV� LV� REVHUYHG��7KH� �����P� WR� �����
P�GHSWK� UDQJH� VKRZV�SURVSHFW� IRU� JURXQGZD�
WHU�SUHVHQFH�RU�DW�OHDVW�D�ZHDWKHUHG�VKDOH�]RQH�
�LI� WKHUH�LV�QR�JURXQGZDWHU�SUHVHQW��� WKLV�]RQH�
PD\� EH� VDQGZLFKHG� EHWZHHQ� D� PXGVWRQH-
VDQGVWRQH� LQWHUFDODWLRQ�RU�VKDOH�DERYH��ZLWKLQ�
WKH� �����P� WR� �����P�GHSWK� UDQJH�� DQG� D� GU\�
KDUG� URFN� RU� VDQGVWRQH� IRUPDWLRQ� EHORZ�
�ZLWKLQ�WKH������P�WR������P�GHSWK�UDQJH���7KH�
����� P� WR� ����� P� GHSWK� UDQJH� LV� JHQHUDOO\�
SURPLVLQJ�IRU�JURXQGZDWHU�SUHVHQFH� 
 
5HWURVSHFWLYH�JHRSK\VLFDO�VXUYH\�UHVXOWV�IRU�
VL[�FRPPXQLWLHV� 
5HVLVWLYLW\�YDOXHV�DW�WKH�*EDQMRQJ�FRPPXQLW\� 

0XPXQL�DQG�%D\RU �� 
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�)LJ�����YDULHG�EHWZHHQ������ȍP�DQG�������ȍP��
�UDQJH� RI� ������ ȍP��� UHSUHVHQWLQJ� D� OLNHO\�
VDQGVWRQH-GRPLQDQW�VLWH��7KH�YHU\�KLJK�UHVLVWLY�
LW\�RI� ������ȍP�VKRZV� D� OLNHO\� KDUG� URFN� IRU�
PDWLRQ� VXFK� DV� ODWHULWH�� 7KH� 6RQJ� FRPPXQLW\�
�)LJ����KDG�D�UHVLVWLYLW\�UDQJH�RI�����ȍP��IURP� 

����� ȍP� WR� ����� ȍP��� 7KHVH� ORZ� UHVLVWLYLW\�
YDOXHV�DUH�PRVWO\�DVVRFLDWHG�ZLWK�HLWKHU�RQH��RU�
D� PL[WXUH�� RI� FOD\�� VKDOH� DQG� PXGVWRQH� IRU�
PDWLRQV� �7DEOH� ����7KH�=RRQD\LOL� VLWH� �)LJ�� ���
DOVR�KDG�ORZ�UHVLVWLYLW\�YDOXHV�RI�EHWZHHQ������
ȍP� DQG� ����� ȍP� ZKLFK� DOVR� SRLQW� WR� HLWKHU� 

7DEOH����'LSROH-GLSROH�9(6�VXUYH\�UHVXOWV�IRU�WKH�:D\DPED�&RPPXQLW\ 

 

'ULOOHG�VWDWLRQ 

'HSWK��P� $SSDUHQW�UHVLVWLYLW\�DW�VWDWLRQ��ȍP� 
  :� :� :� :� :� :� :� :� :� 

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

 

)LJ����/RJ-ORJ�9(6�&XUYH�IRU�*EDQMRQJ 

'LSROH-GLSROH�9(6�WHFKQLTXH�LQ�JURXQGZDWHU�SURVSHFWLQJ���� �� 
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)LJ����/RJ-ORJ�9(6�&XUYH�IRU�6RQJ 

 

)LJ����/RJ-ORJ�9(6�&XUYH�IRU�=RRQD\LOL�� 

RQH��RU�D�PL[WXUH��RI�FOD\��VKDOH�DQG�PXGVWRQH�
IRUPDWLRQV�� 7KH�*EDQ]RJX�� 6LQGLJX� DQG�.DQ�
VKHJX� FRPPXQLWLHV� �)LJV�� �-��� KDG� UHVLVWLYLW\�
YDOXH� UDQJHV�RI� ����ȍ�P��������ȍP�DQG������
ȍP�� UHVSHFWLYHO\�� 7KHLU� UHVLVWLYLW\� YDOXHV� DUH�
ODUJHO\� LQGLFDWLYH� RI� VDQGVWRQH� IRUPDWLRQV�� 

ZLWK� D� OLNHO\� ODWHULWLF� WRS� OD\HU� DW� 6LQGLJX��
ZKHUH�D�YHU\�KLJK�UHVLVWLYLW\�YDOXH��������ȍP��
ZDV�UHFRUGHG�DW�D�GHSWK�RI�����P�� 
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)LJ����/RJ-ORJ�9(6�&XUYH�IRU�6LQGLJX�� 

3UHGLFWLRQ�RI�GHSWK�UDQJH�WR�H[SHFW�JURXQG�
ZDWHU 
8VLQJ� WKH�9(6�GDWD�JDWKHUHG�DW�DOO� WKH����VWD�
WLRQV� VXUYH\HG� LQ� WKH� �� FRPPXQLWLHV�� DQ�DS�
SUR[LPDWH�GHSWK�UDQJH�ZLWKLQ�ZKLFK�DQ�DTXLIHU�
FRXOG�EH�HQFRXQWHUHG�ZDV�SUHGLFWHG��7DEOH����� 
 
7KH� GHSWK� UDQJH� ZLWKLQ� ZKLFK� JURXQGZDWHU� LV� 

H[SHFWHG� WR� EH� FRQILQHG� ZDV� GHWHUPLQHG� E\�
FDOFXODWLQJ�WKH�DYHUDJHV�RI�WKH�ORZHU�DQG�XSSHU�
DQDO\WLFDO�GHSWK�UDQJHV�VKRZQ�LQ�7DEOH����(DFK�
DYHUDJH�ZDV�HVWLPDWHG�DV�WKH�VXP�RI�WKH�DQDO\W�
LFDO� GHSWKV� GLYLGHG� E\� WKH� QXPEHU� RI� VWDWLRQV�
VXUYH\HG��ZKLFK�ZDV����IRU�ERWK�WKH�XSSHU�DQG�
ORZHU�DQDO\WLFDO�GHSWKV���7KH�DYHUDJH����VWDQG�
DUG� GHYLDWLRQ�� ORZHU� GHSWK� OLPLW� ZDV� IRXQG� WR� 

'LSROH-GLSROH�9(6�WHFKQLTXH�LQ�JURXQGZDWHU�SURVSHFWLQJ���� �� 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

 

)LJ����/RJ-ORJ�9(6�&XUYH�IRU�.DQVKHJX� 

7DEOH����([SHFWHG�GHSWK�UDQJH�RI�JURXQGZDWHU�SURVSHFWV�DW�WKH�YDULRXV�VXUYH\�VWDWLRQV 

 

&RPPXQLW\ 6WDWLRQ�ODEHO ��������$QDO\WLFDO�GHSWK�UDQJH�RI�JURXQGZDWHU� 
��������SURVSHFW��P� 

*EXOOXQJ *� �������������������–����� 
  *� �������������������–����� 
  *� �������������������–����� 
  *� �������������������–����� 
  *� �������������������–����� 
  *� �������������������–����� 
:D\DPED :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
  :� �������������������–����� 
*EDQMRQJ - �������������������–����� 
6RQJ - �������������������–����� 
=RRQD\LOL - �������������������–����� 
*EDQ]RJX - �������������������–����� 
6LQGLJX - �������������������–����� 
.DQVKHJX - �������������������–����� 
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EH�DSSUR[LPDWHO\������������P��DQG�WKH�DYHUDJH�
��� VWDQGDUG� GHYLDWLRQ��XSSHU� GHSWK� OLPLW� ZDV�
DERXW� ����� ������P��%H\RQG� WKLV� GHSWK�RI� �����
������ P�� D� YHU\� ORZ� SRVVLELOLW\� RI� ORFDWLQJ�
JURXQGZDWHU�LV�H[SHFWHG�� 
 
'ULOO�ORJV 
7KHVH� ZHUH� UHFRUGLQJV� RI� YDULRXV� IRUPDWLRQV�
HQFRXQWHUHG�DW�VWDWLRQV�*���:���:���*EDQMRQJ�� 
6RQJ��=RRQD\LOL��*EDQ]RJX��6LQGLJX��DQG�.DQ�
VKHJX�ZKLOH�GULOOLQJ�ZDV�FDUULHG�RXW��7DEOHV����
�� DQG� �� JLYH� WKH� GHWDLOV� RI� WKH� VRLO�URFN� IRU�
PDWLRQV�HQFRXQWHUHG� IURP� WKH� VXUIDFH�GRZQ� WR�
WKH�GHSWK�DW�ZKLFK�GULOOLQJ�ZDV�GLVFRQWLQXHG�DW�
HDFK�VWXG\�VLWH� 
 
',6&866,21 
,QWHUSUHWDWLRQ�RI�WKH�9(6�UHVXOWV�VXJJHVWHG�WKDW�
WKH� VXUYH\� DUHD� LV� SUHGRPLQDQWO\� DQ� HQYLURQ�
PHQW�RI� VDQGVWRQH�� VKDOH��PXGVWRQH�RU� LQWHUFD�
ODWLRQV� RI� WKHVH�� 7KH� VWXG\� IXUWKHU� SUHGLFWHG�
JURXQGZDWHU� SUHVHQFH�ZLWKLQ� D� �����P� WR������
P� GHSWK� UDQJH�� %RUHKROH� GHSWKV� LQ� WKH� VWXG\�
DUHD�DUH�UHSRUWHG��&REELQD�HW�DO���������WR�UDQJH�
EHWZHHQ� ����� P� DQG� ����� P�� ZLWK� DQ� DYHUDJH�
GHSWK� RI� ����� P�� 7KH� XSSHU� OLPLW� RI� ����� P�
GHSWK� IRXQG� LQ� WKLV� VWXG\� DJUHHV� ZLWK� WKDW� RI�
&REELQD�HW�DO���������KRZHYHU�� WKHUH�ZDV�YHU\�
OLWWOH� SRVVLELOLW\� RI� ORFDWLQJ�ZDWHU� EH\RQG������
P�DW�DOO�VLWHV�VXUYH\HG�LQ�WKLV�VWXG\��� 
 
$FFRUGLQJ�WR�WKH�GULOO�ORJV��7DEOHV������DQG�����
VXUIDFH�OD\HU�WKLFNQHVV�ZDV������P�RQ�WKH�DYHU�
DJH� ZLWK� YDU\LQJ� FRPSRVLWLRQV� UDQJLQJ� IURP�
H[WUHPHO\� ZHDWKHUHG� FOD\� WKURXJK� KLJKO\-
PRGHUDWHO\�ZHDWKHUHG�VDQGVWRQH�WR�WKH�ODWHULWLF�
KDUG�SDQ� LQ� LQFUHDVLQJ�RUGHU�RI� UHVLVWLYLW\��7KH�
ZHOO� ORJV� IXUWKHU� UHYHDOHG� WKDW� \LHOGV� REWDLQHG�
LQ�IUDFWXUHG�PXGVWRQHV�ZHUH�ORZHU�DV�FRPSDUHG�
WR� WKRVH� LQ� IUDFWXUHG�� SXUH� VDQGVWRQH� IRU�
PDWLRQV�� +DUG�� IUHVK� PXGVWRQH� RU� VKDOH� HQYL�
URQPHQWV� KRZHYHU� FRQWDLQHG� QR� ZDWHU� DW� DOO��
)XUWKHUPRUH�� WKH� SDWWHUQ� RI� JURXQGZDWHU� SUHV�
HQFH� LQ� WKH� VWXG\�DUHD� LV�GLVFRQWLQXRXV� �'DUNR�
HW� DO��� ������� DQG� VR� \LHOGV� DUH� UHSRUWHG�
�&REELQD� HW� DO��� ������ WR� YDU\� ZLGHO\� IURP�
DERXW�����/�PLQ� WR�����/�PLQ�ZLWK�DQ�DYHUDJH�
\LHOG� UHSRUWHG� WR�EH������/�PLQ��<LHOGV� LQ� WKLV�
VWXG\�YDULHG�EHWZHHQ����/�PLQ�DQG�����/�PLQ��
ZLWK�DQ�DYHUDJH�\LHOG�RI������/�PLQ��IURP���RXW�
RI���VXFFHVVIXO�ZHOOV�GULOOHG�� 
 

 
 

,QIRUPDWLRQ�REWDLQHG�IURP�WKH�9(6�UHVXOWV�IRU�
VWDWLRQ� *EXOOXQJ� *�� �7DEOH� ��� UHYHDOHG� WKH�
SUHVHQFH�RI�D�GU\�VDQG\�RYHUEXUGHQ�GRZQ�WR�D�
GHSWK� RI� ������ %HORZ� WKLV� GHSWK� ZDV� D� KDUG�
URFN�IRUPDWLRQ��7KH�LQWHUSUHWDWLRQ�IXUWKHU�SUH�
GLFWHG� WKDW� WKH� ZDWHU-EHDULQJ� ]RQH� DW� WKH� VWD�
WLRQ�FRXOG�EH�HQFRXQWHUHG�EHWZHHQ������P�DQG�
�����P�GHHS�� ,Q� IDFW�� WKH�GULOO� ORJ� IRU� WKH� VWD�
WLRQ�FRQILUPHG�WKLV�LQWHUSUHWDWLRQ�ZKHUH�D�ZD�
WHU-EHDULQJ� ]RQH� ZDV� HQFRXQWHUHG� ZLWKLQ� D�
����� P� WR� ����� P� GHSWK� UDQJH�� ZLWK� D� ILQDO�
IORZ�UDWH�RI����/�PLQ��)XUWKHUPRUH��D�GU\�WRS-
VDQG\� VRLO� ZDV� HQFRXQWHUHG�� DQG� IURP� ���� P�
GRZQ� WR� WKH� EHJLQQLQJ� RI� WKH� ZDWHU-EHDULQJ�
]RQH�ZDV�D�KDUG��IUHVK��VOLJKWO\�IUDFWXUHG�VDQG�
VWRQH� IRUPDWLRQ��7KHUHIRUH�� WKLV�ZDV� DQ� DFFX�
UDWH�FXUYH�LQWHUSUHWDWLRQ�DQG�D�VXFFHVVIXO�ERUH�
KROH�ORFDWLRQ� 
 
7KH� 9(6� FXUYH� LQWHUSUHWDWLRQ� IRU� VWDWLRQ�
:D\DPED� :�� �)LJ�� ��� VXJJHVWHG� D� WRS-GU\�
KDUG�URFN�OD\HU�ZLWK�D�UHODWLYHO\�KLJKHU�DSSDU�
HQW� UHVLVWLYLW\� YDOXH�� 7KHVH� UHVLVWLYLW\� YDOXHV�
LQGHHG�FRPSDUH�ZLWK�WKRVH�RI�ODWHULWH�GXH�WR�LWV�
KDUG�� FHPHQWHG�QDWXUH��7KH� LQWHUSUHWDWLRQ� IXU�
WKHU�SURYLGHG�D�SRVVLEOH�GHSWK�UDQJH�RI������P�
WR������P�ZLWKLQ�ZKLFK�JURXQGZDWHU�ZDV�OLNH�
O\� WR�EH� HQFRXQWHUHG��7KH�ZHOO� ORJ� FRQILUPHG�
WKLV� SUHGLFWLRQ� ZKHQ� ZDWHU� ZDV� ILUVW� HQFRXQ�
WHUHG� �����P� GHHS� DQG� DERXW� �����P� GHHS�� LW�
ZDV� DGYLVDEOH� WR� GLVFRQWLQXH� GULOOLQJ� ZKHQ� D�
PD[LPXP�IORZ�UDWH�RI�����/�PLQ�ZDV�UHFRUG�
HG��7KLV�ZDV�DOVR�DQ�DFFXUDWH�9(6�FXUYH�LQWHU�
SUHWDWLRQ�DQG�D�VXFFHVVIXO�ZHOO�ORFDWLRQ� 
 
$FFRUGLQJ� WR� WKH� 9(6� UHVXOWV� IRU� VWDWLRQ�
:D\DPED�:�� �7DEOH� ���� WKH� KLJKHU� DSSDUHQW�
UHVLVWLYLW\� DW� WKH� WRS� VXJJHVWHG� D� KDUG� URFN�
IRUPDWLRQ�� ZKLFK� ZDV� FRQILUPHG� E\� WKH� ZHOO�
ORJ�ZKHQ�D�ODWHULWH�IRUPDWLRQ�ZDV�HQFRXQWHUHG�
DW� WKH� WRS��7KLV�ZDV�IROORZHG�EHORZ�E\�D� OHVV�
FRQGXFWLYH� ����� P� WKLFN� OD\HU� RI� KLJKO\-
PRGHUDWHO\�ZHDWKHUHG�VKDOH��7KH�LQWHUSUHWDWLRQ�
IXUWKHU�FLWHG�WKH�SRVVLELOLW\�RI�D�PDMRU�DTXLIHU�
RU�D�IUDFWXUHG�OD\HU��RU�VKDOH�LQ�WKH�DEVHQFH�RI�
D�PDMRU�DTXLIHU��ZLWKLQ�D�GHSWK� UDQJH�RI������
P�WR������P��+RZHYHU��QR�ZDWHU�ZDV�HQFRXQ�
WHUHG�ZLWKLQ� WKLV� ]RQH��7KH�KLJKO\� FRQGXFWLYH�
ZHDWKHUHG� VKDOH� HQYLURQPHQW� DW� WKLV� VWDWLRQ�
FRXOG� KDYH� DFFRXQWHG� IRU� WKLV� LQDFFXUDF\� LQ�
SUHGLFWLQJ�JURXQGZDWHU�SUHVHQFH��6KDOH�LV�QRQ-
SHUPHDEOH� DQG� VR� JURXQGZDWHU� SRWHQWLDO� LQ� 

'LSROH-GLSROH�9(6�WHFKQLTXH�LQ�JURXQGZDWHU�SURVSHFWLQJ���� �� 
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VXFK�DQ�HQYLURQPHQW�GRHV�QRW�JHQHUDOO\�RIIHU�D�
JRRG� \LHOG�� &RQVHTXHQWO\�� WKLV� ZDV� D� JRRG�
FXUYH�LQWHUSUHWDWLRQ�IRU�DQ�XQIDYRUDEOH�ZHOO� 
 
7KH�UHWURVSHFWLYH�GDWD�DOVR�VKRZHG�DJUHHPHQWV�
EHWZHHQ� WKH� ORJ-ORJ�9(6�FXUYH�DQDO\VLV� �)LJV��
�-���DQG� WKHLU� FRUUHVSRQGLQJ�ZHOO� ORJV� �7DEOHV�
��DQG�����DV�KDV�EHHQ�GLVFXVVHG�IRU�WKH�SURVSHF�
WLYH�GDWD�LQ�WKH�SUHFHGLQJ�SDUDJUDSKV��7KH�ILQG�
LQJV� RI� WKLV� VWXG\� WKXV� VKRZ� WKDW� WKH� GLSROH-
GLSROH�FRQILJXUDWLRQ�IRU�9(6�VXUYH\�LV�DFFXUDWH�
DW� SUHGLFWLQJ� JURXQGZDWHU� SUHVHQFH� RU� DW� OHDVW�
VXEVXUIDFH� VWUXFWXUHV� WKDW� VKRZ� SURPLVH� IRU�
KROGLQJ� JURXQGZDWHU�� +RZHYHU�� WKH� DSSDUHQW�
UHVLVWLYLW\�YDOXHV�DORQH�DSSHDU�WR�ODFN�WKH�VHQVL�
WLYLW\� WR� GLVFULPLQDWH� EHWZHHQ� ZHDWKHUHG� RU�
PRLVW� IRUPDWLRQV� WKDW� GR� QRW� QHFHVVDULO\� FRQ�
ILQH� ZDWHU�� DQG� DFWXDO� DTXLIHUV�� )XWXUH� VWXGLHV�
VKRXOG� WKHUHIRUH� FRQVLGHU� VHQVLWLYLW\� LPSURYH�
PHQWV�RI�WKH�WHFKQLTXH��RU�HQKDQFLQJ�LWV�DFFXUD�
F\�E\�FRPSOHPHQWLQJ�LW�ZLWK�RWKHU�VXLWDEOH�EXW�
FKHDS�WHFKQLTXHV� 
 
&21&/86,21 
7KH� DJUHHPHQW� EHWZHHQ� WKH�9(6� UHVXOWV�FXUYH�
LQWHUSUHWDWLRQV� DQG� WKHLU� FRUUHVSRQGLQJ� ZHOO�
ORJV� LQGLFDWHG� WKDW� WKH�GLSROH-GLSROH�PHWKRG� LQ�
UHVLVWLYLW\�VXUYH\LQJ�LV�DSSURSULDWH�IRU�WKH�JHRO�
RJ\�RI�WKH�VWXG\�DUHD��8VLQJ�WKH�WHFKQLTXH��WKH�
YDULRXV�URFN�W\SHV�UDQJLQJ�IURP�WKLQ�VDQGVWRQH�
WR�WKLFN�PXGVWRQH�DQG�VKDOH�ZHUH�FOHDUO\�GLIIHU�
HQWLDWHG�� )XUWKHUPRUH�� WKH� DSSUR[LPDWH� GHSWK�
ZLWKLQ�ZKLFK�D�PDMRU�ZDWHU�]RQH�FRXOG�EH�HQ�
FRXQWHUHG�ZDV� HVWDEOLVKHG�� )RU� D� ORZ-FRVW� DQG�
HIIHFWLYH� JHRSK\VLFDO� VXUYH\�� WKH�GLSROH-GLSROH�
9(6�PHWKRG�PD\�WKHUHIRUH�EH�WKH�UHFRPPHQG�
HG� PHDQV� RI� ORFDWLQJ� IUDFWXUHG� VDQGVWRQH� IRU�
PDWLRQV��DQG�VWXG\LQJ� WKH�YHUWLFDO�FRPSRVLWLRQ�
DQG�DTXLIHU�FRQGLWLRQ�RI�WKH�VXEVXUIDFH� 
 
$&.12:/('*(0(17 
7KH�DXWKRUV�ZLVK�WR�DFNQRZOHGJH�IXQGLQJ�VXS�
SRUW�IRU�WKH�5XUDO�:DWHU�6XSSO\�DQG�6DQLWDWLRQ�
3URMHFW� E\� WKH� )UHQFK� 'HYHORSPHQW� $JHQF\�
�$)'���XQGHU�ZKLFK�WKLV�VWXG\�ZDV�FDUULHG�RXW��
7KH� DXWKRUV� ZLVK� WR� DFNQRZOHGJH� WKH� SHUPLV�
VLRQ�DQG�VXSSRUW�RI�7HUUDK\GUR�$VVRFLDWHV�/LP�
LWHG� �7$/�� LQ� 7DPDOH� RIIHUHG� XV� WR� XQGHUWDNH�
WKLV�VWXG\�ZLWK�WKHLU�*HRSK\VLFLVWV�DW�WKH�VWXG\�
VLWHV��7KH�SURYLVLRQ�RI�WKH�GULOO�ORJV�E\�7$/�WR�
HQDEOH�XV�FRQGXFW�WKH�JHRSK\VLFDO�DQDO\VLV�DQG�
YDOLGDWLRQ� LV� DOVR� DSSUHFLDWHG�� 6LQFHUH� WKDQNV� 

DOVR� JR� WR� 0U�� )UDQFLV� 2NDL� RI�:RUOG� 9LVLRQ�
,QWHUQDWLRQDO�IRU�WKH�SURYLVLRQ�RI�WKH�UHWURVSHF�
WLYH�9(6�GDWD�IRU�LQFOXVLRQ�LQ�WKLV�SDSHU�� 
 
5()(5(1&(6 
%D\RU��-��6����������³$SSOLFDWLRQ�RI�WKH�HOHFWUR�
PDJQHWLF� DQG� WKH� HOHFWULFDO� UHVLVWLYLW\� PHWK�
RGV�LQ�JURXQGZDWHU�H[SORUDWLRQ�LQ�WKH�7RORQ-
.XPEXQJX�GLVWULFW�RI�WKH�1RUWKHUQ�5HJLRQ�RI�
*KDQD�´�0�6F��7KHVLV��.ZDPH�1NUXPDK�8QL�
YHUVLW\�RI�6FLHQFH�DQG�7HFKQRORJ\��.XPDVL� 

 
&REELQD�� 6�� -��� $UPDK�� )�� $��� DQG� 2ELUL�� 6��
�������� ³0XOWLYDULDWH� VWDWLVWLFDO� DQG� VSDWLDO�
DVVHVVPHQW� RI� JURXQGZDWHU� TXDOLW\� LQ� WKH�
7RORQ-.XPEXQJX�'LVWULFW��*KDQD�´�5HVHDUFK�
-RXUQDO�RI�(QYLURQPHQWDO�DQG�(DUWK�6FLHQF�
HV����������-��� 

 
'DSDDK-6LDNZDQ�� 6�� DQG� *\DX-%RDN\H�� 3��
�������� ³*URXQGZDWHU� UHVRXUFHV� RI� *KDQD´��
,Q�� ³$GYDQFHV� LQ� JURXQGZDWHU� H[SORUDWLRQ�
DQG�GHYHORSPHQW�LQ�*KDQD�´�3URFHHGLQJV�RI�D�
VHPLQDU�RUJDQL]HG�E\�WKH�'HSDUWPHQW�RI�*H�
RORJ\��8QLYHUVLW\�RI�*KDQD�� LQ� FROODERUDWLRQ�
ZLWK� WKH� *HRORJLFDO� ,QVWLWXWH�� 8QLYHUVLW\� RI�
&RSHQKDJHQ��XQGHU�WKH�DXVSLFHV�RI�'$1,'$�
(15(&$� +\GURJHRORJLFDO� 3URMHFW�� 2FWREHU�
��-����������*(2'$7�5HVRXUFHV��SS���-��� 
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