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+\GURIDFLHV�$WWULEXWHV�DQG�4XDOLW\�6WDWXV�RI�*URXQGZDWHU 6\VWHPV�LQ�(DVWHUQ�1LJHU�'HOWD��
1LJHULD

�
$PDGL�$��1����<LVD��-����$EXEDNDU��$��6����'DQ�+DVVDQ��0��$����2JXQWDGH��$��6��

�+XVVDLQL��6��8��DQG��0XVD�$�

�'HSDUWPHQW�RI�*HRORJ\��)HGHUDO�8QLYHUVLW\�RI�7HFKQRORJ\��0LQQD
�'HSDUWPHQW�RI�&KHPLVWU\��)HGHUDO�8QLYHUVLW\�RI�7HFKQRORJ\��0LQQD
�'HSDUWPHQW�RI�*HRJUDSK\��)HGHUDO�8QLYHUVLW\�RI�7HFKQRORJ\��0LQQD
�'HSDUWPHQW�RI�*HRORJ\�DQG�0LQLQJ��,EUDKLP�%DGDPDVL�%DEDQJLGD�8QLYHUVLW\��/DSDL
�'HSDUWPHQW�RI�*HRORJ\��$KPDGX�%HOOR�8QLYHUVLW\��=DULD


&RUUHVSRQGLQJ�$XWKRU¶V�(PDLO�$GGUHVV��JHRDPD��#JPDLO�FRP��3KRQH�1R�����������������

$EVWUDFW

1LJHU�'HOWD�KRVWV�D�ORW�RI�RLO�SURGXFLQJ�DQG�VHUYLFLQJ�FRPSDQLHV��7KH�DFWLYLWLHV�RI�WKHVH�FRPSDQLHV�
LQ�ODVW����\HDUV�KDYH�QHJDWHV�WKH�ZDWHU�UHVRXUFHV�LQ�WKH�DUHD��KHQFH�WKH�QHHG�WR�DVVHVV�WKH�SROOXWLRQ�
OHYHO��+\GURIDFLHV�DQG�ZDWHU�TXDOLW\�RI�WKH�FRDVWDO�SODLQ�VDQG�LQ�(DVWHUQ�1LJHU�'HOWD��1LJHULD�ZDV�
LQYHVWLJDWHG�LQ�WKLV�VWXG\��7KH�VWXG\�LV�DLPHG�DW�HVWDEOLVKLQJ�WKH�ZDWHU�IDFLHV�DV�ZHOO�DV�DVFHUWDLQLQJ�
WKH�RYHUDOO�TXDOLW\�VWDWXV�RI�JURXQGZDWHU�V\VWHPV�LQ�WKH�DUHD��+\GURJHRORJLFDO�LQYHVWLJDWLRQV�VKRZ�
WKDW�WKH DTXLIHUV�LQ�WKH�DUHD�DUH�ODUJHO\�XQFRQILQHG�VDQGV�ZLWK�LQWHUFDODWLRQV�RI�JUDYHOV��FOD\�DQG�
VKDOH��7KH�REVHUYHG�ZLGH�UDQJHV�DQG�KLJK�VWDQGDUG�GHYLDWLRQV�DQG�PHDQ�LQ�WKH�JHRFKHPLFDO�GDWD�
DUH�HYLGHQFH�WKDW�WKHUH�DUH�VXEVWDQWLDO�GLIIHUHQFHV�LQ�WKH�TXDOLW\�RI�WKH�JURXQGZDWHU�V\VWHP�ZLWKLQ�
WKH�VWXG\�DUHD��7KH�SORW�RI�WKH�PDMRU�FDWLRQV�DQG�DQLRQV�RQ�3LSHU�DQG�'XURY�GLDJUDPV�LQGLFDWHG�
IRXU�K\GURFKHPLFDO� IDFLHV� LQ� WKH� DUHD��1D�&O��&D�0J�&O��1D�)H�&O� DQG�1D�)H�&O�12���+HDY\�
PHWDO�HQULFKPHQW�LQGH[�UHYHDOHG����HOHPHQWV�LQ�WKH�GHFUHDVLQJ�RUGHU�RI��)H�!�1L�!�&X�!�=Q�!�0Q�
!�&G�!�9�!�&R�!�3E�!�&U�!�$V�!�+J��7KH�VWXG\�LGHQWLILHG�KLJK�LURQ�FRQWHQW��DFLG�UDLQ��K\GURFDUERQ�
SROOXWLRQ��JDV�IODULQJ�DQG�RLO�VSLOOV���XVH�RI�DJURFKHPLFDOV��LQGXVWULDO�HIIOXHQWV�DQG�SRRU�VDQLWDWLRQ�
DV FRQWULEXWRUV�WR�WKH�JURXQGZDWHU�GHWHULRUDWLRQ�LQ�WKH�DUHD��7KH�ILUVW�IDFWRUV�DUH IURP�QDWXUDO�VRXUFH�
DV�D�UHVXOW�RI�GRZQZDUG�OHDFKLQJ�RI�PDUFDVLWH�PLQHUDO�FRQWDLQHG�LQ�WKH�RYHUO\LQJ�OLWKRORJ\�LQWR�
WKH�VKDOORZ�ZDWHU�WDEOH�ZKLOH�WKH�RWKHU�IDFWRUV�DUH�UHVXOWV�RI�QXPHURXV�KXPDQ�DFWLYLWLHV�GRPLFLOHG�
LQ�WKH�DUHD��'XH�WR�WKH�HIIHFWV�RI�DFLG�UDLQ�LQ�WKH�DUHD��WKH�QHHG�WR�HUDGLFDWH�JDV�IODULQJ�DQG�RLO�VSLOOV�
LQ�WKH�DUHD�ZDV�DGYRFDWHG��

.H\ZRUGV��+\GURIDFLHV��:DWHU�4XDOLW\�,QGH[��)DFWRU�$QDO\VLV��(DVWHUQ�1LJHU�'HOWD��1LJHULD�

�� ,QWURGXFWLRQ
$FFRUGLQJ�WR�:RUOG�+HDOWK�2UJDQL]DWLRQ���������DERXW���� ELOOLRQ�SHRSOH�GR�QRW�KDYH�DFFHVV�WR�
SRWDEOH�ZDWHU�VXSSO\�ZKLOH�DERXW�����PLOOLRQ�SHUVRQV�GLH�HYHU\�\HDU�GXH�WR�ZDWHU�ERUQH�RU�ZDWHU�
UHODWHG�GLVHDVHV��/DFN�RI�DFFHVV�WR�SRWDEOH�ZDWHU�LV�RQH�RI�WKH�UHDVRQV�ZK\�SRYHUW\�SHUVLVWV�LQ�PRVW�
SDUWV�RI�$IULFD��VLQFH�PDQ\�ZRUNLQJ�KRXUV�DUH�ZDVWHG�LQ�VHDUFK�IRU�WKLV�SUHFLRXV�UHVRXUFH��,JERPRU�
DQG�$PDGL���������7KH\�KRXUV�ZDVWHG�LQ�VHDUFK�RI�SRWDEOH�ZDWHU�FDQ�EH�XVHG�LQ�HDUQLQJ�D�OLYLQJ��
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7KH�:RUOG�5HVRXUFHV�,QVWLWXWH��������UHSRUWHG�WKDW�WKH�ZRUOG¶V�ZDWHU�V\VWHPV�IDFH�IRUPLGDEOH�DQG�
DODUPLQJ�WKUHDWV�GXH�WR�FRQWDPLQDWLRQ�DULVLQJ�IURP�DQWKURSRJHQLF�LQWHUIHUHQFH��7R�PHHW�WKH�HYHU�
LQFUHDVLQJ�ZDWHU� GHPDQG� LQ� WKH�1LJHU�'HOWD� UHJLRQ�� JURXQGZDWHU� LV� EHLQJ� H[WHQVLYHO\� XVHG� WR�
VXSSOHPHQW�WKH�GHWHULRUDWHG�VXUIDFH�ZDWHU�WKHUHE\�VXEMHFWLQJ�LW�WR�RYHU�DEVWUDFWLRQ�IRU�GRPHVWLF��
DJULFXOWXUDO��XUEDQ�DQG�LQGXVWULDO�XVHV���,QFUHDVLQJ�XUEDQL]DWLRQ�LV�WDNLQJ�SODFH�DORQJ�WKH�FRDVWOLQHV�
RI�(DVWHUQ�1LJHU�'HOWD�DQG�FDXVLQJ�LQFUHDVHG�XVH�RI�JURXQGZDWHU�DQG�LW�KDV�D�ODUJH�LPSDFW�RQ�WKH�
TXDOLW\� DQG TXDQWLW\� RI� JURXQGZDWHU� V\VWHP� LQ� WKH� DUHD�� ,Q�PDQ\� FRXQWULHV� DURXQG� WKH�ZRUOG��
LQFOXGLQJ�1LJHULD��JURXQGZDWHU�VXSSOLHV�PD\�KDYH�EHFRPH�FRQWDPLQDWHG�WKURXJK�YDULRXV�KXPDQ�
DFWLYLWLHV��ZKLFK�KDYH�LPSDFW�RQ�WKH�KHDOWK�DQG�HFRQRPLF�VWDWXV�RI�WKH�SHRSOH��7KH�GLVFKDUJH�RI�
XQWUHDWHG�ZDVWH�ZDWHU��VRDNDZD\��SLW�ODWULQH�DV�ZHOO�DV�DJULFXOWXUDO�ZDWHU�UXQRII�IURP�IDUPV�FDQ�DOO�
OHDG� WR� WKH� GHWHULRUDWLRQ� DQG� FRQWDPLQDWLRQ� RI� JURXQGZDWHU� LQ� FRDVWDO� XQFRQILQHG� DTXLIHUV� YLD�
LQILOWUDWLRQ� WKURXJK� WKH�KLJKO\�SRURXV� DQG�SHUPHDEOH� IRUPDWLRQ� �2ODVHKLQGH�DQG�$PDGL�� ������
1ZDQNZRDOD�HW�DO���������������

3HWUROHXP� H[SORUDWLRQ� DQG� H[SORLWDWLRQ� LQ� (DVWHUQ� 1LJHU� 'HOWD� KDYH� WULJJHUHG� DGYHUVH�
HQYLURQPHQWDO� LPSDFWV� LQ� WKH� 'HOWD� DUHD� RI� 1LJHULD� WKURXJK� LQFHVVDQW� HQYLURQPHQWDO�� VRFLR�
HFRQRPLF�DQG�SK\VLFDO�GLVDVWHUV�WKDW�KDYH�DFFXPXODWHG�RYHU�WKH�\HDUV�GXH�WR�OLPLWHG�VFUXWLQ\�DQG�
ODFN� RI� DVVHVVPHQW� �$FKL�� ������$PDGL� HW� DO��� ������� ,Q�1LJHULD�� LPPHQVH� WUDFWV� RI�PDQJURYH�
IRUHVWV�KDYH�EHHQ�GHVWUR\HG�DV�D�UHVXOW�RI�SHWUROHXP�H[SORLWDWLRQ�LQ�WKH�PDQJURYHV�DQG�WKHVH�KDYH�
QRW�RQO\�FDXVHG�GHJUDGDWLRQ� WR� WKH�HQYLURQPHQW�DQG�GHVWUR\HG� WKH� WUDGLWLRQDO� OLYHOLKRRG�RI� WKH�
UHJLRQ�EXW�KDYH�FDXVHG�HQYLURQPHQWDO�SROOXWLRQ�WKDW�KDV�DIIHFWHG�ZHDWKHU�FRQGLWLRQV��VRLO�IHUWLOLW\��
JURXQGZDWHU��VXUIDFH�ZDWHU��DTXDWLF DQG�ZLOGOLIH��,I�WKLV�WUHQG�LV�DOORZHG�WR�FRQWLQXH�XQDEDWHG��LW�
LV�PRVW�OLNHO\�WKDW�WKH�IRRG�ZHE�FRPSOH[HV�LQ�WKLV�ZHWODQG�PLJKW�EH�DW�D�KLJKHU�ULVN�RI�LQGXFHG�
KHDY\�PHWDO�FRQWDPLQDWLRQ��1LNRODLGLV�HW�DO�� �������7KLV�XQKHDOWK\�VLWXDWLRQ�FRQWLQXHV�WR�DWWUDFW�
WKH�LQWHUHVW�RI�HQYLURQPHQWDO�REVHUYHUV�DQG�FDOOV�IRU�HYDOXDWLRQ�RI�WKH�LPSDFW�RI�H[SORUDWLRQ�DQG�
H[SORLWDWLRQ�DFWLYLWLHV�LQ�WKH�FRDVWDO�DUHDV�RI�1LJHULD�DQG�WKLV�LV�SDUW�RI�ZKDW�WKLV�SDSHU�LQWHQGV�WR�
DGGUHVV�

�� 0DWHULDOV�DQG�0HWKRGV

����6WXG\�$UHD�'HVFULSWLRQ�

7KH�VWXG\�DUHD�OLHV�ZLWKLQ�WKH�HDVWHUQ�1LJHU�'HOWD�UHJLRQ�RI�1LJHULD��FRYHULQJ�SDUWV�RI�$ELD��,PR�
DQG�5LYHUV�6WDWHV��,W�LV�VLWXDWHG�EHWZHHQ�ODWLWXGH������1�WR������1�DQG�ORQJLWXGH������(�WR������(�
�)LJ������7KH�DUHD�LV�JHQHUDOO\�ORZ�O\LQJ�ZLWK�D�JRRG�URDG�QHWZRUN�V\VWHP�DQG�LV�GUDLQHG�E\�$ED��
,PR�DQG�%RQQ\�5LYHUV�DQG�WKHLU�WULEXWDULHV��2IRHJEX��������2IIRGLOH��������

����*HRORJ\�DQG�K\GURJHRORJ\�RI�WKH�6WXG\�$UHD�

7KH�DUHD�LV�ZLWKLQ�WKH�%HQLQ�)RUPDWLRQ�EHORQJLQJ�WKH�(RFHQH�DJH��)LJ������7KH�%HQLQ�)RUPDWLRQ�
LV� FRPSRVHG�PDLQO\� RI� IUHVK�ZDWHU�EHDULQJ� FRQWLQHQWDO� VDQGV� DQG� JUDYHOV�ZLWK� FOD\� DQG� VKDOH�
LQWHUFDODWLRQV��7KH�HQYLURQPHQW�RI�GHSRVLWLRQ�LV�SDUWO\�ODJRRQDO�DQG�IOXYLRODFXVWULQH���(]HLJER�DQG�
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$QHNH�����������7KH�IRUPDWLRQ�ZKLFK�GLSV�VRXWK�ZHVWZDUG VWDUWV�DV�D�WKLQ�HGJH�OD\HU�DW�LWV�FRQWDFW�
ZLWK�WKH�2JZDVKL�$VDED�)RUPDWLRQ�LQ�WKH�QRUWKHUQ�SDUW�RI�WKH�VWXG\�DUHD�DQG�WKLFNHQV�VRXWKZDUGV�
WR�DERXW�����P�LQ�2ZHUUL�$ED�3RUW�+DUFRXUW�DUHD��$PDGL���������7KH�VDQG\�XQLW�ZKLFK�FRQVWLWXWHV�
DERXW�����RI�WKH�URFN�LQ�WKH�DUHD�LV�FRPSRVHG�RI�TXDUW]��2Q\HDJRFKD���������

)LJXUH����0DS�RI�1LJHU�'HOWD�VKRZLQJ�WKH�VWXG\�DUHD��$PDGL�������

)LJXUH����*HRORJLFDO�0DS�RI�WKH�(DVWHUQ�1LJHU�'HOWD�VKRZLQJ�WKH�6WXG\�$UHD��$PDGL�������

� � � � .LORPHWHUV
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����:DWHU�6DPSOLQJ�DQG�/DERUDWRU\�$QDO\VLV

$�WRWDO�RI����JURXQGZDWHU�VDPSOHV��)LJ�����ZHUH�FROOHFWHG�XVLQJ�WZR�VHWV�RI�SRO\HWK\OHQH�ERWWOHV�
RI�RQH�OLWHU�FDSDFLW\��IRU�FDWLRQ�DQG�DQLRQ�DQDO\VLV�DQG�ODEHOHG�DFFRUGLQJO\��7KH�ERUHKROHV�ZHUH�
DOORZHG�WR�IORZ�IRU�DERXW���PLQXWHV�EHIRUH�WKH�ZDWHU�LV�FROOHFWHG��DQG�FRQWDLQHUV�ZHUH�WKRURXJKO\�
ULQVHG�ZLWK�WKH�ZDWHU�WR�EH�FROOHFWHG��6DPSOHV�IRU�WKH�GHWHUPLQDWLRQ�RI�FDWLRQV�ZHUH�VWDELOL]HG�ZLWK�
D�GURS�RI�GLOXWH�K\GURFKORULF�DFLG�RQ�FROOHFWLRQ��$OO�WKH�VDPSOHV�ZHUH�SUHVHUYHG�E\�UHIULJHUDWLRQ�
DQG�DQDO\]HG�ZLWKLQ���� KRXUV�RI� FROOHFWLRQ��7KH�DQDO\VHV�ZHUH� FDUULHG� RXW� LQ� DFFRUGDQFH�ZLWK�
$3+$��������VWDQGDUG��6SHFWURSKRWRPHWULF�PHWKRG�ZDV�XVHG�WR�DQDO\]H�IRU�FDWLRQV�DQG�DQLRQV��
7KH�SK\VLFDO�SDUDPHWHUV�VXFK�DV�WHPSHUDWXUH��S+�DQG�FRQGXFWLYLW\�ZHUH�GHWHUPLQHG�RQ�WKH�ILHOG�
XVLQJ� WKHUPRPHWHU��S+�PHWHU� DQG�FRQGXFWLYLW\�PHWHU� UHVSHFWLYHO\��7KH�PLFURELDO� DQDO\VLV�ZDV�
GRQH�XVLQJ�FDUULHG�RXW�XVLQJ�WKH�ILOWHU�PHPEUDQH�PHWKRG�DQG�SUHVXPSWLYH�FRXQW�DQG�HDFK�VDPSOH�
ZDV�LQFXEDWHG�IRU�DW�OHDVW����KRXUV

)LJXUH��� 6DPSOH�ORFDWLRQ�PDS�RI�WKH�6WXG\�$UHD

�� 5HVXOWV�DQG�'LVFXVVLRQV

7KH�S+�RI�WKH�ZDWHU�LQ�WKH�DUHD�LV�VOLJKWO\�DFLGLF������± ������ZKLFK�FDQ�EH�DWWULEXWHG�WR�WKH�DJH�
ORQJ�SUDFWLFH�RI�JDV�IODULQJ�LQ�WKH�UHJLRQ��UHVXOWLQJ�LQ�DFLG�UDLQ�IRUPDWLRQ��7KH�KLJK�OHYHO�RI�UXVWLQJ�
RI� URRILQJ� VKHHWV� LQ� WKH� DUHD� LV� RQH� RI� WKH� KDYRFV FDXVHG� E\� DFLG�UDLQ� LQ� WKH� DUHD�� 7KH� DFLGLF�
FRQGLWLRQ�RI�WKH�HQYLURQPHQW�KDV�HQKDQFHG�WKH�OLEHUDWLRQ�DQG�PRELOLW\�RI�PHWDOV�ZLWKLQ�WKH�VRLO�
ZDWHU�PHGLD��7KH�XSVXUJH�LQ�XUEDQL]DWLRQ�DQG�LQGXVWULDOL]DWLRQ�LQ�WKHVH�FLWLHV�IXUWKHU�FRPSRXQG�
WKH�TXDOLW\�DWWULEXWHV�RI�WKH�JURXQGZDWHU�V\VWHP�LQ�WKH�DUHD��%DFWHULRORJLFDOO\��WKH�ZDWHU�LV�SRRU�

ϰΣϰϬ/E

ϲΣϱϬ/�
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GXH�WR�WKH�FRQILUPHG�SUHVHQFH�RI�WRWDO�FROLIRUP�DQG�(��FROL��DQ�LQGLFDWLRQ�RI�IDHFDO�FRQWDPLQDWLRQ�
�1ZDQNZRDOD�DQG�0PRP��������$PDGL�HW�DO���������$PDGL�HW�DO���������

����)DFWRU�$QDO\VLV

7KH�IDFWRU�DQDO\VLV��)$��KDV�HPHUJHG�DV�D�XVHIXO�WRRO�IRU�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�UHODWLRQVKLS�
DPRQJ�YDULDEOHV�DQG�IRU�UHYHDOLQJ�JURXSV��RU�FOXVWHUV��WKDW�DUH�PXWXDOO\�FRUUHODWHG�ZLWKLQ�D�GDWD�
ERG\��7KH�VWDWLVWLFDO�VRIWZDUH�SDFNDJH�6366������IRU�ZLQGRZV�ZDV�XVHG�IRU�WKH�DQDO\VLV��,Q�WKH�
ODVW�WZR�GHFDGHV��)DFWRU�DQDO\VLV��)$��KDV�EHHQ�VXFFHVVIXOO\�XVHG�WR�VRUW�RXW�WKH�K\GURFKHPLFDO�
SURFHVVHV� DQG� UHODWLRQVKLSV�RI� DQDO\]HG�JURXQGZDWHU�GDWD��7KH� FRUUHODWLRQ�SDWWHUQ�EHWZHHQ� WKH�
GLIIHUHQW�SK\VLFDO��FKHPLFDO�DQG�EDFWHULRORJLFDO�SURSHUWLHV�DQG�WKH�VDPSOLQJ�VLWHV�ZHUH�HYDOXDWHG�
XVLQJ�IDFWRU�DQDO\VLV��,Q�7DEOH����IDFWRUV�H[SODLQLQJ�YDULDQFH�SHUFHQWDJH�ORZHU�WKDQ������SHUFHQW�
DQG�HLJHQ�YDOXH�OHVV�WKDQ�RQH�ZHUH�UHMHFWHG��DLPLQJ�DW�LQWHUSUHWLQJ�WKH�VLJQLILFDQFH�RI�WKH�IDFWRUV�
LQ�DQ�HDVLHU�ZD\��)DFWRU�DQDO\VLV��YDULPD[�URWDWHG��RQ�WKH�VDPH�VWDQGDUGL]HG�GDWD�ZHUH�XVHG�ZLWK�
HLJHQYDOXHV�KLJKHU�WKDQ�RQH�WR�JHQHUDWH�VL[�YDULIDFWRUV��DFFRXQWLQJ�IRU�������SHUFHQW�RI�WKH�WRWDO�
YDULDQFH��7KHVH�VL[�IDFWRUV�VLJQLILHG VL[�SRVVLEOH�VRXUFHV�WKURXJK�ZKLFK�WKH�ZDWHU�LQ�WKH�DUHD�DUH�
SROOXWHG�

)DFWRU�� KDV� WKH� KLJKHVW� ORDGLQJ� RI� ������� DQG� WKH� FRQWULEXWRUV� LQFOXGH� FRQGXFWLYLW\�� WRWDO�
GLVVROYHG�VROLG��7'6���HOHFWULFDO�FRQGXFWLYLW\��(&���FKORULGH��FDOFLXP��PDJQHVLXP��WRWDO�KDUGQHVV�
�7+��� VRGLXP�DQG� VDOLQLW\�� �7KHVH� IDFWRUV� FDQ�EH� DVVRFLDWHG�ZLWK� WKH� VHDZDWHU� LQWUXVLRQ�ZKLFK�
OHDFKHG�LQWR�WKH�DTXLIHU�V\VWHP��LQFUHDVHV�WKH�FRQFHQWUDWLRQV�RI�WKHVH�LRQV�E\�LWV�SHUFRODWLRQ�DQG�
ORQJHU�UHVLGHQFH�WLPH��+LJK�WLGHV�DQG�XQFRQWUROOHG�JURXQGZDWHU�DEVWUDFWLRQ��DUH�WKH�PDLQ�IDFWRUV�
WKDW�LQGXFH�WKH�LQILOWUDWLRQ�RI��VDOWZDWHU�LQWR�WKH�DTXLIHURXV�]RQH��

)DFWRU�� H[SODLQV��������DQG�LQFOXGHV�S+��VLOLFD� ELFDUERQDWH��FKORULGH��LURQ��SRWDVVLXP��VXOSKDWH�
DQG�WRWDO�VXVSHQGHG�VROLG��766���7KH�766�PD\�EH DV�D�UHVXOW�RI�WKH�SDUWLDO�GLVVROXWLRQ�RI�WKHVH�LRQV�
�ELFDUERQDWH�� FKORULGH�� LURQ�� VLOLFD�� SRWDVVLXP�DQG� VXOSKDWH�� LQ� WKH�ZDWHU� HLWKHU� WKURXJK�QDWXUDO�
PHDQV� VXFK�DV� FKHPLFDO�ZHDWKHULQJ� LQ� WKH� FRXUVH�RI�JURXQGZDWHU�PRYHPHQW�RU� DQWKURSRJHQLF�
LQWHUIHUHQFH� DQG� WKH� SURFHVVHV� DUH� HQKDQFHG� E\� D� ORZ� S+� FRQGLWLRQ�� 7KH� LURQ� FRQWHQW� LQ� WKH�
PDUFDVLWH� IURP� WKH� XQGHUO\LQJ� VKDOH� DQG� FRDO� KRUL]RQ� RI� WKH� 2JZDVKL�$VDED� )RUPDWLRQ� LV�
PRELOL]HG�DQG�OHDFK�LQWR�WKH�VKDOORZ�ZDWHU�WDEOH�GXH�WR�WKH�SRURXV�DQG�SHUPHDEOH�QDWXUH�RI�WKH�
DTXLIHURXV�OD\HU��([FHVVLYH�LURQ�LQ�WKH�ERG\�GRHV�QRW�SUHVHQW�DQ\�KHDOWK�KD]DUG��RQO\�WKH�WXUELGLW\��
WDVWH�DQG�DSSHDUDQFH�RI�WKH�GULQNLQJ�ZDWHU�ZLOO�XVXDOO\�EH�DIIHFWHG�

)DFWRU�� KDV� D� KLJK� ORDGLQJ� IRU� WHPSHUDWXUH�� ELRFKHPLFDO� R[\JHQ� GHPDQG� �%2'��� FKHPLFDO�
R[\JHQ�GHPDQG� �&2'���(�� FROL�� SKRVSKDWH��QLWUDWH� DQG� WRWDO� FROLIRUP� �7&��DQG� LW� DFFRXQWV� IRU�
�������RI�WKH�WRWDO�YDULDQFH��7DEOH�����7KHVH�PD\�EH�DWWULEXWHG�WR�XUEDQ�JURXQGZDWHU�SROOXWLRQ�
DULVLQJ�IURP�IDHFDO�FRQWDPLQDWLRQ��(��FROL DQG�7&���IHUWLOL]HU�DSSOLFDWLRQ��QLWUDWH�DQG�SKRVSKDWH���
RLO�VSLOODJH��%2'�DQG�&2'��DQG�JDV�IODULQJ��WHPSHUDWXUH���7KH�UDWH�RI�GLVVROXWLRQ�RI�%2'��&2'��
(��FROL��7&��SKRVSKDWH�DQG�QLWUDWH�DUH�WHPSHUDWXUH�GHSHQGHQW��7KH�SRRU�VDQLWDU\�VLWXDWLRQ�LQ�WKH�
DUHD�LV�UHVSRQVLEOH�IRU�WKH�KLJK�(��FROL DQG�WRWDO�FROLIRUP�FRQWHQW�LQ�WKH�ZDWHU��DV�PDMRULW\�RI�WKH�
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SLW�ODWULQH�DQG�VRDNDZD\� LQ� WKH�DUHD�DUH�XQOLQHG�DQG�SRRUO\�VLWHG��'XULQJ�SXPSLQJ�RI� WKH�ZHOO��
ZDWHU�LV�GLVFKDUJHG�DQG�WKH�UHFKDUJLQJ�ZDWHU�PD\�EH�DFFRPSDQLHG�E\ SOXPH�IURP�WKH�QHDUE\�WRLOHW�
V\VWHP��

)DFWRU�� DFFRXQWV� IRU� ������� RI� WKH� WRWDO� YDULDQFH� �7DEOH� ��� ZLWK� FRSSHU�� IOXRULGH�� LURQ��
PDQJDQHVH�DQG�]LQF�DV�WKH�FRQWULEXWLQJ�IDFWRU��7KH\�DUH�XVHG�LQ�HOHFWURSODWLQJ��DOOR\V��URRILQJ��
FRRNLQJ�XWHQVLOV��FRLQV�DQG�SDLQW�PDQXIDFWXUH��7KHLU�HQULFKPHQW�LQ�WKH�JURXQGZDWHU�PD\�EH�UHODWHG�
WR�WKH�YDULRXV�DFWLYLWLHV�WDNLQJ�SODFH�LQ�WKH�DUHD�DV�ZHOO�DV�GHFRPSRVLWLRQ�DQG�OHDFKLQJ�RI�PDWHULDOV�
WKDW� FRQWDLQ� WKHVH� PHWDOV�� ,W� FRXOG� DOVR� DULVH� IURP� WKH� LPSDFWV� RI� RLO� VSLOOV�� JDV� IODULQJ� DQG�
GHFRPSRVLWLRQ� RI� GULOOLQJ� ZDVWHV�� ,URQ� FRXOG� DOVR� FRPH� IURP� OHDFKLQJ� RI� WKH� WKLFN� ODWHULWLF�
RYHUEXUGHQ�YLD�FKHPLFDO�ZHDWKHULQJ��

)DFWRU�� KDV� D�PRGHUDWH� ORDGLQJ� RI� ������RI� WKH� WRWDO� YDULDQFH� �7DEOH� ��� DQG� LV� DWWULEXWHG� WR�
FDGPLXP��FKURPLXP��FRSSHU�DQG�QLFNHO��7KHVH�PHWDOV�DUH� UDZ�PDWHULDO�XVHG� LQ�PDNLQJ�DOOR\V��
EDWWHULHV��HOHFWURQLFV��SODVWLFV��JODVV�DQG�HOHFWULFDO�ZLULQJ��:KHQ�WKHVH�SURGXFWV�DUH�GDPDJHG��WKH\�
DUH�GLVFDUGHG�DQG�GXULQJ�GHFRPSRVLWLRQ�SURFHVVHV��WKHVH�PHWDOV�DUH�OHDFKHG�DZD\�DQG�WKH\ PD\�
ILQDOO\�FRPH�LQ�FRQWDFW�ZLWK�WKH�DTXLIHU�V\VWHP��7KH\�PD\�DOVR�EH�DWWULEXWHG�WR�RLO�VSLOOV�DQG�JDV�
IODULQJ� DFWLYLWLHV� WDNLQJ� SODFH� LQ� WKH� DUHD� DV� ZHOO� DV� WKURXJK� LQGLVFULPLQDWHO\� GXPSHG� GULOOLQJ�
ZDVWHV�LQ�WKH�DUHD�

)DFWRU�� KDV�WKH�ORZHVW�ORDGLQJ�RI�������ZLWK�DUVHQLF��FREDOW��OHDG�DQG�PHUFXU\��7KHVH�PHWDOV�DUH�
FDUFLQRJHQLF�DW�ORZ�FRQFHQWUDWLRQ��$ERXG�DQG�1DQGLQL��������DQG�WKHLU�SUHVHQFH�PD\�EH�GXH�WR�
WKH�GLVFKDUJH�RI�LQGXVWULDO�HIIOXHQW�IURP�WKH�LQGXVWULHV�GRPLFLOHG�LQ�WKH�DUHD�DV�ZHOO�DV�JDV�IODULQJ
DQG�RLO�VSLOO�DFWLYLWLHV�LQ�WKH�DUHD��

����:DWHU�4XDOLW\�,QGH[�

:DWHU�TXDOLW\�LQGH[��:4,��LV�RQH�RI�WKH�PRVW�HIIHFWLYH�WRROV�WR�FRPPXQLFDWH�LQIRUPDWLRQ�RQ�WKH�
TXDOLW\� RI� ZDWHU� WR� WKH� FRQFHUQHG� FLWL]HQV� DQG� SROLF\� PDNHUV�� ,W� WKXV�� EHFRPHV� DQ� LPSRUWDQW�
SDUDPHWHU�IRU�WKH�DVVHVVPHQW�DQG�PDQDJHPHQW�RI�VXUIDFH�ZDWHU��:4,�LV�D�VFDOH�XVHG�WR�HVWLPDWH�
DQ� RYHUDOO� TXDOLW\� RI�ZDWHU� EDVHG� RQ� WKH� YDOXHV� RI� WKH�ZDWHU� TXDOLW\� SDUDPHWHUV�� ,W� LV� D� UDWLQJ�
UHIOHFWLQJ�WKH�FRPSRVLWH�LQIOXHQFH�RI�GLIIHUHQW�ZDWHU�TXDOLW\�SDUDPHWHUV��:4,�LV�FDOFXODWHG�IURP�
WKH�SRLQW�YLHZ�RI�WKH�VXLWDELOLW\�RI�JURXQGZDWHU�IRU�KXPDQ�FRQVXPSWLRQ��

&RPSXWDWLRQ�RI�:DWHU�4XDOLW\�,QGH[�

7KH�:DWHU�4XDOLW\�,QGH[��:4,��ZDV�FDOFXODWHG�XVLQJ�WKH�ZHLJKWHG�DULWKPHWLF�LQGH[�PHWKRG��7KH�
TXDOLW\�UDWLQJ�VFDOH�IRU�HDFK�SDUDPHWHU��TL��ZDV�FDOFXODWHG�E\�XVLQJ�WKLV�H[SUHVVLRQ��

TL� ��&L�6L��[�����

$�TXDOLW\�UDWLQJ�VFDOH��TL��IRU�HDFK�SDUDPHWHU�LV�DVVLJQHG�E\�GLYLGLQJ�LWV�FRQFHQWUDWLRQ��&L��LQ�HDFK�
ZDWHU�VDPSOH�E\�LWV�UHVSHFWLYH�VWDQGDUG��6L��DQG�WKH�UHVXOW�PXOWLSOLHG�E\�����
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5HODWLYH� ZHLJKW� �:L�� ZDV� FDOFXODWHG� E\� D� YDOXH LQYHUVHO\� SURSRUWLRQDO� WR� WKH� UHFRPPHQGHG�
VWDQGDUG��6L��RI�WKH�FRUUHVSRQGLQJ�SDUDPHWHU��:L� ���6L

7DEOH����)DFWRU�$QDO\VLV�RI�*URXQGZDWHU�LQ�WKH�&RDVWDO�3ODLQ�VDQG RI�(DVWHUQ�1LJHU�'HOWD

3DUDPHWHUV )DFWRU�� )DFWRU�� )DFWRU�� )DFWRU�� )DFWRU�� )DFWRU��

$UVHQLF ����� ����� ����� ����� ����� �����

%2' ����� ����� ����� ����� ����� �����

%LFDUERQDWH ����� ����� ����� ����� ����� �����

&DGPLXP ����� ����� ����� ����� ����� �����

&DOFLXP ����� ����� ����� ����� ����� �����

&REDOW ����� ����� ����� ����� ����� �����

&KORULGH������������������������������������������������������������������������� ����� ����� ����� ����� �����

&KURPLXP���������� ����� ����� ����� ����� ����� �����

&2' ����� ����� ����� ����� ����� �����

&RSSHU ����� ����� ����� ����� ����� �����

(�&RQG����V�FP� ����� ����� ����� ����� ����� �����

(��&ROL �FIX����PO� ����� ����� ����� ����� ����� �����

)OXRULGH ����� ����� ����� ����� ����� �����

7��+DUGQHVV ����� ����� ����� ����� ����� �����

,URQ ����� ����� ����� ����� ����� �����

/HDG ����� ����� ����� ����� ����� �����

0HUFXU\ ����� ����� ����� ����� ����� �����

0DJQHVLXP ����� ����� ����� ����� ����� �����

0DQJDQHVH ����� ����� ����� ����� ����� �����

1LFNHO��������������������� ����� ����� ����� ����� ����� �����

1LWUDWH ����� ����� ����� ����� ����� �����

S+ ����� ����� ����� ����� ����� �����

3KRVSKDWH ����� ����� ����� ����� ����� �����
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3RWDVVLXP ����� ����� ����� ����� ����� �����

6DOLQLW\ ����� ����� ����� ����� ����� �����

6LOLFD ����� ����� ����� ����� ����� �����

6RGLXP ����� ����� ����� ����� ����� �����

6WURQWLXP ����� ����� ����� ����� ����� �����

6XOSKDWH ����� ����� ����� ����� ����� �����

7'6 ����� ����� ����� ����� ����� �����

7HPS��R&� ����� ����� ����� ����� ����� �����

766 ����� ����� ����� ����� ����� �����

7��&ROLIRUP��FIX�PO� ����� ����� ����� ����� ����� �����

=LQF ����� ����� ����� ����� ����� �����

(LJHQYDOXH ����� ����� ����� ����� ����� �����

��RI�9DULDQFH ����� ����� ����� ����� ���� ����

&XPXODWLYH�� ����� ����� ����� ����� ����� �����

%2'�ELRFKHPLFDO�R[\JHQ�GHPDQG��&2'�FKHPLFDO�R[\JHQ�GHPDQG��7&�WRWDO�FROLIRUP�
(��&RQG�(OHFWULFDO�&RQGXFWLYLW\��(&�(VFKHULFKLD�FROL��766�WRWDO�VXVSHQGHG�VROLG

7KH�RYHUDOO�:DWHU�4XDOLW\�,QGH[��:4,��ZDV�FDOFXODWHG�E\�DJJUHJDWLQJ�WKH�TXDOLW\�UDWLQJ��4L��ZLWK�
XQLW�ZHLJKW��:L��OLQHDUO\��7KH�FRPSXWHG�:4,�9DOXHV�IRU�WKH�VWXG\�DUHD�DUH FRQWDLQHG�LQ�7DEOH���
ZKLOH�WKH�RYHUDOO�ZDWHU�TXDOLW\�LQGH[ �:4,��ZDV�FDOFXODWHG�E\�DJJUHJDWLQJ�WKH�TXDOLW\�UDWLQJ��TL��
ZLWK�XQLW�ZHLJKW��ZL��OLQHDUO\�DQG�WKH�UHVXOW�VKRZQ�LQ�7DEOH���

2YHUDOO  �����������  �������

7KH�KLJK�YDOXH�RI�:4,�REWDLQHG�PD\�EH�DV�D�UHVXOW�RI�WKH�KLJK�FRQFHQWUDWLRQ�RI VDOLQLW\��7'6��7+��
(&�� &2'�� QLWUDWH�� FRSSHU�� LURQ�� QLFNHO�� ]LQF�� OHDG�� FKURPLXP� DQG� FROLIRUP� EDFWHULD� LQ� WKH�
JURXQGZDWHU�ZKLFK�FDQ�EH�DWWULEXWHG�WR�QDWXUDO�VRXUFHV�WKURXJK�VDOWZDWHU�LQWUXVLRQ�DQG�FKHPLFDO�
ZHDWKHULQJ�SURFHVVHV�DV�ZHOO�DV�DQWKURSRJHQLF�VRXUFHV�WKURXJK�WKH�YDULRXV�KXPDQ�DFWLYLWLHV�VXFK�
DV�RLO�VSLOO��JDV�IODULQJ�DQG�LQGLVFULPLQDWH�GXPSLQJ�RI�ZDVWH�LQ�WKH�DUHD�

¦

¦
 

ZL

ZLTL:4,

�������
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7DEOH����&RPSXWHG�:DWHU�4XDOLW\�,QGH[�IRU�WKH�6WXG\�$UHD

3DUDPHWHUV��PJ�O� &L 6L TL ZL TLZL

$UVHQLF ����� ����� ������ ������� ��������
%2' ����� ����� ������ ����� ������
&DOFLXP ������ ������� ����� ����� �����
&KORULGH��������������������������������������������������������������������������� ������� ������ ����� �����
&KURPLXP ����� ����� ������� ������ ��������
&RSSHU ����� ����� ����� ����� �����
&RQGXFWLYLW\��V�FP� ������� �������� ������ ����� �����
&2' ������ ������ ������ ����� ������
(��&ROL �FIX����PO� ������ ����� ����� ����� �����
)OXRULGH ����� ����� ������ ����� ������
7RWDO�+DUGQHVV ������ ������� ������ ����� �����
,URQ ����� ����� ������ ����� ������
/HDG ����� ����� ������� ������� ���������
0DJQHVLXP ������ ������� ����� ����� �����
0DQJDQHVH ����� ����� ������ ����� �������
0HUFXU\ ����� ����� ������� �������� ����������
1LFNHO ����� ����� �������� ������ ���������
1LWUDWH ������ ������ ������ ����� �����
S+ ����� ����������� ������ ����� ������
3KRVSKDWH ������ ����� ����� ����� �����
3RWDVVLXP ������ ������� ����� ����� �����
6RGLXP ������ ������� ����� ����� �����
6XOSKDWH ������ ������� ������ ����� �����
7'6 ������� ������� ������ ����� �����
7��&ROL��FIX�PO� ������ ������ ������� ����� ������
766 ������ ������� ����� ����� �����
=LQF ����� ����� ������ ����� �����

%2'�ELRFKHPLFDO�R[\JHQ�GHPDQG��&2'�FKHPLFDO�R[\JHQ�GHPDQG�
7&�WRWDO�FROLIRUP��(&�(VFKHULFKLD�FROL��766�WRWDO�VXVSHQGHG�VROLG

7DEOH����:DWHU�4XDOLW\�&ODVVLILFDWLRQ�%DVHG�RQ�:4,�9DOXH��$PDGL�������

:4,�YDOXH :DWHU�TXDOLW\ :DWHU�VDPSOHV����

��� ([FHOOHQW� ��

������ *RRG�ZDWHU ��

������� 3RRU�ZDWHU ��

������� 9HU\�SRRU�ZDWHU ��

!��� 8QVXLWDEOH�IRU�GULQNLQJ ��
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����0HWDO�SROOXWLRQ�LQGH[

0HWDO�SROOXWLRQ�LQGH[��03,��LV�D�PHWKRG�RI�UDWLQJ�WKDW�VKRZV�WKH�FRPSRVLWH�LQIOXHQFH�RI�LQGLYLGXDO�
SDUDPHWHUV�RQ�WKH�RYHUDOO�TXDOLW\�RI�ZDWHU��$PDGL���������7KH�UDWLQJ�LV�D�YDOXH�EHWZHHQ�]HUR�DQG�
RQH�� UHIOHFWLQJ� WKH� UHODWLYH� LPSRUWDQFH� LQGLYLGXDO� TXDOLW\� FRQVLGHUDWLRQV�� 7KH� KLJKHU� WKH�
FRQFHQWUDWLRQ�RI�D�PHWDO�FRPSDUHG�WR�LWV�PD[LPXP�DOORZDEOH�FRQFHQWUDWLRQ��WKH�ZRUVH�WKH�TXDOLW\�
RI� WKH�ZDWHU� �7DEOH����� ,W DOVR� FRPELQHG�SK\VLR�FKHPLFDO� DQG�PLFURELDO� LQGH[�ZKLFK�PDNHV� LW�
SRVVLEOH�WR�FRPSDUH�WKH�ZDWHU�TXDOLW\�RI�YDULRXV�ZDWHU�ERGLHV��$PDGL�HW�DO���������

7DEOH����&DOFXODWHG�0HWDO�3ROOXWLRQ�,QGH[�IRU�WKH�*URXQGZDWHU�LQ�WKH�$UHD��$PDGL�HW�DO��������

3DUDPHWHUV
�PJ�O�

&L 0$&L 03,�9DOXH 5DWLQJ

$UVHQLF ����� ���� ���� /LJKWO\�SROOXWHG

&DGPLXP ���� ���� ���� +LJKO\�SROOXWHG

&REDOW������������������������������������������������������������������������ ���� ���� 0RGHUDWHO\�SROOXWHG

&KURPLXP ���� ���� ���� 0RGHUDWHO\�SROOXWHG

&RSSHU ��� ���� ���� 0RGHUDWHO\�SROOXWHG

,URQ ���� ���� ���� 0RGHUDWHO\�SROOXWHG

/HDG ���� ���� ���� +LJKO\�SROOXWHG

0DQJDQHVH ���� ���� ���� /LJKWO\�SROOXWHG

0HUFXU\ ����� ����� ���� 0RGHUDWHO\�SROOXWHG

1LFNHO ���� ���� ����� 9HU\�KLJKO\�SROOXWHG

=LQF ���� ���� ���� 0RGHUDWHO\�SROOXWHG

������ 9HU\�OLJKWO\�SROOXWHG���������� �/LJKWO\�SROOXWHG��������� �0RGHUDWHO\�SROOXWHG�
�������� �+LJKO\�SROOXWHG��!����� �9HU\�KLJKO\�SROOXWHG

����+\GURFKHPLFDO�)DFLHV�,QWHUSUHWDWLRQ

7KH�FRQFHQWUDWLRQ�RI� HLJKW�PDMRU� LRQV� �1D���.���0J����&D����&O���&2����+&2�
��� DQG�62�

���� DUH�
UHSUHVHQWHG�RQ�WKH�3LSHU��)LJ�����DQG�'XURY��)LJ�����GLDJUDPV�E\�JURXSLQJ�WKH��1D� ZLWK�.���DQG�
WKH� �&2�

� ZLWK�+&2�
��� WRJHWKHU�� WKXV� UHGXFLQJ� WKH�QXPEHU�RI�SDUDPHWHUV� IRU�SORWWLQJ� IURP� WKH�

LQLWLDO�HLJKW�WR�VL[��2Q�WKHVH�WULOLQHDU�GLDJUDPV� WKH�UHODWLYH�FRQFHQWUDWLRQ�RI�WKH�FDWLRQV�DQG�DQLRQV�
DUH�SORWWHG�LQ�WKH�ORZHU�WULDQJOHV��DQG�WKH�UHVXOWLQJ�WZR�SRLQWV�DUH�H[WHQGHG�LQWR�WKH�FHQWUDO�ILHOG�WR�
UHSUHVHQW� WKH� WRWDO� LRQ�FRQFHQWUDWLRQ�DV�VKRZQ�LQ�)LJXUHV���DQG���UHVSHFWLYHO\��7KH\�3LSHU�DQG�
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'XURY�GLDJUDPV�DUH�YHU\�XVHIXO�LQ�WKH�K\GURFKHPLFDO�IDFLHV�DQDO\VLV��DV�ZHOO�DV�GHWHUPLQDWLRQ�RI�
ZDWHU�W\SHV�DQG�WKHLU�SUREDEOH�VRXUFHV���

)LJXUH����3LSHU�GLDJUDP�IRU�JURXQGZDWHU�LQ�WKH�VWXG\�DUHD

)LJXUH����'XURY�GLDJUDP�IRU�*URXQGZDWHU�LQ�WKH�6WXG\�$UHD
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,W�LV�ZRUWK\�RI�QRWH�WKDW�WKH�VKLHOGLQJ�HIIHFW�RI�FKHPLFDOO\�VLPLODU�HOHPHQWV�VXFK�DV��1D� ��.���DQG�
�+&2�

� ��&2�
���DV�REWDLQHG�LQ�3LSHU�DQG�'XURY�GLDJUDPV�KDV�EHHQ�FRPSOHWHO\�UHPRYHG�E\�WKH�XVH�
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