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6WXG\�RI�'ULQNLQJ�:DWHU�4XDOLW\�RI�WKH�.LUWLSXU�0XQLFLSDOLW\�
E\�8VLQJ�'LIIHUHQW�3K\VLFR�FKHPLFDO�0HWKRG�

.VKDPD�3DUDMXOL �DQG�.ULVKQD�6KUHVWKD�

&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ��8QLYHUVLW\��.LUWLSXU��.DWKPDQGX��1HSDO�
(�PDLO��NVKDPDSDUDMXOL#\DKRR�FRP�

$EVWUDFW�

:DWHU�TXDOLW\�VKRXOG�EH�GHWHUPLQHG�EHIRUH�FRQVXPLQJ�LW�EHFDXVH�RI�VHYHUDO�ZDWHU�UHODWHG�SUREOHPV��
+HQFH�ZDWHU�VDPSOHV�ZHUH�FROOHFWHG�IURP�GLIIHUHQW�VRXUFHV�DQG�ZHUH�DQDO\]HG�IRU� WKH�GHWHUPLQDWLRQ�RI�
YDULRXV�SK\VLFDO�SDUDPHWHUV�OLNH�S+��FRQGXFWLYLW\�DQG�WHPSHUDWXUH�DQG�FKHPLFDO�SDUDPHWHU�VXFK�DV�LURQ�
RI�ZDWHU�VDPSOHV��&RQFHQWUDWLRQ�RI�LURQ�LQ�GLIIHUHQW�ZDWHU�VDPSOHV�ZDV�GHWHUPLQHG�E\�VSHFWURSKRWRPHWULF�
PHWKRG��

,QWURGXFWLRQ�

:DWHU�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�DQG�DEXQGDQW�FRPSRXQG�RI�WKH�HFRV\VWHP��$OO�OLYLQJ�RUJDQLVPV�RQ�
WKH�HDUWK�QHHG�ZDWHU�IRU�WKHLU�VXUYLYDO�DQG�JURZWK����7ZR�SULQFLSDO�QDWXUDO�VRXUFHV�RI�ZDWHU�DUH��VXUIDFH�
ZDWHU��ODNHV��ULYHUV��VWUHDPV��HWF���DQG�JURXQG�ZDWHU��ERUHKROH�ZDWHU�DQG�ZHOO�ZDWHU�HWF���0RUH�WKDQ�RQH�
ELOOLRQ�SHRSOH�LQ�WKH�ZRUOG�GR�QRW�KDYH�VXLWDEOH�GULQNLQJ�ZDWHU��DQG�WZR�WR�WKUHH�ELOOLRQV�ODFN�DFFHVV�WR�
EDVLF�VDQLWDWLRQ�VHUYLFHV��'HWHULRUDWLRQ�RI�ZDWHU�TXDOLW\�UHQGHULQJ�VHULRXV�HQYLURQPHQWDO�SUREOHPV�SRVLQJ�
WKH� WKUHDW� RQ� KXPDQ� EHLQJV� DQG� VXVWDLQLQJ��� ,W� LV� UHSRUWHG� WKDW� DERXW� WKUHH� WR� ILYH�PLOOLRQV� SHRSOH� GLH�
DQQXDOO\�IURP�ZDWHU�UHODWHG�GLVHDVHV�����

+HQFH�ZDWHU�FDQ�EH�WDNHQ�DV�D�NH\�FRPSRQHQW�LQ�GHWHUPLQLQJ�WKH�TXDOLW\�RI�RXU�OLYHV��$OWKRXJK�ZDWHU�
FRYHUV� DERXW� ��� SHUFHQW� RI� WKH� HDUWK¶V� WRWDO� VXUIDFH�� RQO\� ���� �� RI� LW� FDQ� EH� XVHG� E\� KXPDQ� EHLQJV��
1RWZLWKVWDQGLQJ� WKH� VPDOO� TXDQWLW\� RI� ZDWHU� DYDLODEOH� DV� D� XVDEOH� VRXUFH�� WKH� VRFLHW\� FRQWLQXHV� WR�
FRQWDPLQDWH�WKLV�SUHFLRXV�UHVRXUFH�E\�GLIIHUHQW�PHDQV��,Q�WKH�SDVW��PRVW�SHRSOH�HVSHFLDOO\�WKH�UXUDO�IRONV�
GHSHQGHG�PRVWO\�RQ�VXUIDFH�ZDWHU�DV�WKHLU�GULQNLQJ�VRXUFH��,Q�UHFHQW�\HDUV�KRZHYHU��JURXQGZDWHU�VRXUFHV�
VXFK� DV� ERUHKROHV� �JURXQGZDWHU�� DUH� EHLQJ� JLYHQ� SUHIHUHQFH� GXH� WR� H[KDXVW� DV�ZHOO� DV� LQFUHDVLQJ� UDWH�
FRQWDPLQDWLRQ�RI�VXUIDFH�ZDWHU�UHVRXUFHV��

1RW�RQO\�VXUIDFH�ZDWHU�EXW�JURXQG�ZDWHU�VRXUFHV�DUH�DOVR�EHLQJ�KLJKO\�SROOXWHG�ZLWK�GLIIHUHQW�KDUPIXO�
FRQWDPLQDQWV�GXH�WR�LQFUHDVHG�KXPDQ�SRSXODWLRQ��LQGXVWULDOL]DWLRQ��XVH�RI�GLIIHUHQW�NLQGV�RI�IHUWLOL]HUV�LQ�
WKH� DJULFXOWXUH� DQG� PDQ�PDGH� DFWLYLW\�� 7R� SUHYHQW� GLVHDVH� LQFLGHQFH� DQG� RWKHU� QHJDWLYH� HIIHFW� RI�
FRQVXPLQJ�VXEVWDQGDUG�ZDWHU��LW�LV�LPSHUDWLYH�WR�V\VWHPDWLFDOO\�DQG�UHJXODUO\�PRQLWRU�WKH�TXDOLW\�RI�WKH�
JURXQGZDWHU� FRQVXPHG� E\� SHRSOH�� 7KLV� PD\� KHOS� LQ� DGRSWLQJ� UHFRPPHQGHG� VDIH� XVH� VWUDWHJLHV� IRU�
GULQNLQJ��LQGXVWULDO�DQG�GRPHVWLF�SXUSRVHV�ZKHQ�QHFHVVDU\����

,Q� WKLV� VWXG\� YDULRXV� SK\VLFDO� SDUDPHWHUV� VXFK� DV� S+�� FRQGXFWLYLW\� DQG� WHPSHUDWXUH� DQG� FKHPLFDO�
SDUDPHWHU�VXFK�DV�FRQFHQWUDWLRQ�RI�LURQ�LQ�GLIIHUHQW�ZDWHU�VDPSOHV�ZDV�GHWHUPLQHG�E\�VSHFWURSKRWRPHWULF�
PHWKRG��

&RUUHVSRQGLQJ�DXWKRU
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([SHULPHQWDO�0HWKRGV�

'LIIHUHQW�ZDWHU�VDPSOHV�ZHUH� WDNHQ�IURP�3DQJD��1DJDXQ��%KDWNHSDWL��.LUWLSXU�KRVSLWDO��6DJDO�FKRN��
'KRRGSRNKDUL�RI�.LUWLSXU�PXQLFLSDOLW\�UDQGRPO\�GXULQJ�PLG�$SULO�RI�������6DPSOLQJV�ZHUH�FDUULHG�RXW�
DFFRUGLQJ�WR�VWDQGDUG�PHWKRG�GHVFULEHG�LQ�WKH�OLWHUDWXUH������$OO�UHDJHQWV�XVHG�LQ�WKLV�VWXG\�ZHUH�$5�JUDGH�
FKHPLFDOV�WKDW�ZHUH�SXUFKDVHG�IURP�ORFDO�VXSSOLHU�RI�.DWKPDQGX��

)RU� GHWHUPLQDWLRQ� RI� WHPSHUDWXUH�� S+� DQG� FRQGXFWDQFH� RI� WKH� ZDWHU� VDPSOH� ZHUH� FDUULHG� RXW� E\�
GLSSLQJ� WKHUPRPHWHU�� JODVV� HOHFWURGH� DQG� FRQGXFWLYLW\� FHOO� ZLWK� FRQGXFWLYLW\� EULGJH� LQ��� P/� ZDWHU�
VDPSOH�FRQWDLQLQJ�LQ�����P/�EHDNHU�UHVSHFWLYHO\��

7UDFH�DPRXQW�RI�LURQ�SUHVHQW�LQ�ZDWHU�VDPSOH�ZHUH�GHWHUPLQHG�E\�VSHFWURSKRWRPHWULF�PHWKRG��,Q�WKLV�
PHWKRG�DOO�WKH�LURQ�LV�FRQYHUWHG�LQWR�IHUURXV�VWDWH�E\�ERLOLQJ�ZLWK�K\GURFKORULF�DFLG�DQG�K\GUR[\ODPLQH��
7KH�UHGXFHG�LURQ�FKHODWH�ZLWK��������3KHQDQWKUROLQH�DW�S+�RI�����WR�����WR�IRUP�D�FRPSOH[�RI�RUDQJH�UHG�
FRORU� ZKLFK� KDV� DEVRUSWLRQ� PD[LPXP� DW� ���� QP�� 7KH� LQWHQVLW\� RI� WKLV� FRORU� LV� SURSRUWLRQDO� WR� WKH�
FRQFHQWUDWLRQ�RI� LURQ� DQG� IROORZV�%HHU¶V� ODZ�DQG� WKHUHIRUH�� FDQ�EH�PHDVXUHG� LURQ� FRQFHQWUDWLRQ� LQ� WKH�
ZDWHU� VDPSOHV� �,Q� WKLV� VWXG\� FDOLEUDWLRQ� FXUYH� IRU� LURQ�GHWHUPLQDWLRQ� LV� FDUULHG�RXW� ILUVW� �)LJ� ��DQG� WKH�
FRQFHQWUDWLRQ�RI�LURQ�LQ�ZDWHU�ZDV�FDOFXODWHG�GLUHFWO\�IURP�WKH�VWDQGDUG�FDOLEUDWLRQ�FXUYH�����

5HVXOWV�DQG�'LVFXVVLRQ�

3K\VLFDO�SDUDPHWHUV��7HPSHUDWXUH��S+��DQG�&RQGXFWDQFH��

6DPSOH� FROOHFWHG� IURP� GLIIHUHQW� DUHD� RI�.LUWLSXU�� WHPSHUDWXUH� RI�ZDWHU� VDPSOHV�ZHUH� IRXQG� RQ� WKH�
UDQJHV�IURP��������&��

7KH�S+�LV�WKH�PHDVXUH�RI�DFLGLW\�DQG�DONDOLQLW\�RI�DQ\�VROXWLRQ�WKDW�GHSHQGV�XSRQ�WKH�SUHVHQFH�RI�+��

RU�2+��LRQV�LQ�ZDWHU��,I�IUHH�+��LRQV�DUH�PRUH�WKDQ�2+��LRQV�WKDQ�ZDWHU�LV�VDLG�WR�EH�DFLGLF��6LPLODUO\�LI�
IUHH�2+��LRQV�DUH�PRUH��WKDQ�ZDWHU�LV�VDLG�WR�EH�DONDOLQH��)XUWKHU�WKH�K\GURJHQ�LRQ�FRQFHQWUDWLRQ��S+��RI�
ZDWHU� LV� FRQVLGHUHG� DV� DQ� LQGH[� RI� HQYLURQPHQWDO� FRQGLWLRQV�� $FFRUGLQJ� WR� OLWHUDWXUH� WKH� EHWWHU� ILVK�
SURGXFWLRQ�FRXOG�EH�SRVVLEOH�LQ�SRQG�ZDWHU�ZLWK�S+�YDOXH�UDQJLQJ�EHWZHHQ������������

0D[LPXP� S+� �S+� ������ ZDV� PHDVXUHG� LQ� WKH� VDPSOHV� FROOHFWHG� IURP� WKH� %KDWNHSDWL� ZHOO� DQG�
PLQLPXP�S+��S+�������ZDV�PHDVXUHG�LQ�WKH�VDPSOHV�FROOHFWHG�IURP�WKH�ZHOO�RI�6DJDO�FKRN��$FFRUGLQJ�WR�
:72�VWDQGDUG�YDOXH�DFFHSWDEOH�S+�UDQJH�IRU�GULQNLQJ�ZDWHU�LV����������7KH�S+�RI�GLIIHUHQW�ZDWHU�VDPSOHV�
DUH�VKRZQ�LQ�)LJXUH����

)LJXUH����7KH�S+�RI�GLIIHUHQW�ZDWHU�VDPSOHV�
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&RQGXFWLYW\� GHSHQGV� XSRQ� WKH� SUHVHQFH� RI� LRQLF� VXEVWDQFHV��&RQGXFWLYLW\� RI� GLVWLOOHG�ZDWHU� UDQJHV�
IURP� ���� �V�FP�� 3UHVHQFH� RI� VDOW� DQG� FRQWDPLQDWLRQ� RI� ZDWHU� LQFUHDVHV� WKH� FRQGXFWLYLW\�� 0D[LPXP�
FRQGXFWLYLW\�ZDV�PHDVXUHG�LQ�WKH�VDPSOH�FROOHFWHG�IURP�WKH�%KDMDQJDO�ZHOO��������V�FP���7KLV�YDOXH�LV�
DERYH� WKH� UHFRPPHQGDWLRQ� RI� :+2� ����� �V�FP�� DQG� 1HSDO� ������ �V�FP�� GULQNLQJ�ZDWHU� TXDOLW\�
JXLGHOLQHV�� 6DPSOH� FROOHFWHG� IURP� ZHOOV� RI� 3DQJD�� 6DJDO� FKRN�� 7DQJODSKDW� DQG� %KDMDQJDO� H[FHHG� WKH�
FRQGXFWLYLW\�YDOXH�UHFRPHQGDLRQ�RI�:+2�GULQNLQJ�ZDWHU�TXDOLW\�JXLGHOLQHV��&RQGXFWLYLW\�RI�GLIIHUHQW�ZDWHU�
VDPSOH�DUH�VKRZQ�LQ�)LJXUH����

)LJXUH����&RQGXFWLYLW\�RI�GLIIHUHQW�ZDWHU�VDPSOHV�
&KHPLFDO�SDUDPHWHU��LURQ��

,URQ�LV�DQ�HVVHQWLDO�QXWULHQW�UHTXLUHG�LQ� WUDFH�TXDQWLWLHV�IRU�DOO� OLYLQJ�FHOOV�RI�SODQWV�DQG�DQLPDOV�DQG�
KXPDQ�IRU�WKHLU�QRUPDO�PHWDEROLVP��,URQ�LV�FRPPRQO\�SUHVHQW�LQ�VXUIDFH�DQG�GULQNLQJ�ZDWHU��7KLV�RFFXUV�
IURP�GLVVROXWLRQ�SURFHVVHV�RI�LURQVWRQHV�LQ�QDWXUH�DQG�SDUWLDOO\�IURP�WKH�FRUURVLRQ�SURFHVVHV�LQ�SLSHV���

3UHVHQFH�RI� LURQ� LQ�ZDWHU� LPSDFWV� D� ELWWHU� DQG�PHWDOOLF� FKDUDFWHULVWLF� WDVWH� DQG�R[LGL]HG�SUHFLSLWDWH��
6PDOO�DPRXQWV�RI�)H��,,��FDQ�FDXVH�LURQ�EDFWHULD�JURZWK�OHDGLQJ�WR�WKH�FORJJLQJ�RI�SLSHV�DQG�DQ�RIIHQVLYH�
RGRU�RI�ZDWHU����:DWHU�FRQWDLQLQJ�VLJQLILFDQW�TXDOLWLHV�RI�LURQ�PD\�DSSHDU�FOHDU�EXW�FKDQJHV�TXLFNO\�XSRQ�
H[SRVXUH�WR�DLU��7KLV�SURFHVV�LV�FDOOHG�R[LGDWLRQ�DQG�LW�LQYROYHV�WKH�FRQYHUVLRQ�RI�IHUURXV�LRQ�WR�IHUULF�LRQ��

7KH�FRQFHQWUDWLRQ�RI�LURQ�LQ�ZDWHU�VDPSOH�YDU\�ZLWK�WLPH�RI�WKH�\HDU�DQG�DOVR�WKH�GHSWK�RI�WKH�ZDWHU�
VDPSOH� WDNHQ� DV� LURQ� FDQ� R[LGL]H� LQ� SUHVHQFH� RI� R[\JHQ� ���� ���� &RQFHQWUDWLRQ� RI� LURQ� LQ�ZDWHU� VDPSOHV�
FROOHFWHG�IURP�GLIIHUHQW�DUHD�RI�.LUWLSXU�ZDV�GHWHUPLQHG�E\�VSHFWURSKRWRPHWULF�PHWKRG���,Q�WKLV�VWXG\�WKH�
PD[LPXP�DPRXQW�RI�LURQ�ZDV�IRXQG�VDPSOH�FROOHFWHG�IURP�WKH�ZHOO�RI�SDQJD�������SSP���6LQFH�LURQ�PD\�
DOVR�SUHVHQW�LQ�GULQNLQJ�ZDWHU�DV�D�UHVXOW�RI�WKH�XVH�RI�LURQ�FRDJXODQWV�RU�WKH�FRUURVLRQ�RI�VWHHO�DQG�FDVW�
LURQ�SLSHV�GXULQJ�ZDWHU�GLVWULEXWLRQ��7KLV�FRXOG�EH�WKH�UHDVRQ�IRU�KLJK�LURQ�FRQFHQWUDWLRQ�LQ�3DQJD��:DWHU�
VDPSOH� FROOHFWHG� IURP� 'KRRGSRNKDUL� DQG� 3DQJD� ZHOO� FRQFHQWUDWLRQ� RI� LURQ� ZHUH� IRXQG� DERYH� WKH�
UHFRPPHQGDWLRQ� RI�:+2� GULQNLQJ�ZDWHU� TXDOLW\� JXLGHOLQHV� ����� SSP�� EXW� ZLWKLQ� WKH� UDQJH� RI� 1HSDO�
JRYHUQPHQW� ������� SSP�� GULQNLQJ� ZDWHU� TXDOLW\� JXLGHOLQHV�� &RQFHQWUDWLRQ� RI� LURQ� LQ� GLIIHUHQW� ZDWHU�
VDPSOHV�DUH�VKRZQ�LQ�)LJXUH����
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)LJXUH����&DOLEUDWLRQ�FXUYH�IRU�LURQ�

)LJXUH����&RQFHQWUDWLRQ�RI�LURQ�LQ�GLIIHUHQW�ZDWHU�VDPSOHV�

&RQFOXVLRQV�
:DWHU� TXDOLW\� RI� .LUWLSXU� PXQLFLSDOLW\� ZDV� VWXGLHG� DQG� DVVHVVHG� WKH� FRQWDPLQDQWV� OHYHO� RI� ZDWHU�

VDPSOH�� 7KH� SK\VLFR�FKHPLFDO� SDUDPHWHUV� RI� ZDWHU� VXFK� DV� S+�� WHPSHUDWXUH�� FRQGXFWLYLW\� ZHUH�
GHWHUPLQHG�DORQJ�ZLWK�WKH�LURQ�FRQFHQWUDWLRQ�LQ�GLIIHUHQW�ZDWHU�VDPSOHV��:DWHU�TXDOLW\�SDUDPHWHUV�ZHUH�
FRPSDUHG� ZLWK� UHFRPPHQGDWLRQ� RI� :+2� DQG� 1HSDO¶V� GULQNLQJ�ZDWHU� TXDOLW\� JXLGHOLQHV� DV� IDU� DV�
DYDLODEOH��
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$FNQRZOHGJHPHQWV

7KH�DXWKRUV� DUH� WKDQNIXO� WR� WKH�+HDG�RI� WKH�&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��
.DWKPDQGX��1HSDO�IRU�SURYLGLQJ�WKH�DYDLODEOH�UHVHDUFK�IDFLOLWLHV�WR�FRQGXFW�WKLV�UHVHDUFK�ZRUN��

5HIHUHQFHV
�� �3�1��3DWLO��'�9��6DZDQW�DQG�5�1��6KPXNK��,QWHUQDWLRQDO�-RXUQDO�RI�(QYLURQPHQWDO�VFLHQFHV�����������

�����

�� �6�� $YGXOODKL�� ,�� IHM]D�� $�7PDYD�� 5�� PXUVHO�� 0�� +HWHPL�� 6�� .RVRYD�� ,QWHUQDWLRQDO� -RXUQDO� RI�
(QJLQHHULQJ�DQG�$SSOLHG�VFLHQFH���������������

�� :��0��'DXGSRWD��1�1��0HPRQ�DQG�7�)��0LDQR��-RXUQDO�RI�6FLHQFH�,QWHUQDWLRQDO��/DKRUH����������������
�����

�� �6��5DWWDQ��:DWHU�$QDO\VLV��([SHULPHQWV�LQ�$SSOLHG�&KHPLVWU\��������7KLUG�HGLWLRQ������

�� �'��2��2JR\L��&�-��0ZLWD��(�.���1JXX�DQG�3�0��6KLXQGX��7KH�2SHQ�(QYLURQPHQWDO�(QJLQHHULQJ�
-RXUQDO����������������

�� �3��6XEHGL��-RXUQDO�RI�*HRORJ\�DQG�1DWXUDO�(QYLURQPHQW����������������

�� �6�3�� %KDOPH� DQG� 3�%�� 1DJDUQDLN�� ,QWHUQDWLRQDO� -RXUQDO� RI� (QJLQHHULQJ� 5HVHDUFK� DQG�
$SSOLFDWLRQV�����������������

�� �$��6��%LVKW��'�6��5DZDW�DQG�1�1�3DQGH\��-RXUQDO�RI�(FRORJ\�DQG�1DWXUDO�(QYLURQPHQW���������������
�����

�� %�5��3DQW��-RXUQDO�(QYLURQPHQWDO�0RQLWRULQJ�$VVHVVPHQW��������

��� $�)��*UHHQEHUJ��/�6��&OHVFHUO�DQG�$�'��(DWRQ��6WDQGDUG�0HWKRGV� IRU� WKH�([DPLQDWLRQ�RI�:DWHU�
DQG�:DVWHZDWHU��������

��� �:�+�2�����������

���0�5� 3RNKUHO�� 3�1�� <DGDY� DQG� 6�� 6KUHVWKD�� $GYDQFHG� 3UDFWLFDO� ,QRUJDQLF� &KHPLVWU\�.VKLWL]�
3XEOLFDWLRQ�������

��� �0G��'��+RVVDLQ�DQG�0��.��+XGD��-RXUQDO�RI�&LYLO�(QJLQHHULQJ��WKH�LQVWLWXWH�RI HQJLQHHUV��
%DQJODGHVK����������������


