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7KUHH�RULJLQDO�PHDVXULQJ� WHFKQLTXHV�DUH�SUHVHQWHG� LQ� WKLV�SDSHU��5DGLRDFWLYH� WUDFHU� WHFKQLTXHV�FDQ�EH�XVHG�IRU�LQ�VLWX�

PHDVXUHPHQWV�RI�WKH�VROXWH��FRQWDPLQDQW��YHORFLW\��ORQJLWXGLQDO�GLVSHUVLRQ�FRHIILFLHQW�DQG�E\SDVVLQJ�UDWLR��DV�ZHOO�DV�IRU�

ODERUDWRU\�PHDVXUHPHQWV�RI�WKH�VROXWH��FRQWDPLQDQW��VRUSWLRQ��GLVWULEXWLRQ�FRHIILFLHQW�DQG�SDUWLWLRQLQJ�DPRQJ�LQGLYLGXDO�

IUDFWLRQV�RI�VWXGLHG�VRLO��5HWDUGDWLRQ�IDFWRU�RI�D�FRQWDPLQDQW�FDQ�EH�HVWLPDWHG�IURP�WKH�EUHDNWKURXJK�FXUYHV�PHDVXUHG�LQ�

D� ODERUDWRU\�RQ�WKH�XQGLVWXUEHG�VRLO�FROXPQ�ZLWK�WKH�6\VWHP�RI�(XURSHDQ�:DWHU�0RQLWRULQJ��6(:,1*��GHYHORSHG�LQ�
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�
7KH�ZDWHU�LVVXH�LV�VHW�WR�EHFRPH�RQH�RI�WKH�PDMRU�TXHVWLRQV�RI�WKH���

���
�FHQWXU\��7KH�ZRUOG¶V�ZDWHU�SUREOHPV�

DULVH� QRW� VR� PXFK� IURP� D� VKRUWDJH� RI� IUHVKZDWHU� DV� IURP� LWV� XQHYHQ� GLVWULEXWLRQ�� IURP� HYHU�LQFUHDVLQJ�

GHPDQG� DQG� IURP� SUDFWLFHV� GHWULPHQWDO� WR� ZDWHU� TXDOLW\� �)DONHQPDUN� HW� DO��� ������� 7KH� DLP� RI� WKLV�

FRQWULEXWLRQ� LV� WR� SUHVHQW� WKUHH� RULJLQDO� PHDVXULQJ� WHFKQLTXHV� WKDW� FDQ� VHUYH� WR� PHDVXUH� WKH� TXDQWLWLHV�

FRQQHFWHG�ZLWK�D�FRQWDPLQDQW�WUDQVSRUW�LQ�ZDWHU��

�

�
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�
7KH�'DQXELDQ�/RZODQG�LV�D�ODUJH�������NP

�
��DJULFXOWXUDOO\�XWLOL]HG�DUHD��ZLWK�VKDOORZ�����±��P��XQGHUO\LQJ�

DTXLIHU� FRQWDLQLQJ� DERXW� ���NP
�
� RI� IUHVKZDWHU��7KUHH� VRLOV� IURP� WKLV� UHJLRQ�ZHUH�XVHG� LQ� WKLV� VWXG\��7KH�

OLJKW�VRLO�ZDV�VDPSOHG�LQ�.DOLQNRYR��ORDP\�VDQG�VRLO��&DOFDULF�)OXYLVRO��:5%����������WKH�PHGLXP�KHDY\�

VRLO�LQ�0DFRY��ORDP\�VRLO��&DOFDUL�+DSOLF�&KHUQR]HP��:5%����������DQG�WKH�KHDY\�VRLO�LQ�-XURYD��FOD\�VRLO��

&DOFDUL�0ROOLF�)OXYLVRO��:5%����������%DVLF�FKDUDFWHULVWLFV�RI�WKH�VRLOV�XVHG�LQ�WKLV�VWXG\�DUH�SUHVHQWHG�LQ�

7DEOH� �� �)XODMWDU� HW� DO��� �������4XDOLW\� RI� KXPXV� LV� DVVHVVHG� E\� WKH� UDWLR� RI� KXPLF� DFLGV� WR� IXOYLF� DFLGV�

FRQWHQW��+$�)$����

�

5DGLRDFWLYH�WUDFHU�WHFKQLTXH�FDQ�EH�XVHG�WR�PHDVXUH�IUHVKZDWHU�FRQWDPLQDQW�UHODWLYH�FRQFHQWUDWLRQ�YV��GHSWK�

GLVWULEXWLRQV�LQ�D�VRLO��5DGLRDFWLYH�LRGLGH�
���	�
,

 �ZDV�XVHG�DV�WKH�WUDFHU�RI�QRQ�UHDFWLYH�IHUWLOL]HU�WUDQVSRUW��DQG�

UDGLRDFWLYH�FDGPLXP�
���
�
&G

���
�DV�WKH�WUDFHU�RI�FDGPLXP�WUDQVSRUW�LQ�VWXGLHG�VRLO��7KH�SUREH��)LJ�����FRQVLVWV�

RI�D�GXUDOXPLQ�WXEH�����LQ�ZKLFK�D�*HLJHU�0XHOOHU��*�0��GHWHFWRU�DQG�DQDORJ�LQWHUIDFH�XQLW������FRQQHFWHG�

WR�WKH�QXFOHDU�DQDO\VHU�����ZLWK�FRD[LDO�FDEOH��FDQ�EH�SODFHG�LQ�DQ\�GHVLUHG�SRVLWLRQ��7KH�WXEHV�����PP�2�'���

��PP�,�'���DQG������PP�OHQJWK��DUH�LQVHUWHG�YHUWLFDOO\�IURP�WKH�VRLO�VXUIDFH�LQWR�WKH�KROHV�PDGH�E\�D����

PP�GLDP��VWHHO�URG�LQWR�WKH�VRLO�EHORZ�WKH���P
�
�VTXDUH�LQILOWURPHWHU������&RQLFDO�VRLO�VHDOLQJ�����PDGH�IRU�

HDFK� YHUWLFDO� SUREH� SUHYHQWV� ZDWHU� IURP� E\SDVVLQJ� SDVW� WKH� SUREH�� DV� LW� ZDV� SURYHG� E\� D� G\H� WHVW� ZLWK�

0HWK\OHQH� %OXH�� 2ZLQJ� WR� LWV� VPDOO� VL]H� ����PP� OHQJWK� DQG� ����PP� 2�'��� WKH� *�0� GHWHFWRU� FDQ� EH�

FRQVLGHUHG� DV� D� SRLQW� GHWHFWRU�� %\SDVVLQJ� UDWLR� �SDUWLWLRQ� RI� ZDWHU� DQG� VROXWHV� EHWZHHQ� WKH� PDFURSRUH�

GRPDLQ� DQG� WKH�PDWUL[� GRPDLQ�� DQG� DQ� LPSDFW� RI� ODQG�XVH� FKDQJH� RQ� QXWULHQW� IOX[HV� LQ� D� VWUXFWXUHG� VRLO�

�/LFKQHU��������/LFKQHU�HW�DO����������

�

7KH�FRQYHQWLRQDO��&LSDNRYD�DQG�0LWUR��������DQG�PRGLILHG�EDWFK�WHFKQLTXH��/LFKQHU�DQG�&LSDNRYD��������

VHUYH�WR�PHDVXUH�WKH�VRUSWLRQ�RI�FRQWDPLQDQW�RQ�VRLO�SDUWLFOHV�DQG�WR�HVWLPDWH�WKH�GLVWULEXWLRQ�FRHIILFLHQW�. � ��

,Q� WKLV� FRQWULEXWLRQ�� WKH� UHVXOWV� RI� &G� VRUSWLRQ� DQG� LWV� UHODWLRQ� WR� WKH� GXUDWLRQ� RI� &G�VRLO� LQWHUDFWLRQ� LV�

SUHVHQWHG��7KH�UDGLRDFWLYH�FDGPLXP�
�����
&G�ZDV�XVHG�DV�D�WUDFHU�RI�FDGPLXP�EHKDYLRXU�LQ�VRLO�IRU�LWV�HDVLHU�

DQG�IDVWHU�GHWHFWLRQ��(DFK�VRUSWLRQ�H[SHULPHQW� LQYROYHG����J�RI�VRLO��SDVVHG�WKURXJK�D���PP�VLHYH�EHIRUH�



�

�

XVH�����PO�RI�GLVWLOOHG�ZDWHU��DQG�FDGPLXP�
� � �
&G��LQ� WKH�IRUP�RI�&G&O � ��ZLWK�FRQFHQWUDWLRQ�RI������PJ�O
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DQG�VSHFLILF�DFWLYLW\�D � ���

�

�

7DEOH����3DUWLFOH�VL]H�GLVWULEXWLRQ��PLQHUDO�FRPSRVLWLRQ�RI�WKH�FOD\�IUDFWLRQ�DQG�VHOHFWHG�FKHPLFDO�SURSHUWLHV�

RI�WKH�VRLOV�XVHG�LQ�WKLV�VWXG\��)XODMWDU�HW�DO����������

�

6RLO�VWXGLHG� .DOLQNRYR� 0DFRY� -XURYD�
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&KORULWH����� ��±��� ��±��� ��±���

6PHFWLWHV����� �±��� ��±��� ��±���

&DOFLWH����� �±�� �±�� �±��

'RORPLWH����� �±�� �±�� �±��

4XDUW]����� �±�� �±�� �±��
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S+��.&O�� ���� ���� ����

&D&2 � ���� ��� ��� ���

& ��� ���� ����� ����� �����

+XPXV����� ����� ����� �����
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,Q� WKH�FRQYHQWLRQDO�EDWFK� WHFKQLTXH�� WKH�VRLO��ZDWHU�DQG�FDGPLXP�ZHUH�SODFHG�LQWR�D�����PO�SRO\HWK\OHQH�

ERWWOH�DQG�VKDNHQ�IRU���V��7KHQ���PO�VDPSOH�RI�HOXDWH�ZDV�WDNHQ�LQ���PLQ�DIWHU�VKDNLQJ��FHQWULIXJHG��DQG�WKH�

VSHFLILF�DFWLYLW\�D�RI�WKH�
� ���
&G�LQ�DTXHRXV�SKDVH�ZDV�PHDVXUHG�ZLWK�D�PXOWLFKDQQHO�JDPDVSHFWURPHWHU�ZLWK�

*H�/L�GHWHFWRU��7KH�PHDVXUHPHQWV�WRRN�IRU���±���PLQXWHV�GHSHQGLQJ�RQ�WKH�PHDVXUHG�VSHFLILF�DFWLYLW\��7KH�

&G�VRUSWLRQ�6�RQ�DOO�WKH�VRLO�SDUWLFOHV��DQG�WKH�GLVWULEXWLRQ�FRHIILFLHQW�. � �ZHUH�FDOFXODWHG�IURP�WKH�HTXDWLRQV��

�

� � 6� ��D � ±�D���D � � � � � � � ����
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� � . � � ��9�P���D � ±�D���D� � � � � ����

�

7KH�VDPH�SURFHGXUH�ZDV�FKRVHQ�IRU�WKH�����������������������DQG����PLQ�GXUDWLRQ�RI�&G�VRLO�LQWHUDFWLRQ��

�

,Q�WKH�PRGLILHG�EDWFK�WHFKQLTXH��WKH�VRLO��ZDWHU�DQG�FDGPLXP�ZHUH�SODFHG�LQWR�D�����PO�SRO\HWK\OHQH�ERWWOH�

DQG�VKDNHQ�IRU���V��7KHQ����PO�VDPSOH�RI�VROXWLRQ��ZKHUH�
�����
&G�LQ�DTXHRXV�SKDVH�DQG�WKDW�DGVRUEHG�RQ�WKH�

VRLO�SDUWLFOHV����

 �
�P�RFFXU��ZDV�WDNHQ�LQ���PLQ�DIWHU�VKDNLQJ��DQG�WKH�VSHFLILF�DFWLYLW\�D¶�ZDV�PHDVXUHG�IRU�

��� VHFRQGV�ZLWK� D�PXOWLFKDQQHO�JDPDVSHFWURPHWHU�ZLWK�*H�/L�GHWHFWRU��&DGPLXP�VRUSWLRQ�6¶�RQ� WKH�FOD\�

SDUWLFOHV����

 �
�P��ZKLFK�GLG�QRW�VHWWOH�RQ�WKH�ERWWRP�RI�D�SRO\HWK\OHQH�ERWWOH�LQ�RQH�PLQXWH�DIWHU�VKDNLQJ��

DQG�WKH�PRGLILHG�GLVWULEXWLRQ�FRHIILFLHQW�. � ¶�ZHUH�FDOFXODWHG�DV�IROORZV��

�

� � 6¶ ��D¶ ±�D���D � � � � � � � ����
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� � . � ¶ ��9�P���D � ±�D¶���D¶� � � � � ����

�

6LPLODU�SURFHGXUH�ZDV�FKRVHQ�IRU�WKH�����������������������DQG����PLQ�GXUDWLRQ�RI�&G�VRLO�LQWHUDFWLRQ�ZLWK�RQH�

FKDQJH� WKDW���PLQ�EHIRUH� WDNLQJ� WKH�VDPSOH�RI�HOXDWH� WKH�PL[WXUH�ZDV�VKDNHQ� IRU���V��7LPH� W� ���PLQ�� LQ�

ZKLFK�DOO�WKH�SDUWLFOHV�!��

 �
�P�VHWWOH�RQ�WKH�ERWWRP�RI�D�ERWWOH��ZDV�FDOFXODWHG�DFFRUGLQJ�WR�WKH�6WRNHV�ODZ��
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WKH�VRLO�SDUWLFOH��ρ � ±�GHQVLW\�RI�WKH�VRLO�ZDWHU�PL[WXUH��ρ � �±�GHQVLW\�RI�ZDWHU��η�±�G\QDPLF�YLVFRVLW\�RI�ZDWHU��
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)LJ�����6FKHPDWLF�DUUDQJHPHQW�IRU�UDGLRDFWLYH�WUDFHU�WHFKQLTXH���

�

�

5HWDUGDWLRQ� IDFWRU�5�HTXDOV� WR� WKH�UDWLR�RI� WLPH�ZKLFK�D�UHDFWLYH�DQG�QRQ�UHDFWLYH�VROXWH�QHHGV� WR� WUDYHO�D�

JLYHQ�GLVWDQFH�LQ�WKH�VRLO��,W�LV�UHODWHG�WR�WKH�GLVWULEXWLRQ�FRHIILFLHQW�. � �E\�

�

� � � �� 5� �����ρ�. � ���Θ� � � � � ����

�

ZKHUH�ρ�LV�VRLO�GU\�EXON�GHQVLW\�DQG�Θ�LV�YROXPHWULF�ZDWHU�FRQWHQW��
�

5HWDUGDWLRQ�IDFWRU�5�FDQ�EH�HVWLPDWHG�IURP�WKH�EUHDNWKURXJK�FXUYHV�RI�WKH�VWXGLHG�UHDFWLYH�DQG�QRQ�UHDFWLYH�

VROXWH��7KH�EUHDNWKURXJK�FXUYHV�FRXOG�EH�PHDVXUHG�LQ�D�ODERUDWRU\�RQ�WKH�XQGLVWXUEHG�VRLO�FROXPQ�ZLWK�WKH�

6\VWHP�RI�(XURSHDQ�:DWHU�0RQLWRULQJ��6(:,1*��GHYHORSHG�LQ�WKH��
� �
�(&�)UDPHZRUN�3URJUDPPH�3URMHFW�

,67������������ �)LOLSNRZVNL�� ������� 6HQVRUV� RI� WKLV� V\VWHP�� EDVHG� RQ� WKH� LRQ� VHQVLWLYH� ILHOG� HIIHFW�

WUDQVLVWRU� �,6)(7�� RU� FKHPLFDOO\�PRGLILHG� ILHOG� HIIHFW� WUDQVLVWRU� �&+(0)(7��� DUH� DEOH� WR� PHDVXUH�

VLPXOWDQHRXVO\�FRQFHQWUDWLRQV�RI���VHOHFWHG�LQRUJDQLF�LRQV�LQ�WKH�FROXPQ�RXWIORZ�ZDWHU��

�
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�
,Q�RXU�SUHYLRXV� VWXG\�RQ� WKH�FDGPLXP� WUDQVSRUW� �/LFKQHU���������D�GHHS�&G�SHQHWUDWLRQ�XS� WR����FP�ZDV�

PHDVXUHG�LQ�D�ORDP�VRLO�XQGHU�PHDGRZ�XVLQJ�WKH�UDGLRDFWLYH�WUDFHU�WHFKQLTXH��)LJ������8VLQJ�WKH�HTXLOLEULXP�

GLVWULEXWLRQ� FRHIILFLHQW� . �
���

� DQG� FRQYHFWLYH�GLVSHUVLRQ� HTXDWLRQ� LW� ZDV� SUHGLFWHG� WKDW� DOO� WKH� &G� ZRXOG�

UHPDLQ� LQ� WKH� ���FP� WKLFN� WRS� OD\HU�� ,Q� VSLWH� RI� WKDW� SUHGLFWLRQ� LW�ZDV� IRXQG� WKDW�PRUH� WKDQ������RI�&G�

SHQHWUDWHG�GHHSHU�WKDQ�SUHGLFWHG���

�
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)LJ�����6RUSWLRQ�6¶�RI�FDGPLXP�RQ�WKH�VRLO�SDUWLFOHV����
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�P��ZKLFK�GLG�QRW�VHWWOH�RQ�WKH�ERWWRP�RI�D�ERWWOH�LQ�

RQH�PLQXWH�DIWHU�VKDNLQJ��YV��GXUDWLRQ�W�RI�WKH�&G�VRLO�FRQWDFW��

�

�

7KLV�GLVFUHSDQF\�FRXOG�EH�H[SODLQHG�E\�WKH�SDUWLFOH�IDFLOLWDWHG�&G�WUDQVSRUW��WUDQVSRUW�RI�&G�VRUEHG�RQ�FOD\�

SDUWLFOHV��YLD�VRLO�PDFURSRUHV��-DFREVHQ�HW�DO���������ZKLFK�ZDV�VWXGLHG�RQ�WKUHH�YDULRXV�VRLOV��,W�ZDV�IRXQG�

IRU�WKH�&G�VRLO�FRQWDFW�ODVWLQJ���PLQ�WKDW�PRUH�WKDQ�����������DQG�����RI�&G�ZDV�DGVRUEHG�RQ�WKH�SDUWLFOHV�

���

 �
P� RI� WKH� VRLO� IURP� .DOLQNRYR�� 0DFRY�� DQG� -XURYD�� UHVSHFWLYHO\�� ,W� VKRXOG� EH� PHQWLRQHG� WKDW� WKH�
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�

SHUFHQWDJH� RI� &G� DGVRUEHG� RQ� WKH� SDUWLFOHV� ���

 �
P�GHFUHDVHG�ZLWK� DQ� LQFUHDVH� LQ� FRQWDFW� WLPH� �)LJ�� ����

6XUSULVLQJO\��DIWHU� WKH����PLQ�DQG����PLQ�ODVWLQJ�&G�VRLO�LQWHUDFWLRQ������DQG�������RI�FDGPLXP�RQO\�ZDV�

DGVRUEHG�RQ�WKH�SDUWLFOHV����

 �
P�IRUPLQJ�!�����RI�DOO�WKH�SDUWLFOHV�LQ�WKH�VRLO�IURP�-XURYD��

�

$IWHUZDUGV�� WKH� GLVWULEXWLRQ� FRHIILFLHQW�. � IRU� ���PLQ� ODVWLQJ� &G�VRLO� FRQWDFW� ZDV� VHW� WR� EH� HTXDO� WR� WKH�

PDWUL[�GLVWULEXWLRQ�FRHIILFLHQW�. ��� ��DQG�WKH�GLVWULEXWLRQ�FRHIILFLHQW�. � ¶ IRU���PLQ�ODVWLQJ�&G�VRLO�FRQWDFW�ZDV�

VHW� WR� EH� HTXDO� WR� WKH�PDFURSRUH� GLVWULEXWLRQ� FRHIILFLHQW�. ��� �� ,W�ZDV� IRXQG� WKDW� XVLQJ� WKH� FRHIILFLHQW�. ��� �

LQVWHDG�RI�. ��� �ZRXOG�XQGHUHVWLPDWH�D�SHQHWUDWLRQ�RI�WKH�SDUW�RI�&G�WUDQVSRUWHG�LQ�WKH�PDFURSRUHV�DERXW�����

WLPHV�LQ�WKH�ORDP\�VDQG�VRLO�LQ�.DOLQNRYR�����WLPHV�LQ�WKH�ORDP�VRLO�LQ�0DFRY��DQG�����WLPHV�LQ�WKH�FOD\�VRLO�

LQ�-XURYD��)DVNR��/LFKQHU�HW�DO���������JDYH�HYLGHQFH�IURP����\HDU�ODVWLQJ�REVHUYDWLRQV�WKDW�PDFURSRUH�IORZ�

FDQ�DSSHDU����WLPHV�LQ�WKH�DYHUDJH�LQ�WKH�VRXWK�ZHVWHUQ�6ORYDNLD�GXULQJ�YHJHWDWLRQ�VHDVRQ��7KLV�IORZ�FDQ�EH�

WKH�FDXVH�RI�UDSLG�&G�WUDQVSRUW�IURP�WKH�VRLO�VXUIDFH�WR�WKH�GHSWK�ZHOO�EHORZ�WKH�URRW�]RQH��

�

�

&21&/86,21�

�
(DVH� DQG� VSHHG�RI�PHDVXUHPHQWV� DUH� WKH�PRVW� VLJQLILFDQW� DGYDQWDJHV� RI� WKH� UDGLRDFWLYH� WUDFHU� WHFKQLTXHV�

SUHVHQWHG�� :KHQ� XVHG� LQ� D� ILHOG� VRLO�� WKH� UDGLRDFWLYH� WUDFHU� WHFKQLTXH� LV� QRQ�GHVWUXFWLYH�� DEOH� WR� ORFDWH�

KHWHURJHQHLWLHV�LQ�D�ILHOG�VRLO��DQG�GRHV�QRW�LQIOXHQFH�VROXWH�WUDQVSRUW��7KH�GXUDWLRQ�RI�WKH�PHDVXUHPHQW�RI�

HDFK�SRLQW�LQ�D�EUHDNWKURXJK�FXUYH�RU�LQ�WUDFHU�FRQFHQWUDWLRQ�GLVWULEXWLRQ�ZDV�RQO\�RQH�PLQXWH��,QVWDOODWLRQ�
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