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Abstract: The Noug Plain, covering an area of approximately 
3,600 km2, is located in the southeast of Iran, in the western part 
of Kerman province. Its geographical coordinates range from 
29°23' to 31°24' North latitude and from 54°10' to 57°34' East 
longitude. Given that arsenic concentrations are high in certain 
areas of neighboring plains (Anar and Rafsanjan), this plain was 
chosen to assess the variations in arsenic concentration. To this 
end, samples were collected from 23 scattered observation wells 
across the plain, and arsenic concentration, along with major ions 
and some other elements, were determined using ICP-MS. 
Isoconcentration maps and statistical analyses (Principal 
Component Analysis and Cluster Analysis) were performed on 
these samples. Arsenic concentrations in the plain range from 0.5 
to 135.9 parts per million, with an average of 20.1 ppb, which 
exceeds the drinking water standard of 10 ppb. Based on this 
study, it appears that the source of arsenic is the Miocene red 
conglomerates and geothermal waters resulting from the 
alteration of Jurassic shales. The direct correlation between 
arsenic and pH suggests a role of adsorption in the release of 
arsenic from iron oxide surfaces. Additionally, arsenic decreases 
slightly toward the northwest with increasing dissolved salts in 
the groundwater, likely due to its minor absorption and entry into 
the crystalline network of aragonite, which precipitates in the 
northwest as evaporation increases and concentrations rise. 
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I. INTRODUCTION 

Groundwater has been a crucial resource for human 
civilization for millennia, playing an integral role in the 

development of cities and the advancement of societies (Li et al., 
2021). Unlike surface water, groundwater is stored beneath the 
Earth's surface in aquifers and is often considered a more reliable 
and stable source of freshwater (Jia et al., 2019). In many arid 
and semi-arid regions, where surface water is scarce, 
groundwater has been the lifeblood of agricultural, industrial, and 
domestic needs (Freeze, 1984). Civilizations, from ancient

Mesopotamia to modern cities, have relied on groundwater to 
sustain their populations, enabling the growth of agriculture, 
urbanization, and industrialization (Jia et al., 2019). With the 
increasing demands of the global population, especially in 
regions experiencing rapid urbanization, groundwater continues 
to be indispensable for supporting human activities and economic 
development (Abdel-Shafy & Kamel, 2016). 

The importance of groundwater extends beyond its role in 
meeting basic human needs (Coyte et al., 2018). It is also 
essential for maintaining the ecological balance, as many 
wetlands, rivers, and lakes are sustained by groundwater 
discharge (Raj & Shaji, 2017). The availability of groundwater 
can regulate hydrological cycles, providing a stable source of 
water for both human and ecological consumption (Oyeku & 
Eludoyin, 2010). Furthermore, groundwater is critical for 
agricultural productivity, especially in areas where irrigation 
from surface water is not feasible (Re et al., 2017). As urban 
areas expand, groundwater also plays a vital role in meeting the 
needs of industries, ensuring that cities can function efficiently 
and support the diverse activities of their populations (Ahn & 
Chon, 1999). Given its key role in sustaining life and supporting 
economic development, the protection of groundwater resources 
is of paramount importance (Chen et al., 2010). The increasing 
pressures of population growth, urbanization, and 
industrialization have led to an intensification of groundwater 
extraction (Karunanidhi et al., 2021). Over-extraction can lead to 
a variety of environmental problems, including the depletion of 
aquifers, land subsidence, and the intrusion of seawater into 
coastal aquifers (Araya et al., 2022). Therefore, safeguarding the 
quality and quantity of groundwater is essential to ensure its 
continued availability for future generations (Nisi et al., 2014). 
Additionally, climate change is influencing the recharge rates of 
groundwater (Kumar, 2012), making it even more imperative to 
manage these resources carefully and sustainably (Earman & 
Dettinger, 2011). 

Protecting groundwater from contamination is equally critical 
(Li et al., 2021). Pollution from agricultural runoff, industrial 
waste, sewage, and even household chemicals can infiltrate the 
soil and reach aquifers, rendering water supplies unsafe for 
consumption and damaging ecosystems (Jia et al., 2019). The
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ULVNV� DVVRFLDWHG� ZLWK� JURXQGZDWHU� FRQWDPLQDWLRQ� DUH� VHYHUH�
EHFDXVH� SROOXWDQWV� RIWHQ� UHPDLQ� XQGHUJURXQG� IRU� H[WHQGHG�
SHULRGV��PDNLQJ� UHPHGLDWLRQ� HIIRUWV� FRVWO\� DQG� WLPH�FRQVXPLQJ�
�$EGHO�6KDI\�	�.DPHO�� ������� ,Q� DGGLWLRQ� WR� WKH� GLUHFW� KHDOWK�
ULVNV�SRVHG�E\�SROOXWHG�ZDWHU��FRQWDPLQDWLRQ�FDQ�DOVR�KDYH�ORQJ��
WHUP�VRFLR�HFRQRPLF�FRQVHTXHQFHV��VXFK�DV�UHGXFHG�DJULFXOWXUDO�
SURGXFWLYLW\�DQG�LQFUHDVHG�KHDOWKFDUH�FRVWV��2\HNX�	�(OXGR\LQ��
������ 7KHUHIRUH� SUHYHQWLQJ SROOXWLRQ DQG HQVXULQJ WKDW�
JURXQGZDWHU� UHPDLQV� FOHDQ� LV� DQ� HVVHQWLDO� DVSHFW� RI� VXVWDLQDEOH�
ZDWHU�PDQDJHPHQW��.DUXQDQLGKL�HW�DO����������

7KH� SURWHFWLRQ� RI� JURXQGZDWHU� IURP� SROOXWLRQ� UHTXLUHV� D�
PXOWLIDFHWHG�DSSURDFK��HQFRPSDVVLQJ�SURSHU�ZDVWH�PDQDJHPHQW��
VWULFWHU�UHJXODWLRQV�RQ�WKH�XVH�RI�FKHPLFDOV��DQG�WKH�SURPRWLRQ�RI�
VXVWDLQDEOH� DJULFXOWXUDO� SUDFWLFHV� �$O�6XGDQL�� �������0RQLWRULQJ�
DQG� FRQWUROOLQJ� SROOXWLRQ� VRXUFHV� DUH� HVVHQWLDO� IRU� SUHYHQWLQJ�
FRQWDPLQDWLRQ��DV�LV�WKH�DGRSWLRQ�RI�WHFKQRORJ\�DQG�SUDFWLFHV�WKDW�
PLQLPL]H� HQYLURQPHQWDO� LPSDFWV� �.XUZDGNDU� HW� DO��� ������� ,Q�
XUEDQ� DUHDV�� SURSHU� ZDVWH� GLVSRVDO� V\VWHPV� DQG� HIIHFWLYH�
ZDVWHZDWHU� WUHDWPHQW� DUH� FULWLFDO� LQ� SUHYHQWLQJ� SROOXWDQWV� IURP�
VHHSLQJ� LQWR� WKH� JURXQGZDWHU� �%DOGHUDFFKL� HW� DO��� �������
6LPLODUO\�� LQ� DJULFXOWXUDO� UHJLRQV�� WKH� XVH� RI� IHUWLOL]HUV� DQG�
SHVWLFLGHV�PXVW�EH�FDUHIXOO\�PDQDJHG�WR�SUHYHQW�H[FHVVLYH�UXQRII�
WKDW�FRXOG�FRQWDPLQDWH�JURXQGZDWHU�VXSSOLHV��.XUZDGNDU���������
7KH� FRQWDPLQDWLRQ� RI� JURXQGZDWHU� LV� D� JURZLQJ� FRQFHUQ�
ZRUOGZLGH�� DQG� LWV� LPSOLFDWLRQV� DUH� IDU�UHDFKLQJ� �0D]DF� HW� DO���
�������2QH�RI�WKH�PRVW�VLJQLILFDQW�ULVNV�DVVRFLDWHG�ZLWK�SROOXWHG�
JURXQGZDWHU� LV�WKH�SRWHQWLDO� IRU�ZLGHVSUHDG�SXEOLF�KHDOWK�LVVXHV�
�/LX� HW� DO��� ������� *URXQGZDWHU� LV� RIWHQ� WKH� SULPDU\� VRXUFH� RI�
GULQNLQJ�ZDWHU�LQ�PDQ\�UHJLRQV��DQG�FRQWDPLQDWLRQ�FDQ�LQWURGXFH�
KDUPIXO� FKHPLFDOV�� KHDY\�PHWDOV�� DQG� SDWKRJHQV� LQWR� WKH� ZDWHU�
VXSSO\� �5DR� HW� DO��� ������� )RU� LQVWDQFH�� DUVHQLF� FRQWDPLQDWLRQ��
RIWHQ�IURP�QDWXUDO�VRXUFHV��KDV�EHHQ�D�FULWLFDO�LVVXH�LQ�PDQ\�SDUWV�
RI� WKH�ZRUOG�� OHDGLQJ� WR� VHYHUH� KHDOWK� SUREOHPV� VXFK� DV� FDQFHU�
DQG� VNLQ� OHVLRQV� �$GKLNDU\� HW� DO��� ������� 6LPLODUO\�� QLWUDWH�
FRQWDPLQDWLRQ� IURP� DJULFXOWXUDO� IHUWLOL]HUV� KDV� EHHQ� OLQNHG� WR�
VHULRXV�KHDOWK�LVVXHV��SDUWLFXODUO\�IRU�LQIDQWV��ZKR�DUH�YXOQHUDEOH�
WR�PHWKHPRJORELQHPLD�RU�EOXH�EDE\�V\QGURPH��.QREHORFK�HW�DO���
�������

$QRWKHU VLJQLILFDQW LVVXH UHODWHG WR JURXQGZDWHU�
FRQWDPLQDWLRQ�LV�WKH�SHUVLVWHQFH�RI�SROOXWDQWV�LQ�WKH�XQGHUJURXQG�
HQYLURQPHQW��$]L]SRXU�HW�DO����������8QOLNH�VXUIDFH�ZDWHU��ZKLFK�
FDQ� EH� PRUH� HDVLO\� WUHDWHG� RU� IOXVKHG� RXW�� FRQWDPLQDQWV� LQ�
JURXQGZDWHU�FDQ�UHPDLQ�IRU�GHFDGHV�RU�HYHQ�FHQWXULHV��PDNLQJ�LW�
FKDOOHQJLQJ WR UHVWRUH ZDWHU TXDOLW\ RQFH LW KDV EHHQ�
FRPSURPLVHG� �7LZDUL� HW� DO��� ������� &RQWDPLQDQWV� FDQ� VSUHDG�
RYHU� ODUJH� DUHDV�� DIIHFWLQJ� HQWLUH� FRPPXQLWLHV� DQG� UHJLRQV�� ,Q�
VRPH�FDVHV��WKH�FRQWDPLQDWLRQ�RI�RQH�DTXLIHU�FDQ�LPSDFW�PXOWLSOH�
FRPPXQLWLHV�WKDW�UHO\�RQ�WKH�VDPH�JURXQGZDWHU�VRXUFH��FUHDWLQJ�
UHJLRQDO�ZDWHU�FULVHV��+DVKLP�HW�DO����������,Q�DGGLWLRQ�WR�KHDOWK�
DQG� HQYLURQPHQWDO� ULVNV�� WKH� HFRQRPLF� LPSDFW� RI� JURXQGZDWHU�
FRQWDPLQDWLRQ�FDQ�EH�SURIRXQG� �6LQJKDO�HW�DO����������7KH�FRVWV�
RI� FOHDQLQJ� XS� FRQWDPLQDWHG� JURXQGZDWHU� FDQ� EH� DVWURQRPLFDO��
HVSHFLDOO\� LI� WKH FRQWDPLQDWLRQ� DIIHFWV ODUJH DTXLIHUV RU�
ZLGHVSUHDG�DUHDV��1LYHWKD�HW�DO����������5HPHGLDWLRQ�HIIRUWV�PD\�
LQYROYH� H[SHQVLYH� WUHDWPHQWV� VXFK� DV� ILOWUDWLRQ�� SXPSLQJ�� DQG�
ELRUHPHGLDWLRQ� DOO RI ZKLFK UHTXLUH VLJQLILFDQW ILQDQFLDO�
UHVRXUFHV�DQG�WLPH��%DXPDQQ�HW�DO����������,Q�VRPH�FDVHV��HQWLUH�
ZDWHU� V\VWHPV�PD\�QHHG� WR�EH� UHSODFHG�RU�DEDQGRQHG�� UHVXOWLQJ�
LQ� WKH� ORVV� RI� YDOXDEOH� ZDWHU� VXSSOLHV� �%RDWHQJ� HW� DO��� ������

)XUWKHUPRUH� FRQWDPLQDWHG JURXQGZDWHU FDQ UHGXFH WKH�
SURGXFWLYLW\�RI�DJULFXOWXUH��DV�SROOXWHG�ZDWHU�FDQ�KDUP�FURSV��VRLO�
TXDOLW\�� DQG� OLYHVWRFN� KHDOWK�� OHDGLQJ� WR� HFRQRPLF� ORVVHV� IRU�
IDUPHUV�DQG�FRPPXQLWLHV��,VPDQWR�HW�DO����������

*URXQGZDWHU�FRQWDPLQDWLRQ�DOVR�H[DFHUEDWHV�WKH�FKDOOHQJH�RI�
ZDWHU� VFDUFLW\�� SDUWLFXODUO\� LQ� UHJLRQV� WKDW� DUH� DOUHDG\� IDFLQJ�
ZDWHU�VWUHVV��8OODK�HW�DO����������$V�FOHDQ�ZDWHU�VRXUFHV�EHFRPH�
LQFUHDVLQJO\� OLPLWHG� GXH� WR� SROOXWLRQ�� WKH� DYDLODELOLW\� RI� VDIH�
GULQNLQJ�ZDWHU�EHFRPHV�D�JURZLQJ�FRQFHUQ��6DUDFLQR�	�3KLSSV��
������� ,Q� PDQ\� SDUWV� RI� WKH� ZRUOG�� HVSHFLDOO\� LQ� GHYHORSLQJ�
FRXQWULHV��SHRSOH�UHO\�RQ�FRQWDPLQDWHG�JURXQGZDWHU�EHFDXVH�LW�LV�
WKH� RQO\�DYDLODEOH�ZDWHU� VRXUFH��ZKLFK� UHVXOWV� LQ� FKURQLF� KHDOWK�
SUREOHPV�DQG�D�UHGXFHG�TXDOLW\�RI�OLIH��$O�+DVKLPL�HW�DO����������
:LWKRXW SURSHU PHDVXUHV WR SURWHFW JURXQGZDWHU IURP�
FRQWDPLQDWLRQ�� WKH�JOREDO�ZDWHU�FULVLV�ZLOO�RQO\�ZRUVHQ��PDNLQJ�
LW� HYHQ� PRUH� GLIILFXOW� WR� PHHW� WKH� JURZLQJ� GHPDQG� IRU� FOHDQ�
ZDWHU� �.DUWKLNH\DQ� HW� DO��� ������� $GGUHVVLQJ� JURXQGZDWHU�
FRQWDPLQDWLRQ� UHTXLUHV� D� FRQFHUWHG� HIIRUW� IURP� JRYHUQPHQWV��
LQGXVWULHV�� DQG� FRPPXQLWLHV� �$PLQ� HW� DO��� ������� 3ROLFLHV� DQG�
UHJXODWLRQV�PXVW�EH�HQIRUFHG�WR�UHGXFH�WKH�ULVNV�RI�SROOXWLRQ��DQG�
LQYHVWPHQWV� LQ�ZDWHU� WUHDWPHQW�DQG�PRQLWRULQJ�V\VWHPV�PXVW�EH�
PDGH WR SURWHFW JURXQGZDWHU IURP IXUWKHU GHJUDGDWLRQ�
�.XUZDGNDU� HW� DO��� ������� (GXFDWLRQ� DQG� SXEOLF� DZDUHQHVV�
FDPSDLJQV DUH HVVHQWLDO LQ LQIRUPLQJ SHRSOH DERXW WKH�
LPSRUWDQFH� RI� JURXQGZDWHU� SURWHFWLRQ� DQG� WKH� FRQVHTXHQFHV� RI�
FRQWDPLQDWLRQ� �2\HNX� 	� (OXGR\LQ�� ������� ,W� LV� DOVR� FUXFLDO� WR�
LQYHVW�LQ�UHVHDUFK�DQG�WHFKQRORJ\�WKDW�FDQ�KHOS�LGHQWLI\�SROOXWLRQ�
VRXUFHV� �-LD� HW� DO��� ������ DQG� GHYHORS� LQQRYDWLYH� VROXWLRQV� WR�
VDIHJXDUG�JURXQGZDWHU�IRU�IXWXUH�JHQHUDWLRQV��.XPDU���������

7KH� SULPDU\� REMHFWLYH� RI� WKLV� VWXG\� LV� WR� DVVHVV� WKH�
FRQFHQWUDWLRQ� RI� DUVHQLF� LQ� WKH� JURXQGZDWHU� UHVRXUFHV� RI� WKH�
1RXJ� 3ODLQ� DQG� WR� LGHQWLI\� WKH� NH\� IDFWRUV� LQIOXHQFLQJ� LWV�
GLVWULEXWLRQ�� *LYHQ� WKH� HOHYDWHG� OHYHOV� RI� DUVHQLF� GHWHFWHG� LQ�
QHLJKERULQJ�SODLQV��VXFK�DV�$QDU�DQG�5DIVDQMDQ��LW�LV�HVVHQWLDO�WR�
LQYHVWLJDWH� ZKHWKHU� VLPLODU� FRQWDPLQDWLRQ� H[LVWV� LQ� WKH� 1RXJ�
3ODLQ� DQG� WR� XQGHUVWDQG� WKH� XQGHUO\LQJ� JHRFKHPLFDO� SURFHVVHV�
FRQWULEXWLQJ�WR�DUVHQLF�PRELOL]DWLRQ��7KURXJK�H[WHQVLYH�VDPSOLQJ�
DQG� DGYDQFHG� DQDO\WLFDO� WHFKQLTXHV� VXFK� DV� ,&3�06�� WKLV�
UHVHDUFK�DLPV�WR�SURYLGH�D�GHWDLOHG�JHRFKHPLFDO�FKDUDFWHUL]DWLRQ�
RI� JURXQGZDWHU� LQ� WKH� UHJLRQ��$GGLWLRQDOO\�� VWDWLVWLFDO� DQDO\VHV��
LQFOXGLQJ� 3ULQFLSDO� &RPSRQHQW� $QDO\VLV� �3&$�� DQG� &OXVWHU�
$QDO\VLV�� ZLOO� EH� XWLOL]HG� WR� LGHQWLI\� SDWWHUQV� DQG� SRWHQWLDO�
VRXUFHV� RI� FRQWDPLQDWLRQ�� %\� XQGHUVWDQGLQJ� WKHVH� IDFWRUV�� WKH�
VWXG\�VHHNV�WR�FRQWULEXWH�YDOXDEOH�VFLHQWLILF�LQVLJKWV�LQWR�DUVHQLF�
FRQWDPLQDWLRQ� LQ� DULG� DQG� VHPL�DULG� UHJLRQV�� DLGLQJ� IXWXUH�
UHVHDUFK�DQG�JURXQGZDWHU�PDQDJHPHQW� VWUDWHJLHV��7KH�QHFHVVLW\�
RI� WKLV�VWXG\�VWHPV� IURP�WKH�FULWLFDO� LPSRUWDQFH�RI�JURXQGZDWHU�
DV�D�SULPDU\�GULQNLQJ�ZDWHU�VRXUFH�IRU�PDQ\�FRPPXQLWLHV�LQ�WKH�
UHJLRQ�� (OHYDWHG� DUVHQLF� OHYHOV� LQ� JURXQGZDWHU� SRVH� VHULRXV�
KHDOWK�ULVNV��LQFOXGLQJ�ORQJ�WHUP�H[SRVXUH�HIIHFWV�VXFK�DV�FDQFHU��
VNLQ GLVHDVHV� DQG GHYHORSPHQWDO GLVRUGHUV� 7KHUHIRUH��
LGHQWLI\LQJ� WKH� H[WHQW� RI� DUVHQLF� FRQWDPLQDWLRQ� LV� HVVHQWLDO� IRU�
LPSOHPHQWLQJ HIIHFWLYH ZDWHU PDQDJHPHQW SROLFLHV DQG�
PLWLJDWLQJ� KHDOWK� KD]DUGV�� )XUWKHUPRUH�� WKH� VWXG\� ZLOO� SURYLGH�
SUDFWLFDO UHFRPPHQGDWLRQV IRU VXVWDLQDEOH JURXQGZDWHU�
H[WUDFWLRQ�� VXFK� DV� GULOOLQJ� GHHSHU� ZHOOV� WR� DYRLG� DUVHQLF�ULFK�
JHRORJLFDO�IRUPDWLRQV�DQG�JHRWKHUPDO�ZDWHUV��%\�DGGUHVVLQJ�ERWK�
WKH�VFLHQWLILF�DQG�SXEOLF�KHDOWK�DVSHFWV�RI�DUVHQLF�FRQWDPLQDWLRQ��
WKLV� UHVHDUFK� ZLOO� VXSSRUW� GHFLVLRQ�PDNHUV� LQ� GHYHORSLQJ� PRUH
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HIIHFWLYH� ZDWHU� TXDOLW\� PRQLWRULQJ� SURJUDPV� DQG� SROOXWLRQ�
SUHYHQWLRQ� VWUDWHJLHV�� HQVXULQJ� WKH� ORQJ�WHUP� VXVWDLQDELOLW\� RI�
JURXQGZDWHU�UHVRXUFHV�LQ�WKH�1RXJ�3ODLQ�

,,� $56(1,&�,1�*5281':$7(5�

$UVHQLF� FRQWDPLQDWLRQ� LQ� JURXQGZDWHU� LV� D� VLJQLILFDQW�
HQYLURQPHQWDO� DQG� SXEOLF� KHDOWK� FRQFHUQ� ZRUOGZLGH�� $UVHQLF�
�$V�� LV� D� QDWXUDOO\�RFFXUULQJ� HOHPHQW� IRXQG� LQ� WKH�(DUWK
V� FUXVW��
DQG LW� FDQ� HQWHU JURXQGZDWHU� WKURXJK� ERWK� QDWXUDO� DQG�
DQWKURSRJHQLF� SURFHVVHV� �0XNKHUMHH� HW� DO��� ������� 1DWXUDO�
VRXUFHV� LQFOXGH� ZHDWKHULQJ� RI� DUVHQLF�ULFK� PLQHUDOV�� YROFDQLF�
DFWLYLW\�� DQG�JHRWKHUPDO� SURFHVVHV��ZKLOH� KXPDQ� DFWLYLWLHV� VXFK�
DV� PLQLQJ�� LQGXVWULDO� ZDVWH� GLVSRVDO�� DQG� H[FHVVLYH� XVH� RI�
SHVWLFLGHV� DQG� IHUWLOL]HUV� FRQWULEXWH� WR� LWV� SUHVHQFH� LQ� ZDWHU�
VRXUFHV��7KDNXU�HW�DO����������7KH�PRELOLW\�DQG�FRQFHQWUDWLRQ�RI�
DUVHQLF LQ JURXQGZDWHU GHSHQG RQ YDULRXV JHRFKHPLFDO�
FRQGLWLRQV��LQFOXGLQJ�S+�OHYHOV��UHGR[�SRWHQWLDO��DQG�WKH�SUHVHQFH�
RI� RWKHU� LRQV� WKDW� LQIOXHQFH� LWV� GLVVROXWLRQ� DQG� DGVRUSWLRQ�
EHKDYLRU��$EEDVQHMDG�HW�DO���������6KDQNDU�	�6KDQNDU���������

2QH�RI�WKH�PRVW�FRQFHUQLQJ�DVSHFWV�RI�DUVHQLF�FRQWDPLQDWLRQ�
LQ�JURXQGZDWHU�LV�LWV�VHYHUH�LPSDFW�RQ�KXPDQ�KHDOWK��7KH�%ULWLVK�
*HRORJLFDO� 6XUYH\� �%*6�� KDV� FRQGXFWHG� ODUJH�VFDOH� VWXGLHV� RQ�
QDWXUDOO\�RFFXUULQJ�DUVHQLF� FRQWDPLQDWLRQ�� DV�ZHOO� DV� LQ� UHJLRQV�
ZKHUH� PLQLQJ� DFWLYLWLHV� KDYH� GLVUXSWHG� JURXQGZDWHU� V\VWHPV��
)LJXUH� �� SUHVHQWV� WKH� ILQGLQJV� RI� %*6� UHVHDUFK� RQ� DUVHQLF�
FRQWDPLQDWLRQ�DFURVV�GLIIHUHQW�DUHDV��/RQJ�WHUP�H[SRVXUH� WR�$V�
WKURXJK�GULQNLQJ�ZDWHU� KDV�EHHQ� OLQNHG� WR� VHYHUH� KHDOWK� LVVXHV��
LQFOXGLQJ� VNLQ� OHVLRQV�� FDUGLRYDVFXODU� GLVHDVHV�� QHXURORJLFDO�
GLVRUGHUV�� DQG� YDULRXV� W\SHV� RI� FDQFHU�� SDUWLFXODUO\� VNLQ�� OXQJ��
DQG� EODGGHU� FDQFHU� �5DKPDQ� HW� DO��� ������� &KURQLF� DUVHQLF�
SRLVRQLQJ�� DOVR�NQRZQ�DV�DUVHQLFRVLV�� DIIHFWV�PLOOLRQV�RI�SHRSOH�
JOREDOO\��HVSHFLDOO\�LQ�UHJLRQV�ZKHUH�JURXQGZDWHU�LV�WKH�SULPDU\�
VRXUFH� RI� GULQNLQJ� ZDWHU�� )LJXUH� �� SURYLGHV� DQ� H[DPSOH� RI� $V�
FRQWDPLQDWLRQ� RI� JURXQGZDWHU�� 7KH�:RUOG�+HDOWK�2UJDQL]DWLRQ�
�:+2��KDV�VHW�D�JXLGHOLQH�OLPLW�RI����SDUWV�SHU�ELOOLRQ��SSE��IRU�
DUVHQLF� LQ� GULQNLQJ�ZDWHU�� EXW� LQ�PDQ\� DUHDV�� DUVHQLF� OHYHOV� IDU�
H[FHHG� WKLV� OLPLW�� SRVLQJ� D� VLJQLILFDQW� KHDOWK� ULVN� WR� ORFDO�
SRSXODWLRQV��+DPLGLDQ�HW�DO����������

$V�FRQWDPLQDWLRQ� LQ�JURXQGZDWHU� LV�SDUWLFXODUO\�SUREOHPDWLF�
LQ�DULG�DQG� VHPL�DULG� UHJLRQV��ZKHUH� UHOLDQFH�RQ�JURXQGZDWHU� LV�
KLJK� GXH� WR� OLPLWHG� VXUIDFH� ZDWHU� UHVRXUFHV� �+DPLGLDQ� HW� DO���
������� &RXQWULHV� VXFK� DV� %DQJODGHVK�� ,QGLD�� &KLQD�� $UJHQWLQD��
DQG�SDUWV�RI�WKH�8QLWHG�6WDWHV�KDYH�UHSRUWHG�ZLGHVSUHDG�DUVHQLF�
FRQWDPLQDWLRQ�� DIIHFWLQJ�PLOOLRQV�RI�SHRSOH� �$PLQL�HW�DO��� ������
5RGUtJXH]�/DGR�HW�DO����������,Q�,UDQ��DUVHQLF�FRQWDPLQDWLRQ�KDV�
EHHQ�LGHQWLILHG� LQ�VHYHUDO�SODLQV�� LQFOXGLQJ�$QDU�DQG�5DIVDQMDQ��
UDLVLQJ�FRQFHUQV�DERXW� LWV� SUHVHQFH� LQ�RWKHU�JURXQGZDWHU�EDVLQV�
VXFK� DV� WKH�1RXJ�3ODLQ� �+DPLGLDQ� HW� DO��� �������8QGHUVWDQGLQJ�
WKH� H[WHQW� RI� DUVHQLF� SROOXWLRQ� LQ� JURXQGZDWHU� LV� HVVHQWLDO� IRU�
GHYHORSLQJ� DSSURSULDWH� PLWLJDWLRQ� VWUDWHJLHV� DQG� HQVXULQJ� VDIH�
GULQNLQJ� ZDWHU� IRU� DIIHFWHG� FRPPXQLWLHV� �6LQJKDO� HW� DO��� �������
7KH�JHRFKHPLFDO�EHKDYLRU�RI�$V�LQ�JURXQGZDWHU�LV�LQIOXHQFHG�E\�
VHYHUDO� HQYLURQPHQWDO� IDFWRUV� �-LD� HW� DO��� ������� ,Q� R[LGL]LQJ�
FRQGLWLRQV��DUVHQLF�SULPDULO\�H[LVWV�DV�DUVHQDWH��$Vၫၰ���ZKLFK�KDV�
D� VWURQJ�DIILQLW\� IRU� LURQ� R[LGHV� DQG� FOD\V�� OLPLWLQJ� LWV�PRELOLW\�
�5DKPDQ� HW� DO��� ������� +RZHYHU�� XQGHU� UHGXFLQJ� FRQGLWLRQV��
DUVHQLF� LV� RIWHQ� SUHVHQW� DV� DUVHQLWH� �$Vñၰ��� ZKLFK� LV� PRUH� WR[LF�
DQG�PRUH�PRELOH�LQ�ZDWHU��:DQJ�HW�DO���������

Fig. 1�*OREDO�PDS�RI�$V�FRQWDPLQDWLRQ�LQ�JURXQGZDWHU�
�%*6�������

Fig. 2�$Q�H[DPSOH�RI�$V�FRQWDPLQDWLRQ�LQ�JURXQGZDWHU�
�6KDKLG�HW�DO��������

&KDQJHV�LQ�S+�DQG�UHGR[�SRWHQWLDO��RIWHQ�WULJJHUHG�E\�QDWXUDO�
JHRORJLFDO� SURFHVVHV� RU� KXPDQ� DFWLYLWLHV� VXFK� DV� H[FHVVLYH�
JURXQGZDWHU� SXPSLQJ�� FDQ� OHDG� WR� WKH� UHOHDVH� RI� DUVHQLF� LQWR�
ZDWHU� VRXUFHV� �&DR� HW� DO��� ������� $GGLWLRQDOO\�� FRPSHWLWLYH�
LQWHUDFWLRQV�ZLWK�RWKHU�DQLRQV��VXFK�DV�SKRVSKDWH�DQG�FDUERQDWH��
FDQ� HQKDQFH� DUVHQLF� PRELOLW\�� IXUWKHU� LQFUHDVLQJ� WKH� ULVN� RI�
FRQWDPLQDWLRQ��5DKQDPDUDG�HW�DO���������-KD�	�7ULSDWKL���������

2QH�RI�WKH�FULWLFDO�FKDOOHQJHV�LQ�DGGUHVVLQJ�$V�FRQWDPLQDWLRQ�
LV� WKH� GLIILFXOW\� RI� UHPHGLDWLRQ� �'LOSD]HHU� HW� DO��� �������8QOLNH�
VXUIDFH�ZDWHU��ZKLFK�FDQ�EH�WUHDWHG�UHODWLYHO\�HDVLO\��JURXQGZDWHU�
FRQWDPLQDWLRQ�LV�PRUH�SHUVLVWHQW�EHFDXVH�$V�FDQ�UHPDLQ�WUDSSHG�
LQ�VHGLPHQWV�DQG�DTXLIHUV� IRU�GHFDGHV�RU�HYHQ�FHQWXULHV� �&DR�HW�
DO��� ������� 7UDGLWLRQDO� ZDWHU� WUHDWPHQW� PHWKRGV�� VXFK� DV�
FRDJXODWLRQ�� ILOWUDWLRQ��DQG�DGVRUSWLRQ��DUH�HIIHFWLYH�LQ�UHPRYLQJ�
DUVHQLF� IURP� GULQNLQJ� ZDWHU�� EXW� ODUJH�VFDOH� WUHDWPHQW� V\VWHPV�
FDQ�EH�FRVWO\�DQG�GLIILFXOW�WR�LPSOHPHQW��SDUWLFXODUO\�LQ�UXUDO�DQG�
HFRQRPLFDOO\�GLVDGYDQWDJHG�DUHDV��6KDQNDU�DQG�6KDQNDU���������
7KHUHIRUH�� SUHYHQWLYH� PHDVXUHV� VXFK� DV� FRQWUROOLQJ� ODQG� XVH�
SUDFWLFHV� PRQLWRULQJ JURXQGZDWHU TXDOLW\� DQG SURPRWLQJ�
DOWHUQDWLYH�ZDWHU�VRXUFHV�DUH�HVVHQWLDO� IRU� UHGXFLQJ�$V�H[SRVXUH�
�$]L]SRXU�HW�DO����������$V�FRQWDPLQDWLRQ�QRW�RQO\�DIIHFWV�KXPDQ�
KHDOWK� EXW� DOVR� KDV� VLJQLILFDQW� HQYLURQPHQWDO� DQG� HFRQRPLF�
FRQVHTXHQFHV� �$GHORMX� HW� DO��� ������� ,Q� DJULFXOWXUDO� UHJLRQV��
DUVHQLF�FRQWDPLQDWHG JURXQGZDWHU XVHG IRU LUULJDWLRQ FDQ�
DFFXPXODWH� LQ� FURSV�� OHDGLQJ� WR� IRRG� FKDLQ� FRQWDPLQDWLRQ� DQG�
SRWHQWLDO� KHDOWK� ULVNV� IRU� FRQVXPHUV� �/L� HW� DO��� ������� 7KLV� QRW�
RQO\�DIIHFWV�IRRG�VDIHW\�EXW�DOVR�UHGXFHV�DJULFXOWXUDO�SURGXFWLYLW\�
DQG�PDUNHW�YDOXH��$GGLWLRQDOO\��DUVHQLF�SROOXWLRQ�FDQ�KDYH�ORQJ�
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WHUP� FRQVHTXHQFHV IRU JURXQGZDWHU�GHSHQGHQW HFRV\VWHPV��
DIIHFWLQJ�DTXDWLF�OLIH�DQG�VRLO�TXDOLW\��&KDQGQDQL�HW�DO����������

7R� SUHYHQW IXUWKHU JURXQGZDWHU� FRQWDPLQDWLRQ� VWULFWHU�
UHJXODWLRQV� DQG� VXVWDLQDEOH� ODQG�XVH� SUDFWLFHV�PXVW� EH� HQIRUFHG�
�$GKLNDU\�HW�DO����������,QGXVWULHV�DQG�DJULFXOWXUDO�VHFWRUV�VKRXOG�
DGRSW� HQYLURQPHQWDOO\� IULHQGO\� SUDFWLFHV�� VXFK� DV� UHGXFLQJ� WKH�
XVH RI DUVHQLF�EDVHG SHVWLFLGHV DQG SURSHUO\ PDQDJLQJ�
ZDVWHZDWHU� GLVSRVDO� �7KDNXU� HW� DO��� ������� *RYHUQPHQWV� DQG�
LQWHUQDWLRQDO� RUJDQL]DWLRQV� VKRXOG� DOVR� LQYHVW� LQ� UHVHDUFK� DQG�
WHFKQRORJ\� GHYHORSPHQW� WR� LPSURYH� DUVHQLF� UHPRYDO� PHWKRGV�
DQG� SURYLGH� DIIRUGDEOH� ZDWHU� WUHDWPHQW� VROXWLRQV� IRU� DIIHFWHG�
FRPPXQLWLHV��6KDKLG�HW�DO����������&ROODERUDWLYH�HIIRUWV�EHWZHHQ�
VFLHQWLVWV�� SROLF\PDNHUV�� DQG� ORFDO� VWDNHKROGHUV� DUH� FUXFLDO� LQ�
PLWLJDWLQJ�WKH�LPSDFW�RI�DUVHQLF�SROOXWLRQ�DQG�HQVXULQJ�DFFHVV�WR�
FOHDQ�DQG�VDIH�GULQNLQJ�ZDWHU�IRU�DOO��$GHORMX�HW�DO����������

,Q� WKH� 1RXJ� 3ODLQ�� DV� LQ� RWKHU� DULG� DQG� VHPL�DULG� DUHDV��
DUVHQLF�SUHVHQFH� LV� LQIOXHQFHG�E\�QDWXUDO�JHRORJLFDO� IRUPDWLRQV��
LQFOXGLQJ� 0LRFHQH� UHG� FRQJORPHUDWHV� DQG� JHRWKHUPDO� ZDWHU�
LQWHUDFWLRQV�ZLWK� -XUDVVLF� VKDOHV�� 7KH�PRELOL]DWLRQ� RI� DUVHQLF� LV�
VWURQJO\� DIIHFWHG� E\� JHRFKHPLFDO� IDFWRUV� VXFK� DV� S+�� UHGR[�
FRQGLWLRQV�� DQG� WKH� SUHVHQFH� RI� FRPSHWLQJ� LRQV�� ZKLFK� FDQ�
HQKDQFH� LWV�UHOHDVH� LQWR�JURXQGZDWHU��*LYHQ� WKH�SRWHQWLDO�KHDOWK�
ULVNV� DVVRFLDWHG� ZLWK� DUVHQLF� H[SRVXUH�� LQFOXGLQJ� FDQFHU� DQG�
QHXURORJLFDO�GLVRUGHUV��XQGHUVWDQGLQJ�LWV�GLVWULEXWLRQ�DQG�VRXUFHV�
LQ� JURXQGZDWHU� LV� HVVHQWLDO�� 7KLV� VWXG\� DLPV� WR� DVVHVV� DUVHQLF�
FRQFHQWUDWLRQV� LQ� WKH� UHJLRQ�� LGHQWLI\� WKH� IDFWRUV�FRQWULEXWLQJ� WR�
LWV� SUHVHQFH�� DQG� SURYLGH� LQVLJKWV� LQWR� HIIHFWLYH� JURXQGZDWHU�
PDQDJHPHQW� VWUDWHJLHV� WR� PLWLJDWH� FRQWDPLQDWLRQ� DQG� SURWHFW�
SXEOLF�KHDOWK�

,,,� *(2/2*<�2)�678',('�/2&$7,21�
7KH� 1RXJ� 3ODLQ�� FRYHULQJ� DQ� DUHD� RI� DSSUR[LPDWHO\� ������

NP��� LV� RQH� RI� WKH� VXE�EDVLQV� RI� WKH� .DYLU� 'DUUHK� $QMLU�
ZDWHUVKHG��ZKLFK�LWVHOI�LV�SDUW�RI�WKH�ODUJHU�5DIVDQMDQ�1RXJ�$QDU�
VXE�ZDWHUVKHG��$WDSRXU�	�$IWDEL���������7KH�.DYLU�'DUUHK�$QMLU�
VXE�EDVLQ� LV� FHQWUDOO\� ORFDWHG�ZLWKLQ� WKH�&HQWUDO� ,UDQ�ZDWHUVKHG�
DQG�UDQNV�DV�WKH�VL[WK�ODUJHVW�LQWHUQDO�VXE�EDVLQ�LQ�WKH�FRXQWU\�LQ�
WHUPV� RI� DUHD� �*KDQQDGSRXU� HW� DO��� ������� *HRJUDSKLFDOO\�� WKH�
.DYLU�'DUUHK�$QMLU�VXE�EDVLQ�LV�ERUGHUHG�WR�WKH�QRUWK�E\�WKH�6LDK�
.RRK�.DYLU�VXE�EDVLQ��WR�WKH�ZHVW�E\�WKH�6LUMDQ�.DYLU�VXE�EDVLQ��
WR� WKH�HDVW�E\� WKH�/XW�'HVHUW� VXE�EDVLQ�� DQG� WR� WKH� VRXWK�E\� WKH�
+DPRXQ�DQG�-D]PRXULDQ�VXE�EDVLQV��,W�H[WHQGV�EHWZHHQ�ODWLWXGHV�
�����ƍ� WR������ƍ�1�DQG� ORQJLWXGHV������ƍ� WR������ƍ�(��FRYHULQJ�
DQ�HVWLPDWHG�DUHD�RI��������NP���:LWKLQ�WKLV�VXE�EDVLQ��WKHUH�DUH�
WKUHH�PDMRU�SODLQV��5DIVDQMDQ�1RXJ�$QDU��.HUPDQ��DQG�%DJKDLQ�
�6HGLJKLDQ� HW� DO��� ������� 7KH� 1RXJ� 3ODLQ� IRUPV� D� EDVLQ�OLNH�
GHSUHVVLRQ� UXQQLQJ� SDUDOOHO� WR� WKH� $QDU� 3ODLQ� LQ� D� QRUWKZHVW��
VRXWKHDVW� GLUHFWLRQ�� HQFRPSDVVLQJ� WKH� QRUWKHUQ� VHFWLRQ� RI� WKH�
5DIVDQMDQ�1RXJ�$QDU�VXE�EDVLQ��/RFDWLRQ�RI�WKH�VWXG\�KDV�EHHQ�
LOOXVWUDWHG� LQ� )LJXUH� ���2XW� RI� WKH� WRWDO� ������ NP�� RI� WKH� 1RXJ�
3ODLQ��DSSUR[LPDWHO\�����VTXDUH�NLORPHWHUV�FRQVLVW�RI�PRXQWDLQV�
DQG�IRRWKLOOV��ZKLOH�WKH�UHPDLQLQJ�DUHD�FRPSULVHV�IODW�SODLQV��7KH�
SODLQ� VWUHWFKHV� DSSUR[LPDWHO\� ��� NP� LQ� D� QRUWKZHVW�VRXWKHDVW�
GLUHFWLRQ�� ZLWK� DQ� DYHUDJH� ZLGWK� RI� DERXW� ��� NP� EHWZHHQ� WKH�
VXUURXQGLQJ KLJKODQGV� 7KLV XQLTXH JHRJUDSKLFDO VHWWLQJ�
LQIOXHQFHV� WKH� UHJLRQ¶V� K\GURORJ\�� JURXQGZDWHU� UHFKDUJH�� DQG�
SRWHQWLDO� FRQWDPLQDWLRQ� ULVNV�� PDNLQJ� LW� DQ� LPSRUWDQW� DUHD� IRU�
HQYLURQPHQWDO�DQG�ZDWHU�UHVRXUFH�VWXGLHV�

7KH�1RXJ�3ODLQ� LV� ORFDWHG� WR� WKH�QRUWKZHVW�RI� WKH�5DIVDQMDQ�
3ODLQ��7KH� DYHUDJH� HOHYDWLRQ� RI� WKH� SODLQ� LV� ������P�DERYH� VHD�
OHYHO�� ZLWK� D� WRSRJUDSKLFDO� VORSH� RI� ����� RQ� WKH� QRUWKHUQ� VLGH�
DQG������RQ�WKH�VRXWKHUQ�VLGH��7KH�DUHD�RI�HYDSRUDWLYH� UHJLRQV�
ZLWKLQ�WKH�SODLQ�LV����NP���ZKLOH�WKH�VDQG�GXQHV�FRYHU�DQ�DUHD�RI�
���� VTXDUH� NLORPHWHUV�� 7KH� DYHUDJH� WKLFNQHVV� RI� WKH� DOOXYLDO�
GHSRVLWV� LQ� WKH� SODLQ� LV� DSSUR[LPDWHO\� ��� P� �%DU]HJDU�� �������
7KH� QRUWKHUQ� ERXQGDU\� RI� WKH� 1RXJ� 3ODLQ� LV� PDUNHG� E\� WKH�
QRUWKHUQ� PRXQWDLQ� UDQJH�� NQRZQ� DV� WKH� 'DYDUDQ� 0RXQWDLQV��
ZKLFK� H[WHQG� IURP� WKH� QRUWKZHVW� RI� WKH� SODLQ� WR� WKH� %DGDPX�
0RXQWDLQV�� ORFDWHG� QRUWK� RI� %DJKDLQ�� LQ� D� QRUWKZHVW�VRXWKHDVW�
GLUHFWLRQ�� 7KHVH� PRXQWDLQV� DUH� FKDUDFWHUL]HG� E\� VLJQLILFDQW�
WRSRJUDSKLFDO�UHOLHI��6KDKDESRXU���������7R�WKH�VRXWK�� WKH�SODLQ�
LV� ERUGHUHG� E\� LQGLYLGXDO� KLOOV� DQG� LVRODWHG� PRXQWDLQ� UDQJHV��
1RWDEO\�� WKH� %DGEDNKW� .XK� 0RXQWDLQV�� SDUW� RI� WKH� &HQWUDO�
,UDQLDQ�3ODWHDX�� IRUP�WKH�ERXQGDU\�EHWZHHQ�WKH�1RXJ�3ODLQ�DQG�
WKH�$QDU�3ODLQ��H[WHQGLQJ�LQ�D�QRUWKZHVW�VRXWKHDVW�GLUHFWLRQ��7KH�
%DGEDNKW� .XK� 0RXQWDLQV� DUH� KHDYLO\� HURGHG� DQG� IUDJPHQWHG��
ZLWK� QXPHURXV� SDVVHV� DQG� FRUULGRUV� EHWZHHQ� WKH� LVRODWHG� KLOOV�
DQG�HURGHG�SHDNV��%DU]HJDU���������7KHVH�QDWXUDO�IHDWXUHV�VHUYH�
DV�LPSRUWDQW�FRPPXQLFDWLRQ�URXWHV��DQG�VRPH�RI�WKHP�KRVW�PDLQ�
WUDQVSRUWDWLRQ� OLQHV� LQFOXGLQJ WKH VWUDWHJLF UDLOZD\� URXWH�
FRQQHFWLQJ�%DIT�WR�%DQGDU�$EEDV��0RKDPPDGL��������

Fig. 3�/RFDWLRQ�RI�VWXGLHG�DUHD
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7KH� 1RXJ� 3ODLQ� LV� ORFDWHG� EHWZHHQ� WKH� %DGEDNKW� .XK� DQG�
'DYDUDQ�PRXQWDLQ� UDQJHV�� DQG� LW� LV�SDUW�RI� WKH�5DIVDQMDQ�3ODLQ��
7KH�HDVWHUQ�PRXQWDLQV�RI�WKH�SODLQ�EHORQJ�WR�WKH�&HQWUDO�,UDQLDQ�
3ODWHDX��FRQVLVWLQJ�RI�VHGLPHQWDU\�URFNV�IURP�WKH�3URWHUR]RLF�WR�
1HRJHQH SHULRGV� �%DU]HJDU� ������ ,Q WKH ZHVWHUQ SDUW��
&UHWDFHRXV� IO\VFK� IRUPDWLRQV� DUH� SUHVHQW�� FRQWULEXWLQJ� WR� WKH�
%DGEDNKW�.XK�UDQJH��7KH�VXUIDFH�RI� WKH�1RXJ�3ODLQ� LV� FRYHUHG�
E\� SUHVHQW�GD\� VHGLPHQWV� DQG� 4XDWHUQDU\� DOOXYLDO� GHSRVLWV�
�$JKDQDEDWL���������7KH�%DGEDNKW�.XK�UDQJH�H[KLELWV�D�YDULHW\�
RI� JHRORJLFDO� IRUPDWLRQV�� LQFOXGLQJ� 0HVR]RLF� IO\VFK�� ZKLFK�
FRQVLVWV� RI� PHWDPRUSKRVHG� VKDOH�� FDOFLILHG� SHEEOHV�� DQG� PDUO�
�1RZMDYDQ� ������ 7KH UHJLRQ DOVR FRQWDLQV &UHWDFHRXV�
FRQJORPHUDWHV�FRPSRVHG�SULPDULO\�RI� OLPHVWRQH�SHEEOHV��ZKLFK�
DUH� GLVFRQIRUPDEO\� RYHUODLG� RQ� WKH� &UHWDFHRXV� IO\VFK� �:DONHU��
�������&HQR]RLF�YROFDQLF�URFNV��VXFK�DV�DQGHVLWH��EDVDOWLF�ODYDV��
DQG� UK\RGDFLWHV�� DUH� IRXQG� LQ� WKH� DUHD�� ZLWK� HYLGHQFH� RI�
K\GURWKHUPDO� DOWHUDWLRQ� �$OL]DGHK� 	� $ULDQ�� ������� ,Q� WKH�
'DYDUDQ�0RXQWDLQV�� 3URWHUR]RLF� URFN� XQLWV�� VXFK� DV� WKH�0RUDG�
DQG� 5L]R� VHULHV�� DUH� SUHVHQW� EXW� OLPLWHG� LQ� GLVWULEXWLRQ�� 7KHVH�
LQFOXGH� YROFDQLF� URFNV�� TXDUW]LWH�� VDQGVWRQH�� DQG� GRORPLWH��
3DOHR]RLF�XQLWV�DUH�PRUH�ZLGHVSUHDG� LQ� WKH�QRUWKHUQ�SDUW�RI� WKH�
UHJLRQ�� LQFOXGLQJ� IRUPDWLRQV� OLNH� WKH� 6XOWDQL\HK� OLPHVWRQH� DQG�
J\SVXP�FRQWDLQLQJ� VHGLPHQWDU\� XQLWV� �%DU]HJDU�� ������� 7KH�
'DYDUDQ� 0RXQWDLQV� DOVR� IHDWXUH� YROFDQLF� URFNV� DQG� QXPHURXV�
IDXOW�UHODWHG�IRUPDWLRQV��$JKDQDEDWL���������7KH�0HVR]RLF�XQLWV�
LQ WKH UHJLRQ DUH GLYHUVH� ZLWK -XUDVVLF VKDOH�VDQGVWRQH

IRUPDWLRQV� GRPLQDWLQJ� WKH�'DYDUDQ�0RXQWDLQV�� &UHWDFHRXV� DQG�
7ULDVVLF� VHGLPHQWV� DUH� OHVV� FRPPRQ� EXW� IRXQG� LQ� VPDOOHU�
RXWFURSV�� 7KHVH�0HVR]RLF� IRUPDWLRQV�� LQFOXGLQJ� WKH� 5HG� 6KDOH�
DQG� 6KDWUL� IRUPDWLRQV�� DUH� VLJQLILFDQW� IRU� XQGHUVWDQGLQJ� WKH�
UHJLRQ
V� JHRORJLFDO� KLVWRU\�� DV� WKH\� HQFRPSDVV� D� YDULHW\� RI�
OLWKRORJLHV�� IURP� OLPHVWRQHV� DQG� VKDOHV� WR� YROFDQLF� URFNV�
�%DU]HJDU��������$PLULKDQ]D�HW�DO����������

7KH�VHGLPHQWV�RI�VLWH�FRQVLVW�RI�FRDUVH�DOOXYLDO�GHSRVLWV�DORQJ�
WKH�PRXQWDLQ�VORSHV�DQG�ILQH�JUDLQHG�VHGLPHQWV��FOD\�DQG�VDOW��LQ�
WKH�FHQWUDO�SODLQ� �1RRUL]DGHK�HW�DO����������7KHVH�GHSRVLWV�KDYH�
RULJLQDWHG� IURP� WKH� HURVLRQ� RI� &UHWDFHRXV� IO\VFK� IRUPDWLRQV�
�%DGEDNKW .XK� DQG %LGX 0RXQWDLQV� DQG SUHGRPLQDQWO\�
VHGLPHQWDU\�3DOHR]RLF�DQG�0HVR]RLF� IRUPDWLRQV�RI� WKH�'DYDUDQ�
0RXQWDLQV� �$JKDQDEDWL�� �������7KHVH� VHGLPHQWV�� LQIOXHQFHG� E\�
SK\VLFDO� DQG� FKHPLFDO� HURVLRQ� SURFHVVHV�� KDYH� EHHQ� JUDGXDOO\�
WUDQVSRUWHG� E\� DJHQWV� OLNH� ZDWHU� DQG� ZLQG� WR� WKH� PRXQWDLQ�
PDUJLQV� DQG� FHQWUDO� UHJLRQV� RI� WKH� SODLQ� �%DU]HJDU�� ������� 7KH�
VHGLPHQWV� DORQJ� WKH�PRXQWDLQ�PDUJLQV� DUH� FRDUVHU� DQG� DQJXODU��
ZKLOH� WKH\�EHFRPH� ILQHU� DQG� URXQGHU� WRZDUGV� WKH� FHQWUDO� SODLQ��
7KH� SUHVHQFH� RI� FUHVFHQW�VKDSHG� DQG� ORQJLWXGLQDO� VDQG� GXQHV�
LQGLFDWHV� WKH� DHROLDQ� VHGLPHQWV� RI� WKLV� SHULRG�� 2EVHUYHG� XQLWV�
IURP� WKLV� HUD� LQFOXGH�� SLHGPRQWV� DQG� DOOXYLDO� IDQV� IURP� WKH�
3OLRFHQH�3OHLVWRFHQH��KLJK�WHUUDFHV��JUDYHO�FRQHV��ORZ�SLHGPRQWV��
\RXQJ�DOOXYLDO� IDQV��FOD\�DQG�VDOW� IODWV�� IORRGSODLQ�DOOXYLXP��DQG�
VDQG�GXQHV�DQG�SODLQV��$JKDQDEDWL���������)LJXUH���SURYLGHV�WKH�
JHRORJLFDO�PDS�RI�WKH�VWXGLHG�DUHD�

Fig. 4�*HRORJLFDO�PDS�IRU�VWXGLHG�UHJLRQ��*HRORJLFDO�6XUYH\�RI�,UDQ�������
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,Q� WKH� FHQWUDO� DUHDV� RI� WKH� 1RJK� 3ODLQ�� SDUWLFXODUO\� LQ� WKH�
SOD\DV�� ILQH�JUDLQHG� VLOWV� DQG� FOD\V� DFFXPXODWH�� OHDGLQJ� WR� WKH�
IRUPDWLRQ�RI�VDOLQH�VRLOV��SDUWLFXODUO\�GXH� WR� LQWHQVH�HYDSRUDWLRQ�
�%HFNHWW���������7KHVH�VRLO�W\SHV�LQ� WKH�UHJLRQ�SULPDULO\�FRQVLVW�
RI� D� PL[WXUH� RI� $ULGLVROV� DQG� $QWLVROV�� ZLWK� WKH� QRUWKHUQ� DQG�
VRXWKHUQ� ERXQGDULHV� RI� WKH� SODLQ� FRQWDLQLQJ� $ULGLVROV� HQULFKHG�
ZLWK� FDOFLXP� FDUERQDWH�� 7KH� QRUWKZHVWHUQ� SDUW� RI� WKH� SODLQ� LV�
GRPLQDWHG�E\�$ULGLVROV�ULFK�LQ�J\SVXP�DQG�VDOWV��0HDQZKLOH��LQ�
WKH� PRXQWDLQRXV� UHJLRQV�� VRLOV� DUH� SUHGRPLQDQWO\� URFN\�� ZKLOH�
WKH�VRXWKHDVWHUQ�SDUW�IHDWXUHV�VDQG�GXQHV��'XQH�/DQGV��%DU]HJDU��
�������7KH�VRLO�VWUXFWXUH�DQG�FRPSRVLWLRQ�YDU\�DFURVV�WKH�SODLQ��
ZLWK�WKH�FHQWUDO�DUHD�EHLQJ�FKDUDFWHUL]HG�E\�VRLOV�W\SLFDO�RI�FROG��
GU\�GHVHUW� FOLPDWHV��7KHVH� VRLOV� KDYH� ORZ�WR�PRGHUDWH�SRWHQWLDO�
IRU� LUULJDWHG� DJULFXOWXUH� DQG� DUH� SULPDULO\� PDGH� XS� RI� FRDUVH�
DOOXYLDO�GHSRVLWV�DQG�ULYHU�VHGLPHQWV��ZKLFK�UHPDLQ�GU\�IRU�PRVW�
RI�WKH�\HDU��$JKDQDEDWL���������7KH�PDLQ�VRLO�IDPLO\�LQ�WKLV�DUHD�
LV�7RUUL�)OXHYHQWV��XQGHU�WKH�)OXYHQWV�VXEJURXS�RI�$QWLVROV��ZLWK�
ZHDNO\�GHYHORSHG�SURILOHV�DQG�D�FRPELQDWLRQ�RI�ORDP\�DQG�FOD\�
WH[WXUHV� �$OL]DGHK� 	� $ULDQ�� ������� $GGLWLRQDOO\�� WKHUH� DUH�
VHFRQGDU\� VRLO� IDPLOLHV� VXFK� DV� +DSORVDOLGV� DQG� 7RUULRUWKHQWV�
�1RZMDYDQ���������+DSORVDOLGV�EHORQJ�WR�WKH�6DOLGV�VXEJURXS�RI�
$ULGLVROV� DQG� DUH� PRUH� GHYHORSHG�� FRQWDLQLQJ� VDOW\� KRUL]RQV��
ZKLOH� 7RUULRUWKHQWV� DUH� OHVV� GHYHORSHG�� VKRZLQJ� VLJQV� RI� ZHDN�
KRUL]RQ� GHYHORSPHQW� DQG� PRUH� ORDP\� RU� FOD\H\� WH[WXUHV�
�1RRUL]DGHK�HW�DO����������7KH�QRUWKHUQ�DQG�VRXWKHUQ�HGJHV�RI�WKH�
SODLQ� FRQWDLQ� &DOVLJ\SVLG� VRLOV� IURP� WKH� *\SVLG� VXEJURXS� RI�
$ULGLVROV�� ZKLFK� DUH� DGDSWHG� WR� WKH� GU\� FOLPDWH� DQG� FRQWDLQ�
DOPRVW�]HUR�RUJDQLF�PDWWHU��$WDSRXU�	�$IWDEL���������7KHVH�VRLOV�
DOVR� IHDWXUH� J\SVXP� KRUL]RQV�� ZLWK� FRDUVH� WR� PHGLXP� WH[WXUH��
7KH� 7RUULRUWKHQWV� IDPLO\� LV� DOVR� SUHVHQW� KHUH�� ZLWK� ZHDNO\�
GHYHORSHG�$�KRUL]RQV��,Q� WKH� IDU�QRUWKZHVWHUQ�SDUW�RI�WKH�SODLQ��
VRLOV� DUH� FKDUDFWHUL]HG� E\� WKH� SUHVHQFH� RI� J\SVXP� DQG� VDOWV��
EHORQJLQJ�WR�WKH�+DSORVDOLGV�IDPLO\�XQGHU�WKH�6DOLGV�VXEJURXS�RI�
$ULGLVROV�� 7KHVH� VRLOV� DUH� HQULFKHG� ZLWK� J\SVXP� DQG� VDOW\�
KRUL]RQV��ZLWK�7RUULIOXYHQWV� IRXQG� XQGHU� WKH�)OXYHQWV� VXEJURXS�
RI�$QWLVROV��$JKDQDEDWL���������

)LJXUH� �� SURYLGHV� WKH� VRLO� W\SH� DQG� ODQG�FRYHU� PDS� RI� WKH�
VWXGLHG�DUHD��6RLO�SOD\V�D�FUXFLDO�UROH�LQ�WKH�WUDQVPLVVLRQ�RI�KHDY\�
PHWDOV� DQG� FRQWDPLQDWLRQ� RI� ERWK� WKH� VRLO� DQG� JURXQGZDWHU�
�$JKDPRODLH�HW�DO����������,Q�DULG�DQG�VHPL�DULG�UHJLRQV�OLNH�WKH�
1RJK�3ODLQ��KHDY\�PHWDOV�IURP�LQGXVWULDO�DFWLYLWLHV��PLQLQJ��DQG�
DJULFXOWXUDO�SUDFWLFHV�RIWHQ�DFFXPXODWH�LQ�WKH�VRLO��7KHVH�PHWDOV��
VXFK� DV� DUVHQLF�� OHDG�� DQG� FDGPLXP�� FDQ� EHFRPH� ERXQG� WR� VRLO�
SDUWLFOHV��DQG�WKHLU�PRELOLW\�GHSHQGV�RQ�IDFWRUV�OLNH�VRLO� WH[WXUH��
S+�� DQG� RUJDQLF� PDWWHU� FRQWHQW� �6DQMDUL� 	� $GKDPL� �������
&RDUVH�JUDLQHG� VRLOV� ZLWK� ORZ� RUJDQLF� PDWWHU�� DV� VHHQ� LQ� WKH�
FHQWUDO�SDUW�RI� WKH�1RJK�3ODLQ��KDYH� OHVV�DELOLW\� WR� UHWDLQ�KHDY\�
PHWDOV��2YHU� WLPH�� WKHVH�PHWDOV�FDQ� OHDFK� LQWR� WKH�JURXQGZDWHU��
FRQWDPLQDWLQJ�ORFDO�ZDWHU�VRXUFHV�DQG�SRVLQJ�VLJQLILFDQW�ULVNV�WR�
SXEOLF KHDOWK DQG WKH HQYLURQPHQW� :KHQ VRLO EHFRPHV�
FRQWDPLQDWHG� ZLWK� KHDY\� PHWDOV�� LW� QRW� RQO\� DIIHFWV� WKH� VRLO
V�
KHDOWK�EXW�DOVR�FRPSURPLVHV�LWV�DELOLW\�WR�VXSSRUW�DJULFXOWXUH�DQG�
QDWXUDO�YHJHWDWLRQ��$IUD�HW�DO����������7KH�FRQWDPLQDWLRQ�RI�VRLO�
DQG� JURXQGZDWHU� E\� KHDY\� PHWDOV� LV� D� JURZLQJ� HQYLURQPHQWDO�
FRQFHUQ��,Q�UHJLRQV�ZLWK�VDQG\�DQG�VDOLQH�VRLOV��VXFK�DV�WKH�1RJK�
3ODLQ�� WKHUH� LV� D� ULVN� RI� KHDY\� PHWDOV� OHDFKLQJ� LQWR� WKH�
JURXQGZDWHU� GXH� WR� WKH� ODFN� RI� DGHTXDWH� ILOWUDWLRQ�� 7KH� ILQH��
JUDLQHG�VRLOV�LQ�SOD\DV�DUH�SDUWLFXODUO\�SURQH�WR�WKLV�LVVXH�EHFDXVH�
WKH\� FDQQRW� HIIHFWLYHO\� WUDS� WKHVH� SROOXWDQWV�� )XUWKHUPRUH�� WKH

LQWHQVH� HYDSRUDWLRQ� SURFHVV� LQ� WKHVH� DUHDV� FRQWULEXWHV� WR� WKH�
FRQFHQWUDWLRQ� RI� FRQWDPLQDQWV� OLNH� VDOWV� DQG� PHWDOV� LQ� WKH� VRLO��
IXUWKHU� H[DFHUEDWLQJ� WKH� FRQWDPLQDWLRQ� RI� ERWK� WKH� VRLO� DQG� WKH�
JURXQGZDWHU��7KLV�FRQWDPLQDWLRQ�QRW�RQO\�GLVUXSWV�WKH�HFRORJLFDO�
EDODQFH� EXW� DOVR� SRVHV� D� VHULRXV� WKUHDW� WR� ORFDO� FRPPXQLWLHV��
DIIHFWLQJ� ZDWHU� TXDOLW\� DQG� PDNLQJ� LW� XQVDIH� IRU� GULQNLQJ��
LUULJDWLRQ��DQG�RWKHU�HVVHQWLDO�XVHV��

)LJXUH� �� LOOXVWUDWHV� WZR� NH\� JURXQGZDWHU�PDSV� RI� WKH� VWXG\�
DUHD�� �D�� WKH� JURXQGZDWHU� LVRGHSWK� FRQWRXU� PDS� DQG� �E�� WKH�
JURXQGZDWHU� OHYHO� FRQWRXU� PDS�� 7KH� JURXQGZDWHU� GHSWK� PDS�
�)LJXUH� �D�� LV� EDVHG� RQ� GDWD� FROOHFWHG� IURP� ��� REVHUYDWLRQDO�
ZHOOV� DQG� UHSUHVHQWV� PHDVXUHPHQWV� WDNHQ� LQ� 6HSWHPEHU� ������
7KH�PDS�LQGLFDWHV�WKDW�JURXQGZDWHU�GHSWK�H[FHHGV����P�QHDU�WKH�
QRUWKHUQ�KLJKODQGV��ZLWK�WKH�PD[LPXP�REVHUYHG�GHSWK�UHFRUGHG�
DW�������P�LQ�DQ�REVHUYDWLRQ�ZHOO�HDVW�RI�3DQM�4DUL\HK�GULQNLQJ�
ZDWHU�ZHOO��7KH�VKDOORZHVW�JURXQGZDWHU�GHSWK�LV�REVHUYHG�DW����
PHWHUV� LQ� D� PRQLWRULQJ� ZHOO� ORFDWHG� QRUWK� RI� 0HKUDEDG�� 7KH�
JURXQGZDWHU� OHYHO� FRQWRXU� PDS� �)LJXUH� �D�� ZDV� FUHDWHG� XVLQJ�
DEVROXWH� HOHYDWLRQV� RI� REVHUYDWLRQ� ZHOOV� DQG� JURXQGZDWHU� OHYHO�
PHDVXUHPHQWV� IURP�6HSWHPEHU� ������$V� VKRZQ� LQ�)LJXUH� ��E���
WKH�JHQHUDO�JURXQGZDWHU�IORZ�GLUHFWLRQ�LQ�WKH�1RJK�3ODLQ�LV�IURP�
WKH�VRXWKHDVW�WR�WKH�QRUWKZHVW��$GGLWLRQDOO\��LQ�ERWK�WKH�QRUWKHUQ�
DQG� VRXWKHUQ� IRRWKLOOV� RI� WKH� SODLQ�� JURXQGZDWHU� PRYHPHQW� LV�
GLUHFWHG� WRZDUG� WKH� FHQWUDO� D[LV� RI� WKH� EDVLQ�� 7KLV� SDWWHUQ�
VXJJHVWV� D� QDWXUDO� JURXQGZDWHU� UHFKDUJH� DQG� GLVFKDUJH� V\VWHP�
LQIOXHQFHG�E\�WRSRJUDSK\�DQG�JHRORJLFDO�IRUPDWLRQV�LQ�WKH�DUHD��
7KH�JURXQGZDWHU� IORZ�SDWWHUQ� LQ� WKH�1RJK�3ODLQ�SOD\V�D�FUXFLDO�
UROH� LQ� WKH� WUDQVSRUW� DQG� GLVWULEXWLRQ� RI� FRQWDPLQDQWV� VXFK� DV�
DUVHQLF�� $V� JURXQGZDWHU� PRYHV� IURP� WKH� VRXWKHDVW� WR� WKH�
QRUWKZHVW��LW�FDQ�FDUU\�GLVVROYHG�DUVHQLF�IURP�QDWXUDO�JHRORJLFDO�
VRXUFHV RU DQWKURSRJHQLF DFWLYLWLHV� OHDGLQJ WR SRWHQWLDO�
FRQWDPLQDWLRQ LQ GRZQVWUHDP DUHDV� 7KH YDULDWLRQ LQ�
JURXQGZDWHU� GHSWK�� SDUWLFXODUO\� WKH� VKDOORZHU� GHSWKV� LQ� WKH�
FHQWUDO� DQG� QRUWKHUQ� UHJLRQV�� LQFUHDVHV� WKH� ULVN� RI� DUVHQLF�
DFFXPXODWLRQ�LQ�ZDWHU�VXSSOLHV��DV�SURORQJHG�LQWHUDFWLRQ�EHWZHHQ�
ZDWHU�DQG�DUVHQLF�EHDULQJ�PLQHUDOV�FDQ�HQKDQFH�GLVVROXWLRQ�

Fig. 5�6RLO�W\SH�DQG�ODQG�FRYHU�PDS�RI�VWXGLHG�UHJLRQ
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Fig. 6�*URXQGZDWHU�FRQWRXU�PDSV���D��,VRGHSWKV���E��OHYHOV�
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$� V\VWHPDWLF� PHWKRGRORJ\� ZDV� GHVLJQHG� WR� HYDOXDWH� WKH�
JURXQGZDWHU� TXDOLW\� LQ� WKH� VWXG\� DUHD�� IRFXVLQJ� RQ� WKH�
FRQFHQWUDWLRQV� RI� PDMRU� FDWLRQV�� DQLRQV�� DQG� VHOHFWHG� WR[LF�
HOHPHQWV� VXFK� DV� PHWDOORLGV� DQG� KHDY\� PHWDOV�� 7R� HQVXUH�
DFFXUDF\� DQG� UHOLDELOLW\�� D� VWUXFWXUHG� DSSURDFK� ZDV� IROORZHG��
LQFOXGLQJ SUHFLVH VDPSOH FROOHFWLRQ �)LJXUH ��� RQ�VLWH�
PHDVXUHPHQWV��ODERUDWRU\�DQDO\VLV��DQG�GDWD�LQWHUSUHWDWLRQ��*LYHQ�
WKH�NH\�UROH�RI�JURXQGZDWHU�LQ�ERWK�HQYLURQPHQWDO�VXVWDLQDELOLW\�
DQG� KXPDQ� KHDOWK�� DOO� SURFHGXUHV� ZHUH� FDUHIXOO\� H[HFXWHG� LQ�
DFFRUGDQFH� ZLWK� HVWDEOLVKHG� VFLHQWLILF� SURWRFROV�� 7R� REWDLQ�
UHSUHVHQWDWLYH� VDPSOHV� LQ� WKLV� VWXG\�� D� WRWDO� RI� ��� JURXQGZDWHU�
ZHOOV� ZHUH� VHOHFWHG� DFURVV� WKH� VWXG\� DUHD�� FRQVLGHULQJ� IDFWRUV�
VXFK�DV�GLVWULEXWLRQ��GHSWK��SRWHQWLDO�FRQWDPLQDWLRQ�VRXUFHV��DQG�
K\GURJHRORJLFDO� FKDUDFWHULVWLFV�� 6DPSOLQJ� ZDV� FRQGXFWHG� RYHU�
WZR�FRQVHFXWLYH�GD\V�LQ�HDUO\�-XO\������WR�PDLQWDLQ�FRQVLVWHQF\�
LQ�HQYLURQPHQWDO�FRQGLWLRQV��:DWHU�VDPSOHV�ZHUH�FROOHFWHG�XVLQJ�
��OLWHU� SRO\HWK\OHQH� ERWWOHV�� ZKLFK� ZHUH� SUH�FOHDQHG� WKURXJK�
DFLG�ZDVKLQJ� DQG� ULQVHG� ZLWK� GHLRQL]HG� ZDWHU� WR� SUHYHQW�
FRQWDPLQDWLRQ��%HIRUH�VDPSOH�FROOHFWLRQ��HDFK�ERWWOH�ZDV� ULQVHG�
WKUHH� WLPHV� ZLWK� WKH� VDPSOHG� ZDWHU� WR� HOLPLQDWH� DQ\� UHVLGXDO�
LPSXULWLHV� 'LIIHUHQW SUHVHUYDWLRQ PHWKRGV ZHUH DSSOLHG�
GHSHQGLQJ� RQ� WKH� W\SH� RI� DQDO\VLV�� )RU� KHDY\� PHWDO� DQDO\VLV�

FRQFHQWUDWHG� QLWULF� DFLG� �+12ၸ�� ZDV� DGGHG� WR� ORZHU� WKH� S+�
EHORZ� ��� SUHYHQWLQJ� SUHFLSLWDWLRQ�� PLFURELDO� DFWLYLW\�� DQG�
DGVRUSWLRQ� RQWR� FRQWDLQHU� ZDOOV�� 6DPSOHV� IRU� PDMRU� FDWLRQ� DQG�
DQLRQ� DQDO\VLV� ZHUH� VWRUHG� DW� ��&� WR� PDLQWDLQ� WKHLU� FKHPLFDO�
VWDELOLW\�XQWLO�ODERUDWRU\�WHVWLQJ��,Q�DGGLWLRQ�WR�VDPSOH�FROOHFWLRQ��
NH\�SK\VLFRFKHPLFDO�SDUDPHWHUV�ZHUH�PHDVXUHG�GLUHFWO\�DW�HDFK�
ZHOO� ORFDWLRQ� WR� SURYLGH� DQ� LQLWLDO� DVVHVVPHQW� RI� ZDWHU� TXDOLW\��
7KHVH�PHDVXUHPHQWV�LQFOXGHG�

� 7HPSHUDWXUH ��&� GHWHUPLQHG XVLQJ D GLJLWDO�
WKHUPRPHWHU��

� S+�PHDVXUHG�ZLWK�D�FDOLEUDWHG�S+�PHWHU��
� (OHFWULFDO� &RQGXFWLYLW\� �(&�� �6�FP�� DVVHVVHG� ZLWK� D�

FRQGXFWLYLW\�PHWHU��
� *HRJUDSKLFDO�&RRUGLQDWHV� UHFRUGHG� XVLQJ� D�*36�GHYLFH�

WR�SUHFLVHO\�PDS�WKH�VDPSOLQJ�SRLQWV�
7KHVH�ILHOG�PHDVXUHPHQWV�KHOSHG�LQ�XQGHUVWDQGLQJ�WKH�LQLWLDO�

K\GURFKHPLFDO� FRQGLWLRQV� RI� WKH� JURXQGZDWHU� DQG� SURYLGHG�
HVVHQWLDO� GDWD� IRU� ODWHU� ODERUDWRU\� DQDO\VLV�� $IWHU� FROOHFWLRQ�� WKH�
ZDWHU VDPSOHV ZHUH FDUHIXOO\ WUDQVSRUWHG WR VSHFLDOL]HG�
ODERUDWRULHV�IRU�FKHPLFDO�DQDO\VLV��7KH�DQDO\VLV�RI�PDMRU�FDWLRQV��
DQLRQV�� DQG� QLWUDWH� ZDV� FRQGXFWHG� DW� WKH� 5XUDO� :DWHU� DQG�
:DVWHZDWHU�&RPSDQ\��ZKLOH� WKH�GHWHFWLRQ�RI�KHDY\�PHWDOV�ZDV�
FDUULHG�RXW�DW�=DU�$]PD�/DERUDWRU\�LQ�7HKUDQ��HQVXULQJ�SUHFLVH�
UHVXOWV��7KH�IROORZLQJ�DQDO\WLFDO�WHFKQLTXHV�ZHUH�HPSOR\HG�

� ,QGXFWLYHO\� &RXSOHG� 3ODVPD� 0DVV� 6SHFWURPHWU\� �,&3��
06��IRU�GHWHFWLQJ�KHDY\�PHWDOV��

� )ODPH� $WRPLF� $EVRUSWLRQ� 6SHFWURPHWU\� �)$$6�� IRU�
PHDVXULQJ�VRGLXP��1D��DQG�SRWDVVLXP��.���

� 9LVLEOH 6SHFWURSKRWRPHWU\ IRU GHWHUPLQLQJ QLWUDWH�
�12ၸၱ��DQG�VXOIDWH��62ၹðၱ��FRQFHQWUDWLRQV��

� 7LWUDWLRQ� 0HWKRGV� IRU� DQDO\]LQJ� FKORULGH� �&Oၱ��� WRWDO�
KDUGQHVV��FDOFLXP��&Dðၰ���DQG�ELFDUERQDWH��+&2ၸၱ���

� 'LJLWDO� ,QVWUXPHQWV� IRU� PHDVXULQJ� S+� DQG� HOHFWULFDO�
FRQGXFWLYLW\��(&��

(DFK DQDO\VLV ZDV SHUIRUPHG IROORZLQJ VWDQGDUGL]HG�
LQWHUQDWLRQDO�SURWRFROV��HQVXULQJ�FRQVLVWHQF\�DQG�DFFXUDF\�LQ�WKH�
UHVXOWV�� 7R� PDLQWDLQ� KLJK� DFFXUDF\�� VWULFW� TXDOLW\� FRQWURO� �4&��
DQG TXDOLW\� DVVXUDQFH �4$� PHDVXUHV ZHUH LPSOHPHQWHG�
WKURXJKRXW� WKH� DQDO\WLFDO� SURFHVV�� ,QVWUXPHQW� FDOLEUDWLRQ� ZDV�
SHUIRUPHG�EHIRUH�HDFK�DQDO\VLV��DQG�VWDQGDUG�VROXWLRQV�ZHUH�XVHG�
WR� YHULI\� PHDVXUHPHQW� DFFXUDF\�� 'XSOLFDWH� VDPSOHV� DQG� EODQN�
WHVWV ZHUH� LQFOXGHG� WR GHWHFW� SRWHQWLDO� FRQWDPLQDWLRQ� RU�
V\VWHPDWLF�HUURUV��$GGLWLRQDOO\��WKH�LRQLF�EDODQFH�ZDV�FDOFXODWHG�
WR�HQVXUH�FRQVLVWHQF\�EHWZHHQ�WKH�PHDVXUHG�FDWLRQV�DQG�DQLRQV��
IXUWKHU� YDOLGDWLQJ� WKH� GDWD�� 7R� DQDO\]H� JURXQGZDWHU�PRYHPHQW��
FRQWRXU�PDSV�RI�ZDWHU� WDEOH�GHSWK�DQG�JURXQGZDWHU� OHYHOV�ZHUH�
FUHDWHG��)LJXUH��D�SUHVHQWV�WKH�JURXQGZDWHU�GHSWK�PDS��EDVHG�RQ�
REVHUYDWLRQV� IURP����PRQLWRULQJ� ZHOOV�� FROOHFWHG� LQ� 6HSWHPEHU�
������7KH� UHVXOWV� LQGLFDWH� WKDW� JURXQGZDWHU� GHSWKV� H[FHHG� ����
PHWHUV� QHDU� WKH� QRUWKHUQ� KLJKODQGV�� ZLWK� WKH� GHHSHVW� UHFRUGHG�
OHYHO�DW�������P�LQ�D�ZHOO�HDVW�RI�3DQM�4DU\HK��&RQYHUVHO\�� WKH�
VKDOORZHVW�GHSWK�ZDV�UHFRUGHG�DW���P�LQ�D�ZHOO�ORFDWHG�QRUWK�RI�
0HKUDEDG� $GGLWLRQDOO\� WKH JURXQGZDWHU OHYHO PDS ZDV�
GHYHORSHG� XVLQJ� GDWD� IURP� 6HSWHPEHU� ������ LQFRUSRUDWLQJ�
DEVROXWH� ZHOO� HOHYDWLRQV� DQG� PHDVXUHG� ZDWHU� OHYHOV�� $V� ZDWHU�
PRYHV� IURP� WKH� VRXWKHDVWHUQ� SDUW� RI� WKH� SODLQ� WRZDUG� WKH�
QRUWKZHVW��LW�KDV�WKH�SRWHQWLDO�WR�FDUU\�GLVVROYHG�DUVHQLF�DQG�RWKHU�
FRQWDPLQDQWV� IURP� XSVWUHDP� VRXUFHV� WRZDUG� SRSXODWHG� DQG�
DJULFXOWXUDO�DUHDV�GRZQVWUHDP�
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Fig. 7�6DPSOLQJ�ORFDWLRQV�LQ�VWXGLHG�UHJLRQ
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$V� LV� D� SULPDU\� HOHPHQW� LQ� RYHU� ���� PLQHUDOV�� LQFOXGLQJ�
HOHPHQWDO� $V�� DUVHQLGHV�� R[LGHV�� DUVHQDWHV�� DQG� DUVHQLGHV��
$OWKRXJK� WKHVH� PLQHUDOV� DUH� JHQHUDOO\� UDUH�� WKHLU� KLJKHVW�
FRQFHQWUDWLRQV� DUH� IRXQG� LQ� PLQHUDOL]HG� DUHDV� DVVRFLDWHG� ZLWK�
PHWDOV� VXFK� DV�0R�� &G�� 3E��$J�� $X�� 6E�� 3�� DQG�:��:KLOH� WKH�
DEXQGDQFH�RI�DUVHQRS\ULWH�LQ�VXOILGH�GHSRVLWV�LV�PXFK�ORZHU�WKDQ�
DUVHQLF�ULFK� S\ULWH� �)H�6�$V�ၷ��� WKH� ODWWHU� UHPDLQV� WKH� PRVW�
LPSRUWDQW�VRXUFH�RI�DUVHQLF�LQ�PLQHUDOL]HG�UHJLRQV��$V�LV�FDSDEOH�
RI� VXEVWLWXWLQJ� VXOIXU� LQ� WKH� VWUXFWXUH� RI� PRVW� VXOILGH� PLQHUDOV��
)RU�LQVWDQFH��GXULQJ�WKH�IRUPDWLRQ�RI�IHUURPDJQHVLDQ�S\ULWHV��LW�LV�
TXLWH� OLNHO\� WKDW�$V�PD\�EH� LQFRUSRUDWHG� LQWR� WKHLU� VWUXFWXUH�� ,Q�
R[LGH� DQG� K\GUR[LGH� PLQHUDOV�� $V� FDQ� DOVR� EH� SUHVHQW� LQ� KLJK�
FRQFHQWUDWLRQV��$V�FDQ�RIWHQ�DFW�DV�D�VXEVWLWXWH�IRU�HOHPHQWV�VXFK�
DV� 6Lၪၰ�� $Oñၰ�� )Hñၰ�� DQG� 7Lၪၰ� LQ� WKH� FU\VWDO� VWUXFWXUH� RI� PDQ\�
PLQHUDOV��$V�D�UHVXOW��DUVHQLF�PD\�EH�SUHVHQW�LQ�WUDFH�DPRXQWV�LQ�
PDQ\� URFN�IRUPLQJ� PLQHUDOV� OLNH� DOELWH�� &RPPRQ� VLOLFDWH�
PLQHUDOV� XVXDOO\� FRQWDLQ� OHVV� WKDQ� �� PJ�NJ� RI� DUVHQLF�� ZKLOH�
FDUERQDWHV�W\SLFDOO\�FRQWDLQ�OHVV�WKDQ����PJ�NJ��$UVHQLF�KDV�IRXU�

� �R[LGDWLRQ� VWDWHV�� ���� ��� �� �� DQG� ���� $UVLQHV�� ZKLFK� KDYH� DQ
R[LGDWLRQ�VWDWH�RI�����DUH�IRUPHG�WKURXJK�WKH�UHGXFWLRQ�RI�DUVHQLF�
R[LGHV��$UVHQLF�WULR[LGH��$Vñၰ��LV�D�SURGXFW�RI�VPHOWLQJ�SURFHVVHV�
DQG� LV�XVHG� LQ�WKH�V\QWKHVLV�RI�YDULRXV�DUVHQLF�FRPSRXQGV��7KLV�
FRPSRXQG� LV� FDWDO\WLFDOO\� RU� EDFWHULDOO\� R[LGL]HG� WR� SHQWR[LGH�
�$Vၫၰ��RU�DUVHQLF�DFLG��+ၸ$V2ၹ���

$V� LQ� IORRGSODLQ� VRLOV� DQG� ZDWHU� LV� VXEMHFW� WR� FKHPLFDO� DQG�
PLFURELRORJLFDO� R[LGDWLRQ� UHDFWLRQV�� 8QGHU� KLJK� (K� FRQGLWLRQV��
VLPLODU� WR� WKRVH� LQ�R[\JHQ�ULFK�ZDWHUV��$Vၫၰ� LV� SUHVHQW� LQ� IRUPV�
VXFK� DV� +ၸ$V2ၹ�� +ၷ$V2ၶၱ�� +$V2ၷðၱ�� DQG� $V2ၹñၱ�� ,Q� ORZHU� (K�
FRQGLWLRQV��$Vñၰ�VSHFLHV�PD\�SUHYDLO��LQFOXGLQJ�$V6ðၱ��,Q�DHUDWHG�
VRLOV�� $Vၫၰ� LV� WKH� GRPLQDQW� VSHFLHV�� ZKLOH� LQ� PLQHUDOL]HG� DUHDV��
DUVHQLWH� DQG� PRQRPHWK\O� DUVHQLF� DFLG� DUH� SUHVHQW� LQ� VPDOOHU�
DPRXQWV�� ,Q� DQDHURELF� VRLOV�� $Vñၰ� LV� WKH� GRPLQDQW� GLVVROYHG�
VSHFLHV�� ,QRUJDQLF� DUVHQLF� LV� PRUH� PRELOH� WKDQ� RUJDQLF� DUVHQLF�
DQG�� WKHUHIRUH�� SRVHV� JUHDWHU� ULVNV� GXH� WR� OHDFKLQJ� LQWR� VXUIDFH�
DQG�JURXQGZDWHU��$FFRUGLQJ� WR� VWXGLHV�FRQGXFWHG�RQ� UDLQZDWHU��
WKH�R[LGDWLRQ�VWDWHV�RI�DUVHQLF�YDU\�EDVHG�RQ�WKH�VRXUFH��$UVHQLF�
HPLWWHG� IURP�VPHOWHUV��FRDO�FRPEXVWLRQ��DQG�YROFDQLF�VRXUFHV�LV�
XVXDOO\�LQ�WKH�IRUP�RI�$Vၷ2ၸ��ZKLOH�RUJDQLF�DUVHQLF�VSHFLHV�PD\�
EH�UHOHDVHG�YLD�YRODWLOL]DWLRQ��$UVLQH��$V+ၸ��FDQ�EH�HPLWWHG�IURP

ODQGILOOV� DQG� UHGXFLQJ� VRLOV� OLNH� SHDW�� DQG� DUVHQDWHV� FDQ� EH�
UHOHDVHG�YLD�VZDPS�DHURVROV��5HGXFHG�VSHFLHV�LQ�WKH�DWPRVSKHUH�
PD\� EH� R[LGL]HG� E\� R[\JHQ�� ,Q� DHUDWHG� VHDZDWHU�� $V�9�� LV�
SUHGRPLQDQWO\� SUHVHQW�� ,Q� RSHQ� RFHDQ� ZDWHU�� WKH� $V�9��$V�,,,��
UDWLR�W\SLFDOO\�GLIIHUV�E\�D�IDFWRU�RI����WR������$V�9��LV�DOVR�WKH�
GRPLQDQW� VSHFLHV� LQ� ODNHV� DQG� ULYHUV��7KH� UHODWLYH� SURSRUWLRQ�RI�
$V�9��WR�$V�,,,��FDQ�YDU\�GHSHQGLQJ�RQ�FKDQJHV�LQ�LQSXW�VRXUFHV��
UHGR[� FRQGLWLRQV�� DQG� ELRORJLFDO� DFWLYLW\�� 'XULQJ� VXPPHU�
PRQWKV��ELRORJLFDO�UHGXFWLRQ�RI�$V�9��LQ�R[\JHQDWHG�ZDWHUV�PD\�
UHVXOW�LQ�WKH�SUHVHQFH�RI�$V�,,,���,Q�ULYHUV�DIIHFWHG�E\�JHRWKHUPDO�
DQG�LQGXVWULDO�DFWLYLWLHV��$V�,,,��KDV�EHHQ�REVHUYHG��7KH�SUHVHQFH�
RI�LURQ�DQG�PDQJDQHVH�R[LGHV�DIIHFWV�WKH�DUVHQLF�VSHFLDWLRQ�UDWLR��
2UJDQLF�DUVHQLF�VSHFLHV�LQ�VXUIDFH�DQG�JURXQGZDWHU�DUH�JHQHUDOO\�
UDUH��,Q�JURXQGZDWHU��WKH�UHODWLYH�SURSRUWLRQ�RI�$V�9��WR�$V�,,,��
FDQ� YDU\� GXH� WR� ZLGHVSUHDG� FKDQJHV� LQ� UHGR[� FRQGLWLRQV�� WKH�
UHGR[� JUDGLHQW�� DQG� KLVWRULFDO� IDFWRUV�� $V�,,,�� LV� W\SLFDOO\�
DEXQGDQW� LQ� LURQ�� DQG� VXOIDWH�UHGXFLQJ� DTXLIHUV�� ,Q� DUVHQLF�ULFK�
JURXQGZDWHU� LQ�%DQJODGHVK�� WKH�$V�,,,��$V�9�� UDWLR�YDULHV� IURP�
����WR������EXW�LV�W\SLFDOO\�DURXQG�����WR������

)LJXUH���VKRZV�WKH�DUVHQLF�FRQFHQWUDWLRQ�PDS�IRU�WKH�UHJLRQ¶V�
ZDWHU�VRXUFHV��7KH�DUVHQLF�FRQFHQWUDWLRQ�UDQJHV�IURP�����SSE�LQ�
VDPSOH� QXPEHU� �� WR� ������ SSE� LQ� VDPSOH� QXPEHU� ���� ZLWK� DQ�
DYHUDJH� RI� ����� SSE� LQ� WKH� UHJLRQ¶V� JURXQGZDWHU�� 7KLV� DYHUDJH�
FRQFHQWUDWLRQ� H[FHHGV� JOREDO� VWDQGDUG� OLPLWV� IRU� DUVHQLF�� 7KH�
FRQFHQWUDWLRQ�RI�DUVHQLF� LQ�VDPSOHV����DQG���� LV�������SSE�DQG�
������SSE�� UHVSHFWLYHO\��7KH�KLJK�DUVHQLF�FRQFHQWUDWLRQ�LQ� WKHVH�
WZR� VDPSOHV� LV� OLNHO\� GXH� WR� WKH� EHGURFN� RI� WKH� UHJLRQ� �WKH�
0LRFHQH� UHG� VHULHV��� ZKLFK� KDV� KLJK� DUVHQLF� FRQWHQW�� 7KH�
FHPHQWHG� VXUIDFH� RI� WKH� URFN¶V� SUHFLSLWDWHV� LURQ� R[LGHV�� ZKLFK�
DEVRUE� DUVHQLF�� $V� WKH� S+� LQFUHDVHV� DQG� WKH� HQYLURQPHQW�
EHFRPHV� PRUH� DONDOLQH�� DUVHQLF� LV� UHOHDVHG� IURP� WKH� R[LGHV��
UHVXOWLQJ� LQ� KLJKHU� DUVHQLF� FRQFHQWUDWLRQV� LQ� JURXQGZDWHU��
$GGLWLRQDOO\��WKH�GLVVROXWLRQ�RI�J\SVXP�DQG�VDOWV�LQ�WKH�UHG�VHULHV�
FRQWULEXWHV� WR�KLJKHU�FRQFHQWUDWLRQV�RI�SDUDPHWHUV� OLNH�(&��&Oၱ��
62ၹðၱ��1Dၰ��&Dðၰ��DQG�0Jðၰ��ZKLOH�+&2ၸၱ�FRQFHQWUDWLRQV�DUH�ORZ��
7KH�FRQFHQWUDWLRQ�RI�VDPSOH�QXPEHU���LV������SSE��SULPDULO\�IHG�
E\�OLPHVWRQH�EHGURFN�

Fig. 8�$UVHQLF�FRQFHQWUDWLRQ�PDS�IRU�WKH�VWXG\�DUHD
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,Q� FRQFOXVLRQ�� DUVHQLF� FRQWDPLQDWLRQ� LQ� WKH� JURXQGZDWHU� RI�

WKH� VWXGLHG� UHJLRQ� LV� D� VLJQLILFDQW� FRQFHUQ�� ZLWK� FRQFHQWUDWLRQV�
RIWHQ� H[FHHGLQJ� JOREDO� VDIHW\� VWDQGDUGV�� $UVHQLF� LV� SUHVHQW� LQ�
YDULRXV�PLQHUDOV��SDUWLFXODUO\�LQ�DUVHQLF�ULFK�S\ULWH��ZKLFK�LV�WKH�
PDLQ�VRXUFH�RI�FRQWDPLQDWLRQ�LQ�WKH�DUHD��7KH�0LRFHQH�UHG�VHULHV�
EHGURFN�� ULFK�LQ�DUVHQLF��SOD\V�D�FUXFLDO� UROH� LQ�WKH�PRELOL]DWLRQ�
RI� DUVHQLF� LQWR� JURXQGZDWHU�� ,URQ� R[LGHV� SUHFLSLWDWHG� RQ� WKH�
VXUIDFH�RI�WKHVH�URFNV�DGVRUE�DUVHQLF��ZKLFK�LV�ODWHU�UHOHDVHG�LQWR�
JURXQGZDWHU� DV� WKH� S+� LQFUHDVHV� DQG� WKH� HQYLURQPHQW� EHFRPHV�
PRUH�DONDOLQH��$GGLWLRQDOO\�� WKH�GLVVROXWLRQ�RI�J\SVXP�DQG�VDOWV�
IURP�WKH�UHG�VHULHV�FRQWULEXWHV�WR�HOHYDWHG�FRQFHQWUDWLRQV�RI�LRQV�
OLNH� FKORULGH�� VXOIDWH�� VRGLXP�� FDOFLXP�� DQG� PDJQHVLXP�� ZKLOH�
ELFDUERQDWH� OHYHOV� UHPDLQ� ORZ�� 7KH� FRQFHQWUDWLRQ� RI� DUVHQLF� LQ�
WKH�UHJLRQ
V�JURXQGZDWHU�YDULHV�VLJQLILFDQWO\��ZLWK�YDOXHV�UDQJLQJ�
IURP�����SSE�WR�������SSE��7KLV�YDULDWLRQ�VXJJHVWV� WKDW�VSHFLILF�
DUHDV��SDUWLFXODUO\�QHDU�IDXOW�]RQHV�DQG�DUVHQLF�ULFK�EHGURFN��KDYH�
KLJKHU� DUVHQLF� FRQFHQWUDWLRQV�� 7KHVH� OHYHOV� VXUSDVV� WKH� JOREDO�
VWDQGDUGV� IRU� DUVHQLF� LQ� GULQNLQJ� ZDWHU�� SUHVHQWLQJ� SRWHQWLDO�
KHDOWK� ULVNV� IRU� ORFDO� SRSXODWLRQV�� *LYHQ� WKH� VLJQLILFDQW� DUVHQLF�
FRQWDPLQDWLRQ� LQ� WKH� JURXQGZDWHU�� DGGUHVVLQJ� WKH� VRXUFH� RI�
SROOXWLRQ� DQG� PLWLJDWLQJ� LWV� LPSDFW� LV� FULWLFDO�� (IIHFWLYH� ZDWHU�
WUHDWPHQW� V\VWHPV�� VXFK� DV� WKH� R[LGDWLRQ� RI� $V�,,,�� WR� $V�9���
VKRXOG EH LPSOHPHQWHG WR UHGXFH DUVHQLF FRQFHQWUDWLRQV��
&RQWLQXRXV� PRQLWRULQJ� RI� DUVHQLF� OHYHOV� LV� HVVHQWLDO� WR� HQVXUH�
SXEOLF� KHDOWK� VDIHW\�� 2YHUDOO�� WDUJHWHG� LQWHUYHQWLRQV� DQG� D�
WKRURXJK XQGHUVWDQGLQJ RI WKH UHJLRQ
V JHRORJLFDO DQG�
K\GURORJLFDO FRQGLWLRQV DUH NH\ WR PDQDJLQJ DUVHQLF�
FRQWDPLQDWLRQ�LQ�WKH�ORQJ�WHUP�
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