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� 7KLRQLF�)OXYLVROV�VRLO�LQ�6RXWKHUQ�9LHWQDP�LV�OLNH�W\SLFDO�DFLG�VXOIDWH�VRLO�LQ�WKH�WURSLFV�DQG�LV�VHYHUHO\�SROOXWHG�GXH�WR�
KXPDQ�DFWLYLWLHV��6DOLQLW\�LQWUXVLRQ�DQG�LQGXVWULDO�ZDVWHZDWHU�FRQWDPLQDWLRQ�DUH�WKH�PDLQ�FDXVH�RI �HQYLURQPHQWDO�
GHJUDGDWLRQ�LQ�VRLO�HFRV\VWHP���7KLV�UHVHDUFK�ZDV�DLPHG�WR�GHWHUPLQH�D�OLQN�EHWZHHQ�ELRFKHPLFDO�VRLO�SURSHUWLHV�DQG�
ODQG�XVH�W\SHV�WR�SURYLGH�VXLWDEOH�VROXWLRQV�IRU�DIIRUHVWDWLRQ�DQG�VRLO�UHVWRUDWLRQ��6RLO�VDPSOLQJ�ZDV�FRQGXFWHG�LQ�ILYH�
GLIIHUHQW�ODQG�XVH�W\SHV�DW�IRXU�VRLO�OD\HUV��2��$%��%M�DQG�&S����7KH�ILYH�ODQG�XVH�W\SHV�ZHUH�VXJDUFDQH�FURS��0HODOHXFD�
SODQWDWLRQ����\HDU�$FDFLD�SODQWDWLRQ����\HDU�$FDFLD�SODQWDWLRQ��DQG�FRQWURO��JUDVV�FRYHUHG�ODQG��� �7KH�UHVXOWV�VKRZHG�
WKDW� VRLO� LQ� WKRVH� ILYH� ODQG�XVH� W\SHV�ZHUH�YHU\� DFLGLF� �S+������KDYLQJ�SRRU�QXWULHQW� FRQGLWLRQ�ZLWK� � UDQJH�RI � �
RUWKRSKRVSKDWH� �FRQWHQW� �RI �����������PJ�NJ��1�1+ RI �����������PJ�NJ�DQG�1�12 �RI �������������PJ�NJ���� � �

&RQFHQWUDWLRQ�RI �WR[LF�LRQV�ZDV�YHU\�KLJK�ZLWK�ODUJH�YDULDWLRQ�DPRQJ�ODQG�XVH�W\SHV�DQG�VRLO�GHSWKV�L�H��������²��������
�� ��

PJ�62 �NJ�������������PJ�H[FKDQJHDEOH�)H�NJ�DQG���������PJ�$O �NJ�VRLO��7KH�ORZHVW�FRQFHQWUDWLRQ�RI �H[FKDQJHDEOH��
�� ��

)H �DQG�62 �LRQV�ZHUH�IRXQG�LQ�VXJDUFDQH�DQG�0HODOHXFD�SODQWDWLRQV��UHVSHFWLYHO\��7ZHQW\�WKUHH�VXOIXU�R[LGL]LQJ��

EDFWHULD�DQG�WZR�LURQ�R[LGL]LQJ�EDFWHULD�ZHUH�LGHQWLILHG��$OO�WKHVH�EDFWHULD�ZHUH�LQLWLDOO\�LGHQWLILHG�DV�7KLREDFLOOXV�VS��
6XJDUFDQH�DQG�0HODOHXFD� SODQWDWLRQV�H[KLELWHG� WKH�PRVW�GLYHUVH�7KLREDFLOOXV� VSHFLHV�ZKLFK� OLQNHG� WR� UHGXFWLRQ�RI �

��
H[FKDQJHDEOH�)H�DQG�62 �FRQFHQWUDWLRQV�LQ�WKHVH�WZR�ODQG�XVH�W\SHV���7KLV�VWXG\�LQGLFDWHG�WKDW�7KLREDFLOOXV�VS��FRXOG��

JURZ�ZHOO�LQ�WKH�7KLRQLF�)OXYLVROV��,W�LV�SURSRVHG�WKDW�0HODOHXFD�DQG�VXJDUFDQH�VSHFLHV�FRXOG�UHGXFH�LURQ�DQG�VXOIXU�
FRQWHQWV�LQ�7KLRQLF�)OXYLVROV�LQ�WKH�WURSLFV��

� .H\ZRUGV��$FDFLD��DFLG�VXOIDWH�VRLO��0HODOHXFD��VXJDUFDQH��7KLRQLF�)OXYLVROV��7KLREDFLOOXV�VS�
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7KLRQLF� )OXYLVROV� DUH� DFLG� VXOIDWH� VRLOV�
��

FRQWDLQLQJ�KLJK�62 �FRQWHQW��KDYLQJ�YHU\�ORZ�S+�����

��� �� ��� DQG� FRQWDLQLQJ� KLJK� FRQFHQWUDWLRQ� RI �
�� �� ��

H[FKDQJHDEOH�$O �DQG�)H ��+LJK�FRQWHQW�RI �62 ��

DFFXPXODWLQJ�LQ�WKH�VRLO�PDLQO\�RULJLQDWHV�IURP�DQ�
R[LGDWLRQ�RI �SRWHQWLDO�PLQHUDOV�FRQWDLQLQJ�VXOIXU�
WR� IRUP� VXOIXULF� DFLG� �+ 62 �� �6RNRORYD� 	�� �

$OHNVHHYD�������� � �:KLOH�DFLG�VXOIDWH�VRLO�GHULYHV� �
IURP�VXOILGHV�R[LGDWLRQ�FRQWDLQLQJ�PLQHUDOV�VXFK�
DV�RUJDQLF�PDWWHU��VXOIDWH��LURQ�DQG�DOXPLQXP��LW�
FRXOG�EH�IRUPHG�LQ�EUDFNLVK�ZDWHU�VRLO�RU�RWKHU�
KLJKO\� SRWHQWLDO� VXOIDWH� VRLO� DUHDV� ZLWK� D�
SDUWLFLSDWLRQ�RI �PLFURRUJDQLVPV��'DR�	�+RDQJ�
�������3RWHQWLDO�DFLG�VXOIDWH�VRLO�LV�D�ODUJH�VRXUFH�

RI � KHDY\� PHWDO� ZKLFK� FDXVHV� SROOXWLRQ� ZKHQ�
EHLQJ� H[SRVHG� WR� R[\JHQ� GXH� WR� QDWXUDO�
SKHQRPHQD�RU�DUWLILFLDO�GUDLQDJH��R[LGL]LQJ�S\ULWH�
WR� FUHDWH� + 62 � DQG� WKXV�� GHFUHDVH� VRLO� S+�� �

�%UHHPHQ�������1JX\HQ� HW� DO�� �������*HQHUDOO\��
LURQ�DQG�DOXPLQXP�DUH�RIWHQ�FRQVLGHUHG�DV�WR[LF�
HOHPHQWV� LQ� WKH� VRLOV� DQG� JUHDWO\� DIIHFW� SODQW�
JURZWK�DQG�GHYHORSPHQW�EHFDXVH�H[FHVV�RI �WKHVH�
HOHPHQWV� FDQ� EH� WR[LF� WR� SODQWV� �1JX\HQ� HW� DO��
������'DR�	�+RDQJ� ������� &RQFHQWUDWLRQV� RI �

�� �� ��
H[FKDQJHDEOH�)H��)H �DQG�)H ��DQG�$O �H[FHHGLQJ�
����DQG�����PJ�NJ��UHVSHFWLYHO\��DUH�WR[LF�WR�ULFH�
�/H� HW� DO�� �������:KHQ� VRLO� S+� LV� OHVV� WKDQ� �����
PDFUR�QXWULHQW� LRQV� �1�� .�� &D�� 0J�� 3�� KDYH�
UHODWLYHO\� ORZ� FRQFHQWUDWLRQ� LQ� DFLG� VRLOV�� ,Q�
FRQWUDVW��$O�DQG�)H��DUH�QRUPDOO\�DEXQGDQW�LQ�WKH�
VRLO�ZLWK�ORZ�S+��%UDG\�	�:HOO��������7KH�PRUH�&RUUHVSRQGLQJ�DXWKRU��QWFKXQJ#KFPXDI�HGX�YQ
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DFLGLF� WKH� VRLO� LV�� WKH� KLJKHU� FRQFHQWUDWLRQV� RI �
WKHVH�WZR�LRQV�DUH�
$FFRUGLQJ� WR� 'DR� DQG� +RDQJ� ��������

�� �� ���
FRQFHQWUDWLRQV�RI �)H ��$O �DQG�62 LRQV�LQ�DFLG��

VXOIDWH�VRLO�DUH�PXFK�KLJKHU�WKDQ�FRQFHQWUDWLRQV�
WKDW�FDQ�EH�WROHUDWHG�E\�SODQW��6XOIXU�DQG�VXOIDWH�
DUH� WZR� PDLQ� FRPSRXQGV� LQYROYHG� LQ� WKH�
IRUPDWLRQ�SURFHVV�RI �DFLGLF�VRLO��7RWDO�VXOIXU� LQ�
WZR� OD\HUV�RI � -DURVLWH� �%M��DQG�3\ULWH� �&S�� LV�DQ�
LQGH[�WR�GLVWLQJXLVK�EHWZHHQ�DQ�DFLG�VXOIDWH�VRLO�
DQG�RWKHU�VRLO�W\SHV��0DMRU�IRUPV�RI �VXOIXU�LQ�WKH�

�� ��
DFLG� VRLO� DUH� )H6�� )H6 �� + 6�� 62 �� DQG� 62 �� �� � � �

��
&RQFHQWUDWLRQ�RI �62 �LRQV�JUHDWO\�YDULHV�DPRQJ��

��
GLIIHUHQW�W\SHV�RI �DFLGLF�VRLOV���62 �LRQV�DUH�WR[LF��

WR�SODQWV�DQG�DUH�REVWDFOHV� �IRU�ODQG�UHFODPDWLRQ��
,Q�6RXWKHUQ�9LHWQDP��WRWDO�VXOIXU�LQ�WKH�DFLGLF�VRLO�
UDQJHV�IURP��������DQG�FDQ�UHDFK��������ZKHQ�WKH�
DFLGLF�VRLO�H[SHULHQFHV�D�ORQJ�WHUP�IORRG��'DR�	�
+RDQJ��������0HWDEROLVP�DQG�WUDQVIRUPDWLRQ�RI �
VXOIXU� IRUPV� DUH� FRPSOH[�ZLWK� SDUWLFLSDWLRQ� RI �
VXOIXU�UHGXFLQJ�EDFWHULD� LQ� DQDHURELF� FRQGLWLRQV�
� �/DPHUV�HW�DO��������3HVWHU�HW�DO�������
$� WRWDO� DUHD� RI � SRWHQWLDO� DFLG� VXOIDWH� VRLO� LQ�

6RXWKHUQ�9LHWQDP�ZDV�����������KD��LQ��������+R�
HW�DO����������7KLV�DUHD�KDG�DFWLYH�DFLGLF�VRLO�DUHD�RI ��
��������KD�LQ�������ZKLFK�LQFUHDVHG�WR�����������
KD�LQ�������3KDP� ��������&RQFHQWUDWLRQV�RI �HW�DO�
)H�DQG�6�LRQV�LQFUHDVHG�ZKLOH�FRQFHQWUDWLRQV�RI �
. ��$O ��7RWDO�2UJDQLF�&DUERQ��72&���1�DQG�3�

� ��

WHQGHG� WR� GHFUHDVH� EHWZHHQ� \HDU� RI � � ����� DQG�
������+R� ��������.\XPD��������DQG�/H���������HW�DO�
VKRZHG�WKDW�72&�FRQWHQW�LQ�WKH�DFLGLF�VRLO�ORFDWHG�
LQ�WKH�0HNRQJ�'HOWD�ZDV�SUHWW\�KLJK��UDQJLQJ�IURP�
����WR������IRU�VRLO�KDYLQJ�KLJK�FRQFHQWUDWLRQ�RI �
VXOIXU�LRQV�DQG��UDQJLQJ�IURP�����WR������IRU�VRLO�
KDYLQJ�ORZ�FRQFHQWUDWLRQ�RI �VXOIXU�LRQV�� �'XH�WR�
KLJK�FRQWHQW�RI �72&��WKH�DFLGLF�VRLO�DOVR�FRQWDLQV�
KLJK�FRQFHQWUDWLRQ�RI �7RWDO�1LWURJHQ��71����������
�������� +RZHYHU�� FRQFHQWUDWLRQ� RI � 7RWDO�
3KRVSKRUXV� �73�� ������ �� ������� DQG� 7RWDO�
3RWDVVLXP��7.�����������������ZHUH�YHU\�ORZ�LQ�
WKH�DFLGLF�VRLO�

�� �� ��
&RQWHQWV� RI � $O �� )H �� 62 � DQG� RWKHU��

QXWULHQWV� LQ�DFLG� VXOIDWH� VRLO�JUHDWO\�YDU\�DPRQJ�
VRLO� OD\HUV�DQG�VHDVRQV��/H�HW�DO��������/H��������
6RLO�LQ�WKH�0HNRQJ�'HOWD�KDG�DYHUDJH�RUJDQLF�OD\HU�
GHSWKV��2��RI ���������FP��WUDQVLWLRQDO�OD\HU��$%��
RI � ���������FP��-DURVLWH�OD\HU��%M��RU�VXOIXU�IRUPV�
SURGXFLQJ�OD\HU�RI ���������FP�DQG�3\ULWH�OD\HU��%S��
JUHDWHU�WKDQ����FP� ��'XRQJ� HW�DO��������� �7RWDO�
2UJDQLF�&DUERQ��72&���DQG�7RWDO�1LWURJHQ��71���
LQ�OD\HU�2�RI � �DFLGLF�VRLO�DUH�������DQG��������

UHVSHFWLYHO\� �1JR� ������� 2WKHU� VWXGLHV� LQ�
6RXWKHUQ� 9LHWQDP� FRQGXFWHG� E\� 1JX\HQ� HW� DO��
������� VKRZHG� WKDW� � VRLO� S+��72&�DQG�71� LQ�
WRSVRLO�OD\HU��2��ZHUH�UHVSHFWLYHO\�������������������
�� ������� DQG� ����� �� ������� &RQFHQWUDWLRQV� RI �

�� �� ��
$O ��)H �DQG�62 � LRQV�QRW�RQO\�YDULHG�GXH� WR��

VHDVRQDO�FKDQJHV��EXW�DOVR�GHSHQGHG�RQ�GHSWKV�RI �
VRLO�OD\HUV��'R�	�1JX\HQ��������7UDQ�HW�DO���������
7UDQ� HW� DO�� ������� VKRZHG� FRQFHQWUDWLRQV� RI �
H[FKDQJHDEOH�)H�LRQV�ZHUH�VHDVRQDOO\�IOXFWXDWHG�
LQ� OD\HU�2��ZKLFK�FRXOG�UHDFK�D�SHDN�RI ��������
PJ�NJ�DW�WKH�EHJLQQLQJ�RI �WKH�UDLQ\�VHDVRQ��EXW�
GUDPDWLFDOO\�GHFUHDVHG�WR�����PJ�NJ�DW�WKH�HQG�RI �

��
WKH�UDLQ\�VHDVRQ�ZKLOH�$O �FRQFHQWUDWLRQ�JUHDWO\�
YDULHG�DPRQJ�VRLO�OD\HUV��IOXFWXDWHG�IURP���WR�����
PJ�NJ�LQ�VRLO�OD\HU�$�DQG�����WR�������PJ�NJ�VRLO�
LQ� VRLO� OD\HU� &S�� 2WKHU� VWXG\� PHDVXULQJ�

�� �� ��
FRQFHQWUDWLRQV�RI �)H ��$O �DQG�62 �LQ�OD\HU�%M��

RI �GLIIHUHQW�DFLG�VXOIDWH�VRLOV�LQ�6RXWKHUQ�9LHWQDP�
���

VKRZHG� WKDW� 62 FRQFHQWUDWLRQ� ZDV� OHVV� WKDQ��

���������������������DQG��������������IRU�DFLGLF�
VRLOV� KDYLQJ� OHVV�� PHGLXP� DQG� KLJK� DFWLYLW\� RI �

�� ���
VXOIXU�IRUPV��ZKLOH�)H �DQG�$O FRQFHQWUDWLRQV�
UDQJHG�IURP����������PJ�NJ�DQG����������PJ�NJ��
UHVSHFWLYHO\��1JR�������
9HJHWDWLRQ� GHQVLW\� DQG� FRPSRVLWLRQ� UHIOHFW�

VRLO�ELRORJLFDO�SURSHUW\�DQG�IHUWLOLW\�GHSHQGLQJ�RQ�
VRLO�ORFDWLRQ��W\SH�DQG�GHSWK��'DQJ� ��������$W�HW�DO�
VRLO�GHSWK�RI ��������FP��PLFURELDO�GHQVLW\�FRXOG�
UHDFK� ���� [� �� � &)8�J�� KRZHYHU�� YHJHWDWLRQ�

�

GHQVLW\�ZDV�PXFK�ORZHU�DW�VRLO�GHSWK�KLJKHU�WKDQ�
��� FP� �$UDUDJL 	�7DQJFKDP �������+LWRPR�	�� �
1DRWR��������LGHQWLILHG�IRXU�VSHFLHV�RI � �7KLRPRQDV
JHQXV�WKDW�FRXOG�UHGXFH�VXOIXU�IURP�SDGG\�ULFH�LQ�
6DGR� ,VODQG� RI � -DSDQ�� LQFOXGLQJ� 7�� FXSULQD�� 7��
LQWHUPHGLD�� 7�� SHURPHWDEROLV� � 7�� WKHUPRVXOIDWH��DQG
7KHVH� PLFURRUJDQLVPV� FRXOG� WUDQVIRUP� � WKH�
FRQFHQWUDWLRQ�RI �7KLRVXOIDWH� LRQV�IURP������WR�
�����P0�IURP�LQLWLDO�7KLRVXOIDWH�FRQFHQWUDWLRQ�
RI ������P0�XVHG�IRU�WKH�FXOWXUDO�PHGLD��+LWRPR�
	� 1DRWR� ������� *UDP� QHJDWLYH� �7KLREDFLOOXV
LVRODWHG�IURP�SDGG\�VRLO�LQ�,QGLD�LV�KLJKO\�FDSDEOH�
RI � UHGXFLQJ� VXOIXU� IRUPV� �5DMDJRSDO� 	� 6ULGDU�
��������5HVXOWV�RI ��RWKHU�VWXG\�FRQGXFWHG�LQ�DFLG�
VXOIDWH� VRLO� LQ� %LQK� &KDQK�'LVWULFW� RI �+R�&KL�
0LQK�&LW\�VKRZHG�WKDW�D�WRWDO�QXPEHU�RI �VXOIXU�
UHGXFLQJ�PLFUREHV�DW�VRLO�GHSWKV�RI ��������DQG������
���FP�UDQJHG�IURP�����[��� �WR�����[��� �&)8�J�

� �

VRLO� �1JX\HQ� 	� 3KDQ� � ������� 7KH� VWXG\� DOVR�
LGHQWLILHG� � VS�� ZKLFK� PDLQO\�7KLREDFLOOXV
FRQWULEXWHG�WR�R[LGL]H�VXOIDWH�LRQV� �DQG�SRLQWHG�
RXW� WKDW� WKH� � SUHVHQFH� RI � � VS�� �7KLREDFLOOXV

���

%LRFKHPLFDO�FKDUDFWHULVWLFV�RI �WKLRQLF�IOXYLVRO�OLQNHG�WR�ODQG�XVH�W\SHV



%,27523,$�9RO�����1R���������

���

WKHUHIRUH��WKUHDWHQV�ELRGLYHUVLW\�RI �WKH�HFRV\VWHP�
OHDGLQJ�WR�WKH�GHFUHDVH�LQ�FURS�SURGXFWLRQ�� �,W�LV�
LPSRUWDQW� WR� XVH� HYHU\� SRVVLEOH� HIIRUW� WR�
UHKDELOLWDWH�DQG�UHVWRUH�GHJUDGHG�DFLG�VXOIDWH�VRLO�
TXDOLW\�EDVHG�RQ�VRLO�ELRFKHPLFDO�FKDUDFWHULVWLFV�� �
%LRORJLFDO�DSSURDFK� LV�DPRQJ�HIIRUWV� WR�UHVWRUH�
WKH�GHJUDGHG�DFLG�VXOIDWH�VRLO�
7KLV� VWXG\� ZDV� DLPHG� WR� GHWHUPLQH�

ELRFKHPLFDO�FKDUDFWHULVWLFV�RI �DFLG�VXOIDWH�VRLO�LQ�
UHODWLRQ� WR�GLIIHUHQW�YHJHWDWLRQ� W\SHV� JURZQ�RQ�
WKH� VRLO� DQG� WR� VHOHFW� DSSURSULDWH� FURSV� WR�
UHQRYDWH�GHJUDGHG�DFLG�VXOIDWH�VRLO�

0$7(5,$/6�$1'�0(7+2'6

� 6HYHUDO� VWHSV�ZHUH� FRQGXFWHG� WR� DFKLHYH� WKH�
UHVHDUFK� REMHFWLYHV� L�H�� ��� PHDVXULQJ� QXWULHQWV�
FRQFHQWUDWLRQV� �&�� 1�� 3�� .�� DQG� WR[LQV�
�H[FKDQJHDEOH�)H ��$O ��62 ��RI �DFLG�VXOIDWH�VRLO�

�� �� ��

�

LQ�6RXWKHUQ�9LHWQDP�������LVRODWLQJ�DQG�LGHQWLI\LQJ�
PLFURRUJDQLVPV� WKDW� DUH� FDSDEOH� RI � UHGXFLQJ�
VXOIXU� DQG� LURQ�� DQG� ��� HYDOXDWLQJ� SRWHQWLDO�
UHODWLRQVKLS�EHWZHHQ�ELRFKHPLFDO�FKDUDFWHULVWLFV�
DQG�ODQG�XVH�W\SHV�

6WXG\�6LWH

� 7KLV� VWXG\� ZDV� FRQGXFWHG� RQ� ILYH� GLIIHUHQW�
ODQG�XVH�W\SHV�ORFDWHG�LQ�%LQK�&KDQK�SURWHFWHG�
IRUHVW��%LQK�&KDQK�'LVWULFW�RI �+R�&KL�0LQK�&LW\���
7KLV� ORFDWLRQ� UHSUHVHQWHG�7KLRQLF� )OXYLVROV� VRLO�
�DFLG� VXOIDWH� VRLO�� KDYLQJ�KLJK� FRQFHQWUDWLRQ�RI �

��
6R �� 7KLV� DUHD� ZDV� KLJKO\� SROOXWHG� GXH� WR��

DQWKURSRJHQLF� DFWLYLWLHV� DQG� LQGXVWULDO�
ZDVWHZDWHU��7KH�VWXG\�VLWH�ZDV�VXUURXQGHG�E\�D�
FDQDO� V\VWHP� WR�ZDWHU� VHYHUDO� VSHFLHV� RI � SODQWV�
JURZLQJ�LQ�WKH�DUHD�

/DQG�8VH�7\SHV

� )LYH� ODQG� XVH� W\SHV� ZHUH� VHOHFWHG� IRU�
FRQGXFWLQJ� VDPSOH� FROOHFWLRQV� L�H�� � VXJDUFDQH�
SODQWDWLRQ����\HDU� �SODQWDWLRQ����\HDU� �$FDFLD $FDFLD

SODQWDWLRQ�� ���\HDU� � SODQWDWLRQ� � DQG� �0HODOHXFD

JUDVV�FRYHUHG� ODQG� �DV� FRQWURO�� WKH� JUDVV� ZDV�
GRPLQDWHG�E\� �VS��DQG� �VS��(OHRFKDULV &\SUXV �

6WDWLVWLFDO�$QDO\VLV

� 7KLV� VWXG\� ZDV� GHVLJQHG� XVLQJ� &RPSOHWHO\�
5DQGRPL]HG�'HVLJQ�ZLWK�VL[�UHSOLFDWLRQV�IRU�HDFK�
WUHDWPHQW��7KH�WUHDWPHQWV�ZHUH�WKH�ILYH�ODQG�XVH�

GHSHQGHG�RQ�ODQG�XVH�W\SHV�DQG�FXOWLYDWLRQ�WLPH�
RI �FURSV�
,Q�RUGHU�WR�LPSURYH�DFLGLF�VWDWXV�RI �VXOIDWH�VRLO��

VRPH� UHVHDUFKHUV� SODQWHG� GLIIHUHQW� VSHFLHV� RQ�
VXOIDWH�VRLO��/H� ������� �:DWKLQHH� ������� �HW�DO� HW�DO�
.RJDZDUD� � ������� :DWDQDEH� � �������HW� DO� HW� DO�
FRQGXFWHG� WULDOV� RQ� DGDSWDELOLW\� RI � 0HODOHXFD�
FDMXSXWL 0HODVWRQD�PDUDEDWKULFXP�DQG� �RQ�DFLG�VXOIDWH�
VRLO�LQ�7KDLODQG�DQG�REVHUYHG�WKDW�WKHVH�VSHFLHV�
JUHZ� ZHOO�� � ZDV� FDSDEOH� RI �0HODOHXFD� FDMXSXWL
DFFXPXODWLQJ�KLJK�DOXPLQXP�FRQFHQWUDWLRQ�LQ�LWV�
URRW� V\VWHP�� ZKLOH� �0HODVWRQD� PDUDEDWKULFXP
DFFXPXODWHG�$O�LQ�LWV�IROLDJH��6DWRVKL� ��������HW�DO�
VKRZHG� WKDW� � LQ�D�JUHHQKRXVH�FRQGLWLRQ�KDYLQJ�
ODFN�RI �R[\JHQ�DQG�DFLGLF�S+�RI ������ �0��FDMXSXWL
JUHZ�EHWWHU�WKDQ� ��/H� ��������(��FDPDOGXOHQVLV HW�DO�
DQG�7KDL��������SODQWHG� �DQG�0HODOHXFD�OHXFDGHQGUD
0HODOHXFD� FDMXSXWL� RQ� DFLG� VRLO� ORFDWHG� LQ� WKH�
0HNRQJ� 'HOWD� DQG� REVHUYHG� WKDW� 0HODOHXFD�
OHXFDGHQGUD 0HODOHXFD�FDMXSXWL�DQG� �FRXOG�DGDSW�WR�WKH�
0HNRQJ�'HOWD� UHJLRQ�ZLWK� VXUYLYDO� UDWH� JUHDWHU�
WKDQ�����
3KDP� DQG� 3KDP� ������� DQG� 3KDP� DQG� 9X�

�������SODQWHG� �VS��DQG� �VS��RQ�(XFDO\SWXV 0HODOHXFD
VHDVRQDOO\�LQXQGDWHG�VRLO�LQ�WKH�0HNRQJ�'HOWD�DQG�
REVHUYHG� WKDW� �(XFDO\SWXV� FDPDOGXOHQVLV � (XFDO\SWXV�
WHUHWLFRUPLV 0HODOHXFD�OHXFDGHQGUD �0HODOHXFD�YLULGLIORUD��� �
DQG �FRXOG�JURZ�YHU\�ZHOO�RQ�WKH��0HODOHXFD�FDMXSXWL
DFLG�VXOIDWH�VRLO�

��
0HODOHXFD� VS�� � FDQ� IL[� $O � LRQV� LQWR� LWV� URRW�

V\VWHP� WKURXJK� V\PELRVLV� DFWLYLWLHV� RI � VRLO�
PLFURRUJDQLVPV� DVVRFLDWHG�ZLWK� WKH� URRW�ZKLFK�
FDQ� UHOHDVH�RUJDQLF� DFLGV� WR�QHXWUDOL]H�$O � LRQV� �

��

�7UDQ���������7KLV�FDSDELOLW\�RI � �VS��OHDGV�0HODOHXFD
WR� WKH� UROH� RI � � VS�� LQ� UHFODPDWLRQ� RI �0HODOHXFD
VXOIDWH�DIIHFWHG�VRLO�LQ�WKH�0HNRQJ�'HOWD�
,Q�DGGLWLRQ�WR�KLJKO\�DGDSWDEOH�� �VS��LQ�0HODOHXFD

WKH� 0HNRQJ� GHOWD� �1DNDED\DVKL� � ������ �HW� DO�
'XRQJ� �������� WKHUH� DUH�PDQ\�QDWLYH�SODQW�HW� DO�
VSHFLHV�JURZ�RQ�DFLG�VXOIDWH�VRLO� LQ�WKH�0HNRQJ�
'HOWD��'DQJ� �������3KDP� ��������1LQH�HW�DO� HW�DO�
VSHFLHV� GRPLQDWLQJ� VXOIDWH� VRLOV� DUH� 0HODOHXFD�
FDMHSXWL�� 3RO\JRQXP� WRPHQWRVXP�� 1\SD� IUXWLFDQV��
(OHRFKDULV� GXOFLV�� 1\PSKDHD� SXEHVFHQV�� 6RQQHUDWLD�
FDVHRODULV�� 0HODVWRPD� �� &U\SWRFRU\QH� FLOLDWD� �VS� DQG
$QQRQD� JODEUD�� 7KHUH� DUH� VHYHUDO� LQGLJHQRXV�
VSHFLHV�DGDSWLQJ�WR�VHDVRQDOO\�IORRGHG�VXOIDWH�VRLO�
VXFK� DV� ��&DORSK\OOXP� LQRSK\OOXP 7KHVSHVLD� SRSXOQHD�
DQG � �'DQJ� � ������3KDP� ��*OXWD� YHOXWLQD HW� DO� HW� DO�
������
(QYLURQPHQWDO�TXDOLW\�RI � DFLG� VXOIDWH� VRLO� LQ�

6RXWKHUQ� 9LHWQDP� LV� VHULRXVO\� GHJUDGHG� DQG�



���

W\SHV� L�H�� VXJDUFDQH� SODQWDWLRQ�� ��\HDU� �$FDFLD
SODQWDWLRQ�� ��\HDU� � SODQWDWLRQ�� ���\HDU�$FDFLD
0HODOHXFD�SODQWDWLRQ� �DQG� �JUDVV�FRYHUHG�ODQG��DV�
FRQWURO��WKH�JUDVV�ZDV�GRPLQDWHG�E\� �VS��(OHRFKDULV
DQG� � VS���� �$129$�RI � WKLV� H[SHULPHQWDO�&\SUXV
GHVLJQ�LQFOXGLQJ�WKH�7XNH\
V�WHVW�IRU�GHWHUPLQLQJ�
WKH�VLJQLILFDQW�GLIIHUHQFHV�ZHUH�FRPSXWHG�XVLQJ�
0LQLWDE����VRIWZDUH�DW� � �� �������6LJPDSORW����S�
VRIWZDUH�ZDV�XVHG�WR�GHYHORS�FKDUWV�

6RLO�6DPSOHV�&ROOHFWLRQ

� 6L[� GLIIHUHQW� VRLO� VDPSOLQJ� SRLQWV� ZHUH�
UDQGRPO\�VHOHFWHG�LQ�HDFK�ODQG�XVH�W\SH�WR�FROOHFW�
VRLO� VDPSOHV� DQG� WR�GHWHUPLQH� VRLO�SURILOHV�� 6RLO�
VDPSOHV� ZHUH� FROOHFWHG� IURP� IRXU� VRLO� OD\HUV

L�H�� 2� �RUJDQLF� OD\HU��� $%� �WUDQVLWLRQDO� OD\HU�
EHWZHHQ� $� DQG� %M��� %M� �-DURVLWH� OD\HU�� DQG� &S�
�3\ULWH�OD\HU�� ��'XRQJ�HW�DO��������� �6RLO�VDPSOHV�
ZHUH� DLU�GULHG� IRU� WZR�ZHHNV�� WKHQ�ZHUH� VLHYHG�
XVLQJ���PP�PHVK�VL]H�VLHYH�� �6RLO�VDPSOHV�ZHUH�
DQDO\]HG�DW�WKH�6RLO�/DERUDWRU\�RI �)RUHVW�6FLHQFH�
,QVWLWXWH� RI � 6RXWK� 9LHWQDP�� 0DFURQXWULHQW�
HOHPHQWV� DQG� WR[LQV� ZHUH� DQDO\]HG� IURP� VRLO�
VDPSOHV��7&91�������
� 'LIIHUHQW�EDWFKHV�RI �VRLO�VDPSOHV�IRU�LVRODWLQJ�
DQG�LGHQWLI\LQJ�PLFUREHV�FDSDEOH�RI �WUDQVIRUPLQJ�
RU�R[LGL]LQJ� LURQ�DQG�VXOIXU�ZHUH�DOVR�FROOHFWHG�
IURP� � 2� DQG� $%� VRLO� OD\HUV� RI � WKH� VDPH� VRLO�
VDPSOLQJ�SRLQWV�LQ�HDFK�ODQG�XVH�W\SH��$UDUDJL�	�
7DQJFKDP�������1JX\HQ�	�3KDQ�������

�
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�

�

�
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�

�

)LJXUH������6WXG\�VLWHV�LQ�WKH�0HNRQJ�GHOWD��9LHWQDP

7DEOH����$QDO\WLFDO�PHWKRGV�XVHG�WR�PHDVXUH�VRLO�QXWULHQWV�DQG�WR[LQV

&ULWHULD� $QDO\WLFDO�PHWKRG�

S+� 6RLO��'',�ZDWHU� �������

7RWDO�1LWURJHQ��71�� .MHOGDKO�PHWKRG�

7RWDO�3KRVSKRUXV��73�� 'U\�DVKHG�DQG��1�+&O��

7RWDO�3RWDVVLXP��7.�� 'U\�DVKHG�DQG��1�+&O��

7RWDO�2UJDQLF�&DUERQ��72&��� :DONOH\�²� %ODFN�

1+�
�� 6RLO���0�.&O� ��������

12�
�� 6RLO���0�.&O� ��������

2UWKRSKRVSKDWH
�

0HKOLFK���

$O��
�

0HKOLFK���

62�
��
�

7XUELGLPHWULF�PHWKRG�

)H��� 0HKOLFK���

%LRFKHPLFDO�FKDUDFWHULVWLFV�RI �WKLRQLF�IOXYLVRO�OLQNHG�WR�ODQG�XVH�W\SHV
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%,27523,$�9RO�����1R���������

� IRU LQJ$QDO\WLFDO� PHWKRGV� DSSOLHG� � PHDVXU �
� �

PDFURQXWULHQWV� �&�� 1�� 3�� .�� 1K �� 12 ��� �

2UWKRSKRVSKDWH�� DQG� WR[LF� LRQV� �([FKDQJHDEOH�
�� �� ��

)H ��$O ��62 �� UH�SUHVHQWHG�LQ�7DEOH���� D

,VRODWLRQ� DQG� ,GHQWLILFDWLRQ� RI � 6XOIXU�
R[LGL]LQJ�0LFUREHV

� ,VRODWLRQ� RI � VXOIXU�R[LGL]LQJ� PLFUREHV� ZDV�
FDUULHG� RXW� EDVHG� RQ� PHWKRGV� GHVFULEHG� E\�
5DMDJRSDO�DQG�6ULGDU���������XVLQJ�WKH�6WDUNH\�DQG�
7KLRVXOIDWH� FXOWXUH�PHGLD�� 7KHVH� FXOWXUH�PHGLD�
KDG�LQLWLDO�S+�RI ������7KH�WRWDO�QXPEHU�RI �VXOIXU�
UHGXFLQJ�PLFUREHV�ZDV�GHWHUPLQHG�XVLQJ�PHWKRG�
GHVFULEHG�E\�7&91��������DQG�FRPSXWHG�XVLQJ�
(TXDWLRQ���GHYHORSHG�E\�7&91��������

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

ZKHUH�
� $� �QXPEHUV� RI � EDFWHULD� FHOOV� LQ� �� J� VRLO�

�FRORQ\�IRUPLQJ�XQLWV�RU�&)8�J�
� 1� � WRWDO�FRORQ\�FRXQW
� Q � � QXPEHU�RI �GLVNV�KDYLQJ�FRORQ\�JURZWK�DW�L�

HDFK�GLOXWLRQ
� 9� � DPRXQW�RI �VDPSOH�VROXWLRQ�LQ�HDFK�GLVN
� I �  � GLOXWLRQ�FRQFHQWUDWLRQ�LQ�HDFK�GLVNL

� ,Q�RUGHU�WR�VFUHHQ�PLFUREHV�FDSDEOH�RI �VXOIXU�
R[LGDWLRQ� DQG�RU� WUDQVIRUPDWLRQ�� WKH� LVRODWHG�
PLFUREHV�ZHUH�FRQWLQXDOO\�FXOWXUHG�LQ�7KLRVXOIDWH�
PHGLD� VXSSOHPHQWHG� E\� WKUHH� GLIIHUHQW�
FRQFHQWUDWLRQV�RI �1D 6 2 �L�H��������DQG����J�/�� � �

FXOWXUH�PHGLD�
� 2QFH�VFUHHQHG��WKHVH�PLFUREHV�ZHUH�WHVWHG�IRU�
WKHLU�ELRFKHPLFDO�FKDUDFWHULVWLFV�VXFK�DV�&DWDODVH��
9RJHV�3URVNDXHU ,QGROH��&LWUDW��*UDP��DQG���93���
QXWULWLRQDO� W\SHV� XVLQJ� PHWKRGV� GHVFULEHG� E\�
1JX\HQ�HW�DO���������DQG�1JX\HQ������D������E��� �
7KH�ELRFKHPLFDO�FKDUDFWHULVWLFV�WHVW�ZHUH�FDUULHG�
RXW� SULRU� WR� FODVVLI\LQJ� DQG� LGHQWLI\LQJ� WKHVH�
PLFUREHV�� 7RWDO� QXPEHUV� RI � PLFUREHV� ZKHUH�
GHWHUPLQHG�DIWHUZDUG�

,VRODWLRQ�DQG�,GHQWLILFDWLRQ�RI �)H�R[LGL]LQJ�
0LFUREHV

� ,URQ�R[LGL]LQJ�PLFUREHV� ZHUH� LVRODWHG� XVLQJ�
FXOWXUH�PHGLD�FRQWDLQLQJ� �� �7KLV�

��
���RI �)H �LRQ

PHWKRG�ZDV�GHVFULEHG�E\� �� �6XSDUQD� HW� DO�� ������
7RWDO� QXPEHU� RI � )H�UHGXFLQJ� PLFUREHV� ZDV�
GHWHUPLQHG�XVLQJ�PHWKRGV�GHVFULEHG�E\�7&91�
������� DQG� FRPSXWHG� XVLQJ� (TXDWLRQ� ��� 7KH�
LVRODWHG� PLFUREHV� ZHUH� FRQWLQXDOO\� FXOWXUHG� LQ�

��
FXOWXUH�PHGLD� ���DQG�����RI �)H �FRQWDLQLQJ� LRQ���
7KHVH�PHGLD�ZHUH� XVHG� W � LURQ�WROHUDQWR� VFUHHQ �
PLFUREHV� FDSDEOH� RI � LURQ�DV� ZHOO� DV� PLFUREHV�
R[LGDWLRQ�� ODVVLILFDWLRQ�DQG� GHQWLILFDWLRQ�RI �WKH�& L
V PLFUREHV� ZHUH� EDVHG� RQ�FUHHQHG� FDUULHG� RXW�
JURZWK�SUREDELOLW\� WHVW� LQ�FXOWXUH�PHGLD�KDYLQJ�
IRXU� OHYHOV� RI � S+� L�H�� �� � %LRFKHPLFDO���� ��� ��� �
FKDUDFWHULVWLFV�WHVW�ZDV�DOVR�FDUULHG�RXW�SULRU�WR�
FODVVLI\LQJ� DQG� LGHQWLI\LQJ� WKH� PLFUREHV�� � 7KH�
ELRFKHPLFDO�FKDUDFWHULVWLFV�WHVW�LQFOXGHG�&DWDODVH��
* P �UDP�� RELOL]DWLRQ� DELOLW\� RI � FRORQLHV� DQG
DVVLPLODWLRQ� � � 7RWDO�DELOLW\� RI � RUJDQLF� FDUERQ�
QXPEHUV� RI � PLFUREHV� ZKHUH� GHWHUPLQHG�
DIWHUZDUG�

5(68/76�$1'�',6&866,21

6RLO�S+

� 6RLO�S+�LV�DQ�LPSRUWDQW�LQGLFDWRU�DV�LW�UHODWHV�
GLUHFWO\�WR�FURSV�GHYHORSPHQW��PLFURELDO�DFWLYLW\�
DQG�ELRFKHPLFDO�UHDFWLRQV�RFFXUULQJ�LQ�VRLOV��7KH�
VWXG\�UHVXOWV�VKRZHG�WKDW�VRLO�S+�RI �WKH�ILYH�ODQG�
XVH� W\SHV�ZHUH� OHVV� WKDQ� ���� �7DEOH� ���� 6RLO� S+�
GLIIHUHG� DPRQJ� ODQG� XVH� W\SHV�ZLWKLQ� HDFK� VRLO�
OD\HU� RI � 2�� $%� DQG� %M� �7DEOH� ���� $OWKRXJK�
VXJDUFDQH� SODQWDWLRQ� DQG� JUDVV�FRYHUHG� ODQG�
�FRQWURO��KDG�KLJKHU�S+� WKDQ� WKH���\HDU�$FDFLD�
SODQWDWLRQ����\HDU�$FDFLD�SODQWDWLRQ�DQG�0HODOHXFD�
SODQWDWLRQ��WKH�S+�GLIIHUHQFH�ZDV�QRW�VLJQLILFDQW�

7DEOH����6RLO�S+�RI �ILYH�ODQG�XVH�W\SHV�ZLWKLQ�HDFK�VRLO�OD\HU

6RLO�OD\HU �
6XJDUFDQH �
SODQWDWLRQ �

��\HDU �$FDFLD �
SODQWDWLRQ �

��\HDU �$FDFLD �
SODQWDWLRQ �

0HODOHXFD �
SODQWDWLRQ �

*UDVV�FRYHUHG�ODQG
�FRQWURO� �

2 � ���DE � ���E � ���DE � ���E � ���D �

$% � ���DE � ���F � ���EF � ���DE � ���D �

%M � ���DEF � ���F � ���EF � ���DE � ���D �

&S � ���QV � ���QV � ���QV � ���QV � ���QV �
1RWH�� 1XPEHUV�ZLWKLQ�D�URZ��VRLO�OD\HU��IROORZHG�E\�WKH�VDPH�OHWWHU�GLG�QRW�GLIIHU�VLJQLILFDQWO\�DW�S�������
� QV� �QRQ�VLJQLILFDQWO\�GLIIHUHQW



���

&RQFHQWUDWLRQV�RI �1�DQG�3�DPRQJ�/DQG�8VH�
7\SHV

� 7RWDO�1LWURJHQ� �71�� LV� DQ� LPSRUWDQW� FULWHULD�
XVHG� WR� HYDOXDWH� VRLO� IHUWLOLW\� GHSHQGLQJ� RQ� WKH�
FRQWHQW�RI �VRLO�RUJDQLF�PDWWHU���1LWURJHQ�LQ�VRLO�LV�
SURGXFHG� E\� PLFURELDO� GHFRPSRVLWLRQ� RI � VRLO�
RUJDQLF�PDWWHU� DQG� LV� D� UHVXOW� IURP� IL[DWLRQ� RI �
QLWURJHQ�JDV�E\�UKL]RVSKHUH�LQ�SODQW�URRW�V\VWHP�
� 1LWURJHQ�PDLQO\�DFFXPXODWHG�LQ�WRSVRLO� OD\HU�
�2�OD\HU��DQG�$%�OD\HU�IRU�DOO�ODQG�XVH�W\SHV��)LJ�������
71�FRQFHQWUDWLRQ�LQ�WKH�WRSVRLO�OD\HU�ZDV�KLJKHU�
FRPSDUHG� WR� WKRVH� LQ� GHHSHU� VRLO� OD\HUV� ZLWKLQ�
HDFK� ODQG� XVH� W\SHV�� 71� FRQFHQWUDWLRQ� UDQJHG�
IURP� ���� J�NJ� �LQ� VXJDUFDQH� SODQWDWLRQ�� WR� ����
J�NJ��0HODOHXFD�SODQWDWLRQ����7DEOH����
� 71�FRQFHQWUDWLRQ�LQ�WRSVRLO�OD\HU��2�OD\HU��ZDV�
VOLJKWO\�GLIIHUHQW�IURP�WKDW�LQ�$%�OD\HU��KRZHYHU��LW�
ZDV�VLJQLILFDQWO\�GLIIHUHQW�IURP�71�FRQFHQWUDWLRQ�
LQ�%M�DQG�&S�OD\HUV��ZLWK�H[FHSWLRQ�IRU�0HODOHXFD�
SODQWDWLRQ� DQG� JUDVV�FRYHUHG� ODQG� �FRQWURO���

�
&RQFHQWUDWLRQ�RI �12 �UDQJHG�IURP�����������������

�
PJ�NJ�VRLO��ZKLOH�FRQFHQWUDWLRQ�RI �1+ �UDQJHG��

IURP� ���� �� ���� PJ�NJ� VRLO� �7DEOH� ���� �
� �

&RQFHQWUDWLRQV� RI � 71��12 ��1+ � � GHFUHDVHG�� �

ZLWK� LQFUHDVLQJ�VRLO�GHSWK� �)LJ������ �7KH� WRSVRLO�

OD\HU�RI �0HODOHXFD�SODQWDWLRQ�DOZD\V�FRQWDLQHG�WKH�
�

KLJKHVW�FRQFHQWUDWLRQV�RI �71������J�NJ��� �12 ��
�

�������PJ�NJ��DQG��1+ ������PJ�NJ�VRLO���7DEOH��

���� 6XJDUFDQH� DQG� ��\HDU� $FDFLD� SODQWDWLRQV�
�

VKRZHG�WKH� ORZHVW�FRQFHQWUDWLRQV�RI �12 �DQG��
��

1+ ��7DEOH�����

� &RQFHQWUDWLRQV�RI �WRWDO�SKRVSKRUXV��73��DQG�
RUWKRSKRVSKDWH� LQ� WRSVRLO� OD\HU� �2� OD\HU�� ZHUH�
ORZ� IRU� DOO� ODQG� XVH� W\SHV� �7DEOH� ��� )LJ�� ���� �
5DQJH�RI �73�DQG�RUWKRSKRVSKDWH�FRQFHQWUDWLRQV�
LQ�WRSVRLO�OD\HU��2�OD\HU�� �ZHUH�����������PJ�NJ�
DQG�����������PJ�NJ��UHVSHFWLYHO\��7DEOH���� �)LJ�� �
������/RZ�FRQFHQWUDWLRQ�RI �RUWKRSKRVSKDWH�PLJKW�
EH�GXH�WR�SDUWLDO�ELQGLQJ�RI �RUWKRSKRVSKDWH�ZLWK�
$O �DQG�)H WR�IRUP�$O�3�DQG�)H�3�FRPSOH[�

�� ���

� �

�%HUWVFK�������%UDG\�	�:HOO���������8QGHU�DFLGLF�
FRQGLWLRQ��S+��������WKH�LQFUHDVH�RI �$O �DQG�)H �

�� ��

FRQFHQWUDWLRQV� UHVXOWHG� WR� D� UHGXFWLRQ� RI �
RUWKRSKRVSKDWH� LRQV� WKURXJK� � $O�3� DQG� )H�3�
FRPSOH[DWLRQ� �%UDG\� 	� :HOO� ������� 73�
FRQFHQWUDWLRQV�LQ�WRSVRLO�OD\HU��2�OD\HU��ZHUH�QRW�
VLJQLILFDQWO\� GLIIHUHQW� DPRQJ� WKH� ILYH� ODQG� XVH�
W\SHV��7KH�KLJKHVW�RUWKRSKRVSKDWH�FRQFHQWUDWLRQ�
ZDV�REVHUYHG�LQ�WKH��WRSVRLO�OD\HU��2�OD\HU��RI �WKH�
��\HDU�$FDFLD�SODQWDWLRQ��7DEOH����)LJ�����

7DEOH�����9DULDWLRQV�RI �1�DQG�3�FRQFHQWUDWLRQV�DPRQJ�ODQG�XVH�W\SHV

&ULWHULD �
6RLO�
OD\HU �

6XJDUFDQH �
FURS �

��\HDU�$FDFLD�
SODQWDWLRQ �

��\HDU�$FDFLD�
SODQWDWLRQ �

0HODOHXFD �
SODQWDWLRQ �

*UDVV�FRYHUHG�
ODQG��FRQWURO� �

S �YDOXH �

71 �
�J�NJ� �

2 � ����E � ����E � ����E � ����D � ����E � ����� �
$% � ����DE � ����D � ����D � ����D � ����E � ����� �
%M � ����E � ����DE � ����DE � ����D � ����E � ����� �
&S � ����QV � ����QV � ����QV � ����QV � ����QV � ����� �

1+�
�
�

�PJ�NJ� �
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9DULDWLRQ�RI �72&�DQG�7.�DPRQJ�/DQG�8VH�
7\SHV

� 72&�FRQFHQWUDWLRQ�ZLWKLQ�HDFK�ODQG�XVH�W\SH�
GHFUHDVHG� ZLWK� LQFUHDVLQJ� VRLO� GHSWK� �7DEOH� ����
,Q� HDFK� RI � ODQG� XVH� W\SHV�� 72&� FRQFHQWUDWLRQ�
LQ� WKH� WRSVRLO� OD\HU� ZDV� KLJKHU� WKDQ� WKRVH� LQ�
GHHSHU� OD\HUV�� :LWKLQ� WRSVRLO� OD\HU�� WKH� ORZHVW�
72&� FRQFHQWUDWLRQ� �������� ZDV� REVHUYHG� LQ� �
VXJDUFDQH�SODQWDWLRQ��ZKHUHDV� WKH�KLJKHVW�72&�
FRQFHQWUDWLRQ���������ZDV�REVHUYHG�LQ�0HODOHXFD�
SODQWDWLRQ�� 'LIIHUHQFHV� RI � 72&� FRQFHQWUDWLRQ�
ZHUH� VLJQLILFDQWO\� GLIIHUHQW� �7DEOH� ���� 72&�
FRQFHQWUDWLRQV� LQ�DOO� ODQG�XVH�W\SHV�REVHUYHG� LQ�
WKLV� VWXG\� ZHUH� VOLJKWO\� ORZHU� WKDQ� WKH� DYHUDJH�
72&�FRQFHQWUDWLRQ�REVHUYHG� LQ�SUHYLRXV� VWXG\�
FRQGXFWHG� LQ� WKH�0HNRQJ�'HOWD� L�H������� �1JR�
������

� 7KH�ORZHVW�7.�FRQFHQWUDWLRQ�ZDV�REVHUYHG��LQ��
0HODOHXFD� SODQWDWLRQ� UDQJLQJ� IURP� ������ WR�
��������2WKHU�ODQG�XVH�W\SHV�VKRZHG�VLPLODU�7.�
FRQFHQWUDWLRQV�� UDQJLQJ� IURP� ������ WR� ��������
ZKLFK� ZDV� KLJKHU� WKDQ� 7.� FRQFHQWUDWLRQ� LQ�
0HODOHXFD� SODQWDWLRQ�� 'LIIHUHQFHV� LQ� 7.�
FRQFHQWUDWLRQ��KRZHYHU��ZHUH�QRW�VLJQLILFDQW���7.�
FRQFHQWUDWLRQV�VKRZHG�LQ�WKLV�VWXG\�ZHUH�ZLWKLQ�
WKH� UHVXOWV� RI � SUHYLRXV� VWXG\� FRQGXFWHG� LQ� WKH�
0HNRQJ�'HOWD��1JR�������� �$OWKRXJK�ILYH�ODQG�
XVH�W\SHV�GLG�QRW�VKRZ�D�VLJQLILFDQW�GLIIHUHQFH�RI �
7.�FRQFHQWUDWLRQV�LQ�WKHLU�WRSVRLO�OD\HU��WKH\�ZHUH�
VLJQLILFDQWO\� GLIIHUHQW� DPRQJ� YHJHWDWLRQ� W\SHV�
ZLWKLQ� WDNLQJ� LQWR�DFFRXQW�RI � HDFK�RWKHU� ORZHU�
OD\HUV��$%��%M��&S���7DEOH����
� &RQFHQWUDWLRQV�RI �71��73��72&�DQG�7.�ZHUH�
VLJQLILFDQWO\�ORZHU�LQ�WRSVRLO�OD\HU��2�OD\HU��WKDQ�

)LJXUH����&RQFHQWUDWLRQV�RI �WRWDO�DQG�ELRDYDLODEOH�1�DQG�3�LQ�ILYH�ODQG�XVH�W\SHV
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WKRVH� LQ�GHHSHU� � VRLO� OD\HUV� �$%��%M��&S��ZLWKLQ�
HDFK�ODQG�XVH�W\SH��7DEOH���	����

%LRDYDLODELOLW\� RI �)H��$O� DQG� 6�(OHPHQWV� LQ�

6RLO

� &RQFHQWUDWLRQ� RI � H[FKDQJHDEOH� )H� LRQV� ZDV�
SDUWLFXODUO\� YHU\� ORZ� WRSVRLO� OD\HU� RI � VXJDUFDQH�
SODQWDWLRQ� ���� PJ�NJ� VRLO��� ��\HDU� $FDFLD�
SODQWDWLRQ� ���� PJ�NJ� VRLO�� DQG� ��\HDU� $FDFLD�
SODQWDWLRQ� ���� PJ�NJ� VRLO��� &RQFHQWUDWLRQ� RI �
H[FKDQJHDEOH�)H�LRQV�ZDV�KLJKO\�DFFXPXODWHG�LQ�
&S�VRLO�OD\HU�RI �DOO�ODQG�XVH�W\SHV�UDQJLQJ�IURP�����
PJ�NJ��LQ�VXJDUFDQH�SODQWDWLRQ��WR�������PJ�NJ�
� LQ � J UDVV�FRYHUHG� ODQG� � � 7KH� K LJKHVW �
FRQFHQWUDWLRQ� RI � H[FKDQJHDEOH� )H� LRQV� ZDV�
REVHUYHG�LQ�WKH�$%��%M�DQG�&S�VRLO�OD\HUV�RI

0HODOHXFD� SODQWDWLRQ�7KH� ORZHVW� FRQFHQWUDWLRQV�
RI � �LRQV�ZHUH�REVHUYHG�LQ�WKH�JUDVV�

�� ��
$O �DQG�62�

FRYHUHG� ODQG� �FRQWURO�� DQG� �0HODOHXFD� SODQWDWLRQ
�7DEOH����
� &RQFHQWUDWLRQ�RI � �LRQ�LQ�DOO�VRLO�OD\HUV�RI �

��
62�

0HODOHXFD� SODQWDWLRQ� ZDV� QRW� VLJQLILFDQWO\�
GLIIHUHQW�� UDQJLQJ� IURP� �� WR� �� J�NJ� VRLO�� 7KH�
ORZHVW�FRQFHQWUDWLRQ�RI � �ZDV�REVHUYHG�LQ�

��
62 �LRQ�

WKH� � VRLO� OD\HUV� RI �$%�� %M� DQG� &S 0HODOHXFD�
��

SODQWDWLRQ 62 ���� �7KH�KLJKHVW�FRQFHQWUDWLRQ�RI �
LRQ ��\HDU�$FDFLD�SODQWDWLRQ��ZDV�REVHUYHG�LQ�WKH�
DQG� ��\HDU�$FDFLD� SODQWDWLRQ� IRU� DOO� VRLO� OD\HUV��
UDQJLQJ�IURP� �� ��� � ���7KH�FRQFHQWUDWLRQ�� �WR��� J NJ
GLIIHUHQFHV�ZLWKLQ� WKH� VDPH� VRLO� OD\HU�ZHUH�QRW�
VLJQLILFDQW�

��
� &RQFHQWUDWLRQ�RI �$O �LRQ�ZDV�VLPLODU�ZLWKLQ�
WKH� VDPH� VRLO� OD\HU� DPRQJ� ILYH� ODQG� XVH� W\SHV�� �

7DEOH���9DULDWLRQV�RI �WRWDO�RUJDQLF�FDUERQ��72&��DQG�WRWDO�SRWDVVLXP��7.��DPRQJ�ODQG�XVH�W\SHV

6RLO�OD\HU�
6XJDUFDQH�
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�� �� ��
7DEOH�����9DULDWLRQV�RI �$O ��)H �DQG�62 �FRQFHQWUDWLRQV�DPRQJ�ODQG�XVH�W\SHV�

&ULWHULD�
6RLO�
OD\HU�

6XJDUFDQH �
FURS�

��\HDU�$FDFLD�
SODQWDWLRQ �

��\HDU�$FDFLD�
SODQWDWLRQ �

0HODOHXFD �
SODQWDWLRQ �

*UDVV�FRYHUHG�
ODQG��FRQWURO� �

S �YDOXH �
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�PJ�NJ��
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��
&RQFHQWUDWLRQ� RI � $O � LRQ� LQFUHDVHG� ZLWK�

��
LQFUHDVLQJ� VRLO� GHSWK�� 5DQJH� RI � $O � LRQ�
FRQFHQWUDWLRQV�ZDV���������PJ�NJ�IRU�DOO�VRLO�OD\HUV�
DPRQJ�WKH�ILYH�ODQG�XVH�W\SHV����&RQFHQWUDWLRQV�RI �

��
$O LRQ�ZHUH�VLJQLILFDQWO\�GLIIHUHQW�EHWZHHQ�2�VRLO�

�

OD\HU�DQG�&M�VRLO� OD\HU�ZLWKLQ�HDFK�ODQG�XVH�W\SH�
�7DEOH����)LJ�����

� %LRDYDLODELOLW\�RI �H[FKDQJHDEOH�)H�LRQV�DQG�
$O � LRQ� IOXFWXDWHG�ZLWK� VRLO� S+�GLIIHUHQFHV�� �

��

*UDVV�FRYHUHG� ODQG� KDYLQJ� KLJKHU� VRLO� S+�
H[KLELWHG�ORZHU�FRQFHQWUDWLRQ�RI �$O �LRQ�DQG�

��

KLJKHU�FRQFHQWUDWLRQ�RI �H[FKDQJHDEOH�)H�LRQV�
�'DR�	�+RDQJ�������

�� ��
)LJXUH������&RQFHQWUDWLRQV�RI �VRLO�H[FKDQJHDEOH�)H�LRQV��$O �LRQ�DQG�62 �LRQ�DPRQJ��ODQG�XVH�W\SHV�
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,VRODWLRQ� RI � 6XOIXU�� DQG� ,URQ�R[LGL]LQJ�
0LFUREHV

� 6RLO�VDPSOHV�WDNHQ�IURP�2�DQG�$%�VRLO�OD\HUV�
ZHUH�XVHG�WR�LVRODWH�PLFUREHV�FDSDEOH�RI �UHGXFLQJ�
VXOIXU�DQG�LURQ�FRQWHQW�LQ�WKH�VRLO���7RWDO�QXPEHUV�
RI �PLFUREHV�ZKHUH�GHWHUPLQHG�DIWHUZDUG�
� 7RWDO� QXPEHU� RI � VXOIXU�R[LGL]LQJ� PLFUREHV�
YDULHG�IURP������[��� �WR�����[��� �&)8�J�VRLO�

� �

�7DEOH� ���� 7RWDO� QXPEHUV� RI � VXOIXU�R[LGL]LQJ�
PLFUREHV�LVRODWHG�IURP�WKH�2�VRLO�OD\HU�ZHUH�QRW�
VLJQLILFDQWO\� GLIIHUHQW� DPRQJ� WKH� ILYH� ODQG� XVH�
W\SHV��7RWDO�QXPEHUV�RI �VXOIXU�R[LGL]LQJ�PLFUREHV�
LVRODWHG�IURP�WKH�$%�VRLO�OD\HU�ZHUH�VLJQLILFDQWO\�
GLIIHUHQW� DPRQJ� WKH� ILYH� ODQG� XVH� W\SHV�� � � � � � � � � � � �
7KH�KLJKHVW�QXPEHU�RI �VXOIXU�R[LGL]LQJ�PLFUREHV�
ZDV�UHFRUGHG�LQ�VRLO�VDPSOHV�WDNHQ�IURP�WKH�$%�
VRLO� OD\HU� RI � WKH� � SODQWDWLRQ� ����� [� �� �

�
0HODOHXFD

&)8�J��� �IROORZHG�E\�WKH��\HDU� �SODQWDWLRQ�$FDFLD
�����[��� �&)8�J��� �7KHVH�UHVXOWV�LQGLFDWHG�WKDW�

�

VSHFLHV� ULFKQHVV� DQG� VSHFLHV� GHQVLW\� RI � VXOIXU�
R[LGL]LQJ�PLFUREHV�ZHUH�TXLWH�KLJK�DPRQJ�WKH�ILYH�
ODQG�XVH�W\SHV�
� 7RWDO� QXPEHU� RI � LURQ�R[LGL]LQJ� PLFUREHV�
�UDQJH�RI �����[��� ��� �����[��� �&)8�J�IRU�DOO�ODQG�

� �

XVH�W\SHV��ZDV�PXFK�ORZHU�WKDQ�WKRVH�RI �VXOIXU�
R[LGL]LQJ�PLFUREHV��7DEOH����� �,WDOLFL]HG�QXPEHUV�
ZLWKLQ�EUDFNHWV�LQ�7DEOH���LQGLFDWHG�WKH�QXPEHUV�RI �
VXOIXU��RU�LURQ�R[LGL]LQJ�PLFURELDO�VSHFLHV�LVRODWHG�
IURP�VRLO�VDPSOHV���7KHVH�PLFUREHV�VXUYLYHG�LQ�WKH�
VXOIXU��RU�LURQ�HQULFKHG�FXOWXUH�PHGLD�
� 7KHUH� ZHUH� ��� GLIIHUHQW� PLFURELDO� VSHFLHV�
FDSDEOH�RI �JURZLQJ�ZHOO�DQG�PHWDEROL]LQJ�VXOIXU�
LQ� VXOIXU�HQULFKHG�FXOWXUH�PHGLD��0RVW�RI � WKHVH�
PLFURELDO�VSHFLHV�ZHUH�LVRODWHG�IURP�2�OD\HU���7KH�
KLJKHVW� QXPEHUV� RI � VXOIXU�R[LGL]LQJ� PLFUREHV�
ZHUH�IRXQG�LQ�WKH�2�OD\HU�RI �VXJDUFDQH�SODQWDWLRQ�

���VSHFLHV���IROORZHG�E\�WKRVH�IRXQG�LQ�WKH�2�OD\HU�
RI � �SODQWDWLRQ����VSHFLHV���2WKHU�VSHFLHV�0HODOHXFD
ZHUH� IRXQG� LQ� WKH� 2� OD\HU� RI � ��\HDU� �$FDFLD
SODQWDWLRQ� ��� VSHFLHV��� LQ� WKH�2� OD\HU� RI � ��\HDU�
$FDFLD�SODQWDWLRQ����VSHFLHV���LQ�WKH�$%�OD\HU�RI �
VXJDUFDQH�SODQWDWLRQ����VSHFLHV��� �LQ�WKH�$%�OD\HU�
RI ���\HDU� �SODQWDWLRQ����VSHFLHV��DQG�LQ�WKH�$FDFLD
$%� OD\HU� RI � JUDVV�FRYHUHG� ODQG�FRQWURO� � � � � � �
���VSHFLHV���,Q�WKH�6WDUN\
V�VXOIXU�HQULFKHG�FXOWXUH�
PHGLD�� FRORQLHV� RI � WKHVH� PLFUREHV� KDG� \HOORZ��
RUDQJH�RU�GDUN�SLQN�FRORU�ZLWK�VPRRWK�VXUIDFH��
ZKLFK� DUH� VLPLODU� WR� WKH� UHVXOWV� RI � VWXGLHV�
FRQGXFWHG� E\� DQG �� DQG�+LWRPR� � 1DRWR� �����
5DMDJRSDO�DQG�6ULGDU��������
� 7ZR� PLFURELD O � VSHF LHV � FDSDEOH � RI �
PHWDEROL]LQJ�LURQ�LQ�LURQ�HQULFKHG�FXOWXUH�PHGLD�
ZHUH� IRXQG� LQ� WKH� $%� OD\HU� RI � VXJDUFDQH�
SODQWDWLRQ����VSHFLHV��DQG�LQ�WKH�$%�OD\HU�RI ���
\HDU� �SODQWDWLRQ����VSHFLHV��� �'LDPHWHU�RI �$FDFLD
WKHVH� LURQ�R[LGL]LQJ� PLFUREHV� FRORQLHV� UDQJHG�
IURP����WR� ���PP�� �7KH�FRORQLHV�JUHZ�FORVHO\�WR�
WKH�VXUIDFH�RI �WKH�FXOWXUH�PHGLD�DQG�KDG�JROGHQ�
ZKLWH�FRORU�

,GHQWLILFDWLRQ�RI �6XOIXU�R[LGL]LQJ�0LFURELDO�
*HQHUD

� 7HQ� RI � WKH� ��� VXOIXU�R[LGL]LQJ� PLFURELDO�
VSHFLHV� SHUIRUPHG� KLJK� FDSDFLW\� RI � VXOIXU�
R[LGDWLRQ�DQG� WKXV�� UHGXFHG�S+�RI � WKH�6WDUNH\�
FXOWXUH�PHGLD� DQG� 7KLRVXOIDWH� IURP� ���� WR� ����
�7DEOH����� �S+�����LV�WKH�LQLWLDO�S+�RI �WKH�6WDUNH\�
DQG�7KLRVXOIDWH�PHGLD�
� $OO�RI �WKHVH�WHQ�PLFURELDO�VSHFLHV�ZDV�DEOH�WR�
WUDQVIRUP�PRUH�WKDQ�����RI �1D 6 2 �FRQWHQW�LQ�� � �

FXOWXUH� PHGLD� VXSSOHPHQWHG� ZLWK� �� PJ�
1D 6 2 �/��7DEOH����� � �

7DEOH������7RWDO�QXPEHUV�RI �VXOIXU��DQG�LURQ�R[LGL]LQJ�PLFUREHV�LVRODWHG�IURP�VRLO�VDPSOHV

6RLO�OD\HU �
6XJDUFDQH �
SODQWDWLRQ �

��\HDU�$FDFLD�
SODQWDWLRQ �

��\HDU�$FDFLD�
SODQWDWLRQ �

0HODOHXFD �
SODQWDWLRQ �

*UDVV�FRYHUHG�ODQG�
�FRQWURO� �

� 7RWDO�VXOIXU�R[LGL]LQJ�PLFUREHV��&)8�J�VRLO� �
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� 7KUHH� VSHFLHV� ZHUH� DEOH� WR� WUDQVIRUP� PRUH�
WKDQ�����RI �1D 6 2 �LQ�7KLRVXOIDWH�FXOWXUH�PHGLD�� � �

VXSSOHPHQWHG�ZLWK���PJ�1D 6 2 �/� L�H��6XJ�$�� � �

*HQ� 0HO�$�*HQ� *UD�$%�*HQ���� �� DQG� � �7DEOH�
���� �7KHVH�WKUHH�VSHFLHV�ZHUH�DEOH�WR�GHFUHDVH�S+�
RI � WKH�6WDUNH\�PHGLD� IURP����� WR������KRZHYHU��
WKHVH� VSHFLHV� ZHUH� QRW� DEOH� WR� GHFUHDVH� S+� RI �
7KLRVXOIDWH�PHGLD��7DEOH�������7KHVH�WKUHH�VSHFLHV�
ZHUH�WKH�RQO\�VSHFLHV�VXUYLYHG�DQG�JUHZ�ZHOO� LQ�
7KLRVXOIDWH�FXOWXUH�PHGLD�VXSSOHPHQWHG�ZLWK����
PJ�1D 6 2 �/��KRZHYHU��WKH\�GLG�QRW�VXUYLYH�LQ�� � ��

7KLRVXOIDWH�FXOWXUH�PHGLD�VXSSOHPHQWHG�ZLWK����
PJ�1D 6 2 �/��7DEOH����� � �7KHVH�WKUHH�PLFURELDO�� � �

VSHFLHV�ZHUH� IRXQG� LQ� WKH�2� DQG�$%� OD\HUV� RI �
VXJDUFDQH� SODQWDWLRQ�� � SODQWDWLRQ� DQG�0HODOHXFD

JUDVV�FRYHUHG� ODQG�FRQWURO�� DQG� WKXV��ZRXOG� EH�
DEOH�WR�R[LGL]H�VXOIXU�LQ�WKH�VRLO�RI �WKHVH�WKUHH�ODQG�
XVH�W\SHV���)LJ�����
� 5HVXOWV� RI � ELRFKHPLFDO� WHVWLQJ� IRU� WKH� WHQ�
VXOIXU�R[LGL]LQJ�PLFURELDO�VSHFLHV�DUH�SUHVHQWHG�LQ�
7DEOH� ��� � � $OO� RI � WKHVH� VSHFLHV� KDG� QHJDWLYH�
UHDFWLRQ� WRZDUG� *UDP�� 93� DQG� ,QGRO� WHVWV��
KRZHYHU�� WKH\� KDG� SRVLWLYH� UHDFWLRQ� WRZDUG�
&DWDODVH�DQG�&LWUDW�WHVWV���1XWULWLRQDO�WHVW�VKRZHG�
WKDW� WKH� WHQ� VXOIXU�R[LGL]LQJ� PLFURELDO� VSHFLHV�
FRQVLVWHG� RI � WKUHH� DXWRWURSKLF� VSHFLHV� IURP�
VXJDUFDQH�SODQWDWLRQ��WKUHH�KHWHURWURSKLF�VSHFLHV�
IURP� VXJDUFDQH� SODQWDWLRQ�� RQH� DXWRWURSKLF�
VSHFLHV� IURP� JUDVV�FRYHUHG� ODQG�FRQWURO� DQG�
WKUHH� KHWHURWURSKLF� VSHFLHV� IURP� 0HODOHXFD�

SODQWDWLRQ��7DEOH����
� $XWRWURSKLF�PLFUREHV� DUH�PLFUREHV� WKDW� FDQ�
V\QWKHVL]H� LQRUJDQLF� FDUERQ� VRXUFHV� IRU� WKHLU�
JURZWK�ZLWKRXW�WKH�SUHVHQFH�RI �RUJDQLF�FDUERQ�
FRPSRXQGV�� +HWHURWURSKLF� PLFUREHV� DUH�
PLFUREHV� WKDW� FDQ� RQO\� JURZ� ZHOO� LQ� PHGLD�
FRQWDLQLQJ�KLJK�RUJDQLF�FDUERQ�VRXUFH�DQG�FDQQRW�

JURZ�ZLWKRXW�RUJDQLF�FDUERQ�FRPSRXQGV��%UDG\�
	�:HOO�������
� ,GHQWLILFDWLRQ� RI � WKHVH� WHQ� VXOIXU�R[LGL]LQJ�
PLFURELDO� VSHFLHV� ZDV� FRQGXFWHG� EDVHG� RQ� WKH�
UHVXOWV� RI � ELRFKHPLFDO� FKDUDFWHULVWLFV� DQDO\VHV��
UHVXOWV�RI �VWXGLHV�FRQGXFWHG�E\�.DQWDFKRWH�DQG�
,QQXZDW� ������� DQG� KDQGERRN� RI � EDFWHULDO�
LGHQWLILFDWLRQ� ZULWWHQ� E\� .HOO\� DQG� +DUULVRQ�
��������7KH�LGHQWLILFDWLRQ�LQGLFDWHG�WKDW�WKH�WHQ�
VXOIXU�R[LGL]LQJ� PLFURELDO� VSHFLHV� EHORQJ� WR�
JHQXV� �7KLREDFLOOXV

,GHQWLILFDWLRQ� RI � ,URQ�R[LGL]LQJ� 0LFURELDO�
*HQHUD
� 5HVXOWV� RI � ELRFKHPLFDO� WHVWLQJ� IRU� WKH� WZR�
LURQ�R[LGL]LQJ�PLFURELDO�VSHFLHV�DUH�SUHVHQWHG�LQ�
7DEOH���� � �7ZR�LURQ�R[LGL]LQJ�PLFURELDO�VSHFLHV�
ZHUH�LVRODWHG�IURP�WKH�ILYH�ODQG�XVH�W\SHV���7KHVH�
WZR�PLFURELDO� VSHFLHV�VKRZHG�QHJDWLYH�UHDFWLRQ�
WRZDUG� *UDP� WHVW�� KRZHYHU�� VKRZHG� SRVLWLYH�
UHDFWLRQ�WRZDUG�&DWDODVH�WHVW�
� 7KHVH� WZR� LURQ�R[LGL]LQJ� PLFURELDO� VSHFLHV�
ZHUH�LQLWLDOO\�LVRODWHG�LQ�FXOWXUH�PHGLD�FRQWDLQLQJ�
���)H ��7KH�WZR�LURQ�R[LGL]LQJ�PLFURELDO�VSHFLHV�

��

JUHZ�ZHOO�LQ�LURQ�HQULFKHG�FXOWXUH�PHGLD�KDYLQJ���
DQG����)H �FRQFHQWUDWLRQV�ZLWK�FXOWXUH�PHGLD�

��

S+�������
� 7KHVH�WZR�PLFURELDO�VSHFLHV�VKRZHG�QHJDWLYH�
UHDFWLRQ� WRZDUG� JOXFRVH�� VXFURVH� DQG� PDOWRVH�
WHVWV��LQGLFDWLQJ�WKDW�WKHVH�WZR�PLFURELDO�VSHFLHV�
ZHUH�DXWRWURSKLF�
� ,GHQWLILFDWLRQ� EDVHG� RQ� ELRFKHPLFDO�
FKDUDFWHULVWLFV� DQDO\VHV�� UHVXOWV� RI � VWXGLHV�
FRQGXFWHG� E\� .DQWDFKRWH� DQG� ,QQXZDW� �������
DQG�KDQGERRN�RI �EDFWHULDO�LGHQWLILFDWLRQ�ZULWWHQ�
E\�.HOO\�DQG�+DUULVRQ��������LQGLFDWHG�WKDW�WKHVH�
WZR� LURQ�R[LGL]LQJ� PLFURELDO� VSHFLHV� EHORQJ� WR�
JHQXV� �7KLREDFLOOXV

%LRFKHPLFDO�FKDUDFWHULVWLFV�RI �WKLRQLF�IOXYLVRO�OLQNHG�WR�ODQG�XVH�W\SHV
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&21&/86,216

� 7KH�ILYH�ODQG�XVH�W\SHV�KDG�YHU\�DFLGLF�VRLO�ZLWK�
VRLO� S+� RI � �� ����� ORZ� FRQFHQWUDWLRQV� RI �
SKRVSKRUXV�DQG�SRWDVVLXP���7RWDO�RUJDQLF�FDUERQ�
�72&��LQ�2�OD\HUV�LQ�DOO�ILYH�ODQG�XVH�W\SHV�ZDV�
KLJKHU� WKDQ� WKDW� LQ�GHHSHU�VRLO� OD\HUV�� �0HODOHXFD�
SODQWDWLRQ�KDG�WKH�KLJKHVW�FRQFHQWUDWLRQ�RI �72&�
LQ� WKH�2� OD\HU��&RQFHQWUDWLRQV�RI � H[FKDQJHDEOH�

�� �� ���
)H ��$O ��62 LRQV�YDULHG�DPRQJ�WKH�ILYH�ODQG�XVH��

��
W\SHV�� �7KH� ORZHVW� FRQFHQWUDWLRQ�RI �62 � �ZDV��

REVHUYHG�LQ�WKH�JUDVV�FRYHUHG�ODQG��FRQWURO��DQG�
0HODOHXFD�SODQWDWLRQ�
� 7HQ� VXOIXU�R[LGL]LQJ� PLFURELDO� VSHFLHV� ZHUH�
LVRODWHG� IURP� VXJDUFDQH� SODQWDWLRQ�� �0HODOHXFD

SODQWDWLRQ� DQG� JUDVV�FRYHUHG� ODQG�FRQWURO� DQG�
ZHUH� LGHQWLILHG� DV� EHORQJ� WR� JHQXV� �� � �7KLREDFLOOXV

{ 7ZR� LURQ�R[LGL]LQJ� PLFURELDO� VSHFLHV� ZHUH�
LVRODWHG� IURP� VXJDUFDQH� SODQWDWLRQ� DQG� ��\HDU�
$FDFLD� SODQWDWLRQ� DQG� ZHUH� DOVR� LGHQWLILHG� DV�
EHORQJ�WR�JHQXV� �7KLREDFLOOXV
� ,W�LV�SURSRVHG�WKDW�WKHUH�LV D�VWURQJ�UHODWLRQVKLS��
EHWZHHQ �VS� DQG�VXJDUFDQH�SODQWDWLRQ��7KLREDFLOOXV �
ZKLFK�LQGLFDWHV�WKDW �VS�� �LVRODWHG�IURP��7KLREDFLOOXV
VXJDUFDQH�SODQWDWLRQ�FDQ�R[LGL]H�VXOIXU�DQG�LURQ�LQ�
WKH�SROOXWHG�DFLG�VXOIDWH�VRLO�

$&.12:/('*(0(176

� 7KH� DXWKRUV� WKDQN� +R� &KL� 0LQK� 3HRSOH�
&RPPLWWHH
V�'HSDUWPHQW�RI �)RUHVWU\�DQG�)RUHVW�
6FLHQFH�,QVWLWXWH�RI �6RXWK�9LHWQDP�IRU�SURYLGLQJ�
ILQDQFLDO�VXSSRUW�IRU�WKLV�VWXG\�

5()(5(1&(6

$UDUDJL�0��7DQJFKDP�%��������(IIHFW�RI �ULFH�VWUDZ�RQ�WKH�
FRPSRVLWLRQ�RI �YRODWLOH�VRG�JDV�DQG�PLFURIORUD�LQ�WKH�
WURSLFDO�SDGG\�ILHOG��-�3ODQW�1XWU�6RLO�6FL������������

%HUWVFK�%��������$OXPLQXP��PHWKRGV�RI �VRLO�DQDO\VLV��3DUW���
FKHPLFDO�PHWKRGV��0DGLVRQ� �86��� 6RLO� 6FL� 6RF� RI �
$PHULFD�,QF��S���������

%UDG\�1&��:HOO�55��������7KH�QDWXUH� DQG�SURSHUWLHV�RI �
VRLOV��1HZ�-HUVH\��86���3UHQWLFH�+DOO�,QF��

%UHHPHQ�9�� ������ (QYLURQPHQWDO� DVSHFWV� RI � DFLG� VXOIDWH�
VRLOV��,Q��'HQW�'/�� �YDQ�0HQVYRRUVW�0()��HGLWRUV�� �
3URFHHGLQJ�RI �V\PSRVLXP�RQ�DFLG�VXOIDWH�VRLOV�LQ�+R�
&KL� 0LQK� &LW\�� 0DUFK� ������ :DJHQLQJHQ� �1/���
,QWHUQDWLRQDO� ,QVWLWXWH� IRU� /DQG� 5HFODPDWLRQ� DQG�
,PSURYHPHQW��3XEO�����S����������

'DQJ�96��1JR�777��3KDP�91��������'LYHUVLW\�RI �ZHWODQG�
HFRV\VWHPV�LQ�%LQK�&KDQK�'LVWULFW��+R�&KL�0LQK�
&LW\��9LHWQDP�:HWODQG�$VVRFLDWLRQ��$YDLODEOH�IURP��
KWWSV���YQZD�ZRUGSUHVV�FRP������� ������GD�
G�( ��%$�$ � Q J � W K�( ��%%�% � F �
Y�(��%$�$'W�WUHQ�K�(��%%����VLQK�WKDL�
G �( ��%$�$ � W � Q J�( ��%$�$'S �
Q�&��%��(��%%��%F�KX\�(��%%���Q�
E L Q K � F K D Q K � W K D Q K � S K�( ��%%� � � �
K�(��%%����FKL�PLQK�

'DR�;+��+RDQJ�7'��������8WLOL]DWLRQ�DQG�UHFODPDWLRQ�RI �
EUDFNLVK� ZDWHU� DQG� DFLGLF� VRLOV�� +DQRL� �91���
9LHWQDP�3XEOLVKLQJ�+RXVH�RI �$JULFXOWXUH�

'R�'6��1JX\HQ�1%��������(YDOXDWLRQ�RI �SRWHQWLDO�XVH�RI �
IRUHVW� ODQG� LQ� WKH� 0HNRQJ� 'HOWD�� +DQRL� �91���
9LHWQDP�3XEOLVKLQJ�+RXVH�RI �$JULFXOWXUH��S�������

'XRQJ� 91�� /H� '.�� ,WR� -�� 1JR� 7%�� ������ �0HODOHXFD
SODQWDWLRQ�LQ�DFLG�VRLO�LQ�WKH�0HNRQJ�'HOWD�DQG�LWV�
DSSOLFDWLRQ�DQG�UROH�LQ�LQGXVWU\��6$352)�WHDP�IRU�
-DSDQ�%DQN�,QWHUQDWLRQDO�&RRSHUDWLRQ��-%,&���S����
���

'XRQJ�71��1JR�1+��/H�93��9R�40��/H�47��������6RPH�
FKDUDFWHULVWLFV�RI �DFLGLF�VRLO�SURILOH�LQ�WKH�0HNRQJ�
'HOWD��9LHWQDPHVH�-�6FL�����������

+LWRPR�2��1DRWR�2��������,VRODWLRQ�DQG�LGHQWLILFDWLRQ�RI �
VXOIXU�R[LGL]LQJ� EDFWHULD� IURP� WKH� EXULHG� OD\HU�
FRQWDLQLQJ�UHGXFHG�VXOIXU�FRPSRXQGV�RI �D�SDGG\�
ILHOG� RQ� 6DGR� ,VODQG�� %XOOHWLQ� RI � WKH� )DFXOW\� RI �
$JULFXOWXUH� ���������� 1LLJDWD� �-3��� � 1LLJDWD�
8QLYHUVLW\�

+R�4'��1JX\HQ�9'��7UDQ�;&��/H�70+��������6WDWXV�RI �
DFLG� VXOIDWH� DQG�PDQJURYH� VRLOV� LQ�0HNRQJ�'HOWD�
DIWHU� ��� \HDUV� RI � XWLOL]DWLRQ�� 9LHWQDPHVH� -�
$JUL6FL7HFKQRO������������

.DQWDFKRWH�'��,QQXZDW�:��������,VRODWLRQ�RI � VS �7KLREDFLOOXV� �
IRU� XVH� LQ� WUHDWPHQW� RI � UXEEHU� VKHHW�ZDVWHZDWHU��
6RQJNODQDNDULQ�-�6FL�7HFKQRO�����������

.HOO\�'3��+DUULVRQ�$3��������*HQXV�RI � �VS��,Q��7KLREDFLOOXV
6WDOH\�*7�� 3HQQLQJ�1��+ROW� -*�� HGLWRUV�� %HUJH\
V�
PDQXDO�RI �V\VWHPDWLF�EDFWHULRORJ\��%DOWLPRUH��86���
:LOOLDPV�	�:LONLQVRQ�&R���S�����������

.RJDZDUD� 6��<DPDQRVKLWD�7��1RULVDGD�0��0DVXPRUL�0��
.RMLPD� .�� ������ 3KRWRV\QWKHVLV� DQG� SKRWR�
DVVLPLODWH� WUDQVSRUW� GXULQJ� URRW� K\SR[LD� LQ� 0��

FDMXSXWL (���� D� IORRG�WROHUDQW� VSHFLHV� DQG� LQ�
FDPDOGXOHQVLV��D�PRGHUDWH�IORRG�WROHUDQW�VSHFLHV��7UHH�
3K\VLRO������������

.\XPD� .�� ������ 3DGG\� VRLOV� LQ� WKH� 0HNRQJ� 'HOWD� RI �
9LHWQDP�� 'LVFXVV� 3DS� ���� &HQWHU� IRU� 6RXWKHDVW�
$VLDQ�6WXGLHV��.\RWR��-3���.\RWR�8QLYHUVLW\�

/DPHUV�/30��YDQ�'LJJHOHQ�-0+��2S�GHQ�&DPS�+-��9LVVHU�
(-�� /XFDVVHQ�(&�� 9LOH�0$�� ���� 5RHORIV� -*�� ������
0LFURELDO�7UDQVIRUPDWLRQV�RI �1LWURJHQ��6XOIXU��DQG�
,URQ�'LFWDWH�9HJHWDWLRQ�&RPSRVLWLRQ�LQ�:HWODQGV��
$� 5HYLHZ�� ������� GRL����������)URQW� 0LFURELRO�
IPLFE������������

%LRFKHPLFDO�FKDUDFWHULVWLFV�RI �WKLRQLF�IOXYLVRO�OLQNHG�WR�ODQG�XVH�W\SHV
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/H�+%��������%DVHG�DFLG�VXOIDWH�VRLO�SUREOHPV���+DQRL��91���
9LHWQDP�1DWLRQDO�8QLYHUVLW\
V�3XEOLVKLQJ�+RXVH�

/H�'.��+RDQJ�&��1JX\HQ�71��3LQ\RSXVD�5��������*HQHWLF�
VHOHFWLRQ� RI � � VSLQ� WKH� 0HNRQJ� 'HOWD��0HODOHXFD
3URFHHGLQJV� RI � ZRUNVKRS� RQ IRUHVW� SODQWDWLRQ��
WHFKQLTXHV�RQ�DFLG�VXOIDWH�VRLO�LQ�0HNRQJ�'HOWD��)RU�
6FL�,QVW�RI �6RXWK�9LHWQDP��S���������

/H�+%�� /H�71+�� 3KDQ�.3��'RDQ�7<��1JX\HQ� /�� ������
(QYLURQPHQWDO�WR[LFRORJ\���+R�&KL�0LQK�&LW\��91���
+&0&�1DWLRQDO�8QLYHUVLW\
V�3XEOLVKLQJ�+RXVH�

1DNDED\DVKL�.��1JX\HQ�17��7KRPVRQ�-��)XMLWD�.��������
(IIHFW� RI � HPEDQNPHQW� RQ� JURZWK� DQG� PLQHUDO�
XSWDNH� RI � � XQGHU� DFLG� VXOIDWH� VRLO�0HODOHXFD� FDMXSXWL
FRQGLWLRQ��6RLO�6FL�3ODQW�1XWU��������������

1JR�'4��������5HVWRUDWLRQ�DQG�GHYHORSPHQW�RI �ZHWODQG�
DQG� � IRUHVWV� LQ� 9LHWQDP�� +DQRL� �91���0HODOHXFD
9LHWQDP� 3XEOLVKLQJ� +RXVH� RI � $JULFXOWXUH�� ��� S��
$YDLODEOH� IURP�� KWWS���OLE�GQWX�HGX�YQ�������
GVSDFH�ELWVWUHDP�'178B�����������������NK
RL���SKXF���YD���SKDW���WULHQ���UXQJ���
QJDS���PDQ���UXQJ���WUDP���R���YLHW���
QDP�����SGI

1JR�1+��������5HODWLRQVKLS�EHWZHHQ�RUJDQLF�FDUERQ�DQG�
QLWURJHQ�LQ�0HNRQJ�'HOWD
V�SDGG\�VRLOV��9LHWQDPHVH�
-�6RLO�6FL����������

1JX\HQ�1+������D��3UDFWLFLQJ�RI �PLFURRUJDQLVP�UHVHDUFK���
+DQRL��91���9LHWQDP�3XEOLVKLQJ�+RXVH�RI �/DERU�

1JX\HQ� 7'�� ����E�� %DVLV� RI � ELRORJLFDO� PLFURRUJDQLVPV�� �
+DQRL� �91��� 9LHWQDP� 3XEOLVKLQJ� +RXVH� RI �
(GXFDWLRQ�

1JX\HQ�.4��/DP�13��/H�;7��3KDQ�71��1JR�1+��������
(IIHFWV� RI � 13.� IHUWLOL]HU� RQ� VXJDUFDQH� FURSV�
JURZLQJ� LQ� DFLG� VRLOV� LQ� +DX� *LDQJ� 3URYLQFH��
9LHWQDPHVH�-�6FL���E ���������

1JX\HQ�773��3KDQ�/��������0LFURELRORJLFDO�FKDUDFWHULVWLFV�
RI �DFLG�VXOIDWH�VRLOV��D�FDVH�VWXG\�LQ�WKH�+R�&KL�0LQK�
&LW\� HQYLURQPHQW�� ,Q�� 'HQW� '/�� YDQ�0HQVYRRUVW�
0()�� HGLWRUV�� 3URFHHGLQJ� RI � V\PSRVLXP� RQ� DFLG�
VXOIDWH�VRLOV�LQ�+R�&KL�0LQK�&LW\��:DJHQLQJHQ��1/���
,QWHUQDWLRQDO� ,QVWLWXWH� IRU� /DQG� 5HFODPDWLRQ� DQG�
,PSURYHPHQW��3XEO������S���������

1JX\HQ�/'��1JX\HQ�7+��/H�'/��3KDP�77&��'RDQ�;0��
3KDP� 97�� ������ 5HVHDUFK� PHWKRGRORJLHV� RI �
PLFURRUJDQLVP +DQRL� �91��� +DQRL� 3XEOLVKLQJ���
+RXVH�RI �6FLHQFH�DQG�7HFKQLTXH�

1JX\HQ� +0�� 7UDQ� 7.�� $VWURP� 0�� +X\QK� &7�� ������
3ROOXWLRQ�RI �VRPH�WR[LF�PHWDOV�LQ�FDQDO�ZDWHU�OHDFKHG�
RXW�IURP�DFLG�VXOIDWH�VRLOV�LQ�WKH�0HNRQJ�'HOWD��,Q��
+LUR\DVX� 6�� HGLWRUV�� 3URFHHGLQJ� RI � WKH� 6HFRQG�
,QWHUQDWLRQDO�6\PSRVLXP�RQ�6RXWKHDVW�$VLDQ�:DWHU�
(QYLURQPHQW� RQ� 'HFHPEHU� ������ +D� 1RL�
�9LHWQDP���6RXWKHDVW�$VLDQ�:DWHU�0DQDJHPHQW����S��
�������

3HVWHU�0��.QRUU�.�+��)ULHGULFK�0:��:DJQHU�0��/R\�$��
������6XOIDWH�5HGXFLQJ�0LFURRUJDQLVPV�LQ�:HWODQGV�
²�)DPHOHVV�$FWRUV� LQ�&DUERQ�&\FOLQJ�DQG�&OLPDWH�

&KDQJH�� )URQWLHUV� LQ� 0LFURELRORJ\ �������
'2,���������IPLFE������������

3KDP�91��1JX\HQ�71��'DQJ�96��������&RPSRVLWLRQ�DQG�
GLVWULEXWLRQ�RI �ZHWODQG�SODQW� VSHFLHV� LQ�'XF�+XH�
'LVWULFW��/RQJ�$Q�3URYLQFH��9LHWQDPHVH�-�6FL��������
���

3KDP� 7'�� 3KDP� 1&�� ������ 7HFKQLTXHV� RI � �0HODOHXFD
SODQDWLRQ�RQ�DFLG�VXOIDWH�EDVHG�SODQWDWLRQ�LQ�/RQJ�
$Q� SURYLQFH�� 9LHWQDPHVH� $FDGHP\� RI � )RUHVW�
6FLHQFHV�� $YDLODEOH� IURP�� KWWS���YDIV�JRY�YQ�YQ��
��������PRW�VR�QJKLHQ�FXX�YH�N\�WKXDW�WURQJ�
UXQJ�WUDP�WUHQ�GDW�FKXD�SKHQ�R�KX\HQ�WKDQK�
KRD�ORQJ�DQ�

3KDP�79��9R�40��/H�47��7UDQ�77�� ������ 6RLOV� RI � WKH�
0HNRQJ� 'HOWD� F ODVV LI LHG� E\� :5%�)$2�
FODVVLILFDWLRQ�V\VWHP��9LHWQDPHVH�-�6FL���E�������

3KDP�7'��9X�'+��������%LRPDVV�RI � SODQWDWLRQ�LQ�0HODOHXFD�
/RQJ�$Q��9LHWQDPHVH�-�)RU�6FL�� ���������

5DMDJRSDO�9��6ULGDU�5��������,VRODWLRQ�DQG�FKDUDFWHUL]DWLRQ�
RI �VXOIXU�R[LGL]LQJ�EDFWHULD��-�&XOW�&ROOHFW ��������

6DWRVKL�.��7DNDVKL�<��0DULNR�1��0DVD\D�0��.DWVXPL�.��
������3KRWRV\QWKHVLV�DQG�SKRWRDVVLPLODWH�WUDQVSRUW�
GXULQJ� URRW� K\SR[LD� LQ� �� D� IORRG�0HODOHXFD� FDMXSXWL
WROHUDQW�VSHFLHV��DQG�LQ� ��D�PRGHUDWHO\�(��FDPDOGXOHQVLV
IORRG�WROHUDQW�VSHFLHV��7UHH�3K\VLRO ������������

6RNRORYD�7$��$OHNVHHYD�6$��������$GVRUSWLRQ�RI �6XOIDWH�
,RQV�E\�6RLOV��$�5HYLHZ���(-66����������²���

6XSDUQD�'��$QNLWD�3��$UWL�0��������,VRODWLRQ�RI �D�QRYHO�LURQ�
R[LGL]LQJ�EDFWHULD� IURP� WKH� LURQ� VFUDSV�RI � D� VWHHO�
LQGXVWU\��$GY�$SSO�6FL�5HV�������������

7KDL� 7/�� ������ 7KH� UHVHDUFK� SODQ� IRU� LPSURYLQJ�
SURGXFWLYLW\�DQG�TXDOLW\�RI �WKH�LQGLJHQRXV�0HODOHXFD�
VSHFLHV�LQ�ZD\�RI �K\EULGL]DWLRQ�ZLWK�H[RWLF�VSHFLHV�LQ�
WKH�VXOSKDWH�DFLG�ODQGV�RI �VHDVRQDOO\�IRRGHG�DUHDV�LQ�
WKH�0HNRQJ�'HOWD��9LHWQDPHVH�-�$JULF�5XUDO�'HY�
���������

7UDQ�4%��������3RVVLELOLW\�RI � �IRUHVW�RQ�VRLO�DQG�0HODOHXFD
ZDWHU� LPSURYHPHQW� LQ� IORRGHG� DUHDV� RI � 0HNRQJ�
'HOWD��9LHWQDPHVH�-�$JULF�5XUDO�'HY�����������

7UDQ� 1+�� 'DQJ� '0�� 1JX\HQ� 0+�� ������ &KHPLFDO�
FKDUDFWHULVWLFV�RI �SHDW�VRLO�LQ�WKH�VXUURXQGLQJV�DUHD�
DQG�LQ�WKH�FRUH�]RQH�LQ�8�0LQK�+D�1DWLRQDO�5HVHUYH�
RI �&D�0DX�SURYLQFH��9LHWQDPHVH�-�6FL��E�������

�

9LHWQDP� 6WDQGDUG� DQG� 4XDOLW\� ,QVLWXWH�� ������ 7&91�
�����������6RLO�TXDOLW\�DQG�VRLO�VDPSOLQJ�PHWKRGV��
+DQRL� �91��� 9LHWQDP� 6WDQGDUG� DQG� 4XDOLW\�
,QVLWXWH��'LUHFWRUDWH�IRU�6WDQGDUGV��0HWURORJ\�DQG�
4XDOLW\�

9LHWQDP� 6WDQGDUG� DQG� 4XDOLW\� ,QVLWXWH�� ������ 7&91�
����������� 0LFURRUJDQLVPV� LQ� OLYHVWRFN� IRRG��
PHWKRGV� LQ� GHWHUPLQDWLRQ� RI � WRWDO� PLFURELDO�
QXPEHU� RQ� FXOWXUDO� PHGLD�� DQG� WHFKQLTXH� RQ�
FRXQWLQJ�PLFURELDO� FRORQ\��+DQRL� �91���9LHWQDP�
6WDQGDUG� DQG� 4XDOLW\� ,QVLWXWH�� 'LUHFWRUDWH� IRU�
6WDQGDUGV��0HWURORJ\�DQG�4XDOLW\�



���

:DWDQDEH�7��2VDNL�0��7DGDQR�7��������5HVSRQVH�RI �SODQWV�
DGDSWHG�LQ�ORZ�S+�VRLOV�WR�DOXPLQXP��3ODQW�1XWU�IRU�
6XVWDLQDEOH�)RRG�3URG�(QYLURQ �������������

:DWKLQHH�6��1XQWDZRRW�6��:DUDYRRWK�6��������*URZWK�DQG�
DERYHJURXQG�ELRPDVV�RI � �3ODQWDWLRQ� LQ�0�� FDMXSXWL
7UDW�3URYLQFH�7KDLODQG��7KDL�-�)RU�����������

%LRFKHPLFDO�FKDUDFWHULVWLFV�RI �WKLRQLF�IOXYLVRO�OLQNHG�WR�ODQG�XVH�W\SHV


