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1��0��(O�$VVL��'HSDUWPHQW�RI�+RUWLFXOWXUH�DQG�&URS�6FLHQFH��&ROOHJH�RI�$JULFXOWXUH��8QLYHUVLW\�RI�-RUGDQ��(�PDLO��QDMLEDVL#MX�HGX�MR��$EVWUDFW��0DWXUH�JUHHQ� DQG� SLQN� WRPDWR� IUXLW� �6RODQXP� O\FRSHUVLFRP�0LOO��� FY��&DUPHOOR��ZHUH�
WUHDWHG�ZLWK�ZDUP�ZDWHU� IRU� ���PLQ�� DW� ���� ���� ���� RU� ��� q& �QRQ�FKLOOHG��� DQG� WKHQ� HLWKHU� KHOG�
FRQWLQXRXVO\�DW����q& XQWLO�UHG�ULSH��PD[LPXP����GD\V���RU�DW���q& �FKLOOHG��IRU����GD\V�WKHQ����q&
XQWLO�UHG�ULSH��PD[LPXP�����GD\V���)UXLW�XVHG�WR�HYDOXDWH�GHFD\�LQFLGHQFH�ZHUH�KHOG�DW����q& IRU�DQ�DGGLWLRQDO� �� GD\V� SDVW� WKH� UHG� ULSH� VWDJH�� :KHQ� IUXLW� UHDFKHG� WKH� UHG�ULSH� VWDJH�� VROXEOH� VROLG�FRQWHQWV�� S+�� ILUPQHVV�� DQG�ZHLJKW� ORVV�ZHUH�GHWHUPLQHG�� GHFD\� LQFLGHQFH�ZDV� UDWHG� DQG�GD\V� WR�ULSHQ� ZDV� UHFRUGHG�� &KLOOLQJ� UDWKHU� WKDQ� ZDUP�ZDWHU� LQFUHDVHG� WKH� IUXLW� 66&�� EXW� QHLWKHU� RI� WKH�WUHDWPHQWV�DIIHFWHG� WKH�IUXLW�S+��:DUP�ZDWHU�WUHDWPHQW�HQKDQFHG�ILUPQHVV�RI�IUXLW�KHOG�DW�FKLOOLQJ�
WHPSHUDWXUH��:HLJKW� ORVV�ZDV� UHGXFHG� LQ� FKLOOHG��DQG�ZDUP�ZDWHU� WUHDWHG� IUXLW�� H[FHSW� IRU����q&��WKDW�VKRZHG�DQ�LQFUHDVH�LQ�ZHLJKW�ORVV��1RQ�FKLOOHG�SLQN�DQG�PDWXUH�JUHHQ�WRPDWR�IUXLW�ULSHQHG�LQ���RU����GD\V��UHVSHFWLYHO\��ZKLOH�FKLOOHG�IUXLW�ULSHQHG�LQ����RU����GD\V��LQFOXGLQJ�D����GD\�KROGLQJ�DW�FKLOOLQJ�WHPSHUDWXUH���3UH�VWRUDJH�ZDUP�ZDWHU�WUHDWPHQW�FDQ�EH�EHQHILFLDO�ZLWKLQ�WKH�UDQJH�RI����WR�
���q& LQ� UHGXFLQJ�GHFD\��DOOHYLDWLQJ�FKLOOLQJ� LQMXU\��SURORQJLQJ� WKH�VWRUDJH�SHULRG�DQG�LPSURYLQJ�VRPH�TXDOLW\�FKDUDFWHULVWLFV�RI�WKH�IUXLW���
.H\ZRUGV��&KLOOLQJ�LQMXU\��GHFD\��ILUPQHVV��6RODQXP�O\FRSHUVLFRP�0LOO��TXDOLW\��
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,QWURGXFWLRQ�� 7RPDWRHV� DUH� FKLOOLQJ� VHQVLWLYH� DW�WHPSHUDWXUHV�EHORZ����R& LI�KHOG�IRU�ORQJHU�WKDQ���ZHHNV�RU�DW���R& IRU�ORQJHU�WKDQ�����GD\V� �6XVORZ� DQG� &DQWZHOO�� �������&RQVHTXHQFHV� RI� FKLOOLQJ� LQMXU\� DUH� IDLOXUH�WR� ULSHQ� DQG� GHYHORS� IXOO� FRORU� DQG� IODYRU��LUUHJXODU� �EORWFK\�� FRORU� GHYHORSPHQW��SUHPDWXUH� VRIWHQLQJ�� VXUIDFH� SLWWLQJ��EURZQLQJ�RI�WKH�VHHGV��DQG�LQFUHDVHG�GHFD\��HVSHFLDOO\� WKH� EODFN� PROG� FDXVHG� E\�

$OWHUQDULD� VSS��� 7KHVH� V\PSWRPV� DSSHDU�ZKHQ� WKH� IUXLW� DUH� WUDQVIHUUHG� WR� QRQ�FKLOOLQJ�WHPSHUDWXUH��3DXOO���������,Q�UHFHQW�\HDUV�� WKHUH� KDYH� EHHQ� VHYHUDO� UHSRUWV� RQ�WKH� XVH� RI� SUH�VWRUDJH� KHDW� WUHDWPHQWV� WR�UHGXFH�FKLOOLQJ� LQMXU\� LQ�KRUWLFXOWXUDO�FURSV�H[SRVHG� WR� ORZ� WHPSHUDWXUH� �3DXOO� DQG�0F'RQDOG�� ������� 7R� GDWH�� WKHUH� KDV� EHHQ�QR� SXEOLVKHG� ZRUN� FRQFHUQLQJ� WKH� XVH� � RI�KHDW� WUHDWPHQWV� WR� UHGXFH� WKH� GHWULPHQWDO�HIIHFWV�RI� ORZ� WHPSHUDWXUH�GXULQJ� WUDQVSRUW�DQG�RU�VWRUDJH�RI�-RUGDQLDQ�WRPDWRHV��
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7KH� REMHFWLYH� RI� WKLV� VWXG\� ZDV� WR�LQYHVWLJDWH� WKH� HIIHFWLYHQHVV� RI� VKRUW�WHUP�ZDUP�ZDWHU� WUHDWPHQW� WR� SHUPLW� VXFFHVVIXO�WUDQVSRUW� DQG�RU� VWRUDJH� RI� WRPDWRHV��HVSHFLDOO\� LQ� PL[HG� ORDGV� RI� GLIIHUHQW�FRPPRGLWLHV� LQ� UHIULJHUDWHG� WUXFNV�� WKDW� LV�PRVWO\� SUDFWLFHG� LQ� WKH� H[SRUW� WR� WKH� *XOI�6WDWH PDUNHWV��)UXLW�TXDOLW\�SDUDPHWHUV�� L�H��66&�� S+�� ILUPQHVV�� DQG� ZHLJKW� ORVV� ZHUH�HYDOXDWHG� DW� WKH� UHG�ULSH� VWDJH�� 7LPH� WR�UHDFK� WKH� UHG�ULSH� VWDJH�DQG� WKH�SHUFHQWDJH�RI�GHFD\�ZHUH�DOVR�GHWHUPLQHG���0DWHULDOV�DQG�0HWKRGV�� 7RPDWR� IUXLW� �6RODQXP� O\FRSHUVLFRP�0LOO�� FY�� ³&DUPHOOR´�� DW� WKH� PDWXUH�JUHHQ�DQG�SLQN��PRUH�WKDQ�����EXW�QRW�PRUH�WKDQ�����RI�WKH�VXUIDFH�VKRZV�SLQN�RU�UHG�FRORU��VWDJHV�RI�GHYHORSPHQW�ZHUH�KDQG�KDUYHVWHG�IURP� D� FRPPHUFLDO� IDUP� LQ� WKH� -RUGDQ�9DOOH\��7KUHH�KDUYHVWV�ZHUH�FDUULHG�RXW� IRU�HDFK� PDWXULW\� VWDJH�� ZLWK� D� ZHHN� LQWHUYDO�EHWZHHQ� KDUYHVWV�� DQG� D� WHQ�GD\� LQWHUYDO�EHWZHHQ�WKH�WZR�PDWXULW\�VWDJHV��+DUYHVWHG�IUXLW� ZHUH� ZDVKHG� ZLWK� ZDWHU�� DLU� GULHG� DW�DPELHQW� WHPSHUDWXUH�� DQG� WUDQVSRUWHG� WKH�VDPH�GD\�WR�WKH�VWRUDJH�IDFLOLWLHV�ORFDWHG�LQ�WKH� -RUGDQ�9DOOH\�� )UXLW� IURP� HDFK� KDUYHVW�ZHUH�KHOG�RYHUQLJKW�WKHQ�VRUWHG�WR�HOLPLQDWH�GHIHFWV�DQG�HVWDEOLVK�XQLIRUPLW\�RI�VL]H�DQG�FRORU�� DQG� ZHUH� GLYLGHG� LQWR� ��� JURXSV� RI���� IUXLW�HDFK��7ZR�JURXSV�ZHUH�QRW� WUHDWHG�ZLWK� ZDUP� ZDWHU�� WKH� ILUVW� ZDV� GHVLJQDWHG�DV WKH�QRQ�FKLOOHG�FRQWURO� � DQG�ZDV�KHOG�DW���� R& FRQWLQXRXVO\�� DQG� DQRWKHU� ZDV� WKH�FKLOOHG� FRQWURO� �KHOG� DW� �� R& ZLWKRXW�ZDUP�ZDWHU� WUHDWPHQW�� �� 7KH� RWKHU� HLJKW� JURXSV�ZHUH� VXEMHFW� WR� ZDUP� ZDWHU� WUHDWPHQW� IRU���� PLQ� DW� ���� ���� ���� RU� ��R&�� DQG� HLWKHU�KHOG� DW� ��� R& �QRQ�FKLOOHG�� IRU� WKH�H[SHULPHQW¶V� GXUDWLRQ�� RU� DW� �� R& �FKLOOHG��IRU� ��� GD\V�� DQG� WKHQ� UHPRYHG� WR� ��� R&��7KH� IUXLW� DVVLJQHG� IRU� GHFD\� HYDOXDWLRQ�ZHUH� KHOG� IRU� DQ� DGGLWLRQDO� VL[� GD\V� RQFH�WKH\� VKRZHG� WKH� UHG� FRORU� �IXOO±ULSH���7KXV�� WKH� H[SHULPHQW� GXUDWLRQ� IRU� WKH�KDUYHVWHG� LQLWLDOO\� PDWXUH� JUHHQ� IUXLW� ZDV�

EHWZHHQ� ������ GD\V�� ZKLOH� WKDW� IRU� IUXLW�KDUYHVWHG� DW� WKH� SLQN� VWDJH� ZDV� EHWZHHQ�������GD\V���$ ZDWHU� EDWK� ILOOHG� ZLWK� VL[� OLWHUV��EHORZ� LWV� FDSDFLW\�� RI�ZDWHU�ZDV� XVHG� WR�VXEPHUJH� ��� IUXLW� DW� D� WLPH�� DQG� WKH�GHVLUHG� WHPSHUDWXUH� ZDV� PRQLWRUHG�DXWRPDWLFDOO\��:DWHU�ZDV�FKDQJHG�IRU�HDFK�WUHDWPHQW� WR� DYRLG� DQ\� SRVVLEOH�FRQWDPLQDWLRQ��:KHQ�IUXLW�UHDFKHG�WKH�UHG�ULSH���PRUH�WKDQ�����RI�WKH�VXUIDFH�VKRZV�UHG� FRORU�� VWDJH� RI� GHYHORSPHQW�� WHQ� IUXLW�ZHUH� XVHG� IRU� VROXEOH� VROLGV� FRQWHQW�� S+��DQG� ILUPQHVV� GHWHUPLQDWLRQ�� DQG� DQRWKHU�WHQ� ZHUH� XVHG� IRU� ZHLJKW� ORVV�� GHFD\�LQFLGHQFH�� DQG� WLPH� WR� ULSH� �FKDQJLQJ�FRORU�� HYDOXDWLRQ�� )UXLW� VROXEOH� VROLG�FRQWHQWV� ZHUH� GHWHUPLQHG� XVLQJ� D�5HIUDFWRPHWHU� �$EEH�5HIUDFWRPHWHU� 1U������� -DSDQ�� %UPHU� /DERUKDQGHO� *0%+���UHDGLQJ� 66&� LQ� R%UL[� DQG� FRQYHUWLQJ� WR�SHUFHQW�� 7KH� S+� RI� WRPDWR� MXLFH� ZDV�GHWHUPLQHG� ZLWK� D� S+� PHWHU� �,QRODE� S+�OHYHO� ��� :LVVHQVFKDILOLFK� 7HFKQLVKH�:HUNVWDIIHQ�� *HUPDQ\��� 7RPDWR� IUXLW�ILUPQHVV� ZDV� PHDVXUHG� E\� XVLQJ� )UXLW�3UHVVXUH�7HVWHU��(IIHJL���������$OIRQVLQH��,WDO\�� )UHVK� ZHLJKW� IRU� LQGLYLGXDO� IUXLW�ZDV� WDNHQ� GLUHFWO\� XSRQ� DUULYDO� DW� WKH�ODERUDWRU\�� DQG� DIWHU� ��� DQG� ��� GD\V� IRU�SLQN� DQG� PDWXUH�JUHHQ�� UHVSHFWLYHO\�� XVLQJ�D EDODQFH��0RGHO�³�1&,���´�.HPHUOWL�&DG������ .DUDNR\�� ,VWDQEXO��� 'HFD\� ZDV�HYDOXDWHG� YLVXDOO\� E\� LGHQWLI\LQJ� GLVHDVHV�DFFRUGLQJ� WR� 6QRZGRQ� �������� DQG� WKH�SHUFHQWDJH� RI� GLVHDVHG� IUXLW�ZDV� FDOFXODWHG�IURP�WKH�WRWDO��'D\V�WR�ULSHQ��ZDV�HYDOXDWHG�E\� D� FRORU� FKDUW� �&RORU� FODVVLILFDWLRQ�UHTXLUHPHQWV�LQ�8QLWHV�6WDWHV�6WDQGDUGV�IRU�*UDGHV�RI�)UHVK�7RPDWRHV��WR�PDWFK�WKH�UHG�FRORU�W\SLFDO�RI�IXOO�ULSH�WRPDWR�IUXLW�&RPSOHWH� 5DQGRPL]HG� %ORFN� 'HVLJQ�ZDV� XVHG� WR� FDUU\� RXW� WKUHH� KDUYHVWV� ZLWK��WKUHH�UHSOLFDWHV�LQ�HDFK�KDUYHVW��$QDO\VHV�RI�YDULDQFH� �$129$�� ZHUH� SHUIRUPHG� XVLQJ�WKH� 6WDWLVWLFDO� $QDO\VLV� 6\VWHPV� FRPSXWHU�SDFNDJH� �6$6� ,QVWLWXWH�� ������� 7UHDWPHQW�
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PHDQV� ZHUH� FRPSDUHG� E\� WKH� /HDVW�6LJQLILFDQW�'LIIHUHQFH�WHVW�DW�3  ���������5HVXOWV�DQG�'LVFXVVLRQ�� 6ROXEOH� VROLGV� FRQWHQW� LQ� ERWK� PDWXUH�JUHHQ�DQG�SLQN��WRPDWR�IUXLW��PHDVXUHG�ZKHQ�UHDFKLQJ� WKH� UHG�ULSH� VWDJH��ZDV� VLJQLILFDQWO\�KLJKHU�LQ�FKLOOHG�FRPSDUHG�WR�WKH�QRQ�FKLOOHG�IUXLW� �7DEOHV� �� DQG� ���� 1R� HIIHFW� RI� ZDUP�ZDWHU� WUHDWPHQW� RQ� WKH� 66&� RI� WUHDWHG� IUXLW�ZDV� REVHUYHG� VLQFH� WKH� QRQ�FKLOOHG� IUXLW�VKRZHG�QR�LQFUHDVH�LQ�WKH�66&��HYHQ�WKRXJK��WKH� KLJKHVW� YDOXH� ZDV� ����� LQ� WKH� ��� R&WUHDWHG�IUXLW��EXW�ZLWK�QR�VLJQLILFDQW�GLIIHUHQFH�FRPSDUHG� WR� WKH�RWKHU� WUHDWHG�IUXLW��7DEOH�����:KHQ�PHDVXUHG�DW�WKH�UHG�ULSH�VWDJH��66&�LQ�SLQN� WRPDWR� IUXLW�ZHUH� JHQHUDOO\� KLJKHU� WKDQ�WKRVH� RI� PDWXUH�JUHHQ�� 7KLV� LV� LQ� DJUHHPHQW�ZLWK�.DWWDQ���������VWDWLQJ�WKDW�SLQN�WRPDWRHV�SRVVHVV�KLJKHU�VHQVRU\�TXDOLW\�DW�WKH�UHG�VWDJH�WKDQ�PDWXUH�JUHHQ��)UXLW�S+�ZDV�QRW�DIIHFWHG�E\� ZDUP� ZDWHU� WUHDWPHQW� RU� E\� FKLOOLQJ�WHPSHUDWXUH� LQ� ERWK�PDWXULW\� VWDJHV�� DQG� WKH�YDOXHV�DW�WKH�UHGULSH�VWDJH�DYHUDJHG�DERXW������ZKLFK� LV� W\SLFDO� RI� WRPDWR� IUXLW� �%DOLEUHD� HW�DO��� ������� )UXLW� ILUPQHVV� ZDV� DIIHFWHG� E\�ZDUP�ZDWHU�WUHDWPHQW�LQ�IUXLW�KHOG�DW�FKLOOLQJ�

WHPSHUDWXUHV��VKRZLQJ�KLJKHU�ILUPQHVV�YDOXHV�WKDQ� WKRVH� RI� QRQ�FKLOOHG� LQ� ERWK� PDWXULW\�VWDJHV� ZKHQ� WKH\� UHDFKHG� WKH� UHG�ULSH� VWDJH��7DEOHV� �� DQG� ���� 7KHVH� ILQGLQJV� DJUHH� ZLWK�SUHYLRXV� UHSRUWV�� VWDWLQJ� WKDW� WKH� FKHPLFDO�FRPSRVLWLRQ� ZDV� JHQHUDOO\� XQDIIHFWHG� E\�FKLOOLQJ��ZKLOH�ORVV�RI�ILUPQHVV�ZDV�UHSRUWHG�DV�D UHVXOW� RI� FKLOOLQJ� H[SRVXUH� WLPH� UDWKHU� WKDQ�FKLOOLQJ� WHPSHUDWXUHV� SHU� VH� �&KRPFKDORZ� HW�DO����������:HLJKW�ORVV�RI�WKH�IUXLW�ZDV�DIIHFWHG�E\� ERWK� ZDUP� ZDWHU� WUHDWPHQW� DQG� FKLOOLQJ�WHPSHUDWXUH�� :HLJKW� ORVV� SHUFHQWDJHV� ZHUH�ORZHU� LQ� WKH� FKLOOHG� DQG� ZDUP� ZDWHU� IUXLW�WUHDWPHQW�ZLWK� ORZ�WHPSHUDWXUHV��FRPSDUHG�WR�WKH� QRQ�FKLOOHG� DQG� FKLOOHG� IUXLW� WUHDWHG� ZLWK�WKH� KLJKHVW� ZDUP� ZDWHU� WUHDWPHQWV�� � ZLWK�VLJQLILFDQW� GLIIHUHQFHV� �7DEOHV� �� DQG� ���� 7KH�KLJKHVW�YDOXHV�ZHUH�DOZD\V�DVVRFLDWHG�ZLWK�WKH���� R& WUHDWPHQW� LQ� WKH� IRXU�JURXSV� IURP�ERWK�PDWXULW\� VWDJHV�� 7KLV�PLJKW� EH� GXH�PDLQO\� WR�WKH�HIIHFW�RI�KLJK�WHPSHUDWXUH�H[SRVXUH��HLWKHU�DW����R& IRU�ORQJ�SHULRGV�RI�WLPH��RU�WKH����R&WUHDWPHQW� RQ� WKH� IUXLW�� +LJKHU� WHPSHUDWXUHV�WHQG�WR�LQFUHDVH�WKH�YDSRU�SUHVVXUH�GHILFLW�DQG�WKH�ZDWHU� ORVV�RI� WKH� IUXLW��KHQFH�� WKH� LQFUHDVH�REVHUYHG� LQ� WKH� ZHLJKW� ORVV�� +RZHYHU�� WKH�SHUFHQWDJHV� RI� WKH� ZHLJKW� ORVV� RI� WKH� ��� R&WUHDWPHQW�LQ�FKLOOHG�IUXLW�ZHUH�VWLOO�ORZHU�WKDQ�� 7DEOH����(IIHFW�RI�ZDUP�ZDWHU�WUHDWPHQW�DQG�ORZ�WHPSHUDWXUH����R&��VWRUDJH�RQ�PDWXUH�JUHHQ�WRPDWR�IUXLW�66&������S+��DQG�ILUPQHVV��NJ��PHDVXUHG�DIWHU�UHDFKLQJ�WKH�UHG�ULSH�VWDJH��
7UHDWPHQW� 66&�� S+� )LUPQHVV�

1RQ��&KLOOHG� &RQWURO� ����D �����D� ����D� ����R& ����� ����� � ����� ���R& ����� ����� � ����� ���R& ����� ����� � ����� ���R& ����� ����� ����&KLOOHG� &RQWURO� ����� ����� ����� ���R& ����� ����� ����� ���R& ����� ����� ����� ���R& ����� ����� ����� ���R& ����� ����� ����6LJQLILFDQFHE 
 QV� 
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D��0HDQV�DUH�WKH�DYHUDJH�RI����IUXLW��
E 1RQ�VLJQLILFDQW��QV��RU�VLJQLILFDQW��
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WKRVH� RI� WKH� QRQ�FKLOOHG� �7DEOHV� �� DQG� ����'HFD\ LQFLGHQFH� ZDV� YHU\� SURQRXQFHG� LQ�ERWK� FKLOOHG� DQG� QRQ�FKLOOHG� FRQWURO� IUXLW�DQG� LQ� WKH� ORZHVW� ZDUP� ZDWHU� WUHDWPHQW����R&��E\�WKH�LQFUHDVH�LQ�WKH�SHUFHQWDJHV�RI�GHFD\��7DEOHV���DQG�����7KH�SHUFHQWDJHV�RI�GHFD\� ZHUH� VXEVWDQWLDOO\� UHGXFHG� LQ� IUXLW�IURP� DOO� RWKHU� ZDUP� ZDWHU� WUHDWPHQWV��+RZHYHU�� FKLOOHG� IUXLW� VKRZHG� VOLJKWO\�KLJKHU�SHUFHQWDJHV�RI�GHFD\�DV�FRPSDUHG�WR�WKH�QRQ�FKLOOHG�IUXLW��EXW�ZLWK�QR�VLJQLILFDQW�GLIIHUHQFHV� H[FHSW� IRU� WKH� FKLOOHG� FRQWURO��7DEOHV���DQG�����7KLV�LV�LQ�DJUHHPHQW�ZLWK�+DUGHQEXUJ�HW�DO�� ��������ZKR�UHSRUWHG�WKDW�WRPDWRHV�KHOG�IRU�WZR�ZHHNV�RU�ORQJHU�DW����
R& PD\� GHYHORS� DQ� DEQRUPDO� DPRXQW� RI�GHFD\�DQG� IDLO� WR�GHYHORS�D�GHHS�UHG�FRORU��$ YHU\� HDUO\� ZRUN� �0F0ROORFK�� ������LQGLFDWHG� WKDW� IUXLW� KHOG� EHORZ� ��� R&EHFRPH� PRUH� VXVFHSWLEOH� WR� $OWHUQDULD�GHFD\� GXULQJ� VXEVHTXHQW� ULSHQLQJ�� ,W� LV�EHOLHYHG� WKDW�� VLQFH� GHFD\� LV� RQH� RI� WKH�SURPLQHQW� V\PSWRPV� RI� FKLOOLQJ� LQMXU\��&KHQJ� DQG� 6KHZIHOW�� ������� ZDUP� ZDWHU�

WUHDWPHQWV� ZHUH� HIIHFWLYH�� QRW� RQO\� LQ�UHGXFLQJ� GHFD\� LQFLGHQFH�� EXW� DOVR� LQ�DOOHYLDWLQJ� FKLOOLQJ� LQMXU\�� ,W� KDV� EHHQ�DVVXPHG� WKDW� WKH� H[SRVXUH� RI� WKH� IUXLW� WR�RQH� W\SH� RI� VWUHVV� PD\� SURWHFW� DJDLQVW�DQRWKHU� W\SH� RI� VWUHVV� E\� WKH� LQGXFWLRQ� RI�VSHFLILF� IDFWRUV� �/XULH� DQG� .OHLQ�� �������$GGLWLRQDOO\��LW�KDV�EHHQ�VXJJHVWHG�WKDW��WKH�HIIHFW� RI� KHDW� WUHDWPHQW� DJDLQVW� FKLOOLQJ�LQMXU\� KDV� EHHQ� OLQNHG� ZLWK� VRPH�ELRFKHPLFDO� FRPSRQHQWV� VXFK� DV� LQFUHDVHG�OHYHOV� RI� VSHUPLGLQH� DQG� VSHUPLQH� �:DQJ��������� KHDW� VKRFN� SURWHLQV� �6DEHKDW� HW� DO����������DQG�HWKDQRO��%XUPHVWHU�HW�DO����������7KH� KLJKHVW� SHUFHQWDJH� RI� GHFD\� LQFLGHQFH�ZDV�UHFRUGHG�IRU�WKH�FKLOOHG�FRQWURO��PDLQO\�GXH� WR� WKH� DEVHQFH� RI� ZDUP� ZDWHU�WUHDWPHQW��0RUHRYHU��FKLOOHG�FRQWURO�FOHDUO\�VKRZHG� WKH� W\SLFDO� FKLOOLQJ� LQMXU\�V\PSWRPV�� VXFK� DV� LQFUHDVHG� GHFD\��$OWHUQDULD� URW��� SLWWLQJ� DQG� GHOD\� LQ�ULSHQLQJ� �LQ� SLQN��� RWKHU� FKLOOHG� IUXLW�VKRZHG�QR�FKLOOLQJ�LQMXU\�V\PSWRPV����
7DEOH����(IIHFW�RI�ZDUP�ZDWHU�WUHDWPHQW�DQG�ORZ�WHPSHUDWXUH����R&��VWRUDJH�RQ�PDWXUH�JUHHQ�WRPDWR�IUXLW�ZHLJKW�ORVV������GHFD\������DQG�WLPH�WR�ULSHQ��GD\V��PHDVXUHG�DIWHU�UHDFKLQJ�WKH�UHG�ULSH�VWDJH��

7UHDWPHQW� :HLJKW�/RVV�� 'HFD\� 7LPH�WR�ULSHQ��GD\V�
1RQ��&KLOOHG� &RQWURO� ����D ���D� ���D����R& ����� ��� ���� ���R& ����� ��� ���� ���R& ����� ��� ���� ���R& ����� ��� ���&KLOOHG� &RQWURO� ���� ��� ���� ���R& ���� ��� ���� ���R& ���� ��� ���� ���R& ���� ��� ���� ���R& ����� ��� ���6LJQLILFDQFHE 
 
� 
� �/6'� ����� ����� ���� �

D 0HDQV�DUH�WKH�DYHUDJH�RI����IUXLW��
E 1RQ�VLJQLILFDQW��QV��RU�VLJQLILFDQW��
��DW��3�������� �

�

1� 0��(O�$VVL



7KH�W\SLFDO�FRORU�RI�WRPDWR�ZDV�XVHG�DV�DQ LQGLFDWLRQ� IRU� ULSHQLQJ�� DQG� WKH� GD\V�HODSVHG� SULRU� WR� WKDW� ZHUH� FRQVLGHUHG� DV�WLPH� WR� ULSHQ�� 7RPDWR� IUXLW� IURP� ERWK�PDWXULW\� VWDJHV� WUHDWHG�ZLWK�ZDUP�ZDWHU� DW����R& GHYHORSHG�WKH�KLJKHVW�FRORU� LQWHQVLW\�FRPSDUHG� WR� DOO� RWKHU� WUHDWPHQWV��7KLV�ZDV�GHWHFWDEOH� DW� HDUO\� VWDJH� RI� WKH� UHG�ULSH�VWDJH� EXW�ZDV� XQQRWLFHDEOH� WRZDUG� WKH� HQG�RI� WKH� H[SHULPHQW�� 1RQ�FKLOOHG� PDWXUH�JUHHQ� WRPDWR� IUXLW� KHOG� FRQWLQXRXVO\� DW� ���
R& VKRZHG� W\SLFDO� UHG� FRORU� DIWHU� ��� GD\V��7DEOH�����ZKLOH� WKH�SLQN�WRPDWR�IUXLW�ZHUH�DOUHDG\� UHG� FRORUHG� DW� WKH� ILIWK� GD\� �7DEOH����� 5LSHQLQJ� SHULRG� ZDV� ORQJHU� IRU� WKH�FKLOOHG� IUXLW� EHFDXVH� RI� WKH� ���GD\� KROGLQJ�DW�FKLOOLQJ�WHPSHUDWXUHV��ZKLFK�VXEVWDQWLDOO\�UHGXFHG� WKH� PHWDEROLF� UDWHV� RI� WKH� IUXLW��GHOD\LQJ� ULSHQLQJ� DQG� SURORQJLQJ� WKHLU�VWRUDJH� SHULRG�� 2QFH� UHPRYHG� IURP� WKH�FKLOOLQJ� WHPSHUDWXUHV�� WKH� ULSHQLQJ� SURFHVV�ZDV� DFFHOHUDWHG� LQ� WKH� SLQN� WRPDWRHV� DQG�ZLWKLQ� �� WR� �� GD\V� WKH\� DWWDLQHG� IXOO� UHG�FRORU�� ZKHUHDV�� LW� WRRN� ��� WR� ��� GD\V� IRU�

PDWXUH�JUHHQ� IUXLW� WR� UHDFK� WKDW� VWDJH��+RZHYHU�� WKH� FKLOOHG� PDWXUH�JUHHQ� WRPDWR�IUXLW� VKRZHG� D� GHOD\� RI� ���� GD\V� LQ�DWWDLQPHQW�RI�WKH�IXOO�UHG�FRORU��UHG�ULSH��DV�FRPSDUHG� WR� WKHLU� FRXQWHUSDUWV� IURP� WKH�QRQ�FKLOOLQJ�JURXS��,W�KDV�EHHQ�UHSRUWHG�WKDW�D GHFUHDVH�LQ�FKORURSK\OO�DQG�DQ�LQFUHDVH�LQ�O\FRSHQH� LQ� 9LEHOFR� WRPDWR� IUXLW� ZHUH�REVHUYHG� LQ� UHVSRQVH� WR� ERWK� ZDUP� ZDWHU�DQG� WLPH� �+DNLP� HW� DO�� �������7KLV�ZRXOG�KDYH� EHHQ� WUXH� LI� WKH� IUXLW� ZHUH� VXEMHFW� WR�FKLOOLQJ� WHPSHUDWXUH�� ZLWKRXW� KHDW�WUHDWPHQW�� ZKLFK� VXSSRVHGO\� ZLOO� GHOD\�ULSHQLQJ�� 6RPH� GLIIHUHQFHV� H[LVW� WKRXJK�EHWZHHQ� WKH� WZR� H[SHULPHQWV� VLQFH� WKH�HIIHFW� LQ� WKH� FXUUHQW� ZRUN� ZDV� REVHUYHG�RQO\� RQ� PDWXUH�JUHHQ� IUXLW� EXW� QRW� LQ� WKH�SLQN� IUXLW�� ,W� KDV� EHHQ� SRVWXODWHG� WKDW�GLIIHUHQFHV� LQ� FXOWLYDUV� PD\� VKRZ� VRPH�GLIIHUHQFHV� LQ� TXDOLW\� FKDUDFWHULVWLFV� LQ�UHVSRQVH� WR� KHDW� WUHDWPHQW� �:KLWDNHU������D��/XULH�DQG�6DEHKDW��������0F'RQDOG�HW DO�� �������
�7DEOH����(IIHFW�RI�ZDUP�ZDWHU�WUHDWPHQW�DQG�ORZ�WHPSHUDWXUH���R&���VWRUDJH�RQ�SLQN�WRPDWR�IUXLW�66&������S+��DQG�ILUPQHVV��NJ��PHDVXUHG�DIWHU�UHDFKLQJ�WKH�UHG�ULSH�VWDJH�
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7DEOH����(IIHFW�RI�ZDUP�ZDWHU�WUHDWPHQW�DQG�ORZ�WHPSHUDWXUH���R&���VWRUDJH�RQ�SLQN�WRPDWR�IUXLW�ZHLJKW�ORVV������GHFD\������DQG�WLPH�WR�ULSHQ��GD\V��PHDVXUHG�DIWHU�UHDFKLQJ�WKH�UHG�ULSH�VWDJH��
7UHDWPHQW� :HLJKW�/RVV�� 'HFD\�� 7LPH�WR�ULSHQ��GD\V�1RQ�&KLOOHG� &RQWURO� ����D� ���D� ��D����R& ���� ��� ��� ���R& ���� ��� ��� ���R& ���� ��� ��� ���R& ���� �� ��

� � � � �&KLOOHG� &RQWURO� ���� ��� ���� ���R& ���� ��� ���� ���R& ���� ��� ���� ���R& ���� ��� ���� ���R& ���� �� ���6LJQLILFDQFHE 
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&RQFOXVLRQV�
�

:DUP�ZDWHU� WUHDWPHQW�RI�PDWXUH�JUHHQ�
DQG� SLQN� WRPDWR� IUXLW� SULRU� WR� KROGLQJ� DW�
FKLOOLQJ� WHPSHUDWXUH� ��R&�� DSSDUHQWO\�
UHGXFHG� GHFD\� LQFLGHQFH�� � ZKLFK� FDQ� EH�
FRQVLGHUHG�DV�D�FKLOOLQJ�LQMXU\�V\PSWRP��DV�
ZHOO� DV� RWKHU� FKLOOLQJ� LQMXU\� V\PSWRPV��
6XFK� WUHDWPHQW� LQFUHDVHG� WKH� ILUPQHVV� DQG�
66&�EXW�KDG�QR� HIIHFW�RQ� WKH� IUXLW�S+��1R�
KDUPIXO� HIIHFW� RI� ZDUP� ZDWHU� WUHDWPHQWV�
ZHUH�REVHUYHG�ZLWKLQ�WKH�UDQJH�XVHG�LQ�WKLV�
VWXG\����������R&���DOWKRXJK�ZDWHU�ORVV�ZDV�
KLJKHU�IRU�IUXLW�WUHDWHG�DW����R&��

,W�LV�UHFRPPHQGHG��WKRXJK��WR�XVH�VXFK�
WUHDWPHQW� LQ� RUGHU� WR� LPSURYH� WKH� TXDOLW\�
FKDUDFWHULVWLFV�RI�WKH�WRPDWR�IUXLW��PDLQO\�LI�
VWRUHG�RU�WUDQVSRUWHG�DW�FKLOOLQJ�WHPSHUDWXUH�
LQ� PL[HG� ORDGV�� 7KH� EHQHILFLDO� HIIHFWV� RI�
VXFK�WHFKQRORJ\�DUH�LQ�LWV�DELOLW\�WR�SURORQJ�
VWRUDJH� DQG�RU� WUDQVSRUW� SHULRG� UHTXLUHG� WR�
H[SRUW� PDUNHWLQJ� ZKLOH� UHGXFLQJ� IUXLW� ORVV�
WR�GHFD\��

5HIHUHQFHV��%DOLEUHD�� 0�� (��� (�� &D\XHOD�� )�� $UWHV� DQG��)��'��$OIRFHD��������6DOLQLW\�HIIHFWV�RQ�VRPH� SRVW� KDUYHVW� TXDOLW\� IDFWRUV� LQ�FRPPHUFLDO�WRPDWR�K\EULG��-��+RUW��6FL����� ���������������%XUPHLVWHU��'��0���6��%DOO��6��*UHHQ�DQG�$��%� :RROI�� ������ ,QWHUDFWLRQ� RI� ZDUP�ZDWHU� WUHDWPHQWV� DQG� FRQWUROOHG�DWPRVSKHUH� VWRUDJH�RQ�TXDOLW\�RI� �)X\X�SHUVLPPRQV��3RVWKDUYHVW�%LRO��7HFKQRO���������������&KHQJ�� 7�� 6�� DQG� 5�� /�� 6KHZIHOW�� �������(IIHFW�RI� FKLOOLQJ� H[SRVXUH�RI� WRPDWRHV�GXULQJ� VXEVHTXHQW� ULSHQLQJ�� -�� )RRG��6FL� ����������������&KRPFKDORZ�� 6��� 1�� 0�� (O� $VVL�� 6�� $��6DUJHQW� DQG� -�� .�� %UHFKW�� ������ )UXLW�PDWXULW\� DQG� WLPLQJ� RI� HWK\OHQH�WUHDWPHQW� DIIHFW� VWRUDJH�SHUIRUPDQFH�RI�PDWXUH� JUHHQ� WRPDWRHV� DW� FKLOOLQJ� DQG�
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QRQFKLOOLQJ� WHPSHUDWXUH�� +RUW7HFKQRORJ\�������������������+DNLP�� $��� (�� .DXNRYLUWD�� (�� 3HKX� DQG� ,��9RLSLR�� ������ (IIHFW� RI� ZDUP� ZDWHU��LPPHUVLRQ� WLPH�� DQG� OHQJWK� RI� VWRUDJH�RQ�FKLOOLQJ�LQMXU\�RI�WRPDWR�IUXLW��-�9HJ��&URS�3URG������������+DUGHQEXUJ��5��(���$��(��:DWDGD�DQG�&��<��:DQJ��������7KH�FRPPHUFLDO�VWRUDJH�RI�IUXLWV�� YHJHWDEOHV�� DQG� IORULVW� DQG�QXUVHU\� VWRFNV�� $JULFXOWXUDO� +DQGERRN������ 8�6�� 'HSDUWPHQW� RI� $JULFXOWXUH��$JULFXOWXUH�5HVHDUFK�6HUYLFH����/XULH��6��DQG��-��'��.OHLQ��������$FTXLVLWLRQ�RI� ORZ� WHPSHUDWXUH� WROHUDQFH� LQ�WRPDWRHV� E\� H[SRVXUH� E\� KLJK�WHPSHUDWXUH� VWUHVV�� -�� $P�� 6RF�� +RUW��6FL� �����������������/XULH�� 6�� DQG�$��6DEHKDW�� ������3UHVWRUDJH�WHPSHUDWXUH� PDQLSXODWLRQ� WR� UHGXFH�FKLOOLQJ� LQMXU\� LQ� WRPDWRHV�� 3RVWKDUYHVW�%LRO��7HFKQRO��������������.DWWDQ�� $�� $�� ������ &KDQJHV� LQ� FRORU� DQG�ILUPQHVV� GXULQJ� ULSHQLQJ� RI� GHWDFKHG�WRPDWRHV� DQG� WKH� XVH� RI� D� QHZ�LQVWUXPHQW� IRU� PHDVXULQJ� ILUPQHVV��3URF�� $PHU�� 6RF�� +RUW�� 6FL�� ���� ����������0F'RQDOG��5�� (��� 7��*��0F&ROOXP� DQG�(��$�� %DOGZLQ�� ������ 3UHVWRUDJH� KHDW�WUHDWPHQWV� LQIOXHQFH� WKH� VWHUROV� DQG�IODYRU� YRODWLOHV� RI� WRPDWRHV� VWRUHG� DW�FKLOOLQJ� WHPSHUDWXUH�� -��$P��6RF��+RUW��6FL� ��������������0F0ROORFK�� /�� 3�� DQG� -�� 7�� :RUWKLQJWRQ�������� /RZ� WHPSHUDWXUH� DV� D� IDFWRU� LQ�WKH� VXVFHSWLELOLW\� RI� PDWXUH�JUHHQ�WRPDWRHV� WR� $OWHUQDULD� URW��3K\WRSDWKRORJ\����������������

3DXOO�� 5�� (�� ������&KLOOLQJ� LQMXU\� RI� FURSV�RI� WURSLFDO� DQG� VXEWURSLFDO� RULJLQ�� ,Q��:DQJ��&��<� �(G��� � 33�� �������&KLOOLQJ�,QMXU\� RI� +RUWLFXOWXUDO� &URSV�� &5&�3UHVV��5RFD�5DWRQ��)O���3DXOO�� 5�� (�� DQG� 5�� (�� 0F'RQDOG�� ������+HDW DQG� FROG� WUHDWPHQWV�� ,Q�� 3DXOO�� 5��(���DQG��-�:��$UPVWURQJ��(GV���33����������� ,QVHFW� 3HVWV� DQG� )UHVK�+RUWLFXOWXUDO� 3URGXFWV�� 7UHDWPHQWV� DQG�5HVSRQVHV�� &$%� ,QWHUQDWLRQDO��:DOOLQJWRQ��8�.���6DEHKDW��$���'��:HLVV�� DQG�6��/XULH��������7KH� FRUUHODWLRQ� EHWZHHQ� KHDW�VKRFN�SURWHLQ� DFFXPXODWLRQ� DQG� SHUVLVWHQFH�DQG� FKLOOLQJ� WROHUDQFH� LQ� WRPDWR� IUXLW��3ODQW�3K\VLRO�����������������6WDWLVWLFDO�$QDO\VLV�6\VWHP��6$6��,QVWLWXWH�������� 6WDWLVWLFDO� DQDO\VLV� V\VWHPV�FRPSXWHU�SDFNDJH��&DU\��1&��86$����6QRZGRQ�� $�� /�� $������� &RORXU� $WODV� RI�3RVW�+DUYHVW�'LVHDVHV�DQG�'LVRUGHUV�RI�)UXLWV� DQG� 9HJHWDEOHV�� 9RO�� ���9HJHWDEOHV�� %3&&� +D]HOO� %RRNV��$\OHVEXU\��(QJODQG����6XVORZ�� 7�� 9�� DQG� 0�� &DQWZHOO�� ������5HFRPPHQGDWLRQV� IRU� 0DLQWDLQLQJ�3RVWKDUYHVW� 4XDOLW\� RI� +RUWLFXOWXUDO�&RPPRGLWLHV�� 3URGXFH� )DFWV�� 7RPDWR��3RVWKDUYHVW�+RUWLFXOWXUH�6HULHV�1R��������:DQJ��&��<��������&RPELQHG� WUHDWPHQW�RI�KHDW� VKRFN� DQG� ORZ� WHPSHUDWXUH�FRQGLWLRQLQJ� UHGXFHV� FKLOOLQJ� LQMXU\� LQ�=XFFKLQL� VTXDVK�� 3RVWKDUYHVW� %LRO��7HFKQRO�������������:KLWDNHU�� %�� '�� ������ &KDQJHV� LQ� VWHU\O�OLSLG�FRQWHQW�DQG�FRPSRVLWLRQ�RI�WRPDWR�IUXLW� GXULQJ� ULSHQLQJ�� 3K\WRFKHPLVWU\�����������������
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