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6L[� PLGODFWDWLRQ +ROVWHLQ� FRZV� ZHUH� XVHG� LQ� D�UHSOLFDWHG�� î � /DWLQ�VTXDUH�GHVLJQ�ZLWK��SHULRGV�RI��� G� 7KLV�VWXG\�DLPHG�WR�HYDOXDWH�WKH�HIIHFWV�RI�GLHWDU\�VXEVWLWXWLRQ�RI�XQSURFHVVHGFDQROD� PHDO� �&0�� IRU� FRWWRQVHHG� PHDO� �&60�� RQ� QXWULHQW� GLJHVWLELOLW\��SURGXFWLYLW\��DQGSHULSKHUDO� OHYHOV�RI�DOEXPLQ�DQG�WK\URLG�KRUPRQHV� 7UHDWPHQWV�LQFOXGHG�GLHWV�ZLWK����&0����&0� �� &60�� DQG� ��� &60�� 7RWDO� FUXGH� SURWHLQ� �&3��� QRQ�SURWHLQ� QLWURJHQ�� DQG� UDSLGO\GHJUDGDEOH� WUXH� SURWHLQ� ZHUH� JUHDWHU� LQ� &0� WKDQ�LQ�&60��ZKHUHDV�FHOO�ZDOO� ILEHUV��VORZO\GHJUDGDEOH� WUXH� SURWHLQ�� DQG� XQDYDLODEOH� SURWHLQV� ZHUH�ORZHU�LQ�&0�WKDQ�LQ�&60�� )HHGLQJ&0� HQKDQFHG� PLON� SHUFHQWV� RI� SURWHLQ� DQG� VROLGV� QRQ�IDW�� DQG� LPSURYHG� WRWDO� WUDFWGLJHVWLELOLW\� RI�GU\�PDWWHU�DQG�&3��'U\�PDWWHU�LQWDNH��WRWDO�WUDFW�GLJHVWLELOLW\�RI�RUJDQLF�PDWWHUDQG� FHOO�ZDOO� ILEHUV�� PLON� \LHOG�� DQG� FLUFXODWLQJ� DOEXPLQ� DQG� WK\UR LG� KRUPRQHV�UHPDLQHGXQFKDQJHG� E\� IHHGLQJ� &0� LQVWHDG� RI� &60��5HVXOWV�VXJJHVW�WKDW�XQSURFHVVHG�&0�FRXOG�EHVXEVWLWXWHG� IRU� &60� LQ� WKH� GLHWV� RI� PLGODFWDWLRQ FRZV� ZKHQ� WKH� JRVV\SRO� FRQWHQW� DQGFRPPHUFLDO�DYDLODELOLW\�RI�&60�DUH�RI�WKH�PDLQ�FRQFHUQV�
�.H\�ZRUGV� FDQROD�PHDO��FRWWRQVHHG�PHDO��SURWHLQ�IUDFWLRQV��PLGODFWDWLRQ FRZV��
$EEUHYLDWLRQ�NH\� $PLQR�DFLGV��DFLG�LQVROXEOH�DVK��&1&36��VROLGV�QRQ�IDW� WRWDO�VROLGV�
,1752'8&7,21
7KH� OHVV� LQWHUHVW� RI� SRXOWU\� DQG� KRJ�LQGXVWULHV�LQ�FRWWRQVHHG�PHDO��&60��EHVLGHV�LWV�ORZHUSULFH� DQG� JUHDWHU�FRQWHQW�RI�ILEHU DQG�HVFDSH�SURWHLQ�DV�FRPSDUHG�WR�VR\EHDQ�PHDO�KDYH�EHHQVXLWDEO\� DGYDQWDJHG� LQ� WKH� GLHWV� RI�GDLU\�FRZV��&RSSRFN HW�DO����������'HILFLHQW�/\VLQH�DQG0HWKLRQLQH�� YDULDEOH�OLJQLQ�DQG�JRVV\SRO�FRQWHQW��DQG�WKH�OLPLWHG�FRPPHUFLDO�DFFHVVLELOLW\�RI&60� \HW� VHHP� WR�UHVWULFW�LWV�LQFOXVLRQ�LQ�GDLU\�UDWLRQV��%ODFNZHOGHU HW�DO���������&ODUN�HW�DO��������/LQGVH\�HW�DO���������7KH� KLJK� UXPLQDO GHJUDGDELOLW\� RI� &3�KDV�QRWLFHDEO\�OHG�UHVHDUFKHUV�WR�FRQVLGHU�SURFHVVLQJ&0� E\� SK\VLFDO� �0F.LQQRQ� HW DO��� ������ 0RVKWDJKL 1LD DQG�,QJDOOV��������DQG�FKHPLFDO�.KRUDVDQL HW� DO��� ������ :ULJKW� HW� DO��� ������ PHDQV�� 6XFK� SURFHVVLQJ�PHWKRGV�KDYH�EHHQDGRSWHG� WR� PLQLPL]H� WKH� UXPLQDO 1� ZDVWH�DQG�RSWLPL]H�WKH�LQWHVWLQDO�VXSSO\�RI�WKH�OLPLWL QJ$$� IRU� PLON� V\QWKHVLV� L�H��� 0HWKLRQLQH�� /\VLQH�� DQG� +LVWLGLQH�� +RZHYHU�� WKH� EHQHILWV�RIHVFDSH�SURWHLQ�VHHP�WR�EH�RIIVHW�E\�FRQGXFWLQJ�WKH�FRVWO\��VWDQGDUGL]HG�SURFHVVLQJ�WHFKQLTXHV�SDUWLFXODUO\� IRU� FRZV� LQ� PLG� DQG� ODWH� ODFWDWLRQ�� ,Q� DGGLWLRQ�� ZKLOH�VX JJHVWHG�DV�D�UXPLQDOVWLPXODWRU� RI� PLFURELDO� SURWHLQ� V\QWKHVLV�� &0� KDV� EHHQ� VKRZQ� WR�HQFRPSDVV�D� UXPLQDOO\XQGHJUDGDEOH SURWHLQ� �583�� UHVLGXH�ZKRVH�SURILOH�RI�$$�LV�UHPDUNDEO\�FORVH�WR�WKDW�RI�PLONSURWHLQ��3LHSHQEULQN DQG�6FKLQJRHWKH��������
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:H� K\SRWKHVL]HG WKDW�IXOO�GLHWDU\�VXEVWLWXWLRQ�RI�KLJKO\�GHJUDGDEOH�1�RI�XQSURFHVVHG�&0�IRUPRUH� VORZO\� GHJUDGDEOH� 1� RI� &60� PDLQWDLQV�ODFWDWLRQ�SHUIRUPDQFH�ZLWKRXW�DIIHFWLQJ�IHHGLQWDNH�� QXWULHQW� GLJHVWLELOLW\�� DQG� FLUFXODWLQJ� OHYHOV� RI� WK\URLG� KRUPRQHV�� 7KH� GLHW� RIPLGODFWDWLRQ +ROVWHLQV�ZDV�VXSSOHPHQWHG�E\�&0��&0���&60��RU�&60�WR�WHVW�WKLV�K\SRWKHVLV�
0$7(5,$/6�$1'�0(7+2'6
&RZ�0DQDJHPHQW�DQG�([SHULPHQWDO�'HVLJQ6L[� �� SULPLSDURXV DQG�� PXOWLSDURXV��+ROVWHLQ�FRZV����� ���� NJ�ERG\�ZHLJKW��LQ���� ����GD\V�LQ�PLON�ZLWK��� r � NJ�G�LQLWLDO�PLON�\LHOG��PHDQ�r 6'��ZHUH�XWLOL]HG�LQ�D�UHSOLFDWHG�� î��/DWLQ� VTXDUH� GHVLJQ�� 7KH� WULDO� FRQVLVWHG� RI�WKUHH����G�SHULRGV��7KH�ILUVW����G�RI�HDFK�SHULRGZHUH� IRU� DFFOLPDWL]DWLRQ� WR� WKH� H[SHULPHQWDO�FRQGLWLRQV�DQG�WKH�UHPDLQLQJ� ��G�IRU VDPSOLQJDQG�GDWD�FROOHFWLRQ�
7UHDWPHQWV��'0,��DQG�6DPSOH�$QDO\VHV7UHDWPHQWV� LQFOXGHG� WKH� GLHWV� VXSSOHPHQWHG� ZLWK�� ��� XQSURFHVVHG� FDQROD� PHDO� �&0�����XQSURFHVVHG� FDQROD� PHDO� ��FRWWRQVHHG�PHDO��&&���RU����FRWWRQVHHG�PHDO��&60���'LHWV�ZHUHIRUPXODWHG� WR� FRQWDLQ� HTXDO� OHYHOV�RI�1(/�&3��DQG�1')��15&���������7KH�&3�IUDFWLRQV�DQGFHOO�ZDOO� ILEHUV RI�WKH�SURWHLQ�PHDOV��GLHWDU\�LQJUHGLHQWV��DQG�QXWULHQW�FRPSRVLWLRQ�RI�WKH�GLHWVDUH� JLYHQ� LQ� 7DEOHV�� DQG����&RZV�ZHUH�RIIHUHG�WKH�WRWDO�PL[HG�UDWLRQV��705��WZLFH GDLO\�DW���� K�DQG����� K��7KH�705�ZHUH�RIIHUHG�DW�WKH�UDWHV�WR�DOORZ�IRU����� ��RUWV��)HFDO�VDPSOHVZHUH� REWDLQHG�IURP�WKH�UHFWXP�DW����� K�HYHU\GD\�RI�WKH�FROOHFWLRQ�SHULRG��8SRQ�VDPSOLQJ��DSRUWLRQ� RI� IHFHV� ZDV� WKRURXJKO\� PL[HG� ZLWK� WKH� VDPH� YROXPH�RI GLVWLOOHG�ZDWHU�WR�REWDLQDGHTXDWH� XQLIRUPLW\� IRU� S+� PHDVXUHPHQW�� 8ULQH�ZDV�VDPSOHG�E\�PDQXDO�VWLPXODWLRQ�RI�WKHYXOYD� DQG� LWV� S+� ZDV�PHDVXUHG�LPPHGLDWHO\��)HHG�DQG�IHFDO�VDPSOHV�ZHUH�GULHG�DW� ��R&�IRU�� K�� JURXQG� XVLQJ� D� :LOH\� PLOO�WKURXJK�D�� PP�VFUHHQ �:LOH\¶V�SXOYHUL]HU IRU�ODERUDWRU\�2JDZ 6HLNL�&R���/7'��7RN\R��-DSDQ���DQG�VWRUHG�DW����R&�IRU�WKH�ZHW�FKHPLVWU\�DQDO\VHV��$OOIHHG� DQG� IHFDO�VDPSOHV�ZHUH�DQDO\]HG�IRU�&3��.MHOGDKO SURFHGXUH��$2$&���������1')��9DQ6RHVW HW�DO����������$')��HWKHU�H[WUDFW� DVK��$2$&��������DQG�DFLG�LQVROXEOH�DVK��$,$���9DQ.HXOHQ DQG� <RXQJ�� ������� 7KH� $,$�ZDV�XVHG�DV�DQ�LQWHUQDO�PDUNHU�IRU�PHDVXULQJ�DSSDUHQWWRWDO� WUDFW� GLJHVWLELOLW\� RI� QXWULHQWV�� 7KH� &3� RI� FDQROD� PHDO� DQG� FRWWRQVHHG� PHDO� ZDVIUDFWLRQHG� DFFRUGLQJ� WR� WKH�&RUQHO�1HW�&DUERK\GUDWH�DQG�3URWHLQ�6\VWHP��&1&36� �6QLIIHQHW� DO��� ������� DQG� DV� DQDO\WLFDOO\� GHVFULEHG� E\� /LFLWUD HW� DO�� ��������2Q�WKH�ODVW�G�RI�HDFKSHULRG�� WKH� WDLO� YHLQ� EORRG� ZDV� VDPSOHG� LQWR� WKH� YDFXWDLQHUV FRQWDLQLQJ� ('7$�� DQGFHQWULIXJHG��(SSHQGRUI $*������5��+DPEXUJ��*HUPDQ\��DW����� USP�IRU��� PLQ��7KH�SODVPDKDUYHVWHG�ZHUH�IUR]HQ�DW����R&�IRU�ODWHU�DQDO\VHV�RI�WK\URLG�KRUPRQHV�E\�5,$��7KH�FLUFXODWLQJDOEXPLQ�ZDV�DVVD\HG�LQ�VHUXP�E\�DFHWDWH�FHOOXORVH�HOHFWURSKRUHVLV�
0LON� SURGXFWLRQ�ZDV�UHFRUGHG�GXULQJ�ODVW�� G�RI�HDFK�SHULRG��0LON�ZDV�VDPSOHG�WKULFH�GDLO\�DWHDFK� PLONLQJ� LQ� SUH�ODEHOOHG� �� PO�SODVWLF�YLDOV��SUHVHUYHG�XVLQJ�SRWDVVLXP�GLFKURPDWH� DQGVWRUHG� DW� �R& XQWLO�ODWHU�DQDO\VLV�RI�IDW��SURWHLQ��VROLGV�QRQ�IDW��61)���ODFWRVH��DQG�WRWDO�VROLGV�76��E\�0LON�2�6FDQ����� %1�)RVV�(OHFWULF� +LOOHURG��'HQPDUN��
6WDWLVWLFDO�$QDO\VHV'DWD� ZHUH� DQDO\]HG ZLWK� *HQHUDO� /LQHDU� 0RGHO� 3URFHGXUH� RI� 6$6��������XVLQJ�7\SH�RHVWLPDWLRQ� PHWKRG� RI� OHDVW� VTXDUH� PHDQV�� 7KH� LQLWLDO� PRGHO� LQFOXGHG� WKH�IL[HG�HIIHFWV�RI
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WUHDWPHQW�� SHULRG�� SDULW\��DQG�WUHDWPHQW�î SDULW\��DQG�UDQGRP�HIIHFW�RI�FRZ�ZLWKLQ�SDULW\��7KHHIIHFW� RI� SDULW\�ZDV�DVVHVVHG�DJDLQVW�WKH�UDQGRP�HIIHFW�RI�FRZV�QHVWHG�ZLWKLQ�SDULW\��%HFDXVHRI� LQVLJQLILFDQFH�� SDULW\� ZDV� H[FOXGHG� IURP� WKH� ILQDO� PRGHOV�� 7XNH\¶V PXOWLSOH�UDQJH�WHVW�6$6�� ������ ZDV� XVHG� WR� HVWDEOLVK� WKH� GLIIHUHQFHV� EHWZHHQ� WUHDWPHQWV�� 'LIIHUHQFHV�ZHUHGHFODUHG�VLJQLILFDQW�DW�3 �������
5(68/76
&HOO�:DOO�)LEHUV DQG�&3�)UDFWLRQV�RI�&0�DQG�&607KH�&60�XVHG�LQ�WKLV�VWXG\�FRQWDLQHG�VLJQLILFDQWO\�J UHDWHU��3 ��������OHYHOV�RI�1')�DQG�$')WKDQ� GLG�&0��7DEOH�����7KH�&60�ZDV�ORZHU�LQ�&3��EXW�KLJKHU�LQ�((�DV�FRPSDUHG�WR�&0��3 �������� 7KH� IUDFWLRQDWLRQ� RI� &3� UHYHDOHG� WKDW� 131�DQG�UDSLGO\�GHJUDGDEOH�WUXH�SURWHLQ��% ��ZHUH� VLJQLILFDQWO\� �3 �� ������ JUHDWHU� LQ�&0�WKDQ�LQ�&60��+RZHYHU��WKH�VORZO\�GHJUDGDEOH�HVFDSH�� WUXH� SURWHLQ��%����WRWDO�WUXH�SURWHLQ��DQG�XQDYDLODEOH�1��&��ZHUH�JUHDWHU��3 ��������LQ&60� WKDQ� LQ� &0��$FFRUGLQJO\��WKH�UXPLQDOO\ GHJUDGDEOH�SURWHLQ��5'3��DQG�583�FRQWHQW�RIWKH� H[SHULPHQWDO�GLHWV ZHUH�LQFUHDVHG�DQG�GHFOLQHG��UHVSHFWLYHO\�DV�&0�UHSODFHG�&60��7DEOH���� 'HVSLWH� WKH� GLVFUHSDQFLHV� LQ� &3� DQG� FHOO�ZDOO� ILEHUV EHWZHHQ� WZR� SURWHLQ� PHDOV��WKHH[SHULPHQWDO�GLHWV�FRQWDLQHG�FRPSDUDEOH�OHYHOV�RI�&3��1')��DQG�$')��7DEOH� ���

7DEOH��� &UXGH�SURWHLQ��&3��IUDFWLRQV�DQG�FHOO�ZDOO�ILEHUV RI�FDQROD�PHDO�DQG�FRWWRQVHHGPHDO��'0�EDVLV���,WHP &DQROD�PHDO &RWWRQVHHG�PHDO 3'0��� ���� ���� 16&3��� ���� ���� 


&3�IUDFWLRQV����RI�WRWDO�&31RQ�SURWHLQ�QLWURJHQ��131��$� ���� ��� 


5DSLGO\�GHJUDGDEOH�WUXH�SURWHLQ��%�� ���� ��� 


0RGHUDWHO\�GHJUDGDEOH�WUXH�SURWHLQ��%�� ���� ���� 166ORZO\�GHJUDGDEOH�WUXH�SURWHLQ��%��� ��� ���� 


$FLG�GHWHUJHQW�LQVROXEOH�SURWHLQ��&�� ��� ���� 
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$VK��� ��� ��� 
� 7KH�FDQROD�PHDO�FRQWDLQHG����� PPRO�J�JOXFRVLQRODWHV��7KH�&3�ZDV�IUDFWLRQHG�DFFRUGLQJ�WR/LFLWUD HW�DO���������DQG�EDVHG�RQ�&RUQHOO�1HW�&DUERK\GUDWH�DQG�3URWHLQ�6\VWHP��&1&36��� 1HXWUDO�GHWHUJHQW�LQVROXEOH�SURWHLQ�±�XQDYDLODEOH�&3�� 8QDYDLODEOH SURWHLQ�
� �3 ��������

� �3 ��������


� �3 �������
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7DEOH��� ,QJUHGLHQWV�DQG�QXWULHQW�FRPSRVLWLRQ�RI�WKH�H[SHULPHQWDO�GLHWV��'0�EDVLV�� �'LHWDU\�7UHDWPHQWV,WHP &0 && &60$OIDOID�KD\ ���� ���� ����&RUQ�JUDLQ ���� ���� ����%DUOH\�JUDLQ ���� ���� ����&DQROD�PHDO ���� ��� �&RWWRQVHHG�PHDO � ��� ����:KROH�OLQWHG FRWWRQVHHG ��� ��� ���:KHDW�EUDQ ��� ��� ���6RGLXP�ELFDUERQDWH ��� ��� ���9LWDPLQH DQG�PLQHUDOVXSSOHPHQW� ��� ��� ���
1(/ �0FDO�NJ�� ���� ���� ����&3��� ���� ���� ����5'3���� ���� �� ����583���� ��� ��� ���1')��� ���� ���� ����$')��� ���� ���� ����1)&��� ���� ���� ����((��� ��� ��� ���&D��� ��� ��� ���3��� ��� ��� ���'&$'��P(T�NJ ��� ��� ���� &0� �XQSURFHVVHG�FDQROD�PHDO��&&� �XQSURFHVVHG�FDQROD�PHDO���FRWWRQVHHG�PHDO�&60� �FRWWRQVHHG�PHDO�� &RQWDLQHG�������&D�������3�������1D�������0J�������)H��������&X������0Q�������=Q����� SSP &R���� SSP ,����� SSP 6H�DQG��� î���� ,8�RI�YLWDPLQ�$���î���� ,8�RI�YLWDPLQ�'�DQG���� J�RI�YLWDPLQ�(��NJ�� &DOFXODWHG�IURP�15&���������5'3� �UXPLQDOO\ GHJUDGDEOH�SURWHLQ��583� �UXPLQDOO\XQGHJUDGDEOH SURWHLQ�
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'0,��0LON�<LHOG�DQG�&RPSRVLWLRQ��DQG�)HHG�(IILFLHQF\'DLO\� GU\�PDWWHU�LQWDNH��'0,��ZDV�VLPLODU�DPRQJ�WUHDWPHQWV��3 !�������7DEOH�����$FWXDO�PLON\LHOG�� PLON� IDW� FRQWHQW� DQG� \LHOG�� DQG� WKH� \LHOG� RI� ���IDW�FRUUHFWHG�PLON��)&0��ZHUH�QRWDOWHUHG� �3 !� ������ E\� WKH� WUHDWPHQWV�� 0LON�FRQWHQW�RI�SURWHLQ�DQG�61) ZHUH�LQFUHDVHG��3 ������� E\� GLHWDU\� VXEVWLWXWLRQ� RI�&0�IRU�&60��+RZHYHU��WKH�\LHOGV�RI�PLON�SURWHLQ�DQG�61)�DQG� PLON� SURWHLQ� HIILFLHQF\� UHPDLQHG� XQFKDQJHG��3 !��������7KH�FRZV�IHG�&0�WHQGHG��3  ������ WR� KDYH� JUHDWHU�SHUFHQW�RI�PLON�ODFWRVH�WKDQ�GLG�FRZV�RQ�&&��0LON�FRQWHQW�DQG�\LHOG�RI76�ZHUH�QRW�LQIOXHQFHG��3 !�������E\�WKH�GLHWDU\�LQFOXVLRQ�RI�&0�LQVWHDG�RI�&60��7DEOH� ���
7DEOH��� 'U\�PDWWHU�LQWDNH��IHHG�HIILFLHQF\��DQG�PLON�\LHOG�DQG�FRPSRVLWLRQ�RI�FRZV�IHGFDQROD�PHDO��&0���FRWWRQVHHG�PHDO��&60���RU�D�FRPELQDWLRQ�RI�ERWK��&&��7UHDWPHQWV,WHP &0 && &60 6(0 3� '0,��NJ�G ���� ���� ���� ���� ����$FWXDO�PLON�\LHOG��NJ�G ���� ���� ���� ���� �������)&0���NJ�G ���� ���� ���� ���� ����)&0�'0, ���� ���� ���� ���� ����0LON�FRPSRQHQWV)DW��� ���� ���� ���� ���� ����)DW�\LHOG��NJ�G ���� ���� ���� ���� ����3URWHLQ��� ����D ����E ����E ���� ����3URWHLQ�\LHOG��NJ�G ���� ���� ���� ���� ����0LON�SURWHLQ�HIILFLHQF\� ��� ��� ��� ��� ����/DFWRVH��� ���� ���� ���� ���� ����/DFWRVH�\LHOG��NJ�G ���� ���� ���� ���� ����61)���� ����D ����E ����E ���� ����61)�\LHOG��NJ�G ���� ���� ���� ���� ����76���� ���� ���� ���� ���� ����76�\LHOG��NJ�G ���� ���� ���� ���� ����D�E 9DOXHV�ZLWK�GLIIHUHQW�VXSHUVFULSWV�LQ�WKH�VDPH�URZ�GLIIHU�VLJ QLILFDQWO\��3 ��������� ���IDW�FRUUHFWHG�PLON�� 7KH�UDWLR�RI�PLON�SURWHLQ�\LHOG��J�G��WR�SURWHLQ�LQWDNH��NJ�G��� 6ROLGV�QRQ�IDW�� 7RWDO�VROLGV�6(0� �VWDQGDUG�HUURU�RI�PHDQ�
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$SSDUHQW� 7RWDO� 7UDFW� 'LJHVWLELOLW\� RI� 1XWULHQWV�� DQG� 3ODVPD� OHYHOV� RI� $OEXPLQ�DQG7K\URLG�+RUPRQHV&RPSOHWH� VXEVWLWXWLRQ�RI�GLHWDU\�&0�IRU�&60�LQ�WKH�GLHW�RI�PLGODFWDWLRQ FRZV�LPSURYHG��3� ������ WKH�DSSDUHQW�WRWDO�WUDFW�GLJHVWLELOLW\�RI�'0�DQG�&3��7DEOH� ����7KH�GLHWDU\�WUHDWPHQWV�GLGQRW�VLJQLILFDQWO\�DIIHFW��3 !�������WKH�WRWDO�WUDFW�GLJHVWLELOLW\�RI�20��1')��DQG�$')��7DEOH����3HULSKHUDO� FRQFHQWUDWLRQV� RI� DOEXPLQ�DQG�WK\URLG�KRUPRQHV�LQFOXGLQJ� WKULLRGRWK\URQLQH �7��DQG� WHWUDLRGRWK\URQLQH RU� WK\UR[LQ� �7��� ZHUH�QRW�LPSDFWHG��3 !�������E\�IHHGLQJ�FRZV�ZLWK&0�LQVWHDG�RI�&60�
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