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'LUHFW�UDGLDWLYH�SURSHUWLHV�RI�PRGHUQ�(XURSHDQ�ZRRGVWRYH�HPLVVLRQV��HIIHFW�RI�SKRWRFKHPLFDO�DJLQJ�DQG�DQ
HOHFWURVWDWLF�SUHFLSLWDWRU�

$��0XNKHUMHH���$��3DXO���0��,KDODLQHQ���0��6RPHUR���6��%DVQHW���$��9LUNNXOD���5��=LPPHUPDQQ�
��2��6LSSXOD�
�

�'HSDUWPHQW�RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��.XRSLR���������)LQODQG���

'HSDUWPHQW�RI�FKHPLVWU\��$DUKXV�XQLYHUVLW\�������$DUKXV��'HQPDUN���$WPRVSKHULF�&RPSRVLWLRQ�5HVHDUFK��)LQQLVK
0HWHRURORJLFDO�,QVWLWXWH���������+HOVLQNL��)LQODQG���&KDLU�RI�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�5RVWRFN��5RVWRFN��������

*HUPDQ\�

5HVLGHQWLDO ZRRG FRPEXVWLRQ �5:&� LV D PDMRU VRXUFH RI FDUERQDFHRXV DHURVROV LQ (XURSH� \HW ODUJH XQFHUWDLQWLHV UHPDLQ
LQ DVVHVVLQJ WKH FOLPDWH LPSDFWV RI HPLVVLRQV IURP PRGHUQ ZRRG VWRYHV� :H LQYHVWLJDWHG WKH SK\VLFDO� FKHPLFDO� DQG RSWLFDO
SURSHUWLHV RI DHURVROV HPLWWHG IURP FRPEXVWLRQ RI EHHFK ZRRGORJV LQ DQ DLU�VWDJHG FKLPQH\ VWRYH� (DFK H[SHULPHQW ODVWHG
IRU � KRXUV DQG FRQVLVWHG RI WKH EXUQLQJ RI � EDWFKHV RI ORJZRRG� )UHVK HPLVVLRQV ZHUH FKDUDFWHUL]HG ZLWK DQG ZLWKRXW DQ
HOHFWURVWDWLF SUHFLSLWDWRU �(63� 2HNRWXEH�� ,Q DGGLWLRQ� HPLWWHG DHURVROV ZHUH SKRWRFKHPLFDOO\ DJHG XVLQJ DQ R[LGDWLRQ IORZ
UHDFWRU �3($5� XQGHU WZR GLIIHUHQW 2+ H[SRVXUHV FRUUHVSRQGLQJ WR HTXLYDOHQW DJLQJ XSWR a��� �VKRUW DJLQJ� DQG a�
�PHGLXP�DJLQJ��DWPRVSKHULF�GD\V�

(PLVVLRQV RI &2�� &2 DQG PDMRU QRQ�PHWKDQH 92&V ZHUH PRQLWRUHG XVLQJ DQ RQOLQH )RXULHU�7UDQVIRUP ,QIUD�5HG
VSHFWURSKRWRPHWHU �)7,5�� 7KH WHPSRUDO HYROXWLRQ RI &2� DQG &2 ZDV XVHG WR FDOFXODWH WLPH VHULHV RI PRGLILHG FRPEXVWLRQ
HIILFLHQF\� DV ZHOO DV WR GHILQH GLVWLQFW FRPEXVWLRQ SKDVHV� QDPHO\ LJQLWLRQ� IODPLQJ DQG UHVLGXDO FKDU EXUQLQJ >�@�/LJKW
DEVRUSWLRQ �ȕDEV� DQG VFDWWHULQJ FRHIILFLHQWV �ȕVFD� RI IUHVK DQG DJHG DHURVROV ZHUH PHDVXUHG XVLQJ D PXOWL�ZDYHOHQJWK
DHWKDORPHWHU �$(��� DQG LQWHJUDWLQJ QHSKHORPHWHU� UHVSHFWLYHO\� (TXLYDOHQW EODFN FDUERQ �H%&� FRQFHQWUDWLRQ DQG IUDFWLRQ
RI WRWDO OLJKW DEVRUSWLRQ E\ EURZQ FDUERQ �%U&� ZHUH DOVR HVWLPDWHG IURP $(��� &KHPLFDO FRPSRVLWLRQ RI RUJDQLF �2$� DQG
LQRUJDQLF DHURVRO ZHUH HVWLPDWHG E\ DQ DHURVRO PDVV VSHFWURPHWHU� 7LPHVHULHV RI DHURVRO SDUWLFOH VL]H GLVWULEXWLRQV ZHUH
PHDVXUHG E\ D VFDQQLQJ PRELOLW\ SDUWLFOH VL]HU �6036�� DV ZHOO DV DQ HOHFWULFDO ORZ�SUHVVXUH LPSDFWRU �(/3,�� )LQDOO\�
6LPSOH IRUFLQJ HIILFLHQF\ �6)(� : J��� RI IUHVK DQG DJHG DHURVROV RYHU ERWK DYHUDJH JOREDO WHUUDLQ DQG IUHVK VQRZ VXUIDFH
ZHUH�HVWLPDWHG�DV�SHU�SUHYLRXV�OLWHUDWXUH�>�@�XVLQJ�DOEHGR�YDOXHV�RI������DQG�����UHVSHFWLYHO\�

)UHVK�HPLVVLRQV�ZHUH�GRPLQDWHG�E\�VRRW�ULFK�SDUWLFOHV�ZLWK�ORZ�VLQJOH�VFDWWHULQJ�DOEHGR��66$��DQG�KLJK�PDVV�DEVRUSWLRQ
FRHIILFLHQWV��0$&���SDUWLFXODUO\�GXULQJ�IODPLQJ�FRPEXVWLRQ�SKDVHV��:H�DOVR�REVHUYHG�SUHVHQFH�RI�GDUN�%U&��RU�VWURQJO\
DEVRUSWLYH�%U&��LQ�HPLVVLRQV�IURP�IODPLQJ�FRPEXVWLRQV��7KH�(63�UHGXFHG�RYHUDOO�2$�DQG�H%&�HPLVVLRQV�UHVSHFWLYHO\�E\
DSSUR[LPDWHO\�����DQG������EXW�DOWHUHG�SDUWLFOH�VL]H�GLVWULEXWLRQV�DQG�LQFUHDVHG�PHDQ�YROXPH�GLDPHWHU��90'��RI�IUHVK
HPLVVLRQV�GXH�WR�VL]H�DQG�SDUWLFOH�FRPSRVLWLRQ�GHSHQGHQW�FROOHFWLRQ�HIILFLHQF\��$V�D�UHVXOW��IUHVK�5:&�HPLVVLRQ�ZDV
PRUH�VRRW�ULFK�\HW�UHODWLYHO\�PRUH�VFDWWHULQJ��ZLWK�����KLJKHU�66$�����LQ�SUHVHQFH�RI�(63��3KRWRFKHPLFDO�DJLQJ�OHG�WR
VXEVWDQWLDO�VHFRQGDU\�RUJDQLF�DHURVRO��62$��IRUPDWLRQ��LQFUHDVLQJ�2$�H%&�UDWLRV�DV�ZHOO�DV�90'��GXH�WR�FRQGHQVDWLRQ
RI�62$��$V�D�UHVXOW��ZH�REVHUYHG�HQKDQFHG�ȕVFD�DQG�UHGXFHG�ȕDEV�LQ�DJHG�HPLVVLRQV�FRPSDUHG�WR�IUHVK�HPLVVLRQV�
&RQVHTXHQWO\��VKRUW�DQG�PHGLXP�DJLQJ�GHFUHDVHG�6)(�HVWLPDWHG�RYHU�DYHUDJH�JOREDO�WHUUDLQ�E\�����DQG����
UHVSHFWLYHO\��FRPSDUHG�WR�WKDW�RI�IUHVK�5:&�HPLVVLRQ������������:�J�����+RZHYHU��HVWLPDWHG�6)(�YDOXHV�ZHUH�VWLOO
SRVLWLYH�HYHQ�DIWHU�DJLQJ��VXJJHVWLQJ�VLJQLILFDQW�ZDUPLQJ�SRWHQWLDO�RI�5:&�HPLWWHG�SDUWLFOHV�IURP�PRGHUQ�ZRRGVWRYHV�

>�@�0XNKHUMHH��$���HW�DO���6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW��������������������
>�@�&KHQ��<��DQG�%RQG��7�&���$WPRVSKHULF�&KHPLVWU\�DQG�3K\VLFV������������������������
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6SDWLRWHPSRUDO�PRGHOOLQJ�RI�DPELHQW�FRQFHQWUDWLRQ�RI�XOWUDILQH�SDUWLFOHV�LQ�6ZLW]HUODQG�

(��3��7ZRPH\�����-��.HOOHU�����6��/RXS�����0��*U�QLJ�����0��'LMN���-��.HUFNKRIIV���.��GH�+RRJK���0��5||VOL���
��0��(HIWHQV���


�8QLYHUVLW\�RI�%DVHO��)DFXOW\�RI�6FLHQFH���(SLGHPLRORJ\��%DVHO��%DVHO�6WDGW��6ZLW]HUODQG���6ZLVV�7URSLFDO�DQG�3XEOLF�+HDOWK
,QVWLWXWH��(QYLURQPHQWDO�(SLGHPLRORJ\��$OOVFKZLO��%DVHO�/DQG��6ZLW]HUODQG���'LYLVLRQ�RI�(QYLURQPHQWDO�(SLGHPLRORJ\�

,QVWLWXWH�IRU�5LVN�$VVHVVPHQW�6FLHQFHV��8WUHFKW�8QLYHUVLW\��8WUHFKW��WKH�1HWKHUODQGV�

.H\ZRUGV��8OWUDILQH�SDUWLFOHV��DLU�SROOXWLRQ��VSDWLRWHPSRUDO�PRGHOOLQJ��SDUWLFOH�QXPEHU�FRQFHQWUDWLRQ��UDQGRP�IRUHVW

,QWURGXFWLRQ
'HVSLWH PHFKDQLVWLF HYLGHQFH IURP WR[LFRORJLFDO VWXGLHV� ODUJH�VFDOH HSLGHPLRORJLFDO HYLGHQFH IRU KHDOWK HIIHFWV RI XOWUDILQH
SDUWLFOHV �8)3� UHPDLQV OLPLWHG GXH WR VSDUVH PRQLWRULQJ� 8)3 H[KLELW ODUJH VSDWLDO DQG WHPSRUDO FRQWUDVWV� DQG ZKLOH
VHYHUDO VSDWLDO PRGHOV KDYH EHHQ SXEOLVKHG� IHZ VR IDU LQFRUSRUDWH WHPSRUDO YDULDELOLW\� :LWKLQ WKH IUDPHZRUN RI WKH
0$5.232/2 �³0DUNHUV RI 3ROOXWLRQ´� SURMHFW � ZH DLPHG WR GHYHORS D QDWLRQDO� WKUHH�VHDVRQ� KLJK�UHVROXWLRQ �GDLO\�
��[��P��VSDWLRWHPSRUDO�PRGHO�ZKLFK�FDQ�EH�KDUQHVVHG�WR�HVWLPDWH�H[SRVXUH�IRU�FRKRUWV�DFURVV�6ZLW]HUODQG��

0HWKRGV
7KH SURMHFW LV FRQGXFWLQJ 8)3 PHDVXUHPHQWV LQ 6ZLW]HUODQG ZLWK QDWLRQDO FRYHUDJH EHWZHHQ -XQH ���� DQG $SULO ����
XVLQJ D PRELOH SODWIRUP� YLVLWLQJ DOO PDMRU FLWLHV� PDQ\ VPDOOHU WRZQV DQG D VHOHFWLRQ RI PLQRU YLOODJHV� EDODQFLQJ
SRSXODWLRQ FRYHUDJH DQG FDSWXULQJ WKH IXOO UDQJH RI FRQFHQWUDWLRQ FRQWUDVWV� 8OWUDILQH SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&�
ZDV PHDVXUHG XVLQJ DQ (3& ���� DW ��VHFRQG LQWHUYDOV � DORQJVLGH FR�SROOXWDQWV �30���� 12�� EODFN FDUERQ�� *36
SRVLWLRQ� WHPSHUDWXUH DQG UHODWLYH KXPLGLW\� 5DQGRP IRUHVW PRGHOV ZHUH GHYHORSHG WR SUHGLFW ORJJHG 31& XVLQJ VSDWLDO DQG
WHPSRUDO�HQYLURQPHQWDO�SUHGLFWRUV�VXFK�DV�DOWLWXGH��PHWHRURORJ\��ODQG�XVH�DQG�URDG�W\SH�GDWD�

�

�

)LJXUH �� 0HDVXUHG YHUVXV SUHGLFWHG 8)3 QXPEHU FRQFHQWUDWLRQ� 7KH GDVKHG OLQH LQGLFDWHV WKH ��� UDWLR� 7KH UHG OLQH
LQGLFDWHV D VOLJKW W\SLFDO XQGHUHVWLPDWLRQ RI WKH PRGHO DV FRPSDUHG WR PHDVXUHG FRQFHQWUDWLRQV� 7KLV LV GXH WR VFDWWHU RQ WKH
ORZHU ULJKW HQG RI WKH JUDSK� ZKLFK UHVXOWV IURP KLJK�H[SRVXUH RXWOLHUV RQ URDGV� 7KHVH DUH FKDOOHQJLQJ WR SUHGLFW GXH WR
KLJKO\�VSHFLILF�ORFDO�RU�WHPSRUDU\�HPLVVLRQV�RU�FRQGLWLRQV��ZKLFK�DUH�QRW�FDSWXUHG�E\�DQ\�RI�WKH�SUHGLFWRUV�

)LJXUH �� 6ZLVV�ZLGH SUHGLFWLRQ RI 8)3 QXPEHU FRQFHQWUDWLRQ DFURVV 6ZLW]HUODQG RQ � FRQVHFXWLYH GD\V LQ -XO\ �����
&RQFHQWUDWLRQV DUH VKRZQ DV WKH ORJ�XOWUDILQH SDULFOH QXPEHU FRQFHQWUDWLRQ >�SDUWLFOHV�FP�@�� 3UHGLFWHG FRQFHQWUDWLRQV
UDQJH�URXJKO\�EHWZHHQ�H��§������SDUWLFOHV�P��DQG�H���§��������SDUWLFOHV�P��

5HVXOWV
'XULQJ WKH VXPPHU PHDVXUHPHQW SHULRG ��� -XQH ± � $XJXVW ������ �� GD\V DQG ����NP RI GDWD FDSWXUHG RQ 6ZLVV URDGV
\LHOGHG D PHGLDQ OHYHO RI ���� SDUWLFOHV�P� >LQWHUTXDUWLOH UDQJH ��������� SDUWLFOHV�P�@� :H PHDVXUHG ZLWKLQ ���P RI WKH
KRPHV RI ���� RI WKH 6ZLVV SRSXODWLRQ� 7KH SHUIRUPDQFH RI RXU SUHOLPLQDU\ 6ZLVVZLGH PRGHO \LHOGHG DQ RYHUDOO 5� RI ����
�)LJXUH ��� 5RDG OHQJWK RI PRWRUZD\V DQG WUDIILF LQWHQVLW\ LQ EXIIHUV RI �������P DQG ZHDWKHU�UHODWHG YDULDEOHV
�WHPSHUDWXUH� KXPLGLW\� ZHUH WKH PRVW LPSRUWDQW SUHGLFWRUV� ([DPSOH SUHGLFWLRQV IRU IRXU FRQVHFXWLYH VXPPHU GD\V DUH
VKRZQ�LQ�)LJXUH���

&RQFOXVLRQ
:H SURYLGH VRPH RI WKH ILUVW VSDWLRWHPSRUDO QDWLRQDO FRQFHQWUDWLRQ PRGHOV IRU XOWUDILQH 31&� DOORZLQJ WLPHYDU\LQJ
H[SRVXUH�DVVHVVPHQW�IRU�KHDOWK�VWXGLHV�

�

)
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+RZ�FRDWLQJ�SDWKZD\�FRQWUROV�OLJKW�DEVRUSWLRQ�E\�EODFN�FDUERQ�

&��-RXUGDLQ�����-��6\PRQGV���=��6XQ���0��*\VHO�%HHU���$��%RLHV���

�0HFKDQLFDO�(QJLQHHULQJ�'HSDUWPHQW��6WDQIRUG�8QLYHUVLW\������(VFRQGLGR�0DOO���������6WDQIRUG��86$���'HSDUWPHQW�RI
(QJLQHHULQJ��8QLYHUVLW\�RI�&DPEULGJH��7UXPSLQJWRQ�6W��&DPEULGJH�&%���3=��8.���&DPEXVWLRQ�/WG������&KHUU\�+LQWRQ
5RDG��&DPEULGJH��&%���'+��8.���36,�&HQWHU�IRU�(QHUJ\�DQG�(QYLURQPHQWDO�6FLHQFHV�������9LOOLJHQ�36,��6ZLW]HUODQG�

FODVV �0VR1RUPDO� VW\OH �WH[W�DOLJQ� MXVWLI\��!%ODFN FDUERQ �%&� DHURVROV DUH DPRQJ WKH PRVW LPSRUWDQW FOLPDWH�IRUFLQJ
DJHQWV LQ WKH (DUWK¶V DWPRVSKHUH� \HW WKH LQWHUDFWLRQ RI OLJKW ZLWK LQGLYLGXDO %& FRUHV DQG WKHLU FRDWLQJ UHPDLQV DFWLYHO\
GHEDWHG >�@� $IWHU HPLVVLRQ� %& SDUWLFOHV UDSLGO\ PL[ ZLWK QRQ� RU ZHDNO\�DEVRUELQJ PDWHULDO WKURXJK FRQGHQVDWLRQ DQG
FRDJXODWLRQ� DOWHULQJ WKHLU PRUSKRORJ\� UDGLDWLYH SURSHUWLHV� DQG DWPRVSKHULF OLIHWLPH >�@� +RZHYHU� WKH LPSDFW RI WKHVH
GLVWLQFW�FRDWLQJ�SDWKZD\V�LV�GLIILFXOW�WR�GLVHQWDQJOH�LQ�DPELHQW�REVHUYDWLRQV�

+HUH� ZH LQGHSHQGHQWO\ LQYHVWLJDWH FRQGHQVDWLRQ� DQG FRDJXODWLRQ�GULYHQ FRDWLQJ PHFKDQLVPV XVLQJ FRQWUROOHG ODERUDWRU\
H[SHULPHQWV FRPELQHG ZLWK QXPHULFDO RSWLFDO PRGHOLQJ� 7ZR FXVWRP�EXLOW DHURVRO FKDPEHUV DUH XVHG WR JHQHUDWH PL[HG
%& SDUWLFOHV E\ FRDWLQJ VRRW ZLWK DQ DWPRVSKHULF OLTXLG VXUURJDWH YLD HLWKHU HYDSRUDWLRQ±FRQGHQVDWLRQ RU FRDJXODWLRQ
ZLWK RSSRVLWHO\ FKDUJHG GURSOHWV� 7KH UHVXOWLQJ SDUWLFOHV DUH FKDUDFWHUL]HG LQ UHDO WLPH LQ WHUPV RI VL]H� PDVV� DQG
ZDYHOHQJWK�GHSHQGHQW RSWLFDO DEVRUSWLRQ� ,Q SDUDOOHO� VLQJOH�SDUWLFOH RSWLFDO SURSHUWLHV DUH VLPXODWHG XVLQJ WKH GLVFUHWH
GLSROH�DSSUR[LPDWLRQ�DQG�PXOWL�VSKHUH�7�PDWUL[�PHWKRGV�

:H ILQG WKDW WKH FRDWLQJ SDWKZD\ JRYHUQV SDUWLFOH PRUSKRORJ\ DQG� FRQVHTXHQWO\� RSWLFDO DEVRUSWLRQ� &RQGHQVDWLRQ OHDGV
WR HQFDSVXODWHG� QHDU�VSKHULFDO %& SDUWLFOHV� ZKHUHDV FRDJXODWLRQ SURGXFHV LUUHJXODUO\�VKDSHG DJJUHJDWHV� 7KH PDVV
DEVRUSWLRQ FURVV�VHFWLRQ �0$&� RI FRQGHQVHG %& LQFUHDVHV V\VWHPDWLFDOO\ ZLWK FRDWLQJ PDVV DW ���� ���� DQG ��� QP�
ZLWK VWURQJHU HQKDQFHPHQW DW VKRUWHU ZDYHOHQJWKV �H�J�� 0$&��� QP  ���� PðJ�ï DW D PDVV UDWLR RI ��� ,Q FRQWUDVW� WKH
0$& RI FRDJXODWHG %& UHPDLQV ODUJHO\ LQVHQVLWLYH WR FRDWLQJ DPRXQW DQG RQO\ VOLJKWO\ H[FHHGV WKDW RI IUHVK %& �H�J��
0$&��� QP  ���� PðJ�ï DW D PDVV UDWLR RI ��� &RQVHTXHQWO\� HYHQ OLJKWO\ FRQGHQVHG %& H[KLELWV KLJKHU DEVRUSWLRQ WKDQ
FRDJXODWHG�%&��D�WUHQG�FRQVLVWHQWO\�UHSURGXFHG�LQ�RSWLFDO�VLPXODWLRQV�

7KHVH UHVXOWV GHPRQVWUDWH WKDW FRDWLQJ PRUSKRORJ\� UDWKHU WKDQ FRDWLQJ PDVV DORQH� FRQWUROV %& DEVRUSWLRQ HQKDQFHPHQW�
$FFRXQWLQJ IRU FRDWLQJ�GHSHQGHQW VKDSH DQG PL[LQJ VWDWH FDQ KHOS UHFRQFLOH GLVFUHSDQFLHV LQ ILHOG�GHULYHG DEVRUSWLRQ
HQKDQFHPHQWV�DQG�UHGXFH�XQFHUWDLQWLHV�LQ�%&�UHSUHVHQWDWLRQ�LQ�UHJLRQDO�DQG�JOREDO�FOLPDWH�PRGHOV�

>�@�&��'��&DSSD�HW�DO���6FLHQFH�����������������������
>�@�7��&��%RQG��5��:��%HUJVWURP��$HURVRO�6FLHQFH�DQG�7HFKQRORJ\�������������±���
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7UDQVLHQW�IRUPDWLRQ�RI�RUJDQLF�JDVHRXV�HPLVVLRQV�LQ�UHVLGHQWLDO�ZRRG�FRPEXVWLRQ�ZLWK�DQG�ZLWKRXW�DQ�HOHFWURVWDWLF

SUHFLSLWDWRU�

$��+DUWLNDLQHQ���$��0XNKHUMHH���0��6RPHUR���=��)DQJ���<��5XGLFK���5��=LPPHUPDQQ�����2��6LSSXOD���
�

�'HSW��RI�(QYLURQPHQWDO�DQG�%LRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��),��������.XRSLR��)LQODQG���'HSW��RI�(DUWK
DQG�3ODQHWDU\�6FLHQFH��:HL]PDQQ�,QVWLWXWH�RI�6FLHQFH����������5HKRYRW��,VUDHO���$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI

5RVWRFN��'�������5RVWRFN��*HUPDQ\���+HOPKROW]�=HQWUXP�0�QFKHQ��'�������1HXKHUEHUJ��*HUPDQ\���'HSW��RI�&KHPLVWU\�
8QLYHUVLW\�RI�(DVWHUQ�)LQODQG��),�������-RHQVXX��)LQODQG�

5HVLGHQWLDO ZRRG FRPEXVWLRQ FDQ EH D PDMRU VRXUFH RI DWPRVSKHULF RUJDQLF DHURVROV HPLWWHG LQ ERWK JDVHRXV DQG SDUWLFOH
SKDVHV� ,Q WKLV ZRUN� ZH DLPHG WR UHVROYH WKH WHPSRUDO EHKDYLRU RI WKH JDVHRXV RUJDQLF HPLVVLRQV DQG GHWHUPLQH WKH LPSDFWV
RI DQ HOHFWURVWDWLF SUHFLSLWDWRU �(63� RQ WKHLU UHOHDVH� %DWFKHV RI EHHFK ORJV ZHUH FRPEXVWHG LQ DQ DLU�VWDJHG FKLPQH\ VWRYH
�� EDWFKHV SHU � K H[SHULPHQW�� )RU KDOI RI WKH H[SHULPHQWV� DQ 2HNR7XEH �2HNRVROYH� µHOHFWURVWDWLF SUHFLSLWDWRU LQVLGH¶
�XQLW ZDV LQVWDOOHG LQ WKH IOXH JDV VWDFN �Q � ZLWK (63 RII� Q � ZLWK (63 RQ�� 9RODWLOH RUJDQLFV ZHUH PRQLWRUHG E\ D SURWRQ
WUDQVIHU UHDFWRU � WLPH RI IOLJKW � PDVV VSHFWURPHWHU �375�7R) ����� ,RQLFRQ� DORQJVLGH H[WHQVLYH SDUWLFOH SKDVH
PHDVXUHPHQWV��

7KH RUJDQLF JDVHRXV HPLVVLRQV ZHUH DW WKHLU KLJKHVW GXULQJ EDWFK LJQLWLRQ� $V WKH FRPEXVWLRQ SURJUHVVHG WR IODPLQJ
FRQGLWLRQV DQG WKH FRPEXVWLRQ WHPSHUDWXUH LQFUHDVHG� RUJDQLF JDVHV ZHUH HIIHFWLYHO\ R[LGL]HG LQ WKH IODPH� OHDGLQJ WR
S\URV\QWKHVLV RI WKH RUJDQLFV DQG LQFUHDVH LQ WKH SDUWLFXODWH HPLVVLRQV >�@� 6ORZHU LJQLWLRQ LQ WKH FROG VWRYH GXULQJ WKH ILUVW
EDWFK OHG WR D GLVWLQFWO\ GLIIHUHQW HPLVVLRQ SURILOH FRPSDUHG WR WKH ODWHU EDWFKHV� 7KH WRWDO RUJDQLF JDVHRXV HPLVVLRQV
LQFUHDVHG DJDLQ IRU WKH ODWHU �IRXUWK WR VL[WK� EDWFKHV� OLNHO\ GXH WR WKH IDVWHU FRPEXVWLRQ UDWH GULYHQ E\ WKH LQFUHDVHG
WHPSHUDWXUH��

)LYH GLVWLQFW IDFWRUV ZHUH UHVROYHG IURP WKH PDVV VSHFWUD WLPH VHULHV E\ QRQ�QHJDWLYH PDWUL[ IDFWRUL]DWLRQ �10)�� ,JQLWLRQ
SKDVHV ZHUH OLQNHG WR WZR IDFWRUV� RQH SURPLQHQW IRU WKH FROG LJQLWLRQ RI ILUVW EDWFK �GRPLQDWHG E\ DFHWLF DFLG�� RQH IRU WKH
KLJK WHPSHUDWXUH LJQLWLRQ RI ODWHU EDWFKHV �GRPLQDWHG E\ EHQ]HQH�� $ IDFWRU FRPSULVHG GRPLQDQWO\ RI QLWURPHWKDQH ZDV
OLQNHG ZLWK WKH IODPLQJ SKDVH DQG FRUUHODWHG EHVW ZLWK WKH SDUWLFXODWH EURZQ FDUERQ HPLVVLRQV� 7KH IRXUWK IDFWRU PD\ EH
OLQNHG WR GLUHFW FHOOXORVH GHSRO\PHUL]DWLRQ SURGXFWV� DV LW FRQWDLQHG WKH IXUDQ HPLVVLRQV� 7KH ILIWK IDFWRU FRQWDLQHG ERWK
SRO\F\FOLF DURPDWLF K\GURFDUERQV �3$+V� DQG R[LGL]HG DURPDWLFV� ,Q FRQWUDVW WR WKH RWKHU IDFWRUV� LWV FRQFHQWUDWLRQ JUHZ
WRZDUGV�WKH�HQG�RI�HDFK�EDWFK���

7KH RYHUDOO HPLVVLRQ SURILOH ZDV VLPLODU ZLWK RU ZLWKRXW WKH (63� +RZHYHU� WKH HPLVVLRQ IDFWRUV RI 3$+V DQG R[\JHQDWHG
SRO\F\FOLF FRPSRXQGV �R�3$+V� ZHUH VWDWLVWLFDOO\ VLJQLILFDQWO\ KLJKHU ZLWK WKH (63 RQ IRU DOO WKH FRPEXVWLRQ SKDVHV� ZLWK
EDWFKZLVH HQKDQFHPHQW UDWLRV RI ��� DQG ��� IRU 3$+V DQG R�3$+V� UHVSHFWLYHO\� 7KH LQFUHDVH ZDV PRVW SURPLQHQW WRZDUGV
WKH HQG RI FRPEXVWLRQ �µHPEHU SKDVH¶�� ZKHQ WKH (63 UHGXFHG SDUWLFXODWH HPLVVLRQV HVSHFLDOO\ HIILFLHQWO\ >�@� DQG OLNHO\
FDXVHG�E\�WKH�GHFUHDVHG�DGVRUSWLRQ�RI�SRO\F\FOLF�FRPSRXQGV�RQWR�SDUWLFOH�SKDVH�ZKHQ�SDUWLFOH�HPLVVLRQV�ZHUH�UHGXFHG��

>�@���0XNKHUMHH�$��HW�DO���6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW�������������������
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��

'\QDPLFV�RI�XUEDQ�SDUWLFOH�QXPEHU�VL]H�GLVWULEXWLRQV�LQ�6WRFNKROP��6ZHGHQ�

'��6FKOHVLQJHU�����6��6LOYHUJUHQ���0��1RUPDQ���g��$[HOVVRQ�����6��/��+DVOHWW�
�

�6/%�DQDO\V��(QYLURQPHQW�DQG�+HDOWK�$GPLQLVWUDWLRQ��&LW\�RI�6WRFNKROP��6ZHGHQ���'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFH�
6WRFNKROP�8QLYHUVLW\��6WRFNKROP��6ZHGHQ���&HQWUH�IRU�2FFXSDWLRQDO�DQG�(QYLURQPHQWDO�0HGLFLQH��5HJLRQ�6WRFNKROP�

6WRFNKROP��6ZHGHQ���,QVWLWXWH�RI�(QYLURQPHQWDO�0HGLFLQH��.DUROLQVND�,QVWLWXWH��6WRFNKROP��6ZHGHQ�

$LU SROOXWLRQ KDV D VWURQJ LPSDFW RQ KXPDQ KHDOWK >�@� $OWKRXJK JURZLQJ VFLHQWLILF HYLGHQFH VKRZV WKDW WKH VPDOOHVW
SDUWLFOHV ² VR�FDOOHG XOWUDILQH SDUWLFOHV �8)3�²DUH HVSHFLDOO\ KDUPIXO WR KXPDQ KHDOWK� LW LV PDLQO\ WKH FRDUVH SDUWLFOH
IUDFWLRQV �30�� DQG 30���� WKDW DUH UHJXODUO\ PHDVXUHG DJDLQVW VWDQGDUGV DQG UHSRUWHG LQ FLWLHV ZRUOGZLGH� $V D
FRQVHTXHQFH��GDWD�DERXW�8)3�LQ�XUEDQ�HQYLURQPHQWV�LV�VWLOO�YHU\�OLPLWHG�

7KH (QYLURQPHQW DQG +HDOWK $GPLQLVWUDWLRQ RI WKH &LW\ RI 6WRFNKROP KDV PHDVXUHG 8)3 LQ WKH XUEDQ EDFNJURXQG DQG LQ
VWUHHW FDQ\RQV VLQFH ����� DQG WKH WLPH�VHULHV RI SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&� IRU 6WRFNKROP FDQ QRZ EH FRQVLGHUHG
RQH RI WKH ORQJHVW LQ (XURSH� &RPSOHPHQWDU\ PHDVXUHPHQWV RI WKH SDUWLFOH QXPEHU VL]H GLVWULEXWLRQV �316'� KDYH EHHQ
FRQGXFWHG XVLQJ D 'LIIHUHQWLDO 0RELOLW\ 3DUWLFOH 6L]HU �'036� RYHU FHUWDLQ SHULRGV DQG LQ GLIIHUHQW HQYLURQPHQWV� LQ
FROODERUDWLRQ ZLWK 6WRFNKROP 8QLYHUVLW\� 7KH G\QDPLFV REVHUYHG LQ WKH XUEDQ 316' LV VXEMHFW WR FRQWLQXHG DQDO\VLV HIIRUWV
>�@�

�

�

)LJXUH��6FDYHQJLQJ��$��DQG�SDUWLFOH�JURZWK��%��HYHQWV�LQ�WKH�XUEDQ�EDFNJURXQG�RI�6WRFNKROP��6ZHGHQ�

,Q�WKH�SUHVHQW�ZRUN��ZH�IRFXV�RQ�WKH�LPSDFW�RI�GLIIHUHQW�PHWHRURORJLFDO�SDUDPHWHUV�IURP�FR�ORFDWHG�PHDVXUHPHQWV�
SDUWLFXODUO\�SUHFLSLWDWLRQ��RQ�WKH�316'�LQ�WKH�XUEDQ�EDFNJURXQG�LQ�6WRFNKROP��6ZHGHQ�WR�EHWWHU�XQGHUVWDQG�LWV�G\QDPLFV�
7KHVH�UHVXOWV�ZLOO�KHOS�WR�GLVHQWDQJOH�IDFWRUV�LPSDFWLQJ�WKH�316'�YDULDELOLW\�

>�@�:RUOG�+HDOWK�2UJDQLVDWLRQ��:+2���$LU�4XDOLW\�*XLGHOLQHV�����
>�@ 3� .UHFO� &� -RKDQVVRQ� 0� 1RUPDQ� 6� 6LOYHUJUHQ� /� %XUPDQ� (� 0� 0ROOLQHGR� $� &UpVR 7DUJLQR� (QYLURQPHQWDO
3ROOXWLRQ������������������
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��

$Q�HTXDWLRQ�GHVFULELQJ�WKH�ZDYHOHQJWK�GHSHQGHQFH�RI�EURZQ�FDUERQ�OLJKW�DEVRUSWLRQ�DW�DOO�ZDYHOHQJWKV�

-��&��&RUELQ���7��$��6LSNHQV�
�

�$HURVRO�DQG�*DV�0HWURORJ\��1DWLRQDO�5HVHDUFK�&RXQFLO�&DQDGD��2WWDZD��&DQDGD�

1DWXUDO FDUERQDFHRXV SDUWLFOHV IURP FRPEXVWLRQ FDQ SRVVHVV D UDQJH RI OLJKW�DEVRUELQJ SURSHUWLHV� UDQJLQJ IURP EODFN VRRW
WR EURZQ RUJDQLFV �WKH ³EURZQ�EODFN FRQWLQXXP´�� 7KLV OLJKW DEVRUSWLRQ LV RIWHQ GHVFULEHG LQ WHUPV RI WKH DEVRUSWLRQ
$QJVWURP H[SRQHQW �$$(� SRZHU ODZ� WKH QHJDWLYH VORSH RI D ORJ�ORJ SORW RI OLJKW DEVRUSWLRQ YHUVXV ZDYHOHQJWK� %ODFN
FDUERQ KDV D IL[HG $$( RI §��� DW DOO ZDYHOHQJWKV� +RZHYHU� GLIIHUHQW YDOXHV RI $$( IRU EURZQ FDUERQ DUH REVHUYHG DW
GLIIHUHQW ZDYHOHQJWKV �0RRVPXOOHU HW DO�� ������ 7KLV ZDYHOHQJWK�GHSHQGHQW $$( LV SUHGLFWHG E\ WKH 7DXF PRGHO �6XQ HW
DO�� ������ ZKLFK HPSOR\V WZR WKHRUHWLFDO SDUDPHWHUV ILUVW GHULYHG IRU VHPLFRQGXFWRU PDWHULDOV� +HUH� ZH UHIRUPXODWH WKLV
7DXF PRGHO XVLQJ HDVLO\ PHDVXUHG DHURVRO SURSHUWLHV� PDVV�VSHFLILF OLJKW DEVRUSWLRQ �0$&� DQG $$(� $Q HTXDWLRQ LV
SURYLGHG WR H[WUDSRODWH WKH 0$& DQG $$( DW DQ\ DUELWUDU\ ZDYHOHQJWK� JLYHQ WKHVH SURSHUWLHV DW D UHIHUHQFH ZDYHOHQJWK LQ
WKH YLVLEOH� 1RWDEO\� XVLQJ WKH EODFN�FDUERQ 0$& DQG $$( DV UHIHUHQFH DFFXUDWHO\ GHVFULEHV WKH DYDLODEOH OLWHUDWXUH GDWD�
LQFOXGLQJ VRRW� S\URO\]HG FDUERQ� FKDU� DQG ELRPDVV�EXUQLQJ WDUEDOOV� )XWXUH ZRUN PLJKW DSSO\ WKLV IUDPHZRUN WR TXDQWLI\
WKH�VSHFWUDOO\�LQWHJUDWHG�OLJKW�DEVRUSWLRQ�RI�EURZQ�FDUERQ�IURP�XQNQRZQ�DWPRVSKHULF�VDPSOHV�

0RRVP�OOHU� +� &KDNUDEDUW\� 5� .�� (KOHUV� .� 0�� $UQRWW� :� 3� $EVRUSWLRQ $QJVWURP FRHIILFLHQW� EURZQ FDUERQ� DQG
DHURVROV��EDVLF�FRQFHSWV��EXON�PDWWHU��DQG�VSKHULFDO�SDUWLFOHV��$WPRV��&KHP��3K\V�����������������������

6XQ +�� %LHGHUPDQQ /�� %RQG 7�&� &RORU RI EURZQ FDUERQ� $ PRGHO IRU XOWUDYLROHW DQG YLVLEOH OLJKW DEVRUSWLRQ E\ RUJDQLF
FDUERQ�DHURVRO��*HRSK\V��&KHP��/HWW�����/��������������
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