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Abstract 

1LWURXV� R[LGH� �1�2�� LV� DQ� LPSRUWDQW� JUHHQKRXVH� JDV� WKDW� FDQ� GHSOHWH� WKH� R]RQH� OD\HU��

0LFURELDO�QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ�KDYH�EHHQ�ORQJ�FRQVLGHUHG�DV�WKH�PDMRU�FRQWULEXWRUV�

RI� VRLO� 1�2� SURGXFWLRQ�� +RZHYHU�� WKH� PHFKDQLVPV� UHVSRQVLEOH� IRU� 1�2� SURGXFWLRQ� IURP�

QLWULILFDWLRQ�DUH�VWLOO�QRW�IXOO\�XQGHUVWRRG��7KH�FXUUHQW�XQGHUVWDQGLQJ�LV�WKDW�WKHUH�DUH�PDLQO\�

WZR�URXWHV�UHVSRQVLEOH�IRU� WKH�1�2�SURGXFWLRQ�IURP�QLWULILFDWLRQ��ELRORJLFDO�DPPRQLD��1+���

R[LGDWLRQ�DQG�QLWULILHU�GHQLWULILFDWLRQ�RI�QLWULWH��12�
����+RZHYHU��VR�IDU�LW�KDV�EHHQ�QHJOHFWHG�

WKDW� DELRWLF� SURFHVVHV� FRXOG� DOVR� SOD\� DQ� LPSRUWDQW� UROH� LQ� WKH� 1�2� SURGXFWLRQ� GXULQJ�

QLWULILFDWLRQ�� LQYROYLQJ� WKH� WZR� UHDFWLYH�1� LQWHUPHGLDWHV� K\GUR[\ODPLQH� �1+�2+��DQG�12�
��

YLD�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVPV�RI�1�2�SURGXFWLRQ��:KLOH�WKH�DELRWLF�1�2�SURGXFWLRQ�

IURP�12�
��KDV�EHHQ�VWXGLHG�LQ�WKH�ODVW�GHFDGHV��WKH�DELRWLF�1�2�SURGXFWLRQ�LQYROYLQJ�1+�2+�

KDV�ORQJ�EHHQ�LJQRUHG��2QH�SRVVLEOH�UHDVRQ�FRXOG�EH�WKDW�1+�2+�ZDV�QRW�GHWHFWHG�LQ�VRLOV�LQ�

SUHYLRXV�UHVHDUFK��,Q�DGGLWLRQ��WKH�UHOHDVH�RI�1+�2+�GXULQJ�1+��R[LGDWLRQ�LQ�SXUH�FXOWXUHV�RI�

DPPRQLD� R[LGL]HUV� KDV� QRW� EHHQ� VWXGLHG� SUHYLRXVO\�� ZKLFK� ZRXOG� EH� WKH� SUHUHTXLVLWH� RI�

DELRWLF�1�2�SURGXFWLRQ� LQYROYLQJ�1+�2+�� 7KHUHIRUH�� WKH� DLP� RI� WKH� SUHVHQW� WKHVLV�ZDV� WR�

VWXG\� WKH� UHOHYDQFH�DQG�PHFKDQLVPV�RI� FRXSOHG�ELRWLF�DELRWLF�1�2�IRUPDWLRQ� IURP�1+�2+�

DQG�12�
��GXULQJ�QLWULILFDWLRQ�LQ�GLIIHUHQW�VRLOV���

%\� VWXG\LQJ� GLIIHUHQW� W\SHV� RI� DPPRQLD� R[LGL]HUV� �DPPRQLD�R[LGL]LQJ� EDFWHULD� �$2%���

DPPRQLD�R[LGL]LQJ� DUFKDHD� �$2$��� DQG� FRPSOHWH� DPPRQLD� R[LGL]HUV� �FRPDPPR[���� WKLV�

WKHVLV� GHPRQVWUDWHV� 1+�2+� UHOHDVH� GXULQJ� 1+�� R[LGDWLRQ� RI� YDULRXV� DPPRQLD� R[LGL]HUV��

+RZHYHU�� WKH� 1+�2+�ILQDO� SURGXFW� UHOHDVH� UDWLRV� ZHUH� GLIIHUHQW� EHWZHHQ� WKH� GLIIHUHQW�

PLFURELDO� VWUDLQV� VWXGLHG�� UDQJLQJ� IURP�������WR��������DQG�ZHUH�DOVR�GHSHQGHQW�RQ� LQLWLDO�

1+��FRQFHQWUDWLRQV�LQ�WKH�PHGLXP��7KH�SUHVHQFH�RI�12�
��GHFUHDVHG�WKH�DELRWLF�1+�2+�GHFD\�

UDWH� LQ� WKH�PHGLXP�EXW� LQFUHDVHG�DELRWLF�1�2�SURGXFWLRQ� LQYROYLQJ�1+�2+��7KH�FDOFXODWHG�

IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�YLD�1+�2+�UHOHDVH�GXULQJ�LQFXEDWLRQV�UDQJHG�IURP�������

WR� ������� ZKLFK� ZDV� FRQVLVWHQW� ZLWK� SXEOLVKHG� 1+�
��WR�1�2� FRQYHUVLRQ� UDWLRV� IRU� FHUWDLQ�

DPPRQLD�R[LGL]HUV���

+\GUR[\ODPLQH�FRXOG�QRW�RQO\�EH�GHWHFWHG�LQ�SXUH�FXOWXUHV��EXW�DOVR�EH�GHWHUPLQHG�LQ�QDWXUDO�

VRLOV� E\� GHYHORSLQJ� DQG� DSSO\LQJ� D� KLJKO\� VHQVLWLYH� PHWKRG� XVLQJ� H[WUDFWLRQ� XQGHU� DFLGLF�

FRQGLWLRQV� DQG� R[LGDWLRQ� RI�1+�2+� WR�1�2�ZLWK� )H���� 7KH� GHWHUPLQHG�1+�2+�FRQWHQW� LQ�

VSUXFH� IRUHVW� VRLO� VDPSOHV� UDQJHG� EHWZHHQ� ���� DQG� ����� ȝJ� 1� NJ��� GU\� VRLO�� ZKLFK� ZDV�

FRQVLVWHQW�ZLWK� WKH�PDJQLWXGH�RI�12�
�� FRQWHQWV� UHSRUWHG� IRU� IRUHVW� VRLOV��7KLV� WKHVLV� IXUWKHU�

VKRZV� D� SRVLWLYH� VSDWLDO� FRUUHODWLRQ� EHWZHHQ� 1+�2+� FRQFHQWUDWLRQV� DQG� DHURELF� 1�2�



SURGXFWLRQ�LQ�1RUZD\�VSUXFH�IRUHVW�VRLO��DOWKRXJK�DHURELF�1�2�SURGXFWLRQ�ZDV�DOVR�FRUUHODWHG�

ZLWK�RWKHU� VRLO� EDVLF�SURSHUWLHV�� VXFK� DV� VRLO� S+��12�
���0Q�� DQG� VRLO� RUJDQLF� FDUERQ� �62&��

FRQWHQW��6LPLODU�KRWVSRWV�ZHUH�LGHQWLILHG�IRU�DHURELF�1�2�SURGXFWLRQ�LWVHOI�DV�ZHOO�DV�IRU�WKH�

FRQWULEXWLRQ� RI� 1+�2+� WR� DHURELF� 1�2� SURGXFWLRQ�� 7KH� LQFRUSRUDWLRQ� RI� WKH� 1+�2+�

LQIRUPDWLRQ�ODUJHO\�LPSURYHG�WKH�HVWLPDWLRQ�RI�DHURELF�1�2�SURGXFWLRQ�LQ�WKH�VWXG\�DUHD���

,Q�D�V\VWHPDWLF�H[SHULPHQW�ZLWK�DUWLILFLDO�VRLO�PL[WXUHV�ZLWK� WKH�DLP�WR� WHVW� WKH�UHOHYDQFH�RI�

WKH�FRQWURO�SDUDPHWHUV�LGHQWLILHG�LQ�WKH�IRUHVW�VRLO�VWXG\��WKH�DELRWLF�FRQYHUVLRQ�RI�1+�2+�WR�

1�2�ZDV�VWURQJO\�GHSHQGHQW�RQ�VRLO�RUJDQLF�PDWWHU� �620��FRQWHQW��S+��DQG�0Q2��FRQWHQW��

0RUH�1+�2+�ZDV�FKHPLFDOO\�FRQYHUWHG�WR�1�2�DW�ORZ�620�FRQWHQW��ORZ�S+��DQG�KLJK�0Q2��

FRQWHQW��%DVHG�RQ�WKHVH�UHVXOWV��WKH�WKHVLV�SUHVHQWV�D�PRGHO�WR�HVWLPDWH�DELRWLF�1+�2+�WR�1�2�

FRQYHUVLRQ� LQ� VRLOV�E\�FRQVLGHULQJ� WKH�620�DQG�0Q2�� FRQWHQW� DV�ZHOO� DV� S+�� ,W� VKRXOG�EH�

QRWHG�WKDW�QRW�RQO\�WKH�TXDQWLW\��EXW�DOVR�WKH�TXDOLW\�RI�620��H�J��FHUWDLQ�IXQFWLRQDO�JURXSV��

VXFK�DV�FDUERQ\O�JURXSV��FDQ�DIIHFW�WKH�DELRWLF�FRQYHUVLRQ�RI�1+�2+�WR�1�2��

7KH�WKHVLV�IXUWKHU�H[SORUHG�WKH�FRQWULEXWLRQ�RI�WKH�WZR�UHDFWLYH�1�VSHFLHV�12�
��DQG�1+�2+�WR�

DELRWLF�1�2�SURGXFWLRQ�LQ�GLIIHUHQW�VRLOV�DIWHU�R[LF�DQG�DQR[LF�SUH�LQFXEDWLRQ��12�
��SOD\HG�WKH�

PRVW�LPSRUWDQW�UROH�LQ�1�2�SURGXFWLRQ�LQ�JUDVVODQG�VRLO��IROORZHG�E\�WKH�VRLOV�RI�XSODQG�IRUHVW��

D�ULSDULDQ�DUHD��DQG�FURSODQG��$ELRWLF�SURFHVVHV�FRQWULEXWHG�DERXW��������WR�WKH�FRQYHUVLRQ�

RI�12�
��WR�1�2��EXW�QR�VLJQLILFDQW�IDFWRUV�UHVSRQVLEOH�IRU�WKH�1�2�SURGXFWLRQ�IURP�12�

��FRXOG�

EH� LGHQWLILHG�� 1�2� SURGXFWLRQ� IURP� 1+�2+� SOD\HG� DQ� LPSRUWDQW� UROH� LQ� JUDVVODQG� DQG�

FURSODQG� VRLOV�� DV� ZHOO� DV� SDUWO\� LQ� WKH� IRUHVW� VRLO�� ,Q� FRQWUDVW� WR� 12�
��� WKH� FRQYHUVLRQ� RI�

1+�2+� WR� 1�2�ZDV�PRVWO\� �!����� DELRWLF� DQG� ZDV� FRUUHODWHG� VLJQLILFDQWO\� ZLWK� VRLO� S+��

0Q2�� DQG� 62&� FRQWHQW�� $IWHU� DQR[LF� LQFXEDWLRQ�� WKH� FRQWULEXWLRQ� RI�12�
�� WR� DHURELF�1�2�

SURGXFWLRQ�LQFUHDVHG��ZKLOH�WKH�FRQWULEXWLRQ�RI�1+�2+�GHFUHDVHG�GHSHQGLQJ�RQ�62&�FRQWHQW���

)LQDOO\��D�FORVH�UHODWLRQVKLS�ZDV�IRXQG�EHWZHHQ�SXOVH�1�2�SURGXFWLRQ�DIWHU�UHZHWWLQJ�RI�DLU�

GULHG� VRLOV� DQG� FRQFHQWUDWLRQ� RI� 12�
�� DFFXPXODWHG� LQ� WKH� GU\� VRLOV�� $ELRWLF� SURFHVVHV�

FRQWULEXWHG� ������� RI� 1�2� SURGXFWLRQ� DIWHU� UHZHWWLQJ� RI� IRUHVW� VRLO�� EXW� ZHUH� HYHQ�

FRQVLGHUDEO\�KLJKHU�LQ�WKH�JUDVVODQG�VRLO�DIWHU�JDPPD�UDGLDWLRQ���

,Q� VXPPDU\�� WKLV� WKHVLV� GHVFULEHV� WKH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVPV�RI�1�2�SURGXFWLRQ�

GXULQJ�QLWULILFDWLRQ�LQ�GHWDLO�E\�VWXG\LQJ�WKH�SURFHVVHV�UHODWHG�WR�DELRWLF�1�2�SURGXFWLRQ�IURP�

1+�2+� V\VWHPDWLFDOO\� ZLWK� D� VHULHV� RI� H[SHULPHQWV�� DQG� E\� H[SORULQJ� WKH� FRQWULEXWLRQ� RI�

12�
��DQG�1+�2+�WR�DELRWLF�1�2�SURGXFWLRQ�XQGHU�YDULRXV�HQYLURQPHQWDO�FRQGLWLRQV�DQG�IRU�

GLIIHUHQW�VRLO�W\SHV��7KH�UHVXOWV�RI�WKH�WKHVLV�LPSURYH�WKH�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�DV�

ZHOO� DV� WKH� TXDQWLILFDWLRQ� RI� DHURELF� 1�2� SURGXFWLRQ� LQ� VRLOV�� DQG� FRXOG� FRQWULEXWH� WR�



GHYHORSLQJ�PRUH� HIIHFWLYH�1�2�PLWLJDWLRQ�PHDVXUHV�� VXFK�DV� LQFUHDVLQJ� VRLO� S+�DQG�DGGLQJ�

RUJDQLF� VRLO� DPHQGPHQWV�ZLWK� DSSURSULDWH� IXQFWLRQDO� JURXSV� WKDW� FDQ� UHDFW� FKHPLFDOO\�ZLWK�

1+�2+��

�

Zusammenfassung 

/DFKJDV� �1�2�� LVW� HLQ� EHGHXWHQGHV� 7UHLEKDXVJDV�� ZHOFKHV� ]XP� $EEDX� GHU� 2]RQVFKLFKW�

EHLWUDJHQ� NDQQ�� 0LNURELHOOH� 1LWULILNDWLRQ� XQG� 'HQLWULILNDWLRQ� ZXUGHQ� ODQJH� DOV� GLH�

+DXSWTXHOOHQ� GHU�1�2�3URGXNWLRQ� LP�%RGHQ� DQJHVHKHQ��$OOHUGLQJV� VLQG� GLH�0HFKDQLVPHQ��

ZHOFKH�I�U�GLH�1�2�3URGXNWLRQ�ZlKUHQG�GHU�1LWULILNDWLRQ�LP�%RGHQ�YHUDQWZRUWOLFK�VLQG��QRFK�

QLFKW� YROOVWlQGLJ� HQWVFKO�VVHOW��%LVKHU� LVW�PDQ�GDYRQ� DXVJHJDQJHQ�� GDVV� KDXSWVlFKOLFK� ]ZHL�

.RPSRQHQWHQ� ]XU� 1�2�3URGXNWLRQ� ZlKUHQG� GHU� 1LWULILNDWLRQ� EHLWUDJHQ�� ELRORJLVFKH�

$PPRQLDN��1+���2[LGDWLRQ� XQG� 1LWULIL]LHUHU�'HQLWULILNDWLRQ� YRQ� 1LWULW� �12�
���� $OOHUGLQJV�

N|QQWHQ� DXFK� DELRWLVFKH� 3UR]HVVH� HLQH� ZLFKWLJH� 5ROOH� LQ� GHU� 1�2�3URGXNWLRQ� ZlKUHQG� GHU�

1LWULILNDWLRQ� VSLHOHQ�� XQG� ]ZDU� GXUFK� HLQHQ� JHNRSSHOWHQ� ELRWLVFK�DELRWLVFKHQ�0HFKDQLVPXV��

DXVJHKHQG� YRQ� GHQ� ]ZHL� UHDNWLYHQ� =ZLVFKHQSURGXNWHQ�+\GUR[\ODPLQ� �1+�2+�� XQG�12�
���

2EZRKO�GLH�DELRWLVFKH�1�2�3URGXNWLRQ�DXV�12�
��LQ�GHQ�OHW]WHQ�-DKU]HQWHQ�XQWHUVXFKW�ZXUGH��

ZXUGH� GLH� DELRWLVFKH� 1�2�3URGXNWLRQ� DXV� 1+�2+� ELVKHU� QLFKW� EHDFKWHW�� (LQH� P|JOLFKH�

8UVDFKH�N|QQWH�VHLQ��GDVV�LQ�ELVKHULJHQ�6WXGLHQ�1+�2+�LQ�%|GHQ�QLFKW�QDFKJHZLHVHQ�ZXUGH��

(EHQVR�ZXUGH� GLH�)UHLVHW]XQJ�YRQ�1+�2+�ZlKUHQG�GHU�1+��2[LGDWLRQ� LQ� UHLQHQ�.XOWXUHQ�

YRQ� $PPRQLDNR[LGLHUHUQ� ELVKHU� QLFKW� XQWHUVXFKW�� ZHOFKH� GLH� 9RUDXVVHW]XQJ� I�U� GLH�

DELRWLVFKH�1�2�3URGXNWLRQ�DXV�1+�2+�ZlUH��'DV�=LHO�GHU�YRUOLHJHQGHQ�$UEHLW�ZDU�GDKHU��GLH�

5HOHYDQ]�XQG�GLH�0HFKDQLVPHQ�JHNRSSHOWHU�ELRWLVFKHU�DELRWLVFKHU�1�2�%LOGXQJ�DXV�1+�2+�

XQG�12�
��ZlKUHQG�GHU�1LWULILNDWLRQ�LQ�XQWHUVFKLHGOLFKHQ�%|GHQ�]X�XQWHUVXFKHQ��

,Q�GHU�YRUOLHJHQGHQ�'LVVHUWDWLRQ�NRQQWH�DQKDQG�YRQ�8QWHUVXFKXQJHQ�YRQ�5HLQNXOWXUHQ�E]Z��

$QUHLFKHUXQJHQ� XQWHUVFKLHGOLFKHU� $PPRQLDNR[LGLHUHU� �DPPRQLDNR[LGLHUHQGH� %DNWHULHQ� ±�

$2%�� DPPRQLDNR[LGLHUHQGH� $UFKDHHQ� ±� $2$�� VRZLH� YROOVWlQGLJH� $PPRQLDNR[LGLHUHU� ±�

&RPDPPR[�� HLQH� GHU� 1+�2+�)UHLVHW]XQJ� ZlKUHQG� GHU� 1+��2[LGDWLRQ� JH]HLJW� ZHUGHQ��

$OOHUGLQJV� XQWHUVFKLHGHQ� VLFK� GLH� 9HUKlOWQLVVH� ]ZLVFKHQ� 1+�2+�)UHLVHW]XQJ� XQG�

(QGSURGXNWELOGXQJ�]ZLVFKHQ�GHQ�XQWHUVFKLHGOLFKHQ�0LNURRUJDQLVPHQVWlPPHQ��������ELV�]X�

�������XQG�ZDUHQ�YRQ�GHU�1+��.RQ]HQWUDWLRQ� LP�0HGLXP�DEKlQJLJ��'LH�$QZHVHQKHLW�YRQ�

12�
�� YHUULQJHUWH� LP� 0LWWHO� GLH� DELRWLVFKH� 1+�2+�=HUIDOOVUDWH�� HUK|KWH� KLQJHJHQ� GLH�

DELRWLVFKH� 1�2�3URGXNWLRQ� DXV� 1+�2+�� 'HU� $QWHLO� YRQ� 1+�
��� GHU� GDEHL� ZlKUHQG� GHU�

,QNXEDWLRQV]HLW� �EHU� 1+�2+� LQ� 1�2� XPJHZDQGHOW� ZXUGH�� YDULLHUWH� ]ZLVFKHQ� ������ XQG�



�������XQG�VWLPPWH�GDPLW�PLW�I�U�YHUVFKLHGHQH�$PPRQLDNR[LGLHUHU�YHU|IIHQWOLFKWHQ�:HUWHQ�

YRQ�1+�
��]X�1�2��8PZDQGOXQJVYHUKlOWQLVVHQ��EHUHLQ���

,P�5DKPHQ�GHU�YRUOLHJHQGHQ�$UEHLW�ZXUGH�GLH�1+�2+�)UHLVHW]XQJ�QLFKW�QXU�LQ�5HLQNXOWXUHQ�

XQWHUVXFKW��VRQGHUQ�DXFK�LQ�QDW�UOLFKHQ�%|GHQ��+LHU]X�ZXUGH�HLQH�KRFKHPSILQGOLFKH�0HWKRGH�

HQWZLFNHOW� XQG� DQJHZHQGHW�� EHL� GHU� 1+�2+� XQWHU� VDXUHQ� %HGLQJXQJHQ� H[WUDKLHUW� XQG�

DQVFKOLH�HQG�PLW�)H���]X�1�2�R[LGLHUW�ZLUG��0LW�GLHVHU�QHX�HQWZLFNHOWHQ�0HWKRGH�NRQQWH�HLQ�

1+�2+�*HKDOW�LQ�)LFKWHQZDOGERGHQ�]ZLVFKHQ�����XQG�����ȝJ�1�NJ���%RGHQWURFNHQ�JHZLFKW�

QDFKJHZLHVHQ�ZHUGHQ��GHU�LQ�GHU�JOHLFKHQ�*U|�HQRUGQXQJ�ZLH�GHU�12�
��*HKDOW�LQ�:DOGE|GHQ�

ODJ��=XGHP�NRQQWH�LQ�GLHVHU�'LVVHUWDWLRQ�DXFK�HLQH�SRVLWLYH�UlXPOLFKH�.RUUHODWLRQ�]ZLVFKHQ�

1+�2+�.RQ]HQWUDWLRQHQ� LP�%RGHQ�XQG�GHU� DHUREHQ�1�2�3URGXNWLRQ� LQ�HLQHP�)LFKWHQZDOG�

JHIXQGHQ�ZHUGH��ZREHL�GLH�DHUREH�1�2�3URGXNWLRQ�DXFK�PLW�DQGHUQ�%RGHQHLJHQVFKDIWHQ��ZLH�

GHP�S+�:HUW�VRZLH�GHP�12�
����0Q��XQG�RUJDQLVFKHQ�.RKOHQVWRII���62&��*HKDOW��NRUUHOLHUWH��

+LHUEHL�ZXUGHQ�lKQOLFKH�+RWVSRWV�VRZRKO�I�U�GLH�DHUREH�1�2�3URGXNWLRQ�VHOEHU�DOV�DXFK�I�U�

GHQ�%HLWUDJ�YRQ�1+�2+�]XU�DHUREHQ�1�2�3URGXNWLRQ�LGHQWLIL]LHUW��'LH�%HU�FNVLFKWLJXQJ�GHU�

1+�2+�,QIRUPDWLRQ� LQ� HLQHP� PXOWLSOHQ� 5HJUHVVLRQVPRGHOO� I�KUWH� ]X� HLQHU� HUKHEOLFKHQ�

9HUEHVVHUXQJ�GHU�$EVFKlW]XQJ�GHU�1�2�3URGXNWLRQ�LP�8QWHUVXFKXQJVJHELHW���

,Q� HLQHP� V\VWHPDWLVFKHQ� ([SHULPHQW�PLW� N�QVWOLFKHQ� %RGHQPLVFKXQJHQ� ZDU� GLH� DELRWLVFKH�

8PZDQGOXQJ�YRQ�1+�2+�LQ�1�2�VWDUN�YRP�*HKDOW� DQ�RUJDQLVFKHU�%RGHQVXEVWDQ]� �620���

GHP�S+�:HUW� XQG� GHP�0Q2��*HKDOW� DEKlQJLJ��%HL� JHULQJHP�620�*HKDOW�� QLHGULJHP�S+�

:HUW� XQG� KRKHP� 0Q2��*HKDOW� ZXUGH� PHKU� 1+�2+� FKHPLVFK� ]X� 1�2� XPJHZDQGHOW��

%DVLHUHQG� DXI� GLHVHQ� (UJHEQLVVHQ� ZXUGH� LQ� GLHVHU� 'LVVHUWDWLRQ� HLQ� PXOWLSOHV�

5HJUHVVLRQVPRGHOO� HQWZLFNHOW��ZHOFKHV�GLH� DELRWLVFKH�8PZDQGOXQJ�YRQ�1+�2+�]X�1�2� LQ�

%|GHQ�XQWHU�%HU�FNVLFKWLJXQJ�GHV�620��XQG�0Q2��*HKDOWV�VRZLH�GHP�S+�:HUW�DEVFKlW]W��

+LHUEHL� PXVV� DOOHUGLQJV� EHDFKWHW� ZHUGHQ�� GDVV� QLFKW� QXU� GLH� 4XDQWLWlW�� VRQGHUQ� DXFK� GLH�

4XDOLWlW� GHU� 620� �]�%�� EHVWLPPWH� IXQNWLRQDOH� *UXSSHQ�� GLH� DELRWLVFKH� 8PZDQGOXQJ� YRQ�

1+�2+�]X�1�2�EHHLQIOXVVHQ�N|QQHQ���

:HLWHUKLQ� ZXUGH� LQ� GLHVHU� 'LVVHUWDWLRQ� GHU� %HLWUDJ� GHU� EHLGHQ� UHDNWLYHQ�

1LWULILNDWLRQVLQWHUPHGLDWH� 12�
�� XQG� 1+�2+� ]XU� DELRWLVFKHQ� 1�2�3URGXNWLRQ� LQ�

XQWHUVFKLHGOLFKHQ�%|GHQ�QDFK�R[LVFKHU�XQG�DQR[LVFKHU�9RULQNXEDWLRQ�XQWHUVXFKW��(V�NRQQWH�

JH]HLJW� ZHUGHQ�� GDVV� 12�
�� HLQH� ZLFKWLJH� 5ROOH� LQ� GHU� 1�2�3URGXNWLRQ� LQ� *UDVODQGERGHQ�

VSLHOWH��JHIROJW�YRQ�:DOGERGHQ�DXV�GHU�XQJHVlWWLJWHQ�=RQH�XQG�GHP�8IHUEHUHLFK�VRZLH�YRQ�

$FNHUODQGERGHQ��$ELRWLVFKH�3UR]HVVH�WUXJHQ�]X��������]XU�8PZDQGOXQJ�YRQ�12�
��]X�1�2�

EHL�� (V� NRQQWHQ� DOOHUGLQJV� NHLQH� VLJQLILNDQWHQ� )DNWRUHQ�� GLH� I�U� GLH� 1�2�3URGXNWLRQ� GXUFK�



12�
�� YHUDQWZRUWOLFK� ZDUHQ�� LGHQWLIL]LHUW� ZHUGHQ�� 1�2�3URGXNWLRQ� DXV� 1+�2+� VSLHOWH� HLQH�

ZLFKWLJH� 5ROOH� LQ� *UDVODQG�� XQG� $FNHUE|GHQ�� VRZLH� DXFK� WHLOZHLVH� LQ� GHQ� XQWHUVXFKWHQ�

:DOGE|GHQ��'LH�8PZDQGOXQJ� YRQ�1+�2+�]X�1�2�ZDU� JU|�WHQWHLOV� �!����� DELRWLVFK� XQG�

NRUUHOLHUWH�VLJQLILNDQW�PLW�GHP�S+�:HUW�GHV�%RGHQV�VRZLH�PLW�GHP�0Q2���XQG�62&�*HKDOW��

$QR[LVFKH�9RULQNXEDWLRQ�I�KUWH�]X�HLQHU�(UK|KXQJ�GHV�%HLWUDJV�YRQ�12�
��]XU�DHUREHQ�1�2�

3URGXNWLRQ��ZlKUHQG�GHU�%HLWUDJ�YRQ�1+�2+�VLFK��DEKlQJLJ�YRP�62&�*HKDOW�GHV�%RGHQV��

YHUULQJHUWH���

6FKOLH�OLFK� NRQQWH� HLQH� HQJH� %H]LHKXQJ� ]ZLVFKHQ� SXOVDUWLJHU� 1�2�3URGXNWLRQ� QDFK�

:LHGHUEHIHXFKWXQJ� YRQ� OXIWJHWURFNQHWHQ� :DOGE|GHQ� XQG� GHU� .RQ]HQWUDWLRQ� YRQ� 12�
���

ZHOFKHV� � ZlKUHQG� GHU� 7URFNQXQJ� GHU� %|GHQ� DNNXPXOLHUW� ZRUGHQ� ZDU�� EHREDFKWHW� ZHUGHQ��

+LHUEHL�WUXJHQ�DELRWLVFKH�3UR]HVVH�]X��������]XU�1�2�3URGXNWLRQ�LQ�GHQ�ZLHGHUEHIHXFKWHWHQ�

:DOGE|GHQ�EHL��,Q�ZLHGHUEHIHXFKWHWHQ�*UDVODQGE|GHQ�ZDU�GHU�$QWHLO�DELRWLVFKHU�3UR]HVVH�DQ�

GHU�1�2�3URGXNWLRQ�QDFK�*DPPD�%HVWUDKOXQJ�VRJDU�QRFKHQ�HUKHEOLFK�JU|�HU���

=XVDPPHQIDVVHQG� EHVFKUHLEW� GLHVH� 'LVVHUWDWLRQ� GLH� JHNRSSHOWHQ� ELRWLVFKHQ�DELRWLVFKHQ�

0HFKDQLVPHQ�GHU�1�2�3URGXNWLRQ�ZlKUHQG�GHU�1LWULILNDWLRQ��+LHU]X�ZXUGHQ�GLH�3UR]HVVH��GLH�

DQ� GHU� 1�2�3URGXNWLRQ� DXV� 1+�2+� EHWHLOLJW� VLQG�� V\VWHPDWLVFK� LQ� HLQHU� 5HLKH� YRQ�

([SHULPHQWHQ� XQWHUVXFKW�� 'DU�EHU� KLQDXV� ZXUGH� GHU� %HLWUDJ� YRQ� 12�
�� � XQG� 1+�2+� ]XU�

DELRWLVFKHQ� 1�2�3URGXNWLRQ� XQWHU� XQWHUVFKLHGOLFKHQ� 8PZHOWEHGLQJXQJHQ� XQG� I�U�

XQWHUVFKLHGOLFKHQ�%RGHQW\SHQ�QlKHU�XQWHUVXFKW��'LH�(UJHEQLVVH�GLHVHU�'LVVHUWDWLRQ�YHUEHVVHUQ�

GDV�9HUVWlQGQLV�GHU�0HFKDQLVPHQ�VRZLH�GLH�4XDQWLIL]LHUXQJ�GHU�DHUREHQ�1�2�3URGXNWLRQ�LQ�

%|GHQ�XQG�N|QQWHQ�]XU�(QWZLFNOXQJ�HIIHNWLYHUHU�1�2�0LQGHUXQJVPD�QDKPHQ�EHLWUDJHQ��]�%��

GXUFK� (UK|KXQJ� GHV� %RGHQ�S+�:HUWHV� XQG� =XJDEH� YRQ� RUJDQLVFKHQ� %RGHQKLOIVVWRIIHQ�PLW�

YHUVFKLHGHQHQ�IXQNWLRQHOOHQ�*UXSSHQ��ZHOFKH�PLW�1+�2+�FKHPLVFK�UHDJLHUHQ�N|QQHQ��

� �
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Chapter 1     

Introduction



����7KHRU\�

1LWURJHQ��1��LV�WKH�GRPLQDQW�HOHPHQW�LQ�WKH�DWPRVSKHUH��ZKLFK�LV�HVVHQWLDO�IRU�WKH�V\QWKHVLV�RI�

QXFOHLF� DFLGV� DQG� SURWHLQV� RQ� HDUWK�� 'HVSLWH� WKH� LPSRUWDQFH� RI� 1� DQG� LWV� RYHUZKHOPLQJ�

DEXQGDQFH�LQ�WKH�DWPRVSKHUH��PRVW�RI�WKH�1�LV�VWRUHG�LQ�WKH�HDUWK¶V�DWPRVSKHUH�DV�FKHPLFDOO\�

LQHUW�WULSOH�ERQGHG�GLQLWURJHQ��1����PDNLQJ�a����RI�WKH�DWPRVSKHUH��7ZR�KXQGUHG�\HDUV�DJR��

WKH�DWPRVSKHULF�1�FRXOG�RQO\�HQWHU�WKH�ELRJHRFKHPLFDO�1�F\FOH�WKURXJK�OLJKWQLQJ�DQG�QDWXUDO�

ELRORJLFDO�1�IL[DWLRQ�LQ� WKH�IRUP�RI�DPPRQLD��1+����6LQFH�DERXW�����\HDUV��KXPDQ�DFWLYLW\�

KDV�GUDPDWLFDOO\�LQFUHDVHG�1+��SURGXFWLRQ�DQG�UHOHDVH�LQWR� WKH�HQYLURQPHQW�E\�IL[LQJ�1�� WR�

1+�� WKURXJK� WKH� LQGXVWULDO� +DEHU�%RVFK� PHWKRG� DQG� E\� LPSOHPHQWLQJ� QHZ� DJULFXOWXUDO�

SUDFWLFHV� �H�J�� LQFUHDVLQJ� DUWLILFLDO� IHUWLOL]HU� LQSXW�� WKDW� ERRVWHG� FURS� \LHOGV� WR� IXOILOO� WKH�

GHPDQG� RI� WKH� LQFUHDVLQJ� ZRUOG� SRSXODWLRQ�� $V� IHUWLOL]HU� DSSOLFDWLRQ� UDWHV� LQFUHDVHG�� FURS�

\LHOG�LQFUHDVHG�ZKLOH�QLWURJHQ�XVH�HIILFLHQF\��18(��GHFUHDVHG�WR�D�FHUWDLQ�GHJUHH��=KDQJ�HW�DO��

�����D�� HVWLPDWHG� WKDW� WKH� JOREDO� DYHUDJH� 18(� ZDV� ���� LQ� ����� DQG� ���� LQ� ������

UHVSHFWLYHO\�� 7KH� ORZ� 18(� LV� PDLQO\� GXH� WR� XQDYRLGDEOH� 1� ORVVHV� E\�� H�J��� JDVHRXV� 1�

HPLVVLRQ�DQG�QLWUDWH��12�
���OHDFKLQJ�DVVRFLDWHG�ZLWK�VRLO�ELRORJLFDO�DFWLYLW\��*DVHRXV�1�ORVV��

H�J��LQ�WKH�IRUP�RI�QLWULF�R[LGH��12���QLWURXV�R[LGH��1�2��DQG�1+��KDV�UHVXOWHG�LQ�VXEVWDQWLDO�

FRQVHTXHQFHV� IRU� WKH� DWPRVSKHULF� FRPSRVLWLRQ� DQG� VHYHUH� HIIHFWV� RQ� WKH� HQYLURQPHQW� DQG�

KXPDQ�KHDOWK��*DOORZD\ ��������'DYLGVRQ���������

7KH� UHFHQW� FRQFHUQ� DERXW� JOREDO� ZDUPLQJ� DQG� R]RQH� GHSOHWLRQ� KDV� LQFUHDVHG� DWWHQWLRQ� IRU�

UHVHDUFK� LQWR� 1�2�� 1�2� LV� D� SRZHUIXO� JUHHQKRXVH� JDV� DQG� LV� FXUUHQWO\� WKH� WKLUG� ODUJHVW�

FRQWULEXWRU�WR�JOREDO�ZDUPLQJ��DIWHU�FDUERQ�GLR[LGH��&2���DQG�PHWKDQH��&+����,3&&���������

:KLOH�QRW�DV�DEXQGDQW�LQ�WKH�DWPRVSKHUH�DV�&2���DQ�HTXLYDOHQW�PDVV�RI�LW�LV�QHDUO\�����WLPHV�

PRUH�SRWHQW�LQ�LWV�JOREDO�ZDUPLQJ�SRWHQWLDO�WKDQ�&2���%HVLGHV��1�2�KDV�GHOHWHULRXV�HIIHFWV�LQ�

WKH�VWUDWRVSKHUH��ZKHUH�LW�EUHDNV�GRZQ�DQG�DFWV�DV�D�FDWDO\VW�LQ�WKH�GHVWUXFWLRQ�RI�DWPRVSKHULF�

R]RQH��1�2�FDQ�VWD\�LQ�WKH�VWUDWRVSKHUH�IRU�KXQGUHGV�RI�\HDUV��7KH�JOREDO�OLIHWLPH�RI�1�2�LV�

DSSUR[LPDWHO\�����\HDUV�DFFRUGLQJ� WR� WKH��WK�$VVHVVPHQW� UHSRUW�RI� WKH� ,3&&��,3&&���������

6LQFH� WKH� LQGXVWULDO� UHYROXWLRQ�� WKH�1�2�PL[LQJ� UDWLR� LQ� WKH�DWPRVSKHUH�KDV� LQFUHDVHG�DERXW�

����� IURP� ������ SSE� LQ� ����� WR� ������ SSE� LQ� ����� �,3&&�� ������� ,W� LV� UHSRUWHG� WKDW�

DQWKURSRJHQLF� VRXUFHV� FRQWULEXWH� DERXW� ���� RI� WKH� WRWDO� 1�2� SURGXFWLRQ�� DQG� DJULFXOWXUH�

FRQWULEXWHV�DERXW�����RI�WKH�WRWDO�DQWKURSRJHQLF�1�2�SURGXFWLRQ��,3&&���������7KH�LQFUHDVH�

LV� GRPLQDWHG� E\� HPLVVLRQV� IURP� VRLOV� WUHDWHG�ZLWK� V\QWKHWLF� DQG� RUJDQLF� �PDQXUH�� QLWURJHQ�

IHUWLOL]HU� VLQFH� WKH� HDUO\� ����V� DFFRUGLQJ� WR� PHDVXUHPHQWV� RI� 1�2� DQG� LWV� LVRWRSLF�



FRPSRVLWLRQ� LQ� ILUQ� DLU� �5RHFNPDQQ�	�/HYLQ�� ������ ,VKLMLPD �� ������'DYLGVRQ�� ������

6\DNLOD�	�.URH]H���������7KH�VWLPXODWLQJ�HIIHFW�RI�1�IHUWLOL]DWLRQ�RQ�WKH�SURGXFWLRQ�RI�1�2�

ZDV� VKRZQ� LQ� QXPHURXV� VWXGLHV� �6KFKHUEDN �� ������� $Q� H[SRQHQWLDO� FRUUHODWLRQ� ZDV�

IRXQG�EHWZHHQ�WKH�1�LQSXW�DQG�1�2�HPLVVLRQV�IURP�IHUWLOL]HG�VRLOV��+REHQ ���������DQG�

JOREDO� HPLVVLRQ� IDFWRUV� �()V�� IRU� IHUWLOL]HU�LQGXFHG� GLUHFW� 1�2� HPLVVLRQV� KDYH� EHHQ�

GHWHUPLQHG��)RU�HYHU\�����NJ�RI�IHUWLOL]HU�1�LQSXW����NJ�RI�1�LQ�WKH�IRUP�RI�1�2�LV�HVWLPDWHG�

WR�EH� HPLWWHG�GLUHFWO\� IURP�VRLO� �'H�.OHLQ ���������+RZHYHU�� WKLV�()�ZDV� IRXQG� WR�EH�

VWURQJO\�GHSHQGHQW�RQ�GLIIHUHQW�IHUWLOL]HU�W\SH��FURS�W\SH��VRLO�EDVLF�SURSHUWLHV��H�J��VRLO�&��S+��

DQG�HQYLURQPHQWDO�IDFWRUV��H�J��ZDWHU���%RXZPDQ ���������0RUHRYHU��WKH�PHFKDQLVPV�RI�

1�2�IRUPDWLRQ� LQ� VRLOV� LV�QRW� IXOO\�XQGHUVWRRG�DW�SUHVHQW�� DQG�TXDQWLWDWLYH�XQGHUVWDQGLQJ�RI�

1�2� HPLVVLRQV� UHPDLQV� DQ� XQUHVROYHG� FKDOOHQJH� DW� JOREDO�� QDWLRQDO� DQG� UHJLRQDO� VFDOHV�

�%XWWHUEDFK�%DKO ���������7R�EHWWHU�HVWLPDWH�WKH�1�2�HPLVVLRQV�IURP�VRLOV�DQG�WR�SURYLGH�

WKHRUHWLFDO�VXSSRUW�IRU�WKH�GHYHORSPHQW�RI�1�2�PLWLJDWLRQ�PHDVXUHV��D�EHWWHU�XQGHUVWDQGLQJ�RI�

WKH�PHFKDQLVPV�UHVSRQVLEOH�IRU�1�2�SURGXFWLRQ�LQ�VRLOV�LV�XUJHQWO\�UHTXLUHG��

�

����5DWLRQDOH����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

$FFRUGLQJ�WR�WKH�FODVVLF�³KROH�LQ�WKH�SLSH´�FRQFHSWXDO�PRGHO��)LUHVWRQH�	�'DYLGVRQ���������

1�2� FDQ� OHDN� RXW� GXULQJ� QLWULILFDWLRQ� �L�H��� GXULQJ� 1+�� R[LGDWLRQ� WR� QLWUDWH� �12�
���� DQG�

GHQLWULILFDWLRQ� �L�H��� GXULQJ�12�
�� UHGXFWLRQ� WR�1���� GHSHQGLQJ�PDLQO\� RQ� VRLO�ZDWHU� FRQWHQW��

7KLV�PRGHO�JHQHUDOO\�VKRZV�WKH�PDLQ�SURFHVVHV�UHVSRQVLEOH�IRU�VRLO�1�2�SURGXFWLRQ�LQ�VRLOV��

8QWLO�QRZ��PLFURELDO�QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ�LQ�PDQDJHG�DQG�QDWXUDO�VRLOV�DUH�ZLGHO\�

DFFHSWHG�DV�WKH�PDMRU�VRXUFHV�RI�1�2�HPLVVLRQV�IURP�VRLO��FRQWULEXWLQJ�DSSUR[LPDWHO\�����RI�

JOREDO�1�2�HPLVVLRQV��%UDNHU�	�&RQUDG����������

'HQLWULILFDWLRQ�LV�WKH�PLFURELDO�SURFHVV�WKDW�UHGXFHV�12�
��DQDHURELFDOO\�WR�QLWULWH��12�

����12��

1�2�DQG�1���$V�DQ�LPSRUWDQW�LQWHUPHGLDWH�RI�GHQLWULILFDWLRQ��12�
�ĺ12�

�ĺ12ĺ1�2ĺ1����

WKH�1�2�SURGXFWLRQ�IURP�GHQLWULILFDWLRQ�KDV�EHHQ�VWXGLHG�YHU\�HDUO\��WRJHWKHU�ZLWK�WKH�VWXG\�

RI�WKH�GHQLWULILFDWLRQ�SURFHVV�LWVHOI��1|PPLN���������7KH�ODUJH�FRQWULEXWLRQ�RI�GHQLWULILFDWLRQ�

WR�1�2�HPLVVLRQV�LQ�YDULRXV�HFRV\VWHPV�KDV�EHHQ�IXUWKHU�GHPRQVWUDWHG�DQG�VXPPDUL]HG�LQ�D�

ODUJH� QXPEHU� RI� VWXGLHV� �%DWHPDQ� 	� %DJJV�� ������ %DJJV�� ������ %RXZPDQ �� �������

DGGLQJ� PRUH� GHWDLOHG� LQIRUPDWLRQ� RQ� TXDQWLILFDWLRQ� DQG� FRQWURO� RI� 1�2� SURGXFWLRQ� YLD�

GHQLWULILFDWLRQ��+RZHYHU��RQH�IXQGDPHQWDO�SUREOHP�RI� WKH�TXDQWLILFDWLRQ�RI�GHQLWULILFDWLRQ� LV�



WKDW�LW�LV�YHU\�GLIILFXOW�WR�TXDQWLI\�WKH�GRPLQDQW�HQG�SURGXFW��1���RI�GHQLWULILFDWLRQ��JLYHQ�LWV�

KLJK� EDFNJURXQG� FRQFHQWUDWLRQ� LQ� WKH� DWPRVSKHUH�� ZKLFK� PDNHV� WKH� DVVHVVPHQW� RI� WKH�

HIILFLHQF\� RI� 1�2� PLWLJDWLRQ� IURP� GHQLWULILFDWLRQ� GLIILFXOW�� 0RUHRYHU�� WKH� SURSRVHG�

PDQDJHPHQW�RSWLRQV�ZLWK�FRQVLGHUDWLRQ�RI�GHQLWULILFDWLRQ�RQO\��VXFK�DV�DSSOLFDWLRQ�RI�FRSSHU�

�&X�� IHUWLOL]HU� WR� UHJXODWH�&X� DYDLODELOLW\� IRU� WKH�&X�EDVHG� QLWURXV� R[LGH� UHGXFWDVH� HQ]\PH��

DQG�OLPLQJ�RI�FURSODQG�RU�JUDVVODQG��DUH�LQHIIHFWLYH�LQ�FHUWDLQ�VRLOV�WR�SURPRWH�WKH�UHGXFWLRQ�RI�

1�2�WR�1���5LFKDUGVRQ ����������

2Q�WKH�RWKHU�KDQG��DOWKRXJK�1�2�LV�QRW�DQ�LQWHUPHGLDWH�RI�QLWULILFDWLRQ��1+�ĺ1+�2+ĺ12�
�

ĺ12�
����%UHPQHU�	�%ODFNPHU� ������� VKRZHG� WKDW�1�2� LV� DOVR�SURGXFHG� LQ� VRLOV� DV� D� VLGH�

SURGXFW�E\�QLWULI\LQJ�EDFWHULD��:LWKLQ�WKH�ODVW�WZR�GHFDGHV��IRVWHUHG�E\�WKH�GHYHORSPHQW�DQG�

DSSOLFDWLRQ� RI� VWDEOH� LVRWRSH� WHFKQLTXHV� WR� GLVWLQJXLVK� GLIIHUHQW� 1�2� VRXUFHV�� JURZLQJ�

HYLGHQFH�ZDV�SUHVHQWHG� WKDW�1+��R[LGDWLRQ�FDQ�EH�WKH�SUHGRPLQDQW�1�2�SURGXFWLRQ�SURFHVV�

XQGHU�FHUWDLQ�FRQGLWLRQV��%UHPQHU ��������:UDJH ��������%DWHPDQ�	�%DJJV��������

6KDZ ���������1+��R[LGDWLRQ�ZDV�IRXQG�WR�FRQWULEXWH�XS�WR�����RI�VRLO�1�2�HPLVVLRQV�LQ�

FHUWDLQ� VRLOV� DW� UHODWLYHO\� KLJK� WHPSHUDWXUH� DQG� PRGHUDWH� VRLO� PRLVWXUH� FRQWHQW� �*|GGH� 	�

&RQUDG�� ������� 7KLV� ILQGLQJ� PDNHV� LW� SRVVLEOH� WR� ORZHU� 1�2� HPLVVLRQ� E\� LQKLELWLQJ� 1+��

R[LGDWLRQ�� H�J�� E\� DSSO\LQJ� QLWULILFDWLRQ� LQKLELWRUV�� DQG� VXEVHTXHQWO\� DOVR� GHQLWULILFDWLRQ� E\�

UHGXFLQJ� WKH� DYDLODELOLW\� RI� 12�
�� DV� VXEVWUDWH� �%KDWLD �� ������ 'L �� �������

1HYHUWKHOHVV��WKH�PHFKDQLVPV�OHDGLQJ�WR�WKH�UHOHDVH�RI�1�2�GXULQJ�QLWULILFDWLRQ�DUH�QRW�FOHDUO\�

XQGHUVWRRG�� 6RPH� UHVHDUFKHUV� SURSRVHG� WKDW� WKH� WZR� HQ]\PHV�� L�H�� K\GUR[\ODPLQH�

GHK\GURJHQDVH��DOVR�NQRZQ�DV�K\GUR[\ODPLQH�R[LGRUHGXFWDVH��+$2��DQG�12�UHGXFWDVH�ZHUH�

UHVSRQVLEOH� IRU� WKH� 1�2� SURGXFWLRQ� GXULQJ� 1+�� R[LGDWLRQ� WKURXJK� WKH� R[LGDWLRQ� RI�

K\GUR[\ODPLQH� �1+�2+�� WR� 12� DQG� WKH� VXEVHTXHQW� UHGXFWLRQ� RI� 12� LQ� D� ELRORJLFDO�

PHFKDQLVP� �5LWFKLH� 	� 1LFKRODV�� ������� 5HFHQWO\�� UHVHDUFKHUV� SDLG� PRUH� DWWHQWLRQ� WR� WKH�

PHFKDQLVP� RI� QLWULILHU� GHQLWULILFDWLRQ�� LQ� ZKLFK� DPPRQLD� R[LGL]HUV� XVH� 12�
�� DV� D� WHUPLQDO�

HOHFWURQ�DFFHSWRU�WR�SURGXFH�1�2�XQGHU�R[\JHQ�OLPLWHG�FRQGLWLRQV��5LWFKLH�	�1LFKRODV��������

:UDJH �� ������ 6KDZ �� ������� +RZHYHU�� WKH� SRWHQWLDO� FRQWULEXWLRQ� RI� DELRWLF�

SURFHVVHV�� L�H�� WKH� FKHPLFDO� GHFRPSRVLWLRQ� RI� QLWULWH� �RU� FKHPRGHQLWULILFDWLRQ�� DQG� WKH�

FKHPLFDO�GHFRPSRVLWLRQ�RI�1+�2+��LQ�DQ�DVVXPHG�FRXSOHG�ELRWLF�DELRWLF�UHDFWLRQ�PHFKDQLVP��

KDV�EHHQ�LJQRUHG�XQWLO�QRZ��$V�DQ�HQG�SURGXFW�RI�1+��R[LGDWLRQ��VPDOO�DPRXQWV�RI�12�
��KDYH�

EHHQ� GHWHFWHG� LQ� QDWXUDO� VRLOV�� HVSHFLDOO\� DIWHU� 1� IHUWLOL]HU� DSSOLFDWLRQ� DQG� XQGHU� DONDOLQH�

FRQGLWLRQV� �6KHQ �� ������*HOIDQG�	�<DNLU�� ������0D ���������)RU�1+�2+�DV� DQ�



LQWHUPHGLDWH� SURGXFW� RI� 1+�� R[LGDWLRQ� WR� 12�
�� H[LVWLQJ� LQ� WKH� SHULSODVP� RI� DPPRQLD�

R[LGL]LQJ�EDFWHULD��$2%���KRZHYHU��QR�GHWHFWLRQ�LQ�QDWXUDO�VRLO�VDPSOHV�KDV�EHHQ�UHSRUWHG���

5HFHQWO\�� WZR� UHYLHZ� SDSHUV� KLJKOLJKWHG� WKH� UROH� RI� DELRWLF� SURFHVVHV�� VXFK� DV� UHDFWLRQV� RI�

12�
��ZLWK�UHGXFHG�PHWDO�FDWLRQV�RU�FHUWDLQ�VRLO�RUJDQLF�PDWWHU��620��IUDFWLRQV��WKH�UHDFWLRQ�

EHWZHHQ�12�
��DQG�1+�2+��DQG�WKH�R[LGDWLRQ�RI�1+�2+�E\�)H���RU�0Q2���ZKLFK�FRXOG�DOVR�

EH�LPSRUWDQW�IRU�VRLO�1�2�SURGXFWLRQ�GXULQJ�QLWULILFDWLRQ��=KX�%DUNHU ��������+HLO ��

������� 7KHVH� UHDFWLRQV� FDQ� RFFXU� RYHU� D� EURDG� UDQJH� RI� VRLO� FKDUDFWHULVWLFV�� EXW� WKH\� DUH�

QHJOHFWHG�LQ�PRVW�FXUUHQW�VWXGLHV�RQ�1�2�SURGXFWLRQ��7KH�IDFWRUV�WKDW�UHJXODWH�WKH�DFWLYLW\�RI�

1�F\FOLQJ�PLFURRUJDQLVPV�UHODWHG�WR�ELRWLF�1�2�IRUPDWLRQ��VXFK�DV�S+��TXDQWLW\��DQG�TXDOLW\�

RI� 620�� R[\JHQ� DYDLODELOLW\�� DQG� VXSSO\� RI� LQRUJDQLF� 1�� DUH� DOVR� LPSRUWDQW� IDFWRUV�

UHVSRQVLEOH�IRU�WKH�DELRWLF�1�2�IRUPDWLRQ��ZKLFK�PD\�OHDG�WR�RYHUORRNLQJ�WKH�FRQWULEXWLRQ�RI�

DELRWLF� SURFHVVHV� WR� VRLO� 1�2� IRUPDWLRQ�� 7KXV�� D� IXOO� XQGHUVWDQGLQJ� RI� 1�2� SURGXFWLRQ�

SURFHVVHV�� LQFOXGLQJ� ELRWLF� DQG� DELRWLF� SURFHVVHV� DQG� WKHLU� LQWHUDFWLRQV�� FRXOG� LPSURYH� WKH�

PRGHOLQJ� RI� HFRV\VWHP�1� F\FOLQJ� DQG� FRQWULEXWH� WR� FRQVWUDLQLQJ� DWPRVSKHULF�1�2�EXGJHWV�

DQG�PLWLJDWLRQ�VWUDWHJLHV��0RUHRYHU��D�FKDQJH�LQ�FOLPDWLF�FRQGLWLRQV��VXFK�DV�GU\LQJ�UHZHWWLQJ��

IUHH]H�WKDZ�� DQG� R[LF�DQR[LF� F\FOHV��PD\� HQKDQFH� WKH� FRQWULEXWLRQ� RI� DELRWLF� SURFHVVHV� RQ�

1�2�IRUPDWLRQ�YLD�WKH�DFFXPXODWLRQ�RI�KLJKO\�UHDFWLYH�1�LQWHUPHGLDWHV��&OpPHQW ��������

*HOIDQG�	�<DNLU���������7KHUHIRUH�� WKH�XQGHUVWDQGLQJ�WKH�UROH�RI�WKLV�FRXSOHG�ELRWLF�DELRWLF�

PHFKDQLVP� LQ� 1�2� IRUPDWLRQ� LQYROYLQJ� 1+�2+� DQG� 12�
�� ZLOO� DOVR� KHOS� WR� TXDQWLI\� WKH�

IHHGEDFN�RI�1�2�HPLVVLRQV�WR�JOREDO�FOLPDWH�FKDQJH�DQG�RWKHU�HQYLURQPHQWDO�SUREOHPV���

�

����6WDWH�RI�WKH�DUW�

������0HFKDQLVPV�RI�1�2�SURGXFWLRQ�IURP�1+��R[LGDWLRQ�

1LWULILFDWLRQ�FDQ�EH�GLYLGHG�LQWR�WZR�VWHSV�FRQGXFWHG�E\�WZR�VRUWV�RI�PLFURRUJDQLVPV������WKH�

R[LGDWLRQ�RI�1+��WR�12�
��E\�DPPRQLD�R[LGL]HUV������WKH�IXUWKHU�R[LGDWLRQ�RI�12�

��WR�12�
��E\�

QLWULWH� R[LGL]HUV��1�2�SURGXFWLRQ� RFFXUV� XVXDOO\� LQ� WKH� ILUVW� VWHS��ZKHUH�1+�� LV� R[LGL]HG� WR�

12�
�� E\� DPPRQLD� R[LGL]HUV� �6FKUHLEHU �� �������&KHPROLWKRWURSKLF� DPPRQLD� R[LGL]HUV�

DUH� DQ� LPSRUWDQW� FRPSRQHQW� RI� WKH� JOREDO� 1� F\FOH�� 8QWLO� QRZ�� WKUHH� PLFURELDO� JXLOGV�

UHVSRQVLEOH� IRU� WKH� FKHPROLWKRWURSKLF� 1+�� R[LGDWLRQ� KDYH� EHHQ� HQULFKHG� RU� SXULILHG�

UHVSRQVLEOH��$2%� �.RRSV �� ������� DPPRQLD� R[LGL]LQJ� DUFKDHD� �$2$�� �:DONHU ��

������7RXUQD ��������6SDQJ �������� DQG� WKH� UHFHQWO\� HQULFKHG�FRPSOHWH�EDFWHULDO�



DPPRQLD�R[LGL]HUV��FRPDPPR[��RI�WKH�JHQXV� �WKDW�SHUIRUP�DPPRQLD�R[LGDWLRQ�YLD�

QLWULWH�WR�QLWUDWH��'DLPV ��������YDQ�.HVVHO ���������$2%�DUH�WKH�HDUOLHVW�HQULFKHG�

DQG� VWXGLHG�PLFURRUJDQLVPV� DPRQJ� WKH� WKUHH� JURXSV� �6NLQQHU� 	�:DONHU�� ������ 5LWFKLH� 	�

1LFKRODV��������3RWK�	�)RFKW���������7KH\�DUH�DEXQGDQW�LQ�VRLO�HQYLURQPHQWV�DQG�KDYH�JUHDW�

SRWHQWLDO�LQ�WKH�SURGXFWLRQ�RI�1�2��1�2�SURGXFWLRQ�KDV�EHHQ�PHDVXUHG�IURP�SXUH�FXOWXUHV�RI�

$2%�RI�WKH�JHQHUD�RI� �DQG� ��3RWK�	�)RFKW��������-LDQJ�	�%DNNHQ��

������6KDZ ��������6WLHJOPHLHU ���������7KH�PHFKDQLVPV�UHVSRQVLEOH�IRU�WKH�1�2�

SURGXFWLRQ� LQ�$2%�KDYH�EHHQ� VWXGLHG� IRU� D� ORQJ� WLPH��PDLQO\� IRFXVLQJ�RQ� WKH�R[LGDWLRQ�RI�

1+�2+�WR�12�E\�+$2��5LWFKLH�	�1LFKRODV��������DQG�WKH�VR�FDOOHG�QLWULILHU�GHQLWULILFDWLRQ�

�5LWFKLH� 	� 1LFKRODV�� ������ :UDJH �� ������ 6KDZ �� ������� 7KH� PHFKDQLVPV�

UHVSRQVLEOH� IRU� WKH� 1�2� SURGXFWLRQ� IURP� $2$� ZHUH� VWLOO� SRRUO\� XQGHUVWRRG�� $2$� KDYH�

UHFHLYHG� LQFUHDVLQJ� DWWHQWLRQ� UHFHQWO\�� DV� $2$� DEXQGDQFH� KDV� EHHQ� IRXQG� WR� H[FHHG�$2%�

DEXQGDQFH�E\�RUGHUV�RI�PDJQLWXGH�LQ�VRLO�HFRV\VWHPV��/HLQLQJHU ��������+H ���������

8QWLO�QRZ��RQO\�D�IHZ�SXUH�$2$�VWUDLQV�KDYH�EHHQ�FXOWLYDWHG�VXFFHVVIXOO\�IURP�VRLO��PDULQH�

DQG�WKHUPDO�VSULQJ�HQYLURQPHQWV��:DONHU ��������7RXUQD ��������/HKWRYLUWD�0RUOH\

��������3DODWLQV]N\ ���������DOORZLQJ� WR�VWXG\� WKH�HQHUJ\�PHWDEROLVP�DQG�JHQHUDO�

SK\VLRORJ\� RI� WKHVH� PLFURRUJDQLVPV�� $OWKRXJK� SURGXFWLRQ� RI� 1�2� KDV� EHHQ� REVHUYHG� IRU�

HQULFKPHQW�DQG�SXUH�FXOWXUHV�RI�$2$�IURP�PDULQH�DQG�VRLO�HFRV\VWHPV��6DQWRUR ��������

-XQJ �� ������ 6WLHJOPHLHU �� ������� $2$�PXVW� H[KLELW� D� WRWDOO\� GLIIHUHQW� URXWH� RI�

ELRWLF�1�2�SURGXFWLRQ�WKDQ�$2%��DV�$2$�ODFN�JHQHV�IRU�D�KRPRORJ�RI�+$2�DQG�ODFN�JHQHV�

HQFRGLQJ�D�SRWHQWLDO�QLWULF�R[LGH�UHGXFWDVH��125��ZKLFK�DUH�DVVXPHG�WR�EH�LQYROYHG�LQ�ELRWLF�

1�2�SURGXFWLRQ�LQ�$2%��:DONHU ��������7RXUQD ��������6SDQJ ���������5HFHQW�

UHVHDUFK�VKRZHG� WKDW� WKH�VRLO�$2$� � LV� LQGHHG�QRW�DEOH� WR�FRQGXFW�

QLWULILHU�GHQLWULILFDWLRQ�WR�SURGXFH�1�2��6WLHJOPHLHU ���������/DWHU��1�2�SURGXFWLRQ�IURP�

WKLV� $2$� ZDV� REVHUYHG� XQGHU� DQR[LF� FRQGLWLRQV� WKDW� ZHUH� DWWULEXWHG� WR� DELRWLF� UHDFWLRQV�

EHWZHHQ�12�DQG�FHUWDLQ�VXEVWDQFHV�LQ�WKH�PHGLD��.R]ORZVNL ������D���

������5HDFWLYH�1�LQWHUPHGLDWHV�1+�2+�DQG�12�
��

+\GUR[\ODPLQH� DQG� 12�
�� DUH� WZR� UHDFWLYH� NH\� 1� LQWHUPHGLDWHV� RI� QLWULILFDWLRQ�� ZKLFK� FDQ�

SURGXFH� 1�2� ERWK� ELRORJLFDOO\� DQG� FKHPLFDOO\�� 12�
�� FDQ� EH� UHGXFHG� ELRORJLFDOO\� WR� 1�2�

HLWKHU� E\�12�
�� UHGXFWDVH� WKURXJK� D� SDWKZD\� FDOOHG� ³QLWULILHU� GHQLWULILFDWLRQ´� �:UDJH ��

�������DV�ZHOO�DV�ELRORJLFDOO\�RU�FKHPLFDOO\�E\�)H���ZLWK�WKH�KHOS�RI�LURQ�R[LGL]HUV�DQG�RWKHU�

PLFURRUJDQLVPV� �.DPSVFKUHXU �� ������� 0RUHRYHU�� 620� IUDFWLRQV�� H�J�� IXOYLF� DFLGV��



OLJQLQ�EXLOGLQJ� XQLWV� DQG�SKHQROLF� FRPSRXQGV� FDQ� DOVR� UHDFW� FKHPLFDOO\�ZLWK�12�
�� WR� IRUP�

1�2��6WHYHQVRQ�	�6ZDE\���������)URP�1+�2+��1�2�FDQ�EH�IRUPHG�ERWK�ELRORJLFDOO\�E\�WKH�

HQ]\PH�1+�2+�R[LGRUHGXFWDVH��5LWFKLH�	�1LFKRODV��������DQG�FKHPLFDOO\�E\�2��DQG�VHYHUDO�

VRLO�R[LGDQWV��H�J���0Q2��DQG�)H�����%UHPQHU��������+HLO ���������1XPHURXV�VWXGLHV�KDYH�

EHHQ�FRQGXFWHG�RQ�WKH�1�2�SURGXFWLRQ�IURP�12�
��IURP�WKH�YLHZ�RI�D�ELRORJLFDO�SURFHVV��L�H��

QLWULILHU�GHQLWULILFDWLRQ�GXULQJ�QLWULILFDWLRQ��:UDJH ��������:UDJH ��������=KX ��

����D�� 6QLGHU �� ������� +RZHYHU�� WKH� LPSRUWDQFH� RI� 1+�2+� IRU� 1�2� SURGXFWLRQ��

HVSHFLDOO\� IURP� WKH�YLHZ�RI� DQ� DELRWLF�SURFHVVHV�� KDV� ORQJ�EHHQ�QHJOHFWHG�� HYHQ� WKRXJK� WKH�

DELRWLF� FRQYHUVLRQ� RI� 1+�2+� WR� 1�2� FDQ� EH� DERYH� ���� LQ� D� IHZ� KRXUV� XQGHU� VXLWDEOH�

FRQGLWLRQV� �H�J��� ORZ� S+� DQG� LQ� WKH� SUHVHQFH� RI� )H���� JLYHQ� LWV� FKHPLFDOO\� UHDFWLYH� QDWXUH�

�%XWOHU�	�*RUGRQ��������6FKUHLEHU ���������

+\GUR[\ODPLQH�KDV�ORQJ�EHHQ�NQRZQ�DV�DQ�LPSRUWDQW�LQWHUPHGLDWH�RI�FKHPROLWKRDXWRWURSKLF�

$2%��/HHV��������DQG�ZDV�UHFHQWO\�DOVR�UHSRUWHG�WR�EH�DQ�LQWHUPHGLDWH�RI� WKH�PDULQH�$2$�

� �9DMUDOD �� ������� 1+�2+� PD\� SOD\� D� FUXFLDO� UROH� LQ� 1�2�

SURGXFWLRQ�IURP�VRLOV�XQGHU�R[LF�FRQGLWLRQV��%UHPQHU ��������%UHPQHU��������6FKUHLEHU

�� ������� 5HFHQWO\�� 6ROHU�-RIUD� HW� DO�� ������� REVHUYHG� D� VLJQLILFDQW� FRQWULEXWLRQ� RI� WKH�

DELRWLF� UHDFWLRQ� EHWZHHQ� 1+�2+� DQG� 12�
�� WR� 1�2� IRUPDWLRQ� LQ� D� IXOO�VFDOH� QLWULILFDWLRQ�

UHDFWRU��)XUWKHU�VXSSRUW�IRU�WKLV�K\SRWKHVLV�FRPHV�IURP�WKH�LQWUDPROHFXODU�GLVWULEXWLRQ�RI���1�

ZLWKLQ�WKH�OLQHDU��DV\PPHWULF�112�PROHFXOH��WKH�VR�FDOOHG���1�VLWH�SUHIHUHQFH��63���7R\RGD�

	�<RVKLGD���������ZKLFK�LV�GLVWLQFWO\�GLIIHUHQW�EHWZHHQ�1�2�SURGXFHG�YLD�GHQLWULILFDWLRQ�DQG�

QLWULILFDWLRQ� �2VWURP�	�2VWURP���������6WXGLHV�RQ� WKH�SXUH� FXOWXUHV� DQG�FKHPLFDO� UHDFWLRQV�

GHPRQVWUDWH� WKDW� DHURELF� 1+�� DQG�1+�2+� R[LGDWLRQ� RI� $2%�� DHURELF� 1+�� R[LGDWLRQ� RI� D�

PDULQH�$2$�DQG�WKH�FKHPLFDO�UHDFWLRQV�RI�1+�2+�ZLWK�)H����&X���DQG�12�
��\LHOG�VLPLODU�63�

YDOXHV�������Å���6KDZ ��������6DQWRUR ��������+HLO ���������$OO�WKHVH�ILQGLQJV�

LQGLFDWH� WKDW� FKHPLFDO� UHDFWLRQV� LQYROYLQJ� 1+�2+� PD\� SOD\� DQ� LPSRUWDQW� UROH� LQ� 1�2�

SURGXFWLRQ� GXULQJ� FKHPROLWKRDXWRWURSKLF� 1+�� R[LGDWLRQ� XQGHU� R[LF� FRQGLWLRQV�� +RZHYHU��

1+�2+�LV�YHU\�UHDFWLYH�DQG�XQVWDEOH�LQ�LWV�QDWXUDO�HQYLURQPHQW��$W�QHXWUDO�RU�VOLJKWO\�DONDOLQH�

S+�� DERXW� ����RI�1+�2+�GHJUDGH�ZLWKLQ� �� K� DW� URRP� WHPSHUDWXUH� LQ� VHDZDWHU� VDPSOHV� DW�

PLFURPRODU�FRQFHQWUDWLRQV���%XWOHU�	�*RUGRQ���������7KHUHIRUH��GHWHUPLQDWLRQ�RI�1+�2+�LQ�

QDWXUDO�VRLOV�LV�D�YHU\�FKDOOHQJLQJ�VWHS�LQ�WKH�VWXG\�RI�WKH�PHFKDQLVPV�RI�DELRWLF�FRQYHUVLRQ�RI�

1+�2+�WR�1�2��



7KH� DELRWLF� 1�2� SURGXFWLRQ� IURP� 12�
�� KDV� DOVR� REWDLQHG� OHVV� DWWHQWLRQ� DV� WKH� ELRORJLFDO�

SURFHVVHV��SUREDEO\�GXH�WR�LWV�ORZ�FRQWHQW�LQ�QDWXUDO�VRLOV��12�
��GRHV�XVXDOO\�QRW�DFFXPXODWH�

LQ� VRLO� DW�PRLVW� RU�ZHW� FRQGLWLRQV� �5REHUWVRQ�	�*URIIPDQ�� ������� DV� WKHQ� WKH� R[LGDWLRQ� RI�

12�
��WR�12�

��SURFHHGV�IDVWHU�WKDQ�WKH�FRQYHUVLRQ�RI�1+��WR�12�
���+RZHYHU��12�

��KDV�D�JUHDW�

SRWHQWLDO�WR�DFFXPXODWH�DIWHU�S+�LQFUHDVH��DW�KLJK�1+��OHYHOV�DQG�GXULQJ�GURXJKW�VWUHVV��6PLWK

�� ������ 6KHQ �� ������ *HOIDQG� 	� <DNLU�� ������ 3ODFHOOD� 	� )LUHVWRQH�� �������

$FFXPXODWLRQ� RI� 12�
�� LQ� VRLO� FDQ� SURYLGH� D� VXEVWUDWH� IRU� FHUWDLQ� ELRORJLFDO� SURFHVVHV�� H�J��

GHQLWULILFDWLRQ��QLWULILFDWLRQ�DQG�GLVVLPLODWRU\�QLWUDWH�UHGXFWLRQ�WR�DPPRQLXP��'15$���6LOYHU

�� ������5�WWLQJ ��������� ,W� DOVR�SOD\V� D�PDMRU� UROH� LQ� FKHPRGHQLWULILFDWLRQ��ZKHUH�

12�
��UHDFWV�ZLWK�SKHQROLF�FRPSRXQGV�WR�IRUP�QLWURVR�DQG�QLWUR�FRPSRXQGV��7KRUQ�	�0LNLWD��

������� 7KHVH� QLWURVR� DQG� QLWUR� FRPSRXQGV�� LQ� WXUQ�� FDQ� GHFRPSRVH� WR� 12� RU� 1�2�� RU� EH�

UHGXFHG�E\�)H���WR�1�2��YDQ�&OHHPSXW�	�6DPDWHU��������6DPDUNLQ ����������

������(IIHFWV�RI�VRLO�SURSHUWLHV�DQG�HQYLURQPHQWDO�IDFWRUV�

&HUWDLQ� HQYLURQPHQWDO� IDFWRUV�� VXFK� DV� R[\JHQ� FRQGLWLRQV�� S+�� DQG� GU\LQJ�UHZHWWLQJ� F\FOHV�

KDYH�EHHQ�ORQJ�UHFRJQL]HG�DV�FUXFLDO�IDFWRUV�RI�VRLO�PLFURELDO�1�2�SURGXFWLRQ�WKURXJK�WKHLU�

HIIHFWV�RQ�QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ��0DUWLNDLQHQ�	�GH�%RHU��������3DUWRQ ��������

/L ��������%XWWHUEDFK�%DKO ��������+X ���������)RU�LQVWDQFH��1�2�SURGXFWLRQ�

IURP� QLWULILFDWLRQ� FDQ� LQFUHDVH� E\� XS� WR� ����IROG� ZKHQ� 2�� GHFUHDVHV� WR� DQR[LF� FRQGLWLRQV�

�5HPGH� 	� &RQUDG�� ������ .RRO �� ������ 6WLHJOPHLHU �� ������� ,Q� D� FRPSOH[� VRLO�

HQYLURQPHQW�� 2�� FRQGLWLRQV� GHWHUPLQH� WKH� FRQWULEXWLRQ� RI� 1+�� R[LGDWLRQ�� QLWULILHU�

GHQLWULILFDWLRQ� DQG� KHWHURWURSKLF� GHQLWULILFDWLRQ� WR� WRWDO� 1�2� SURGXFWLRQ�� ZLWK� KHWHURWURSKLF�

GHQLWULILFDWLRQ�EHFRPLQJ�WKH�RQO\�VRXUFH�RI�VRLO�1�2�ZKHQ�2��LV�FRPSOHWHO\�DEVHQW��=KX ��

����D���)XUWKHUPRUH�� LW�KDV�EHHQ�UHYHDOHG�E\�D�JOREDO�PHWD�DQDO\VLV� WKDW�1�2�SURGXFWLRQ� LQ�

VRLOV� LQFUHDVHV� ZLWK� GHFUHDVLQJ� S+� YDOXHV� �6KFKHUEDN �� ������� 7KH� LQKLELWLRQ� RI� 1�2�

UHGXFWDVH�E\� ORZ�S+�KDV�EHHQ� FRQVLGHUHG�DV�RQH�SRVVLEOH� UHDVRQ� IRU� WKH�SRVLWLYH� HIIHFWV� RI�

LQFUHDVLQJ�DFLGLW\�RQ�1�2�SURGXFWLRQ��%DNNHQ ���������+RZHYHU��FRQWULEXWLRQV�RI�1+��

R[LGDWLRQ�WR�1�2�HPLVVLRQV�DV�DIIHFWHG�E\�VRLO�S+�KDYH�QRW�EHHQ�UHSRUWHG���

5HZHWWLQJ�RI�VRLO�DIWHU�ORQJHU�GU\�SHULRGV�LV�DQ�LPSRUWDQW�HYHQW�WULJJHULQJ�VRLO�1�2�HPLVVLRQV�

�6PLWK�	�3DUVRQV��������5XGD] ��������5XVHU ���������$�VLQJOH�ZHWWLQJ�HYHQW�PD\�

EH�UHVSRQVLEOH�IRU�D�ODUJH�IUDFWLRQ�RI�WKH�DQQXDO�1�2�HPLVVLRQ�IRU�FHUWDLQ�HFRV\VWHPV��3ULHPp�

	�&KULVWHQVHQ��������%HUJHU �� �������7KH� HIIHFWV� RI� HQYLURQPHQWDO� IDFWRUV� DUH�XVXDOO\�

GHSHQGHQW�RQ� VRLO� EDVLF� SURSHUWLHV��'LIIHUHQW� VRLO� W\SHV�PD\�KDYH�GLIIHUHQW� UHVSRQVHV� WR� WKH�



FKDQJH� RI� HQYLURQPHQWDO� FRQGLWLRQV�� )RU� H[DPSOH�� VRLO� UHZHWWLQJ� HIIHFWV� ZHUH� VKRZQ� WR� EH�

ODUJHU� LQ� JUDVVODQG� VRLOV� ZKHQ� FRPSDUHG� WR� IRUHVW� VRLOV� �3ULHPp� 	� &KULVWHQVHQ�� �������

)OXFWXDWLRQ� RI� PLFURELDO� DQG� HQ]\PH� DFWLYLWLHV� KDV� ORQJ� EHHQ� FRQVLGHUHG� DV� WKH� PDLQ�

FRQWULEXWRU� WR� WKH� LQFUHDVHG� VRLO� 1�2� SURGXFWLRQ� GXULQJ� WKH� FKDQJH� RI� HQYLURQPHQWDO�

FRQGLWLRQV��0¡UNYHG ��������%DNNHQ ��������=KX ������D��6QLGHU ����������

1HYHUWKHOHVV��YDULHG�HQYLURQPHQWDO�FRQGLWLRQV�FRXOG�DOVR�OHDG�WR�VKRUW�WHUP�DFFXPXODWLRQ�RI�

VRLO�UHDFWLYH�1�VXEVWDQFHV��VXFK�DV�12�
���&OpPHQW ��������*HOIDQG�	�<DNLU���������7KH�

DFFXPXODWLRQ�RI�WKHVH�VXEVWDQFHV�PD\�SURYLGH�VXEVWUDWHV�IRU�FKHPLFDO�UHDFWLRQV�DQG�UHVXOW�LQ�D�

EXUVW� RI� 1�2� SURGXFWLRQ�� ZKLFK� KDV� EHHQ� RYHUORRNHG� IRU� D� ORQJ� WLPH�� 0RUHRYHU�� WKH�

DFFXPXODWLRQ�RI�RWKHU�UHDFWLYH�VXEVWUDWHV��VXFK�DV�'20�DQG�PHWDO�LRQV�GXULQJ�HQYLURQPHQWDO�

FKDQJHV�� PD\� VKLIW� WKH� FRQWULEXWLRQ� RI� 1+�2+� DQG� 12�
�� WR� DELRWLF� 1�2� SURGXFWLRQ�� )RU�

H[DPSOH�� TXDOLW\� DQG� TXDQWLW\� RI� 620�� HVSHFLDOO\� WKH� UHDFWLYH� SDUW� RI� 620�� L�H�� SKHQRO�

FRPSRXQGV��PD\�KDYH�VWURQJ�HIIHFWV�RQ�1�2�IRUPDWLRQ�IURP�1+�2+�DQG�12�
���6RLOV�ULFK�LQ�

SKHQROLF�OLJQLQ�GHULYDWLYHV�PD\�IDYRU�1�2�IRUPDWLRQ�IURP�12�
���6WHYHQVRQ�	�6ZDE\��������

:UDJH ���������EXW�PD\�GHFUHDVH�1�2�IRUPDWLRQ�IURP�1+�2+��DV�1+�2+�ELQGV�UHDGLO\�

WR�FDUERQ\O�JURXSV�RI�RUJDQLF�PDWWHU�WR�IRUP�R[LPHV��7KRUQ ���������$QR[LF�FRQGLWLRQV�

FRXOG�QRW�RQO\�FKDQJH�WKH�DYDLODELOLW\�RI�PLQHUDO�1�VXEVWUDWHV��PDLQO\�12�
���1+�

��DQG�12�
���

�$FKWQLFK ���������DQG�TXDOLW\�RI�620��$FKWQLFK ��������'DVVRQYLOOH�	�5HQDXOW��

�������EXW�DOVR�WUDQVLWLRQ�PHWDO�UHGR[�VWDWH��,Q�VRLO�VDPSOHV�ZLWK�KLJK�)H�DQG�0Q�FRQWHQW��WKH�

R[LGL]HG� IRUP� ZLOO� SURPRWH� WKH� FRQYHUVLRQ� RI� 1+�2+� WR� 1�2�� ZKHUHDV� XQGHU� UHGXFHG�

FRQGLWLRQV�WKH�IRUPDWLRQ�RI�1�2�IURP�12�
��ZLOO�EH�IDYRUHG��+HLO ����������

�

����2EMHFWLYHV�DQG�RXWOLQH�RI�WKH�WKHVLV�

7KH� DLP� RI� WKLV� WKHVLV� ZDV� WR� H[SORUH� WKH� FRXSOHG� ELRWLF�DELRWLF� PHFKDQLVPV� RI� 1�2�

SURGXFWLRQ�LQYROYLQJ�WKH�QLWULILFDWLRQ�LQWHUPHGLDWHV�1+�2+�DQG�12�
���ZLWK�D�SDUWLFXODU�IRFXV�

RQ� WKH� PHFKDQLVPV� RI� DELRWLF� 1�2� SURGXFWLRQ� IURP� 1+�2+�� $V� LW� KDV� EHHQ� VXPPDUL]HG�

DERYH��1+�2+�LV�DQ�LQWHUPHGLDWH�RI�WKH�R[LGDWLRQ�RI�1+��WR�12�
��LQ�DPPRQLD�R[LGL]HUV��7KH�

TXDQWLILFDWLRQ�RI�WKH�UHOHDVH�RI�1+�2+�GXULQJ�1+��R[LGDWLRQ��WKH�GHWHUPLQDWLRQ�RI�1+�2+�LQ�

QDWXUDO� VRLOV�� WKH� UHODWLRQVKLS� EHWZHHQ�1+�2+� FRQWHQW� DQG�1�2�SURGXFWLRQ� LQ� QDWXUDO� VRLOV�

DQG�WKH�LPSDFW�IDFWRUV�DIIHFWLQJ�WKH�DELRWLF�FRQYHUVLRQ�RI�1+�2+�WR�1�2�ZRXOG�EH�HVVHQWLDO�

WR� H[SORUH� WKH�PHFKDQLVPV� RI� WKH� FRXSOHG� ELRWLF�DELRWLF� 1�2� IRUPDWLRQ� IURP� 1+�2+�� $V�

DQRWKHU�UHDFWLYH�1�LQWHUPHGLDWH�GXULQJ�QLWULILFDWLRQ�DQG�WKH�HQG�SURGXFW�RI�1+��R[LGDWLRQ�E\�



$2$�DQG�$2%��WKH�SURFHVVHV�RI�12�
��UHODWHG�1�2�SURGXFWLRQ�KDYH�EHHQ�VWXGLHG�IRU�D� ORQJ�

WLPH�DV�WKH�VR�FDOOHG��³FKHPRGHQLWULILFDWLRQ´��YDQ�&OHHPSXW�	�%DHUW��������YDQ�&OHHPSXW�	�

6DPDWHU��������YDQ�&OHHPSXW��������9HQWHUHD���������7KHUHIRUH�� LQ�WKLV� WKHVLV�� WKH�VWXG\�RQ�

12�
��UHODWHG�1�2�SURGXFWLRQ�PDLQO\�IRFXVHG�RQ�WKH�FRPSDULVRQ�RI�WKH�FRQWULEXWLRQ�RI�12�

��

DQG�1+�2+�RQ�ELRWLF�DQG�DELRWLF�1�2�SURGXFWLRQ�LQ�VRLOV�ZLWK�R[LF�DQG�DQR[LF�SUH�LQFXEDWLRQ��

DQG�WKH�UROH�RI�12�
��RQ�1�2�SURGXFWLRQ�GXULQJ�UHZHWWLQJ�HYHQWV���

7KH�PDLQ�TXHVWLRQV�WKDW�WKLV�WKHVLV�DLPHG�WR�UHVROYH�ZHUH�WKH�IROORZLQJ��

����'R�DPPRQLD�R[LGL]HUV�RI�GLIIHUHQW�DPPRQLD�R[LGL]LQJ�JXLOGV�UHOHDVH�1+�2+"�

����,V�LW�SRVVLEOH�WR�GHWHFW�1+�2+�LQ�QDWXUDO�VRLO�VDPSOHV"�

����+RZ�LV�VRLO�1+�2+�FRQWHQW�FRUUHODWHG�ZLWK�DHURELF�1�2�SURGXFWLRQ�DW�WKH�HFRV\VWHP�VFDOH"��

����:KDW�DUH�WKH�PDLQ�IDFWRUV�UHVSRQVLEOH�IRU�WKH�DELRWLF�FRQYHUVLRQ�RI�1+�2+�WR�1�2"�

���� :KLFK� UHDFWLYH� 1� VSHFLHV�� 1+�2+� RU� 12�
��� LV� PRUH� LPSRUWDQW� IRU� VRLO� DELRWLF� 1�2�

SURGXFWLRQ��FRQVLGHULQJ�EDVLF�VRLO�SURSHUWLHV�DQG�UHGR[�FRQGLWLRQV"��

����:KDW�LV�WKH�UROH�RI�UHDFWLYH�1�LQ�1�2�SURGXFWLRQ�GXULQJ�UHZHWWLQJ�HYHQWV"�



Chapter 2     

Abiotic conversion of extracellular 

NH2OH contributes to N2O emission 

during ammonia oxidation  
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%DVHG�RQ��

/LX��6���+DQ��3���+LQN��/���3URVVHU��-���:DJQHU��0��DQG�%U�JJHPDQQ��1��$ELRWLF�FRQYHUVLRQ�RI�

H[WUDFHOOXODU�1+�2+�FRQWULEXWHV�WR�1�2�HPLVVLRQ�GXULQJ�DPPRQLD�R[LGDWLRQ��

��DFFHSWHG��



����,QWURGXFWLRQ�

1LWURXV�R[LGH�LV�DQ�LPSRUWDQW�JUHHQKRXVH�JDV�DQG�LV�FXUUHQWO\�WKH�WKLUG�ODUJHVW�FRQWULEXWRU�WR�

JOREDO� ZDUPLQJ�� DIWHU� &2�� DQG� PHWKDQH� &+��� 1�2� DOVR� KDV� GHOHWHULRXV� HIIHFWV� LQ� WKH�

VWUDWRVSKHUH�� ZKHUH� LW� LV� VSOLW� SKRWRO\WLFDOO\� DQG� FDWDO\]HV� WKH� GHVWUXFWLRQ� RI� DWPRVSKHULF�

R]RQH� �,3&&�� ������� ,Q� WKH� SDVW� WZR� FHQWXULHV�� WKH� DWPRVSKHULF� 1�2� FRQFHQWUDWLRQ� KDV�

LQFUHDVHG� E\� DERXW� ���� IURP� SUH�LQGXVWULDO� OHYHOV� RI� ���� SSEY� WR� WKH� FXUUHQW� OHYHO� RI� ����

SSEY� �:02�� ������� ,Q� DGGLWLRQ� WR� GHQLWULILFDWLRQ� DQG� GLVVLPLODWRU\� QLWUDWH� UHGXFWLRQ� WR�

DPPRQLD�� DHURELF� DPPRQLD� �1+��� R[LGDWLRQ� FRQWULEXWHV� VLJQLILFDQWO\� WR�1�2�SURGXFWLRQ� LQ�

VRLO��+XDQJ� ��������7UDGLWLRQDOO\��WZR�GLIIHUHQW�ELRFKHPLFDO�URXWHV�DUH�SURSRVHG�IRU�1�2�

SURGXFWLRQ�GXULQJ�1+��R[LGDWLRQ�LQ�$2%��7KH�ILUVW�LV�WKH�R[LGDWLRQ�RI�1+�2+�WR�12�E\�+$2�

DQG�VXEVHTXHQW�UHGXFWLRQ�WR�1�2�FDWDO\]HG�E\�12�UHGXFWDVH��5LWFKLH�	�1LFKRODV���������7KH�

VHFRQG�SDWKZD\�LV�WKH�VR�FDOOHG�QLWULILHU�GHQLWULILFDWLRQ��E\�ZKLFK�12�
��LV�UHGXFHG�WR�12�DQG�

1�2�E\� QLWULWH� UHGXFWDVH� �1,5�� DQG�125�� UHVSHFWLYHO\� �5LWFKLH�	�1LFKRODV�� ������ 3RWK�	�

)RFKW�� ������6KDZ �� �������+RZHYHU�� UHFHQW� VWXGLHV� UHYHDOHG� WZR� RWKHU� URXWHV� IRU� WKH�

1�2� SURGXFWLRQ� IURP� WKH�$2%� � XQGHU� DQDHURELF� FRQGLWLRQV�� 2QH� LV� WKH� GLUHFW�

R[LGDWLRQ�RI�1+�2+�WR�1�2�E\�WKH�HQ]\PH�F\WRFKURPH��F\W��3�����&DUDQWR� ��������DQG�

QLWULILFDWLRQ� LQWHUPHGLDWH� 12� �&DUDQWR� � ������� 1LWULILHU�GHQLWULILFDWLRQ� KDV� EHHQ�

VXJJHVWHG�WR�SOD\�D�FUXFLDO�UROH�LQ�1�2�IRUPDWLRQ�DW�ORZ�2��DQG�ORZ�S+��:UDJH ���������

ZKHUHDV� SDWKZD\V� UHODWHG� WR� ELRORJLFDO� RU� FKHPLFDO� UHDFWLRQV� RI� DPPRQLD� R[LGDWLRQ�

LQWHUPHGLDWHV��1+�2+��QLWUR[\O��+12���DQG�RU�LWV�SURGXFW��12�
���PD\�EH�PRUH�LPSRUWDQW�IRU�

1�2�SURGXFWLRQ�DW�KLJK�DPPRQLXP��1+�
���OHYHOV�DQG�VXIILFLHQW�2��VXSSO\��:XQGHUOLQ ��

�������+RZHYHU�� QRW� DOO�$2%� VKDUH� WKH� VDPH� URXWH� IRU�1�2�SURGXFWLRQ�� �� IRU�

H[DPSOH�� KDV� QR� KRPRORJXHV� RI� JHQHV� HQFRGLQJ� D� FDQRQLFDO� FRSSHU�FRQWDLQLQJ� 1LU.�

�.R]ORZVNL �� ����E��� 7KXV�� LW� LV� XQOLNHO\� WR� EH� DEOH� WR� FRQGXFW� FDQRQLFDO� QLWULILHU�

GHQLWULILFDWLRQ�� HYHQ� WKRXJK� ORZ� SURGXFWLRQ� RI� 1�2� KDV� EHHQ� GHWHFWHG� LQ� DQ� �

FXOWXUH��.R]ORZVNL ������F���)XUWKHUPRUH��D�UHFHQW�VWXG\�UHYHDOHG�WKDW�1+�2+�FDQ�DOVR�

EH�R[LGL]HG�GLUHFWO\�WR�1�2�E\�WKH�HQ]\PH�F\WRFKURPH��F\W��3����IURP�WKH�$2%� �

XQGHU� DQDHURELF� FRQGLWLRQV� �&DUDQWR �� ������� 0RVW� VWXGLHV� RQ� $2%� 1�2� SURGXFWLRQ�

SDWKZD\V� KDYH� IRFXVHG� RQ� � $7&&� ������ �5LWFKLH� 	� 1LFKRODV�� ������ 3RWK� 	�

)RFKW�� ������<X�	�&KDQGUDQ�� ������ DQG� GLIIHUHQW� ELRFKHPLFDO� URXWHV� UHVSRQVLEOH� IRU� 1�2�

SURGXFWLRQ�LQ�RWKHU�$2%�FDQQRW�EH�H[FOXGHG��

,Q�UHFHQW�\HDUV��DPPRQLD�R[LGDWLRQ�UHODWHG�1�2�SURGXFWLRQ�E\�VHYHUDO�$2$�VWUDLQV�KDV�EHHQ�

UHSRUWHG��6DQWRUR ��������-XQJ ��������6WLHJOPHLHU ��������DQG�$2$�DEXQGDQFH�



H[FHHGV� WKDW�RI�$2%�E\� VHYHUDO� RUGHUV�RI�PDJQLWXGH� LQ� VRPH�HFRV\VWHPV� �/HLQLQJHU ��

������+H �� �������+RZHYHU�� WKH�PHFKDQLVP�V�� RI�1�2�SURGXFWLRQ� E\�$2$� DSSHDU� WR�

GLIIHU�IURP�WKDW�RI�$2%��DV�$2$�ODFN�JHQHV�HQFRGLQJ�D�FDQRQLFDO�+$2�DQG�125��ZKLFK�DUH�

LQYROYHG�LQ�1�2�SURGXFWLRQ�E\�$2%��:DONHU ��������7RXUQD ��������6SDQJ ��

������� 5HFHQW� UHVHDUFK� VKRZHG� WKDW� WKH� VRLO�$2$� � LV� LQGHHG� QRW�

DEOH�WR�JHQHUDWH�1�2�WKURXJK�QLWULILHU�GHQLWULILFDWLRQ��6WLHJOPHLHU ���������,QVWHDG��K\EULG�

1�2�IRUPDWLRQ�IURP�1+�
��DQG�12�

�� LQ� �ZDV�GHPRQVWUDWHG�LQ���1�

ODEHOLQJ�H[SHULPHQWV� �6WLHJOPHLHU ��������� LQGLFDWLQJ�DQ�1�2�SURGXFWLRQ�SDWKZD\� IURP�

12�
��DQG�DQ�LQWHUPHGLDWH�RI�DPPRQLD�R[LGDWLRQ��H�J��1+�2+�RU�12���5HFHQWO\��IRU�WKLV�$2$�

VSHFLHV� LW� FRXOG� EH� FRQILUPHG� WKDW�1�2� IRUPDWLRQ� XQGHU� DQR[LF� FRQGLWLRQV� UHVXOWV� IURP� WKH�

DELRWLF� UHDFWLRQ� RI� 12� ZLWK� PHGLXP� RU� FHOOXODU� FRPSRQHQWV� �.R]ORZVNL �� ����D���

+RZHYHU��WKH�PHFKDQLVP�RI�1�2�SURGXFWLRQ�E\�$2$�XQGHU�R[LF�FRQGLWLRQV�UHPDLQV�XQFOHDU��

)XUWKHUPRUH��FRPSOHWH�EDFWHULDO�QLWULILHUV��FRPDPPR[��RI� WKH�JHQXV� � WKDW�SHUIRUP�

1+��R[LGDWLRQ�YLD�12�
��WR�12�

��KDYH�UHFHQWO\�EHHQ�HQULFKHG��'DLPV ��������YDQ�.HVVHO

���������EXW�QRWKLQJ�LV�\HW�NQRZQ�DERXW�WKH�1�2�SURGXFWLRQ�E\�WKHVH�PLFURRUJDQLVPV��

+\GUR[\ODPLQH�KDV�ORQJ�EHHQ�NQRZQ�DV�DQ�LPSRUWDQW�LQWHUPHGLDWH�RI�FKHPROLWKRDXWRWURSKLF�

$2%��/HHV��������DQG�ZDV�UHSRUWHG�WR�EH�DQ�LQWHUPHGLDWH�RI�WKH�PDULQH�$2$�

��9DMUDOD ������� 6XUSULVLQJO\� JHQHV�KRPRORJRXV�WR�WKRVH�HQFRGLQJ�WKH�$2%�

OLNH�+$2�FRPSOH[�KDYH�QRW�EHHQ�IRXQG�LQ�$2$�JHQRPHV��:DONHU ��������7RXUQD ��

������� LQGLFDWLQJ� WKDW� $2$� HLWKHU� HQFRGH� D� QRYHO� HQ]\PH� IRU� 1+�2+� R[LGDWLRQ� RU� IRUP�

GXULQJ�1+��R[LGDWLRQ�DQ�LQLWLDO�R[LGDWLRQ�SURGXFW�RWKHU�WKDQ�1+�2+��H�J��+12��:DONHU ��

������� 5HFHQW� UHVHDUFK� VKRZHG� WKDW� LQ� �12�
�� FDQ� EH� IRUPHG� DIWHU� DGGLWLRQ� RI�

1+�2+�� OHDGLQJ� WR� WKH� SURSRVDO� RI� D� QRYHO�PHFKDQLVP� IRU� WKH� SURGXFWLRQ� RI�12�
�� YLD� WKH�

UHDFWLRQV�EHWZHHQ�1+�2+�DQG�12�LQ�$2$��.R]ORZVNL ������D���

+\GUR[\ODPLQH�PD\�SOD\�D�FUXFLDO� UROH� LQ�1�2�SURGXFWLRQ�IURP�VRLOV�XQGHU�R[LF�FRQGLWLRQV�

�%UHPQHU��������/LX ��������+HLO ��������/LX ���������DV�LQGLFDWHG�E\�WKH�FORVH�

UHODWLRQVKLS�EHWZHHQ�1+�2+�FRQFHQWUDWLRQ�DQG�1�2�IRUPDWLRQ�REVHUYHG�LQ�IRUHVW�VRLO��/LX

��������/LX ���������)XUWKHU�VXSSRUW�IRU�WKLV�K\SRWKHVLV�FRPHV�IURP�WKH�LQWUDPROHFXODU�

GLVWULEXWLRQ� RI� ��1� ZLWKLQ� WKH� OLQHDU�� DV\PPHWULF� 112� PROHFXOH�� WKH� VR�FDOOHG� ��1� 63�

�7R\RGD� 	� <RVKLGD�� ������� ZKLFK� LV� GLVWLQFWO\� GLIIHUHQW� EHWZHHQ� 1�2� SURGXFHG� YLD�

GHQLWULILFDWLRQ� DQG� QLWULILFDWLRQ� �2VWURP� 	� 2VWURP�� ������� ,Q� SXUH� FXOWXUHV� RI� GLIIHUHQW�

QLWULILHUV� DQG�GHQLWULILHUV��6XWND� � ������� IRXQG�63�YDOXHV�QHDU��Å�IRU�1�2�IRUPHG�E\�



12�
�� DQG�12�

�� UHGXFWLRQ� �YLD�FODVVLFDO�GHQLWULILFDWLRQ�DQG�QLWULILHU�GHQLWULILFDWLRQ���ZKLOH�63�

YDOXHV�ZHUH�DSSUR[LPDWHO\���Å�IRU�1�2�SURGXFHG�GXULQJ�DHURELF�1+��DQG�1+�2+�R[LGDWLRQ�

E\�ERWK�JXLOGV��ZKLFK�LV�VLPLODU�WR�63�YDOXHV�UHSRUWHG�E\�+HLO� ��������IRU�1�2�SURGXFHG�

E\�FKHPLFDO�UHDFWLRQV�RI�1+�2+�ZLWK�)H����&X���DQG�12�
���6DQWRUR� ��������DOVR�UHSRUWHG�

DQ�63�YDOXH�RI�a��Å�IRU�1�2�SURGXFHG�E\�DQ�HQULFKPHQW�FXOWXUH�RI�D�PDULQH�$2$��DOWKRXJK�

VRLO�$2$�VKRZHG�GLIIHUHQW�63�YDOXHV�ZLWK�D�UDQJH�RI������Å��-XQJ� �������5HFHQWO\��

6ROHU�-RIUD� � �������REVHUYHG�D� VLJQLILFDQW� FRQWULEXWLRQ� RI� WKH� DELRWLF� UHDFWLRQ� EHWZHHQ�

1+�2+� DQG�12�
�� WR� 1�2� IRUPDWLRQ� LQ� D� IXOO�VFDOH� QLWULILFDWLRQ� UHDFWRU�� $OO� WKHVH� ILQGLQJV�

LQGLFDWH� WKDW� FKHPLFDO� UHDFWLRQV� LQYROYLQJ� 1+�2+� PD\� SOD\� DQ� LPSRUWDQW� UROH� LQ� 1�2�

SURGXFWLRQ�GXULQJ�FKHPROLWKRDXWRWURSKLF�1+��R[LGDWLRQ�XQGHU�R[LF�FRQGLWLRQV��+RZHYHU��WKLV�

ZRXOG�UHTXLUH�WKH�DYDLODELOLW\�RI�IUHH�1+�2+��HLWKHU�LQ�WKH�JURZWK�PHGLXP�RU��SRWHQWLDOO\��LQ�

WKH�SHULSODVP��IRU�DELRWLF�1�2�IRUPDWLRQ�WKURXJK�FKHPLFDO�UHDFWLRQV�ZLWK�VXEVWDQFHV�VXFK�DV�

12�
��� 0Q2�� DQG� )H���� 4XDQWLILFDWLRQ� RI� H[WUDFHOOXODU� 1+�2+� IURP� $2%�� $2$� DQG�

FRPDPPR[� PD\�� WKHUHIRUH�� SURYLGH� LPSRUWDQW� LQIRUPDWLRQ� RQ� WKH� IHDVLELOLW\� RI� FRXSOHG�

ELRWLF±DELRWLF�1�2�SURGXFWLRQ�GXULQJ�PLFURELDO�1+��R[LGDWLRQ���

,Q� WKLV� VWXG\��ZH� DLPHG� WR� DQVZHU� VHYHUDO� LPSRUWDQW� TXHVWLRQV� UHJDUGLQJ�1�2� IRUPDWLRQ� E\�

DPPRQLD�R[LGL]LQJ�PLFUREHV������:KDW�DUH�WKH�H[WUDFHOOXODU�FRQFHQWUDWLRQV�RI�1+�2+�GXULQJ�

1+�� R[LGDWLRQ� E\� GLIIHUHQW� DPPRQLD� R[LGL]HUV"� ���� ,I� WKHVH� FRQFHQWUDWLRQV� DUH� VLJQLILFDQW��

ZKDW�LV�WKH�1+�2+�ILQDO�SURGXFW�UDWLR�IRU�$2%��$2$��DQG�FRPDPPR["�����&DQ�ZH�HVWLPDWH�

WKH�FRQWULEXWLRQ�RI�H[WUDFHOOXODU�1+�2+�WR�DELRWLF�1�2�SURGXFWLRQ�GXULQJ�1+��R[LGDWLRQ"�����

:KDW� LV� WKH� UROH�RI�12�
�� LQ� VWDELOL]LQJ�1+�2+�DQG� LQ� WKH� DELRWLF� FRQYHUVLRQ�RI�1+�2+� WR�

1�2"�7R�DGGUHVV�WKHVH�TXHVWLRQV��WHPSRUDO�FKDQJHV�LQ�1+�2+�FRQFHQWUDWLRQ�ZHUH�GHWHUPLQHG�

GXULQJ� LQFXEDWLRQ� RI� SXUH� DQG� HQULFKHG� FXOWXUHV� RI� FKHPROLWKRDXWRWURSKLF� $2%�� $2$� DQG�

FRPDPPR[��REWDLQHG�IURP�VRLO�DQG�DTXDWLF�HQYLURQPHQWV��DW�KLJK����P0��DQG�ORZ������P0��

1+�
�� FRQFHQWUDWLRQV�� 7KHVH� H[SHULPHQWV� ZHUH� FRPSOHPHQWHG� E\� PHDVXUHPHQW� RI� DELRWLF�

1+�2+�GHFD\�UDWHV�DQG�DELRWLF�1�2�SURGXFWLRQ�LQYROYLQJ�1+�2+�LQ�GLIIHUHQW�PHGLD�DQG�DW�

GLIIHUHQW�LQFXEDWLRQ�WHPSHUDWXUHV�DQG�12�
��FRQFHQWUDWLRQV��7KHVH�DQDO\VHV�ZHUH�SHUIRUPHG�WR�

FDOFXODWH� H[WUDFHOOXODU� 1+�2+� SURGXFWLRQ� UDWLRV� RQ� D� ILQDO� SURGXFW� EDVLV�� WR� TXDQWLI\� WKH�

FRXSOHG� ELRWLF�DELRWLF� 1+�
��1+�2+�1�2� FRQYHUVLRQ� UDWH� RI� $2%�� $2$� DQG� FRPDPPR[��

DQG�WR�H[SORUH�WKH�UROH�RI�12�
��LQ�WKH�DELRWLF�1+�

��1+�2+�1�2�FRQYHUVLRQ��:H�K\SRWKHVL]H�

WKDW�WKH�FRXSOHG�ELRWLF�DELRWLF�1�2�SURGXFWLRQ�LV�DQ�LPSRUWDQW�PHFKDQLVP�RI�1�2�SURGXFWLRQ�

GXULQJ�1+�
��R[LGDWLRQ��DW�OHDVW�LQ�VRPH�DPPRQLD�R[LGL]HUV��



����0DWHULDOV�DQG�PHWKRGV�

������6WUDLQV�DQG�FXOWLYDWLRQ�

7KLV� VWXG\� LQYROYHG� IRXU� $2%� � � $7&&� �����

�$7&&������ 1P�� 1P����WKUHH�

$2$� � DQG �1LWURVRWDOHD VS��1G����

RQH� $2$� HQULFKPHQW� � 1LWURVRWHQXLV� X]RQHQVLV�� DQG� RQH� FRPDPPR[� HQULFKPHQW� �

1LWURVSLUD�LQRSLQDWD��� �� �� �� �DQG� �1� VS��

1G�� ZHUH� LVRODWHG� IURP� VRLO� �.RRSV �� ������ 6KDZ �� ������ 7RXUQD �� ������

/HKWRYLUWD�0RUOH\ ��������� 1P���ZDV�LVRODWHG�IURP�LQGXVWULDO�VHZDJH��.RRSV

�� ������� � DQG� 1�� X]RQHQVLV� ZHUH� LVRODWHG� IURP� WKHUPDO� VSULQJV�

�/HEHGHYD ��������3DODWLQV]N\ ��������� �1�� LQRSLQDWD�ZDV�HQULFKHG� IURP�D�KRW�

ZDWHU�RXWIORZ�RI�D�GHHS�RLO�H[SORUDWLRQ�ZHOO��'DLPV ���������

� DQG� ZHUH�PDLQWDLQHG� DW� ���&� LQ�PRGLILHG� 6NLQQHU� DQG�:DONHU�

�6	:��PHGLXP��6NLQQHU�	�:DONHU���������FRQWDLQLQJ�����J�.+�32��������J�&D&O�Â��+�2��

�����J�0J62�Â��+�2����P/�)H1D('7$������P0�����P/�SKHQRO�UHG���������DV�S+�LQGLFDWRU��

���P/�/���+(3(6�EXIIHU����0�+(3(6������0�1D2+��DQG���P0��1+���62��/����7KH�S+�ZDV�

UHJXODUO\�DGMXVWHG�WR�����E\�WKH�DGGLWLRQ�RI�VWHULOL]HG�����Z�Y��1D�&2���7KH�DFLGRSKLOLF�$2$�

1� VS��1G��DQG�WKH�$2$� �ZHUH�PDLQWDLQHG�LQ�IUHVKZDWHU�PHGLXP�DW����DQG�

���&�� UHVSHFWLYHO\�� DFFRUGLQJ� WR�7RXUQD� � �������� 7KH� S+� IRU� WKH� 1� VS��1G��ZDV�

DGMXVWHG� WR� ��������ZLWK�+&O� DQG� WKH�1+�
�� FRQFHQWUDWLRQ�ZDV� NHSW� DW� ����P0�E\� URXWLQHO\�

DGGLQJ�WKH�1+�&O�VWRFN�VROXWLRQ��7KH�S+�IRU� �ZDV�DGMXVWHG�WR�����E\�WKH�DGGLWLRQ�

RI����P/�/���+(3(6�EXIIHU����0�+(3(6������0�1D2+��� �ZDV�VXSSOLHG�ZLWK���

P0� 1+�&O� DQG� ���� P0� S\UXYDWH�� 7KH� $2%� � DQG� �� WKH� $2$�

�� DQG� WKH� HQULFKPHQWV� FRQWDLQLQJ� � 1�� X]RQHQVLV� DQG� � 1�� LQRSLQDWD� ZHUH�

PDLQWDLQHG� DW� ���� ���� ���� ��� DQG� ���&�� UHVSHFWLYHO\�� LQ� $2$� PHGLXP� PRGLILHG� IURP�

/HEHGHYD� � ������� FRQWDLQLQJ� �/�������PJ�.&O�����PJ�.+�32��� ����PJ�1D&O�� ���PJ�

0J62�� Â� �� +�2�� ��P/� RI� WUDFH� HOHPHQW� VROXWLRQ� �$2$�7(6��� ��P/� RI� VHOHQLXP�WXQJVWHQ�

VROXWLRQ��6:6�����J�&D&2���PRVWO\�XQGLVVROYHG��DFWLQJ�DV�D�VROLG�EXIIHU�UHVHUYRLU�DQG�JURZWK�

VXUIDFH�� DQG� �� PO� RI� 1+�&O� �IURP� DQ� DXWRFODYHG� ���� 0� VWRFN� VROXWLRQ��� )RU� D� GHWDLOHG�

GHVFULSWLRQ�RI�WKH�FRPSRVLWLRQ�RI�7(6�DQG�6:6�SOHDVH�UHIHU�WR�:LGGHO����������



������,QFXEDWLRQ�H[SHULPHQWV�

0HWDEROLFDOO\� DFWLYH� FXOWXUHV� ZHUH� FRQFHQWUDWHG� DQG� ZDVKHG� WZLFH� XVLQJ� IUHVK� PHGLXP�

ZLWKRXW�1+�
��E\�FHQWULIXJDWLRQ��7DEOH�6������DQG�UHVXVSHQGHG�LQ�IUHVK�PHGLXP�FRQWDLQLQJ�����

RU���P0�1+�
���1RWH�WKDW�WKH�DGGHG�1+�

��FRQFHQWUDWLRQV�ZHUH�QRW�RSWLPDO�IRU�DOO�VWUDLQV�WHVWHG��

EXW�WKH�XVH�RI�WKH�VDPH�FRQFHQWUDWLRQV�IRU�DOO�VWUDLQV�PD[LPL]HG�FRPSDUDELOLW\�RI�WKH�FKHPLFDO�

IDFWRUV�FRQWULEXWLQJ� WR� WKH�1�2�IRUPDWLRQ� LQ� WKH�YDULRXV�JURZWK�PHGLD�� 1� VS��1G��ZDV�

LQFXEDWHG�ZLWK�����P0�1+�
��RQO\��DV�WKLV�FXOWXUH�JUHZ�H[WUHPHO\�VORZO\�DQG�LV�LQKLELWHG�E\�

KLJK� QLWURXV� DFLG� FRQFHQWUDWLRQ� IRUPHG� XQGHU� DFLGLF� FRQGLWLRQV�� &XOWXUHV� ZHUH� LQFXEDWHG�

XQGHU� GLIIHUHQW� FRQGLWLRQV� DQG� IRU� GLIIHUHQW� SHULRGV� GHSHQGLQJ� RQ� WKHLU� GLIIHUHQW� JURZWK�

FKDUDFWHULVWLFV� �7DEOH� 6������ $OO� WUHDWPHQWV� ZHUH� FDUULHG� RXW� ZLWK� ���� UHSOLFDWHV�� 2QO\�

� ���� USP�� 1HZ� %UXQVZLFN�� ,QQRYD�� ��� 6KDNHU�� DQG� � ���� USP�� *)/�

����� VKDNHU�� FXOWXUHV� ZHUH� VKDNHQ� GXULQJ� LQFXEDWLRQ�� %HIRUH� HDFK� VDPSOLQJ�� ERWWOHV� RI� DOO�

FXOWXUHV�ZHUH�PL[HG�E\�VKDNLQJ�E\�KDQG��6DPSOHV����P/��IRU�FKHPLFDO�DQG�SURWHLQ�DQDO\VHV�

ZHUH� WDNHQ� DW� ��� ��� ��� �� DQG� ��� K� RQ� WKH� ILUVW� GD\�� DQG� WKHUHDIWHU� HYHU\� ��� RU� ��� K�� DQG�

WUDQVIHUUHG� WR� ��P/� DQG� ����P/� DXWRFODYHG� (SSHQGRUI� WXEHV�� UHVSHFWLYHO\�� 7KH� WXEHV� ZHUH�

FHQWULIXJHG� LPPHGLDWHO\� DW� ����� � ���&�� IRU� ��� PLQ� DQG� ���� P/� RI� VXSHUQDWDQW� ZDV�

WUDQVIHUUHG� WR� WZR� ����P/� (SSHQGRUI� WXEHV� FRQWDLQLQJ� ��� �/� ���� P0� �IRU� �� P0� 1+�
��

WUHDWPHQW�� RU� ���� P0� �IRU� ���� P0� 1+�
�� WUHDWPHQW�� VXOIDQLODPLGH� LQ� ���� 0� +&O� IRU�

TXDQWLILFDWLRQ�RI�1+�2+��VHH�EHORZ���$QRWKHU�����P/�VXSHUQDWDQW�ZDV�WUDQVIHUUHG�WR�D�����

P/�(SSHQGRUI� WXEH� IRU�1+�
�� DQG�12�

�� DQDO\VHV� �VHH� EHORZ�� DQG� WKH� UHPDLQLQJ� OLTXLG� DQG�

SHOOHW�ZHUH� IUR]HQ�DW� ����&� IRU�SURWHLQ�TXDQWLILFDWLRQ� �VHH�EHORZ���7R�SUHYHQW� DQ\�SRWHQWLDO�

HIIHFW� RI� SKHQRO� UHG� RQ� 1+�2+� DQDO\VLV�� � DQG� ZHUH� JURZQ� LQ�

SDUDOOHO�LQ�PHGLD�EXIIHUHG�ZLWK�+(3(6�ZLWKRXW�DQG�ZLWK�SKHQRO�UHG�WR�IDFLOLWDWH�PDLQWHQDQFH�

RI�S+�EHWZHHQ�S+�����DQG���E\�WKH�DGGLWLRQ�RI�VWHULOL]HG�����Z�Y��1D�&2��� 1� VS��1G��

FXOWXUHV�ZHUH�QRW�EXIIHUHG�DQG�S+�ZDV�GHWHUPLQHG�GDLO\�E\�S+�PHDVXUHPHQW�RI���P/�VDPSOHV��

)RU�FXOWXUHV�EXIIHUHG�ZLWK�&D&2���S+�ZDV�VWDEOH�DW�a����WKURXJKRXW�WKH�LQFXEDWLRQ�SHULRG���

������'HWHUPLQDWLRQ�RI�DELRWLF�1+�2+�GHFD\�UDWHV�XQGHU�DPELHQW�DLU�FRQGLWLRQV�

$ELRWLF�1+�2+�GHFD\�ZDV�TXDQWLILHG�LQ�6	:��ZLWK�+(3(6�EXIIHU��DQG�PRGLILHG�$2$��ZLWK�

&D&2��EXIIHU��PHGLD�XVHG�LQ�WKLV�VWXG\�DW�WKH�UHVSHFWLYH�JURZWK�WHPSHUDWXUHV��7KH�IUHVKZDWHU�

PHGLXP�IRU� 1� VS��1G��DQG� ZHUH�QRW�WHVWHG�IRU�DELRWLF�1+�2+�GHFD\�VLQFH�

QR�H[WUDFHOOXODU�1+�2+�ZDV�REVHUYHG�GXULQJ�1+��R[LGDWLRQ�E\�WKHVH�FXOWXUHV��:HOO�DHUDWHG�

PHGLXP�����P/��ZDV�DGGHG�WR�����PO�JODVV�VHUXP�ERWWOHV�IROORZHG�E\�GLIIHUHQW�DPRXQWV��������



��� DQG� ��� �/�� RI� �� P0� 1+�2+� WR� UHDFK� ILQDO� FRQFHQWUDWLRQV� RI� ����� ��� ���� DQG� �� �0��

UHVSHFWLYHO\��6XEVHTXHQWO\������P/����P0�12�
��ZDV�DGGHG�WR�JLYH�D�ILQDO�FRQFHQWUDWLRQ�RI���

P0�WR�VLPXODWH�DELRWLF�1+�2+�GHFD\�LQ�WKH�SUHVHQFH�RI�12�
���%RWWOHV�ZHUH�WKHQ�FDSSHG�ZLWK�

DOXPLQXP�IRLO�DQG�LQFXEDWHG�DW��������DQG����&��6DPSOHV������P/��ZHUH�WDNHQ�DIWHU������������

DQG���K�DQG�WUDQVIHUUHG�WR�����P/�(SSHQGRUI�WXEHV�FRQWDLQLQJ�����/�����P0��IRU���P0�12�
��

WUHDWPHQW��RU�����P0��IRU�WKH�WUHDWPHQW�ZLWKRXW�12�
��DGGLWLRQ��VXOIDQLODPLGH�LQ�����0�+&O��

6DPSOHV�ZHUH�IUR]HQ�DW�����&�XQWLO�TXDQWLILFDWLRQ�RI�1+�2+��VHH�EHORZ�����

������&KHPLFDO�DVVD\V�

+\GUR[\ODPLQH� FRQFHQWUDWLRQ�ZDV� HVWLPDWHG� DFFRUGLQJ� WR� WKH�PHWKRG� RI� /LX� � ��������

%ULHIO\������P/�RI�VDPSOH��WKDZHG�DW�URRP�WHPSHUDWXUH��ZDV�WUDQVIHUUHG�WR�D����P/�JODVV�YLDO�

DQG�����P/�GHLRQL]HG�ZDWHU�ZDV�DGGHG��\LHOGLQJ�D�S+�RI�a���7KHQ������P/�RI����P0�)H&O��

ZDV�DGGHG�WR�WKH�YLDO��ZKLFK�ZDV�LPPHGLDWHO\�FORVHG�JDV�WLJKW�ZLWK�D�FULPSLQJ�WRRO��&RQWURO�

YLDOV�FRQWDLQHG�VDPSOH� DQG�ZDWHU�RQO\� WR�DVVHVV�1�2�LQ� WKH�KHDGVSDFH�DQG�GLVVROYHG� LQ� WKH�

VDPSOH��7KH�YLDOV�ZHUH�VKDNHQ�IRU���K�DW�����USP�DQG�WKHQ�WUDQVIHUUHG�WR�DQ�DXWRVDPSOHU�IRU�

JDV� FKURPDWRJUDSK\� �*&��DQDO\VLV�ZLWK� DQ� HOHFWURQ�FDSWXUH�GHWHFWRU� �(&'��DV�GHVFULEHG� LQ�

/LX� � �������� 1+�2+� FDOLEUDWLRQ� LQ� WKH� UDQJH� �� �� �� �0� ZDV� SHUIRUPHG� EHIRUH� HDFK�

PHDVXUHPHQW��6LQFH�1�2�EDFNJURXQG� LQFUHDVHG�E\�DERXW����SSE� LQ� WKH�FRQWURO�YLDOV� IRU� WKH�

FXOWXUH� VDPSOHV� RI� � DQG� � GXULQJ� 1+�2+� GHWHUPLQDWLRQ�� 1+�2+�

FRQFHQWUDWLRQV��������0�ZHUH�GHILQHG�DV�QRW�GHWHFWDEOH��12�
��DQG�1+�

��FRQFHQWUDWLRQV�ZHUH�

GHWHUPLQHG� FRORULPHWULFDOO\� LQ� ���ZHOO� SODWHV� XVLQJ� VXOIDQLODPLGH� DQG� 1����

QDSKWK\O�HWK\OHQHGLDPLQH� GLK\GURFKORULGH� IRU� 12�
�� �6WULFNODQG� 	� 3DUVRQV�� ������� DQG� WKH�

LQGRSKHQRO�PHWKRG�GHVFULEHG�E\�.DQGHOHU�	�*HUEHU��������IRU�1+�
���3URWHLQ�FRQFHQWUDWLRQ�

ZDV�GHWHUPLQHG�ZLWK�WKH�3LHUFH�%&$�SURWHLQ�DVVD\�NLW��7KHUPR�)LVKHU�6FLHQWLILF���

������&DOFXODWLRQ�RI�WKH�1+�2+�ILQDO�SURGXFW�UDWLR��

7RWDO� H[WUDFHOOXODU� 1+�2+� FRQFHQWUDWLRQV� E\� $2%�� $2$� DQG� FRPDPPR[� GXULQJ�

FRQVXPSWLRQ� RI� DYDLODEOH� 1+�
�� ZDV� HYDOXDWHG� DV� WKH� 1+�2+�ILQDO� SURGXFW� UDWLRV� �ILQDO�

SURGXFW�ZDV�12�
��LQ�WKH�FDVH�RI�FRPDPPR[�DQG�12�

��LQ�DOO�RWKHU�FDVHV���WDNLQJ�LQWR�DFFRXQW�

WKH� DELRWLF� GHFD\� UDWH� RI� WKH� YHU\� UHDFWLYH� 1+�2+�� ZKLFK� IROORZHG� ILUVW�RUGHU� UHDFWLRQ�

NLQHWLFV��

� � �H� � � � � ������



ZKHUH� � LV� WKH� 1+�2+� FRQFHQWUDWLRQ� ��0�� DW� GHFD\� WLPH� � �K��� � LV� WKH� LQLWLDO� 1+�2+�

FRQFHQWUDWLRQ���0��DQG� �LV�WKH�ILUVW�RUGHU�UDWH�FRQVWDQW��

7KH�1+�2+�ILQDO�SURGXFW�UDWLR�ZDV�FDOFXODWHG�DV��

� � � � ������

ZKHUH� ��GLPHQVLRQOHVV��LV�WKH�1+�2+�ILQDO�SURGXFW�UDWLR�EHWZHHQ� �DQG� �� �DQG� ���0��

DUH�WKH�PHDVXUHG�1+�2+�FRQFHQWUDWLRQV�DW� �DQG� ��UHVSHFWLYHO\�� ���0��LV�WKH�LQWHUSRODWHG�

1+�2+�FRQFHQWUDWLRQ�EHWZHHQ�WLPHV� �DQG� �� � ���KRXU��� �DQG� ���0��DUH�WKH�12�
��

RU� �IRU� FRPDPPR[�� 12�
�� FRQFHQWUDWLRQV� DW� � DQG� �� DQG� � LV� WKH� DYHUDJH� YDOXH� RI� WKH�

PHDVXUHG� NLQHWLF� FRQVWDQW� IRU� DELRWLF� 1+�2+� GHFD\� LQ� WKH� UDQJH� RI� ���±���� �IRU� +(3(6�

EXIIHUHG�PHGLXP��RU����±���IRU�&D&2��EXIIHUHG�PHGLXP���0�LQLWLDO�1+�2+�FRQFHQWUDWLRQV��

1RWH�WKDW�WKH�SUHVHQFH�RI�12�
��LQ�WKH�PHGLXP�ZRXOG�DOVR�GHFUHDVH� ��$V� �ZDV�GHWHUPLQHG�LQ�

WKH�DEVHQFH�RU�SUHVHQFH�RI���P0�12�
���ORVV�RI�1+�2+�ZDV�FDOFXODWHG�XVLQJ�DQ�DYHUDJH�YDOXH�

RI� �GHWHUPLQHG�DW���RU���P0�12�
��ZKHQ�12�

��FRQFHQWUDWLRQ�LQ�WKH�PHGLXP�ZDV����P0�RU�!��

P0�� UHVSHFWLYHO\��$V�12�
�� FRQFHQWUDWLRQ� LQFUHDVHG�JUDGXDOO\�ZLWK� WLPH�� WKLV�GHILQLWLRQ�RI� �

ZRXOG�KDYH�OHG�WR�RYHUHVWLPDWLRQ�RU�XQGHUHVWLPDWLRQ�RI�1+�2+�ZKHQ�12�
��FRQFHQWUDWLRQ�ZDV�

��� P0� RU� !�� P0�� UHVSHFWLYHO\�� +RZHYHU�� WKH� WRWDO� 1+�2+�ILQDO� SURGXFW� UDWLR� ZDV� YHU\�

OLNHO\� XQGHUHVWLPDWHG� VLQFH� KLJKHU� 1+�2+� FRQFHQWUDWLRQ� ZDV� GHWHFWHG� GXULQJ� ODWH� JURZWK�

ZKHQ�12�
�� FRQFHQWUDWLRQ�ZDV�PRVWO\�!��P0��)RU� WKH� FRPDPPR[��12�

�� FRQFHQWUDWLRQ�ZDV�

ORZ� �������� P0�� DW� DOO� WLPH� SRLQWV� DQG� KDG� D� QHJOLJLEOH� HIIHFW� RQ� WKH� FDOFXODWLRQ� RI�

1+�2+�ILQDO�SURGXFW�UDWLR����

������&DOFXODWLRQ�RI�WKH�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�GXULQJ�LQFXEDWLRQ�

7KH�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�WKURXJK�LQFXEDWLRQ�ZDV�FDOFXODWHG�E\�GHWHUPLQLQJ�WKH�

RYHUDOO� DELRWLF� 1�2� SURGXFW� UDWLRV� � � LQ� HTXDWLRQ� ����� DW� GLIIHUHQW� 1+�2+� DQG� 12�
��

FRQFHQWUDWLRQV� IRU�GLIIHUHQW�PHGLD�DQG� LQFXEDWLRQ� WHPSHUDWXUHV��)RU� WKLV������P/�RI�+(3(6�

DQG�&D&2��PHGLXP��UHVSHFWLYHO\��ZDV�DGGHG�WR����PO�JODVV�YLDOV��IROORZHG�E\�������DQG����

�/ �RI�����P0�12�
��DQG��������DQG�����/�RI�����0�1+�2+��7KH�ILQDO�12�

��FRQFHQWUDWLRQV�

ZHUH������DQG���P0�DQG�ILQDO�1+�2+�FRQFHQWUDWLRQV�ZHUH��������DQG������0��9LDOV�ZHUH�WKHQ�

LQFXEDWHG�IRU����K�DW��������DQG����&�DFFRUGLQJ�WR�WKH�FXOWLYDWLRQ�FRQGLWLRQV�RI�WKH�UHVSHFWLYH�

PLFURRUJDQLVPV� DQG� KHDGVSDFH� JDV� ZDV� DQDO\]HG� IRU� 1�2� E\� *&�� 7KH� IUDFWLRQ� RI� 1+�
��

FRQYHUWHG�WR�1�2�RYHU�WKH�ZKROH�1+��R[LGDWLRQ�SURFHVV�� ��ZDV�WKHQ�FDOFXODWHG�DV�IROORZV��



� �� � � � ������

ZKHUH� � LV� WKH� FRQFHQWUDWLRQ� RI� 1+�2+� GXULQJ� WKH� WK� DQG� � ��WK� VDPSOLQJ�� � LV� WKH�

WKHRUHWLFDO�DELRWLF�1�2�SURGXFWLRQ�UDWLR�GHWHUPLQHG�DV�GHVFULEHG�LQ�VHFWLRQ��������DQG� �LV�WKH�

FRQFHQWUDWLRQ�RI�1+�
�� FRQVXPHG�GXULQJ� LQFXEDWLRQ��1RWH� WKDW� �ZDV� VWURQJO\�GHSHQGHQW�RQ�

12�
�� FRQFHQWUDWLRQ�� $ELRWLF� 1�2� SURGXFWLRQ� ZLWKLQ� D� FHUWDLQ� WLPH� SHULRG� ZKHQ� 12�

��

FRQFHQWUDWLRQ�ZDV�!��P0����������P0�DQG�!����P0�ZDV�FDOFXODWHG�XVLQJ� �YDOXHV�IRU�12�
��

FRQFHQWUDWLRQV� RI� ��� �� DQG� �� P0�� UHVSHFWLYHO\�� $V� � LQFUHDVHG� ZLWK� LQFUHDVLQJ� 12�
��

FRQFHQWUDWLRQ�� WKLV� GHILQLWLRQ� RI� � PD\� KDYH� OHG� WR� XQGHUHVWLPDWLRQ� RU� RYHUHVWLPDWLRQ� RI�

DELRWLF�1�2�SURGXFWLRQ�ZKHQ�12�
��FRQFHQWUDWLRQ�ZDV���RU�!����P0��UHVSHFWLYHO\��

������'DWD�DQDO\VHV�

$ELRWLF�1+�2+�GHFD\�ZDV�ILWWHG�WR�ILUVW�RUGHU�UHDFWLRQ�HTXDWLRQV�E\�WKH�5�VRIWZDUH�SDFNDJH�

�YHUVLRQ���������7KH�FRHIILFLHQWV�RI�GHWHUPLQDWLRQ��5���ZHUH�ODUJHU�WKDQ�������3DLUHG�W�WHVWV��5��

YHUVLRQ��������ZHUH�XVHG�WR�LGHQWLI\�VLJQLILFDQW�GLIIHUHQFHV�LQ�1+�2+�FRQFHQWUDWLRQV�EHWZHHQ�

WZR�WLPH�SRLQWV�GXULQJ�FXOWXUH�LQFXEDWLRQ��

฀

����5HVXOWV�DQG�GLVFXVVLRQ�

������([WUDFHOOXODU�1+�2+�IURP�DXWRWURSKLF�DPPRQLD�R[LGL]HUV�

7KH�1+�2+�FRQFHQWUDWLRQ�LQ�WKH�PHGLXP�GXULQJ�1+��R[LGDWLRQ�GLIIHUHG�VLJQLILFDQWO\�DPRQJ�

$2%�FXOWXUHV��)LJ�������DQG�ZDV�JUHDWHVW�IRU� �RQ�LQLWLDO�1+�
��FRQFHQWUDWLRQV�RI�

���� DQG� �� P0�� 1+�2+� UHOHDVH� ZDV� DOVR� REVHUYHG� IRU� �� DOEHLW� DW� ORZHU�

FRQFHQWUDWLRQV�WKDQ�IRU� ��1R�1+�2+�ZDV�GHWHFWDEOH�IRU� 1P���RU�

DW� ERWK� WHVWHG�1+�
�� FRQFHQWUDWLRQV�� ,QLWLDO� LQFUHDVHV� LQ�1+�2+� FRQFHQWUDWLRQ� LQ�

FXOWXUHV� RI� � DQG� � ZHUH� DVVRFLDWHG� ZLWK� LQFUHDVHV� LQ� 12�
��

FRQFHQWUDWLRQ�� EXW� HYHQWXDOO\� UHDFKHG� D� SODWHDX� RU� GHFUHDVHG� EHIRUH� 12�
�� FRQFHQWUDWLRQ�

UHDFKHG�D�PD[LPXP��7KH� ODUJHVW�PHDVXUHG�1+�2+�FRQFHQWUDWLRQV� LQ� WKH�PHGLXP�ZHUH�����

DQG�������0�� IURP� � DQG� UHVSHFWLYHO\�� GXULQJ� LQFXEDWLRQ�ZLWK� ��

P0�1+�
����

�



�

)LJXUH�����'\QDPLFV�RI�1+�
���UHG�VTXDUHV���12�

���\HOORZ�FLUFOHV���1+�2+��EOXH�WULDQJOHV��DQG�WRWDO�1�
�VXP�RI�12�

��DQG�1+�
���EODFN�GLDPRQGV��FRQFHQWUDWLRQV�GXULQJ�LQFXEDWLRQ�RI�IRXU�DPPRQLD�R[LGL]LQJ�

EDFWHULD��1+�
���12�

��DQG� WRWDO�1�DUH�SORWWHG�XVLQJ� WKH� OHIW�\�D[LV��ZKLOH�1+�2+�LV�SORWWHG�XVLQJ� WKH�
ULJKW� \�D[LV�� 3OHDVH� QRWH� WKDW� WKH� OHIW� \�D[HV� DQG� WKH� [�D[HV�� UHVSHFWLYHO\�� DUH� QRW� DOZD\V� VFDOHG�
LGHQWLFDOO\�WR�LPSURYH�GDWD�SUHVHQWDWLRQ��7KH�YDOXHV�DUH�SUHVHQWHG�DV�PHDQ���VWDQGDUG�HUURU��6(���

�

6HYHUDO�VWXGLHV�KDYH�GHWHUPLQHG�1+�2+�FRQFHQWUDWLRQV�LQ�WKH�PHGLXP�GXULQJ�1+��R[LGDWLRQ�

E\�SXUH�FXOWXUHV�RI�WKH�$2%� ��6W�YHQ� �������REVHUYHG������������0�1+�2+�

GXULQJ�1+�� R[LGDWLRQ� ����P0�� DQG�<X� 	�&KDQGUDQ� ������� UHSRUWHG� ���±���� �0�1+�2+�

GXULQJ�JURZWK�RI�1��HXURSDHD�������RQ����P0�1+�
���7KHVH�ILQGLQJV�DUH�FRQVLVWHQW�ZLWK�WKH�

1+�2+�FRQFHQWUDWLRQV�GHWHFWHG�IRU� LQ�RXU�VWXG\��ZKHUH�1+�2+�FRQFHQWUDWLRQV�

ZHUH� DERXW� WKUHH� RUGHUV� RI� PDJQLWXGH� VPDOOHU� WKDQ� WKRVH� RI� WKH� SURGXFHG� 12�
��� 1+�2+�



SURGXFWLRQ�E\� �GXULQJ�1+��R[LGDWLRQ�LQ�RXU�VWXG\�ZDV�DOVR�FRQVLVWHQW�ZLWK�GDWD�

UHSRUWHG� E\� <X�	�&KDQGUDQ� ������� IRU� � ������� DOWKRXJK� WKH\� GLG� QRW� VSHFLI\�

ZKHWKHU�WKH\�PHDVXUHG�1+�2+�LQ�VXSHUQDWDQW��DV�LQ�RXU�VWXG\��RU�LQ�XQWUHDWHG�FXOWXUHV��,Q�RXU�

H[SHULPHQWV�� �1+�2+�FRQFHQWUDWLRQV�ZHUH� HYHQ� ODUJHU� WKDQ� IRU� ��

7KH�H[DFW� UHDVRQ� IRU� WKLV�SKHQRPHQRQ� UHPDLQV�XQFOHDU��2QH�SRVVLEOH� H[SODQDWLRQ� LV� WKDW�

� ELRPDVV� FRQVXPHG� 1+�
�� IDVWHU� �IRU� WKH� ���� P0� 1+�

�� WUHDWPHQW�� WKDQ�

DQG�IDVWHU�1+��R[LGDWLRQ�PLJKW�KDYH�OHG�WR�WKH�KLJKHU�1+�2+�UHOHDVH��+RZHYHU��WKH�

ELRPDVV LQ�WKH�EDWFK�H[SHULPHQWV�VKRZHG�QR�GHWHFWDEOH�1+�2+�UHOHDVH�LQWR�WKH�

PHGLXP�HYHQ�WKRXJK�LW�KDG�WKH�KLJKHVW�1+��R[LGDWLRQ�UDWHV��6LQFH� �LV�FRQVLGHUHG�

HXWURSKLF�DQG�SUHIHUV�KLJKHU�FRQFHQWUDWLRQV�RI�1+�
�� �������P0�� �3URVVHU ��������� WKH�

DEVHQFH�RI�1+�2+�FRXOG�EH�GXH�WR�FRPSOHWH�FRQVXPSWLRQ�E\�+$2�DQG�FRQYHUVLRQ�WR�12�
���

DVVXPLQJ� WKDW� WKH� � RI�+$2� LQ� � LV� ODUJHU� WKDQ� LQ�RWKHU�$2%��0RUHRYHU��

�LV�XQDEOH�WR�WROHUDWH�!�����0�1+�2+�LQ�FRQWUDVW�WR�WROHUDQFH�RI������0�1+�2+�

E\� �DQG� ��.R]ORZVNL ������F���ZKLFK�PD\�UHODWH�WR�WKH�DEVHQFH�

RI� 1+�2+� LQ� WKH� PHGLXP� RI� �� DOWKRXJK� WKH� H[DFW� PHFKDQLVP� IRU� WKH� ORZ�

WROHUDQFH�RI�1+�2+�E\� �LV�VWLOO�QRW�FOHDU �1+��R[LGDWLRQ�E\� �1P���ZDV�

ORZHU�WKDQ�E\�WKH�RWKHU�WHVWHG�$2%�VWUDLQV��SRVVLEO\�H[SODLQLQJ�WKH�ODFN�RI�GHWHFWDEOH�1+�2+�

UHOHDVH���

$PRQJ� WKH� WKUHH�$2$�SXUH�FXOWXUHV��1+�2+�UHOHDVH�ZDV�GHWHFWHG� IURP� WKH� WKHUPDO� VSULQJ�

LVRODWH� �JURZLQJ�RQ���P0�LQLWLDO�1+�
���EXW�QRW�RQ�����P0�1+�

���7KH�SDWWHUQ�RI�

1+�2+�UHOHDVH�E\� GLIIHUHG�IURP�WKDW�RI�$2%��ZLWK�D�VPDOO�EXW�UDWKHU�FRQVWDQW�

LQFUHDVH� LQ� 1+�2+� GXULQJ� LQFXEDWLRQ� RQ� �� P0� 1+�
��� UHVXOWLQJ� LQ� D� ILQDO� 1+�2+�

FRQFHQWUDWLRQ� RI� ������0� LQ� WKH�PHGLXP� DIWHU� ��� K�� ,Q� FRQWUDVW��1+��R[LGDWLRQ� E\� WKH� VRLO�

$2$� �DQG� 1� VS��1G��ZDV�QRW�DVVRFLDWHG�ZLWK�WKH�GHWHFWDEOH�1+�2+�UHOHDVH�

�)LJ�� ������7KH�12�
��SURGXFWLRQ� UDWH� E\� WKH�$2$�HQULFKPHQW� � �a����P0�12�

��

SURGXFHG�ZLWKLQ�����K��ZDV�VLPLODU�DW�WKH�WZR�LQLWLDO�1+�
��FRQFHQWUDWLRQV��EXW�PRUH�1+�2+�

������ �0�� ZDV� REVHUYHG� DW� WKH� HQG� RI� WKH� LQFXEDWLRQ� DW� �� WKDQ� ���� P0� 1+�
�� LQLWLDO�

FRQFHQWUDWLRQ���



�

)LJXUH�����'\QDPLFV�RI�1+�
���UHG�VTXDUHV���12�

���\HOORZ�FLUFOHV���1+�2+��EOXH�WULDQJOHV��DQG�WRWDO�1�
�VXP�RI�12�

��DQG�1+�
���EODFN�GLDPRQGV��FRQFHQWUDWLRQV�LQ�WKH�EDWFK�H[SHULPHQWV�ZLWK�IRXU�DPPRQLD�

R[LGL]LQJ�DUFKDHD��1+�
���12�

��DQG� WRWDO�1�DUH�SORWWHG�XVLQJ� WKH� OHIW�\�D[LV��ZKLOH�1+�2+�LV�SORWWHG�
XVLQJ� WKH� ULJKW� \�D[LV�� 3OHDVH� QRWH� WKDW� WKH� OHIW� \�D[HV� DQG� WKH� [�D[HV�� UHVSHFWLYHO\�� DUH� QRW� DOZD\V�
VFDOHG�LGHQWLFDOO\�WR�LPSURYH�GDWD�SUHVHQWDWLRQ��7KH�YDOXHV�DUH�SUHVHQW�DV�PHDQ���VWDQGDUG�HUURU��6(���

�

1R� SXEOLVKHG� $2$� JHQRPHV� FRQWDLQV� DQ� REYLRXV� KRPRORJXH� RI� $2%�OLNH� +$2�� RU� RI�

F\WRFKURPHV�F����DQG�F0����WKDW�DUH�FRQVLGHUHG�FULWLFDO�IRU�HQHUJ\�FRQYHUVLRQ��:DONHU ��

������� LQLWLDOO\� FDVWLQJ� VRPH� GRXEW� RQ� WKH� UROH� RI� 1+�2+� DV� DQ� LQWHUPHGLDWH� LQ� 12�
��

IRUPDWLRQ� E\� $2$� �:DONHU �� ������� +RZHYHU�� 9DMUDOD� �� ������� UHSRUWHG� WKH�

SURGXFWLRQ�RI�1+�2+�LQ�WKH�PDULQH�$2$� �GXULQJ�1+��R[LGDWLRQ��)XUWKHUPRUH��

.R]ORZVNL� � �����D�� VKRZHG� WKDW� WKH� DGGLWLRQ� RI�1+�2+� WR� D� FXOWXUH� RI� �



UHVXOWHG� LQ� UHVSLUDWLRQ� DQG� 12�
�� IRUPDWLRQ� DQG� WKXV� WKH� PRVW� FXUUHQW� PRGHO� RI� $2$�

SK\VLRORJ\�SRVWXODWHV� D� \HW� XQGLVFRYHUHG� QRYHO� 1+�2+�FRQYHUWLQJ� HQ]\PH��7KH� GDWD� IURP�

WKH� HQULFKPHQW�FXOWXUH��WKDW�GRHV�QRW�FRQWDLQ�DQ\�NQRZQ�$2%��/HEHGHYD ��

�������FRQILUPV�WKH� �GDWD�LQ�VKRZLQJ�WKDW�VRPH�$2$�UHOHDVH�1+�2+��$OVR��LQ�D�

SUHOLPLQDU\�H[SHULPHQW�� �FRXOG�FRQYHUW�1+�2+�WR�12�
��ELRWLFDOO\��HVSHFLDOO\�DW�

ORZHU�1+�2+�OHYHOV��)LJ��6������6WLHJOPHLHU� ��������REVHUYHG�DHURELF�1�2�SURGXFWLRQ�

E\� � DQG� DWWULEXWHG� WKLV� WR� WKH� K\EULG� IRUPDWLRQ� RI� 1�2� YLD� DQ� 1�QLWURVDWLQJ�

UHDFWLRQ��.R]ORZVNL� ������D��ODWHU�UHSRUWHG�WKDW�1�2�IRUPDWLRQ�IURP� FRXOG�

EH� DWWULEXWHG� WR� DELRWLF� UHDFWLRQV� EHWZHHQ� 12� DQG� PHGLXP� VXEVWDQFHV� GXULQJ� JURZWK��

HVSHFLDOO\� XQGHU� DQR[LF� FRQGLWLRQV�� ,W� LV� WHPSWLQJ� WR� VSHFXODWH� WKDW� WKH� DHURELF� K\EULG�

IRUPDWLRQ� RI�1�2� LQ� � FRXOG� DOVR� VWHP� IURP� WKH�ZHOO�NQRZQ� FKHPLFDO� UHDFWLRQ�

EHWZHHQ� 1+�2+� DQG� 12�
��� +RZHYHU�� ZH� IDLOHG� WR� REVHUYH� 1+�2+� LQ� WKH� PHGLXP� RI�

��ZKLFK�FRXOG�UHIOHFW��L��ODFN�RI�1+�2+�UHOHDVH�E\�WKLV�FXOWXUH��LQGLFDWLQJ�WKDW�WKH�

FRXSOLQJ� EHWZHHQ�$02�DQG� WKH� DUFKDHDO�+$2�OLNH� HQ]\PH� LV�PRUH� HIILFLHQW� WKDQ� LQ� VRPH�

$2%��RU��LL��UDSLG�FKHPLFDO�1+�2+�FRQYHUVLRQ�LQ�WKH�PHGLXP��ZKLFK�FRXOG�RQO\�PDVN�VPDOO�

DPRXQWV�RI� UHOHDVHG�1+�2+��� DV� WKH�PHGLXP� UHVSRQVH�RI� �ZDV�GLIIHUHQW� IURP�

WKDW�RI� � LQ� WHUPV�RI� WKH�QLWURJHQRXV� JDV�SURGXFWLRQ� IURP�DELRWLF�1+�2+�GHFD\�

�)LJ��6������$OVR� IRU� 1� VS��1G���1+�2+�ZDV�QRW�GHWHFWDEOH��SRVVLEO\�GXH� WR� ORZ�1+��

R[LGDWLRQ�UDWHV���

7KH�FRPDPPR[�RUJDQLVP� R[LGL]HG 1+�
��WR�12�

���)LJ��������$IWHU����K�

RI� LQFXEDWLRQ��1�� LQRSLQDWD�SURGXFHG������P0�12�
��ZLWK���P0�LQLWLDO�1+�

��FRQFHQWUDWLRQ��

ZKLOH� LW�SURGXFHG������P0�12�
��ZKHQ� IHG�ZLWK�����P0�1+�

���7KH� UHOHDVH�RI� WKH�1+�2+�

LQWR� WKH� PHGLXP� E\� � ZDV� VLPLODU� IRU� ERWK� 1+�
�� OHYHOV�� EXW� XQOLNH� WKH� RWKHU�

FXOWXUHV��LQFUHDVLQJ�PDLQO\�DW�WKH�EHJLQQLQJ�RI�WKH�LQFXEDWLRQ��GHFUHDVLQJ�DQG�WKHQ�LQFUHDVLQJ�

DJDLQ� LQ� SDUDOOHO� ZLWK� LQFUHDVLQJ� 12�
�� FRQFHQWUDWLRQ� WR� UHDFK� ����� �0� DW� WKH� HQG� RI� WKH�

LQFXEDWLRQ� SHULRG��7KLV� GHFUHDVLQJ� DQG� LQFUHDVLQJ� WUHQG�ZDV� VLJQLILFDQW� � � �� ������� IRU� WKH�

FXOWXUH�JURZLQJ�RQ���P0�1+�
���&RQVLVWHQW�ZLWK�WKH�GHWHFWLRQ�RI�1+�2+��SUHYLRXV�JHQRPLF�

DQDO\VLV� KDG� VKRZQ� WKDW� � HQFRGHV� D� SUHGLFWHG� RFWDKHPH� F\WRFKURPH� F� SURWHLQ�

UHVHPEOLQJ�WKH�+$2�RI�$2%��DQG�DQ�$02�WKDW� LV�UHODWLYHO\�FORVHO\�UHODWHG�WR�WKH�$02�RI�

WKH�EHWDSURWHREDFWHULDO�$2%��'DLPV ��������� �ODFNV�FDQRQLFDO�12�UHGXFWDVHV�

EXW� HQFRGHV� HQ]\PHV� IRU� GLVVLPLODWRU\� QLWUDWH� UHGXFWLRQ� WR� DPPRQLD� �.LWV� � �������

:KHWKHU�WKH�ODWWHU�HQ]\PHV�DUH�DOVR�H[SUHVVHG�DQG�DFWLYH�XQGHU�DHURELF�FRQGLWLRQV�DQG�PLJKW�

FRQWULEXWH�WR�1�2�IRUPDWLRQ�KDV�QRW�\HW�EHHQ�LQYHVWLJDWHG��



�

)LJXUH�����'\QDPLFV�RI�1+�
���UHG�VTXDUHV���12�

���\HOORZ�FLUFOHV���1+�2+��EOXH�WULDQJOHV��DQG�WRWDO�1�
�VXP� RI� 12�

�� DQG� 1+�
��� EODFN� GLDPRQGV�� FRQFHQWUDWLRQV� GXULQJ� WKH� LQFXEDWLRQ� RI� WKH� FRPDPPR[�

RUJDQLVP� �� 1+�
��� 12�

�� DQG� WRWDO� 1� DUH� SORWWHG� XVLQJ� WKH� OHIW� \�D[LV�� ZKLOH� 1+�2+� LV�
SORWWHG�XVLQJ�WKH�ULJKW�\�D[LV��7KH�YDOXHV�DUH�SUHVHQW�DV�PHDQ���VWDQGDUG�HUURU��6(����

�

������1+�2+�DELRWLF�GHFD\�DQG�1+�2+�ILQDO�SURGXFW�UDWLRV�GXULQJ�1+��R[LGDWLRQ�

7R�EHWWHU�XQGHUVWDQG� WKH�SUHVHQFH�RI�H[WUDFHOOXODU�1+�2+�GXULQJ�DPPRQLD�R[LGDWLRQ�RI� WKH�

WHVWHG�RUJDQLVPV��D�VHULHV�RI�1+�2+�DELRWLF�GHFD\�H[SHULPHQWV�ZHUH�FRQGXFWHG�ZLWK�GLIIHUHQW�

PHGLD�� LQFXEDWLRQ� WHPSHUDWXUHV� DQG� 12�
�� FRQFHQWUDWLRQV� �)LJ�� ������ $OO� WKUHH� IDFWRUV�� L�H���

PHGLXP�W\SH�� WHPSHUDWXUH��DQG�12�
��FRQFHQWUDWLRQ��KDG�VWURQJ�HIIHFWV�RQ� WKH�UDWH�RI�DELRWLF�

1+�2+�GHFD\��7KH�GHFD\�UDWH�ZDV�IDVWHU�LQ�&D&2��WKDQ�LQ�+(3(6�EXIIHUHG�PHGLD������WR�����

�0�1+�2+�GHFD\HG�DELRWLFDOO\�DW����&�ZLWKLQ�a��K�DQG�a���K� LQ� WKH�&D&2��DQG�+(3(6�

EXIIHUHG�PHGLD��UHVSHFWLYHO\��&RQVHTXHQWO\��WKH�ILUVW�RUGHU�UDWH�FRQVWDQWV�IRU�DELRWLF�1+�2+�

GHFD\�ZHUH�PXFK�KLJKHU� LQ� WKH�&D&2�� WKDQ� LQ� WKH�+(3(6�EXIIHUHG�PHGLD��ZLWK�DQ�DYHUDJH�

YDOXH� DSSUR[LPDWHO\� IRXUIROG� ODUJHU� LQ� WKH� IRUPHU� ������ � ������ �7DEOH� 6������ 7KH�

WHPSHUDWXUH�LQFUHDVHG�WKH�UDWH�RI�DELRWLF�1+�2+�GHFD\��ZLWK�D�VLQJOH�H[FHSWLRQ��7DEOH�6������

7KH�GHFD\�WLPH�DW����&��a��K��ZDV�KDOI�WKDW�DW����&��a��K��IRU�WKH�&D&2��PHGLXP��DQG�WKH�

DYHUDJH�ILUVW�RUGHU�UDWH�FRQVWDQW�ZDV�a����JUHDWHU�DW����&��������WKDQ�DW����&���������12�
���

KRZHYHU�� XQH[SHFWHGO\� LQKLELWHG� DELRWLF� 1+�2+� GHFD\� LQ� ERWK� PHGLD� WHVWHG� �)LJXUH� �����

7DEOH�6������DOWKRXJK�12�
�� LV�NQRZQ�WR�R[LGL]H�1+�2+�WR�1�2��DOEHLW�SUHIHUHQWLDOO\�DW� ORZ�

S+� �H�J��� +HLO� � ������� 7KLV� VWDELOL]LQJ� HIIHFW� RI� 12�
�� ZDV� SDUWLFXODUO\� SURQRXQFHG� DW�

KLJKHU�WHPSHUDWXUHV�IRU�WKH�&D&2��PHGLXP��ZKHUH�WKH�ILUVW�RUGHU�UDWH�FRQVWDQW�GHFUHDVHG�E\�

����IRU���P0�12�
��DW����&�FRPSDUHG�WR�WKH�DEVHQFH�RI�12�

���7R�H[FOXGH�WKH�SRVVLELOLW\�RI�

DELRWLF�FRQYHUVLRQ�RI�12�
�� WR�1+�2+�E\�FRPSRQHQWV�RI�WKH�PHGLXP��DQ�DGGLWLRQDO�WHVW�ZDV�

FRQGXFWHG�XVLQJ�WKH�PRUH�DFWLYH�&D&2��EXIIHUHG�PHGLXP��FRPSDUHG�WR�WKH�+(3(6�EXIIHUHG�

PHGLXP��DW� WKH�KLJKHVW�FXOWXUH�LQFXEDWLRQ�WHPSHUDWXUH��EXW�QR�DELRWLF�FRQYHUVLRQ�RI�12�
�� WR�



1+�2+�RFFXUUHG��GDWD�QRW�VKRZQ���$Q�DGGLWLRQDO���1�12�
��H[SHULPHQW�VKRZHG�WKDW�12�

��GLG�

QRW�LQWHUIHUH�ZLWK�WKH�1+�2+�DQDO\VLV��7DEOH�6������8QGHU�DONDOLQH�FRQGLWLRQV��RQH�SURGXFW�RI�

1+�2+� DELRWLF� GHFD\� LV� 12�
�� �%XWOHU� 	�*RUGRQ�� ������� ZKLFK� KDV� EHHQ� DOVR� REVHUYHG� LQ�

DELRWLF�1+�2+�GHFD\�H[SHULPHQWV�LQ�WKH�&D&2��EXIIHUHG�PHGLXP�LQ�WKLV�VWXG\��)LJ��6������,Q�

DGGLWLRQ� WR�12�
��DQG�1�2��QLWURJHQ�GLR[LGH��12����EXW�DOPRVW�QR�12��ZDV�REVHUYHG�GXULQJ�

WKH�1+�2+�DELRWLF�GHFD\� �)LJ��6������7KH�SUHVHQFH�RI�12��PD\�H[SODLQ� WKH�REVHUYDWLRQ�RI�

DELRWLF�1+�2+�WR�12�
��FRQYHUVLRQ�DV�12��LV�KLJKO\�UHDFWLYH�DQG�FDQ�K\GURO\]H�WR�QLWULF�DFLG�

�+12��� DQG� QLWURXV� DFLG� �+12��� LQ� DTXHRXV� VROXWLRQ�� &RQVHTXHQWO\�� 12�
��� 1�2�� DQG�12��

FRPSULVHG� DSSUR[LPDWHO\� ������� ����� DQG� ������� UHVSHFWLYHO\�� RI� WKH� DELRWLFDOO\� GHFD\HG�

1+�2+�LQ�WKH�&D&2��EXIIHUHG�PHGLXP��)LJ��6�����6������7KHUHIRUH��D�SRVVLEOH�UHDVRQ�IRU�WKH�

LQKLELWRU\�HIIHFWV�RI�12�
��RQ�DELRWLF�1+�2+�GHFD\�FRXOG�EH�WKDW�WKH�SUHVHQFH�RI�12�

��VORZHG�

GRZQ�WKH�WUDQVIRUPDWLRQ�RI�1+�2+�WR�12�
��E\�LQKLELWLQJ�WKH�GLVSURSRUWLRQDWLRQ�RI�12���RQH�

RI�WKH�SULPDU\�GHFD\�SURGXFWV�RI�1+�2+��WR�+12��DQG�+12����

�

)LJXUH� ����$ELRWLF� GHFD\� RI�1+�2+� LQ� WKH� DEVHQFH� �KROORZ�� RU� SUHVHQFH� �VROLG�� RI� ��P0�12�
�� LQ�

+(3(6�EXIIHUHG� DQG� &D&2��EXIIHUHG� PHGLD� DW� GLIIHUHQW� LQFXEDWLRQ� WHPSHUDWXUHV�� 7KH� 1+�2+�
FRQFHQWUDWLRQV�ZHUH������VTXDUH������FLUFOH��������WULDQJOH���DQG����GLDPRQG���0��0HDQ�YDOXHV�RI�WKUHH�
UHSOLFDWHV�DUH�SUHVHQWHG��7KH�UHODWLYH�VWDQGDUG�GHYLDWLRQ��56'��RI�DOO�GDWD�LV�VPDOOHU�WKDQ������3OHDVH�
QRWH�WKDW�WKH�[�D[HV�DUH�QRW�DOZD\V�VFDOHG�LGHQWLFDOO\�WR�LPSURYH�GDWD�SUHVHQWDWLRQ��

�



7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�DELRWLF�1+�2+�GHFD\�ZDV�DV�H[SHFWHG��DV�1+�2+�LV�H[WUHPHO\�

XQVWDEOH�DQG�UHDFWLYH��HVSHFLDOO\�DW�KLJKHU�WHPSHUDWXUHV� �%XWOHU�	�*RUGRQ���������7KH�H[DFW�

UHDVRQ� IRU� WKH� GLIIHUHQFH� RI� DELRWLF� 1+�2+� GHFD\� EHWZHHQ� WKH� WZR� PHGLD� �+(3(6�� DQG�

&D&2��EXIIHUHG�� LV� QRW�REYLRXV��7KH�PHGLD� GLIIHU�PDLQO\� LQ� WHUPV� RI� S+�� WKH� FRPSRVLWLRQ��

DQG�FRQFHQWUDWLRQV�RI�WKH�WUDFH�PHWDOV�DQG�WKH�EXIIHU��+(3(6�YV��&D&2����%RWK�S+�DQG�UHGR[�

DFWLYH� WUDFH�PHWDOV� DUH� NQRZQ� WR� KDYH� D� VWURQJ� HIIHFW� RQ� DELRWLF�1+�2+�GHFD\��$FLGLF� S+�

VWDELOL]HV�1+�2+�LQ�WKH�DEVHQFH�RI�UHGR[�DFWLYH�WUDFH�PHWDOV��ZKLOH�WUDFH�PHWDOV�VXFK�DV�&X����

)H��� DQG�0Q��� FDQ� VWLPXODWH� 1+�2+� GHFRPSRVLWLRQ� �%XWOHU� 	� *RUGRQ�� ������� 7KHUHIRUH��

KLJKHU�S+�DQG�WKH�SUHVHQFH�RI�WUDFH�PHWDOV�FRXOG�OHDG�WR�JUHDWHU�DELRWLF�1+�2+�GHFD\�LQ�WKH�

&D&2��EXIIHUHG�PHGLXP�WKDQ�LQ�+(3(6�EXIIHUHG�PHGLXP���

)LUVW�RUGHU�NLQHWLF� UDWH�FRQVWDQWV�DQG�(TXDWLRQ�����ZHUH�XVHG� WR�HVWLPDWH�ERWK� LQVWDQWDQHRXV�

DQG� WRWDO� 1+�2+�ILQDO� SURGXFW� UDWLRV� GXULQJ� 1+�� R[LGDWLRQ� E\� WKRVH� FXOWXUHV� SURGXFLQJ�

UHODWLYHO\�KLJK�1+�2+�FRQFHQWUDWLRQV��L�H�� �� �� �DQG�

��)LJ��6����DQG�7DEOH�������)RU�WKH�WKUHH�SXUH�FXOWXUHV�� �� �

DQG� ��� LQVWDQWDQHRXV�1+�2+�ILQDO�SURGXFW� UDWLRV�ZHUH� LQ� WKH� UDQJH����� WR������

GXULQJ� HDUO\� SKDVHV� RI� WKH� LQFXEDWLRQ� H[SHULPHQWV�� EXW� VHYHUDO�IROG� KLJKHU� DV� WKH� VXEVWUDWH�

1+�
��ZDV�QHDUO\�FRQVXPHG��H�J���DV�KLJK�DV�DERXW����IRU� �)LJ��6������)RU�WKH�

FRPDPPR[� RUJDQLVP� �� LQVWDQWDQHRXV� 1+�2+�ILQDO� SURGXFW� UDWLRV� ZHUH� LQ� WKH�

UDQJH�����WR������DQG�����WR������DW�����DQG���P0�LQLWLDO�1+�
��FRQFHQWUDWLRQ��UHVSHFWLYHO\��

DOVR�ZLWK�KLJKHU�YDOXHV�DW�WKH�HQG�RI�LQFXEDWLRQ��)LJ��6������*HQHUDOO\�� �KDG�WKH�

ODUJHVW�WRWDO�1+�2+�ILQDO�SURGXFW�UDWLR�RI�DOO�FXOWXUHV�WHVWHG��ZLWK�UDWLRV�RI�������DQG�������

DIWHU�LQFXEDWLRQ�IRU����K�DW�����DQG���P0�LQLWLDO�1+�
��FRQFHQWUDWLRQ��UHVSHFWLYHO\��7DEOH�������

,Q� FRQWUDVW�� � KDG� D� WRWDO� 1+�2+�12�
�� UDWLR� RI� ������ DW� �� P0� LQLWLDO� 1+�

��

FRQFHQWUDWLRQ� DIWHU� ��� K�� ZKHUHDV� � DQG� � KDG� WRWDO� 1+�2+�ILQDO�

SURGXFW� UDWLRV� RI� ����������� DQG� ������������ UHVSHFWLYHO\�� GHSHQGLQJ� RQ� WKH� LQLWLDO� 1+�
��

FRQFHQWUDWLRQ��

� �



7DEOH�����7RWDO�1+�2+�ILQDO�SURGXFW��12�
��RU�12�

���UDWLRV�IRU�GLIIHUHQW�DPPRQLD�R[LGL]HUV����)RU�
� �D� FRPDPPR[� RUJDQLVP��� 12�

�� LV� WKH� ILQDO� SURGXFW� RI� 1+�� R[LGDWLRQ�� �� 7KH� 1+�2+�
FRQFHQWUDWLRQ�KHUH�LV�WKH�WRWDO�H[WUDFHOOXODU�1+�2+�LQFOXGLQJ�WKH�FDOFXODWHG�FRQFHQWUDWLRQ�RI�1+�2+�
WKDW�ZDV�DELRWLFDOO\�FRQYHUWHG�GXULQJ�LQFXEDWLRQ��

&XOWXUHV� ,QLWLDO�1+�
��

FRQFHQWUDWLRQ�
�P0��

)LQDO�12�
��RU�12�

���
FRQFHQWUDWLRQ�

��0��

1+�2+��
FRQFHQWUDWLRQ�

��0��

1+�2+�ILQDO�
SURGXFW�UDWLR�����

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

�

������(VWLPDWLQJ�WKH�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�GXULQJ�1+��R[LGDWLRQ�XQGHU�

DPELHQW�DLU�FRQGLWLRQV�

)RU�DQ�LQIRUPHG�HVWLPDWH�RI�WKH�IUDFWLRQ�RI�1+�
��WKDW�ZDV�FRQYHUWHG�WR�1�2�E\�WKH�GLIIHUHQW�

DPPRQLD�R[LGL]HUV�XQGHU�DPELHQW�DLU�LQFXEDWLRQ�FRQGLWLRQV�RYHU�WKH�ZKROH�LQFXEDWLRQ�SHULRG��

LW� LV� HVVHQWLDO� WR� FRQVLGHU� DELRWLF�1�2�SURGXFWLRQ� IURP� GLIIHUHQW�1+�2+� FRQFHQWUDWLRQV�� DW�

GLIIHUHQW�LQFXEDWLRQ�WHPSHUDWXUHV��DQG�DW�GLIIHUHQW�FRQFHQWUDWLRQV�RI�12�
���,Q�WKH�HQYLURQPHQW��

DGGLWLRQDO� IDFWRUV� VXFK� DV� RUJDQLF�PDWWHU� FRQWHQW�� S+�� DQG� FRQWHQW� RI� VXLWDEOH� R[LGDQWV� OLNH�

0Q2�� DQG�)H���ZLOO� DOVR�DIIHFW� WKH�FKHPLFDO�1�2�FRQYHUVLRQ� UDWLR� IURP�1+�2+��%UHPQHU��

������ /LX �� ������� 7KH� DELRWLF� 1�2�1+�2+� FRQYHUVLRQ� UDWLR� ZDV� ������� IRU� WKH�

+(3(6�EXIIHUHG�PHGLXP�DW����&�LQ�WKH�DEVHQFH�RI�12�
���DQG�EHWZHHQ�����DQG�����IRU�WKH�

VDPH� PHGLXP� ZLWK� �� DQG� �� P0� 12�
��� UHVSHFWLYHO\� �7DEOH� ������ 7KH� UDWLR� LQ� WKH� &D&2��

EXIIHUHG�PHGLXP�DW����&�ZDV�ODUJHU��ZLWK�YDOXHV�RI���������������������DQG������������DW�

�����DQG���P0�12�
���UHVSHFWLYHO\��IRU�WKH�1+�2+�UDQJH�IURP�����WR������0��7KH�FRQWULEXWLRQ�

RI�12�
�� WR�1�2�SURGXFWLRQ� LQYROYLQJ�1+�2+�ZDV� HYHQ� ODUJHU� DW� D�KLJKHU� WHPSHUDWXUH�� H�J��

���&��7DEOH�������7KH�VWLPXODWHG�FRQYHUVLRQ�RI�1+�2+�WR�1�2�E\�12�
�� LV�OLNHO\�FDXVHG�E\�

WKH�K\EULG�UHDFWLRQ�RI�12�
��DQG�1+�2+��+RZHYHU��DQRWKHU�PHFKDQLVP�FRXOG�EH�LQKLELWLRQ�RI�

1+�2+�FRQYHUVLRQ�WR�12��12�
��E\�12�

���WKHUHE\�FKDQQHOLQJ�1+�2+�WR�1�2�LQGLUHFWO\�YLD�

RWKHU�PHFKDQLVPV��

�

�



7DEOH�����)UDFWLRQ�����RI�1�2�DELRWLFDOO\�SURGXFHG�IURP�WKH�DGGHG�1+�2+�LQ�WKH�GLIIHUHQW�PHGLD�DW�
YDULRXV�OHYHOV�RI�1+�2+���������DQG������0��DQG�12�

��������DQG���P0���

� ��P0�12�
�� ��P0�12�

�� ��P0�12�
��

1+�2+���0�� ���� �� ���� ���� �� ���� ���� �� ����
+(3(6�����&�� ����� ����� ����� ����� ����� ����� ����� ����� �����
&D&2������&�� ����� ����� ����� ����� ����� ����� ����� ����� �����
&D&2������&�� ���� ���� ���� ����� ����� ����� � � �
&D&2������&�� ���� ���� ����� ����� ����� ����� ����� ����� �����

�

7KH�WRWDO�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�WKURXJK�H[WUDFHOOXODU�1+�2+�DQG�VXEVWDQFHV�LQ�

WKH�PHGLXP�RYHU�WKH�ZKROH�LQFXEDWLRQ�SHULRG�ZDV�WKHQ�FDOFXODWHG�DFFRUGLQJ�WR�(TXDWLRQ�����

�7DEOH�������7KH�WRWDO�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�E\�WKLV�PHFKDQLVP�ZDV�������DQG�

������ IRU� � LQFXEDWHG� DW� ���� DQG� �� P0� LQLWLDO� 1+�
��� UHVSHFWLYHO\�� ZKLFK� LV�

FRQVLVWHQW�ZLWK�WKDW�HPLWWHG�DV�1�2�������������GXULQJ�DHURELF�LQFXEDWLRQ�RI�D� �

VWUDLQ��-LDQJ�	�%DNNHQ��������6KDZ ���������7KH�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�E\�

�ZDV�ORZHU�WKDQ�WKDW�RI� ��EXW�VWLOO�FRQVLVWHQW�ZLWK�WKDW�FRQYHUWHG�WR�

1�2�E\� �UHSRUWHG�E\�RWKHU�VWXGLHV��H�J���������������5HPGH�	�&RQUDG��������DQG�

����������� �+\QHV� 	� .QRZOHV�� ������� 'XQGHH� 	� +RSNLQV� ������� DOVR� UHSRUWHG� WKDW�

� SURGXFHG� PRUH� 1�2� WKDQ� � DW� JUHDWHU� GLVVROYHG� 2�� FRQFHQWUDWLRQV��

ZKLOH� � SURGXFHG� PXFK� PRUH� 1�2� GXULQJ� QLWULILHU�GHQLWULILFDWLRQ� WKDQ�

��ZKLFK�LV�FRQVLVWHQW�ZLWK�RXU�ILQGLQJ�WKDW�WKH�IUDFWLRQ�RI�1+�
��FRQYHUWHG�WR�1�2�

ZDV�ODUJHU�IRU� �WKDQ�IRU� �XQGHU�DPELHQW�DLU�FRQGLWLRQV��

7DEOH� ���� (VWLPDWHG� IUDFWLRQ� RI� 1+�
�� FRQYHUWHG� WR� 1�2� IURP� WKH� DELRWLF� UHDFWLRQV� EHWZHHQ� WKH�

ELRORJLFDOO\� SURGXFHG� H[WUDFHOOXODU� 1+�2+� DQG� VXEVWDQFHV� LQ� WKH� PHGLXP� IRU� GLIIHUHQW� DPPRQLD�
R[LGL]HUV��

&XOWXUHV� ,QLWLDO�1+�
��

FRQFHQWUDWLRQ�
��0��

(VWLPDWHG�
IUDFWLRQ�RI�1+�

��
FRQYHUWHG�WR�1�2�

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

�





RYHUDOO�1+�2+�DELRWLF�GHFD\�IXUWKHU�VWLPXODWLQJ�WKH�FRQYHUVLRQ�RI�1+�2+�WR�1�2��,Q�YLHZ�

RI�WKH�QHZ�UHVXOWV�SUHVHQWHG�KHUH�DQG�LQ�UHFHQW�VWXGLHV�� �6WLHJOPHLHU ��������+HLO ��

������ .R]ORZVNL �� ����D�� /LX �� ����D�E�� 7HUDGD �� ������� LW� LV� WHPSWLQJ� WR�

VSHFXODWH�WKDW�DW�OHDVW�IRU�VRPH�VWUDLQV�H[WUDFHOOXODU�1+�2+�PLJKW�FRQWULEXWH�VLJQLILFDQWO\�WR�

DHURELF�DPPRQLD�R[LGL]HU�DVVRFLDWHG�1�2�IRUPDWLRQ��DV�LQGLFDWHG�LQ�WKH�JUD\�DUHD�LQ�)LJ��������

,Q�RWKHUV��H�J�� QR�H[WUDFHOOXODU�1+�2+�ZDV�REVHUYHG�GXULQJ�1+��R[LGDWLRQ�EXW�

DHURELF�1�2�SURGXFWLRQ� KDV� EHHQ� UHSRUWHG� �6WLHJOPHLHU �� ������� LQGLFDWLQJ� D� GLIIHUHQW�

PHFKDQLVP�� H�J�� WKH� DELRWLF� UHDFWLRQV� EHWZHHQ� LQWUDFHOOXODU� 1+�2+� DQG� SHULSODVPLF�

VXEVWDQFHV���



Chapter 3    

A highly sensitive method for the 

determination of hydroxylamine in soils 
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%DVHG�RQ��

/LX��6���9HUHHFNHQ��+��DQG�%U�JJHPDQQ��1����������$�KLJKO\�VHQVLWLYH�PHWKRG�IRU�WKH�

GHWHUPLQDWLRQ�RI�K\GUR[\ODPLQH�LQ�VRLOV�� �������������������� �



����,QWURGXFWLRQ�

+\GUR[\ODPLQH� LV� D� VKRUW�OLYHG�DQG� UHDFWLYH� LQWHUPHGLDWH� LQ� WKH�QDWXUDO� QLWURJHQ� F\FOH�� ,W� LV�

IRUPHG�GXULQJ�PLFURELDO�QLWULILFDWLRQ��ZKHUH�1+�
��LV�R[LGL]HG�YLD�1+�2+�WR�12�

��DQG�12�
��

�/HHV�� ������� 1+�2+� DSSHDUV� SDUWLFXODUO\� LQWHUHVWLQJ� DV� LW� LV� QRW� RQO\� DQ� HVVHQWLDO�

LQWHUPHGLDWH�RI�QLWULILFDWLRQ��EXW�DOVR�D�SRWHQWLDO�SDUWLFLSDQW�LQ�VRLO�1�2�IRUPDWLRQ��5LWFKLH�	�

1LFKRODV��������%UHPQHU ��������6FKUHLEHU ����������

&HUWDLQ� QLWULILHUV�� H�J�� � DQG� � FDQ� SURGXFH� 1�2�

GXULQJ� WKH� R[LGDWLRQ� RI� 1+�� DQG� 1+�2+� �5LWFKLH� 	� 1LFKRODV�� ������ 2WWH �� �������

1+�2+� FDQ� DOVR� UHDFW� ZLWK� 12�
�� GXULQJ� GHQLWULILFDWLRQ� DQG� SURGXFH� K\EULG� 1�2� LQ�

GHQLWULILHUV��H�J�� �6SRWW�	�6WDQJH���������)XUWKHUPRUH��ODUJH�1�2�HPLVVLRQV�

IURP�VWHULOL]HG�VRLO�ZHUH�REVHUYHG�DIWHU�1+�2+�DGGLWLRQ�� LQGLFDWLQJ� WKDW�FKHPLFDO� UHDFWLRQV�

EHWZHHQ�1+�2+�DQG�RWKHU�VRLO�FRQVWLWXHQWV�PD\�DOVR�SOD\�D�FUXFLDO� UROH� LQ�1�2�SURGXFWLRQ�

�%UHPQHU ���������,Q�JHQHUDO��WKHUH�DUH�WKUHH�FKHPLFDO�ZD\V�RI�1+�2+�R[LGDWLRQ�WR�1�2���

�L� WKH�R[LGDWLRQ�RI�1+�2+�E\�2����

��1+�2+���2��ĺ�1�2�����+�2�� � � ������ �%RQQHU ���������

�LL� WKH�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�12�
����

1+�2+���12�
��ĺ�1�2���+�2���2+��� � ������ �$UQROG���������

�LLL� WKH�UHDFWLRQV�EHWZHHQ�1+�2+�DQG�PHWDO�LRQV�RU�PHWDO�R[LGHV��

��)H�������1+�2+�ĺ���)H�����1�2���+�2�����+�� ������

��0Q2������1+�2+�ĺ���0Q2���1�2�����+�2�� ������ �%XWOHU� 	� *RUGRQ�� ������

%UHPQHU����������

0HWKRGV�IRU�1+�2+�GHWHUPLQDWLRQ�KDYH�EHHQ�GHYHORSHG�VLQFH�WKH�����V��'LDV ���������

+RZHYHU�� QRQH� RI� WKHVH� PHWKRGV� KDYH� EHHQ� ZLGHO\� DFFHSWHG� SDUWO\� GXH� WR� WKH� LQHYLWDEOH�

GLVDGYDQWDJHV� �'LDV �� ������� $Q� DOWHUQDWLYH� DSSURDFK�� ZKLFK� LQYROYHV� R[LGDWLRQ� RI�

1+�2+�WR�1�2�E\�)H���DQG�WKH�VXEVHTXHQW�PHDVXUHPHQW�RI�1�2�E\�*&�ZLWK�*&�(&'��ZDV�

IRUPHUO\�GHYHORSHG�IRU�WKH�GHWHUPLQDWLRQ�RI�1+�2+�LQ�VHDZDWHU��YRQ�%UH\PDQQ ��������

%XWOHU�	�*RUGRQ���������&RPSDUHG�WR�WKH�IRUPHU�PHWKRGV��WKLV�DOWHUQDWLYH�DSSURDFK�LV�PXFK�

PRUH� VHQVLWLYH� DQG� FDQ� GHWHFW� 1+�2+� LQ�ZDWHU� DW� FRQFHQWUDWLRQV� DV� ORZ� DV� �� Q0�� WKHUHE\�

H[FHHGLQJ�WKH�VHQVLWLYLW\�RI�WKH�VSHFWURSKRWRPHWULF�PHWKRGV�E\�DW�OHDVW�DQ�RUGHU�RI�PDJQLWXGH�



�YRQ�%UH\PDQQ ��������%XWOHU�	�*RUGRQ���������8QWLO�QRZ�� WKLV�*&�PHWKRG�KDV�EHHQ�

VXFFHVVIXOO\� XVHG� IRU� WKH� GHWHUPLQDWLRQ� RI� 1+�2+� LQ� PDULQH� DQG� SKDUPDFHXWLFDO� DTXHRXV�

VDPSOHV��*X]RZVNL�-U ��������6FKZHLJHU ��������.RFN�	�%DQJH���������'XH�WR�LWV�

KLJK�VHQVLWLYLW\�� LW�DSSHDUHG�WR�EH�D�YHU\�SURPLVLQJ�DSSURDFK�IRU�WKH�GHWHFWLRQ�RI�1+�2+�LQ�

VRLOV��

,Q�FRQWUDVW�WR�ZDWHU�VDPSOHV��VRLO�LV�D�PXFK�PRUH�FRPSOH[�PDWUL[��FRQWDLQLQJ�SRWHQWLDOO\�ODUJH�

DPRXQWV� RI� RUJDQLF� PDWWHU�� PHWDO� LRQV� DQG�� RFFDVLRQDOO\�� 12�
��� ZKLFK� FRXOG� LQWHUIHUH� ZLWK�

1+�2+�GHWHFWLRQ��$V�1+�2+�LV�KLJKO\�UHDFWLYH��IDVW�H[WUDFWLRQ�RI�VRLO�1+�2+�LV�FUXFLDO�IRU�

UHOLDEOH� TXDQWLILFDWLRQ� RI� 1+�2+� FRQFHQWUDWLRQV� LQ� VRLOV�� 'LIIHUHQW� H[WUDFWLRQ� FRQGLWLRQV� ±�

VXFK� DV� WHPSHUDWXUH�� S+�� H[WUDFWLRQ� PHWKRG� DQG� WLPH� ±� PD\� DIIHFW� WKH� GHWHUPLQDWLRQ� RI�

1+�2+�FRQFHQWUDWLRQV���

$V�QR�VXFFHVVIXO�DWWHPSW�WR�H[WUDFW�1+�2+�IURP�QDWXUDO�VRLO�VDPSOHV�KDV�EHHQ�UHSRUWHG�XQWLO�

QRZ��WKH�ILUVW�DLP�RI�WKH�VWXG\�ZDV�WR�WHVW�GLIIHUHQW�PHWKRGV�IRU�1+�2+�H[WUDFWLRQ�IURP�VRLOV�

DQG�LGHQWLI\�WKH�PRVW�VXLWDEOH�FRQGLWLRQV�IRU�KLJKHVW�1+�2+�UHFRYHU\�IURP�WKH�VRLO�VDPSOHV��

$QRWKHU�FKDOOHQJH�ZDV�WR�PLQLPL]H�WKH�SRWHQWLDO�LQWHUIHUHQFH�RI�VRLO�12�
��ZLWK�1�2�IRUPDWLRQ�

IURP�1+�2+�R[LGDWLRQ�� DV�12�
�� FDQ� DUWLILFLDOO\� LQFUHDVH�1�2� IRUPDWLRQ� GXH� WR� LWV� UHDFWLRQ�

ZLWK�1+�2+�E\�FRQWULEXWLQJ�RQH�RI� WKH� WZR�QLWURJHQ�DWRPV�RI�1�2��.RFN�	�%DQJH��������

UHSRUWHG�WKDW�DOUHDG\����0�12�
��FRXOG�VLJQLILFDQWO\�ELDV�1+�2+�DQDO\VLV� LQ�ZDWHU�VDPSOHV��

EXW� WKLV� ELDV� FRXOG� EH� HOLPLQDWHG� E\� WKH� XVH� RI� ���� ȝ0� VXOIDQLODPLGH� �6$���7KHUHIRUH�� WKH�

VHFRQG�DLP�RI�WKLV�VWXG\�ZDV�WR�H[SORUH�WKH�HIIHFW�RI�12�
��DW�FRQFHQWUDWLRQV�DV�KLJK�DV������0�

RQ�1+�2+�GHWHFWLRQ� YLD�1�2�� DV�ZHOO� DV� WR� LGHQWLI\� WKH�6$�FRQFHQWUDWLRQ� VXIILFLHQW� IRU� LWV�

HOLPLQDWLRQ��0RWLYDWHG�E\�WKH�K\SRWKHVLV�WKDW�WKHUH�PLJKW�EH�D�FORVH�OLQN�EHWZHHQ�VRLO�1+�2+�

FRQFHQWUDWLRQV�DQG�1�2�IRUPDWLRQ�LQ�VRLOV�XQGHU�DHURELF�FRQGLWLRQV��WKH�WKLUG�DLP�RI�WKLV�VWXG\�

ZDV�WR�DSSO\�WKH�QHZ�PHWKRG�WR�QDWXUDO�VRLO�VDPSOHV�DQG�FRPSDUH�WKHLU�1+�2+�FRQWHQW�ZLWK�

WKHLU�1�2�HPLVVLRQ�UDWHV��

�

����0DWHULDOV�DQG�PHWKRGV�

������6RLOV�

6RLO�VDPSOHV�ZHUH�FROOHFWHG�DW����ORFDWLRQV�LQ�D�1RUZD\�VSUXFH�IRUHVW�VLWH��:�VWHEDFK��������ƍ�

��Ǝ�1�� ��� ��ƍ� ��Ǝ� (�� LQ� WKH� (LIHO� 1DWLRQDO� 3DUN�� *HUPDQ\�ZKLFK� LV� SDUW� RI� WKH� 7HUUHVWULDO�



(QYLURQPHQWDO� 2EVHUYDWRULHV� �7(5(12�� LQLWLDWLYH� �=DFKDULDV �� ������ %RJHQD ��

������� $W� HDFK� VDPSOLQJ� SRLQW�� VDPSOHV� RI� RUJDQLF� �2�� DQG� PLQHUDO� �$�� KRUL]RQV� ZHUH�

FROOHFWHG�EHWZHHQ�-XQH����DQG�����������6RLO�RI�RQH�RI�WKH�VDPSOLQJ�SRLQWV�ZDV�FKRVHQ�IRU�WKH�

GHYHORSPHQW�RI�VRLO�1+�2+�DQDO\VLV��$W�WKLV�SRLQW��OLWWHU�OD\HU��/��RI�1RUZD\�VSUXFH�ZDV�DOVR�

FROOHFWHG��/LWWHU�ZDV�FXW�ZLWK�VFLVVRUV��DQG�DOO�VDPSOHV�ZHUH�SDVVHG�WKURXJK�D���PP�VLHYH��7KH�

VDPSOHV�RI�WKH�FKRVHQ�SRLQW�ZHUH�SXW�LQ�RSHQ�SODVWLF�EDJV�DQG�VWRUHG�LQ�D�UHIULJHUDWRU�����&��

XQWLO� WKH�EHJLQQLQJ�RI� WKH�H[SHULPHQWV��7KH�RWKHU� VRLO� VDPSOHV�ZHUH�VWRUHG� LQ�FORVHG�SODVWLF�

EDJV�LQ�D�IUHH]HU�DW�±���&�XQWLO�DQDO\VLV�ZLWK�WKH�ILQDO�PHWKRG��%HIRUH�DQDO\VLV��WKH�IUR]HQ�VRLO�

VDPSOHV� ZHUH� WDNHQ� RXW� RI� WKH� IUHH]HU�� RSHQHG� DQG� NHSW� DW� URRP� WHPSHUDWXUH� ���� ��� �&��

DSSOLHG�IRU�WKH�ZKROH�SDSHU��IRU���G�IRU�UHDFWLYDWLRQ�RI�PLFURELDO�DFWLYLW\��6RLO�VDPSOHV�ZHUH�

SDVVHG�WKURXJK���PP�VLHYH�GXULQJ�WKH�UHDFWLYDWLRQ�SHULRG��7KH�EDVLF�SURSHUWLHV�RI�WKH�VRLO�DQG�

OLWWHU�VDPSOHV�DUH�VKRZQ�LQ�7DEOH������

7DEOH�����&KDUDFWHULVWLFV�RI�WKH�VRLO�XVHG�LQ�WKH�H[SHULPHQWV�RI�WKLV�VWXG\��Q� ������VG���

�
6DPSOHV�

&�
����

1�
����

)H
�
�����������������

0Q
�
����

&D
�
����

.
�
����

0J
�
����

S+�

/LWWHU� ��������� ���������� ����� ������ ����� ����� ����� ����������

2K� ��������� ���������� ����� ������ ����� ����� ����� ����������

$K� ��������� ����������� ����� ������ ����� ����� ����� ����������

�7KH�UHODWLYH�HUURU�ZDV����IRU�YDOXHV�!��������IRU�YDOXHV��������DQG�����IRU�WKH�RWKHU�YDOXHV��

�

������3ULQFLSOH�RI�WKH�DVVD\�

+\GUR[\ODPLQH� ZDV� GHWHUPLQHG� XVLQJ� WKH� PHWKRG� GHVFULEHG� E\� %XWOHU� 	*RUGRQ� ��������

ZKHUH�1+�2+�ZDV�R[LGL]HG�WR�1�2�E\�)H���DW�DFLGLF�FRQGLWLRQV�DFFRUGLQJ�WR�HTXDWLRQ��������

7KH�ILQDO�FRQFHQWUDWLRQ�RI�1+�2+�ZDV�FDOFXODWHG�DV�IROORZV��*HEKDUGW ���������

>1+�2+@� ���ā� ���ā��>1�2@±>1�2@¶���� � � ������

>1�2@� �� �ā� �ā� �ā� �� ā ā ā����� ������

ZKHUH�>1�2@�LV�WKH�FRQFHQWUDWLRQ�RI�1�2�SURGXFHG�E\�WKH�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�)H���

DW� D� FHUWDLQ� S+�� >1�2@¶� LV� WKH� EDFNJURXQG� FRQFHQWUDWLRQ� RI� 1�2� RI� WKH� VROXWLRQ� ZLWKRXW�

1+�2+�DQG�)H���DGGLWLRQ�� �VWDQGV�IRU� WKH�FRQYHUVLRQ�UDWH��ZKLFK� LV�GHILQHG�DV� WKH� UDWLR�RI�

PHDVXUHG� DQG� WKHRUHWLFDO� 1+�2+� FRQFHQWUDWLRQ�� GHWHUPLQHG� E\� DGGLQJ� GLIIHUHQW� NQRZQ�

DPRXQWV�RI�1+�2+�WR�GHLRQL]HG�ZDWHU� VDPSOHV�� � LV� WKH�VROXELOLW\�RI�1�2��QPRO�/���� � DV�D�



IXQFWLRQ�RI�7�DQG�VDOLQLW\�RI�WKH�VDPSOH��DW������î�����3D�DFFRUGLQJ�WR�:HLVV�DQG�3ULFH���������

1�LV�WKH�PHDVXUHG�PROH�IUDFWLRQ�RI�1�2��SSE��LQ�WKH�KHDGVSDFH�RI�YLDOV�� �LV�WKH�SUHVVXUH�LQ�

WKH�KHDGVSDFH�������î�����3D��� LV� WKH�YROXPH�RI�ZDWHU�SKDVH��P/��� � LV� WKH�YROXPH�RI�

KHDGVSDFH� �P/��� 5� LV� WKH� JDV� FRQVWDQW� ��������� -� .��� PRO����� DQG� 7� LV� WKH� HTXLOLEUDWLRQ�

WHPSHUDWXUH��URRP�WHPSHUDWXUH��LQ�.HOYLQ��

$OO� VDPSOHV� ZHUH� DQDO\]HG� IRU� WKHLU� KHDGVSDFH� 1�2� FRQFHQWUDWLRQV� XVLQJ� DQ� DXWRPDWLF�

KHDGVSDFH�VDPSOHU��7XUER0DWUL[������3HUNLQ(OPHU��*HUPDQ\��DQG�D�*&�(&'�V\VWHP��&ODUXV�

�����3HUNLQ(OPHU��5RGJDX��*HUPDQ\��ZLWK�GLQLWURJHQ�����������$LU�/LTXLGH��*HUPDQ\��DQG�D�

PL[WXUH�RI�DUJRQ�PHWKDQH���������$LU�/LTXLGH��*HUPDQ\��DV�FDUULHU�JDV��IORZ���P/�PLQ����DQG�

PDNH�XS�JDV��IORZ����P/�PLQ�����UHVSHFWLYHO\��7KH�(&'�FROXPQ�ZDV�ILOOHG�ZLWK�(OLWH�3/27�

4�����P�������PP,'��DQG�����PGI��86$��DQG�UXQ�DW�����&��7KH�WHPSHUDWXUH�RI�WKH�RYHQ�ZDV�

���&�� 6LJQDO� SURFHVVLQJ� DQG� FKURPDWRJUDP� LQWHJUDWLRQ� ZDV� FDUULHG� RXW� ZLWK� 7RWDOFKURP�

�&ODUXV������3HUNLQ(OPHU��*HUPDQ\��VRIWZDUH��7KH�*&�ZDV�FDOLEUDWHG�E\�WKUHH�GLIIHUHQW�1�2�

VWDQGDUG�JDV�PL[WXUHV� LQ� WKH� UDQJH� EHWZHHQ����� WR� ����SSE�1�2� LQ� QLWURJHQ� ����������� LQ�

ZKLFK� WKH�GHWHFWRU�VKRZHG�D� OLQHDU�UHVSRQVH��U��!��������$OO�H[SHULPHQWV�DQG�DQDO\VHV�ZHUH�

FDUULHG� RXW� LQ� ���P/� *&� JODVV� YLDOV� �9:5� ,QWHUQDWLRQDO�� 'DUPVWDGW�� *HUPDQ\��� )RU� 1�2�

DQDO\VLV� RI� WKH� KHDGVSDFH�� WKH� YLDOV�ZHUH� FULPSHG�JDV�WLJKW�ZLWK� DOXPLQXP�FDSV�ZLWK� EXW\O�

UXEEHU�VHDO��9:5�,QWHUQDWLRQDO���,I�QRW�LQGLFDWHG�GLIIHUHQWO\��WKH�YLDOV�ZHUH�WKHQ�VKDNHQ�RQ�D�

URWDU\� VKDNHU� DW� ���� USP� IRU� �� K�� 3UHOLPLQDU\� H[SHULPHQWV� KDG� VKRZQ� WKDW� WKLV� WLPH� ZDV�

VXIILFLHQW�IRU�WKH�IXOO�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�)H���DW�S+����

������([SHULPHQWDO�GHVLJQ�

��������6RLO�1+�2+�H[WUDFWLRQV�

7KH�H[WUDFWLRQ�SURFHGXUHV�ZHUH�VKRZHG�LQ�)LJ�������)RXU�JUDPV�RI�IUHVK��ILHOG�PRLVW�VRLO�RU���

J�OLWWHU�ZDV�ILUVW�DGGHG�WR�D�����P/�FRQLFDO�IODVN��7KHQ�����P/�RI���P0�6$�VROXWLRQ�LQ������0�

+&O��S+������DQG�������0�+&O��S+������ZDV�DGGHG��UHVSHFWLYHO\��7KH�H[WUDFWLRQ�ZDV�WHVWHG�DW�

�� �&� DQG� ��� �&�� UHVSHFWLYHO\�� XVLQJ� WZR� GLIIHUHQW� H[WUDFWLRQ� W\SHV� �PDJQHWLF� VWLUULQJ� DQG�

VKDNLQJ��� DQG� WHVWLQJ� GLIIHUHQW� H[WUDFWLRQ� WLPHV�� $IWHU� H[WUDFWLRQ�� WKH� PL[WXUH� RI� VRLO� DQG�

H[WUDFWDQW�ZDV�FHQWULIXJHG�DW������USP�IRU����PLQ�LQ�D����P/�SRO\SURS\OHQH�FHQWULIXJH�WXEH�

�9:5�,QWHUQDWLRQDO���(YHU\�WUHDWPHQW�ZDV�GXSOLFDWHG�RU�WULSOLFDWHG��





VROXWLRQ�ZHUH�DGGHG� WR� WKH�YLDOV�� UHVSHFWLYHO\�� IROORZHG�E\�����P/�RI����P0�)H��� VROXWLRQ��

(DFK�FRPELQDWLRQ�RI�12�
��DQG�1+�2+�FRQFHQWUDWLRQV�ZDV�DQDO\]HG�LQ�WULSOLFDWH��

1LWULWH�LQWHUIHUHQFH�LQ�VRLO�ZDV�WHVWHG�E\�DGGLQJ����P/������0�DFHWLF�DFLG�ZLWK�����ȝ0�12�
��

WR� �� J� IUHVK� VRLO� HDFK��7KHQ������P/�����0�6$� LQ� ��0�+&O�ZDV� DGGHG� WR� KDOI� RI� WKH� VRLO�

VDPSOHV�� DQG� WKH� RWKHU� KDOI�ZDV� DPHQGHG�ZLWK� �����P/� ��0�+&O�� 7KH� VRLO� VROXWLRQV�ZHUH�

VWLUUHG� PDJQHWLFDOO\� IRU� ��� PLQ�� $IWHU� FHQWULIXJDWLRQ� DW� ����� USP� IRU� ��� PLQ�� ���� P/�

VXSHUQDWDQW�ZDV�WUDQVIHUUHG�LQWR�*&�YLDOV��DQG������P/�1+�2+�ZLWK�HLWKHU�������������RU����

ȝ0�ZHUH�DGGHG�WR�WKH�YLDOV��IROORZHG�E\�����P/����P0�)H����$JDLQ��DOO�DQDO\VHV�ZHUH�FDUULHG�

RXW�LQ�WULSOLFDWH��

��������6RLO�1�2�HPLVVLRQ�

7KUHH�JUDPV�RI�ILHOG�PRLVW�VRLO�HDFK�ZDV�ZHLJKHG�LQWR�*&�YLDOV��7KHQ��WKH�YLDOV�ZHUH�FULPSHG�

JDV�WLJKW� DQG� LQFXEDWHG� DW� URRP� WHPSHUDWXUH� IRU� ��� ����� �� DQG� �� K�� UHVSHFWLYHO\�� 7KH� 1�2�

FRQFHQWUDWLRQ� LQ� WKH� YLDO� KHDGVSDFH� ZDV� VXEVHTXHQWO\� PHDVXUHG� ZLWK� WKH� VDPH� *&�(&'�

V\VWHP� GHVFULEHG� LQ� VHFWLRQ� ������� 7KH� 1�2� HPLVVLRQ� UDWH� ��J� 1� NJ��� GU\� VRLO� K���� ZDV�

FDOFXODWHG�IURP�WKH�OLQHDU�VORSH�RI�1�2�KHDGVSDFH�FRQFHQWUDWLRQ�FKDQJH�ZLWK�WLPH��SSE�K����

DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ��

� � � � � �������

ZKHUH� �LV�WKH�1�2�HPLVVLRQ�UDWH���J�1�NJ���GU\�VRLO�K����� �LV�WKH�VORSH�RI�WKH�FKDQJH�RI�1�2�

PL[LQJ�UDWLR�LQ�WKH�YLDO�KHDGVSDFH��SSE�K����� �LV�WKH�YROXPH�RI�YLDO�KHDGVSDFH��/��� �LV�WKH�

PRODU�YROXPH�RI�1�2�DW�VWDQGDUG�SUHVVXUH�DQG�URRP�WHPSHUDWXUH��/�PRO����� �LV�PRODU�PDVV�

RI�QLWURJHQ��J�PRO����� �LV�WKH�PDVV�RI�WKH�GU\�VRLO��J���

������6WDWLVWLFDO�DQDO\VHV�

$OO� VWDWLVWLFDO� DQDO\VHV� ZHUH� FDUULHG� RXW� ZLWK� 2ULJLQ� 3UR�� ��� 7ZR�VDPSOH� W�WHVWV� ZHUH�

SHUIRUPHG� WR� FRPSDUH� WKH� GLIIHUHQFHV� LQ� 1+�2+� FRQFHQWUDWLRQ� EHWZHHQ� ���PLQ� PDJQHWLF�

VWLUULQJ�DQG�����K�VKDNLQJ��EHWZHHQ���DQG�����0�12�
��DGGLWLRQ��DQG�EHWZHHQ�����0�12�

����

6$�DQG�����0�12�
��RQO\�DGGLWLRQ�WUHDWPHQWV��



����5HVXOWV�DQG�GLVFXVVLRQ�

������6RLO�1+�2+�H[WUDFWLRQV�

$OWKRXJK� S+� �� KDG� EHHQ� SUHYLRXVO\� LGHQWLILHG� DV� D� VXLWDEOH� FRQGLWLRQ� IRU� FRQYHUVLRQ� RI�

1+�2+� WR� 1�2�� DQG� � IRU� VWRUDJH� RI� 1+�2+� ZLWK� PLFURPRODU� FRQFHQWUDWLRQV� �%XWOHU� 	�

*RUGRQ�� ������ .RFN� 	� %DQJH�� ������� WKLV� S+� FRQGLWLRQ� FRXOG� QRW� JXDUDQWHH� 1+�2+�

H[WUDFWLRQ� IURP� VRLO�� HYHQ�ZLWK� DGGLWLRQ� RI� 6$� VROXWLRQ� DQG� RQO\� ���PLQ�PDJQHWLF� VWLUULQJ��

0RUHRYHU��WKH�UHFRYHU\�RI�1+�2+�ZDV�DOVR�H[WUHPHO\�VPDOO��QHDUO\����ZLWK�WKH�DGGLWLRQ�RI����

Q0� XQGHU� WKLV� S+� FRQGLWLRQ� �7DEOH� ������ 2QH� H[SODQDWLRQ� IRU� WKH� TXLFN� GLVDSSHDUDQFH� RI�

1+�2+� FRXOG� EH� WKH� FRQVXPSWLRQ� RI� 1+�2+� E\� VRLO� PLFURRUJDQLVPV�� %ULHUOH\� 	�:RRG�

������� UHSRUWHG� WKDW� KHWHURWURSKLF� QLWULILHUV�� VXFK� DV� � PD\� EH� DFWLYHO\�

QLWULI\LQJ�DW�S+���LQ�DFLG�IRUHVW�VRLO�VLPLODU�WR�WKH�VRLO�XVHG�LQ�WKLV�VWXG\��0RUHRYHU��GXH�WR�WKH�

IDFW� WKDW�1+�2+� LV� H[WUHPHO\� UHDFWLYH�� LW� FRXOG� DOVR� TXLFNO\� UHDFW�ZLWK� FDUER[\O� JURXSV� RI�

RUJDQLF�PDWWHU� RU�ZLWK�PHWDO� FDWLRQV� LQ� WKH� VRLO�� VXFK� DV� )H��� RU�0Q��� �7KRUQ �� ������

%UHPQHU�� ������6FKUHLEHU �� �������2XU� H[SHULPHQWV� VKRZHG� WKDW�1+�2+�FRXOG�QRW�EH�

FRPSOHWHO\� UHFRYHUHG� HYHQ� LQ� VWHULOL]HG� VRLO� VDPSOHV� �GDWD� QRW� VKRZQ��� LQGLFDWLQJ� WKDW� WKH�

FKHPLFDO�UHDFWLRQV�EHWZHHQ�1+�2+�DQG�RWKHU�VRLO�FRQVWLWXHQWV�SOD\�D�FUXFLDO�UROH�LQ�WKH�TXLFN�

GLVDSSHDUDQFH�RI�1+�2+�LQ�WKH�VRLO�VDPSOHV��

7DEOH�����S+�DQG�WHPSHUDWXUH�HIIHFW�RQ�1+�2+�H[WUDFWLRQ�GXULQJ����PLQ�PDJQHWLF�VWLUULQJ�DW����&��Q�
 ������VG���

7UHDWPHQW� 0HDVXUHG�1+�2+�FRQFHQWUDWLRQ���0��

/� 2K� /�

�����0�1+�2+�

2K�

�����0�1+�2+�

S+���� Q�G�
� Q�G�� Q�G�� Q�G��

S+����Á�� � �������������� �������������� ������������ �������������

�Q�G�� �QRW�GHWHFWDEOH�
��S+���H[WUDFWDQW�ZDV������0�DFHWLF�DFLG��
Á�S+�����H[WUDFWDQW�ZDV������0�DFHWLF�DFLG�ZLWK������0�+&O���

�

,Q� FRQWUDVW� WR� QHJOLJLEOH� 1+�2+� H[WUDFWLRQ� DW� S+� ��� 1+�2+� FRXOG� EH� H[WUDFWHG� IURP� WKH�

IRUHVW�VRLO�VDPSOHV�DW�S+������)RU�/�DQG�2K�OD\HUV��1+�2+�FRQFHQWUDWLRQV�RI�WKH�H[WUDFWV�DW�

S+�����DPRXQWHG�WR����DQG����Q0�DIWHU�VKDNLQJ�IRU�����K�DW����&��UHVSHFWLYHO\��)LJ�����D���7KH�

UHFRYHU\�RI����QPRO�1+�2+�DGGHG�WR�WKH�/�DQG�2K�VDPSOHV�ZLWK�WKH�H[WUDFWDQW�ZHUH�������

DQG�������� UHVSHFWLYHO\�� DIWHU�����K� VKDNLQJ�� ,Q� FRQWUDVW�� ��� DQG����Q0�1+�2+�KDYH�EHHQ�



H[WUDFWHG�DOUHDG\�DIWHU����PLQ�PDJQHWLF� VWLUULQJ��ZLWK� UHFRYHU\� IDFWRUV�RI�������DQG�������

IRU� /� DQG� 2K� OD\HUV�� UHVSHFWLYHO\� �)LJ�� ���E��� LQGLFDWLQJ� WKDW� WKH� H[WUDFWLRQ� HIILFLHQF\� RI�

PDJQHWLF� VWLUULQJ�ZDV�EHWWHU� WKDQ� WKDW�RI� VKDNLQJ��+RZHYHU��ZLWK� LQFUHDVLQJ�H[WUDFWLRQ� WLPH��

WKH�1+�2+�UHFRYHU\�IDFWRU�GHFUHDVHG�VLJQLILFDQWO\�IRU�ERWK�H[WUDFWLRQ�PHWKRGV�� L�H��VKDNLQJ�

DQG�PDJQHWLF�VWLUULQJ��VXJJHVWLQJ�WKDW�1+�2+�LV�H[WUHPHO\�UHDFWLYH�DQG�XQVWDEOH��)LJ�����D��

E���7KHUHIRUH��GHVSLWH� WKH� ORZHU�DEVROXWH�DPRXQW�RI�1+�2+�H[WUDFWHG�DV�FRPSDUHG� WR�����K�

VKDNLQJ��PDJQHWLF�VWLUULQJ�IRU����PLQ�ZDV�FKRVHQ�DV�WKH�DSSURSULDWH�H[WUDFWLRQ�PHWKRG�IRU�VRLO�

1+�2+�H[WUDFWLRQ�GXH� WR� LWV�VLJQLILFDQWO\�KLJKHU�1+�2+�UHFRYHU\� IDFWRU�� HVSHFLDOO\� IRU� WKH�
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)LJXUH� ���� (IIHFWV� RI� H[WUDFWLRQ� WLPH� RQ�1+�2+� FRQFHQWUDWLRQ� RI� WKH� H[WUDFW�ZLWK� VKDNLQJ� �D�� DQG�
PDJQHWLF�VWLUULQJ��E��DW����&��(UURU�EDUV�LQGLFDWH�WKH�UDQJH�RI�PHDVXUHG�FRQFHQWUDWLRQV��Q� �����

�

:H�DOVR�H[SORUHG�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�VRLO�1+�2+�H[WUDFWLRQ��2XU�UHVXOWV�VKRZHG�WKDW�

WKH�FRQFHQWUDWLRQ�RI�WKH�H[WUDFWHG�1+�2+�ZDV�WKH�VDPH�RU�HYHQ�KLJKHU�DW�URRP�WHPSHUDWXUH�

DV�FRPSDUHG�WR����&��GDWD�QRW�VKRZQ���7KHUHIRUH��1+�2+�H[WUDFWLRQ�DW�URRP�WHPSHUDWXUH�ZDV�

VHOHFWHG�DV�WKH�URXWLQH�H[WUDFWLRQ�FRQGLWLRQ���



������1LWULWH�UHPRYDO�

1LWULWH� FRXOG� VLJQLILFDQWO\� ELDV� 1+�2+� GHWHFWLRQ� ZLWK� WKLV� PHWKRG� GXH� WR� WKH� UHDFWLRQ�

DFFRUGLQJ�WR�HTXDWLRQ��������HVSHFLDOO\�DW�ORZ�S+��.RFN�	�%DQJH��������UHSRUWHG�D�VLJQLILFDQW�

ELDV� HYHQ�ZKHQ�12�
�� FRQFHQWUDWLRQ�ZDV� DV� ORZ� DV� �� ȝ0��$OWKRXJK�12�

�� FRQFHQWUDWLRQ� KDV�

EHHQ� IRXQG� WR�EH� UHODWLYHO\� ORZ� LQ�PRVW� IRUHVW� VRLOV� �6X ��������� L�H�� WKH�PDLQ� UHVHDUFK�

REMHFW� LQ� WKH� SUHVHQW� VWXG\�� LW� FRXOG� EH� DV� KLJK� DV� ���� ȝ0� �FD�� ����� PJ� 1� NJ��� VRLO�� LQ�

DJULFXOWXUDO�VRLOV�DIWHU�IHUWLOL]DWLRQ��6KHQ ���������7KHUHIRUH�� WR�HQVXUH�YHUVDWLOLW\�RI�WKH�

QHZO\� GHYHORSHG�PHWKRG��12�
�� FRQFHQWUDWLRQV�RI���� DQG�����ȝ0�ZHUH� XVHG� WR� H[SORUH� WKH�

HIIHFW�RI�12�
��RQ�WKH�U�YDOXH��)LJ�����D��E����
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)LJXUH�����(IIHFW�RI����DQG�����ȝ0�12�
��RQ�1+�2+�FRQYHUVLRQ�ZLWK�DQG�ZLWKRXW�VXOIDQLODPLGH��6$��

LQ������0�DFHWLF�DFLG��������0�+&O�VROXWLRQ��D��DQG�VRLO�H[WUDFWV��E��DW�S+���DQG�URRP�WHPSHUDWXUH��
(UURU�EDUV�LQGLFDWH�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�PHDQ��Q� �����

�

:H�IRXQG� WKDW����ȝ0�12�
��KDG�D�QHJOLJLEOH�HIIHFW�RQ� WKH�1+�2+��WR�1�2�FRQYHUVLRQ� UDWH��

HVSHFLDOO\�ZKHQ�1+�2+�FRQFHQWUDWLRQ�ZDV�KLJKHU� WKDQ�������0�� ,Q�FRQWUDVW������ȝ0�12�
��

LQFUHDVHG�WKH�1+�2+��WR�1�2�FRQYHUVLRQ�UDWH�LQ�GHLRQL]HG�ZDWHU�E\�DERXW������)LJ�����D���

UHYHDOLQJ�VXEVWDQWLDO�1�2�IRUPDWLRQ�E\�WKH�UHDFWLRQ�RI�12�
��ZLWK�1+�2+��)XUWKHUPRUH��12�

��



ELDVHG�1+�2+�PHDVXUHPHQWV�PRUH�VLJQLILFDQWO\�LQ�VRLO�VDPSOHV��HVSHFLDOO\�DW�ORZHU�1+�2+�

FRQFHQWUDWLRQV�� H�J�� ���IROG� DW� ����� ȝ0� 1+�2+� �)LJ�� ���E��� .RFN� DQG� %DQJH� �������

VXJJHVWHG�����ȝ0�6$�WR�UHPRYH�WKH�HIIHFW�RI���ȝ0�12�
���7KHUHIRUH��LQ�WKLV�VWXG\�ZH�DVVXPHG�

WKDW���P0�6$�VKRXOG�EH�VXIILFLHQW�WR�UHPRYH�WKH�ELDV�RI�����ȝ0�12�
����

2XU�UHVXOWV�VKRZHG�WKDW���P0�6$�ZDV�DGHTXDWH�IRU� WKH�FRPSOHWH�UHPRYDO�RI� WKH�ELDV�RI����

ȝ0�12�
�� RQ�1+�2+� �WR�1�2�FRQYHUVLRQ�� DQG� DOVR� WR� IXOO\� HOLPLQDWH� WKH� HIIHFW� RI� ���� ȝ0�

12�
��DW�1+�2+�FRQFHQWUDWLRQV�DERYH��EXW�QRW�EHORZ������ȝ0��7KLV�FRXOG�KDYH�EHHQ�GXH�WR�

WKH�IDFW�WKDW���P0�6$�ZDV�QRW�FRPSOHWHO\�VXIILFLHQW�IRU�WKH�UHPRYDO�RI�����ȝ0�12�
���:H�WKHQ�

WULHG� ��P0� 6$� LQ� WKH� VXEVHTXHQW� H[SHULPHQW�� EXW� IDLOHG� WR� ILQG� DQ\� VLJQLILFDQW� GLIIHUHQFH�

EHWZHHQ� WKHVH� WZR�6$�FRQFHQWUDWLRQ� WUHDWPHQWV� �GDWD� QRW� VKRZQ���ZKLFK� VXJJHVWHG� WKDW� WKH�

ELDV� RI� ���� ȝ0� 12�
�� RQ� WKH� GHWHUPLQDWLRQ� RI� Q0� 1+�2+� FRQFHQWUDWLRQV� ZDV� LQHYLWDEOH��

1HYHUWKHOHVV��RXU�UHVXOWV�DOVR�VKRZHG�WKDW�WKH�FRQFHQWUDWLRQ�ELDV�ZDV�OLQHDUO\�FRUUHODWHG�ZLWK�

WKH� DPRXQW� RI� 12�
�� LQ� WKH� UDQJH� RI� ��±���� ȝ0� �)LJ�� ������ 7KXV�� WKH� 12�

�� ELDV� FRXOG� EH�

FRUUHFWHG�IRU�XVLQJ�WKLV�OLQHDU�UHODWLRQVKLS�DIWHU�GHWHUPLQDWLRQ�RI�WKH�12�
��FRQFHQWUDWLRQ�RI�WKH�

VRLO�VDPSOHV���
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฀

)LJXUH�����(IIHFW�RI�GLIIHUHQW�12�
��FRQFHQWUDWLRQV�RQ�1+�2+�GHWHUPLQDWLRQ�LQ�WKH�SUHVHQFH�RI���P0�

VXOIDQLODPLGH��6$��DW�S+���LQ������0�DFHWLF�DFLG��������0�+&O�VROXWLRQ��Q� �����

�

������1+�2+�FRQFHQWUDWLRQ�LQ�IRUHVW�VRLO�VDPSOHV�DQG�LWV�FRUUHODWLRQ�ZLWK�DHURELF�1�2�
HPLVVLRQ�UDWH�

7KH�DQDO\VLV�RI�1+�2+�FRQFHQWUDWLRQV�LQ�VRLO�VDPSOHV�IURP�:�VWHEDFK�IRUHVW�ZLWK�WKH�QHZO\�

GHYHORSHG� PHWKRG� UHYHDOHG� D� UDQJH� RI� ���±����� ȝJ� 1� NJ��� GU\� VRLO� �)LJ�� ������ 7KLV� LV�

DSSUR[LPDWHO\�WKUHH�RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKH�FRQFHQWUDWLRQV�RI�1+�
��DQG�12�

�� LQ�

IRUHVW�VRLO�VDPSOHV��EXW�VWLOO�FRPSDUDEOH�WR�WKH�FRQFHQWUDWLRQ�RI�12�
���IRU�ZKLFK�H�J��D�UDQJH�RI�



���±�����ȝJ�1�NJ���ZDV�IRXQG�IRU�QRUWKHUQ�KDUGZRRG�IRUHVWV��9HQWHUHD ���������1+�2+�

FRQFHQWUDWLRQ�GHFUHDVHG�ZLWK�WKH�GHSWK�RI�VRLO�SURILOHV��LQ�WKH�RUGHU�RI�/�!�2K�!�$K��)LJ�����E�

DQG�)LJ��������1+�2+�FRQFHQWUDWLRQ�LQ�WKH�/�OD\HU�ZDV�XVXDOO\�WZLFH�DV�KLJK�DV�LQ�WKH�2K�OD\HU�

�)LJ�����E���ZKLOH�LQ� WKH�$K�KRUL]RQ�� WKH�1+�2+�FRQFHQWUDWLRQ�ZDV�UDUHO\�DERYH���ȝJ�1�NJ��

GU\�VRLO��)LJ���������7KLV�WUHQG�ZDV�FRQVLVWHQW�ZLWK�WKH�WUHQGV�RI�1+�
��DQG�12�

��LQ�IRUHVW�VRLO�

SURILOHV� �7LHWHPD �� ������� LQGLFDWLQJ� WKDW� KLJKHU� PLQHUDOL]DWLRQ� DQG� QLWULILFDWLRQ� UDWHV�

SUREDEO\�RFFXU�LQ�WKH�OLWWHU�OD\HU��OHDGLQJ�WR�KLJKHU�1+�2+�SURGXFWLRQ���
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฀

)LJXUH� ���� &RUUHODWLRQ� EHWZHHQ� VRLO� 1+�2+� FRQWHQW� DQG� DHURELF� 1�2� HPLVVLRQ� UDWHV� DW� URRP�
WHPSHUDWXUH�RI�VRLO�VDPSOHV�FROOHFWHG�IURP�:�VWHEDFK�IRUHVW��Q� ������

฀

1LWURXV�R[LGH�HPLVVLRQ�UDWHV�IURP�UDQJHG�IURP��±����ȝJ�1�NJ���GU\�VRLO�K���IURP�2K�DQG�$K�

ZLWK�D�KLJKHU�YDOXH�LQ�2K�WKDQ�WKDW�LQ�$K��)LJ��������0RUHRYHU��WKH�1�2�HPLVVLRQ�UDWH�IURP�WKH�

/�RI� WKH�FKRVHQ�SRLQW�ZDV�DURXQG�����ȝJ�1�NJ���GU\�VRLO�K����GDWD�QRW�VKRZQ���7KHVH� UHVXOWV�

FRUUHVSRQGHG�ZHOO�ZLWK�WKH�ILQGLQJV�RI�0DUWLNDLQHQ�	�GH�%RHU���������ZKR�REVHUYHG�DQ�1�2�

HPLVVLRQ�UDWH�RI���ȝJ�1�NJ���GU\�VRLO�K���LQ�DQ�DHURELF�LQFXEDWLRQ�RI�DFLG�IRUHVW�OLWWHU�IURP�D�ILU�

VWDQG�LQ�WKH�1HWKHUODQGV��0RUHRYHU��7KH�VDPH�WUHQG�RI�/�!�2K�!�$K�ZDV�REVHUYHG�IRU�WKH�VRLO�

RI�D�)LQQLVK�FRQLIHURXV�IRUHVW��ZKHUH�DPPRQLD�R[LGL]HUV�ZHUH�DVVXPHG�WR�SOD\�DQ�LPSRUWDQW�

UROH�LQ�DHURELF�1�2�SURGXFWLRQ�LQ�WKHVH�DFLG�VRLOV� �0DUWLNDLQHQ ��������� ,Q�RWKHU�IRUHVW�

VRLOV� DFURVV� (XURSH�� KRZHYHU�� GHQLWULILFDWLRQ� ZDV� FRQVLGHUHG� DV� WKH� PDLQ� VRXUFH� RI� 1�2�

HPLVVLRQ� GXH� WR� WKH� ORZHU� DHUDWLRQ� RI� WKH� IUHVK� OLWWHU� OD\HU� HVSHFLDOO\� LQ� GHFLGXRXV� IRUHVWV�

�$PEXV ���������%\�XVLQJ���1+�
��DQG���12�

��DV�VXEVWUDWHV��$PEXV� ��������LGHQWLILHG�

12�
�� DV� D� VLJQLILFDQW� VRXUFH� RI� 1�2� LQ� PRVW� IRUHVWV�� H[FHSW� IRU� WZR� VSUXFH� IRUHVW� VRLOV��

LQGLFDWLQJ�WKDW�WKH�VRXUFH�RI�1�2�PD\�GLIIHU�EHWZHHQ�IRUHVW�W\SHV���



+\GUR[\ODPLQH� VWLPXODWHG� 1�2� SURGXFWLRQ� GXULQJ� QLWULILHU� SXUH�FXOWXUH� VWXGLHV� �5LWFKLH� 	�

1LFKRODV�� ������2WWH �� �������PRVW� OLNHO\� GXH� WR� UHDFWLRQV� EHWZHHQ�1+�2+� DQG� RWKHU�

VXEVWDQFHV��VXFK�DV�0Q2��DQG�12�
���%UHPQHU���������7KH�SRWHQWLDO�UROH�RI�1+�2+�LQ�VRLO�1�2�

SURGXFWLRQ�KDV�EHHQ�HPSKDVL]HG� LQ� VHYHUDO� UHFHQW� UHYLHZV� �:UDJH ��������6FKUHLEHU

��������%XWWHUEDFK�%DKO ���������+RZHYHU�� WKH�UHODWLRQVKLS�EHWZHHQ�VRLO�1+�2+�DQG�

1�2� HPLVVLRQ� KDV� QRW� EHHQ� H[SORUHG� VR� IDU� GXH� WR� WKH� ODFN� RI� VXIILFLHQWO\� VHQVLWLYH�

GHWHUPLQDWLRQ� PHWKRGV� IRU� 1+�2+� LQ� VRLO� XS� WR� QRZ�� ,Q� WKLV� VWXG\�� ZH� LQGHHG� IRXQG� D�

VLJQLILFDQW� FRUUHODWLRQ�EHWZHHQ� VRLO�1+�2+� FRQFHQWUDWLRQ�DQG�1�2�HPLVVLRQ� UDWH� �)LJ�� ������

7KLV�ILQGLQJ�VXJJHVWV�1+�2+��WKH�LQWHUPHGLDWH�RI�QLWULILFDWLRQ��DV�D�VLJQLILFDQW�VRXUFH�RI�1�2�

IRUPDWLRQ� LQ� WKH�:�VWHEDFK� VSUXFH� IRUHVW� VRLO��0RUHRYHU�� WKH� OLQHDU� UHODWLRQVKLS�ZDV�PRUH�

REYLRXV�LQ�WKH�2K�WKDQ�WKDW�LQ�WKH�$K��7KLV�FRXOG�EH�GXH�WR�WKDW�ERWK�WKH�1+�2+�FRQFHQWUDWLRQ�

DQG�1�2�HPLVVLRQ�UDWH�ZHUH�FRQVLGHUDEO\�VPDOOHU�LQ�WKH�$K�WKDQ�WKDW�LQ�WKH�2K��$GGLWLRQDOO\��

WKH�OHVV�DHURELF�FRQGLWLRQ�LQ�$K�OD\HU�FRXOG�DOVR�FRQWULEXWH�WR�WKH�OHVV�REYLRXV�UHODWLRQVKLS��

�

����&RQFOXVLRQV�

7KH�QHZO\�GHYHORSHG�PHWKRG�IRU�VRLO�1+�2+�H[WUDFWLRQ�DQG�DQDO\VLV�LV�YHU\�VHQVLWLYH��DQG�LWV�

DSSOLFDELOLW\� WR� VRLOV�KDV�EHHQ�VKRZQ��7KH�DSSURSULDWH�H[WUDFWLRQ�FRQGLWLRQV� IRU� VRLO�1+�2+�

ZHUH�LGHQWLILHG�DV����PLQ�PDJQHWLF�VWLUULQJ�DW�URRP�WHPSHUDWXUH�ZLWK�DQ�DTXHRXV�H[WUDFWDQW�RI�

S+� ���� ������ 0� DFHWLF� DFLG� ZLWK� ����� 0� +&O��� FRQWDLQLQJ� �� P0� 6$�� 6RLO� 1+�2+�

FRQFHQWUDWLRQ�ZDV�IRXQG�WR�EH�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�VRLO�1�2�HPLVVLRQ��LQGLFDWLQJ�WKDW�

QLWULILFDWLRQ� SOD\V� D� FUXFLDO� UROH� LQ� VRLO� 1�2� IRUPDWLRQ� LQ� WKH� 1RUZD\� VSUXFH� IRUHVW� VRLO�

H[DPLQHG�LQ�WKLV�VWXG\��)XWXUH�ZRUN�VKRXOG�IRFXV�RQ�WKH�DQDO\VLV�RI�GLIIHUHQW�VRLO�SURSHUWLHV�

DQG�WKHLU�FRQWURO�RQ�VRLO�1+�2+�FRQFHQWUDWLRQV�DQG�1�2�HPLVVLRQ��
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Chapter 4     

The contribution of hydroxylamine 

content to spatial variability of N2O 

formation in soil of a Norway spruce 

forest 
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�/LX��6���+HUEVW��0���%RO��5���*RWWVHOLJ��1���3�W]��7���:H\PDQQ��'���:LHNHQNDPS��,���

9HUHHFNHQ��+��DQG�%U�JJHPDQQ��1����������7KH�FRQWULEXWLRQ�RI�K\GUR[\ODPLQH�FRQWHQW�WR�

VSDWLDO�YDULDELOLW\�RI�1�2�IRUPDWLRQ�LQ�VRLO�RI�D�1RUZD\�VSUXFH�IRUHVW��

���������±���� �



����,QWURGXFWLRQ�

�1LWURXV� R[LGH� LV� RQH� RI� WKH� PRVW� LPSRUWDQW� JUHHQKRXVH� JDVVHV�� ZLWK� D� JOREDO� ZDUPLQJ�

SRWHQWLDO�����WLPHV�WKDW�RI�&2��ZLWKLQ�D�WLPHIUDPH�RI�����\HDUV�DQG�LQFOXGLQJ�FOLPDWH±FDUERQ�

IHHGEDFNV� �,3&&�� ������� 6RLOV� DUH� HVWLPDWHG� WR� FRQWULEXWH� ���� RI� WKH� WRWDO� DQQXDO� 1�2�

HPLVVLRQV� WR� WKH� DWPRVSKHUH�� RI� ZKLFK� DERXW� ���� RULJLQDWH� IURP� QDWXUDO� VRLOV� DQG� WKH�

UHPDLQGHU�IURP�DJULFXOWXUDO�VRLOV�DV�D�UHVXOW�RI�H[FHVVLYH�QLWURJHQ�IHUWLOL]HU�DSSOLFDWLRQ��,3&&�

�������+RZHYHU�� WKH�HVWLPDWH�RI� WRWDO�VRLO�1�2�HPLVVLRQV�LV�VWLOO�KLJKO\�XQFHUWDLQ�GXH�WR�WKH�

VSDWLDO� KHWHURJHQHLW\� DQG� WHPSRUDO� YDULDELOLW\�� HYHQ� DW� D� VPDOOHU� VFDOH�� 7R� TXDQWLI\� 1�2�

HPLVVLRQV�PRUH�DFFXUDWHO\��D�FRPSUHKHQVLYH�XQGHUVWDQGLQJ�RI�WKH�VSDWLR�WHPSRUDO�YDULDWLRQ�RI�

VRLO� 1�2� HPLVVLRQV� DV� ZHOO� DV� RI� WKH� FRQWUROOLQJ� IDFWRUV� DQG� XQGHUO\LQJ� PHFKDQLVPV� LV�

UHTXLUHG����

1LWURXV� R[LGH� LV� PDLQO\� SURGXFHG� E\� WKH� PLFURELDO� SURFHVVHV� RI� QLWULILFDWLRQ� DQG�

GHQLWULILFDWLRQ��%DJJV���������'HQLWULILFDWLRQ�LV�D�SURFHVV�E\�ZKLFK�12�
��LV�VWHSZLVH�UHGXFHG�

WR� PROHFXODU� QLWURJHQ� YLD� WKH� FKDLQ� 12�
��±� 12�

��±� 12� ±� 1�2� ±� 1��� ZKLOH� QLWULILFDWLRQ� ±�

LQFOXGLQJ� KHWHURWURSKLF� QLWULILFDWLRQ�� QLWULILHU� GHQLWULILFDWLRQ�� DV� ZHOO� DV� DELRWLF�

FKHPRGHQLWULILFDWLRQ�±�VWDUWV�ZLWK�1+��DV�D�VXEVWUDWH��%ULHUOH\�	�:RRG��������:UDJH ��

������%DJJV���������'HQLWULILFDWLRQ�LV�WUDGLWLRQDOO\�FRQVLGHUHG�DV�WKH�PRVW�LPSRUWDQW�VRXUFH�RI�

VRLO�1�2�HPLVVLRQV��:ROI�	�%UXPPH��������$PEXV ���������+RZHYHU��QLWULILFDWLRQ�KDV�

LQFUHDVLQJO\�EHHQ�LGHQWLILHG�DV�D�UHOHYDQW�VRXUFH�RI�1�2�LQ�IRUHVW�HFRV\VWHPV��HVSHFLDOO\�DW�S+�

YDOXHV�EHORZ����%ULHUOH\�	�:RRG��������0¡UNYHG ���������2QH�SRWHQWLDO�H[SODQDWLRQ�LV�

WKDW� WKH� ILUVW� LQWHUPHGLDWH� RI� QLWULILFDWLRQ�� L�H��� 1+�2+�� PLJKW� SOD\� D� FUXFLDO� UROH� LQ� 1�2�

IRUPDWLRQ�DV�D�GLUHFW�SUHFXUVRU��%UHPQHU��������6FKUHLEHU ��������%XWWHUEDFK�%DKO ��

�������VHH�EHORZ����

&RPPRQO\��LW�LV�DVVXPHG�WKDW�WKH�DHURELF�R[LGDWLRQ�RI�1+�2+�WR�1�2�LV�D�ELRORJLFDO�SURFHVV��

LQYROYLQJ� WKH� HQ]\PH� +$2� �6WHLQ�� ������� 8VLQJ� PHWDEROLF� PRGHOLQJ� DQDO\VLV�� /DZ� �

�������SUHGLFWHG� WKDW� WKH�NH\�1�2�SURGXFWLRQ�SDWKZD\�RI� DQ�$2%�FXOWXUH� LV� WKH�ELRORJLFDO�

R[LGDWLRQ�RI�1+�2+��5DWKQD\DNH� ������� UHSRUWHG� WKDW�����RI� WKH�1�2�ZDV�SURGXFHG�

WKURXJK� 1+�2+� R[LGDWLRQ� LQ� DQ� DXWRWURSKLF� SDUWLDO� QLWULILFDWLRQ� UHDFWRU�� +RZHYHU�� 1�2�

IRUPDWLRQ� IURP� 1+�2+� XQGHU� R[LF� FRQGLWLRQV� KDV� DOVR� EHHQ� REVHUYHG� IRU� VRPH� PHWKDQH�

R[LGL]LQJ�DOSKDSURWHREDFWHULD�WKDW�FR�PHWDEROL]H�1+��DORQJ�ZLWK�PHWKDQH��EXW�GR�QRW�KDYH�D�

FRUUHVSRQGLQJ�+$2� �6XWND �� ������ 6WHLQ�� ������� SRLQWLQJ� WR� D� KLWKHUWR� XQNQRZQ�1�2�

SURGXFWLRQ�PHFKDQLVP���



2QH� SRVVLEOH� DOWHUQDWLYH� PHFKDQLVP� RI� DHURELF� 1�2� SURGXFWLRQ� FRXOG� EH� WKH� FKHPLFDO�

R[LGDWLRQ� RI� 1+�2+� H[FUHWHG� E\� RU� OHDNHG� IURP� QLWULI\LQJ� VRLO� PLFURRUJDQLVPV� E\� UHGR[�

DFWLYH� VRLO� FDWLRQV�� VXFK� DV� )H���DQG�0Q���� HVSHFLDOO\� DW� DFLGLF� FRQGLWLRQV�� VLQFH� DW� KLJKHU��

PRUH�QHXWUDO�S+�WKH�XQSURWRQDWHG�1+�2+�FDQ�XQGHUJR�D�PXOWLWXGH�RI�FKHPLFDO�UHDFWLRQV�ZLWK�

620��7KRUQ ��������DQG�LV�WKHQ�QR�ORQJHU�DYDLODEOH�IRU�R[LGDWLRQ�E\�WUDQVLWLRQ�PHWDOV��

7KH� RFFXUUHQFH� RI� WKLV� R[LGDWLRQ� UHDFWLRQ� ZDV� GRFXPHQWHG� SUHYLRXVO\� �%UHPQHU�� ������

6FKUHLEHU ���������$OWKRXJK�WKH�LPSRUWDQFH�RI�1+�2+�IRU�1�2�HPLVVLRQV�KDV�UHFHLYHG�

PRUH�DWWHQWLRQ�DORQJ�ZLWK�SURJUHVV�LQ�WKH�DQDO\VLV�RI�WKH�LVRWRSLF�FRPSRVLWLRQ�RI�1�2�DQG�LWV�

LVRWRSRORJXHV� IURP� SXUHO\� FKHPLFDO� UHDFWLRQV� DQG� IURP�ZDVWHZDWHU� WUHDWPHQW� SODQWV� �6WHLQ��

������ /DZ �� ������ :XQGHUOLQ �� ������ +HLO �� ������� VWXGLHV� RI� WKH� UROH� RI�

1+�2+�LQ� VRLO�1�2�HPLVVLRQV�KDYH�RQO\� UDUHO\�EHHQ�FDUULHG�RXW�XQWLO�QRZ� �%UHPQHU ��

������GXH�WR�GLIILFXOWLHV�ZLWK�GHWHFWLQJ�VPDOO�TXDQWLWLHV�RI�WKH�UHDFWLYH�LQWHUPHGLDWH�1+�2+�LQ�

WKH�FRPSOH[�VRLO�HQYLURQPHQW��+RZHYHU��D�KLJKO\� VHQVLWLYH�PHWKRG� IRU� WKH�GHWHUPLQDWLRQ�RI�

WKH�1+�2+�FRQWHQW� RI� VRLOV� KDV� EHHQ� GHYHORSHG� UHFHQWO\� �/LX �� �������ZKLFK� HQDEOHV�

DQDO\VLV�RI�WKH�FRUUHODWLRQ�EHWZHHQ�1+�2+�FRQWHQW�DQG�1�2�HPLVVLRQV�LQ�QDWXUDO�VRLOV��

7KH� VSDWLDO� YDULDELOLW\� RI� VRLO� 1�2� HPLVVLRQV� KDV� EHHQ� VWXGLHG� LQ� DJULFXOWXUDO�� JUDVVODQG��

SDVWXUH� RU� IRUHVW� HFRV\VWHPV� �9HOWKRI �� ������<DQDL �� ������ 7XUQHU �� �������

)RUHVW�HFRV\VWHPV�KDYH�EHHQ�UHSRUWHG�WR�EH�D�ODUJH�VRXUFH�RI�1�2��HVSHFLDOO\�LQ�UHJLRQV�ZLWK�

ZDWHU�ORJJHG�VRLOV�RU�ZLWK�ODUJH�ZDWHU�WDEOH�IOXFWXDWLRQV��$KPHG�	�'H�0DUVLO\��������/DPHUV

��������5�WWLQJ ���������*LYHQ�WKDW�FKDPEHU�PHDVXUHPHQWV�ZLOO�UHPDLQ�DQ�LPSRUWDQW�

PHWKRGRORJ\� IRU� WKH� TXDQWLILFDWLRQ� RI� 1�2� HPLVVLRQV� IURP� VRLOV�� EXW� WKDW� WKH� QXPEHU� RI�

FKDPEHUV�HPSOR\HG�±�DQG�KHQFH�WKH�VSDWLDO�UHSUHVHQWDWLYHQHVV�±�LV�XVXDOO\�FRPSDUDWLYHO\�ORZ��

LW� LV� FUXFLDO� WR� ILQG� D� VXSSRUWLQJ� WRRO� IRU� DVVHVVLQJ� VSDWLDO� 1�2� HPLVVLRQ� SDWWHUQV� DQG� WR�

XQGHUVWDQG�LWV�FRQWUROOLQJ�IDFWRUV��2QO\�LQ�WKLV�ZD\�FDQ�WKH�XQFHUWDLQW\�FDXVHG�E\�WKH�FKRLFH�RI�

FKDPEHU� ORFDWLRQV� EH� UHGXFHG� DQG� WKH� SUHGLFWLRQ� RI� VRLO�1�2� HPLVVLRQV� DW� ODUJHU� VFDOHV� EH�

LPSURYHG��7KHUHIRUH��WKH�JRDOV�RI�WKLV�VWXG\�ZHUH�WR�H[SORUH�WKH�FRQWULEXWLRQ�RI�VRLO�1+�2+�

FRQWHQW�WR�SRWHQWLDO�VRLO�1�2�HPLVVLRQV�LQ�D�VSUXFH�IRUHVW�HFRV\VWHP�LQ�DVVRFLDWLRQ�ZLWK�RWKHU�

VRLO� EDVLF�SURSHUWLHV�� DQG� WR� HOXFLGDWH� WKH� VSDWLDO� YDULDELOLW\�RI� DQG� WKH� UHODWLRQVKLS�EHWZHHQ�

SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�DQG�1+�2+�FRQWHQW��



����0DWHULDOV�DQG�PHWKRGV�

������([SHULPHQWDO�VLWH�

7KH�VRLO�XVHG�LQ�WKLV�VWXG\�ZDV�VDPSOHG�DW�WKH�7(5(12�VLWH�:�VWHEDFK��������ƍ���Ǝ�1�������ƍ�

��Ǝ� (�� HOHYDWLRQ� ����P� D�P�V�O���� 7KLV� VLWH� LV� ORFDWHG� LQ� WKH� *HUPDQ� ORZ�PRXQWDLQ� UDQJHV�

ZLWKLQ� WKH� 1DWLRQDO� 3DUN� (LIHO� QHDU� WKH� *HUPDQ�%HOJLDQ� ERUGHU� �)LJ�� ������ 7KH� VLWH� ZDV�

GRPLQDWHG�E\�1RUZD\�VSUXFH�� ��/���+��.DUVW���SODQWHG�LQ�������DQG�FRYHUV�DQ�DUHD�

RI�DSSUR[LPDWHO\����KD�LQ�D�IRUHVWHG�FDWFKPHQW�RI�D�VPDOO�WULEXWDU\��:�VWHEDFK�FUHHN��RI�WKH�

ULYHU�5XU��ZLWK�DQ�DYHUDJH�DQG�PD[LPXP�VORSH�RI������DQG��������UHVSHFWLYHO\� �%RJHQD

���������7KH�VDPSOLQJ�ORFDWLRQV�ZHUH�EDVHG�RQ�WKH�H[LVWLQJ�JHRVSDWLDO�GHVLJQ�RI�WKH�6RLO1HW�

QHWZRUN��%RJHQD ���������2Q�WKH�KLOOVORSHV��FDPELVROV�DQG�SODQRVROV�SUHYDLOHG��ZKHUHDV�

JOH\VROV�DQG�KLVWRVROV�GRPLQDWHG�WKH�ULSDULDQ�]RQH�DW�WKH�YDOOH\�ERWWRP��)LJ��������7KH�PDLQ�

VRLO�WH[WXUH�ZDV�VLOW\�FOD\�ORDP��,Q�PRVW�RI�WKH�DUHD��WKH�RUJDQLF�VRLO�OD\HUV�FRQVLVWHG�RI�D�OLWWHU�

OD\HU��/���D�IHUPHQWHG�OLWWHU�KRUL]RQ��2I��DQG�KXPXV�ULFK�OD\HU��2K���7KH�/��2I�DQG�2K�OD\HUV�

KDG�DQ�DYHUDJH�WKLFNQHVV�RI���FP�WR���FP�LQ�WRWDO��DQG�WKH�DYHUDJH�$�KRUL]RQ�ZDV�DERXW���FP�

WKLFN��7KH�JURXQG�YHJHWDWLRQ�ZDV�VSHFLHV�SRRU�DQG�VFDQWO\�GHYHORSHG��PDLQO\�IHUQ��JUDVV��DQG�

PRVV�VSHFLHV��ZLWK�D�IHZ�LQWHUVSHUVHG�VKUXEV�DQG�EXVKHV���7KH�FOLPDWH�RI�WKH�DUHD�LV�WHPSHUDWH�

PDULWLPH� ZLWK� DQ� DQQXDO� PHDQ� WHPSHUDWXUH� RI� DURXQG� ��&� DQG� DQ� DQQXDO� SUHFLSLWDWLRQ� RI�

DSSUR[LPDWHO\������PP��%RJHQD ���������7KH�JURZLQJ�VHDVRQ� LV�VKRUW� ���������GD\V��

GXH�WR�WKH�SUHYDLOLQJ�FROG�ZHVWHUOLHV��



�

)LJXUH�����0DS�VKRZLQJ�WKH�ORFDWLRQ�RI�WKH�VDPSOLQJ�DUHD�DQG�WKH�H[DFW�SRVLWLRQ�RI�WKH�VDPSOLQJ�
SRLQWV�ZLWKLQ�WKH�:�VWHEDFK�FDWFKPHQW��

฀

������6RLO�VDPSOLQJ�

,Q�WKH�SHULRG�RI�-XQH����WR�����������EDJV�ZLWK�GLVWXUEHG�VRLO�VDPSOHV�ZHUH�FROOHFWHG�IURP�2�

DQG�$�KRUL]RQV�DW�����VDPSOLQJ�SRLQWV�ZLWKLQ�WKH�H[SHULPHQWDO�DUHD��)LJ��������6RLO�VDPSOHV�

ZHUH�VWRUHG�LQ�FORVHG�SODVWLF�EDJV�LQ�D�IUHH]HU�DW�±���&�XQWLO�DQDO\VLV�IRU�1+�2+�FRQWHQW�DQG�

1�2�HPLVVLRQV�XQGHU�R[LF�FRQGLWLRQV��+RPRJHQL]HG�DOLTXRWV�RI� WKH�VRLO�VDPSOHV��FD������J��

ZHUH�DQDO\]HG�IRU�VRLO�EDVLF�SURSHUWLHV��L�H��S+��VRLO�ZDWHU�FRQWHQW��6:&���&��1��3��6��1D��.��

&D��0Q��)H��1+�
��DQG�12�

��FRQWHQW�E\�D�FRPPHUFLDO�ODERUDWRU\��/DQGZLUWVFKDIWOLFKHV�/DERU�

'U��-DQVVHQ�*PE+��*LOOHUVKHLP��*HUPDQ\���VHH�VHFWLRQ���������IRU�GHWDLOV���7KUHH�GD\V�EHIRUH�

WKH�DQDO\VLV�RI�1+�2+�DQG�1�2��WKH�VDPSOHV�ZHUH�WDNHQ�RXW�RI�WKH�IUHH]HU��RSHQHG�DW�URRP�

WHPSHUDWXUH�IRU�UHDFWLYDWLRQ�RI�PLFURELDO�DFWLYLW\��DQG�WKHQ�SDVVHG�WKURXJK�D���PP�VLHYH��7KH�

6:&�KDG� FKDQJHG�RQO\� QHJOLJLEO\� DIWHU� WZR�GD\V� RI� VWRUDJH� DW� URRP� WHPSHUDWXUH� �GDWD� QRW�

VKRZQ���



������$QDO\WLFDO�PHWKRGV�

��������+\GUR[\ODPLQH�H[WUDFWLRQ�DQG�DQDO\VLV�

6RLO�1+�2+�FRQWHQW�ZDV�GHWHUPLQHG�DV�GHVFULEHG� LQ�/LX� � ��������%ULHIO\�����P/�RI���

P0�VXOIDQLODPLGH�VROXWLRQ�LQ�D�PL[WXUH�RI������0�+&O�DQG������0�DFHWLF�DFLG��S+������ZDV�

DGGHG�WR���J�RI�WKDZHG��ILHOG�PRLVW�VRLO��7KH�PL[WXUH�ZDV�WKHQ�PDJQHWLFDOO\�VWLUUHG�IRU����PLQ�

DQG�FHQWULIXJHG�DW������USP�IRU����PLQ��6L[�PO�VXSHUQDWDQW�ZDV�VXEVHTXHQWO\�WUDQVIHUUHG�WR�D�

���P/�JODVV�YLDO��9:5�,QWHUQDWLRQDO��'DUPVWDGW��*HUPDQ\���DQG�����P/�RI����P0�)H&O�ā��

+�2� LQ� GHLRQL]HG�ZDWHU�ZDV� DGGHG�� 7KH� YLDOV�ZHUH� LPPHGLDWHO\� FORVHG� JDV�WLJKW� DIWHU� )H���

DGGLWLRQ� DQG� VKDNHQ� IRU� �� K� RQ� D� URWDU\� VKDNHU� ����� USP�� DW� ���&��1�2�SURGXFWLRQ� LQ� WKH�

KHDGVSDFH� RI� WKH� YLDOV� ZDV� PHDVXUHG� DIWHUZDUGV� E\� XVLQJ� D� *&�(&'� �&ODUXV� �����

3HUNLQ(OPHU�� 5RGJDX�� *HUPDQ\��� $IWHUZDUGV�� WKH� 1+�2+� FRQWHQW� RI� WKH� VRLO� H[WUDFW� ZDV�

FDOFXODWHG�DFFRUGLQJ�WR�HTXDWLRQV�GHVFULEHG�LQ�/LX� ����������

��������3RWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�

7KUHH� JUDPV� RI� ILHOG�PRLVW� VRLO� ZHUH� ZHLJKHG� LQWR� ���P/� *&� YLDOV�� 7KHQ�� WKH� YLDOV� ZHUH�

FULPSHG�JDV�WLJKW�DQG�LQFXEDWHG�DW�FRQVWDQW�WHPSHUDWXUH�����&��IRU��������������DQG�����PLQ��

UHVSHFWLYHO\��ZLWK� WKUHH� UHSOLFDWHV� IRU� HDFK�SRLQW� LQ� WLPH��7KH�1�2�FRQFHQWUDWLRQ� LQ� WKH�YLDO�

KHDGVSDFH� ZDV� VXEVHTXHQWO\� PHDVXUHG� ZLWK� WKH� VDPH� *&�(&'� V\VWHP� XVHG� IRU� 1+�2+�

PHDVXUHPHQW��7KH�1�2�HPLVVLRQ�UDWH���J�1�NJ���GU\�VRLO�K����ZDV�FDOFXODWHG�DFFRUGLQJ�WR�/LX�

���������

��������6RLO�EDVLF�SURSHUWLHV�

7RSRJUDSKLF� DWWULEXWHV� ZHUH� REWDLQHG� IURP� D� GLJLWDO� HOHYDWLRQ� PRGHO� ZLWK� �� P� UHVROXWLRQ�

�/DQG�6XUYH\LQJ�2IILFH�RI�1RUWK�5KLQH�:HVWSKDOLD��*HUPDQ\���([DFW�HOHYDWLRQ�DQG�VORSH�RI�

HDFK�VDPSOLQJ�SRLQW�ZHUH�FDOFXODWHG� LQ�$UF*,6� �YHUVLRQ��������(65,��5HGODQGV��&$��86$���

7KH� GLVWDQFH� EHWZHHQ� WKH� QHDUHVW� VXSHUILFLDOO\� YLVLEOH� URRW� DQG� HDFK� VDPSOLQJ� SRLQW� ZDV�

GHWHUPLQHG�ZLWK�D�PHDVXULQJ�WDSH��6RLO�S+�ZDV�GHWHUPLQHG�LQ�+�2��S+���DQG������0�&D&O��

�S+��� DFFRUGLQJ� WR� WKH� VWDQGDUG� SURFHGXUHV� ',1� ������ DQG� ',1� ,62� ������� UHVSHFWLYHO\��

([WUDFWDEOH�LQRUJDQLF�3��3���DQG�.�ZHUH�H[WUDFWHG�ZLWK�D�PL[WXUH�RI������0�FDOFLXP�ODFWDWH�

DQG�����0�FDOFLXP�DFHWDWH��������VRLO�WR�OLTXLG��DFFRUGLQJ�WR�6FK�OOHU���������DQG�DQDO\]HG�E\�

LQGXFWLYHO\�FRXSOHG�SODVPD�RSWLFDO�HPLVVLRQ�VSHFWURPHWU\� �,&3�2(6���0Q��)H� DQG�1D�ZHUH�

H[WUDFWHG� ZLWK� D� PL[WXUH� RI� ���� 0� &D&O�� DQG� ������ 0� GLHWK\OHQHWULDPLQHSHQWDDFHWLF� DFLG�



�SHQWHWLF�DFLG��'37$���������VRLO�WR�OLTXLG��DFFRUGLQJ�WR�9'/8)$�$������ �+RIIPDQQ��������

DQG�DQDO\]HG�E\�,&3�2(6��&�DQG�1�ZHUH�GHWHUPLQHG�E\�GU\�FRPEXVWLRQ�DW������&�DFFRUGLQJ�

WR�',1�,62�������DQG�',1�,62��������UHVSHFWLYHO\��DQG�DQDO\]HG�E\�D�&+1�DQDO\]HU��7RWDO�

3��3����6�DQG�&D�ZHUH�H[WUDFWHG�E\�DTXD�UHJLD������ �Y�Y��PL[WXUH�RI����0�K\GURFKORULF�DFLG�

DQG� �����0� QLWULF� DFLG�� GLJHVWLRQ� DFFRUGLQJ� WR� ',1� ��������� DQG� DQDO\]HG� E\� ,&3�2(6��

1+�
�� DQG� 12�

�� ZHUH� GHWHUPLQHG� DIWHU� H[WUDFWLRQ� ZLWK� ����� 0� &D&O�� ������ VRLO� WR� OLTXLG��

DFFRUGLQJ� WR� 9'/8)$� $������ �+RIIPDQQ�� ������� DQG� DQDO\]HG� ZLWK� D� FRQWLQXRXV�IORZ�

DQDO\]HU��

������'DWD�DQDO\VHV�

)UHTXHQF\�GLVWULEXWLRQV�DQG�VNHZQHVV�RI�WKH�GDWD�ZHUH�DQDO\]HG�ZLWK�KLVWRJUDPV��XVLQJ�WKH�5�

VWDWLVWLFDO�VRIWZDUH�SDFNDJH��YHUVLRQ���������6RLO�YDULDEOHV�WKDW�ZHUH�QRW�QRUPDOO\�GLVWULEXWHG�

ZHUH� ORJ�WUDQVIRUPHG�SULRU� WR� WKH�JHRVWDWLVWLFDO�DQDO\VLV��7KH�VSDWLDO� DXWRFRUUHODWLRQ�RI�HDFK�

VRLO� YDULDEOH� ZDV� TXDQWLILHG� XVLQJ� WKH� VHPLYDULDQFH� �Ȗ��� $� VHPLYDULRJUDP� GLVSOD\V� WKH�

VHPLYDULDQFH� SORWWHG� DJDLQVW� WKH� ODJ� GLVWDQFHV� EHWZHHQ� SDLUV� RI� VDPSOHV�� 7KH� YDULDQFH�

LQFUHDVHV�ZLWK�GLVWDQFH�XQWLO�D�PD[LPXP��VLOO��F��LI�WKH�GDWD�LV�VSDWLDOO\�DXWR�FRUUHODWHG�DQG��QG�

RUGHU�VWDWLRQDU\��7KH�GLVWDQFH�FRUUHVSRQGLQJ�WR�WKH�VLOO�LV�FDOOHG�WKH�UDQJH��D����7KH�\�LQWHUFHSW�

RI�D�VHPLYDULRJUDP�LV�WKH�QXJJHW��F����ZKLFK�UHSUHVHQWV�WKH�YDULDQFH�FDXVHG�E\�PHDVXUHPHQW�

HUURU�DQG�VXEVFDOH�VSDWLDO�YDULDELOLW\��ZKLOH�WKH�YDULDQFH�EHWZHHQ�F��DQG�F�VKRZV�WKH�YDULDQFH�

RI� WKH� VSDWLDO� VWUXFWXUH�� L�H�� VSDWLDO� YDULDQFH� WKDW� LV� JLYHQ� E\� �F�F���F�� 6SKHULFDO� YDULRJUDP�

PRGHOV�ZHUH�ILWWHG�WR�WKH�H[SHULPHQWDO�VHPLYDULRJUDPV�ZLWK�WKH�9(63(5�VRIWZDUH��0LQDVQ\

����������

6WHSZLVH�PXOWLSOH� OLQHDU� UHJUHVVLRQV�ZHUH� SHUIRUPHG� WR� SUHGLFW� SRWHQWLDO� VRLO�1�2�HPLVVLRQ�

UDWHV�IURP�DOO�WKH�GHWHUPLQHG�VRLO�SURSHUWLHV��1+�2+��12�
���&��1��&�1��6:&��0Q��)H��S+���

S+���3���3���1D��.��6��&D��IRU�WKH�2K�DQG�$K�OD\HU��UHVSHFWLYHO\��5�YHUVLRQ���������9DULDEOHV�

ZHUH�VWHSZLVH�HOLPLQDWHG�GXULQJ�WKH�UHJUHVVLRQ�SURFHGXUH�WR�GHWHUPLQH�D�PLQLPXP�VXEVHW�RI�

YDULDEOHV�ZLWK�D�PD[LPXP�H[SODQDWRU\�SRZHU��DQG�WR�JHW�ULG�RI�H[SODQDWRU\�YDULDEOHV¶� LQWHU�

FRUUHODWLRQ��5��ZDV�XVHG�WR�TXDQWLI\�WKH�YDULDWLRQ�RI�SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�WKDW�ZDV�

H[SODLQHG�E\�WKH�YDULDWLRQ�RI� WKH�LQGHSHQGHQW�YDULDEOHV��5�
DGM� LV�D�PRUH�DSSURSULDWH�FULWHULRQ�

E\� UHODWLQJ� WKH� H[SODLQHG� YDULDWLRQ� WR� WKH� QXPEHU� RI� WKH� YDULDEOHV�� $V� D� ILQDO� FULWHULRQ� IRU�

PRGHO� VHOHFWLRQ�� ZH� XVHG� WKH� $NDLNH� LQIRUPDWLRQ� FULWHULRQ� �$,&�� LQ� WKH� PXOWLSOH� OLQHDU�

UHJUHVVLRQV��ZKHUH�WKH�VPDOOHVW�$,&�PHDQV�WKDW�WKH�RSWLPXP�UHJUHVVLRQ�PRGHO�LV�FORVHVW�WR�WKH�

µWUXH¶�PRGHO��$NDLNH���������



7KH� .7�'�URXWLQH� RI� WKH� *HRVWDWLVWLFDO� 6RIWZDUH� /LEUDU\� �'HXWVFK� 	� -RXUQHO�� ������ ZDV�

DSSOLHG�WR�SHUIRUP�WKH�VSDWLDO�HVWLPDWLRQ�E\�.ULJLQJ��7KH�PHDQ�DEVROXWH�HUURU��0$(��DQG�WKH�

URRW�PHDQ� VTXDUH� HUURU� �506(��� GHWHUPLQHG� E\� D� FURVV� YDOLGDWLRQ� SURFHGXUH��ZHUH� XVHG� WR�

LQGLFDWH� WKH� JRRGQHVV� RI� WKH� .ULJLQJ� HVWLPDWHV�� 2UGLQDU\� .ULJLQJ� �2.�� ZDV� H[WHQGHG� WR�

H[WHUQDO�GULIW�.ULJLQJ��('.��E\�XVLQJ�VSDWLDO�UHJUHVVLRQ�HVWLPDWHV�DV�DX[LOLDU\�GDWD��$KPHG�	�

'H�0DUVLO\���������7KH�LPSURYHPHQW�LQGH[�� ��RI�0$(�DQG�506(�ZDV�XVHG�WR�HYDOXDWH�WKH�

LPSURYHPHQW�RI�WKH�('.�FRPSDUHG�WR�WKH�2.�VLPXODWLRQ��7R�SUHVHUYH�WKH�SUREDELOLW\�GHQVLW\�

IXQFWLRQ� DQG� WKH� VSDWLDO� DXWRFRUUHODWLRQ� RI� WKH� RULJLQDO� PHDVXUHG� SRLQW� GDWD�� FRQGLWLRQDO�

VWRFKDVWLF�VLPXODWLRQ��&66��ZDV�SHUIRUPHG�ZLWK�WKH�6LPXODWHG�$QQHDOLQJ�$OJRULWKP��6$6,0��

'HXWVFK� 	� -RXUQHO�� ������ EDVHG� RQ� WKH� SRWHQWLDO� 1�2� HPLVVLRQ� PHDVXUHPHQWV� DQG� WKH�

UHJUHVVLRQ� HVWLPDWHV� DV� DX[LOLDU\� VSDWLDO� LQIRUPDWLRQ� �*RRYDHUWV�� ������ %RXUHQQDQH ��

������� ,Q� FRQWUDVW� WR� WKH� .ULJLQJ� DSSURDFKHV�� &66� UHSURGXFHV� WKH� VHPLYDULRJUDP� DQG� WKH�

IUHTXHQF\� GLVWULEXWLRQ� RI� WKH� WDUJHW� YDULDEOH�� )XUWKHU� GHWDLOV� RQ� WKH� .ULJLQJ� HVWLPDWLRQ� DQG�

VWRFKDVWLF�VLPXODWLRQ�DSSURDFKHV�FDQ�EH�IRXQG�LQ�+HUEVW� ����������

�

����5HVXOWV��

������3RWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV��1+�2+�FRQWHQW�DQG�EDVLF�SURSHUWLHV�

7KH�EDVLF�SURSHUWLHV�RI�WKH�$K�DQG�2K�OD\HUV�DUH�GLVSOD\HG�LQ�7DEOH������2I�DOO�VRLO�SURSHUWLHV��

SRWHQWLDO�1�2�HPLVVLRQ�UDWHV�VKRZHG�WKH�ODUJHVW�YDULDWLRQ��IROORZHG�E\�1+�2+��12�
��DQG�0Q�

FRQWHQW��7KH�SRWHQWLDO�1�2�HPLVVLRQ�UDWHV�UDQJHG�IURP��±����DQG��±�����ȝJ�1�NJ���GU\�VRLO�K���

LQ�WKH�2K�DQG�$K�OD\HU��UHVSHFWLYHO\��ZLWK�WKH�PHDQ�YDOXH�RI�WKH�2K�WHQIROG�KLJKHU�WKDQ�WKDW�RI�

WKH�$K��7KH�SRWHQWLDO�1�2�HPLVVLRQ�UDWHV�ZHUH�KLJKO\�YDULDEOH��ZLWK�FRHIILFLHQWV�RI�YDULDWLRQ�

RI������DQG������IRU�WKH�$K�DQG�2K�OD\HU��UHVSHFWLYHO\��DQG�ZHUH�OHIW�VNHZHG�GLVWULEXWHG��

7KH�1+�2+�FRQFHQWUDWLRQV� VKRZHG�D�SDWWHUQ� VLPLODU� WR� WKDW�RI�SRWHQWLDO� VRLO�1�2�HPLVVLRQ�

UDWHV��UDQJLQJ�IURP����±�����DQG�����±����ȝJ�1�NJ���GU\�VRLO�LQ�WKH�2K�DQG�$K��UHVSHFWLYHO\��

2Q�D�GU\�ZHLJKW�EDVLV��WKH�PHDQ�1+�2+�FRQWHQW�LQ�WKH�2K�ZDV�DERXW�VL[IROG�ODUJHU�WKDQ�LQ�WKH�

$K��ZLWK�OHVV�YDULDWLRQ��&9�§�������FRPSDUHG�WR�SRWHQWLDO�1�2�HPLVVLRQ�UDWHV��7KH�1+�2+�

FRQWHQW�ZDV�DSSUR[LPDWHO\�WKUHH�RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKH�12�
��FRQWHQW�RI�WKH�IRUHVW�

VRLO�VDPSOHV��7DEOH��������

�



7DEOH�����'HVFULSWLYH�VWDWLVWLFV�RI�SRWHQWLDO�1�2�HPLVVLRQ�UDWHV��1+�2+�FRQFHQWUDWLRQV�DQG�RWKHU�VRLO�
YDULDEOHV�RI�WKH�$K�DQG�2K�VRLO�KRUL]RQV��

6RLO�SURSHUWLHV� $K� 2K�

ȝ� ı� &9����� Q�� '� ȝ� ı� &9����� Q� '�

1�2���J���1�NJ���GU\�VRLO�K���� ����� ����� ������ ��� /'� ����� ����� ������ ���� /'�

1+�2+���J���1�NJ���GU\�VRLO�� ����� ����� ������ ���� /'� ����� ����� ������ ���� /'�

12�
�
�
�PJ�1�NJ���GU\�VRLO�� ����� ����� ������ ���� /'� ����� ����� ������ ���� /'�

1+�
���PJ�1�NJ���GU\�VRLO�� ��� �� �� �� �� ����� ����� ����� ���� /'�

&����� ����� ���� ����� ���� /'� ����� ���� ����� ���� 1'�

1����� ����� ����� ����� ���� /'� ����� ����� ����� ���� 1'�

&�1� ����� ���� ����� ���� /'� ����� ���� ����� ���� 1'�

S+���+�2�� ����� ����� ���� ���� /'� ����� ����� ���� ���� /'�

S+���&D&O��� ����� ����� ���� ���� /'� ����� ����� ���� ���� /'�

6:&��J�J���ZHW�VRLO�� ����� ���� ����� ���� 1'� ����� ���� ����� ���� 1'�
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��GDWD�RI�$K�OD\HU�ZDV�PLVVLQJ�GXH�WR�H[SHULPHQWDO�HUURUV�GXULQJ�1+�
��GHWHUPLQDWLRQ��

�

6RLO� 12�
�� FRQWHQW� ZDV� DOVR� UHPDUNDEO\� KLJKHU� LQ� WKH� 2K� WKDQ� LQ� WKH� $K� OD\HU�� ZLWK�

FRQVLGHUDEOH�VSDWLDO�YDULDWLRQ��7DEOH�������7KH�PHDQ�&�FRQWHQW�RI� WKH�2K�OD\HU�ZDV�WZLFH�DV�

KLJK�DV� WKDW�RI� WKH�$K�OD\HU��ZKHUHDV�WKH�PHDQ�&�1�UDWLRV�RI� WKH�WZR�OD\HUV�ZHUH�QHDUO\�WKH�

VDPH��2ZLQJ� WR� WKH� WRSRJUDSK\�DQG�VRLO�YDULDELOLW\� LQ� WKH�:�VWHEDFK�FDWFKPHQW�� DOVR�6:&�

YDULHG�FRQVLGHUDEO\�LQ�WKH�VDPSOLQJ�DUHD��7KH�PHDQ�S+�RI�DERXW����+�2��DQG�RI�VOLJKWO\�DERYH�

���&D&O���ZDV�W\SLFDO�IRU�DQ�DFLGLF�VSUXFH�IRUHVW�VRLO��,Q�JHQHUDO��WKH�2K�OD\HU�ZDV�PRUH�DFLGLF�

WKDQ�WKH�$K�OD\HU��$W�FHUWDLQ�VDPSOLQJ�SRLQWV��WKH�0Q�FRQWHQW�ZDV�DV�KLJK�DV�����PJ�NJ���LQ�

WKH�$K�OD\HU��ZKHUHDV�WKH�PHDQ�YDOXH�ZDV�DERXW����PJ�NJ���IRU�WKH�$K��DQG�DURXQG����PJ�NJ���

IRU�WKH�2K�OD\HU��2I�DOO�VRLO�SURSHUWLHV��RQO\�)H�FRQWHQW�DQG�S+�ZHUH�ODUJHU�LQ�WKH�$K�WKDQ�LQ�

WKH�2K���



������6SDWLDO�SDWWHUQV�

6HPLYDULRJUDPV� ZHUH� XVHG� WR� DQDO\]H� VSDWLDO� YDULDQFH� DQG� VSDWLDO� DXWR�FRUUHODWLRQV� RI�

SRWHQWLDO�1�2�HPLVVLRQ� UDWHV� DV�ZHOO� DV�1+�2+�DQG�12�
�� FRQWHQW�RI� WKH� VSUXFH� IRUHVW� VRLO��

7KH�VHPLYDULRJUDPV�IRU�SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�VKRZHG�VLPLODU�UDQJHV��DSSUR[������

P��IRU�$K�DQG�2K�OD\HUV��EXW�ZLWK�D�ODUJH�GLIIHUHQFH�LQ�VSDWLDO�YDULDQFH��������YV���������GXH�

WR� WKH�GLIIHUHQFH� LQ� VSDWLDO� DXWR�FRUUHODWLRQ� LQ�ERWK� OD\HUV� �)LJ�� ������7KH�1+�2+�DQG�12�
��

FRQWHQW�VKRZHG�DQ�RSSRVLWH�SDWWHUQ�IRU�UDQJHV�DQG�VSDWLDO�YDULDQFHV�LQ�WKH�WZR�VRLO�OD\HUV��)RU�

WKH� $K�� WKH� VHPLYDULRJUDP� RI� 1+�2+� H[KLELWHG� D� VPDOOHU� UDQJH� ������� P�� WKDQ� IRU� 12�
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�������P���EXW�D�ODUJHU�VSDWLDO�YDULDQFH���������WKDQ�IRU�12�
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DQG�2K��%��RI�WKH�VDPSOLQJ�DUHD��
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2UGLQDU\�.ULJLQJ�ZDV�DSSOLHG� WR�HVWLPDWH� WKH�VSDWLDO�SDWWHUQV�RI�VRLO�1+�2+��VRLO�12�
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SRWHQWLDO� 1�2� HPLVVLRQ� UDWHV�� $� ODUJH� VSDWLDO� YDULDELOLW\� ZDV� REVHUYHG� IRU� SRWHQWLDO� 1�2�

HPLVVLRQ�UDWHV�IRU�ERWK�$K�DQG�2K�OD\HU��)LJ��������7KH�VSDWLDO�GLVWULEXWLRQV�RI�SRWHQWLDO�1�2�

HPLVVLRQ�UDWHV�ZHUH�VLPLODU� IRU�ERWK�OD\HUV�DQG�ZHUH�KLJKO\�GHSHQGHQW�RQ�6:&��ZLWK�ODUJHU�

SRWHQWLDO� 1�2� HPLVVLRQ� UDWHV� DW� VDPSOLQJ� SRLQWV� FORVH� WR� WKH� KHDGZDWHU� RI� WKH�:�VWHEDFK�
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,Q�FRQWUDVW�WR�WKH�FRUUHODWLRQ�DQDO\VLV��VWHSZLVH�PXOWLSOH�UHJUHVVLRQV�ZHUH�FDUULHG�RXW�E\�XVLQJ�

DOO� WKH�EDVLF�VRLO�SURSHUWLHV�GHSLFWHG� LQ�7DEOH�����DV�YDULDEOHV�IRU� WKH�SUHGLFWLRQ�RI�SRWHQWLDO�

VRLO�1�2�HPLVVLRQ�UDWHV��$V�SUHOLPLQDU\�UHVXOWV�VKRZHG�WKDW�VRLO�.��6��&D�DQG�1D�FRQWHQW�GLG�

QRW�FRQWULEXWH�VLJQLILFDQWO\�WR�H[SODLQLQJ�WKH�VSDWLDO�YDULDQFH�RI�SRWHQWLDO�1�2�HPLVVLRQ�UDWHV��

WKH\� ZHUH� H[FOXGHG� IURP� WKH� PXOWLSOH� UHJUHVVLRQ� PRGHOV�� ,Q� FRQWUDVW�� 1+�2+� DQG� 12�
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FRQWHQW�VWURQJO\�FRQWULEXWHG�WR�WKH�YDULDQFH�RI�1�2��7DEOH�������6RLO�&�FRQWHQW�DQG�6:&�ZHUH�

WKH�VHFRQG�PRVW�LPSRUWDQW�YDULDEOHV�H[SODLQLQJ�SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�IURP�WKH�$K��

IROORZHG� E\� VRLO� S+�� DQG� 0Q� FRQWHQW�� 6RLO� )H� DQG� 3�� FRQWHQW� DOVR� IHDWXUHG� VPDOO�� EXW�

LQVLJQLILFDQW� FRQWULEXWLRQV� WR� SRWHQWLDO� VRLO�1�2� HPLVVLRQ� UDWHV�� $OVR� IRU� WKH�2K� OD\HU�� VRLO�
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�� FRQWHQW� ZHUH� WKH� PRVW� LPSRUWDQW� YDULDEOHV� H[SODLQLQJ� WKH� YDULDQFH� RI�
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PXOWLSOH�OLQHDU�UHJUHVVLRQV��

6RLO�OD\HU� 0XOWLSOH�UHJUHVVLRQ�HTXDWLRQ� 5�� 5�
DGM� $,&�

$K�� ���� OQ�1�2� ����������������OQ�1+�2+


����������OQ�12�
�

�

±�������OQ�&
���������6:&
��±�������S+�

���������OQ�

0Q
�±��������)H���������OQ�3��

������ ������ �����

� � � � �

2K�� ���� OQ�1�2� �������


���������OQ�1+�2+


���������OQ�12�
�




���������3�

����������OQ�0Q
����������)H�

������ ������ ������

$VWHULVNV�LQGLFDWH�WKH�VLJQLILFDQFH�RI�WKH�UHVSHFWLYH�YDULDEOH�RU�\�LQWHUFHSW�LQ�WKH�PXOWLSOH�UHJUHVVLRQ�PRGHOV�DW�D�
OHYHO�RI� ���������
��� ����������

��� ����������


���
 �QXPEHU�RI�VRLO�VDPSOHV�IRU�ZKLFK�YDOXHV�IRU�DOO�WKH�FR�YDULDEOHV�ZHUH�DYDLODEOH��
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������,PSURYHPHQW�RI�VSDWLDO�HVWLPDWLRQ���

([WHUQDO�GULIW�.ULJLQJ��('.��ZDV�XVHG� WR�HVWLPDWH� WKH�VSDWLDO�SDWWHUQV�RI�SRWHQWLDO�VRLO�1�2�

HPLVVLRQ� UDWHV�E\�DGGLQJ� WKH� LQIRUPDWLRQ�RI�FRYDULDWHV� LGHQWLILHG�E\� WKH�PXOWLSOH� UHJUHVVLRQ�

DQDO\VLV� �)LJ�� ������ &RPSDUHG� ZLWK� WKH� VSDWLDO� SDWWHUQV� EDVHG� RQ� 2.�� WKH� ('.� VLPXODWLRQ�

VKRZHG�D�PRUH�FRPSOH[�DQG�VKDUSHQHG�VSDWLDO�VWUXFWXUH�IRU�ERWK�$K�DQG�2K�OD\HU��8VLQJ�('.�

LQVWHDG�RI�2.�OHG�WR�D�JUHDWHU�LPSURYHPHQW�RI�0$(�DQG�506(�IRU�WKH�2K�OD\HU�WKDQ�IRU�WKH�

$K�OD\HU��ZLWK�DQ�LPSURYHPHQW�RI�������DQG��������IRU�WKH�0$(�DQG�506(�IRU�WKH�2K��DQG�

������DQG�������IRU�WKH�$K��UHVSHFWLYHO\��7DEOH�������$�VLPLODU�VSDWLDO�SDWWHUQ�ZDV�REVHUYHG�

EHWZHHQ�&66�DQG�('.��)LJ��������(YHQ�WKRXJK�WKH�&66�DSSURDFK�SURGXFHG�D�QRLVLHU�SDWWHUQ��

LW� H[KLELWHG� D� ZLGHU� GDWD� UDQJH� FRPSDUHG� WR� ('.� �VHH� FRORU� EDU� UDQJH� RI� )LJ�� ����� DQG�

SURYLGHV�D�PRUH�UHDOLVWLF�SDWWHUQ��$GGLWLRQDOO\��WKH�SDWWHUQ�RI�SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�

RI�WKH�2K�OD\HU�GHULYHG�IURP�&66�VKRZHG�OHVV�QRLVH�LQ�FRPSDULVRQ�WR�WKDW�RI�WKH�$K�OD\HU��DV�D�

UHVXOW� RI� WKH�KLJKHU� VSDWLDO� YDULDQFH�RI� WKH�2K� OD\HU� FRPSDUHG� WR� WKH�$K� OD\HU� �VHH�6HFWLRQ�
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������6SDWLDO�SDWWHUQV�RI�SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�DQG�VRLO�1+�2+�FRQWHQW�

$�KLJK�VSDWLDO�YDULDELOLW\�RI�SRWHQWLDO�1�2�HPLVVLRQV�ZDV�REVHUYHG�LQ�WKH�:�VWHEDFK�VDPSOLQJ�

DUHD��7RSRJUDSKLF� FRQGLWLRQV�� VXFK� DV� VORSH� DQG�HOHYDWLRQ�� KDYH� EHHQ� UHSRUWHG� DV� LPSRUWDQW�

IDFWRUV�RI�VSDWLDO�YDULDELOLW\�RI�VRLO�1�2�HPLVVLRQV��9HOWKRI ��������1LVKLQD ��������

.RQGD ���������+RZHYHU��DOWKRXJK�VORSH�DQG�HOHYDWLRQ�UDQJHG�EHWZHHQ�����±������DQG�

���±����P��UHVSHFWLYHO\��LQ�WKH�VDPSOLQJ�DUHD�RI�WKLV�VWXG\��ZH�GLG�QRW�REVHUYH�D�VLJQLILFDQW�

FRUUHODWLRQ�EHWZHHQ�1�2�HPLVVLRQV�DQG�WKHVH�WZR�YDULDEOHV��QHLWKHU�IRU�WKH�$K�QRU�IRU�WKH�2K�

OD\HU��GDWD�QRW�VKRZQ���7UHH�GHQVLW\�DQG�DERYHJURXQG�YHJHWDWLRQ�PD\�FRQWULEXWH�WR�WKH�VSDWLDO�

YDULDELOLW\� RI� VRLO� 1�2� HPLVVLRQV�� DV� WKH� DEXQGDQW� LQSXW� RI� RUJDQLF� PDWWHU� IURP� OLWWHU� FDQ�

VXSSRUW�PLFURELDO�DFWLYLW\�LQ�WKH�WRSVRLO��,Q�DGGLWLRQ��WUHH�GLVWDQFH�DQG�URRW�GHQVLW\�PD\�DOVR�

KDYH�DQ�LQIOXHQFH�RQ�VRLO�1�2�HPLVVLRQV��RQ�WKH�RQH�KDQG�GXH�WR� WKHLU� LPSDFW�RQ�VRLO�ZDWHU�

IOX[HV�DQG�KHQFH�RQ�6:&��DQG�RQ�WKH�RWKHU�KDQG�GXH�WR�URRW�OLWWHU�LQSXW�DQG�URRW�H[XGDWHV�WKDW�

FDQ�VHUYH�DV�VXEVWUDWHV�IRU�VRLO�PLFURELDO�1�WXUQRYHU�SURFHVVHV��%XWWHUEDFK�%DKO ���������

:H�REVHUYHG�WKDW�620�ZDV�DEXQGDQW�DW� WKH�VDPSOLQJ�SRLQWV�ZLWK�KLJK�URRW�GHQVLW\��DQG�ZH�

IRXQG�D�ZHDN�QHJDWLYH��EXW�VLJQLILFDQW�FRUUHODWLRQ��U� ࡳ����������S���������EHWZHHQ�WKH�GLVWDQFH�

RI�WKH�QHDUHVW�VXSHUILFLDOO\�YLVLEOH�URRW�WR�WKH�VDPSOLQJ�SRLQW�DQG�WKH�UHVSHFWLYH�SRWHQWLDO�VRLO�

1�2�HPLVVLRQ�UDWHV�RI�WKH�2K�OD\HU�RI�WKLV�SRLQW��GDWD�QRW�VKRZQ���

,Q�DGGLWLRQ�WR�WKH�LQIOXHQFH�RI�YHJHWDWLRQ��WKH�:�VWHEDFK�FUHHN�IORZLQJ�WKURXJK�WKH�VDPSOLQJ�

DUHD�PLJKW�KDYH�DOVR�FRQWULEXWHG�WR�WKH�VSDWLDO�YDULDELOLW\�RI�SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV��

PDLQO\� E\� FDXVLQJ� ±� LQ� FRPELQDWLRQ� ZLWK� WKH� VSHFLILF� WRSRJUDSKLFDO� FRQGLWLRQV� ±� D� ODUJH�

VSDWLDO�YDULDELOLW\�RI�6:&�LQ�WKLV�DUHD��%RO ���������+RWVSRWV�RI�SRWHQWLDO�1�2�HPLVVLRQ�

UDWHV�ZHUH�REVHUYHG�LQ�WKH�KHDGZDWHU�RI�WKH�FUHHN�IRU�ERWK�WKH�2K�DQG�$K�OD\HU��7KLV�ILQGLQJ�LV�

FRQVLVWHQW� ZLWK� 0F6ZLQH\� � �������� ZKR� IRXQG� WKDW� VRLO� 1�2� HPLVVLRQV� LQFUHDVHG�

GUDPDWLFDOO\�DW� WKH� VORSH�ULSDULDQ� LQWHUIDFH� DQG�FRQWLQXHG� WR� LQFUHDVH� WKURXJK� WKH� IORRGSODLQ�

DQG�WKH�ULYHUEDQN��7KH�FKDQJH�LQ�6:&�LV�DVVRFLDWHG�ZLWK�D�FKDQJH�LQ�WKH�VRLO�2��DQG�VXEVWUDWH�

DYDLODELOLW\��DQG�ZLWK�WKH�IRUPDWLRQ�RI�GLIIHUHQW�VRLO�W\SHV��H�J�� ��ZHOO�DHUDWHG��DQG�

��ZDWHU�ORJJHG���/DPHUV� ��������GHPRQVWUDWHG�WKDW�WKH�1�2�IOX[HV�IURP��ZDWHU�

ORJJHG�� �ZHUH�PXFK�ODUJHU�WKDQ�WKRVH�IURP�DQ��XSODQG�� �LQ�D�VSUXFH�IRUHVW�LQ�

&HQWUDO� *HUPDQ\�� ZKLFK� LV� FRQVLVWHQW� ZLWK� RXU� UHVHDUFK�� ,QFUHDVHG� 6:&�PD\� GHFUHDVH� 2��

DYDLODELOLW\� LQ� VRLO� EXW� FDQ� LQFUHDVH� WKH� VROXELOLW\� RI� LURQ�� ,Q� D� UHFHQW� VWXG\�� ODUJH�

FRQFHQWUDWLRQV�RI�LURQ�ZHUH�IRXQG�LQ�WKH�KHDGZDWHU�RI�:�VWHEDFK�FUHHN��%RO ���������$V�



LURQ�FDQ�EH�DQ�LPSRUWDQW�GULYHU�RI�VRLO�1�2�HPLVVLRQV��HLWKHU�WKURXJK�WKH�R[LGDWLRQ�RI�1+�2+�

E\�LURQ��,,,��RU� WKURXJK�WKH�UHGXFWLRQ�RI�12�
��E\�LURQ��,,�� �=KX ������E��� WKH�LQFUHDVHG�

LURQ�FRQFHQWUDWLRQ�LQ�WKH� �LQGXFHG�E\�KLJK�ZDWHU�FRQWHQW�PD\�FRQWULEXWH�WR�WKH�ODUJHU�

1�2�HPLVVLRQV�LQ�WKH�KHDGZDWHU�RI�WKH�:�VWHEDFK�IRUHVW���

7KH�1+�2+�FRQWHQW�RI�WKH�VRLO�UDQJHG�IURP�����±����ȝJ�1�NJ���GU\�VRLO�LQ�WKH�$K�OD\HU��EXW�

ZDV�RQ�DYHUDJH�WHQIROG�ODUJHU�LQ�WKH�2K�OD\HU��SUREDEO\�GXH�WR�WKH�ODUJH�RUJDQLF�PDWWHU�FRQWHQW�

DQG� WKHUHIRUH� KLJKHU�PLFURELDO� DFWLYLW\� LQ� WKLV� OD\HU�� 7KH� DYHUDJH� VRLO�1+�2+� FRQWHQW�ZDV�

DSSUR[LPDWHO\�WKUHH�RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKH�DYHUDJH�FRQWHQW�RI�1+�
��DQG�12�

��LQ�

IRUHVW� VRLO� VDPSOHV�� EXW� WKH� VSDWLDO� SDWWHUQ� RI� VRLO� 1+�2+� FRQWHQW� ZDV� VLPLODU� WR� WKDW� RI�

SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�DQG�VRLO�12�
��FRQWHQW��7KH�KRWVSRWV�RI�VRLO�1+�2+�FRQWHQW�

DORQJ� WKH�KHDGZDWHU�RI� WKH�:�VWHEDFK�FUHHN�ZHUH� XQH[SHFWHG�� VLQFH� WKH� FRQGLWLRQV� LQ� VXFK�

DUHDV� DUH� OHVV� IDYRUDEOH� IRU� DXWRWURSKLF� QLWULI\LQJ� EDFWHULD�� ZKLFK� LV� SUHVXPDEO\� WKH� PRVW�

OLNHO\� VRXUFH�SURFHVV�RI� VRLO�1+�2+��%RO� � ������� IRXQG� WKH� ORZHVW�S+�YDOXH� LQ�ZDWHU�

VDPSOHV� WDNHQ� LQ� WKH� KRWVSRW� DUHD� RI� WKLV� VWXG\�� ZKLFK� FRXOG� KDYH� FRQWULEXWHG� WR� WKH�

DFFXPXODWLRQ�RI�1+�2+�LQ�WKLV�ORFDWLRQ�VLQFH�1+�2+�LV�PRUH�VWDEOH�DW�ORZ�S+��7KLV�FRXOG�

KDYH�DOVR�SURPRWHG�WKH�DFWLYLW\�RI�$2$��ZKLFK�KDYH�UHFHQWO\�EHHQ�VKRZQ�WR�EH�DOVR�LQYROYHG�

LQ�1�2�IRUPDWLRQ�LQ�VRLOV�XQGHU�R[LF�FRQGLWLRQV��-XQJ ��������6WLHJOPHLHU ���������

:KLOH� WKH� IRUPDWLRQ� PHFKDQLVP� RI� 1�2� LQ� WKLV� FODVV� RI� PLFURRUJDQLVPV� LV� VWLOO� XQFOHDU��

1+�2+�KDV�EHHQ�VKRZQ�WR�EH�DQ�LQWHUPHGLDWH�RI�DPPRQLD�R[LGDWLRQ�E\�$2$��9DMUDOD ��

�������+RZHYHU��DW�WKH�SUHVHQW�VWDJH�WKH�VRXUFH�SURFHVV�RI�1+�2+�LQ�WKH� �DUHD�RI�WKLV�

VWXG\�UHPDLQV�XQNQRZQ�DQG�QHHGV�IXUWKHU�LQYHVWLJDWLRQ���

������7KH�FRQWULEXWLRQ�RI�1+�2+�WR�VRLO�SRWHQWLDO�1�2�HPLVVLRQ�

0RGHOV� IRU� WKH� 1�2� SURGXFWLRQ� LQ� IRUHVW� VRLOV� KDYH� EHHQ� GHYHORSHG� XVLQJ� IXQFWLRQV� DQG�

SDUDPHWHUV�IRU�QLWULILFDWLRQ��GHQLWULILFDWLRQ�DQG�FKHPRGHQLWULILFDWLRQ��/L ��������3DUWRQ

���������%XW�WKH�UROH�RI�1+�2+�RQ�VRLO�1�2�HPLVVLRQV�LQ�D�QDWXUDO�HFRV\VWHP�KDV�QRW�EHHQ�

FRQILUPHG�EHIRUH��HYHQ�WKRXJK�LW�LV�DQ�LPSRUWDQW�LQWHUPHGLDWH�RI�QLWULILFDWLRQ��

$OWKRXJK�1+�2+�DQG�WKH�UHVSRQVLEOH�VRXUFH�SURFHVVHV�KDYH�UHFHQWO\�UHFHLYHG�PRUH�DWWHQWLRQ�

DV�SRWHQWLDO�GHWHUPLQDQWV�RI� VRLO�1�2�HPLVVLRQV� �:UDJH ��������6FKUHLEHU ��������

%XWWHUEDFK�%DKO �� ������� D� VWURQJ� FRUUHODWLRQ� RI�1+�2+�ZLWK� SRWHQWLDO�1�2�HPLVVLRQ�

UDWHV��DV�LQ�WKLV�VWXG\��KDV�QRW�EHHQ�REVHUYHG�EHIRUH�IRU�QDWXUDO�HFRV\VWHPV��,Q�FRQWUDVW��ODUJH�

FRQWULEXWLRQV� �XS� WR� ����� RI�1+�2+� WR�1�2�HPLVVLRQV� KDYH� EHHQ� REVHUYHG� LQ�ZDVWHZDWHU�



WUHDWPHQW�SODQWV��/DZ ��������5DWKQD\DNH ���������8QWLO�QRZ��VRLO�1+�
���12�

��DQG�

ZDWHU�FRQWHQW�KDYH�EHHQ�FRQVLGHUHG�DV�WKH�PRVW�FUXFLDO�IDFWRUV�DIIHFWLQJ�VRLO�1�2�HPLVVLRQ�LQ�

IRUHVW� VRLOV� �:ROI�	�%UXPPH�� ������ 6FKLQGOEDFKHU �� ������ 3LOHJDDUG �� ������� DV�

ZHOO�DV�VRLO�S+��.OHPHGWVVRQ ��������0¡UNYHG ��������*KDUDKL�*KHKL ��������

DQG�VRLO�&�1�UDWLR��$PEXV ���������+RZHYHU��%UHPQHU� ��������GHPRQVWUDWHG�WKDW�WKH�

DGGLWLRQ� RI� 1+�2+� WR� VWHULOL]HG� VRLO� LPPHGLDWHO\� OHG� WR� VRLO� 1�2� HPLVVLRQ�� &KHPLFDO�

IRUPDWLRQ� RI� VRLO�1�2�HPLVVLRQV� KDV� DOVR� EHHQ� DVVXPHG� LQ� DFLGLF� VRLOV� �0DUWLNDLQHQ ��

������*KDUDKL�*KHKL ����������

7KHUH�DUH�PDLQO\�WZR�SRWHQWLDO�SDWKZD\V�IRU�WKH�R[LGDWLRQ�RI�1+�2+�WR�1�2��WKH�ELRORJLFDO�

UHDFWLRQ� E\� WKH� HQ]\PH� +$2� RU� PHWKDQRWURSKLF� EDFWHULD�� DQG� WKH� FKHPLFDO� R[LGDWLRQ� E\�

QLWULWH�RU�UHGR[�DFWLYH�PHWDO�FDWLRQV��%UHPQHU��������&DPSEHOO ��������6WHLQ���������7KH�

UHGR[�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�0Q������0Q2������1+�2+�ĺ���0Q2���1�2�����+�2��

KDV�EHHQ�GHPRQVWUDWHG� WR�SOD\�DQ� LPSRUWDQW� UROH� LQ�VRLO�1�2�HPLVVLRQV��%UHPQHU��������� ,Q�

WKLV� VWXG\�� E\� XVLQJ�PXOWLSOH� UHJUHVVLRQ� DQDO\VLV��ZH� DOVR� IRXQG� WKDW�0Q�ZDV� DQ� LPSRUWDQW�

IDFWRU�H[SODLQLQJ�1�2�HPLVVLRQ�UDWHV��7DEOH�������HPSKDVL]LQJ�WKH�LPSRUWDQFH�RI�WKH�R[LGDWLRQ�

RI�1+�2+�E\�0Q2�� WR�1�2� LQ� WKLV�1RUZD\� VSUXFH� IRUHVW� HFRV\VWHP�� ,Q� DGGLWLRQ��ZH� DOVR�

REVHUYHG�D�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�1�2�HPLVVLRQ�UDWHV�ZLWK�VRLO�S+�DQG�VRLO�&�FRQWHQW�

�7DEOH� ������ 7KLV� FRXOG� EH� H[SODLQHG� E\� WKH� IDFW� WKDW� XQSURWRQDWHG� 1+�2+� FDQ� UHDFW� ZLWK�

RUJDQLF� FDUERQ\O� JURXSV� WR� R[LPHV� �7KRUQ �� ������� $V� KLJKHU� VRLO� S+� OHDGV� WR� D�

GHFUHDVLQJ� GHJUHH� RI� 1+�2+� SURWRQDWLRQ� �S.D�  � ������� LW� ZLOO� EHFRPH�PRUH� UHDFWLYH� ZLWK�

RUJDQLF�PDWWHU��DQG�WKXV�OHVV�DYDLODEOH�IRU�WKH�R[LGDWLRQ�E\�0Q2��WR�1�2���

7KH�SUHGLFWLRQ�RI� VRLO�1�2�HPLVVLRQV� IRU� ODUJHU�DUHDV� LV�XVXDOO\�GLIILFXOW�GXH� WR�KLJK�VSDWLDO�

YDULDELOLW\�� QRW� OHDVW� GXH� WR� WKH� FRPSOH[� WRSRJUDSKLF�� K\GURORJLF� DQG� HGDSKLF� FRQGLWLRQV��

6WDWLF� FKDPEHUV� DUH� ZLGHO\� XVHG� IRU� WKH� HVWLPDWLRQ� RI� VRLO� 1�2� HPLVVLRQV� IURP� WHUUHVWULDO�

HFRV\VWHPV�DQG�SURYLGH�YDOXDEOH� LQIRUPDWLRQ�IRU�DVVHVVLQJ� WKH�VSDWLDO�YDULDELOLW\� �9HOWKRI

��������<DQDL ��������.RQGD ���������%HFDXVH�WKH�DUHD�HQFORVHG�E\�D�FKDPEHU�LV�

W\SLFDOO\� VPDOOHU� WKDQ� �� P��� LW� LV� QHFHVVDU\� WR� XVH� D� ODUJH� QXPEHU� RI� FKDPEHUV� WR� JHW� D�

UHSUHVHQWDWLYH�HVWLPDWH�RI� WKH�IOX[HV�DW� WKH�ILHOG�VFDOH��7KH�GHFLVLRQ�RI�KRZ�PDQ\�FKDPEHUV�

VKRXOG� EH� XVHG� DQG�ZKHUH� WKH� FKDPEHUV� VKRXOG� EH� SXW� LQ� D� WHUUHVWULDO� HFRV\VWHP�ZLWK� KLJK�

VSDWLDO�YDULDELOLW\�LV�TXLWH�GLIILFXOW�GXH�WR�KLJK�VSDWLDO�DQG�WHPSRUDO�YDULDELOLW\�DQG�WKH�OLPLWHG�

QXPEHU�RI�FKDPEHUV�WKDW�FDQ�EH�HPSOR\HG��)RU�H[DPSOH��WKH�UHTXLUHG�QXPEHU�IRU�D�VSDWLDOO\�

UHSUHVHQWDWLYH�REVHUYDWLRQ�RI�VRLO�1�2�HPLVVLRQ�LQ�WKH�VDPSOLQJ�DUHD�RI�WKLV�VWXG\�ZRXOG�EH�DV�



KLJK�DV������XVLQJ�WKH�PHWKRG�E\�+HUEVW� ���������ZKLFK�LV�LPSRVVLEOH�WR�UHDOL]H�ZLWK�D�

SUDFWLFDO�H[SHULPHQWDO�GHVLJQ��$�VXSSRUWLQJ�WRRO��DV�VXJJHVWHG�KHUH��LV�WR�HOXFLGDWH�NH\�FRQWURO�

YDULDEOHV� RI� VRLO� 1�2� HPLVVLRQ� WKDW� FDQ� EH� UHODWLYHO\� HDVLO\� PHDVXUHG�� WR� GHWHUPLQH� WKHVH�

YDULDEOHV�DW�D� ODUJH�QXPEHU�RI�VDPSOLQJ�SRLQWV�DQG�WR�FDOFXODWH�WKH�UHVSHFWLYH�1�2�HPLVVLRQ�

UDWHV�IRU�WKHVH�SRLQWV��

�

����&RQFOXVLRQV�

,Q�WKLV�VWXG\��SRWHQWLDO�VRLO�1�2�HPLVVLRQ�UDWHV�VKRZHG�D�ODUJH�VSDWLDO�YDULDELOLW\��ZKLFK�FRXOG�

EH�FKLHIO\�H[SODLQHG�ZLWK�WKH�VSDWLDO�YDULDELOLW\�RI�VRLO�1+�2+�DQG�12�
��FRQWHQWV��+RWVSRWV�RI�

DOO�WKUHH�VRLO�SDUDPHWHUV�ZHUH�REVHUYHG�LQ�WKH�KHDGZDWHU�RI�WKH�:�VWHEDFK�FUHHN��7KLV�ILQGLQJ�

VXJJHVWV� WKDW�1+�2+�SOD\V�D�FUXFLDO� UROH� LQ�H[SODLQLQJ�VSDWLDO�YDULDELOLW\�RI�1�2�HPLVVLRQV�

XQGHU�D� UDQJH�RI� VRLO� FRQGLWLRQV� LQ�D�KHWHURJHQHRXV�FDWFKPHQW�DQG� LQGLFDWHV� WKDW�D� VSDWLDOO\�

UHSUHVHQWDWLYH� GHWHUPLQDWLRQ� RI� VRLO� 1+�2+� FRQWHQW�� DORQJ� ZLWK� RWKHU� FR�YDULDEOHV�� LV� D�

SURPLVLQJ� ZD\� WR� UHGXFH� WKH� XQFHUWDLQW\� RI� VRLO� 1�2� HPLVVLRQ� HVWLPDWHV� IRU� FRPSOH[�

HFRV\VWHPV��7KH�DSSURDFK�GHPRQVWUDWHG�LQ�WKLV�VWXG\�FRXOG�DOVR�IDFLOLWDWH�ILHOG�PHDVXUHPHQWV�

RI�1�2�ZLWK�FKDPEHUV�LQ� WHUPV�RI�D�VSDWLDOO\�RSWLPL]HG�VDPSOLQJ�GHVLJQ�ZKLFK�UHIOHFWV�EHVW�

WKH�VSDWLDO�1�2�HPLVVLRQ�SDWWHUQV��



Chapter 5     

Interactive effects of MnO2, organic 

matter and pH on abiotic formation of 

N2O from hydroxylamine in artificial soil 

mixtures 
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%DVHG�RQ��

/LX��6���%HUQV��$��(���9HUHHFNHQ��+���:X��'��DQG�%U�JJHPDQQ��1����������,QWHUDFWLYH�HIIHFWV�

RI�0Q2���RUJDQLF�PDWWHU�DQG�S+�RQ�DELRWLF�IRUPDWLRQ�RI�1�2�IURP�K\GUR[\ODPLQH�LQ�DUWLILFLDO�

VRLO�PL[WXUHV�� ������������



����,QWURGXFWLRQ�

1LWURXV�R[LGH�LV�D�SRWHQW�JUHHQKRXVH�JDV�WKDW�FDQ�EH�IRUPHG�E\�VHYHUDO�VRLO�SURFHVVHV��VXFK�DV�

PLFURELDO� QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ��7KH�1�2�SURGXFWLRQ� IURP�QLWULILFDWLRQ�� HVSHFLDOO\�

IURP� LWV� UHDFWLYH� LQWHUPHGLDWH�1+�2+�� KDV� UHFHLYHG� LQFUHDVLQJ� DWWHQWLRQ� LQ� WKH� UHFHQW� SDVW��

IRVWHUHG� E\� WKH� GHYHORSPHQW� RI� DQDO\WLFDO� WHFKQLTXHV� IRU� WKH� GHWHUPLQDWLRQ� RI� WKH� ��1� VLWH�

SUHIHUHQFH� LQ� WKH� 1�2� PROHFXOH� WKDW� DOORZV� IRU� FRQVWUDLQLQJ� WKH� FRQWULEXWLRQ� RI� GLIIHUHQW�

VRXUFH� SURFHVVHV� WR� WRWDO�1�2� IRUPDWLRQ� �6XWND �� ������ 6WHLQ�� ������:XQGHUOLQ ��

������5DWKQD\DNH �� �������$OVR�� LQFUHDVLQJ� NQRZOHGJH� IURP�PROHFXODU� ELRORJLFDO� DQG�

JHQHWLF�VWXGLHV�KDV�FRQWULEXWHG�WR�HOXFLGDWLQJ�WKH�GLIIHUHQW�1�2�IRUPDWLRQ�PHFKDQLVPV�GXULQJ�

QLWULILFDWLRQ� �6WHLQ�� ������� 6WLOO�� WKH� UROH� RI� 1+�2+� LQ� 1�2� IRUPDWLRQ� LQ� WKH� VRLO� LV�

LQVXIILFLHQWO\� XQGHUVWRRG��:KLOH� WKHUH� LV� HYLGHQFH�� H�J��� IURP� PHDVXUHPHQWV� LQ� ZDVWHZDWHU�

WUHDWPHQW�V\VWHPV�WKDW�1+�2+�FDQ�FRQWULEXWH�DERXW�����RI�WRWDO�1�2�IRUPDWLRQ��5DWKQD\DNH

���������WKH�IRUPDWLRQ�RI�1�2�IURP�1+�2+�LQ�VRLO�DQG�LWV�FRQWUROOLQJ�IDFWRUV�KDYH�UDUHO\�

EHHQ�VWXGLHG��%UHPQHU ��������+HLO ���������

+\GUR[\ODPLQH� ZDV� ILUVW� LGHQWLILHG� E\� /HHV� ������� DV� DQ� LQWHUPHGLDWH� RI� WKH� ILUVW� VWHS� RI�

QLWULILFDWLRQ�E\�$2%��LQ�ZKLFK�1+��LV�R[LGL]HG�WR�12�
���7KH�NQRZOHGJH�RI�XQGHUVWDQGLQJ�WKH�

QLWULILFDWLRQ� SURFHVV� LQ� $2$�� KRZHYHU�� LV� PXFK� PRUH� IUDJPHQWDU\�� EXW� 1+�2+� KDV� EHHQ�

LGHQWLILHG�DV�DQ�LQWHUPHGLDWH�RI�DPPRQLD�R[LGDWLRQ�DOVR�LQ�$2$��9DMUDOD ���������,Q�PRVW�

FLUFXPVWDQFHV��1+�2+�LV�TXLFNO\�R[LGL]HG� WR�QLWULWH� LQ� WKH�SHULSODVP�RI� WKH�$2%��DQG�1�2�

PD\�EH�SURGXFHG�DV�D�VLGH�SURGXFW�GXULQJ�WKLV�SURFHVV��6WHLQ����������+RZHYHU��DOVR�D�OHDNDJH�

RI�1+�2+�IURP� WKH�SHULSODVP�DFURVV� WKH�RXWHU�PHPEUDQH�RI� WKH�$2%� LQWR� WKH�VRLO�PDWUL[��

IROORZHG� E\� D� FKHPLFDO� UHDFWLRQ� ZLWK� VRLO� FRQVWLWXHQWV� \LHOGLQJ� 1�2�� FRXOG� EH� D� SRWHQWLDO�

PHFKDQLVP�RI�WKH�1�2�IRUPDWLRQ�GXULQJ�QLWULILFDWLRQ��7KLV�DVVXPSWLRQ�LV�VXSSRUWHG�E\�WKH�IDFW�

WKDW�$2%�FDQ�WDNH�XS�1+�2+�IURP�WKH�VXUURXQGLQJ�PHGLXP��6FKPLGW ������D��DV�ZHOO�

DV� E\� WKH� REVHUYDWLRQ� WKDW� WKH� PHGLXP� RI� $2%� FXOWXUHV� FRQWDLQV� PHDVXUDEOH� DPRXQWV� RI�

1+�2+�� 7KH� ODWWHU� ZDV� IRXQG� IRU� � XQGHU� R[LF� FRQGLWLRQV�� ERWK� IRU�

ZLOG�W\SH� �DQG�HYHQ�PRUH�VR�IRU�1LU.�DQG�1RU%�GHILFLHQW�PXWDQWV��6FKPLGW ��

����E���,Q�DFFRUGDQFH�ZLWK�WKLV�DVVXPSWLRQ��D�SRVLWLYH�UHODWLRQVKLS�EHWZHHQ�1+�2+�FRQWHQW�

RI� WKH�VRLO�DQG�VRLO�1�2�HPLVVLRQV�XQGHU�R[LF�FRQGLWLRQV�KDV�EHHQ�GHWHFWHG� LQ�QDWXUDO� IRUHVW�

VRLO�VDPSOHV�/LX ���������,Q�DGGLWLRQ��DOVR�WKH�DELRWLF�IRUPDWLRQ�RI�1�2�IURP�1+�2+�KDV�

EHHQ�REVHUYHG�LQ�VWHULOL]HG�VRLO�VDPSOHV�IURP�GLIIHUHQW�HFRV\VWHPV��+HLO ����������



,Q� VRLO�� 1�2� FDQ� EH� IRUPHG� FKHPLFDOO\�� DPRQJ� RWKHU� SRVVLEO\� UHDFWLRQV�� DFFRUGLQJ� WR� WKH�

IROORZLQJ�HTXDWLRQV��%UHPQHU����������

� 1+�2+���12�
��ĺ�1�2���+�2���2+�� � � � � ������

� ��0Q2������1+�2+�ĺ���0Q2���1�2�����+�2�� � � � ������

2ZLQJ�WR�LWV�KLJK�R[LGL]DWLRQ�SRWHQWLDO��PDQJDQHVH�GLR[LGH��0Q2���DFWV�DV�D�VWURQJ�R[LGDQW�LQ�

WKH�VRLO�WKDW�SOD\V�DQ�LPSRUWDQW�UROH�QRW�RQO\�LQ�WKH�WXUQRYHU�RI�RUJDQLF�VXEVWDQFHV��/HKPDQQ

��������/L ���������EXW�DOVR�LQ�WKH�1�F\FOH��/XWKHU�	�3RSS���������HYHQ�XQGHU�DQR[LF�

FRQGLWLRQV��+XOWK ��������+XOWK ���������620�SOD\V�D�FUXFLDO�UROH�LQ�WKH�VWRUDJH�DQG�

UHOHDVH�RI�1�DV�ZHOO�DV�LQ�WKH�HPLVVLRQ�RI�1�2�IURP�VRLOV��4XLFN�GLVDSSHDUDQFH�RI�12�
��DQG�

12�
��ZLWKLQ� D� IHZ�KRXUV� DIWHU� DGGLWLRQ� KDV� EHHQ� REVHUYHG� LQ� IRUHVW� VRLOV� �'DLO �� ������

'DYLGVRQ ��������6FKPLGW�	�0DW]QHU���������ZKHUHDV�1+�2+�GLVDSSHDUHG�FRPSOHWHO\�LQ�

VRLO�VHYHUDO�PLQXWHV�DIWHU�DGGLWLRQ��%UHPQHU ��������/LX ���������$ELRWLF�UHDFWLRQV�RI�

620�DQG� LQRUJDQLF�1�PD\� FRQWULEXWH� WR� WKH�TXLFN�GLVDSSHDUDQFH�� DV�QLWULWH� DQG�QLWUDWH� FDQ�

UHDFW�ZLWK�620�RU�GLVVROYHG�RUJDQLF�FDUERQ� �'2&��� OHDGLQJ� WR� WKH�IRUPDWLRQ�RI�RUJDQLF�1��

VXFK�DV�QLWURVR�DQG�QLWUR�FRPSRXQGV� �(O�$]KDU �� ������7KRUQ�	�0LNLWD�� �������ZKLOH�

1+�2+� FDQ� DOVR� UHDFW� ZLWK� FDUERQ\O� JURXSV� WR� IRUP� R[LPHV� �1HOVRQ�� ������ 7KRUQ ��

�������

� 5��5��& 2�����1+�2+�ĺ�5��5��& 12+�����+�2�� � � �������

7KH� TXDOLW\� RI� 620�� RU� PRUH� VSHFLILFDOO\� WKH� &�1� UDWLR� DQG� WKH� W\SH� DQG� DEXQGDQFH� RI�

IXQFWLRQDO� JURXSV�� LQIOXHQFH� WKH� ERQGLQJ� RI� LQRUJDQLF� 1� WR� 620� �7KRUQ�	�0LNLWD�� �������

3KHQROLF�OLJQLQ�GHULYDWLYHV��DQ�LPSRUWDQW�FRQVWLWXHQW�RI�620��FDQ�FRYDOHQWO\�ELQG�UHDFWLYH�1�

FRPSRXQGV�DQG� WKHUHE\�VWDELOL]H�1�LQ�VRLO� �2ON ��������+DOYRUVRQ�	�*RQ]DOH]���������

7KH�1�ELQGLQJ�IRUP�FDQ�EH�DIIHFWHG�E\�WKH�SODQW�VSHFLHV�IURP�ZKLFK�WKH�620�LV�GHULYHG�GXH�

WR�WKH�GLIIHUHQW�FKDUDFWHULVWLFV�RI�SKHQROLF�FRPSRXQGV��H�J��FRQGHQVHG�RU�K\GURO\]DEOH�WDQQLQ�

�.UDXV ���������

6RLO�S+�LV�DQRWKHU�NH\�IDFWRU�LQIOXHQFLQJ�PRVW�QLWURJHQ�WUDQVIRUPDWLRQV�LQ�VRLO��+LJK�VRLO�1�2�

HPLVVLRQV�KDYH�EHHQ�REVHUYHG�LQ�DFLG�IRUHVW�VRLOV��0DUWLNDLQHQ ��������â,PHN�	�&RRSHU��

������� 7KH� HIIHFW� RI� S+� RQ� HQ]\PH� DFWLYLWLHV� GXULQJ� GHQLWULILFDWLRQ� DQG� QLWULILFDWLRQ� ZDV�

VXJJHVWHG�DV�WKH�PDLQ�UHDVRQ��/LX ���������+RZHYHU��DOVR�FKHPLFDO�UHDFWLRQV�WKDW�SURGXFH�

1�2� LQ� WKH� VRLO�� VXFK� DV� WKH� UHDFWLRQ� RI� QLWULWH�ZLWK�620�DQG� WKH� UHDFWLRQ� RI�1+�2+�ZLWK�





����0HWKRGV�

������3UHSDUDWLRQ�RI�WKH�DUWLILFLDO�VRLO�PL[WXUHV�

7KH� DUWLILFLDO� VRLO� PL[WXUHV� FRQVLVWHG� RI� ���� �H[SUHVVHG� DV� SHUFHQWDJH� RI� GU\�ZHLJKW�� ILQH�

TXDUW]� VDQG� �����RI� WKH�SDUWLFOHV����������PP��� UHSUHVHQWLQJ� WKH� VDQG� IUDFWLRQ������TXDUW]�

SRZGHU��������������PP���UHSUHVHQWLQJ�WKH�VLOW�IUDFWLRQ��DQG�����NDROLQ�FOD\����������PP���

UHSUHVHQWLQJ� WKH� FOD\� IUDFWLRQ��PLPLFNLQJ� WKH� VRLO� WH[WXUH�RI� WKH�DJULFXOWXUDO� 7(5(12�ILHOG�

VLWH�6HOKDXVHQ��%RUQHPDQQ ���������)UHH]H�GULHG��ILQHO\�JURXQG�DQG�VLHYHG���������PP��

SHDW� PRVV� � �� FROOHFWHG� IURP� '�UUHV� 0DDU�� (LIHO�� *HUPDQ\�� ZDV�

DPHQGHG� DV� 620� WR� WKH� DUWLILFLDO� VRLO� PL[WXUHV� DW� OHYHOV� RI� ���� ���� ������ ���� ���� GU\�

ZHLJKW��ZKLOH�WKH�UHODWLYH�DPRXQW�RI�VDQG��FOD\�DQG�VLOW�ZDV�UHGXFHG�DFFRUGLQJ�WR�WKH�DPRXQW�

RI� SHDW� PRVV� DGGHG�� 7KH� ZDWHU� KROGLQJ� FDSDFLW\� �:+&�� ZDV� GHWHUPLQHG� IRU� HDFK� RI� WKH�

DUWLILFLDO�VRLO�PL[WXUHV��7KH�:+&�LQFUHDVHG�ZLWK�LQFUHDVLQJ�RUJDQLF�PDWWHU��20��FRQWHQW��DQG�

DPRXQWHG�WR���������������������DQG������IRU�WKH�ILYH�20�FRQWHQWV��UHVSHFWLYHO\��(DFK�RI�

WKRVH�DUWLILFLDO�VRLO�PL[WXUHV�ZDV�DPHQGHG�ZLWK�0Q2�� �0HUFN��'DUPVWDGW��*HUPDQ\��DW�ILYH�

GLIIHUHQW�OHYHOV���������������������������������0Q���WKHQ�WKH�LQJUHGLHQWV�ZHUH�WKRURXJKO\�

KRPRJHQL]HG��

������3UHSDUDWLRQ�RI�DUWLILFLDO�VRLO�PL[WXUHV�ZLWK�GLIIHUHQW�20�TXDOLWLHV�

2UJDQLF�PDWHULDOV�ZLWK�GLIIHUHQW�&�1�UDWLRV��7DEOH������ZHUH�GHULYHG�IURP�WZR�GLIIHUHQW�SODQW�

VSHFLHV�� L�H�� ZDWHUPLOIRLO� � �� DQG� FORYHU� � ��� DQG� IURP� D�

F\DQREDFWHULXP�� ���:DWHUPLOIRLO�DQG�FORYHU�KDG�EHHQ�FROOHFWHG�SUHYLRXVO\�

RQ�WKH�FDPSXV�RI�)RUVFKXQJV]HQWUXP�-XHOLFK�*PE+�������DQG�������UHVSHFWLYHO\���ZKLOH�WKH�

F\DQREDFWHULXP� PDWHULDO� KDG� EHHQ� SXUFKDVHG� LQ� ����� �&RQFHSW� 9LWDOSURGXNWH�� 6FKZHUWH��

1RUGUKHLQ�:HVWIDOHQ�� *HUPDQ\��� 7KH� ILQHO\� JURXQG� DQG� VLHYHG� ��� ����� PP�� 20� ZDV�

DPHQGHG� WR� WKH� LQRUJDQLF� TXDUW]�NDROLQ� PL[WXUH� DV� GHVFULEHG� DERYH� DW� D� UDWH� RI� ����� GU\�

ZHLJKW��ZKLOH�WKH�UHODWLYH�DPRXQW�RI�VDQG��FOD\��DQG�VLOW�ZDV�UHGXFHG�DFFRUGLQJO\��$OVR�IRU�WKLV�

H[SHULPHQW�� HDFK� RI� WKH� DUWLILFLDO� VRLO� PL[WXUHV� ZDV� DPHQGHG� ZLWK� 0Q2�� DW� ILYH� GLIIHUHQW�

OHYHOV� ����� ������� �������� ������� ����� 0Q��� DQG� DJDLQ� PL[HG� WKRURXJKO\� WR� REWDLQ� D�

KRPRJHQHRXV�FRPSRVLWLRQ��

�

�



7DEOH�����%DVLF�HOHPHQWDO�SURSHUWLHV�RI�WKH�RUJDQLF�PDWHULDOV�XVHG�LQ�WKLV�VWXG\��

� &�� 1� &�1� $O� &D� )H� .� 0J� 0Q� 1D� 3� 6L�

3HDW�PRVV� ������ ����� ����� ������ ����� ������ ������ ������ ������� ������ ������ ������

:DWHUPLOIRLO� ����� ����� ����� ����� ����� ����� ����� ����� ������ ������ ������ ������

&ORYHU� ����� ����� ����� ������� ����� ������ ����� ����� ������� ������� ������ ������

&\DQREDFWHULXP� ����� ����� ���� ������ ����� ������ ����� ����� ������� ������ ������ ������

��$OO�HOHPHQWV�DUH�UHSRUWHG�DV���RI�GU\�ZHLJKW��
��7KH�VWDQGDUG�GHYLDWLRQ�LV����IRU�WKH�YDOXHV�ODUJHU�WKDQ���������IRU�WKH�YDOXHV�VPDOOHU�WKDQ�������DQG�����IRU�WKH�YDOXHV�LQ�
WKH�UDQJH�RI������WR�����

�

������$GGLWLRQ�RI�1+�2+�WR�WKH�DUWLILFLDO�VRLO�PL[WXUHV�DQG�DQDO\VLV�RI�WKH�1�2�IRUPHG�

2QH� JUDP� RI� HDFK� DUWLILFLDO� VRLO� PL[WXUH� ZDV� ZHLJKHG� LQWR� LQGLYLGXDO� ���P/� *&� YLDOV��

6XEVHTXHQWO\�� 1+�2+� LQ� GLIIHUHQW� EXIIHU� VROXWLRQV�ZDV� DGGHG� WR� HDFK� YLDO� WR� REWDLQ� D� VRLO�

ZDWHU�FRQWHQW�RI�����:+&��ZKLFK�UHTXLUHG�DGGLWLRQ�RI�YDU\LQJ�YROXPHV�RI�EXIIHU�VROXWLRQ�WR�

WKH� GLIIHUHQW� VRLO� PL[WXUHV� GHSHQGLQJ� RQ� WKH� 20� FRQWHQW�� DQG� DGDSWDWLRQ� RI� WKH� 1+�2+�

FRQFHQWUDWLRQ�RI�HDFK�RI�WKH�EXIIHU�VROXWLRQV�DFFRUGLQJO\��7KH�WRWDO�DPRXQW�RI�1+�2+�DGGHG�

WR�HDFK�RI�WKH�VRLO�PL[WXUHV�ZDV�DOZD\V���QPRO��HTXLYDOHQW�WR�����J�1�SHU�NJ�GU\�PDWHULDO���

7KH�S+�EXIIHU�VROXWLRQV�DW�S+���������DQG���ZHUH�SUHSDUHG�ZLWK�FLWULF�DFLG������0��DQG�VRGLXP�

FLWUDWH� �����0�� DFFRUGLQJ� WR�*RPRUL� ��������ZKHUHDV� WKH�EXIIHU� DW� S+���ZDV�SUHSDUHG�ZLWK�

WULV�K\GUR[\PHWK\O�DPLQRPHWKDQH�DQG�PDOHDWH��7ULV�PDOHDWH�EXIIHU���7KHUH�ZHUH�WRWDOO\�WZR�

H[SHULPHQWV� FRQGXFWHG�� ZLWK� RQH� H[SHULPHQW� ZLWK� WRWDOO\� WKUHH� WUHDWPHQWV� �S+î�� OHYHOV��

0Q2��î�� OHYHOV��20�DPRXQWî�� OHYHOV�� DQG� WKH�RWKHU�RQH�ZLWK�DOVR� WKUHH� WUHDWPHQWV� �S+î��

OHYHOV��0Q2��î�� OHYHOV��20�TXDOLW\î�� OHYHOV��20�DPRXQW�������7KH�H[SHULPHQWV� LQFOXGHG�

WRWDOO\�IRXU�WUHDWPHQWV��S+î��OHYHOV��0Q2��î��OHYHOV��20�DPRXQWî��OHYHOV�DQG�20�TXDOLW\î��

OHYHOV���ZLWK�WKUHH�UHSOLFDWHV�IRU�HDFK�OHYHO���7KH�YLDOV�ZHUH�FORVHG�LPPHGLDWHO\�DIWHU�1+�2+�

DGGLWLRQ��$IWHU����K�RI� LQFXEDWLRQ�� WKH�1�2�FRQFHQWUDWLRQ� LQ� WKH�KHDGVSDFH�RI� WKH�YLDOV�ZDV�

PHDVXUHG�ZLWK� D�*&� HTXLSSHG�ZLWK� DQ� HOHFWURQ� FDSWXUH� GHWHFWRU� �&ODUXV� ����� 3HUNLQ(OPHU��

5RGJDX��*HUPDQ\���/LX ���������

������&DOFXODWLRQ�RI�WKH�1+�2+�WR�1�2�FRQYHUVLRQ�UDWLR�

7KH�1+�2+�WR�1�2�FRQYHUVLRQ�UDWLR��51+�2+�WR�1�2��PROHV�1�2�1�SHU�PROH�1+�2+�1�����

ZDV�GHWHUPLQHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ��

�� 51+�2+�WR�1�2� � � � ������



ZKHUH� �LV�WKH�EDFNJURXQG�1�2�PL[LQJ�UDWLR�LQ�WKH�KHDGVSDFH�RI�WKH�FRQWURO�ZLWKRXW�1+�2+�

DGGLWLRQ��Q/�/����� �LV�WKH�1�2�PL[LQJ�UDWLR�LQ�WKH�KHDGVSDFH�RI�WKH�VDPSOH�ZLWK�1+�2+�

DGGLWLRQ��Q/�/�����WKH�IDFWRU���UHSUHVHQWV�WKH�PRODU�1�UDWLR�RI�1�2�DQG�1+�2+�� �LV�WKH�

YROXPH�RI�WKH�YLDO�KHDGVSDFH��������/��� LV�WKH�PRODU�YROXPH�RI�1�2�DW�VWDQGDUG�SUHVVXUH�

DQG�URRP�WHPSHUDWXUH���������/�PRO����� �LV�WKH�DPRXQW�RI�1+�2+�DGGHG�WR�WKH�VDPSOH�YLDOV�

���QPRO���

������'HWHUPLQDWLRQ�RI�WKH�EDVLF�SURSHUWLHV�RI�WKH�RUJDQLF�PDWHULDOV�

7KUHH�UHSOLFDWHV�RI�HDFK�RUJDQLF�PDWHULDO�ZHUH�DQDO\]HG�WR�GHWHUPLQH�LWV�EDVLF�SURSHUWLHV��7KH�

&�DQG�1�FRQWHQW�RI�WKH�GLIIHUHQW�RUJDQLF�PDWHULDOV�ZDV�DQDO\]HG�E\�ZHLJKLQJ����������J�GU\�

PDWHULDO� LQWR� WLQ� FDSVXOHV�� IROORZHG� E\� FRPEXVWLRQ� DW� �����&� LQ� DQ� HOHPHQWDO� DQDO\]HU�

�(XUR($�� (XUR9HFWRU�� 0LODQ�� ,WDO\�� LQWHUIDFHG� WR� DQ� LVRWRSH�UDWLR� PDVV� VSHFWURPHWHU�

�,VRSULPH��,VRSULPH�/WG��6WRFNSRUW��8QLWHG�.LQJGRP���7KH�&�DQG�1�FRQWHQW�ZHUH�GHWHUPLQHG�

WKURXJK� SHDN� LQWHJUDWLRQ� RI�P�]� ��� �&2��� DQG� ��� �1���� UHVSHFWLYHO\�� DQG� FDOLEUDWHG� DJDLQVW�

HOHPHQWDO�VWDQGDUGV��

7KH�HOHPHQWDO�FRPSRVLWLRQ�RI� WKH�RUJDQLF�PDWHULDOV�ZDV�DQDO\]HG�E\�XVLQJ� ,&3�2(6� LQ� WKH�

FHQWUDO�DQDO\WLFDO�ODERUDWRU\��=($����RI�)RUVFKXQJV]HQWUXP�-�OLFK��%ULHIO\������PJ�RI�VDPSOH�

PDWHULDO�ZHUH�PL[HG�ZLWK���P/�+12��DQG���P/�+�2���KHDWHG�LQ�WKH�PLFURZDYH�DW�����:�IRU�

���PLQ��7KH�PL[WXUHV�ZHUH�VXEVHTXHQWO\�ILOOHG�XS�WR����P/�DQG�GLOXWHG����IROG�ZLWK�GHLRQL]HG�

ZDWHU�IROORZHG�E\�WKH�,&3�2(6�PHDVXUHPHQW���

)RU� WKH� GHWHUPLQDWLRQ� RI� FKDUDFWHULVWLF� PROHFXOH� VWUXFWXUHV� DQG� IXQFWLRQDO� JURXSV� RI� WKH�

GLIIHUHQW� RUJDQLF� PDWHULDOV� XVHG� LQ� WKH� H[SHULPHQWV�� ��&� DQG� ��1� FURVV�SRODULVDWLRQ� PDJLF�

DQJOH� VSLQQLQJ� �&30$6�� QXFOHDU� PDJQHWLF� UHVRQDQFH� �105�� VSHFWUD� ZHUH� REWDLQHG�� ��&�

&30$6�VSHFWUD�ZHUH�REWDLQHG�RQ�D������7�9DULDQ� ,129$70�8QLW\��9DULDQ� ,QF���3DOR�$OWR��

&$��86$��DW�D���&�UHVRQDQFH�IUHTXHQF\�RI������0+]����1�&30$6�VSHFWUD�ZHUH�REWDLQHG�RQ�D�

������7�9DULDQ�105�V\VWHP��9DULDQ�,QF���3DOR�$OWR��&$��86$��DW�D���1�UHVRQDQFH�IUHTXHQF\�

RI� ����� 0+]�� 6DPSOHV� ZHUH� SDFNHG� LQWR� �� PP� GLDPHWHU� F\OLQGULFDO� ]LUFRQLD� URWRUV� ZLWK�

9HVSHO��GULYH�WLSV�DQG�VSXQ�DW����������+]�LQ�DQ�+;�$SH[�SUREH��7KH�VSHFWUD�ZHUH�FROOHFWHG�

ZLWK�D�VZHHS�ZLGWK�RI����N+]�DQG�DQ�DFTXLVLWLRQ�WLPH�RI����PV��,Q�SUHOLPLQDU\�H[SHULPHQWV��

WKH� RSWLPDO� FRQWDFW� WLPH� DQG� UHF\FOH� GHOD\� IRU� WKH� FURVV�SRODUL]DWLRQ� H[SHULPHQW� ZHUH�

GHWHUPLQHG��$�FRQWDFW�WLPH�RI���PV�DQG�D���V�UHF\FOH�GHOD\�WLPH�ZHUH�XVHG�IRU���&��ZKHUHDV�D�

FRQWDFW�WLPH�RI���PV�DQG�D���V�UHF\FOH�GHOD\�WLPH�ZHUH�XVHG�IRU���1��'XULQJ�FURVV�SRODUL]DWLRQ�



WKH��+�UDGLR�IUHTXHQF\��5)��ILHOG�VWUHQJWK�ZDV�VHW�WR����N+]�IRU���&�DQG�WR������N+]�IRU���1��

UHVSHFWLYHO\��7KH���&�DQG���1�5)�ILHOG�VWUHQJWK�ZHUH�VHW�WR����DQG������N+]��UHVSHFWLYHO\��$Q�

DVFHQGLQJ� UDPS� RI� ��� DQG� ����� N+]� RQ� WKH� �+�5)� ILHOG� ZDV� XVHG� IRU� ��&� DQG� ��1� GXULQJ�

FRQWDFW� WLPH� WR� DFFRXQW� IRU� LQKRPRJHQHLWLHV� RI� WKH� +DUWPDQQ�+DKQ� FRQGLWLRQ�� UHVSHFWLYHO\�

�%HUQV�	�&RQWH���������3URWRQ�GHFRXSOLQJ�ZDV�GRQH�XVLQJ�D�VSLQDO�VHTXHQFH�ZLWK�D��+�ILHOG�

VWUHQJWK�RI����DQG������N+]��D�SKDVH�RI������DQG�������DQG�D�SXOVH�OHQJWK�RI����DQG������V��

UHVSHFWLYHO\��

7KH�IUHH� LQGXFWLRQ�GHFD\V� �),'��ZHUH� UHFRUGHG�ZLWK�9QPU-��9HUVLRQ�����5HYLVLRQ'��9DULDQ�

,QF���3DOR�$OWR��&$��86$��DQG�SURFHVVHG�ZLWK�0HVWUH�&��9HUVLRQ����������0HVWUHODE�5HVHDUFK��

6DQWLDJR�GH�&RPSRVWHOD��6SDLQ���$OO�),'V�ZHUH�)RXULHU�WUDQVIRUPHG�ZLWK�DQ�H[SRQHQWLDO�ILOWHU�

IXQFWLRQ� ZLWK� D� OLQH� EURDGHQLQJ� RI� ��� WR� ��� +]�� %DVHOLQH� FRUUHFWLRQ� ZDV� GRQH� XVLQJ� WKH�

PDQXDO�EDVHOLQH�FRUUHFWLRQ�IXQFWLRQ�RI�0HVWUH�&��

7KH���&�FKHPLFDO�VKLIWV�DUH�UHSRUWHG�UHODWLYH�WR�WHWUDPHWK\OVLODQH�� ���SSP��XVLQJ�DGDPDQWDQH�

DV� DQ� H[WHUQDO� UHIHUHQFH�� 7KH� UHODWLYH� LQWHQVLWLHV� RI� WKH� UHJLRQV� ZHUH� GHWHUPLQHG� XVLQJ� WKH�

LQWHJUDWLRQ�URXWLQH�RI�WKH�0HVW5H�&�VRIWZDUH��7KH���1�FKHPLFDO�VKLIWV�DUH�UHSRUWHG�UHODWLYH�WR�

DPPRQLXP�QLWUDWH��1+�
�� ���SSP���

������'DWD�DQDO\VHV�

$QDO\VLV� RI� YDULDQFH� �$129$�� ZDV� SHUIRUPHG� LQ� WKH� WZR� VHULHV� RI� H[SHULPHQWV�� � PDLQ�

FRQWUROOLQJ�IDFWRUV�S+��0Q2��DQG�620�FRQWHQW��RU�S+��0Q2��DQG�620�TXDOLW\��UHVSHFWLYHO\��

DQG�WKHLU�LQWHUDFWLYH�HIIHFWV�ZDV�SHUIRUPHG��IROORZHG�E\�D�7XNH\�KRQHVW�VLJQLILFDQW�GLIIHUHQFH�

�+6'�� WHVW��7KH�HIIHFWV�RI�S+��0Q2�� DQG�20�RQ�51+�2+�WR�1�2�ZHUH�TXDQWLILHG�E\�PXOWLSOH�

UHJUHVVLRQ�PRGHO�DQDO\VLV��$OO�DQDO\VHV�ZHUH�SHUIRUPHG�ZLWK�WKH�5�VRIWZDUH�SDFNDJH��YHUVLRQ�

�������5�'HYHORSPHQW�&RUH�7HDP����������5�'HYHORSPHQW�&RUH�7HDP���������

�

����5HVXOWV�DQG�GLVFXVVLRQ�

������51+�2+�WR�1�2�DW�GLIIHUHQW�S+��0Q2��DQG�20�FRQWHQWV�����

,Q� WKH�SUHVHQW� VWXG\�DOO� WKUHH� IDFWRUV�� L�H��S+��0Q2�� DQG�20�FRQWHQW�� DIIHFWHG�51+�2+�WR�1�2�

IURP� SHDW�PRVV� VLJQLILFDQWO\� �)LJ�� ����� 6���� DQG� 6������ 7KH�51+�2+�WR�1�2� LQFUHDVHG� JUHDWO\�

ZLWK�DQ�LQFUHDVH�LQ�0Q2��FRQWHQW�IURP����WR�������)LJ��������7KLV�ILQGLQJ�LV�FRQVLVWHQW�ZLWK�

%UHPQHU� ��������ZKR�VWXGLHG����VRLOV�ZLWK�D�ZLGH�UDQJH�RI�SURSHUWLHV�DQG�IRXQG�WKDW�WKH�



IRUPDWLRQ� RI� 1�2� E\� GHFRPSRVLWLRQ� RI� 1+�2+� ZDV� KLJKO\� FRUUHODWHG� ZLWK� R[LGL]HG� 0Q�

FRQWHQW�RI�WKH�VRLOV��7KH�IDFW�WKDW�1+�2+�ZDV�XVHG�LQ�WKH�SDVW�IRU�WKH�VHOHFWLYH�H[WUDFWLRQ�RI�

0Q� R[LGHV� IURP� VRLO� VDPSOHV� �&KDR�� ������ LQGLFDWHV� WKDW� 1+�2+� FDQ� HIILFLHQWO\� UHGXFH�

0Q�,9�� WR�0Q�,,��RU�0Q�,,,�� �DQG� LQ� WXUQ� LV�R[LGL]HG� WR�1�2�� LQ�QDWXUDO� VRLO� VDPSOHV��:LWK�

LQFUHDVLQJ�20�FRQWHQW��51+�2+�WR�1�2�GHFUHDVHG�UHPDUNDEO\��HVSHFLDOO\�DW�KLJK�S+��)LJ��������

)RU� H[DPSOH�� DQ� LQFUHDVH� LQ� 20� E\� RQO\� ��� DW� ������0Q2�� OHG� WR� DERXW� ���� DQG� ����

GHFUHDVH� LQ�1�2� HPLVVLRQV� DW� S+� �� DQG� S+� ��� UHVSHFWLYHO\� �)LJ�� ����� 6������ 7KLV� FRXOG� EH�

FDXVHG�E\�WKH�R[LPH�IRUPLQJ�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�FDUERQ\O�JURXSV�RI�20��VXFK�DV�

LQ� TXLQRQHV�� 7KH� R[LPHV� PD\� XQGHUJR� D� WDXWRPHULF� HTXLOLEULXP� ZLWK� WKHLU� FRUUHVSRQGLQJ�

QLWURVRSKHQRO� IRUPV� �7KRUQ �� ������� ,Q� IDFW�� 1+�2+� KDV� EHHQ� XVHG� LQ� D� QXPEHU� RI�

SUHYLRXV�VWXGLHV�WR�GHWHUPLQH�WKH�FDUERQ\O�FRQWHQW�RI�KXPLF�VXEVWDQFHV��*LHUHU�	�6|GHUEHUJ��

������� LQGLFDWLQJ� D� KLJK� DIILQLW\� RI� 1+�2+� WR� 20� WKDW� FRQWDLQV� FDUERQ\O� JURXSV�� ,Q� WKH�

DEVHQFH�RI�20�DQG�0Q2��� LQFUHDVLQJ�S+�OHG� WR�D�VOLJKW� LQFUHDVH� LQ�51+�2+�WR�1�2�GXH� WR�WKH�

VHOI�GHFRPSRVLWLRQ� RI�1+�2+�DW� KLJK� S+��ZKHUHDV� LQ� WKH� SUHVHQFH� RI�20� DQG� DEVHQFH� RI�

0Q2�� QHDUO\� QR� 1+�2+�ZDV� FRQYHUWHG� WR� 1�2� �)LJ�� ����� 6������ ,Q� FRQWUDVW�� WKH� HIIHFW� RI�

LQFUHDVLQJ�S+�RQ�51+�2+�WR�1�2�EHFDPH�QHJDWLYH�DOUHDG\�LQ�WKH�SUHVHQFH�RI�������0Q2���)LJ��

����� 6������7KLV� ILQGLQJ� VXJJHVWV� WKDW� DFLGLF� FRQGLWLRQV� DUH� IDYRUDEOH� IRU� WKH� UHGR[� UHDFWLRQ�

EHWZHHQ�1+�2+�DQG�0Q2����



�

)LJXUH�����1+�2+�WR�1�2�FRQYHUVLRQ�UDWLRV��51+�2+�WR�1�2�� LQ�DUWLILFLDO�VRLO�PL[WXUHV�DW�GLIIHUHQW�S+�
DV�ZHOO�DV�0Q2��DQG�RUJDQLF�PDWWHU��20��SHDW�PRVV��FRQWHQWV��7KH�WRWDO�DPRXQW�RI�1+�2+�DGGHG�ZDV�
��QPRO��'LIIHUHQW�V\PEROV�UHSUHVHQW�51+�2+�WR�1�2�DW�GLIIHUHQW�20�FRQWHQW��

฀

7KH�LQWHUDFWLYH�HIIHFWV�RI�S+�DQG�0Q2���S+�DQG�20��DQG�20�DQG�0Q2��ZHUH�VLJQLILFDQW�� �

���������7KH�ODUJHVW�51+�2+�WR�1�2�IRXQG�LQ�WKH�SUHVHQW�H[SHULPHQW�ZDV�������LQ�WKH�DEVHQFH�

RI�620�DW�S+����DQG�ZLWK�D�0Q2��FRQWHQW�RI�������ZKLOH�WKH�ORZHVW�51+�2+�WR�1�2�ZDV�DERXW�

����ZKHQ�620�FRQWHQW�ZDV�����LQ�WKH�SUHVHQFH�RI������0Q2��DW�S+����7KLV�VXJJHVWV�WKDW�

HYHQ�DW�WKH�KLJKHVW�0Q2��OHYHO�DQG�RWKHUZLVH�RSWLPDO�FRQGLWLRQV�D�VPDOO�IUDFWLRQ�RI�1+�2+�

KDG�QRW�EHHQ�FRQYHUWHG�WR�1�2��EXW�WR�VRPH�RWKHU�XQLGHQWLILHG�SURGXFW��

,Q� WKH� WUHDWPHQWV� ZLWKRXW� 20�� 0Q2�� KDG� RQO\� D� VPDOO� HIIHFW� RQ� 51+�2+�WR�1�2� DW� DOO� S+�

FRQGLWLRQV�� ZKLOH� LW� KDG� D� ODUJHU� HIIHFW� HVSHFLDOO\� DW� KLJKHU� 20� FRQWHQW� �)LJ�� ����� 6������

VXJJHVWLQJ� D� VWURQJ�FRPSHWLWLRQ�EHWZHHQ�20�DQG�0Q2�� IRU�1+�2+��7KH�FRPSHWLWLRQ�ZDV�



ELDVHG�E\�S+��ZLWK�ORZHU�S+�IDYRXULQJ�WKH�UHDFWLRQ�RI�1+�2+�DQG�0Q2���ZKLOH�KLJKHU�S+�

IDYRXUHG� WKH�UHDFWLRQ�RI�1+�2+�ZLWK�20��7KHVH�ILQGLQJV�FRQILUPHG�RXU�K\SRWKHVLV� WKDW�DW�

ORZ� S+� 1+�2+� LV� PRUH� SURWHFWHG� DJDLQVW� UHDFWLRQ� ZLWK� 20� DQG� PRUH� DYDLODEOH� IRU� WKH�

R[LGDWLRQ�E\�0Q2��GXH�WR�WKH�KLJKHU�GHJUHH�RI�1+�2+�SURWRQDWLRQ�DW�ORZHU�S+��

������51+�2+�WR�1�2�DW�GLIIHUHQW�S+��0Q2��FRQWHQW��DQG�20�TXDOLW\��

2UJDQLF�PDWWHU�TXDOLW\�KDG�D�FOHDU�LQIOXHQFH�RQ�51+�2+�WR�1�2�LQ�WKLV�VWXG\��)LJ�������6�����DQG�

6������ 0RVW� RI� WKH� 20� W\SHV� ZHUH� DVVRFLDWHG� ZLWK� D� VLJQLILFDQWO\� ORZHU� 51+�2+�WR�1�2�

FRPSDUHG�WR�WKH�PL[WXUHV�ZLWKRXW�20�ZLWKLQ�WKH�S+�UDQJH�RI�WKH�H[SHULPHQW��,Q�JHQHUDO��WKH�

LQKLELWRU\� HIIHFW� RI� WKH� RUJDQLF�PDWHULDOV� RQ� WKH� FRQYHUVLRQ� RI� 1+�2+� WR� 1�2� FRQYHUVLRQ�

VKRZHG� D� FOHDU� S+� GHSHQGHQF\�� EXW� QRW� D� &�1� UDWLR� GHSHQGHQF\� DV� ZH� DVVXPHG� �)LJ�� �����

6������$W�DFLG�FRQGLWLRQV��S+�������SHDW�PRVV�DQG�ZDWHUPLOIRLO�ZKLFK�RZQ�WKH�UHODWLYHO\�ODUJHU�

&�1� UDWLR�� LQKLELWHG� WKH� 51+�2+�WR�1�2� OHDVW�� ZKLOH� F\DQREDFWHULXP� DQG� FORYHU� LQKLELWHG� WKH�

51+�2+�WR�1�2�DOWKRXJK�WKH\�KDYH�UHODWLYHO\�VPDOOHU�&�1�UDWLR�� �7KH�GLIIHUHQFHV�EHWZHHQ�SHDW�

PRVV�� F\DQREDFWHULXP� DQG�ZDWHUPLOIRLO� PDWHULDO� DV� 20� EHFDPH� VPDOOHU� DW� KLJKHU� S+�� DQG�

ZHUH�QR�ORQJHU�VLJQLILFDQW�DW�S+���LQ�WKH�SUHVHQFH�RI�������0Q2���)LJ��6������ZKLOH�FORYHU�

VKRZHG�DOZD\V� WKH�VPDOOHVW�51+�2+�WR�1�2� IRU�DOO� WKH�S+� OHYHOV�� ,Q� WKH�DEVHQFH�RI�0Q2��� DOO�

20�IRUPV�VKRZHG�D�51+�2+�WR�1�2�FORVH�WR�]HUR��H[FHSW�IRU�WKH�ZDWHUPLOIRLO�PDWHULDO�WKDW�ZDV�

DVVRFLDWHG�ZLWK�D�51+�2+�WR�1�2� VLJQLILFDQWO\�DERYH�]HUR�DW� WKH�S+�UDQJH����� �)LJ�������6�����

6������$�SRVVLEOH�H[SODQDWLRQ�FRXOG�EH�WKH�IDFW�WKDW��LQ�FRQWUDVW�WR�WKH�RWKHU�20�VRXUFHV��WKH�

ZDWHUPLOIRLO�PDWHULDO� FRQWDLQHG� DERXW� ������0Q� �7DEOH� ������ZKLFK� FRXOG� KDYH� FDXVHG� WKH�

1�2�HPLVVLRQ�DIWHU�1+�2+�DGGLWLRQ�HYHQ�ZLWKRXW�H[WHUQDO�0Q2��DGGLWLRQ��



�

)LJXUH�����1+�2+�WR�1�2�FRQYHUVLRQ�UDWLRV��51+�2+�WR�1�2��LQ�DUWLILFLDO�VRLOV�DW�GLIIHUHQW�S+�DQG�0Q2��
FRQWHQW��DQG�IRU�RUJDQLF�PDWWHU�RI�GLIIHUHQW�RULJLQV�DW�D�IL[HG�FRQWHQW�RI�������Z�Z���7KH�WRWDO�DPRXQW�
RI�1+�2+�DGGHG�ZDV���QPRO��'LIIHUHQW�V\PEROV�UHSUHVHQW�51+�2+�WR�1�2�IRU�WKH�DUWLILFLDO�VRLO�PL[WXUHV�
ZLWK�WKH�GLIIHUHQW�RUJDQLF�PDWHULDOV��

�

:H� DVVXPHG� WKDW� 51+�2+�WR�1�2� ZRXOG� EH� D� IXQFWLRQ� RI� WKH�&�1� UDWLR� RI� WKH� GLIIHUHQW� 620�

W\SHV��DV�ODUJHU�&�1�UDWLRV�ZRXOG�EH�LQGLFDWLYH�RI�D�ORZHU�GHJUHH�RI�1�FRQWDLQLQJ�IXQFWLRQDO�

JURXSV��L�H��OHDYLQJ�D�KLJKHU�FKDQFH�IRU�1+�2+�WR�UHDFW�ZLWK�620�DQG�QRW�WR�EH�FRQYHUWHG�WR�

1�2��+RZHYHU��ZH�GLG�QRW�REVHUYH�DQ\�FOHDU�UHODWLRQVKLS�EHWZHHQ�&�1�UDWLR�DQG�51+�2+�WR�1�2��

H�J��SHDW�PRVV�KDG�WKH�ODUJHVW�&�1�UDWLR��EXW�GLG�QRW�OHDG�WR�WKH�ORZHVW�51+�2+�WR�1�2��,QVWHDG��

FORYHU� ZLWK� D�PXFK� ORZHU� &�1� UDWLR� KDG� WKH� ODUJHVW� LQKLELWRU\� HIIHFW� RQ� 51+�2+�WR�1�2�� 7KH�

DGGLWLRQ�RI������GU\�FORYHU�SRZGHU��&�1�UDWLR� �������WR�WKH�DUWLILFLDO�VRLO�PL[WXUH�GHFUHDVHG�

51+�2+�WR�1�2� E\�����DW�S+��� �)LJ�� ������ZKLFK�ZDV� VLPLODU� WR� WKH�HIIHFW� RI�����SHDW�PRVV�





1+�2+�� )RU� WKH� SURSRUWLRQ� RI� XQVDWXUDWHG� &� QR� FOHDU� WUHQG� HPHUJHG� DFURVV� WKH� GLIIHUHQW�

PDWHULDOV��VXJJHVWLQJ�WKDW�WKH�HIIHFW�RI�XQVDWXUDWHG�&�RQ�51+�2+�WR�1�2�LV�RI�PLQRU�LPSRUWDQFH��

7DEOH� ���� 7KH� FKHPLFDO� VWUXFWXUHV� DQG� WKHLU� UHODWLYH� SURSRUWLRQV� GHULYHG� IURP� ��&� &30$6� 105�
VSHFWUD�RI�WKH�GLIIHUHQW�SODQW�PDWHULDOV��

6SHFWUDO�
UDQJH�
�SSP��
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�
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����
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����
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IRLO�
����
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PRVV�
����

���±���

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

���±������� 2�VXEVWLWXWHG�

DOLSKDWV�

SRO\VDFFKDULGHV��FHOOXORVH��

KHPL�FHOOXORVH��VWDUFK��SHFWLQ��

OLJQLQ�

����� ����� ����� �����
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������'HYHORSPHQW�RI�D�VWHSZLVH�PXOWLSOH�UHJUHVVLRQ�PRGHO�IURP�WKH�DUWLILFLDO�VRLO�
PL[WXUHV�DQG�DSSOLFDWLRQ�WR�QDWXUDO�VRLOV�

$�VWHSZLVH�PXOWLSOH�UHJUHVVLRQ�PRGHO�IRU�51+�2+�WR�1�2�ZDV�GHYHORSHG�RQ�WKH�EDVLV�RI�WKH�FR�

YDULDEOHV�S+��0Q2��DQG�620�XVLQJ�WKH�GDWD�LQ�)LJ�������51+�2+�WR�1�2� ������±�����620���

������ 0Q2�� ±� ���� S+�� 5��  � ������ � �� ������� 7KLV� PRGHO� REWDLQHG� IURP� WKH� SHDW� PRVV�

H[SHULPHQWV�FRXOG�H[SODLQ�DERXW�����YDULDWLRQ�RI�51+�2+�WR�1�2��DQG�WKH�FRQWULEXWLRQV�RI�S+��

0Q�DQG�620�FRQWHQW�WR�WKH�PRGHO¶V�SHUIRUPDQFH�ZHUH�DOO�VLJQLILFDQW�� ����������,W�FRXOG�ZHOO�

H[SODLQ� WKH� REVHUYDWLRQV� �)LJ�� ����� IRU� SHDW�PRVV�� ZDWHUPLOIRLO� DQG� FORYHU� 20� �5�� DURXQG��

������ ���������)LJ��������ZKLFK�FRXOG�EH�GXH�WR�WKH�IDFW�WKDW�WKH�F\DQREDFWHULXP�PDWHULDO�KDG�

D�KLJK�1�FRQWHQW��D�KLJKHU�UDWLR�RI�DOLSKDWLF�&�DQG�D�ORZHU�&�1�UDWLR�WKDQ�WKH�SODQW�PDWHULDOV��

7KLV� GHPRQVWUDWHG� WKH� JHQHUDO� DSSOLFDELOLW\� RI� WKH� PRGHO� IRU� WKH� 20� GHULYHG� IURP� WKH�

GLIIHUHQW� SODQW� VSHFLHV��ZLWK� GLIIHUHQW�1� FRQWHQW�� DOLSKDWLF�&� DQG�&�1� UDWLR�� ,Q� FRQWUDVW�� WKH�

PRGHO�SURYHG�WR�EH�QRW�DSSURSULDWH�IRU�WKH�DUWLILFLDO�VRLO�PL[WXUH�ZLWKRXW�DQ\�0Q2���LQGLFDWHG�

E\�WKH�GHFUHDVHG�JRRGQHVV�RI�WKH�VLPXODWLRQ��





�

)LJXUH� ����$SSOLFDWLRQ� RI� WKH� DUWLILFLDO� VRLO� UHJUHVVLRQ�PRGHO� IRU� WKH� FDOFXODWLRQ� RI�1+�2+�WR�1�2�
FRQYHUVLRQ�UDWLRV�WR�VL[�QDWXUDO�IUHVK�DQG�IXPLJDWHG�VRLOV�DV�UHSRUWHG�LQ�+HLO� ���������

฀

6RLO�S+��0Q2���DQG�620�FRQWHQW�ZHUH�LGHQWLILHG�DV�FUXFLDO�FRQWURO�YDULDEOHV�RI�51+�2+�WR�1�2��

L�H�� WKH� FRQYHUVLRQ� UDWLR� RI� 1+�2+� WR� 1�2� LQ� WKH� DUWLILFLDO� VRLO� H[SHULPHQWV� RI� WKLV� VWXG\��

2UJDQLF� PDWWHU� GHULYHG� IURP� GLIIHUHQW� SODQW� VSHFLHV� DQG� D� F\DQREDFWHULXP� DOVR� DIIHFWHG�

51+�2+�WR�1�2�GXH�WR�WKH�GLIIHUHQFHV�LQ�FRPSRVLWLRQ��W\SH��DQG�DEXQGDQFH�RI�IXQFWLRQDO�JURXSV��

DV�PRUH�FDUERQ\O�&�OHDGV�WR�KLJKHU�UHDFWLYLW\�RI�1+�2+�ZLWK�RUJDQLF�PDWWHU��WKHUHE\�ORZHULQJ�

LWV�DYDLODELOLW\�IRU�WKH�R[LGDWLRQ�WR�1�2�E\�0Q2���7KH�PXOWLSOH�UHJUHVVLRQ�PRGHO�RI�S+��0Q2��

DQG� 20� GHYHORSHG� KHUH� FRXOG� H[SODLQ� DERXW� ���� RI� WKH� YDULDQFH� RI� 51+�2+�WR�1�2� LQ� WKH�

DUWLILFLDO�VRLO�PL[WXUHV��DQG�SURYHG�DOVR�WR�EH�SURPLVLQJ�IRU�WKH�SUHGLFWLRQ�RI�51+�2+�WR�1�2�RI�

FKHPLFDO�1�2�SURGXFWLRQ�IURP�1+�2+�LQ�QDWXUDO�VRLOV��ZKHQ�620�FRQWHQW�ZDV�EHORZ�����

DQG�0Q�FRQWHQW�ZDV�ODUJHU�WKDQ��������,I�WKHVH�ILQGLQJV�FDQ�EH�FRQILUPHG�IRU�RWKHU�VRLOV�IURP�

GLIIHUHQW�HFRV\VWHPV��WKLV�LPSURYHG�XQGHUVWDQGLQJ�RI�WKH�FRQWUROV�RI�1�2�IRUPDWLRQ�IURP�WKH�

UHDFWLYH�QLWULILFDWLRQ�LQWHUPHGLDWH�1+�2+�LQ�VRLOV�FDQ�KDYH�ODUJH�LPSOLFDWLRQV�IRU�GHYHORSLQJ�

DSSURSULDWH�PDQDJHPHQW�RSWLRQV��VXFK�DV�DGGLQJ�RUJDQLF�DPHQGPHQWV�ZLWK�VXLWDEOH�FKHPLFDO�

FKDUDFWHULVWLFV��IRU�PLWLJDWLQJ�1�2�HPLVVLRQV�IURP�DJULFXOWXUDO�ODQG��WKH�ODUJHVW�DQWKURSRJHQLF�

VRXUFH�RI�1�2�WR�WKH�DWPRVSKHUH���
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Chapter 6     

Effect of nitrite and hydroxylamine on 

N2O production depends on the soil type 

and preceding redox condition 
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%DVHG�RQ��

/LX�6���6FKORWHU�0���+X�5���9HUHHFNHQ�+��DQG�%U�JJHPDQQ�1��(IIHFW�RI�QLWULWH�DQG�

K\GUR[\ODPLQH�RQ�1�2�SURGXFWLRQ�GHSHQGV�RQ�WKH�VRLO�W\SH�DQG�SUHFHGLQJ�UHGR[�FRQGLWLRQ��

6XEPLWWHG�WR� �� �



����,QWURGXFWLRQ�

7KH�PHFKDQLVPV�RI�VRLO�1�2�IRUPDWLRQ�KDYH�EHHQ�VWXGLHG�H[WHQVLYHO\�LQ�UHFHQW�\HDUV�GXH�WR�

WKH�ODUJH�LPSDFW�RI�1�2�RQ�JOREDO�ZDUPLQJ�DQG�R]RQH�GHSOHWLRQ��%UHPQHU��������%DJJV��������

6FKUHLEHU �� ������ %XWWHUEDFK�%DKO �� ������� 6RLO� ELRORJLFDO� SURFHVVHV�� VXFK� DV�

QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ��DQG�DELRWLF�SURFHVVHV�LQYROYLQJ�WKH�UHDFWLYH�LQWHUPHGLDWHV�RI�

QLWULILFDWLRQ�� L�H�� 1+�2+� DQG� 12�
��� DQG� RI� GHQLWULILFDWLRQ�� L�H�� 12�

��� VXFK� DV� WKH� UHDFWLRQV�

EHWZHHQ�12�
��DQG�RUJDQLF�PDWWHU��YDQ�&OHHPSXW�	�6DPDWHU��������YDQ�&OHHPSXW��������DQG�

EHWZHHQ� 1+�2+� DQG� 0Q2�� �%UHPQHU�� ������� FRQWULEXWH� WR� VRLO� 1�2� IRUPDWLRQ�� 'LIIHUHQW�

WHUUHVWULDO� HFRV\VWHP� W\SHV� �H�J��� JUDVVODQG�� FURSODQG�� DQG� IRUHVW��� YDULRXV� HQYLURQPHQWDO�

IDFWRUV� �H�J��� WHPSHUDWXUH�� ZDWHU� FRQWHQW�� DQG� 2�� DYDLODELOLW\�� DQG� VRLO� FRQVWLWXHQWV� �H�J���

TXDOLW\�DQG�TXDQWLW\�RI�RUJDQLF�FDUERQ�DQG�S+��KDYH�VWURQJ�HIIHFWV�RQ�VRLO�1�2�IRUPDWLRQ���

1LWULWH� DQG� 1+�2+� DUH� LPSRUWDQW� QLWULILFDWLRQ� LQWHUPHGLDWHV� UHVSRQVLEOH� IRU� VRLO� 1�2�

SURGXFWLRQ��%RWK�DUH�YHU\�UHDFWLYH�ZLWK�UHODWLYHO\�KLJK�VHOI�GHFRPSRVLWLRQ�UDWHV�GHSHQGHQW�RQ�

S+�DQG�VRLO�FRPSRVLWLRQ�� ,Q�R[LF�VRLOV�ZLWKRXW�DQ\�DUWLILFLDO� �H�J��� IHUWLOL]HU��RU�QDWXUDO� �H�J���

GURXJKW��LQWHUIHUHQFH��12�
��LV�UDUHO\�DFFXPXODWHG�GXH�WR�WKH�IDVWHU�R[LGDWLRQ�RI�12�

��WR�12�
��

WKDQ�R[LGDWLRQ�RI�1+��WR�12�
��GXULQJ�QLWULILFDWLRQ��5REHUWVRQ�	�*URIIPDQ���������+RZHYHU��

KLJK�12�
�� FRQFHQWUDWLRQV� FDQ� EH� IRXQG� DIWHU� IHUWLOL]HU� DSSOLFDWLRQ� DQG� GURXJKW� �*HOIDQG�	�

<DNLU��������0D ���������7KH�RWKHU�UHDFWLYH�QLWULILFDWLRQ�LQWHUPHGLDWH��1+�2+��LV�HYHQ�

PRUH�UHDFWLYH�DQG�XQVWDEOH�LQ�LWV�QDWXUDO�HQYLURQPHQW��$W�QHXWUDO�RU�VOLJKWO\�DONDOLQH�S+��DERXW�

����RI�1+�2+�GHJUDGH�ZLWKLQ���K�DW�URRP�WHPSHUDWXUH�LQ�VHDZDWHU�VDPSOHV�DW�PLFURPRODU�

FRQFHQWUDWLRQV���%XWOHU�	�*RUGRQ���������1HYHUWKHOHVV��1+�2+�KDV�EHHQ�GHWHFWHG�LQ�FXOWXUHV�

RI�KHWHURWURSKLF�QLWULILHUV�DQG�DPPRQLD�R[LGL]HUV��'DXP ��������/LX� �����E��DQG�

DFLG�IRUHVW�VRLOV��/LX �����������

7KH� WZR�UHDFWLYH�1�LQWHUPHGLDWHV�FDQ�SURGXFH�1�2�ERWK�ELRORJLFDOO\�DQG�FKHPLFDOO\�GXULQJ�

QLWULILFDWLRQ�� 12�
�� FDQ� EH� UHGXFHG� ELRORJLFDOO\� WR� 1�2� HLWKHU� E\� 12�

�� UHGXFWDVH� WKURXJK� D�

SDWKZD\� FDOOHG� ³QLWULILHU� GHQLWULILFDWLRQ´� �:UDJH �� ������� DV� ZHOO� DV� ELRORJLFDOO\� RU�

FKHPLFDOO\�E\�)H���ZLWK�WKH�KHOS�RI�LURQ�R[LGL]HUV�DQG�RWKHU�PLFURRUJDQLVPV��.DPSVFKUHXU

���������0RUHRYHU��VRLO�RUJDQLF�PDWWHU�IUDFWLRQV��H�J��IXOYLF�DFLGV��OLJQLQ�EXLOGLQJ�XQLWV�DQG�

SKHQROLF�FRPSRXQGV�FDQ�DOVR�UHDFW�FKHPLFDOO\�ZLWK�12�
��WR�IRUP�1�2��6WHYHQVRQ�	�6ZDE\��

������� )URP� 1+�2+�� 1�2� FDQ� EH� IRUPHG� ERWK� ELRORJLFDOO\� E\� WKH� HQ]\PH� 1+�2+�

R[LGRUHGXFWDVH� �5LWFKLH�	�1LFKRODV�� ������ DQG� FKHPLFDOO\� E\�2�� DQG� VHYHUDO� VRLO� R[LGDQWV�

�H�J���0Q2��DQG�)H�����%UHPQHU��������+HLO ���������7KH�UROH�RI�DELRWLF�1�2�IRUPDWLRQ�



IURP�1+�2+�LQ�GLIIHUHQW�VRLOV�KDV�EHHQ�GHPRQVWUDWHG�SUHYLRXVO\��+HLO ���������ZKLOH�WKH�

FRQWULEXWLRQ�RI�12�
��WR�WKH�DELRWLF�1�2�IRUPDWLRQ�LQ�WKH�VDPH�VRLOV�UHPDLQV�XQFOHDU��

'LIIHUHQW� VRLO� W\SHV� DQG� HQYLURQPHQWDO� FRQGLWLRQV�PD\� KDYH� D� VWURQJ� LPSDFW� RQ� ELRWLF� DQG�

DELRWLF�1�2�IRUPDWLRQ�IURP�12�
��DQG�1+�2+�LQ�VRLO��)RU�H[DPSOH��TXDOLW\�DQG�TXDQWLW\�RI�

620��HVSHFLDOO\� WKH� UHDFWLYH�SDUW�RI�620�� L�H�� GLVVROYHG�RUJDQLF�PDWWHU� �'20���PD\�KDYH�

VWURQJ� HIIHFWV� RQ�1�2� IRUPDWLRQ� IURP�1+�2+�DQG�12�
��� 6RLOV� ULFK� LQ�'20�� HVSHFLDOO\� LQ�

SKHQROLF�OLJQLQ�GHULYDWLYHV��PD\�IDYRU�1�2�IRUPDWLRQ�IURP�12�
���6WHYHQVRQ�	�6ZDE\��������

:UDJH ���������EXW�PD\�GHFUHDVH�1�2�IRUPDWLRQ�IURP�1+�2+��DV�1+�2+�ELQGV�UHDGLO\�

WR� FDUERQ\O� JURXSV� RI� RUJDQLF� PDWWHU� WR� IRUP� R[LPHV� �7KRUQ �� ������� 0RUHRYHU�� WKH�

FRQWHQW� DQG� R[LGDWLRQ� VWDWH� RI� WUDQVLWLRQ�PHWDOV�PD\� DOVR� DIIHFW� WKH� IRUPDWLRQ� RI�1�2� IURP�

12�
�� DQG� 1+�2+�� ,Q� VRLO� VDPSOHV� ZLWK� KLJK� )H� DQG� 0Q� FRQWHQW�� WKH� R[LGL]HG� IRUP� ZLOO�

SURPRWH�WKH�FRQYHUVLRQ�RI�1+�2+�WR�1�2��ZKHUHDV�XQGHU�UHGXFHG�FRQGLWLRQV�WKH�IRUPDWLRQ�

RI�1�2�IURP�12�
��ZLOO�EH�IDYRUHG��+HLO ���������,Q�DGGLWLRQ�WR�WKH�WUDQVLWLRQ�PHWDO�UHGR[�

VWDWH�� LW� KDV� EHHQ� GHPRQVWUDWHG� WKDW� DQR[LF� FRQGLWLRQ� FRXOG� FKDQJH� WKH� FRPSRVLWLRQ� RI� WKH�

PLFURELDO� FRPPXQLW\� �3HWW�5LGJH ��������� DYDLODELOLW\�RI�PLQHUDO�1� VXEVWUDWHV� �PDLQO\�

12�
���1+�

�� DQG�12�
��� �$FKWQLFK ��������� DQG�TXDOLW\�RI�620� �$FKWQLFK ��������

'DVVRQYLOOH�	�5HQDXOW����������

7KH� DLP� RI� WKLV� VWXG\� ZDV� WR�� ���� FRPSDUH� WKH� LPSRUWDQFH� RI� 12�
�� DQG� 1+�2+� IRU� 1�2�

IRUPDWLRQ� LQ� GLIIHUHQW� VRLOV�� ���� H[SORUH� WKH� HIIHFW� RI� SUHFHGLQJ� VRLO� UHGR[� FRQGLWLRQ� RQ� WKH�

1�2�SURGXFWLRQ�IURP�12�
��DQG�1+�2+�DGGLWLRQ��DQG�����DVVHVV�WKH�FRQWULEXWLRQ�RI�WKH�DELRWLF�

SDWKZD\V� WR� WKH� IRUPDWLRQ� RI�1�2� IURP�12�
�� DQG�1+�2+�� )RU� WKLV� SXUSRVH�� GLIIHUHQW� VRLO�

VDPSOHV�IURP�IRUHVW��JUDVVODQG�DQG�FURSODQG�ZLWK�ODUJH�UDQJHV�RI�&�DQG�0Q�FRQWHQWV�DQG�S+�

ZHUH�FROOHFWHG��DQG�R[LF�RU�DQR[LF�SUH�LQFXEDWLRQV�ZHUH�FDUULHG�RXW��7KH�HIIHFW�RI�VWHULOL]DWLRQ�

ZLWK� Ȗ�LUUDGLDWLRQ� ZDV� VFUXWLQL]HG� WR� TXDQWLI\� WKH� UHOHYDQFH� RI� DELRWLF� SURFHVVHV�� :H�

K\SRWKHVL]HG�WKDW�����1+�2+�SOD\V�D�PRUH�LPSRUWDQW�UROH�LQ�VRLO�1�2�SURGXFWLRQ�LQ�VRLOV�ZLWK�

KLJKHU�0Q�DQG�ORZHU�620�FRQWHQW��ZKHUHDV�12�
��FRQWULEXWHV�PRUH�WR�1�2�IRUPDWLRQ�LQ�VRLOV�

ZLWK�KLJKHU�620�DQG�)H�FRQWHQW������DQR[LF�SUH�LQFXEDWLRQ�LQFUHDVHV�WKH�FRQWULEXWLRQ�RI�12�
��

WR�VRLO�1�2�IRUPDWLRQ��EXW�GHFUHDVHV�WKH�FRQWULEXWLRQ�RI�1+�2+�WR�VRLO�1�2�IRUPDWLRQ������WKH�

FRQWULEXWLRQ�RI�1+�2+�WR�1�2�IRUPDWLRQ� LV�PDLQO\�IURP�DELRWLF�SURFHVVHV��ZKLOH� WKHUH� LV�D�

PL[HG�FRQWULEXWLRQ�RI�ELRWLF�DQG�DELRWLF�SURFHVVHV�WR�1�2�IRUPDWLRQ�IURP�12�
���



����0DWHULDOV�DQG�PHWKRGV�

������6RLO�FROOHFWLRQ�

6RLO�PDWHULDO�ZDV�FROOHFWHG�IURP�WKH�WKUHH�ILHOG�VLWHV�RI�WKH�7(5(12��ZZZ�WHUHQR�QHW��IURP�

WKH� (LIHO�/RZHU� 5KLQH� 9DOOH\�� *HUPDQ\�� L�H�� FRQLIHURXV� IRUHVW� �:�VWHEDFK�� ������
���

� 1��

�����
���

� (��� H[WHQVLYH� JUDVVODQG� �5ROOHVEURLFK�� ������
���

�1�� �����
���

�(�� DQG� FURSODQG�

�6HOKDXVHQ�� ������
���

�1�� �����
��

�(��� 7KH� FRQLIHURXV� IRUHVW� VLWH� LV� VLWXDWHG� LQ� WKH� ORZ�

PRXQWDLQ� UDQJHV� RI� WKH� (LIHO� 1DWLRQDO� 3DUN�� ZLWK� D� VXE�FDWFKPHQW� RI� WKH� ULYHU� 5XU� EDVLQ�

IORZLQJ� WKURXJK� LW��7KH� VLWH�ZDV� GRPLQDWHG�E\�1RUZD\� VSUXFH� � � �/���+��.DUVW���

7KH� KLOOVORSHV� DUH� FKDUDFWHUL]HG� E\� &DPELVRO� DQG� 3ODQRVROV�� ZKHUHDV� WKH� ULSDULDQ� ]RQH� LV�

GRPLQDWHG�E\�*OH\VRO�DQG�+LVWRVRO��7KH�PDLQ�VRLO�WH[WXUH�DW�WKLV�VLWH�LV�VLOW\�FOD\�ORDP��7KH�

PHDQ�DQQXDO�SUHFLSLWDWLRQ�RI� WKH�FRQLIHURXV� IRUHVW� LV� DERXW������PP��7KH�KHLJKW�DERYH�VHD�

OHYHO��D�V�O���RI�WKH�IRUHVW�VLWH�LV�����P�DQG�WKH�PHDQ�DQQXDO�WHPSHUDWXUH�LV�DURXQG���&���7KH�

JUDVVODQG� VLWH� LV� ORFDWHG� LQ� WKH� 1RUWKHUQ� (LIHO� UHJLRQ� ZLWK� VPRRWK� PHDGRZ� JUDVVODQG��

'RPLQDQW�VRLOV�DW� WKLV�VLWH�DUH��JOH\LF��&DPELVRO��6WDJQRVRO��DQG�&DPELVRO�6WDJQRVRO�ZLWK�D�

VLOW� ORDP� WH[WXUH��0HDQ�DQQXDO� WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ� DW� WKH�JUDVVODQG�VLWH�DUH�����&�

DQG������PP��UHVSHFWLYHO\��7KH�DJULFXOWXUDO�VLWH�LV�GRPLQDWHG�DOVR�E\��JOH\LF��&DPELVRO�DQG�

�JOH\LF��/XYLVRO�ZLWK�D�VLOW�ORDP�WH[WXUH��DQG�UHJXODUO\�FXOWLYDWHG�ZLWK�VXJDU�EHHW��ZKHDW��DQG�

RLOVHHG� UDSH�� GHSHQGLQJ� RQ� WKH� \HDU�� 0HDQ� DQQXDO� WHPSHUDWXUH� DQG� SUHFLSLWDWLRQ� DW� WKH�

FURSODQG�VLWH�DUH�����&�DQG�����PP��UHVSHFWLYHO\�����

'XH�WR�WKH�VWURQJ�VSDWLDO�KHWHURJHQHLW\�LQ�VRLO�EDVLF�SURSHUWLHV�RI� WKH�IRUHVW�VLWH�RI�WKLV�VWXG\�

�/LX� �� ������� IUHVK� VRLOV� �a� �� NJ��ZHUH� VDPSOHG� LQ� -DQXDU\� ����� IURP� WKH� KXPXV�ULFK�

OD\HU��2D�KRUL]RQ��GHSWKࡳ������FP��RI�ILYH�VDPSOLQJ�SRLQWV��)���)���)���)��DQG�)���RI�WKH�IRUHVW�

XSODQG�DUHD��DQG�RQH�VDPSOH�IURP�WKH�IRUHVW�ULSDULDQ�]RQH��)5��LQ�WKH�DUHD�RI�DSSUR[LPDWHO\�

���KD�RI�WKH�IRUHVWHG�:�VWHEDFK�FDWFKPHQW��)RU�WKH�JUDVVODQG��*��DQG�FURSODQG��&��VLWHV��ILYH�

VRLO�VDPSOHV��a�����NJ�HDFK��LQ�RQH�KHFWDUH�ZHUH�FROOHFWHG�IURP�WKH�VRLO�WRS����FP�OD\HUV�RI�

WKH� WZR� VLWHV�� UHVSHFWLYHO\� LQ� -DQXDU\� ������ $V� WKH� VSDWLDO� YDULDELOLW\� RI� WKH� JUDVVODQG� DQG�

FURSODQG� VLWHV� ZDV� VPDOOHU� FRPSDUHG� WR� WKH� IRUHVW� VLWH�� WKH� IUHVK� VRLO� VDPSOHV� ZHUH� PL[HG�

GLUHFWO\�LQ�D�ODUJH�SODVWLF�EDJ�DIWHU�VRLO�VDPSOLQJ�LQ�ERWK�WKH�JUDVVODQG�DQG�FURSODQG�VLWHV��DQG�

ZHUH� WUDQVIHUUHG� WR� WKH� ODERUDWRU\� ZLWK� WKH� IRUHVW� VRLO� VDPSOHV� DW� WKH� VDPH� GD\�� ,Q� WKH�

ODERUDWRU\��IUHVK�VDPSOHV��H[FHSW�IRU�WKH�)5�VDPSOH��ZHUH�SDVVHG�WKURXJK�D���PP�VLHYH��DQG�

FRDUVH� SODQW� UHVLGXHV� �LQFOXGLQJ� URRWV�� DQG� VWRQHV� ZHUH�PDQXDOO\� UHPRYHG�� $IWHU� WKDW�� VRLO�



VDPSOHV�ZHUH�SXW�LQWR�RSHQ�SODVWLF�EDJV�DQG�VWRUHG�LQ�D�UHIULJHUDWRU�����&��XQWLO�WKH�EHJLQQLQJ�

RI�WKH�H[SHULPHQW���

������2[LF�DQG�DQR[LF�SUH�WUHDWPHQW�RI�VRLO�

)RU�WKH�DQR[LF�SUH�WUHDWPHQW��DERXW�����J�IUHVK�VRLO�IURP�HDFK�VDPSOLQJ�VLWH�ZDV�SXW�LQWR�D���

OLWUH�JODVV�ERWWOHV�DQG�VHDOHG�ZLWK�D�UXEEHU�SOXJ�ZLWKLQ�D�SODVWLF�OLG��7KH�ZDWHU�FRQWHQW�� � ��RI�

WKH� IUHVK� VRLOV�ZDV� DURXQG� �� ������ ����DQG� ���� IRU� WKH� IRUHVW�� JUDVVODQG� DQG� FURSODQG��

UHVSHFWLYHO\��7KH� ERWWOHV�ZHUH� WKHQ� HYDFXDWHG� DQG� UHILOOHG�ZLWK�+H� WR� ���� EDU� RYHUSUHVVXUH��

7KLV� SURFHGXUH� ZDV� UHSHDWHG� WKUHH� WLPHV�� 7KHQ� WKH� ERWWOHV� ZHUH� LQFXEDWHG� ZLWK� +H� DV�

KHDGVSDFH� JDV� DW� DPELHQW� SUHVVXUH� DW� URRP� WHPSHUDWXUH� IRU� RQH� ZHHN�� )RU� WKH� R[LF� SUH�

WUHDWPHQW�� DQRWKHU�DERXW�����J� IUHVK�VRLO�ZDV�SXW� LQ� ODUJH�RSHQ�SODVWLF�EDJV�DQG�NHSW�XQGHU�

R[LF� FRQGLWLRQV� DW� URRP� WHPSHUDWXUH� IRU� RQH�ZHHN�� $OO� SODVWLF� EDJV�ZHUH� VWRUHG� LQ� D� ODUJH�

SODVWLF�ER[�WR�UHGXFH�DLU�IORZ�DQG�IXUWKHU�UHGXFH�VRLO�ZDWHU�HYDSRUDWLRQ��$OO�VRLO�VDPSOHV�ZHUH�

IUHH]H�GULHG�LPPHGLDWHO\�DIWHU�WKH�R[LF�DQR[LF�SUH�LQFXEDWLRQV�WR�SUHVHUYH�WKH�FKHPLFDO�VWDWXV�

RI� WKH�VRLO�VDPSOHV�XQWLO�IXUWKHU� WUHDWPHQW��2QH�VLGH�HIIHFW�RI�IUHH]H�GU\LQJ�FRXOG�KDYH�EHHQ�

WKDW� WKLV�SURFHVV� OHG�WR�D�GLVUXSWLRQ�RI�VRLO�DJJUHJDWHV��ZKLFK�ZRXOG�KDYH�PDGH�PRUH�RI� WKH�

VXEVWUDWHV�VROXEOH�ZKHQ�WKH�VROXWLRQ�ZDV�DGGHG��DQG�ZRXOG�KDYH�OHG�WR�DQ�RYHUHVWLPDWLRQ�RI�

WKH�1�2�SURGXFWLRQ�IURP�12�
���YLD�ERWK�ELRWLF�DQG�DELRWLF�SDWKZD\V���EXW�DQ�XQGHUHVWLPDWLRQ�

RI�WKH�1�2�SURGXFWLRQ�IURP�1+�2+��YLD�DELRWLF�SDWKZD\V���$OO�SODVWLF�EDJV�ZHUH�VWRUHG�LQ�D�

ODUJH� SODVWLF� ER[� WR� UHGXFH� DLU� IORZ� DQG� IXUWKHU� UHGXFH� VRLO� ZDWHU� HYDSRUDWLRQ�� $IWHU� WKH�

R[LF�DQR[LF�SUH�LQFXEDWLRQV��VRLO�VDPSOHV�ZHUH�IUHH]H�GULHG�IRU�DERXW�RQH�ZHHN�DQG�VWRUHG�DW�

URRP� WHPSHUDWXUH�� $IWHU� IUHH]H�GU\LQJ�� KDOI� RI� WKH� VRLO� VDPSOHV� ZHUH� WUDQVIHUUHG� WR� ���PO�

IDOFRQ� WXEHV�DQG�VWHULOL]HG�ZLWK�Ȗ�LUUDGLDWLRQ��%HVW�7KHUDWURQLFV��&DQDGD�� IRU����KRXUV��WRWDO�

GRVH�����N*\���7KH�VXFFHVV�RI� WKH�VWHULOL]DWLRQ�SURFHVV�ZDV� FKHFNHG�E\�SODWLQJ�VRLO� VOXUULHV�

DIWHU�WKH�VWHULOL]DWLRQ�RQ�5�$�PHGLXP�DQG�LQFXEDWHG�IRU����K�DW����&��1R�JURZWK�RI�EDFWHULD�

RU�IXQJL�ZDV�REVHUYHG��GDWD�QRW�VKRZQ���

������$GGLWLRQ�RI�UHDFWLYH�1�WR�IUHH]H�GULHG�VRLOV�

$ERXW����� J�RI� IUHH]H�GULHG� VRLO�ZLWK�RU�ZLWKRXW� Ȗ�LUUDGLDWLRQ�ZHUH�ZHLJKHG� LQWR����PO�*&�

YLDOV� �9:5� ,QWHUQDWLRQDO�� 'DUPVWDGW�� *HUPDQ\��� IROORZHG� E\� WKH� DGGLWLRQ� RI� +�2�� 12�
���

1+�2+�DQG�1+�2+���0Q2�� �0HUFN��'DUPVWDGW��*HUPDQ\�� WR� UHDFK�DURXQG�����:+&�WR�

UHVHPEOH� QLWULILFDWLRQ� FRQGLWLRQV�� 7KH�0Q2�� ZDV� DGGHG� WR� WKH� VRLO� WR� H[SORUH� WKH� HIIHFW� RI�

0Q2��RQ�DELRWLF�1+�2+�WR�1�2�SURGXFWLRQ�LQ�VRLO�ZLWK�HLWKHU�R[LF�RU�DQR[LF�SUH�WUHDWPHQW��



7KH�FRQFHQWUDWLRQ�RI�WKH�DGGHG�1�VROXWLRQV�ZDV�DGMXVWHG�DFFRUGLQJO\��VR�WKDW���PJ�1�NJ���GU\�

VRLO�ZDV�DGGHG�WR�HDFK�ERWWOH��7KH�DGGHG�1�DPRXQW�FRUUHVSRQGHG�WR�12�
��FRQWHQW�LQ�VRLO�ZLWK�

IHUWLOL]HU� DSSOLFDWLRQ� �6KHQ� � ������ 9HQWHUHD� � ������� DQG� ZDV� DVVXPHG� DOVR�

UHDVRQDEOH�IRU�1+�2+�LQ�VRLOV�ZLWK�IHUWLOL]HU�DSSOLFDWLRQ�DV�FRQFHQWUDWLRQ�OHYHO�RI����±�����ȝJ�

1�NJí��GU\�VRLO�KDG�EHHQ�REVHUYHG� LQ�QDWXUDO� IRUHVW� VRLOV� �/LX� ��������7KH�DGGHG�0Q�

DPRXQW�DPRXQWHG�WR�������Z�Z��RI�VRLO�GU\�ZHLJKW��ZKLOH�WKH�QDWXUDO�0Q�FRQWHQW�RI�WKH�VRLO�

VDPSOHV�RI�WKLV�VWXG\�UDQJHG�EHWZHHQ������±��������Z�Z���7DEOH�������7KH�YLDOV�ZHUH�FORVHG�

JDV�WLJKW�LPPHGLDWHO\�DIWHU�DGGLWLRQ�RI�WKH�VROXWLRQ�ZLWK�EXW\O�VHSWD�DQG�DOXPLQXP�FULPS�FDSV�

�9:5�,QWHUQDWLRQDO�� DQG� LQFXEDWHG�DW� URRP� WHPSHUDWXUH� IRU��� DQG���K��(DFK� WUHDWPHQW�ZDV�

FDUULHG�RXW�LQ�WULSOLFDWH���

7DEOH�����%DVLF�SURSHUWLHV�RI�WKH�VRLOV�XVHG�LQ�WKLV�VWXG\��)RU�WKH�GHWHUPLQDWLRQ�RI�WRWDO�&��1��)H�DQG�
0Q�FRQWHQW��VRLOV�ZLWK�R[LF�SUH�LQFXEDWLRQ�ZHUH�XVHG��9DOXHV�DUH�SUHVHQWHG�DV�PHDQ�RI�WKUHH�UHSOLFDWHV��
7KH� FRHIILFLHQW� RI� YDULDWLRQ� RI� DOO� GDWD� ZDV� VPDOOHU� WKDQ� ���� DQG� LV� WKHUHIRUH� QRW� VKRZQ�� )RU� WKH�
GHWHUPLQDWLRQ�RI�S+��'2&��'71��$�����1+�

��DQG�12�
���VRLOV�ZLWK�ERWK�R[LF�DQG�DQR[LF�SUH�LQFXEDWLRQ�

ZHUH�XVHG��DQG�RQO\�RQH�H[WUDFWLRQ�ZDV�FDUULHG�RXW��

� &�
����

1�
����

&�1� )H�
����

0Q�
����

S+� '2&�
��PJ�NJ���GU\�

VRLO��

'71�
�PJ�NJ���GU\�

VRLO��

$����
�FP���J���GU\�

VRLO��

1+�
��

�PJ�NJ���GU\�
VRLO��

12�
��

�PJ�NJ���GU\�
VRLO��

R[LF� DQR[LF� R[LF� DQR[LF� R[LF� DQR[LF� R[LF� DQR[LF� R[LF� DQR[LF� R[LF� DQR[LF�
)�� ����� ���� ����� ����� ������ ����� ����� ����� ����� ���� ���� ����� ����� ���� ����� ���� Q�G��
)�� ����� ���� ����� ����� ������ ����� ����� ����� ����� ���� ���� ����� ����� ����� ����� ����� Q�G��
)�� ����� ���� ����� ����� ������ ����� ����� ����� ����� ���� ���� ����� ����� ����� ����� ����� Q�G��
)�� ����� ���� ����� ����� ������ ����� ����� ����� ����� ���� ���� ����� ����� ���� ����� ���� Q�G��
)�� ����� ���� ����� ����� ������ ����� ����� ����� ����� ���� ���� ����� ����� ���� ����� ����� ����
)5� ���� ���� ����� ����� ������ ����� ����� ±�� ���� ±� ��� ±� ����� ���� Q�G�� Q�G�� Q�G��
*� ���� ���� ���� ����� ������ ����� ����� ���� ����� ���� ���� ����� ����� ����� ����� ����� Q�G��
&� ���� ���� ���� ����� ������ ����� ����� ���� ���� ��� ��� ����� ����� ���� ���� ���� Q�G��

Q�G���QRW�GHWHFWDEOH���±��YDOXH�LV�PLVVLQJ�GXH�WR�VKRUWDJH�RI�PDWHULDO��

�

������1�2�DQDO\VLV�

7KH�JDV�LQ�WKH�KHDGVSDFH�RI�WKH�VDPSOH�YLDOV�ZDV�DQDO\]HG�IRU�1�2�XVLQJ�D�JDV�FKURPDWRJUDSK�

�&ODUXV� ����� 3HUNLQ(OPHU��5RGJDX��*HUPDQ\�� HTXLSSHG�ZLWK� DQ� (&'� DQG� IODPH� LRQL]DWLRQ�

GHWHFWRU��),'��IRU�1�2�DQG�&2��GHWHFWLRQ��UHVSHFWLYHO\��DV�GHVFULEHG�LQ�/LX� ���������7KH�

LQVWUXPHQW�ZDV�FDOLEUDWHG�HDFK�GD\�XVLQJ�ILYH�GLIIHUHQW�VWDQGDUG�JDVVHV�ZLWK�������������������

�����DQG������SSP�1�2��EDODQFHG�ZLWK�1�����������SXULW\��/LQGH��0XQLFK��*HUPDQ\���

������6RLO�FKHPLFDO�DQDO\VHV�

7RWDO� &� DQG� 1� FRQWHQWV� ZHUH� GHWHUPLQHG� ZLWK� DQ� HOHPHQWDO� DQDO\]HU� �YDULR� (/� &XEH��

(OHPHQWDU� $QDO\VHQV\VWHPH� *PE+�� +DQDX�� *HUPDQ\��� 7KH� HOHPHQWDO� FRPSRVLWLRQ� RI� WKH�

RUJDQLF�PDWHULDOV�ZDV�DQDO\]HG�E\�XVLQJ�,&3�2(6��%ULHIO\������PJ�RI�VDPSOH�PDWHULDO�ZHUH�



PL[HG�ZLWK���P/�+12��DQG���PO�+�2���KHDWHG�LQ�WKH�PLFURZDYH�DW�����:�IRU����PLQ��7KH�

PL[WXUHV� ZHUH� VXEVHTXHQWO\� ILOOHG� XS� WR� ��� PO� DQG� GLOXWHG� ���IROG� ZLWK� GHLRQL]HG� ZDWHU�

IROORZHG�E\�WKH�,&3�2(6�PHDVXUHPHQW���

$GGLWLRQDOO\��PLQHUDO�1�DQG�WKH�TXDOLW\�DQG�TXDQWLW\�RI�VRLO�'20�ZHUH�DQDO\]HG�WR�GHWHUPLQH�

WKH�HIIHFWV�RI�DQR[LF�SUH�WUHDWPHQW�RQ� WKH�'20�G\QDPLFV��7KH�PLQHUDO�1��1+�
��DQG�12�

���

FRQWHQWV�ZHUH�DQDO\]HG�ZLWK�LRQ�FKURPDWRJUDSK\��,&��'LRQH[� ,&6������IRU�12�
��DQG�12�

���

'LRQH[�';�����IRU�1+�
����1+�

��DQG�12�
��ZHUH�H[WUDFWHG�ZLWK���0�.&O��GU\�VRLO��VROXWLRQ� �

�����Z�Z��DQG�VKDNHQ�IRU����K��'2&�DQG�GLVVROYHG�WRWDO�QLWURJHQ��'71��ZHUH�H[WUDFWHG�ZLWK�

GHLRQL]HG�ZDWHU� �GU\�VRLO��ZDWHU� ������� IRU�JUDVVODQG�DQG�FURSODQG�VRLOV�� DQG����� IRU� IRUHVW�

DQG�ULSDULDQ�VRLOV��E\�VKDNLQJ�IRU���K�DW�����USP��'2&�DQG�'71�ZHUH�WKHQ�DQDO\]HG�ZLWK�D�

72&�71� DQDO\]HU� �6KLPDG]X�&RUS���.\RWR�� -DSDQ��� ,Q� DGGLWLRQ�� IRU� FKDUDFWHUL]DWLRQ� RI� WKH�

DURPDWLF�VXEVWDQFHV�WKH�DEVRUEDQFH�RI�WKH�'2&�H[WUDFW�DW�����QP��$�����ZDV�GHWHUPLQHG�ZLWK�

89�9,6�VSHFWURPHWU\��'8������%HFNPDQ�&RXOWHU��,QF���8QLWHG�6WDWHV��DQG�D�SDWK�OHQJWK�RI���

FP���

������'DWD�DQDO\VHV�

7KH� HIIHFWV� RI� 12�
�� DQG� 1+�2+� RQ� 1�2� HPLVVLRQ� ZHUH� FDOFXODWHG� E\� VXEWUDFWLQJ� 1�2�

HPLVVLRQ�DIWHU�ZDWHU�DGGLWLRQ�RQO\��DV�FRQWURO��IURP�WKH�1�2�HPLVVLRQ�LQ�UHVSRQVH�WR�12�
��DQG�

1+�2+�DGGLWLRQ��1�2�HPLVVLRQ�ZDV�FDOFXODWHG�DFFRUGLQJ�WR�(TXDWLRQ���LQ�/LX� ���������

6SHDUPDQ¶V�FRUUHODWLRQ�DQDO\VLV�ZDV�SHUIRUPHG�ZLWK�2ULJLQ������6WXGHQW
V� W�WHVW�ZDV�XVHG� WR�

LGHQWLI\� VLJQLILFDQW� � � �� ������ GLIIHUHQFHV� LQ� 1�2� SURGXFWLRQ� EHWZHHQ� R[LF� RU� DQR[LF� SUH�

WUHDWPHQW��ZLWK�RU�ZLWKRXW�Ȗ�LUUDGLDWLRQ�DQG�GLIIHUHQW�VRLO�VDPSOHV��

�

����5HVXOWV�

������(IIHFW�RI�UHDFWLYH�1�DGGLWLRQ�RQ�1�2�SURGXFWLRQ�LQ�GLIIHUHQW�VRLOV�

1LWULWH�DGGLWLRQ�WR�WKH�IUHH]H�GULHG�VRLO�VDPSOHV�DIWHU�R[LF�SUH�WUHDWPHQW�ZDV�DVVRFLDWHG�ZLWK�

ODUJH� 1�2� SURGXFWLRQ� LQ� WKH� JUDVVODQG� VRLO�� ZKHUHDV� LW� ZDV� RQO\� PLQRU� LQ� WKH� RWKHU� VRLO�

VDPSOHV��)LJ�����$���,Q�WKH�JUDVVODQG�VRLO�ZLWK�R[LF�SUH�WUHDWPHQW������RI�WKH�12�
��KDG�EHHQ�

FRQYHUWHG�WR�VRLO�1�2�ZLWKLQ���K��DVVXPLQJ�WKDW�DOO�WKH�1�2�FDPH�IURP�WKH�DGGHG�12�
���)RU�

WKH�IRUHVW�VRLOV�� WKH�1�2�IRUPDWLRQ�DIWHU�12�
��DGGLWLRQ�DPRXQWHG� WR�DERXW�����J�1�NJ���GU\�

VRLO�DIWHU���K��ZKLFK�ZDV�����RI� WKH�JUDVVODQG� VRLO�1�2�SURGXFWLRQ�ZLWKLQ���K��EXW�GLG�QRW�





������(IIHFW�RI�DQR[LF�SUH�LQFXEDWLRQ�RQ�1�2�SURGXFWLRQ�IURP�UHDFWLYH�1�DGGLWLRQ��

$QR[LF� SUH�LQFXEDWLRQ� LQFUHDVHG� VRLO� 1+�
�� FRQFHQWUDWLRQ� XS� WR� VHYHQIROG�� ZLWK� WKH� ODUJHVW�

1+�
��FRQFHQWUDWLRQ������PJ�1�NJ���GU\�VRLO��LQ�WKH�JUDVVODQG�VRLO��7DEOH�������DQG�GHFUHDVHG�

12�
��FRQFHQWUDWLRQ�LQ�PRVW�RI�WKH�VRLO�VDPSOHV��H[FHSW�IRUHVW�VDPSOH�)���WR�QHDUO\�]HUR��7KH�

TXDOLW\��UHIOHFWHG�LQ�WKH�$����YDOXH��DQG�TXDQWLW\�RI�'20��UHIOHFWHG�LQ�WKH�FRQFHQWUDWLRQV�RI�

'2&� DQG� '71�� YDULHG� VXEVWDQWLDOO\� DIWHU� DQR[LF� SUH�LQFXEDWLRQ� EHWZHHQ� WKH� GLIIHUHQW� VRLO�

VDPSOHV��ZLWK�������KLJKHU�'2&�FRQWHQW�FRPSDUHG�WR�VRLO�VDPSOHV�ZLWK�R[LF�SUH�LQFXEDWLRQ���

7KH� $���� YDOXH� IROORZHG� D� WUHQG� YHU\� VLPLODU� WR� '2&�� LQGLFDWLQJ� WKDW� PRUH� DURPDWLF�

VXEVWDQFHV� ZHUH� DYDLODEOH� LQ� GLVVROYHG� IRUP� DIWHU� DQR[LF� SUH�LQFXEDWLRQ�� 7KH� GLIIHUHQFH� LQ�

'71�EHWZHHQ�WKH�GLIIHUHQW�WUHDWPHQWV�ZDV�QRW�DV�SURQRXQFHG�DV�IRU�'2&�DQG�$�����0RUHRYHU��

WKH� '71� FRQWHQW� RI� VRLO� VDPSOHV� )�� DQG� )�� ZDV� HYHQ� VPDOOHU� DIWHU� DQR[LF� SUH�LQFXEDWLRQ�

FRPSDUHG�WR�VDPSOHV�ZLWK�R[LF�SUH�LQFXEDWLRQ�

$QR[LF�SUH�WUHDWPHQW�RI�WKH�VRLO�VDPSOHV�KDG�D�ODUJH�HIIHFW�RQ�VRLO�1�2�HPLVVLRQ�DIWHU�DGGLWLRQ�

RI� UHDFWLYH� 1�� $IWHU� DQR[LF� SUH�LQFXEDWLRQ�� 1�2� SURGXFWLRQ� LQ� JUDVVODQG� VRLO� DIWHU� 12�
��

DGGLWLRQ�ZDV� DERXW�����KLJKHU� DIWHU� WKH� ILUVW� KRXU�RI� LQFXEDWLRQ�FRPSDUHG� WR� WKH� R[LF�SUH�

WUHDWPHQW��EXW�ZDV�DERXW�����ORZHU�DIWHU���K��)LJ�����&���)RUHVW�VRLO�VDPSOHV�)���)��DQG�)��

VKRZHG�ODUJHU�1�2�HPLVVLRQ�DIWHU�12�
��DGGLWLRQ�DIWHU�DQR[LF�SUH�LQFXEDWLRQ�FRPSDUHG�WR�WKH�

R[LF�SUHWUHDWPHQW��ZKLOH�)��DQG�)��VKRZHG�QR�GLIIHUHQFH�LQ�UHVSRQVH��7DEOH�������$QR[LF�SUH�

WUHDWPHQW� VWLPXODWHG�1�2�HPLVVLRQ� WKH�PRVW� IURP� WKH� VRLO� RI� VDPSOLQJ� SRLQW� )�� DIWHU�12�
��

DGGLWLRQ�� IROORZHG�E\�)���ZKHUHDV� LW�GHFUHDVHG� WKH�HIIHFW�RI�12�
��RQ�1�2�SURGXFWLRQ� LQ� WKH�

ULSDULDQ�VRLOV���

7DEOH�����(IIHFW�RI�DQR[LF�SUH�WUHDWPHQW�RQ�VRLO�1�2�HPLVVLRQV�DIWHU���DQG���K�RI�LQFXEDWLRQ�RI�VRLOV�
ZLWK�12�

��DQG�1+�2+�DGGLWLRQV��9DOXHV�LQGLFDWH�WKH�UHODWLYH�LQFUHDVH�����LQ�1�2�HPLVVLRQ�LQ�DQR[LF�
YV��R[LF�SUH�WUHDWPHQW��1HJDWLYH�YDOXHV�LQGLFDWH�D�GHFUHDVH��

� )�� )�� )�� )�� )�� )5� *� &�
12�

�� � � � � � � � �
��K� ����� ������ ����� ����� ����� ������ ����� �����
��K� ����� ������ ����� ����� ����� ������ ������ ����

1+�2+� � � � � � � � �
��K� ±� ������ ±� ������ ������� ������ ������ ������
��K� ±� ������ ������� ������ ������ ������ ������ ������

±��UHODWLYH�LQFUHDVH�FRXOG�QRW�EH�FDOFXODWHG�FRUUHFWO\�GXH�WR�QHJOLJLEOH�1�2�HPLVVLRQ�DIWHU�1+�2+�DGGLWLRQ��

�

,Q�WHUPV�RI�1+�2+��DQR[LF�SUH�WUHDWPHQW�KDG�D�QHJDWLYH�HIIHFW�RQ�WKH�1�2�SURGXFWLRQ�DIWHU�

1+�2+�DGGLWLRQ�LQ�DOO�VRLO�VDPSOHV��HVSHFLDOO\�LQ�WKRVH�ZLWK�D�ODUJH�1+�2+�HIIHFW�DIWHU�R[LF�



SUH�LQFXEDWLRQ��L�H��JUDVVODQG�DQG�)��IRUHVW�VRLOV��EXW�KDG�D�UHODWLYHO\�VPDOO�HIIHFW�RQ�WKH�1�2�

SURGXFWLRQ� DIWHU� 1+�2+� DGGLWLRQ� LQ� FURSODQG� VRLO� �7DEOH� ������ � $QR[LF� SUH�LQFXEDWLRQ�

GHFUHDVHG�1�2�SURGXFWLRQ�LQ�FURSODQG��JUDVVODQG��DQG�IRUHVW�VRLO�)��E\�DERXW����������DQG�

�����UHVSHFWLYHO\����K�DIWHU�1+�2+�DGGLWLRQ��)LJ�����'��7DEOH�������

������&RQWULEXWLRQ�RI�DELRWLF�SDWKZD\V�WR�1�2�SURGXFWLRQ�IURP�UHDFWLYH�1�DGGLWLRQ�

$ELRWLF� SDWKZD\V� FRQWULEXWHG� WR� ���������� RI� VRLO� 1�2� SURGXFWLRQ� ZLWKLQ� �� K� DIWHU� 12�
��

DGGLWLRQ� IURP� WKH�GLIIHUHQW� VRLOV� DIWHU�R[LF�SUH�LQFXEDWLRQ��EXW� FRQWULEXWHG� WR������������RI�

VRLO�1�2�SURGXFWLRQ�ZLWKLQ���K�DIWHU�1+�2+�DGGLWLRQ�LQ�WKH�FURSODQG��JUDVVODQG�DQG�WKH�)��

VRLO��7DEOH�������)RU�WKH�VRLO�VDPSOHV�ZLWK�DQR[LF�SUH�LQFXEDWLRQ��DELRWLF�SDWKZD\V�FRQWULEXWHG�

WR� ���������� RI� 12�
��LQGXFHG�1�2� SURGXFWLRQ� DIWHU� �� K�� EXW� FRQWULEXWHG� WR� ����������� RI�

1�2�SURGXFWLRQ�RQO\�DIWHU�1+�2+�DGGLWLRQ�LQ�WKH�JUDVVODQG��FURSODQG�DQG�)��VRLO�LQ�WKH�VDPH�

WLPH�SHULRG��,Q�JHQHUDO��DELRWLF�SDWKZD\V�SOD\HG�D�PRUH�LPSRUWDQW�UROH�LQ�WKH�1�2�SURGXFWLRQ�

DIWHU�1+�2+�DGGLWLRQ�WKDQ�WKDW�DIWHU�12�
��DGGLWLRQ�LQ�WKH�WHVWHG�VRLOV��

7DEOH� ����&RQWULEXWLRQ� ����RI� DELRWLF�SDWKZD\V� WR� VRLO�1�2�HPLVVLRQV�DIWHU���K� LQFXEDWLRQ�RI� VRLOV�
ZLWK� DGGLWLRQ� RI� DTXHRXV� VROXWLRQV� RI� 1+�2+� RU� 12�

�� WR� VRLO� VDPSOHV� ZLWK� R[LF� RU� DQR[LF� SUH�
LQFXEDWLRQ�DQG�IUHH]H�GU\LQJ�WUHDWPHQW��7KH�GDWD�RI�)��DIWHU�Ȗ�LUUDGLDWLRQ�WUHDWPHQW�LV�PLVVLQJ�GXH�WR�
VKRUWDJH�RI�PDWHULDO�

�

� � )�� )�� )�� )�� )5� *� &�

2[LF� 12�
�� ���� ����� ����� ����� ����� ����� �����

� 1+�2+� ±� ±� ����� ����� ����� ����� �����

$QR[LF� 12�
�� ����� ����� ����� ����� ����� ����� ����

� 1+�2+� ����� ±� ±� ����� ±� ����� �����

�

������&RQWUROV�RI�WKH�HIIHFW�RI�UHDFWLYH�1�DGGLWLRQ�RQ�1�2�SURGXFWLRQ�LQ�VRLOV�DIWHU�R[LF�

DQG�DQR[LF�SUH�LQFXEDWLRQ�

&RUUHODWLRQ�DQDO\VLV�VKRZHG�WKDW�VRLO�0Q��&�DQG�'2&�FRQWHQW��DQG�S+�ZHUH�LPSRUWDQW�IDFWRUV�

UHVSRQVLEOH�IRU�VRLO�1�2�IRUPDWLRQ�IURP�1+�2+�LQ� WKH�IRUHVW�VRLO�VDPSOHV� �7DEOH�������7KH�

1+�2+�WR�1�2� FRQYHUVLRQ� UDWLR� ZDV� SRVLWLYHO\� DQG� VLJQLILFDQWO\� FRUUHODWHG� ZLWK� VRLO� 0Q�

FRQWHQW�DQG�S+��EXW�QHJDWLYHO\�DQG�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�VRLO�&��1�DQG�'2&�FRQWHQW��

DQG�$�����6RLO�1�2�SURGXFWLRQ�DIWHU�12�
��DGGLWLRQ�ZDV�IRXQG�WR�EH�RQO\�PDUJLQDOO\�� � �������

FRUUHODWHG� ZLWK� VRLO� )H� FRQWHQW� DIWHU� DQR[LF� SUH�WUHDWPHQW�� 1R� VLJQLILFDQW� FRUUHODWLRQ� ZDV�





����'LVFXVVLRQ�

������7KH�LPSRUWDQFH�RI�12�
��DQG�1+�2+�RQ�ELRWLF�DQG�DELRWLF�1�2�IRUPDWLRQ�LQ�

GLIIHUHQW�VRLOV�

1LWULWH�DQG�1+�2+�DUH�LPSRUWDQW�LQWHUPHGLDWHV�RI�WKH�LQRUJDQLF�1�F\FOH�LQ�VRLO��YDQ�&OHHPSXW�

	� 6DPDWHU�� ������ %UHPQHU�� ������ =KX�%DUNHU �� ������ +HLO �� ������� 1LWULWH� LV�

LQYROYHG�LQ�VRLO�1�2�SURGXFWLRQ�WKURXJK�ELRORJLFDO�GHQLWULILFDWLRQ�DQG�QLWULILHU�GHQLWULILFDWLRQ��

DV�ZHOO� DV� FKHPRGHQLWULILFDWLRQ��ZKLOH�1+�2+� LV� UHODWHG� WR�1�2� IRUPDWLRQ� YLD� QLWULILFDWLRQ�

DQG�FKHPLFDO�1+�2+�R[LGDWLRQ��$OWKRXJK�SUHYLRXV�SDSHUV�UHSRUWHG� WKH� LPSRUWDQFH�RI�12�
��

DQG� 1+�2+� RQ� VRLO� 1�2� HPLVVLRQV� VHSDUDWHO\� �%UHPQHU �� ������ YDQ� &OHHPSXW� 	�

6DPDWHU��������9HQWHUHD��������+HLO ���������DFFRUGLQJ�WR�RXU�NQRZOHGJH�QR�SDSHU�KDV�

WULHG�WR�FRPSDUH�WKH�FRQWULEXWLRQ�RI�WKH�WZR�UHDFWLYH�1�FRPSRXQGV�RQ�VRLO�1�2�HPLVVLRQV�DW�

WKH�VDPH�WLPH��ZLWK�FRQVLGHUDWLRQ�RI�GLIIHUHQW�VRLO�W\SHV��ELRORJLFDO�DQG�DELRWLF�SURFHVVHV��DQG�

UHGR[� KLVWRU\�� ZKLFK� PD\� SURYLGH� XVHIXO� LQIRUPDWLRQ� IRU� WKH� H[SORUDWLRQ� RI� VRLO� 1�2�

IRUPDWLRQ�PHFKDQLVPV�� 2XU� UHVXOWV� VKRZHG� WKDW� WKH� UROH� RI�12�
�� DQG�1+�2+� LQ�1�2�ZDV�

VWURQJO\�GHSHQGHQW�RQ�VRLO�UHGR[�KLVWRU\�DQG�VRLO�EDVLF�SURSHUWLHV���

7KH�E\�IDU�ODUJHVW�DPRXQW�RI�1�2�ZDV�SURGXFHG�LQ�QRQ�Ȗ�LUUDGLDWHG�JUDVVODQG�VRLO�DIWHU�12�
��

DGGLWLRQ��PXFK�KLJKHU�WKDQ�LQ�DOO�RWKHU�VRLOV��)LJ�����$�DQG�&���$ERXW�����RI�WKH�DGGHG�12�
��

ZDV�FRQYHUWHG�WR�1�2�LQ�WKH�JUDVVODQG�VRLO�ZLWK�R[LF�SUH�LQFXEDWLRQ�DIWHU���K�RI� LQFXEDWLRQ��

DVVXPLQJ� WKDW� DOO� WKH� 1�2� SURGXFHG� FDPH� IURP� WKH� DGGHG� 12�
��� +RZHYHU�� QR� VRLO� EDVLF�

SURSHUW\� ZDV� VLJQLILFDQWO\� FRUUHODWHG�ZLWK� 1�2� SURGXFWLRQ� DIWHU� 12�
�� DGGLWLRQ� �7DEOH� ������

ZKLFK�LV�QRW�FRQVLVWHQW�ZLWK�9HQWHUHD� ��������ZKR�IRXQG�1�2�SURGXFWLRQ�IURP�12�
��WR�

EH�FRUUHODWHG�ZLWK�S+��WRWDO�QLWURJHQ��DQG�VROXEOH�DQG�WRWDO�&���

7KLV�ODUJH�DQG�TXLFN�1�2�SXOVH�FRXOG�HDVLO\�OHDG�WR�WKH�DVVXPSWLRQ�RI�DELRWLF�SDWKZD\V��H�J��

FKHPRGHQLWULILFDWLRQ�� EHLQJ� UHVSRQVLEOH� IRU� WKH� 1�2� SURGXFWLRQ� XSRQ� DGGLWLRQ� RI� 12�
���

+RZHYHU��Ȗ�LUUDGLDWLRQ�GHFUHDVHG�WKH�1�2�SURGXFWLRQ�DIWHU�12�
��DGGLWLRQ�WR�VRLO�ZLWK�R[LF�SUH�

LQFXEDWLRQ� E\� ������� LQGLFDWLQJ� WKDW� ELRWLF� SDWKZD\V� SOD\HG� D�PRUH� LPSRUWDQW� UROH� LQ�1�2�

SURGXFWLRQ� DIWHU� 12�
�� DGGLWLRQ�� ,W� ZDV� UHSRUWHG� WKDW� QLWULILHU� GHQLWULILFDWLRQ� LQYROYLQJ�

ELRORJLFDO� 12�
�� UHGXFWLRQ� FDQ� SOD\� DQ� LPSRUWDQW� UROH� LQ� VRLO� 1�2� HPLVVLRQV�� HVSHFLDOO\� LQ�

JUDVVODQG� DQG� FURSODQG� VRLO� ZLWK� ODUJH� QLWULILHU� DFWLYLW\� �:UDJH �� ������:UDJH ��

�������7KXV��WKH�ODUJH�SXOVH�RI�1�2�SURGXFWLRQ�ZLWK�12�
��DGGLWLRQ�LQ�WKH�JUDVVODQG�VRLO�FRXOG�

EH� GXH� WR� QLWULILHU� GHQLWULILFDWLRQ�� ,Q� FRQWUDVW�� WKH� VPDOOHU� HIIHFW� RI� 12�
�� DGGLWLRQ� RQ� 1�2�



SURGXFWLRQ�LQ�IRUHVW�VRLOV�ZDV�DW�ILUVW�XQH[SHFWHG��DV� WKHUH�ZDV�PRUH�FDUERQ�DYDLODEOH�LQ� WKH�

IRUHVW� VRLOV� WKDQ� LQ� WKH� JUDVVODQG� VRLO� IRU� ELRWLF� �GHQLWULILFDWLRQ�� DQG� DELRWLF�

�FKHPRGHQLWULILFDWLRQ�� SDWKZD\V� OHDGLQJ� WR� 1�2�� 2QH� SRVVLEOH� UHDVRQ� UHVSRQVLEOH� IRU� WKH�

VPDOOHU� 1�2� SURGXFWLRQ� LQ� WKH� IRUHVW� VRLOV� FRXOG� EH� WKDW� PRUH� 12� LQVWHDG� RI� 1�2� ZDV�

SURGXFHG�DV�LW�PRVWO\�GHFRPSRVHV�WR�12�DQG�12��DW�ORZ�S+��'DYLGVRQ��������9HQWHUHD ��

�������7KLV�DVVXPSWLRQ�LV�VXSSRUWHG�E\�WKH�IDFW�WKDW�LQ�RXU�VWXG\�����WKH�DGGHG�ZDWHU�DPRXQW�

ZDV�VPDOO������:+&���DQG�����WKH�IRUHVW�VRLO�ZDV�DFLGLF�ZLWK�S+�YDOXHV�ORZHU�WKDQ�����IRU�

PRVW�RI� WKH�VDPSOHV��)XUWKHUPRUH��DOVR�*ROGEHUJ�	�*HEDXHU� ������� IRXQG�D�PD[LPXP�12�

HPLVVLRQ�IRU�D�1RUZD\�VSUXFH�IRUHVW�DW�����:)36�LQ�WKH�RUJDQLF�OD\HU��DQG�LW�ZDV�UHSRUWHG�

WKDW�FKHPRGHQLWULILFDWLRQ�LQFUHDVHG�DW�D�S+�OHVV�WKDQ����.HVLN� ������

,Q� FRQWUDVW� WR�12�
��� ODUJH�1�2�SURGXFWLRQ�ZDV�REVHUYHG�DIWHU�1+�2+�DGGLWLRQ� WR� FURSODQG��

JUDVVODQG�DQG�RQH�IRUHVW�VRLO�VDPSOH��)����DQG�RQO\�QHJOLJLEOH�DPRXQWV�RI�1�2�ZHUH�SURGXFHG�

LQ�RWKHU�IRUHVW�VRLOV��)LJ�����%�DQG�'���$ELRWLF�UHDFWLRQV�SOD\HG�D�PXFK�ODUJHU�UROH�LQ�WKH�FDVH�

RI� 1+�2+� DGGLWLRQ� FRPSDUHG� WR� 12�
�� DGGLWLRQ�� &RPSDULVRQ� RI� WKH� UHVXOWV� IURP� WKH�

H[SHULPHQWV� ZLWK� Ȗ�LUUDGLDWHG� DQG� QRQ�LUUDGLDWHG� VRLOV� UHYHDOHG� WKDW� PRVW� RI� WKH� 1�2� IURP�

1+�2+� ZDV� FKHPLFDOO\� SURGXFHG�� FRQWULEXWLQJ� ������� ������ DQG� ������ WR� WKH� WRWDO�

FRQYHUVLRQ�RI�1+�2+�WR�1�2�IRU�WKH�FURSODQG��)��DQG�JUDVVODQG�VRLO��UHVSHFWLYHO\��:H�IRXQG�

ODUJHU�0Q�FRQWHQW�LQ�JUDVVODQG��FURSODQG�DQG�)��IRUHVW�VXE�VDPSOH��7DEOH�������DQG�D�SRVLWLYH�

DQG�VLJQLILFDQW�FRUUHODWLRQ�ZDV�REVHUYHG�EHWZHHQ�VRLO�1�2�SURGXFWLRQ�LQ�UHVSRQVH�WR�1+�2+�

DGGLWLRQ� DQG�0Q� FRQWHQW� �7DEOH� ������ 7KLV� LV� LQ� DFFRUGDQFH� ZLWK� SUHYLRXV� ILQGLQJV�� ZKLFK�

LGHQWLILHG� WKH� FKHPLFDO� UHDFWLRQ� EHWZHHQ�0Q2�� DQG�1+�2+�DV� LPSRUWDQW� IDFWRU� IRU� DELRWLF�

1�2�SURGXFWLRQ� LQ� VRLO� �%UHPQHU��������+HLO� � �������7KH�� DW� ILUVW� VLJKW�� FRQWUDGLFWRU\�

REVHUYDWLRQ�WKDW�WKH�IRUHVW�VRLO�ZLWK�WKH�ODUJHVW�0Q�FRQWHQW��)���KDG�D�ORZHU�1�2�SURGXFWLRQ�

XSRQ� 1+�2+� DGGLWLRQ� WKDQ� WKH� JUDVVODQG� DQG� FURSODQG� VRLOV� FDQ� EH� H[SODLQHG� ZLWK� WKH�

LQKLELWRU\�HIIHFW�RI�VRLO�RUJDQLF�PDWWHU�RQ�WKH�DELRWLF�FRQYHUVLRQ�RI�1+�2+�WR�1�2��7KH�HIIHFW�

RI� 1+�2+� RQ� VRLO� 1�2� HPLVVLRQV� KDG� EHHQ� IRXQG� HDUOLHU� WR� EH� UHODWHG� WR� 620� TXDQWLW\��

TXDOLW\�DQG�0Q�FRQWHQW��ZLWK�ODUJHVW�1+�2+�WR�1�2�FRQYHUVLRQ�UDWLR�LQ�VRLOV�ZLWK�KLJKHU�0Q�

FRQWHQW� DQG� ORZHU� VRLO� RUJDQLF� &� FRQWHQW� RU�� PRUH� VSHFLILFDOO\�� ORZHU� FRQWHQW� RI� FDUERQ\O�

JURXSV�WR�ZKLFK�1+�2+�FRXOG�ELQG�FKHPLFDOO\��/LX� �����D���

������(IIHFW�RI�VRLO�UHGR[�KLVWRU\�RQ�1�2�IRUPDWLRQ�IURP�12�
��DQG�1+�2+�

'HVSLWH� WKHLU� UHDFWLYLW\�� WKH� WZR�1�LQWHUPHGLDWHV�1+�2+�DQG�12�
��PD\�DFFXPXODWH� LQ�VRLOV�

XQGHU�DQR[LF�FRQGLWLRQV��1+�2+�DFFXPXODWLRQ�LQ�DQR[LF�VHGLPHQW�VOXUULHV�KDV�EHHQ�REVHUYHG�



LQ�D�SUHOLPLQDU\�H[SHULPHQW� �GDWD�QRW� VKRZQ���ZKLOH� WUDQVLHQW�12�
��DFFXPXODWLRQ�DV�ZHOO�DV�

WKH�DEVHQFH�RI�12�
��KDYH�EHHQ�UHSRUWHG�LQ�VRLO�VOXUULHV�GXULQJ�DQDHURELF�LQFXEDWLRQ��&OpPHQW

�� ������� ,Q� WKH� SUHVHQW� VWXG\�� WKH�1+�
�� FRQFHQWUDWLRQ�� HVSHFLDOO\� RI� WKH� JUDVVODQG� VRLO��

LQFUHDVHG�ODUJHO\�ZLWK�DQR[LF�SUH�LQFXEDWLRQ��7DEOH�������SUREDEO\�GXH�WR�GLVVLPLODWRU\�QLWUDWH�

UHGXFWLRQ� WR� DPPRQLXP�DQG� LQGLFDWLQJ� WKDW� VRLO� UHGR[�SRWHQWLDO�ZDV� VPDOOHU� WKDQ������P9�

�)URHOLFK �� ������� 620� TXDOLW\�� WUDQVLWLRQ� PHWDO� UHGR[� VWDWH�� DQG� S+� PD\� FKDQJH�

UHPDUNDEO\� DW� WKLV� UHGR[� SRWHQWLDO� �'DVVRQYLOOH� 	� 5HQDXOW�� ������� $FFRUGLQJ� WR�

WKHUPRG\QDPLF� WKHRU\�� WKH� IROORZLQJ� VHTXHQWLDO� UHGXFWLRQ�RI� HOHFWURQ�DFFHSWRUV� LV� REVHUYHG�

ZLWK�GHFUHDVLQJ�UHGR[�SRWHQWLDO��2���12�
���0Q2���)H�2���62�

���DQG�&2��UHGXFWLRQ��)URHOLFK

�� ������ GXULQJ� UHVSLUDWRU\� RU� RWKHU� GLVVLPLODWRU\� SURFHVVHV�� 7KXV�� )H���� 0Q��� DQG� WKH�

IHUPHQWHG�RUJDQLF�PDWWHU�ZRXOG� DFFXPXODWH�GXULQJ� DQR[LF�SUH�LQFXEDWLRQ��)XUWKHUPRUH�� WKH�

WUDQVLHQW�RFFXUUHQFH�RI�UHDFWLYH�&�VXEVWDQFHV�FRXOG�KDYH�UHYHUVHG�WKH�HIIHFWV�RI�1+�2+�DQG�

12�
�� DGGLWLRQ�� DV� D� WUDQVLHQW� LQFUHDVH� LQ� UHDFWLYH� &� ULFK� LQ� FDUERQ\O� JURXSV� ZRXOG�

SUHIHUHQWLDOO\� UHDFW� ZLWK� 1+�2+� DQG� GHFUHDVH� 1�2� SURGXFWLRQ� IURP� DELRWLF� FRQYHUVLRQ� RI�

1+�2+��ZKLOH�D�WUDQVLHQW�LQFUHDVH�LQ�UHDFWLYH�SKHQROLF�FRPSRXQGV�ZRXOG�OHDG�WR�SUHIHUHQWLDO�

UHDFWLRQ�ZLWK�12�
��WR�SURGXFH�1�2�FKHPLFDOO\��

:H� K\SRWKHVL]HG� WKDW� DQR[LF� SUH�LQFXEDWLRQ� ZRXOG� OHDG� WR� KLJKHU� 1�2� UHOHDVH� DIWHU� 12�
��

DGGLWLRQ�DQG�OHVV�1�2�UHOHDVH�DIWHU�1+�2+�DGGLWLRQ�GXH�WR�WKH�DFFXPXODWLRQ�RI�PRUH�UHGXFHG�

VXEVWDQFHV��2XU�UHVXOWV�DSSHDUHG�WKDW�DQR[LF�SUH�LQFXEDWLRQ�LQFUHDVHG�1�2�SURGXFWLRQ�LQ�WKH�

ILUVW�KRXU�DIWHU�12�
��DGGLWLRQ�LQ�PRVW�RI�WKH�VRLOV��EXW�GHFUHDVHG�1�2�SURGXFWLRQ�DIWHUZDUGV��

7KH�VWLPXODWRU\�HIIHFW�RI�DQR[LF�SUH�LQFXEDWLRQ�RQ�1�2�SURGXFWLRQ�LQ�WKH�ILUVW�KRXU�FRXOG�EH�

GXH� WR� WKH� LQFUHDVHG� FRQWULEXWLRQ� RI� 1�2� SURGXFWLRQ� YLD� FKHPRGHQLWULILFDWLRQ�� DV� PRUH�

UHGXFHG�PHWDO� LRQV�� H�J�� )H����PD\� DFFXPXODWH� DIWHU� DQR[LF� SUH�LQFXEDWLRQ� DQG� DELRWLF�1�2�

SURGXFWLRQ�RFFXUUHG�XVXDOO\�YHU\�IDVW��+RZHYHU��VLQFH�PRVW�RI� WKH�1�2�SURGXFHG�DIWHU�12�
��

DGGLWLRQ� FDPH� IURP� ELRWLF� SDWKZD\V�� DQR[LF� SUH�LQFXEDWLRQ�PD\� KDYH� DOWHUHG� WKH�PLFURELDO�

FRPSRVLWLRQ��H�J��FKDQJHG� WKH�DFWLYLW\�RI�QLWULILHUV�DQG� UHODWHG� HQ]\PHV�� OHDGLQJ� WR�QHJDWLYH�

HIIHFWV�RQ�WKH�ORQJHU�WHUP�HIIHFW�RI�DQR[LF�SUH�LQFXEDWLRQ�RQ�1�2�SURGXFWLRQ�YLD�12�
��LQ�VRLOV��

$QR[LF�SUH�LQFXEDWLRQ�KDG�DQ�HYHQ�PRUH�SURQRXQFHG�HIIHFW�RQ�1�2�SURGXFWLRQ�DIWHU�1+�2+�

DGGLWLRQ��ZLWK� D� VLJQLILFDQW� UHGXFWLRQ� LQ� WKH� IRUHVW� VRLO� )�� DQG� WKH� JUDVVODQG� VRLO� ����� DQG�

�����UHVSHFWLYHO\���LQ�DFFRUGDQFH�ZLWK�RXU�K\SRWKHVLV��EXW�ZLWK�RQO\�D�VPDOO�HIIHFW�������RQ�

WKH�FURSODQG�VRLO��$V�D�VWURQJ�R[LGDQW��PRVW�RI�WKH�0Q2��VKRXOG�KDYH�EHHQ�UHGXFHG�WR�0Q���

GXULQJ�WKH�DQR[LF�SUH�LQFXEDWLRQ�SHULRG�DFFRUGLQJ�WR�WKH�ODUJH�LQFUHDVH�LQ�1+�
��DQG�WKH�ORZ�



UHGR[�SRWHQWLDO�VWDWH��7DEOH�������HVSHFLDOO\�LQ�WKRVH�VRLO�VDPSOHV�ZLWK�KLJK�&�FRQWHQW��ZKLFK�

FDQ� EH� XVHG� E\� PLFURRUJDQLVPV� WKDW� UHGXFH� )H��� RU� 0Q��� LQVWHDG� RI� R[\JHQ� WR� FDWDEROL]H�

RUJDQLF� PDWWHU� �/RYOH\ �� ������� 7KH� ORZHU� HIIHFW� RI� WKH� DQR[LF� SUH�WUHDWPHQW� RQ� WKH�

FRQYHUVLRQ�RI�1+�2+�WR�1�2�LQ�WKH�FURSODQG�VRLO�FRXOG�EH�DWWULEXWHG�WR�WKH�ORZHU�&�FRQWHQW�

LQ�WKLV�VRLO��ZKHUH�OHVV�0Q���ZRXOG�EH�UHGXFHG�WR�0Q����7R�IXUWKHU�H[SORUH�WKH�HIIHFW�RI�0Q2��

RQ� WKH�1+�2+�WR�1�2�FRQYHUVLRQ� UDWLR��ZH�DGGHG�������Z�Z��0Q2��0Q��HTXDO� WR� WKH�0Q�

FRQWHQW� RI� JUDVVODQG� VRLO�� WR� ERWK� WKH� R[LF� DQG� DQR[LF� SUH�WUHDWHG� VRLO� VDPSOHV�� :H�

K\SRWKHVL]HG� WKDW� WKLV� DPRXQW� RI� 0Q2�� DGGLWLRQ� ZRXOG� LQFUHDVH� WKH� 1+�2+�WR�1�2�

FRQYHUVLRQ� UDWLR� RI� WKH� DQR[LFDOO\� SUH�LQFXEDWHG� VRLO� VDPSOHV��+RZHYHU�� RQO\� WKH� JUDVVODQG�

VRLO�DQG�IRUHVW�VRLOV�)��DQG�)��VKRZHG�D�ODUJHU�0Q�HIIHFW�DIWHU�DQR[LF�SUH�WUHDWPHQW��EXW�WKH�

DGGHG�0Q�DPRXQW�FRXOG�QRW�PDNH�XS�WKH�UHGXFWLRQ�LQ�1�2�SURGXFWLRQ�FDXVHG�E\�WKH�DQR[LF�

SUH�LQFXEDWLRQ�� GHVSLWH� WKH� ODUJH� LQFUHDVH� RI� 1�2� SURGXFWLRQ� IURP� )�� ZLWK� DQR[LF� SUH�

LQFXEDWLRQ��)LJ���������

,W�ZDV� UHSRUWHG� WKDW� ODUJH�DPRXQWV�RI� IHUPHQWHG�VXEVWDQFHV�FRXOG�DFFXPXODWH�GXULQJ�DQR[LF�

LQFXEDWLRQ� �'DVVRQYLOOH� 	�5HQDXOW�� ������� ,Q� WKH� SUHVHQW� VWXG\�� ZH� IRXQG�PRUH� '2&� DQG�

GLVVROYHG� DURPDWLF� VXEVWDQFHV� �UHSUHVHQWHG� DV� $����� LQ� WKH� VRLO� VDPSOHV� ZLWK� DQR[LF� SUH�

LQFXEDWLRQ� WKDQ�ZLWK� R[LF� SUH�LQFXEDWLRQ� �7DEOH� ������ 7KH� FKDQJH� RI� VRLO�'2&� TXDOLW\� DQG�

TXDQWLW\�FRXOG�EH�UHVSRQVLEOH�IRU� WKH�GLIIHUHQFH�LQ�1�2�SURGXFWLRQ�DIWHU�1+�2+�DGGLWLRQ�WR�

VRLOV�ZLWK�GLIIHUHQW�UHGR[�KLVWRU\��7KH�LQFUHDVH�LQ�'2&�DQG�DURPDWLF�VXEVWDQFHV�DIWHU�DQR[LF�

SUH�LQFXEDWLRQ�ZRXOG�LQFUHDVH�WKH�OLNHOLKRRG�RI�IDVW�ELQGLQJ�RI�1+�2+�WR�RUJDQLF�FRPSRXQGV�

RQFH�DGGHG�WR�WKH�VRLO��DQG�OHDG�WR�D�ORZHU�DYDLODELOLW\�RI�1+�2+�IRU�WKH�UHDFWLRQ�ZLWK�0Q2��

WR� SURGXFH�1�2�� 7KHUHIRUH�� WKH� DEVHQFH� RI� D�0Q2�� DGGLWLRQ� HIIHFW� RQ� WKH�1+�2+�WR�1�2�

FRQYHUVLRQ�UDWLR�FRXOG�EH�GXH� WR� WKH�DFFXPXODWLRQ�RI� IHUPHQWHG�VXEVWDQFHV� WKDW�FDQ�TXLFNO\�

UHDFW�ZLWK�1+�2+���

�

����&RQFOXVLRQV�

,Q�VXPPDU\��ZH�VKRZ�WKDW�WKH�UHVSRQVH�RI�VRLO�1�2�SURGXFWLRQ�WR�WKH�DGGLWLRQ�RI�WKH�UHDFWLYH�

1�LQWHUPHGLDWHV�1+�2+�RU�12�
��GHSHQGV�RQ� WKH�VRLO�SUHFRQGLWLRQ�� L�H��R[LF�YV��DQR[LF��7KH�

DGGLWLRQ�RI�12�
��LQFUHDVHG�1�2�HPLVVLRQV�PDLQO\�IURP�ELRWLF�SURFHVVHV��ZKLOH�WKH�DGGLWLRQ�RI�

1+�2+� LQFUHDVHG� 1�2� IURP� DELRWLF� SURFHVVHV�� $QR[LF� SUH�LQFXEDWLRQ� GHFUHDVHG� 1�2�

HPLVVLRQV� LQ� WKH�1+�2+�WUHDWPHQW��ZKLOH� LW� LQFUHDVHG�1�2�HPLVVLRQV� LQ� WKH� ILUVW�KRXU�DIWHU�



12�
��DGGLWLRQ��&URSODQG��IRUHVW��DQG�JUDVVODQG�VRLOV�VKRZHG�GLIIHUHQW�UHVSRQVHV�WR�WKH�DGGLWLRQ�

RI� WKH� WZR� 1� LQWHUPHGLDWHV� DQG� VRLO� SUH�FRQGLWLRQV�� H�J�� LQ� FURSODQG� VRLO� ZLWK� ODUJH�0Q2��

FRQWHQW�DQG�ORZ�&�FRQWHQW��PRUH�1�2�RULJLQDWHG�IURP�WKH�DELRWLF�1+�2+�R[LGDWLRQ�FRPSDUHG�

WR� ZHOO�NQRZQ� QLWULILHU� GHQLWULILFDWLRQ�� 7KLV� VWXG\� SURYLGHV� LQVLJKW� LQWR� WKH� FRXSOHG� ELRWLF�

DELRWLF�SURFHVVHV�LQYROYHG�LQ�1�2�SURGXFWLRQ�LQ�VRLOV��



Chapter 7     

Accumulation of NO2
- during drying 

periods stimulates soil N2O emissions 

during subsequent rewetting events 

�

�

�

�

�

�

�

�

�

�

�

�

�

�

%DVHG�RQ��

/LX�6���6FKORWHU�0��DQG�%U�JJHPDQQ�1��$FFXPXODWLRQ�RI�12�
��GXULQJ�GU\LQJ�SHULRG�

VWLPXODWHV�VRLO�1�2�HPLVVLRQV�E\�VXEVHTXHQW�UHZHWWLQJ�HYHQWV��

��XQGHU�UHYLVLRQ�� �



����,QWURGXFWLRQ�

$V�DQ�LPSRUWDQW�JUHHQKRXVH�JDV��WKH�HPLVVLRQV�RI�1�2�IURP�VRLOV�RI�YDULRXV�HFRV\VWHPV�XQGHU�

GLIIHUHQW� HQYLURQPHQWDO� FRQGLWLRQV�KDYH�EHHQ�ZLGHO\� VWXGLHG��5HZHWWLQJ� RI� VRLO� DIWHU� ORQJHU�

GU\�SHULRGV�LV�DQ�LPSRUWDQW�HYHQW�RI�DFFHOHUDWHG�VRLO�&�DQG�1�PLQHUDOL]DWLRQ��³%LUFK�HIIHFW´���

DV�ZHOO�DV�VRLO�1�2�HPLVVLRQV��6PLWK�	�3DUVRQV��������5XGD] ��������5XVHU ���������

$�VLQJOH�ZHWWLQJ�HYHQW�PD\�EH�UHVSRQVLEOH�IRU�D�ODUJH�IUDFWLRQ�RI�WKH�DQQXDO�1�2�HPLVVLRQ�IRU�

FHUWDLQ� HFRV\VWHPV� �3ULHPp� 	� &KULVWHQVHQ�� ������ %HUJHU �� ������� ,Q� UHFHQW� \HDUV��

QXPHURXV� VWXGLHV� KDYH� IRFXVHG� RQ� WKH� PHFKDQLVPV� RI� ODUJH� VRLO� 1�2� HPLVVLRQV� XSRQ�

UHZHWWLQJ��%HDUH ��������+DUULVRQ�.LUN ��������6QLGHU ���������7KUHH�UHDVRQV�

KDYH� EHHQ� FRQVLGHUHG� UHVSRQVLEOH� IRU� WKH� LQFUHDVHG� 1�2� IOX[� IROORZLQJ� UHZHWWLQJ�� ����

(QKDQFHG� PLFURELDO� PHWDEROLVP� LQFOXGLQJ� QLWULILFDWLRQ� DQG� GHQLWULILFDWLRQ�� ���� DELRWLF�

UHDFWLRQV�GXH� WR� WKH�DYDLODELOLW\�RI�DFFXPXODWHG�VROXEOH�VXEVWUDWHV�� ����SK\VLFDO�PHFKDQLVPV�

LQYROYLQJ� LQILOWUDWLRQ�� UHGXFHG� GLIIXVLYLW\� DQG� JDV� GLVSODFHPHQW�� 6ROXEOH� VXEVWDQFHV�

DFFXPXODWHG� LQ� WKH� VRLO� GXULQJ� WKH�GU\LQJ�SURFHVV�SOD\�DQ� LPSRUWDQW� UROH� LQ� WKH�DEUXSW�1�2�

HPLVVLRQV��7R� VXUYLYH�GURXJKW��PLFUREHV�PXVW� DFFXPXODWH�KLJK�FRQFHQWUDWLRQV�RI� VROXWHV� WR�

UHWDLQ� RVPRWLF� SUHVVXUH� DQG� SUHYHQW� GHK\GUDWLRQ� �)LHUHU� 	� 6FKLPHO�� ������ 6FKLPHO ��

������� 8SRQ� UHZHWWLQJ�� KRZHYHU�� WKH� DFFXPXODWHG� VROXWHV� LQVLGH� WKH� FHOO� PD\� EH� UHOHDVHG�

GXULQJ�FHOO�UXSWXUH�DIWHU�VXGGHQ�UHZHWWLQJ��+DOYHUVRQ ��������)LHUHU�	�6FKLPHO���������,Q�

DGGLWLRQ��GURXJKW�ZLOO�DOVR�VKULQN�VRLO�DJJUHJDWHV��EXW�UDSLG�UHZHWWLQJ�ZLWK�ZDWHU�HQWHULQJ�WKH�

DJJUHJDWHV�TXLFNO\� FDQ� UXSWXUH� WKH� DJJUHJDWH� �'HQHI �� ������)LHUHU�	�6FKLPHO�� �������

7KHVH� SURFHVVHV� FDQ� H[SRVH� ODUJH� DPRXQWV� RI� VROXEOH� VXEVWDQFHV� LQ� WKH� VRLO� IRU� VXEVHTXHQW�

PLFURELDO�XSWDNH�DQG�WXUQRYHU�DV�ZHOO�DV�IDVW�FKHPLFDO�UHDFWLRQV���

7KH�UHVLOLHQFH�RI�PLFURRUJDQLVPV�WR�WKH�GU\LQJ�UHZHWWLQJ�SURFHVV�LV�ODUJHO\�GHSHQGHQW�RQ�VRLO�

W\SH� DQG� KLVWRU\� RI� GURXJKW� �3ODFHOOD� 	� )LUHVWRQH�� ������ 7KLRQ� 	� 3URVVHU�� ������� � ,Q� D�

GURXJKW�DFFOLPDWHG� XSODQG� VRLO�� DQ� LQFUHDVH� LQ� WKH� TXDQWLW\� RI� EDFWHULDO� DPPRQLD�

PRQRR[\JHQDVH� � �� WUDQVFULSWV� ZDV� GHWHFWDEOH� ZLWKLQ� �� KRXU� DIWHU� UHZHWWLQJ� DQG�

FRQWLQXHG� XQWLO� WKH� 1+�
�� SRRO� EHJDQ� WR� GHFUHDVH� �3ODFHOOD� 	� )LUHVWRQH�� ������� $� UDSLG�

LQFUHDVH� RI� GHQLWULI\LQJ� HQ]\PH� DFWLYLW\�ZDV� DOVR� REVHUYHG� IROORZLQJ� UHZHWWLQJ� RI� DLU�GULHG�

VRLOV� LQ� ODERUDWRU\� LQFXEDWLRQV� �5XGD] �� ������� +RZHYHU�� LQ� D� JUDVVODQG� VRLO� ZLWKRXW�

GURXJKW�KLVWRU\��7KLRQ�	�3URVVHU��������IRXQG�OLWWOH�HYLGHQFH�IRU�DGDSWDWLRQ�RI�EDFWHULDO�DQG�

DUFKDHDO� DPPRQLD� R[LGL]HUV�� ZKLFK� LV� LQ� DFFRUGDQFH� ZLWK� D� FURSODQG� ILHOG� H[SHULPHQW� LQ�



&DQDGD�� LQ� ZKLFK� QR� LQFUHDVH� LQ� WKH� WUDQVFULSWLRQ� RI� IXQFWLRQDO� 1� F\FOH� JHQHV� GXULQJ� WKH�

UHZHWWLQJ�SURFHVV�ZDV�REVHUYHG��6QLGHU ����������

&RPSDUHG� WR� ELRWLF� SURFHVVHV�� DELRWLF� UHDFWLRQV� PD\� SOD\� DQ� HYHQ� PRUH� LPSRUWDQW� UROH� LQ�

WULJJHULQJ�VRLO�1�2�SXOVHV�LQ�WKH�ZDNH�RI�UHZHWWLQJ��1+�2+�DQG�12�
��DUH�WKH�PRVW�LPSRUWDQW�

UHDFWLYH�1�LQWHUPHGLDWHV�LQYROYHG�LQ�DELRWLF�1�2�SURGXFWLRQ��+HLO ���������,W�LV�XQOLNHO\�

WKDW�1+�2+�ZRXOG�DFFXPXODWH�GXULQJ�VRLO�GU\LQJ�SURFHVV�EHFDXVH�RI�LWV�YHU\�UHDFWLYH�QDWXUH��

HVSHFLDOO\� DW� GU\� FRQGLWLRQV�� 1LWULWH� GRHV� XVXDOO\� QRW� DFFXPXODWH� LQ� VRLO� DW� PRLVW� RU� ZHW�

FRQGLWLRQV� �5REHUWVRQ�	�*URIIPDQ�� ������� DV� WKHQ� WKH� R[LGDWLRQ� RI�12�
�� WR�12�

�� SURFHHGV�

IDVWHU�WKDQ�WKH�FRQYHUVLRQ�RI�1+��WR�12�
���+RZHYHU��12�

��KDV�D�JUHDW�SRWHQWLDO�WR�DFFXPXODWH�

GXULQJ�VRLO�GU\LQJ��'DYLGVRQ� ������� UHSRUWHG� WKDW�DFFXPXODWLRQ�RI�VRLO�12�
��GXULQJ�GURXJKW�

SUREDEO\� FRQWULEXWHV� WR� SXOVHV� RI� 12� DQG� 1�2� SURGXFWLRQ� IROORZLQJ� UHZHWWLQJ�� 7KH�

DFFXPXODWLRQ�RI�12�
�� LQ� VRLO� LV�YHU\� OLNHO\�FDXVHG�E\�D� WLPH�GHOD\�EHWZHHQ� WKH� WXUQRYHU� RI�

1+�
�� DQG� 12�

�� EHFDXVH� RI� GLIIHUHQFHV� LQ� WROHUDQFH� WRZDUGV� DQG� UHFRYHU\� IURP� VRLO�

HQYLURQPHQWDO�FKDQJH�EHWZHHQ�$2%�DQG�12%��H�J��DIWHU�S+�LQFUHDVH��DW�KLJK�1+��OHYHOV�DQG�

GXULQJ�GURXJKW�VWUHVV��6PLWK ��������6KHQ ��������*HOIDQG�	�<DNLU��������3ODFHOOD�

	�)LUHVWRQH���������6KHQ� ��������UHSRUWHG�WKDW�PRUH�12�
��ZDV�DFFXPXODWHG�DW�DONDOLQH�

FRQGLWLRQV�WKDQ�DW�DFLGLF�FRQGLWLRQV�ZLWK�XUHD�DGGLWLRQ�LQ�DQ�LQFXEDWLRQ�H[SHULPHQW��*HOIDQG�

	�<DNLU��������DOVR�REVHUYHG�DQ�XQH[SHFWHG�UDSLG�LQFUHDVH�LQ�12�
��FRQFHQWUDWLRQ�LQ�D�IRUHVW�

VRLO�DIWHU�VRLO�UHZHWWLQJ�E\�WKH�ILUVW�ZLQWHU�UDLQV��DFFRPSDQLHG�E\�D�GHFUHDVH�LQ�DPPRQLXP�DQG�

RQO\�D�VOLJKW�LQFUHDVH�LQ�QLWUDWH�FRQFHQWUDWLRQV��

$FFXPXODWLRQ�RI�12�
��LQ�VRLO�GRHV�QRW�RQO\�SURYLGH�VXEVWUDWH�IRU�ELRORJLFDO�SURFHVVHV�VXFK�DV�

GHQLWULILFDWLRQ�� QLWULILFDWLRQ� DQG�'15$� �6LOYHU �� ������5�WWLQJ �� ������� EXW� SOD\V�

DOVR� D�PDMRU� UROH� IRU� FKHPRGHQLWULILFDWLRQ�� LQ�ZKLFK�12�
�� UHDFWV�ZLWK� KXPLF� VXEVWDQFHV� RU�

SKHQROLF�FRPSRXQGV�WR�IRUP�QLWURVR�DQG�QLWUR�FRPSRXQGV��7KRUQ�	�0LNLWD���������ZKLFK�LQ�

WXUQ�FDQ�GHFRPSRVH�WR�12�RU�EH�UHGXFHG�E\�)H�,,��WR�1�2��YDQ�&OHHPSXW�	�6DPDWHU��������

6DPDUNLQ �� ������� $QRWKHU� LPSRUWDQW� SDWKZD\� IRU� WKH� 1�2� SURGXFWLRQ� YLD�

FKHPRGHQLWULILFDWLRQ�LV�WKH�GLUHFW�UHDFWLRQ�EHWZHHQ�12�
��DQG�)H�,,���ZKLFK�KDYH�EHHQ�VWXGLHV�

ZLGHO\�UHFHQWO\�E\�XVLQJ�WKH�QHZ�LVRWRSH�WHFKQRORJ\�VLWH�SUHIHUHQFH��63���-RQHV ��������

*UDEE ���������

,Q�RUGHU�WR�LQYHVWLJDWH�WKH�SURFHVVHV�LQYROYHG�LQ�1�2�HPLVVLRQ�SXOVHV�DIWHU�UHZHWWLQJ�LQ�PRUH�

GHWDLO� DQG� WR� DVVHVV� WKH� LPSRUWDQFH� RI� ELRWLF� YV�� DELRWLF� SURFHVVHV� LQ� GLIIHUHQW� VRLOV�� ZH�

GHVLJQHG�D�VHULHV�RI�UHZHWWLQJ�H[SHULPHQWV�ZLWK�VRLO�VDPSOHV�IURP�YDULRXV�HFRV\VWHPV��XSODQG�



DQG� ULSDULDQ� IRUHVW�� JUDVVODQG� DQG� FURSODQG���:H� VWHULOL]HG� SDUW� RI� WKH� VRLO� VDPSOHV�ZLWK� Ȗ�

LUUDGLDWLRQ�DQG�DQDO\]HG�WKH���1�63�RI�1�2��L�H���WKH�LQWUDPROHFXODU�GLVWULEXWLRQ�RI���1�ZLWKLQ�

WKH�OLQHDU�112�PROHFXOH��ZKLFK�LV�FRQVLGHUHG�DV�DQ�HIIHFWLYH�WRRO�WR�DVVLJQ�WKH�VRXUFH�RI�1�2�

IRUPDWLRQ� YLD� ELRORJLFDO� UHDFWLRQV� �L�H�� QLWULILFDWLRQ�� QLWULILHU� GHQLWULILFDWLRQ�� EDFWHULDO�

GHQLWULILFDWLRQ� DQG� IXQJDO� GHQLWULILFDWLRQ�� DQG� DELRWLF� UHDFWLRQV� �FKHPRGHQLWULILFDWLRQ� DQG�

1+�2+�R[LGDWLRQ���7KH�DLP�RI�WKH�H[SHULPHQWV�ZDV�WR�����LGHQWLI\�WKH�UHOHYDQW�GULYHUV�RI�VRLO�

1�2�SXOVH� HPLVVLRQV� FDXVHG�E\� UHZHWWLQJ�� DQG� ����TXDQWLI\� WKH� FRQWULEXWLRQV�RI� DELRWLF� DQG�

ELRWLF�UHDFWLRQV�WR�WKH�1�2�SXOVH��:H�K\SRWKHVL]HG�WKDW�����WKH�1�2�SURGXFWLRQ�ZLWK�UHZHWWLQJ�

ZRXOG�EH�KLJKHU�IURP�VRLO�VDPSOHV�ZLWK�PRUH�12�
��DFFXPXODWHG������DELRWLF�UHDFWLRQV�SOD\�DQ�

LPSRUWDQW�UROH�LQ�1�2�SURGXFWLRQ�XSRQ�UHZHWWLQJ���

�

����0DWHULDOV�DQG�PHWKRGV�

������6RLO�FROOHFWLRQ�

)UHVK� VRLO� VDPSOHV�ZHUH� FROOHFWHG� IURP� WKUHH� GLIIHUHQW� ILHOG� VLWHV� RI� WKH� (LIHO�/RZHU�5KLQH�

9DOOH\� 2EVHUYDWRU\� RI� WKH� QHWZRUN� RI� 7(5(12� �ZZZ�WHUHQR�QHW��� FRQLIHURXV� IRUHVW�

�:�VWHEDFK��������
���

�1�������
���

�(���FURSODQG��6HOKDXVHQ��������
���

�1�������
��

�(��DQG�

JUDVVODQG� �5ROOHVEURLFK��������
���

�1�������
���

�(���7KH�FRQLIHURXV� IRUHVW� VLWH�ZDV� VLWXDWHG�

LQ�WKH�ORZ�PRXQWDLQ�UDQJHV�RI�WKH�(LIHO�1DWLRQDO�3DUN��ZLWK�D�VXE�FDWFKPHQW�RI�WKH�ULYHU�5XU�

EDVLQ� IORZLQJ� WKURXJK� LW�� 7KH� VLWH� ZDV� GRPLQDWHG� E\� 1RUZD\� VSUXFH� � � �/��� +��

.DUVW���7KH�PDLQ�VRLO�WH[WXUH�DW�WKLV�VLWH�ZDV�VLOW\�FOD\�ORDP��7KH�PHDQ�DQQXDO�SUHFLSLWDWLRQ�RI�

WKH�FRQLIHURXV�IRUHVW�LV�DERXW������PP��7KH�KHLJKW�DERYH�VHD�OHYHO��D�V�O���RI�WKH�IRUHVW�VLWH�LV�

����P�DQG�WKH�PHDQ�DQQXDO�WHPSHUDWXUH�LV�DURXQG���&��7KH�DJULFXOWXUDO�VLWH�ZDV�SODQWHG�ZLWK�

GLIIHUHQW�FURSV�DFFRUGLQJ�WR�WKH�ORFDOO\�FRPPRQ�FURS�URWDWLRQ��LQFOXGLQJ�VXJDU�EHHW�DQG�ZKHDW��

7KH�VRLO�LV�GRPLQDWHG�E\��JOH\LF��&DPELVRO�DQG��JOH\LF��/XYLVRO�ZLWK�D�VLOW�ORDP�WH[WXUH��DQG�

WKH� DOWLWXGH� UDQJHV� EHWZHHQ� ���±���� P� D�V�O��� 0HDQ� DQQXDO� WHPSHUDWXUH� LV� ����&�� DQG� WKH�

DYHUDJH� SUHFLSLWDWLRQ� DPRXQWV� WR� ���� PP� SHU� \HDU�� 7KH� JUDVVODQG� VLWH� ZDV� ORFDWHG� LQ� WKH�

1RUWKHUQ�(LIHO�UHJLRQ�DQG�SODQWHG�ZLWK�VPRRWK�PHDGRZ�JUDVV��'RPLQDQW�VRLOV�DW�WKLV�VLWH�DUH�

�JOH\LF��&DPELVRO��6WDJQRVRO�� DQG�&DPELVRO�6WDJQRVRO�ZLWK�D� VLOW� ORDP� WH[WXUH��FRYHULQJ�DQ�

DUHD�RI����KD�ZLWK�DOWLWXGH�UDQJLQJ�EHWZHHQ�����DQG�����P�D�V�O���0HDQ�DQQXDO� WHPSHUDWXUH�

DQG�SUHFLSLWDWLRQ�DUH�����&�DQG������PP��UHVSHFWLYHO\��5|W]HU ���������



)RUHVW�VRLO�VDPSOHV��a���NJ�HDFK��LQFOXGLQJ�WKRVH�IURP�WKH�ULSDULDQ�]RQH�ZHUH�FROOHFWHG�LQ�-XO\�

������)RU�WKH�IRUHVW�VLWH��D�ODUJH�VSDWLDO�YDULDELOLW\�RI�1�2�SURGXFWLRQ�KDG�EHHQ�REVHUYHG�LQ�D�

SUHYLRXV�VWXG\��/LX ��������GXH�WR�WKH�WRSRJUDSKLF�FRQGLWLRQV��YHJHWDWLRQ�DQG�WKH�FUHHN�

IORZLQJ� WKURXJK� WKH� VDPSOLQJ� DUHD�� +RWVSRWV� RI� VRLO� 1�2� SURGXFWLRQ� ZHUH� FRQFHQWUDWHG� LQ�

VHYHUDO�DUHDV�ZKHUH�VRLO�EDVLF�SURSHUWLHV��ZDWHU�FRQGLWLRQV�DQG�YHJHWDWLRQ�VWDWXV�ZHUH�GLIIHUHQW�

IURP�WKH�UHVW�RI�WKH�DUHD��:H�WKHUHIRUH�FROOHFWHG�VHYHUDO�VRLO�VDPSOHV�LQFOXGLQJ�RQH�IHUPHQWHG�

OLWWHU�VDPSOH��)2I���VL[�KXPXV�ULFK��2D�KRUL]RQ��VDPSOHV��)���)���)���)���)��DQG�)���DQG�RQH�

ULSDULDQ�VDPSOH��)5��LQ�WKH�DUHD�RI�DSSUR[LPDWHO\����KD�LQ�WKH�:�VWHEDFK�IRUHVWHG�FDWFKPHQW�

WR� H[SORUH� WKH� 1�2� SURGXFWLRQ� PHFKDQLVPV�� )UHVK� VRLO� VDPSOHV� ZHUH� WUDQVIHUUHG� WR� WKH�

ODERUDWRU\�VHSDUDWHO\�DW� WKH�VDPH�GD\��$W� WKH�JUDVVODQG��*��DQG�FURSODQG��&��VLWHV�� ILYH�VRLO�

VDPSOHV��a�����NJ�HDFK�� LQ�RQH�KHFWDUH�ZHUH�FROOHFWHG�IURP�WKH�VRLO� WRS����FP�OD\HUV�RI� WKH�

WZR�VLWHV��UHVSHFWLYHO\�LQ�-DQXDU\�������7KH�VSDWLDO�YDULDELOLW\�RI�WKH�JUDVVODQG�DQG�FURSODQG�

VLWHV�ZHUH�VPDOOHU�FRPSDUHG�WR�WKH�IRUHVW�VLWH��WKHUHIRUH�ZH�PL[HG�VRLO�VDPSOHV�FROOHFWHG�LQ�WKH�

JUDVVODQG� DQG� FURSODQG� VLWHV� WR� RQH� FRPSRVLWH� VRLO� VDPSOH�� ZKLFK� ZDV� FRQVLGHUHG� DV�

UHSUHVHQWDWLYH�IRU�WKH�ZKROH�VLWH��7KH�IUHVK�VRLO�VDPSOHV�ZHUH�PL[HG�GLUHFWO\�LQ�D�ODUJH�SODVWLF�

EDJ�DIWHU�VRLO�VDPSOLQJ�LQ�ERWK�VLWHV��DQG�ZHUH�WUDQVIHUUHG�WR�WKH�ODERUDWRU\�RQ�WKH�VDPH�GD\��,Q�

WKH�ODERUDWRU\��IUHVK�VDPSOHV��H[FHSW�WKH�)5�VDPSOH��ZHUH�SDVVHG�WKURXJK�D���PP�VLHYH��DQG�

FRDUVH�SODQW�UHVLGXHV��LQFOXGLQJ�URRWV��DQG�VWRQHV�ZHUH�PDQXDOO\�UHPRYHG�WR�KRPRJHQL]H�WKH�

VRLO�VDPSOHV�DQG�H[SORUH�WKH�HIIHFWV�RI�VRLO�FRQVWLWXHQWV�RQ�WKH�UHZHWWLQJ�HIIHFW��7KH�H[LVWHQFH�

RI�SODQW�PDWHULDO�ZRXOG� KDYH�ELDVHG� WKH� VRLO� HIIHFW� DQG�PLJKW�KDYH�PDGH� WKH� UHVXOWV�RI� WKLV�

VWXG\� RQO\� FRPSDUDEOH� IRU� VRLOV� ZLWK� FHUWDLQ� SODQW� VSHFLHV� FRPSRVLWLRQ�� $IWHU� WKDW�� VRLO�

VDPSOHV� ZHUH� SXW� LQWR� RSHQ� SODVWLF� EDJV� DQG� VWRUHG� DW� ��&� XQWLO� WKH� EHJLQQLQJ� RI� WKH�

H[SHULPHQW��

������([SHULPHQWDO�VHWXS�

��������6RLO�SUH�WUHDWPHQW��

)UHVK�VRLO�VDPSOHV�ZHUH�WDNHQ�RXW�RI�WKH�IULGJH�DQG�VSUHDG�RXW�RQ�DOXPLQXP�IRLO�WR�D�WKLQ�OD\HU�

RI�������FP��DQG�NHSW�DW�URRP�WHPSHUDWXUH�������&��IRU�DERXW�RQH�PRQWK��$IWHU�WKDW��WKH�DLU�

GULHG�VRLO�VDPSOHV�ZHUH�SXW�LQWR�]LSORFN�EDJV�DQG�VWRUHG�DW�URRP�WHPSHUDWXUH��7R�H[SORUH�WKH�

HIIHFWV�RI�DLU�GU\LQJ�RQ�VRLO�PLQHUDO�1�G\QDPLFV��PLQHUDO�1�ZDV�PHDVXUHG�ERWK�IUHVK�DQG�GU\�

VRLO�VDPSOHV��



��������6RLO�Ȗ�LUUDGLDWLRQ�

+DOI�RI�WKH�DLU�GULHG�VRLO�VDPSOHV�ZHUH�VWHULOL]HG�XVLQJ�Ȗ�LUUDGLDWLRQ�E\�D�*DPPDFHOO�,UUDGLDWRU�

����� �%HVW�7KHUDWURQLFV��&DQDGD��� DSSO\LQJ� D� GRVH�RI� ��� N*\��3ODWLQJ� RI� WKH� VWHULOL]HG� VRLO�

VOXUULHV� GLUHFWO\� DIWHU� \�UDGLDWLRQ� UHYHDOHG� QR� PLFURELDO� JURZWK� �5�$� PHGLXP�� ���KRXU�

LQFXEDWLRQ����R&��GDWD�QRW�VKRZQ���7R�SUHYHQW� WKH�TXLFN�UHFRYHU\�RI�PLFURRUJDQLVP�DIWHU�Ȗ�

LUUDGLDWLRQ��VRLO�VDPSOHV�ZHUH�LQFXEDWHG�RQO\�XS�WR���K�DIWHU�UHZHWWLQJ��

��������5HZHWWLQJ�H[SHULPHQWV�

5HZHWWLQJ�H[SHULPHQWV�ZHUH�SHUIRUPHG�ZLWK�ERWK�QRQ�LUUDGLDWHG�DQG�Ȗ�LUUDGLDWHG�DLU�GULHG�VRLO��

7KH�H[SHULPHQWV�ZLWK�Ȗ�LUUDGLDWHG�DLU�GULHG�VDPSOHV�ZHUH�FRQGXFWHG�LQ�D�FOHDQ�EHQFK�ZLWK�DOO�

VROXWLRQV�ILOWHUHG�WKURXJK������P�ILOWHUV������J�RI�DLU�GULHG�VRLO������J�IRU�)2I��ZHUH�ZHLJKHG�

LQWR����PO�*&�YLDOV��9:5�LQWHUQDWLRQDO��'DUPVWDGW��*HUPDQ\���IROORZHG�E\�WKH�DGGLWLRQ�RI�

HLWKHU�+�2��RU�12�
���12�

��RU�1+�
��VROXWLRQ�WR�UHDFK�DURXQG�����:+&�DQG�DGGLQJ����J�1�J���

GU\� VRLO� �IRU�12�
��� DQG� �����J�1� J��� GU\� VRLO� �IRU�1+�

�� DQG�12�
���� 7KH� YLDOV�ZHUH� FORVHG�

JDVWLJKW�ZLWK� EXW\O� VHSWD� DQG� DOXPLQXP� FULPS� FDSV� �9:5� ,QWHUQDWLRQDO�� LPPHGLDWHO\� DIWHU�

DGGLWLRQ�RI�ZDWHU�RU�VROXWLRQ�DQG�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�IRU���DQG���K��(DFK�WUHDWPHQW�

ZDV� FDUULHG� RXW� LQ� WULSOLFDWH�� 7KH� JDV� VDPSOH� LQ� WKH� KHDGVSDFH� RI� WKH� VDPSOH� YLDOV� ZDV�

DQDO\]HG�XVLQJ�D�JDV�FKURPDWRJUDSK��&ODUXV������3HUNLQ(OPHU��5RGJDX��*HUPDQ\��HTXLSSHG�

ZLWK�DQ�(&'�DQG�),'�IRU�1�2�DQG�&2���UHVSHFWLYHO\��/LX� ��������7KH�LQVWUXPHQW�ZDV�

FDOLEUDWHG�XVLQJ�ILYH�GLIIHUHQW�VWDQGDUG�JDVHV�ZLWK������������������������DQG������SSP�1�2�

EDODQFHG�ZLWK�1���������SXULW\��/LQGH��0XQLFK��*HUPDQ\���

��������$QDO\VLV�RI���1�VLWH�SUHIHUHQFH�RI�1�2�

)RU� WKH� GHWHUPLQDWLRQ� RI� 1�2� 63� YDOXHV�� �������� J� RI� VRLO� ZHUH� ZHLJKHG� LQWR� ����PO�

KHDGVSDFH� ERWWOHV�� DQG� RQO\� ZDWHU� ZDV� DGGHG� WR� WKH� VRLOV� WR� UHDFK� DERXW� ����:+&�� 7KH�

ERWWOHV�ZHUH�FORVHG�LPPHGLDWHO\�DIWHU�DGGLWLRQ�RI�ZDWHU�DQG�WUDQVIHUUHG�WR�DQ�DXWRVDPSOHU�WKDW�

ZDV� SURJUDPPHG� LQ� D� ZD\� WKDW� VDPSOH� ERWWOHV� ZHUH� LQFXEDWHG� IRU� �������� KRXUV� SULRU� WR�

DQDO\VLV�� 7KH� DXWRVDPSOHU� ZDV� FRXSOHG� WR� D� SUH�FRQFHQWUDWLRQ� XQLW� �7UDFH*DV�� (OHPHQWDU�

$QDO\VHQV\VWHPH�� /DQJHQVHOEROG�� *HUPDQ\�� IRU� RQOLQH� VHSDUDWLRQ� DQG� SXULILFDWLRQ� RI� 1�2��

ZKLFK� LQ� WXUQ� ZDV� FRQQHFWHG� WR� DQ� LVRWRSH� UDWLR� PDVV� VSHFWURPHWHU� �,506�� ,VR3ULPH� �����

(OHPHQWDU� $QDO\VHQV\VWHPH��� 0ROHFXODU� LRQV� �1�2��� DQG� IUDJPHQW� LRQV� �12��� ZHUH�

PRQLWRUHG� VLPXOWDQHRXVO\� ZLWK� WKH� ,506� DW� � ���� ���� ���� DQG� ���� ���� UHVSHFWLYHO\�� 7KH�

VDPSOH�YDOXHV�RI�į��1EXON�DQG�į��2�ZHUH�FDOFXODWHG�DFFRUGLQJ�WR�WKH�LVRWRSH�UDWLRV�RI� ����WR�



���� DQG� ��� WR� ���� UHVSHFWLYHO\�� DJDLQVW� D� ZRUNLQJ� UHIHUHQFH� JDV�� $� FRUUHFWLRQ� IRU� ��2�ZDV�

SHUIRUPHG� DFFRUGLQJ� WR� WKH�PDVV�GHSHQGHQW� IUDFWLRQDWLRQ� RI� ��2� DQG� ��2�� GHVFULEHG� E\� WKH�

IRUPXOD���5 ����������ā����5���������.DLVHU ���������7KH�63�LV�GHILQHG�DV�63� �į��1Į�±�

į��1ȕ��į��1Į�DQG�į��1ȕ�DUH�WKH�į��1�DW�WKH�FHQWUDO�DQG�WHUPLQDO�SRVLWLRQ�RI�WKH�1�2�PROHFXOH��

UHVSHFWLYHO\���7KH�į��1Į�ZDV�FDOFXODWHG�IURP�WKH�LVRWRSH�UDWLR� ����DQG�����7KH�į��1ȕ�ZDV�

FDOFXODWHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�IRUPXOD��į��1ȕ� ��āį��1EXON�±�į��1Į��6FUDPEOLQJ�HIIHFWV�

ZHUH�FRUUHFWHG�IRU�DVVXPLQJ�DQ�LVRWRSLF�VFUDPEOLQJ�RI�WKH�WHUPLQDO�DQG�FHQWUDO�QLWURJHQ�DWRP�

RI�DERXW�����.DLVHU� ���������3XUH�1�2�����������/LQGH��0XQLFK��*HUPDQ\��ZDV�XVHG�

DV�ZRUNLQJ�VWDQGDUG��į��1Į�YV�DLU�1�� ������������Å��į��1ȕ�YV�DLU�1�
� ������������Å��į��2�

YV�9602:� �������������Å��IRU� LVRWRSH�DQDO\VLV��DQG� WKH�į��1EXON��į��1Į��į��1ȕ�DQG�į��2�

ZHUH�FDOLEUDWHG�DJDLQVW�WZR�UHIHUHQFH�JDVHV��5HI����į��1Į�YV�DLU�1�� �������������Å��į��1ȕ�YV�

DLU�1�� �������������Å��į��2�YV�9602:� �������������Å��5HI����į��1Į�YV�DLU�1�� ��������

����Å��į��1ȕ�YV�DLU�1�� ��������������Å��į��2�YV�9602:� �������������Å��SURYLGHG�E\�

(03$��'�EHQGRUI��6ZLW]HUODQG��DQG�DV�GHVFULEHG�LQ�0RKQ� ���������,Q�DGGLWLRQ��GLIIHUHQW�

DPRXQWV�RI�UHIHUHQFH�1�2�JDV�ZHUH�DGGHG�WR�WKH�����PO�ERWWOHV�DQG�LVRWRSH�VLJQDWXUHV�ZHUH�

PHDVXUHG��6WURQJ�TXDGUDWLF�UHODWLRQV�ZHUH�REVHUYHG�EHWZHHQ�1�2�SHDN�KHLJKW������WR����Q$��

DQG� į��1�2� YV�� UHI��� į��1�2� YV�� UHI�� DQG� į��12� YV�� UHI��� ZLWK� SRO\QRPLDO� HTXDWLRQV� RI� \�  �

������[��±�������[�����������5�� �������\� �������[��±�������[���������5�� ������DQG�\� �

������[�� �� ������[� ��������� 5��  � ������ UHVSHFWLYHO\�� 7KHUHIRUH�� DOO� į��1EXON
�� į��2� DQG� 63�

YDOXHV�LQ�WKLV�VWXG\�ZHUH�FDOFXODWHG�DFFRUGLQJ�WR�WKH�FRUUHFWHG�į��1�2�YV��UHI���į��1�2�YV��UHI��

DQG� į��12�YV�� UHI�� YDOXHV� E\� XVLQJ� SRO\QRPLDO� HTXDWLRQV�� )RU� WKH� SHDN� DUHD� FRUUHFWLRQ� DQG�

FDOLEUDWLRQ��QR� WHFKQLFDO� UHSOLFDWLRQ�ZDV�SHUIRUPHG�DV� WKH� VWDQGDUG�GHYLDWLRQ� IRU� WKH� LVRWRSH�

DQDO\VLV�ZDV�YHU\�VPDOO��L�H�����Å�����Å�����Å�����Å�����Å�DQG����Å�IRU�į��1EXON�YV��DLU�1���

į��2� YV�� 9602:�� į��1� YV�� UHI��� į��1Į� YV�� DLU�1��� į��1ȕ� YV�� DLU�1�� DQG� 63� IRU� D� ORQJ�

PHDVXUHPHQW�SHULRG��UHVSHFWLYHO\��

��������6RLO�FKHPLFDO�DQDO\VHV�

7RWDO� &� DQG� 1� FRQWHQWV� ZHUH� GHWHUPLQHG� ZLWK� DQ� HOHPHQWDO� DQDO\]HU� �YDULR� (/� &XEH��

(OHPHQWDU�$QDO\VHQV\VWHPH�*PE+��+DQDX��*HUPDQ\���7KH�HOHPHQWDO�FRPSRVLWLRQ�RI�WKH�VRLO�

VDPSOHV�ZDV� DQDO\]HG� E\� XVLQJ� ,&3�2(6��%ULHIO\�� ����PJ� RI� VDPSOH�PDWHULDO�ZHUH�PL[HG�

ZLWK���PO�+12��DQG���PO�+�2���DQG�KHDWHG�LQ�D�PLFURZDYH�RYHQ�DW�����:�IRU����PLQXWHV��

7KH�PL[WXUHV�ZHUH�VXEVHTXHQWO\�ILOOHG�XS�WR����PO�DQG�GLOXWHG����IROG�ZLWK�GHLRQL]HG�ZDWHU�

IROORZHG�E\�WKH�,&3�2(6�PHDVXUHPHQW��7KH�PLQHUDO�1��1+�
���12�

��DQG�12�
���FRQWHQWV�ZHUH�



DQDO\]HG�ZLWK�LRQ�FKURPDWRJUDSK\��,&��'LRQH[�,&6������IRU�12�
��DQG�12�

���'LRQH[�';�����

IRU�1+�
����1+�

��DQG�12�
��ZHUH�H[WUDFWHG�ZLWK���0�.&O��GU\�VRLO��VROXWLRQ� ������Z�Z��DQG�

VKDNHQ� IRU� ��� K�� 6RLO� S+� ZDV� PHDVXUHG� IURP� WKH� 1+�
�� DQG� 12�

�� H[WUDFWDQW�� 12�
�� ZDV�

H[WUDFWHG�ZLWK�ZDWHU�GXULQJ����PLQ�PDJQHWLF�VWLUULQJ�DQG�E\�XVLQJ�����0�1D2+�WR�NHHS�WKH�

S+�DURXQG��� GXULQJ� H[WUDFWLRQ� �+RP\DN �� �������'2&� DQG�'71�ZHUH� H[WUDFWHG�ZLWK�

GHLRQL]HG�ZDWHU��GU\�VRLO��VROXWLRQ� �������Z�Z�IRU�JUDVVODQG�DQG�FURSODQG�VRLOV��DQG�����Z�Z�

IRU� IRUHVW� DQG� ULSDULDQ� VRLOV�� E\� VKDNLQJ� IRU� �� KRXU� DW� ���� USP��'2&� DQG�'71�ZHUH� WKHQ�

DQDO\]HG�ZLWK�D�72&�71�DQDO\]HU��6KLPDG]X�&RUS���.\RWR��-DSDQ���$URPDWLF�VXEVWDQFHV�LQ�

WKH� H[WUDFWHG� '2&� ZHUH� GHWHUPLQHG� E\� 89� VSHFWURPHWU\� �%HFNPDQ� &RXOWHU� '8� �����

%HFNPDQ�&RXOWHU�� ,QF���&DOLIRUQLD��8QLWHG�6WDWHV�� DW� D�ZDYHOHQJWK� RI� ����QP� �$�����ZLWK� D�

SDWK�OHQJWK�RI���FP���

������'DWD�DQDO\VHV�

7KH� UHZHWWLQJ� HIIHFWV� UHODWHG� WR� 12�
��� 12�

�� RU� 1+�
�� ZHUH� FDOFXODWHG� E\� VXEWUDFWLQJ� 1�2�

HPLVVLRQ�DIWHU�DGGLWLRQ�RI�ZDWHU�RQO\��DV�FRQWURO��IURP�WKH�1�2�HPLVVLRQ�DIWHU�12�
���12�

��RU�

1+�
�� DGGLWLRQ��1�2� HPLVVLRQ�ZDV� FDOFXODWHG� DFFRUGLQJ� WR� (TXDWLRQ� �� LQ� /LX� ��������

,VRWRSH� VLJQDWXUHV� �į��1EXON�� į��2�DQG�63�YDOXHV��RI� VRLO�HPLWWHG�1�2��įVRLO��ZHUH� FDOFXODWHG�

IURP�WKH�WRWDO�LVRWRSH�VLJQDWXUH�RI�WKH�JDV�VDPSOHV��įERWWOH��DQG�RI�DPELHQW�DLU��įDLU��XVLQJ�D�WZR�

FRPSRQHQW� PL[LQJ� PRGHO�� įVRLO�  � �įERWWOH� î� &ERWWOH� ±� įDLU� î� &DLU�� �� �&ERWWOH� ±&DLU��� ZLWK� &ERWWOH�

UHSUHVHQWLQJ� WKH�1�2�FRQFHQWUDWLRQ� LQ� WKH� VDPSOH� ERWWOHV� DQG�&DLU� WKH�1�2�FRQFHQWUDWLRQ� LQ�

DPELHQW�DLU��6SHDUPDQ¶V�FRUUHODWLRQ�DQDO\VLV�ZDV�FRQGXFWHG�XVLQJ�2ULJLQ�3UR�YHUVLRQ�������

�

����5HVXOWV�

������6RLO�EDVLF�SURSHUWLHV�

6RLO� EDVLF� SURSHUWLHV�� H�J��� &� FRQWHQW�� 0Q� FRQWHQW� DQG� S+� YDULHG� ODUJHO\� EHWZHHQ� WKH� VRLO�

VDPSOHV� REWDLQHG� IURP� WKH� GLIIHUHQW� HFRV\VWHPV� �7DEOH� ������ 6RLO� &� FRQWHQW� UDQJHG� IURP�

DURXQG�����WR�����LQ�WKH�IRUHVW�VRLO�VDPSOHV��LQFOXGLQJ�WKH�)2I�DQG�WKH�)5��ZKLOH�LW�ZDV�RQO\�

a���DQG�a���IRU�WKH�JUDVVODQG�DQG�FURSODQG�VRLO��UHVSHFWLYHO\��7KH�IRUHVW�VRLO�ZDV�VWURQJO\�

DFLGLF�ZLWK� D� S+�DURXQG����ZKLOH� WKH� S+�RI� JUDVVODQG� DQG� FURSODQG� VRLOV�ZDV�PXFK�KLJKHU�

�EHWZHHQ���DQG�����&RPSDUHG�WR�JUDVVODQG�DQG�FURSODQG�VRLO�VDPSOHV��WKH�0Q�FRQWHQW�RI�IRUHVW�

VRLO� VDPSOHV� RI� DURXQG� ������ ZDV� UHODWLYHO\� ORZ�� H[FHSW� IRU� VRLO� VDPSOHV� )�� DQG� )�� WKDW�



H[KLELWHG� WKH� ODUJHVW� 0Q� FRQWHQW� RI� DOO� IRUHVW� VRLO� VDPSOHV�� 1R� GLVWLQFW� GLIIHUHQFH� ZDV�

REVHUYHG� IRU� WKH� )H� FRQWHQW� EHWZHHQ� WKH� VRLO� VDPSOHV�� RQO\� WKH� IHUPHQWHG� OD\HU� �)2I�� DQG�

ULSDULDQ�VRLO��)5��KDG�D�ORZHU�)H�FRQWHQW�WKDQ�WKH�RWKHU�VRLO�VDPSOHV��

7DEOH�����%DVLF�SURSHUWLHV�RI�DLU�GULHG�VRLOV��'DWD�YDOXHV�DUH�SUHVHQWHG�DV�PHDQ��6'���
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������0LQHUDO�1�DQG�'20�FRQWHQW�EHIRUH�DQG�DIWHU�GU\LQJ�

7KH�PLQHUDO�1�FRQWHQW��LQFOXGLQJ�1+�
��DQG�12�

���RI�WKH�IUHVK�VRLO�GLIIHUHG�VWURQJO\�EHWZHHQ�

WKH�VRLO�VDPSOHV��)LJ��������%HIRUH�DLU�GU\LQJ��IRUHVW�VRLO�VDPSOHV�)2I��DQG�)��KDG�WKH�ODUJHVW�

1+�
��DQG�12�

���ZKLOH�VDPSOHV�)��DQG�)��KDG�VPDOOHU�1+�
��EXW�ODUJHU�12�

��FRQWHQW�FRPSDUHG�

WR�WKH�RWKHU�IRUHVW�VRLO�VDPSOHV��6DPSOHV�IURP�WKH�ULSDULDQ�]RQH�DQG�IURP�WKH�FURSODQG�KDG�WKH�

ORZHVW� 1+�
�� DQG� 12�

�� FRQWHQW� DPRQJVW� DOO� VRLO� VDPSOHV�� DQG� JUDVVODQG� VRLO� KDG� DQ�

LQWHUPHGLDWH�OHYHO�RI�1+�
��DQG�12�

���$IWHU�DLU�GU\LQJ��WKH�1+�
��FRQWHQW�GHFUHDVHG�IRU�DOO�WKH�

VRLO�VDPSOHV��7KHUH�ZDV�QHDUO\�QR�1+�
��GHWHFWDEOH�LQ�WKH�ULSDULDQ�DQG�FURSODQG�VRLO�VDPSOHV�

DIWHU�DLU�GU\LQJ���





NJ�����IROORZHG�E\�JUDVVODQG�DQG�IRUHVW�VRLO�)�������PJ�NJ�����ZKLOH�QR�12�
��ZDV�GHWHFWDEOH�LQ�

VRLO�VDPSOHV�)���)��DQG�)5���

7KH�WUHQG�RI�VRLO�'2&�DQG�'71�G\QDPLFV�DIWHU�DLU�GU\LQJ�ZDV�YHU\�VLPLODU�WR�WKDW�RI�VRLO�&�

FRQWHQW��ZLWK� WKH� ODUJHVW�'2&�DQG�'71�FRQWHQWV� LQ� VRLO� VDPSOH�)2I� DQG� WKH�VPDOOHVW� LQ� WKH�

FURSODQG�VRLO��ZLWK�WKH�H[FHSWLRQ�RI�VRLO�VDPSOH�)���ZKLFK�KDG�D�UHODWLYHO\�KLJK�&�FRQWHQW�EXW�

WKH�VPDOOHVW�'2&�FRQWHQW�RI�DOO�IRUHVW�VRLO�VDPSOHV��7DEOH�������7KH�'2&�DQG�'71�FRQWHQWV�

LQ� WKH�JUDVVODQG�VRLO�ZHUH�DOVR� UHODWLYHO\�KLJK��$OWKRXJK�VRLO�VDPSOH�)��IHDWXUHG� WKH�VHFRQG�

ODUJHVW�WRWDO�1�FRQWHQW��LW�FRQWDLQHG�D�UHODWLYHO\�VPDOO�DPRXQW�RI�'71��7KH�G\QDPLFV�RI�$����

�L�H���FRQWHQW�RI�DURPDWLF�VXEVWDQFHV��IROORZHG�D�VLPLODU�WUHQG�DV�'2&��ZLWK�WKH�ODUJHVW�YDOXH�

IRU�IRUHVW�VRLO�VDPSOH�)2I�DQG�WKH�VPDOOHVW�YDOXH�IRU�WKH�FURSODQG�VRLO���

������5HZHWWLQJ�HIIHFWV�RQ�VRLO�1�2�HPLVVLRQV��

5HZHWWLQJ�UHVSRQVHV�RI�VRLO�1�2�HPLVVLRQV�WR�WKH�ZDWHU�DQG�GLIIHUHQW�1�DGGLWLRQV�ZHUH�YDULHG�

EHWZHHQ�WKH�VRLOV�IURP�WKH�GLIIHUHQW�HFRV\VWHPV��)LJ�����$���$IWHU�UHZHWWLQJ�ZLWK�ZDWHU�RQO\��

WKH�JUDVVODQG�VRLO�VKRZHG�WKH�ODUJHVW�1�2�HPLVVLRQ�DPRQJ�DOO�VRLO�VDPSOHV��HVSHFLDOO\�LQ�WKH�

ILUVW�KRXU�DIWHU�UHZHWWLQJ��ZLWK�DQ�HPLVVLRQ�RI�����J�1�2�1�NJ���GU\�VRLO��)RUHVW�VRLO�VDPSOHV�

VKRZHG�GLIIHUHQW�UHVSRQVHV�WR�UHZHWWLQJ�ZLWK�ZDWHU�RQO\��ZLWK�VDPSOHV�)��DQG�)��VKRZLQJ�WKH�

ODUJHVW�1�2�HPLVVLRQV��ZKLOH� VDPSOHV� )��� )��� )�� DQG� )5� H[KLELWHG� D� ORZHU�1�2�HPLVVLRQ��

8QOLNH�WKH�JUDVVODQG�VRLO��WKH�1�2�HPLVVLRQ�IURP�IRUHVW�VRLO�GLG�QRW�LQFUHDVH�VXEVWDQWLDOO\�LQ�

WKH�ILUVW�KRXU��EXW�LQFUHDVHG�EHWZHHQ���DQG���K��DQG�FHUWDLQ�IRUHVW�VRLO�VDPSOHV�HYHQ�UHDFKHG�

WKH�OHYHO�RI�WKH�JUDVVODQG�VRLO�DIWHU���K��,Q�FRQWUDVW��WKHUH�ZDV�QHDUO\�QR�UHZHWWLQJ�HIIHFW�RQ�VRLO�

1�2�HPLVVLRQV�GHWHFWDEOH�IRU�WKH�FURSODQG�VRLO���



�

)LJXUH�����5HZHWWLQJ�HIIHFWV�E\�WKH�DGGLWLRQ�RI�ZDWHU��$���DQG�DTXHRXV�VROXWLRQV�RI�12�
���%���12�

���&��
DQG�1+�

���'��RQ�VRLO�1�2�SURGXFWLRQ��QJ�1�J���GU\�VRLO���RI�IRUHVW��)2I��)���)���)���)���)���)��DQG�)5���
JUDVVODQG��*��DQG�FURSODQG��&��VRLO�VDPSOHV�IRU�GLIIHUHQW����DQG���K��LQFXEDWLRQ�WLPHV��7KH�YDOXHV�DUH�
SUHVHQW�DV�PHDQ���VWDQGDUG�GHYLDWLRQ��6'���

฀

1LWULWH� DGGLWLRQ� LQFUHDVHG� WKH� UHZHWWLQJ� HIIHFW� FRQVLGHUDEO\� IRU� DOO� VRLO� VDPSOHV� �)LJ�� ���%���

6LPLODU�ZLWK�ZDWHU� UHZHWWLQJ��12�
�� LQFUHDVHG� WKH�1�2�HPLVVLRQ� WKH�PRVW� IRU� JUDVVODQG� VRLO�

VDPSOHV�� IROORZHG� E\� WKH� IRUHVW� VDPSOH� )��� 7KH� HIIHFWV� RI� 12�
�� RQ�1�2�SURGXFWLRQ� LQ� WKH�

RWKHU� XSODQG� IRUHVW�� ULSDULDQ� ]RQH� DQG� FURSODQG� VDPSOHV� ZHUH� YHU\� VLPLODU�� � )RU� PRVW� VRLO�

VDPSOHV��12�
��KDG�D�VWURQJHU�VWLPXODWRU\�HIIHFW�LQ�WKH�ILUVW�KRXU�FRPSDUHG�WR�WKH�IROORZLQJ���K�

LI�ZH�DVVXPH�WKDW�WKH�1�2�SURGXFWLRQ�ZDV�OLQHDU�EHWZHHQ�WZR�WLPH�SRLQWV��7KH�WRWDO�12�
��WR�

1�2� WXUQRYHU� UDWH� DIWHU� ��K�ZDV� DERXW����� IRU�JUDVVODQG� VRLO�� EXW� RQO\� EHWZHHQ������� IRU�

PRVW�XSODQG�IRUHVW��ULSDULDQ�DQG�FURSODQG�VDPSOHV���

&RPSDUHG�WR�12�
���12�

��DQG�1+�
��KDG�RQO\�VPDOO�VWLPXODWRU\�HIIHFWV�RQ�VRLO�1�2�SURGXFWLRQ�

XSRQ�UHZHWWLQJ��)LJ�����&�����'���HYHQ�WKRXJK�WKH�DGGHG�DPRXQW�RI�1+�
��1�DQG�12�

��1�ZDV�

����IROG�KLJKHU�WKDQ�WKDW�RI�12�
���7KH�DGGLWLRQ�RI�12�

��LQFUHDVHG�WKH�1�2�SURGXFWLRQ�LQ�WKH�

JUDVVODQG� VRLO� DV�ZHOO� DV� LQ� IRUHVW� VDPSOHV� )2I�� )��� )�� WKH�PRVW��ZKLOH� WKH�PD[LPXP�1�2�

SURGXFWLRQ� DIWHU�1+�
�� DGGLWLRQ�ZDV� REVHUYHG� IRU� )��� ,Q� FRQWUDVW�� ERWK�12�

�� DQG�1+�
�� KDG�

QHDUO\�QR�HIIHFW�RQ�1�2�SURGXFWLRQ�LQ�FURSODQG�DQG�ULSDULDQ�VRLO�VDPSOHV�DV�ZHOO�DV�LQ�IRUHVW�

VDPSOHV�)��DQG�)����



������,QIOXHQFH�RI�Ȗ�LUUDGLDWLRQ�RQ�VRLO�1�2�DQG�&2��HPLVVLRQV�DIWHU�UHZHWWLQJ�

7KH�HIIHFW�RI�Ȗ�LUUDGLDWLRQ�RQ�VRLO�1�2�HPLVVLRQV�XSRQ�UHZHWWLQJ�ZDV�GHSHQGHQW�RQ�VRLO�W\SH��

,Q�JHQHUDO��Ȗ�LUUDGLDWLRQ�GHFUHDVHG�1�2�HPLVVLRQ�XSRQ�UHZHWWLQJ�ZLWK�ZDWHU�RQO\�E\�DERXW����

���� LQ� PRVW� IRUHVW� VRLO� VDPSOHV� FRPSDUHG� WR� WKH� QRQ�LUUDGLDWHG� VRLO� VDPSOHV�� ZKLOH� LW�

XQH[SHFWHGO\� VWLPXODWHG�1�2�HPLVVLRQV� IURP�JUDVVODQG�DQG�FURSODQG� VRLOV� E\� WKUHHIROG� DQG�

WZRIROG�� UHVSHFWLYHO\��DIWHU���K�RI� LQFXEDWLRQ��)LJ�����$�DQG�7DEOH�������)RUHVW�VRLO�VDPSOHV�

VKRZHG� D� ODUJH� YDULDQFH� RI� Ȗ�LUUDGLDWLRQ� HIIHFWV�� *DPPD� LUUDGLDWLRQ� LQKLELWHG� VRLO� 1�2�

SURGXFWLRQ� IURP� )2I� WKH� PRVW�� IROORZHG� E\� WKH� ULSDULDQ� VDPSOH� DQG� )��� ZKLOH� WKH� 1�2�

SURGXFWLRQ� IURP� VDPSOHV� )�� DQG� )�� ZHUH� DIIHFWHG� E\� Ȗ�LUUDGLDWLRQ� WKH� OHDVW� GXULQJ� WKH�

LQFXEDWLRQ���

�

)LJXUH�����5HZHWWLQJ�HIIHFWV�E\�WKH�DGGLWLRQ�RI�ZDWHU��$��DQG�DTXHRXV�12�
���%��VROXWLRQ�RQ�VRLO�1�2�

SURGXFWLRQ� �QJ� 1� J��� GU\� VRLO�� RI� IRUHVW� �)2I�� )��� )��� )��� )��� )��� )�� DQG� )5��� JUDVVODQG� �*�� DQG�
FURSODQG��&��VRLO�VDPSOHV�IRU�GLIIHUHQW����DQG���K��LQFXEDWLRQ�WLPHV�DIWHU�Ȗ�LUUDGLDWLRQ��7KH�YDOXHV�DUH�
SUHVHQW�DV�PHDQ���VWDQGDUG�GHYLDWLRQ��6'���

฀

$OVR�LQ�WKH�12�
��UHZHWWLQJ�WUHDWPHQW��Ȗ�LUUDGLDWLRQ�LQFUHDVHG�WKH�1�2�SURGXFWLRQ�LQ�JUDVVODQG�

VRLOV�� EXW� GHFUHDVHG� LW� LQ� IRUHVW� VRLOV� �)LJ�� ���%� DQG� 7DEOH� ������ 7KH� LQFUHDVH� LQ� 1�2�

SURGXFWLRQ�FDXVHG�E\�UHZHWWLQJ�RI� WKH�FURSODQG�VRLO�ZLWK�12�
��VROXWLRQ�ZDV�DOVR�UHGXFHG�E\�

�������,Q�FRQWUDVW��VRLO�VDPSOHV�)��DQG�)��ZHUH�LQKLELWHG�WKH�OHDVW�E\�Ȗ�LUUDGLDWLRQ��

�

฀

฀



7DEOH�����7KH�LQKLELWRU\�HIIHFW�����RI�Ȗ�LUUDGLDWLRQ�RQ�VRLO�1�2�DQG�&2��HPLVVLRQV�DIWHU���K�
LQFXEDWLRQ�DIWHU�UHZHWWLQJ�RI�DLU�GULHG�VRLOV��1HJDWLYH�YDOXHV�UHSUHVHQW�D�VWLPXODWLQJ�HIIHFW�RI�Ȗ�
LUUDGLDWLRQ��

� )2I� )�� )�� )�� )�� )5� *� &�
+�2�DGGLWLRQ� � � � � � � � �

1�2� ����� ����� ����� ����� ����� ����� ������� �������
&2�� ����� ������ ����� ������ ����� ����� ����� �����

12�
��DGGLWLRQ� � � � � � � � �
1�2� ����� ����� ����� ����� ����� ����� ������ �����
&2�� ����� ������ ���� ���� ����� ����� ����� �����

�

&RPSDUHG� WR� WKH�HIIHFWV�RQ� VRLO�1�2�HPLVVLRQV�� Ȗ�LUUDGLDWLRQ�GHFUHDVHG�&2�� SURGXFWLRQ� WKH�

PRVW�LQ�WKH�JUDVVODQG�VRLO��E\�DERXW�����DIWHU�UHZHWWLQJ�ZLWK�ZDWHU�RQO\��EXW�KDG�DQ�LQKLELWRU\�

HIIHFW�RI�RQO\�]HUR�WR�����LQ�IRUHVW��FURSODQG�DQG�ULSDULDQ�VRLO�VDPSOHV��7DEOH�������,Q�IRUHVW�

VRLO�VDPSOH�)���WKH�&2��SURGXFWLRQ�ZDV�HYHQ�VWLPXODWHG�E\�Ȗ�LUUDGLDWLRQ��

������&RQWURO�YDULDEOHV�RI�VRLO�1�2�HPLVVLRQ�XSRQ�UHZHWWLQJ�

6RLO�EDVLF�SURSHUWLHV�SOD\�DQ�LPSRUWDQW�UROH�LQ�ELRWLF�DQG�DELRWLF�UHDFWLRQV��DQG�PD\�FRQWULEXWH�

WR� WKH� SXOVH� 1�2� HPLVVLRQV� DIWHU� UHZHWWLQJ�� $PRQJ� DOO� WKH� EDVLF� VRLO� SURSHUWLHV�� 1�2�

SURGXFWLRQ� ZDV� RQO\� VLJQLILFDQWO\� � � �� ������ DQG� SRVLWLYHO\� FRUUHODWHG� ZLWK� 12�
�� FRQWHQW��

PDUJLQDOO\�� � ��������FRUUHODWHG�ZLWK�VRLO�1+�
��FRQWHQW��EXW�KDG�QR�VWDWLVWLFDOO\�VLJQLILFDQW�

FRUUHODWLRQV� ZLWK� RWKHU� EDVLF� VRLO� SURSHUWLHV�� VXFK� DV� VRLO� &� DQG� 12�
�� FRQWHQW� �7DEOH� ������

:LWKLQ� WKH� IRUHVW� VRLO� VDPSOHV��1�2�SURGXFWLRQ�ZDV� DOVR� VLJQLILFDQWO\� � ��������� FRUUHODWHG�

ZLWK�VRLO�&�DQG�1�FRQWHQW��GDWD�QRW�VKRZQ���6RLO�12�
��LWVHOI�ZDV�RQO\�VLJQLILFDQWO\�� ���������

FRUUHODWHG� ZLWK� WRWDO� VRLO� 1� FRQWHQW� DQG� 1�2� SURGXFWLRQ�� EXW� ZDV� QRW� FRUUHODWHG� ZLWK� VRLO�

PLQHUDO�1�DQG�'71���

� �



7DEOH�����6SHDUPDQ¶V�FRUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ�VRLO�1�2�HPLVVLRQ�DIWHU���K�LQFXEDWLRQ�DIWHU�
UHZHWWLQJ�DQG�EDVLF�VRLO�SURSHUWLHV�RI�DLU�GULHG�VRLOV��H[FOXGLQJ�&D��0J�DQG�.��DFURVV�DOO�VRLO�VDPSOHV��
$Q�DVWHULVN�LQGLFDWHV�WKH�VLJQLILFDQFH�RI�WKH�UHVSHFWLYH�FRUUHODWLRQ�FRHIILFLHQW�DW�D�OHYHO�RI� ��������

� 1�2� )H� 0Q� &� 1� &�1� S+� 12�
�� 1+�

�� 12�
�� '2&� '71� $����

1�2� ����� � � � � � � � � � � � �
)H� ����� ����� � � � � � � � � � � �
0Q� ������ ����� ����� � � � � � � � � � �
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������,VRWRSLF�UDWLR�DQDO\VHV�RI�1�2�SURGXFWLRQ�GXULQJ�UHZHWWLQJ�

7KH�į��1EXON�DQG�į��2�YDULHG�IURP�������WR������Å�DQG�IURP�����WR������Å��UHVSHFWLYHO\��IRU�

DOO�WKH�VRLO�VDPSOHV�GXULQJ�UHZHWWLQJ��H[FHSW�IRU�VRLO�)��ZKHUH�į��2�ZDV�H[WUHPHO\�KLJK�ZLWK�D�

YDOXH�RI�������Å��7DEOH�������%RWK�į��1EXON�DQG�į��2�GHFUHDVHG�ZLWK�LQFUHDVLQJ�LQFXEDWLRQ��

7DEOH�������1�VLWH�SUHIHUHQFH��63��YDOXHV�RI�1�2�SURGXFWLRQ��SHDN�KHLJKW��XSRQ�ZDWHU�UHZHWWLQJ�ZLWK�
GLIIHUHQW�VRLO�VDPSOHV�DQG�LQFXEDWLRQ�WLPH��7KH�SHDN�KHLJKW�RI�DPELHQW�DLU�DQG�����SSE�VWDQGDUG�1�2�
JDV�ZDV�DERXW�����DQG�����Q$��UHVSHFWLYHO\��

6DPSOHV� 6RLO��

�J��

,QFXEDWLRQ�WLPH�

��K��

3HDN�KHLJKW� į��1EXON� į��2�� 63�

�Q$�� >Å�YV��DLU�1�@� >Å�YV�9602:@� >Å@�

)2I� ���� �� ���� ������� ������ �����
)�� ���� �� ���� ������� ������ �������
)�� ���� �� ���� ������� ������� �����
)�� ���� �� ���� ������� ������ �����
)�� ���� �� ���� ������� ������ �����
)�� ���� �� ���� ������� ������ ������
*� ���� ���� ����� ������� ������ ������
*� ���� ���� ����� ������� ������ ������
*� ���� ���� ����� ������� ����� ������

*��6WHULOL]HG�� ���� ���� ���� ������� ������ �����
*��6WHULOL]HG�� ���� ���� ����� ������� ����� ������
*��6WHULOL]HG�� ���� ���� ����� ������� ������ ������
�

WLPH�IRU�WKH�JUDVVODQG�VRLO��QR�PDWWHU�WKH�VRLO�ZDV�WUHDWHG�ZLWK�Ȗ�LUUDGLDWLRQ�LQ�DGYDQFH�RU�QRW��

6LPLODU�UDQJHV�RI�į��1EXON�YDOXHV�ZHUH�REVHUYHG�IRU�WKH�JUDVVODQG�DQG�IRUHVW�VRLOV��ZKLOH�į��2�

RI�1�2�ZDV�KLJKHU�IURP�WKH�IRUHVW�VRLO�WKDQ�IURP�WKH�JUDVVODQG�VRLO��7KH�63�YDOXHV�RI�WKH�1�2�



IRUPHG� DIWHU� UHZHWWLQJ� ZHUH� FORVH� WR� ]HUR� IRU� PRVW� RI� WKH� VRLO� VDPSOHV� �H[FHSW� IRU� )����

LQGHSHQGHQW�RI�WKH�DPRXQW�RI�1�2�SURGXFHG��DV�LQGLFDWHG�E\�WKH�SHDN�KHLJKW��7DEOH�������RI�

LQFXEDWLRQ� WLPH�DQG�RI� WKH�VWHULOL]DWLRQ� WUHDWPHQW��)RU� WKH� IRUHVW�VRLO�VDPSOHV�� WKH�63�YDOXHV�

UDQJHG�EHWZHHQ�������DQG����Å��7KH�63�YDOXHV�IRU�WKH�JUDVVODQG�VRLO�VDPSOHV�UDQJHG�IURP��

���Å� WR� ���Å� IRU� ERWK� Ȗ�LUUDGLDWHG� DQG� QRQ�LUUDGLDWHG� VDPSOHV�� HYHQ� WKRXJK� WKH� 1�2�

SURGXFWLRQ�LQFUHDVHG�ODUJHO\�ZLWK�LQFXEDWLRQ�WLPH��

�

����'LVFXVVLRQ�

6RLO�UHZHWWLQJ�LQGXFHG�1�2�SURGXFWLRQ�KDV�UHFHLYHG�D�ORW�RI�DWWHQWLRQ�LQ�UHFHQW�\HDUV�GXH�WR�

WKH�SRWHQWLDOO\� ODUJH� FRQWULEXWLRQ�RI� WKLV� IUDFWLRQ�RI�1�2�WR� WKH�DQQXDO�1�2�IOX[� �3ULHPp�	�

&KULVWHQVHQ��������.LP ��������%HUJHU ���������7KLV�UHZHWWLQJ�HIIHFW�ZDV�VKRZQ�WR�

EH� KLJKO\� YDULDEOH� LQ� GLIIHUHQW� HFRV\VWHPV�� ,Q� WKLV� VWXG\�� ZH� FROOHFWHG� VRLO� VDPSOHV� IURP�

XSODQG�DQG� ULSDULDQ� IRUHVW�� JUDVVODQG�DQG�FURSODQG�DQG� VLPXODWHG�GU\LQJ� DQG� UHZHWWLQJ�ZLWK�

HLWKHU� SXUH�ZDWHU� RU� DTXHRXV� VROXWLRQV�ZLWK� GLIIHUHQW�1� VXEVWUDWHV� �1+�
���12�

��� DQG�12�
����

TXDQWLILHG�WKH�1�2�SXOVHV�XSRQ�UHZHWWLQJ�LQ�WKH�GLIIHUHQW�VRLO�VDPSOHV�DQG�LGHQWLILHG�WKH�PDLQ�

JRYHUQLQJ� IDFWRU� UHVSRQVLEOH� IRU� WKH� UHZHWWLQJ� HIIHFW� RQ� 1�2� SURGXFWLRQ�� 2XU� VWXG\�

GHPRQVWUDWHG�WKDW�JUDVVODQG�VRLO�UHVSRQGHG�WR�UHZHWWLQJ�ZLWK�SXUH�ZDWHU�PRVW�UDSLGO\�DQG�KDG�

WKH�ODUJHVW�1�2�SURGXFWLRQ�LQ�WKH�ILUVW�KRXU�DIWHU�UHZHWWLQJ�FRPSDUHG�WR�XSODQG�IRUHVW��ULSDULDQ�

IRUHVW� DQG� FURSODQG� VRLO� VDPSOHV� �)LJ�� ������1HDUO\� ����J�1�2�1�NJ��� GU\� VRLO�ZDV� HPLWWHG�

IURP� DQ� DLU�GULHG� JUDVVODQG� VRLO� VDPSOH� LQ� RQO\� �� KRXU�ZLWKRXW� Ȗ�LUUDGLDWLRQ� DIWHU� UHZHWWLQJ�

�)LJ��������+RZHYHU��VHDVRQDO�YDULDWLRQ��H�J��ZLQWHU�DQG�VXPPHU��PLJKW�KDYH�DQ�LQIOXHQFH�RQ�

WKH� 1�2� SURGXFWLRQ� LQ� GLIIHUHQW� HFRV\VWHPV� �)OHVVD� � ������ .LHVH� � ������� 7KH�

FROOHFWHG� IRUHVW� VRLOV� FRXOG� KDYH� EHHQ� DIIHFWHG�PRUH� E\� GU\� VXPPHU� FRQGLWLRQV�� OHDGLQJ� WR�

PRUH� DFFXPXODWHG� VXEVWUDWH� DQG� FHUWDLQ� PLFURRUJDQLVPV� WKDW� DUH� UHVLVWDQW� WR� WKH� GU\LQJ�

FRQGLWLRQV� �%RXVNLOO� �������7KHUHIRUH��1�2�SURGXFWLRQ�GXULQJ� UHZHWWLQJ�HYHQWV� FRXOG�

KDYH�EHHQ�RYHUHVWLPDWHG� LQ� WKH� IRUHVW� VRLO� VDPSOHV� FRPSDUHG� WR� WKH� FURSODQG�DQG�JUDVVODQG�

VRLOV�� +RZHYHU�� RYHUDOO� RXU� ILQGLQJ� ZDV� LQ� DFFRUGDQFH� ZLWK� WKH� UHVXOWV� RI� 3ULHPp� 	�

&KULVWHQVHQ��������WKDW�D�JUHDWHU�HPLVVLRQ�RI�1�2�ZDV�REVHUYHG�XSRQ�UHZHWWLQJ�RI�VRLO�IURP�

JUDVVODQG�VLWHV�FRPSDUHG�WR�DUDEOH�DQG�IRUHVW�VLWHV�LQ�*HUPDQ\��6ZHGHQ�DQG�)LQODQG���

.QRZOHGJH�DERXW� WKH�H[DFW�PHFKDQLVPV�DQG� LQIOXHQFLQJ�IDFWRUV�RI� WKH� ODUJH�1�2�IRUPDWLRQ�

XSRQ� UHZHWWLQJ� IURP� GU\� VRLOV� DUH� VWLOO� OLPLWHG�� +RZHYHU�� VRLO� EDVLF� SURSHUWLHV�� VXFK� DV� &�



FRQWHQW��S+�DQG�LQRUJDQLF�1�FRQWHQW��DV�ZHOO�DV�WKH�VRLO�WH[WXUH�DQG�VRLO�PLFURELDO�FRPSRVLWLRQ�

ZHUH� GHPRQVWUDWHG� WR� SOD\� LPSRUWDQW� UROHV� LQ� WKH� SXOVH� SURGXFWLRQ� RI� 1�2� XSRQ� UHZHWWLQJ�

�5XVHU ��������%HDUH ��������+DUULVRQ�.LUN ���������,Q�RXU�VWXG\��WKHUH�ZDV�D�

ODUJH� YDULDWLRQ� RI� VRLO� S+�� &�� 1��PHWDO� HOHPHQW� DQG� LQRUJDQLF�1� �12�
�� DQG�1+�

��� FRQWHQW�

EHWZHHQ�WKH�GLIIHUHQW�VRLO�VDPSOHV��*HQHUDOO\��IRUHVW�VRLOV�H[KLELWHG�WKH�ODUJHVW�VRLO�&�FRQWHQW�

�������������DQG�WKH�ORZHVW�VRLO�S+�������������FRPSDUHG�WR�ULSDULDQ��JUDVVODQG�DQG�FURSODQG�

VRLOV��+DUULVRQ�.LUN� ��������UHSRUWHG�WKDW�PRUH�1�2�ZDV�SURGXFHG�LQ�VRLO�VDPSOHV�ZLWK�

KLJK� VRLO� RUJDQLF�&� FRQWHQW��+RZHYHU�� LQ� RXU� VWXG\� WKH�1�2�SURGXFWLRQ� IURP� WKH� JUDVVODQG�

�ZLWK� OHVV� VRLO�&��ZDV� ODUJHU� WKDQ� IURP� WKH� IRUHVW� VRLO� VDPSOHV� �ZLWK� ODUJHU� VRLO�&� FRQWHQW���

5XVHU� ��������UHSRUWHG�WKDW�VRLO�FRPSDFWLRQ�DQG�KLJK�12�
��FRQWHQW�ZHUH�WZR�LPSRUWDQW�

IDFWRUV� UHVSRQVLEOH� IRU� WKH� UHZHWWLQJ�LQGXFHG� 1�2� SURGXFWLRQ� LQ� D� FURSODQG� VRLO�� DV� PRUH�

DQR[LF�VLWHV�FRXOG�GHYHORS�ZKHQ�ZDWHU�ZDV�DGGHG�WR�FRPSDFWHG�VRLOV��,Q�WKLV�VWXG\��DLU�GULHG�

JUDVVODQG�VRLO� ������J�FP����KDG�D�PXFK�KLJKHU�EXON�GHQVLW\�FRPSDUHG� WR� IRUHVW�VRLO� ������J�

FP���� DFFRUGLQJ� WR� IRUPHU� UHVHDUFK� RQ� WKHVH� VLWHV� �%DDW] �� ������� ZKLFK� PD\� EH� RQH�

UHDVRQ�IRU�WKH�LPPHGLDWH�DQG�ODUJH�1�2�HPLVVLRQ�XSRQ�UHZHWWLQJ�IRU�WKH�JUDVVODQG�VRLO����

+LJK�VRLO�12�
��FRQWHQW�KDV�EHHQ�FRQVLGHUHG�DV�RQH�LPSRUWDQW�IDFWRU�UHVSRQVLEOH�IRU�UHZHWWLQJ�

LQGXFHG�1�2�SURGXFWLRQ��DV�12�
��ZRXOG�IDYRU�1�2�SURGXFWLRQ�IURP�GHQLWULILFDWLRQ��5XVHU

���������'XULQJ�WKH�GU\LQJ�SURFHVV��VRLO�12�
��PD\�DFFXPXODWH�GXH�WR�WKH�KLJKHU�UHVLVWDQFH�

RI�QLWULILHUV�WR�ZDWHU�OLPLWDWLRQ�FRPSDUHG�WR�GHQLWULILHUV��$YUDKDPL ��������6]XNLFV ��

�������,Q�WKLV�VWXG\��ZH�DOVR�REVHUYHG�DQ�LQFUHDVH�RI�VRLO�12�
��FRQWHQW�ZLWK�DLU�GU\LQJ�IRU�DOO�

IRUHVW�VRLO�VDPSOHV��EXW�QRW�IRU�WKH�JUDVVODQG�DQG�FURSODQG�VRLOV��)LJ��������+RZHYHU��WKHUH�ZDV�

QR�VLJQLILFDQW�FRUUHODWLRQ�EHWZHHQ�VRLO�12�
��FRQWHQW�RI�DLU�GULHG�VRLO�DQG�1�2�SURGXFWLRQ�XSRQ�

UHZHWWLQJ� �7DEOH� ������ DQG� 12�
�� DGGLWLRQ� GLG� QRW� LQGXFH� 1�2� HPLVVLRQ� VLJQLILFDQWO\� �)LJ��

���&��� ZKLFK� LV� LQ� DFFRUGDQFH� ZLWK� 9HQWHUHD� �������� 7KHVH� ILQGLQJV� LQGLFDWH� WKDW� 12�
��

DFFXPXODWLRQ�ZDV� QRW� WKH�PDLQ� FRQWULEXWRU� WR� WKH� ODUJH�1�2� SURGXFWLRQ� XSRQ� UHZHWWLQJ� WR�

DURXQG�����:+&��DV�GRQH�LQ�WKLV�VWXG\��:H�DVVXPHG�WKDW�WKLV�UHODWLYHO\�ORZ�ZDWHU�FRQWHQW�

PD\�IDYRU�WKH�1�2�SURGXFWLRQ�IURP�QLWULILFDWLRQ��EXW�DGGLWLRQ�RI�1+�
��RQO\�LQFUHDVHG�WKH�1�2�

SURGXFWLRQ�IURP�RQH�IRUHVW�VRLO�VDPSOH��)����DQG�KDG�QR�VWLPXODWRU\�HIIHFWV�RQ�WKH�RWKHU�VRLO�

VDPSOHV���

6RLO�12�
�� DFFXPXODWLRQ�KDV�EHHQ�FRQVLGHUHG�DV� DQRWKHU� LPSRUWDQW� IDFWRU� IRU� VRLO�1�2�SXOVH�

SURGXFWLRQ�DIWHU� UHZHWWLQJ��'DYLGVRQ��������9HQWHUHD���������DOWKRXJK�12�
��ZDV�FRPPRQO\�

QRW�GHWHFWHG�DIWHU�VRLO�DLU�GU\LQJ�LQ�SUHYLRXV�VWXGLHV��,Q�WKLV�VWXG\��ZKHUH�ZH�XVHG�D�QHZ�12�
��



H[WUDFWLRQ� PHWKRG�� GHYHORSHG� E\� +RP\DN� � �������� ZKLFK� DOORZV� WR� H[WUDFW� 12�
�� DW�

HOHYDWHG�S+��ZH�IRXQG�GHWHFWDEOH�12�
��FRQFHQWUDWLRQ�OHYHOV�LQ�DLU�GULHG�VDPSOHV�)2I��)��DQG�

)���EXW�QR�12�
��ZDV�GHWHFWDEOH�LQ�WKH�DLU�GULHG�VRLO�VDPSOHV�)���)��DQG�ULSDULDQ�IRUHVW���

'HVSLWH�WKH�ORZ�DPRXQW�RI�12�
��DFFXPXODWHG��D�FORVH�FRUUHODWLRQ�EHWZHHQ�12�

��FRQWHQW�LQ�WKH�

DLU�GULHG� VRLO� DQG� WKH� DPRXQW� RI� 1�2� SURGXFHG� DIWHU� UHZHWWLQJ� ZDV� IRXQG� �7DEOH� ������

$GGLWLRQ� RI� 12�
�� DOVR� LQFUHDVHG� VRLO� 1�2� SURGXFWLRQ� ODUJHO\� ZLWKLQ� WKH� ILUVW� KRXU� DIWHU�

UHZHWWLQJ�LQ�DOO�WKH�VRLO�VDPSOHV��)LJ�����%���7KH�H[DFW�UHDVRQ�UHVSRQVLEOH�IRU�WKH�YDULDWLRQ�LQ�

12�
�� FRQWHQW� DPRQJ� WKH� GLIIHUHQW� VRLO� VDPSOHV� UHPDLQV� XQFOHDU�� EXW� FRUUHODWLRQ� DQDO\VLV�

VKRZHG�WKDW�WKH�12�
��FRQFHQWUDWLRQ�ZDV�SRVLWLYHO\�FRUUHODWHG�ZLWK�WRWDO�VRLO�1�FRQWHQW��7DEOH�

������ EXW� KDG�QR�FRUUHODWLRQ�ZLWK� VRLO�12�
�� DQG�1+�

�� FRQFHQWUDWLRQV��7KHUH� DUH�PDLQO\� WZR�

VRXUFHV�LQYROYHG�LQ�WKH�UHOHDVH�RI�VRLO�&�DQG�1�GXULQJ�WKH�UHZHWWLQJ�SURFHVV������GLVUXSWLRQ�RI�

VRLO�DJJUHJDWHV�E\�UDSLG�ZDWHU�DGGLWLRQ������WKH�SURSRUWLRQ�RI�PLFURRUJDQLVP�GLHG�EDFN�GXULQJ�

GU\LQJ� RU� E\� GHK\GUDWLRQ� RU� FHOO� O\VLV�� DQG� WKH� DVVRFLDWHG� UHOHDVH� RI� ODELOH� LQWUDFHOOXODU�

VXEVWUDWHV�ZLWK� UHZHWWLQJ�� 3UHYLRXV� VWXG\� VKRZHG� WKDW�12�
�� SURGXFHG� IURP�RUJDQLF�1� LV� DQ�

LPSRUWDQW� 12�
�� SRRO� LQ� JUDVVODQG� VRLO� �0�OOHU �� ������� 7KHUHIRUH�� WKH� 12�

�� FRXOG�

RULJLQDWH� IURP� VRLO� DJJUHJDWH� ��� �� PP� LQ� WKLV� VWXG\�� GLVUXSWLRQ� RU� WKH� UHOHDVH� RI� ODELOH�

LQWUDFHOOXODU�VXEVWUDWHV�GXULQJ�PLFURELDO�FHOO�O\VLV���

7KHUH� DUH� PDLQO\� WZR� SDWKZD\V� UHVSRQVLEOH� IRU� WKH� 12�
��PHGLDWHG� 1�2� SURGXFWLRQ�� ����

ELRORJLFDO� QLWULILHU�GHQLWULILFDWLRQ� DQG� GHQLWULILFDWLRQ�� ���� FKHPLFDO� UHDFWLRQV� ZLWK� RUJDQLF�

PDWWHU�DQG�PHWDO�LRQV��H�J��)H�����6WHYHQVRQ�	�6ZDE\��������VKRZHG�WKDW�1�2�LV�FKHPLFDOO\�

SURGXFHG� IROORZLQJ� 12�
�� DGGLWLRQ� WR� DFLGLF� VRLO� RUJDQLF� PDWWHU� IUDFWLRQV�� 6DPDUNLQ� �

������� IRXQG�DELRWLF�UHDFWLRQV�EHWZHHQ�12�
��DQG�)H���FRQWDLQLQJ�PLQHUDOV�GHULYHG� IURP�WKH�

VXUURXQGLQJ� LJQHRXV�)HUUDU�'ROHULWH��FRQWULEXWLQJ� WR� WKH�1�2�HPLVVLRQ� IURP� WKH�K\SHUVDOLQH�

'RQ�-XDQ�3RQG�LQ�$QWDUFWLFD��:H�DOVR�H[SORUHG�WKH�FRQWULEXWLRQ�RI�DELRWLF�UHDFWLRQV�WR�12�
��

PHGLDWHG�1�2�SURGXFWLRQ�GXULQJ�UHZHWWLQJ�E\�VWHULOL]LQJ�WKH�VRLO�ZLWK�D�GRVH�RI����N*\�RI�Ȗ�

LUUDGLDWLRQ��2XU� UHVXOWV� VKRZHG� D� ODUJH� YDULDELOLW\� RI� WKH� HIIHFW� RI� Ȗ�LUUDGLDWLRQ� RQ� VRLO�1�2�

SURGXFWLRQ� LQ� WKH� GLIIHUHQW� VRLO� VDPSOHV� �7DEOH� ������ ,Q� JHQHUDO�� Ȗ�LUUDGLDWLRQ� LQKLELWHG�1�2�

SURGXFWLRQ� IURP� WKH� IRUHVW� DQG� ULSDULDQ� VRLO� VDPSOHV��ZLWK� WKH� ODUJHVW� LQKLELWLRQ� LQ� WKH� VRLO�

VDPSOH�ZLWK� WKH�IHUPHQWHG�RUJDQLF� OD\HU��)2I���������DQG�VPDOOHVW� LQKLELWLRQ� LQ�VRLO�VDPSOH�

)���������7KH�UDQJH�RI�LQKLELWLRQ�E\�Ȗ�LUUDGLDWLRQ�ZDV�FRQVLVWHQW�ZLWK�WKH�UDQJH�UHSRUWHG�E\�

9HQWHUHD� �������� ZKR� DOVR� IRXQG� WKDW� 1�2� SURGXFWLRQ� LQ� Ȗ�LUUDGLDWHG� FXOWLYDWHG� DQG�



XQFXOWLYDWHG�VRLOV�ZDV����������DQG�����RI�1�2�SURGXFWLRQ�RI�WKHLU�QRQVWHULOH�FRXQWHUSDUWV��

UHVSHFWLYHO\���

7KH�VPDOO�HIIHFWV�RI�Ȗ�LUUDGLDWLRQ�RQ�VRLO�&2��HPLVVLRQV�LQ�WKH�IRUHVW�VRLOV�ZHUH�XQH[SHFWHG��DV�

ZH� DVVXPHG� WKDW� QHJOLJLEOH� &2�� ZRXOG� EH� SURGXFHG� LQ� WKH� Ȗ�LUUDGLDWHG� VRLOV�� 2QH� UHDVRQ�

UHVSRQVLEOH� IRU� WKH�SURGXFHG�&2�� FRXOG�EH�GXH� WR� WKH� OLPLWHG� HIIHFW� RI� Ȗ�LUUDGLDWLRQ�RQ� VRLO�

FHUWDLQ�PLFURRUJDQLVPV��PDLQO\�VSRUH�IRUPLQJ�IXQJL��HYHQ�WKRXJK�Ȗ�LUUDGLDWLRQ�LV�VXJJHVWHG�WR�

EH�KLJKO\�HIIHFWLYH�DQG�SUHIHUDEOH�FRPSDUHG�WR�RWKHU�VWHULOL]DWLRQ�PHWKRGV�GXH�WR�LWV�VPDOOHU�

HIIHFW� RQ� VRLO� FKHPLFDO� DQG� SK\VLFDO� SURSHUWLHV� �6WURHWPDQQ �� ������� 7KHUHIRUH�� Ȗ�

LUUDGLDWLRQ� PLJKW� KDYH� FKDQJHG� PLFURELDO� FRPPXQLW\� VWUXFWXUH� WRZDUGV� D� VWURQJ� IXQJDO�

GRPLQDQFH��FRQWULEXWLQJ�RQO\�SDUWLDOO\�WR�1�2�SURGXFWLRQ�DIWHU�UHZHWWLQJ�LQ�FHUWDLQ�IRUHVW�VRLO�

VDPSOHV� �H�J�� )�� DQG� )���� +RZHYHU�� FKHPLFDO� UHDFWLRQV�� H�J�� QLWURVDWLYH� GHFDUER[\ODWLRQ�

UHDFWLRQV��FRXOG�DOVR�SURGXFH�&2��FKHPLFDOO\��7KRUQ�	�0LNLWD���������DV�QR�PLFURELDO�JURZWK�

ZDV� GHWHFWHG� E\� SODWLQJ� RI� WKH� Ȗ�LUUDGLDWHG� VRLO� VOXUULHV� LQ� WKLV� VWXG\�� ,Q� FRQWUDVW�� LQ� WKH�

JUDVVODQG�DQG�FURSODQG�VRLO�VDPSOHV�Ȗ�LUUDGLDWLRQ�LQFUHDVHG�VRLO�1�2�SURGXFWLRQ�WKUHHIROG�DQG�

WZRIROG�� UHVSHFWLYHO\�� HYHQ� WKRXJK� &2�� HPLVVLRQ� ZDV� UHGXFHG� E\� DERXW� ���� DIWHU� Ȗ�

LUUDGLDWLRQ� �7DEOH� ������ 7KH� VWLPXODWRU\� HIIHFW� RI� Ȗ�LUUDGLDWLRQ� RQ� 1�2� SURGXFWLRQ� LQ� WKH�

JUDVVODQG� VRLO� VDPSOHV� ZDV� VXUSULVLQJ�� EXW� FRXOG� LQGLFDWH� DQ� LQFUHDVHG� FRQWULEXWLRQ� RI� DQ�

DELRWLF� PHFKDQLVP� RI� 1�2� SURGXFWLRQ� IURP� 12�
��� � ,W� LV� SRVVLEOH� WKDW� WKH� GHDWK� RI� FHUWDLQ�

PLFURRUJDQLVPV� E\� Ȗ�LUUDGLDWLRQ�PD\� KDYH� VWLPXODWHG� WKH� DFWLYLW\� RI� RWKHU�PLFURRUJDQLVPV�

WKDW�KDYH�DQ�H[FHSWLRQDOO\�KLJK�SURGXFWLRQ�UDWH�RI�1�2�DIWHU�UHZHWWLQJ��ZKLFK�PLJKW�H[SODLQ�

WKH� WKUHHIROG� KLJKHU� 1�2� SURGXFWLRQ� IURP� WKH� JUDVVODQG� VRLO� DIWHU� Ȗ�LUUDGLDWLRQ�� EXW� WKLV�

DVVXPSWLRQ� UHPDLQV� VSHFXODWLYH�� ,Q� FRQWUDVW�� D� FRQWULEXWLRQ�RI� DELRWLF�SURFHVVHV� WR� VRLO�1�2�

SURGXFWLRQ�LQ�WKH�JUDVVODQG�VRLOV�VHHPV�PRUH�OLNHO\�DV�Ȗ�LUUDGLDWLRQ�FRXOG�DOWHU�RUJDQLF�PDWWHU�

VWUXFWXUH�RU�IXQFWLRQDO�JURXSV�LQYROYHG�LQ�QLWURVDWLRQ�UHDFWLRQV��ZKLFK�FRXOG�SURPRWH�DELRWLF�

1�2�SURGXFWLRQ��9HQWHUHD���������%XW�VWLOO�WKLV�LV�DW�RGGV�ZLWK�WKH�UHGXFHG�1�2�IRUPDWLRQ�LQ�

WKH�Ȗ�LUUDGLDWHG�IRUHVW�VRLO�VDPSOHV��7KHUHIRUH��IXUWKHU�UHVHDUFK�LV�QHHGHG�WRZDUGV�HOXFLGDWLQJ�

WKH� PHFKDQLVPV� EHKLQG� VWLPXODWLRQ� DQG� LQKLELWLRQ� RI� 1�2� SURGXFWLRQ� IURP� QLWULWH� DIWHU� Ȗ�

LUUDGLDWLRQ�RI�WKH�GLIIHUHQW�VRLO�VDPSOHV��

)LQDOO\��ZH�PHDVXUHG� WKH� LVRWRSLF� VLJQDWXUHV� �į��1EXON�� į��2�DQG�63�YDOXHV�� RI�1�2� IRUPHG�

GXULQJ� UHZHWWLQJ�� DV� WKH\� DUH� WKRXJKW� WR� UHIOHFW� WKH� UHODWLYH� FRQWULEXWLRQ� RI� GLIIHUHQW� 1�2�

VRXUFHV� WR� FHUWDLQ� H[WHQW� �<RVKLGD�	� 7R\RGD�� ������� 7KHUH� KDYH� EHHQ� D� QXPEHU� RI� UHFHQW�

VWXGLHV� H[DPLQLQJ�1�2�63� IURP�FKHPRGHQLWULILFDWLRQ� �+HLO� �� ������ -RQHV� �� ������



%XFKZDOG� ��������*UDEE� ���������7KH�PHDVXUHG�į��1EXON�LQ�WKLV�VWXG\�IDOOV�ZLWKLQ�WKH�

UDQJH�RI�GHQLWULILFDWLRQ� ����� WR� ���Å�� LQ�SXUH� FXOWXUHV� �7R\RGD ��������7R\RGD ��

������� ZKLOH� WKH� į��2� YDOXHV� ZHUH� LQ� WKH� UDQJH� RI� 1�2� SURGXFHG� YLD� QLWULILFDWLRQ� LQ� VRLOV�

�6QLGHU ���������63�YDOXHV�KDYH�EHHQ�FRQVLGHUHG�DV�D�PRUH�XVHIXO� WRRO� IRU�1�2�VRXUFH�

SDUWLWLRQLQJ�WKDQ�į��1EXON�DQG�į��2��VLQFH�WKH�63�YDOXHV�ZHUH�IRXQG�UHODWLYHO\�VWDEOH�IRU�1�2�

SURGXFWLRQ�IURP�GLIIHUHQW�VRLO�SURFHVVHV��DOWKRXJK�WKHUH�ZDV�VWLOO�VRPH�RYHUODS�IRXQG�EHWZHHQ�

DHURELF�QLWULILFDWLRQ��IXQJDO�GHQLWULILFDWLRQ�DQG�1+�2+�R[LGDWLRQ��6XWND ��������+HLO

�� ������ 5RKH �� ������� DQG� GHQLWULILFDWLRQ� DQG� QLWULILHU�GHQLWULILFDWLRQ� �6XWND ��

������� ,Q� WKLV� VWXG\�� WKH� 63� YDOXHV� ZHUH� FORVH� WR� �Å� IRU� PRVW� RI� WKH� VRLO� VDPSOHV� DIWHU�

UHZHWWLQJ�� H[FHSW� IRU�)��� QR�PDWWHU�ZKHWKHU� WKH� VRLOV�ZHUH� VWHULOL]HG� E\� Ȗ�LUUDGLDWLRQ� RU� QRW�

�7DEOH� ����ZKLFK� IDOOV�ZLWKLQ� WKH� 63� UDQJH� ����«�Å�� UHSRUWHG� IRU� EDFWHULDO� GHQLWULILFDWLRQ�

LQFOXGLQJ� QLWULILHU� GHQLWULILFDWLRQ� �6XWND �� ������� 6QLGHU� ������� UHSRUWHG� WKDW�

QLWULILHU� GHQLWULILFDWLRQ� EHFDPH� D� PRUH� GRPLQDQW� 1�2� VRXUFH� IROORZLQJ� D� UDLQ� HYHQW� LQ�

FURSODQG�VRLOV�E\�XVLQJ�WKH�į��1�RI�1�2�LQ�WKHLU�VWXG\��,Q�RXU�VWXG\��VLQFH�WKH�DGGLWLRQ�RI�12�
��

GLG�QRW� LQFUHDVH�1�2�SURGXFWLRQ� VLJQLILFDQWO\�DQG� VLQFH� WKHUH�ZDV�QR�VLJQLILFDQW�FRUUHODWLRQ�

EHWZHHQ�12�
��DQG�1�2��LW�ZDV�PRUH�OLNHO\�WKDW�GHQLWULILFDWLRQ�E\�QLWULILHUV�ZDV�WKH�GRPLQDQW�

FRQWULEXWRU�RI�1�2�SURGXFWLRQ�GXULQJ� UHZHWWLQJ��+RZHYHU�� DV�ZH�REVHUYHG�D� VLPLODU�63� IRU�

VWHULOH�DQG�XQVWHULOH� VRLO� VDPSOHV��DQG�VLQFH�SUHYLRXV� VWXGLHV� VKRZHG� WKDW�63�YDOXHV�RI�1�2�

SURGXFWLRQ� IURP� 12�
��PHGLDWHG� FKHPRGHQLWULILFDWLRQ� YDULHG� ZLGHO\� IURP� ���Å� WR� ����Å�

IURP�FKHPLFDO�UHDFWLRQV�RU�VRLO�VDPSOHV��6DPDUNLQ ��������3HWHUV ��������-RQHV ��

������%XFKZDOG� �� ������*UDEE� �� ������:HL� ��� ����D�E��� LW� LV� OLNHO\� WKDW� DOVR�

DELRWLF�UHDFWLRQV�KDYH�FRQWULEXWHG�VXEVWDQWLDOO\�WR�VRLO�1�2�SURGXFWLRQ�DIWHU�VRLO�UHZHWWLQJ���

�

����&RQFOXVLRQV�

6RLOV� IURP� GLIIHUHQW� HFRV\VWHPV� GHPRQVWUDWH� YDULRXV� 1�2� HPLVVLRQV� DIWHU� UHZHWWLQJ�� ZLWK�

JUDVVODQG�VRLO�H[KLELWLQJ�WKH�ODUJHVW�1�2�HPLVVLRQV�ZKLOH�FURSODQG�DQG�ULSDULDQ�VRLOV�VKRZLQJ�

WKH�VPDOOHVW�1�2�HPLVVLRQV��$PRQJ�GLIIHUHQW�VRLO�EDVLF�SURSHUWLHV��VRLO�12�
��FRQWHQW�ZDV�WKH�

RQO\�VLJQLILFDQW�IDFWRU�FRUUHODWHG�ZLWK�VRLO�1�2�SURGXFWLRQ��$GGLWLRQ�RI�12�
��LQFUHDVHG�1�2�

HPLVVLRQV�WKH�PRVW��FRPSDUHG�WR�1+�
��DQG�12�

���$OWKRXJK�ELRORJLFDO�UHDFWLRQV�PLJKW�SOD\�DQ�

LPSRUWDQW�UROH�LQ�1�2�SURGXFWLRQ�LQ�WKH�GLIIHUHQW�VRLO�VDPSOHV��WKH�UROH�RI�DELRWLF�SURFHVVHV�LQ�

1�2�IRUPDWLRQ�GXULQJ�WKH�UHZHWWLQJ�HYHQW�FDQQRW�EH�H[FOXGHG��
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����6\QRSVLV�

7KLV� WKHVLV� ZDV� ODLG� RXW� WR� FKDUDFWHUL]H� WKH� DELRWLF� SURFHVVHV� RI� 1�2� SURGXFWLRQ� LQ� VRLOV�

LQYROYLQJ�1+�2+�DQG�12�
���DVVXPLQJ�D�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVP��7KH�DELRWLF�1�2�

IRUPDWLRQ� SURFHVVHV� LQYROYLQJ� 12�
�� KDYH� EHHQ� VWXGLHG� IRU� GHFDGHV�� EXW� DUH� VWLOO� QRW� ZHOO�

XQGHUVWRRG��ZKLOH� WKH�1�2�SURGXFWLRQ�LQYROYLQJ�1+�2+�KDV�EHHQ�ZLGHO\�QHJOHFWHG�LQ�PRVW�

FXUUHQW�VWXGLHV��7KH�ILUVW�SDUW�RI� WKH� WKHVLV�ZDV�D�JHQHUDO� LQWURGXFWLRQ�RI� WKH�FXUUHQW�VWDWH�RI�

NQRZOHGJH�DERXW�WKHVH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVPV��7KH�H[SHULPHQWV�FRQGXFWHG�LQ�WKLV�

WKHVLV� PDLQO\� IRFXVHG� RQ� WKH� SURRI� RI� 1+�2+� UHOHDVH� GXULQJ� 1+�� R[LGDWLRQ� E\� DPPRQLD�

R[LGL]HUV�� GHWHUPLQDWLRQ� RI� 1+�2+� LQ� QDWXUDO� VRLOV�� WKH� UHODWLRQVKLS� EHWZHHQ� 1+�2+� DQG�

DHURELF�1�2�SURGXFWLRQ�LQ�D�IRUHVW�HFRV\VWHP��IDFWRUV�JRYHUQLQJ�DELRWLF�1�2�SURGXFWLRQ�IURP�

1+�2+��DQG�WKH�FRPSDULVRQ�RI�WKH�UROHV�RI�1+�2+�DQG�12�
��LQ�DELRWLF�1�2�SURGXFWLRQ�DQG�

�HVSHFLDOO\�IRU�12�
���LQ�SXOVH�1�2�SURGXFWLRQ�GXULQJ�UHZHWWLQJ�HYHQWV�LQ�VRLOV���

7KH�VHFRQG�FKDSWHU�RI�WKLV�WKHVLV�ZDV�DQ�H[SHULPHQW�ZKLFK�DLPHG�DW�H[SORULQJ�WKH�SRVVLELOLW\�

RI� 1+�2+� UHOHDVH� E\� YDULRXV� FKHPROLWKRDXWRWURSKLF� DPPRQLD� R[LGL]HUV� �$2%�� $2$� DQG�

FRPDPPR[��� ,W�ZDV�REVHUYHG� WKDW�FHUWDLQ�$2%�DQG�$2$�DV�ZHOO�DV� WKH�FRPDPPR[�LQGHHG�

UHOHDVHG�1+�2+�GXULQJ�1+��R[LGDWLRQ��7KH�W\SH�RI�PHGLXP��FXOWXUH�LQFXEDWLRQ�WHPSHUDWXUH�

DQG� WKH� SUHVHQFH� RI� 12�
�� ZHUH� IRXQG� WR� DIIHFW� 1+�2+� GHFRPSRVLWLRQ� DQG� DELRWLF� 1�2�

SURGXFWLRQ�GXULQJ�1+��R[LGDWLRQ��7KH�1+�2+�ILQDO�SURGXFW�UDWLR�YDULHG�FRQVLGHUDEO\�������

�������GHSHQGHQW�RQ�WKH�FXOWXUH�W\SH�DQG�1+�
��FRQFHQWUDWLRQ��ZLWK�WKH�ODUJHVW�UDWLR�REVHUYHG�

GXULQJ�WKH�1+��R[LGDWLRQ�RI�FRPDPPR[��2YHUDOO��WKH�IUDFWLRQV�RI�1+�
��FRQYHUWHG�WR�1�2�YLD�

1+�2+� UHOHDVH� GXULQJ� LQFXEDWLRQV� UDQJHG� IURP� ������ WR� ������� DQG�ZHUH� FRQVLVWHQW�ZLWK�

SXEOLVKHG� 1+�
��WR�1�2� FRQYHUVLRQ� UDWLRV� IRU� FHUWDLQ� DPPRQLD� R[LGL]HUV�� 12�

�� SOD\HG� DQ�

LPSRUWDQW� UROH� LQ� DELRWLF� GHFD\� RI�1+�2+� DQG� FRQYHUVLRQ� RI� 1+�2+� WR� 1�2� GXULQJ�1+��

R[LGDWLRQ�� ZLWK� QHJDWLYH� HIIHFWV� RQ� WKH� DELRWLF� 1+�2+� GHFD\�� EXW� SRVLWLYH� HIIHFWV� RQ� WKH�

DELRWLF�1�2�SURGXFWLRQ��

$IWHU�SURYLQJ�WKH�H[LVWHQFH�RI�1+�2+�UHOHDVH�LQ�FKHPRDXWRWURSKLF�DPPRQLD�R[LGL]HUV�GXULQJ�

1+�� R[LGDWLRQ�� LQ� WKH� VHFRQG� H[SHULPHQW�� SUHVHQWHG� LQ� FKDSWHU� WKUHH�� D� PHWKRG� IRU� WKH�

GHWHUPLQDWLRQ�RI�1+�2+�LQ�QDWXUDO�VRLOV�ZDV�QHZO\�GHYHORSHG�DQG�VXFFHVVIXOO\�DSSOLHG��7KH�

GHWHUPLQDWLRQ� RI� 1+�2+� LQ� QDWXUDO� VRLO� VDPSOHV� KDG� QRW� EHHQ� SRVVLEOH� EHIRUH� GXH� WR� WKH�

KLJKO\� UHDFWLYH� QDWXUH� RI� 1+�2+��2QO\�ZLWK� WKH� IDVW� H[WUDFWLRQ� DQG� GHWHUPLQDWLRQ�PHWKRG�

QHZO\�GHYHORSHG�LQ�WKLV�ZRUN�ZDV�LW�SRVVLEOH�IRU�WKH�ILUVW�WLPH�WR�GHWHFW�1+�2+�LQ�VRLOV��7KH�

PHWKRG�DOORZHG�H[WUDFWLRQ�RI�1+�2+�IURP�D�VSUXFH�IRUHVW�VRLO�ZLWK�DFLGLF�VROXWLRQ��S+� ������



DQG����PLQ�PDJQHWLF�VWLUULQJ��7KLV�KLJKO\�VHQVLWLYH�1+�2+�GHWHUPLQDWLRQ�PHWKRG�ZDV�EDVHG�

RQ� WKH�R[LGDWLRQ�RI�1+�2+�WR�1�2�ZLWK�)H��� DW�S+� ��� LQ�JODVV�YLDOV�DQG�DQDO\VLV�RI�1�2�

IRUPHG�LQ�WKH�YLDO�KHDGVSDFH�ZLWK�*&��12�
��DW�FRQFHQWUDWLRQV�ODUJHU�WKDQ�����0�FRXOG�ELDV�

WKLV�PHWKRG��EXW�WKH�DGGLWLRQ�RI���P0�VXOIDQLODPLGH�ZDV�IRXQG�WR�UHPRYH�WKH�HIIHFW�RI�HYHQ�

�����0�12�
��HIIHFWLYHO\��%\�XVLQJ�WKLV�QHZO\�GHYHORSHG�PHWKRG��WKH�1+�2+�FRQFHQWUDWLRQ�

LQ�WKH�VSUXFH�IRUHVW�VRLO�VDPSOHV�GHWHUPLQHG�ZLWK�WKLV�QHZ�PHWKRG�UDQJHG�IURP�����WR�������J�

1�NJ���GU\�VRLO��ZKLFK�LV�FRPSDUDEOH�ZLWK�WKH�12�
��FRQFHQWUDWLRQ�LQ�WKH�IRUHVW�VRLO�VDPSOHV���

$�IXUWKHU�H[SHULPHQW��GHVFULEHG�LQ�WKH�IRXUWK�FKDSWHU��VWXGLHG�WKH�VSDWLDO�YDULDELOLW\�RI�1+�2+�

FRQWHQW�DQG�SRWHQWLDO�1�2�HPLVVLRQ�UDWHV�RI�KXPLF�RUJDQLF��2K��DQG�PLQHUDO��$K��VRLO�OD\HUV�

RI�D�1RUZD\�VSUXFH�IRUHVW��XVLQJ�WKH�GHYHORSHG�DQDO\WLFDO�PHWKRG�IRU�WKH�GHWHUPLQDWLRQ�RI�VRLO�

1+�2+�FRQWHQW�GHVFULEHG�LQ�FKDSWHU�WKUHH��FRPELQHG�ZLWK�D�JHRVWDWLVWLFDO�.ULJLQJ�DSSURDFK��

3RWHQWLDO� VRLO� 1�2� HPLVVLRQ� UDWHV� ZHUH� GHWHUPLQHG� LQ� ODERUDWRU\� LQFXEDWLRQV� XQGHU� R[LF�

FRQGLWLRQV��6RLO�EDVLF�SURSHUWLHV��VXFK�DV�&��1��S+��0Q��)H��DQG�PLQHUDO�1��1+�
��DQG�12�

���

ZHUH�DOVR�DQDO\]HG��7KH�UHVXOWV�GHPRQVWUDWHG�WKDW�WKH�VRLO�1�2�HPLVVLRQ�UDWHV�ZHUH�VSDWLDOO\�

KLJKO\� FRUUHODWHG�ZLWK� VRLO�1+�2+�FRQWHQW��7KH� KRWVSRWV� RI� VRLO�1�2�HPLVVLRQ� UDWHV� LQ� WKH�

IRUHVW�ZHUH� WKH� VDPH�RU� VLPLODU� DV� WKRVH�RI� VRLO�1+�2+�FRQWHQW��$FFRUGLQJ� WR� WKH�PXOWLSOH�

UHJUHVVLRQ�PRGHOV�GHYHORSHG�IRU�WKH�WZR�VRLO�KRUL]RQV��VRLO�1+�2+�FRQWHQW�FRQWULEXWHG�WR�VRLO�

1�2�HPLVVLRQ�UDWHV�WKH�PRVW��IROORZHG�E\�VRLO�12�
��DQG�0Q�FRQWHQW��7KH�DGGLWLRQ�RI�WKH�FR�

YDULDEOH�LQIRUPDWLRQ�RI�VRLO�1+�2+�DQG�12�
��FRQWHQW�LPSURYHG�WKH�.ULJLQJ�PDS�RI�VRLO�1�2�

HPLVVLRQ�UDWHV�LQ�WKH�VWXG\�DUHD�PDUNHGO\��

7KH�ILIWK�FKDSWHU�SUHVHQWV�DQ�H[SHULPHQW�WHVWLQJ�D�FRQFHSWXDO�PRGHO�RI�DELRWLF�1�2�IRUPDWLRQ�

IURP� 1+�2+� UHOHDVHG� WR� WKH� VRLO� PDWUL[� E\� FKDQJLQJ� UHOHYDQW� VRLO� HQYLURQPHQWDO� IDFWRUV�

GHWHUPLQHG�LQ�WKH�SUHYLRXV�H[SHULPHQW�ZLWK�QDWXUDO�VRLO��L�H��S+��620�DQG�0Q2��FRQWHQW��LQ�

DUWLILFLDO� VRLO�PL[WXUHV��7KH� WKUHH� IDFWRUV�ZHUH� VKRZQ� WR� LQGHHG�DIIHFW� DELRWLF� FRQYHUVLRQ�RI�

1+�2+� WR� 1�2� LQWHUDFWLYHO\�� +LJK� 620� FRQWHQW� ORZHUHG� WKH� DELRWLF� 1�2� IRUPDWLRQ� IURP�

1+�2+��ZKLOH� D�KLJKHU�0Q2�� FRQWHQW� LQFUHDVHG� WKH�DELRWLF� FRQYHUVLRQ� RI�1+�2+� WR�1�2��

/RZHU�S+�VWLPXODWHG�DELRWLF�1�2�IRUPDWLRQ�IURP�1+�2+�E\�0Q2���EXW�PDGH�1+�2+�PRUH�

VWDEOH� LQ� WKH�DEVHQFH�RI�0Q2���7KH�PXOWLSOH� UHJUHVVLRQ�PRGHO� VHW� XS�ZLWK� WKH� WKUHH� IDFWRUV�

FRXOG�H[SODLQ�����RI� WKH�DELRWLF�FRQYHUVLRQ�RI�1+�2+�WR�1�2��)XUWKHU�ZRUN�UHYHDOHG� WKDW�

DOVR�620�TXDOLW\��DQG�QRW�MXVW�620�TXDQWLW\��SOD\HG�DQ�LPSRUWDQW�UROH�LQ�WKH�DELRWLF�1+�2+�

R[LGDWLRQ�WR�1�2��6RLO�620�ZLWK�PRUH�FDUERQ\O�JURXSV�RU�SKHQROLF�FRPSRXQGV�ZRXOG�ELQG�



PRUH�1+�2+�� OHDGLQJ� WR� OHVV�1�2�SURGXFWLRQ� FRPSDUHG� WR� VRLO� 620�ZLWK� IHZHU� FDUERQ\O�

JURXSV�DQG�SKHQROLF�FRPSRXQGV���

7KH� VXEVHTXHQW� H[SHULPHQW�� SUHVHQWHG� LQ� FKDSWHU� VL[�� VWXGLHG� WKH� DELRWLF� 1�2� SURGXFWLRQ�

SURFHVV�E\�FRPSDULQJ�WKH�UROH�RI�WKH�WZR�QLWULILFDWLRQ�LQWHUPHGLDWHV�1+�2+�DQG�12�
��LQ�VRLOV�

IURP� WKUHH� HFRV\VWHPV� �IRUHVW�� JUDVVODQG�� DQG�FURSODQG��ZLWK�R[LF�RU� DQR[LF�SUH�LQFXEDWLRQ��

)UHVK� VRLO� VDPSOHV� ZHUH� LQFXEDWHG� XQGHU� R[LF� RU� DQR[LF� FRQGLWLRQV� SULRU� WR� WKH� PDLQ�

H[SHULPHQW�IRU�RQH�ZHHN�DQG�WKHQ�IUHH]H�GULHG��*DPPD�UDGLDWLRQ�ZDV�DSSOLHG�WR�KDOI�RI� WKH�

IUHH]H�GULHG� VRLO� VDPSOHV�� IROORZHG� E\� WKH� DGGLWLRQ� RI� 1+�2+� DQG� 12�
��� 7KH� H[SHULPHQW�

UHYHDOHG�WKDW�12�
��SOD\HG�DQ�LPSRUWDQW�UROH�LQ�WKH�1�2�SURGXFWLRQ�LQ�JUDVVODQG�VRLO��IROORZHG�

E\� WKH� IRUHVW� DQG� FURSODQG� VRLOV�� ZKLOH� 1+�2+� SOD\HG� DQ� LPSRUWDQW� UROH� LQ� WKH� 1�2�

SURGXFWLRQ� LQ� FURSODQG� VRLO�� IROORZHG�E\� WKH� JUDVVODQG� DQG� IRUHVW� VRLOV��7KH� FRQWULEXWLRQ� RI�

12�
�� WR� 1�2� SURGXFWLRQ� ZDV� PRVWO\� ELRWLF�� ZKLOH� WKH� FRQWULEXWLRQ� RI� 1+�2+� RQ� 1�2�

SURGXFWLRQ�ZDV�PDLQO\�DELRWLF��SDUWLFXODUO\�LQ�VRLO�VDPSOHV�ZLWK�ODUJH�0Q�FRQWHQW�DQG�ORZ�VRLO�

62&� FRQWHQW�� 7KH� DQR[LF� SUH�LQFXEDWLRQ� LQFUHDVHG� WKH� 1�2� SURGXFWLRQ� IURP� 12�
�� VKRUWO\�

DIWHU�12�
�� DGGLWLRQ��EXW�GHFUHDVHG� WKH�1�2�SURGXFWLRQ� IURP�1+�2+�JUHDWO\��0RUHRYHU�� WKH�

HIIHFW�RI�DQR[LF�SUH�LQFXEDWLRQ�ZDV�GHSHQGHQW�RQ�62&�FRQWHQW�� ,Q�FURSODQG�VRLO�ZLWK� ORZHU�

62&��WKH�HIIHFW�RI�DQR[LF�SUH�LQFXEDWLRQ�RQ�1�2�SURGXFWLRQ�IURP�1+�2+�ZDV�WKH�OHDVW���

7KH�ODVW�H[SHULPHQW��SUHVHQWHG�LQ�FKDSWHU�VHYHQ��H[SORUHG�WKH�PHFKDQLVP�RI�ODUJH�SXOVH�1�2�

SURGXFWLRQ� FDXVHG� E\� UHZHWWLQJ� LQ� VRLOV� IURP� WKUHH� HFRV\VWHPV� �IRUHVW�� JUDVVODQG�� DQG�

FURSODQG��� LQYROYLQJ� WKH� QLWULILFDWLRQ� LQWHUPHGLDWHV�12�
�� DQG�1+�2+�� 6LQFH�1+�2+� LV� QRW�

OLNHO\� WR� DFFXPXODWH� LQ� VRLOV� GXULQJ� WKH� GU\LQJ� SURFHVV� GXH� WR� LWV� YHU\� UHDFWLYH� QDWXUH�� WKH�

DFFXPXODWLRQ�RI�12�
�� GXULQJ� DLU�GU\LQJ�DQG� WKH� HIIHFW� RI�12�

�� DGGLWLRQ�RQ�1�2�SURGXFWLRQ�

GXULQJ�UHZHWWLQJ�ZDV�H[SORUHG�LQ�WKLV�H[SHULPHQW��7KH�UHVXOWV�GHPRQVWUDWHG�WKDW�JUDVVODQG�VRLO�

H[KLELWHG� WKH� ODUJHVW� SXOVH�1�2�SURGXFWLRQ�DIWHU� UHZHWWLQJ�� IROORZHG�E\� IRUHVW� DQG�FURSODQG�

VRLOV��7KH�1�2�SURGXFWLRQ�GXULQJ�UHZHWWLQJ�ZDV�SRVLWLYHO\�FRUUHODWHG�ZLWK�12�
��FRQFHQWUDWLRQ�

RI� WKH� DLU�GULHG� VRLOV�� DQG� WKH� DGGLWLRQ� RI� 12�
�� WR� DLU�GULHG� VRLO� VDPSOHV� LQFUHDVHG� 1�2�

SURGXFWLRQ�WKH�PRVW�FRPSDUHG�WR�1+�
��DQG�12�

��DGGLWLRQ���

� �



����6\QWKHVLV�

,Q�WKLV�WKHVLV��D�VHULHV�RI�H[SHULPHQWV�ZHUH�GHVLJQHG�DQG�FRQGXFWHG��SURYLGLQJ�VWURQJ�HYLGHQFH�

WKDW� 1+�2+�UHODWHG� DELRWLF� SURFHVVHV� DUH� LPSRUWDQW� FRQWULEXWRUV� WR� 1�2� SURGXFWLRQ� GXULQJ�

QLWULILFDWLRQ�LQ�SXUH�QLWULILHU�FXOWXUHV�DV�ZHOO�DV�LQ�QDWXUDO�VRLOV��6RLO�EDVLF�SURSHUWLHV��VXFK�DV�

62&�DQG�0Q�FRQWHQW�DV�ZHOO�DV�S+��DIIHFW�WKH�1�2�SURGXFWLRQ�YLD�1+�2+�GXULQJ�QLWULILFDWLRQ��

7KH� RWKHU� QLWULILFDWLRQ� LQWHUPHGLDWH�� 12�
��� DOVR� SOD\HG� DQ� LPSRUWDQW� UROH� LQ� VRLO� 1�2�

SURGXFWLRQ�� HVSHFLDOO\� GXULQJ� UHZHWWLQJ� HYHQWV�� :LWK� WKH� REWDLQHG� UHVXOWV�� WKH� SUHVHQFH� RI�

FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVPV�RI�1�2�SURGXFWLRQ�GXULQJ�QLWULILFDWLRQ�LQ�QDWXUDO�VRLOV�KDV�

EHHQ�SURYHG�DQG�HOXFLGDWHG��

7KH�ILUVW�H[SHULPHQW��DV�SUHVHQWHG�LQ�FKDSWHU�WZR��SURYHG�WKH�SRVVLELOLW\�RI�1+�2+�UHOHDVH�LQ�

FHUWDLQ� $2%�� $2$� DQG� WKH� FRPDPPR[� DQG� JDYH� VWURQJ� HYLGHQFH� IRU� D� VXEVWDQWLDO�

FRQWULEXWLRQ� RI� D� FRXSOHG� ELRWLF�DELRWLF� PHFKDQLVP� LQYROYLQJ� 1+�2+� WR� 1�2� SURGXFWLRQ�

GXULQJ�1+��R[LGDWLRQ��$OWKRXJK� WKH�GHWHUPLQDWLRQ�RI�1+�2+�FRQFHQWUDWLRQ�IURP�RQH�$2%�

FXOWXUH� �KDG�EHHQ�FRQGXFWHG�LQ�VHYHUDO�IRUPHU�VWXGLHV��6W�YHQ ��

������<X�	�&KDQGUDQ���������WKH�H[SHULPHQW�LQ�WKLV�WKHVLV�VKRZHG�WKH�YDULDELOLW\�RI�1+�2+�

UHOHDVH�LQ�YDULRXV�$2%��)RU�H[DPSOH��PRUH�1+�2+�H[FUHWLRQ�ZDV�REVHUYHG�LQ�

�� ZKLOH� QR� 1+�2+� UHOHDVH� ZDV� REVHUYHG� LQ� � DQG�

�� 7KH� H[DFW� UHDVRQ� UHVSRQVLEOH� IRU� WKH� YDULDELOLW\� RI� 1+�2+� UHOHDVH�

FDSDFLW\�UHPDLQV�XQFOHDU��EXW�WKHVH�UHVXOWV�PD\�LQGLFDWH�D�YHUVDWLOH�FRQWULEXWLRQ�RI�1+�2+�WR�

DELRWLF� 1�2� SURGXFWLRQ� LQ� GLIIHUHQW� HFRV\VWHPV�� )RU� WKH� ILUVW� WLPH�� WKLV� H[SHULPHQW� DOVR�

VKRZHG� WKH� 1+�2+� UHOHDVH� FDSDFLW\� LQ� $2$�� $2$� KDYH� UHFHLYHG� LQFUHDVLQJ� DWWHQWLRQ�

UHJDUGLQJ�QLWULILFDWLRQ�UHODWHG�1�2�SURGXFWLRQ�GXH�WR�WKH�REVHUYHG�1�2�SURGXFWLRQ�FDSDFLW\�RI�

VHYHUDO�$2$�VWUDLQV��-XQJ ��������6WLHJOPHLHU ��������DQG�DQ�$2$�DEXQGDQFH�WKDW�

H[FHHGV�WKDW�RI�$2%�E\�RUGHUV�RI�PDJQLWXGH�LQ�FHUWDLQ�HFRV\VWHPV��/HLQLQJHU ��������+H

��������LQ�UHFHQW�\HDUV��7KH�REVHUYDWLRQ�RI�1+�2+�UHOHDVH�LQ�RQH�$2$�SXUH�FXOWXUH�DQG�

RQH�$2$�HQULFKPHQW� VKRZHG� WKDW�1�2�SURGXFWLRQ� LQ�$2$�FRXOG� DOVR� VWHP� IURP� WKH�ZHOO�

NQRZQ�FKHPLFDO�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�12�
���(YHQ�WKRXJK�WKH�1+�2+�ILQDO�SURGXFW�

UDWLRV�ZHUH�VPDOOHU�WKDQ����IRU�PRVW�RI�WKH�FXOWXUHV�H[FHSW�FRPDPPR[��WKH�UHOHDVHG�DPRXQW�

RI� 1+�2+� FDQQRW� EH� LJQRUHG� FRQVLGHULQJ� WKH� IDFW� WKDW� WKH� WRWDO� 1�2� SURGXFWLRQ� IURP� 1�

IHUWLOL]HU�DSSOLFDWLRQ�LV�DURXQG�����'H�.OHLQ ��������YLD�ERWK�SDWKZD\V�RI�QLWULILFDWLRQ�

DQG� GHQLWULILFDWLRQ�� 1+�� R[LGDWLRQ� FDQ� FRQWULEXWH� DERYH� ���� WR� VRLO� 1�2� HPLVVLRQV� XQGHU�

FHUWDLQ�FRQGLWLRQV��ZKLFK�PHDQV�WKDW�XS�WR������RI�WKH�DGGHG�1�ZRXOG�EH�ORVW�DV�1�2�WKURXJK�



WKH�1+�� R[LGDWLRQ� SURFHVV�� 7KH� WRWDO� 1+�2+�ILQDO� SURGXFW� H[FUHWLRQ� UDWLR� RI� WKH� VRLO� 1+��

R[LGL]HU� �ZDV�IRXQG�WR�EH�DV�KLJK�DV�������,I�WKH�FRQYHUVLRQ�RI�1+�2+�WR�1�2�

FDQ�UHDFK������ZKLFK�LV�UHDOLVWLF�IRU�FHUWDLQ�VRLO�VDPSOHV�FRQWDLQLQJ�ODUJH�DPRXQWV�RI�R[LGDQWV��

H�J���0Q��D� UHODWLYHO\� ORZ�S+�DQG�D� UHODWLYHO\�VPDOO�DPRXQW�RI�62&��/LX ������D��� WKH�

FRQWULEXWLRQ�RI�1+�2+�WR�1�2�IRUPDWLRQ�FRXOG�EH�DURXQG������DIWHU�1�DSSOLFDWLRQ��

%HIRUH� WKH� VHFRQG� H[SHULPHQW�� QR� VXFFHVVIXO� DWWHPSW� WR� H[WUDFW� 1+�2+� IURP� QDWXUDO� VRLO�

VDPSOHV� KDG� EHHQ� UHSRUWHG�� SUREDEO\� GXH� WR� WKH� UHDFWLYH� QDWXUH� RI� 1+�2+�� 'LIIHUHQW�

H[WUDFWLRQ�FRQGLWLRQV�±�VXFK�DV�WHPSHUDWXUH��S+��H[WUDFWLRQ�PHWKRG�DQG�WLPH�±�PD\�DIIHFW�WKH�

GHWHUPLQDWLRQ� RI� 1+�2+� FRQFHQWUDWLRQV�� $V� 1+�2+� GHFRPSRVHV� IDVWHU� DW� QHXWUDO� DQG�

DONDOLQH� FRQGLWLRQV�� WKH� DFLGLF� FRQGLWLRQ� LV� EHQHILFLDO� IRU� WKH� FRQVHUYDWLRQ� RI� 1+�2+�� 7KH�

UHVXOWV� RI� WKLV� H[SHULPHQW� LQGHHG� VKRZHG�D�TXLFN� WXUQRYHU�RI�1+�2+�GXULQJ� WKH� H[WUDFWLRQ�

SURFHVV�� :LWK� ZDWHU�� LQVWHDG� RI� DFLG� �S+�  � ����� VROXWLRQ�� QR� 1+�2+� FRXOG� EH� H[WUDFWHG��

LQGLFDWLQJ�WKH�VWURQJ�UHDFWLYLW\�RI�1+�2+�DW�QHXWUDO�RU�DONDOLQH�FRQGLWLRQV��DV�1+�2+�UHDFWV�

ZLWK� D� UDQJH�RI� VRLO� FRQVWLWXHQWV�� VXFK�DV�620��0Q�R[LGHV� DQG� IHUULF� LURQ� �%UHPQHU ��

�������0RUHRYHU��LW�KDV�EHHQ�NQRZQ�WKDW�D�KLJK�12�
��FRQFHQWUDWLRQ�FDQ�ELDV�WKH�GHWHUPLQDWLRQ�

RI�1+�2+�LQ�ZDWHU�VDPSOHV�E\�WKH�ZHOO�NQRZQ�K\EULG�UHDFWLRQV�EHWZHHQ�12�
��DQG�1+�2+�

�.RFN� 	� %DQJH�� ������� 7KLV� H[SHULPHQW� SURYHG� WKH� HIIHFWLYHQHVV� RI� DSSOLFDWLRQ� RI�

VXOIDQLODPLGH�IRU�UHPRYLQJ�WKH�12�
��HIIHFW�RQ�1+�2+�GHWHUPLQDWLRQ�LQ�VRLO�VDPSOHV��$QRWKHU�

LQWHUHVWLQJ� UHVXOW� LQ� WKLV� H[SHULPHQW� ZDV� WKDW� HYHQ� WKRXJK� WKH� 1+�2+� FRQFHQWUDWLRQV�

PHDVXUHG�LQ�WKH�IRUHVW�VDPSOHV�ZHUH�DSSUR[LPDWHO\�WKUHH�RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKH�

FRQFHQWUDWLRQV�RI�DPPRQLXP�DQG�QLWUDWH��WKH\�ZHUH�VWLOO�FRPSDUDEOH�WR�FRPPRQ�FRQFHQWUDWLRQ�

YDOXHV�RI�QLWULWH�LQ�VRLO���

$� IXUWKHU� H[SHULPHQW�ZDV� FDUULHG� RXW� WR� DSSO\� WKH� QHZO\� GHYHORSHG�1+�2+� GHWHUPLQDWLRQ�

PHWKRG�FRPELQHG�ZLWK�*&�PLFURLQFXEDWLRQ�IRU� WKH�DQDO\VLV�RI� WKH�UHODWLRQVKLS�EHWZHHQ�VRLO�

1+�2+�FRQWHQW�DQG�DHURELF�1�2�SURGXFWLRQ�LQ�D�1RUZD\�VSUXFH�IRUHVW�HFRV\VWHP�ZLWK�KLJK�

VSDWLDO� KHWHURJHQHLW\�� 7KLV� IRUHVW� HFRV\VWHP� ZDV� FKDUDFWHUL]HG� E\� YDULRXV� WRSRJUDSKLF�

FRQGLWLRQV�� ZLWK� VORSH� DQG� HOHYDWLRQ� UDQJLQJ� EHWZHHQ� ����±������ DQG� ���±���� P��

UHVSHFWLYHO\��LQ�WKH�VDPSOLQJ�DUHD�RI�WKLV�VWXG\��%HVLGHV��RQH�VPDOO�FUHHN�IORZHG�WKURXJK�WKH�

VWXG\�VLWH��ZKLFK�PDGH�WKH�HFRV\VWHP�PRUH�FRPSOH[��7KH�FRPSOH[LW\�RI� WKH�HFRV\VWHP�ZLWK�

LWV� XSODQG� DQG� ZHWODQG� VRLO� DUHDV� DOORZHG� WKH� LGHQWLILFDWLRQ� RI� KRWVSRWV� RI� 1+�2+�

FRQFHQWUDWLRQ��ZKLFK�ZHUH�VLPLODU�WR�WKH�KRWVSRWV�RI�DHURELF�1�2�SURGXFWLRQ�UDWHV��LQGLFDWLQJ�

D�FORVH�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�SDUDPHWHUV���



7KHUH�DUH�PDLQO\�WZR�SRWHQWLDO�SDWKZD\V�IRU�WKH�R[LGDWLRQ�RI�1+�2+�WR�1�2��WKH�ELRORJLFDO�

UHDFWLRQ� E\� WKH� HQ]\PH� +$2� RU� PHWKDQRWURSKLF� EDFWHULD�� DQG� WKH� FKHPLFDO� R[LGDWLRQ� E\�

QLWULWH�RU�UHGR[�DFWLYH�PHWDO�FDWLRQV��%UHPQHU��������&DPSEHOO� �������6WHLQ���������7KH�

UHGR[�UHDFWLRQ�EHWZHHQ�1+�2+�DQG�0Q������0Q2������1+�2+�ĺ���0Q2���1�2�����+�2��

KDV�EHHQ�GHPRQVWUDWHG� WR�SOD\�DQ� LPSRUWDQW� UROH� LQ�VRLO�1�2�HPLVVLRQV��%UHPQHU��������� ,Q�

WKLV� VWXG\�� E\� XVLQJ�PXOWLSOH� UHJUHVVLRQ� DQDO\VLV��ZH� DOVR� IRXQG� WKDW�0Q�ZDV� DQ� LPSRUWDQW�

IDFWRU� H[SODLQLQJ�1�2� HPLVVLRQ� UDWHV� GHVSLWH� D�PXFK� KLJKHU� )H� FRQFHQWUDWLRQ� LQ� WKH� IRUHVW�

VRLOV��HPSKDVL]LQJ�WKH�LPSRUWDQFH�RI�WKH�R[LGDWLRQ�RI�1+�2+�E\�0Q2��WR�1�2�LQ�VRLO��ZKLFK�

LV�GXH�WR�WKH�KLJKHU�SRVLWLRQ�RI�WKH�0Q���0Q���SDLU�LQ�WKH�UHGR[�FKDLQ�FRPSDUHG�WR�)H���)H����

0RUHRYHU�� WKLV�H[SHULPHQW� LQ� WKLV� WKHVLV�SURYLGHG�D� VXSSRUWLQJ� WRRO� WR�HOXFLGDWH�NH\�FRQWURO�

YDULDEOHV� RI� VRLO� 1�2� HPLVVLRQ� WKDW� FDQ� EH� UHODWLYHO\� HDVLO\� PHDVXUHG�� WR� GHWHUPLQH� WKHVH�

YDULDEOHV�DQG�WR�FDOFXODWH�WKH�UHVSHFWLYH�1�2�HPLVVLRQ�UDWHV�IRU�WKH�GLIIHUHQW�VDPSOLQJ�SRLQWV���

)URP�WKH�IRUPHU�H[SHULPHQWV��VHYHUDO�FRQWURO�IDFWRUV�� L�H��62&�FRQWHQW��RU�PRUH�VSHFLILFDOO\�

&�1�UDWLR���S+�DQG�0Q�FRQWHQW��ZHUH�DVVXPHG�WR�DIIHFW�WKH�DELRWLF�1�2�SURGXFWLRQ�LQYROYLQJ�

1+�2+�� 7KH� FRQFHSWXDO� PRGHO� K\SRWKHVL]HG� WKDW� WKH� UHOHDVHG� 1+�2+� ZRXOG� UHDFW� ZLWK�

GLIIHUHQW�VRLO�FRQVWLWXHQWV��H�J��620�DQG�0Q2���$W�KLJKHU�S+��XQSURWRQDWHG�1+�2+�ZRXOG�

UHDFW�PRUH� UHDGLO\�ZLWK� FDUERQ\O� JURXSV� RI� 620�� OHDGLQJ� WR� R[LPH� IRUPDWLRQ� DQG�PDNLQJ�

1+�2+�OHVV�DYDLODEOH�IRU�R[LGDWLRQ�WR�1�2�E\�0Q2���/RZHU�VRLO�S+�ZRXOG�OHDG�WR�LQFUHDVHG�

SURWRQDWLRQ�RI�1+�2+��PDNLQJ�1+�2+�PRUH�VWDEOH�DJDLQVW�WKH�UHDFWLRQ�ZLWK�FDUERQ\O�JURXSV�

RI�620�DQG�PRUH�SURQH�WR�WKH�UHDFWLRQ�ZLWK�0Q2���OHDGLQJ�WR�KLJKHU�1�2�IRUPDWLRQ�IURP�WKH�

VDPH�DPRXQW�RI�1+�2+��7KH�UHVXOWV�RI�FKDSWHU�ILYH�YHULILHG�WKLV�FRQFHSWXDO�PRGHO��DQG�WKH�

LQWHUDFWLYH�HIIHFWV�RI�WKH�PDMRU�FRQWURO�IDFWRUV�RI�DELRWLF�1�2�IRUPDWLRQ�IURP�1+�2+�LQ�VRLO��

L�H��0Q2�� FRQWHQW�� S+� DQG� 20� TXDQWLW\� DQG� TXDOLW\�� FRXOG� EH� TXDQWLILHG� E\� GHYHORSLQJ� D�

UHJUHVVLRQ�PRGHO��

$OWKRXJK�SUHYLRXV�SDSHUV�UHSRUWHG�WKH�LPSRUWDQFH�RI�12�
��DQG�1+�2+�RQ�VRLO�1�2�HPLVVLRQV�

VHSDUDWHO\� �%UHPQHU �� ������ 9HQWHUHD�� ������ +HLO �� ������� DFFRUGLQJ� WR� RXU�

NQRZOHGJH�QR�VWXG\�KDV�WULHG�WR�FRPSDUH�WKH�FRQWULEXWLRQ�RI� WKH�WZR�UHDFWLYH�1�FRPSRXQGV�

RQ�VRLO�1�2�HPLVVLRQV�DW�WKH�VDPH�WLPH��ZLWK�FRQVLGHUDWLRQ�RI�GLIIHUHQW�VRLO�W\SHV��ELRORJLFDO�

DQG�DELRWLF�SURFHVVHV��DQG�UHGR[�KLVWRU\��7KH�UHVXOWV�RI�WKH�VL[WK�H[SHULPHQW�DOVR�SURYHG�WKH�

IRUPHU� VWXGLHV� WKDW� DELRWLF�1+�2+�WR�1�2�FRQYHUVLRQ� LV� SRVLWLYHO\� FRUUHODWHG�ZLWK� VRLO�0Q�

FRQWHQW�� EXW� QHJDWLYHO\� FRUUHODWHG� ZLWK� 62&� FRQWHQW�� +RZHYHU�� VLQFH� PRVW� RI� WKH� 1�2�

SURGXFHG� IURP� 12�
�� FDPH� IURP� WKH� ELRWLF� SDWKZD\�� VRLO� SURSHUWLHV� WKDW� FDQ� VWLPXODWH� WKH�



PLFURELDO�RU�HQ]\PH�DFWLYLW\�LQ�VRLOV�ZRXOG�EH�PRUH�LPSRUWDQW�IRU�1�2�SURGXFWLRQ�IURP�12�
���

+RZHYHU�� WKH� VWLPXODWLQJ� IDFWRUV� IRU� 1�2� SURGXFWLRQ� IURP� 12�
�� FRXOG� VWLOO� QRW� EH� IXOO\�

LGHQWLILHG�LQ�WKLV�VWXG\��0RUHRYHU��WKLV�VWXG\�DOVR�VKRZHG�WKDW�UHGR[�FRQGLWLRQV�DUH�LPSRUWDQW�

IRU�WKH�FRQWULEXWLRQ�RI�WKHVH�WZR�UHDFWLYH�QLWULILFDWLRQ�LQWHUPHGLDWHV�WR�1�2�SURGXFWLRQ��:KHQ�

VRLO�LV�DW�D�UHGXFHG�VWDWH��PRUH�UHGXFHG�PHWDO�LRQV��H�J��0Q���DQG�)H����DV�ZHOO�DV�'2&�ZLOO�EH�

UHOHDVHG��ZKLFK�ZRXOG�ELQG�ZLWK�1+�2+�DQG�OHDG�WR�OHVV�1�2�SURGXFWLRQ�IURP�WKLV�SDWKZD\��

+RZHYHU��D�UHGXFHG�VWDWH�RI�VRLO�ZRXOG�SUREDEO\�LQFUHDVH�WKH�FRQWULEXWLRQ�RI�1�2�IURP�12�
��

E\�LQFUHDVLQJ�WKH�DELRWLF�UHDFWLRQV�EHWZHHQ�12�
��DQG�UHGXFHG�LURQ��

6LQFH� LW� LV� XQOLNHO\� WKDW� 1+�2+�ZRXOG� DFFXPXODWH� GXULQJ� VRLO� GU\LQJ� EHFDXVH� RI� LWV� YHU\�

UHDFWLYH�QDWXUH��HVSHFLDOO\�DW�GU\�FRQGLWLRQV��WKH�ODVW�H[SHULPHQW�RQO\�VWXGLHG�WKH�FRQWULEXWLRQ�

RI� 12�
��� 12�

�� DQG� 1+�
�� RQ� VRLO� 1�2� SURGXFWLRQ� GXULQJ� UHZHWWLQJ�� 7KH� UHVXOWV� RI� WKLV�

H[SHULPHQW� VKRZHG�D�SRVLWLYH�DQG�VLJQLILFDQW�FRUUHODWLRQ�EHWZHHQ� WKH�12�
�� FRQFHQWUDWLRQ� LQ�

WKH�DLU�GULHG�VRLO�VDPSOHV�DW�WKH�WLPH�RI�UHZHWWLQJ�DQG�WKH�VRLO�1�2�SURGXFWLRQ�DIWHU�UHZHWWLQJ��

0RUHRYHU��WKH�HIIHFW�RI�WKH�ELRWLF�DQG�DELRWLF�SURFHVVHV�RQ�WKH�1�2�SURGXFHG�IURP�12�
��ZDV�

GHSHQGHQW�RQ�VRLO�W\SHV��*DPPD�UDGLDWLRQ�FRQILUPHG�WKDW�DELRWLF�SURFHVVHV�FRQWULEXWHG�DERXW�

�������RI�1�2�SURGXFWLRQ�IURP�12�
��GXULQJ�UHZHWWLQJ�RI� IRUHVW�VRLO�VDPSOHV��ZKLOH�IRU� WKH�

JUDVVODQG�VRLO�DQ�HYHQ�KLJKHU�1�2�SURGXFWLRQ�ZDV�IRXQG�DIWHU�WKH�JDPPD�UDGLDWLRQ�WUHDWPHQW���

�

฀ �



����3HUVSHFWLYHV�

7KURXJK� WKH� H[SHULPHQWV� RI� WKLV� WKHVLV�� D� FOHDUHU� SLFWXUH� RI� WKH� FRXSOHG� ELRWLF�DELRWLF�

PHFKDQLVPV�RI�1�2�SURGXFWLRQ�GXULQJ�QLWULILFDWLRQ�FRXOG�EH�GHYHORSHG��7KXV�� WKH�UHVXOWV�RI�

WKH� WKHVLV� FDQ� KHOS� WR� H[WHQG� RXU� FXUUHQW� XQGHUVWDQGLQJ� RI� WKH� ELRWLF� DQG� DELRWLF� 1�2�

SURGXFWLRQ�PHFKDQLVPV�DQG�LPSURYH�WKH�HVWLPDWLRQ�RI�1�2�HPLVVLRQV�LQ�GLIIHUHQW�VRLOV�XQGHU�

GLIIHUHQW�HQYLURQPHQWDO�FRQGLWLRQV��+RZHYHU��D�UDQJH�RI�TXHVWLRQV�DUH�VWLOO�OHIW�RSHQ�GXH�WR�WKH�

ILQLWH�WLPH�WKDW�ZDV�DYDLODEOH�IRU�WKLV�GLVVHUWDWLRQ��

������7KH�UHOHDVH�RI�1+�2+�GXULQJ�1+��R[LGDWLRQ�LQ�DPPRQLD�R[LGL]HUV�HQULFKHG�IURP�
GLIIHUHQW�VRLOV�LQ�YDULRXV�HFRV\VWHPV�

(YHQ� WKRXJK� WKLV� GLVVHUWDWLRQ� KDV� GHPRQVWUDWHG� WKH� H[LVWHQFH� RI�1+�2+� UHOHDVH� LQ� YDULRXV�

FKHPRDXWRWURSKLF�DPPRQLD�R[LGL]HUV��RQO\�WZR�RI�WKH�VWXGLHG�$2%�ZHUH�HQULFKHG�IURP�VRLOV��

,Q�DGGLWLRQ��1+�2+�UHOHDVH�KDV�QRW�EHHQ�REVHUYHG�LQ�WKH�WZR�QHZO\�HQULFKHG�VRLO�$2$�VWUDLQV�

� �1LWURVRWDOHD�VS��1G��DQG� ���5HFHQW�UHVHDUFK�GHPRQVWUDWHG�WKDW�

WKH�UDQJH�RI���1�VLWH�SUHIHUHQFH��63��YDOXHV��RQH�SURPLVLQJ�LQGLFDWRU�WR�SDUWLWLRQ�WKH�VRXUFHV�

RI�1�2�SURGXFWLRQ��RI�VRLO�$2$�VWUDLQV�ZDV������Å��-XQJ ���������LQGLFDWLQJ�WKDW�1�2�

SURGXFWLRQ� IURP� VRLO� $2$� PD\� RULJLQDWH� IURP� GLIIHUHQW� SURGXFWLRQ� SDWKZD\V�� OHDYLQJ� WKH�

TXHVWLRQ�DERXW�WKH�LPSRUWDQFH�RI�WKH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVP�RI�1�2�SURGXFWLRQ�LQ�

VRLO� $2$� RSHQ�� 0RUHRYHU�� RWKHU� PLFURRUJDQLVPV�� VXFK� DV� KHWHURWURSKLF� QLWULILHUV�� IXQJDO�

GHQLWULILHUV�DQG�PHWKDQRWURSKLF��PHWKDQH�R[LGL]LQJ��EDFWHULD�PD\�SOD\�D�FUXFLDO�UROH�LQ�1+��

R[LGDWLRQ� LQ� FHUWDLQ� HFRV\VWHPV� �6WHLQ�� ������ 5RKH �� ������ =KDQJ �� ����E���

+RZHYHU�� 1+�2+� UHOHDVH� UDWHV� KDYH� QRW� EHHQ� GHWHUPLQHG� \HW� IRU� WKHVH� PLFURRUJDQLVPV��

0RUHRYHU��HYHQ�WKRXJK�WKH�1�2�SURGXFWLRQ�IURP�WKH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVPV�KDV�

EHHQ� HVWLPDWHG� LQ� WKLV� GLVVHUWDWLRQ�� IXUWKHU� VWXGLHV� VKRXOG� TXDQWLI\� WKH� UHDO�1�2�SURGXFWLRQ�

GXULQJ� 1+�� R[LGDWLRQ� LQ� SXUH� FXOWXUHV� DQG� FRPSDUH� WKH� 1�2� SURGXFWLRQ� UDWH� ZLWK� WKH�

FDOFXODWHG�1�2�SURGXFWLRQ�UDWH�E\�WKH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVP��7KH�LPSRUWDQFH�RI�

WKLV� PHFKDQLVP� LQ� 1�2� SURGXFWLRQ� GXULQJ� 1+�� R[LGDWLRQ� LQ� SXUH� FXOWXUHV� VKRXOG� DOVR� EH�

IXUWKHU� VWXGLHG� XQGHU� GLIIHUHQW� HQYLURQPHQWDO� FRQGLWLRQV�� H�J�� GLIIHUHQW� OHYHOV� RI� 2��

DYDLODELOLW\�DQG�S+��

�

�



������ 7KH� LPSRUWDQFH� RI� WKH� FRXSOHG� ELRWLF�DELRWLF� PHFKDQLVPV� LQ� VRLO� RI� RWKHU�
HFRV\VWHPV�

7KLV� GLVVHUWDWLRQ� KDV� GHPRQVWUDWHG� WKH� SRVVLELOLW\� RI� 1+�2+� DQDO\VLV� DQG� D� SRVLWLYH�

FRUUHODWLRQ�EHWZHHQ�1+�2+�FRQFHQWUDWLRQ�DQG�DHURELF�1�2�SURGXFWLRQ�LQ�VSUXFH�IRUHVW�VRLO���

+RZHYHU�� WKH�GHWHUPLQDWLRQ�RI�1+�2+�LQ�RWKHU�VRLOV� LV�VWLOO�QHFHVVDU\� WR� IXOO\�HOXFLGDWH� WKH�

LPSRUWDQFH� RI� WKLV�PHFKDQLVP� RI�1�2�SURGXFWLRQ� LQ� JHQHUDO��0RUHRYHU�� VRLO� HQYLURQPHQWDO�

IDFWRUV�� VXFK� DV� S+�� 0Q2�� DQG� 62&� FRQWHQW� KDYH� EHHQ� GHPRQVWUDWHG� DV� LPSRUWDQW�

FRQWULEXWRUV� WR� WKH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVP�EDVHG�RQ� WKH�VWXGLHV�RQ�RQH�JUDVVODQG��

FURSODQG�DQG�YDULRXV�VRLOV�IURP�D�VSUXFH�IRUHVW��)XUWKHU�VWXGLHV�DUH�QHHGHG��WKRXJK��WR�UHILQH�

WKH� UHJUHVVLRQ�PRGHO� RI� WKH� DELRWLF� FRQYHUVLRQ� RI�1+�2+� WR�1�2�E\� FRQVLGHULQJ� WKH� WKUHH�

IDFWRUV��S+��0Q2��DQG�62&��LQ�RWKHU�VRLOV���

,Q�DGGLWLRQ��WKH�UROH�RI�12�
��LQ�WKH�FRXSOHG�ELRWLF�DELRWLF�PHFKDQLVP�DQG�WKH�LPSDFW�IDFWRUV�RI�

12�
��UHODWHG�DELRWLF�1�2�SURGXFWLRQ�LQ�VRLOV�FRXOG�QRW�EH�IXOO\�HOXFLGDWHG�LQ�WKLV�GLVVHUWDWLRQ��

$OWKRXJK�WKH�LPSRUWDQFH�RI�12�
��LQ�DELRWLF�1�2�SURGXFWLRQ��DOVR�FDOOHG�FKHPRGHQLWULILFDWLRQ��

KDV�EHHQ�QRWLFHG�IRU�D�ORQJ�WLPH��DQG�QXPEHU�RI�VWXGLHV�KDYH�EHHQ�FDUULHG�RXW��YDQ�&OHHPSXW�

	�6DPDWHU��������9HQWHUHD��������0�OOHU ���������WKH�H[DFW�PHFKDQLVPV��VXFK�DV�WKH�UROH�

RI�FKHPLFDO�SURSHUWLHV�RI�620��S+�DQG�PHWDO�LRQV� LQ�FKHPRGHQLWULILFDWLRQ�DUH�VWLOO�QRW�IXOO\�

XQGHUVWRRG�� )XUWKHU� VWXGLHV� VKRXOG� DOVR� GHYHORS� D� PRGHO�� OLNH� WKH� RQH� GHYHORSHG� LQ� WKLV�

GLVVHUWDWLRQ�� ZLWK� FRQVLGHUDWLRQ� RI� VRLO� EDVLF� SURSHUWLHV� DQG� HQYLURQPHQWDO� IDFWRUV� IRU� ERWK�

1+�2+�DQG�12�
��UHODWHG�DELRWLF�1�2�SURGXFWLRQ���

������ 'HYHORSLQJ� HIIHFWLYH� PHDVXUHV� WR� PLWLJDWH� VRLO� 1�2� HPLVVLRQV� FRQVLGHULQJ� WKH�
PHFKDQLVP�RI�FRXSOHG�ELRWLF�DELRWLF�1�2�SURGXFWLRQ�LQ�VRLOV�

&XUUHQWO\��PHDVXUHV�WR�PLWLJDWH�VRLO�1�2�HPLVVLRQV�DUH�PDLQO\�GHSHQGHQW�RQ�ELRORJLFDO�1�2�

SURGXFWLRQ�SDWKZD\V��VXFK�DV�LQKLELWLQJ�WKH�HQ]\PH�DFWLYLW\�RI�125�DQG�$02��+RZHYHU��WKH�

PHFKDQLVP� RI� FRXSOHG� ELRWLF�DELRWLF� SURGXFWLRQ� FDQ� SURYLGH� D� QHZ� VWLPXOXV� IRU� WKH�

GHYHORSPHQW� RI� 1�2� PLWLJDWLRQ� PHDVXUHV� E\� FKDQJLQJ� WKH� UHDFWLRQ� FRQGLWLRQV� EHWZHHQ�

1+�2+�� 12�
�� DQG� VRLO� FRQVWLWXHQWV�� )RU� H[DPSOH�� LQFUHDVLQJ� S+� KDV� EHHQ� VKRZQ� DV� DQ�

HIIHFWLYH�PHDVXUH� WR� UHGXFH�1�2� HPLVVLRQV� LQ� FHUWDLQ� HFRV\VWHPV� E\� LQFUHDVLQJ� WKH� QLWURXV�

R[LGH� UHGXFWDVH� DFWLYLW\�� +RZHYHU�� LQFUHDVLQJ� VRLO� S+� FDQ� DOVR� GHFUHDVH� WKH� FKHPLFDO�

SURGXFWLRQ� RI� 1�2� IURP� 1+�2+�� EXW� IRVWHU� WKH� SURGXFWLRQ� RI� 1�� DQG� 12�
��� $GGLWLRQ� RI�

RUJDQLF� VRLO� DPHQGPHQWV� ZLWK� VXLWDEOH� IXQFWLRQDO� JURXSV� �H�J��� FDUERQ\O� JURXSV�� WR� VRLOV��



DFFRPSDQLHG� E\� WKH� DSSOLFDWLRQ� RI� DPPRQLD� IHUWLOL]HU�� FRXOG� SRWHQWLDOO\� OHDG� WR� D� KLJKHU�

ELQGLQJ� UDWH� RI� UHOHDVHG�1+�2+� WR� 620�� WKHUHE\� UHGXFLQJ� WKH� DYDLODELOLW\� RI� 1+�2+� IRU�

FKHPLFDO�R[LGDWLRQ�WR�1�2�GXULQJ�QLWULILFDWLRQ��+RZHYHU��DGGLWLRQ�RI�RUJDQLF�VRLO�DPHQGPHQWV�

FRXOG�DOVR�LQFUHDVH�WKH�DFWLYLW\�RI�GHQLWULILHUV��ZKLFK�LQ�WXUQ�FRXOG�OHDG�WR�DQ�LQFUHDVH�LQ�1�2�

SURGXFWLRQ�IURP�GHQLWULILFDWLRQ��7KXV��IXUWKHU�VWXGLHV�RQ�WKH�SRWHQWLDOO\�FRXQWHUDFWLYH�HIIHFWV�

RI� VRLO�PDQDJHPHQW�RSWLRQV�RQ� WKH� UDQJH�RI�ELRWLF� DQG�DELRWLF�1�2�SURGXFWLRQ�SDWKZD\V� LQ�

VRLOV�DUH�QHHGHG�WR�GHYHORS�PRUH�HIIHFWLYH�1�2�PLWLJDWLRQ�PHDVXUHV��
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