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:H� SUHVHQW� D� UHFRUG� RI� SDUWLFXODWH� GXVW� FRQFHQWUDWLRQ� DQG� VL]H� GLVWULEXWLRQ� LQ� VXEDQQXDO����

UHVROXWLRQ� PHDVXUHG� RQ� WKH� (3,&$� 'URQQLQJ�0DXG� /DQG� �('0/�� LFH� FRUH� GULOOHG� LQ� WKH����

$WODQWLF�VHFWRU�RI�WKH�(DVW�$QWDUFWLF�SODWHDX��7KH�UHFRUG�UHDFKHV�IURP�SUHVHQW�GD\�EDFN�WR�WKH����

SHQXOWLPDWH� JODFLDO� XQWLO� �������� \U� %3� ZLWK� VXEDQQXDO� UHVROXWLRQ� IURP� ������� \U� %3� WR����

SUHVHQW��0HDQ� GXVW� FRQFHQWUDWLRQV� DUH� D� IDFWRU� RI� ��� KLJKHU� GXULQJ� WKH�*ODFLDO� �a������������

QJ�P/�� FRPSDUHG� WR� WKH� +RORFHQH� �a������� QJ�P/�� ZLWK� VOLJKWO\� VPDOOHU� GXVW� SDUWLFOHV����

GXULQJ�WKH�*ODFLDO�FRPSDUHG�WR�WKH�+RORFHQH�DQG�ZLWK�DQ�DEVROXWH�PLQLPXP�LQ�WKH�GXVW�VL]H����

DW��������\U�%3��7KH�FKDQJHV�LQ�GXVW�FRQFHQWUDWLRQ�DUH�PDLQO\�DWWULEXWHG�WR�FKDQJHV�LQ�VRXUFH����

FRQGLWLRQV� LQ� VRXWKHUQ� 6RXWK� $PHULFD�� $Q� LQFUHDVH� LQ� WKH� PRGDO� YDOXH� RI� WKH� GXVW� VL]H����

VXJJHVWV� WKDW�DW��������\U�%3�D�PDMRU�FKDQJH�LQ�DWPRVSKHULF�FLUFXODWLRQ�DSSDUHQWO\�DOORZHG����

PRUH�GLUHFW�WUDQVSRUW�RI�GXVW�SDUWLFOHV�WR�WKH�('0/�GULOO�VLWH��:H�ILQG�D�FOHDU�LQ�SKDVH�UHODWLRQ����

RI� WKH� VHDVRQDO� YDULDWLRQ� LQ� GXVW� PDVV� FRQFHQWUDWLRQ� DQG� GXVW� VL]H� GXULQJ� WKH� *ODFLDO����

�U�FRQF�VL]H�� ������EXW�QR�FOHDU�SKDVH� UHODWLRQVKLS�GXULQJ� WKH�+RORFHQH� ����� U�FRQF�VL]H�������

������:LWK�D�VLPSOH�FRQFHSWXDO��'�PRGHO�GHVFULELQJ�WKH�WUDQVSRUW�RI�WKH�GXVW�WR�WKH�LFH�VKHHW����

XVLQJ�WKH�VL]H�DV�DQ�LQGLFDWRU�IRU�WUDQVSRUW�LQWHQVLW\��ZH�ILQG�WKDW�WKH�HIIHFW�RI�WKH�FKDQJHV�LQ����

WKH�VHDVRQDOLW\�RI�WKH�VRXUFH�HPLVVLRQ�VWUHQJWK�DQG�WKH�WUDQVSRUW�LQWHQVLW\�RQ�WKH�GXVW�GHFUHDVH����

RYHU�7UDQVLWLRQ���FDQ�VLJQLILFDQWO\�FRQWULEXWH�WR�WKH�ODUJH�GHFUHDVH�RI�GXVW�FRQFHQWUDWLRQ�IURP����

WKH�*ODFLDO�WR�WKH�+RORFHQH�����

����

.H\ZRUGV��(3,&$�'0/�LFH�FRUH��GXVW�FRQFHQWUDWLRQ�DQG�VL]H��DWPRVSKHULF�G\QDPLFV����

����

��� ,QWURGXFWLRQ����

6LQFH�$QWDUFWLFD� LV� FRYHUHG� WR� ���� E\� LFH�� WKH� DHROLDQ� GXVW� GHSRVLWHG� RQ� WKH�$QWDUFWLF� LFH����

VKHHW� LV� DOPRVW� VROHO\� RI� UHPRWH� RULJLQ� DQG�ZDV� WUDQVSRUWHG� WKRXVDQGV� RI� NLORPHWUHV� LQ� WKH����



DWPRVSKHUH�� $FFRUGLQJO\�� PLQHUDO� GXVW� PHDVXUHG� LQ� $QWDUFWLF� LFH� FRUHV� SUHVHQWV� D� XQLTXH����

DUFKLYH� WR� UHFRQVWUXFW� WKH� DHROLDQ� PLQHUDO� GXVW� ORDG� LQ� WKH� 6RXWKHUQ� 2FHDQ� UHJLRQ� DQG����

DWPRVSKHULF�GXVW�WUDQVSRUW�WR�$QWDUFWLFD�GXULQJ�WKH�SDVW�XS�WR���������\HDUV�>Lambert et al. ���

������Lambert et al.�����@�� 3UHYLRXV� VWXGLHV� VKRZHG� WKDW� WKH� GXVW� FRQFHQWUDWLRQ� LQ� WKH� LFH����

FRUHV� IURP� WKH�(DVW�$QWDUFWLF�SODWHDX� �($3��FKDQJHV�RQ�JODFLDO�LQWHUJODFLDO� WLPHVFDOHV�E\�D����

IDFWRU�RI�DSSUR[LPDWHO\����>H�J��Fischer et al.,�����D��Lambert et al.,�������Delmonte et al.,����

������Petit et al.,�����@��ZLWK�VLJQLILFDQW�LPSDFW�RQ�WKH�UDGLDWLYH�EDODQFH�RI�WKH�(DUWK�DW�OHDVW����

RQ�D�UHJLRQDO�VFDOH�>H�J��Mahowald et al.,�����@�����

����

7KH�GXVW�FRQFHQWUDWLRQ� LQ� LFH�FRUHV� LV� LQIOXHQFHG�E\� WKH�FRQGLWLRQV�DW� WKH�VRXUFH��ZKHUH� WKH����

GXVW� SDUWLFOHV� DUH� XSOLIWHG� LQWR� WKH� DWPRVSKHUH�� E\� WKH� WUDQVSRUW� SURFHVVHV� WKURXJK� WKH����

DWPRVSKHUH� IURP� WKH� VRXUFH� WR� WKH� LFH� VKHHW� DQG� E\� GHSRVLWLRQ� SURFHVVHV� RQWR� WKH� VQRZ����

VXUIDFH��+RZHYHU� WKH�FRQWULEXWLRQ�RI�HDFK�RI� WKHVH� IDFWRUV� WR� WKH�RYHUDOO�JODFLDO�LQWHUJODFLDO����

FKDQJH� LV� QRW� VXIILFLHQWO\� TXDQWLILHG�� DOWKRXJK� GLIIHUHQW� H[SODQDWLRQV� DUH� SXW� IRUZDUG� >H�J�����

Petit and Delmonte,�������Fischer et al.,�����D@�DV�VXPPDUL]HG�LQ�WKH�'LVFXVVLRQ��0RUHRYHU�����

GXVW� HQDEOHG� DWPRVSKHULF� FLUFXODWLRQ� PRGHOV� VWLOO� IDLO� WR� UHSURGXFH� WKH� ODUJH� JODFLDO����

LQWHUJODFLDO�DPSOLWXGHV�LQ�GXVW�FRQFHQWUDWLRQ�YDULDELOLW\�LQ�$QWDUFWLF�LFH�FRUHV�E\�RQH�RUGHU�RI����

PDJQLWXGH�>H�J��Mahowald et al.,�����@�����

����

'XH� WR� WKH�SXULW\�RI� WKH� LFH�DQG� WKH�VPDOO� DPRXQW�RI� VDPSOH�DYDLODEOH�� WKH�PHDVXUHPHQW�RI����

GXVW� FKDUDFWHULVWLFV� LV� FKDOOHQJLQJ�� WKXV�� PRVW� RI� WKH� VWXGLHV� DUH� EDVHG� RQ� VDPSOHV� ZLWK� D����

UHVROXWLRQ� RI� VHYHUDO� \HDUV� RU� GHFDGHV�� +RZHYHU�� WKH� VHDVRQDO� YDULDELOLW\� RI� GXVW� LQSXW� WR����

$QWDUFWLFD�LV�KLJKO\�YDULDEOH�DQG�D�GLIIHUHQW�VHDVRQDO�WLPLQJ�RI�VRXUFH�HPLVVLRQV�DQG�WUDQVSRUW����

LQWHQVLW\�PD\�SOD\� D� VLJQLILFDQW� UROH� DOVR� LQ� WKH� REVHUYHG� ORQJ�WHUP�FKDQJHV� DQG� FDQQRW�EH����

DVVHVVHG�ZLWK�PXOWL�\HDU�DYHUDJHV��'XVW�SOXPHV�RULJLQDWLQJ�IURP�6RXWK�$PHULFD�ZHUH�IRXQG����

LQ�$QWDUFWLFD�ZLWKLQ� �����GD\V� DIWHU� WKH� GXVW� HPLVVLRQ� HYHQW� >Gasso et al.�� ����@��%XW� GXVW����



WUDQVSRUWHG��LQ�WKH�KLJK�WURSRVSKHUH�FDQ�KDYH�D�PXFK�ORQJHU�WUDQVSRUW�WLPH�WR�$QWDUFWLFD��'XH����

WR�WKH�UHODWLYHO\�VKRUW�OLIHWLPH�RI�PLQHUDO�GXVW�DHURVRO�RI�D�IHZ�GD\V�WR�ZHHNV��PD[LPXP�GXVW����

FRQFHQWUDWLRQV� LQ� $QWDUFWLFD� FDQ� RQO\� EH� HQFRXQWHUHG� ZKHQ� VWURQJ� VRXUFH� HPLVVLRQV� DQG����

HIILFLHQW� WUDQVSRUW� ZRUN� WRJHWKHU� VHDVRQDOO\�� 7KHUH� DUH� IHZ� VWXGLHV� GHDOLQJ� ZLWK� GXVW����

FRQFHQWUDWLRQ� UHFRUGV� LQ� VHDVRQDO� UHVROXWLRQ� SURYLGLQJ� LQIRUPDWLRQ� RQ� WKH� VHDVRQDO� GXVW����

FRQFHQWUDWLRQ� PD[LPXP�� 7KHVH� VWXGLHV� GR� QRW� JLYH� D� FRQVLVWHQW� SLFWXUH� IRU� WKH� ZKROH����

$QWDUFWLF� FRQWLQHQW�� Bory et al.� >����@�� ILQG� D� PD[LPXP� LQ� GXVW� FRQFHQWUDWLRQ� LQ����

VSULQJ�VXPPHU�RQ�WRS�RI�%HUNQHU�,VODQG��$W�/DZ�'RPH��HOHYDWHG�FRQFHQWUDWLRQV�ZHUH�IRXQG����

LQ�VSULQJ�DQG�DXWXPQ�ZLWK�D�PLQLPXP�LQ�ZLQWHU�>Burn-Nunes et al., ����@��$W�WKH�QRUWKHUQ�WLS����

RI�WKH�$QWDUFWLF�SHQLQVXOD�RQ�-DPHV�5RVV�,VODQG��FRQFHQWUDWLRQV�LQ�DOXPLQRVLOLFDWH�GXVW�OHYHOV����

DUH� KLJKHVW� GXULQJ� ODWH� ZLQWHU� >McConnell et al.,� ����@�� � $JDLQ�� DHURVRO� PHDVXUHPHQWV� DW����

6RXWK�3ROH� VKRZ�D�GXVW� FRQFHQWUDWLRQ�SHDN� LQ� DXVWUDO� VXPPHU� >Tuncel et al.,� ����@��0RGHO����

UHVXOWV�RI�VHDVRQDO�GXVW�LQSXW�WR�DOO�$QWDUFWLF�VLWHV�VXJJHVW�D�PD[LPXP�LQ�VXPPHU�IRU�FXUUHQW����

FOLPDWH�FRQGLWLRQV�>Albani et al.,�����E@��7KHVH�GLVFUHSDQFLHV�LQGLFDWH�WKDW�PRGHOV�VHHP�QRW����

WR�FDSWXUH� WKH� VHDVRQDOLW\�RI� WKH�GXVW�PD[LPXP�YHU\�ZHOO� DW�DOO�$QWDUFWLF� VLWHV�DQG� WKDW� WKH����

GXVW�PD[LPD�GR�QRW�RFFXU� V\QFKURQRXVO\�RYHU� WKH�ZKROH�$QWDUFWLF�FRQWLQHQW��'XVW� VRXUFHV�����

WKH�G\QDPLFV�RI�WKH�WUDQVSRUW�DQG�SURFHVVHV�HQ�URXWH�FDQ�GLIIHU�VLJQLILFDQWO\�ZLWKLQ�$QWDUFWLFD�����

HVSHFLDOO\�EHWZHHQ�ORZHU�DOWLWXGH�FRDVWDO�VLWHV�DQG�VLWHV�RQ�WKH�($3�����

7KH� SUHGRPLQDQW� GXVW� VRXUFH� IRU� WKH� LQWHULRU� ($3� GXULQJ� JODFLDO� WLPHV� LV� VRXWKHUQ� 6RXWK����

$PHULFD�ZLWK�SRVVLEOH�LQSXWV�IURP�DGGLWLRQDO�VRXUFHV�GXULQJ�WKH�GXVW\�JODFLDOV�>H�J��Delmonte ���

et al.,�������Delmonte et al.��������Marino et al.,�����@��'XULQJ�WKH�+RORFHQH��RWKHU�VRXUFHV����

OLNH�$XVWUDOLD�PLJKW�EHFRPH�UHODWLYHO\�PRUH� LPSRUWDQW� LQ� WKH�,QGLDQ�VHFWRU�RI� WKH�($3�>H�J������

Revel-Rolland et al.,�����@��ZKHUHDV�LQ�WKH�$WODQWLF�VHFWRU�WKH�LQIOXHQFH�RI�$XVWUDOLDQ�GXVW�LV�����

PLQRU�>Wegner et al.,�����@��$W�WKH�SUHVHQW�GD\�WKH�HPLVVLRQ�VWUHQJWK�RI�WKH�6RXWK�$PHULFDQ�����

VRXUFH� LV�KLJKO\�YDULDEOH�EXW�VKRZV�D�PD[LPXP�LQ�VXPPHU�>Johnson et al.,�����@��$OVR�WKH�����



KLJKHVW� IUHTXHQF\� RI� GXVW� VWRUPV� LQ� $XVWUDOLD� RFFXUV� LQ� VSULQJ� WR� VXPPHU� >Ekström et al.,�����

����@�������

�����

$GGLWLRQDO� LQIRUPDWLRQ�SULPDULO\�RQ�GXVW� WUDQVSRUW�DQG�GHSRVLWLRQ�PD\�EH�GHULYHG�IURP�VL]H�����

GLVWULEXWLRQ�PHDVXUHPHQWV� RQ�$QWDUFWLF� LFH� FRUHV��$VVXPLQJ� D� UHODWLYHO\� FRQVWDQW� GXVW� VL]H�����

GXULQJ�WKH�GXVW�HPLVVLRQ�DW�WKH�VRXUFH�>Kok et al.,�����@��WKH�GXVW�VL]H�LQ�WKH�DLUERUQH�PLQHUDO�����

GXVW�DHURVRO�LV�PDLQO\�LQIOXHQFHG�E\�WKH�VL]H�IUDFWLRQDWLQJ�GU\�GHSRVLWLRQ�HQ�URXWH�DQG��WKXV������

E\�WKH� OHQJWK�RI� WKH� WUDQVSRUW� WLPH�DV�ZHOO�DV� WUDQVSRUW�SDWKZD\V�DQG�WKHUHZLWK�DWPRVSKHULF�����

FRQGLWLRQV��%XW� VL]H� IUDFWLRQDWLRQ�GXULQJ� WKH�GHSRVLWLRQ�SURFHVV�RYHU� WKH� LFH� VKHHW�PD\�DOVR�����

LQIOXHQFH�WKH�VL]H�GLVWULEXWLRQ�LQ�SRODU�LFH�>Unnerstad and Hansson,�����@��7KH�ORQJHVW�UHFRUG�����

RI�GXVW�VL]H�IURP�WKH�(3,&$�'RPH�&�LFH�FRUH�DQG�WKH�UHFRUG�IURP�.RPVRPROVND\D�LFH�FRUH�����

UHYHDOHG�VPDOOHU�VL]HV�GXULQJ�FROG�VWDJHV�>Lambert et al.,�������Delmonte et al.,�����@��7KLV�����

ZDV� WHQWDWLYHO\� H[SODLQHG�E\�FKDQJHV� LQ� WKH� FRQWULEXWLRQV�RI�GXVW� WUDQVSRUWHG�RYHU�GLIIHUHQW�����

SDWKZD\V�� ODUJHU� SDUWLFOHV� WUDQVSRUWHG� E\� DGYHFWLRQ� LQ� ORZHU� DOWLWXGHV� DQG� VPDOOHU� SDUWLFOHV�����

WUDQVSRUWHG� LQ�KLJKHU�DOWLWXGHV�YLD�VXEVLGHQFH�>Lambert et al.,�������Delmonte et al.,�����@�������

$W�'RPH�&�DOVR�D�VOLJKW�GHFUHDVH�FRXOG�EH�REVHUYHG�LQ�WKH�HDUO\�GHJODFLDWLRQ�XQWLO��������\U�����

%3��,Q�WKH�'RPH�%�LFH�FRUH�WKH�GXVW�VL]H�UHFRUG�VKRZV�WKH�RSSRVLWH�JODFLDO�LQWHUJODFLDO�WUHQG�����

ZLWK� VLJQLILFDQWO\� ODUJHU� GXVW� SDUWLFOHV� GXULQJ� WKH� JODFLDO�� ZKLFK� FRXOG� EH� H[SODLQHG� E\�����

UHJLRQDO�DWPRVSKHULF�FLUFXODWLRQ�FKDQJHV�RYHU�$QWDUFWLFD�>Delmonte et al.������@�������

�����

)RU� SUHYLRXV� $QWDUFWLF� LFH� FRUH� VWXGLHV� QR� FRQVLGHUDWLRQ� KDV� EHHQ� PDGH� WKDW� WKH� VL]H�����

GLVWULEXWLRQ� RI� WKH� GXVW� GHSRVLWHG� RQ� WKH� LFH� VKHHW� LV� QRW� RQO\� GHSHQGHQW� RQ� WKH� VL]H�����

GLVWULEXWLRQ� LQ� WKH� RYHUO\LQJ� DWPRVSKHUH� �WKLV� VL]H� GLVWULEXWLRQ� LV� FRQWUROOHG� E\� WUDQVSRUW�����

LQWHQVLW\���EXW�WKDW�DOVR�WKH�UDWLR�RI�ZHW�YV��GU\�GHSRVLWLRQ�DW�WKH�VLWH�FDQ�KDYH�DQ��LQIOXHQFH�RQ�����

WKH�VL]H�RI�WKH�GXVW�GHSRVLWHG�RQ�WKH�LFH�VKHHW��*HQHUDOO\��LW�LV�DVVXPHG�WKDW�ZHW�GHSRVLWLRQ�LV�����

DW� ILUVW� RUGHU� QRW� VL]H�IUDFWLRQDWLQJ�� ZKLOH� GU\� GHSRVLWLRQ� YHORFLW\� E\� JUDYLWDWLRQDO� VHWWOLQJ�����



DVVXPLQJ�6WRNHV�VHWWOLQJ�LV�GHSHQGHQW�RQ�WKH�GLDPHWHU�VTXDUHG�RI�WKH�GXVW�SDUWLFOHV��+RZHYHU������

SUHFLSLWDWLRQ� VWLOO� KDV� DQ�HIIHFW�RQ� WKH� VL]H�GLVWULEXWLRQ�RI� WKH�GHSRVLWHG�DHURVRO�EHFDXVH� WKH�����

DPRXQW� RI� ZHW�GHSRVLWHG� DHURVRO� LV� GLOXWLQJ� WKH� FRQWULEXWLRQ� RI� WKH� VL]H� IUDFWLRQDWLQJ� GU\�����

GHSRVLWLRQ��,Q�HVVHQFH��WKH�GXVW�DHURVRO�GHSRVLWHG�RQ�WKH�LFH�VKHHW�LV�VKLIWHG�WR�ODUJHU�SDUWLFOHV�����

WKDQ� WKH�RYHUO\LQJ�DWPRVSKHULF�DHURVRO�E\�GU\�GHSRVLWLRQ��KRZHYHU�� WKH�VKLIW�GHFUHDVHV�ZLWK�����

LQFUHDVLQJ� SUHFLSLWDWLRQ� UDWH� DQG� KHQFH�ZLWK� WKH� DPRXQW� RI�ZHW� GHSRVLWLRQ� RI�PLQHUDO� GXVW������

7KXV�FKDQJHV�LQ�SUHFLSLWDWLRQ�UDWH��DV�SDUDPHWUL]HG�E\�WKH�DFFXPXODWLRQ�UDWH�LQ�LFH�FRUHV��IURP�����

RQH�FOLPDWLF�FRQGLWLRQ�WR�DQRWKHU�PD\�KDYH�DQ� LPSDFW�RQ�WKH�VL]H�GLVWULEXWLRQ�RI� WKH�GXVW� LQ�����

WKH�LFH��ZKLFK�PLJKW�DGG�WR�RU�FRPSHQVDWH�IRU�WKH�WUDQVSRUW�WLPH�HIIHFW��)RU�WKH�($3��PRVW�RI�����

WKH�GHHS�GULOOLQJ� LFH�FRUH�VLWHV�KDYH� ORZHU�DFFXPXODWLRQ�UDWHV� WKDQ�DW�'URQQLQJ�0DXG�/DQG�����

�'0/���7KXV��DQ�HIIHFW�E\�ZHW�GHSRVLWLRQ�PLJKW�FRQWULEXWH�PRUH�VWURQJO\�LQ�'0/��ZKHUHDV�DW�����

VLWHV�ZLWK�HYHQ�ORZHU�DFFXPXODWLRQ�UDWH�ZHW�GHSRVLWLRQ�SOD\V�DQ�HYHQ�VPDOOHU�UROH�������

�����

6HDVRQDO� YDULDWLRQV� LQ� GXVW� VL]H� GLVWULEXWLRQ� KDYH� \HW� QRW� EHHQ� GHULYHG� IURP� $QWDUFWLF� LFH�����

FRUHV�\HW��+HUH�ZH�ILOO�WKLV�JDS�ZLWK�GXVW�VL]H�PHDVXUHPHQWV�RQ�WKH�(3,&$��(XURSHDQ�3URMHFW�����

IRU�,FH�&RULQJ�LQ�$QWDUFWLFD��LFH�FRUH�GULOOHG�LQ�'0/��:LWKLQ�(3,&$�WZR�GHHS�LFH�FRUHV�ZHUH�����

GULOOHG�� 7KH� LFH� FRUH� GULOOHG� LQ� '0/� �('0/�� �����ƍ6�� �����ƍ(�� ����� P� DERYH� VHD� OHYHO������

>EPICA-community members������@��KDV�D�����WLPHV�KLJKHU�DFFXPXODWLRQ�UDWH�WKDQ�WKH�RQH�DW�����

'RPH�&� �('&�� �����ƍ6�� ������ƍ(�� �����P� DERYH� VHD� OHYHO�� >EPICA-community members������

����@�� DQG� WKHUHIRUH� SURYLGHV� KLJKHU� UHVROXWLRQ� UHFRUGV� GRZQ� WR� 0DULQH� ,VRWRSH� 6WDJH� �������

0RUHRYHU��LW�LV�ORFDWHG�LQ�WKH�$WODQWLF�VHFWRU�RI�WKH�$QWDUFWLF�FRQWLQHQW��GLUHFWO\�GRZQZLQG�RI�����

WKH� 6RXWK�$PHULFDQ� FRQWLQHQW��ZKLFK� LV� WKH�PDLQ� GXVW� VRXUFH� IRU� WKH� ($3� >H�J��Delmonte������

������Marino et al.�� ����@��$FFRUGLQJO\�� WKH�('0/� LFH� FRUH� LV� H[FHOOHQWO\� VXLWHG� IRU� KLJK�����

UHVROXWLRQ�GXVW�VWXGLHV�GXULQJ�7HUPLQDWLRQ�,��KHUHDIWHU�7����,Q�WKLV�SDSHU�ZH�SUHVHQW�WKH�ILUVW�����

GXVW�SDUWLFOH�FRQFHQWUDWLRQ�DQG�VL]H�UHFRUG�IURP�WKH�$WODQWLF�VHFWRU�RI�WKH�($3�FRYHULQJ�WKH�����

WLPH� SHULRG� IURP� ������� \U� %3� WR� ����� \U� %3� LQ� VXEDQQXDO� UHVROXWLRQ� DQG� LQYHVWLJDWH� WKH�����



VHDVRQDO� SKDVLQJ�RI� GXVW� FRQFHQWUDWLRQ� DQG� VL]H��ZKLFK�ZH�XVH� DV� D�SUR[\� IRU� WKH� WUDQVSRUW�����

LQWHQVLW\��8VLQJ�D�FRQFHSWXDO�PRGHO�ZH�HVWLPDWH�WKH�HIIHFW�WKDW�D�FKDQJH�LQ�VHDVRQDOLW\�FRXOG�����

KDYH�RQ�JODFLDO�LQWHUJODFLDO�GXVW�FRQFHQWUDWLRQ�FKDQJHV��������

�����

�����

��� 0HWKRGV�����

6DPSOHV� IRU� WKH� GXVW� VL]H� DQG� FRQFHQWUDWLRQ� DQDO\VHV� ZHUH� WDNHQ� XVLQJ� D� FRQWLQXRXV� IORZ�����

DQDO\VLV��&)$��PHOWLQJ�GHYLFH��ZKLFK�SUHFOXGHG�FRQWDFW�RI�WKH�PHOW�ZDWHU�ZLWK�FRQWDPLQDWHG�����

LFH� FRUH� VXUIDFHV� >Kaufmann et al.�� ������ Röthlisberger et al.�� ����@�� 7ZR� ODVHU� SDUWLFOH�����

GHWHFWRUV� �/3'�� $EDNXV�� )D�� .ORW]�� %DG� /LHEHQ]HOO�� *HUPDQ\�� ZHUH� FRQQHFWHG� WR� WKH�����

PHOWZDWHU� IORZ� ZLWK� D� IORZ� UDWH� RI� ���� P/�PLQ�� 'DWD� ZHUH� VWRUHG� HYHU\� VHFRQG�� \LHOGLQJ�����

VXEDQQXDO�UHVROXWLRQ�UHFRUGV�LQ�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�FRYHULQJ�WKH�+RORFHQH�DQG�EDFN�����

WR� WKH� ODVW� JODFLDO��:LWK� RQH� /3'� RQO\� GXVW� FRQFHQWUDWLRQ�ZDV� DQDO\VHG�� ZKHUHDV� ZLWK� WKH�����

VHFRQG� /3'� GXVW� FRQFHQWUDWLRQ� DQG� VL]H� ZDV� DQDO\VHG�� )RU� WKH� GXVW� FRQFHQWUDWLRQ� ERWK�����

GHWHFWRUV�UHYHDOHG�WKH�VDPH�UHVXOWV��'XH�WR�GLVSHUVLRQ�LQ�WKH�HQWLUH�PHOW�DQG�GXVW�GHWHFWRU�OLQH�����

D�QRPLQDO�GHSWK�UHVROXWLRQ�RI�DSSUR[LPDWHO\�����FP�ZDV�DFKLHYHG��7KH�HQWLUH�('0/�LFH�FRUH�����

VWDUWLQJ� DW� D� GHSWK� RI� ���� P� �a����� \U� %3�� ZDV� FRQWLQXRXVO\� DQDO\VHG� GRZQ� WR� EHGURFN������

+RZHYHU��EHORZ�a�����P�XQDPELJXRXV�GDWLQJ� LV�QRW�SRVVLEOH�� WKHUHIRUH��RQO\�UHVXOWV�DERYH�����

WKLV� GHSWK� �FRUUHVSRQGLQJ� WR� �������� \U� %3�� DUH� XVHG� KHUH�� 6RPH� LQWHUYDOV� FRXOG� QRW� EH�����

HYDOXDWHG� IRU� KLJK� UHVROXWLRQ� GXVW� VL]H� GXH� WR� WKH� LQVXIILFLHQW� FRUH� TXDOLW\� LQ� WKH� EULWWOH� LFH�����

]RQH� LQWHUYDO� ��������P� �������� �������� \U�%3�� DQG� LQ� WKH� GHSWK� LQWHUYDO� ����� ±� �����P�����

��������±��������\U�%3��GXH�WR�D�IDLOXUH�RI�WKH�/3'��'XH�WR�WKH�OD\HU�WKLQQLQJ�ZLWK�GHSWK�WKH�����

DQQXDO�OD\HU�WKLFNQHVV�EHORZ������P�ZDV�JHQHUDOO\�EHORZ�����FP�H[FHSW�IRU�WZR�H[FXUVLRQV�����

RI� WKLFNHU� OD\HUV� EHWZHHQ� ����� DQG������P� �QRW� VKRZQ���7KHUHIRUH�� WKH� GXVW� FRQFHQWUDWLRQ�����

DQG�VL]H�FRXOG�QRW�EH�UHOLDEO\�GHULYHG�LQ�VXEDQQXDO�UHVROXWLRQ�EHORZ������P�FRUUHVSRQGLQJ�WR�����

a�������\U�%3��)RU�WKH�VL]H�FDOLEUDWLRQ�RI�WKH�/3'��DGGLWLRQDO�VDPSOHV�ZHUH�DQDO\]HG�IRU�GXVW�����



VL]H� DQG� FRQFHQWUDWLRQ� XVLQJ� D�&RXOWHU�&RXQWHU�0XOWLVL]HU� ,,��%HFNPDQQ�&RXOWHU� �&&��� )RU�����

GHWDLOV�RI� WKH�0XOWLVL]HU�PHDVXUHPHQWV� VHH�Delmonte et al.,� >����@��7KH�FDOLEUDWLRQ�PHWKRG�����

ZDV�DGRSWHG�IURP�Ruth et al.�� >����@��)RU�HDFK�VDPSOH�PHDVXUHG�E\�&&�� WKH�FRUUHVSRQGLQJ�����

GHSWK� LQWHUYDO�PHDVXUHG� XVLQJ� WKH� /3'�ZDV� H[WUDFWHG� IURP� WKH� FRQWLQXRXV� SURILOH��$OO� &&�����

VDPSOHV� ZHUH� WDNHQ� IURP� WKH� XSSHU� �� FP� RI� HDFK� PHWHU� RI� WKH� FRUH�� ZKHUH� WKH� &)$�����

PHDVXUHPHQW� VWDUWHG� D� QHZ� UXQ� DQG� RIWHQ� WKH� EHJLQQLQJ�ZDV� DIIHFWHG� E\� FRQWDPLQDWLRQ� RU�����

PLVVLQJ�LFH��,I�PRUH�WKDQ���FP�ZDV�PLVVLQJ�LQ�WKH�FRUUHVSRQGLQJ�SDUW�RI�WKH�/3'�SURILOH��WKH�����

VDPSOH� ZDV� QRW� XVHG� IRU� WKH� FDOLEUDWLRQ�� ,I� LQ� RQO\� RQH� RI� WKH� VDPSOHV� IURP� &&� RU� /3'�����

XQXVXDO�KLJK�FRQFHQWUDWLRQV�RI�ODUJHU�SDUWLFOHV�ZHUH�IRXQG��WKLV�ZDV�WUHDWHG�DV�FRQWDPLQDWLRQ�����

DQG�WKH�VDPSOHV�ZHUH�QRW�XVHG�IRU�WKH�FDOLEUDWLRQ��)LQDOO\��D�VHW�RI����VDPSOHV�ZDV�DYDLODEOH�����

IRU�WKH�FDOLEUDWLRQ�ZLWK�VLPLODU�QXPEHU�RI�+RORFHQH�DQG�*ODFLDO�VDPSOHV��%HJLQQLQJ�ZLWK�WKH�����

ODUJH�SDUWLFOHV��WR�UHGXFH�WKH�XQFHUWDLQW\�GXH�WR�QRLVH�LQ�WKH�ORZHUPRVW�FKDQQHOV���WKH�QXPEHU�����

VL]H�GLVWULEXWLRQ� IURP� WKH�/3'�VDPSOHV�ZDV� VKLIWHG�RQWR� WKH�&&�VSHFWUD� IRU� HDFK�RI� WKH��������

FDOLEUDWLRQ�VDPSOHV��7R� WKLV�HQG�� WKH�ELQ�ERXQGDULHV�RI� WKH�/3'�ZHUH�DGMXVWHG� WR�PDWFK� WKH�����

VL]H�GLVWULEXWLRQV�WR�WKH�&&�UHVXOWV��)LJXUH�����2Q�WKH�EDVLV�RI�WKH�QHZ�ELQ�ERXQGDULHV�D�QHZ�����

FDOLEUDWLRQ�OLQH�ZDV�JHQHUDWHG�IRU�HDFK�RI�WKH�VDPSOHV���3RVVLEOH�GLIIHUHQFHV�LQ�UHFRYHU\�ZHUH�����

FRUUHFWHG�E\� WKH� UDWLR�RI� WKH� FRQFHQWUDWLRQ�PHDVXUHG�E\�ERWK�PHWKRGV��(YHQWXDOO\�� WKH�QHZ�����

FDOLEUDWLRQ� OLQH� ZDV� FDOFXODWHG� DV� WKH� PHDQ� YDOXH� RI� DOO� ��� LQGLYLGXDO� FDOLEUDWLRQ� OLQHV������

([DPSOHV�IRU�WKH�+RORFHQH������P��DQG�WKH�*ODFLDO�������P��DUH�JLYHQ�LQ�)LJXUH��������

$V�D�SUR[\�IRU�WKH�GXVW�VL]H��WKH�FRDUVH�SDUWLFOH�SHUFHQWDJH��&33��ZDV�FDOFXODWHG�E\�GLYLGLQJ�����

WKH� YROXPH� IUDFWLRQ� !�� �P� �GLDPHWHU� RI� D� VSKHUH� ZLWK� WKH� VDPH� YROXPH� DV� WKH� UHVSHFWLYH�����

SDUWLFOH�� E\� WKH� WRWDO� YROXPH� FRQFHQWUDWLRQ� �!�� �P��� ,Q� SUHYLXRV� VWXGLHV� WKH� ILQH� SDUWLFOH�����

SHUFHQWDJH� �)33�YROXPH�IUDFWLRQ���P� WR����P�GHYLGHG�E\� WRWDO�YROXPH�FRQFHQWUDWLRQ��ZDV�����

ZLGHO\�XVHG�>e.g. Lambert et al. ����@��ZKLFK�LV�WKH�LQYHUVH�RI�WKH�&33��)RU�FRQYHQLHQFH��ZH�����

XVH�WKH�&33��DV�WKH�YDOXH�RI�ERWK�&33�DQG�PRGH�LQFUHDVH�LI�PRUH�ODUJH�SDUWLFOHV�DUH�IRXQG�LQ�����

WKH�VDPSOH��7KH�XQFHUWDLQW\�RI� WKH�&33� LQIHUUHG� IURP� WKH�FRXQWLQJ�HUURU�RI�HDFK�VL]H�ELQ� LV�����



XVXDOO\� EHORZ� ���� 7KHUHIRUH�� ZH� FDQ� H[FOXGH�� WKDW� WKH� REVHUYHG� YDULDWLRQV� DUH� FDXVHG� E\������

DQDO\WLFDO� ELDVHV��$GGLWLRQDOO\�� IRU� WKH� ORZ� UHVROXWLRQ� SURILOHV� ���P� DYHUDJHV���ZH� XVHG� WKH�����

PRGDO�YDOXH���RI�D� ILWWHG� ORJDULWKPLF�QRUPDO� IXQFWLRQ�DV�D�PHDVXUH� IRU� WKH�PHDQ�GXVW� VL]H������

7KH�XQFHUWDLQW\� �RI� WKH�PRGDO�YDOXH�� LV�FRQWUROOHG�E\� WKH�FRXQWLQJ�HUURU�RI�HDFK�VL]H�ELQ������

N �� DQG� WKH� LQWHUYDO� FKRVHQ� IRU� ILWWLQJ�� 7KH� LQIOXHQFH� RI� WKH� FRXQWLQJ� VWDWLVWLFV� ZDV�����

GHWHUPLQHG�E\�D�0RQWH�&DUOR�WHFKQLTXH�DV�IROORZV�������VL]H�VSHFWUD�ZHUH�FDOFXODWHG��ZKHUH�����

WKH�FRXQWV�LQ�HDFK�VL]H�ELQ�ZHUH�YDULHG�ZLWKLQ�WKH�FRXQWLQJ�XQFHUWDLQW\��7KH�PHDQ�RI�WKH����������

YDOXHV�IRU�WKLV�VL]H�ELQ�HTXDOHG�WKH�PHDVXUHG�YDOXH�N(r) IRU�WKH�VSHFLILF�VL]H�ELQ�DQG�WKH��ı ����

LQWHUYDO� WKH� VWDWLVWLFDO� FRXQWLQJ� HUURU� ��rN IRU� WKLV� VL]H� ELQ�ZLWK�PHDQ� UDGLXV� r�� 7KLV�ZDV�����

GRQH� IRU� DOO� VL]H� ELQV� \LHOGLQJ� ����� VL]H� VSHFWUD��7KH�PRGH� REWDLQHG� E\� SHUIRUPLQJ� D� ORJ�����

QRUPDO�ILW�RQ�DOO� WKRVH�VSHFWUD�YDULHG�ZLWKLQ��ı RI�OHVV�WKDQ������µm IRU�WKH�JODFLDO�VDPSOHV�����

DQG� ����� �P� IRU� LQWHUJODFLDO� VDPSOHV�� 7KH� LQIOXHQFH� RI� WKH� LQWHUYDO� FKRVHQ� IRU� ILWWLQJ�����

�DSSUR[LPDWHO\�IURP��������P��ZDV�GHWHUPLQHG�E\�FKDQJLQJ�WKH�ILWWLQJ�LQWHUYDO��7KH�UDQJH�IRU�����

UHDVRQDEOH�YDOXHV�IRU�� E\�FKDQJLQJ�WKH�UDQJH�RI�WKH�ILWWLQJ�LQWHUYDO�ZDV�������P�IRU�JODFLDO�����

DQG� LQWHUJODFLDO�YDOXHV�DQG� WKXV� WKH�GRPLQDQW�HUURU�FRPSDUHG� WR� WKH�FRXQWLQJ�HUURU��)RU� WKH�����

KLJK�UHVROXWLRQ�GXVW�VL]H�PHDVXUHPHQWV��WKH�WRWDO�QXPEHU�RI�FRXQWHG�GXVW�SDUWLFOHV�ZDV�RIWHQ�����

WRR�ORZ�WR�ILW�D�ORJDULWKPLF�QRUPDO�IXQFWLRQ�DQG�WKH�&33�SURYLGHG�D�PRUH�UREXVW�HVWLPDWH�RI�����

FKDQJHV�LQ�GXVW�VL]H��7KH�WZR�GLIIHUHQW�VL]H�SDUDPHWHUV�DUH�LQWHUFKDQJHDEOH�HVSHFLDOO\�GXULQJ�����

WKH�*ODFLDO�DQG�WKH�ILUVW�SDUW�RI�WKH�WUDQVLWLRQ��)LJXUH���DQG�)LJXUH�����7KXV��WKH�XVH�RI�HLWKHU�����

RI�WKHP�ZLOO�QRW�DIIHFW�WKH�UHVXOWV�DQG�WKH�GLVFXVVLRQ��)RU�WKH�+RORFHQH�WKH�&33�DSSHDUHG�WR�����

EH� WKH�PRUH� UREXVW� SDUDPHWHU��%HORZ������P� �FRUUHVSRQGLQJ� WR� DERXW� ������� \U�%3��PP�����

VFDOH�]�IROGV�DQG�XS�WR�����WLOWV�VWDUW�WR�VKRZ�XS�LQ�YLVLEOH�OD\HUV�LQ�WKH�LFH�FRUH�>Faria et al.������

����@��$W�WKDW�GHSWK�&33�DQG�PRGH�VWDUW�WR�GLYHUJH��7KXV�ZH�DVVXPH��WKDW�GXVW�VL]H�FDQQRW�EH�����

UHOLDEO\�UHSURGXFHG�ZLWK�RXU�PHWKRGV�LQ�WKLV�GHSWK�LQWHUYDO�DQG�WKH�VL]H�GDWD�DUH�QRW�XVHG�KHUH������

7KH�FRQFHQWUDWLRQ�GRHV�QRW�VHHP�WR�EH�DIIHFWHG�DV�VKRZQ�E\�WKH�YHU\�JRRG�FRUUHVSRQGHQFH�RI�����

&D���DQG�GXVW�FRQFHQWUDWLRQ�SURILOHV��)LJXUH�����,Q�WKH�IROORZLQJ�ZH�ZLOO�DOZD\V�UHIHU�WR�WKH�����



&33��7KH�DJH�VFDOH�RI�WKH�('0/�LFH�FRUH�ZDV�DGRSWHG�IURP�$,&&�����>Veres et al.������@������

)RU� WKH� GHSWK� LQWHUYDOV� ���� ±� ���� P� DQG� ���������� P� LQGLYLGXDO� OD\HU� FRXQWLQJ� ZDV�����

FRQGXFWHG��)RU�DOO�RWKHU�GHSWK�LQWHUYDOV�WKH�$,&&�����DJHVFDOH�ZDV�OLQHDUO\�LQWHUSRODWHG�RQ�������

P�LQWHUYDOV������

�����

��� 5HVXOWV�����

$Q�RYHUYLHZ�RYHU� WKH� GXVW� FRQFHQWUDWLRQ�� IOX[� DQG� VL]H� LQ� WKH�('0/� LFH� FRUH� LV� VKRZQ� LQ�����

)LJXUH����$GGLWLRQDOO\��DFFXPXODWLRQ�UDWHV�>EPICA-community members������@��į��2�YDOXHV�����

>EPICA-community members������@�DV�DQ�LQGLFDWRU�IRU�WHPSHUDWXUH��DQG�QVV�&D���IOX[HV�IRU�����

('0/�DQG�('&�TXDQWLILHG�XVLQJ�&)$� >Kaufmann et al.�� ����@� DV� D� SUR[\� IRU� WKH� VROXEOH�����

GXVW�IUDFWLRQ�DUH�JLYHQ��+HUH��WKH�GXVW�SDUWLFOH�QXPEHU�DQG�GXVW�PDVV�FRQFHQWUDWLRQV�DUH�JLYHQ������

0DVV�FRQFHQWUDWLRQ�DQG�QXPEHU�FRQFHQWUDWLRQ�SURILOHV�VKRZ�D�YHU\�KLJK�FRKHUHQFH��)LJXUH�������

�I�� DQG� �J����)XUWKHU� RQ�� RQO\�GXVW�PDVV� FRQFHQWUDWLRQV�ZLOO� EH� XVHG� �ZKLFK� FDQ�EH�GLUHFWO\�����

FRPSDUHG� WR� RWKHU� JHRFKHPLFDOO\� LPSRUWDQW� GXVW� WUDFHUV� VXFK� DV�&D���� DQG� GHQRWHG� DV� GXVW�����

FRQFHQWUDWLRQ�� 7KH� FRPSOHWH� XQGLVWXUEHG� LFH� FRUH� UHFRUG� UHDFKHV� EDFN� WR� �������� \U� %3������

%HORZ�WKDW��XQDPELJXRXV�GDWLQJ�LV�QRW�SRVVLEOH�DW�WKH�SUHVHQW�VWDJH��'RZQ�WR��������\HDUV�WKH�����

DQQXDO� OD\HU� WKLFNQHVV� LV� DERYH�����FP�� WKH� OLPLW� IRU� WKH� LGHQWLILFDWLRQ�RI� D� VHDVRQDO� VLJQDO������

%HORZ� ���� FP�� GLVSHUVLRQ� LQ� WKH� &)$� V\VWHP� GRHV� QRW� DOORZ� WR� GLVWLQJXLVK� VLQJOH� \HDUV������

$FFRUGLQJO\��ZH�ZLOO�LQWHUSUHW�VHDVRQDO�F\FOHV�LQ�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�RQO\�IRU�WKH�ODVW�����

�������\HDUV�LQ�WKLV�VWXG\�������

�����

&OHDUO\� LGHQWLILDEOH�DUH� WKH�VWURQJO\�HOHYDWHG�GXVW� OHYHOV�GXULQJ� WKH�*ODFLDO�VWDJH��7KH�PHDQ�����

JODFLDO�GXVW�FRQFHQWUDWLRQ�LV����WLPHV�KLJKHU�WKDQ�GXULQJ�WKH�,QWHUJODFLDOV��+RORFHQH������\U�����

%3�±��������\U�%3���������QJ�P/��*ODFLDO��������\U�%3�±��������\U�%3�����������QJ�P/�������

+RZHYHU�� WKH� DEVROXWH�PLQLPXP�RI� ��QJ�P/� LQ� WKH� GXVW� FRQFHQWUDWLRQ� UHFRUG� LV� UHDFKHG� DW�����

a�������\U�%3���7KLV�LV�LQ�OLQH�ZLWK�GXVW�FRQFHQWUDWLRQ�UDWLRV�RI�RWKHU�$QWDUFWLF�LFH�FRUHV�OLNH�����



9RVWRN� DQG� (3,&$� 'RPH� &� >Lambert et al.�� ������ Petit et al.�� ����@�� ,Q� WKH� YHU\� ORZ�����

DFFXPXODWLRQ� DUHDV� RI� WKH� KLJK� ($3� GU\� GHSRVLWLRQ� RI� GXVW� DHURVRO� SUHYDLOV�� ,Q� WKLV� FDVH�����

YDULDWLRQV� LQ� WKH� GXVW� IOX[� DUH� PRUH� UHSUHVHQWDWLYH� RI� DFFRPSDQ\LQJ� FKDQJHV� LQ� WKH�����

DWPRVSKHULF� DHURVRO� FRQFHQWUDWLRQ� >Fischer et al.�� ����E@�� 7KH� DEVROXWH� GXVW� IOX[� LQ� WKH�����

('0/�LFH�FRUH�LV�DERXW�WZLFH�DV�KLJK�DV�DW�(3,&$�'RPH�&�GXH�WR�WKH�FORVHU�SUR[LPLW\�RI�WKH�����

('0/�GULOO�VLWH�WR�6RXWKHUQ�6RXWK�$PHULFD��)LJXUH���G����WKH�PDLQ�JODFLDO�GXVW�VRXUFH�IRU�WKH�����

HQWLUH�($3�DQG�DOVR� WKH�SUHGRPLQDQW�+RORFHQH�VRXUFH� LQ� WKH�FDVH�RI�('0/�>Wegner et al. ����

2012@�� 7KH� JODFLDO� GXVW� IOX[� DW� ('0/� LV� D� IDFWRU� RI� ��� KLJKHU� WKDQ� LQ� WKH� +RORFHQH�� 7KH�����

SURILOHV� RI� WKH� GXVW� FRQFHQWUDWLRQ� DQG� WKH� QVV�&D��� FRQFHQWUDWLRQ� VKRZ� YHU\� JRRG�����

FRUUHVSRQGHQFH�HVSHFLDOO\�IRU�WKH�SDUWV�RI�WKH�UHFRUGV�ZLWK�KLJKHU�GXVW�FRQFHQWUDWLRQV��ZKHUH�����

WKH�&D���FRQFHQWUDWLRQ�LV�GRPLQDWHG�E\�LQSXW�RI�FUXVWDO�PDWHULDO������

7KH� GXVW� SDUWLFOH� VL]H� �JLYHQ� DV�PRGDO� YDOXH� �� RU�&33� LQ� )LJXUH� ��F�� DQG� ��G��� LV� VOLJKWO\�����

ODUJHU� GXULQJ� WKH�+RORFHQH� WKDQ� GXULQJ� WKH�*ODFLDO��+RZHYHU�� HDUO\� GXULQJ�7��� WKH� SDUWLFOH�����

VL]H�LQWHUPLWWHQWO\�GHFUHDVHV�HYHQ�IXUWKHU�XQWLO�DERXW��������\U�%3��IROORZHG�E\�DQ�LQFUHDVH�WR�����

WKH�+RORFHQH�OHYHO��7KLV�LV�LQ�OLQH�ZLWK�UHVXOWV�IURP�RWKHU�$QWDUFWLF�LFH�FRUHV��,Q�WKH�(3,&$�����

'RPH�&�DQG�.RPVRPROVND\D�LFH�FRUHV��ODUJHU�SDUWLFOHV�ZHUH�DOVR�IRXQG�GXULQJ�ZDUP�VWDJHV�����

>Delmonte et al.������@��$Q�HYLGHQW�VL]H�PLQLPXP�GXULQJ�WKH�HDUO\�GHJODFLDWLRQ�XQWLO������������

\U�%3�ZDV�DOVR�REVHUYHG�DW�'RPH�&�>Delmonte et al.������@�DQG�DW�7DORV�'RPH�>Albani et al.,�����

����D@�� )RU� WKH� ODVW� *ODFLDO�� WKHUH� LV� QR� FOHDU� FRUUHVSRQGHQFH� EHWZHHQ� SDUWLFOH� VL]H� DQG�����

WHPSHUDWXUH� RU� GXVW� FRQFHQWUDWLRQ�� 'XVW� VL]H� LQ� WKH� 'RPH� %� UHFRUG� VKRZV� WKH� RSSRVLWH�����

JODFLDO�LQWHUJODFLDO� WUHQG�ZLWK� VLJQLILFDQWO\� ODUJHU� GXVW� SDUWLFOHV� GXULQJ� WKH� JODFLDO�� 7KLV� KDV�����

EHHQ�DWWULEXWHG�WR�UHJLRQDO�GLIIHUHQFHV�LQ�DWPRVSKHULF�SDWKZD\V�LQ�WHUPV�RI�WUDQVSRUW�WKURXJK�����

HLWKHU� DGYHFWLRQ� RU� VXEVLGHQFH� RYHU� WKH� ($3� >Delmonte et al.�� ����@�� 1RWH�� WKDW� ZKHQ�����

FRQVLGHULQJ� PXOWL�DQQXDO� PHDQ� PRGDO� YDOXHV�� WKH� UHVXOWV� DUH� ELDVHG� WR� WKH� PRGDO� YDOXHV�����

RFFXUULQJ� GXULQJ� WKH� GXVW� FRQFHQWUDWLRQ� PD[LPD�� 7KXV� D� GLIIHUHQW� VHDVRQDOLW\� LQ� GXVW�����

FRQFHQWUDWLRQ� DQG� VL]H� DW� GLIIHUHQW� VLWHV� PD\� DOVR� FRQWULEXWH� WR� WKH� GLIIHUHQFHV� LQ� WKH� VL]H�����



UHFRUG�DGGLWLRQDO�WR�WKH�HIIHFW�RI�GLIIHUHQW�DWPRVSKHULF�SDWKZD\V��,W�FDQQRW�EH�UXOHG�RXW��WKDW�����

GXULQJ�GLIIHUHQW�FOLPDWLF�VWDJHV��WKH�FRQWULEXWLRQ�RI�SDUWLFOHV�WUDQVSRUWHG�LQ�ORZHU�DWPRVSKHULF�����

OHYHOV�E\�DGYHFWLRQ�RQWR�WKH�SODWHDX�DQG�SDUWLFOHV�WUDQVSRUWHG�LQ�KLJKHU�DWPRVSKHULF�OHYHOV�DQG�����

VXEVLGHQFH� PD\� KDYH� FKDQJHG� RQ� VHDVRQDO� VFDOH�� +RZHYHU�� GXH� WR� WKH� ODFN� RI� VHDVRQDOO\�����

UHVROYHG�GXVW�VL]H�LQIRUPDWLRQ�DW�RWKHU�VLWHV�� WKH�H[WHQW�RI� WKLV�HIIHFW�FDQQRW�EH�TXDQWLILHG�DW�����

WKLV�SRLQW������

�����

7KH�KLJK�UHVROXWLRQ�FRQFHQWUDWLRQ�DQG�VL]H�SURILOHV�PHDVXUHG�LQ�WKLV�VWXG\�DOORZ�IRU�WKH�ILUVW�����

WLPH� DOVR�DQ� LQYHVWLJDWLRQ�RI� WKH� VHDVRQDO� SKDVH� UHODWLRQVKLS�RI� GXVW� FRQFHQWUDWLRQ�DQG�GXVW�����

VL]H��([DPSOHV�IRU�KLJK�UHVR� OXWLRQ� VL]H� DQG� GXVW� PDVV� FRQFHQWUDWLRQV� LQ� GLIIHUHQW� FOLPDWLF�����

VWDJHV�DUH�JLYHQ� LQ�)LJXUH����+HUH��KLJKHU� FRYDULDQFH�RI�GXVW�FRQFHQWUDWLRQ�DQG�VL]H� FDQ�EH�����

LGHQWLILHG�GXULQJ�WKH�*ODFLDO�FRPSDUHG�WR�WKH�+RORFHQH��)LJXUH���VKRZV�WKH�PHDQ�VHDVRQDOLW\�����

GXULQJ�D�WLPH�LQWHUYDO�RI�a�����\HDUV�GXULQJ�WKH�+RORFHQH�������±������\U�%3��DQG�*ODFLDO�����

�������� ±� ������� \U� %3��� 'XULQJ� WKH� *ODFLDO�� &33� DQG� GXVW� FRQFHQWUDWLRQ� VKRZ� WKHLU�����

PD[LPXP�DSSUR[LPDWHO\�GXULQJ�WKH�VDPH�WLPH�RI�WKH�\HDU��ZKHUHDV�GXULQJ�WKH�+RORFHQH�WKH�����

PD[LPXP�RI� WKH�&33� LV�RSSRVLWH� WR� WKH�GXVW� FRQFHQWUDWLRQ�PD[LPXP��7KH� ORZHU�DPSOLWXGH�����

GXULQJ� WKH� JODFLDO� FDQ� EH� H[SODLQHG� E\� WKH� ORZHU� OD\HU� WKLFNQHVV� DQG� WKHUHZLWK� KLJKHU�����

GLVSHUVLRQ�RYHU�RQH�\HDU��7KH�FRUUHODWLRQ�EHWZHHQ�WKH�&33�DQG�WKH�GXVW�FRQFHQWUDWLRQ�RYHU�������

P� LQWHUYDOV� RYHU� WKH� � SDVW� ��� ���� LV� GLVSOD\HG� LQ�)LJXUH� ���7R� LQYHVWLJDWH� WKH� HIIHFW� RI� WKH�����

GLIIHUHQW�WLPH�UHVROXWLRQ�IRU�WKH�+RORFHQH�DQG�WKH�*ODFLDO�WKH�FRUUHODWLRQ�ZDV�DOVR�FDOFXODWHG�����

XVLQJ�GDWD�RQ�DQ�HTXLGLVWDQW�WLPH�VFDOH�LQ�WKH�GHSWK�LQWHUYDOV�����������P�DQG������������P�����

UHYHDOLQJ�WKH�VDPH�UHVXOWV��7KH�KLJK�FRUUHODWLRQ�GXULQJ�WKH�*ODFLDO��U� �a�����GHFUHDVHV�GXULQJ�����

7�� WR�YHU\�YDULDEOH�DQG�PXFK� ORZHU�FRUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ���DQG������'XH� WR�EDG�����

FRUH�TXDOLW\�LQ�WKH�VR�FDOOHG�³EULWWOH�]RQH´��GDWD�JDSV�DULVH�EHWZHHQ��������\U�%3�DQG������������

\U� %3�� $GGLWLRQDOO\�� EHWZHHQ� ������� \U� %3� DQG� ������� \U� %3�� WKH� GXVW� VL]H� FRXOG� QRW� EH�����

HYDOXDWHG�LQ�KLJK�UHVROXWLRQ�GXH�WR�WHFKQLFDO�IDLOXUH�RI�WKH�/3'��'XULQJ�0DULQH�,VRWRSH�6WDJH�����



�� ZH� ILQG� ORZHU� FRQFHQWUDWLRQV� LQ� SDUDOOHO� WR� WKH� PDMRU� $QWDUFWLF� LVRWRSH� PD[LPD� �$,0������

(3,&$�FRPPXQLW\�PHPEHUV�� �������7KH� FRUUHODWLRQ� RI� GXVW� FRQFHQWUDWLRQ� DQG�&33� UDQJHV�����

EHWZHHQ�������U�������IRU�WKHVH�$,0�HYHQWV��ZLWK�ORZHU�FRUUHODWLRQV�GXULQJ�ZDUPHU�SHULRGV������

$V�PHQWLRQHG�DERYH��D�VKLIW�LQ�VHDVRQDO�SKDVLQJ�FRXOG�KDYH�DQ�LQIOXHQFH�RQ�WKH�PXOWL�DQQXDO�����

PHDQ�YDOXHV��'XULQJ�ZDUPHU�FOLPDWLF�VWDJHV��ZH�ILQG�PRUH�RIWHQ�WKH�GXVW�VL]H�PD[LPXP�QRW�����

WR� EH� V\QFKURQRXV� ZLWK� WKH� FRQFHQWUDWLRQ� PD[LPXP�� 7KH� PXOWL�DQQXDO� VL]H� PHDQ� YDOXH� LV�����

GRPLQDWHG�E\� WKH� VL]H� GXULQJ� WKH�GXVW�PD[LPXP�� WKXV� VKLIWHG� WR� ODUJHU� SDUWLFOHV� GXULQJ� WKH�����

*ODFLDO� FRPSDUHG� WR� WKH� +RORFHQH�� 7KH� LQIOXHQFH� RI� WKH� GXVW� GHSRVLWHG� RXWVLGH� WKH�����

FRQFHQWUDWLRQ�PD[LPXP�RQ�WKH�PXOWLDQQXDO�PHDQ�VL]H� LV�PXFK�VPDOOHU��7KXV��ZH�FRQFOXGH������

WKDW�WKH�LQFUHDVH�LQ�VL]H�IURP�WKH�*ODFLDO�WR�WKH�+RORFHQH�FDQQRW�EH�H[SODLQHG�E\�WKH�VKLIW�LQ�����

WKH�VHDVRQDO�SKDVLQJ�RI�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�������

�����

$V� PHQWLRQHG� DERYH�� WKH� WLPLQJ� RI� WKH� GXVW� LQSXW� WR� $QWDUFWLFD� GXULQJ� WKH� \HDU� LV� QRW�����

VLPXOWDQHRXV� DW� DOO� VLWHV� EHFDXVH� VRXUFHV�� DWPRVSKHULF� WUDQVSRUW� G\QDPLFV� DQG� SURFHVVHV�����

RFFXUULQJ�GXULQJ�WUDQVSRUW�FDQ�EH�GLIIHUHQW��7R�SLQSRLQW�WKH�WLPLQJ�GXULQJ�WKH�\HDU�ZKHQ�GXVW�����

LQSXW� WR�'0/� UHDFKHV� LWV�PD[LPXP�� WKH� SDUWLFOH� DQG�1D��FRQFHQWUDWLRQ� SURILOHV� GXULQJ� WKH�����

+RORFHQH�ZHUH�XVHG��$W�('0/�WKH�1D��FRQFHQWUDWLRQ�PD[LPXP�RFFXUV�FOHDUO\�GXULQJ�DXVWUDO�����

ZLQWHU� >Sommer et al.�� ������ Weller and Wagenbach�� ����@�� ,Q� RUGHU� WR� GHWHUPLQH� WKH�����

VHDVRQDOLW\� RI� WKH� GXVW� PD[LPXP� DW� ('0/�� ILUVW�� WKH� PD[LPD� LQ� WKH� KLJK� UHVROXWLRQ� 1D������

FRQFHQWUDWLRQ� SURILOH� IURP� WKH� ('0/� LFH� FRUH� ZHUH� GHILQHG� DV� ZLQWHU� DQG� WKH� GLVWDQFH�����

EHWZHHQ�DGMDFHQW�1D��FRQFHQWUDWLRQ�PD[LPD�ZHUH�VXEGLYLGHG�LQ����HTXLGLVWDQW�LQWHUYDOV��7KH�����

SRVLWLRQ�RI� WKH�GXVW�FRQFHQWUDWLRQ�PD[LPXP�LQ�RQH�RI� WKH���� LQWHUYDOV�ZDV� WKHQ�GHWHUPLQHG�����

�)LJXUH�����1RWH��WKDW�WKLV�SORW�GRHV�QRW�VKRZ�WKH�PHDQ�VHDVRQDOLW\��EXW�WKH�WLPLQJ�RI�WKH�GXVW�����

SHDN��'XVW�PD[LPD�RFFXU�GXULQJ�DOO�WLPHV�RI�WKH�\HDU��+RZHYHU��PRVW�PD[LPXD�DUH�IRXQG�DW�����

WKH� VDPH� WLPH� DV� WKH�1D��FRQFHQWUDWLRQ�PD[LPXP�GXULQJ�ZLQWHU�ZLWK� D� SUREDELOLW\� RI� GXVW�����

PD[LPXP� RFFXUUHQFH� WZLFH� DV� KLJK� DV� GXULQJ� VXPPHU�� 7KH� DQDO\VLV� WHFKQLTXH� XVHG� WR�����



GHWHUPLQH� 1D��FRQFHQWUDWLRQV� FDXVHV� ODUJHU� GLVSHUVLRQ� WKDQ� WKH� GHWHUPLQDWLRQ� RI� &D���� DQG�����

GXVW�FRQFHQWUDWLRQV��7KXV��WKH�LQYHVWLJDWLRQ�RI�WKH�SKDVH�ODJ�RI�1D��DQG�&D����DV�ZHOO�DV�GXVW�����

FRQFHQWUDWLRQV� FDQQRW� EH� SHUIRUPHG� IRU� WKH� GHHSHU� SDUW� DW� ����� P� ±� ����� P�� ZKHUH� GXVW�����

FRQFHQWUDWLRQV�VWLOO�VKRZ�D�VHDVRQDO�VLJQDO��ZKHUHDV�VHDVRQDO�YDULDELOLW\�LQ�1D����FRQFHQWUDWLRQ�����

LV�FRPSOHWHO\�VPRRWKHG�RXW�LQ�WKH�&)$�GDWD������

�����

��� 'LVFXVVLRQ�����

����0XOWLDQQXDO�PHDQ�YDOXHV�����

)LUVW��ZH�ZLOO�IRFXV�RQ�WKH�PXOWLDQQXDO�PHDQ�YDOXHV�RI�WKH�GXVW�SUR[LHV�ZLWK�HPSKDVLV�RQ�WKH�����

GXVW�VL]H��7KH�GHFUHDVH�RI�WKH�GXVW�FRQFHQWUDWLRQ�GXULQJ�7��VWDUWV�DURXQG��������\U�%3��)LJXUH�����

����6LPXOWDQHRXVO\�� DOVR� WKH�GXVW� VL]H� VWDUWV� WR�GHFUHDVH�XQWLO�a�������\U�%3��ZKHUH�D� VKDUS�����

LQFUHDVH�LQ�WKH�GXVW�VL]H�WR�ODUJHU�+RORFHQH�YDOXHV�FDQ�FOHDUO\�EH�GLVFHUQHG��7KLV�LQWHUPLWWHQW�����

GHFUHDVH�LQ�GXVW�VL]H�GXULQJ�7��FRXOG�DOVR�EH�REVHUYHG�LQ�'RPH�&�DQG�7DORV�'RPH�>Delmonte ����

et al.�� ������ Albani et al.�� ����D@�� $W� WKH� VDPH� WLPH�� WKH� FKHPLFDO� VLJQDWXUH� RI� WKH� GXVW�����

FKDQJHV� LQ�'0/�DQG�'RPH�&�>Röthlisberger et al.��������Gabrielli et al.,�������Wegner et ����

al.������@��$�GLYHUJHQFH�EHWZHHQ�WKH�GXVW�IOX[�LQ�7DORV�'RPH�DQG�'RPH�&��ZDV�IRXQG�DIWHU�����

�������\U�%3�ZLWK�D�KLJKHU�UDWLR�EHWZHHQ�7DORV�'RPH�DQG�('&�GXVW�IOX[HV�DIWHU��������\U�����

%3�FRPSDUHG� WR� WKH� WLPH�EHIRUH� >Albani et al.������E@��6XPPDUL]LQJ� WKH�REVHUYDWLRQV� IURP�����

WKH�$QWDUFWLF�GXVW�UHFRUGV��HYLGHQFH�LQFUHDVHV�WKDW�DURXQG��������\U�%3�D�VLJQLILFDQW�FKDQJH�����

RFFXUUHG� LQ� HLWKHU� WKH� VRXUFHV� RU� WKH� WUDQVSRUW� FKDUDFWHULVWLFV� RI� GXVW�� WKDW� KDG� DQ�$QWDUFWLF�����

ZLGH�LQIOXHQFH�RQ�WKH�GXVW�GHSRVLWLRQ������

,Q� SUHYLRXV� VWXGLHV� WKH� JODFLDO�LQWHUJODFLDO� GHFUHDVH� LQ� WKH� GXVW� IOX[� ZDV� H[SODLQHG� E\� DQ�����

LQFUHDVHG�K\GURORJLFDO�F\FOH��ZHDNHU�VRXUFH�HPLVVLRQV�DQG�D�FKDQJH�LQ�DWPRVSKHULF�WUDQVSRUW�����

>H�J�� Petit et al.�� ������ Fischer et al.�� ����E@�� Röthlisberger et al.� >����@� DWWULEXWHV� WKH�����

FKDQJHV�LQ�GXVW�IOX[�GXULQJ�WKH�ILUVW�SDUW�RI�7���XQWLO��������\U�%3��PDLQO\�WR�FKDQJHV�LQ�WKH�����

VRXUFH�DUHDV��YHJHWDWLRQ�FRYHU�DQG�ORFDO�FOLPDWH��DQG�WKH�IXUWKHU�GHFUHDVH�WR�D�UHRUJDQL]DWLRQ�����



RI� DWPRVSKHULF� FLUFXODWLRQ��)URP�D� VHGLPHQW� FRUH�RIIVKRUH�&KLOH� DW� ���6�DQ� LQFUHDVH� LQ� VHD�����

VXUIDFH�WHPSHUDWXUHV��667V��RFFXUUHG�PDLQO\�EHWZHHQ��������\U�%3�DQG��������\U�%3�>Lamy ����

et al.,� ����@�� ZKLFK� LV� FORVHO\� OLQNHG� WR� WKH� SRVLWLRQ� RI� WKH� VRXWKHUQ� ZHVWHUO\� ZLQG� EHOW�����

�6::��� ZKLFK� KDV� ODUJH� LPSDFWV� RQ� WKH� XSOLIW� DQG� ORQJ� UDQJH� WUDQVSRUW� RI� GXVW� IURP�����

3DWDJRQLD��WKH�PDLQ�VRXUFH�DUHD�XQWLO��������\U�%3��Stenni et al.�>����@�REVHUYHG�D�GLIIHUHQW�����

FOLPDWLF�HYROXWLRQ�EHWZHHQ�WKH�$WODQWLF�DQG�WKH�,QGR�3DFLILF�VHFWRU�EHWZHHQ��������\U�%3�DQG�����

�������\U�%3�ZLWK�D�GHFHOHUDWLRQ�RI�WKH�ZDUPLQJ�LQ�WKH�$WODQWLF�6HFWRU�FRQQHFWHG�WR�GLIIHUHQW�����

VKLIWV� LQ� PRLVWXUH� VRXUFHV�� ZKLFK� LV� H[SODLQHG� E\� D� UHRUJDQL]DWLRQ� RI� WKH� DWPRVSKHULF�����

FLUFXODWLRQ��7DNLQJ�WKHVH�IDFWV�WRJHWKHU��HYLGHQFH�EHFRPHV�VWURQJHU�WKDW�7��FDQ�EH�VXEGLYLGHG�����

LQWR� WZR� SDUWV��'XULQJ� WKH� ILUVW� SDUW� IURP��������\U�%3� XQWLO� DURXQG� ������� \U�%3�JUDGXDO�����

SURFHVVHV� OLNH� D� ZHDNHQLQJ� RI� WKH� VRXUFH� GXH� D� VKLIW� LQ� WKH� ZHVWHUO\� ZLQG� EHOW� FDXVH� WKH�����

GHFUHDVH�LQ�GXVW�FRQFHQWUDWLRQ��$URXQG��������\U�%3��D�PRUH�DEUXSW�FKDQJH�KDSSHQHG�ZLWK�DQ�����

$QWDUFWLF� ZLGH� DWPRVSKHULF� UHRUJDQLVDWLRQ�� WKDW� DOORZHG� PRUH� GLUHFW� WUDQVSRUW� RI� GXVW�����

LQGLFDWHG�E\�ODUJHU�SDUWLFOHV�WR�'0/�������

�����

7KH� GXVW� VL]H� LV� PRGXODWHG� E\� FKDQJHV� LQ� WUDQVSRUW� WLPH� DQG� SDWKZD\V� >Ruth et al.�� ����������

Fischer et al.������E@�DV�ZHOO�DV�WKH�VQRZ�DFFXPXODWLRQ�UDWH�WKURXJK�DWPRVSKHULF�VFDYHQJLQJ�����

SURFHVVHV��7KH�VLJQLILFDQW�ZDUPLQJ�EHWZHHQ��������DQG��������\U�%3�DQG�IXUWKHU�RQ�GXULQJ�����

WKH� WUDQVLWLRQ� VXJJHVWV� DOVR�DQ� LQFUHDVLQJ� DFFXPXODWLRQ� UDWH� DW� WKLV� WLPH� >EPICA-community ����

members�� ������ ����@�� �ZKLFK�ZRXOG� IDYRU� VPDOOHU� SDUWLFOHV� LQ� WKH� LFH� DW� WKH� RQVHW� RI� WKH�����

WHUPLQDWLRQ��7KLV�LV�VXJJHVWHG�E\�WKH�GXVW�VL]H�FKDQJH�LQ�)LJXUH����KRZHYHU��WKH�FKDQJH�LQ�WKH�����

DFFXPXODWLRQ� UDWH�� ZKLFK� LV� VLJQLILFDQWO\� OHVV� WKDQ� D� IDFWRU� RI� �� DW� WKLV� SRLQW�� FDQQRW�����

TXDQWLWDWLYHO\�H[SODLQ� WKH�DFFRPSDQ\LQJ�GHFUHDVH� LQ�GXVW�FRQFHQWUDWLRQ�RI�DERXW�D� IDFWRU�RI�����

����$GGLWLRQDOO\��WKH�GXVW�VL]H�VWDUWV�WR�GHFUHDVH�DOUHDG\�DW��������\U�%3�ZKHUHDV�WKH�LQFUHDVH�����

RI� DFFXPXODWLRQ� UDWH� VHHP� WR� VWDUW� VOLJKWO\� ODWHU�� 7KXV� HVSHFLDOO\� GXULQJ� WKH� WLPH� EHWZHHQ�����

������� \U� DQG� ������� \U� %3� DFFXPXODWLRQ� UDWH� FKDQJHV� SUREDEO\� GRHV� QRW� DFFRXQW� IRU� D�����



UHGXFWLRQ�LQ�GXVW�VL]H��$OWHUQDWLYHO\��D�OHVV�HIILFLHQW�WUDQVSRUW�DW� WKH�RQVHW�RI�WKH�WHUPLQDWLRQ�����

FRXOG�FRQWULEXWH� WR�WKH�VPDOOHU�SDUWLFOHV�DW� WKDW� WLPH�DQG�ZRXOG�DOVR�VOLJKWO\�UHGXFH�WKH�GXVW�����

FRQFHQWUDWLRQ��+RZHYHU��WKH�PDLQ�GULYHU�RI�WKH����IROG�GHFUHDVH�LQ�GXVW�FRQFHQWUDWLRQ�LQ�WKLV�����

WLPH�LQWHUYDO�DSSHDUV�WR�EH�D�UHGXFWLRQ�LQ�VRXUFH�VWUHQJWK�������

$IWHU� ������� \U� %3� WKH� GXVW� FRQFHQWUDWLRQ� FRQWLQXHV� WR� GHFUHDVH� EXW� WKH� GXVW� VL]H� LV�����

LQFUHDVLQJ��7KLV�RFFXUV�DW�D�WLPH�ZKHUH�DFFXPXODWLRQ�UDWHV�FRQWLQXH�WR�ULVH�VLJQLILFDQWO\�DQG������

WKXV��ZH�FDQ�H[FOXGH�WKDW�DFFXPXODWLRQ�UDWH�DFFRXQWV�IRU�WKH�FKDQJH�LQ�GXVW�VL]H��$W�WKDW�WLPH�����

WKH�WUDQVSRUW�HIIHFW�PXVW�RYHUFRPSHQVDWH�D�UHGXFHG�UHODWLYH�FRQWULEXWLRQ�RI�VL]H�IUDFWLRQDWLQJ�����

GU\� GHSRVLWLRQ� DQG�ZH� FRQFOXGH� WKDW� DIWHU� ������� \U�%3� WUDQVSRUW�PXVW� KDYH� LQWHQVLILHG� RU�����

GLIIHUHQW�WUDQVSRUW�SDWKZD\V�HQDEOLQJ�ODUJHU�SDUWLFOHV�WR�UHDFK�'0/�EHFDPH�PRUH�LPSRUWDQW������

7KLV� H[SODQDWLRQ� KROGV� ERWK� IRU� ('0/�� ('&� DQG�.RPVRPROVND\D� EXW� FDQQRW� H[SODLQ� WKH�����

RSSRVLWH�JODFLDO�LQWHUJODFLDO�FKDQJH�RI�GXVW�VL]H�DW�'RPH�%��7KH�ODWWHU�PD\�UHIOHFW�D�UHJLRQDO�����

GLIIHUHQFH�LQ�GXVW�WUDQVSRUW�>Delmonte et al.������@��$�PRUH�HIILFLHQW�WUDQVSRUW�IRU�GXVW�WR�WKH�����

($3� GXULQJ� WKH� VHFRQG� SDUW� RI� WKH� WUDQVLWLRQ�� KRZHYHU�� ZRXOG� DOVR� OHDG� WR� KLJKHU� GXVW�����

FRQFHQWUDWLRQV��7KLV�PD\�EH�SDUWO\�FRPSHQVDWHG�E\�WKH�VWURQJHU�ZDVK�RXW�RI�SDUWLFOHV�HQ�URXWH�����

UHGXFLQJ� WKH� DWPRVSKHULF� OLIH� WLPH� RI� GXVW� DQG� WKH� KLJKHU� VQRZ� DFFXPXODWLRQ� DW� WKDW� WLPH�����

OHDGLQJ�WR�D�GLOXWLRQ�RI�GXVW�FRQFHQWUDWLRQV�LQ�WKH�LFH��$OVR��D�GHFUHDVH�LQ�WKH�VRXUFH�VWUHQJWK�����

RFFXUULQJ� VLPXOWDQHRXVO\� FRXOG� OHDG� WR� D� GHFUHDVHG� GXVW� FRQFHQWUDWLRQ� LQ� WKH� LFH�� ,I� WKH�����

DFFRPSDQ\LQJ�FKDQJH� LQ�5DUH�(DUWK�HOHPHQW�FRPSRVLWLRQ�DW�a�������\U�%3� >Wegner et al., ����

2012@�LV�GXH�WR�D�VWURQJ�UHGXFWLRQ�RI�RQH�VRXUFH��WKLV�VXSSRUWV�WKH�ODWWHU�H[SODQDWLRQ��7KH�WRWDO�����

FKDQJH�LQ�GXVW�FRQFHQWUDWLRQ�DIWHU��������\U�%3�WR�WKH�+RORFHQH�LV�D�GHFOLQH�E\�D�IDFWRU�RI�������

���ZKLFK� LV� LQ� WKH�SRVVLEOH� UDQJH�RI� WKH�FRPELQHG�HIIHFWV�RQ�GXVW�FRQFHQWUDWLRQ�E\�VWURQJHU�����

ZHW�GHSRVLWLRQ�GXULQJ�WUDQVSRUW�DQG�DW�WKH�LFH�FRUH�GULOO�VLWHV��VHH�DOVR�VHFWLRQ�RQ�VHDVRQDOLW\�����

EHORZ��� ,QWHUHVWLQJO\�� VXFK� FRPSHWLQJ� HIIHFWV� RI� VKRUWHQHG� WUDQVSRUW� WLPH� DQG� VLJQLILFDQWO\�����

UHGXFHG�DWPRVSKHULF�OLIHWLPH�DUH�LQ�JHQHUDO�DJUHHPHQW�ZLWK�OLWWOH�QHW�FKDQJH�LQ�WKH�GLIIHUHQFH�����

EHWZHHQ�GXVW�IOX[HV�EHWZHHQ�('0/�DQG�('&�RYHU�WLPH�>Fischer et al�������D@��DVVXPLQJ�D�����



PDMRU� 3DWDJRQLDQ� GXVW� FRQWULEXWLRQ� IRU� ERWK� VLWHV�� 1RWH�� KRZHYHU�� WKDW� IRU� VLWHV� LQ� WKH�����

,QGRSDFLILF�VHFWRU�RI�WKH�($3�VXFK�DV�'RPH�&�RWKHU�VRXUFHV�WKDQ�3DWDJRQLD�EHFRPH�UHODWLYHO\�����

PRUH�LPSRUWDQW�LQ�WKH�ODWH�VWDJH�RI�WKH�WUDQVLWLRQ�������

7KXV� ZH� FRQFOXGH� WKDW� GXULQJ� WKH� ILUVW� SDUW� RI� 7�� XS� WR� ������� \U� %3�� ZKHUH� RQO\� 6RXWK�����

$PHULFDQ�GXVW�LV�LGHQWLILHG�LQ�(DVW�$QWDUFWLFD��D�UHGXFHG�HPLVVLYLW\�RI�WKH�VRXUFH�PXVW�KDYH�����

RFFXUUHG�DFFRPSDQLHG�E\�D�OHVV�HIIHFWLYH�WUDQVSRUW��$GGLWLRQDOO\�DQ�LQFUHDVH�RI�ZHW�GHSRVLWLRQ�����

FRXOG�KDYH�SOD\HG�D�PLQRU�UROH��$IWHU��������\U�%3�WKH�VRXUFH�VWUHQJWK�PD\�KDYH�FRQWLQXHG�WR�����

GHFOLQH� EXW� D� UHRUJDQL]DWLRQ� RI� DWPRVSKHULF� FLUFXODWLRQ� DOORZHG� IRU� IDVWHU� GXVW� WUDQVSRUW� RU�����

GLIIHUHQW�WUDQVSRUW�SDWKZD\V�EXW�VLJQLILFDQWO\�LQFUHDVHG�ZDVK�RXW�RI�GXVW�GXULQJ�WUDQVSRUW�������

�����

����+LJK�UHVROXWLRQ�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�SURILOH�����

4XDQWLWDWLYHO\� GLVHQWDQJOLQJ� WKH� FRQWULEXWLRQ� RI� GLIIHUHQW� SURFHVVHV� WR� WKH� ODUJH�����

JODFLDO�LQWHUJODFLDO� YDULDELOLW\� LQ� GXVW� FRQFHQWUDWLRQ� LQ� LFH� FRUHV� LV� D� NH\� TXHVWLRQ��+HUH�ZH�����

SURSRVH� D� QHZ� DSSURDFK� XVLQJ� VXEDQQXDO� UHVROXWLRQ� GXVW� FRQFHQWUDWLRQ� DQG� VL]H� SURILOHV� WR�����

LQYHVWLJDWH�SRVVLEOH�VHDVRQDO�SURFHVVHV�FRQWULEXWLQJ�WR�WKH�GHFUHDVH�LQ�GXVW�IOX[�RYHU�7�������

�����

7KH�PDLQ� SURFHVVHV� LQIOXHQFLQJ� WKH� GXVW� FRQFHQWUDWLRQ� LQ� WKH� VQRZ�&VQRZ� IRU� GLIIHUHQW� WLPH�����

SHULRGV��W��DQG�W���DUH�WKH�VRXUFH�HPLVVLRQ�VWUHQJWK�(��WKH�WUDQVSRUW�HIILFLHQF\�7�DQG�SURFHVVHV�����

UHODWHG�WR�WKH�GHSRVLWLRQ�'�ZLWK������
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Martinez-Garcia et al.,�>����@�IRXQG�D�IDFWRU�RI���KLJKHU�GXVW�IOX[HV�LQ�WKH�JODFLDOV�FRPSDUHG�����

WR� LQWHUJODFLDOV� LQ� D� VHGLPHQW� FRUH� IURP� WKH� 6RXWK� $WODQWLF�� DW� D� VLWH� GLUHFWO\� GRZQZLQG�����

3DWDJRQLD�� WKH� PDLQ� GXVW� VRXUFH� IRU� WKH� ($3� GXULQJ� *ODFLDOV� >H�J��Delmonte et al.�� ����������

Marino et al.��������Gabrielli et al.������@�DQG�IRU�'0/�DOVR�GXULQJ�WKH�+RORFHQH�>Wegner et ����



al.������@��7KXV�� WKLV�UHFRUG�FDQ�EH�WDNHQ�DV�DQ�HVWLPDWH�IRU� WKH�UDWLR�LQ�WKH�3DWDJRQLDQ�GXVW�����

VRXUFH� HPLVVLRQ� VWUHQJWK� EHWZHHQ� WKH� ODVW� *ODFLDO� DQG� WKH� +RORFHQH�� Petit and Delmonte������

>����@� GHULYHG� D� IDFWRU� RI� ���� FKDQJH� LQ� DSSDUHQW� VRXUFH� VWUHQJWK� VOLJKWO\� ORZHU� WKDQ�����

Martinez-Garcia et al.� >����@�� 6LQFH� RQ� WKH� ($3� PRVW� RI� WKH� GXVW� LV� GHSRVLWHG� E\� GU\�����

GHSRVLWLRQ�� WKH� LQFUHDVH� LQ� VQRZ� DFFXPXODWLRQ� EHWZHHQ� WKH� ODVW� JODFLDO� WR� WKH� +RORFHQH�����

DFFRXQWV�IRU�DQRWKHU�IDFWRU�RI���LQ�WKH�GXVW�FRQFHQWUDWLRQ�>EPICA-community members������@������

2YHUDOO� FKDQJHV� LQ� HPLVVLRQ� VWUHQJWK� WRJHWKHU�ZLWK�FKDQJHV� LQ� ORFDO�GHSRVLWLRQ�RYHU� WKH� LFH�����

VKHHW��GXH�WR�WKH�ORZHU�JODFLDO�DFFXPXODWLRQ�UDWH��FDQ�H[SODLQ�DERXW�D�IDFWRU�RI�����RXW�RI���������

LQ� WKH� JODFLDO�LQWHUJODFLDO� GXVW� FRQFHQWUDWLRQ� FKDQJH�� $FFRUGLQJO\�� DQRWKHU� IDFWRU� RI� ���� LV�����

PLVVLQJ�LQ�WKH�EXGJHW������

�����

$V�RXWOLQHG�DERYH�WKH�LQFUHDVH�LQ�GXVW�VL]H�LQ�WKH�ODWHU�SDUW�RI�WKH�WUDQVLWLRQ�LPSOLHV�D�IDVWHU�RU�����

PRUH�GLUHFW� WUDQVSRUW� DQG� WKXV�D� WHQGHQF\� WR�KLJKHU�FRQFHQWUDWLRQ�DW� WKDW� WLPH��ZKLFK� LV� WKH�����

RSSRVLWH� WR� WKH� REVHUYHG� GHFUHDVH� LQ� GXVW� FRQFHQWUDWLRQ� GXULQJ� WKDW� WLPH��:KHQ� ORRNLQJ� DW�����

PXOWL�DQQXDO�PHDQ�PRGDO�YDOXHV��WKH�REWDLQHG�VL]H�LV�ELDVHG�WR�WKH�VL]HV�RFFXUULQJ�GXULQJ�WKH�����

GXVW� FRQFHQWUDWLRQ� PD[LPD�� ZKLFK� FRXOG� DIIHFW� WKH� HVWLPDWHV� IRU� WKH� JODFLDO�LQWHUJODFLDO�����

FKDQJH�LQ�GXVW�FRQFHQWUDWLRQ��,Q�WKLV�VWXG\��ZH�DGGUHVV�WKH�TXHVWLRQ�KRZ�PXFK�RI�WKH�JODFLDO�����

LQWHUJODFLDO�GXVW�FRQFHQWUDWLRQ�FKDQJHV�FDQ�EH�DWWULEXWHG�WR�D�FKDQJH�LQ�WKH�VHDVRQDO�SKDVLQJ�����

RI�GXVW� WUDQVSRUW� DQG�GXVW� HPLVVLRQ��1HHGOHVV� WR� VD\� WKDW�RWKHU�SURFHVVHV� VXFK�DV� D� UHGXFHG�����

K\GURORJLFDO� F\FOH� DQG� WKH� ODUJHU� DPRXQW� RI� WRWDO� HPLWWHG� GXVW� GXULQJ� WKH� JODFLDO� DUH� RWKHU�����

LPSRUWDQW�IDFWRUV�LQIOXHQFLQJ�WKH�GXVW�FRQFHQWUDWLRQ�LQ�$QWDUFWLF�LFH�FRUHV������

�����

7R�H[SODLQ�WKH�HIIHFW�RI�WKH�SKDVH�ODJ�LQ�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�RQ�WKH�JODFLDO�LQWHUJODFLDO�����

GXVW� GLIIHUHQFH� ZH� DSSO\� D� VLPSOH� FRQFHSWXDO� PRGHO� IRU� WKH� GXVW� WUDQVSRUW� IURP� WKH� GXVW�����

VRXUFH�WR�WKH�LFH�VKHHW������

7DNLQJ�LQWR�DFFRXQW�D�VHDVRQDO�YDULDELOLW\�LQ�HDFK�RI�WKH�FRPSRQHQWV�(T������WXUQV�LQWR�����



�������� tDtTtEtCsnow ⋅⋅= � ���

ZKHUH� W� LV� WKH� WLPH�RI� WKH�\HDU��7KH�PD[LPXP�RI� WKH�GXVW� VWRUP� IUHTXHQF\� LQ�3DWDJRQLD� DW�����

SUHVHQW�GD\�RFFXUV�LQ�VXPPHU�>Johnson et al.������@��7KLV�DOUHDG\�VKRZV�WKDW�WKH�RFFXUUHQFH�����

RI� WKH�GXVW�PD[LPXP�LQ�('0/�LQ�ZLQWHU�IRU� LQWHUJODFLDO�FRQGLWLRQV�FDQQRW�EH�H[SODLQHG�E\�����

WKH�HPLVVLRQ� VHDVRQDOLW\�(�W���EXW� LV� FRQWUROOHG�E\� WKH� UHFHQW� VHDVRQDOLW\� LQ� WUDQVSRUW� DQG�RU�����

GHSRVLWLRQ�������

�����

7R� HVWLPDWH� D� PDJQLWXGH� RI� WKH� HIIHFW� RI� VHDVRQDOLW\� ZLWK� RXU� VLPSOH� PRGHO� DSSURDFK� ZH�����

GHVFULEH�WKH�GXVW�HPLVVLRQ�(�W��ZLWK�D�VLQ�IXQFWLRQ������

EtEtE E +⋅⋅∆= �VLQ��� ω � ����������������������������������������

ZLWK� E � WKH�PHDQ� WRWDO� HPLVVLRQ� IOX[� SHU� \HDU�� � yearE ���πω = � DQG� t� JLYHQ� LQ� \HDUV���ǻE�����

DFFRXQWV�IRU�WKH�VHDVRQDO�DPSOLWXGH�LQ�VRXUFH��ZLWK�ǻE< E �� �WR�H[FOXGH�D�QHJDWLYH�YDOXH�IRU�����

WKH�VRXUFH�VWUHQJWK������

%DVHG�RQ�DQ�DWPRVSKHULF�PRGHO��WKH�VLPXODWHG�WUDFHU�DJH�>Krinner and Genthon������@�DW�WKH�����

('0/�GULOO�VLWH�DV�D�SUR[\�IRU�WKH�DJH�RI�WKH�DLU�PDVV�UHDFKLQJ�WKH�VLWH�LV�VPDOOHU�LQ�DXVWUDO�����

ZLQWHU�WKDQ�VXPPHU�IRU�SUHVHQW�GD\�DQG�WKH�/*0��+RZHYHU��WKH�DEVROXWH�PRGHOHG�WUDFHU�DJH�����

LV� VPDOOHU� LQ� WKH�/*0�FRPSDUHG� WR�SUHVHQW�GD\��$OVR�EDFNWUDMHFWRU\�VWXGLHV� >Rejmer et al.������

����@�VKRZ�D�FOHDU�VHDVRQDO�F\FOH�LQ�WUDQVSRUW�WLPHV�RI�DLU�PDVVHV�UHDFKLQJ�WKH�($3��,Q�WKLV�����

PHWHRURORJLFDO�VWXG\�UHFHQW� WUDQVSRUW� WR�('0/�LV�DOVR�VORZHVW� LQ�DXVWUDO�VXPPHU�DQG�PRUH�����

HIILFLHQW� LQ� ZLQWHU�� EXW� PRVW� HIILFLHQW� LQ� DXVWUDO� VSULQJ�� ,Q� DQ\� FDVH� D� VLJQLILFDQW� VHDVRQDO�����

YDULDWLRQ� LQ� WUDQVSRUW� WLPH� IRU� GXVW� WUDQVSRUW� WR� ('0/� FDQ� EH� H[SHFWHG��:H� GHVFULEH� WKH�����

WUDQVSRUW�ZLWK�D�VLQH�IXQFWLRQ�����

�����

:LWK� T � WKH� PHDQ� WUDQVSRUW� LQWHQVLW\� GXULQJ� RQH� \HDU�� yearT ���πω = DQG πϕ �� << �� ǻT�����

DFFRXQWV�IRU�WKH�VHDVRQDO�DPSOLWXGH�LQ�WUDQVSRUW�HIILFLHQF\��ZLWK�ǻT<T ���WR�H[FOXGH�WUDQVSRUW�����

TtTtT T ++⋅⋅∆= �VLQ��� ϕω � ����������������������������������������



IURP� $QWDUFWLFD� WR� WKH� VRXUFH� DUHD�� 7KH� SKDVH� πϕ �� << � DFFRXQWV� IRU� WKH� FDVH� WKDW� GXVW�����

HPLVVLRQ�DQG�WUDQVSRUW�RFFXUV�DW�GLIIHUHQW�WLPHV�RI�WKH�\HDU������

�����

:HW�GHSRVLWLRQ�RI�GXVW�SDUWLFOHV�RFFXUV�LQ�FRPELQDWLRQ�ZLWK�VQRZ�DFFXPXODWLRQ��ZKHUHDV�GU\�����

GXVW� GHSRVLWLRQ� LV� FDXVHG� E\� JUDYLWDWLRQDO� IDOORXW��$W� SUHVHQW� GD\� DERXW� ���� RI� WKH� GXVW� LV�����

HVWLPDWHG� WR� EH� GU\� GHSRVLWHG� DW� '0/� >Fischer et al.�� ����E@�� 'XULQJ� WKH� JODFLDO�� ZKHQ�����

DFFXPXODWLRQ�UDWHV�LQ�'0/�ZHUH�VLPLODU�WR�SUHVHQW�GD\�'RPH�&�DFFXPXODWLRQ��DOPRVW�DOO�GXVW�����

LV�H[SHFWHG�WR�EH�GU\�GHSRVLWHG�>)LVFKHU�HW�DO������E@��7KH�RYHUDOO�KLJKHU�VQRZ�DFFXPXODWLRQ�����

GXULQJ�WKH�+RORFHQH�VKLIWV�WKH�PRGDO�YDOXH�RI�WKH�GXVW�YROXPH�GLVWULEXWLRQ�WR�VPDOOHU�YDOXHV�����

GXULQJ�ZHW�GHSRVLWLRQ�EXW�GRHV�QRW�FKDQJH�WKH�VHDVRQDOLW\�LQ�GXVW�GHSRVLWLRQ�SHU�VH��+HUH�WKH�����

VHDVRQDO� YDULDWLRQ� LQ� VQRZ� DFFXPXODWLRQ� DQG� LWV� JODFLDO�LQWHUJODFLDO� FKDQJH� KDYH� WR� EH�����

FRQVLGHUHG��)RU� LQVWDQFH�D�KLJKHU� VQRZ�DFFXPXODWLRQ� LQ�ZLQWHU�DV� VXJJHVWHG�E\� >Laepple et ����

al.������@�ZLOO� IDYRU� VPDOOHU�SDUWLFOHV� WR�EH�GHSRVLWHG�GXULQJ� WKDW� VHDVRQ��'HSHQGHQW�RQ� WKH�����

VHDVRQDOLW\�RI�GXVW�WUDQVSRUW��WKH�VHDVRQDO�SUHIHUHQFH�RI�ODUJHU�GXVW�SDUWLFOHV�GXH�WR�FKDQJHV�LQ�����

WKH�WUDQVSRUW�WLPH�PD\�EH�HLWKHU�FRPSHQVDWHG�RU�DPSOLILHG�E\�WKH�VHDVRQDOLW\�LQ�SUHFLSLWDWLRQ������

)RU�SUHVHQW�GD\�WKHUH�H[LVW�QR�UHOLDEOH�VHDVRQDOO\�UHVROYHG�SUHFLSLWDWLRQ�PHDVXUHPHQWV�IRU�WKH�����

('0/�GULOO�VLWH��)RU�RWKHU�VLWHV�RQ�WKH�($3�KLJKHU�VQRZ�DFFXPXODWLRQ�UDWHV�ZHUH�HVWLPDWHG�����

IRU�DXVWUDO�ZLQWHU�>Laepple et al.�������DQG�UHIHUHQFHV�WKHUHLQ@��7KH�VQRZ�KHLJKW�UHFRUGHG�E\�����

DQ�DXWRPDWLF�ZHDWKHU�VWDWLRQ�LQ�WKH�YLFLQLW\�RI�WKH�('0/�GULOO�VLWH�GRHV�QRW�SURYLGH�D�SLFWXUH�����

UHSUHVHQWDWLYH�RI� WKH�VHDVRQDOLW\� LQ�SUHFLSLWDWLRQ� >Welker et al.������@��EXW�PRGHOLQJ�VWXGLHV�����

VXJJHVW� WKDW� PRVW� SUHFLSLWDWLRQ� LV� VXSSOLHG� E\� VLQJOH� VQRZIDOO� HYHQWV� GLVWULEXWHG� UDQGRPO\�����

RYHU�WKH�\HDU�>Reijmer and van den Broeke��������Schlosser et al.������@��)RU�WKH�ODVW�JODFLDO�����

WKHUH� H[LVWV� QR� GLUHFW� HVWLPDWHV� RI� WKH� VHDVRQDOLW\� LQ� SUHFLSLWDWLRQ� DW� DOO� IRU� $QWDUFWLFD������

KRZHYHU�WKHUH�LV�QR�LQGLFDWLRQ�IRU�D�FKDQJHG�VHDVRQDOLW\�FRPSDUHG�WR�SUHVHQW�GD\�>Laepple et ����

al.�� ����@�� 7R� DVVHVV� WKH� HIIHFW� RI� VHDVRQDOLW\� RQ� WKH� FKDQJH� LQ� WKH� JODFLDO�LQWHUJODFLDO� GXVW�����

EXGJHW��RQO\�WKH�FKDQJH�LQ�SUHFLSLWDWLRQ�VHDVRQDOLW\�EHWZHHQ�*ODFLDO�DQG�+RORFHQH�KDV�WR�EH�����



FRQVLGHUHG��+HUH�ZH� DVVXPH� WKDW� WKH� VHDVRQDOLW\� LQ�SUHFLSLWDWLRQ� >Laepple et al.�� ����@� DQG�����

WKXV� D(t)� KDV� QRW� FKDQJHG� RYHU� WLPH�� $FFRUGLQJO\�� LQ� WKH� IROORZLQJ� ZH� ZLOO� QHJOHFW� WKH�����

LQIOXHQFH�RI�FKDQJHV�LQ�GHSRVLWLRQ�VHDVRQDOLW\�LQ�RXU�PRGHO�������

�����

%\� XVLQJ� HTXDWLRQ� ����� ���� DQG� ���� ZLWK� YDULDEOH� ϕ � ZH� FDQ� GHVFULEH� D� YDULDEOH� SKDVH� ODJ�����

EHWZHHQ�GXVW�HPLVVLRQ�DQG�GXVW� WUDQVSRUW� LQWHQVLW\�WKURXJKRXW� WKH�\HDU��LOOXVWUDWHG�LQ�)LJXUH�����

���� )RU� YDULDEOH� ϕ � DQG� IL[HG�ǻT, ǻE�� T DQG E ZH� FDOFXODWHG� WKH� FRUUHODWLRQ� FRHIILFLHQW� U�����

EHWZHHQ�T�DQG�CVQRZ�������

,Q�WKH�IROORZLQJ�ZH�HVWLPDWH�KRZ�WKH�SKDVH�ODJ�EHWZHHQ�T�DQG�C�LQIOXHQFHV�WKH�ORVV�FRPSDUHG�����

WR�LQ�SKDVH�HPLVVLRQ�DQG�WUDQVSRUW��1RWH��KRZHYHU��WKDW�WKH�UHVXOWV�VWLOO�GHSHQG�RQ�WKH�YDOXHV�����

RI� �ത, തܶ DQGܧ  ǻE�� ǻT LQ� (T�� ���� DQG� ����� )LJXUH� �� LOOXVWUDWHV� WKH� UHGXFWLRQ� RI� WKH� GXVW�����

FRQFHQWUDWLRQ�EHWZHHQ�VRXUFH�DQG�VLQN�VROHO\�IURP�D�FKDQJHG�SKDVH�ODJ�RI�GXVW�HPLVVLRQ�DQG�����

WUDQVSRUW��)RU�DOLJQHG�PD[LPD�RI�(�W��DQG�7�W���ĳ� ����WKH�UHGXFWLRQ�LV�����:LWK�LQFUHDVLQJ�ĳ�����

WKH�ORVV�GXH�WR�WKH�FKDQJHG�SKDVH�ODJ�LQFUHDVHV�WR�D�PLQLPXP�DW�ĳ� �ʌ���7KLV�LPSOLHV�WKDW�IRU�����

DQ�RXW�RI�SKDVH�UHODWLRQVKLS�EHWZHHQ�HPLVVLRQ�DQG�WUDQVSRUW�HIILFLHQF\�WKH�KLJK�GXVW� ORDG�DW�����

WKH�VRXUFH�FDQQRW�E\�HIILFLHQWO\�WUDQVSRUWHG�WR�$QWDUFWLFD������

�����

)RU�WKH�ODVW�JODFLDO�PD[LPXP�ZH�ILQG�FRUUHODWLRQ�FRHIILFLHQWV�U�&33�&��a�����EHWZHHQ�WKH�GXVW�����

VL]H� DQG� FRQFHQWUDWLRQ�� 7DNLQJ� WKLV� DV� DQ� HVWLPDWH� IRU� U�7�&��� WKH� FRUUHVSRQGLQJ� YDOXH�����

���7��(�����7��(7��( QRUP =⋅⋅=⋅ ϕϕ � � UDQJHV� EHWZHHQ� ���� �� (EÂT)norm� �� ����� GHSHQGHQW� RQ� തܶ�ǻ7�����

FRUUHVSRQGLQJ�WR�D�UHGXFWLRQ�RI�WKH�PD[LPXP�SRVVLEOH��(Â7�QRUP�WR�a����±�������LQGLFDWHG�DV�����

KRUL]RQWDO�DQG�YHUWLFDO�GDVKHG�OLQHV�LQ�)LJXUH�����)RU�W\SLFDO�+RORFHQH�FRUUHODWLRQ�FRHIILFLHQWV�����

����U�7�&���������WKH�FRUUHVSRQGLQJ�YDOXH�RI��(Â7�QRUP�UDQJHV�EHWZHHQ�������� normTE �� ⋅ �����������

GHSHQGHQW�RQ� തܶ�ǻ7��:LWK�RXU�FRQFHSWXDO�PRGHO�DSSURDFK�WKLV�FRUUHVSRQGV�WR�D�UHGXFWLRQ�RI�����

normTE �� ⋅ � WR�a���±������L�H��D�IDFWRU�RI���UHGXFWLRQ�RI�(EÂT)norm� UHODWLYH�WR�LWV�JODFLDO�YDOXH�����



VROHO\�GXH� WR� WKH�GHSKDVLQJ�RI�HPLVVLRQ�DQG� WUDQVSRUW� VHDVRQDOLW\��1RWH�� WKDW� WKH�KLJKHU� WKH�����

EDFNJURXQG�WUDQVSRUW�LQWHQVLW\�JLYHQ�E\� തܶ�WKH�VPDOOHU�LV�WKH�LQIOXHQFH�RI�WKH�VHDVRQDOLW\��)RU�����

തܶ�ǻ7� ��� (EÂT)norm LV�UHGXFHG�E\�DSSUR[LPDWHO\�D�IDFWRU�RI���IURP�a����WR�����������+RZHYHU������

IRU� തܶ�ǻ7� ������� normTE �� ⋅ �LV�UHGXFHG�E\�D�IDFWRU�RI�����IURP�a�����WR�����������EHWZHHQ�WKH�����

*ODFLDO�DQG�WKH�+RORFHQH�������

�����

$V� normTE �� ⋅ � JLYHV� WKH� FRQWULEXWLRQ� RI� D� FKDQJH� LQ� WKH� VHDVRQDOLW\� WR� WKH� REVHUYHG�����

*ODFLDO�,QWHUJODFLDO�GXVW�GHFUHDVH��LQ�WKLV�VLPSOH�PRGHO�DSSURDFK�ZH�ILQG�D�SRVVLEOH�LQIOXHQFH�����

RI� D� FKDQJHG� VHDVRQDOLW\� EHWZHHQ� GXVW� FRQFHQWUDWLRQ� DQG� VL]H� RI� D� IDFWRU� RI� ���� �� ������

FRQWULEXWLQJ�WR�WKH�JODFLDO�LQWHUJODFLDO�GXVW�FRQFHQWUDWLRQ�LQ�('0/�FKDQJH�GHSHQGHQW�RQ�WKH�����

SKDVLQJ�RI�(�W��DQG�7�W���7KH�PD[LPXP�HIIHFW�LV�DFKLHYHG�LI�HPLVVLRQ�DQG�WUDQVSRUW�ZKHUH�LQ�����

SKDVH� GXULQJ� WKH� JODFLDO� DQG� XQFRUUHODWHG� LQ� WKH� LQWHUJODFLDO�� DV� VXJJHVWHG� E\� RXU� KLJK�����

UHVROXWLRQ�GXVW�GDWD�������

�����

:KDW�FDXVHV�WKH�GH�SKDVLQJ�RI�HPLVVLRQ�DQG�WUDQVSRUW�GXULQJ�WKH�WUDQVLWLRQ"�$�FRQWULEXWLRQ�E\�����

RWKHU�GXVW� VRXUFHV� OLNH�$XVWUDOLD�GXULQJ� D�GLIIHUHQW� VHDVRQ� FRXOG� LQIOXHQFH� RXU� HVWLPDWH��$W�����

SUHVHQW� GD\� WKH� KLJKHVW� IUHTXHQF\� RI� GXVW� VWRUPV� LQ� $XVWUDOLD� RFFXUV� LQ� VSULQJ� WR� VXPPHU�����

>Ekström et al.�� ����@�� H[KLELWLQJ� RQO\� D� VPDOO� VKLIW� FRPSDUHG� WR� WKH� VXPPHU�PD[LPXP� LQ�����

6RXWKHUQ�6RXWK�$PHULFD��$V�WKH�GXVW�LQSXW�WR�'0/�LV�GRPLQDWHG�E\�6RXWK�$PHULFDQ�GXVW��WKH�����

PLQRU�FRQWULEXWLRQ�E\�$XVWUDOLDQ�GXVW�LV�QRW�H[SHFWHG�WR�FKDQJH�WKH�VHDVRQDO�VLJQDO�LQ�WKH�GXVW�����

UHFRUG�VLJQLILFDQWO\��$OWHUQDWLYHO\��ORFDO�VRXUFHV�LQ�WKH�7UDQVDQWDUFWLF�0RXQWDLQV�FRXOG�DFW�DV�����

D�GXVW�VXSSOLHU�EXW�PDLQO\�IRU�ODUJHU�SDUWLFOHV��$QRWKHU�SRVVLEOH�FRQWULEXWLRQ�WR�WKH�GXVW�LQSXW�����

WR�'0/�FRXOG�RULJLQDWH�IURP�WKH�3XQD�$OWLSODQR��3$3��LQ�%ROLYLD��7KHUH�LV�QR�VWXG\�\HW��WKDW�����

FRXOG�GLVWLQJXLVK� IURP�ZKHUH� LQ�6RXWK�$PHULFD� WKH�GXVW� UHDFKLQJ�'0/�RULJLQDWHV� IURP�� ,Q�����

WKH�3$3�PRVW�RI�WKH�DQQXDO�SUHFLSLWDWLRQ�RFFXUV�GXULQJ�DXVWUDO�VXPPHU��7KH�PD[LPXP�ZLQG�����

VSHHG�LV�REVHUYHG�GXULQJ�ZLQWHU�DQG�HDUO\�VSULQJ��ZKHQ�WKH�VXEWURSLFDO�MHW�VWUHDP�FURVVHV�WKH�����



3$3�>Clapperton������@��,Q�FRQWUDVW�WR�GXVW�HPLVVLRQ�IURP�6RXWKHUQ�3DWDJRQLD��WKLV�IDYRUV�WKH�����

GXVW�HPLVVLRQ�LQ�DXVWUDO�ZLQWHU�DQG�HDUO\�VSULQJ��6WXGLHV�RQ�6U�DQG�1G�LVRWRSHV�LQGLFDWH�WKDW�����

WKH�3$3�KDV�FRQWULEXWHG�WR�WKH�GXVW�LQSXW�LQ�WKH�,QGLDQ�VHFWRU�RI�WKH�(DVW�$QWDUFWLF�SODWHDX�DV�D�����

VHFRQG�FRQWULEXWRU�EHVLGHV�WKH�3DWDJRQLDQ�3DPSD�>Gaiero��������Delmonte et al.������@��7KH�����

SUR[LPLW\�WR�'0/�PDNHV�LW� OLNHO\��WKDW�WKH�3$3�PLJKW�KDYH�FRQWULEXWHG�WR�WKH�GXVW� LQSXW� LQ�����

'0/��7KXV��DGGLWLRQDO�WR�WKH�VXPPHU�HPLVVLRQV�IURP�3DWDJRQLD�D�FRQWULEXWLRQ�IURP�WKH�3$3�����

GXULQJ� ZLQWHU� DQG� HDUO\� VSULQJ�� ZKHQ� GXVW� WUDQVSRUW� LQWHQVLW\� LV� VWURQJHVW� >Krinner and ����

Genthon������@�RU�D�FRQWULEXWLRQ�IURP�ORFDO�VRXUFHV�FDQQRW�EH�UXOHG�RXW�DQG�FRXOG�OHDG�WR�D�����

GHFRUUHODWLRQ�RI� GXVW� FRQFHQWUDWLRQ� DQG� VL]H��7R� IXUWKHU� HYDOXDWH� WKH� SRVVLELOLW\�� LI� GLIIHUHQW�����

GXVW� VRXUFHV� FRQWULEXWH� GXULQJ� GLIIHUHQW� WLPHV� RI� WKH� \HDU�� SURYHQDQFH� VWXGLHV� LQ� VHDVRQDO�����

UHVROXWLRQ�DV�WKH�RQH�SHUIRUPHG�E\�%RU\�HW�DO��>����@�LQ�%HUNQHU�,VODQG�DUH�QHHGHG�������

�����

,Q� VXPPDU\� ZH� FDQ� GUDZ� WKH� IROORZLQJ� SLFWXUH� RI� WKH� PDLQ� IDFWRUV� LQIOXHQFLQJ� WKH� GXVW�����

UHDFKLQJ�'0/�GXULQJ�WKH�*ODFLDO�DQG�WKH�+RORFHQH��'XULQJ�WKH�*ODFLDO�D�ORQJHU�DWPRVSKHULF�����

OLIHWLPH�DQG�VWURQJHU�GXVW�HPLVVLRQV�OHDG�WR�PRUH�GXVW�LQ�WKH�DWPRVSKHUH�HVSHFLDOO\�RYHU�WKH�����

VRXUFHV��8QGHU�IDYRUDEOH�JODFLDO�FRQGLWLRQV�IRU�LQWHQVLILHG�GLUHFW�WUDQVSRUW��LQGLFDWHG�E\�ODUJHU�����

SDUWLFOHV�� D� V\QFKURQRXV� VHDVRQDO�PD[LPXP�RFFXUV� LQ�'0/� LQ�GXVW� VL]H� DQG�FRQFHQWUDWLRQ������

'XULQJ� WKH�+RORFHQH� D� VKRUWHU� DWPRVSKHULF� OLIHWLPH� DQG� D�ZHDNHU� VRXUFH� OHDG� WR� D� JHQHUDO�����

UHGXFWLRQ� RI� WKH� DPRXQW� RI� GXVW� LQ� WKH� DWPRVSKHUH� RYHU� WKH� VRXUFH�� +RZHYHU�� GXULQJ� WKH�����

+RORFHQH�� IDYRUDEOH� FRQGLWLRQV� IRU� LQWHQVLILHG� WUDQVSRUW� �LQGLFDWHG� E\� ODUJHU� SDUWLFOHV�� DUH�����

PRVWO\� VHDVRQDOO\� GHFRXSOHG� IURP� HOHYDWHG� FRQFHQWUDWLRQV� DW� WKH� VRXUFH� DQG� WKXV� QR� GXVW�����

FRQFHQWUDWLRQ�PD[LPXP�RFFXUV�LQ�'0/�DW�WKH�VDPH�WLPH�������

�����

$�VWURQJHU�FRXSOLQJ�EHWZHHQ�WKH�$QWDUFWLF�FOLPDWH�DQG�WKH�VRXWKHUQ�KHPLVSKHUH�PLG�ODWLWXGH�����

FOLPDWH�GXULQJ�JODFLDO�WLPHV�FRPSDUHG�WR�ZDUP�VWDJHV�ZDV�DOUHDG\�SURSRVHG�E\�Lambert et al.�����

>����@�� $� KLJK� DWPRVSKHULF� GXVW� FRQFHQWUDWLRQ� RYHU� WKH� VRXUFH� GXULQJ� IDYRUDEOH� WUDQVSRUW�����



FRQGLWLRQV� OHDGV� WR� D� PRUH� GLUHFW� WUDQVIHU� RI� WKH� FOLPDWLF� VLJQDO� IURP� 6RXWK� $PHULFD� WR�����

$QWDUFWLFD�� UHVXOWLQJ� LQ� D� VWURQJHU� FRXSOLQJ� RI� WKH� WZR� UHJLRQV� VXSSRUWLQJ� WKH� UHVXOWV� E\�����

Lambert et al.�>����@��7KH�RQVHW�RI�WKH�PDMRU�GHJODFLDO�GHFUHDVH�LQ�GXVW�FRQFHQWUDWLRQ�RFFXUV�����

VLPXOWDQHRXVO\�ZLWK�WKH�LQFUHDVH�LQ�WHPSHUDWXUH��H[SUHVVHG�DV�į��2�YDOXHV��)LJXUH����DQG�WKH�����

GHFUHDVH�RI�WKH�FRUUHODWLRQ�EHWZHHQ�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�DURXQG��������\U�%3��)LJXUH�����

����7KLV� FRLQFLGHV�ZLWK� WKH� VRXWKZDUG�GLVSODFHPHQW�RI� WKH�ZHVWHUO\�ZLQG�EHOW� >Lamy et al.������

����@�� LQGLFDWLQJ�WKDW� WKH�ZHVWHUO\�ZLQG�EHOW�PD\�KDYH�SOD\HG�D�PDMRU�UROH�IRU�WKH�HPLVVLRQ�����

VWUHQJWK�RI�WKH�GXVW�VRXUFHV�LQ�6RXWKHUQ�6RXWK�$PHULFD��,Q�WKLV�UHVSHFW�WKH�ORQJ�WHUP�FKDQJHV�����

LQ� GXVW� VL]H� GLVWULEXWLRQ� DW� ('0/�PD\� EH� DOVR� SDUWO\� LQWHUSUHWHG� WR� UHIOHFW� FKDQJHV� LQ� WKH�����

SRVLWLRQ�RI�WKH�ZHVWHUO\�ZLQG�EHOW�������

�����

&RQFOXVLRQV������

,Q�WKLV�VWXG\�ZH�LQYHVWLJDWHG�IRU�WKH�ILUVW�WLPH�WKH�GXVW�FRQFHQWUDWLRQ�DQG�VL]H�LQ�WKH�$WODQWLF�����

VHFWRU� RI� WKH� ($3� DQG� LWV� VHDVRQDO� SKDVLQJ� RYHU� WKH� ODVW� ������� \U� %3��:H� ILQG� ��� WLPHV�����

KLJKHU� GXVW� FRQFHQWUDWLRQV� DQG� VPDOOHU� GXVW� SDUWLFOHV� GXULQJ� WKH� /*0� FRPSDUHG� WR� WKH�����

+RORFHQH�� ,Q� WKH� LQWHUYDO� ������� ±� ������� \U� %3� D� UHGXFHG� HPLVVLYLW\� RI� WKH� VRXUFH� DUHD�����

FRPSDUHG�WR�WKH�SHDN�JODFLDO�DQG�D�UHGXFWLRQ�LQ�WUDQVSRUW�LQWHQVLW\�DUH�LGHQWLILHG�DV�WKH�PDLQ�����

IDFWRUV�FRQWUROOLQJ�WKH�GXVW�FRQFHQWUDWLRQ�GHFUHDVH�LQ�$QWDUFWLF�LFH�FRUHV��$Q�DEUXSW�LQFUHDVH�����

LQ� GXVW� VL]H� DQG� D� FKDQJH� LQ� WKH� GXVW� SURYHQDQFH� LQGLFDWH� DQ� DWPRVSKHULF� UHRUJDQL]DWLRQ� DW�����

DURXQG� ������� \U� %3�� $GGLQJ� WR� SUHYLRXVO\� SURSRVHG� LQWHUSUHWDWLRQV�� ZKHUH� GLIIHUHQFHV� LQ�����

GXVW� VL]HV� ZHUH� H[SODLQHG� E\� WUDQVSRUW� LQ� GLIIHUHQW� DWPRVSKHULF� DOWLWXGHV� >Delmonte et al.������

����������@��ZH�SURSRVH�DQ�DGGLWLRQDO�HIIHFW�DFWLQJ�RQ�VHDVRQDO�VFDOH�DW�('0/��:H�ILQG�D�����

KLJK�FRUUHODWLRQ�RI�U� �����EHWZHHQ�GXVW�VL]H�DQG�GXVW�FRQFHQWUDWLRQ�LQ�WKH�LFH�GXULQJ�WKH�FROG�����

JODFLDO�DQG�ORZHU�YDOXHV�ZLWK�KLJKHU�YDULDELOLW\�GXULQJ�ZDUPHU�VWDJHV�ZLWK�����U�������GXULQJ�����

WKH�+RORFHQH��:H�DUJXH�WKDW�GXVW�LQSXW�WR�'URQQLQJ�0DXG�/DQG�LV�PXFK�PRUH�HIILFLHQW�LI�GXVW�����

HPLVVLRQ� DQG� IDYRUDEOH� GXVW� WUDQVSRUW� FRQGLWLRQV� RFFXU� DW� WKH� VDPH� WLPH� RI� WKH� \HDU������



$FFRUGLQJ� WR� RXU� VWXG\� DW�('0/� WKLV� LV� WKH� FDVH�GXULQJ� FROGHU� FOLPDWH� DQG�EXW� QRW� GXULQJ�����

ZDUPHU� FOLPDWH��$SSO\LQJ� D� FRQFHSWXDO�PRGHO� DSSURDFK� XVLQJ� WKH� GXVW� VL]H� DV� D� SUR[\� IRU�����

WUDQVSRUW� ZH� GHULYH� D� FRQWULEXWLRQ� RI� D� IDFWRU� RI� ������ WR� WKH� REVHUYHG� IDFWRU� RI� ��� RI� WKH�����

*ODFLDO�,QWHUJODFLDO� GXVW� FRQFHQWUDWLRQ� GHFUHDVH� DW� ('0/� E\� GHFRXSOHG� FKDQJHV� LQ�����

VHDVRQDOLW\� RI� GXVW� HPLVVLRQ� DQG� WUDQVSRUW�� 7RJHWKHU� ZLWK� WKH� JODFLDO�LQWHUJODFLDO� VRXUFH�����

FKDQJH� HVWLPDWH� GHULYHG� IURP�PDULQH� UHFRUGV� LQ� WKH�$WODQWLF� VHFWRU� RI� WKH� 6RXWKHUQ�2FHDQ�����

>Martinez-Garcia et al.������@�RI�D�IDFWRU�RI���DQG�D�GRXEOLQJ�RI�WKH�DFFXPXODWLRQ�UDWH�IURP�����

JODFLDO�WR�LQWHUJODFLDO�FRQGLWLRQV��FKDQJLQJ�WKH�WRWDO�GXVW�GHSRVLWLRQ�DW�WKH�GULOO�VLWH��WKLV�OHDYHV�����

D� IXUWKHU� UHGXFWLRQ� IDFWRU� RI� ���� WR� EH� H[SODLQHG� E\� WKH� QHW� FKDQJH� LQ� DWPRVSKHULF� DHURVRO�����

FRQFHQWUDWLRQV� GXH� WR� WUDQVSRUW� HIIHFWV� OLNH� LQFUHDVHG� ZDVKRXW� HQ�URXWH�� ZKHUH� D� VKRUWHU�����

OLIHWLPH�GXULQJ�ZDUP�FRQGLWLRQV�RYHUFRPSHQVDWHV�WKH�VRPHZKDW�IDVWHU�WUDQVSRUW�������

�����

$FNQRZOHGJPHQWV������

:H�WKDQN�WZR�DQRQ\PXRXV�UHYLHZHUV�IRU�XVHIXOV�VXJJHVWLRQV�WR�LPSURYH�WKH�PDQXVFULSW��7KLV�����

ZRUN�LV�D�FRQWULEXWLRQ�WR�WKH�(XURSHDQ�3URMHFW�IRU�,FH�&RULQJ�LQ�$QWDUFWLFD��(3,&$���D�MRLQW�����

(XURSHDQ�6FLHQFH�)RXQGDWLRQ�(XURSHDQ�&RPPLVVLRQ�VFLHQWLILF�SURJUDPPH��IXQGHG�E\�WKH�(8�����

DQG� E\� QDWLRQDO� FRQWULEXWLRQV� IURP� %HOJLXP�� 'HQPDUN�� )UDQFH�� *HUPDQ\�� ,WDO\�� WKH�����

1HWKHUODQGV�� 1RUZD\�� 6ZHGHQ�� 6ZLW]HUODQG� DQG� WKH� 8QLWHG� .LQJGRP�� 7KH� PDLQ� ORJLVWLF�����

VXSSRUW�ZDV�SURYLGHG�E\�,3(9�DQG�315$��DW�'RPH�&��DQG�$:,��DW�'URQQLQJ�0DXG�/DQG�������

7KLV� LV� (3,&$�SXEOLFDWLRQ� QR�� ������ 7KH�'LYLVLRQ� IRU�&OLPDWH� DQG�(QYLURQPHQWDO� 3K\VLFV������

3K\VLFV� ,QVWLWXWH�� 8QLYHUVLW\� RI� %HUQ� DFNQRZOHGJHV� WKH� ORQJ�WHUP� ILQDQFLDO� VXSSRUW� RI� RXU�����

&RQWLQXRXV�)ORZ�$QDO\VLV�RQ� LFH� FRUHV�E\� WKH�6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ� �616)�������

$QQD�:HJQHU�WKDQNV�'*)�DQG�5(./,0�IRU�IXQGLQJ��'DWD�DUH�DYDLODEOH�RQ�ZZZ�SDQJDHD�GH������

�����

�����

����
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)UH]]RWWL��0�������D��,QWHUSUHWLQJ�ODVW�JODFLDO�WR�+RORFHQH�GXVW�FKDQJHV�DW�7DORV�'RPH��(DVW�����

$QWDUFWLFD��� LPSOLFDWLRQV� IRU� DWPRVSKHULF� YDULDWLRQV� IURP� UHJLRQDO� WR� KHPLVSKHULF� VFDOHV������
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�����
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�������� 0XOWLSOH� VRXUFHV� VXSSO\� HROLDQ� PLQHUDO� GXVW� WR� WKH� $WODQWLF� VHFWRU� RI� FRDVWDO�����

$QWDUFWLFD�� (YLGHQFH� IURP� UHFHQW� VQRZ� OD\HUV� DW� WKH� WRS� RI� %HUNQHU� ,VODQG� LFH� VKHHW�����
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