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Executive Summary 

(IIHFWLYH�VSLOO� UHVSRQVH�GHSHQGV�RQ�JRRG�VFLHQWLILF�XQGHUVWDQGLQJ�RI�SHWUROHXP�SURGXFW�
EHKDYLRXU�LQ�WKH�HQYLURQPHQW��H�J���PRYHPHQW�DQG�FKDQJHV�LQ�SK\VLFDO�SURSHUWLHV�DQG�FKHPLFDO�
FRPSRVLWLRQ�RI�WKH�RLO���7KLV�VWXG\�UHSRUWV�WKH�HDUO\�UHVHDUFK�VLPXODWLQJ�GLOXWHG�ELWXPHQ�SURGXFWV�
VSLOOHG�DW�VHD��7KLV�ZRUN�ZDV�XQGHUWDNHQ�E\�WKH�*RYHUQPHQW�RI�&DQDGD�DV�SDUW�RI�WKH�ILUVW�SKDVH�
RI� D� VWUDWHJ\� WR� LPSOHPHQW� D�ZRUOG�FODVV�SUHYHQWLRQ��SUHSDUHGQHVV� DQG� UHVSRQVH� UHJLPH� IRU�RLO�
VSLOOV�IURP�VKLSV����

7KH�EHKDYLRXU�RI�WKH�GLOXWHG�ELWXPHQ�SURGXFWV�ZDV�VWXGLHG�XQGHU�ODERUDWRU\�FRQGLWLRQV�LQ�
WKUHH� SKDVHV�� )LUVW�� WKH� SURSHUWLHV� DQG� FRPSRVLWLRQ� RI� WZR� VDPSOHV� UHSUHVHQWDWLYH� RI� SURGXFWV�
FXUUHQWO\�EHLQJ�VKLSSHG�LQ�&DQDGD�ZHUH�PHDVXUHG�EHIRUH��IUHVK��DQG�DIWHU��ZHDWKHUHG��H[SRVXUH�
WR�HQYLURQPHQWDO�FRQGLWLRQV��6HFRQGO\�� WKH�SRWHQWLDO� IRU�HYDSRUDWLRQ��H[SRVXUH� WR� OLJKW��PL[LQJ�
ZLWK�VDOWZDWHU��DQG�VHGLPHQWV�LQ�WKH�VDOWZDWHU�WR�DIIHFW�ZKHWKHU�GLOXWHG�ELWXPHQ�SURGXFWV�IORDW�RU�
VLQN� LQ� VDOWZDWHU�ZDV� H[DPLQHG��)LQDOO\�� WKH� HIIHFWLYHQHVV�RI� WZR� H[LVWLQJ� VSLOO� WUHDWLQJ� DJHQWV�
PHDQW�WR�GLVSHUVH�VSLOOHG�RLO�SURGXFWV�ZDV�HYDOXDWHG��

7KLV� ZRUN� LV� D� FROODERUDWLYH� HIIRUW� EHWZHHQ� WKH� (PHUJHQFLHV� 6FLHQFH� DQG� 7HFKQRORJ\�
6HFWLRQ��(QYLURQPHQW�&DQDGD��WKH�&HQWUH�IRU�2IIVKRUH�2LO��*DV�DQG�(QHUJ\�5HVHDUFK��)LVKHULHV�
DQG�2FHDQV�&DQDGD��DQG�&DQPHW(1(5*<��1DWXUDO�5HVRXUFHV�&DQDGD��$V�ZHOO�DV�WKH�ODERUDWRU\�
DQG�ZDYH�WDQN�H[SHULPHQWV��D�OLWHUDWXUH�UHYLHZ�ZDV�FRQGXFWHG�WR�LGHQWLI\�NQRZOHGJH�JDSV�RQ�WKH�
SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�FRQYHQWLRQDO�DQG�QRQ�FRQYHQWLRQDO�KHDY\�RLOV��DQG�WKHLU�IDWH�
DQG�EHKDYLRXU� LQ�PDULQH�HQYLURQPHQWV��7KH�XVH�DQG�HIIHFWLYHQHVV�RI�RLO� VSLOO� WUHDWLQJ�DJHQWV� LV�
DOVR�UHYLHZHG�IRU�KHDY\�RLOV��

7ZR� GLOXWHG� ELWXPHQ� SURGXFWV�� $FFHVV� :HVWHUQ� %OHQG� �$:%�� DQG� &ROG� /DNH� %OHQG�
�&/%���ZHUH�VHOHFWHG�IRU�VWXG\�DV�WKH�KLJKHVW�YROXPH�SURGXFWV�WUDQVSRUWHG�E\�SLSHOLQH�LQ�&DQDGD�
IRU� ����±������ 7KH� SK\VLFDO� FKDUDFWHULVWLFV� DQG� FKHPLFDO� FRPSRVLWLRQ� RI� HDFK� SURGXFW� ZHUH�
PHDVXUHG�WR�DLG�LQ�SRWHQWLDO�VSLOO�SUHSDUDWLRQ�DQG�UHVSRQVH���

7KH�PDMRU�UHVXOWV�RI�WKH�VWXGLHV�ZHUH��
x� /LNH�FRQYHQWLRQDO�FUXGH�RLO��ERWK�GLOXWHG�ELWXPHQ�SURGXFWV�IORDWHG�RQ�VDOWZDWHU��IUHH�RI�

VHGLPHQW���HYHQ�DIWHU�HYDSRUDWLRQ�DQG�H[SRVXUH�WR�OLJKW�DQG�PL[LQJ�ZLWK�ZDWHU��
x� :KHQ� ILQH� VHGLPHQWV�ZHUH� VXVSHQGHG� LQ� WKH� VDOWZDWHU�� KLJK�HQHUJ\�ZDYH� DFWLRQ�PL[HG�

WKH� VHGLPHQWV�ZLWK� WKH�GLOXWHG�ELWXPHQ�� FDXVLQJ� WKH�PL[WXUH� WR� VLQN� RU� EH�GLVSHUVHG� DV�
�IORDWLQJ�WDUEDOOV ��

1 7KH�XVH�RI�WKH�WHUP��WDUEDOO��LQ�WKLV�UHSRUW�IROORZV�FRQYHQWLRQ�LQ�WKH�OLWHUDWXUH�DQG�UHIHUV�WR�WKH�
FRQVLVWHQF\�RI�IORDWLQJ��KHDYLO\�ZHDWKHUHG�RLO��,W�GRHV�QRW�GHVFULEH�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�
WKH�SURGXFW� 
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x� 8QGHU� FRQGLWLRQV� VLPXODWLQJ� EUHDNLQJ�ZDYHV�� ZKHUH� FKHPLFDO� GLVSHUVDQWV� KDYH� SURYHQ�
HIIHFWLYH�ZLWK�FRQYHQWLRQDO�FUXGH�RLOV��D�FRPPHUFLDO�FKHPLFDO�GLVSHUVDQW��&RUH[LW�������
KDG�TXLWH�OLPLWHG�HIIHFWLYHQHVV�LQ�GLVSHUVLQJ�GLOELW��

x� $SSOLFDWLRQ�RI�ILQH�VHGLPHQWV�WR�IORDWLQJ�GLOXWHG�ELWXPHQ�ZDV�QRW�HIIHFWLYH�LQ�KHOSLQJ�WR�
GLVSHUVH�WKH�SURGXFWV���

x� 7KH�WZR�GLOXWHG�ELWXPHQ�SURGXFWV�GLVSOD\�VRPH�RI�WKH�VDPH�EHKDYLRXUV�DV�FRQYHQWLRQDO�
SHWUROHXP� SURGXFWV� �L�H�� IXHO� RLOV� DQG� FRQYHQWLRQDO� FUXGH� RLOV��� EXW� DOVR� VLJQLILFDQW�
GLIIHUHQFHV��QRWDEO\�IRU�WKH�UDWH�DQG�H[WHQW�RI�HYDSRUDWLRQ��

%H\RQG� LQIRUPLQJ� VXEVHTXHQW� VWXGLHV�� WKHVH� UHVXOWV� ZLOO� DOVR� LPPHGLDWHO\� KHOS� LQIRUP�
VSLOO�UHVSRQGHUV�DQG�FRPSXWHU�PRGHOV�WR�EHWWHU�XQGHUVWDQG�DQG�SUHGLFW�WKH�IDWH�DQG�EHKDYLRXU�RI�
WKHVH�QRQ�FRQYHQWLRQDO�SHWUROHXP�SURGXFWV�LQ�WKH�PDULQH�HQYLURQPHQW��%HWWHU�XQGHUVWDQGLQJ�WKH�
SRWHQWLDO� LPSDFWV� RI� D� QRQ�FRQYHQWLRQDO� RLO� VSLOO� RQ� WKH� PDULQH� HFRV\VWHP�� DVVLVWV� GHFLVLRQ�
PDNHUV� LQ�PDNLQJ� DSSURSULDWH� VSLOO� UHVSRQVH� DQG� UHPHGLDWLRQ� FKRLFHV�� 7KLV� VXLWH� RI� VFLHQWLILF�
UHVHDUFK� DQG� DFWLYLWLHV� ZLOO� DGYDQFH� WKH� NQRZOHGJH� RI� QRQ�FRQYHQWLRQ� SHWUROHXP� SURGXFWV��
SURYLGH� D� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� SRWHQWLDO� FRQVHTXHQFHV� RI� D� VSLOO� RI� GLOXWHG� ELWXPHQ�
SHWUROHXP� SURGXFW� RQ� WKH� PDULQH� HFRV\VWHP�� DQG� LQIRUPDWLRQ� WR� DVVLVW� LQ� UHVSRQVH� DQG�
UHPHGLDWLRQ�HIIRUWV��
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1.0 Introduction 

7KH�&DQDGLDQ�RLO�VDQGV�FRQWDLQ� WKH�ZRUOG¶V� WKLUG�ODUJHVW�RLO� UHVHUYHV�DIWHU�6DXGL�$UDELD�
DQG� 9HQH]XHOD� �$OEHUWD� (QHUJ\�� ������� $� PDS� RI� WKH� VRXUFH� RLO� VDQGV� GHSRVLWV� LQ� QRUWKHUQ�
$OEHUWD�FDQ�EH�IRXQG�LQ�)LJXUH������,QFUHDVHG�H[SRUWV�RI�RLO�VDQGV�SURGXFWV�KDYH�EHHQ�SURSRVHG�
E\�LQGXVWU\��LQYROYLQJ�SLSHOLQH��UDLO�DQG�PDULQH�WDQNHU�WUDQVSRUW��7KHVH�UHFHQW�SURSRVDOV�LQFOXGH�
WKH�(QEULGJH�1RUWKHUQ�*DWHZD\� SLSHOLQH� WR�.LWLPDW��%ULWLVK�&ROXPELD� �SURSRVHG� SLSHOLQH� DQG�
WDQNHU� URXWHV� VKRZQ� LQ�)LJXUH������� WKH�.LQGHU�0RUJDQ�7UDQV�0RXQWDLQ�SLSHOLQH�H[SDQVLRQ� WR�
%XUQDE\�� %�&��� DV�ZHOO� DV� SLSHOLQH� SURMHFWV� FRQWHPSODWHG� IRU� HDVWHUQ�&DQDGD� E\�7UDQV&DQDGD�
&RUSRUDWLRQ�DQG�(QEULGJH���

%LWXPHQ� LV� SURGXFHG� IURP� WKH� QDWXUDO� RLO� VDQGV� GHSRVLWV� E\� D� QXPEHU� RI� SURFHVVHV��
LQFOXGLQJ�GLUHFW�PLQLQJ�DQG�LQ�SODFH�H[WUDFWLRQ��5HDG�DQG�:KLWHRDN���������7KH�SURGXFHG�UDZ�
ELWXPHQ�LV�D�VHPL�OLTXLG�PDWHULDO�DW�URRP�WHPSHUDWXUH��DQG�LV�WRR�YLVFRXV�WR�WUDQVSRUW�WKURXJK�D�
SLSHOLQH��,Q�RUGHU�WR�PRYH�LW�WR�PDUNHW�E\�SLSHOLQH��ELWXPHQ�LV�GLOXWHG�ZLWK�HLWKHU�FRQGHQVDWH�RU�
V\QWKHWLF� FUXGH�RLO� WR� IRUP�³GLOELW´�ZLWK� YLVFRVLW\�� GHQVLW\� DQG�RWKHU� SURSHUWLHV� HQJLQHHUHG� IRU�
SLSHOLQH� WUDQVSRUWDWLRQ� DQG� XVH� E\� WKH� FXVWRPHU� UHILQHULHV�� ,Q�PDQ\� RI� WKH� QHZ�SURMHFWV� EHLQJ�
FRQWHPSODWHG��GLOXWHG�ELWXPHQ�ZRXOG�EH� WUDQVSRUWHG�E\�SLSHOLQH� WR� D� FRDVWDO� SRUW�� DQG� WKHQ�EH�
VKLSSHG�E\�PDULQH�WDQNHU�WR�IRUHLJQ�PDUNHWV��

7KH�SRWHQWLDO�UDQJH�RI�EHKDYLRXU��IDWH�DQG�WUHDWPHQW�RSWLRQV�IRU�D�SRVVLEOH�PDULQH�VSLOO�RI�
GLOXWHG� ELWXPHQ� SURGXFWV� LV� QRW� ZHOO� XQGHUVWRRG�� :KLOH� VRPH� LQIRUPDWLRQ� RQ� WKH� SK\VLFDO�
SURSHUWLHV� DQG� FKHPLFDO� FRPSRVLWLRQV� DUH� DYDLODEOH� IURP� VFLHQWLILF� OLWHUDWXUH� DQG� LQGXVWU\�
VRXUFHV��WKHUH�LV�OLWWOH�LQIRUPDWLRQ�RQ�WKH�VSLOO�EHKDYLRXU��IDWH��LPSDFWV�DQG�UHPHGLDWLRQ�RSWLRQV�
IRU�GLOXWHG�ELWXPHQ�VSLOOV��7KH�EHKDYLRXU�RI�GLOELW�LQ�WKH�PDULQH�HQYLURQPHQW��DQG�LWV�SRWHQWLDO�IRU�
DOWHUDWLRQ� E\� HYDSRUDWLRQ�� VRODU� H[SRVXUH�� RU� PL[LQJ� ZLWK� ZDWHU� DQG� VHGLPHQW�� DUH� ODUJHO\�
XQNQRZQ�� 7KH� FRQGLWLRQV� LQ� ZKLFK� GLOXWHG� ELWXPHQ� SURGXFWV� PD\� IORDW� RU� VLQN� LQ� PDULQH�
FRQGLWLRQV�KDYH�EHHQ�WKH�VXEMHFW�RI�PXFK�GHEDWH��,Q�DGGLWLRQ��WKH�HIIHFWLYHQHVV�RI�VSLOO� WUHDWLQJ�
DJHQWV�LQFOXGLQJ�GLVSHUVDQWV�DQG�RWKHU�WUHDWPHQWV�LV�QRW�NQRZQ���

,Q� UHVSRQVH� WR� WKHVH� NQRZOHGJH� JDSV� DQG� FRQFHUQV� UDLVHG� E\� WKHVH� XQFHUWDLQWLHV�� WKH�
&DQDGLDQ� IHGHUDO�JRYHUQPHQW�DQQRXQFHG� WKH�:RUOG�&ODVV�7DQNHU�6DIHW\�6\VWHP�RQ�0DUFK�����
������ $ORQJ� ZLWK� D� QXPEHU� RI� WDQNHU� VDIHW\� PHDVXUHV� XQGHU� WKLV� SURJUDP�� WKH� 0LQLVWHU� RI�
1DWXUDO�5HVRXUFHV�0U��2OLYHU��DQQRXQFHG�WKDW�WKH�JRYHUQPHQW�ZLOO�FRQGXFW�VFLHQWLILF�UHVHDUFK�RQ�
QRQ�FRQYHQWLRQDO�SHWUROHXP�SURGXFWV��VXFK�DV�GLOXWHG�ELWXPHQ��WR�HQKDQFH�WKH�XQGHUVWDQGLQJ�RI�
WKHVH� VXEVWDQFHV� DQG� KRZ� WKH\� EHKDYH� ZKHQ� VSLOOHG� LQ� WKH� PDULQH� HQYLURQPHQW� �7UDQVSRUW�
&DQDGD���������

7KLV� LQLWLDWLYH�PDQGDWHV� WKH�'HSDUWPHQW�RI�)LVKHULHV�DQG�2FHDQV��(QYLURQPHQW�&DQDGD��
DQG�1DWXUDO�5HVRXUFHV�&DQDGD�WR�FRQGXFW�VFLHQWLILF�UHVHDUFK�DQG�DFWLYLWLHV�RQ�WKH�EHKDYLRXU��IDWH�
DQG�DSSURSULDWH�UHVSRQVH�WR�SRVVLEOH�PDULQH�VSLOOV�RI�QRQ�FRQYHQWLRQDO�SHWUROHXP�SURGXFWV��7KH�
RYHUDOO� JRDO� RI� WKLV� SURSRVHG� UHVHDUFK� SURJUDP� LV� WR� FKDUDFWHUL]H� WKH� FKHPLFDO� DQG� SK\VLFDO�
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EHKDYLRXU� RI� VSLOOHG� XQFRQYHQWLRQDO� RLO� SURGXFWV� LQ� RUGHU� WR� SURYLGH� VFLHQWLILF� VXSSRUW� RQ�
DVVHVVLQJ� WKH� ULVNV� DQG� SRWHQWLDO� LPSDFWV� D� VSLOO� PLJKW� KDYH� RQ� WKH� HQYLURQPHQW� DQG� WR� JXLGH�
UHVSRQGHUV� LQ� GHSOR\LQJ� HIIHFWLYH� UHVSRQVH� DQG� UHPHGLDWLRQ� DSSURDFKHV�� 7KH� UHVXOWV� RI� WKLV�
UHVHDUFK�ZLOO� DOVR� KHOS� LQ� WKH� GHYHORSPHQW� RI� WRROV� VXFK� DV� SUHGLFWLYH�PRGHOV� RQ� WKH� IDWH� DQG�
EHKDYLRXU�RI�VSLOOHG�QRQ�FRQYHQWLRQDO�SHWUROHXP�SURGXFWV�LQ�WKH�PDULQH�HQYLURQPHQW���

7KH�ILUVW�SKDVH�RI�WKH�*RYHUQPHQW�RI�&DQDGD¶V�VFLHQWLILF�UHVHDUFK�LQLWLDWLYH�LV�SODQQHG�WR�
FRQWLQXH�WKURXJK�������+RZHYHU�� LQ�WKH�LQWHUHVWV�RI�SURYLGLQJ�WLPHO\�LQIRUPDWLRQ�LQ�HYHQW�RI�D�
VSLOO� DQG� WR� JXLGH� IXWXUH� GLUHFWLRQV� IRU� UHVHDUFK� RQ�PDULQH� VSLOOV� RI� GLOXWHG� ELWXPHQ�� WKH� WKUHH�
JRYHUQPHQW� GHSDUWPHQWV� KDYH� FRQGXFWHG� D� SUHOLPLQDU\� VWXG\� RQ� WZR� VHOHFWHG� GLOXWHG� ELWXPHQ�
SURGXFW�EOHQGV��$FFHVV�:HVWHUQ�%OHQG�DQG�&ROG�/DNH�%OHQG��7KHVH�WZR�SURGXFWV��REWDLQHG�IURP�
LQGXVWU\��ZHUH�VHOHFWHG�WR�UHSUHVHQW�WKH�KLJKHVW�YROXPH�GLOELW�SURGXFWV�WUDQVSRUWHG�E\�SLSHOLQH�LQ�
&DQDGD�LQ�����±����7KH�REMHFWLYHV�RI�WKH�SUHVHQW�SUHOLPLQDU\�UHVHDUFK�DFWLYLWLHV�DUH�WR���

x� &RQGXFW� D� OLWHUDWXUH� UHYLHZ� RI� LQIRUPDWLRQ� DYDLODEOH� LQ� WKH� SXEOLF� GRPDLQ� DERXW� WKH�
EHKDYLRXU�DQG�WUHDWPHQW�RI�GLOXWHG�ELWXPHQ�VSLOOV��&KDSWHU�����

x� 3URYLGH�EDVHOLQH�GDWD�RQ�SK\VLFDO�FKDUDFWHULVWLFV�DQG�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�WZR�RLO�
VDQGV�SURGXFWV��&KDSWHU�����

x� &RQGXFW�ODERUDWRU\�VFDOH�VWXGLHV�RQ�ZHDWKHULQJ�DQG�EXR\DQF\�RI�WKH�SURGXFWV�DFFRUGLQJ�
WR� D� PDWUL[� RI� HQYLURQPHQWDO� FRQGLWLRQV� ZKLFK� DUH� KLJK� EXW� RI� WKH� VDPH� RUGHU� RI�
PDJQLWXGH�RI�PHDVXUHG�OHYHOV�LQ�&DQDGLDQ�FRDVWDO�HQYLURQPHQWV���&KDSWHU�����

x� &RQGXFW�PHVR�VFDOH�ZDYH�WDQN�VWXGLHV�WR�GHWHUPLQH�WKH�IDWH�DQG�WUDQVSRUW�RI�VSLOOHG�GLOELW�
SURGXFWV�� DQG� WKH� HIIHFWLYHQHVV� RI� WKH� DSSOLFDWLRQ� RI� RLO� VSLOO� FRXQWHUPHDVXUHV�� XQGHU�
YDULRXV�VHD�VWDWHV�LQ�FROG�ZDWHU�FRQGLWLRQV��&KDSWHU�����

7RJHWKHU��WKLV�VXLWH�RI�VFLHQWLILF�UHVHDUFK�DFWLYLWLHV�ZLOO�DGYDQFH�WKH�NQRZOHGJH�RI�GLOXWHG�
ELWXPHQ�SHWUROHXP�SURGXFWV�FRPSRVLWLRQ��IDWH�DQG�EHKDYLRXU�LQ�PDULQH�HQYLURQPHQWV��7KH�GDWD�
DQG�ILQGLQJV�RI�WKH�SUHVHQW�ZRUN�ZLOO�LPSURYH�WKH�SUHSDUHGQHVV�DQG�UHVSRQVH�IRU�PDULQH�VSLOOV�RI�
QRQ�FRQYHQWLRQDO�GLOXWHG�ELWXPHQ�SURGXFWV��5HVSRQGHUV�ZLOO�EH�DEOH�WR�PDNH�LQIRUPHG�GHFLVLRQV�
RQ� WKH� DSSURSULDWH� RLO� VSLOO� UHVSRQVH� RSWLRQV� DQG� VWUDWHJLHV�� LQFOXGLQJ� WKH� SRVVLEOH� XVH� RI� VSLOO�
WUHDWLQJ�DJHQWV��
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)LJXUH������0DS�RI�WKH�$WKDEDVFD��&ROG�/DNH�DQG�3HDFH�5LYHU�RLO�VDQGV�LQ�$OEHUWD��$OEHUWD�*HRORJLFDO�
6XUYH\���������
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)LJXUH������,OOXVWUDWLRQ�RI�WKH�SURSRVHG�(QEULGJH�1RUWKHUQ�*DWHZD\�3LSHOLQH�DQG�WDQNHU�URXWHV��1(%�����������
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2.0 Literature Review of Diluted Bitumen and Synthetic Bitumen Spills, 
Behaviour and Use of Chemical Countermeasures 

$� FRPSUHKHQVLYH� VHDUFK� IRU� UHOHYDQW� OLWHUDWXUH� DYDLODEOH� LQ� WKH� SXEOLF� GRPDLQ� ZDV�
FRQGXFWHG��7KH�SULPDU\�IRFXV�RI�WKLV�VHDUFK�ZDV�WR�GHWHUPLQH�ZKDW�LQIRUPDWLRQ�H[LVWV�RQ��D��WKH�
SURSHUWLHV�DQG�FRPSRVLWLRQ�RI�GLOXWHG�ELWXPHQ�DV�WKH\�UHODWH�WR�VSLOO�EHKDYLRXU��E��LQIRUPDWLRQ�RQ�
WKH� EHKDYLRXU� DQG� IDWH� RI� GLOXWHG� ELWXPHQV� DQG� VLPLODU� SURGXFWV�� F�� WKH� XVH� RI� FKHPLFDO�
GLVSHUVDQWV�WR�WUHDW�GLOXWHG�ELWXPHQ��GLOELW��DQG�V\QWKHWLF�FUXGH�RLO�ELWXPHQ��V\QELW��PL[WXUHV�DQG�
VLPLODU�SHWUROHXP�SURGXFWV��DQG�G��WR�XQGHUVWDQG�WKH�VWDWH�RI�NQRZOHGJH�DERXW�WKH�LQIOXHQFH�RI�
GLVSHUVDQWV�RQ�WKH�IDWH�DQG�WUDQVSRUW�RI�GLOXWHG�ELWXPHQ�SURGXFWV�IROORZLQJ�D�VSLOO�LQ�WKH�PDULQH�
HQYLURQPHQW��$QWLFLSDWLQJ�WKDW� OLPLWHG� LQIRUPDWLRQ�ZRXOG�EH�DYDLODEOH�RQ�GLOELW�DQG�V\QELW�� WKH�
OLWHUDWXUH�VHDUFK�DOVR�LQFOXGHG�QRQ�FRQYHQWLRQDO�FUXGH�RLOV�VXFK�DV�2ULPXOVLRQ�DQG�IXHO�RLOV�RI�D�
JUDGH�WKDW�PLJKW�EH�VLPLODU�WR�WKH�SURGXFWV�RI�SDUWLFXODU�LQWHUHVW��

6RXUFHV� XVHG� WR� FRQGXFW� WKH� VHDUFK�ZHUH� SULPDULO\� IURP� WKH� ,QWHUQHW��(OVHYLHU� 6FRSXV��
*RRJOH�� *RRJOH� 6FKRODU�� :HE� RI� 6FLHQFH�� -6725� DQG� 6FLHQFH� 'LUHFW�� 7KH� 'HSDUWPHQW� RI�
)LVKHULHV� DQG� 2FHDQ¶V� ³:DYHV´� VHDUFK� HQJLQH�� WKH� (QYLURQPHQW� &DQDGD� $UFWLF� DQG� 0DULQH�
2LOVSLOO�3URJUDP�7HFKQLFDO�6HPLQDU�SURFHHGLQJV� DQG� WKH�ZHEVLWH�RI� WKH� ,QWHUQDWLRQDO�2LO�6SLOO�
&RQIHUHQFH�ZHUH�DOVR�XVHG��

2.1 Properties and Composition of Diluted Bitumen Products from the 
Canadian Oil Sands 

2.1.1 Diluted Bitumen Products 

2LO� VDQGV�ELWXPHQ� LV� WKH�RLO� IRXQG� LQ�D�PL[WXUH�RI� VDQGV�DQG�FOD\V�QDWLYH� WR� WKH�QRUWK�
HDVWHUQ� FRUQHU� RI� $OEHUWD�� 2YHU� D� JHRORJLFDO� WLPHIUDPH�� WKH� OLJKWHU�� PRUH� ZDWHU� VROXEOH�
FRPSRQHQWV�RI�WKH�RLO�ZHUH�ELRGHJUDGHG�ZKHQ�WKH�RLO�FDPH�FORVH�WR�WKH�VXUIDFH�RI�WKH�HDUWK�DQG�
VR� FRROHG� HQRXJK� WR� DOORZ�PLFURELDO� DFWLYLW\��7KH� UHPDLQLQJ� RLO� KDV� UHODWLYHO\� KLJK� YLVFRVLW\��
RUJDQLF� DFLG� DQG� VXOSKXU� FRQWHQW�� 1DWXUDO� ELWXPHQ� LV� GHILQHG� DV� D� SHWUROHXP� ZLWK� D� JDV�IUHH�
YLVFRVLW\�JUHDWHU�WKDQ��������F6W�FRPSDUHG�WR�DQ�H[WUD�KHDY\�FUXGH�ZLWK�YLVFRVLW\���������F6W�DW�
UHVHUYRLU� WHPSHUDWXUHV��:(&���������%\�WKLV�GHILQLWLRQ��RLO�VDQGV�ELWXPHQ�FDQ�EH�D�PL[WXUH�RI�
ELWXPHQ�DQG�H[WUD�KHDY\�RLO��(5&%���������8QFRQYHQWLRQDO�WHFKQLTXHV�DUH�UHTXLUHG�WR�SURGXFH�
WKH�RLO��LQFOXGLQJ�PLQLQJ��LI�WKH�RUH�LV�FORVH�WR�WKH�VXUIDFH��RU�KHDWLQJ�ZLWK�VWHDP��LI�WKH�UHVHUYH�LV�
GHHS��$V�SURGXFHG��ELWXPHQ�GRHV�QRW�PHHW� WUDQVPLVVLRQ�SLSHOLQH�VSHFLILFDWLRQV�IRU�GHQVLW\�DQG�
YLVFRVLW\���

)RU�WUDQVSRUWDWLRQ�SXUSRVHV��OLJKWHU�RLO�FDOOHG�GLOXHQW�LV�DGGHG�WR�ELWXPHQ�WR�GHFUHDVH�LWV�
YLVFRVLW\�DQG�GHQVLW\� �&URVE\�HW�DO����������7KH�PRVW�FRPPRQO\�XVHG�GLOXHQW� LV�QDSKWKD�EDVHG�
RLO� FDOOHG� FRQGHQVDWH� WKDW� FDQ� LQFOXGH� E\�SURGXFWV� RI� QDWXUDO� JDV�� 7\SLFDOO\�� GLOELW� FRQVLVWV� RI�
EOHQGV�RI�����WR�����FRQGHQVDWH�DQG�����WR�����ELWXPHQ��&URVE\�HW�DO���������&UXGH�4XDOLW\��
������� $V� DQ� DOWHUQDWLYH� WR� FRQGHQVDWH�� PL[WXUHV� RI� V\QWKHWLF� FUXGH� RLO� DQG� ELWXPHQ� DUH� DOVR�
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EOHQGHG�DW�DSSUR[LPDWHO\�����UDWLRV�DQG�DUH�NQRZQ�DV�³V\QELW�´�6\QWKHWLF�FUXGH�RLO�LV�XSJUDGHG�
ELWXPHQ�� SURGXFHG� E\� HLWKHU� FRNLQJ� RU� UHVLGXH� K\GURFUDFNLQJ� WKH� ELWXPHQ�� IROORZHG� E\�
K\GURWUHDWLQJ�WR�FUDFN�WKH�ODUJHU�PROHFXOHV�LQWR�VPDOOHU�VSHFLHV�DQG�UHPRYH�VXOSKXU��&URVE\�HW�
DO����������%LWXPHQ�SURGXFHUV�FUHDWH�D�YDULHW\�RI�GLOXWHG�ELWXPHQ�SURGXFWV�IRU�WUDQVSRUW��

,QIRUPDWLRQ�RQ� WKH�FKHPLFDO�FRPSRVLWLRQV�DQG�SK\VLFDO�SURSHUWLHV�RI�RLO� VDQGV�ELWXPHQ�
DQG� WKH�EOHQGHG�ELWXPHQ�SURGXFWV� LV�HVVHQWLDO� LQ�RUGHU� WR�GHWHUPLQH� WKHLU� IDWH�DQG�EHKDYLRXU� LI�
VSLOOHG� LQ� WKH� HQYLURQPHQW��7KH� FUXGHPRQLWRU�FD� GDWD� SRUWDO�PDLQWDLQHG� E\�&UXGH�4XDOLW\� ,QF��
�&UXGH�4XDOLW\�� ������ KDV� GHWDLOHG� DQDO\VHV� RI� VHOHFWHG� SK\VLFDO� EXON� SURSHUWLHV� DQG� FKHPLFDO�
FRQVWLWXHQWV�RI�WKH�RLOV�VKLSSHG�LQ�SLSHOLQHV�IURP�$OEHUWD��ZLWK�GDWD�FRYHULQJ�WKH�ODVW�ILYH�\HDUV��
7DEOH�����SUHVHQWV�WKH�DQQXDO�DYHUDJHV�DQG�WKH�VWDQGDUG�GHYLDWLRQ�LQ�WKRVH�DYHUDJHV�PHDVXUHG�IRU�
GLOXWHG�ELWXPHQ�DQG�RWKHU� UHODWHG�RLO�VDQGV�SURGXFWV�EHWZHHQ�2FWREHU������DQG�2FWREHU�������
)LJXUH�����VKRZV�WKH�DYHUDJH�VLPXODWHG�GLVWLOODWLRQV�IRU�WKH�VDPH�UDQJH�RI�SURGXFWV���

$�UDQJH�RI�YDULDELOLW\�FDQ�EH�VHHQ�LQ�WKH�DQQXDO�GHQVLW\�DYHUDJHV�RI�DSSUR[LPDWHO\������
IRU�DOO�SURGXFWV��)RU�RWKHU�SURSHUWLHV��KRZHYHU��LQFOXGLQJ�FKHPLFDO�FRPSRVLWLRQV��ODUJHU�UDQJHV�RI�
YDULDWLRQ�FDQ�EH�VHHQ�LQ�WKH�VLQJOH�\HDU�DYHUDJHV�IRU�VXOSKXU�DQG�VHGLPHQW�FRQWHQW��DV�ZHOO�DV�WKH�
WRWDO�DEXQGDQFH�RI� OLJKW�HQGV� �WKH�VXP�RI�DOO�EXWDQHV� WR�GHFDQHV��DQG�LQ� WKH�DURPDWLF�EHQ]HQH��
WROXHQH��HWK\OEHQ]HQH�DQG�[\OHQHV��%7(;��DEXQGDQFHV��$V�H[SHFWHG��WKRVH�SURGXFWV�PDGH�IURP�
FRQGHQVDWH�JHQHUDOO\�FDQ�EH�VHHQ�WR�KDYH�KLJKHU�OHYHOV�RI�OLJKW�HQGV�DQG�%7(;�FRPSRXQGV��

7KH� VLPXODWHG� GLVWLOODWLRQ� FXUYHV�� IURP� )LJXUH� ����� LQGLFDWH� D� PRGHUDWH� UDQJH� RI�
YDULDELOLW\� LQ� WKH�GLOXWHG�ELWXPHQ�SURGXFWV� FRQVWLWXWHG� IURP�FRQGHQVDWH� �)LJXUH�����$����0XFK�
ODUJHU�GLIIHUHQFHV��KRZHYHU��DUH�DSSDUHQW�LQ�WKH�VLPXODWHG�GLVWLOODWLRQ�FXUYHV�IRU�SURGXFWV�GLOXWHG�
ZLWK�V\QWKHWLF�FUXGH�RLO�DQG�RWKHU�SHWUROHXP�SURGXFWV��)LJXUH�����%����

:KLOH� WKH�FUXGHPRQLWRU�FD�GDWD�SRUWDO�SURYLGHV�DQ�H[FHOOHQW� VRXUFH�RI�GDWD� WR� WKH�GLOELW�
SURGXFWLRQ�DQG� WUDQVSRUWDWLRQ� LQGXVWULHV�DQG�WKHLU�FXVWRPHUV�� IRU� WKH�SXUSRVHV�RI�SRWHQWLDO�VSLOO�
SODQQLQJ�DQG�UHVSRQVH��VHYHUDO�SK\VLFDO�DQG�FKHPLFDO�SDUDPHWHUV�DUH�QRW�LQFOXGHG�LQ�WKH�GDWDVHWV��
3DUDPHWHUV� LPSRUWDQW� IRU�VSLOO�SODQQLQJ�DQG� UHVSRQVH� LQFOXGH��YLVFRVLW\�� VXUIDFH�DQG� LQWHUIDFLDO�
WHQVLRQV��DV�ZHOO�DV�DON\ODWHG�IDPLOLHV�RI�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��,Q�DGGLWLRQ��LW�LV�YHU\�
GHVLUDEOH�WR�PHDVXUH�QRW�RQO\�WKH�IUHVK�SURGXFW�DV�SURGXFHG�RU�LQ�WKH�SLSHOLQH��EXW�DOVR�SURGXFW�
WKDW�KDV�EHHQ�HYDSRUDWHG�DQG�RWKHUZLVH�H[SRVHG�WR�HQYLURQPHQWDO�ZHDWKHULQJ�SURFHVVHV��WR�EHWWHU�
XQGHUVWDQG�WKH�HYROXWLRQ�RI�D�VSLOO���
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7DEOH������6HOHFWHG�SK\VLFDO�SURSHUWLHV�DQG�FKHPLFDO�GDWD�IRU�GLOXWHG�ELWXPHQ�SURGXFWV��&UXGH�4XDOLW\��
�������
1DPH� 3URGXFW� 'HQVLW\�

�NJ�P���
6XOSKXU�
�ZW���

6HGLPHQW�
�SSPZ��

/LJKW�(QGV
�

*/LJKW�(QGV�FRPSURPLVH�WKH�VXP�RI�DOO�EXWDQHV�WKURXJK�GHFDQHV��LQFOXVLYH.�

�YRO���
%7(;�
�YRO���

&RQGHQVDWH�%OHQGV�
$FFHVV�:HVWHUQ�%OHQG� �$:%�� ������������ ������������ ������� ����������� ������������
%RUHDOLV�+HDY\�%OHQG�� �%+%�� ������������ ������������ �������� ����������� ������������
&KULVWLQD�'LOELW�%OHQG�� �&'%�� ������������ ������������ �������� ����������� ������������
&ROG�/DNH�� �&/�� ������������ ������������ �������� ����������� ������������
3HDFH�5LYHU�+HDY\�� �3+�� ������������ �������� �������� ����������� ������������
6WDWRLO�&KHHFKDP�%OHQG�� �6&%�� ������������ ������������ ��������� ����������� ������������
:HVWHUQ�&DQDGLDQ�6HOHFW�� �:&6�� ������������ ����������� ��������� ����������� ������������

%OHQGV�2WKHU�WKDQ�&RQGHQVDWH�
%RUHDOLV�+HDY\�%OHQG� �%+%�� ������������ ������������ �������� ��������� ������������
6WDWRLO�&KHHFKDP�%OHQG�� �6&%�� ������������ ������������ ��������� ����������� ������������
/RQJ�/DNH�+HDY\�� �36+�� ������������ ������������ ��� ����������� ������������
6WDWRLO�&KHHFKDP�6\QELW�� �6&6�� ������������ ������������ �������� ����������� ������������
6XUPRQW�+HDY\�%OHQG� �6+%�� ������������ ������������ ��������� ����������� ������������
6XQFRU�6\QWKHWLF�+�� �26+�� ������������ ������������ ��� ����������� ������������
$OELDQ�+HDY\�6\QWKHWLF�� �$+6�� ������������ ������������ ���������� ����������� ������������

)LJXUH� ����� 6LPXODWHG�GLVWLOODWLRQ�GDWD� RI� RLO� VDQGV�SURGXFWV��2Q�)LJXUH�$� �OHIW��� WKH�GLVWLOODWLRQ� FXUYHV� IRU�
VHYHQ� W\SHV�RI�ELWXPHQ�GLOXWHG�ZLWK�FRQGHQVDWH�DUH�SORWWHG��2Q�)LJXUH�%��ULJKW��� WKH�GLVWLOODWLRQ�FXUYHV� IRU�
ELWXPHQ�SURGXFWV�GLOXWHG�ZLWK�RWKHU�GLOXHQWV�DUH�SORWWHG��$OO�GDWD�DUH����PRQWK�DYHUDJHV�IURP�2FWREHU������
WKURXJK�������IURP�WKH�FUXGHPRQLWRU�FD�GDWD�SRUWDO��&UXGH�4XDOLW\���������

'DWD� VHWV� IRU� 0DF.D\� +HDY\� %LWXPHQ�6\QWKHWLF� &UXGH� 2LO� DQG� &ROG� /DNH� %LWXPHQ��
&RQGHQVDWH�%OHQGV�ZHUH�SURYLGHG�E\�(QEULGJH�1RUWKHUQ�*DWHZD\�WR�WKH�1RUWKHUQ�*DWHZD\�-RLQW�
5HYLHZ� 3DQHO� �%HORUH�� ������� 'HWDLOHG� FKHPLFDO� LQIRUPDWLRQ�� LQFOXGLQJ� DON\O� SRO\F\FOLF�

��:HLJKW�2II

� �� �� �� �� ���
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$FFHVV�:HVWHUQ�%OHQG�
%RUHDOLV�+HDY\�%OHQG�
&KULVWLQD�'LOELW�%OHQG
&ROG�/DNH
3HDFH�5LYHU�+HDY\
6WDWRLO�&KHHFKDP�%OHQG
:HVWHUQ�&DQDGLDQ�6HOHFW
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/RQJ�/DNH�+HDY\
6WDWRLO�&KHHFKDP�6\QELW
6XUPRQW�+HDY\�%OHQG
6XQFRU�6\QWKHWLF�+HDY\
$OELDQ�+HDY\�6\QWKHWLF
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DURPDWLF�K\GURFDUERQ��3$+��GDWD�ZDV�ODWHU�DOVR�SURYLGHG�LQ�HYLGHQFH��6WDQWHF�&RQVXOWLQJ�/WG���
����D���7KHVH�GDWD�VHWV�SURYLGH�LQIRUPDWLRQ�RQ�WKH�IUHVK�SURGXFWV�DV�ZHOO�DV�HYDSRUDWHG�RLOV��

'HWDLOHG�Q�DONDQH�DQG�DURPDWLF�FKHPLVWU\�ZDV�UHSRUWHG�E\�<DQJ�DQG�FR�ZRUNHUV��<DQJ�HW�
DO���������IRU�WKUHH�RLOV�VDQGV�ELWXPHQV�DQG�WZR�RLOV�VDQGV�GLOXWHG�ELWXPHQV��7KH\�IRXQG�WKDW�DOO�
WKUHH� RLO� VDQGV� VDPSOHV� KDG� VLPLODU� FRPSRVLWLRQV� RI� Q�DONDQHV�� ��� WR� ��ULQJ� DON\ODWHG� 3$+V��
ELRPDUNHU� WHUSDQHV�DQG�VWHUDQHV��DQG�ELF\FOLF�VHVTXLWHUSDQHV��+RZHYHU�� WKH�FRPSRVLWLRQ�RI� WKH�
GLOXWHG� ELWXPHQV� KDG� EHHQ� DOWHUHG� E\� EOHQGLQJ� ZLWK� GLOXHQWV� RU� XSJUDGLQJ� SURFHVVLQJ�� $�
VLJQLILFDQW� FKURPDWRJUDSKLF� IHDWXUH� RI� DOO� RI� WKH� RLO� VDQGV� SURGXFWV� ZDV� WKH� SUHGRPLQDQFH� RI�
XQUHVROYHG�FRPSOH[�PL[WXUHV��8&0��LQ�WKH�FKURPDWRJUDPV��7KH�SUHVHQFH�RI�D�8&0�LQGLFDWHV�D�
FRPSOH[� PL[WXUH� RI� K\GURFDUERQV� SUHVHQW� LQ� RLO�� 7KLV� JHQHUDOO\� LQGLFDWHV� ERWK� H[WHQVLYH�
ELRGHJUDGDWLRQ� RI� WKH� RLO� KDV� RFFXUUHG� DQG� WKDW� WKH� H[LVWLQJ� K\GURFDUERQ� PL[WXUHV� ZLOO� EH�
UHVLVWDQW�WR�IXUWKHU�ELRGHJUDGDWLRQ��

$OO� RI� WKH� ELWXPHQ� VDPSOHV� VKRZHG� HYLGHQFH� RI� SULRU� ELRGHJUDGDWLRQ� FRPSDUHG� WR� D�
FRQYHQWLRQDO�FUXGH�RLO��1RUPDO�DONDQHV�DQG�LVRSUHQRLG�DONDQHV�ZHUH�DOPRVW�FRPSOHWHO\�DEVHQW�LQ�
FRQWUDVW� WR� WKH� PDNH�XS� RI� D� W\SLFDO� FUXGH� RLO�� )RU� H[DPSOH�� LQ� WRWDO�� WKH� Q�DONDQHV� DQG�
LVRSUHQRLGV�PDNH�XS�������Z�Z��RI�$OEHUWD�6ZHHW�0L[HG�%OHQG�FUXGH�RLO��(QYLURQPHQW�&DQDGD��
�������D�PLG�ZHLJKW�FUXGH�RLO��7KH�ELWXPHQ�VDPSOHV�DOVR�FRQWDLQHG�UHODWLYHO\�ORZ�FRQFHQWUDWLRQV�
RI� ��ULQJ� DON\ODWHG� QDSKWKDOHQHV�� 7KH� DON\ODWHG� 3$+� FRPSRXQGV� LQ� DOO� VDPSOHV� VKRZHG�
LQFUHDVLQJ� GLVWULEXWLRQ� SURILOH� RI�&��� ��&��� ��&��� ��&��� ��&���� DQRWKHU�PDUNHU� RI� SUHIHUHQWLDO�
ELRGHJUDGDWLRQ��,Q�FRPSDULVRQ��D�W\SLFDO�FUXGH�RLO�KDV�D�³EHOO�VKDSHG´�DON\ODWHG�3$+�GLVWULEXWLRQ�
IRU� HDFK� IDPLO\� RI� DON\ODWHG� KRPRORJXHV��$� W\SLFDO� GLVWULEXWLRQ� SURILOH� IRU� D� FUXGH� RLO� RI� IXHO�
ZRXOG�EH�H[SHFWHG�WR�KDYH�UHODWLYH�DEXQGDQFHV�IRU�HDFK�DON\O�3$+�KRPRORJRXV�IDPLO\�VLPLODU�WR�
&�����&�����&���§�&���!�&�����

$OO�VDPSOHV�RI�ELWXPHQ�DQG�GLOXWHG�ELWXPHQ�UHSRUWHG�E\�<DQJ�DQG�FRZRUNHUV��<DQJ��HW�
DO��� ������ ZHUH� VKRZQ� WR� KDYH� DEXQGDQW� TXDQWLWLHV� RI� ELRPDUNHU� WHUSDQHV� DQG� ELF\FOLF�
VHVTXLWHUSDQHV��7KHVH�GLVWLQFWLYH�ELRPDUNHU�FRPSRVLWLRQV�LQGLFDWH�WKDW�WKH\�ZHUH�JHQHUDWHG�IURP�
WKH� VDPH� RU� YHU\� VLPLODU� VRXUFHV�� 'LDPRQGRLGV� ZHUH� DOVR� IRXQG� LQ� VLJQLILFDQW� DEXQGDQFH� LQ�
VDPSOHV� RI� $OEHUWD� RLO� VDQGV� SURGXFWV�� 7KHVH� ELRPDUNHUV� DUH� DOO� OHVV� VXVFHSWLEOH� WR�
ELRGHJUDGDWLRQ�WKDQ�WKH�3$+�DQG�Q�DONDQH�FRPSRQHQWV�DQG�VR�PD\�EH�XVHIXO�RLO�IRUHQVLF�WDUJHWV�
IRU�HQYLURQPHQWDO�PRQLWRULQJ�GXULQJ�VSLOOV��RU�GXULQJ�IDWH�DQG�EHKDYLRXU�H[SHULPHQWV��LQFOXGLQJ�
HYDSRUDWLRQ��GLVVROXWLRQ�DQG�ELRGHJUDGDWLRQ�VWXGLHV���
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2.2 Fate and Behaviour of Diluted Bitumen Products and Related Heavy Oils 
in the Marine Environment 

2.2.1 Fate and Behaviour of Diluted Bitumen Products in Spills 

$� GLOXWHG� ELWXPHQ� EOHQG� VSLOO� RFFXUUHG� LQ� ����� IURP� D� SLSHOLQH� RSHUDWHG� E\� .LQGHU�
0RUJDQ�LQWR�%XUUDUG�,QOHW��%XUQDE\��%�&���76%���������7KH�SURGXFW�VSLOOHG�ZDV�$OELDQ�+HDY\��D�
EOHQG�RI�V\QWKHWLF�FUXGH�RLO�DQG�KHDYLHU�RLO�VDQGV�SURGXFW��$SSUR[LPDWHO\�����FXELF�PHWUHV�RI�RLO�
ZHUH�UHOHDVHG��ZLWK�����FXELF�PHWUHV�EHLQJ�UHFRYHUHG��76%���������2LO�HVFDSHG�XQGHU�SUHVVXUH�
IURP�D�SLSHOLQH�UXSWXUH��6SLOOHG�RLO�PLJUDWHG�WKURXJK�WKH�VHZHU�V\VWHP�LQWR�%XUUDUG�,QOHW�ZKHUH�LW�
EHJDQ�WR�VSUHDG�RQ�WKH�ZDWHU��$SSUR[LPDWHO\��������P�RI�VKRUHOLQH�ZHUH�DIIHFWHG�E\�WKH�VSLOO��

$Q� DVVHVVPHQW� RI� WKH� VSLOO� FOHDQ�XS� DQG� HQYLURQPHQWDO� LPSDFWV�ZDV� FRPPLVVLRQHG� E\�
.LQGHU�0RUJDQ� ILYH� \HDUV� DIWHU� WKH� VSLOO� �6WDQWHF� &RQVXOWLQJ� /WG��� ����E��� 7KH� UHSRUW� RI� WKDW�
DVVHVVPHQW� LQGLFDWHG� WKDW� VSLOO� UHVSRQVH� RSHUDWLRQV� ZHUH� HIIHFWLYH� DW� UHPRYLQJ� RLO� IURP� WKH�
HQYLURQPHQW�DQG�LQ� OLPLWLQJ�WKH�VKRUW��DQG�ORQJ�WHUP�HIIHFWV�RI� WKH�VSLOO��2LO�ZDV�UHFRYHUHG�E\�
VNLPPLQJ�DQG�ERRPLQJ��DV�ZHOO�DV�E\�IOXVKLQJ�DQG�UHPRYDO�IURP�WKH�DIIHFWHG�VKRUHOLQHV���

7KRXJK� VKRUHOLQH� LQWHUWLGDO� ]RQHV�ZHUH� RLOHG��PRVW�PDULQH� VHGLPHQWV� KDG� RQO\� D� VPDOO�
LQFUHDVH�LQ�PHDVXUHG�3$+�FRQFHQWUDWLRQV��ZLWK����RI����PRQLWRUHG�VLWHV�H[FHHGLQJ�ZDWHU�TXDOLW\�
JXLGHOLQHV� �6WDQWHF�&RQVXOWLQJ�/WG�������E���/HYHOV�RI�H[WUDFWDEOH�K\GURFDUERQV�DQG�3$+V�IRU�
VXUIDFH�ZDWHU�TXDOLW\�UHTXLUHPHQWV�ZHUH�PHW�LQ�������6XEWLGDO�PDULQH�VHGLPHQWV�ZHUH�PRQLWRUHG�
WKURXJK�������ZLWK�PRVW�VDPSOHV�KDYLQJ�OHYHOV�RI�3$+V�EHORZ�WKH�ZDWHU�TXDOLW\�UHTXLUHPHQWV��
7KRVH�VXEWLGDO�VHGLPHQW�VDPSOHV�WKDW�GLG�H[FHHG�WKH�PD[LPXP�UHJXODWHG�3$+�OHYHOV�DSSHDUHG�WR�
EH�FDXVHG�E\�VRXUFHV�RWKHU�WKDQ�WKH�VSLOO��%DVHG�RQ�WKHVH�REVHUYDWLRQV��RQO\�WUDFH�DPRXQWV�RU�OHVV�
RI�RLO�IURP�WKH������VSLOO�DSSHDU�WR�KDYH�UHPDLQHG�LQ�WKH�PDULQH�KDUERXU�VHGLPHQWV��

$�VSLOO�RI�GLOELW�RFFXUUHG�LQ������IURP�DQ�(QEULGJH�SLSHOLQH�LQWR�WKH�7DOPDGJH�&UHHN�DQG�
�.DODPD]RR� 5LYHU�� QHDU� 0DUVKDOO�� 0LFKLJDQ�� $Q� HVWLPDWHG� ���� ���� JDOORQV� ������ P �� ZHUH�

UHOHDVHG� LQWR� WKH� FUHHN� DQG� ULYHU� LQ� IORRG� FRQGLWLRQV��+HDY\� UDLQV� FDXVHG� WKH� ULYHU� WR� RYHUWRS�
H[LVWLQJ�GDPV�DQG�FDUULHG�RLO�DERXW����PLOHV�GRZQVWUHDP�RQ�WKH�.DODPD]RR�5LYHU��$V�RI�0D\�
������ WKH� 8QLWHG� 6WDWHV� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\� �(3$�� HVWLPDWHG� WKDW� �������� ��

���������JDOORQV������������P ��RI�RLO�UHPDLQHG�LQ�WKH�ULYHU�DV�VXEPHUJHG�RLO��(3$���������

$Q�(3$�UHSRUW� �/HH�HW�DO��������� VKRZV�HSLIOXRUHVFHQFH�PLFURJUDSKV�RI� VXEPHUJHG�RLO�
SDUWLFOHV�LQ�WKH�.DODPD]RR�5LYHU��/HH�DQG�FR�ZRUNHUV�IRXQG�WKDW�RLO�VHGLPHQW�DJJUHJDWHV�UHDGLO\�
IRUPHG�IURP�QDWLYH�ULYHU�VHGLPHQWV�DQG�WKH�VRXUFH�GLOXWHG�ELWXPHQ�RLOV��7KHVH�DJJUHJDWHV�ZHUH�
VWDEOH�RYHU�D����KRXU�REVHUYDWLRQ�SHULRG��2LO�VHGLPHQW�DJJUHJDWHV�VLPLODU� WR� WKRVH�PDGH� LQ� WKH�
ODERUDWRU\�ZHUH�DOVR�IRXQG�LQ�WKH�ULYHU�VHGLPHQWV��WKRXJK�DW�ORZ�FRQFHQWUDWLRQ��SUHVXPHG�E\�WKH�
DXWKRUV�WR�EH�FDXVHG�E\�WKH�VHGLPHQW�DJLWDWLRQ�WHFKQLTXHV�EHLQJ�XVHG�IRU�FOHDQ�XS��7KHVH�H[LVWLQJ�
RLO�VHGLPHQW� DJJUHJDWHV� ZRXOG� KDYH� EHHQ� DSSUR[LPDWHO\� WZR� \HDUV� ROG� DW� WKH� WLPH� RI� WKH�
REVHUYDWLRQV��LQGLFDWLQJ�WKDW�GLOELW�FDQ�IRUP�VWDEOH�DJJUHJDWHV�ZLWK�ULYHU�VHGLPHQWV��
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$�WKLUG�VSLOO�RI�:DEDVFD�+HDY\��D�KHDY\�RLO�ELWXPHQ�EOHQGHG�ZLWK�FRQGHQVDWH��RFFXUUHG�
LQ������QHDU�0D\IORZHU��$UNDQVDV��IURP�DQ�([[RQ0RELO�SLSHOLQH�LQWR�/DNH�&RQZD\��$V�RI�WKLV�
ZULWLQJ��WKHUH�LV�QR�UHSRUWHG�VWXG\�RI�WKH�RLO�IDWH�IRU�WKLV�VSLOO��

6/�5RVV�(QYLURQPHQWDO�5HVHDUFK�/WG���6/�5RVV��������VXEPLWWHG�D�UHSRUW�RQ�PHVR�VFDOH�
ZHDWKHULQJ� RI�&ROG�/DNH�%OHQG� �&/%�� GLOXWHG� ELWXPHQ� DV� HYLGHQFH� WR� WKH�(QEULGJH�1RUWKHUQ�
*DWHZD\�-RLQW�5HYLHZ�3DQHO��,Q�WKLV�UHSRUW��WKH�DXWKRUV�H[DPLQHG�WKH�EHKDYLRXU�RI�&/%��ZLWK�D�
SULPDU\� LQWHUHVW� WR� ³LQYHVWLJDWH� WKH� GHQVLW\� FKDQJH� RI� WKH� GLOXWHG� ELWXPHQ� SURGXFW´� DV� LW�
ZHDWKHUHG�LQ�WKH�WHVW�WDQN�IRU�XS�WR����GD\V��7KH�RLO�ZDV�UHFLUFXODWHG�LQ�D�³UDFHWUDFN´�VW\OH�IOXPH��
ZKLOH�EHLQJ�H[SRVHG�WR�VKHDU�PL[LQJ�E\�SDVVLQJ�WKURXJK�D�ZDWHU�FDVFDGH�RQFH�SHU�F\FOH�DURXQG�
WKH�IOXPH��$�IORZ�RI�DLU�ZDV�DOVR�PDLQWDLQHG�DERYH�WKH�ZDWHU�VXUIDFH�WR�VLPXODWH�ZLQG��7ZR�WHVW�
F\FOHV� ZHUH� SHUIRUPHG�� RQH� IRU� ���� KRXUV�� WKH� RWKHU� IRU� RYHU� ���� KRXUV�� 7KH� ILUVW� WHVW� ZDV�
FRQGXFWHG�ZLWK�OLPLWHG�OLJKW�H[SRVXUH��IRU�WKH�VHFRQG��DSSUR[LPDWHO\�RQH�TXDUWHU�RI�HDFK�F\FOH�
LQ�WKH�IOXPH�ZDV�H[SRVHG�WR�KLJK�LQWHQVLW\�XOWUDYLROHW��89��ODPSV��%RWK�WHVWV�ZHUH�FRQGXFWHG�LQ�
IUHVK�ZDWHU�DW����&���

,Q�ERWK�WULDOV��WKH�&/%�RLO�UDSLGO\�IRUPHG�D�ZDWHU�LQ�RLO�PL[WXUH��:LWKRXW�89�H[SRVXUH��
WKH�RLO�ZDWHU�PL[WXUH�UHDFKHG�D�PD[LPXP�GHQVLW\�RI�������J�P/�ZLWK�D�ZDWHU�FRQWHQW� LQLWLDOO\�
ULVLQJ� WR� ���� �Y�Y�� EXW� IDOOLQJ� WR� ���� E\� WKH� HQG� RI� WKH� WHVW�� ,Q� WKH� VHFRQG� WULDO�� ZLWK� 89�
H[SRVXUH��WKH�RLO�ZDWHU�PL[WXUH�GHQVLW\�URVH�IURP�WKH�LQLWLDO�������J�P/�WR�D�PD[LPXP�RI�������
J�P/� LQ� ��� KRXUV�� $JDLQ�� ZDWHU� FRQWHQW� URVH� WR� D�PD[LPXP� RI� ����ZLWKLQ� WKH� ILUVW� ��� KRXU�
SHULRG�� EXW� IHOO� EDFN� WR� XQGHU� ���� DV� WKH� WHVW� SURFHHGHG�� 9LVFRVLW\� RI� WKH� RLOV� LQ� ERWK� WHVWV�
LQFUHDVHG�FRQWLQXRXVO\�ZLWK�WLPH��UHDFKLQJ�PD[LPD�RI���������P3D�V�DIWHU�����KRXUV�DQG�RYHU�
����������P3D�V�DIWHU�����KRXUV�IRU�WKH�ILUVW�DQG�VHFRQG�WHVWV��UHVSHFWLYHO\��

7KH�DXWKRUV� �6/�5RVV�������� UHPDUN� WKDW�� DW� WKH�ZDWHU�FDVFDGH��RLO�ZDV�REVHUYHG� WR�EH�
VKHDULQJ�LQWR�VPDOO�GURSOHWV���±��PP�GLDPHWHU���7KH�RLO�PL[HG�GRZQ�LQWR�WKH�ZDWHU�IRU�D�VKRUW�
WLPH� EXW� TXLFNO\� UHVXUIDFHG� WR� UH�IRUP� D� VXUIDFH� VOLFN�� $V� ERWK� WHVWV� SURFHHGHG� DQG� WKH� RLO�
YLVFRVLWLHV�LQFUHDVHG��WKH�RLO�GURSOHW�VL]H�DW�WKH�ZHLU�ZDV�LQFUHDVHG��,Q�WKH�WHVW�ZLWK�89�H[SRVXUH��
DIWHU� ��� KRXUV� VPDOO� RLO� GURSOHWV� ZHUH� VHHQ� LQ� WKH� ZDWHU� FROXPQ�� ZLWK� WKH� ZDWHU� EHFRPLQJ�
FORXGLHU�ZLWK�WLPH��7KH�DXWKRUV�FRQFOXGHG�WKDW�WKLV�LQGLFDWHG�D�QDWXUDO�GLVSHUVLRQ�RI�RLO�GURSOHWV��
ZKLFK�WKH\�HVWLPDWHG�WR�EH����WR�����P�LQ�GLDPHWHU�E\�DQDO\VLV�RI�SKRWRJUDSKV��7KH�DXWKRUV�DOVR�
UHPDUN�WKDW�WKLV�GLVSHUVLRQ�ZDV�QRW�VHHQ�LQ�WKH�ILUVW��QRQ�89�H[SRVHG�WHVW��

$W�WKH�HQG�RI�HDFK�WHVW��RLO�ZDV�FROOHFWHG�IURP�WKH�WDQN�VXUIDFH�DQG�WKH�WDQN�ZDOOV��0RVW�
RI� WKH�RLO�ZDV� UHFRYHUHG� IURP� WKH� WDQN� VXUIDFH�� WKH� UHPDLQGHU� EHLQJ� ����RI� WKH�RLO� UHFRYHUHG�
IURP� WKH� WDQN�ZDOOV� GHHSHU� WKDQ� ��� FP� EHORZ� WKH�ZDWHU� VXUIDFH�� 7KH� DXWKRUV� DWWULEXWH� WKLV� WR�
DGKHVLRQ�RI�QHXWUDOO\�EXR\DQW�GURSV� LQ� WKH�ZDWHU� FROXPQ� WR� WKH�ZDOOV� RI� WKH� WDQN��7KRXJK�QRW�
VWDWHG� LQ� WKHLU� GLVFXVVLRQ�� WKLV� LPSOLHV� WKDW� DW� OHDVW� ���� RI� WKH� &/%� GLVSHUVHG� LQWR� WKH� ZDWHU�
FROXPQ�RYHU�WKH�FRXUVH�RI�WKHLU�WULDOV��7KH�DXWKRUV�DOVR�QRWH�WKDW�QR�RLO�ZDV�IRXQG�RQ�WKH�ERWWRP�
RI�WKH�WDQN��
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2.2.2 Fate and Behaviour of Orimulsion in Spills 

2ULPXOVLRQ�LV�D�SURGXFW�PDQXIDFWXUHG�XQWLO�UHFHQWO\�LQ�9HQH]XHOD�IURP�2ULQRFR�ELWXPHQ��
2ULPXOVLRQ� FRQVLVWV� RI� DSSUR[LPDWHO\� ���� ELWXPHQ�� ���� IUHVK� ZDWHU� DQG� D� VPDOO� DPRXQW� RI�
VXUIDFWDQW���������WR�NHHS�WKH�ELWXPHQ�LQ�VXVSHQVLRQ�GXULQJ�WUDQVSRUW��0LOOHU�HW�DO����������/LNH�
GLOELWV�DQG�V\QELWV��2ULPXOVLRQ�RULJLQDWHV�DV�H[WUD�KHDY\�RLO��ELWXPHQ���+RZHYHU��WKH�2ULPXOVLRQ�
LV�D�ELWXPHQ�ZDWHU�HPXOVLRQ�WKDW�LV�VWDELOL]HG�ZLWK�DGGLWLYHV��WKH�ELWXPHQ�FRPSRQHQWV�FDQ�VHWWOH�
RXW� RI� WKH� PL[WXUH� ZKHQ� OHIW� XQGLVWXUEHG� �-RNXW\� HW� DO��� ������� $QDO\VLV� RI� WZR� 2ULPXOVLRQ�
SURGXFWV� �:DQJ� DQG� )LQJDV�� ������ FDQ� EH� IRXQG� LQ� WKH� (QYLURQPHQW� &DQDGD� 2LO� 3URSHUWLHV�
GDWDEDVH��(QYLURQPHQW�&DQDGD���������

$V�2ULPXOVLRQ�ZDV�PDGH�IURP�D�VLPLODU�ELWXPHQ�UHVRXUFH�WR�WKDW�XVHG�WR�EOHQG�GLOELW��D�
UHYLHZ�RI�2ULPXOVLRQ� IDWH�DQG�EHKDYLRXU�VWXGLHV�ZDV�FRQGXFWHG� WR�GUDZ�DQ\� LQIRUPDWLRQ� IURP�
WKH�VLPLODULW\�LQ�FRPSRVLWLRQ�RI�WKH�VRXUFH�ELWXPHQ��ZKLOH�NHHSLQJ�LQ�PLQG�WKH�ODUJH�GLIIHUHQFHV�
LQ�GLOXHQWV�XVHG�IRU�ERWK��

,Q� VHDZDWHU�� 2ULPXOVLRQ� IRUPV� D� FORXG� RI� GLVSHUVHG� ELWXPHQ� GURSOHWV�� DQG� D� GLVVROYHG�
3$+� DQG� VXUIDFWDQWV� DTXHRXV� SKDVH��ZKLFK� TXLFNO\�PL[HV� LQWR� WKH� UHFHLYLQJ�ZDWHU� ERG\�� 7KH�
ELWXPHQ� GURSOHWV� FKHPLFDOO\� UHVHPEOH� D� OLJKWO\� ZHDWKHUHG� KHDY\� IXHO� �-RNXW\� HW� DO��� �������
6WXGLHV� KDYH� VKRZQ� WKDW� 2ULPXOVLRQ� ZLOO� IORDW� LQ� VDOW� ZDWHU� DQG� VLQN� LQ� IUHVKZDWHU�� KRZHYHU��
EHKDYLRXU� LQ� EUDFNLVK� ZDWHU� LV� PRUH� FRPSOH[� DQG� GHSHQGV� RQ� VDOLQLW\�� WLPH�� HQHUJ\� DQG�
WHPSHUDWXUH��)LQJDV�HW�DO���������)LQJDV�HW�DO�����������

2ULPXOVLRQ� LQWHUDFWLRQV� ZLWK� VXVSHQGHG� VHGLPHQWV� LQ� ZDWHU� DSSHDU� WR� EH� HQKDQFHG� E\�
KLJK� VDOLQLW\�� VHGLPHQW� VXUIDFH� DUHD� DQG� KLJK� RUJDQLF� FDUERQ� FRQWHQW� �%URZQ� HW� DO��� �������
,QWHUHVWLQJO\��%URZQ�HW�DO���������UHSRUW� WKDW�WKH�DGKHVLRQ�RI�KHDY\�IXHO�RLO��+)2��WR�WKH�VDPH�
VHGLPHQWV�ZDV�QHJOLJLEOH�FRPSDUHG�ZLWK�2ULPXOVLRQ��ZLWK�WKH�+)2�WDNLQJ�XS�PXFK�OHVV�RI�WKH�
VHGLPHQW��E\�PDVV��FRPSDUHG�ZLWK�WKH�GLVSHUVHG�ELWXPHQ��,Q�PLG�UDQJH�WR�KLJK�VHDZDWHU�VDOLQLW\��
GLVSHUVHG�2ULPXOVLRQ�ELWXPHQ�IRUPHG�DJJUHJDWHV�ZLWK�VHGLPHQWV�WKDW�VDQN�HDVLO\��,Q�KLJK�PL[LQJ�
HQHUJ\� VWXGLHV�� LQ� VHDZDWHU� RYHU� ���� RI� WKH� ELWXPHQ� VDQN�ZLWK� ���PJ�/� ORDGV� RI� VXVSHQGHG�
NDROLQLWH��6WRXW���������+RZHYHU��LQ�IUHVK�ZDWHU��DJJORPHUDWLRQ�DQG�VLQNLQJ�ZHUH�QRW�REVHUYHG��
SUHVXPHG�E\�ERWK�DXWKRUV�WR�EH�FDXVHG�E\�WKH�DFWLRQ�RI�WKH�VXUIDFWDQW��

:KHQ�VWUDQGHG�RQ�VKRUHOLQHV��H[SHULPHQWV�VKRZHG��+DUSHU�DQG�.RU\�������� WKDW��ZKHQ�
IUHVK��2ULPXOVLRQ�EHKDYHV�OLNH�D�KHDY\�RLO��VHH�6HFWLRQ�������EHORZ��DQG�UHDGLO\�SHQHWUDWHV�LQWR�
VKRUHOLQH� VHGLPHQWV�� +RZHYHU�� WKH� DXWKRUV� UHSRUWHG� WKDW� ZKHQ� ZHDWKHUHG� DQG�RU� GULHG��
2ULPXOVLRQ�LV�³VWLFNLHU´�WKDQ�IUHVK�2ULPXOVLRQ�DQG�ZLOO�QRW�SHQHWUDWH�EHDFK�VHGLPHQWV�DV�HDVLO\��
$V�LW�GULHV��2ULPXOVLRQ�IRUPV�D�ZHDWKHUHG�ELWXPHQ�FRDWLQJ�RQ�WKH�VXUIDFH�RI�JUDLQV�RU�SHEEOH�WKDW�
LV�GLIILFXOW�WR�UHPRELOL]H��7KHVH�FRDWLQJV�FDQ�IRUP�TXLFNO\�WR�GHSWKV�RI���FP�LQ�VDQG���±��FP�LQ�
JUDQXOHV�DQG��±��FP�LQ�SHEEOHV���
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:KHQ� IUHVK�� GLVSHUVHG� ELWXPHQ� SDUWLFOHV�ZHUH� IRXQG� WR� EH�PRUH�PRELOH�ZLWKLQ� FRDUVH�
JUDLQHG�EHDFK�VXEVWUDWH�WKDQ�D�W\SLFDO�KHDY\�IXHO�RLO��'LVSHUVHG�ELWXPHQ�FRXOG�EH�IOXVKHG�IURP�
VHGLPHQWV��EXW�QRUPDO�WLGDO�IOXVKLQJ�ZDV�IRXQG�WR�EH�XQOLNHO\�WR�UHPRYH�LW�FRPSOHWHO\���

$GGLWLRQDO�VWXGLHV�ZHUH�XQGHUWDNHQ�WR�HYDOXDWH�ELWXPHQ�DGKHVLRQ�DQG�UHPRYDO�IURP�WKH�
VXUIDFH�RI�URFNV��+DUSHU�DQG�:DUG����������,W�ZDV�IRXQG�WKDW�ZHWWLQJ�WKH�VXUIDFH�RI�URFNV�ZDV�WKH�
LPSRUWDQW�FRQWURO�PHFKDQLVP�RI�ELWXPHQ�DGKHVLRQ��:HWWLQJ�RI� WKH� URFNV�DOORZHG�IRU� UHODWLYHO\�
HDV\�UHPRYDO�RI�FRDOHVFHG�ELWXPHQ�IURP�WKH�URFN�VXUIDFH��1DWXUDOO\�RFFXUULQJ�ELRILOPV�IRXQG�LQ�
WKH�ORZHU�DQG�PLG�LQWHUWLGDO�]RQHV�ZHUH�DOVR�VKRZQ�WR�UHGXFH�ELWXPHQ�UHWHQWLRQ���

2.2.3 Fate and Behaviour of Heavy Oils in Spills 

7KH�SRVVLEOH�IDWH�DQG�EHKDYLRXU�RI�GLOXWHG�ELWXPHQ�ZKHQ�VSLOOHG�KDYH�EHHQ�FRPSDUHG�WR�
WKRVH�RI�OLJKWHU�IXHO�RLOV�LQ�WKH�HDUO\�SDUW�RI�D�VSLOO��FKDQJLQJ�WR�KHDYLHU�IXHO�RLOV�DV�ZHDWKHULQJ�
RFFXUV� �(1*���������7KH� OLWHUDWXUH� RQ� LQWHUPHGLDWH� DQG� KHDY\� IXHO� RLOV� VLPLODU� LQ� GHQVLW\� DQG�
YLVFRVLW\� WR� GLOXWHG� ELWXPHQ� SURGXFWV� ZDV� WKHUHIRUH� LQFOXGHG� LQ� WKH� SUHVHQW� VXUYH\� RI� WKH�
OLWHUDWXUH��

7KH� KHDY\� RLOV� FRQVLGHUHG� DW� JUHDWHVW� ULVN� IRU� VLQNLQJ� DUH� W\SLFDOO\� KHDY\� IXHO� RLOV��
VRPHWLPHV� UHIHUUHG� WR� DV�%XQNHU�&� DQG� )XHO�2LO�1R�� ���'HWDLOHG� DQDO\VHV� RI� VHYHUDO� RI� WKHVH�
SURGXFWV�FDQ�EH�IRXQG�LQ�WKH�(QYLURQPHQW�&DQDGD�2LO�3URSHUWLHV�GDWDEDVH��(QYLURQPHQW�&DQDGD��
�������

6HOHFWHG� SK\VLFDO� SURSHUWLHV� DQG� FKHPLFDO� FKDUDFWHULVWLFV� RI� UHSUHVHQWDWLYH� LQWHUPHGLDWH�
DQG�KHDY\�IXHO�RLOV�DUH�SUHVHQWHG�LQ�7DEOH������WDNHQ�IURP�WKH�(QYLURQPHQW�&DQDGD�GDWDEDVH��

7DEOH������6HOHFWHG�SK\VLFDO�SURSHUWLHV�RI�,QWHUPHGLDWH�DQG�+HDY\�)XHO�2LO�
,)2����� +)2������

3RXU�3RLQW���&�� ��� ���
'HQVLW\��J�P/�� ��&� ������� �������

���&� ������� �������
$3,�*UDYLW\� ����� �����
'\QDPLF�9LVFRVLW\��P3D�V�� ��&� ������ �������

���&� ����� ������
(PXOVLRQ�)RUPDWLRQ� 6WDELOLW\�&ODVV� (QWUDLQHG� (QWUDLQHG�
7HQGHQF\�DQG�6WDELOLW\� &RPSOH[�0RGXOXV��3D�� ���� ����

:DWHU�&RQWHQW����Z�Z�� ��� �����
&KHPLFDO�'LVSHUVDELOLW\��6)7�XVLQJ�&RUH[LW������� ����� �����
6DWXUDWHV���Z�Z�� ��� �����
$URPDWLFV���Z�Z�� ��� �����
5HVLQV���Z�Z�� ��� �����
$VSKDOWHQHV���Z�Z�� �� �����
:D[HV���Z�Z�� ��� ����
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0LFKHO��������UHFHQWO\�UHYLHZHG�WKH�OLWHUDWXUH�IRU�KHDY\�RLOV�DW�ULVN�RI�VLQNLQJ�LQ�DTXDWLF�
VHWWLQJV��7KH� DXWKRU� DOVR� UHYLHZHG�KLVWRULFDO� FDVH� VWXGLHV�ZKHQ�RLO� KDV� EHHQ� REVHUYHG� WR� VLQN��
0LFKHO�QRWHV�WKDW�RLOV�W\SLFDOO\�IROORZ�WZR�SDWKV�WR�VLQNLQJ��IRU�RLOV�OHVV�GHQVH�WKDQ�ZDWHU�DQG�IRU�
RLOV�GHQVHU�WKDQ�ZDWHU��

,I� WKH� RLO� LV� OHVV� GHQVH� WKDQ�ZDWHU�� WKHQ� WKH� RLO�ZLOO� LQLWLDOO\� IORDW�� DQG�ZLOO� OLNHO\� RQO\�
EHJLQ� WR� VLQN� LI� LW� LV� PL[HG� ZLWK� D� KHDYLHU� PDWHULDO� VXFK� DV� VHGLPHQW�� 7KH� DXWKRU� QRWHV� WKDW�
VHGLPHQW�PL[LQJ� FDQ� W\SLFDOO\� RFFXU� E\� WZR�PHFKDQLVPV�� ��� VWUDQGLQJ� RQ� D� VKRUH� DQG�PL[LQJ�
ZLWK� VDQG\� VHGLPHQWV�� DQG� ��� E\�PL[LQJ�ZLWK� VHGLPHQWV� LQ� WKH�ZDWHU� FROXPQ�E\�ZDYH� DFWLRQ��
DZD\�IURP�VKRUH��0LFKHO�QRWHV� WKDW� WKH�RLO�FDQ�HLWKHU� WDNH�XS� MXVW�HQRXJK�VHGLPHQW� WR�EHFRPH�
QHXWUDOO\�EXR\DQW�LQ�WKH�ZDWHU��DQG�WKXV�EH�WUDQVSRUWHG�E\�ZDWHU�FXUUHQWV��RU�EH�GHQVH�HQRXJK�WR�
VLQN�GLUHFWO\� WR� WKH�ZDWHU� ERWWRP��)LQDOO\�� WKH� DXWKRU� QRWHV� WKDW� RLO� KDV�EHHQ�REVHUYHG� WR� VKHG�
VHGLPHQW�RYHU�WLPH��UHVXOWLQJ�LQ�UHIORDWDWLRQ�RI�WKH�RLO��

,I� WKH�RLO� LV�PRUH�GHQVH� WKDQ�ZDWHU�� WKHQ� WKH�RLO�ZLOO�QRW� IORDW�� ,Q� IUHVKZDWHU�� WKHVH�RLOV�
KDYH�D�GHQVLW\�JUHDWHU�WKDQ�����J�P/��RU�$3,�JUDYLW\�OHVV�WKDQ������LQ�VHDZDWHU�DW����SDUWV�SHU�
WKRXVDQG� WKH� RLO� GHQVLW\�PXVW� H[FHHG� ������J�P/� �DQ�$3,� JUDYLW\� RI� OHVV� WKDQ� ����7KH� DXWKRU�
�0LFKHO��������QRWHV�WKDW�HYDSRUDWLRQ�DORQH�KDV�EHHQ�VHHQ�WR�EH�VXIILFLHQW�WR�FDXVH�VLQNLQJ�RI�RLOV�
WKDW� DUH� DOUHDG\� FORVH� WR� WKH� GHQVLW\� RI�ZDWHU�� WR� VZLWFK� IURP� WKH� ILUVW� VLQNLQJ� SDWKZD\� WR� WKH�
VHFRQG�SDWKZD\��

7KH�DXWKRU�DOVR�FRQGXFWHG�D�VXUYH\�RI�VSLOOV�RI�KHDY\�RLO�ZKLFK�ZHUH�UHSRUWHG�WR�LQYROYH�
VXQNHQ�RLO��6HYHUDO�FRPPRQ�FKDUDFWHULVWLFV�ZHUH�IRXQG�LQ�WKH����LQFLGHQWV�UHYLHZHG���

x� 2I�WKH�VSLOOV�ZKHUH�RLO�ZDV�GHQVHU�WKHQ�WKH�UHFHLYLQJ�ZDWHU�DQG�VDQN�XSRQ�UHOHDVH��
LQ�DOO�FDVHV�WKHVH�ZHUH�KHDY\�UHILQHG�SURGXFWV�RU�FRDO�WDU��)LYH�ZHUH�RI�³VOXUU\�RLO´�
RU�KHDY\�F\FOH�JDV�RLO��

x� 7KH�RQO\�FUXGH�RLOV�UHSRUWHG�WR�KDYH�VXQN�ZHUH�KHDY\�FUXGHV�IURP�9HQH]XHOD��$OO�
VDQN�RQO\�DIWHU�WKH�FUXGH�RLO�PL[HG�ZLWK�VHGLPHQW�IURP�ODQGLQJ�RQ�EHDFKHV��

x� )LIWHHQ� RI� WKH� ��� LQFLGHQWV� LQYROYHG� KHDY\� IXHO� RLOV�� VRPHWLPHV� UHIHUUHG� WR� DV�
%XQNHU� &� RU� )XHO� 1R�� ��� 0DQ\� RI� WKHVH� ZHUH� LQLWLDOO\� EXR\DQW� EXW� VDQN� DIWHU�
VHGLPHQW�PL[LQJ��

x� $� IHZ� LQFLGHQWV� LQYROYHG� XQLTXH� RU� UDUHO\� VKLSSHG� SURGXFWV� LQFOXGLQJ� DVSKDOW�
VWRFN��FDUERQ�EODFN�IHHG�VWRFN�DQG�FRDO�WDU�RLO��

7KH�DXWKRU�UHPDUNHG�WKDW�WKHUH�ZHUH�QR�H[DPSOHV�LQ�WKH�OLWHUDWXUH�RI�DQ�LQWHUPHGLDWH�IXHO�
RLO�WKDW�KDG�EHHQ�REVHUYHG�WR�VLQN��

,Q�D�PRQRJUDSK�FRPSLOHG�E\�WKH�8QLWHG�6WDWHV�1DWLRQDO�5HVHDUFK�&RXQFLO��15&���������
ILYH�PDMRU�PHFKDQLVPV�IRU�KHDY\�RLO�VLQNLQJ�ZHUH�SURSRVHG��HYDSRUDWLRQ��WHPSHUDWXUH�YDULDWLRQV�
ZLWK�WKH�GD\�QLJKW�F\FOH�FDXVLQJ�F\FOLF�VLQNLQJ�DQG�UHIORDWLQJ��XSWDNH�RI�VROLG�PDWWHU��VDQG�DQG�
VLPLODU�JUDQXODU�PDWHULDO��SKRWR�R[LGDWLRQ��DQG�ZDWHU�XSWDNH���
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/RQJ�WHUP� IDWHV� RI� IXHO� RLO� VSLOOV� KDYH� EHHQ� H[DPLQHG� H[WHQVLYHO\� LQ� WKH� FDVHV� RI� WKH�
$UURZ��2ZHQV��������DQG�WKH�3UHVWLJH��'LH]�HW�DO���������VSLOOV��$GGLWLRQDOO\��WKH�SHUVLVWHQFH�RI�
RLOV� RQ� VKRUHOLQHV�� LQFOXGLQJ� VHYHUDO� FDVHV� LQYROYLQJ� KHDY\� IXHOV�� ZDV� UHYLHZHG� E\� 2ZHQV�
��������

�7KH�ZUHFN�RI�WKH�$UURZ�VSLOOHG�DQ�HVWLPDWHG�������EDUUHOV�������P ��RI�%XQNHU�&�IXHO��
HTXLYDOHQW�WR�WKH�+)2�GHVFULEHG�HDUOLHU��DORQJ�����NP�RI�VKRUHOLQH��7KH�HIIHFWV�DQG�FOHDQ�XS�RI�
WKH�VSLOO�ZHUH�H[WHQVLYHO\�VWXGLHG�ZLWK�IROORZ�XS�IRU����\HDUV��7KH�PDMRULW\�RI�WKH�VWXGLHV�ZHUH�
XQSXEOLVKHG��EXW�DUH�VXPPDUL]HG�DQG�UHYLHZHG�E\�2ZHQV����������

/RQJ�WHUP�SHUVLVWHQFH�RI�WKH�$UURZ�RLO�RFFXUUHG�E\�SHQHWUDWLRQ�DQG�EXULDO�LQWR�URFN\�DQG�
FREEOH� EHDFKHV� SULPDULO\� DERYH� WKH� WLGDO� ]RQH�� )ROORZLQJ� DQ� LQLWLDO� SHULRG� RI� UHPRYDO� DQG�
DWWHQXDWLRQ��RLO�FKHPLVWU\�ZDV�QRW�IRXQG�WR�FKDQJH�DIWHU�EHLQJ�VKHOWHUHG�LQ�WKH�FRDUVH�VHGLPHQW�
DQG�FREEOH��

)ROORZLQJ� FOHDQ�XS�� PXFK� UHVLGXH� ZDV� OHIW� RQ� WKH� EHDFKHV� DV� D� EDQG� RI� RLOHG� FREEOH��
+RZHYHU��LQ�WKH�WKUHH�\HDUV�IROORZLQJ��LW�ZDV�IRXQG�WKDW�����RI�WKH�RLOHG�FREEOH�VKRUHOLQHV�KDG�
HURGHG�HYHQ�LQ�DUHDV�RI�ORZ�ZDYH�DQG�WLGDO�DFWLRQ��7KH�IRUPDWLRQ�RI�DQ�RLO�ZDWHU�FOD\�HPXOVLRQ�
PDGH�WKH�RLO�ELRDYDLODEOH�DQG�UHPRYDEOH�E\�WKH�VXUI��7ZHQW\�\HDUV�IROORZLQJ�WKH�VSLOO��OHVV�WKDQ�
��� NP� RI� RLOHG� VKRUHOLQH� UHPDLQHG��PXFK� RI� WKH� DIIHFWHG� VKRUHV� KDYLQJ� EHHQ� FOHDQHG� E\� WKLV�
QDWXUDO�SURFHVV��2LOHG�FREEOH�ZDV�FRQWLQXLQJ� WR�EH�VORZO\�HURGHG�E\�VXUI��EHLQJ�UHPRYHG�DV� LW�
ZDV�VORZO\�H[SRVHG� 

2ZHQV��������LGHQWLILHV�VL[�FRQGLWLRQV�IRU�ORQJ�WHUP�SHUVLVWHQFH�RI�RLO�RQ�VKRUHOLQHV���L��
KHDY\� RU� KLJKO\�ZHDWKHUHG� RLO� W\SHV�� �LL�� ODUJH� YROXPHV� RI� VWUDQGHG� RLO�� �LLL�� FRDUVH�JUDLQHG�
VXUIDFH� VHGLPHQWV�ZLWK� D� SHQHWUDWLRQ�OLPLWLQJ� OD\HU� EHORZ�� �LY�� GHSRVLWLRQ� DERYH� QRUPDO�ZDYH�
DFWLRQ�� �Y��SHQHWUDWLRQ�RU�EXULDO� WR�D�GHSWK�EHORZ� WKH� OD\HU�RI�PRELOH� VHGLPHQWV��DQG� �YL��QRQ�
HURGLQJ�VKRUHOLQHV��8QGHU�WKHVH�FRQGLWLRQV��RLO�FDQ�SHUVLVW�EXULHG�LQ�WKH�VHGLPHQW��VHTXHVWHUHG�LQ�
FRDUVH�VHGLPHQWV��RU�IRUP�D�ZHDWKHUHG�DQG�GHJUDGHG�DVSKDOW�SDYHPHQW�DERYH�WKH�WLGDO�]RQH���

,Q�WKH�FDVH�RI�WKH�3UHVWLJH�VSLOO�LQ�������WKH�IDWH�RI�WKH�KHDY\�IXHO�RLO�DW�VHD�DQG�RQ�ODQG�
ZDV� H[DPLQHG� �'LH]� HW� DO��� ������� (YDSRUDWLRQ� RI� WKH� RLO� ZDV� IRXQG� WR� EH� D� VORZ�� ³VWHDG\�
GHSOHWLRQ´�RYHU� WKH� FRXUVH�RI� D�\HDU��2LO� RQ�EHDFKHV� DQG� URFN\� VKRUHV� GHJUDGHG�PRUH�TXLFNO\�
WKDQ� LQ� RSHQ� VHDZDWHU�� WKRXJKW� E\� WKH� DXWKRUV� WR� EH� FDXVHG� E\� D� FRPELQDWLRQ� RI� KLJKHU�
WHPSHUDWXUHV�RQ�VKRUH�DQG�HQKDQFHG�ELRGHJUDGDWLRQ�E\�EHDFK�RUJDQLVPV��'LVVROXWLRQ�ZDV�IRXQG�
WR�DFFRXQW� IRU�D�QHW� ORVV�RI� OHVV� WKDQ����RI� WKH� WRWDO�RLO�� EXW� UHPRYHG�XS� WR�����RI� WKH�PRUH�
VROXEOH� 3$+� VSHFLHV�� 2YHU� WKH� ILUVW� \HDU� RI� WKH� VSLOO� KLVWRU\�� WKH� DXWKRUV� IRXQG� WKDW�
ELRGHJUDGDWLRQ� DFFRXQWHG� IRU� D�PLQRU� SDUW� RI� WKH� RLO�ZHDWKHULQJ�� 6LPLODUO\�� FKDQJHV� WR� WKH� RLO�
FKHPLVWU\�E\�SKRWR�R[LGDWLRQ�ZHUH�³QRW� VLJQLILFDQW�DW� VHD´�GXULQJ� WKH�\HDU� IROORZLQJ� WKH�VSLOO��
7KH� DXWKRUV� FRQFOXGH� WKDW� IRU� WKH� ILUVW� \HDU� IROORZLQJ� WKH� VSLOO�� WKH� KHDY\� IXHO� RLO�ZDV� KLJKO\�
SHUVLVWHQW��ZLWK�³YHU\�ORZ�LQFLGHQFH�RI�WKH�QDWXUDO�ZHDWKHULQJ�SURFHVV�´��
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5HFHQWO\�� KLJKO\� GHJUDGHG� WDUEDOOV� RQ� WKH�ZHVW� FRDVW� RI� 6SDLQ� KDYH� EHHQ� OLQNHG� WR� WKH�
ZUHFN�RI� WKH�3UHVWLJH� �%HUQDEHX�HW�DO����������D�GHFDGH�DIWHU� WKH�HYHQW��7KH�DXWKRUV�FRQFOXGH��
EDVHG�RQ�WKH�FKHPLFDO�VLJQDWXUHV�RI�GHJUDGDWLRQ��WKDW�WKH�WDUEDOOV�OLNHO\�RULJLQDWH�IURP�UHPRYDO�
RI�ROGHU�RLO�GHSRVLWHG�LQ�VXEWLGDO�VHGLPHQWV��7KDW�LV��WKH�WDUEDOOV�RULJLQDWHG�LQ�VXQNHQ�RLO�WKDW�KDV�
EHFRPH�IUHH�RI�RFHDQ�VHGLPHQW�DQG�UHIORDWHG�DV�ODUJH�EDOOV�DQG�SDWWLHV��

2.3 Use of Dispersants on Potential Spills of Diluted Bitumen and Related 
Heavy Oils 

2.3.1 Use of Dispersants on a Diluted Bitumen Spill 

9HU\�IHZ�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RQ�WKH�XVH�RI�FKHPLFDO�GLVSHUVDQWV�RQ�GLOELW��V\QELW�
RU�FRQGHQVDWHV��DQG�WKHUH�LV�QR�UHFRUG�RI�FKHPLFDO�RLO�GLVSHUVDQW�EHLQJ�XVHG�RQ�DQ�DFWXDO�GLOELW�RU�
V\QELW� VSLOO� LQ� WKH�RFHDQ��7KH�HIILFDF\�RI� FKHPLFDO�GLVSHUVDQWV�ZKHQ�XVHG�RQ�D� VXUIDFH�GLOXWHG�
ELWXPHQ� VOLFN� LV� ODUJHO\� XQNQRZQ�� ,Q� DGGLWLRQ�� WKH� FKHPLFDO� FRPSRVLWLRQ� RI� GLOELW� FDQ� GLIIHU�
GHSHQGLQJ�RQ�WKH�ELWXPHQ�WKDW� LV�XVHG��DQG�WKH�VROYHQW� WKDW� LV�XVHG� WR�GLOXWH� LW� �&UXGH�4XDOLW\��
������� WKHUHIRUH�� VHOHFWLRQ� RI� DQ� LGHDO� GLVSHUVDQW� WR� WUHDW� D� GLOXWHG� ELWXPHQ� VSLOO� PD\� SURYH�
FKDOOHQJLQJ��,Q�WKH�DEVHQFH�RI�GDWD�VSHFLILF�WR�GLOELW�DQG�V\QELW��WKH�DSSOLFDWLRQ�RI�GLVSHUVDQWV�WR�
VSLOOV� RI� VRPH� FRQYHQWLRQDO� K\GURFDUERQ� SURGXFWV� VXFK� DV� KHDY\� IXHO� RLOV� �ZKLFK� DUH�
FKDUDFWHUL]HG�E\�D�KLJK�SURSRUWLRQ�RI�UHODWLYHO\�KHDY\�DVSKDOWHQHV��PD\�LQ�SDUW�EH�FRPSDUDEOH��

2.3.2 Use of Dispersants on Orimulsion 

7KH� XVH� RI� FKHPLFDO� GLVSHUVDQWV� RQ� VSLOOV� RI� 2ULPXOVLRQ� LV� QRW�ZHOO� VWXGLHG�� KRZHYHU��
UHVHDUFK�KDV�VKRZQ�WKDW�2ULPXOVLRQ�ZLOO�GLVSHUVH�QDWXUDOO\�LQ�IUHVKZDWHU��,Q�VHDZDWHU��IROORZLQJ�
LQLWLDO�GLVSHUVLRQ��D�FHUWDLQ�DPRXQW�RI�FRDOHVFHQFH�RI�WKH�ELWXPHQ�GURSOHWV�ZLOO�RFFXU��HYHQWXDOO\�
IRUPLQJ�D�VXUIDFH�VOLFN��2VWD]HVNL�HW�DO����������)OXPH�VWXGLHV�ZLWK�VHDZDWHU�GHPRQVWUDWHG�WKDW�
WKH�FRDOHVFHQFH�RI�WKH�ELWXPHQ�RFFXUV�UDSLGO\��DQG�ELWXPHQ�GURSOHWV�ZHUH�REVHUYHG�WR�LQFUHDVH�LQ�
VL]H�IURP�D�PHDQ�GURSOHW�GLDPHWHU�RI������P�WR������P�DIWHU���KRXUV��2VWD]HVNL�HW�DO����������
&RDOHVFHQFH� RI� RLO� IROORZLQJ� GLVSHUVDQW� DSSOLFDWLRQ�ZRXOG� VXJJHVW� WKDW� WKH� GLVSHUVDQW� SURGXFW�
ZDV� LQHIIHFWLYH� LQ� WKH�GLVSHUVLRQ�RI�2ULPXOVLRQ��7KH�DSSOLFDELOLW\�RI� WKHVH�UHVXOWV� WR� WKH�XVH�RI�
GLVSHUVDQWV�RQ� VSLOOV� RI� GLOELW� LV� XQFOHDU�� EDVHG�RQ� WKH� YDVWO\� GLIIHUHQW� IRUPXODWLRQV�RI� WKH� WZR�
SURGXFWV��

2.3.3 Use of Dispersants on Heavy Fuel Oils 

$�UHFHQW�UHYLHZ�E\�&KDSPDQ�DQG�FR�DXWKRUV��&KDSPDQ�HW�DO���������H[DPLQHG�WKH�XVH�RI�
GLVSHUVDQWV�RQ�KLJK�YLVFRVLW\�RLOV�VLPLODU�LQ�GHQVLW\�DQG�YLVFRVLW\�WR�GLOXWHG�ELWXPHQ��7KH�DXWKRUV�
QRWH�WKDW��³DV�D�JHQHUDO�UXOH�RI�WKXPE��RLOV�ZLWK�KLJK�YLVFRVLWLHV�DQG�SRXU�SRLQWV�WHQG�WR�EH�PXFK�
OHVV�GLVSHUVLEOH�DV�GHOLYHU\�RI� WKH�VXUIDFWDQW� WR� WKH�RLO�ZDWHU� LQWHUIDFH�EHFRPHV�PRUH�GLIILFXOW�´��
,Q�UHYLHZLQJ�D�FDVH�VWXG\�RI�WKH�1DWXQD�6HD�VSLOO�RI�FUXGH�RLO��WKH\�QRWH�WKDW�ZKHQ�WKH�FUXGH�RLO�
YLVFRVLW\� H[FHHGHG� ������� P3D�� E\� UHGXFHG� WHPSHUDWXUH� DQG� HQYLURQPHQWDO� ZHDWKHULQJ��
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GLVSHUVDQW�XVH�FHDVHG�WR�EH�HIIHFWLYH��&KDSPDQ�HW�DO���������GR�QRWH�HIIHFWLYH�XVHV�RI�GLVSHUVDQW�
RQ� KLJKHU� YLVFRVLW\� IXHOV�� LQFOXGLQJ� ,)2������ EXW� RQO\� LQ� WKH� ZDUP� ZDWHU� FRQGLWLRQV� RI� WKH�
+HOLFRP�VSLOO��&KDSPDQ�HW�DO����������DOVR�UHPDUN�WKDW�KLJK�DVSKDOWHQH�DQG�ZD[�FRQWHQWV�WHQG�WR�
IXUWKHU�UHGXFH�GLVSHUVDQW�HIIHFWLYHQHVV��

7KH�&HQWUH�IRU�2IIVKRUH�2LO��*DV�DQG�(QHUJ\�5HVHDUFK�KDV�FRQGXFWHG�ZDYH�WDQN�RLO�VSLOO�
GLVSHUVLRQ�H[SHULPHQWV�RQ�XQZHDWKHUHG�LQWHUPHGLDWH�IXHO�RLO��,)2������/L�HW�DO����������)LJXUH���
��VKRZV�WKDW�,)2�����LV�FRQVLGHUDEO\�PRUH�GLIILFXOW�WR�GLVSHUVH��/RRNLQJ�PRUH�FORVHO\�DW�)LJXUH�
����� ,)2� ���� VHHPV� WR� KDYH� EHHQ� GLVSHUVLEOH� LQ� EUHDNLQJ� ZDYHV� ZKHQ� WKH� WHPSHUDWXUH� ZDV�
!���&��EXW�VKRZHG�YHU\�ORZ�GLVSHUVLELOLW\�LQ�QRQ�EUHDNLQJ�ZDYHV�RU�WHPSHUDWXUHV��EHORZ����&�
�/L�HW�DO����������,Q�WKH�VWXG\�RI�/L�HW�DO����������DQDO\VLV�RI�FRYDULDQFH�LQGLFDWHV�WKH�ZDYH�W\SH�
DQG� WHPSHUDWXUH� VLJQLILFDQWO\� DIIHFWHG� �S������� WKH� G\QDPLF� GLVSHUVDQW� HIIHFWLYHQHVV�� 6LPLODU�
UHVXOWV�IRU�WKH�GLVSHUVLELOLW\�RI�,)2�����KDYH�EHHQ�IRXQG�LQ�ILHOG�WULDOV�FRQGXFWHG�E\�&ROFRPE�HW�
DO�� ��������ZKHUH� FKHPLFDO� GLVSHUVDQWV�ZHUH� VKRZQ� WR�EH� HIIHFWLYH� DW� D� VXUIDFH� WHPSHUDWXUH�RI�
���&�DQG�ZLWK�ZLQGV�RI��±���NQRWV��6PDOO�VFDOH�ODERUDWRU\�GLVSHUVDQW�H[SHULPHQWV��&ODUN�HW�DO���
������IXUWKHU�FRUURERUDWH�WKHVH�UHSRUWV�E\�VKRZLQJ�WKDW�,)2�����LV�GLVSHUVLEOH�ZLWK�FKHPLFDO�RLO�
GLVSHUVDQW�� SURYLGHG� WKDW� D� KLJK� OHYHO� RI�PL[LQJ� HQHUJ\� LV� SUHVHQW�� 7KH� OLWHUDWXUH� RQ� ,)2� ����
VXJJHVWV� SURPLVLQJ� GLVSHUVLELOLW\� FKDUDFWHULVWLFV� IRU� WKHVH� WZR� FRQYHQWLRQDO� RLOV�� KRZHYHU�� WKH�
FRPSDUDELOLW\� RI� WKH� ,)2� SURGXFWV� DQG� W\SLFDO� GLOELWV� LV� FRPSOLFDWHG� E\� WKHLU� GLIIHULQJ�
FKHPLVWULHV��$V� GHVFULEHG� HDUOLHU�� GLOELW� KDV� EHHQ� FRPSDUHG� WR�PXFK� KHDYLHU� FRQYHQWLRQDO� RLOV�
VXFK�DV�,)2������%XQNHU�&�RU�1R����)XHO�2LO��ZKLFK�DUH�DOO�FRQVLGHUDEO\�KHDYLHU�WKDQ�,)2������
7KHVH�IXHOV�KDYH�$3,�JUDYLWLHV�LQ�WKH�UDQJH�RI�����±������(QYLURQPHQW�&DQDGD���������/XQHO�DQG�
'DYLHV� ������� DQG� &KDSPDQ� HW� DO�� ������� VXJJHVW� WKDW� FKHPLFDO� RLO� GLVSHUVDQWV� DUH� QRW� D�
SDUWLFXODUO\�HIIHFWLYH�WUHDWPHQW�RSWLRQ�IRU�VSLOOV�RI�KHDY\�EXQNHU�RLO�RU�,)2������+RZHYHU��/XQHO�
DQG�'DYLHV��������DOVR�H[SODLQ�WKDW�XQGHU�IDYRXUDEOH�FRQGLWLRQV��VRPH�YDULHWLHV�RI�,)2�����DUH�
GLVSHUVLEOH�ZLWK�GLVSHUVDQW�SURGXFWV�VXFK�DV�&RUH[LW�������'DVLF�6OLFNJRQH�/76:��,QLSRO����RU�
6XSHUGLVSHUVDQW� ���� 7KH� LQ�VLWX� YLVFRVLW\� RI� WKH� RLO� LV� WKH� SULPDU\� IDFWRU� WKDW� GLFWDWHV� KRZ�
GLVSHUVLEOH� DQ� ,)2� ���� SURGXFW�ZLOO� EH��$OO� RWKHU� FRQVLGHUDWLRQV� DVLGH�� LQ� RFHDQ� WHPSHUDWXUHV�
EHORZ����&�RU�LQ�FDVHV�ZKHUH�WKH�RLO�KDV�IRUPHG�D�KLJKO\�YLVFRXV�RLO�ZDWHU�HPXOVLRQ��FKHPLFDO�
RLO�GLVSHUVDQWV�DUH�QRW�OLNHO\�WR�EH�HIIHFWLYH��/XQHO�DQG�'DYLHV���������,Q�DGGLWLRQ��VHD�VWDWH�FDQ�
KDYH�ERWK�D�SRVLWLYH�DQG�D�QHJDWLYH�LPSDFW�RQ�WKH�GLVSHUVDELOLW\�RI�,)2�������



23

)LJXUH������7KH�HIIHFWV�RI�UHJXODU�ZDYHV��SDQHOV�$��&�DQG�(���EUHDNLQJ�ZDYHV��SDQHOV�%��'�DQG�)��DQG�ZDWHU�
WHPSHUDWXUH��QXPEHUV�LQ�WKH�OHJHQG��RQ�GLVSHUVHG�,)2����RLO�FRQFHQWUDWLRQ����PJ�/� ���SSP��LQ�WKH�PLGGOH�
RI�WKH�ZDWHU�FROXPQ�DQG����P�GRZQVWUHDP�IURP�WKH�LQLWLDO�RLO�VOLFN�XVLQJ�WZR�FKHPLFDO�RLO�GLVSHUVDQWV��5� �
UHJXODU��%� �EUHDNLQJ��)LJXUH�WDNHQ�IURP�/L�HW�DO���������

$OWKRXJK�DQ�DEXQGDQFH�RI�ZDYH�HQHUJ\�ZLOO�KHOS�ZLWK�WKH�SK\VLFDO�PL[LQJ�DQG�GLVSHUVLRQ�
RI� WKH� RLO�� LW� LV� DOVR� OLNHO\� WR� DFFHOHUDWH� WKH� SURGXFWLRQ� RI� RLO�ZDWHU� HPXOVLRQ�� XOWLPDWHO\�
GHFUHDVLQJ�WKH�HIIHFWLYHQHVV�RI�FKHPLFDO�RLO�GLVSHUVDQWV��/XQHO�DQG�'DYLHV���������,Q�VLWXDWLRQV�
RI�KLJK�ZDYH�HQHUJ\��WKH�ZLQGRZ�RI�RSSRUWXQLW\�IRU�XVH�RI�FKHPLFDO�RLO�GLVSHUVDQWV�LV�OLNHO\�WR�EH�
QDUURZ�� L�H��� WKH� WLPHIUDPH� GXULQJ� ZKLFK� WKH� FRXQWHUPHDVXUH� LV� HIIHFWLYH� �/XQHO� DQG� 'DYLHV��
�������

,Q�VPDOO�VFDOH�ODERUDWRU\�WHVWLQJ��6WHYHQV�DQG�5REHUWV��������DQG�&ODUN�HW�DO���������KDYH�
DOVR�IRXQG�WKDW�JLYHQ�WKH�ULJKW�FRQGLWLRQV��FKHPLFDO�RLO�GLVSHUVDQWV�FDQ�EH�HIIHFWLYH�RQ�,)2������
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DOEHLW�DW�D�ORZHU�GLVSHUVLRQ�HIILFLHQF\�WKDQ�ZRXOG�EH�DFKLHYHG�ZLWK�OLJKWHU�FUXGH�RLOV��8VLQJ�WKH�
:DUUHQ�6SULQJ�/DERUDWRU\�7HVW��6WHYHQV�DQG�5REHUWV� ������� IRXQG� WKDW� VHYHQ�RI� WKH�QLQH� ,)2�
����RLOV� WKH\� WHVWHG� FRXOG�EH�GLVSHUVHG� DW� ���&�XVLQJ� D� GLVSHUVDQW�WR�RLO� UDWLR� �'25��RI� ������
&RUH[LW������DQG�6OLFNJRQH�(:�ZHUH�WKH�PRVW�HIIHFWLYH�GLVSHUVDQWV�XVHG�LQ�WKHLU�WHVWV��6LPLODUO\��
&ODUN�HW�DO���������VKRZHG�WKDW�,)2�����GLG�GLVSHUVH�LQ�WKH�%DIIOHG�)ODVN�7HVW��([[RQ�'LVSHUVDQW�
(IIHFWLYHQHVV�7HVW�DQG�WKH�:DUUHQ�6SULQJ�/DERUDWRU\�7HVW��EXW�GLG�QRW�GLVSHUVH�DV�ZHOO�XVLQJ�WKH�
ORZ�HQHUJ\�6ZLUOLQJ�)ODVN�7HVW��,Q�WKHVH�WHVWV��&RUH[LW������DQG�6XSHUGLVSHUVDQW����SURYHG�WR�EH�
PRVW�HIIHFWLYH��([SDQGLQJ�IXUWKHU�RQ�WKHLU�UHVXOWV��&ODUN�HW�DO���������VXJJHVW�WKDW�PL[LQJ�HQHUJ\�
ZDV� WKH�PRVW� SUHGRPLQDQW� IDFWRU� LQ� GHWHUPLQLQJ� GLVSHUVLRQ� HIILFLHQF\�� DQG� WKDW� GHFUHDVLQJ� WKH�
'25�IURP������WR������PDGH�D�ELJJHU�GLIIHUHQFH�WR�,)2�����WKDQ�WR�D�UHODWLYHO\�OLJKWHU�RLO��,)2�
�����

/DUJHU�VFDOH�ILHOG�WULDOV�FRQGXFWHG�E\�&ROFRPE�HW�DO���������WR�H[DPLQH�WKH�GLVSHUVLRQ�RI�
,)2� ���� DOVR� VKRZHG�PL[HG� UHVXOWV�� ,Q� WKHLU� VWXG\�� ,)2� ���� ZDV� ERWK� VORZ� WR� GLVSHUVH�� DQG�
XOWLPDWHO\�RQO\�SDUWLDOO\�GLVSHUVLEOH�LQ�VHD�WHPSHUDWXUHV�RI����&�DQG�ZLWK�ZLQG�VSHHGV�EHWZHHQ���
DQG� ��� NQRWV� �&ROFRPE� HW� DO��� ������� 7KHVH� H[SHULPHQWV� VXSSRUW� WKH� ILQGLQJV� RI� &ODUN� HW� DO��
�������LQ�WKDW�PRUH�ZLQG��KLJKHU�ZDYH�HQHUJ\��UHVXOWHG�LQ�EHWWHU�GLVSHUVLRQ��DQG�WKDW�D�'25�RI�
�����SURYHG�WR�EH�PRUH�HIIHFWLYH�WKDQ�D�'25�RI������ZKHQ�DWWHPSWLQJ�WR�GLVSHUVH�,)2������7KH�
UHVXOWV�RI�WKHVH�ILHOG�WHVWV�ZHUH�ODWHU�UHSOLFDWHG�DQG�FRQILUPHG�DW�WKH�2+06(77�IDFLOLW\�LQ�1HZ�
-HUVH\��7UXGHO��%HORUH��*XDULQR��/HZLV��DQG�0XOOLQ���������EXW�XQIRUWXQDWHO\��QHLWKHU�&ROFRPE�HW�
DO�� ������� QRU� 7UXGHO� HW� DO�� ������� LQYHVWLJDWHG� WKH� SRWHQWLDOO\� FRPSHWLQJ� LQIOXHQFH� RI� ZDYH�
HQHUJ\�RQ�WKH�GLVSHUVLRQ�RI�,)2�����WKDW�ZDV�LGHQWLILHG�E\�/XQHO�DQG�'DYLHV���������
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3.0  Physical Characteristics and Chemical Composition of Diluted 
Bitumen Products 

3.1 Samples 

,Q� FRQVXOWDWLRQ�ZLWK� LQGXVWU\� VWDNHKROGHUV�� WZR�GLOXWHG� ELWXPHQ�SURGXFWV�ZHUH� VHOHFWHG�
IRU�VWXG\�RQ�WKH�EDVLV�RI�SURGXFWLRQ�DQG�WUDQVSRUWDWLRQ�YROXPH��$FFHVV�:HVWHUQ�%OHQG��$:%��
DQG�&ROG�/DNH�%OHQG��&/%���$V�WKHVH�SURGXFWV�ZHUH�FROOHFWHG�LQ�PLG�ZLQWHU��WKH\�FRQWDLQHG�WKH�
PD[LPXP� FRQWHQW� RI� GLOXHQW� QHHGHG� WR� PHHW� YLVFRVLW\� UHTXLUHPHQWV� IRU� WUDQVPLVVLRQ� SLSHOLQH�
WUDQVSRUWDWLRQ��&UXGH�4XDOLW\���������

)RU�FRPSDULVRQ��DQ�LQWHUPHGLDWH�IXHO�RLO��,)2������XVHG�IRU�PDULQH�VKLS�IXHO��DQG�D�PLG�
WR�OLJKW�UHIHUHQFH�FUXGH�RLO��$OEHUWD�6ZHHW�0L[�%OHQG��UHIHUHQFH�SRXU�����ZHUH�DOVR�LQFOXGHG�LQ�
VRPH�WHVWV��

3.2 Methods 

3.2.1 Evaporative Weathering  

)RU�PRVW�RI�WKH�PHDVXUHPHQWV�UHSRUWHG�LQ�WKLV�VHFWLRQ�DQG�IRU�WKH�EXR\DQF\�WHVWV�UHSRUWHG�
LQ�&KDSWHU����HQYLURQPHQWDO�ZHDWKHULQJ�ZDV�VLPXODWHG�E\�URWDU\�HYDSRUDWLRQ��7KH�RLO�ZHDWKHULQJ�
V\VWHP�FRQVLVWV�RI�D�%XFKL�5����URWDU\�HYDSRUDWRU�ZLWK�D�IODVN�URWDWLRQ�VSHHG�RI�����UHYROXWLRQV�
SHU�PLQXWH��USP��DQG�D�SRVLWLYH�DLU�IORZ�RI����/�PLQ��)LJXUH�������7KH�VDPSOHV�DUH�KHOG�DW���q&��
$W�VHW�LQWHUYDOV��WKH�VDPSOH�IODVN�LV�UHPRYHG�DQG�ZHLJKHG�WR�PRQLWRU�PDVV�ORVV��7KH�V\VWHP�KDV�
EHHQ�GHPRQVWUDWHG��)LHOGKRXVH�HW�DO���������WR�UHVXOW�LQ�FKHPLFDO�FRPSRVLWLRQV�LGHQWLFDO�WR�WKRVH�
REWDLQHG� IURP� HYDSRUDWLRQ� IURP� DQ� RSHQ� SDQ� IRU� WKH� VDPH� WRWDO� ORVV� RI� RLO� PDVV�� 7KDW� LV��
FRPSRVLWLRQ�RI�RLO�HYDSRUDWHG�LQ�WKH�URWDU\�HYDSRUDWRU�LV�LGHQWLFDO�FKHPLFDOO\�WR�RLO�HYDSRUDWLQJ�
LQ�DQ�XQFRQWUROOHG�SRRO�DW�DPELHQW�WHPSHUDWXUH�DQG�SUHVVXUH��

7\SLFDOO\�� WKUHH� ZHDWKHUHG� IUDFWLRQV� ZHUH� SUHSDUHG� IRU� HDFK� RLO� VDPSOH�� 7KH� LQLWLDO�
ZHDWKHULQJ�SHULRG�ZDV����KRXUV��WKH�GXUDWLRQ�FKRVHQ�WR�VLPXODWH�D�KHDYLO\�ZHDWKHUHG�VWDWH�RI�DQ�
RLO�LQ�WKH�HQYLURQPHQW��,Q�DGGLWLRQ��LQWHUPHGLDWH�IUDFWLRQV�RI�DSSUR[LPDWHO\�RQH��DQG�WZR�WKLUGV�
RI� WKH� ���KRXU� ORVV� E\�ZHLJKW� ZHUH� SUHSDUHG�� 7KHVH� ZHUH� GHVLJQDWHG� DV�:���:�� DQG�:�� WR�
UHSUHVHQW� LQFUHDVLQJ� GHJUHHV� RI� ZHDWKHULQJ� �+ROOHERQH�� ������� )RU� WKH� SUHVHQW� ZRUN�� DQ�
DGGLWLRQDO�KLJKO\�ZHDWKHUHG�IUDFWLRQ��:���ZDV�DOVR�SUHSDUHG�DW����KRXUV¶�HYDSRUDWLRQ�DW���q&��

)RU� WKH�ZDYH� WDQN� VWXGLHV� UHSRUWHG� LQ� &KDSWHU� ��� WKH�$:%� DQG� &/%�ZHUH� DUWLILFLDOO\�
ZHDWKHUHG� ���� DQG� ������ UHVSHFWLYHO\�� 7KLV� WHFKQLTXH� RI�ZHDWKHULQJ� RLO� LV� FRQVLVWHQW�ZLWK� WKH�
WUHDWPHQW�RI�FRQYHQWLRQDO�RLO�SULRU�WR�RLO�GLVSHUVLRQ�VWXGLHV�LQ�WKH�ZDYH�WDQN��/L�HW�DO�����������
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)LJXUH������(YDSRUDWLYH�ZHDWKHULQJ�RI�RLO��
�3KRWR��%��)LHOGKRXVH��(QYLURQPHQW�&DQDGD��

3.3 Characterization of Diluted Bitumen Products  

7KH�SK\VLFDO�SURSHUWLHV�RI�IUHVK�DQG�ZHDWKHUHG�GLOELWV�ZHUH�PHDVXUHG�LQFOXGLQJ�YLVFRVLW\�
�7KHUPR+DDNH� 97����� +ROOHERQH�� ������ DQG� %URRNILHOG� /97��� GHQVLW\� E\� $670� '�����
�$QWRQ�3DUU�'0$�������0HWWOHU�7ROHGR�'0����DQG�VXUIDFH�WHQVLRQ��XVLQJ�D�.69�&$0�����E\�
WKH�SHQGDQW�EXR\DQW�GURS�PHWKRG��&KHQJ�HW�DO��������DQG�XVLQJ�D�.U�VV�.����E\�:LOKHOP\�SODWH�
PHWKRG��'UHOLFK� HW� DO��� �������$3,�JUDYLW\�ZDV� GHWHUPLQHG� IURP� WKH� GHQVLW\�PHDVXUHPHQWV� E\�
LQWHUSRODWLRQ��+ROOHERQH���������6XOSKXU�FRQWHQW�ZDV�PHDVXUHG�E\�;�UD\�IOXRUHVFHQFH�IROORZLQJ�
$670�'������3RXU�SRLQW�ZDV�PHDVXUHG�DFFRUGLQJ�WR�$670�'����

7KH�UDWH�RI�RLO�HYDSRUDWLRQ�IURP�DQ�RSHQ�SDQ�ZDV�GHWHUPLQHG�IROORZLQJ�)LQJDV��)LQJDV��
�������7KH�ERLOLQJ�SRLQW�IUDFWLRQV�RI�WKH�GLOELWV�ZHUH�GHWHUPLQHG�E\�KLJK�WHPSHUDWXUH�VLPXODWHG�
GLVWLOODWLRQ� �$670� '������� 7KH� K\GURFDUERQ� IDPLOLHV� RI� VDWXUDWHV�� DURPDWLFV�� UHVLQV� DQG�
DVSKDOWHQHV��³6$5$´�JURXSV��ZHUH�TXDQWLILHG�E\�D�FRPELQHG�*&�),'�DQG�VROYHQW�SUHFLSLWDWLRQ�
PHWKRG��+ROOHERQH�HW�DO����������ZKLFK�LV�EDVHG�RQ�$670�'������$SSHQGL[�;����

2LO�ZDWHU�PL[WXUHV�ZHUH�SUHSDUHG�XVLQJ�D�URWDU\�HQG�RYHU�HQG�PL[LQJ�RI�D������UDWLR�RI�
RLO�WR�ZDWHU�DW�D�UDWH�RI�VHYHUDO�UHYROXWLRQV�SHU�PLQXWH�IRU����KRXUV�DW����&��7KLV�SURFHGXUH�KDV�
EHHQ�VKRZQ�WR�SURYLGH�D�KLJK�HQHUJ\�PL[LQJ�HQYLURQPHQW��ZLWK�VXIILFLHQW�PL[LQJ�WLPH�WR�HQVXUH�
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WKDW� LI� D�PL[HG�ZDWHU�RLO� VWDWH� LV�SRVVLEOH�� LW�ZLOO� OLNHO\�EH� UHDFKHG� GXULQJ� WKH� WHVW� �)LQJDV�DQG�
)LHOGKRXVH�� ������� ,I� D� FRQWLQXRXV� RLO�ZDWHU� SKDVH� LV� IRUPHG�� WKH� YLVFR�HODVWLFLW\� DQG� ZDWHU�
FRQWHQWV�DUH�GHWHUPLQHG�LPPHGLDWHO\�DIWHU�WKH�PL[LQJ��IROORZHG�E\�D�VHFRQG�PHDVXUHPHQW�VHYHQ�
GD\V�ODWHU���

7KH�GLVWULEXWLRQV�RI�Q�DONDQHV��3$+V�DQG�DON\�3$+�KRPRORJV�DQG�SHWUROHXP�ELRPDUNHU�
KRSDQHV� DQG� VWHUDQHV� ZHUH� FKDUDFWHUL]HG� E\� JDV� FKURPDWRJUDSK\� FRXSOHG� ZLWK� PDVV�
VSHFWURPHWU\��:DQJ�HW�DO�����������

8QOHVV� RWKHUZLVH� QRWHG� LQ� WKH� WH[W�� DOO� GHWHUPLQDWLRQV� IRU� SK\VLFDO� SURSHUWLHV� DQG�
FKHPLFDO� FRPSRVLWLRQ�PHDVXUHPHQWV�ZHUH�FRQGXFWHG� LQ� WULSOLFDWH��8QFHUWDLQWLHV� DUH�QRW� VKRZQ�
RQ� WKH� WDEOHV� EHORZ�� EXW� WKH� HUURU� EDUV� WKDW� DSSHDU� RQ� ILJXUHV� LQ� &KDSWHUV� �� DQG� �� ZHUH�
GHWHUPLQHG�IURP�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�WULSOLFDWH�PHDVXUHPHQWV���

:KHUH�DSSOLFDEOH��PHDVXUHPHQW�WHPSHUDWXUHV�XVHG�ZHUH���&�DQG����&��7KLV�UDQJH�FRYHUV�
PRVW�RI�WKH�PDULQH�WHPSHUDWXUHV�H[SHULHQFHG�LQ�&DQDGLDQ�ZDWHUV��2Q�WKH�$WODQWLF�FRDVW��PRQWKO\�
DYHUDJH� VXUIDFH�ZDWHU� WHPSHUDWXUHV� UDQJH� IURP� ��&� WR� ��&� QRUWK� RI�1HZIRXQGODQG� WR� ��&� WR�
���&� LQ� WKH� %D\� RI� )XQG\� �')2�� ����D��� ,Q� WKH� *XOI� RI� 6W�� /DZUHQFH�� VHDVRQDO� VXUIDFH�
WHPSHUDWXUHV� UDQJH� IURP���&� WR� ���&� �*DOEUDLWK�� HW� DO��� �������2Q� WKH�3DFLILF� FRDVW�� D� VLPLODU�
UDQJH�RI�VXUIDFH�VHD�WHPSHUDWXUHV�DUH�H[SHULHQFHG�IURP���&�WR����&�LQ�WKH�6DOLVK�6HD�WR���&�WR�
���&� LQ� +HFDWH� 6WUDLW� �')2�� ����E��� )RU� WKH� EHKDYLRXU� DQG� IDWH� WHVWLQJ�� LQFOXGLQJ� SDQ�
HYDSRUDWLRQ��HPXOVLRQ�IRUPDWLRQ�LQ�WKH�SUHVHQW�FKDSWHU�DQG�WKH�VHGLPHQW�LQWHUDFWLRQV�UHSRUWHG�LQ�
&KDSWHU� ��� ���&� ZDV� FKRVHQ� DV� WKH� ZRUNLQJ� WHPSHUDWXUH�� 7KLV� QRW� RQO\� LV� D� UHSUHVHQWDWLYH�
WHPSHUDWXUH� IRU� ZDUP� &DQDGLDQ� RFHDQ� ZDWHUV�� EXW� DOVR� SURYLGHV� FRPSDUDELOLW\� ZLWK� SUHYLRXV�
ZRUN� RQ� HYDSRUDWLRQ� �)LQJDV�� ������� HPXOVLRQ� IRUPDWLRQ� �)LQJDV� DQG� )LHOGKRXVH�� ������ DQG�
EHKDYLRXU�VWXGLHV��6/�5RVV���������

3.4 Physical Properties of Diluted Bitumens 

7KH� PHDVXUHG� SK\VLFDO� FKDUDFWHULVWLFV� DQG� EXON� SURSHUWLHV� IRU� $:%� DQG� &/%� GLOXWHG�
ELWXPHQ� FDQ� EH� IRXQG� LQ�7DEOH� ���� DQG�7DEOH� ����� UHVSHFWLYHO\��7KH� SURSHUWLHV� OLVWHG� LQ� WKHVH�
WDEOHV�DUH�DPRQJ�WKRVH�PRVW�UHOHYDQW�WR�XQGHUVWDQGLQJ�DQG�SUHGLFWLQJ�WKH�EHKDYLRXU�RI�RLOV�ZKHQ�
VSLOOHG�� 'HQVLW\�� YLVFRVLW\� DQG� VXUIDFH�LQWHUIDFLDO� WHQVLRQV� DUH� FRQVLGHUHG� DPRQJ� WKH� PRVW�
VLJQLILFDQW�IDFWRUV�LQ�XQGHUVWDQGLQJ�WKH�EHKDYLRXU�RI�RLO��'HQVLW\�JRYHUQV�WKH�EXR\DQF\�RI�RLO�LQ�
ZDWHU��YLVFRVLW\��LWV�UDWH�RI�VSUHDGLQJ�DQG�UHVLVWDQFH�WR�EHLQJ�GLVSHUVHG�LQWR�GURSOHWV��VXUIDFH�DQG�
LQWHUIDFLDO�WHQVLRQV�DUH�LPSRUWDQW�DW�VPDOOHU�VFDOHV��JRYHUQLQJ�WKH�VL]H�RI�GLVSHUVHG�RLO�GURSOHWV��
DQG�WKH�ILQDO� WKLFNQHVV�RI�D�VSUHDGLQJ�RLO�ILOP��$3,��$PHULFDQ�3HWUROHXP�,QVWLWXWH��JUDYLW\�LV�D�
SHWUROHXP�LQGXVWU\�VWDQGDUG�IRU�GHVFULELQJ�WKH�GHQVLW\�RI�RLO�DW����)�������&��UHODWLYH�WR�WKDW�RI�
ZDWHU��3RXU�SRLQW� LV�D�PHDVXUH�RI�YLVFRVLW\� WKDW�GHILQHV� WKH�PLQLPXP�WHPSHUDWXUH�DW�ZKLFK�RLO�
ZLOO�IORZ��)ODVK�SRLQW�LV�WKH�PLQLPXP�WHPSHUDWXUH�DW�ZKLFK�HQRXJK�YRODWLOH�FKHPLFDOV�HYDSRUDWH�
WR�VXSSRUW�LJQLWLRQ��:DWHU�DQG�VXOSKXU�FRQWHQWV�GHVFULEH�WKH�SHUFHQW�FRQFHQWUDWLRQ��E\�ZHLJKW��RI�
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ZDWHU�DQG�HOHPHQWDO�VXOSKXU�LQ�WKH�RLO��:DWHU�LV�W\SLFDOO\�GLVSHUVHG�LQ�WKH�RLO�LQ�GURSOHWV��VXOSKXU�
LV�ERXQG�LQ�D�UDQJH�RI�FKHPLFDO�IRUPV�IURP�LQRUJDQLF�VXOSKLGHV�WR�RUJDQLF�VXOSKXU�FRPSRXQGV��

7KH� WHQGHQF\� IRU� HPXOVLILFDWLRQ�� WKH� IRUPDWLRQ� RI� D�ZDWHU�LQ�RLO� FROORLG�� LV� DOVR� D� YHU\�
XVHIXO� WHVW� WR� LQWHUSUHW�RLO� RU� SHWUROHXP�EHKDYLRXU� LQ� WKH� HQYLURQPHQW��$V�GHVFULEHG� LQ� VHFWLRQ�
����� IROORZLQJ� D� ���KRXU� SHULRG� RI� VKDNLQJ�� DQ� RLO�ZDWHU� PL[WXUH� LV� DVVHVVHG� IRU� HPXOVLRQ�
IRUPDWLRQ��0HDVXUHPHQWV�DUH�PDGH�RI� WKH�UKHRORJ\�RI� WKH�RLO�� LQFOXGLQJ�WKH�FRPSOH[�PRGXOXV��
WKH�UHVLVWDQFH�RI�WKH�RLO�ZDWHU�PL[WXUH�WR�IORZ�XQGHU�G\QDPLF��SXOVHG��VWUHVV���7KLV�TXDQWLW\�LV�D�
FRPELQDWLRQ� RI� ERWK� QRUPDO� YLVFRVLW\� DQG� HODVWLF� �UHYHUVLEOH�� GHIRUPDWLRQ�� :DWHU� FRQWHQW�� DV�
GHVFULEHG� DERYH�� LV� DOVR� PHDVXUHG�� 0HDVXUHPHQWV� DUH� WDNHQ� ERWK� ZLWKLQ� ��� KRXUV� IROORZLQJ�
PL[LQJ�DQG�DJDLQ�VHYHQ�GD\V�ODWHU�WR�DVVHVV�WKH�VWDELOLW\�RI�DQ\�FROORLGV�IRUPHG��

%DVHG�RQ� WKHVH�PHDVXUHPHQWV�� DQ�RLO�ZDWHU�PL[WXUH� LV� FODVVLILHG� LQWR�RQH�RI� IRXU� VWDWHV�
�)LQJDV�DQG�)LHOGKRXVH���������D�VWDEOH�HPXOVLRQ��ZKLFK�FDQ�SHUVLVW� LQGHILQLWHO\��D�PHVR�VWDEOH�
HPXOVLRQ��ZKLFK� W\SLFDOO\� KDV� D� VKRUW� KDOI�OLIH� RI� KRXUV� WR� GD\V�� DQG� DQ� HQWUDLQHG�ZDWHU� VWDWH��
ZKLFK� LV� W\SLFDOO\� ORZHU�ZDWHU� FRQWHQW� DQG� FRPSOH[� PRGXOXV� WKDQ� WKH� FKHPLFDOO\�VWDELOL]HG�
HPXOVLRQV��EXW�ZKLFK�VWLOO�UHWDLQV�ZDWHU�IRU�SHULRGV�RI�GD\V�WR�ZHHNV��7KH�ODVW�FDWHJRU\�LV�WKH�QR�
HPXOVLRQ�VWDWH��ZKHUH�RLO�DQG�ZDWHU�UHPDLQ�DSDUW��,Q�WKH�QR�HPXOVLRQ�VWDWH��WKH�YLVFRVLW\�RI�WKH�RLO�
LV�W\SLFDOO\�XQFKDQJHG�DQG�WKH�ZDWHU�FRQWHQW�RI�WKH�RLO�SKDVH�LV�PLQLPDO��IROORZLQJ�PL[LQJ��
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7DEOH������3K\VLFDO�SURSHUWLHV�RI�$:%��
'HJUHH�RI�(YDSRUDWLRQ��0DVV�/RVV�Z�Z���

)UHVK�
�����

:��
�������

:��
��������

:��
��������

:��
��������

6XOSKXU�&RQWHQW����Z�Z�� ���� ���� ���� ���� ����
:DWHU�&RQWHQW����Z�Z�� ���� ���� ���� ���� ����
)ODVK�3RLQW���&�� ����� ����� ��� ���� ����
3RXU�3RLQW���&�� ������ ������ ��� ��� ���
'HQVLW\��J�P/�� ��&� ������� ������� ������� ������� �������

���&� ������� ������� ������� ������� �������
���&� ������� ������
�


0HDVXUHG�DW������HYDSRUDWHG�YLD�VSDUJLQJ��

$3,�*UDYLW\� ����� ����� ����� ���� ����
'\QDPLF�9LVFRVLW\� ��&� ����(���� ����(���� ����(���� ����(���� !����(����
�P3D�V�� ���&� ���� ����(���� ����(���� ����(���� ����(����

���&� ����� ���
�
(PXOVLRQ�)RUPDWLRQ� 6WDELOLW\�&ODVV� (QWUDLQHG� (QWUDLQHG� (QWUDLQHG� (QWUDLQHG� '1)�
7HQGHQF\�DQG�6WDELOLW\� &RPSOH[�0RGXOXV�

�3D�� ����� ����� ���� ����(���� 1�$�

:DWHU�&RQWHQW�
��Z�Z�� ��� ��� ��� �� 1�$�

6XUIDFH�7HQVLRQ� ��&� ����� ����� 10� 10� 10�
�$LU�2LO��P1�P�� ���&� ����� ����� ����� 10� 10�

���&� �����
,QWHUIDFLDO�7HQVLRQ� ��&� ����� 10� 10� 10� 10�
�2LO�:DWHU��P1�P�� ���&� ����� ����� 10� 10� 10�
,QWHUIDFLDO�7HQVLRQ� ��&� ����� 10� 10� 10� 10�
�2LO���Å�%ULQH��P1�P�� ���&� ����� ����� 10� 10� 10�

10�±�1RW�0HDVXUDEOH��WRR�YLVFRXV���
'1)�±�'LG�QRW�)RUP��WRR�YLVFRXV���
1�$�±�1RW�DSSOLFDEOH���
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7DEOH������3K\VLFDO�SURSHUWLHV�RI�&/%��
'HJUHH�RI�(YDSRUDWLRQ��0DVV�/RVV�Z�Z���

)UHVK�
�����

:��
�������

:��
��������

:��
��������

:��
��������

6XOSKXU�&RQWHQW����Z�Z�� ���� ���� ���� ���� ����
:DWHU�&RQWHQW����Z�Z�� ���� ���� ���� ���� ����
)ODVK�3RLQW���&�� ����� ��� ��� ���� ����
3RXU�3RLQW���&�� ������ ������ ���� ��� ���
'HQVLW\��J�P/�� ��&� ������� ������� ������� ������� �������

���&� ������� ������� ������� ������� �������
���&� ������� ������
�


0HDVXUHG�DW������HYDSRUDWHG�YLD�VSDUJLQJ��

$3,�*UDYLW\� ����� ����� ����� ���� ����
'\QDPLF�9LVFRVLW\�� ��&� ���� ����(���� ����(���� ����(���� ����(����
�P3D�V�� ���&� ���� ����(���� ����(���� ����(���� ����(����

���&� ��� ���
�
(PXOVLRQ�)RUPDWLRQ� 6WDELOLW\�&ODVV� 0HVR� (QWUDLQHG� (QWUDLQHG� (QWUDLQHG� (QWUDLQHG�
7HQGHQF\�DQG�6WDELOLW\� &RPSOH[�0RGXOXV�

�3D�� ����� ����� ���� ����(���� ����(����

:DWHU�&RQWHQW�
��Z�Z�� ��� ��� ��� �� ���

6XUIDFH�7HQVLRQ� ��&� ����� ����� 10� 10� 10�
�$LU�2LO��P1�P�� ���&� ����� ����� ����� 10� 10�

���&� �����
,QWHUIDFLDO�7HQVLRQ� ��&� ����� 10� 10� 10� 10�
�2LO�:DWHU��P1�P�� ���&� ����� ����� 10� 10� 10�
,QWHUIDFLDO�7HQVLRQ� ��&� ����� 10� 10� 10� 10�
�2LO���Å�%ULQH��P1�P�� ���&� ����� ����� 10� 10� 10�

10�±�1RW�0HDVXUDEOH��WRR�YLVFRXV�
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3.4.1 Properties of Diluted Bitumens 

0DQ\�SURSHUWLHV�RI� WKH�GLOXWHG�ELWXPHQ�SURGXFWV�ZHUH� IRXQG� WR�FKDQJH�ZLWK� LQFUHDVLQJ�
HYDSRUDWLRQ�� 'HQVLW\�� SRXU� SRLQW�� IODVK� SRLQW� DQG� YLVFRVLW\� DOO� LQFUHDVHG� ZLWK� LQFUHDVLQJ�
HYDSRUDWLRQ��7KH�FKDQJHV�LQ�GHQVLW\�DQG�YLVFRVLW\�DUH�SORWWHG�RQ�)LJXUH������ZLWK�$:%�RQ�WKH�
OHIW� SDQHO� DQG�&:%�RQ� WKH� ULJKW��'HQVLWLHV� DUH� VKRZQ�DV� FLUFOHV�� VROLG�EODFN� DW� ��&�DQG�RSHQ�
ZKLWH�FLUFOHV�DW����&��9LVFRVLWLHV�RQ�ERWK�ILJXUHV�DUH�VLPLODUO\�LQGLFDWHG�E\�VTXDUH�SRLQWV��,Q�DOO�
FDVHV��HUURU�EDUV�EDVHG�RQ�WKH�PHDVXUHG�WULSOLFDWH�VWDQGDUG�GHYLDWLRQV�DUH�VPDOOHU�WKDQ�WKH�VL]H�RI�
WKH�SORWWHG�SRLQWV��DQG�DUH�WKXV�QRW�VKRZQ�RQ�)LJXUH������,Q�DGGLWLRQ��WKH���&�YLVFRVLW\�IRU�WKH�
PRVW�ZHDWKHUHG�:��$:%�VDPSOHV�ZDV�WRR�KLJK�WR�EH�PHDVXUHG��DQG�LV�QRW�SORWWHG�RQ�WKH�ILJXUH� 

)LJXUH������'HQVLW\��FLUFOHV��DQG�YLVFRVLW\��VTXDUHV��DW���&��VROLG��DQG����&��RSHQ��DV�D�IXQFWLRQ�RI�HYDSRUDWLYH�
ZHDWKHULQJ�IRU�$:%��OHIW���&/%��ULJKW���

)URP�)LJXUH������LW�FDQ�EH�VHHQ�WKDW�GHQVLW\�LQFUHDVHV�ZLWK�LQFUHDVLQJ�HYDSRUDWLRQ�ZHUH�
PRGHUDWH��7KH�GHQVLW\�IRU�WKH�$:%�RLO�DW����&��RSHQ�FLUFOHV��OHIW�SDQHO�IRU�)LJXUH������LQFUHDVHG�
IURP��������J�P/�IRU�WKH�XQZHDWKHUHG�RLO�WR��������J�P/�WR�WKH�PRVW�HYDSRUDWHG�VWDWH�RI�:���,Q�
JHQHUDO��ZHDWKHULQJ�LQFUHDVHV�GHQVLW\�EHWZHHQ��±���IURP�XQHYDSRUDWHG�WR�PRVW�ZHDWKHUHG�VWDWH��
7HPSHUDWXUH�GHFUHDVHG�RLO�GHQVLW\�E\�DSSUR[LPDWHO\����IURP���&�WR����&��

,Q�FRQWUDVW�WR�WKH�UHODWLYHO\�VPDOO�FKDQJHV�LQ�GHQVLW\��YLVFRVLW\�ZDV�IRXQG�WR�LQFUHDVH�E\�
DSSUR[LPDWHO\�D�IDFWRU�RI����IRU�HDFK�LQFUHDVLQJ�VWDJH�RI�ZHDWKHULQJ��)RU�H[DPSOH��IRU�WKH�$:%�
RLO�DW����&��RSHQ�VTXDUHV��OHIW�SDQHO�IRU�)LJXUH�������YLVFRVLW\�LQFUHDVHG�DSSUR[LPDWHO\���RUGHUV�
RI�PDJQLWXGH�RYHU�WKH�WRWDO�H[WHQW�RI�WKH�ZHDWKHULQJ�WHVWHG��IURP�����P3D�V�IRU�WKH�IUHVK�SURGXFW�

�WR������[��� �P3D�V�IRU�WKH�KLJKO\�ZHDWKHUHG�:���

)RU� WKH� XQZHDWKHUHG� DQG� FRPSDUDEO\� ZHDWKHUHG� IUDFWLRQV�� WKH� $:%� GLOXWHG� ELWXPHQ�
VDPSOH�ZDV�PHDVXUDEO\�PRUH�GHQVH�DQG�YLVFRXV�WKDQ�WKH�&/%���

$FFHVV�:HVWHUQ�%OHQG

�:HDWKHUHG��E\�PDVV�

� � �� �� �� �� ��

'
HQ
VL
W\
��J
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Viscosity 0°C 
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&ROG�/DNH�%OHQG

�:HDWKHUHG��E\�PDVV�
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)URP�7DEOHV�����DQG������ IRU� WKH�$:%�DQG�&/%�UHVSHFWLYHO\�� LW� FDQ�DOVR�EH� VHHQ� WKDW�
SRXU� SRLQW� LQFUHDVHG� ZLWK� LQFUHDVLQJ� HYDSRUDWLRQ�� IURP� EHORZ� ����&� WR� ���&� IRU� $:%�� IRU�
H[DPSOH��7KLV�SDUDOOHOHG�WKH�LQFUHDVHV�LQ�YLVFRVLW\��GLVFXVVHG�DERYH���

)ODVK� SRLQW� DOVR� LQFUHDVHG� ZLWK� LQFUHDVLQJ� ZHDWKHULQJ�� UHIOHFWLQJ� WKH� ORVV� RI� YRODWLOH�
FRPSRXQGV� LQ� WKH�PDWHULDOV�E\�HYDSRUDWLRQ��:DWHU� LQ�WKH�RLO�ZDV�VLPLODUO\�ORVW�E\�HYDSRUDWLRQ��
ZLWK� WKH�PRUH�ZHDWKHUHG� IUDFWLRQV� HVVHQWLDOO\� IUHH� RI�ZDWHU��$V� UHFHLYHG�� WKH� &/%� DQG�$:%�
GLOELW�VDPSOHV�FRQWDLQHG������DQG������ZDWHU��Z�Z��UHVSHFWLYHO\��+RZHYHU��WKLV�ZDV�ORVW�GXULQJ�
SURJUHVVLYH�HYDSRUDWLRQ�VWDJHV�� ,Q�FRQWUDVW�� WRWDO�HOHPHQWDO�VXOSKXU�GLG�QRW�DSSHDU� WR�HYDSRUDWH�
IURP� WKH� RLO�� DQG� LQVWHDG� ZDV� LQFUHDVLQJO\� FRQFHQWUDWHG� LQ� SURSRUWLRQ� WR� WKH� PDVV� ORVW� E\�
HYDSRUDWLRQ��

6XUIDFH�DQG�LQWHUIDFLDO�WHQVLRQV�RI�WKH�PRUH�ZHDWKHUHG�SURGXFWV�ZHUH�QRW�PHDVXUDEOH��DV�
LW�ZDV�QRW� SRVVLEOH� WR� IRUP� LQWHUIDFHV�ZLWK� FRQWUROOHG�JHRPHWULHV� IRU� KLJKO\�YLVFRXV�PDWHULDOV��
0HDVXUHPHQWV�IRU�WKH�XQZHDWKHUHG�DQG�OLJKWO\�ZHDWKHUHG�:��VDPSOHV��KRZHYHU��VKRZ�WKDW�WKH�
WZR�GLOXWHG�ELWXPHQ�SURGXFWV�KDG� W\SLFDO� DLU�RLO� VXUIDFH� WHQVLRQV� ���� WR����P1�P��DQG�RLO�VDOW�
ZDWHU� LQWHUIDFLDO� WHQVLRQV� ���� WR� ��� P1�P�� IRU� OLJKW� WR� PHGLXP� FUXGHV� LQ� WKH� (QYLURQPHQW�
&DQDGD�GDWDEDVH��(QYLURQPHQW�&DQDGD���������

$V�GLVFXVVHG�LQ�&KDSWHU����VLPLODULWLHV�KDYH�EHHQ�QRWHG�EHWZHHQ�GLOXWHG�ELWXPHQ�SURGXFWV�
DQG�IXHO�RLOV��(1*���������,)2�����KDV�D�GHQVLW\�RI��������J�P/�DW����&��(QYLURQPHQW�&DQDGD��
������ UHSURGXFHG� LQ� 7DEOH� ����� DQG� G\QDPLF� YLVFRVLW\� RI� ����� P3D�V� DW� ���&�� ZKLFK� LV�
FRPSDUDEOH� WR� WKH� SK\VLFDO� SURSHUWLHV� RI� ³:�´� ZHDWKHUHG� YHUVLRQV� RI� ZLQWHU� GLOELWV�� )RU� WKH�
$:%�:�VDPSOH��WKH�FRUUHVSRQGLQJ�YDOXHV�ZHUH�D�GHQVLW\�RI��������J�P/�DQG�D�YLVFRVLW\�RI�����
P3D�V��7DEOH������)RU�&/%��D�GHQVLW\�RI��������J�P/�DQG�D�YLVFRVLW\�RI������P3D�V��7DEOH������
ZHUH�UHFRUGHG��7R�H[DPLQH�WKLV�FRPSDULVRQ�LQ�PRUH�GHWDLO��UHIHUHQFH�KDV�EHHQ�PDGH�WR�,)2�����
WKURXJKRXW�WKH�SUHVHQW�UHSRUW��&RPSDULVRQV�DUH�PDGH�ZLWK�UHVSHFW�WR�WKH�ZHDWKHULQJ�EHKDYLRXU��
GLVFXVVHG� EHORZ�� DQG� LQ� WKH� EXR\DQF\� IDWH� GLVFXVVLRQV� LQ�&KDSWHU� ��� ,Q� WKH�ZDYH� WDQN� VWXGLHV�
GLVFXVVHG�LQ�&KDSWHU����ZHDWKHUHG�GLOELW�SURGXFWV�VLPLODU�WR�³:�´�LQ�&KDSWHU���DUH�XVHG��,W�LV�QRW�
WKH� YLHZ�RI� WKH� DXWKRUV� RI� WKH� SUHVHQW� UHSRUW� WKDW� ,)2����� LV� D�PDWFK� RU� VXUURJDWH� IRU� GLOXWHG�
ELWXPHQ��EXW�WKDW�FRPSDULVRQV�EHWZHHQ�WKH�SURSHUWLHV��FRPSRVLWLRQ�DQG�EHKDYLRXUV�RI�WKH�GLOXWHG�
ELWXPHQ�DQG�,)2�����PD\�SURYLGH�VRPH�LQVLJKW�RQ�KRZ�VSLOOV�RI�GLOELW�FRPSDUH�WR�FRQYHQWLRQDO�
IXHOV��

2QH� LQWHUHVWLQJ� GLIIHUHQFH� EHWZHHQ� WKH� ,)2� DQG� WKH� GLOELWV� LV� YDULDWLRQ� RI� SK\VLFDO�
SURSHUWLHV�ZLWK� WHPSHUDWXUH��&RPSDULQJ� WKH�GLOELW� UHVXOWV� WR� WKRVH�RI� ,)2������ WKH� WHPSHUDWXUH�
GHSHQGHQFH�RI�WKH�YLVFRVLW\�IRU�WKH�IXHO�RLO�ZDV�VLJQLILFDQWO\�ODUJHU�WKDQ�WKDW�RI�WKH�GLOELWV�VXFK�
WKDW�DW�WKH�ORZHVW�WHPSHUDWXUH��WKH�UDWH�RI�FKDQJH�ZDV�IRXQG�WR�EH���WR����WLPHV�JUHDWHU�IRU�WKH�
,)2�����WKDQ�WKH�ZHDWKHUHG�GLOELWV��

7KH� KLJKO\� ZHDWKHUHG� YHUVLRQV� �:���:�� DQG�:��� RI� WKH� ZLQWHU� GLOELWV� PD\� EH� PRUH�
FRPSDUDEOH�WR�KHDYLHU�LQWHUPHGLDWH�IXHO�W\SHV�RU�HYHQ�D�KHDY\�IXHO��VXFK�DV�+)2�������DV�VKRZQ�
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LQ� 7DEOH� ����� $W� ���&�� +)2� ����� KDV� D� GHQVLW\� RI� ������� J�P/� DQG� D� G\QDPLF� YLVFRVLW\� RI�
������� mPa•s��&RPSDULQJ�WKHVH�YDOXHV�WR�WKRVH�RI�WKH�ZHDWKHUHG�GLOXWHG�ELWXPHQ�LQ�7DEOHV����
DQG� ����� WKH� GHQVLW\� DQG� YLVFRVLW\� RI� KHDY\� IXHO� RLO� ����� �(QYLURQPHQW� &DQDGD�� ������
UHSURGXFHG�LQ�7DEOH������IDOOV�EHWZHHQ�WKH�PRGHUDWH�:��ZHDWKHULQJ�VWDWH�DQG�WKH�PRUH�KLJKO\�
HYDSRUDWHG�:��IRU�ERWK�GLOELW�W\SHV��

7ZR�W\SHV�RI�RLO�WUDQVIRUPDWLRQ�EHKDYLRXU�ZHUH�WHVWHG�IRU�ERWK�SURGXFWV��HYDSRUDWLRQ�DQG�
HPXOVLILFDWLRQ��7KH�GHWDLOV�RI�WKHVH�WHVWV�DUH�H[DPLQHG�EHORZ��7KH�HIIHFWV�RI�WKHVH�SURFHVVHV�RQ�
WKH�GHQVLW\�DQG�EXR\DQF\�RI�WKH�GLOXWHG�ELWXPHQ�DUH�WKH�VXEMHFW�RI�VHFWLRQ����EHORZ� 

3.4.2  Pan Evaporation of Diluted Bitumens 

)LJXUH������3DQ�HYDSRUDWLRQ�UHVXOWV�IRU�WZR�GLOELW�RLOV�DQG�,)2������0HDVXUHG�PDVV�ORVV�LQ�DQ�RSHQ�SDQ�DV�D�
IXQFWLRQ�RI�WLPH�LV�VKRZQ�DV�SRLQWV��IRU�$:%�RQ�WKH�OHIW�ILJXUH��&/%�LQ�WKH�FHQWUDO�ILJXUH�DQG�,)2�����RQ�WKH�
ULJKW�ILJXUH��UHVSHFWLYHO\��)LWWHG�VLPSOH�H[SUHVVLRQV�DUH�VKRZQ�DV�VROLG�OLQHV�LQ�UHG�IRU�HDFK�UHVXOW��7KH�UHVXOWV�
RI�WKH�ILWV�DUH�LQGLFDWHG�LQ�WKH�OHJHQGV�RQ�HDFK�JUDSK��

7KH�HYDSRUDWLRQ�UDWHV�IRU�WKH�WZR�SURGXFWV�ZHUH�DVVHVVHG�E\�PHDVXULQJ�PDVV�ORVV�IURP�DQ�
RSHQ�SDQ�DW����&��ZLWK�DLU�GLVWXUEDQFH�NHSW�DV�ORZ�DV�SRVVLEOH��IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�
LQ�)LQJDV� �)LQJDV���������7KH�HYDSRUDWLRQ�FXUYHV� IRU� WKH� WZR�FUXGHV� DUH� VKRZQ� LQ�)LJXUH������
7HVW� OHQJWKV�IRU�SDQ�HYDSRUDWLRQ�DUH� W\SLFDOO\�����KRXUV��KRZHYHU�� WR�EHWWHU�GHWHUPLQH� WKH�UDWH�
DQG� ILQDO� H[WHQW� RI� HYDSRUDWLRQ� SRVVLEOH�� WKH� WLPH� IRU� WKH�$:%�ZDV� H[WHQGHG� WR� DOPRVW� �����
KRXUV��DQG�RYHU�����KRXUV�IRU�WKH�&/%��7KH�UHODWLYH�SHUFHQWDJH�RI�PDVV�ORVW�DV�D�IXQFWLRQ�RI�WLPH�
�LQ� KRXUV�� IRU�$:%� LV� VKRZQ� RQ� WKH� OHIW� SDQHO� RI� )LJXUH� ���� DQG� WKH�PLGGOH� SDQHO� IRU� &/%�
UHVSHFWLYHO\��7KH�HYDSRUDWLRQ�FXUYH�PHDVXUHG�IRU�,)2�����LV�DOVR�VKRZQ�RQ�WKH�ULJKW�PRVW�SDQHO��
IRU� FRPSDULVRQ��5DWHV� RI� HYDSRUDWLRQ� IRU� ERWK� WKH�$:%�DQG� WKH�&/%�ZHUH� IRXQG� WR�EH� UDSLG�
FRPSDUHG�WR�WKH�,)2��DV�ZHOO�DV�RFFXUULQJ�WR�D�PXFK�KLJKHU�GHJUHH�RI�PDVV�ORVV��:LWKLQ���KRXUV�
DW����&��WKH�$:%�KDG�ORVW�������RI�LWV�PDVV��WKH�&/%�������RI�LWV�PDVV��%\�FRPSDULVRQ��WKH�
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,)2� ���� KDG� ORVW� ������ RI� LWV� PDVV��:LWKLQ� ��� KRXUV�� WKH� UHODWLYH� PDVV� ORVVHV� ZHUH� �������
������DQG�������IRU�WKH�$:%��&/%�DQG�,)2������UHVSHFWLYHO\��

%RWK�GLOXWHG�ELWXPHQ�SURGXFWV�H[FHHGHG�PRUH�WKDQ�����PDVV�ORVV��LQ����KRXUV�IRU�$:%�
DQG�����KRXUV�IRU�&/%��7KH�,)2�����ZDV�QRW�IRXQG�WR�H[FHHG����PDVV�ORVV�LQ�D�WHVW�RI�XVXDO�
OHQJWK������KRXUV��7KH�ZHDWKHULQJ�FXUYH�IRU�+)2������LV�QRW�VKRZQ��DV�LW�KDV�QRW�EHHQ�IRXQG�WR�
HYDSRUDWH�WR�PRUH�WKDQ�������(QYLURQPHQW�&DQDGD���������

6LPSOH�ORJDULWKPV�ZHUH�ILWWHG�WR�WKH�SDQ�HYDSRUDWLRQ�FXUYHV�IRU�ERWK�GLOELWV��7KH�UHVXOWV�
DUH�SORWWHG�RQ�)LJXUH������7KHVH�FXUYH�ILWV�ZHUH�FKRVHQ�EDVHG�RQ�WKH�IRUPV�SURSRVHG�E\�)LQJDV�
�)LQJDV���������(Y� ��$������7��OQ�W���)RU�$:%��WKH�EHVW�ILW�UHVXOW�ZDV��

�(Y� ������������7��OQ��W��

IRU�&:%��

�(Y� ������������7��OQ��W��

ZKHUH��(Y�LV�WKH�UHODWLYH�PDVV�ORVV�RI�WKH�RLO�RYHU�WLPH��DV�D�SHUFHQWDJH��7�LV�WKH�WHPSHUDWXUH�LQ�
GHJUHHV�&HOVLXV��DQG�W�LV�WKH�WLPH�LQ�PLQXWHV��8SRQ�FRPSDULVRQ�ZLWK�DSSUR[LPDWHO\�����VLPLODU�
ILW� UHVXOWV� IRU� RLOV� DQG� IXHOV� �)LQJDV�� ������� WKH� IDFWRUV� RI� ����� IRU� $:%� DQG� ����� IRU� &:%�
LQGLFDWH�WKDW�ERWK�GLOXWHG�ELWXPHQ�VDPSOHV�HYDSRUDWH�DW�DQ�RYHUDOO� UDWH�VLPLODU� WR�D�PLG�ZHLJKW�
�$3,� ������� FUXGH� RLO��+RZHYHU�� LW� VKRXOG� EH� QRWHG� WKDW� IRU� ERWK� FDVHV�� WKH� VLPSOH� ORJDULWKP�
PRGHOV�XQGHUVKRRW�WKH�HDUO\�HYDSRUDWLRQ�SHULRG�RI�WKH�PHDVXUHG�FXUYHV��SULRU�WR�DSSUR[LPDWHO\�
���KRXUV��DQG�RYHUVKRRW�WKH�UDWH�DW�WKH�ORQJHU�WLPHV��7KLV�LV�PRVW�QRWLFHDEOH�IRU�WKH�$:%�GLOXWHG�
ELWXPHQ�RQ�WKH�OHIW�PRVW�SDQHO�RI�)LJXUH������EXW�FDQ�DOVR�EH�VHHQ�LQ�WKH�&/%�FXUYH�LQ�WKH�PLGGOH�
SDQHO� RI�)LJXUH������:KLOH� WKH�RYHUDOO� UDWH�PD\�EH� HTXLYDOHQW� WR� D� FUXGH�RLO�� WKH� VKDSH�RI� WKH�
ORJDULWKPLF�FXUYH�VHHPV�WR�XQGHUHVWLPDWH�WKH�UDWH�RI�HYDSRUDWLRQ�HDUO\�RQ��ZKLOH�RYHUHVWLPDWLQJ�
ODWHU�� 6LPSOH� ILW� PRGHOV�PD\� QRW� EH� YHU\� XVHIXO� IRU� GLOXWHG� ELWXPHQ�� SDUWLFXODUO\� LQ� WKH� HDUO\�
VWDJHV�RI�D�VSLOO��

3.4.3 Simulated Distillation of Diluted Bitumens 

7KH� SRWHQWLDO� IRU� HYDSRUDWLRQ� RI� WKH� SURGXFWV� LV� DOVR� YHU\� FRPPRQO\� DVVHVVHG� E\�
H[DPLQLQJ�WKH�GLVWLOODWLRQ�FXUYHV�RI� WKH�SURGXFWV��$�FRPPRQ�PHWKRG�IRU�PHDVXULQJ�GLVWLOODWLRQ�
UDWHV�� WHPSHUDWXUH� DV� D� IXQFWLRQ� RI� WKH� IUDFWLRQ� RI� RLO� GLVWLOOHG�� LV� VLPXODWHG� GLVWLOODWLRQ� E\� JDV�
FKURPDWRJUDSK\��GLVFXVVHG�LQ�VHFWLRQ�������

7KH�JUDSKV� LQ�)LJXUH�����VKRZ�VLPXODWHG�ERLOLQJ�SRLQW�GLVWULEXWLRQV�RI�&/%�DQG�$:%�
GLOELW� VDPSOHV�� 2Q� WKH� OHIW� VLGH� RI� )LJXUH� ����� WKH� ERLOLQJ� SRLQW� GLVWULEXWLRQV� IRU� IUHVK� DQG�
PRGHUDWHO\�ZHDWKHUHG��:���IUDFWLRQV�RI�WKH�WZR�GLOELWV�DUH�SORWWHG��7KH�JUDSK�RQ�WKH�ULJKW�VLGH�RI�
)LJXUH� ���� VKRZV� WKH� PHDVXUHG� ERLOLQJ� SRLQW� GLVWULEXWLRQV� IRU� WKH� WZR� XQZHDWKHUHG� GLOELW�
VDPSOHV��D�FRQYHQWLRQDO�FUXGH��$60%������DQG�DQ�LQWHUPHGLDWH�IXHO�RLO��,)2��������
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7KH�ORZ�LQLWLDO�ERLOLQJ�SRLQWV��WKH�\�D[LV�LQWHUFHSW�RQ�WKH�OHIW�SDQHO�RI�)LJXUH������DW�]HUR�
PDVV�ORVW��IRU�WKH�IUHVK�GLOELWV�DUH�HYLGHQFH�RI�WKH�SUHVHQFH�RI�ORZ�PROHFXODU�ZHLJKW�FRQGHQVDWH�
LQ�WKH�GLOELW�EOHQGV��7KH�HOHYDWLRQ�RI�LQLWLDO�ERLOLQJ�SRLQW�LQ�WKH�ZHDWKHUHG�:��IUDFWLRQV��VHHQ�DV�
WKH�YHUWLFDO�VKLIWV�EHWZHHQ�WKH�IUHVK�DQG�:��VDPSOHV�DW�ORZ�PDVV�RQ�WKH�OHIW�SDQHO�RI�)LJXUH������
LQGLFDWH� WKDW� VRPH� RI� WKH� ³OLJKW�HQG�´� ORZ� PDVV� PROHFXOHV� ZHUH� HYDSRUDWHG� IURP� WKH� :��
VDPSOHV��+RZHYHU��DW�KLJKHU�WHPSHUDWXUHV��WKH�OLQHV�IRU�WKH�GLVWLOODWLRQV�FRQYHUJH��LQGLFDWLQJ�WKDW�
ZHDWKHULQJ�SUHIHUHQWLDOO\�UHPRYHG�WKH�ORZ�ERLOLQJ�UDQJH�FRPSRXQGV�RI�WKH�RLO�SULRU�WR�WKH�KLJK�
ERLOLQJ�UDQJH�FRPSRXQGV��

)LJXUH������+LJK�WHPSHUDWXUH�VLPXODWHG�GLVWLOODWLRQ�SORWV�IRU�WKH�WZR�GLOELWV�EHIRUH�DQG�DIWHU�ZHDWKHULQJ��OHIW��
DQG�LQ�FRPSDULVRQ�WR�D�FRQYHQWLRQDO�FUXGH��$60%�����DQG�LQWHUPHGLDWH�IXHO�RLO��,)2�������

:KLOH� ERWK� $:%� DQG� &:%� DUH� URXJKO\� VLPLODU� LQ� GLVWLOODWLRQ� FXUYHV�� GLIIHUHQFHV� DUH�
DSSDUHQW�RQ�FORVH�H[DPLQDWLRQ�RI�)LJXUH������7KH�$:%�FXUYH�VKRZV�KLJKHU�PDVV�ORVV�DW�ORZHU�
WHPSHUDWXUHV�WKDQ�WKH�&/%�FXUYH��EXW�DW�MXVW�RYHU�����&��WKH�UHG�DQG�EOXH�FXUYHV�FURVV�IRU�ERWK�
WKH� XQZHDWKHUHG� DQG�ZHDWKHUHG� VDPSOHV� RQ� WKH� OHIW� SDQHO� RI� )LJXUH� ����� 7KLV�PD\� LQGLFDWH� D�
KLJKHU�FRQFHQWUDWLRQ�RI�³OLJKW�HQG´�FRQGHQVDWH�LQ�$:%�FRPSDUHG�ZLWK�&/%��WR�FRPSHQVDWH�IRU�
D�OHVV�YRODWLOH��DQG�WKXV�SUHVXPDEO\�GHQVHU��ELWXPHQ�IHHGVWRFN�IRU�WKH�$:%�FRPSDUHG�ZLWK�WKH�
&ROG�/DNH�VRXUFH�ELWXPHQ��

2Q�WKH�ULJKW�VLGH�RI�)LJXUH������WKH�GLVWLOODWLRQ�FXUYHV�RI�GLOELW�VDPSOHV�DUH�FRPSDUHG�ZLWK�
,)2� ���� DQG� D� FUXGH� RLO� �$60%� ����� 7KH� ORZ�WHPSHUDWXUH� ERLOLQJ� UDQJHV� IRU� WKH� GLOXWHG�
ELWXPHQV�DUH�PXFK�PRUH�VLPLODU�WR�WKH�FUXGH�RLO�WKDQ�,)2������LQGLFDWLQJ�D�VXEVWDQWLDO�GLIIHUHQFH�
LQ�OLJKW��YRODWLOH�FRPSRXQGV�EHWZHHQ�WKH�GLOELW��PDGH�E\�EOHQGLQJ�ZLWK�FRQGHQVDWH��DQG�WKH�IXHO�
RLO�� %\� FRPSDULVRQ� RI� WKH� OHIW� SDQHO� ZLWK� WKH� ULJKW�� LW� LV� DSSDUHQW� WKDW� HYHQ� WKH� PRGHUDWHO\�
ZHDWKHUHG�:��VDPSOHV�UHWDLQHG�VLJQLILFDQW�YRODWLOH�FRPSRXQGV�FRPSDUHG�ZLWK�WKH�,)2������7KLV�
GLIIHUHQFH� FRQWUDVWV�ZLWK� WKH� VLPLODULWLHV� QRWHG� IRU� WKH�EXON�SURSHUWLHV�RI� GHQVLW\� DQG�YLVFRVLW\�



36

DERYH��ZKHUH�WKH�PRUH�OLJKWO\�ZHDWKHUHG�:��IUDFWLRQV�ZHUH�FRPSDUDEOH�WR�WKH�,)2������7KHVH�
GLIIHUHQFHV� LQGLFDWH� WKH� FDXWLRQ� UHTXLUHG� LQ� PDNLQJ� GLUHFW� FRPSDULVRQV� EHWZHHQ� GLOELW� DQG�
FRQYHQWLRQDO�RLOV�RU�IXHO�SURGXFWV��

3.4.4 Tendency to form Water-in-Oil Emulsions 

7KH�HPXOVLRQ�IRUPDWLRQ�EHKDYLRXU�RI�WKH�GLOELW�FRPSRXQGV�ZDV�DOVR�H[DPLQHG��$V�FDQ�EH�
VHHQ� LQ�7DEOHV� ���� DQG� ���� UHVSHFWLYHO\�� LQ�PRVW� FDVHV� ERWK� WKH�$:%�DQG� WKH�&/%� DQG� WKHLU�
V\QWKHWLFDOO\�ZHDWKHUHG�VXEVDPSOHV�IRUPHG�FRQWLQXRXV�SKDVHV�RI�RLO�FRQWDLQLQJ�GLVFUHWH�GURSOHWV�
RI��VLPXODWHG��VHDZDWHU�ZKHQ�PL[HG�ZLWK������1D&O�EULQH��([FHSW�IRU�WKH�IUHVK�&/%�VHDZDWHU�
PL[WXUH��WKHVH�ZHUH�DOO�IRXQG�WR�IDOO�ZLWKLQ�WKH�HQWUDLQHG�ZDWHU�FODVV�RI�PL[WXUHV��:DWHU�FRQWHQWV�
UDQJHG�IURP���WR�����IRU�DOO�GLOELW�VHDZDWHU�PL[WXUHV��+RZHYHU��LQ�WKH�FDVH�RI�WKH�IUHVK�&/%��D�
WUXH� HPXOVLRQ� IRUPHG�� DV� FDQ� EH� VHHQ� E\� WKH� HOHYDWHG� ZDWHU� FRQWHQW� RI� ���� DQG� FRPSOH[�
PRGXOXV� LQ� 7DEOH� ����� &RPSOH[� PRGXOXV� UHSUHVHQWV� UHVLVWDQFH� WR� IORZ�� ZKLFK� LQFOXGHV� ERWK�
LQHODVWLF��YLVFRVLW\��DQG�HODVWLF�SURSHUWLHV�RI�D�VXEVWDQFH��,Q�JHQHUDO��IRU�PRVW�RLOV�DQG�HQWUDLQHG�
VWDWHV��WKLV�LQFUHDVHV�ZLWK�YLVFRVLW\��+RZHYHU��DV�FDQ�EH�VHHQ�LQ�7DEOH������WKH�FRPSOH[�PRGXOXV�
IRU�WKH�XQZHDWKHUHG�VWDWH�ZDV�REVHUYHG�WR�EH�KLJKHU�WKDQ�WKDW�RI�WKH�:��ZHDWKHUHG�IUDFWLRQ�������
3D� DQG� ����� 3D� UHVSHFWLYHO\�� 7KLV� LQGLFDWHV� DQ� HODVWLF� UHVLVWDQFH� WR� IORZ� LQ� WKH� IUHVK�
&/%�VHDZDWHU�PL[WXUH�� W\SLFDO�RI� WUXH�HPXOVLRQ� IRUPDWLRQ��7KH�PRVW�ZHDWKHUHG� IRUP�RI�$:%�
DOVR�GLG�QRW�LQFRUSRUDWH�D�VLJQLILFDQW�DPRXQW�RI�ZDWHU�LQ�WKH�WHVW��,W�ZDV�OLNHO\�WRR�YLVFRXV�WR�WUDS�
ZDWHU�LQ�WKH�PL[LQJ�YHVVHO��

,Q�WKHLU�WHQGHQF\�WR�IRUP�HPXOVLRQV�ZLWK�VHDZDWHU��WKH�GLOXWHG�ELWXPHQV�DUH�FRPSDUDEOH�
WR�WKH�EHKDYLRXU�RI�,)2�����DQG�WKH�KHDY\�IXHO�+)2�������(QYLURQPHQW�&DQDGD���������$V�FDQ�
EH� VHHQ� IURP�7DEOH������ ERWK� ,)2����� DQG�+)2������ VLPLODUO\� IRUP�HQWUDLQHG�PL[WXUHV�ZLWK�
VHDZDWHU�� ZLWK� ZDWHU� FRQWHQWV� RI� ���� DQG� ����� UHVSHFWLYHO\�� 7KH� GLOELW�VHDZDWHU� PL[WXUHV�
IRUPHG�IURP�WKH�OLJKWO\�ZHDWKHUHG�IUDFWLRQV��:���ZHUH�IRXQG�WR�EH�VLPLODU�LQ�ERWK�ZDWHU�FRQWHQW�
DQG�FRPSOH[�PRGXOL�WR�D�,)2�����VHDZDWHU�PL[WXUH��+RZHYHU��+)2������IRUPHG�D�PL[WXUH�ZLWK�
����ZDWHU�FRQWHQW��PXFK�KLJKHU� WKDQ� WKH�KLJKO\�ZHDWKHUHG�:��GLOELW� VDPSOHV� �RI� FRPSDUDEOH�
GHQVLW\�DQG�YLVFRVLW\��DV�GLVFXVVHG�DERYH���ZKLFK�IRUPHG�PL[WXUHV�ZLWK�ORZHU�ZDWHU�FRQWHQWV����
WR������

3.5 Chemical Composition of Diluted Bitumens 

)LJXUH����� VXPPDUL]HV� WKH�DQDO\VLV�RI� WKH�6$5$�JURXSV� IRU� WKH�$:%��OHIW�SDQHO��DQG�
&/%� �FHQWUH� SDQHO�� GLOELWV�� ,QIRUPDWLRQ�RQ� WKHVH� IRXU�PDLQ�JURXSV�RI� FKHPLFDOV� DUH� LPSRUWDQW�
ERWK�WR�WKH�RLO�SURGXFWLRQ�DQG�UHILQLQJ�LQGXVWULHV��EXW�DOVR�KDYH�LQIOXHQFHV�RYHU�WKH�EHKDYLRXU�RI�
RLO��LQFOXGLQJ�HYDSRUDWLRQ�DQG�HPXOVLILFDWLRQ��DV�ZHOO�DV�LPSOLFDWLRQV�RQ�WKH�HIIHFWV�RI�RLO�VSLOOV��
LQFOXGLQJ�WR[LFLW\�RI�WKH�RLO��$OVR�LQFOXGHG�RQ�WKH�ULJKW�PRVW�SDQHO�RI�)LJXUH�����DUH�GDWD�IRU�,)2�
����DQG�+)2������WDNHQ�IURP�WKH�(QYLURQPHQW�&DQDGD�GDWDEDVH��(QYLURQPHQW�&DQDGD��������
DOVR�VXPPDUL]HG�LQ�7DEOH�������
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)URP� )LJXUH� ����� LW� FDQ� EH� VHHQ� WKDW� DV� WKH�ZHDWKHULQJ� RI� WKH� SURGXFWV� LQFUHDVHV�ZLWK�
LQFUHDVLQJ�HYDSRUDWLRQ�ORVV�� WKH�SURSRUWLRQ�RI�VDWXUDWHV�DQG�DURPDWLFV�ERWK�GHFUHDVHG�ZKLOH� WKH�
SURSRUWLRQ� RI� QRQ�YRODWLOH� UHVLQ� DQG� DVSKDOWHQH� JURXSV� LQFUHDVHG� IRU� ERWK� GLOELW� VDPSOHV�� 7KH�
KLJKHU� UHODWLYH� SURSRUWLRQV� RI� DVSKDOWHQH� DQG� UHVLQ� JURXSV� LQ� DOO� WKH� $:%� PHDVXUHPHQWV� LQ�
FRPSDULVRQ�ZLWK�WKH�&/%�RLOV��IUHVK�DQG�HYDSRUDWHG��LQGLFDWH�WKDW�WKH�$:%�ELWXPHQ�IHHGVWRFN�
ZDV�FRPSRVHG�RI�KLJKHU�OHYHOV�RI�KLJK�PROHFXODU�ZHLJKW�JURXSV�WKDQ�WKH�&/%�ELWXPHQ��7KLV�LV�
FRQVLVWHQW� ZLWK� REVHUYDWLRQV� QRWHG� HDUOLHU� FRQFHUQLQJ� WKH� VLPXODWHG� GLVWLOODWLRQ� GDWD� VKRZQ� LQ
)LJXUH������

6LJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�WKH�RYHUDOO�FRPSRVLWLRQ�EHWZHHQ�WKH�WZR�GLOELWV�DQG�WKH�
FRQYHQWLRQDO� IXHOV� DUH� DOVR� DSSDUHQW� IURP� H[DPLQDWLRQ� RI� )LJXUH� ����� 7KH� UHODWLYH� FRQWHQW� RI�
DVSKDOWHQHV�ZDV PHDVXUHG�WR�EH�PXFK�ORZHU�LQ�WKH�IXHO�VDPSOHV�LQ�FRPSDULVRQ�ZLWK�WKH�GLOXWHG�
ELWXPHQ� VDPSOHV�� ,Q� DGGLWLRQ�� WKH� UHODWLYH�SURSRUWLRQ�RI� VDWXUDWH� FRPSRXQGV�ZDV�KLJKHU� LQ� WKH�
IXHOV� WKDQ� LQ� WKH� GLOELW� VDPSOHV�� HVSHFLDOO\� ZLWK� LQFUHDVLQJ� HYDSRUDWLRQ� RI� WKH� GLOELWV�� $V�
DVSKDOWHQHV� DQG� UHVLQV� SOD\� VLJQLILFDQW� UROHV� LQ� RLO� FROORLG� DQG� GURSOHW� IRUPDWLRQ�� WKLV� ILQGLQJ�
FRXOG�LPSO\�GLIIHUHQFHV�LQ�EHKDYLRXU�EHWZHHQ�FRQYHQWLRQDO�IXHOV�DQG�GLOELWV��

)LJXUH������&KDQJHV�WR�$:%��&/%�K\GURFDUERQ�JURXS�FRPSRVLWLRQ�ZLWK�HYDSRUDWLYH�ZHDWKHULQJ� FRPSDUHG�
WR�FRQYHQWLRQDO�IXHOV��

)LJXUHV����������DQG�����VKRZ�WKH�GLVWULEXWLRQV�RI�WKH�VDWXUDWHG�SHWUROHXP�K\GURFDUERQV��
WKH� SHWURJHQLF� ELRPDUNHUV�� DQG� WKH� 3$+V�� UHVSHFWLYHO\�� IRU� WKH� $:%� GLOELW� DQG� VLPXODWHG�
ZHDWKHUHG�VXEVDPSOHV��7DEXODWHG�GDWD�DQG�GDWDVHWV�IRU�WKH�&/%�DUH�DYDLODEOH�LQ�WKH�VXSSOHPHQWDO�
GDWD� VHW� DFFRPSDQ\LQJ� WKLV� UHSRUW�� EXW�ZHUH� IRXQG� WR� EH� JHQHUDOO\� VLPLODU� WR� WKH� REVHUYDWLRQV�
QRWHG�EHORZ��

)LJXUH����� VKRZV� WKH� FKHPLFDO� DEXQGDQFHV�RI� Q�DONDQHV� DQG� FKDUDFWHULVWLF� LVRSUHQRLGV��
7KH�FRQFHQWUDWLRQV�RI�DONDQHV�Q�&��WR�Q�&���IHOO�VORZO\�ZLWK�LQFUHDVLQJ�ZHDWKHULQJ�EHWZHHQ�WKH�
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IUHVK�DQG�:��VDPSOH��EXW�PDUNHGO\�GHFUHDVHG�LQ�DEXQGDQFH�EHWZHHQ�WKH�:��DQG�:��VDPSOHV��
6LPLODU�WUHQGV�DUH�REVHUYDEOH�LQ�WKH�&/%�GDWD�VHW��

)LJXUH�����GHSLFWV�WKH�DEXQGDQFHV�RI�WKH�ELRPDUNHU�WHUSDQHV�DQG�VWHUDQHV�LQ�$:%�IURP�
IUHVK�WR�:���+LJK�DEXQGDQFHV�RI�ELRPDUNHUV�ZHUH�GHWHFWHG�LQ�DOO�WKHVH�VDPSOHV��DW�������������
������ ������ ����� PJ�J� RLO� IRU� WKH� IUHVK�� :��� :��� :��� DQG� :�� VDPSOHV� UHVSHFWLYHO\�� 7KH�
LQFUHDVLQJ�UHODWLYH�DEXQGDQFHV�FDQ�EH�H[SODLQHG�E\�FRQFHQWUDWLRQ�RI�WKH�UHIUDFWRU\�ELRPDUNHUV�LQ�
WKH�UHVLGXDO�ZHDWKHUHG�RLOV�E\�ORVV�RI�WKH�OLJKWHU�FRPSRXQGV��6LPLODU�WR�WKH�ILQGLQJV�RI�:DQJ�DQG�
FR�ZRUNHUV��:DQJ�HW�DO����������ELRPDUNHUV�ZHUH�IRXQG�LQ�DEXQGDQFH�LQ�VDPSOHV�RI�ERWK�$:%��
DV�VHHQ�LQ�)LJXUH������DQG�DOVR�LQ�WKH�&/%�GDWDVHW��,Q�FRPSDULVRQ��WRWDO�ELRPDUNHUV�LQ�,)2�����
DUH�����PJ�J�RLO�DQG�����PJ�J�RLO� LQ�+)2�������(QYLURQPHQW�&DQDGD���������DOPRVW���� WLPHV�
ORZHU�WKDQ�WKRVH�LQ�WKH�RLO�VDQGV�SURGXFWV��
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)LJXUH����� Q�$ONDQH�GLVWULEXWLRQV�IRU�$:%��(UURU�
EDUV�DUH�WULSOLFDWH�VWDQGDUG�GHYLDWLRQV�

)LJXUH����� %LRPDUNHU�GLVWULEXWLRQV�IRU�$:%��(UURU�
EDUV�DUH�WULSOLFDWH�VWDQGDUG�GHYLDWLRQV� 7�LQGLFDWHV�D�
WHUSDQH��+�LQGLFDWHV�D�KRSDQH�
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)LJXUH�����GHSLFWV� WKH�GLVWULEXWLRQV�RI� IRXU� VHULHV�RI�DON\ODWHG�3$+�KRPRORJV� LQ�$:%�
DQG�WKH�HYDSRUDWHG�VDPSOHV��QDSKWKDOHQH��1���SKHQDQWKUHQH��3���IOXRULQH��)��DQG�FKU\VHQH��&���DV�
ZHOO�DV�WKH�VXOSKXU�FRQWDLQLQJ�VHULHV��GLEHQ]RWKLRSKHQH��'%7���'HJUHH�RI�DON\ODWLRQ�LV�LQGLFDWHG�
E\�WKH�SUHIL[��&���ZKHUH���LQGLFDWHV�WKH�QXPEHU�RI�PHWK\O�FDUERQV��)RU�H[DPSOH��&��1�LQGLFDWHV�
DOO� WKH�GLPHWK\O�DQG�HWK\O� LVRPHUV� IRU� WKH�QDSKWKDOHQH�SDUHQW� 3$+��7KH�VXPV�RI�DOO�PHDVXUHG�
LVRPHUV�DUH�VKRZQ�DV�WKH�YHUWLFDO�EDUV�LQ�)LJXUH�������

7KH� UHODWLYH� DEXQGDQFHV� RI� WKH� (3$� SULRULW\� 3$+V� DUH� VKRZQ� LQ� D� JUDSK� LQVHW� LQ� WKH�
XSSHU� ULJKW�FRUQHU�RI�HDFK�UHVSHFWLYH�DON\O�3$+�JUDSK�� ,Q�RUGHU�RI� LQFUHDVLQJ�PROHFXODU�PDVV��
WKHVH�DUH�ELSKHQ\O��%SK���$FHQDSKWK\OHQH��$FO���$FHQDSKWKHQH� ��$FH��� $QWKUDFHQH� �$Q���
)OXRUDQWKHQH��)O���3\UHQH��3\���%HQ]�D�DQWKUDFHQH��%D$���%HQ]R�E�IOXRUDQWKHQH� �%E)���
%HQ]R�N�IOXRUDQWKHQH���%N)���%HQ]R�H�S\UHQH��%H3���%HQ]R�D�S\UHQH���%D3���3HU\OHQH� �3H���
,QGHQR�������FG�S\UHQH���,3���'LEHQ]R�DK�DQWKUDFHQH��'$��DQG�%HQ]R�JKL�SHU\OHQH��%J3���

7KH�WRWDO� WDUJHW�3$+V�LQ�WKH�$:%�ZHUH������������������������������PJ�J�RLO�IRU�WKH�
IUHVK�� ������ �:���� ������� �:���� ������� �:���� DQG� ������� �:��� HYDSRUDWHG� IUDFWLRQV�
UHVSHFWLYHO\��7KH�IUHVK�WKURXJK�:��VDPSOHV�ZHUH�ERWK�IRXQG�WR�KDYH�FKDUDFWHULVWLF�EHOO�VKDSHG�
GLVWULEXWLRQ�SDWWHUQV� IRU� WKH�QDSKWKDOHQH�DON\O�3$+�VHULHV��PRVW� OLNHO\� IURP� WKH� OLJKWHU�GLOXHQW�
FRPSRQHQW� RI� WKH� SURGXFW�� ,W� FDQ� EH� VHHQ�� IURP� )LJXUH� ����� KRZHYHU�� WKDW� WKH� SKHQDQWKUHQH��
GLEHQ]RWKLRSKHQH�� IOXRUHQH� DQG� FKU\VHQH� IDPLOLHV� DOO� KDYH� D� SDWWHUQ� RI� LQFUHDVLQJ� DEXQGDQFH�
ZLWK�LQFUHDVLQJ�DON\ODWLRQ��W\SLFDO�RI�ELRGHJUDGHG�RLO��VXFK�DV�ELWXPHQ��)RU�D�VLQJOH�KRPRORJRXV�
IDPLO\��WKH�DEXQGDQFH�RI�HDFK�DON\O�GHULYDWLYH�JURXS�LQFUHDVHG�ZLWK�DON\ODWLRQ��)RU�WKH�IOXRUHQHV��
IRU�H[DPSOH��WKH�UHODWLYH�DEXQGDQFHV�RI�WKH�XQDON\ODWHG�IOXRUHQH��&��IOXRUHQHV���&��IOXRUHQHV���
&��IOXRUHQHV�ZHUH��������������������UHVSHFWLYHO\��H[SUHVVHG�DV��J�J�RLO���)RU�WKH�:��DQG�:��
VDPSOHV�� WKH� QDSKWKDOHQH� IDPLO\� DOVR� VKRZHG� WKLV� SDWWHUQ�� LQGLFDWLQJ� WKDW� WKH� PDMRULW\� RI� WKH�
GLOXHQW�FRPSRQHQWV�KDG�HYDSRUDWHG��7KH�DON\O�3$+�GDWD�IRU�&/%�ZHUH�DOVR�YHU\�VLPLODU�WR�WKLV�
ILQGLQJ��7KLV�REVHUYDWLRQ�LV�DJDLQ�FRQVLVWHQW�ZLWK�WKH�ILQGLQJV�RI�:DQJ�DQG�FR�ZRUNHUV��:DQJ�HW�
DO����������ZKR�QRWHG�VLPLODU�VWURQJ�HYLGHQFH�RI�ELRGHJUDGDWLRQ�LQ�WKH�SDWWHUQV�RI�WKH�DON\O�3$+�
WKDW�GLVWULEXWLRQV�WKH\�H[DPLQHG�IRU�ERWK�GLOELW�DQG�QDWLYH�ELWXPHQ�VDPSOHV��

'LIIHUHQFHV�ZHUH�IRXQG�DJDLQ�LQ�WKH�IXHOV�LQ�FRPSDULVRQ�WR�WKH�GLOXWHG�ELWXPHQ�VDPSOHV��
7KH�WRWDO�DON\O�3$+V�LQ�+)2������ZDV��������PJ�J�RLO��ZKLOH�LQ�WKH�,)2������WKH�WRWDO�3$+V�
ZDV��������PJ�J�RLO��(QYLURQPHQW�&DQDGD���������PRUH�WKDQ�WHQ�WLPHV�KLJKHU�WKDQ�WKDW�IRXQG�LQ�
DQ\�RI�WKH�GLOELW�VDPSOHV��
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)LJXUH������3$+�GLVWULEXWLRQV�IRU�$:%��(UURU�EDUV�DUH�WULSOLFDWH�VWDQGDUG�GHYLDWLRQV��&KHPLFDO�FRGHV�DUH�
GHVFULEHG�LQ�WKH�WH[W��
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4.0  Oil Weathering and Buoyancy in Marine Conditions 

4.1 Introduction 

)ROORZLQJ� D� VSLOO�� RLO� XQGHUJRHV� WUDQVIRUPDWLRQV� LQ� WKH� HQYLURQPHQW�� 7KHVH� SURFHVVHV��
UHIHUUHG� WR� DV� ZHDWKHULQJ�� DOWHU� WKH� SK\VLFDO� SURSHUWLHV� DQG� FKHPLFDO� FRPSRVLWLRQ� RI� WKH� RLO��
7KHVH�FKHPLFDO�DQG�SK\VLFDO�FKDQJHV�GULYH�WKH�EHKDYLRXU�DQG�IDWH�RI�WKH�RLO�LQ�WKH�HQYLURQPHQW��

2LO�GHQVLW\� LV� WKH�FUXFLDO� IDFWRU� LQ� VLQNLQJ��6WXGLHV�KDYH�VKRZQ� WKDW�RLOV�ZLWK�D�GHQVLW\�
JUHDWHU�WKDQ������J�P/��DQG�HVSHFLDOO\�ZKHQ�WKLV�GHQVLW\�DSSURDFKHV�WKDW�RI�VHDZDWHU��������WR�
������J�P/���FDQ�EH�RYHU�ZDVKHG��VXEPHUJHG�XQGHU�WKH�ZDWHU�VXUIDFH��EXW�QRW�VLQNLQJ�WR�WKH�VHD�
IORRU�� XQGHU� VRPH� VHD� FRQGLWLRQV� �&ODUN� HW� DO��� ������� 7KH� PDMRU� PHFKDQLVPV� IRU� RLO�
VXEPHUJHQFH�LQ�ZDWHU�WKDW�KDYH�EHHQ�REVHUYHG�LQFOXGH��15&���������

���(YDSRUDWLRQ� LQFUHDVHV�DQ�RLO�GHQVLW\�ZLWK� ORQJHU�H[SRVXUH��:DQJ�HW�DO���������(YDSRUDWLRQ�
DORQH��KRZHYHU��KDV�EHHQ� VKRZQ� WR�EH�XQOLNHO\� WR� LQFUHDVH�GHQVLW\�HQRXJK� WR�FDXVH� VLQNLQJ� LQ�
VHDZDWHU��/HH�HW�DO����������

���3KRWR�R[LGDWLRQ��2LOV�FDQ�R[LGL]H�LQ�VXQOLJKW�WR�IRUP�D�GHQVH�FUXVW�RQ�WKH�VXUIDFH�RI�H[SRVHG�
RLO��%REUD�DQG�7HQQ\VRQ���������

���:DWHU�XSWDNH��0L[LQJ�ZLWK�ZDWHU�ZLOO�QRW�FDXVH�DQ�RLO�WR�VLQN��EXW�HPXOVLRQ�IRUPDWLRQ�DQG�RU�
ZDWHU�LQFRUSRUDWLRQ�GXH�WR�NLQHWLF�IDFWRUV�PD\�FKDQJH�WKH�SURSHUWLHV�RI�WKH�RLO�VXFK�WKDW�VLQNLQJ�
E\�RWKHU�SURFHVVHV�LV�PRUH�OLNHO\��

���0L[LQJ�ZLWK�VROLGV�FDQ�LQFUHDVH�WKH�GHQVLW\�RI�WKH�UHVXOWLQJ�PL[WXUHV��:KHQ�PL[HG�ZLWK�VLOLFD�
VDQG����WR����PLQHUDO�FRQWHQW�LQ�WKH�RLO�SKDVH�LV�VXIILFLHQW�WR�FDXVH�VLQNLQJ��15&���������0DQ\�
VWXGLHV�KDYH�VKRZQ��VHH�&KDSWHU����WKDW�RLO�VHGLPHQW�LQWHUDFWLRQ�LV�D�FRPPRQ�SKHQRPHQRQ��

*LYHQ� WKH� XQNQRZQV� VXUURXQGLQJ� WKH� XQFHUWDLQW\� RI� WKH� EXR\DQF\� RI� GLOXWHG� ELWXPHQ�
SURGXFWV� DQG� WKH� HIIHFWV� RI� HQYLURQPHQWDO� ZHDWKHULQJ� DQG� RWKHU� IDFWRUV� VXFK� DV� PL[LQJ� ZLWK�
VHDZDWHU�DQG�VHGLPHQW��D�VWXG\�ZDV�GHYHORSHG�WR�LQYHVWLJDWH�WKH�UDQJH�RI�SRVVLEOH�EHKDYLRXUV�RI�
RLO�ZKHQ�VXEMHFWHG�WR�WKHVH�IRXU�W\SHV�RI�ZHDWKHULQJ��

7KH� REMHFWLYH� RI� WKLV� VWXG\�� UHSRUWHG� LQ� VXPPDU\� KHUH�� ZDV� WR� REVHUYH� WKH� UDQJH� RI�
SRVVLEOH�IDWHV�RI�RLO�LQ�VDOW�ZDWHU��ZKHQ�VXEMHFW�WR�HYDSRUDWLRQ��SKRWR�R[LGDWLRQ��ZDWHU�XSWDNH�RU�
PL[LQJ�DQG�VHGLPHQW�XSWDNH�RU�PL[LQJ��$�VHULHV�RI�H[SHULPHQWV�ZDV�GHVLJQHG�WR�WHVW�WKH�SRVVLEOH�
UDQJH�RI�EHKDYLRXUV�WKDW�PLJKW�EH�H[KLELWHG�E\�GLOELWV�LQ�WKH�PDULQH�HQYLURQPHQW���
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7KH�IROORZLQJ�FRPELQDWLRQV�ZHUH�H[DPLQHG��

x� 2LO�W\SHV��$:%��&/%��,)2�����
x� (YDSRUDWLRQ��)UHVK��:���:���:���:�� �QRWH� WKDW� RQO\� IUHVK�ZDV� HYDOXDWHG� IRU� ,)2�

�����
x� 3KRWR�R[LGL]HG��3KR[�:���
x� 6DOW�ZDWHU�EULQH���RLO�PL[LQJ��)UHVK�WKURXJK�:���RQO\�IUHVK�IRU�,)2��
x� 6DOW�ZDWHU�EULQH���SKRWR�R[LGL]HG�RLO��3KR[�:��
x� 6DOW�ZDWHU�EULQH���RLO���NDROLQ�FOD\��)UHVK�WKURXJK�:���RQO\�IUHVK�IRU�,)2��
x� 6DOW�ZDWHU�EULQH���SKRWR�R[LGL]HG�RLO���NDROLQ�FOD\��3KR[�:��
x� 6DOW�ZDWHU�EULQH���RLO���VDQG��)UHVK��:��
x� 6DOW�ZDWHU�EULQH���RLO���GLDWRPDFHRXV�HDUWK��)UHVK��:��

7KH�LQWHQW�RI�WKH�VWXG\�ZDV�QRW�WR�H[DPLQH�PHFKDQLVPV�RI�IRUPDWLRQ��EXW�WKH�SRVVLEOH�HQG�
VWDWHV�RI�WKH�SURFHVVHV��L�H���WKHLU�IDWHV��(DFK�RI�WKH�IDFWRUV�ZRXOG�EH�WHVWHG�DW�WKH�OLPLWV�RI�ZKDW�
ZRXOG� EH� SRVVLEOH� LQ� WKH� QDWXUDO� HQYLURQPHQW�� KLJK� PL[LQJ� HQHUJ\� FRQGLWLRQV�� KLJK� VHGLPHQW�
ORDGV�� ORQJ� HYDSRUDWLYH� DQG� SKRWR�R[LGL]LQJ� H[SRVXUHV�� 7KHVH� FRQGLWLRQV� DUH� GLVFXVVHG� LQ� WKH�
IROORZLQJ�VHFWLRQ��

4.2 Materials and Methods 

$V�WKLV�VWXG\�ZDV�GHVLJQHG�WR�H[DPLQH�WKH�H[WHQW�RI�EHKDYLRXUV�SRVVLEOH��LW�ZDV�GHVLUDEOH�
WR�XVH�KLJK�EXW� VWLOO� UHDOLVWLF� LQIOXHQFHV� IRU� HDFK�RI� WKH� IDFWRUV��7KH�SURGXFWLRQ�RI� VDPSOHV� IRU�
HDFK�RI�WKHVH�IDFWRUV�LV�GLVFXVVHG�LQ�GHWDLO�EHORZ��

4.2.1 Oil Types 

7KH� WZR� W\SHV� RI� GLOXWHG� ELWXPHQ�� &/%� DQG� $:%�� ZHUH� VWXGLHG� IRU� WKHLU� ZHDWKHULQJ�
EHKDYLRXU��DV�ZHOO�DV�UHVXOWLQJ�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV��VHH�&KDSWHU�����WR�GHWHUPLQH�WKH�
UHODWLRQVKLS�RI�RLO�SURSHUWLHV�WR�IDWH�DQG�EHKDYLRXU�IRU�DSSOLFDWLRQV�VXFK�DV�VSLOO�PRGHOOLQJ�DQG�
HPHUJHQF\� UHVSRQVH� WDFWLFV��$Q� LQWHUPHGLDWH� IXHO� RLO� XVHG� IRU�PDULQH� VKLS� IXHO�� ,)2������ZDV�
DOVR�LQFOXGHG�IRU�FRPSDULVRQ��

4.2.2 Evaporation 

2LOV� ZHUH� HYDSRUDWHG� LQ� D� URWDU\� HYDSRUDWRU DV� GHVFULEHG� LQ� &KDSWHU� ��� ZLWK� NQRZQ�
SUHVVXUH� DQG� WHPSHUDWXUH� WR� VLPXODWH� HYDSRUDWLYH�ZHDWKHULQJ�� $V� GHVFULEHG� LQ� &KDSWHU� ��� WKLV�
PHWKRG�RI�HYDSRUDWLRQ�KDV�EHHQ�IRXQG�WR�UHVXOW�LQ�RLO�FKHPLFDOO\�VLPLODU�WR�RLO�HYDSRUDWHG�XQGHU�
DPELHQW� FRQGLWLRQV� IURP� DQ� RSHQ� SDQ� �)LHOGKRXVH� HW� DO��� ������� )RXU� IUDFWLRQV� RI� ZHDWKHUHG�
VDPSOHV�ZHUH�JHQHUDWHG��\LHOGLQJ�GLIIHUHQW�GHJUHHV�RI�ZHDWKHUHG�IUDFWLRQV��IUHVK�VDPSOH������DQG�
����ZHDWKHUHG��E\�PDVV�ORVW���DQG�ILQDOO\����DQG����KRXUV�RI�VLPXODWHG�ZHDWKHULQJ��UHSUHVHQWLQJ�
WKH�HQG�FRQGLWLRQ�LQ�WKH�HQYLURQPHQW��GHVLJQDWHG�DV�:���:���:��DQG�:��UHVSHFWLYHO\��
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7KH� LQWHUPHGLDWH� HYDSRUDWLRQ� IUDFWLRQV� �:��� ������ IRU� $:%� DQG� ������ IRU� &/%��
UHVSHFWLYHO\�� RI� ERWK� GLOELW� VDPSOHV� ZHUH� VLQJOHG� RXW� IRU� PRUH� FRPSUHKHQVLYH� WHVWLQJ�� 7KH�
UHJXODWLRQV�IRU�UHVSRQVH�RUJDQL]DWLRQV�PDQGDWH�D�PD[LPXP�UHVSRQVH�WLPH�IRU�RLO�VSLOO�FOHDQ�XS��
7UDQVSRUW�&DQDGD�UHTXLUHV�WKDW��IRU�PDULQH�VSLOOV��DOO�FOHDQ�XS�RSHUDWLRQV�EH�FRPSOHWH�E\����GD\V�
DIWHU�WKH�VSLOO��7UDQVSRUW�&DQDGD���������%DVHG�RQ�WKH�SDQ�HYDSRUDWLRQ�H[SHULPHQWV��GHVFULEHG�LQ�
&KDSWHU� ��� DQG� WKH� UDWH� RI�ZHDWKHULQJ� UHSRUWHG� E\�6/�5RVV� �6/5RVV�� ������� WKH�:�� IUDFWLRQV�
ZHUH�WKH�FORVHVW�PDWFK�WR�D�����KRXU�H[SRVXUH��

4.2.3 Photo-oxidation 

1R� VWDQGDUG� RU� ZLGHO\�XVHG� PHWKRGV� H[LVW� IRU� SKRWR�R[LGDWLRQ� RI� RLO� RU� SHWUROHXP�
SURGXFWV��6RPH�DXWKRUV�KDYH�SUHYLRXVO\�UHSRUWHG�SLORW�VWXGLHV�RI�SKRWR�R[LGDWLRQ�RI�K\GURFDUERQ�
PL[WXUHV��EXW�QR�ZLGHO\�DJUHHG�XSRQ�PHWKRG�H[LVWV�LQ�WKH�OLWHUDWXUH���

3KRWR�R[LGDWLRQ� ZDV� FRQGXFWHG� LQ� D� FRQWUROOHG� 89� &URVVOLQNHU� �6SHFWUR/LQNHU� ,QF����
ZKLFK�ZDV�FDOLEUDWHG� WR�GHOLYHU�D�NQRZQ�HQHUJ\�IOX[�DW�D�ZDYHOHQJWK�RI�����QP��7KH� LQFLGHQW�
HQHUJ\�IOX[�RI�WKH�SKRWR�R[LGL]HU�ZDV�XVHG�WR�FDOFXODWH�DQ�H[SRVXUH�WLPH�WR�VLPXODWH�����KRXUV�
RI�GD\OLJKW�H[SRVXUH�����GD\�F\FOHV���7KLV�ZDV�GHWHUPLQHG�E\�LQWHJUDWLQJ�WKH�$670�*����VRODU�
UHIHUHQFH�VSHFWUD��YHUVLRQ���������WR�GHWHUPLQH�HTXLYDOHQW�QXPEHU�RI�LRQL]LQJ�SKRWRQV�DW�����QP��
7KLV�QXPEHU�RI�WRWDO�SKRWRQV�IRU�H[SRVXUH�ZDV�WKHQ�XVHG�WR�HVWLPDWH�DQ�H[SRVXUH�LQWHUYDO�DW�WKH�
LQVWUXPHQW¶V� LQFLGHQW� IOX[�� 7HPSHUDWXUH� ZDV� PRQLWRUHG� WR� HQVXUH� WKDW� HYDSRUDWLYH� H[SRVXUH�
GXULQJ�WKH�R[LGDWLRQ�SHULRG�ZDV�PLQLPL]HG��7KH�����KRXU�H[SRVXUH�WLPH�ZDV�GHWHUPLQHG�DV�WKH�
PD[LPXP�OLNHO\�H[SRVXUH�GXULQJ�WKH����GD\�PD[LPXP�FOHDQ�XS�SHULRG�DOORZHG�XQGHU�&DQDGLDQ�
UHJXODWLRQ��7UDQVSRUW�&DQDGD���������

2QH�DGYDQWDJH�RI�WKH�FORVHG�V\VWHP�PHWKRG�GHVFULEHG�DERYH�LV�WKDW�ERWK�WKH�SKRWRQ�DQG�
LRQL]LQJ�HQHUJ\�IOX[�DSSOLHG�WR�WKH�RLO�FDQ�EH�SUHFLVHO\�TXDQWLILHG��*HRPHWU\�LV�ZHOO�GHILQHG��DQG�
OLJKW�FDQ�EH�DSSOLHG�LQ�VKRUW�³GRVHV´�WR�PLQLPL]H�WKH�HIIHFWV�RI�KHDWLQJ��2WKHU�UHVHDUFKHUV�KDYH�
XVHG� XOWUDYLROHW� VRXUFHV� ZLWK� NQRZQ� IOX[� �6/� 5RVV�� ������� EXW� EHFDXVH� RI� OLPLWDWLRQV� RI� WKH�
H[SHULPHQWDO�DSSDUDWXV��WKH\�GLG�QRW�TXDQWLI\�WKH�HIIHFW�RI�OLJKW�H[SRVXUH�KHDWLQJ�RQ�WKH�UDWH�RI�
HYDSRUDWLRQ�RI�WKH�RLO��

7KH�H[SRVXUH�RI�WKH�RLO�ZDV�FRQGXFWHG�XQGHU�WKH�QDUURZ�IUHTXHQF\�UDQJH��SHDN�����QP��
RI�WKH�89�ODPSV�XVHG��7KH�H[SRVXUH�VSHFWUXP�ZDV�QRW�D�WUXH�VRODU�VSHFWUXP�DQG�FRXOG�SRVVLEO\�
FDXVH�GLIIHUHQFHV� LQ�ERWK� WKH�VSHFLHV�JHQHUDWHG�E\�QDWXUDO�VRODU�H[SRVXUH��&DOLEUDWLRQ�ZDV�DOVR�
GRQH� WR� PDWFK� WKH� LRQL]LQJ� SRUWLRQ� RI� WKH� $670� *���� VSHFWUXP�� 7KH� OLPLWDWLRQV� RI� WKDW�
VSHFWUXP�� FDOLEUDWHG� IRU� WKH� SXUSRVHV� RI� VRODU� SDQHO� WHVWLQJ��ZLOO� EH� UHIOHFWHG� LQ� WKH� OHQJWK� RI�
LRQL]LQJ�H[SRVXUH��)XUWKHU�YDOLGDWLRQ�RI�WKLV�SURFHGXUH�LV�SODQQHG��

4.2.4 Oil-Water Mixtures 

2LO�ZDWHU�PL[WXUHV�ZHUH�SUHSDUHG�XVLQJ�D�URWDU\�HQG�RYHU�HQG�PL[LQJ�RI�D������UDWLR�RI�
RLO�WR�ZDWHU�DW�D�UDWH�RI�VHYHUDO�UHYROXWLRQV�SHU�PLQXWH�IRU�XS�WR����KRXUV�DW����&��7KLV�SURFHGXUH�
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KDV� EHHQ� VKRZQ� WR� SURYLGH� D� KLJK�HQHUJ\�PL[LQJ� HQYLURQPHQW��ZLWK� VXIILFLHQW�PL[LQJ� WLPH� WR�
HQVXUH�WKDW�LI�D�PL[HG�ZDWHU�RLO�VWDWH�LV�SRVVLEOH��LW�ZLOO�OLNHO\�EH�UHDFKHG�LQ�WKH�WHVW��,Q�WKH�FDVH�RI�
KLJK�YLVFRVLW\� KHDY\� RLOV�� WKH� GRPLQDQW� IRUP� RI� UHVXOW� REVHUYHG� LV� WKH� ³HQWUDLQHG�ZDWHU´� VWDWH�
�)LQJDV�DQG�)LHOGKRXVH���������ZKLFK�KDV�D�W\SLFDO�ZDWHU�FRQWHQW�RI������&KHPLFDOO\�VWDELOL]HG�
VWDEOH�RU�PHVR�VWDEOH�HPXOVLRQV�RI�LQWHUPHGLDWH�DQG�KHDY\�IXHO�RLOV�DUH�XQFRPPRQ��

4.2.5 Oil-Water-Sediment Mixtures 

,Q�WKH�HYHQW�RI�D�VSLOO�LQWR�ZDWHU��ERWK�VXVSHQGHG�DQG�ERWWRP�VHGLPHQWV�FDQ�LQWHUDFW�ZLWK�
RLO��LPSDFWLQJ�LWV�IDWH��,QWHUDFWLRQV�RIWHQ�UHVXOW�LQ�WKH�IRUPDWLRQ�RI�RLO�VHGLPHQW�DJJUHJDWHV��ZKLFK�
PD\�EHFRPH�GHQVHU� WKDQ�ZDWHU� DQG� VLQN��2LO�VHGLPHQW� DJJUHJDWHV� WKDW� HQWHU� WKH�ZDWHU� FROXPQ�
PD\� DOVR� UHOHDVH� RLO� GURSOHWV� RYHU� WLPH� �/HH� HW� DO��� �������:KLOH� QDWXUDO� VHGLPHQWV� FRQWDLQ� D�
UDQJH�RI�VL]HV�IURP�VXE�PLFURPHWUH�WR�PLOOLPHWUHV��VL]H�VHJUHJDWHG�VHGLPHQWV�PD\�JLYH�LQVLJKWV�
LQWR� VHGLPHQW� LQWHUDFWLRQV� DV� D� IXQFWLRQ� RI� SDUWLFOH� VL]H�� ZKLFK� PLJKW� OHDG� WR� GLIIHUHQW� IDWHV�
�$LMLRODL\D� HW� DO��� ������� 1DWXUDO� VHGLPHQWV� PD\� DOVR� FRQWDLQ� D� VLJQLILFDQW� DPRXQW� RI� RUJDQLF�
PDWHULDO�� ZKLFK� FDQ� DIIHFW� RLO�SDUWLFOH� LQWHUDFWLRQV� DV� ZHOO�� 7R� VLPSOLI\� LQWHUSUHWDWLRQ� IRU� WKH�
SUHVHQW�ZRUN��PLQHUDO�RQO\�VHGLPHQWV�ZHUH�XVHG��

7KUHH� VL]H� UDQJHV� RI� SDUWLFOHV� ZHUH� VHOHFWHG�� 'LIIHUHQW� VHGLPHQW� VL]H� UDQJHV� PD\� EH�
HQFRXQWHUHG� E\� RLO�� E\� VXVSHQGHG� SDUWLFXODWHV� LQ� WKH� RSHQ� RFHDQ�� IURP� D� ULYHU�PRXWK� EHDULQJ�
VHGLPHQW�� DQG� E\� FRQWDFW� ZLWK� EHDFK� DQG� VKRUH� VHGLPHQWV�� 7KLV� JXLGHG� WKH� VHOHFWLRQ� RI� WKH�
VHGLPHQWV�XVHG�LQ�WKH�SUHVHQW�VWXG\��7KH�VHGLPHQWV�XVHG�LQFOXGH��

��� .DROLQ�±�K\GUDWHG�DOXPLQXP�VLOLFDWH��$O�6L�2��2+����7KLV�ILQH�SDUWLFXODWH�W\SLFDOO\�IDOOV�
LQ� WKH� UDQJH�RI��±��PLFURPHWUH� LQ�GLDPHWHU�� ,W� LV� DFLGLF�ZKHQ�PL[HG�ZLWK�ZDWHU��%ULQH�
PL[WXUHV�ZHUH�QHXWUDOL]HG�ZLWK�VRGLXP�K\GUR[LGH�SULRU�WR�XVH��.DROLQ�ZDV�DOVR�VHOHFWHG�
WR�DOORZ�IRU�FRPSDUDELOLW\�ZLWK�WKH�VHGLPHQW�DGGLWLRQ�H[SHULPHQWV�UHSRUWHG�LQ�&KDSWHU����

��� 'LDWRPDFHRXV� HDUWK� ±� VLOLFRQ� R[LGH�� 6L2��� 7KH� PHGLXP�VL]HG� SDUWLFXODWH� KDG� DQ�
DSSUR[LPDWH�PHVK�VL]H�RI������DERXW����PLFURPHWUH�GLDPHWHU��

��� 6DQG�±�VLOLFRQ�R[LGH��6L2���$SSUR[LPDWH�PHVK�VL]H�UDQJH���±����RU����±����PLFURPHWUHV�
LQ�GLDPHWHU���

7KH� VHGLPHQW� ORDGLQJ� FKRVHQ� ZDV� ��� PJ� VHGLPHQW�/� EULQH�� :KLOH� KLJK�� WKLV� OHYHO� RI�
VXVSHQGHG�VHGLPHQW�KDV�EHHQ�IRXQG�LQ�FRDVWDO�ULYHU�RXWIORZV��,Q�D�VHW�RI����HVWXDULHV�PHDVXUHG�LQ�
WKH� GHOWDV� DW� WKH� VLWH� RI�PD[LPXP� WXUELGLW\� DW� KLJK� WLGHV�� GHSWK�DYHUDJHG� VXVSHQGHG� VHGLPHQW�
FRQFHQWUDWLRQV�ZHUH�UHSRUWHG�IURP�����WR��������PJ�/��8QFOHV�HW�DO����������)RU�WKH�)UDVHU�5LYHU�
GHOWD� LQ� %ULWLVK� &ROXPELD�� VXUIDFH� VXVSHQGHG� VHGLPHQW� FRQFHQWUDWLRQV� KDYH� EHHQ� UHSRUWHG�
DSSURDFKLQJ� �� J�/� GXULQJ� WKH� KLJKHVW� DQQXDO� IORZV� �.RVWDVFKXN� HW� DO��� ������� $PRV� �$PRV��
������UHSRUWHG�D�PD[LPXP�GHSWK�DYHUDJHG�VXVSHQGHG�SDUWLFXODWH�PDWWHU�FRQFHQWUDWLRQ�RI�����J�/�
LQ�WKH�%D\�RI�)XQG\��
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2LO�VHGLPHQW�LQWHUDFWLRQ�ZDV�DVVHVVHG�E\�ILUVW�SUHSDULQJ�D�VHGLPHQW�ZDWHU�PL[WXUH�RI����
PJ�/�VHGLPHQW�LQ�����P/�RI����SSW�1D&O�EULQH�LQ�D�����/�YHVVHO��7KH�ZDWHU�S+�ZDV�FKHFNHG��
WKHQ�DGMXVWHG�WR�����ZKHQ�QHFHVVDU\��DQG�DOORZHG�WR�HTXLOLEUDWH��

$� ���P/� SRUWLRQ� RI� RLO� ZDV� WKHQ� DGGHG� WR� WKH� YHVVHOV�� 7KH� PL[LQJ� ERWWOHV� ZHUH� WKHQ�
VHDOHG�DQG�DOORZHG�WR�WKHUPDOO\�HTXLOLEUDWH�IRU�DW�OHDVW���KRXUV��7KH�YHVVHOV�ZHUH�PL[HG�IRU����
KRXUV�RQ� WKH� URWDU\�HQG�RYHU�HQG�PL[HU�DW����&�� ,I� WKH�VHGLPHQW� LQWHUDFWLRQ� UHVXOWHG� LQ�D�ZHOO�
GLVSHUVHG�PL[WXUH�ZLWK�QR�VHSDUDWH�SKDVH��WKH�FRQWHQWV�ZHUH�SRXUHG�LQWR���/�JUDGXDWHG�F\OLQGHUV�
WR�PRQLWRU�VHWWOLQJ�� ,I�ZDWHU�LQ�RLO�HPXOVLRQV�ZHUH� IRUPHG�� WKH�HPXOVLRQ�SKDVHV�ZHUH�FROOHFWHG�
DQG� WUDQVIHUUHG� WR� ZLGH�PRXWKHG� JODVV� MDUV� IRU� REVHUYDWLRQ� DQG� DQDO\VLV� �ZDWHU� FRQWHQW��
YLVFRHODVWLF�SURSHUWLHV��MXVW�DIWHU�PL[LQJ�DQG�DW���ZHHN���

4.3 Results 

4.3.1 Evaporative Weathering 

)LJXUH������(IIHFWV�RI�HYDSRUDWLYH�ZHDWKHULQJ�FKDQJHV�RQ�GHQVLW\�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�IRU�$:%�DQG�
&/%�VDPSOHV��'DWD�RQ�FRQYHQWLRQDO�IXHOV�DQG�D�OLJKW�FUXGH�W\SH�DUH�SURYLGHG�IRU�FRPSDULVRQ��/LQHV�IRU�IUHVK�
ZDWHU�DQG�QDWXUDO�VHDZDWHU�IURP�6SLHZHFN�DQG�%HWWLQ�������DQG�81(6&2��������UHVSHFWLYHO\�

7KH� HIIHFWV� RI� HYDSRUDWLYH� ZHDWKHULQJ� DUH� SORWWHG� RQ� )LJXUH� ���� IRU� $:%� RQ� WKH� OHIW�
SDQHO�� &/%� LQ� WKH�PLGGOH� SDQHO�� DQG� FRQYHQWLRQDO� RLOV� DQG� IXHOV� IRU� FRPSDULVRQ� RQ� WKH� ULJKW�
SDQHO�� ([SHULPHQWDO� PHDVXUHPHQWV� DUH� VKRZQ� DV� LQGLYLGXDO� SRLQWV�� 1RWH� WKDW� VWDQGDUG� HUURUV��
GHWHUPLQHG� IURP� WKH�VWDQGDUG�GHYLDWLRQ�RI� WULSOLFDWH�PHDVXUHPHQWV��DUH� VPDOOHU� WKDQ� WKH�SRLQWV�
SORWWHG�RQ�)LJXUH������DQG�WKXV�DUH�QRW�VKRZQ��/LQHDU�UHJUHVVLRQV�ILWWHG� WKH�FXUYHV�RI� WKH�IUHVK�
DQG�PRGHUDWHO\� HYDSRUDWHG� samples (“W2”)�� VKRZQ�DV� OLQHV��'HWDLOV� RI� WKH� UHJUHVVLRQV� FDQ�EH�
IRXQG�LQ�7DEOH������/LQHV�IRU�VHDZDWHU��81(6&2��������DQG�IUHVK��GLVWLOOHG��ZDWHU��6SLHZHFN�
DQG�%HWWLQ��������DUH�VKRZQ�IRU�YLVXDO�UHIHUHQFH��
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)URP�)LJXUH������ LW� FDQ�EH� VHHQ� WKDW� WKH�GHQVLW\�RI� WKH� IUHVK�$:%�DQG�&/%�SURGXFWV��
DSSUR[LPDWHO\� ����� J�P/� DW� ���&�� ULVHV� WR� DSSUR[LPDWHO\� ����� WR� ����� J�P/� DW� ���&� DW� WKH�
PD[LPXP�OHYHO�RI�HYDSRUDWLRQ�DFKLHYHG�LQ�WKH�:��VDPSOHV��

7DEOH������/LQHDU�UHJUHVVLRQV�IRU�GHQVLW\�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�IRU�PHDVXUHG�RLOV� 
'HQVLW\��J�P/��YV��7HPSHUDWXUH���&��/LQHDU�)LW� U��

$:%�)UHVK� ȡ� �������������������
�7�� ������
$:%�:�� ȡ� �������������������
�7�� ������
&/%�)UHVK� ȡ� �������������������
�7�� ������
&/%�:�� ȡ� �������������������
�7�� ������
+)2������ ȡ� �������������������
�7�� ������
$60%��� ȡ� �������������������
�7�� ������
,)2����� ȡ� �������������������
�7�� ������

$V�FDQ�EH�VHHQ�IURP�)LJXUH������WKH�FKDQJH�LQ�WKH�GHQVLW\�IRU�ERWK�RLO�VDQGV�SURGXFWV�ZDV�
IRXQG� WR� EH� OLQHDU� ZLWK� WHPSHUDWXUH�� 7KLV� LV� FRQVLVWHQW� ZLWK� WKH� XVXDO� EHKDYLRXU� IRU� QDWXUDO�
SHWUROHXP�DQG�UHILQHG�SURGXFWV��DV�FDQ�EH�VHHQ�E\�FRPSDULVRQ�ZLWK�KHDY\�DQG�LQWHUPHGLDWH�IXHOV�
RLOV��+)2������DQG�,)2������UHVSHFWLYHO\��DQG�D�FUXGH�RLO��$60%������$V�GHVFULEHG�SUHYLRXVO\�
LQ�&KDSWHU���� WKH�GHQVLW\� OLQH�RI� WKH� ,)2�����LV�PRVW�VLPLODU� WR� WKH�:��HYDSRUDWHG�VDPSOHV�RI�
ERWK�W\SHV�RI�GLOELW��7KH�+)2������GDWD�IDOOV�EHWZHHQ�WKH�:��DQG�:��HYDSRUDWHG�GLOELWV��LQ�ERWK�
FDVHV��7KH�GHQVLW\�RI�UHIHUHQFH�FRQYHQWLRQDO�RLO��$OEHUWD�6ZHHW�0L[�%OHQG�����$60%�����ZDV�
FRQVLGHUDEO\�ORZHU�WKDQ�WKDW�RI�WKH�GLOELWV��)LJXUH������IRU�DOO�WHPSHUDWXUHV��

7KHVH� UHVXOWV� LQGLFDWH� WKDW� HYDSRUDWLRQ� LQ� FRPELQDWLRQ�ZLWK� W\SLFDO�PDULQH� WHPSHUDWXUH�
UDQJHV� VHHQ� LQ�&DQDGD� ��±���&�� � LV� QRW� VXIILFLHQW� WR� FDXVH� RLO� VLQNLQJ� IRU� ERWK� WKH�$:%�DQG�
&/%�SURGXFWV�LQ�IXOO\�VDOW�PDULQH�ZDWHUV��HYHQ�DW�WHPSHUDWXUHV�DSSURDFKLQJ�IUHH]LQJ��

4.3.2 Photo-oxidative Weathering 

3KRWR�R[LGDWLRQ� IRU� WKH� VLPXODWHG� ����KRXU� H[SRVXUH� ���� î���KRXU� GD\V�� SURGXFHG� D�
YLVLEOH�FKDQJH�LQ�WKH�RLO�IURP�WKH�XQH[SRVHG�ZHDWKHUHG�VDPSOH��3KRWR�R[LGDWLRQ�RI�RLOV�UHVXOWHG�
LQ�VXUIDFH�WHPSHUDWXUH�FKDQJH��DQG�RIWHQ�ZLWK�WLPH�S+�GHFUHDVH�LQ�WKH�ZDWHU�SKDVH��IURP�S+�����
LQLWLDOO\�WR�S+�����WR�����IRU�WKH�&/%�DQG�S+������WR������IRU�WKH�$:%�IROORZLQJ�OLJKW�H[SRVXUH��
7KHUH�ZDV�FUXVW�DQG�ILOP�IRUPDWLRQ�RQ�WKH�RLO�VOLFN��DV�FDQ�EH�VHHQ�LQ�)LJXUH������+RZHYHU��WKH�
SKRWR�R[LGL]HG�VDPSOHV�IRU�ERWK�&/%�DQG�IRU�$:%�GLG�QRW�KDYH�GHQVLWLHV�VLJQLILFDQWO\�GLIIHUHQW�
IURP�WKH�FRUUHVSRQGLQJ�QRQ�89�H[SRVHG�:��VDPSOHV��
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)LJXUH�����&ROG�/DNH�GLOELW��:����������HYDSRUDWHG��VOLFN�RQ����J�/�1D&O�ZDWHU��SRVW�SKRWR�R[LGDWLRQ��
7KHUH�LV�GLVWLQFW�FUXVW�IRUPDWLRQ�DW�VOLFN�HGJHV��,QGLVFHUQLEOH�LQ�WKH�LPDJH�LV�WKH�SUHVHQFH�RI�D�WUDQVSDUHQW�
ILOP�RQ�RLO�VXUIDFH��ZKLFK�IRUPHG�DIWHU�SKRWR�R[LGDWLRQ��3KRWR��%�3��+ROOHERQH��(QYLURQPHQW�&DQDGD�

4.3.3 Mixing with Salt Water 

7KH� UHVXOWV� RI� WKH� RLO�VDOWZDWHU�PL[LQJ� WULDOV� DUH� GLVFXVVHG� LQ� GHWDLO� LQ� &KDSWHU� ��� DQG�
SUHVHQWHG�DV�D�VXPPDU\�LQ�)LJXUH������IRU�$:%��5HVXOWV�IRU�&/%�ZHUH�VLPLODU�WR�WKH�H[DPSOH�RI�
$:%�VKRZQ�LQ�WKH�ILJXUH��$V�GHVFULEHG�LQ�&KDSWHU����WKH�UHVXOWV�RI�PL[LQJ�DOO�HYDSRUDWLYH�VWDJHV�
RI�$:%�ZLWK� VDOWZDWHU�ZHUH� DOO� FODVVLILHG� DV� HQWUDLQHG�ZDWHU�RLO�PL[WXUHV��:DWHU� FRQWHQW�ZDV�
ORZHU�WKDQ�WKH�WUXH�HPXOVLILHG�VWDWHV��UDQJLQJ�IURP����WR������$V�FDQ�EH�VHHQ�IURP�)LJXUH������
ZKLOH� ZDWHU� XSWDNH� LQFUHDVHG� WKH� GHQVLW\� RI� WKH� UHVXOWLQJ� PL[WXUH�� LQ� DOO� FDVHV� WKH� UHVXOWLQJ�
PL[WXUHV�UHPDLQHG�EXR\DQW�LQ�VHDZDWHU��81(6&2���������

&RPSDULQJ�WKH�GHQVLW\�LQFUHDVHV�XSRQ�PL[LQJ�EHWZHHQ�WKH�RLO�VDOWZDWHU�PL[WXUHV�IRU�XQ�
H[SRVHG�:��VDPSOH��:��IRU�WKH�RLO�DQG�:��0L[�IRU�WKH�RLO�VDOWZDWHU�PL[WXUH��UHVSHFWLYHO\���DQG�
WKH�SKRWR�R[LGL]HG�:��VDPSOHV��LQGLFDWHG�RQ�)LJXUH�����DV�:��3KR[�DQG�:��3KR[�0L[�IRU�WKH�
SKRWR�R[LGL]HG�:��$:%�RLO�DQG�WKH�89�H[SRVHG�:��$:%�RLO�VDOWZDWHU�PL[WXUH��UHVSHFWLYHO\���
D� VPDOO� LQFUHDVH� LQ� GHQVLW\� FDQ� EH� VHHQ� IRU� WKH� SKRWR�R[LGL]HG� PL[WXUH� RYHU� WKDW� IRU� WKH�
XQH[SRVHG�VDPSOH��7KH�GHQVLW\�RI�WKH�:��3KR[�PL[WXUH�ZDV�DSSUR[LPDWHO\����JUHDWHU�WKDQ�WKDW�
RI�WKH�XQH[SRVHG�:��PL[WXUHV��+RZHYHU��ZDWHU�FRQWHQW�ZDV�IRXQG�WR�EH�YHU\�VLPLODU�IRU�WKH�WZR�
$:%�PL[WXUHV������IRU�WKH�:��DQG�����IRU�WKH�:��3KR[�VDPSOHV��UHVSHFWLYHO\��

)RU�&/%��KRZHYHU��PL[WXUH�ZDWHU�FRQWHQW�ZLWK�DQG�ZLWKRXW�89�H[SRVXUH�LQFUHDVHG�IURP�
���� IRU� WKH� :�� WR� ���� IRU� WKH� :��3KR[� VDOWZDWHU� PL[WXUHV�� 7KH� GHQVLW\� RI� WKH� WZR� &/%�



Ͷͻ

PL[WXUHV��KRZHYHU��ZDV�DSSUR[LPDWHO\�RQO\����GLIIHUHQW���������J�P/�DQG��������J�P/�IRU�WKH�
&/%�:��DQG�&/%�:��3KR[�RLO�VDOWZDWHU�PL[WXUH�GHQVLWLHV�UHVSHFWLYHO\��

7KH�GHQVLW\�RI�WKH�:��RLO�VDOWZDWHU�PL[WXUH�DSSHDUHG�WR�EH�ORZHU�WKDQ�WKDW�RI�WKH�VWDUWLQJ�
RLO��:DWHU� FRQWHQW� RI� WKH�:��PL[WXUH� LQFUHDVHG� VOLJKWO\� IURP� WKH� VWDUWLQJ� RLO�� IURP���� WR� ���
�UHIHU� WR�7DEOH�������7KH� UHDVRQ� IRU� WKLV�GHSUHVVLRQ� LQ�GHQVLW\� IRU� WKH�$:%�:��VDPSOH� LV�QRW�
ZHOO�XQGHUVWRRG��EXW�ZDV�YHULILHG�LQ�UHSOLFDWH�WHVWLQJ�IRU�WKLV�VDPSOH���

0L[WXUH� UHVXOWV� IRU� WKH�PRVW� KLJKO\�ZHDWKHUHG�$:%�:�� VDPSOH� DUH� QRW� VKRZQ� DV� QR�
ZDWHU� XSWDNH�ZDV� IRXQG� IRU� WKLV� VDPSOH�� QR�PL[WXUH� IRUPHG��$OVR�� DV� SUHYLRXVO\� GLVFXVVHG� LQ�
&KDSWHU����D�VLPLODUO\�EXR\DQW�HQWUDLQHG�ZDWHU�VWDWH�IRUPHG�GXULQJ�WKH�,)2�����PL[WXUH�WHVW�DV�
ZHOO��

)LJXUH������'HQVLWLHV�RI�$:%�VDPSOHV�EHIRUH�DQG�DIWHU�PL[LQJ�ZLWK���J�/�1D&O�VDOWZDWHU�DW����&��$UURZV�
LQGLFDWH� WKH�UHODWLRQVKLS�EHWZHHQ�RLOV�EHIRUH�DQG�DIWHU�PL[LQJ��5HIHUHQFH� OLQHV� LQGLFDWH� WKH�GHQVLW\�RI� IUHVK�
DQG�QDWXUDO�VHDZDWHU�DW����&��7KH�ODVW�SRLQW��:��7DUEDOOV��LV�GHVFULEHG�LQ�VHFWLRQ�������
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4.3.4 Mixing with Salt Water and Sediment 

7KH� UHVXOWV� RI� RLO�VDOWZDWHU�VHGLPHQW� PL[LQJ� WHVWV� DUH� VKRZQ� LQ� 7DEOH� ����� ,Q� JHQHUDO��
PL[WXUHV�ZLWK�NDROLQ�IRUPHG�ILQHO\�GLYLGHG�RLO�VHGLPHQW�SDUWLFOHV�WKDW�VDQN�LQ�WKH�VDOW�ZDWHU��ZLWK�
RQH� H[FHSWLRQ� IRU� WKH� KLJKO\�ZHDWKHUHG� IUDFWLRQV� IRU� ERWK�$:%� DQG�&/%��0L[WXUHV�ZLWK� WKH�
ODUJHU�SDUWLFOHV�RI�GLDWRPDFHRXV�HDUWK� OLNHZLVH�GLVSHUVHG�DQG� VDQN�� WKRXJK�D�SRUWLRQ�RI� WKH�RLO�
UHPDLQHG�XQPL[HG�DQG�IORDWLQJ�RQ�WKH�VXUIDFH��0L[WXUHV�ZLWK�WKH�FRDUVHU�VDQG��KRZHYHU��IRUPHG�
D�VLQJOH��FRQWLQXRXV�SKDVH�RI�IORDWLQJ�RLO�VDOWZDWHU�HQWUDLQHG�PL[WXUHV��DQG�RQO\�D�VPDOO�SRUWLRQ�
VDQN�DV�DQ�RLO\�VHGLPHQW�PL[WXUH��

7DEOH������3K\VLFDO�IDWH�DQG�EXR\DQF\�RI�RLO�VDOWZDWHU�DQG�RLO�VDOWZDWHU�VHGLPHQW�PL[WXUHV��
1R�6HGLPHQW� .DROLQ�

������P��
'LDWRPDFHRXV�(DUWK�

�����P��
6DQG�

�����������P��
$:%� )UHVK� (PXOVLRQ�±�(QWUDLQHG�

)ORDW�
'LVSHUVH�
6LQN�

'LVSHUVH�
6LQN�

(PXOVLRQ±(QWUDLQHG�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

'LVSHUVH�
6LQN�

(PXOVLRQ±(QWUDLQHG�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW��

7DUEDOOV�
)ORDW�

:�� 1R�FKDQJH�
:��
3KR[��

(PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

&/%� )UHVK� (PXOVLRQ±0HVR� 'LVSHUVH�
6LQN�

'LVSHUVH�
6LQN�

(PXOVLRQ±(QWUDLQHG�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

'LVSHUVH�
6LQN�

(PXOVLRQ±(QWUDLQHG�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

7DUEDOOV�
)ORDW�

:�� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

7DUEDOOV�
)ORDW�

:��
3KR[��

(PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

,)2����� )UHVK� (PXOVLRQ�±�(QWUDLQHG�
)ORDW�

'LVSHUVH�
6LQN�

'LVSHUVH�
6LQN�

(PXOVLRQ±(QWUDLQHG�

.DROLQ��ZKHQ�PL[HG�ZLWK� WKH�RLOV��KDG�D�GLVSHUVLYH�HIIHFW��:KHQ�PL[WXUHV�ZHUH�SRXUHG�
LQWR� FROXPQV� WR� VHWWOH�� VHYHUDO� SKHQRPHQD�ZHUH� REVHUYHG� �VHH� )LJXUH� ������ 7KH� IUHVK� RLO� DQG�
WKUHH�RI�WKH�HYDSRUDWHG�VXEVDPSOHV��DV�ZHOO�DV�WKH�SKRWR�R[LGL]HG�LQWHUPHGLDWH�VXEVDPSOH��IUHVK��
:��� :�� DQG� SKRWR�R[LGL]HG� :�� $:%� DQG� IUHVK�� :��� :�� DQG� SKRWR�R[LGL]HG� :�� &/.���
IRUPHG� GLVSHUVLRQV� WKDW� VHWWOHG� WR� WKH� ERWWRP� RI� WKH� VDOWZDWHU� FROXPQV� ZLWK� WLPH�� :LWK� DQ�
LQFUHDVLQJ� OHYHO�RI� HYDSRUDWLRQ�� WKH� VHWWOHG� OD\HU�RI�RLO�VHGLPHQW�EHFDPH�PRUH� FRPSDFWHG� �VHH�
)LJXUH� ������+RZHYHU�� LQ� FRQWUDVW� WR� WKH� OHVV�HYDSRUDWHG� IUDFWLRQV�� WKH� KLJKO\�HYDSRUDWHG� WKLUG�
DQG�IRXUWK�IUDFWLRQV�IRUPHG�D�VWDWH�VLPLODU�WR�WDUEDOOV�ZKLFK�UHPDLQHG�IORDWLQJ��VHH�)LJXUH�������



ͷͳ

:KHQ�PHDVXUHG�� WKHVH� IORDWLQJ� WDUEDOOV�ZHUH� IRXQG� WR�KDYH�D�GHQVLW\�RI������� WR�������IRU� WKH�
$:%�:�� DQG� ������ WR� ������ J�P/� IRU� WKH� &/%�:�� VDPSOH�� )RU� $:%�� WKH� GHQVLW\� RI� WKH�
WDUEDOOV� �:�� 7DUEDOOV�� IRUPHG� FRPSDUHG� ZLWK� WKRVH� RI� WKH� IUHVK� RLO� �:��� WKH� RLO�VDOWZDWHU�
PL[WXUH��:��0L[����

)LJXUH������0L[WXUHV�RI�&ROG�/DNH�GLOELW��������DQG�NDROLQ�VHGLPHQW�����J�/��LQ�VDOW�ZDWHU�����J�/�1D&O���,Q�
HDFK�LPDJH��IURP�OHIW�WR�ULJKW��������������������ZHDWKHUHG��6HGLPHQWDWLRQ�DSSHDUV�PRUH�SUHYDOHQW�IRU�OHVV�
ZHDWKHUHG�RLOV���D��DIWHU���KRXU� �E��DIWHU���KRXUV���F��DIWHU����KRXUV���G��DIWHU���ZHHN��3KRWR��%�3��+ROOHERQH��
(QYLURQPHQW�&DQDGD

(a) ȋ�Ȍ�

(c) (d) 
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)LJXUH������0L[WXUH�RI�WKH�:��IUDFWLRQ�RI�$:%���������PDVV�ORVV��DQG����J�/�NDROLQ�VHGLPHQW��
�3KRWR��%�3��+ROOHERQH��(QYLURQPHQW�&DQDGD�

'LDWRPDFHRXV�HDUWK��'(��LQWHUDFWHG�VLPLODUO\�ZLWK�WKH�RLOV�WR�IRUP�D�GLVSHUVHG�PL[WXUH�DV�
FDQ�EH�VHHQ�LQ�)LJXUH�����IRU�WKH�IUHVK�DQG�PRGHUDWHO\�ZHDWKHUHG��:���$:'��EXW�ZKLFK�VHWWOHG�
RYHU�WLPH�PRUH�TXLFNO\�WKDQ�NDROLQ��)URP�H[DPLQDWLRQ�RI�)LJXUH������WKH�DSSHDUDQFH�RI�WKH�RLO�
'(�DJJUHJDWHV� DSSHDU� VLPLODU��KRZHYHU�� VLJQLILFDQW� DPRXQWV�RI�RLO� DOVR� UHPDLQ� IORDWLQJ�RQ� WKH�
VXUIDFH�RI�WKH�VDOWZDWHU�FROXPQV��7HVWLQJ�WKLV�IORDWLQJ�OD\HU�VKRZHG�WKDW�WKH�RLO�ZDV�VLPLODU�WR�WKH�
ZDWHU�RLO�PL[WXUHV� IRUPHG�ZLWKRXW�VHGLPHQW�SUHVHQW��7KH�YROXPH�RI� WKH�VHWWOHG�SKDVH�ZDV�DOVR�
VLJQLILFDQWO\�ORZHU�WKDQ�WKDW�RI�NDROLQ�VDPSOHV��VXJJHVWLQJ�WKDW�WKH�KLJKHU�SDUWLFOH�VL]H�PD\�KDYH�
UHVXOWHG�LQ�D�GHQVHU�ILQDO�VWDWH���

7KH�W\SLFDO�UHVXOW�RI�VDQG�PL[LQJ�ZLWK�GLOXWHG�ELWXPHQ�RLO�FDQ�EH�VHHQ�LQ�)LJXUH������IRU�
WKH�H[DPSOH�RI�IUHVK�DQG�PRGHUDWHO\�ZHDWKHUHG��:���&/%��5HVXOWV�IRU�$:%�ZHUH�YHU\�VLPLODU��
7KH� PDMRULW\� RI� WKH� RLO� UHPDLQHG� IORDWLQJ� RQ� WKH� VXUIDFH� RI� WKH� VDOWZDWHU� FROXPQ�� 7HVWLQJ�
UHYHDOHG� WKDW� WKH� RLOV� ZHUH� HPXOVLILHG� DQG� ZHUH� YHU\� VLPLODU� WR� WKH� PL[WXUHV� IRUPHG� LQ� WKH�
RLO�VDOWZDWHU�PL[LQJ� WHVWV�ZLWKRXW� VHGLPHQWV�� DVVHVVHG� LQ� WHUPV� RI� ZDWHU� FRQWHQW� DQG� FRPSOH[�
PRGXOXV��+RZHYHU��DV�FDQ�DOVR�EH�VHHQ�LQ�WKH�ERWWRP�RI�)LJXUH������VRPH�RI�WKH�RLO�ZDV�IRXQG�WR�
EH�FRDWHG�LQ�D�WKLQ�OD\HU�RI�VDQG��DQG�KDG�VXQN�WR�WKH�ERWWRP�RI�WKH�VDOWZDWHU�FROXPQ�DV�ODUJHU�
EORE�OLNH�SDUWLFOHV��7KHVH�EOREV�ZHUH�REVHUYHG�WR�VKHG�ODUJH�GURSOHWV�RI�RLO�SHULRGLFDOO\��WKH�RLO�
ZRXOG�WKHQ�ULVH�WR�UHMRLQ�WKH�VXUIDFH�OD\HU��
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)LJXUH������0L[WXUH�RI�WKH�IUHVK��OHIW��DQG�:���ULJKW��IUDFWLRQV�RI�$:%�DQG����J�/�GLDWRPDFHRXV�HDUWK�
VHGLPHQW�DIWHU����KRXUV�RI�VHWWOLQJ��1RWH�FRPSDFW�RLO�VHGLPHQW�OD\HU�RQ�ERWWRP�DQG�RLO�OD\HU�RQ�WRS��
3KRWR��%�3��+ROOHERQH��(QYLURQPHQW�&DQDGD�

)LJXUH������0L[WXUH�RI�WKH�IUHVK��OHIW��DQG�:���ULJKW��IUDFWLRQV�RI�&/%�DQG����J�/�VDQG�VHGLPHQW�DIWHU����
KRXUV�RI�VHWWOLQJ��3KRWR��%�3��+ROOHERQH��(QYLURQPHQW�&DQDGD�
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:KLOH�VLQJOH�H[DPSOHV�RI�DOO�PL[LQJ�H[SHULPHQWV�DUH�VKRZQ�LQ�)LJXUHV�����WKURXJK������
VXEVWDQWLDOO\� VLPLODU� UHVXOWV� ZHUH� IRXQG� IRU� ERWK� GLOXWHG� ELWXPHQ� VDPSOHV�� ���� GLVSHUVDO� DQG�
VLQNLQJ� RI� ILQHO\� GLYLGHG� SDUWLFOHV�ZKHQ�PL[HG�ZLWK� WKH� NDROLQ� IRU� WKH� IUHVK� WR�:�� �DQG�:��
3KR[��VDPSOHV������WDUEDOO�IRUPDWLRQ�ZKHQ�PL[HG�ZLWK�NDROLQ�IRU�WKH�KLJKO\�ZHDWKHUHG�:���DQG�
:��� VDPSOHV�� ���� GLVSHUVDO� DQG� VLQNLQJ� RI� ILQHO\� GLYLGHG� SDUWLFOHV�� ZLWK� VRPH� RLO�VDOWZDWHU�
PL[WXUHV�RQ�WKH�WRS�RI�WKH�FROXPQ�IRU�WKH�'(�WULDOV��DQG�����YHU\�OLWWOH�PL[LQJ�ZLWK�VLOLFD�VDQG��
ZLWK�WKH�PDMRULW\�RI�WKH�RLO�IRUPLQJ�RLO�VDOWZDWHU�PL[WXUHV�RQ�WKH�VXUIDFH�RI�WKH�FROXPQ��ZLWK�D�
IHZ� ODUJH� VDQG�HQFUXVWHG� ODUJHU�EOREV� WKDW� VDQN��7ULDOV�RI� ,)2�����PL[HG�ZLWK� VDOWZDWHU� DORQH�
DQG�ZLWK� WKH� WKUHH� VHGLPHQW� W\SHV� VKRZHG�RYHU�DOO� EHKDYLRXU� IRU� WKLV� IXHO� WR� EH� VLPLODU� WR� WKH�
PRGHUDWHO\�ZHDWKHUHG�$:%�DQG�&/%�:��IUDFWLRQV��

4.4 Comparisons with Literature and Historical Spills 

7KH� UHVXOWV� RI� WKH� SUHVHQW� VWXG\��ZKHQ� FRPSDUHG� WR� WKH� ILQGLQJV� RI� 6/�5RVV� �6/5RVV��
�������DJUHH�ZLWK�PDQ\�RI�WKH�6/�5RVV�UHVXOWV�IRU�RLO�VDOWZDWHU�PL[LQJ��:DWHU�XSWDNH�IRU�IUHVK�
RLO�ZDV�REVHUYHG�WR�EH�KLJKHU�IRU�WKH�IUHVK�&/%������Z�Z��LQ�WKH�SUHVHQW�ZRUN�WKDQ�LQ�WKH�6/�
5RVV�IOXPH������DQG������Y�Y��LQ�WKH�WZR�WULDOV��EXW�WKDW�PD\�EH�H[SODLQDEOH�E\�WKH�PXFK�ORZHU�
PL[LQJ�HQHUJ\�DYDLODEOH�LQ�WKH�6/�5RVV�IOXPH��

8QGHUVWDQGLQJ�WKH�GLIIHUHQFHV�LQ�ZHDWKHULQJ�PHWKRGV��URWDU\�HYDSRUDWLRQ�IRU�WKH�SUHVHQW�
ZRUN�� RSHQ� H[SRVXUH�RQ�ZDWHU�ZLWK�ZLQG� IRU� WKH�6/�5RVV� VWXGLHV�� LW�ZRXOG� VHHP� WKDW� WKH�:��
IUDFWLRQ�UHVXOWV� LQ�WKH�SUHVHQW�ZRUN�DUH�OLNHO\�WKH�PRVW�VLPLODU� WR� WKH�HQG�VWDWHV� LQ�WKH�6/�5RVV�
H[SHULPHQWV��2Q�WKLV�EDVLV��WKH�:��VDOWZDWHU�PL[WXUHV�IRU�&/%�ZHUH�IRXQG�WR�EH�����ZDWHU�DQG�
����IRU�WKH�:��3KR[�VDOWZDWHU�PL[WXUHV��ZKLOH�6/�5RVV�IRXQG�WKDW�ZDWHU�FRQWHQWV�IHOO�WR�����
IRU�WKH�WULDO�ZLWK�QR�89�H[SRVXUH�DQG�����ZLWK�89�H[SRVXUH�DIWHU�WKHLU�WHVWV�ZHUH�FRQFOXGHG�LQ�
���� DQG� ���� KRXUV�� UHVSHFWLYHO\�� $JDLQ�� WKH� GLIIHUHQW� PL[LQJ� HQHUJLHV� DYDLODEOH� EHWZHHQ� WKH�
WXPEOLQJ�IODVNV�XVHG�LQ�WKH�SUHVHQW�VWXG\�DQG�WKH�RYHUIORZ�ZHLU�XVHG�LQ�WKH�6/�5RVV�IOXPH�PD\�
EH� WKH� EHVW� H[SODQDWLRQ� RI� WKHVH� GLIIHUHQFHV�� 2QH� VLJQLILFDQW� ILQGLQJ� IURP� ERWK� VWXGLHV� LV� WKH�
XQFHUWDLQW\�LQ�WKH�HIIHFW�RI�SKRWR�R[LGDWLRQ�RQ�ZDWHU�XSWDNH�GXULQJ�PL[LQJ��LQ�WKH�SUHVHQW�ZRUN�
IRU�WKH�$:%�DQG�&/%�SKRWR�R[LGDWLRQ�UHVXOWV��VLPLODU�ZDWHU�XSWDNH�IRU�$:%��PRUH�IRU�&/%��
DQG�DJDLQ�EHWZHHQ�WKH�&/%�UHVXOWV�IRXQG�E\�6/�5RVV��ORZHU�ZDWHU�XSWDNH�ZLWK�89�H[SRVXUH���

7KH� UHVXOWV�RI� WKH�SUHVHQW�ZRUN� DOVR�PDWFK�TXDOLWDWLYHO\�ZLWK� REVHUYDWLRQV�PDGH� DW� WKH�
%XUQDE\� ����� VSLOO� RI�$OELDQ�+HDY\�6\QWKHWLF� �76%�� ������� ,Q� WKDW� VSLOO�� RLO� IORZHG� RXW� RI� D�
VHZDJH�GLVFKDUJH� LQWR�%XUUDUG� ,QOHW� LQ� FRQGLWLRQV�RI� FOHDU�ZHDWKHU� DQG�PRGHUDWH�ZLQG��1R�RLO�
ZDV�UHSRUWHG�RU�IRXQG�WR�KDYH�VXQN��EDVHG�RQ�VHGLPHQW�DQG�ZDWHU�TXDOLW\�PRQLWRULQJ�IROORZLQJ�
WKH�VSLOO� �6WDQWHF�&RQVXOWLQJ�/WG�������E���*LYHQ� WKH�VSHHG�RI� WKH�FOHDQ�XS�RSHUDWLRQV��DQG� WKH�
FDOP�FRQGLWLRQV�WKDW�SUHYDLOHG��LW�LV�XQOLNHO\�WKDW�DQ\�RLO�ZDWHU�PL[WXUHV�RU�RLO�VHGLPHQW�PL[WXUHV�
ZRXOG�KDYH�EHHQ�OLNHO\�WR�IRUP��$V�VKRZQ�LQ�)LJXUH������XQGHU�WKHVH�FRQGLWLRQV��WKH�RLO�ZRXOG�EH�
H[SHFWHG�WR�IORDW��DV�REVHUYHG��HYHQ�LI�H[WHQVLYHO\�HYDSRUDWHG��
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'XULQJ� WKH�.DODPD]RR� VSLOO�RI������� WKH�(3$�GRFXPHQWV� WKH� VSLOO�RI� D�PL[WXUH� RI� WZR�
W\SHV�RI�GLOELW��$:%�DQG�&DQDGD�:HVWHUQ�6HOHFW��(3$��������LQWR�D�WULEXWDU\�RI�WKH�.DODPD]RR�
5LYHU�� IORZLQJ�TXLFNO\� LQWR� WKH� ULYHU� LWVHOI��7KH�RLO�ZDV�FDUULHG����PLOHV�GRZQVWUHDP�GXULQJ�D�
IORRG��:KLOH�PXFK�RI�WKH�RLO�ZDV�UHPRYHG�IURP�VXUIDFH�ZDWHU�DQG�WKH�VKRUHOLQHV�IROORZLQJ�WKH�
VSLOO��DQ�HVWLPDWHG�����WR�����RI�WKH�RLO�PL[HG�ZLWK�VHGLPHQW�LQ�WKH�WXUEXOHQW�IORRG�ZDWHU�DQG�
VDQN� WR� WKH� ERWWRP� RI� WKH� ULYHU� �(3$�� ������� (SLIOXRUHVFHQFH� PLFURJUDSKV� RI� WKH� VXQNHQ� RLO�
SDUWLFOHV� �/HH�HW�DO���������� LQGLFDWHG�VPDOO�RLO�GURSOHWV�HQFUXVWHG�ZLWK�VHGLPHQW��4XDOLWDWLYHO\��
WKH� RLO�VHGLPHQW� DJJORPHUDWLRQV� LQ� WKH�.DODPD]RR�5LYHU� �/HH� HW� DO��� ������ DSSHDU� WR� EH� YHU\�
VLPLODU�WR�WKH�VWUXFWXUHV�REVHUYHG�LQ�WKH�NDROLQ�DQG�GLDWRPDFHRXV�HDUWK�WHVWV�LQ�WKH�SUHVHQW�ZRUN��
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5.0 Wave Tank Studies: The Fate and Behaviour of Selected Diluted 
Bitumen Products in Natural Sea States and Environmental Conditions 

5.1 Introduction 

7KH� REMHFWLYH� RI� WKLV� SKDVH� RI� WKH� UHVHDUFK� LQLWLDWLYH� ZDV� WR� HYDOXDWH� WKH� QDWXUDO�
DWWHQXDWLRQ� DQG� WKH� DSSOLFDWLRQ� RI� D� FRQYHQWLRQDO� RLO� VSLOO� WUHDWLQJ� DJHQW� DQG�PLQHUDO� ILQHV� WR�
GHWHUPLQH�KRZ�WKH\�LQIOXHQFH�WKH�EHKDYLRXU��IDWH�DQG�WUDQVSRUW�RI�GLOXWHG�ELWXPHQ��GLOELW��VSLOOHG�
DW�VHD��7ZR�V\QWKHWLFDOO\�ZHDWKHUHG�GLOELW�SURGXFWV��$:%�DQG�&/%�ZHUH�WUHDWHG�ZLWK�D�FKHPLFDO�
GLVSHUVDQW��VHGLPHQW��H�J���PLQHUDO�ILQHV��DQG�D�FRPELQDWLRQ�RI�WKH�WZR�DQG�FRPSDUHG�WR�QDWXUDO�
DWWHQXDWLRQ� �QR� WUHDWPHQW��� LQ� OLPLWHG� K\GURG\QDPLF� DQG� HQYLURQPHQWDO� FRQGLWLRQV�� $OO�
H[SHULPHQWV�ZHUH�FRQGXFWHG�LQ�VHDZDWHU�DW�DYHUDJH�WHPSHUDWXUHV�RI�����������&���

5.2 Materials and Methods 

5.2.1 Wave Tank Studies 

7KH�ZDYH�WDQN�IDFLOLW\�ZKHUH�WKH�ZRUN�ZDV�XQGHUWDNHQ�LV�ORFDWHG�DW�WKH�%HGIRUG�,QVWLWXWH�
RI�2FHDQRJUDSK\��%,2��LQ�'DUWPRXWK��1RYD�6FRWLD��7DQN�GLPHQVLRQV�DUH���P�KLJK������P�ZLGH�
DQG����P�ORQJ��)XUWKHU�GHWDLOV�RQ�WKH�ZDYH�WDQN�FDQ�EH�IRXQG�LQ�/L�HW�DO����������7KH�ZDYH�WDQN�
LV�FDSDEOH�RI�SURGXFLQJ�EUHDNLQJ�DQG�QRQ�EUHDNLQJ�ZDYHV��$V�SUHYLRXVO\�UHSRUWHG�IRU�EUHDNLQJ�
ZDYHV�� WKH�HQHUJ\�GLVVLSDWLRQ�UDWH�GHFUHDVHG�IURP� ������î��� �ZDWWV�NJ�D�IHZ�FHQWLPHWUHV�EHORZ�
WKH� VXUIDFH� WR� ������ î� �� � ZDWWV�NJ� ��� FP� GHHS� LQWR� WKH� ZDWHU� FROXPQ�� 1RQ�EUHDNLQJ� ZDYHV�
SURGXFHG� DQ� HQHUJ\�GLVVLSDWLRQ� UDWH� RI� ������î� �� �ZDWWV�NJ� ��� FP�GHHS� LQWR� WKH�ZDWHU� FROXPQ�
�:LFNOH\�2OVHQ�HW�DO����������&DOLEUDWLRQ�RI�ZDYH�HQHUJLHV� LV�DQ�RQJRLQJ�H[HUFLVH��DV�QHZ�DQG�
LPSURYHG�WHFKQRORJLHV�DVVRFLDWHG�ZLWK�K\GURG\QDPLFV�DUH�FRQWLQXRXVO\�LQWURGXFHG�WR�WKH�ZDYH�
WDQN� IDFLOLW\�� 7KH�ZDYH� HQHUJ\� GLVVLSDWLRQ� UDWHV� UHSRUWHG� DUH� VLPLODU� WR� WKRVH�PHDVXUHG� LQ� WKH�
ILHOG� E\� 7HUUD\� HW� DO��� ����� DQG� 'UHQQDQ� HW� DO��� ������ )RXU� ZDWHU� VDPSOLQJ� GHYLFHV� ZHUH�
GHSOR\HG��RQH�DW���P�XSVWUHDP�IURP�WKH�RLO�UHOHDVH�SRLQW�DQG�WKH�RWKHU�WKUHH�DW���P�����P�DQG����
P�GRZQVWUHDP�IURP�WKH�RLO�UHOHDVH�SRLQW��(DFK�RI�WKH�IRXU�VDPSOHUV�FROOHFWHG�ZDWHU��a����P/��DW�
WKUHH� GHSWKV� ���� ��� DQG� ���� FP�� IURP� WKH� WDQN� DW� YDULRXV� WLPH� SRLQWV� ���� ���� ���� ��� DQG� ���
PLQXWHV���,Q�DGGLWLRQ��VXUIDFH�DQG�HIIOXHQW�VDPSOHV�ZHUH�FROOHFWHG��6DPSOHV��W ���ZHUH�WDNHQ�DW�
ORFDWLRQ�³'´�����P�GRZQVWUHDP��GXULQJ�HDFK�H[SHULPHQWDO�UXQ��7KH�IDFWRULDO�GHVLJQ�LQ�7DEOH�����
ZDV�FRQGXFWHG�LQ�UDQGRP�RUGHU�WR�UHGXFH�FRQIRXQGLQJ�HIIHFWV�IURP�ZLQG��UDLQ��VHDZDWHU�VDOLQLW\�
DQG� WHPSHUDWXUH��7KH�VHOHFWHG�RLO� VSLOO� WUHDWLQJ�DJHQW�KDV�EHHQ�VXFFHVVIXOO\�XVHG� LQ� WKH�SDVW� WR�
WUHDW�FRQYHQWLRQDO�FUXGH�RLOV�XQGHU�YDULRXV�FRQGLWLRQV��/L�HW�DO���������/L�HW�DO�������D	E��/L�HW�
DO�����������

5.2.2 Oil, Dispersant and Mineral Fines Application 

)RU�HDFK�H[SHULPHQWDO�UXQ��RLO�ZDV�UHOHDVHG�IURP�D����FP�L�G��FRQWDLQPHQW�ULQJ��IROORZLQJ�
WKH� SURFHGXUH� XVHG� LQ�/L� HW� DO��� ������'LVSHUVDQW� DSSOLHG� E\� SUHVVXUL]HG� VSUD\HU� WR� SURGXFH� D�
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XQLIRUP�GLVWULEXWLRQ�RI�GLVSHUVDQW�RQWR�WKH�VXUIDFH�RI�WKH�RLO�VOLFN�DW�D�GLVSHUVDQW�WR�RLO�UDWLR�RI�
a������/L�HW�DO���������/L�HW�DO�������D	E��/L�HW�DO����������

0LQHUDO� ILQHV� �NDROLQ�� VHH�GHVFULSWLRQ� LQ�&KDSWHU����ZHUH�SUHSDUHG�DV� D� VHDZDWHU� VOXUU\�
������Z�Y���7KH�VOXUU\�ZDV�DSSOLHG�E\�D�KDQG�RSHUDWHG�VSUD\HU��7KLV�SURYLGHG�HYHQ�GLVWULEXWLRQ�
RI�ILQHV�RYHU� WKH�RLO�VXUIDFH�DQG�JHQWOH�DSSOLFDWLRQ�SUHYHQWLQJ�PLQLPDO�GLVUXSWLRQ�RI�RLO�RQ� WKH�
VXUIDFH�� $V� DQ� DGGLWLRQDO� WUHDWPHQW� RSWLRQ�� PLQHUDO� ILQHV� ZHUH� XVHG� LQ� FRPELQDWLRQ� ZLWK�
GLVSHUVDQW�DSSOLFDWLRQ���

5.2.3 Wave Tank In-situ Measuring Devices 

7ZR�SDUWLFOH�VL]H�FRXQWHUV��/,667����;��6HTXRLD�6FLHQWLILF��,QF���ZHUH�HPSOR\HG�GXULQJ�
WKH�H[SHULPHQWV��DW�����P�DQG����P�GRZQVWUHDP�RI�WKH�RLO�UHOHDVH�SRLQW�DQG�DW�D�GHSWK�RI����FP��
3DUWLFOH�VL]H�GLVWULEXWLRQV�ZHUH�UHFRUGHG�HYHU\���WR���VHFRQGV�IRU���KRXU�SHU�H[SHULPHQW��/L�HW�DO���
������/L�HW�DO�������D��/L�HW�DO����������)OXRURPHWHUV��7XUQHU�&\FORSV�&���ZHUH�DWWDFKHG�LQ�VLWX�
LQ� WKH� VDPH� ORFDWLRQV� DV� WKH�/,667�SDUWLFOH� VL]H� DQDO\]HUV� WR�PRQLWRU� FKDQJHV� LQ� IOXRUHVFHQFH�
SURGXFHG�IURP�GLVSHUVHG�RLO�GURSOHWV�HQWHULQJ�WKH�ZDWHU�FROXPQ���

5.2.4 Lab Analysis of Seawater Samples 

6XEVDPSOHV�����P/��RI�FROOHFWHG�ZDWHU�VDPSOHV�ZHUH�XVHG�WR�PHDVXUH�VXUIDFH�WHQVLRQ�LQ�
D� WHPSHUDWXUH�FRQWUROOHG� HQYLURQPHQW� ������ �� ����&�� IROORZLQJ� WKH� :LOKHOP\� SODWH� PHWKRG�
�'UHOLFK� HW� DO��� �������$�+\GUR�%LRV� VXUIDFH� VDPSOHU�ZDV�GHSOR\HG� WR� FROOHFW� VXUIDFH� VDPSOHV�
IURP�WKH�WRS�WR�D�GHSWK�RI����FP��VHD�VXUIDFH�PLFUROD\HU���'HWDLOV�RQ�WKH�GHVLJQ�RI�WKH�VDPSOHU�DUH�
IRXQG�LQ�*XLWDUW�HW�DO��� ��������DQG�WKH�VDPSOHU� LV�FRPPHUFLDOO\�DYDLODEOH�WKURXJK�WKH�VXSSOLHU��
+\GUR�%LRV�� :DWHU� VDPSOHV� �VXUIDFH� DQG� VXEVXUIDFH�� ZHUH� H[WUDFWHG� DQG� DQDO\]HG� IRU� WRWDO�
SHWUROHXP� K\GURFDUERQV� �73+�� XVLQJ� D� JDV� FKURPDWRJUDSK� HTXLSSHG� ZLWK� IODPH� LRQL]DWLRQ�
GHWHFWLRQ�DFFRUGLQJ�WR�WKH�PHWKRG�RI�&ROH�HW�DO����������

([WUDFWV�RI�VHDZDWHU�VXUIDFH�VDPSOHV�ZHUH�HYDOXDWHG�IRU�6$5$�FRPSRXQG�JURXSV�XVLQJ�
WKLQ�OD\HU� FKURPDWRJUDSK\� FRXSOHG� ZLWK� IODPH� LRQL]DWLRQ� GHWHFWLRQ� �0DNL� DQG� 6DVNL�� �������
6RPH�RI�WKHVH�H[WUDFWV�ZHUH�IXUWKHU�SURFHVVHG�WR�PHDVXUH�3$+V�DQG�WKHLU�DON\ODWHG�KRPRORJXHV�
XVLQJ�D�JDV�FKURPDWRJUDSK�LQWHUIDFHG�WR�D�PDVV�VSHFWURPHWHU��(3$�PHWKRG������&���
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5.3 Results and Discussion�

5.3.1 Synthetically Weathered Dilbit Products 

(YDSRUDWLRQ�LV�H[SHFWHG�WR�SOD\�DQ�LPSRUWDQW�UROH�LQ�RLO�ZHDWKHULQJ�LQ�WKH�LQLWLDO�VWDJHV�RI�
D�VSLOO��/LJKW�RLOV� ORVH�XS� WR�����RI� WKHLU� LQLWLDO�YROXPH��PHGLXP�RLOV� ORVH�����RI� WKHLU� LQLWLDO�
YROXPH��DQG�KHDY\�RU�UHVLGXDO�RLOV�ZLOO�ORVH�a���RI�WKHLU�YROXPH�LQ�WKH�ILUVW�IHZ�GD\V�RI�DQ�RLO�
VSLOO� �)LQJDV�� �������6\QWKHWLF�ZHDWKHULQJ� RI� WKH� WZR� RLO� SURGXFWV� SULRU� WR� WHVWLQJ� LQ� WKH�%,2�
ZDYH�WDQN�IDFLOLW\�UHVXOWHG�LQ�ORVVHV�RI�!���RI�WKHLU�PDVV��ZHDWKHULQJ�SURFHVV�FLWHG�LQ�&KDSWHU�
����ZKLFK��EDVHG�RQ�)LQJDV��PD\�UHSUHVHQW�D�FRXSOH� WR�D� IHZ�GD\V�RI�ZHDWKHULQJ� LQ� WKH�QDWXUDO�
HQYLURQPHQW�� D� SHULRG� RI� WLPH� WKDW� PLJKW� EH� H[SHFWHG� EHIRUH� VSLOO� UHVSRQVH� PHDVXUHV� FDQ� EH�
LQLWLDWHG� LQ� VRPH� LQFLGHQWV�� 6\QWKHWLFDOO\� ZHDWKHULQJ� RLOV� UHPRYHV� YRODWLOHV�� WKXV� UHGXFLQJ�
H[SHULPHQWDO�YDULDQFH�GXH�WR�HYDSRUDWLRQ��/L�HW�DO����������

5.3.2 Wave Tank Experiments 

,QLWLDO�ZDYH�WDQN�VWXGLHV�RI�GLOELW�GLVSHUVLRQ�ZHUH�FDUULHG�RXW�LQ�D�VHDZDWHU�HQYLURQPHQW�
�����������&��WKDW�UHSUHVHQWV�VXUIDFH�ZDWHU�WHPSHUDWXUHV�UHSRUWHG�GXULQJ�VSULQJWLPH�LQ�'RXJODV�
&KDQQHO� �6WURQDFK�HW�DO����������$V�RXWOLQHG� LQ�7DEOH������VDOLQLW\�UDQJHG�IURP���� WR����SDUWV�
SHU�WKRXVDQG��SSW���6DOLQLWLHV�LQ�'RXJODV�&KDQQHO�YDU\�IURP�OHVV�WKDQ����WR����SSW�GHSHQGLQJ�RQ�
ORFDWLRQ� DQG� VHDZDWHU� GHSWK� �$6/�(QYLURQPHQWDO� 6FLHQFHV�� ������� 7KH� KXPLGLW\� YDOXHV�ZHUH�
LQFOXGHG�� ZKLFK� SURYLGH� DQ� LQGLFDWLRQ� RI� SUHFLSLWDWLRQ� VXFK� DV� UDLQIDOO�� 7KH� LQWURGXFWLRQ� RI�
IUHVKZDWHU� FDQ� EH� D� FRQIRXQGLQJ� IDFWRU� RI� RLO� GLVSHUVLRQ� HIIHFWLYHQHVV�� ,Q� WKHVH� OLPLWHG�
HQYLURQPHQWDO�FRQGLWLRQV��PRVW�RI�WKH�ZDYH�WDQN�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�EUHDNLQJ�ZDYHV�
ZLWK�FXUUHQW�IORZ��

$�OLPLWHG�QXPEHU�RI�WUHDWPHQWV�LQFOXGLQJ�QDWXUDO�DWWHQXDWLRQ�DQG�WKH�DGGLWLRQ�RI�PLQHUDO�
ILQHV�DQG�GLVSHUVDQW�WR�WKH�ZHDWKHUHG�SURGXFWV�ZHUH�DVVHVVHG�LQ�QRQ�EUHDNLQJ�ZDYHV�ZLWK�FXUUHQW�
IORZ��7KHVH�ZHUH�FRQGXFWHG�WR�LOOXVWUDWH�WKDW��DV�D�PLQLPXP��EUHDNLQJ�ZDYH�HQHUJ\�LV�UHTXLUHG�WR�
PD[LPL]H� WKH� HIIHFWLYHQHVV� RI� RLO� VSLOO� WUHDWPHQWV�� 2WKHU� RLO� UHFRYHU\� PHWKRGV� VXFK� DV�
PHFKDQLFDO� VNLPPHUV� DQG� ERRPV� DUH� PRUH� HIIHFWLYH� GXULQJ� FDOP� VHD� VWDWHV�� )LJXUH� ���� LV� D�
FROODJH�RI�SKRWRV�IURP�ZDYH�WDQN�VWXGLHV�LOOXVWUDWLQJ�WKH�EHKDYLRXU�RI�GLOELW�LQ�WKH�SUHVHQFH�DQG�
DEVHQFH�RI�FKHPLFDO�GLVSHUVDQW�LQ�QRQ�EUHDNLQJ�DQG�EUHDNLQJ�ZDYHV��
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7DEOH������:DYH�WDQN�H[SHULPHQWDO�FRQGLWLRQV��(DFK�JURXSLQJ�UHSUHVHQWV�UHSOLFDWH�UXQV�RI�WKH�VDPH�
FRQGLWLRQV��$:%� �$FFHVV�:HVWHUQ�%OHQG��&/%� �&ROG�/DNH�%OHQG���
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)LJXUH������$�FROODJH�RI�SKRWRV��$��:DYH�WDQN�IDFLOLW\��%��1RQ�EUHDNLQJ�ZDYHV��&��%UHDNLQJ�ZDYHV��'��'LOELW�
DV�D�QRQ�GLVSHUVHG�VOLFN�LQ�QRQ�EUHDNLQJ�ZDYH��QR�GLVSHUVDQW���(��'LOELW�FRDOHVFHQFH�DQG�VXUIDFH�VOLFN�
IRUPDWLRQ�LQ�EUHDNLQJ�ZDYHV��QR�GLVSHUVDQW����)��'LOELW�DV�D�QRQ�GLVSHUVHG�RLO�VOLFN�LQ�QRQ�EUHDNLQJ�ZDYHV�
�ZLWK�GLVSHUVDQW���DQG�*��&KHPLFDOO\�GLVSHUVHG�GLOELW�LQ�WKH�VXEVXUIDFH�ZDWHU�FROXPQ�LQ�EUHDNLQJ�ZDYHV��
3KRWR��7�/��.LQJ��'HSDUWPHQW�RI�)LVKHULHV�DQG�2FHDQV��
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5.3.3 Surface Water Profiling 

,Q�EUHDNLQJ�ZDYHV�� WKH�GLOELW� SURGXFWV�ZLWK�QR�RLO� VSLOO� WUHDWPHQWV�ZHUH�GULYHQ� LQWR� WKH�
VXEVXUIDFH�ZDWHU�FROXPQ��KRZHYHU� WKH�SURGXFWV� UHVXUIDFHG�DV� ODUJH�RLO�GURSOHWV� �H�J���!����P��
DQG� FRDOHVFHG� DW� WKH� VXUIDFH�� IRUPLQJ� DQ� RLO� VOLFN�� )RU� WKH� WHVWV� RI� WKH� WZR� GLOELW� SURGXFWV��
LQFOXGLQJ�WKH�DSSOLFDWLRQ�RI�FKHPLFDO�GLVSHUVDQW�DQG�PLQHUDO�ILQHV��0)V���RLO�FRQFHQWUDWLRQV�ZHUH�
KLJKHVW�LQ�VXUIDFH�VDPSOHV�GXULQJ�WKH�LQLWLDO�VWDJHV�RI� WHVWLQJ�DV�SUHVHQWHG�LQ�)LJXUH������7KHVH�
FRQFHQWUDWLRQV� GHFUHDVHG� RYHU� WLPH� DV� RLO� HLWKHU� DGKHUHG� WR� WKH� WDQN� ZDOOV� RU� ZDV� GLVFKDUJHG�
WKURXJK�WKH�HIIOXHQW�SRUWV��:DWHU�LQ�RLO�HPXOVLRQV�ZHUH�YLVLEOH�RQ�WKH�VHDZDWHU�VXUIDFH��EXW�XQGHU�
WKHVH� H[SHULPHQWDO� FRQGLWLRQV� WKH\�ZHUH� XQVWDEOH� VLQFH� WKH�ZDWHU� VHSDUDWHG� IURP� WKH� RLO� RYHU�
WLPH��7KH�DSSOLFDWLRQ�RI�GLVSHUVDQW�DQG�0)V�UHGXFHG�WKH�DPRXQW�RI�RLO�GHWHFWHG�RQ�WKH�VHDZDWHU�
VXUIDFH�� DQG�� LQ� SDUWLFXODU�� FKHPLFDO� GLVSHUVDQW� DSSOLFDWLRQ� DORQH� ZDV�PRUH� HIIHFWLYH� WKDQ� WKH�
RWKHU�WUHDWPHQWV��

)LJXUH������+\GURFDUERQ�FRQFHQWUDWLRQV��*&�),'��LQ�VXUIDFH�VDPSOHV�FROOHFWHG�GXULQJ�WKH�WUHDWPHQW�RI�&/%�
XQGHU�EUHDNLQJ�ZDYHV�LQ�WKH�ZDYH�WDQN��

6XUIDFH�VDPSOHV�FROOHFWHG�DW����PLQXWHV�ZHUH�HYDOXDWHG� IRU�6$5$�FRPSRVLWLRQ��8QGHU�
QDWXUDO�FRQGLWLRQV��WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�GLOELW�SURGXFWV�DOWHUHG�VLJQLILFDQWO\�SULRU�WR�
UHOHDVH�GXH�WR�ZHDWKHULQJ��7KH�DURPDWLFV�VHSDUDWH�IURP�WKH�&/%�ZLWK�QR�WUHDWPHQW��KRZHYHU��WKH�
DSSOLFDWLRQ�RI�GLVSHUVDQW� DQG�0)V�DSSHDUV� WR� LPSHGH� WKLV�SURFHVV� �)LJXUH�������6LPLODU� UHVXOWV�
ZHUH�IRXQG�IRU�$:%��KRZHYHU��QRW�WR�WKH�VDPH�GHJUHH�E\�WKH�DSSOLFDWLRQ�RI�WKH�VSLOO�WUHDWPHQWV��
,QLWLDOO\��VLJQLILFDQW�TXDQWLWLHV�RI�DURPDWLFV�ZHUH�GHWHFWHG��LPSO\LQJ�WKDW�FKDQJHV�LQ�WKH�FKHPLFDO�
FRPSRVLWLRQ� RI� WKH� SURGXFWV� DUH� WKH� UHVXOW� RI� QDWXUDO� SURFHVVHV� VXFK� DV� HYDSRUDWLRQ� DQG�
GLVVROXWLRQ�� )LJXUH� ���� LOOXVWUDWHV� WKDW� IRU� $:%�� WKH� �+$3گ �VXPPHG� SDUHQWDO� DQG� DON\ODWHG��
FRQFHQWUDWLRQV� DUH� WKH� KLJKHVW�ZLWKLQ� WKH� ILUVW� ���PLQXWHV� RI�ZDYH� WDQN� H[SHULPHQWV� DQG� QHDU�
WKHLU�ORZHVW�DW�D�WLPH�SRLQW�RI����PLQXWHV�IRU�DOO�RLO�VSLOO�WUHDWPHQWV��)RU�&/%��WKHUH�DUH�QRWDEO\�
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KLJKHU3گ�$+�FRQFHQWUDWLRQV�DW����PLQXWHV�ZKHQ�LW�LV�WUHDWHG�ZLWK�GLVSHUVDQW�DQG�RU�0)V��)LJXUH�
������ $V� WKH� ORZ� PROHFXODU� ZHLJKW� DURPDWLFV� VHSDUDWH� IURP� WKH� GLOELW� SURGXFWV�� WKH� SURGXFWV�
EHFRPH�PRUH�GHQVH�DQG�YLVFRXV��VLQFH�WKH\�FRQWDLQ�D�JUHDWHU�SHUFHQWDJH�RI� WKH�KLJK�PROHFXODU�
ZHLJKW�UHVLQV�DQG�DVSKDOWHQHV���

'XULQJ�ZDYH�WDQN�VWXGLHV�LQ�QRQ�EUHDNLQJ�ZDYHV��RLO�UHPDLQHG�RQ�WKH�VHDZDWHU�VXUIDFH�DV�
D� QRQ�GLVSHUVHG� VOLFN� DQG� ZDV� FDUULHG� GRZQVWUHDP� ZKHUH� LW� FRDWHG� SDUWV� RI� WKH� WDQN� DW� WKH�
VHDZDWHU�VXUIDFH��(YHQ�XQGHU� WKHVH� ORZ�HQHUJ\�ZDYH�FRQGLWLRQV��³WDUEDOOV´�DQG�³WDUPDWV´�ZHUH�
YLVLEOH�RQ�WKH�VHDZDWHU�VXUIDFH��EXW�WR�D�OHVVHU�H[WHQW�FRPSDUHG�WR�EUHDNLQJ�ZDYH�FRQGLWLRQV���

)LJXUH������6DWXUDWHV��DURPDWLFV��UHVLQV�DQG�DVSKDOWHQHV�LQ�H[WUDFWV�RI�VXUIDFH�VDPSOHV�FROOHFWHG�DW�D�WLPH�
SRLQW�RI����PLQXWHV�GXULQJ�ZDYH�WDQN�VWXGLHV�RI�&/%��
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)LJXUH3گ������$+�FRQFHQWUDWLRQV�LQ�VXUIDFH�VDPSOHV�FROOHFWHG�GXULQJ�YDULRXV�RLO�VSLOO�WUHDWPHQWV�RI�$:%� 

)LJXUH3گ������$+�FRQFHQWUDWLRQV�LQ�VXUIDFH�VDPSOHV�FROOHFWHG�GXULQJ�YDULRXV�RLO�VSLOO�WUHDWPHQWV�RI�&/%��
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5.3.4 Subsurface Water Column and Dispersant Effectiveness 

5.3.4.1 In-situ Fluorescence  

:LWKRXW� FKHPLFDO� GLVSHUVLRQ�� QHLWKHU� W\SH� RI� GLOELW� SURGXFW�ZDV� GHWHFWHG� E\� WKH� LQ�VLWX�
IOXRURPHWHU��+RZHYHU��WKH�DGGLWLRQ�RI�FKHPLFDO�GLVSHUVDQW�UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�IOXRUHVFHQFH�
IRU�ERWK�SURGXFWV��DOWKRXJK�IOXRUHVFHQFH�ZDV�VLJQLILFDQWO\�KLJKHU�IRU�&/%�FRPSDUHG�ZLWK�$:%��
7KH�GLIIHUHQFH�VXJJHVWV�D�JUHDWHU�DEXQGDQFH�RI�ORZ��WR�PLG�ZHLJKW�DURPDWLF�FRPSRXQGV�LQ�&/%�
WKDQ�FRPSDUHG�ZLWK�$:%��7KH�ZHDN�IOXRUHVFHQFH�LQ�WKH�GHWHFWLRQ�RI�WKH�ORZ�PROHFXODU�ZHLJKW�
DURPDWLFV� DVVRFLDWHG� ZLWK� $:%� LV� DWWULEXWHG� WR� D� ORZHU� GHJUHH� RI� GLVSHUVLRQ� RI� WKH� RLO�� ,Q�
UHIHUHQFH�WR�&KDSWHU����FKDUDFWHUL]DWLRQ�RI�WKH�WZR�GLOELW�SURGXFWV�UHYHDOHG�DURPDWLFV�FRQWDLQLQJ�
��� WR���ULQJ�VWUXFWXUHV��&DXWLRQ�VKRXOG�EH�H[HUFLVHG�ZKHQ�XVLQJ� LQ�VLWX� IOXRURPHWU\� WR�PRQLWRU�
XQFRQYHQWLRQDO�RLOV� VXFK�DV�GLOXWHG�ELWXPHQ� LQ� WKH�ZDWHU�FROXPQ��7KH�H[FLWDWLRQ�DQG�HPLVVLRQ�
ZDYHOHQJWKV�RI�WKH�7XUQHU�UHILQHG�IXHOV�RSWLFV�DUH�WDUJHWHG�WRZDUGV�WKH�GHWHFWLRQ�RI�OLJKWHU�RLOV�
�L�H���VKRUWHU�ZDYHOHQJWKV���)XUWKHU�VWXG\�QHHGV�WR�EH�FRQGXFWHG�WR�GHWHUPLQH�WKH�RSWLPDO��ORQJHU��
ZDYHOHQJWKV�IRU�WKH�GLOELW�SURGXFWV��,Q�DGGLWLRQ��WKH�LQIOXHQFH�RI�GURSOHW�VL]H�RQ�WKH�IOXRUHVFHQFH�
VKRXOG� DOVR� EH� FRQVLGHUHG�� )OXRURPHWHUV� W\SLFDOO\� UHVSRQG� WR� FKDQJHV� LQ� FRQFHQWUDWLRQV� RI�
FRPSRXQGV� LQ� WKH� GLVVROYHG� SKDVH�� 6LQFH� GLOELW� GLVSHUVHV� LQWR� YLVLEO\� ODUJHU� GURSOHWV� WKDQ�
W\SLFDOO\�REVHUYHG�ZLWK�FRQYHQWLRQDO�RLOV��DQ\�SRWHQWLDO�ELDV�DV�D�UHVXOW�RI�WKHVH�ODUJHU�GURSOHWV�RQ�
WKH�PHDVXUHG�IOXRUHVFHQFH�VKRXOG�EH�UHVROYHG��

5.3.4.2 In-situ LISST 

,Q�SUHYLRXV�ZDYH�WDQN�VWXGLHV��FRQYHQWLRQDO�RLO�SURGXFWV�GLVSHUVHG�LQWR�WKH�ZDWHU�FROXPQ�
E\�EUHDNLQJ�ZDYHV�LQ�WKH�SUHVHQFH�RI�GLVSHUVDQW�UHVXOWHG�LQ�RLO�GURSOHW�VL]HV�LQ�WKH�UDQJH�RI�����WR�
��� �P� ZLWK� D� ELPRGDO� GURSOHW� VL]H� GLVWULEXWLRQ� �/L� HW� DO��� ������� 7KHVH� RLO� GURSOHWV� UHPDLQ�
GLVSHUVHG�DQG�GR�QRW�FRDOHVFH��+RZHYHU��RLO�GURSOHWV�SURGXFHG�E\�EUHDNLQJ�ZDYHV�LQ�WKH�DEVHQFH�
RI�GLVSHUVDQW�DUH�W\SLFDOO\�ODUJHU�WKDQ�����P��KDYH�D�XQLPRGDO�GLVWULEXWLRQ��DQG�WHQG�WR�DVFHQG�
DQG�FRDOHVFH�DW�WKH�VXUIDFH���

)RU�DOO�WUHDWPHQWV�RI�WKH�GLOELW�SURGXFWV�LQ�QRQ�EUHDNLQJ�ZDYHV��WKH�PHDVXUHG�SDUWLFOH�VL]H�
GLVWULEXWLRQV�SURYLGHG�QR�HYLGHQFH�RI�HQKDQFHG�GLVSHUVLRQ�RI�WKH�SURGXFWV��7KH�RLO�VLPSO\�GLG�QRW�
GLVSHUVH��QR�RLO�GURSOHWV�ZHUH�GHWHFWHG�LQ�WKH�VXEVXUIDFH�ZDWHU�FROXPQ��

)LJXUH� ���� VKRZV� WKH� FXPXODWLYH� SDUWLFOH� VL]H� GLVWULEXWLRQV� ORFDWHG� QHDU� WKH� RLO� UHOHDVH�
SRLQW� IRU� WKH� $:%� RYHU� IRXU� WUHDWPHQWV� DSSOLHG� LQ� EUHDNLQJ� ZDYHV�� :LWKRXW� GLVSHUVDQW�� RLO�
GURSOHWV�ZHUH�YHU\�ODUJH��ZLWK�DQ�DYHUDJH�YROXPH�PHDQ�GLDPHWHU��90'��RI������P��DQG�JUHDWHU�
WKDQ�����RI�WRWDO�YROXPH�RI�DOO�GURSOHWV�ZHUH�ODUJHU�WKDQ������P��'XULQJ�WKH�H[SHULPHQWV��ODUJH�
GURSOHWV�FRXOG�EH�VHHQ�LQ�WKH�ZDWHU�FROXPQ��0XFK�RI�WKH�RLO�HLWKHU�UHVXUIDFHG�RU�UHPDLQHG�RQ�WKH�
ZDWHU�VXUIDFH��7KH�/,667����;�LV�RQO\�FDSDEOH�RI�GHWHFWLQJ�SDUWLFOHV�LQ�WKH�VL]H�UDQJH�RI�����WR�
�����P���
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7KH� DGGLWLRQ� RI� &RUH[LW� ����� WR� $:%� VLJQLILFDQWO\� DOWHUHG� WKH� RLO� GURSOHW� VL]H�
GLVWULEXWLRQ��ORZHULQJ�WKH�DYHUDJHG�90'�WR������P��7KH�SDUWLFOH�VL]H�GLVWULEXWLRQ��36'��SURILOH�
DOVR�FKDQJHG�FRPSDUHG�ZLWK�WKH�QDWXUDO�DWWHQXDWLRQ�H[SHULPHQWV��ZLWK�����RI�WKH�WRWDO�YROXPH�
RI�DOO�GURSOHWV�������P�DQG�RQO\�����RI�WRWDO�SDUWLFOH�YROXPH�!������P��,Q�DGGLWLRQ��QRW�RQO\�
ZHUH� WKH� GURSOHWV� VPDOOHU� ZLWK� WKH� FKHPLFDO� GLVSHUVDQW� WUHDWPHQW�� EXW� WKHUH� ZHUH� PRUH� WRWDO�

��SDUWLFOHV� LQ� WKH� ZDWHU� FROXPQ� ZLWK� D� PHDQ� WRWDO� SDUWLFOH� FRQFHQWUDWLRQ� �73&�� RI� ����� �/ā/ �
��FRPSDUHG�WR�D�PHDQ�73&�RI������/ā/ �IRU�WKH�QDWXUDO�DWWHQXDWLRQ�WUHDWPHQWV��

&KHPLFDOO\� GLVSHUVHG�&/%� RLO� GURSOHWV� UHVXOWHG� LQ� D�90'� RI� ����� �P�ZKHUHDV� XQGHU�
QDWXUDO�DWWHQXDWLRQ��WKH�90'�ZDV��������P��)LJXUH�������7KHUH�ZDV�DOVR�D�VKLIW� LQ�FXPXODWLYH�
SDUWLFOH�VL]H�GLVWULEXWLRQV�RI�&/%��ZLWK�WKH�FKHPLFDOO\�GLVSHUVHG�WUHDWPHQWV�KDYLQJ�DOPRVW�����
RI�WKH�WRWDO�SDUWLFOH�YROXPH�FRQVLVWLQJ�RI�GURSOHWV�������P�DQG�OHVV�WKDQ����!������P��:LWKRXW�
WKH�DGGLWLRQ�RI�FKHPLFDO�GLVSHUVDQWV��PRUH�WKDQ�����RI�WKH�WRWDO�SDUWLFOH�YROXPH�ZDV�!������P��
&RPSDUHG� WR� WKH�$:%�� WKH� ORZHU�YLVFRVLW\�&/%�ZDV�PRUH� HIIHFWLYHO\�GLVSHUVHG�ZLWK�&RUH[LW�
������ZKHUH� WKHUH� LV�QRWDEO\�D�KLJKHU�73&�DQG�VPDOOHU�RLO�GURSOHWV� �)LJXUH�������7KHVH�UHVXOWV�
ZHUH�DXWKHQWLFDWHG�E\�KLJKHU�K\GURFDUERQ�FRQFHQWUDWLRQV�LQ�WKH�VXEVXUIDFH�ZDWHU�FROXPQ�DQG�WKH�
G\QDPLF�GLVSHUVDQW�HIIHFWLYHQHVV�GDWD�GHVFULEHG�VXEVHTXHQWO\��

&XPXODWLYH�SDUWLFOH�VL]H�GLVWULEXWLRQV����P�GRZQVWUHDP�RI�WKH�RLO�UHOHDVH�FDQ�EH�IRXQG�LQ�
)LJXUH������)RU� WKH�FKHPLFDOO\�GLVSHUVHG� WUHDWPHQW�RI�$:%�� OHVV� WKDQ����RI� WKH� WRWDO�SDUWLFOH�
YROXPH�ZDV�!������P��,Q�FRPSDULVRQ�ZLWK�WKH�&/%��YHU\�OLWWOH�GLIIHUHQFH�ZDV�REVHUYHG�LQ�WKH�
SDUWLFOH�VL]H�GLVWULEXWLRQV�DV�WKH�GLVSHUVHG�RLO�SOXPH�WUDQVSRUWHG�GRZQVWUHDP��+RZHYHU��IRU�ERWK�
GLOELW�SURGXFWV��WKH�WRWDO�FRQFHQWUDWLRQ�RI�RLO�GURSOHWV�LQ�WKH�ZDWHU�FROXPQ�GHFUHDVHG��OLNHO\�GXH�
WR�GLOXWLRQ�RI�WKH�SOXPH�DV�LW�WUDYHOOHG�KRUL]RQWDOO\��2Q�DYHUDJH��WKH�WUDYHO�WLPH�RI�WKH�SOXPH�RYHU�
WKH� ���P�GLVWDQFH�ZDV� OHVV� WKDQ� ���PLQXWHV�� VR� GLVVROXWLRQ� DQG� FRDOHVFHQFH�ZRXOG� KDYH� EHHQ�
PLQLPDO��DQG�KHQFH�PLQLPDO�FKDQJHV�LQ�SDUWLFOH�VL]H�GLVWULEXWLRQV�ZHUH�REVHUYHG��

7KH� HIIHFW� RI� WKH� DGGLWLRQ�RI�0)�ERWK�ZLWK� DQG�ZLWKRXW� GLVSHUVDQW� RQ� WKH� SDUWLFOH� VL]H�
GLVWULEXWLRQV�FDQ�EH�VHHQ�LQ�WKH�ORZHU�SDQHOV�RI�)LJXUHV�����IRU�GRZQVWUHDP�/,667����)RU�PRVW�
RI� WKH� WUHDWPHQWV�� WKH� DGGLWLRQ�RI�0)V� UHVXOWHG� LQ� DQ� LQFUHDVH� LQ� WKH�90'�FRPSDUHG�ZLWK� WKH�
HTXLYDOHQW� GLVSHUVDQW�RQO\� WUHDWPHQW� LQ� WKH� WRS� SDQHOV�� $� GHFUHDVH� LQ� 90'�ZKHQ�0)V� ZHUH�
DGGHG�VXJJHVWV� WKDW� WKH�0)V�DGKHUHG�WR� WKH�RLO�RQ� WKH�ZDWHU�VXUIDFH�DQG�WKXV�GLG�QRW�HQWHU� WKH�
VXEVXUIDFH�ZDWHU�FROXPQ��+RZHYHU��WKHVH�GDWD�VKRXOG�EH�YLHZHG�ZLWK�FDXWLRQ��VLQFH�WKH�/,667�
FDQQRW�GLVFULPLQDWH�EHWZHHQ�RLO�GURSOHWV��0)�SDUWLFOHV�DQG�RLO�PLQHUDO�DJJUHJDWHV� LQ� WKH�ZDWHU�
FROXPQ��

7KH�/,667�JHQHUDWHG�XQDQWLFLSDWHG�SDUWLFOH�VL]H�GLVWULEXWLRQV�IRU�&/%�DQG�$:%�WKDW��DUH�
VLPLODU�LQ�VKDSH�WR�D�XQLPRGDO�GLVWULEXWLRQ��ZLWK�RLO�GURSOHW�90'V�RI�a����P�IRU�&/%��DQG�a����
�P�IRU�$:%��ZKHQ�GLOELW�SURGXFWV�ZHUH�WUHDWHG�ZLWK�FKHPLFDO�GLVSHUVDQW�XQGHU�EUHDNLQJ�ZDYHV�
�)LJXUH�������7KH�GLVSHUVHG�RLO�GURSOHW�VL]H�SDWWHUQV�ZHUH�GLVVLPLODU�WR�FRQYHQWLRQDO�FUXGHV��%\�
FRPSDULVRQ�� KHDY\� FRQYHQWLRQDO� RLO� VXFK� DV� ,)2� ���� WUHDWHG� ZLWK� FKHPLFDO� GLVSHUVDQW� XQGHU�
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VLPLODU�FRQGLWLRQV�KDYH�W\SLFDOO\�SURGXFHG�GLVSHUVHG�RLO�GURSOHW�VL]HV�ZLWK�90'�RI�����P�ZLWK�
RLO�GURSOHW� VL]H�GLVWULEXWLRQ�SDWWHUQV� VLPLODU� WR�XQZHDWKHUHG�PHGLXP�FUXGHV�� H�J���0(6$�RLO�� D�
6RXWK�$PHULFDQ�FUXGH��/L�HW�DO����������7KH�GURSOHW�VL]H�GLVWULEXWLRQV�SDWWHUQV�IRU�FRQYHQWLRQDO�
FUXGHV�DUH�W\SLFDOO\�ELPRGDO�VKDSH��

)LJXUH������&XPXODWLYH�SDUWLFOH�VL]H�GLVWULEXWLRQV�IRU�$:%��WRS��DQG�&/%��ERWWRP��REWDLQHG�IURP�/,667���
�����P�IURP�RLO�UHOHDVH���(DFK�SORW�LV�DQ�DYHUDJH�RI�WULSOLFDWH�H[SHULPHQWV�XVLQJ�WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�
GDWD� REWDLQHG� DW� WKH� WLPH� SRLQW� RI� PD[LPXP� WRWDO� SDUWLFOH� FRQFHQWUDWLRQ� ZLWKLQ� WKH� ILUVW� ��� PLQ� RI� WKH�
H[SHULPHQW��;�D[LV�KDV�EHHQ�ORJ�WUDQVIRUPHG���
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)LJXUH������&XPXODWLYH�SDUWLFOH�VL]H�GLVWULEXWLRQV�IRU�&/%�IURP�/,667�������P�IURP�RLO�UHOHDVH���(DFK�SORW�LV�
DQ�DYHUDJH�RI�WULSOLFDWH�H[SHULPHQWV�XVLQJ�WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�GDWD�REWDLQHG�DW�WKH�WLPH�SRLQW�RI�
PD[LPXP�WRWDO�SDUWLFOH�FRQFHQWUDWLRQ�ZLWKLQ�WKH�ILUVW����PLQ�RI�WKH�H[SHULPHQW��;�D[LV�KDV�EHHQ�ORJ�
WUDQVIRUPHG���

5.3.4.3 Hydrocarbon Analyses 

'XULQJ� WKH� ZDYH� WDQN� H[SHULPHQWV�� VDPSOHV� DW� YDULRXV� ORFDWLRQV� DQG� GHSWKV� ZHUH�
DQDO\]HG�RYHU�WLPH�IRU�K\GURFDUERQ�FRQFHQWUDWLRQV��,Q�G\QDPLF�VHD�FRQGLWLRQV��WKH�PHDQ�RI�WKUHH�
UHSOLFDWHV�IRU�WKUHH�GHSWKV����P�GRZQVWUHDP�RI�RLO�UHOHDVH�DQG�WKH�HIIOXHQW�ZHUH�SORWWHG�DJDLQVW�
WLPH�IRU�HDFK�RI�WKH�IRXU�WUHDWPHQWV�DSSOLHG�WR�WKH�GLOELW�SURGXFWV�VKRZQ�LQ�)LJXUH�������
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)LJXUH������+\GURFDUERQ�FRQFHQWUDWLRQV�LQ�EUHDNLQJ�ZDYH�FRQGLWLRQV�DW�WKUHH�GHSWKV�DQG�WKH�HIIOXHQW�IRU��$��
&/%��%��&/%�ZLWK�GLVSHUVDQW��&��&/%�ZLWK�PLQHUDO�ILQHV��DQG�'��&/%�ZLWK�D�FRPELQDWLRQ�RI�GLVSHUVDQW�DQG�
PLQHUDO�ILQHV��
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7KH�DSSOLFDWLRQ�RI�FKHPLFDO�GLVSHUVDQW�HQKDQFHG�WKH�GLVSHUVLRQ�RI�ERWK�SURGXFWV��ZKHUH�
K\GURFDUERQ�FRQFHQWUDWLRQV�ZHUH�KLJKHVW��a�î��DW�DOO�GHSWKV�DQG�LQ�WKH�RLO�SXUJHG�IURP�WKH�WDQN��
'LVSHUVHG�RLO�GURSOHWV�DUH�LQIOXHQFHG�E\�FXUUHQW�IORZ��DQG�RYHU�WLPH�WKH\�DUH�HIIHFWLYHO\�GLOXWHG�
E\� FOHDQ� ZDWHU� HQWHULQJ� WKH� WDQN�� 2I� WKH� WZR� SURGXFWV�� FKHPLFDO� GLVSHUVDQW� KDG� D� JUHDWHU�
LQIOXHQFH� RQ� &/%�� GLVSHUVLQJ� PRUH� RI� WKH� SURGXFW� LQWR� WKH� VXEVXUIDFH� ZDWHU� FROXPQ�� $V�
GHVFULEHG� SUHYLRXVO\�� WKH� LQ�VLWX� /,667� GDWD� DOVR� LQGLFDWHG� WKDW� &/%� ZDV� PRUH� HIIHFWLYHO\�
GLVSHUVHG�FRPSDUHG�ZLWK�$:%��VXSSRUWLQJ�WKHVH�ILQGLQJV��

0)V�DGGHG�DV�D� VXUIDFH�DFWLYH�DJHQW� WR�HQKDQFH�RLO�GLVSHUVLRQ�SURYHG� WR�EH� LQHIIHFWLYH�
EDVHG�RQ�WKH�OLPLWHG�DSSOLFDWLRQ��$�KLJKHU�FRQFHQWUDWLRQ�RI�0)V�PD\�EH�PRUH�HIIHFWLYH��%DVHG�
RQ�REVHUYDWLRQV�GXULQJ�ZDYH�WDQN�VWXGLHV��WKH�DSSOLFDWLRQ�RI�0)V�DSSHDUHG�WR�SURPRWH�LQFUHDVHG�
RLO�FRQJHDOLQJ��DQG�WKH�SURGXFWV�DSSHDUHG�WR�KDYH�D�JUHDWHU�WHQGHQF\�WR�VWLFN�WR�WKH�VLGHV�RI�WKH�
WDQN��+RZHYHU��WKHLU�XVH�SURYLGHV�VRPH�LQVLJKW�RQ�KRZ�WKH\�LQWHUDFW�ZLWK�GLOELW�SURGXFWV�DQG�DLGV�
LPSURYLQJ� WKH� ZDYH� WDQN� SURWRFROV�� VR� WKDW� WKH� QDWXUDO� LQWHUDFWLRQ� RI� GLOELW� SURGXFWV� ZLWK�
VHGLPHQWV�LQGLJHQRXV�WR�'RXJODV�&KDQQHO�FDQ�EH�VWXGLHG��

,Q� QRQ�EUHDNLQJ� ZDYHV�� WKH� RLO� ZDV� WUDQVSRUWHG� DV� D� QRQ�GLVSHUVHG� VXUIDFH� VOLFN�
GRZQVWUHDP� ZLWKLQ� PLQXWHV� ZKHUH� LW� FRDWHG� WKH� WDQN� ZDOOV� DQG� ZDYH� DEVRUEHUV�� 2LO�
FRQFHQWUDWLRQV�LQ�WKH�VXEVXUIDFH�ZDWHU�FROXPQ�ZHUH�FRQVLVWHQWO\�OHVV�WKDQ�WKH�GHWHFWLRQ�OLPLW�RI�
���PJ�/��$SSOLFDWLRQ� RI� FKHPLFDO� GLVSHUVDQW�ZDV� VLPLODUO\� LQHIIHFWLYH� DW� GLVSHUVLQJ� WKH� GLOELW�
SURGXFWV��0)V�ZHUH�QRW�DSSOLHG�XQGHU�QRQ�EUHDNLQJ�ZDYHV���

5.3.4.4 Surface Tension 

6XUIDFH� WHQVLRQ� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� RQ� DOO� FROOHFWHG� VHDZDWHU� VDPSOHV� WR�
DVVHVV�WKH�GLVSHUVLRQ�RI�FRQYHQWLRQDO�RLO�LQ�WKH�VXEVXUIDFH�ZDWHU�FROXPQ��.LQJ�HW�DO����������,Q�
QRQ�EUHDNLQJ�ZDYHV��QR�FKDQJHV�ZHUH�H[SHFWHG�WR�EH�REVHUYHG�LQ�VHDZDWHU�VXUIDFH�WHQVLRQ��VLQFH�
WKH�GLVSHUVLRQ�RI�RLO�ZDV�H[SHFWHG�WR�EH�XQVDWLVIDFWRU\���

,Q�EUHDNLQJ�ZDYH�FRQGLWLRQV��WKH�PHDQ�VXUIDFH�WHQVLRQ�PHDVXUHPHQWV�IURP�WKUHH�GHSWKV�
DW�VDPSOLQJ�ORFDWLRQ�³'´�����P�GRZQVWUHDP�RI�RLO�UHOHDVH��ZHUH�SORWWHG�DJDLQVW�WLPH�IRU�HDFK�RI�
WKH�IRXU�WUHDWPHQWV�DSSOLHG�WR�WKH�ZHDWKHUHG�GLOELW�SURGXFWV�SUHVHQWHG�LQ�)LJXUH������6LJQLILFDQW�
UHGXFWLRQV� LQ� VHDZDWHU� VXUIDFH� WHQVLRQ�ZHUH� REVHUYHG�� LQGLFDWLQJ�PRUH� HIIHFWLYH� GLVSHUVLRQ� RI�
GLOELW�SURGXFWV�ZKHQ�FKHPLFDO�GLVSHUVDQW�LV�DSSOLHG�FRPSDUHG�ZLWK�QDWXUDO�GLVSHUVLRQ�RU�DGGLWLRQ�
RI� PLQHUDO� ILQHV�� 6HDZDWHU� VXUIDFH� WHQVLRQ� GHFUHDVHG� RYHU� WLPH� DV� FKHPLFDOO\�GLVSHUVHG� RLO�
GURSOHWV�PRYHG� WKURXJK� WKH�ZDWHU�FROXPQ��6XUIDFH� WHQVLRQV�HYHQWXDOO\� UHWXUQHG� WR�EDFNJURXQG�
OHYHOV� DW� WKH� HQG�RI� WKH� H[SHULPHQW�� EHFDXVH�GLVSHUVHG�RLO� GURSOHWV�ZHUH� LQIOXHQFHG�E\� FXUUHQW�
IORZ�DQG�ZHUH�HLWKHU�GLOXWHG�RU�SXUJHG�IURP�WKH�WDQN���
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)LJXUH������,QWHUIDFLDO�WHQVLRQ��DYHUDJH�RI�DOO�GHSWKV��IRU�PHVRFRVP�WHVWLQJ�RI�&/%�XQGHU�YDULRXV�WUHDWPHQW�
FRQGLWLRQV��

5.3.4.5 Dynamic Dispersant Effectiveness 

7R�HYDOXDWH�GLVSHUVDQW�HIIHFWLYHQHVV��WKH�IUDFWLRQ�RI�RLO�HQWUDLQHG�LQ�WKH�ZDWHU�FROXPQ�RI�
WKH� ZDYH� WDQN� KDG� WR� EH� GHWHUPLQHG�� $� ODUJH� QXPEHU� RI� GLVFUHWH� VDPSOHV� ZHUH� FROOHFWHG�� DV�
LQGLFDWHG�SUHYLRXVO\�LQ�VHFWLRQ��������WR�GLUHFWO\�PHDVXUH�WKH�RLO�GLVSHUVHG�LQ�WKH�ZDWHU�FROXPQ��
:LWK� WKH� ZDYH� WDQN� LQ� IORZ�WKURXJK� RSHUDWLRQ�� DVVHVVPHQWV� RI� GLVSHUVDQW� HIIHFWLYHQHVV� DOVR�
LQFOXGHG� WKH� FRQFHQWUDWLRQ� RI� RLO� LQ� WKH� HIIOXHQW� SXUJHG� IURP� WKH� WDQN�� '\QDPLF� GLVSHUVDQW�
HIIHFWLYHQHVV��''(��FDQ�EH�XVHG�WR�HYDOXDWH�WKH�IDWH�DQG�WUDQVSRUW�RI�VSLOOHG�GLOELW��LQFOXGLQJ�WKH�
DSSOLFDWLRQ�RI�RLO�VSLOO�WUHDWLQJ�DJHQWV�XQGHU�QDWXUDO�VHD�VWDWHV�DQG�HQYLURQPHQWDO�FRQGLWLRQV��/L�
HW� DO��� ������� 6LQFH� GLVSHUVLRQ� RI� GLOELW� SURGXFWV�ZDV� LQHIIHFWLYH� LQ� QRQ�EUHDNLQJ�ZDYHV��''(�
ZDV�DSSOLHG�RQO\�WR�WUHDWPHQWV�RI�VSLOOHG�GLOELW�SURGXFWV�LQ�EUHDNLQJ�ZDYHV��''(�FDQ� WKHUHIRUH�
SURYLGH�LQIRUPDWLRQ�RQ�WKH�EHVW�UHVSRQVH�RSWLRQV�HQFRXQWHUHG�LQ�DFWXDO�VSLOOV�EDVHG�RQ�FRQGLWLRQV�
VLPXODWHG�LQ�WKH�ZDYH�WDQN��

''(� �HTXDWLRQ� ��� RYHU� WKH� GXUDWLRQ� RI� DQ� HQWLUH� H[SHULPHQW� FDQ� EH� HYDOXDWHG� E\�
FRPSXWLQJ� WKH� IUDFWLRQ� RI� GLVSHUVHG� RLO� SXUJHG� IURP� WKH� ZDYH� WDQN� ��3RLO�� DQG� WKH� UHVLGXDO�
GLVSHUVHG�RLO�LQ�WKH�ZDWHU�FROXPQ���'ZF��DW�WKH�HQG�RI�HDFK�H[SHULPHQW���

�''(  �3RLO ��'ZF ����

)XUWKHU� GHWDLOV� RQ� ''(� FDOFXODWLRQ� FDQ� EH� IRXQG� LQ� /L� HW� DO��� ������ 2LO� ZDV� DSSOLHG�
TXDQWLWDWLYHO\�� WKHUHIRUH�� WKH�GLVWULEXWLRQ�RI� WKH�HQWLUH�DPRXQW�RI�RLO� UHOHDVHG�FDQ�EH�HVWLPDWHG��
7KH�DVVXPSWLRQ�KHUH� LV� WKDW� WRWDO�RLO� UHOHDVHG��7RLO�������� LV� WKH�VXPPDWLRQ�RI��''(�DQG� WKH�
SHUFHQWDJH�RI�RLO�RQ�WKH�ZDWHU�VXUIDFH�RU�VWXFN�WR�WKH�ZDOOV�RI�WKH�WDQN���6RLO���7KH�RQO\�XQNQRZQ�
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)LJXUH�������'\QDPLF�GLVSHUVLRQ�HIIHFWLYHQHVV� �Q ��� IRU�$:%�DQG�&/%� LQ�EUHDNLQJ�ZDYH�FRQGLWLRQV�XVLQJ�
YDULRXV�WUHDWPHQW�RSWLRQV��3RLO� �RLO�SXUJHG�IURP�WKH�ZDYH�WDQN��'ZF� �GLVSHUVHG�RLO�LQ�WKH�ZDWHU�FROXPQ��6RLO� �
RLO�UHPDLQLQJ�RQ�WKH�ZDWHU�VXUIDFH�RU�DGKHUHG�WR�ZDOOV�RI�WKH�WDQN���

LV��6RLO��HTXDWLRQ�����ZKLFK�FDQ�EH�FDOFXODWHG�DV�IROORZV��

�6RLO  7RLO ��''( ����

7KH�DYHUDJHG�K\GURFDUERQ�YDOXHV�IRU�DOO�GHSWKV�DW�HDFK�VDPSOLQJ�ORFDWLRQ��$��%��&�DQG�
'��ZHUH�XVHG�WR�JHQHUDWH��''(�YDOXHV��7KH�DYHUDJH�YDOXHV�RI� WULSOLFDWH�WULDOV�IRU��6RLO���3RLO�
DQG� �'ZF� IRU� DOO� WUHDWPHQWV� ZHUH� SORWWHG� IRU� HDFK� GLOELW� SURGXFW� �)LJXUH� ������� $QDO\VLV� RI�
9DULDQFH� �$129$� HYDOXDWLQJ� RLO� GLVSHUVLRQ��0LFURVRIW� ([FHO� ������ LOOXVWUDWHV� WKH� HIIHFWV� RI�
GLVSHUVDQW��0)V�DQG�WKH�FRPELQDWLRQ�RI�0)V�DQG�GLVSHUVDQW�RQ�WKH�IDWH�DQG�WUDQVSRUW�RI�&/%�DQG�
$:%�LQ�EUHDNLQJ�ZDYH�FRQGLWLRQV��$�S�YDOXH�������SURYLGHV�D�����FRQILGHQFH� WKDW� WKH�PHDQ�
YDOXHV� DUH� VWDWLVWLFDOO\� GLIIHUHQW�� (YDOXDWLRQ� RI� RLO� VSLOO� WUHDWPHQW� DJHQWV� LOOXVWUDWHG� WKDW� ERWK�
GLVSHUVDQW� DQG�0)V�GLVSHUVDQW� LQIOXHQFHG� &/%� GLVSHUVLRQ� �S�YDOXHV� ����� IRU� ���� FRQILGHQFH�
LQWHUYDO��� ZKHUH� GLVSHUVDQW� RQO\� KDG� DQ� HIIHFW� RQ� $:%� �S�YDOXH� ����� IRU� D� ���� FRQILGHQFH�
LQWHUYDO�� GLVSHUVLRQ� FRPSDUHG� ZLWK� WKH� RWKHU� VSLOO� WUHDWLQJ� RSWLRQV� XQGHU� VLPLODU� FRQGLWLRQV�
�7DEOHV�����DQG�������$W�VHDZDWHU�WHPSHUDWXUHV�RI�����������&��WKH�HVWLPDWHG��''(�IRU�&RUH[LW�
�����DSSOLHG�WR�&/%�DQG�$:%�ZDV�����DQG������UHVSHFWLYHO\��+RZHYHU��D�JUHDWHU�SHUFHQWDJH�
RI�UHOHDVHG�RLO�UHPDLQHG�DV�D�QRQ�GLVSHUVHG�RLO�VOLFN�RQ�WKH�VHDZDWHU�VXUIDFH��7KH�GDWD�JHQHUDWHG�
UHSUHVHQWV� WKH� WHVWLQJ� RI� WZR� GLOELW� SURGXFWV� XQGHU� D� OLPLWHG� UDQJH� RI� K\GURG\QDPLF� DQG�
HQYLURQPHQWDO�FRQGLWLRQV��

���� ����� ����� ����� ����� ������

$:%

$:%�GLVS�

$:%�0)

$:%�GLVS�0)
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&/%�0)

&/%�GLVS�0)

��3RLO����'ZF����6RLO�
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7DEOH������$QDO\VLV�RI�YDULDQFH�FRPSDULQJ�WKH�HIIHFWV�RI�GLVSHUVDQW��PLQHUDO�ILQHV�DQG�PLQHUDO�
ILQHV�GLVSHUVDQW�WR�WKH�QDWXUDO�GLVSHUVLRQ�RI�&/%�XQGHU�EUHDNLQJ�ZDYHV��

7UHDWPHQW� Q� 66� GI� 06� )� S�YDOXH� )�FULW� &ULWHULD�
'LVSHUVDQW� �� ����� �� ����� ���� ����� ���� $FFHSW��S�����
0)� �� ��� �� ��� ���� ����� ���� 5HMHFW��S!����
0)�'LVSHUVDQW� �� ����� �� ����� ���� ����� ���� $FFHSW��S�����

7DEOH������$QDO\VLV�RI�YDULDQFH�FRPSDULQJ�WKH�HIIHFWV�RI�GLVSHUVDQW��PLQHUDO�ILQHV�DQG�PLQHUDO�
ILQHV�GLVSHUVDQW�WR�WKH�QDWXUDO�GLVSHUVLRQ�RI�$:%�XQGHU�EUHDNLQJ�ZDYHV��

7UHDWPHQW� Q� 66� GI� 06� )� S�YDOXH� )�FULW� &ULWHULD�
'LVSHUVDQW� �� ���� �� ���� ���� ����� ���� S�����
0)� �� ���� �� ���� ����� ����� ���� 5HMHFW��S!����
0)�'LVSHUVDQW� �� ��� �� ��� ����� ����� ���� 5HMHFW��S!����
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6.0� Conclusions 

$� UHYLHZ� RI� WKH� VFLHQWLILF� OLWHUDWXUH� UHYHDOHG� NQRZOHGJH� JDSV� RQ� WKH� SK\VLFDO� DQG�
FKHPLFDO� SURSHUWLHV� RI� GLOELW� DQG� V\QELW� SURGXFWV�� WKHLU� IDWH�� EHKDYLRXU� DQG� WUDQVSRUW� LQ� WKH�
PDULQH�HQYLURQPHQW��DQG�WKH�DSSOLFDWLRQ�RI�RLO�VSLOO�UHVSRQVH�WHFKQRORJLHV�WR�HQKDQFH�WKH�QDWXUDO�
DWWHQXDWLRQ�RI�WKH�SURGXFWV��

7ZR� GLOXWHG� ELWXPHQ� SURGXFWV�� ZKLFK� DUH� UHSUHVHQWDWLYH� RI� KLJK�YROXPH� FRPPHUFLDO�
SLSHOLQH� WUDIILF� LQ� &DQDGD�� $:%� DQG� &/%�� ZHUH� HYDOXDWHG� XVLQJ� D� YDULHW\� RI� FKHPLFDO� DQG�
SK\VLFDO� WHVWV��7KH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV� IRU� XQDOWHUHG� DQG� V\QWKHWLFDOO\�ZHDWKHUHG�
GLOELW�SURGXFWV�DUH�SUHVHQWHG��$V�VHHQ�LQ�&KDSWHU����WKH�PHDVXUHG�SURSHUWLHV�RI�WKH�V\QWKHWLFDOO\�
ZHDWKHUHG� SURGXFWV� LQGLFDWH� WKDW� HYDSRUDWLRQ� DORQH� LV� OLNHO\� QRW� VXIILFLHQW� WR� FDXVH� VLQNLQJ� RI�
HLWKHU�SURGXFW�LQ�PDULQH�HQYLURQPHQWV��HYHQ�DW�WHPSHUDWXUHV�DSSURDFKLQJ�IUHH]LQJ��0L[LQJ�RI�WKH�
SURGXFWV�ZLWK� VHDZDWHU� OHG� WR�ZDWHU�XSWDNH� WKDW� LQFUHDVHG� WKH�GHQVLW\�RI� WKH� UHVXOWLQJ�PL[WXUH��
KRZHYHU��WKH�PL[WXUHV�UHPDLQHG�EXR\DQW�LQ�DOO�FDVHV��

7KH� ODERUDWRU\� VWXGLHV� GHVFULEHG� LQ� &KDSWHU� �� DQG� �� SURYLGH� HVVHQWLDO� LQIRUPDWLRQ� RQ�
GLOELW� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV�� SURGXFW� ZHDWKHULQJ�� DQG� IDWH� DQG� EHKDYLRXU� XQGHU�
YDULRXV� FRQWUROOHG� FRQGLWLRQV� RQ� D� VPDOO� VFDOH�� 7KHVH� VPDOO�VFDOH� ODE� VWXGLHV� SURYLGH� D� TXLFN��
LQLWLDO� DVVHVVPHQW� RI� IDFWRUV� WKDW� DIIHFW� RLO� EHKDYLRXU� DQG� IDWH�� 7KH� LQIRUPDWLRQ� IRUPV� WKH�
IRXQGDWLRQ� WR� IXUWKHU� LQYHVWLJDWH� WKH� EHKDYLRXU� DQG� IDWH� RI� RLO� SURGXFWV� LQ� VHD� VWDWHV� DQG�
HQYLURQPHQWDO�FRQGLWLRQV�WKDW�FDQ�EH�VLPXODWHG�LQ�D�ZDYH�WDQN�IDFLOLW\����

$V�GLVFXVVHG� LQ�&KDSWHU� ��� WKH�EXR\DQF\�EHKDYLRXU� RI� WKH�$:%�DQG�&/%�SURGXFWV� LQ�
PDULQH� FRQGLWLRQV� GHSHQGV� PRVW� VWURQJO\� RQ� WKH� SUHVHQFH� RI� PHGLXP�WR�ILQH� VHGLPHQW� LQ� WKH�
ZDWHU�FROXPQ��(YDSRUDWLYH�ZHDWKHULQJ�DORQH�DQG�HYDSRUDWLYH�DQG�SKRWR�R[LGDWLYH�ZHDWKHULQJ�LQ�
FRPELQDWLRQ�DOO�UHVXOWHG�LQ�SURGXFWV�WKDW�ZHUH�EXR\DQW�LQ�PDULQH�FRQGLWLRQV��0L[LQJ�ZLWK�ZDWHU�
JHQHUDOO\�LQFUHDVHG�WKH�GHQVLW\�RI�WKH�SURGXFWV��EXW�DOO�RLOV�WHVWHG�UHPDLQHG�EXR\DQW�LQ�VHDZDWHU�
HYHQ�ZKHQ�VDWXUDWHG�ZLWK�ZDWHU��:KHQ�PL[HG�ZLWK�ILQH��DQG�PRGHUDWH�VL]HG�VHGLPHQWV��KRZHYHU��
WKH� IUHVK� WR� PRGHUDWHO\� ZHDWKHUHG� GLOXWHG� ELWXPHQ� SURGXFWV� VDQN� LQ� VDOWZDWHU�� ,QWHUHVWLQJO\��
ZKHQ�PL[HG�ZLWK�WKH�VDPH�ILQH�VHGLPHQWV�DW�KLJK�GHJUHHV�RI�HYDSRUDWLYH�ZHDWKHULQJ��WKH�PRUH�
YLVFRXV�RLO�GLG�QRW�PL[�DV�ZHOO�ZLWK�HLWKHU�ILQH�RU�PHGLXP�VHGLPHQW��DQG�GLVFUHWH�IORDWLQJ�WDUEDOOV�
EHJDQ�WR�IRUP��7KH�ZRUN�LOOXVWUDWHV�WKH�ILUVW�REVHUYDWLRQ�RI�WKH�LQLWLDO�VWDJHV�RI�WDUEDOO�IRUPDWLRQ�
IRU� KLJKO\� HYDSRUDWHG� GLOELW��:KHQ�PL[HG�ZLWK� FRDUVH� VHGLPHQW�� WKH� ORZHU�YLVFRVLW\� IUHVK� DQG�
PRGHUDWHO\�ZHDWKHUHG� IUDFWLRQV�RI�ERWK�GLOELW�SURGXFWV�GLG�QRW� UHDGLO\� WDNH�XS� VLOLFD� VDQG�� DQG�
LQVWHDG�IRUPHG�PRVWO\�IORDWLQJ�HQWUDLQHG�ZDWHU�LQ�RLO�VWDWHV��VLPLODU�WR�WKRVH�IRUPHG�E\�VHDZDWHU�
RLO�PL[WXUHV�ZLWK� QR� VHGLPHQW� SUHVHQW��+RZHYHU�� VRPH� ODUJH� VDQG�HQFUXVWHG�EOREV�RI� RLO�ZHUH�
REVHUYHG�WR�VLQN�LQ�WKH�VDQG�PL[LQJ�WHVWV��

7KLV�ZRUN�GHPRQVWUDWHV�WKDW��LQ�ZDWHUV�ZKHUH�ILQH��WR�PRGHUDWH�VL]HG�VHGLPHQW�LV�SUHVHQW��
WKHVH�RLOV�DUH�DW�ULVN�WR�VLQN��ZKHQ�WKHUH�LV�D�KLJK�GHJUHH�RI�PL[LQJ�HQHUJ\�DYDLODEOH��+RZHYHU��
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WKH�HIIHFWV�RI�GLIIHUHQW�PL[LQJ�UHJLPHV��LQFOXGLQJ�FXUUHQW�IORZ��RQ�RLO�VHGLPHQW�LQWHUDFWLRQV�KDYH�
QRW� EHHQ� H[DPLQHG� LQ� WKH� SUHVHQW� ZRUN�� &RPSDULVRQV� WR� PHVR�VFDOH� WHVWLQJ� LQ� ORZHU� PL[LQJ�
HQHUJLHV� E\� RWKHU� UHVHDUFKHUV� KDYH� UHYHDOHG� VRPH� GLIIHUHQFHV� EHWZHHQ�� IRU� H[DPSOH�� ZDWHU�
XSWDNH� E\� RLOV�� 7HVWLQJ� LQ� WKH�ZDYH� WDQN� GHVFULEHG� LQ�&KDSWHU� ���PRGHUDWH�PL[LQJ� RI� WKH� RLO�
VHGLPHQW�DJJUHJDWHV��UHVXOWHG�LQ�D�VXVSHQVLRQ�RI�WKH�PDWHULDOV��$YDLODEOH�PL[LQJ�HQHUJ\�IDFWRUV�
VHHP�WR�KDYH�DQ�LQIOXHQFH�RQ�WKH�IDWH�RI�WKH�IRUPHG�RLO�VHGLPHQW�DJJUHJDWHV��:KLOH�WKH�SUHVHQW�
ZRUN� LOOXVWUDWHV� VRPH� RI� WKH� IRUPV� WKDW� WKHVH� RLOV�PD\� SRVVLEO\� DGRSW� IROORZLQJ� D� VSLOO��PRUH�
ZRUN� LV� QHHGHG� WR� XQGHUVWDQG� WKH� PHFKDQLVPV� DQG� UDWHV� RI� IRUPDWLRQ� RI� WKHVH� VWDWHV�� DQG� WR�
XQGHUVWDQG�WKH�IDFWRUV�WKDW�JRYHUQ�WKH�WUDQVLWLRQV�EHWZHHQ�WKHVH�IDWHV��

,Q�&KDSWHU����VWXGLHV�ZHUH�FRQGXFWHG�LQ�D�IORZ�WKURXJK�ZDYH�WDQN�IDFLOLW\�WR�H[DPLQH�WKH�
IDWH��EHKDYLRXU�DQG�WUDQVSRUW�RI�RLO�DW�WKH�PHVR�VFDOH��DV�ZHOO�DV�WKH�HIIHFWLYHQHVV�RI�VHOHFWHG�RLO�
VSLOO�WUHDWLQJ�DJHQWV�LQ�EUHDNLQJ�DQG�QRQ�EUHDNLQJ�ZDYHV�ZLWK�FXUUHQW�IORZ�LQ�VHDZDWHU�DW�DYHUDJH�
WHPSHUDWXUHV�RI�����������&��,Q�QRQ�EUHDNLQJ�ZDYHV��WKH�GLOELW�SURGXFWV�ZHUH�QRW�LQIOXHQFHG�E\�
RLO�VSLOO�WUHDWLQJ�DJHQWV��LQGLYLGXDOO\�RU�LQ�FRPELQDWLRQ��DQG�UHPDLQHG�DV�D�QRQ�GLVSHUVHG�VOLFN�RQ�
WKH�VHDZDWHU�VXUIDFH��

,Q� EUHDNLQJ� ZDYH� FRQGLWLRQV�� XQWUHDWHG� GLOELW� HQWHUHG� WKH� VXEVXUIDFH� ZDWHU� FROXPQ� DV�
ODUJH�GURSOHWV� WKDW� TXLFNO\� UHVXUIDFHG� DQG� FRDOHVFHG� LQWR� D� VXUIDFH�RLO� VOLFN��1DWXUDO� SURFHVVHV�
DFWLQJ�RQ�WKH�VOLFN�VLJQLILFDQWO\�DOWHUHG�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�SURGXFWV��IRUPLQJ�YLVLEO\�
ZHDWKHUHG� IUDFWLRQV� LQFOXGLQJ� XQVWDEOH� ZDWHU�LQ�RLO� HPXOVLRQV�� WDUEDOOV� DQG� WDUPDWV� RQ� WKH�
VHDZDWHU�VXUIDFH��$SSOLFDWLRQ�RI�FKHPLFDO�GLVSHUVDQW�FDXVHG�SDUWLDO�GLVSHUVLRQ�RI�WKH�SURGXFWV�LQ�
EUHDNLQJ� ZDYHV� DW� DQ� DYHUDJH� VHDZDWHU� WHPSHUDWXUH� RI� ���� �� ����&�� &KHPLFDO� GLVSHUVDQW�
DSSOLFDWLRQ� ZDV� PRUH� HIIHFWLYH� LQ� GLVSHUVLQJ� WKH� ORZHU�YLVFRVLW\� &/%�� 7KHVH� ILQGLQJV� ZHUH�
VXSSRUWHG�E\�SDUWLFOH�VL]H�GLVWULEXWLRQV��KRZHYHU��WKH�REVHUYHG�RLO�GURSOHW�VL]H�GLVWULEXWLRQV�ZHUH�
XQLPRGDO�� GLVWLQFWO\� GLIIHUHQW� IURP� WKH� ELPRGDO� RLO� GURSOHW� GLVWULEXWLRQV� IRU� GLVSHUVLRQ� RI�
FRQYHQWLRQDO�RLOV��(YHQ�WKRXJK�WKH�GLOELW�SURGXFWV�ZHUH�SDUWLDOO\�GLVSHUVHG�LQ�EUHDNLQJ�ZDYHV��D�
JUHDWHU� SHUFHQWDJH� RI� WKH� UHOHDVHG� RLO� SHUVLVWHG� DV� D� QRQ�GLVSHUVHG� RLO� VOLFN� DW� WKH� VHDZDWHU�
VXUIDFH���

7KH� LQ�VLWX� IOXRUHVFHQFH� LQVWUXPHQW� ZDV� FKDOOHQJHG� ZKHQ� WUDFNLQJ� WKH� FKHPLFDOO\�
GLVSHUVHG�$:%��EXW�VKRZHG�VRPH�SURPLVH�LQ�PRQLWRULQJ�FKHPLFDOO\�GLVSHUVHG�&/%�LQ�WKH�ZDWHU�
FROXPQ�� 7KH� IOXRURPHWHU� LV� D� ILHOG� XQLW� WKDW� UHFRUGV� FKDQJHV� LQ� IOXRUHVFHQFH� FRPSDUHG� ZLWK�
EDFNJURXQG� OHYHOV� �SULRU� WR� RLO� UHOHDVH��� 7KH� LQVWUXPHQW� XVHG� LQ� WKLV� VWXG\� KDV� D� IL[HG�
ZDYHOHQJWK��DQG�LW� LV� OLPLWHG� WR�GHWHFWLQJ�DURPDWLFV�ZLWK���� WR���ULQJ�VWUXFWXUHV��$V�RXWOLQHG�LQ�
&KDSWHU����GLOELW�SURGXFWV�FRQWDLQ�DURPDWLFV�ZLWK����WR���ULQJ�VWUXFWXUHV��'HSOR\LQJ�IOXRURPHWHUV�
ZLWK� GLIIHUHQW� IL[HG� ZDYHOHQJWKV� WR� FRYHU� WKH� IXOO� VSHFWUXP� RI� DURPDWLFV� ZLOO� SURYLGH� PRUH�
LQIRUPDWLRQ�RQ�WKH�IDWH�RI�GLOELW�SURGXFWV�LQ�PDULQH�VHWWLQJV���

7KH�TXHVWLRQ�RI�ZKHWKHU�GLOELW�SURGXFWV� VSLOOHG� LQ� WKH�PDULQH�HQYLURQPHQW�ZLOO� IORDW�RU�
VLQN�GHSHQGV�RQ�WKHLU�H[SRVXUH� WR�D�QXPEHU�RI�QDWXUDO�SURFHVVHV�DQG�WKH�GXUDWLRQ�RI�H[SRVXUH��
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7KHVH�ZDYH�WDQN�VWXGLHV�VXJJHVW�WKDW�LI�WKHVH�WZR�GLOELW�SURGXFWV�ORVH�a��WR����RI�WKHLU�PDVV�E\�
QDWXUDO�SURFHVVHV�VXFK�DV�HYDSRUDWLRQ��WKH\�ZLOO�UHPDLQ�IORDWLQJ��DQG�SDUWLDO�PRYHPHQW�LQWR�WKH�
ZDWHU�FROXPQ�ZLWK�WKH�DSSOLFDWLRQ�RI�GLVSHUVDQW�PD\�EH�SRVVLEOH�XQGHU�WKH�OLPLWHG�HQYLURQPHQWDO�
FRQGLWLRQV�RXWOLQHG�LQ�WKLV�VWXG\���

,Q�SUHYLRXV�WHVWLQJ��/L�HW�DO�������D��/L�HW�DO�������E��/L�HW�DO����������LW�ZDV�VKRZQ�WKDW�D�
YDULHW\�RI�RLO� W\SHV�DUH�HIIHFWLYHO\�GLVSHUVHG�LQ�D�G\QDPLF�HQYLURQPHQW�ZLWKLQ� WKH�ILUVW�KRXU�RI�
WKHLU� UHOHDVH� DQG� WKDW� WHPSHUDWXUH� FDQ� KDYH� DQ� HIIHFW� RQ� RLO� VSLOO� WUHDWLQJ� DJHQW� HIIHFWLYHQHVV��
/RQJHU� WHVW� WLPHV� LQ� WKH� FXUUHQW� VWXG\� ZLWK� GLOELW� SURGXFWV� FRXOG� QRW� EH� FRQVLGHUHG�� DV� WKH\�
DGKHUHG� WR� WKH�ZDOOV�DQG�ZDYH�DEVRUEHUV�RI� WKH� WDQN� UHVWULFWLQJ� IXUWKHU�HYDOXDWLRQ��7KHVH�ZHUH�
XQH[SHFWHG� REVHUYDWLRQV� WKDW� GLG� QRW� WUDQVSLUH� GXULQJ� SUHYLRXV� ZRUN� ZLWK� FRQYHQWLRQDO� RLOV��
(IIHFWLYH� GLVSHUVLRQ� RI� RLO� SURGXFWV� SURGXFHV� VPDOO� RLO� GURSOHWV� ���� �P� LQ� VL]H�� 7KHVH� VPDOO�
GURSOHWV� DUH� EXR\DQW� LQ� WKH� ZDWHU� FROXPQ� ZKHUH� WKH\� DUH� GLOXWHG� E\� FXUUHQW� DQG� VSDWLDOO\�
GLVWULEXWHG��,Q�DGGLWLRQ��WKHVH�VPDOO�GURSOHWV�SURYLGH�DQ�LGHDO�VXUIDFH�DUHD�IRU�PLFUREHV�WR�DWWDFK�
WKHPVHOYHV��DQG�WKH�FDUERQ�DVVRFLDWHG�ZLWK�WKH�RLO�GURSOHWV�SURYLGHV�D�VRXUFH�RI�HQHUJ\�IRU�WKHP��
7KLV� SURFHVV� RI� GLVSHUVLQJ� RLO� SRWHQWLDOO\� HQFRXUDJHV� RWKHU� QDWXUDO� SURFHVVHV� VXFK� DV�
ELRGHJUDGDWLRQ�RI�WKH�VSLOOHG�RLO��7KH�FKHPLFDO�GLVSHUVLRQ�RI�RLO�PD\�EH�DSSOLFDEOH�WR�DFKLHYH�D�
³1HW�(QYLURQPHQW�%HQHILW´�ZKHUH�DOO�DYDLODEOH�VSLOO�UHVSRQVH�RSWLRQV�QHHG�WR�EH�FRQVLGHUHG��7KH�
RLO� VSLOO� WUHDWLQJ� DJHQW� �FKHPLFDO� GLVSHUVDQW�� DQG�PLQHUDO� ILQHV� XVHG� LQ� WKLV� VWXG\�ZHUH� HLWKHU�
LQHIIHFWLYH� RU� SDUWLDOO\� HIIHFWLYH� ZKHQ� DSSOLHG� WR� WKH� GLOELW� SURGXFWV� XQGHU� WKHVH� OLPLWHG�
FRQGLWLRQV��7KH�SK\VLFDO�SURSHUWLHV��H�J���GHQVLW\��YLVFRVLW\�DQG�DGKHVLYHQHVV��RI�WKHVH�SURGXFWV�
OLPLW�WKH�HIIHFWLYHQHVV�RI�FXUUHQWO\�DYDLODEOH�VSLOO�WUHDWLQJ�DJHQWV��WKXV�UHVWULFWLQJ�UHPHGLDWLRQ�DQG�
SRWHQWLDOO\� FRQWULEXWLQJ� WR� WKH� SHUVLVWHQFH� RI� WKH� SURGXFWV� LQ� PDULQH� HQYLURQPHQWV� ZKHUH�
VHDZDWHU�WHPSHUDWXUH�LV����&���

7KH�ZDYH� WDQN�VWXGLHV�RXWOLQHG� LQ� WKLV� UHSRUW�ZHUH�FRQGXFWHG�XQGHU� OLPLWHG�FRQGLWLRQV��
SDUWLDOO\�FRYHULQJ�WKH�WHPSHUDWXUH�UDQJHV�OLVWHG�LQ�&KDSWHUV���DQG���DQG�ZHDWKHUHG�GLOELW�SURGXFWV�
VLPLODU� WR� ³:�´��� )XUWKHU� ZRUN� LV� UHTXLUHG� WR� GHWHUPLQH� WKH� LQIOXHQFH� RI� RWKHU� WHPSHUDWXUH�
UDQJHV�� LQ� SDUWLFXODU� LQ� ZDUPHU� ZDWHUV�� RQ� WKHVH� SURGXFWV� DQG� KRZ� WKH\� LQIOXHQFH� WKH�
HIIHFWLYHQHVV�RI�VSLOO�WUHDWLQJ�DJHQWV��6LQFH�WKH�WUHDWLQJ�DJHQWV�DSSOLHG�WR�WKH�GLOELW�SURGXFWV�XQGHU�
WKHVH� FRQGLWLRQV� ZHUH� LQHIIHFWLYH� WR� SDUWLDOO\� HIIHFWLYH�� WKHUH� LV� QR� QHHG� WR� WHVW� SURGXFWV�
ZHDWKHUHG� EH\RQG� ³:��´�7UHDWPHQW� RI�ZHDWKHUHG�GLOELW� SURGXFWV� EH\RQG� ³:�´�ZRXOG� UHTXLUH�
WKH�GHYHORSPHQW�RI�QHZ�VSLOO�WUHDWLQJ�DJHQWV��
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7.0 Research Initiatives 

7.1 Identified Knowledge Gaps from the Literature Review 

)URP�D�UHYLHZ�RI�WKH�OLWHUDWXUH��D�QXPEHU�RI�NQRZOHGJH�JDSV�UHODWHG�WR�GLOELW�DQG�V\QELW�
ZHUH�LGHQWLILHG��LQFOXGLQJ��

��� 7KH� UDWH� RI� GLOXHQW� HYDSRUDWLRQ� FRXOG� EH� GLIILFXOW� WR� SUHGLFW� GXULQJ� D� VSLOO�� 7KH�
DSSOLFDELOLW\�RI�RLO�VSLOO�HYDSRUDWLRQ�PRGHOV�KDV�QRW�EHHQ�DVVHVVHG�IRU�WKHVH�SURGXFWV���

��� +RZ�ZHDWKHULQJ�RI�GLOELW�RU�V\QELW�DIIHFWV�LWV�WHQGHQF\�WR�IORDW��VLQN�RU�EHFRPH�VXVSHQGHG�
LQ�WKH�ZDWHU�FROXPQ�LV�QRW�ZHOO�NQRZQ��

��� +RZ� ORQJ� LW� PLJKW� WDNH� IRU� WKH� RLO� WR� OHDYH� WKH� VXUIDFH� LQ� D� GLOELW� RU� V\QELW� VSLOO� LV�
XQNQRZQ��\HW�WKLV�LV�VLJQLILFDQW�IRU�WKH�ZLQGRZ�RI�RSSRUWXQLW\�GXULQJ�VSLOO�UHVSRQVH��

��� 5HVHDUFK�UHJDUGLQJ�KRZ�ELWXPHQ�SURGXFWV�ZLOO�IXUWKHU�ELRGHJUDGH�LQ�WKH�HQYLURQPHQW�LV�
LQVXIILFLHQW��

��� $�YDULHW\�RI�ELWXPHQ�SURGXFWV�VKRXOG�EH�WHVWHG��LQFOXGLQJ�DSSOLFDWLRQ�RI�H[LVWLQJ�RLO�VSLOO�
WUHDWLQJ�DJHQWV�LQ�QDWXUDO�VHD�VWDWHV�DQG�HQYLURQPHQWDO�FRQGLWLRQV��VLQFH�GLOXWHG�ELWXPHQ�
SURSHUWLHV�FDQ�EH�GLYHUVH��

7.2 Gaps Addressed Under This Research Initiative 

%DVHG� RQ� WKH� JDSV� LGHQWLILHG� LQ� WKH� OLWHUDWXUH� UHYLHZ� �VHFWLRQ� ������ WKH� IROORZLQJ� LWHPV�
ZHUH�DGGUHVVHG�LQ�WKH�SUHVHQW�ZRUN��

�����%XOOHWV������DQG����

�7KH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV�ZHUH� FKDUDFWHUL]HG� IRU� WZR�ZLQWHU� GLOELW� EOHQGV��
7KH� RLO� SURGXFWV� VKRZHG� VRPH� VLPLODULWLHV�� EXW� WKHUH� ZHUH� DOVR� GLIIHUHQFHV� LQ� SK\VLFDO�
FKDUDFWHULVWLFV�DQG�FKHPLFDO�FRPSRVLWLRQ��LQ�SDUWLFXODU�LQ�WKH�DPRXQW�RI�FRQGHQVDWH�EOHQGHG�ZLWK�
WKH� ELWXPHQ� DQG� EHWZHHQ� WKH� ELWXPHQ� IHHGVWRFNV� WKHPVHOYHV�� 3UHOLPLQDU\� UHVXOWV� GLVFXVVHG� LQ�
&KDSWHU���VXJJHVW�WKDW�VRPH�PRGHOV�RI�HYDSRUDWLRQ�PD\�QRW�EH�YHU\�VXLWDEOH�WR�GLOXWHG�ELWXPHQ�
SURGXFWV��'LIIHUHQFHV�LQ�WKH�GLVWLOODWLRQ�GDWD�DQG�LQ�FRPSRVLWLRQ�GDWD�IRU�WKH�VDWXUDWH��DURPDWLF��
UHVLQ� DQG� DVSKDOWHQH� JURXSV� ZHUH� DSSDUHQW� IRU� WKH� WZR� GLOELW� W\SHV�� 7KH� RLO� SURGXFWV� ZHUH�
ZHDWKHUHG�WR�YDULRXV�GHJUHHV�DQG�WKHLU�SK\VLFDO�SURSHUWLHV�ZHUH�DVVHVVHG��7KH�GLOELW�SURGXFWV�DQG�
WKHLU�YDULRXV�ZHDWKHUHG�VDPSOHV�ZHUH�HYDOXDWHG�XQGHU�OLPLWHG�HQYLURQPHQWDO�FRQGLWLRQV��,Q�WKHLU�
PRVW�ZHDWKHUHG�IRUPV��WKH�SURGXFWV�ZHUH�IRXQG�WR�IORDW�RQ�VHDZDWHU��KRZHYHU��LQWHUDFWLRQV�ZLWK�
VHGLPHQWV�FDQ�FKDQJH�WKH�EHKDYLRXU�DQG�IDWH�RI�WKH�SURGXFWV�ZKHUH�SDUWLDO�VLQNLQJ�ZDV�REVHUYHG�
DQG�VRPH�VXVSHQGHG�WDUEDOO�IRUPDWLRQ�RFFXUUHG��

�����%XOOHW����

:DYH�WDQN�VWXGLHV�ZHUH�FRQGXFWHG�RQ�WZR�VOLJKWO\�ZHDWKHUHG�GLOELW�SURGXFWV��VLPLODU� WR�
³:�´� LQ�&KDSWHU����VSLOOHG�RQ�VHDZDWHU�� LQFOXGLQJ� WKH�DSSOLFDWLRQ�RI�DQ�RLO�VSLOO� WUHDWLQJ�DJHQW�
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DQG�VHGLPHQW��7KH�WZR�GLOELW�SURGXFWV�ZHUH�WHVWHG�LQ�EUHDNLQJ�DQG�QRQ�EUHDNLQJ�ZDYH�FRQGLWLRQV�
DQG�LQ�VHDZDWHU�DW�DQ�DYHUDJH�WHPSHUDWXUH�RI�����������&��7KH�SURGXFWV�DSSOLHG�WR�VHDZDWHU�IORDW��
DQG� WKH� DSSOLFDWLRQ�RI� FKHPLFDO� GLVSHUVDQW� VKRZHG�SDUWLDO� GLVSHUVLRQ�RI� WKH�RLO� SURGXFWV� XQGHU�
WKHVH� OLPLWHG� WHVW� FRQGLWLRQV��'LIIHUHQFHV� LQ� WKH� SURGXFWV¶� EHKDYLRXU� DQG� IDWH� LQFOXGHG� JUHDWHU�
HIIHFWLYHQHVV� IRU� FKHPLFDOO\�HQKDQFHG� GLVSHUVLRQ� RI� &/%� FRPSDUHG� WR� $:%�� 2YHUDOO�� XQGHU�
WKHVH�OLPLWHG�FRQGLWLRQV��WKH�SURGXFWV�ZHUH�REVHUYHG�WR�EH�YHU\�VWLFN\��DQG�WKH\�DGKHUHG�WR�WKH�
WDQN�ZDOOV�DQG�DEVRUEHUV��WKXV�OLPLWLQJ�WKH�GLVSHUVLRQ�RI�WKH�RLO�SURGXFWV��

)LQDOO\�� WKH� ILQGLQJV� RI� WKLV�ZRUN� VKRXOG� EH� LQWHJUDWHG� LQWR� IDWH� DQG� EHKDYLRXU�PRGHOV�
DQG��HYHQWXDOO\��LQFRUSRUDWHG�LQWR�ODUJH�VFDOH�FLUFXODWLRQ�PRGHOV��

7.3 Gaps Identified from These Studies and Future Research Initiatives 

7KH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV� RI� WKH� WZR� GLOELW� SURGXFWV� H[DPLQHG� VKRZ� VRPH�
GLVVLPLODULW\��/DERUDWRU\�WHVWLQJ�RI�WKH�SURGXFWV�DQG�WKHLU�ZHDWKHUHG�VDPSOHV�VKRZHG�GLIIHUHQFHV�
LQ� WKHLU� EHKDYLRXU� DQG� IDWH� ZKHQ� HYDSRUDWHG� �UDWHV� RI� HYDSRUDWLRQ��� PL[HG� ZLWK� VDOWZDWHU�
�IRUPDWLRQV� RI� HPXOVLRQV� YHUVXV� HQWUDLQHG� ZDWHU� PL[WXUHV��� H[SRVHG� WR� LRQL]LQJ� OLJKW� �ZDWHU�
XSWDNH�ZKHQ�IRUPLQJ�RLO�VDOWZDWHU�PL[WXUHV��DQG�LQ�KRZ�WKH\�LQWHUDFWHG�ZLWK�VHGLPHQWV��7KHUH�LV�
ODFN�RI�LQIRUPDWLRQ�RQ�WKH�QDWXUH�RI�VHGLPHQW�LQWHUDFWLRQ�ZLWK�GLOELW�SURGXFWV��WKH�UDWH�RI�WDUEDOO�
IRUPDWLRQ�DQG�PL[LQJ�HQHUJ\�WR�VHGLPHQW�ORDGLQJV�UHTXLUHG�WR�IRUP�WDUEDOOV��,Q�&KDSWHU����LW�ZDV�
VKRZQ� WKDW� ZKHQ� PL[HG� ZLWK� ILQH�� DQG� PRGHUDWH�VL]HG� VHGLPHQWV�� WKH� IUHVK�WR�PRGHUDWHO\�
ZHDWKHUHG� GLOELW� SURGXFWV� GLVSHUVHG� DQG� VDQN�� 7KHVH� VWXGLHV� ZHUH� FRQGXFWHG� LQ� KLJK�HQHUJ\�
PL[LQJ�IODVNV�LQ�D�ODERUDWRU\��VR�LW�LV�XQFHUWDLQ�ZKHWKHU�GLVSHUVHG�SURGXFWV�ZRXOG�EH�VXVSHQGHG�
RU� VLQN� XQGHU� SDUWLFXODU� QDWXUDO� FRQGLWLRQV�� )XWXUH� ZRUN� VKRXOG� LQYHVWLJDWH� WKH� LQWHUDFWLRQ� RI�
GLOELW� SURGXFWV�ZLWK� VXVSHQGHG� VHGLPHQWV� RQ� D� ODUJHU� VFDOH� DQG� XQGHU� GLIIHUHQW�PL[LQJ� HQHUJ\�
UHJLPHV� WR�GHWHUPLQH� WKH� IDWH� DQG� WUDQVSRUW�RI�RLO�GURSOHWV� LQIOXHQFHG�E\� VHGLPHQW� LQWHUDFWLRQV�
�RLO�VHGLPHQW�DJJUHJDWH�IRUPDWLRQ��LQ�QDWXUDO�VHD�VWDWHV�DQG�HQYLURQPHQWDO�FRQGLWLRQV��)XUWKHU��D�
UDQJH� RI� VHGLPHQW� W\SHV�� LQFOXGLQJ� QDWXUDO� VHGLPHQWV�� DQG� VHGLPHQWV� LQFRUSRUDWLQJ� RUJDQLF�
PDWHULDO�VKRXOG�DOVR�EH�LQFOXGHG�LQ�DQ\�IXWXUH�WHVWLQJ��

6LQFH� DFFHVV� WR�SURGXFWV�ZHDWKHUHG� LQ� WKH�QDWXUDO� HQYLURQPHQW� LV� GLIILFXOW�� RLO� SURGXFWV�
XVHG� LQ� WKHVH�VWXGLHV�ZHUH�V\QWKHWLFDOO\�ZHDWKHUHG�� ,W� LV�QRW�ZHOO�XQGHUVWRRG�KRZ�V\QWKHWLFDOO\�
ZHDWKHUHG�RLO�SURGXFWV� UHODWH� WR�YDULRXV�GHJUHHV�RI�ZHDWKHULQJ�RI�GLOELW�SURGXFWV� LQ� WKH�QDWXUDO�
HQYLURQPHQW�EDVHG�RQ�KRXUV��GD\V�DQG�ZHHNV��7KLV�SRLQW�WR�WKH�QHHG�IRU�DQ�HQKDQFHG�WHVW�IDFLOLW\�
LQ� ZKLFK� RLO� SURGXFWV� FDQ� EH� H[SRVHG� WR� FRQWUROOHG� ZHDWKHULQJ� FRQGLWLRQV� RYHU� DQ� H[WHQGHG�
SHULRG� RI� WLPH�� LQFOXGLQJ� FRQWURO� RI� WHPSHUDWXUH�� LOOXPLQDWLRQ�� DQG� ZLQG� DQG� ZDYH�PL[LQJ�
FRQGLWLRQV��

/DERUDWRU\�VWXGLHV�KDYH�UHVXOWHG�LQ�WKH�PHDVXUHPHQW�RI�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�
RI� WZR� UHSUHVHQWDWLYH� GLOELW� SURGXFWV� XQGHU� GLIIHUHQW� WHPSHUDWXUH� FRQGLWLRQV�� 7KH� ODUJH�VFDOH�
ZDYH�WDQN�VWXGLHV�ZHUH�OLPLWHG�WR�����������&��)XUWKHU�PHVR�VFDOH�ZDYH�WDQN�VWXGLHV�DUH�UHTXLUHG�
IRU�RWKHU�WHPSHUDWXUH�UDQJHV��WR�FRYHU�WKH�ZKROH�UDQJH�RI�VXUIDFH�VHD�WHPSHUDWXUHV�H[SHULHQFHG�
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LQ� WKH� &DQDGLDQ� PDULQH� HQYLURQPHQW�� 7KHVH� VWXGLHV� DUH� LPSRUWDQW� LQ� RUGHU� WR� GHWHUPLQH� KRZ�
ZDUPHU� DQG� FROGHU� VHDZDWHU� WHPSHUDWXUHV�ZLOO� DIIHFW� WKH� IDWH� DQG� EHKDYLRXU� RI� GLOELW� SURGXFWV�
XQGHU�QDWXUDO�VHD�VWDWHV��,Q�DGGLWLRQ��WKHUH�LV�D�QHHG�IRU�QHZ�VSLOO�WUHDWLQJ�DJHQWV�WKDW�DUH�HIIHFWLYH�
RQ� GLOELW� SURGXFWV� LQ� VHDZDWHU� DW� WHPSHUDWXUHV� EHORZ� ��&�� 8QGHU� WKHVH� SUHOLPLQDU\� WHVW�
FRQGLWLRQV�� WKH� LQWHUDFWLRQ� RI� GLOELW� SURGXFWV� ZLWK� PLFUREHV� DQG� WKHLU� SRWHQWLDO� WR� ELRGHJUDGH�
WKHVH�SURGXFWV�KDYH�QRW�EHHQ�FRQVLGHUHG��7KLV�JDS�ZDV�DOVR�LGHQWLILHG�LQ�WKH�OLWHUDWXUH�UHYLHZ���

7KH�*RYHUQPHQW�RI�&DQDGD� LV�ZRUNLQJ�FORVHO\�ZLWK�DFDGHPLD� LQ�DQ�HIIRUW� WR�DVVHVV� WKH�
ELRORJLFDO�HIIHFWV�RI�D�GLOELW�VSLOO�DV�ZHOO�DV�VWXG\LQJ�WKH�HIIHFWLYHQHVV�RI�DYDLODEOH�VSLOO�WUHDWLQJ�
DJHQWV�� %LRORJLFDO� HIIHFWV� VWXGLHV� ZLOO� HYROYH� DV� UHVHDUFK� FRQWLQXHV� WRZDUG� DVVHVVLQJ� WKH�
EHKDYLRXU�DQG�IDWH�RI�GLOELW�VSLOOHG�DW�VHD��

,Q� RUGHU� WR� DGHTXDWHO\� FKDUDFWHUL]H� WKH� EHKDYLRXU� DQG� IDWH� RI� WKH� WZR� ZLQWHU� GLOELW�
SURGXFWV��IXUWKHU�VWXGLHV�DUH�UHTXLUHG��

7.3.1 Laboratory Dilbit Fate and Behaviour Studies 

x� 7KH� SUHOLPLQDU\� EXR\DQF\� DQG� EHKDYLRXU� VWXGLHV� RQ� GLOELW� SURGXFWV� VXPPDUL]HG� LQ� WKH�
SUHVHQW�ZRUN�ZLOO�EH�DSSOLHG�WR�WKH�GHVLJQ�RI�D�IXWXUH�VHW�RI�H[SHULPHQWV�WR�H[DPLQH�WKH�
QDWXUH�RI� WKHVH�LQWHUDFWLRQV�� WR�XQGHUVWDQG�WKH�UDWHV�RI�IRUPDWLRQ�� WKH�HIIHFWV�RI�VXQOLJKW�
DQG�LRQL]LQJ�OLJKW�H[SRVXUH��WKH�WKUHVKROGV�RI�PL[LQJ�HQHUJ\�VHD�VWDWH�DQG�VHGLPHQW�W\SHV�
DQG�FRQFHQWUDWLRQV�QHFHVVDU\�WR�SRVH�ULVNV�RI�VLQNLQJ�RU�WDUEDOO�IRUPDWLRQ���

x� :RUN�ZLOO�DOVR�EH�XQGHUWDNHQ�WR�GHYHORS�QHZ�PHWKRGV�IRU�XQGHUVWDQGLQJ�RLO�ZHDWKHULQJ�
EHKDYLRXU��ZLWK� LQ�VLWX�FRQWURO�RI�HYDSRUDWLRQ��89�H[SRVXUH��VKHDU�PL[LQJ�HQHUJLHV�DQG�
WHPSHUDWXUHV�� ,W� LV� DQWLFLSDWHG� WKDW� VXFK� IDFLOLWLHV� DQG� WRROV� ZLOO� DOORZ� IRU� LPSURYHG�
VLPXODWLRQ� RI� UHDO�ZRUOG� VSLOO� IDWHV� DQG� EHKDYLRXU�� DQG� DOVR� DOORZ� IRU� ORQJ�WHUP� LQ�VLWX�
ZHDWKHULQJ�H[SHULPHQWV��

7.3.2 Meso-Scale Studies and In-situ Field Work 

x� (YDOXDWH�VHDZDWHU�WHPSHUDWXUHV�DERYH����&�RQ�VSLOO�WUHDWLQJ�DJHQW�HIIHFWLYHQHVV�DQG�WKHLU�
LQIOXHQFH�RQ�WKH�EHKDYLRXU�DQG�IDWH�RI�WKH�ZLQWHU�GLOELW�SURGXFWV��ZDYH�WDQN�VWXGLHV����

x� (YDOXDWH�H[LVWLQJ�ODERUDWRU\�DVVHVVPHQW�PHWKRGV�IRU�VSLOO�WUHDWLQJ�HIIHFWLYHQHVV�VFUHHQLQJ�
�H�J���WKH�VZLUOLQJ�IODVN�WHVW�DQG�WKH�EDIIOHG�IODVN�WHVW���DQG�FRPSDUH�ZLWK�WKH�UHVXOWV�RI�WKH�
ZDYH�WDQN�VWXGLHV��

x� 1DWXUDO�ZHDWKHULQJ�RI�WKH�ZLQWHU�SURGXFWV�WR�HVWDEOLVK�D�OLQN�ZLWK�GHJUHHV�RI�ZHDWKHULQJ�
LQ� UHODWLRQVKLS� WR� WKH�QXPEHU�RI�GD\V�DW� VHD�DQG� WR�HYDOXDWH�KRZ� ORQJ� WKH�ZLQWHU�GLOELW�
SURGXFWV�ZLOO�UHPDLQ�RQ�WKH�VHDZDWHU�VXUIDFH��PHVR�VFDOH�DQG�ILHOG�VWXGLHV����

x� ,Q�VLWX� ILHOG�H[SHULPHQWV� WR�DVVHVV� WKH�ELRGHJUDGDWLRQ�UDWHV�RI� WKH�ZLQWHU�GLOELW�SURGXFWV�
DQG�WKH�SURGXFWV�WUHDWHG�ZLWK�GLVSHUVDQW�WR�DGGUHVV�%XOOHW���XQGHU�JDSV�LGHQWLILHG�LQ�WKH�
OLWHUDWXUH�UHYLHZ�DQG�WKLV�VWXG\��ERWK�LQ�VHDZDWHU�DQG�RQ�PDULQH�VKRUHOLQHV����
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x� 2YHU� WKH� QH[W� WZR� \HDUV�� WKH� LQLWLDO� GHYHORSPHQW� RI� DOJRULWKPV� WR� SUHGLFW� WKH� IDWH� DQG�
WUDQVSRUW�RI�GLOXWHG�ELWXPHQ�SURGXFWV�LQ�WKH�PDULQH�HQYLURQPHQW��DQG�

x� ,QWHUDFWLRQ�RI�WKHVH�ZLQWHU�GLOELW�SURGXFWV�ZLWK�VXVSHQGHG�VHGLPHQWV�LQ�QDWXUDO�VHD�VWDWHV�
DQG� HQYLURQPHQWDO� FRQGLWLRQV� DW� WKH�PHVR�VFDOH� LQ� D�ZDYH� WDQN� WR� IXUWKHU� HYDOXDWH� WKH�
ILQGLQJV�IURP�WKH�ODE�VWXGLHV�LQ�&KDSWHU���RI�WKLV�UHSRUW��
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)XHO� 2LO� ��� DQG� 2ULPXOVLRQ�)LQDO� 5HSRUW�� $XOW�� -�� 6��� 0�� $�� +DUZHOO�� DQG� 9�� 0\HUV��
�HGV���� 0LDPL�� )ORULGD�� 8QLYHUVLW\� RI� 0LDPL�� &HQWHU� IRU� 0DULQH� DQG� (QYLURQPHQWDO�
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D[LV\PPHWULF� GURS� VKDSH� DQDO\VLV� IRU�PHDVXUHPHQWV� RI� LQWHUIDFLDO� WHQVLRQV� DQG� FRQWDFW�
DQJOHV��&ROORLGV�DQG�6XUIDFHV���������SS�����������

&ODUN�� %��� 3DUVRQV�� -��� <HQ�� &��� $KLHU�� %��� $OH[DQGHU�� -��� DQG�0DFND\�� '��� ������ $� 6WXG\� RI�
)DFWRUV�,QIOXHQFLQJ�2LO�6XEPHUJHQFH��((�����(QYLURQPHQW�&DQDGD��2WWDZD��2QWDULR�����
S��

&ODUN�� -���%HFNHU��.���9HQRVD��$��� DQG�/HZLV��$���������$VVHVVLQJ�GLVSHUVDQW� HIIHFWLYHQHVV� IRU�
KHDY\�IXHO�RLOV�XVLQJ�VPDOO�VFDOH�ODERUDWRU\�WHVWV��LQ�3URFHHGLQJV�RI�WKH�,QWHUQDWLRQDO�2LO�
6SLOO�&RQIHUHQFH��$PHULFDQ�3HWUROHXP�,QVWLWXWH��:DVKLQJWRQ��'�&���SS���������

&ROFRPE�� .��� 6DOW�� '��� 3HGGDU�� 0��� DQG� /HZLV�� $��� ������ 'HWHUPLQDWLRQ� RI� WKH� OLPLWLQJ� RLO�
YLVFRVLW\� IRU� FKHPLFDO� GLVSHUVLRQ� DW� VHD�� LQ� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO� 2LO� 6SLOO�
&RQIHUHQFH��$PHULFDQ�3HWUROHXP�,QVWLWXWH��:DVKLQJWRQ��'�&���SS���������

&ROH��0���.LQJ��7��� DQG�/HH��.��� ������$QDO\WLFDO� WHFKQLTXH� IRU� H[WUDFWLQJ�K\GURFDUERQV� IURP�
ZDWHU�XVLQJ�VDPSOH�FRQWDLQHU�DV�H[WUDFWLRQ�YHVVHO�LQ�FRPELQDWLRQ�ZLWK�D�UROOHU�DSSDUDWXV��
&DQDGLDQ�7HFKQLFDO�5HSRUW�RI�)LVKHULHV�DQG�$TXDWLF�6FLHQFHV�������SS��������

&URVE\�� 6��� )D\�� 5��� *URDUN�� &��� .DQL�� $��� 6PLWK�� -�� 5��� DQG� 6XOOLYDQ�� 7��� ������ 7UDQVSRUWLQJ�
$OEHUWD¶V� 2LO� 6DQGV� 3URGXFWV�� 'HILQLQJ� WKH� ,VVXHV� DQG� $VVHVVLQJ� WKH� 5LVNV�� ���� S��
:HEVLWH���
ZZZ�FUUF�XQK�HGX�ZRUNVKRSV�RLOBVDQGVBZDVKLQJWRQ�)LQDO���12$$���2LO���6DQGV
���5HSRUWB��B���SGI�

&UXGH�4XDOLW\�,QF���������:HEVLWH��FUXGHPRQLWRU�FD��ZZZ�FUXGHPRQLWRU�FD�KRPH�SKS DFFHVVHG�
6HSWHPEHU�������

'tH]��6���-RYHU��(���%D\RQD��-�0���$OEDLJpV��-���������3UHVWLJH�RLO�VSLOO��,,,��)DWH�RI�D�KHDY\�RLO�LQ�
WKH�PDULQH�HQYLURQPHQW��(QYLURQPHQWDO�6FLHQFH�DQG�7HFKQRORJ\���������SS�������������

')2��'HSDUWPHQW�RI�)LVKHULHV�DQG�2FHDQV��&RDVWDO�6KDOORZ�:DWHU�7HPSHUDWXUH�&OLPDWRORJ\�IRU�
$WODQWLF�&DQDGD��ZZZ��PDU�GIR�
PSR�JF�FD�VFLHQFH�RFHDQ�FRDVWDOBWHPSHUDWXUH�FRDVWDOBWHPSHUDWXUH�KWPO DFFHVVHG�
1RYHPEHU�������

')2�� 'HSDUWPHQW� RI� )LVKHULHV� DQG� 2FHDQV�� 6HD� 6XUIDFH� 7HPSHUDWXUH� LQ� WKH� *XOI� RI� $ODVND��
ZZZ�SDF�GIR�PSR�JF�FD�VFLHQFH�RFHDQV�GDWD�GRQQHHV�VVW�WVP�LQGH[�HQJ�KWPO DFFHVVHG�
1RYHPEHU�������

http://www.crrc.unh.edu/workshops/oil_sands_washington/Final%20NOAA%20Oil%20Sands%20Report_03_22.pdf
http://www.crudemonitor.ca/home.php
http://www2.mar.dfo-mpo.gc.ca/science/ocean/coastal_temperature/coastal_temperature.html
http://www.pac.dfo-mpo.gc.ca/science/oceans/data-donnees/sst-tsm/index-eng.html
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'UHOLFK��-���)DQJ��&K���DQG�:KLWH��&�/���������0HDVXUHPHQW�RI� LQWHUIDFLDO�WHQVLRQ�LQ�IOXLG�IOXLG�
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$SSOLFDQW�*RYHUQPHQW�RI�&DQDGD��(1*�-53�([KLELW��%����������S��
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ZDWHU�ZLWK�YDU\LQJ�HQHUJ\��VDOLQLW\�DQG�WHPSHUDWXUH��LQ�3URFHHGLQJV�RI� WKH�,QWHUQDWLRQDO�
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RLOV�DQG�2ULPXOVLRQ��$QRWKHU�ORRN��LQ�3URFHHGLQJV�RI�WKH�7ZHQW\�VL[WK�$UFWLF�DQG�0DULQH�
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*DOEUDLWK��3�6���/DURXFKH��3���&KDVVH��-���3HWULH��%���������6HD�VXUIDFH�WHPSHUDWXUH�LQ�UHODWLRQ�WR�
DLU�WHPSHUDWXUH�LQ�WKH�*XOI�RI�6W��/DZUHQFH��,QWHUGHFDGDO�YDULDELOLW\�DQG�ORQJ�WHUP�WUHQGV��
'HHS�6HD�5HVHDUFK�,,��7RSLFDO�6WXGLHV�LQ�2FHDQRJUDSK\���������SS���±���
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+DUSHU�� -�5�� DQG� .RU\�� 0��� ������ ³2ULPXOVLRQ�� 6HGLPHQW� ,QWHUDFWLRQ� ([SHULPHQWV�´��
(QYLURQPHQW�&DQDGD��2WWDZD��21�����S��

http://www.etc-cte.ec.gc.ca/databases/OilProperties/oil_prop_e.html
http://www.epa.gov/enbridgespill/pdfs/enbridge_fs_201308.pdf
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