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)LJXUH ���� 1RWH 5LFKDUGVRQ WURXJK �DIWHU0RUURZ� ����� DQG 5LFKDUGVRQ IDXOW DUUD\ VHSDUDWHV WKH 7DWRQGXN� &RDO

&UHHN� +DUW 5LYHU DQG:HUQHFNH LQOLHUV IURP WKH0DFNHQ]LH0RXQWDLQV� 7KH FURVV�KDWFKHG DUHDV LQGLFDWH DHURPDJ�

QHWLF KLJKV IROORZLQJ $VSOHU HW DO� ������ DQG 3LONLQJWRQ DQG 6DOWXV ������� 7KH VROLG JUHHQ OLQH GHSLFWV DSSUR[LPDWH

ERXQGDU\ EHWZHHQ WKH <XNRQ %ORFN DQG /DXUHQWLD� ,QVHW GHSLFWV WKH H[WHQW RI WKH )UDQNOLQ ODUJH LJQHRXV SURYLQFH �UHG�

�%XFKDQ DQG (UQVW� ����� %XFKDQ HW DO�� ����� %XFKDQ DQG (UQVW� ������
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)LJXUH ���� $�0DS RI WKH &RDO &UHHN LQOLHU �0RGLĆHG IURP 6WUDXVV HW DO�� ����E�� %� )RFXV RQ WKH0RXQW +DUSHU *URXS

ZLWK WKH0RXQW +DUSHU YROFDQLFV GLYLGHG LQWR LQIRUPDO PHPEHUV� ,PSRUWDQW VDPSOH DUHDV DQG FURVV VHFWLRQ OLQH $�$è

LQGLFDWHG RQPDS� &� &URVV VHFWLRQ $�$è DFURVV WKH0+9�
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)LJXUH ���� &RPSRVLWH VWUDWLJUDSKLF VHFWLRQ RI WKH0RXQW +DUSHU YROFDQLFV ZLWK WKH DSSUR[LPDWH VWUDWLJUDSKLF SR�

VLWLRQ RI VDPSOHG XQLWV DORQJ ZLWK ĆHOG SKRWRV RI WKH ORZHUPHPEHUV �$ DQG %� IURP0RXQW +DUSHU DQG RI WKH XSSHU

PHPEHUV �&� ' DQG (� IURP0RXQW +DUSHU:HVW �SKRWRV E\ -� 6WUDXVV DQG $� (\VWHU�� $� &RQWDFW EHWZHHQ WKH 6HHOD

3DVV )RUPDWLRQ DQGPHPEHU $� %�0HPEHU $ SLOORZV� &�0HPEHU % SDKRHKRH ćRZ WRS� '�0HPEHU % FROXPQDU MRLQWV�

(� 0HPEHU & EUHFFLD� )� 0HPEHU &PDĆF WXII� *� 0HPEHU ' ćRZ EDQGLQJ� +�0HPEHU ( ćRZV� ,� %DVDO (DJOH &UHHN

IRUPDWLRQ ZLWK YROFDQLF FODVWV�
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)LJXUH ���� $� 5HSUHVHQWDWLYH RUWKRJRQDO SURMHFWLRQ GLDJUDPV VKRZLQJ WKH GHPDJQHWL]DWLRQ RI VDPSOH $������ WKDW

FDUULHV +7�� %� 5HSUHVHQWDWLYH RUWKRJRQDO SURMHFWLRQ GLDJUDPV VKRZLQJ WKH GHPDJQHWL]DWLRQ RI VDPSOH $������ WKDW

FDUULHV +7�� &� 5HSUHVHQWDWLYH RUWKRJRQDO SURMHFWLRQ GLDJUDPV VKRZLQJ WKH GHPDJQHWL]DWLRQ RI VDPSOH $������� WKDW

FDUULHV +7�� 7KH FRUUHVSRQGLQJ0�0� SORWV DUH VKRZQ LQ '� ( DQG )� 7KH VWDUV UHSUHVHQW WKH OLTXLG QLWURJHQ GHPDJQH�

WL]DWLRQ VWHS� WKH VTXDUHV UHSUHVHQW WKH $) GHPDJQHWL]DWLRQ VWHSV� DQG WKH FLUFOHV UHSUHVHQW WKHUPDO GHPDJQHWL]DWLRQ�

7KH UHSUHVHQWDWLYH RUWKRJRQDO SURMHFWLRQV DUH VKRZQ XVLQJ LQ VLWX FRRUGLQDWHV�
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)LJXUH ���� $� 6HFWLRQV ZLWK D /7 GLUHFWLRQ� %� 5HVXOWV IURP WKH 7DX[H DQG:DWVRQ ������ IROG WHVW� &� 6HFWLRQV ZLWK D

07 GLUHFWLRQ� '� 5HVXOWV IURP WKH 7DX[H DQG:DWVRQ ������ IROG WHVW� (� 6HFWLRQ UHVXOWV IRU +7� GLUHFWLRQ� 1RWH WKDW

VHFWLRQ $���� KDV D KLJK VWDELOLW\ +7� GLUHFWLRQ UHYHUVHG IURP WKH UHVW� 7KH GLUHFWLRQ H[SHFWHG IURP WKH )UDQNOLQ /,3

�'HQ\V]\Q HW DO�� ����D� LV DOVR LQGLFDWHG� )� 5HVXOWV IRU +7� IURP WKH 7DX[H DQG:DWVRQ ������ IROG WHVW� *� VHFWLRQ

UHVXOWV IRU +7� GLUHFWLRQ� +� 5HVXOWV IRU +7� IURP WKH 7DX[H DQG:DWVRQ ������ IROG WHVW� )RU WKH SORWV RI WKH VHFWLRQ�

PHDQ GLUHFWLRQV� WKH LQ VLWX GLUHFWLRQV DUH LQGLFDWHG ZLWK EURZQ WULDQJOHV DQG WKH WLOW FRUUHFWHG GLUHFWLRQV ZLWK EOXH FLU�

FOHV� ZLWK QHJDWLYH GLUHFWLRQV UHSUHVHQWHG E\ RSHQ V\PEROV DQG SRVLWLYH GLUHFWLRQV UHSUHVHQWHG E\ FORVHG V\PEROV� )RU

WKH 7DX[H DQG:DWVRQ ������ IROG WHVWV� WKH EODFN FXUYHV LQGLFDWHPD[LPXP HLJHQYDOXH �τ1� DV D IXQFWLRQ RI XQWLOWLQJ�
7KH JUHHQ OLQH LV WKH FXPXODWLYH GLVWULEXWLRQ RI WKH SHUFHQW XQWLOWLQJ UHTXLUHG WRPD[LPL]H τ1 IRU DOO WKH ERRWVWUDSSHG
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GHQFH ERXQGV LQFOXGH ���� WKHQ D SRVW�WLOW PDJQHWL]DWLRQ LV LQGLFDWHG� ,I WKH ��� FRQĆGHQFH ERXQGV H[FOXGH ERWK �

DQG ���� V\Q�WLOW PDJQHWL]DWLRQ LV SRVVLEOH�
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)LJXUH ���� 5HVXOWV RI URFNPDJQHWLF H[SHULPHQWV� $� &RPSDULVRQ RI URFNPDJQHWLF UHVXOWV IRU UHSUHVHQWDWLYH VDPSOHV

VKRZQ DERYH �)LJ� �� FDUU\LQJ +7� DQG+7�� 6DPSOH $������ IURPPHPEHU ' FDUULHV UHYHUVHG +7�� VDPSOH $������

IURPPHPEHU ( FDUULHV QRUPDO +7�� ZKLOH VDPSOH $������� IURPPHPEHU $ FDUULHV +7�� L� /LQHDU DFTXLVLWLRQ SORW� LL�

*UDGLHQW FXUYH RI ,50 DFTXLVLWLRQ� LLL� %DFNĆHOG ,50 GDWD� LY� 7KHUPDO GHPDJQHWL]DWLRQ RI V,50� Y� $) GHPDJQHWL]DWLRQ

RI V,50� YL� +\VWHUHVLV FXUYHV IRU $������ FDUU\LQJ +7�� GDVKHG OLQH LV UDZ GDWD� VROLG OLQH LV GDWD FRUUHFWHG IRU SDUDP�

DJQHWLF VORSH� YLL� +\VWHUHVLV FXUYHV IRU $������ FDUU\LQJ +7�� GDVKHG OLQH LV UDZ GDWD� VROLG OLQH LV GDWD FRUUHFWHG IRU

SDUDPDJQHWLF VORSH� YLLL� +\VWHUHVLV FXUYHV IRU $�������� GDVKHG OLQH LV UDZ GDWD� VROLG OLQH LV GDWD FRUUHFWHG IRU SDUD�

PDJQHWLF VORSH� %� &RPSUHKHQVLYH SORW RI DOO URFNPDJQHWLF UHVXOWV IRU VHOHFWHG VDPSOHV FDUU\LQJ +7� �OHIW VLGH� DQG

+7� �ULJKW VLGH�� L� LL� /LQHDU DFTXLVLWLRQ SORWV� LLL� LY� *UDGLHQW FXUYHV RI ,50 DFTXLVLWLRQ� Y� YL� %DFNĆHOG ,50 GDWD� YLL�

YLLL� 7KHUPDO GHPDJQHWL]DWLRQ RI V,50� L[�[� $) GHPDJQHWL]DWLRQ RI V,50� &� 'D\ SORW RI UHVXOWV IURP K\VWHUHVLV H[SHU�

LPHQWV� %OXH DVWHULVNV PDUN UHVXOWV IRU VDPSOHV FDUU\LQJ +7�� ZKLOH UHG FLUFOHV PDUN WKRVH IRU VDPSOHV FDUU\LQJ +7��

$OVR VKRZQ DUH ER[HVPDUNLQJ 6'� 36'�0' DQG 63 UHJLPHV DV ZHOO DV LQ JUHHQ LV WKH0'�6'PL[LQJ FXUYH RI 'XQORS

������� ,QVHW VKRZV EHKDYLRU RI VDPSOHV FDUU\LQJ +7�� VSHFLĆFDOO\� WKH ZDVS�ZDLVWHG EHKDYLRU RI $�������� OLNHO\ GXH

WR GXDO�SRSXODWLRQ IHUURPDJQHWLF PLQHUDORJ\ DQG WKH 6' KHPDWLWH EHKDYLRU RI $��������
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)LJXUH ���� 3DOHRPDJQHWLF SROHV IURP WKLV VWXG\ �UHG� ZLWK WKH FLUFOH LGHQWLI\LQJ WKH FLUFOH RI $95FRQĆGHQFH�� ,Q

EOXH LV WKH )UDQNOLQ /,3 SROH LV WKH '���FDQ SROH RI 'HQ\V]\Q HW DO� �����D�� ZLWK WKH FLUFOH LGHQWLI\LQJ WKH FLUFOH RI

$95FRQĆGHQFH� 7KH ���0D WR SUHVHQW $3:3 LV IURP%HVVH DQG &RXUWLOORW ������� WKH ������0D$3:3 LV IURP.HQW

DQG ,UYLQJ ������� WKH ���0D WR SUHVHQW /DXUHQWLDQ $3:3 LV IURP 7RUVYLN HW DO� ������� DQG WKH �������0D /DX�

UHQWLDQ 3ROH HQYHORSH LV IURP GDWD RI 3DUN ������ ������ DQG FRPSLOHG E\0LWFKHOO HW DO� ������� $� 3ROHV LQ FXUUHQW

SRVLWLRQV� %� 3ROHV SORWWHG ZLWK H[SHFWHG ORFDWLRQV LI WKH URWDWLRQ RFFXUUHG EHWZHHQ WKH &DUERQLIHURXV�&UHWDFHRXV�

DIWHU WKH +7� RYHUSULQW ZDV DFTXLUHG EXW EHIRUH WKH07 DQG /7 RYHUSULQWV� &� 3ROHV SORWWHG ZLWK H[SHFWHG ORFDWLRQ LI

WKH URWDWLRQ RFFXUUHG LQ WKH &U\RJHQLDQ�(GLDFDUDQ� EHIRUH WKH +7��07 DQG /7 RYHUSULQWV ZHUH DFTXLUHG� 7KH DVWHU�

LVNV LQGLFDWH D SROH LQ D UHVWRUHG �SUH�URWDWLRQ� SRVLWLRQ DQG WKH ORZHU FDVH OHWWHUV LQGLFDWH SROHV RI SDUWLFXODU WLPHV RI

LQWHUHVW �D �E� F IURP%HVVH DQG &RXUWLOORW� ����� $3:3� DQG G� H� I� J� K� L IURP 7RUVYLN HW DO�� ����� $3:3��

◦

◦



TABLE 1. PALEOMAGNETIC DIRECTIONS AND POLES 
  In situ directions Tilt corrected directions Paleomagnetic Poles† MHV paleo-

latitude 
Component Declination/ 

Inclination 
(o) 

k N* α 95 
 

(o) 

Declination/ 
Inclination 

(o) 

k N* α 95 
 

(o) 

Latitude/ 
Longitude (oN/oE) 

A95 
 

(o) 

N K  
 

(o) 
LT 54.0/80.9 1886.5 

 
2 5.8 209.2/69.7 

 
21.6 2 56.6 69.6/265§ 10.8 2 533.83 NA## 

MT 161.7/-82.1 89.6 
 

8 5.9   49.1/-65.4 9.5 8 20.1 77.7/197.4§ 10.4 8 29.4 NA*** 

HT2 52.2/-50.3 62.3 4 11.7 45.8/-15.3 39.0 4 14.9 14.5/176.0§ 
 

13.4 4 49.8 NA*** 

-9.8/174.3# 9.8 4 88.1 NA*** 
HT1 
Approach 1 

179.1/58.1 
 

6.9 5 31.3 190.0/42.1 
 

29.5 5 14.3 0.4/210.7# 13.8 5 31.6 24.3 

HT1 
Approach 3 

174.9/48.3 18.1 7 14.6 
 

182.4/44.4 61.8 7 7.7 1.4/218.1# 7.2 7 71.6 26.1 

70 Ma** NA*** NA*** NA*** NA*** NA*** NA*** NA*** NA*** 75.9/204.7 4.6 7 169.8 NA*** 
77.9 Ma†† NA*** NA*** NA*** NA*** NA*** NA*** NA*** NA*** 74.7/207.4 5.9 14 47.2 NA*** 
80 Ma§§ NA*** NA*** NA*** NA*** NA*** NA*** NA*** NA*** 74.5/201.3 7.9 7 ND††† NA*** 
Franklin 
LIP##  

NA*** NA*** NA*** NA*** 243.2/35.0 NA*** NA*** NA*** 6.7/162.1 3.00 26 ND††† 19.3 

 *N—number of sites and/or sections 
†Poles calculated as means from site/section poles for the Mount Harper Volcanics (64.7oN, 139.9oW) 
with HT1 directions from site A1207 reversed and only the matrix HT1 directions from site A1126 
§Calculated from the in situ direction  
#Calculated from the tilt corrected direction 
**Pole from Kent and Irving, 2010 
††Pole from Besse and Courtillot, 2002  
§§Pole from Torsvik et al., 2012 
##D+09can pole from Denyszyn et al., 2009 
***NA= not applicable 
†††ND= no data 
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23
8 U
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680

684

688

692

696
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704

B. A1418-161.8

C. A1418-207.5

A. A1416-8.6

D. A1418-326.1

E. A1418-343.2
zircon used in date
inherited zircon

damaged zircon suffering Pb loss

 25 200 x

Z1 

Z7 Z5 

Z4 Z2 

z6

25 200 x 

Z1 Z2 Z3 Z4 

Z5b z6 Z7 

25 200 x  

Z1 Z2 Z3 Z4 

Z5 z6 Z7 Z8 

 

 

Z2 

25 200 x

Z1 Z4 Z2 

Z5 z6 Z8 

5X magnification

25 200 x

Z1 Z3 Z4 

Z5 z6

z8 and z9-not pictured

Z2 

5X magnification

z9-not pictured

F1431-5.5 
z1 z2 z3 

z1 z2 z6 

F1433-112 

z4 

z3 z4 z7 

F1431-241 
z1 z2 z3 z4 z5 z6 z7 z8 z9 z10 z11 z12 

742.32 ± 0.45 Ma

741.34± 0.57 Ma

737.16± 0.61 Ma

735.79± 0.58 Ma

726.21± 0.46 Ma 707.61±0.46

726.68±0.95

729.77±0.80

734.72±1.36 711.64±0.51

714.52±0.57 Ma

712.50±1.21 Ma

712.44±0.99 Ma

712.29±0.59 Ma

712.26±0.50 Ma

711.96±0.47 Ma

711.69±0.50 Ma

711.60±0.43 Ma

711.60±0.43 Ma

705.15±0.92 Ma

703.85±0.55 Ma

703.23±0.48 Ma

 F. TIMS ages on youngest grains from detrital samples 
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689.8
690.2
690.6
691.0

689

690

691

692

693

694

694.0

694.8

695.6

696.4

697.2

698.0

690.08 ± 0.19 Ma
MSWD=0.97
prob. fit=0.433

n=6

695.81 ± 0.23 Ma
MSWD=0.60
prob. fit=0.731

n=7

690.77 ± 0.21 Ma
MSWD=0.30
prob. fit=0.880

n=5

696.28 ± 0.30 Ma
MSWD=0.20
prob. fit=0.898

n=4

696.24 ± 0.22 Ma
MSWD=1.93
prob. fit=0.086

n=6

207Pb/235U

207Pb/235U
207Pb/235U

207Pb/235U

20
6 P
b/
23
8 U

20
6 P
b/
23
8 U

20
6 P
b/
23
8 U

20
6 P
b/
23
8 U

)LJXUH ���� &RQFRUGLD GLDJUDPV RI ]LUFRQ ���3E����8&$�,'�7,06 GDWHV ZLWK UDQNHG DJH GLDJUDPV DV LQVHWV� $�

$���������UK\ROLWH IURP0HPEHU ( QHDU *DWDJD0RXQWDLQ� %� $����������� YROFDQLFODVWLF DQGHVLWH IURPPHPEHU

( RQ0DWXOND &UHHN 5LGJH� &� $�����������UK\ROLWH IURPPHPEHU ( RQ0DWXOND &UHHN 5LGJH� '� $�����������IHOVLF

ODPLQDWHG WXII MXVW EHORZ GLDPLFWLWH XQLWV� (� $�����������IHOVLF ODPLQDWHG WXII EHWZHHQ WZR GLDPLFWLWH XQLWV� 7KH

GDWD SRLQW HUURU HOOLSVHV DUH �σ� )� &/ LPDJHV RI \RXQJHVW JUDLQV IURP WKH GHWULWDO VDPSOHV )��������� )��������� DQG

)�������� DORQJ ZLWK 7,06 GDWHV�



Table&2.&Weighted&Mean&Age&Calculations&for&Volcanic&Samples&

! Lithology!
206Pb/238U&age&±&2s&(Ma)&
analytical&(+&tracer)&[+&l]& n#! MSWD*! prob.&fit*!

A1418Q343.2& rhyolite)tuff& 690.08)±)0.19)(0.38))[0.80]) 6) 0.97) 0.433&

A1418Q326.1& rhyolite)tuff& 690.77)±)0.21)(0.39))[0.81]& 5) 0.30) 0.880&

A1418Q207.5) rhyolite)lava) 695.81)±)0.23)(0.4))[0.82]) 7) 0.60) 0.731!

A1418Q161.8& andesite)tuff& 696.28)±)0.30)(0.44))[0.84]) 4) 0.20) 0.898!

A1416Q8.6& rhyolite)lava& 696.29)±)0.22)(0.40))[0.82]) 6) 1.93) 0.086!
#)indicates)number)of)zircons)included,)see)bolded)ages)in)Table)1)

*)MSWD)=)mean)squared)weighted)deviation;)prob.)fit)=)probability)of)fit)

!
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TABLE 1. SAMPLING LOCATIONS 
 

Lat  
(°N) 

Lon  (°W) Site Location Formation Member Rock unit 

36.264 111.882 A1301 
JK15matrix 
JK15clasts 

Nankoweap Butte Sixtymile Fm.  Matrix 
Matrix 
clasts 

36.268 111.885 A1302 Nankoweap Butte Kwagunt Fm. Walcott   
36.268 111.886 A1303 Nankoweap Butte -East limb 

of syncline 
Kwagunt Fm. Carbon Butte  White 

sandstone 
36.268 111.886 A1304 Nankoweap Butte-East limb 

of syncline 
Kwagunt Fm. Awatabi  Boxonia 

36.274 111.886 A1305 Nankoweap Butte East limb 
of syncline 

Kwagunt Fm. Carbon Butte  Basal 
Sandstone 

36.276 111.890 A1306 Nankoweap Butte-Center of 
syncline 

Kwagunt Fm. Carbon Butte  Basal 
Sandstone 

36.274 111.890 A1307 Nankoweap Butte- West limb 
of syncline 

Kwagunt Fm. Awatabi  Boxonia 

36.274 111.890 A1308 Nankoweap Butte- West limb 
of syncline 

Kwagunt Fm. Carbon Butte  White 
sandstone 

36.274 111.891 A1309 Nankoweap Butte- West limb 
of syncline 

Kwagunt Fm. Carbon Butte  Basal 
Sandstone 

36.167 111.839 A1310 Carbon Butte-center of 
syncline 

Kwagunt Fm. Carbon Butte  Basal 
Sandstone 

start: 
36.166 

end: 
36.162 

start: 
111.840 

end: 
111.838 

A1311-1:25 Carbon Butte Galeros Fm Carbon Canyon  
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FDUULHV07 FRPSRQHQW DQG D VKDOORZ+7 FRPSRQHQW FDUULHG E\PDJQHWLWH� %� 5HSUHVHQWDWLYH RUWKRJRQDO SURMHFWLRQ

GLDJUDPV VKRZLQJ WKH GHPDJQHWL]DWLRQ RI VDPSOH $������$ WKDW FDUULHV D VWHHS GLUHFWLRQ FDUULHG E\ KHPDWLWH� &�
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SORWV DUH VKRZQ WR WKH ULJKW RI HDFK RUWKRJRQDO SURMHFWLRQ�

α95> ◦



 
 TABLE 2. MID-TEMPERATURE COMPONENT DIRECTIONS 

Site MT demag. temp. (°C) D/I  (in situ)  (o) D/I (tilt corrected) (o) α95 (o) k n/N  
A1302 400 302.4/59.2 287.5/58.3 14.6  30.3 4/4 
A1304 350-400 7.2/ 61.2 278.5/ 69.6 8.1 98.5 4/4 
A1307 350-400 336.6 / 71.5 152.3/ 83.1 18.8 14.01 5/6 
A1305 350-650 (1 sample with 650) 349.5/55.6 291.6/49.5 21.1 11.2 5/8 
JK15m 310-450 8.3/ 69.3 5.2/ 56.8 17.14 35.2 3/8 
JK15C 350-560 31.7/ 61.5 23.9/ 58.4 22.73 17.3 4/19 
A1311 200-400 2.7/ 63.2 7.7/ 51.3 7.23 29.0 15/33 
Stringent 
Site Mean† 

345.0/67.2 
α95 =12.71 
k=37.15  

332.6/72.0 
α95 =24.58 
k=10.64 

Fail fold test: 
unfolding: 8% 
range: -10– 50% 

5  
sites 

D and I—mean declination and inclination 
k—Fisher’s (1953) precision parameter 
α95—radius of confidence circle for the mean direction 
n—number of samples used 
N—total number of stratigraphic horizons or samples collected 
†mean calculated for sites/sections with α95<20  
 
 
 
 
 
 
 
 
 

◦

α95< ◦

α95< ◦ ◦

◦ ◦ ◦

◦ ◦



 
 TABLE 3. HT-TEMPERATURE COMPONENT DIRECTIONS 

Site HT demag. 
temp. (°C) 

D/I  (in situ)  (o) D/I (tilt 
corrected) (o) 

α95 (o) k n/N  

Shallow directions       
60mile-matrix 

A1301 
650-700 281.0/13.7 281.4/11.2 16.67 14.07 6+2C/8 

Walcott       
A1302§ 450+  12.9/-20.8 13.7/-12.2 7.0 208 3C 

Awatabi-Boxonia       
A1304 560-660 122.4/ -47.4 96.2/ -26.6 15.2 48.1 3+1C/4 
A1307 375-560 103.4/-19.3 93.4/-32.8 17.7  49.5 1+3C/8 

Awatabi Mean† 111.32/-33.70 
α95 =76.7 
k=12.8 

94.82/-29.71 
α95 =14.60 
k=294.79 

tilt α95<< in situ α95 2 sites 

Carbon Butte       
A1303-white ss 635-680 108.5/ -32.4 92.34/ -15.9 7.72 86.30 5+1C/7 
A1305-Basal ss#  

(top 2.3 m) 
650-680 286.3/57.4 263.8/23.8 12.4 41.94 4/8 

A1310-Basal ss  
(bottom 0.45 m) 

650-665 100.2/-17.4 104.2/-21.9 11.70 51.40 4+1C/5 

Carbon Butte Mean† 104.4/ -35.5 
α95 =32.60 
k=15.39 

93.47/-20.74 
α95 =15.89 
k=61.27 
 

Indeterminate 
unfolding: 88% 
range:-9 – 109% 

3 sites 

Carbon Canyon 
A1311-8,11,20 

475-490 274.3/33 278.9/26.3 27.8 13.85 3/33 

Awatabi + Carbon Butte  Mean† 107.21/-34.89 
α95 =18.17 
k=18.67 

94.00/ -24.35 
α95 =8.68 
k=78.60 

Pass fold test 
unfolding: 83% 
range: 44 – 109% 

5 sites 
23 
samples 

Sixtymile Fm  
     *Jk15clasts 

 
605-680 

 
37.1/42.0 

 
35.0/38.3 

 
53.8 

 
1.4 

 
16/19 

    JK15clasts with  
     steep PDF direction  

630-685 10.6/60.4 7.7/57.6 7.36 68.22 7/19 

Steep direction       
A1301- Sixtymile Fm 570-660  8.6/66.4 3.4/64.5 17.56 21.26 4/8 
A1309- 
   Carbon Butte 

605-675 7.5/51.2 50.2/60.2 15.6 20 5/6 

A1311- 
Carbon Canyon 

565-690 357/65.6 2.7/54.8 14.64 22.59 5/33 

HT steep Mean† 4.8/61.16 
α95 =13.8 
k=80.47 

18.17/61.7 
α95 =21.93 
k=32.6 

Fail fold test 
unfolding: 32% 
range: -8– 35% 

3 sites 

D and I—mean declination and inclination 
k—Fisher’s (1953) precision parameter 
α95—radius of confidence circle for the mean direction 
n—number of samples used, C indicates sample with great circle fit 
N—total number of stratigraphic horizons or samples collected 
§great circle pole demagnetization approaches up in the southeast quadrant 
#reversed for calculations of means 
†mean calculated for sites/sections with α95<20  
*R=1.42, Ro=6.45, thus randomness cannot be rejected 
 



 
 TABLE 4. MEMBER DATA FROM WEIL ET Al., 2004 

Member D/I  (in situ)  (o) D/I (tilt corrected) (o) α95 (o) k n/N 

Walcott:      
JG60-18 290/54 303/29 18 27 7/7 
JG60-6 299/50 290/30 13 28 7/7 

Walcott Mean† 
294.70/52.09 
α95 =14.92 
k=281.93 

296.37/29.88 
α95 =24.31 
k=107.65 

tilt α95 >> in situ α95 2 sites 
14 samples 

Awatabi:      
JG-53-2 107/-31 98/-13 11 76 6/7 

Carbon Butte      
#AW-13-4 272/3 272/23 9 39 8/8 
AW-12-10 88/−25 94/−34 12 65 6/8 
AW-12-11 103/−13 108/−28 16 258 6/8 
*AW-12-13 85/−28 83/−36 21 20 7/8 
AW-12-14A 92/−20 97/−39 12 60 6/8 
AW-12-14B 97/−19 103/−37 12 39 8/8 

Carbon Butte Mean† 
94.48/-16.08 
α95 =9.57 
k=64.89 

98.66/-32.65 
α95 =8.49 
k=82.05 

Indeterminate 
Unfolding: 79% 

range: -10 – 109% 

5 sites 
32 samples 

Awatabi + Carbon 
Butte Mean† 

96.38/-18.63 
α95 =9.86 
k=47.10 

98.53/-29.38 
α95 =9.44 
k=51.31 

Indeterminate 
Unfolding: 54% 

range: -10 – 109% 

6 sites 
38 samples 

Carbon Canyon      
AW-12-8 260/60 256/17 13 27 6/8 
AW-12-9 256/48 254/−11 9 90 7/8 

AW-12-15 277/31 285/35 15 24 7/8 
AW-12-19 299/−8 296/1 16 16 7/7 
AW-12-20 284/5 285/7 7 53 6/7 
AW-13-1 264/6 264/−5 11 31 7/7 
AW-13-2 264/18 259/10 15 16 7/7 
AW-13-3 254/26 245/22 14 21 7/8 
AW-13-6 241/−20 247/−5 12 31 7/8 
AW-13-7 260/−19 263/2 17 22 6/7 
AW-13-8 267/−2 267/10 14 24 7/7 
AW-13-9 252/−29 259/−7 15 27 6/7 

AW-13-10 264/−6 263/13 14 25 7/7 
AW-13-11 263/−30 269/−5 19 13 7/8 

Carbon Canyon mean 
265.14/5.34 
α95 =16.14 

k=7.03 

264.93/6.11 
α95 =9.65 
k=17.93 

Pass fold test 
unfolding: 98.5% 
range: 71 – 109% 

14 sites 
94 samples 

 
Jupiter      

AW-12-22 268/−11 266/−5 16 20 8/8 
AW-12-23 270/3 272/5 6 112 8/8 

PDF      
Carbon Butte      

T-52-1b 5/64 313.26/68.78 8 56 8/8 
T-65-1b 4/54 21.64/44.07 11 50 5/8 
T-65-2b 5/53 21.86/42.92 7 107 6/8 

JG-60-2b 0/61 325.62/44.00 6 122 6/8 
JG-60-3b 5/55 319.23/34.68 8 151 6/8 

JG-53-4b 13/57 320.21/ 63.65 10 51 6/8 
JG-53-5b 345/63 295.92/54.84 10 30 9/9 
AW-13-5b 6/51 36.16/60.33 7.8 61 8/8 

AW-12-12b 11/68 35.25/50.65 9 61 8/8 
D and I—mean declination and inclination 
k—Fisher’s (1953) precision parameter 
α95—radius of confidence circle for the mean direction 
n/N—number of samples used/total number of  samples 
#reversed for calculations of means 
*discarded from subsequent analysis because α95 <20 o 

†mean calculated for sites with α95<20  
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W\PLOH )RUPDWLRQ�:DOFRWW PHPEHU� $ZDWDEL PHPEHU� &DUERQ &DQ\RQPHPEHUPLG WHPSHUDWXUH FRPSRQHQW GLUHF�

WLRQV� &�'� &DUERQ &DQ\RQ� &DUERQ %XWWH� $ZDWDEL DQG 6L[W\PLOH )RUPDWLRQ 6WHHS KLJK WHPSHUDWXUH RULJLQ WUHQGLQJ

FRPSRQHQW GLUHFWLRQV� (�)� $ZDWDEL DQG &DUERQ %XWWHPHPEHU KLJK WHPSHUDWXUH RULJLQ WUHQGLQJ FRPSRQHQW GLUHF�

WLRQV� 1RWH WKDW VLWH $���� KDV KLJK VWDELOLW\ +7 GLUHFWLRQV UHYHUVHG IURP WKH UHVW� )RU WKH SORWV RI WKH VLWH�PHDQ GL�

UHFWLRQV WKH QHJDWLYH GLUHFWLRQV UHSUHVHQWHG E\ RSHQ V\PEROV DQG SRVLWLYH GLUHFWLRQV UHSUHVHQWHG E\ FORVHG V\PEROV�

7KH JHRJUDSKLF�LQ�VLWX GLUHFWLRQV DUH SORWWHG LQ EURZQ DQG WKH WLOW FRUUHFWHG GLUHFWLRQV DUH SORWWHG LQ EOXH� 7KHPHDQ

FRPSRQHQW GLUHFWLRQV DUH SORWWHG ZLWK VWDUV DQGZLWK WKH FLUFOH RIα95 LQGLFDWHG� 7KH GLUHFWLRQ RI WKH SUHVHQW GD\

ĆHOG �3')� LV LQGLFDWHG LQ OLJKW RUDQJH� )RU WKH 7DX[H DQG:DWVRQ ������ IROG WHVWV� WKH EODFN FXUYHV LQGLFDWHPD[LPXP

HLJHQYDOXH �τ1� DV D IXQFWLRQ RI XQWLOWLQJ� 7KH UHG GDVKHG FXUYHV DUH D VDPSOLQJ RI WKH ĆUVW �� ERRWVWUDSSHG UHVXOWV�
7KH JUHHQ OLQH LV WKH FXPXODWLYH GLVWULEXWLRQ RI WKH SHUFHQW XQWLOWLQJ UHTXLUHG WRPD[LPL]H τ1 IRU DOO WKH ERRWVWUDSSHG
GDWD VHWV� 7KH GDVKHG YHUWLFDO OLQHV DUH ��� FRQĆGHQFH ERXQGV RQ WKH� XQWLOWLQJ WKDW \LHOG WKHPRVW FOXVWHUHG UHVXOW

�PD[LPXP τ1�� ,I WKH ��� FRQĆGHQFH ERXQGV LQFOXGH �� WKHQ D SUH�WLOW PDJQHWL]DWLRQ LV LQGLFDWHG� ,I WKH ��� FRQĆ�

GHQFH ERXQGV LQFOXGH ���� WKHQ D SRVW�WLOW PDJQHWL]DWLRQ LV LQGLFDWHG� ,I WKH ��� FRQĆGHQFH ERXQGV H[FOXGH ERWK �

DQG ���� V\Q�WLOW PDJQHWL]DWLRQ LV SRVVLEOH�
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B. Explanation 1: Sample level incomplete isolation of HT

A. Walcott Directions

geographic HT Walcott (Weil et al., 2004)

tilt corrected HT Walcott (Weil et al., 2004)

Watson’s V

V critical

iii. Watson’s V test

A1301-3B

HTs

HT

100% HTs

0% HTs

horizontal projection

vertical projection

geographic HT Walcott (Weil et al., 2004)

geographic HT Walcott (Weil et al., 2004)

)LJXUH ���� $L� LL� JHRJUDSKLF DQG WLOW FRUUHFWHG HTXDO DUHD SORW RI WKH:DOFRWW VLWHV� 7KH JHRJUDSKLF�LQ�VLWX GLUHFWLRQV

DUH SORWWHG LQ EURZQ DQG WKH WLOW FRUUHFWHG GLUHFWLRQV DUH SORWWHG LQ EOXH� 7KH07:DOFRWW GLUHFWLRQ DQG+7 JUHDW FLUFOH

GLUHFWLRQ IURP WKLV VWXG\ DUH DOVR LQGLFDWHG� 7KH GLUHFWLRQ RI WKH SUHVHQW GD\ ĆHOG �3')� LV LQGLFDWHG LQ OLJKW RUDQJH�

7KHPHDQ QRUPDO DQG UHYHUVHG $ZDWDEL DQG &DUERQ %XWWH GLUHFWLRQV DUH SORWWHG ZLWK VWDUV� LLL� :DWVRQèV 9 WHVW FRP�

SDULQJ WKH WLOW FRUUHFWHG:DOFRWW GLUHFWLRQV ZLWK WKRVH IURP WKH XQGHUO\LQJ $ZDWDEL DQG &DUERQ %XWWHPHPEHUV� %�

([SODQDWLRQ � IRU:DOFRWW GLUHFWLRQV� VDPSOH OHYHO LQFRPSOHWH LVRODWLRQ RI +7� &� ([SODQDWLRQ � IRU:DOFRWW GLUHFWLRQV�

VLWH OHYHO PL[LQJ RI +7 DQG+7V GLUHFWLRQV�



TABLE 5. POTENTIAL EXPLANATION FOR WALCOTT SITE MEANS 
 D 

(o) 
I 
(o) 

MAD/
α 95 (o)  

nsteps or nsamples k 

Explanation 1: Temperature 
steps used in line fits      

HT: 685, 690, 695, 700  281.5 34.4 1.5 4  
2:  660, 695, 700 285.9 39.5 0.9 3  
3: 650, 695, 700 297.2 43.2 1.9 3  
4: 620,695, 700 291.7 48.9 6.6 3  

5: 580, 605, 690, 700 302.4 48.5 6.8 4  
6: 580, 605, 690, 314.0 53.2 2.7 3  

MT:  351.1 61.3 4.6 29  
Explanation 2: Mixing 
between HT and HTs 

     

HTs Kappa: 27, N: 8, Mean Dec: 351, Mean Inc: 6 

 336.8 52.7    
 292.1 75.1    
 310.1 56.7    
 304.3 61.4    
 358.9 49.9    
 336.4 73.0    
 3.4 52.2    
 359.7 62.3    

HT Kappa: 27, N: 8, Mean Dec: 281.5, Mean Inc: 34.3  
 296.3 29.5    
 299.6 34.5    
 278.0 44.5    
 270.7 42.8    
 291.6 12.9    
 283.4 25.6    
 290.6 43.0    
 287.4 23.4    

Site means      
0% HTs 287.67 32.34 9.45 8 35.33 

12.5% HTs 290.72 36.11 15.99 8 17.32 
25% HTs 289.49 41.15 16.75 8 11.89 
50% HTs 297.14 45.00 17.4 8 11.88 
75% HTs 312.38 57.25 15.95 8 13.01 

100% HTs 336.98 62.69 10.99 8 26.36 
!
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α95
◦

α95

D F

D F



TABLE 6. PALEOMAGNETIC DIRECTIONS AND POLES 

  In situ directions Tilt corrected directions Fold Test †Paleomagnetic Poles† 

Direction N* Declination/ 
Inclination 

(o) 

k α 95 

 
(o) 

Declination/ 
Inclination 

(o) 

k α 95 

 

(o) 

Pass/Fail/Synfold/Ind: 
unfolding 

(range) 

Latitude/ 
Longitude 

(oN/oE) 

A95 

 

(o) 

N K 

MT Sixtymile, Carbon Butte+ 
Carbon Canyon 

 

5 345.0/67.2 
 

37.1
5 

12.71 332.6/72.0 
 

10.64 24.58 Fail: 8% 
(-10– 50%) 

§73.38/219.23 19.9 5 15.6 

HT Steep Sixtymile,Carbon Butte+ 
Carbon Canyon 

 

3 4.8/61.16 
 

80.47 13.8 
 

18.17/61.7 
 

32.6 21.93 
 

Fail:  32% 
(-8 – 35%) 

§82.46/274.56 16.13 3 59.44 

HT Sixtymile 
nsamples=8, α 95=16.67, k=14.07 

 

1 
 

281.0/13.7 NA NA 281.4/11.2 NA NA NA §10.0/157.2     
#12.5/155.9  

NA 1 NA 

HT Awatabi 
 
 
 

2 111.32/-33.70 
 

12.8 76.7 94.82/-29.71 
 

294.79 14.60 Indeterminate: 84% 
N=2 

§29.11/161.81 
#13.16/168.4 

##15.71/171.19 

59.55 
10.20 
10.42 

2 19.75 
600.87 
576.24 

HT Carbon Butte 
 
 
 

3 104.4/ -35.5 
 

15.39 32.60 93.47/-20.74 
 

61.27 
 

15.89 Indeterminate: 88% 
(-9 – 109%) 

§23.97/167.87 
#9.10/164.82 

##11.21/167.83 

24.23 
15.81 
15.84 

2 26.93 
61.82 
61.59 

HT Awatabi +Carbon Butte  
 

5 107.21/-34.89 
 

18.17 18.67 94.00/ -24.35 
 

78.60 8.68 Pass: 83% 
(44 – 109%) 

#10.73/166.25 
##13.02/169.17 

7.61 
7.67 

5 101.9 
100.40 

             

HT  
Awatabi +Carbon Butte (this study) 
+Carbon Butte (Weil et al., 2004) 

 

10 100.29/-25.46 19.81 11.12 96.14/-28.50 68.12 5.89 Synfolding: 75% 
(48 - 91%) 

††14.2/166.4 
#13.96/167.12 

##12.65/166.10 

4.11 
4.94 
5.06 

10 
 

139.0 
96.50 
91.88 

HT Walcott 
 
 

2 294.7/52.1 14.9 14.9 296.4/29.9 107.7 24.3 Indeterminate: -10% 
N=2 

§37.1/174.7 18.5 2 185.0 

HT Carbon Canyon 
(reanalyzed from Weil et al., 2004) 

 

14 265.14/5.35 7.7 16.14 264.93/6.11 17.92 9.65 Pass: 98.5 
(71 – 109%) 

#2.08/163.69 
##1.47/164.58 

7.98 
8.51 

14 25.74 
22.79 

*N—number of sites 
†Poles calculated as means from site mean poles for site location 36.30N, 248.10E with HT directions from sites A1305 and AW-13-4 (both Carbon Butte) reversed 
§Calculated from the in situ direction 
#Calculated from the tilt corrected direction 
##Calculated from the tilt corrected direction using the maximum If calculated using f=0.738 for sandstones or f=0.8 for carbonates 
††Calculated from the synfolding direction at 75% unfolding is: dec/inc=96.95/-27.98, a95=4.97, k=95.25 
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A.

)LJXUH ���� $� 3DOHRPDJQHWLF 3ROHV IURP WKH &KXDU� ,Q OLJKW JUHHQ DUH WKH QHZ SROHV IURP WKLV VWXG\� DQG LQ GDUNHU

JUHHQ DUH UHDQDO\]HG SROHV IURP:HLO HW DO� ������� +7V JHR LV WKH KLJK WHPSHUDWXUH VWHHS GLUHFWLRQ LQ JHRJUDSKLF FR�

RUGLQDWHV� 07JHR LV WKHPLG�WHPSHUDWXUH GLUHFWLRQ� :JHR LV WKH:DOFRWW SROH LQ JHRJUDSKLF FRRUGLQDWHV �:HLO HW DO��

������ $�&% WLOW LV WKH ćDWWHQLQJ FRUUHFWHG FRPELQHG &DUERQ %XWWH DQG $ZDWDEL SROH IURP WKLV VWXG\ RQO\� &RPER

$�&%WLOW LV WKH SROH IURP V\QIROGLQJ $ZDWDEL DQG &DUERQ %XWWH GLUHFWLRQV FRPELQHG IURP WKLV VWXG\ DQG:HLO HW DO��

����� &&WLOW LV WKH ćDWWHQLQJ FRUUHFWHG &DUERQ &DQ\RQPHDQ SROH IURP:HLO HW DO�� ����� 7KH 1DQNRZHDS I ����� LV

WKH ćDWWHQLQJ FRUUHFWHG 1DQNRZHDS SROH IURP:HLO HW DO�� ����� ,Q JUH\ LV WKH ���0D WR SUHVHQW /DXUHQWLDQ $3:3

IURP 7RUVYLN HW DO� ������� ,Q EOXH LV WKH 8LQWD0RXQWDLQ SROH �:HLO HW DO�� ������ ZKLFKPD\ EH FRUUHODWLYH ZLWK DQ\ RI

WKHPHPEHUV RI WKH &KXDU JURXS� 7KH SXUSOH VWDU LQGLFDWHV WKH SDOHRPDJQHWLF 9*3 GLUHFWLRQ IURP WKH VLQJOH 6L[W\PLOH

VLWH ZLWK UHVROYDEOH KLJK FRHUFLYLW\ SULPDU\ GLUHFWLRQV� %� 3DOHRPDJQHWLF SROHV IURP WKH *XQEDUUHO (YHQW� 6 WVH]RWHQH

6LOO� /'$� DQG //% DUH /LWWOH 'DO SROHV� ,Q GDUN JUHHQ LV WKHPHDQ*XQEDUUHO SROH FDOFXODWHG LQ WKLV VWXG\� &� 3DOHRPDJ�

QHWLF SROHV IURP WKH )UDQNOLQ /,3� * LV WKH *UHHQODQG SROH� ( LV WKH (OOHVHPHUH SROH� ,Q GDUN JUHHQ LV WKHPHDQ )UDQNOLQ

SROH FDOFXODWHG E\ 'HQ\HV\Q HW DO�� �����



α95 ◦ < ◦ >

α95 ◦< ◦ >

◦



◦

◦ ◦



B. 5 degree rotation C. 10 degree rotationA. no rotation

Laurentia
Unkar Intrusives and Cardenas Basalts

1080 ± 2 Ma, 1080 ± 3 Ma, 1088 ± 3 Ma, 1094 ± 2 Ma
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TABLE 8. CRATON PALEOMAGNETIC POLES  

Craton Unit/Fm Age (Ma) Type of Age+ Reference if different 
Paleomagnetic Pole 

Paleomagnetic 
Reference NOTE Lat. Long. A95 

(dp,
dm) 

Laurentia *Franklin LIP Victoria/ 
Mainland/Baffin Int. & 
Ext. 

716.33±0.54 
 

Macdonald et al., 2010 6.7 162.1 3.0 Denyszyn et al. 2009 Site-filtered by Denyszyn et al., 2009 from previous studies 

 *Carbon Butte+Awatabi 751.0± 7.6 
 

Re-Os in Awatabi Mb. (Rooney et al., 
submitted) 

13.0
2 

169.17 7.67 This Study Tilt corrected pole corrected for flattening using f=0.8 for 
carbonates and f=0.738 for sandstones 

 *COMBO Carbon 
Butte+Awatabi 

751.0± 7.6 
 

Re-Os in Awatabi Mb. (Rooney et al., 
submitted) 

14.2 166.4 4.11 This Study  Results combined with Carbon Butte Mb. results from Weil et al. 
2004. Pole is synfolding at 75% (48-91%). 

 *Carbon Canyon  757.0 ± 6.8  Re-Os in middle of Carbon Canyon Mb. 
(Rooney et al., submitted) 

1.47 164.6 8.51 Reanalyzed Weil et 
al. 2004 

Tilt corrected pole corrected for flattening using f=0.738 for 
sandstones 

 *Nankoweap  < 782 detrital zircons (n = 14) Dehler et al., 2017 -11.7 159.4 7 Reanalyzed Weil et 
al., 2003 

Tilt corrected pole corrected for flattening using f=0.738 for 
sandstones 

 *Gunbarrel Mean 774.93±0.54 U-Pb CA-IDTIMS (Milton et al., 2014) 8.8 137.7 11.9 This study Tobacco Root-B, Christmas Lake, and Mount Moran dikes, 
Tsezotene sills 

Southern 
Australia 

Walsh cap dolomite 750-700 Maloof et al., 2006 suggested ca. 720 -21.5 282.4 12.2 Li, 2000 Likely age from Rooney et al., 2015: 662 Ma (Sturtian cap or 632 Ma 
(Marinoan cap) 

 *Mundine Well dikes 755±3 Pb-Pb weighted mean zircon SHRIMP  45.3 135.4 4.1 Wingate and 
Giddings, 2000  

 

 Kanpa Fm 760-720 correlations  74.0 128.8 (7.7,
14.8) 

Pisarevsky 2007 Close to some Middle Devonian Australian poles. Preliminary result 
because it is based on six samples. 

 *Hussar Fm 800-760  correlations 62.2 85.8 10.3 
(7.3,
14.6) 

Pisarevsky 2007  

 Browne Fm 830-800 correlations 44.5 141.7 (5.1, 
9.0) 

Pisarevsky 2007  

Northern 
Australia 

Bitter Springs Fm. 
Johnny’s Creek Member 

780-660 Uncertain age, constrained by fold test to be 
pre-Paleozoic 

15.8 83.0 13.5 Swanson Hysell, et 
al., 2012. 

 

 Wooltana volcanics 827± 6?  -62.0 142.0 16.0 McWilliams & 
McElhinny 1980; 
Preiss, 2000 

Very uncertain age constraints: McWilliams & McElhinny 1980 , M. 
Idnurm, unpublished 1997 

 Yilgarn B dikes  Originally thought to be 750–700 Ma 77.9  162.0  28.1 Giddings 1976  younger (possibly Mesozoic) overprint (Halls and Wingate, 2001) 
S. China Liantuo sediments 748±12 SHRIMP U-Pb (Ma et al. 1984) 4.0 161.0 13 Evans et al. 2000  Unpublished age from the pmag locality is ~778 Ma. Macdonald et al., 

personal comm. But cited as“ Basal Liantuo Fm” (eg. Buchan 2013).  
 Liantuo 720±15 SIMS U-Pb (Lan et al 2015) 12.7 157.4 5.2 Jing et al., 2015 Paleomagnetic data spans the upper part of the formation 
 *Liantuo average 720±15 SIMS U-Pb (Lan et al 2015) 13.2 155.2 5.27 Jing et al., 2015  
 UWA site 1  Basal unit of the upper Liantuo 11.7 159.0 10.7 Evans et al. 2000  No reversals, N<25 samples and no field test 
N. China Mean poles ca. 700 Mean of several undated poles -42.9 107.0 5.7 Zhang et al. 2006 Mean of poles from chinese paper published in the 1980s 
 Nanfen   Unclear geologic context, ca. 925 Ma in age 

based on recent correlations (Fu 2015) 
-16.5 121 11.1 Zhang et al. 2006 800–780 Ma age suggested by Li et al., 2008. No demag available.  

Tarim *Beiyixi (Baiyisi)  755±15 
732.0±8 

755: SHRIMP zircon U-Pb. 732: SHRIMP 
zircon U-Pb Xu et al. (2005)  

17.7 194.2 4.2 Huang et al. 2005 This age probably suffers from inheritance. Volcanics overlie the 
Sturtian age Baiyisi diamictites 

 *Qiaoenbrak Formation <717 Ma Sturtian age  -6.3 17.5 9.1 Wen et al. 2013  <730 Ma 
 Aksu dykes  807±12  214 271 11.0 Chen et al. 2004 Likely overprint: similar to Mid Paleozoic APWP (Wen et al. 2016) 
India *Malani igneous suite  771±5 U-Pb zircon SIMS (Gregory et al. 2009)  69.4 75.7 6.5 Meert et al. 2013 LA-ICP-MS Pb-Pb discordant zircon: 752 ± 18 Ma.(Meert et al. 

2013) 
 Malani igneous suite 771±5 U-Pb zircon SIMS (Gregory et al. 2009)  67.8 72.5 8.8 Gregory et al. 2009   
 Malani igneous suite 771-751: 

751±3,771±2 
U-Pb zircon Tucker unpublished 68.0 88.0 8 Torsvik et al. 2001  Pre. Res. 108 

 Mahe dikes 750.2±2.5  U-Pb zircon Takamaka dolerite  80.0 79.0 11 Torsvik et al. 2001  Pre. Res. 110 
Congo *Mbozi gabbro 743±30 

748±6 
<755±25 

743: K-Ar (Brock 1968), 755: K-Ar bt 
Syenite intrusions (Cahen & Snelling, 
1966; 748: U-Pb zircon (Mbede et al. 2004)  

46.0 325.0 9 Meert et al. 1995 755 Ma age recalculated in Evans 2000, Mbede et al age is 
unpublished except for conference proceedings 

 Luakela Volcanics 765±5 U-Pb zircon SHRIMP (Key et al., 2001) 40 302 14 Wingate et al., 2010  
 Gagwe Lavas 795±7 Ar-Ar (Deblond et al. 2001) 25 93 10 Meert et al. 1995  May actually be an overprint (Wingate et al., 2010) 
Siberia *Kitoi (Sayan) dikes 743 ± 47 

758 ± 4 
743: Sm–Nd. 758: Ar-Ar (Sklyarov et al. 
2003 ) 

1.1 22.4 7.4 
 

Pisarevsky et al. 
2013 

Likely correlative with Franklin LIP, suggesting 720 Ma age. Pole 
is also presented as:-0.4°N, 201.8°E, A95=6.1° 

*pole used in reconstruction 
‘A95’ is radius of the circle of confidence about the mean pole and is usually calculated with Fisher statistics on site mean poles.  
When site mean poles are not available A95 is estimated as the square root of dp × dm, where dp and dm are the semi-axes of the 95% ellipse of confidence about the mean pole (Khramov, 1987, p. 97). 
 



TABLE 9. SELECT SEDIMENTARY POLES CORRECTED FOR INCLINATION FLATTENING 
Formation flattening Site mean direction Paleomagnetic Pole 

  D I a95 Paleolatitude Paleolongitude †A95 
(dm,dp) 

#Nankoweap        
 f=0 259.8 -4.1 7.1 -10 163 4.94 

(3.5, 7.0) 
 

 f=0.7380 
(sandstones) 

259.8 -5.55 7.1 -9.9 161.9  4.94 
 (3.5, 7.0) 

*Hussar Formation        
 f=0 163.3 4.6 14.6 62.2 85.8 10.32  

(7.3, 14.6) 
 

 f=0.35  
(mudstones) 

163.3 12.95 14.6 65.6 80.1 10.32  
(7.3, 14.6) 

#Nankoweap Formation is located 36.30N, 248.10E 
*m. Lancer 1 is located at 25002’44.5’’S, 123045’20.1’’E 
†When site mean poles are not available A95 ≈√(dp x dm), where dp and dm are the semi-axes of 

the 95% ellipse of confidence about the mean pole (Khramov, 1987) 
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Laurentia South-West Australia

East Antartica Craton

Siberia

North AustraliaTonian ChUMP BasinsDeformed Laurentian Crust

Potential Rifted Microcontinent

B.ca. 720 MaA. ca. 780-750 Ma

Cryogenian Laurentian strata

extrusive/intrusive volcanics

C. ca. 720-660 Ma

Basement structures 720-700 Ma 700-690 Ma 690-680 Ma

775 Ma Gunbarrel Event
717 Ma Franklin LIP 
720-680 Ma Extensional volcanism:
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TABLE 10. MESOPROTEROZOIC PALEOMAGNETIC POLES 

Pole Age (Ma) Type and Age Reference Paleomagnetic Pole Paleomagnetic Reference 
Latitude Longitude A95 N 

North Shore Volcanic Group 
(upper SW sequence) 

1098.4 ± 1.9, 
1096.6 ± 1.7 

Pb-Pb weighted mean, 
Davis and Green, 1997 

35.8 
 182.1 3.1 47 Tauxe and Kodama, 2009; mean 

calculated in Fairchild et al., 2017 

Portage Lake Volcanics 1096.2 ± 1.8 U-Pb concordia intercept, 
Davis and Paces, 1990 

27.1 
 182.0 2.2 97 Books, 1972; Hnat et al., 2006 

Chengwatana Volcanics 1094.6 ± 2.1 Pb-Pb zircon, weighted mean, 
Zartman et al., 1997 30.9 186.1 4.9 8 

Kean, et al.  1997 

Schroeder-Lutsen basalts <1091.61 ± 0.14 CA-ID-TIMS 
Fairchild et al., 2017 27.1 187.8 3.0 50 Tauxe and Kodama, 2009; 

Fairchild et al., 2017; 

Lake Shore Traps 1085.57 ± 0.25 CA-ID-TIMS 
Fairchild et al., 2017 

23.1 
 186.4 4.0 31 Kulakov et al., 2013 

 

Michipicoten Island Fm 1084.35 ± 0.20, 
1083.52 ± 0.23 

CA-ID-TIMS 
Fairchild et al., 2017 17 174.7 4.4 23 Palmer and Davis, 1987; Fairchild 

et al., 2017 

Nonesuch Formation 1078 ± 24 Re-Os 
Cumming et al., 2010 7.3 174.7 3.0 29 Henry et al., 1977; Symons et al., 

2013 

Bangemall Sills 
1071±8, 1067±14, 

1068±22, 
Mean: 1070 ± 6 

U-Pb SHRIMP Baddeleyite/ zircon 
Wingate and Giddings, 2004 33.8 95.0 8.3 11 Wingate and Giddings, 2004 

Cardenas Basalts-Unkar 
Intrusives 

1080 ± 2,1080 ± 3 
1088 ± 3,1094 ± 2 

U-Pb baddeleyite Bright et al. 2014 on 
correlative units 32.0 185.0 9.6 16 Weil et al., 2003 

± ± ±

±



±

◦

◦
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SUPPLEMENTARY TABLE S1. 

SAMPLE LOCATION DATA 
Site/ 
Section 

MHV member  type  Latitude (oN) Longitude (oE) 
 

A1117  dike  site  64.73438 -139.76778  
A1118  sill  site  64.73637  -139.76372 
A1119  dike feeder  site  64.73637 -139.76372 
A1120  dike  site  64.68373 -139.86320 
A1121  dike  site  64.68373 -139.86320 
A1122  Seela Pass Fm. 5.6 m section 64.68060 -139.96107 
A1123 Member A  49.0 m section  64.68060  -139.96107 
A1125 Member A  21.9 m section  64.76650  -140.11252  
A1126 Eagle Creek fm. (with basalt clasts) conglomerate test/ 

22 m section 
64.76176 -140.12360  

A1127 dike site  64.76179  -140.12360  
A1128 Member B  191.5 m section  64.70884  -140.04704 
A1129 Eagle Creek fm. (with basalt clasts) conglomerate test 64.70535 -140.04903 
A1201 Member D-younger intrusion  site 64.66237  -140.01630 
A1202 Member D- younger intrusion  site 64.66253  -140.00642  
A1203 Member D  1.3 m section 64.66323  -140.00482  
A1204 Member C  3 m section 64.28337  -140.82295 
A1206 Member B  site 64.65967  -140.00342  
A1207 Member D  site 64.28337  -140.82295  
A1209 Member B and Eagle Creek fm.  273.0 m section  64.67632  -139.86698 
A1210 Member A  55.4 m section  64.68047  -140.86070  

 

Sample Analysis 
If a specimen component fit had a MAD>15, it was discarded from subsequent analysis. For samples 
with multiple specimens with the same component I used Fisher statistics to find an average component 
direction for the sample.  The data was discarded if the associated CSD>20. In some cases, if there were 
two specimens, one that seemed very different from all the other samples, and the other that was similar, 
then I would examine that specimen that was an outlier and exclude it from the mean if it seemed 
anomalous (unblocking temperatures, etc) 
 
Finally, as this dataset was particularly noisy, some component directions did not always display desired 
precision.  This was particularly apparent for the LT and HT components. For the LT components, I 
choose to exclude some LT component directions from the site/section means if they were very shallow 
or appeared to be drastically anomalous (~60 degrees away) from many of the other samples from the 
site/section. For the HT components, the main difference was that some components were upper 
hemisphere and some were lower hemisphere directions.  In my analysis I split up the means into a 
lower hemisphere and upper hemisphere means.  I then used the cutoff of N>3 and a95<20 for each 
mean.  It was in this way that the HT1 and HT2 clusters became apparent and isolated. 
 
 

SUPPLEMENTARY TABLE S2. 
LOW-TEMPERATURE COMPONENT MEAN DIRECTIONS WITH α95<20° 

Site/Section LT demag. 
temp. 

D/I  (in situ)  
(o) 

D/I (tilt corrected) 
(o) 

α95 
(°) 

k n/nc 

Approach 1 
A1128 100 °C 50.4/79.7 209.0/82 19.8 2.9 27/59 
A1210 150°C  

(LN-250°C) 
51.8/84.4 212.2/55.3 9.8 20.6 12/22 

MHV 
Mean Direction 

54.0/80.9 
α95 =5.8 

k=1886.5 
CSD=1.86 

209.2/69.7 
α95 =56.6 
k=21.6 

CSD=17.42 

  2 sections 
39 samples 

Approach 2 
A1210 150°C 

(LN-250°C) 
44.7/83.9 213.2/56.1 10.3 20.4 11flows 

12/22 
MHV 
Mean Direction 

44.7/83.9 
α95 =10.3 
k=20.4 

213.2/56.1 
α95 =10.3 
k=20.4 

  11 flows 
1 section 

12 samples 
Approach 3 

N.D. 
D and I—mean declination and inclination 
k—Fisher’s (1953) precision parameter 
α95—radius of confidence circle for the mean direction 
n—number of samples used 
nc—total number of samples collected 

 



 
SUPPLEMENTARY TABLE S3. 

 MID-TEMPERATURE COMPONENT DIRECTIONS α95<20° 
Site/ 

Section 
MT demag. temp. 

(°C) 
D/I  (in situ)  (o) D/I (tilt corrected) (o) α95 (

o) k n/nc 

Approach 1 
A1123 425 (300-500) 145.4/-81.5 50.3/-51.5 7.3 28.6 15/17 
A1125 450 (375-515) 67.2/-88.0 62.4/-36.1 5.0 128.2 7/11 
A1126 450 (350-475) 225.6/-86.2 14.5/-54.8 9.3 31.7 8/10 
A1128 475(200-530) 160.6/-84.0 60.2/-74.1 4.1 24.5 52/59 
A1203 450(415-475) 196.6/-78.8 190.8/-70.9 4.8 135.7 6/7 
A1204 425 (450-530) 167.4/-64.7 218.1/-75.5 14.9 27.3 5/8 
A1209 425 (425-560) 145.0/-82.8 35.8/-45.6 8.9 19.4 15/21 
A1210 475 (400-545) 120.1/-81.4 48.1/-48.5 2.8 155.9 19/22 

MHV Mean 
Direction 

161.7/-82.1 
α95 =5.9 
k=89.6 

49.1/-65.4 
α95 =20.1 

k=9.5 

  8 sections 
128 samples 

Approach 2 
A1123 425 (300-500) 147.5/-82.2 49.1/-51.7 7.6 28.4 14 flows 

15/17 
A1125 450 (375-515) 67.2/-88.0 62.4/-36.1 5.0 128.2 7 flows 

7/11 
A1126 450 (350-475) 225.6/-86.2 14.5/-54.8 9.3 31.7 8/10 
A1128 475(200-530) 176.4/-84.7 58.9/-77.9 6.5 40.9 13 flows 

45/59 
A1203 450(415-475) 196.7/-78.8 190.8/-70.9 8.6 845 2  flows 

6/7 
A1204 425 (450-530) 171.5/-63.2 217.9/-73.5 49.4 

CSD=15.4 
27.7 2 flows 

5/8 
A1209 425 (425-560) 145.6/-83.8 34.5/-45.2 9.2 19.5 14 flow 

15/21 
A1210 475 (400-545) 118.5/-81.3 48.1/-48.3 3.3 160.0 14 flows 

19/22 
MHV Mean 
Direction 

164.4/82.3 
α95 =6.3 
k=79.4 

48.4/-66.0 
α95 =20.6 

k=8.2 

  1 site 
7 sections 

74 stratigraphic 
horizons 

121 samples 
Approach 3 

A1128 
Flow 1 

475(200-530) 87.2/-66.2 134.2/-73.0 6.9 316.8 3/3 

A1128 
Flow 2 

475(200-530) 207.1/-79.6 58.4/-81.8 12.2 102 3/4 

A1128 
Flow 2 

475(200-530) 169.9/-73.1 102.6/-75.1 11.3 24.8 8/9 

A1128 
Flow 3 

475(200-530) 213.4/-89.5 41.3/-72.5 4.9 55.7 16/18 

A1203 
Flow 1 

450(415-475) 189.1/-80.2 186.4/-72.1 10 150.9 3/3 

A1203 
Flow 2 

450(415-475) 202.6/-77.3 194.8/-69.6 12.7 94.8 3/4 

A1204 
Flow 1 

425 (450-530) 148.3/-69.0 220/-84.4 12.2 
 

102.4 
 

3/6 

A1210 
Flow 1 

475 (400-545) 124.2/-82.2 47.1/-49.2 12.3 101.8 3/4 





 
 

SUPPLEMENTARY TABLE S4. 
HIGH-TEMPERATURE HT2 COMPONENT DIRECTIONS WITH α95<20° 

Site/ 
Section 

HT2  demag. 
temp. (°C) 

D/I 
(in situ)(o) 

D/I 
(tilt corrected) 

(o) 

α95(o) k n/nc 

Approach 1 
A1123 565 (555-575) 51.6/-51.4 46.4/-11.7 18.6 7.0 11/17 
A1128 570 (350-585) 37.5/-48.9 38.3/-30.9 16.8 30.7 4/59 
A1209 680 (655-680) 61.7/-59.1 44.6/-15.6 14.36 74.7 4/21 

A1210 595 (545-645) 58.6/-40.5 52.7/-2.8 10.1 14.2 16/22 
MHV 
Mean Direction 

52.2/-50.3 
α95 =11.7 
k=62.3 

45.8/-15.3 
α95 =14.9 
k=39.0 

 4 sections 
35 samples 

Approach 2 
A1123  565 (555-575) 50.0/-51.4 45.3/-11.5 18.8 6.8 11flows 

11/17 
A1128  570 (350-685) 45.0/-46.2 44.1/-28.2 52.3 

CSD=
16 

25.0 2flows 
4/59 

A1209  680 (655-680) 61.7/-59.1 44.6/-15.6 14.36 74.7 4flows 
4/21 

A1210  595 (545-645) 60.18/-40.3 54.0/-3.1 12.2 15.1 11 flows 
13/22 

MHV 
Mean Direction 

54.0/-49.5 
α95 =10.9 
k=72.3 

47.1/-14.6 
α95 =13.0 
k=50.6 

  4 sections 
28 flows 

32 samples 
Approach 3 

A1128 
Flow 1 

575 29.3/-51.1 32.2/-33.4 16.9 30.65 3/3 

MHV 
Mean Direction 

N. D. N.D    

 
D and I— D and I—mean declination and inclination 
k—Fisher’s (1953) precision parameter 
α95—radius of confidence circle for the mean direction 
n—number of samples used 
nc —total number of stratigraphic horizons or samples collected 

 



SUPPLEMENTARY TABLE S5. 
HIGH-TEMPERATURE HT1 COMPONENT DIRECTIONS WITH α95<20° 

Site/ 
Section 

HT1 demag. 
temp.(°C) 

D/I 
(in situ)(o) 

D/I 
(tilt corrected)(o) 

α95(o) k n/nc 

Approach 1 
A1126 
matrix 

560 
(545-585) 

349.1/80.9 209.1/59.0 16.4 57.7 4#/5 

A1126 
clasts* 

555 
(530-585) 

72.3/43.0 116.4/52.9 114.5 1.1 5/5 

A1128 575 
(400-630) 

168.5/60.3 185.0/47.5 4.9 31.2 28/59 

A1203 560-580 179.1/34.8 178.7/42.8 10.5 33.9 7/7 
A1207 575-585 5.3/-21.2 5.5/-29.2 13.3 18.3 9/9 
A1209 575-685 170.9/74.9 196.7/29.8 12.35 13.3 12/21 

MHV 
Mean Direction† 

179.1/58.1 
α95 =31.3 

k=6.9 

190.0/42.1 
α95 =14.3 
k=29.5 

  1 site and 4 sections 
60 samples 

Approach 2 
A1126 
matrix 

560 
(545-585) 

349.1/80.9 209.1/59.0 16.4 57.7 4 horizons 
4/5 (2c) 

 
A1126 
clasts* 

555 
(530-585) 

72.3/43.0 116.4/52.9 114.5 1.1 5/5 

A1128 575 
(400-630) 

158.9/58.8 177.7/47.8 8.5 29.6 11 flows 
28/59 

A1203 560-580 179.5/35.0 179.2/43.0 13.1 367 2 flows 
7/7 

A1207 575-585 5.3/-21.2 5.5/-29.2 13.3 18.3 1 flow 
9/9 

A1209 575-585 149.4/79.5 195.8/36.2 14.8 11.6 10 flow 
10/21 

MHV 
Mean Direction† 

175.6/59.2
α95 =32.7 

k=6.4 

188.4/43.5 
α95 =13.6 
k=32.4 

  1 site and 4 sections  
28 stratigraphic 
horizons/flows 

58 samples 
Approach 3 

A1203 
Flow 1 

560-580 176.7/33.2 176.0/41.1 18.6 25.3 4/4 
 

A1203 
Flow 2 

560-580 
182.4/36.9 182.5/44.9 19.7 

40.4 3/3 

A1207 575-585 5.3/-21.2 5.5/-29.2 13.3 18.3 9/9 
A1128 
Flow 1 

500-575 157.4/64.2 174.8/54.6 15.4 36.5 4/4 

A1128 
Flow 2 

560-605 183.9/60.7 196.3/45.1 8.8 47.9 7/9 

A1128 
Flow 3 

575-630 
163.8/51.4 178.0/39.7 16.45 

57.2 3/3 

A1128 
Flow 4 

400-575 156.6/66.6 182.3/55.0 13.0 50.25 4/19 

MHV 
Mean Direction† 

174.9/48.3 
α95 =14.6 
k=18.1 

182.4/44.4 
α95 =7.7 
k=61.8 

  7 flows 
34 samples 

D and I— D and I—mean declination and inclination 
k—Fisher’s (1953) precision parameter 
α95—radius of confidence circle for the mean direction 
n—number of samples used 
nc —total number of stratigraphic horizons or samples collected 
*Not used in mean direction  
†Used reversed A1207 site mean direction in calculation  
#2 of these samples are great circle fits 



 
 

 
 

SUPPLEMENTARY TABLE S6. 
WATSON'S V STATISTIC TEST FOR THE APPROACH 1 MT POLE 

 Kent and Irving 2010 
70 Ma pole 

Besse and Courtillot, 2002 
77.9 Ma pole 

Torsvik et al., 2012 
80 Ma Pole 

MT pole 
Post-rotation  

Watson's V: 1.0 
Vcritical: 7.0 
PASS 
 

Watson's V: 1.5 
Vcritical: 6.7 
PASS 
 

 Watson's V: 0.9 
Vcritical: 6.8 
PASS 
 

MT pole 
Pre-rotation 

Watson's V: 7.8 
Vcritical: 6.9 
FAIL 

Watson's V: 6.9 
Vcritical: 6.7 
FAIL 

Watson's V: 8.6 
Vcritical: 6.8 
FAIL 

 
SUPPLEMENTARY TABLE S7. 

Rotation parameters for the reconstructions in Figures 7 and 8.  Figure 7 only reconstructs Yukon block. 
Craton/block/terrane Euler Pole  Angle of Rotation (°) 

Latitude (°N)  Longitude (°E)  
720 Ma 

Laurentia -44.77 -14.89 133.98 
Yukon block* -66.81 45.17 54.99 
Amazonia    1.47 52.28 110.1 
Pampean/Rio de La Plata 2.77 52.94 135.76 
Sao Francisco 9.65 54.38 129.51 
Baltica 45.09 -143.91 177.44 
Congo 16.74 85.88 126.21 
West Africa 4.46 82.71 135.73 
Kalahari 22.36 83.48 122.25 
Australia -11.67 -124.32 -89.35 
North China 1.44 178.52 -127.11 
India 67.52 70.38 35.07 
Siberia 6.01 -18.79 59.41 
Tarim 37.04 122.87 -133.4 
 

615 Ma 
Laurentia -31.65 26.07 145.61 
Yukon block* 0.0 0.0 101 
Amazonia    15.85 56.36 143.78 
Pampean/Rio de La Plata 15.92 52.13 144.2 
Sao Francisco 11.72 54.46 137.73 
Baltica 33.91 -132.86 175.83 
Congo 17.73 83.46 133.94 
West Africa 22.01 84.04 136.37 
Kalahari 19.32 83.66 133.19 
Australia -2.47 -141.79 -76.98 
North China 4.28 9.57 146.82 
India 22.3 -58.21 -31.33 
Siberia 12.44 -176.67 -109.38 
Tarim 31.22 108.16 -139.28 

* rotated relative to Laurentia 
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