
ORIGINAL RESEARCH 

haV UeQdeUed Whe geRlRgical hiVWRU\ Rf Whe aUea e[-
WUemel\ challeQgiQg WR deliQeaWe b\ eVVeQWiall\ cUeaWiQg 
a cRmSlicaWed jigVaZ Rf geRlRgical SieceV.1 PUeYiRXV 
liWeUaWXUe haV aimed WR deWeUmiQe Whe geRlRgical eYRlX-
WiRQ Rf Whe GUeQYille PURYiQce, maiQl\ WhURXgh UecRQ-
QaiVVaQce VamSliQg aQd UadiRgeQic daWiQg Rf URck Vam-
SleV acURVV Whe aUea.1,2 ThiV UeVeaUch haV ideQWified Vec-
WiRQV ZiWhiQ Whe GUeQYille PURYiQce, chaUacWeUi]ed b\ 
geRlRgical age aQd VeSaUaWiRQ b\ VigQificaQW geRlRgical 
faXlWV, WhUXVWV aQd aUeaV Rf magmaWic mi[iQg, aV VXm-
maUi]ed iQ FLJXUH 1.1,2 IQ geQeUal, Whe geRlRgical XQiWV 
Rf Whe GUeQYille PURYiQce, each cRmSRVed Rf URck RUigi-
QaWiQg fURm Whe Vame geRlRgical eYeQW ZiWh Whe Vame 
liWhRlRgical SURSeUWieV, decUeaVe iQ age fURm Whe QRUWh-

 

The geRlRgical eYRlXWiRQ Rf Whe GUeQYille PURYiQce UemaiQV a VXbjecW Rf cRQfXViRQ amRQg geRlRgiVWV. OURgeQic 
eYeQWV haYe defRUmed Whe RUigiQal feaWXUeV, makiQg Whe geRlRg\ Rf Whe aUea challeQgiQg WR deliQeaWe. ThiV VWXd\ 
maSV Whe diVWUibXWiRQ Rf cUXVWal fRUmaWiRQ ageV ZiWhiQ Whe QXebecia WeUUaQe Rf Whe GUeQYille PURYiQce. ThiV SUR-
YideV iQVighW iQWR Whe cUXVWal SURYeQaQce Rf Whe geRlRgical XQiWV SUeVeQW. PUeYiRXV UeVeaUch VXggeVWed Whe SUeV-
eQce Rf VliYeUV Rf PaleRSURWeUR]Ric cUXVW (>1.65 Ga) ZiWhiQ PiQZaUiaQ cUXVW (1.5 Ga). FRXU geRlRgical VamSleV ZeUe 
aQal\]ed fURm Whe VRXWheUQ Vide Rf Whe SagXeQa\ gUabeQ, ZheUe Whe PaleRSURWeUR]Ric cUXVWal VliYeUV ZeUe WhRXghW 
WR e[WeQd. AQal\ViV WhURXgh TDM mRdel ageV deUiYed fURm Sm-Nd UadiRgeQic daWiQg aimed WR ideQWif\ Whe 
bRXQdaUieV Rf WheVe VliYeUV. DeWeUmiQiQg Whe mRdel age diVWUibXWiRQ ZiWhiQ Whe WeUUaQe allRZV fRU fXUWheU deliQea-
WiRQ Rf Whe geRlRgical hiVWRU\ Rf Whe UegiRQ. The VamSleV aQal\]ed iQ WhiV VWXd\ \ielded PiQZaUiaQ TDM mRdel ag-
eV, iQdicaWiQg WhaW VliYeUV Rf Rld cUXVW aUe QRW SUeVeQW ZiWhiQ Whe VWXd\ aUea. TheVe UeVXlWV SURYide fXUWheU cRQ-
VWUaiQWV iQ Whe deWailed VWUXcWXUe Rf Whe QXebecia cRmSRViWe aUc belW aQd Whe geRlRgical eYeQWV SUeVeUYed ZiWhiQ 
Whe GUeQYille PURYiQce. 
 

  

ABSTRACT 

Geological Setting 
 
The GUeQYille geRlRgical SURYiQce iV lRcaWed WhURXgh-
RXW VRXWheaVWeUQ OQWaUiR aQd QXebec, aQd iQWR Whe 
UQiWed SWaWeV, cRYeUiQg RYeU a milliRQ VTXaUe kilRme-
WUeV.1 SiQce iWV fRUmaWiRQ, Whe aUea haV beeQ VXbjecWed 
WR YaUiRXV mRXQWaiQ bXildiQg eYeQWV, kQRZQ aV RUR-
geQic eYeQWV, caXViQg e[WUeme defRUmaWiRQ Rf Whe RUig-
iQal geRlRgical XQiWV.1 AmRQg Whem ZaV Whe e[WeQViYe 
GUeQYille OURgeQ\, laVWiQg 1.1 billiRQ \eaUV (Ga), WhaW 
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RHcHLYHG 
AccHSWHG 
PXbOLVKHG 

The geRlRgical eYRlXWiRQ Rf Whe GUeQYille PURYiQce, aQ aUea Rf VRXWheaVWeUQ OQWaUiR aQd QXebec, UemaiQV a VXb-
jecW Rf cRQfXViRQ amRQg geRlRgiVWV. MRXQWaiQ bXildiQg eYeQWV haYe defRUmed Whe RUigiQal feaWXUeV, fRUmed mRUe 
WhaQ 2 billiRQ \eaUV agR, makiQg Whe geRlRg\ Rf Whe aUea challeQgiQg WR XQdeUVWaQd. ThiV VWXd\ maSV Whe diVWUibX-
WiRQ Rf cUXVWal fRUmaWiRQ ageV ZiWhiQ a VecWiRQ Rf Whe GUeQYille PURYiQce QeaU Whe WRZQ Rf SagXeQa\, QXebec. ThiV 
SURYideV iQVighW iQWR Whe cUXVWal SURYeQaQce Rf Whe geRlRgical XQiWV SUeVeQW, aQd heQce Whe VeWWiQgV iQ Zhich Whe\ 
fRUmed. FRXU geRlRgical VamSleV ZeUe aQal\]ed WR deWeUmiQe Whe age aW Zhich Whe URckV fRUmed b\ XViQg Whe UaWiR 
Rf Whe UadiRacWiYe elemeQW, QeRd\miXm, WR iWV deca\ SURdXcW, VamaUiXm. The VamSleV aQal\]ed iQdicaWe fRU-
maWiRQ aSSUR[imaWel\ 1.5-1.6 billiRQ \eaUV agR, Zhich iV \RXQg iQ cRmSaUiVRQ WR RWheU SRUWiRQV Rf Whe GUeQYille 
PURYiQce. MaSSiQg Whe diVWUibXWiRQ Rf WheVe ageV iQ cRQjXQcWiRQ ZiWh ageV deUiYed fURm SUeYiRXV VWXdieV fXUWheU 
cRQVWUaiQV geRlRgical bRXQdaUieV ZiWhiQ Whe GUeQYille PURYiQce, deliQeaWiQg Whe deWailed VWUXcWXUe Rf WhiV cRmSli-
caWed WeUUaQe aQd Whe SRVVible VeWWiQgV iQ Zhich iW ZaV fRUmed. 
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ZeVWeUQ edge WR Whe VRXWheaVWeUQ edge.1 

FLJXUH 1. A JHRORJLFDO VXPPDU\ PDS RI WKH 
GUHQYLOOH PURYLQFH DQG LWV DVVRFLDWHG WHUUDQHV, 
ZheUe M = MaQicRXagaQ imSacW, MO = MRQWaXbaQ, 
ES = EVcRXmiQV, BC = Baie CRmeaX, PW = PiQZaUe, 
ABT = AllRchWhRQ BRXQdaU\ ThUXVW.3 ObWaiQed fURm 
VaXWRXU aQd DickiQ (2019). 
 
OQe Rf Whe mRVW imSRUWaQW Za\V Rf XQdeUVWaQdiQg Whe 
geRlRgical eYRlXWiRQ Rf Whe GUeQYille PURYiQce iV b\ XV-
iQg Whe RUigiQal age Rf Whe cUXVW.2 OYeU Wime aQd e[SR-
VXUe WR heaW aQd SUeVVXUe, VXch aV WhaW bURXghW RQ b\ 
Whe GUeQYille OURgeQ\, URckV aUe meWamRUShRVed, cUe-
aWiQg QeZ URckV fURm SUee[iVWiQg URckV. DeWeUmiQiQg 
Whe RUigiQal age Rf Whe URckV allRZV geRlRgiVWV WR cRQ-
VideU Whe iQiWial SURceVVeV b\ Zhich Whe aUea fRUmed.2,4 
B\ defiQiQg Whe ageV Rf Whe cUXVW, RQe caQ ideQWif\ Whe 
WimeliQe Rf diffeUeQW geRlRgical eYeQWV WhaW fRUmed Whe 
UegiRQ.4,5 CRmbiQiQg WhiV iQfRUmaWiRQ ZiWh RWheU eYi-
deQce, iQclXdiQg geRchemical VigQaWXUeV, liWhRlRgieV 
aQd geRlRgical SURceVVeV SeUWaiQiQg WR ZhaW iV QRZ 
NRUWh AmeUica, Whe geRlRgical eYRlXWiRQ caQ be de-
fiQed.2 

 

PUeYiRXV QeRd\miXm (Nd) iVRWRSe maSSiQg haV de-
fiQed WeUUaQeV ZiWhiQ Whe GUeQYille PURYiQce chaUacWeU-
i]ed b\ cUXVWal fRUmaWiRQ ageV.2 The QXebecia WeUUaQe 
ZaV Qamed aQd chaUacWeUi]ed b\ DickiQ (2000) aV a 
PiQZaUiaQ-aged WeUUaQe ZiWh aQ aYeUage cUXVWal fRU-
maWiRQ age Rf aSSUR[imaWel\ 1.55 Ga.2 FXUWheU Ue-
VeaUch Rf Whe cXUUeQW cRmSRViWiRQ Rf Whe WeUUaQe, ZiWh 
UeVSecW WR mRdel ageV deUiYed fURm Nd-iVRWRSe VigQa-
WXUeV, aimV WR UecRQVWUXcW Whe geRlRgical eYeQWV WhaW 
fRUmed WhiV WeUUaQe.3 ThiV SaSeU aimV WR VXmmaUi]e 
ke\ liWeUaWXUe SeUWaiQiQg WR Whe geRlRgical aQal\ViV Rf 
Whe GUeQYille PURYiQce, VSecificall\ Whe QXebecia WeU-
UaQe lRcaWed iQ Whe VRXWheaVWeUQ SaUW Rf QXebec. IQ 
addiWiRQ, Whe SaSeU aimV WR fXUWheU defiQe Whe cUXVWal 
fRUmaWiRQ ageV ZiWhiQ QXebecia WhURXgh Whe aQal\ViV 
Rf fRXU cUXVWal VamSleV. 
 

The XVe Rf Whe Nd mRdel ageV, deUiYed fURm Whe UadiR-
geQic deca\ Rf SamaUiXm-147 (147Sm) iQWR 143Nd, iV a 
SRZeUfXl meaQV Rf deWeUmiQiQg cUXVWal fRUmaWiRQ ageV 
Rf cRmSle[ geRlRgical WeUUaQeV, iQ Zhich Whe RUigiQal 
cUXVWal maWeUial haV beeQ meWamRUShRVed.4 EmSiUical 
mRdelV aUe XVed WR liQk Whe cRmSRViWiRQ Rf Whe maQWle, 
Whe VRXUce Rf cUXVWal-fRUmiQg maWeUial, aQd WheUefRUe 
WhaW Rf Whe cUXVW, ZiWh aSSUR[imaWe ageV Rf e[WUacWiRQ 
fURm Whe VXbVXUface. ThiV iV SRVVible dXe WR Whe immR-
biliW\ Rf UaUe eaUWh elemeQWV (REE) iQclXdiQg Nd aQd 
Sm.4 The immRbiliW\ SUeYeQWV deYiaWiRQ Rf Whe cUXVWal 
URck VamSle b\ SRVW-fRUmaWiRQ meWamRUShiVm aQd 
VedimeQWaWiRQ eYeQWV, allRZiQg fRU Whe XVe Rf a mRdel 
baVed RQ Whe cRmSRViWiRQ Rf EaUWh¶V maQWle fURm 
Zhich cUXVW iV iQiWiall\ deUiYed.2,3 ThiV iV a ke\ cRQVid-
eUaWiRQ iQ deWeUmiQiQg Whe geRlRgical eYRlXWiRQ Rf Whe 
cUXVW iQ Whe GUeQYille PURYiQce, Zhich haV beeQ VXb-
jecWed WR YaUiRXV meWamRUShic eYeQWV ViQce e[WUacWiRQ 
fURm Whe maQWle.1 

 
The cRQceSW Rf mRdel ageV iV deVcUibed b\ McCXllRch 
aQd WaVVeUbXUg (1978) baVed RQ Whe chRQdUiWic XQi-
fRUm UeVeUYRiU (CHUR) mRdel Rf DePaRlR aQd WaVVeU-
bXUg (1976).6,7 TheVe ageV aUe UefeUUed WR aV mRdel ag-
eV becaXVe Whe\ aUe deUiYed fURm aQ emSiUical mRdel 
UaWheU WhaQ Whe cRmSRViWiRQ Rf Whe maQWle.4 MRdel ag-
eV baVed RQ Nd-iVRWRSe VigQaWXUeV caQ be XVed WR de-
VcUibe cUXVWal fRUmaWiRQ ageV b\ cRQVideUiQg Whe deca\ 
Rf 147Sm iQWR 143Nd ZiWh UefeUeQce WR a VWable iVRWRSe, 
144Nd, Zhich UemaiQV cRQVWaQW WhURXghRXW Wime.4 AV 
VhRZQ iQ FLJXUH 2, Whe UaWiR Rf 143Nd/144Nd iQcUeaVeV 
WhURXghRXW Wime aV 147Sm deca\V, UeVXlWiQg iQ a defiQed 
UelaWiRQVhiS beWZeeQ Whe cUXVWal fRUmaWiRQ age aQd Whe 
iVRWRSe UaWiR, aV iQdicaWed b\ Whe bXlk EaUWh eYRlXWiRQ 
liQe.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FLJXUH 2. 7KH UDWLR RI 143NG/144NG LQFUHDVHV 
ZLWK WLPH DV 147SP GHFD\V WR 143NG. SedimeQWaU\ 
(TVed) aQd meWamRUShic (TmeW) eYeQWV dR QRW affecW WhiV 
daWiQg meWhRd dXe WR Whe UelaWiYe immRbiliW\ Rf Sm 
aQd Nd.6 ObWaiQed fURm McCXllRch aQd WaVVeUbXUg 
(1978). 
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Wle UeVeUYRiU WhaW chaQgeV iQ cRmSRViWiRQ RYeU Wime. 
ThiV deYiaWeV fURm Whe CHUR mRdel, aV UeSUeVeQWed 
b\ Whe liQe ∈Nd= 0.5,7 The VWXd\ VamSleV fURm DePaRlR 
(1981) fall RQ Whe laUge aUURZ, iQWeUVecWiQg Whe deSleWed 
maQWle mRdel aW aQ age Rf 1.8 Ga, iQdicaWiQg Whe RUigi-
Qal cUXVWal age Rf Whe VamSleV befRUe meWamRUShiVm.5 
The lefW Vide Rf Whe gUaSh deQRWeV SUeVeQW da\, iQ 
Zhich Whe deSleWed maQWle mRdel deYiaWeV mRVW fURm 
Whe CHUR mRdel, aV iW iV ZheQ Whe maQWle haV deSleW-
ed Whe mRVW.4 AdaSWed fURm DePaRlR (1981). 
 
The deSleWed maQWle mRdel iV UeSUeVeQWed b\ ETXaWiRQ 
2, ZheUe T iV Whe age iQ Ga.5 

 

 

(2)          ∈Nd (T) = 0.25T2 − 3T + 8.5 

 

ThiV emSiUical mRdel aUgXabl\ SUedicWV mRdel ageV 
mRUe accXUaWel\ aV Whe mRdel accRXQWV fRU chaQgeV iQ 
maQWle cRmSRViWiRQ RYeU Whe geRlRgical WimeVcale.5 

 

The Quebecia Terrane 
 
FURm a VWXd\ b\ DickiQ aQd HiggeQV (1992), gQeiVVeV 
iQ ceQWUal QXebec ZeUe ideQWified WR haYe aQ aYeUage 
age Rf 1.53 � 0.07 Ga b\ meaQV Rf Whe Nd-Sm meWhRd.8 
The aUea ZaV iQWeUSUeWed aV a UelaWiYel\ hRmRgeQeRXV 
MeVRSURWeUR]Ric aUc, accUeWed WR Whe LaXUeQWia WeU-
UaQe, VhRZQ iQ FLJXUH 1.8 SimilaUl\, DickiQ (2000) 
XVed QeZ Nd-iVRWRSe daWa iQ cRmbiQaWiRQ ZiWh SUeYi-
RXVl\ SXbliVhed aQd XQSXbliVhed daWa WR fXUWheU claV-
Vif\ Whe cUXVWal fRUmaWiRQ ageV aQd WheiU cRQVWUaiQWV 
ZiWhiQ Whe GUeQYille PURYiQce, iQclXdiQg WhRVe SeUWaiQ-
iQg WR QXebecia.2 TheVe daWa iQdicaWed WhaW Whe WeUUaQe 
e[WeQdV fURm SeSW IleV WR TURiV RiYiqUeV, ZiWh aQ aYeU-
age cUXVWal fRUmaWiRQ age deUiYed fURm Whe deSleWed 
maQWle mRdel Rf 1.55 Ga.2 ThiV e[WeQdV Whe cRQVWUaiQWV 
Rf Whe WeUUaQe defiQed iQ DickiQ aQd HiggeQV (1992) 
aQd iV iQ agUeemeQW ZiWh Whe aYeUage cUXVWal fRUmaWiRQ 
age Rf Whe WeUUaQe beiQg defiQed SUimaUil\ aV jXYeQile 
PiQZaUiaQ.4,8 

 
IW iV QRWable WhaW aQal\ViV Rf WhiV QaWXUe iV RfWeQ SaiUed 
ZiWh XUaQiXm-lead (U-Pb) daWiQg meWhRdV, Zhich caQ 
SURdXce VQaSVhRWV Rf abVRlXWe URck ageV WhaW aUe QRW 
baVed RQ aQ emSiUical mRdel.9 U-Pb daWeV UeSUeVeQW a 
miQimXm age Rf cUXVWal fRUmaWiRQ b\ daWiQg Whe age Rf 
Whe mRVW UeceQW igQeRXV cU\VWalli]aWiRQ eYeQW, UaWheU 
WhaQ Whe RUigiQal age Rf cUXVWal fRUmaWiRQ.9 ThiV meWh-
Rd iV, WheUefRUe, leVV VXiWable fRU deWeUmiQiQg cUXVWal 
fRUmaWiRQ ageV iQ Whe GUeQYille PURYiQce dXe WR SRVW-
fRUmaWiRQal meWamRUShiVm eYeQWV WhaW haYe ViQce Rc-
cXUUed.9 NRQeWheleVV, U-Pb daWeV aUe XVefXl aV Whe\ 
caQ accRmSaQ\ mRdel ageV deUiYed fURm Nd-iVRWRSe 
VigQaWXUeV WR YalidaWe Whe accXUac\ Rf mRdel ageV aQd 
fXUWheU Whe XQdeUVWaQdiQg Rf Whe GUeQYille PURYiQce.5 
CRmSaUiQg mRdel ageV WR U-Pb ageV cRQfiUmV Whe ac-
cXUac\ Rf Whe deSleWed maQWle mRdel, WheUeb\ YalidaW-

The CHUR mRdel UeSUeVeQWV Whe maQWle aV a XQifRUm 
UeVeUYRiU fURm Zhich cUXVW iV fRUmed.6 A fXUWheU YaUia-
ble, ЄNd, deQRWeV RQe SaUW SeU 10 000 WhaW Whe 
143Nd/144Nd UaWiR Rf a giYeQ VamSle deYiaWeV fURm WhaW 
Rf Whe CHUR mRdel, aV calcXlaWed b\ ETXaWiRQ 1. ThiV 
YalXe iV XVed WR deVcUibe YaUiaWiRQ fURm Whe emSiUical 
mRdel, Zhich caQ be XVed iQ fXUWheU aQal\ViV.4,7 

 

(1) 
 
 
The Depleted Mantle Model 
 
IQ a VWXd\ b\ DePaRlR (1981), deYiaWiRQ fURm Whe 
CHUR mRdel Rf VamSleV aQal\]ed fURm CRlRUadR ZaV 
QRWed WR be VigQificaQW aQd cRXld be UeSUeVeQWed b\ a 
TXadUaWic UelaWiRQVhiS.4,7 TheVe daWa ZeUe aWWUibXWed WR 
Whe deSleWed maQWle mRdel, Zhich VXggeVWV WhaW Whe 
maQWle, aV a UeVeUYRiU, iV iQ facW QRW XQifRUm RYeU Whe 
geRlRgical WimeVcale.5 ThiV RccXUV aV Whe maQWle iV de-
SleWed Rf iWV cUXVW-fRUmiQg elemeQWV, WheUeb\ deYiaWiQg 
fURm Whe CHUR mRdel Zhich aVVXmeV WhaW Whe UeVeU-
YRiU iV a clRVed V\VWem WhURXghRXW Whe geRlRgical Wime-
Vcale.4,7 DeYiaWiRQ fURm Whe mRdel UeVXlWV fURm iQcRm-
SaWible elemeQWV, meaQiQg WhaW Whe\ aUe leVV cRmSaWi-
ble iQ melWiQg SURceVVeV aQd aUe deSleWed fURm Whe 
maQWle dXUiQg cUXVWal fRUmaWiRQ eYeQWV aW a gUeaWeU 
UaWe WhaQ mRUe cRmSaWible elemeQWV.4 WiWh UeVSecW WR 
deWeUmiQiQg mRdel ageV Yia Whe Sm-Nd meWhRd, Nd iV 
leVV cRmSaWible WhaQ Sm, VXch WhaW Whe 143Nd/144Nd 
UaWiR decUeaVeV RYeU Wime aV Whe maQWle iV deSleWed Rf 
144N. ThiV eQUicheV Whe cUXVW iQ Nd, aQd leVVeQV Whe 
amRXQW Rf Nd aYailable iQ Whe maQWle fRU fXWXUe cUXVW-
bXildiQg eYeQWV.5 HeQce, Whe CHUR mRdel WeQdV WR 
XQdeUeVWimaWe Whe cUXVWal fRUmaWiRQ age.4 IQVWead, 
cUXVWal fRUmaWiRQ ageV VhRXld be calcXlaWed UelaWiYe WR 
Whe deSleWed maQWle mRdel, SURdXciQg deSleWed maQ-
Wle mRdel ageV (TDM), aV VhRZQ b\ FLJXUH 3.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FLJXUH 3. PORW RI ∈NG YDOXHV DJDLQVW WLPH IURP 
DHPDROR (1981) GHSLFWLQJ WKH VWUXFWXUH RI WKH 
GHSOHWHG PDQWOH PRGHO LQ FRQMXQFWLRQ ZLWK 
VWXG\ VDPSOHV IURP CRORUDGR, QDPHG RQ WKH 
JUDSK.5 The deSleWed maQWle mRdel, labelled RQ Whe 
gUaSh, iV UeSUeVeQWaWiYe Rf cUXVW fRUmiQg fURm a maQ-
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iQg ageV. JXYeQile URckV WhaW haYe QRW XQdeUgRQe meW-
amRUShiVm Zill haYe VimilaU U-Pb ageV aQd TDM 
mRdel ageV.2 ThiV ZaV XVed b\ VaXWRXU aQd DickiQ 
(2019) WR demRQVWUaWe Whe hRmRgeQeiW\ aQd jXYeQile 
cUXVWal fRUmaWiRQ ageV RbVeUYed WhURXghRXW QXe-
becia.3 The TDM mRdel ageV ZeUe VXggeVWed WR be faiU-
l\ accXUaWe, aV VhRZQ iQ 7DEOH 1.3 FXUWheUiQg Whe XQ-
deUVWaQdiQg Rf Whe GUeQYille SURYiQce UefeUV WR XViQg U
-Pb daWiQg WR daWe magmaWic eYeQWV liQked WR aUc ac-
cUeWiRQ, iQ Zhich cUXVWal fUagmeQWV e[SeUieQced Ue-
cU\VWalli]aWiRQ. WiWh WhiV, iW iV QRWable WhaW Whe aYeUage 
cUXVWal fRUmaWiRQ age deWeUmiQed iQ DickiQ (2000) iV 
100 milliRQ \eaUV (Ma) \RXQgeU WhaQ Whe RldeVW U-Pb 
ageV ZiWhiQ Whe WeUUaQe.2 ThiV iV VXggeVWiYe Rf meWa-
mRUShiVm RccXUUiQg afWeU cUXVWal fRUmaWiRQ, SRVVibl\ 
aV a UeVXlW Rf Whe accUeWiRQ Rf QXebecia WR LaXUeQWia aV 
U-Pb ageV UeVeW ZiWh VigQificaQW melWiQg eYeQWV.2 

UeQWia.2 

 

WiWh mRUe iQ-deSWh UecRQQaiVVaQce VamSliQg, Whe hR-
mRgeQeiW\ Rf Whe QXebecia WeUUaQe ZaV e[amiQed, XlWi-
maWel\ cRQclXdiQg WhaW QXebecia iV faU leVV cRheUeQW aV 
a ViQgle XQiW WhaQ SUeYiRXVl\ WhRXghW.8 The SUimaU\ 
eYideQce VXggeVWiQg VRme aVSecWV Rf heWeURgeQeiW\ iQ 
QXebecia ZaV ideQWified b\ DickiQ aQd HiggeQV (1992). 
SamSleV ZiWh PaleRSURWeUR]Ric (>1.65 Ga) Sm-Nd 
iVRchURQ ageV ZeUe fRXQd alRQg Whe MaQicRXagaQ RiY-
eU, aV VhRZQ iQ FLJXUH 4.8  
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8-PE 
AJH 
(MD) 

SRXUFH AJH LRFDWLRQ 

7DM DJH 
IURP DLFN-
LQ DQG HLJ-
JHQV (1992) 
(MD) 

7DM DJH 
IURP DLFN-
LQ (2000) 
(MD) 

1506 � 13 
HebeUW & YaQ 
BUeemeQ 
(2004) 

CaS de la MeU 
amShibRliWe, 
SagXeQa\ 

1530 � 70 1550* 1502 � 6 GURXlieU eW 
al. (2018) 

TadRXVVac 
gUaQRdiRUiWe, 
TadRXVVac 

1492 � 3 GURXlieU eW 
al. (2018) 

MRXliQ-a-
BaXde daciWic 
WXff, EV-
cRXmiQV 

7DEOH 1. 7KH ROGHVW 8-PE DJHV ZLWKLQ QXHEHFLD DJUHH, ZLWKLQ HUURU, WR WKH DYHUDJH 7DM DJHV SUH-
VHQWHG LQ DLFNLQ DQG HLJJHQV (1992) DQG DLFNLQ (2000), iQdicaWiQg WhaW Whe QXebecia WeUUaQe cRQViVWV SUi-
maUil\ Rf jXYeQile PiQZaUiaQ-age cUXVW.2,3,8  

FXUWheU eYideQce fURm iVRWRSe VigQaWXUeV, SeWURlRg\, 
WUace elemeQW geRchemiVWU\, aQd \WWUiXm cRQceQWUa-
WiRQ daWa fURm DickiQ (2000) eVWabliVheV Whe WeUUaQe 
aV aQ RceaQic aUc accUeWed WR LaXUeQWia.2 MRdel ageV 
lie ZiWhiQ eUURU Rf RQe aQRWheU WhURXghRXW VamSle aUe-
aV, Zhich iV iQdicaWiYe Rf Whe WeUUaQe beiQg e[WUacWed 
fURm Whe maQWle iQ a ViQgle cUXVW-fRUmiQg eYeQW.2 The 
VamSleV ZeUe alVR fRXQd WR haYe mRUe Vilica-Uich aQd 
alkali-SRRU cRmSRViWiRQV iQ cRmSaUiVRQ WR RWheU WeU-
UaQeV Rf Whe GUeQYille PURYiQce. ThiV iV cRQViVWeQW ZiWh 
QXebecia haYiQg RUigiQaWed fURm aQ RceaQic cUXVW, 
Zhich iV W\Sicall\ mRUe Vilica-Uich, VXSSRUWiQg Whe Whe-
RU\ Rf QXebecia beiQg aQ accUeWed RceaQic aUc.2 FiQal-
l\, \WWUiXm cRQceQWUaWiRQV VhRZ VimilaU UaQgeV acURVV 
Whe WeUUaQe, fXUWheU iQdicaWiQg hRmRgeQeiW\ ZiWhiQ 
QXebecia aQd addiQg eYideQce fRU aQ RceaQic aUc 
RUigiQ.2 HRZeYeU, iW iV QRWable WhaW Whe QRUWhZeVW maU-
giQ Rf Whe WeUUaQe haV a laUge UaQge Rf Nd iVRWRSe Vig-
QaWXUeV, VXggeVWiQg cRQWamiQaWiRQ aW Whe maUgiQ b\ 
RWheU bRdieV Rf cUXVW aV a UeVXlW Rf accUeWiRQ WR LaX-

FLJXUH 4. MDS RI JHRORJLFDO XQLWV (VKRZQ DV GLI-
IHUHQW WH[WXUHV) IURP DLFNLQ DQG HLJJHQV 
(1992) ZLWK SP-NG LVRFKURQ DJHV RI VWXG\ VDP-
SOHV DORQJ WKH MDQLFRXDJDQ RLYHU. The Ued 

*NR eUURU aYailable fRU daWa SRiQW. AdaSWed fURm VaXWRXU aQd DickiQ (2019). 



eUal cRmSRQeQWV.3,8 ThiV iV cRQViVWeQW ZiWh iW RUigiQaW-
iQg fURm PiQZaUiaQ-aged RceaQic aUcV accUeWed WRgeWh-
eU ZiWh VliYeUV Rf PaleRSURWeUR]Ric cUXVW.3 

 

The Saguena\ Stud\ Area 
 
PUiRU WR WhiV UeVeaUch, eYideQce fRU Whe e[WeQViRQ Rf Whe 
maiQ PaleRSURWeUR]Ric VliYeUV iQWR Whe VWXd\ aUea VRXWh 
Rf Whe SagXeQa\ gUabeQ ZaV ideQWified iQ XQSXbliVhed 
UeVeaUch b\ H\QeV (2010).11 ThiV VWXd\ ideQWified cUXVW 
ZiWh PaleRSURWeUR]Ric TDM mRdel ageV QRUWh Rf Whe 
SagXeQa\ UiYeU. CRmbiQed ZiWh SUeYiRXV VWXdieV aQd U
-Pb ageV, iQ addiWiRQ WR Whe e[WeQViYe defRUmaWiRQ 
chaUacWeUiVWic WhURXghRXW Whe GUeQYille PURYiQce, Whe 
e[WeQW aQd UeVRlXWiRQ Rf WhiV VecWiRQ Rf PaleRSURWeUR]R-
ic cUXVW UeTXiUe fXUWheU iQYeVWigaWiRQ.11 The cUXVW ideQ-
Wified iQ WhiV VWXd\ cRXld be aQ e[WeQViRQ Rf Whe LabUie-
Yille RU LRXS MaUiQ blRckV, XlWimaWel\ beiQg aWWUibXWed 
WR Whe cRmSRViWe aUc belW mRdel Rf VaXWRXU (2015) aQd 
VaXWRXU aQd DickiQ (2019), Zhich SURYide aQ e[SlaQa-
WiRQ fRU Whe heWeURgeQeiW\ WhURXghRXW QXebecia.3,10,11  

FLJXUH 6. SWXG\ VDPSOHV, VKRZQ DV JUHHQ 
VTXDUHV, ZLWKLQ WKH GRPLQDQWO\ PLQZDULDQ 
(JUHHQ) QXHEHFLD WHUUDQH. The VamSleV ZeUe Ve-
lecWed WR iQYeVWigaWe Whe SRVVible cRQVWUaiQWV Rf Whe La-
bUieYille (\ellRZ) aQd LRXS MaUiQ (RUaQge) blRckV b\ 
e[amiQiQg a SRVVible cRQWiQXaWiRQ Rf Whe blRckV, aV 
VhRZQ b\ Whe black aUURZ. 

SRiQWV deQRWe VamSleV Rf iQWeUeVW WhaW \ielded PaleR-
SURWeUR]Ric (>1.65 Ga) cUXVWal fRUmaWiRQ ageV iQ cRm-
SaUiVRQ WR Whe VXUURXQdiQg PiQZaUiaQ-aged (a1.5 Ga) 
cUXVW.8 AdaSWed fURm DickiQ aQd HiggiQV (1992).  
  
A VXbVeTXeQW VWXd\ b\ VaXWRXU (2015) fXUWheU e[am-
iQed Whe RUgaQi]aWiRQ Rf QXebecia, VXSSRUWiQg Whe 
cRmSle[iW\ Rf Whe WeUUaQe ideQWified b\ DickiQ aQd Hig-
geQV (1992), aQd cRQclXded WhaW Whe WeUUaQe VhRXld be 
WUeaWed mRUe accXUaWel\ aV a cRmSRViWe aUc belW.10 Nd-
iVRWRSe VigQaWXUeV e[amiQed iQ WhiV VWXd\ UeYealed Whe 
SUeVeQce Rf RldeU PaleRSURWeUR]Ric mRdel ageV WhRXghW 
WR SRVVibl\ be VliYeUV Rf RldeU cUXVW WhaW ZeUe UifWed 
aZa\ fURm LaXUeQWia.10 

 
The VliYeUV Rf RldeU cUXVW ZiWhiQ QXebecia ZeUe clRVel\ 
e[amiQed b\ VaXWRXU aQd DickiQ (2019), Zhich de-
fiQed Whe e[WeQW Rf WZR SUiQciSle VliYeUV UefeUUed WR aV 
Whe LabUieYille aQd LRXS MaUiQ blRckV, aV VhRZQ iQ 
FLJXUH 5.3 The RUigiQV Rf WheVe blRckV Rf RldeU cUXVW 
aUe QRW fXll\ XQdeUVWRRd, alWhRXgh VaXWRXU aQd DickiQ 
(2019) VXggeVW Whe accUeWiRQ Rf jXYeQile RceaQic aUc 
cUXVW ZiWh aWWached VliYeUV Rf PaleRSURWeUR]Ric cUXVW 
WhURXghRXW Whe WeUUaQe.3 

FLJXUH 5. MRGHO DJHV RI WKH QXHEHFLD WHUUDQH 
IURP 9DXWRXU DQG DLFNLQ (2019), defiQiQg cXU-
UeQW kQRZledge RQ Whe e[WeQW Rf Whe PaleRSURWeUR]Ric 
LabUieYille aQd LRXS MaUiQ blRckV ZiWhiQ Whe maiQ 
PiQZaUiaQ cUXVW Rf Whe WeUUaQe. The LRXS MaUiQ blRck 
iQclXdeV Whe UegiRQV Rf RldeU cUXVW ideQWified iQ DickiQ 
aQd HiggeQV (1992), aV VhRZQ iQ FigXUe 4.3 ObWaiQed 
fURm VaXWRXU aQd DickiQ (2019). 
 
B\ VeSaUaWiQg Whe QXebecia WeUUaQe iQWR geRlRgical 
XQiWV ZiWh UeVSecW WR mRdel ageV fURm Nd-iVRWRSe Vig-
QaWXUeV, iW iV cleaU WhaW Whe WeUUaQe iV cRmSRVed Rf VeY-
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METHODS 

FRXU VamSleV ZeUe cRllecWed fURm Whe VRXWheUQ Vide Rf 
Whe SagXeQa\ gUabeQ ZheUe Whe PaleRSURWeUR]Ric cUXV-
Wal fUagmeQWV ZeUe WhRXghW WR SRVVibl\ be SUeVeQW, aV 
VhRZQ iQ FLJXUH 6. SamSleV ZeUe VelecWed WR be aV 
hRmRgeQeRXV aV SRVVible, e[clXdiQg WhRVe ZiWh eYi-
deQce fRU VedimeQWaU\ RUigiQV. ThiV ZaV dRQe WR \ield 
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Whe mRVW VXiWable cUXVWal fRUmaWiRQ mRdel ageV ZiWh-
RXW mi[iQg fURm \RXQgeU maQWle cRmSRQeQWV RU iUUele-
YaQW VedimeQWV deSRViWed afWeU cUXVWal fRUmaWiRQ. 
RRck VamSleV ZeUe WheQ SUeSaUed aQd aQal\]ed be-
WZeeQ OcWRbeU 2019 aQd MaUch 2020 aW McMaVWeU 
UQiYeUViW\ XViQg Whe fRllRZiQg meWhRdV eVWabliVhed b\ 
HRlmdeQ aQd DickiQ (1995).12 

 

RRck CUXVhiQg 
 
Each VamSle, aSSUR[imaWel\ RQe kilRgUam iQ Vi]e, ZaV 
bURkeQ dRZQ iQ Whe lab XViQg VeYeUal SieceV Rf eTXiS-
meQW. 
 
H\draulic JaZ Splitter 
 
A h\dUaXlic jaZ VSliWWeU allRZed fRU Whe UemRYal Rf im-
SXUiWieV, iQclXdiQg igQeRXV YeiQV aQd ZeaWheUed VXU-
faceV, WR RbWaiQ a XQifRUm VamSle. AQRWheU SXUSRVe Rf 
WhiV VWeS ZaV WR fRUm SieceV Vmall eQRXgh WR be SXW iQ 
Whe jaZ cUXVheU. 
 
JaZ Splitter 
 
Small SieceV Rf Whe VamSle ZeUe Slaced RQe aW a Wime 
iQVide a jaZ cUXVheU, Zhich bURke Whem XS iQWR gUaYel-
Vi]ed SieceV. 
 
Shatterbo[ 
 
The gUaYel-Vi]ed SieceV Rf Whe VamSle ZeUe fiUVW VSliW 
iQWR VmalleU amRXQWV XViQg a Wable VSliWWeU, fURm Zhich 
abRXW half Rf Whe VamSle ZaV XVed. The VamSle ZaV 
WUaQVfeUUed iQWR a WXQgVWeQ caUbide diVk mill Zhich 
ZaV WheQ Slaced iQVide a VhaWWeUbR[. The fiUVW 30 Vec-
RQdV allRZed Whe diVk mill WR gUiQd Whe VamSle iQWR a 
XQifRUm SRZdeU, aQd Whe fRllRZiQg 60 VecRQdV fXUWheU 
fiQed Whe SRZdeU eQRXgh WR be diVVRlYed. 
 
CaWiRQ aQd RaUe EaUWh ElePeQW (REE) 
ChURPaWRgUaSh\ 
 
Dissolving and Evaporating 
 
FRllRZiQg beiQg cUXVhed iQWR a fiQe SRZdeU, VamSleV 
ZeUe SUeciVel\ Zeighed aQd UecRUded befRUe beiQg SUe-
SaUed fRU aQal\ViV. AQal\ViV WRRk Slace iQ a cleaQ lab 
XViQg WZR diffeUeQW cRlXmQ chURmaWRgUaSh\ SURce-
dXUeV RXWliQed belRZ. RRck VamSle SRZdeU ZaV added 
WR a TeflRQ bRmb fRllRZed b\ 1 mL Rf 3 M QiWUic acid 
(HNO3) aQd 15 mL Rf h\dURflXRUic acid (HF) iQ RUdeU 
WR begiQ Whe fiUVW VWeS Rf diVVRlXWiRQ. HF VRlXWiRQV ZeUe 
SXW iQWR TeflRQ jackeWV aQd Slaced iQ aQ RYeQ fRU fRXU 
da\V. AfWeU UemRYal fURm Whe RYeQ, lidV ZeUe UemRYed, 
aQd VRlXWiRQ ZaV eYaSRUaWed RQ a hRW SlaWe. AfWeU 
eYaSRUaWiRQ, 7 mL Rf HNO3 ZaV added WR Whe bRmbV 

aQd eYaSRUaWed agaiQ RQ Whe hRW SlaWe. FiQall\, 6 M 
HCl ZaV added WR Whe bRmbV aQd Slaced back iQ Whe 
RYeQ. 
 
Splitting and Spiking 
 
OQce fXll\ diVVRlYed, VamSleV ZeUe dilXWed ZiWh 15 mL 
Rf deiRQi]ed ZaWeU, VhakeQ, aQd VSliW b\ WakiQg aSSUR[-
imaWel\ 5 mL Rf VamSle aQd WUaQVfeUUiQg iW WR a VmalleU 
bRmb, Zhich ZaV VSiked XViQg a 150Nd-149Sm VRlXWiRQ. 
Each VRlXWiRQ ZaV WheQ eYaSRUaWed XQdeU heaW lamSV 
befRUe XQdeUgRiQg VeSaUaWiRQ iQ caWiRQ aQd REE cRl-
XmQV. 
 
Cation E[change Chromatograph\ 
 
SamSleV ZeUe Ue-diVVRlYed iQ 2 mL Rf 0.3 M HCl aQd 
added WR WeVW WXbeV, Zhich ZeUe mi[ed iQ a ceQWUifXge 
fRU 10 miQXWeV. AfWeU mi[iQg WhRURXghl\, 1 mL Rf each 
VamSle ZaV lRaded RQWR Whe caWiRQ cRlXmQV. ThiV ZaV 
fRllRZed b\ Whe addiWiRQ Rf 1 mL aQd 2 mL Rf 3 M 
HNO3. CRlXmQV ZeUe WheQ elXWed ZiWh 13 mL Rf HNO3. 

FiQall\, 7 mL Rf each VRlXWiRQ ZaV cRllecWed aQd VRlX-
WiRQV ZeUe eYaSRUaWed XQdeU heaW lamSV. 
 
REE Chromatograph\ 
 
SamSleV ZeUe dilXWed ZiWh 0.4 M HCl aQd lRaded iQWR 
Whe REE cRlXmQV. CRlXmQV ZeUe elXWed ZiWh 1 mL, 
WheQ 2 mL, aQd WheQ 7 mL Rf 0.4 M HCl. SamSleV ZiWh 
Whe VSike cRQWaiQiQg Nd ZeUe elXWed ZiWh 12 mL Rf 0.4 
M HCl befRUe beiQg cRllecWed, fRllRZed b\ Whe Vame 
cRlXmQV cRQWaiQiQg VamaUiXm beiQg elXWed ZiWh 11 mL 
Rf 1 M HCl added befRUe beiQg cRllecWed. The UemaiQ-
iQg VamSleV ZeUe elXWed ZiWh 8 mL Rf 0.4 M HCl be-
fRUe beiQg cRllecWed. FiQall\, Whe VeSaUaWed VamSleV 
ZeUe eYaSRUaWed XQdeU heaW lamSV. 
 
Mass Spectrometr\ 
 
Each VamSle ZaV VSliW iQWR WhUee VRlXWiRQV, RQe cRQ-
WaiQiQg Sm, RQe cRQWaiQiQg Nd aQd Whe laVW cRQWaiQiQg 
Whe UaWiR Rf 143Nd/144Nd. Each TeflRQ bRmb cRQWaiQiQg 
Whe fiQal VRlid ZaV mi[ed ZiWh 80 �L Rf a dilXWe ShRV-
ShRUic acid VRlXWiRQ aQd ZeUe lRaded RQWR dRXble fila-
meQW beadV fRU aQal\ViV RQ a VG IVRmaVV 354 MaVV 
SSecWURmeWeU. DaWa cRllecWed fURm each VamSle caQ be 
fRXQd iQ 7DEOH 2. The UeVXlWiQg TDM mRdel ageV ZeUe 
calcXlaWed XViQg a cRmSXWeU algRUiWhm aQd ZeUe Uec-
RUded aQd XSlRaded WR aQ AUcGIS maS WR WheQ be iQ-
WeUSUeWed alRQgVide SUeYiRXV daWa. 
 
TheVe daWa ZeUe cRmbiQed ZiWh daWa fURm SUeYiRXV 
VWXdieV WR fXUWheU defiQe Whe cRQVWUaiQWV Rf PaleRSURWe-
UR]Ric cUXVWal VliYeUV ZiWhiQ QXebecia XViQg AUcMaS.  

9 



The VamSleV aQal\]ed iQ WhiV VWXd\ \ielded UeVXlWV WhaW 
ZeUe cRQViVWeQW ZiWh Whe dRmiQaQW diVWUibXWiRQ Rf PiQ-
ZaUiaQ-aged cUXVW WhURXghRXW Whe QXebecia WeUUaQe. 
The TDM mRdel ageV Rf cUXVWal fRUmaWiRQ fell beWZeeQ 
1.51 aQd 1.60 Ga, aV VhRZQ iQ 7DEOH 2. IQ cRQjXQcWiRQ 
ZiWh SUeYiRXV daWa, WheVe ageV aUe UeSUeVeQWaWiYe Rf a 
jXYeQile WeUUaQe cRmSRVed Rf accUeWed RceaQic aUcV. 
 
7DEOH 2. SDPSOH GDWD DQG FDOFXODWHG PRGHO DJHV. 
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FLJXUH 7. MDS VKRZLQJ WKH ZHVWZDUG PRYH-
PHQW RI :HVW SXPDWUD UHODWLYH WR EDVW SXPD-
WUD.3 ObWaiQed fURm VaXWRXU aQd DickiQ (2019). 
 
CRmSaUiQg WheVe WZR UegiRQV, VaXWRXU aQd DickiQ 
(2019) VXggeVWed WhaW QXebecia EaVW caQ be deVcUibed 
aV a VigQificaQWl\ diVSlaced PiQZaUiaQ WeUUaQe UifWed 
aZa\ fURm iWV RUigiQal lRcaWiRQ ZiWh Whe aWWached La-
bUieYille blRck.3 BaVed RQ WhiV WheRU\, Whe RUigiQ Rf Whe 
LabUieYille blRck VhRXld be QeaUb\, ZiWhiQ Whe GUeQ-
Yille PURYiQce, aV a WeUUaQe ZiWh a PaleRSURWeUR]Ric 
cUXVWal fRUmaWiRQ age. The geRgUaShicall\ QeaUeVW WeU-
UaQe ZiWh Whe aSSURSUiaWe cUXVWal fRUmaWiRQ age iV Whe 
BeUWhe WeUUaQe, VhRZQ iQ FLJXUH 6. WiWh UegaUdV WR 
age aQd lRcaWiRQ, WhiV iV a SlaXVible VRXUce fRU Whe La-
bUieYille blRck; hRZeYeU, WheUe iV QR eYideQce VXggeVW-
iQg WhaW Whe cXUUeQW SRViWiRQiQg Rf Whe LabUadRUia WeU-

RESULTS 

SDPSOH IGHQWLIL-
FDWLRQ 

< CRRUGLQDWH 
(NAD 83) 

; CRRUGL-
QDWH (NAD 
83) 

NG 
(SSP) 

SP 
(SSP) 

    7DM 
(GD) 

SG42 5339195 417130 7.2 1.15 0.0973 0.511869 1.53 

SG44 5341035 404150 24.3 5.17 0.1287 0.512193 1.52 

SG47 5345740 395100 82.3 16.47 0.1210 0.512124 1.51 

SG48 5348020 385855 14.6 3.00 0.1243 0.512101 1.60 

CRmbiQiQg WheVe daWa ZiWh SUeYiRXV daWa fXUWheU maSV 
Whe mRdel age VigQaWXUeV ZiWhiQ QXebecia. The Vam-
SleV aQal\]ed iQ WhiV VWXd\ fXUWheU defiQed Whe e[WeQW 
Rf Whe PiQZaUiaQ cUXVW, iQdicaWiQg WhaW Whe PaleRSURWe-
UR]Ric VliYeUV dR QRW e[WeQd iQ Whe VWXd\ aUea VRXWh Rf 
Whe SagXeQa\ gUabeQ. ThiV iQfRUmaWiRQ iV QRQeWheleVV 
imSRUWaQW iQ helSiQg defiQe Whe cRQVWUaiQWV Rf RldeU 
cUXVWal fUagmeQWV iQ RUdeU WR beWWeU XQdeUVWaQd WheiU 
RUigiQ aQd Whe geRlRgical eYRlXWiRQ Rf Whe aUea. ThiV iV 
VeeQ laUgel\ WhURXgh iQWeUSUeWaWiRQV Rf Whe LabUieYille 
aQd LRXS MaUiQ blRckV, VhRZQ iQ FLJXUH 5.3 

 
IW iV imSRUWaQW WR eVWabliVh WhaW Whe mRdel age VigQa-
WXUeV WhURXghRXW QXebecia iQdicaWe WhaW iW iV aQ accUeW-
ed WeUUaQe cRmSRVed Rf RceaQic-deUiYed cUXVW. The 
VhaUS bRXQdaUieV beWZeeQ cUXVWal fUagmeQWV Rf diffeU-
eQW ageV aUe iQdicaWiYe Rf accUeWiRQ Rf diffeUeQW XQiWV Rf 
cUXVW ZiWhiQ QXebecia.3 AddiWiRQall\, Whe faiUl\ elRQ-
gaWe LabUieYille aQd LRXS MaUiQ blRckV, WhRXghW WR be 
aVVRciaWed ZiWh cUXVWal accUeWiRQ, aUe iQdicaWiYe Rf ac-
cUeWiRQ WRZaUdV LaXUeQWia iQ Whe QRUWhZeVW. GeRchem-
ical VigQaWXUeV diVcXVVed iQ DickiQ (2000) aQd 
VaXWRXU aQd DickiQ (2019) VXggeVW RceaQic SURYe-
QaQce fRU Whe cUXVW Rf QXebecia.2,3 The cRmSle[ geR-
lRgical diVSeUViRQ WhURXghRXW QXebecia WhaW lead WR 
Whe cRmSRViWe aUc mRdel iV cXUUeQWl\ e[SlaiQed b\ Whe-
RUieV deVcUibiQg Whe SRVVible SURYeQaQce Rf Whe Labie-
Yille aQd LRXS MaUiQ blRckV.3,10  
 
OQe WheRU\ VXggeVWV Whe SXmaWUa UegiRQ Rf SRXWheaVW 
AVia, VhRZQ iQ FLJXUH 7, aV aQ aQalRgXe fRU Whe Wec-
WRQic SURceVVeV WhaW lead WR Whe fRUmaWiRQ Rf QXebecia, 

DISCUSSION 

deVcUibiQg Whe cRmSlicaWed aVVembl\ Rf WeUUaQeV.3 SX-
maWUa iV diYided iQWR WZR elRQgaWe WeUUaQeV, kQRZQ aV 
SXmaWUa EaVW aQd WeVW, Zhich aUe VimilaU iQ Vi]e WR 
QXebecia aQd QXebecia EaVW.3 TheVe WeUUaQeV aUe VeSa-
UaWed b\ Whe Medial SXmaWUa TecWRQic ZRQe (MSTZ), 
chaUacWeUi]ed b\ highl\ defRUmed meWamRUShic URckV 
WhRXghW WR be Whe VheaU ]RQe alRQg Zhich WeVW SXma-
WUa mRYed aSSUR[imaWel\ 1000 km ZeVWZaUdV UelaWiYe 
WR EaVW SXmaWUa. ThiV VheaU ]RQe caQ be cRmSaUed WR 
Whe LabUieYille blRck WhaW VeSaUaWeV QXebecia aQd QXe-
becia EaVW.3 
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UaQe iV QRW aSSUR[imaWel\ Whe Vame aV iW ZaV dXUiQg 
Whe MeVRSURWeUR]Ric eUa, makiQg Whe ZeVWZaUd mRYe-
meQW Rf Whe LabUieYille blRck fURm Whe BeUWhe WeUUaQe 
XQlikel\ giYeQ Whe SRVW-PiQZaUiaQ accUeWiRQ age Rf 
QXebecia QRWed b\ DickiQ (2000).2,3 AlWeUQaWiYel\, Whe 
cUXVW cRXld haYe RUigiQaWed fURm Whe BaUilia WeUUaQe, 
cXUUeQWl\ lRcaWed RQ Whe faU ZeVWeUQ Vide Rf Whe CaQa-
diaQ SRUWiRQ Rf Whe GUeQYille PURYiQce, aV VhRZQ iQ 
FLJXUH 1. ThiV ZaV iQYeVWigaWed b\ VaXWRXU aQd Dick-
iQ (2019) b\ Whe SlRW VhRZQ iQ FLJXUH 8.3 ThiV SlRW 
VhRZV Whe TDM mRdel ageV Rf diffeUeQW XQiWV iQ Whe 
GUeQYille PURYiQce alRQgVide Whe LabUieYille aQd LRXS 
MaUiQ blRckV. AV VeeQ iQ Whe SlRW, BaUilia iV Whe RQl\ 
WeUUaQe ZiWh VimilaU TDM mRdel ageV WR Whe WZR PaleR-
SURWeUR]Ric VliYeUV, VXggeVWiQg a SRWeQWial RUigiQ. 
MRUeRYeU, Whe SlRW iQdicaWeV WhaW LabUadRUia haV 
\RXQgeU TDM mRdel ageV cRmSaUed WR Whe PaleRSURWe-
UR]Ric VliYeUV, VXggeVWiQg Whe\ did QRW RUigiQaWe fURm 
LabUadRUia aV SUeYiRXVl\ diVcXVVed.3 

FLJXUH 8. 7DM PRGHO DJHV IURP YDULRXV VWXG-
LHV SORWWHG ZLWK UHVSHFW WR WKH HDVW-ZHVW GLV-
WDQFH DFURVV WKH GUHQYLOOH PURYLQFH, ZheUe black 
liQeV UeSUeVeQW UegUeVViRQV ZiWhiQ ceUWaiQ XQiWV.3 Ob-
WaiQed fURm VaXWRXU aQd DickiQ (2019). 
 
FURm WhiV, iW iV VXggeVWed b\ VaXWRXU aQd DickiQ 
(2019) WhaW QXebecia EaVW ZaV RUigiQall\ accUeWed WR 
Whe faU ZeVWeUQ SRUWiRQ Rf Whe cRQWiQeQWal maUgiQ aQd 
ZaV laWeU UifWed aZa\, eYeQWXall\ mRYiQg eaVWZaUd WR 
iWV cXUUeQW lRcaWiRQ iQ QXebec.3 SimilaUl\, Whe Baie 
CRmeaX WeUUaQe ZiWh Whe aWWached LRXS MaUiQ blRck, 
VhRZQ iQ FLJXUH 5, ZaV WhRXghW WR haYe RUigiQaWed 
fURm a VimilaU SURceVV iQ Zhich Whe \RXQgeU WeUUaQe 
ZaV aWWached WR Whe PaleRSURWeUR]Ric VliYeU aQd ZaV 
UifWed aZa\ fURm Whe VRXUce. HRZeYeU, XQSXbliVhed 
daWa diVcXVVed iQ VaXWRXU aQd DickiQ (2019) iQdicaWe a 

VigQificaQW leYel Rf heWeURgeQeiW\ iQ Whe Baie CRmeaX 
WeUUaQe ZiWh UeVSecW WR iVRWRSe VigQaWXUeV iQ cRmSaUi-
VRQ WR QXebecia aQd QXebecia EaVW, iQdicaWiQg WhaW Whe 
Baie CRmeaX WeUUaQe ma\ haYe a diffeUeQW SURYe-
QaQce.3 The cXUUeQW VXggeVWiRQ SXW fRUWh b\ VaXWRXU 
aQd DickiQ (2019) iV WhaW iW iV WUaQVSRUWed eaVWZaUdV 
fURm aQ eQVialic aUc WR iWV cXUUeQW lRcaWiRQ.3  
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The liWeUaWXUe SeUWaiQiQg WR Whe QXebecia WeUUaQe cRQ-
WiQXeV WR bXild fURm SUeYiRXV VWXdieV iQ RUdeU WR defiQe 
Whe geRlRgical eYeQWV, aQd heQce Whe SURYeQaQce, Rf 
Whe WeUUaQe. CXUUeQW liWeUaWXUe VXSSRUWV QXebecia aV a 
cRmSRViWe aUc belW RUigiQaWiQg fURm accUeWed RceaQic 
aUcV ZiWh aWWached VliYeUV Rf PaleRSURWeUR]Ric cUXVW.3,10 
The WeUUaQe caQ be fXUWheU diYided baVed RQ WheVe VliY-
eUV iQWR WhUee SUiQciSle blRckV WeUmed QXebecia, QXe-
becia EaVW aQd Whe Baie CRmeaX.3 ReVeaUch iV UeTXiUed 
WR fXll\ XQdeUVWaQd Whe geRlRgical hiVWRU\ Rf Whe aUea, 
Whe RUigiQV Rf PaleRSURWeUR]Ric VliYeUV Rf cUXVW ZiWhiQ 
Whe WeUUaQe, aQd WR iQcUeaVe Whe UeVRlXWiRQ Rf Whe XQiWV 
ideQWified.  
 
TheVe cRQclXViRQV aUe dUaZQ fURm Whe ideQWificaWiRQ Rf 
Rld mRdel ageV alRQg Whe MaQicRXagaQ UiYeU b\ DickiQ 
aQd HiggeQV (1992) iQ addiWiRQ WR Whe cRQVWUaiQWV Rf 
Whe WeUUaQe iQYeVWigaWed b\ DickiQ (2000) aQd VaXWRXU 
aQd DickiQ (2019).2,3,8 MeWamRUShiVm UeVXlWiQg fURm 
Whe GUeQYille OURgeQ\ UeQdeUV Whe XVe Rf Nd-iVRWRSe 
VigQaWXUeV aQd mRdel ageV XVefXl WR eVWimaWe cUXVWal 
fRUmaWiRQ ageV, aV ideQWified b\ DickiQ (2000), GURXli-
eU eW al. (2018) aQd VaXWRXU aQd DickiQ (2019).2,3,13 
DeliQeaWiQg Whe geRlRgical hiVWRU\ Rf WhiV WeUUaQe Ue-
TXiUeV iQVighW iQWR cUXVWal fRUmaWiRQ ageV UaWheU WhaQ 
igQeRXV cU\VWalli]aWiRQ ageV deWeUmiQed b\ U-Pb geR-
chURQRlRg\.4,9 HRZeYeU, a cRmbiQaWiRQ Rf cUXVWal fRU-
maWiRQ ageV fURm Sm-Nd daWiQg meWhRdV aQd U-Pb 
ageV UelaWed WR SeUiRdV Rf magmaWic acWiYiW\ iV XVefXl WR 
fRUm a mRUe cRmSleWe SicWXUe Rf Whe cRmbiQaWiRQ Rf 
fRUmaWiRQ aQd accUeWiRQ eYeQWV UecRUded ZiWhiQ QXe-
becia.3,4,9 

 
The VamSleV aQal\]ed iQ WhiV VWXd\ all \ielded PiQZaUi-
aQ TDM mRdelV ageV. ThiV helSV WR fXUWheU defiQe Whe 
cRQVWUaiQWV Rf SUeYiRXVl\ ideQWified PaleRSURWeUR]Ric 
cUXVWal VliYeUV ZiWhiQ Whe QXebecia TeUUaQe. The RldeU 
cUXVW ideQWified iQ H\QeV (2010) ZaV VhRZQ WR QRW cRQ-
WiQXe RQ Whe VRXWh Vide Rf Whe SagXeQa\ UiYeU, allRZiQg 
Whe cXUUeQW VWaWe Rf kQRZledge WR be imSURYed aQd Whe 
UeVRlXWiRQ Rf Whe TDM mRdel ageV iQ Whe SagXeQa\ 
VWXd\ aUea WR be iQcUeaVed.11  
 
SelecWiQg fXWXUe UegiRQV fRU aQal\ViV b\ VimilaU meaQV 
iV deSeQdeQW RQ SUeYiRXVl\ RbWaiQed cUXVWal fRUmaWiRQ 
ageV WR ideQWif\ aUeaV Rf iQWeUeVW aQd XQceUWaiQW\ WhaW 
UeTXiUe fXUWheU aQal\ViV. AV Whe VamSliQg aUea did QRW 
VhRZ TDM mRdel ageV cRQViVWeQW ZiWh Whe cRQWiQXa-
WiRQ Rf Whe PaleRSURWeUR]Ric VliYeUV, aV VXggeVWed iQ 



FLJXUH 6, fXUWheU UeVeaUch cRXld iQYeVWigaWe alWeUQa-
WiYe cRQVWUaiQWV fRU WheVe blRckV, VXch aV WhaW SURSRVed 
iQ FLJXUH 9. 

FLJXUH 9. A SURSRVHG IXWXUH VWXG\ DUHD WR IXU-
WKHU GHILQH WKH FRQVWUDLQWV RI WKH LDEULHYLOOH 
EORFN. 
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