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Paleomagnetic and Geochronologic constraints on the
Neoproterozoic Tectonics and Climate of the Western Margin
of Laurentia

ABSTRACT

This dissertation focuses on three unique but complementary projects related to Neoproterozoic
(1000-542 Ma) tectonics and climate of western North America (Laurentia). I have 1) isolated paleo-
magnetic evidence for crustal block rotations during rifting along the western margin of Laurentia,
2) refined Neoproterozoic magmatic zircon ages to constrain the age of rifting and onset of global
glaciation, and finally 3) created an improved model for the paleogeography of Laurentia in the pe-
riod leading up to the initial extension of its western margin and the first Cryogenian glaciation.

I studied the Mount Harper Volcanics in Canada to understand the rift history of Laurentia and
associated crustal rotations. Through mapping and measured sections, I created a robust geological
framework for paleomagnetic data. By isolating a primary paleomagnetic pole s0° away from the
expected pole, I suggest that the Yukon block rotated counterclockwise relative to Laurentia. My
reconstruction facilitates future studies that relate sedimentary and structural patterns to Rodinian
rifting and my low latitude pole supports the Snowball Earth interpretation of the related glacial de-
posits. Next, by studying the strata exposed at Gataga Mountain in Canada, I improved constraints
on the nature and timing of Laurentian rifting and the Sturtian Snowball Earth glaciation. I doc-
umented three informal sequences: a basal quartzite, the Gataga Volcanics (interpreted to record
sub-glacial sedimentation and volcanism), and overlying mixed carbonate-siliciclastics. Using U-Pb
chemical abrasion isotope dilution thermal ionization mass spectrometry zircon geochronology,

I generated five precise magmatic ages from Gataga Volcanics and a detrital zircon maximum age
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from underlying non-glacial quartzite that constrains the onset of glaciation. In this research I doc-
umented new evidence for the Sturtian glaciation and identified two rift stages: the first indicated
by the Gataga Volcanics, and the second by the overlying mixed carbonate-siliciclastics. Finally, my
studies took me to the Grand Canyon, where I integrated new paleomagnetic data from the Chuar
Group with existing paleomagnetic and geochronological datasets from Laurentia to constrain Neo-
proterozoic paleogeography and tectonics. In this work I showed that there is paleomagnetic evi-
dence contradicting each of the proposed candidates for the conjugate Laurentian margin. I thus
suggest that there may not be a conjugate margin craton for western Laurentia. Instead I posit that
the 780-750 Ma southern crustal extension was triggered by strike slip motion along the southwest-
ern Laurentian promontory. Furthermore, post-720 Ma northern crustal extension may have been
triggered by the Franklin Large Igneous Province and then propagated down the margin. I speculate
that eventual rift event that initiated the Laurentian rift-drift transition may have involved the later

rifting of a ribbon continent.
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Introduction

During the Neoproterozoic, the supercontinent Rodinia is suggested to have amalgamated and bro-
ken apart (Li et al. 2008) and two long-lasting Cryogenian Snowball Earth glaciations took place
(Kirschvink, 1992; Hoffman and Schrag, 2002; Rooney et al., 2015). Tectonics and continental con-
figurations associated with supercontinent cycles may drive climate and evolutionary change on
geologic timescales. In particular, previous studies have linked the low-latitude break-up of Rodinia
with the onset of Cryogenian glaciation (for example Hoffman and Schrag, 2002; Godderis et al.,
2003; Cox et al., 2016; Li et al., 2008); however, the age and kinematics of Rodinia’s fragmentation,

and the timing of its relationship to environmental change remains poorly constrained.

1.1 GLACIATION

Although Neoproterozoic glacial successions are recognized worldwide, the nature, timing, and du-

ration of glacial episodes have remained controversial (Spence et al., 2016). Nonetheless, paleomag-



netic data suggests that some of the Cryogenian glacial diamictites were deposited at low latitudes,
consistent with the Snowball Earth hypothesis (Kirschvink, 1992; Evans and Raub, 2011). More-
over, recent geochronology confirms that there were two discrete, long-lived Cryogenian glaciations,
the Sturtian and the Marinoan (Rooney et al., 2015; Prave et al,, 2016). The onset of the Sturtian
glaciation can be dated by chemical abrasion isotope dilution thermal ionization mass spectrometry
(CA-ID-TIMS). The closest constraint to the onset is U-Pb zircon age of 716.47 &£ 0.24 Ma from di-
amictites of the Mount Harper Group in Yukon, Canada (Macdonald et al., 2010a). The end of the
same glaciation is marked by a postglacial Re-Os date of 662.4 &= 3.9 Ma on the basal Twitya Forma-
tion in Northwest Territories, Canada (Rooney et al., 2014). The age of the Marinoan glacial epoch
is bracketed between 655 Ma (Zhang et al., 2008) and 635 Ma (Condon et al., 2005; Calver et al.,
2013; Rooney et al., 2015), with the later marking the age of the Marinoan cap carbonate. These data,
along with the most robust geochronological constraints globally, suggest a >55 Myr duration for
the Sturtian glaciation (Rooney et al., 2014; 2015), and > 5 Myr duration for the Marinoan glaciation
(Prave et al., 2016). Although, some suggest that there were multiple glaciations between ca. 716-660
Ma, with a possible interglacial period (Le Heron, 2011; Keeley et al., 2012), only one Sturtian cap
carbonate has been identified.

Records of these Cryogenian glaciations are preserved along the western Laurentian margin (for
example Crittenden et al., 1983; Gabrielse, 1972; Stewart, 1972; Eisbacher, 1978; Christie-Blick and
Levy, 1989; Aitken, 1991; Link et al., 1994; Miller, 1994; Prave, 1999; Lund et al., 2003; Macdonald et

al., 2010a).

1.2 TECTONICS

There is general agreement that Earth’s continental crust assembled to form the supercontinent

Rodinia in the late Mesoproterozoic and early Neoproterozoic. Rodinia is thought to have been



produced by collisional events of broadly Grenvillian (late Mesoproterozoic) age, and to have been
relatively long-lived (c. 1moo-750Ma) (McMenamin and McMenamin, 1990; Hoffman, 1991). Despite
various differences, most of the models depict Laurentia as the core of Rodinia because Laurentia
was surrounded by Cambrian passive margins suggested to have formed during the supercontinent’
breakup in the late Neoproterozoic (Bond et at. 1984; Hoffman et al., 1991).

A plethora of different reconstructions, many of them with a strong focus on paleomagnetic
data, have been published and most conclude that crustal blocks rifted apart from western Laurentia
by 750 Ma (Meert and Torsvik, 2003; Cawood, 2005; Li et al., 2008; Sears and Price, 1978; Moores,
1991; Hoftman, 1991; Dalziel, 1997; Sears and Price, 2003; Pisarevsky et al., 2003; Li et al., 2008; Evans,
2009; Fu et al., 2015). These models increasingly suggest that breakup occurred on the western mar-
gin ca. 800-750 Ma.

The age of rifting predicted from paleogeographic models can be compared with the age pre-
dicted from geological work on western Laurentia. The rift history of the western margin of Lau-
rentia is recorded in the Windermere Supergroup of the U.S. and Canadian Cordillera (Ross 1991;
Link et al. 1993). The Windermere Supergroup is commonly divided into three main stratigraphic
ensembles: 1) narrow fault-bounded extensional basins referred to as the ChUMP basins (Dehler et
al., 2007; Dehler et al., 2017; Macdonald, et al., 2013; Strauss, et al., 2014; Smith, et al., 2015); 2) Cryo-
genian siliciclastic and volcanic successions often interbedded with glacial diamictites that have been
interpreted as representing rift basins; and 3) a more widespread succession of Ediacaran carbonate
and siliciclastic strata, composed largely of turbidites, that are widely interpreted to be related to
subsidence and the initiation of passive margin sedimentation (Stewart, 1972; Ross, 1991; Jefferson &
Parish, 1989; Eisbacher, 1979).

Earlier geochronology work on rift-related magmatism suggested that the age of rifting and vol-
canism could have been ca 750-780 Ma, which would be consistent with the paleogeographic recon-

structions (Armstrong et al., 1982; Jefferson and Parrish, 1989; Devlin et al., 1988; Roots and Parrish



1988). However, with recent advances in geochronology these ages are now being refined. Increas-
ingly, there appears to be evidence for isolated magmatism on the western margin ca. 780 Ma (the
Gunbearrel event), and large spread magmatism on the northern margin ca 720 Ma (the Franklin
LIP). This extensional volcanism is also found in the central and southern Canadian Cordillera and
in Washington and Idaho (Miller, 1994; Brown, 199s; Keeley et al., 2012; Lund et al., 2010). This vol-
canism has been dated at 717 Ma in the Yukon (Macdonald et al., 2010), 690 Ma in northern British
Columbia (Eyster et al., accepted) and ca. 685 Ma in Idaho (Keeley et al., 2012; Lund et al., 2010).
An additional complication is that subsidence curves of Paleozoic strata on the western margin
of Laurentia (Armin and Mayer, 1983; Bond and Kominz, 1984; Bond et al., 1985) suggest that the
rift-drift transition and development of the passive margin did not occur until the Precambrian-
Cambrian boundary (now s41 Ma). Thus, basal Windermere magmatism may be too old to be tied
to the thermal subsidence and development of the Paleozoic passive margin. This discrepancy in
ages could suggest multiple rift events or protracted rifting (Prave et al., 1999; Colpron et al. 2001).
Indeed, a third episode of Late Ediacaran rift-related volcanism has also been identified in British

Columbia (Colpron et al. 2001).

1.3 MORE DATA NEEDED TO TEST HYPOTHESIZED CONNECTIONS BETWEEN TECTONICS

AND CLIMATE

It has been suggested that tectonic forcings may have helped trigger these events as the superconti-
nent Rodinia achieved amalgamation and breakup (Li et al. 2008). The rifting of a supercontinent
may have affected the length of continental margins and led to sharp increases in riverine runoff and
silicate weathering. In addition it is argued that the spike in Rift volcanics and flood basalts may have
enhanced CO2 drawdown and helped trigger glaciation (ex. Godderis et al., 2003; Donnadieu, et

al., 2004). However, previous modeling has suggested that there may be a so Ma lag between rifting



and glaciation (Godderis et al., 2003). Thus, understanding the paleogeography of Rodinia and the
timing of its break-up is key for understanding and testing proposed links between Neoproterozoic
tectonics and climate, as well as informing our understanding of supercontinent cycles. In order to
better inform hypothesis related to the rifting of the Supercontinent Rodinia and global glaciation
as well as supercontinent dynamics, I have isolated paleomagnetic evidence for crustal block rota-
tions during rifting along the western margin of Laurentia, I have refined Neoproterozoic magmatic
zircon ages to constrain the age of rifting and onset of global glaciation, and finally I have created an
improved model of the paleogeography of Laurentia in the period leading up to the initial extension

of its western margin and the first Cryogenian glaciation.

1.4 OVERVIEW

1.4.1 CHAPTER 1- MOUNT HARPER PALEOMAGNETIC DATA ELUCIDATING TECTONIC RO-

TATIONS AND LATITUDE OF GLACIATION.

To better understand the rift history of Laurentia and tectonic rotations, I have completed an inten-
sive paleomagnetic study of The Mount Harper volcanics of Yukon, Canada (Mustard and Roots,
1997; Macdonald et al., 2010). I completed fieldwork there, mapping and measuring volcanic sec-
tions to better understand the geologic context of the area and to provide a framework for analyzing
paleomagnetic data. I then prepared paleomagnetic samples and conducted thermal, AF and liquid
nitrogen demagnetization to isolate magnetic components and directions. I also conducted a suite
of rock magnetism experiments to understand the magnetic carriers. In this work, I isolated four
paleomagnetic directions: a low-temperature direction recording the present geomagnetic field, a
mid-temperature direction consistent with a Cretaceous overprint, and two high-temperature di-
rections. Of the two high-temperature directions, one likely represents a chemical overprint, while

the other direction is interpreted to be primary. The primary nature of this direction is supported



by 6 of the 7 van der Voo reliability criteria, including a conglomerate test; fold test, and reversal
test. This primary pole is so degrees away from the expected ca. 720 Ma Laurentian pole derived
from the Franklin large igneous province (Denyszyn et al. 2009). The two poles can be aligned via
an approximately so degree counterclockwise rotation of the Yukon block relative to Laurentia. The
pre-rotation reconstruction of the Yukon Block relative to Laurentia aligns Neoproterozoic fault
orientations and facies belts between the Wernecke and Mackenzie Mountains, rectifies paleo-flow
measurements in Mesoproterozoic and Paleoproterozoic strata, and realigns the orientation of the
ca. 1260 Ma Bear River Dikes with the Mackenzie Dike Swarm of northern Canada (Aitken and
McMechan 1992, Abbot 1997). This reconstruction also facilitates future studies that relate Neo-
proterozoic sedimentary and structural patterns to the fragmentation of Rodinia. Finally, this low-
latitude pole supports the Snowball Earth interpretation of the ca. 717 Ma Sturtian glacial deposits

(Macdonald et al,, 2010).

1.4.2 CHAPTER 2- GEOCHRONOLOGY OF THE GATAGA VOLCANICS OF BRiTISH COLUMBIA

AND IMPLICATIONS FOR NEOPROTEROZOIC GLACIATION AND RIFTING.

To further investigate the timing of Laurentian rifting and the extent of the Neoproterozoic snow-
ball Earth glaciation I have studied the Gataga Volcanics in British Columbia, Canada (Ferri et al.,
1999).I conducted field mapping, measured volcanic and sedimentary sections and collected sam-

ples for U-Pb chemical abrasion isotope dilution thermal ionization mass spectromentry zircon
geochronology and carbon isotope chemostratigraphy. I documented three informal sequences ex-
posed at Gataga Mountain: a basal quartzite, the Gataga Volcanics, and an overlying mixed carbonate-
siliciclastic succession. The basal quartzite is dominated by cross-bedded sandstone with an in-
tertidal facies assemblage including herringbone cross-stratification and mud-cracks, indicative of
non-glacial deposition. The overlying Gataga Volcanics are over one kilometer thick, comprising

both mafic and felsic units, with volcaniclastic breccia and interbedded sedimentary units includ-



ing iron formation and matrix-supported diamictite with cosmopolitan clasts. Magmatic ages in
the upper Gataga Volcanics span 696.2 & 0.2 to 690.1 +-0.2 Ma, and detrital zircon from the un-
derlying non-glacial quartzite provide a maximum age constraint on the onset of glaciation <735.8
+ 0.6 Ma.The interfingering beds of matrix-supported diamictite with cosmopolitan clasts within
the Gataga Volcanics are interpreted to record sub-ice shelf sedimentation and volcanism during
the Sturtian Glaciation. Although volcanic facies are consistent with eruption in a sub-ice to sub-
aqueous (below ice shelf) environment, I acknowledge the difficulty of distinguishing sub-glacial
from sub-aqueous explosive volcanic facies. Overlying the Gataga Volcanics, a mixed carbonate-
siliciclastic succession contains minor basalt flows that are geochemically distinct from the under-
lying volcanic rocks. Based on chemostratigraphic and lithostratigraphic similarities, I suggest that
this sequence is correlative with Ediacaran strata to the north. Together, I suggest that the stratigra-
phy and geochemical signature of volcanic rocks at Gataga Mountain records two distinct episodes
of Neoproterozoic extension-related sedimentation and volcanism, the first indicated by the Cryo-
genian Gataga Volcanics and interbedded sedimentary strata and the second by the overlying Edi-

acaran carbonate-siliciclastic succession with interfingering basalt.

1.4.3 CHAPTER 3-GEOCHRONOLOGICALLY CALIBRATED 780-720MA LAURENTIAN PALE-
OMAGNETIC PATH AND RECONCILIATION OF GLOBAL CRATON LOCATIONS AND LAU-

RENTIAN GEOLOGICAL RIFT CONSTRAINTS.

To better understand Neoproterozoic paleogeography and identify the conjugate craton margin
for western Laurentia, I obtained new paleomagnetic results from the Chuar Group exposed in
the Grand Canyon and incorporated this new data with existing paleomagnetic and geochrono-
logic data. I report a new paleomagnetic pole for the Awatabi and Carbon Butte members within

the Chuar group. This direction is preserved in hematite and magnetite the primary nature of this



paleomagnetic direction is supported by five of the seven Van der Voo (1990) reliability criteria. In
addition to this direction that I interpret as primary, I also identified pervasive overprints both
mid-temperature demagnetized between 400-560°C and a high-temperature component that is
unblocked by 680°C and seems to be carried by hematite. Unlike previous work, I identified these
steep overprints in multiple members and demonstrated the widespread nature of this event. I in-
corporated this updated paleomagnetic pole with recent geochronological data and existing paleo-
magnetic data to present a new and revised ca. 780-720 Ma Laurentian APWP. Having examined
the 780-720 Ma databases of other cratons and concluded that there is evidence for an AUSMEX
configuration at both 780 Ma and 750 Ma (as well as 1070 Ma), but there is paleomagnetic evidence
against all the other models for various cratons as conjugate margins to Laurentia. I thus suggest
that there may not be a conjugate margin for western Laurentia and that, instead, ca. 780-750 Ma,
southern crustal extension was triggered by strike-slip motion along the southwestern Laurentian
promontory. Furthermore, post-720 Ma northern crustal extension may have been triggered by
the Franklin LIP and then propagated down the margin. The eventual rift event that triggered the

rift-drift transition may have involved a ribbon continent with Laurentia affinity.

1§ SUMMARY

To conclude, the Mount Harper Volcanics demonstrate ca. 717 Ma rift-related volcanism, and, al-
though the tectonics are complicated by counterclockwise tectonic block rotation, by identifying
this rotation I can correct for it and interpret the Coal Creek strata as recording E-W directed exten-
sion and faulting, perhaps triggered by extension on the northern margin. The paleomagnetic data
also indicates low latitude (<30°) for the earliest deposits of the ca. 717 Ma Sturtian glaciation. Fur-
ther south, the Gataga mountain strata suggest two rift events, one ca. 700-685 Ma, similar to ages

to the south, and a later event, as evidenced by geochemically distinct rift volcanism. In addition,



there is evidence for glaciation ca. 690 Ma. In both of these sequences, the rift-related volcanism
slightly predates the glaciogenic deposits. Although this may be preservation bias, it is also possi-
ble that this is a real signal, suggesting that extensional magmatism just barely predates the start of
glaciation, thus requiring a short lead-up time for rift magmatism to trigger glaciation. In addition,
my study of the Chuar Group suggests that the rift magmatism itself may be triggered not by the
rifting of a different continental craton, but by ca. 780 Ma strike-slip motion to the south, and to
the north by far field effects of the Franklin LIP. With no conjugate craton, the configuration of the
supercontinent Rodinia may not have been as tightly-packed as previous models have suggested.
Therefore, the associated rifting along the western margin may not have dramatically increased the
length of continental margins, and may not have led to sharp increases in riverine runoff and silicate
weathering. Thus, the explanation that increased silicate-weathering of newly created continental
rift margins initiated the Sturtian glaciation might bear reevaluation. Finally, when considering su-
percontinents, it is tempting to use our knowledge of Pangea as the key to understanding Rodinia.
However, the rifting of Rodinia may involve overlooked features that were not as important for the

rifting of Pangea, namely, strike-slip motions, block rotations, and rifting of ribbon continents.



Paleomagnetic evidence for a large rotation
of the Yukon Block relative to Laurentia:
Implications for a low-latitude Sturtian

Glaciation and the break-up of Rodinia

2.1 ABSTRACT

Understanding the tectonic history of the supercontinent Rodinia is crucial for testing proposed

links between Neoproterozoic tectonics, supercontinent cycles, climate, and biogeochemistry. The

A version of this chapter was published: Eyster, A. E., Fu, R. F., Strauss, J. V., Weiss, B. P., Roots, C.F.,
Halverson, G.P., Evans, D.A.D., Macdonald, F.A., 2016. Geological Society of America Bulletin.
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Neoproterozoic Mount Harper volcanics of the Ogilvie Mountains, Yukon, Canada, interfinger
with Sturtian-age (ca. 717-660 Ma) glacial deposits that were deposited in narrow, fault-bounded
basins related to the break-up of Rodinia. Here, I present new paleomagnetic data from the Mount
Harper volcanics and isolate four paleomagnetic directions: a low-temperature direction recording
the present geomagnetic field, a mid-temperature direction consistent with a Cretaceous overprint,
and two high-temperature directions, one of which is carried by hematite and likely represents a
chemical overprint, and the other, which is carried by magnetite, is likely a primary direction. This
primary pole passes the fold and conglomerate tests, and includes a reversal but is s0° away from the
coeval 721-712 Ma Laurentian Franklin large igneous province pole. This difference can be reconciled
using a 50° counterclockwise rotation of the Yukon Block relative to Laurentia. The pre-rotation
reconstruction of the Yukon Block relative to Laurentia aligns Neoproterozoic fault orientations
and facies belts between the Wernecke and Mackenzie Mountains, rectifies paleo-flow measurements
in Mesoproterozoic and Paleoproterozoic strata, and realigns the orientation of the ca. 1260 Ma
Bear River Dikes with the Mackenzie Dike Swarm of northern Canada. This reconstruction also
facilitates future studies that relate Neoproterozoic sedimentary and structural patterns to the frag-
mentation of Rodinia. Finally, this low-latitude pole supports the Snowball Earth interpretation of

the ca. 717 Ma Sturtian glacial deposits.

2.2 INTRODUCTION

The protracted breakup of the supercontinent Rodinia has long been associated with Neoprotero-
zoic environmental and biological change (Kirschvink, 1992; Hoffman and Schrag, 2002; Goddéris

etal., 2003). However, the age, geometry, configuration and kinematics of Rodinia’s fragmentation
remain poorly constrained. Because Laurentia is surrounded by Neoproterozoic passive margins

(Hoffman, 1991), many paleogeographic reconstructions place it at the core of Rodinia (e.g., Li et
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al., 2008). Due to this central location, studies of Laurentian basins can assist in understanding the
break-up of Rodinia (e.g., Ross, 1991; Macdonald et al., 2012; Strauss et al., 2015). Several discrete ex-
tensional events on the western margin of Laurentia have been attributed to the rifting of Rodinia,
implying a prolonged and complex break-up history. Early Neoproterozoic (~1.2-0.78 Ga Sequence
B of Young et al., 1979) sedimentary successions were interpreted as recording basin-forming events
consistent with a NN'W-facing margin in present coordinates (Aitken, 1981). Alternatively, Turner
and Long (2008) argued for NE-SW extension on the western margin of Laurentia based on the in-
terpretation of multiple NE-SW-oriented structures in the Mackenzie Mountains as transfer faults.
In addition to these older structures, which can be interpreted as recording early Neoproterozoic
rifting, late Neoproterozoic rifting (Sequence C of Young et al., 1979, Windermere Supergroup) is
thought to have occurred during two separate intervals: ~780-660 Ma (Jefferson and Parrish, 1989;
Mustard, 1991) and ~s80—s60 Ma in the southern Cordillera (Colpron et al., 2002; Lund, 2008;
Lund et al., 2010; Yonkee et al., 2014).

There are numerous candidates for the continents that rifted away from Laurentia’s northern
and western margins, including Antarctica, Australia, South China, North China, Siberia and West
Africa (Sears and Price, 1978; Moores, 1991; Hoffman, 1991; Dalziel, 1997; Sears and Price, 2003; Pis-
arevsky et al., 2003; Li et al., 2008; Evans, 2009; Fu et al., 2015; Ernst et al., 2016). Irrespective of the
identity of its former conjugate partners in Rodinia, Yukon records the Neoproterozoic tectonic
evolution of both the northern and western margins of Laurentia (e.g., Thorkelson et al., 200s;
Macdonald et al., 2012; Strauss et al., 2015), and is a keystone for future attempts to elucidate the
extensional history in this part of Rodinia.

Recent geochronological data from Neoproterozoic sedimentary successions in Yukon enable
more accurate constraints on basin-forming events in Laurentia during the early fragmentation of
Rodinia. In the Coal Creek inlier of west-central Yukon (Figs. 1 and 2), early Neoproterozoic synsed-

imentary faulting and subsidence have been linked to extension on the northern margin of Lauren-

12



tia (Macdonald et al., 2012). In contrast, the later Neoproterozoic Mount Harper Group was de-
posited in a volcanically active half-graben previously attributed to extension or transtension along
the western margin of Laurentia (Mustard, 1991; Mustard and Roots, 1997; Strauss et al., 2015). Re-
cent geochronological and geochemical data from the Mount Harper volcanics (MHV) of the upper
Mount Harper Group (Macdonald et al., 2010; Cox et al., 2013) highlight connections with igneous
activity associated with the Franklin large igneous province (LIP) (Heaman et al., 1992; Denyszyn et
al., 2009a; Denyszyn et al., 2009b), which has yielded a robust, low-latitude grand-mean paleomag-
netic pole (Fahrig et al., 1971; Robertson and Baragar, 1972; Fahrig and Schwarz, 1973; Palmer and
Hayatsu, 1975; Park, 1981; Christie and Fahrig, 1983; Palmer et al., 1983; Heaman et al., 1992; Pehrsson
and Buchan, 1999, Buchan et al., 2000; Denyszyn et al., 2009a; Denyszyn et al., 2009b). Taken at f 1
ace value, these data connect extension or transtension recorded in Yukon with the paleogeography
of Laurentia relative to the other cratons in Rodinia. Moreover, the link between the ca. 717 Ma on-
set of the Sturtian glaciation in Yukon and the low-latitude paleomagnetic pole on the Franklin LIP
is a key line of evidence for Snowball Earth (Macdonald et al., 2010). The similarity in ages and ro-
bust Franklin paleomagnetic pole provides a unique opportunity to better understand the Sturtian
glaciation and identify tectonic movements of the Yukon Block relative to the Laurentian craton
using paleomagnetism.

A previous reconnaissance-level paleomagnetic study of the MHV suggested a pole distinct from
the Franklin grand mean pole (Park et al., 1992); however, it was unclear if this difference was due
to large true polar wander, anomalous magnetic field behavior, or a tectonic rotation of Cretaceous,
Paleozoic, or Neoproterozoic age. In addition, Park et al. (1992) acknowledged that their results
were inconclusive due to limited sampling, and that additional sampling and examination were
needed to validate or refute them. Here I present new paleomagnetic results from the MHV that
resolve these uncertainties, allowing us to infer the geometry of Neoproterozoic synsedimentary

structures relative to the Laurentian craton and relative motions during the breakup of Rodinia, and
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additionally, to explore the paleomagnetic constraints on the ca. 717 Ma Yukon glacial deposits that

may record the initiation of Snowball Earth glaciation on Laurentia.

2.3 GEOLOGICAL SETTING

The Yukon Block (Jeletsky, 1962) is a crustal fragment separated from contiguous Laurentia to the
east by the Richardson trough and the Richardson fault array (Fig. 1). The Richardson trough rep-
resents a Cambrian—Devonian deep-water basin formed above a failed rift arm between the Yukon
Block and Mackenzie platform (Gabrielse, 1967; Pugh, 1983; Norris, 198s; Cecile et al., 1997; Mor-
row, 1999; Rohr et al., 2011). The Richardson fault array is a regional scale fault system with a history
of reactivation that has controlled sedimentation and deformation in the area since its inception in
the Proterozoic (Eisbacher, 1981; Eisbacher, 1983; Norris, 1985; Aitken and McMechan, 1992; Aitken,
1993; Abbott, 1996; Norris, 1997; Abbott, 1997; Crawford et al., 2010; Rohr et al., 2011). Protero-
zoic strata in the Yukon Block consist of three major successions (Young et al., 1979) exposed in four
inliers: the Tatonduk, Coal Creek, Hart River and Wernecke inliers (Fig. 1). The oldest rocks con-
sist of Sequence A, a poly-deformed succession of mixed carbonate and siliciclastic strata of the late
Paleoproterozoic—early Mesoproterozoic Wernecke Supergroup (Delaney, 1981; Thorkelson et al.,
200s; Furlanetto et al,, 2013). Sequence B includes the Pinguicula, Hematite Creek, and Fifteenmile
groups in the Yukon Block inliers. These groups are correlative with the Mackenzie Mountains Su-
pergroup, which compose the oldest strata found in the Mackenzie Mountains to the east. A tuff'in
the Fifteenmile Group of the Coal Creek inlier has been dated at 811.51 £ 0.25 Ma (U-Pb ID-TIMS
on zircon, Macdonald et al., 2010). Sequence C includes the Cryogenian—Ediacaran-aged strata of
the Windermere Supergroup.

The focus of this study is the Coal Creek inlier, in the south-central Ogilvie Mountains (Figs. 1

and 2). In this area, the Mount Harper Group forms the base of the Windermere Supergroup and
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includes, in stratigraphically-ascending order, the ~755—735 Ma Callison Lake Formation (Strauss
et al., 2014a; 2015; Rooney et al., 2015), the Seela Pass Formation, and the Mount Harper volcanics
(Mustard, 1991; Mustard and Roots, 1997; Macdonald et al., 2010; 20115 Strauss et al., 2014b; 2015).
The Callison Lake and Seela Pass formations record fault-related carbonate and siliciclastic sedi-
mentation associated with early phases of Neoproterozoic extension in NW Canada (Mustard, 1991;
Mustard and Roots, 1997; Strauss et al., 2015).

The Mount Harper Volcanics consist of a bimodal magmatic suite that is divided into six in-
formal members along with intrusive domes and dikes (Figs. 2 and 3; Mustard and Roots, 1997).
Geochemically, the total alkali-FeO-MgO (AFM) projection shows samples on both sides of the
tholeiitic/calc-alkaline divide (Mustard and Roots, 1997; Cox, 2015). This is unusual, as at the same
time, the close association of the volcanics with normal faulting and extensional activity, indicates
a relationship between extension and volcanism (Mustard and Roots, 1997). The existence of mag-
mas with calc-alkaline affinities but connected to lithospheric extension rather than subduction has
been documented in the North American Pacific Northwest and Basin and Range (Robyn, 1979;
Gans et al., 1989; Smith et al., 1990; Hooper et al., 1995; Hawkesworth et al., 1995; Morris et al., 2000,
Camp et al,, 2003) as well as in eastern Queensland, Australia (Ewart et al., 1992) and northeastern
China (Fan et al., 2003). In such cases, it is suggested that the rift related calc-alkaline magmatism
can be explained by extension related decompression melting of subcontinental crust or mantle that
was previously hydrated and enriched by earlier subduction events, rather than by contemporane-
ous subduction. The basaltic lower suite consists of members A, B and C, and the more felsic upper
suite comprises members D, E and F (Mustard and Roots, 1997). Local evidence of soft sediment
deformation in the Seela Pass units beneath the basal pillow basalt flows of member A (Fig. 3) sug-
gest these units were unlithified during emplacement of the volcanics (Mustard and Roots, 1997).
Member A consists of pillowed and minor massive flows and member B comprises basaltic flows

of two facies: a pillow-dominated chloritic facies and an overlying hematitic and highly vesiculated
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unit with pahoehoe flow tops (Fig. 3). The transition between these members was originally de-
fined in reference sections based on chemical analysis (Mustard and Roots, 1997). For the hematitic
facies, it is likely that iron oxidation of subaerially erupted basalts resulted in the growth of syn-
volcanic hematite (Mustard and Roots, 1997; Roots, 1988). Fine- to medium-grained chloritic and
SE-trending diabase dikes and sills are associated with members A and B (Mustard and Roots, 1997),
and the dikes may have fed the extrusive member B volcanics. Member B is disconformably overlain
by various members of the upper MHV and Rapitan Group-equivalent strata of the Eagle Creek
formation (Mustard and Roots, 1997; Strauss et al., 2014b). Member C consists predominantly of
basaltic pyroclastic to epiclastic breccias, whereas member D is rhyolitic in composition and locally
dominated by massive columnar jointed flows that weather light pink to grey-green (Fig. 3). A thin
crystal tuff layer marks the upper contact of member D in two places. Member E is composed pri-
marily of dark blue chlorite-bearing andesitic flows, tufts and breccias (Mustard and Roots, 1997).
Pillowed flows up to 20 m thick are found in member E, as well as local subaerial pahoehoe textures
(Fig. 3). Three mounds of silicic rubble, thought to be ancient rhyolite domes, are locally centered
on feeder dikes and appear to be younger than the rest of member D because they intrude mem-
ber E (Mustard and Roots, 1997). These rhyolite domes were dated with U-Pb CA-ID-TIMS on
zircon at 717.43 %+ 0.14 Ma (Macdonald et al., 2010). Member F is the youngest of the rocks in the
MHYV and includes intermediate to mafic flows, sills, dikes, breccias and tuffs that weather orange
to brown (Mustard and Roots, 1997). Flows from member F are locally interstratified with the over-
lying glaciogenic deposits of the Rapitan Group-equivalent Eagle Creek formation (Mustard and
Roots, 1997; Macdonald et al., 2010; Strauss et al., 2014b).

The Rapitan Group-equivalent Eagle Creek formation is locally in erosional contact with mem-
bers A-E and it interfingers with member F. A tuft near the base of the Eagle Creek formation yielded
a U-Pb zircon age of 716.47 £ 0.24 Ma (CA-ID-TIMS; Macdonald et al., 2010). These glacial strata

are locally overlain by various strata equivalent to the Cryogenian Hay Creek Group and the Edi-
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acaran to Early Cambrian informal “Upper” group (Macdonald et al., 2011; Strauss et al., 2014b).
The Bouvette Formation, a thick sequence of Cambrian to Devonian dolostone, regionally rests
with angular unconformity on the Windermere Supergroup and older strata (Thompson et al.,
1994; Mustard and Roots, 1997; Macdonald et al., 20115 Strauss et al., 2014b).

Synsedimentary tectonism during deposition of basal Windermere rocks has been investigated in
the northern Canadian Cordillera (for example, Eisbacher, 1981, 198s; Jefferson and Parrish, 1989),
in British Columbia (Root, 1987), and in the United States (Stewart, 1972; Miller, 198s; Yonkee et
al., 2014). In the Coal Creek inlier, for the Mount Harper Group, the oldest Neoproterozoic exten-
sional structures in the area include the Trap Door and Early South Harper faults, both of which
governed the depositional patterns of the Callison Lake and Seela Pass formations (Fig. 2; Mus-
tard, 1991; Mustard and Roots, 1997; Strauss et al., 2014b; 2015). The MHYV, Seela Pass and Callison
Lake formations occur north of the Early South Harper fault within the broad, informally-termed
Mount Harper synform (Fig. 2; Roots, 1987; Strauss et al., 2015). The Callison Lake synrift strata
show evidence of thickening in the trough of the synform, which indicates that the folding is related
to fault initiation at depth, with the development of growth stratigraphy above a fault tip (Schlische,
199s; Sharp et al., 2000). This type of hanging wall synformal basin is well documented in exten-
sional settings associated with normal fault systems (Schlische, 1995; Sharp et al., 2000; Gawthorpe
and Leeder, 2000; Schlische, 2003). The synform likely developed during the late stages of Callison
Lake sedimentation and Mount Harper volcanism, as the broad synformal geometry is still appar-
ent in the MHV (Fig. 2C; Strauss et al., 2015). The synform plunges gently westward, preserving the
younger volcanic members of the MHV in the western Coal Creek inlier.

There are also a number of syn-MHV brittle extensional structures. The north-side-down Tango
Tarn fault was inferred from the distribution of members B and C of the MHV and the Eagle Creek
formation (Fig. 2, Roots, 1987; Mustard and Roots, 1997). The Early South Harper fault was also

active during MHV volcanism, but during most of the volcanic activity, the southern margin of the
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half graben remained high as indicated by a transition from subaqueous hydroclastic breccia in the
north to subaerial volcanism to the south (Roots, 1987). Following the eruption of the MHYV, the
Early South Harper fault was reactivated as the partially reverse South Harper fault, and numerous
SSE-striking faults and the North Harper fault were active (Fig. 2). The dominantly parallel SSE-
striking faults do not cut the South Harper or North Harper faults but they do cut the strata of

the Rapitan Group-equivalent Eagle Creek formation (Fig. 2). The North Harper fault near the
northern edge of the volcanics displays as much as 350 m of north side down displacement indicated
by the juxtaposition of the stratigraphically higher beds of the Eagle Creek formation and “Upper”
group strata on the north side, with the volcanics on the south side (Roots, 1987).

Observations of the regional outcrop extent of the Seela Pass and Eagle Creek formations high-
light the potential development of two distinct and slightly diachronous sub-basins with opposed
but offset footwall scarps (Mustard, 1991). The emplacement of the MHV could be related to the
development of an accommodation zone between the two offset grabens (Mustard, 1991; Mustard
and Roots, 1997; Strauss et al., 2015). The angle between the SSE-striking faults and the North and
South Harper faults could represent minor counterclockwise block rotations in a sinistral strike-slip
system (Roots, 1987).

The modern expression of the Ogilvie Mountains is a result of late Mesozoic northward-directed
shortening associated with the Cordilleran orogeny (Norris, 1997; Mair et al., 2006; Martel et al.,
2011). Despite this regionally significant tectonic activity, map relationships in west-central Yukon
suggest that the Coal Creek inlier acted as an orogenic welt, with wrench faults on the west side and
counterclockwise faulting on the east side, but with minimal faulting or reactivation of faults ob-
served within the inlier itself. In the MHV, some primary structures in the area experienced minor

reactivation, such as the Early South Harper fault (Roots, 1987).
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2.4 DIAGENETIC CONSIDERATIONS

The MHYV experienced prehnite-pumpellyite to lower greenschist facies metamorphism result-

ing from burial and fluid alteration during Mesozoic—Paleogene shortening associated with the
Cordilleran orogeny (Roots, 1987; Greenwood et al., 1991; Mustard and Roots, 1997). The volcanics
are highly hydrated and display abundant chlorite and sericite alteration (Cox et al., 2013). During al-
teration, volcanic glass was altered to quartz and feldspar, olivine phenocrysts were pseudomorphed
into quartz and hematite, and plagioclase phenocrysts were replaced by clay minerals (Mustard and
Roots, 1997). Primary paleomagnetic signals carried by magnetite can survive heating to the green-
schist metamorphic range (300°-500°C) but not to the amphibolite range (600°—750°C) (Pullaiah
et al., 1975; Dunlop and Buchan, 1977). Furthermore, metamorphic changes that alter the ferro-
magnetic minerals can destroy the primary natural remanent magnetization and result in chemical
remagnetization. Consequently, understanding the occurrence and nature of the magnetic minerals
(hematite, magnetite and titanomagnetite) is of particular interest for paleomagnetism studies. Al-
teration in members A and B involved hematite replacing olivine and albitization of plagioclase that
was later filled in with hematite. Primary iron oxidation likely occurred during the eruption of the
hematized facies, in addition to later iron oxidation that occurred during secondary mobilization for
both the chloritized and hematized volcanics. It is likely that synvolcanic hematite formed in some

of the subaerially erupted basalts (Mustard and Roots, 1997; Roots, 1987)

2.5 METHODS

Paleomagnetic samples were collected via drilling of small cores and hand sampling with orienta-
tions measured by a combination of Brunton and sun compass. The orientations of flow-tops,
along with any nearby sedimentary or water-lain units, were measured to correct for any tectonic

tilting. Although the original volcanic units were likely tilted (gentle paleoslopes), the areal and
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stratigraphic sampling was large enough to hopefully average any paleoslope eftects. The parallel ori-
entation of flow banding and flow tops to sedimentary bedding suggests paleoslopes of less than 10°.
Even so, errors in bedding corrections due to paleoslopes cannot be unambiguously quantified and
may affect paleohorizontal corrections (Irving and Thorkelson, 1990).

We collected a total of two hundred and fifty-five samples from twenty different rock units or lo-
calities, including two conglomerate tests and five measured sections. I sampled the upper and lower
members of the MHV, the MHYV dikes, and sedimentary deposits within the Seela Pass Formation
and the Eagle Creek formation, with sampling concentrated at five main regions that ranged over 14
km across regional strike: Mount Harper, Mount Harper West, Tango Tarn and Green shelter and
Northern dikes (Figs. 2 and 3). The lower suite members were sampled at four of the regions, while
the upper suite members were sampled only at Mount Harper West. At Tango Tarn and Green shel-
ter I collected both clasts and matrix samples for conglomerate tests from the base of the Eagle Creek
formation. For the stratigraphic sections that spanned multiple flows/sites, I normally collected at
least 6 samples total, with 1-3 samples per flow or stratigraphic horizon. I collected at least 3 samples
from dikes ranging between ~ 2-12.5 m thick, focusing on sampling at the chilled margins that are
more likely to contain primary magnetization due to the smaller sizes expected for the magnetite
carriers.

Individual samples were drilled and cut to specimens 2.5 cm in diameter and 2 cm long. One to
two specimens were measured for each sample. Magnetization measurements were made with a
2G Enterprises 755 Superconducting Rock Magnetometer (SRM) in the Massachusetts Institute of
Technology Paleomagnetism Laboratory using an automated sample handling system (Kirschvink
etal., 2008). This instrument has a sensitivity of 10~? Am? and is located in a magnetically shielded
room (DC field <150 nT). The natural remanent magnetism (NRM) was measured for all speci-
mens. Then, I immersed a portion of the specimens in a liquid nitrogen bath to preferentially re-

move the magnetization carried by multidomain magnetite and hematite grains. This procedure
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was followed by AF demagnetization up to 15 mT on most of the specimens, and finally thermal
demagnetization on all the specimens. The thermal demagnetization was conducted using an ASC
Scientific Thermal Demagnetizer with peak DC fields inside < 10 n'T. Specimens were thermally de-
magnetized in steps of 2.5-50°C until completely demagnetized. Similar demagnetization behaviors
were observed in specimens that were subject to both thermal and AF demagnetization and those
that were only thermally demagnetized.

Because lightning strikes can cause remagnetization, care was taken in the field to use both a sun
compass and a Brunton to identify locations that may have experienced strong remagnetization.
AF demagnetization up to 10-15 mT was able to remove randomly oriented minor secondary NRM
components that may represent lightning-induced IRM in 31 out of 220 specimens. A28 was the
only section from which specimens did not undergo AF demagnetization. However, specimens
from A28 did not demonstrate strong single-component magnetizations and high NRM inten-
sities that would suggest lightning remagnetization. Lightning remagnetized specimens were iden-
tified in about 2% of analyzed specimens. Most of the specimens (~84%) from sites and measured
sections yielded resolvable components of magnetization. Magnetic components were determined
using principal component analysis of both best-fitting lines and, for 15% of the specimens, great
circles (Kirschvink, 1980). When analyzing the data, I used a maximum angle of deviation (44.A4D)
cutoft of 15° following the recommendation of Butler (1992), but in most cases the 424D angle was
<10°. Specimen analysis was completed using the PaleoMag OS X program (Jones, 2002). If multi-
ple specimens were prepared from a sample, then the specimen directions were averaged. In this and
every other case, I applied Fisher statistics to calculate mean directions.

For our sites (single flows or cooling units), it was straightforward to calculate mean component
directions using all the samples from the site. For our sections, I typically had 1-2 samples for each
flow and calculated mean component directions three different ways. In our first approach I cal-

culated section means using all the samples. For our second approach I calculated section means,

24



but using flow mean directions when possible. Here, when I collected multiple samples from a sin-
gle flow I calculated a mean flow direction. If this mean flow direction had 495 <200 (for number

of samples, #>2) or angular standard deviation <200 (for #=2), then it was combined with data
from single sampled flows to obtain a section mean. In the third approach, I focused on directions
from the individual flows within a section and only used data from flows with #>3 and 495 <200.

I then calculated flow or site-mean component directions. The first two methods are more relevant
to post-emplacement magnetic acquisition (i.e., chemical-remanent magnetization) that is expected
to cut across depositional flow boundaries; whereas the third method is most applicable to primary
thermal-remanent magnetization with eruptive events separated by brief hiatuses and non-negligible

geomagnetic secular variation.

2.6 REsurts

We classified the magnetizations based on their unblocking temperature range and directionality
into a low-temperature (LT), a mid-temperature (MT) and two high-temperature (HT) component
directions (Fig. 4). Although both conglomerate tests (A1r26 and A1r29) yielded random clast direc-
tions, only one of them yielded a coherent high-temperature component matrix direction (A126).
The three approaches that I used to calculate mean directions for the sections yielded essentially
the same results (see Appendix 1). In the following discussions, I use our first approach, except when
discussing HT1, where I also mention our results from the third approach (only using individual
flows/sites) because I interpret that component to be a primary thermal remanence. The within-
section/site precision parameters normally ranged between 10 and so. The sections or sites that did
not yield useful data include those with cvg5>25° and two or fewer samples with resolvable direc-
tions (Arrg, Arr22, A127), sites dominated by samples with no obvious decay to the origin that

required great circle fits (A8, Ar2o1), and those with strong (moment >10~% A m?) random di-
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rections that responded strongly to AF demagnetization and were interpreted to be the result of
lightning (A1202, Amar). Additionally, two sites (A1ry and Ar120) had three samples with resolvable
directions and cvg5>20°. The Tauxe and Watson (1994) fold test was applied and uncertainty was
quantified by utilizing bootstrapped data sets and repetition of the fold test for various percentages
of unfolding.

The LT component direction is found in two sections (39 samples), representing members A and
B (Figs. sA and sB). This component is removed during thermal demagnetization between 100 and
150°C. The LT direction failed the Tauxe and Watson (1994) fold test. The maximum eigenvalue
of the orientation matrices (71) occurs at -10% unfolding and the 95% confidence interval of boot-
strapped samples is between -10% and 28% unfolding.

The MT component direction is found in eight sections encompassing 128 samples (Figs. sC and
sD). These sites include member A, member B, member C, member E and the Eagle Creek forma-
tion. This component is demagnetized upon heating to 425-500°C. In 50% of the measured samples
this direction is tightly clustered (cvg5 <10°). The mid-temperature direction is also a post-tilting di-
rection, as the maximum 71 occurs at -10% untilting and the 95% confidence interval spans -10% to
8% unfolding.

Finally, the high-temperature directions from the individual samples were observed to fall into
two groupings, one with moderate positive inclinations towards the south and one with low neg-
ative inclinations towards the northeast. I label these the HT1 (Figs. sE and sF) and HT2 (Figs.
sG and sH) components respectively. Two sections (A1r28) yielded both HT1and HT2 compo-
nents with cgs <20°. Section A28 was 191.5 meters thick and samples carrying HT1 were identi-
fied throughout the section, while samples carrying HT2 were scattered near the top of the section.
Section A1209 was 273 meters thick and 3 samples carrying HT2 with unblocking temperatures ex-
pected for hematite were collected from near the top as well as one sample near the base. Addition-

ally, 1 sample carrying HT1 was analyzed from the top of Ara1o. In most cases where I collected mul-
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tiple samples from a single flow, HT1 and HT2 were found in different flows. However, in section
A28, one flow had one sample with HT2 (A1128-50), while the other samples from that flow were
carrying HT™. In two cases, a sample displayed both HT1and HT2 directions: both specimens from
sample A1209-17 displayed a HT1 component direction unblocked by 575°C and HT2 unblocked at
680°C and sample Ar209-4 displayed a HT1 direction unblocked at 565°C and a higher temperature
circle fit to HT>.

In total, using approach 1, I resolved HT1 site/section mean directions with g5 <20 in one site
and four sections (6o samples), including members B, D, and E along with the matrix from the Rap-
itan Group-equivalent strata of the Eagle Creek formation. Using approach 3, I identified HT1 site
mean directions with cig5 <20 in 7 flows/sites (34 samples) from members B, D and E. In most sam-
ples this component was fully demagnetized between 565 and 575°C, indicating magnetite as the
principal ferromagnetic carrier. Among all the samples, some were demagnetized much earlier than
565°C, starting at 400°C. There were four samples where the HT1 direction had unblocking temper-
atures between 605-680°C. Under further examination, it was observed that these samples carrying
a HT1 with high unblocking temperatures also displayed a substantial decay of the intensity of the
magnetization at s80°C in the direction of HT1. From this I conclude in these samples the HT1 di-
rection is carried by both magnetite and hematite.

The HT1 component passes the Tauxe and Watson (1994) fold test as the maximum 71 occurs
at109% unfolding and the 95% confidence bounds are from 42-109% unfolding, suggesting that
the magnetization was acquired pre-folding. Using approach 3, the HT1 direction also passed the
fold test, this time with maximum 71 at 92% unfolding with confidence bounds from 89 — 109%
unfolding.

One sampled unit (Arzo7-member D) displays a reversed HT1 direction (Fig. sE). This represents
a double reversal, as this direction is reversed from those stratigraphically both above and below. In

tilt corrected coordinates, the reversal test (for the isolated reversed section) results in an observed
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angle between the mean directions of 16.8° and a critical angle calculated for the two sets of ob-
servations at which the null hypothesis of a common mean direction would be rejected with 95%
confidence of 38.7°. However, due to the limited number of observations, the high value of the crit-
ical angle places the reversal test in the “indeterminate” classification of McFadden and McElhinny
(1990). For the HT1 directions from approach 3, the observed angle is 18.0° and the critical angle is
18.7°, thus these directions pass the reversal test with a C classification (McFadden and McElhinny,
1990). Finally, the primary nature of this direction is also supported by one of the conglomerate
tests. A high-temperature component was isolated in five clasts and four matrix samples from one
of the conglomerate tests (A1126). For the clasts, the critical value of the resultant vector (R,) is 3.50
at the 95% confidence level, while the value of the resultant vector (R) is 2.2, which is less than the
critical value and indicates that a uniform distribution can be rejected at the 95% confidence level
(Watson, 1956). This contrasts with the four matrix samples with HT components that display the
HT1 direction.

The HT2 direction was found in 4 sections (35 samples total) only from members A and B. The
HT?2 direction was more likely to be isolated using great circle fits in the principal component anal-
ysis than the HT1 direction. Depending on the sample, the HT2 component could be removed
after heating to 350-680°C, but in most samples was removed by heating up to 570°C or 680°C.
These unblocking temperatures are consistent with the temperatures expected from magnetite and
hematite. The Tauxe and Watson (1994) fold test for the HT2 direction is ambiguous, the maximum

71 occurs at 40% untilting but the 95% confidence interval spans -10% to 109% unfolding.

2.7 MAGNETIC CARRIERS FOR HIGH-TEMPERATURE COMPONENT DIRECTIONS

Thin sections were made from select samples that carried the HT1 (A1203, A1207) and HT2 (A28,

Ar210) component directions. The samples carrying the HT1 component were observed to include
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Figure 2.6: Results of rock magnetic experiments. A. Comparison of rock magnetic results for representative samples
shown above (Fig. 3) carrying HT1 and HT2. Sample A1207-5 from member D carries reversed HT 1, sample A1203-3
from member E carries normal HT1, while sample A1123-17 from member A carries HT2. i. Linear acquisition plot. ii.
Gradient curve of IRM acquisition, iii. Backfield IRM data. iv. Thermal demagnetization of sIRM. v. AF demagnetization
of sIRM. vi. Hysteresis curves for A1207-5 carrying HT 1, dashed line is raw data, solid line is data corrected for param-
agnetic slope. vii. Hysteresis curves for A1203-3 carrying HT 1, dashed line is raw data, solid line is data corrected for
paramagnetic slope. viii. Hysteresis curves for A1123-17, dashed line is raw data, solid line is data corrected for para-
magnetic slope. B. Comprehensive plot of all rock magnetic results for selected samples carrying HT 1 (left side) and
HT2 (right side). i, ii. Linear acquisition plots. iii, iv. Gradient curves of IRM acquisition. v, vi. Backfield IRM data. vii,
viii. Thermal demagnetization of sIRM. ix,x. AF demagnetization of sSIRM. C. Day plot of results from hysteresis exper-
iments. Blue asterisks mark results for samples carrying HT 1, while red circles mark those for samples carrying HT2.
Also shown are boxes marking SD, PSD, MD and SP regimes as well as in green is the MD-SD mixing curve of Dunlop
(2002). Inset shows behavior of samples carrying HT2, specifically, the wasp-waisted behavior of A1123-17, likely due
to dual-population ferromagnetic mineralogy and the SD hematite behavior of A1209-18.
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small interlocking opaque minerals, likely magnetite and titanomagnetite, in the matrix. The vesicles
in these samples tended to be filled with calcite. The samples that displayed the HT2 direction were
found to have some smaller opaque minerals in the matrix, with some larger likely magnetite crys-
tals, as well as vesicles filled with quartz and titanomagnetite. Finally, I observed some fine hematite
staining that preferentially filled cracks and veins. Because multidomain (MD) sized grains visible
in the microscope do not necessarily carry the bulk of the stable magnetization (Jackson, 1990), I
relied on rock magnetism experiments to characterize the bulk properties of the magnetic carriers.
The magnetic mineralogy of sixteen different samples was analyzed with IRM acquisition and IRM
backfield experiments, thermal demagnetization of saturation IRM (sIRM), AF demagnetization
of sIRM, and hysteresis experiments. I applied stepwise IRM acquisition in a field up to 2.5 T to
determine the coercivity spectra and saturation fields and thereby resolve distinct populations of
ferromagnetic minerals. Following the IRM acquisition, backfield IRM was applied in order to de-
termine the coercivity of remanence (H,). I obtained hysteresis experiments with maximum fields
of 1 T using the vibrating sample magnetometer (VSM) in the Massachusetts Institute of Technol-
ogy laboratory of C. Ross to determine the values of saturation magnetization (/A4;), saturation
remanence (M,.s) and coercivity (H.). I used these parameters to constrain the domain states of the
magnetic carriers. Next, for five samples carrying the HT1 component and five samples carrying the
HT2 component, I investigated the thermal demagnetization of sSIRM to identify the magnetic car-
riers based on their unblocking behavior. Finally, on six samples carrying the HT component and
four carrying the HT2 component I conducted AF demagnetization of the sSIRM to determine the

crossover values and the strength of the interactions between the ferromagnetic grains (Cisowski,

1981).
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271  ROCK MAGNETISM RESULTS

IRM ACQUISITION AND BACKFIELD IRM EXPERIMENTS

Following Kruiver et al. (2001), I display the IRM acquisition data on the linear acquisition plot
(LAP) and the gradient of acquisition plot (GAP) (Fig. 6). I decomposed the measured IRM data
into cumulative log-Gaussian (CLG) curves, each of which is characterized by the sSIRM, mean coer-
civity (H /2) and dispersion (dp). H 1 /o is a measure of the coercivity of remanence H . if a sample
contains only a single population of ferromagnetic grains. The two most important magnetic phases
in geological materials are magnetite and hematite, which have maximum coercivities of approxi-
mately 300 and >1000 mT, respectively (O’Reilly, 1984; Banerjee, 1971). The principal ferromagnetic
phase in samples that carried origin-trending HT1 reached saturation magnetization before 300
mT, consistent with a lower coercivity mineral such as magnetite (Figs. 6A and 6B). Furthermore,
samples carrying an HT1 direction displayed a single peak in the GAP plots, suggesting that they
contained only one significant ferromagnetic mineral (Figs. 6A and 6B). The dike samples (Arr2o-
4 and A1r20-3) contained a minor component of a higher coercivity mineral, possibly hematite or
pyrrhotite, but the peak on the GAP plot was difficult to distinguish. These samples reached 99.5%
of their SIRM at s50-840 mT. For all samples carrying the HT1 component, the backfield IRM ex-
periments indicated H,-values of 26-47 mT, consistent with a low coercivity magnetic mineralogy.
All samples with an HT2 component reach 99.5% of the sSIRM between soo mT to 2000-2400
mT (Figs. 6A and 6B), which suggests these samples contain a high coercivity mineral such as hematite.
In addition, most of the samples that carry the HT2 direction display two peaks, suggesting two
populations of magnetic carriers (Figs. 6A and 6B), with the higher coercivity component contain-
ing 75% of the sSIRM. Of the HT2 component-bearing samples, sample A1r23-10 displayed only one
dominant peak, with 99.5% of the saturation reached at soo mT. This suggests that in rare cases a

lower coercivity mineral, such as low coercivity magnetite, carries the HT2 direction. The backfield
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IRM experiments generally indicated A of 220-490 mT, which is higher than those of samples

carrying HTT1, except for that of Ar23-10, which had an A, of 31mT.

HyYSTERESIS EXPERIMENTS

I obtained hysteresis parameters after processing the uncorrected hysteresis data by closing the as-
cending and descending loops when needed, subtracting the high field slope and adjusting such that
the y-intercepts are equal (plots and analysis were done using the PmagPy cookbook code, methods
discussed in Tauxe et al., 2010). The uncorrected data for all samples displayed loops with strong
positive (paramagnetic) high field slopes and potbellied shape. This paramagnetic component dom-
inates the uncorrected data for most samples (dashed lines in the hysteresis curves in Fig. 6A), ex-
cept for four samples that had an uncorrected shape closer to pseudo-single domain shape: Arz10-23
(carrying HT1), A1123-5,10,17 (all carrying HT2). Potbellied behavior can result when the magnetic
carriers are a mixture of SD and fine-grained SP magnetite. For samples carrying HT1, the shapes of
the corrected hysteresis curves were consistent with those expected for pseudo-single domain grains
reaching M by ~300 mT (Fig. 6A, rightside).

As most samples carrying HT2 were not fully saturated by the maximum field allowed by the
VSM, minor hysteresis loops were obtained. The corrected hysteresis curves displayed pseudo-single
domain behavior (Am23-10), wasp-waisted (A1r23-5, A1123-17, Aa10-5), and single domain hematite
behavior (A1209-18). The wasp-waisted curves occur when there are multiple fractions of magnetic
minerals with strongly contrasting coercivity or presence of significant superparamagnetic compo-
nent. As already determined from the IRM acquisition experiments, many of the samples carrying
HT2 have two populations of ferromagnetic carriers with distinct coercivity ranges.

Saturation magnetization saturation remanence and coercivity, as well as backfield coercivity,
were used to construct a Day plot to determine if the magnetic carriers were single domain (SD),

MD, pseudo-single domain (PSD), or superparamagnetic (SP) (Fig. 6C). Samples carrying the HT1
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component are either in the PSD range or a mixture of SD and MD particles, but there is no real
trend in the data along any MD-SD mixing lines. Additionally, some samples carrying the HT1
component lie far to the right, likely indicative of SP-SD mixtures of magnetite grains (Dunlop,
2002). Day plots are not as informative for samples with multiple magnetic minerals, and when con-

sidering the samples carrying HT2 and there is no dominant clustering observed.

THERMAL DEMAGNETIZATION OF SIRM

The thermal demagnetization of sSIRM of samples carrying HT1 displayed a distributed range of
unblocking temperatures (7,5) up to s80°C, in some cases with about 70% of the remanence de-
stroyed, followed by a steep drop at (580°C), as expected for magnetite. These data combined with
the IRM acquisition curves suggest that HT1is carried by low coercivity magnetite. In one sample
from a dike (A1r20-4), there is a minor decay at 100-325°C, followed by a gradual decay to 650°C,
indicating a small contribution of pyrrhotite or Ti-rich titanomagnetites as well as hematite. Some
magnetization carried by hematite or pyrrhotite is also suggested based on a higher coercivity com-
ponent in the IRM acquisition curves.

Samples carrying the HT2 direction are observed to have only hematite or both hematite and
magnetite as magnetic carriers. I observe a distributed range in unblocking temperatures for the
samples with both hematite and magnetite, with steeper drops observed at 560°C, 580°C and 680°C.
Sample (Arr23-10), which carried a great circle fit towards HT2, displays a drop at both 560°C, as

well as at 680°C, consistent with the presence of titanomagnetite and hematite.

AF DEMAGNETIZATION OF sSIRM

For samples carrying the HT1 component, AF demagnetization of sSIRM resulted in the median de-
structive fields (MDF) of ~25-35 mT, typical for PSD magnetite. The field at which the demagneti-

zation and acquisition curves cross (the cross-over point Rx) is sensitive to particle interaction. As all
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the cross over points for HT1 occur at normalized A4, values <o.5 (between 0.3 and 0.4), suggesting
a moderate degree of inter-particle interaction. The shape of the AF demagnetization curves is softer
than expected for non-interacting SD grains. Additionally, one of the dikes (A1r20-4) was not fully
demagnetized by 145 mT (the highest AF level available), suggesting the presence of a high coerciv-
ity mineral such as pyrrhotite, hematite or goethite. As seen in Fig. 6B, most samples carrying HT2
were not fully demagnetized by 145 mT, which was the AF demagnetization capability of the instru-
ment. Most curves therefore went oft the scale and thus a cross-over point was not determined. One
sample, A123-10, had a MDF of 15 mT, with low MDF more consistent with MD-dominant sam-
ple, and a cross over point at M /M,=0.3074, suggesting the presence of negatively interacting SD
minerals or MD minerals.

We conclude that the magnetic mineralogy of samples carrying HT1 can be characterized by sin-
gle low-coercivity population of interacting magnetite that is likely PSD or a mixture of SD and SP
states. The magnetic mineralogy of most samples carrying HT2 includes two populations of min-
erals with distinct ranges of coercivities. Observed unblocking temperatures suggest that the higher
coercivity mineral is hematite and the lower coercivity mineral is magnetite. In some cases, the sam-

ples carrying HT2 only have high coercivity SD hematite as the magnetic carrier.

2.8 DiscussioN

2.8.1 TIMING OF MAGNETIZATIONS DETERMINED BY FOLD TESTS

As discussed above, while the LT and M T directions are characterized by failed fold tests and the
HT2 direction results in an ambiguous fold test; the HT1 direction passes this important confidence
criterion. For the HT1 fold test, the most important sections were those of members A and B with
dips to the SW near Tango Tarn and Mount Harper, and members D and E with shallow dips to the

north near Mount Harper West (Fig. 2C). The difference in paleohorizontal orientation between
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these areas is likely related to the synvolcanic Mount Harper synform, which initially developed dur-
ing extensional activity on the Mount Harper fault and deposition of the Callison Lake Formation.
As HTi1 passes the fold test, it was likely acquired before the folding involved in the Mount Harper
synform and therefore may represent a primary magnetization. It may be confusing that the MHV
are characterized by a remanence that pre-dates folding while at the same time the folding was syn-
eruptive; however, because the volcanics were likely erupting at the same time as the synform was
developing, the primary magnetization was acquired on much shorter timescales (related to the cool-
ing of the lavas), while the synform developed over a longer timescale—this difference in the timing
results in a passage of the fold test and a pre-folding primary magnetization. For all of the flows, the
magnetization was acquired before it was folded or tilted, and thus the most clustered result for the
HT1 direction is when all flows are at around 100% of the untilting, i.e., restored close to paleohori-
zontal.

The failure of the LT direction fold test suggests that the LT direction postdates any activity on
the North Harper fault, which displaces the Bouvette Formation. The failure of the MT fold test
suggests that it was likely acquired after the development of the Mount Harper synform and move-
ment on the SSE-striking faults. As the HT2 fold test is ambiguous, it is difficult to interpret the

timing of the HT2 overprint.

2.8.2 DiscussioN oF PRIMARY NATURE OoF HT1

Several lines of evidence suggest that the HT1 direction is primary. The HT1 direction passes a fold
test defined by the Mount Harper synform, a positive conglomerate test, and also, the presence of a
reversed unit adds weight to the conclusion that HT1 is primary. The rock magnetism experiments
suggest that HT1 is carried by a single low-coercivity population of interacting magnetite grains

that are likely PSD or a mixture of SD and SP states, which is consistent with the expected primary

ferromagnetic mineralogy of volcanic rocks. In the few cases where HT1 was carried by hematite,
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there is evidence that the basalt flows erupted subaerially, and I suggest that this caused some early
alteration and hematization resulting in a practically primary magnetization but carried by hematite.

With respect to secular variation, based on the geochronological constraints, the MHV erupted
between ~739-716 Ma (Macdonald et al., 2010; Strauss et al.,, 2014a), but the eruption duration was
likely much shorter than that. Typically, around 5 lava flows are used to characterize paleosecular
variations at a site (McElhinny and McFadden, 1997; Johnson and Constable, 1995). Here, my strati-
graphic sections vary in thickness, but section A28 spans around 200 meters and multiple flows
with samples carrying the HT1 direction throughout. The time interval represented by a thick sec-
tion, such as this, is likely >1 Myr and long enough to average out secular variations (McElhinny and
Merrill, 1975).

Butler (1992) suggested using the scatter of virtual geomagnetic poles (VGPs) to determine whether
secular variation has been averaged out or if there is excess scatter in the data. If secular variation has
been adequately sampled, the observed angular dispersion of site-mean VGPs should be consis-
tent with that predicted for the paleolatitude of the sampling sites. Assuming that the last o-s Ma
records similar field behavior to that in the Neoproterozoic, the observed angular dispersion for
15-380 paleolatitude should be around 12.1-16.460 (Table 4; McElhinny and McFadden, 1997). For
my site/flow mean VGPs determined from approach 3, the observed angular dispersion is 7.30, less
than the expected dispersion, suggesting that I may not have successfully averaged out secular varia-
tion. However, another method for investigating secular variation is to use confidence envelopes for
Ays as a measure of secular variation (Deenen et al., 2011). Deenen et al. (2011) investigated values of
Ays, given N, the number of paleomagnetic sites, and K the dispersion. Comparing my VGP data
(K=71.8, N=7, Ag5=7.20) to the Ag5 envelopes of Fig. 3 of Deenen et al. (2011), my data falls in
the grey envelope, which indicates that the observed scatter is consistent with adequately averaging
secular variation.

My HT1 pole passes six out of the seven reliability criteria of Van der Voo (1990), failing the struc-
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tural control and tectonic coherence criterion. Specifically, the primary nature of this direction is
supported by a well-determined rock age and sufficient documentation in one site and four sections
(Approach 1: 1site and 4 sections, 6o samples, cvgs,=14.30, 495 =13.80 both < 160, and a k=29.5 and
K=31.6, both > 10; Approach 3: 7 sites, 34 samples ags,=7.70, Ag5 =7.20 both < 160, and a k=61.8
and K=71.6, both > 10). Additionally, I have applied adequate demagnetization with vector sub-
traction and benefit from a positive fold test, a positive conglomerate test, presence of reversals, and
no resemblance to younger paleopoles.

When considering the key pole criteria of Buchan (2014), HT1 s related to a robust age, the pri-
mary remanence is properly isolated, and secular variation may have been averaged out. With regard
to the Buchan (2014) field tests that constrain the magnetism to be primary, my fold test just estab-
lishes the relative timing of the magnetization. Although my conglomerate test is on the younger
sediments of the Eagle Creek formation, the matrix in that conglomerate does carry HT1, so that in-
dicates that the test itself still constrains the magnetization as a intraformational (MHV combined

with Eagle Creek formation) conglomerate test on HT.

2.8.3 INTERPRETATIONS OF DIRECTIONS AND COMPARISON TO THE LAURENTIAN Ap-

PARENT POLAR WANDER PATH

Four paleomagnetic poles were distinguished in this study: a low-temperature (LT), mid-temperature
(MT), and two high-temperature poles (HT1-primary and HT2-chemical overprint), (Table 1 and
Fig. 7). These poles are plotted along with the Laurentian apparent polar wander path (APWP)
from s10 Ma to the present (Torsvik et al., 2012), for 200 Ma to the present (Besse and Courtillot,
2002), and for 230-50 Ma (Kent and Irving, 2010), along with a schematic pole envelope that en-
compasses Cryogenian-Ediacaran poles from Laurentia (Park, 1995; 1997; Mitchell et al., 2011 and
references therein), and the pole for the coeval Franklin LIP. For the Franklin LIP pole I used the

autochthon-only mean pole (D+o9can) from Denyszyn et al., (2009a), which overlaps with the
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c.136.8 Ma f.430 Ma
200-0 Ma Laurentian APWP-Besse and Courtillot, 2002

W 200-50 Ma Laurentian APWP-Kent and Irving, 2010
530-0 Ma Laurentian APWP-Torsvik et al., 2012
W 720-530 Ma Laurentian pole envelope

Figure 2.7: Paleomagnetic poles from this study (red, with the circle identifying the circle of Agsconfidence). In

blue is the Franklin LIP pole is the D+90can pole of Denyszyn et al. (2009a), with the circle identifying the circle of
Ags confidence. The 200 Ma to present APWP is from Besse and Courtillot (2002), the 230-50 Ma APWP is from Kent
and Irving (2010), the 530 Ma to present Laurentian APWP is from Torsvik et al. (2012), and the 720-530 Ma Lau-
rentian Pole envelope is from data of Park (1995; 1997), and compiled by Mitchell et al. (2011). A. Poles in current
positions. B. Poles plotted with expected locations if the rotation occurred between the Carboniferous-Cretaceous,
after the HT2 overprint was acquired but before the MT and LT overprints. C. Poles plotted with expected location if
the rotation occurred in the Cryogenian-Ediacaran, before the HT2, MT and LT overprints were acquired. The aster-
isks indicate a pole in a restored (pre-rotation) position and the lower case letters indicate poles of particular times of
interest (a b, c from Besse and Courtillot, 2002, APWP, and d, e, f, g, h, i from Torsvik et al., 2012, APWP).

older mean pole of Buchan et al. (2000).

This primary pole (HTT1) is located at similar longitudes as the HTA pole of Park et al. (1992), but
the errors associated with the pole have been improved and the latitude has been refined. My paleo-
magnetic data from the coeval Neoproterozoic MHV (HTT this study) and Franklin LIP (Denyszyn
etal., 2009a) are different: the HT1 pole longitude is about 50° east of what is expected based on
the Franklin pole (Fig. 7A). There are at least three options for explaining this difference: 1) secular
variation of the geomagnetic field, specifically a 50° excursion during the eruption of the MHV; 2)
rapid oscillatory motion of Laurentia that could be due to either plate motion or True Polar Wan-
der (TPW); or 3) a counterclockwise tectonic block rotation relative to Laurentia subsequent to the

eruption and emplacement of the MHV.
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TABLE 1. PALEOMAGNETIC DIRECTIONS AND POLES

In situ directions Tilt corrected directions Paleomagnetic Poles’ MHYV paleo-
. ) latitude
Component Declination/ k N Qgs Declination/ k N Qgs Latitude/ Ags N K
Inclination Inclination Longitude (°N/°E)
° (@] § () ©) ©)
LT 54.0/80.9 1886.5 2 5.8 209.2/69.7 21.6 2 566 69.6/265° 10.8 2 533.83 NAT
MT 161.7/-82.1 89.6 8 59  49.1/-65.4 9.5 8 2041 77.71197.4° 10.4 8 29.4 NA™
HT2 52.2/-50.3 62.3 4 117 458153 39.0 4 149 14.5/176.0° 13.4 4 498 NA™
-9.8/174.3" 9.8 4 88.1 NA™
HT1 179.1/58.1 6.9 5 313 190.0/42.1 29.5 5 143 0.4/210.7" 13.8 5 316 243
Approach 1
174.9/48.3 18.1 7 146  1824/44.4 7 7.7 1.4/218.1" 7.2 7 716 26.1
Approach 3 .
70 Ma NA™ NA NA NA’ NA”  NAT 75.9/204.7 46 7 169.8 NA™
77.9 Ma'" NA™ N NA NA’ NA”  NAT 74.7/207 .4 59 14 47.2 NA™
80 Ma® NA™ NA™ NA™ NA NA”  NAT 74.5/201.3 7.9 7 ND'™ NA
Franklin NA NA NA 243.2/35.0 NA NA 6.7/162.1 300 26 ND'™ 19.3
LIP

N—number of sites and/or sections

Poles calculated as means from site/section poles for the Mount Harper Volcanics (64.7°N, 139.9°W)
with HT1 directions from site A1207 reversed and only the matrix HT1 directions from site A1126
SCalculated from the in situ direction

*Calculated from the tilt corrected direction

“Pole from Kent and Irving, 2010

Pole from Besse and Courtillot, 2002

$SPole from Torsvik et al., 2012

*D+09can pole from Denyszyn et al., 2009

“NA= not applicable

"'ND= no data

Anomalous directions dissimilar from the Franklin pole were previously recovered from Borden
dikes on Baffin island (Christie and Fahrig, 1983; Pehrsson and Buchan, 1999), and dikes on Ellesmere
and Devon islands (Denyszyn et al., 2009a, Denyszyn et al., 2009b), as well as from the Rapitan
Group in the Mackenzie Mountains (Park, 1997; Morris, 1977). Initially, the northwest trending
Borden dikes were thought to be part of a much older event, due to an older ca 950 Ma age, cross-
cutting relationships, and a steep paleomagnetic direction (Christie and Fahrig, 1983). Reevaluation
of these dikes by Pehrsson and Buchan (1999) updated the age to Franklin times (ca 720 Ma) and
suggested that the steep magnetizations resulted from the superposition of a Cretaceous—Tertiary
aged chemical remanent magnetization on normal and reversed primary Franklin components. The
anomalous paleomagnetic results from the Franklin-affiliated dikes on Ellesmere and Devon islands
were shown to be due to chemical remagnetization (Denyszyn et al., 2009b). In contrast, at Mt.
Harper I have documented a double reversal, presence of the HT1 direction throughout the MHV
complex, and a robust single domain magnetite carrier, all suggestive of a primary magnetization.

Moreover, calculation of the secular variation captured in the stratigraphic sections suggests that I
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have adequately sampled for secular variation.

Rapid TPW could involve up to 90° rotation of the crust and mantle relative to the spin axis
due to changes in the Earth’s moment of inertia (e.g., Kirschvink et al., 1997). As paleomagnetic
studies assume plate tectonic speeds have remained relatively constant through time, observations
of large, rapid (>20 cm/yr) continental movements, particularly in the Neoproterozoic, have been
attributed instead to TPW (Kirschvink et al., 1997; Li et al., 2004; Maloof et al., 2006). For example,
it has been suggested that a rising superplume centered under Rodinia initiated a Neoproterozoic
TPW event (800 Ma-7s50 Ma) as well as the breakup of Rodinia (Li et al., 2004). As noted above, the
MHYV are coeval with the Franklin LIP and no regular trend in the paleomagnetic data was observed
stratigraphically through the MHV members. These observations suggest that it is unlikely that the
rotation was caused by rapid TPW, and thus I consider the third possibility: that the rotation was
due to a counterclockwise tectonic block rotation subsequent to the eruption and emplacement of
the MHV and the Franklin LIP. The HT1 pole can be restored to its original position aligned with
the Franklin LIP by rotating the MHV ~s50° clockwise (Figs. 7B and 7C).

As for the HT? direction, rock magnetic results and unblocking temperatures suggest that hematite
is its main magnetic carrier. As high temperatures were needed to thermally demagnetize this com-
ponent (680°C for many samples), this requires a very high metamorphic temperature in order to
have a thermoviscous origin; therefore, I interpret this result as being a chemical remanent mag-
netization (CRM). CRM is acquired as a magnetic mineral nucleates and grows through a crit-
ical volume at which its magnetic direction becomes stable with respect to thermal fluctuations
(Stokking and Tauxe, 1990). This can occur during mineral alteration (e.g., oxidation of magnetite
to hematite) or mineral precipitation (grain growth or crystallization), which may accompany weath-
ering, diagenesis, or low-grade metamorphism (Stokking and Tauxe, 1990). CRM remagnetization
overprints via secondary precipitation/growth of hematite or conversion to hematite are generally a

result of large-scale fluid flow during orogenesis (Miller and Kent, 1988), pronounced hydrother-

42



mal events (Witte and Kent, 1991), hydrothermal systems circulating in permeable rocks below
basalts (Wynne et al., 1998), or migration of fluids along fractures and unconformities during uplift-
enhanced surface meteoric fluid circulation (Geissman and Harlan, 2002; Preeden et al., 2009).

As the HT2 direction results in an ambiguous fold test, both the in situ and tilt corrected poles
are plotted (Fig. 7). The HT2 pole overlaps with other Laurentian paleomagnetic poles in both
pre-rotation and post-rotation positions (Figs. 7B and 7C). If the rotation occurred after HT2 was
acquired (Fig. 7B), then after restoring the HT1 pole to align with the Franklin pole, the HT2 direc-
tion is similar to Carboniferous (HT2 in situ) and Silurian-Devonian poles (HTx2 tilt) of the Lau-
rentian APWP (Torsvik et al., 2012). Alternatively, if the rotation occurred before HT2 was acquired
(Fig. 7C), the HT2 pole is similar to the Cryogenian to Ediacaran poles and later s00-490 Ma poles
(HT2 in situ) and s30-s00 Ma poles (HTx2 tilt). At intermediate restoration times, the HT2 in situ
pole bears similarity to Laurentian Cambrian-Ordovician poles.

Throughout the northern Cordillera, there are several periods of orogenic, hydrothermal and
igneous activity that could have induced hematization that facilitated the acquisition of the HT2
overprint. These events could include Ordovician—Mississippian mineralization events that resulted
in localized SEDEX or VMS deposits (the late Devonian thermal event, the Howard’s Pass deposits,
Tom and Jason deposits), as well as the Cambrian-late Ordovician Selwyn basin volcanism and the
Neoproterozoic hematization events (e.g., Morrow, et al., 1990; Goodfellow et al., 1995; Park, 1997;
Martel et al., 20115 Ootes et al., 2013; and references therein). Of these, the Neoproterozoic hemati-
zation events have produced documented paleomagnetic overprints (Park, 1997), while the effect of
the other events on paleomagnetic data is currently unclear. Thus, the most straightforward expla-
nation is that HT2 direction is Neoproterozoic to early Paleozoic in age and post-dates the rotation.

The MT direction unblocks around 450°C, and given the usual temperatures for greenschist
facies metamorphism, this direction is likely a thermo-viscous remanent magnetization (TVRM)

due to regional metamorphism associated with the Cordilleran Orogeny. In the Yukon, this meta-
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morphism is broadly constrained to be Late Jurassic to Cretaceous in age, with widespread mid-
Cretaceous metamorphism along with intrusions of granitic rocks (Greenwood et al., 1991; McMechan
et al., 1992; Tempelman-Kluit et al., 1992; Murphy, 1997). In the Ogilvie Mountains and Selwyn
basin, the youngest deformed strata observed are dominantly Late Cretaceous, and intrusions of

the mid-Cretaceous Selwyn plutonic suites are large with minimal post-emplacement deformation
(Yorath, 1992; McMechan et al., 1992). However, deformation did continue later, as suggested by
folded Paleocene-Eocene stratigraphy in the northern Ogilvie and Wernecke Mountains. When
considering whether the MT pole was acquired before or after a rotation, I have compared my MT
section-mean poles to those predicted from the APWPs of Torsvik et al. (2012), Besse and Courtillot
(2002), and Kent and Irving (2010). Specifically, I focused the comparison on those Mesozoic poles
furthest east and most likely to be similar to the rotated MT pole (Table 1). I applied Watson’s V
statistic test for a common mean (Watson, 1983; Tauxe et al., 2010). For each APWP pole, the MT di-
rection passes the test for a common mean if it was acquired after the rotation, but fails the test for a
common mean if it was acquired before the rotation(supplementary Table S6). Statistically, the MT
pole is similar to poles ranging from 136.8—3.0 Ma in age, but as I suggest that it is an overprint ac-
quired during the Cordilleran orogeny, that constrains it to be likely older than the Late Cretaceous.
Additionally, as my M T direction has a reversed polarity, it cannot have been obtained during the
Cretaceous Normal Polarity Superchron (120.6-83.0 Ma) (Gee and Kent, 2007). Thus, the MT pole
is due to greenschist metamorphism acquired either between 136.8-120.6 Ma, or after 83.0 Ma but
before the end of Cordilleran metamorphism, and the large-scale rotation was completed by this
time. Finally, the LT pole is similar to the present day field, and given its low unblocking tempera-

ture, it is likely a recent viscous remanent magnetization (VRM).
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2.8.4 GEOLOGICAL CONTEXT OF RoTATION

The paleomagnetic data presented here suggests that the MHV rotated relative to the Laurentian
craton sometime after the eruption of the MHV (Neoproterozoic) and before the acquisition of the
MT overprint (Mesozoic). There are several possible scenarios for the scale of this rotation: 1) local
block rotation of the MHV complex, 2) regional rotation of the Coal Creek inlier, and 3) a greater
rotation of the Yukon Block relative to the Laurentian craton. As suggested initially by Roots (1987),
the MHV and accompanying SSE-striking faults may have been rotated counterclockwise (CCW)
between the North and South Harper faults during regional transtension (Fig. 2); however, the ob-
served angles between SSE-striking faults and the North and South Harper faults, suggest that only
20° of rotation can be explained by this mechanism, and therefore it is unlikely that a 50° rotation
could be accommodated locally. It is possible that the tectonic rotation involved just the greater
Coal Creek inlier, but regional geological data (Eisbacher, 1981; Aitken and McMechan, 1992; Ab-
bott, 1996) support wholesale motion between the Yukon Block and autochthonous Laurentia.
Additionally, there are two scenarios for the timing of the rotation: 1) the rotation occurred between
the Carboniferous-Cretaceous, after the HT2 overprint was acquired but before the M T overprint,

and 2 the rotation occurred in the Cryogenian-Ediacaran, before the HT2 overprint was acquired.

GEOLOGICAL AND GEOPHYSICAL CONSTRAINTS ON ROTATION OF THE YUKON BLock

The restoration of the Yukon Block to a pre-rotation position results in alignment of the correlative
Bear River dikes (e.g., Schwab et al., 2004) and Mackenzie dike swarm (LeCheminant and Heaman,
1989; Thorkelson et al., 2005), as well as paleocurrent orientations in the correlative Wernecke and
Hornby Bay-Dismal Lakes groups (Aitken and McMechan, 1992). This tectonic rotation also ex-
plains the profound differences in Neoproterozoic facies belts and stratigraphy across the Snake

River fault between the Wernecke Mountains and the Mackenzie Mountains (Eisbacher, 1981; Eis-
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bacher, 1983; Aitken and McMechan, 19925 Abbot, 1996; Thorkelson, 2000). More specifically, dis-
tinct strata of the extensive Mackenzie Mountains Supergroup are abruptly truncated at the Snake
River fault and are in part represented by strikingly different strata of the Pinguicula, Hematite
Creek and Fifteenmile groups to the west in Yukon (Eisbacher, 1981; Thorkelson et al., 2005; Turner,
2011; Macdonald et al., 2012). The Windermere Supergroup also shows dramatic facies change across
the Snake River fault (Eisbacher, 1981, Gabrielse and Campbell, 1992; Macdonald et al., 2013). There-
fore, geologic evidence suggests that large-scale tectonic displacement may have fortuitously juxta-
posed the Proterozoic strata of the Wernecke inlier adjacent to cogenetic but not originally contigu-
ous strata of the northern Mackenzie Mountains.

Any displacement or rotation inferred from the MHV paleomagnetic data should be matched
by the orientation of regional basement trends; however, the crystalline basement is not exposed
in Yukon. Previous workers have used aeromagnetic data to elucidate the extent of the basement
(e.g., Norris and Dyke, 1997; Aspler et al., 2003; Crawford et al., 2010; see cross-hatched area, Fig. 1).
The greater Mackenzie region is dominated by a large positive curvilinear magnetic anomaly called
the Fort Simpson anomaly to the south, and the Mackenzie River anomaly in the north (Aspler
et al., 2003; Cook et al., 200s; Pilkington and Saltus, 2009; Crawford et al., 2010). Although it is
possible that the Mackenzie River/Fort Simpson anomaly reflects continuous crystalline basement
into the Yukon Block, it cannot be demonstrated that it represents a single tectonic entity along its
entire length (Brunstein, 2002; Aspler et al., 2003; Cook et al., 2005). In fact, a recent acromagnetic
study of the Wernecke inlier suggests that the present geometry of the Mackenzie River anomaly is
partially offset between the Yukon Block and the rest of the craton with about 100 km of sinistral

displacement (Crawford et al., 2010).
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CARBONIFEROUS-CRETACEOUS ROTATION, AFTER HT2 OVERPRINT BUT BEFORE MT OVER-

PRINT

If the rotation occurred after the HT2 overprint but before the M T overprint, it could be linked to
the putative Jurassic-Cretaceous opening of the Canada basin, in which it has been proposed that
the Arctic Alaska terrane rotated ~66 degrees counterclockwise about a pole within the Mackenzie
Delta region (Halgedahl and Jarrard, 1987). Despite the apparent similarity of this proposed large
counterclockwise rotation, there are inconsistencies in kinematic models for the opening of the
Canada basin (e.g., Lane, 1997). Furthermore, more recent models for the opening of the Canada
Basin suggest a multi-phase extensional and rotational history involving a number of smaller tec-
tonic blocks (e.g., Miller et al., 2008; Shephard et al., 2013) or strike-slip motion along the Arctic
margin of Canada. Additionally, the collective rotation of Arctic Alaska plus the entire Yukon Block
is inconsistent with the geometry of structures within northern Yukon (Norris, 1997).
Alternatively, a Mesozoic rotation could be consistent with a potential rotation related to the
Ogilvie deflection (Johnston, 2008). The Ogilvie deflection refers to the 90° change in orientation
of the boundary between basinal shales (Medial Basin) and platform facies (Ogilvie or Yukon Plat-
form) as well as a change in the strike of the Cordilleran fold-thrust belt, from east-west trending
to a north-south orientation in westernmost Yukon (Norris, 1972; Johnston, 2008). If the Ogilvie
deflection is original, then the Cretaceous propagation of thrust sheets continuously around a preex-
isting bend should have resulted in strike-parallel contraction within the hinge region, which is not
observed. Additionally, palinspastic restoration of the Mesozoic thrust sheets results in a ~10,000
km “hole” which has been argued as evidence of Cretaceous bending about a vertical axis of rota-
tion of an originally more linear fold and thrust belt (Johnston, 2008). If this Cretaceous bending
occurred and was involved in my rotation, the scenario requires that HT2 be related to a Silurian-

Carboniferous fluid-low hematization event capable of resulting in a paleomagnetic overprint and
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that the creation of the Ogilvie deflection occurred before MT overprint was acquired.

CRYOGENIAN-EDIACARAN ROTATION, BEFORE HT2 OVERPRINT

Although a Mesozoic rotation of the Yukon Block is permissible, previous studies have concluded
that the Cambrian-Devonian paleogeographic features are regionally continuous between the Yukon
Block and North America to the east (Cecile, 1984). Despite deformation along the southern seg-
ments of the Richardson fault array, Paleozoic strata such as the mid-Cambrian Slats Creek Forma-
tion persist across the fault array with only right-lateral displacement on the order of 10 to 20 km
(Fritz, 19725 Cecile, 1984; Morrow, 1999). By the late Cambrian, the Bouvette Formation was de-
posited across the entire Yukon Block and its equivalents are present on the Mackenzie-Peel shelf.
In contrast, Proterozoic strata show large discontinuities across the Richardson fault array (e.g. Ab-
bot, 1996). Below I discuss three intervals of tectonic activity that are post-MHV eruption and pre-
Bouvette Formation deposition and could signal the development of this tectonic rotation. This
rotation could have been accommodated along a structure or structures between the Yukon block
and Mackenzie Mountains.

The first episode, the Cryogenian Hayhook extensional event (Young et al., 1979; Jefferson and
Parrish, 1989), was marked by block faulting, uplift, and basinal subsidence during deposition of
the lower Windermere Supergroup (Young et al., 1979; Eisbacher, 1985; Jefferson and Parrish, 1989).
North-trending normal faults controlled the facies patterns and depositional outline of the basal
Windermere Supergroup (pre- to syn-Sayunei Formation of the Rapitan Group) (Young et al., 1979;
Eisbacher, 1978; 1981; 198s; Jefferson and Parrish, 1989; Norris, 1997). The NNE-trending faults also
control the proximal to transitional facies of the Rapitan Group (Eisbacher, 1981; Eisbacher, 198s),
and although many of the faults are inferred from thickness and facies patterns, some of the synsed-
imentary paleofault scarps are observed with distinct stratigraphic offsets and associated alluvial fan

conglomerates (Eisbacher, 1985 Jefferson and Parrish, 1989).
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The Hayhook event faults are also associated with tight folds beneath a prominent angular un-
conformity; for example, in the Nite Creek area (Fig. 1), folds in the Coppercap and Sayunei for-
mations that are overturned to the west are overlain by flat-lying Shezal Formation glacial deposits
(Helmstaedt et al., 1979; Eisbacher, 1981; Yeo, 1984). Further south, in the Thundercloud Range
(Fig. 1), a large faulted and overturned anticline-syncline pair underlies an undeformed section of
the Shezal Formation (Jefferson and Parrish, 1989). The north-trending tight folds and unconfor-
mities are interpreted to represent regional transpressional contraction during the deposition of the
Sayunei Formation, followed by an intra-Sayunei unconformity (Helmstaedt et al., 1979; Eisbacher,
1981; Yeo, 1984). In the Wernecke inlier, Thorkelson (2000) observed east-trending normal faults of
the Hayhook extensional event that crosscut older, west-verging thrust faults and folds in Sequence
B rocks, suggesting that the compressional folds represent an earlier event referred to as the Corn
Creek orogeny (1.00-0.78 Ga from Thorkelson et al., 2005). The Corn Creek structures fold the ca.
850-780 Ma Mackenzie Mountains Supergroup (Eisbacher, 1981; Jefferson and Parrish 1989) and are
sealed by ca. 660—635 Ma strata (Mount Profeit dolostone of Eisbacher, 1981; Macdonald et al., 2013;
Rooney et al., 2014; 2015). Thus, the Corn Creek structures likely formed between ca. 780-635 Ma
and could represent transpressional activity related to motion along the Snake River fault. The syn-
Rapitan Hayhook extensional event likely reached its peak shortly after the emplacement of the ca.
717 Ma MHV (Jefferson and Parrish, 1989).

Following the Hayhook extensional event, the next possible time that the Yukon Block could
have rotated is during the deposition of units overlying the Rapitan Group in the upper Winder-
mere Supergroup, such as the Keele and Ice Brook formations, and the equivalent Mount Profeit
dolostone (Eisbacher, 1981; Aitken, 1991a). Near the Snake River fault in the Wernecke Mountains,
sedimentary facies of the Hay Creek Group dramatically change from the massive Mount Pro-
feit dolostone to carbonate olistoliths encased in shale and sandstone turbidites (Eisbacher, 1981;

Thorkelson, 2000). The olistolith-bearing succession is overlain by a thick package of siliciclastic
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turbidites (Eisbacher, 1981). Eisbacher (1981) related these dramatic facies changes to synsedimen-
tary tectonism along the Snake River fault zone. A similar pattern is seen west of the Plateau Thrust
in the central Mackenzie Mountains where platformal carbonates of the Keele Formation “break-
away” into olistoliths and overlying turbidites of the Durkan and Delthore members of the Ice
Brook Formation (Aitken, 1991a; Aitken, 1991b). The Durkan and Delthore members of the Ice
Brook Formation are locally overlain by glacial diamictite of the Stelfox Member (Aitken, 19913;
Aitken, 1991b) along with the overlying carbonate of the Ediacaran Ravensthroat formation, which
are correlative with the Marinoan glaciation and associated cap carbonates, respectively (Young,
199s; James et al., 2001). This correlation suggests that any tectonic activity associated with the dra-
matic facies changes must have been initiated after 662.4 £ 3.9 Ma (base of the Twitya; Rooney et
al., 2014) and completed by the deposition of the 632.6 &= 6.3 Ma Sheepbed Formation (Rooney et
al., 2015).

Finally, the rotation could have occurred during the deposition of the Ediacaran to early Cam-
brian informal “Upper” group (divided into four major depositional sequences that include the
following formations and informal units: Sheepbed, Sheepbed carbonate, June beds, Gametrail,
Blueflower, and Risky) and Backbone Ranges Formation, specifically during deposition of the June
beds (Aitken, 1989; Dalrymple and Narbonne, 1996; MacNaughton et al., 2000; Pyle et al., 2004;
MacNaughton et al., 2008; Macdonald et al., 2013). Previously, June bed strata were interpreted as
Sheepbed-equivalent slope deposits characterized by debris flows and turbidites (Dalrymple and
Narbonne, 1996); however, the abrupt appearance of poorly-sorted and coarse-grained sandstone
and conglomerate units within the lower June beds, as well as the regional documentation of rapid
facies changes from NE to SW in the central Mackenzie Mountains and the Wernecke Mountains
suggest synsedimentary tectonism during “Upper” group sedimentation (Macdonald et al., 2013;
Moynihan, 2014). Ediacaran fossils in the June beds can be correlated globally with the ca. s80-560

Ma Avalon assemblage (Narbonne and Aitken, 1990; Narbonne, 1994; Gehling et al., 2000; Nar-
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bonne and Gehling, 2003; Narbonne et al., 2012). This ca. s80-560 Ma age for the June beds would
place the possible syn-tectonic event coincident with the ca. 570 Ma syn-rift volcanics preserved in
the southern Canadian Cordillera (Colpron et al., 2002) and with thermal subsidence models (e.g.,

Bond and Kominz, 1984) that indicate latest Ediacaran rifting on the western margin of Laurentia.

2.8.5 NEOPROTEROZOIC PALEOGEOGRAPHIC IMPLICATIONS

This rotation has implications for the interpretation of the Neoproterozoic stratigraphy and struc-
tures in the Coal Creek inlier and their bearing on the breakup of Rodinia. In its present position,
with the assumption that the Yukon Block has not rotated, the pre-81t Ma WSW-ENE structures

in the Fifteenmile Group suggest north-directed extension on the northern margin of Laurentia
(Macdonald et al., 2012). Additionally, syn-Windermere extensional structures involve a 120° bend
in orientation from the Mackenzie Mountains to the Coal Creek inlier, with SW-oriented extension
in Mackenzie Mountains and N-directed extension in Yukon. With the rotation, pre-8:t Ma WSW-
ENE structures in the Fifteenmile Group rotate roughly parallel to the strike of the Mackenzie Arc
(Aitken and Long, 1978) and could be related to E-W directed extension of an aulacogen related

to the deposition of the Mackenzie Mountain Supergroup to the east. Restoration of the Yukon
Block to its pre-rotation position also aligns extensional structures of the Coal Creek and Hart River
inliers with those of the NW Mackenzie Mountains, as well as connecting Mount Harper Group
embayments to asymmetrical extensional half-grabens in the Coates Lake Group of the Mackenzie
Mountains (Strauss et al., 2015).

Here, I integrate my data from Laurentia into a recent model of Rodinia put forth by Li et al.
(2013). My preferred model of counterclockwise rotation of the Yukon Block with respect to Lau-
rentia is consistent with Neoproterozoic Laurentian tectonic events divided into three main phases.
First, prior to this putative rotation, a NNW trending (present day coordinates) failed rift devel-

oped during early Neoproterozoic extension along the northern margin of Laurentia (Aitken, 1985
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Figure 2.8: Top: change in orientation with time of the Proterozoic inliers, black boxes match the extent of the Fig.

1 map of northwest Canada with Proterozoic inliers. The orientation of the Bear River dikes in the Wernecke inlier
and the correlative Mackenzie dike swarm on the Laurentian craton are represented with green lines in their approxi-
mate geographic location and orientation. A. The Yukon Block restored to its position prior to tectonic rotation. B. The
Yukon Block in its present-day position. Bottom: paleogeographic reconstructions that incorporate the tectonic block
rotation of the Yukon Block into the context of the rifting of Rodinia. The reconstructions are modified slightly from
those Li et al. (2013). The pole for the Long Range dikes is from Buchan (2014). Brightly colored continents are those
with paleomagnetic data within 5 Ma of the reconstructed time. Continents overlain with horizontal lines are those
with paleomagnetic data within 30 Ma of the reconstructed time. Continents in grey with colored outlines lack paleo-
magnetic data within 30 Ma to support any reconstruction for that time. Steps in the reconstruction: C. Following the
development of an aulacogen and rifting on the northern margin, the MHV and Franklin LIP erupt ca. 717 Ma. D. The
Yukon Block rotates CCW relative to Laurentia. Subsequently, Ediacaran rifting commences on the western margin of
Laurentia.
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Macdonald et al., 2012). With this failed rift, the pre-81t Ma WSW- and ENE-oriented structures in
the Fifteenmile Group of the Coal Creek inlier could represent conjugate structures to the exten-
sional structures in the Mackenzie Mountain Supergroup, rather than orthogonal extension on the
NW margin of Laurentia (e.g., Turner and Long, 2008). During the second phase, syn-Windermere
extension resulted in opposing asymmetrical extensional half-grabens in the Coal Creek inlier and
the Mackenzie Mountains (Figs. 8A and 8C) with the eruption of the Mount Harper volcanics co-
incident with the emplacement of the Franklin LIP. Syn-magmatic extension associated with the
Franklin LIP could have been related to rifting on the northern margin of Laurentia (Pisarevsky et
al., 2013; Rainbird, 1993).

The development of smaller extensional structures (e.g., the N-§ trending Mount Harper fault)
orthogonal to larger, margin-scale rifting is a common feature during opening of ocean basins such
as in Africa during the opening of the South Atlantic, in which rifting along the future continental
margins was accompanied by activity in basins trending orthogonal to that dominant rift expression
(Maurin and Guiraud, 1990; Guiraud and Maurin, 1992). Finally, I suggest that the Yukon Block
rotated counterclockwise during either one or more of the following events: the Cryogenian Hay-
hook event, deposition of the Cryogenian Keele and Ice Brook formations and equivalent Mount
Profeit dolostone, or the Ediacaran to early Cambrian deposition of the informal “Upper” group
and Backbone Ranges Formation (Figs. 8B and 8D).

It is possible that, in addition to this rotation, the Yukon Block may have experienced large-scale
translation relative to stable Laurentia, potentially localized along the Snake River fault. Although
the folding and unconformities in the Wernecke and Mackenzie Mountains have previously been in-
terpreted to represent regional transpression during the deposition of the Sayunei formation (Helm-
stedt et al., 1979; Eisbacher, 1981), there are few constraints on the nature of lateral displacements.

If the counterclockwise rotation was coincident with a translation, it would have occurred within

a sinistral strike slip system. Eisbacher (1983) initially proposed sinistral displacement between the
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Yukon Block and Laurentia, although he suggested a Devonian age for the displacement that was
later called into question based on geological grounds by Cecile (1984). An analogous tectonic ro-
tation would be the >60° clockwise rotation of the Transverse Ranges of southwestern US during
early development of the San Andreas fault system (Jackson and Molnar, 1990). In addition, some
amount of sinistral translation seems consistent with displacements observed in the aeromagnetic

data (Pilkington and Saltus, 2009; Crawford et al., 2010).

2.8.6 Low LATITUDE GLACIATION

The Snowball Earth hypothesis suggests that Neoproterozoic glaciations were global and synchronous
at low latitudes (Hoftman et al., 1998; Hoffman and Schrag, 2002). The geochronological correla-
tion between the MHV and the Franklin LIP suggest that the glaciogenic Rapitan Group equivalent
in the Coal Creek inlier was deposited at low latitudes (Macdonald et al., 2010) and is used to argue
for the highest reliability evidence for the low latitude nature of the Sturtian glaciation (Evans and
Raub, 2011). However, the paleolatitude predicted for the MHYV from the Franklin LIP paleomag-
netic data (21° £ 3°, Evans and Raub, 2011, or 19.3% 3° using the D+9ocan pole of Denyszyn et al.,
2009a) was higher than the previous estimates of paleolatitude for the Sturtian glaciation (Park,
1997; Evans, 2000; Evans and Raub, 2011). The paleomagnetic poles from the Rapitan Group (Mor-
ris, 1977; Park, 1997) suggest very low latitude (6° & 4° and 4° & 6°) glaciogenic sedimentation;
however, it is uncertain if these poles are primary (e.g., Evans, 2000). As the MHV interfinger with
glaciogenic Sturtian deposits, this paleomagnetic data is well suited to better understand the low
latitude nature of these deposits. The paleomagnetic data from the previous study of the MHV re-
sults in very low paleolatitudes of 3° 4= 12° (Park et al., 1992) and substantial overlap between the
Yukon Block and Laurentia. Using my HT1 pole, the MHV restores to a paleolatitude of 24.3° £
13.8°. This is consistent with the interpretation that the age from member D of the MHVC provides

a maximum age constraint on the low-latitude Sturtian glaciation and the MHV-Rapitan Group
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equivalent sequence provides a unique exposure that captures the transition into glacial conditions
of the Sturtian glaciation, after which ice advanced extremely rapidly to the equator. Here, I provide
a paleolatitude for volcanics that were emplaced immediately before and during deposition of the

Rapitan Group that indicates low latitude (<30°) ca. 717 Ma Sturtian glaciation.

2.9 CONCLUSIONS

We confirm the presence of a Mount Harper volcanics (MHV) pole 50° away from the expected 721-
712 Ma Laurentian Franklin pole of Denyszyn et al. (2009a). The paleomagnetic direction identified
and used to create the reconstructions presented here does have some issues, most notably that the
HT1 direction is not ubiquitous in the MHYV, but is based on data from five sections. Additionally,
I'suggest that I have captured secular variation in my primary pole, although I'lack definitive evi-
dence. Despite these limitations, the primary nature of this paleomagnetic direction is supported by
six of the seven Van der Voo (1990) reliability criteria. Finally, I acknowledge that the paleomagnetic
data does not provide firm constraints on the timing of the rotation, only that the rotation occurred
after the eruption of the MHV and before the MT overprint was acquired. Although a Mesozoic
rotation of the Yukon Block is permissible, the abundance of potential overprint events in the Neo-
proterozoic and Cambrian compared to the later Paleozoic suggest that the rotation occurred during
the early Cambrian or Neoproterozoic. I explain the paleomagnetic data via the following sequence
of events. First, the MHV erupted and two reversals were captured during volcanism. Syn-volcanic
normal displacement along the Mount Harper fault resulted the development of the Mount Harper
synform. Although volcanism and the development of the synform were occurring at the same time,
the magnetization was acquired on much shorter timescales, resulting in a passage of the fold test
and a pre-folding, syn-volcanic, primary magnetization for HT1. Second, the Yukon Block and the

MHYV rotated 50° counterclockwise relative to autochthonous Laurentia. Regional geological con-
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siderations suggest this rotation may have been Cryogenian to early Paleozoic in age. Either before
or after this rotation, fluid flow and hematization events resulted in the HT2 chemical overprint.
Next, during the Cordilleran orogeny, Cretaceous greenschist metamorphism imparted the MT
thermal overprint. Finally the recently acquired LT VRM overprint records the present day geomag-
netic field.

Northwest Laurentia records the complex breakup of Rodinia. Vertical axis tectonic block rota-
tions can complicate interpretations of this geological history; however, identifying and restoring
those rotations may also provide insight into earlier tectonics. With the rotation presented herein,
the WSW-ENE structures of the early Neoproterozoic basin forming events (Sequence B of Young
et al., 1979) on the Yukon Block represent the conjugate margin of a extensional system formed op-
posite of the Mackenzie Mountain Supergroup basin, rather than extension on the NW margin of
Laurentia. In addition, the HT1 pole from the MHYV is a low-latitude pole from volcanic units that
interfinger with deposits from the Sturtian glaciation, thus adding more evidence in favor of a global

snowball Earth event at ca. 717 Ma.
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One Diamictite and Two Rifts:
Stratigraphy and Geochronology of the
Gataga Mountain of Northern British

Columbia

3.1 ABSTRACT

Neoproterozoic glacial diamictites and rift-related volcanics are preserved throughout the North

American Cordillera, yet the nature and timing of both glaciation and rifting are poorly constrained.

A version of this chapter was accepted for publication: Eyster, A. E., Ferri, F., Schmitz, M. D., Macdon-
ald, F. A., accepted, One Diamictite and Two Rifts: Stratigraphy and Geochronology of the Gataga Mountain
of Northern British Columbia, American Journal of Science.
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New geochronological, geochemical, and stratigraphic data from the Cryogenian Gataga Volcanics
and bounding units at Gataga Mountain, in the Kechika Trough of northern British Columbia bet-
ter constrains the age of these rift-related volcanics and suggests that they erupted during glaciation.
At Gataga Mountain, three informal sequences are exposed; a basal quartzite, the Gataga Volcanics,
and an overlying mixed carbonate-siliciclastic succession. The basal quartzite is dominated by cross-
bedded sandstone with an intertidal facies assemblage including herringbone cross-stratification
and mud-cracks, indicative of non-glacial deposition. The overlying Gataga Volcanics are over one
kilometer thick, comprising both mafic and felsic units, with volcaniclastic breccia and interbedded
sedimentary units including iron formation and matrix-supported diamictite with cosmopolitan
clasts. Magmatic ages in the upper Gataga Volcanics span 696.2 0.2 to 690.1 & 0.2 Ma, and de-
trital zircon from the underlying non-glacial quartzite provide a maximum age constraint on the
onset of glaciation <735.8 £ 0.6 Ma. We interpret interfingering beds of matrix-supported diamic-
tite with cosmopolitan clasts within the Gataga Volcanics to record sub-ice shelf sedimentation and
volcanism during the Sturtian Glaciation. Although volcanic facies are consistent with eruption in
a sub-ice to sub-aqueous (below ice shelf) environment, we acknowledge the difficulty of distin-
guishing sub-glacial from sub-aqueous explosive volcanic facies. Overlying the Gataga Volcanics, a
mixed carbonate-siliciclastic succession contains minor basalt flows that are geochemically distinct
from the underlying volcanic rocks. Based on chemostratigraphic and lithostratigraphic similarities,
we suggest that this sequence is correlative with Ediacaran strata to the north. Together, we suggest
that the stratigraphy and geochemical signature of volcanic rocks at Gataga Mountain records two
episodes of Neoproterozoic extension-related sedimentation and volcanism, the first indicated by
the Cryogenian Gataga Volcanics and interbedded sedimentary strata and the second by the overly-

ing Ediacaran carbonate-siliciclastic succession with interfingering basalt.
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3.2 INTRODUCTION

During the Neoproterozoic, the supercontinent Rodinia amalgamated and broke apart (Li et al.
2008), and there were two long-lasting Cryogenian Snowball Earth glaciations (Kirschvink, 1992;
Hoffman and Schrag, 2002; Rooney et al., 2015). Laurentia is central to unraveling the tectonic his-
tory of Rodinia because it was surrounded by Neoproterozoic to Cambrian rifted passive margins
(Hoffman, 1991), and reconstructions place it at the core of Rodinia (Li et al., 2008, 2013; Evans,
2013). Previous studies have linked the low-latitude break-up of Rodinia with the onset of Cryo-
genian glaciation (for example Hoffman and Schrag, 2002; Godderis et al., 2003; Cox et al., 2016);
however, the age and kinematics of Rodinia’s fragmentation, and the relationship to environmental
change remain poorly constrained.

The rift history of the western margin of Laurentia is recorded in strata exposed in the U.S. and
Canadian Cordillera and is commonly represented by three main stratigraphic ensembles. The first
is found in the narrow fault bounded extensional Chuar-Uinta Mountains-Pahrump (ChUMP)
basins of the U.S., which includes the Chuar Group exposed in Arizona, the Pahrump Group of
California, and the Uinta Mountains Group and the Big Cottonwood Formation in Utah (Karl-
strom et al., 2001; Dehler et al., 2010; Smith et al,, 2016), and the Mt. Harper (Strauss et al., 2015) and
Coates Lake (Jefferson and Parrish, 1989) groups of the Yukon and Northwest Territories, Canada.
These basins formed between ca. 775 and 717 Ma (Milton et al., 2014; Macdonald et al., 2010a) and
are filled with mixed carbonate-siliciclastic sequences that share correlative fossil assemblages and
carbon isotope chemostratigraphic profiles (Porter and Knoll, 2000; Dehler et al., 2010; Macdon-
ald et al., 2013a; Strauss et al., 2014a; Strauss et al., 2015; Smith et al., 2016). Subsidence in these latest
Tonian basins has been attributed to early rifting and subsidence (Dehler et al., 2010), initial devel-
opment of intracratonic basins (Yonkee et al., 2014), oblique transtension (Strauss et al., 2015), or

distinct and separate tectonothermal events (Smith et al., 2016). The second ensemble encompasses
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Cryogenian to early Ediacaran siliciclastic and volcanic successions commonly interbedded with
glacial diamictite and carbonate that have been interpreted as representing rifting across the entire
margin (Stewart, 1972; Eisbacher, 1981; 198s; Jefferson and Parish, 1989). Finally, there is a widespread
succession of Ediacaran carbonate and siliciclastic strata that are widely interpreted to be related to
subsidence and the initiation of passive margin sedimentation (Ross, 1991; Ross et al., 1995; and Dal-
rymple and Narbonne 1996), or to a separate, later rifting event (Colpron et al., 2002; Macdonald et
al.,, 2013b).

Previous studies have marked the onset of Neoproterozoic rifting in the Cordillera with the iden-
tification of alkalic igneous rocks and coarse sedimentation (Gabrielse, 1972; Stewart, 1972; Christie-
Blick and Levy, 1989; Aitken, 1993; Link et al., 1993; Lund et al., 2003); however, because there are
multiple magmatic events over a period of more than 200 Myrs, it is unclear if all of the magma-
tism can be attributed to one episode of rifting. Sills, dikes and basalts associated with the Gunbarrel
Large Igneous Province (LIP) have been dated at ca. 775 Ma (Harlan et al., 2003; Milton et al., 2014),
and have been suggested to mark rifting on the western margin of Laurentia (for example Jefter-
son and Parrish, 1989). Additionally, basal Windermere volcanics have been dated at 717.43 £ 0.14
Ma with U-Pb chemical abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-
TIMS) on zircon in the Yukon, and at 68s.5 & 0.4 Ma (zircon U-Pb CA-ID-TIMS) in Idaho (Mac-
donald et al., 20103; Keeley et al., 2012). Finally, there are younger magmatic events, recorded by ca.
665 to 650 Ma alkaline plutons in central Idaho (Lund et al., 2010), and a 569.6 £ 5.3 Ma flow (bulk
zircon U-Pb ID-TIMS) from the Hamill Group in southeastern British Columbia (Colpron et al.,
2002).

An additional complication is that subsidence curves of Paleozoic strata on the western mar-
gin of Laurentia (Armin and Mayer, 1983; Bond and Kominz, 1984; Bond et al., 1985) suggest that

the rift-drift transition and development of the passive margin did not occur until the ca. 541 Ma
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Precambrian-Cambrian boundary *. Thus, the older magmatism is too old to be tied to the thermal
subsidence and development of the Paleozoic passive margin. This discrepancy in ages could suggest
multiple rift events or protracted rifting (Prave, 1999; Colpron et al. 2002; Macdonald et al., 2013b).

The geochronological data on rift-related volcanic rocks and the later rift-drift transition at the
Precambrian-Cambrian boundary is also at odds with paleogeographic models that rely on paleo-
magnetic data, which depict crustal blocks that have successfully rifted off the western Laurentia by
750 Ma (e.g. Meert and Torsvik, 2003; Cawood, 200s; Li et al., 2008). However, it is still not agreed
upon what continent(s) rifted away from Laurentia’s western margin, with candidates including
Antarctica, Australia, North China, South China, Tarim, and West Africa (Sears and Price, 1978;
Moores, 1991; Hoffman, 1991; Dalziel, 1997; Sears and Price, 2003; Pisarevsky et al., 2003; Li et al.,
2008; Evans, 2009; Fu et al., 2015). Considering such uncertainty in the paleomagnetic and paleo-
geographic models, it is also possible that the western margin experienced multiple rift events that
involved the rifting of ribbon continents, rather than a separation of a large craton (Hildebrand,
2009).

Along with uncertainties and inconsistencies related to the timing of Rodinian break-up, and the
identity of what rifted off, the geometry and kinematics of rifting is also poorly constrained. It has
been proposed that the current zigzag-geometry of the Neoproterozoic to Cambrian margin is re-
lated to pure-shear extension with opposing upper and lower plate segments (Wernicke, 198s; Lister
et al., 1986), with the lower plate experiencing extreme thinning of continental crust and subsidence
across a broad continental shelf, while the upper plate is marked by limited thinning of the crust and
narrow continental shelf margins (Lund et al., 2010). In this model, the broad basins of the Selwyn
Basin and Mackenzie Platform in northern Canada formed on a northwest-striking lower-plate ex-

tensional margin, while in British Columbia, the narrow Kechika Trough and the MacDonald Plat-

* The rift-drift transition reported in these manuscripts is older because at the time the age of the
Precambrian-Cambrian boundary was thought to be ca. 575 Ma.
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form formed on a northwest-striking upper-plate margin (Ross, 1991; Cecile et al., 1997), with the
northeast-striking Liard line representing a transfer zone that separates opposite-polarity segments
(Cecile et al., 1997; Lund, et al. 2003; Lund, 2008). However, it is unclear how this model would
relate to protracted rifting, translation along the margin, or changing plate geometries and plate di-
rections. Particularly, local evidence for transpression (for example Eisbacher, 1981) and vertical axis
block rotations (Eyster et al., accepted) suggest at a component of oblique motion along the margin.
In addition to the complex rift history preserved in the Windermere Supergroup, these strata
also preserve evidence of Cryogenian glaciations (for example Crittenden et al., 1983; Gabrielse,
1972; Stewart, 1972; Eisbacher, 1978; Christie-Blick and Levy, 1989; Aitken, 1991; Link et al., 1994;
Miller, 1994; Prave, 1999; Lund et al., 2003; Macdonald et al., 2010a). Although Neoproterozoic
glacial successions are recognized worldwide, the nature, timing, and duration of glacial episodes has
remained controversial (Spence et al., 2016). Nonetheless, paleomagnetic data suggests that some
of the Cryogenian glacial diamictites were deposited at low latitudes, consistent with the Snowball
Earth hypothesis (Kirschvink, 19925 Evans and Raub, 20115 Eyster et al., accepted). Moreover, recent
geochronology confirms that there were two discrete, long-lived Cryogenian glaciations, the Stur-
tian and the Marinoan (Rooney et al., 2015; Prave et al.,, 2016). The onset of the Sturtian glaciation is
dated by chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS)
U-Pb zircon age of 716.47 £ 0.24 Ma from diamictites of the Mount Harper Group in Yukon,
Canada (Macdonald et al., 2010a). The end of the glaciation is marked by a postglacial Re-Os date
of 662.4 % 3.9 Ma on the basal Twitya Formation in Northwest Territories, Canada (Rooney et al.,
2014). The age of the Marinoan glacial epoch is bracketed between 655 Ma (Zhang et al., 2008) and
635 Ma (Condon et al., 200s; Calver et al., 2013; Rooney et al., 2015), with the later marking the age of
the Marinoan cap carbonate. These data, along with the most robust geochronological constraints
globally, suggest a >s5 Myr duration for the Sturtian glaciation (Rooney et al., 2014; 2015), and >

s Myr duration for the Marinoan glaciation (Prave et al., 2016). Although, some suggest that there
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were multiple glaciations between ca. 716-660 Ma, with a possible interglacial period (Le Heron,
2011; Keeley et al., 2012), only one Sturtian cap carbonate has been identified. Thus, during much of
the interval that the western margin of Laurentia was experiencing rifting, it appears that equatorial
latitudes may have been entombed by Cryogenian glaciation.

To further explore the relationships between rifting and glaciation on the western margin of Lau-
rentia, we revisited the Gataga Mountain area in northern British Columbia. A rhyolite within the
Gataga Volcanics was previously dated (five bulk zircon fractions ID-TIMS upper intercept age) at
688.9 +9.5 / -6.2 Ma (U-Pb) and 689.1 = 4.6 Ma (Pb-Pb) (Ferri et al., 1999). This age has been cited
as a constraint on rift-related Windermere magmatism (Colpron et al., 2002, Lund, 2008; Keeley
etal., 2012). In addition to the volcanic rocks exposed at Gataga Mountain, Ferri et al. (1999) doc-
umented carbonate, siliciclastic rocks and additional basalt flows (Upper Gataga Volcanics) about
7 km to the north. The preferred interpretation of Ferri et al. (1999) was that the Upper Gataga
Volcanics were due to a separate, younger volcanic extensional event and that there was an unconfor-
mity between the two volcanic packages; however, it was also acknowledged that it is possible that
the volcanics were of a similar age, and the observed relationships had been complicated by faulting
(Ferri et al., 1999). As the Gataga Volcanics were interpreted to conformably overlie carbonate and
quartzite, and underlie an additional Neoproterozoic to Cambrian sedimentary succession with in-
terbedded volcanic rocks, both without evidence for glaciation (Ferri et al., 1999), this date presents
a challenge to age models for an extended Sturtian glaciation, and also potentially provides an im-
portant constraint on rifting. To place the Neoproterozoic volcano-sedimentary sequence into a
tighter temporal and regional stratigraphic framework, we report new geological mapping, mea-
sured stratigraphic sections, geochronology, and carbon isotope chemostratigraphy. These data are
then integrated with Neoproterozoic tectonic and climate records across the western margin of Lau-

rentia.
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3.3 METHODS

3.3.1 MAPPING AND STRATIGRAPHY

We report new data from two main localities, Gataga Mountain itself and a ridge 7 km to the north-
west that we informally refer to as Matulka Creek Ridge (fig. 1). My updated mapping focused on
three informal Precambrian units, the Frog quartzite, the Gataga Volcanics, and the Matulka group.
The Gataga Volcanics were further subdivided into six mappable members, A-F. These units are
exposed in north plunging folds, bounded to the east by a series of thrust faults. During the course
of geological mapping, suitable sections were identified for measuring the stratigraphy (fig. 1), and
these sections were staffed and described using standard lithostratigraphic terminology (fig. 2). All
geochronological and geochemical samples were collected from these measured stratigraphic sec-

tions.

3.3.2 GEOCHRONOLOGY SAMPLE PREPARATION

Fourteen samples were collected for geochronology (fig. 2). Mineral separation was performed at
Harvard University, using standard density and magnetic isolation techniques. The entire zircon
separate was placed in a muffle furnace at 900°C for 6o hours in quartz beakers to anneal minor
radiation damage; annealing enhances cathodoluminescence (CL) emission (Nasdala et al., 2002),
promotes more reproducible inter-element fractionation during laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) (Allen and Campbell, 2012), and prepares the crystals for
subsequent chemical abrasion (Mattinson, 200s). Following annealing, individual grains were hand-
picked and mounted in epoxy, polished and imaged by cathodoluminence (CL) on a JEOL T-300
scanning electron microscope fitted with a GATAN MiniCL detector. From these compiled images,

grains with consistent and dominant CL patterns were selected for further isotopic analysis.
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Figure 3.2: Measured stratigraphic sections from Gataga Mountain in the south to Matulka Creek ridge in the north.
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previously sampled age from Ferriet al. (1999).
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3.3.3 U-PB LA-ICP-MS GEOCHRONOLOGY AND ZIRCON GEOCHEMISTRY

Microbeam analysis of zircon was conducted using a ThermoElectron X-series II quadrupole induc-
tively coupled plasma mass spectrometer (ICPMS) and New Wave Research UP-213 Nd:YAG UV
(213nm) laser ablation system to obtain U-Pb ages and high field strength element (HFSE) and rare
earth element (REE) data. For this, a laser diameter of 25 4 m, fluence of 5 J/cm A 2, and continuous
pulse repetition of 10 Hz was used in a 30 second spot acquisition. Two to four U-Pb calibration
(Plesovice) and quality control (Zirconia, Seiland) standards were measured every 10 samples, as well
as NIST 610 and 612 glass standards for elemental concentration calibration. For the detrital sam-
ples, reported ages for zircon samples younger than 1ooo Ma reflect the 206pp,/238U date, and the
207ph, /296 Pb date for zircons older than 1000 Ma. Ages with >210% discordance were eliminated
from subsequent detrital zircon analysis. The plots of relative age probability were made using Mi-
crosoft Excel “Isoplot” developed by the Berkeley Geochronology Center and include 20 errors. The
LA-ICP-MS work was followed by CA-ID-TIMS work on selected grains. Selected grains were those
that were youngest for the DZ or mixed DZ-volcanic samples, and those that appeared representa-

tive of a single magmatic population for the volcanic samples.

3.3.4 U-PBID-TIMS GEOCHRONOLOGY

U-Pb geochronology methods for ID-TIMS follow those previously published by Davydov et al.
(2010) and Schmitz and Davydov (2012). Zircon crystals were subjected to a modified version of

the chemical abrasion method of Mattinson (2005), whereby single crystal fragments plucked from
grain mounts were individually abraded in a single step with concentrated HF at 180°C for 12 hours.
All analyses were undertaken on crystals previously mounted, polished and imaged by cathodolu-
minescence (CL), and selected on the basis of zoning patterns. U-Pb dates and uncertainties for each

analysis were calculated using the algorithms of Schmitz and Schoene (2007) and the U decay con-
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stants of Jaffey et al. (1971). Uncertainties are based upon non-systematic analytical errors, including
counting statistics, instrumental fractionation, tracer subtraction, and blank subtraction. These er-
ror estimates should be considered when comparing my 2°6Pb/?*¥U dates with those from other
laboratories that used tracer solutions calibrated against the EARTHTIME gravimetric standards.
When comparing my dates with those derived from other decay schemes (for example, *° Ar/3%Ar,
187Re—18705), the uncertainties in tracer calibration (0.03%; Condon et al., 2015; McLean et al., 2015)
and U decay constants (0.108%; Jaftey et al., 1971) should be added to the internal error in quadra-
ture. Quoted errors for calculated weighted means are thus of the form £X(Y)[Z], where X is solely
analytical uncertainty, Y is the combined analytical and tracer uncertainty, and Z is the combined

analytical, tracer and 238U decay constant uncertainty.

3.3.5 CARBON [sOTOPE CHEMOSTRATIGRAPHY

Fist- to golf ball-sized samples were collected at 1-5 m resolution in measured stratigraphic sections
for carbonate carbon (§'3Ceq,p) and oxygen (& B0 car) isotope chemostratigraphy. At Harvard
University, the samples were cut perpendicular to laminations and approximately 5 mg of powder
was produced by drilling, taking care to avoid veins and fractures. The & BCurp and 61804, data
was obtained on a VG Optima dual inlet isotope ratio mass spectrometer coupled with a VG Isocarb
preparation device (Micromass, Milford, MA) in the Laboratory for Geochemical Oceanography
at Harvard University. Approximately 1 mg of sample powder was reacted in a common, purified
phosphoric acid (H3PO4) bath at 90°C. The evolved CO3 was collected cryogenically and ana-
lyzed using an in-house reference gas. Calibration to (Vienna-Pee-Dee Belemnite) VPDB was done
using the Cararra marble standard (CM2). Total analytical errors (10) were better than %+ o.10 for
both §13C,grp and 51804, based on repeat analysis of standards and samples. The & BCqrp and
580 cart isotopic results are reported in per mil notation of 13C/12C and 0O/100 relative to the

standard VPDB.
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3.4 RESULTS

3.4.1 METAMORPHISM AND STRUCTURE

It must be noted that throughout the Gataga Volcanics folding and pervasive foliation obscures
paleo-topographic and textural features. At its western boundary, the Gataga mountain area follows
the Northern Rocky Mountain Trench fault zone, an area of deformation that separates displaced
continental rocks of Laurentian affinity. Therefore, it is unremarkable that the Gataga Mountain
rocks have been substantially faulted and display metamorphism and cleavage. The metamorphism
and cleavage in the area is consistent with previous documentation by Ferri et al. (1999). Metamor-
phic mineral assemblages in mafic volcanics was of chlorite, calcite, albite(?), epidote,white mica,
pumpellyite, stilpnomelane, while pelitic rocks contained white mica (illite or phengite), chlorite,
quartz, calcite and dolomite (Ferri et al., 1999). Throughout the area, pervasive, slaty cleavage is
preent within argillaceous units. While cleavage was rare in clean quartzite and carbonate, there was
displayed a widely spaced fracture cleavage, while a pressure-solution cleavage was sometimes seen
in argillaceous limestones (Ferri et al., 1999). In addition, although in some cases primary textures
were observed, many of the carbonate outcrops were recrystallized, dolomitized and silicified. Sty-
lolites were observed in many carbonate outcrops. This cleavage and alteration tended to be more
pervasive nearing thrust faults. These small-scale features were related to the intense eastward com-
pression during the late Mesozoic that produced the dominant structural fabrics and the interrelated
folding and thrusting, with thrusts commonly carrying detached anticlines (Ferri et al., 1999). De-

spite, this deformation, primary textures were identifiable in all units.

3.4.2 STRATIGRAPHY

The oldest map unit, which we refer to as the Frog quartzite, after nearby Frog River, is exposed in

the core of the Gataga anticline. This unit is up to several hundred meters thick and dominated by
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Figure 3.3: Field photos. Frog quartzite: A. F1433 bidirectional crossbeds. Gataga Volcanics member A: B. F1431-

9 interbedded lithic tuff, C. F1431 diamictite, D. F1433-116 quartzite clast in diamictite, E. F1431 iron formation.
Gataga Volcanics member D: F. F1431 carbonate cements in volcanics, G. F1434-340 block and ash flow, H. F1434
flattened volcanic clasts, |. F1434-310 festoon cross bedding, J. F1434-320 antidune clast in block. Gataga Volcanics
member E: K. A1418 volcanic breccia, L. A1418 large sub-rounded clasts.
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white-cream fresh and beige weathering massive mature quartzite with meter-scale planar cross-beds
and bi-directional cross-stratification (fig. 3A). Minor interbeds of yellow- to green-brown siltstone,
lithic tuffs and fine-grained sandstone are present and mud cracks were observed in scree. Above a
sharp surface, the Frog quartzite is succeeded by the Gataga Volcanics, which were previously sub-
divided into two packages: a unit of alkalic mafic to intermediate flows and volcaniclastic rocks,
followed by a sequence of felsic volcanics and volcaniclastic rocks found only along the southwestern
slopes of Gataga Mountain. My new work subdivides the Gataga Volcanics into six mappable mem-
bers, A-F, and observes that the felsic volcanics and volcaniclastic rocks outcrop rather expansively to
the north of Gataga Mountain. Member A is approximately 350 m thick and is dominated by green
to black weathering basalt flows with minor inter-tonguing sedimentary strata. Basalt flows range in
thickness from tens of centimeters to tens of meters. Some flows are massive but in others features
such as pillows and fine-grained volcaniclastic breccia were observed. Fine to medium-grained green
tuff and lithic tuff up to 2 m thick with both graded and massive, homogeneous beds are present
near the base of member A (fig. 3B). Notably, near the base is a diamictite unit (fig. 3C, D). This
diamictite was documented in sections Fi431 and F1433 that were about 700 meters apart. In Fi433,
the diamictite is 23 meters above the last outcrop of Frog Quartzite. The intervening strata is ei-
ther quartzite rubble or is not exposed. The diamictite itself has two parts, the basal three meters is
composed of fine sand-sized pink lithic matrix with boulder clasts of quartzite, dolostone, and lime-
stone. This is overlain by four meters of wacke matrix with sand-sized lithic fragments and boulders
of quartzite. The upper contact is conformable with mafic volcaniclastic breccia. In Fi431, the di-
amictite is 16 meters above the last Frog Quartzite outcrop. It overlies green-black basalt, green tuft
and lithic tuff, and fine-grained volcaniclastic breccia. Directly below the diamictite is fine-grained
volcaniclastic breccia. The 5 meters thick diamictite has a wacke matrix with gravel-pebble clasts of
limestone, dolostone, siltstone, and white and grey quartzite, and laterally has clasts up to cobble

and boulder sized. The upper contact with fine-grained volcaniclastic breccia appears to be con-
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formable. The rest of member A is dominated by basalt with minor interbedded black, green, and
maroon siltstone. Additionally, two thin beds of iron formation were observed, one near the base
of member A, above the matrix-supported diamictite, and one near the top of member A (fig. 3E).
Previously, Neoproterozoic iron formation has been classified into three facies, hematitic-jaspilite,
hematitic-mud/silt and ferruginous mud/silt (Halverson et al., 2015; Cox et al., 2015). Although

the iron formation at Gataga Mountain is not as extensive as in the Rapitan group to the north, it
displays features similar to the hematitic-mud facies, with mm-laminations that are defined by the
relative concentrations of grey hematite and red siltstone. Irregular pods of secondary grey limestone
and orange- brown weathering dolostone are also present within the basalt of member A (fig. 3F).
Member B is composed of medium to very coarse grained amalgamated green mafic sills, up to 100
m thick. This is followed by about 200 m of member C, which is dominated by dark green basalt
with interbedded maroon to green siltstone. Near the base, member C consists of thin mafic flows
and siltstone. Up-section, the flows are more massive, and preserve columnar jointing. The upper-
most flows of member C are dominated by pillow basalts. Member D is approximately 400 m thick
and composed of light green vesicular and pillowed basalt and andesite together with volcaniclastic
flows. The volcaniclastic units are generally massive and contain rounded to angular fragments in a
coarse-grained chloritic matrix (fig. 3G). Additionally, weakly flattened volcanic clasts were observed
in member D (fig. 3H). Some of the volcaniclastic units contained large block and ash breccia, and
high-energy volcaniclastic deposits that preserve festoon cross-bedding (Fig 3I) and a clast was found
within member D volcanic breccia that displayed antidune cross-bedding (fig. 3]). Member E is a
felsic unit that is at least 400 m thick and dominated by volcaniclastic breccia, but also contains mi-
nor andesitic to rhyolitic flows and tuffs. Member E is preserved on dip-slopes southwest of Gataga
Mountain, but is most clearly exposed at the informal Matulka Creek Ridge. Overall, the volcani-
clastic rocks of member E are massive and very poorly sorted to unsorted. The bedding appears to be

more prominent in exposure near the base of member E at Gataga Mountain, but more massive at
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exposures along Matulka Creek Ridge. Member E is dominated by matrix supported breccia consist-
ing of poorly sorted, angular to sub-rounded, green-white pumaceous felsic fragments ranging from
several mm to 30 cm in diameter with a matrix of brown-orange weathering, poorly sorted siltstone
and sandstone (fig. 3K, L). Additionally, sub-rounded quartzite clasts were documented as well as
isolated carbonate and laminated siltstone clasts (fig. 4A), and large, rounded, rhyolitic and granitic
clasts (fig. 4B, C). Orange-weathering carbonate cement is present within some of the volcaniclastic
units.

In addition to the massive weathering volcaniclastic breccia, there are some flows as well as lami-
nated fine-grained volcaniclastic units. The flows are isolated, lenticular pale grey, aphanitic rhyolitic
flows with phenocrysts of plagioclase and quartz. The laminated fine-grained volcaniclastic units
are more abundant near the top, where there are several units with laminated and graded tuffaceous
beds containing some larger angular carbonate clasts and a few isolated large rhyolitic clasts. In the
upper part of these units, one particularly striking pale rhyolite clast appears to be a dropstone that
punctured the laminated beds below (fig. 4D), but we cannot rule out the possibility that this is a
volcanic bomb. Member F succeeds member E and consists of dark brown weathering, intermedi-
ate to mafic, hornblende-bearing volcaniclastic breccia with abundant lapilli sized clasts. Overlying
the Gataga Volcanics are siliciclastic rocks, carbonate and basalt of the Matulka group. The Matulka
group is exposed in the anticline at Matulka Creek Ridge and undergoes dramatic facies changes
across the anticline. The anticline is cut by several N-S trending high angle faults with up to 1o m of
displacement. The contact between the overlying Matulka group and the volcanics is nowhere ex-
posed and was not directly observed. Map relations suggest that the beds of member F of the Gataga
volcanics are truncated by the Matulka group, suggestive of an angular unconformity (Fig 1). Al-
ternatively, there may be erosional features associated with the volcanics themselves or structural
complications. The lowermost unit of the Matulka group is a carbonate-dominated ridge former.

The base consists of 0oid grainstone that has been dolomitized and partially silicified (fig. 4E and
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Figure 3.4: Field photos. Gataga Volcanics member E: A. A1418 laminated siltstone clasts, B. A1418 rounded granite
clasts, C. A1418-343.2 ash, D. A1418-355.4 diamictite unit with rhyolite dropstone puncturing laminations-this photo
has been annotated to highlight punctured laminations. Matulka group: E. A1417 lower oolitic carbonates, F. A1418
lower recrystallized carbonate, G. A1419 exposure surface, H. A1417 maroon siliciclastics, I. A1417 tan siliciclastics, J.
A1417 basalt flows, K. A1419 interbedded oolitic limestone and siliciclastics, L. A1417 volcanic breccia
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F). Dolomitization and silicification is more pervasive in eastern sections, closer to the thrust faults
carrying the stratigraphy. In section A1419, a karst surface is present 12.3 m from the base that is filled
and overlain by massive orange to grey weathering quartzite (fig. 4G). This quartzite is followed by
about 10 m of cover. Overlying the basal carbonate is a recessive maroon siltstone (fig. 4H) that is

a slope former and thickens to the west. To the east, the maroon siltstone grades into brown-green
siltstone and thinly bedded sandy dolostone (fig. 4I). These units include interbedded basalt flows
(fig. 4]), with chilled margins and joints (Upper Gataga Volcanics of Ferri et al. (1999)). These are
overlain by dark oolitic limestone and siliciclastic rocks (fig. 4K) that interfinger with volcanic brec-
cia that is dominated by cobble sized angular basalt clasts (fig. 3L). To the north of the map area,
additional strata were documented by Ferri et al. (1999) that may be Cambrian in age and overlie the
Matulka group. These include a quartzite unit (Csc, referred to as the Cambrian Quartzite here and
in fig. 1) of grey to white quartz sandstone and calcareous or dolomitic quartz sandstone. These are
overlain by grey to buff-grey limestone and lesser dolostone (Cl), that contain possible archacocy-
athids, and finally, a siliciclastic unit of variable lithology (Cgm) that includes maroon and pale olive
green, laminated siltstone, limestone, quartz sandstone and a maroon limestone-pebble conglom-
erate (Ferri et al,, 1999). These strata can be traced northward where they interfinger with and are
succeeded by more siliciclastic rocks of the Cambrian Quartzite unit. Additional siliciclastic domi-
nated successions are present within thrust slivers just to the east of Gataga Mountain, as well as to
the north (fig. 1), although the exact connection to other units is unclear due to numerous thrust
faults that leave the sections hanging. To the east of Gataga Mountain, the B siliciclastic-carbonate
unit includes interbedded light-blue-grey-pink cross-bedded carbonate interbedded with texturally
and chemically mature medium bedded sandstone. To the north, the basal unit (A siliciclastic) con-
sists of black to grey to brown siltstone and shale with red-yellow silty-dolostone near the top. This
is overlain by the B siliciclastic unit that consists of siltstone interbedded with pink-yellow cross-

bedded calcareous sandstone and sandy dolomite. Finally, on the west flank of the large anticline,
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the Gataga Volcanics are succeeded by mature, bidirectional cross-stratified sandstone and quartzite
of the Cambrian Quartzite unit, which in turn is overlain by the Cambrian Carbonate, a blue-grey
to cream, white weathering recrystallized carbonate. The direct relationship of these units to the A
and B siliciclastic units and the other strata on the east side of the anticline is unclear.

The main differences from previous mapping are that, first, instead of only less than 10% of the
Gataga Volcanics being felsic as previously estimated by Ferri et al. (1999), by documenting the
northward extent of the felsic volcaniclastic rocks of Member E, we have found that approximately
30% of the Gataga Volcanics are felsic. Second, the B siliciclastic-carbonate unit exposed to the east
of Gataga Mountain is not correlative with the Frog quartzite, and does not sit stratigraphically be-
low the Gataga Volcanics. The B siliciclastic-carbonate unit was suggested to be Late Proterozoic
age after the initial dating of the volcanics (Ferri et al., 1999). We suggest that the contact between
these and the Gataga Volcanics is a thrust fault and although complicated by additional thrust faults,
these units are likely Late Ediacaran to Early Cambrian in age. To the northwest, similar rocks are
overturned where they are in contact with the main thrust fault. Finally, instead of a single “Gataga
Mountain Anticline”, the Gataga Volcanics and Matulka group are exposed in two different north

plunging anticlines (fig. 1).

3.4.3 U-PB GEOCHRONOLOGY

F1431-5.5: FROG QUARTZITE

The sample was collected from the top of the Frog quartzite, a thick-bedded quartzite, tan to brown-
red weathered and grey-tan fresh and cross-bedded, (figs. 1, 2). Throughout the quartzite there is ad-
ditional iron staining and o.5 centimeter thick quartz veins. The sample is composed of well-sorted
millimeter-sized quartz grains with isolated dark lithic fragments. 146 detrital zircon grains were an-

alyzed from sample F1431-5.5, of which 136 were < 10% discordant (fig. s, supplementary table S1).
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The dominant age population is between 1246-920 Ma (62 grains), with secondary peaks at r710-
1246 Ma (39 grains), and 2008-1710 Ma (18 grains). Smaller age populations are present between ca.
731-814 Ma, 2253-2321 Ma, and 2492-2664 Ma. CA-ID-TIMS analyses of four young grains yielded
dates of: 735.8 £ 0.6 Ma, 737.2 & 0.6 Ma, 741.3 & 0.6 Ma, and 742.3 & 0.6 Ma (Fig 6F, table 1). This

gives a maximum depositional age for the Frog quartzite of <735.8 Ma.

F1433-112; LOWER MEMBER A, GATAGA VOLCANICS

A pink lithic volcaniclastic unit near the base of the Gataga Volcanics, in the lowermost part of
Member A (figs. 1, 2). The sample is orange weathering and pink-yellow fresh, supported by fine-
sand to pebble sized clasts of pale-white aphanitic rhyolite, flattened yellow and darker flattened
maroon clasts and a matrix that included fine lithic clasts, aphantic pink volcaniclastic material and
muscovite. 116 detrital zircon grains were analyzed from sample F1433-112, of which 97 were < 10%
discordant (fig. s, supplementary table S1). The dominant age population is between 2060-1780 Ma
(41 grains). Smaller age populations at 1090-961 Ma (12 grains), and 840-655 Ma (6 grains). CA-ID-
TIMS analyses of six young grains yielded dates of 707.6 & 0.5 Ma, 711.6 & 0.5 Ma, 726.2 & 0.5 Ma,
726.7 & 1.0 Ma, 729.8 + 0.8 Ma and 734.7 £ 1.4 Ma (fig. GF, table 1). This gives a maximum deposi-

tional age for the base of the Gataga Volcanics of <707 Ma.

F1431-241: UPPER MEMBER A, GATAGA VOLCANICS

A green volcaniclastic sandstone near the top of Member A of the lower Gataga Volcanics (figs. 1,
2), orange weathering and dominantly blue-grey fresh with small millimeter-sized crystals of quartz,
plagioclase feldspar, dark mafic fragments, as well as orange weathering iron dominated mafic frag-
ments. The clasts were aligned parallel to foliation in a matrix that was blue-grey and aphanitic.

11 detrital zircon grains were analyzed from sample Fr431-241, of which 89 were < 10% discordant

(fig. 5, supplementary table S1). The dominant age population is between 830-642 Ma (30 grains).
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Figure 3.5: Detrital spectra normalized probability plots of U-Pb dates obtained by LA-ICP-MS on zircon collected
from samples F1431-5.5,F1431-241, and F1433-241. Regional basement and orogenic events that could correspond
to the data peaks are highlighted.
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Smaller age populations are between 1567-907,1888-1654 Ma, 2100-2010-2100 Ma, and 2773-2418 Ma.
CA-ID-TIMS analyses of 12 young grains yielded dates of ca. 703-705 Ma (n=3), ca. 712 Ma (n=8),
and ca. 715 Ma (n=1) (fig. 6F, table 1). The youngest crystal implies a maximum depositional age for

the top of member A of the Gataga Volcanics of <703 Ma.

A1416-8.6: MIDDLE MEMBER E, GATAGA VOLCANICS

A pale blue-green foliated aphanitic rock with isolated millimeter sized quartz crystals and plagio-
clase phenocrysts that was the resampled location of Ferri et al. (1999). There were no discernable
clasts in hand sample and could be an effusive rhyolitic flow. 6 of the 8 dated zircon grains yielded
concordant analyses with a weighted mean 206238 date of 696.24 % 0.22 Ma (MSWD = 1.93),
which is interpreted as the eruptive age (fig. 6A, table 1, table 2). Two crystals (Z2 and Z8) not in-
cluded in this date are older (698.65 & 0.77 Ma 699.44 = 0.48 Ma) and interpreted as inherited

grains.

A1418-161.8:M1DDLE MEMBER E, GATAGA VOLCANICS

A massive blue-colored andesite with larger plagioclase feldspar crystals that is grey-brown weath-
ering and grey fresh with an aphanitic matrix with biotite crystals, and includes 5 millimeter long
angular grey quartz-rich lithic fragments and pale white plagioclase fragments that are 1 millime-

ter long. The biotite dominated regions formed bands parallel to foliation. This appeared to be a
volcaniclastic rock resulting from explosive eruption. Four of the dated zircon grains yielded concor-
dant and equivalent analyses with a weighted mean 206}, /238U date of 696.28 + 0.30 Ma (MSWD
= 0.20), which is interpreted as the eruptive age (fig. 6B, table 1, table 2). The four grains that were
not included have a scatter of ages of that are younger 692.27+ 0.52 Ma, 691.59+ 0.46 Ma, 691.59%+
0.43 Ma, 687.67+ 0.78 Ma, likely due to persistent lead loss in the sampled zircons, which is consis-

tent with CL images that display dark regions damaged by radioactive decay.
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Figure 3.6: Concordia diagrams of zircon 206Pb/238U CA-ID-TIMS dates with ranked age diagrams as insets: A.
A1416-8.6-rhyolite from Member E near Gataga Mountain, B. A1418-161.8- volcaniclastic andesite from member

E on Matulka Creek Ridge, C. A1418-207.5-rhyolite from member E on Matulka Creek Ridge, D. A1418-326.1-felsic
laminated tuff just below diamictite units, E. A1418-343.2-felsic laminated tuff between two diamictite units. The
data point error ellipses are 20; F. CL images of youngest grains from the detrital samples F1431-5.5,F1433-112, and
F1431-241 along with TIMS dates.
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Table 2. Weighted Mean Age Calculations for Volcanic Samples
206 238

Pb/”"U age * 2s (Ma)

#

Lithology analytical (+ tracer) [+ 1] n MSWD* prob. fit*
A1418-343.2 rhyolite)tuff 690.08)+)0.19)(0.38))[0.80]) 6) 0.97) 0.433
A1418-326.1 rhyolite)tuff 690.77)£)0.21)(0.39))[0.81] 5) 0.30) 0.880
A1418-207.5) rhyolite)lava) 695.81)+)0.23)(0.4))[0.82]) 7) 0.60) 0.731
A1418-161.8 andesite)tuff 696.28)+)0.30)(0.44))[0.84]) 4) 0.20) 0.898
A1416-8.6 rhyolite)lava 696.29)£)0.22)(0.40))[0.82]) 6) 1.93) 0.086

”'indicates)number)of)zircons)included,)see)bolded)ages)in)TabIe)l)

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

SAMPLE A1418-207.5: MIDDLE MEMBER E, GATAGA VOLCANICS

This unit was green-brown weathering, pale grey to pale green fresh aphanitic matrix with inter-
locking mm-sized quartz phenocrysts. There were biotite dominated bands subparallel to foliation
and rust-weathering iron-rich veins scattered throughout. This likely effusive rhyolite lava flow was
of short lateral extent and was interbedded with felsic volcanic breccia. All seven of the dated zir-
con grains yielded concordant analyses with a weighted mean 206k /2381 date of 695.81 + 0.23 Ma

(MSWD = 0.6), which is interpreted as the eruptive age (fig. 6C, table 1, table 2).

A1418-326.1: UPPER MEMBER E, GATAGA VOLCANICS

An orange weathering, pale blue-grey fresh volcaniclastic rock, dominated by 2-6 millimeter-long
fine-grained pale blue-white lithic fragments as well as dark-green to black lithic fragments. The
unit spanned three meters, encompassing multiple beds up to 70 cm thick. Overlying this explo-
sive volcaniclastic tuff was brown weathering laminated beds of orange brown siltstone and darker
quartzite. Five of the seven dated zircon grains yielded concordant and equivalent analyses with a

weighted mean 2°0Pb/?38U date of 690.77 %+ 0.21 Ma (MSWD = 0.30), which is interpreted as the
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eruptive age (fig. 6D, table 1, table 2). The two grains that were not included (Z1 and Z2) are inter-
preted as inherited grains as they had slightly older dates of 692.73 &= 0.47 Ma and 691.94 £ 0.44

Ma.

SAMPLE A1418-343.2: UPPER MEMBER E, GATAGA VOLCANICS

An orange weathering, grey-pink fresh coarse pale volcaniclastic tuff that is clast supported and
dominated by 2-4 millimeter-long pink feldspar and clear quartz crystals, 5 millimeter-long angu-
lar fragments of grey quartz. The matrix is aphantic but includes some green-brown biotite crystals.
The tuff is 4 m thick, and the outcrop was traced laterally for 10 m before the exposures became
poor, at the base of the unit there are centimeter-sized pale felsic volcanic clasts. This tuft overlies
fine laminated beds with outsized clasts and is about 10 meters below the large felsic dropstone that
penetrates the laminated beds below (fig. 4D). All six dated zircon grains yielded concordant and
equivalent analyses with a weighted mean 2%6Pb/238U date of 690.08 =+ 0.19 Ma (MSWD = 0.97),

which is interpreted as the eruptive age (fig. 6E, table 1, table 2).

3.4.4 CHEMOSTRATIGRAPHY

The basal carbonates of the Matulka group are pervasively recrystallized, with carbonate veins and
fabric destructive dolomite decimating most of the primary sedimentary structures (fig. 4F). Iso-
tope data from these units are extremely scattered (fig. 7, supplementary table S3). In one section,
A1417, limestone with primary textures are preserved. Data from these samples is less scattered and
preserves stratigraphic trends (fig. 7, supplementary table S3). Particularly, these samples record a
negative 0 13C,arb excursion, with values trending from -4.22%o to -5.72%0 and then returning to
+3.99%0 and back to values just under o %o (Fig. 7). Carbon-oxygen cross-plots for the basal carbon-

ates in the Matulka group display covariance, possibly resulting from meteoric diagenesis (fig. 7).
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Figure 3.7: Top row: Matulka group stratigraphic sections and carbon isotope data. Bottom row: corresponding
carbon-oxygen cross plots. See figure 1 for location of sections, and figure 2 for lithology key.
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3.5 DiscussioN

3.5.1 GEOCHRONOLOGY

MAGMATIC AGES

Based on sections A1418 and A1416, the final reported dates and uncertainties of the Gataga Vol-
canics are weighted mean dates from populations of single zircons (fig. 8, table 2). This approach
weights each individual analysis according to its precision, so analyses with a small uncertainty con-
tribute more to the weighted mean than those with larger uncertainty. The mean squared weighted
deviation (MSWD) measures the coherence of the dataset and the scatter of the data that can be con-
sidered due to analytical factors alone and varies according to the number of data points in the cal-
culation (Wendt and Carl 1991; Condon and Bowring, 2011). The calculation of the weighted mean
date is based on the assumption of a single population with normally distributed errors, which re-
quires eliminating all zircons that suffer from lead loss or that are inherited (Condon and Bowring,
2011).

With regard to lead loss, the effects can be minimized by the selection of the best quality zircon
grains and aggressive chemical abrasion. Lead loss may still influence some high-U zircon grains, but
can be identified with high precision analyses (Bowring et al., 2006). Only in A1418-161.8, were there
were four grains that we interpreted as experiencing lead loss and were excluded from the mean
date (fig. 6B). Inheritance of older zircon grains can be a common occurrence in magmatic systems,
through the assimilation of the host rock, including only slightly older volcanic and plutonic rocks.
Older crystals or crystal with inherited cores can comprise more than 50% of the zircons recovered
from an ash (Bowring et al., 2006). For the samples, A1416-8.6 and A1418-326.1 both had two grains
that we interpreted as inherited (fig. 6A, 6D).

Despite the presence of a minority of zircon dates compromised by Pb-loss or inheritance, the
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Figure 3.8: Composite stratigraphy and geochronology results with magmatic ages for samples A1416-8.6, A1418-
161.8,A1418-207.5,A1418-326.1, and A1418-343.2. See figure 2 for lithology key.
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majority clusters of dates from the same A1418 section of member E (fig. 8), conform to the con-
straints of stratigraphic superposition in their range from 696.28 & 0.30 Ma near the base to 690.08+
0.19 Ma near the top. This ordering lends credence to the objectivity of the age assignments. The
weighted mean dates for the majority clusters of zircons in samples from A1418 and A1416 are fur-
ther interpreted as volcanic eruptive ages, as they are measured from stratigraphic horizons illustrat-
ing effusive and pyroclastic textures.

The efficacy of chemical over air abrasion is illustrated by sample A1416-8.6; the legacy age for
this volcanic from Ferri et al. (1999) was obtained on zircons that underwent air-abrasion to assist in
removing the outer portions of crystals more likely to have experienced lead loss. Five zircon frac-
tions were analyzed and a York II best-fit regression line through these variably discordant popula-
tions gave an upper intercept 206 /238U of 688.9 +9.5/-6.2 Ma or a 2°"Pb/2%6Ph age of 689.1 =
4.6 Ma. My age of 696.24 £ 0.82 Ma for the same horizon, based upon concordant and equivalent
206 /2381 dates, is ~7 Ma older due to the better mitigation of ancient lead loss using chemical
abrasion, which accesses and removes high-U open-system domains throughout the crystal. Com-
bined with the eruptive ages for section A1418, this new age verifies my correlation between the
exposures of member E, with the 696.28 & 0.30 Ma andesite at the base of member E at Matulka
Creek ridge representing an isochronous horizon with the 696.24 £ 0.22 Ma rhyolite from member

E west of Gataga Mountain (fig. 8).

DETRITAL SPECTRA

The detrital zircon spectra record a shift in sources between the Frog quartzite and the basal Gataga
Volcanics (fig. s5). Specifically there appears to be a more cosmopolitan source for the Frog quartzite
and a more local source or a source similar to the Great Bear Lake magmatic zone or Slave craton
for the basal Gataga Volcanics. The spectra from the Frog quartzite is similar to data from Tonian

quartzites elsewhere in the Cordillera that are interpreted to have been transported via a transconti-
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nental river system and recycling of material from the Grenville clastic wedge in northeast Laurentia
(Rainbird et al., 20125 Dehler et al., 2010; Yonkee et al., 2014). The textural and compositional ma-
turity of the Frog quartzite is also consistent with long transport. Similar lithological controls on
detrital zircon spectra have been observed in other Neoproterozoic units on Laurentia where ma-
ture sandstone contains abundant grains interpreted to have been sourced from the distal provinces,
whereas feldspathic quartzites tend to have more grains sourced from more local provinces (Dehler
et al., 2010; Yonkee et al., 2014). The youngest grains for each of the samples, the ca. 740 Ma detrital
ages in the Frog quartzite and the ca. 730 Ma detrital zircons in the basal Gataga Volcanics could be
sourced from basement, such as the 736+23/-17 Ma Hugh Allan gneiss (U-Pb zircon McDonough
and Parrish, 1991) and the 728+9/-7 Ma Deserters Gneiss (U-Pb zircon Evenchick, 1988). However,
these are imprecise ages, and examination of the original data reveals evidence for inheritance. The
ca. 740 detrital ages in the Frog quartzite also are similar to the 742 3= 6 Ma ash interpreted as the
depositional age of the uppermost Chuar Group in Arizona (Karlstrom et al., 2004).

Later, during the eruption of the Gataga volcanics we suggest that tectonic activity associated
with sedimentation and volcanism could have brought local sources to the surface. Thus the ca. 711-
714 Ma zircon grains in the base of the Gataga Volcanics could be locally sourced. Alternatively, they
could be from the 723-711 Ma Franklin LIP to the north (Heaman et al., 19925 Denyszyn et al., 2009a;

Denyszyn et al., 2009b).

3.5.2 IGNEOUS GEOCHEMISTRY

No new bulk geochemical data was collected, as data was already available from both from the
Gataga Volcanics and the Matulka group volcanics (Table 2 of Ferri et al., 1999). Geochemical data
from mafic rocks was replotted on the Th/Hf/Nb triangular discrimination diagram (fig. 9A) of
Wood (1980). Data clusters for both the Gataga Volcanics (PGm of Ferri et al., 1999) and the Mat-

ulka group (CPv of Ferri et al.,, 1999) fall in the alkaline within-plate basalts field.
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Figure 3.9: Volcanic zircon and bulk geochemistry: A. Wood diagram using geochemical data from the mafic Gataga
Volcanics (PGm) and mafic Matulka group volcanics (CPv) from Ferri et al. (1999), B. Cl Chondrite normalized REE
spider diagram for the mafic volcanics, data from Ferri et al. (1999), C. Primitive mantle normalized spider diagram for
the mafic volcanics, data from Ferri et al. (1999), D. Tectonic setting discrimination diagrams following figure 8 Yang et
al. (2012), overlaid with geochemical data from member E zircons.
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Additionally, when the normalized REE and trace elements are examined (trace elements nor-
malized to primitive mantle of Sun and McDonough 1989, and REE normalized to CI chondrite of
Mcdonough and Sun 1995), the data from the Matulka group volcanics display steeper signatures
and depletion in heavier elements then data from the Gataga Volcanics (fig. 9B and C). These differ-
ences suggest that the Matulka group volcanics are geochemically distinct from the Gataga Volcanics.

New geochemical data (supplementary table S2) from the zircon extracted from member E and
dated with LA-ICPMS were plotted on Nb/Hf versus Th/U and Th/Nb versus Hf/Th discrimina-
tion diagrams following the work of Yang et al. (2012). The data from the Member E of the Gataga
Volcanics (fig. 9D) generally fall in the field of within-plate magmatism rather than the arc/orogenic
field (Yang et al., 2012), consistent with volcanism related to anorogenic magmatism, such as rift-

related magmatism.

3.5.3 DEPOSITIONAL SETTING

FROG QUARTZITE.

Cross-bedded sandstone, including tidally influenced herringbone cross-stratification, and mud-
cracks, indicate that the Frog quartzite was deposited in a shallow intertidal or shoreface environ-
ment without evidence for glaciation. This is somewhat consistent with the original interpretation
of Ferri et al. (1999); however, we suggest that this was a clastic dominated succession, not carbon-
ate dominated. This is because we interpret the carbonates to the east of the Gataga Mountain
Thrust as being different from the Frog quartzite and deposited much later, the carbonates within
the Gataga Volcanics as being diagenetic carbonates, and the Matulka group carbonate strata is sig-

nificantly younger.
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GATAGA VOLCANICS.

As the depositional environment of the Gataga Volcanics is intimately connected to the interpreta-
tion of the exotic clasts, origin of the diamictites, we will first focus broadly on the various acceptable
depositional environments for members A-F, and then address the possibility of glacial influence.
The interbedded mafic pillow lavas, massive flows, fine-grained volcaniclastic breccia and interbed-
ded siltstone of member A are consistent with submarine to sub-ice shelf eruptions, as pillows are

a distinct feature of basaltic lavas erupted under water, ice, or an ice shelf. The fine-grained vol-
caniclastic breccia could be submarine epiclastic deposits and laminated siltstone further suggests

a deeper-water setting. Up-section, the deposition of interbedded mudstone, siltstone, massive mafic
flows, and pillows basalts of Member C suggest relatively deep-water quiescent periods interrupted
by volcanism that could be, at least in part, representative of a sub-aqueous or sub-ice shelf envi-
ronment. Member C also contains massive flat-topped flows with columnar joints, which can form
from rapid cooling due to post-solidification thermal contraction typical of subaerial flows, but is
also found in subglacial eruptions (Tuffen et al., 2001; Edwards et al., 2002). The pillows, flows and
volcaniclastic breccias of member D along with festoons and block and ash flows suggest higher en-
ergy pyroclastic deposits interbedded with effusive flows. The increased abundance of breccia in
member D compared with members A and C below could reflect a slightly more evolved magma
composition and increased magma viscosity, but could also be related to increased volatile content
or decreased hydroclastic pressures. It is difficult to determine if the deposits are subaqueous or sub-
glacial pyroclastic deposits or epiclastic deposits. The angular antidune clast suggests that the erup-
tions included fast low-density pyroclastic deposits (Cas and Wright, 1987). It may be expected that
subaqueous eruptions would produce dense pumiceous quench fragmented blocky hyaloclastite
fragments of silicic glass and hyaloclastite debris flow deposits. The combination of pillows and

pyroclastic flows suggest that member D was deposited in a shallow subaqueous or subglacial envi-
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ronment. The massive felsic volcaniclastic deposits of member E could represent subaqueous or sub-
glacial eruptions, in the form of hydrothermal explosion breccias, hyaloclastites, lahars, and block
and ash flows. Near the top of member E, the thinly laminated volcanic beds could be indicative

of airfall ashes and tuffs, ground or ash-cloud surge deposits, or epiclastic reworking of volcanically
derived sediment. The poorly exposed mafic gravel sized volcaniclastic deposits of member F marks
a return to more primitive magma composition. These rocks are poorly bedded and could repre-
sent a hydroclastic or pyroclastic deposits. In summary, the Gataga Volcanics sharply overly the
Frog quartzite and begin with subaqueous or subglacial mafic volcanism, and followed by contin-
ued mafic-intermediate subaqueous volcanism that interrupted relatively deep-water deposition of
graded beds of siltstone interpreted as thin turbidites (member A). Volcanism continued with more
felsic and explosive facies that were either erupted in a subaqueous or subglacial setting (members C
and D). Next, the most extensive deposits were massive to crudely layered felsic volcaniclastic brec-
cia, most likely of a subaqueous or subglacial origin consisting of hydrothermal explosion breccias
or hyaloclastites, although they could also represent subaerial block and ash flows (member E). The
uppermost clastic volcanics record a return to more mafic volcanism (member F). Overall, the pro-
gression of volcanism defines a magmatic system that is differentiating and becoming more felsic

through time.

DISCUSSION OF GLACIAL INFLUENCE WITHIN THE GATAGA VOLCANICS

Volcaniclastic breccias, columnar jointing, as well as clasts in basal and upper matrix-supported di-
amictite are present in the Gataga Volcanics and interbedded units are water-lain, consistent with
volcanic influenced deposition in either a sub-aqueous environment involving higher energy debris
flows or in a glaciomarine environment. The key question is whether the volcanic deposits indicate
subaerial, subaqueous or subglacial volcanism. Extensional tectonics can complicate interpretations,

as rifting can create accommodation space and considerable relief that can aid in mass wasting and
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debris flows. Alternatively rapid facies changes could be due to the heterogeneous nature of volcanic
deposits and volcanic environments. Ideally, the presence of glacially striated or faceted clasts, or
deposition on glacially scoured bedrock, can assist in distinguishing between glacial and non-glacial
environments.

The best-documented intra-glacial and sub-glacial volcanoes are from Iceland and also Antartica.
There, basaltic subglacial volcanoes display masses of pillow lavas followed by palagonitised breccias
and volcaniclastic deposits (Werner et al., 1996; Skilling, 2009). Rhyolitic eruptions consist primar-
ily of hyaloclastites and lava lobes followed by brecciated pumice and glass resulting from explosive
activity and fragments of obsidian and stony rhyolite related to brecciated lobes (Furnes et al., 1980;
Mathews, 1947; Cas and Wright, 1987). The Torfajokull volcanic complex, Iceland’s largest rhyo-
lite center is dominated by rhyolite erupted in subglacial and subaerial environments, with minor
basaltic hyaloclastites and fluvioglacial sediments (Tuffen et al., 2001). Subglacial volcanism is dis-
tinguished by the following features: 1) dominance of breccias, with evidence for magma-water in-
teraction (perlitised obsidian, blocky ash shards, fines-rich veins, matrix vesicles); 2) no evidence for
the existence of paleotopography which could have confined a non-glacial lake (Smellie and Skilling,
1994, Smellie and Hole, 1997); 3) columnar jointing suggesting that many lava bodies in the sequence
chilled against steeply inclined, sub-planar surfaces such as ice walls (Lescinsky and Sisson, 1998);

4) faceted clasts and a mud matrix consistent with a subglacial derivation (Tuffen et al., 2001); and
topographic features like flat-topped flows.

Glacial deposits are typically unsorted, angular, chemically immature and rarely contain clays.
Glaciomarine deposits are commonly dominated by till sheets that form near the ice-grounding line
when ice reaches a lake or sea and starts to melt, releasing glacial debris into the water. Till sheets
are also associated with turbidites, submarine debris flows, and storm deposits (Eyles et al., 198s;
Lonne, 1995; Wang and Hesse, 1996). Till sheet-debris flow facies associations can be difficult to

distinguish from non-glacial submarine debris flows, or if there is significant volcanic debris, from
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volcanic lahars, a mass of flowing volcanic debris intimately mixed with water (Jerram and Petford,
2011). Additionally lahars can entrain non-volcanic clasts and occur subaqueously, subaerially, or
subglacially when subglacial eruptions cause the ice to melt and generate high water content (Cas
and Wright, 1987; Jerram and Petford, 2011). Finally, large clasts can be transported long distances in
icebergs and as the icebergs melt, the clasts fall to the sea floor and typically land in muds, becoming
dropstones. Dropstones are associated with laminated mud (or other, shallower water deposits)
(Thomas and Connell, 198s; Postma et al., 1988).

Diamictite unit of Member A. The diamictite unit in member A occurs near the base of the
volcanics, between beds of explosive volcanic rocks. Outsized volcanic clasts, especially if they are
pumice clasts, could be emplaced directly through airfall from a volcanic source, but this is an un-
likely explanation for the polymict clasts we observed. In this case, the outsized clasts do not ap-
pear to be related to graded beds nor show evidence of imbrication, and some of the clasts are not
locally sourced. The pale mature quartzite clasts could be from the Frog quartzite below, but the
dark quartzite and the carbonate clasts have an uncertain origin. As many of the clasts display some
amount of rounding, that seems to argue against exotic clasts of unknown source having purely a
magmatic source, such as lithic clasts or wall rock derived from the magma conduit. We suggest that
the diamictite of member A is possibly a subglacial till sheet or lahar. However, we cannot rule out a
marine debris flow interpretation, as direct indicators of glacial sedimentation such as glacial faceting
and striating of clasts were not documented in this diamictite unit. As the diamictite bed is within
the stack of subaqueous volcanics, it is likely that the diamictite was deposited synchronously with
local volcanism and that the dates on the volcanic rocks also provide ages for the formation of the
associated diamictite units.

Diamictite and exotic clasts in Member E. Potential indicators of a glacial influence include ex-
otic clasts such as the rounded granite clast near the base of Section A1419, as well as laminated silt-

stone and carbonate clasts. However, the dominant clast and matrix lithologies are volcanic and ho-
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mogeneous, which suggests that any potential glacial influence was overwhelmed by the volcanic in-
fluence. Near the top of member E, the thinly laminated volcanic beds could be indicative of airfall
ashes and tuffs, ground or ash-cloud surge deposits, or epiclastic reworking of volcanically derived
sediment. Additionally, within these units, diamictites with bed penetrating dropstones that de-
form laminations suggest a glaciogenic origin. However, in volcanic settings, dropstones of country
rock or volcanic rocks can form as near vent ballistic blocks and bombs, particularly in phreatomag-
matic eruptions (Cas and Wright, 1987). We neither observed bread-crust textures characteristic of
volcanic bombs nor faceted or striated clasts to distinguish between these two depositional settings.
Taken together, we suggest the volcanic facies preserved at Gataga Mountain are similar to those
described from sub-ice settings in Iceland and Antartica (for example Furnes et al., 1980; Mathews,
1947; Cas and Wright, 1987; Tuffen et al., 2001; Smellie and Skilling 1994, Smellie and Hole 1997) and

are broadly consistent with eruption in a sub-ice to subaqueous setting below an ice shelf.

IRON FORMATION

The return of iron formation to the sedimentary record is a distinctive characteristic of the Sturtian
glaciation (Macdonald et al., 2010b; Cox et al., 2013) and has been previously documented in several
other basal glaciogenic units of the Windermere Supergroup (Klein and Beukes, 1993, Halverson et
al., 20115 Macdonald et al., 2010a; Cox et al., 2013; 20155 Baldwin et al., 2016). Neoproterozoic iron
formation has classically been linked to Snowball Earth and the idea that ice cover would restrict
ocean-atmosphere O3 exchange, leading to bottom-water stagnation (Kirschvink, 1992; Klein and
Beukes, 1993). However, recent syn-Snowball ocean circulation models suggest that ocean mixing

is just as vigorous during a Snowball glaciation as it is during ice-free times (Ashkenazy et al., 2013).
Moreover, the classic model would predict that the iron formation should form during deglaciation
when the ocean and atmosphere mixed and oxygenated runoft provided and oxidant to drive insol-

uble Fe-oxide precipitation; however, iron formations are not restricted to the top of glacial deposits
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but instead tend to be associated with glaciation, localized in semi-restricted rift basins (Macdonald
et al., 2013b; Cox et al., 2013). The stratigraphy and geochronology at Gataga Mountain suggest that
iron formation was deposited early in the Sturtian glaciation. The association with the Gataga Vol-
canics is consistent with a volcanic, hydrothermal iron source (Cox et al., 2013; 2015) and the role of

local restriction in rift basins providing protection from eddy mixing (Ashkenazy et al., 2013).

MATULKA GROUP

The ooid grainstone and laminated siltstone and sandstone of the Matulka group were deposited
during non-glacial conditions. Ferri et al. (1999) suggested that the clastic units of the Matulka
group could be correlated with coarse clastic rocks further north, and the rapid changes in facies

of the associated units were due to block faulting related to extensional tectonism, consistent with
syn-sedimentary alkalic volcanism. We propose that the ooid grainstone was deposited in an agitated
carbonate bank or shoal. A high-energy subtidal depositional setting associated with tidal sand bars
and/or a migrating barrier complex is needed to generate the ooids, and, in section Ar419, the large
rip up clasts of carbonate suggest storm or wave activity. The overlying finely laminated graded beds
of the maroon-green siltstone display no evidence for storm or wave activity and could indicate an
overall deepening of the basin. Finally, near the top, the renewed carbonate deposition and imma-

ture sandstone suggest a shallowing of the basin along with new proximal detrital input.

UNCONFORMITIES

My stratigraphic data, map relationships, and age model imply two unconformities in the sequence.
The first, between the Frog quartzite and the Gataga volcanics, is suggested by the sharp contact
and the dramatic change in environment. For the Gataga Volcanics, the depositional environment
dramatically changes from the shallow shoreface environment with desiccation cracks of the Frog

quartzite to the deeper water epiclastic volcanic deposits, basalt flows as well as the laminated silt-
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stones and glacially influenced diamictite of the basal Gataga Volcanics. This major change in depo-
sitional environments along with the sharp contact between the two suggests that there may be an
uncertain amount of time missing.

Second, there is likely an unconformity with significant time missing between the Gataga Vol-
canics and the Matulka group. The map relations and the truncation of member F of the Gataga
volcanics into carbonate of the Matulka group suggest an angular unconformity. The lack of simi-
larity in the volcanic geochemistry between the Gataga Volcanics and the Matulka group volcanics
further indicates that the Gataga Volcanics are distinct from the Matulka group and the Matulka
group likely does not conformably overly the volcanics. We propose that the rift related volcanics of

the Gataga Volcanics and the Matulka volcanics represent two separate rift-related volcanic events.

3.5.4 REGIONAL CORRELATIONS

Regional equivalents of the Gataga Volcanics include the broadly distributed massive diamictite and
stratified glacial deposits with coarse-grained ice-rafted debris of the Rapitan Group in the Ogilvie
Mountains (Eagle Creek formation) (figs. 10 and 11), and the Mackenzie, and Wernecke Moun-

tains (Mount Berg, Sayunei and Shezal) (fig. 1x). In the Ogilvie Mountains, a glaciogenic origin

for the Rapitan Group is confirmed by the presence of faceted and striated clasts, bed-penetrating
dropstones, common outsized and exotic clasts and glacial push structures in the Eagle Creek For-
mation (Macdonald et al., 2011; Macdonald et al., 2010a; Strauss et al., 2014b). In the Mackenzie

and Wernecke Mountains, the Rapitan Group depositional environment has been interpreted as a
glacially influenced marine setting, based on the presence of lonestones, striated clasts, and till pellets
in otherwise fine- to medium-grained turbiditic rocks (Young, 1976; Eisbacher, 1981; 1985). Addition-
ally, the Rapitan Group contains jasper-hematite iron formation that can be as much as 100 m thick
(Eisbacher, 1981; Yeo, 1981; Baldwin et al., 2016).

In the Ogilvie Mountains, the Eagle Creek Formation is underlain by the Mount Harper Vol-
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Figure 3.10: Composite chemostratigraphy and regional correlations of the Gataga Volcanics with strata in the Coal
Creek inlier in northwestern Canada (Macdonald et al., 2013b). See figure 2 for lithology key.
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canics. A rhyolite dome near the top of the volcanics was dated with CA-ID-TIMS U-Pb zircon at
717.43 £ 0.14 Ma and a tuft within the overlying diamictite was dated at 716.47 &= 0.24 Ma (Macdon-
ald et al., 2010a). Although we broadly correlate the Gataga Volcanics with the Sturtian glaciation,
the presence of 707 Ma detrital zircon near the base of member A suggests that much of the early
stage of glaciation is missing and that the Gataga Volcanics are not strictly correlative with the Mt.
Harper Volcanics. This is also consistent with an unconformity at the base of the Gataga volcanics.

Farther south, near the British Columbia-Yukon border, Neoproterozoic strata outcrops near
Toobally Lake and Pool Creek. At Toobally Lake, there are outcrops of the massive, orange weath-
ering, mud matrix-supported glacial diamictite of the Toobally Formation as well as overlying alkali
basalt tuffs and breccia (Pigage and Macnaughton, 2004; Pigage, 2006; Pigage, 2009). Samples were
analyzed with laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), and two
young zircons were isolated from the one sample from the Toobally Formation (653.1 & 2.9 Ma,
649.0 & 2.9 Ma with 10 error, Pigage, 2009). However, these ages should be viewed critically since
only two young zircon grains were isolated and U-Pb microbeam techniques are not always as pre-
cise and accurate as needed. Typical dates from U-Pb microbeam techniques such as LA-ICPMS
have 20 uncertainties that are about an order of magnitude larger than for ID-TIMS (Condon and
Bowring, 2011), and although the dates from the two techniques usually overlap, in some cases the
standard deviation of spot analysis date on a single zircon will not encompass the ID-TIMS date on
that zircon (Schoene, 2014).

In the Pool Creek area, outcrops of pale quartz-rich sandstone and green argillite with volcanic
clasts are exposed and appear to be intruded by the Pool Creek Syenite (Allen et al., 2001; Pigage,
2006; Pigage, 2009; MacNaughton et al., 2014). Some samples were analyzed with LA-ICPMS, but
only one young zircon with large error was obtained from the argillite unit (654 &= 25 Ma with 10
error- Pigage, 2009). Zircon fractions isolated from the Pool Creek Syenite underwent ID-TIMS

(without chemical abrasion) and displayed very strange U-Th-Pb systematics, with very low U con-

99



SE Canadian

Ogilvie Mts.  Mackenzie Mts. Selwyn Basin Gataga Mt. Cordillera  NEWashington  C.Idaho S.Idaho
(1234,5) (1,2,5) (6) (7.8) (9,10,11) (12,13) (14,15,16) (16,17)
o Narchilla Fm Badshot Fm
- o
550 Risk <Z( Aljae Fi 3
. =
c P Gametrail E Ma(ulkig <§(
© T Missouri Ridge
| June beds =
o |w o - =
5[5 3 3 3
—.8 o Q
600 5 =) g m %
i Sheepbed Sleceeed 'J—_: Goldman Cut
632.3¢5.9 Ma m
O] Ravensthroat . avensthroat @ | | | =
mE = :
s oo e ks Voorss Saton | [ Soout—|
gl T
c 434,
OC.) . Mountain
o 2 z o
o I Z <
e :
700 4 é [=—Shedroof / o
Huckleberry
% § 7632214‘7 Ma
% Q[ SedlaPass || o
c < R739.9:6.5 Ma @
|9 I Callison Lake |<_( e
=
SHRRRRARAS

A O D icte e [y s oo gt
idetrital U/Pb zircon age iron formation| sandstone hiatus WV angular unconformity Formation

Re/Osage X Ar/Arage carbonate conglomerate not exposed [___]duration of glaciation ~ Member
[ 7] interpretation lacks age constraints

Figure 3.11: Correlation chart of key Windermere Supergroup successions on the western margin of Laurentia.
Schematic stratigraphy and age constraints are modified from: (1) Macdonald et al., 2010a; (2) Macdonald et al.,
2013b; (3) Strauss et al., 2014a; (4) Strauss et al., 2015; (5) Rooney et al., 2014 and 2015; (6) Moynihan, 2014; (7)
This study; (8) Ferri et al., 1999; (9) Warren, 1997; (10) Kendall et al., 2004; (11) Devlin, 1989; (12) Brown et al., 1994;
(13) Miller, 1994; (14) Lund et al., 2003; (15) Lund et al., 2010; (16) Fanning and Link, 2004; (17) Keeley et al. (2013).
Also highlighted are potential durations for the Sturtian (717-662 Ma) and Marinoan (655-635 Ma) Snowball Earth
glaciations. Dashed boxes highlight interpretations that lack supporting geochronological data.

100



tents and very high Th contents (Pigage and Mortensen, 2004). In addition to the atypical U and
Th concentrations, most of the zircon fraction analyses were scattered along the concordia rather
than on it, likely reflecting the effects of post-crystallization Pb-loss (Pigage and Mortensen, 2004).
The resulting U-Pb isotopic dating of zircon fractions from the different intrusive phases resulted
in a cluster of ages of 640-650 Ma for the Pool Creek Syenite and associated dykes (Pigage and
Mortensen, 2004). The Pool Creek Syenite is not known to intrude the Toobally Formation.

In general, the work on the Neoproterozoic strata in the Toobally Lake and Pool Creek area
suffers from imprecise geochronology and poor exposure that limits conclusive interpretations of
the stratigraphic relationships and regional correlations. The Toobally diamictite was suggested to
be Marinoan in age as the preferred depositional age was 650 Ma based on the detrital zircon LA-
ICPMS ages (Pigage, 2009). Furthermore, the Toobally Formation was previously correlated with
the Stelfox member of the Ice Brook Formation in the Mackenzie Mountains and with the Vree-
land Formation to the south (see discussion below) based the stratigraphic position of the Toobally
Formation beneath lower Cambrian strata and on the presence of lithological similarities. One such
similarity was a parallel laminated dolostone, at least 2om thick and low in the Toobally succession,
with similarities to Marinoan cap carbonates (Pigage and MacNaughton, 2004). This dolostone was
interpreted to be an olistolith as its bedding was dramatically different from the regional dip of the
Toobally Formation and folding was unlikely to cause the difference (Pigage and MacNaughton,
2004). No similar cap carbonate was observed to overlie the Toobally Formation (Pigage and Mac-
Naughton, 2004; Pigage, 2009). It was argued that the absence of a cap carbonate might indicate
non-deposition or erosion above the Toobally Formation (Pigage and MacNaughton, 2004). How-
ever, considering the uncertainty in the lithological correlations and in the LA-ICPMS ages, it is also
possible that the Toobally diamictite and overlying volcanics are correlative with the Gataga Vol-
canics.

To the south in the central Rocky Mountains, correlatives of the Gataga Mountain sequence
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may be non-exposed, or could potentially correlate with the Vreeland Formation, which has previ-
ously been assigned a Marinoan age (Smith et al., 2011; McMechan, 2000; McMechan, 2015). Vree-
land formation was originally suggested to be correlative with the Sturtian glacial deposits (Slind
and Perkins, 1966), the revision was due to cap carbonate features, mapping relations, and its strati-
graphic height in the Windermere succession combined with pre-existing age constraints. The Vree-
land formation is overlain by a limestone cap carbonate and laminated dolomite olistoliths with
negative 0 13C arp values that were correlated with Marinoan cap dolomites (McMechan 2000).
However, in some cases, such as in the Ogilvie Mountains, strata between the Sturtian glacial de-
posits and Marinoan cap carbonate is only a few tens of meters thick (Macdonald et al., 2010a) or
absent (Macdonald et al., 2013a). The current mapping relationships of the Vreeland formation
suggests laterally continuous facies and stratigraphic continuity, while the Rapitan shows evidence
of syn-sedimentary tectonism (Eisbacher 1981), which has led authors to suggest that the Vreeland
post-dates major tectonic-activity at the base of the Windermere. Despite these lines of evidence for
a Marinoan age for the diamictite, we want to point out that in some places the Vreeland formation
has been documented as demonstrating rapid facies into grits and argillites of the lower part of the
McKale formation, which might be more consistent with a Sturtian age (McMechan, 1990).

Finally, as the Vreeland Formation lacks any geochronological constraints, the key argument for
its being Marinoan is that it is well above the base of the Windermere succession. This assertion was
based on the observation that it was underlain by at least 568 meters and interfingers with 150 me-
ters of siltstone, argillite and calcareous siltstone of the Paksumo formation near Paksumo Pass and
in the Deserters Range by unnamed succession of chloritic wacke, quartzite, pelite and minor lime-
stone (as well as minor amphibolite), non-conformably overlying the 728+9/-7 Ma Deserters Gneiss
(U-Pb zircon Evenchick, 1988). Because previous estimates of the age of the basal Windermere were
770 Ma, authors assumed that the Vreeland was much older than the Toby and Rapitan Diamic-

tites, and thus must correspond to the younger glacial interval, not the older. With the updated age
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constraints (eg. Macdonald et al., 2010; Strauss et al., 2014; Rooney et al., 2015), this argument may
be less persuasive than it was previously. Finally, we want to point out that the Vreeland diamictite
expands to over a kilometer in thickness, and Sturtian-age diamictites are commonly thick in the
Cordillera whereas Marinoan diamictites are often thin or absent (for example Macdonald et al.,
20133; Eisbacher, 1978). Consequently, we suggest that Vreeland Formation may be correlative with
the Gataga Volcanics, the Rapitan Group and the Sturtian glaciation, however, we acknowledge that
this goes against several lines of evidence that suggest that the Vreeland may in fact be younger.

In southern British Columbia, we correlate the Gataga Volcanics with the undated glaciogenic
Toby Formation and the localized rift-related mafic volcanic rocks of the Irene Formation (fig. ).
The Toby Formation is gradationally overlain by mafic basalt flows, basalt breccia, and pillow basalts
of the Irene Volcanics (Brown et al. 1994; Warren, 1997). The pillows are observed to have chilled
margins and minor intrapillow micrite. There are also mafic tuff, tuff breccia and hyaloclastic. At
the top of the Irene Volcanics occurs a 100 m thick conglomerate (Brown et al. 1994). In Washington
State, these units are likely correlative with the Huckleberry Formation, the Shedroof Conglomerate
and Leola Volcanics (Miller, 1994).

Further south, we correlate the Gataga Volcanics with the Edwardsburg Formation and the Ban-
nock Volcanic Member of the Pocatello Formation of southeastern Idaho (Lund et al., 2003; Fan-
ning and Link, 2004; Keeley et al., 2012). Although both the Edwardsburg and Pocatello formations
include poorly sorted, matrix-supported diamictites, a glacial origin for the Edwardsburg Forma-
tion has not been established. The Edwardsburg Formation has been dated by SHRIMP methods
on zircon to 685.6 = 7 Ma (Lund et al,, 2003). A glacial origin has been demonstrated for the Scout
Mountain Member of the Pocatello Formation, and epiclastic deposits at Oxford Mountain have
been dated with CA-IDTIMS at 68s.5 &+ 0.4 Ma, providing a maximum depositional age constraint
for the upper portion of the glacial succession (Keeley et al., 2012).

We attempted to constrain the age of the Matulka group and associated volcanic rocks using the
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carbon isotope chemostratigraphy, but this was hindered by the lack of definitive trends, the domi-
nance of scatter and highly altered nature of the carbonates. Based on the data from the less recrys-
tallized carbonates (A1417), we compared the Matulka group with strata in the Coal Creek inlier,
Ogilvie Mountains (fig. 10), which also overlie volcanic rocks (Macdonald et al., 20105 2013b). Using
this comparison we suggest that the Matulka group could be correlative with the PH4 in the Coal
Creek inlier, both displaying broadly similar stratigraphy and correlative carbon isotope trends, with
negative excursions in the middle of the section, and at the top, swinging to positive values around
+4%o and then back towards 0%q. In the Mackenzie Mountains the Sheepbed Formation, which
underlies PH4 in the Coal Creek inlier, has been dated to 632.3 £ 5.9 Ma (Re-Os from Rooney et
al., 2015), while strata correlated with PH4 have been suggested to be ca. 570 Ma due to preserved
Ediacaran biota (Macdonald et al., 2013b). Thus, we suggest that the Matulka group may be younger
than 630 Ma, and likely close to ca. 570 Ma. This is also consistent with the suggested unconformity
between the Matulka group and the underlying Gataga Volcanics.

In addition to the strata exposed in the Ogilvie Mountains, the Ediacaran-Cambrian Hyland
Group is exposed in the Selwyn Basin in the southern Yukon, where there is a similar sequence of
carbonate followed by maroon mudstone and additional carbonate and siliciclastic strata (fig. ).
The Hyland Group consists of the Yusezyu, Algae, and Narchilla formations (Colpron, 2012). The
Yusezyu Formation is dominated by brownish-grey shale, sandstone and grit (pebbly sandstone), be-
coming calcareous near top of formation (Colpron, 2012). The basal Algae formation includes 250-
350 m thick of pale to dark grey, thinly to medium-bedded cliff-forming limestone and dolostone
with ooids, intraclasts, cross beds and minor chert. There is an irregular erosional surface between
it and the overlying Cambrian Narchilla Formation. The Narchilla Formation is an almost 1 km
thick deformed sequence of dominantly fine-grained clastic rocks. In some localities, the Narchilla
Formation has been divided into two members, one dominated by grey siltstone and shale, and one

dominated by maroon and green argillite with a distinct contact between them (Cecile, 2000). In
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other localities, the Narchilla Formation is observed to have a highly variable basal siliciclastic to
conglomeratic-grit member overlain by a thin-bedded bioturbated green, mauve or maroon mud-
stone, siltstone, and shale, with some sandstone-rich intervals (Moynihan, 2014). Lithological corre-
lations would suggest that the basal Matulka group could be correlative with the Algae Formation,
and the Maroon-siliciclastic member is correlative with the Narchilla Formation, suggesting that the
Matulka group could be as young as Cambrian.

Further south, the Matulka group may correlate with the Hamill Group in the SE Canadian
Cordillera (Devlin, 1989; Warren, 1990; Colpron et al., 2002), the Three Sisters Formation in north-
east Washington (Miller, 1994), and the Missouri Ridge and Mutual/Inkom formations in Idaho
(Lund et al., 2003; Christie-Blick 1997; Link et al., 1993). Most of these units include carbonates and
siliciclastics, as well as volcanic deposits in two cases (fig. 11). My suggested correlation of the Mat-
ulka group with later Ediacaran age strata is influenced by the known existence of Hamill Group

volcanics already dated to later Ediacaran time.

3.5.5 RIFT HISTORY

Although my new data do not resolve uncertainties related to the paleogeography and identity of
the conjugate continent, or the geometry of rifting along the western margin of Laurentia, it does
bear on the timing and number of rift events. As rifting is connected to alkalic igneous rocks and
coarse sedimentation, more data on those sequences assists in understanding those connections.
Several authors favor discrete rift events rather than protracted rifting, such as Colpron et al. (2002)
who suggested that there were two stages for the rifting leading to continent separation, with the
first stage of rifting at 750 Ma to 700 Ma and a second stage of rifting at 60o-570 Ma. My data, along
with recent geochronology from Yukon and Idaho suggest that most of the rift-related magmatism
occurred between 716-660 Ma (Macdonald et al., 2010a; Keeley et al., 2012). This appears to be dis-

tinct from the ca. 775 Ma magmatism associated with the Gunbarrel LIP (Harlan et al., 2003; Mil-
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ton et al., 2014) and the subsequent 775-717 Ma subsidence in the ChUMP basins and equivalents in
Canada.

Our new ages for the Gataga Volcanics suggest a <707 Ma maximum depositional age for the
basal Gataga Volcanics and include 696-690 Ma magmatic ages for upper felsic Gataga Volcanics.
Furthermore, the volcanic and zircon geochemistry suggest anorogenic rift type volcanism.

When considering this rift stage and the Gataga data in relation to other sections along the mar-
gin (fig. 1), rift related volcanism in the northern Coal Creek inlier of the Yukon occurred predom-
inantly prior to ca. 717 Ma, perhaps triggered by the Franklin LIP. We suggest that the Gataga vol-
canism is part of a pulse of ca. 710-685 Ma magmatism further south along the western margin. In
central Idaho, the mixed diamictite and volcanics of the Edwardsburg have a basal 68517 Ma mag-
matic age (SHRIMP U/Pb zircon), and an upper 684+4 Ma magmatic age (SHRIMP U/Pb zir-
con) (Lund et al., 2003). Also, in southern Idaho, within the lower Scout Mountain member of the
Pocatello formation, zircon from reworked tuffs have been dated to <68s.5 + 0.4 Ma (detrital CA-
IDTIMS U/Pb zircon; Keeley et al., 2012), and <705 £5 Ma (detrital SHRIMP U/Pb zircon; Keeley
etal,, 2012). Although these deposits are not primary, the zircon provenance does appear to be prox-
imal (Keeley et al., 2012). In addition, near the top there is a 717 -4 Ma (SHRIMP U/Pb zircon) age
on a porphyritic silicic clast (Fanning and Link, 2004) has been used to suggest protracted volcan-
ism in that area spanned 30 Myr. There may be an additional pulse of younger magmatism that is
hinted at in overlying units, with a 66416 Ma magmatic age (SHRIMP U/Pb zircon; Lund et al.,
2010) on a tuff within an upper diamictite in Central Idaho, and in southern Idaho, a <667+5 detri-
tal age (SHRIMP U/Pb zircon concordia; Fanning and Link, 2004) from a reworked tuff within an
upper sandstone.

Geochemically distinct volcanism in the non-glacial Matulka group is likely related to a younger
episode of rifting. We propose that the Matulka group is broadly correlative with unit PH4 in the

Yukon, and with the Hamill-Gog Group in southern British Columbia, which contains volcanics
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dated with U-Pb TIMS on zircon at 569.6 + 5.3 Ma (Colpron et al., 2002). Additionally, in the
Gataga area, the volcanics in the Matulka group are overlain by a Cambrian conglomerate unit
(Cgm) that is potentially rift related, which suggests that extension may have been active from the

Ediacaran to earliest middle Cambrian.

3.5.6 CRYOGENIAN GLACIATION

Existing geochronological constraints on the Sturtian glaciation from the Rapitan Group in the
Ogilvie Mountains demonstrate that it started by ca. 716 Ma (Macdonald et al., 2010a). If the Stur-
tian glaciation lasted >s5 million years (Rooney et al., 2014; 2015), then the diamictite units within
the Gataga Volcanics likely were deposited during the Sturtian glaciation. The volcanic stratigraphy
of the Gataga Volcanics is consistent with eruption in sub-glacial conditions, with evidence for ca.
690 Ma glaciation in the Gataga area including cosmopolitan clasts, diamictite, and dropstones. The
detrital age from the Frog quartzite gives a maximum age constraint of <735 Ma on the onset of the
glaciation in the area. Additionally we provide a maximum age constraint at the base of Member A
of <707 Ma, about 10 meters below the basal diamictite, but above the contact between the Frog
quartzite and the Gataga Volcanics.

Near the border of Yukon and the Northwest Territories, a detrital zircon CA-ID-TIMS U-Pb
date of 711.34 & 0.24 Ma was reported from the Sayunei Formation and used to argue that onset of
the Sturtian glaciation was not synchronous on the Laurentian margin (Baldwin et al., 2016). How-
ever, the sample was collected at the top of the Sayunei Formation from a cross-bedded hematitic
siltstone beneath a thin iron formation, just below the transition from the Sayunei to the Shezal
Formation (Baldwin et al., 2016). In the measured section from which they collected this sample
from, there is about 200 m of Sayunei Formation below the sample, but the base of the section was
not exposed. Typically, the Sayunei Formation is several hundred meters thick and sits above an un-

conformity of unknown duration, likely related in part to glacio-eustatic sea level fall and in part
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to syn-depositional faulting (Eisbacher, 1981; 1983). Thus, the 711.33 £ 0.25 Ma date is a maximum
age constraint for the top of the Sayunei Formation and base of Shezal Formation, and is consistent
with synchronous onset of the Sturtian glaciation by ca. 716.5 Ma. Similarly, for the Gataga Vol-
canics, we suggest that there is an unconformity with an uncertain amount of time missing at the
base, and the only maximum constraint we have on the onset of glaciation is the <735 Ma detrital

zircon constraint from the top of the non-glacial Frog Quartzite.

3.6 CONCLUSIONS

Here we report new ages for the Gataga Volcanics with a <707 Ma maximum depositional age for
the basal Gataga Volcanics and 696-690 Ma eruptive ages for upper felsic Gataga Volcanics. Evidence
for ca. 690 Ma glaciation includes cosmopolitan clasts, diamictite, and dropstones suggestive of
sub-glacial volcanism during the Sturtian Snowball Earth glaciation. Finally, the correlation of the
Matulka with the Upper group in the Yukon indicates that there could be significant time missing
between the Gataga Volcanics and the Matulka group, and that there are thus two episodes of exten-
sion, basin formation, and magmatism recorded at Gataga Mountain. The first episode includes the
Gataga Volcanics and associated volcanism, and is part of southward propagating extension along
the western margin of Laurentia. This volcanism is tentatively syn-glacial in the Gataga area. A sec-
ond occurrence of geochemically distinct anorogenic/rift-related volcanic rocks occurs in the non-
glacial Matulka group, which we correlate with ca. 570 Ma volcanism and basin formation along the

margin.
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Paleomagnetism of the Chuar Group and
evaluation of the 780-720 Ma Laurentian
apparent polar wander path: implications

for the makeup and breakup of Rodinia

41 ABSTRACT

During the Neoproterozoic Era (1000-541 Ma) the Earth experienced global glaciations, the diversi-

fication of crown group eukaryotes, and potentially a second great oxidation event, all of which are

A version of this chapter is being prepared for publication: Eyster, A. E, Weiss, B. P., Karlstrom, K. E.,
Kremers, J., Macdonald, F.A. in prep for EPSL, AJS or GSAB
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commonly associated with the breakup of the supercontinent Rodinia. However, both the makeup
of Rodinia and the timing of breakup remain poorly constrained. Current paleomagnetic recon-
structions depict the breakup of the Cordilleran western margin of Laurentia at ca. 780-750 Ma.
Meanwhile, geological data from the Cordillera suggest that rift-related volcanism occurred predom-
inantly between 720-680 Ma and at ca. 570 Ma, and that the eventual development of the passive
margin did not occur until the Precambrian-Cambrian boundary at ca. 540 Ma. Here I report new
paleomagnetic data from the 780-729 Ma Chuar Group of the Grand Canyon Supergroup, and
re-evaluate paleogeographic models for the makeup and breakup of Rodinia along the Cordilleran
margin of Laurentia. The new poles are preserved in hematite and magnetite, and the primary na-
ture of this paleomagnetic direction is supported by five of the seven Van der Voo (1990) reliability
criteria. In addition to this primary direction, pervasive mid to high temperature overprints car-
ried by hematite were identified. I incorporated these updated paleomagnetic poles with recent
geochronological data and existing paleomagnetic data to present a new and revised ca. 780-720

Ma Laurentian Apparent Polar Wander Path. Having examined the 780-720 Ma paleomagnetic
database of other cratons, I present reconstructions for 780 Ma, 750 Ma and 720 Ma, and conclude
that the dataset is most consistent with a modified AUSMEX configuration at both 780 Ma and
750 Ma (as well as 1070 Ma). Moreover, I do not find a good match for a rifted conjugate margin on
any major craton. I conclude that there may not have been a conjugate margin for the Cordilleran
western Laurentia and that instead 780-720 Ma tectonism was associated with right-lateral strike
slip motion along the present day Mexico margin and associated minor extension on the Cordilleran
margin. On the northern Laurentian margin, rifting was initiated by the Franklin LIP at ca. 720 Ma,
with magmatism and extension propagating south down the margin (in present day coordinates).
This scenario does not necessitate the separation of a major craton from the Cordilleran margin

of Laurentia during the Neoproterozoic and suggests that instead the rift-drift transition near the

Precambrian-Cambrian boundary may have been the result of the rifting of a ribbon continent with
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Laurentian affinity.

4.2 INTRODUCTION

The identification of the supercontinent Pangea and the associated concept of the changing sur-
face configuration of the continents dramatically changed our understanding of the Earth and its
dynamics. Now the theory of plate tectonics includes detailed reconstructions of plate speeds and
configurations over the past 200 million years, spanning the tenure of Pangea. Paleogeographic re-
constructions of earlier eras are more uncertain. Multiple authors have proposed temporal cyclicity
to supercontinent amalgamation and breakup continuing back into the Proterozoic (Li et al., 20065
Zhong et al., 2007; Nance et al., 2014; Murphy et al., 2009), yet beyond the Pangea, the supercon-
tinent cycle remains hypothetical. Tectonics and continental configurations associated with super-
continent cycles may drive climate and evolutionary change on geologic timescales. For example, the
breakup of supercontinent Rodinia has been implicated in the initiation of Snowball Earth (Li et
al., 2008; Kirschvink et al., 19925 Godderis et al., 2004). The existence and timing of supercontinents
throughout Earth’s history may influence many other aspects of the long-term Earth system, from
the core to the atmosphere (Reddy and Evans, 2009, Nance et al., 2013). To investigate this super-
continent cycle and its connection to the rest of the Earth system, first the timing and configuration
of each potential supercontinent must be resolved. The most recent supercontinent, Pangea, is the
best understood. The timing and configurations of earlier supercontinents, Gondwana, and espe-
cially Rodinia, are less well constrained.

There is general agreement that Earth’s continental crust assembled to form the supercontinent
Rodinia in the late Mesoproterozoic and early Neoproterozoic. Rodinia is thought to have been
produced by collisional events of broadly Grenvillian (late Mesoproterozoic) age, and to have been

relatively long-lived (ca. 1100-750 Ma) (McMenamin and McMenamin, 1990; Hoffman, 1991). A
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plethora of different reconstructions, many of them with a strong focus on paleomagnetic data,
have been published and most conclude that crustal blocks rifted apart from western/Cordilleran
Laurentia by 750 Ma (Meert and Torsvik, 2003; Cawood, 200s; Li et al., 2008; Sears and Price, 1978;
Moores, 1991; Hoffman, 1991; Dalziel, 1997; Sears and Price, 2003; Pisarevsky et al., 2003; Li et al.,
2008; Evans, 2009; Fu et al., 2015; Merdith et al., 2017). Despite over 25 years of work on Neopro-
terozoic paleogeography, there is still little agreement on the composition of Rodinia and the timing
of its demise. Despite the differences, these models all have Laurentia forming the core of Rodinia
because Laurentia was surrounded by Cambrian passive margins suggested to have formed during
the supercontinent’s breakup in the late Neoproterozoic (Bond et at. 1984; Hoffman et al., 1991).

The age of rifting predicted from paleogeographic models is very different than the age predicted
from geological work on Cordilleran Laurentia. The rift history of the Cordillera is recorded in the
Windermere Supergroup of the U.S. and Canadian Cordillera (Fig 2A; Ross 1991; Link et al. 1993).
The Windermere Supergroup is commonly divided into three main stratigraphic ensembles: 1) nar-
row fault-bounded extensional basins referred to as the ChUMP basins (Dehler et al., 2007; Dehler
etal., 2017; Macdonald, et al., 2013; Strauss, et al., 2014; Smith, 2015), 2) Cryogenian siliciclastic and
volcanic successions often interbedded with glacial diamictites that have been interpreted as rep-
resenting rift basins, and 3) a more widespread succession of Ediacaran carbonate and siliciclastic
strata, composed largely of turbidites, that are widely interpreted to be related to subsidence and
the initiation of passive margin sedimentation (Stewart, 1972; Ross, 1991; Jefferson and Parish, 1989;
Eisbacher, 1979; Colpron et al., 2002; Macdonald et al., 2013b).

Although evidence for ca. 780 Ma volcanism is present in the form of sills and dikes and basalts
associated with the Gunbarrel event (Harlan et al., 2003; Milton et al., 2017), these volcanics are very
local along the margin. The ChUMP basins themselves display similarities to cratonic basins and
lack abundant volcanics (Dehler et al., 2007; Dehler et al., 2010). It is suggested that these basins

could have been connected during eustatic highs, making an epeiric sea called the “ChUMP seaway”

112



(Dehler et al., 20105 2017). At the same time to the north, there is evidence for some transpressional
faulting (e.g. Eisbacher, 1978; Thorkelson et al., 2001) and fault-influenced deposition of carbonate
platforms (Strauss et al., 2014).

The most abundant volcanism in the lower Windermere Group did not occur until ca. 720 Ma,
with the eruption of the Franklin LIP near centered on northern Canada. 720-660 Ma volcanic
rocks with rift-related geochemical signatures are also found in the central and southern Canadian
Cordillera and in Washington, Idaho, and Death Valley (Miller, 198s; Miller, 1994; Brown, 1995; Kee-
ley et al., 2012; Lund et al., 2010). This volcanism has been dated at 717 Ma in the Yukon (Macdonald
et al., 2010), 690 Ma in northern British Columbia (Eyster et al., accepted) and ca. 685 Ma in Idaho
(Keeley et al., 2012; Lund et al., 2010).

However, subsidence analysis of Neoproterozoic and Cambrian strata (Bond and Kominz, 1984)
shows that the rift-drift transition and development of the passive margin did not occur until the
Precambrian-Cambrian boundary (now s41 Ma). Thus basal Windermere magmatism is too old to
be tied to the thermal subsidence and development of the Paleozoic passive margin. This discrep-
ancy in ages could suggest multiple rift events or protracted rifting (Prave et al., 1999; Colpron et
al. 2001). Indeed, a third episode of Late Ediacaran rift-related volcanism has also been identified in
British Columbia (Colpron et al. 200r).

Recent age constraints on the Chuar group in the Grand Canyon place that stratigraphy in the
time from 782 Ma-729 Ma (Dehler et al., 2017; Rooney et al., submitted) and thus provide the
high resolution window for this period that is required in order to obtain a geochonologically cal-
ibrated Apparent Polar Wander Path (APWP) and to test the various hypotheses for the conjugate
rift margin. Here, I present new Laurentian paleomagnetic data from the Chuar Group. I progress
by evaluating the Laurentian APWP from 780-720 Ma, and then compare those poles with those
of Australia, Tarim, and South China as all three have been suggested to be the conjugate margin of

Laurentia during Rodinia.
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Figure 4.1: Rodinia reconstructions for the Western Laurentia margin. A. SWEAT (after Hoffman, 1991; Moores,
1991; and Daizal 1991). B. AUSWUS (after Karlstrom et al., 1999). C. AUSMEX (after Wingate and Giddings, 2004). D.
Missing Link China (After Li et al., 2008). E. Missing Link Tarim (After Wen et al., 2016).

4.2.1 PREVIOUS RODINIA RECONSTRUCTIONS

Early models suggested a Southwest US-East Antarctic (SWEAT) connection based on orogenic
piercing points (Moores, 1991) (Fig. 1A) — specifically, connecting the Grenville orogen to East
Antarctica (Dronning Maud Land) and into India and Australia, and connecting the Wopmay
orogen of northwest Canada to eastern Australia and into Antarctica (Moores, 1991). In north-
west Canada, stratigraphic, metallogenetic, and paleomagnetic data supported the suggestion that
northwestern Laurentia and southern Australia were originally connected, but began to rift apart as
early as 1200 Ma, and finally began to develop two opposing passive continental margins by about

750 Ma (Young, 1992). In particular, this explained the two cratons similar rift history: Late Pro-
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terozoic rifting and Early Cambrian carbonate platform development. Hoffman (1991) expanded on
this by suggesting that the rifting centered on Laurentia was followed by fan-like collapse and even-
tual amalgamation of Gondwana. At the time, paleomagnetic results from Laurentia and Australia
seemed to support this scenario, though the dataset was sparse (Powell et al., 1993). Additionally,
Daziel (1991) created a Precambrian reconstruction that aligned the Grenville front with a compara-
ble tectonic boundary in East Antarctica truncated along the Weddell Sea margin.

As an alternative, the Australia-SouthWest United States (AUSWUS) model (Fig. 1B) was pro-
posed based on aligning linear rift-transform segments between ancestral Australia and western
Laurentia (Brookfield, 1993). It was elaborated by Karlstrom et al. (1999), who showed that the
AUSWUS reconstruction was corroborated by similarities in the composition and tectonic set-
ting of Paleoproterozoic-Neoproterozoic rocks between western U.S. and Australia. Specifically,
the presence of juvenile arc assemblages (Yavapai in Laurentia and Arunta in Australia), and quartz
arenite—rhyolite sequences (Mazatzal in Laurentia and Reynolds-Musgrave in Australia; Dirks and
Wilson, 1990). Finally, both continents contained broadly correlative ore-deposits and, importantly,
the southwestern U.S. contained distinctive suites of 1.22-1.07 Ga zircons that required a western
source (Ross et al., 1992).

A third hypothesis, the Australia-Mexico (AUSMEX) reconstruction (Fig. 1C) was inspired by

paleomagnetic data from the 1.07 Ma Bangemall sills in Australia (Wingate and Giddings, 2004).
In addition to satisfying paleomagnetic constraints, this configuration was suggested to align late
Mesoproterozoic orogenic belts in northeast Australia and southernmost Laurentia (Wingate and
Giddings, 2004)—specifically, juxtaposing the high-grade metamorphic and magmatic rocks of the
Australian Cape River Province with the southern continuation of the Grenville Province of Lau-
rentia (Rivers, 1997).

The Missing Link model (Fig. 1D) initially modified the SWEAT model and suggested that South

China was located between Australia—East Antarctica and Laurentia, serving as the “missing-link”
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between the two continents (Li et al., 1995). This model resolved some discontinuities in crustal
provinces of Australia-East Antarctica and Laurentia, provided a western source region to generate
the late Mesoproterozoic detrital grains in the Belt Basin. This model also explained similarities in
the Neoproterozoic stratigraphy of South China, southeastern Australia and western Laurentia, and
between Cathaysian South China and southern Laurentia. More recently, the Missing Link model
has been modified to use the AUSWUS or AUSMEX models for the reconstruction of Australia (Li
etal., 2008).

However, there are some recent challenges to this model, in the form of new geochronology and
better understanding of the Ediacaran-Paleozoic position of South China (Wen et al., 2016). New
geochronologic data on the assembly of Yangtze and Cathaysia (Sibao or Jiangnan orogen), suggests
that orogeny occurred after the Grenville orogeny (Zhao et al., 201; Wang et al., 2014). Ediacaran
work suggests that South China likely was adjacent to NW Australia in the early Paleozoic, and that
would require a complicated path of South China from the missing link position around northern
Australia (Li et al., 2013; Cawood et al. 2013). Most recently, some authors have suggested that Tarim
may be a more viable missing link (Fig 1E; Wen et al., 2016). This was suggested in part due to the
well-developed Neoproterozoic glacio-rift strata on both continents, as well as similar Paleoprotero-

zoic intrusions (Wen et al., 2016).

4.3 GEeoLoGIC OVERVIEW

Exposed along the Colorado River in the Grand Canyon, the Grand Canyon Supergroup is made
up of the older Mesoproterozoic Unkar Group (ca. 1255—1100 Ma) and the Neoproterozoic Chuar
Group (Fig. 2A, B; ca. 780-727 Ma; Dehler et al,, 2017; Rooney et al., submitted). The focus of this
study is the strata of the Chuar Group and overlying Sixtymile Formation that outcrops in Chuar

Valley, AZ. The underlying Cardenas basalt and associated sills and dikes within the Unkar Group
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were initially dated to 1070£70 Ma (Rb-Sr whole-rock; Elston and McKee, 1982), but subsequently
refined to 1103£10 Ma (Ar-Ar contact metamorphic biotite from sill associated with Cardenas basalt;
Timmons et al., 2005; and reanalyzed by Bright et al., 2014). These volcanics are thought to be the
extrusive expression of the southwestern North American diabase province (Hammond, 19905
Howard, 1991; Harlan et al., 1993). Although precise U-Pb ages have not been obtained directly from
the Cardenas basalt, the associated diabase intrusions have been dated with U-Pb thermal ionization
mass spectrometry (TIMS) on at 108042 Ma, 108043 Ma, 108843 Ma, and 10942 Ma (Bright et
al., 2014).

Overlying an unconformity above the Cardenas basalt is the basal unit of the Chuar Group, the
Nankoweap Formation. The Chuar Group is divided into the Nankoweap, the Galeros, and the
Kwagunt formations (Fig. 2B). The Nankoweap Formation is 100-150 m thick and consists of two
informal members, the lower red member, which is dominated by hematite-cemented sandstone
and mudstone, and the upper white member, which is composed of siltstone and thin-bedded,
fine-grained red bed sandstones (Elston and Scott, 1973). Due to unconformities both above and
below, it was previously unclear whether the Nankoweap formed at the end of Mesoproterozoic
basin formation or the start of Neoproterozoic basin formation, but a new U-Pb detrital zircon
age of 782 Ma (7 = 14) provides a maximum depositional age constraint (Dehler et al., 20r7). This
age, along with similar detrital zircon populations in the overlying strata has led to the inclusion of
the Nankoweap Formation with the Chuar Group (Dehler et al., 2017). The overlying Galeros and
Kwagunt formations consist of 1600 m of shale with interbedded m-scale sandstone and dolomite
marker beds (Dehler et al., 2001). Unconformably above the Kwagunt is the Sixtymile Formation
comprised of sandstone and intraformational conglomerate, originally thought to be Neoprotero-
zoic in age, until recent detrital zircon data demonstrated that it was Cambrian in age (Karlstrom et
al., GSA Fall meeting 2016).

The Galeros Formation is divided into the Tanner, Jupiter, Carbon Canyon, and Duppa Mem-
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Figure 4.3: A. Map of the Chuar Valley (Modified from Karlstrom et al., 2000). Boxes highlight the sampling locations of
Nankoweap Butte and Carbon Canyon. B. Stratigraphic sampling sites.
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bers and the Kwagunt Formation is divided into the Carbon Butte, Awatabi, and Walcott Members
(Fig 2B; Ford and Breed, 1973). Both the Tanner and Jupiter members are dominated by fine-grained
siliciclastic rocks that have unique dolomite marker units at the base, the Tanner Dolomite and the
Stratifera/Inzeria stromatolite unit (Ford and Breed, 1973). The overlying Carbon Canyon is charac-
terized by alternations of varicolored mudstone with mudcracks, orange dolostone, pale carbonate
stromatolite units, and thin sandstone beds (Dehler et al., 2001). The upper member of the Galeros
is the Duppa Member, which is dominated by recessive sandstones and siltstones. The Kwagunt
Formation conformably overlies the Galeros Formation and includes the sandstone dominated Car-
bon Butte Member, variegated shale and Boxonia stromatolites of the Awatabi Member, and dolo-
stone and black shale of the Walcott Member (Dehler et al., 2001). The cyclicity within the Chuar is
suggested to reflect glacioeustatic fluctuations during the climatic transition into the Sturtian Snow-
ball Earth (Dehler et al., 2001).

Of particular focus for this study were several key marker beds within the Carbon Butte and
Awatabi members, particularly, the basal red sandstone marker bed of the Carbon Butte Member,
the white sandstone marker bed at the top of the Carbon Butte Member, and the Boxonia stro-
matolite marker bed at the base of the Awatabi Member (Fig. 4]). These distinctive marker beds
allowed very clear comparisons of paleomagnetic data across the Chuar Syncline. The basal red sand-
stone marker bed (Fig. 4A,B) is a 4-11 m thick, resistant, ridge forming quartzarenite to subarkosic
sandstone that marks the base of the Carbon Butte Member (Dehler et al., 2001). The very base is
marked by horizontally bedded strata with symmetric ripples, this is followed by large (1-2 m) low-
angle-inclined cross-beds along with large-scale trough cross-beds. The upper portions of this unit
is marked by horizontally bedded strata. The large low angle cross-beds have been interpreted as
tidally produced epsilon cross-beds on a shallow marine shelf, and the trough cross-bedded sand-
stone superimposed on the low angle cross-beds has been suggested to reflect migration of dunes

within a tidal channel (Dehler et al., 2001). However, it is also possible that these could alternatively
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be interpreted as dunes within the shore-face of an associated barrier bar-a complex of sand waves
formed from wave influences in the shallow to intertidal lacustrine setting (Dehler et al., 2001). The
white sandstone marker unit (Fig. 4C,D) is at the top of the Carbon Butte Member is 1-2 m thick
with 3-10 cm thick beds. It is a very mature quartz arenite that displays prominent ripples. This unit
has also been documented as having bipolar cross-bedding (Dehler et al., 2001). It marks a moderate
to high-energy environment, and the bipolar crossbeds have been suggested to reflect a shallow sub-
tidal to intertidal marine setting (Dehler et al., 2001). The basal Boxonia stromatolite (Fig. 4E,F) bed
marks the base of the Awatabi Member. Along with the Boxonia stromatolites, this unit laterally
displays stratiform to domal microbial buildups with cm-scale laminae that are interpreted to have
formed in a lower energy shallow water environment.

Tectonically, the deposition of the Galeros and Kwagunt seems to be tied to the north-trending
Chuar Syncline (Fig. 4I) and tectonic movement on the parallel Butte Fault (Fig. 3A). Intraforma-
tional faults are found throughout the Chuar Group strata, including the basal Tanner Member
and middle Carbon Canyon and Carbon Butte Members, suggesting that faulting was occurring
throughout Chuar Group deposition. Thickness changes perpendicular to the fault and the Chuar
Syncline axis indicate growth strata related to fault movement, indicating that activity along the
Butte fault was syndepositional with the Chuar Group (Timmons et al, 2001). The deposition of
the Sixtymile Formation was originally tied to the daylighting of the Butte Fault, but given the up-
dated Sixtymile Formation age constraints, that hypothesis may no longer be correct. The Butte
Fault has been suggested to be related to early rifting of Rodinia, however, as the ChUMP basin
sequences involve local rifting and subsidence, it may be likely that they are related to local intercon-

tinental subsidence rather than active rifting.
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Boxonia

beds highlighting Chuar Syncline

Figure 4.4: Field Photos. A,B. Carbon Butte basal sandstone. C, D. Carbon Butte white sandstone unit. E. F. Awatabi
Boxonia unit. G. Walcott Member example non-carbonate outcrop (A1302). H. Sixtymile formation basal sandstone
(A1301). I. Nankoweap Butte with Chuar Syncline. J. Important marker beds of Carbon Butte and Awatabi.
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4.4 METHODS

Paleomagnetic samples were collected via hand-sampling with orientations measured by a combina-
tion of Brunton and sun compass. The orientations of bedding were measured to correct for tilting.
Sampling was concentrated at two main localities: Nankoweap Butte and Lava Chuar (Fig. 3A, Ta-
ble 1). At Lava Chuar, sampling was focused on the Sixtymile Formation and the Awatabi and Car-
bon Butte Members of the Kwagunt Formation. From the Sixtymile Formation samples were col-
lected from both clasts and matrix (Fig. 4G). Samples were collected from three prominent marker
beds from the Awatabi and Carbon Butte Members from both limbs of the Chuar Syncline. The
Walcott Member is dominated by slope forming shale and diagenetically altered minor dolomite
that were deemed unfit targets for paleomagnetic studies. As a result, only one bed was sampled
from the Walcott Member (Fig. 4H). At Lava Chuar, sampling focused on the Carbon Butte basal
sandstone and a section of the Carbon Canyon Member, starting 120 m below the contact between
the Carbon Canyon Member and the Duppa Member and continuing up to the contact.

Back in the laboratory, individual samples were drilled and cut to specimens 2.5 cm in diameter
and 2 cm long. Magnetization measurements were made with a 2G Enterprises 755 Superconducting
Rock Magnetometer (SRM) in the Massachusetts Institute of Technology Paleomagnetism Labo-
ratory using an automated sample handling system (Kirschvink et al., 2008). This instrument has
a sensitivity of 10~? Am? and is located in a magnetically shielded room (DC field <150 nT). The
natural remanent magnetism (NRM) was measured for all specimens. Then, the specimens were
immersed in a liquid nitrogen bath to preferentially remove the magnetization carried by multido-
main magnetite and hematite grains. This procedure was followed by AF demagnetization up to 15
mT, and finally thermal demagnetization on all the specimens. The thermal demagnetization was
conducted using an ASC Scientific Thermal Demagnetizer with peak DC fields inside <10 nT. Spec-

imens were thermally demagnetized in steps of 2.5-s0 °C until completely demagnetized.
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TABLE 1. SAMPLING LOCATIONS

Lat Lon (W) Site Location Formation Member Rock unit
(°N)
36.264 111.882 A1301 Nankoweap Butte Sixtymile Fm. Matrix
JK15matrix Matrix
JK15clasts clasts
36.268 111.885 A1302 Nankoweap Butte Kwagunt Fm. Walcott
36.268 111.886 A1303 Nankoweap Butte -East limb Kwagunt Fm. Carbon Butte White
of syncline sandstone
36.268 111.886 A1304 Nankoweap Butte-East limb Kwagunt Fm. Awatabi Boxonia
of syncline
36.274 111.886 A1305 Nankoweap Butte East limb Kwagunt Fm. Carbon Butte Basal
of syncline Sandstone
36.276 111.890 A1306 Nankoweap Butte-Center of Kwagunt Fm. Carbon Butte Basal
syncline Sandstone
36.274 111.890 A1307 Nankoweap Butte- West limb Kwagunt Fm. Awatabi Boxonia
of syncline
36.274 111.890 A1308 Nankoweap Butte- West limb Kwagunt Fm. Carbon Butte White
of syncline sandstone
36.274 111.891 A1309 Nankoweap Butte- West limb Kwagunt Fm. Carbon Butte Basal
of syncline Sandstone
36.167 111.839 A1310 Carbon Butte-center of Kwagunt Fm. Carbon Butte Basal
syncline Sandstone
start: start: A1311-1:25 Carbon Butte Galeros Fm Carbon Canyon
36.166 111.840
end: end:
36.162 111.838

Because lightning strikes can cause remagnetization, care was taken in the field to use both a sun

compass and a Brunton to identify locations that may have experienced strong remagnetization.

Most of the specimens from sites yielded resolvable components of magnetization. Magnetic com-

ponents were determined using principal component analysis of both best-fitting lines and great

circles (Kirschvink, 1980). When analyzing the data, a maximum angle of deviation (A4A4D) cutoft

of 15° was applied, following the recommendation of Butler (1992), but in most cases the 444D an-

gle was <10°. Specimen analysis was completed using the PaleoMag OS X program (Jones, 2002).

Fisher statistics were used to calculate mean directions and plots and analysis were done using the

PmagPy cookbook code, methods discussed in Tauxe et al. (2010).
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Figure 4.5: A. Representative orthogonal projection diagrams showing the demagnetization of sample A1304-2B that
carries MT component and a shallow HT component carried by magnetite. B. Representative orthogonal projection
diagrams showing the demagnetization of sample A1309-2A that carries a steep direction carried by hematite. C.
Representative orthogonal projection diagrams showing the demagnetization of sample A1305-4A that carriesa MT
component as well as a shallow reversed HT component carried by hematite. D. Representative orthogonal projection
diagrams showing the demagnetization of sample A1310-2A that carries a shallow HT component carried by hematite.
The representative orthogonal projections are shown using in situ (geographic) coordinates. The corresponding M/MO
plots are shown to the right of each orthogonal projection.

4.5 REsuULTs

The magnetizations were classified based on unblocking temperatures and directionality into a dis-
persed low temperature component, steep mid-temperature (MT) and high-temperature (HT-
shallow and HTs-steep) component directions (Fig. 5). Site means were taken for component di-
rections (Fig. 6). The sites that did not yield useful data include those with very noisy sample de-
magnetization (A1308-white sandstone) and those with cvg5>25° (A1306). The Tauxe and Watson
(1994) fold test was applied and uncertainty was quantified by utilizing bootstrapped data sets and
repetition of the fold test for various percentages of unfolding.

The low temperature component was removed during thermal demagnetization upon AF de-
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TABLE 2. MID-TEMPERATURE COMPONENT DIRECTIONS

Site MT demag. temp. (°C) D/l (in situ) (°) D/ (tilt corrected) (°)  ags(°)  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) 349.5/55.6 291.6/49.5 211 11.2 5/8
JK15m 310-450 8.3/ 69.3 5.2/ 56.8 1714 35.2 3/8
JK15C  350-560 31.7/61.5 23.9/58.4 2273 173 4/19
A1311  200-400 2.7/ 63.2 7.7/ 513 7.23 29.0 15/33
Stringent 345.0/67.2 332.6/72.0 Fail fold test: 5
Site Mean' dgs =12.71 Qo5 =24.58 unfolding: 8% sites
k=37.15 k=10.64 range: -10— 50%

D and I—mean declination and inclination
k—Fisher’s (1953) precision parameter
ags—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 ag5<20

magnetization or heating to 100°C. This component was highly scattered and will not be discussed
further. The MT component direction was resolved in two sites with g5 <25° and five sites with
g5 <20° (Table 2 and Fig. 5,6). This component is demagnetized upon heating to 200-560°C. In
different samples, this unblocking temperature overlaps with some of the HT unblocking tempera-
tures.

The HT directions from sites were generally observed to fall into three locations, one with steep
positive inclinations to the north (HTs), and two with shallow inclinations, one with positive to
the west, and one with negative to the east (Table 3, and Fig. s, 6). The steep direction appeared to
be very similar to the MT component direction, just with higher unblocking temperatures (up to
690°C). Both shallow HT directions had unblocking temperatures ranging from s65°C and 685°C,
indicating hematite, as well as likely magnetite as the ferromagnetic carrier. Among all the samples,
those that required great circle fits to the origin (such as dominated at sites A1302, A1307) were de-

magnetized much earlier than 565°C, starting at 400°C.
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TABLE 3. HT-TEMPERATURE COMPONENT DIRECTIONS

Site HT demag. D/l (in situ) (°) D/ (tilt dgs (°) k n/N
temp. (°C) corrected) (°)
Shallow directions
60mile-matrix 650-700 281.0/13.7 281.4/11.2 16.67 14.07 6+2C/8
A1301
Walcott
A13028 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 94.82/-29.71 tilt ags<<in situ ags 2 sites
ag5 =76.7 ag5 =14.60
k=12.8 k=294.79
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* 650-680 286.3/57.4 263.8/23.8 12.4 41.94 4/8
(top 2.3 m)
A1310-Basal ss 650-665 100.2/-17.4 104.2/-21.9 11.70 51.40 4+1C/5
(bottom 0.45 m)
Carbon Butte Mean" 104.4/-35.5 93.47/-20.74 Indeterminate 3 sites
g5 =32.60 ags =15.89 unfolding: 88%
k=15.39 k=61.27 range:-9 — 109%
Carbon Canyon 475-490 274.3/33 278.9/26.3 27.8 13.85 3/33
A1311-8,11,20
Awatabi + Carbon Butte Mean’ 107.21/-34.89 94.00/ -24.35 Pass fold test 5 sites
ags =18.17 dg5 =8.68 unfolding: 83% 23
k=18.67 k=78.60 range: 44 — 109% samples
Sixtymile Fm
*Jk15clasts 605-680 37.1/42.0 35.0/38.3 53.8 14 16/19
JK15clasts with 630-685 10.6/60.4 7.7/57.6 7.36 68.22 7/19
steep PDF direction
Steep direction
A1301- Sixtymile Fm 570-660 8.6/66.4 3.4/64.5 17.56 21.26 4/8
A1309- 605-675 7.5/51.2 50.2/60.2 15.6 20 5/6
Carbon Butte
A1311- 565-690 357/65.6 2.7/54.8 14.64 22.59 5/33
Carbon Canyon
HT steep Mean’ 4.8/61.16 18.17/61.7 Fail fold test 3 sites
ags =13.8 ags =21.93 unfolding: 32%
k=80.47 k=32.6 range: -8— 35%

D and I—mean declination and inclination
k—Fisher’s (1953) precision parameter

ags—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 ag5<20
*R=1.42, R,=6.45, thus randomness cannot be rejected
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TABLE 4. MEMBER DATA FROM WEIL ET Al., 2004

Member D/l (in situ) (°) D/ (tilt corrected) (°) ags (°) k n/N
Walcott:
JG60-18 290/54 303/29 18 27 77
JG60-6 299/50 290/30 13 28 717
294.70/52.09 296.37/29.88 2 sites
Walcott Mean® ag5 =14.92 ags =24.31 tilt ags >> in situ ags 14 samoles
k=281.93 k=107.65 P
Awatabi:
JG-53-2 107/-31 98/-13 11 76 6/7
Carbon Butte
#AW-13-4 27213 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
94.48/-16.08 98.66/-32.65 Indeterminate 5 sites
Carbon Butte Mean' ags =9.57 ags =8.49 Unfolding: 79% 32 samples
k=64.89 k=82.05 range: -10 - 109% P!
. 96.38/-18.63 98.53/-29.38 Indeterminate .
Awatagl';tec;; ";;’} Qo5 =9.86 o5 =9.44 Unfolding: 54% 5 Bss:gfs,es
k=47.10 k=51.31 range: -10 - 109% P!
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 277131 285/35 15 24 7/8
AW-12-19 299/-8 296/1 16 16 77
AW-12-20 284/5 285/7 7 53 6/7
AW-13-1 264/6 264/-5 11 31 77
AW-13-2 264/18 259/10 15 16 77
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 77
AW-13-9 252/-29 259/-7 15 27 6/7
AW-13-10 264/-6 263/13 14 25 77
AW-13-11 263/-30 269/-5 19 13 7/8
265.14/5.34 264.93/6.11 Pass fold test 14 sites
Carbon Canyon mean ags =16.14 dgs =9.65 unfolding: 98.5% 94 samples
k=7.03 k=17.93 range: 71 - 109%
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-52-1P 5/64 313.26/68.78 8 56 8/8
T-65-1P 4/54 21.64/44.07 11 50 5/8
T-65-2P 5/53 21.86/42.92 7 107 6/8
JG-60-20 0/61 325.62/44.00 6 122 6/8
JG-60-30 5/55 319.23/34.68 8 151 6/8
JG-53-4b 13/57 320.21/ 63.65 10 51 6/8
JG-53-5P 345/63 295.92/54.84 10 30 9/9
AW-13-50 6/51 36.16/60.33 7.8 61 8/8
AW-12-120 11/68 35.25/50.65 9 61 8/8

D and I—mean declination and inclination

k—Fisher’s (1953) precision parameter

ags—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 ags <20 °
"mean calculated for sites with ag5<20
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Figure 4.6: Equal area component site mean results and results from the Tauxe and Watson (1994) fold test. A,B. Six-
tymile Formation, Walcott member, Awatabi member, Carbon Canyon member mid temperature component direc-
tions. C,D. Carbon Canyon, Carbon Butte, Awatabi and Sixtymile Formation Steep high temperature origin trending
component directions. E,F. Awatabi and Carbon Butte member high temperature origin trending component direc-
tions. Note that site A1305 has high stability HT directions reversed from the rest. For the plots of the site-mean di-
rections the negative directions represented by open symbols and positive directions represented by closed symbols.
The geographic/in-situ directions are plotted in brown and the tilt corrected directions are plotted in blue. The mean
component directions are plotted with stars and with the circle of cigs indicated. The direction of the present day
field (PDF) is indicated in light orange. For the Tauxe and Watson (1994) fold tests, the black curves indicate maximum
eigenvalue (71) as a function of untilting. The red dashed curves are a sampling of the first 50 bootstrapped results.
The green line is the cumulative distribution of the percent untilting required to maximize 7 for all the bootstrapped
data sets. The dashed vertical lines are 95% confidence bounds on the % untilting that yield the most clustered result
(maximum 7). If the 95% confidence bounds include O, then a pre-tilt magnetization is indicated. If the 95% confi-
dence bounds include 100, then a post-tilt magnetization is indicated. If the 95% confidence bounds exclude both O
and 100, syn-tilt magnetization is possible.
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4.51 RESULTS AND FOLD TESTS BY MEMBER
CARBON CANYON MEMBER

The Carbon Canyon section was dominated by the HTs direction and yielded only three strati-
graphic sampling heights with shallow directions. These sampling heights were all along the syncline
axis and involved only 1-2 samples and were stratigraphically dispersed so the stratigraphic secular
variation of the Carbon Canyon Member could not be properly analyzed and a fold test could not
be applied. The three sampling heights with resolvable shallow to intermediate components were all

normal polarity and trended to the west.

CARBON BUTTE MEMBER

Resolvable HT component directions were obtained from three sites of the Carbon Canyon Mem-
ber (Table 3, Fig. 6). These sites included the basal sandstone and the white sandstone. One site
(Ar30s-from the very top of the Carbon Butte basal red sandstone) displays a reversed shallow di-
rection from the others. When the reversal test is applied (Fig. 7C), it passes the Watson’s V test
(Vwatson’s = 2.1 < Vepitical = 10.5), and the test of McFadden and McElhinny (1990) results in an
angle between means of 15.2°, which is less than the critical angle of 60.9°. However, because of the
few number of sites that test itself is indeterminate. The Tauxe and Watson (1994) fold test resulted
in maximum taw; at 88% unfolding, however, was indeterminate as the range of bootstrapped sites

included both o and 100% unfolding.

AwATABI MEMBER

For the Awatabi Member, two sites displayed HT directions, both of the same polarity, reversed and
to the east. These were both from the same bed (the Boxonia stromatolite marker bed) but were on

opposing limbs of the Chuar Syncline. Demagnetization behavior included steep directions (MT or
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HTs) recovered from all the samples with resolvable directions, followed by linear or great circle de-
cay towards the origin. As there were only two sites, the Tauxe and Watson (1994) fold test could not
be applied, but the large improvement in the cigsupon tilt correcting suggests that it is pre-folding

(see Table 3. tilt corrected ag5=14.60< < in situ (g5=76.7)

WarcortT MEMBER

From the Walcott Member, HT directions were obtained from one site (A302) (Table 2,3), which
displayed steep directions demagnetized around 450°C, followed by directions that followed a great

circle towards the east and up.

SIXTYMILE FORMATION

From the Sixtymile Formation, resolvable directions were obtained from one basal matrix site (A13o1),
and from clasts and matrix samples of the upper conglomeratic units (JKisclasts and JKismatrix).
Samples from Arzor displayed HTs directions that were demagnetized upon heating to s70-660°C.
All of the samples displayed trends towards shallow directions that were isolated upon heating to
650-700°C. Great circle fits were required for two of the samples, while the rest could be fit with
lines trending towards the origin (Fig. 7A). For JKismatrix, three of the samples displayed a coherent
steep M T direction similar to the other overprints. For JKisclasts, 16 samples displayed resolvable
high-coercivity directions, with 9 of the samples with directions similar to HTs (Fig. 7B). The value
of the resultant vector (R) is 5.4, less than the critical value (R,) of 6.456 at the 95% confidence level,
thus suggesting that a random distribution cannot be rejected at the 95% confidence level (Watson,
1956). The samples with the HTs direction included clasts with no lower temperature component,
or with a lower temperature component removed at or below 300°C. Of the clasts, there were 4
samples with MT directions close to HTs, and, of these, only two displayed higher coercivity linear

components, one with a HTs direction, and one pointing shallowly up to the east. There were no
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Figure 4.7: Results from field tests. A. Conglomerate Matrix i) HTs component directions. ii) HT origin trending com-
ponent directions. B. Conglomerate clasts HT origin trending directions. The geographic/in-situ directions are plotted
in brown and the tilt corrected directions are plotted in blue. The direction of the present day field (PDF) is indicated
in light orange. The mean component directions are plotted with stars and with the circle of avgs indicated. C. Isolated
site reversal test of Watson.

systematic differences observed between the various samples. This inconclusive conglomerate test
suggests that the HTs overprint is pervasive, however, in certain cases, small demagnetization step

sizes allow it to be identified and a primary magnetization to be isolated.

4.5.2 COMBINED DIRECTIONS AND FOLD TESTS

The Tauxe and Watson (1994) fold test was then applied to the MT and HTs directions for all sites,
and the HT directions combined from the Carbon Butte and basal Awatabi members (Fig. 6). The
MT direction is a post-tilting direction, as the maximum 71 occurred at 8% untilting and the 95%
confidence interval spanned -10% to 50% unfolding. HTs direction was also post-folding, it failed
the Tauxe and Watson (1994) fold test as the maximum tau occurred at 32% unfolding and the 95%
confidence bounds are -8 to 35% unfolding. The Awatabi and Carbon Butte member HT directions
were combined for subsequent analysis, as there was nothing to suggest that the basal Awatabi was
substantially younger than the Carbon Butte. Combined, these directions pass the Tauxe and Wat-
son (1994) fold test as the maximum tauq occurs at 83% unfolding and the 95% confidence bounds
are from 44-109% unfolding, suggesting that the magnetization was acquired pre-folding. In tilt cor-

rected coordinates, the reversal test (for the isolated reversed section) results in an observed angle
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between the mean directions of 13.3° and a critical angle calculated for the two sets of observations
at which the null hypothesis of a common mean direction would be rejected with 95% confidence of
26.7°. However, again, due to the limited number of observations, the high value of the critical an-
gle places the reversal test in the “indeterminate” classification of McFadden and McElhinny (1990).
Due to vector demagnetization revealing multiple components, the fold test, and the presence of
reversals, I suggest that the shallow HT direction is a primary direction carried by hematite, as well
as possibly by magnetite. It is found in five sites (23 samples) in both the Awatabi and Carbon Butte
members.

Pervasive overprinting (HTs and MT) was identified throughout the Chuar Group, especially
in the Carbon Canyon and Carbon Butte members and in the Sixtymile Formations. This steep di-
rection (HTs) failed the fold test and was very similar to the present day field. For many samples it
followed a decay to the origin, unblocking between 565-690°C. The MT direction was very simi-
lar to the HTs, but instead unblocked between 310-560°C, and was normally followed by a higher
temperature component with a different direction. This was identified in the Walcott, Awatabi, and
Carbon Canyon members with site means cig5 <20°, and in the Carbon Butte Member and Six-
tymile Formation with site meand ag5>20°. In certain cases, especially notable for site A1302 of the
Walcott Member and the A1307 of the Awatabi Boxonia stromatolites, the prominent MT direction
was dominantly followed by great circles to the origin. In such cases, if larger demagnetization step
sizes had been applied instead, the origin trending demagnetization could have been misidentified
and a steeper component could have been interpreted as decaying to the origin.

With regards to reversal frequency, the few directions obtained from the Carbon Canyon were
all normal. Conversely, the basal-middle beds of the Carbon Butte basal sandstone marker bed were
reversed, while the top 2.3 meters displayed normal directions. At the top of the Carbon Butte, the
white sandstone marker bed displayed reversed directions, as did the overlying units. This suggests

that at least two reversals were captured in the stratigraphy of the Kwagunt Formation.
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4.6 DiscussioN

4.6.1 COMPARISON OF WITH PREVIOUS WORK

The Chuar Group has been the focus of several paleomagnetic studies but much of the initial work
was never published in peer-reviewed journals, instead only summarized in abstracts or review pa-
pers with no published demagnetization or sample data (Elston, 1989; Elston, 1986; Link et al., 1993).
The only previous demagnetization and sample data from the Chuar Group is from a study con-
ducted by Weil et al. (2004). The study by Weil et al. (2004) focused on samples from the Kwagunt
and Galeros formations (Table s), and included thermal demagnetization. From the Galeros forma-
tion, the Jupiter and Carbon Canyon members were sampled and resolvable shallow to intermediate
directions were obtained with unblocking temperatures of 630-680°C (indicative of hematite). As
there were only two sites from the Jupiter member, they were combined with the sites from the
Carbon Canyon member, and combined these directions passed the fold test (Weil et al., 2004).
From the Kwagunt formation, samples were collected from the Carbon Butte, Awatabi, and Wal-
cott members. Most of the Kwagunt samples had discrete low inclination, E-W trending directions
with unblocking temperatures between 650 and 680°C (as expected for hematite) (Weil et al., 2004).
For some samples, there was also a north-directed, moderate-steep positive inclination magnetiza-
tion overprint removed upon heating to 300°C and interpreted as a recent overprint (Weil et al.,
2004). However, for nine sites from the Carbon Butte Member this component displayed unblock-
ing temperatures up to 680°C (Weil et al., 2004). For the combined Kwagunt members, a fold test
was applied (Tauxe, 1998), resulting in maximum clustering at 80% unfolding and was interpreted
to support a primary magnetization acquired at the time of, or soon after, deposition (Weil et al.,
2004).

However, when the data is reanalyzed and within-member fold tests are applied, none of the

Kwagunt members pass (Table 5). The Walcott member sites appear more dispersed when tilt cor-
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rected, and the Carbon Butte member sites result in an indeterminate fold test, which is also the case
when the single Awatabi site is combined with the Carbon Butte sites (Table ). These indetermi-
nate results are also mirrored by the negligible difference between the geographic and tilt corrected
site mean circles of 95% confidence (cvgs; Table s). This is likely because the resolvable directions
came from sites on only one limb of the Chuar Syncline.

This can be compared to the results presented in this study, where the combined basal Awatabi-
Carbon Butte sites do pass the bootstrapped fold test, and the within-member site means for the
Awatabi and Carbon Butte have much smaller cvgs5 when tilt corrected (Table 4). In general, the
Carbon Butte and Awatabi site mean directions from this study were similar to the results from
Weil et al. (2004) with respect to polarity and declination, however, the Walcott directions appear

different from the one site isolated in this study (Fig. 8A).

WarcoTTt DIRECTION

The Walcott directions from this study were carried only by great circle fits, moving from the steep
MT direction and approaching reversed directions similar to the Awatabi/Carbon Butte directions.
The Walcott directions of Weil et al. (2004) display normal polarity directions with declinations
~30 degrees north of the E-W axis, and one site had an cig5 =18° (Fig. 8A). As mentioned earlier,
the Walcott site mean directions of Weil et al. (2004) are more tightly clustered in their in-situ co-
ordinates (in-situ cigs=14.92<< tilt cvg5 =24.31), although that observation may be biased by the
fact that both those sites are on the same limb of the Chuar Syncline. When the tilt-corrected Wal-
cott sites were compared with the other Awatabi and Carbon Butte Members sites combined, the
Watson’s V test for a common mean resulted in failure with Vpitica1of 9.4 < Viyarson’s of 9.5 (Fig.
8Aiii). In addition, when examining the Walcott directions, it almost appears that the two sites lie
along a great circle between the steep M T and HTs directions and the normal Awatabi/Carbon

Butte HT directions (Fig 8A).
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Figure 4.8: Ai, ii. geographic and tilt corrected equal area plot of the Walcott sites. The geographic/in-situ directions
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TABLE 5. POTENTIAL EXPLANATION FOR WALCOTT SITE MEANS

D | MAD/  Ngteps OF Nsamples K
) () aos (°)
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
2921 75.1
3101 56.7
304.3 61.4
358.9 499
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
278.0 445
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 32.34 945 8 35.33
12.5% HTs 290.72 36.11 15.99 8 17.32
25% HTs 289.49 4115 16.75 8 11.89
50% HTs 297.14 4500 174 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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Although I was not able to reproduce the Walcott data, and no published demagnetization data
was shown for the Walcott directions of Weil et al. (2004), based on examination of other samples
and directions, two explanations for the interpretation of the Walcott data of Weil et al. (2004) are
offered. Bearing in mind that the HTs and MT directions were pervasive among the upper units of
the Kwagunt formation, I suggest that the steep overprint directions may bias the Walcott samples,
either by 1) allowing incomplete isolation of the primary HT direction, or 2) resulting in mixing
of HT and HTs directions within a site (Fig. 8B, C). First, the anomalous Walcott directions may
be due to sample level incomplete isolation of the HT direction (Fig. 8B). This is demonstrated by
reanalyzing demagnetization data for sample Ar3o1-3B, which includes a steep magnetization until
660°C, followed by a shallow demagnetization until 700°C. Depending on the chosen demagnetiza-
tion temperature steps, the apparent origin trending direction can range along a great circle between
the primary direction (HT) and the overprint direction (HTs) (Fig. 8B, Table 5). Thus, if the de-
magnetization steps are not small enough, it is possible to obtain a line fit that does not reflect the ac-
tual origin trending direction. Especially in cases where samples required a great circle fit to the ori-
gin, incomplete isolation or recognition of the origin trending direction could bias site means. This
is especially applicable to the Walcott directions, for in this study the Walcott samples had a steep
MT overprint and only great circle fits to the origin. Furthermore, it is not unusual for Proterozoic
paleomagnetic poles to appear steep due to mixing with a recent steep overprint. This is found for
the Borden dikes of the Franklin Large Igneous Province where steep magnetizations are suggested
to result from the superposition of a Cretaceous-Tertiary aged chemical remanent magnetization on
normal and reversed primary Franklin components (Pehrsson and Buchan 1999). Similarly, some
of the steep Grenville poles are suggested to be contaminated by a steeper recent overprint (Brett
and Dunlop, 2012). In such cases, when there is partial or complete overprinting by a steep-down
(occasionally steep up) magnetization, one might expect magnetization directions for stable sites to

be “streaked” along a great circle between the primary directions and the steep younger overprint
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direction both at the site and the specimen level. When there is such a pronounced overprint, larger
demagnetization step sizes can potentially lead to misidentification of the origin trending demagne-
tization and false interpretation of the primary direction.

Alternatively, at the site level, there could be incorrect identification of HTs overprints as pri-
mary and hence mixing of HT and HTs directions. This may also explain the larger within-site scat-
ter (cvg5 =18°) reported for one of the Walcott sites. This effect is demonstrated by using the HT
and HTs directions of sample A1301-3B and generating sets of Fisher distributed data (Table s; Fig
8C; Kappa: 27, N: 8 distribution similar Walcott sites of Weil et al., 2004). Using these generated
datasets, site means were calculated while increasing the percentage of HTs directions mixed in with
the primary HT directions. When 50-75% of the samples had HTs directions instead of HT direc-
tions, the generated site mean directions overlapped with the Walcott directions, with similar cvgs,
but with smaller £ than the reported Walcott directions.

The final option is that the Walcott directions are indeed very different from the underlying
units. Whatever the case, I suggest that the current paleomagnetic data from the Walcott member
should not be combined with the Carbon Butte and Awatabi Members into a Laurentian 750 Ma
pole. This is especially true as the Carbon Butte and basal Awatabi are as much as 20 Myr older than

the Walcott.

4.6.2 INCLINATION FLATTENING

The remanence of sedimentary rocks can be susceptible to inclination flattening (aka inclination
shallowing) during initial depositional processes and later compaction. This inclination flattening
can bias the resulting paleolatitudes to lower latitudes and the magnitude of this effect can depend
on various physical properties such as grain size, grain-size distribution, and grain shape (Tauxe and
Kent, 1984). The inclination correction (or flattening) factor, f, is defined as tan(Ip)/tan(Ir), where

Ip is the inclination of the measured remanence and I is the original inclination of the ancient
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TABLE 6. PALEOMAGNETIC DIRECTIONS AND POLES

In situ directions Tilt corrected directions Fold Test Paleomagnetic Poles'
Direction N Declination/ k Qos Declination/ k Qos Pass/Fail/Synfold/Ind: Latitude/ Ags N K
Inclination Inclination unfolding Longitude
() ©) (range) (NI°E) ©)
MT Sixtymile, Carbon Butte+ 5 345.0/67.2 371 1271 332.6/72.0 10.64 24.58 Fail: 8% §73.38/219.23 19.9 5 15.6
Carbon Canyon 5 (-10-50%)
HT Steep Sixtymile,Carbon Butte+ 3 4.8/61.16 80.47 13.8 18.17/61.7 326 21.93 Fail: 32% 982.46/274.56 16.13 3 59.44
Carbon Canyon (-8 — 35%)
HT Sixtymile 1 281.0/13.7 NA NA 281.4/11.2 NA NA NA $10.0/157.2 NA 1 NA
Nsampies=8, 0l 95=16.67, k=14.07 #12.5/155.9

HT Awatabi 2 111.32/-33.70  12.8 76.7 94.82/-29.71 29479 1460 Indeterminate: 84% $29.11/161.81 59.55 2 19.75

= “13.16/1684  10.20 600.87

"5.71171.19 1042 576.24

HT Carbon Butte 3 104.4/-35.5 1539 32.60 93.47/-20.74 61.27 15.89 Indeterminate: 88% $23.97/167.87 24.23 2 26.93

(-9 - 109%) 9.10/164.82 15.81 61.82

#11.211167.83  15.84 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% #10.73/166.25 7.61 5 101.9
(44 - 109%) %13.02/169.17 767 100.40

HT 10 100.29/-25.46  19.81 11.12  96.14/-28.50 68.12 5.89 Synfolding: 75% 114.2/166.4 4.1 10 139.0

Awatabi +Carbon Butte (this study) (48-91%) *13.96/167.12  4.94 96.50
+Carbon Butte (Weil et al., 2004) #12.65/166.10 5.06 91.88
HT Walcott 2 294.7/52.1 14.9 14.9 296.4/29.9 107.7 243 Indeterminate: -10% 37.1/174.7 18.5 2 185.0

HT Carbon Canyon 14 265.14/5.35 77 16.14 264.93/6.11 17.92 9.65 Pass: 98.5 #2.08/163.69 7.98 14 25.74
(reanalyzed from Weil et al., 2004) (71 -109%) *1.47/164.58 8.51 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

SCalculated 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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field. For large datasets, f can be inferred by the elongation-inclination (E-I) method (Tauxe and
Kent, 1984). Some studies have identified inclination flattening by comparing the inclinations of
sandstones vs. mudstones (Evans et al., 2000). As they are different lithologies, mudstones are ex-
pected to be more affected by compaction and thus inclination flattening than sandstones. Thus
if the inclinations vary by lithology, then it can be expected that some sort of inclination flatten-
ing may have taken place (Evans et al., 2000). Alternatively, the anisotropy caused by flattening has
been estimated using intensive laboratory measurements. These have focused on measuring the
anisotropy of the magnetic susceptibility, isothermal remanance (AIR method), of anhysteretic
remanence (AAR), or of the thermoremanent magnetization (ATR method) (Jackson et al., 199;
Schmidt and Williams, 2013). These laboratory experiments can be complicated by the coercivity of
hematite and samples with mixed carriers of both magnetite and hematite (Kodama and Dekkers,
2004; Schmidt et al., 2009). Results from all laboratory estimates are consistent with those from

the E-1 method (Kent and Tauxe, 200s; Tan et al., 2007; Tauxe et al., 2008; Tan and Kodama, 2002;



Schmidt and Williams 2013). Although in general, the E-I method results in the greatest magnitude
of inclination flattening (Tauxe and Kent, 2005).

An in-depth study compared inclination flattening in the late Cryogenian Australian Elatina For-
mation arenites, the Ediacaran argillaceous Brachina and Wonoka Formations, and the carbonate
Nuccaleena Formation (Schmidt and Williams, 2013). They compared multiple methods and con-
firmed that the arenites tended to experience less flattening than argillites, with the arenites having '
=0.738 and the argillites f=0.35-0.38, while carbonates had / = 0.8.

Since not enough samples were collected to apply the E-I method, the corrections of Schmidt and
Williams (2013) were applied to the samples in this study (Table 6). Additionally, corrections were

applied to the data of Weil et al. (2004) based on his sample descriptions (Table 6).

4.6.3 ProrosED NEw PALEOMAGNETIC POLES

With these datasets, I propose two new Laurentian poles for 750 Ma (Table 6). Both are combined
from directions of the Awatabi and Carbon Butte. One is from this study, and the other combines
the Awatabi and Carbon Butte results from the Weil et al. (2004) study. The combined Carbon
Butte and Awatabi (CB+A) direction from this study passes the fold test with maximum tau; oc-
curs at 83% unfolding and 95% confidence bounds are from 44-109% unfolding. The sites were then
corrected for inclination flattening. When combined with the directions of Weil et al. (2004), the
Tauxe and Watson (1994) fold test resulted in designation of syn-folding, with maximum tau; at
75% and the range of 48 — 91% unfolding.

To obtain an appropriate paleomagnetic pole to associate with the 757 Ma Re-Os age in the Car-
bon Canyon member, the Jupiter member sites were omitted and only the Carbon Canyon member
sites were used to calculate a ca. 757 Ma pole for the presented reconstructions (Table 6). This pole
passes the fold test, with maximum tauy at 98.5% unfolding, and a range of 71-109%.

Of minor additional note, the virtual paleomagnetic pole obtained from the HT directions of
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Figure 4.9: A. Paleomagnetic Poles from the Chuar. In light green are the new poles from this study, and in darker
green are reanalyzed poles from Weil et al. (2004). HTs geo is the high temperature steep direction in geographic co-
ordinates. MTgeo is the mid-temperature direction. Wgeo is the Walcott pole in geographic coordinates (Weil et al.,
2004). A+CBttilt is the flattening corrected combined Carbon Butte and Awatabi pole from this study only. Combo
A+CBtilt is the pole from synfolding Awatabi and Carbon Butte directions combined from this study and Weil et al.,
2004. CCtilt is the flattening corrected Carbon Canyon mean pole from Weil et al., 2004. The Nankoweap f=0.738 is
the flattening corrected Nankoweap pole from Weil et al., 2003. In grey is the 530 Ma to present Laurentian APWP
from Torsvik et al. (2012). In blue is the Uinta Mountain pole (Weil et al., 2006), which may be correlative with any of
the members of the Chuar group. The purple star indicates the paleomagnetic VGP direction from the single Sixtymile
site with resolvable high coercivity primary directions. B. Paleomagnetic poles from the Gunbarrel Event. S= tsezotene
Sill, LDA1 and LLB are Little Dal poles. In dark green is the mean Gunbarrel pole calculated in this study. C. Paleomag-
netic poles from the Franklin LIP. G is the Greenland pole, E is the Ellesemere pole. In dark green is the mean Franklin

pole calculated by Denyesyn et al., 2009.
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the one Sixtymile matrix site (Ar3o1) does not bear similarity to the Walcott direction of Weil et al.,

2004, but instead is similar to Cambrian Laurentian directions of ca. soo Ma (Torsvik et al., 2012)

(Table 6; Fig. 9).

4.6.4 INTERPRETATION OF THE SHALLOW DIRECTIONS

Several lines of evidence suggest that the Awatabi and Carbon Butte direction (HT CB+A) is pri-
mary. The HT direction is carried by hematite (and possibly magnetite or low temperature un-
blocking hematite), passes a fold test (or is synfolding). In addition the presence of a reversed unit
adds weight to the conclusion that HT is primary. Specifically, the primary nature of this direc-
tion is supported by a well-determined rock age and documentation in five sites (this study direc-
tion: s sites, 23 samples, (g5=8.680, < 160, and k=78.60 > 10; combined pole: 10 sites, 58 samples
Q95=5.890 < 160, and k=68.12 > 10). Additionally, adequate demagnetization with vector subtrac-
tion has been applied, but the paleomagnetic poles do have resemblance to younger paleomagnetic
poles. When considering the key pole criteria of Buchan (2014), HT is related to a robust age and
the primary remanence is properly isolated. Despite the fact that the fold test from this study just
establishes the relative timing of magnetization, it still suggests magnetization close to the age of
deposition, as this folding is essentially syndepositional. Thickness changes perpendicular to the
Butte fault and the Chuar Syncline axis indicate growth strata related to fault movement and syn-

depositional growth of the Chuar syncline (Timmons et al, 2001).

4.6.5 INTERPRETATION OF THE STEEP DIRECTIONS

For the HTs direction, unblocking temperatures suggest that hematite is the main magnetic car-
rier. As high temperatures were needed to thermally demagnetize this component (680°C for many
samples), a very high metamorphic temperature, inconsistent with the observed low degree of meta-

morphism, would have been required order to have a thermoviscous origin; therefore, this result is
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interpreted as a chemical remanent magnetization (CRM). CRM is acquired as a magnetic mineral
nucleates and grows through a critical volume at which its magnetic direction becomes stable with
respect to thermal fluctuations (Stokking and Tauxe, 1990). This can occur during mineral alteration
(e.g., oxidation of magnetite to hematite) or mineral precipitation (grain growth or crystallization),
which may accompany weathering, diagenesis, or low-grade metamorphism (Stokking and Tauxe,
1990). CRM remagnetization overprints via secondary precipitation/growth of hematite or conver-
sion to hematite are generally a result of large-scale fluid flow during orogenesis (Miller and Kent,
1988), pronounced hydrothermal events (Witte and Kent, 1991), hydrothermal systems circulating
in permeable rocks below basalts (Wynne et al., 1998), or migration of fluids along fractures and un-
conformities during uplift-enhanced surface meteoric fluid circulation (Geissman and Harlan, 2002;
Preeden et al., 2009). As this direction is very similar to the present day field direction, it is likely a
recent overprint and could be related to the Laramide orogeny or to the 400-550 ka Uinkaret vol-

canic field (Crow et al., 2008; Hamblin, 1970).

4.6.6 RoTATION OF THE COLORADO PLATEAU

When considering paleomagnetic data, it is important to ensure that the regions are tectonically
coherent and have not been complicated by larger regional block rotations. It is suggested that the
Laramide orogeny involved a clockwise rotation of about 2-4 degrees of the Colorado Plateau rela-
tive to the continental interior (Hamilton, 1988). As the Grand Canyon is located at the very south-
west margin of the Colorado plateau, its putative rotation may need to be corrected. Some suggest
that the angle of rotation was moderate (5°, Bryan and Gordon, 1990), but more recent paleomag-
netic studies have suggested that this clockwise rotation may have been as large as 13.5° to 15° to ac-
count for differences in declination of Mesozoic paleomagnetic poles (Kent and Witte, 1993; Steiner
and Lucas, 2000; Kent et al., 2012). Luckily, the underlying Cardenas basalt and associated Unkar

Group Intrusions can be used to understand the magnitude of the Colorado Plateau rotation in
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Figure 4.10: Testing the block rotation of the Colorado plateau by comparing the paleomagnetic poles from the ca.
1094-1080 Ma Grand Canyon Unkar intrusives and Cardenas basalt to the 1095 Ma-1083 Ma portions of the midcon-
tinent rift Logan Loop. A, B, C, Colorado plateau rotated 0, 5, 10 degrees relative to North America using an euler pole
of 34.6°N 254.6°E (Hamilton, 1988).

the Grand Canyon area. A normal polarity paleomagnetic pole was obtained from Cardenas basalt
and Unkar Intrusions (32°N, 185°E, dp = 6.8°/dm = 9.3°; n=3 flows, 13 intrusions; Weil et al., 2003).
This direction was interpreted to be primary based on a partial contact test of the (Weil et al., 2003).
As these units are ca. 1100 Ma that suggests comparison with paleomagnetic results from the Meso-
proterozoic (1.1 Ga) Midcontinent Rift (MCR). The U-Pb baddeleyite ages (1080+2 Ma, 108043
Ma, 108843 Ma, and 1094+2 Ma) obtained by Bright et al. (2014) were used to compare the Unkar
Intrusives and Cardenas basalt with the MCR volcanics (Fig. 0. Table. 10).

Early paleomagnetic studies of the MCR, suggested that there might be asymmetric reversals pre-
served in the volcanics. However, a high-resolution study of paleomagnetic data that spanned three
geomagnetic field reversals from a well-described series of basalt flows at Mamainse Point showed
that each reversal was in fact symmetric and the previously documented reversal asymmetry was
an artifact of the rapid motion of North America during this time (Swanson Hysell, et al., 2009).

Now the Keweenaw volcanics and associated Logan Loop is one of the best constrained geochrono-
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logic and paleomagnetic parts of the Precambrian Laurentian APWP. Given the age constraints,
the Chengwatana Volcanics (1094.6£2.1 Pb-Pb Zartman et al., 1997), Schroeder-Lutsen Basalts
(<1091.611t0.14 Ma chemical abrasion-isotope dilution-thermal ionization mass spectrometry [CA-
ID-TIMS] Fairchild et al., 2017), the Lake Shore Traps (108s.57+0.25 Ma CA-ID-TIMS Fairchild
et al., 2017), and the Michipicoten Island Formation (1084.354-0.20 Ma and 1083.524-0.23 CA-ID-
TIMS Fairchild et al., 2017) are of particular relevance for this study.

The suggested rotation of the Colorado plateau with a pole at 34.6°N 254.6°E (Hamilton, 1988)
was applied for three different cases: rotations of 0°, 5°, and 10° of the Colorado plateau and asso-
ciated pole (Fig. 10). In the unrotated state, the Cardenas-Unkar Intrusive pole lies coincident with
the Chengwatana Volcanics. When the Colorado plateau is rotated greater than 15 degrees, the Agsof
the Cardenas-Unkar Intrusive pole no longer overlaps with any of the Keweenawan volcanics. The
uncertain age constraints on the Cardenas-Unkar Intrusive pole hinders a robust comparison, how-
ever, the data suggests that the Colorado plateau has rotated less than 15°, most likely less than 5°,
and is most similar to the Keweenawan poles in its unrotated state. Thus corrections for large-scale

tectonic block rotations were not applied.

4.7 INTERPRETATIONS OF DIRECTIONS AND COMPARISON TO THE LAURENTIAN APPAR-

ENT POLAR WANDER PATH

Three paleomagnetic poles were distinguished in this study: a mid-temperature (MT), and two
high-temperature poles (HT and HTs), These poles are plotted (Fig. 9A) along with the Laurentian
apparent polar wander path (APWP) from s1o Ma to the present (Torsvik et al., 2012). The other
main poles constraining the Laurentian APW path are those from the ca. 775 Ma Gunbarrel event
(Fig. 9B), from the <780 Ma Nankoweap Formation (Fig. 9A), the ca. 750 Ma Uinta Mountain

Group (Fig. 9A), and those from ca. 720 Ma Franklin event (Fig. 9C).
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471 GUNBARREL EVENT

The Gunbarrel Event (Table 7; Fig. 9B) is marked by ca. 775 Ma mafic dikes and sheets, in three
widely separated areas of Cordilleran North America (the Canadian Shield, the Mackenzie Moun-
tains in the northern Cordillera, and the Wyoming Province) that may mark a giant radiating dyke
swarm (Park et al., 1995, Ernst et al,, 2003). The magmatism has been attributed to mantle-plume
activity or upwelling asthenosphere leading to crustal extension accompanying initial breakup of the
supercontinent Rodinia and development of the proto-Pacific Ocean (Harlan et al., 2003; Ernst and
Buchan, 2002).

In the Wyoming province, the Wyoming dikes include the Tobacco Root dikes, the Mount
Moran dike and the Christmas Lake dike. For the Tobacco Root dikes, hornblende concentrates
from the Group B dikes yield Ar-Ar ages of 778772 Ma, whereas biotite from a baked contact zone
yielded a plateau date of 788 Ma (Harlan et al., 2008). Hornblende from the Christmas Lake dike
yielded Ar-Ar plateau date of 774 Ma (Harlan et al., 1997). For the Mount Moran dike, Ar-Ar re-
sults from a hornblende-pyroxene concentrate were discordant and contained excess Ar, which led
Harlan et al. (1997) to suggest a ca. 780 age.

In northwestern Canada, zircon separated from the Concajou Canyon gabbroic sill of the Tse-
zotene intrusive suite yielded a weighted mean Pb-Pb TIMS date of 779.5+2.3 Ma (Harlan et al,,
2003). Paleomagnetism of the Tsezotene intrusive suite was investigated by Park et al. (19815 1989),
which was found to contain both normal and reversed magnetizations. These authors argued that
the sill was large enough to cool slowly and capture secular variation with both normal and reversed
magnetizations (Park et al., 1981). Towards the interior of Laurentia, the Hottah dikes were dated
with TIMS Pb-Pb on baddeleyite 78041 (Harlan et al., 2003) and yielded a paleomagnetic pole with
large Ags studied by Park et al. (1995). The Little Dal Basalts have recently been redated using CA-

ID-TIMS U-Pb on zircon to 774.93F0.54 Ma (Milton et al., 2017). The Little Dal Basalts have been
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geochemically linked to the ca. 780 Ma Gunbarrel magmatic event (Dudas and Lustwerk, 1997).
Morris and Aitken (1982) undertook a paleomagnetic study of the Little Dal Basalts at a locality near
Keele River, and Park and Jefferson (1991) reanalyzed their data. The original study found two poles
that could be primary (LD-A and LD-L). But as LD-L was more abundant in the lower, less altered
parts of the basalt sections, it was interpreted as primary. However, LD-L is about 20° away from
the rest of the Gunbarrel poles. Park and Jefferson (1991) discuss the possibility that tectonic rota-
tions may have complicated the interpretations of those poles. In addition, a larger tilt correction
moves the LD-L direction closer to that expected from the Gunbarrel direction. Due to possible tec-
tonic complications, the results from the Little Dal Basalt were not included in the calculated mean

Gunbearrel pole.

4.7.2 NANKOWEAP FORMATION

Paleomagnetism of the Nankoweap Formation was investigated by Weil et al. (2003), who collected
sandstone samples from eight sites. The demagnetization showed that almost all samples displayed

a single vector component with a minor secondary component. The in-situ secondary component
was subparallel to the Earth’s present-day field (PDF). This secondary component was normally re-
moved by 200°C and was interpreted as a viscous overprint. A fold test was applied to the combined
seven sites with resolvable directions, and the parametric bootstrap fold test was applied which gave
a maximum clustering at 80% unfolding and a 95% confidence interval that includes 100% unfolding

(Weil et al., 2003). This direction was corrected for sandstone inclination flattening using f'=0.738
(Table 7,8,9).
4.7.3 UINTA MouNTAIN GROUP (UMG)

A paleomagnetic study was undertaken by Weil et al. (2006), that obtained paleomagnetic data

from the Eastern Uinta Mountains (Home Mountain Canyon: N=3; Bull Canyon: N=10; Sparks-
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Talamantes Creek: N=9 localities) as well as from the north-central Uintas (Sheep Creek Canyon:
N=23; Browne Lake: N=1; Carter Creek: N=5; Dowd Springs: N=s; and Flaming Gorge Reservoir
dam: N=16). Sampling was focused on hematite-cemented medium to fine-grained sandstone and
siltstone. The strata exposed in the western Uinta Mountains are characteristically different than
those in the eastern Uinta Mountains, and it is still uncertain how the eastern and western Uinta
Mountain Group strata correlate. The western Uinta Mountain Group is composed of quartzose
and arkosic sandstone and interbedded mudstone, much of which is hematite- cemented, whereas
the eastern section consists of conglomerate, sandstone and mudstone, and hematite-cemented red
sandstone (Hansen, 1965). Although no specific stratigraphic information was given on the paleo-
magnetic sampling localities, most of the sites were in the north-central Uintas (Weil et al., 2006).
More recent work has still kept the eastern portions as undifferentiated, but Dehler et al. (2005)
has suggested two potential correlations for the strata near Sheep Creek (the focused main paleo-
magnetic sampling locality). First that exposed strata may be the upper-middle part of the Uinta
Mountain Group thrust above the Red Pine Shale, or secondly, that the it is correlative with the
Red Pine Shale to the west, representing a facies change (Dehler et al., 2005; 2007). These have dif-
ferent interpretations for the APWDP. If the relationship is a thrust contact, the Uinta Mountain
Group strata there may be correlated with the lower members of the Chuar Group, and the pole
should range in age from <782 to 751 Ma. Alternatively, if the Uinta Mountain pole is dominated
by the Red Pine Shale, correlative with the Walcott member, then the Uinta Mountain Group pole
should be assigned an age between 751-729 Ma. The 717 Ma Franklin pole (potentially similar to the
pole expected for the top of the Walcott) and the Carbon Canyon+Jupiter poles are very similar;
thus, those paleomagnetic poles cannot be used to better determine the stratigraphic height of the
Uinta Mountain Group pole. The stratigraphic and temporal resolution for the Uinta Mountain
Group paleomagnetic pole is not high enough to warrant its use in the presented paleomagnetic

reconstructions.
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4.7.4 FRANKLIN LARGE IocNEOUS PrROVINCE (LIP)

The ca. 720 Ma Franklin Large Igneous Province (LIP) includes sills, dikes, and volcanic rocks in
northern and northwestern Canada and northwestern Greenland. The most obvious signature of
the Franklin LIP is the radiating Franklin dyke swarm that converges towards the northern margin
of Canada. U-Pb zircon and baddeleyite ages from the Franklin LIP rocks span from ca. 730-710 Ma,
however, this large spread may be due in part to imprecise multigrain techniques. The most precise,
single grain chemical abrasion-ion dilution-thermal ion mass spectrometry (CA-ID-TIMS) on zir-
con and baddeleyite associated with the Franklin LIP yielded an age of 716.333-0.54 (Macdonald et
al., 2010).

Paleomagnetic data from the Franklin LIP provide robust Neoproterozoic constraints for Lau-
rentia and an important tie point for Neoproterozoic paleogeography (Table 7; Fig. 9C). Many stud-
ies have collected and analyzed Franklin aged paleomagnetic samples from northwest Canada. These
studies span six key regions: the Canadian Mainland, Victoria Island, Baffin Island, Devon Island,
Ellesmere Island and northern Greenland. On the Canadian Mainland, the dated Coronation Sills
(Robertson and Baragar, 1972) and Lasard River intrusions of the Brock inlier have been sampled for
paleomagnetism (Park, 1981). These sites span enough time to average out secular variation, as both
normal and reverse directions were found over a wide area. The Coronation Sills are dominated by
reverse polarity directions, while the likely younger Lasard River intrusions contain both polarities
(Robertson and Baragar, 1972, Park, 1981, Ernst et al.,, 2001, Heaman et al., 1992). On Victoria Island,
the Natkusiak basalts and associated intrusives were the focus of two studies. The initial study of
the Natkusiak basalts revealed only reversed magnetization directions (Palmer and Hayatsu, 1975).

A later study of about 740 m of the Natkusiak flows revealed a double reversal, although the lower
reverse direction was badly contaminated by a downward steep overprint (Palmer et al., 1983). As

the dikes in the area were observed to both feed and cut sills and flows, dikes were interpreted to
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be active throughout the duration of the Franklin LIP (Palmer et al., 1983). Sills were dominantly
sampled from the associated intrusives, with Pb-Pb TIMS multi-grain baddeleyite and zircon dates
ranging from 71842 Ma to 723+12/-2 Ma (Heaman et al., 1992), and were almost all reversed in mag-
netization, with only one displaying a normal direction (Palmer and Hayatsu, 1975; Palmer et al.,
1983). To the east, the Baffin Island dikes have been intensively sampled all across the island and have
been split into several groups: the Franklin dikes, the Borden dikes and the Strathcona Sound dikes.
The northwest trending Franklin dikes dominate Baffin Island and have been the focus of multi-
ple paleomagnetic studies distinguishing both normal and reverse polarities (Christie and Fahrig,
1983, Fahrig et al., 1971; Fahrig and Schwarz, 1973). Initially, the northwest trending Borden dikes
(on the Borden Peninsula) were thought to be part of a much older event, due to an older ca. 950
Ma age, cross-cutting relationships and a steep paleomagnetic direction (Christie and Fahrig, 1983).
Revaluation of the dikes by Pehrsson and Buchan (1999) updated the date to Franklin times (ca. 720
Ma), and suggested that the steep magnetizations resulted from the superposition of a Cretaceous—
Tertiary aged chemical remanent magnetization on normal and reversed primary Franklin compo-
nents. As the Strathcona Sound dike swarm is tangential to and cross-cuts the main Franklin dikes,
it represents a slightly younger event (Christie and Fahrig, 1983). Despite its younger age, the Strath-
cona Sound dikes have a similar paleomagnetic direction to the rest of the Franklin dikes (Christie
and Fahrig, 1983). The mean paleomagnetic directions from Mainland Canada, Victoria Island and
Baffin Island have some overlap at the 95% confidence level (Fig. 9C), but this is not the case for
paleomagnetic poles from Ellesmere Island, Devon Island and Greenland. Interpretation of the De-
von Island dikes and Ellesmere Island dikes is complicated by the presence of a possible Ellesmere
microplate that includes Devon and Ellsemere Islands and may have moved relative to the rest of
North America during early Cenozoic motions (Denyszyn et al., 2009). The Devon Island dikes
display directions generally shallow and down to the west, with one dike shallow up to the east (re-

versed) (Denyszyn et al., 2009). On Ellesmere Island, three dikes were sampled for paleomagnetic
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study; two of them had anomalous directions, one of which yielded a U-Pb TIMS multi-grain frac-
tion baddeleyite age of 721+/-2 Ma (Denyszyn et al., 2009). The anomalous SW directed remanence
is suggested to be caused by rotation of an Ellesmere microplate, unintentional concentrated sam-
pling of secular variation or by pyrrhotite chemical remagnetization during Ellesmerian Orogeny
(Denyszyn, Halls and Davis, 2009). Across the Nares Strait, Franklin aged dikes and sills were sam-
pled from the northern Thule area of Greenland, where the resulting anomalous paleomagnetic
directions were of both normal and reversed (Denyszyn et al., 2009).

There is longstanding discussion regarding the amount of tectonic movement along the Nares
Strait and the original location of Greenland. Although it is acknowledged that seafloor spreading
in the Labrador Sea resulted in tectonic motions and rotations, the magnitude of possible strike slip
motions is debated, and the tectonic rotations of the other Arctic islands is still undecided (Roest
and Srivastava, 1989; Torsvik et al., 2001a). Across the Nares Strait, the similarities in the Paleozoic
geology of Ellesmere Island and northwest Greenland suggest that no more than 70 km of offset oc-
curred (Denyszyn et al., 2009). However, the main dike concentrations on both sides of the Nares
Strait (on Devon Island and near Thule on Greenland) are offset by 200 km, suggesting large sinis-
tral motion (Denyszyn et al., 2009). Denyszyn et al. (2009) suggested that the differences in the
Ellesmere Island, Devon Island and Greenland paleomagnetic data from the regions to the west was
best resolved by early Cenozoic block rotations around the Nares Strait region. Their data supports
a20° rotation between Mainland Canada and an Ellesmere microcontinent (that includes at least
Ellesmere and Devon islands), along with a 14° rotation of Greenland (Denyszyn et al., 2009). The
magnitude and direction of the Greenland rotation agree with that needed to close the Labrador
Sea (Roest and Srivastava, 1989). However, problematic overlap of Devon Island over Baffin is-
land and differences between paleomagnetic data from Greenland, Ellesmere and Devon islands
suggest an extinct plate boundary that separated the combined Devon and Ellesmere islands from

Greenland and accommodated addition movements between them (Denyszyn et al., 2009). As
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Lancaster Sound (between Devon and Baffin islands) is filled with thick Cenozoic sediments in a
westward narrowing basin, it is possible that this area may have accommodated movement of the
Devon-Ellesemere microcontinent (Denyszyn et al., 2009). The microcontinent rotation is also con-
sistent with a ~25° difference between Permian poles from Ellesmere Island and North America
(Torsvik et al., 2001a). This rotation is also in agreement with the restoration by Rowley and Lottes
(1988) where Ellesmere is displaced from North America, helping to explain extension in the Arctic
Oceans. In addition to tectonic motions of Greenland, Ellesmere and Devon Islands, Baffin Island
may have moved relative to North America along faults in the Hudson Strait during the opening of
the Labrador Sea (Pinet et al., 2013). As this motion is not thought to be very large, it is unlikely to
change the Baffin pole position too drastically.

The unadjusted paleomagnetic data from Ellesmere Island, Devon Island and Greenland all act
to pull the paleomagnetic pole of the Franklin LIP to the west. As mentioned earlier, these sites may
have been biased by an anomalous field or tectonic motions and rotations, the extent to which is still
undecided. Thus, when piecing together Neoproterozoic paleogeography, a more cautious calcula-
tion of the Franklin mean pole includes only sites from regions unaffected by these issues. Impor-
tantly, using the adjusted/rotated mean pole of Denyszyn et al. (2009), the mean pole from Canada
of Denyszyn et al. (2009), or the mean pole of Buchan et al. (2000), yield almost indistinguishable
results. In the subsequent reconstructions, I have used the mean pole from Canada of Denyszyn et

al. (2009).

4.8 NEOPROTEROZOIC PALEOGEOGRAPHY

With a more robust 780-720 Ma Laurentian APW path, I can compare the Laurentian dataset with
paleomagnetic and geochronologic data from other cratons (Table 8), and explore the paleogeo-

graphic implications for Rodinia. In particular, below I evaluate the SWEAT, AUSWUS, AUS-
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TABLE 8. CRATON PALEOMAGNETIC POLES

Paleomagnetic Pole
Paleomagnetic

Craton Unit/Fm Age (Ma) Type of Age+ Reference if different Lat.  Long. &9,,5, Reotorance NOTE
dm)
Laurentia  *Franklin LIP Victoria/ _ 716.3320.54  Macdonald et al., 2010 67 1621 3.0  Denyszynetal 2009  Site-filtered by Denyszyn et al., 2009 from previous studies
Mainland/Baffin Int. &
Ext.
*Carbon Butte+Awatabi  751.0¢ 7.6 Re-Os in Awatabi Mb. (Rooney et al., 130 16947  7.67  This Study Tilt corrected pole corrected for flattening using £=0.8 for
submitted) 2 carbonates and £=0.738 for sandstones
“COMBO Carbon 751.0£ 7.6 Re-Os in Awatabi Mb. (Rooney et al., 142 1664 411  This Study Results combined with Carbon Butte Mb. results from Weil et al.
Butte+Awatabi submitted) 2004. Pole is synfolding at 75% (48-91%).
*Carbon Canyon 757.0£6.8  Re-Os in middle of Carbon Canyon Mb. 147 1646 851 Reanalyzed Weilet Tilt corrected pole corrected for flattening using £=0.738 for
(Rooney et al., submitted) al. 2004 sandstones
*Nankoweap <782 detrital zircons (n = 14) Dehler etal., 2017 -11.7 1594 7 Reanalyzed Weil et Tilt corrected pole corrected for flattening using f=0.738 for
al,, 2003 sandstones
“Gunbarrel Mean 774931054 U-Pb CA-IDTIMS (Milton et al., 2014) 88 1377 119  Thisstudy Tobacco Root-B, Christmas Lake, and Mount Moran dikes,
Tsezotene sills
Southem  Walsh cap dolomite 750-700 Maloof et al., 2006 suggested ca. 720 215 2824 122 Li 2000 Likely age from Rooney et al., 2015: 662 Ma (Sturtian cap or 632 Ma
Australia (Marinoan cap)
*Mundine Well dikes 75543 Pb-Pb weighted mean zircon SHRIMP 453 1354 41 Wingate and
Giddings, 2000
Kanpa Fm 760-720 correlations 740 1288 (77,  Pisarevsky 2007 Close to some Middle Devonian Australian poles. Preliminary result
14.8) because itis based on six samples.
*Hussar Fm 800-760 correlations 622 858 103 Pisarevsky 2007
73,
14.6)
Browne Fm 830-800 correlations 445 1417 (51, Pisarevsky 2007
9.0)
Northern  Bitter Springs Fm 780-660 Uncertain age, constrained by fold testtobe 158 83.0 135 Swanson Hysell, et
Australia  Johnny's Creek Member pre-Paleozoic al, 2012.
Wooltana volcanics 827+ 67 620 1420 160  McWiliams & Very uncertain age constraints: McWilliams & McElhinny 1980 , M.
McElhinny 1980; Idnurm, unpublished 1997
Preiss, 2000
Yilgarn B dikes Originally thought to be 750-700 Ma 779 1620 281  Giddings 1976 younger (possibly Mesozoic) overprint (Halls and Wingate, 2001)
S.China  Liantuo sediments 748212 SHRIMP U-Pb (Ma et al. 1984) 40 1610 13 Evansetal 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 720415 SIMS U-Pb (Lan et al 2015) 127 1574 52 Jingetal, 2015 Paleomagnetic data spans the upper part of the formation
“Liantuo average 72015 SIMS U-Pb (Lan et al 2015) 132 1552 527 Jingetal, 2015
UWA site 1 Basal unit of the upper Liantuo 117 1590 107  Evansetal. 2000 No reversals, N<25 samples and no field test
N.China  Mean poles ca. 700 Mean of several undated poles 429 1070 57  Zhangetal.2006 Mean of poles from chinese paper published in the 1980s
Nanfen Unclear geologic context, ca. 925 Mainage  -165 121 111 Zhang etal. 2006 800-780 Ma age suggested by Li et al., 2008. No demag available.
based on recent correlations (Fu 2015)
Tarim *Beiyixi (Baiyisi) 755415 755: SHRIMP zircon U-Pb. 732: SHRIMP 177 1942 42 Huangetal. 2005 This age probably suffers from inheritance. Volcanics overlie the
732,048 zircon U-Pb Xu et al. (2005) Sturtian age Baiyisi diamictites
*Qiacenbrak Formation <717 Ma Sturtian age 63 175 91 Wenetal 2013 <730 Ma
Aksu dykes 80712 214 21t 110 Chen etal. 2004 Likely overprint: similar to Mid Paleozoic APWP (Wen et al. 2016)
India *Malani igneous suite 77125 U-Pb zircon SIMS (Gregory et al. 2009) 694 757 65  Meertetal. 2013 LA-ICP-MS Pb-Pb discordant zircon: 752 18 Ma.(Meert et al.
2013)
Malani igneous suite 77115 U-Pb zircon SIMS (Gregory et al. 2009) 678 725 88  Gregory etal. 2009
Malani igneous suite 771751 U-Pb zircon Tucker unpublished 680 880 8 Torsvik et al. 2001 Pre. Res. 108
75123,771£2
Mahe dikes 750.242.5 U-Pb zircon Takamaka dolerite 800 790 11 Torsvik etal. 2001 Pre. Res. 110
Congo “Mbozi gabbro 743830 743: K-Ar (Brock 1968), 755: K-Ar bt 460 3250 9 Meert et al. 1995 755 Ma age recalculated in Evans 2000, Mbede et al age is
7486 Syenite intrusions (Cahen & Snelling, i cept for i
<755425 1966; 748: U-Pb zircon (Mbede et al. 2004)
Luakela Volcanics 76525 U-Pb zircon SHRIMP (Key et al., 2001) 40 302 14 Wingate etal, 2010
Gagwe Lavas 79547 Ar-Ar (Deblond et al. 2001) 2% 93 10 Meertetal 1995 May actually be an overprint (Wingate et al., 2010)
Siberia  *Kitoi (Sayan) dikes 743+ 47 743: Sm-Nd. 758: Ar-Ar (Sklyarov et al. 14 224 74 Pisarevsky etal. Likely correlative with Franklin LIP, suggesting 720 Ma age. Pole
758%4 2003) 2013 is also presented as:-0.4°N, 201.8°E, A95=6.1°

*pole used in reconstruction
*Ags'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 Ags s estimated as the square root of dp x dm, where dp and dm are the semi-axes of the 95% ellipse of confidence about the mean pole (Khramov, 1987, p. 97)

MEX, and South China and Tarim missing link configurations of Rodinia. I start by reviewing the
existing data for continental cratons, with a focus on published paleomagnetic poles in the 780-720

Ma interval.

4.8.1 AUSTRALIA

Rift basins in Australia are interpreted to represent two episodes of extension, one ca. 700-650 Ma
the second ca. 6oo Ma, with extension suggested to be off the present day eastern margin (Preiss et
al., 1978; Walter et al., 1995; Preiss, 2000 Greene, 2010). Some have suggested that rifting was asso-

ciated with ca. 825-750 Ma mafic dikes and volcanism (Wingate and Giddings, 20005 Li et al., 1999;
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TABLE 9. SELECT SEDIMENTARY POLES CORRECTED FOR INCLINATION FLATTENING

Formation flattening Site mean direction Paleomagnetic Pole
D | ags Paleolatitude Paleolongitude TAgs
(dm,dp)
"Nankoweap
f=0 259.8 -4.1 71 -10 163 4.94
(3.5,7.0)
f=0.7380 259.8 -555 71 -9.9 161.9 4.94
(sandstones) (3.5,7.0)
*Hussar Formation
f=0 163.3 4.6 146 622 85.8 10.32
(7.3, 14.6)
f=0.35 163.3 1295 146 656 80.1 10.32
(mudstones) (7.3, 14.6)

#Nankoweap Formation is located 36.3°N, 248.1°E

*m. Lancer 1 is located at 25002‘44.5”8, 12304520.17E
TWhen site mean poles are not available Ags =\/(dp x dm), where dp and dm are the semi-axes of
the 95% ellipse of confidence about the mean pole (Khramov, 1987)

Ernst et al., 2008). Focus on the southern Georgina Basin has suggested that the Neoproterozoic
continental margin of Australia consisted of northwest striking rift segments offset by northeast
striking transform faults (Greene, 2010); however, this interpretation is not unique and focuses on

sedimentation that post-dates 780-720 tectonism.

BrowNE FORMATIONS /HUSSAR/ KANPA

Paleomagnetic studies of the Kanpa, Hussar, and Browne formations in the Central Officer Basin
of Central Australia have been studied by Pisarevsky et al. (2007). Red mudstone, siltstone and
sandstone from the Browne Formation yielded single polarity remanances (Pisarevsky et al., 2007).
The Browne Formation is correlated with the Bitter Springs Formation in the Amadeaus basin and
the upper Callanna Group in the Adelaide rift complex (Grey et al., 2005). Although the Browne
Formation has no direct geochronological constraints, the upper Callanna Group has been dated
at 802410 Ma (Rook Tuff U-Pb (Fanning et al., 1986) and the Bitter Springs isotope excursion has

a maximum constraint from a tuff dated at 811.5+0.25 Ma (U-Pb CA-ID-TIMS zircon Fifteenmile

156



Group, Yukon, Canada; Macdonald et al., 2010). Thus the Browne Formation pole could be used
for ca. 810 Ma reconstructions.

The Hussar Formation overlies the Browne Formation with a sharp contact that may represent a
minor erosional hiatus. The lower half of the Hussar Formation consists of mudstone, with minor
interbedded sandstone, dolostone and evaporite, whereas the upper part of the unit is dominantly
sandstone, with minor interbedded mudstone and dolostone. The Kanpa Formation overlies the
Hussar Formation with a sharp conformable contact. Kanpa Formation consists mainly of mud-
stone, claystone and sandstone in the lower beds, followed by stromatolitic dolostone, sandstone
and mudstone. The Kanpa Formation also contains grey shale beds with carbonaceous disks ten-
tatively identified as megascopic alga Chuaria, possible ash beds, and the Keene Basalt (Grey et al.,
2005). From the Hussar Formation, most sandstone samples are magnetically unstable, and only
17 samples (mostly mudstones) yielded a stable remanence carried by magnetite and hematite. Two
polarities are present, with directions oriented upwards to the north and downwards to the south.
As the Hussar Formation pole had not been corrected for inclination flattening, a flattening correc-
tion of /= 0.35 was applied to the direction carried in the Hussar mudstone samples (Table 9). The
Kanpa pole was based on only six samples and was considered a preliminary result, especially due to
similarities with Middle Devonian Australian poles. The Hussar and Kanpa Formations are corre-
lated with the Burra Group in the Adelaide rift complex, with basal constraints of 777+£7 Ma (U-Pb
sensitive high mass-resolution ion microprobe [SHRIMP] zircon Boucaut Volcanics; Preiss and
Cowley, 1999). The Hussar pole does bear similarity to the later Devonian Retreat batholith pole
(Anderson et al., 2004), but as the Hussar Formation also displays normal and reversed directions it

was not likely an overprint direction and can be used in ca. 780 reconstructions.
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MUuUNDINE DixE SwarRM POLE

An extensive swarm of dolerite dikes, the Mundine Dike Swarm, intrude into Archean and Protero-
zoic rocks of the Pilbara Craton of Western Australia. Most of the dikes are less than 30 meters wide
and are fine- to medium-grained, although some are wider, coarse-grained, and have individual strike
lengths of over 200 km (Wingate and Giddings, 2000). A joint geochronologic and paleomagnetic
study obtained Pb-Pb zircon data and a paleomagnetic pole that placed Australia at low latitudes.
Zircons grains were isolated from the center of a medium- to coarse-grained 25-meter wide quartz
dolerite dike (Wingate and Giddings, 2000). From the various SHRIMP analyses the Pb-Pb ages all
agreed within error, but when considering 206 ph/238( ratios, two analyses were slightly normally
discordant and more than half were strongly reversely discordant (Wingate and Giddings, 2000).
This suggested unsupported radiogenic Pb (Mattinson et al., 1996), or enhanced sputtering of Pb
relative to U, due to radiation-induced microstructural changes (McLaren et al., 1994). Thus the
reported age is from a weighted mean Pb-Pb age of 75543 Ma. The paleomagnetic study obtained
a positive baked contact test to indicate that the magnetization from the Mundine Dike Swarm was
from emplacement and cooling at 755 Ma (Wingate and Giddings, 2000). This paleomagnetic data
for eight dikes was combined with the previous results for six Northampton dikes to obtain the
paleomagnetic pole for Australia at 750 Ma (Wingate and Giddings, 2000). Given its age and the

paleomagnetic sample data, this pole was include in the presented reconstructions.

WaLsH TrLLiTe Car

The Wash Tillite is a glacial diamictite exposed in eastern Kimberley, northwestern Australia. Ini-
tially, researchers suggested that the Wash Tillite might be correlative with the Sturtian deposits
(Dow and Gemuts, 1969; Plumb and Gemuts, 1976). However, more recent work has suggested

that the Wash Tillite should be correlative with the younger Marinoan glacial deposits (Plumb,
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1981; Grey and Corkeron, 1998; Coats and Preiss, 1980). A paleomagnetic study sampled the cap
carbonate overlying the Wash Tillite (the Wash Tillite Cap-WTC) and obtained a direction from
six sites that passed a fold test (Li, 2000). As the resulting paleomagnetic pole was 58° away from
the Elatina Formation pole expected for the Marinoan glaciation, this led to the suggestion that
the Walsh Tillite was Sturtian (ca. 770-750 Ma) rather than Marinoan in age, and the WTC pole
was introduced as a ca. 750 tie point for Australia in reconstructions (Maloof et al., 2006; Li et al.,
2008; Zhang et al., 2006; Li and Evans, 2011). When incorporated into paleogeographic reconstruc-
tions, it was used to argue for the break-up of Rodinia by 750 Ma. However, the dismissal of the
geological correlations in favor an arbitrary 750 Ma age is puzzling, and given recent geochronologi-
cal calibrations on Snowball Earth glaciations, the likely age for the WTC pole is either 662 Ma (if a
Sturtian cap), or more likely 632 Ma (a Marinoan cap) (Rooney et al., 2015). With these revised age

constraints, this paleomagnetic pole was not used in the presented reconstructions.

YILGARN DIKES

The paleomagnetic pole from the Yilgarn B dikes of Western Australia was initially thought to be
robust and used as a tie point for all 1050-700 Ma reconstructions (Giddings, 1976). This pole was
one of the original paleomagnetic constraints for the SWEAT hypothesis (Powell et al., 1993). How-
ever, a paleomagnetic study resampled the same rocks from which a positive baked contact test was
reported, but obtained a negative baked contact test (Halls and Wingate, 2001). This was combined
with petrographic and rock magnetic data to suggest that that pole was a secondary overprint likely
Mesozoic in age (Halls and Wingate, 2001). Thus, this pole was not used in the presented recon-

structions.
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4.8.2 SoutH CHINA

South China comprises the Yangtze and Cathaysia blocks (Grabau, 1924). The Yangtze block has

a late Archean-Paleoproterozoic core and younger orogenic belts (Wang et al., 1995), while the
Cathaysia block has pre-1.4 Ga continental crust (Jahn et al., 1990; Li et al., 1992; Shui, 1987; Zhou et
al., 1993; Li, 1994). There are well-developed Neoproterozoic rift systems in South China, that have
helped served as a geologic basis for proposed connections to Australia and Laurentia (Wang, 198s;

Xing, 1989; Qiao, 19893, 1989b; Dong and Liu, 1995; Li, 1991; Li et al., 1995).

LianTUuO FORMATION

Exposed in the Hubei province and the lower Three Gorges of the Yangtze River, the arkosic to
argillitic Liantuo Formation contains interbedded volcanic ash horizons, and is laterally equivalent
to the Tonian Banxi Group. Unconformably overlying the Liantuo Formation is the Marinoan
Nantuo Formation (Wang et al., 1981; Liao, 1981; Condon et al., 2005). These units have been sug-
gested to reflect continent rifting and passive-margin development, similar in style and age to those
found in Australia and western Laurentia. This observation helped place it as a missing link between
Australia and Laurentia (Li et al., 1995; Li et al., 1996 ; Li et al., 2008). However, other work suggests
that South China is surrounded by a 970-750 Ma arc, explaining the abundant ash interbeds within
the Banxi Group and Liantuo formation (Cawood et al., 2013). Consistent with this alternative in-
terpretation, some have placed it near the northwest Australian shelf (Kirschvink, 1992; Cawood et
al.,, 2013).

Two important paleomagnetic studies have focused on the Liantuo Formation, both focusing
on the upper part of the formation (Evans et al., 2000; Jing et al., 2015). The Liantuo Formation
has been the focus of several geochronology studies. The lower Liantuo was dated with SHRIMP

U-Pb zircon age of 779 & 12 Ma (20 zircon analyses) from a reworked tuff sample within the lower
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Liantuo Formation (Du et al. 2013). The upper Liantuo has been dated to 748 £ 12 Ma (SHRIMP
U-Pb from 23 zircon analyses Ma et al., 1984). More recently a SHRIMP U-Pb zircon age of 724

+ 12 Ma was reported from the same locality (2 zircon analyses; Gao and Zhang (2009). These ra-
diometric dates suggest that the depositional age of the top Liantuo Formation should postdate ca.
725 Ma. New, as of yet unpublished, ages from the paleomagnetism sites of Jing et al. (2015) and
Evans et al., 2000 suggest the age is ca. 778 Ma. In the presented reconstructions, South China is
constrained using the Liantuo paleomagnetic pole in both the ca. 750 and ca. 720 Ma time win-
dows. Regardless of the correct age of the Liantuo pole, South China is at mid latitudes and is placed
adjacent to the western margin of Australia, not the eastern, as this configuration is consistent with
the later Ediacaran paleomagnetic data that suggests that the South China block was located to the

northwest of Northern Australia (Jing et al., 2015)

4.8.3 NoORTH CHINA

The North China Block has an Archean to Paleoproterozoic basement, and Meso-Neoproterozoic
to sedimentary basins (e.g. Wang and Qiao, 1984). Some reconstructions place North China near
Siberia (Li et al., 1996), while others have suggested that North China was alongside western Lau-
rentia (Wang et al., 1997). Unfortunately, there is sparse paleomagnetic data for North China, and
the Nanfen Pole has been used to suggest that North China was connected to Laurentia and near
Siberia until 700 Ma (Zhang et al., 2006). Unfortunately, the sample and demagnetization data
from the Nanfen pole has not been published in peer-reviewed literature (Lin, 1984) and the age of
the Nanfen Formation is unknown. Newer work correlates the Nanfen Formation with the lower
part of the ca. 890-925 Ma Huaibei Group (e.g. Xiao et al., 2014). Thus, this paleomagnetic pole was
not incorporated into the presented reconstructions. The newer correlations suggest that there are
no Cryogenian-Ediacaran basins that could be tie points to the margin of Laurentia. As Mesopro-

terozoic work has suggested that North China was near Siberia (Zhang et al., 2006; Fu et al,, 2015),
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North China is tenuously placed close to Laurentia and Siberia but this reconstruction lacks con-

straints.

4.8.4 TARIM

Tarim’s basement is composed of Proterozoic schist of the Aksu Group that is intruded by a series of
unmetamorphosed northwest-trending mafic dikes. The overlying sedimentary sequences consist of
the Cryogenian Baiysi, Qiaoenbrak and Yuermeinak Formations, and the Ediacaran Sugetbrak and
Chigebrak Formations (Gao et al., 1985; 1993; Turner, 20105 Zhu et al., 2015 Xu et al., 2013; Wen et

al., 2015). Both the Qiaoenbrak and Yuermeinak Formations are dominated by sandstone, siltstone
and conglomerate, and contain diamictites interpreted to record multiple Cryogenian glaciations
(Gao etal., 1985; Gao and Qian, 1985; Wen et al., 2015). Marinoan-age cap dolostone was recently
documented above the glacial deposits of the younger Yuermeinak Formation (Wen et al., 2015). It

is suggested that Tarim was adjacent to northwest Australia (Li et al., 1996; Li et al., 2008), next to

Laurentia as a missing link alternative (Wen et al., 2015), or near North China (Wang et al., 2015).

Barvisi FORMATION

Baiyisi Formation is likely correlative with Sturtian glaciation and includes a sequence of siliciclas-
tics, diamictite, a lower volcanic unit, shale and then a final second volcanic unit (Wen et al., 2015;
2016). From the basal volcanics, a SHRIMP U-Pb age analysis gives a weighted mean age of 75515
Ma (Xu et al., 2005). Recent SHRIMP zircon U-Pb geochronologic data from the volcanic rocks
above the Baiyisi diamictites were dated to 725410 Ma, while those below were dated to 740+7 Ma,
respectively (Xu et al., 2009). These analyses display a wide spread of dates and suggesting that they
include inherited grains, which would bias the weighted mean to an older age. A paleomagnetic

study was conducted on the basalts of the second volcanic unit (Huang et al., 2005). As these basalts
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are overlying the Sturtian Baiyisi diamictites and have been dated to 725410 Ma, the Baiyisi volcanics

pole is likely syn- to post-Sturtian in age, and is thus incorporated into the ca. 720 reconstruction.

QIAOENBRAK FORMATION

The Sturtian correlative Qiaoenbrak Formation has also been the focus of a paleomagnetic study,

and its pole is very similar the Baiyisi pole but includes a negative soft-sediment fold test and a posi-
tive conglomerate test. The negative soft-sediment fold test and the positive conglomerate tests sug-
gest that the CRM:s likely represent the post-depositional remanent magnetizations. As a result this
paleomagnetic pole is not corrected for inclination flattening. This pole is included in the presented

ca. 720 reconstruction of Tarim.

4.8.5 NORTH AUSTRALIA

North Australia is suggested to have been close to West Australia during the Neoproterozoic, but

experienced a later relative rotation (Schmidt et al., 2006; Li and Evans, 2o1m).

JoHNNY’s CREEK MEMBER (BITTER SPRINGS FORMATION)

The Bitter Springs Formation is exposed in the Amadeus Basin of north-central Australia. Within
the Bitter Springs Formation, the paleomagnetism of the Johnny’s Creek Member was investigated
by Swanson Hysell et al. (2012). From the siltstones of Johnny’s Creeck Member a high-temperature
component carried by hematite was isolated. This component direction passed a regional fold test,
which suggested that the magnetization was acquired prior to Paleozoic folding, thus it was inter-
preted as a primary/early diagenetic magnetization (Swanson Hysell et al., 2012). The region has
experienced extensive overprinting events, so it is possible that the Johnny’s Creek Member mag-

netization is not primary (Swanson Hysell et al., 2012). Alternatively, the magnetization is primary
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and hence constrains the motion of northern Australia relative to southern Australia. Towards this,
Swanson Hysell et al. (2012) compared the pole to the Mundine Wells dike pole from southern Aus-
tralia. This comparison, incorporating the proposed relative rotation of Li and Evans (2011), was
found to bring the Johnny’s Creek member pole into better agreement with the Mundine Wells dike
pole (Swanson Hysell et al., 2012), thus supporting the relative rotation hypothesis between south-

ern and northern Australia.

4.8.6 CoNGoO

Congo is placed aside from Laurentia; broadly following published reconstructions (e.g. Hoffman,
1991; Merdith et al., 2017, Li et al., 2008). This configuration is supported during the 775-720 Ma

window by paleomagnetic data from both the Mbozi complex and the Luakela volcanics.

MBoz1 COMPLEX

Situated in southern Tanzania, the Mbozi complex covers over 300 km? and is dominated by gab-
bros and pyroxenites. These layered mafic units were subsequently intruded by dolerites and finally
syenite dikes (Brock, 1968). Early work obtained a K-Ar bulk rock age of 743+30 Ma (Brock, 1968)
and a K-Ar age of 75525 Ma on biotite separated from the intruding syenites (Cahen & Snelling,
1966). This 755 Ma age was reported in Evans (2000) where it was recalculated using the updated
decay constants from Dalrymple (1979). These dates have been superseded by a U-Pb zircon age of
74816 Ma (Mbede et al. 2004). Unfortunately, that age is unpublished except for in conference
proceedings. A paleomagnetic study of 10 sites was undertaken by Meert et al. (1995). Thermal and
AF demagnetization revealed two components, including one interpreted as primary from 64 sam-
ples (Meert et al. 1995). This paleomagnetic pole was supported by s of the 7 van der Voo criteria,
but lacked field tests and presence of reversals (Meert et al. 1995). The Mbozi pole was used to con-

strain the Congo’s position at 750 Ma in the presented reconstructions.
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LLUAKELA VOLCANICS

The Zambian Luakela volcanics include unmetamorphosed and undeformed basaltic to andesitic
flows. Zircons from two samples of basaltic andesite from the Luakela volcanics yielded SHRIMP
U-Pb zircon ages of 765+5 and 763+6 Ma (Key et al., 2001). Paleomagnetic analysis isolated mul-
tiple components from 65 samples (9 sites), including one component carried mainly by single-
domain magnetite and interpreted to be primary (Wingate et al., 2010). This interpretation was

supported by the presence of reversed directions (Wingate et al., 2010).

4.8.7 INDIA

The earliest proposed models of Rodinia suggested that East Gondwanaland (India-Australia-
Antarctica) remained intact during the tenure of the supercontinent (Hoffman, 1991). However,
evolving paleomagnetic data suggests that this may not have been the case (Torsvik et al., 2001b,

2001¢; Gregory et al,, 2009; Meert et al., 2013).

MALANI IGNEOUS SUITE

The extensive felsic Malani igneous suite in northwest India includes an initial phase of felsic extru-
sives over 3 km thick, followed by intrusion of granite plutons. The final stage includes crosscutting
rhyolitic dikes (Mukherjee, 1966; Bhushan, 1985). The unmetamorphosed igneous suite was folded
prior to the deposition of overlying sediments (Mukherjee, 1966; Bhushan, 198s).

U-Pb zircon ages of 75143 and 77112 Ma were reported in the paleomagnetic study of Torsvik
et al. (2001b) as personal communication from R. D. Tucker. Subsequently, a U-Pb secondary ion
mass spectrometry (SIMS) 77145 Ma (MSWD = 1.5) age was obtained from 14 concordant analyses
on 10 zircon crystals from a rhyolitic tuff (Gregory et al., 2009). More recently, LA-ICP-MS discor-

dant analyses on zircon from a mafic dike resulted in U-Pb dates ranging between 700 to 727 Ma
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(weighted mean U-Pb ca. 704 Ma, Pb-Pb 752418 Ma) (Meert et al., 2013).

Several studies have examined the Malani igneous suite, from which a grand mean pole has been
reported (Torsvik et al., 2001b, Gregory et al., 2009; Meert et al. 2013). The primary nature of the
pole is supported by baked contact tests and a statistically positive fold test (Torsvik et al., 2001b;
Gregory et al., 2009; Meert et al., 2013). This data suggests that India was at intermediate latitudes

and likely not part of East Gondwana.

MAHE INTRUSIVES- SEYCHELLES

Although a continental fragment, the Seychelles has been placed adjacent to India until around 65
Ma (Plummer and Belle, 1995; Torsvik et al., 1998). The Mahe intrusives of the Seychelles include
granite intrusions as well as basaltic and dolerite dikes. TIMs work was conducted on zircon from
the Takamaka dolerite dyke, resulting in a U-Pb age of 750.2%2.5 (Torsvik et al., 2001). Following
AF and thermal demagnetization, paleomagnetic results from 7 dikes suggested that a primary di-
rection was carried by magnetite or titanium-poor titanomagnetite (Torsvik et al., 2001c). This di-
rection was supported by 4 of the 7 van der Voo criteria (lack of tectonic coherence with the India
craton and no field tests or reversals) (Torsvik et al., 2001c). The Seychelles was then restored relative
to India and the Malani intrusive suite (Euler pole: Latitude=25.8°, Longitude=330° and rotation
angle=28°) (Torsvik et al., 2001c). However, as this restoration relied on paleomagnetism and the
assumed coeval nature of the Malani intrusive suite and the Mahe Intrusives rather than a geologic
basis, only the Malani intrusive suite pole was used to constrain India in the reconstructions pre-

sented here.

4.8.8 SIBERIA

Paleomagnetic data from dikes proposed to be ca. 760 Ma (Kitoi Dykes), and recent work using LIP

piercing points are considered as constraints for Siberia (Pisarevsky et al. 2013; Ernst et al., 2016). Past
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reconstructions have used geological considerations as well as sparse paleomagnetic constraints, and
have usually placed Siberia adjacent to northern Laurentia in a wide variety of orientations (Hoft-
man 1991; Condie et al., 1994; Rainbird et al., 1998; Evans and Mitchell, 2011), or as the conjugate
margin to western Laurentia (Sears and Price 2003). Alternatively, others have agreed that Siberia
was near the northern Laurentian margin, but argue for a large gap between Siberia and northern
Laurentia (Pisarevsky et al., 2008; 2014).

Within the Irkutsk peninsula, by the Kitoy river (or Kitoi river) the Sharizhalgai uplift includes
two generations of dikes (Paleoproterozoic and Neoproterozoic in age). Of particular interest for
the reconstructions presented here are the northwest trending “Kitoi” dikes (Pisarevsky et al., 2013),
also referred to as the Nersa complex dikes (Gladkochub, 2010) or the Sayan dikes (Ernst et al., 2016).
These tholeiitic gabbro dolerites dikes trend N-NE and range from 7 km to potentially 15 km in
length, all dipping to the southwest (Sklyarov et al., 2003).

These units have been dated to 743147 Ma with Sm-Nd on pyroxene, plagioclases and whole
rock) Sklyarov et al. (2003), as well as 758-£4 Ma Ar-Ar from plagioclase (Gladkochub, 2006). De-
spite these ca. 700-800 Ma ages, the convergence of these dikes with the NE trending Baikal dikes,
suggests that they may be part of a radiating dike swarm correlated with the Franklin and Irkutsk
LIPs (see discussion below), and thus ca. 720 Ma (Ernst et al., 2016). As the existing ages involve the
less robust Ar-Ar and Sm—Nd methods, it was thought that future geochronology studies using
U-Pb on zircon could result in substantially younger ages (Gladkochub et al., 2006). A CRM was
isolated from 10 sites by Pisarevsky et al. (2013) and interpreted as primary due a partial contact test
that found scattered remanence of the unbaked host rocks.

Importantly, recent geochronological work has identified robust age matches between southern
Siberia and northern Laurentia that suggests that they were adjacent from 1875-720 Ma (Ernst et al.,
2016). In particular, it was shown that the Franklin LIP in Laurentia was likely a correlative event

with the Irkutsk LIP in Siberia. The Irkutsk LIP of southern Siberia includes the Dovyren intrusive
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massif (72443 Ma, U-Pb baddeleyite; Ernst et al., 2016), volcanic rocks associated with the Inyaptuk
Formation (729%14 Ma; Ariskin et al., 2013), Upper Kingash intrusions (726£18 Ma, U-Pb, Ernst et
al., 2016), Tartai intrusion (7136 Ma, U-Pb SHRIMP Polyakov, 2013), as well as the poorly dated
Sayan (see discussion above) and Baikal dikes (Ernst et al., 2016). Thus pre-720 Ma, Siberia is placed
to the north of Laurentia in a configuration without overlap, similar to those presented in Ernst et

al. (2016) and Pisarevsky et al. (2013).

4.8.9 ANTARCTICA, BALTICA, AMAZONIA, KALAHARI, R10 DE LA PLATA, SAO FRANCISCO,

WEesT AFRICA

There is no paleomagnetic data for Antarctica, Baltica, Amazonia, Kalahari, Rio de La Plata, Sao
Francisco, and West Africa during the 780-720 Ma period, other published configurations were
examined before these cratons were incorporated into the reconstructions presented here (Hoffman,
1991; Li et al., 2008; Evans, 2009; Li and Evans, 2011, Li et al., 2013; Merdith et al., 2017).

Antarctica is placed in connection to Australia in its Gondwana configuration (Harley, 2013).
The original SWEAT model suggested that eastern Antarctica was connected in its Gondwana con-
figuration with Australia and India, and lay adjacent to the southwestern United States. Subsequent
work has identified features related to a Pinjarra Orogen suggesting that eastern Antarctica should
be split into an eastern Antarctic craton and the Mawson craton, the latter suggested to be con-
nected to Australia as a single craton post 1200 Ma (Fitzsimons, 20034, b; Cawood and Buchan 2007;
Cawood & Korsch 2008; White et al. 1999). This treatment of the Mawson craton was incorporated
into the presented reconstructions.

For Baltica, the Sveconorwegian Orogen is a geologic tie point to the Laurentian Grenville Oro-
gen, and thus most reconstructions place Baltica adjacent to the northeastern margin of Laurentia,
although the exact configuration is uncertain (Hoffman, 1991; Bogdanova et al., 2008; Evans, 2009).

Similarly, the Amazonian Rondonia-Sunsas orogenic belt may be correlative with the Grenville
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Figure 4.11: Paleogeographic reconstructions. Brightly colored continents are those with paleomagnetic data within
10 Ma of the reconstructed time. Continents with colored outlines lack paleomagnetic data within 10 Ma to support
any reconstruction for that time. A. 780 Ma, B. 750 Ma, C. 720 Ma, D. 1070 Ma reconstruction with only Laurentia,
Australia and associated cratons. Paleomagnetic poles are from the Australian Bangemall sills (1070 Ma U-Pb) and the
Laurentian Nonesuch Shale (1087 Ma Re-Os).

Orogen, suggesting that Amazonia also be placed adjacent to the Laurentian eastern margin (Hoft-
man, 1995; Loewy et al., 2003; Davidson, 2008; Li et al., 2008). Further south, the Grenville aged
Namaqua-Natal orogenic of the Kalahari Craton was suggested as a tie point to southeast Laurentia
(see Hoffman, 1991; Li et al., 2008). There are also proposed connections between Kalahari, Rio de
la Plata and Laurentia, so Rio de la Plata is placed adjacent to the eastern margin of Laurentia be-
tween Kalahari and Amazonia (Li et al., 2008; Evans, 2009). Another smaller craton, Sao Francisco is
placed farther from Laurentia’s margin, but adjacent to the Congo (Li et al., 2008; Evans, 2009).

In considering West Africa, there are very few constraints, either geological or paleomagnetic.
The craton lacks Grenville aged metamorphism and so it was either part of a larger craton such as
Amazonia, or not part of the supercontinent (Trompette, 1997; Merdith et al., 2017). Recent recon-

structions were followed by placing West Africa near Amazonia (Merdith et al., 2017).
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4.9 PALEOGEOGRAPHIC RECONSTRUCTIONS CA. 780, 750 AND 720 MA

Paleomagnetic and geochronologic data was compiled (Table 8) and reconstructions were created
for three time windows: ca. 780, 750 Ma and 720 Ma (Fig. 11). Uncertainties were highlighted by
filling in the continents for which there is paleomagnetic data within 10 Ma of the reconstructed
time. Continents with only colored outlines lack paleomagnetic data within 10 Ma to support any
reconstruction for that time. For the ca. 780 Ma reconstruction, there are only paleomagnetic poles
for India (Malani Intrusives), Australia (inclination Flattened Hussar Pole) and Laurentia (Gun-
barrel event). For the ca. 750 Ma reconstruction, there are poles for Congo (Mbozi Complex), Aus-
tralia (Mundine Wells Dike Swarm), Laurentia (Carbon Canyon pole and Awatabi+Carbon Butte
pole), as well as South China (Liantuo). For Laurentia the Awatabi+Carbon Butte pole, the Car-
bon Canyon pole (reanalyzed from Weil et al., 2004) and the Nankoweap pole (Weil et al. 2003)

are displayed. The 755 Ma Mundine Wells Dike pole is plotted halfway between the ca. 751 Ma
Awatabi+Carbon Butte pole and the ca. 757 Ma Carbon Canyon pole. Finally, for the ca. 720 Ma
reconstruction, there are three continents with paleomagnetic poles within 10 Ma, Laurentia with its
Franklin pole, Siberia with the Kitoi-Sayan dike pole, and Tarim with the Baiyisi volcanics pole and
Qiaoenbrak Formation pole.

With regards to these reconstructions, an AUSMEX configuration is permissible for each of the
time windows, with paleomagnetic data supporting the configuration at 780 and 750 Ma. Between
these two times, the paleomagnetic data suggests some right lateral motion between Laurentia and
Australia (Fig. 1mA). As suggested previously, the SWEAT and AUSWUS configurations are un-
tenable given the paleomagnetic data and thus Australia cannot be the conjugate rifted margin for
Laurentia. South China is an unlikely candidate for the conjugate margin of Laurentia, as by 750 Ma
it would have needed to have already rifted away, and both geologic data and Ediacaran paleomag-

netic data suggest a position near western Australia (Kirschvink, 1992; Cawood et al., 2013; Jing et al.,
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2015). Tarim has also been suggested as a candidate for the rifted margin but, as shown here, compar-
ison of the ca. 720 Ma paleomagnetic data suggests that Tarim and Laurentia are at similar latitudes
and would overlap if placed at the same longitude, making that reconstruction untenable. Thus I
suggest that it should be instead placed near Siberia and North China.

With regards to the other cratons, paleomagnetic and geologic considerations forbid Siberia as
the conjugate margin to western Laurentia. Furthermore, Congo and India both have paleolatitude
constraints that prohibit their connections to western Laurentia (Meert et al. 199s; Torsvik et al.,
2001b, 2001¢; Gregory et al., 2009; Meert et al., 2013). Due to the similarities between Sao Francisco
and Congo, the former is also an unlikely candidate for the western margin (Li et al., 2008). Geo-
logic tie points suggest that Antarctica is likely attached to Australia and is not the conjugate margin
for Laurentia (Fitzsimons, 2003a, b; Cawood and Buchan 2007; Cawood and Korsch 2008; White
et al. 1999). Similarly, geological tie points for Baltica and Amazonia, Kalahari, and Rio de la Plata,
suggest they were on or near the eastern margin of Laurentia and thus cannot be conjugates for the
western margin (Bogdanova et al., 2008; Loewy et al., 2003; Davidson, 2008; Li et al., 2008).

These reconstructions of the western margin of Laurentia suggest two scenarios for the iden-
tity of the conjugate craton: either (a) there was a craton with currently unexplored connections to
Laurentia (such as West Africa), or (b) western Laurentia did not have a conjugate craton and in-
stead the final rift event involved a ribbon continent (Fig. 12). I propose that between 780-750 Ma,
southern crustal extension may have been triggered by dextral strike-slip motion between Laurentia
and Australia along the southwestern Laurentian promontory. This resulted in initial extensional
to transtensional basins along southwestern Laurentia (Fig. 12A). This was followed by ca. 720 Ma
rifting of Siberia on the northern margin, triggered by the Franklin LIP (Fig 12B). Finally, there was
progression of rift volcanism south along the margin ca. 720-660 Ma (Fig. 12C; Macdonald et al.,
2010; Rooney et al., 2014 and 2015; Lund et al., 2003; Lund et al., 2010; Condon and Bowring, 20113

Keeley et al., 2013).
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A. ca. 780-750 Ma B.ca. 720 Ma C. ca. 720-660 Ma

el

B Laurentia South-West Australia
l:l Deformed Laurentian Crust - Tonian ChUMP Basins - extrusive/intrusive volcanics North Australia
775 Ma Gunbarrel Event .
Potential Rifted Microcontinent Cryogenian Laurentian strata 717 Ma Franklin LIP - East Antartica Craton
— 720-680 Ma Extensional volcanism: - Siberia
Basement structures Yy 720-700 Ma *700—690 Maﬁ

Figure 4.12: ca. 780-660 Ma tectonic interpretations. A. 780-750 Ma strike-slip motion between Australia and Lau-
rentia. Basement structures are highlighted. B. 720 Ma eruption of the Franklin LIP that initiated the rifting of Siberia
from the northern margin. C. 720-660 Ma rift magmatism that propagated south down the margin.

This model is consistent with inferences of Precambrian structures (Marshak et al., 2000; Tim-
mons et al., 2001; Marshak et al., 2017). These structures, although more recently involved in the
uplift related to the Paleozoic Ancestral Rockies event or the Mesozoic-Cenozoic Laramide event,
are interpreted to reflect Proterozoic extensional fault systems (Marshak et al., 2000; Timmons et al.,
2001; Marshak et al., 2017). They have been divided based on orientation into northwest-trending
structures and north-trending structures (Marshak et al., 2000). The northwest-trending structures
appear to be continental in scale and include the Texas- Mogollon- Walker lineament, the Lewis
and Clark—Oklahoma-Alabama lineament, Mojave- Sonora mega shear, and Uncompahgre uplift,
(Marshak and Paulsen, 1996; Marshak et al., 2000; Timmons et al., 2001; Whitmeyer and Karlstrom
2007). These structures are inferred to be late Mesoproterozoic in age due to the similarity of orien-
tations to those displayed by the Mesoproterozoic Unkar Group, and thus interpreted to represent
Grenville aged northeast directed continental extension (Timmons et al., 2001). The north-trending
structures are inferred from steep reactivated (Laramide) structures, including the Defiance mono-

cline, Grand Hogback, Grand Wash fault, Hurricane monocline, Front Range and Rio Grande rift
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(Marshak, et al., 2000). The orientation of these structures bear similarity to the Butte Fault and
Chuar Syncline, leading to the suggestion that these structures were established ca. 750 Ma and re-
lated to the deposition of the Neoproterozoic ChUMP basins (Timmons et al., 2001). Alternatively,
the north trending structures may be related to the northwest-trending features established in the
late Mesoproterozoic to Neoproterozoic (Marshak and Paulsen, 1996; Karlstrom and Humphreys,
1998).

My proposed strike slip motion between Australia and North America may parallel these north-
west trending structures. Typically strike slip tectonics can include minor extensional basins in the
form of extensional duplexes (Woodcock and Fischer, 1986). In this scenario, the older basement
northwest trending structures could help accommodate my proposed strike slip motion, while the
north trending features such as the Butte fault that lie between the northwest trending structures
and could be associated extensional duplexes within a dextral strike slip system. If the early ca. 750
Ma ChUMP basin formation in southern Laurentia are associated with strike-slip motions rather
than pure rifting, it would explain the presence of the narrow basins, the puzzling absence of a late
Neoproterozoic passive margin sequence with broad subsidence and voluminous volcanism typi-
cally associated with the rift extensional basins. This absence indicates that stretching factors were
low from 750 to 600 Ma, which is consistent with this model of narrow transtensional basins rather
than a true rift.

The eventual rift event that triggered the rift-drift transition may have involved the rifting of a
ribbon continent with Laurentia affinity. The eventual rifted continental fragment may have con-
tinued to disintegrate, or alternatively could have re-accreted later to Laurentia as a Cordilleran rib-
bon continent (Johnston et al., 2008; Hildebrand et al., 2009), but not necessarily with the outlines
envisioned in Hildebrand’s Rubia. In this model, the final rifting of Laurentia may be comparable
to that of the Artic Ocean, where the Gakkel Ridge separates the continental Lomonosov Ridge

from the Barents shelf of Europe (Sweeney et al., 1982; Rowley and Lottes, 1988). Some suggest that
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the Lomonsov Ridge block was sheared from Eurasia in the late Cretaceous along a trans-Arctic left
lateral offset, and later this weakness was utilized when the North Atlantic rift propagated into the
Arctic in the Early Tertiary (Sweeney et al., 1982). The continental nature of the Lomonosov Ridge
is supported by its crustal thickness of 22-30 km and the existence of fragments of Upper Permian
zircon-bearing rocks (Grantz et al., 1998; Grantz, et al., 2001; Shipilov 2008). It is suggested that the
Lomonosov microcontinent existed as an independent microplate for 1o—15 Ma (Shipilov, 3008).
This type of rifting, rifting without a conjugate craton margin, may have been important in the Neo-
proterozoic rifting of Laurentia.

This reconstruction may have very different implications for the connections between supercon-
tinent rifting and Tonian TPW, and supercontinents and mantle plumes. Previous reconstructions
have suggested rapid TPW during the period 780-750 Ma related to the occurrence of a high-latitude
superplume (Evans, 1998, 2003; Li et al., 2003; Li et al., 2008). In the presented reconstruction there
is a slight clockwise rotation of Laurentia between 780-750 Ma, but there is no evidence for large-
scale TPW movement and a resulting rotation of Laurentia as previously suggested. Furthermore,
previous work suggested that large supercontinents are associated with thermal insulation that may
elevate the temperature of the upper mantle (e.g., Anderson, 1982; Gurnis, 1988), and may drive
thermal upwelling and breakup. Other suggest that instead thermal insulation is ineffective, and
circum-supercontinent subduction zones and mantle avalanches drive upwelling and superplumes
(e.g., Kellogg et al., 1999). This type of phenomenon is suggested to explain the dual superplumes
under Africa and Pacific (e.g., Zhao, 2001 Courtillot et al., 2003; Anderson, 1982). Without conju-
gate cratons on its western margin, Laurentia is no longer at the center of an insulated and subduc-
tion bound supercontinent. Thus, the location of the suggested plume-related Gunbarrel Event no

longer is consistent with the older plume-supercontinent hypothesis.
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TABLE 10. MESOPROTEROZOIC PALEOMAGNETIC POLES

Paleomagnetic Pole

Pole Age (Ma) Type and Age Reference Paleomagnetic Reference
Latitude  Longitude  Ags
North Shore Volcanic Group 10984 + 1.9, Pb-Pb weighted mean, 35.8 1821 3.1 47 Tauxe and Kodama, 2009; mean
(upper SW sequence) 1096.6 + 1.7 Davis and Green, 1997 . . calculated in Fairchild et al., 2017
Portage Lake Volcanics 10962+ 1.8 U-Pb concordia intercept, 271 182.0 22 97  Books, 1972; Hnat et al., 2006
Davis and Paces, 1990
Chengwatana Volcanics 1094.6 + 2.1 Pb-Pb zircon, weighted mean, 30.9 1861 49 8 Kean, etal. 1997
Zartman et al., 1997
CA-ID-TIMS Tauxe and Kodama, 2009;
Schroeder-Lutsen basalts <1091.61+0.14 Fairchild et al., 2017 271 187.8 30 50 Fairchild et al., 2017:
CA-ID-TIMS 231 Kulakov et al., 2013
Lake Shore Traps 1085.57 £ 0.25 Fairchild et al., 2017 186.4 40 31
L 1084.35 + 0.20, CA-ID-TIMS Palmer and Davis, 1987; Fairchild
Michipicoten Island Fm 1083.52£0.23 Fairchild et al., 2017 7 frar 44 B etal,, 2017
. Re-Os Henry et al., 1977; Symons et al.,
Nonesuch Formation 1078 £ 24 Cumming et al., 2010 7.3 174.7 3.0 29 2013
107148, 1067+14, . .
Bangemall Sills 1068+22, U'i\'/’,r?*:fe”‘gs ng%‘L?Le"S"ez/()Z(;ZCO” 338 950 83 11 Wingate and Giddings, 2004
Mean: 1070 £ 6 ing \ddings,
Cardenas Basalts-Unkar 1080 +2,1080 + 3 U-Pb baddeleyite Bright et al. 2014 on 32,0 185.0 96 16 Weil et al., 2003

Intrusives 1088 + 3,1094 + 2 correlative units

4.91 REMARK ON THE LONGEVITY OF AUSMEX

The possible configuration for Australia and Laurentia ca. 1070 Ma is also displayed (Fig. D),
based on the Australian Mesoproterozoic Bangemall sills and the more recently dated Laurentia
Nonesuch Formation (Wingate et al. 2004; Cumming et al., 2010). Exposed in the Mesoproterozoic
Bangemall basin, the dolerite Bangemall sills intrude into unmetamorphosed, fine-grained carbon-
ate and siliciclastic marine sedimentary rocks known as the Bangemall Supergroup (Muhling and
Brakel, 1985; Martin et al., 1999). The southern parts of the basin were subsequently folded as part
of the Edmund Fold Belt (Muhling and Brakel, 1985). Geochronology work on baddeleyite and zir-
con yielded ages of 1071£8, 1067+14 and 1068+22 Ma, which were combined to yield a mean age of
10706 Ma, regarded as the intrusion age (Wingate and Giddings, 2004). The paleomagnetic direc-
tion from the Bangemall Sills has been tilt corrected and is supported by a partial baked contact test,
in that the baked rocks had overprint, but no stable direction was obtained from the unbaked host
rocks (Wingate and Giddings, 2004).

This Bangemall pole is compared with paleomagnetic data from the Laurentian midcontinent
rift. Overlying Keweenawan volcanics previously discussed are siliciclastics of the Oronto Group

that are suggested to be post-rift fluvial/lacustrine sediments, related to broad crustal subsidence
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(Ojakangas et al., 2001). The basal Copper Harbor Formation is dominated by red-brown conglom-
erates with some basal volcanics, and sandstones deposited in alluvial fans. The overlying Nonesuch
Formation consists of gray-to-black siltstones, shales and very fine sandstone deposited in anoxic
water. Recent work has been done using Re-Os geochronology to obtain an age of 1078424 Ma

for the Nonesuch Formation (Cumming et al., 2010). Thus the new age constraints allow a slightly
more refined comparison between Laurentia and Australia ca. 1070 Ma than initially investigated
by Wingate and Giddings (2004), but it still supports a ca. 1070 Ma AUSMEX configuration for

Australia and Laurentia.

410 CONCLUSIONS

New paleomagnetic poles preserved in hematite and magnetite from Awatabi and Carbon Butte
members of the Kwagunt Formation are interpreted as primary and pass five of the seven Van der
Voo (1990) reliability criteria. In addition, the results of this study are combined with those reported
in Weil et al., (2004), resulting in a combined mean pole from the Awatabi and Carbon Butte mem-
bers. Pervasive steep overprints were identified, both a mid-temperature component direction de-
magnetized between 200-560°C and a high temperature component direction demagnetized up
to 680°C. These overprints are found in the Carbon Canyon Member of the Galeros, the Carbon
Butte, the Awatabi and the Walcott members of the Kwagunt, as well as the Sixtymile Formation.
Previously, a steep component was only documented the Carbon Butte Member, and I have shown
the widespread nature of these overprints, supported by a partial conglomerate test. Previously re-
ported poles from the Walcott Member were not replicated, and I suggest that these directions were
biased and streaked by the pervasive overprint.

I have incorporated the new combined Awatabi and Carbon Butte paleomagnetic pole with ex-

isting paleomagnetic data and recent geochronological data to present a new revised ca. 780-720
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Ma Laurentian APWP. Having examined the 780-720 Ma database of other cratons, I present re-
constructions for 780, 750, and 720 Ma, and conclude that there is evidence for an AUSMEX con-
figuration at both 780 and 750 Ma (as well as 1070 Ma). I suggest that there may not have been a
major craton as a conjugate margin for western Laurentia, and that instead ca. 780-750 Ma southern
crustal extension was triggered by strike slip motion along the southwestern Laurentian promon-
tory. Furthermore, post ca. 720 Ma, northern crustal extension may have been triggered by the
Franklin LIP and then propagated down the continental margin. I propose that the eventual Edi-
acaran rift event associated with the rift-drift transition may have involved a ribbon continent of

Laurentian affinity.
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Supplementary Information, figures and

Tables for Chapter 2

A1 SAMPLE ANALYSIS

If a specimen component fit had a MAD>1s, it was discarded from subsequent analysis. For samples
with multiple specimens with the same component I used Fisher statistics to find an average com-
ponent 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 com-
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SUPPLEMENTARY TABLE S1.
SAMPLE LOCATION DATA

Site/ MHV member type Latitude (°N) Longitude (°E)
Section
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/ | 64.76176 -140.12360
22 m section
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
SUPPLEMENTARY TABLE S2.
LOW-TEMPERATURE COMPONENT MEAN DIRECTIONS WITH ag5<20°
Site/Section LT demag. D/l (in situ) | D/I (tilt corrected) | ags k n/ng
temp. ©) @) )
Approach 1
A1128 100 °C 50.4/79.7 209.0/82 19.8 29 27/59
A1210 150°C 51.8/84.4 212.2/55.3 9.8 20.6 12/22
(LN-250°C)
MHV 54.0/80.9 209.2/69.7 2 sections
Mean Direction dgs =5.8 dgs5 =56.6 39 samples
k=1886.5 k=21.6
CSD=1.86 CSD=17.42
Approach 2
A1210 150°C 44.7/83.9 213.2/56.1 10.3 | 20.4 11flows
(LN-250°C) 12/22
MHV 44.7/83.9 213.2/56.1 11 flows
Mean Direction 0gs5 =10.3 095 =10.3 1 section
k=20.4 k=20.4 12 samples
Approach 3
N.D.

D and I—mean declination and inclination
k—Fisher’s (1953) precision parameter
ags—radius of confidence circle for the mean direction

n—number of samples used
n.—total number of samples collected
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SUPPLEMENTARY TABLE S3.

MID-TEMPERATURE COMPONENT DIRECTIONS ag5<20°

Site/ MT demag. temp. D/l (in situ) (°) DI (tilt corrected) (°) ags (°) k n/n.
Section (°C)
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 5.0 128.2 711
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 161.7/-82.1 49.1/-65.4 8 sections
Direction ags =5.9 0gs =20.1 128 samples
k=89.6 k=9.5
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
711
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 27.7 2 flows
CSD=15.4 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 164.4/82.3 48.4/-66.0 1 site
Direction ags =6.3 ags =20.6 7 sections
k=79.4 k=8.2 74 stratigraphic
horizons
121 samples
Approach 3
A1128 475(200-530) 87.2/-66.2 134.2/-73.0 6.9 316.8 3/3
Flow 1
A1128 475(200-530) 207.1/-79.6 58.4/-81.8 12.2 102 3/4
Flow 2
A1128 475(200-530) 169.9/-73.1 102.6/-75.1 11.3 24.8 8/9
Flow 2
A1128 475(200-530) 213.4/-89.5 41.3/-72.5 4.9 55.7 16/18
Flow 3
A1203 450(415-475) 189.1/-80.2 186.4/-72.1 10 150.9 3/3
Flow 1
A1203 450(415-475) 202.6/-77.3 194.8/-69.6 12.7 94.8 3/4
Flow 2
A1204 425 (450-530) 148.3/-69.0 220/-84.4 12.2 102.4 3/6
Flow 1
A1210 475 (400-545) 124.2/-82.2 47.1/-49.2 12.3 101.8 3/4
Flow 1
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ponents, 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 cutoft of
N>3 and ags<20 for each mean. It was in this way that the HT1 and HT2 clusters became apparent

and isolated.
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SUPPLEMENTARY TABLE S4.
HIGH-TEMPERATURE HT2 COMPONENT DIRECTIONS WITH ag5<20°

Site/ HT2 demag. DI/l DI/l lgs(°) k nin
Section temp. (°C) (in situ)(°) |(tilt corrected)
©)
Approach 1
A1123 565 (555-575) | 51.6/-51.4 46.4/-11.7 186 | 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 52.2/-50.3 45.8/-15.3 4 sections
Mean Direction ogs =11.7 ags =14.9 35 samples
k=62.3 k=39.0
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 | 25.0 2flows
CSD= 4/59
16
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 54.0/-49.5 47.1/-14.6 4 sections
Mean Direction ags5 =10.9 ags =13.0 28 flows
k=72.3 k=50.6 32 samples
Approach 3
A1128 575 29.3/-51.1 32.2/-33.4 16.9 |30.65 3/3
Flow 1
MHV N.D. N.D

Mean Direction

D and I— D and I—mean declination and inclination

k—Fisher’s (1953) precision parameter
ags—radius of confidence circle for the mean direction

n—number of samples used
n. —total number of stratigraphic horizons or samples collected
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SUPPLEMENTARY TABLE S5.
HIGH-TEMPERATURE HT1 COMPONENT DIRECTIONS WITH ag5<20°

Site/ ‘HT1 demag. D/l DI/l aos(°) ‘ k ‘ n/n,
Section | temp.(°C) | (in situ)(®) |(tilt corrected)(°)
Approach 1
A1126 560 349.1/80.9 209.1/59.0 16.4 57.7 475
matrix (545-585)
A1126 555 72.3/43.0 116.4/52.9 114.5 1.1 5/5
clasts* (530-585)
A1128 575 168.5/60.3 185.0/47.5 4.9 31.2 28/59
(400-630)
A1203 560-580 179.1/34.8 178.7/42.8 10.5 33.9 77
A1207 575-585 5.3/-21.2 5.5/-29.2 133 18.3 9/9
A1209 575-685 170.9/74.9 196.7/29.8 12.35 13.3 12/21
MHV 179.1/58.1 190.0/42.1 1 site and 4 sections
Mean Direction’ dgs =31.3 dgs =14.3 60 samples
k=6.9 k=29.5
Approach 2
A1126 560 349.1/80.9 209.1/59.0 16.4 57.7 4 horizons
matrix (545-585) 4/5 (2c)
A1126 555 72.3/43.0 116.4/52.9 114.5 1.1 5/5
clasts* (530-585)
A1128 575 158.9/58.8 177.7/47.8 8.5 29.6 11 flows
(400-630) 28/59
A1203 560-580 179.5/35.0 179.2/43.0 13.1 367 2 flows
717
A1207 575-585 5.3/-21.2 5.5/-29.2 133 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 175.6/59.2 188.4/43.5 1 site and 4 sections
Mean Direction’ Qg5 =32.7 dgs =13.6 28 stratigraphic
k=6.4 k=32.4 horizons/flows
58 samples
Approach 3
A1203 560-580 176.7/33.2 176.0/41.1 18.6 25.3 4/4
Flow 1
A1203 560-580 40.4 3/3
Flow 2 182.4/36.9 182.5/44.9 19.7
A1207 575-585 5.3/-21.2 5.5/-29.2 133 18.3 9/9
A1128 500-575 157.4/64.2 174.8/54.6 15.4 36.5 4/4
Flow 1
A1128 560-605 183.9/60.7 196.3/45.1 8.8 47.9 7/9
Flow 2
A1128 575-630 57.2 3/3
Flow 3 163.8/51.4 178.0/39.7 16.45
A1128 400-575 156.6/66.6 182.3/55.0 13.0 50.25 4/19
Flow 4
MHV 174.9/48.3 182.4/44.4 7 flows
Mean Direction’ Ogs =14.6 Ogs =7.7 34 samples
k=18.1 k=61.8

D and |— D and |—mean declination and inclination
k—Fisher’s (1953) precision parameter

ags—radius of confidence circle for the mean direction
n—number of samples used

n. —total number of stratigraphic horizons or samples collected
*Not used in mean direction

TUsed reversed A1207 site mean direction in calculation

#2 of these samples are great circle fits
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SUPPLEMENTARY TABLE S6.
WATSON'S V STATISTIC TEST FOR THE APPROACH 1 MT POLE

Kent and Irving 2010 Besse and Courtillot, 2002 Torsvik et al., 2012
70 Ma pole 77.9 Ma pole 80 Ma Pole
MT pole Watson's V: 1.0 Watson's V: 1.5 Watson's V: 0.9
Post-rotation Vcritical: 7.0 Vcritical: 6.7 Vcritical: 6.8
PASS PASS PASS
MT pole Watson's V: 7.8 Watson's V: 6.9 Watson's V: 8.6
Pre-rotation Vcritical: 6.9 Vcritical: 6.7 Vcritical: 6.8
FAIL FAIL 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 4517 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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Figure S1. A1126 Conglomerate test
Eagle Creek Formation-Rapitan Group Equivalent

A. All samples MT direction

S
B. Clast HT directions C. Matrix HT directions
N N
w E W
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S closed=down tilt-corrected S

Figure A.1: MT, and HT clast and matrix results for conglomerate test A1126
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