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Abstract 

 

 The North American Cordillera is composed of amalgamated allochthanous terranes that 

originated far southwest of their present-day location in the Panthalassic (paleo-Pacific) and 

Tethys oceans.  Despite over thirty years of debate, the distance and mechanism of terrane 

transport continues to elude the geologic community.  This is partially due to the fact that 

traditional geology and paleomagnetic studies yield contradictory results.  Three main models 

have been proposed to reconcile the traditional geology and paleomagnetic data: 1) the Baja-

British Columbia hypothesis, 2) the moderate tilt hypothesis, and 3) the westward subduction 

hypothesis.  This paper presents case studies of the Triassic Nicola Group and the Early 

Cretaceous Spences Bridge Group – both exposed today in the Princeton, British Columbia 

region of Canada.  Demagnetization results along with field tests indicate that the Nicola Group 

was remagnetized within the last 200 Ma and thus cannot be interpreted within the context of the 

terrane accretion debate.  The Spences Bridge group’s characteristic remanent magnetization 

(ChRM) suggests either a pre-tilting or syn-tilting affiliation.  If the ChRM is pre-tilting, it 

suggests about 3,400 km of transport northwards, whereas, if the ChRM is interpreted as syn-

tilting, it indicates about 1,900 km of northward transport. 

 

 

  

Introduction 

 

 The Western third of North America is geologically younger than the North American 

craton and is generally composed of amalgamated allochthanous terranes that originated in the 

Paleopacific and Tethys oceans far southwest of their current location.  In order to better 

understand the geologic evolution of North America and the history of terrane accretion to the 

Western Cordilleran margin, there have been many paleobiology (Monger and Ross, 1970), 

traditional geology (Coney et al, 1980), and paleomagnetic studies (Beck and Noson, 1972) 

conducted.  Each discipline provides a unique approach and adds new distinct data sets: 

paleobiology is used both as a proxy for latitude and to determine the relative separation of 

terranes (longitude), traditional geology studies focus on identifying and locating sutures and on 

quantifying the magnitude and direction of slip along faults, and paleomagnetism is used to 

generate both a paleolatitude and paleopole of individual terranes for comparison with North 
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America.   This multi-disciplinary approach allows for the creation of a more complete geologic 

narrative.  However, when data sets from these different disciplines are compared, they 

sometimes suggest very different tectonic histories. Some paleomagnetic studies suggest a few 

thousand kilometers of Northward displacement (i.e. Beck and Noson, 1972), whereas, 

traditional geology studies suggest several hundred kilometers at most (i.e. Hildebrand 2009, 

2013).  This is highly problematic as geologists rely on their specific toolset to yield reputable 

data, and such conflict suggests that some of the approaches must be incorrect.  As the North 

American Cordillera is the type orogenic system for understanding terrane accretion, it is 

essential to gain a more comprehensive understanding of the tectonic evolution of this margin.  

 Case studies of individual volcanic rock units and formations provide information about 

the timing and location of the unit’s formation, as well as, the timing of accretion.  When several 

of these case studies are compared, they provide insight into the number of collisions, number of 

paleo-oceans, and the distances traveled by each terrane.  One ideal sampling locality is 

Princeton, British Columbia, Canada.  Princeton is located at approximately 49.4589° N and 

120.5060° W, which is about 180 km away from the coast of British Columbia (figure 1).  In 

close proximity to Princeton are two volcanic rock units: the Nicola Group and the Spences 

Bridge Group.  These two rock units are potential targets for study for a number of reasons: 1) 

they formed during times of interest: the Early Mesozoic (Mortimer, 1987) and late Albanian 

(Irving and Thorkelson, 1990) respectively, 2) they are both subduction-initiated arcs centrally 

located within the Cordillera, 3) they continued forming beyond the time of initial arc accretion 

to the North American margin, and 4) they are related to the collision of the Insular and 

Intermontane Superterranes (i.e. Thorkelson and Smith 1989; Mortimer, 1987), two of the largest 

and most influential building blocks of the North American Cordillera. This paper presents the 
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preliminary results of a paleomagnetic case study of the Nicola Volcanics and the Spences 

Bridge Volcanics of British Columbia, Canada. 

 

Tectonic Background  

  

 In order to place this study in a broader geologic context it is essential to present an 

overview of past studies of British Columbia in a North American Cordilleran perspective, as 

well as, to develop an understanding of the prior models that have been proposed.  The order and 

history of thought for each of these models is described below.  

  

Eastward Subduction hypothesis.  

The plate tectonics model was first applied to the North American Cordillera in the late 

1960’s (Hamilton, 1969).  Since then, due to the analysis of apparent polar wander paths 

(APWPs) the advent of seismic tomography, our knowledge of North America’s paleogeography 

has greatly improved.  It is suggested that the formation of the Cordillera began with the break-

up of Rodinia (750 Ma) (e.g. Monger and Price, 2002).  This rift-to-drift history led to the 

opening of the Panthalassic Ocean and the creation of a passive margin along the present-day 

western coast of Laurentia (Dickenson, 2004).  Panthalassa expanded to cover the western 

hemisphere by 300 Ma and ultimately led to the formation of the supercontinent, Pangea 

(Monger and Price, 2002).  Pangea began rifting apart at 200 Ma, which led to contraction of 

Panthalassa, the formation of the Pacific Ocean, and the initiation of its eastward subduction 

beneath the North American Plate (Hamilton, 1969). 
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 In the late 1960’s, a marine geophysicist, Tanya Atwater, who was studying the 

magmatic anomalies associated with sea floor spreading, calculated spreading rates to determine 

paleo-plate configurations (Atwater, 1970) and the relative movement of the Pacific and North 

American plates over time.  These reconstruction models led her to predict the existence of two 

additional plates involved in the evolution of the Pacific basin: the Farallon and the Kula plates 

(Atwater and Molnar, 1973).  These predictions were vital to gaining a better understanding of 

the evolution of the Cordillera (Hoffman, 2013).  

 

The Suspect Terranes hypothesis.  

Early on in the study of the Cordillera, researchers recognized pieces of oceanic crust, 

arcs, continental fragments, and sutures distributed throughout western North America (e.g. 

Hamilton, 1969; Monger and Ross, 1971).  Thus, it was inferred that the western Cordillera was 

not entirely an autochthonous crustal block as initially thought.  Rather, it is composed of 

terranes, defined as internally homogenous units that contain continuity of stratigraphy; tectonic 

style, history, and boundaries that are associated with discontinuities that cannot be explained by 

unconformities or a change in facies (Coney, 1980) (figure 2).  This, combined with the modern 

observations of island arcs lying up to 3000 km outboard of continents, led to the conclusion that 

the terranes had been accreted to the continent during eastward subduction of the Pacific Plate 

beneath North America (Hamilton, 1969). 

 Based on a study of fusulinacean faunas, Monger and Ross (1971) noted two distinct 

assemblages in upper Paleozoic rocks from the Cordillera.  The first assemblage is located within 

the Columbia Mountain Belt, and along the coast of North America and Vancouver Island; 

whereas, the second assemblage is sandwiched by the Columbia Mountain Belt and the coast of 
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North America.  Monger and Ross (1971) suggested that the presence of the two distinct 

assemblages was the result of juxtaposing biogeographic provinces that were initially isolated 

from one another.  This evidence was compatible with early paleomagnetic data that found 

anomalous paleolatitudes for terranes that are Late Jurassic in age (e.g. Beck and Noson, 1972; 

Irving and Yole, 1987).  

 Coney et al (1980) coined the term ‘suspect terranes’ to highlight the fact that no one 

knows where these terranes formed, how far they traveled to reach their current destination, or 

how and when the terranes accreted to North America.  As a result of these unknowns, a series of 

models were proposed to integrate the “suspect terranes” into the tectonic history of the 

Cordillera (Hoffman, 2013).  

 

The Baja-British Columbia (BC) hypothesis.  

The Baja BC hypothesis argues that in the middle Cretaceous, terranes that now make up 

much of BC were situated alongside present-day Baja California (Irving, 1995).  In the Late 

Cretaceous, the terranes collided with North America.  Following collision, younger more 

buoyant crust, associated with the Pacific spreading ridge, began to subduct along the 

Cordilleran margin.  This resulted in a shallower angle of subduction and increased coupling 

between the terranes and the Kula plate (Monger and Price, 2002).  This increased coupling 

combined with oblique subduction of the Kula plate beneath North America, led to the creation 

of dextral strike-slip fault zones along the North American margin (Beck and Noson, 1972; 

Monger and Price, 2002).  These strike-slip fault zones subsequently transported the terranes 

several hundreds to a few thousand kilometers northwards (Monger and Price, 2002).  Based on 
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cross-cutting and onlapping relationships, they arrived at their present-day location by the early 

Eocene (Housen and Beck, 1999) (figure 3). 

 The root of the Baja BC hypothesis lies in early paleomagnetic papers that found middle 

Cretaceous paleolatitudes for many terranes to be over 20 south of the predicted North 

American paleolatitude, inferred from the APWP of North America (69° N, 175° W), which was 

relatively fixed during Cretaceous time (e.g. Beck and Noson, 1972; Irving, 1987).  One such 

study found a paleolatitude of approximately 30 N for Stevens Pass, which is 26.6  S of the 

predicted North American paleolatitude (Beck and Noson, 1972).  They developed two models 

to account for the discrepancy in paleolatitude.  The first was that the difference in paleolatitude 

could be accounted for by large-scale tectonic movement northwards, a few thousand kilometers, 

on dextral strike-slip faults.  Increased coupling between the terranes and the subducting Kula 

Plate would have accommodated this translation by dragging and shearing the terranes 

northwards along the coast of North America.  The second hypothesis was that the measured 

discordance of paloeolatitude could be accounted for by unobserved structural deformation that 

resulted in a post-depositional crustal tilt of 25 W.  This means that the paleolatitude 

discrepancy is not the result of displacement, but rather is caused by incorrect bedding 

measurements that led to incorrect tilt test restoration (Beck and Noson, 1972).  In a later review 

paper, Beck (1980) readdresses the tilt hypothesis and argues against it using two lines of reason.  

The first is that paleomagnetic pole measurements are consistent in virtually all of the three-

dozen high quality paleomagnetic studies of pre-Pleistocene rocks, with each rock unit lying 

within at least several hundred kilometers of their North American reference paleopoles.  This is 

not the amount of variation that is expected of rocks that experienced reheating, tectonic 

deformation, or chemical changes (Beck, 1980).  The second is that northward movement and 
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clockwise rotation of the terranes creates a simpler model than would be required by the tilt 

hypothesis, which relies on the combination of three unrelated processes: inclination shallowing 

of nearly 30, a clockwise rotation of 35-40, and a pluton tilt of 35 downwards (Housen and 

Beck, 1999).  

 The Baja BC hypothesis began as an explanation for anomalous paleolatitudes (e.g. Beck 

and Noson, 1972; Housen and Beck, 1999) and later for the existence of suspect terranes (e.g. 

Coney et al, 1980).  Since then, this hypothesis has gained credibility through the support of 

detrital zircon data (Housen and Beck, 1999) and the observations of obscured silicic growth 

interpreted to accompany the phase of north oblique convergence (Ernst, 1988).  Thus, many still 

argue that the Baja BC hypothesis is the best model to explain terrane accretion in the North 

American Cordillera (e.g. Coney et al, 1980). 

 

A moderate tilt hypothesis.   

Dickenson and Butler (1998), Butler and Gehrels (2001), and others use surface geology 

to suggest that although it may be impossible to disprove the 4000 km of northwards 

displacement suggested by the Baja BC hypothesis, such a large amount of displacement is 

highly unlikely.  This is due to the fact that observed surface geology only accounts for 220 km 

of northward transport; and though it is recognized that faults not visible at the surface likely 

exist, accommodation of the movement suggested by the Baja BC hypothesis is not probable 

(Dickenson, 2004).  Rather these individuals suggest that widespread pluton tilt (igneous rocks 

from the late Mesozoic) coupled with compaction of sedimentary strata produced the observed 

shallower inclinations than expected (e.g. Dickenson, 2004) (figure 4). 
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 Dickenson and Butler (1998) used paleobarometric data to infer batholith tilt in the 

Peninsular Ranges, which they found to be 19 W 5.4, with a strike of 160.  Thus, there is 

still an 8 difference between the paleolatitude calculated for the terrane and cratonic North 

America.  For sedimentary layers, compaction accounted for all but a 10  5 of the difference 

between the paleolatitude measured for the terrane and for the continent.  Argue and Brandon 

(1992) argue that this difference can be accounted for by ~700 km  450 Km of northward 

transport (cited in Dickenson and Butler), whereas, Dickenson and Butler (1998) suggest that 

this difference is probably the result of combined uncertainties in the paleomagnetic and 

paleobarometric data.  Thus, both suggest that northward motion was mostly limited to slip along 

the San Andreas Fault. 

 Furthermore, discordant paleomagnetic directions found in plutonic rocks near Prince 

Rupert, BC were attributed to local deformation as opposed to northward transport (Butler et al, 

2001).  Thus, many suggest that the Baja BC hypothesis is not necessary to explain either the 

measured anomalous paleolatitudes or the observed surface geology; rather, these measurements 

and observations can be explained by a pluton tilt and a more moderate northward transport (e.g. 

Dickenson, 2004; Butler and Gehrels, 2001).  

 

Westward Subduction 

Initial observations.   

Both the Baja BC and moderate tilt hypothesis have noticeable problems.  The amount of 

displacement required for the Baja BC hypothesis cannot be accounted for in the geologic record 

and the velocities of northward transport needed to situate the terranes in their current location 

are faster than typical plate velocities (Butler and Gehrels, 2001).  The moderate tilt hypothesis is 
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based on the assumption that paleohorizontal and inclination shallowing due to compaction were 

not accounted for in the bedding measurements used in the tilt tests.  Furthermore, neither the 

Baja BC hypothesis nor the moderate tilt hypothesis  adequately explain the current arrangement 

of terranes described by Coney et al (1980), which visually resemble a train wreck (Johnston, 

2001).  Thus, many recent papers suggest that not only do neither of these hypotheses have a 

robust enough data set to be sufficient, the entire premise of the model is wrong.  Terrane 

accretion was not caused by long-lived eastward subduction.  Rather, it was a result of westward 

subduction of North American plate beneath the terranes. 

 

Johnston and Hildebrand models.   

Both Johnston (2001, 2008) and Hildebrand (2009, 2013), working independently of one 

another, developed similar models of westward subduction to explain the evolution of the 

western Cordillera.  Using their own analyses of surface data combined with predicted 

paleolatitudes based on existing paleomagnetic data, they concluded that westward subduction 

would allow for the large amount of displacement indicated by paleomagnetic data without the 

necessity of preserving the displacement within the observed geologic record.  Furthermore, they 

both model westward subduction as occurring beneath already formed ribbon continents, which 

they named SAYBIA (Siberia-Alaska-Yukon-British Columbia) (Johnston, 2001), and Rubia 

(Hildebrand, 2009), respectively (figure 5). 

Using surface geology, Johnston (2001) divided the Alaska and Yukon terranes into a 

series of belts.  Each belt is characterized by four distinct rocks sequences.  When restored, these 

belts form a linear north-south trending rock package, suggesting that the belts once formed a 

linear ribbon continent – SAYBIA.  There is evidence that points to the occurrence of terrane-
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terrane collisions outboard of the North America Margin (e.g. formation of the Intermontane 

Terrane and Cassiar Platform).  Thus, it has been suggested that SAYBIA formed as a result of 

piece-by-piece Triassic/Jurrasic terrane and island arc accretion within Panthalassa (Johnston, 

2008).  Rifting of the Farallon plate into the North Kula and South Farallon plates approximately 

85 Ma ago initiated intense coupling between SAYBIA and the Kula plate, causing SAYBIA to 

travel northwards within the oceanic realm at a velocity of ≥ 10 cm/yr (Johnston, 2001).  

Northward motion consisted both of northward translation and shortening, which resulted in, and 

was accommodated by, oroclinal bending.  These oroclines formed as a result of ribbon 

continent-parallel bucking during northward translation of SAYBIA.  This bucking is responsible 

for the terrane configuration observed today (Johnston 2001).  In the late Jurassic, North 

America collided with SAYBIA, ending westward subduction and initiating northward 

subduction of the Kula plate and eastward subduction of the Farallon plate both beneath North 

America.  This interpretation attempts to reconcile the paleomagnetic and faunal data suggesting 

displacement up to 3000 km and geologic evidence, which indicates minimal displacement once 

the terranes were accreted to North America (Johnston, 2008). 

 Hidebrand’s model is similar to Johnston’s, but differs in that Rubia was formed by the 

collision of two previously assembled blocks, a western block named Sierrita and an eastern 

block named proto-Rubia at 160 Ma. Following this amalgamation, 159 to ~130 Ma, eastward 

subduction began beneath the western margin of Rubia (Hildebrand, 2013).  During the Sevier 

orogeny (~125 Ma), Rubia reached the once passive North American margin, where a piece of 

the Great Basin segment of North America was dragged into the westward dipping subduction 

zone on the eastern margin of Rubia.  Following this collision, during the Laramide phase of the 

Cordilleran orogeny (~80 Ma), Rubia began moving southwards, leading to the collision of the 
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entire ribbon continent, which stretched from present-day Alaskan to Northern South America.  

Hildebrand (2009) uses Early Cretaceous deposits, located between two continental platforms 

covered by shallow water carbonates and clastics and separated by a deep-water basin, as a 

marker for the age of the collision between Rubia and North America.  Here, he departs from 

Johnston and others who place this collision earlier, in the late Jurassic (Hoffman, 2013) and 

posits that the collision did not occur until ~53 Ma.  This collision marks the beginning of 

eastward subduction beneath North America, which has continued until the present (Hildebrand, 

2013). 

 Thus, Hildebrand’s hypothesis attempts to unify both observed geologic features 

(hinterland high grade metamorphism, Laramide basement uplifts, Cordilleran batholiths, 

regional-scale Neogene extension) and the lack of observed features (large scale strike/slip 

faults), while matching paleomagnetic data (large amounts of northward motion in the oceanic 

realm exist with no evidence on land) (Hildebrand, 2009). 

 

Sigloch and Mihalynuk model.   

Like Johnston and Hildbrand, Sigloch and Mihalynuk (2013) argue for Westward 

subduction.  However, instead of using surface geological observations, Mihalynuk and Sigloch 

(2013) utilize seismic tomographic data and geodynamic modeling.  Specifically, they focus on 

the East Coast Anomaly (“Farallon Anomaly”), a large zone of faster than average seismic 

velocities found at depth (>900 km) in the asthenosphere under the present-day east coast of 

North America, which has long been interpreted as the remnants of the eastward dipping 

subducting Farallon slab (Hoffman, 2013).  However, Sigloch and Mihalynuk (2013) interpret 

this anomaly as evidence for westward subduction.  They suggest that the height and almost 
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vertical appearance of the “Farallon Anomaly” is not the result of eastward subduction.  Their 

argument is based on the fact that North America has been moving rapidly westward, in an 

absolute reference-frame, since the break-up of Pangaea.  Consequently, westward movement of 

the North American continent, combined with eastward subduction, would have resulted in a 

large amount of trench rollback and the preservation of a gently inclined slab as opposed to the 

observed thick vertical wall of slab they see in their tomographic model.  Thus, assuming that the 

location of the trench was relatively fixed with respect to the mantle, only westward subduction 

beneath an intra-oceanic arc, situated ~1500 km west of the Early Jurassic North American 

margin could produce the vertical slab wall observed in the seismic tomographic record 

(Mihalynuk and Sigloch, 2013).   

Mihalynuk and Sigloch (2013) further utilized their seismic tomographic model to better 

understand the history of terrane accretion and the number of associated subduction complexes 

that led to the complicated evolution of the western Cordillera. As an alternate to the ribbon 

continent model proposed by Johnston (2001) and Hildebrand (2009), they suggest that some 

terranes collided to form superterranes, namely the Intermontane (IMS), Insular (INS) and 

Guerrero (GUE), whereas, others were individually overridden by the westward movement of 

North America (Sigloch and Mihalynuk, 2013).  This is supported by observations of surface 

geology, specifically the enclosure of the Cache Creek terrane by the Stikina, Yukon-Tanana, 

and Quesnellia terranes (Nelson and Mihalynuk, 1993). 

Following westward subduction and the accretion of some terranes, a trench step back 

was inferred. This inference suggests the subduction of a younger, more buoyant, portion of the 

Farallon slab beneath the margin of North America, which resulted in flattening of the 

subducting slab and initiation of the thick-skinned deformation of the Laramide 85-55 Ma 
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(Wernicke et al, 1987).  At approximately 50 Ma, a subduction polarity switch occurred as a 

result of the transition from intra-oceanic subduction to subduction beneath the North American 

continental margin, which persists today along the Cascadian trench (Mihalynuk and Sigloch, 

2013). 

Since the late 1960s, several models have been created to explain the historical evolution 

of the North American Cordillera.  These models range from suggesting eastward subduction to 

westward subduction, translations to tilts, and terrane wrecks to slip-ups.  Yet, none of these 

models successfully addresses all of the available data or all of the unanswered questions.  Thus, 

in order to design a more comprehensive model, it is necessary to generate a more complete data 

set. This can be achieved by conducting many case studies to determine the paleolatitude of 

individual arcs and terranes. 

 

Geologic Background 

 

 Twenty-two sites in the Nicola Group and five sites within the Spences Bridge Group 

were sampled in the vicinity of Princeton, British Columbia, Canada.  Princeton is located at 

approximately 49.4589° N and 120.5060° W and is about 180 km away from the Strait of 

Georgia, which separates the mainland of Canada from Vancouver Island.  The Nicola Group 

sites range from 50.4858° N to 49.4773° N, with a longitude similar to that of Princeton.  The 

Spences Bridge Group sites are closely clustered together at 49.7871° N and 120.7300° W and 

are sandwiched by the Nicola Group on either side (figure 1). 

 

The Nicola Group (Triassic) 
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 The Nicola Group is an upper Triassic (228-209 Ma) package of volcanic Rock that 

unconformably overlies the Devonian-Permian Harper Ranch Group (Mortimer, 1987).  These 

two rock units constitute the tectono-stratigraphic Quesnellia Terrane (Mortimer, 1987).  The 

Quesnellia Terrane lies to the east of the Cache Creek Terrane and the two are separated by a 

fault.  The Nicola Group is intruded by several plutons, which are roughly the age of the 

Triassic-Jurassic Boundary.  The Nicola Group outcrops widely in three north trending belts 

separated by faults: the Central, Eastern, and Western belts. The Central Belt was deposited first 

and is characterized by andesites and basalts, breccias, conglomerates, and lahars.  The Eastern 

Belt is composed of volcanic sedimentary rocks, lahars, minor basalt flows, and syenite stocks.  

The Western Belt was deposited last and is comprised of andesitic to rhyolitic flows and 

pyroclastics interbedded with limestones, volcanic conglomerate and sandstone (Preto, 1979). 

 Both the Central and Eastern belts are associated with a subduction related origin, 

whereas, the Western Belt has a chemical signature that suggests a hybrid of subduction and 

interplate magmas.  This spatial relationship suggests that the Nicola Group formed above an 

east dipping subduction zone and continued to form through the beginning of its accretion to the 

North American continental margin.  This means that the Nicola Group chronicles the time 

window from subduction to accretion (Mortimer, 1987).  

 Due to the wide exposure, ideal timing, (indicating subduction and accretion), and 

location of the formation of the Nicola Group, Symons (1984, 1985) conducted a paleomagnetic 

study sampling several sites within each belt.  The initial samples were heated to 9 temperatures, 

the subsequent samples were AF demagnetized to 30mT and then heated to 565°C and 650°C.  

Two magnetic remanence components were resolved for all three belts– a pre-tilting component, 

caused by pluton intrusions, after 565°C and a post-tilting component, due to more recent 
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volcanism, after 650°C.  Symons (1984, 1985) also suggests that the Nicola Group has 

undergone 43±7° and 39±6° of clockwise rotation and 13.6±6° and 9±5° of northward translation 

since their formation.  Their results imply ~1300 km of northward motion.  However, the 

confidence in these results was low due to the large degree of post-folding hematization that 

prevented the determination of the ChRM.  As the Nicola Group so ideally chronicles the time 

period of subduction and accretion, we regarded resampling as a necessity to enhance the 

understanding of the geologic history of the cordillera. 

 

The Spences Bridge Group (Early Cretaceous) 

 The Spences Bridge Group is Late Albian (113-100 ma) in age and is part of the 

Intermontane Terrane, which extends from the US/Canada border to almost 51° N.  The Spences 

Bridge Group overlaps the Cache Creek, Quesnellia, and Stikine Terranes (Irving and 

Thorkelson, 1990).  The Spences Bridge Group is composed of two distinct formations of similar 

age: the Piaminus Formation and the Spius Formation.  The Piaminus Formation is present 

throughout the belt, whereas, the Spius Formation is concentrated at its center (Irving et al, 1995).  

The Piaminus Formation is a composite succession of basaltic to rhyolitic lavas that once erupted 

from stratovolcanoes (Irving and Thorkelson, 1990).  These lavas are calc-alkaline and 

subduction generated.  It has been suggested that the subduction was associated with the 

beginnings of accretion of the Insular and Intermontane Terranes (Thorkelson and Smith, 1989).   

The Spius Formation is more uniform, almost entirely andesitic, and formed as the result of 

shield volcano eruptions (Irving and Thorkelson, 1990).  These lavas are more alkaline and 

suggest an intraplate or rift affinity.  Thus, the Spius formation may indicate the relative timing 

of the collision between the Insular and Intermontane Terranes (Thorkelson and Smith, 1989). 
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 The Spences Bridge Group is of great interest to paleomagnetists because of its 

association with the collision of the Insular and Intermontane Terranes, which are both centrally 

located composite terranes whose translation and accretion histories are essential to 

understanding the Cordillera.  Thus, a few studies have been conducted (i.e. Irving et al, 2005; 

Irving and Thorkelson, 1990).  Each study determined paleo-horizontal based on flow fabrics 

and the bedding of surrounding formations and utilized many samples from both the Pimainus 

and Spius Formations.  Thermal demagnetization determined unblocking temperatures for the 

samples to be between 450°C and 600°C.  This indicates the presence of both magnetite and 

hematite as remanence carriers in the samples.  Tilt tests were interpreted to indicate that some of 

the samples were magnetized prior to tilt, whereas, others acquired their magnetization syn-tilt.  

One explanation for this is that some of the Pimainus Formation was remagnetized by the Spius 

Formation (i.e. Irving et al, 2005; Irving and Thorkelson, 1990).  The collected samples were 

then used to calculate paleolatitude, rotation, and displacement values.  Irving and Thorkelson 

(1990) found a paleopole of 64.4°N, 321.0°E, which suggested 1725±790 km of displacement 

northward.  Thorkelson et al (1995) measured a paleolatitude of 50.8°±5.0°, which was 9.7°±5.7° 

to the south of the North American Craton, suggesting a displacement of 1100 ± 600 km.  Enkin 

(2003) and Haskin (2003) determined a paleolatitude of 79.5°±1.9°, which suggests 1050 ± 450 

km of northward translation.  This pole is a composite calculation including both samples from 

the type Spences Bridge Group, as well as, the Empire Valley-Churn Creek section.  This section 

was correlated with the Spences Bridge Group using the existence of similar magnetic properties, 

opaque mineral assemblages, demagnetization behavior, fold test results, mean inclinations, 

clockwise vertical axis rotations, and statistically indistinguishable paleomagnetic poles.  The 

Empire Valley-Churn Creek section has a lower section, which was correlated with the Spences 
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Bridge Group and an upper section that has been correlated with the Silverquick Conglomerate 

of the Insular Terrane.  Thus Haskin et al (2003) and Enkin (2003) suggest that the Insular and 

Intermonatane Terrane had collided by the Late Cretaceous. 

 The Spences Bridge Group provides a unique case study for better understanding terrane 

accretion in the Western Cordillera, because it allows for a more accurate constraint on the 

collision between the Insular and Intermontane Terranes, while also providing insight into the 

distances that the two terranes traveled.  

 

Approaches and Methods  

 

Objectives   

In order to calculate an accurate, well supported mean paleopole for both the Nicola 

Group during the upper Triassic and the Spences Bridge Group during Cretaceous time, the 

following procedures were done: 1) determination of the characteristic remnant magnetization 

(ChRM) of the two units, 2) characterization of the mineralogy and granulometry of the main 

remanence carrier(s), and 3) determination of the relative age of the ChRM (i.e. contact test, 

conglomerate test, Anisotropy of Magnetic Susceptability (AMS)). In order to achieve these 

objectives the approaches described below were taken. 

 

Sample Collection   

The Nicola Group and Spences Bridge Group were sampled at a variety of sites located 

in the vicinity of Princeton, B.C. (49.4589° N, 120.5060° W) in July of 2013 (figure 1).  GPS 

coordinates were determined for each of our sampling sites.  Before collecting samples, the site 



 

 

 

 

20 

was explored to look for the existence of intrusions, the presence of breccias, and the occurrence 

of any visible indication of paleo-horizontal.  Samples were not collected if: 1) intrusions had 

visibly altered the surrounding rocks or if 2) paleo-horizontal could not be determined.  If dikes 

were present, we conducted a contact test to determine if the dike had remagnetized the 

surrounding rock.  To do this, we collected samples from the dike, samples along the dike 

boundary, and samples at incremental distances away from the dike on either side (figure 6).  At 

sites with large clast breccias/conglomerates, conglomerate tests were conducted to determine if 

the breccia/conglomerate had been remagnetized.  To do this, several core samples were 

collected from individual clasts, as well as, from the matrix (figure 6).  Back in the lab, the 

results were analyzed from both the contact tests and the conglomerate tests to determine the 

fidelity of those sites.   

At sites containing dikes or conglomerates, fifteen to twenty cores were collected, 

whereas, as at sites without, only ten to fifteen cores were drilled. Any visible faults affecting the 

sampled sections were measured and noted.   

  

Sample Preparation   

Upon returning to the lab, core samples were glued and labeled using black permanent 

markers.  The cores were then cut into 2.5 cm long specimens using a dual-blade rock saw.  

Finally, the specimens were washed to remove any remaining residue. 

 

Characterizing the ChRM 

  In order to determine the ChRM of each sample, two demagnetization test runs were 

conducted: Alternating Field (AF) demagnetization and thermal demagnetization.  For AF 
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demagnetization, samples were demagnetized at seventeen intervals between 0 and 200 mT, and 

for thermal demagnetization samples were demagnetized at twenty intervals between 0 and 640° 

C.  Both data sets were then compared to determine which technique was most effective at 

isolating a stable ChRM direction. As evidenced by the linear decay towards the origin on the 

orthogonal plots, thermal demagnetization provided more reliable results and was thus used to 

demagnetize the remainder of the samples and to establish a mean ChRM direction for individual 

sites. 

    

Determining the mineralogy and granulometry 

  Ten samples were measured for two different tests using a Vibrating Sample 

Magnetometer (VSM): hysteresis loop and isothermal remanent magnetization (IRM).  

Hysteresis loop measurements for each specimen were done to determine the coercivity, 

retentivity, and saturation magnetization by cycling the sample through a known field while at 

the same time measuring the resultant magnetic moment.  An IRM back-field was then measured 

to determine the coercivity of remanence, and thus complete the hysteresis analysis (Day et al., 

1977).  Finally the IRM acquisition measurements were made to establish the field dependence 

of magnetization saturation.  Together these tests help determine both the mineralogy and 

granulometry for the ferromagnetic mineral fraction of the measured samples.  The mineralogy 

provides information about the relative abundance of hematite, magnetite, and other less 

common magnetic minerals within the samples that are contributing to the rocks remanence.  

The granulometry gives an indication of the size of the magnetic particles that are responsible for 

the ChRM, and thus their potential origin. 

 



 

 

 

 

22 

Determining the Fidelity of the CRM 

  The Anisotropy of Magnetic Susceptibility (AMS) was measured in order to determine 

if there is a grain-scale record of an igneous flow fabric.  Some samples contained a record of a 

flow fabric (oblate magnetic ellipsoid).  The measured magnetic foliations from these sample 

sites were compared with the measured paleo-horizontal in the field.  If the flow fabrics and 

calculated paleo-horizontal match and the remanence is established as primary, then there is a 

higher confidence in the validity of the calculated paleopole (figure 7).  

Both contact and conglomerate tests were analyzed in the lab.  The samples from each 

contact test were demagnetized and a ChRM was established.  The ChRM values for the samples 

were compared to determine whether the dike remagnetized the surrounding rock.  If the samples 

were remagnetized, they were not included in the site mean or paleopole calculation.  Samples 

from the conglomerate test were demagnetized and a ChRM was determined for both clasts and 

matrix.  If a conglomerate was not remagnetized, the clasts will display similar directions with 

each other and with the matrix.  If the conglomerate was not remagnetized, the clast samples are 

expected to have randomly oriented ChRM directions.  If the conglomerate was remagnetized, 

the samples were not included in the site mean or paleopole calculation. 

A site mean value was then calculated using Fisher statistics (Fisher, 1953), which 

measures the dispersion of the ChRM values for the samples within each site and allows for the 

determination of inclination, declination, (k) dispersion, and α95 values for each site.  Finally, a 

paleopole was calculated using samples where the ChRM directions are well-defined and the site 

mean had an α95 value of <26.7.  The determination of a paleopole aids in understanding the 

location of, and thus potentially the role of the Nicola Group and Spences Bridge volcanics in the 

formation of the western Cordillera.  These results, when compiled with other studies may allow 



 

 

 

 

23 

for further constraints to be placed on the existing models, or for the creation of an alternative 

model. 

 

Results 

  

Anisotropy of Magnetic Susceptibility (AMS) Results 

   The AMS ellipsoid is defined by three mutually-perpendicular eigenvectors (k1 – 

maximum value, k2 – intermediate value, and  k3 – minimum value), which can be determined by 

measuring the susceptibility of a sample rotated about three independent axes.  The measured 

sites were distributed among four categories: type-a, type-b, type-c, and type-d.  The first three 

categories are shown in figure 7, the fourth category is samples with chaotic behavior and thus 

suggests that a fabric is not well defined.  Type-a defines a triaxial ellipsoid.  Here the maximum, 

intermediate and minimum magnetic axes are all distinct and orthogonal to one another.  Type-b 

is an oblate ellipsoid, where the maximum and intermediate directions fall on the same great 

circle and are orthogonal to the minimum magnetic axis.  This planar feature is often compared 

to the measured value for paleohorizontal in order to give greater confidence to the 

paleohorizontal measurement.  Unfortunately, in this study the measured oblate fabrics do not 

define the same plane as our calculated paleohorizontal.  This either means that the AMS fabric 

is not recording a primary flow fabric, or that the paleohorizontal measurements determined in 

the field are incorrect.  Type-c defines a prolate ellipsoid, where the minimum and intermediate 

directions lie on the same great circle orthogonal to the maximum stress direction.  Type-d 

results have no discernible magnetic fabric.   
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 The typical mean susceptibility for the Nicola group is 3.12 x 10
-3 

SI, whereas, the usual 

mean susceptibility for the Spences Bridge Group is 7.20 x 10
-3

 SI.   

 

Vibrating Sample Magnetometer (VSM Results) 

 A VSM was used to measure both hysteresis loops (figure 8) and IRM acquisition curves 

(figure 9) in order to constrain the mineralogy and granulometry of the ferromagnetic mineral 

fraction in the measured samples.  For the Nicola Group, samples were not saturated by the peak 

applied field (~1 T), but the majority of the samples remanence was acquired in fields less than 

200 mT.  Magnetite is typically saturated by 200 mT, whereas, higher coercivity minerals like 

hematite are undersaturated in laboratory available fields.  Thus, these results suggest a large 

percentage of magnetite and a smaller amount of hematite.  The samples also contained a high 

Hcr/Hc ratio of about 3.0 (figure 9), which suggests the presence of both pseudo-single-domain 

(PSD) and superparamagnetic grains (SP).  SP grains often form as a result of chemical 

precipitation from a fluid.  This neo-crystallization often occurs during diagenesis, which may 

indicate that the Nicola Group acquired a secondary magnetization. 

 The Spences Bridge Group samples are completely saturated at less than 200 mT and the 

IRM curve displays a shouldered appearance, both of which suggest that magnetite is the 

dominant ferromagnetic material found in the unit (figure 8 and figure 9).  The Hcr/Hc ratio of 

the Spences Bridge Group samples is about 2.5, which is lower than the ratio for the Nicola 

Group.  This indicates the presence of only PSD grains, which suggests less secondary alteration 

of the Spences Bridge samples than that of the Nicola Group samples. 

 

Paleomagnetic Results 
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Remanence Carrier and Direction. 

Both AF demagnetization and thermal demagnetization were effective at isolating the 

ChRM of most samples.  However, thermal demagnetization was more consistently successful 

and was thus used on all of the samples following the initial AF test run.  Samples typically 

contained either one or two components (figure 10).  Where there were two magnetic 

components, the first was removed at low unblocking temperatures (300° C) or peak field 

strength (30 mT).  This early component is likely the result of variability in the magnetic grain 

size distribution or variation in the mineralogy of the rock.  The high temperature unblocking 

component was defined by a series of demagnetization steps that trend towards, and often reach, 

the origin.  This direction was calculated using the line fitting procedure of Kirchvink (1980) and 

is interpreted as the ChRM.  Some samples were completely demagnetized at or before 580° C 

and others were unblocked by 640° C.  This demagnetization behavior suggests that the first 

grouping has magnetite as its primary remanence carrier because magnetite has maximum 

unblocking temperatures of about 585° C, whereas, the second most likely has a combination of 

both hematite and magnetite because a large amount of the remanence is removed by 585° C, but 

some remanence remains and is not removed until 640° C, suggesting the presence of hematite 

(curie temperature = 675° C). The majority of the samples measured from the Nicola Group fall 

in the second grouping, whereas, the majority of the Spences Bridge Group samples fall in the 

first grouping.  This separation suggests a greater presence of hematite, and possibly the presence 

of a secondary magnetization in the Nicola Group relative to the Spences Bridge Group, which 

appears to be dominated by PSD magnetite. 
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Fidelity of the ChRM – Contact and Conglomerate Tests.   

As shown in figure 11 site ng-13-16 contains a dike and is spatially situated between sites 

ng-13-14 and ng-13-15.  In order to determine if the locality was remagnetized by the intrusion, a 

contact test was conducted.  For site ng-13-16, three samples from within the dike and four 

samples at different centimeter increments outside of the dike were thermally demagnetized.  

From sites ng-13-14 and ng-14-15, a total of sixteen samples were thermally demagnetized.  As 

shown by figure 11, the contact test is negative; the ChRM values for all three sites are well 

clustered.  This suggests that sites ng-13-14, ng-13-15, and ng-13-16 were all remagnetized by 

the intrusion and means that the measured ChRM is not primary. 

A conglomerate test was conducted on site ng-13-09, where clasts, flows, and matrix 

were all present.  Four clast samples, three flow samples, and three matrix samples were each 

thermally demagnetized.  The flow and matrix samples are relatively clustered with some, but 

not all of the clast samples. Clustering of clast samples suggests remagnetization, whereas, 

differently oriented clasts suggest a primary magnetization.  As the conglomerate test does not 

suggest either concretely, the test is inconclusive.  However, the lack of randomly oriented clast 

samples suggests that the site may have been remagnetized.  

 

Classification of Site-Mean Directions.   

The behavior of samples at each site can be classified into three categories: 1) type 1: the 

samples exhibit straight forward demagnetization behavior and consistently oriented ChRM 

directions, 2) type 2: the demagnetization behavior was straight forward, but the ChRM 

directions were not consistent within the site, and 3) type 3: the demagnetization behavior was 

unstable and there was a lack of consistency within the site.  Type 1 sites have an α95 value of 
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<26.7
o
 were selected and used to calculate the VGP for the Nicola Group and sites with an α95 

value of <12
o
 were used to calculate a VGP for the Spences Bridge Group.  Type 2 and type 3 

sites were not used because their within site errors are too large.  For type 2 this was sometimes 

due to having a small number of samples, whereas, for type 3 it was typically due to chaotic, 

nonlinear, and thus unreadable demagnetization plots.  

 

Virtual Geomagnetic Pole (VGP) and Paleolatitude Calculation. 

Ten of the 22 Nicola Group sites were used to calculate a VGP.  In order to do this a 

Classic McElhinny tilt test (McElhinny, 1964) was conducted at increments of ten percent to 

determine the mean inclination, mean declination, and α95 as a function of untilting (rotation of 

in situ magnetic vectors back to measured paleo-horizontal).  The value of 0% untilting (post-

folding) was used because progressive untilting led to a sharp increase in the α95 (=42
o
), 

suggesting a large amount of scatter in the calculated values.  The Nicola Group yielded a 

declination of 12.6
o
, an inclination of 58.7

o
, and an α95 value of 16.8

o
.  Based on the site 

location, a paleopole was calculated for the pre-tilt site mean directions that plots at 76.3° N and 

13.8°W (dm= 25
 o
, dp = 15.6

 o
). The corresponding paleolatitude is 39.4° N.  At this time, North 

America had a paleopole of 64.2° N and 91.2° W, with a paleolatitude of 26.3° N for our 

sampling locality (figure 12) (Kent and Irving, 2010). 

Four out of the five sampled sites were used to determine a VGP for the Spences Bridge 

Group.  A tilt test could not be conducted because all of the sites had the same relative paleo-

horizontal measurements, and thus a tilt test would be insignificant.  Instead, the bedding 

directions were simply corrected to paleo-horizontal.  The Spences Bridge Group yielded a 

declination of 21.4
o
, an inclination of 46.5

o
, and an α95 value of 11.2

o
.  Based on this 
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information, the paleopole was calculated to be 62.6° N and 14.7° W (dm = 14.4
o
, dp = 9.3

o
).  

The corresponding paleolatitude is 27.8° N.  At the time of the Spences Bridge Groups formation, 

North America had a paleopole of 78.6° N and 190.2° W, with a paleolatitude of 58.3° W (Kent 

and Irving, 2010). 

 

Discussion 

 

The Nicola Group  

Primary or Remagnetized? 

 The Nicola Group is unique both in that it formed as the result of a complete subduction 

accretion cycle (Mortimer, 1987) and that it has been largely ignored in paleomagnetic studies of 

the North American Cordillera.  Most other geologic units that signify the timing of accretion 

have been extensively studied.  The only prior published paleomagnetic study of the Nicola 

Group was conducted by Symons (1985) and the analysis presented here builds upon that earlier 

study. 

 The demagnetization behavior of the Nicola Group samples was relatively uniform and 

contained a single component defined by a series of north-east trending, and moderately to 

steeply plunging vectors.  This component, the ChRM, was unblocked between 580° C and 640° 

C, which suggests the presence of both magnetite and hematite as remanence carriers within the 

samples.  Some of the samples also contained a second low temperature component. 

 A contact test was conducted in order to determine the fidelity of the ChRM (see figure 

8).  The dike test results indicate that both the samples within the dike and the samples from the 

surrounding sites have the same measured ChRM.  This result suggests that the surrounding sites 
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were remagnetized subsequent to lithification either by 1) a regional igneous intrusion event, or 

that 2) the whole area was remagnetized at a later time due to outboard deformation.  Therefore,  

the measured ChRM must be at most the age of the dike sampled for the contact test.  Mitch 

Mihalnyuk (personal communication) provided a dike/regional intrusion age of 200 Ma based on 

the U-Pb geochronology of four grains.  Thus, the ChRM must be either 200 Ma or younger.  

The results of the conglomerate test were inconclusive, but are suggestive of remagnetization. 

   More conclusive are the results of the classic McElhinny tilt test, which suggest that the 

measured ChRM was acquired post tilting and thus is not primary. This was determined by the 

fact that the lowest α95 value, 16.8
o
, was at 0% untilting and the highest α95 value, 42.6

o
, was at 

100% untilting, with error increasing progressively in between (figure 13).   

The VSM hysteresis loop data indicates that the Nicola Group contains a combination of 

pseudosingle domain (PSD) and superparamagnetic minerals (SP) (figure 9).  The SP size-

fractionation suggests the growth of new mineral particles during diagenesis.  The presence of 

these very fine grained magnetic size fraction grains is likely linked to the remagnetization event, 

and suggests a chemical origin.  

 

Syn-intrusion remagnetization or post-intrusion remagnetization?   

 The results of this study, as well as, the Symons (1985) study strongly suggests that the 

measured ChRM for the Nicola Group is not primary.  The question then becomes when was the 

Nicola Group remagnetized?  Paleogeographic and temporal context is essential to begin 

answering this question.  The calculated paleopole for the Nicola Group is 76.3° N and 13.8°W 

(dm= 25°, dp = 15.6°).  The corresponding paleolatitude is 39.4° N, the current latitude of 

Mendocino, California.  This is 12 ° north of the paleolatitude for Princeton (26.3° N) at 200 Ma 
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(Kent and Irving, 2010).  This discrepancy suggests that if the Nicola Group was remagnetized 

by a regional tectonothermal event, it would have needed to travel over 3000 km south to collide 

with the Insular Terrane and form the Spences Bridge Group around 110 Ma.  Then, the 

amalgamated terrane would have to have traveled over 3000 km northward to arrive in its 

present-day location by the Eocene (Haskin et al, 2003).  This scenario is highly improbable.  

The alternative explanation is that the Nicola Group was remagnetized when it was much 

younger.  Based on the data described herein, we are unable to constrain the timing of this 

remagnetization, and are thus unable to quantify the northward transport along the margin of 

North America. 

 Symons (1985) suggests that the Nicola Group remagnetization was caused by either 1) 

Lower Triassic pluton intrusions, which initiated tilting and block rotation, or 2) hydrothermal 

interaction during the middle Eocene.  The first hypothesis suggests that the Nicola Volcanics 

underwent the same rotation and northward translation history as the Guichon and Copper 

Mountain Plutons, 43±7° and 39±6° of clockwise rotation and 13±6° and 9±5° of northward 

translation respectively (Symons, 1985).  Our results do not favor either of these hypotheses 

because of the unlikely transport distance required by the first hypothesis and the lack of 

available evidence for the second.  Thus, this study suggests that the remagnetization occurred at 

a much younger time because it provides the most straightforward explanation and requires the 

least amount of speculation.  Ideally, more work would be done to determine the timing and 

causation of the remagnetization, which would allow future paleomagnetic studies to better 

incorporate their results into a coherent terrane accretionary history.  

  

The Spences Bridge Group   
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Unfortunately, only five sites were measured from the Spences Bridge Group in a limited 

stratigraphic and geographic extent.  Four of these measured sites exhibited straightforward 

demagnetization behavior with a north-east trend towards the origin.  For the samples measured, 

the ChRM was consistently removed by 580° C, which suggests that magnetite is the primary 

remanence carrier for the Spences Bridge Group samples.  As the sites are from a limited spatial 

extent, there was very little variety in the field determined paleo-horizontal.  Thus, a tilt test was 

not significant.  Instead, the bedding was simply restored to paleo-horizontal, which this study 

assumed to be flat.  This assumption also presumes that the ChRM was acquired pretilting (113-

110 Ma) and is thus also likely primary.  VSM hysteresis loop test determined the magnetic grain 

size to be PSD, which further suggests that the ChRM is primary and likely thermal in nature.    

The restored paleopole calculated for the Spences Bridge Group is 62.6° N and 14.7° W 

(dm = 14.4
o
, dp = 9.3

o
) and the corresponding paleolatitude is 27.8° N.  If the ChRM is primary, 

this result indicates that the Spences Bridge Group was located near 27.8° N at the time of its 

formation, which is much further south than the reference paleolatitude for Princeton, BC at this 

time - 58.3° N (Kent and Irving, 2010).  This difference suggests approximately 3,400 km of 

displacement northwards between the Early Cretaceous and the Eocene, which is significantly 

larger than previous studies of the Spences Bridge Group (Haskin et al, 2003).  These other 

studies proposed displacements of 1050±450 km (Haskin et al, 2003), 1100±600 km (Irving et al, 

1995), and 1725±790 respectively (Irving and Thorkelson, 1990).  This discrepancy may 

partially result from the limited number of samples and/or the lack of varied spatial extent in 

sampling. 

As shown above in the tectonic history, differences in measured tilt lead to large 

variability in the calculated distances of transport, as well as, large uncertainty.   Irving and 
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Thorkelson (1990) divided their samples into two categories based upon the percent untilting that 

yielded a minimum dispersion of the measured direction; group y exhibited minimum dispersion 

at 35% untilting, whereas, group x showed a minimum dispersion at 100% untilting.  Group y 

sites were ignored for the purposes of their study.  To explain the x tilt test, they argue one of 

two hypotheses: 1) translation of up to 2000 km to the north combined with clockwise rotations, 

or 2) lesser translation of about 1500 km combined with variable tilting towards the south.  The 

Irving et al (1995) paper emphasizes the importance of analyzing the Pimainus and Spius 

formations separately because in their study the Spius Formation passes the tilt test and the 

Pimainus Formation does not.  For the Pimainus Formation minimum between site dispersion 

occurs at 50% untilting. They suggest two possible explanations: 1) the paleoslope during rock 

formation may not have been fully accounted for by their field determined paleo-horizontal 

indicators, or 2) the Pimainus Formation might have been tilted and remagnetized as a result of 

the extrusion of the Spius volcanism.  The calculated paleolatitudes for each formation differed 

by less than a degree and were within both margins of error, which increases confidence in their 

results. 

Based on existing mapping in the area, the Spences Bridge Group samples collected for 

this study come from the Pimainus Formation.  As noted above, Irving et al (1995) suggests that 

paleohorizontal is restored for the Pimainus Formation at 50% untilting as opposed to 100%, 

which was initially assumed in the above analysis.  If the measured paleohorizontal for this study 

is untilted to only 50%, the inclination value becomes 60.5
o
, which translates to a paleolatitude 

of 41.5° N and displacement northwards of approximately 1,864 km north instead of the 3,400 

km indicated by 100% untilting.  The 50% correction result of our data is therefore within error 

of the results from Irving and Thorkelson (1990).  This is a much more reasonable amount of 
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displacement and is consistent with other rock units in the region.  These findings emphasize the 

fact that untiling uncertainty is likely a major reason for the large range of published 

displacements for volcanic successions in the North American Cordillera.  

The large range of displacement values suggested by this study is also indicated by 

several earlier studies (i.e. Butler and Gehrels, 2001; Beck and Noson, 1972) and has led to 

multiple contradictory hypothesis.  The larger displacement value presented herein agrees with 

the Baja BC hypothesis (i.e. Beck and Noson, 1972), whereas, a smaller displacement value 

more readily agrees with the moderate tilt hypothesis.  Either could be explained by westward 

subduction. 

 

Conclusion 

 

 This study yields two important results: 1) the Nicola Group was remagnetized either by 

the tectonic-thermal event at 200 Ma or more recently due to outboard deformation; and 2) the 

suggested distance traveled by the Spences Bridge Group is highly dependent upon whether our 

samples originate from the Pimainus Formation or the Spius Formation.  If the samples originate 

from the Pimainus Formation, then the samples probably traveled approximately 1, 900 km; 

whereas, if the sites are from the Spius formation approximately 3,400 km of transport is more 

likely. 

 This results of this study suggest at least two opportunities for future research.  Firstly, 

constraining the age of the remagnetization event would provide the necessary temporal 

information to place the paleomagnetic results of the Nicola Group into proper tectonic context.  

If the remagnetization event can be dated with confidence, it may be helpful to conduct further 
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paleomagmetic tests to constrain paleolatitude of the Intermontane Terrane through time.  

Secondly, a larger and more spatially diverse study of both the Pimainus and Spius Formations 

would allow for a more informed interpretation of the already collected Spences Bridge data. 
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Figures 
 

 
 

 

Figure 1: shows the terrane distribution near to Princeton, B.C., the sample localities, and an up-

close look at the spatial distribution of the rock units sampled: the Nicola Group and Spences 

Bridge Group; sampling was clustered at and north of Princeton, British Columbia.  
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Figure 2: map of the modern terrane configuration of the western Cordillera.  On the left, a) 

shows the individual terranes and the inset box depicts the region where samples were collected, 

whereas, b) depicts the five terrane belts from west to east as follows: Insular Belt, Coast Belt, 

Intermontane Belt, Omineca Belt, and Foreland Belt (adapted from Colpron and Nelson, 2007). 
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Figure 3: schematic diagram showing the Baja BC hypothesis for terrane accretion in the western 

Cordillera.  In the Early Cretaceous, the North American margin was a passive margin and the 

terranes were located in the Paleo-Pacific Ocean.  In the Late Cretaceous, the Farallon plate split 

into the Farallon and Kula plates, separated by dotted line, which represents the Farallon Ridge.  

Also during the Late Cretaceous, both plates began subducting beneath North America.  As each 

terrane reached the North American margin, it was amalgamated and transported northwards 

along dextral strike slip faults.  This rapid motion northwards was accommodated by the strong 

coupling between the terranes and Kula Plate.  This continued until the early Eocene when the 

terranes arrived at their modern-day location. 
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Figure 4: Schematic sketch explaining the moderate tilt hypothesis for terrane accretion in the 

western Cordillera.  It juxtaposes the Baja BC hypothesis (B) with the moderate tilt hypothesis 

(C).  The Baja BC hypothesis suggests that the terranes formed in the present-day location of 

Baja, California and were transported northwards, approximately 2500 km, along the continental 

margin by dextral strike slip faults.  During transport, the terranes were rotated 58° clockwise.  

The moderate tilt hypothesis suggests that the measured paleohorizontal was off by a 30° to the 

north-east.  Thus, the terranes were only transported about 1000 km northwards.  The moderate 

tilt hypothesis is in greater agreement with geologic observations (adapted from Butler et al, 

2001). 
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Figure 5: schematic diagram showing the ribbon continent model for terrane accretion in the 

Western Cordillera (e.g. Hildebrand, 2013; Johnston, 2008).  In this model, the intraoceanic 

subduction took place in the Triassic/Jurassic culminating with the creation of a ribbon continent.  

The terranes had been attached to North America by the Late Cretaceous and then were buckled 

during an orogeny in the Paleocene. 

 

 
 

Figure 6: schematic field examples that show the distribution of samples that would be taken for 

a contact test (left side) and a conglomerate test (right side).  For both tests, approximately 

fifteen to twenty samples are collected. 
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Figure 7: depicts examples of sites that show type (a: ng08), (b: sb01), and (c: sb05) fabrics.  

Type (a) fabric is triaxial, the minimum, intermediate, and maximum axes are all unique and 

orthogonal to one another.  Type (b) fabric is oblate; the maximum and intermediate axes are 

relatively the same and are orthogonal to the minimum axis.  Type (b) flow fabric creates a 

planar feature that can be used to assist in the determination of paleohorizontal.  Type (c) fabric 

is prolate, where the minimum and intermediate stress axes are the same and orthogonal to the 

maximum axis. In this study, only oblate fabrics were compared to the measured paleohorizontal.  

No correlation was confirmed. 
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Figure 8: displays two hysteresis loops for samples containing a) magnetite and/or b) hematite as 

prominent ferromagnetic remanence carriers.  As shown in section a), magnetite is typically 

saturated by 200 mT, whereas, hematite does not become fully saturated even at peak field 

strength of (1000 mT).  Nicola Group samples typically contained a mixture of magnetite and 

hematite, whereas, the Spences Bridge Group was dominated by magnetite. 
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Figure 9: Both back-field IRM plots and a day diagram are displayed above.  IRM plots show the 

measured remanence as a function of the applied field and compare samples from the Nicola 

Group and Spences Bridge Group respectively.  The Nicola group samples were almost saturated 

by an applied field of 200mT, which suggests that the majority of the remanence is from 

magnetite with a minor hematite contribution.  The Spences Bridge Group samples are saturated 

by 200 mT, as evidenced by the shouldered appearance of the plot, and suggest a magnetite 

remanence. The day diagram plots the ratio of the saturation remanence (Mrs) and saturation 

magnetization (Ms) as a function of the ration of the coercivity of remancence and the coersive 

force.  The diagram is divided into sections, single domain (SD), pseudo single domain (PSD) 

and multidomain (MD), which define the granulometry of the particles.  The Nicola group 

samples contain a mix of PSD and MD grains, whereas, the Spences Bridge Group samples 

contain only PSD grains. 
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Figure 10: depicts the demagnetization plots of three samples: a) ng-13-22ha, b) ng-13-02fa, and 

c) sb-13-02ia.  Ng-13-22ha (a) contains a well defined north-east trending low temperature 

component, as well as, a ChRM pointing slightly west of due north.  Ng-13-02fa (b) contains a 

very well defined ChRM with a southeast azimuth.  A due south trending low temperature 

component may be present.  Sb-13-02ia (c) is defined by east-north-east trending inclination 

value.   
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Figure 11: focuses on four samples from site ng-13-16 and compares them to all of the other 

measured samples from sites ng-13-14, ng-13-15, and ng-13-16.  A) shows the demagnetization 

behaviors of cores la, ka, da, and ha from site ng-13-16 in order from left to right.  All four 

samples have two remnant magnetizations.  The first is a low temperature component and the 

second points towards the origin.  Samples la and ka have a southwest trending ChRM, whereas, 

sample da has a north trending ChRM, and ha has a northwest trending ChRM.  B) plots the 

ChRM vectors for all three sites together on a stereonet .  The tight clustering of the majority of 

samples suggests that the host rock may have been remagnetized by the intrusive event.  C) 

depicts a cross section of the sampling area and shows the approximate location of the samples 

taken.  Site ng-13-16 is located in the center with ng-13-14 to the left and ng-13-15 to the right.  

All of the cores drilled are indicated with grey circles and the samples shown in this figure are 

labeled. 
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Figure 12: contrasts the location of the APWP for the North American Craton from 230-50 Ma 

(Kent and Irving, 2010) with the present day location of British Columbia and the calculated 

paleopoles for the Spences Bridge Group and the Nicola Group.  The calculated paleopoles can 

fall anywhere along their respective small circle, which is highlighted by the grey arcs.  The 

point where the arc crosses the pole path serves as a point of comparison of North America and 

the measured rock unit. 
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Figure 13: depicts the Nicola Group site means at 0% and 100% untilting.  The samples are more 

clustered at zero percent tilting and thus have a lower mean α95 as indicated by the red dashed 

circle.  Primary ChRM is indicated by a positive tilt test, meaning that as the unit is progressively 

untilted, the mean α95 decreases.  These results indicate a negative tilt test, and thus the ChRM 

likely occurred either syn-tilting or post-tilting.  
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