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Abstract

Seismic data from 106 station pair-paths, from the CNSN (Canadian National

Seismic Network) and POLARIS (Portable Observatories for Lithospheric Analysis

and Research Investigating Seismicity) seismic networks, were used to measure surface

waves from earthquake events. Fundamental-mode Rayleigh-wave dispersion curves

were generated and inverted to obtain dispersion maps and S-velocity cross-sections.

Results show a clear distinction between the Cordilleran and cratonic lithospheres.

The Cordilleran lithopshere shows a low-velocity perturbation with values ranging

from -2% to -5%, while the cratonic lithosphere shows a high-velocity perturbation

with values ranging from 3% to 9%. The large range in perturbation between the

Cordilleran and cratonic lithospheres resolves the Cordilleran/craton boundary, show-

ing that the boundary is present down to 200 km in depth and dips under the cratonic

lithosphere. A high-velocity anomaly within the already high velocity cratonic litho-

sphere is present under Great Slave Lake and is interpreted as preserved Precambrian

slab material. Many small high-velocity perturbations, reaching about 4%, are present

at depths of 300+ km throughout the survey, and interpreted as being remnants of

the Kula or Farallon plates.
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Chapter 1

Introduction

1.1 Overview

Precambrian shield and recent orogenic lithosphere exhibit major di↵erences in

seismic velocity, electrical resistivity, and geology (to name a few aspects), but the

detailed structure of such transitions is not well understood. In North America, the

Precambrian shield and platform of the continental interior share a western boundary

with a recently active orogenic system. The Mesozoic Cordilleran orogeny of western

North America is interpreted to have been formed along the active western margin of

Pangea (Johnston and Gutierrez-Alonso, 2010). At this time subsequent blocks were

added westward with rocks ranging in age from the Paleozoic to the Mesozoic (Fred-

eriksen et al., 1998). The Cordillera displays folding and thrusting. The Cordillera is

bounded by the North American craton to the east and the Pacific active margin of

the North American Plate to the west.

Many studies have shown that under young orogens the lithosphere shows low ve-

locity while the thick roots under cratons show high velocities (see e.g. a compilation

of Lithoprobe studies given in Clowes et al., 2005; Van der Lee and Frederiksen, 2005;

Schae↵er and Lebedev, 2014). The Cordillera/craton transition shows a strong seis-
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mic contrast between the young orogen, much of which is still tectonically active, and

the stable shield and platform. To gain a better understanding of this structure and

the transition between Cordillera and the shield in detail, surface waves are analysed

in this thesis to produce a tomographic model of the lithosphere of western Canada.

Surface waves are used due to their ability to measure absolute velocity as well as

their good depth resolution in the upper mantle.

1.2 Objectives

The objectives of this thesis are to build on the results of previous studies imag-

ing North America, using various methods, and to investigate the Cordillera/craton

boundary. This will be done via surface wave tomography using the two-station ap-

proach as explained by Meier et al. (2004). A previous study completed by Darbyshire

et al. (2007) focused primarily on the area of eastern Canada through western On-

tario. Work from the Lake of the Woods region west to Alberta was done by Alexsey

Bryksin (Zaporozan et al., 2014). This thesis completes the westward imaging of

Canada with overlap into central Canada and northern Canada (as seen in Figure

1.1).

1.3 Outline

To fulfill these objectives, a network of station-pair paths from the Canadian Na-

tional Seismic Network (CNSN) and Portable Observatories for Lithospheric Analysis

and Research Investigating Seismicity (POLARIS) seismic network archives was cre-

ated to measure di↵erences in surface-wave arrivals from distant earthquakes. These

measurements will be used to create dispersion curves. Dispersion curves show the

relationship between velocity and period, which can be inverted for depth. Since tele-
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Figure 1.1: (Top): station coverage area of western and northern Canada. (Bottom):
Location of profiles used for creating pseudosections and cross-sections.
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seismic tomography near the Cordillera/craton boundary has been previously com-

pleted to show the lateral velocity variations (Mercier et al., 2009), surface-wave

tomography will compliment those results with more precise depth imaging of the

area. Comparing these results with previous models (regional or global) will help

to provide a better understanding of the Cordillera/craton transition in the upper

mantle.
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Chapter 2

Geological background

Western Canada is made up of a number of younger terranes accreted onto a

Precambrian craton. The geological architecture of the Cordilleran Orogen in Canada

is the product of a variety of tectonic processes acting upon the margin of ancient

North America (Gabrielse and Yorath, 1991). The assemblage of the craton occurred

primarily in the Archean and Early Proterozoic with younger terranes ranging in age

from Early Permian to late Mesozoic-Cenozoic.

2.1 Cratonic terranes

A detailed tectonic model of the general assembly of Laurentia is described by

Whitmeyer and Karlstrom (2007) in which they describe the Proterozoic growth of

North America. Figure 2.1 shows a map of the boundaries and ages of major tectonic

blocks for this model. The Slave, Rae, and Hearne are Archean crustal blocks older

than 2.5 Ga (shown in gray in northern North America). The Slave province is a

late Archean granite-greenstone terrane and was a foreland for the Thelon orogen

to the east and the Wopmay orogen to the west (Ho↵man, 1988). At ca. 1.96-1.92

Ga the initiation of the Slave-Rae collisional zone occurred forming the Thelon arc,
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resulting from a dextral-oblique collision between Slave and Rae provinces followed

by indentation of the Rae by the Slave foreland province (Ho↵man, 1988).

The formation and assembly of the Wopmay orogen (coloured in burnt orange in

Figure 2.1) occurred from ca. 1.92-1.86 Ga. The orogen lies to the west and southwest

of the Slave-Rae collisional zone and evolved on the active western margin of the Slave

province. It includes a collage of domains that assembled in Paleoproterozoic time

(Clowes et al., 2005) and formed from the accretion of the Hottah terrane, the Great

Bear magmatic arc, the Fort Simpson terrane, and the Nahanni domain. Cessation

of activity of the Great Bear arc took place at ⇠ 1.84 Ga (Clowes et al., 2005, Cook

et al., 1999).

The next major event of note for the study area is the formation of rift boundaries

at the western margin of Laurentia, which are outlined with a red line in Figure 2.1.

From its inception, due to rifting, during the Middle Proterozoic to present (Gabrielse

and Yorath, 1991; Nelson and Colpron, 2007; Cook et al., 2004) the continental

margin moved oceanward, due to o↵shore sediment progradation, and as a result

of convergence and transform-related processes involving the accretion of island arc

and oceanic assemblages (Gabrielse and Yorath, 1991). The miogeocline of ancestral

North America resided in a passive margin for much of this time.

At 0.78 Ga (estimated), the deposition of the Windermere Supergroup occurred

(Whitmeyer and Karlstrom, 2007). The Windermere Supergroup consists of neo-

Proteozoic rocks in western North America (from the Mackenzie Mountains south

into the United States). They are a stratigraphic succession that contains basal

sedimentary and volcanic rocks interpreted to have formed during active faulting

(Ross, 1991). During this time sedimentation of coarse clastics of the Windermere

Supergroup occurred in an intra-cratonic rift margin (as interpreted by Nelson and

Colpron (2007)) that evolved into a passive margin (Ross, 1991).

The formation of the western margin (paleo-Pacific) is believed to have involved
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Figure 18. Early stages of the breakup of Rodinia occurred along the west coast of Laurentia (ca. 0.78–0.68 Ga). Evidence for west coast 
extension included intrusion of the Gunbarrel dikes (bold blue lines) and deposition of the Windermere Supergroup (brown). Bold red lines 
show rift boundaries along the western margin of Laurentia.
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Figure 2.1: Model of the growth of North America after the deposition of the Winder-
mere Supergroup (in brown) (modified from Whitmeyer and Karlstrom, 2007). The
bold labels correspond to noted tectonic provinces, while italicized labels are selected
geologic terranes of the Wopmay tectonic province. The red line shows rift boundaries
along the western margin of Laurentia.
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Figure 2.2: (A) Possible Mesoproterozoic reconstruction of Laurentia with Siberia.
(B) Neoproterozoic breakup of Rodinia (modified from Colpron et al., 2007).

at least two separate episodes of rifting (Colpron et al., 2002; Nelson and Colpron,

2007). Figure 2.2 (A) shows a reconstruction of Laurentia and Siberia. Figure 2.2

(B), (according to Sears and Price (2000, 2003)) shows the breakup of Rodinia and is

believed to have occurred from the Devonian through the Tertiary (Cook et al., 2004).

Colpron et al. (2002) determined that the late Neoproterozoic rifting of the southern

Cordillera occurred at the same time as passive margin sedimentation in the northern

Cordillera. Other authors have constrained rifting and deposition to between ca. 755

Ma (Wingate and Giddings, 2000) and ca. 700 Ma (Powell et al. 1993) with Powell

et al. (1993) stating that the two continental masses started to diverge at 725 Ma.

2.2 Cordilleran terranes

Figure 2.3 (A) shows a geologic map of the Cordilleran origin, with terranes as-

signed to platform or shelf according to Johnston and Gutierrez-Alonso (2010). Much

of these terranes overlain basement rocks of Paleoproterozoic age in the northern
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Figure 2.3: (A) Geological map of the Cordillera of western Canada (modified from
Johnston and Gutierrez-Alonso, 2010) (B) illustration of the possible extent of the
Windermere Supergroup (modified from Gabrielse and Yorath, 1991).

Cordillera (Cook et al., 2012).

Oceanic and island arc assemblages of the central and western Cordillera are com-

prised of a variety of crustal fragments which form a collage of accreted terranes

(Gabrielse and Yorath, 1991). These accreted terranes can be grouped into the In-

termontane and Insular superterranes (Figure 2.4) which are made up of smaller

terranes that amalgamated, and became incorporated into the continent during the

Mesozoic (Gabrielse and Yorath, 1991). Between the accreted superterranes and an-

cestral North America, the Omineca Belt is comprised of several terranes, some of
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Figure A.2 Bedrock geology simplified into basic rock types with tectonic belt 
boundaries superimposed (data from BC Ministry of Energy and Mines, updated 2005). 
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Figure 2.4: Illustration showing the location of the Intermontane and Insular su-
perterranes overlain on a simplified bedrock geology map (Conway and Johannessan,
2007).

which have close continental a�nities and others which have been transported long

distance and thrust over the continental margin (Gabrielse and Yorath, 1991). The

Omineca Belt was a major regional tectonic welt, a raised part of the Earth’s crust

with a distinct linear development, which underwent intense deformation, regional

metamorphism, granitic magmatism, uplift, and erosion (Monger et al., 1982). Mon-

ger et al. (1982) regard these processes as a product of Triassic-Jurassic tectonic

amalgamation.
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In contrast to the Omineca Belt, the Intermontane terranes and the Insular ter-

ranes did not show an early relationship with the western margin of North America,

even though they were formed between the Precambrian and Triassic (Nelson and

Colpron, 2007). During the Middle Jurassic, the Intermontane superterrane began

accreting to the North American plate and resulted in the passive-margin sequences

being folded (Clowes et al., 2005). Figure 2.5 shows the Intermontane superterrane

collage of accreted terranes of the Cordillera and displaced continental margin rocks to

the west of the Tintina Fault. The Coast Belt is a rugged high-relief region bound by

Late Cretaceous-Tertiary strike-slip faults or a marked change in relief and lithology

in the east and between Vancouver and Queen Charlotte islands and the mainland in

the west. The plutonic, relatively mafic, rocks underlie three-quarters of the Coast

Belt with variably metamorphosed sedimentary and volcanic rocks underlying the

remainder (Monger, 1989).

2.3 Faults

The Denali, Queen Charlotte, and Tintina faults are three major faults located

in western Canada (Figure 2.5). The Queen Charlotte fault stretches from southern

British Columbia to southern Alaska. The Denali fault branches o↵ the Queen Char-

lotte fault and extends northward into western Alaska. The Tintina fault stretches

from western Alaska to southern British Columbia, over 2000 km. In the south it

becomes part of the Rocky Mountain trench (Ledo et al., 2002).

The Tintina fault is a major-crustal strike-slip fault with total o↵sets estimated

to range from greater than 900 km (Gabrielse, 1985), to 450 km (Tempelman-Kluit,

1979; Dover, 1994). Roddick (1967) claims that older metamorphic rocks are best

matched if a 420 km dextral displacement is assumed. This right-lateral motion is

confirmed by Dover (1994) for all strike-slip motion in east-central Alaska. Saltus
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Figure 2.5: Terranes of the Canadian and Alaskan Cordillera (Nelson and Colpron,
2007).

(2007) subjected the Tintina fault system to a 490 km shift resulting in some in-

teresting geological alignments such as, for example, the matching features of the

Inconnu thrust fault and the coincidence of eclogite and blueschist occurrences trend-

ing from the town of Eagle to near Fairbanks. The start of movement is believed to

date from the middle Cretaceous (Gabrielse, 1985) or the Late Cretaceous (Roddick,

1967; Tempelman-Kluit, 1979) to the Eocene or Oligocene (Gabrielse, 1985; Gabrielse

et al., 2006) or Early Tertiary (Tempelman-Kluit, 1979). Dating of the Tintina fault

system is controversial due to di↵erent ages determined for di↵erent parts of the fault.

Cenozoic deformation of the southern Cordillera complicates attempts to trace the
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fault south (Gabrielse, 1985) and the fault being parallel to ancient facies boundaries

and structural trends (Roddick, 1967). Across the Southern Rocky Mountain Trench

changes in traverse, thickness, and facies are not subjected to right-lateral strike-slip

motion until near the north end (54�15’N) of the southern trench (McMechan, 2000).
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Chapter 3

Background geophysics

Many geophysical methods have been used to image the Cordilleran and craton

crust and mantle and its lithosphere and asthenosphere. Controlled source seismic

reflection and refraction surveys have imaged the crust and uppermost mantle, with

teleseismic surveys reaching greater depths. Using these data, the crust and mantle

are imaged on regional, continental, and global scales (as discussed in section 3.1).

Magnetotelluric (section 3.2) and thermal (section 3.3) surveys have provided con-

straints on a similar range of depths which allows for multidisciplinary analysis of the

lithosphere beneath the survey area.

3.1 Seismic models

3.1.1 Global and continental models

Many continental and global models show a distinct velocity perturbation di↵er-

ence between the Cordillera in the west and the craton in the east. From a continental

perspective, Van der Lee and Frederiksen (2005) and Bedle and van der Lee (2009)

produced models NA04 and NA07 focusing on North America (Figures 3.1 and 3.2

respectively). These models were obtained using one-station analysis and partitioned
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waveform inversion as described by Nolet (1990). Both models image velocity per-

turbations and show a velocity contrast between the Cordillera and the platform and

shield.

Figure 3.1: Horizontal slice of NA04 model at a depth of 200 km (van der Lee and
Frederiksen, 2005). White lines indicate major geological provinces. Velocity is in
m/s di↵erence of S velocity from the MC 35 base model.

The lithospheric boundary within the NA04 model generally follows the geological

boundary of the Cordillera except in three areas. Just south of 50�N, a higher velocity

feature crosses into the Cordillera with velocity di↵erences up to 100 m/s. Further

north, 59�N, the 0 m/s velocity di↵erence contour crosses into the craton where it

follows the boundary north and turns and caps o↵ the northern Cordillera at about

65�N. Velocity di↵erences in the north range from 50-100 m/s. Within the Cordillera

a large low velocity area beneath the Cordillera (shown in red) has velocity di↵erences

down to -200 m/s.
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Figure 3.2: Horizontal slice of the NA07 model at a depth of 200 km (Bedle and van
der Lee, 2009).

The NA07 model shows less contrast in velocity di↵erences. The entire western

half of the Cordillera shows di↵erences ranging from -100 to -200 m/s. To the north

and east of this slow area is a thick gradual increase in velocity di↵erence showing a

broader boundary than seen in NA04.

Comparing the NA04 and NA07 models, mantle velocities are similar at a depth

of 200 km with a value around -200 m/s in the Cordillera. Looking more closely

it is possible to see di↵erences in the area of the -200 m/s perturbation. In the

Bedle and van der Lee model the Canadian Cordillera is almost entirely contoured
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as approximately -200 m/s, but for the NA04 model, van der Lee and Frederiksen

(2005) show a weakening in velocity perturbation to approximately -100 m/s in the

south part of the Canadian Cordillera. The east/west smearing that is seen in both

NA04 and NA07 models is a result of dominant east-west seismic paths due to the

concentration of seismicity along the west coast, and can be reduced by means of the

two-station approach.

Figure 3.3 shows multiple slices of the Bedle and van der Lee (2009) NA07 model.

At increasing depth the negative velocity perturbation below the Cordillera decreases

from -500 m/s at 90 km depth to 0 m/s variation at 250 km depth, possibly repre-

senting the base of the lithosphere. The shield velocity perturbation has a positive

velocity perturbation of >150 m/s over a large area and increases to 300 m/s moving

further into the shield at a depth of 90 km.

Figure 3.3: NA07 model of North American S velocity variations. This model was
calculated from the average of 20 tomographic models using various regularization,
weighting, flattening, and damping parameters including a random set of 4000 wave-
forms drawn from a larger database (Bedle and van der Lee, 2009).
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All three NA models show a potential boundary between a Cordillera and cra-

tonic lithosphere (Figures 3.1 and 3.2) at 200 km depth. Figure 3.3 shows a varying

boundary at di↵erent depths with the 0 velocity di↵erence contact being almost en-

tirely west of the geologically determined Cordilleran boundary at 90 km. At a depth

of 160 km this 0 velocity di↵erence expands eastward creating a more gradual con-

tact. At 250 km the 0 velocity di↵erence appears truncated in the north and expands

further eastward.

Figure 3.4 shows a model (SL2013NA) for North America (Schae↵er and Lebedev,

2014) from global and USArray data which shows the positive velocity craton sepa-

rated from the Cordillera by a boundary corresponding to the Rocky Mountain Trench

in Canada. Figure 3.5 shows a side-by-side comparison between models. SL2013NA

shows a greater extent of the slower perturbations throughout the Cordillera. Both

slow and fast perturbations follow the Rocky Mountain Trench much more closely

than in NA04 and NA07 models with the 0% variation (white in the plot) remaining

entirely to the west or south of the Rocky Mountain Trench in Canada. The slow

velocity perturbation within the Cordillera, as seen in NA04 and NA07 models as red

regions, is more resolved in SL2013NA with perturbations of -6% striking NNE/SSW

and SSE/NNW.

With an emphasis on imaging plate fragments at greater depths, Sigloch et al.

(2008) studied finite-frequency body-wave tomography on a large scale to image a

connection between the remnants of the Farallon plate (Juan de Fuca plate and

shallower pieces) with pieces located along the east coast of North America.

3.1.2 Regional teleseismic models

A teleseismic tomographic survey of the Cordillera was done by Mercier et al.

(2009) analyzing the mantle under the Cordillera using the travel times of P and S-
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Figure 3.4: SL2013NA model of North America imaging continental velocity vari-
ations (Schae↵er and Lebedev, 2014). The dashed line in the figure indicates the
Rocky Mountain Trench.

waves. The use of teleseismic body waves means that the incident ray paths are near

vertical, which provides very good lateral resolution but poor vertical resolution. This

poor resolution results in vertical smearing and insensitivity to very-long wavelength

structures. The images in Figure 3.6 show horizontal slices at 100 and 200 km depth.

At depths of 100 km and 200 km there is a well-defined transition between the eastern

portion of the study area, which contains a faster anomaly, and the western portion,

which contains a slower anomaly. The sharp transition in the south is roughly along

the Cordilleran deformation front (in some areas following the Tintina fault), while in

the north its position is less clear but also appears to coincide with the deformation

front for both depth slices of the model, similarly to what is seen in NA07 (Figure

3.3). The horizontal resolution of Mercier et al. (2009) provides a sharper contrast

of the Cordillera/craton boundary, helping to image this transition better than was
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Figure 3.5: Model comparisons between SL2013NA (Schae↵er and Lebedev, 2014),
NA04 (Van der Lee and Frederiksen, 2005), and NA07 (Bedle and van der Lee, 2009)
models. Perturbations are plotted with respect to percent di↵erence from the mean
average velocity of NA07.

achieved using surface-wave tomography.

A more focused survey was done across the Southern Rocky Mountain Trench and

the eastern limit of the Cordilleran deformation (Bao et al., 2014; Bao and Eaton,

2015) using surface waves. The survey area contains rocks of Archean, Paleopro-

terozoic, and Phanerozoic ages. Figure 3.7 shows two-dimensional dispersion curve

maps (Bao and Eaton, 2015) showing a sharp contrast between slower velocities in

the Cordillera (3.8 km/s at a period of 50s to 4.2 km/s at a period of 150 s) and faster

velocities in the craton (4.0 km/s at a period of 50s to 4.3 km/s at a period of 150

s). With increasing period, this contrast decreases, showing a less defined velocity

perturbation contrast at greater periods.

Inversion of these 2-D dispersion maps (Figure 3.8) by Bao and Eaton (2015)

shows -4% to -6% Cordilleran velocity perturbations, compared to the AK135 global

reference model, at depths of 55 km and 105 km. At these depths the cratonic
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the background value. It is juxtaposed with a low-velocity anomaly
of~−2% labelled B that extends from beneath A to the surface. The
transition from A to B is sharp, occurs within less than 50 km and is
roughly centered on the Cordilleran deformation front (see Fig. 11). It
also coincides with an abrupt variation of surface topography from
high to low and with a major change in mantle temperature
documented by Hyndman and Lewis (1999) and Lewis et al.
(2003) from heat flow measurements, and to a lesser extent by
Flück et al. (2003) and Audet et al. (2008) from the study of elastic
thickness. This combination of observations strongly suggests that
the transition from B to A corresponds to the boundary between
Phanerozoic mantle and Proterozoic lithosphere, thereby shifting
the western extent of the craton by hundreds of kilometers eastward
from what was proposed by Frederiksen et al. (1998), and
Frederiksen et al. (2001) and van der lee and Frederiksen (2005)
using body-wave or surface-wave tomography, respectively.

The discrepancy in location of the Phanerozoic/craton boundary in
northwestern Canada with some previous studies can be attributed to

the presence of a mostly high-velocity anomaly identified by C that
extends over 400 km west of Tintina fault and displays localized
variations in velocities under ±2%. Although we are unable to offer a
specific explanation for C, the Tintina Fault is recognized as a major
strike–slip boundary (Price and Carmichael, 1986) along which
seismically distinct Phanerozoic mantle lithospheres may have been
juxtaposed. Some previous studies, lacking either the resolution or
broader geographical context of the present work may thus have mis-
interpreted this feature as the craton boundary.

The results presented here position the boundary between
Phanerozoic and cratonic mantle at the Cordilleran deformation
front in northwestern Canada and are consistent with the aforemen-
tioned heat flow and gravity observations. This is not surprising since
coincident velocity transitions from high to low topography and from
hot Proterozoic to cold Precambrian mantle have been observed in
many other instances across the globe (e.g. Australia (Simons et al.,
1999), United States (Dueker et al., 2001), and Northern Europe
(Zielhuis and Nolet, 1994)).

Fig. 9. Depth slices covering the whole survey area at 100 km (top left), 200 km (top right), 300 km (bottom left), and 400 km (bottom right) through the S velocity model. This
model was obtained from 1000 conjugate gradient iteration within 40 Huber downweightings using a λ=350 and μ=60. Blue and red colors represent positive and negative
velocity perturbations, respectively. Station corrections are superimposed upon the 100 km model.
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Figure 3.6: Horizontal slice of the S-wave model at 100 km (top) and 200 km (bottom)
depths (Mercier et al., 2009).
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Figure 3.7: Two-dimensional phase-velocity maps (Bao and Eaton, 2015).
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Figure 3.8: Relative shear velocity compared to the global reference model AK135
(Bao and Eaton, 2015).

velocity is greater than 0%, approaching 2%. At 155 and 205 km depth the Cordillera

velocity perturbations trend towards a velocity di↵erence of 0%. Craton velocity

perturbations, however, are almost entirely 2% throughout the imaged area with

areas of higher velocity perturbation (4 - 6%). The sharpest contrast between the

Cordillera and craton appears at 105 km with perturbation velocities of -4% and 2%,

respectively.

Figure 3.9 (Bao et al., 2014) shows a velocity perturbation map of the survey area

at a depth of 105 km. This figure shows a sharp contrast between the Cordillera

and craton perturbations. Cordilleran perturbations are less than -2% while craton
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Figure 3.9: Vs velocity perturbation map of survey area at a depth of 105 km (Bao
et al., 2014).

perturbations are greater than 2%. It is interesting to note how closely this contrast-

ing Crodillera/craton line follows the southern Rocky Mountain Trench south of 55�

latitude. Farther north the 0% perturbation line starts to follow the eastern limit of

the Cordilleran deformation.

3.1.3 Seismic reflection and refraction

The LITHOPROBE program provided numerous sets of seismic reflection and

refraction data (Burianyk and Kanasewich, (1997); Cook et al., (1999); Cook et al.,

(2004); Clowes et al., (2005); Hammer and Clowes, (2004); Hammer et al., (2010))
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allowing for large scale study of western Canada. These studies found the Moho to be

at around 35 km depth throughout the area. The interpreted lithospheric thickness is

not uniform, with depths to the base in the west of the Cordillera ranging from 50 km

(Clowes et al., 2005) to 100 km (Hammer et al., 2010) with increasing distance east-

ward. For the southern Canadian Cordillera, specifically the 1990 Southern Cordillera

Refraction Experiment of LITHOPROBE’s Southern Cordillera Transect, Burianyk

and Kanasewich (1997) identify a low velocity zone (P wave velocity equaling 7.8 -

8.0 km/s) at a depth of about 50 km continuing to about 58 to 62 km from seismic

refraction. The low velocity zone is interpreted as the asthenosphere with the base of

the lithosphere being at 50 km, in agreement with results from Jones et al. (2005) in

being much less than 100 km.

Hammer et al. (2010) summarize results from numerous refraction and reflection

studies imaging the subduction of the Juan de Fuca lithospheric mantle under the

Cordillera at the Cascadian subduction zone. Moho depths in the Cordilleran Orogen

are calculated to be 35 km throughout with complex geology to the west due to the

subduction zone. The base of the lithospheric mantle is interpreted as ⇠ 50 km which

coincides with estimates by Burianyk and Kanasewich (1997).

Deep reflection data from Lithoprobe’s Slave-Northern Cordillera Lithospheric

Evolution (SNORCLE) project in the Canadian Cordillera (Cook et al., 1999), along

transect 1 (Figure 3.10 top), shows a mantle reflector dipping eastward beneath the

Great Bear arc. Where this reflector flattens out into the lower crust, it merges

with a west-dipping crustal reflection delineating a lithosperic-scale wedge formed

as a result of Proterozoic plate convergence between the Slave craton and the Fort

Simpson terrane (Cook et al., 1999).
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lithosphere of the craton and the depth to the lithosphere–
asthenosphere boundary and its topology. The MT results
serendipitously revealed an anomalous upper mantle con-
ducting region, named the Central Slave Mantle Conductor,
that is spatially collocated with the central Slave Eocene
diamondiferous kimberlite field (the so-called “Corridor of
Hope,” Fipke et al. 1995), and spatially and in depth with a
geochemically defined ultra-depleted, harzburgitic layer (Griffin
et al. 1999).

Great Slave Lake shear zone
The Great Slave Lake shear zone (GSLsz) is a northeast-

trending dextral continental transform fault, with up to 700 km
of strike-slip motion, extending from the Rocky Mountains
to the southeast side of Great Slave Lake (Hoffman 1987). It
is linked to convergence and collision between the Archean
craton and Rae Province in the Paleoproterozoic (Hoffman
1987; Hanmer et al. 1992). Post-collisional convergence of
the Slave and Rae provinces at ca. 1800 Ma produced an

additional 75–125 km of strike-slip motion on the later brittle
McDonald Fault (MF), which is partially coincident with the
GSLsz (Hanmer et al. 1992; Ritts and Grotzinger 1994) in
the survey area.

One of the specific objectives of the SNORCLE transect
investigations was to determine the geometry and lithospheric
extent of the GSLsz, given its continental scale. Unfortu-
nately, corridor 1A (Fig. 1) was deemed lowest priority for
seismic reflection acquisition, so no correlative reflection
data exist for comparison with the MT soundings made
along corridor 1A. Fortunately, teleseismic measurements were
made across the GSLsz by Eaton and Hope (2003), and
the comparison between seismic and electrical anisotropy is
discussed in Eaton et al. (2004).

Wopmay orogen and adjacent Paleoproterozoic terranes
The western part of corridor 1 crosses the 1.9–1.8 Ga

Proterozoic Wopmay orogen, which comprises a series of
north–south-trending tectonic units formed as microcontinents

Fig. 1. Tectonic map of northwestern Canada showing the locations of the SNORCLE corridors (red numbered lines) and the profile
for the regional magnetotelluric (MT) model (black line). Individual MT station locations are shown in Figs. 4 and 5. Terranes of the
Cordillera are labelled. Displaced continental margin terranes: NS, Nisling; CA, Cassier. Pericratonic terrane; KO, Kooteney. Accreted
terranes: CC, Cache Creek; ST, Stikine; QN, Quesnelia; SM, Slide Mountain; DY, Dorsey. Insular superterrane: AX, Alexander; WR,
Wrangelia. m, Undivided metamorphic rock. CSBC, Central Slave Basement Complex; GSLsz, Great Slave Lake shear zone.

Figure 3.10: Top: Tectonic map of northwestern Canada showing the locations of
SNORCLE transects and the profile of the regional magnetotelluric model. Bottom:
Cross-section of a regional magnetotelluric model using a continuous colour scale (a)
and a colour scale highlighting low-resistivity and high-resistivity features (b) created
from SNORCLE transects 1, 1A, 1S, 2, 3, 4, and 5 in northwestern Canada (Jones et
al., 2005).
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3.2 Magnetotellurics

3.2.1 Northern Canada

Magnetotelluric (MT) data from the Lithoprobe SNORCLE transects 1, 1A, 1S, 2,

3, 4, and 5 were acquired over 14 surveys (from 1996 until 2000) using broadband and

long-period MT instruments. A general objective of these studies was the imaging of

the electrical resistivity structure of the crust and upper mantle (Jones et al., 2005).

The cumulative result of the surveys identified, as interpreted by Jones et al. (2005),

was the detection of eight significant features present in the crust and upper mantle

(Figure 3.10 bottom) labeled A through H.

Results from Jones et al. (2005) show an upper mantle conductor beneath the

centre of the Slave craton. Previous papers (Jones, et al., 2001; Jones et al., 2003) have

identified this conductor, naming it the Central Slave Mantle Conductor (CSMC).

The CSMC (Feature A) has a starting depth of approximately 80 - 100 km with a

thickness of 20-30 km (Jones et al., 2003). Imaging of feature B, below, was hindered

by the attenuating e↵ects of the CSMC itself, but long-wavelength MT was able to

poorly define the electrical asthenosphere at a depth of about 210 km (Jones et al.,

2003).

Feature C is located in the southwestern Slave Province and has a highly resistive

lithosphere that extends tens of kilometres to the southwest into the Wopmay orogen

(Jones et al., 2005). Results from Spratt et al. (2009) show two, high resistivity,

cratonic roots beneath the Slave province and the MacKenzie platform with depths

reaching 200 km. The depth of these roots are consistent with Feature C for the

base of the lithosphere. The separation of cratonic roots may be due to increased

resolution, but possible evidence of this may be seen in Jones et al. (2005) centred

on the Slave/Proterozoic boundary. Deep beneath Feature C is a highly conductive

feature (D). The depth of this feature, interpreted as the asthenosphere, is suggested
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to be 250 - 260 km ± 35 km (Jones et al., 2003).

High conductivity in the mantle at a depth of about 80 km is identified as Feature

E and lies beneath the Wopmay orogen. Feature F lies beneath the transitional

area between the Wopmay orogen and the Cordillera. This highly conductive layer

is crustal and is more conductive than anywhere else along the profile (Jones et al.,

2005). Di↵erences between transects 2 and 3 show that northern Ancestral North

America (transect 3) shows a conductive layer near surface (5 km) while transect

2 identifies the same conductive feature at a depth at 20 km (Jones et al., 2005).

Feature G is identified as a northeast-dipping conducting layer of Cordillera origin

starting mid-crust and dipping deep into the lithosphere. Feature H in the southwest

of the profile is interpreted as a thin electrical lithosphere. Using previous results from

Jones et al. (2001; 2003) along with their work, Jones et al. (2005) also conclude that

the depth of the top of asthenosphere varies along the transect; a depth of around

190 km for the central Slave craton, 260 km for the southwest Slave Province, and

<< 100 km in the Alexander Terrane.

3.2.2 Southern Canada

Previous magnetotelluric studies have been completed crossing the Insular, Coastal,

and Intermontane belts (Soyer and Unsworth, 2006) and far as the Omineca belt and

into the Foreland (Rippe et al., 2013). In both studies the Juan de Fuca plate is

interpreted as a dipping high resistivity zone in the southwest portion of both pro-

files with a depth of less that 60 km in the Insular belt increasing to 150 km in the

Intermontane belt. To the northeast a higher resistivity, isolated, feature is present

at approximately 50 km depth under the Intermontane belt (Soyer and Unsworth,

2006) but in Rippe et al. (2013) this feature is connected to a larger high resis-

tivity feature that extends into the craton. The low resistivity of the back-arc at
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depths of less than 50 km suggest a shallow asthenosphere in comparison with the

lithosphere-asthenosphere boundary in the craton (at a depth of 200 km).

Water released from the subducting slab and mantle melts can explain the low

resistivities found beneath the volcanic arc. In the back-arc upper mantle increased

water content, down to a depth of 150 km, and melt fractions up to 1.5%, at less

than 135 km depth, are required to explain the observed resisitivities in Rippe et

al. (2013). Rippe et al. (2013) further state that the quantity of aqueous fluids

and partial melt will lower the viscosity of the upper mantle which can explain the

observed heat flow from geodynamic models.

3.3 Thermal measurements and models

Many di↵erent factors control the S velocity of the upper mantle, including com-

positional variations, anisotropy, water content, partial melt, and temperature (Hyn-

dman et al., 2009). To relate seismic velocity to upper mantle temperature, Hyndman

et al. (2009) used laboratory-based mineral elastic properties as a function of tem-

perature, pressure, and composition. Figure 3.11 (left) shows a map of the calculated

temperature at a depth of 100 km beneath western Canada using Vs tomography

from the NA04 model. Figure 3.11 (right) shows the relationship between S-wave

velocity and temperature for several compositions; for the Hyndman et al. (2009)

study the Tecton was used for the Cordillera and Proton for the craton (modeled

after Gri�n et al., 2003).

Figure 3.11 shows a slice of the gridded temperature result for western Canada.

Using this grid, cells were tabulated for their occurrence in either the Cordillera,

craton, or volcanic arc area, creating a histogram seen in Figure 3.12. Temperature

values of the Cordillera range from 1100 to 1300�C with the volcanic arc having a

more consistent temperature over 1300�C for depths greater than 100 km and 1000�C
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Figure 3.11: Temperature (�C) of the Cordillera and craton at a depth of 100 km
(left) and the Tecton, Proton, and Archon relationships between S-wave velocity and
temperature (right) (Hyndman et al., 2009).

at a depth of 60 km. The craton maintains a temperature of 800�C at depths of 60-

120 km, below which it increases to 1200�C at 200 km depth. Cordillera and craton

temperatures di↵er at depths less than 200 km with craton temperatures being up

to 400�C colder. An extrapolated line based on deeper temperatures matches other

xenolith and crustal temperature estimates (Hyndman et al., 2009) and shows that

the upper mantle beneath the craton is hotter than xenolith estimates would predict.

The results from Hyndman et al., (2009) (Figure 3.13), when compared to other

constraints, such as thermal models, show agreement between the measured slope,

determined by the histogram, and previous results from the area (MacKenzie and

Canil, (1998); Saruwatari et al., (2001); Currie and Hyndman, (2006)). Hyndman

et al., (2009) locate the base of the thermal lithosphere of the Cordillera at a depth

of 60 km, while the cratonic thermal base was inferred to be at 200 to 250 km

depth. At these points the Cordillera and craton geotherms match the trend of the

mantle adiabat. Craton measurements in Figures 3.12 and 3.13 show higher recorded
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Figure 3.12: Histogram of the study area showing selected average values of the
temperature (�C) at increasing depth based on the frequency of cell occurrence within
the survey grid (Hyndman et al., 2009). The dashed line joins the mean values at
each depth.
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For the Cascadia Volcanic Arc at 60 km and deeper than 180 km,
the temperatures are similar to the Cordillera average, but the
Volcanic Arc has higher inferred temperatures between 80 and
160 km depths that may be associated with unusually high
temperatures and with partial melt beneath the arc. Local high
water content also may be important. We have averaged the Vs data
from a broad 100 km wide zone along the arc (Fig. 3), and more
immediately beneath the volcanic zone the temperatures or melt
fractionmay be higher than this average. Low Vs beneath volcanic arcs
interpreted to be due to rising water-rich melts observed elsewhere
(e.g., Wiens and Smith, 2003), for example for Japan (Nakajima et al.,
2001), and South America (Koulakov et al., 2006).

For the Craton and stable platform, there are consistent inferred
temperatures that are in good agreement with those from mantle

xenoliths in the region (e.g., MacKenzie and Canil, 1999, and
references therein) and for other cratons, i.e., base of thermal
lithosphere at 200–250 km. Even after selecting for the higher quality
Vs data, there still are systematically low Vs and high calculated
temperatures at 60–80 km depth for the Craton that are inconsistent
with the deeper Vs data and with other temperature constraints.
Systematically low Vs and inferred high temperatures were also
evident in the data of Goes and van der Lee (2002), although not as
pronounced. These high calculated temperatures cannot be explained
with a reasonable range of velocity-temperature relations for different
mantle compositions (see Supplementary Material, Appendix A). The
slow Vs (and high inferred temperatures) may be due to the vertical
smoothing of velocities such that the calculated uppermost mantle Vs
is reduced through the effect of the low-velocity overlying crust that
has not been represented with adequate accuracy. An alternative
possibility is that the uppermost mantle lies above the Hales
discontinuity (Hales, 1969) which marks the spinel-garnet transition,
as proposed by Lebedev et al. (2008). In the shallow spinel sta-
bility field, the velocity may be lower, resulting in higher apparent
temperatures.

The upward extrapolation of temperatures deeper than 100 km
yields good agreement with the Moho temperatures of about 400 °C
from heat flow — heat generation models and Pn velocities (Fig. 6).

6. Relation between Te and upper mantle temperature

We now examine the regional relationship between Te and Vs, and
between Te and temperature based on Vs. Fig. 7 shows the effective
elastic thickness Te versus both observed Vs and the calculated
temperatures at 100 km. The scatter of derived temperatures appears
much larger than that for Vs because of the non-linear relation
between Vs and calculated temperature. The Cordillera values are
generally separated from the Craton values, with limited overlap. The
Volcanic Arc points have a similar range of Te to the Cordillera but
extend to slightly lower velocities and higher inferred temperatures.
There are a number of anomalous Craton points with small Te and low
temperatures at 100 km. Many but not all are from the Western
Canada Sedimentary Basin where the thick sediment section with
significant radioactive heat generation and low thermal conductivity
give a high temperature gradient in the upper section (including
sediments) and therefore a thin Te, but affect the deep temperature
gradient (and Vs at 100 km) much less.

Although the data are scattered, there is a clear pattern of a rapid
decrease in Te at velocities below about 4700 m/s and 100 km
temperatures above about 900 °C. The Cordillera backarc has thin Te
everywhere, on average ~18 km (excluding the cold thick forearc
coastal area), and high temperatures at 100 km. There are very
constant Te values of ~18 km for the Volcanic Arc, similar to the
Cordillera. However, the 100 km velocities are significantly lower and
computed temperatures higher than for the remainder of the
Cordillera. The lack of correlation between Te and Vs suggests that
these low Vs values may be due to the effect of upper mantle water or
partial melt rather than high temperatures. Our relation between Te
and Vs is comparable to that of Pérez-Gussinyé et al. (2007) for South
America, where there is a nearly constant Te for a range of slow Vs at
100 km as expected for adiabatic temperatures where the lithosphere
is less than 100 km thick (discussed below). This variable Vs anomaly
at ~100 km (with nearly constant Te, and inferred shallow tempera-
tures) has the potential for productive further study using global Te
and Vs data for volcanic arcs.

The Craton generally has thick Te (i.e., crust and significant thickness
of the upper mantle) and low temperatures at 100 km. We have
subdivided the stable areas further to examine the relation of Te and Vs
for the different stable geological provinces. The Interior Platform
(Western Canada Sedimentary Basin) (location in Fig.1) has a somewhat
thinner Te average of ~60 km and the lowest Vs compared to the other

Fig. 6. (a) Frequency of occurrence temperature histograms. The dashed lines join mean
temperatures at each depth. (b) Temperature-depth from Vs for Volcanic Arc, Cordillera
and Craton compared to several other temperature constraints. The “extrapolated”
Craton line is close to the xenolith and crustal T–Z estimates.
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Figure 3.13: Temperature-depth plot from Vs for Volcanic Arc, Cordillera and craton
compared to other constraints (Hyndman et al., 2009).

temperatures than those extrapolated from xenolith and crustal T-Z estimates. It is

believed that these higher values are due to smoothing of the uppermost mantle S

velocity (Hyndman et al., 2009).

TempModel1 and TempModel2 are two models produced by the inversion of ob-

served surface heat flow values along a representative cross-section from Cordillera

to craton (Hardebol et al., 2013) (Figure 3.14). TempModel1 was the reference

model while TempModel2 omitted the assumption of laterally uniform layer proper-

ties (Hardebol et al., 2013). High surface heat flow observations cause di�culties for

TempModel1. Instead, TempModel2 does not assume laterally uniform layer prop-

erties but allows for lateral variations in heat production, only for the Cordillera

interior. These models show a shallow base of the Cordilleran thermal lithosphere at

50-60 km and a deep base of the cratonic thermal lithosphere of 175-200 km. This

change in lithospheric depth occurs over a lateral distance of less than 200 km.
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At a depth of 100 km within the Cordilleran thermal asthenosphere, the cratonic

lithosphere temperature was modelled as approximately 1000�C corresponding to a

temperature di↵erence of 300�C. The area between the Rocky Mountain Trench and

the Cordilleran Deformation Front has a di↵erence in thermal lithosphere between

the two models. In TempModel1the thickness goes from 60 km to 175 km, while in

TempModel2 it goes from 80 km down to 200 km. Thermal calculations done by

Hyndman et al. (2009) agree with the TempModels in locating the Cordillera/craton

boundary at the Rocky Mountain Trench.

3.4 Geophysical observations of the Cordillera /

craton boundary

Vp and Vs wave results from Mercier et al., (2009) show that the upper mantle

beneath the Cordillera and craton shows a strong velocity contrast at the location of

the Cordilleran Deformation Front, with total velocity contrast between the two of

4%. These results were seen at depths of 100 km through 300 km. Vs perturbation

results from Bao and Eaton, (2015) and Bao et al., (2014) show clear distinction

between Cordillera and craton with the boundary at the Southern Rocky Mountain

Trench. Near seismic station SLEB (near Revelstoke, British Columbia), Miller and

Eaton (2010) observed an overlapping of the Cordilleran mantle on top of the cratonic

lithosphere.

Temperature models (TempModel 1 and 2) from Hardebol et al., (2013) show a

sharp contrast between the thin Cordilleran thermal lithosphere and thicker cratonic

thermal lithosphere. Hyndman et al., (2009) also show a sharp temperature change

of 300�C, extending 200 km across the Cordilleran/craton boundary.
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depth range of the different compositional layers. A series of strength
models is calculated both along 2-D cross-sections and as 3-D cubes.
Table 4 outlines the assignment of rheologies to the compositional
layers for the different RheoModels.

6.1. 3-D strength variations across the Cordillera and craton

6.1.1. Lateral variations in 2-D cross-sections
Two lithosphere scale cross-sections are shown for RheoModel1

and RheoModel2 (Fig. 11) that respectively take TempModel1 and

TempModel2 as thermal input models (Table 4). The RheoModels de-
pict variations in crustal and lithosphere strength from the Cordillera
to the craton.

For the Cordillera, both RheoModel1 and RheoModel2 show
strength mainly residing in the upper crust as the lower crust and
mantle lithosphere are severely weakened by high temperatures
(Fig. 11a and c). The 1-D strength envelopes (Fig. 11a–i and c–i)
show that the maximum strength resides in the upper crust of the
Cordillera with values up to 0.3⋅103 MPa while the lower crust and
mantle lithosphere strength only reach values well below 5 MPa. In
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Fig. 8. Model input and output for TempModel1: (a) Crustal thickness and surface heat flow curves as 2-D model input (and output) along a W-E transect across the Cordillera and
craton. b) Resulting temperature structure based on inversion of the observed surface heat flow distribution. (c) Map of the surface heat flow distribution from the 3-D model
TempModel1. (d) Map of the resulting thermal lithosphere thickness distribution of TempModel1.

Table 2
Rheological model parameters.

Mineral/rock Power law Dorn Law

n Ep (kJ∙mol−1) Ap (Pa−n.s−1) σD ED (kJ∙mol−1) AD (s−1)

Wet granite (Carter and Tsenn, 1987) 1.9 140.6 7.94e-16
Wet quartzite (Carter and Tsenn, 1987) 1.9 172.6 1.26e-13
Dry quartzite (Carter and Tsenn, 1987) 2.72 134 6.03e-24
Wet granite (Ranalli and Murphy, 1987) 1.9 137 7.94e-16
Wet quartzite (Ranalli and Murphy, 1987) 2.3 154 3.99e-18
Wet quartzite (Gleason and Tullis, 1995) 4.0 223 1.10e-28
Dry quartzite (Ranalli and Murphy, 1987) 2.4 156 2.51e-20
Wet diorite (Carter and Tsenn, 1987) 2.4 212 1.26e-16
Quartz diorite (Ranalli and Murphy, 1987) 2.4 219 5.02e-18
Diabase (Carter and Tsenn, 1987) 3.05 276 6.31e-20
Diabase (Ranalli and Murphy, 1987) 3.4 260 8.04e-25
Olivine (Goetze and Evans, 1979) 3.0 510 7.00e-14 8.5e9 535 5.7e11
Wet olivine (Hirth and Kohlstedt, 1996) 3.5 498 4.89e-15
Dry olivine (Hirth and Kohlstedt, 1996) 3.5 515 4.85e-17
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distributions on the rheological structure. Especially for the Cordillera,
the difference in crustal heat production between TempModel1 and
TempModel2 strongly impacts the strength, particularly in the lower

crust and upper mantle. For a diorite composition and temperatures
around ~900 °C (Fig. 8b), lower crustal strength reaches values of only
0.03–0.1 MPa in RheoModel1 (Fig. 11a). For RheoModel2, the lower
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Fig. 10.Model input and output for TempModel2: (a) Crustal thickness and surface heat flow curves as 2-D model input (and output) along aW-E transect across the Cordillera and
craton. (b) Resulting temperature structure based on inversion of the observed surface heat flow distribution. (c) Map of the surface heat flow distribution from the 3-D model
TempModel2. (d) Map of the resulting thermal lithosphere thickness distribution for TempModel2.

Table 4
Setup of rheological models and description of key parameters for reference model (RheoModel1) and changes thereof in the successive sensitivity models.

Reference model RheoModel1
(Fig. 12)

Composition: Upper crust: quartzite, lower crust: diorite, mantle lithosphere: olivine
Temperature: TempModel1
Strain rate: 10−16

Comments
‘Fine-tuned’ model RheoModel2

(Fig. 12)
Composition: Same as in reference model
Temperature: TempModel2
Strain rate: Same as in reference model
Comments: Higher heat production, lower mantle heat flow, cooler mantle lithosphere, higher integrated strength

Sensitivity tests RheoModel3
(Fig. 13a&b)

Composition: Same as in reference model
Temperature: TempModel1-II
Strain rate: Same as in reference model
Comments: Higher heat production, lower mantle heat flow, cooler mantle lithosphere, higher integrated strength

RheoModel4
(Fig. 13c&d)

Composition: Same as in reference model
Temperature: TempModel1-III
Strain rate: Same as in reference model
Comments: Lower heat production, higher mantle heat flow, warmer mantle lithosphere, lower integrated strength

RheoModel5
(Fig. 13e&f)

Composition: LC: diabase (instead of diorite)
Temperature: Same as in reference model
Strain rate: Same as in reference model
Comments: Creep mechanisms for diabase are activated at higher temperatures compared to diorite thereby increase

in strength of lower crust
RheoModel6
(Fig. 13g&h)

Composition: Same as in reference model
Temperature: Same as in reference model
Strain rate: 10 −18 s−1

Comments: Ductile flow is easier activated for lower strain rates and reduces ductile and integrated strength.
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Figure 3.14: TempModel1 (top) and TempModel2 (bottom) showing base lithospheric
calculations using surface heat flow observations (Hardebol et al., 2013).
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Chapter 4

Approach

To study the Cordillera/craton boundary in the lithosphere, geophysical methods

that are sensitive to lithospheric structure should be used. Earthquake seismology is

one of the few methods which is able to image the lithospheric mantle. The following

sections explain the process behind the method being used.

4.1 Seismic velocity

Jordan (1978) examined heat flow data and seismic data to find that continental

lithospheric thickness is variable, with the lithospheric beneath the unstable western

United States of America being thin (< 100 km) but reaching depths over 400 km

under stable shields and platforms. His model of thick basalt-depleted continental

tectosphere, which is consistent with seismic observations, is as follows: The easiest

way for lithosphere to have increased speed is by cooling it. At these depths, however,

cold lithosphere below the craton should detach and be recycled in the mantle. This

is not the case, as moving crustal plates above are not sheared from the cooler litho-

sphere below. Jordan (1988) proposed the isopycnic hypothesis, which states that

the cooling lithosphere beneath cratons must undergo a geochemical change, due to
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basalt depletion from garnet lherzolite, to maintain a buoyancy similar to that of the

surrounding rock.

4.2 Surface-wave dispersion curves

Since the base of the lithosphere is at depths of up to 200 km or greater, the

two main options of waves for imaging it in aseismic regions are teleseismic body

and surface waves. It is therefore necessary to choose between using body waves and

surface waves according to what best suits the focus of the study. Body waves have

good lateral resolution and poor depth sensitivity, while surface waves have good

depth sensitivity but will average structure laterally. Figure 4.1 shows a structural

resolution test by Frederiksen et al. (2013) showing this good lateral resolution and

poor depth sensitivity of body waves. But lateral resolution is also dependent on

neighbouring heterogeinity of velocities. Looking at the map view recovered model

in Figure 4.1, the centre of the fast velocity feature fades to a background velocity.

This result shows a weakness of using body waves for heterogeneous velocities, in that

it is only useful for determining boundaries between features with di↵erent seismic

properties, but cannot measure absolute velocity. An additional weakness is the

downward smearing of lithospheric features. This smearing is a problem for the

present project due to the focus being on the imaging of the Cordilleran/craton

boundary at depth.

Surface-wave velocities vary depending on period, with larger periods being sen-

sitive to greater depths (Stein and Wysession, 2003), a property which is useful for

studying earth structure. The use of surface wave tomography is an accurate way to

measure the velocity of the lithosphere since it gives absolute velocity measurements

unlike teleseismic body-wave tomography which provide relative velocity measure-

ments. This is because a surface-wave seismogram can measure a broad depth range
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Figure 4.1: Structural resolution test, completed by Frederiksen et al., (2013), showing
the degree of lateral and downward smearing of lithospheric features as imaged by
teleseismic (body) waves. The left side shows the input model from map view, and
two cross sections. The right side shows the recovered model of the map view and
two cross sectional views.

without any along-ray averaging resulting in very good depth resolution. Both body

waves and surface waves have a negative side e↵ect of either vertical and lateral model

smearing, respectively. To measure features at depth vertical smearing causes a loss

in resolution.

4.3 Two-station method

There are many measurement methods available for surface-wave tomography,

divided into array, one-, and two-station methods. Information can be gained from
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group and phase velocity measurements or waveform fitting from one-station, two-

station, and array methods. For the purpose of my research I will only be describing

the one- and two-station methods, since the array method requires dense seismometer

coverage, and so is not viable given the sparse distribution of stations in Canada. The

one-station partitioned waveform method approach involves using a single station to

record the incoming surface wave for analysis (Nolet, 1990). The method used by

Nolet (1990) involves fitting the waveform with a synthetic and therefore recovering

a model of velocity versus depth, averaged along the source receiver path. This

averaging limits the lateral resolution, particularly if the target region lacks good

seismicity distribution, and requires that a volume include both sources and receivers

for modelling at the tomography stage.

To minimize this averaging e↵ect, the two-station method can be used (Gomberg

et al., 1988; Meier et al., 2004; Darbyshire et al., 2007). The two-station method

involves two stations situated within a project area, for which events lying on a

great-circle path that includes both stations are examined (Figure 4.2). As a surface

wave passes the first station it is recorded. It then continues along this path and

propagates to the second station, and a dispersion curve is derived by comparing the

two recorded seismograms. The use of the two-station method cancels out the phase

e↵ects of the earthquake source function as well as the common path of the station

pairs (Darbyshire et al., 2007). One caveat to this method is that the ray path must

lie on or close to great circle, including the two stations, within a reasonable deviation

(5�, as used by Darbyshire et al., 2007).

The results from the one-station partitioned waveform and two-station methods

show that both the dispersion curve and partitioned waveform methods can be used

to measure velocity as a function of depth, due to the frequency/depth relationship

for surface waves. The theory behind the Rayleigh wave dispersion analysis method

has been described in detail by many authors (Gomberg et al., 1988; Saunders et al.,
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Figure 4.2: Diagram of the two-station approach with the star as the source, the wavy
line as the surface wave and inverted triangles as the stations.

1998; Darbyshire et al., 2004) and can be read in detail there.

To properly calculate phase velocity between both stations it is important to

be able to identify the same peaks in both recorded measurements. Due to the

nature of seismic waves this is troublesome because the phase may di↵er by a factor

of 2n⇡ radians where n is an integer. This factor can greatly change the velocity

measured. To approach this problem a comparison of the waveform, compared to

the fundamental mode phase velocity, is done at low frequency, at which 2⇡ radians

corresponds to an unrealistically large velocity change. Then a smooth dispersion

curve is assumed. The number of phase velocity curves measured, per path, varies

based on numerous factors such as times of observation, location of earthquake with

respect to station pair paths along the great circle trace, or malfunction of instruments

during data collection.

Phase velocity determination of the fundamental Rayleigh mode was based on the

Meier method (Meier et al., 2004). The phase velocity dispersion curves were cal-

culated from vertical component seismograms using the multiple-filter technique, in

which a set of Gaussian filters were applied to create bandpass-filtered time signals.

The Meier method uses cross-correllograms for determining phase velocities between
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stations. A more complete description of the process of waveform selection for dis-

persion curve measurements is discussed in section 5.3 of the next chapter. For each

two-station pair these curves were averaged over all events and include error bars

representing the standard deviation of the single dispersion curves.

4.4 Dispersion curve to depth inversion strategy

Linear inversion, using code created by Alexey Bryksin, created a dispersion map

(via tomography) of the survey area using all averaged dispersion curves. The inver-

sion program is used to produce dispersion maps of the survey area at determined

periods. These tomographic images display 2-D distribution of phase velocity across

the entire survey area, where coverage is su�cient.

In order to relate these maps to a real world model the results are required to be

dependent on depth rather than dependent on period. To do so, depth inversion is

required to create models of S velocity with respect to depth. Various 2-D models were

inverted since 3-D modeling was considered to be beyond the scope of this project.

This was done firstly, by selecting numerous profiles located on and through points

of interest identified in the dispersion maps. These profiles were then broken up into

50 km intervals (due to the length of the profiles), and numerous 1-D inversion were

carried out for each interval. These inversions were done using an iterative approach

to invert the S-wave velocity and then update the P-wave velocity using a fixed

Poisson’s ratio of the initial model with a new density. The density was calculated

from the updated P-wave velocity using the Nafe-Drake relation (Herrmann, 2013).

The numerous 1-D inversions were then plotted side by side sequentially to provide

a velocity model of the subsurface.
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Chapter 5

Data and methods

5.1 Instrumentation

Canada is instrumented by the Canadian National Seismic Network (CNSN) op-

erated by the Geological Survey of Canada. The network consists of 314 seismic

broadband stations as of June 11, 2015, as listed on Natural Resources Canada’s

Earthquakes Canada website1. The Portable Observatories for Lithospheric Analysis

and Research Investigating Seismicity (POLARIS) network adds more stations to be

used in western and northern Canada. For this project, I selected stations located pri-

marily in western Canada using the POLARIS and CNSN networks. Seismic stations

in this area range in date of deployment from 1990 until the present. The number of

stations in service is not consistent, over time, since some stations were deployed for

temporary experiments while others are permanent installations.

1
http://www.earthquakescanada.nrcan.gc.ca/stndon/data avail.php
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5.2 Event selection, data acquisition and prepro-

cessing

The United States Geological Survey’s Preliminary Determination of Epicenters

(PDE) catalogue was used to populate event lists2. To select events likely to have a

good signal to noise ratio, two criteria were used: firstly, earthquakes with magnitude

6 or greater. This is to ensure that the energy given o↵ by the event is su�cient for

long-distance recording and analysis. A list of events with magnitudes greater than

6 was saved into a Matlab MAT-file named quakes.mat containing 2128 earthquakes.

This event list spans 23 years, from 1990 until May 2013.

The select pairs gui.m Matlab script is an interactive script that allows selection

of station pairs through a graphical user interface. When two stations are selected

the script will search the instrument list and the event list and apply the second

criterion: station-pair paths must lie within 5� of the same great circle trace as the

source. The reason behind this requirement is the assumption that the change in

waveform between two stations is controlled by the structure along the great-circle

path between the two. The larger the angle between stations, the less accurate this

assumption is. The final station-pair paths chosen are shown in Figure 5.1.

The script ftp request.m was used to request data from the CNSN server3. This

process is email based, whereby an email is sent to an AutoDRM server hosted at the

Geological Survey of Canada. When a reply email indicates that the data is ready, the

data is downloaded in the SEED format and then converted to the SAC format using

a shell script (preprocess.sh). This conversion is necessary for constructing dispersion

curves for each station pair path using the technique described by in Meier et al.

(2004). The Meier et al. program was modified by Alexey Bryksin to be automated

2
http://earthquake.usgs.gov/data/pde.php

3
ftp://seismo.NRCan.gc.ca
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Figure 5.1: Chosen station-pair paths for the western Canada study area.

for use with this data source.

5.3 Dispersion curve measurement

Upon executing pvtmy 2013.m in MATLAB an interactive window appears as

shown in Figure 5.2. The waveforms of the two stations and the cross-correlation

function have an automatically determined group travel time for the fundamental

Rayleigh mode represented by a solid white line. In order to obtain an acceptable

measurement, both stations and their cross-correlation must have a realistic pattern

for amplitude and group travel time. The upper right plot in Figure 5.2 has solid

lines indicating the array of possible phase velocity curves determined from the phase

of the cross-correlation function. The dashed line shows the phase velocity of the

fundamental Rayleigh mode for an initial model. The reason for the multiple blue
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lines is due to the phase unwrapping problem. As phase is an angle, a phase of � is

indistinguishable from � +2⇡; thus, each phase measurement corresponds to a series

of possible phase velocities. When selecting a blue line, it is best to do so at low

frequency since factors of ±2n⇡ are much more di↵erent than at high frequency and

it is likely that only one value will be realistic. Higher frequencies are then measured

by assuming that the dispersion curve is smooth.

5.4 Quality control

Once all dispersion curves are selected, it is important to double-check these curves

to ensure they are all reasonable and consistent. In this case a reasonable range was

chosen to be ±5%. Quality control of the dispersion curves consists of identifying

curves that lie outside of a ±5% range around the average curve and either editing

their data file or deleting the entire curve (Figure 5.3). Two curves were deleted

entirely due to a large portion of their measurements being outside this area and

twenty-nine curves were edited. These edits simply involved deleting velocity infor-

mation for each corresponding period outside the ±5% area. The goal was to delete

as little information so as possible to keep a large amount of useable data. This is the

reason why, at periods ranging from 50-70 seconds, there are some stray dispersion

curves leaving the ±5% range. The only way to fix this issue was to delete the entire

dispersion curve, which was deemed less helpful. Figure 5.4 shows the final set of

dispersion curves after editing.
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Figure 5.3: All dispersion curves plotted for quality control. Red lines indicate mean
dispersion curve measurement (center) and ±5% range measurement (top and bot-
tom). The green line is a highlighted dispersion curve for quality control.
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Figure 5.4: Edited path analyzed dispersion curves.
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5.5 Dispersion mapping

5.5.1 Map of individual dispersion curves

Now that all of the dispersion curves have been selected and edited for quality,

they may be plotted in map view showing their respective velocities at various fixed

periods. Figure 5.5 shows an example of a map view plot for a period of 40 seconds.

Velocity-shaded paths are plotted to examine the spatial pattern of velocity variations

of the area. Blank spaces are due to a lack of station coverage between stations or

at this period. These areas show the need for the required dense coverage in regard

to station pairs. These maps were then input to a tomographic inversion to create

tomographic images at various periods. Discussion of this work and other maps is

presented in Chapter 6.

 135 ° W 

 120 ° W 
 105° W   90° W 

  75°  W 

  60
°  W 

 45 ° N 

 60 ° N 

 75 ° N 

Period 40.836 s Avg(Vph) 3.9581 km/s

 

 

−5% Avg(Vph) +5%

Figure 5.5: Visualization of individual path velocities on a map with a fixed period
of 40 seconds. Velocity is given as a percentage variation from the average value at
this period.
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5.5.2 Model cell coverage and inversion

Velocity-shaded path maps obtained through tomographic inversion provide a map

view of the velocity of the lithosphere at various periods, averaged along 2-station

paths. The averaging was removed through tomographic inversion to map how the

phase velocity varies laterally in the study area. The construction of these velocity

maps is done assuming the dispersion curves from the previous section represent

averages along the great-circle path. The study area was split into a cell grid with

width 2� (longitude) and height 1� (latitude) as seen in Figure 5.6. The coverage

pattern is much denser west of 100� due to station availability, and to increase the

coverage of the Cordillera/craton boundary. Most paths east of 100� are part of longer

station pair paths that contribute to denser coverage in the west.

Figure 5.6: Cell grid with width 2� (longitude) and height 1� (latitude). Circles
correspond to each individual cell. Blue lines show paths along the great circle trace
between pairs of stations with blue triangles indicating that the waveform was traveled
into a cell.
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Following discretization a check is done to see if each cell is active, meaning that

at least one path crosses through the cell, in which case its coordinates are stored for

inversion. Once the checks are completed, information about velocities and errors are

taken from each station pair path and centralized into one file for inversion.

Inversion of the dispersion curves was done using a 2-D tomographic approach

for each period. Using the ray-theory approximation, the seismic phase velocity, at a

given frequency, is dependent on only the average phase velocity along the travel path

between each station pair. Before we can continue two modifications must be made.

First, we change the velocity variable to slowness (the reciprocal of the velocity).

Second, we must assume that the ray path is independent of surface wave velocity.

By doing so we assume that our starting assumption of a great-circle ray path is valid.

The travel-time path integral is then:

s =
1

L

Z

�

sdl (5.1)

where s is the slowness, � is the ray path, and L is the total path length. For

a two-dimensional area the ray passing through active cells are assumed to be along

the great-circle. The average slowness within a cell (i) is

s =
lisi
L

(5.2)

Since the entire ray lies within active cells, the average slowness for the jth ray

will be

sj =
NX

i=1

ljisi
Lj

=
NX

i=1

Ajisi (5.3)

which is essentially matrix-vector multiplication where the matrix Aji contains

the lengths of appropriate ray segments. For the case of tomography, we assume
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that we have a constant-velocity base model, and so we expect the rays to be great

circles as per the requirements of the two-station method. These rays will remain

approximately straight as long as the velocity variations are a small percentage of the

base-model velocity.

Smoothing is the most common form of regularization for ray-based tomography.

The rays are narrow and will produce narrow, along-ray, anomalies if damping regu-

larization is used, while smoothing can be used to favour long-wavelength anomalies.

Smoothing therefore simplifies the model as much as the data will allow which will

lead to more interpretable results. To balance the model roughness and misfit a

trade-o↵ curve was created (Figure 5.7) to determine the optimal smoothing weight

for inversion. The purpose of the trade-o↵ curve is to find the choice of model pa-

rameters that results in the lowest model roughness with a reasonable model misfit.

This choice is subjective but is generally a point located along the bend of the curve

as seen in Figure 5.7. From the trade-o↵ curve, the smoothing weight was chosen

as 5,000,000 km2. Flattening and damping weights were set to one millionth the

smoothing rate where flattening has a unit of km and damping is unitless.

With these parameters set, the inversions were performed for periods of 30 to 160

seconds at intervals of 10 seconds. The tomographic image for a period of 30 seconds

is shown in Figure 5.8. The results of inversion for all periods will be presented in

Chapter 6.

5.6 Pseudosections

The tomographic images explained in the previous section were used to create

psuedosections. Pseudosections are plots of phase velocity, with horizontal position

along one axis and a depth proxy (period, in this case) along the other axis. Pseudo-

sections were created along eight profiles. This was done by dividing each profile into
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Figure 5.7: Trade o↵ curve used for selecting the optimal model smoothing weight.
Dotted red line indicates the model roughness chosen (2 ⇥ 10�6) giving a misfit of
about 18.5.

individual 1-D columns with a spacing of 50 km. The resulting velocity and period

data was sampled from the tomographic images. The start and end locations of the

profiles are listed in table 5.1. The profiles are plotted in Figure 5.9.

The profiles were chosen to examine various interesting features discovered from

the velocity maps. Profiles 1 -3 were chosen to examine the Cordillera/craton bound-

ary, crossing the boundary at di↵erent places, to sample the boundary in di↵erent

locations. Profile 4 was chosen to image along the Tintina fault. Profiles 5 (east/west)

and 6 (north/south) bisect a velocity anomaly in the area around the Great Slave

Lake. Profiles 7 and 8 allow comparison of the results from this thesis and those of Bao

et al., (2014) and Miller and Eaton (2010), respectively. The Profile 4 pseudosection

is shown in Figure 5.10.
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Figure 5.8: Tomographic image of western Canada at a period of 30 seconds. Lines
in purple are major tectonic boundaries of Canada and the approximate location of
the Tintina fault in British Columbia. Cells left as white are not sampled by paths.

5.7 Depth inversion for cross-sections

A Matlab script was created to organize the period and velocity data from the

pseudosections into a format that can be read by SURF96. SURF96 is part of a

suite of computer programs used in seismology for inversion of surface waves, receiver

functions, and crustal structure (Herrmann, 2013). It is used for the inversion of

surface waves using dispersion curves to obtain models of velocity with respect to

depth instead of proxy depths measured in period. In addition to the data file,

SURF96 requires a set of parameters stored in a file called sobs.d. The variance

selected was based on the observed standard deviation of the fundamental mode

Rayleigh wave phase velocity. The data were inverted for S-velocity with a fixed

Poisson ratio and determination of density from P-velocity. This inversion technique

iteratively determines the S-wave velocity and then updates the P-wave velocity using
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Table 5.1: Profiles selected to create pseudosections and cross-sections

Start End Profile Notes
Profile Lat. Long. Lat. Long.
1 (A-A’) 49�N -127�W 58�N -98�W Southern Canadian Cordilleran
2 (B-B’) 53�N -133�W 68�N -90�W Mid Canadian Cordilleran
3 (C-C’) 58�N -135�W 75�N -98�W Northern Canadian Cordilleran
4 (D-D’) 66�N -140�W 49�N -116�W Along Tintina fault
5 (L-L’) 62�N -130�W 62�N -110�W Bisecting Slave Lake east / west
6 (S-S’) 67�N -116�W 57�N -116�W Bisecting Slave Lake north / south
7 (X-X’) 49�N -125�W 59�N -93�W Modeled after Miller and Eaton, 2010
8 (Y-Y’) 49�N -123�W 55�N -112�W Modeled after Bao et al., 2014

Cross section locations
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Figure 5.9: Locations of profiles used for pseudosections and cross-sections listed in
Table 5.1.
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Figure 5.10: Pseudosection for profile 66/-140 to 49/-116. The horizontal axis of the
plot is kilometres where 0 km is the starting point of the profile and the vertical axis
is the period. Blanks in the plot are due to no data for the cell.

the same Vp/Vs ratio as in the starting model.

The first initial model was based on the approach of Darbyshire et al. (2004)

in having seven layers: upper crust, lower crust, top mantle, mantle lithosphere,

asthenosphere, deep upper mantle, and a half-space below the 410 km discontinuity,

all with velocities based on the constraints of Shapiro et al. (1997). These layers

were adjustable in depth, but generated a non-realistic representation of the mantle,

in comparison to reference models such as IASP91. As they are more unstable in

inversion a twenty-two-layer model was instead used with a fixed thickness for all

layers. This parameterization provided a smoothly varying model, which is expected

for the mantle. The model is shown in Figure 5.11 and the list of velocity and thickness

values in Table 5.2.

The initial model uses P and S velocities from IASP91 (Kennett and Engdahl,

1991) with mantle layer thicknesses of either 15, 20 or 25 km. Layer thickness were

chosen to coincide with IASP91 transitions. Five total iterations were completed for

each profile alternating between velocity only or depth only being inverted (for the 7-

layer model only). Fixing one of the parameters (either depth or velocity) eliminates

a depth/velocity trade-o↵, making the inversion more linear.
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Figure 5.11: Plot of Vp and Vs versus depth used for the twenty-two layer model.
These velocities, and transition zone depths, were based on IASP91 (Kennett and
Engdalh, 1991). Numerical values used are shown in Table 5.2.
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Table 5.2: Initial model used for all inversions

Layer Thickness (km) Vp (km/s) Vs (km/s)
17.0 5.800 3.50
18.0 6.500 4.00
20.0 8.040 4.47
15.0 8.040 4.47
25.0 8.044 4.48
25.0 8.044 4.48
15.0 8.050 4.50
20.0 8.050 4.50
15.0 8.050 4.50
20.0 8.190 4.51
20.0 8.190 4.51
20.0 8.300 4.52
20.0 8.300 4.52
20.0 8.300 4.52
20.0 8.520 4.63
20.0 8.520 4.63
20.0 8.520 4.63
20.0 8.520 4.63
20.0 8.520 4.63
20.0 8.890 4.80
20.0 8.890 4.80
0.0 9.360 5.07
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Figure 5.12: Cross-section of profile 4 (D-D’) inverted from the pseudosection in figure
5.10. The top plot of the figure plots the velocity variation relative to the base model
while the bottom plot shows the absolute S-wave velocity.

The values in Table 5.2 are the base model used as the starting model for each

inversion for every profile pseudosection. Figure 5.12 is a cross-section, inverted from

the pseudosection data of profile 4. The vertical axis corresponds to depth in kilome-

tres and the horizontal axis corresponds to distance along profile from the starting

location. The cross-sections created were not re-interpolated. The smoothness of the

cross-sections is as a result of the data.
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Chapter 6

Dispersion Curves

6.1 General discussion

From dispersion analysis, I obtained dispersion curves for 106 two-station paths.

These two-station paths were split into three geographic groups based on the end-

point locations: Cordilleran, platform/cratonic, and combined. The Cordilleran and

platform/craton paths lie within the respective areas and the combined paths have

one end station in each area. This division allows the ability to examine velocity

di↵erences at depth between paths solely in the Cordillera and solely outside of the

Cordillera. The reason for this split is that I expect a change in velocity across the

Cordillera/craton boundary. The combined group will not be used for east and west

comparison since the ray paths sample both regions and will average out di↵erences

between them.

Figure 6.1 shows dispersion curve plots for the Cordilleran and cratonic groups.

At short periods, the cratonic dispersion curves increase in velocity more than the

Cordilleran dispersion curves. In the period range from 25 seconds to 30 seconds the

Cordilleran curves have an approximately constant velocity of 3.80 km/s and then

the velocity gradually increases with increasing period. At 200 seconds the velocity
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Figure 6.1: (Top): Measured phase velocities versus period for cratonic paths. (Bot-
tom): Measured phase velocities versus period for the Cordilleran paths.

is 4.5 km/s. At periods of 250, 300, and 350 seconds multiple curves deviate greatly,

possibly due to increasing error in the readings.

For the craton the velocity is 4.0 km/s at a period of 30 seconds. A plateau of

constant velocity extends from at 80 seconds to 140 seconds, and the velocity starts to

increase. It reaches a value of 4.5 km/s at 200 seconds. At 175 seconds, the dispersion

curves start to diverge, but not as strongly as for the Cordilleran curves.

Figure 6.2 shows the dispersion curves for the DIB-PNT station pair, which is an

example of an entirely Cordilleran pair. The start of the DIB-PNT dispersion curve

begins at a velocity of about 3.6 km/s and a period of 18 seconds. With increasing

period the velocity increases until 40 seconds where the velocity hits a plateau of about

3.85 km/s and maintains this velocity for a period range of about 20 seconds. At 60
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Figure 6.2: Dispersion curve for the DIB-PNT station pair.

seconds the increase in velocity is linear with increasing period. Velocity increases to

4.4 km/s at a period of 200 seconds. At later periods there is an increase in error as

seen by the growing size of the error bars, which were calculated using the uncorrected

sample standard deviation of the phase velocities of individual events.

The DHRN-HILA dispersion curve (Figure 6.3) is an example of an entirely cra-

tonic pair. It has a velocity of 3.7 km/s at a period of 20 seconds and sharply increases

to 4.0 km/s at a period of 35 seconds. At 60 seconds the velocity is about 4.2 km/s

and increases at a lower rate. The dispersion curve increases to a velocity of 4.35

km/s at a period of 160 seconds. Error is greatest in the 50-70 second range. Com-

parison of the examples show that the Cordilleran pair is slower at shorter periods

than the cratonic pair. At increasing period, the cratonic pair reaches a final velocity

at a shorter period than the Cordilleran pair, with both pairs having the same final

velocity.
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Figure 6.3: Dispersion curve for the DHRN-HILA station pair.

6.2 Average dispersion curves east and west of the

Cordilleran Deformation Front

Figure 6.4 shows the arithmetic averages of all dispersion curves entirely on each

side of the Cordilleran Deformation Front. From 20-25 seconds, the velocities of both

areas are equal to within the error and increase at approximately the same rate. At

40 seconds, the cratonic and Cordilleran curves diverge, with Cordilleran velocities

flattening out at 3.88 km/s at around 40 seconds and the cratonic velocities flat-

tening out at 4.18 km/s at around 65 seconds. At periods longer than 65 seconds

the Cordilleran velocities increase more than the cratonic velocities, with increasing

period. At periods over 150 seconds overlapping of some craton and Cordillera dis-

persion curves is seen. The separation of the mean values of both phase velocities is

greater than the estimated standard error of 0.015 km/s (based on 16 station paths

61



0 50 100 150 200 250 300 350 400 450
3

3.5

4

4.5

5

5.5

6

6.5

Period (s)

R
ay

le
ig

h 
ph

as
e 

ve
lo

ci
ty

 (k
m

/s
)

Dispersion curves, average paths

 

 
Average East Velocity
Average West Velocity

Figure 6.4: Average velocity dispersion curves to the craton and Cordillera.

with a standard deviation of approximately 0.05 km/s) indicating a resolved velocity

di↵erence of this period range of 150 to 250 seconds. Error for both cratonic and

Cordilleran paths ranges from 2-9% with most values being 6-7% in the craton and

5% in the Cordillera. These errors are the standard deviation of the set of path

dispersion curves. Models obtained by inverting the craton and Cordillera average

curves will be shown and explained in Chapter 8.

Figure 6.5 shows the di↵erence in velocities between cratonic and Cordilleran phase

velocity curves. At a period of 20 seconds, a sharp increase in velocity di↵erence starts

at about 50 m/s and is greater than the standard deviation. It reaches its maximum

of 248 m/s at a period of about 65 seconds. After this period the velocity di↵erence

decreases. The smoothness of the graph is a result of the overestimation of the error

explained earlier.
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Figure 6.5: Velocity di↵erence between average velocity dispersion curves in the craton
and Cordillera. Periods have been edited to range from 20 to 182 seconds to highlight
the di↵erence in velocity which is greater than error. Velocity di↵erence is greater
than error from 25 seconds until 166 seconds.
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Chapter 7

Velocity maps

7.1 Path velocity maps

The individual two-station pair paths shown and discussed in the previous chapter

are now used to create shaded maps of path velocities as explained in Chapter 5.

These path velocity maps show phase velocities at a single period for all paths, in

map view, and thus show velocity and coverage in the survey area. A total of 8 maps

were produced with periods of 40, 50, 60, 71, 80, 100, 125, and 142 seconds. These

periods were chosen to show a good range of periods (and therefore depths) across

the span of measured dispersion curves.

At a period of 40 seconds (Figure 7.1) a divide between slow and fast velocity

is evident, with a large proportion of orange and red lines (corresponding to -2 to

-4 % relative to the average of all paths) in the southwest and light and dark blue

(corresponding to +2 to +5 %) in the northeast of the study area. The poor coverage

is due to 40 seconds being a relatively short period for which many of the longer paths

are lost, as short periods are harder to measure on longer paths.

At 50 seconds (Figure 7.2) there is an increase in coverage provided by longer

paths to the north of 60�N latitude. Paths with endpoint locations in the northwest
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Figure 7.1: Visualization of individual path velocities on a map for a period of 40 sec-
onds. Colour indicates deviation from the average velocity at this period, in percent.

and southwest further confirm the slow southwest velocity values of -2 to -4%. The

new coverage to the north further confirms the faster velocities of +2 to +5%, relative

to the average.

The change in coverage from 50 to 60 seconds is the greatest, since nearly all

105 station-pair paths are accounted for in Figure 7.3. At this period, station-pairs

of greater distance are more prominent and increasingly show a fast velocity to the

east. Many long distance paths start from station VGZ in the Cordillera, showing

an increase in velocity in the centre of the Cordillera (due to an increase in cratonic

velocity sampled for any Cordillera/craton paths) thereby moving the slowest velocity

paths primarily to the west. Most of these paths cross through both the Cordillera

and the platform/craton which causes an averaging of velocity.

The results for periods of 71 (Figure 7.4) and 80 (Figure 7.5) seconds are very

similar. Both show a decreasing velocity percentage moving from the centre of the

65



 

 

 135 ° W 

 120 ° W 
 105° W   90° W 

  75°  W 

  60
°  W 

 45 ° N 

 60 ° N 

 75 ° N 

Period 50.025 s Avg(Vph) 4.0058 km/s

−5% Avg(Vph) +5%

Figure 7.2: Visualization of individual path velocities on a map for a period of 50
seconds.
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Figure 7.3: Visualization of individual path velocities on a map for a period of 60
seconds.
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Figure 7.4: Visualization of individual path velocities on a map for a period of 71
seconds.

continental Cordillera all the way to the western edge of the study area. These

decreases are in the range of 1-2% depending on location of the path. In the north

and station paths strictly in the platform/craton the velocity perturbation remains

positive and large, at 5%.

At 100 seconds (Figure 7.6) some slower western areas appear to show an increase

in velocity, by 1-2%, but this may be due to higher velocity structures being sampled,

to the north and east of the slower western velocities. Longer paths located to the

north and east do not change noticeably.

At 125 (Figure 7.7) and 142 (Figure 7.8) seconds the velocity perturbation de-

creases towards 0%. Velocities trend towards this 0% in the west and middle of

the study area while velocity paths along the edges of coverage tend to stay at the

extremes of the range. Long path velocities decrease towards 0% more slowly.
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Figure 7.5: Visualization of individual path velocities on a map for a period of 80
seconds.
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Figure 7.6: Visualization of individual path velocities on a map for a period of 100
seconds.
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Figure 7.7: Visualization of individual path velocities on a map for a period of 125
seconds.
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Figure 7.8: Visualization of individual path velocities on a map for a period of 142
seconds.
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7.2 Tomographic images

Using the dispersion curves and the tomographic inversion method described in

Chapter 5.2, tomographic maps were created. These tomographic images fill in the

areas surrounding the paths in the path velocity maps and, more importantly, undo

the path averaging that occurs along every path. These maps were plotted using

the Generic Mapping Tools (GMT) software (Wessel et al., 2013). Major tectonic

boundaries were also plotted to aid in relating velocity and geological features visually.

These tectonic boundaries were taken from Ho↵man (1988) and Ashton et al. (2009).

Map coverage at 30 seconds (Figure 7.9) is limited, as explained in section 7.1.

Low velocities (3.7-3.8 km/s) are primarily located within the Cordillera with some

seen in the southern Hearne. In the northern Cordillera, velocities are slightly higher

at 3.8-3.9 km/s. In the Wopmay and Slave, velocities are, on average, 4.0 km/s. At 40

seconds, the overall Cordilleran velocity increases by 100 - 200 m/s with the middle

of the continental Cordillera staying at 3.7 km/s. The edge of the slower velocities

appears to line up with the Tintina fault more closely than at 30 seconds. Centred

approximately on Great Bear Lake is a higher velocity zone that is 100 m/s faster

than the same area at a period of 30 seconds.

For the 50 second period there is an overall increase in velocities of about 100 m/s

(Figure 7.10). The low-velocity zone, in the north, extends across the Tintina fault to

the northeast, but still maintains the same approximate boundary in the south. At

this period, the low velocity boundary begins to follow the Cordilleran deformation

front which is approximately parallel to the Tintina fault in the south but extends

northeast in the north. Much of the Wopmay, Slave, Taltson, and Thelon provinces

correspond to velocities of about 4.2 km/s. Coverage has increased in comparison to

shorter periods but increases even more at 60 seconds. The Cordilleran margin of

the low velocities no longer follows the Tintina fault but now appear to match the
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Figure 7.9: Tomographic image of western Canada at periods of 30 and 40 seconds.
Lines in purple are of major tectonic boundaries of Canada and the approximate
location of the Tintina fault in British Columbia. Unsampled grid cells are shown in
white.

Cordilleran deformation front to the south. In the north the margin of the low veloci-

ties is still closely similar to the boundary at 60 seconds period. Velocities throughout

the Wopmay, Slave, Taltson, Thelon, and parts of the Rae/Hearne provinces are 4.2

km/s with velocities of 4.1 km/s near the Cordilleran boundary. Parts of the Trans-

Hudson and Superior provinces show slightly slower (4.15 km/s) and faster (4.4 km/s)

velocities compared to the rest of the continental craton, respectively.

The low velocity zone at a period of 70 seconds has relatively the same spatial

extent as 60 seconds, with a velocity of 3.8 km/s in the middle with slightly increasing

velocities on the edges of the zone (Figure 7.11). Generally, the entire continental

craton has a velocity of 4.2 km/s, which is a slight increase relative to the results of

60 seconds period. However, centred around Great Slave Lake, there is an anomalous

100 m/s increase in velocity. At a period of 80 seconds, the Cordilleran velocity is 3.9

- 4.0 km/s in the low-velocity area and 4.1 km/s along the Cordilleran deformation
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Figure 7.10: Tomographic image of western Canada at periods of 50 and 60 seconds.

front. From the Cordilleran deformation front into the craton the velocity remains

in the range of 4.1 - 4.15 km/s, not including the Great Slave Lake anomaly and

any results near the edge of coverage (velocities near 4.5 km/s). The high velocity

anomaly centred around Great Slave Lake is still present and remains 100 m/s faster

than the rest of the surrounding craton.

With an increase in period to 90 seconds (Figure 7.12), the majority of the

Cordillera has a velocity of 4.0 km/s with areas of 4.15 km/s near the boundary

and large areas closer to 3.9 km/s. In the southwest of the Taltson province, low

velocity readings previously seen only in the Cordillera, begin to extend into the

southern Taltson. The craton, as a whole, is approximately the same velocity as at

80 seconds (4.15 - 4.2 km/s) as is the Great Slave Lake anomaly (4.3 km/s). The

average velocity of the Cordilleran low-velocity area increases by approximately 100

m/s to 4.0 km/s with the increased period.

Low velocities in the southern Canadian Cordillera extend into the Talston to a

greater degree starting at 100 seconds. The low-velocity area present in the Taltson
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Figure 7.11: Tomographic image of western Canada at periods of 70 and 80 seconds.

increases in area with a velocity of 4.1 km/s. Cratonic velocities remain approximately

the same as at 90 seconds at 4.2 km/s with eastern edge readings remaining at 4.5

km/s. The Great Slave Lake anomaly remains 100 m/s faster than the surrounding

continental velocity at 4.4 km/s.

The average velocity of the Cordillera at 110 seconds is 4.1 km/s, which is an

increase from the previous period (Figure 7.13). Two large slower areas (centred at

60� and 55�) still remain 100 m/s slower than the rest of the Cordillera. Boundary

velocities are the same throughout the Wopmay and Talston and are similar to parts

of the Hearne and Trans-Hudson provinces. Cratonic velocities remain near 4.2 km/s

which is only slightly faster than the Cordillera. The Great Slave Lake anomaly

is sharply contrasted against its surroundings with a velocity of 4.4 km/s which is

approximately 200 m/s faster than surrounding areas. A low velocity zone is now

present in the Trans-Hudson orogen with a velocity of 4.15 km/s. The Cordillera has

a slight increase in average velocity to 4.15 km/s. Low velocities remain across the

Wopmay Talston, Hearne, and Trans-Hudson orogens between 50� and 60� latitude
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Figure 7.12: Tomographic image of western Canada at periods of 90 and 100 seconds.

with a velocity of 4.2 km/s. Velocities in the Wopmay increase by about 50 m/s to

4.25 km/s, with the change from a period of 110 to 120 seconds. The Great Slave

Lake anomaly maintains the same velocity at 4.4 km/s.

The Cordillera and continental (between 50� and 60� latitude) velocities increase

by 50 m/s to 4.2 km/s and 4.25 km/s respectively (Figure 7.14) at 130 seconds. Ve-

locities at the margin of the Cordillera are increased compared to the central values of

the Cordillera thereby shrinking the area of lower velocity at 130 seconds and and even

more at 140 seconds. The lower velocity area throughout the Taltson remains at 4.2

km/s. Velocities in the Wopmay and Slave are 4.35 km/s and 4.4 km/s respectively,

which is an increase of 50 m/s in each area. Areas in the eastern Hearne/Rae and

Superior provinces maintain the 4.5 km/s velocity observed at 120 seconds period.

At 140 seconds period the increasing velocity at the margins of the Cordillera

continues with values increasing another 50 m/s. The shape of the low velocity area

(4.2 km/s) does not resemble the boundary of the Cordillera at all as it remains

in the Taltson province. Higher-velocity readings appear to the south of the image
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Figure 7.13: Tomographic image of western Canada at periods of 110 and 120 seconds.

across the Superior, Trans-Hudson, Hearne/Rae provinces and into the Cordillera

(4.4 km/s). The Great Slave Lake anomaly now extends from the Slave craton and

Wopmay orogen into the Rae/Hearne province (4.5 km/s).

Figure 7.15 velocities of 150 and 160 seconds exhibit the same pattern as at 140

seconds. Cordilleran and Taltson velocities range from 4.25 km/s to 4.3 km/s. The

Wopmay and southern Slave range from 4.35 km/s to 4.4 km/s. The southern por-

tion of the study area shows velocities of 4.5 km/s with areas reaching 4.6 km/s in

places. The Great Slave lake anomaly has a velocity of 4.45 km/s at a period of

150 seconds and 4.55 km/s at 160 seconds and is now centred along the Slave and

Rae/Hearne southern boundary. At 150 and especially 160 seconds the centres of the

two Cordilleran low velocity zones first noted at 60 seconds period are easily seen,

with values 100 m/s slower than the surrounding velocities. At periods longer than

140 seconds the coverage is poor since small features are not all that well resolved

and some along-path streaking is now visible.
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Figure 7.14: Tomographic image of western Canada at periods of 130 and 140 seconds.
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Figure 7.15: Tomographic image of western Canada at periods of 150 and 160 seconds.
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7.3 Summary

For most of the periods sampled (30-140 seconds), the Cordillera has a relative

velocity 200-300 m/s slower than the craton average. The margin of this slow velocity

zone generally matches the Cordillera Deformation Front, but at periods of 110-130

seconds, possibly due to e↵ects of smoothing, the low velocity crosses the Cordillera

deformation front into the Taltson. At 150 seconds the velocity di↵erence between

Cordillera and craton (not including the Taltson) decreases to 100 m/s, and at 160

seconds the Cordilleran and cratonic velocities become similar.

An anomaly located near Great Slave Lake first appears at a period of 70 seconds

and persists until the longest period of 160 seconds. This high velocity zone is located

primarily along the Wopmay/Slave boundary but does appear in further into the

Slave and Hearne provinces as well at di↵erent periods (80-90, 110-160 seconds). The

velocity of this anomaly is 50-150 m/s greater than the velocity in the surrounding

area.
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Chapter 8

Pseudosections and cross-sections

8.1 Procedures

In the previous chapter, tomographic inversion was used to convert path measure-

ments of dispersion curves into 2-D maps of spatial variation of phase velocity. In

this chapter, those dispersion maps will be used to examine variation in velocity with

depth.

The tomographic images described in the previous chapter were used to create

psuedosections. Pseudosections are variations in phase velocity along profiles across

the map, plotted with period as a depth proxy. These pseudosections were created

along eight profiles. The start and end locations of the profiles are listed in Table

5.1. These profiles are plotted in Figure 5.9 with added political boundaries and

coastlines. For each profile a spacing of 50 km was used at which depth inversions

were completed to provide a good resolution cross-section for looking at large features

in the upper mantle.

Figure 8.1 shows 1-D inversions at 300 km and 1000 km points along profile B,

with the left panel being located within the Canadian Cordillera and the right being

within the craton/platform. Data from the craton appears noisier, with larger error
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bars (determined from the standard deviation of the Cordillera and craton arithmetic

dispersion curve averages), compared to the Cordillera. Both sets of inversions shown

in Figure 8.1 fit the data well. Since the 22 layer model was parameterized to allow

a gradual change of the subsurface velocities, the velocity of a layer (for example 10)

may be similar to the velocity of the overlying and underlying layers (layer 9 and 11).

Above 258 km depth all velocities are lower than the base model for the Cordillera.

The opposite is true for the craton, which has higher inverted velocities down to

a depth of 300 km. Below 300 km, the cratonic velocities remain the same as the

base model, but the Cordilleran velocities are all greater than the base model. Using

this process, numerous 1-D inversions were completed along each profile to create a

cross-section of each profile.

Standard errors for all inversions range in value from 0.0781 to 0.6481 km/s. Ex-

amples of the degree of model fit can be seen in Figure 8.2 showing poor, intermediate,

and good data fit. The wide range of standard error shows that this parameter is

helpful but not necessarily an accurate measurement of the fit quality. Across some

profiles trends in the misfit are present at short or long periods. Shorter period ob-

served responses are usually higher than the model responses, while longer period

observed responses are lower than the model responses. These misfit trends may be

due to the fact that the data were obtained from tomographic images. Smoothing

of station pair path values could smear unrepresentative velocities to neighbouring

areas. This results in smearing of higher (for shorter period) and lower (for longer

period) velocity values. These trends are consistent near the edges of coverage, in

areas with poor coverage, and near feature transitions.

Figure 8.3 shows the pseudosection for profile A in the top panel, percent variation

from the base model in the middle panel, and the absolute velocity in the bottom

panel. It is di�cult to determine depth and velocity using pseudosections. Inver-

sion of the pseudosection creates cross-sections which provide a sharper image by
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Figure 8.1: Plots of the Cordillera, at 300 km along the profile, (top) and craton, at
1000 km along the profile, (bottom) depth inversions along profile B. The red curve
shows the inverted model and the black points and lines correspond to the data points
and standard deviation of each measurement, respectively. Error bars are 0.05 km/s
which was approximated from the standard deviation of the calculated eastern and
western dispersion curves.
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eliminating this vertical averaging. Similarly, the percent variation, relative to the

starting model, will be discussed in more depth due to lateral contrasts being more

visible in each figure in comparison to the absolute velocity cross-section. Features

of significance were labeled A through H in each pseudosection. These features are

labelled consistently across profiles A, B, C, D, L, S, X, and Y.

Profile A shows a slow velocity perturbation (feature labelled ”A” in Figure 8.4)

relative to the base model extending from 300 km - 800 km, horizontally, with a

variation of �3% to �5%. This zone extends from the surface down to a depth of 250

km southwest of the 800 km point along the profile. It appears to dip down to 400 km

with increasing distance northeast along the profile with a variation of only �2% (B).

More shallow results show slightly faster velocity variation (1%) to a depth of 100 km

(C). There are two areas in the image with a fast velocity anomaly. The first (D) is

centred on 600 km along the profile at a depth of 375 km and has a variation from

4% to 7%. The second (E) is centred at a depth of 200 km, starts at 1200 km along

the profile is and extends to the end of the profile with a velocity variation ranging

from 4% to 9%. Between features (E) and (A) (and feature (B) at greater depth) is

a distinct transition zone (H). This feature starts at 700 km along the profile at a

depth of 100 km and dips to the northeast to a depth of 300 km. Moving northeast

from 2200 km along the profile a sharp velocity increase from 1% to 5% (F) occurs

less than 100 km depth. As well, the fast velocity area (E) begins to dip down to 400

km gradually.

The absolute velocity plot shows a background velocity of 4.6 km/s. At depths

of 50 km to 250 km, a slow lithosphere in the southwest is present with values of

4.3 km/s. Below this (at about 400 km depth) a fast zone is present with velocities

reaching 5.2 km/s. Another fast velocity zone is less defined further along the profile

at at depths ranging from 100 km to 400 km with velocities of about 4.9 km/s.

Profile B (Figure 8.4) shows a very similar end of profile (NE) since profiles 1 and
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Figure 8.3: Profile A: Pseudosection (top panel) and cross-sections (middle and lower
panels) across the southern Cordillera. White cells in the pseudosection indicate no
station coverage at that cell. Grey lines in both cross-sections are a result of a lack
of sampling in the corresponding dispersion-map cells.
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2 are similar in their paths. The start of the profile (53�N, -133�W) shows a slow

velocity area from positions 200 km to 800 km extending from the surface down to

a depth of 250 km (A). Variations are �3% to �5%. Dipping (B) and shallow (C)

zero perturbation velocity zones are visible. The fast velocity area centred on 500 km

along the profile at 375 km depth has values of 4% to 7% (D). The fast velocity zone

from 900 km to 2700 km, at 200 km depth (E), has a 7% to 10% positive velocity

perturbation. A shallow feature (F) has a velocity variation of 5%. The transitional

zone (H) between positive and negative velocity perturbations is still evident.

Profile C (Figure 8.5) di↵ers slightly from profiles A and B. A slow velocity zone

(A) extends from 0 to 600 km along the profile at depth 140 km with a thickness of

100 km. Starting at 1000 km, at a depth of 100 km, until 2000 km, at an increased

depth of 150 km, is a fast velocity area (E) of thickness 125 km and velocity variation

of 6% - 7%. Feature (H) is narrower due the closer proximity between features (A)

and (E) compared to those in profiles A and B. At 1550 km, along the profile, an odd

feature divides feature E into two parts. This feature is believed to be an artefact

resulting from a lack of frequencies sampled, as seen in Figure 8.5 (top) at the same

spot along the profile. An upward shift in values is also seen on the absolute velocity

cross-section (Figure 8.5 bottom). Below feature E is a separate fast velocity area

(D) centred at 1700 km along the line, at a depth of 350 km with a width of 800 km

and thickness of 150 km. Similar features at this depth are identified centred at 750

and 50 km along the profile.

Figure 8.6 shows the results of the inversion of profile D which is located in the

northern Cordillera and ends in the southern Cordillera. Lower percentage velocity

variations are seen throughout the figure with two major slow features centred on

600 km, at depth 125 km (A), and at the southeast end of the profile, at 0 - 100

km depth, with variations of �3% to �6% each. Resolution of shallow features is

poor (discussed in greater detail later on in chapter 9.1) so the low-velocity area at
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Figure 8.4: Profile B: Pseudosection (top panel) and cross-sections (middle and lower
panels) across the mid-Canadian Cordillera
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Figure 8.5: Profile C: Pseudosection (top panel) and cross-sections (middle and lower
panels) across the northern Canadian Cordillera

86



the end of the profile will not be interpreted further. A low velocity area, possibly

connected with the area centred on 600 km, has a variation of �2% to �4% that

arcs and plateaus at 200 km depth and then dips southeast and sharply downward to

410 km centred at 1700 km along the profile (G). A low-velocity anomaly with lower

variation (G) dips northwest downward to the 410 km. As seen from the previous

profiles, high-velocity perturbations at 350 km (D) occur of 400 km depth.

Profile L (Figure 8.7) shows the absolute velocity (bottom) and velocity variation

(top) for an west/east profile bisecting Great Slave Lake. Much of the profile is 3%

greater than the IASP91 reference values with a slow velocity anomaly in the west

and fast velocity anomaly in the centre and east of the profile. The slow velocity

anomaly (A), in the west (0 km), is centred on 50 km at a depth of 150 km with a

variation of �3% to �4%. Centred on 725 km at a depth of 175 km is a fast velocity

area (E) with a 2% higher than background anomaly from 450 km - 1050 km. The

centre of this feature has a 5% - 8% higher velocity variation than background over

a 250 km lateral extent.

Figure 8.8 shows the absolute velocity (bottom) and velocity variation (middle)

for a north/south profile bisecting Great Slave Lake. The velocity variation shows

a bullseye-like feature with a high velocity anomaly of 8-10 % (E) centred at 500

km along the transect at a depth of 175 km. This anomaly has a width of 350 km.

Adjacent to this anomaly and above and below it is a slower velocity variation of

6-7% with width of 100 km. A velocity gradient of the anomaly decreases above and

below the anomaly. IASP91 reference values are seen in the upper 50 km of the north

half of the profile and at depths exceeding 300 km.

Figure 8.9 shows a cross-section XX’ along the same profile as one used in Miller

and Eaton (2010). Zero perturbation velocities are present from 200 km to 800 km

with slower velocities being seen in red dipping southeast towards 0 km to a depth

of 150 km (A) with values of �3% to �5%. Higher velocity anomalies form a dome
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Figure 8.6: Profile D: Pseudosection (top panel) and cross-sections (middle and lower
panels) along the Tintina fault.
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Figure 8.7: Profile L: Pseudosection (top panel) and cross-sections (middle and lower
panels) bisecting the Great Slave Lake in the west/east orientation.
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shape over a region of background velocity in the centre (B) of the profile at depths

below 200 km. High-velocity perturbations (D) dip southwest to depths of 400 km

starting 600 km along the profile until 400 km. At 1000 km on the profile, the velocity

at depths above 200 km is mainly 3% greater than the base model (features E and

F).

Profile Y (Figure 8.10) is based on the transect used by Bao et al. (2014) and

is located along a portion of the longer Miller and Eaton (2010) profile. It has a

horizontal higher velocity layer of 3% at 500 km to 1000 km along the transect (E).

The thickness of the layer is 150 km with the top at 75 km. The layer includes a faster

inner layer with a velocity variation of 8%, thickness 75 km, and with the top of the

layer being at a depth of 100 km. The main high velocity layer (E) dips southwest

at 550 km along the transect up until about 200 km where it descends to a depth of

350 km (D). An area of greater velocity variation with values ranging from 5% to 8%

is observed at 350 km depth.

Below the horizontal fast layer is an area with velocity perturbations ranging from

0% to �3% with the centre of the slow area centred at 925 km along the profile with

a depth of 300 km (B). Within the top 50 km, centred at 300 km along the profile,

is a low velocity area ranging from �3% to �6% with a width of 425 km (C). At the

southwest end of the profile at a depth of 300 to 400 km is a lower velocity anomaly

reaching �8% (A).

8.2 Synthesis

As stated earlier some of Features A through H have been identified across multiple

profiles. Table 8.1 provides a summary of each feature, the profiles with which it is

present, the range of perturbations calculated, the depth where the feature exists,

and any other additional information.
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Figure 8.9: Profile X: Pseudosection (top panel) and cross-sections (middle and lower
panels) modelled along the same profile as Miller and Eaton, 2010.
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Figure 8.10: Profile Y: Pseudosection (top panel) and cross-sections (middle and lower
panels) modelled along the profile as Bao et al., 2014.
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Features A (negative), C(intermediate), E and F (both positive), and H (tran-

sition) appear at depths less than 200 km. The large region of negative velocity

perturbation (feature A) located in the west and southwest of the study area is seen

across profiles A, B, C, D, L, X, and Y with the most negative velocity perturbation

centred near profile B. The extension of this negative perturbation extends to shallow

depths in the southern profiles but is not seen in the north (near profile C). To the

east and northeast of Feature A is a positive velocity perturbation (Feature E) seen

along profiles A, B, C, L, S, X, and Y and continues northeastward until the end of

profiles A, B, C, and X. Feature C is an intermediate velocity perturbation (0%) ly-

ing directly above feature E with a depth less than 60 km. The intermediate velocity

perturbation boundary (H) is located between Features A and E.

Below the southwestern most point of Feature E is a negative perturbation velocity

(Feature B) seen in profiles A and B. At a similar depth as Feature B is Feature D,

which is a positive perturbation velocity seen along profiles A, B, C, D, X, and Y.

The primary location of this feature is below Feature A along profiles A, B, C, D, X,

and Y, with similar additional features along profiles C and D. Features G are located

only along profile D between Features D along the same profile.
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Chapter 9

Discussion

9.1 Resolution tests

Resolution tests were done to verify the reliability of the maps and cross-sections

derived from the tomographic inversions. These tests were performed to help assess

the adequacy of the station pair-path coverage as well as the depth resolution.

9.1.1 Horizontal resolution test

To test the horizontal resolution of the output model, a checkerboard test was

performed. This test consists of creating a synthetic model of alternating positive and

negative velocity perturbations similar to a checkerboard, with background velocity

separating each square. The vertical extent of the velocity perturbations exists at

all periods. The area of the checkerboard was set as 49� to 79� latitudinally and

-140� to -90� longitudinally. The dimension of the squares for the latitude was 4� and

the longitude was 8� with a velocity perturbation of 0.4 m/s. The latitudinal and

longitudinal spaces between squares were 2� and 4�, respectively.

The recovered synthetic models, for 60 and 120 second periods respectively, are

shown in Figures 9.1 and 9.2. The outskirts of both figures are not well resolved due
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to the low coverage for the area, as expected. In the area of the Cordillera/craton

boundary, the six squares are well resolved with some smearing of velocity present,

indicating decent lateral resolution. This pattern of smearing is seen throughout

the inverted models thereby reducing the sharpness of the boundaries, but can still

successfully recover features ca. 400 km across at all periods.

9.1.2 Vertical resolution test

The vertical resolution test involves creating synthetic 1-D models containing

anomalies superimposed on velocities from IASP91. Eight synthetic 1-D models were

created for each combination of positive and negative anomalies, of either 300 m/s or

500 m/s magnitude, at lithospheric and sub-lithospheric depths. Dispersion curves

were generated from these models, then inverted to test recovery of structure.

Negative anomalies

Figure 9.3 shows the recovered models resulting from adding a deep, negative 300

m/s (top) and 500 m/s (bottom) anomaly to the IASP91 base model. The depth to

the top of the anomaly is 270 km with a thickness of 80 km. The recovered negative

anomaly is weaker than the input, showing about 2/3 of the original peak amplitude

in the 300 m/s case, and about 1/2 in the 500 m/s case. The anomaly is smoothed

and broadened, covering a wider depth range. This results in the removal of sharp

edges. The broadening is asymmetrical, being biased toward shallower depths. The

entire model is slightly slower, even at very shallow depths.

Figure 9.4 shows recovered models resulting from adding a negative 300 m/s (top)

and 500 m/s (bottom) anomaly at a shallower depth than the above example. The

depth to the top of the anomaly is 70 km with a thickness of 85 km. The recovered

negative anomaly amplitude is nearly equal to that of the input model for both the
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Figure 9.1: Velocity models for a period of 60 seconds: (top) output model and
(bottom) input model. Areas of white indicate no station coverage.
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Figure 9.2: Velocity models for a period of 120 seconds: (top) Output model and
(bottom) Input model.
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300 m/s and 500 m/s cases. The pattern is similar to Figure 9.3 but broadening

is biased downward rather than upward. Much like the case of the deep negative

anomaly, the entire model is slightly slower. As stated previously, the smoothing has

also removed sharp edges for this model.

Positive anomalies

Figure 9.5 shows the recovered model resulting from adding a 300 m/s (top) and

500 m/s (bottom) anomaly, similar to what was done with the negative anomalies

earlier, at 270 km depth. The recovered positive anomaly is much weaker than the

input (about 1/10 peak amplitude in the 300 m/s case, about 1/5 in the 500 m/s

case). Much like in the case of the negative anomalies presented above, the anomaly

is smoothed and broadened covering a wider depth range with no indication of sharp

edges. The broadening is asymmetrical and is biased toward shallower depths. At

depths less than 200 km, the recovered model is slightly slower than the input model.

At depths greater than 200 km, the recovered model is slightly faster than the input

model.

The recovered models for the shallow (top of the anomaly at a depth of 70 km,

with a thickness of 85 km) positive anomalies are shown in Figure 9.6. The recovered

positive anomaly is weaker than the input (about 2/3 peak amplitude in both the

300 m/s and 500 m/s cases). The anomaly is broadened asymmetrically, being biased

downward. Below 225 km depth the recovered model is slightly slower than the input

model. The smoothing is also somewhat asymmetric in that upward a much more

sharp edge remains in the model compared to downward.

From both the shallow and deep negative anomaly models some conclusions can

be drawn. Deep high-velocity anomalies are recovered quite poorly, producing a small

spurious low-velocity anomaly at shallow depth. The consequence of this being that

deep high-velocity features are underestimated relative to other features. This also
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Figure 9.4: Vertical resolution test for shallow negative (top) 300 m/s and (bottom)
500 m/s anomalies.
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shows that both deep high and low-velocity anomalies can bias shallow structure. For

shallow high and low-velocity anomalies, downward smearing exists such that some

features may not extend as deep as they appear.

Resolution test summary

Main observations from the vertical resolution test show that deep features are

smeared upwards while shallow features are smeared downwards. Sharp edges, be-

tween contrasting layers, are not recovered. Deep high-velocity features are very

poorly recovered and can produce shallow low-velocity artifacts while shallower anoma-

lies are recovered more accurately. Deep low-velocity features are broadened but

aren’t missed.

9.2 Major features

As seen in chapters 7 and 8, the lithosphere of the study area has a number of

features of interest. These include large positive (E) and negative (A) velocity per-

turbations, many small high-velocity anomalies at >300 km depth, and low-velocity

anomalies extending downwards to the 410 discontinuity. To the southwest there is

a negative velocity perturbation that appears to be split by a positive velocity per-

turbation wedge from the northeast. Below 300 km depth small regions of positive

velocity perturbation are present throughout the Cordillera. Centred around Great

Slave Lake, a positive velocity perturbation is present within the already fast ve-

locity craton. Figures 9.7 and 9.8 show these various major features, which will be

interpreted in the next sections.
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temperatures (Fig. 5a). The thickest lithosphere (in excess of 200 km)
is restricted chiefly to the Precambrian cratons. Some cratonic regions,
however, do not show strong positive velocity anomalies in the upper
mantle either because they are not resolved (due to their small size, as
the Indian and Tanzanian cratons, or due to an insufficient ray-path
coverage, as theWestern Australian cratons) or because they have lost
deep lithospheric roots (e.g. the Sino-Korean craton (Menzies et al.,
1993)). Some non-cratonic regions that show strong linear zones of

positive velocity anomalies in the upper mantle are associated with
modern subduction zones (e.g. Hellenic arc, Tibet, Andes, Japan)
which have cold temperatureswithin the slabs. These factors, together
with different lateral and depth resolution of seismic tomography and
thermal models result in a non-unique relationship between the
thicknesses of seismic and thermal lithospheres (Fig. 5d).

4. Compositional heterogeneity of the CLM

4.1. Petrologic evidence

A substantial part of the present knowledge on the composition of
the continental upper mantle is based on geochemical studies of
abundant mantle-derived xenoliths, which provide a direct, although
non-uniform and not necessarily representative (Artemieva, 2007),
sampling of the upper mantle. Analyses of major-element composi-
tions of oceanic peridotites and mantle-derived xenoliths from
different tectonic settings indicate fundamental variations in compo-
sition of the lithospheric mantle (Boyd, 1989). A pronounced
correlation between the age of the overlaying crust and mantle
chemical composition is interpreted as a secular, irreversible trend
from highly depleted (due to loss of Fe and Al during melt extraction)
Archean continental lithospheric mantle through intermediate Pro-
terozoic mantle to fertile Phanerozoic continental and suboceanic
mantle (Griffin et al., 1998). The depleted (low Fe, low Ca and Al, and
low Ca/Al) composition of Precambrian lithospheric mantle is
quantified by the iron content in mantle olivine (mg#=Mg/[Mg+Fe]
or forsterite content (Fo=100 Mg/[Mg+Fe]) which systematically
increases from Fo=92–94 in typical Archean lithospheric mantle
through Fo=91.5–92.5 in Proterozoic CLM to Fo=90 in Phanerozoic
CLM (Gaul et al., 2000) (Table 1, Fig. 6a). However, a secular trend of
decreasing mantle depletion from Archean to Phanerozoic does not
hold globally since in some Archean cratons (the Wyoming, Tanzanian
and the Sino-Korean cratons) the lower part of the lithospheric mantle

Fig. 5 (continued).

Fig. 6. Secular variations in average physical properties of the continental lithosphericmantle (CLM) due to compositional and temperature variations: (a) forsterite content, (b) average
temperature in the CLM, (c) density at standard, i.e. room, P–T conditions, (d) S-wave seismic velocity. Primitive mantle (of pyrolite composition) is shown for a comparison. Right
column illustrates the effect of temperature on: (e) density, (f) seismic velocities (e.g. Sato et al., 1989; Jackson et al., 1990), and (g) inverse seismic attenuation (e.g. Jackson, 2000). For
example, a 4% Fe-depletion or a 100–150 °C temperature decrease in themantle both cause a 1% increase in seismic velocity (Nolet and Zielhuis,1994; Deschamps et al., 2002), while at
in situ upper mantle temperatures, density of CLM of different ages can be similar, ca. 3.24 g/cc (Jordan, 1988). Tm — solidus temperature. (a), (c), (d) are based on xenolith studies of
mantle peridotites (e.g. Hawkesworth et al., 1990; Pearson et al., 1995; Griffin et al., 1998; Boyd et al., 1999; Lee and Rudnick, 1999; Gaul et al., 2000; Lee, 2003).

31I.M. Artemieva / Lithos 109 (2009) 23–46

Figure 9.9: Average physical properties of the continental lithospheric mantle as
stated by Artemieva (2009) of a) forsterite content, b) average mantle temperature
c) density at standard pressure and temperature, and d) S-wave seismic velocity.

9.3 Cratonic high-velocity lithosphere

Given the association between Precambrian shields and high-velocity lithosphere,

it is believed that the cratonic lithosphere is as old as the crust above, requiring

that the lithosphere be not only cold, but chemically depleted as well (Jordan, 1978).

Figure 9.9 shows results from Artemieva (2009) showing a relation between forsterite

content, average mantle temperature, density at standard pressure and temperature,

and S-wave seismic velocity base on variations in compositional and temperature.

As seen in Figure 9.9 the density of older, and thus cooler rocks, decreases which

counteracts the buoyancy lost to cooling, in accordance with the isopycnic hypothesis.

In the Canadian craton, a high-velocity perturbation is present down to depths of

175-350 km (Figure 9.7). The outline of the cratonic lithosphere was assigned based on

the 3% perturbation contour (green colour), from which these depths were interpreted.

To the south, profiles X and Y (Figure 9.8) show an intermediate thickness of 200 km
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Figure 9.10: Thickness of the lithosphere defined from a) thermal modeling b) surface-
wave seismic tomography and c) body-wave seismic tomography (Artemieva, 2009).

for Feature E. Moving northward (profiles A and B), Feature E increases in thickness,

to about 350 km, but then appears to become thinner (175 km) in the northernmost

profile (C).

Continental lithosphere thickness results from Artemieva (2009) show that the

base of the continental lithosphere is 200 - 250 km (from surface-wave and body-wave

models) in Figure 9.10. Stacked S-wave receiver function results from Miller and

Eaton (2010) (Figure 9.11) show a cratonic lithosphere base of <200 km which is

in agreement with the range determined by Artemeiva (2009). More recent results

along a profile similar to profile Y, by Bao et al. (2014), show (Figure 9.12) a greater

lithospheric thickness (approaching 250 km) near the Miller and Eaton profile, which

is deeper than found by both Miller and Eaton (2010) and Artemieva (2009).

An east/west profile (Figure 9.13), within the P velocity model by Mercier et al.,

(2009), identifies a high-velocity anomaly located east of the Cordilleran deformation

front (cross-section along 60.5�N). This feature has a base extending to depths near

300 km with a velocity consistently 2 - 4% faster than background values (Mercier et

al., 2009). Note, however that the teleseismic tomography method used by Mercier
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profile represents the Mohorovičić discontinuity (Moho),
which is shallower in the young, active tectonic setting
in the west and deeper beneath the Canadian shield. The
LAB is subtle and variable, so we invoke other constraints in
our interpretation. In the Cordillera, high heat‐flow values
[Mareschal and Jaupart, 2004] imply a relatively thin ther-
mal lithosphere. Unlike stations to the east, a conspicuous
negative pulse is present just below the Moho, at depths from
75 – 120 km. We interpret this shallow feature to represent a
young ‘tectonic’ LAB, consistent with models for subduc-
tion‐driven convection [Mercier et al., 2009]. The slab itself
is poorly imaged, perhaps because of structural complexities
along its northern edge. The LAB becomes abruptly deeper
at station SLEB, where between two stacked subsets the
broad, negative‐polarity event associated with the ‘tectonic’
LAB beneath the Cordillera changes to sharp, low‐amplitude
events beneath the craton.
[12] A velocity model inverted from surface wave obser-

vations [Darbyshire and Eaton, 2010] is used for con-
straining the possible depth of the LAB beneath the craton.
Due to the inherent smoothness of inverted gradients beneath
the lithospheric high velocity lid, several proxies are com-
monly used to estimate lithospheric thickness [Eaton et al.,
2009]. A distinct negative pulse at station IVKQ falls
within the depth interval spnned by these proxies. This fea-
ture can be correlated with negative pulses of similar char-

acter at other eastern stations, providing the basis for our
interpretation of the ‘cratonic’ LAB.
[13] For stations in the craton, a salient element of our

model is an abundance of mid‐lithospheric events. Assuming
these have a common origin, several possibilities can be
eliminated. The varying depth argues against an origin related
to a specific depth or temperature, as expected for a phase
transition, magma ponding, or near‐solidus temperatures
[Gaherty and Jordan, 1995; Kumar et al., 2005; Revenaugh
and Jordan, 1991; Thybo, 2006]. Rychert and Shearer [2009]
interpreted an event at ∼100 km beneath station FFC
(Figures 1 and 4) as the LAB and noted the global preva-
lence of similar events in other in cratonic regions. Beneath
this depth their PRF data is obscured by crustal multiple
reverberations, whichmay not allow for detection of the deeper
events. This feature has subsequently been reinterpreted as a
mid‐lithospheric discontinuity [Abt et al., 2010; Fischer et al.,
2010].
[14] At station YKA beneath the Slave craton, ∼700 km

northwest of FFC, Bostock [1997, 1998] used transverse‐
component teleseismic recordings for which crustal rever-
berations are less of a concern to document a dipping fea-
ture at ∼135 km . By combining teleseismic and controlled
source observations, Mercier et al. [2009] and Oueity and
Clowes [2010] argued that this feature originates from an
oceanic slab associated with frozen subduction, ca. 1.8 Ga

Figure 4. (a) Stacked SRF profile for South American (SA), Western Pacific (WP) subsets, or all events (ALL). Beneath
the Cordillera, the LAB is shallow (70–120 km) and broad, suggesting the presence of a thick (∼50 km) transition zone.
Beneath the craton, a representative velocity profile (D&E) [Darbyshire and Eaton, 2010] shows the average velocity
structure between FCC and IVKQ and contains a high velocity lid that remains significantly above ak135 (black dashed
line) to depths of 220–270 km (square orange bracket). The interpreted LAB in the craton corresponds with a relatively
narrow pulse with substantial depth variability from 170–260 km. (b) Previously published PRF gather for station FFC
[Rychert and Shearer, 2009] and corresponding pick of the LAB (now noted as MLD) in the profile indicated by “R&S” in
Figure 4a where “Mult” indicates crustal mutliples. A conspicuous negative amplitude mid‐lithospheric discontinuity
(MLD) is evident in both images.
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Figure 9.11: Stacked S-wave receiver function profile on which profile X was based
(Miller and Eaton, 2010).
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Figure 2 | Heat flow, Curie depth, topography and Vs profile for the
southern Canadian Cordillera. a, Depth to the Curie isotherm and heat flow
profile5, where dots show individual heat flow measurements and black
lines show spatial average values. b, Topography profile along AA0 in Fig. 1a.
c, Vs section along AA0. Black line shows the Moho. The dashed white line
shows our inferred lithosphere–asthenosphere boundary beneath the
craton; dashed black line indicates the top of a high-velocity layer,
interpreted as delaminated lithosphere; red curve shows a stacked
S-receiver function from nearby station LLLB (ref. 20). JdF, Juan de
Fuca slab.

by irregular occurrences of magmatism6. The tomographic image
suggests that detached lithosphere remained essentially intact after
delamination; simple calculations show that a velocity anomaly
associated with a block of lithosphere of this size and with
composition that is distinct from the asthenosphere could persist for
more than 50Myr (Supplementary Fig. 12). The inferred timing and
present-day position of the detached lithosphere implies an average
⇠2mmyr�1 foundering rate, although it is likely that sinking would
have occurred at a faster rate near the onset of delamination.

In our tectonic model, the present-day sharpness of the craton
edge was enhanced by the delamination process, but before this
an antecedent step-like structure probably existed at the transition
from craton to Cordillera8,12. Small-scale thermal–chemical con-
vection associated with this proto-step may have played a pivotal
role in the initiation of delamination. Previous studies9,21,22,26 show
that upwelling asthenospheric flow due to edge-driven convection
can destabilize previously hydrated lithosphere by refertilization
and shearing, causing a significant density increase and viscosity
decrease. Basal shearing may have resulted in stress and strain
concentration along the RMT, a deep rheological boundary, leading
to peeling o� of a segment of lithospheric mantle. East of the
RMT, cratonic lithosphere has a much higher viscosity and thus is
capable of resisting modifications, preserving this lateral structure
over long timescales27.
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Figure 3 | Model for evolution of the Cordilleran back-arc orogenic plateau.
a, Before 55 Ma, continental lithospheric mantle extends westwards
beneath the imbricated crust of the Cordillera and autochthonous North
American crust. Above the Juan de Fuca (JdF) subducting slab, edge-driven
convection is influenced by a proto-step in the lithospheric keel. b, Mantle
delamination is accompanied by a transition from lithospheric contraction
to extension, incursion of asthenosphere to shallow depths, heating, uplift
and erosion of a newly formed orogenic plateau. c, Mature present-day
back-arc, with deeply incised fossil orogenic plateau. Delaminated
lithosphere has foundered to a present location above the JdF.

In summary, our new Rayleigh-wave tomography model reveals
that thick cratonic lithosphere, which underlies most of the North
American continent, is bounded to the west by a remarkably sharp
vertical edge. The craton edge also delineates the eastern limit
of a fossil orogenic plateau, manifested by a step change in the
present-day thermal regime and a significant contrast in crustal
exhumation history. In our proposed model, orogenic plateau
formation was initiated by a wholesale lithospheric delamination
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Figure 9.12: Cross-section results of Bao et al. (2014) showing the inferred base of
the cratonic lithosphere (dashed white line), high-velocity anomaly (dotted black line
indicates the top of the this layer), and the Juan de Fuca slab (JdF). The high-velocity
anomaly is interpreted by Bao et al. (2014) as delaminated lithosphere.
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4.2. Subsurface geometry of Northern Cascadia

The northern Cascadia subduction zone is a complex tectonic
environment characterized by the transition from convergent to
transform boundary that involves interaction between the North
American continent and three oceanic plates, namely the Juan de
Fuca (JdF), Explorer (EXP), and Pacific plates (PAC) (see tectonic
setting in Fig. 12). Although, the structure of Cascadia has been
extensively studied in its southern and central portions, its north-
ernmost section remains relatively unexplored due to a historical
shortage of geophysical observations in general and seismic data in
particular. The geometry of its subsurface is only loosely constrained
by scattered heat flow, gravity and geochemical data (Lewis et al.,
1997). The recent deployment of broadband three-component
seismic stations on northern Vancouver Island, the Nechako area of
central British Columbia and along the two arms of the BATHOLITHS
array, now permits the study of subsurface structures at the northern
edge of the subducting Juan de Fuca plate system and mantle to the
north.

4.2.1. Juan de Fuca slab and convergence north of Cascadia Subduction
Zone

The structure of the northern Cascadia region from 48.5°N up to
50°N has been investigated previously by Bostock and VanDecar
(1995) using traveltime tomography. Their velocity model features a
quasi-planar, high-velocity body inferred to represent the thermal and
compositional anomaly of the subducted Juan de Fuca plate. This body
exhibits velocity deviations of up to 3% from the background reference
model and extends to depths of at least 400–500 km. Cassidy et al.
(1998), using five seismic stations deployed in Northern Vancouver
Island and on the adjacent mainland, provided constraints on the
shallow S wave velocity structure in Northern Vancouver Island. They
observed a pronounced change in the S velocity structure that was
interpreted as the northern limit of the subducted oceanic plate
beneath Vancouver Island. Using considerably more seismic stations
(26 vs 5) Audet et al. (2008) focused on the structure of the subducted
Explorer plate beneath the same region. Based on receiver function
and tomography results, these authors proposed a tectonic model in
which the separation of the Explorer plate from the Juan de Fuca plate

Fig. 10. Cross section within the P velocity model along the corridor A1–A2 (see inset map at top right) in the northern Cordillera from the surface to a depth of 600 km. The
topography plotted on top of the cross section is exaggerated 50 times and smoothed. Blue and red represent positive and negative velocity perturbations, respectively.

Fig. 11. Plot of the velocity variation at 100 km depth along A1–A2 (see Fig.10) centered on the Cordillera deformation front. Plain line represents the P velocity perturbations, dashed
line the S perturbations, dashed/dotted line the (Frederiksen et al., 2001) model, and dashed line (Grand et al., 1997).
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Figure 9.13: P velocity model cross section from Mercier et al. (2009) along an
east/west profile along at latitude of 60.5�N. Note the large positive velocity pertur-
bation east of the Cordilleran front (labeled A).

et al. (2009) tends to smear structure vertically down ray paths, thus exaggerating

the depth to the base of large features.

Thermal results from Hardebol et al. (2013) show that the base of the thermal

lithosphere (defined as the 1300� isotherm) is greater than 200 km depth and results

from Artemieva (2009) show lithospheric thickness being >150 km (thermal model).

The increased depth of the isotherm shows that the material above this depth is

colder, and thus older, than the material to the west. The area to the west will be

discussed more in section 9.5.

These studies are in agreement with my results showing that the existence of a

faster velocity anomaly perturbation (anywhere from 2-8% faster than background

values) is evidence of the cratonic lithosphere with a depth ranging from 150 - 300+

km. From this the cratonic lithosphere anomaly is interpreted to be a chemically

depleted, cold layer that is 200 km thick on average. The extent of this cratonic

lithosphere anomaly matches the older geological provinces as discussed in Chapter

2.
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9.4 Great Slave Lake anomaly

In chapters 7 and 8 a high-velocity anomaly (Feature GSL) was identified beneath

Great Slave Lake. Profile L (Figure 9.14) shows the western extent of the Great Slave

Lake feature. The craton and Ancestral North American portion of the Cordillera

have a background velocity of 3% above the base model, which I have defined as

cratonic velocity. It is important to note that these background velocities, for profiles

L and S, are in fact significantly higher than on other profiles. Along profile L, from

350 - 1050 km, the GSL fast velocity anomaly feature is present within the craton,

more specifically beneath the Wopmay and Slave provinces. Velocities of this anomaly

range from 4% to >8% above the base model. The fast anomaly terminates at the

lithosphere-asthenosphere boundary at a depth of approximately 300 km.

Profile S (Figure 9.14) shows the north/south extent of the anomaly. This profile,

as geologically mapped, cross through the centre of the Great Bear Magmatic Arc in

the north, from 0 km to 800 km, and crosses through the Bu↵alo Head Terrane from

800 km to 1100 km, in the south. The boundary of the anomaly at 800 km corresponds

with the location of the Great Slave Lake shear zone (GSLsz). In Figure 9.14 a

majority of the craton has a velocity perturbation of 3-4%. Velocity perturbations

less than 100 km are equal to IASP91 values until the GSLsz, where they become

3%. The lithosphere-asthenosphere boundary is identified at a depth of 300 km north

of the GSLsz, south of which it decreases in depth to 250 km. The GSL anomaly is

centred at 200 km depth and includes velocities >5% faster than the IASP91 value.

The western extent of the GSL anomaly matches the boundary between the Wop-

may province and Ancestral North America, with ages of Proterozoic and Devonian-

early Mississipian, respectively. The southern boundary is the GSLsz. South of this

point, the velocity is 3% - 4% above IASP91 which coincides with the Bu↵alo Head

terrane and is consistent with the craton as a whole.
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Figure 9.14: Interpreted cross-section along profiles L (top) and S (bottom).

The Great Slave Lake feature is consistent with, although at a greater depth

than, results of Fernandez-Viejo and Clowes (2003) (SNORE line 11), and compiled

by Clowes et al. (2005), showing an increased uppermost mantle P-wave velocity,

down to a depth of 100 km, immediately north and west of the Great Slave Lake with

values of 0.4 to 0.6 km/s (5% to 7.5%) greater than the global average (Figure 9.15).

Seismic reflection done by Cook et al. (1998 and 1999) shows a portion of Archean

(Slave) mantle extending under the Wopmay orogen with the Hottah mantle under-

lying the Slave mantle. The Slave mantle is shallow and immediately below the crust.
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50 km at the northeastern end of line 31, however, velocities
from 5.2 to 5.8 km/s extend to depths of 10 km, decreasing
the average upper crustal velocity (Fig. 3). On line 31 southwest

of the Tintina fault, low upper crustal velocities (<6.0 km/s)
are interpreted to depths of 15 km below the Cassiar terrane
of displaced continental margin sediments. Farther southwest,

Fig. 3. Areal plots of (a) average upper crustal velocity (above 12 km depth), (b) average Moho depth, (c) average crustal velocity,
(d) average upper mantle velocity, and (e) average lower crustal velocity (12 km to Moho depth) from the SNORE’97 refraction lines.
Shot point locations are overlain as small black stars. Letters in (c) show locations at which the velocity sections of Fig. 4 are extracted.
Relevant global averages from Christensen and Mooney (1995) are shown for reference.

Figure 9.15: Average upper mantle velocity from SNORE’97 refraction line (Clowes et
al., 2005) where global average from Christensen and Mooney (1995) is for reference.

Using teleseismic results from Bostock (1998), Cook et al. (1999) correlate the mantle

reflector (M2) with remnants of Proterozoic subduction. At greater depth the M2

reflector by Bostock (1998) (Figure 9.16 top) supports this result with the added

suggestion of a continuation of the Fort Simpson terrane dipping reflectors, Su1 and

Su2, dipping from 170 km in the west to 230 km in the centre of the Slave province.

Both reflectors coincide well with upper and lower boundaries of the Great Slave Lake

anomaly identified along profile L (Figure 9.16 bottom) with depths of 125 and 225

km.

To obtain the velocity perturbation values of 5% to 7.5%, greater than IASP91,

observed in the present study this feature would most likely correspond to a subducted

slab as suggested by Cook et al. (1999). The perturbation is larger than observed

in the Slave craton (Figure 9.14) and larger than expected for depleted lithosphere

(Figure 9.9). In contrast tomographic results by Schmandt and Lin (2014) show a
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Figure 9.16: Analysis of SNORCLE corridor 1 reflection data juxtaposed with teleseis-
mic data showing the potential for a dipping mantle feature below the Slave province
(Bostock, 1998) (top). The result of profile L shows the possible emplacement of a
high-velocity lithosphere from under the Slave province into the Wopmay province.
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clear distinction between the background and interpreted remnants of Farallon plate

subduction, showing the larger velocity perturbation created by subducted plates.

The velocity di↵erence between the two is anywhere from 3% to 6%.

Magnetotelluric results along the same east-west corridor as profile L (Jones et al.,

1997; Jones et al., 2005) detect a southwest-dipping resistive layer (feature C in Figure

9.17 top) from the Slave into the Proterozoic. This feature flattens out well within

the Proterozoic below 100 km depth with a thickness of 100 km, suggesting that

this feature is a subduction remnant preserved within the Slave lithosphere. Further

magnetotelluric results by Spratt et al. (2009), along a profile running WNW/ESE

at approximately 64�, show large high-resistivity features down to depths of 200 km.

Results along profile L match the location of these cratonic roots but, due to lower

resolution, do not show the separation between cratonic roots seen in Spratt et al.

(2009).

Given that the high-velocity feature beneath Great Slave Lake coincides with the

dipping features seen in seismic and magnetotelluric studies, and is associated with

past subduction events of the area, the Great Slave Lake feature is interpreted as

high-velocity material associated with slab remnants. In the already cooler Wopmay

lithosphere, this increased velocity anomaly is attributed to a significant composi-

tional change (possibly to eclogite).

9.5 Cordilleran low-velocity anomaly

As stated in Chapter 8, a negative velocity perturbation is located in the southwest

portions of profiles A, B, C, X, and Y as well as along profile D. The negative velocity

perturbation is -3 � -5% and is located from 50 to 200 km depth. The extent of this

anomaly is greater in the middle and northern profiles and it is less evident in the

southern profiles. As observed in profiles A and B (Figure 9.7), and to a lesser extent

116



© 2005 NRC Canada

1266 Can. J. Earth Sci. Vol. 42, 2005

(2) There is a significant difference in deep crustal and upper
mantle resistivity structure between corridors 2 and 3.
The MT data along corridor 2 gives evidence for a con-
ducting lower crust, similar to the southern Cordillera
(Jones et al. 1992; Jones and Gough 1995; Ledo and
Jones 2001). However, the lower crust beneath corridor
3 is unusually resistive (Ledo et al. 2004). This differ-
ence is discussed further later in the text.

Anisotropy maps
Resistivity anisotropy maps are shown in Fig. 5 for the

same depths as previously mentioned, namely 5 km, 20 km,
40 km, and 100 km. The dominant features in the maps are
(1) The Slave craton’s crust is isotropic, and the southwestern

part of the Slave craton (Anton complex) is isotropic
throughout virtually the whole crustal and mantle litho-
sphere. Although the crust and mantle of the Wopmay
orogen along corridors 1 and 1A appears to be isotropic
in Fig. 5, the observed response is in large part an arte-
fact of the masking effect of the overlying conductive
Phanerozoic sedimentary rocks.

(2) Strong mid-crustal anisotropy is evident at most of the
Cordilleran stations.

(3) Anisotropy decreases with increasing depth in the Cor-
dillera.

Regional profile

Construction of 2-D resistivity model
The MT sites along corridors 1S, 1, and 2 were assembled

into the single 1600 km-long regional-scale NE–SW profile
(profile shown in Fig. 1). Sites were chosen for inclusion
and subsequent modelling based on the quality of their data.
The MT data were rotated such that the TE-mode responses
were for the electric fields directed NW–SE. The TM-mode
responses were thus with the electric fields directed NE–SW.
The Cordillera exhibits strong resistivity anisotropy (see Fig. 5),
and a careful geoelectric strike analysis by Ledo et al. (2004)
for the MT data along corridor 3 and by Wennberg et al.
(2002) for the data along corridor 2, demonstrated that the
appropriate crustal and upper mantle regional strike direction
is NW–SE. As shown in Fig. 5, the MT data from the Slave
craton show little evidence of strong lateral anisotropy and
are thus not significantly affected by choice of strike angle.
The appropriate strike angle in the Wopmay orogen is NE–
SW (Wu et al. 2005) so the resistivity model for this portion
of the regional profile must be interpreted with care. The
structures for this part of the profile are shown in more de-
tail in Wu et al. (2005).

Inversion of the MT data used the RLM2DI code of Mackie
(Rodi and Mackie 2001), as implemented in Geosystem’s
WinGLink package. Data from both TE and TM modes in

Fig. 6. Resistivity model of the MT data from selected sites along the regional profile shown in Fig. 1 (station locations indicated by
ticks on upper border). (a) Model in continuous colour scale. (b) Model in a colour scale that highlights the low-resistivity (red) and
high-resistivity (blue) regions. The eight features labelled A–H are discussed in the text.

Figure 9.17: Cross-section of the regional magnetotelluric model for the SNORCLE
corridors (Jones et al., 2005) where letters correspond to features identified by Jones
et al., (2005).
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in profile C, Feature A dips to the northeast under the cratonic high-velocity feature.

Profiles X and Y do not exhibit this dip.

The surface boundary of the Cordillera is the Cordilleran Deformation Front as

illustrated in many figures throughout the thesis. The large negative velocity per-

turbation region located in the southwest therefore underlies the Cordillera. Profile

D (Figure 8.6) lies within the Cordillera and shows regional variation within the

Cordilleran lithosphere.

Results from Mercier et al. (2009) (Figure 9.18) show that the mantle west of

the Cordilleran Deformation Front (north of 50�N and 52�N latitude for S-wave and

P-wave velocity models, respectively) mainly has a -2% velocity perturbation. At

greater depths (300 km and 400 km), velocity perturbations become localized result-

ing in pockets of negative velocity perturbations within a generally positive velocity

perturbation area. In the north (primarily above 55�N latitude), the low velocity

zone remains intact, as is seen by Gabrielse and Yorath, (1991) and Frederiksen et

al., (1998). The Mercier et al. (2009) body-wave model will underestimate large

low-velocity or high-velocity regions due to the use of relative travel times. The area

of study is therefore most likely to be low-velocity.

Using the stacked S-wave receiver function results shown in Figure 9.11, Miller

and Eaton (2010) show that the Cordilleran lithosphere-asthenosphere is present at

depths ranging from 60 to 100 km. This range in the boundary matches the thermal,

surface-wave and body-wave tomography results by Artemieva (2009) (50 km - 100

km) in Figure 9.10.

Electrical resistivity structure from magnetotelluric measurements completed by

Jones et al., (2005) shows a low-resistivity northeast-dipping feature in the Cordillera

that is associated with lithospheric subduction during terrane accretion (Jones et al.,

2005). The depth of this feature matches that of the top of the deeper low velocity

zone of profile B labelled as Feature B in Figure 8.4.
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the background value. It is juxtaposed with a low-velocity anomaly
of~−2% labelled B that extends from beneath A to the surface. The
transition from A to B is sharp, occurs within less than 50 km and is
roughly centered on the Cordilleran deformation front (see Fig. 11). It
also coincides with an abrupt variation of surface topography from
high to low and with a major change in mantle temperature
documented by Hyndman and Lewis (1999) and Lewis et al.
(2003) from heat flow measurements, and to a lesser extent by
Flück et al. (2003) and Audet et al. (2008) from the study of elastic
thickness. This combination of observations strongly suggests that
the transition from B to A corresponds to the boundary between
Phanerozoic mantle and Proterozoic lithosphere, thereby shifting
the western extent of the craton by hundreds of kilometers eastward
from what was proposed by Frederiksen et al. (1998), and
Frederiksen et al. (2001) and van der lee and Frederiksen (2005)
using body-wave or surface-wave tomography, respectively.

The discrepancy in location of the Phanerozoic/craton boundary in
northwestern Canada with some previous studies can be attributed to

the presence of a mostly high-velocity anomaly identified by C that
extends over 400 km west of Tintina fault and displays localized
variations in velocities under ±2%. Although we are unable to offer a
specific explanation for C, the Tintina Fault is recognized as a major
strike–slip boundary (Price and Carmichael, 1986) along which
seismically distinct Phanerozoic mantle lithospheres may have been
juxtaposed. Some previous studies, lacking either the resolution or
broader geographical context of the present work may thus have mis-
interpreted this feature as the craton boundary.

The results presented here position the boundary between
Phanerozoic and cratonic mantle at the Cordilleran deformation
front in northwestern Canada and are consistent with the aforemen-
tioned heat flow and gravity observations. This is not surprising since
coincident velocity transitions from high to low topography and from
hot Proterozoic to cold Precambrian mantle have been observed in
many other instances across the globe (e.g. Australia (Simons et al.,
1999), United States (Dueker et al., 2001), and Northern Europe
(Zielhuis and Nolet, 1994)).

Fig. 9. Depth slices covering the whole survey area at 100 km (top left), 200 km (top right), 300 km (bottom left), and 400 km (bottom right) through the S velocity model. This
model was obtained from 1000 conjugate gradient iteration within 40 Huber downweightings using a λ=350 and μ=60. Blue and red colors represent positive and negative
velocity perturbations, respectively. Station corrections are superimposed upon the 100 km model.
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Figure 9.18: Depth slices of the Mercier et al. (2009) survey for depths of 100 km,
200 km, 300 km, and 400 km for the S-wave velocity model (Mercier et al., 2009).
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Low velocity features are common in the mantle beneath active orogens. High heat

flow, resulting from active orogens, indicates high mantle temperature and thus lower

velocities. Another e↵ect on velocity is due to the compositional di↵erence between

the Cordilleran and cratonic mantles as explained by the isopycnic hypothesis and

analyzed by Artemieva (2009).

9.6 Cordillera/craton boundary

Feature H in the previous chapter corresponds to the Cordillera/craton boundary.

The Cordillera/craton boundary is not a sharp boundary since the transition between

the slow and fast velocity zones, as seen on multiple profiles, is in some cases 200

kilometres wide. All profiles (A, B, C, X, and Y) appear to show a clear signature

(>+3% anomaly) at depths of 100 to 200 km, that extends eastward and as far west

as the Cordilleran Deformation Front (or possibly further west near the Tintina Fault

on profiles X and Y). On profiles C, B, and A the southwestern tip of this cratonic

feature has a wedge like form with its lower margin dipping to the northeast. On

profiles X and Y the form of the southwestern extent of the cratonic lithosphere is

obscured by smearing of the response with that of a deeper high-velocity feature.

The eastern margin of the very slow (definitively Cordilleran) velocities (<� 3%), in

the <100 km depth range, coincides approximately with the Cordilleran Deformation

Front on profiles B, A, and X, but occurs farther west on profile C.

The contrast in velocity perturbation from negative in the southwest to positive in

the northeast is the basis of this identification. Due to the large scale of this project,

a larger range of velocity perturbation was observed (-4% � 5%) compared to smaller

scale study areas (±2% in Mercier et al. 2009). This may be as a consequence of

previous studies using relative travel time, in that large blocks of uniform velocity

get missed leading to an underestimate of the contrast. Surface wave cross-sections,
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discussed earlier, show a non-vertical boundary dipping to the northeast. The extent

of this deviation from vertical is not precisely defined due to horizontal smearing of

surface waves. Near the boundary (of profile A) the contrast is not as sharp as for

profiles B and C.

Teleseismic body-wave results by Mercier et al. (2009) show a sharp contrast be-

tween low and high-velocity anomalies centred roughly on the Cordillera Deformation

Front. The range of velocity perturbation is generally about ±2%. At depths of 100 -

200 km the location of the boundary is similar between the surface wave of this study

and body-wave velocity models of Mercier et al. (2009). The inherent vertical smear-

ing of teleseismic travel-time images appears to a↵ect deeper slices, showing a near

vertical boundary. To the south of 55�N, beneath ancestral North America, is a large

high-velocity anomaly extending eastward at a depth of 300 km. This anomaly is

2-4% faster than background P velocity values. Further north a low-velocity anomaly

which extends at 200 km depth beneath the large high-velocity anomaly, and has a

P velocity perturbation of -2%.

The location of the boundary resolved in the present study also agrees with stacked

S-wave receiver function results fromMiller and Eaton (2010) (Figure 9.11). Note that

the precision of this method is based on the station spacing, approximately 300 km.

The location of the Cordillera/craton boundary was detected by the seismic station

SLEB (Sale Mountain, British Columbia). At SLEB, the Cordilleran lithosphere-

asthenosphere boundary was recorded at a depth of 100 km, while the depth of the

cratonic LAB was located at 175 km. Both these values agree with results obtained

along profile X of a more shallow negative-velocity Cordilleran perturbation with a

relatively flat cratonic LAB at 200 km.

According to a general model for an advancing subduction boundary (as illustrated

in Yonkee and Weil, 2015; Figure 9.19) a wedge-like geometry will occur within the

mantle lithosphere and asthenosphere. Two features present in the southwest of the
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Figure 9.19: General model of an advancing type of subduction boundary (Yonkee
and Weil, 2015).

study area are relevant to this wedge model. First is the overriding slow layer above

the tip of the cratonic wedge. This part of the profile may coincide with the forearc

and magmatic arc of previous subductions (in this case, the Kula plate subduction due

to the latitude of profiles A and B) as discussed explicitly for the Cordillera by Monger

(1989) based on Hyndman (1972). The second is what might be the remnants of the

subduction channel, associated with the Kula plate subduction. This subduction

channel force results in mantle lithosphere moving in opposition to the direction of

force of the subducting plate (labelled Fsc in Figure 9.19). Profiles A and B show

an upward curve of the cratonic lithosphere from depths of up to 400 km. During

the previous subduction, cratonic asthenosphere was drawn upwards and westward

by edge-driven advection (mostly seen in Figure 9.7 bottom). Mercier et al. (2009)

identified a similar low-velocity feature extending beneath a high-velocity feature.

Tectono-thermal continental ages as determined by Artemieva (2009) show that

the boundary between Early Proterozoic and Meso-Cenozoic (with a small area for

Paleozoic, Late and Middle Proterozoic ages) matches the boundary as determined

from my profiles. From Figure 9.20 the gradient style lateral change in age is similar
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approximates heat flow at the base of the crust, i.e. the non-radiogenic
component of surface heat flow (Lachenbruch, 1970).

There is an on-going debate on the relative contributions of crustal
and mantle heat flow into the observed variations in surface heat flow
of stable continents. Two end-member models of the thermal regime
of the lithosphere attribute heat flow variations primarily (1) to
variations in crustal heat production or (2) to lithospheric thickness
variations (and thereby mantle heat flow variations). Regional studies
indicate that either one or the other mechanism can dominate in
different Precambrian cratons. Jaupart and Mareschal (1999) argue
that surface heat flow variations in the Superior Province of the
Canadian Shield are produced by lateral heterogeneity in the
distribution of heat-producing elements within the crust. Indeed,
the Superior Province is made of a large number of small (sometimes
less than 50–100 km across) distinct crustal terranes, which
amalgamated at 2.72–2.69 Ga. Strong crustal heterogeneity leads to
significant lateral large-amplitude surface heat flow variations, which
have a short wavelength (commonly less than 100 km), suggesting a
crustal origin.

In North America, seismic data of the LITHOPROBE transects across
the Canadian Shield indicate that the boundaries between the terranes
are not vertical, and that within a 100–200 kmwide zone along these
boundaries the age of the crust and the underlying mantle can be
significantly different. For example, at the eastern margin of the
Canadian Shield, the middle Proterozoic crust of the Grenville
province is underlain by the Archean mantle of the Superior province
(Ludden and Hynes, 2000). It explains why in the Canadian Shield
(and, in particular, at the Superior–Grenville boundary) mantle heat
flow appears to have a uniform value across lithospheric terranes of
different ages (Jaupart and Mareschal, 1999).

On the other hand, thermal models for South Africa cannot satisfy
data from xenolith geotherms for the Archean Kaapvaal–Zimbabwe
craton and the surrounding Proterozoic mobile belts if all surface heat
flow variations are attributed entirely to variations in crustal radio-
activity (Nyblade and Pollack, 1993). Therefore, variations in litho-
spheric thickness should be the principal factor controlling the surface
heat flow pattern, providing basis for the hypothesis that thick
cratonic lithosphere diverts heat sideways to the mobile belts (Ballard
and Pollack, 1987).

Numerical models of mantle convection with floating continents
(Lenardic and Moresi, 2001) resolve an apparent contradiction
between two basic models of lithospheric thermal structure and
demonstrate that they are the end-member solutions for layered and
whole mantle convection models: the thermal resistance of the
convecting mantle depends on the thickness of the upper thermal
boundary layer, which in turn compensates the thermal resistance of
the mantle. In case of the layered convection (i.e. thin convecting
layer), the effect of lithospheric thickness on mantle heat flow is
strong and large surface heat flow variations can be explained by small
variations in relative lithospheric thickness. On the contrary, in case of
whole mantle convection the dependence of mantle heat flow on
lithospheric thickness becomes weak.

Thus, practical approaches to calculate lithospheric geotherms
should account for both lateral variations in the bulk crustal heat
production and in mantle heat flow (lithospheric thickness). Large
uncertainty in the values of thermal parameters in the lithosphere
results in non-uniqueness of numerical solutions: a large set of
conductive geotherms can be produced for any surface heat flow
value, complicating the “geophysically-meaningful” solution to the
problem. Despite significant number of regional geothermal models
published over the past 40 years, they are of a little use for global
analysis since they are based on significantly different assumptions
and do not permit any comparison between different tectonic
provinces. By the turn of the millennium, the only existing global
thermal model for the continental lithosphere was still the one
published by Pollack and Chapman (1977). Their calculations were
based on global-scale assumptions on thermal conductivity and
radioactive heat production and were constrained only by surface
heat flow values. In particular, themodelwas based on the assumption
(constrained by 9 data points only) that, globally, D =8 km and that
40% of surface heat flow is generated in the D-layer, with the
remaining 60% coming from below (due to mid-lower crustal
radioactivity, mantle radioactivity, and heat flow from the mantle).
As a result, a family of conductive geotherms was calculated for the
continental lithosphere; it provides a global “reference frame” still
widely used, in particular in interpretations of xenolith P–T arrays.

A new global thermal model of the continental lithosphere
(Artemieva and Mooney, 2001), based on the updated compilation

Fig. 3. Tectono-thermal age of the continental lithosphere based on a global 1°×1° model TC1 (modified after Artemieva, 2006). Since black and white image puts certain limitations
on data presentation, for simplicity the map shows only six major geological epochs.

28 I.M. Artemieva / Lithos 109 (2009) 23–46

Figure 9.20: Tectono-thermal age of continental lithosphere as determined by
Artemieva (2009) with emphasis on western and northern Canada.

to the thermal results of Hardebol et al. (2013). Their 120 km change in the base

of the thermal lithosphere occurs laterally over 175 km, corresponding to an average

dip of 34�. The Cordillera/craton boundary extends well into the mantle (300 km)

dipping to the northeast ranging from 17�, along profile A, down to 39�, along profile

C. This result matches thermal data. The possible mechanisms for the angle of the

boundary include a flow up the subduction channel and/or erosion by edge-driven

convection. The range in Cordillera/craton boundary dip angle may be as a result

of edge-driven convection discussed by Hardebol et al. (2012). They claim that the

vigorous mantle flow erodes the craton, unless the craton has a distinct high velocity

mantle lithosphere.
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9.7 Slab-related features

In addition to the low-velocity anomaly associated with the Cordillera in the west

and southwest, the high-velocity anomaly associated with the craton in the northeast,

and the boundary between both, an additional intermittent high-velocity anomaly is

present at greater depth (250+ km). The boundaries of higher velocity perturbation

features were outlined using a 4% variation from the IASP91 model. In the west and

southwest many small high-velocity perturbations are present which are best imaged

along profiles A, B, C, D, X, and Y. In this area Tian and Zhao (2012) were able

to clearly image the Juan de Fuca plate through P-wave tomography. Along 49� N

latitude (the upper boundary of the Juan de Fuca slab) was estimated to reach to

depths of 300 km from 124� W to 118� W. Sigloch et al., (2008) also were able to

image a high-velocity perturbation located along 49� N reaching depths of 350 km

at 120� W. At these depths the slope of the Juan de Fuca slab subduction is 45�

(Tian and Zhao, 2012). Mercier er al., (2009) confirm a sharply dipping high-velocity

anomaly which they interpreted to be the Juan de Fuca subducting slab.

The proximity of these cross-sections to profile X shows that the Juan de Fuca

slab can be identified as the high-velocity perturbation located along profile A (Figure

9.7 bottom) at 0 km laterally, with a depth of 200 km and a dip to the northeast,

which is possibly also visible on profile X (Figure 9.8 bottom). At greater depths it

is not possible to distinctly locate the Juan de Fuca slab due to its proximity with

the larger fast velocity zone labeled ”old slab”. Due to the distance from the Juan

de Fuca subduction and the subduction angle, these other deep high-velocity features

are unlikely to be a direct result of the Juan de Fuca slab. Many studies have shown

(Martin-Short et al., (2015) and Nedimovic et al., (2009) for example) that the Juan

de Fuca plate is not present north of 50�N, from oceanic crustal observations.

These deep high-velocity features are more likely higher than measured given the
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[73] Zone C may be associated with either northeast
dipping crustal fabric seen in the eastern Coast Mountains
and western Skeena fold belt, which may be related to
Cretaceous lithospheric convergence [Evenchick, 1991a,
1991b; see Figure 12a from Evenchick, 1991a], or with
Miocene lithospheric extension [Heah, 1990; Evenchick et
al., 1999; Klepeis and Crawford, 1999; Chardon et al.,
1999].
[74] Along Line 3, the crust above the LCLS exhibits

arcuate structures and discontinuous reflectivity. There are
no obvious effects of Eocene magmatism on the LCLS or
overlying structures; hence the crust along this portion of
the line is considered to be mostly accreted material of
Cache Creek and Nisling terranes (Foldout 2b). Between 0.0
and 2.0 s west of station 20000, the folded layered reflec-
tions (H on Foldout 2b) project to the surface west of
Carcross. These may be rocks of the Upper Paleozoic
Horsefeed formation, the underlying Nakina Group vol-
canics, or both [Monger, 1977a]. Rocks that underlie these
supracrustal strata are not observed at the surface. The crust
west of the Whitehorse Trough is part of the Nisling terrane
that includes rocks of largely continental affinity [e.g.,
Gehrels et al., 1990; Mihalynuk, 1999]. Structures within
the Nisling terrane include broad folds above the LCLS that
appear to be truncated or to terminate near the Whitehorse
Trough and the adjacent Cache Creek terrane.

6. Discussion

6.1. Chemical Signatures of Young Igneous Rocks

[75] Variations in the chemical composition of late or
postorogenic igneous rocks across the northern Cordillera,

both isotopic and major element, indicate distinct differ-
ences in compositions. In general, late granitic intrusions are
more evolved in the east and more primitive in the west
[e.g., Morris and Creaser, 1999]. The transition occurs near
the Teslin zone, where plutons exhibit a mixed signature.
An interpretation in the context of the results from the
reflection patterns is that the evolved granites in the east
(e.g., in the Selwyn Basin) were derived from, or contam-
inated by, metasedimentary and/or basement rocks of the
LCLS. Conversely, intrusions that formed west of the
thickest part of the LCLS exhibit more primitive signatures.
The Cassiar batholith, one of the largest in the northern
Cordillera, exhibits isotopic signatures that indicate mixing
of juvenile and evolved crustal sources [Driver et al., 1998].
It is located in an intermediate position above the LCLS.
[76] Volcanic rocks derived from the mantle provide

evidence of variations in mantle composition across the
Cordillera. Francis et al. [1999] summarized results of
isotopic variations of Cenozoic basaltic rocks and interpreted
changes across the Tintina fault and the Cassiar/Teslin zones
to indicate changes in the mantle over distances of tens of
kilometers. The change across the Tintina fault is consistent
with the seismic characteristics if the Tintina fault offsets the
upper mantle, as the disruption in the LCLS suggests. In
contrast, the Cassiar-Kutcho fault and Teslin zone do not
appear to disrupt the LCLS. In order to explain the isotopic
variations across the Cassiar-Kutcho fault, either the mantle
undergoes a change, possibly as a result of the westward
thinning of the LCLS, or the eastward thickening of the
LCLS influenced the isotopic characteristics.
[77] Compositional characteristics of Eocene magmatic

rocks near the western end of Line 3 indicate that these
rocks were derived from a mantle source, most likely due to

Figure 11. Enlargement of data along the western end of Line 3. A reflection zone dips from !14.0 s
(!45 km) eastward to !20.0 s (!73 km) and is interpreted as a relict portion of the Kula plate. There
does not appear to be any obvious enhancement or degradation of either Moho or crustal reflectivity due
to late volcanism.

TC2010 COOK ET AL.: PRECAMBRIAN CRUST BENEATH NORTHERN CANADIAN CORDILLERA

22 of 28
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Figure 9.21: Cross-section of Line 3 from Cook et al. (2004) showing the location of
the subducted Kula slab. The reflection zone which dips from 45 km eastward to 73
km is interpreted as a relict portion of the Kula plate (Cook et al., 2004).

resolution test results, thereby resulting in velocities found in subduction zones. The

location of the Juan de Fuca plate at the western edge of the survey area and primarily

south of 50�N makes it unlikely that the Juan de Fuca plate corresponds to the deep

high-velocity features observed throughout. Thus, the Kula and Farallon plates are

more likely candidates as the origins of these old slabs.

Figure 9.21 shows a cross-section of Line 3 from Cook et al. (2004), which is

similarly located to profile C, showing a shallow lithospheric depth of the Kula plate

located near 60�N, 135�W. The Kula slab appears to be dipping at an angle of 40�.

If this dip is extended down to a depth greater than 300 km, then it is feasible that

these old slabs are remnants of the Kula plate as identified in Cook et al. (2004).

Even though there is agreement between profiles A, B, C, X, and Y in relation

to the old slab, profiles X and Y show smearing between craton and old slab, which

is not seen in profiles A, B, or C. With craton lithosphere depth reaching 200 km
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for these profiles it would seem reasonable that deeper cratonic lithosphere would

also experience this connection. However, this is not the case. Profiles X and Y

however are not able to distinguish the boundaries of the old slab and craton as

clearly as the previous profiles. Lateral resolution tests, shown in Figures 9.1 and 9.2,

show a trend of smeared high velocity ( 0.1 km/s) in the recovered model in the area

located near this boundary for both periods. For a reference velocity of approximately

4.5 km/s used, a 4% velocity perturbation would result in an increased velocity of

0.18 km/s. A more interesting feature to note is that this smear trends uniformly

throughout all periods. Adding to this the result of upward smearing of deep features,

due to Feature D, is close in proximity to the high-velocity area. Profiles X and Y

are approximately perpendicular to this trend which would result in a near vertical

artifact being apparent instead of the southwest dip visible in between Features D

and E.

This horizontal and upward smearing may explain the high-velocity area between

Features D and E but this area may also be evidence of Cordilleran delamination, a

theory proposed by Bao et al. (2014). Delamination occurs when edge-driven con-

vection causes the detachment of the lithosphere from the above crust, and adjacent

lithosphere. Figure 9.12 shows the Bao et al. (2014) Vs profile showing a neigh-

bouring high-velocity anomaly connecting the Juan de Fuca slab with the cratonic

lithosphere. The connection between the core of the craton and old slab high velocity

areas may be the delaminated Cordilleran lithosphere. This feature is only visible

along profiles X and Y which are along the profile of Bao et al. (2014). Taking into

account the poorer horizontal resolution, the less defined feature is at a similar depth

as the Juan de Fuca plate. This matches the observations of Bao et al. (2014). The

high-velocity area between the cratonic lithosphere and old slab, of profile X (Fig-

ure 9.8 bottom), corresponds well with the interpreted length of the delamination of

approximately 450 km and the depth of 200 to 250 km.
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Figure 9.22: Cross-section of profile X showing the pattern of flow expected for trench
suction.

Edge-driven convection has been proposed as the engine for Cordilleran delamina-

tion (Bao et al., 2014), driving the separation of cratonic lithosphere and Cordilleran

lithosphere. Edge-driven convection modeling was applied to the southern Canadian

Cordillera by Hardebol et al. (2012) from lateral variations in upper mantle tem-

perature structure. Their results show that the e↵ect of edge-driven convection at

the temperature transition, at the base of the lithosphere, is large enough to pro-

duce lithosphere deformation. Further more, edge-driven mantle flow at the lateral

temperature transition can cause deformation of the overlying lithosphere. Profile

X shows a slower feature in the asthenosphere moving around an obstacle in a pat-

tern that is consistent with trench suction (Figure 9.22) and possibly even net deep

asthenospheric flow (Yonkee and Weil, 2015).
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9.8 Cordilleran slab window

One benefit of profile D is that it o↵ers an along strike view of the Cordillera.

In this cross-section, three anomalies associated with old slabs were identified, as ex-

plained in section 9.7. Between these old slabs are zones of lower velocity reaching

all the way to the 410 km discontinuity (Figure 9.8). These low-velocity perturba-

tion zones are interpreted to represent slab windows of di↵ering age. Slab windows

are formed when subducted plates separate, creating a gap. This gap leads to the

upflowing of asthenospheric mantle filling the window (Thorkelson and Taylor, 1989).

Thorkelson and Taylor (1989) discuss the the evidence for a Cordilleran slab win-

dow existing from the Middle Eocene until the present in the survey area. The

di↵erence in motion between the Kula and Farallon plates would allow for plate

separation, required for mantle upwelling, while being subducted below the North

American plate. In the Middle Eocene, Thorkelson and Taylor (1989) suggest that

a slab window appeared under present day British Columbia. Breitsprecher et al.

(2003) later confirmed the Kula-Farallon slab window beneath the Pacific Northwest

between 50 and 49 Ma. The movement of the Pacific plate would then have pushed

the slab window further northward during the Early Miocene.

Slab windows are interpreted along profile D (Figure 9.24) at 900 and 1700 km

along the profile due to their lower velocities (-1% and -2%, respectively). The north-

western window (centred at 900 km) does not show a significantly lower-velocity

perturbation, compared to the background, which could be due to a thermal equi-

librium being reached between mantle upwelling and the surrounding material. The

length of time this area was in the slab window, 20 Ma (as calculated from the time-

line proposed by Thorkelson and Taylor, 1989), could be enough to reach this near

equilibrium.

Moving southeast to 1700 km, a slab window (as indicated by the superimposed
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Figure 9.23: Slab windows of the Cordillera created by the di↵erence of plate motion
between the Kula and Farallon plates as illustrated in Thorkelson and Taylor (1989).
The stippled pattern indicates the asthenosphere beneath the North American plate.
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Figure 9.24: Cross-section of profile D showing possible locations of mantle upwelling
associated with slab windows in the Cordillera.
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lines) suggests upward mantle flow from below 410 km. Due to its proximity to the

Juan de Fuca plate, this flow could be caused by plate-edge upwelling driven by the

movement of the slab edge through the asthenosphere. Mercier et al. (2009) suggest

the same hypothesis of the creation of a slab window in this area causing upwelling

from the asthenosphere. The implied horizontal movement of the mantle flow does

not appear intuitive as this hot material should continue to rise vertically. A possible

explanation for this might be that the old slab centre at 1400 km, along profile D, may

have broken o↵ from a larger slab. Tian and Zhao (2012) suggested that a break-o↵

of a slab could result in the slab hole causing magmatism in their study area. The

1400 km old slab may have blocked upper mantle flow as it moved northwestward,

while allowing for mantle flow to occur further to the southeast.

9.9 Summary

Horizontal and vertical resolution tests show that the surface wave method is

able to recover the starting model fairly well. The horizontal resolution test shows

smearing in areas with lower path coverage, as would be expected. For the vertical

test, the recovered models primarily underestimate deep high velocity perturbations

but are better at recovering shallow velocity perturbations and deep low-velocity

perturbations.

The positive velocity perturbation detected to the east of the Cordilleran Defor-

mation Front, represents the cratonic lithosphere. This increased velocity shows that

the cratonic lithosphere is generally faster than the averaged IAS91 model velocity.

The base of the lithosphere ranges from 175 km to 350 km depth. Within the already

faster cratonic lithosphere is a positive velocity perturbation, within the Wopmay

Orogen (northwest of the Great Slave Lake), with a greater velocity perturbation.

The base of this feature is at 300 km depth. This anomalous perturbation is believed
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to be due to a remnant slab left over from a past, frozen, subduction event.

To the east of the Cordilleran Deformation Front is a negative velocity pertur-

bation contrasting with the cratonic lithosphere. This feature corresponds to the

Cordilleran lithosphere with its base ranging from 50 km to 200 km depth. The con-

trasting velocities define the Cordillera/craton boundary, which was imaged to be a

feature moderately dipping to the northeast. The transition from Cordillera to craton

is not sharp as the boundary is about 200 kilometres wide.

Similar to the higher velocity feature within the Wopmay, ’old slab’ features are

present throughout most of the survey area. These features are primarily below 300

km depth and interpreted to be evidence of remnant slab fragments, possibly from

the subducted Kula or Farallon plates. Only seen along profile D, evidence of a lower

velocity aesthenospheric upwelling is present adjacent to old slabs and reaching depths

of 200 km. The magnitude of perturbation of these slab windows suggests that the

northwestern window is older than the southeastern slab window.

The illustration in Figure 9.25 shows the extent of many of the main features of the

Cordillera and craton interpreted from my results. Figure 9.25 (bottom) shows the

deeper interpreted slab and slab window related features. The multiple observations

of slabs line up fairly well under the Cordillera.

Optimally, an east-west profile located close to the starting points of profiles

X and Y, along the Canada/United States border could aid interpretation of the

Cordillera/craton interpretation. Such a profile was not possible due to the cover-

age area provided by the seismic stations in Canada. Use of seismic networks in the

United States (specifically Earthscope Transportable Array) would help to expand

this interpretation southward.
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Figure 9.25: Location of cross-sectional profiles overlain with fast (blue) and slow (red)
velocity features: (top) general Cordillera (red) and craton (blue) features with the
Great Slave Lake anomaly shown as the circular feature within the craton. (bottom)
interpreted slabs (dark blue) and slab windows (red).
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Chapter 10

Conclusions

The main objective of this project was to image the Cordillera/craton boundary.

Rayleigh-wave data from 106 seismic station-pair paths were analyzed throughout

western, northern, and central Canada. The stations used were from the CNSN and

POLARIS seismic networks. From the data collected, 106 dispersion curves were

measured showing the relationship between period and fundamental-mode Rayleigh

phase velocity for each station pair path. Inversion of these dispersion curves was done

using a 2-D tomographic approach to create velocity maps from which pseudosections

and eventually cross-sections were generated through 1-D inversion.

The maps and cross-sections show a low-velocity perturbation located in the

Cordilleran lithosphere with values ranging from -2% to -5%, relative to the IASP91

reference model (Kennett and Engdahl, 1991), with a base up to 250 km in depth. A

high-velocity perturbation was located under the craton (i.e. east of the Cordilleran

deformation front) and interpreted as the cratonic lithosphere with values ranging

from 3% to 9%, with the base of the cratonic lithosphere ranging from 175 to 350 km.

A high-velocity anomaly was measured under Great Slave Lake and was calculated to

be 9% faster than the surrounding area at its maximum. This anomaly, of unusually

high velocity, is interpreted as preserved slab material within the cratonic lithosphere.
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This boundary between the low-velocity Cordillera and the high-velocity cratonic

lithosphere was determined by the 0% perturbation between the two features and was

imaged successfully, showing that the lithospheric boundary approximately matches

the Cordilleran Deformation Front. The match to the deformation front is best at

200 km depth; the boundary dips to the northeast, with the cratonic lithosphere

appearing to be underthrust by Cordilleran material.

Below the low-velocity anomaly of the Cordillera, many cross-sections show small

areas of high-velocity perturbation, ranging anywhere from 6-9% faster than the back-

ground at depths of 300+ km. I interpret these features as possible remnant fragments

of the Kula and Farallon subduction. Along profile D, which runs the length of the

Cordillera, evidence of unusually low velocities within the already low-velocity litho-

sphere was imaged that matches the description of slab window formation suggested

by Thorkelson and Taylor (1989). This feature may represent a mantle upwelling

from below the 410 km discontinuity in the central Cordillera. Evidence of possible

past slab windows is also present along this same profile.

Recommendations

1. Extend the survey area by using stations within the United States’ Earthscope

Transportable Array.

2. Include more station paths in central Canada to increase the quality of resolution

of the craton east of the Cordillera/craton boundary. If not enough events are

present for these station-pair paths, if would necessary to install more seismic

stations to increase the resolution throughout this region.

3. Using these results, those obtained by Alexey Bryksin, and those published by

Darbyshire et al. (2007), a Canada-wide surface-wave tomographic model can be

created.
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4. Further detailed interpretation of the northwest portion of the survey area.
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Appendix

Station pairs and number of events

Table 10.1: List of station pairs and the number of events.

First Station Second Station Number of Events

BBB MBC 3

BMBC BBB 41

BMBC DLBC 165

BMBC EDM 284

BMBC FNBB 25

BMBC PNT 19

BMBC RES 7

BMBC WALA 13

BVCY RES 6

DAWY GBLN 2

DAWY GDLN 8

DAWY INK 6

DAWY JERN 20

DAWY RES 55

Continued on next page
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Table 10.1 – continued from previous page

First Station Second Station Number of Events

DIB BBB 27

DIB BMBC 17

DIB DAWY 14

DIB DLBC 4

DIB EDB 47

DIB EDM 15

DIB FCC 23

DIB FSMA 5

DIB INK 3

DIB MEDA 5

DIB PLBC 9

DIB PNT 93

DIB RES 12

DIB ULM 17

DIB VGZ 39

DIB WALA 53

DIB WHY 6

DLBC DAWY 29

DLBC FNBB 116

DLBC PLBC 40

DLBC RUBB 5

DLBC WHY 55

EDM MBC 13

Continued on next page
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Table 10.1 – continued from previous page

First Station Second Station Number of Events

FCC MBC 8

FNBB FSMA 3

FSMA BVCY 5

FSMA DAWY 15

FSMA INK 4

HILA DHRN 6

ILKN RES 4

INK AP3N 7

INK ARVN 15

INK ATKO 31

INK BBB 19

INK BMBC 14

INK EDM 37

INK GIFN 17

INK HILA 9

INK KUGN 6

INK LAIN 6

INK MBC 3

INK MEDA 2

INK RES 35

INK RUBB 9

INK SMPN 7

INK STLN 16

Continued on next page
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Table 10.1 – continued from previous page

First Station Second Station Number of Events

INK ULM 46

INK WAGN 6

INK WHY 7

INK YBKN 6

INK YRTN 8

KUKN EDM 3

MBC PNT 5

MBC RES 8

MBC ULM 8

PHC MBMC 10

PHC DAWY 23

PHC DHRN 2

PHC DLBC 30

PHC FNBB 7

PHC FNBC 2

PHC RES 16

PLBC DHRN 8

PLBC FNBB 31

PLBC FSMA 3

PLBC MEDA 4

PNT DAWY 37

PNT EDM 47

PNT INK 32

Continued on next page
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Table 10.1 – continued from previous page

First Station Second Station Number of Events

PNT MEDA 5

PNT PLBC 18

PNT RES 15

PNT RUBB 78

PNT VGZ 13

PNT WALA 50

PNT WAPA 2

RES KUKN 2

ROMN RES 3

RUBB DAWY 11

SMPN DHRN 28

VGZ ATKO 14

VGZ BMBC 4

VGZ EPLO 14

VGZ FCC 20

VGZ INK 7

VGZ PKLO 9

VGZ RES 3

VGZ WALA 30

WALA WAPA 10

WAPA EDM 29

WHY MBC 5
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Dispersion curves

Dispersion curves for all station pair paths are viewable in the supplemental file

all curves.pdf.

Standard error for each profile

Table 10.2: Standard error of inversions at each location.

Distance Profile X Profile Y Profile A Profile B Profile C

(km/s)

0 0.2211 0.4376 0.5785 0.2863 0.2143

50 0.5443 0.5474 0.2355 0.1524 0.1893

100 0.5458 0.2883 0.1816 0.1618 0.1877

150 0.5565 0.2275 0.1316 0.1798 0.1855

200 0.5563 0.2026 0.1025 0.1967 0.1907

250 0.344 0.1767 0.1251 0.2177 0.1965

300 0.3287 0.1497 0.1221 0.2455 0.2025

350 0.3086 0.1286 0.1328 0.2762 0.2123

400 0.2882 0.1242 0.1567 0.304 0.2287

450 0.593 0.645 0.1939 0.3224 0.249

500 0.2701 0.1575 0.2387 0.3326 0.2758

550 0.2649 0.2166 0.466 0.2132 0.1773

600 0.2623 0.2776 0.281 0.3274 0.2318

650 0.2576 0.3347 0.3149 0.3 0.2428

700 0.2435 0.3837 0.3337 0.2657 0.2491

Continued on next page
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Table 10.2 – continued from previous page

Distance Profile X Profile Y Profile A Profile B Profile C

750 0.2257 0.4283 0.3314 0.2391 0.3695

800 0.207 0.4733 0.3091 0.2181 0.4259

850 0.1897 0.5158 0.2994 0.1708 0.4878

900 0.1833 0.5357 0.2473 0.1563 0.4334

950 0.4262 0.5286 0.2237 0.1137 0.4204

1000 0.1835 0.2068 0.1483 0.4265

1050 0.1905 0.157 0.1081 0.4067

1100 0.21 0.3357 0.0991 0.1398

1150 0.2443 0.1 0.0897 0.3724

1200 0.2893 0.0974 0.1082 0.1812

1250 0.3166 0.0959 0.0852 0.161

1300 0.2789 0.1665 0.0909 0.1521

1350 0.1913 0.1412 0.1148 0.1662

1400 0.1677 0.1158 0.1506 0.1206

1450 0.0984 0.1734 0.135

1500 0.0955 0.1978 0.1554

1550 0.1571 0.2294 0.1153 0.1702

1600 0.1401 0.1076 0.266 0.1747

1650 0.2531 0.1221 0.3181 0.2314

1700 0.1201 0.1327 0.3741 0.1705

1750 0.1057 0.1501 0.4307 0.1701

1800 0.1208 0.1659 0.4436 0.1698

1850 0.1741 0.1954 0.1732

Continued on next page
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Table 10.2 – continued from previous page

Distance Profile X Profile Y Profile A Profile B Profile C

1900 0.2384 0.1664 0.1813

1950 0.2983 0.1617 0.1279 0.1885

2000 0.3554 0.1722 0.1927

2050 0.4078 0.2183

2100 0.4573 0.1841 0.254

2150 0.5087 0.2088 0.3538

2200 0.6481 0.2778 0.1921

2250 0.2293 0.2825 0.1916

2300 0.2454 0.2835 0.1913

2350 0.2631 0.2677

2400 0.2873 0.2441

2450 0.3119 0.2194

2500 0.3271 0.198

2550 0.332 0.1855

2600 0.3243 0.1711

2650 0.3067 0.157

2700 0.2786
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Table 10.3: Standard error of inversions at each location.

Distance Profile L Profile D Profile S

(km/s)

0 0.1771 0.2275 0.1892

50 0.2352 0.1193 0.1304

100 0.2266 0.1348 0.1583

150 0.2074 0.1648 0.1878

200 0.2239 0.2069 0.2043

250 0.2326 0.254 0.2174

300 0.2478 0.2939 0.2286

350 0.2598 0.3188 0.2435

400 0.2677 0.3226 0.2638

450 0.2685 0.3087 0.2898

500 0.1917 0.2895 0.3163

550 0.2724 0.3401 0.1752

600 0.2801 0.2642 0.3317

650 0.2934 0.2271 0.3309

700 0.311 0.1868 0.3152

750 0.3249 0.1532 0.2817

800 0.3362 0.1277 0.2356

850 0.3305 0.1078 0.1873

900 0.327 0.0866 0.1385

950 0.2855 0.0781 0.1076

1000 0.242 0.0887 0.0964

Continued on next page

154



Table 10.3 – continued from previous page

Distance Profile L Profile D Profile S

1050 0.1091 0.1095

1100 0.2914

1150 0.1298

1200 0.1421

1250 0.1522

1300 0.1701

1350 0.2145

1400 0.2827

1450 0.3375

1500 0.1119

1550 0.2495

1600 0.2068

1650 0.1725

1700 0.15

1750 0.1378

1800 0.2439

1850 0.1382

1900 0.1536

1950 0.173

2000 0.1848

2050 0.1948

2100 0.1979

2150 0.1728

Continued on next page
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Table 10.3 – continued from previous page

Distance Profile L Profile D Profile S

2200 0.149

2250 0.1321

2300 0.1207

2350

2400

2450

2500

2550

2600

2650

2700
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