
Abstract Our understanding of the present-day state and evolution of the Canadian and Alaskan mantle is 
hindered by a lack of absolute P-wavespeed constraints that provide complementary sensitivity to composition 
in conjunction with existing S-wavespeed models. Consequently, cratonic modification, orogenic history of 
western North America and complexities within the Alaskan Proto-Pacific subduction system remain enigmatic. 
One challenge concerns the difficulties in extracting absolute arrival-time measurements from often-noisy data 
recorded by temporary seismograph networks required to fill gaps in continental and global databases. Using 
the Absolute Arrival-time Recovery Method (AARM), we extract >180,000 new absolute arrival-time residuals 
from seismograph stations across Canada and Alaska and combine these data with USArray and global arrival-
time data from the contiguous US and Alaska. We develop a new absolute P-wavespeed tomographic model, 
CAP22, spanning North America that significantly improves resolution in Canada and Alaska over previous 
models. Slow wavespeeds below the Canadian Cordillera sharply abut fast wavespeeds of the continental 
interior at the Rocky Mountain Trench in southwest Canada. Slow wavespeeds below the Mackenzie Mountains 
continue farther inland in northwest Canada, indicating Proterozoic-Archean metasomatism of the Slave craton. 
Inherited tectonic lineaments colocated with this north-south wavespeed boundary suggest that both the crust 
and mantle may control Cordilleran orogenic processes. In Alaska, fast upper mantle wavespeeds below the 
Wrangell Volcanic Field favor a conventional subduction related mechanism for volcanism. Finally, seismic 
evidence for the subducted Kula and Yukon slabs indicate tectonic reconstructions of western North America 
may require revision.

Plain Language Summary Our understanding of the plate tectonic history of North America is 
incomplete. Outstanding questions include: 1. Have ancient parts of the North American plate been modified 
over time or remained unchanged since assembly? 2. What processes produced the differing shape of the 
western Canadian Cordilleran Mountains along their length? 3. Can we image the old plate remnants that were 
recycled back into the mantle at subduction zones to better understand how North America was formed? We 
use earthquakes that produce P-waves, recorded at distant receivers, to seismically image the mantle below 
North America, including new data from Canada and Alaska for the first time. Slower-than-expected seismic 
wavespeeds that continue from the west coast inland toward north-central Canada suggest the ancient Slave 
Craton has been modified by chemical processes ≥500 million years ago. An abrupt seismic wavespeed 
boundary perpendicular to the Canadian Cordilleran Mountains suggests their shape may be controlled by 
pre-existing zones of weakness in the crust and mantle. Fragments of old tectonic plates, stuck in the mantle 
below western North America and Alaska, suggest our understanding of the final stages of assembly of modern 
North America requires revision.
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during Cordilleran orogenesis
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1. Introduction
1.1. Overview

P-wave wavespeed tomographic models (e.g., Burdick et  al.,  2017; Schmandt & Lin,  2014) can offer higher 
lateral resolution than their S-wave counterparts (e.g., Darbyshire et al., 2013; Schaeffer & Lebedev, 2014); they 
also offer complementary sensitivity to temperature and composition (Schutt & Lesher, 2006), providing a valu-
able diagnostic tool for the causes of mantle seismic heterogeneity. However, their utility for addressing tectonic 
questions is often limited by overlying seismic station distribution.

In North America, deployment of the USArray Transportable Array (TA) seismic network across the contigu-
ous United States has produced numerous new tectonic insights using seismic tomography (e.g., Schaeffer & 
Lebedev, 2014; Schmandt & Lin, 2014). However, the termination of the USArray deployment at or near the 
US-Canadian border, across which many significant geological boundaries traverse (Figure 1), has by compar-
ison, largely limited seismological insights into the Canadian mantle to regional studies using temporary seis-
mic networks (e.g., Mercier et al., 2009; Frederiksen et al., 2013; Bao et al., 2014; Boyce et al., 2016; Liddell 
et al., 2018; Y. Chen et al., 2019; Estève et al., 2019, 2020).

One successful attempt to combat the issue of tomographic resolution decay north of the USArray TA experiment 
incorporated absolute arrival-time measurements from temporary seismograph stations in southeast Canada into 
a continental scale P-wavespeed model including USArray data (Boyce et al., 2019). This study was able to inter-
pret along strike variations in anomaly amplitude in the Grenville Province in the context of metasomatic modifi-
cation of the edge of the Superior craton during protracted (≥300 Ma) Proterozoic subduction. Now however, the 
recent USArray deployment in Alaska and neighboring temporary deployments in northern and western Canada 
(Figure 2 and Figure S4 in Supporting Information S1) mean that there is scope to significantly extend coverage 
everywhere north of the US-Canada border, illuminating the mantle beneath the contiguous U.S., through Canada 
and into Alaska. A resulting improved whole mantle North American P-wave model will consequently allow 
the address of a number of fundamental tectonic questions in western North America analogous to those in the 
Precambrian eastern domains. The high lateral resolution of P-wave tomography offers distinct advantages over 
the numerous existing S-wave models there.

In western Canada, a first order geomorphic observation is that the southern Canadian Cordillera occupies a rela-
tively narrow band parallel to the coastline adjacent to the Precambrian interior, while farther north, the Macken-
zie Mountains distort the Cordilleran Deformation Front (CDF) farther to the east in an arcuate shape (Figure 1). 
The morphological change in the Canadian Cordillera (CC) is incompletely understood but is colocated with the 
transition from a “lower-plate” to “upper-plate” type margin (analogous to the footwall and hanging wall) during 
the asymmetrical rifting of Laurentia (<720 Ma; e.g., Lund, 2008) and is reflected by changes in other seismolog-
ical observables (Audet et al., 2016). Whether the surface geological expression of this transition extends below 
the crust is unconfirmed because until now such transfer zones have lacked a clear upper mantle expression in 
existing seismic tomographic models (e.g., Estève et al., 2019; Mercier et al., 2009; Schaeffer & Lebedev, 2014).

Further inland, the diamondiferous Archean Slave craton of northwestern Canada is flanked on the east and west 
by Proterozoic orogens (Figure 1) that are thought to have contributed to its modification through subduction 
driven metasomatism (e.g., C.-W. Chen et  al.,  2007; Aulbach et  al.,  2013; Eeken et  al.,  2018). However, the 
physical extent and compositional character of this modification is uncertain because petrological analyses are 
typically conducted on spatially limited xenolith samples (Aulbach et al., 2013; Heaman & Pearson, 2010) and 
variably resolving geophysical studies (Bostock, 1998; Bank et al., 2000; C.-W. Chen et al., 2007, 2009; Schaeffer 
& Lebedev, 2014; Eeken et al., 2018; Estève et al., 2019, 2020).

There is also scope for progress at mid-to-lower mantle depths. Models of the Mesozoic-to-Present subduction 
history of plates in western North America that formed the Proto-Pacific and their relation to the terminal forma-
tion of Alaska at ∼50 Ma suggest either dominantly eastward subduction below the North American plate in tradi-
tional reconstructions (e.g., Engebretson et al., 1985; Müller et al., 2019) or westward oceanic subduction below an 
offshore archipelago/ribbon continent west of North America (Johnston, 2008; Sigloch & Mihalynuk, 2017) prior 
to establishment of the modern-day regime. The newer theories (e.g., Clennett et al., 2020; Fuston & Wu, 2021; 
Sigloch & Mihalynuk, 2017) leverage high velocity anomalies (indicating cool subducted remnants) in the North 
American mid-mantle, some of which lie at the edge of present body wave tomographic model resolution (Burdick 
et al., 2017; Gou et al., 2019) meaning substantial debate remains (Clennett et al., 2020; Fuston & Wu, 2021).
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Here, we use the Absolute Arrival-time Recovery Method (AARM: Boyce et  al.,  2017) to extract >186,000 
absolute arrival-times from often-noisy temporary seismograph networks, to produce a North American P-wave 
tomography model (CAP22) with the highest resolution from the core-mantle boundary to the surface below 
Canada and Alaska to date. We focus our attention on tectonic processes at the margins of Precambrian domains 
in western Canada and new insights into subduction below Alaska.

1.2. Tectonic Setting

Continental North America comprises a collage of Archean cratonic blocks (>2.5 Ga) sutured by Proterozoic 
(2.5–0.6 Ga) collisional orogens, cross-cut by distinctive shear zones. The northwesterly craton amalgam includes 
the Slave craton (2.5–2.7 Ga), the Rae craton to the south east and the adjacent Hearne-Wyoming cratonic block 

Figure 1. (a) North American topography and physiographic provinces. Quaternary volcanism: dark red triangles. ArP: Arctic Plains, BnR: Basin and Range, BrR: 
Brooks Range, CbP: Columbia Plateau, CDF: Cordilleran Deformation Front (highlighted), ClP: Colorado Plateau, CP: Coastal Plain, CS: Canadian Shield, GrP: Great 
Plains, HB: Hudson Bay, IL: Central Interior Lowlands, IP: Canadian Interior Plateaus, JB: James Bay, MM: Mackenzie Mountains, MRM: Middle Rocky Mountains, 
NRM: Northern Rocky Mountains, NU: Nunavut, OO: Ozark-Ouachita Highlands, RMT: Rocky Mountain Trench, SI: Southampton Island, UP: Ungava Peninsular, 
WC: Western Coastal Pacific Ranges. (b) Simplified basement geology (adapted after: Whitmeyer & Karlstrom, 2007). AP: Appalachian Province, CCD: Canadian 
Cordillera, GR: Granite-Rhyolite Province, GP: Grenville Province, GSLsz: Great Slave Lake shear zone, HEA: Hearne craton, LLTZ: Liard Line Transfer Zone, 
MAZ: Mazatzal Province, MCR: Mid-Continent Rift, RAE: Rae craton, SLA: Slave craton, STZ: Snowbird tectonic zone, SUP: Superior craton, THO: Trans-Hudson 
Orogen, WYO: Wyoming craton, YAV: Yavapai Province. Plate boundaries: magenta lines. (c) Alaskan tectonic features. Magnitude mb ≥ 4.0 earthquakes 1971–2021: 
coral dots, Subducted Yakutat terrane: blue outline (after Eberhart-Phillips et al., 2006). Political boundaries; AL: Alaska, BC: British Columbia, NWT: North West 
Territories, YU: Yukon. Tectonic features; AA: Aleutian Arc, BS: Bering Sea, DF: Denali Fault, DVG: Denali Volcanic Gap, TF: Tintina Fault, WVF: Wrangell 
Volcanic Field.
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(Hoffman, 1988). The interspersed Proterozoic orogens within this tectonic assembly are scared by the Great 
Slave Lake shear zone intracontinental transform structure (e.g., Hanmer et al., 1992; Hoffman, 1987) and the 
∼3,000 km Snowbird Tectonic Zone (Berman et al., 2007; Hoffman, 1988, see Figure 1). During the Palaeopro-
terozoic Trans-Hudson Orogen (THO - Figure 1; Hoffman, 1988; St-Onge et al., 2006) the 2.6–3.6 Ga Superior 
craton (e.g., Hoffman, 1988; Card, 1990, see Figure 1) collided with the Slave-Rae-Hearne amalgam. The THO 
stretches >4,600  km from central North America to Greenland, with much of its remnants residing beneath 
Hudson Bay. Southeast of the Superior craton, the central North American Proterozoic terranes (1.8–1.3  Ga 
e.g., Whitmeyer & Karlstrom, 2007) are bounded to the east by the 1.3–0.9 Ga Grenville orogen (e.g., Z. X. Li, 
Bogdanova, et al., 2008; Rivers, 2009; Hynes & Rivers, 2010), and subsequently the coastal Appalachian terranes 
(Hatcher, 2005, 2010; Van Staal, 2005). Igneous intrusions throughout southeast Canada and the offshore New 
England seamount chain are related to the Mesozoic (∼190–110 Ma) Great Meteor hotspot (GMH; Sleep, 1990; 
Calvert & Ludden, 1999; Heaman & Kjarsgaard, 2000).

On the western side of the continent, the processes that led to the formation of the Cordilleran Orogen that 
stretches from California to the Alaskan Peninsula and abuts the stable continental interior are much less certain 
(e.g., Dickinson, 2004; Johnston, 2001, 2008; Monger, 1997; Sigloch & Mihalynuk, 2013). While only confident 
back to the mid-Cretaceous, traditional paleogeographic reconstructions based on ocean floor magnetic patterns 
and hot spot tracks (e.g., Engebretson et al., 1984; Engebretson et al., 1985) suggest that most of the building 
of the Cordillera was accommodated by a continual eastward subduction of ancestral Pacific lithosphere (e.g., 
Farallon plate) below western North America, in response to the opening of the Atlantic in the Jurassic. However, 
paleomagnetic studies show >3,000 km northward lateral displacement of Cordilleran rocks with respect to the 
stable North American interior (e.g., Beck & Noson, 1972), but geological evidence for such large offsets on 
currently known faults is lacking (e.g., Umhoefer, 2000), meaning the paleomagnetic measurements are challeng-
ing to reconcile with traditional plate reconstructions (e.g., Engebretson et al., 1984; Engebretson et al., 1985).

An alternative view suggests that the intraoceanic arcs and subduction complexes within the Cordillera are prod-
ucts of a two stage process in which (a) accretionary orogenesis in Triassic-Jurassic times resulting from westward 
subduction below an elongate continent or archipelago offshore western North America was followed by (b) conti-
nental collision of the elongate offshore terrane with North America and an outward stepping of subduction below the 
newly formed continental margin, below which subduction subsequently proceeded eastward (Johnston, 2001, 2008; 
Sigloch & Mihalynuk, 2013). This model allows for the large lateral displacements along the stable North American 
margin, better accounts for the distribution of subducted slabs in the North American mantle (e.g., Mezcalera and 
Angayucham slabs Sigloch & Mihalynuk, 2013; Sigloch & Mihalynuk, 2017; Clennett et al., 2020) and due to the 
presence of intraoceanic trenches, offers a more plausible explanation for Alaska's terminal formation at ∼85–50 Ma 
(e.g., Johnston,  2001,  2008), compared to traditional models. Lateral translation of linear arcs and subsequent 
oroclinal buckling can therefore account for the “Z”- shaped geometry of today's central Alaskan mountains.

1.3. Previous Tomographic Insights

1.3.1. North American Mantle: Shallow Structure

Global and continental scale P-wave models reveal fast wavespeeds (δVP > 1%) throughout the Canadian shield 
and much of the central US at lithospheric depths (e.g., Montelli et al., 2006; C. Li, Van der Hilst, et al., 2008; 
Simmons et al., 2012; Schmandt & Lin, 2014; Burdick et al., 2017). Fast wavespeeds continue eastwards toward 
the Grenville Province and are sharply bounded by slow wavespeeds below the younger and tectonically active 
regions in western North America. The location of the western boundary of fast wavespeeds is better constrained 
by prior tomographic models compared to that to the east (e.g., Montelli et  al.,  2006; C. Li, Van der Hilst, 
et al., 2008; Simmons et al., 2012). However, Boyce et al. (2019) were recently able to show fast wavespeeds 
continuing eastwards to the Appalachian front in Canada, but limited to west of the Grenville Front farther south 
in the US, using a continental scale model with a focus on eastern North America. In comparison to the contiguous 
US, resolution often decays significantly, northwards into Canada where station coverage is less dense. Within 
the slow shallow wavespeeds below active western North America, a striking linear fast wavespeed anomaly is 
often imaged from ∼40–50°N subparallel to the coastline at ∼122°W, dipping to the east. This feature is typically 
associated with Juan de Fuca slab descent in the Cascadia subduction zone (e.g., Schmandt & Lin, 2014).

Early North American shear wavespeed models (e.g., Bedle & Van der Lee,  2009; Frederiksen et  al.,  2001; 
Grand, 1987; Nettles & Dziewonski, 2008; Van der Lee & Frederiksen, 2005) indicate fast wavespeed lithosphere 
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extends to 250–400 km depth, but show variable spatial correlation with surface tectonic domains. More recent 
surface wave models reveal fast wavespeeds (δVS > 4%) throughout the lithosphere (to ∼250 km depth) in the 
Canadian shield including the Archean Superior, Rae, Hearne and Slave cratons and adjoining Proterozoic 
domains. Fast wavespeeds continue eastwards throughout the Proterozoic Grenville Province, especially at shal-
lower lithospheric depths (≤100 km; Yuan et al., 2014; Schaeffer & Lebedev, 2014). Lower wavespeeds in the 
east are confined to the coastal Appalachian terranes where the lithosphere is thinner (Grand, 1987; Schaeffer 
& Lebedev, 2014). In the west, slow wavespeeds exist at upper mantle depths below the tectonically active US 
and Canadian Cordillera with the transition to the fast wavespeed interior closely following the Rocky Moun-
tain Trench (RMT) and Cordilleran Deformation Front (CDF) from central America to northern Alaska (e.g., 
Schaeffer & Lebedev, 2014).

Careful attention has been paid to the location of lithospheric scale boundaries in regional scale seismic models 
(e.g., Bastow et al., 2015; Liddell et al., 2018). For example, in western Hudson Bay, Liddell et al. (2018) reveal 
no clear evidence for wavespeed variation between Paleoarchean Rae and Mesoarchean Hearne across the Snow-
bird Tectonic Zone (STZ). In eastern Canada, Boyce et al.  (2016) revealed reduced seismic wavespeeds with 
decreasing tectonic age toward the coast between the Archean Superior, Proterozoic Grenville and Phanerozoic 
Appalachian terranes. In southwestern Canada, body waves have also been used to image the sharp transition 
from low-to-high wavespeeds below the RMT that may vary in dip direction along strike (Mercier et al., 2009; Y. 
Chen et al., 2018, 2019). In northwestern Canada, Estève et al. (2019, 2020) indicate that lower shallow mantle 
wavespeeds may continue to the east of the CDF, where the Archean Slave craton may have undergone metaso-
matic modification. However, these suggestions are difficult to confirm using relative arrival-times alone.

1.3.2. Alaskan Mantle

Broad-scale seismic tomographic models have typically lacked fine-scale resolution in Alaska, but as the 
USArray TA network expanded, a suite of new models arose (e.g., Burdick et al., 2017; Gou et al., 2019; Jiang 
et al., 2018; Martin-Short et al., 2016; Martin-Short et al., 2018). These studies typically reveal a fast wavespeed 
anomaly sub-parallel to the North America-Pacific plate boundary below the Alaskan peninsula. This anomaly, 
usually associated with the Alaskan slab, dips to the north, steepening to the east and terminates below south 
central Alaska with a sharp kink (e.g., Burdick et al., 2017; Martin-Short et al., 2016), below the proposed loca-
tion of the eastern boundary of the Yakutat terrane. East of the Yakutat terrane lies the Wrangell Volcanic Field 
(WVF), whose provenance has been debated (e.g., Jadamec & Billen, 2010). Earlier studies conclude that there 
is little evidence for slab material below the WVF (e.g., Martin-Short et al., 2016, 2018; Qi et al., 2007; Wang 
& Tape, 2014), while more recent work suggests the extension of subducted material east of the Yakutat below 
the WVF (e.g., Daly et al., 2021; Gou et al., 2019; Jiang et al., 2018; Mann et al., 2022). Consensus shows the 
Alaskan slab has flattened in the lower mantle transition zone (∼660 km depth; e.g., Qi et al., 2007; Burdick 
et al., 2017), which is also confirmed by receiver function analysis of the mantle transition zone (van Stiphout 
et al., 2019).

Many previous Alaskan tomographic studies suffer resolution loss at greater than ∼400–600 km depth and toward 
northern Alaska due to a historical lack of station coverage. Consequently, only broad-scale and/or recent tomo-
graphic models resolve deeper fast wavespeed anomalies that hold clues to past subduction geometries (e.g., 
Clennett et al., 2020; Fuston & Wu, 2021). Based on published tomographic models, below northeast Alaska 
and northwest Yukon, Fuston and Wu (2021) suggest the presence of a “Yukon slab” detached from the main 
Alaska slab at ∼300–500 km depth. Presently this feature is difficult to interpret alongside evidence for a deeper 
fast wavespeed anomaly offshore southern Alaska at ∼800–1,500 km depth (e.g., Burdick et al., 2017; Hosseini 
et al., 2019), that instead may arise from Cretaceous intra-oceanic subduction south of Alaska (e.g., Clennett 
et al., 2020).

1.3.3. North American Mantle: Transition Zone and Below

Below a substantial portion of the contiguous US, fast wavespeeds extending laterally, centered at ∼600 km depth 
are commonly interpreted as the flattening of the Farallon slab in the mantle transition zone following subduc-
tion below the western North American margin (e.g., Burdick et al., 2017; Grand, 1987; Schmandt & Lin, 2014; 
Sigloch, 2011). Deeper still, fast wavespeed anomalies extending vertically at various depths between 800 and 
1,800 km were interpreted in the classical framework as deep continuation of Farallon eastward subduction (e.g., 
Sigloch, 2011). As discussed in Section 1.2, recent higher resolution imaging of deep mantle fast wavespeed 
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anomalies has reignited debate concerning the provenance of such proposed slab remnants (Clennett et al., 2020; 
Sigloch & Mihalynuk, 2013, 2017).

2. Body Wave Mantle Seismic Tomography
2.1. Absolute Arrival-Time Residuals

To constrain absolute P-wavespeeds throughout the mantle at continental scales, global and regional absolute 
arrival-time data sets are required to resolve both subducted slabs (e.g., Sigloch, 2011) and lithospheric bound-
aries (e.g., Boyce et al., 2019). We use the global “EHB” database (Engdahl et al., 1998) recorded from 1964 to 
2004 (e.g., C. Li, Van der Hilst, et al., 2008) and USArray Transportable Array (TA) data recorded from 2004 to 
2020 (updated from Astiz et al., 2014; Burdick et al., 2017) providing absolute arrival-time picks for phases P, Pn, 
Pg, pP, PKP, and PKIKP (see Figures S1–S3 in Supporting Information S1). Canadian station distribution within 
the global database is sparse and a great number of networks in Alaska are rarely used, so we supplement EHB 
and TA data with other temporary networks in Canada and Alaska. Data from station networks active during the 
period 2005–2020 were accessed via IRIS and the Canadian National Data Center databases. We exclude stations 
associated with glacial monitoring to avoid possible travel-time inaccuracies.

Seismic data are extracted from the following specific networks, with more details available in the Open 
Research Section and Supporting Information S1: AK-1987 (Alaska Earthquake Center, Univ. of Alaska Fair-
banks, 1987; D’Alessandro & Ruppert, 2012), AT-1967 (NOAA National Oceanic and Atmospheric Adminis-
tration (USA), 1967; Oppenheimer et al., 2005), AV-1988 (Alaska Volcano Observatory/USGS, 1988; Dixon 
et al., 2013), CN-1975 (Natural Resources Canada (NRCAN Canada), 1975; North, 1994; Bent et al., 2019), 
C8-2002 (Natural Resources Canada (NRCAN Canada),  2002), EO-2018 (University of Calgary (U of C 
Canada),  2018; Boggs et  al.,  2018), GM-2016 (U.S. Geological Survey,  2016; Ringler et  al.,  2021), II-1986 
(Ringler et  al.,  2021; Scripps Institution of Oceanography,  1986), IM-1965 (Ringler et  al.,  2021; Various 
Authors, 1965), IU-2014 (Albuquerque Seismological Laboratory/USGS, 2014; Ringler et al., 2021), NY-2013 
(University of Ottawa (uOttawa Canada),  2013; Estève et  al.,  2020), OO-2013 (Rutgers University,  2013), 
PO-2000 (Eaton et  al.,  2004; Geological Survey of Canada,  2000; Snyder et  al.,  2003), PN-1998 (Indiana 
University Bloomington (IU Bloomington), 1998), RV-2013 (Alberta Geological Survey / Alberta Energy Regu-
lator,  2013; Schultz et  al.,  2015), TD-2013 (TransAlta Corporation,  2013; Cui & Atkinson,  2016), US-1990 
(Albuquerque Seismological Laboratory (ASL)/USGS, 1990; Ringler et al., 2021), XL-2017 (McGill University 
(Canada), 2017; Roth et al., 2020), XM-2011 (Keranen, 2011), XN-2003 (Gaherty & Revenaugh, 2003; Mercier 
et al., 2009), XO-2018 (Abers et al., 2018; Barcheck et al., 2020), XR-2004 (Song & Christensen, 2004), XV-2007 
(Larsen & Truffer, 2007), XY-2005 (Calkins et al., 2010; Dueker & Zandt, 2005), XZ-2005 (Berger et al., 2008; 
Hansen & Pavlis, 2005), X5-2007 (University of Bristol (UK), 2007; Bastow et al., 2015), X9-2012 (Nabelek 
& Braunmiller,  2012), YO-2016 (Yukon Geological Survey,  2016; Estève et  al.,  2019), Y5-2006 (University 
of Alberta (UAlberta Canada), 2006; Gu et al., 2011), ZE-2015 (Tape et al., 2015, 2017), Z5-2013 (Nabelek & 
Braunmiller, 2013), 1E−2018 (Natural Resources Canada (NRCAN Canada), 2018; Babaie Mahani et al., 2019), 
2K-2014 (Schultz et al., 2014, 2020), 7A-2010 (Woods Hole Oceanographic Institution (WHOI), 2010), 7C-2015 
(Baker et al., 2020; Schutt & Aster, 2015), 7D-2011 (IRIS OBSIP, 2011; Toomey et al., 2014).

To obtain absolute arrival-time picks from often noisy regional temporary deployments we follow the two-step 
approach outlined by Boyce et al. (2019, 2021). First, networks are split into sub-regions of less than a few thou-
sand kilometers aperture (Figure S4 in Supporting Information S1); Alaska OBS (Alaskan Ocean-Bottom Seis-
mometers ALO), Alaska land-stations (ALS), Alaska volcano network (ALV), Hudson Bay (HSB), Northwest 
Canada (NWC), Southwest Canada (SWC), Western US—Cascadia—OBS (WUO). Data processing within each 
sub-region is near identical to ensure compatibility of final picks, the only differences being where we capitalize on 
previously processed relative arrival-time data sets where available (Estève et al., 2020; Liddell et al., 2018). We 
calculate relative arrival-times separately within each region using Multi-Channel Cross-correlation (VanDecar 
& Crosson, 1990) for all sub-regions excluding NWC and HSB. For NWC we repick the relative arrival-times of 
Estève et al. (2020) spanning 2002–2018 but exclude the USArray TA data (because we take these picks from the 
TA data set), to ensure compatibility with our processing. We take directly the relative arrival-times of Liddell 
et al. (2018), calculated following Rawlinson and Kennett (2004), spanning 2004–2015 into step two. In step two, 
we apply the AARM (Boyce et al., 2017) to each sub-region data set to obtain absolute arrival-time picks compat-
ible with EHB and TA databases. In this approach, we optimally stack the unfiltered raw data based on alignments 
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derived from the relative arrival-time step to reveal the first-break or onset time of the P-wave above the noise 
on the resulting high SNR stack. This enables accurate absolute arrival-times to be extracted for each station 
across the sub-region. For further information on the details of this procedure, please see Supporting Informa-
tion S1 (Figures S4–S18 in Supporting Information S1) and previous work (Boyce et al., 2017, 2019, 2021). For 
completeness, we include the 16,397 absolute arrival-time picks of Boyce et al. (2019) in southeastern Canada. 
Our total absolute arrival-time data set comprises 202,719 picks from temporary seismograph stations across 
Canada and Alaska.

Travel-time data are corrected for Earth's ellipticity using the formulation of Kennett and Gudmundsson (1996) and 
station elevation accounting for ray incidence angles. Figure 2 shows mean P-wave absolute arrival-time residuals 
with respect to ak135 (Kennett et al., 1995). While absolute arrival-times document wavespeed variations along 
the entire ray path, first order trends resulting from upper mantle structure can be uncovered when large data sets 
are averaged over a broad back azimuthal distribution. Earlier arrivals are observed throughout the Precambrian 
continental US, west of the Grenville Front, up to the active western region where residuals are typically delayed 
or around the global mean. Mean station residuals show early arrivals that dominate southeast Canada (Boyce 
et al., 2019) and continue northwards of Hudson Bay (∼−1 s) with little spatial variation. In southwest Canada, 
west of the CDF below the Canadian Cordillera, residuals are often around the global mean to slightly delayed 
(∼0–0.75 s). East of the CDF, residuals are typically earlier than expected (≤−0.75 s), in agreement with Y. Chen 
et al. (2018). A marked change in residuals is observed approximately coincident with the LLTZ and GSLsz in 
northwest Canada. North of this boundary, delayed arrivals are observed both west of the CDF below the Cordil-
lera and also continuing beyond the CDF to the east through the Proterozoic orogens (up to 1.75 s delay), toward 
the Slave craton (∼0.75 s delay). By contrast, residuals below the northern Mackenzie Mountains are of opposite 
sign (−1.0–0 s). The TA data set reveals low amplitude residuals throughout western Yukon, northern and central 
Alaska. In southern Alaska and along the Aleutian Arc, residuals are often earlier than expected (∼1.5 s).

2.2. Absolute P-Wavespeed Tomographic Inversion

Prior to tomographic inversion, we undertake two final processing steps. Firstly, the potentially significant impact 
of the crust (e.g., Waldhauser et al., 2002) is accounted for using the 1° × 1° degree resolution North American 

Figure 2. (a) Temporal distribution of new arrival-time measurements used in this study. (b) Mean P-wave absolute arrival-
time residuals derived from the following databases: EHB (C. Li, Van der Hilst, et al., 2008); USArray TA (updated from 
Burdick et al., 2017), BBNAP19 (Boyce et al., 2019); new CAP22 data set added here. Residuals are corrected for Earth's 
ellipticity and station elevation. Structural boundaries as in Figure 1.
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crustal model NACr14 (Tesauro et al., 2014). We wish to avoid the introduction of artifacts at boundaries in 
coverage that may result from using other regional or bespoke patchwork crustal models. We project NACr14 
onto the parameterized inversion grid, propagate rays through this crustal model and remove the arrival-time 
residual produced by the crust from the data. Secondly, to limit the impact of converging lines of longitude at high 
latitudes, we employ a coordinate transformation to translate our study region to equatorial latitudes resulting in 
regular grid cell shapes throughout North America (See Figure S19 in Supporting Information S1).

Absolute P-wave arrival-time data are inverted for slowness perturbations with respect to ak135 and hypocenter 
mislocation parameters following the iterative, linearized, least squares inversion approach of C. Li, Van der Hilst, 
et al. (2008); Burdick et al. (2017). Theoretical travel times and ray paths are calculated by ray tracing through 
the spherically symmetric (1-D) ak135 reference model Kennett et al. (1995), prior to clustering into weighted 
composite rays according to station and earthquake density (Kárason & Van der Hilst, 2001). The size of an event 
cluster in our composite ray approach can approach a maximum of 26.1 km in latitude and longitude, and 15.1 km 
in depth, far greater than anticipated uncertainties in the earthquake catalog. Subsequently, the cells within the 
regularly parameterized global grid (45 km in depth, 0.35° in latitude and longitude) are combined with adja-
cent cells according to ray density (minimum 900 rays per cell; Figure S20 in Supporting Information S1). Our 
approach minimizes the cost function:

𝜖𝜖 = 𝑤𝑤‖𝐺𝐺𝐺𝐺 − 𝑑𝑑‖
2
+ 𝜆𝜆1‖𝐿𝐿𝐺𝐺‖

2
+ 𝜆𝜆2‖𝐺𝐺‖

2
. (1)

Differences between the observed data d and predictions, estimated by the sensitivity matrix G and model, 
m, are weighted by w in the first term. Use of the infinite frequency approximation means G consists of the 
length of each composite ray in each cell and partial derivatives for hypocentral parameters (e.g., Kárason & 
Van der Hilst, 2001; Nolet, 1987; Spakman & Nolet, 1988). We give AARM derived data sets three times greater 
weighting than EHB and TA data sets following Boyce et al. (2019) to compensate for the different sizes of each 
data set. The inversion is regularized by a first derivative smoothing constraint in both horizontal and vertical 
directions (L - second term) and is damped by the model norm (third term). Trade-off analysis is used to choose 
the weights for these terms λi (Figure S21 in Supporting Information S1). We systematically vary the horizontal 
gradient smoothing (Figure S21a in Supporting Information S1), the vertical gradient smoothing (Figure S21b in 
Supporting Information S1), and both together to select an appropriate model close to the bend in the trade-off 
curve, although we prefer a smoother model to better mitigate the effects of data sets of differing size and weights 
across the US-Canada border specifically. The model damping parameter has very limited impact on the result-
ing model around the bend in the trade-off curve. We run 400 iterations although the inversion converges well 
beforehand. The standard deviation of cluster hypocentral mislocation terms resulting from inversion are 0.74° in 
longitude, 0.87° in latitude, 1.01 km in depth, and 1.03 s in time.

2.3. Tomographic Resolution Assessment

We conduct checkerboard tests appropriate for continental and Alaskan scales (Figures 3 and 4, Figures S22–S24 
in Supporting Information S1) and a continental synthetic structural test (Figure 5) motivated by the distribution 
of absolute arrival-time residuals (Figure 2) and our final inversion. For checkerboard test inputs, we distribute 
alternating δVP = ±2% wavespeed anomalies of 300 km thickness and 1°–10° width throughout the model space 
centered at 200, 500 and 800 km depth. We calculate arrival-time residuals through synthetic wavespeed models, 
using identical ray paths to the observed data. Based on estimated absolute arrival-time pick errors (Figures 
S12–S18 in Supporting Information S1), we add 0.2 s standard deviation Gaussian noise to the synthetic data 
before inversion.

Throughout the contiguous US and Alaska, anomalies of 5° width show excellent spatial recovery at all depths 
(>75% amplitude, Figure 3). Compared to the eastern coastline, anomalies off the west coast of the US/Canada 
and southern Alaska display improving recovery with depth, aided by offshore OBS station deployments. In 
western Canada, recovery of 5° anomalies is also good (>40% amplitude) below station coverage. Central 
and northeastern Canada displays weaker recovery of 5° anomalies at 200 km depth but anomalies are located 
reasonably well in southeastern Canada. Below Alaska, western Canada and the contiguous US, the boundaries 
between 10° anomalies are accurately recovered at 200–800 km depth with anomaly amplitude recovery largely 
>40% below the continental region (Figure S22 in Supporting Information S1). Recovery of anomalies below 
Hudson Bay and northeast and central Canada is weak at 200–500 km depth where anomalies exhibit some lateral 
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smearing. All checkerboard anomalies below central Canada are better recovered at 800 km depth. Depth resolu-
tion throughout the continental US is good with very limited vertical smearing of anomalies (<100 km; Figure 3, 
Figure S22 in Supporting Information S1).

Lateral resolution of 2°–3° anomalies below Alaska and the Alaskan peninsula (200–500 km depth) is excellent 
with amplitude recovery typically >70% (Figure 4 and Figure S23 in Supporting Information S1). Amplitude 

Figure 3. Checkerboard resolution tests using δVP = ±2.0% input wavespeed anomalies of 5° width. Positive and negative input anomalies arranged in an alternating 
grid at 200, 500 and 800 km depth are displayed in map (a) and cross section along the W-E profile (e). Visual defects within the input anomaly model result from a 
coarse adaptive grid in poorly sampled regions (Figure S20 in Supporting Information S1). Recovered anomalies (b–d, f) are displayed on the same color scale as the 
input.
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Figure 4. Checkerboard resolution tests shown for Alaska using δVP = ±2.0% input wavespeed anomalies of 3° width. Positive and negative input anomalies arranged 
in an alternating grid centered at 200, 500 and 800 km depth are displayed in map view (a). Visual defects within the input anomaly model result from a coarse adaptive 
grid in poorly sampled regions (Figure S20 in Supporting Information S1). Recovered anomalies (b–h) are displayed on the same color scale as the input. We use the 
same cross-sections as Figure 11 to assist comparison.
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recovery decreases slightly toward the north and below 500 km depth. Lateral resolution of 3° anomalies in west-
ern Yukon matches that found in Alaska but decays for anomalies of 2°. Vertical resolution below south-central 
Alaska is excellent for 2°–3° anomalies but worsens elsewhere. Figure S24 in Supporting Information S1 shows 
lateral resolution may approach 1° in the upper mantle below south central Alaska.

Structural resolution testing (Figure 5) shows anomaly amplitude recovery at lithospheric depths in US is >60%, 
with excellent lateral resolution of wavespeed boundaries, although wavespeeds do smear laterally away from 

Figure 5. Structural resolution test for North America based on approximate fast and slow wavespeed anomalies in the upper 
mantle (0–200 km depth) and simple subducted slabs in the upper (0–400 km depth) and mid-to-lower (900–1,900 km depth) 
mantle of the CAP22 tomographic model. Input slab anomalies: S-Al: Alaskan slab, S-Ca: Cascadia slab, S-Ku: Kula slab, 
S-Fa: Farallon slab, S-An: Angayucham slab, S-Me: Mezcalera slab. Visual defects within the input anomaly model result 
from a coarse adaptive grid in poorly sampled regions (Figure S20 in Supporting Information S1). Input anomaly amplitudes 
are δVP = ±2.0%. Input-Output pairs are displayed in map (a–f) and cross section (g–r). Cross section locations (U–Z) are 
shown in (a).
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the coast. Vertical smearing is also relatively limited in extent (100–200 km). Spatial recovery of input slab 
anomalies S-Al and S-Ca is also good at shallow depth below the continent, but fast wavespeeds are smeared 
laterally to the south from S-Al from below the Alaskan peninsula and Aleutian Arc (Figures 5d and 5k). Vertical 
smearing of anomaly S-Ca (0–400 km depth input) is ∼100 km. Below much of Canada, amplitude recovery of 
fast and slow anomalies is >40% but decays below central and northern regions where station density is sparse. 
Lateral recovery of lithospheric depth wavespeed boundaries is also good below Canada but some short wave-
length heterogeneity is smoothed laterally, for instance in northwestern Canada. Fast wavespeeds are smeared 
laterally across Hudson Bay. Lithospheric scale anomalies (0–200 km depth input) can be vertically smeared to 
below 400 km depth across Canada but smeared amplitudes decay significantly with depth. At ∼1,000 km depth, 
mid-mantle input slab anomalies S-Ku and S-Fa exhibit good recovery with amplitudes >80%, however the 
southwestern-most extent of S-Ku is uncertain (Figures 5e and 5j). Below 1,000 km depth, lower mantle input 
slab anomalies S-An and S-Me are well recovered (amplitudes >60%) but smear more strongly laterally than 
vertically (Figures 5f, 5j–5l, 5p–5r).

While the imperfect nature of checkerboard tests is well documented (Rawlinson & Spakman, 2016), they can 
be used to quantitatively ascertain which regions within CAP22 are resolved at a given length scale using the 
approach of Burdick et al. (2014). The input 5° checkerboard model, m0, is compared to the recovered model, m, 
to define a resolving power R:

𝑅𝑅 =

[
(𝑚𝑚 − 𝑚𝑚0)

𝑇𝑇
𝑊𝑊 (𝑚𝑚 − 𝑚𝑚0)

]1∕2

(
𝑚𝑚

𝑇𝑇

0
𝑊𝑊𝑚𝑚0

)1∕2 . (2)

W defines a Gaussian function that smoothly weights the contribution from adjacent cells in the 5° checkerboard. 
Resolved regions are found where R > 0.25 and thus regions outside this are grayed out (e.g., Figures 6–8). 
From our tests we conclude that lateral resolution is sufficient to resolve lithospheric scale wavespeed bounda-
ries throughout the contiguous US, Alaska, western and southeastern Canada and broad-scale mid-mantle slab 
remnants. In Section 3.2 we specifically discuss features resolved by newly added temporary network data rather 
than by EHB and TA data sets.

3. Results and Comparisons With Previous Studies
3.1. Tomographic Results

At upper mantle depths (≤300 km), the Precambrian interior of North America is dominated by fast wavespeeds 
(δVP > 0.5%) in CAP22 (Figures 6 and 7). The Appalachians, Coastal Plains, and tectonically active regions west 
of the Great Plains, are broadly characterized by slow wavespeeds (δVP < −0.75%). Fast wavespeed anomalies are 
interspersed between locations of Cenozoic volcanism or are associated with the Cascadia subduction system. At 
greater depth (600–1,800 km), distinct fast wavespeed anomalies (Figures 8 and 9) are likely products of complex 
subduction associated with the westward drift of North America since the Cretaceous (e.g., Clennett et al., 2020; 
Engebretson et al., 1985; Sigloch & Mihalynuk, 2013). In the subsequent sections we focus on Canada and Alaska 
where new data provide significant resolution improvement over earlier studies.

3.1.1. Canada

Upper mantle wavespeeds in CAP22 (Figures 6 and 7) broadly reflect the distribution of absolute arrival-time 
residuals across Canada (Figure 2). The wavespeed pattern is largely independent of the crustal model used (e.g., 
NACr14, CRUST1.0; Laske et al., 2013; Tesauro et al., 2014), only amplitudes change appreciably when crustal 
models are varied.

In southeast Canada, fast wavespeeds are imaged throughout the upper mantle below the Superior craton, with 
wavespeeds decreasing through the Grenville Province and into the Appalachians toward the coast where slow 
wavespeeds are more prevalent. Fast wavespeed amplitudes within the Superior are muted below the Great 
Meteor Hotspot track west of James Bay (Figure 6). Low station density in northeast Canada inhibits good reso-
lution of detailed structures but CAP22 displays broad fast wavespeeds in northern Hudson Bay stretching from 
Nunavut, across Southampton Island into the Ungava Peninsula and northern Superior (δVP > 0.4%; Figures 6, 7 
and 10). Likely due to some vertical smearing, fast wavespeeds in eastern Canada extend below an apparent depth 
of ∼400 km. In central Canada, below large parts of the THO and Hearne craton, stations are lacking thus we 
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choose not to interpret wavespeed variations in these poorly resolved regions at upper mantle depths. At greater 
depth (∼1,200–1,800 km), a broad fast wavespeed anomaly (δVP > 0.3%) oriented northwest-southeast continues 
from the Appalachian coast toward northwest Canada (Figures 8 and 9).

North of the Cascadia subduction system, below the Cordillera in southwest Canada, slow wavespeeds 
(δVP < −0.5%) continue inland from the coast terminating abruptly at the RMT, east of which wavespeeds 
are fast (0.5% ≤ δVP ≤ 1.0%) below Precambrian domains at upper mantle depths (∼100–300 km; Figures 6 
and 7). Below the RMT in southwest Canada, the slow-to-fast wavespeed boundary dips slightly westward 
(Figures 10b and 10d). Below the shallow mantle, correlations with lithospheric scale boundaries are lost 
and patches of slow and fast wavespeeds are found, transitioning into slow wavespeeds at mid-mantle depths 
(>1,000 km; Figures 8  and 9). Slow upper mantle wavespeeds exist below the CCD and MM in northwest 
Canada (δVP < −0.5%), but instead of terminating at the RMT or Tintina fault, continue beyond the CDF in 
the southern Mackenzie Mountains, eastwards through Proterozoic orogenic belts toward the Slave craton 
(Figures 6 and 7). This wavespeed transition occurs north of the GSLsz, at the LLTZ. Peak slow wavespeeds 
below the central Slave craton occur at 100 km depth (δVP ≈ −0.3%) but reduce in anomaly amplitude with 
depth, and are extinguished below 200 km depth. By contrast, the transition to fast wavespeeds (δVP ≥ 0.3%) 
occurs closer to CDF in the northern Mackenzie Mountains of northwest Yukon and Northwest Territories 
(NWT—see Figures 1c and 11) at 100–300 km depth. Below the upper mantle, slow wavespeeds are also 
broadly distributed in northwest Canada but are interrupted by a fast wavespeed elongate anomaly that contin-
ues from northern British Columbia offshore to the southwest (∼600–800 km depth). This feature broadens 
and continues to the west at greater depth (∼1,000–1,200  km, δVP  >  0.5%; Figure  8) offshore southern 
Alaska. At ∼1,200–2,000 km depth, CAP22 resolves the western limit of the broad fast wavespeed anomaly 
orientated northwest-southeast (δVP > 0.3%) extending between southeastern Canada and northern Yukon 
(Figure 9).

Figure 6. CAP22 tomographic model at 150 km depth, plotted as deviation from ak135 over topographic shading. Gray areas 
are unresolved according to recovery of 5° checkerboard anomalies (following Burdick et al., 2014, See Section 2.3). AF: 
Appalachian Front, AL-S: Alaskan slab, AP: Appalachian Province, CDF: Cordilleran Deformation Front, EXP: Explorer 
plate, GDA: Gorda plate, GF: Grenville Front, GP: Grenville Province, GSLsz: Great Slave Lake shear zone, JDF: Juan de 
Fuca plate, LLTZ: Liard Line Transfer Zone, MC: Possible location of Mackenzie Craton, QCF: Queen Charlotte Fault, RMT: 
Rocky Mountain Trench, SLA: Slave craton, STZ: Snowbird tectonic zone VI: Vancouver Island. Other structural boundaries 
as Figure 1.
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3.1.2. Alaska

Shallow mantle wavespeeds in western to northeastern Alaska are predominantly slow (−0.5% ≥ δVP ≥ −1.5%) 
with the most pronounced fast wavespeed anomaly occurring at 100 km depth below central Alaska and the 
Brooks Ranges. In south-central Alaska at upper mantle depths, fast wavespeeds (δVP > 0.5%) are broadly distrib-
uted with a possible gap in fast wavespeeds below the Yakutat terrane at 200 km depth (Figures 11b and 11e) 
that interrupts the line of recent volcanism at the DVG. To the west, the subducting Pacific plate is delineated 
by a fast wavespeed arcuate anomaly, sub-parallel to the trench. This anomaly is broadly continuous in depth 
(100–400 km). At ∼400 km depth, low-amplitude, fast wavespeed anomalies (δVP ≈ 0.25%) also exist below 
northwest Alaska and also northeast Alaska/northwest Yukon and NWT (Figures 11c and 11f). At ∼600 km 
depth, fast wavespeeds are less continuous below the Aleutian arc but spread laterally below southwest Alaska 
and Bering Sea (Figures 11d, 11g and 11h).

3.2. Data Set Contributions

We analyze the contribution of “EHB-TA” data compared to temporary network data (unique to CAP22 and 
Boyce et al., 2019, “CAP22–only”) in facilitating resolution of features throughout the mantle. We perform two 

Figure 7. CAP22 tomographic model at upper mantle depths of 100–400 km (a–d), plotted as deviation from ak135. Gray regions are unresolved according to recovery 
of 5° checkerboard anomalies (following Burdick et al., 2014, See Section 2.3). Structural boundaries as Figure 1.
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further inversions using only these data (Figure 12) using the same parameterization and regularization as the 
final model rather than optimizing inversion parameters in each case (Section 2.2). We also perform a resolution 
test using 5° checkerboards with each data set.

Recovery of the checkerboard test (Figure 12) shows that the contiguous US and Alaska are very well resolved 
by the “EHB-TA” data, but resolution decays abruptly north of the US-Canadian border. “CAP22–only” data are 
required to resolve wavespeeds in Canada, particularly below denser station coverage in the west and southeast. 
Without the “CAP22–only” data, the final inversion is unable to reliably image the upper mantle wavespeed tran-
sition that follows the RMT in southwest Canada and deviates inland beyond the CDF toward the Slave Craton 
in northwest Canada. Structural complexities within the arcuate fast wavespeed anomaly in southern Alaska are 
only revealed by the “EHB-TA” data, while the “CAP22–only” data captures smoother structure.

Despite the increased weighting given to CAP22 data, the “EHB-TA” data are likely to dominate the inversion 
below most of North America at mid-mantle depths (800–1,200 km). Interestingly, the “CAP22–only” data inver-
sion reveals striking smooth fast wavespeed structures that are significantly more patchy within the “EHB-TA” 
and final inversions. At 800 km depth, a broad fast wavespeed anomaly (δVP > 0.25%) stretches from Hudson 
Bay southward to the Gulf of Mexico indicating some flattening of a fast wavespeed anomaly at this depth. 
This wavespeed signature is incoherent when “EHB-TA” data are used. At greater depth (1,000–1,200 km) the 

Figure 8. CAP22 tomographic model at mid mantle depths of 600–1,200 km (a–d), plotted as deviation from ak135. Gray regions are unresolved according to recovery 
of 5° checkerboard anomalies (following Burdick et al., 2014, See Section 2.3). KU-S: Kula slab, AN-S: Angayucham slab, ME-S: Mezcalera slab.
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fast wavespeed anomalies aligned north-south below eastern North America and aligned southeast-northwest 
centered below western Hudson Bay are substantially smoother when imaged with “CAP22-only” data compared 
to when including “EHB-TA” data. The southeast-northwest aligned anomaly is not well recovered by “EHB-TA” 
data alone. Finally both “EHB-TA” and “CAP22-only” data inversions reveal the fast wavespeed anomaly below 
southwest Yukon and offshore southern Alaska (1,000–1,200 km depth).

3.3. CAP22 Compared With Previous Studies

3.3.1. Canada

Figure 13 compares CAP22 to four global P-wave models that capture wavespeed variation throughout North 
America: PRI-P05 (Montelli et al., 2006), MIT-P08 (C. Li, Van der Hilst, et al., 2008), LLNL-G3Dv3 (Simmons 
et  al.,  2012), DETOX-P2 (Hosseini et  al.,  2019). Within the contiguous US upper mantle, although ampli-
tudes differ, the pattern of wavespeed variation is broadly similar across all models. Specifically, the location 
of the slow-to-fast wavespeed transition separating the active western US from the stable Precambrian interior 
shows good agreement. However, in Canada, substantial differences exist. Previous models do not show slow 
P-wavespeeds east of the CDF and beneath the Slave craton in northwest Canada, likely due to limited station 
coverage. Despite data differences, at ≥1,000 km depth CAP22 is largely similar to previous models (Figure 13). 

Figure 9. CAP22 tomographic model at lower mantle depths of 1,400–2,000 km (a–d), plotted as deviation from ak135.
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Previous P-wave models using USArray TA data that focused on the contiguous US (e.g., Burdick et al., 2017; 
Schmandt & Lin, 2014) are similar to CAP22 at ≤250 km depth.

As far as we are aware, only the study of Boyce et al. (2019) has previously made a concerted attempt to address 
the drop in P-wavespeed resolution resulting from the termination of the USArray TA at or near the US-Canadian 
border, across which many significant geological boundaries traverse. Through improved resolution of the entire 
Grenville Province, evidence for higher wavespeeds at ≤ 150 km depth in the Proterozoic-and-older Canadian 
Grenville, compared to that in the younger US Grenvillian lithosphere farther south, was interpreted as variable 
subduction derived lithospheric modification modulated by the age/refractory nature of overlying lithosphere 
(Boyce et al., 2019). Likely resulting from improved crustal corrections prior to inversion and the balance of new 
data added here, CAP22 does not show this signature at ≤150 km depth, rather between 200 and 300 km depth, 
a result more easily explained by such a bottom-up process.

Narrow aperture regional body wave models of eastern Canada, often determined using relative arrival time 
analysis, are widely available for the northern Superior Province and Hudson Bay (e.g., Bastow et al., 2015; 
Liddell et al., 2018), southeastern Superior Province and coastal domains (e.g., Boyce et al., 2016; Villemaire 
et al., 2012) and western Superior Province (e.g., Frederiksen et al., 2013). CAP22 indicates that the highest 
P-wavespeed anomaly at lithospheric depths in Canada does not lie in the western Superior Province (Frederiksen 
et al., 2013), but rather southwestern Canada, just east of the CDF. CAP22 also shows wavespeeds decreasing 
progressively eastwards toward the coast through the Grenville into the Appalachian Province (Boyce et al., 2016), 
and evidence for locally decreased wavespeeds below the proposed track of the Great Meteor Hotspot track across 
these domains (Boyce et al., 2016; Villemaire et al., 2012). In contrast to Liddell et al. (2018), CAP22 shows 
slight variation in lithospheric wavespeeds between the Paleoarchean Rae and Mesoarchean Hearne domains. 
While the faster wavespeeds in the Rae domain could be associated with greater age compared to the Hearne (and 
therefore perhaps depletion levels), this observation may be influenced by poorer station coverage in northeastern 
Hearne domain, compared to the adjacent Rae craton.

Similar to eastern Canada, western Canada has been the subject of numerous regional body wave studies focused 
on continental lithospheric scale structures (e.g., Y. Chen et al., 2018, 2019; Estève et al., 2019, 2020; Frederiksen 
et al., 1998; Mercier et al., 2009), against which CAP22 can be compared. In western Canada, the position of 
the Cordillera-craton transition marked by a slow-to-fast wavespeed boundary has been the subject of signifi-
cant debate, because its position and character have significant implications for Cordilleran formation hypoth-
eses. In southwest Canada, the westward dip of the wavespeed boundary imaged below the RMT by Y. Chen 
et al.  (2018, 2019) is thought to favor a collisional origin for the Cordillera, resulting from a accretion of an 
allochthonous ribbon microcontinent or archipelago to cratonic North America (e.g., Johnston, 2008; Sigloch 

Figure 10. CAP22 tomographic model cross sections through Canada, plotted as deviation from ak135. Profiles traverse north-to-south (a, c, b, d). Orange triangles: 
locations of recent volcanism within 1° of the cross-section. Vertical black line at surface: location of CDF. Inset maps: cross section locations (red). CDF: black line.
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Figure 11. CAP22 tomographic model at several depths (100–600 km; a–d) and cross sections (e–h) for Alaska, plotted as deviation from ak135. Gray regions are 
unresolved according to recovery of 5° checkerboard anomalies (following Burdick et al., 2014, See Section 2.3). Yakutat terrane: green outline (after Eberhart-Phillips 
et al., 2006). Quaternary volcanoes: green triangles. BS: Bering Sea, CDF: Cordilleran Deformation Front, DF: Denali Fault, DVG: Denali Volcanic Gap, MC: Possible 
location of Mackenzie Craton, TF: Tintina Fault. AL-S: Alaskan slab, YU-S: Yukon slab. Other structural and political boundaries as in Figure 1. Orange triangles: 
locations of recent volcanism within 1° of the cross-section.
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& Mihalynuk, 2013). Steep westward dipping boundaries imaged at this location in CAP22 (Figure 10) directly 
corroborate this interpretation, however steep apparent westward dip in recovered anomaly boundaries within our 
structural resolution testing here (Figures 5l and 5p) means this result is somewhat uncertain. To the north, while 
Frederiksen et al. (1998) placed the boundary of Precambrian North American lithosphere west of the Tintina 
Fault and Mercier et al. (2009) suggest this boundary underlies the CDF in northwest Canada, more recent studies 
suggest that low wavespeeds continue beyond the CDF, east of the Mackenzie Mountains toward the Slave craton 

Figure 12. Influence of different data sets in CAP22 inversion. Left: Inversion using only global and USArray Transportable Array (EHB–TA) data, Middle: Inversion 
using only absolute arrival-times from SE Canada processed by Boyce et al. (2019) and new data processed here (CAP22–only). Right: Inversion using all data as 
in previous figures. All inversions were performed with identical parameterization and regularization. Top: Recovery of 5° degree checkerboard resolution test (e.g., 
Figure 3) at 200 km depth. Middle/Bottom: Output of data inversion from 100 to 1,200 km depth. Note variable velocity scale. Structural boundaries as in Figure 1.
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Figure 13. CAP22 tomographic model compared to four other global-scale P-wave tomographic models: PRI-P05 (Montelli 
et al., 2006), MIT-P08 (C. Li, Van der Hilst, et al., 2008), LLNL-G3Dv3 (Simmons et al., 2012), and DETOX-P2 (Hosseini 
et al., 2019). Models are plotted with respect to the reference model specific to each inversion. Black line: Cordilleran 
Deformation Front.
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(Estève et al., 2019, 2020). CAP22 also shows slow wavespeeds to continue eastward throughout the Slave craton, 
with the abrupt change spatially correlated with the LLTZ. We return to this observation in Sections 4.4 and 4.5.

Moving outboard toward the coast in western Canada at the northern end of Vancouver Island, resolution is at 
best 1.5–2.0°. Thus, we are unable to confidently interpret wavespeed anomalies of length-scales associated with 
subducted fragments of the Explorer micro plate at ∼52°N (e.g., Mercier et al., 2009). Therefore, fast wavespeeds 
easily linked to Cascadia subduction of the Gorda, Juan de Fuca and Explorer plate system, appear to terminate 
south of ∼50°–51°N in CAP22 (Figures 6 and 7, e.g., Audet et al., 2008; Bostock & Vandecar, 1995; Savard 
et al., 2020). To the northwest, the transformation of the convergent plate boundary to predominately strike slip 
motion along the Queen Charlotte Fault (QCF: ≈50 mm/yr - see Figure 6; DeMets & Dixon, 1999; Mazzotti 
et al., 2003) also requires a component of oblique convergence (≈15–20 mm/yr). Some authors have suggested 
that deformation of the North American margin accommodates compression (e.g., Brothers et al., 2020; Rohr 
et al., 2000), while others propose partial underthrusting of the Pacific slab (e.g., Bustin et al., 2007; Gosselin 
et al., 2015; Hyndman, 2015; Lay et al., 2013; Smith et al., 2003; Yorath & Hyndman, 1983). Within resolu-
tion constraints, distinct isolated fast wavespeed fragments are visible between the QCF and western Canadian 
coastline at 200–400 km depth in CAP22 (Figure 7; similarly to Mercier et al., 2009) meaning that our model is 
perhaps in greater agreement with a hypothesis of fragmented subduction of the Pacific plate to accommodate 
convergence along the QCF. However, we are not able to resolve the dip of these features (e.g., Audet et al., 2008).

Cognizant of the differing data sensitivities and resolving power of tomographic models containing surface wave 
data and their P-wave counterparts, a comparison between them can offer useful insights into causes of seismologi-
cal heterogeneity, especially where differences exist. Figure 14 compares CAP22 to three S-wave models at upper 
mantle depths: SL2014NA (Schaeffer & Lebedev,  2014), SEMum_NA14 (Yuan et  al.,  2014), CAM2016Vsv 
(Priestley et  al.,  2019). Global models typically reveal a fast shear wavespeed cratonic core centered around 
central Canada and Hudson Bay with decreasing wavespeeds below the surrounding Proterozoic interior and 
slow wavespeeds below the western side of the continent in the upper mantle (e.g., Priestley et al., 2019; Ritsema 
et al., 2011). Due to increased resolving power offered by USArray TA data, continental-scale S-wave models 
(e.g., Schaeffer & Lebedev, 2014; Yuan et al., 2011; Yuan et al., 2014, see Figure 14) typically offer substantially 
improved resolution laterally, revealing correlations with surface geological boundaries. Fast shear wavespeeds 
in North America are confined to between the CDF and Appalachian Front at upper mantle depths with the most 
anomalous regions centered around central Canada. Outside of this, substantially slower wavespeeds are present. 
The slow-to-fast shear wavespeed boundary follows the CDF (Bao et al., 2014; Schaeffer & Lebedev, 2014; Yuan 
et al., 2014) throughout western Canada, tracing out the arcuate shape of the Mackenzie Mountains in the north-
west. Overall in Canada, shear-wave models do not image significantly reduced wavespeeds continuing east of the 
CDF from the Mackenzie Mountains into the Slave craton bounded by the LLTZ in the south as seen in CAP22.

3.3.2. Alaska

In Alaska, CAP22 shows the arcuate shape of the fast wavespeed Alaskan slab and its termination following 
a sharp kink below south-central Alaska just east of the subducted Yakutat Terrane (Figures  11a–11c). This 
result agrees with the well-documented Wadati-Benioff zone (Page et al., 1991; Ratchkovski & Hansen, 2002) 
and previous tomographic studies (e.g., Burdick et al., 2017; Martin-Short et al., 2016). The break in imaged 
fast wavespeeds below the DVG separating two north-northwest dipping fast wavespeed anomalies below the 
Yakutat Terrane (Figures 11b and 11e) has not been clearly revealed in prior broad-scale tomographic studies 
that used less data than in CAP22 or reveal smoother heterogeneity (e.g., Burdick et al., 2017; Gou et al., 2019; 
Jiang et al., 2018; Martin-Short et al., 2016). However, this observation is consistent with a double layered struc-
ture beneath the DVG found in local earthquake tomography to ∼150 km depth (Eberhart-Phillips et al., 2006; 
Nayak et al., 2020). This feature may be on the lower bound of our resolution however (Figure S24 in Supporting 
Information S1). Similarly to more recent models (e.g., Gou et al., 2019; Jiang et al., 2018), CAP22 displays 
evidence for fast wavespeeds continuing northeast of Yakutat Terrane on the Alaskan slab and below the WVF at 
∼100–200 km depth, a feature less clear in earlier models (e.g., Martin-Short et al., 2016, 2018; Qi et al., 2007; 
Wang & Tape, 2014). At greater depths the flattening of the Alaskan slab in the mantle transition zone below 
western Alaska (Figures 11d, 11g and 11h) agrees with previous results (e.g., Burdick et al., 2017; Qi et al., 2007; 
Zhao et  al.,  2010). Although resolution in CAP22 decays toward the west (e.g., Figure 4 and Figure S23 in 
Supporting Information S1), below western Alaska and the Bering Sea, broad slow wavespeeds overly the stag-
nant Pacific slab at ≤400 km depth (Figures 11g and 11h). This means CAP22 could be used to argue for a 
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hypothesis of intraplate volcanism in the region resulting from dehydration of the deep, stagnant Pacific slab 
(e.g., Zhao et al., 2009; Zhao et al., 2010).

Based on published P-wave tomography models, Fuston and Wu (2021) mapped a fast wavespeed anomaly below 
northeast Alaska and northwest Yukon at ∼200–500 km depth but this feature likely resides at the edge of prior 

Figure 14. CAP22 tomographic model compared to three S-wave tomographic models: SL2014NA (Schaeffer & Lebedev, 2014), SEMum_NA14 (Yuan et al., 2014), 
CAM2016Vsv (Priestley et al., 2019). Models are plotted with respect to the reference model specific to each inversion. Wavespeed deviation shown in the lower-left 
corner of each sub-figure. Black line: Cordilleran Deformation Front.
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data coverage. CAP22 reveals this “Yukon slab” at ∼200–400  km (Figures  11c and  11f) by capitalizing on 
overlying stations meaning this feature should be robustly resolved (Figure 4 and S23 in Supporting Informa-
tion S1). Finally, the deep fast wavespeed anomaly offshore southern Alaska and western British Columbia at 
600–1,200 km depth (often called “Kula slab” e.g., Clennett et al., 2020) terminates 100 km shallower in depth 
than previously observed (Figures 8 and 13; also see Hosseini et al., 2019; C. Li, Van der Hilst, et al., 2008; 
Montelli et al., 2006; Simmons et al., 2012). This indicates less vertical smearing in CAP22 compared to previous 
models.

4. Discussion
4.1. Evidence for Fast Velocities Beneath the Wrangell Volcanic Field

The causal mechanism for the WVF at the eastern edge of the Yakutat Terrane on the subducting Alaskan slab 
has, until recently, been a topic of controversial debate (e.g., Jadamec & Billen, 2010; Martin-Short et al., 2016). 
CAP22 shows evidence for fast wavespeed material at ∼100–200 km depth below the WVF, northeast of the fast 
velocities below the subducting Yakutat terrane (Figure 11).

Some previous tomographic studies (e.g., Martin-Short et al., 2016; Nayak et al., 2020) show no evidence for fast 
velocities below the WVF, while shear wave splitting measurements often show complex patterns of seismic anisot-
ropy in the region (e.g., Christensen & Abers, 2010; McPherson et al., 2020; Venereau et al., 2019; Yang et al., 2021), 
leading to a variety of exotic mechanisms to produce the WVF (e.g., toroidal flow around a slab edge; Jadamec 
& Billen, 2010). However, some recent tomographic images display evidence for fast upper mantle wavespeeds 
near the WVF (e.g., Gou et al., 2019; Jiang et al., 2018), likely corresponding to emerging evidence for a dipping 
Wadati-Benioff zone beneath the Wrangell volcanoes to ∼100 km depth (Daly et al., 2021), a dipping fast velocity 
structure (Mann et al., 2022) and mantle wedge structure revealed by seismic attenuation (Castaneda et al., 2021).

The fast upper mantle wavespeeds below the WVF in CAP22 continuing east of the Yakutat Terrane favor a 
conventional subduction related mechanism for WVF (Daly et  al.,  2021; Mann et  al.,  2022). While CAP22 
shows good agreement with the newly proposed outline for the slab beneath the WVF (Daly et al., 2021; Mann 
et al., 2022), our images do not show any convincing evidence for a slab tear (Daly et al., 2021; Jiang et al., 2018; 
Mann et al., 2022) separating fast wavespeed material beneath the WVF and below the adjacent Yakutat/Alaskan 
slab. Although lateral resolution here is good (e.g., Figure S24 in Supporting Information S1), such a slab tear 
may be below the limit of our resolution.

4.2. Evidence for the Mackenzie Craton

Under the thick sedimentary cover in northwest Canada, previous studies have suggested the presence of an 
unexposed Mackenzie craton around the northern Yukon-NWT border, east of the CDF (e.g., Estève et al., 2020; 
Schaeffer & Lebedev, 2014). Imaging of this region is hindered by a gap in station coverage between the eastern 
extent of the USArray TA in Yukon and the Mackenzie Mountain Transect (Baker et al., 2020). Available stations 
(Figure 2) show early absolute arrival-times (−0.5 to −0.25 s) that are less anomalous than within cratonic regions 
elsewhere (≤−1.0 s). However, resolution testing (Figures 3 and 4) indicates that fast upper mantle wavespeeds 
of lateral extent ∼3–5° should be resolvable there in CAP22. Indeed, CAP22 reveals a fast wavespeed anomaly 
(δVP ≈ 0.3%, 100–300 km depth) northeast of the Yukon-NWT border and CDF (MC: Figures 6 and 11).

Based on a very similar station distribution to CAP22, Estève et al. (2020) used relative arrival-time data to image 
high P- and S-wavespeeds below the proposed Mackenzie craton, with elevated wavespeeds continuing west of 
the CDF. Surface wave tomography (Schaeffer & Lebedev, 2014), capable of resolving wavespeed variations 
between stations, shows fast wavespeeds east of the CDF in this region, which provides strong evidence in favor 
of the Mackenzie craton. Other geophysical observables such as the strong, deep magnetic high imaged in this 
region (Saltus & Hudson, 2007), provide further evidence for the presence of the Mackenzie craton. Despite 
limited station coverage, CAP22 provides reasonable evidence for a Mackenzie craton, although new station 
deployments are required in the region to confirm its lateral extent using body waves.

4.3. Evidence for the Yukon Slab: Consequences for Western North America Subduction History

Plate tectonic reconstructions can be better constrained by considering subducted remnants in the mantle (e.g., 
Clennett et al., 2020; Domeier et al., 2017; Fuston & Wu, 2021; Sigloch & Mihalynuk, 2013), meaning CAP22 
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offers new insights into contentious debate concerning the building of western North America as the Laurentian 
core drifted westwards since Mesozoic times (e.g., Clennett et  al.,  2020; Engebretson et  al.,  1985; Fuston & 
Wu, 2021; Müller et al., 2019; Sigloch & Mihalynuk, 2013). At mid-to-lower mantle depths (∼1,200–2,000 km), 
CAP22 resolves the north-south striking Mezcalera and northwest-southeast striking Angayucham slabs (ME-S; 
AN-S Figures 5, 8 and 9; e.g., Sigloch & Mihalynuk, 2013) as broad fast wavespeed features. Consequently, rather 
than favoring traditional plate reconstructions that propose approximately continuous eastward subduction below 
western North America during Mesozoic times (e.g., Engebretson et al., 1985; Müller et al., 2019), CAP22 better 
supports westward oceanic subduction below a ribbon continent or archipelago during the Mesozoic ahead of 
westward drifting North America (e.g., Clennett et al., 2020; Johnston, 2001, 2008; Sigloch & Mihalynuk, 2017). 
This alternative model is often considered more favorable alongside paleomagnetically constrained northward 
translation of Alaskan terranes for >2,000 km (e.g., Beck & Noson, 1972; Johnston, 2001), resulting in terminal 
formation of Alaska at ∼50 Ma.

At shallower depths (∼400–1,200  km), several fast wavespeed anomalies have been variably interpreted to 
constrain the more recent subduction history of western North America (≤80 Ma, e.g., Clennett et al., 2020; 
Fuston & Wu, 2021). Fast wavespeeds in CAP22 and previous studies at mid-mantle depths offshore southern 
Alaska (KU-S, 1,000–1,200 km, Figures 8c and 8d, 13) prompt reconstructions to at least partially subduct the 
Kula plate northwards offshore, in a relative position southward of the modern Alaskan subduction zone. The 
latter was established after offshore Kula subduction ceased (Clennett et  al.,  2020). Termination of offshore 
Kula subduction coevally terminates the northward subduction of the smaller “Resurrection” or “Orcas” plate at 
∼47 Ma, which separates the Kula and Farallon plates. However, Clennett et al. (2020) do not focus attention on 
remnants of the Resurrection/Orcas plate in the mantle following subduction termination, some of which may be 
present below northwest Yukon (Fuston & Wu, 2021).

One region of improved resolution in CAP22 over previous P-wave models, such MIT-P08 and MIT-P16 (Burdick 
et al., 2017; C. Li, Van der Hilst, et al., 2008) used in the reconstructions of Fuston and Wu (2021), is northern 
Yukon and northwestern-most NWT. Here, CAP22 shows evidence for a δVP ≈ 0.2–0.3% fast wavespeed anom-
aly at 400 km depth (YU-S; Figure 11c) separated from the Alaskan slab (AL-S; Figure 11c). This feature is not 
likely associated with the Mackenzie craton because much of this anomaly lies southwest of the CDF and YU/
NWT provincial border at 400 km depth. Our model therefore provides further support for a shallow slab remnant 
below this region, termed the “Yukon Slab” by Fuston and Wu (2021), as a possible remnant of Resurrection/
Orcas subduction.

Fuston and Wu (2021) state that tomographic and magmatic evidence for the Yukon slab is more easily explained 
by the consistent subduction of three plates (and two separating ridges) below the North American continental 
margin and no more than 1,200 km of terrane translation, rather than by a model of Kula/Orcas ridge subduction 
below an intra-oceanic subduction zone southwest of modern Alaska (e.g., Clennett et al., 2020, see Figure 15 
for schematic comparison). However, the model of Fuston and Wu (2021), which lacks offshore subduction of 
the Kula plate outboard of the modern Alaska/Aleutian Arc, means the fast wavespeed anomaly at 800–1,200 km 
offshore southern Alaska in prior models and CAP22 (Figures 8c and 8d, 13), is unexplained and consequently 
ignored by these authors. Therefore, the most recent tomographic evidence from CAP22, constraining both the 
Kula slab in the mid mantle and the Yukon slab at shallower depths, is not entirely consistent with existing plate 
reconstructions for western North America subduction history (e.g., Clennett et al., 2020; Fuston & Wu, 2021; 
Müller et al., 2019). With the likelihood of future studies revealing greater evidence for the Yukon slab, it there-
fore appears that further improvements to plate reconstructions are required to reconcile these new observations.

4.4. Metasomatic Modification of the Slave Craton

Fundamental constraints on the spatial distribution of Slave craton modification are lacking because geological 
studies have often focused on spatially limited xenolith samples (Aulbach et al., 2013; Heaman & Pearson, 2010) 
and 3D geophysical studies have been limited to long wavelength surface wave models (e.g., Schaeffer & 
Lebedev, 2014) and relative arrival time models that are unable to capture the background mean (e.g., Bank 
et al., 2000; Estève et al., 2019, 2020). New measurements (Figure 2) reveal delayed arrivals northeast of the 
CDF in the southern Mackenzie Mountains (∼0.5–1 s) throughout much of the Proterozoic arcs and into the 
central Archean Slave craton. To the south, the GSLsz and LLTZ coincide with the transition to predominantly 
fast residuals east of the CDF.
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Similarly to the distribution of residuals, CAP22 shows the highest amplitude, slow wavespeed anomalies in 
the northwest Canadian upper mantle are focused below the Cordillera and southern Mackenzie Mountains and 
Proterozoic arcs eastwards of the CDF (δVP < −1.4%, Figure 7). To the east, the Slave craton shows peak slow 
wavespeed amplitudes of δVP ≈ −0.3% at 100 km depth that decay at greater depth toward the global mean 
(200–300 km depth). Schaeffer and Lebedev (2014) noticed that most diamondiferous kimberlites throughout 
North America are located on the edge, or within regions of fast craton-like shear wavespeeds at lithospheric 
depths. However, in CAP22, central Slave craton kimberlites are underlain by slow upper mantle compressional 
wavespeeds in contrast to those elsewhere across the continent (Figure 6). This observation therefore motivates 
an explanation for the physical state of the Slave craton mantle that affects P-wavespeeds to a greater extent than 
their S-wave counterparts (i.e., lowered Vp/Vs ratio).

The impact of post formation metasomatism has been discussed at length to both explain geophysical (C.-W. Chen 
et al., 2009; Eeken et al., 2018; Estève et al., 2019) and geochemical observations (Aulbach et al., 2007, 2013; 
Griffin et al., 2003, 2004; Heaman & Pearson, 2010; Liu et al., 2021; Pearson & Wittig, 2008; Tomlinson & 
Kamber, 2021; Veglio et al., 2022) of the Slave craton. Previous workers have often favored a layered structure 
for the Slave craton with a boundary at 100–150 km depth between lithosphere of different regimes (Griffin 
et al., 2004; C.-W. Chen et al., 2009; Veglio et al., 2022). However, there is contention regarding the layer(s) 
in which significant metasomatism is observed and by which mechanisms (e.g., Aulbach et  al.,  2013; Eeken 
et  al., 2018; Griffin et  al., 2003, 2004). Pearson and Wittig  (2008); Heaman and Pearson  (2010); Tomlinson 
and Kamber (2021) and others suggest that an enrichment in orthopyroxene through the addition of silica to the 
lithospheric mantle in a subduction related process provides an adequate mechanism to explain the metasomatic 
enrichment whilst other authors prefer the addition of other minerals such as phlogopite, antigorite, graphite and 
carbonatite (e.g., C.-W. Chen et al., 2009; Eeken et al., 2018; Veglio et al., 2022).

To explain the striking difference in P-wavespeeds below the central Slave craton and western Proterozoic 
terranes compared to existing S-wave models (e.g., Schaeffer & Lebedev, 2014; Yuan et al., 2014, see Figure 14), 
we consider the addition of orthopyroxene to the continental upper mantle (e.g., Kelemen et al., 1998), because 
to our knowledge it is the only form of metasomatism that has been shown to result in a measurable (∼1.0%) 
reduction in P-wavespeed, while S-wavespeeds and density remain relatively unchanged (Schutt & Lesher, 2010; 
Wagner et al., 2008). Here, melt/rock interaction in the overlying plate leads to the addition of silica through 
the production of orthopyroxene. Previous authors have suggested that the Slave craton formed the upper plate 
in the Wopmay orogen, which resulted in the accretion of Proterozoic terranes to the west (Hoffman,  1988; 
Schmidberger et al., 2007). Consequently, subduction is thought to be the most effective to produce a metaso-
matic signature in Late-Archean-Early Proterozoic times (Pearson & Wittig, 2008; Tomlinson & Kamber, 2021) 
because the Mackenzie Plume is thought to only have interacted with the northern Slave craton (Heaman & 

Figure 15. Plate tectonic reconstructions at ∼60 Ma plotted using GPlates (https://www.gplates.org/, Müller et al., 2018) adapted from (a) Clennett et al. (2020) and (b) 
Fuston and Wu (2021). Geological terranes important to each reconstruction shown in lower left. Major plates are labeled. Notable subduction zones are indicated with 
dashed red arrows.
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Pearson, 2010; Liu et al., 2021). We therefore suggest that slow P-wavespeeds underlying the central Slave craton 
and westerly Proterozoic terranes, reflecting metasomatic modification by orthopyroxene enrichment due to 
ancient subduction, can account for the difference between CAP22 and previous S-wavespeed images.

4.5. Evidence for Lithospheric Transfer Zones; Implications for Morphology of the Canadian Cordillera

In western Canada the morphology of the Cordillera (CCD) changes north-south along its length. The northern 
CCD is wide, bounded by an arcuate CDF, while the southern CCD is relatively narrow, bounded by a linear 
CDF, approximately parallel to the coastline. The geomorphological change in the CCD is often linked to the 
Liard Line Transfer Zone (LLTZ) north of the Macdonald Hay-River fault, which is the surface expression of the 
Great Slave Lake shear zone (GSLsz; Cecile et al., 1997; Hayward, 2015; Hayward & Paradis, 2021; Lund, 2008; 
see Figure 1). Geologically, the LLTZ is interpreted as the boundary between two asymmetric rifting modes along 
the western margin of Laurentia (e.g., Cecile et al., 1997; Lister et al., 1986; Lund, 2008). North of the LLTZ, 
a “lower-plate” type rifted margin is interpreted, consistent with the wide sedimentary basins (Lund, 2008) and 
thinner crust (Audet et al., 2020). To the south of the LLTZ, the narrow expression of the Cordillera and thicker 
crust is consistent with an “upper-plate” type margin. The LLTZ has also been associated with a change in 
mineral deposit distribution (Lund, 2008), earthquake distribution and anisotropic fabrics (Audet et al., 2016), 
mantle xenolith composition (Hayward, 2015) and a southwards crustal thickening (Audet et al., 2020; Clowes 
et al., 2005), yet links to variations in the lithospheric mantle wavespeeds have remained somewhat tentative 
(Estève et al., 2020).

In CAP22, upper mantle slow wavespeeds below the southern CCD are separated from fast wavespeeds of the 
Precambrian interior by a steep westward dipping boundary below the RMT. By contrast, slow wavespeeds below 
the northern CCD continue northeastward of the Mackenzie Mountains beyond the CDF into the central Slave 
craton (Figures 6–10). This north-south change in wavespeed pattern is colocated with the change in geomorphic 
expression along the CCD, and importantly the LLTZ, implying that such transfer zones are not limited to crustal 
depths.

In northwest Canada, magnetic anomaly data resolve high-amplitude magnetic highs bounding the Mackenzie 
Mountains to the north and south (Saltus & Hudson, 2007), interpreted as mafic lower crust and underlying 
depleted upper mantle. These inferred strong lithospheric blocks may provide buttresses to orogenic deforma-
tion and allow the CDF to develop its arcuate shape by broadening the northern CCD relative to its southern 
counterpart. Cordilleran deformation proceeded further eastward here because the Precambrian lithosphere to 
the east has been weakened through metasomatic modification (Section  4.4). In the south, the un-modified, 
depleted, fast wavespeed Laurentian lithosphere provides a strong backstop to deformation and limits the width 
of Cordilleran lithosphere. This is broadly consistent with inferences from ambient noise tomography from the 
Mackenzie Mountains indicating low lithospheric S-wavespeeds, and inferred rheological weakness, beneath 
the active Mackenzie thrust (Schutt et al., 2023), and its buttressing to the north and south by higher velocity 
and inferred stronger lithosphere (Estève et al., 2020). Together, these observations suggest that both tectonic 
inheritance from asymmetric rifting (Thomas, 2006) and lithospheric mantle strength variations control orogenic 
styles along the CCD.

5. Conclusions
We present CAP22, a new absolute P-wavespeed North American tomographic model. We combine global 
and continental-scale pick databases with >186,000 new hand picked measurements of absolute arrival-times 
from available temporary seismograph stations across Canada and Alaska, yielding the best station coverage yet 
achieved in this region specifically. The distribution of absolute arrival-time residuals broadly follows surface 
tectonics except in northwest Canada where delayed arrivals continue eastwards of the southern Mackenzie 
Mountains toward the central Slave craton. This differs from southwest Canada where delayed residuals are 
largely confined to within the Cordillera. The continuation of fast upper mantle wavespeeds below the WVF 
favors a conventional subduction related mechanism for volcanism. Although our model possesses imperfect 
resolution, CAP22 shows tantalizing evidence for the Mackenzie craton below the northern Yukon-NWT border. 
Seismic evidence for the subducted remnants of the Kula slab at mid-mantle depths offshore southern Alaska 
and fast wavespeeds centered at 400 km depth below NW Yukon and NWT (revealed by the latest USArray TA 
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deployment) are difficult to reconcile with competing tectonic reconstructions of western North America, mean-
ing existing plate models may require revision. Slow P-wavespeeds terminate abruptly at the Rocky Mountain 
Trench in southwest Canada but continue landward beyond the Cordilleran Deformation Front into the central 
Slave craton, north of the Liard Line Transfer Zone. This is best explained by Archean-Proterozoic age subduc-
tion driven metasomatism of Precambrian Laurentian terranes, east of the present day Mackenzie Mountains, 
which can account for the observed difference between CAP22 and published S-wave models in this region. The 
imaged abrupt change in P-wavespeed coinciding with the Liard Line Transfer Zone inherited from prior tectonic 
regimes suggests that both the crust and mantle control changes in along-strike orogenic style in the Canadian 
Cordillera.

Data Availability Statement
Phase arrivals from the EHB Bulletin are available at http://www.isc.ac.uk/ehbbulletin/. Phase arrivals from 
USArray are available to the community as CSS monthly files from the ANF (http://anf.ucsd.edu/tools/
events/). Seismic data was obtained (last accessed 06 Jul 2022) from the IRIS (https://ds.iris.edu/ds/nodes/
dmc/) database and Canadian National Data Centre (https://earthquakescanada.nrcan.gc.ca/stndon/CNDC/
index-en.php).
The waveform data used in each sub-region of this study during data processing are from the following 
networks: ALO: XO-2018 (Abers et  al.,  2018; Barcheck et  al.,  2020). ALS: AK-1987 (Alaska Earthquake 
Center, Univ. of Alaska Fairbanks, 1987; D’Alessandro & Ruppert, 2012), AT-1967 (NOAA National Oceanic 
and Atmospheric  Administration (USA), 1967; Oppenheimer et al., 2005), AV-1988 (Alaska Volcano Observa-
tory/USGS, 1988; Dixon et al., 2013), GM-2016 (U.S. Geological Survey, 2016; Ringler et al., 2021), II-1986 
(Ringler et  al.,  2021; Scripps Institution of Oceanography,  1986), IM-1965 (Ringler et  al.,  2021; Various 
Authors, 1965), IU-2014 (Albuquerque Seismological Laboratory/USGS, 2014; Ringler et al., 2021), PN-1998 
(Indiana University Bloomington (IU Bloomington), 1998), US-1990 (Albuquerque Seismological Laboratory 
(ASL)/USGS, 1990; Ringler et al., 2021), XM-2011 (Keranen, 2011), XR-2004 (Song & Christensen, 2004), 
XV-2007 (Larsen & Truffer,  2007), XZ-2005 (Berger et  al.,  2008; Hansen & Pavlis,  2005), ZE-2015 (Tape 
et  al.,  2015,  2017). ALV: AV-1988 (Alaska Volcano Observatory/USGS,  1988; Dixon et  al.,  2013). HSB: 
CN-1975 (Natural Resources Canada (NRCAN Canada),  1975; North,  1994; Bent et  al.,  2019), PO-2000 
(Eaton et  al., 2004; Geological Survey of Canada, 2000; Snyder et  al., 2003), X5-2007 (University of Bris-
tol (UK), 2007; Bastow et al., 2015). NWC: CN-1975 (Natural Resources Canada (NRCAN Canada), 1975; 
North, 1994; Bent et al., 2019), NY-2013 (University of Ottawa (uOttawa Canada), 2013; Estève et al., 2020), 
PO-2000 (Eaton et al., 2004; Geological Survey of Canada, 2000; Snyder et al., 2003), RV-2013 (Alberta Geolog-
ical Survey / Alberta Energy Regulator, 2013; Schultz et al., 2015), XN-2003 (Gaherty & Revenaugh, 2003; 
Mercier et  al.,  2009), Y5-2006 (University of Alberta (UAlberta Canada), 2006; Gu et  al.,  2011), YO-2016 
(Yukon Geological Survey, 2016; Estève et al., 2019), 7C-2015 (Baker et al., 2020; Schutt & Aster, 2015). SWC: 
1E−2018 (Natural Resources Canada (NRCAN Canada), 2018; Babaie Mahani et al., 2019), 2K-2014 (Schultz 
et al., 2014, 2020), AK-1987 (Alaska Earthquake Center, Univ. of Alaska Fairbanks, 1987; D’Alessandro & 
Ruppert, 2012), C8-2002 (Natural Resources Canada (NRCAN Canada), 2002), CN-1975 (Natural Resources 
Canada (NRCAN Canada), 1975; North, 1994; Bent et  al.,  2019), EO-2018 (University of Calgary (U of C 
Canada), 2018; Boggs et al., 2018), PO-2000 (Eaton et al., 2004; Geological Survey of Canada, 2000; Snyder 
et  al.,  2003), RV-2013 (Alberta Geological Survey / Alberta Energy Regulator,  2013; Schultz et  al.,  2015), 
TD-2013 (TransAlta Corporation, 2013; Cui & Atkinson, 2016), XL-2017 (McGill University (Canada), 2017; 
Roth et al., 2020), XN-2003 (Gaherty & Revenaugh, 2003; Mercier et al., 2009), XY-2005 (Calkins et al., 2010; 
Dueker & Zandt,  2005), Y5-2006 (University of Alberta (UAlberta Canada),  2006; Gu et  al.,  2011). WUO 
(see Toomey et al., 2014): 7A-2010 (Woods Hole Oceanographic Institution (WHOI), 2010), 7D-2011 (IRIS 
OBSIP,  2011), OO-2013 (Rutgers University,  2013), X9-2012 (Nabelek & Braunmiller,  2012), Z5-2013 
(Nabelek & Braunmiller, 2013).
Seismic data was subsequently processed using IRIS products, ObspyDMT (Hosseini & Sigloch, 2017) and GNU 
parallel (Tange, 2020). AARM is available as an electronic supplement to Boyce et al. (2017) or by contacting the 
corresponding author. Figures were plotted using Generic Mapping Tools (https://www.generic-mapping-tools.
org/). A digital model file of CAP22 is available at https://doi.org/10.17611/dp/emc.2023.cap22.1. The raw 
data files, processed data, inversion software package and plotting codes are available under the doi: https://doi.
org/10.5281/zenodo.7510591.
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