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Abstract Plate reconstructions since the breakup of Pangaea aremostly based on the preserved spreading
history of ocean basins, within absolute reference frames that are constrained by a combination of
age‐progressive hotspot tracks and paleomagnetic data. The evolution of destructive plate margins is difficult
to constrain from surface observations as much of the evidence has been subducted. Seismic tomography can
directly constrain paleotrench locations by imaging subducted lithosphere in the mantle. This new
evidence, combined with the geological surface record of subduction, suggests that several intraoceanic arcs
existed between the Farallon Ocean and North America during late Mesozoic times—in contrast to existing
quantitative models that typically show long‐lived subduction of the Farallon plate beneath the
continental margin. We present a continuously closing plate model for the eastern Pacific basin from 170Ma
to present, constrained using “tomotectonic analysis”—the integration of surface and subsurface data.
During the Middle to Late Jurassic, we show simultaneous eastward and westward subduction of oceanic
plates under an archipelago composed of Cordilleran arc terranes. As North America drifts westward, it
diachronously overrides the archipelago and its arcs, beginning in the latest Jurassic. During and post‐
accretion, Cordilleran terranes are translated thousands of kilometers along the continental margin, as
constrained by paleomagnetic evidence. Final accretions to North America occur during the Eocene, ending
~100Myr of archipelago override. Thismodel provides a detailed, quantitative tectonic history for the eastern
Pacific domain, paving the way for tomotectonic analysis to be used in other paleo‐oceanic regions.

Plain Language Summary Tectonic plate reconstructions back to the Jurassic period are mostly
based on data from preserved ocean crust. However, many oceanic plates have been lost into the Earth's
interior by subduction, making their reconstruction a challenge. We combine seismic images of the deep
mantle with geological data to locate the vanished plates in the Earth's mantle and restore them to their
previous positions at the surface. The trenches where the plates subducted can be paired with extinct arc
volcanoes in western North America. Jointly, these lines of evidence suggest that the eastern Pacific basin
was broken up into several smaller plates—in contrast to the long‐held view that one or two large plates
subducted eastward beneath the west coast of North America for the last 170 Myr. Instead, we model
simultaneous eastward and westward subduction of plates under a vast archipelago of volcanic arcs that sat
stationary in the northeastern proto‐Pacific. North America was pulled westward into this archipelago
and gradually collided with its microcontinents, which today form the North American Cordillera. Our
model provides a more detailed and complete tectonic history for the eastern Pacific and highlights how our
method can be used to reconstruct vanished oceans.

1. Introduction

Quantitative plate reconstructions traditionally rely on the interpretation of seafloor spreading isochrons
and the locations and orientations of fracture zones recorded on ocean basins, coupled with
age‐progressive hotspot tracks and paleomagnetic data from continents (e.g., Müller et al., 2019; Seton
et al., 2012). Although the Earth's “Pangaean hemisphere” is relatively well constrained by seafloor spread-
ing records, this is at the expense of the “Panthalassan hemisphere,”much of which has been removed from
the surface by subduction. Figure 1 illustrates the evolution of thinking on reconstructing the eastern Pacific
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basin as part of Panthalassa. Extrapolating from conjugate isochrons and fracture zones on the Pacific plate,
Engebretson et al. (1985) presented a quantitative plate model for the last 180 Myr where Panthalassa was
divided into the Pacific, Izanagi, Farallon, Phoenix, and Kula oceanic plates (Figure 1a). They proposed

Figure 1. Four alternative studies on the tectonics of the eastern Pacific basin, all shown at 140 Ma, which illustrate the changing ideas for the tectonic history of
the eastern Pacific basin. (a) Simple division of northeast Panthalassa into three large oceanic plates, with long‐lived “Andean‐style” subduction underneath
the North American continent (Engebretson et al., 1985). This was presented as tables of Euler poles and snapshots of the plate configuration. (b) Closed global
plate model of Shephard et al. (2013), with continuously evolving boundaries. (c) Intraoceanic arc model of Sigloch and Mihalynuk (2017), but only showing
trenches, not closed plates. (d) Continuously closing plate model in this study, documenting the evolution of a “Cordilleran” archipelago that existed offshore
western North America during Jurassic and Cretaceous times and has since accreted to the continent.
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continuous, “Andean‐type” subduction of the Farallon plate under the entire length of the North American
continental margin, while explicitly noting that this choice was based on land geological interpretations.
Persistent Farallon‐beneath‐continent subduction has been inherited by most modern reconstructions of
this region (e.g., Müller et al., 2019; Seton et al., 2012; Shephard et al., 2013) (Figure 1b).

This paleogeography has been challenged on geological grounds and more recently by tomographically
imaged distributions of subducted seafloor. Geological evidence along the length of the western margin of
North America (Dickinson, 2004, 2008; Ingersoll, 2008; Ingersoll & Schweickert, 1986;
Moores, 1970, 1998) suggests that the northeastern Pacific basin was instead characterized by intraoceanic
subduction, analogous to the present‐day southwest Pacific. Jurassic–Cretaceous arc assemblages, accretion-
ary complexes, and ophiolites comprise large tracts of the North American Cordillera (Coney et al., 1980;
Silberling et al., 1992). The differing histories of these terranes, as revealed by lithological, paleomagnetic,
and fossil fauna data (e.g., Dickinson, 2008), challenge the hypothesis of “Andean‐type” subduction of a sin-
gle, large Farallon plate.

Driven by the geometries of subducted lithosphere (“slabs”) in the mantle, combined with surface observa-
tions—a method termed “tomotectonic analysis”—Sigloch and Mihalynuk (2013, 2017) provided an
archipelago‐style reconstruction history of the northeastern Pacific, with trenches evolving from 200 Ma
to present (Figure 1c). However, their study did not present continuously closed rigid plates but rather dis-
crete snapshots of subduction zone locations. This study presents the first plate model with continuously
closing boundaries of the Late Jurassic–Cretaceous eastern Pacific intraoceanic arc system (Figure 1d).

2. Methods and Data

We used the plate reconstruction software GPlates (www.gplates.org; Müller et al., 2018) to produce a model
of Pacific plate motions for the past 170 Myr. Our reconstruction has continuously closing plate polygons
and is integrated within two alternative global models: Shephard et al. (2013) and Müller et al. (2019). We
explore these alternative and competing models in order to show that our inferences of intraoceanic subduc-
tion are robust with respect to the choice of absolute reference frame, which introduces the largest position-
ing uncertainties. Shephard et al. (2013) is built into the hybrid reference frame of Seton et al. (2012), which
adopts the moving hotspot frame of O'Neill et al. (2005) combined with a true polar wander corrected

Figure 2. Diagram showing the decision‐making process applied in tomotectonic plate reconstructions.

10.1029/2020GC009117Geochemistry, Geophysics, Geosystems

CLENNETT ET AL. 3 of 25

http://www.gplates.org


paleomagnetic frame for earlier times (Steinberger & Torsvik, 2008). In
contrast, Müller et al. (2019) use an optimized reference frame that mini-
mizes trench migration and net rotation (Tetley et al., 2019). A detailed
description of how the reference frames are constructed, along with an
assessment of our model in light of other reference frames, can be found
in the Supporting Information. This includes the “subduction reference
frame” of van der Meer et al. (2010), which is not compatible with our
investigation because it enforces Andean‐style Farallon subduction a
priori.

2.1. Tomotectonic Analysis

Figure 2 illustrates our workflow. First, subduction zone boundaries were
implemented. As tomographically imaged slabs are proxies for the past
location of trenches (Sigloch & Mihalynuk, 2013), we placed a trench
above every slab during the times when this slab is inferred to have sub-
ducted (see section 2.3). In areas where no slabs were imaged, plates were
closed with transform boundaries or spreading ridges. If there was plate
motion parallel to gaps between subduction zones, then plates were closed
with transform boundaries. Where plates were diverging, spreading ridges
were implemented. Due to the loss of seafloor magnetic lineations, the
geometry and absolute positions of mid‐ocean ridges were largely uncon-
strained. However, ridge‐transform plate boundaries lie perpendicular
and parallel to small circles about a pole of rotation (McKenzie &
Parker, 1967; Morgan, 1968); thus, proposed mid‐ocean ridges can be digi-
tized such that their orientations are consistent with the global plate
circuit.

Digitizing trenches and closing polygons with ridge and transform bound-
aries necessitate hypothesizing several new plates between the Farallon
plate and the North American plate, and all require stage pole rotations.
As subduction zonesmigratewith the overriding plate (Gurnis et al., 2012),

Euler rotations for these plates could be constrained using tomographic models by ensuring that subduction
zones that define the plate boundary remain above imaged slabs. Paleomagnetic studies from accreted ter-
ranes were used as an additional constraint on plate motions. Some modeled oceanic plates have been
entirely subducted, removing any evidence from which stage pole rotations could be determined. In these
cases, we assume that plate motion was directed perpendicular to the subduction zone. This fulfills the
requirement of convergence at trench boundaries and is also consistent with the observation that slab pull
is the major driving force of the present‐day plate circuit (Forsyth & Uyeda, 1975).

2.2. Terrane Model

In addition to digitizing new plates, we developed a terrane model for the North American Cordillera.
Rotations were assigned to 68 terranes, further divided into 109 subterranes to accommodate for changes
in shape and size over geologic time. The Alaskan and Canadian terranes were modified after Colpron
and Nelson (2011), whereas the western U.S. and Mexican terranes were based on the geometries in
Dickinson (2008) and Silberling et al. (1992). Three additional terranes were adapted from other sources:
Alisitos (Johnson et al., 1999), Kronotsky, and Olutorsky terranes (Domeier et al., 2017). Terranes were
further grouped into four superterranes—Angayucham, Insular, Intermontane, and Guerrero—in order to
facilitate tectonic interpretation on a larger scale. Remaining terranes were affiliated with the North
American, Farallon, or Kula plates, based on their inferred genesis (Figure 3).

2.3. Tomographic Models

The primary tomographic constraints that we used for the reconstruction were the geometries of sub-
ducted lithosphere in the Sigloch_NAm_2011 regional model for North America (Sigloch, 2011) and
the DETOX‐P1 (Hosseini et al., 2020; Mohammadzaheri, 2019) and DETOX‐P3 (Hosseini et al., 2020)
global‐scale models.

Figure 3. Terrane and superterrane affiliations used in this study:
Angayucham (red), Insular (orange), Intermontane (purple), Guerrero
(yellow), Western Jurassic belt (dark orange)—which is composed of the
Western Klamaths, basement of the Great Valley, and northwest Sierra
Nevada—North America (dark blue), Farallon (green), and Kula (pink).
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Sigloch_NAm_2011 is a regional P wave tomography model for North America. Unlike global models,
which feature significant smoothing over areas with low station coverage, the region covered by
Sigloch_Nam_2011 had a high density of stations as part of the USArray experiment. As a result, the linear
slabs resolved are more representative of present‐day trenches, and so, we favor this model over global mod-
els as the basis for interpretation of structures underneath North America. However, the Sigloch_NAm_2011
model only incorporates data up until 2008 and did not systematically include all seismic stations outside the
conterminous United States. Hence, this model has lower resolution, and thus higher uncertainty, at the
edges of the area of interest, particularly underneath Mexico and Alaska. Therefore, we used the
DETOX‐P1 and DETOX‐P3 global P wave models as the primary data sets for constraining slabs beneath
regions away from present‐day United States. DETOX‐P3 includes not just P and PP data but also
core‐diffracted Pwaves (Hosseini & Sigloch, 2015), which results in more complete illumination of the lower
mantle. Hence, we rely on the DETOX‐P3 model when constraining the shapes and locations of the deepest
slabs, which constrain our model's earliest plate boundaries.

To link the depth of a slab to the time that it would have been at the Earth's surface, we assume that slabs
located at the same depth entered the mantle at the same time. Specifically, we assume that slabs located
in the lower mantle sank through the mantle at an average rate of 10 mm/year, or 10 km in a million years.
This implements the mean value of the 10 ± 2 mm/year rate determined by Sigloch and Mihalynuk (2013).
Their estimate quantifies the observation that the farther east a segment of the massive slab walls of
Figure 4b is located, the deeper the level at which it truncates upward. Upward truncation records the

Figure 4. (a) A singular tomographic slice at 900‐km depth showing regions of anomalously fast (blue) and slow (red) seismic velocity anomalies (Sigloch, 2011).
Below lithospheric depths, fast anomalies are interpreted as subducted slabs of former ocean lithosphere. Slow anomalies, usually associated with mantle
upwelling, were not interpreted in this study. Tomography models were rendered using SubMachine (Hosseini et al., 2018). (b) A 3D isosurface rendering of all
fast anomalies (dVp/Vp > +0.2%) at and below 900‐km depth (Sigloch, 2011). Each depth is color coded, changing every 200 km. The position of North America at
90 Ma, which corresponds to a 10 mm/year sinking rate, is overlain in black. This superposition of surface and subsurface structure corresponds to a sinking
rate of 10 mm/year, or 900 km in 90 Myr. The light green, linear surfaces thus map out trenches (lines of slab deposition) that were active at 90 Ma. North America
is seen to be overriding two long, NNW‐striking trench lines at this time, but not yet a set of more fragmented, westerly trenches. Yellow slab would have
subducted between 100–120 Ma, orange slab would have subducted between 120–140 Ma, and so on.

10.1029/2020GC009117Geochemistry, Geophysics, Geosystems

CLENNETT ET AL. 5 of 25



end of slab deposition in a location, which in a framework of vertical sinking coincides with the arrival of the
continental margin. The westward‐up slope of the eastern slab walls in Figure 4b, from red through yellow to
green levels, can thus be quantitatively correlated with the trajectory of North America's westward drift
(recorded by the Atlantic's fully preserved spreading record of isochrons and its anchoring to the hotspot
frame of the lower mantle). This correlation yields slab sinking values of ~10mm/year for all parts of the slab
walls, verified against key events in the geologic record of Cordilleran collisions (details in Sigloch and
Mihalynuk, 2013). Therefore, we adopted this sinking rate when importing tomographic depth slices as a
time‐dependent raster into GPlates, that is, for every 1 Myr time increment, 10 km of slab are “added” to
the 3D renderings in the style of Figure 4b.

3. Results

The main result of this study is the digital plate reconstruction of western North America and the eastern
Pacific that evolves in 1 Myr time intervals (see Supporting Information, Movies S1 and S2). In this section,
we summarize the tectonic history of the region, divided into subsections which mark changes in plate con-
figuration, and discuss the key constraints, considerations, and choices that went into producing the recon-
struction. The five subsections cover the periods from 170–147, 147–115, 115–83, 83–55, and 55–0 Ma.

The backbones of our trench reconstructions are the massive, linear, wall‐like Mezcalera and Angayucham
slabs in the lower mantle, which strike continuously for more than 10,000 km in north‐south and
northwest‐southeast directions (Figures 5 and 6). These slab walls are among the most massive and robustly
imaged slabs anywhere in the mantle and were universally presumed to represent Farallon lithosphere since
the early tomography of Grand (1994). Crucially, these slabs are located several thousand kilometers west of
the Jurassic position of North America, according to all mantle reference frames that make no a priori
assumptions about the subduction history of western North America (e.g., Doubrovine et al., 2012; Müller
et al., 1993, 2019; Seton et al., 2012; Torsvik et al., 2008, 2012, 2019). Subduction frames that attempt to
enforce Andean‐style Farallon subduction (van der Meer et al., 2010) do not succeed completely and create
contradictions with hotspot tracks (Williams et al., 2015) and lower mantle structure globally (Butterworth
et al., 2014; Shephard et al., 2012) (details in Supporting Information and Figure S1).

Sigloch and Mihalynuk (2013, 2017) therefore argued that the lower parts of these slab walls were formed by
the subduction of two different oceans (the Mezcalera and Angayucham oceans), subducting westward
while North America was still located east of the slab walls. As the continent was gradually pulled into these
trenches, it overrode and accreted their arcs but continued its westward drift into the realm of the archipe-
lago and of Farallon subduction. As a consequence, subduction was gradually forced to flip to eastward dip-
ping, now under the continental margin (“Andean style”). Sections 3.1 to 3.5 spell out the stages of this
archipelago override process, which took ~100 Myr to complete.

3.1. Middle to Late Jurassic (170–147 Ma)

Global tomography models (e.g., Amaru, 2007; Hosseini et al., 2020; Li et al., 2008; Shephard et al., 2017;
Sigloch, 2011) agree that the deepest parts of the Mezcalera and Angayucham slab walls extend roughly to
depths of 1,800–2,000 km everywhere along their >10,000 km long strike. This points to subduction initia-
tion on a very large scale at the equivalent time, which we identify as being at ~180 Ma using a
10 mm/year sinking rate. The more westerly Cascadia Root slab, into which Farallon plate subducts to pre-
sent day, extends to the same depth of ~1,800 km (Sigloch &Mihalynuk, 2017). Thus, it appears that around
180Myr ago, the Cordilleran archipelago sprang into being essentially as a whole. Many of its arcs were built
on microcontinents (Insular and Guerrero superterranes) that were already hundreds of million years old
and had supported generations of earlier arcs—consistent with differently configured slabs in the lowermost
mantle, only blurrily imaged at present. Presumably, the preexistence of older terranes in the area shaped
the geometries of the archipelago's newly initiated subduction zones.

The Pacific plate triangle started spreading also around 180 Ma (Engebretson et al., 1985; Seton et al., 2012),
perhaps as a reaction to the pull of the new Cascadia Root trench on the adjacent Farallon plate. Along the
North American margin around the same time, a major geological episode concluded with the final closure
of the Cache Creek Ocean (Mihalynuk et al., 2004)—a precursor to or side arm of theMezcalera Ocean—and
the accretion of the Intermontane superterrane (purple in Figure 5) to North America. This occurred at

10.1029/2020GC009117Geochemistry, Geophysics, Geosystems

CLENNETT ET AL. 6 of 25



Figure 5. (a) Our plate reconstruction at 170 Ma within the reference frame of Müller et al. (2019), centered at 25°N, 90°W. Most of the Cordilleran terranes
are situated on three plates—the Orcas, Insular, and Guerrero plates. The Farallon plate is shortened compared with conventional reconstructions,
subducting into intraoceanic trenches rather than beneath the North American margin. Specifically, the northern Farallon plate subducts beneath the Cascadia
Root arc on the Orcas plate, building a robustly imaged slab labeled CR in panels (b) and (c). The southern Farallon plate subducts under the Guerrero and
Mezcalera plates. The North American plate and West Gondwana have an oceanic westward extension to a speculative mid‐ocean ridge that abuts the Mezcalera
Ocean plate. The Mezcalera plate subducts westward underneath the Insular (orange) and Guerrero (yellow) microcontinents. The Angayucham oceanic plate, a
northward extension of the Mezcalera Ocean, subducts southwestward underneath the Orcas plate, building the Angayucham arcs of future central Alaska
(red). MOO, Mongol Okhotsk Ocean; AACM, Arctic Alaska‐Chukotka microplate. (b and c) Plate reconstructions underlain by two tomography models, displayed
as color‐banded 3D maps. (b) Tomographic constraints from Sigloch_Nam_2011 (Sigloch, 2011) with our plate circuit, superimposed with plate velocity vectors
generated in GPlates. (c) Slab constraints from the DETOX‐P3 model of Hosseini et al. (2020) with modern continent outlines shown for reference. We do not
place a trench above the western CR anomaly (hatched area) as this anomaly is likely a result of upward smearing of some deeper structure—the DETOX‐P3
model in panel (c), which resolves the lower mantle more confidently, detects no slab at these depths.

10.1029/2020GC009117Geochemistry, Geophysics, Geosystems

CLENNETT ET AL. 7 of 25



Figure 6. Reconstructed plate circuit and tomography models at 140 Ma. Plotting styles as in Figure 5. (a) North America has begun to override the archipelago,
resulting in eastward subduction under Insular. The Farallon plate has also begun to subduct into the Alisitos trench, trapping oceanic crust behind it on the
Alisitos plate. Proto‐Caribbean crust is trapped between the Farallon/Panthalassan and Mezcalera oceans, although presently, it is part of the Guerrero plate.
MOO, Mongol‐Okhostk Ocean; NE SIB, Northeast Siberia; ESM, East Siberia microplate; NSM, North Slope microplate. (b) The regional tomography model
remains largely unchanged compared with 170 Ma (1,700 km), indicating that the subduction zones remained stationary. However, in (c), the global tomography
model shows a massive, east‐west trending slab (ALI) beneath present‐day Mexico, which we correlate to the Alisitos arc terrane. The southern Farallon slabs
cover a wide area in the DETOX‐P3 model, which we interpret as being the result of two trenches, much like the present‐day Caribbean.
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~173 Ma in Canada (Mihalynuk et al., 1994) and slightly later in the western United States, with the Blue
Mountains accreting by 160 Ma (LaMaskin et al., 2015).

Our reconstruction starts at 170 Ma, when the Mezcalera slab becomes a well‐resolved feature in the tomo-
graphic images upward of ~1,700‐km depth (Sigloch, 2011) (Figure 5b). At this time, the main arcs that
formed the convergent margins of the major Middle–Late Jurassic plates were thus established. These sub-
divide Panthalassa and are separated from North America by an elongate basin, divided into the
Angayucham Ocean in the northwest and the Mezcalera Ocean in the southeast. The Mezcalera Ocean,
defined as seafloor located between North America and the Mezcalera slab, subducted westward into this
slab; we show this ocean subducting westward as no suitable candidate slab is imaged farther east.
Analogously, the inferred Angayucham Ocean occupied the reconstructed, sub‐Arctic space between
North America and the Angayucham arcs, subducting southwestward underneath the Orcas plate, creating
the Angayucham slab. Prior to the first arc collisions, the Mezcalera and Angayucham oceans were con-
nected. A speculative spreading ridge separated the Angayucham Ocean, its northeastern half on the
North American plate and its southwestern half constituting the inferred “Angayucham plate.” A similar
mid‐ocean ridge probably divided the Mezcalera Ocean basin into an eastern half on the North American
plate and a separate half, the inferred “Mezcalera plate.”

The Insular superterrane, after which the plate is named, is dominated by the Alexander, Wrangellia, and
Peninsular terranes. It has long been debated whether their Mesozoic arcs faced east or west
(Dickinson, 2004; Sigloch & Mihalynuk, 2017). No slabs are imaged east of the Mezcalera slab wall, in loca-
tions and depths appropriate for Andean‐style subduction along the North American margin at this time
(Sigloch, 2011). The implication is that the Jurassic–Cretaceous arcs on Insular were generated by westward
subduction of the Mezcalera Ocean into the Mezcalera slab wall.

The Guerrero superterrane is another east‐facing island arc complex (Dickinson & Lawton, 2001) and can
therefore be considered a southern extension of Insular (Sigloch & Mihalynuk, 2013, 2017). We also place
the Western Jurassic belt of Dickinson (2008) on the Guerrero plate. Comprising the Western Klamath
Mountains, Great Valley basement, and the northern Sierra Nevada, this is another Insular‐associated ter-
rane and is currently situated between Insular and Guerrero, so it is maintained at this position between
the two superterranes at 170 Ma.

The Insular‐Guerrero plate boundary is inferred to have been a rift system that accommodated the 10° of
paleomagnetically indicated northward drift of the Insular plate during the lower Jurassic (Kent &
Irving, 2010). Middle–Late Jurassic rifting between Insular and Guerrero would predict the formation of
an ocean basin in between, which has not been previously proposed. We suggest that this is the birthplace
of two Late Jurassic ophiolite complexes, the 161 Ma Ingalls ophiolite on the southern margin of Insular
(MacDonald et al., 2008) and the 162 Ma Josephine ophiolite in the Klamath Mountains of the Western
Jurassic belt (Harper et al., 1994). Both the age and the location of these relicts of ocean crust are consistent
with formation in this hypothesized basin.

The most significant departure from previous models concerns the Farallon plate. In traditional reconstruc-
tions (e.g., Engebretson et al., 1985; Müller et al., 2019), the Farallon plate extended eastward to the North
American margin, whereas we propose that it subducted underneath new oceanic plates of the
Cordilleran archipelago, west of North America. The northernmost Farallon plate has continuously sub-
ducted beneath the Orcas plate into the Cascadia Root trench from ~180Ma up until present day; this trench
was intraoceanic until it was overridden by continental North America, at latitudes of Oregon, Washington,
and British Columbia, in the Eocene. The southern Farallon plate subducted underneath the Mezcalera and
Guerrero plates, into a trench that joins up to the Phoenix ridge, constrained by southern Farallon slabs
imaged by Hosseini et al. (2020).

However, there is a significant gap in subduction between the imaged Cascadia Root slab and southern
Farallon slabs. This corresponds with a widening at the northern end of the Mezcalera slab at 1,500‐km
depth (Figure 6), which could indicate subduction from two sides into the northern Mezcalera slab at this
time. Thus, we propose that a narrow section of the Farallon plate, bounded by two transform faults, is sub-
ducting eastward into this northern Farallon trench.

Further changes were made to surrounding plates to ensure that the regional reconstruction is consis-
tent with the Müller et al. (2019) global model. These changes include closing the Izanagi plate to
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the north with a transform boundary along the Orcas plate. In addition, we added a subduction seg-
ment above the IZA slab (Figure 5c) to accommodate convergence with the North American plate,
which is extended to include the Angayucham Ocean. In the southeast, the West Gondwana plate is
extended to include half of the Mezcalera Ocean, and it is closed to the south with a trench boundary
with the Phoenix plate.

3.2. Early to Middle Cretaceous (147–115 Ma)

Around 147 Ma, there is a period of widespread tectonic change in Panthalassa, with a 24° rotation of the
Pacific‐Izanagi spreading ridge, contemporaneous with eruption of the Shatsky rise at the Pacific‐
Farallon‐Izanagi triple junction (Sager et al., 1988; Seton et al., 2012). As part of this tectonic change, we
show a major reorganization of the intraoceanic plates with the initiation of Farallon subduction at the
Alisitos trench. This corresponds to a distinct east‐west trending slab upward of 1,400 km, under
present‐day Mexico (labeled ALI in Figure 6c). This slab meets the established, north‐south striking south-
ern Farallon trench at a right angle—similar to the nature of the current Pacific boundary at the western
Aleutians. The ALI slab has a similar strike to the Cascadia Root slab, and we connect these two implied
trench segments with a transform fault. Tomotectonic correlation of the ALI slab is with the Alisitos arc ter-
rane, a second arc outboard of the Guerrero superterrane of present‐day Mexico. Alisitos' earliest volcanic
rocks are dated to approximately 140 Ma (Johnson et al., 1999)—allowing a few million years for melt pro-
duction following subduction initiation.

Latest Jurassic is when North America collides with the Mezcalera arc, initially at its northeastern end. The
timing of collision, as inferred from superposition of plate reconstructions and slab walls, is consistent with
the onset of suturing along the length of the Cordillera (Sigloch & Mihalynuk, 2017) as well as the timing of
Nevadan and Sevier deformation (DeCelles, 2004; Harper et al., 1994). Hence, our tomotectonic correlation
places the Insular superterrane along the northern segment of the Mezcalera slab. The geometries of the slab
and the continental margin predict diachronous accretion of the Insular superterrane, beginning in the
north. This geometric constraint requires anticlockwise rotation of Insular superterrane as accretion pro-
ceeds from north to south, which matches paleomagnetic data suggesting anticlockwise rotations of
Insular superterrane prior to the mid‐Cretaceous (Irving & Wynne, 1991) and would also explain why dex-
tral transpressional regimes are observed in Alexander (McClelland et al., 1992).

A consequence of this collision is a flip in subduction polarity along the accreted Insular superterrane, such
that Orcas oceanic crust west of Insular now subducts eastward under the newly configured North American
margin (Sigloch & Mihalynuk, 2013). This commencement of eastward subduction is recorded in the
Chugach accretionary complex, which is dated to 146 Ma based on depositional ages of detrital zircons
(Amato & Pavlis, 2010). As this polarity switch likely resulted in new slab pull forces acting on the Orcas
plate, we implemented a small amount of eastward motion for this plate. This would require that the trans-
form boundary with the Izanagi plate converted to a spreading ridge and that the Orcas plate was bound to
the south and north by transform faults that accommodated the relative motion with the Alisitos and
Alaskan plates.

Another accretionary complex that records Farallon plate subduction is the Franciscan complex of
California, which began to show accretionary behavior at ~123 Ma (Dumitru et al., 2010). We place this sub-
duction complex outboard of the Alisitos arc at this time. Paleomagnetic studies of the Laytonville (Alvarez
et al., 1980; Tarduno et al., 1990) and Calera (Tarduno et al., 1985) limestone blocks within the Franciscan
complex require unrealistic Farallon plate velocities based on the accretion ages of these rocks, but a more
southerly paleoposition for the Franciscan complex, matching paleolatitudes of the Alisitos trench, would
resolve this problem.

At 120 Ma, a block of old oceanic crust breaks off from Guerrero, separated by a transform boundary. This
break is apparent in the tomography where there is an east‐west termination of a wide region of fast anoma-
lies (Figure 7c) and is consistent with the relative motion of North America along this boundary. The plate
stops migrating at around 104 Ma close to the region where Seton et al. (2012) propose the Caribbean plate
originates. This suggests that the oceanic crust bounded by the southern Farallon and Mezcalera trenches
plays an important role in the evolution of the Caribbean plate.
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Figure 7. Reconstructed plate circuit and tomography models at 110 Ma. Plotting styles as in Figure 5, except that panel (c) now shows the DETOX‐P1
tomography model. (a) The Insular superterrane along the northern MEZ slab has accreted to North America. In the south, the Mezcalera Ocean is almost
closed, accreting Guerrero superterrane to North America. The Alisitos terrane is accreting to Guerrero following the shutdown of the Alisitos trench. NE SIB,
Northeast Siberia. (b) Active subduction zones correspond to orange slab surfaces. The override of the northern Mezcalera trenches is reflected in the upward
truncation (circled) of northeastern MEZ slab at red levels. (c) The DETOX‐P1 model also shows upward truncation of the ALI slab at this depth, representing
extinction of the Alisitos arc.
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3.3. Middle to Late Cretaceous (115–83 Ma)

The completed override of northeasternMezcalera arcs (Insular superterrane) is reflected in the easternmost
MEZ slab no longer growing. The actively building (orange, Figures 7b and 7c) slab contour has moved west
at these latitudes and is now fed by eastward subduction of archipelago (Orcas) lithosphere. Andean‐type
subduction of oceanic lithosphere beneath western United States at these times is recorded by widespread
Cretaceous plutonism, such as in the Sierra Nevada Batholith (Ducea, 2001). Also during mid‐Cretaceous
times, the Western Interior Seaway formed, which we interpret as a flexural response to crustal thickening
of the Intermontane superterrane and loading of the continental margin—much like the present‐day Gulf of
Carpentaria (Sigloch & Mihalynuk, 2017).

Further south along the MEZ slab, the westward‐subducting Mezcalera Ocean is finally closing and
Guerrero superterrane begins to accrete to North America during the Early Cretaceous (Dickinson &
Lawton, 2001). At this time, we showMexico lying due south (rather than southeast) of California according
to paleomagnetic declinations that suggest that Mexico has rotated anticlockwise by 40° since the Late
Cretaceous (Urrutia‐Fucugauchi, 1981). The resulting, more westerly location of Mexico gives a straighter
continental margin that permits a mid‐Cretaceous collision with southern Mezcaleran terranes (Guerrero
superterrane andWestern Jurassic belt), which occurs at ~110Ma in our model. However, there are overlap-
ping carbonates that extend across both Guerrero and nuclear Mexico of ~120 Ma age (Dickinson &
Lawton, 2001) and plutons that stitch the NW Sierra Nevada at 130–125 Ma (Dickinson, 2008), suggesting
that the Mezcalera Ocean should have closed ~10–20 Myr earlier than shown in our reconstruction. This
consistent issue is most likely due to poor longitude constraints in the absolute reference frames, at a time
when the oldest Atlantic hotspot tracks peter out. In addition, we show all terranes and the continental mar-
gin in their present‐day shapes, shortened by compression; originally, they would have extended further
west (DeCelles & Coogan, 2006), implying earlier collision times, as observed.

Here as well, subduction polarity was forced to flip to eastward as North America overrode the southern
MEZ slab. This flipped subduction would have pulled in lithosphere from the vicinity of Alisitos arc. This
may well be the reason that subduction into the Alisitos trench begins to shut down at 115 Ma (Johnson
et al., 1999). An alternative or additional reason could be a collision of the conjugate of the Shatsky Rise with
the island arc, which is predicted to occur about this time. Subsequent effects of Shatksy Rise conjugate col-
lision were widespread in southwest United States, including choking Sierra Nevadan arc subduction, scour-
ing away the sublithospheric mantle (Grove et al., 2008; Humphreys et al., 2003) and causing the basement
uplifts of the Laramide orogeny at around 85–55 Myr ago (Livaccari et al., 1981).

Initially, the Alisitos terrane (green, Figure 7a) travels northward on the Farallon plate, but once its eastern
edge collides with the Guerrero superterrane, it begins to rotate clockwise into the superterrane. This rota-
tion likely contributes to the variations in deformation style along the length of the Alisitos terrane
(Wetmore et al., 2014). Accretion is completed by ~103 Ma, the age of intrusions that cut the Main Mártir
Thrust suture (Johnson et al., 1999).

Another important terrane collision that began in the late Early Cretaceous is the “Great Alaskan Terrane
Wreck” (Johnston, 2001). Initially, the Alaskan arcs were strung out along the Angayucham arc.
However, as the North American continent arrived at the edge of the trench at 110 Ma, the terranes began
to buckle and rotate, accommodating shortening while allowing oblique subduction of the Angayucham
Ocean to continue.

3.4. Late Cretaceous and Paleocene (83–55 Ma)

At 83 Ma (Figure 8), the Kula plate broke from the Pacific, Farallon, and Izanagi plates as constrained by
east‐west trending magnetic lineations in the northern Pacific (Atwater, 1989). The orientation and approx-
imate life span of the Kula‐Pacific ridge are the only constraints on the Kula plate from surface observations.
Starting from the proposals of Engebretson et al. (1985) and Müller et al. (2019), we edited the remaining
geometries of the Kula plate to ensure consistency with constraints from seismic tomography and paleomag-
netism.We place the Kula trench above the KUL slab located north of the Kula spreading ridge. The subduc-
tion zone continues westward into the IZA slab, the presumed trench location of the Izanagi plate, from
which the Kula plate is thought to have broken off in part. This trench solution seems simple and intuitive
in conjunction with the surface constraint, but we note that the KUL and IZA slabs are located 200–300 km
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Figure 8. Reconstructed plate circuit and tomography models at 80 Ma. Plotting styles as in Figure 7 except that the projection is now centered at 30°N, 120°W. (a)
Oblique closure of the Angayucham Ocean continues, causing increased buckling of the Angayucham arcs. The Kula plate has broken off from the Pacific,
Farallon, and Izanagi plates. It subducts primarily northward under the Orcas plate, feeding the Cascadia Root slab (CR1, CR2), and under the Kronotsky plate,
which contains the Kronotsky and Olutorsky arcs. NE SIB, Northeast Siberia. (b and c) Active subduction zones correspond to green slab surfaces. Two slabs, Kula
(KUL) and Cascadia Root (CR1), constrain the subduction zones of the Kula plate at this time, and the KUL subduction zone extends west into the trench of the
Izanagi plate (IZA slab). MEZ slab is completely overridden; its continued growth is fed by eastward subduction of the Farallon and Kula plates. The locations of
slab deposition now roll westward with the continent, in contrast to the wall‐like slabs that grew under the stationary, intraoceanic Mezcalera trench.
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deeper than expected using an average slab sinking velocity of 10 mm/year. This would point to a faster sink-
ing rate for this isolated slab (Sigloch & Mihalynuk, 2017).

Domeier et al. (2017) correlated the KUL and IZA slabs to two arc terranes now accreted to Kamchatka—the
Kronotsky and Olutorsky arcs (pink terranes, Figure 8). We tentatively link these on a single plate: the
Kronotsky plate. This solution differs from the two‐plate proposals by Domeier et al. (2017) and Vaes
et al. (2019) and certainly merits further tomotectonic investigation.

We implement the Prince William subterrane as another Kula‐affiliated block. Prince William is part of the
Chugach subduction and accretionary complex of southern Alaska but can be separated because of its well‐
defined, Late Cretaceous to Paleogene sediments and arc volcanics, deposition of which overlaps the timing
of Kula subduction (Garver & Davidson, 2015). In contrast, the other blocks of the Chugach terrane are
located outboard of Wrangellia during the Late Cretaceous (Garver & Davidson, 2015). Chugach and
Prince William would have merged when incipient Aleutian subduction, the northerly successor of Kula
subduction, pulled the extinct Kula arc beneath the southern Alaskan margin.

The Late Cretaceous is the time during which much of the western Canadian Cordillera, termed “Baja
British Columbia” (Baja BC), is hypothesized to have been translated thousands of kilometers northward
along the continental margin (Irving, 1985). This hypothesis proposes 2,100 ± 700 km of northward transla-
tion of Insular and Intermontane, based on extensive paleomagnetic evidence from several accreted terranes
showing anonymously shallow inclinations prior to 70 Ma compared with cratonic North America
(Enkin, 2006). Accordingly, we implemented northward motion into the rotation files for Insular and
Intermontane. As the two superterranes drive into Alaska, the Angayucham terranes further buckle, as best
appreciated in our Movies S1 and S2. This forms the main stage of oroclinal orogeny in central Alaska: the
“Great Alaskan Terrane Wreck” (Johnston, 2001).

Baja BC translation between 70 and 50 Ma led Engebretson et al. (1985) to suggest that these superterranes
were partially coupled to the Kula plate. Therefore, we place the Kula‐Farallon spreading ridge just south of
the Insular‐Intermontane terrane package (Figure 9a). Our ridge is further south than in the Müller
et al. (2019) model so that the Kula and Orcas plates provide a driving mechanism for the northward trans-
lation of Baja BC. The terranes are translated exclusively on the Orcas plate, a microplate separate from the
Kula plate that contains old trapped ocean crust, Angayucham arcs and Farallon‐Kula arcs. From 70 to
50 Ma, we extend the Orcas plate down to the Kula‐Farallon ridge, consistent with an approximate age
for a disruption in Cascadia subduction reflected in Cascadia Root slab geometries (Sigloch et al., 2008).
At this time, both the western and southern Orcas plate margins are spreading ridges. Theymigrate eastward
(in Alaska) and southward (in Cascadia) to produce progressions of near‐trench magmatism, as outlined by
Haeussler et al. (2003), who named the inferred plate bound by these two ridges the “Resurrection plate” fol-
lowing Miller et al. (2002). In their model, the Resurrection plate presumably originated as a fragment of
either the Kula or Farallon plate, but our analysis reveals Resurrection plate events as the final, override
stage in the Orcas plate's much longer existence. The early history of the Orcas plate was much different;
it acted as the substrate for arcs formed by subducting Angayucham and Farallon ocean lithosphere since
at least 170 Ma.

As before, the Orcas plate is bounded in the north by the Angayucham trench. To accommodate the
dextral strike‐slip motion of Baja BC along the continental margin, we digitized a transform inboard
of Intermontane as the Orcas plate's eastern plate boundary. We implemented a further northward
translation of the Chugach terranes along the outboard margin of Insular. Garver and
Davidson (2015) hypothesized that Chugach lay alongside Wrangellia during the Late Cretaceous, yet
it is now juxtaposed against the Peninsular terrane, having experienced even larger dextral displace-
ments. This suggests that a wide shear zone accommodated Baja BC translations, with the outboard ter-
ranes most strongly coupled to the Orcas plate, and the inboard terranes, such as Cache Creek and
Quesnellia, more closely coupled to the craton.

From 70Ma, we have implemented a 40° anticlockwise rotation of Mexico, based on paleomagnetic and geo-
logical evidence (Urrutia‐Fucugauchi, 1981). This is probably driven by relative eastward motion of the
Caribbean plate, which begins at ~70 Ma (Seton et al., 2012) as it was squeezed between North and South
America.
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Figure 9. Reconstructed plate circuit and tomography models at 60 Ma. Plotting styles as in Figure 8. (a) Spreading between the Kula and Orcas plates and the
Farallon plate drives the Cordilleran “Baja BC” terranes northward. This causes further terrane buckling of the future central Alaskan terranes, behind the
Angayucham trench which is consuming the last remnants of the Angayucham Ocean. Mexico rotates anticlockwise, driven by movement of North America past
the Caribbean plate. (b) Active subduction zones correspond to turquoise slab surfaces. Slabs deposited beneath the “Andean‐style,” westward‐migrating Farallon
trench are seen to be smeared westward. A significant discrepancy in slab imaging concerns a north‐south striking slab due south of CR2 which is present in the
regional model (b) and absent in the global model (c). We choose not to interpret this fast anomaly as it is located at the edges of the regional model and it would
be geodynamically unfeasible to build slabs directly above a spreading ridge. It probably represents an artifact of the regional inversion.
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Figure 10. Reconstructed plate circuit and tomography models at 30 Ma. Plotting styles as in Figure 8. (a) North American terranes have accreted to the continent
and Mexico also reaches its present‐day orientation with respect to North America by this time. The Kronotsky plate has shut down; thus, the Kronotsky and
Olutorosky terranes are transported on the Pacific plate towards Kamchatka (KAM). (b) Active subduction zones correspond to dark blue slab surfaces.
Subduction of the north Pacific is now into the Aleutian trench, marked by the new Aleutian (ALU) slab. Continued growth of the eastward‐dipping CR1 and CR2
slabs under the Cascadia margin records continued subduction of northern Farallon plate fragments (Vancouver, Juan de Fuca). Fast anomalies beneath the East
Pacific Rise, offshore Mexico, should not be interpreted as products of subduction; they are absent in the DETOX‐P1 model. (c) The global tomography resolves
less detail of the relatively narrow Cenozoic slabs in the upper mantle.

10.1029/2020GC009117Geochemistry, Geophysics, Geosystems

CLENNETT ET AL. 16 of 25



The northward translation of the Cordilleran terranes versus the southeast‐directed shearing of Mexico,
separated by the Kula‐Farallon spreading ridge, provided space for accreted terranes that now reside in
California and Oregon, such as the Franciscan complex and Western Jurassic belt. Northward translation
of the Franciscan terrane relative to North America, from an initial position outboard of Alisitos arc terrane,
continued through the Cenozoic, driven by oblique subduction of the Farallon plate (Tarduno et al., 1985).

3.5. Eocene to Present (55–0 Ma)

At 55 Ma, southwestward subduction into the Angayucham trench ceases, marking the completion of archi-
pelago override by North America (Sigloch &Mihalynuk, 2013). At this time, we also show eruption of ocea-
nic plateaus at the Orcas‐Farallon ridge: the Yakutat block subsequently moves northward on the Kula plate
towards Alaska, while Siletzia accretes to North America before rotating 67° into its present‐day orientation
(Wells et al., 2014). This accretion is contemporaneous with the consumption of the last remnants of trapped
Panthalassan crust on the Orcas plate, which is recorded by synchronous near‐trench magmatism in south-
ern Alaska and coastal British Columbia dated to 50 Ma (Haeussler et al., 2003). North America reaches the
Cascadia Root subduction zones (CR1, CR2) around the same time (55–50 Ma), according to tomotectonic
reconstruction (Sigloch & Mihalynuk, 2013). This timing matches the initiation of the present‐day,
Andean‐style Cascadia arc on themargin of the northwesternUnited States (Schmandt &Humphreys, 2011).

South of Insular and Intermontane superterranes, affiliated terranes that were left behind during the
northward translation of Baja BC also accreted in the Eocene. The Western Jurassic belt reaches its
present‐day position alongside the native Jurassic arcs and the Sierra Nevada Batholith around 50 Ma.
The Blue Mountains complete their 1,200 ± 460 km northward translation and ~21° clockwise rotation
by 50 Ma, before rotating by 16° into their current orientation between 45 and 35 Ma (Housen &
Dorsey, 2005).

At 47 Ma, the Kronotsky arc shuts down, representing the end of intraoceanic subduction in the northeast
Pacific (Figure 10). Cessation of subduction along this arc and the resulting change in plate driving forces
could play a role in the formation of the enigmatic bend in the Hawaiian‐Emperor chain that lies just to
the south (Domeier et al., 2017). Following this shutdown, we fuse Olutorsky and Kronotsky to the Pacific
plate, and they start to move northwest towards Kamchatka.

Mexico completes its anticlockwise rotation with respect to North America during the Eocene (Urrutia‐
Fucugauchi, 1984). After this, the Chortis block shears into place as North America continues its westward
drift (Seton et al., 2012).

For the Late Cenozoic, wemake no changes to the continuously closing plate polygons ofMüller et al. (2019).
At 30 Ma (Figure 10), the first contact between the Pacific and North American plates occurs in an
eastward‐protruding segment of the Pacific plate, located south of the Mendocino Fracture Zone, where
the last remnants of the Farallon plate have subducted. This marks the oldest limit of the San Andreas
Fault system, although most of the transform motion is thought to have occurred since the Miocene
(Atwater, 1970).

Figure 11 details terrane motions along this segment of the margin, shown at 15, 10, 5, and 0 Ma. We imple-
mented these motions following the model of McQuarrie and Wernicke (2005), which details the Neogene
tectonic history. However, our model shows this motion on a coarser scale, illustrated using larger terranes,
as opposed to the small blocks of McQuarrie and Wernicke (2005) or distributed deformation of Müller
et al. (2019). One terrane that interacts with the San Andreas Fault is the Transverse Ranges block. It creates
an east‐west trending kink in the Californian coastline where the block crosscuts wider structures that are
oriented northwest‐southeast. Paleomagnetic studies show that the Transverse Ranges have experienced
up to 100° of clockwise rotation during the Neogene (Hornafius et al., 1986). Initial Transverse Ranges rota-
tion is due to interaction between the Pacific and North American plates, final rotation driven by the open-
ing of the Gulf of California since 6 Ma (McQuarrie & Wernicke, 2005).

4. Discussion

We have presented a quantitative plate reconstruction with continuously closing plate boundaries for the
eastern Pacific basin from 170 Ma to present. It gives a more complete tectonic history for this region com-
pared with the latest global models (e.g., Müller et al., 2019; see comparison, Figure 12). In contrast to a
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170 Myr geologic history dominated by two plates—Farallon and North America—we present up to six
oceanic plates between these two major plates. Although no in situ ocean floor for these plates survives at
the surface, we can infer their existence by mapping subducted slabs in the mantle using seismic
tomography. This paleoseafloor is arranged in highly informative geometries, localized vertically beneath
the absolute trench locations where it entered the mantle (Sigloch & Mihalynuk, 2013, 2017; van der
Meer et al., 2010), directly tracing out the convergent paleoplate boundaries that have remained so elusive
to plate reconstructions.

Figure 11. Terrane motions in the southwestern United States since 15 Ma, in 5 Myr intervals. The terranes, labeled in (d), are implemented to move
independently, following the model of McQuarrie and Wernicke (2005). The approximate extent of the Basin and Range province in western United States is
outlined in gold. (a) 15 Ma: prior to Basin and Range extension, terranes of the United States are located farther east than present day, for example, the green
polygons of the Franciscan complex, alongside the Western Jurassic belt of Western Klamath, Great Valley, and NW Sierra Nevada, that do not reach the
western coast of the basemap. The Transverse Ranges block is oriented northwest‐southeast and is located outboard of Alisitos. (b) 10 Ma: The Salinian block
continues to move northward on the Pacific plate side of the San Andreas Fault. The Transverse Ranges block now straddles the San Andreas Fault, which causes
it to rotate clockwise. (c) 5 Ma: early stage opening of the Gulf of California is linked to the northward motion of the Transverse Ranges block, which continues to
rotate. (d) Present‐day position of terranes. BM, Blue Mountains; IB, Idaho Batholith; NJ, Native Jurassic arc; SNB, Sierra Nevada Batholith; P/S, Parral/
Sombrerete.
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Figure 12. FigureComparison between our reconstruction (left column) and the model of Müller et al. (2019) (right column) at selected time steps. (a–f) Centered
at 25°N and 90°W. (g and h) Centered on 30°N and 120°W. Our model features more intraoceanic plates in place of the singular western Farallon plate in the
Müller et al. (2019) model. Strung along these microplates' subduction zones are substantial chains of island arcs or even microcontinents. In the
Müller et al. (2019) model, the same arcs have grown along the Andean‐style margin of North America. These include the arcs of central Alaska (red), the
Guerrero microcontinent (yellow), and the Insular microcontinent (orange). Our model also implements thousands of kilometers of margin‐parallel (mostly
northward) shuffling of terranes during and after accretion, unlike the Müller et al. (2019) model.
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By associating the records of arc magmatism in the North American Cordillera with our inferred subduction
zones, we reconstruct the absolute Jurassic–Cretaceous positions of two intraoceanic microcontinents—the
Insular superterrane of British Columbia and southern Alaska and the Guerrero superterrane of western
Mexico—as well as the massive chain of island arcs that would become central Alaska (Figure 12, left col-
umn). Existing quantitative reconstructions lumped all of these terranes with continental North America
at all times (Figure 12, right column). The plate geometries and accretion sequences implied by the sub-
ducted slabs are successfully reconciled with the geological land record of the Cordillera, and they shed
new light on the variable styles of terrane interactions with the continental margin through time and space.

Although our model is complex, it is no more complicated than plate interactions occurring today in the
southwest Pacific and is in fact strikingly analogous, as shown in Figure 13. In this analogy, two major ocea-
nic domains subduct beneath a vast archipelago from opposite sides—the Mezcalera and Angayucham
oceans versus the Farallon Ocean, or the Indian Ocean and Coral Sea versus the Pacific Ocean. In either
case, a major continent (Mesozoic North America or present‐day Australia) is pulled into the archipelago
from the non‐Pacific side and starts to override its arcs (Mezcalera and Angayucham arcs, or Sunda and
Coral Sea arcs). At present, Australia is diachronously colliding with New Guinea, causing the subduction
polarity to flip from archipelago‐ward to continent‐ward. The detailed comparison in Figure 13 shows
how arc geometries and collision processes of the Cretaceous western North America closely match those
of today's southwest Pacific. It is likely that, in the geological future, the margin of Australia will be com-
posed of suspect terranes, resembling the North American Cordillera (van Staal et al., 1998). Bird (2003) out-
lined 23 plates along the modern Australia and Pacific plate boundary—comparable with the level of
complexity in our model. If one were to imagine attempting to reconstruct the southwest Pacific in the geo-
logical future, the challenges associated with interpreting mantle and geological data from overridden archi-
pelagos become apparent.

One way of comparing plate reconstructions is to consider the trajectories of points of interest. In their
groundbreaking reconstruction effort of the northeast Pacific basin, Engebretson et al. (1985) presented

Figure 13. (a) North American reconstruction at 125 Ma, labeled with the names of its analogous elements in today's southwest Pacific. (b) Present‐day southwest
Pacific, labeled with the names of its analogous elements in the Cordilleran archipelago (after Sigloch and Mihalynuk, 2017). Australia was rotated anticlock-
wise by 90° and mirrored vertically. The topologies of subduction zones are very similar, as are the resulting geological processes. The two continents were/are
pulled into a vast red‐orange line of arcs, which was previously unbroken but is starting to be accreted (Insular [INS] arc then versus northern Papua New Guinea
[PNG] today), forcing a flip of subduction (to light green). A second, major oceanic domain is subducting from the opposite side (light green trenches:
Farallon Ocean then versus Pacific Ocean today).
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the reconstructed trajectory of a point near San Francisco in order to highlight large displacements of the
westward‐drifting continent relative to the mantle. Figure 14 shows the journey of the city of San
Francisco over geologic time in the model of Engebretson et al. (1985) and its similar trajectory in a more
recent reconstruction of perennial Farallon‐beneath‐continent subduction (Müller et al., 2019). Both
models show westward drift of an unchanging continental margin.

San Francisco sits atop an accretionary wedge, the Franciscan subduction complex, formed as slivers of
incoming seafloor that were scraped off the subducting lithosphere to underplate the continental margin.
A singular trajectory could not be applied to the various, unknowable locations where these offscrapings ori-
ginally formed. Instead, these trajectories refer to the location of the accretionary process over time, which
conventional reconstructions would identify with the perennial Farallon trench offshore San Francisco
(black and blue paths of Figure 14).

Tracking the location of offscraping in our archipelago reconstruction yields a completely different journey
for San Francisco that differs in both character and absolute path (red in Figure 14). The Franciscan terrane
starts accumulating in the Early Cretaceous hanging wall of the intraoceanic Alisitos trench, far to the west
of the North American coastline. This placement honors paleomagnetically determined latitudes of
Franciscan rocks that were ~1,000 km further south (Tarduno et al., 1985) of their paleoposition assigned
by the reconstruction of Engebretson et al. (1985). Furthermore, the slab images indicate that subduction
beneath the continental margin at this time is limited to a more northerly location, corresponding to
present‐day British Columbia. No compatible location exists for growth of the early Franciscan behind a
continent‐hugging trench.

By contrast, the intraoceanic, east‐west striking ALI slab (Figure 6) has the correct southerly location, and its
evolution will correctly send the early Franciscan towards its final destination. When the Alisitos trench
shuts down ~115 Ma (section 3.3 and Figure 7), the now unanchored Franciscan terrane travels northeast-
ward on the Farallon plate, which subducts beneath Guerrero superterrane. Franciscan rocks are then

Figure 14. Trajectory of the city of San Francisco relative to the lower mantle, according to different plate reconstructions: Engebretson et al. (1985) (black),
Müller et al. (2019) (blue), and this study (red). Small dots show the position of San Francisco at 1 Myr intervals, and large dots are every 30 Ma. The
reconstructed U.S. coastline is plotted at intervals of 10 Myr. Previous reconstructions (black, blue) assumed that the Franciscan subduction complex was always
located in the forearc of continuous Farallon subduction beneath the continental margin. This study infers a different, four‐stage evolution of the Franciscan
complex: (1) stationary along the intraoceanic Alisitos trench, with subduction of the Farallon plate beneath it; (2) transfer to the Farallon plate, moving
northeastward; (3) accretion to the Western Jurassic Belt and continued growth in this continent‐hugging Farallon trench; and (4) northward translation to
present‐day latitude.
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accreted to theWestern Klamaths and Great Valley blocks, where the subduction complex continues to grow
behind the continental Farallon trench. Its partial coupling to the obliquely subducting Farallon plate sub-
sequently drives the Franciscan complex northward along the continental margin (Tarduno et al., 1985;
compare Figure 8a with Figure 9a) to the site atop which San Francisco stands.

Our archipelago model reconciles geological and geophysical data where previous models have difficul-
ties. Along the margin, locations on Insular superterrane (e.g., Vancouver Island) or on Guerrero (e.g.,
Guadalajara) would record significantly different trajectories to those predicted by Engebretson et al. (1985)
and Müller et al. (2019). Differences for central Alaskan locations would show even greater contrast, espe-
cially for western Angayucham terranes which experience little absolute motion over the past 170 Myr,
versus conventional models that predict a long, monotonous westward sweep at the margin of North
America.

5. Conclusion

Our plate model illustrates the nature of intraoceanic subduction in the eastern proto‐Pacific over the
past 170 Myr, with plate boundaries evolving through time at a resolution of 1 Myr. Proposed plates,
which are related to accreted microcontinents and arcs in the North American Cordillera, are con-
strained in their paleopositions by subduction zones derived from subducted slabs. Our inferred plates
have reasonable geometries that follow established rules of plate tectonics and are consistent with a
well‐constrained global plate circuit. These plates—Angayucham, Mezcalera, Orcas, Insular, Guerrero,
Alisitos, and Alaska—characterize intraoceanic subduction, diachronous archipelago override, and subse-
quent terrane accretion to western North America and are necessary to reconcile the available geological
and geophysical data sets.

The self‐consistent nature of this tomotectonic reconstruction highlights the importance of integrating sur-
face and subsurface data into plate reconstructions. By combining seismically imaged slabs with evidence
from geology, we have built a new tectonic model which provides an improved context for future interpreta-
tions of geological observations. With the potential to further constrain paleogeographic reconstructions in
other areas of the globe, particularly in the Arctic and Caribbean regions which link into our model, the
tomotectonic method can be a powerful tool in future studies.

Data Availability Statement

The digital plate reconstruction and associated data can be downloaded at https://www.earthbyte.org/web-
dav/ftp/Data_Collections/Clennett_etal_2020_G3/. All the tomography models used in this study
(Sigloch_NAm_2011, DETOX‐P1 and DETOX‐P3) can be accessed and interactively visualized via the
SubMachine web portal (http://submachine.earth.ox.ac.uk/).
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