
OK, so how do we figure out the relative motion of plates?



Cande and Stock, GJI 2004

This gives an idea of the kinds of data that are needed to determine a stage rotation pole.  Each point is an anomaly crossing or a transform crossing. This 
is south of Australia.



Where is a rotation pole to be found?



Where is a rotation pole to be found?

could be here

~20°



Where is a rotation pole to be found?

could be here

~70°



Where is a rotation pole to be found?

could even be here

180°!



Where is a rotation pole to be found?

in fact, all points on a plane 
bifurcating the two points 

could be poles



Where is a rotation pole to be found?

Adding more points 
limits variations as 

points must lie on a 
small circle about 

the pole

These two pairs 
only work with the 

first pole…

…but the 
uncertainty is an 

ellipse.



How do we make maps of ancient geography?











Predicts right-lateral offset of
San Andreas fault

But question arises--what was in the gaps? If we go back prior to 30 Ma, no existing lithosphere in contact with western NAm



Only 
one 

side...

usually 
symmetric

...but not 
always

Ridges usually symmetric--so can predict one side from the other.  but not always....



Triple junctions

Kula

Izanagi

Fossil triple junctions tell us about some other plates now gone: Kula and Izanagi (another one to south)
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Figure 1. Global plate tectonic model showing the links between the major plates included in our 
analysis. In addition, the motion of Eurasia (not shown here) was determined from that of North 
America using the record of the opening of the North Atlantic (Srivastava 1978). South America and 
Antarctica rotations (not shown here) are included in the tables. PA: Pacific plate. FA: Farallon plate. 
KU: Kula plate. NA: North America plate. AF: Africa plate. HOT SPOTS: Those in the Pacific and 
Atlantic basins, here shown schematically, are assumed to have remained at a constant distance from 
each other. 

when hotspots have shifted relative to the rotation axis, hotspots 
on one side of the globe moved toward the rotation axis and those 
on the other side moved away, as if the mantle as a whole were 
moving relative to the rotation axis while the hotspots remained 
fixed and at the same distance from each other relative to the 
mantle (Morgan 1981; Gordon and Cape 1981; Gordon 1983; 
Andrews in press). On balance, hotspots appear to us to form an 
imperfect but still useful mantle reference frame. 

Reconstructions Used to Build the Model 

The reconstructions used to build the model come from a 
variety of sources. The motion of the African plate relative to the 
Atlantic hotspots (i.e. Africa-hotspot motion) was taken from 
Morgan (1983). The ages of these reconstructions were adjusted 
to be consistent with the magnetic reversal time scale of Harland 
and others (1982), which is used throughout this paper. To obtain 
the motion of North America relative to hotspots, the Africa-
North America relative motion determined by Klitgord and oth-
ers (1984 and personal communication) was combined with 

Morgan's Africa-hotspot motion. The motion of Eurasia with 
respect to the hotspots was then determined from North Ameri-
ca-hotspot motion and the Eurasia-North America reconstruc-
tions of Srivastava (1978). These reconstructions, as modified by 
the interpretation of Cande and Kristoffersen (1977), showed that 
the anomalies Srivastava identified as anomalies 31 and 32 are 
actually anomalies 33 and 34. The timing of initial rifting of 
Eurasia-Greenland from North America ( - 9 5 Ma) was esti-
mated by extrapolating the spreading rate between anomalies 33 
and 34 out to the ocean-continent boundary as determined by 
Srivastava. 

The post-43 Ma Pacific-hotspot motion, that is, the motion 
of the Pacific plate relative to the hotspots, is generally repre-
sented by a single Euler pole (Jarrard and Clague 1977). The 
possibility that the Pacific plate began to move in a more north-
erly direction several million years ago is suggested (Cox and 
Engebretson 1985) by a difference between the Euler pole for the 
Hawaiian trend (Jarrard and Clague 1977) and the Euler pole for 
present plate motions, as determined from observations spanning 
the past several million years (Minster and Jordan 1978). A 

Engebretson et al., GSA Spec. Paper 206, 1985

How about farther back in time?  Two points here: one is that a popular model relies on fixed hotspots, the other that Farallon/Kula-Pacific spreading was 
symmetric (and no other plates).
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Figure 1. Modeled tracks of the Hawaiian hot spot assuming its fixity with respect to the Indo-Atlantic
hot spots (paleomagnetic data indicate only minor motion of the latter for the time interval shown). Solid
circles show the track calculated using the East-West Antarctica plate circuit; open circles show the track
modeled using the Australia-Lord Howe Rise reconstruction. Ellipses show approximate 95%
reconstruction uncertainties, which do not include uncertainties of the motion of East Antarctica relative
to hot spots [Müller et al., 1993]. A 100 km circular uncertainty was arbitrarily assigned to the present
position of the Hawaiian hot spot (19!N, 205!E). The Australia-Lord Howe Rise reconstruction in
Figure 1a uses the rotations of Tikku and Cande [2000] for the Australia-East Antarctica motion and the
reconstruction in Figure 1b uses the rotations of Whittaker et al. [2007].
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Hotspots fixed? Comparison with plate reconstruction
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± 5 mm/yr (Fig. 2). We also find similar increases 
in spreading rate when we consider asymmetric 
spreading (Fig. DR2 in the GSA Data Reposi-
tory1). The initial increase in spreading precedes 
the previously suggested ages of spreading 
increase, ca. 53 Ma (chron 24; Rowan and Row-

1 GSA Data Repository item 2015156, additional 
details on our methodology and results, is available 
online at www.geosociety.org/pubs/ft2015.htm, or 
on request from editing@geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO 
80301, USA.

ley, 2014) and ca. 47 Ma (chron 21; Barckhau-
sen et al., 2013; Cande and Haxby, 1991). We 
find a similar trend in Pacific-Vancouver spread-
ing rates; however, we observe a large change in 
spreading direction at 52.4 Ma (chron 24n.1y) 
(Fig. 2). This reflects the break-up of the Faral-
lon plate to form the Vancouver plate, and is well 
supported by the clockwise direction implied by 
fracture zone trends, e.g., the Mendocino Frac-
ture Zone (Fig. 1B). Our model produces well-
constrained Pacific-Antarctic finite rotations, 
and finds a significant decrease in Pacific-Ant-

arctic spreading rate and direction at ca. 53 Ma 
(42 ± 17 mm/yr to 31 ± 5 mm/yr), and a further 
decrease at 47.9 Ma (to 17 ± 5 mm/yr) (Fig. 2). 
In contrast, we do not find a significant change 
in Pacific-Antarctic spreading direction or rate 
between ca. 61 and 56 Ma (Fig. 2).

DISCUSSION

Paleocene Farallon Plate Acceleration
We attribute the increase in Pacific-Farallon 

spreading rates between ca. 58 Ma and ca. 56 
Ma to an increase in the absolute speed of Faral-
lon plate motion rather than a change in Pacific 
plate motion. If a major change in Pacific abso-
lute motion had occurred at this time, we would 
also expect to see a corresponding signifi-
cant change in spreading direction or rates for 
Pacific-Antarctic relative motions; however, no 
such changes are observed (Fig. 2). The accel-
eration in Farallon plate motion during this time 
period roughly marks the end of the Laramide 
orogeny from ca. 60 Ma (Saleeby, 2003). The 
Laramide orogeny has been linked with flat-
slab subduction (Atwater, 1989; Saleeby, 2003), 
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Figure 1. Overview of the Pacific Ocean basin. A: Hawaiian-Emperor Seamount Chain, includ-
ing key seamounts identified by O’Connor et al. (2013) and Sharp and Clague (2006). Note that 
the age for Kimmei is based on interpolation. Flowlines, magnetic identifications used in our 
analysis, and fracture zones (FZ; observed in gravity anomaly), are shown in the northeastern 
Pacific (B) (Pacific-Vancouver/Farallon). C: The central-North Pacific (Pacific-Farallon). D: The 
South Pacific (Pacific-Farallon). E: The Pacific plate (Pacific-Antarctic). F: The Antarctic plate 
(Pacific-Antarctic). Flowlines and symbols corresponding with magnetic identification times 
are plotted at the east (dark blue, triangles) and west (magenta, diamonds) ridge-transform in-
tersections. JDF—Juan de Fuca plate; NZ—New Zealand; MBL—Marie Byrd Land (Antarctica); 
PAC—Pacific plate; ANT—Antarctic plate; BEL—Bellingshausen plate.

Figure 2. A: Full spreading rate and 95% un-
certainty. B: Spreading direction and 95% un-
certainty. Spreading systems include Pacific-
Farallon (PAC-FAR) (dark gray) (also in Ogg, 
2012; in orange), Pacific-Vancouver (PAC-
VAN; dotted light gray), and Pacific-Antarctic 
(PAC-ANT; light gray). Chrons in the time 
scales of Cande and Kent (1995; black) and 
Ogg (2012; orange) are shown. Spreading 
parameters and uncertainties prior to 40.1 
Ma are from Croon et al. (2008) (vertical 
lines). Prior to 52.4 Ma, Vancouver was part 
of the Farallon plate (VAN/FAR). Rates were 
calculated on the Molokai Fracture Zone (FZ) 
(PAC-FAR), Mendocino FZ (PAC-VAN), and 
Pitman FZ (PAC-ANT). The Hawaiian-Em-
peror bend (HEB) formed between ca. 50 Ma 
and ca. 42 Ma; the arcuate region formed at 
47.5 Ma (shaded background).

47 Ma Bend not from 
change in plate motion

Wright et al., Geol 2015
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Figure 5 | Models of Hawaiian hotspot track and hotspot surface motion. (a) Model hotspot track (yellow thick line; yellow squares with uncertainty
ellipses at 10 Myr intervals) computed by combining the motion of the Pacific plate in the global moving hotspot reference frame28 (using Model 2 plate
circuits of panel b) and the geodynamically modelled surface motion of the Hawaiian hotspot (rainbow-coloured swath; see ref. 28 for details). The red line
shows the track that would be produced if the Hawaiian hotspot were fixed in the same reference frame, that is, reflects the plate motion alone. The
difference between the yellow and red lines corresponds to the surface hotspot motion. (b) Two relative plate circuit models used for reconstructing relative
motions between the Pacific plate and plates of the Indo-Atlantic hemisphere (for example, Africa). After chron 20 time (43.8 Ma), Models 1 and 2 follow
the same plate motion chain through East Antarctica and Marie Byrd Land8. LHR, Lord Howe rise; CHL, Challenger plateau; CAM, Campbell plateau; MBL,
Marie Byrd Land; RS, Ross Sea. (c) Model tracks of the moving and fixed Hawaiian hotspot (yellow and red lines, respectively) calculated using the plate
motion model of Hassan et al.14, which is based on the global moving hotspot reference frame of Torsvik et al.55 but uses modified relative plate motions56.
Similarly to a, the track for the moving hotspot (yellow line) combines the motion of the Pacific plate (traced by the red line) and the surface hotspot
motion (rainbow-colored swath) from the preferred geodynamic model of ref. 14 (model M3). Because the hotspot drifts to the south in both models
(plates a,c), the bends in the modelled tracks (yellow lines) reflect the directional change of the Pacific motion at B45–50 Ma, whereas the southward
hotspot drift contributes to produce a longer track, which is shifted to the north relative to the track that would be produced by a fixed hotspot (red lines).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15660

6 NATURE COMMUNICATIONS | 8:15660 | DOI: 10.1038/ncomms15660 | www.nature.com/naturecommunications

47 Ma bend requires 
change in plate motion

Torsvik et al., Nature Comm. 2017

This argument rages on. Right figure argues lack of notable change in spreading rate means no change in plate motion. On left is preferred model Torsvik 
et al, which has some southward drift of hotspot (rainbow swath) and a change in plate motion (red line is if Hawaii was fixed)—argue it is death of Izanagi 
plate in NW Pacific that led to change—dragged whole rest of the system with it. So not like there is no drift of hot spot.



the Pacific-North America relative motion, but the fixed hot
spot model suggests higher velocities for early Oligocene to
middle Miocene time (!34–10 Ma).
[27] Changes in the direction of relative motion do not

occur simultaneously in the fixed hot spot and plate circuit
models. As anticipated, the Engebretson et al. [1985] model
shows a change from northeastern to northwestern motion at
chron 18o time, while the trends of model tracks change
from north-northeast to northwest at chron 21 (!46 Ma) in
both plate circuit reconstructions. Larger differences are

observed between the hot spot reconstructions of
Engebretson et al. [1985] and the East-West Antarctica
plate circuit model, while the Australia-Lord Howe Rise
plate circuit shows slightly smaller discrepancies. This
observation is in qualitative agreement with the results of
hot spot track modeling (Figure 1), which are similar to
those of Steinberger et al. [2004] and show that the use of
the Australia-Lord Howe Rise plate circuit produces a
model Hawaiian hot spot track closer to the actual Hawai-
ian-Emperor chain than the model based on the East-West

6.0

9.8

16.7

25.7

33.5

39.5

46.3

56.9

61.8

66.8

72.9

84.0

6.0

9.8

16.7

25.7

33.5

39.5

46.3

56.9

61.8

66.8

72.9

84.0

Figure 2. Tracks of three test locations moving with the Pacific plate relative to the fixed North
American plate. Tracks were calculated using the fixed hot spot reconstructions of Engebretson et al.
[1985] (gray triangles, italicized age labels), and the East-West Antarctica (black circles) and Australia-
Lord Howe Rise (white circles) plate circuit models. Ellipses around reconstructed points are 95%
confidence regions.
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Shows the difference between a modern plate circuit model and the fixed hotspot model--general patterns the same but big differences in details.
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reference pole of Globerman and Irving [1988] and Eocene
(!50–53 Ma) reference pole of Diehl et al. [1983] suggest
paleolatitudes of 48.3!N and 40.8!N, respectively, for the site.
The southward latitudinal displacement relative to the paleo-
magnetic axis from !90 to 50 Ma is thus !7.5! (830 km),
suggesting a nearly identical rate of southward motion during
this interval (!21 mm/a) as that predicted in the Indo-Atlantic
hot spot reference frame.

3.4. Implications for Coastwise Terrane Translation

[53] The plate circuit reconstructions suggest two impor-
tant revisions of the convergence history at the western
North American margin: (1) higher obliquity of subduction
of the Farallon and Kula plates relative to the overriding
North American plate in the Late Cretaceous to middle
Eocene and (2) slower rates of the Kula-North America
relative motion during the Campanian stage of the Late
Cretaceous epoch (!84–73 Ma) and during the middle
Eocene (!46–39 Ma) if the Kula-Pacific rotations of
Müller et al. [2008] are used in the plate circuit. Despite
the fact that the absolute values of convergence velocity
during Late Cretaceous to middle Eocene time are generally
lower in the plate circuit reconstructions, the increased
obliquity requires high rates of tangential right-lateral mo-

tion between the Pacific oceanic plates and North America
that are comparable or higher than those predicted by the
fixed hot spot kinematics of Engebretson et al. [1985].
[54] The trench-parallel component of relative motion

provides a driving force for the coastwise transport of
tectonostratigraphic terranes of western North America
[e.g., Debiche et al., 1987], and therefore our revision has
implications for that history. The far-traveled nature of
many terranes has been challenged [Dickinson and Butler,
1998], especially given the hindsight provided by new data
collection efforts. For example, it is now recognized that
some paleomagnetic results from lithified sedimentary rocks
record anomalously shallow inclinations related to compac-
tion-induced flattening [e.g., Tarduno, 1990]. For the case
of western North America, unrecognized inclination flatten-
ing leads to overestimates of terrane displacement [Kodama
and Ward, 2001; Kim and Kodama, 2004; Krijgsman and
Tauxe, 2006]. Unrecognized tilting of plutons has also led to
displacement overestimates [e.g., Butzer et al., 2004]. On
the other hand, recent reexaminations of paleomagnetic data
from the North American Cordillera have suggested signif-
icant northward terrane translation (>1000 km) during Late
Cretaceous and middle Eocene time [Enkin, 2006; Enkin et
al., 2006a, 2006b].

Figure 8. Examples of calculated latitude-time curves for modeled coastwise terrane translation. Gray
curves are the estimates based on the fixed hot spot kinematics [Engebretson et al., 1985]. Black curves
in Figures 8a and 8c are the estimates calculated using the East-West Antarctica plate circuit
reconstructions including the Kula-Pacific and Farallon-Pacific reconstruction of Engebretson et al.
[1984]. Black curves in Figures 8b and 8d are similar estimates based on the Kula-Pacific and Farallon-
Pacific rotations from [Müller et al., 2008].
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Coastwise transport to 40 Ma
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Gray are fixed hotspot, black plate circuit.  This is motion along the coast assuming movement entirely with the oceanic plate.
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of a primary paleomagnetic remanence in Upper Cretaceous
strata of the Methow-Tyaughton basin. We have not only
confirmed the shallow inclinations from the Mount Tatlow
study, but we have greatly enlarged the region over which
they are observed. Tectonic models that invoke tilting
instead of large-scale latitudinal transport to explain shallow
inclinations are viable in theory, but require identical
rotation vectors in three separate crustal blocks separated
by major fault systems. The combined Mount Tatlow and
Churn Creek results constitute the best defined Cretaceous
result in the Canadian Cordillera; a result that can not be
easily discounted.

8. Implications

[46] The key formation correlations are sketched in Fig-
ure 10. Detailed lithostratigraphic, palynological, geochro-
nologic, geochemical, structural, and, with this study,
paleomagnetic data prove that Upper Cretaceous strata in
Churn Creek are part of the Silverquick/Powell Creek
succession, which forms an overlap succession over the
Insular Superterrane.
[47] Upper Cretaceous strata in Churn Creek overlie

volcanic rocks of the Spences Bridge Group along a strati-
form disconformity characterized by a thin (<5 m) interval
of nonsheared, unbrecciated mudstone and siltstone that
grades upward into the chert pebble conglomerate character-
istic of the lower portion of the succession [Riesterer et al.,
2001; Haskin et al., 2003]. The Spences Bridge Group is an
overlap assemblage linking Quesnellia and Cache Creek
Terranes of the Intermontane Superterrane [Monger, 1989].
Therefore stratigraphic relations in Churn Creek demon-
strate that the Silverquick/Powell Creek succession is a
regional overlap assemblage linking terranes of the Insular
Superterrane with those of the Intermontane Superterrane in
Late Cretaceous time.

[48] The demonstration that these Upper Cretaceous strata
represent an overlap assemblage linking the Insular and
Intermontane Superterranes is crucial, as it eliminates the
potential for large-scale relative motion between the super-
terranes after 85 Ma. The model of differential strain across
the Cordillera [e.g., Irving et al., 1996] is negated. Paleo-
magnetic data require that, during the late Cretaceous, the
Insular and Intermontane Superterranes traveled as a single
crustal block of enormous proportions, informally named
‘‘Baja BC.’’
[49] The dimensions of this crustal block (>2500 km

long, >500 km wide) must be considered in any tectonic
model. Cowan et al. [1997] outline the evidence for oceanic
subduction below Franciscan Complex, Great Valley Group
and Sierra Nevada batholith in California between 110 and
80 Ma. In their model, the Intermontane Superterrane
completely lies north of the subduction zone while the
Insular Superterrane lies completely south of it until 80
Ma. Our results demonstrate that the two superterranes were
contiguous during this period, thus the possibility of this
mid-Cretaceous subduction ‘‘window’’ is not tenable.
[50] Perhaps more importantly, reconciliation of paleo-

magnetic data from both mid-Cretaceous and Upper Creta-
ceous stratigraphic packages in Churn Creek has profound
implications for tectonic models of terrane translation.
There are no observable variations in paleomagnetic incli-
nation with stratigraphic level in either the Spences Bridge
Group or in the Silverquick and Powell Creek Formations,
implying that there was no significant paleolatitude trans-
lation during the durations of deposition, and that all motion
occurred between their depositions. The combined paleo-
magnetic results of the Spences Bridge Group, including
data from Churn Creek yield a paleomagnetic inclination of
79.5! ± 1.9! or paleolatitude 53.2! ± 2.8! (N = 81 sites)
[Haskin et al., 2003], implying that the Spences Bridge
Group was deposited 1050 ± 450 km south of its current

Figure 10. Simplified stratigraphic columns across the Insular/Superterrane boundary showing
correlations and paleomagnetically determined offsets. The results from the present study are given in
the middle column, showing that the paleomagnetic differences between the Spences Bridge Group and
Silverquick/Powell Creek succession are not the result of a major transcurrent fault sitting between the
two superterranes.

ENKIN ET AL.: SHALLOW INCLINATIONS IN CANADIAN CORDILLERA, 2 EPM 4 - 15

Enkin et al., JGR 2003

reference pole of Globerman and Irving [1988] and Eocene
(!50–53 Ma) reference pole of Diehl et al. [1983] suggest
paleolatitudes of 48.3!N and 40.8!N, respectively, for the site.
The southward latitudinal displacement relative to the paleo-
magnetic axis from !90 to 50 Ma is thus !7.5! (830 km),
suggesting a nearly identical rate of southward motion during
this interval (!21 mm/a) as that predicted in the Indo-Atlantic
hot spot reference frame.

3.4. Implications for Coastwise Terrane Translation

[53] The plate circuit reconstructions suggest two impor-
tant revisions of the convergence history at the western
North American margin: (1) higher obliquity of subduction
of the Farallon and Kula plates relative to the overriding
North American plate in the Late Cretaceous to middle
Eocene and (2) slower rates of the Kula-North America
relative motion during the Campanian stage of the Late
Cretaceous epoch (!84–73 Ma) and during the middle
Eocene (!46–39 Ma) if the Kula-Pacific rotations of
Müller et al. [2008] are used in the plate circuit. Despite
the fact that the absolute values of convergence velocity
during Late Cretaceous to middle Eocene time are generally
lower in the plate circuit reconstructions, the increased
obliquity requires high rates of tangential right-lateral mo-

tion between the Pacific oceanic plates and North America
that are comparable or higher than those predicted by the
fixed hot spot kinematics of Engebretson et al. [1985].
[54] The trench-parallel component of relative motion

provides a driving force for the coastwise transport of
tectonostratigraphic terranes of western North America
[e.g., Debiche et al., 1987], and therefore our revision has
implications for that history. The far-traveled nature of
many terranes has been challenged [Dickinson and Butler,
1998], especially given the hindsight provided by new data
collection efforts. For example, it is now recognized that
some paleomagnetic results from lithified sedimentary rocks
record anomalously shallow inclinations related to compac-
tion-induced flattening [e.g., Tarduno, 1990]. For the case
of western North America, unrecognized inclination flatten-
ing leads to overestimates of terrane displacement [Kodama
and Ward, 2001; Kim and Kodama, 2004; Krijgsman and
Tauxe, 2006]. Unrecognized tilting of plutons has also led to
displacement overestimates [e.g., Butzer et al., 2004]. On
the other hand, recent reexaminations of paleomagnetic data
from the North American Cordillera have suggested signif-
icant northward terrane translation (>1000 km) during Late
Cretaceous and middle Eocene time [Enkin, 2006; Enkin et
al., 2006a, 2006b].

Figure 8. Examples of calculated latitude-time curves for modeled coastwise terrane translation. Gray
curves are the estimates based on the fixed hot spot kinematics [Engebretson et al., 1985]. Black curves
in Figures 8a and 8c are the estimates calculated using the East-West Antarctica plate circuit
reconstructions including the Kula-Pacific and Farallon-Pacific reconstruction of Engebretson et al.
[1984]. Black curves in Figures 8b and 8d are similar estimates based on the Kula-Pacific and Farallon-
Pacific rotations from [Müller et al., 2008].
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So how would yo-yo work?
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Figure 8. True paleolatitude vs. time for trajectories describing terranes 
docking at times of 30 Ma, 60 Ma, 90 Ma, and 120 Ma, at locations 
shown in Figure 6: Alaskan Peninsula in 8a; Queen Charlotte Islands in 
8b; Cape Mendocino in 8c; Vizcaino Peninsula in 8d; and Southern 
Mexico in 8e. Thick upper curve shows changes in paleolatitude at each 
docking site assuming that the site remained part of the North American 
craton as the craton moved relative to the paleomagnetic pole. Other 
curves show the changes in paleolatitude relative to the North American 
paleomagnetic pole of a terrane arriving at the docking site at the time 
shown by the arrow head and traveling with the oceanic plates shown by 
appropriate symbols (see Fig. 6). Stars mark curves based on trajectories 
that began at the boundary between two plates, an indication that these 
curves cannot be extrapolated to older times. Cratonal curve based on 
paleomagnetic poles of Irving and Irving (1982) for the Mesozoic and of 
Diehl and others (1983) for the Cenozoic. 

of a primary paleomagnetic remanence in Upper Cretaceous
strata of the Methow-Tyaughton basin. We have not only
confirmed the shallow inclinations from the Mount Tatlow
study, but we have greatly enlarged the region over which
they are observed. Tectonic models that invoke tilting
instead of large-scale latitudinal transport to explain shallow
inclinations are viable in theory, but require identical
rotation vectors in three separate crustal blocks separated
by major fault systems. The combined Mount Tatlow and
Churn Creek results constitute the best defined Cretaceous
result in the Canadian Cordillera; a result that can not be
easily discounted.

8. Implications

[46] The key formation correlations are sketched in Fig-
ure 10. Detailed lithostratigraphic, palynological, geochro-
nologic, geochemical, structural, and, with this study,
paleomagnetic data prove that Upper Cretaceous strata in
Churn Creek are part of the Silverquick/Powell Creek
succession, which forms an overlap succession over the
Insular Superterrane.
[47] Upper Cretaceous strata in Churn Creek overlie

volcanic rocks of the Spences Bridge Group along a strati-
form disconformity characterized by a thin (<5 m) interval
of nonsheared, unbrecciated mudstone and siltstone that
grades upward into the chert pebble conglomerate character-
istic of the lower portion of the succession [Riesterer et al.,
2001; Haskin et al., 2003]. The Spences Bridge Group is an
overlap assemblage linking Quesnellia and Cache Creek
Terranes of the Intermontane Superterrane [Monger, 1989].
Therefore stratigraphic relations in Churn Creek demon-
strate that the Silverquick/Powell Creek succession is a
regional overlap assemblage linking terranes of the Insular
Superterrane with those of the Intermontane Superterrane in
Late Cretaceous time.

[48] The demonstration that these Upper Cretaceous strata
represent an overlap assemblage linking the Insular and
Intermontane Superterranes is crucial, as it eliminates the
potential for large-scale relative motion between the super-
terranes after 85 Ma. The model of differential strain across
the Cordillera [e.g., Irving et al., 1996] is negated. Paleo-
magnetic data require that, during the late Cretaceous, the
Insular and Intermontane Superterranes traveled as a single
crustal block of enormous proportions, informally named
‘‘Baja BC.’’
[49] The dimensions of this crustal block (>2500 km

long, >500 km wide) must be considered in any tectonic
model. Cowan et al. [1997] outline the evidence for oceanic
subduction below Franciscan Complex, Great Valley Group
and Sierra Nevada batholith in California between 110 and
80 Ma. In their model, the Intermontane Superterrane
completely lies north of the subduction zone while the
Insular Superterrane lies completely south of it until 80
Ma. Our results demonstrate that the two superterranes were
contiguous during this period, thus the possibility of this
mid-Cretaceous subduction ‘‘window’’ is not tenable.
[50] Perhaps more importantly, reconciliation of paleo-

magnetic data from both mid-Cretaceous and Upper Creta-
ceous stratigraphic packages in Churn Creek has profound
implications for tectonic models of terrane translation.
There are no observable variations in paleomagnetic incli-
nation with stratigraphic level in either the Spences Bridge
Group or in the Silverquick and Powell Creek Formations,
implying that there was no significant paleolatitude trans-
lation during the durations of deposition, and that all motion
occurred between their depositions. The combined paleo-
magnetic results of the Spences Bridge Group, including
data from Churn Creek yield a paleomagnetic inclination of
79.5! ± 1.9! or paleolatitude 53.2! ± 2.8! (N = 81 sites)
[Haskin et al., 2003], implying that the Spences Bridge
Group was deposited 1050 ± 450 km south of its current

Figure 10. Simplified stratigraphic columns across the Insular/Superterrane boundary showing
correlations and paleomagnetically determined offsets. The results from the present study are given in
the middle column, showing that the paleomagnetic differences between the Spences Bridge Group and
Silverquick/Powell Creek succession are not the result of a major transcurrent fault sitting between the
two superterranes.
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So how would yo-yo work?--note that this plot, points are *on* Farallon plate (so you then have the problem of how they get onto this).
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Again, lots of eastern Pacific is simply not available for examination.
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Laramide uplifts and basins 

C
~120 Ma

Sedimentary veneer and rift deposits on outer continental margin
dewater to create voluminous magmas of Cordilleran batholiths

~80 Ma

Convergence slows owing to difficulty of subducting a continent, and 
asthenospheric flow above subducting slab dies,  causing arc flare-up
magmatism to cease; lower plate lithosphere begins to neck
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~75–70 Ma
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F

Subducting slab breaks off;  asthenosphere upwells through the gap
to create slab failure magmatism;  uplift and diachronous tearing
cause compression in lower plate and thick-skinned deformation

53–40 Ma

New easterly-dipping subduction zone forms and arc
magmatism commences on the Rubian-North American
collision zone

mid-Tertiary

Late Jurassic–Early Cretaceous

Area of collisionally-thickened crust
collapses to form Basin & Range

Pacific 

Asthenospheric mantle

Lithospheric mantle

Arc

NORTH AMERICA

Westerly-directed subduction of
North America beneath Rubia

C Figure 24. Illustrative cartoons, crudely to 
scale, showing important developments of the 
Cordilleran orogeny and subsequent events 
as developed within the text. (A) West-facing 
Cambrian passive margin of North America 
with its rift and overlying passive-margin sedi-
ments migrated across the Panthalassic  Ocean 
until about 124–115 Ma. Westerly subduc-
tion of the North American plate beneath the 
Rubian superterrane; c—carbonate platform. 
(B) The western margin of North America 
was partially subducted beneath the arc-
bearing Rubian super terrane starting at about 
124–115 Ma. When the leading edge of North 
America reached the appropriate depth the sed-
iments of the slope-rise dewatered to create the 
characteristic Cordilleran-type batholiths over 
the length of the orogen. The Rocky Moun-
tain platform was riding over the outer swell 
to the trench at about this time, as documented 
by widespread deposition of intraformational 
gravels at the base of the orogenic foredeep. 
(C) By about 80 Ma, enough continental crust 
had been subducted so that convergence rates 
had slowed markedly, the North American 
lithosphere had begun to neck, and astheno-
spheric circulation above the subducting slab 
had stalled. This caused the shutdown of mag-
matism. (D) Because old and thick cratons are 
too buoyant to subduct entirely, the subduct-
ing slab failed at 75–60 Ma, depending upon 
the segment, and recycled the rift deposits 
and their subjacent attenuated basement into 
the mantle. When freed of its dense oceanic 
anchor the buoyancy of the North American 
craton caused it to rise rapidly, which gener-
ated strong coupling and intense friction be-
tween it and the upper plate. Either owing to 
plate momentum or to diachronous break-off, 
the two plates continued to converge, which 
caused compression in the foreland, and dur-
ing the Maastrichtian, generated the basement-
involved Laramide thrusts and folds. The upper 
plate hinterland was uplifted and collapsed to 
form core complexes during the Paleocene–
Eocene. As the plate ruptured, asthenosphere 
upwelled through the tear to melt and invade 
the Rubian superterrane, where it formed ex-
tensive slab break-off magmatism. (E) By 
53 Ma a new easterly dipping subduction zone 
had formed outboard of the amalgamated col-
lision zone, and arc magmatism occurred in 
both the Canadian and Sonoran segments. 
(F) During the mid-Tertiary the area of crust 
that thickened during the Cordilleran orogeny 
collapsed gravitationally to form the Basin and 
Range Province.

Hildebrand, GSASpec. Paper 457, 2009

One suggestion is west-facing subduction--all allochthonous stuff comes in in K. But that includes things like the Sierra Nevada…(recall some of the links 
in some of the papers on the Sierra *Paleozoic* terranes).



Slabs and arcs at stationary trenches
Figure 2a and b shows how a steep, widened slabwall could be piled up
by nearly vertical sinking beneath a long-lived, stationary trench and
volcanic arc. An Andean-style west-coast trench could not have been
stationary because North America moved westward as the Atlantic
Ocean spread. This contradiction is resolved bywestward intra-oceanic

subduction before the arrival of the continent, followed by a polarity
switch of subduction to its current eastwardmotion into a continental-
margin trench (Fig. 2c). Such a scenario implies that the imaged lower-
mantle slabs MEZ/ANG/SF are Jurassic to Cretaceous in age, allowing
the collisionofNorthAmericawith their subduction zones to cause the
Cretaceous terrane accretions.
To the extent that slabs sink vertically, they record palaeo-arc and

trench locations in an absolute sense. Thus, vertical sinking permits
quantitative predictions of the location and timing of continent-trench
collisions when tomography and absolute plate reconstructions are
combined. These predictions can be tested against the docking times
of arc terranes inferred from land geology. Abrupt upward truncations
of the slabwalls, which are well resolved tomographically (Supplemen-
tary Fig. 2), correspond to the shutdown of the overlying trench-arc
systems, and hence to docking times (Fig. 2).
If the trench remains stationary, a vertical slab pile is deposited

beneath it. If the trenchmoves (but every parcel of slab sinks vertically),
the imaged slab will dip towards older trench locations, assuming no
dramatic lateral variations in sinking rate. The observed lower-mantle
walls are widened to 400–600 km laterally, that is, 4–6 times the thick-
ness of oceanic lithosphere—this is not artificial blur, but the actual
reason for their robust tomographic visibility18. Thickening is probably
achieved by slab folding above the 670-km viscosity jump, deviations
from vertical sinking being due mainly to the folding process itself
(Fig. 2). In convection models, slab folding occurs preferentially
beneath the kind of stationary trenches postulated here18–20. Massive,
thickened slabs like these can be expected to be the drivers of ‘mantle
wind’, rather than blowing in it: that is, if anything sinks vertically, it
should be these slabs.
Such slab walls indicate that their overlying trenches remained in

the same absolute locations for a long time, with arc and accretionary
complex growth stationed above these locations. Observation of mas-
sive slabwalls leadsus to thinkof their associated, intra-oceanic trenches
as ‘terrane stations’ where new crustal material is gathered to await
transfer to a continental margin. Terrane stations above ANG and
MEZ were not conveyed eastward into a continental Farallon trench.
Rather, North America migrated westward, collided, and accreted the
ANGandMEZ terrane stations.Hence slabwalls tie the now-displaced
terranes to a laterally unchanged subsurface, constraining absolute loca-
tions and temporal evolution of oceanic trenches more than a hundred
million years after their demise.
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Figure 1 | Slabs under North America and continental motion over time.
a, Subducted slabs at and below 900 km depth. P-wave tomography model13

rendered as three-dimensional (3D) isosurface contours, which enclose faster-
than-average structure (threshold dvP/vP5 0.25%, where vP is the P-wave
velocity). Colour signifies depth and changes every 200 km; the scene is
illuminated to convey 3D perspective. At a sinking rate of about 10mmyr21,
this slab assemblage should have been deposited from about 200Myr ago to
90Myr ago. Reconstructed continent positions at 140Myr ago are shown in a
hotspot reference frame21 and at 170Myr ago in a hotspot/palaeomagnetic

hybrid frame22. The hatched area represents location uncertainty for
continental margin during Jurassic/Cretaceous times; the cross-hatched area
shows terranes that accreted during Cretaceous and early Tertiary times.
b, Interpretative legend. The slab walls divide into four groups: Cascadia/
Northern Farallon slabs (blue) and Southern Farallon slabs (green), owing to
eastward subduction; Angayucham (ANG, red) and Mezcalera (MEZ, orange)
slabs, owing towestward subduction. Before 140Myr ago, sizeable ocean basins
separated North America from the ANG/MEZ trenches.
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Figure 2 | Schematic cross-section and evolution of a terrane station. tc
denotes the time of arc-continent collision. Motions are shown in a lower-
mantle reference frame. a, Well before the collision, both trench and arc are
active. Slab buckling is due to the viscosity contrast around 670 km, but the
backlog reaches into the upper mantle. b, Around tc and up to about 10Myr
later, the continent overrides the trench and accretes its arc terranes, while the
slab breaks. c,Well after the collision, the slab wall continues to sink. Seaward, a
new Andean-style subduction has developed. Anchored in the lower mantle,
the slab wall is sinking vertically at a steady-state rate of approximately
10mmyr21 in all three panels.
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Slabs and arcs at stationary trenches
Figure 2a and b shows how a steep, widened slabwall could be piled up
by nearly vertical sinking beneath a long-lived, stationary trench and
volcanic arc. An Andean-style west-coast trench could not have been
stationary because North America moved westward as the Atlantic
Ocean spread. This contradiction is resolved bywestward intra-oceanic

subduction before the arrival of the continent, followed by a polarity
switch of subduction to its current eastwardmotion into a continental-
margin trench (Fig. 2c). Such a scenario implies that the imaged lower-
mantle slabs MEZ/ANG/SF are Jurassic to Cretaceous in age, allowing
the collisionofNorthAmericawith their subduction zones to cause the
Cretaceous terrane accretions.
To the extent that slabs sink vertically, they record palaeo-arc and

trench locations in an absolute sense. Thus, vertical sinking permits
quantitative predictions of the location and timing of continent-trench
collisions when tomography and absolute plate reconstructions are
combined. These predictions can be tested against the docking times
of arc terranes inferred from land geology. Abrupt upward truncations
of the slabwalls, which are well resolved tomographically (Supplemen-
tary Fig. 2), correspond to the shutdown of the overlying trench-arc
systems, and hence to docking times (Fig. 2).
If the trench remains stationary, a vertical slab pile is deposited

beneath it. If the trenchmoves (but every parcel of slab sinks vertically),
the imaged slab will dip towards older trench locations, assuming no
dramatic lateral variations in sinking rate. The observed lower-mantle
walls are widened to 400–600 km laterally, that is, 4–6 times the thick-
ness of oceanic lithosphere—this is not artificial blur, but the actual
reason for their robust tomographic visibility18. Thickening is probably
achieved by slab folding above the 670-km viscosity jump, deviations
from vertical sinking being due mainly to the folding process itself
(Fig. 2). In convection models, slab folding occurs preferentially
beneath the kind of stationary trenches postulated here18–20. Massive,
thickened slabs like these can be expected to be the drivers of ‘mantle
wind’, rather than blowing in it: that is, if anything sinks vertically, it
should be these slabs.
Such slab walls indicate that their overlying trenches remained in

the same absolute locations for a long time, with arc and accretionary
complex growth stationed above these locations. Observation of mas-
sive slabwalls leadsus to thinkof their associated, intra-oceanic trenches
as ‘terrane stations’ where new crustal material is gathered to await
transfer to a continental margin. Terrane stations above ANG and
MEZ were not conveyed eastward into a continental Farallon trench.
Rather, North America migrated westward, collided, and accreted the
ANGandMEZ terrane stations.Hence slabwalls tie the now-displaced
terranes to a laterally unchanged subsurface, constraining absolute loca-
tions and temporal evolution of oceanic trenches more than a hundred
million years after their demise.
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Figure 1 | Slabs under North America and continental motion over time.
a, Subducted slabs at and below 900 km depth. P-wave tomography model13

rendered as three-dimensional (3D) isosurface contours, which enclose faster-
than-average structure (threshold dvP/vP5 0.25%, where vP is the P-wave
velocity). Colour signifies depth and changes every 200 km; the scene is
illuminated to convey 3D perspective. At a sinking rate of about 10mmyr21,
this slab assemblage should have been deposited from about 200Myr ago to
90Myr ago. Reconstructed continent positions at 140Myr ago are shown in a
hotspot reference frame21 and at 170Myr ago in a hotspot/palaeomagnetic

hybrid frame22. The hatched area represents location uncertainty for
continental margin during Jurassic/Cretaceous times; the cross-hatched area
shows terranes that accreted during Cretaceous and early Tertiary times.
b, Interpretative legend. The slab walls divide into four groups: Cascadia/
Northern Farallon slabs (blue) and Southern Farallon slabs (green), owing to
eastward subduction; Angayucham (ANG, red) and Mezcalera (MEZ, orange)
slabs, owing towestward subduction. Before 140Myr ago, sizeable ocean basins
separated North America from the ANG/MEZ trenches.
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Figure 2 | Schematic cross-section and evolution of a terrane station. tc
denotes the time of arc-continent collision. Motions are shown in a lower-
mantle reference frame. a, Well before the collision, both trench and arc are
active. Slab buckling is due to the viscosity contrast around 670 km, but the
backlog reaches into the upper mantle. b, Around tc and up to about 10Myr
later, the continent overrides the trench and accretes its arc terranes, while the
slab breaks. c,Well after the collision, the slab wall continues to sink. Seaward, a
new Andean-style subduction has developed. Anchored in the lower mantle,
the slab wall is sinking vertically at a steady-state rate of approximately
10mmyr21 in all three panels.
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Lower mantle “slabs”

A very different approach is to work back from seismic tomography, though this also likes east-facing subduction.  There are some big issues generally 
swept under the rug: rates of vertical fall of slabs can vary with depth and possibly with  age/composition of the subducted material (though this does 
allow for issues getting through the 660/670 discontinuity).
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Fig. 18. 130 Ma (Valanginian) reconstruction, Mercator projection. 

proaching AAK and Superterrane I + II blocks (of. 
Cjetsey et ai., 1982: Howell et ai., 1985). Although 
some authors attempt to consider each small block 
within the UAT as a separate unit, the:, are lumped 
together here to simplify the aheady complex 
tectonic scenario presented in the maps. q~his is 
reasonable because the amount of flysch trapped 
!n the UAT far surpasses the amount of discrete 
miniterrane material: and all of the miniterranes 
are poorly understood at present. 

To the south, the FGO ophiolite terrane has 
collided with the Californian margin, as is evident 
from by abundant structural data (cf Ernst, 1983; 

McLaughlin et ai., 1988). This ophiolite wi'l 
eventually be smeared out northwards along the 
American margin as far as Oregon (Hopson et al., 
1981; Blake and Jayko, 1986) by Paleogene dextral 
strike-slip. The related Franciscan-Great Valley 
Melange (FGM) terrane has begun to form out- 
board of FGO as a result of renewe6 subduction 
following the collision (cf. Coleman and Lanphere, 
1971; Dickinson et al., 1982; Ernst, 1983; Fox, 
1983; Cloos, 1985; Blake et al., 1988; Larue et al., 
1989). Although the FGM terrane is termed a 
melange belt, it is really an accretionary prism 
complex containing dominant flysch and subordi- 
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Cretaceous ophiolite sequences (Bourgois et al., 
1987: Spadea et al., 1987; Restrepo and Toussaint, 
198[;). Portions of the younger ophiolites have 
chemistries that suggest immature arc settings. 
Obduction and nappe emplacement of the 
COC rocks occurred in the Late Cretaceous- 
Paleogene. 

130 Ma (Valanginian) reconstruction (Figs. 17 and 
18) 

The breakup of Pangaea continues; North 
America approximates its modern shape as a result 
of the rotation of MYB, CHO, OGB and YAQ. 

Northeast Pacific~Arctic~Caribbean region 

Superterranes I and II have "turned the corner" 
into the Columbia Embayment, closing the "Cor- 
dilleria'" marginal basin and nearing their collective 
collision point, which was reached by i10 Ma. 
West of the "Cordilleria" plate a new, hypothetical 
plate, "Beringia", is shown to have formed since 
the Late Jurassic. The need for this plate arises 
from the need to explain the production of two 
large oceanic plateau terranes at this time, Bering 
Shelf (BER) and Aleu~ia Basin (ALT; see Figs. i 
and 15). These terranes are inferred to have formed 
at a spreading center, to have migrated eastward 

Wilson et al., Marine Geol., 1991

In point of fact, we know little about the eastern Pacific in the late Jurassic and early K, as this paper proposed.



Hall and Smyth, GSA Spec. Paper, 436, 2008

So a possible analog is in SE Asia.



Hall and Smyth, GSA Spec. Paper, 436, 2008

Mantle and geological evidence for a Late Jurassic–Cretaceous suture spanning North America

 Geological Society of America Bulletin, v. 129, no. 11/12 1503

3. GEOLOGICAL EVIDENCE FOR THE 
MESOZOIC ARCHIPELAGO MODEL

From geophysical observations alone (sec-
tion 2), we can ultimately only make plausible 
arguments about paleogeography: Uncer-
tain mantle rheologies mean that the scenario 
of much more complicated, heterogeneous 
slab sinking (under an Andean-style trench) 
cannot be de"nitively rejected. This section ar-
gues that the Andean ana logue can, however, 

be rejected based on direct geological evidence 
for the Mezca lera-Angayucham Oceans and for 
its spatio- temporal closure as predicted by the 
paleo trench con"guration of Figure 4A.

Geologic relicts of the Mezcalera-Angayu-
cham Oceans are preserved in a tract of at least 
11 collapsed basins extending from Alaska to 
Mexico. These had been described previously, 
but they had not been recognized as a continu-
ous, continent-spanning suture of a wide and 
mature paleo-ocean. As predicted, basin relicts 

of appropriate age straddle the boundary of two 
microcontinents, which are introduced in sec-
tion 3.1: the Intermontane superterrane, pre-
accreted to the continent by ca. 170 Ma, and the 
Insular-Guerrero superterrane, accreted as the 
Mezcalera-Angayucham Oceans sutured. Sec-
tion 3.2 distributes the inventory of North Amer-
ican terranes along the geophysically inferred 
trenches (slab walls) such that the predicted 
override sequence reproduces the tectonostrati-
graphic relationships of the accreted Cordilleran 
terrane assemblage.

Interpretations of the Cordilleran geologic 
record have mostly focused on arguing con-
sistency with the Andean-analogue model. A 
relatively late (post–Late Jurassic) suture of the 
Insular-Guerrero superterrane to the Intermon-
tane superterrane is inconsistent with this model 
because there was arc activity on the Insular  
superterrane, which could not have been due 
to a continent-hugging Farallon arc if the In-
sular super terrane was not sutured to the Inter-
montane superterrane (the latter had accreted 
prior to 170 Ma and hence represents continen-
tal margin for our purposes). Section 3.3 argues 
that all supposed geologic evidence against 
late Insular- Inter montane superterrane sutur-
ing is controvertible because none of said evi-
dence demonstrates stitching or overlap sensu 
stricto. To the contrary, sections 3.4, 3.5, and 
3.6 demonstrate direct observational support for 
late suturing, and for the preceding Mezcalera-
Angayucham arc activity built atop the Insular 
superterrane (by westward subduction), west of 
the suture. Hence, neither land geology nor geo-
physical evidence is consistent with Farallon-
beneath-continent subduction since 180+  Ma, 
or with the early (pre–mid-Jurassic) accretion 
of the Insular superterrane required by Andean-
analogue models of the Cordillera.

3.1. Cordilleran Superterranes

Table 1 lists the characteristics and mutual 
relationships of all superterranes and terranes 
discussed, and for which paleopositions and 
current positions are shown in Figure  4B. In 
the Andean-versus-Archipelago controversy, 
decisive geologic evidence must be held by 
the Insular superterrane in the Canadian and 
Alaskan Cordillera. Consisting of the Penin-
sular and Alexander-Wrangellia terranes, the 
Insular superterrane is a Paleozoic–Mesozoic 
terrane composite constructed from several 
generations of arcs. Located inboard (east) 
of the Insular superterrane, there are the “na-
tive Triassic–Jurassic arc” (Dickinson, 2008) 
and the Intermontane superterrane, another 
Paleozoic–Mesozoic microcontinent consist-
ing of Quesnellia, Stikinia, Yukon-Tanana, 
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Figure 6. Today’s southwest Paci"c is a close analogue to the archipelago inferred for the 
seas west of North America in Early Cretaceous times. A 90° counterclockwise rotation of a 
mirrored map transforms the larger Australian region (map inset in top right) to a trench-
continent con"guration that is topologically almost identical to that inferred from the slab 
geometries of Figure 4A for Mesozoic North America. (Standard geographic directions N-E-
S-W transform to W-S-E-N; see compass rose in bottom left.) Present-day tectonic elements 
are labeled with the names of their corresponding Cretaceous analogues of Figure 4, so that 
Australia becomes “North America,” the Indian Ocean becomes the “Angayucham Basin,” 
etc. Trenches are marked by the same colors as their counterparts in Figure 4. Secondary 
trenches without counterparts are colored black. Corresponding geological elements and 
their roles in archipelago override are explained in Table  2. IMS—Intermontane super-
terrane; INS—Insular superterrane; GUS—Guerrero superterrane; SRC—Shatsky Rise 
conjugate; WIS—Western Interior Seaway.

Sigloch & Mihalynuk, GSA Bull, 2017

So a possible analog is in SE Asia.
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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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~140 Ma

So contrast the complexity of the huge Farallon plate vs. a much more complex collection of island arcs in the Pacific.
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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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Clennett et al “tomotectonic” model Müller et al deforming plate reconstruction

So contrast the complexity of the huge Farallon plate vs. a much more complex collection of island arcs in the Pacific.
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tomography result outlines a similar configuration of the major fast 
anomalies below North America as in most previous tomographic in-
versions, but its resolved structures are more coherent and with more 
prominent seismic velocity perturbations. We start with an evaluation of 
the map-view consistency between modeled slabs and major fast seismic 
anomalies (i.e., seismic slabs) below North America (Fig. 4). These 
seismic anomalies are traditionally interpreted to be the subducted 
Farallon slab. Recently, Sigloch and Mihalynuk (2013) proposed that 

they represent slab piles due to intra-oceanic subduction west of conti-
nental North America. 

Here we present three sets of subduction models: Mu16, Mu19, and 
Cl20, each with two different mantle viscosity profiles (SLM & WLM, 
Fig. 2b). To cover the slabs subducted from the late Mesozoic (~200 Ma) 
to the early Cenozoic (~50 Ma), the period when the three plate re-
constructions differ the most (Fig. 1, Movie S1), we choose five different 
depths within the lower mantle. At 700–1000 km depths, the 

Fig. 4. Comparison of three subduction models with GLAD-M25. Each row represents a different depth and each column a different reconstruction, all with modeled 
slabs (200 ◦C and colder than the ambient mantle) overplotted on the seismic image. For each plate reconstruction, we performed two subduction models with a 
strong and weak lower mantle. 

Y. Li et al.                                                                                                                                                                                                                                        

Müller et al 2016 rigid

Comparing strong (tan) and weak (green) lower mantle convection models based on the different plate reconstructions with one of the seismic models 
(GLAD_M25)
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et al., 2020), supporting that the dominant slab should represent the 
subducted Farallon plate. However, the secondary fast seismic anoma-
lies west of the main Farallon slab suggest there is a need for Mesozoic 
intra-oceanic subduction within the northern and northeastern Pacific 
Ocean as the tomotectonic reconstruction argued for, although the 
resulting slab geometry and location based on the current reconstruction 
are still consistently off from observation. 

3.2.2. Subduction history based on different plate reconstructions 
A better understanding on the differences in the present-day slab 

structures based on the three plate reconstructions can be inferred from 
their respective evolution following the subduction history. We 
demonstrate the subduction history both along a vertical cross section at 
40◦N (Fig. 9), the center of the slab or slab pile, and through examining 
their corresponding 3D evolution (Fig. 10). 

Based on the two implicit tomotectonic reconstructions, Mu16 and 
M19 both produce eastward Farallon subduction since the Jurassic. 

Fig. 7. Same as Fig. 6, but along 40◦N.  

Fig. 8. Same as Fig. 6, but along 60◦N.  

Y. Li et al.                                                                                                                                                                                                                                        

OK, green lines are the weak lower mantle models; blue stuff are slabs from the strong lower mantle models. Rightmost line graph shows for the three 
tomo models how well each reconstruction fits. [Frankly, none of the models are that impressive].
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Fig. 11. Paleotopography evolution in North America due to different subduction scenarios. The predicted topographic history assumed a 200-m sea level drop from 
the Cretaceous to the present. The final (0 Ma) topography of each model is used a reference level such that the eastern North American elevation is adjusted to near 
the observed topography. Red arrows in 120 Ma represent the area of movement of Early Cretaceous fluvial conglomerate deposits (from Heller et al., 2003). The 
solid red lines in 80 and 70 Ma represents paleo shorelines of the Cretaceous Interior Seaway, adopted from Heller and Liu (2016) and Liu et al. (2008), respectively. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Y. Li et al.                                                                                                                                                                                                                                        
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Li et al. go so far as to predict topography from both dynamic effects and changes in lithosphere. Red arrows are sediment transport directions (Burro Mtn 
and equivalents); red lines edges of WIS.


