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A B S T R A C T   

Reconstructions of Earth’s past surface kinematics are traditionally based on a combination of relative plate 
motions inferred mostly from preserved seafloor information and an assumed absolute reference frame using 
data from hotspots and/or true polar wander. Recently, plate reconstructions progressively introduced con-
straints from deep mantle structures like those imaged through seismic tomography. This additional information 
is utilized through either implicit or explicit fashion, where the lateral location of an imaged mantle slab rep-
resents that of its paleo-trench with the age of initial subduction estimated from geological proxies and slab 
depth. Here we quantitatively evaluated the geodynamic and tectonic implications of three recent global plate 
reconstructions (Müller et al., 2016, 2019; and Clennett et al., 2020) by focusing on subduction beneath North 
America. These reconstructions imply different amounts of trench retreat, plate motion and subduction zones, 
due to their varying dependence on the tomotectonic constraints. We simulated their respective subduction 
histories since 200 Ma using a sequential data-assimilation methodology. The resulting present-day slab struc-
tures based on these reconstructions show clearly diagnostic differences, among which the model based on 
Müller et al., 2016 best matches seismic tomography and Mesozoic paleotopography constraints within North 
America, supporting the tomography-implied differential lithosphere motion relative to the mantle. In contrast, 
modeled results based on the explicit tomotectonic reconstruction of Clennett et al., 2020 match both slab 
structure/evolution and associated paleotopographic constraints to the least. Consequently, the presented data- 
assimilation geodynamic modeling exercise, through reproducing the associated subduction history and conti-
nental tectonics, could quantify the tectonic implications of different plate reconstructions. We propose that 
further implementing this exercise through an iterative geodynamic-tomographic-tectonic workflow could serve 
to improve the tomotectonic reconstruction.   

1. Introduction 

Plate reconstructions represent a fundamental outcome of the theory 
of plate tectonics for understanding Earth’s past evolution. In the 
traditional exercise, past plate motions are extracted from the currently 
preserved seafloor age, where relative movements among different 
plates could be derived through global plate circuits, under assumptions 
of symmetrical seafloor spreading along mid-ocean ridges and linear 
extrapolation of information for regions with unclear or missing data (e. 
g., Engebretson et al., 1985; Müller et al., 2008). The available data of 
seafloor age and associated tectonic markers can help to derive the 

history of relative plate motion to as far back as the Late Cretaceous, 
beyond which indirect constraints like continental geology and non- 
marine paleomagnetic data are needed (Seton et al., 2012; Torsvik 
et al., 2019; Müller et al., 2016, 2019). Derivation of absolute plate 
motions with respect to the hypothetically fixed deep mantle, which 
finalize the plate reconstructions, further requires a global reference 
frame that is usually based on the surface trajectories of deep-rooted 
hotspots (Müller et al., 1993; O’Neill et al., 2005) and/or true polar 
wander paths (Steinberger and Torsvik, 2008; Torsvik et al., 2008; van 
der Meer et al., 2010; Müller et al., 2016). 

A natural question arises regarding the correctness of reconstructed 
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plates that have by now disappeared due to subduction, a process that 
destroys past plate information. Some researchers then further inte-
grated possible traces of subducted plates inside the deep mantle as 
imaged through seismic tomography into existing reconstruction 
models, with the aim of better estimating the past configuration of lost 
tectonic plates (e.g., Bunge and Grand, 2000). Such efforts started to 
gain popularity in recent years (van der Meer et al., 2012; Liu, 2012; 
Sigloch and Mihalynuk, 2013; Wu et al., 2016; Clennett et al., 2020) 
while the resolving power of global tomography steadily increased 
(Amaru, 2007; Li et al., 2008; Simmons et al., 2010; Ritsema et al., 2011; 
Sigloch, 2011; Obayashi et al., 2013; French and Romanowicz, 2014; 
van der Meer et al., 2018; Hosseini et al., 2020; Lei et al., 2020). 

Here we term the tomography-assisted exercise as tomotectonic 
reconstruction. In practice, more and more recent plate reconstructions 
are affected by this concept, not only because of the rich information in 
seismic tomography, but also due to the increasing mutual-dependence 
and nested nature of different reconstruction models. In practice, such 
tomotectonic reconstruction usually involves two steps: First, define the 
geographical location of the paleo-trench by matching tectonic records 
along continental margins with the surface projection of the observed 
slabs in the deep mantle, usually with an implicit or explicit assumption 
that the subducted slabs sink largely vertically inside the mantle. Sec-
ond, each slab segment tends to represent an individual subduction 
episode whose initial age of subduction follows that of the correspond-
ing magmatic arcs or that estimated based on the current slab depth 
divided by an assumed slab sinking rate. As a result, the seismic images 
could provide additional details of the subduction history in the region 
that would otherwise have a simpler kinematic history based solely on 
extrapolating surface constraints; these additional details may include 
more episodes of subduction (van der Meer et al., 2012), different plate 
distributions and kinematics (Wu et al., 2016; Clennett et al., 2020), or 
net rotation of the entire lithosphere (van der Meer et al., 2010). 

Inferences from seismic tomography can affect plate reconstruction 
from its global mantle reference frame to regional plate-scale features. 

Since paleomagnetic data mostly constrain the latitudinal position of 
past subduction, seismic tomography could be used to refine the pale-
olongitude. For example, van der Meer et al. (2010) interpreted a global 
east-west offset between the location of three subducted slabs and that of 
their corresponding paleo arcs as reflecting a temporally varying lon-
gitudinal rotation of the entire lithosphere relative to the deep mantle 
since 250 Ma, with the maximum shift being 18◦ since the Jurassic 
(~180 Ma). This longitudinal shift forms a so called net lithospheric 
rotation (NLR), the mean motion of global lithosphere with respect to 
the mantle reference frame (Fig. 1). Consequently, some recent re-
constructions adopted this inference but with a reduced amount of ~10◦

longitudinal shift during the Mesozoic (e.g., Müller et al., 2016; Torsvik 
et al., 2019) by noting that the extreme value of 18◦ seems too large to 
explain observed hotspot tracks (Butterworth et al., 2014). Other re-
constructions chose to minimize the NLR at most times (e.g., Müller 
et al., 2019). Yet, some of them still indirectly use information and 
models derived from seismic tomography models, like the use of crustal 
thickness profile and the model of Tethys Ocean that is based on seismic 
tomography (Hosseinpour et al., 2016) in Müller et al., 2019. Techni-
cally, all these models are tomotectonic reconstructions, since they were 
more or less influenced by the tomographic inferences as stated above. 
Their different amounts of adopted NLR (Figs. S1, S2) represent a key 
reason for their different trench locations over time (Fig. 1), a factor 
strongly affecting subduction dynamics and surface tectonics (Chris-
tensen, 1996; Mao and Zhong, 2018; Peng et al., 2021a). We call this 
indirect tomographic constraint through affecting features such as the 
reference frame of plate reconstruction to be implicit. 

At regional scales, seismic tomography could also be used in an 
explicit fashion to revise existing plate reconstructions, with an example 
being the subduction history below North America (See Table 1.). By 
projecting fast mantle anomalies vertically onto the surface for intra- 
oceanic regions, tomotectonic reconstructions can result in signifi-
cantly more complex subduction scenarios, such as those recently pro-
posed for the northern and northeastern Pacific region during the late 

Fig. 1. Three recent global plate reconstructions at different times. Two of them (blue and green from Müller et al., 2016 and 2019, respectively) are based on the 
implicit tomotectonic reconstruction exercise, and the third one (purple from Clennett et al., 2020) represents an explicit tomotectonic reconstruction within the 
northeastern Pacific, with other regions following the reconstruction of Müller et al. (2019). The blue, green and purple dots mark Euler poles of accumulative net 
lithospheric rotation from respective time to 0 Ma from Müller et al., 2016 and 2019, and Clennett et al., 2020 respectively. The total displacements of net rotations 
are also shown in degrees. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Mesozoic (Sigloch and Mihalynuk, 2013; Domeier et al., 2017), that 
were more recently assimilated into a global compilation (Clennett 
et al., 2020) based on the plate reconstruction of Müller et al. (2019). 
This reconstruction invokes multiple new oceanic plates west of the 
continental North America (Fig. 1), with much of its west coast (coin-
ciding with the green line in Fig. 1) being a passive or transform margin 
until the latest Cretaceous (Fig. 1b). While some similar exercises from 
other groups concerning western and northern Pacific subduction seem 
to better match observation (Domeier et al., 2017; Lin et al., 2022), the 
recent reconstruction by Clennett et al. (2020), however, faces chal-
lenges from the uncertain terrane accretion processes along the margin 
(Coney et al., 1980; Burchfiel et al., 1992), enduring Mesozoic arc his-
tory (Clift et al., 2005; Pavlis et al., 2019), temporally varying strati-
graphic records within the interior of continental North America (Heller 
and Liu, 2016; Li and Aschoff, 2022), and the implications on slab vol-
ume and trench stability (Coney and Reynolds, 1977; Saleeby, 2003; Liu 
and Zhou, 2015). 

In this study, we attempt to evaluate the aforementioned global 
(implicit) and regional (explicit) effects of tomotectonic reconstructions 
using global-scale geodynamic simulations based on data assimilation. 
In doing so, the different plate reconstructions serve as surface boundary 
conditions to guide subduction at depths, where the modeled slabs can 
freely deform (shallowing, flattening, tearing, etc.) that may result in 
significant lateral slab displacement and segmentation (Peng and Liu, 
2022). In particular, our tests hinge on the two underlying assumptions 
as mentioned above (vertical slab sinking and one-to-one correlation 
between slabs and subduction episodes) that went into these re-
constructions. We choose to test three recent plate reconstructions that 
are related in some manner so their differences could be explicitly 
examined. The first two are from Müller et al. (2016) and Müller et al. 
(2019), respectively, where the former assumed rigid tectonic plates and 
latter further considers internal plate deformation. As demonstrated 
quantitatively (Fig. 1), these two reconstructions mainly differ in their 
global trench locations over time. Further decomposing these differ-
ences, we find that this mostly reflects their adopted different amounts 
of NLR (Figs. S1, S2), whose effect clearly dominates that due to 
deformable plate interiors which impact trench location only locally 
(comparing Figs. 1 and S2). The third reconstruction is based on an 
explicit tomotectonic compilation for the northeastern Pacific region 
during the late Mesozoic (Clennett et al., 2020), with other parts of the 
globe being identical to the reconstruction of Müller et al. (2019). Since 
the base reconstruction (Müller et al., 2019) assumes minimum NLR, in 
contrast to that implied in global tomography (van der Meer et al., 
2010), the third reconstruction (Clennett et al., 2020) mostly in-
corporates regional tomographic constraints. 

By assimilating the plate kinematic history including seafloor age, 
trench locations and plate motion of each reconstruction since 200 Ma 
into global forward mantle convection models, we first aim to reproduce 
their corresponding subduction histories and the resulting present-day 
slab structures inside the mantle. Based on model parameters such as 
viscosity chosen from our recent efforts in matching regional and global 
constraints (Hu et al., 2018a; Peng et al., 2021a, 2021b), we then 
examine the modeled subduction history, tectonic responses against 
surface geology, and the final mantle structures against seismic to-
mography for each plate reconstruction. In practice, we look for 

systematic differences among the examined reconstructions, as well as 
their capability in matching the available data constraints. Through this 
exercise, we hope to generate some new insight in the past plate kine-
matics on Earth, with a particular focus on the relationship between 
surface subduction history and slab evolution in the convective mantle. 
Given that the most significant difference among these three re-
constructions concerns the subduction history below North America 
(Fig. 1), our effort will accordingly focus on this region. 

2. Methodology 

To effectively evaluate the tectonic and geodynamic implications of 
different plate reconstructions, we adopt a high-resolution global sub-
duction simulator with sequential data assimilation (Liu and Stegman, 
2011; Hu et al., 2016). The approach assimilates time-dependent in-
formation from plate reconstructions, including seafloor age, plate 
motion and plate boundary, into the geodynamic model, which starts 
integration at 200 Ma to avoid the effect of uncertain initial empty 
mantle on the predicted present day mantle structures. Data assimilation 
at every 1-Myr interval allows a seamless translation of past surface 
kinematics and evolving seafloor ages into subduction and mantle 
convection, while the resulting geodynamic history could make con-
nections with geological records at the Earth’s surface, as well as with 
the 3D mantle seismic structure at the present. Among recent efforts in 
reproducing a realistic Earth subduction history using the data- 
assimilation technique (Schuberth et al., 2009; Liu and Stegman, 
2011; Steinberger et al., 2012; Bower et al., 2015; Zahirovic et al., 2016; 
Mao and Zhong, 2018; Hu et al., 2018a; Ma et al., 2019; Peng et al., 
2021a, 2021b; 2022), our approach is unique in that it not only strictly 
satisfies the observed plate kinematics at the surface, but also produces 
natural-looking, tabular and asymmetric subducting slabs that could 
freely deform over time (e.g., Figs. 2, 9) below convergent boundaries 
(e.g., Liu and Stegman, 2011; Peng et al., 2021a, 2021b). Many of these 
important slab behaviors are absent in other time-dependent subduction 
models of data-assimilation due to the lack of proper representation of 
the sophisticated buoyancy and/or viscosity structures at subduction 
zones (Fig. 2) that are both challenging to implement and expensive (by 
>10 times than models without these features) to compute. 

Another important difference between our data assimilation models 
and other recent exercises is that our dynamically evolving slabs and 
mantle flow allow more accurate calculation of the lithospheric defor-
mation, especially during extreme events like flat slab subduction (Peng 
et al., 2021a; Liu et al., 2021). Consequently, this will allow reproduc-
tion of realistic surface topography and its variation over time, as due to 
not only the stress from the convective mantle (dynamic topography) 
but also buoyancy change within the lithosphere (isostatic topography). 
Consequently, our calculated surface topography (with ±8 km, Fig. 11) 
looks very earth-like, while previous studies usually present a much 
more subtle (with ±1 km) topography signal that is only reflecting dy-
namic topography. 

The model implementation is based on the finite-element code Cit-
comS (Tan et al., 2006; Zhong et al., 2008). Since we focus on a rela-
tively short geologic period (the last 200 Myr) of Earth’s history, we 
approximate the convective mantle as an incompressible fluid that sat-
isfies the Boussinesq approximation. The code solves the equations for 

Table 1 
Mantle convection models based on different reconstructions.  

Model name* Reconstruction Reference frame NLR in 200 Ma Tomotectonic features Plate deformation 

Mu16 Müller et al., 2016 Torsvik et al. (2008) (<70 Ma) 
van der Meer et al. (2010) (>70 Ma) 

16.97◦ Implicit, including NLR No 

Mu19 Müller et al., 2019 Minimized NLR together with trench migration velocity 2.59◦ Implicit Yes 
Cl20 Clennett et al., 2020 Similar to Mu19 5.81◦ Explicit for North America Yes  

* Every set of models comes with a SLM case and a WLM case, with lower mantle viscosity being 3 × 1022Pas and 1023Pas, respectively.  
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the conservation of mass, momentum, and energy, as well as the 
advection of chemical particles (tracers): 

∇ • u→= 0, (1)  

− ∇P+∇ •
[
η
(
∇ u→+∇T u→

) ]
+(ρmαΔT +Δρc) g→= 0, (2)  

∂T
∂t

+ u→•∇T = κ∇2T, (3)  

∂C
∂t

+ u→•∇C = 0, (4)  

where u→ is the velocity, P is dynamic pressure, η is dynamic viscosity, ρm 
is the density of the ambient mantle, α is thermal expansion coefficient, 
ΔT is temperature anomaly, Δρc is compositional density anomaly, g→ is 
gravitational acceleration, and C is composition. 

The global numerical mesh is divided into 12 spherical caps, each 
having 257 × 257 × 113 nodes in latitude×longitude×radius. This re-
sults in a resolution in the horizontal direction of ~23 km at the surface 
and ~ 12 km near the core-mantle boundary (CMB). We apply a radial 
mesh refinement such that the vertical resolution is ~ 12 km near the 
surface, ~ 26 km near the CMB, and ~ 31 km in the mid-mantle. This 
resolution is higher than that in most published models of its kind and 
allows a proper representation of the major thermal and compositional 
structures of the lithosphere, especially along plate boundaries. The 
initial temperature profile of oceanic plates follows a modified error- 
function (Liu and Stegman, 2011) with seafloor age adopted from the 
plate reconstruction (the resulting slab buoyancy is the same as that of 
the actual Earth), while continental plates have a steady-state initial 
temperature profile (Fig. 2a) and the temperature in CMB fixed. The 
viscosity structure depends on depth, temperature, and composition, 
with a layered background viscosity profile and a reference viscosity of 
1021 Pas (Fig. 2b, c). The viscosity is calculated as: 

η = η0(r)⋅C⋅exp
(

Eη(r)
T + Tη(r)

−
Eη(r)

Tm + Tη(r)

)

(5)  

where η is the effective viscosity, η0(r) is the depth-dependent back-
ground viscosity (Fig. 2b), C is the compositional multiplier (see 
Table S1), Eη(r) is the activation energy, Tη(r) is the activation temper-
ature (see Table S2), T is temperature and Tm is the ambient mantle 
temperature. The base of the mantle is free to slip while the surface 
assimilates velocities from plate reconstructions (Müller et al., 2016, 
2019; Clennett et al., 2020). 

A total of ~1.8 billion tracers, each with thirteen flavors, are used to 
define and track the composition, migration, and deformation of 
different model components. The continental lithosphere consists of a 2- 
layer crust and 3-layer mantle lithosphere (Fig. 2d). The crust has an 
average density of ~2.8 g/cm3, where the lower crust is weaker than the 
upper crust, as helps to minimize the effect of imposed surface kine-
matics on lithospheric deformation at depth. The mantle lithosphere has 
a chemically buoyant upper layer, a neutrally buoyant middle layer, and 
a dense lower layer, all relative to the ambient mantle, following our 
recent inference on the lithospheric density profile below continents (Hu 
et al., 2018b; Wang et al., 2022a, 2022b). The oceanic plate consists of 
three compositions: a 7-km-thick surface layer that has no buoyancy 
anomaly but mimics the viscosity effect of a weak and lubricating plate 
interface near the trenches during subduction (Fig. 2c), a basaltic crustal 
layer below the weak surface layer, and the underlying lithospheric 
mantle (Fig. 2d). When the chemically buoyant oceanic crust subducted 
to 120 km or deeper, its composition and density change following the 
basalt-to-eclogite phase transformation (Fig. 2d). This buoyancy setup 
results in realistic-looking Earth topography both in the past and the 
present day (section 3.2.3). See Table S1 for a complete set of compo-
sition density profile. The effect of background mantle viscosity profile 
has been extensively tested in our previous studies with both regional 
(Liu and Stegman, 2011; Hu et al., 2016; Zhou et al., 2018) and global 

Fig. 2. Model temperature, viscosity, and composition. (a, b) Vertical profiles of initial temperature and viscosity for continental plates and oceanic plates with ages 
of 100 Ma and 50 Ma. Temperature is nondimensionalized relative to a reference value of 1000 ◦C. Viscosity is normalized by a reference viscosity of 1021 Pa⋅s. (c, d) 
Effective viscosity and composition of the Mu19 SLM model, with the illustration being a subduction zone along the western North America at 120 Ma. Isotherm of 
0.6 and 0.3 are the grey and dark contours in c, respectively. 
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simulations (Hu et al., 2018a; Peng et al., 2021a, 2021b). In this study, 
we present results from two global models with different lower-mantle 
viscosity values, to indicate this effect. 

The above adopted model parameters generate an Earth-like con-
vection vigor. For example, the resulting sinking rate of the slab at 
upper-mantle depth is similar as the observed plate velocities (Fig. 2c), 
and this remains largely unchanged when the surface is set to be free- 
slip, a process for explicitly testing the dynamic compatibility of the 
convective mantle and surface plates (Liu et al., 2022). The effective 
viscosity across the subduction zone determines the model’s capability 
in reproducing real Earth dynamic processes. In our model, this varies by 
four orders of magnitude, ranging from a very weak (~1019 Pa s) plate 
interface to a weak (~1020 Pa s) asthenosphere, to a strong (~1022 Pa s) 
slab hinge, and to very strong (~1023 Pa s) lithosphere and slabs further 
away (Fig. 2c), consistent with studies of free subduction (e.g., Stadler 
et al., 2010; Gerya et al., 2021). The compositional evolution of the 
model is also reasonable, where the different tracer types help to track 
the geometry and deformation of subducting slabs, continental litho-
sphere, as well as other model components (Fig. 2d). 

In this study, we attempt multiple approaches to evaluate the 
different plate reconstructions. These include a systematic comparison 
of the modeled slab structures with seismic tomography, where we 
considered GyPSum-S (Simmons et al., 2010), GLAD-M25 (Lei et al., 
2020), UUP-07 (Amaru, 2007), and DETOX-P3 (Hosseini et al., 2020). 
This is realized through generating both intuitive 3D images and 
quantitative correlations along cross sections focusing on North Amer-
ica. For the correlation exercise, we first compute the fraction of 
modeled slabs within the whole cross sectional area at each depth by 
tracking the temperature of >50 ◦C colder than the ambient mantle, and 
then match it with the fast seismic anomalies in tomography (> 0.4% for 
S-wave velocity or > 0.2% for P-wave velocity for proper visual com-
parison); the value of fitting is 1 when the cold slab fully overlaps the 
tomographic slab, and is 0 when they are entirely off or there is no slab 
in the region of investigation. 

Another important approach for how we evaluate the different plate 
reconstructions is through examining their corresponding temporal 
subduction evolution and comparing the associated surface topographic 
histories (see section 3.2.3 for more details) with available geological 
records. In our focused study region of North America, we first examine 
the temporal variation of slab dip angle, where a prominent latest 
Cretaceous – early Cenozoic flat Farallon slab was well inferred from 
tectonic data (Coney and Reynolds, 1977; Saleeby, 2003; DeCelles, 
2004; Liu and Gurnis, 2010; Liu et al., 2011). We then examine the 
associated surface topographic predictions from different models, with a 
particular focus on the dramatic paleo-elevation changes since the 
Jurassic time, including dominantly subaerial topography of western U. 
S. prior to the mid-Cretaceous with prominent Early-Cretaceous regional 
downward dipping (Heller et al., 2003; Heller and Liu, 2016), formation 
of the widespread Late-Cretaceous Western Interior Seaway (Bond, 
1976; DeCelles, 2004; Liu et al., 2008), and the present-day east-west 
topographic dichotomy. 

3. Data-assimilation modeling results based on different 
reconstructions 

We present the numerical results from three sets of data-assimilation 
models (Mu16, Mu19, and Cl20) based on the three respective plate 
reconstructions (Müller et al., 2016, 2019; Clennett et al., 2020). Among 
them, the results of Mu16 have been previously evaluated against 
geological and geophysical data in East Asia both during the Mesozoic 
(Peng et al., 2021a) and at the present (Peng et al., 2021b). For all three 
sets of models, we adopt two different background mantle viscosity 
profiles (Fig. 2b) with the main difference being the lower-mantle vis-
cosity that affects slab evolution (depth and lateral location) the most (e. 
g., Liu and Gurnis, 2008; Spasojević et al., 2009; Peng and Liu, 2022). 
Intuitively, a strong lower mantle (SLM) leads to shallower present-day 

slabs than with a weak lower mantle (WLM). In our simulations, the SLM 
case has a viscosity 3-times of that in the WLM case. With this viscosity 
range, Mu16 produces global slabs whose present depth and location 
largely match those revealed in seismic tomography (Peng and Liu, 
2022). Here, we further apply this viscosity range to Mu19 and Cl20, to 
investigate the possible slab behaviors due to this plausible mantle vis-
cosity variation. 

In the following sections, we thoroughly analyze these simulation 
results, both for the present day and the geological past. In section 3.1, 
we evaluate the implicit implication of tomography on global plate 
motions (e.g., van der Meer et al., 2010) by comparing the present-day 
slab structures across four major subduction zones from two numerical 
models (Mu16 and Mu19) that have contrasting amounts of NLR. In 
section 3.2, we further examine this implicit tomographic constraint 
(NLR) while also evaluate the explicitly revised regional reconstruction 
based on tomographic features below North America through comparing 
three model results (Mu16, Mu19 and Cl20) with observations. In this 
section, we first focus on their differences in modeled present slab 
structures due to discrepancies among their adopted plate re-
constructions. Second, we analyze their corresponding subduction 
evolution below North America since the Mesozoic. Finally, we evaluate 
their associated surface topographic expressions by comparing with the 
Mesozoic stratigraphic records from west-central North America. 

3.1. Effects of tomography-derived net lithospheric rotation on global slab 
evolution 

The three adopted plate reconstructions utilize two base reference 
frames (Fig. 1), one with large amplitudes of net lithospheric rotation 
(Müller et al., 2016), and the other with much reduced net rotation 
(Müller et al., 2019). This difference causes lateral offsets (~1000 km) of 
past trench locations since the Mesozoic that are much larger than those 
due to internal deformation (~100 km) of continents for most places. In 
the reconstruction of Müller et al. (2019), these two effects combine to 
generate trench offsets that influence the evolution of subducting slabs 
globally. To minimize the dynamic effect of toroidal flow and defor-
mation close to slab edges (Schellart et al., 2007; Liu and Stegman, 
2011), we choose to examine slab structures at the interior of four major 
subduction zones: East Asia, South Asia, North America, and South 
America (Fig. 3). 

Overall, we observe a good match between the present-day slab 
structures from the two subduction models and the fast anomalies from 
seismic tomography (Fig. 3, UUP-07 from Amaru, 2007). A similar 
match with other tomography images for model Mu16 was published 
earlier (Peng et al., 2021a; Peng and Liu, 2022). The generally good 
match at all four subduction zones confirms that these fast anomalies 
represent subducted slabs. Relatively speaking, the results in Mu16 
provide a statistically better fit to tomography than those in Mu19 
(Figs. 6, 7 and 8). Specifically, their quality of match seems similar in 
East Asia and South Asia, but Mu16 is notably better in North America 
and South America (Fig. 3c and d). Given that the modeled slab below 
North America in Mu19 is consistently shallower than that in tomog-
raphy, we performed another model where we lower the mantle vis-
cosity (WLM) so that this slab could sink deeper, a result that will be 
discussed in the next section. This vertical misfit, however, has little 
impact on the lateral location of slabs, the purpose of this section. 

In practice, the difference between these two reconstructions (Müller 
et al., 2016, 2019) implies different amounts of trench retreat (or 
advance) at locations along the path of net lithospheric rotation, such as 
East Asia, South America, and northern North America (Figs. 1 and S2). 
Since trench retreat has been a common mechanism for explaining 
lateral displacement of subducted slabs relative to their present-day 
trench (e.g., Christensen, 1996; Mao and Zhong, 2018), a comparison 
of model results from Mu16 and Mu19 allows us to further evaluate this 
mechanism using real Earth data. This intuition is confirmed with the 
model results in that subducted slabs along retreating trenches are now 
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located far below the overriding plate (Fig. 3a,c,d), while the slab along 
an advancing trench is below the subducting plate (Fig. 3b). 

Then we more quantitatively analyze these results. Assuming slabs 
sink largely vertically after their initial subduction (as also commonly 
presumed in tomotectonic reconstructions), the present geographic 
location of slabs should be roughly the same as that of the paleo trench. 
In other words, the amount of trench retreat since initial subduction 
should largely equal to the lateral displacement between the subducted 
slab and the present-day trench. However, with a close examination of 
these model results, the above intuitive interpretation clearly fails along 
most subduction zones. For example, although the paleo-trench loca-
tions vary significantly (by >1000 km since the Mesozoic) among the 
two plate reconstructions (Figs. 1, 3), the lateral location and displace-
ment of their slabs relative to the present trenches are very similar, 
instead of being proportional to the amounts of trench retreat they 
experienced as suggested in regional subduction models (e.g., Chris-
tensen, 1996). According to recent global geodynamic simulations 
(Steinberger et al., 2012; Peng and Liu, 2022) and tomographic-tectonic 
correlation analysis (Domeier et al., 2016), Mesozoic subduction usually 
correlates with the lower-mantle slabs at the present, with slabs sub-
ducted prior to ~130 Ma mostly piling up above the CMB. Indeed, the 
lateral positions (measured at both the center and edges) of the lower-
most mantle slabs based on the two reconstructions are nearly identical 
below all four subduction zones (Fig. 3), although their associated 
amount of trench retreat could differ by a factor of 2 (e.g., Fig. 3a,d). 
This means that the lateral slab migration within the mantle is not solely 
driven by the imposed NLR, but rather likely stems out from the internal 
dynamics of the convective mantle. 

At mid-mantle depths, the observed relationship between slab loca-
tion and paleo-trench position is equally puzzling. We find that, except 
in South Asia where the neoTethyan slab subducted via dominant trench 
advance, the mid-mantle slabs in all other regions are located signifi-
cantly more (by a factor of 2) landward than implied by their corre-
sponding trench locations (e.g., at ~70 Ma) (Fig. 3). This indicates that 
slabs along a retreating trench usually do not sink vertically, but instead 
travel progressively inland while descending. For example, in North 
America, the distance the subducting slab has traveled horizontally since 
70 Ma is greater than (Mu19) or close to (Mu16) that in the vertical 

direction. Therefore, we conclude that the present slab location cannot 
represent that of the paleo trenches, and that doing so in plate re-
constructions would result in significantly different (usually older) ages 
of past subduction compared to the real scenario. In the case of North 
America, the current exercise of tomotectonic reconstruction would 
convert the present location of the 70-Ma slab in Mu19 and Mu16 to an 
apparent subduction age of 130 Ma and 120 Ma, respectively. 

Not only the amount of trench retreat does not equal to that of slab 
lateral displacement, but also even the polarity of past trenches may be 
mistakenly inferred from the present seismic slab distribution. For 
example, in East Asia, the more westward trench location at 70 Ma in 
Mu19 generates mid-mantle slabs that are more eastward relative to 
Mu16 (Fig. 3a). Similarly in South America, some Mesozoic slabs are 
below the ocean and west of the continent (Fig. 3d). This oceanward 
translation of the subducted slab would imply intra-oceanic subduction 
in the past, according to the current tomotectonic assumption. All the 
above surprising observations challenge the common hypothesis of 
trench retreat as a key control for subducted slab locations and the 
commonly adopted assumption of vertically sinking slabs inside the 
mantle in recent tomotectonic reconstructions. 

3.2. Evaluating implicit and explicit tomotectonic inferences in North 
America 

The general consistency of modeled slab structures in Mu16 and 
Mu19 with seismic tomography along all major subduction zones 
(Fig. 3) provides a basis for further evaluating the differences between 
the implicit and explicit tomotectonic reconstructions. For this purpose, 
we will focus on North America, due to the availability of both such 
reconstructions and the high-quality tomographic and geological con-
straints in the region. Below, we will systematically evaluate the present 
slab structures, their temporal evolution, as well as the associated paleo- 
topography predictions. 

3.2.1. Present-day slab structures 
For comparison with the different numerical model results, we utilize 

a recent tomography model GLAD-M25 that is based on full-waveform 
tomography and the seismic data from USArray (Lei et al., 2020). This 

Fig. 3. Modeled present slab structures at four major subduction zones. Cross sectional comparison of modeled versus observed slab geometry in present-day along a) 
East Asia, b) South Asia, c) North America, and d) South America. The magenta and green slab contours (100 ◦C colder than the ambient mantle) correspond to 
results from Mu16 and Mu19, both with a strong lower mantle (SLM). The reversed triangles mark the locations of the trench at 130 Ma, 70 Ma, and the present from 
different reconstructions. Ages in the mantle mark the time of subduction for the nearby slab portion. Note the overall similar lateral locations of subducted slabs 
from the two models as well as relative to those in tomography. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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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. 
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tomography reveals a localized slab, mostly below central-eastern 
United States. All subduction models generate this slab, although to 
different extents. Mu16, which most closely reproduces this structure, 
suggests this represents the subducted Farallon plate. In contrast, Mu19 
(Fig. 4b) and Cl20 (Fig. 4c) only predict part of this structure but with 
additional large volumes of slab further east and north, where there are 
no seismic counterparts. A weaker mantle viscosity leads to a similar 
distribution of slabs for each model. This contrast among the three 
models is more clearly shown in the 3D visualization (Fig. 5) where the 
slabs in Mu19 and Cl20 are more widespread at shallow (<700 km) 
depths. 

At middle mantle (1200–1500 km) depths, the spatial distribution of 
the seismic slab extends further north into Canada. All numerical models 

show the same spatial trend as well. However, these model results 
display systematic discrepancies in the E-W direction. To the south of 
50◦N, Mu16 best matches the overall location of the seismic slab, but 
Mu19 and Cl20 demonstrate progressive westward offset from the to-
mography. North of this latitude, the mismatch largely goes the opposite 
way with all three models predicting slabs too far to the east. Among 
them, Cl20 also predicts multiple sub-parallel slab branches due to the 
multiple trenches going into this reconstruction (Fig. 1). Although one of 
these slabs partly overlaps the single seismic slab below western Hudson 
Bay, the other slabs do not match any prominent seismic anomalies. At 
1500 km depth, Cl20 demonstrates the most significant deviations from 
tomography, where its largest slab system is systematically too to the 
west and south of the observed slab. Near the CMB where the oldest slabs 

Fig. 5. 3D visualization of observed and predicted slabs below North America. a) Seismic topography GLAD-M25. Green dashed lines mark profile locations of 
Figs. 6-8. b-d) Present-day slabs from Mu16_SLM, Mu19_SLM, and Cl20_SLM, respectively. Mantle structures below 500 km depth are shown. Slab surfaces corre-
spond to the − 100 ◦C isotherm, with colour showing slab depth for all panels. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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reside, all three models could capture at least part of the seismic slabs. 
Relatively speaking, Cl20 predicts the smallest volume of slabs at this 
depth, while Mu16 reproduces the most. 

For a more quantitative comparison, we further examine the slab 
structures along three E-W cross sections along 30◦N (Fig. 6), 40◦N 
(Fig. 7), and 60◦N (Fig. 8), whose surface locations are shown in Fig. 5a. 
Among these profiles, 40◦N represents a common location for examining 
the Farallon slab, while the other two profiles further south and north 
respectively sample two ‘outboard’ slabs in the eastern and northern 
Pacific that are recently interpreted as recording Mesozoic intra-oceanic 
subduction (Sigloch and Mihalynuk, 2013; Domeier et al., 2017). To 
evaluate the robustness of the relevant seismic features, we also consider 
two other seismic tomography images: GyPSuM-S (Simmons et al., 
2010) and DETOX-P3 (Hosseini et al., 2020), both with good data 
coverage for the study area. 

Along 30◦N, all three tomography images reveal a prominent 
coherent seismic slab traditionally regarded the Farallon slab that ex-
tends from ~700 km depth at − 90◦E to nearly the CMB below − 70◦E. 
Results from Mu16, Mu19, and Cl20 all show this major slab, especially 
the SLM models, where that from Mu16 provides the closest match. We 
also observe a successive steepening and westward shift in slab location 
from the first (Mu16) to the third (Cl20) model. These tomography 
images also resolve some secondary fast anomalies west of the main 
Farallon slab, but both the geometry and location of this feature remain 
unclear based on these images. Among the three subduction models, 
Cl20 produces a most prominent secondary slab, but its location is 
shifted westward by >500 km relative to DETOX-P3, based on which the 
reconstruction was built (Clennett et al., 2020). Consequently, the 
quantitative fit of model with tomography along this profile is consis-
tently the highest for Mu16 at most depths and lowest for Cl20 (Fig. 6c), 
mostly due to offsets in location and shape of the latter. It is worth noting 
that a weak lower mantle (WLM) consistently degrades the model fitting 
at this latitude (green contours in Fig. 6). 

The comparison of modeled versus observed slabs along 40◦N is 
similar as that along 30◦N, but with the Farallon slab in Mu19 being 

significantly shallower than in the other two models. The WLM case 
worsens for all other models. In a map view, the shallow Mu19 slab 
(Fig. 7b) represents a sharp eastward extrusion of the flat Farallon slab at 
this latitude (Fig. 5b). As shown later (section 3.3), this feature is a result 
of an enormous Mesozoic flat slab driven by the fast trench retreat 
required in the plate reconstruction (Figs. 1,3c). This abnormal slab 
behavior also caused excessive Mesozoic subsidence of the North 
American continent (section 3.2.3). These observations help to quantify 
the amount of net lithospheric rotation in reconstructing absolute plate 
motions. Another observation is that the Cl20 model predicts an exces-
sive volume of slabs that are also too deep and further west compared to 
tomography. Again, the quantitative match with tomography at each 
depth is the highest for Mu16, and lowest for Cl20, due to reasons 
analyzed above for 30◦N. 

Further north at 60◦N, the observed slab structure becomes notably 
different: the broad fast anomaly implies the slab is more E-W oriented 
than in the south (Fig. 7a), consistent with the counter-clockwise 
bending of the Farallon slab (Figs. 4,5). Both Mu16 and Mu19 predict 
the slab whose location is too to the east, although their slab volume 
seems appropriate (Fig. 7b). In contrast, Cl20 seems to better reproduce 
the lateral location of the seismic slabs, although the modeled slabs are 
too shallow compared to tomography. This is one branch of several slabs 
originated from multiple intra-oceanic subduction zones (Fig. 4c) in this 
reconstruction (Fig. 1; Clennett et al., 2020). Consequently, the quan-
titative match for Cl20 at depths <1500 km becomes similar as or 
slightly higher than for Mu16 and Mu19, but its match in the deeper 
mantle remains the poorest (Fig. 7c). The WLM counterparts of these 
results only make the fit even worse. 

Collectively, the analyses in this section suggest that among the three 
different reconstructions, the one (Mu16) that allows large net litho-
sphere rotation produces slab structure most consistent with mantle 
seismic images. Furthermore, subduction models (Mu16 & Mu19) based 
on the implicit tomotectonic reconstructions (Müller et al., 2016, 2019) 
can better match the mantle seismic structure below North America than 
that (Cl20) based on the explicit tomotectonic reconstruction (Clennett 

Fig. 6. Comparison of seismic tomography with modeled slab structures along 30◦N. a) Seismic tomography from GyPSuM-S (Simmons et al., 2010), GLAD-M25 (Lei 
et al., 2020), and DETOX-P3 (Hosseini et al., 2020). b) The background colour represents predicted slab structures from Mu16_SLM, Mu19_SLM, and Cl20_SLM, while 
the green contours outline the slabs from their respective WLM cases. c) Quantitative match between the three modeled slabs and the three tomography images at 
each depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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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.  
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Their different amounts of net lithospheric rotation, when projected 
onto North America, results in faster trench retreat in Mu19 than in 
Mu16 (Fig. S2, Movie S1). For example, the Farallon trench was ~1000 
km more eastward in Mu19 at 160 Ma, and this difference largely dis-
appeared by the latest Cretaceous (Figs. 1, 9). Since this period is prior to 
the extensional deformation within the western United States, the above 
Mesozoic difference in trench location is mostly due to the discrepancy 
in their respective reference frames. Consequently, the simulated Far-
allon subduction in Mu19 experienced significantly faster trench retreat 
during the Jurassic-Cretaceous than that in Mu16. As a result, the former 
model led to a more prominent shallow-to-flat slab beneath western 
North America during the Mesozoic, consistent with inferences from 2D 
regional subduction models (Christensen, 1996; van Hunen et al., 2000). 
In 3D, the center of a subducting slab tends to experience a stronger sub- 
slab overpressure that tends to elevate this part of the slab relative to the 
edges (Liu and Stegman, 2011, 2012). The 3D illustration of the modeled 
slab more clearly demonstrates this dome-like slab geometry (Fig. 10b). 
This special slab configuration remained toward the present (Figs. 4,10). 

Formation of a broad dome-like slab geometry in Mu19 during the 
Mesozoic means that this slab ‘parachute’ will sink more slowly than a 

steeper and/or shorter slab, because the laterally distributed negative 
buoyancy of the long slab is more readily balanced by the viscous 
resistance of the ambient mantle (Stevenson and Turner, 1977; Peng e 
al., 2021a). Geographically, the center of this slab will sink slower than 
the edges (Figs. 9, 10). Consequently, the slow sinking of the central 
Farallon slab in Mu19 during the Cenozoic resulted in a present-day 
depth that is notably shallower than in Mu16 (Figs. 9a,b, 10) and to-
mography (Fig. 7). The observation that the northern and southern 
portions of the Mu19 slab are much deeper than the middle (Fig. 10) 
further supports the above statement. 

The largest difference of Cl20 from Mu16 and Mu19 is that the 
former hosts multiple intra-oceanic subduction zones within the eastern 
Pacific during the Mesozoic, when both eastward- and westward- 
directed subducting slabs developed (Fig. 9c). During the Late Creta-
ceous (e.g., 80 Ma), these ribboned ocean basins (Fig. 1c,d) were 
eventually consumed by subduction. Only by this time, eastward Far-
allon subduction along the west coast of North America commenced, 
and this subduction lasted to the present. Although the posts-80 Ma 
subduction of Cl20 is similar as that in Mu16 and Mu19, their different 
Late-Cretaceous mantle structures caused their subsequent evolution to 

Fig. 9. Simulated subduction histories along 40◦N based on the three plate reconstructions. Among these models, Mu16 (a) and Mu19 (b) differ mainly in their 
trench locations, while Cl20 (c) differs from the other two with multiple intra-oceanic subduction events during the Mesozoic that switched to a single eastward 
subduction during the Late Cretaceous (e.g., 80 Ma). A movie for the evolution of this cross-section in the three models is available (Movie S2). 
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differ. In particular, the large volumes of parallel or imbricated slab 
segments cumulated below the west coast of North America by 80 Ma 
dominated the Cenozoic sinking trajectory. The downward-to-westward 
drag of these slabs prohibited the formation a flat slab underneath North 
America, in contrast to Mu16 and Mu19. The concentrated negative 
buoyancy also caused the slab pile to sink faster than a thinner single 
slab. Consequently, the present-day depth of the Cl20 slabs is much 
greater than that in the other models, as well as than that in the seismic 
image (Fig. 7). 

Both the flat slabs and the shallow slab underplating against the base 
of the upper plate caused significant deformation within the continental 
lithosphere, with regional thinning and thickening occurring depending 
on the stress states. Consequently, the western half of the North Amer-
ican mantle lithosphere was severely reshaped during the Mesozoic 
(Fig. 9). Since our models acknowledge a layered lithospheric density 
structure, variations in these layers will modulate surface topography. 
This topographic contribution is in addition to the so-called dynamic 
topography induced by the oceanic slab and associated mantle flow 
(Braun, 2010; Liu, 2015). 

3.2.3. Paleotopography evolution from the three subduction models 
An important independent assessment of the modeled subduction 

histories is through evaluating the modeled continental topography as a 
function of time against available geologic constraints (Mitrovica et al., 
1989; Gurnis, 1993; Gurnis et al., 1998; Liu et al., 2008; Spasojević et al., 
2009; Shephard et al., 2010; Liu and Gurnis, 2010; Heller and Liu, 2016; 
Liu et al., 2021). Since our models incorporate realistic density 

structures of the lithosphere based on multiple recent inferences (Hu 
et al., 2018b; Wang et al., 2022a, 2022b), the resulting topography 
represents the combined effects from both the evolving lithosphere and 
the convective mantle underneath. In effect, the results should be 
directly comparable to that observed, with a caveat that topographic 
reworkings due to surface processes are absent in these results. 

Here we analyze the paleotopography from each of the three models 
that all have a strong lower mantle (SLM), since the match of slabs with 
seismic tomography in the WLM cases is not as good (Figs. 6-8). To avoid 
the influence of the uncertain initial condition, we show the topographic 
history since the latest Jurassic, when major slabs are well developed. 
For each time frame, we also remove the globally averaged surface 
topography, with the purpose of correcting the effect of total mantle 
buoyancy change due to progressive increase of subducted slab volumes 
inside an initially empty mantle. Because the initial lithosphere thick-
ness and associated topography of North America are unknown, we 
choose the present-day model topography as the reference level: we 
adjust all topography predictions with a constant amount such that the 
present-day topography of the stable central-eastern continental North 
America is close to that observed. Finally, we also considered a 
maximum sea level drop of 200 m from the Late Cretaceous to the 
present (Müller et al., 2008) in estimating the basement topography of 
continental North America. The resulting paleo and present topography 
of North America from the three subduction models are displayed in 
Fig. 11. For the Mesozoic, we mostly focus on the Cretaceous topography 
due to the available paleoaltimetry constraints associated with the 
development of the Western Interior Seaway. We exclude the Cenozoic 

Fig. 10. 3D visualization of evolving slabs below North America. a-c) Models Mu16_SLM, Mu19_SLM, and Cl20_SLM, respectively. Mantle structures below 200 km 
depth are shown. Slab surfaces correspond to the − 150 ◦C isotherm, with colour showing slab depth. The green dashed line marks the position of Fig. 9. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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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.) 
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part of the history due to both the lack of reliable constraints on paleo- 
topography and the more similar plate kinematics among all three re-
constructions than in the Mesozoic (Fig. 1a). 

A striking topographic feature is the persistent existence of a 
Cordillera, mostly reflecting crustal thickening near the subduction zone 
but lithospheric thinning further inland, along the west coast of North 
America, whose geometry, width, and altitude varied over time due to 
different subduction dynamics. This feature appeared as early as the 
Jurassic in Mu16 and Mu19 (Fig. 11a,b), in response to the active sub-
duction underneath. The Cl20 model did not predict a prominent 
Cordillera until as late as 100 Ma (not shown) when the eastward Far-
allon subduction was established (Figs. 1, 11). Due to the lack of surface 
erosion in these calculations, the Cordilleran topography is likely higher 
than the real case. In contrast to the west coast, the central-eastern North 
America experienced great fluctuations in mean elevation over time, 
from 1 to 2 km in the Jurassic to below sea level in the Late Cretaceous, 
and to a low-elevation platform at the present. The topographic relief of 
this part of the continent also changed from being westward down- 
tilting during the Mesozoic to largely flat in the latest Cenozoic. This 
interior subsidence mostly reflects dynamic topography originating 
from mantle downwelling. 

At the end of Jurassic (150 Ma), most of the continental North 
America remained high and above sea level, according to all three 
models. Among them, Mu19 also predicts a broad low land within the 
western United States, with a narrow seaway occupying the foreland 
region. This configuration remained largely unchanged into the Early 
Cretaceous (120 Ma). However, the absence of marine deposition with 
these ages over Wyoming and Colorado Plateau (DeCelles, 2004) fal-
sifies this prediction. By the Early Cretaceous (120 Ma), the only notable 
changes occurred in Mu19: the Cordillera significantly expanded and 
raised its peak elevation in the Pacific Northwest, while the seaway 
further expanded in the south to cover entire Texas. We interpret the 
more obvious changes of paleotopography in Mu19 as due to the onset of 
flat slab subduction (Fig. 9b). The stability of the other two models re-
flects either the normal ongoing subduction (Fig. 9a) or lack of sub-
duction below the continent (Fig. 9c). When compared to the spatial 
distribution and flow direction of Early Cretaceous fluvial conglomerate 
deposits (red arrows in the western U.S., from Heller et al., 2003), the 
topography of Mu16 represents the most reasonable prediction, while 
other models violate either the observation of terrestrial setting (Mu19) 
or surface slope directions (Cl20). 

The most dramatic topography variation occurred during the Late 
Cretaceous, in response to either the full development of the flat Farallon 
slab (Mu16 and Mu19) or translation of former intra-oceanic slabs un-
derneath the continent due to trench retreat (Cl20). Along the west 
coast, the enhanced lateral compression caused the orogenic uplift to 
maintain. On the other hand, the slab underplating also dragged the 
surface down to below sea level, forming the Cretaceous Western Inte-
rior Seaway (WIS). Relative to the spatial extents of the WIS that cli-
maxed at 80–70 Ma, Cl20 clearly underpredicts its spatial extent, due to 
inadequate dynamic subsidence from the sinking slabs. Mu19, on the 
contrary, overpredicts the landward limit of the seaway that covered 
almost the entire eastern United States by 70 Ma. This is consistent with 
its longest flat and shallow Farallon slab that underplated the entire 
continent by the latest Cretaceous (Fig. 9b). Another consequence of this 
flat slab is the overpredicted width of the Cordilleran system whose high 
topography reached half-way through the WIS, as also violates the 
stratigraphic records around this time (Liu et al., 2008, 2011; Heller and 
Liu, 2016; Chang and Liu, 2021). Relatively speaking, Mu16 provides 
the best matches to both the Cordillera topography and the evolution of 
the WIS. We note that the rigid North American plate in this recon-
struction (Müller et al., 2016) could have caused an underestimate on 
the width of the orogen west of the seaway, but this seems to be an 
overall minor effect. 

By the present day, all models reproduce the observed E-W con-
trasting topography of North America. The overpredicted Cordilleran 

topography within the United States in Mu16 is largely due to the 
omission of Basin & Range extension that would reduce topography in 
this part significantly (Zhou and Liu, 2019). However, the broad high 
mountains in western Canada, especially from Mu16 and Mu19, are 
unrealistic. Among all three models, the Canadian topography is best 
reproduced in Cl20. This seems to support its associated plate recon-
struction where late-Mesozoic eastward subduction directly beneath the 
Canadian margin is absent (Fig. 1). In contrast, its predicted topography 
in the United States is more off than other models, in that both the 
Cordillera and central-eastern continent are too low. In addition, this 
model also consistently misses the topographic predictions within con-
tinental United States during the Mesozoic, as suggests that the plate 
reconstruction at this latitude range is problematic. However, the 
respective contributions to topography from absolute plate motions and 
deformable plate interiors in Mu19 still await more investigation. 

4. Implications on the exercise of plate reconstruction 

In this study, we systematically evaluate three representative plate 
reconstructions by examining their implied slab structures, subduction 
dynamics, and topographic responses. We find that these re-
constructions lead to clearly diagnostic differences in these results that 
could be differentiated using observational constraints. In the retro-
spect, these evaluations provide useful insight on the input re-
constructions of the geodynamic models. Therefore, we propose that the 
workflow presented in this study represents a tentative approach for 
better constraining the uncertain aspects of the different plate re-
constructions. We do caution that the above analysis is heavily based on 
data constraints from North America, while those from other parts of the 
globe are still wanted in future research. 

4.1. New constraints on net lithospheric rotation 

Both the nature and magnitude of net lithospheric rotation over time 
remain unclear as the absolute reference frames of these reconstructions 
are anchored on hotspots that are hypothesized to be deep rooted but 
whose spatial configuration and movement throughout the mantle 
remain poorly constrained, say by seismic tomography and hotspot 
track. As a result, different amounts of net lithospheric rotation remain 
permissible among different reconstructions. Here we show that net 
lithospheric rotation can influence subduction dynamics through 
modulating both trench retreat and mantle flow, and that some slabs (e. 
g., North America) could discern this global-scale kinematic signal more 
clearly than others (Fig. 3). By analyzing these slab behaviors, especially 
the subduction dynamics in the region with high sensitivity (e.g., North 
America), we arrive at some preliminary understanding on the proper-
ties of this net lithosphere rotation. 

First, the global analysis at four different subduction zones (Fig. 3) 
shows that trench retreat is not the only factor controlling slab dy-
namics. The fact that subduction zones with dramatically different 
amounts of trench retreat generate very similar slabs at depth, such as in 
East Asia and South America (Fig. 3a,d) suggests that the horizontal 
components of mantle flow, either at regional or global scale, must have 
been reorganized accordingly to result in the similar trajectories and 
final locations of slabs. This finding is consistent with our recent ex-
amination of regional (Peng et al., 2021b) and global (Peng and Liu, 
2022, 2023) horizontal mantle flow that demonstrates large geographic 
discrepancies around the globe. We suggest that the origin and pattern 
of this spatially varying lateral mantle flow should carry important in-
formation about the dynamic interaction of subducting slabs at depth, a 
topic that deserves more future research. 

Second, on a global scale, the modeled slabs in Mu16 provide a 
statistically better match to the seismic image than M19, with their 
difference more clearly shown below subduction zones within the 
eastern Pacific than the western Pacific (Fig. 3). This implies that the 
reconstruction with a large amount of net lithospheric rotation since the 
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early Mesozoic is more appropriate in representing the kinematic history 
of Earth’s surface motion. This finding further supports the implicit 
tomotectonic inference (van der Meer et al., 2010), implying that the 
required net lithospheric rotation may reflect a global scale lateral 
motion of the mantle and slabs after subduction, irrespective of whether 
the slab is continuous with depth or broken. This conclusion is rein-
forced by the regional analysis within North America, where both the 
evolving Farallon subduction (Figs. 5-10) and the associated paleo-
topography (Fig. 11) from Mu16 demonstrate a greater extent of con-
sistency with the observational constraints. The model with minimal net 
surface rotation (Mu19), in contrast, causes excessive flattening of the 
Farallon slab that induces enduring and too-to-the-east orogenic uplift 
and dynamic subsidence during the Mesozoic within continental North 
America than implied by the geologic records (Fig. 11b). We note again 
that this inference should and could be reexamined using data from 
other parts of the world. 

4.2. Pros and cons of tomotectonic reconstruction 

Through further evaluating the subduction history below North 
America, we confirm that the explicit tomotectonic reconstructions have 
a unique merit that is complementary to other reconstructions. For 
example, permitting intra-oceanic subduction in the northeastern Pa-
cific does help to better reproduce some slab features, such as some mid- 
mantle fast seismic anomalies below Canada, although this model also 
predicts more features than seismically imaged (Figs. 4, 8). In addition, 
the model Cl20 also better predicts the present-day topography in the 
northern North America (Fig. 11c), although the exact reason and 
mechanism remains to be further explored. These observations suggest 
that the earlier exercise of plate reconstruction does need some modi-
fication, at least within the Mesozoic northeast Pacific Ocean. 

On the other hand, we also find that model Cl20 overall matches both 
mantle seismic structure and paleotopography the worst among all three 
models, especially below continental U.S. An important reason lies in 
the presumption of vertically sinking slabs during the original recon-
struction (e.g., Sigloch and Mihalynuk, 2013). As Fig. 3 implies, large- 
scale horizontal mantle flow should exist that compensates most of the 
different amounts of trench retreat at the surface in producing similar 
location of subducted slabs at depth. This flow causes a complex history 
of lateral displacement of the sinking slabs, as can be seen in the more 
eastward directed descending motion of the slab in Mu16 than in Mu19, 
a process that trades off their initial difference of trench locations 
(Fig. 9). Another intuitive illustration of this complex flow comes from 
the large mismatches between the predicted slab structure in Cl20 and 
that in seismic tomography DETOX-P3 (Figs. 6-8), based on which the 
input plate reconstruction was derived. Here we show that their 
apparent inconsistency is largely due to the discrepancy between the 
assumed vertical sinking (Clennett et al., 2020) versus the westward- 
drifting slab descending trajectories during the Mesozoic (Fig. 9c). 
Based on the tests done, varying mantle viscosity can mostly affect slab 
depths and cannot diminish the lateral mismatch (Figs. 6-8). 

4.3. Possible improvements in the exercise of plate reconstruction 

Based on the observations from this study, we provide some sug-
gestions that future plate reconstruction exercises may consider. 

The first note is on the absolute reference frame. Most recent plate 
reconstructions heavily rely on hotspot tracks in deriving their absolute 
plate motions. However, the estimates on the relative motions of 
different hotspots remain variable to debate, as is the case for both 
paleomagnetic inferences (e.g., Tarduno et al., 2009; Wang et al., 2019; 
Sun et al., 2021) and numerical simulations (e.g., Steinberger, 2000; 
O’Neill et al., 2005; Hassan et al., 2016). In view of these existing un-
certainties, we further propose that quantitative subduction simulation 
and geological verification as presented here could represent a unique 
additional constraint on seeking the correct global reference frame. This 

could either simply act as a verification for a given plate reconstruction, 
or they could form a more rigorous iterative workflow through which 
the reconstruction is progressively adjusted until the numerical model 
results best match the available seismic and tectonic constraints. With 
the presented results in this study, we find that the reconstruction of 
Müller et al. (2016) is most compatible with these additional constraints, 
although some refinement is still needed, such as that in North America 
as discussed in section 3. This conclusion may be temporary since similar 
systematic tests with other major slab systems, such as the Tethys, are 
not yet done. 

Our second suggestion is tailored for improving the exercise of cur-
rent tomotectonic reconstruction. To better take advantage of the rich 
information from seismic tomography in constructing past plate kine-
matics, we suggest the assumption of vertically sinking slabs be dropped. 
In replacement, the tomographic constraint could be best utilized 
through a novel iterative workflow following these steps:  

i) A sequential global data-assimilation model is performed based 
on a trial reconstruction. The predicted present-day slab struc-
tures are compared with tomography, where their differences 
constitute a residual field. The associated tectonic responses (e.g., 
paleotopography) at the surface may contribute directly to 
computing the residual field or act as an independent check for 
the final result.  

ii) The residual is carried backward to the geological past through an 
inverse operator such as the adjoint algorithm (e.g., Liu and 
Gurnis, 2008). The last plate reconstruction is updated 
accordingly.  

iii) Repeat the above procedures until the residual becomes small 
enough. The final updated plate reconstruction is deemed 
optimal, which provides the best match to both tectonic and 
tomographic constraints. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.earscirev.2023.104518. 
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