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Secular craton evolution due to cyclic 
deformation of underlying dense mantle 
lithosphere

Yaoyi Wang    1,4, Zebin Cao    1,4, Lihang Peng    1, Lijun Liu    1,2 , Ling Chen    2, 
Craig Lundstrom    1, Diandian Peng1 & Xiaotao Yang    3

The cratonic crust is the most long-lived tectonic unit on Earth. The 
longevity of Earth’s cratonic crust has been attributed to neutrally buoyant 
and mechanically strong lithospheric keels. However, this is inconsistent 
with observed secular cratonic deformation and alteration. Here we analyse 
the density profile and dynamic evolution of the lithospheric mantle 
underlying cratons to show that cratonic lithosphere may have experienced 
continuous and cyclic deformation and evolution since the break-up of the 
Rodinia supercontinent ~800 million years ago. We find that the thickness 
of cratonic crust correlates linearly with that of the mantle lithosphere, 
suggesting coupled evolution. Seismic evidence for depth-dependent radial 
anisotropy implies that the dense lower cratonic lithosphere experienced 
pervasive vertical deformation consistent with delamination. Geologic 
data and azimuthal anisotropy further suggest repeated post-Rodinia 
thinning of cratonic lithosphere followed by gradual restabilization of 
the perturbed lower lithosphere. Geodynamic simulations support our 
interpretation that partial lithospheric delamination, potentially triggered 
by plume underplating, can generate rapid surface uplift and erosion, with 
subsequent lithospheric stabilization leading to gradual craton subsidence. 
We propose that Earth’s long-lived cratons have been maintained by this 
cyclic deformation style since the Neoproterozoic.

Cratons, the oldest continental crusts, are thought to be underlain by 
thick melt-depleted lithospheric keels1–3. Although the longevity of 
cratons is generally attributed to these viscously strong and composi-
tionally buoyant keels1,2, considerable variations in surface topography4 
(by 2 km), crustal thickness5 (by 13 km) and lithosphere–asthenosphere 
boundary (LAB) depth6 (by 200 km) exist among different cratons 
(Fig. 1 and Extended Data Fig. 1). These variations in craton properties 
testify to observed secular alteration of cratonic lithospheres after 
their formation3,4,7,8. Consequently, a fundamental question arises: 
why have most cratonic crusts remained structurally stable while 

their underlying mantle lithospheres suffered prominent temporal 
changes? To understand this peculiar behaviour of craton evolution, 
we performed a multidisciplinary analysis of the density profile and 
dynamic evolution of the sub-cratonic lithospheric mantle (SCLM) 
using plate reconstruction, thermochronology, seismic images and 
geodynamic simulations.

Depth distribution of SCLM density
The density profile of the SCLM strongly influences the topography, 
evolution and crustal properties of cratons. The observed >10 km 
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Fig. 1b). This favours vertical tectonics where surface erosion represents 
the main mechanism of crustal thinning.

Interestingly, almost all cratons demonstrate a nearly linear 
dependence of crustal thickness on their LAB depth (Fig. 1a). The only 
exception is the Colorado Plateau, which seems to have experienced 
contradictory crustal shortening and lithospheric thinning during 
the Laramide Orogeny (mostly horizontal tectonics)10. This primary 
relationship implies a coupled evolutionary history between the crust 

crustal thickness variation5 (Fig. 1a) reflects mostly thinner crust of 
small cratons relative to large ones. This observation dismisses a thin-
ning mechanism due to lateral extension of an initially uniform crust 
since the corresponding average ~30% strain violates the definition of 
cratons, and this mechanism implies preferentially thin crusts within 
enlarged cratons, opposite to observed. Instead, the exposed Precam-
brian basement rocks, many representing exhumed middle to lower 
crust3,8,9, occur predominantly in areas of thin crusts (Extended Data 
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Fig. 1 | Relationship among craton topography, crustal thickness and LAB 
depth. a, Cratonic crustal thickness5 (sediment removed) versus LAB depth6. 
The dashed black line is an area-weighted linear fit to all craton data. The dark 
green dots mark the average values for each craton, with the corresponding 
standard deviations shown in Extended Data Fig. 2. The areas of the light green 
circles are proportional to the craton areas. Numbers 01–18 represent major 
cratons in Extended Data Fig. 1A. b, Pristine craton topography (with dynamic 
topography removed) versus LAB depth. The horizontal grey line shows the 
isostatic topography (relative to the −2.5 km average topography of mid-ocean 
ridges) for a craton with neutrally buoyant SCLM and 41-km-thick crust. The light 
grey column shows the depth range of the MLD. c, Residual craton topography 

(relative to mid-ocean ridges, with dynamic topography removed) versus LAB 
depth. In b,c, the coloured dashed lines represent area-weighted linear fits 
among different numbers of cratons and corresponding density anomalies.  
d, Age of cratonic crusts (based on refs. 8,9), with Archaean and Proterozoic 
cratons labelled with lower- and upper-case letters, respectively. e,f Same 
relationships as in a and c, but for cratonic crusts with separate Archaean (red) 
and Proterozoic (blue) ages. The best-fitting trends remain the same as in a  
and c. The similar trends among most cratons imply they have a similar 
post-Rodinia evolution. The green dashed oval outlines a few small Archaean 
cratons that fall off these trends, probably reflecting a longer (post-Archaean) 
deformation history.
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and SCLM, in contrast to the implied independent evolution of these 
two lithospheric layers from the isopycnicity hypothesis1. The strong 
correlation between uplift and erosion4,7 suggests that long-term thin-
ning of the SCLM caused surface uplift and crustal exhumation. This 
inference further favours the proposal of a denser-than-ambient SCLM11 
over the isopycnicity hypothesis1 in that lithospheric thinning can cause 
notable surface uplift.

The depth profile of SCLM density may be derived from the prin-
cipal of isostasy. Isolating the topographic contribution of the SCLM 
requires removal of the crustal effect. We approach this via two cal-
culations: pristine topography and residual topography. The former 
estimates the topography with identical original crust for all cratons, 
while the latter removes the crustal effects on topography. More details 
of these two calculations are presented in Methods.

The resulting pristine craton topography is much lower (by up to 
2 km) (Fig. 1b) than the isostatic topography of the pristine crust (grey 
line in Fig. 1b), suggesting that the SCLM must be denser than the ambi-
ent asthenosphere. We estimate this SCLM density profile by measur-
ing the differential topography among cratons, where the amount of 
SCLM density anomaly follows Δρ/ρasthenosphere = Δ(topography)/Δ(LAB 
depth). Since most cratons’ SCLM is thicker than 100 km (Fig. 1) where 
an intermittent mid-lithospheric discontinuity (MLD; ranging from 
70 to 100 km depth) is commonly detected below cratons12,13, a mean 
excess density of ~1% for the sub-MLD lithosphere can be estimated 
(black dashed line in Fig. 1b). A closer examination of the data reveals 
a prominent change in the slope (~10×) of the topography versus LAB 
plot at ~190 km (coloured dashed lines in Fig. 1b), implying a dramatic 
increase in SCLM density (from <0.5% to 3%) below this depth.

The second calculation attempts to remove the topographic 
effects of craton crusts. After further removing dynamic topography 
(Extended Data Fig. 1d) from this residual topography, we arrive at 
another estimate of the SCLM’s topographic effect (Fig. 1c). The over-
all negative (residual–dynamic) topography of as much as −2.5 km  
(Fig. 1c) confirms the higher-than-ambient density of SCLM. The associ-
ated topography–LAB depth trends are very close to those in the first 
approach but display considerably less scatter, especially for LAB 
shallower than 200 km, suggesting that the adopted crustal model 
CRUST1.0 (ref. 5) better captures the lateral crustal density variations 
neglected in the calculation of pristine topography (Fig. 1b).

Both the large mean density of the sub-MLD lithosphere and that 
of an even denser basal layer require that the net compositional density 
anomaly of the thick SCLM should be negligible to positive. We propose 
that the excess compositional density (relative to isopycnicity) repre-
sents an enrichment in mafic compositions such as garnet-lherzolite 
or eclogite. Such mafic enrichment within the SCLM can find extensive 
supports from xenolith data3,8,14,15, high seismic velocities in the lower 
SCLM16,17 and inversions from topography, gravity and geoid11,18. Tecton-
ically, this dense component may reflect either ancient oceanic crust 
preserved from initial craton formation8 or subsequent refertilization14. 
Such a layered density structure also coincides with the transition from 
horizontally polarized fast seismic anisotropy orientation above the 
MLD to fast vertical polarization below the MLD19,20, revealing con-
trasting deformation histories (Fig. 2 and Extended Data Fig. 3). These 
observations imply that the lower SCLM is gravitationally unstable and 
has experienced more vertical deformation than the upper portion.

Post-Rodinia cratonic lithosphere deformation
The layered density and anisotropy profiles of the cratonic lithosphere 
(Figs. 1 and 2) provide an intuitive solution to the observed SCLM 
deformation3,4,7,8. By further considering the role of the MLD (Fig. 2), 
commonly considered a rheologically weak feature4,13,15, we suggest 
the following two aspects of craton evolution. (1) The dense lower 
lithosphere is prone to delaminate along the spatially intermittent 
MLD in the presence of dynamic perturbations, while the buoyant 
and stiff upper lithosphere remains stable and protects the cratonic 

crust from underlying perturbations. This delamination leads to 
lithospheric thinning, warming, surface uplift and crustal erosion, 
as illustrated from geologic records over supercontinent cycles  
(Figs. 1 and 3). (2) Most of the delaminated or detached lower litho-
sphere could relaminate after warming and/or losing some dense 
composition in the convective mantle, a process that restores lith-
ospheric mass, allows the warmed lithosphere to cool and primes the 
lower SCLM for future instabilities. This long-term SCLM deformation 
with overall mass conservation could be recorded as depth-dependent 
radial and azimuthal anisotropy within the thick mantle lithosphere 
(Figs. 2 and 4). In the following, we substantiate these two aspects of 
SCLM evolution with more details.

First, to place some temporal constraints on the inferred coupled 
crust–SCLM evolution below cratons implied in Fig. 1a, we further 
examine the crustal thickness–LAB depth correlation against crustal 
ages (Fig. 1d). The first-order trends observed in the preceding analysis 
(Fig. 1a–c) remain for both Proterozoic and Archaean cratons: both 
age groups reveal a similar positive dependence of crustal thickness 
on LAB depth (Fig. 1e) and a similar negative relationship between 
(residual–dynamic) topography and LAB depth (Fig. 1f).

Given the dramatically longer duration of craton existence than 
that required for surface processes and internal dynamics to change 
lithospheric structures, the similar trends among these two age groups 
imply that most of the structural changes observed today should have 
occurred after the birth of the young cratons, many of which formed 
or stabilized as late as 1.2 billion years ago (Ga) (refs. 3,8,15). In addi-
tion, the sparsity of active tectonic events21–23 during the Proterozoic 
era (2.0–0.8 Ga) and the sluggish Precambrian continental motions24 
further imply that this geological period could have left a much weaker 
signature in the configuration of the present-day cratonic lithosphere 
than those from the Neoproterozoic–Phanerozoic period.

ξ
0.95 1.00 1.05

70 km

150 km

Fig. 2 | Globally observed lithospheric radial anisotropy above and below the 
MLD. VSH and VSV represent horizontal and vertical polarizations, respectively. 
ξ = VSH/VSV, and its values of > 1 represent faster horizontal than vertical 
polarization. Magenta contours outline major cratons. Data from ref. 19.
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It is possible that observations in Fig. 1d–f suffer a preservation 
bias. Archaean cratons display a stronger scattering than Proterozoic 
cratons, probably reflecting a longer tectonic history of the former. 
Indeed, the outliers consist of a few small Archaean cratons (inside 
the green dashed circle in Fig. 1e,f) that deviate from the main trends 
by having thinner crust and higher residual topography. In practice, 
the abnormal properties of these Archaean cores could be explained 
by additional lithospheric deformation before Rodinia, resulting in 
more crustal thinning (Fig. 5).

Second, we examine the spatial–temporal records for potential 
craton delamination and associated surface geology. Since most cratons 
are away from active plate boundaries, the triggering mechanisms for 
lithospheric delamination may include upwelling plumes and tectonic 
forces associated with supercontinent separation4,7. In practice, we com-
pare the recorded basement uplift/exhumation data with craton loca-
tions relative to the two large low-shear-velocity provinces (LLSVPs)25, 
which have probably remained stationary throughout the Phanerozoic26 
and are generally considered the source region of hotspots and large 
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areas)29 at 720 Ma (a), 300 Ma (b), 180 Ma (c), 120 Ma (d) and 80 Ma (e). Dark 
green areas in b show the trajectory of North American craton from 800 to 
300 Ma. Grey areas represent non-craton continents. Red dots represent 
hotspots27 whose locations are assumed stationary. Red shaded areas mark major 
large igneous provinces (LIPs)28. Orange contours outline the two stationary 
LLSVPs, defined as seismic velocity perturbations of −0.6% at the core–mantle 

boundary according to tomography S40RTS25. The light green triangles denote 
the positions of major unroofing events, following f. Purple squares mark 
enhanced sedimentation along continental margins or inland depression 
(Extended Data Table 1). Double blue lines with diverging arrows mark initial 
rifting locations31. f, Major uplift (red) and subsidence (grey) events over cratons 
since Rodinia separation (Extended Data Table 1). More-detailed reconstructions 
of tectonic features in a–f are available in Supplementary Videos 1 and 2.
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igneous provinces26–28 (Fig. 3). This time frame coincides extensively 
with the last two supercontinent cycles (Rodinia and Pangaea)29.

The Neoproterozoic break-up of Rodinia distributed most cra-
tons near to/above the two LLSVPs and hotspots (Fig. 3a,b and Sup-
plementary Video 1). The Neoproterozoic also marks the time of the 
Great Unconformity (GU), during which the cratons of North America, 
Siberia, Gondwana and Baltica (Fig. 3a) all experienced extensive sur-
face exhumation30. Among them, the greatest amount and extent of 
exhumation occurred in North America7,30,31 (Extended Data Table 1), 
where much of the upper crust of the Canadian Shield was removed, 
leading to a thin (35–38 km) crust today (Fig. 2b and Extended Data  
Fig. 1b). This could reflect the long duration (~500 Myr) that North 
America sat above the Pacific LLSVP (Fig. 3b and Supplementary  
Video 1). Similarly, other GU-bearing cratons also travelled above the 
LLSVPs around this time (Fig. 3a and Supplementary Video 1). This 
spatial–temporal correlation between craton location and uplift/exhu-
mation (Fig. 3a,b) supports plume-driven delamination during super-
continent break-up. The subsequent movement of cratons away from 
the Pacific LLSVP during the Palaeozoic corresponds to global-scale 
craton subsidence and sedimentation31 (Fig. 3b,f), consistent with 
relamination (Fig. 5), cooling4 and/or refertilization32 of the SCLM that 
was disturbed in the Neoproterozoic. This situation persisted until 
Pangaea assembly by ~300 million years ago (Ma) when all landmasses 
finally aggregated above/near to the African LLSVP (Fig. 3b).

The Mesozoic separation of Pangaea starting at ~230 Ma  
(Fig. 3c–e and Supplementary Video 1) witnessed another phase 
of surface unroofing (Fig. 3f), during which cratons on both sides 
of the Atlantic Ocean migrated away from the African LLSVP while 

traversing hotspots (Fig. 3c–f). Following the spatial migration of Atlantic  
opening (diverging blue lines in Fig. 3c–e), multiple uplift events 
occurred (Extended Data Table 1), first within central-eastern United 
States and western Baltica (Fig. 3c–f and Supplementary Video 2) and 
then along the southern Atlantic margin among Gondwana cratons  
(Fig. 3d). Meanwhile, the recorded exhumation history also correlates 
with the occurrence of large igneous provinces above the edge of  
LLSVPs (Fig. 3). During the subsequent Cenozoic dispersal of conti-
nents as they moved away from the LLSVP, craton exhumation largely 
stopped (Fig. 3f and Supplementary Video 2), consistent with the 
recovery of the Mesozoic lithospheric disturbance.

In theory, surface vertical motions could also originate from 
sub-lithospheric convection through dynamic topography33,34. How-
ever, the observed cratonic exhumation, especially that formed the GU, 
straddled multiple continents30 and could have lasted for hundreds of 
millions of years7 (Fig. 3f). Both these spatial and temporal scales are 
notably above those of dynamic topography33–35. The same argument 
applies to the synchronized global onset of craton basins, which cannot 
be dynamically driven. More important, it is commonly perceived that 
mantle convection has limited impacts on the internal structures of the 
SCLM, a scenario opposite to observation (Figs. 1–4). Therefore, we 
propose that these uplift records (Fig. 3) should reflect contemporary 
SCLM delamination.

Cratonic lithosphere restoration after 
delamination
Depth-dependent lithospheric azimuthal anisotropy combined with 
past plate motions could reveal the temporal processes of SCLM 
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anti-correlated misfit profiles between Palaeozoic and later.
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restoration4. Due to both its intimate involvement in the relevant 
tectonics and high-quality data records (Figs. 1–3), North America, 
the largest craton, represents an ideal location for examining this 
tectonic–seismic relationship. We utilized a recent seismic model36 
that resolves anisotropy down to >300 km, covering the entire cra-
tonic lithosphere. We calculated the angular misfit between the 
observed fast seismic splitting orientation at different depths and 
the absolute plate motion (APM) paths since the Rodinia break- 
up (Fig. 4).

Anisotropy within the uppermost (80 km) SCLM (Fig. 4a,e) cor-
relates poorly (mean angular misfits of >50°) with all Palaeozoic APM 
paths and slightly better with the post-Pangaea (after 200 Ma) APM 
(misfits of ~40°). This supports a general lack of deformation within this 
lithospheric layer since the Neoproterozoic. Below 100 km, the match 
of observed fabric with Palaeozoic APM steadily improves while that 
with post-Pangaea APM decreases (Fig. 4e), with the former overpass-
ing the latter at 110 km (Fig. 4b,e). This trend continues with increasing 
depth, where the smallest average misfit (as low as 15°) with Cambrian 
(530 Ma) APM occurs at ~170 km, and that with other subsequent Pal-
aeozoic paths occurs continuously deeper until ~220 km, where the 
fabric best fits (~12°) with 360 Ma APM (Fig. 4c–e). Meanwhile, the 
misfit with post-Pangaea APM keeps increasing with depth to ~60° 
at 170 km (Fig. 4c,e), below which it starts to decrease to as low as 10° 
below 220 km. Within the lowest lithosphere (>200 km), where the 
post-Pangaea misfits have the lowest values, those for most Palaeozoic 

paths notably increase with depth, with a general trend of larger misfits 
corresponding to earlier APM.

Another recent seismic model37 reveals a similar correlation 
between the depth-dependent lithospheric azimuthal anisotropy and 
past APM of North America since 500 Ma (Extended Data Fig. 4). Mecha-
nistically, the observed azimuthal anisotropy should record shearing 
between the restabilizing lithosphere and the asthenosphere after 
delamination4. This process probably lasts for hundreds of millions 
of years. The strong correlation between North American anisotropy 
at 100–200 km depth with the Palaeozoic APM reveals that the lower 
SCLM was restabilizing during this period, as this also explains the 
continent-wide subsidence and basin formation31 (Fig. 3). This requires 
the initial delamination (thus surface uplift) to have occurred in the 
Neoproterozoic, as is observationally supported by the enduring cra-
ton–plume (rising from the Pacific LLSVP) interaction29 before 500 Ma 
(Fig. 3a,b) and the widespread GU-forming crustal exhumation7,30,31. 
By contrast, the lowermost lithosphere fabric correlates well with 
post-Pangaea APM, indicating mild lithospheric perturbation near the 
base of the SCLM as North America cruised over the edge of the African 
LLSVP since 300 Ma (Fig. 3c–e), also consistent with localized surface 
uplifts during Pangaea separation (Fig. 3c–f).

The preceding analysis is further evidenced within other cratons 
during Pangaea separation4, where the lower (>100 km) lithosphere 
of these cratons could have delaminated during Pangaea separation, 
and the subsequent lithospheric recovery also reset its lithospheric 
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fabric. Collectively, the realignment of the lower lithosphere fabric 
below these cratons during the Phanerozoic (North America; Fig. 4) and 
Mesozoic–Cenozoic (Gondwana4), long after the time of craton forma-
tion, requires large-scale lithospheric deformation and restoration. 
Consequently, the anisotropy data support lower lithosphere resto-
ration after delamination, during which the gradual downward reset-
tlement (via relamination and cooling) of the disturbed lithosphere  
(Fig. 5) recorded both the vertical deformation (Fig. 2) and lateral shear-
ing relative to the asthenosphere (Fig. 4) accompanying this process.

Geodynamic implications of cyclic SCLM 
deformation
As another sanity check, we develop numerical models to verify the 
possible geodynamic processes (Methods). The model set-up and 
parameters follow our recent studies38,39. We consider three relevant 
scenarios (Models 1–3 in Fig. 5). Scenario one mimics an underplat-
ing hot plume that thins the dense basal layer whose melting point is 
lower than the rest of the lithosphere (see Methods for model details).  
In this model (Fig. 5a), the dense mafic basal layer gradually melts  
over the course of ~100 Myr, leading to moderate lithospheric thinning 
(by ~50 km) and surface uplift (~0.5 km).

Scenario two considers complete delamination of the lower SCLM 
(Fig. 5b), following our recent work38. The dense lower lithosphere 
pieces descend to the base of the upper mantle after ~50 Myr. Dur-
ing this process, the delaminated lithosphere gradually warms and 
loses its negative thermal buoyancy. As the compositionally buoyant 
portion (blue colour in Fig. 5) starts to ascend, the dense basal layer 
detaches and ponds near 660 km depth (Fig. 5b). The relaminated 
pieces gradually cool and freeze into the upper lithosphere, while the 
surface topography gradually lowers by >1 km to form intra-cratonic 
basins38. The gradual restoration of the relaminated lithosphere should 
be prone to form both radial and azimuthal anisotropy (Figs. 2 and 4).

Scenario three simulates partial delamination of the lower SCLM, 
where the spatially intermittent MLD and suture/weak zones determine 
the position of delamination (Fig. 5c). This is similar to that in Fig. 5b, 
except that only one end of the SCLM segments is initially decoupled. 
For simplicity, the dense basal layer is omitted. The evolution of this 
model is similar to scenario two except that all SCLM segments always 
restore close to their original locations. This model generates the most 
topographic variation (>2 km) among all scenarios.

We also performed two billion-year-duration simulations 
(Extended Data Figs. 5 and 6 and Supplementary Videos 3 and 4) with 
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different compositional layering. We observe multiple phases of 
delamination and relamination, reminiscent of the cyclic SCLM defor-
mation discussed. The cyclic occurrence of elevated (~2 km) craton 
topography, each lasting 100–300 Myr, could have resulted in >10 km  
(via isostasy) of crustal erosion, consistent with observed crustal thin-
ning (Fig. 1a) and exhumation during the GU7 (Fig. 3).

Collectively, our multidisciplinary analysis on the structural and 
dynamic properties of the SCLM (Figs. 1, 2, 4, 5) with cascading time 
constraints (Figs. 1d–f and 3–5) reveals that the cratonic lithosphere has 
probably been subject to cyclic deformation since Rodinia separation 
(Fig. 6). Key driving factors for this peculiar style of evolution include 
a denser-than-ambient SCLM, spatially and temporally varying MLD 
and lithospheric weak zones, as well as underlying mantle dynamics 
(Fig. 6). The location of cratons relative to the LLSVPs may determine 
whether the SCLM will suffer underplating of hot plumes or secular 
mantle dehydration40, with the former leading to SCLM delamination4 
or recratonization41 depending on the pre-condition of the lithosphere, 
while the latter usually results in SCLM cooling and restoration, as well 
as MLD growth (Fig. 6). This repeated alteration of SCLM buoyancy may 
also contribute to the cyclic Phanerozoic global sea-level variations, 
with low stands during supercontinent periods and high stands during 
continental dispersals42,43 (Fig. 6).

The commencement of this dynamic history (Fig. 6) marks the 
end of the tectonically quiet Mesoproterozoic era, before which the 
hotter-than-present Archaean mantle44 favours shallow to flat subduc-
tion of buoyant oceanic plates8,21, allowing net accumulation of mafic 
materials within the SCLM during craton formation. Subsequent cooling 
of the ambient mantle45 increases the negative buoyancy of the SCLM, as 
well as its gravitational instability. The debut of modern-style steep sub-
duction during the Neoproterozoic23,24 could have hydrated the mantle 
since then45, where hydrous melting during either Proterozoic craton for-
mation or subsequent evolution could severely weaken the SCLM (along 
the MLD and sutures; Fig. 6), triggering the onset of continental-scale 
delamination (Fig. 5b,c and Extended Data Fig. 6) marked by the GU7,30. 
In this case, the Neoproterozoic delamination event should be the most 
prominent in both spatial scale and extent of lithospheric perturbation, 
while the subsequent ones are probably secondary, consistent with 
the globally prominent Rodinia-affiliated craton exhumation and Pal-
aeozoic subsidence (Fig. 3). We conclude that this cyclic deformation  
characterizes and maintains the longevity of cratons.

Online content
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maries, source data, extended data, supplementary information, 
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Methods
Density structure of the SCLM
For both pristine and residual topography calculation, we avoid ana-
lysing cratons within 300 km from convergent boundaries (Extended 
Data Fig. 1a) where flexural and dynamic topography may be impor-
tant. Estimating SCLM density using absolute topography may suffer 
uncertain topographic contributions from the crust and the convec-
tive mantle11. Here we introduce a new approach by measuring the 
differential topography among cratons, where the amount of SCLM 
density anomaly follows Δρ/ρasthenosphere = Δ(topography)/Δ(LAB depth).

Pristine topography. In the calculation of pristine topography, we 
project all cratons to a nominal pristine crust (with a uniform 41 km 
thickness) that has not experienced erosion since its formation. The 
corresponding pristine topography (Extended Data Fig. 2) is esti-
mated by restoring the lost topography due to erosion on the basis 
of the crustal thickness difference from the pristine state (Extended 
Data Fig. 2a,b). Neglecting possible geographic differences in crustal 
density (see further discussion that follows), the resulting topog-
raphy variation (Extended Data Fig. 2c) reflects mostly that due to 
buoyancy of the underlying mantle. By correcting this topographic 
difference, we define the pristine surface topography for cratons 
following equation:

tpris = tobs +
Hcrust − H0

mantle
× ( ρmantle − ρcrust)

where tpris and tobs are pristine and observed surface topography, respec-
tively; Hcrust is the observed crustal thickness from CRUST1.0 (ref. 5); H0 
is the reference pristine crust thickness, with a value of 41 km; and ρmantle 
and ρcrust are mantle and crustal densities, with values of 3.3 g cm–3 and 
2.8 g cm–3, respectively.

Residual topography
By comparison, the residual topography calculation attempts to 
remove the topographic effect of craton crusts. In practice, this is real-
ized by calculating residual topography, defined as observed topogra-
phy minus the crustal contribution11. We approximate the density and 
thickness of craton crusts using CRUST1.0, which considers geographi-
cally variable crustal properties from both seismology and geology; for 
regions where more-detailed measurements are available, the regional 
results13,46,47 (North China, Yangtze and Colorado Plateau) are adopted.

Dynamic topography. Since the concept of dynamic topography still 
lacks a unanimous definition, we define it as the topographic contribu-
tion from the convective mantle beneath the lithosphere. We estimate 
the dynamic topography by solving for the instantaneous global mantle 
flow using the spherical finite-element code CitcomS48. The mantle 
density structure is converted from a shear-wave tomography S40RTS25 
using an empirical seismic-to-density conversion (Extended Data 
Fig. 5a) following ref. 49. The resulting density anomalies are further 
converted to effective temperature perturbations, whose dynamic 
properties are solved for in a thermal–mechanical model.

We assume an incompressible mantle that satisfies the Boussinesq 
approximation. The two governing equations for the instantaneous 
convection are:

∇ • u⃗ = 0

where u⃗ is the velocity vector, P is dynamic pressure, η is dynamic vis-
cosity, ρm is the density of ambient mantle, α is the thermal expansion 
coefficient, ΔT is temperature anomaly and g⃗  is gravitational 
acceleration.

The three-dimensional structure of the effective mantle viscosity is 
dependent both on depth (Extended Data Fig. 5b) and on temperature 
following the equation:

η = ηrefη0e
E

T+T0
− E

1+T0

where η is dynamic viscosity; ηref is reference viscosity (for which we take 
1021 Pa s in the calculation); η0 is the viscosity prefactor, which is shown 
in Extended Data Fig. 5b; E is activation energy; T is non-dimensional 
temperature; and T0 is non-dimensional ambient mantle temperature.

The convective mantle is defined as that below the LAB, estimated 
as the base of the high shear-wave heterogeneity (Extended Data  
Fig. 5), whose pattern and depth are similar to those in the LITHO1.0 
model (Extended Data Fig. 1e)50. In practice, we take 300 km as the LAB 
depth below continents and 200 km below oceans for the dynamic 
topography model (Fig. 2c), similar to previous studies11,51. The surface 
dynamic topography is obtained from the sub-lithospheric normal 
stress using the following equation:

h = τ
Δρg

where h is the surface dynamic topography, Δρ is the density contrast 
between mantle and water in oceans and that between mantle and air 
on continents; τ is the normal stress at surface; and g is gravitational 
acceleration.

We also perform more cases with different choices of model 
parameters (Extended Data Table 2) to test the robustness of the topog-
raphy and gravity results (Extended Data Fig. 6) contributed from the 
convecting mantle.

Geodynamic modelling
General model set-up. We develop two-dimensional numerical 
models using the finite-element code CitcomS48 to investigate the 
fate of delaminated cratonic lower lithosphere. These models solve 
thermal–chemical convection with temperature, composition and 
strain-rate-dependent rheology following our recent work38,39. We 
assume an incompressible mantle with internal heating (Extended 
Data Table 2) that leads to ±100 °C temperature change over ~1 billion 
years, where the cooling is due to a greater heat loss at the surface than 
heat gain from the interior. We use tracers to define different model 
compositions (Extended Data Fig. 5a,d and Fig. 5). The SCLM tracers 
also carry compositional density anomalies of up to ~100 kg m–3 and 
an intrinsic viscosity up to three orders of magnitude larger than the 
ambient asthenosphere. The models incorporate depth-, temperature-, 
composition- and strain-rate-dependent rheology38 (Extended Data 
Fig. 5). The resulting density and viscosity structures due to tempera-
ture and composition combined are shown in Extended Data Fig. 5. The 
strain-rate weakening further decreases the upper-mantle viscosity, 
thus increasing the total viscosity contrast to greater than six orders 
of magnitude (Extended Data Fig. 6), similar to our recent geophysical 
inversion52. The resulting upper-SCLM viscosity is large enough for the 
cratonic crust to remain stable during ~109 years of evolution2. Other 
model parameters with their physical values are listed in Extended 
Data Table 2.

Initial conditions of the numerical simulations. Here we present five 
different models. Model 1 (Fig. 5a) has an initially layered SCLM density 
structure, including a neutrally buoyant upper SCLM (green) and a 
denser-than-ambient (by 1.2%) lower SCLM, which further consists 
of a 90-km-thick upper layer (blue) that is compositionally buoyant 
(−26.6 kg m–3) and a 50-km-thick lower layer (brown) that is compo-
sitionally dense (90.6 kg m–3). A plume with a potential temperature 
of 1,550 °C and a radius of 50 km is initiated at the base of the upper 
mantle. The basal layer is considered as wet basalt–peridotite whose 
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melting curves are based on ref. 53. Model 2 (Fig. 5b) assumes delami-
nation already happened at the initial time and some SCLM pieces are 
completely decoupled, following our recent study38. These segments 
are separated from the surrounding SCLM by the material of the ambi-
ent asthenosphere. After sinking to the base of the upper mantle, the 
garnet–peridotite composition within the brown basal layer becomes 
more buoyant than the ambient mantle at 660–750 km depth range54. 
Model 3 has the same set-up as Model 2, except that (1) the initial delami-
nated segments are decoupled at one end with the other end remaining 
intact, and (2) the dense basal layer is removed. Model 4 is the same as 
Model 2 but with a longer simulation period (>1 Gyr). Model 5 is similar 
to Model 4 but with a major difference being that the dense garnet–
peridotite material follows a tilted stacking configuration within the 
lower SCLM. Detailed density and viscosity settings as represented by 
Models 4 and 5 are shown in Extended Data Fig. 5b,c.

Possible scenarios of SCLM deformation
We emphasize that the presented three geodynamic scenarios in the 
main text (Fig. 5) should be considered endmember cases. The real-
ity could involve multiple dynamic scenarios (Fig. 6). For example, 
plume–lithosphere interaction is considered to both destroy4 and 
strengthen40 the cratonic lithosphere. However, direct plume impacts 
on Phanerozoic SCLM evolution should be minor, given the small num-
ber of large igneous provinces since Rodinia separation (Fig. 3) that also 
occurred mostly along craton margins, in contrast to the widespread 
SCLM deformation (Figs. 2 and 4) and vertical movements with crustal 
thinning (Figs. 1 and 3). However, plume underplating could severely 
alter the volatile content of the lithosphere, especially the MLD and 
other weak zones whose mechanical strength may be dictated by the 
temporal behaviours of mantle degassing41, where the spatiotemporal 
variation of the MLD configuration could determine the long-term 
stability of the underlying SCLM (Fig. 6).

Data availability
The CRUST1.0 model is available at https://igppweb.ucsd.edu/~gabi/
crust1.html. The LITHO1.0 model is available at https://igppweb.
ucsd.edu/~gabi/litho1.0.html. The data for residual topography and 
residual gravity can be found at Zenodo (https://doi.org/10.5281/
zenodo.3940835). The crustal age data are based on ‘World CGMW, 
1:50 M, Geological Units Onshore’ with the permission of OneGeology  
at http://portal.onegeology.org/OnegeologyGlobal/. The seismic 
anisotropy data are available mostly from the original publications, 
and additional data can be found at https://ds.iris.edu/ds/products/ 
and https://schaeffer.ca/tomography/sl2016sva/.

Code availability
The mantle convection code CitcomS is available at https://geodynam-
ics.org/cig/software/citcoms/.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Surface topography and lithospheric structures of 
cratons. (A) Surface topography of major cratons (red contours, numbered from 
1 to 18, all Precambrian crusts8. (B) Crustal thickness from CRUST1.05. Red lines 
represent the 150-km depth contour for LAB6 in C. Black lines confine Archean-
Neoproterozoic exposed basement rocks (based on OneGeology, See Data 

Availability). (C) Global LAB depth based on surface wave tomography6, with sites 
of Phanerozoic unroofing from Fig. 2. (D) Dynamic topography estimates based 
on S40RTS25, where seismic anomalies above the LAB (300 km for continents and 
200 km for oceans) are assumed to be neutrally buoyant.
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Extended Data Fig. 2 | Estimate of the pristine craton topography. (A) Observed craton topography plotted against crustal thickness. The error bars represent 
the corresponding standard deviations. (B) Craton topography after restoring erosion-removed crustal thickness to a nominal 41-km uniform thickness. (C) Pristine 
topography vs. present-day LAB depth for all cratons.
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Extended Data Fig. 3 | Radial anisotropy from ref. 20. In the plot, ξ = VSH/VSV with values > 1 represents faster horizontal than vertical polarization and vice versa. 
Magenta contours outline major cratons.
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Extended Data Fig. 4 | Comparison of reconstructed North American 
anisotropy with Phanerozoic plate motion. (A-D) Fast axis of seismic 
anisotropy (black bars) over the North American craton from SL1637 at depths 
ranging from 75 km to 225 km that are rotated back in time following past plate 
trajectory (the dash-dotted magenta line) and rotation29. Each map corresponds 
to a different time interval (50 Myr for Paleozoic and 100 Myr for Mesozoic-

Cenozoic) whose middle points are shown in E. The background colors represent 
the angular misfit between the reconstructed fast orientation of anisotropy 
and averaged plate motion over the corresponding time interval. Red contours 
outline the two LLSVPs. (E) Spatially averaged angular misfit with respect to 
depth and time.
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Extended Data Fig. 5 | Initial model setup. (A) Compositional field of Model 4, 
where compositions of 0, 1, 2, 3, 4, 5, and 6, are ambient mantle, oceanic crust, 
continental crust, continental upper lithospheric mantle, compositionally 
buoyant lower SCLM, compositional dense lower SCLM, and relatively 

buoyant compositional 5 due to its delayed transformation at 660-750 km, 
respectively. (B-C) Density and viscosity profiles of the model initial condition. 
In C, the delaminated strong lower SCLM is shifted further down by ~50 km to 
demonstrate the decoupling zone above. (D-F) Same as (A-C), but for Model 5.
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Extended Data Fig. 6 | Long-term evolution of the SCLM. (A-F) Model 4, with 
initial vertically stratified density profile in the lower SCLM. Background colors 
represent composition: 0 - ambient mantle, 1 - oceanic crust, 2 - cratonic crust, 
3 - upper ( < 100 km) SCLM, 4 – lower SCLM with 0.3% excess density, 5 - lower 
SCLM with 3% excess density, and 6 - bridgmanite. Overplotted are the evolving 

geotherms. The top of each panel shows the corresponding surface topography. 
(G-L) Same as A-F but for Model 5 where the initial lower lithosphere has an 
imbricated density profile. More snapshots of the two geodynamic models are 
available in Supplementary Videos 3 & 4.
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Extended Data Table 1 | Records55–64 of craton exhumation
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Extended Data Table 2 | Key parameters of geodynamic models
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