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Continental, orogenic, and oceanic lithospheric mantle embeds sizeable parcels of exotic
cratonic lithospheric mantle (CLM) derived from distant, unrelated sources. This hints
that CLM recycling into the mantle and its eventual upwelling and relamination at the
base of younger plates contribute to the complex structure of the growing lithosphere.
Here, we use numerical modeling to investigate the fate and survival of recycled CLM
in the ambient mantle and test the viability of CLM relamination under Hadean to
present-day mantle temperature conditions and its role in early lithosphere evolution.
We show that the foundered CLM is partially mixed and homogenized in the ambient
mantle; then, as thermal negative buoyancy vanishes, its long-lasting compositional
buoyancy drives upwelling, relaminating unrelated growing lithospheric plates and con-
tributing to differentiation under cratonic, orogenic, and oceanic regions. Parts of the
CLM remain in the mantle as diffused depleted heterogeneities at multiple scales,
which can survive for billions of years. Relamination is maximized for high depletion
degrees and mantle temperatures compatible with the early Earth, leading to the upwell-
ing and underplating of large volumes of foundered CLM, a process we name massive
regional relamination (MRR). MRR explains the complex source, age, and depletion
heterogeneities found in ancient cratonic lithospheric mantle, suggesting this may have
been a key component of the construction of continents in the early Earth.
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Continents keep the record of the evolution of our planet and the life it hosts. How
continents formed and evolved remains, to date, an outstanding question in geosciences
(1–3). Several lines of evidence show that continents are gradually accreted from their
interiors to their margins, from Precambrian cratonic cores to marginal orogens (4).
However, how the cratonic cores are formed is controversial, and proposed models
invoke processes related to plate margins, such as rifting, subduction and stacking,
accretion, and evolution along arc-like environments, or to mantle plumes (1, 2, 5–7),
all providing compatible petrogenetic environments. Cratons have increased buoyancy
and rigidity that allowed stabilization and preservation (1–3); however, the heteroge-
neous composition supports the idea that recycling, magmatic addition, reworking, and
refertilization are common during their formation (8–10). Evidence from the geological
record of cratons shows that ancient lithospheric roots comprise large volumes of harz-
burgite and depleted lherzolite with highly heterogeneous ages, compositions, and sour-
ces (3, 5, 9, 11, 12). Similar heterogeneities are found in younger orogenic and oceanic
regions, where evidence from geological and geophysical studies shows ancient,
depleted peridotites embedded within or beneath younger fertile peridotites (13–16).
This provides proof that the embedding of delaminated, exotic, older, and depleted
mantle in the growing lithosphere is a relevant component of the evolution of the
Earth’s outer shell (13, 14, 17, 18), potentially contributing to the construction of the
continents.
Delamination of the older continental lithospheric mantle is a fundamental process

of continental evolution, compatible with different tectonic regimes, resulting in litho-
spheric thinning and craton destruction and critically defining the nature and evolution
of mantle heterogeneities (2, 5, 12, 17, 19–22). The cycle of mantle heterogeneities is
best understood as a large-scale process involving sinking and mixing of variable vol-
umes of CLM, as well as the upwelling of CLM residue (18), driven by long-lasting
chemical buoyancy, and its eventual embedding in the growing lithosphere. The subse-
quent upwelling of CLM residue and relamination of the new lithosphere may contrib-
ute to the characteristic source, age, and compositional heterogeneities of cratons.
To date, the viability, conditions, effects, and significance of subsequent relamination
through time remain poorly addressed.
The conditions controlling sinking, upwelling, and relamination of foundered CLM

(in other words, its fate and survival) are strictly related to the initial lithospheric
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buoyancy and the mantle viscosity, mainly functions of CLM
size, composition, and temperature (23, 24). The majority of
depleted, cold CLM is compositionally buoyant (25) but
achieves negative buoyancy due to thermal contraction; thus,
once decoupled, it founders into the ambient mantle. Once in
the ambient mantle, compositional buoyancy may counteract
the vanishing thermal negative buoyancy, opposing sinking,
allowing the foundered CLM to rise and relaminate the base of
the growing lithosphere (13, 17, 18). The complex feedback
between mantle flow, heat transfer, viscosities, and thermal and
compositional buoyancy provides key constraints on the spatio-
temporal evolution of foundered CLM, including its sinking,
transportation, stagnation, upwelling, relamination, and deep
mixing, relevant to the interpretation of the physical and chem-
ical mantle anomalies at different depths (17, 20, 26–30).
The conditions for sinking and upwelling, controlling rela-

mination, are critically impacted by mantle temperatures and
may have changed under hotter mantle conditions in the early
Earth. Throughout Earth’s evolution, the mantle potential tem-
perature (Tp) has changed; in turn, this may have affected the
size of the delaminated lithosphere through its thermal as well
as chemical buoyancy, function of the depletion degree (F),
rheological properties of the mantle, and plate surface velocity
(Vsurf) as a result of thermal convection vigor (6, 7, 25, 31).
Therefore, the force balance of foundered CLM has changed
accordingly, resulting in different possible scenarios for the fate
of foundered CLM, ranging from complete mixing in the ambi-
ent mantle to survival and embedding in the new lithosphere
(17, 23, 26, 29, 32). Here, we used thermo-chemo-mechanical
modeling (SI Appendix, sections 1 and 2) to reproduce different
conditions throughout Earth’s past and address cycles of CLM
recycling with a focus on its relamination. We investigated the
conditions for CLM relamination viability, assessing the paths
and fates of foundered CLM segments in the mantle, which
include upwelling, stagnation depth and timescale, and partition-
ing between relamination and mixing. We then focused on the
complexities this process adds to the growing lithospheric lid,
highlighted by the lithosphere’s heterogeneous structure, and
compared the model results with realistic lithosphere structures
to discuss the significance of CLM relamination in the construc-
tion of the existing lithosphere.

Results

Earth’s history shows a variation of mantle Tp from the Hadean
to the present (31, 33). We therefore designed models with a
ΔTp covering the range of mantle Tp difference with respect to
the present day from 0 to greater than +300 °C (31). We
considered a CLM block, detached from its crust (18, 34),
and simulated the sinking processes that do not rely on early
Earth tectonic regimes (35–38) or different foundering triggers
(39, 40). We did not address the initial conditions leading to
the formation of the CLM (5–7, 41) but instead tested a range
of different CLM masses related to depletion and CLM shape.
The average depletion degrees of the CLM vary as F = 0 to
50%, covering the values observed, ranging from the primitive
to the highly depleted mantle (8, 42). These parameters are
embedded in the model through a temperature- and depletion-
dependent equation of state (density) (25) (SI Appendix, section 1).
The second parameter tested was the delaminated CLM block
shape, length (50 to 500 km), and thickness (40 to 160 km),
which may determine the Stokes sinking velocity and the sur-
vival of the thermal anomaly in the mantle (18, 43). The mod-
els additionally tested other parameters, including plate surface

velocity (Vsurf = 0 to 10 cm/y) and maximum mantle viscosity
(ηmax = 1023 to 1026 Pas) to represent plate velocity variations
(35, 36) and different lithospheric strengths (44, 45), respec-
tively. The mantle weakening factor (fvis = 0.1 to 1.0) was also
tested, which reproduced the effect of melt and fluids (44).
This approach followed similar setups in previous works investigat-
ing the sinking of foundered lithosphere in the mantle (18, 43),
where similarly simplified initial shapes were adopted. We designed
a reference group with a model setup including a thick (160 km)
cratonic block sinking in the dry ambient mantle, with no water-
or fluid-related weakening, following previous works (18, 44). A
second group aimed to test the sensitivity of the model to the
parameters above (SI Appendix, section 3).

The Relamination of CLM. All models showed similar evolu-
tion, including the following stages (Fig. 1). In the first stage,
the detached CLM sinks and stagnates in the mantle (Fig. 1
A–C, G–I, and M–O) until the thermal negative buoyancy has
vanished, and then evolution is driven by the residual composi-
tional buoyancy. In the second stage, the CLM is partly mixed
and sheared in the mantle, and then portions of residue with
different sizes (kilometer to 100-km level) ascend in pulses.
This stage is characterized by upwelling in short ∼10-Myr epi-
sodes, lasting for a total of ∼100 to 200 Myr. At the end of
this stage, variable volumes of CLM have kept their maximum
concentration and upwelled to relaminate the bottom of the
drifting lithosphere, while the remainder has mixed with the
ambient mantle (Fig. 1 D, E, J, K, P, and Q). In the final stage,
the configuration is stable (Fig. 1 F, L, and R), in which the
relaminated CLM remains embedded in the lithosphere until
the end of the modeled time, 1,200 Myr. This process is similar
to the relamination of delaminated or subducted crust (46, 47),
but it does not require subduction and involves deep-sourced
mantle material and affects wider and deeper regions than the
relamination in subduction mantle wedges. We thus defined the
large-scale relamination of the CLM under the growing litho-
sphere as massive regional relamination (MRR).

Although foundered CLM segments have similar recycling
processes, the timing of their evolution, the MRR onset time,
the stagnation depth, and the partition ratio between relamina-
tion and mixing differ and are controlled by the parameters
tested here. These differences reflect the changing distribution
and concentration of CLM materials in different models (Fig. 2).
We showed that the viability of relamination is mainly depen-
dent on F and ΔTp (Figs. 2 and 3A). For F ≥ 40% and ΔTp ≤
50 °C, the chemical buoyancy overcame the thermal negative
buoyancy and no sinking occurred (Fig. 2A). On the contrary,
models with F = 0% had no chemical residual buoyancy once
the thermal anomaly was diffused (Fig. 2B). In this case, upwel-
lings were supported by convection; yet CLM relamination was
negligible. Most models across the rest broad ΔTp (50-300 °C)
and the values of F = 10 to 40% tested supported the viability
of the MRR (Figs. 2 C–E and 3A).

For thick (160-km) cratonic blocks sinking in the dry mantle
(18), the evolution of the MRR is mainly controlled by F and
ΔTp, which determine CLM chemical and thermal buoyancy
and the viscosity of the mantle. The range of inferred mantle
temperatures and depletion degree of the CLM resulted in a
broad spectrum of possible recycling and relamination behav-
iors (SI Appendix, section 4). The outcomes showing different
paths, MRR onset times, stagnation depth, and partition ratios
between relamination and mixing are addressed in the F-ΔTp
space (Fig. 3). We showed that the depletion degree F plays
a critical role in the stagnation depth and MRR onset time
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(Fig. 3 A and B), whereas the models are weakly dependent on
ΔTp. The depth of stagnation varied from 200 km to lower
mantle depth with decreasing initial F and increasing Tp (Fig.
3A). Because small depletion degrees can lead to small CLM
buoyancy and increasing ΔTp reduces the mantle’s viscous resis-
tance against sinking, both can favor deeper sinking depths.
The stagnation can last for tens to hundreds of Myr, and then
evolution is dominated by episodic MRR events (Figs. 2 C–E
and 3A). The initial MRR time varied from 100 to >1,200
Myr with decreasing initial F and Tp (Fig. 3B), also because
small F and ΔTp can reduce CLM buoyancy and relatively
increase viscous resistance against upwelling, respectively. The
initial MRR time of CLM with F = 30 to 50% was ∼100 to
400 Myr after delamination, whereas the initial MRR time of
CLM with F = 0 to 20% ranged from 300 to >1,200 Myr
(Fig. 3B). In such a long period, the lithosphere at the surface
may move relative to the sinking CLM, thousands of kilo-
meters, also at small surface velocity. Therefore, the MRR can
embed relaminated CLM to the base of distant lithospheric
plates. CLM partitioning between MRR and mantle was mea-
sured via the volume percentage of relaminated CLM relative to
the total volume of CLM foundered. For CLM with F > 20%,

the relaminated CLM accounted for 40 to 100% of the volume
of the foundered CLM, increasing with increasing F and decreas-
ing Tp values (Fig. 3C). For CLM with F ≤ 20%, the volume
percentage of relaminated CLM was relatively small and mainly
increased with increasing F (Fig. 3C).

Sensitivity tests (SI Appendix, section 3) showed the second-
order control of initial CLM shape and fvis, whereas the Vsurf

and maximum mantle viscosity (ηmax) had negligible influence.
The characteristic delaminated CLM block size is mostly deter-
mined by its thickness rather than its length, which is close to
mantle lithosphere thickness (48). The size of the foundered
CLM controls mostly the duration of the initial stages. The dif-
fusion of initial small CLM blocks occurs more rapidly; then
the thermal negative buoyancy is lost, and upwelling occurs ear-
lier. The time until complete vanishing of thermal buoyancy
takes ∼100 to 500 Myr depending on the size and temperature
of the cold CLM and its initial depletion degree. Earlier vanish-
ing of negative buoyancy of smaller initial blocks resulted in
shallower sinking depth and smaller lithospheric fragments but
also fed fewer upwelling episodes (SI Appendix, section 3). The
fvis may affect mantle viscosity and similarly impact the timing,
although it may work in regions rich in melts or fluids (44).

Fig. 1. Relamination of the CLM. (A–R) Different time steps of the numerical models with initial CLM depletion degree F = 10% (A–F), F = 20% (G–L), and
F = 40% (M–R). ΔTp is 150 °C, surface velocity is 3 cm/y, fvis is 1.0, and maximum viscosity is 1025 Pas in all models. Dark dashed lines for the phase changes
at 410- and 660-km depth; blue dashed lines for the 1,350 °C isotherm. Color scale with green to brown for the concentration of original CLM and in shades
of blue for the temperature (T).
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A weaker mantle rheology (fvis < 1.0) can also lead to smaller
lithospheric fragments, more frequent upwelling episodes, and
stronger mixing (SI Appendix, section 3). Although the chosen
parameters may influence sinking depth, CLM segment size, epi-
sode number, and duration of upwelling, they do not change the
feasibility of relamination.

Lithospheric Composition, Structures, and Heterogeneities.
The relamination and incorporation of CLM relicts into the
growing lithospheric mantle lead to different compositions, with
heterogeneous source, age distributions, and structures. The evo-
lution and complexity of the final lithosphere architectures are
due to the MRR and therefore are best understood in terms of
ΔTp and F controls. In models with F = 0%, the compositional
buoyancy of the delaminated CLM was negligible; thus, no rela-
mination occurred. The growing lithosphere was not influenced
by the MRR and had only a thin lithospheric layer extending to
less than ∼130-km depth, with depletion degree and age decreas-
ing uniformly with depth (Fig. 4 A and B). In models with
large ΔTp and F values, the previously delaminated CLM and
the newly formed lithospheric lid were all depleted; thus, the
depleted lid was relaminated by ancient CLM with different ages
but no significant depletion degree variations. Thus, the embed-
ded CLM formed a thick depleted root, trapping older materials
in the lower part of the growing lithosphere (Fig. 4 C and D). In
the models with large ΔTp but small F values, the incorporated
lithosphere exhibited a two-layer structure in both depletion and
age, with an upper layer composed of newly formed young,
depleted materials, and the lower layer was embedded by older

fertile CLM materials (Fig. 4 E and F). In the models with small
ΔTp but large F values, the lithosphere also exhibited a two-layer
structure in both depletion and age; in the top layer, young fer-
tile material was found, whereas older depleted material concen-
trated in the bottom layer (Fig. 4 G and H). In the models with
small ΔTp and F values, the lithosphere had a thicker fertile root,
with previously foundered fertile CLM relicts being relaminated
below fertile growing lithosphere (Fig. 4 I and J).

Discussion

Our results, including the timescale and behaviors of relamina-
tion as well as the distribution and size of relaminated depleted
mantle lithospheric relicts, are comparable to those of previous
works (6, 7, 15, 18, 41). While recent works have mainly investi-
gated the relamination of recycled CLM relicts to the Phanero-
zoic oceanic lithosphere (15, 18), we focused on its contribution
to the accretion and reconstruction of continents through time.
A test of the viability of relamination for the accretion of conti-
nental lithosphere is best provided by comparisons to the geolog-
ical record of lithospheric heterogeneities proposed in this section.
A survey of the age and composition structures of the lithosphere
provides key evidence for the viability of processes of recycling
and relamination through time.

Massive Regional Relamination: Constraints from Age Distribution.
Lithospheric xenoliths derived from different tectonic units record
a wide range of Re isotopic depletion ages, including many signifi-
cantly older than those of the overlying crust, suggesting the inclu-
sion of CLM relicts in the construction of the later lithosphere (9).

Fig. 2. Evolution of CLM recycling in the mantle. (A) No sinking. (B) CLM sinking into deep mantle without significant relamination. (C–E) CLM stagnates at
different depths, C (A–F in Fig. 1), D (G–L in Fig. 1), E (M–R in Fig. 1). In white to red, the concentration of CLM tracers at a depth relative to their initial concen-
tration at 40- to 160-km depth across the model in time. Green dashed lines represent the average depth of the 1,350 °C isotherm (thermal lithosphere-
asthenosphere boundary [LAB]).

4 of 10 https://doi.org/10.1073/pnas.2201226119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201226119/-/DCSupplemental


There is extensive evidence of Precambrian CLM relicts embed-
ding in the construction of Phanerozoic oceanic and orogenic
lithosphere. Proterozoic CLM relicts are found in Phanerozoic
ophiolites in the Tethysides (49, 50), Precambrian CLM relicts
are recorded in magmatic rocks in the Hawaiian islands (51),
and different scales of ancient CLM fragments are recognized
under the ridges and highlands in the Atlantic and Indian
oceans (13, 15, 32, 52, 53) and beneath the Ontong Java oce-
anic plateau (14). The appearance of such ancient CLM mate-
rials in these areas implies that CLM must have delaminated
from the ancient lithosphere, sank and mixed into the mantle,
and been transported a great distance to be eventually embed-
ded in the growing oceanic lithosphere and the orogenic litho-
sphere after ocean closure. Archean CLM relicts are also found
under many Proterozoic crustal units, such as the 3.0- to
2.1-Ga CLM segments beneath the Proterozoic Halls Creek
belts in Australia (11), and Archean melt extraction events are
recorded beneath the Proterozoic regions of east Greenland (54).
Collectively, this evidence supports the relamination process
shown here.
According to the face values of Re-Os model ages from the

existing lithosphere, some Archean cratonic lithosphere (Fig. 5
A and B) also exhibits special age patterns showing that ancient
materials are located below or embedded within younger ones.
For example, in the central part of the Slave Craton, 3.5- to
3.0-Ga CLM harzburgites are located beneath 3.0- to 2.7-Ga
lherzolites, which are further overlain by a 2.6- to 2.75-Ga crust
(Fig. 5B) (55, 56). Accordingly, such age heterogeneities, with
sizes ranging from microscale to hundred-kilometer scale (Fig.
5B), seem to exist widely in the lithosphere from the early
Archean to the Phanerozoic (9). These abnormal lithospheric age
structures (e.g., Fig. 5 A and B) indicate that the lithospheric

materials in these areas are actually derived from different
regions with different ages, which cannot be explained by other
lithospheric formation models in Fig. 6 A–D; however, they are
consistent with the MRR proposed here for their sizes and
complex age structures (Fig. 4 B, D, and F).

MRR can also explain other crust-mantle age decoupling, in
which the lithospheric mantle and crustal ages cannot be easily
reconciled. For example, Proterozoic lithospheric mantle seg-
ments are found below the Archean North China and Cask cra-
tons (57, 58), and late Archean lithospheric mantle is found
beneath Paleoarchean to Mesoarchean crustal units in the
North Atlantic Craton (12). Such a composite lithosphere with
an ancient upper part and a young lower part can be formed by
MRR events only if the delaminated and upwelled CLM is
much younger than the lithospheric lid, which is similar to the
results of documented replacement (58) and stacking (59)
according to their age structures. Although the age range of
Archean CLM is mostly consistent with that of its overlying
Archean crust (5), there are extensive mismatches in peak age
values and distribution (3, 59), which suggest that the crust
and mantle are not completely coupled. Considering the global
similarity of Archean regions in their lithospheric and crustal
age ranges (60), it cannot be ruled out that relamination and
embedding of CLM might occur at the early stages of Archean
craton formation.

The delamination and MRR model can also explain the lack
of Hadean lithospheric mantle, as recorded by xenolith data
(9, 61). From the Hadean to the early Archean, average ambi-
ent mantle temperatures were higher (ΔTp >> 200 °C), and
recycled CLM relicts could have surpassed the solidus (Fig. 7A)
(62). While this may lead to partial melting and further melt
extraction, this could also over-print (or reset) the radiogenic

Fig. 3. CLM recycling evolution as a function of depletion degree F and excess temperature ΔTp. (A) Stagnation depth. (B) MRR initial time. (C) Volume per-
centage of relaminated CLM reflecting the partition between relamination and mixing.
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ages of upwelled CLM relicts and likely explain the chronologi-
cally apparent disappearance of the Hadean lithospheric mantle
(9, 61).

Massive Regional Relamination: Constraints from Composition.
The xenoliths record of the lithospheric mantle of both Archean
and Proterozoic cratons shows that the distribution of the deple-
tion degree is heterogeneous and may vary with depth. Some
locations (e.g., Lesotho, Limpopo, Botswana, and Siberia) (Fig.
5C) preserve highly depleted peridotites at middle-lower depth
but fertile peridotites at shallower depth, whereas in other cra-
tonic keels (e.g., Slave and Kaapvaal) (Fig. 5D), the layering of
depleted and fertile peridotites is inverted (6, 8). Subduction and
convergence can effectively explain the transportation of large
amounts of shallow, highly depleted residue to the deep (5, 9).
However, the imbricated/dipping lithospheric structure formed
by subduction stacking (63) is not easily reconciled with the
horizontally layered depletion structure of the existing litho-
spheric mantle (64), while the abundance of oceanic crust

eclogites according to the subduction model (1) is also signifi-
cantly different from their detectable, relatively small abundance
via geophysical studies and xenolith records (64). A recently
proposed subduction-related viscous underplating model (6)
with viscous drainage of eclogites (65) can potentially solve
these contradictions. However, this explanation critically relies
on the operation of subduction and convergence in the early
Earth. The duration of early stagnant lid and onset time of
large-scale subduction (Hadean to Neoproterozoic) are contro-
versial (35–38), and it remains debated whether subduction
could have been relevant to the formation of cratons during the
Mesoarchean to Neoarchean or earlier (9, 61). Accordingly, the
interpretation of the compositional structure of cratonic litho-
sphere via subduction remains problematic.

Other mechanisms could also lead to heterogeneous CLM,
such as rifting and mantle plumes (7, 66). Rifting events may
progressively thin the lithosphere, allow for decompression melt-
ing, and add bodies of variable shape, age, and depletion degree
to the lithosphere (7). A similar result may be due to the effect

Fig. 4. Modeled composition and age structure of CLM ∼1,200 Myr after delamination. (A and B) No relamination, depletion degree (A) and age (B) change
linearly with depth; the lithosphere is very thin. (C and D) Relamination with large CLM depletion degree and high mantle temperature; highly depleted (C),
ancient (D) CLM materials are relaminated to the growing lithosphere to form a thick depleted lithospheric root. (E and F) Relamination with small CLM
depletion degree and high mantle temperature; two-layer models are formed in its composition (E) and age structures (F), with ancient fertile materials
incorporated beneath a young depleted growing lid. (G and H) Relamination with relatively large CLM depletion degree and low mantle temperature;
two-layer models are formed in its composition (G) and age structures (H), with ancient depleted materials incorporated beneath a young fertile growing lid.
(I and J) Relamination with low CLM depletion degree and low mantle temperature; two-layer models are also formed in its composition (I) and age struc-
tures (J), with ancient fertile materials incorporated beneath a young fertile growing lid. Green points and dashed lines on the right side of A, C, E, G, I denote
the depletion degree of CLM tracers and their average value at different depths, respectively. Red points and dashed lines on the right side of B, D, F, H, J
denote the relative age of CLM tracers and their average value at different depths, respectively.

6 of 10 https://doi.org/10.1073/pnas.2201226119 pnas.org



of a plume providing excess temperature beneath a thinned litho-
sphere (66), although this model cannot explain heterogeneous
age distribution. Both models explain major high-degree shallow
melting beneath a thinned lithosphere. Here, we suggest that in
the growth of the thermal boundary layer, during cooling, addi-
tional heterogeneities can be embedded in the lithosphere due to
MRR.
More generally, the MRR model (Fig. 4 A, C, E, G, and I)

explains different compositional layering structures, compatible
with those observed (Fig. 5 B–D), that may occur in conjunc-
tion with other mechanisms and is independent of the tectonic
regime. First, the foundering of the CLM is viable under all
tectonic regimes proposed for the early Earth (21, 37, 64, 67).
Mantle mixing and upwelling of CLM are embedded in general
mantle circulation models and do not require or refute the
operation of plate tectonics or any other proposed preplate
tectonic regimes. Although these may differ in lithospheric
formation processes (6, 7, 34, 45), the conditions for mantle
convection and mixing are independent and instead depend on
the factors modeled here, that is, mantle temperature and tem-
perature- and composition-dependent buoyancy (68). Thus,
MRR remains a viable mechanism, independent of the opera-
tion of subduction, that best explains the formation of large
heterogeneities of the continental lithospheric mantle through-
out Earth’s history. In particular, MRR can explain the occur-
rence of a depleted upper layer atop a fertile layer (Fig. 4 A, C,
and E) as observed in the Slave Craton (Fig. 5C) or the
emplacement of a depleted lower layer beneath a fertile one

(Fig. 4G), as observed in the Siberian Craton (Fig. 5D). Addi-
tionally, while MRR events incorporate the deeply foundered
CLM relicts into the newly constructed lithosphere, they can
also entrain some deep materials, suggesting an explanation for
the puzzling coexistence of ultra-deep source materials and shal-
low, low-pressure melting residues under some cratons, such as
the Slave Craton (19, 59).

MRR incorporates the foundered CLM under the growing
lithosphere, preserving paleo lithosphere-asthenosphere bound-
ary materials at the middle depth of the composite lithosphere,
which can form a structure similar to the seismically detected
mid-lithosphere discontinuity (MLD) (40, 69, 70). For exam-
ple, an MLD is detected below the Ontong Java oceanic pla-
teau at depths between the newly formed oceanic lithosphere
and underplating material containing ancient CLM relicts (14,
40, 71). Seismic studies show that multiple MLD structures
may exist under the Kaapvaal, North American, and Australian
cratons (72–74). The nature of the MLD is not uniform (69,
70), and the MRR mechanism proposed here can readily explain
the formation of some multiple subhorizontal MLDs in between
relaminated layers and blocks. Thus, MRR remains a viable
mechanism, independent of the operation of subduction, that
best explains the formation of large heterogeneities of the conti-
nental lithospheric mantle throughout Earth’s history.

The Role of Massive Regional Relamination in CLM Accretion.
Episodic MRR events (Figs. 4 and 6E) may be a relevant mecha-
nism to explain the observed complex lithospheric heterogeneities

Fig. 5. Age and depletion architecture of lithospheric mantle in Kaapvaal, Slave, and other cratons. (A) Distribution of rock ages in the lithospheric mantle
of South Africa determined by geochronological measurements, showing complex age structure without a strict time order (5). FL, Farm Louwrencia;
J, Jagersfontein; F, Finsch; K, Kimberley; P, Premier; NL, North Lesotho; R, Ramat�seliso; A, Abbotsford. (B) Age and composition structure below the Slave
Craton (55). The numbers in A and B are ages in Ga. (C) Depleted layers in the middle to lower part of the lithospheric mantle in some cratonic areas (6).
(D) Depleted layers in the upper part of the lithospheric mantle in some cratonic areas (6).

PNAS 2022 Vol. 119 No. 39 e2201226119 https://doi.org/10.1073/pnas.2201226119 7 of 10



described above (Fig. 5). This mechanism overcomes the limita-
tions of other lithosphere formation mechanisms (3, 5) that imply
a strict time order and specific compositional structures (Fig. 6
A–D). The upwelled CLM relicts below cratons, orogenic belts,
and oceanic basins, emplaced via MRR events, can be foundered
into the deep mantle repeatedly if attaining enough negative buoy-
ancy during renewed delamination or ocean closure, which can
result in new foundering-MRR cycles until the CLM relicts are
disrupted in the ambient mantle or finally anchored below stable
cratons. These foundering-MRR cycles keep the CLM volumetric
balance between the continental lithospheric mantle and the deep
mantle, contributing to the longevity of continents. This means
that the relaminating CLM in later cold MRR events (e.g., Fig. 4
G–J) is actually the foundered CLM reconstructed in earlier hot
MRR events (e.g., Fig. 4 A–F); thus, the newly formed CLM

should have finer structures (formed in earlier MRR events) than
those shown in Fig. 4 G–J.

The existing CLM relicts below different tectonic units show
that some cratons were not as stable as previously understood
(2, 10, 58), especially the lithospheric mantle (9, 40, 58,
75–77). The relative stability of the cold crustal section of cra-
tons is likely accompanied by the foundering-MRR cycles at
mantle depths, especially during the cratonization stage, when
complex CLM structures were formed. This also means that the
evolution of CLM is probably a competitive process between
constructive MRR and destructive foundering. This process
makes any Hadean lithospheric mantle materials reset their ages
during the hot MRR events, whereas the majority of Archean
cratons and the minority of Proterozoic cratons exchange their
CLM during the warm to cold MRR events, respectively

Fig. 6. Age and depletion architecture of lithospheric mantle constructed by different mechanisms [modified after Pearson, 1999 (5)]. (A) Rapid plume or
rapid subduction. (B) Underplating: cooling or magmatic. (C) Subduction accretion. (D) Lateral “block” accretion. (E) Repeated MRR events proposed in this
study. A–D are with strict time order. A or D has consistent age from top to bottom of each cratonic block, and B or C has decreasing ages from top to
bottom of each cratonic block. In contrast, only E is without strict time order. A, B, and D have depletion structures inherited from the craton formation,
possibly increasing with shallowing depth (horizontally stratified) (64). C has imbricated dipping depletion structures inherited from slab imbrication. E has
horizontally stratified depletion structures perturbed by MRR; the types of depletion changing with depth can vary (see Fig. 4).

Fig. 7. Pressure-Temperature-time (P-T-t) paths of CLM tracers during their MRR under different mantle Tps. (A) Hot MRR; many tracers can surpass the dry
solidus (red dashed lines) of peridotites (62) during their MRR and reset their ages. (B) Hot/warm MRR; few tracers can surpass the dry solidus and reset
their ages. (C) Warm-cold MRR; no tracers can surpass the dry solidus and reset their ages.
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(Fig. 7). Some ongoing Phanerozoic proposed cratonization pro-
cesses in the Altaids, Tibet, and other places are likely accompa-
nied by such delamination (9, 78–80) and relamination processes
(49, 50) as well. In this process, the plateaus or orogenic belts
lose their primitive dense CLM and replace it with hybrid
buoyant materials containing ancient CLM relicts detached
from cratonic units. The models also show that CLM segments
delaminated in the Phanerozoic may still be in their sinking or
stagnation stage (Fig. 3B); thus, their temperature-related fast
anomalies (Fig. 1 C, I, and O) can still be detected. Some fast
anomalies in the mantle, especially those unrelated to subduct-
ing slabs, such as those in the mantle transition zone beneath
North China, West African cratons, and their adjacent regions
(27, 28), can be explained by delaminated or stagnating CLM
relicts. In this context, the process proposed here may contrib-
ute significantly to the coupled evolution of a heterogeneous
lithosphere and mantle.
The foundering-MRR cycle is likely an important mecha-

nism for density-driven differentiation, which can convert such
high-density orogens to buoyant cratons (81). In these cycles,
high-density eclogites can be left in the deep, whereas buoyant
depleted peridotites can be incorporated into the lithosphere
via MRR. This can explain the eclogite abundance and compo-
sitional stratification problems in the subduction imbrication
model discussed above (64). The foundering-MRR cycle of
most depleted CLM segments mainly takes place in the shallow
mantle (Fig. 3A), whereas fertile peridotite can be recycled into
lower mantle depths. These processes are conducive to mantle
stratification and are important to the formation of the shallow
depleted mantle. With the secular cooling of the Earth’s man-
tle, the feasibility and frequency of delamination and thus
MRR are decreasing (34). This means that previously formed
cratons are becoming more stable than before, and the architec-
tures of future cratons will not be as complex as those formed
in the Archean.
The types and triggers of removal and sinking of the depleted

CLM are various, ranging from convective removal to sagduc-
tion, delamination, dripping, and subduction (15, 82–84). Thus,
the foundered block may have different sizes and contain the
eclogitized lower crust or contain only the lower mantle litho-
sphere below the MLD (18, 39, 75, 85), which may lead to
different MRR modalities (6, 7, 15). The deformation, transpor-
tation, disruption, and sinking/stagnation depth of the foundered
CLM is similar to those of the subducting slab, which are
affected by many factors, including viscosity and density
changes or jumps induced by water, Mg content, phase

transition, Clapeyron slope, partial melting, CLM eclogite con-
tent, depletion degree, metastable-olivine, and specific slab
dynamics (segmentation, folding, or piling) (43, 86–88). These
complex factors add not only variabilities to the MRR model
but also complexities to the heterogeneity of the lithosphere
and deep mantle, which have been covered by our simplified
setup. This also extends the applicability of MRR and needs
considerable future work. As long as the depleted lithosphere is
not completely mixed or refertilized, the potential of MRR
caused by depletion-related buoyancy always exists, and the rela-
mination of such CLM fragments is just a matter of time.
Although MRR is not the only way to create heterogeneous
CLM, it is compatible with other mechanisms.

Materials and Methods

The evolution of thermal and chemical anomalies of the CLM in the viscous man-
tle is modeled here as the Stokes flow of an incompressible fluid, solving for the
conservation of mass, momentum, and energy using the geodynamic computa-
tional frame Underworld (89). This method embeds Lagrangian particles in a
Cartesian Finite Element mesh, tracing thermo-chemical conditions relevant for
the problem treated here (SI Appendix, sections 1 and 2).

We designed two modeling groups: a sensitivity test group and a main
group. The sensitivity test group (SI Appendix, section 3) aimed to test the sensi-
tivity of the model to the parameters described above, including block length
and thickness, ΔTp, Vsurf, F, ηmax, and fvis, whereas the main group (SI Appendix,
section 4) aimed to investigate the evolution of a thick (160-km) cratonic block
sinking in the dry ambient mantle with no water- or fluid-related weakening,
following previous works (18, 44).

Data, Materials, and Software Availability. All numerical modeling data
were calculated using Underworld2 (https://doi.org/10.5281/zenodo.3384283)
(90). All study data are included in the article and/or SI Appendix.
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