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caused a lithosphericweakness (Fig. 15b) that allowedflanking dense lith-
osphere to flex downward (Fig. 15c). It was not coincidental that SI imme-
diately followedplumeheademplacement but rather that SIwas catalyzed
by the plume head. As terminal magmatism of the 140–110 Ma plateau
occurred ~10 Ma prior to the start of post-100 Ma CLIP magmatism, we
suggest that pre-existing compositional and density contrasts between
the 140–110 Ma plateau and its surrounding ‘normal’ oceanic lithosphere
(Niu et al., 2003) created a favorable site for subduction to subsequently
nucleate upon younger plateau extrusion beginning at 100 Ma.

Because it is the dense lithosphere adjacent to the plume that sinks
to form a subduction zone, the PISI model predicts that subduction
zones will dip beneath and toward the center of the plume as explained
above (Burov and Cloetingh, 2010; and as shown in Fig. 13a). For Tr1,
the Central American subduction zone has dipped continuously east-
ward since it formed in the Late Cretaceous. The subduction zone be-
neath Tr3 also resulted in a subduction zone that dipped northward,
beneath the CLIP plume. This would have quickly brought northern
South America into this subduction zone, jamming it and shutting it
down by ~73 Ma as observed. The original dip of the subduction zone
beneath Tr2 is not easily constrained, but the presence of former E-
dipping subduction zones along the Pacific margin of South America
may have influenced its development.

The recognition of increasing subduction additions and degrees of
partial melting and overlapping isotopic composition between post-
100 Ma plume and arc in the oldest sequences interpreted as CLIP are
key arguments for our PISI model. As the rising plume-head arrived at
the base of the lithosphere, the latter was weakened via heating,

pervasive melt infiltration (Ueda et al., 2008) and diking. Lithosphere
above the plume became more buoyant as flood basalts thickened the
crust and heating thinned the mantle root (Laske et al., 2007), while
oceanic lithosphere beyond the plume-affected (rejuvenated) region
remained cold and dense. The lithospheric transition between rejuve-
nated and unaffected lithosphere localized differential vertical motions
between buoyant and dense lithosphere (Fig. 15b). This lithospheric
transition would have been arcuate in map view, centered on the
plume axis. Dense lithosphere near this transition was able to flex
downward around the plume margins (Fig. 15c). Sinking of old litho-
sphere may have been enhanced as plume-related lavas buried parts
of the old seafloor (Fig. 14g). Downward-flexing lithosphere ultimately
sank deep enough that motion changed from vertical to edge-on and
this marked when the new subduction zones formed, with attendant
development of arc magmatic systems around the nascent LIP margins
(Fig. 13c). Themagmatic progression of this plume-arc evolution is pre-
served in the rock record from Tr1–Tr3 that we have studied.

Our interpretation of the Late Cretaceous tectono-magmatic evolu-
tion of this region is consistent with numerical geodynamic experi-
ments (Ueda et al., 2008; Burov and Cloetingh, 2010) and explains
systematic temporal changes in magma compositions outlined above,
at the same time reconcilingmany of the inconsistencies and difficulties
of current tectonic models for the region. PISI is also consistent with the
geochemistry and isotopic composition of many units which are inter-
mediate between “plume” and “arc” affinities and similar in some re-
spects to nascent SI units. Our PISI model is also consistent with the
lack of evidence for any hiatus separating the ‘CLIP’ basement fragments
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Fig. 14. PISI model (a-e) and 100-60 Ma tectonic reconstructions (f-j). PISI model is based on and modified from Ueda et al. (2008). A (west) and A’ (east) for (a–e) is shown in (f). In
(a), the (b) plume rises to the lithosphere base and flattens. (c) A central plume wedge rises and weakens the surrounding lithosphere. (d) The partially molten plume head ruptures
the lithosphere and begins to spread. (e) Subduction initiates in response to plume emplacement. (f) The Farallon Plate comprised a segment of circa 140–100 Ma thickened oceanic
crust represented at least in part, by the 140–110 Ma segment of the Nicoya Complex, western Costa Rica (see text); this older thickened oceanic crust was likely the substrate upon
which the volumetrically dominant, post-100 Ma CLIP was constructed. As depicted in (e), emplacement of the mantle plume possibly above the Galapagos hotspot (GHS)
(f) instigates (g) lithosphere sinking, subsequent asthenospheric flooding and ultimately SI. (h) SI results in arc construction along Costa Rica and Panama, western South America in
Ecuador and Colombia and the Leeward Antilles (Aruba and Curacao) (PISI traces 1–3, Fig. 1). (i) Collision of South America with the arc system off of western South America
at ~ 70 Ma results in emplacement of intra-oceanic arc (IOA) ophiolitic fragments (dark yellow) in Colombia and Ecuador (see text for details). (j) E/SE dipping subduction nucleates
to the west of South America. M.y. = millions of years.
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lithosphere6. The age of the oceanic plate has a more complex influence 
on subduction initiation (Extended Data Fig. 2). On the one hand, very 
young (<20 Myr old) lithosphere does not favour self-sustained  
subduction initiation because the negative buoyancy of such plates is 
insufficient to provide the necessary slab pulling force1 (Extended Data 
Fig. 2a). On the other hand, plates that are very old (>80 Myr old), and 
thus cold and strong, are more difficult for a plume head to penetrate 
and initiate subduction (Extended Data Fig. 2d). Therefore, older  
lithosphere needs larger and hotter plumes for subduction initiation. 
Sustainability of subduction also requires rheologically weak, hydrated 
upper oceanic crust, which lubricates the incipient subduction interface 
(Methods). In the absence of such crust, subduction freezes soon after 
initiation (Extended Data Fig. 3). A similar subduction-freezing effect 
can also be achieved (Extended Data Table 2) if we assume a stronger, 
dry rheology of the plume or compositional buoyancy of the pre- 
existing oceanic lithosphere1 (Methods), caused by dehydration and 
depletion by melt extraction15. This freezing effect can, however, be 
overcome by assuming greater plate ages (>30 Myr) or faster hydration 
(weakening) of the mantle wedge by subduction-released fluids 
(Extended Data Table 2).

The Archaean mantle was 100–300 K hotter than is the modern  
mantle16, which would have produced depleted compositionally  
buoyant lithosphere (Methods) with 10–30-km-thick oceanic crust1. 
This crust thickness strongly increases buoyancy and thus decreases 
the ‘subductability’ of the oceanic lithosphere1. In addition, the crust– 
mantle boundary (‘Moho’) becomes deeper and hotter, which decreases 
the viscosity of rocks at this boundary and leads to rheological 

weakening of the plate. Here, we explore two types of Archaean oceanic 
plates: (1) a young, warm, positively buoyant and weak plate, which is 
not favourable for subduction1 (Fig. 4a) and (2) an old, cold, negatively 
buoyant and strong plate, which is favourable for subduction1 (Fig. 4b).

Plume interaction with young lithosphere results in oceanic plateau 
formation followed by nearly circular sheet-like lithospheric ‘drips’ that 
are driven by thickened lower-crust eclogitization and are terminated 
by shallow circular necking (break-off) of the descending oceanic 
lithosphere (Extended Data Fig. 4). Surface expression of the initial 
circular drip is similar to that of true subduction initiation with a pro-
nounced trench and collapsing oceanic plateau (compare with Fig. 1b 
and Extended Data Fig. 4b); however, eclogite dripping is short-lived 
and does not create coherent retreating slabs. Repetitive drips quickly 
remove pre-existing mantle lithosphere, so that thickened, hot mafic 
crust comes to overlie convecting asthenosphere (Extended Data  
Fig. 4d). An intense exchange of heat and mass then occurs between crust 
and mantle: mantle-derived melt additions contribute to further growth 
of the crust as eclogitized lower crust sinks into the mantle and re-melts. 
In contrast, plume interaction with old lithosphere results in self- 
sustained subduction, which is further assisted by strong densification 
of thick oceanic crust, owing to its eclogitization (Fig. 4b). This obser-
vation suggests that plume-induced subduction could have occurred for 
hot Archaean mantle if oceanic lithosphere at that time was sufficiently 
old, cold and thus strong and negatively buoyant1. Compositional buoy-
ancy of the depleted Archaean oceanic lithosphere with thick crust does 
not preclude subduction (Extended Data Table 2), but requires greater 
cooling ages (>60–70 Myr)1 for plate subductability compared to  
present-day mantle temperature conditions (>10–30 Myr)1.

Our results show that the arrival of a sufficiently large, hot and long-
lived mantle plume could weaken strong and dense negatively buoyant1 
oceanic lithosphere to produce new self-sustaining subduction zones, 
which are required for the beginning of plate tectonics. In addition, a 
global plate mosaic is needed to initiate modern-style plate tectonics 
with various simultaneously operating plate boundaries2. Some pos-
sibilities for creating such a plate mosaic arise from plume-induced 
subduction initiation. The newly formed oceanic lithosphere above 
the plume head makes up the first rectangular plate2 (Fig. 1d), or 
even an embryonic plate mosaic (Fig. 2). Multiple plates can also be 
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Figure 3 | Influence of model parameters on the thinning of the oceanic 
plate under a condition of reduced intensity of magmatism-induced 
lithospheric weakening. Compare with the reference model shown in 
Fig. 1. a, Failed subduction initiation caused by insufficient magmatism-
induced weakening of the plate (model, ‘bsasb’ at 7.32 Myr). b, Influence 
of a long-lived plume with a conduit providing additional heat and mass 
supply through time (model, ‘bsan’ at 2.00 Myr). c, Influence of increased 
plume size and temperature (model, ‘bsba’ at 1.24 Myr). Colour code is 
the same as that used in Fig. 1. See Extended Data Table 2 for details of the 
models.
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Figure 4 | Plume–lithosphere interaction for hotter mantle temperature 
and thicker oceanic crust. a, Development of plume-induced lithospheric 
drips for 20-Myr-old oceanic plate with 30-km-thick crust (model,  
‘bsar’ at 0.34 Myr; see Extended Data Table 2 and Extended Data Fig. 4).  
b, Development of plume-induced self-sustaining subduction for 80-Myr-
old oceanic plate with 20-km-thick crust (model, ‘bsayh’ at 2.50 Myr;  
see Extended Data Table 2). Colour code is the same as that used in Fig. 1.
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caused a lithosphericweakness (Fig. 15b) that allowedflanking dense lith-
osphere to flex downward (Fig. 15c). It was not coincidental that SI imme-
diately followedplumeheademplacement but rather that SIwas catalyzed
by the plume head. As terminal magmatism of the 140–110 Ma plateau
occurred ~10 Ma prior to the start of post-100 Ma CLIP magmatism, we
suggest that pre-existing compositional and density contrasts between
the 140–110 Ma plateau and its surrounding ‘normal’ oceanic lithosphere
(Niu et al., 2003) created a favorable site for subduction to subsequently
nucleate upon younger plateau extrusion beginning at 100 Ma.

Because it is the dense lithosphere adjacent to the plume that sinks
to form a subduction zone, the PISI model predicts that subduction
zones will dip beneath and toward the center of the plume as explained
above (Burov and Cloetingh, 2010; and as shown in Fig. 13a). For Tr1,
the Central American subduction zone has dipped continuously east-
ward since it formed in the Late Cretaceous. The subduction zone be-
neath Tr3 also resulted in a subduction zone that dipped northward,
beneath the CLIP plume. This would have quickly brought northern
South America into this subduction zone, jamming it and shutting it
down by ~73 Ma as observed. The original dip of the subduction zone
beneath Tr2 is not easily constrained, but the presence of former E-
dipping subduction zones along the Pacific margin of South America
may have influenced its development.

The recognition of increasing subduction additions and degrees of
partial melting and overlapping isotopic composition between post-
100 Ma plume and arc in the oldest sequences interpreted as CLIP are
key arguments for our PISI model. As the rising plume-head arrived at
the base of the lithosphere, the latter was weakened via heating,

pervasive melt infiltration (Ueda et al., 2008) and diking. Lithosphere
above the plume became more buoyant as flood basalts thickened the
crust and heating thinned the mantle root (Laske et al., 2007), while
oceanic lithosphere beyond the plume-affected (rejuvenated) region
remained cold and dense. The lithospheric transition between rejuve-
nated and unaffected lithosphere localized differential vertical motions
between buoyant and dense lithosphere (Fig. 15b). This lithospheric
transition would have been arcuate in map view, centered on the
plume axis. Dense lithosphere near this transition was able to flex
downward around the plume margins (Fig. 15c). Sinking of old litho-
sphere may have been enhanced as plume-related lavas buried parts
of the old seafloor (Fig. 14g). Downward-flexing lithosphere ultimately
sank deep enough that motion changed from vertical to edge-on and
this marked when the new subduction zones formed, with attendant
development of arc magmatic systems around the nascent LIP margins
(Fig. 13c). Themagmatic progression of this plume-arc evolution is pre-
served in the rock record from Tr1–Tr3 that we have studied.

Our interpretation of the Late Cretaceous tectono-magmatic evolu-
tion of this region is consistent with numerical geodynamic experi-
ments (Ueda et al., 2008; Burov and Cloetingh, 2010) and explains
systematic temporal changes in magma compositions outlined above,
at the same time reconcilingmany of the inconsistencies and difficulties
of current tectonic models for the region. PISI is also consistent with the
geochemistry and isotopic composition of many units which are inter-
mediate between “plume” and “arc” affinities and similar in some re-
spects to nascent SI units. Our PISI model is also consistent with the
lack of evidence for any hiatus separating the ‘CLIP’ basement fragments
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Fig. 14. PISI model (a-e) and 100-60 Ma tectonic reconstructions (f-j). PISI model is based on and modified from Ueda et al. (2008). A (west) and A’ (east) for (a–e) is shown in (f). In
(a), the (b) plume rises to the lithosphere base and flattens. (c) A central plume wedge rises and weakens the surrounding lithosphere. (d) The partially molten plume head ruptures
the lithosphere and begins to spread. (e) Subduction initiates in response to plume emplacement. (f) The Farallon Plate comprised a segment of circa 140–100 Ma thickened oceanic
crust represented at least in part, by the 140–110 Ma segment of the Nicoya Complex, western Costa Rica (see text); this older thickened oceanic crust was likely the substrate upon
which the volumetrically dominant, post-100 Ma CLIP was constructed. As depicted in (e), emplacement of the mantle plume possibly above the Galapagos hotspot (GHS)
(f) instigates (g) lithosphere sinking, subsequent asthenospheric flooding and ultimately SI. (h) SI results in arc construction along Costa Rica and Panama, western South America in
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Single-slab Caribbean subduction could
have formed due to the arrival of a
sufficiently buoyant plume below a young
but subductable lithosphere (20 Myr in our
experiments). The eastward motion of
Farallon plate could have resulted in
breaking off the slab from east side and
continuation of subduction in the west.



Summary

• plate motion may notably affect the geometry and dynamics of
plume-lithosphere interaction by promoting asymmetry of resulting
subduction.

• Lithospheric strength and plume buoyancy are key parameters in
penetration of plume and subduction initiation and that the plate
speed has no effect.

• Surface topography evolution indicates that due to the plate motion,
the size of a newly formed plateau increases in the direction of plate
movement.

• Plate motion may have played a key role in formation of the single-
slab subduction zone in southern and western margins of the
Caribbean Plate at ~100 Ma.


