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Evidence of lower-mantle slab penetration phases
in plate motions
Saskia Goes1, Fabio A. Capitanio2{ & Gabriele Morra2

It is well accepted that subduction of the cold lithosphere is a
crucial component of the Earth’s plate tectonic style of mantle
convection. But whether and how subducting plates penetrate into
the lower mantle is the subject of continuing debate, which has
substantial implications for the chemical and thermal evolution of
the mantle1,2. Here we identify lower-mantle slab penetration
events by comparing Cenozoic plate motions at the Earth’s main
subduction zones3 with motions predicted by fully dynamic
models of the upper-mantle phase of subduction, driven solely
by downgoing plate density4. Whereas subduction of older,
intrinsically denser, lithosphere occurs at rates consistent with
the model, younger lithosphere (of ages less than about 60 Myr)
often subducts up to two times faster, while trench motions are
very low. We conclude that the most likely explanation is that
older lithosphere, subducting under significant trench retreat,
tends to lie down flat above the transition to the high-viscosity
lower mantle, whereas younger lithosphere, which is less able to
drive trench retreat and deforms more readily, buckles and thickens. Slab thickening enhances buoyancy (volume times density)
and thereby Stokes sinking velocity, thus facilitating fast lowermantle penetration. Such an interpretation is consistent with seismic images of the distribution of subducted material in upper
and lower mantle5,6. Thus we identify a direct expression of
time-dependent flow between the upper and lower mantle.
Seismic methods image anomalies at locations of present and past
subduction in upper and lower mantle. These correlate quite well
with the history of subduction extending back to 200 Myr ago, if
lower-mantle slab sinking rates average about 1–2 cm yr21 (refs 7,
8). Only in a few locations do slab anomalies continue directly into
the lower mantle, and mostly they do not extend to depths much
larger than about 1,500 km (refs 5, 6, 9, 10). Elsewhere, slabs flatten
and deform near the base of the upper mantle5,6,11,12, and lowermantle anomalies are unconnected. Seismic methods can only image
the current state of the mantle, and do not reveal when material
entered the lower mantle, or even whether the lower-mantle anomalies are the result of thermal coupling rather than mass flux13.
The one to two orders of magnitude increase in viscosity and
endothermic phase change that comprise the transition from upper
to lower mantle both hamper flow into the lower mantle. Numerical
models have shown that this can lead to time-dependent lowermantle slab penetration14–18, where subduction occurs in several
stages. At first, subduction under rapid trench retreat results in pooling of material at the base of the upper mantle19. Then, when a
sufficiently large mass has accumulated, it sinks into the lower
mantle, accompanied by a strong increase in subduction velocity
and drop in trench retreat rates17,18.
No one has previously looked for such signatures in past plate
motions, and, even for the present day, it is debated what governs

the motions20,21. It is generally agreed that subduction is driven by
downgoing-plate negative buoyancy. Yet most present-day subduction velocities and slab dips display little correlation with plate age,
the main control on buoyancy, and other forces have been proposed
to play an important part3,20,21. Also, it is not understood why most
of today’s subduction velocities are confined to a range of about
4–9 cm yr21, in spite of a large variation in plate sizes, and regional
tectonics20.
Using a fully dynamic model (see Supplementary Information and
ref. 4), we have characterized plate motions and morphologies during
the first subduction phase (when it is confined to the upper mantle)
for a freely subducting plate. Free subduction is the most basic form
of subduction, driven solely by downgoing plate buoyancy and
resisted passively by the mantle and an overriding plate. These models provide a baseline to distinguish phases of upper-mantle-confined
subduction from phases where subduction may be penetrating the
lower mantle. Most other subduction models are not fully dynamic
and impose Earth-like plate or trench motions. But to understand
what controls these motions, fully dynamic models—where plate
motions and morphology can adjust self-consistently—are required.
The main free subduction characteristics emerging from our
models4 are: (1) slab sinking velocities, vsink, are Stokes velocities,
that is, they are controlled only by slab density and shape, and by
mantle viscosity4,14. For realistic effective plate viscosities, two to
three orders of magnitude stronger than the upper mantle (see, for
example, refs 20, 22), forces that would try to push plates down faster
than this will result in slab deformation and thickening, thereby
increasing slab Stokes velocity, while forces that try to hold the slab
back (for example, resistance to plate bending at the trench), will
result in slab detachment or viscous dripping. (2) The plate’s strength
generally does not allow it to bend to a vertical dip on the timescale it
takes to sink into the mantle. As a result, plates with a higher strength,
but the same slab buoyancy (that is, same sinking velocity), subduct
at a smaller dip, and faster rate, vsub. (3) Free subduction occurs
basically by trench retreat, at a rate4,23 vtr 5 vsubcosad 5 vsinktanad,
where the dip ad is that of the downgoing slab between 100 and
400 km depth, that is, below the bend. Thus, like vsub, trench
retreat increases with plate density and with plate strength. (4)
Plate advance, vad, only occurs to the extent that it is required to
preserve continuity between the unsubducted and subducted plate,
that is, for a plate that does not stretch or thicken, vad 5 vsub 2 vtr 5
vsink[1 2 cosad]/sinad. Thus, the highest possible rate of free plate
advance (at ad 5 90u, and vtr 5 0) is the Stokes sinking velocity.
Factors that increase the ratio of plate advance over trench retreat
are ridge push (the gravitational sliding of plates from the ridge to the
trench), a low-viscosity asthenosphere at the base of the plate, and
large plate widths4,24–26. The few other published dynamic free
subduction models display subduction styles similar to ours, where
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conditions are the same17,18,23,25–27. Where other models, or natural
subduction zones, display behaviour different from these free subduction characteristics, external forces/constraints play a part.
We compare our model velocities with the Cenozoic motions at
the world’s main subduction zones from the recent update of the
global lithospheric age–plate velocity data base of ref. 3. Natural
subduction is characterized by low trench retreat, with rates averaging 0.1–0.3 times plate advance rates, throughout the Cenozoic.
Furthermore, trench motions are often episodic, and display expressions of outside forcing21 (Supplementary Information). This
explains why a plate-buoyancy signature has only been recognized
in present-day absolute plate advance rates (that is, motions of the
downgoing plate in a hotspot-reference frame)28. Recent data3,21 confirm the age trend, and it is compatible with an upper-mantle Stokes
sinking velocity limit on plate advance, like our models predict for
free subduction (Fig. 1). The limiting Stokes velocities for a very
reasonable average upper-mantle viscosity of (0.5–1.0) 3 1021 Pa s
bracket most of today’s slab sinking velocities, as estimated from
surface motions and deep dips (Supplementary Fig. 2). An age trend
is less apparent in convergence velocities, which are the sum of plateadvance and trench motions, because of the variability of the latter
(Supplementary Information).
The range of present-day subduction and plate-advance motions is
limited, as in our models (where subduction is driven only by uppermantle slab buoyancy), with one clear exception. Under Central
America, sinking and plate-advance velocities are 40–100% higher
than expected for the young age of the plate at the Middle America
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trench, which should give it a buoyancy barely negative enough
for self-sustained subduction (Fig. 1, Supplementary Information).
These high velocities require an enhanced Stokes velocity, implying
either a very low-viscosity upper mantle (about an order of magnitude lower than everywhere else, which seems unreasonable), or
increased mass as in the case of lower-mantle penetration. This
last explanation is compatible with seismic tomography, where the
anomaly attributed to subduction under Central America is the only
relatively unambiguous example of a continuous slab-like anomaly
into the mid to deep lower mantle6,10.
The Cenozoic history of motions at the major Pacific and
Southeast Asian subduction zones3 contains more examples of very
high plate-advance rates (dips and therefore sinking velocities are not
known back in time), all associated with subduction of relatively
young lithosphere. And not only the advance velocities, which carry
uncertainties associated with the choice of hotspot-reference frame,
but also the (reference-frame independent) subduction velocities
strongly exceed model rates at these times (Supplementary Fig. 4).
The clearest examples of upper-mantle slab-buoyancy driven and
faster modes of subduction are shown in Fig. 2.
The Japan-Kurile-Kamchatka and Aleutians-Alaska zones (designated Japan and Alaska hereafter) (Fig. 2a and b) display a clear
switch from one mode to another. In both zones, advance velocities
for the past 25 Myr lie within the Stokes velocities for upper-mantle
confined slabs that fit present-day sinking velocities (Fig. 1). Japan’s
recent velocities cluster along a single Stokes trend, while Alaska’s
define a somewhat higher and less tightly clustered age trend. Before
25 Myr ago, there is no age trend and velocities are 1.5–2 times higher
than those of similarly aged lithosphere subducted along these
trenches today, and 2–3 times higher than the model trend through
the recent Japan velocities. Subduction velocities below Middle
America have been excessively high for its age throughout most of
the past 55 Myr (Fig. 2c). Only between 50 and 55 Myr ago, and for
the northern part of the Cocos subduction in the past 10 Myr, do
the values approach those of upper-mantle confined slabs. Tonga
(Fig. 2d) exhibits the opposite behaviour. Its velocities for the past
45 Myr do not exceed the range for upper-mantle slab buoyancy.
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Figure 1 | Present-day plate-advance velocities. Main panel, absolute
downgoing plate motions, vad, versus upper-mantle slab age (plate age at the
trench averaged over the last 10 Myr of subduction) from the compilation of
ref. 3 compared with Stokes velocities for upper-mantle slabs (1,000 km
width and upper-mantle viscosity, gUM, of (1.0, 0.7, 0.5) 3 1021 Pa s (or
constant gUM of 1.031021 Pa s and plate widths of 1,000, 2,000, 3,000 km,
respectively). For comparison with the data, model densities were converted
to equivalent plate ages using the parameters from ref. 30. For slab ages less
than 20 Myr, subduction is probably not self-sustaining (white background).
The error bars represent the full range of variation within each trench
segment. Trends are similar when slab age is averaged over 5 or 15 Myr. The
trend of ref. 28 also fits the recent data presented here. Inset, map of the zone
segments used. Segmentation scale corresponds to scale at which the main
variations in plate motions and dip occur. Figure key gives names.
Abbreviations: Ale., Aleutians; Am., America; Ch., Chile; Col., Columbia; N.,
North; S., South; E., East; W&C., West and Central.
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Figure 2 | Past plate-advance velocities. a–d, Comparison between
Cenozoic advance velocities of the downgoing plate, vad, versus average
upper-mantle slab age, and the upper-mantle slab Stokes velocities that
bracket present-day sinking rates (Fig. 1 main panel; probably only selfsustaining above 20 Myr slab age); data are given for selected zones (Fig. 1
inset) shown boxed in each panel. Velocities are shown at points spaced
500 km along the trench, exactly as in ref. 3, because an appropriate
segmentation would vary in time. In d, different symbols are used for the
Tonga (diamonds) and Kermadec (stars) sections of the trench.
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There is a trend of velocity with age, specifically for Tonga.
Subduction at the Kermadec end of the trench has probably been
slowed down by subduction of the Louisville ridge and the Hikurangi
plateau.
Interestingly, the phases of the highest excess downgoing-plate
velocities coincide with minima in trench velocities, both in absolute
sense and relative to subduction velocities (Supplementary Fig. 3),
similar to the signature that models display during lower-mantle slab
penetration17,18. Trench motions in Japan and Alaska reach a minimum of 0.07 times plate-advance. Minimum trench/plate motion
ratios at the Middle America trench are slightly higher, 0.1–0.2, but
absolute and relative retreat velocities are at least a factor of two lower
than between 50 and 55 Myr ago. For Tonga, rollback velocities are
generally quite high with phases of active back-arc spreading. We
interpret these observations as evidence for past lower-mantle
penetration in Japan and Alaska, almost continuous Cenozoic
lower-mantle penetration under Middle America, and upper-mantle
confined subduction below Tonga for the past 45 Myr.
The inferred lower-mantle penetration phases are compatible with
seismic tomography. Material sinking into the lower mantle since 50
or 25 Myr ago, at rates of 1–2 cm yr21, would have reached a depth of
1,150–1,650 or 900–1,150 km, respectively. The Farallon anomaly
below Middle America and the northern part of South America
(where some of today’s sinking velocities are also quite high; Fig. 1)
is strongest down to about 1,700 km depth5,6, compatible with
50 Myr of continuous slab sinking into the lower mantle. Under
South America, where relatively young lithosphere subducted
throughout the Cenozoic, periods of very high subduction velocities,
coincident with minima in trench retreat, also occur, especially at the
northern end3 (Supplementary Fig. 5). The tomographic models also
image high-velocity material in the lower mantle below Japan at least
down to about 1,000–1,200 km, possibly deeper. In the upper mantle,
the Japan and southern Kurile slabs are flattened above the 660 km
discontinuity, and the imaged upper-mantle slab length is similar to
the 1,500–2,000 km slab subducted in the past 25 Myr. The amount of
flattening and the subduction velocities decrease northwards until
lower- and upper-mantle anomalies align under Kamchatka5,6.
Under Alaska and the Aleutians, upper-mantle tomography away
from the trench is not well resolved, but a flat slab seems to be present
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in the transition zone below the Aleutians6, while material down to
about 1,300 km depth is found below the eastern Aleutians-Alaska9.
The imaged Tonga slab also flattens in the transition zone and its
length can account for the past 45 Myr of subduction. The same holds
for Izu-Bonin, where exceedance of upper-mantle subduction velocity trends during the ,45 Myr history of this zone is marginal, and
until recently there has been significant trench retreat with active
back-arc spreading3 (Supplementary Fig. 5), compatible with the
long, flat-lying upper-mantle slab anomaly5,6.
It may seem surprising that it is the younger, less buoyant, lithosphere that preferentially penetrates quickly into the lower mantle.
However, because of its lower buoyancy, freely subducting young
lithosphere drives less trench retreat than old lithosphere (Fig. 3).
This effect is enhanced if younger lithosphere also has a lower resistance to bending4. In addition, zones subducting younger lithosphere
seem often unable to initiate back-arc spreading3,29, which further
hampers trench retreat. Low trench retreat and low slab strength both
encourage slab deformation in the transition zone (Fig. 3).
If trench retreat is facilitated—for example, by a small slab width,
as in the case of Calabria or South Sandwich—even young lithosphere may avoid fast lower-mantle penetration. In contrast, if outside forces are sufficient to hamper or force the motion of a trench
that consumes old plate, they may induce lower-mantle penetration.
This could be happening at the Marianas trench (which has pivoted
and advanced around a point near its southern end3) and Kermadec
(where buoyant lithosphere impinges on the partially advancing
trench). In both cases, a steeply dipping slab anomaly is seen to
penetrate down to 1,000 km depth5,6, although plate-advance velocities are not anomalously high, which may indicate that their lowermantle penetration is not driven by excess slab buoyancy.
Without thickening, slab Stokes velocities decrease in proportion
to the upper-lower mantle viscosity increase, resulting in lowermantle sinking velocities of at most a few mm yr21. For a viscosity
increase by a factor of 10, slabs would need to thicken 1.4–4 times to
attain the 1–2 cm yr21 lower-mantle sinking velocities that reconcile
seismic tomography and subduction history. At a subduction rate of
7 cm yr21, vertically sinking slabs can thicken by that much over a
timescale of 14–40 Myr. This timescale is similar to the few tens of
Myr over which variations in subduction mode occur in the data
(Fig. 2).
Throughout the Cenozoic, subduction of young lithosphere
commonly satisfied the conditions of low trench retreat and easy
transition-zone thickening, which facilitate free and fast lowermantle penetration, while old lithosphere usually did not. Such
penetration speeds up young plate subduction to rates similar to or
higher than the rates at which old plate subducts under the influence
of upper-mantle slab pull, thus providing a mechanism that buffers
plate motion rates.
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Figure 3 | Model slab deformation. Two models (set up as described in
Supplementary Information, details in ref. 4) illustrate how deformation
above the upper-mantle/lower-mantle boundary depends on plate
properties, for plates subjected to ridge push and a low-drag asthenosphere.
In a, a plate with buoyancy appropriate for a young downgoing slab
(equivalent of 49 kg m23 density times 80 km thickness), with a uniform
viscosity of 100 times that of the surrounding mantle, buckles and thickens.
In contrast, in b, a plate with old-plate buoyancy (88 kg m23 times 80 km),
and a strong 17-km-thick core with a viscosity 1,000 times that of the upper
mantle (so that average plate viscosity equals 1003 upper-mantle viscosity),
retreats much more, resulting in a flat lying slab. Both snapshots are after
60% of the plate has been subducted. Colours represent lithospheric energy
dissipation (W 5 strain rate 3 stress) at this point in time, where red regions
deform strongly and blue regions deform little.
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