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Experimental and observational evidence for
plume-induced subduction on Venus
A. Davaille1*, S. E. Smrekar2 and S. Tomlinson3

Why Venus lacks plate tectonics remains an unanswered question in terrestrial planet evolution. There is observational
evidence for subduction—a requirement for plate tectonics—on Venus, but it is unclear why the features have characteristics
of both mantle plumes and subduction zones. One explanation is that mantle plumes trigger subduction. Here we compare
laboratory experiments of plume-induced subduction in a colloidal solution of nanoparticles to observations of proposed
subduction sites on Venus. The experimental fluids are heated from below to produce upwelling plumes, which in turn produce
tensile fractures in the lithosphere-like skin that forms on the upper surface. Plumematerial upwells through the fractures and
spreads above the skin, analogous to volcanic flooding, and leads to bending and eventual subduction of the skin along arcuate
segments. The segments are analogous to the semi-circular trenches seen at two proposed sites of plume-triggered subduction
at Quetzalpetlatl and Artemis coronae. Other experimental deformation structures and subsurface density variations are also
consistent with topography, radar and gravity data for Venus. Scaling analysis suggests that this regime with limited, plume-
induced subduction is favoured by a hot lithosphere, such as that found on early Earth or present-day Venus.

P late tectonics is responsible for the majority of Earth’s heat
loss, cycling of volatiles between the atmosphere and interior,
and possibly even for maintaining habitability1. Despite its

similarity in size and bulk density to Earth, Venus lacks plate
tectonics, perhaps due to a dry interior2 or high (460 ◦C) surface
temperature3,4. However, many features on Venus are strikingly
similar to terrestrial ocean–ocean subduction zones5,6, although
they also have characteristics of mantle plumes6–8.

The initiation of subduction is not fully understood even on
Earth. Numerous mechanisms have been proposed, including
several related to mantle plumes. The edges of mantle plumes may
be a favourable setting to initiate subduction. An example could be
the Caribbean Plateau9,10. Lithospheric delamination above mantle
upwellings can explain surface deformation in the Carpathian
Mountains11. In the case of young oceanic or hot Venusian
lithosphere, a very hot plume could reach the surface, breaking the
lithosphere and initiating subduction by slab rollback12,13. However,
these models require that the lithosphere becomes instantaneously
very soft over a large area on top of the plume, which is problematic.

Most proposed subduction sites on Venus are located along
arcuate trenches at the edges of the largest coronae. Coronae
are volcanotectonic features unique to Venus. They were initially
proposed to form via small-scale upwelling and subsequent
relaxation due to their quasi-circular fracture pattern and central
topography ranging from domes to plateaux to depressions14.
Models of annular lithospheric delamination at the edges of an
upwelling15,16, downwelling17, surface deformation due to pressure
release melting18, and plume-induced crustal convection19 also
produce many corona characteristics.

Conceptual attempts to reconcile subduction along outer
trenches with an upwelling origin include foundering of the
lithosphere due to: loading by crust thickened by pressure release
melting above a plume6,20; thermal thinning above a plume head6;
and weakening by extension over a plume21,22. The evidence

for subduction was refuted on the basis of both evidence for
plume upwelling and the apparent continuity of fractures across
a subduction zone23. However, a set of faults continues across the
Cascadia subduction zone offOregon24, indicating that this criterion
alone cannot rule out subduction.

Laboratory experiments
One challenge for evaluating the plume-induced subduction
mechanism is the difficulty of simulating the brittle elasto-visco-
plastic, and history-dependent lithospheric rheology in three-
dimensional (3D) numerical models, which still cannot fully model
deformation on a wide range of scales. Laboratory experiments
using complex rheology fluids provide a means to bridge this gap.
The rheology of colloidal aqueous dispersions of silica nanoparticles
depends strongly on the solid particle fraction, ϕp, deforming
in the Newtonian regime at low ϕp, and transitioning to strain-
rate weakening, plasticity, elasticity and brittle properties as ϕp
increases25. Drying this system from above is analogous to cooling
of a planetary mantle from above, as both rock cooling and solution
desiccation are diffusion processes26 (see Methods). As the colloidal
solutions dry at constant humidity and temperature, a skin denser
than the bulk fluid grows on the surface, akin to a planetary
lithosphere. Under stress (for example, shear), this skin develops
shear localization, but it can recover from damage with a healing
time that depends on temperature and ϕp

25,27. This is comparable
to the memory displayed by polycrystalline damage zones in the
lithosphere4. The instantaneous rheology of both the experimental
skin and the lithosphere depends on their deformation history.

In the present experiments, the tank is dried from above and
uniformly heated from below, allowing for the development of both
a gravitationally unstable skin, the experimental ‘lithosphere’, and
several hot upwelling plumes below this skin. Both processes are due
to convection, either solutal or thermal, respectively. In both cases,
the intensity of convection is in the range of a planetary mantle28.
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Figure 1 | Experiment in aqueous colloidal dispersion dried from above and heated from below. a–d, The side views (c,d) show a vertical laser
cross-section indicated by the green line in the top views (a,b). The hot plume is indicated in red. Its impact under the surface results in three arcuate
bulges (in yellow on a,b), and three associated subduction zones (in bright white on c,d). a, Top view 260 s after plume-induced subduction started. The
initial fractures and the direction of plume spreading are indicated in red. b, The same as in a with an added sketch indicating the location and morphology
of the subducting slabs, shown in grey. c, Side view at 65 s. Previously subducted slabs appear as brighter material at the bottom. d, Composite of 12
superposed images taken every 40 s starting at t=40 s. The blue arrows show slab motion, including strong rollback on the right. e, Schematics showing
the development of plume-induced subduction (see text).

The respective importance of elasticity, plasticity and memory on
the system rheological and dynamical behaviour is also similar to
the natural cases (see Methods).

Our experiments demonstrate the details of lithospheric defor-
mation above a mantle plume (Fig. 1 and Supplementary Movie.).
The skin flexes upwards above the rising plume29,30 (Fig. 1e1), which
puts it under tension11,31. Radial fractures and rifting of the skin then
develop (Fig. 1e2), sometimes using pre-existing weaknesses (see
Methods). Plumematerial upwells through the fractures because it is
lighter than the skin and spreads as an axisymmetric gravity current
above the broken denser skin (Fig. 1e3). This process represents a
new, interesting mode of resurfacing (Fig. 1e4). The skin bends and
sinks under the combined effects of its own weight and the plume
gravity current6,32 (Fig. 1e4).

A key observation is the formation of slab segments. Due to the
brittle elasto-plastic behaviour of the lithosphere, the circular region
above the plume cannot sink as a viscous sheet. Instead, the plate
develops tears as a sheet of paper would do following intrusion33

(Fig. 1b). Several slabs are therefore produced, localized along
sections of the circular plume rim. Strong slab rollback is always
observed (for example, slab on the right in Fig. 1d). Figure 1 shows

three distinct slabs, a situation very different from the complete
ring of cold downwelling obtained in purely viscous convection
experiments34,35. In the experiment shown inFig. 1, subduction stops
when plume upwelling and spreading ceases. Slab pull is not strong
enough to continue tearing the skin without further loading by
plume material (see Methods). The subducted slab stays dangling
until rehydrated (analogous to reheating in a planet) enough to allow
viscous necking and detachment36 to occur. Themaximum length of
a given slab is 20–80% of the surface plume head diameter (Fig. 1c).
Numerous such episodes are observed in the experiment.

These experiments show that plume-induced subduction initially
occurs when the lithosphere is in tension, a case favourable
for planets since the lithosphere is weaker in tension than in
compression32,37. Moreover, the characteristic dimensions of the
areas affected by plume-induced subduction are those of a mantle
plume head spreading on the surface. Given planetary mantle
properties, this could reach 500 to 2,500 km diameter29–31. The
duration of the whole process from subduction initiation to
slab dangling would range between 20 and 200Myr depending
on asthenospheric viscosity, and slab characteristics mainly (see
Supplementary Movie and Methods).
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Figure 2 | Artemis Corona. a, Combined radar (greyscale) and topography
(colour scale) image. The 300◦ segmented arc of fractures appears
bright in the radar. The interior geology is complex, with intensely deformed
linear, arcuate fracture zones, numerous volcanic flows, and ‘corona-like’
features37 (labelled ‘c’). Three rift segments (labelled ‘r’) radiate outward
from the trench. b, Typical shape of the flexural bulge along line BB′ in a.
c, 200-km-wide radar image (box in a) illustrating a pattern of bright–dark–
bright lineaments indicative of graben on the outer topographic rise. They
average 300 km in length and 1 km in width, with a spacing of 6–12 km.

Observational evidence of plume-induced subduction
On Venus, we suggest that Artemis and Quetzalpetlatl coronae
are examples of plume-induced subduction. They have been
interpreted as sites of mantle upwelling on the basis of their
circular planform, their inner triple-junction-like rifts, volcanism,
and gravity anomalies38,39. They also have large trenches and
outer rises with evidence of bending and underthrusting20,40 that
have been interpreted as subduction zones5,6,21. As observed in
the laboratory, both coronae have trenches only along an arcuate
segment of their outer edge (Figs 2 and 3). In addition, they
present narrow, more widely spaced grabens that originate at the
trench and extend outward for hundreds of kilometres (Figs 2c
and 3c). We interpret these grabens as a result of stretching
of the outer bulge perpendicular to the direction of motion
of a subducting plate as it is pulled down along an arcuate
trench (as predicted theoretically41). This deformation of the
lithosphere exterior to the trench is also observed in the exper-
iment (Fig. 4).

The interior of Artemis is tectonically complex, with 5 small
coronae or coronae-like features38, and linear tectonic zones (Fig. 2).
The latter have been interpreted as rift zones38 and are similar to the
multiple segments of rifting that are initially observed in the exper-
iments (Fig. 1a). Moreover, Fig. 4 also shows circular surface
deformation features that were created by small-scale convection
under the newly formed lithosphere. These features, which are
proportionally similar in scale to the corona-like features at Artemis,
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Figure 3 | Quetzalpetlatl Corona. a, A∼180◦ arc (labelled ‘QC’) of rough
fractures appear radar bright (grey scale), located in a topographic trench
(colour scale). Gaps indicate no data. The three exterior rift branches are
labelled ‘r’, and Boala Corona ‘BC’. b, Representative profile (black line CC′

in a) across the trench and outer rise. Voluminous volcanism partially fills
the trench and may obscure its full extent to the south. c, Radar image (box
in a) of graben and fractures occurring perpendicular to the trench with
typical lengths of∼500 km, widths of 1 km, and∼10–25 km spacing.

suggest a solution to the puzzle of how small-scale coronae could
form within the larger scale corona.

Quetzalpetlatl Corona is distinguished by its prodigious volume
of possibly recent volcanism. Some flows extend to the south for
1,500 km (Fig. 3) and have an estimated volume similar to that of
the Deccan traps42. The surface thermal emissivity is anomalously
high over this huge flow field, which could indicate either a very
mafic composition, or relatively unweathered39,43 and therefore
geologically recent flows44. Like Artemis, Quetzalpetlatl has an
arcuate trench segment, extensional fractures perpendicular to the
trench, three rift branches extending outward from its rim, and an
interior corona (Fig. 3).

Gravity data provide insights on subsurface structure and thus
the likelihood of subduction. The large positive gravity anomalies
associated with larger proposed subduction zones on Venus share
many of the characteristics of terrestrial subduction zones45. The
Bouguer gravity, which has the gravitational attraction of the
topography removed (see Fig. 5 and Supplementary Methods C),
reveals subsurface density variations. Quetzalpetlatl Corona has a
large negative (−150mGal) Bouguer anomaly (Fig. 5b), consistent
with a low-density material such as a plume at depth. Near the
trench, the Bouguer anomaly increases significantly, becoming
positive just outside the trench. Artemis has a complex Bouguer
gravity anomaly (Fig. 5a), with both strong positive values and
negative values. Once the regional trend in topography and gravity
has been removed (see Methods), the positive residual Bouguer
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Figure 4 | Close up on the boundary between the subducting lithosphere and the plume material. The raw image (left; interpreted on the right) was taken
‘post-mortem’ in an experiment similar to Fig. 1: once the slab broke o�, the remaining skin was scooped out of the tank and observed under a
high-resolution camera from above. The skin is lit from below and reveals deformation features throughout. Darker areas correspond to thicker skin. The
suture between the subducting skin and plume material is delineated by three lines (outlined in blue and by a (black) crack that occurred post-mortem).
They represent the remnants of the trench, with highly faulted material due to the plastic deformation of the bending slab. Most of the subducting plate
area shown corresponds to the flexural bulge. It shows the superposition of three types of deformation: cracks (yellow solid lines labelled ‘c’) parallel to the
trench and mainly situated on the upper surface of the plate (they originate from extension perpendicular to the trench due to downward flexing of the
lithosphere); compressive folds (orange zones labelled ‘cp’) on the bottom of the plate arriving perpendicular to the trench especially where the trench has
the highest curvature; and striations on the top of the plate perpendicular to the trench and often hosting cracks (yellow dashed lines labelled ‘s’). These
form as the flat plate stretches to accommodate subduction along the arcuate trench. In contrast, the plume side is less organized with several shear zones
and small round or hexagonal structures due to small-scale convection (that is, downwellings) developing underneath the thickening new skin. The tiny
round black features are (spurious) bubbles brought to the surface by the hot plume.

values occur in zones interpreted as rifts and could indicate
significant thinning of the crust to bring higher density mantle
material closer to the surface. The residual Bouguer anomaly is
negative inside the trench and positive exterior to the trench.

We use a simple model of a slab at depth to assess the likelihood
of subduction (see Methods). We fix the crustal and thermal
density contrasts, and allow the crustal and thermal lithospheric
thicknesses, and slab lengths and dips to vary. On the basis of
our laboratory experiments, the slab length should be 20–80% of
the corona diameter, and the slab dip (defined on Supplementary
Fig. 2a) could reach 90◦. Although the Bouguer gravity anomalies
across the trenches at the two coronae are distinctly different, both
can be fitted well by a slab at depth (Supplementary Fig. 2). The
best fitting models (r.m.s. < 10 mGal) all have a crustal thickness
of 10 km. The best fits at Quetzalpetlatl Corona are obtained for a
lithospheric thickness of 125–150 km, a slab length of 250–750 km
and a slab dip of 30◦–90◦. Although models with a slab dip of 30◦
have an r.m.s. < 10mGal, steeper angles reproduce the shape of
the Bouguer gravity better (Supplementary Fig. 2c). The best-fit
ranges at Artemis coronae for lithospheric thickness are 75–100 km,
500–2,000 km for slab length and 60◦–90◦ for dip (Supplementary
Fig. 2b). Steeper dips and longer slabs provide a better fit to themore
negative Bouguer anomaly. These longer slabs are consistent with
the distance to apparent rift zones near the centre of Artemis.

We interpret the negative Bouguer gravity anomaly over the
trench at Artemis and the resulting thinner lithosphere as compared
with Quetzalpetlatl as indicating a warmer lithosphere that has
partially equilibrated with the mantle. If the lithosphere at
Artemis and Quetzalpetlatl had the same initial thickness when
subducted, a 25 to 45Myr time-lag between the two subduction
events is sufficient to produce the present-day difference in their
thermal thicknesses inferred from our analysis (see Supplementary
Methods and Supplementary Fig. 3). Although this model is
an oversimplification of a dynamic process and the allowable
parameter range is large, the model fits are consistent with the

presence of a subducted slab with the dips and dimensions seen in
laboratory experiments.

We also examined the geoid and topography signatures of the
coronae (see Methods). An isostatically compensated topographic
feature will produce a cluster of points about a line on a plot of
geoid versus topography; the slope is the geoid-to-topography ratio
(GTR). As seen in Fig. 5c,d, there aremultiple trends at each corona,
each of which corresponds to a region with a distinct geologic sig-
nature and Bouguer anomaly (Fig. 5a,b). At Quetzalpetlatl, the GTR
for the entire topographic high is intermediate (12.9± 7.1mkm−1)
between the Bouguer low that begins at Boala Corona and extends
to the northeast (7.3 ± 4.4mkm−1) and the region of the trench
(19.5 ± 5.6mkm−1). At Artemis, we find GTRs of 1.3 ± 0.2,
2.4± 7.0, 11.5± 7.2, and 31.4± 11.6mkm−1 for the northwestern
fracture zone, the central rift/corona, the whole corona, and the
trench area, respectively. GTR errors are relatively large due to poor
gravity data resolution relative to the size of the subregions as well
as the variety of geologic processes present.

Despite the difference in sign of the Bouguer anomalies between
the two corona trench regions, the trench areas both have very
large GTRs indicating deep compensation that is consistent with
the presence of a slab. Interpreting the trench GTRs of 19.5 ± 5.6
and 31.4 ± 11.6mkm−1 as simple isostatic compensation gives a
depth of several hundred kilometres. However, if there were both
a hot plume and a cold slab, the apparent slab depth would be
underestimated. Further, the topography is very likely to be at
least partially elastically and dynamically supported, implyingmuch
larger compensation depths.

These results provide strong evidence for subduction. Laboratory
experiments predict the asymmetric, arcuate trenches, and the
extensional fractures that radiate outward from the trench, observed
at Artemis and Quetzalpetlatl coronae, as well as at other coronae
on Venus. The gravity data are also consistent with the thickness,
lengths and dips of those observed in experiments. The presence
of high emissivity flows at Quetzalpetlatl and the evidence for
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Figure 5 | Gravity data for Artemis and Quetzalpetlatl Coronae. a,b, Bouguer gravity (gravitational attraction of the topography has been removed) for the
same regions as in Figs 2 and 3, indicating subsurface density variations at Artemis (a) and Quetzalpetlatl (b) coronae. The dashed lines indicate the trench
location. The dot–dashed lines indicate the location of the Bouguer gravity profiles shown in Supplementary Fig. 2. c,d, GTRs calculated for the areas
delimited by the corresponding coloured circles in a and b, respectively. Red areas enclose the trenches; green areas are rifts or plumes. Larger slopes imply
greater compensation depths.

plumes at depth from gravity and topography data suggest that
subduction is occurring at present. Artemis may be in a later
stage of evolution. The multiple corona-like features may indicate
small-scale convection in a cooling lithosphere, and the negative
Bouguer anomaly above the trench also suggests that the slab has
thermally equilibrated.

Present-day Venus dynamic regime
Venus appears therefore to be currently in a convective regimewhere
subduction and lithosphere rejuvenation remain localized. In the
experiments reported here, such events were not precursors of a
complete rejuvenation of the experimental surface as was observed
in numerical simulations46,47. Thus, this localized-subduction
regime is not only different from plate tectonics (which implies
continuous subduction and renewal of the surface), but also
different from stagnant lid and episodic complete resurfacing, as had
been proposed for Venus22,46–48. This new regime is more consistent
with models that predict ongoing resurfacing of Venus49,50.

The relative roles of volatiles and temperature in controlling
Venusian lithospheric deformation remain unclear. However,
scaling analysis checked against our experiments (see Methods)
gives us a number of necessary conditions for plume-induced
subduction as a function of the elasticity, strength, thickness of
the lithosphere, plume characteristics andmantle temperature. This
framework can help decipher differences between Venus and the
Earth. For both planets, breaking the lithosphere with a large
plume requires local plastic weakening of the lithosphere as already
discussed. But rollback subduction will follow only if the extra

load of plume material (a 5-km-thick volcanic load suddenly
emplaced on top of the lithosphere would generate an extra stress
around 150 MPa) is sufficient to bend rapidly the lithosphere.
Figure 6 shows the subduction initiation domain based on this
elasticity condition (KS > 1, see Methods) for a dry rheology37
and an impinging plume 300 ◦C hotter than the mantle. For
present-day Earth’s mantle temperatures, plume-induced bending
and subduction appears easier on Venus than on the Earth, due to
the higher surface temperature of Venus, resulting in thinner elastic
thickness. However, Fig. 6 also shows that the situation on present-
day Venus is equivalent to the situation of Earth in the Archaean.
This suggests that the hot lithosphere of Venus could be an analogue
for early Earth, when conditions may have been favourable for
the plume-induced subduction identified on Venus. Moreover, that
subduction remains localized implies that the lithosphere has a
short enough ‘memory’ so that no continuous plate boundaries
can form. This is consistent with the hypothesis that the high
temperatures on Venus, and on early Earth, may act to quickly heal
the damage along shear zones4. The full range of our laboratory
experiments show that for stronger and denser lithosphere, this
same mechanism of plume-induced subduction can develop into
an episode of complete resurfacing of the system, or into full-scale
continuous plate tectonics.

A better understanding of melt-assisted rifting of the lithosphere
and a better knowledge of Venus’ overall lithospheric rheology
and convective regime could constrain the requirements for the
initiation of subduction and subsequent plate tectonics on Earth,
as well as the likelihood of plate tectonics on rocky exoplanets.
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So far, we have been able to present detailed evidences of plume-
induced subduction on only two sites on Venus, due to the paucity
of high-resolution topography and gravity data. Higher-resolution
imaging, topography, and gravity data for Venus would provide a
better understanding of how Earth and its twin planet diverged
down different geologic paths.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Laboratory experiments. The experiments reported here are part of a larger body
using complex rheology fluids (to date, about 80 experiments using visco-plastic
polymers and about 60 experiments using brittle visco-elasto-plastic thixotropic
colloidal dispersions) to study the influence of rheology on the convective patterns.
It is beyond the scope of this paper to describe all of the different regimes observed
and here we focus only on the experiments that showed plume-induced
subduction. We used Ludox TM50 silica colloidal dispersions from Sigma-Aldrich.
A glass tank 150× 150× 50mm was filled with the solution and placed in a
climatic chamber, whereby the temperature (22–30 ◦C) and humidity (20–50%)
above the fluid surface were kept uniform and constant. The bottom of the tank
was uniformly heated from below at constant temperature ranging between 30 ◦C
and 80 ◦C. The tank was on a scale to record the evolution of mass and evaporation
rate. At t=0, the fluid is homogeneous, with a particle volume fraction of 30%, and
therefore Newtonian25. Both drying from above at a constant evaporation rate Evap
(and constant temperature Tcold) and heating from below at constant temperature
Thot=Tcold+1T are started at t=0. The horizontal top surface as well as a vertical
cross-section were illuminated with a green laser sheet (532 nm), and images were
taken with two still cameras every 4 s to 5min. Each experiment lasted between
3 days and 2 weeks.

Dimensionless numbers. The experiments were all conducted in the limit
ν/κi�1 relevant to the Earth28, whereby momentum diffusivity, ν (kinematic
viscosity of the bulk fluid), is much larger than κi, the thermal diffusivity (κt for
thermal convection) or the chemical diffusivity (of individual particles, κc, for the
drying process).

The thermal plume intensity is related to the thermal Rayleigh number, which
compares the driving thermal buoyancy forces to the resisting effects of thermal
diffusion and viscous dissipation:

Rat=
αg1TH 3

κtν

where α is the thermal expansivity, H is the fluid thickness, and g is the gravity
acceleration. In the experiments, Rat ranges between 106 and 109, so that hot
plumes are expected to develop, as in a planetary mantle28.

The gravitational instability of the skin is characterized by a solutal Rayleigh
number, where the density contrast driving convection1ρ is due to heterogeneities
in the particle volume fraction:

Rach=
1ρgH 3

ρκ cν

As the chemical diffusivity κc depends also on the particle volume fraction51,52, here
Rach initially varies between 108 and 1011.

Evaporation of water at the free top surface generates an accumulation of silica
particles at the liquid–air interface and forms a visco-elasto-plastic skin if the
characteristic timescale of evaporation tE=H/Evap is smaller than the chemical
diffusion timescale tD=H 2/κc. This defines the Peclet number Pe=EvapH/κc,
which ranged from 30 to 600 in our experiments, therefore ensuring skin
formation. As shown in Supplementary Fig. 1, this skin thickens through time
following a generalized diffusion equation51,52 (A. Davaille, E. Di Giuseppe,
G.-J. Michon & A. Aubertin, manuscript in preparation). As the density increases
with the silica particle volume fraction25, the skin becomes denser than the bulk
fluid underneath and therefore more gravitationally unstable as time increases.
From the particle volume fraction profiles of Supplementary Fig. 1 and the
rheology measurements25, we can calculate the variations of elastic modulus, yield
stress (that is, limit of linear elasticity), and viscosity across the skin. LudoxTM50
visco-elasto-plastic properties develop for particle volume fraction φ≥0.40
(ref. 25). Supplementary Fig. 1 shows that this occurs within less than 15 s of
evaporation through the top free boundary.

The viscosity variations (measured by the viscosity ratio γ ) span more than 6
orders of magnitude in a well-developed skin (Supplementary Fig. 1). Hence, if the
fluid was purely viscous, it would remain in a stagnant lid regime whereby
convection develops below a very viscous skin53–55.

From the skin thickness hskin and viscosity structure, we can also evaluate its
effective flexural stiffness: Dflex=γ [

hskin
H
]
3, which ranges between 0.1 and 30 in our

experiments. According to Petersen et al.56, for the range of Rach in the laboratory
(>107), those Dflex values put our experiments in the one-sided subduction regime,
once subduction has started.

The Deborah number, De= (ηL/EY)(U/lB), represents the ratio of the
characteristic timescale for visco-elastic stress relaxation (ηL/EY, where ηL is the
viscosity of the lithosphere and EY is its Young modulus) to the characteristic
timescale of deformation. Following Fourel et al.57, we choose the latter as the time
lB/U a slab particle spends in the bending region of length lB when it is sinking at
the velocity U∼1ρghskinl/ηm, where ηm is the mantle viscosity and l is the

subducting slab length. The flexural bulge must be added to l to obtain the bending
region length lB. For our experiments, 10−4 ≤ De≤ 0.15. This is in the same range
as a planetary lithosphere (De< 1), which implies the importance of both viscous
and elastic behaviour58. Since l≤ lB, Dei≥γ (1ρghskin/EY). When subduction starts
in the experiment shown in the Supplementary Movie, Dei=0.0785, placing it at
the edge of the elasticity-dominated regime according to Fourel et al.57. For a
planet, Dei=γ ×1.4×10−3, placing it again in the elasticity-dominated regime as
soon as γ >100. It is therefore expected that elasticity would be important during
subduction initiation.

The Bingham number, Bi, compares the yield stress σY to the gravity force:
Bi=σY/hsking1ρ. According to Supplementary Fig. 1, this gives values between 102
and 106, so that gravitational instability of the skin alone would not be sufficient to
rupture the skin. We are therefore running into the same problem as for a planetary
lithosphere: on the basis of the instantaneous values of the rheology measured on
small samples, the skin/lithosphere material is much too strong and viscous to
develop subduction without an additional weakening mechanism.

Typical evolution during an experiment. As soon as fresh liquid suspension starts
to evaporate, a skin forms within 15 s (Supplementary Fig. 1). As it thickens,
buckling appears (Fig. 1a,b) with typical wavelength around 10mm. This
mechanical instability occurs because the skin becomes under contraction as
particle concentration gradients develop when losing water59. The wavelength is
coherent with scaling in visco-elastic fluids58. However, as the buckling amplitude
increases, strain and stress increase, until the skin becomes partially yielded or very
close to it along a number of zones. The upcoming plumes thus encounter a skin
that contains long-lived shear zones, and is weaker than the calculated strength of
the skin in Supplementary Fig. 1. Plumes are likely to initiate subduction, as
described in the main text of this paper. Experiments run in the same drying
conditions but without heating from below and hot plume generation also show
subduction events, but they start much later (about a hour instead of 17min), and
involve a thicker and denser skin.

Necessary conditions for plume-induced subduction. A number of ‘local’
(in time and space) criteria have to be fulfilled to observe plume-induced
subduction.

First of all, the lithosphere has to be gravitationally unstable, so it should be on
average denser than the underlying mantle (ρL>ρm). This is always the case in our
experiments. However, since the crust of a planet is lighter than the mantle, this
condition puts tight constraints over the crustal and lithospheric thickness at the
time of initiation since those two trade off (see the gravity section below for
detailed calculations). For example, as the Earth’s continental lithosphere is lighter
than the mantle underneath due to its thick crust, a LIP erupting on a continent
will never initiate subduction. Similarly, subduction would be inhibited if
underplating of buoyant plume melt residuum is too voluminous.

Additionally, the lithosphere should be able to strongly localize deformation so
that it can break. In a visco-plastic formulation, this implies that the deviatoric
stress should locally exceed the lithosphere strength47, σdev>σY (that is, Bi<1).
Recent laboratory measurements on natural samples give maximum lithospheric
strength around 300 to 500MPa (refs 60,61). Numerical simulations then show that
instantaneous stresses arising from thermal convection alone are not sufficient to
overcome those values46,62. Hence, one has to consider additional processes: to
increase the local deviatoric stress; or/and to decrease the lithosphere strength. For
the latter, shear-heating coupled to buckling can be important3; long-time
development of damage zones due to polycrystal dynamics4, contraction cracks in
the oceanic lithosphere63, and weak layer interconnection64 have also been invoked.
In the case of a hot plume impinging under the lithosphere, volcanism and diking
certainly contribute to weakening the lithosphere prior to subduction12,13. If one
supposes that the whole lithospheric area above the plume is suddenly weakened,
subduction develops first as a viscous ring13. If weakening is more localized on
radial faults (as in our experiments), subduction will develop in segments between
these faults. Another important consideration is that the lithospheric strength in
extension is half that of the lithospheric strength in compression65. A rising plume
of radius RP and density anomaly1ρP=ρP−ρL puts the lithosphere in extension,
producing a peak deviatoric stress σdev=0.2g1ρPRP, reaching 100–470MPa for
(RP,1ρP) ranging between (500 km, 100 kgm−3) and (600 km, 400 kgm−3),
respectively31. Failure of the lithosphere would therefore be more likely for the
largest plumes, and would probably require an additional mechanism to soften the
lithosphere as well, as discussed above.

Once the lithosphere has failed, subduction proceeds only if the hot plume
material can flood the lithosphere, and if the lithosphere can bend rapidly enough
compared with the cooling time of the plume material. When subduction starts, the
lithosphere bends under the loading of the hotter and less dense plume material
gravity current spreading at the surface (Fig. 1e). On a planet, there would be an
initial volcanic loading stage, followed by exposure of mantle plume material as
subduction proceeds. If the length of the lithospheric failure is much larger than
the lithosphere thickness (as seen in the laboratory), we can use as a first
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approximation the 2D elastic flexural analysis of Kemp and Stevenson32. Then
subduction proceeds if

KS=
16
9
1ρPgh3

skin

κηP

(
1ρP

ρm

)4( 3ρmg (1−ν2P)hskin

EY

)1/2(Tm−Tsurf

Te−Tsurf

)3/2

is greater than a critical value KSc=1, where ηP is the viscosity of the hot plume
material, EY is the elastic modulus, νP is the Poisson ratio and Te is the isotherm
below which the plate is elastic. The thickness of the elastic part of the plate for a
planet would scale as hskin(Tm−Tsurf)/(Te−Tsurf).

Our experiments showed that plume-induced subduction was able to start
when we had locally KSc≥1.1±0.2, where the uncertainty is due to the physical
properties. We shall therefore take the same KSc=1 as Kemp and Stevenson32

when applying this criterion to Venus and the Earth (Fig. 6). The calculations were
done with g=9.81m s−2 for the Earth and g=8.87m s−2 for Venus; Tsurf (Venus)
= 460 ◦C and Tsurf (Earth)= 0 ◦C, EY=70GPa, νP=0.3, κ=10−6 m2 s−1;
Te=650 ◦C, and a dry rheology37. This choice is a ‘worst-case’ scenario, as it is still
debated whether Venus interior is as dry as its surface. By lowering the viscosity in
KS, a wet rheology would be even more favourable.

Duration and fate of plume-induced subduction. Once subduction has been
initiated, time can be scaled with the characteristic timescale of a slab sinking
under its own weight tN=ηm/(hskin g1ρ) (ref. 66). We can therefore use this
timescale to convert the times in the laboratory experiments to Venusian times (see
Supplementary Movie). It shows that the whole process from the initiation to the
arrest of subduction could take between 20 and 200Myr, for an asthenospheric
viscosity ranging from 1019 to 1020 Pa s−1 (refs 2,46). These estimates do not take
into account the increase in averaged slab density that could result from the
transformation of lighter crust in denser eclogite at depth, nor the fact that at first,
the slab would sink into the less viscous plume material. Both processes would
increase the sinking velocity and therefore reduce the time estimates.

In our plume-induced experiments, subduction proceeded mostly through
rollback, and completely stopped when plume upwelling and spreading ceased.
This is different from the 2D cases12, where subduction either continued until
reaching the computational domain edges, or stopped because of slab viscous
necking and detachment (this second case occurred with weak slabs). Viscous
necking and slab cutoff also eventually occurred in our experiments, but much later
than the arrest of subduction (see Supplementary Movie). Our experiments are 3D,
and therefore, rollback subduction can continue only if the lithosphere continues to
tear along the slab edges, which requires energy. On Earth, this is the well-known
problem of the STEP (Subduction-Transform Edge Propagator) faults at the edges
of subduction zones67 and tear resistance at the edge of a slab has been found to be
an important parameter controlling the evolution of subduction zones. Recent 3D
numerical studies have shown that slab rollback requires quite low yield strength
(<25–50MPa) along the tear fault and will become arrested for values greater than
100MPa (ref. 68); so that slab edges tend to tear preferentially along pre-existing
sutures if present69. This highlights again the importance of long-term storage of
large-scale weak/shear zones in the lithosphere for the development of long-term
subduction4,64,70.

Bouguer gravity analysis and slab models. For each region, the gravitational
attraction due to topography assuming a basaltic crust (2,900 kgm−3) is subtracted
from the free-air gravity data to calculate the Bouguer gravity, thus revealing
subsurface density variations. At Artemis, the gravity and topography are strongly
influenced by the large topographic plateau to the north, Aphrodite Terra. Thus, we
first remove the regional trend by fitting a plane to the free-air gravity, geoid and
topography separately. The offsets across the best-fit gravity and topography planes
are approximately 80mGal and 1.7 km, respectively. These regional trends are
subtracted from the free-air gravity and topography before analysing the data. If
the regional trend is not removed, the shape of the Bouguer gravity profile is
similar but tens of milligals more negative. At Quetzalpetlatl, there is no regional
trend. However, there are other geologic features in the vicinity of the trench that
are likely to influence the gravity and topography. In the fits in Supplementary
Fig. 2c, 30mGal has been added to the Bouguer gravity. This overall negative
Bouguer gravity signature at Quetzalpetlatl is likely to be due to the presence of a
plume at depth. This is done to accommodate the model fits, which go to 0 away
from the slab (see Supplementary Fig 2a). If no offset is introduced into
the data, the same models are preferred but the r.m.s. values increase
by∼10mGal.

Model fits for different Bouguer profile lengths were considered. The best fits
cover the regions that extend outward to the point where other geologic features
are evident in the radar imaging and in the gravity data. In the interior of Artemis,
the Bouguer gravity becomes positive near the linear fracture zone, implying
relatively high density material at depth. This high density could be due to
delamination of the crust and lithosphere, as seen in laboratory experiments.
Alternatively, the fracture zone interpreted as a rift may have thinned the crust,
bringing the mantle closer to the surface. At Quetzalpetlatl, there is a fracture zone

at approximately 500 km out board of the trench near the Bouguer gravity low.
There is also a strong positive Bouguer gravity anomaly∼1,000 km from the
trench, where a ridge and fracture belt occurs. In the interior, the Bouguer
gravity becomes strongly negative, consistent with the presence of a hot
mantle plume.

We compare a simple, 2D model71 of the gravitational attraction of a cold
subducting lithosphere with an embedded basaltic crust to a profile of the Bouguer
gravity across the trench. The crustal and mantle densities are based on terrestrial
basalt and olivine densities of 2,900 and 3,300 kgm−3, respectively, giving
1ρc=400kgm−3. The average thermal density contrast due to the cold lithosphere
subducting into the mantle is1ρL=ρα1T/2∼=30kgm−3, where
α=2.4×10−5K−1 and1T is the mean temperature difference across the
lithosphere, based on the surface temperature of 460 ◦C and an assumed mantle
temperature of 1,300 ◦C. This model yields either a negative or positive gravity
anomaly based on the slab length and thickness of the crust and lithosphere.
Crustal thickness, ZC, and thermal lithospheric thickness, ZL, range from 10 to
50 km (10 km increments) and 50 to 200 km (25 km increments), respectively.
These ranges are based on estimates of these parameters in the literature derived
from gravity and topography data72–74. On the basis of the slabs observed in the
laboratory (Fig. 1), we examine subduction angles, β , of 30◦, 60◦ and 90◦, and plate
lengths of∼20–80% of the corona diameter, corresponding to 500 to 2,000 km for
Artemis and 250 to 1,000 km for Quetzalpetlatl, in increments of 250 km. If the slab
dip is as large as seen in the laboratory (up to 90◦), much of the gravity anomaly
will be centred near the topographic bulge. Models are calculated at the resolution
of the gravity data at each corona (∼400 km at Artemis and∼300 km at
Quetzalpetlatl) using a running average of the output model points.

Data availability. The data that support the findings of this study are available
from the corresponding author on request.
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