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The interaction between oceanic subduction and deep mantle 
structures in the positioning of mantle plumes
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The Large Low Shear Velocity Provinces (LLSVPs) below Africa

and the Pacific may be evidence of compositionally dense and
chemically distinct material deep in the Earth’s mantle, based

on data from geochemistry, mineral physics, and seismology
[1]. The paleo-position of mantle upwellings deduced from large
igneous provinces has previously been attributed to plume

generation zones at the edges of these LLSVPs (Fig 1).
However, the geodynamic genesis of the upwellings (Fig 2), as

well as the geodynamic nature of LLSVPs, are not well
understood.

In previous studies, a hypothesized thermo-chemical nature of
the hot anomalies has been shown to be essential in developing

appropriate plume positions over time (Table 1), yet conversely
these same structures at the base of the mantle have also been
put forth to be purely thermal [4]. Here, we test these two

opposing hypotheses using numerical models.

Using the open-source geodynamic code ASPECT [5], our
models combine a compressible mantle with Earth-like material
properties, a strongly temperature dependent viscosity,

chemical heterogeneities tracked by compositional fields (Fig
3), and 410 Myr of prescribed surface velocities [6].

Model200 (200 km initial thickness of thermo-chemical pile)
shows appropriate LLSVP mantle dynamics (Fig 4 & 5).

However, Model200 and Model0 (isothermal) are both able to
explain the positions of hot spots and large igneous provinces

from 100 Myr ago until the present day equally well (Fig 6). By
demonstrating that a purely thermal mantle can generate
appropriate global dynamics (Fig 7), we show the power of

downwelling oceans to stir mantle flow and control the thermal
evolution of the mantle (Fig 8).

1. LLSVPs & plumes

Fig 8: Schematic of 
subduction, LLSVP, 

and plume 
interaction on a 

mantle scale [from 
9]. In our models, 

subduction 
dominates mantle 

dynamics. 

Fig 1: Present-day seismic tomography slow vote contours from Shephard et al. (2017) and 
deep plume positions from French and Romanowicz (2015) and Steinberger (2000).

2. Modelling the present day mantle

3. Plume positioning: impact of thermo-chemical piles

4. Statistically relevant? Summary
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Supercon0nent 
forma0on through 
closure of  ocean Reposi0on of subduc0on due 

to con0nent forma0on, 
resul0ng in a change in 
mantle flow

Formation of a supercontinent 
is linked to an increase in large 
igneous provinces

Supercon0nent 
dispersal, change in 
subduc0on loca0on

We present 3D mantle convec0on models with 
paleo-subduc0on history over supercon0nent 
forma0on and dispersal 0mescale.

We can produce appropriate LLSVP dynamics 
with thermo-chemical convec0on (Fig 5), 
star0ng from an unrealis0c ini0al condi0on.

We can produce decent present-day plume 
posi0ons for models with and without 
thermo-chemical piles (Fig 6).

In our models, the LLSVPs are rela0vely 
passive in mantle dynamics, with subduc0on 
playing a strong role in the mantle’s thermal 
evolu0on (Fig 8).

Fig 3: Initial setup for numerical models [7]. Thermo-chemical pile initial thickness = 200 km. 
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Fig 2: The supercontinent cycle and the generation of plumes.

Fig 4: Thermal anomaly extent for subduction (isosurfaces <-450K) and plumes 
(isosurfaces >550K) for (a) African and (b) Pacific region for Model 200 (200 km initial 

thermo-chemical pile thickness)

Fig 5: Mantle dynamics for Model 200 at 0 Ma. a) Thermo-chemical 
pile position at 2800 km depth alongside present day low velocity 
provinces and deep mantle plume and hot spot positions [2 ,3]. b) 

Non-adiabatic temperature slice at the equator, and the 
corresponding viscosity profile (c), with the outline of a vote map 

rating of 4 from Cottaar and Lekic [2016] shown by white solid (slow) 
and dashed (fast) lines. A: B: C: D: E: 

Table 1: Summary of selected global mantle convection models 
that feature paleo-plate reconstructions. 

Figure 6 (right) shows plume positions at 0 Ma (a) for Model

200 (200 km initial thermo-chemical pile thickness, green),

Model 0 (0 km initial pile thickness, blue), and our hot spot

database (red) [e.g., Steinberger, 2000, French and
Romanowicz, 2015], and Plume positions at 100 Ma (b) for the

above models alongside a large igneous province database for

300 - 100 Ma (red) [Torsvik et al., 2006].

Study Plate 
Motion 

LLSVP analysis Plume analysis

McNamara and 
Zhong, 2005

120 Myr Two TC LLSVPs None

Zhang et al., 2010 450 Myr Recent African 
LLSVP

None

Steinberger and 
Torsvik, 2012

300 Myr Subduction 
important; 
plumes near 
LLSVP margins

Isochemical model do 
not produce 
appropriate plume 
position 

Bower et al., 2013 250 Myr Two TC LLSVPs None
Hassan et al., 
2015

250 Myr 2-3 LLSVPs TC better than 
isochemical

Hassan et al., 
2016

250 Myr 2-3 LLSVPs Hawaii analysis

Flament et al., 
2017

250 Myr 2-3 LLSVPs None

Li and Zhong, 
2017 

250 Myr Two TC LLSVPs TC better than 
isochemical

Overview of study

To test how statistically

relevant the models are,

we look at the distance

each plume in our model
forms away from the

nearest present-day

hotspot in the database

[e.g., French and

Romanowicz, 2015;
Steinberger, 2000].

Figure 7a (right) shows

the percentage of model

plumes as a function of

distance away from the
database for Model0 (no

thermo-chemical pile),

Model200 (200 km initial

thickness), Model300

(300 km initial thickness),
and Model200_short (as

Model200 but using only

250 Myr of plate

reconstruction [8]).

ModelRand is the
average from 10,000

random plume positions

artificially generated

(grey lines). Model0 and

Mode200 always perform
better than the random

model.

Figure 7b and 7c shows

the thermo-chemical pile
extent for Model300 (b)

and Model200_short (c).

These two models fail to

produce plume positions

that are closer than the
random model.

a)

b)

c)


