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ARTICLE INFO ABSTRACT

Handling Editor: J. Meert Seismic imaging of the Earth’s interior reveals plumes originating from relatively hot regions of the lowermost

mantle, surrounded by cooler material thought to be remnants of ancient subducted oceans. Currently, there is

Keywords: no clear consensus on the internal composition of the hot regions, with end-member conditions being that they
Mantle convection are thermo-chemical in nature or purely thermal plume clusters. Previous modelling studies have shown a range
]l;lfsr\]r/lle) of scenarios where deep chemical heterogenities or purely thermal anomalies are essential in developing
Mantle dynamics appropriate present-day mantle dynamics. Here, we add to this discussion by quantifying the location of rising
Subduction mantle plumes using numerical 3-D global mantle convection models constrained by 410 million years of palaeo-

ocean evolution (encompassing the formation and breakup of supercontinent Pangea). Our study compares
numerical simulations with purely thermal convection to those where a deep thermo-chemical anomaly is
laterally mobile. The results show that models both with and without large-scale chemical heterogeneities can
generate appropriate present-day plume dynamics, which illustrate the power of sinking ocean plates to stir
mantle ow and control the thermal evolution of the mantle. Our models add to the discussion on bottom-up and
top-down mantle dynamics, indicating the difficulty in unravelling the processes using numerical models alone.

1. Introduction dispersal, leading to a further repositioning of subduction zones and a

change in mantle ow (Burov and Cloetingh, 2010; van Hinsbergen et al.,

Large structures of low seismic velocities (the Large Low Shear Ve-
locity Provinces, or LLSVPs) observed in the lower mantle in seismic
tomography studies and interpreted as regions of elevated temperatures,
appear to play a defining role in the origins and positioning of mantle
plumes (Steinberger, 2000; McNamara and Zhong, 2005; Torsvik et al.,
2006; Cottaar and Lekic, 2016; French and Romanowicz, 2015).
Although the fundamentals of composition, origin, and dynamics of
LLSVPs are still being debated (e.g., Torsvik et al., 2010; Deschamps
et al., 2012; Davies et al., 2012; Koelemeijer et al., 2017; Zaroli et al.,
2017; Bull et al., 2014; Flament et al., 2022), there is growing agreement
(Garnero et al., 2016) that plumes may form in some way from these
regions (Fig. 1). The formation of plumes can influence supercontinent
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2011; Cloetingh et al., 2021).

The nature of LLSVPs has been at the centre of plume generation
discussions for nearly two decades (McNamara and Zhong, 2005; Tors-
vik et al., 2006; Davies and Davies, 2009; Davies et al., 2012; Bull et al.,
2014; Flament et al., 2022). Geochemical data from surface melts
indicate the presence of chemical mantle reservoirs (Allegre, 1982;
White, 1985; Allegre and Turcotte, 1986; Carlson, 1994; Tackley, 2000,
2007; Gonnermann and Mukhopadhyay, 2007, 2009; Jackson et al.,
2014; White, 2015), with hotspot-derived melts associated with plumes
consistently showing a different mantle source composition than mid-
ocean ridge basalts. Evidence suggests that spatial geochemical pat-
terns at oceanic islands reflect preferential sampling of a distinct source
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Fig. 1. Present-day mantle features. Position of low velocity provinces (LLSVPs) at 2800 km depth alongside the approximate locations for present-day deep mantle
plumes and hotspots (Steinberger, 2000; French and Romanowicz, 2015; Whittaker et al., 2015) (Table 3). The low velocity regions are contours where 3, 6, 9, and 12
(out of 14) seismic tomography models agree that there are slow anomalies (Shephard et al., 2017).

of deep mantle material originating from the LLSVPs (Weis et al., 2011;
Farnetani et al., 2012; Williams et al., 2015). These observations have
led to the idea that the LLSVPs may be ‘thermo-chemical’ piles of ma-
terial with a different composition than the average mantle.

The fundamental composition and structure of the two deep seismic
tomography anomalies is still not clear. The LLSVPs have been charac-
terized by higher than average densities through early tomographic
normal mode data and the anti-correlation of bulk sound and shear wave
anomalies (Su and Dziewonski, 1997; Ishii, 1999; Karato and Karki,
2001; Masters and Gubbins, 2003; Simmons et al., 2010; Trampert,
2004; Koelemeijer et al., 2012). Analysis using tidal tomography has
also inferred structures of increased density in the lower mantle (Lau
et al., 2017). However, work using Stoneley mode data offered an
opposing view which indicated the potential for lighter material
(Koelemeijer et al., 2017) or a layer with density stratifications (Robson
et al., 2021). Compositional heterogeneities and/or a phase change to
post-perovskite could both fit seismic observations in the lowermost
mantle (Trampert et al., 2001; Deschamps and Trampert, 2003) and the
possibility that LLSVPs are purely thermal anomalies has also been put
forward (Schubert et al., 2004).

Previous geodynamic modelling studies have indicated that a
thermo-chemical nature of the deep mantle material is essential in
producing appropriate present-day plume positions (Steinberger and
Torsvik, 2012; Hassan et al., 2015; Li and Zhong, 2017; Bull et al.,
2014). However, the rheological nature of LLSVPs and their role in
mantle dynamics are still being debated (Davies and Davies, 2009;
Torsvik et al., 2010; Burke, 2011; Davies et al., 2012; Bower et al., 2013;
Bull et al., 2014; Zhong and Rudolph, 2015; Zhong and Liu, 2016; Zaroli
et al., 2017; Heyn et al., 2018, 2020; Flament et al., 2022; Heron et al.,
2021, 2024), with some studies indicating the potential for purely
thermal deep mantle dynamics to also be in keeping with observations
(e.g., Davies et al., 2015; Hassan et al., 2015). Important open questions
remain: Are LLSVPs thermal plume clusters or dense, stable thermo-
chemical piles, or a mixture of the two (e.g., Davaille and Romano-
wicz, 2020)? Have LLSVPs been present and stable for most of the
Earth’s history? And do they control the location of rising plumes? A key
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component to answering these questions lies in understanding the
mechanisms that cause plumes to rise in the locations where hotspots are
observed on Earth today.

To study mantle dynamics, we use 3-D thermo-chemical global
mantle convection experiments that take into account palaeo-
subduction history from 410 Ma to the present day (Matthews et al.,
2016) which incorporates plate reconstructions models of the Paleozoic
(Domeier and Torsvik, 2014) and Mesozoic-Cenozoic (Miiller et al.,
2016). We then compare the results at the end of the model run to ob-
servations of LLSVP shape (Cottaar and Lekic, 2016; French and
Romanowicz, 2015; Shephard et al.,, 2017) and plume positions
(Steinberger, 2000; French and Romanowicz, 2015; Whittaker et al.,
2015). By applying different subduction histories as a time-dependent
boundary condition to our models (e.g., McNamara and Zhong, 2005;
Zhang et al., 2010; Steinberger and Torsvik, 2012; Davies et al., 2012;
Bower et al., 2013; Bull et al., 2014; Hassan et al., 2015, 2016; Flament
et al., 2017; Li and Zhong, 2017; Zhang and Li, 2018; Flament et al.,
2022), we gain insights on the role of subducted slabs in shaping the
LLSVPs and triggering the ascent of mantle plumes. In addition, we
systematically vary the thickness of a compositional heterogeneity in the
lowermost mantle, thereby controlling the dynamics of the hot regions
that represent the LLSVPs. This allows us to evaluate which of the pro-
posed end-member scenarios — an anomaly that is purely thermal or one
that is thermo-chemical - is supported by the observations.

In this study, we incorporate subduction history encompassing the
formation and breakup of the supercontinent Pangea. The life-cycle of a
supercontinent has a dramatic impact on mantle dynamics (Santosh
etal., 2009; Santosh, 2010; Yoshida and Santosh, 2011; Li et al., 2008; Li
and Zhong, 2009; Heron, 2018), and we show that the subduction his-
tory affects plume and LLSVP formation on different time scales (e.g.,
Heyn et al., 2020; Cao et al., 2021a,b; Flament et al., 2022). In our model
results, we discover the mantle circulation dynamics that connect past
plate motions and ocean island volcanism (e.g., hotspots, Fig. 1). We
show that the two opposing hypotheses — plume clusters and thermo-
chemical piles — are both able to reproduce the observed positions of
present-day hotspots equally well, highlighting the importance of
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Table 1
Modelling parameters.
Symbol  Variable Value
n Dynamic viscosity literature (Steinberger and Calderwood, 2006)
p Density PerpleX (Connolly, 2009; Stixrude and Lithgow-
Bertelloni, 2011; Xu et al., 2008)
g Gravitational 9.81 m.s™*
acceleration
Cp Specific heat PerpleX (Connolly, 2009; Stixrude and Lithgow-
capacity Bertelloni, 2011; Xu et al., 2008)
k Thermal 47 Wm 1K'
conductivity
H Radiogenic heat 6 x 10712 W.kg™?
production
o Thermal expansivity PerpleX (Connolly, 2009; Stixrude and Lithgow-

Bertelloni, 2011; Xu et al., 2008)

ancient subducted oceans in stirring the convecting mantle. We finish
our discussion by highlighting potential next steps and emphasizing the
significant potential of coupling studies of mantle dynamics and plate
reconstructions.

2. Material and methods
2.1. Model setup

Computations were done using the ASPECT code (Kronbichler et al.,
2012; Heister et al., 2017). ASPECT solves the following set of equations
for compressible convection in the Earth’s mantle, describing the mass,
force and energy balance (taking into account adiabatic heating, shear
heating and radiogenic heat production), and the transport of chemical
composition:

— V-(20¢) + Vp = pg, @
oT .

PG, (EJFU.VT) — V-kVT = pH+2n(¢: €) +aT(u-Vp), 3)

ac

Swve=o C))

The equations are solved for velocity u, pressure p, temperature T and
chemical composition C. 1 is the viscosity, é=3(Vu+ Vu’) -
1(V e u)sy is the deviatoric strain rate, g is the gravitational accelera-
tion, p is the density, C, is the specific heat capacity (at constant pres-
sure), k is the thermal conductivity, H is the radiogenic heat production,
and o is the thermal expansivity.

We use the global model setup (Heister et al., 2017) employed in a
previous studies (Dannberg and Gassmoller, 2018; Heron et al., 2021,
2024; Dannberg et al., 2023). Here, our plate reconstruction (Matthews
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et al., 2016), which provides velocity boundary conditions at the surface
of the model, extends back in time 410 million years.

As in a previous study (Dannberg and Gassmoller, 2018), we assume
an average mantle composition of 82 % harzburgite and 18 % recycled
oceanic crust (Xu et al., 2008) and compute the material properties p, o
and C, using PerpleX (Connolly, 2009) and a mineral physics database
(Stixrude and Lithgow-Bertelloni, 2011). Accordingly, the effects of
phase transitions are included, with thermal expansivity and specific
heat approximating the corresponding latent heat release (Nakagawa
et al., 2009). Select model parameters are given in Table 1, and the
initial radial profiles of temperature- and depth-dependent material
properties are plotted in Fig. 2. The viscosity law used here produces
very strong lateral and vertical viscosity variations over the temperature
range appropriate for Earth (Fig. 2). We limit the viscosity range to
~four orders of magnitude to reduce the computation time and make
model runs feasible (1 x 10 1 -5 x 10% Pass).

Our focus is on deep mantle heterogeneity and its impact on mantle
dynamics. Therefore, we vary the amount of dense recycled oceanic
crust material (e.g., the volume of thermo-chemical piles) present in the
mantle. The initial thickness of this layer is varied between 0 km (purely
thermal model) and 300 km for different model runs (Table 2; ModelO,
Model50, Model100, Model150, Model200, and Model300). However,
in this study we do not vary the density of the deep mantle heterogeneity
between model runs and keep the compositional buoyancy of the layer
in comparison to the surrounding material the same for all experiments.
Our core-mantle boundary temperature is 3700 K which corresponds to

Ap AP
apATA -

1.9, where Ap and A T are 2 % and 1284 K, respectively, and represent
the contrast between the anomalously dense material and the average
mantle composition at 2500 km.

Our numerical models have varying resolution as a function of both
the large-scale mantle layering and smaller-scale mantle dynamics (see
Fig. 2g). The minimum resolution in all models is approximately ~40
km, with ~2 million cells and ~40 million degrees of freedom at the end
of each model run. We use second-order finite elements, leading to a

a buoyancy number for the thermo-chemical material of B =

Table 2

List of models with corresponding initial thermo-chemical (TC) thickness, and
plate reconstruction study.”Modi ed’ refers to a 410 Myr reconstruction that uses
Seton et al. (2012) 250 Ma to 90 Ma surface velocities for 410 Ma to 250 Ma,
then repeats until present day.

Name Initial TC Plate reconstruction

Model 0 0 km 410 Ma Matthews et al. (2016)
Model50 50 km 410 Ma Matthews et al. (2016)
Model100 100 km 410 Ma Matthews et al. (2016)
Model150 150 km 410 Ma Matthews et al. (2016)
Model200 200 km 410 Ma Matthews et al. (2016)
Model300 300 km 410 Ma Matthews et al. (2016)
Model200s 200 km 410 Ma Modified Seton et al. (2012)

a) b)
B
K
E
S
Temperature Non- Density Thermo- Thermal Viscosity ~ Adaptive
adiabatic chemical expansivity mesh
temperature pile

Fig. 2. Initial conditions of the models (at 0 Myr/410 Ma), showing cross-sectional views of (a) temperature, (b) non-adiabatic (excess) temperature, (c) density, (d)
initial thermo-chemical pile thickness (200 km in Model200 shown here), (e) variable thermal expansivity, (f) viscosity, (g) the initial adaptive mesh.
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Fig. 3. Evolution of chemical heterogeneities in Model200 from 410 Ma to present day. The snapshots (a)-(h) show the proportion of anomalous, dense material in a

spherical slice at 2800 km depth, illustrating how the material evolves from a layer with uniform thickness into a thermo-chemical pile. Brown contours indicate
observed low seismic velocity anomalies as in Fig. 1.
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d Time: 250 Mg

Time: 220 Mo

Fig. 4. Thermo-chemical piles in this study are passive in mantle dynamics.
Evolution of the hot and cold anomalies under the African northern hemisphere
from 250 Ma (a) to present-day (f) for Model200. Excess mantle temperature
anomaly contoured surfaces are given for warm (300 K, red) and cold (—500 K,
blue) regions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 3

Approximate locations of present-day plume and hotspots as used as a reference
in this study, based on data from French and Romanowicz (2015), Whittaker
et al. (2015), and Steinberger (2000). We compare these points to our model
plume positions calculated at 700 km below the surface.

# Latitude Longitude Notes

1 —14 -170 Samoa

2 20 —156 Hawaii

3 -18 —150 Tahiti/Society

4 -51 -141 Louisville

5 -30 —140 Cook

6 -10 —138 Marquesas

7 —26 —130 Pitcairn

8 -27 -110 Easter

9 0 —92 Galapagos

10 —34 —83 Juan Fernandez

11 —26 -80 San Feliz

12 39 —28 Azores

13 28 -20 Canary

14 14 —20 Cape Verde

15 65 -20 Iceland

16 -17 -20 St Helena

17 -8 —14 Ascension

18 -37 -12 Tristan

19 —54 2 Bouvet

20 23 6 Hoggar

21 4 9 Cameroon

22 10 43 Afar

23 -12 43 Comores

24 —45 50 Crozet

25 -21 56 Renuion

26 —49 69 Kerguelen

27 -13 153 Tasmanid

28 -39 156 Caroline

29 5 164 Indonesia
Table 4

Database of large igneous province positions (Torsvik et al., 2006, 2008) from
251 Ma to 99 Ma.

Age (Ma)  Latitude  Longitude  LIP Name

251 57.7 54.7 Siberian Traps

200 2.5 341.9 Central Atlantic Magmatic Province (CAMP)
182 —44.6 2.8 Karroo Basalts

147 —4 219 Shatsky Rise

145 —26.9 244.3 Megallan Rise

132 —55.3 81.6 Bunbury Basalts

132 —34.9 350.6 Parana-Etendeka
125 —54.7 5.9 Maud Rise

123 —34.5 264.5 Manihiki Plateau
121 38.2 219.7 Ontong Java Plateay
118 —41.6 67 Rajhmahal Traps
114 —52.3 64.9 South Kerguelen

111 —26.4 222 Naura Basalts

100 —45.4 63.3 Central Kerguelen
99 2.6 225.4 Hess Rise

minimum distance between quadrature points of 20 km. In terms of
mantle layering, we apply the highest resolution grid to the bottom 390
km of our model (to capture the thermal instabilities of the core-mantle
boundary) and the second highest resolution to the top 80 km (to cap-
ture the evolving surface conditions). Between 80 km and 660 km depth
is a range with the third highest resolution, and the middle of the mantle
(660-2500 km) has the lowest resolution in all the models (Fig. 2g). The
spatial resolution in all models is further controlled by refining the mesh
in regions of gradients in composition, viscosity, or temperature to
capture any smaller scale features, updating every 3 timesteps. The full
input files can be found in the link in the Data Availability section.
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d) Model200
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Fig. 5. Differences in core-mantle boundary temperature and dynamics between models with varying amount of chemical hetero- geneity. Present-day (0 Ma) excess
temperature in 2800 km depth for (a) ModelO, (b) Model100, (c) Model150, (d) Model200, (e) Model200s, and (f) Model300. Brown contours indicate low seismic

velocity anomalies as in Fig. 1.
2.2. Model evolution

Our models begin from an initial condition that has an average
mantle temperature gradient and composition that is appropriate for the
present-day mantle (Fig. 2) as applied by previous studies (e.g., Dann-
berg and Gassmoller, 2018; Zhang and Li, 2018). The initial mantle
temperature is laterally homogeneous, following an adiabatic profile
with thermal boundary layers at the top and bottom (Dannberg and
Gassmoller, 2018). We fix the surface temperature to 273 K and cor-
e-mantle boundary temperature to 3700 K (Fig. 2). Although 3700 K is a
higher temperature than used in some previous studies (Zhang and Li,
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2018), it is well within the range of uncertainty for the exact present-day
value (Nomura et al., 2014).

For our reference model presented here, a 200 km thick layer of
anomalous, dense material is initially emplaced at the core-mantle
boundary (Model200). In Model200, the subduction pattern during the
formation and dispersal of the supercontinent Pangea shapes the hot
thermo-chemical material into two distinct regions in roughly the same
locations as the observed LLSVPs (e.g., Fig. 3). We herein refer to
thermo-chemical piles from the numerical models as ‘TCPs’ and reserve
the ‘LLSVPs’ for the seismically imaged structures to which TCPs are
compared.
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Fig. 6. Global mantle dynamics and temperature compared with seismic models. (a) A view into the mantle beneath the northern Atlantic and Europe for Model200.
Excess mantle temperature anomaly contoured surfaces are given for warm (300 K, red) and cold (—500 K, blue) regions. (b) Excess temperature slice at the equator,
and the corresponding viscosity distribution (c), with the outline of where four seismic tomography studies agree that there is a shear velocity anomaly (Cottaar and
Lekic, 2016) shown by white solid (slow) and dashed (fast) lines. Key: A: steep western side of the African LLSVP; B: angled eastern flank of the African LLSVP; C:
Galapagos plume position; D: eastern Pacific LLSVP pile; E: western Pacific LLSVP pile. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Fig. 4 shows the Model200 evolution of the hot (plume) and cold
(downwelling) regions beneath Africa, highlighting a site of the former
supercontinent Pangea. As our model TCP are mobile and can move with
mantle flow (controlled here by Pangean subduction history), illus-
trating how deep mantle structure might have evolved over the past 250
Ma.

Using Model200 as a reference example, we take the mantle struc-
ture at 0 Ma and analyse the plume positions and thermo-chemical pile
shape, as discussed in the following section.

2.3. Analysis of plume positions

To determine the locations of mantle plumes in our models, we
define a plume as a positive temperature anomaly of at least 300 K
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excess temperature at a depth of 700 km. This depth was chosen in order
to capture a first-order location of the conduit and to avoid complica-
tions associated with short-lived interactions between the plume head
and upper mantle, such as entrainment or deflection by mantle wind.

These regions are then collated and spatially averaged into one data
point for each plume. Table 3 and Fig. 1 show the hotspot catalogue we
used as a comparison for the output of our geodynamic models. We
quantify how well each model output fits this database of approximate
present-day hotspots by using the following statistical method for
comparing two sets of points.

First, we calculate the great-circle distance d between the model
plumes and the hotspots in the database using the Spherical Law of
Cosines:

d = arccos(sin(pdy )sin(g,,) + (cos(pdy)cos(¢,,)cos(Am — Ady)))Te 5)
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Fig. 7. Whole-mantle depth cross-section modified from French and Romanowicz (2015) of relative shear-velocity variations using model SEMUCB-WM1 (French
and Romanowicz, 2014) near Cape Verde (a) and Marquesas (c), with the corresponding shear velocity anomaly output from Model200 shown in (b) and (d),

respectively.

where ¢ and A are the latitude and longitude, respectively, of the
plume location in the model () and the position of the closest hotspot in
the database (dp), and r. is the radius of the Earth.

To quantify how well each model fits the hotspot database, we use
Equation (5) to compute the same statistics for 10,000 different models
of 39 plumes generated at random latitudes ¢, and longitudes A,,. We
chose 39 plumes as that was the number generated by our reference
Model200. These random runs allow us to compute percentiles indi-
cating if the fit of a given model is better than, for example, the 15 %, 50
%, or 85 % of the best random sets of plume positions. Here, the 50 %
percentile is equivalent to the average fit expected for a random plume
distribution, and the 15 % and 85 % percentiles indicate approximately
one standard deviation of this distribution.

3. Results
3.1. Mantle dynamics

We computed a suite of geodynamic models with varying amounts of
chemical heterogeneity in the mantle in order to investigate a wide
range of lower-mantle convection regimes and determine if any
resemble today’s mantle dynamics. As outlined in Table 2, we vary the
initial thickness of the thermo-chemical layer at the base of the mantle.

All simulations where the initial dense layer is at least 150 km thick
produce two distinct thermo-chemical piles (TCP, Fig. 5). Model50 and
Model100 result in all the thermo-chemical material being entrained
into the mantle during the simulation (shown by the lack of temperature
clusters in Fig. 5b). ModelO (with no initial thermo-chemical pile) fea-
tures purely thermal plume clusters at the model end (Fig. 5a).

Comparing the modelled African TCP with the shape of the African
LLSVP, we find that Model200 has the most overlap (Fig. 5). The Pacific
thermo-chemical pile also forms in the correct hemisphere in Model200,
but the agreement with seismic tomography is generally not as good as
in the African hemisphere. The modelled Pacific pile extends further
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north and south than the slow anomalies in tomography studies, and it is
missing the western limb when compared with the LLSVP outline
(Fig. 5d).

Fig. 6a shows the mantle under the northern Atlantic and Europe,
indicating the excess temperature anomalies for upwelling plumes (red)
and downwelling material (blue) for Model200. Comparing this model
output at the equator to seismic tomography studies (Cottaar and Lekic,
2016) shows a number of similarities. Under Africa, our model TCP
matches the shape of the LLSVP outline well, highlighting the steep
western side (Ni et al., 2002) and angled eastern flank (A and B, Fig. 6b).
In the Pacific hemisphere, our Model200 produces plume positions in
the Galapagos (C, Fig. 6b) as well as a TCP in the eastern part of the
Pacific LLSVP (D, Fig. 6b). However, our model misses the western flank
of the Pacific LLSVP across the equator (E, Fig. 6b) as shown in Fig. 3h.
Further direct comparisons with another seismic study (French and
Romanowicz, 2015) are given in Fig. 7.

As mentioned above, models that begin with an initial condition
where the thermo-chemical layer is less than 150 km thick do not pro-
duce two distinct piles at the present-day state. Given that the piles are
mobile, meaning that they can be moved by the mantle flow, the thin
starting layer ends up being mixed into the mantle for Model50 and
Model100. However, in Fig. 8 we present a view into our models under
the African northern hemisphere that shows similar mantle dynamics for
the models both with (Model200) and without distinct piles (ModelO
and Model100).

3.2. Present-day plume analysis

Direct comparison between tomography slices (Fig. 6b-c, Fig. 7) can
give a first order interpretation of how well the models reproduce
present-day mantle dynamics. However, another representation of
model accuracy is to compare the difference between the approximate
locations of present-day deep mantle plume and hotspots (Table 3) and
the position of hot thermal anomalies in our models.
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Fig. 8. Models with different amount of chemical heterogeneity can produce appropriate plume dynamics. Present-day snapshot of the hot and cold anomalies under
the African northern hemisphere for (a) Model200, (b) Model0, and (c) Model100. Slice contours as Fig. 6. Markers P, Q, and R indicate equatorial plumes that could

be linked to present-day hotspots St Helena, Comores, and Afar, respectively.

Fig. 9a illustrates the position of upwellings in Model200 at 700 km
depth (green) alongside the approximate present-day plume and hotspot
locations (Table 3) (red). The plume positions in our model do not
appear to be randomly distributed, with upwellings forming close to the
upwards projected margins of the LLSVPs in the African domain.

In the Pacific, a number of Model200 plumes form close to edges of
the LLSVPs. Interestingly, this occurs in the western limb of the Pacific
LLSVP even though there is no modelled thermo-chemical pile in that
position (Fig. 3h). A number of Model200 plumes form within 1000 km
of the Azores, Afar, Comores, St Helena, San Felix, Galapagos, Easter,

176

and Pitcairn plumes (markers G to N in Fig. 9a, respectively). Further-
more, a deep mantle plume is positioned at the Indonesia site (marker O,
Fig. 9a) where a previous study (French and Romanowicz, 2015) had
imaged a plume despite no corresponding surface hotspot.

Fig. 9a also shows the positioning of plumes generated from a model
that does not feature any thermo-chemical piles (ModelO, blue circles).
There is a similarity between the blue and green plume positions despite
different lowermost mantle structure.
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Fig. 9. A number of model upwellings form close to the edges of LLSVPs and reach close to the surface near observed present-day hotspots. a) Plume positions at 0
Ma for Model200 (green), ModelO (blue), and the approximate hotspot database (Steinberger, 2000; French and Romanowicz, 2015; Whittaker et al., 2015) (red) as
given in Table 3. b) Plume positions at 100 Ma for the above models alongside a large igneous province database for 251 — 99 Ma (red) as given in Table 4 (Torsvik
et al., 2006) (with present-day hotspot positions also given in red circles). Plume key: G: Azores; H: Afar; I: Comores; J: St Helena; K: San Felix; L: Galapagos; M:
Easter; N: Pitcairn; O: Indonesia. Two markers are given to indicate plume distances: 1400 km is shown between the Juan Fernandez plume and the nearest Model200
output; and 3800 km between I and I’ (representing the largest distance between a database plume and a Model200 output). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Distance from database analysis

To test how statistically relevant our results are, we look at the dis-
tance of each of our model plumes (at 700 km depth) from the nearest
present-day hotspot in the database (assuming sub-vertical ascent of the
plume in the upper mantle, Table 3). Fig. 10 shows the percentage of
database hotspots as a function of their distance from the nearest plume
in ModelO (no thermo-chemical pile), Model200 (200 km initial thick-
ness), and Model300 (300 km initial thickness). A lower distance for the
database plume percentage indicates that there is a better fit between
modeled plume positions and the location of hotspots in the database (e.
g., the model is performing well). For instance, Model300 shows that all
of the model plumes fall within 4000 km of a database plume. However,
less than 48 % of the database plumes fall within 1500 km of a Model300
plume. In comparison, Model0 and Model200 perform much better, with
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51 % and 59 % of the database plumes, respectively, falling within 1500
km or less from a model plume.

Fig. 10 also shows 10,000 randomly generated sets of 39 plume
positions (grey lines). The percentile distribution of these artificially
generated points is given by the areas shaded in grey and shows what
percentage of the random models falls within a specific distance. In the
case of the lightest grey area, less than 15 % of the random models have
smaller distances to the database plumes than shown. The profiles of
Model0 and Model200 follows this 15 % line closely, indicating that
these models perform better than 85 % of the randomly generated
results.

Fig. 11 provides an overall summary of the results in Fig. 10, and
highlights the spread of the 10,000 randomly generated models. Spe-
cifically, it shows the median distance of the database plumes from the
model plumes. For instance, the median distance for Model200 is
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Fig. 10. Analysis of model plume positions at 0 Ma as a function of distance
away from the nearest present-day hotspot (Table 3). For any distance given on
the x-axis, the blue, green and purple lines show the percentage of model
plumes that reach the surface closer to an observed present-day hotspot than
this distance (for details on the analysis, see the Methods section). The purely
thermal ModelO generates 37 plumes; Model200 (starting from a basal layer of
dense material with 200 km thickness) features 39 plumes; and Model300 (with
a 300-km basal layer) produces 32 plumes. Model200s utilizes 410 Myr of
palaeo-subduction history using a modified reconstruction history (see Table 2)
and produces 29 plumes. Grey lines show 10,000 sets of 39 artificially gener-
ated random plume positions. The shaded grey areas indicate the percentile
distance distribution 15 %, 50 %, and 85 % of the 10,000 random models (see
also Fig. 11). For most distances, Model0 and Model200 perform within the best
15 % of the random plume distributions (light grey). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

approximately 1375 km (as shown in Fig. 10), which is nearly as low as
the top 5 % of random models. ModelO produces a similar median at
approximately 1475 km.

To further quantify this close relationship with Model200 and
ModelO plumes, we present a plume comparison in Fig. 12. More than
half of the ModelO plumes form within a radius of 900 km from the
Model200 plumes (Fig. 12), indicating that the thermo-chemical pile
may not be the driving force in plume positioning.

3.4. Shorter subduction history

One model featured in the results that hasn’t been fully explained so
far is Model200s, which has been generated to test the impact of a
shortened realistic subduction history. Model200s applies a 410 Myr
plate reconstruction that uses an extended version of Seton et al. (2012)
(where the Seton et al. (2012) 250 Ma to 90 Ma surface velocities are
used for our model 410 Ma to 250 Ma, then repeated from 250 Ma until
present-day (Bower et al., 2013)). We apply this unrealistic velocity
history to purposefully not represent past plate motions well. In applying
these surface velocities, we can test the relative importance of super-
continent formation (e.g., 410 Ma to 250 Ma) in developing plume
positions.
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Fig. 10 indicates that Model200s performs as well as Model200 for
the majority of database plumes. However, the surface velocities from
the more recent global model of Matthews et al. (2016) that incorporate
supercontinent formation do have an impact on the shape of the thermo-
chemical piles in our models. Fig. 5 indicates that applying appropriate
surface velocities for the final 250 Myr (e.g., Model200s) is not enough
time to completely constrain the outline of the thermo-chemical pile
beyond its general position. Although there is good agreement between
the TCP and the Pacific LLSVP, the African thermo-chemical pile appears
to be at a higher latitude when compared to a model that has undergone
supercontinent formation and dispersal surface velocities (e.g.,
Model200).

3.5. High resolution

To test the impact of resolution on our model results, we also
computed a higher-resolution convection simulation with the same
setup as Model200. Compared to Model200, we increased the resolution
by a factor of two, reduced the time step size by a factor of 2, and
reduced the nonlinear solver tolerance from 107 to 1075, The results of
this Model200hr are shown in Figs. 13-15. The position of the thermo-
chemical piles on an equatorial slice are similar in both models but
not equal between the models. The higher resolution model requires less
stabilization for the advection equation, reducing the thickness of cold
downwellings as shown in Fig. 13.

For the same reason, we also find that in the upper mantle, the up-
welling plumes are thinner and not as hot in the higher resolution
model. To generate a similar number of model plumes for the statistical
analysis as in the other models, we define plumes as regions with an
excess temperature of at least 200 K at 700 km depth (rather than 300 K
as in Model200). This classification produces 29 Model200hr plumes in
positions shown by the white circles in Fig. 14. The plume positions are
not identical to the lower resolution model (Fig. 14a) and the thermo-
chemical pile covers more of the core-mantle boundary than in
Model200 (Fig. 14b). However, Fig. 15 does show that the results are
robust with regards to the plume positioning consistently performing
better than the random models.

4. Discussion

In this study, we compare present-day hotspot positions to models
with and without thermo-chemical piles (Fig. 9a). We find that models
both with and without these chemical heterogeneities can produce
plumes close to present-day hotspots. This finding is in keeping with a
number of previous studies that highlight that LLSVPs could be a rela-
tively passive feature of mantle dynamics (as shown in Fig. 4), and that
ancient subducted ocean plates, rather than chemical heterogeneity, are
the dominant factor driving global mantle circulation (e.g., McNamara
and Zhong, 2005; Bower et al., 2013; Davies et al., 2012, 2015; Davies
and Davies, 2009; Hassan et al., 2015; Steinberger and Torsvik, 2012;
Flament et al., 2022).

4.1. Geodynamic implications

The work presented here has wider implications for mantle dy-
namics. The proximity of ancient large igneous provinces (LIPs) to the
edges of present-day LLSVPs has often been cited as a reason why deep
mantle heterogeneities may be dynamically stable over 500 Myr time-
frames (Torsvik et al., 2006, 2008). By analysing the upwelling loca-
tions for Model200 and ModelO during the Cretaceous (100 million
years in the past), the position of plumes still often occurs near the
margins of present-day LLSVPs (Fig. 9b). This is significant given that
our thermo-chemical piles are not fixed over time (Figs. 3 and 4) or not
even present at all (e.g., Model0). Consequently, LLSVPs do not need to
be laterally fixed on supercontinent timescales (Torsvik et al., 2006,
2008) to produce appropriate plume positions in the present or
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(potentially) in the past.

Instead, the relative stability of subduction zones over the last 200
million years may be the crucial factor for fixing the proximity of past
plumes to present-day LLSVP margins. Our models indicate a decoupling
of mantle timescales for plume positions (short scale) and LLSVP dy-
namics (longer scale), controlled by the plate motion history.

This point is highlighted by analysing the development of plumes
and the positioning of LLSVPs beneath Africa and the Pacific in
Model200s. By only running appropriate plate reconstruction history for
the past 250 Ma (instead of 410 Ma in Model200), Model200s does not
produce a thermo-chemical pile in the southern hemisphere under Af-
rica (Fig. 5e). However, in analysis of the plume positions, Model200s
performs as well as Model200 (Fig. 10).

Although we highlight that LLSVPs do not need to be spatially fixed
over supercontinent timescales, our models do not, and cannot, rule out
LLSVPs being either purely thermal anomalies (Model0), (meta)stable
chemical piles of dense material (Model200), or a combination of the
two (Model100) (Fig. 8). In contrast to our work, previous studies found
that a thermo-chemical simulation, rather than a purely thermal model,
is required to produce appropriate plume positions for present-day
hotspots (Steinberger and Torsvik, 2012; Hassan et al., 2015; Li and
Zhong, 2017). However, Davies et al. (2012) previously showed that
observed lower mantle shear wave velocity anomalies do not require
large-scale chemical piles to obtain appropriate LLSVP dynamics.
Although Davies et al. (2012) did not conduct a formal plume analysis as
given in our study, they did find that purely thermal LLSVPs (e.g., iso-
chemical) could reconcile observed shear wave velocity anomalies and
gradients. The work presented in our study highlights that purely ther-
mal geodynamic models can not only produce seismological features of
the deep mantle (e.g., Davies et al., 2012), but also reproduce mantle
dynamics in the form of plume locations (Fig. 9a). This finding is also in
keeping with the results of Hassan et al. (2015).
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4.2. Future work

Although we present models with and without anomalous piles of
material near the base of the mantle, we do not explore the potential
impact of the density and geometry of the deep LLSVP material on our
findings (and only present the end-member cases). Denser and less
mobile piles of material could have a control on plume locations and
plume generation, given their potential impact on the core-mantle heat
flow. Furthermore, the impact of changing the initial condition of our
numerical models (e.g. temperature profile) would also assist in placing
our findings within the context of Earth’s secular evolution. Currently,
this extensive testing is out of the scope of this study, but our prescribed
buoyancy number is within potential estimates for the deep mantle
anomaly (Garnero et al., 2016).

Our work here implies that the decoupling of plume generation and
large-scale mantle flow timescales makes it difficult to unravel the
composition of LLSVPs from numerical models alone (Fig. 8). As aresult,
we posit that the key to understanding the seismic anomalies in the
present-day deep mantle can only come from direct sampling, and we
therefore encourage additional geochemical data and seismologic ob-
servations. However, there are still various aspects related to the
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numerical experiments and geological analyses that would be intriguing
to explore further. In particular, future work on these models could
incorporate longer plate reconstruction histories (e.g., 1 Gyr Merdith
etal. (2021)) than our surface velocities going back to 410 Ma (e.g., Cao
et al., 2021a,b; Flament et al., 2022).

Furthermore, in this study we imply that all hotspots can be related
to deep-mantle plumes, which may not be the case. Future work would
be to make progress in the debate on which present-day hotspots could
be candidates for a deep mantle plume origin. In addition, future work
here would benefit from more detailed comparison of our numerical
simulations with available seismic and geochemical data (e.g., Davaille
and Romanowicz, 2020; Hosseini et al., 2018).

However, the work presented here does only focus on plumes
generated through a deep mantle source. As a result, future work would
require analysis that takes into consideration plumes forming from an
upper mantle source, either through plate tectonic collapse (e.g.,
Petersen et al., 2018) or through secondary and/or baby’ plumes (e.g.,
Koptev et al., 2021; Cloetingh et al., 2022). Furthermore, in our study
here we apply a 300 K excess temperature at a depth of 700 km for
plume identification, but growing evidence for a hydrous mantle tran-
sition zone (e.g., Helffrich and Wood, 2001; Kuritani et al., 2011, 2019)
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may reduce the need for such high temperatures for plume classification
(Cloetingh et al., 2022). Future analysis may wish to test this criteria for
plume identification.

4.3. Uncertainty discussion

Our work here is a one of a number of numerical modelling papers on
a similar topic: applying plate reconstruction histories to develop mantle
dynamics. Given the increase in computational power available in
comparison to a decade ago, it may be appropriate to discuss as a
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community the key parameters needed in these sorts of studies. What are
the fundamental aspects for this area of geoscience?

For instance, we should discuss a standard for determining if a model
’fits” available data and establish what constitutes where a model plume
overlaps with an observed plume or ancient large igneous province
position. As such, we could discuss a community standard for deviation
from this distance (e.g., 10 km, 100 km or 1,000 km?). Our work here
quantifies the plume positions to a database but we acknowledge that
this is not an easy task for a reader to immediately grasp. We think it
would be worthwhile to develop a community standard that we can
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apply to create statistically relevant analysis of these large global models
that also allows for an easy comparison between the quality of fit in
different studies (e.g., Austermann et al., 2014; Hassan et al., 2015;
Davies et al., 2015).

A further area of discussion would be the need to test initial condi-
tions for these large models to understand the robustness of the results,
alongside the potential for a specific time range for applying plate
reconstruction histories as surface velocities (e.g., 410 Ma or 1 Ga). In
regard to the initial condition of such geodynamic explorations, mantle
convection simulations can be run from an undisturbed mantle case (as
in this study), or a specific mantle configuration (e.g., Hassan et al.,
2015; Heron and Lowman, 2010), or after a defined spin-up phase where
the model equilibrates into a steady state (e.g., Yoshida et al., 1999;
Heron and Lowman, 2011). These initial mantle conditions could induce
their own thermal instabilities within the system that may continue and
evolve throughout the model simulation, as outlined in Weller and
Lenardic (2012). However, Colli et al. (2015) highlighted the longevity
of the impact of an initial condition in models that feature prescribed
surface velocities may be around 300 Myr. In our work presented here,
we analyse mantle dynamics a significant time after the initial condition
(>300 Myr), with a particular focus on present-day (e.g., 410 Myr after
the model simulation begins), to attempt to negate any such impact of
implementing an undisturbed mantle as an initial condition.

For models simulating mantle history from the Devonian to the
present day (as in this study), there are also assumptions on the initial
location and geometries of modelled LLSVPs that could be pertinent to
the development of the model. Here we start from an idealized state that
our modelled LLSVPs are a uniform layer of 0-300 km thickness around
the core-mantle boundary (Table 2). A difficulty here is the uncertainty
involved in LLSVP extent in the Devonian mantle. A better under-
standing of the impact of the initial location and extent of thermo-
chemical piles in such models would be an area of discussion (e.g.,
Zhong and Rudolph, 2015; Bower et al., 2013; Gassmoller, 2020),
alongside the smaller scale dynamics of a mantle convection initial
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condition (e.g., downwellings and upwellings).

For global plate reconstructions, a number of available models apply
a method of tracing large igneous province locations back to the edge of
LLSVPs (e.g., Domeier and Torsvik, 2014). As a result, there is a po-
tential feedback loop between downwellings controlling thermo-
chemical pile positions and resultant plume locations. An exploration
into the impact of alternative absolute reference frames would be
welcome as would, further work on coupling self-generating plate tec-
tonic models (e.g., Tackley, 2000; Rolf and Tackley, 2011; Langemeyer
et al., 2022) with the top-down driven simulations (as shown here in the
study). By specifying the top-down velocity conditions through plate
reconstruction histories driving the thermal evolution of our models, we
cannot unravel the overall control on mantle dynamics.

As highlighted here, there may be a need to specify resolution limits
for such large models. Similarly, a comparison of Rayleigh numbers
across the different models would also be important (e.g., Heron and
Lowman, 2014). The paper here offers insights into our numerical
models of global mantle convection in relation to deep mantle dynamics,
but we also wish to understand the uncertainty generated from such
simulations, and highlight the need for ’industry standards’ on this type
of work.

5. Conclusions

In this study, we prescribe a plate reconstruction history as a time-
dependent surface condition to evolve the mantle, and compare our
numerical simulations with present-day hotspots and seismic tomogra-
phy. The numerical models presented here show that subduction alone
can produce the location and timing of some present-day hotspots
(which we interpret as manifestations of deep mantle plumes).

Our experiment changes the thickness of a thermo-chemical dense
layer at the base of mantle and compares the impact on the plume po-
sitions as this layer evolves. A significant result is that we are able to
produce similar plume positions for models where the deep mantle layer
is chemically distinct or purely thermal (Fig. 9).

For some of the models presented here, the meta-stability of these
deep mantle structures can be cogent with observed mantle dynamics
(Fig. 6) and we suggest that the deep mantle may evolve as significantly
as our tectonic surface (Figs. 3 and 4).
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