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Instability of the African large low-shear-wave-
velocity province due to its low intrinsic density

Qian Yuan® ™ and Mingming Li

Seismic observations have revealed two seismic anomalies in the lowermost mantle, one beneath Africa and the other beneath
the Pacific Ocean, named large low-shear-wave-velocity provinces. These structures are generally considered to be intrinsically
dense thermochemical piles that influence mantle and core processes. However, the controls on their morphology, including
their relative height difference and their stability, remain unclear. Here we analyse published global shear-wave tomography
models, which show that the African anomaly is about 1,000 km greater in height than the Pacific anomaly. With our numeri-
cal simulations, we find that the maximum height a thermochemical pile can reach is more controlled by its density and the
surrounding mantle viscosity, and less so by its own viscosity and volume. Comparing these findings suggests that the African
anomaly has a relatively lower density and thus may be less stable than the Pacific anomaly, implying the two anomalies have

different compositions, dynamics and evolution histories.

evolution remains one of the most challenging and impor-

tant tasks in solid Earth sciences. Seismic observations have
revealed two large low-shear-velocity provinces (LLSVPs, Fig. 1)
in the lowermost mantle beneath Africa and the Pacific Ocean'™*.
The LLSVPs are the largest contiguous structures in Earth’s man-
tle and they considerably impact surface volcanism, deep mantle
convection and core heat flux that is responsible for dynamo®®.
However, it remains unclear what causes the LLSVPs and how
they interact with the surrounding mantle. Deciphering the origin
and dynamics of the LLSVPs requires a better understanding of
the physical properties of the LLSVPs, particularly their density
and viscosity differences with the surrounding mantle. However,
deep mantle density and viscosity are not well resolved, which
inhibits fully comprehending the origin and dynamics of LLSVPs.
Importantly, the morphology of the LLSVPs is an expression of
their interaction with the surrounding mantle dynamics, which is
controlled by and thus provides information on the deep mantle
density and viscosity structures.

l | nderstanding Earth’s deep mantle structure, dynamics and

Height difference between the two LLSVPs

The morphology of the LLSVPs has been investigated through seis-
mic observations’™"'. Seismic waveform modelling studies have sug-
gested that the African LLSVP reaches a height of ~1,300-1,500 km
above the core-mantle boundary (CMB)'"", whereas the Pacific
LLSVP reaches a lower height of ~500-800km (ref. ). However,
the results of seismic forward waveform modelling can contain
trade-offs between the size of structures and their seismic veloci-
ties”. Also, the sizes of LLSVPs imaged in global tomography have
been previously defined in regions where the shear-wave seismic
velocity anomaly (dV,) is lower than a chosen threshold, but the
results can vary significantly with the selected threshold”'.

Here we use an approach to complement previous studies to
estimate the maximum height of the LLSVPs. We select 17 global
shear-wave tomography models>"*-*, and for each model, we cal-
culate the lateral average dV, (denoted as dV;) as a function of the
height (H) above the CMB in vertical cross sections that cut through
the LLSVP regions (Fig. 1a and Extended Data Fig. 1). We compute

the dV-H profile for all 17 models and calculate their average (Fig.
1b,c). It is found that the lower mantle dV; is most negative near
the CMB and increases linearly with H until a turning point (for
example, grey regions in Fig. 1b,c) where the gradient, as shown in
Extended Data Figs. 2 and 3, changes from mostly positive to zero
or negative. The increase of the dV with H below the turning point
may be caused by LLSVPs having a wider base (at smaller H) than
the top (at larger H). The turning point may therefore mark the
transition from depths with LLSVPs to depths without LLSVPs and
thus represents the maximum height of LLSVPs. We examined 33
vertical cross sections through the LLSVPs (Extended Data Figs. 4
and 5) and found four cross sections showing the maximum heights
of the LLSVPs. With this approach, the maximum height estimated
is ~700-800 km for the Pacific LLSVP and ~1,600-1,800km for the
African LLSVP (Fig. 1b,c), which is consistent with regional wave-
form modelling®'"'*. To account for the difference of dV, magnitude
in different tomography models, we normalized the dV of each ver-
tical cross section in each tomography model by the maximum mag-
nitude of the dV in the cross section before calculating the dV,-H
profiles, and the results (Supplementary Figs. 1 and 2) confirm the
heights of the two LLSVPs defined in Fig. 1b,c. Cottaar and Lekic’
performed cluster analysis of tomography models and defined the
LLSVP domains in seismically ‘slow’ regions. Using the same defini-
tion of the LLSVP domains, we compute the area of each LLSVP as
a function of depth and find that the depths with the largest changes
of the LLSVP areas are broadly consistent with the LLSVP heights
in Fig. 1b,c (Supplementary Fig. 3), which further supports the large
height difference between the two LLSVPs.

The question remains as to what causes the large height differ-
ence between the two LLSVPs. The LLSVPs have been hypothe-
sized to be caused by compositionally distinct materials that are
intrinsically denser than the surrounding mantle’-*, although
other possible origins of the LLSVPs, such as purely thermal struc-
tures’* and clusters of slow anomalies’*, have not been ruled
out. Previous numerical modelling and laboratory experiments
have shown that the height of a thermochemical pile is greatly
controlled by its density and viscosity compared to that of the sur-
rounding mantle’*>**~**. However, it remains unclear through what
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Fig. 1| Depth profiles of the lateral average shear-wave velocity anomaly (dVs) at four vertical cross-sectional locations through the LLSVPs.

a, Locations of four vertical cross sections (thick, solid lines) on two LLSVPs (yellow, from ref. 2%), from which dVsis computed as a function of height (H)
above the CMB. b, The averaged dVs-H profiles from 17 tomography models. ¢, Same as b except only the negative dV. is used to calculate dVs. Circles
in b and ¢ show turning points where the gradients of dVs-H profiles change from mostly positive to zero or negative (Extended Data Figs. 2 and 3). The
two horizontal grey bars in b and ¢ indicate the height ranges of two LLSVPs bounded by the turning points. Figure 1a was generated using GMT software

version 6.0.0 (https://www.generic-mapping-tools.org/).

mechanism these properties control the height of a pile and how to
explain the vast height difference between the two LLSVPs.

Controls on the height of thermochemical piles

Here we perform geodynamic modelling experiments to quantify
the relationship between the height of thermochemical piles and
the density and viscosity structure of the mantle. The conserva-
tion equations are solved under the Boussinesq approximation with
the Citcom code in 2D Cartesian geometry*'. Most models have an
aspect ratio of 1:1 and some have a 6:1 aspect ratio. The models con-
tain two compositional components: pile material and background
mantle material. The intrinsic density anomaly of pile materials with
respect to background mantle material is represented by the buoy-
ancy number (B), and the intrinsic density anomaly of an element in
the model domain is calculated by the product of B and the fraction
of pile materials within the element, which is defined as the effective
buoyancy ratio, or B (Methods). The reference values used here are
listed in Supplementary Table 1. The viscosity depends on composi-
tion, but temperature-dependent viscosity is also employed in some
cases. The Rayleigh number (Ra) is 1x 10° for all cases, but mantle
viscosity varies in each case, which leads to a wide range of effective
Rayleigh numbers and vigour of convection. Supplementary Data
1 lists the parameters for all models used in this study. Additional
details about model setup are in the Methods section.

Shortly after initial condition, the pile materials are pushed into a
thermochemical pile (for example, Fig. 2a—c). We define the height
of a thermochemical pile as the vertical distance from the bottom
of the model to the depth location above the CMB where the lat-
eral extent of the pile drops below 5% of the lateral extent of the
pile at the bottom (Fig. 2d-1). We measure the pile height for each
timestep during a time window when the model statistically reaches
quasi-steady state. Then, we calculate the average and the standard
deviation of the pile height during this period.

We define a reference case with a buoyancy number of 0.8
and a viscosity of 2x 10*Pas for the pile materials that initially
occupy the lowermost 7% of the model domain and a background
mantle viscosity of 2x10*?Pas. We first show the effect of ini-
tial volume of pile materials on the height of the pile. We vary
the initial pile volume from 3% to 11% of the model domain and
find that the pile height is not significantly affected by the volume
of pile materials (Figs. 2a—f and 3a). Adding more pile material
to the model domain increases only the lateral extent of the pile
but not its vertical elevation (Fig. 2d-f). We do not consider cases
in which the pile material occupies more than 11% of the model
domain, because a global layer of pile material forms in these cases
that is inconsistent with the LLSVPs that are spatially isolated. In
models where the initial volume of pile material is less than 3%
of the model domain and other parameters are kept the same as
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Fig. 2 | The effects of volume and buoyancy number of pile materials and background mantle viscosity on the height of piles. a-I, Snapshots of temperature
(a-c), composition, represented by effective buoyancy ratio (d-i), and viscosity (j-I) fields in cases where pile volume is 4% (a,d), 7% (b,e) and 11% (c.f)

of model domain; pile buoyancy number is 0.5 (g), 0.7 (h) and 1.1 (i); and background mantle viscosity is 1x10%Pas (j), 2x10%Pas (k) and 4 x10%Pas (D).
The temperature (a-c) and composition (d-i) are dimensionless values. White lines in d-f show initial pile heights. H in d-I shows final pile height.

the reference case, the pile is quickly entrained into the ambient
mantle, even when we double the model resolution. A pile with
a volume much less than ~3% of the model domain could have a
much lower height than larger piles” and could be stable if they
also have high intrinsic density (such as the compositionally dis-
tinct ultra-low velocity zones*), but the volume of the pile is not
comparable to the LLSVPs, which have been estimated to be as
large as 8% of mantle volume’.

We investigate the effects of buoyancy number B on the pile
height. We find that when B is smaller than 0.45, the pile material
becomes unstable and is mixed into the background mantle quickly,
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and when B is larger than 1.25, the pile material forms a stable global
layer at the bottom. Snapshots of three cases with B of 0.5, 0.7 and
1.1 are shown in Fig. 2g-i, and Fig. 3b shows the pile height for 16
cases with B from 0.5 to 1.25. As expected, the pile height decreases
substantially with increases of B.

We investigate the influence of background mantle viscosity (17,,)
on the height of the pile. We vary n,,, in 26 cases from 2x 10> Pas
to 5X 10% Pas and keep other parameters the same as the reference
case. We find that the height of the pile increases with r,,, (Figs. 2j-1
and 3c). However, the influence of 7,, on pile height becomes weak
when 7, is larger than ~10x 10 Pas (Fig. 3¢).
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Fig. 3 | Effects of model parameters on the height of piles. a-d, Parameters
include pile volume (a), buoyancy number (b), background mantle viscosity
(¢) and pile viscosity (d). Each blue dot shows the average pile height

in a 2D model under statistically steady state with error bars showing

the standard deviation. Orange triangles show pile heights in 3D models
with same parameters as their corresponding 2D models. Red and black
triangles represent the reference 3D model with black triangle for higher
resolution. Reference 2D and 3D models use a buoyancy number of 0.8 and
a viscosity of 2x10%° Pass for pile materials.

We also explore how the viscosity of pile material affects pile
height. We vary the pile viscosity from 1.4X 10" Pas to 2x 10*Pas
in 32 cases and keep other parameters the same as the reference
case. We find that the height of the pile in these cases is similar to
the reference case and we observe a moderate increase of pile height
(by up to 150km) when the pile viscosity is at least hundreds of
times higher than the background mantle (Fig. 3d).

The results shown above demonstrate that the height of a stable
thermochemical pile is much more controlled by the background
mantle viscosity and the buoyancy number of the pile material than
the pile viscosity and pile volume in the range of 3-11% of model
domain. These results are consistent with previous studies showing
pile height scales with Ra by Ra~"* (proportional to the reference
mantle viscosity)*>*> and with the buoyancy number by B=%* (ref. *!).
As shown in Extended Data Figs. 6 and 7, a smaller B leads to larger
residual buoyancy of piles, making the piles easier to be pushed up
by convection currents, and a higher 7, leads to larger deviatoric
stresses at the pile margins, which may cause larger pile height.
However, the pile viscosity and volume neither affect the pile buoy-
ancy nor the deviatoric stresses applied to the pile margins from
outside, which may explain why they do not considerably affect
the pile height.

We next show the pile height for different combinations of pile
B and n,,,. We systematically vary the B from 0.4 to 1.25 and the #,,,
from 2x 10> Pas to 5X 10 Pas, and 450 individual models are run
for different combinations of the two parameters (Supplementary
Data 1). To avoid the influence of the minor mantle temperature
differences between different models, we also perform a reference
case and allow the temperature field to reach quasi-steady state after
which we restart the case but change the B and #,,,. This gives us
another 450 models (defined here as re-run models, Supplementary
Data 1). We compute the pile height when it reaches a new
quasi-steady state but before there are any noticeable temperature
changes (>95% similarity, Supplementary Data 1) in the mantle.
This approach allows all the re-run models to have nearly the same
temperature-controlled part of the buoyancy fields.

1,800
T +3.00
S 1,600
2 L2.75
3 o 1,400
£ F250 @ T
: 2 &
5 Loos & 1,200 3
<= E Y
1) F2.00 © 1,000 ©
£ s °
3 -1.75 < 800 §
3 L150 & =
g EEEEEED 600
g EEEEEDEnEnnn - 1.25
a CT T T [s[la]ala]aa[aafaala]s&[a@[=]=]=|<| 400

0.4 - 5 E - 1.00

0206 1014182226 303438424650
Background mantle viscosity (x10% Pa s)

Fig. 4 | The height of piles as a function of pile buoyancy number and
background mantle viscosity. Pink stars (blue triangles) show cases in
which the heights of piles are 600-900 km (1,500-1,900 km), which are
comparable to the heights of the Pacific (African) LLSVP of 700-800 km
(1,600-1,800 km) after considering that the heights of piles have an
uncertainty of ~100 km. Grey crosses show cases in which thermochemical
piles are not stable.

Figure 4 shows pile height as a function of B and #,, for the
450 re-run models, which shows results nearly the same as the
individual models (Extended Data Fig. 8). The pink stars (blue
triangles) mark cases in which the pile heights are comparable to
the height of the Pacific (African) LLSVP. We find that the height
of the Pacific LLSVP can be explained by a wide range of B and 7,,,,
and there is a clear trade-off between the two parameters.
However, the height of the African LLSVP can be explained only
by B in a narrow range of 0.45-0.55. For B of 0.55, the 1, required
to explain the African LLSVP height is more than 4X 10*Pas,
which is unrealistically high'”*. Piles can become taller as B fur-
ther decreases; however, for B lower than 0.45, piles become less
stable (grey crosses in Fig. 4) with more than half of their volume
mixed into the background mantle after ~4.6 Gyr.

Effects of additional model complexities
We test cases with an aspect ratio of 6:1 and find that effects of the
aspect ratio on pile heights are very minor (Extended Data Fig. 9).
Cases with temperature-dependent viscosity are also performed
(Supplementary Data 1), in which the #;, near the pile margins is
greatly reduced due to the increase of temperature, and as a result,
the pile height is reduced. We find that the viscosity in regions
close to the pile edges plays a controlling role for the pile height
(Supplementary Fig. 4), which is consistent with previous labora-
tory experiments*>*>*". The #,, near pile margins and the pile height
would further decrease with a more strongly temperature-dependent
viscosity (Supplementary Fig. 4), making it more difficult to explain
the large African LLSVP height. We also perform six 3D models
in spherical geometry with different initial pile volume, pile vis-
cosity, pile B, 1, and model resolution. The setup of 3D models is
described in the Methods section. Except the difference of geom-
etry, the model parameters are kept the same as the corresponding
2D models. We find that the pile heights in 3D models are simi-
lar to their corresponding 2D models (Fig. 3 and Extended Data
Fig. 10). Adding more model complexities such as spin transition
in the lower mantle’' and compositional dependence of compress-
ibility™ would affect the pile height, but may not explain the large
(~1,000km) height difference between the two LLSVPs because
they would affect the heights of both LLSVPs in a similar way.

One possibility is that the seismically observed LLSVPs may
contain an inner domain of thermochemical piles and an outer
domain of purely thermal structures and thus the measured LLSVP
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heights defined in Fig. 1 are larger than that of the thermochemi-
cal piles. The purely thermal parts of LLSVPs could be caused by
a thermal boundary layer around the margins of thermochemical
piles or thermal mantle plumes. However, the thickness of the ther-
mal boundary layer may be small (for example, less than ~100km,
Fig. 2a-f), and mantle plumes probably occur on both LLSVPs.
Therefore, under this possibility, it remains difficult to explain the
large height difference for the two LLSVPs. In addition, seismic
observations by Simmons et al.”> showed that the thermochemical
section of the African LLSVP reaches more than 1,500 km above the
CMB, but there is no such evidence for the Pacific LLSVP.

We here focus on quasi-steady state features of piles. If the
Earth’s mantle dynamics are not close to a steady state, it is plau-
sible that the heights of LLSVPs are changing, perhaps differently,
over time. The uplift history during the Oligocene in the African
continent may support this idea™. Davaille” found that piles can
oscillate between phases of rising and collapse, which may explain
different heights of two LLSVPs if they are in different phases of
oscillation. However, in their experiments, the pile materials cover
more than half the depth of a tank, and a continuous global layer
always covers the bottom of the tank during the oscillatory process,
which is different from the seismically imaged LLSVPs (which are
spatially isolated). It remains unclear if such oscillatory behaviour
still occurs if the volume of pile materials is comparable to that of
LLSVPs. Nevertheless, the piles oscillating up and down in the tank
experiments are unstable structures, which is in line with our inter-
pretation that the African LLSVP may be unstable, although our
results do not rule out the possibility that the Pacific LLSVP may
be unstable as well.

Implications for distinct LLSVP compositions and evolution
histories

To summarize, the ~1,000km larger height of the African LLSVP
compared with the Pacific LLSVP indicates that at least the African
LLSVP is unstable, and the vast height difference implies that the
two LLSVPs may have different densities and thus different com-
positions. The compositional difference between the LLSVPs is
corroborated by a recent study of radiogenic isotopes (lead, neo-
dymium and strontium) on plume-induced basalts above LLSVPs,
showing the African LLSVP is enriched by less dense subducted
upper continental materials during the Pangaea supercontinent
cycle but no such feature in the Pacific LLSVP*. The composi-
tional difference of the LLSVPs may be caused by their different
long-term interactions that lead to a different amount of material
exchange with the surrounding mantle. Our results thus imply
different evolution and dynamics of the two LLSVPs.
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Methods

Governing equations. We perform geodynamic calculations by solving the
following non-dimensional equations of conservation of mass, momentum and
energy under the Boussinesq approximation:

V-i=0 1)
—VP+ V- (ne) =Ra(T—-BCO)Z 2)
I (G-V)T=VT+Q ®3)

where 1 is the velocity, P is the dynamic pressure, 7 is the viscosity, € is the strain
rate, Ra is the Rayleigh number, T'is the temperature and B and C are the buoyancy
number and composition, respectively. Z is the unit vector in the vertical direction,
tis the time and Q is the internal heating rate. The intrinsic density anomaly of
pile materials is represented by the buoyancy number defined as B = Ap/(paAT),
where Ap/p is the intrinsic density anomaly of the pile material compared with

the background mantle, « is thermal expansivity and AT is temperature difference
between the surface and CMB. We define the product of B and C as the effective
buoyancy ratio, or B*. Non-dimensional Rayleigh number (Ra) is defined as

Ra = (p,gaoATD?)/(51,k0), where pq, g, a0, 1, and ko are the background mantle
reference density, the gravitational acceleration, the reference thermal expansivity,
the reference viscosity and the reference thermal diffusivity, respectively, and D is
the thickness of the mantle.

Most cases are computed in 2D Cartesian geometry using an aspect ratio of 1:1
with 256 X 256 elements, but models with an aspect ratio of 6:1 (for example, with
1536 X 256 elements) are also performed and are found to have little difference
compared with square geometry. To solve the conservation equations, we use a
modified version of the convection code, Citcom™, that includes thermochemical
convection and composition-dependent rheology. We exclude internal heating for
all models in this study, which is more appropriate for our 2D Cartesian models*°.
The initial temperature is 0.5 everywhere with small perturbations. The top and the
bottom surface are isothermal with T=0 and T'=1, respectively. All boundaries are
free-slip. The side boundaries are reflective and insulating.

A ratio tracer method”” with eight million tracers was used for the advection of
the compositional field. On average, each element has 20 randomly distributed tracers
which are advected with mantle flow. Initially, a global layer of pile material was
introduced to the lowermost mantle, which was later pushed by cold downwellings
into a thermochemical pile to the side boundaries of the model domain.

Pile materials are consistently entrained up and mixed into the background
mantle, affecting the density of the background mantle. We therefore change pile
materials into background mantle materials once they are entrained to the upper
mantle. Some background mantle materials are mixed into the thermochemical
piles as well, but they do not substantially affect the intrinsic density of the piles.
For example, the intrinsic density of the thermochemical pile in the reference case
changes by less than 0.3% after ~4.6 Gyr.

Six regional spherical 3D models are computed to compare with 2D results.
Equations (1-3) are solved using the CitcomCU code™, which is available at https://
geodynamics.org/cig/software/citcomcu/. The dimension of the computational
domain is very close to our 2D case but is in 3D. The domain is divided into
128128 x 128 elements in the horizontal and vertical directions, respectively. To
make better comparison with the 2D case, we use the same Rayleigh number and
viscosity law as in the 2D models. We first find five representative 2D models with
different initial pile volume, pile viscosity, pile buoyancy number and background
mantle viscosity. For each 2D model, we construct a corresponding 3D model with
the same physical parameters for pile and background mantle materials. For each
3D model, we use an initial temperature that is equal to the steady-state average
background mantle temperature in its corresponding 2D model, and we adjust
the internal heating rate to make the 3D model have a similar average background
mantle temperature as its corresponding 2D model. In addition, we impose a
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constant westward surface velocity in 3D models, with its value the same as the
steady-state average surface velocity in the corresponding 2D models.
The parameters for all cases used in this study are listed in Supplementary Data 1.

Data availability

All seismic tomography models are downloaded from the SubMachine™ website.
The seismic data and all other source data about geodynamic modelling results
presented in this study are available at https://figshare.com/projects/Yuan_
Li_2022_NG/129185. The seismic data include 17 global shear-wave models,
including TX2011?, GyPSuM-S"°, SAW642ANDb', SEMUCB-WM1", SEMum'%,
SGLOBE-rani"’, TX2015%, SEISGLOB1*, SEISGLOB2*, HMSL-S06*, PRI-S05*,
SP12RTS-S*, SPani-$*, S20RTS”, S362ANI+M?*, S40RTS* and SAVANTI*.

Code availability

The author’s modified 2D Citcom code used in this study is available from https://
figshare.com/projects/Yuan_Li_2022_NG/129185. The CitcomCU code is available
at https://geodynamics.org/cig/software/citcomcu/.
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Extended Data Fig. 1| Cross-section locations through two LLSVPs used for depth profiles of the averaged V, anomaly. A1-A10 and B1-B5 are for African
LLSVP while C1-C5 and D1-D13 performed for Pacific LLSVP. A4, B4 and C2, D6 are the four cross-sections that were found bear the maximum height for
African and Pacific LLSVP, respectively. They are respectively named as AA”, BB and CC", DD in the main text. All section data are downloaded from
the SubMachine website™. The 17 global S-wave models are TX2011?, GyPSuM-S", SAW642ANb'®, SEMUCB-WM1”, SEMum'®, SGLOBE-rani®, TX2015%,
SEISGLOB1?, SEISGLOB2%, HMSL-S06%%, PRI-S05%, SP12RTS-S%, SPani-S?°, S20RTS?, S362ANI + M?, SA0RTS?’, SAVANI®°. This figure was generated

using GMT software version 6.0.0 (https://www.generic-mapping-tools.org/).
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Extended Data Fig. 2 | Depth profiles of the dV; (gray dashed line) and their gradient (blue lines) at 2 selected vertical cross-section locations through
the African LLSVP. 3, c, the gradient of the dVs as a function of depth for African A4 and B4 vertical cross-sections as shown in Extended Data Fig. 1. b, d,
similar to panel a and ¢, but only the negative values of dV, are used when calculating the dVs. Below the turning point (yellow filled circle) the gradient is
mostly positive (shown by the vertical red dotted lines), while above which the gradient is fluctuating around O (shown by the vertical black dotted lines).
The gradient is defined by the change of dVs over the change of radius.
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Extended Data Fig. 3 | Depth profiles of the dV; (gray dashed line) and its gradient (blue line) at 2 selected vertical cross-section locations through
the Pacific LLSVP. a, c, the gradient of the dVs as a function of depth for Pacific C2 and D6 vertical cross-sections as shown in Extended Data Fig. 1. b, d,
similar to panel a and ¢, but only the negative values of dV, are used when calculating the dVs. Below the turning point (yellow filled circle) the gradients
are mostly positive (shown by the vertical red dotted lines), while above which the gradient is fluctuating around O (shown by the vertical black dotted
lines). The gradient is defined by the change of dVs over the change of radius.
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Extended Data Fig. 4 | Depth profiles of the dVs at 15 vertical cross-section locations through the African LLSVP. a, the horizontally averaged dVs as a
function of depth for the 10 vertical cross-sections as shown in Extended Data Fig. 1. b, similar to panel a, but only the negative values of dV, are used when
calculating the dVs. ¢, the horizontally averaged dVs as a function of depth for the 5 vertical cross-sections as shown in Extended Data Fig. 1. d, similar to
panel ¢, but only the negative values of dV, are used when calculating the dVs. The yellow filled circle marks the turning point we defined as the maximum

height in main text.
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Extended Data Fig. 5 | Depth profiles of the dV; at 18 vertical cross-section locations through the Pacific LLSVP. a, the horizontally averaged dVsasa

function of depth for the 5 vertical cross-sections as shown in Extended Data Fig. 1. b, similar to panel a, but only the negative values of dV, are used when
calculating the dVs. ¢, the horizontally averaged dVs as a function of depth for the 13 vertical cross-sections as shown in Extended Data Fig. 1. d, similar to
panel ¢, but only the negative values of dV, are used when calculating the dVs. The yellow filled circle marks the turning point we defined as the maximum
height in main text.
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Extended Data Fig. 6 | The effects of model parameters on the height of piles revealed by the field of residual buoyancy (with the horizontal averaged
removed). a, the reference case. From b to f, only one parameter is modified from the reference case, they are respectively the initial volume of pile
materials (11%) (b), pile viscosity (30 times higher than the reference run) (c), 25 times higher background mantle viscosity (d), a larger buoyancy
number of 1.2 (e), and smaller buoyancy number of 0.6 (f). Green curves show pile edges.
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Extended Data Fig. 7 | The effects of model parameters on the height of piles revealed by the deviatoric stress. All cases here from a-f are the same
corresponding to that in Extended Data Fig. 6. The green curves show the pile edges.
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Extended Data Fig. 9 | The effect of different geometry on pile height. a and b show the composition and temperature fields respectively for a model
of same parameters with the reference case but with aspect ratio of 6. ¢, Blue solid circles show the height of pile from models with aspect ratio of 1,
and orange solid circles show the height of pile from models with aspect ratio of 6. The error bar of each calculation refers to one standard deviation of
the maximum heights from different timesteps when the model reached steady state. The composition field in panel a shows pure background mantle
materials (Bf=0), pure pile materials (Bf=0.8), or a mixture between them (intermediate values).

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE ARTICLES

=ib 2| C
vy = )
o (]
S S 1.0
—~& ~ 09 §
E E 08 :5
e et 4 078
ﬁf ﬁf 0.6 =
B o B o 05 £
=8 an 8 04 O
0]
03 &
o o 02 £
%W A i~ | [} 012
u | 0.0 <
- - 16000 20000
Compositional field 0 4000 8000 12000 0 4000 8000 12000
P Time (Myr) Time (Myr)
=d | © s | f %
el 4 & N 1.0
= o o 0.9 g
= = = 0.8 5
—~a —_ —_ =
== = Zs 0.6 &
=2 =5 =7 05 £
.20 .2h = 04 S
T g T8 ZEl 03 &
- - = 02 &
o - 01 2
2 7/\/‘/‘_“‘“ = = 0.0 <
(=] (= T T T T T (=} T T T
0 4000 8000 12000 14000 18000 22000 0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000
Time (Myr) Time (Myr) Time (Myr)

Extended Data Fig. 10 | The setup and height of piles in 3D models. (a), snapshot of the compositional field in the 3D reference case whose parameters
are the same as the 2D reference case. Only the lowermost 1,000 km of the model domain is shown. (b-f), the laterally averaged composition as a function
of depth (represented by the height above the CMB) and time for the 3D reference model (b), and other 3D models with 4% more initial pile volume (¢),
100 times higher pile viscosity (d), 20 times higher background mantle viscosity (e), and a smaller buoyancy number of 0.5 (f). The black curves show
the contours at average composition of 0.05, which are defined as the top of the thermochemical piles. The yellow curve in (b) are the same contour of a
higher resolution case, whose parameters are the same to the 3D reference model.
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