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Unique composition and
evolutionary histories of large low
velocity provinces

James Panton'™, J. Huw Davies?, Paula Koelemeijer?, Robert Myhill* & Jeroen Ritsema*

The two “large low velocity provinces” (LLVPs) are broad, low seismic wave speed anomalies in Earth’s
lower mantle beneath Africa and the Pacific Ocean. Recent research suggests they contain relatively
dense subducted oceanic crust (SOC), but the relative concentration of this recycled material within
them is an open question. Using simulations of 3-D global mantle circulation over the past 1 Gyr, we
find that two antipodal LLVPs develop naturally as a consequence of Earth’s recent subduction history
and the gravitational settling and stirring of SOC. Shear-wave velocity reductions in the two LLVPs
are similar due to the dominating influence of temperature over composition. However, the formation
histories are distinct. Circum-Pacific subduction of oceanic lithosphere has continuously replenished
the Pacific LLVP with relatively young SOC since 300 Ma, while the African LLVP comprises older, well-
mixed material. Our models suggest the Pacific LLVP stores up to 53% more SOC produced in the last
1.2 Gyr than the African LLVP, potentially making the Pacific domain denser and less buoyant.

The large low velocity provinces (LLVPs) are broad, spherical harmonic degree 2, seismic wave speed anomalies
in the lower mantle beneath the Pacific and Africal. Their composition, formation, and longevity have been the
focus of many geodynamic and seismological investigations?~>, as the nature and evolution of these structures
provide important insights into the deep and shallow processes that have shaped our planet. Tomographic
models consistently find wave speed reductions of 1% to 3% for both the African and Pacific LLVPs®, with
typically a stronger reduction for the shear-wave velocity than compressional-wave velocity. Together, the two
structures cover about 25-30% of the core surface', but the African LLVP may reach up to 550 km higher above
the core-mantle boundary (CMB) than its Pacific counterpart”®. Deep rooted mantle plumes are often associated
with the interiors and edges of the LLVPs’, and the structures themselves are thought to migrate laterally over
time'?. In addition, there may be lateral isotopic variations within each LLVP!! as well as depth variations in bulk
composition'2. Following decades of research, the prevailing idea is now that the LLVPs represent anomalously
hot regions!® with a different bulk chemistry than the ambient mantle and that their locations and geometries
are strongly influenced by Earth’s subduction history!*!>.

There are two end-member views on the formation of thermo-chemical LLVPs. One is that the LLVPs may
be enriched in iron-rich, primitive crust'? or other primordial material'®!”. Primordial enrichment may be the
result of upside down differentiation'® or the moon-forming impact of the proto-Earth with Theia'®. In either
case, LLVPs enriched with a primordial component must be denser and/or more viscous than the surrounding
material to resist entrainment into the convecting mantle?’. Alternatively, and the point of view we take in
this study, LLVPs may be areas of the lower mantle that are enriched in subducted oceanic crust (SOC)*"?,
replenished continuously by subduction?*?*. The model of LLVPs being enriched in SOC is attractive as seismic
tomography informs us that subducted slabs enter the lower mantle?®, while the geochemical analysis of lavas
sourced from deep-rooted plumes typically associated with the LLVPs?, show them to contain a significant
component of SOC?~2°,

Previous mantle circulation modeling has demonstrated that the locations at which slabs enter the lower
mantle cause primordial thermochemical piles to be pushed together and subsequently split apart again'®!* with
the evolving overlying pattern of subduction zones. This leads to mobile thermochemical structures at the base
of the mantle and indicates a strong relationship between the present day LLVPs and recycling of SOC*. As a
result of Earth’s reconstructed plate locations, large (degree 2) structures dominate the lowermost mantle for the
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majority of the last 1 Gyr'®, indicating that LLVP-like features may have been present for much of Earth’s recent
history.

While there have been numerous studies into the formation of LLVPs from a dense primordial layer, e.g.
studies of the contribution of SOC to LLVP formation have largely been limited to 2D geometry?*3>34, but have
been able to illustrate the major controls. Christensen and Hofmann*? were the first authors to explicitly attempt
to simulate the subduction of oceanic crust into the mantle, finding that SOC could segregate to the lowermost
mantle for extended periods of time given a high enough excess density. Work by Li and McNamara?” highlighted
that SOC near the CMB could readily be entrained by strong plumes, casting doubt over the role that SOC
might play in LLVP formation. However, later work by Mulyukova et al.?* showed that continuing subduction
could replenish the SOC budget of the lower mantle, leading to the idea that thermochemical LLVPs may be
compositionally heterogeneous, rather than overwhelmingly dominated by a single composition. Regarding the
shape of the LLVPs, several modelling studies indicate that the intrinsic (chemical) density of SOC strongly
controls the lateral extent of thermochemical LLVPs, and that the relative viscosity between the LLVPs and
the ambient mantle influences their morphology®!*>. Two-dimensional simulations also show that changing
subduction patterns affect the distribution of LLVP material in the lowermost mantle®*, with accumulations
being redistributed around the CMB by incoming slabs. With this previous work in mind, a 3-D approach is the
next necessary step to better understand the effect of Earth-like subduction patterns on the formation of LLVPs
from SOC.

To investigate in 3-D the transport and accumulation of SOC in the mantle we use the mantle circulation code
TERRA3**%7 (“Dynamic simulations”). A 3-D approach allows us to include Earth-like plate subduction history
and perform geographically referenced comparisons between simulations and observations. We estimate the
shapes and locations of the LLVPs, how LLVPs develop over time, and map differences in their bulk composition
(i.e., SOC enrichment) and age (i.e, most recent melting of SOC) to gain understanding of their long-term
evolution.

30-32
>

Numerical simulations of LLVPs

We solve the governing equations of mantle convection under the Boussinesq approximation, with isothermal
boundary conditions and a depth and temperature-dependent viscosity (“Dynamic simulations”). Kinematic
reconstructions of plate motions*®3? are used to constrain surface plate velocities and therefore the paleo-
locations of subduction zones and spreading ridges over the past 1 Gyr. This long simulation time captures the
cycle of oceanic crust segregation from the subducted lithosphere, descent through the mantle, accumulation
of SOC at the CMB, and entrainment and replenishment>*?. The plate reconstructions of Miiller et al.*® have
been constructed to fit hot spot age tracks, optimise trench migration behaviour and minimise net lithospheric
rotation. The resulting model gives absolute plate motions in a mantle reference frame, making it ideal for our
use case. The precursor plate model by Merdith et al.* is set up in a palaecomagnetic reference frame, which
ultimately leads to increasingly larger differences between the two models going back in time.

Oceanic crust is generated via a melting process**~*? at mid-ocean ridges, with the material recycled into the
mantle in plate convergence zones (“Particles”). The flux of oceanic crust into the mantle is therefore not imposed,
instead it is a function of the oceanic crust production rate and the plate velocities. Bulk composition (C) is
parameterised as a scalar which ordinarily varies between 0 and 1, with three principal lithologies prescribed
in our model: harzburgite (C' = 0.0), lherzolite (C' = 0.2), and basalt (C' = 1.0). For simplicity we use this
terminology when referring to high pressure assemblages of these lithologies. The temperature and composition
fields are converted to seismic velocities (Methods 6.3) and adjusted for the tomographic resolution to facilitate
a comparison with S40RTS*} (Methods 6.4).

We focus the discussion on the results of reference simulation RCY (Table 1). Simulation RCY features a
radial viscosity profile of three layers (Supplementary Figure S1) with lateral variations in viscosity determined
by temperature variations (“Dynamic simulations”). RCY predicts present-day accumulations of SOC in the
lower mantle under the Pacific and Southern Ocean (Fig. 1h) and elevated temperatures in the lower mantle
beneath the Pacific and southern Africa (Fig. 1g), where plumes are preferentially formed (Fig. 1a,d).

Name Buoyancy number of SOC | Viscosity profile | Tcnmp (K) | Primordial layer thickness (km) | Plate model

RCY 0.66 viscl 3000 - Miiller et al. (2022)
B=044 0.44 viscl 3000 - Miiller et al. (2022)
B=022 0.22 viscl 3000 - Miiller et al. (2022)
visc2 0.66 visc2 3000 - Miiller et al. (2022)
visc3 0.66 visc3 3000 - Miiller et al. (2022)
CMB2800 | 0.66 visc2 2800 - Miller et al. (2022)
CMB2600 | 0.66 visc2 2600 - Miiller et al. (2022)
PRM 0.66 viscl 3000 150 Miiller et al. (2022)
COMP 0.66 viscl 4000 - Miller et al. (2022)
MER 0.66 viscl 3000 - Merdith et al. (2021)

Table 1. Table of model parameters, showing the buoyancy number, viscosity profile and CMB temperature
used in each simulation. Note that most simulations are incompressible and an adiabatic contribution must be
added to compare to Earth. Viscosity profiles are plotted in Supplementary Figure SI.
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Fig. 1. Present day mantle structure predicted by simulation RCY showing temperature (a, d, g), bulk
composition (b, e, h), and converted shear-wave speed filtered using the resolution of seismic tomography
model S40RTS* (c, £, i) at 2212 km (top tow), 2528 km (middle row) and 2845 km (bottom row) depth. The
colour scale for bulk composition is centred on C' = 0.2, which is the average composition for the mantle,
with purple colours indicating depleted material and green colours indicating enriched material. The seismic
velocities are obtained by assuming that the bulk composition C of the tracer fields represents a mechanical
mixture of the 3 principal lithologies (Methods 6.3). Red lines plotted on top of shear-wave velocity maps
outline the margins of the LLVPs in a“vote map” of 18 shear wave tomography models®"*2, indicating where at
least 5 models are in agreement.

The low shear-wave velocity anomalies (6V5) beneath Africa and the Pacific are in similar locations and have
similar shapes as the LLVPs in S40RTS (Fig. 1c, f, i, Supplementary Figure S2). This is also evident from the
strong positive correlation between the 6V structure in RCY and S40RTS throughout the lower mantle up to
spherical harmonic degree 4 (Supplementary Figure S3). Henceforth, we refer to these low 6V structures as the
simulated large low velocity provinces, or s-LLVPs, but we note that the LLVPs in S40RTS and the s-LLVPs in
RCY are not exactly similar. The s-LLVPs in RCY are broader (Supplementary Figure S4), the Pacific s-LLVP is
more spatially discontinuous (Fig. 1¢, f, i), and the s-LLVP beneath Africa is connected to the Pacific s-LLVP at
its southeastern tip. The shear-wave velocity reduction is slightly smaller than in model S40RTS, especially in the
lowermost mantle (Supplementary Figure S4i,j).

The buoyancy number of SOC of 0.66 corresponds to a lower mantle excess density of +4.5% for basalt
relative to the average mantle. This is slightly larger than estimates from mineral physics*4~*¢. For a compressible
mantle, this translates to a value of +2.1%, similar to recent calculations of the excess density of SOC in the
lower mantle*4*°,

Nine additional simulations (Table 1) explore the effects of the assumed buoyancy of SOC in the lower mantle
(B =0.44 and B = 0.22)*4-%, the mantle viscosity structure (visc2 and visc3)*’, the CMB temperature (CMB2800
and CMB2600)*%, the effects of compressibility (COMP), the presence of dense primordial material at the
CMB (PRIM), and the choice of plate motion history (MER)*°. With the exception of simulation visc2, all
simulations have a total weighted layer correlation greater than the critical value of 0.3 up to degree 8 (p = 0.01
from Becker and Boschi*®) for depths greater than 1100 km (Supplementary Figure S5). Simulation MER has
the lowest correlation to S40RTS through much of the lower mantle, which likely reflects differences in the plate
motion reconstruction prior to 300 Ma.

Evolution, composition, density and age differences between s-LLVPs

To interrogate the African and Pacific s-LLVPs individually, we first isolate the low velocity regions using a
K-means clustering technique applied to the filtered 6V, field (Methods 6.5). We then separate the African
and Pacific regions based on a longitude cut-off. The differences in the radially averaged bulk composition,
temperature, and Vi of the Pacific and African s-LLVPs in the lowermost 680 km of the mantle depend on the
property considered. If measured by the depth-integrated areal extent of the s-LLVPs over each radial layer
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(Fig. 2d), the African s-LLVP is only 5% more voluminous than the Pacific s-LLVP (Fig. 2d). Their average
temperature and shear-wave velocity (Fig. 2b,c) differ by up to only 3.9 and 0.18% respectively.

However, the difference in composition is large. Above 2700 km depth, the bulk composition of the African
s-LLVP is similar to the mantle average value of C' = 0.2 (Fig. 2a), increasing to C' = 0.35 at the CMB. In
contrast, the Pacific s-LLVP contains a broader range of compositions (Fig. 3a-d), and it is enriched in basalt
compared to the average mantle by up to 53%. Basalt enrichment of the Pacific s-LLVP is accompanied by
reduced harzburgite and lherzolite fractions, with the harzburgite fraction being particularly small in the
lowermost mantle (Fig. 3a). The compositional disparity between the Pacific and African s-LLVPs occurs in
all simulations, although the degree of enrichment in SOC varies. For instance, in simulations with different
radial viscosity profiles in the lower mantle (Supplementary Figure S7), the Pacific s-LLVP is enriched by up
to 58% and 25% compared to the African s-LLVP for simulations visc2 and visc3 respectively. At lower CMB
temperatures, the Pacific s-LLVP is also enriched relative to the African s-LLVP (Supplementary Figure S8), and
the same difference is observed when using a compressible equation of state (Supplementary Figures S9, S3j-1).
Even when using a plate reconstruction model that differs significantly before ~ 300 Ma (Merdith et al.*, case
"MER, Table 1), we find that the Pacific s-LLVP is strongly enriched in SOC compared to the African s-LLVP
(Supplementary Figure S9e). This implies that SOC enrichment of the Pacific s-LLVP is a robust result in our
simulations and indicates that the circum-Pacific downwellings during the past 300 Myr strongly influence the
distribution of SOC in the lower mantle!>3°,

The melting age, defined as the average time since particles in a cell underwent melting, offers an insight into
the reworking history of s-LLVPs (Fig. 3g). For the African s-LLVP, the melting age distribution is mostly skewed
towards older ages (high melting age), with greater proportions of younger (low melting age) material in the
lowermost ~ 150 km of the mantle. This implies that much of the constituent material of the African s-LLVP has
been sequestered in the lower mantle for ~ 1 Gyr. Conversely, the melting age distribution for the Pacific s-LLVP
is a Gaussian centered on an age of 750 Myr down to ~ 2600 km depth. At greater depths the melting ages are
skewed to lower values (Fig. 3g). This suggests that on average the constituent material of the African s-LLVP is
older than in the Pacific s-LLVP, and that there has been a large and recent influx of young SOC into the base of
the Pacific s-LLVP. This may indicate that the African s-LLVP was formed prior to the Pacific s-LLVP or that in
recent times young SOC accumulates preferentially in the Pacific s-LLVP.

Simulation RCY predicts how the subducted oceanic crust accumulates (Fig. 4) and how it has been
redistributed by mantle circulation over the past 1 Gyr. A large volume of SOC converges in the northern
hemisphere from the beginning of the simulation until 800 Ma. Between 800 and 600 Ma, this volume begins
to split while new SOC enters the lower mantle from subduction primarily at mid to low latitudes. From 600
to 400 Ma, the subduction zones migrate into a circum-planetary girdle and the accompanying downwellings
push SOC away from these regions. At 300 Ma, strong lateral flow in the lowermost mantle brings SOC under
the present-day Pacific region, while weak flow beneath present-day Africa allows SOC accumulations to move
slowly south (Fig. 4, Supplementary Video SV1). From 200 Ma to present day, SOC continues to be added
beneath the Pacific region, replacing the material that was lost through entrainment by persistent plumes, as
implied by the melting age distribution (Fig. 3g). A steady rate of replenishment of young SOC?*?* therefore
enables the Pacific s-LLVP to be maintained. Accumulations of SOC beneath present-day Africa continue to

Radial average s-LLVP properties for RCY
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Fig. 2. Radial average of present day s-LLVP properties in simulation RCY, showing (a) bulk composition, (b)
temperature, (c) predicted absolute shear-wave velocity (unfiltered) in the African s-LLVP (solid lines) and
Pacific s-LLVP (dashed lines) and (d) the areal extent of each s-LLVP in each radial layer. A theoretical adiabat
(Supplementary Figure S6) has been added to the temperature field to account for model incompressibility.
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Fig. 3. Histograms for bulk composition, temperature, shear-wave velocity (Vs, unfiltered), melting age and
density of the African (left plot in each panel) and Pacific (right plot in each panel) s-LLVPs. The proportions
of (a) harzburgite, (b) lherzolite, and (c) basalt together define the (d) bulk composition. We also plot the (e)
temperature, (f) predicted absolute shear-wave velocity, (g) melting age and (h) density distributions. Due to
the isothermal boundary condition of the simulation at the CMB, the temperature is not plotted at this depth.

migrate south and are almost completely removed from the lowermost mantle by a strong plume that develops
in the Southern Indian ocean. The entrained SOC is replaced by relatively old, depleted and well-mixed material
compared to that which replenishes the Pacific s-LLVP (Figs. 4, 5).

In simulation RCY, the lower mantle excess density of basalt relative to the average composition (+4.5%) is
greater than current mineral physics estimates*'~*. However, we find the same trend between the African and
Pacific s-LLVP for simulations with buoyancy numbers that correspond to excess densities of +3.0% (B = 0.44
, Supplementary Figure S10e) and +1.5% (B = 0.22, Supplementary Figure S10a), albeit with reduced basalt
enrichment in the lowermost mantle. Due to a relatively high concentration of basaltic material, the Pacific
s-LLVP is denser than the African s-LLVP (Fig. 3h), as SOC is expected to be denser relative to the ambient
composition of the lowermost mantle. This intrinsic density may be a controlling factor on LLVP height, with
the African LLVP being more buoyant and therefore more unstable®. Our results imply that the compositional,
intrinsic density and height differences between the two LLVPs are a natural consequence of time-varying
mantle flow and different time-integrated replenishment rates.

Discussion

Our 3-D simulations of the production and circulation of oceanic crust using models of plate-motion history
from the past billion years predict that SOC accumulates into two antipodal piles in the lower mantle beneath
Africa and the Pacific akin to the two large low velocity provinces (LLVPs) imaged seismically (Fig. 4) [see
also!'®1>3%], Combined, the areal extent of the simulated s-LLVPs in RCY increases from 17% at 2212 km depth
to 37% at the CMB (Fig. 2), making them laterally more extensive than seismically imaged LLVPs. This is likely
due to the imperfect representation of historic subduction zones in the plate reconstruction model, inaccurate
lower mantle viscosities, and the omission of the effects of composition-dependent viscosity from our models.
The latter would affect the stability of basal mantle structures®, potentially making it easier for downwellings to
sculpt the s-LLVPs and thus decreasing their footprint at the CMB. In our simulations, viscosity is only weakly
temperature dependent and subducted slabs are therefore not very strong relative to the surrounding mantle.
Reference showed that strong slabs may intermittently fold backwards onto themselves beneath the subducting
plate, aiding segregation of oceanic crust to the CMB. Given that we observe high concentrations (Figs. 4, 5a)
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Bulk Composition (C)

Fig. 4. Time evolution of mantle composition, illustrated by depth slices at 2844 km depth at 100 Myr intervals
from 800 Ma to present day for simulation RCY, coloured by bulk composition. Red lines indicate ridge and
transform boundaries and blue lines indicate subduction zones, as defined by the plate reconstruction used

for the surface boundary condition®®. Arrows indicate the direction and magnitude of horizontal flow at 2844
km depth, coloured by the radial velocity with cool colours indicating downward flow (toward CMB) and hot
colours indicating upward flow (toward surface).

of young (Fig. 3g) SOC beneath the Pacific, where oceanic plates have been subducting for the last 300 Myr,
it is possible that our simulations also feature this backwards folding effect, with circum-Pacific subduction
preferentially feeding SOC to the Pacific s-LLVP. Stronger slabs could further enhance this effect, however there
are other complexities such as grain-size and composition-dependent rheology to consider as well. It is therefore
difficult to be certain about whether we accurately capture the slab morphologies. In this context, it is worth
noting the match of our predicted seismic structures with S40RTS (Fig. 1i), which indicates that the subducted
slabs are broadly located in the right geographic regions.

Our simulations indicate that persistent plumes in the Pacific induced a mantle flow pattern at the CMB that
pulled in newly subducted slabs (Supplementary Video SV1, Fig. 4, 6). This resulted in enrichment of the Pacific
s-LLVP in young SOC (Fig. 5). In contrast, in the last ~ 300 Myr the African s-LLVP is replenished with older,
better mixed material with a bulk composition closer to the average mantle compared to the Pacific s-LLVP
(Figs. 4, 5). In the plate reconstructions used, the conditions are favorable for persistent plumes in the Pacific
during the last ~300 Myr because subduction continues to occur around the margin of the Panthalassic Ocean
after the assembly of Pangea up to present day as it morphs into the modern Pacific Ocean?®.

The enrichment in basalt of the Pacific s-LLVP appears inconsistent with recent geochemical inferences that
enriched mantle type intra-plate hotspots are more commonly associated with the African LLVP*. However,
the difference in mean bulk composition of plumes associated with the two s-LLVPs is surprisingly low in
RCY (Supplementary Figure S11), given the compositional difference between the two s-LLVPs (Fig. 2a). This
may be because plumes form and preferentially entrain material from the edges of the s-LLVPs*’. The mean
plume composition of the two domains also converges towards the surface, possibly due to increased mixing at
shallower depths. It should be noted that our simulations do not include recycling of continental crust or marine
sediments, so we do not expect to explain all of the compositional complexities observed in mantle plumes.

Some studies suggest that the African LLVP reaches up to 550km higher above the CMB than its
counterpart”® although the exact height difference is subject to the tomographic model and velocity contour
used to define the LLVPs. Contrasting internal buoyancy between the LLVPs caused by different compositions®
and distinct formation histories has been suggested as a reason for the height difference. Geochemical evidence
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Fig. 5. Cross sections through the present-day mantle as simulated by simulation RCY, coloured by (a,b) bulk
composition and (c,d) melting age (i.e., average time since last melting). The inset map shows the location of
the cross sections with red and blue triangles indicating the extent of the cross section. Cross section locations
have been chosen to pass through (a,c) the Pacific s-LLVP and (b,d) the African s-LLVP. Outlines of the
s-LLVPs are shown in red up to 1000 km above the CMB.

from an analysis of plume lavas associated with the two regions®® appears to support a compositional difference
between the African and Pacific LLVPs. However, others suggest that apparent geochemical differences are due
to sampling bias and argue that there is no significant difference between the isotopic composition of plumes
originating from the African and Pacific LLVPs®, with height differences between the LLVPs being attributed to
limited seismic resolution®”*° and uncertain image interpretations. Our simulations suggest that compositional
differences between the LLVPs are expected to naturally arise due to the historic pattern of subduction of oceanic
crust. Consequently the internal density of structure may differ between the two LLVPs (Fig. 3h), contributing
to their height difference.

Despite the strong compositional contrast between the African and Pacific s-LLVPs (Figs. 2a, 3a—c), their
predicted radially averaged temperature and V differ by only 3.9% and 0.18% respectively (Figs. 2b,c, 3e,f). This
is because of the dominant effect of temperature relative to composition on the Vi of lower mantle minerals.
While this arises from the mineral physics dataset used in our study (Methods 6.3, Supplementary Figure S12),
we believe the conclusion that the temperature effect dominates that of the composition holds up in general®’.

Recent work suggests that in order to fit multiple robust geophysical constraints, such as dynamic topography,
the geoid and normal-mode frequency variations, LLVPs may contain denser than average material at their
base’, with chondrite-enriched basalt (CEB) proposed as a possible composition for this material'2. Since our
simulation is limited to the past billion years for which plate reconstruction models are available, it is not feasible
to incorporate the recycling of CEB during the Hadean in our simulations. Instead, we can follow a similar
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Fig. 6. Schematic diagram for the proposed mechanisms that sustain the Pacific and African LLVPs over the
past ~ 300 Myr. Dark blue strands represent SOC with orange arrows indicating the flow of material in and
out of the LLVPs. The Pacific LLVP is fed at its base by young (green) SOC, while the African LLVP consists
of well-mixed, older (yellow) material. Our simulations do not rule out the possibility of a thin layer of dense
primordial material (PRM) at the base of the LLVPs.

approach as employed in many other modeling studies to simulate a dense primordial layer and use this to
investigate an end-member scenario for the early recycling of oceanic crust. We initialise the model with a
150 km thick layer of intrinsically dense material with a unique (C' = 2.0) composition at the CMB at 1.2 Ga
(simulation PRM, Table 3). We implicitly assume that this layer represents CEB material that was produced and
segregated to the CMB prior to 1.2 Ga. We find that the Pacific s-LLVP remains more enriched in SOC than
the African s-LLVP (Supplementary Figure S13c), while it is additionally enriched in the C' = 2.0 component
(Supplementary Figure S13d). At the base of the mantle, this amplifies 6V, making it similar to that observed
in S40RTS (Supplementary Figure S4i), compared to simulation RCY that underestimates the shear-wave
velocity reduction (Supplementary Figure S4a-f). However, at shallower depths the velocity reduction in PRM
is larger than observed in S40RTS (Supplementary Figure S4g,h). Given the more Earth-like shear-wave velocity
reductions that can be achieved at the base of the s-LLVPs when they are enriched in CEB, we cannot rule out
that primordial, chemically distinct material is present at the base of LLVPs, possibly buried and trapped at the
base of the mantle by SOC®*. The results of simulation PRM suggest that SOC that has segregated at the CMB
prior to 1.2 Ga can remain there until present day. We note, however, that the initial distribution of primordial
material (simulated by an uniform layer above the CMB in PRM) is likely unrealistic, and our results thus only
apply to the specific modeled scenario. As the other simulations presented in this study do not account for SOC
that has segregated at the CMB prior to model initialisation, the present day distributions that they predict must
be considered to only reflect SOC material produced after 1.2 Ga. We expect that this limitation is less important
for the Pacific domain, where we have found that the s-LLVP is strongly enriched in young SOC (Fig. 3g), and
note that the African domain had previously be enriched in SOC, which has since been entrained away (Fig. 4).

In the broadest sense, the predicted distributions of SOC within the s-LLVPs depend on its segregation
into the lowermost mantle and subsequent entrainment. The resolution of the geodynamic model is therefore
important, as the oceanic crust is thin (6-7 km) relative to the thickness of the mantle. While our model grid is
not fine enough to resolve Earth-like oceanic crust, the particles used for tracing composition offer a sub-grid
resolution, estimated to give a mean oceanic crust thickness of 10 km (“Particles”). This oceanic crust is expected
to largely follow the trajectory of the subducting slab as it descends into the mantle due to viscous coupling™,
and we thus expect the large-scale distribution of SOC to be unaffected by the limited resolution of our model
grid. Nevertheless, we cannot avoid the issue that the coarse resolution of our simulations may not fully capture
the dynamics of slabs in the mantle and may therefore over-estimate the rate of entrainment?”.

The assumption of an incompressible mantle may contribute to the relatively small reduction in shear-
wave velocity of the s-LLVPs compared to tomographic observations. To account for compressibility of the
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mantle, we add a theoretical adiabat to the simulations, scaling the temperature field at each depth by the same
value. While this process leads to 1D mantle temperature profile with a more Earth-like thermal gradient,
the temperature range at each depth is unchanged. This may lead to reduced lateral variation in shear-wave
velocity compared to a compressible mantle circulation simulation because a compressible mantle could retain
cooler slabs relative to those in the temperature adjusted incompressible model. However, our tests using a
compressible mantle circulation simulation (COMP), indicate that the velocity reductions in the s-LLVPs are
not significantly different from those in the reference simulation RCY (Supplementary Figure S4d,h,l). Like
RCY, the compressible simulation produces a Pacific s-LLVP that is enriched in SOC compared to the African
s-LLVP (Supplementary Figure S9a). A further source of error in estimating seismic velocities stems from the
choice of the thermodynamic database. Although we have used a recent version of an established database®,
this does not include the iron spin transition in the lower mantle®>-¢” and it differs from an earlier, widely-used
version®®. The significant changes in thermodynamic databases reflect the fact that the determination of seismic
velocities at lower mantle pressures and temperature remains difficult due to experimental challenges under
extreme conditions.

Conclusions

Our models of mantle circulation over the past billion years demonstrate that LLVPs can naturally develop as
a consequence of recycling oceanic crust. The African and Pacific LLVPs have similar elevated temperatures
and hence similar reduced shear-wave speeds since temperature affects Vs more than composition. However,
the Pacific and African LLVP evolve differently and have different compositions as a consequence of the plate
motion history from the past 1 Gyr. Melting ages indicate that the material in the African LLVP is older and
better mixed than in the Pacific LLVP which has been replenished by subducted oceanic crust during the past
300 Myr. Compared to the Pacific LLVP, the African LLVP is less enriched in basaltic material and therefore less
dense and more buoyant, supporting the idea that the African LLVP can rise higher into the mantle than the
Pacific LLVP. Further studies should investigate the additional role of primordial material at the base of LLVPs
on their dynamical evolution.

Methods

Dynamic simulations

The simulations presented in this study have been run using the three-dimensional mantle convection code,
TERRA3%37:6%70 Under the Boussinesq approximation and assuming an incompressible mantle’!, the equations
for conservation of mass, momentum and energy are:

Vou=0 (1)
V- (n{Vu+(Vu)'}) - Vp=gapo (6T — CBAT) @)
pm%(%g+u~VT)—kV%V—H:O 3)

respectively, where w is fluid velocity, 1 is dynamic viscosity, T is temperature, p is dynamic pressure, g is the
acceleration due to gravity, « is the coeflicient of thermal expansion, po is the reference density, C is the bulk
composition (ranging between 0 and 1), B is the buoyancy number, AT is the temperature contrast across the
mantle, ¢ is time, CY, is the specific heat capacity constant pressure, k is thermal conductivity, H is the radiogenic
heat production per unit volume and 6t = (T' — Tycr) where Tr.cs is our reference temperature profile. The
buoyancy number is defined as:

Apb
B=—-
apoAT (4)

where Apy is the intrinsic density difference between basalt (C' = 1) and lherzolite (C' = 0.2, average mantle)
in the lower mantle. The advection of bulk composition is described as:

aC
5 =~V (Cu)+s (5)

as in van Heck et al.*’, where S represents melting described in detail below in “Particles”. The model parameters
and parameter values are listed in Tables 1 and 2.

The model domain is discretised into 65 concentric layers, each composed of a regular icosahedron that is
projected onto a sphere, with a radial spacing of ~45 km. At each radial layer, the icosahedron is sub-divided,
leading to an average lateral resolution at the surface and CMB of ~60 km and ~33 km respectively*®. While
such a resolution is sufficient to resolve long-wavelength mantle features, it is too large to resolve the ~ 6-7
km thick oceanic crust. The oceanic crust in our models is defined by bulk composition, which is tracked on
particles, thus providing a sub-grid resolution. To estimate the thickness of the oceanic crust we look at the
fraction of particles (“Particles”) in the oceanic domain that have a bulk composition of C' = 1.0 in the oceanic
basins. As oceanic crust is by definition basaltic, at least more than 50% of particles at a given depth must be
basaltic (C' = 1.0). Using this definition, we find the oceanic crust to have an average thickness of 10 km in our
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Symbol | Parameter Value Unit

T, Surface temperature | 300 K

no Reference viscosity 4 x 102t Pas

Po Reference density 4500 kgm™3

k Thermal conductivity | 4 Wm Kt
« Thermal expansivity | 2.5 x 10~° | g—1

Cp Specific heat capacity | 1100 Jkg *K?!

Table 2. Common parameters to all simulations and their values. Reference viscosity is equal to the viscosity
of the upper mantle.

simulations (Supplementary Figure S14). This includes any unusually thick areas of crust that could be likened
to plateaus and seamounts. This oceanic crust is expected to largely follow the trajectory of the subducting slab
as it descends into the mantle due to viscous coupling™.

From an initial temperature distribution, the simulation is allowed to evolve for 2 Gyr with a free-slip surface
boundary condition in a pre-conditioning phase. This ensures that any signal from the initial thermal structure
is removed. We then run the conditioning phase whereby the first stage of the plate motion reconstruction®
acts as the surface velocity boundary condition. This is applied for 200 Myr in order to introduce temperature,
velocity and compositional structures into the mantle that reflect the overlying plate assemblage. Finally, each
simulation is run forwards in time from 1000 Ma to the present day with surface velocities updated every 1 Myr.

To avoid numerical instabilities and artefacts, the reference viscosity used in our simulations (Table 2), is
higher than what is expected for Earth’s upper mantle by approximately a factor of 4. Consequently, the RMS
surface velocities during the pre-conditioning phase of the simulations (~ 2.5 cm/year), prior to plate velocities
being imposed, are about 1/2 of what is estimated for the present day RMS surface velocity for plates on Earth3®.
Therefore, we apply a scaling factor of 1/2 to the reconstructed plate velocities so that they better match the flow
velocities in our simulations, i.e. the reconstructed plate velocities are reduced by 50%. To compensate for the
reduced surface velocities and to maintain the correct volume flux of material through ridges and trenches, we
must then apply a scaling factor of 2 to the model time {72 This gives rise to an important distinction between
‘model time’ and ‘Earth time’ Throughout this work, we quote time as Earth time when it is directly related
to geological time, whereas the model time is larger by a factor of 2 (the time scaling factor). While the plate
reconstructions define the surface velocities, they do not control the polarity of subduction in our simulations.
Without an imposed polarity of subduction, simulations with a free-slip surface boundary condition exhibit
two-sided subduction, with slabs sinking vertically into the mantle”. However, due to the retreat of subduction
zones in the assimilated plate velocities, we do observe single-sided subduction behaviour, with slabs primarily
entering the mantle with an Earth-like dip and polarity. Imposing the correct subduction polarity (as in Bower
et al.'*) would likely improve the shallow structure in subduction settings.

Viscosity in the simulations depends on depth and temperature according to:

n=n.exp((2'Va) — (EaT")) (6)

where 7 is the viscosity, 7. is the reference viscosity (10) multiplied by the radial viscosity factor (Supplementary
Figure S1) at depth z, 2’ is the non-dimensional depth, V,=1.0 and F,=2.0 are non-dimensional constants that
control the sensitivity of viscosity to depth and temperature, and 7" is the non-dimensional temperature. Depth
is non-dimensionalised by 2’ = z/h, where h is the thickness of the mantle. Temperature is non-dimensionalised
by T" = (T — Ts)/(Te — T's), where T is the mantle temperature at a given point, T’ is the temperature of the
surface boundary, and T is the temperature of the lower boundary at the CMB.

All profiles for 7. feature a strong lithosphere with a thickness of 135 km, a weak upper mantle with viscosity
equal to the reference value, and a 30 x viscosity jump across the 660-km discontinuity”*. In the lower mantle, we
use three profiles (Supplementary Figure S1) to explore different causes for an increase of the viscosity with depth,
assuming it to be either due to increasing bridgmanite concentrations or increasing strength of ferropericlase
with depth. In the lowermost mantle the radial viscosity profile also features a reduction to approximate the
decrease in viscosity associated with the lower mantle bridgmanite to post-perovskite phase transition’! and the
CMB thermal boundary layer. The impact of the latter is also accommodated by the temperature dependence of
the viscosity.

Particles

Bulk composition parameterization

We use tracer particles to track bulk composition and abundance of heat producing elements. Simplified bulk
composition is stored as a value (C) that varies between C' = 0.0, representing completely depleted material
(harzburgite), and C = 1.0, representing completely enriched material (basalt), while we consider the bulk
silicate Earth composition to be lherzolite. Together, these three compositions represent the characteristic
lithologies of the mantle. They are each assigned a bulk composition composed of six major oxides (Table 3),
with proportions chosen to fit results from Baker and Beckett” for harzburgite, Walter’® for lherzolite and White
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Harzburgite | Lherzolite | Basalt | CEB
Si02 36.184 38.819 52.298 | 48.47
MgO | 56.559 49.894 15.812 | 20.00
FeO 5.954 6.145 7.121 11.28
CaO 0.889 2.874 13.027 | 10.59
Al203 | 0.492 1.963 9.489 | 11.28
Na20 | 0.001 0.367 2.244 | 1.50

Table 3. Assumed molar composition for our three standard characteristic lithologies (harzburgite, Iherzolite,
basalt) as well as the *primitive’ composition (CEB).

Depth (km) | Apkgm—2 | Clapeyron slope MPa K~
410 230 2.25
660 380 —1.5

Table 4. Olivine phase change parameters for an assumed composition with 67% (Mg,Fe),SiOy4.

and Klein”’ for basalt. To determine the C-value of lherzolite, we find the best fit vector between the major
element mass proportions of harzburgite, lherzolite and basalt, finding this to be C' = 0.2. Different choices for
the bulk composition of basalt, harzburgite and lherzolite result in slightly different values of C (ca. 0.18-0.21
mass fraction basalt).

At the start of the pre-conditioning phase, each cell is initialised with 10 particles, with 1 x C' = 1.0 particle,
5 x C = 0.2 particles and 4 x C' = 0.0 particles, giving a mean mantle composition of C' = 0.2.

Solid phase transitions in the geodynamic simulations

In our geodynamic simulations, we use a simplified parameterization of the phase transitions in the olivine
system, which occur at 410 and 660 km depth (Table 4). This parameterization allows us to reproduce some
of the behaviour associated with these discontinuities*!’8. The depth and bulk composition of particles affects
the density field, which is quantified by the buoyancy number (Eq. 4). We vary the buoyancy number in our
simulations (Table 1) to investigate the effect of different intrinsic densities of SOC?!, estimates of which vary
between 0.5 and 5% more dense than average mantle*467°,

Melting in the geodynamic simulations

A linear solidus, dependent on depth (z) and bulk composition, controls melting in the simulations?*4%41:

Tsolidus (»27 C) = Tmcltsurf + ZTmcltslopc + (]— - C)Tmcltcomp (7)
where Theltsurt = 1200 K is the melting temperature of basalt (C' = 1) at the surface, Tineltsiope = 2.5 K km™*!
is the gradient of the solidus and Tieltcomp = 500 K is the temperature difference between the solidi of basalt
(C' = 1) and harzburgite (C = 0). At each time step, we check whether particles in the uppermost 135 km have
crossed their solidus. If this is the case, the melting particle has its bulk composition reduced so that it plots on
the solidus for the particle’s temperature and pressure until it cannot be further depleted (C' = 0). Particles in the
shallowest cell vertically above the melt producing particle are enriched with the produced melt first, assuming
instantaneous melt migration. If all particles in the shallowest cell are completely enriched, subsequently particles
in the cell below are checked to see whether they can be enriched by the melt. Full details of this melting process
in the dynamic simulations can be found in refs.244%42,

Seismic properties
Converting from simulation to seismic properties
We convert the pressure, temperature and composition of our simulations to seismic properties using look-
up tables for each of the characteristic lithologies. Due to the incompressible equation of state used in our
simulations, we add a theoretical adiabat to the simulated temperature field before performing this conversion.
We use the thermodynamic data set of*%, implemented in the Perple_X software®® to generate tables for density
and effective isotropic seismic properties for each lithology in pressure - temperature space. Attenuation is
accounted for using model Q7g®!"82. The thermodynamic data set includes all major mantle phase transitions,
but does not include the spin transition in ferropericlase, nor the second order phase transition in stishovite.
Although these may reduce seismic velocities in the lower mantle, mineral physics studies indicate that the effect
on the shear-wave velocity is small®’.

As the bulk composition in our simulation is tracked using only a single parameter C, it is not possible to
differentiate between mechanical and equillibrated mixtures of different compositions. We therefore make a
pragmatic decision for how to convert C to lithology. An important requirement is that primitive mantle is
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modelled as pure lherzolite, not as a mechanical mixture of basalt and harzburgite. Therefore, we model particles
with a bulk composition between C' = 0.0 and C' = 0.2 as a mechanical mixture®® of harzburgite and lherzolite,
and particles with a bulk composition between C' = 0.2 and C' = 1.0 as a mechanical mixture of lherzolite
and basalt. The relative proportions of each characteristic lithology are interpolated from the particles to the
grid so that at each grid point we have information on the relative proportions of each of the three lithologies.
Seismic properties at the grid point are then calculated by taking the harmonic mean of the properties for
each lithology at the temperature and pressure of the grid point, weighted by the relative proportions of each
lithology. Although our one-parameter compositional tracking and simplified geodynamic approach to phase
transitions do not capture the full effects of chemical variation in the mantle, our post-processing approach is
highly efficient and facilitates a detailed exploration of model parameters such as buoyancy number (excess
density of SOC), independently from the thermodynamic model. This also allows us to investigate the choice of
different assumed compositions independently of the geodynamic model.

The dominant effect of temperature on Vs

For the assumed molar compositions of the characteristic lithologies (Table 3), the predicted 6V between
lherzolite and harzburgite is small (Supplementary Figures S12a,b,d, S15) at lower mantle pressures. This is
because both lherzolite and harzburgite are silica-undersaturated and are dominated by bridgmanite and
ferropericlase. The Vi of basalt varies more strongly with temperature and pressure (Supplementary Figure
S12c). Between 80 and 95 GPa, the V; of basalt is about 0.1 km/s higher than that of lherzolite (Supplementary
Figure S12e) and harzburgite (Supplementary Figure S12f), but with increasing pressure the Vi of basalt
becomes lower than lherzolite and harzburgite across an increasingly wide temperature range. Nonetheless, the
average difference in absolute V between harzburgite and basalt is just 0.07 km/s (about 1%). However, within
the temperature range relevant to the s-LLVPs (2200-4300 K, Fig. 3d), the mean of the differences between the
maximum and minimum V5 at each 0.1 GPa pressure point between 80 and 140 GPa is 0.42 km/s for harzburgite
and 0.40 km/s for lherzolite and basalt, i.e. about 5% variation.

As such, velocity variations are primarily determined by temperature variations in the mantle since the 5%
variations in V; due to temperature are greater than the 1% variations arising from compositional differences.
The 6V of the two s-LLVPs is thus comparable because they are both similarly hot compared to the ambient
mantle!*#* (Fig.2b). Compositional differences (Figs. 3a-c, 2a) are undetectable seismically (Fig. 2c), especially
if the post-perovskite transformation is suppressed (Supplementary Figure S16). Note that the precise details of
the post-perovskite transition remain debated.

Filtering

In order to quantitatively compare the numerical simulations to seismic tomography, we follow the approach
of*, thus accounting for the limited tomographic resolution. We choose to compare our simulations to seismic
tomography model S40RTS as it includes good coverage in the lower mantle and the resolution matrix is readily
available, which is essential for filtering the simulation results. The maps of simulated shear wave velocity
variations in the mantle are first re-parameterized to spherical harmonic coefficients up to degree 40 and the
same 21 radial splines as in model S40RTS. We then apply the S40RTS resolution matrix that describes how
the tomographic resolution varies spatially due to the non-uniform seismic data coverage and applied model
damping. The tomographic filter smooths the seismic velocity variations and suppresses amplitudes, but
makes our predictions based on the simulation directly comparable with S40RTS, for example in Fig. 1 and
Supplementary Figure S4, which show the filtered §V field.

We compute the correlation between the geodynamic model and the seismic tomography model
(Supplementary Figure S3) directly using their spherical harmonic expansions. Suppose that for degree [ and
order m, the coefficients of the geodynamic model are {a;m, bim } and for the seismic tomography model they
are {Cim, dim }. The depth-dependent degree correlation between the two models is then given by>*8>:

an o (@armcaim + baimdim)

\/Zm 0 al’"L + blnL \/me:() (Clan + dlzm)

where we have omitted the depth dependence of am, bim, Cim and dirm,. We further calculate the total weighted
layer correlation up to degree lymax (rlt‘ifmx ) using:

r'(2) (8)

l l
tot lm?x Z (almclm + blmdlm)

m=0

T T (T L (e, )

)

Imax

Identifying low velocity domains in our simulations

To identify low velocity domains in the filtered V; field predicted from our simulations, we use a K-means
clustering algorithm®. We apply this to the filtered 6V field at depths between 2212 - 2890 km depth to split
the field into three clusters. The points in the ‘low’ cluster comprise the simulated large-low-velocity-provinces
(s-LLVPs). We separate this low cluster into the African and Pacific domains based on their longitude, where
points in the Pacific domain have longitude > 140° and < —50°. The geographic positions of these points in the
model domain are then used to mask the model output fields to extract data only for points within the Pacific,
African or both s-LLVPs (Supplementary Figure S2).
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Data availability
Simulation outputs for this study can be accessed at 10.5281/zenodo.14187340.

Code availabilty

The code TERRA used in this study is not freely available as the code predates open-source licensing. As such

we
for

do not have the rights to release all parts of the code, however code pieces which have been implemented
this study are available at 10.5281/zenodo.14187340 along with code for reproducing analysis carried out in

this study. We also make use of the terratools package (10.5281/zenodo.11506398) for the analysis of simula-
tion results. The Perple X code to generate mineral physics lookup tables® is available at www.perplex.ethz.

ch/

. The code used for tomographic filtering of model results® can be requested viawww.earth.ox.ac.uk/~niv4

152/downloads_filtering.html.
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