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The compositional and thermal state of Earth’s mantle provides critical constraints on the
origin, evolution, and dynamics of Earth. However, the chemical composition and ther-
mal structure of the lower mantle are still poorly understood. Particularly, the nature and
origin of the two large low-shear-velocity provinces (LLSVPs) in the lowermost mantle
observed from seismological studies are still debated. In this study, we inverted for the 3D
chemical composition and thermal state of the lower mantle based on seismic tomography
and mineral elasticity data by employing a Markov chain Monte Carlo framework. The
results show a silica-enriched lower mantle with a Mg/Si ratio less than ~1.16, lower than
that of the pyrolitic upper mantle (Mg/Si = 1.3). The lateral temperature distributions can
be described by a Gaussian distribution with a standard deviation (SD) of 120 to 140 K
at 800 to 1,600 km and the SD increases to 250 K at 2,200 km depth. However, the
lateral distribution in the lowermost mantle does not follow the Gaussian distribution.
We found that the velocity heterogeneities in the upper lower mantle mainly result from
thermal anomalies, while those in the lowermost mantle mainly result from composi-
tional or phase variations. The LLSVPs have higher density at the base and lower density
above the depth of ~2,700 km than the ambient mantle, respectively. The LLSVPs are
found to have ~500 K higher temperature, higher Bridgmanite and iron content than
the ambient mantle, supporting the hypothesis that the LLSVPs may originate from an
ancient basal magma ocean formed in Earth’s early history.
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‘The Earth’s lower mantle between the depths of 660 km and 2,891 km is of broad interest
since it occupies ~55% of the volume and ~52% of the mass of the Earth. Its composi-
tional and thermal state is key to understanding the dynamics, evolution, and chemical
stratification of the Earth. For example, the compositional difference between the lower
mantle and the pyrolitic upper mantle reflects the efficiency of mantle mixing (e.g., refs.
1-4). The 3D compositional structure of the lower mantle is prerequisite for identifying
the local enrichment of intrinsically strong Bridgmanite (Bdg), which could prevent
efficient mantle mixing, flatten rising plumes and subducting slabs, and provide a reservoir
to host primordial geochemical signatures (5). The compositional and temperature features
of the large low-shear-velocity provinces (LLSVDs) in the lowermost mantle beneath
Africa and the Pacific (6) are also crucial for understanding their origins and the impli-
cations for Earth’s evolution. Temperature influences the mantle dynamics. Higher tem-
perature usually corresponds to lower density and viscosity. A homogeneous lateral
temperature distribution means a high efficiency of the mantle convection. Thus, the
lateral temperature distribution can be related to heterogeneity scales and style of mantle
convection.

The composition and temperature distributions control density structure of the lower
mantle. The lateral density variation can be constrained from solid Earth tide, normal
modes splitting, geoid, and free-air gravity anomaly (e.g., refs. 7—12). However, the results
from these studies are restricted to long-wavelength models and inconsistent with each
other especially in the lowermost mantle, where the LLSVPs regions may be denser (7, 9,
10, 12) or lighter (8, 11) than the surrounding mantle. High-resolution density structure
has been inferred from velocity variations based on the simple scaling relation
“dlnp/dlnVs = 0.4” (13). However, this relation is not reliable because composition and
temperature may have different effects on the velocities and the density. For instance,
higher temperature and increased iron content may both reduce the sound velocity but
they have an opposite effect on the density. Fixing a constant scaling relation between
density and velocity variations at all locations implicitly assumes that the origin of velocity
anomalies is unique, either thermal or compositional, which is unlikely. In turn, if the
3D compositional and thermal state of the lower mantle are well known, a 3D density
structure of the lower mantle can be inferred through the equation of state.
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the lower mantle are constrained
based on seismic tomography
and mineral elasticity data. The
resulting thermal, compositional,
and density structures of the
lower mantle provide important
information on the dynamics,
evolution, and chemical
stratification of the Earth.

Author contributions: Z.W. designed research; X.D., Y.X.,
S.H., Y.Z,, and Z.W. performed research; X.D., Y.X,, S.H.,
Y.R., Y.Z, WW,, S.N.,, and ZW. analyzed data; and X.D.,
S.H., Y.R,Y.Z, W.W.,, S.N., and Z.W. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
wuzq10@ustc.edu.cn.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2220178120/-/DCSupplemental.

Published June 20, 2023.

10f 10


https://orcid.org/0000-0001-8110-7536
https://orcid.org/0000-0002-3724-9657
https://orcid.org/0000-0003-2141-1557
mailto:
https://orcid.org/0000-0002-4842-6380
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wuzq10@ustc.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2220178120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2220178120/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2220178120&domain=pdf&date_stamp=2023-6-16

Downloaded from https://www.pnas.org by "MASSACHUSETTS INSTITUTE OF TECHNOLOGY, MIT LIBRARIES" on December 16, 2024 from | P address 18.29.50.125.

In spite of great importance, the knowledge on the 3D compo-
sitional and thermal state of the lower mantle remains unclear.
Several studies have attempted to recover the thermochemical struc-
ture of the lower mantle from seismic tomography models. A first
attempt was made by Trampert et al. (10), but with a low radial
resolution. Mosca et al. (9) improved the vertical resolution with a
similar approach, but these two studies considered only tempera-
ture, global iron content, and Bridgmanite/ferropericlase in their
models (9, 10). Obtaining the 3D compositional and thermal struc-
ture requires both the high-resolution seismic tomography model
and the high-quality elasticity data of minerals. Until now many
seismic tomography models have been published to map the struc-
ture and dynamics of Earth’s interior (e.g., refs. 14—17) including
the model GLAD-M25 (18) based on global full waveform inver-
sion, which dramatically increases the resolution. By developing an
elastic method with a computational workload that is only one-tenth
of the conventional method (19, 20), we successfully obtained the
high-quality elasticity data of the lower mantle minerals at the pres-
sure and temperature conditions of the lower mantle (21-24).

Combining the literature seismic tomography models and the
reliable mineral elasticity data, the chemical composition and
thermal state of the lower mantle can be constrained. Temperature
and the proportions of the major minerals as well as their Fe
content were treated as the model parameters to match the seismic
velocity tomography at each point in the model. However, the
process was not easily achieved given the large model space
involved. Besides, the inversion was nonunique, a range of results
may be able to provide acceptable fits to the observations and the
trade-off among the parameters should be clarified. Therefore, a
Bayesian inference approach was applied in the study, which
involved the use of probability distributions to describe the various
states of model parameters. The samples were obtained using
Markov chain Monte Carlo (MCMC) simulations (SI Appendix,
Fig. S1). In this way, we basically considered all the models that
can fit to the observations and overcame the nonuniqueness of
the inversion. The final results recovered the input seismic tomog-
raphy models well and provided important insights on the Earth’s
evolution and dynamics.

Results and Discussion

1. Model Evaluation. S/ Appendix, Fig. S2 illustrates the posterior
probability distributions of the model parameters, including
temperature, mineral proportions, and their Fe content, as well as
the velocities and density derived from these parameters at 1,000 km
depth in the inversion of model GLAD-M25 (18). The parameters
are constrained well, and their bounds are reasonable in the inversion
as their probabilities show near-normal distributions within the
ranges specified by the upper and lower bounds in SI Appendix,
Table S1, except for CaPv, which has a near-uniform posterior
distribution, with a large standard deviation (SD). Nevertheless,
CaPv only comprises approximately 7% of the peridotitic mantle,
thus having minor influences on the inversion results.

SI Appendix, Figs. S3 and S4 show the distribution of all the
accepted sampled models for all the model parameters at the point
(21°N 152°W) and two depths in the inversion of model
GLAD-M25 (18). The accepted samples cover substantial regions
of the model space. Although trade-offs among model parameters
exist (SI Appendix, Figs. S3 and S4 and Text S1), the posterior
distribution of the parameters provides a good representation for
the whole model space that could provide acceptable fits to the
observations.

SI Appendix, Fig. S5 shows the resulting radial averages of veloc-
ities and density with respect to the reference velocity model
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GLAD-M25 (18) and the density profile from PREM. The result-
ing profiles are almost identical to the reference models, demon-
strating the validity of the inversion results. The resulting velocity
structures are also compared with GLAD-M25 at different depths
(SI Appendix, Fig. S6). The final model replicates the reference seis-

mic tomography well, suggesting the self-consistence of the method.

2. Radial Lower Mantle Structure. The obtained lower mantle
geotherm is compared with previous lower mantle temperature
studies (Fig. 14). Numerous adiabatic geotherms have been
proposed with different gradients and potential temperatures
(e.g., refs. 25-29). The previously determined adiabats show large
discrepancies. The temperature profiles proposed by Anderson
etal. (25) and Stacey (30) with steep temperature gradients predict
much higher temperatures than that of Brown and Shankland (26)
with small isentropic gradient. Although the obtained geotherm is
higher than the previous adiabatic estimations, it has a temperature
gradient similar to the adiabatic geotherms by Anderson et al.
(25) and Stacey (30) up to the depth of ~2,700 km, suggesting an
adiabatic lower mantle. Then the temperature rises with a much
higher gradient and finally reaches about 3,700 K near the CMB,
indicating the presence of a thermal boundary layer at the bottom
of the mantle. Our temperature results overall match with the
profile from Stacey (30), which indicates that the temperature
increases rapidly approaching the CMB.

The temperature at the CMB (7 p) is a key parameter con-
trolling the dynamics and thermal evolution in the mantle and
the core. The lower mantle solidus from the mantle side (e.g.,
ref. 31) and the melting temperature of iron alloy with light ele-
ment from the outer core side (e.g., ref. 32) provide constrains on
T cpyp- The predicted 7'y 5 ranges from 3,400 K to 4,300 K, with
3,800 K to 4,200 K most plausible by determining the melting
curve of the silicate mantle and from the core geotherm (31)
(Fig. 1A). The temperature profile in our study suggests a T3
higher than 3,700 K, consistent with previous estimations (31).

The radial average mineral proportions are illustrated in Fig. 1B.
Based on our results, Bdg occupies around 84% of the upper lower
mantle (Fig. 1D). Ataround 2,500 km depth, Bdg starts to trans-
form to PPv, and they both could exist in the lowermost mantle.
Bdg content decreases to about 45% and that of PPv increases to
around 32% at 2,800 km depth. Fp remains ~9% in the upper
lower mantle. It decreases slightly starting from around 1,400 km
depth and attains its minimum of about 7% at a depth of
1,900 km, where the spin cross-over of Fp generates the largest
softening in bulk modulus (24). Then it increases significantly
with depth and reaches ~16% at 2,800 km depth. No significant
variation has been found in the content of CaPv. It retains ~8%
throughout the entire lower mantle.

The iron in Bdg stays about 10% in the upper lower mantle
and increases from 2,600 km depth to ~13% at a depth of
2,800 km (Fig. 1C). Controlled by the depth-dependent Fe-Mg
exchange coefficient (33), the iron content of Fp fluctuates from
~16 to ~21% throughout the lower mantle and that of PPv
decreases with depth from ~7 to ~3%. The iron concentrations
of all the models agree well with each other.

While it is widely accepted that the upper mantle has a pyrolitic
bulk composition with a Mg/Si ratio of ~1.3, large discrepancies
for the Mg/Si ratio in the lower mantle exist in previous studies. A
variety of chemical composition models, ranging from chondritic
to pyrolitic with a Mg/Si ratio from ~1.0 to 1.3 (e.g., refs. 1-4),
have been proposed for the lower mantle. If the lower mantle has
a chondritic composition (e.g., refs. 1 and 2), which is different
from that of the upper mantle, the mantle could be chemically and
dynamically layered. If the lower mantle has a pyrolitic composition
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(A) The lower mantle geotherm in the inversion of model GLAD-M25 (18) compared with previous lower mantle temperature studies (25-30). The orange

shaded area indicates the predicted Tz in previous studies, and the green shaded area corresponds to the most likely temperature at the CMB (31). (B) The
radial average volume fractions of each mineral in the inversion. (C) The radial average iron contents of each mineral in the inversion. (D) The radial average

mineralogical model of the lower mantle as a function of depth (pressure).

(e.g., ref. 3), the same as the upper mantle, then the whole-mantle
convection is expected. But in this case, the Mg/Si ratio would be
much higher than that of the chondrites (Mg/Si = 1.05), which are
usually taken to represent the Mg/Si ratio of the bulk Earth.

The average Mg/Si ratio of the entire lower mantle is estimated
to be 1.04 to 1.08 in this study, if the composition of
(Mgl_xFex)SiO3 in Bdg is considered (Table 1). However, as the
major host of Fe’* and AI** in the lower mantle, Bdg could accom-
modate trivalent cations in its structure, thus affecting the Mg/Si
ratio. The Fe>*/ Y Fe ratio of Bdg in the lower mantle could
reach 0.6 and even up to 0.9 by experimental and computational
studies (e.g., refs. 3 and 34). Considering the composition of

Table 1. The upper and lower limits of Mg/Si ratio for
different seismic tomography models

Lower limit  Upper limit
GLAD-M25 1.042 1.148
GLAD-M25 (Al- and Fe*"-bearing Bdg) 1.128
GyPSuM 1.071 1.178
HMSL 1.057 1.166
S40RTS 1.081 1.189
SP12RTS 1.077 1.184

The upper limit was calculated by replacing (Mg, _ Fe,)SiO; with (Mg, _ Fe,>)(Si, _ ,AL>")
0, in the inversion results using the elasticity of (Mg _Fe,)SiO5. GLAD-M25 (Al- and Fe**-
bearing Bdg) shows the Mg/Si ratio by using the elasticity of (Mg, _ ,Fe,>)(Si, - ,AL>)05
directly in the inversion of model GLAD-M25 as reference.

PNAS 2023 Vol.120 No.26 2220178120

(Mg, _ Fe3t) (Sil_xAlzJ")OSinstead of (Mg, _Fe, ) SiO3in Bdg,
which would not noticeably change the Bdg proportion and its Fe
content since (Mgl_XFeiJr) (Sil_XAlz+)O3 and (Mgl_XFex)SiOS
with the same Fe content have almost identical density and elas-
ticity (21, 23) (SI Appendix, Fig. S7), the upper limit of the aver-
age lower mantle Mg/Si ratio is estimated to be 1.13 to 1.19
(Table 1), implying a silica-enriched composition relative to the
pyrolitic upper mantle with a Mg/Si ratio of ~1.3. Therefore, the
mantle convection process may have not efficiently mixed the
whole-mantle composition throughout the Earth’s history to a
homogeneous state (e.g., refs. 1 and 2). The whole-mantle con-
vection models with a pyrolitic composition in the asthenosphere
indeed predicted a moderate enhancement of basalt in the lower
mantle with a Mg/Si ratio of ~1.15 (35), coinciding well with
our study. It is also possible that the widely observed material
exchange between the upper and lower mantle, like slabs pene-
trating into the lower mantle and plumes rising beneath hotspots,
did not happen until recently in Earth’s history (36) and the time
is too short to completely homogenize the lower mantle. The
average Mg/Si ratio of the whole mantle is ~1.2, higher than the
Mg/Si ratio of the bulk Earth (Mg/Si = 1.05). Geochemical evi-
dence suggests that the metal core of Earth might be a reservoir
of silicon (e.g., ref. 37), thus the depletion of silicon in the mantle
might be balanced by the presence of silicon in the core. Our
results suggest that ~5 wt.% of silicon in the metal core is needed
to match the Mg/Si ratio of chondrites, in agreement with
previous estimates (38).
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3. Lateral Variation in the Lower Mantle. The lateral temperature
frequency distributions at different depths are shown in Fig. 2,
and the SD of the distribution is shown in Fig. 2F with depths
from 800 km to 2,200 km. At depths shallower than 1,600 km
(Fig. 2 A and B), the frequency distribution is well fitted with a
Gaussian distribution for the case of a narrow SD of 120 to 140 K,
similar to the lower mantle transition zone determined by Zhao
et al. (39) based on the sensitivity of the amount of akimotoite
on the temperature distribution and by Wang et al. (40) based
on the temperature and water effects on the seismic tomography
and topography of the 660-km discontinuity. The SD is related
to heterogeneity scales and style of mantle convection. A low SD
means that the temperatures are homogeneous globally, revealing a
high efficiency of the mantle convection, while a high SD indicates
that the temperatures are spread out over a wide range, suggesting
that the mantle has not been well homogenized by the mantle
convection throughout the Earth’s history. As shown in Fig. 2F,
the SD remains around 120 to 140 K up to ~1,600 km depth.
Then the distribution gets wider and the SD increases rapidly
and reaches 250 K at 2,200 km depth, suggesting that the upper
lower mantle is mixed better than the lower part. The depth of
~1,600 km coincides with the upper limit of the LLSVP beneath
Africa which sits on the CMB and could reach up to a height of
1,200 km (e.g., ref. 41), implying the inhomogeneity of the deep
lower mantle. At depths greater than 2,200 km, the distribution
cannot be fitted by the Gaussian distribution (Fig. 2D), probably
because of the large lateral inhomogeneity in the lowermost mantle
(6). However, we cannot rule out the possibility that it might
be caused by the poor resolution due to uneven distribution of

earthquakes and seismic stations and limited ray coverage in the
tomography models especially at depths greater than ~2,200 km.
The temperature contrast between the coldest and the hottest
regions increases from ~1,100 K to ~1,500 K between 1,000
and 2,000 km depth, and reaches ~1,600 K at 2,500 km depth,
consistent with the previous studies (42, 43).

Numerous seismic velocity anomalies with velocity both higher
and lower than the ambient mantle at different scales have been
detected in the lower mantle with seismological studies (e.g., refs.
15 and 18). The seismic velocities are determined by the compo-
sition and temperature. The lateral temperature distribution and
the iron content in the inversion of GLAD-M25 at different
depths are also shown in Fig. 3. Their uncertainties are shown in
SI Appendix, Fig. S8. As expected, the low-velocity structures in
the tomography correspond to high temperatures (Figs. 3 E, /,
and O and 4P) (13, 17). The iron-enriched areas also coincide
well with the low-velocity structures, indicating the velocity reduc-
ing effect of iron especially in the lowermost mantle.

Although the seismic velocities of mineral assemblages are con-
trolled by their composition and temperature, the relative impor-
tance of these two contributions at different depths remain unclear.
Here, we examined the origins of the seismic velocity anomalies.
‘The contribution of temperature variations on the seismic velocity
anomalies is evaluated by calculating the velocity structures with
the resulting temperature structures and the fixed average compo-
sition at each depth (A VST) (Fig. 5 A-D). Likewise, the contribu-
tion of composition variations on the seismic velocity anomalies
is also evaluated by calculating the velocity structures with the
fixed average temperature at each depth (A VSC) (Fig. 5 E-H).
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Fig. 2.

(A-D) The lateral temperature frequency distributions (yellow bars) for the model GLAD-M25 (18) fitted by Gaussian distributions (orange lines) at different

depths from 1,000 km to 2,800 km. o represents the SD of the temperature distribution, T, corresponds to the average temperature at each depth. (£) The SD

of the temperature distribution as a function of depth.
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Fig. 3. The weight fraction of each mineral, the iron content of Fp, the FeO content, and the temperature distribution in the inversion of model GLAD-M25 (18)
at different depths from 1,000 km to 2,200 km.

The relationships between A VST and A VSC at each depth are shown However, the composition effect dominates at deeper depths, par-
in Fig. 5 I-L. Temperature has much larger effects than composition ~ticularly in the lowermost mantle. The velocity variations at 2,800 km
in the upper lower mantle, especially for low-velocity anomalies.  depth (Fig. 5 D, H, and L) are almost controlled by the composition.
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Fig. 4. The compositional and temperature distributions of the resulting model in lowermost mantle (2,680 km and 2,800 km depth) in the inversion of model
GLAD-M25 (18). (M and 0) The intrinsic density anomaly structure assuming the temperatures are equal to the average temperature at each depth.
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Fig. 5. The contributions of variations in temperature (AVT) and composition (AVC) on the Vs structure at different depths from 1,000 km to 2,800 km in the
inversion of model GLAD-M25 (18). The left column (A-D) shows the structures of VS by temperature (AVT) the middle column (E-H) shows the Vs anomaly by
composition (AVC) and the right column (/-L) plots the relationships between AVT and AV‘ at each depth

Therefore, the velocity heterogeneities in the upper lower mantle can
be nearly treated as thermal anomalies, while the velocity heteroge-
neities in the lowermost mantle mainly result from chemical
origins.

4. Compositional and Thermal Structure of the LLSVPs. LLSVPs
are the two large-scale low-velocity heterogeneities in the lowermost
mantle beneath Africa and the Pacific (6), which cover up to 30%
of the core-mantle boundary (CMB) and could reach up to a
height of 1,200 km (41). They are characterized by a reduction in
both Vp and Vs by over 0.5% and 2%, but an increase in the bulk
sound velocity Vg ranging from 0.5 to 1%. The anticorrelation
between Vg and Vg, anomalies suggests a chemical origin of the
LLSVPs. Besides, the LLSVPs may be denser and hotter than the
surrounding mantle (6). Their nature and origin have significant
implications for the chemical and dynamical evolution of the
Earth but remain debated.

Trampert et al. (10) attempted to recover the thermo-chemical
structure from normal mode data, and suggested that the LLSVDPs
regions are enriched in iron and Bdg by ~1 to 2% and ~6 to 9%,
respectively, although with nearly no temperature anomalies.
Mosca et al. (9) updated their models with higher resolution and
PPv considered. They confirmed such excess in iron and Bdg, with
somewhat larger iron excess (~3 to 4 wt.% in FeO content). But
the LLSVPs regions are 200 to 300 K colder than the surrounding
mantle at 2,600 km depth in their model. Combining results from
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geodynamics and mineral physics, Deschamps et al. (44) found
that the LLSVDs unlikely consist of recycled oceanic crust
(MORB), as it shows a high-velocity anomaly. Instead, material
enriched in iron by ~3% and in (Mg, Fe)-perovskite by ~20%
compared to the regular mantle with high temperatures provides
a good explanation for the LLSVPs. Combining shear velocity
anomalies and seismic attenuation models, Deschamps et al. (45)
found that the LLSVP beneath the Pacific may be hotter by
~350 K and enriched in FeO by ~3.5 to 4.5%, supporting a ther-
mochemical nature for LLSVPs. Using principal component anal-
ysis, Vilella et al. (46) found that the LLSVPs should be depleted
in Fp and have high temperatures.

To shed more light on their structures, the temperature distri-
bution at 2,800 km depth in the model is shown in Fig. 4P. The
most pronounced features in the figure are the high-temperature
anomalies up to 500 K beneath Africa and the Pacific, coinciding
with the LLSVP regions. The chemical composition at 2,800 km
depth in the model is also illustrated in Fig. 4. Their uncertainties
are shown in ST Appendix, Fig. S9. Bdg transforms to PPv within
the lowermost mantle with a phase boundary of ~5 GPa thickness
and a large positive Clapeyron (P-7) slope (47), indicating that
Bdg could retain in the lowermost mantle with high-temperature
anomaly. The Bdg and PPv contents are 45% and 32% on average
at 2,800 km depth, respectively. However, their spatial distribu-
tions are not uniform. Bdg is enriched in the LLSVPs regions up
to an average content of 77%. Outside the LLSVPs, Bdg only
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consists about 25%. On the contrary, PPv makes up around 50%
outside the LLSVPs and could even reach up to 77% beneath
Central America, coinciding with previous studies (48). Inside the
LLSVPs, PPv is very depleted (Fig. 4G). LLSVDPs have lower Fp
content compared with the ambient mantle, similar to the previ-
ous study (46), but the Fp in the LLSVPs regions contains more
iron. In addition, Bdg has much higher iron containing ability
than PPv (33). Therefore, the LLSVP regions are much enriched
in iron with ~40% higher than the surrounding mantle at 2,800
km depth (Fig. 4L). The LLSVPs are composed of distinct chem-
ical materials especially large amount of iron from the surrounding
mantle. The enrichment of iron and Bdg in the LLSVDPs has also
been widely suggested in previous studies (9, 10, 44-46).

Both high iron content and high temperature can reduce the
velocities but they have opposite effects on the density. The density
anomalies associated with the LLSVPs remain actively debated
(6). Early normal mode studies suggested that the lowermost man-
tle beneath the Pacific Ocean and Africa is denser than the sur-
rounding mantle (7, 10). On the contrary, a study using Stoneley
modes which is most sensitive to the lowermost mantle structure
proposed that the overall density of the LLSVDs is lower than
average, although they cannot exclude the presence of a denser
basal structure within the lowermost 100 km (11). Another study
based on tidal tomography showed that the mean density of the
bottom two-thirds of the LLSVDPs is about 0.5% higher than the
ambient mantle, although the anomaly may be concentrated
toward the very base of the mantle (12). It is still unclear whether
the discrepancies in previous studies are caused by the different
assumptions and observations they applied or the different sensi-
tive areas of their methods.

The density and temperature distribution of the model are
shown in Figs. 4 / and K'and 6. At 2,800 km depth, the LLSVP
regions are denser than the ambient mantle up to 0.8%, coinciding
with the higher density structure at the base of the LLSVPs pre-
dicted by Lau et al. (12). But at depths shallower than 2,700 km,
the structures are lighter than the surrounding mantle, consistent
with the previous Stoneley modes study (11). Therefore, the den-
sity structure reconciles the discrepancies in previous studies
(7, 9—12) with the LLSVPs denser than the ambient mantle at the
base, but lighter than the ambient mantle at depths shallower than
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2,700 km. The low-density structure beneath Africa could reach
up to a height of 1,200 km (Fig. 6A4). In order to examine the
contribution of the composition on the density, we calculated the
intrinsic density structure due to compositional changes only
(Fig. 6B). The intrinsic densities of the LLSVDPs are larger than
those of the surrounding mantle, suggesting that the compositions
of the LLSVDPs are overall denser than those of the ambient mantle.
Density anomaly depends on the chemical composition and tem-
perature. The temperature of the LLSVP regions is ~20% (~500 K)
higher than the surrounding mantle (Fig. 6C). Therefore, the
lower-than-average density of the LLSVPs above the depth of
2,700 km is mainly because of the high temperature in the LLSVP
regions.

The low-density feature maintains up to 1,200 km height, indi-
cating the upper boundary of the LLSVP beneath Africa. Previous
geodynamic simulations show that the iron-spin transition of Fp
may control the upper boundary of LLSVDs (24, 49), although
the dynamic effects of iron-spin transition are debated (50). The
spin cross-over occurs at depths greater than 1,700 km and makes
the density extremely sensitive to temperature (51). The
high-temperature anomaly in the LLSVP structure can reduce the
density much larger than that at depths above 1,700 km, where
no iron-spin transition occurs, and results in a lower density com-
pared with the ambient mantle. Thus, LLSVPs could reach and
maintain a high elevation to ~1,200 km above the CMB (49).

5. Origin of the LLSVPs. The origin of the LLSVPs is controversial
with a few hypotheses, including the remnants of a global layer
from early Earth or a growing layer from subducted materials
over time (e.g., ref. 41). Due to the large discrepancies in the
shear velocity of CaPv between experimental measurements
(52, 53) and between experimental and theoretical studies (54),
there are debates on the velocity of the recycled oceanic crust
at lowermost mantle conditions. Thomson et al. (52) suggested
that the recycled oceanic crust can generate the low velocity of
the LLSVPs while Deschamps et al. (44), Wang et al. (55), and
Zhao et al. (56) suggested that the recycled oceanic crust shows
a high-velocity anomaly. Adopting the velocity data of CaPv in
Thomson et al. (52), Duan et al. (57) found that the recycled
oceanic crust remains a high-velocity anomaly, which indicates
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Fig.6. The density and temperature variations in the inversion of model GLAD-M25 (18). (A) The vertical cross-sections of relative density variations (dinp = Ap / p)
along latitude -25°S from 800 km depth to 2,880 km depth. (B) The intrinsic density anomaly structure assuming the temperatures are equal to the average
temperature at each depth. (C) The vertical cross-sections of relative temperature variations (dinT = AT /T) along latitude —=25°S from 800 km depth to 2,880 km

depth.
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that the recycled oceanic crust unlikely plays a key role in the
formation of the LLSVDs.

The adiabats and density of peridotitic melt suggest that the
magma ocean may crystallize from middle part (e.g., ref. 58). As
a unique candidate for the hidden geochemical reservoir, the basal
magma ocean also provides an attractive mechanism for the for-
mation of LLSVDs (e.g., refs. 44 and 59). Since Fe prefers to stay
in the melting phase during the crystallization of silicate melts,
the basal magma ocean would be gradually enriched in iron during
the solidification (59). The dense Fe-rich layer, which is heated
constantly by Earth’s core and retains in a high temperature, would
accumulate and evolve into huge Fe-rich blocks with steep bound-
aries and high elevation as simulated in the geodynamic studies
(e.g., refs. 49, 59, and 60). Our study shows that by the high
temperature and the enrichment of iron, the aggregate of the
major lower mantle minerals can exactly produce the velocity of
LLSVPs, thus providing a powerful support for the basal magma

ocean model from a velocity perspective.

Materials and Methods

1. Seismic Tomography Models. Although there are differences in details of
various seismic tomography models, cluster analysis and spectral statistics have
demonstrated coherent features of two LLSVPs in the lower mantle among dif-
ferentstudies (61, 62). We adopt 5 recent global seismic tomography models in
this study, including GyPSuM (17), HMSL(14), S40RTS (16), SP12RTS (15), and
the global adjointtomography model GLAD-M25 based on global full waveform
inversion (18), with the latitude-longitude grid of 361 x 181, 90 x 45, 360 x
180,361 x 181, 1,800 x 899, respectively. We shall note that the grid does not
represent the resolution of each model, the newest model GLAD-M25 has the
densest grid just because we resample it directly from the model’s mesh. The
GLAD-M25 model hamesses the power of waveform adjoint tomography, which
resolves more details of the heterogeneities in the mantle than the ray-theory-
based methods (18). Full waveform adjoint tomography, however, is a compu-
tationally very expensive method and thus far only the seismograms at period
longer than 17 s have been used in the tomography. Due to the limitation of
short-wavelength data in the tomography, we need to bear in mind that although
GLAD-M25 might have the highest resolution in the S-wave model among the
others, the P-wave model has much lower resolution than the S-wave model. Since
the main conclusions of the study are not tied to a specific model, we focus on
the GLAD-M25 model in the main text discussions. The results of other models
are shown in supplementary material (S/ Appendix, Figs. S10-S46 and Text S2).

2. Elasticity of Lower Mantle Minerals. The lower mantle is mainly composed
of ferropericlase (Fp), Bridgmanite (Bdg), Davemaoite (CaPv), and post-perovskite
(PPv). The elasticities of these minerals at lower mantle conditions are essential
for constraining the composition and temperature of the deep Earth. However,
experimental elasticity measurements at pressure and temperature (P-T) condi-
tions corresponding to the whole-lower mantle remain difficult (63). Extrapolating
the experimental data to the lower mantle conditions is inevitable, but would
likely introduce large error (e.g., refs. 2 and 52). In contrast, high P-T can achieve
in the first-principle calculations with results comparable to the experimental
data. Therefore, in this study, we adopted the elastic properties of CaPv CaSiO,
(54), Fp(Mg,_,Fe, ) 0(24), Bdg (Mg, _,Fe, )Si05(23),and PPv(Mg,_,Fe, ) SiO;
(22) at high P-T conditions by first-principle calculations.

Besides, as the major host of Fe’* in the lower mantle conditions, Bdg
could accommodate trivalent cations such as Fe** and Al in its structure (e.g.,
ref. 34). It contains 8 to 11% Fe and 7 to 11% Al if the pyrolitic composition
is assumed (64). Since the elastic properties and density of Al- and Fe**-
bearing (Mg,_,Fe>*)(Si;_,AI"*)0, are very similar to those of Fe?*-bearing
(Mg,_,Fe, ) SiO; with the same concentration of Fe (21, 23), only the elasticity
of Fe?*-bearing Bdg (23) was adopted in this study, which would only introduce
a small error in the determination of the Bdg proportion and its Fe content. The
inversions of model GLAD-M25 with the elasticity of Al- and Fe**-bearing Bdg (21)
indeed give almost the same mineral proportions and iron contents with those
using the elasticity of Fe?*-bearing Bdg (SI Appendix, Fig. S7). But the composition
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of (Mg, _, Fe*)(Si,
mining the upper limit of the Mg/Si ratio. Using the depth-dependent Fe-Mg
exchange coefficient between the silicate (Bdg and PPv) and Fp (33), the Fe con-
tents of Bdg (Mg, _,Fe, )SiO5 and PPv (Mg,_,Fe, ) SiO; can be obtained from
the Fe concentration of Fp (Mg, _,Fe, ) 0. Therefore, only the Fe content of Fp is

needed to be constrained.

A*)0, is considered instead of (Mg, _,Fe, ) Si0y in deter-

—xy

3. Post-Perovskite Phase Transition. In addition, Bdg transforms to PPv at
relevant P-T conditions corresponding to the lowermost mantle. The phase tran-
sition in the Mg end-member system (MgSiO5) has a sharp phase boundary and
can produce a sudden increase in the shear velocity (e.g., ref. 65). However, the
incorporation of Fe and Al can broaden the transition thickness, thus smoothing
the density and velocity contrast across the phase transition (e.g., refs. 47 and
64).The phase boundary in a pyrolitic mantle composition has been determined
by Kuwayama et al. (47) with a ~5 GPa thickness of the Bdg + PPv two-phase
region (~750 K temperature width based on the MgO pressure scale (66)).
Experimental determination of the phase boundary strongly depends on the
choice of the pressure scale adopted to calculate pressures (e.g., refs. 47 and 64).
The Auand MgO pressure scales (66, 67) produce consistent pressure at temper-
atures lower than 2,000 K, howeverwould resultin different Clapeyron slopes of
the phase transition, thus making large differences at higher temperature (47).
If the Au pressure scale (67) is employed, PPv transforms back into Bdg above
4,800 K at the CMB pressure, much higher than the present-day estimation of
CMB temperature ranging from 3,400 K to 4,300 K (31). In this case, Bdg does
not appear and PPv is present ubiquitously at the CMB (47). The shear velocity
of PPv is much higher than that of Bdg while the bulk sound velocity of PPv is
lower than that of Bdg (21, 22). Without this phase transition, we will fail to
explain the anticorrelation between the shear velocity and bulk sound velocity
inthe lowermost mantle (S/ Appendix, Fig. S47). Instead, the dP /dT slope of the
transition boundary is much steeper based on the MgO pressure scale (66), thus
resulting in a lower transition temperature of ~3,600 Kto ~4,000 K at the CMB
condition. Therefore, both Bdg and PPv would exist in the lowermost mantle.
Furthermore, the mutually consistent equation of states (EOSs) of MgO deter-
mined by two pressure-scale-free methods: first-principle calculations (68) and
pressure-scale-free experimental measurements (69), convince us that the EOSs
of MgO are reliable pressure scales (70). Therefore, in this study, we adopted the
phase boundary from Kuwayama etal. (47) based on the MgO pressure scale (66).
Bdg starts to transform to PPv at around 2,500 km depth under normal mantle
conditions, and both of them could exist in the lowermost mantle.

4. McMC Framework. To gain better insight into the compositional and ther-
mal state of the lower mantle, in this study, temperature, mineral proportions
of the major minerals, and the Fe content of Fp at each point in the tomography
model are treated as the model parameters. Once the temperature is proposed,
the other parameters can then be proposed based on the phase boundary of Bdg
to PPv(47).Ata certain depth and temperature, the elastic moduli and density of
each composition can be obtained with the Voigt-Reuss-Hill averages:

p= Zf,-p,-, (1]
-1
M=% Zf,M,+<Zf,M,,*> , 2]

where p;, M;,and f; represent the density, bulk modulus (K;) or shear modulus (G),
and the volume fraction of the ith mineral, respectively. Then the compressional

and shear velocities are derived from the equations V, = (KS + §G>/p and

Vs = 4/G/p. Thus, the model parameters can be constrained by the forward
modeling of the velocity structures in the tomography. However, determining
the optimal combination of these parameters is not easily achieved by such a
forward modeling approach, given the large model space involved. Besides, the
inversion is a nonunique process, a range of values of the parameters may be
able to provide acceptable fits to the observations. To overcome these limitations,
we applied a Bayesian inference approach in this study, which involves the use
of probability distributions to describe the various states of model parameters.
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The solution is defined as the conjunction of these probability distributions and
contained in the posterior probability distributions. The samples are obtained
from the posterior probability distribution by employing a MCMC scheme, which
only depends on the forward modeling and associated likelihood calculations. In
this way, we basically considered all the models that can fit the observations and
overcame the nonuniqueness of the inversion.

The approach is formulated within a Bayesian framework, where the model
parameters are delineated using probability distributions. We denote the prior
probability distribution by p(m), and the likelihood function by f(d|m). Thus,
the solution can be given by the posterior probability distribution, defined as the
probability of model m, given the observations d:

g(m|d) = pm)f(d|m). [3]

Therefore, the posterior probability distribution represents how the prior knowl-
edge of the model parameters is updated by the data. Here, we assume a uniform
prior probability distribution for all the model parameters, and only their upper
and lower bounds are constrained as shown in S/ Appendix, Table S1.The likeli-
hood function takes the form:

f(dim) = e~f®, (4]
and £(X)is defined as

EX) =

2
V=Vt V-Vt - 2
P : L N : s +a(p PPREM) , 5]
\ v Ve Pereu

where Xrepresents a sample point of the model.Vp, Vs, and pare the velocities and
density in X.V, Vi, and ppgeyy are the velocities and density from the tomography
model and the PREM model, respectively. a is the weighting parameter of the
density constraint (0.05 for depths shallower than 2,200 km and 0.02 for depths
greater than 2,200 km). The density constraint is quite loose. However, without
this constraint the resulting radial average density profile would largely deviate
from the PREM model (S/ Appendix, Fig. S48). We have also tested a range of a
from 0to 0.08 in the inversion. Different a leads to differentamplitude of density
perturbation, but does not change the main features of the density distribution
(S51Appendix, Fig. S49). Since the average density can be easier matched at depths
greater than 2,200 km, the density is less constrained and e is smaller at deeper
depths.

To reach the limiting distribution g, a sequence of models X; is generated in
the Markov chain where typically each is a perturbation of the last (S/ Appendix,
Fig. S1). The initial model parameters of the chain starting point X, are drawn
randomly within their ranges. For each step, the current model X;_, is perturbed
randomly with the grid size shown in S/ Appendix, Table S1 to produce a proposed
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new model X;, and £ (X;) can be calculated by the forward modeling approach.

Then, if £(X;) is smaller than £(X,_, ), the new model is accepted. Otherwise,
the proposed model is accepted with a probability e~(E®)~£(X-1)), Therefore,
the acceptance criterion ratio is min(1, e~ E()~EX-1)) Then a chain of models
{X;, -+, Xy_y. Xy } is generated step by step.

In this study, the first tenth of the chain is treated as the burn-in period and
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probability distribution for the model parameters g (m|d). Then the model out-
comes are determined by evaluating the expected value of the posterior distri-
bution, which should provide a good representation of the whole-model space
that could provide acceptable fits to the observations. The evolution of the misfit
function and the resulting model parameters of two grid points in GLAD-M25
are shown in S/ Appendix, Figs. S50 and S51. The parameters have already
been stabilized at the step of 2 x 10°. Thus, in the application presented below,
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