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The formation and preservation of compositional heterogeneities inside the Earth affect
mantle convection patterns globally and control the long-term evolution of geochemical
reservoirs. However, the distribution, nature, and size of reservoirs in the Earth’s mantle
are poorly constrained. Here, we invert measurements of travel times and amplitudes of
seismic waves interacting with mineralogical phase transitions at 400—700-km depth to
obtain global probabilistic maps of temperature and bulk composition. We find large
basalt-rich pools (up to 60% basalt fraction) surrounding the Pacific Ocean, which we
relate to the segregation of oceanic crust from slabs that have been subducted since
the Mesozoic. Segregation of oceanic crust from initially cold and stiff slabs may be
facilitated by the presence of a weak hydrated layer in the slab or by weakening upon
mineralogical transition due to grain-size reduction.

mantle composition | seismology | mineral physics

Chemical heterogeneities in the form of basaltic and harzburgitic components are intro-
duced into the mantle via the continuous subduction of oceanic plates (1). The resulting
spatial compositional variability exerts a strong influence on the dynamics of mantle
convection and magma generation. It is also considered the main factor controlling the
isotopic diversity of mid-oceanic ridge basalts and lavas from volcanic oceanic islands,
which suggests the presence of 2 to 20% recycled crust in the source (2). However, with
a melting rate of 5%, the creation globally at ridges of 17 km” of basaltic crust per year
involves the melting of only 340 km’/y of mantle. The analysis of primary magma com-
positions provides an incomplete view regarding global mantle chemistry. Apart from rare
ultradeep diamonds with xenolithic inclusions (3), there is little access to the in situ
composition at deep upper or mid-mantle depths.

Data on high-pressure mineralogical phase assemblages (4) show that mid-ocean ridge
basaltic composition is significantly denser than harzburgite down to 660 km depth but
less dense than harzburgite and ambient mantle from 660 to 720 km depth. This density
crossover at 660 km depth is thought to promote basalt accumulation near the base of
the mantle transition zone (MTZ), but the high viscosity of cold and stiff subducted slabs
may prevent efficient separation (segregation) of the basaltic crust from the subducting
slab (5, 6). Indeed, there are few indications of anomalous basalt enrichment at MTZ
depth near downwellings (7-11), and geodynamic models generally favor segregation near
the hot core—mantle boundary (6, 12).

Here, we combine seismic methods and thermodynamic modeling to map out mantle
composition at the global scale. We infer mantle temperature and composition via analysis
of travel times and amplitudes of compressional (P) and shear (S) waves that have been
reflected from the underside of the 410 and 660 km deep discontinuities (PP and SS
precursors). This dual approach with global coverage (Fig. 1) improves over recent attempts
to document the global distribution of geochemical reservoirs (7-10).

Mantle Chemistry from Seismic Reflection Data

In order to constrain the thermochemical structure of the MTZ, we use two large datasets
0f 58,217 SS- and 136,512 PP-precursor waveforms. Details about their compilation and
the phase and amplitude measurements are described in Materials and Methods (see also
SI Appendix, T1-T3). We analyze the thickness of the MTZ and the amplitudes of P and
S wave reflections from the “410” (P410P, S410S) and “660” (S660S). Our data resolution
is global (87 Appendix, Fig. S1). On average, the MTZ is resolved over a 700-km length
scale, and the worst resolution is achieved for PP data in the extreme southern hemisphere
(~1,600 km). Such a resolution is enough to discuss the patterns discovered here. The
modeling strategy and sensitivity of seismic observables to potential temperature 7, and
basalt fraction fare discussed in Materials and Methods and described in SI Appendix, T4
and T5. 7, and fare assumed to be constant on either side of discontinuities. We make
marginal use of P660P reflections as they are hardly visible on seismograms for temperature
conditions relevant to the Earth’s mantle (13).
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In a basalt-harzburgite mixture, the reflectivity (i.e. the ampli-
tudes of reflected waves) at the mineral phase changes from olivine
to wadsleyite at the 410 and from ringwoodite to bridgmanite +
ferropericlase at the 660 are modulated by the amount of basalt
with little effect from temperature (13-15). Conversely, the main
parameter controlling MTZ thickness, i.e., the depth difference
between the 410 and 660, is the temperature near 410 km depth.
This theoretical relationship can be obtained from numerical sim-
ulations (Materials and Methods) and is shown in Fig. 1 for the
S410S and S660S amplitudes at different potential temperatures
T,,, and basalt fractions f.

Global observations reveal an important contribution from a
compositional signature. In Fig. 1, the observed S410S or S660S
amplitudes do not just show a subhorizontal trend as a function
of the MTZ thickness, as expected for purely thermal variations.
Instead, they cover a domain of amplitudes suggestive of basalt
fractions of 0 < f < 0.6. Although predictions do not cover the
entire range of observed amplitudes, a similar behavior is reported
for P410P (S/ Appendix, Fig. S2).

As a next step, we inverted the MTZ thickness and $410S,
P410B and S660S reflection amplitudes with a probabilistic
framework to constrain (7),,, f) in the MTZ at each geographical
location (87 Appendix, T6). In order to link temperature and com-
position to seismic observables via mineral physics modeling, we
simulate wave propagation through synthetic mineral aggregates
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(Materials and Methods). Both observed and synthetic seismic data
are processed in the same way. Amplitude data are corrected for
the effect of imperfect illumination (incidence angle) and atten-
uation (Materials and Methods). We do not account for out-of-
phase stacking due to topography and 3D structure-related
focusing/defocusing effects.

In Fig. 2, we present the results of the global inversion of seismic
reflection data at each pixel of a 361 x 721 geographical grid. Our
global distributions have an average 7,,, = 1650 K + 70 K (standard
deviation) and /= 0.32 + 0.1 (Fig. 2 C'and D). Compared with the
composition of the uppermost mantle source of mid-ocean ridge
basalts, i.e., f= 0.2, the MTZ appears globally enriched in basaltic
component. Uncertainties on inverted parameters of 40-60 K for
T,,,and 0.06-0.08 for f(SI Appendix, Fig. S10) are mainly due to
seismic data coverage. The northern Pacific is notably identified as
a region of low uncertainty due to its very dense coverage
(SI Appendix, Fig. S1).

In addition to the identified global basalt enrichment of the
MTZ, one of our key results is that the data require consider-
able spatial variations of basalt fractions (Fig. 2B). The most
prominent spatial trend is the relative enrichment in basalt
(>50%) in the circum-Pacific region, associated with cold tem-
peratures near recent subduction zones (Fig. 2A4). This result
is robust, as shown by a series of synthetic experiments

(ST Appendix, T7).
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Seismic reflection data and effects from temperature and chemistry. (A) Ray geometry for SS- and PP-precursors and global coverage in reflection points.

(B and C) Diagrams of reflection amplitude ratios for S410S and S660S, as a function of MTZ thickness. Red dots correspond to our global seismic observations
(13), sampled over a 361 x 721 geographical grid. Large squares depict theoretical values for a purely thermal case, where the temperature is variable (color
of the squares) and the composition is fixed to a mechanical mixture of basalt and harzburgite with basalt fraction f= 0.2 (pyrolitic composition). Large circles
depict theoretical values for a purely chemical case, where the basalt fraction varies (color of the circles) and where T, is fixed to 1,700 Kelvin, close to the

global average (13).
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Fig. 2. Patterns and scale of mantle thermal and chemical heterogeneities. Global scale inversion from seismic reflection data allows to recover (A) the T,
temperature field and (B) the compositional field expressed in terms of basalt fraction f. At each geographical location, the variables are represented by Gaussian

distributions from which a mean is extracted, as well as a standard deviation (S/ Appendix, Fig. S10). The T,

»oe @nd ffields are then decomposed over a spherical

harmonics basis function, with power spectra plotted as a function of the angular degree in (C and D). Uncertainties are smaller than the size of the dots. The
angular degree / is related to the wavelength of heterogeneity A = 2z ro/l, where r, is the radius of the Earth. Degrees /= 2, 6, and 15 correspond to wavelengths
of 20,000, 6,700, and 2,670 km respectively. Global statistics on model parameters (corrected for cell surface area) are provided as histograms in Insets.

The joint inversion of MTZ thickness and reflection amplitudes
integrates information on thermochemistry sampled at depths of
410 and 660 km and therefore assumes a constant value for 7,,,
and f'across the MTZ depth range. An important question is
whether the inversion provides a similar pattern of basalt enrich-
ment when using amplitude data that are only sensitive to either
the 410 or 660. In SI Appendix, Fig. S12, we present inversions
that combine the thickness with a single amplitude attribute
(either from reflections at the 410 or 660). These inversions reveal
patterns of basalt enrichment consistent with those in Fig. 2. The
P410P data push the inversion to low basalt compositions
(Materials and Methods); however, this effect is not dominant. The
results of our inversion can be interpreted as weighted radial aver-
ages over the thickness of the MTZ. Uncertainties on mineral
physics parameters and the presence of volatile elements (e.g.,
H,0O) have competing effects on estimates of the basalt content

(see Materials and Methods, and SI Appendix, T8).

Validation Using Global Seismic Tomography
Models

A change in the spectral character of seismic heterogeneity in the
lower mantle has been long known (16-20). The origin of this
change remains unclear and has been attributed to various factors
such as a viscosity jump (21), a spin transition in iron (22), or
volatiles (23). In the following, we argue that variations in the
volume and lateral distribution of basalt can explain part of a
change in seismic heterogeneity patterns across the 660.

While tomography suffers from poor resolution in the MTZ,
our results make a range of predictions that should be expressed
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in any tomographic model. Mineral physics modeling (S Appendix,
T5) indeed reveals that Av,*”, the shear-velocity anomaly at 600
km depth, is mainly controlled by 7, with little influence from
F Conversely, velocity anomalies at 700 km depth, Av,”, are
sensitive to both 7, and f. Thus, for a pureély thermal (i.e., iso-
chemical) model, the correlation between Az and Av,” should
be close to perfect. A prediction of such a correlation for a recent
thermal model for the MTZ (13) and a constant f'= 0.2 basalt
fraction (87 Appendix, Fig. S6) is shown in Fig. 3 (black line with
stars). As expected, the correlation between Av®” and Av,” is
almost perfect (+0.96) over all scales. The Av,*” - Av/” correla-
tion predicted for our thermochemical model presented in Fig. 2
is instead much lower (+0.55), with a sharp decrease at spatial
scales /= 3—6 (black curve with triangles in Fig. 3), for which the
effects of compositional heterogeneity are dominant.

To test for the existence of chemical heterogeneity near the 660
in the MTZ, we use global shear-wave tomographic models from
four different research groups (17-20). Correlations are shown in
Fig. 3. (See also ST Appendix, Fig. S7, for a more systematic com-
parison at different depths.) Models display drops in correlation
suggesting a change in the pattern of heterogeneities across the
660 phase change, consistent with a long-wavelength composi-
tional component. This result suggests that our inferred chemical
model is compatible with heterogeneities mapped by independent
S-wave models. The differences between velocity models
(SI Appendix, Fig. S7) stem from the type of data included (e.g.,
the presence or absence of overtone surface waves), from theoret-
ical assumptions on wave propagation, and from regularization
choices made in the tomographic model reconstruction algo-
rithms, such as the parameterization, damping, and smoothing.
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Fig. 3. Anindication for the effect of chemistry in seismic tomography data.
(Aand B)The correlation between shear-wave speeds at 600 and 700 km depths
is shown for a pure thermal model (black line with stars; model from ref. 13)
and for velocities derived from our inferred thermochemical model (black line
with triangles). Observed correlations are also shown for global tomographic
models 3D2018_08Sv (18), SEMUM (20), S40RTS (17), and SGLOBE-rani (19).
See Sl Appendix, Fig. S7 for correlations at other depths.

Taking our analysis a step further, we perform global inversions
of the velocity anomalies at 600 and 700 km in tomography mod-
els to constrain 7, and £ assuming that these parameters do not
vary greatly across the 660-km phase transition (Materials and
Methods). The results of this inversion together with various sen-
sitivity tests are shown in S/ Appendix, Figs. S15-§19. While
tomography models alone are not the ideal dataset to map out the
thermo-chemical structure of the MTZ, the distribution of tem-
peratures (1,667 + 63 K) and composition (0.29 + 0.05) are con-
sistent with those inferred from seismic reflection data (S7 Appendix,
Fig. S15). In all models, the inversions confirm that the most
enriched basaltic reservoirs are located in the circum-Pacific region

(SI Appendix, Figs. S15 and S16).

On the Scale of Thermochemical
Heterogeneities

Our results demonstrate the presence of regional reservoirs of
anomalous mantle composition with increased basaltic component
in the vicinity of cold subduction zones, consistent with recent
regional observations (8—11). However, our thermochemical mod-
els show a difference in the scale of thermal and compositional
heterogeneity. The temperature power spectrum is dominated by
a /=2 pattern, i.e., 2 20,000 km wavelength (Fig. 2C). The inte-
grated history of subduction since the Mesozoic is at the origin of
such a degree-2 pattern in temperature (24). Subduction likely
contributes to the basalt-enrichment associated with the cir-
cum-Pacific region (Fig. 2B), however patterns in composition

40f7 https://doi.org/10.1073/pnas.2209399119

dominate at harmonic degree 3 (Fig. 2D) with a relatively “full”
spectrum at intermediate degrees up to /= 6-7. These smaller-scale
patterns cannot be attributed to differences between thermal and
chemical diffusion, since the length scale affected by thermal dif-
fusion (~100 km for a 100 My period) is one-to-two orders of
magnitude smaller than spatial scales considered here (24). The
smaller-scale pattern in composition is likely the signal of basalt
segregation and reservoir formation at MTZ depths.

From our measurements, it is difficult to assess the vertical scale
of basalt accumulation or the presence of radial discontinuities/
gradients in composition. Nevertheless, based on separate inver-
sions of reflection amplitudes (S Appendix, Fig. S12), our analysis
reveals similar patterns of basalt enrichment at 410 and 660, indi-
cating that compositional heterogeneity is largely vertically con-
tinuous across the MTZ. In detail, the correlation of compositional
patterns is strongest for large length scales (degrees < 10), and
becomes weaker for smaller scales (S Appendix, Fig. S13).

Time-Integrated History of Subduction

Our new map of MTZ thermo-chemical structure reflects the
history of subduction over the last 200 My. Fig. 4 reveals that
nearly all regions with a strongly basalt-enriched MTZ (f > 0.5)
are associated with either present-day subduction or paleo-sub-
duction zones. Notably, eastern Australia is located more than
2,000 km away from present-day subduction zones but is still
underlain by a broad basalt-enhanced patch with f'~ 0.6. Plate
tectonic reconstructions (e.g., ref. 25) show that the mantle
beneath eastern Australia has accumulated large quantities of sub-
ducted slabs, with an increased regional slab flux between 60 and
20 Ma.

We conduct a time-integrated analysis of the patterns of com-
position in relation to subduction since the Mesozoic (SI Appendix,
T9). We investigate whether a correlation between slab locations
and strongly increased basalt fraction is significant and explore
how far back in time such a correlation remains visible. We use a
global plate motion model (25) and consider the subduction his-
tory from 0 to 200 Ma (Fig. 44), over which plate reconstructions
are the most robust. The time history in Fig. 4 B and C reveals
that the most basalt-enriched patches are correlated to the sub-
duction history over the last 100 My.

However, our MTZ map shows that not all regions of recent
subduction are enriched to the same extent. Furthermore, we find
that the MTZ as a whole, including regions far away from recent
subduction, is basalt-enriched compared to the pyrolitic mantle
average (f'= 0.2). Indeed, the integrated excess basalt volume in
the MTZ in Fig. 4, which we estimate at 1.9 10" km?, cannot be
replenished within 100-150 Ma. For the relevant subduction flux
of 3.5-4 km®/y (26), this volume corresponds to that of all sub-
ducted basalt since ~700 Ma, thereby representing a lower bound
for its residence timescale in the MTZ. We interpret these results
as reflecting two dynamic processes: active basalt segregation in
recent (100 ~ 150 Ma) downwelling regions as well as long-term
ponding of basalt chunks once segregated due to gravitational
trapping (12).

Implications for Mantle Convective Mixing

Our compositional map of the MTZ (Fig. 44) indicates com-
positional segregation near cold subducting slabs in the MTZ.
In general, segregation via gravitational instability is favored by
low viscosities and large density contrasts between the basaltic
crust and harzburgitic lithosphere (6). Cold slabs are commonly
thought to be stiff, and this is the reason why segregation usually

pnas.org
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Fig. 4. Effect of tectonic plate subduction since the Mesozoic in the formation of basalt-rich reservoirs. (A) Map of our inferred compositional field with
superimposed the position of paleo subduction zones (25) from 0 to 200 Ma in intervals of 20 My. Hotspots are marked with green circles. (B) Distribution of
basalt content (thick colored lines) averaged over the paleo-zones of subduction contours between 0 and 200 Ma. Thick lines and dashed lines show the average
and standard deviation of the spatial distribution respectively, and the domain shaded in gray represents the spatial distribution away from paleo subduction
zones. (C) A sketch depicting the segregation at 660-1,000 km depth of the oceanic crust (dark green) from the harzburgitic component (light green) in a slab and
recycling through sinking in the lower mantle and entrainment by a hot plume (light red) rooted at the core-mantle boundary. The “marble cake” composition in
the background is inherited from past episodes of mantle convective mixing, oceanic crust separation from the depleted harzburgitic lithosphere, and pooling
of the basaltic component within and beneath the transition zone. A small amount of primitive material with anomalous composition is shown with darker red
colors near the core-mantle boundary. Segregation could also occur within the MTZ.

does not occur in simplified geodynamic models of slab subduc-
tion (5, 6, 12). However, segregation is facilitated by the presence
of a weak layer between the basaltic crust and the underlying
harzburgite (5). Weakening due to serpentinization and/or
hydration likely occurs in the cold slab core (27). Another pos-
sibility supported by experiments (e.g., ref. 28) is that the cold
slab core may be superweakened due to grain size reduction upon
mineralogical phase transition and slow subsequent grain growth.
The same weakening mechanism has been attributed to slab
buckling, which may further promote segregation near the
hinges of slab folds, where basalt layers are stacked and thick-
ened. Segregation of large basalt pools may thus be related to
significant slab deformation, such as beneath NE Asia, Tonga-
Fiji, or New-Guinea.

A > 700 My minimum residence time of basaltic material in
the MTZ (see above) is compatible with predictions from geody-
namic models (12). Such a long residence time scale implies that
the observed composition of the MTZ (Fig. 2B) cannot solely be
attributed to present-day subduction, and its interpretation must
incorporate the effects of oceanic crust separation integrated over
multiple cycles of convective mixing (Fig. 4C). The harzburgite—
basalt density crossover at the base of the MTZ may provide sup-
port for the long-term stability of basalt-rich pools.

PNAS 2022 Vol.119 No.48 2209399119

According to geodynamic models (4-6, 12), the fate of the
largest and most enriched chunks of basalt in the MTZ is to
be ultimately flushed into the lower mantle (29) and subse-
quently accumulate at the core—mantle boundary. Long-time
enrichment of the lower mantle in SiO,-rich basalts is consist-
ent with geochemical signatures (30) and may balance the silica
budget of the uppermost mantle (Mg/Si = 1.25) relative to that
of planetary building blocks (chondritic meteorites) as well as
the Sun’s photosphere (Mg/Si = 1.0). Accumulated basalt in
the lowermost mantle may then be entrained back by deep-
rooted plumes and recycled upward into the mantle (Fig. 4C).
The amount of basalt carried by plumes depends on plume
temperature and basalt density contrast with respect to lower
mantle rocks, both poorly constrained. Due to the harzbur-
gite—basalt density crossover, some of this plume-entrained
material would replenish a basaltic reservoir in the MTZ (12),
with the remainder being sampled at surface “hotspot” volcan-
ism. We potentially detect such a reservoir in the southern
Pacific (Fig. 44 and SI Appendix, Fig. S14), where numerous
hotspots are present (Easter, Pitcairn, Marquesas, Tahiti,
Society, Cook, and McDonald). Recycling of basalt by plumes
into the MTZ may contribute to the large volumes and long
residence times inferred above.
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While the overall distribution of basalt in the MTZ still indi-
cates dominant delivery by subducted slabs, more detailed analysis
of compositional heterogeneity in the mantle will uncover the
pathways of material flow through the mantle.

Materials and Methods

Data description and the statistical and modeling frameworks are described in
detail in S/ Appendix.The observed seismic data (S/ Appendix, T1) originate from
(13). We use depth-domain series instead of time-domain series (S/ Appendix,
T2) to remove the effect of bulk velocity heterogeneities on travel-time meas-
urements that mask the effect of temperature onto the depths of mineralogical
phase changes. After time-to-depth correction, seismic reflection amplitudes and
MTZ thickness data are obtained from an adaptive stacking approach (13), using
irregularVoronoi tessellations as described in S/ Appendix, T2.The use of an irreg-
ular parameterization allows global measurements, even in places with poor data
coverage, at the price of a decrease in lateral resolution. The global resolution is
shown in S/ Appendix, Fig. S1. Resulting constraints on the MTZ thickness and
reflection amplitudes are shown in S/ Appendix, Figs. S3 and S4. We correct seis-
micamplitudes for the effect of the incidence angle (S/ Appendix, T3). Corrections
are obtained from full-waveform synthetics (13) and account for the different
geometrical spreading of the reference phase (PP/SS) and precursors and further
include the influence of anelastic attenuation through the PREM reference model
(31). We do not find significant correlation between reflection amplitudes and
observed upper mantle quality factors (32, 33). We do not account for out-of-
phase stacking due to topography and 3D structure-related focusing/defocusing
effects. These factors contribute to decrease measured reflection amplitudes and
will bias our inversion results toward higher basalt fractions. We obtain seismic
properties for temperatures and compositions through mineral physics modeling
(I Appendix, T4) using the code Perple_X (34) and the mineral thermoelastic
database from (35) (S/ Appendix, T2). We tested the new thermoelastic database
from reference (36) and found increases of v,, and v in the uppermost lower
mantle but no significant changes elsewhere. Because of the increased contrast
in impedance across the 660, this new database could better explain observed
amplitudes for the S660S phase but will not change the adjustment to S410S
or P410P phases. Our compositional models are based on mechanical mixtures
of the two end-member rock components of the subducted oceanic lithosphere,
basalt and harzburgite (37, 38). The sensitivities of seismic observables from
reflection and tomography data to (T,,,,, ) are discussed in S/ Appendix, T5 and
presented in SI Appendix, Fig. S8. We use a Bayesian approach (S/ Appendix,
16) to infer the probability density functions of model parameters m = (T,,,,,
). In the first case, the data are seismic reflection observables d°®° associated
with the MTZ thickness h and reflection amplitudes g>1705 gP410P 356605 and
a"®% In the second case, the data are velocity anomalies at 600 and 700 km
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