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Abstract 16 

A better understanding of the Earth’s compositional structure is needed to place the geochemical 17 

record of surface rocks into the context of Earth accretion and evolution. Cosmochemical 18 

constraints imply that lower-mantle rocks may be enriched in silica relative to upper-mantle 19 

pyrolite, whereas geophysical observations support whole-mantle convection and mixing. To 20 

resolve this discrepancy, it has been suggested that subducted mid-ocean ridge basalt (MORB) 21 

segregates from subducted harzburgite to accumulate in the mantle transition zone (MTZ) and/or 22 

the lower mantle. However, the key parameters that control basalt segregation and accumulation 23 

remain poorly constrained. Here, we use global-scale 2D thermochemical convection models to 24 

investigate the influence of mantle-viscosity profile, planetary-tectonic style and bulk 25 

composition on the evolution and distribution of mantle heterogeneity. Our models robustly 26 

predict that, for all cases with Earth-like tectonics, a basalt-enriched reservoir is formed in the 27 

MTZ, and a harzburgite-enriched reservoir is sustained at 660~800 km depth, despite ongoing 28 

whole-mantle circulation. The enhancement of basalt and harzburgite in and beneath the MTZ, 29 

respectively, are laterally variable, ranging from ~30% to 50% basalt fraction, and from ~40% to 30 

80% harzburgite enrichment relative to pyrolite. Models also predict an accumulation of basalt 31 

near the core mantle boundary (CMB) as thermochemical piles, as well as moderate 32 

enhancement of most of the lower mantle by basalt. While the accumulation of basalt in the 33 



 

MTZ does not strongly depend on the mantle-viscosity profile (explained by a balance between 34 

basalt delivery by plumes and removal by slabs at the given MTZ capacity), that of the 35 

lowermost mantle does: lower-mantle viscosity directly controls the efficiency of basalt 36 

segregation (and entrainment) near the CMB; upper-mantle viscosity has an indirect effect 37 

through controlling slab thickness. Finally, the composition of the bulk-silicate Earth may be 38 

shifted relative to that of upper-mantle pyrolite, if indeed significant reservoirs of basalt exist in 39 

the MTZ and lower mantle.  40 

1. Introduction 41 

Mantle convection and plate tectonics are fundamental processes that control the distribution and 42 

evolution of chemical heterogeneity in the Earth’s interior. One of the main mechanisms for 43 

generating chemical heterogeneity is the subduction of slabs that consist of the products (basaltic 44 

oceanic crust) and residues (harzburgite) of mid-ocean ridge melting, along with a sediment 45 

cover, into the mantle. While ancient (or “primordial”) heterogeneity that results from the 46 

accretion and differentiation of our planet may have been preserved somewhere in the mantle 47 

(Ballmer et al., 2017; Mukhopadhyay, 2012; Mundl et al., 2017), much of it is thought to be 48 

processed through mantle convection and near-surface melting (e.g., Rizo et al., 2013; 49 

Christensen & Hofmann, 1994). Accordingly, most of the present-day mantle is likely a 50 



 

mechanical mixture of basaltic and harzburgitic materials (and their high-pressure polymorphs), 51 

consistent with geophysical and geochemical constraints (e.g., Hofmann, 1997; Xu et al., 2008). 52 

Mantle structure and differentiation is controlled by convective mixing and chemical segregation 53 

of any such heterogeneity during the long-term evolution of the Earth (Brandenburg & van 54 

Keken, 2007). 55 

Both geochemical and geophysical observations demonstrate that Earth’s mantle is 56 

heterogeneous from small to large scales (e.g., Stixrude & Lithgow-Bertelloni, 2012 and 57 

references therein). For example, a large number of small-scale seismic scatters have been 58 

observed in the upper to middle layers of the lower mantle (Kaneshima & Helffrich, 1999). 59 

These scatters have mostly been attributed to the subduction and stirring of basalt, as their elastic 60 

properties agree with the expected properties of high-pressure basalt that is juxtaposed to pyrolite 61 

(Rost et al., 2008). The scale-length of the detected seismic heterogeneities is typically on the 62 

order of 10 km, which is also consistent with the typical thickness of subducted crust (Bentham 63 

& Rost, 2014). Recently, mid-scale reflectors have also been observed in the shallow lower 64 

mantle, and related to fossil subduction (Waszek et al., 2018). 65 

Large-scale heterogeneity in the Earth’s mantle is also evident from seismic observations. For 66 

example, two large low-shear-velocity provinces (LLSVP), which are 1000s km wide and ~1000 67 



 

km in vertical extent, have been imaged in the lowermost mantle, one beneath the Pacific and the 68 

other beneath Africa (e.g., Dziewonski et al., 2010). Sharp gradients in seismic wave speeds at 69 

their edges (Garnero et al., 2016), an anti-correlation between shear-wave and bulk-sound 70 

velocities (e.g., Koelemeijer et al., 2015) and intrinsically high densities (Ishii & Tromp, 1999) 71 

support a compositional origin of these domains. One of the end-member hypotheses proposed 72 

for the origin of these compositional anomalies (i.e., thermochemical piles) is that basalt largely 73 

segregates from harzburgite and subsequently accumulates in the deep mantle (Brandenburg & 74 

van Keken, 2007; Christensen & Hofmann, 1994; Nakagawa & Tackley, 2005). Alternatively, a 75 

mixture of basalt with ancient material (e.g., magma-ocean cumulates) has been proposed in 76 

terms of LLSVP composition (Ballmer et al., 2016; Tackley, 2012).  77 

Apart from the chemical heterogeneity in the lower mantle, it has been suggested that the 78 

subducted basalt is separated from harzburgite and gravitationally trapped in the MTZ. 79 

Accordingly, segregation may sustain the formation in a basalt-enriched heterogeneous reservoir, 80 

which may have various geochemical and geophysical consequences (Anderson, 1979; 81 

Ringwood & Irifune, 1988). For example, it has been suggested that some plumes may rise from 82 

the basalt-enriched reservoir in the MTZ to feed hotspot volcanism (e.g., Allègre & Turcotte, 83 

1985), or that the accumulation of basalt in the MTZ on the backside of subducted slabs may 84 

leave an imprint on the geoid (Karato, 1997). The formation of this basalt-enriched reservoir has 85 



 

been related to the density profile of basalt relative to pyrolite (see Fig. 1), which involves a 86 

density crossover at the ringwoodite-bridgmanite phase transition at 660 km depth. While basalt 87 

is denser than the surrounding mantle in the upper mantle and MTZ, it is less dense at depths of 88 

660~800 km (Hirose et al., 1999; Irifune & Ringwood, 1993).  89 

Whether or not a basalt reservoir in the MTZ can be formed depends on the efficiency of 90 

segregation of basalt from harzburgite in the subducted slab either in the MTZ or above the 91 

CMB. Estimates based on analytical and simplified Newtonian sandwich models establish that 92 

rheology controls segregation of mantle materials, in general, and indicate that subducted slabs 93 

may be sufficiently weak for segregation of basalt from harzburgite, in particular (Karato, 1997; 94 

van Keken et al., 1996; Lee and Chen, 2007). Fully coupled numerical models of regional 95 

(Davies, 2008; Motoki & Ballmer, 2015; Ogawa, 2000) and global-scale mantle convection 96 

(Ballmer et al., 2015; Nakagawa & Buffett, 2005; Nakagawa et al., 2010) support that significant 97 

amounts of basalt can segregate from harzburgite and accumulate in the MTZ. However, the 98 

extent of basalt accumulation as a function of physical parameters remains is poorly constrained 99 

in all previous studies. Indeed, a systematic parameter study has not yet been performed to 100 

quantify basalt segregation and accumulation in the deep mantle and MTZ. 101 



 

In this study, we use global-scale 2D thermochemical convection models to quantify effects of 102 

mantle rheology, plate tectonic style and bulk composition on the evolution and distribution of 103 

chemical heterogeneity in the mantle. In particular, we focus on the effects of radial mantle 104 

viscosity profiles on the segregation and accumulation of basalt. We scrutinize the delivery of 105 

basalt to the MTZ and lowermost mantle, and formation of harzburgite-enriched reservoir just 106 

beneath the MTZ. Finally, we quantify the characteristic residence timescales of materials in 107 

these reservoirs. 108 

2. Methods 109 

We use finite-volume mantle-convection code StagYY (Tackley, 2008) to solve the conservation 110 

equations of mass, momentum and energy in a two-dimensional spherical annulus geometry of a 111 

compressible infinite Prandtl number fluid. The numerical model domain is resolved by 1024 × 112 

128 cells with a radial grid refinement of up to 2 times near to the surface and CMB (i.e., ~10 km 113 

grid spacing). Resolution tests demonstrate that our current number of cells is sufficient to model 114 

segregation and entrainment of mantle materials (see Suppl. Fig. S1 and Appendix in Tackley, 115 

2011). In order to track composition, five million Lagrangian tracers (~30 tracers per cell) are 116 

distributed in the model domain. The models take phase transitions, partial melting, time-117 

dependent internal and basal heating, pressure and temperature-dependence of viscosity, as well 118 



 

as plastic rheology into account. Kinematic boundary conditions are free slip at the top and 119 

bottom. 120 

As in previous studies (e.g., Nakagawa & Tackley, 2012), mantle materials are described as 121 

mechanical mixtures of subducted/recycled oceanic crust and subducted/recycled oceanic 122 

lithosphere. Hereafter, we refer to these rock types as “basalt” and “harzburgite”, respectively. 123 

Basalt and harzburgite and their respective high-pressure polymorphs are the end-members of 124 

our one-dimensional compositional parameterization (see below). They represent any mafic and 125 

ultramafic lithology, respectively, that has a similar density profile and melting behavior as 126 

modeled here (e.g., Fig. 1). In this parameterization, pyrolitic mantle corresponds to a 127 

mechanical mixture of ~20% basalt and ~80% harzburgite (Xu et al., 2008). End-members basalt 128 

and harzburgite are defined as a solid solution of olivine (ol) and pyroxene-garnet (px-gt) 129 

mineral systems (harzburgite: 75% ol and 25% px-gt; basalt: 100% px-gt). Each of these systems 130 

is parameterized to undergo the relevant solid-state phase transitions (see Suppl. Table S1). The 131 

density profiles of mantle materials are then calculated from our parameterization of major phase 132 

transitions, and the thermodynamic parameters of each phase. These density profiles, as shown in 133 

Figure 1, are consistent with those derived by Xu et al. (2008). 134 



 

We apply a strongly temperature and pressure-dependent rheology using an Arrhenius-type 135 

formulation: 136 

𝜂!"#$%&#(𝑇, 𝑝) = ∏ 𝜆"'
(!)"!𝜂* exp -

+,-.
/0

− +
/0#
/"'                                                                    (1)  137 

where η0 and T0 are the reference viscosity and reference temperature (i.e., at the surface at zero 138 

pressure), respectively; E is activation energy; p is pressure; V is activation volume; T is absolute 139 

temperature, and R the ideal gas constant; Viscosity jumps are imposed at the phase transitions as 140 

suggested by mineral physics experiments and theoretical calculations (e.g., Ammann et al., 141 

2010). λij is the viscosity jump caused by phase transition (i, j) (see Suppl. Table S1), fj is the 142 

fraction of phase system j (olivine or pyroxene-garnet), Γij is the phase function for each phase 143 

(Nakagawa & Tackley, 2010). The  relevant viscosities in each mantle layer are free model 144 

parameters in this study (see below). 145 

In order to obtain plate-like tectonic behavior, plastic yielding is included using a Drucker-Prager 146 

yield criterion with a pressure-dependent effective yield-stress parameterization: 147 

 η12345 =
6,78
9:$$

                                                                                                                                (2)  148 

whereμis the friction coefficient, C the cohesion coefficient and εII the second invariant of the 149 

strain rate tensor. The effective viscosity is defined by the minimum of the two components from 150 

equation (1) and (2): 151 



 

 𝜂;(( = 𝑚𝑖𝑛(𝜂!"#$%&#, 𝜂<";=>)                                                                                                       (3) 152 

Partial melting generates basaltic oceanic crust and a complementary depleted residue. At each 153 

time step, the temperature in each cell is compared to the solidus temperature. As long as the 154 

temperature in a specific cell exceeds the solidus, melt is generated to bring the temperature back 155 

to solidus, leaving a residue behind with a depletion that depends on the related degree of 156 

melting. For details, see Nakagawa & Tackley (2010) and references therein. 157 

The initial condition for temperature is an adiabatic temperature profile with a potential 158 

temperature of 2000 K with thermal boundary layers at the top and bottom of the model box. The 159 

surface temperature is set at 300 K. The initial CMB temperature is assumed to be 5913 K. The 160 

core cools as heat is extracted by the mantle as in Nakagawa & Tackley (2010). Internal heating 161 

is also time-dependent, initially being Hr and decaying according to a timescale τ, which is 162 

similar to the characteristic half-life of the dominant heat-producing radionuclides in the Earth’s 163 

mantle. Our models are initialized with homogeneous composition, i.e., in most cases with 164 

pyrolitic composition, which corresponds to a mechanical mixture of 20% basalt and 80% 165 

harzburgite in most of our models.  166 

All physical parameters used in the model are listed in the Suppl. Table S2. Hereinafter, we refer 167 

to basalt fraction (compositional index) as XBS. This simplified compositional index is a 168 



 

projection of multi-oxide mantle rock composition on one single axis, and defined to range from 169 

0 (harzburgite) to 1 (basalt), with pyrolite being ~0.2. 170 

3. Results 171 

3.1. Model predictions for the reference case 172 

Before exploring the parameter sensitivity of our models, we first describe in detail the 173 

distribution and evolution of chemical heterogeneity in our reference model (for initial 174 

temperature and viscosity profiles, see Suppl. Fig. S2-3). The reference case is characterized by a 175 

viscosity jump of a factor 30 at 660 km depth, but no viscosity jump at 410 km depth (for other 176 

relevant parameters, see Suppl. Table S2). Due to our visco-plastic rheology, slabs of basalt and 177 

harzburgite are continuously introduced into the mantle at various subduction zones over 4.5 Gyr 178 

model time.  179 

Despite whole-mantle convection, compositional layering is predicted to occur across the mantle 180 

over large regions (Fig. 2). A basalt-enriched reservoir is commonly formed over large regions at 181 

the base of the MTZ (i.e., just above 660 km depth), and a complementary harzburgite-enriched 182 

reservoir is formed just below 660 km depth. In addition, large-scale heterogeneous 183 

thermochemical piles accumulate at the base of the mantle. On top of these strongly-enhanced 184 

reservoirs visible in Figure 2, the average radial profile of basalt fraction XBS (Fig. 3a) shows that 185 



 

the composition of the uppermost mantle is generally shifted toward harzburgite, while most of 186 

the lower mantle is relatively enhanced in basalt (see section 3.4). The formation of this global 187 

compositional layering in the presence of mantle convection requires segregation of basaltic 188 

materials from depleted harzburgitic, and is ultimately controlled by the density profiles in 189 

Figure 1. In general, compositional segregation competes with convective stirring (i.e., 190 

mechanical mixing) in the convecting mantle. 191 

Figure 3b shows that the mantle geotherm of the reference case is generally subadiabatic. 192 

Subadiabatic geotherms are typical for whole-mantle convection models (Sinha & Butler, 2007), 193 

in which plumes rise to feed the uppermost mantle, and slabs sink to the base of the mantle (Fig. 194 

2f). On top of a generally subadiabatic geotherm, there are potential-temperature minima and 195 

maxima in and just below the MTZ, respectively, over most of mantle evolution. We attribute 196 

these minima and maxima to slabs that stagnate at 660 km depth, and warm harzburgite that 197 

accumulates just beneath, respectively. We also note that the predicted mantle temperatures are 198 

~200 K higher than realistic, which may be due to the distribution of internal heat sources (see 199 

Suppl. Fig. S4). 200 

Segregation of mantle rock types and the related large-scale layering of small-scale heterogeneity 201 

are promoted by the density difference between harzburgitic and basaltic materials as a function 202 



 

of depth (Fig. 1). Models predict that the first segregation of basalt from harzburgite (i.e., within 203 

the subducted slab) usually occurs in the hot thermal boundary layer near the CMB, where the 204 

viscosity is lowest (also see Karato, 1997; Tackley, 2011). Note that decreasing viscosities tends 205 

to promote segregation of short-length heterogeneity as the growth rate and wavelength of 206 

Rayleigh-Taylor instability is reduced. Subsequently, larger blobs of basalt are transported by 207 

mantle convection (e.g., plumes), and ultimately accumulate in a given layer based on the well-208 

constrained density profile in Figure 1. Basalt is denser than pyrolite and harzburgite through 209 

most of the mantle, and hence tends to accumulate in the lowermost mantle. In turn, harzburgite 210 

tends to accumulate in the upper mantle. Accumulation of basalt in the MTZ is explained by the 211 

density crossover that occurs at the base of the MTZ (there is no such accumulation in a test case 212 

without density crossover; see Fig. 3c-d). Since basaltic materials are less dense than the 213 

surrounding mantle at depths of 660-720 km (Fig. 1), they tend to be gravitationally trapped in 214 

the MTZ. Conversely, harzburgitic materials tend to be trapped just below the MTZ (see arrows 215 

in Fig. 1). 216 

In more detail, our reference model predicts that deep-rooted plumes as well as stagnant slabs 217 

transport basalt to the MTZ in order to establish the basalt-enriched reservoir. At early model 218 

times <~0.5 Gyr, subducted slabs play the major role in transporting basalt to the MTZ. Due to 219 

the viscosity and density jump at the ringwoodite-to-perovskite phase transition (i.e., coupled 220 



 

with its negative Clapeyron slope) at 660 km depth, the cold and strong slabs stagnate in the 221 

MTZ and subsequently become warm and weak as they are heated. This heating promotes the 222 

segregation of basalt from harzburgite (Motoki & Ballmer, 2015), in this case directly in the 223 

MTZ. Apart from stagnant slabs in the MTZ, many subducted slabs penetrate through the MTZ 224 

and sink into the deep mantle. As they reach the deep mantle, basaltic components segregate 225 

from harzburgite near the CMB, and subsequently accumulate above the CMB, forming the first 226 

basalt-enriched thermochemical piles (Fig. 2a-b), which subsequently grow (Fig. 2c). At later 227 

model times (i.e., > ~0.5 Gyr), the mantle lithosphere becomes stronger as the mantle (and core) 228 

progressively cool(s). This strengthening tends to make subduction less efficient, resulting in 229 

slower plate speeds, fewer subduction zones, and larger plate thicknesses. In this phase, basalt is 230 

most efficiently delivered by plumes to MTZ due to entrainment from thermochemical piles. 231 

Chunks of basalt are “lost” by plumes to accumulate in the MTZ, because of its large density 232 

anomaly (Fig. 1) as well as the relatively low viscosity in the MTZ. 233 

In addition to the transport of basalt to the MTZ by plumes (and slabs), the balance of basalt in 234 

the MTZ is controlled by processes for basalt removal. Episodic removal of basalt from the MTZ 235 

is accomplished by three mechanisms. First, downgoing subducted slabs can entrain materials 236 

that accumulate in or at the base of the MTZ, thus potentially “cleaning out” any regional basalt-237 

enriched reservoir (along with the underlying harzburgite-enriched reservoir). This mechanism is 238 



 

dominant among the three mechanisms, especially at relatively late model times (> ~0.5 Gyr). 239 

Second, large mantle plumes can likewise entrain (or push out) any layered material from (the 240 

base of) the MTZ. Third, as the basalt-enriched layer grows beyond a critical thickness, it 241 

becomes gravitationally unstable and promotes diapiric basaltic avalanches (encircled by white 242 

ellipses in Fig. 2d-e). Nevertheless, as basalt is continuously delivered to the MTZ, regional 243 

reservoirs can be sustained for long model times, and e.g., just be swept laterally, mostly 244 

maintaining isostatic equilibrium. Hence, the global basalt profile soon reaches (after ~0.5 Gyrs) 245 

and maintains a statistical steady state (Fig. 3a). 246 

To quantify the distribution of heterogeneity in the mantle, Figure 4a-b shows histograms of 247 

average XBS (and corresponding basalt and harzburgite enrichment) in layers just above and just 248 

below 660 km from 2 to 4.5 Gyr. Just above 660 km depth, XBS is widely 30%~50%, 249 

corresponding to basalt enrichments (relative to pyrolite) of 12%~37% (Fig. 4a). However, there 250 

are also some strongly-enriched (XBS >> 50%) and pyrolitic (XBS ≈ 20%) regions. In turn, the 251 

dominant volume of the layer just below 660 km depth displays XBS ≈ 10%, corresponding to 252 

harzburgite enrichments of 40%~80%. Fig. 4c shows that the volume of basalt-enriched piles 253 

remains nearly constant over the last 2.5 Gyr. 254 



 

Finally, Figure 4d-f shows the distributions of basalt/harzburgite ages for the relevant reservoirs 255 

in/beneath the MTZ and above the CMB. The dominant basalt and harzburgite ages in both 256 

basalt-enriched and harzburgite-enriched reservoir are ~2 Gyr. This can be seen as a rough 257 

timescale for the delivery of materials to plus their residence time in these reservoirs. Only small 258 

volumes of the basalt-enriched reservoir are younger than 1 Gyr, which is an indicator of the 259 

minor role of delivery by young subducted slabs. In turn, the basalt-age distribution across the 260 

depth range of 2390-2890 km is bimodal (Fig. 4f): young subducted basalt (<1 Gyr) with 261 

dominant ages of ~0.5 Gyr and old subducted basalt (> 2 Gyr) with dominant ages of ~2.5 Gyr 262 

(the latter mostly comprising thermochemical piles). That basalt-enriched piles can survive for 263 

billions of years is consistent with previous work (e.g., Mulyukova et al., 2015). Note that the 264 

harzburgite reservoir in the uppermost lower mantle also displays a bimodal distribution (Fig. 4e), 265 

but the basalt reservoir in the MTZ does not (Fig. 4d). This result highlights the segregation of 266 

basalt from harzburgite in the lower mantle. Whereas both young and old harzburgite can be 267 

delivered to the reservoir beneath the MTZ due to its intrinsic buoyancy, only old basalt is 268 

delivered to the MTZ. Before delivery, basalt is stored in thermochemical piles to be heated and 269 

overcome its intrinsic density anomaly, and eventually be entrained by plumes. 270 



 

 271 

Fig. 1. Density profiles for basalt (100% pyroxene-garnet), harzburgite (75% olivine ＋ 25% 272 

pyroxene-garnet) and pyrolite (20% basalt ＋ 80% harzburgite). Note the density crossover 273 

between 660 and 720 km. We parameterize the gradual breakdown of garnet (Hirose et al., 1999; 274 

Irifune & Ringwood, 1993) as a transition of width 75 km (see Suppl. Table S1) at 720 km depth. 275 

The red and blue arrows denote the negative and positive buoyancy of basalt and harzburgite 276 

away from this crossover region, respectively.  277 
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 278 

Fig. 2. Snapshots of XBS (compositional index) at model times (a) 1.0 Gyr (b) 2.0 Gyr (c) 3.0 Gyr 279 

(d) 4.0 Gyr (e) 4.5 Gyr; (f) potential temperature T at 4.5 Gyr for the reference model. Blue and 280 

red triangles refer to subduction zones and mid-ocean ridges, respectively. White ellipses denote 281 

the diapiric basaltic avalanches. Rising plumes are readily identified in panel (f). For movies of 282 

the compositional and thermal evolution of the reference case, we refer the reader to the 283 

supporting online information (Suppl. Movie S1). 284 
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 286 

Fig. 3. Radial average profiles of (a) XBS (compositional index) and (b) potential temperature for 287 

the reference case at different model times (from 1.0 to 4.5 Gyr as labeled). For comparison, (c) 288 

XBS (compositional index) and (d) potential temperature for a test case, in which the density 289 

crossover at 660-720 km depth is artificially switched off (i.e., the depth of the phase change in 290 
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the px-gt system is set to 660 km instead of 720 km). In this test case (with otherwise the same 291 

parameters as for the reference model), no basalt-/harzburgite-enriched reservoir is formed just 292 

above/beneath 660 km. Note detailed potential-temperature gradients across the MTZ as shown 293 

in insets. 294 
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Fig. 4. Distribution of heterogeneity (i.e., in terms of XBS, basalt age and relative volume) in the 298 

MTZ (i.e., at depths of 560-660 km, a and d), just beneath the MTZ (i.e., at depths of 660-760 299 

km, b and e), and above the CMB (i.e., at depths of 2390-2890km, c and f). Note that the black 300 

curve in each histogram is the corresponding normal distribution, plotted for reference. Red and 301 

green vertical lines denote the boundaries between basalt enrichment and harzburgite enrichment, 302 

and between relatively young and old reservoirs, respectively. For each bin (~3 degrees wide) in 303 

panels (a-b), composition is averaged over the depth range labeled. Bins are summed into 304 

histograms over model times 2-4.5 Gyr, scaled by (a) XBS, or (b) 1-XBS. In (c), pile volumes are 305 

measured over 2-4.5 Gyr, and normaliized by that in the last time-step of the reference case 306 

(Figure 2e). In (e-f), basalt ages at grid cells are summed into histograms over 3.5-4.5 Gyr. 307 

 308 

3.2.  Effects of mantle viscosity 309 

To investigate the influence of mantle viscosity on the segregation and accumulation of basalt in 310 

the mantle, we systematically vary three model parameters: (1) the viscosity jump due to the 311 

phase change at 410 km; (2) the viscosity jump due to the phase change at 660 km; and (3) the 312 

reference viscosity. Combining these three parameters, we generate four groups of radial mantle 313 

viscosity profiles (see Suppl. Fig. S3). In each of these four groups, the viscosities are varied by 314 



 

up to a factor of ~100 in (A) the uppermost mantle (i.e., at depths <410 km), (B) the MTZ (i.e., 315 

at depths of 410-660 km), and (C) the lower mantle (i.e., at depths >660 km), and (D) the whole 316 

mantle, respectively. 317 

In group A, our results suggest that relatively high uppermost-mantle (plus lithospheric) 318 

viscosities have no or little effects on the accumulation of basalt in the MTZ (Fig. 6a), while they 319 

tend to result in larger harzburgite-enriched reservoir beneath the MTZ and higher amounts of 320 

basalt above CMB (see e.g., Figs. 5a, 6e and 6j). Models show that relatively high uppermost-321 

mantle viscosities are associated with thicker plates and larger crustal thicknesses (see Suppl. 322 

Figs. S7a and S8a). The related thicker subducted slabs promote segregation of basalt from 323 

harzburgite in the lower mantle, ultimately leading to larger amounts of harzburgite just beneath 324 

the MTZ (Fig. 6e) and larger basalt-enriched piles above the CMB (Fig. 6j). Besides, thicker 325 

plates also result in slower plate velocities (i.e. root-mean-square velocity at the surface) and 326 

lower plate mobilities (see Suppl. Figs. S5a and S5e), hence inhibiting mantle and core cooling 327 

(see Suppl. Figs. S6a and S6e), thereby promoting partial melting, resulting in a more depleted 328 

uppermost mantle (i.e., less XBS in Fig. 5a). In turn, relatively low uppermost-mantle viscosities 329 

are associated with thinner plates. While segregation of thinner subducted slabs is inefficient in 330 

the deep mantle; this is not the case in the upper mantle and MTZ. Thinner slabs tend to stagnate 331 

more readily in the MTZ since they are relatively weak, and segregate there into their basaltic 332 



 

and harzburgitic components as they are warmed up. This effect trades off with the negative 333 

effect of slab (or subducted crustal) thicknesses on segregation in the lower mantle. Therefore, 334 

uppermost-mantle viscosities do not have obvious effects on the amount of basalt-enriched 335 

reservoir in the MTZ. 336 

In group B, our models show that the XBS in the MTZ is systematically controlled by MTZ 337 

viscosity (see Figs. 5b and 6b). However, this control is not very strong: the final average XBS in 338 

the MTZ ranges between 30% and 37% in all cases of Group B (Fig. 5b). Besides, we find that 339 

relatively low viscosities in the MTZ (and a related large viscosity jump at the 660 km) tend to 340 

increase the resistance of the mantle to slab sinking, which leads to a relatively large amount of 341 

basalt accumulated in the MTZ from 1 to 2 Gyr. For relatively high viscosities in the MTZ, 342 

models predict instead that XBS in the MTZ is relatively low throughout the entire history of 343 

mantle evolution. The variation of viscosities in the MTZ has little or no effects on the volume of 344 

basalt piles that accumulate above the CMB (Fig. 6k), or on the harzburgite-enriched reservoir 345 

just beneath the MTZ (Fig. 6f). An exception is that the volume of piles is somewhat increased 346 

for very low MTZ viscosities (such as case B1), as the efficiently segregated basalt in the MTZ 347 

ultimately reaches the CMB. 348 



 

In group C, our models predict that the harzburgite-enrichment beneath the MTZ (Fig. 6g) as 349 

well as the volume of basalt-enriched piles above the CMB (Fig. 6l) increase with decreasing 350 

lower-mantle viscosity. This result is well explained by the effects of mantle viscosity on the 351 

efficiency of segregation. Any harzburgite segregated in the lower mantle tends to rise and 352 

eventually accumulate just below 660 km depth, and any segregated basalt tends to sink and 353 

eventually accumulate above the CMB. In turn, XBS in the MTZ is largely independent of (i.e., 354 

only very slightly increases with) lower-mantle viscosity (see Figs. 5c and 6c). We attribute this 355 

result to a trade-off: while inhibiting segregation of basalt in the deep, higher lower-mantle 356 

viscosities tend to stabilize the conduits between convection cells, which facilitates the 357 

entrainment of basalt through these conduits (see Suppl. Movie S2-3). Moreover, higher lower-358 

mantle viscosities tend to promote slab stagnation in the MTZ by increasing the viscosity jump at 359 

the 660. In combination, these two effects result in a slightly stronger enhancement of basalt in 360 

the MTZ (Fig. 5c, case C4), which confirms that both slabs (from above) and plumes (from 361 

below) deliver basalt to the MTZ. 362 

In group D, we find that relatively low whole-mantle viscosities tend to enhance the segregation 363 

of basalt from harzburgite, promoting the enhancement of basalt in the MTZ (Fig. 6d) and deep 364 

mantle (Fig. 6m), as well as that of harzburgite just beneath the MTZ (Fig. 5d, 6h). This result 365 

can be explained by the combination of all effects discussed above. For example, for relatively 366 



 

low whole-mantle viscosities, enhancement of basalt in the MTZ already occurs at early model 367 

times, and remains rather stable over billions of years with small second-order variations (see 368 

Suppl. Movie S1 and S4). These variations reflect the partial destruction of any basalt-enhanced 369 

layer in the MTZ (e.g., by sinking slabs), and subsequent replenishment. Similar to group C, 370 

lower whole-mantle viscosities promote segregation in the deep mantle to sustain large piles (see 371 

Fig. 6m). The formed piles are able to survive for several billions of years as any entrainment is 372 

usually (over)compensated by continued addition of basalt through segregation.  373 

Despite the aforementioned variations, we stress that the predicted basalt contents (i.e., XBS) in 374 

the MTZ are fairly robust over a wide range of viscosity profiles. While relatively low local 375 

mantle viscosity can promote the segregation and accumulation of basalt in the MTZ, average 376 

XBS in the MTZ range from 0.3 to 0.35 (i.e., corresponding to 12.5%–18.7% basalt enrichment) 377 

for most cases, and up to 0.4 only for a few cases (see Figs. 6a-d). While for some cases (A4 and 378 

D4), the predicted average XBS are < 0.3, these cases are not Earth-like, because of very small 379 

CMB heat fluxes and plate velocities (see Suppl. Figs. S5-6).  380 

Similarly, the average harzburgite content (i.e., 1–XBS) in the thin layer just below 660 km depth 381 

is mostly parameter-independent. It is just sensitive to the viscosity in the lower mantle, as is 382 

explored in groups C and D. Furthermore, it slightly varies with parameters that control slab 383 



 

thickness, such as uppermost-mantle viscosity. Nevertheless, the average harzburgite enrichment 384 

at 660-760 km depth of most cases (except cases that are not Earth-like as mentioned above) just 385 

varies between 25% to 50%, which corresponds to with 10% < XBS < 15% (Figs. 6e-h). 386 

In turn, the volume of piles above the CMB is strongly sensitive to the mantle viscosity profile 387 

(Figs. 6j-m). Some cases result in no piles at all while other cases lead to very large pile volumes 388 

that are about twice as large as in the reference case (see Fig. 2e). This result is well explained by 389 

a variable balance between segregation and entrainment across cases in the context of a quasi-390 

infinite capacity of the deep-mantle reservoir (i.e., little or no feedback between pile volumes 391 

and entrainment). The efficiency of segregation is controlled by the local (i.e., lower-mantle) 392 

viscosity, and the thickness of the delivered basaltic slabs. 393 

Overall, two processes occur in the mantle: segregation and accumulation. Segregation of basalt 394 

from harzburgite is a prerequisite for the subsequent accumulation of basalt in/near the 395 

MTZ/CMB (or of harzburgite just below the MTZ). Our models suggest that the balance 396 

between delivery and removal controls the content of basalt/harzburgite in various mantle 397 

reservoirs. Delivery and removal are controlled by the scale-length of heterogeneity and the local 398 

viscosity, and thereby parameter-dependent. That the basalt content in the MTZ is robust over a 399 

wide range of parameters is explained by the variety of processes that deliver basalt to the MTZ 400 



 

(mostly plumes, but also stagnant slabs), and remove basalt from the MTZ (mostly sinking 401 

slabs). These processes do not depend on the same parameters. Importantly, any process for 402 

removal becomes more efficient as the MTZ is more enriched in basalt. Thus, the MTZ basalt 403 

contents are ultimately controlled by its capacity. In contrast, the harzburgite layer just below 404 

660 km depth gets mostly replenished by just one process (i.e., harzburgite rising through the 405 

lower mantle), the efficiency of which depends on various parameters, mostly lower-mantle 406 

viscosity (see above). We highlight that our models robustly predict that the MTZ is enriched in 407 

basalt, and constrain the typical degree of enrichment as ~15% relative to pyrolite (i.e., 0.3 < XBS 408 

< 0.35). All models display a subadiabatic potential-temperature gradient across the MTZ. 409 



 

                                410 

Fig. 5. Radial profiles of XBS (compositional index), averaged laterally and over time (i.e., 411 

between 2 and 4.5 Gyr) for (a) group A: the uppermost-mantle (UM) viscosity (b) group B: MTZ 412 
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viscosity (c) group C: the lower-mantle (LM) viscosity (d) group D: the whole-mantle (WH) 413 

viscosity. Note that	 ηUM , ηMTZ , ηLM and ηWM denote uppermost-mantle viscosity, MTZ viscosity, 414 

lower-mantle viscosity, and whole-mantle viscosity, respectively. Correspondingly, ηRef denotes 415 

the viscosity of the reference case. 416 

 417 

 418 

Fig. 6. Parameter sensitivity of the predicted composition of mantle layers. (Top row) Basalt 419 

fraction XBS (compositional index), and corresponding basalt enrichment relative to pyrolite in 420 

the MTZ (i.e., at depths of 560-660 km), averaged laterally and over time (i.e., from 2 to 4.5 Gyr) 421 

for all cases in groups A-D (from left to right columns). (Middle row) XBS and corresponding 422 

harzburgite enrichment just beneath the MTZ (i.e., at depths of 660-760 km) for all cases in 423 



 

groups A-D. (Bottom row) relative volume (i.e., relative to the pile volume of the reference case 424 

at 4.5 Gyr (see Fig. 2e)) of basalt-enriched thermochemical piles (i.e., the threshold value of XBS > 425 

30% is used to discriminate piles and ambient mantle composition) above the CMB (i.e., at 426 

depths of 2590-2890 km). Crosses denote cases that do not match our criteria for Earth-like 427 

tectonic style (see Suppl. Fig. S5-6). The light yellow area shows cases with very small or no 428 

piles. For colors, see Fig. 5 legend. 429 

 430 

3.3.  Effects of plate-tectonic style 431 

Next, we investigate the effects of an important but poorly constrained parameter for tectonic 432 

behavior of planets: the effective yield stress. While relatively low values sustain plate-tectonic 433 

behavior, large values promote the formation of a stagnant lid (e.g., Nakagawa & Tackley, 2015). 434 

We vary the effective yield stress by systematically changing the friction coefficient μ between 435 

0.005 and 0.08 (see eq. 2 and 3). As we explore the effective yield stress, we keep all other 436 

parameters, including the viscosity profile, fixed.  437 

We find that the activity of tectonics systematically varies within the relatively narrow range of 438 

friction coefficients μ explored here. For example, for the case E4 with the highest μ = 0.08, 439 

plate tectonics remains episodic with intermittent episodes of stagnant-lid tectonics (i.e., plate 440 



 

mobility is episodically zero). All other cases display persistent plate tectonics. We find that the 441 

number of subduction zones and, plate mobility, and average speed of tectonic plates increase 442 

with decreasing yield stress (Fig. 7a). Therefore, more slab material is conveyed into the mantle 443 

for small yield stresses, promoting planetary cooling, and ultimately reducing the extents of 444 

basalt melting (see Fig. 7c where case E1 and E2 are featured with less depleted upper mantle). 445 

Accordingly, crustal thicknesses are smaller for lower yield stresses. The related more active 446 

subduction and sinking of (thinner) slabs continuously cleans out the MTZ through time such 447 

that for case E1 stable basalt-enriched reservoir in the MTZ cannot be established at all (Fig. 7b). 448 

Slab thicknesses and crustal thicknesses also have a strong effect on the segregation of 449 

heterogeneity in the lower mantle. Similar to results in group A, higher yield stresses associated 450 

with thicker subducted slabs result in larger basalt-enriched piles above the CMB (Fig. 7c). 451 

Another effect involves the influence of planetary cooling as a function of yield stress on mantle 452 

viscosity, and thereby on the distribution of heterogeneity (i.e., again in analogy to group A 453 

above). Finally, it should be noted that there is a visible accumulation of basalt in the MTZ, 454 

delaminated from the base of the crust in a stagnant lid regime (Armann & Tackley, 2012; 455 

Nakagawa & Tackley, 2015) with high yield stress. That all said, we stress that neither relatively 456 

low (case E1) nor high (case E4) yield stresses are relevant for the Earth. This further confirms 457 

that the yield stress used in our reference case (and all other cases in groups A-D and F) is 458 



 

reasonable for generating Earth-like plate tectonics, although there remains uncertainty in terms 459 

of this parameter.  460 

 461 

Fig. 7.  (a) Plate mobility, (b) radial average XBS (compositional index) in the MTZ form 0 to 4.5 462 

Gyr, and (c)  radial average XBS (compositional index) between 2 and 4.5 Gyr for cases with the 463 

different friction coefficientμ. 464 

 465 

3.4.  Effects of initial mantle composition 466 
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Finally, we investigate the influence of initial mantle composition on the distribution of 467 

heterogeneity in the mantle. We vary the initial XBS of the mantle, from 0.25 to 0.4. Thereby, the 468 

bulk composition of the silicate Earth is shifted towards that of basalt. In general, it is accepted 469 

that the source of MORB melting (i.e., the uppermost mantle) consists of pyrolite, which is 470 

similar to the rock type peridotite (Ringwood, 1975), and corresponding to XBS = 0.2. However, 471 

the radially averaged basalt profiles of all models discussed above (including the reference case), 472 

which all have an initial and bulk XBS of 0.2, predict that the upper mantle is depleted in basaltic 473 

components relative to pyrolite.  474 

As we vary the initial XBS in this suite (all other parameters are fixed at reference values), we find 475 

that the radially averaged basalt profiles are shifted as a whole towards higher basalt fractions 476 

(Fig. 8). Accordingly, the average upper-mantle XBS is also shifted. Obviously, case F4 is not 477 

Earth-like, since its radially averaged XBS in the asthenosphere (see dashed red line in the yellow 478 

box in Fig. 8) is quite a bit higher (i.e., XBS = 0.26) than that of pyrolite (i.e., XBS = 0.2). In turn, 479 

cases F2 and F3 display asthenospheric average compositions similar to pyrolite (XBS = 0.18 and 480 

0.22, respectively). In these cases, the bulk lower mantle is significantly shifted towards higher 481 

basalt contents than pyrolite (see dashed lines in the green box in Fig. 8). In addition, the MTZ 482 

and lowermost mantle (thermochemical piles) display significant basalt reservoirs. Due to the 483 

significant enhancement of mafic (SiO2-rich) basalt in case F3, even the shallow lower mantle 484 



 

(660-1500 km depth, green box in Fig. 8) is mostly silicate perovskitic (bridgmanitic) on average 485 

with a molar Mg/Si-ratio of 1.08 (i.e., calculated based on Table 1 in Xu et al., 2008). At 1500 486 

km depth, the average molar Mg/Si ratio is ~1.07 and ~1.00 in cases F2 and F3, respectively. 487 

According to our models, if indeed significant reservoirs of basalt exist in the MTZ and lower 488 

mantle, the composition of the bulk-silicate Earth may be shifted towards basalt relative to the 489 

uppermost-mantle composition of pyrolite, being more similar to the starting compositions of 490 

cases F2 or F3. Accordingly, our previous estimation of 0.3 < XBS < 0.35 in the MTZ may be a 491 

lower bound. Along these lines, segregation of basalt from harzburgite can help to filter 492 

heterogeneity in order to sustain large-scale mantle layering, even in the presence of whole-493 

mantle convection. 494 



 

 495 

Fig. 8. Radial average XBS (compositional index) between 2 and 4.5 Gyr for cases with different 496 

initial XBS. Dashed lines in the yellow and green boxes denote average XBS in the asthenosphere 497 

and shallow lower mantle, respectively. 498 

 499 

4. Discussion  500 

One of the most striking and robust predictions of our models is that subducted basalt and 501 

harzburgite segregate from each other near the CMB, and that basalt ultimately accumulates in 502 



 

the MTZ and lower mantle. In turn, the asthenosphere and the layer just below 660 km depth are 503 

relatively depleted in basaltic components compared to the mantle average. These predictions 504 

result in systematic large-scale compositional layering on top of dominant small-scale and 505 

regional-scale variations, consistent with previous global-scale mantle-convection models that 506 

apply realistic density profiles for basalt and harzburgite (Ballmer et al., 2015; Nakagawa & 507 

Buffett, 2005; Nakagawa et al., 2010). Our results are controlled by the well-constrained density 508 

profiles of basalt and harzburgite (Fig. 1), and robust over a wide range of viscosity profiles (Fig. 509 

S3). Moderate mantle layering is predicted to be sustained by segregation despite ongoing 510 

whole-mantle convection and mixing, and to be soon established (within ~0.5 Gyr) after the 511 

onset of basalt cycling. This cycling could be due to plate tectonics, or another mechanism such 512 

as basalt dripping (Armann & Tackley, 2012), as likely relevant in the Archean (e.g., Fischer & 513 

Gerya, 2016, Johnson et al., 2014). In case mafic crust enters the mantle as a hybrid lithology 514 

such as pyroxenite (Bodinier & Godard, 2003; Castro & Gerya, 2008), the relevant density 515 

profile and hence the style of segregation and mixing are expected to differ from that modeled 516 

here. 517 

As shown in section 3.4, this conclusion of moderate mantle layering implies that the 518 

composition of the bulk-silicate Earth (BSE) is shifted relative to upper(most)-mantle pyrolite. 519 

Indeed, such a difference in composition between the upper and lower mantles has been 520 



 

proposed based on comparison of geophysical constraints with mineral-physics estimates of 521 

lower-mantle rock properties (e.g., Murakami et al., 2012). Moreover, recent sound-velocity 522 

measurements of CaSiO3 perovskite (Gréaux et al., 2019) imply an enrichment of basaltic crust 523 

in the Earth’s lower mantle.  524 

An enhancement of the BSE in basaltic materials further implies an enrichment in SiO2, as well 525 

as in Al2O3 and CaO, relative to pyrolite. Thus, our models can reconcile the high Mg/Si ratio of 526 

pyrolite with the compositional range of chondrites (Ballmer et al., 2015). Our models also imply 527 

superchondritic Earth Al/Si and Ca/Si (e.g., McDonough & Sun, 1995). Al/Si and Ca/Si would 528 

have to be less superchondritic for E-chondrite than the CI-chondrite Earth building blocks 529 

(Javoy et al., 2010), or if mafic materials stored in the lower mantle are largely ancient (e.g., 530 

Archean basalt, komatiite), and hence depleted in Al+Ca relative to modern MORB (Hofmann & 531 

White, 1982; Arndt et al., 2008). In any case, our results point to some degree of fractionation of 532 

Al+Ca from Si+Mg during Earth accretion, which has been proposed to be due to a difference in 533 

condensation temperatures between Al+Ca and Si+Mg (Hart & Zindler, 1986; Lodders, 2003). 534 

In our models, the dynamic mechanisms for the transport of mantle materials to the MTZ are 535 

slabs, and most importantly, plumes. We find that the relevant processes, such as entrainment of 536 

basaltic materials by plumes in the deep mantle, failure of plumes to carry these materials across 537 



 

the MTZ (Nakagawa & Buffett, 2005) and slab stagnation, depend on the mantle viscosity 538 

structure. Moreover, the prerequisite for any delivery of basaltic material to (and accumulation 539 

in) any mantle reservoir, i.e., the segregation of basalt from harzburgite, also depends on the 540 

viscosity structure of the mantle. Segregation is more efficient for larger scale-lengths of 541 

heterogeneity, and for lower viscosities (Karato, 1997), but should be efficient as long as mantle 542 

viscosity is sufficiently small in at least some regions of the mantle. Indeed, very low viscosities 543 

are locally promoted, e.g. in the hot thermal boundary layer, or post-perovskite stability field 544 

(Ammann et al., 2010). Despite these large effects of mantle rheology, our models predict the 545 

degree of enrichment of basalt in the MTZ to be rather robust (about 0.3< XBS <0.35) over a wide 546 

range of viscosity profiles (see also section 3.2), mostly due to a universal balance between 547 

delivery/removal and reservoir capacity. This is an encouraging result given that the radial 548 

mantle viscosity profile remains poorly constrained (Rudolph et al., 2015). Due to this control by 549 

MTZ capacity, we also do not expect that model simplifications (such as 2-D geometry) affect 550 

the final compositional profile significantly. Note that 2-D models artificially increase efficiency 551 

of basalt delivery to MTZ by implying sheet-like plumes, but they also display artificially poor 552 

segregation near the CMB (Tackley, 2011). Indeed, previous 3-D models predict compositional 553 

stratification across the MTZ (Figure 5 in Nakagawa et al., 2010), although high-resolution 554 

studies are needed for further quantitative investigation. 555 



 

It has been suggested that some hotspots are sourced by plumes that originate from the MTZ 556 

(e.g., Mazza et al., 2019), while others are sourced by plumes that rise from the CMB, e.g. from 557 

the margins of thermochemical piles (e.g., Burke et al., 2008). However, it remains unclear how 558 

basalt can be transported from the MTZ reservoir to the surface. A possible explanation involves 559 

that sub-lithospheric small-scale convection (Korenaga and Jordan, 2004) entrains a certain 560 

amount of basalt from the MTZ reservoir. Alternatively, small-scale convection in, or hydrous 561 

upwellings from, the MTZ may be relevant for the segregation of basalt in the MTZ (Long et al., 562 

2019; Motoki and Ballmer, 2015). In our global-scale geodynamic models, such rather small-563 

scale processes of convection and compositional segregation remain under-resolved due to 564 

computational limitations (low spatial resolution). Therefore, the compositional layering 565 

predicted here remains conservative. 566 

Our robust model prediction of a basalt-reservoir in the MTZ, and a complementary harzburgite-567 

reservoir just below, can be tested using seismic data. A long-standing discussion involves 568 

whether seismic properties of the MTZ can either be explained by a homogeneous pyrolite model 569 

(Weidner, 1985) or by a basalt-enriched model (Agee, 1993). An accumulation of harzburgite 570 

just below the MTZ can account for narrow high-velocity anomalies just beneath the MTZ in 571 

regions of mantle upwelling (Maguire et al., 2017). Based on a joint seismological and mineral-572 

physics analysis, Yu et al. (2018) present direct evidence for local harzburgite enrichment near 573 



 

the base of the MTZ beneath Hawaii. More recently, Wu et al. (2019) suggest chemical layering 574 

in regions with short-scale topography of the 660-km discontinuity. Note that our models also 575 

predict that a global reservoir can be maintained, at least for cases with relatively low reference 576 

viscosity, even though both slabs and plumes can destroy the formed basalt-577 

enriched/harzburgite-enriched reservoir locally. However, more geophysical observations are 578 

needed to confirm the nature of regional, or even global, reservoirs near 660 km depth.  579 

5. Conclusion 580 

Our global-scale thermo-chemical convection models show that deep-rooted plumes (and to a 581 

minor extent, stagnant slabs) play an important role in terms of delivering basalt/harzburgite to 582 

the layers at the base/just below the MTZ, and to establish a laterally variable basalt-583 

/harzburgite-enriched reservoir. The amount of basalt accumulated in the MTZ does not depend 584 

very much on the mantle viscosity structure, which is the result of a balance between delivery, 585 

removal and capacity of the MTZ. In turn, the amount of basalt accumulated above the CMB 586 

strongly depends on mantle viscosity structure. Our models predict that regional reservoirs in the 587 

MTZ are moderately-to-strongly enhanced by basalt (12%~37% on average) relative to pyrolite 588 

(i.e., compositional index 0.3~0.5), while most regional harzburgite-enriched reservoirs beneath 589 

the MTZ are enhanced by 40%~80% (compositional index 0.04~0.12). This prediction is 590 



 

consistent with estimates from seismology, although more regional or even global studies are 591 

needed for further confirmation. The resulting compositional mantle layering is typically 592 

associated with a subadiabatic potential-temperature gradient across the MTZ. Finally, the 593 

composition of the bulk-silicate Earth may be shifted relative to that of the upper-mantle pyrolite 594 

if indeed significant reservoirs of basalt exist in the MTZ and lower mantle. Our results suggest 595 

that the segregation of basalt from harzburgite can act to filter mantle heterogeneity in order to 596 

sustain a layering mantle composition. The mantle flow that is related to sustaining the basalt-597 

enriched MTZ (and harzburgite-enriched) reservoir may play an important role in regulating heat 598 

and material fluxes through the mantle.  599 
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