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Geochemical and geophysical observations for large-scale structures in the Earth’s interior, particularly horizontal variations of long wavelengths such as degree-1 and degree-2 structures, are reviewed with special attention to the cause of hemispherical mantle structure. Seismic velocity, electrical conductivity, and basalt geochemistry are used for mapping the large-scale structures to discuss thermal and compositional heterogeneities and their relations to dynamics of the Earth’s interior. Seismic velocity structure is the major source of information on the Earth’s interior and provides the best spatial resolution, while electrical conductivity is sensitive to water/hydrogen contents. The composition of young basalts reflects the mantle composition, and the formation age of large-scale structures can be inferred based on the radiogenic isotopes. Thus, these different research disciplines and methods complement each other and can be combined to more concretely constrain the structures and their origins. This paper aims to integrate observations from these different approaches to obtain a better understanding of geodynamics. Together with numerical modeling results of convection in the mantle and the core, “top-down hemispherical dynamics” model of the crust-mantle-core system is examined. The results suggest that a top-down link between the supercontinents, mantle geochemical hemisphere, and inner core seismic velocity hemisphere played an essential role in formation of the large-scale structures and dynamics of the Earth’s interior.
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1 INTRODUCTION
Among the rocky planets of the solar system, the Earth is an active planet characterized by surface liquid water, continental crust containing granite, a strong self-excited magnetic field, and life, associated with active earthquakes, volcanism, plate motions, and continental drift. Because of mantle convection, including plate divergence, convergence, and subduction, the Earth undergoes intense material-energy circulation between the surface and the interior, bringing a variety of materials into the mantle, including volatile components such as near-surface water, organic materials, and crustal materials. As a result of such circulation, material and thermal heterogeneities are created in the mantle. These heterogeneities reflect the flow pattern and mode of mantle convection. At the same time, the heterogeneities with density variations drive mantle convection, causing non-linear interactions between the heterogeneities and convection.
Therefore, capturing heterogeneities with respect to the material and thermal structure is essential for understanding the dynamics of the Earth’s interior. However, even the large-scale structure of the mantle and the corresponding dynamics behind it are poorly constrained at present, and they need to revealed by combining knowledge from different research disciplines, including geology, geophysics, geochemistry, materials science, and computer science (e.g., Hofmann, 1997; Tackley, 2000; Schubert et al., 2001; Nakagawa et al., 2010; Coltice et al., 2017). For example, in the vertical direction, two-layer mantle convection divided into an upper and lower mantle with different compositions (e.g., Jacobsen and Wasserburg, 1979; OʼNions et al., 1979), and whole-mantle convection with stratified or zoned mantle model (Hofmann and White, 1982; Tackley, 2008; Albarède, 2009), such as material piles of different compositions deep in the mantle (Christensen and Hofmann, 1994; Kellogg et al., 1999), or their hybrid models involving temporal evolution through the Earth’s history (e.g., Allègre, 1997) have been proposed based on different observations and theories.
For the large-scale horizontal structures, seismic studies have revealed that large low (shear wave) velocity provinces (LLSVPs or LLVPs) near the lowest part of the mantle beneath the Pacific Ocean and South Africa (e.g., Lay and Garnero, 2007; Takeuchi, 2007; Ritsema et al., 2011; Garnero et al., 2016) exhibits a degree-2 spatial pattern, while the presence of degree-1 hemispheric structures has been reported in the inner core (Tanaka and Hamaguchi, 1997; Creager, 1999; Sumita and Bergman, 2015, and the references therein). In addition, geochemical studies on basalts erupted at the surface provide direct compositional information on the Earth’s interior, which indicate presence of large-scale structures such as “Dupal Anomaly” (Dupré and Allègre, 1983; Hart, 1984) and the east-west hemispheric structure in terms of basalt isotopic compositions (Iwamori and Nakamura, 2012; Iwamori and Nakamura, 2015), while chaotic well-stirred depictions have been proposed (Zindler et al., 1984).
In this paper, we review and compare spatial structures of long wavelengths in the Earth’s interior as captured by different approaches in geophysics, geochemistry, petrology, and geology, and discuss their interrelationships based on mantle convection simulations. It is necessary to integrate information from different and complementary approaches to more rigorously constrain the structures and their origin. For example, constraints from seismic observations and geochemical-petrological observations are independent and complementary in the following respects: Seismic tomography provides high-resolution spatial variation of seismic wave velocities to infer three-dimensional structures. However, it does not provide direct information on the material composition and formation mechanism of the structures. On the other hand, composition of magma, especially young basalts, erupted on the surface directly reflects the material composition of the mantle, and may work as “geochemical probe.” Based on the isotope ratios of radiogenic decay sources and abundance ratios of parent-daughter elements in the magma, it is possible to estimate how the mantle source has experienced material differentiation, including the time elapsed since the differentiation. However, the spatial resolution of such geochemical probe is not as high as seismic tomography, particularly for the depth resolution. Therefore, “seismic tomography” and “geochemical probe” approaches are complementary, and it is expected that the combination of the two as well as other approaches will provide a more reliable picture of the material cycling and dynamics of the Earth’s interior.
In the following sections, we first review observations on large-scale structures in terms of seismic velocity, electrical conductivity, and basalt geochemistry. Then we present a synthesis of these observations and numerical simulations to discuss the dynamics of the crust-mantle-core system.
2 LARGE-SCALE STRUCTURES
2.1 Seismic structure of the mantle
Seismic velocity structure is the major source of information on the structure of the Earth’s interior. Although the spatial coverage of seismic tomography is constrained by the distribution of seismic stations and epicenters and therefore spatially biased in resolution, global models have been proposed by combining various seismic waves. For example, Ritsema et al. (2011) developed a shear-wave velocity model S40RTS in Earth’s mantle using Rayleigh wave phase velocity, teleseismic body-wave traveltime and normal-mode splitting function measurements, which provide complementary constraints on the shear-velocity structure of the mantle. Figure 1 shows the model S40RTS of shear-velocity variation in Earth’s mantle, in which the velocity perturbations were parametrized by spherical harmonics up to degree 40 and by 21 vertical spline functions.
[image: Figure 1]FIGURE 1 | Seismic velocity structure of the Earth’s mantle, after the model S40RTS (Ritsema et al., 2011). (A)–(D) Maps of shear-wave velocity perturbation (ΔV/V in percent) with the same scale from -3 to +3% at (A) 100 km, (B) 600km, (C) 1,500 km, and (D) 2,800 km depth. (E) depth-profile of the shear-wave velocity variation as expressed by the standard deviation in ΔV/V, where circles indicate the standard deviation greater than 0.5%. (F) cumulative standard deviation integrated from the surface to CMB, where the dashed line is simply integrated with depth, and the solid line is multiplied by the spherical area at each depth to reflect differences in spherical shell volume. (G) Spectral amplitude at 125 km and 2,850 km depth (after Figure 7 of Ritsema et al., 2011) for the effective number of unknowns N from 5,000 to 11,000. A smaller N indicates a greater damping.
Based on the model S40RTS, we plot the perturbations for several different depths with the same scale of dVs/Vs. (−3 to 3 percent) so that the amplitude variations with depths can be readily recognized. Figure 1A shows that the velocity variability is large for the near-surface region (e.g., −6.7 ∼ +6.1% at 100 km depth), small for the mid mantle (−1.2 ∼ +1.3% at 1,500 km, Figure 1C), and intermediate for the region near the core-mantle boundary (CMB) (−3.1 ∼ +2.7% at CMB, Figure 1D).
In addition to the above-mentioned values of minimum and maximum, the lateral variation of the seismic velocity can be expressed by the standard deviation. Figure 1E shows that the standard deviation in ΔV/V exceeds 2% in the shallow part of the mantle (≦200 km depth), 0.4% on average in the mid mantle (700–2,700 km depth), and 0.8% at CMB. In Figure 1E, the depth points where the standard deviation exceed 0.5% are circled. Such relatively high-contrast regions are 1) <700 km depth in the shallow mantle (0.5–2.2%) and 2) >2,700 km in the bottom of the mantle (0.5–0.8%). Figure 1F shows the standard deviation integrated from the surface to CMB. The dashed line is simply integrated with depth, and the solid line is multiplied by the spherical area at each depth to reflect differences in spherical shell volume. From the surface to 700 km depth in the shallow mantle, about 60% of the total contrast of in the mantle occurs. On the other hand, only about 4% occurs in the lowest part of the mantle at > 2,700 km depth near CMB. These horizontal velocity variations reflect temperature and density variations, and are important in discussing the driving forces and dynamics of mantle convection.
The spatial distribution of these velocity variations can be represented by the power spectra (Figure 1G). The two regions in the shallow part and the bottom of the mantle with high velocity contrasts exhibit different spectra, with a degree-1 dominant spectrum of a large amplitude near the surface and a degree-2 dominant spectrum of a smaller amplitude near CMB. The degree-2 prominence near CMB can be largely attributed to the presence of LLSVP under the Pacific Ocean and southern Africa to the southern Atlantic (Ritsema et al., 2011).
These large-scale structures have been repeatedly confirmed by different models of seismic tomography (e.g., S362ANI, Kustowski et al., 2008; SAW642AN, Panning and Romanowicz, 2006; SH18CE and SH18CEX, Takeuchi, 2007 and Takeuchi, 2012; HMSL-S, Houser et al., 2008; TX 2008, Simmons et al., 2009; GAP_P4, Obayashi et al., 2013; DETOX, Hosseini et al., 2020). Hosseini et al. (2020) include a very large data set of Pdiff wave (core-diffracted wave), up to the highest possible frequencies, together with teleseismic P and PP waves, and provide a high-resolution image particularly for the depth range >2,400 km. Hosseini et al. (2020) suggested a rather continuous low velocity zone in the lowermost mantle, yet the degree-2 is the most dominant, as well as the dominant degree-1 pattern at relatively shallow mantle (Figure 12 of Hosseini et al., 2020). These long-term extensive efforts on the seismic tomography confirm the large-scale structures in the mantle as described above and as in Figure 1.
2.2 Seismic structure of the core
The most remarkable degree-1 structure in the Earth’s interior is observed for the inner core (Figures 2A, 2B). An east–west hemispherical structure in the inner core has been repeatedly reported in terms of the seismic wave velocity, anisotropy and attenuation, based on several different methods and data sets, including body-wave and normal-mode observations (Tanaka and Hamaguchi, 1997; Creager, 1999; Garcia and Souriau, 2000; Niu and Wen, 2001; Garcia, 2002; Wen and Niu, 2002; Cao and Romanowicz, 2004; Souriau, 2007; Sun and Song, 2008; Deuss et al., 2010; Irving and Deuss, 2011; Waszek and Deuss, 2011; Waszek et al., 2011; Tanaka, 2012; Lythgoe et al., 2014; Iritani et al., 2019). Although the depth extent of the hemispherical structure is not well resolved, it has been well documented that an isotropic eastern hemisphere with fast seismic velocities contrasts with a slower, anisotropic western hemisphere (e.g., Tanaka and Hamaguchi, 1997; Wen and Niu, 2002; Cao and Romanowicz, 2004; Deuss et al., 2010), and these differences have been argued to be present from the near-surface of the inner core to depths of at least several hundreds of kilometers (e.g., Oreshin and Vinnik, 2004; Tanaka, 2012; Lythgoe et al., 2014).
[image: Figure 2]FIGURE 2 | (A) Map of the velocity perturbation in the outermost 500 km of the inner core (Tanaka and Hamaguchi, 1997). Solid and dashed lines represent positive and negative values, respectively. The contour interval is 0.1%. (B) PKIKP-PKiKP differential travel time residuals as a function of PKIKP turning point longitude and depth below the inner core boundary (Waszek and Deuss, 2011). (C) The geographical distribution of degree-1 residual (in second) of differential travel times of SKKS-SKS and SKKKS-SKKS for the uppermost outer core (Tanaka and Hamaguchi, 1993).
The study on the PKIKP–PKiKP differential travel time data set with a high spatial resolution (Waszek and Deuss, 2011) highlights the sharp transition from the eastern hemisphere showing a higher velocity to the western hemisphere showing a lower velocity with the differential travel time residuals of approximately 0.5 s on average (Waszek and Deuss, 2011; Waszek et al., 2011). The sharp transition occurs at 10 to 40°E and 180 to 160°W, depending on the three different depth ranges (<30, 30–57.5, 57.5–110 km, Figure 2B). Iritani et al. (2019) employed a waveform inversion approach based on simulated annealing to measure the traveltime and the attenuation parameter of the core phases. An arc-like shape boundary that connects points (0°N, 159°W) on the equator and (79°N, 110°E) in far north with a transition width of ∼600 km best explains the observed differential traveltimes rather than a sharp boundary. Although the exact position and the nature of boundary remain a subject of debate, in any models above, the high velocity eastern hemisphere of the inner core has been confirmed, and is narrower than the low velocity western hemisphere, not exactly a hemispherical structure of 50% each.
The structure of outermost core called the E’ region is important for understanding both the core-mantle interaction and the core dynamics including geodynamo (e.g., Busse, 1975; Fearn and Loper, 1981; Lay, 1989; Tanaka and Hamaguchi, 1993; Helffrich and Kaneshima, 2010; Brodholt and Badro, 2017; Kaneshima, 2018; Olson et al., 2018). Tanaka and Hamaguchi (1993) analyzed the residuals of differential travel times of SKKS-SKS and SKKKS-SKKS, and found the power of degree-1 component of the residual was ∼1.5 times as much as that of degree-2: the average residuals were +0.6 s beneath the Pacific hemisphere and −0.6 s in the other hemisphere (Figure 2C).
2.3 Electrical conductivity of the mantle
Although the spatial resolution is less than some of the seismological observations, electrical conductivity of the Earth’s interior is sensitive to the water/hydrogen content and may provide important constraints on the distribution of water in the Earth’s interior (e.g., Karato, 2011; Iwamori et al., 2021). For a plausible range in water content in Earth’s mantle (10 ppm–1 wt%) at a certain fixed pressure and temperature, the influence of water on electrical conductivity is large, producing a change by a factor of 100–300 for this range of water content. By contrast, the influence of plausible variations in temperature, major element chemistry and other factors on electrical conductivity is much smaller than that of water (hydrogen) content, whereas the influence of water on seismic wave velocity is small and less than that of plausible variations in the major element chemistry and in temperature (Karato, 2011). As will be discussed later in Presence of liquid.
By using a global data set, a three-dimensional distribution of electrical conductivity is becoming available down to an upper part of the lower mantle (Kelbert et al., 2009; Semenov and Kuvshinov, 2012; Sun et al., 2015; Li et al., 2020). The comparison of these results has been made by Li et al. (2020), and Figure 3 includes also the result of Kuvshinov et al. (2021) in addition to the materials from Figure 10 of Li et al. (2020). It is noted that the result of Kuvshinov et al. (2021) is expressed as deviation in logarithmic scale from the 1D background conductivity at each depth range and can be compared with the other figures of three models in terms of the relative pattern. The comparison shows that at a glance the resultant spatial structures and patterns such as distribution of high conductivity regions and their conductivity values differ among the individual models.
[image: Figure 3]FIGURE 3 | Global electrical conductivity models. (A) Li et al. (2020), (B) Kelbert et al. (2009), (C) Semenov and Kuvshinov (2012), and (D) Kuvshinov et al. (2021). The result of Kuvshinov et al. (2021) is expressed as deviation in logarithmic scale from the 1D background conductivity at each depth range.
Kuvshinov et al. (2021) pointed out that the differences are mostly due to the inherent strong non-uniqueness of the inverse problem arising from spatial sparsity, particularly in the oceanic region, and irregularity of data distribution, limited period range, and inconsistency of the assumed external field model, which is based on simple assumptions concerning the geometry of the magnetospheric ring current. Kuvshinov et al. (2021) implemented the matrix Q-responses concept to constrain the three-dimensional electrical conductivity structure of the mantle using satellite and observatory magnetic data (Figure 3D).
Although the overall variability in the electrical conductivity models, the model results share some feature at several depth ranges corresponding to those in and just below the mantle transition zone, where the resolution is relatively good (Kelbert et al., 2009): e.g., a high conductivity region beneath Australia and south Indian Ocean region at 520-660 or 670 km depth range, as well as beneath the eastern Eurasian continent and/or the north American region. Also, at 660 or 670–900 km depth range, a lower conductivity beneath the Pacific region compared to the sub-continental region is recognized in Figure 3.
These regions correlate well with the distribution of cold, and seismically fast, subducted slabs detected by seismic tomography (Fukao et al., 2001) and maps of transition-zone thickness and depth to the 410 km discontinuity (Lawrence and Shearer, 2008) as pointed out by Kelbert et al. (2009). These correlations may suggest that the high conductivities in and just below the mantle transition zone depths are linked to subducted oceanic plate and the water brought down with it. The cold subducted material should show relatively low conductivity, if temperature alone is considered. Water, carried into the transition zone with the subducting slabs, provides a plausible explanation for the elevated conductivities in these subduction-affected regions (Kelbert et al., 2009; Sun et al., 2015). Li et al. (2020) investigated the high conductivity region beneath Bermuda, North America, and argued the presence of hot dump upwelling originally from the subducted Farallon slab and its dehydration in the lower mantle. If this is the case, the high conductivity region beneath Bermuda can be also regarded as a part of the high conductivity regions related to subduction along the circum-Pacific region.
In summary, although there are appreciable differences among the global electrical conductivity models of the mantle at present, high conductivity regions in and just below the mantle transition zones are suggested to be related to subducted plates and water brought down with them. Since the seismic velocity structure is much less sensitive to water/hydrogen content than the electrical conductivity, a better coverage of stations, particularly in the oceanic area, as well as better models and constraints for the inversion are critical to improve the accuracy and resolution of the electrical conductivity structure in the mantle (Kuvshinov et al., 2021).
2.4 Geochemistry
Young basalts in the oceanic region (mid-ocean ridge basalts [MORBs] and ocean island basalts [OIBs]) are less influenced by continental crustal materials and have been studied as geochemical probes that directly reflect the present-day mantle composition. In particular, the isotopic studies of basalts have developed the concepts of mantle geochemical reservoir and mantle geochemical end-member (e.g., White, 1985; Zindler and Hart, 1986; Hofmann, 1997). Mantle geochemical end-members are hypothetical and convenient to describe the heterogeneity of the Earth’s mantle, each having a characteristic compositional range. They are defined in the compositional space of the observed mantle-derived basalts and peridotites, especially in the isotopic compositional space, and are given individual names as end-members for specific compositional ranges (e.g., DMM [Depleted MORB Mantle], EM-I [Enriched Mantle 1], EM-II [Enriched Mantle 2]). One of the reasons that mantle geochemical end-members have been defined and used is that those with extreme compositions are readily characterized and may provide keys to their formation. As a result, the end-members are discussed separately and material recycling in the mantle-crust system is discussed as a mixing and/or interaction of these components (e.g., Hofmann, 1997; Hofmann, 2003).
On the other hand, statistical analyses have been applied to reveal the structure and origin of the variability, including the mantle geochemical end-members, by capturing the entire compositional space at once (Allègre et al., 1987; Hart et al., 1992; Allègre and Lewin, 1995; Kellogg et al., 2002; Rudge et al., 2005; Rudge, 2006; Kellogg et al., 2007; Iwamori and Albarède, 2008; Iwamori et al., 2010; Iwamori and Nakamura, 2012; Iwamori and Nakamura, 2015). The observed basalt isotopic compositions have been investigated by several different methods of multivariate statistical analyses. Of the standard multivariate analyses, principal component analysis (PCA) is the most popular method (e.g., Allègre et al., 1987) to find the principal components (PCs) that accounts for the sample variance most effectively.
Hart et al. (1992) analyzed an isotopic compositional space of oceanic basalts and proposed a tetrahedron with four mantle geochemical end-members (DMM, EM-I, EM-II, and HIMU [High-μ (=238U/204Pb ratio)]) plus “FOZO” [Focus Zone] within the tetrahedron. At the same time, they demonstrated that the mantle isotopic space exhibits a planar structure based on PCA. Such a planar structure of has been repeatedly confirmed by Zindler et al. (1982) with 72 basalt data, Hart et al. (1992) with ∼570 data, and Iwamori and Nakamura (2015) with 6,854 data including Quaternary (and a few Tertiary) basalts from arcs and continents in addition to oceans. Iwamori and Nakamura (2015) pointed out that the plane which accounts for 95.0% of the sample variance is spanned by the two independent base vectors, rather than by mixing of numerous geochemical end-members, and that independent component analysis (ICA) instead of PCA must be used to identify the independent compositional vectors. In PCA, the extracted PCs are uncorrelated with each other (in other words, orthogonal) but are not necessarily independent. When the data constitute a (joint) non-Gaussian distribution, PCA always fails to extract the independent features in the data (Hyvärinen et al., 2001). Instead, independent component analysis (ICA) must be used to extract independent components (ICs) for data showing non-Gaussian distribution.
As a result of ICA (Iwamori et al., 2010; Iwamori and Nakamura, 2012; Iwamori and Nakamura, 2015), the two ICs (IC1 and IC2) were identified: IC1 discriminates OIB from MORB and reflects elemental fractionation associated with melting and the subsequent radiogenic ingrowth with an average recycling time of 0.8–2.4, whereas IC2 shows global geographical discrimination, irrespective of the type of basalts, indicating the presence of east–west geochemical hemispheres in the mantle (Figure 4A). IC2 is related to aqueous fluid–rock interaction and the subsequent radiogenic ingrowth with an average recycling time of 0.3–0.9 Ga, and suggests that the mantle of the eastern hemisphere is richer in hydrophile components compared to the western hemisphere mantle. Since this feature is independent of the basalt types (i.e., MORB, OIB, arc and continental basalts), the whole depth range from the near-surface to CMB would exhibit the hemispherical division (Iwamori and Nakamura, 2015).
[image: Figure 4]FIGURE 4 | Geographical distribution of (A) a hydrophile component (IC2) extracted by independent component analysis (ICA), and (B) the relative seismic velocity near the surface of the inner core (after Waszek et al., 2011). In (A), the variability is shown by the size of the color-coded symbols (smaller for the higher IC2 value, corresponding to a greater amount of hydrophile component). In (B), the color coding represents differential travel time residuals, ranging from −1.3 s (dark blue) to +1.3 s (dark red). The central longitude of this map is 160°E. As in Figure 2B, the longitude of the sharp hemisphere boundary varies with increasing depth below the inner core boundary (ICB). In the two maps of polar regions, the solid line represents the boundary at 57.5–106 km below ICB, the broken line at 30–57.5 km below ICB, and the dotted line at 15–30 km below ICB (Figure 5 of Waszek and Deuss, 2011).
The trace element systematics of basalts support this hemispherical structure based on the isotopic signatures of basalts (Iwamori et al., 2019). For example, Pb is enriched in the basalts of positive IC2 which characterizes the eastern hemisphere, compared to the basalts of negative IC2 dominant in the western hemisphere. Since Pb is mobile with aqueous fluids, e.g., slab-derived fluids in subduction zones (Pearce et al., 2005; Nakamura and Iwamori, 2009; Nakamura and Iwamori, 2013), Iwamori et al. (2019) argued that the enrichment in Pb as well as other incompatible element variations (Rb, Sr, Nd, Sm, U, Th) reflects more hydrated nature and that the eastern hemisphere mantle consists of more fluid-fluxed materials compared to the western hemisphere mantle.
Figure 4B shows the seismic structure near the surface of the inner core in terms of the differential travel time residuals (Waszek et al., 2011), as was described in Section 2.2. Iwamori and Nakamura (2015) found a striking similarity in geographical distribution between the mantle geochemical hemisphere and the inner core hemisphere. Both hemispheres are broadly bounded by the international date line and the western Africa-Atlantic line. The eastern hemisphere involves the positive IC2 area of the mantle and the faster seismic velocity area of the inner core, and starts from the eastern Eurasia, including a part of Kamchatka, Kuril, Japan, Australia, to the western Africa-Atlantic. The western hemisphere involves the rest of area, including the western half of the Antarctica, and covers appreciably wider area than the eastern hemisphere, as partly represented by the negative IC2 signature in the western Africa (Figure 4A). This indicates that the hemispherical structures of the Earth’s interior (both mantle and inner core) are not exactly half and half.
3 DISCUSSION: LARGE-SCALE STRUCTURE AND DYNAMICS OF THE EARTH’S INTERIOR
3.1 Previous models of large-scale structure and dynamics
One of the key aspects for interpreting the large-scale structures described in Section 2 and discussing the dynamics inferred from them is how thermal and compositional heterogeneity was created in the Earth’s interior by mantle convection associated with plate subduction and plume upwelling. In particular, various models have been proposed to explain how primordial materials were mixed or unmixed in terms of spatial scale and distribution with a variety of enriched and depleted materials formed mainly by near-surface processes, such as crustal materials and upper mantle materials (e.g., Hofmann, 1997; Tackley, 2000; Tackley, 2008; Ballmer et al., 2017). Those include a classical two-layered mantle model with uniformly distinct upper and lower mantle reservoirs (e.g., Jacobsen and Wasserburg, 1979; OʼNions et al., 1979), 2) stratified/zoned mantle model (Hofmann and White, 1982; Kellogg et al., 1999; Tackley, 2008; Albarède, 2009), 3) plum-pudding mantle model (Morris and Hart, 1983; Zindler et al., 1984), 4) marble-cake mantle model (Allègre and Turcotte, 1986), 5) filtering model at mantle transition zone (Bercovici and Karato, 2003), 6) temporal evolution model from layered to leaky convection (Allègre, 1997). Broadly speaking, these various models overall discussed whether convection extends from the surface to CMB, or whether the mantle is compositionally and dynamically layered, in other words, the vertical structure and the dynamics behind it. On the other hand, the large-scale horizontal structures have not been extensively discussed in the above-mentioned models where ubiquitous heterogeneity or a cyclic dynamical structure in the horizontal direction were implicitly assumed.
In terms of seismic structures (Figure 1), the degree 2 pattern near the bottom of the mantle, which is associated with LLVP, is one of the prominent horizontal structures. Ballmer et al. (2017) proposed that bridgmanite-enriched mantle domains of a high viscosity may explain various geophysical and geochemical observations including LLVP, based on the horizontally cyclic convective pattern of 2-dimensional numerical simulation. Another prominent seismic horizontal structure is the lithospheric root of the continents, which is related to the degree 1 spectrum at the shallow mantle (Figure 1G). Three-dimensional numerical models with (super)continents have been proposed to reconcile the degree 1 structure at the shallow mantle and the degree 2 structure at the deep mantle, and will be described in detail in Section 3.3.
Geochemical evidences also provided information on the horizontal compositional structure of the mantle. In particular, basalt compositions have been utilized to probe the mantle composition. With increasing the spatial density of basalt data, Dupal anomaly in the Indian Ocean and the southern Pacific Ocean (Dupré and Allègre, 1983; Hart, 1984) has been turned out to be a part of a hemispherical structure as in Figure 4 that utilized almost all young basalt data available. While Figure 4 provides the current best horizontal resolution for the geochemical mapping, the vertical resolution is limited compared to the geophysical observations. In Figure 4, the hemispherical discrimination appears regardless of basalt types of mid-ocean ridge basalt (MORB), ocean island basalt (OIB), arc basalt (AB), and intra-continental basalt (CB), which may indicate that the hemispherical compositional differences of the mantle consistently extend from the shallow mantle, represented by MORB, to the deep mantle, represented by OIB (Iwamori and Nakamura, 2015). To examine such a large-scale structure, the seismic tomography may provide information on the mantle structure complementary to the geochemically detected structure. However, integration of the geochemical and seismic structures would not be straightforward, and models and interpretation that account for the observed heterogeneity and structure are necessary. In the following sections, such models and interpretation are provided to discuss the nature and origin of large-scale structures, including the potential connection between the observations from different disciplines.
3.2 Geochemical model for formation of large-scale structure
Of the different methods for global structures described in Section 2, the geochemical approach provides the time scale for formation of the large-scale structure, based on the radiogenic isotopes. The independent component IC2 represents a compositional vector, which can be back-projected into the original variable space consisting of five isotopic ratios of Sr, Nd, and Pb. Based on the slopes and the ranges in the compositional space of five isotopic ratios, elemental fractionation (e.g., represented by simultaneous increases (or decreases) in Pb/U, Pb/Th, Rb/Sr and Nd/Sm) associated with hydration-dehydration reactions is attributed to creating the IC2 vector, and the length of vector provides an estimate on the radiogenic ingrowth of 0.3–0.9 giga year after hydration-dehydration reactions, such as mantle hydration by slab-derived fluids (Iwamori and Albarède, 2008; Iwamori et al., 2010). Based on these observations and analysis, the hemispherical hydration event has been argued associated with the focused subduction of plates towards the supercontinents (Pangea, Gondwana, and Rodinia) during 0.3–0.9 Ga (Iwamori and Nakamura, 2012). Recent studies on full-plate global reconstruction during the last ∼1 giga year (e.g., Merdith et al., 2017; Li et al., 2019; Merdith et al., 2021) are consistent with such a long-term focused subduction, showing a geographically biased distribution of the continents until the supercontinent Pangea started to break up.
Between 330 and 175 Ma, the supercontinent Pangea consisted of all the present-day continents (Scotese, 2004; Scotese, 2021), and was surrounded by subduction zones (Figure 5). Focused subduction towards the supercontinent with a subduction velocity 0.1 m/year for ∼100 million years can distribute recycled materials beneath the supercontinent of a radius of ∼107 m (Iwamori and Nakamura, 2012). The subducted slabs may stagnate at 660 km or penetrate to the bottom of the mantle sporadically in time and space (Fukao et al., 2001; Grand, 2002), which may hydrate both the upper and lower mantle (Nakagawa et al., 2018). Then a high-IC2 domain may be developed by radiogenic ingrowth over the subsequent ∼300 million year to account for the time-evolved isotopic ratios, during which the supercontinent has dispersed towards the present-day configuration. Although the two main subduction zones have migrated apart, expanding the continental area, the planform area of the geochemical domain remains without moving completely with the dispersing continents (Figure 5). Accordingly, the geochemical domain has seemingly been anchored to the asthenosphere.
[image: Figure 5]FIGURE 5 | Evolution of the supercontinent Pangea and the underlying geochemical hemispheres (Iwamori and Nakamura, 2012). (A) The possible configuration at 300 Ma, where the pinkish area represents the hydrophile component-rich mantle developed beneath Pangea, whereas the reddish area represents hypothetical “older domain” developed beneath Rodinia. The bluish area represents the hydrophile component-poor domain developed beneath the Panthalassic Ocean. (B) The present-day configuration with the observed distribution of IC2 value, based on which the high-IC2 domain (pinkish area with dominantly IC2 > 0) and low-IC2 domain (bluish area with dominantly IC2 < 0) are illustrated.
The range in radiogenic ingrowth from 0.3 to 0.9 Ga, which was quantified based on the IC2 variation, is originated from the uncertainties in partition coefficient and degree of dehydration event (degree of parent-daughter fractionation), as well as duration of such a dehydration-fractionation event (Iwamori et al., 2010). In this context, the range of “0.3 to 0.9 Ga” may indicate a relatively long duration of focused subduction that began before Pangea. At the same time, Iwamori and Nakamura (2012) pointed out that a domain with extremely high IC2 values would exist beneath the Pacific, which suggests an even older subduction event before the formation of Rodinia (dark pinkish region labeled “?” in Figure 5A). To resolve the past subduction events and the corresponding fingerprints in the present-day Earth, further studies, including the estimates of formation age of the domains and the geochemical characterization, will be needed.
Distribution of the negative IC2 domain (i.e., hydrophile component-poor domain, blue portion in Figure 5) beneath the western hemisphere, including the American Plates that had been a part of the supercontinent, suggests that dispersion of the continents has occurred asymmetrically more to the west in terms of the geochemical domain. This asymmetricity implies eastward migration of low-IC2 asthenosphere (once beneath the Panthalassic Ocean) relative to the overlying lithosphere or westward lithospheric rotation against the asthenosphere, which is suggested for the preset-day Earth (Ricard et al., 1991). Although the history of rotation is uncertain, if we apply the current rate of 2 cm/year (Ricard et al., 1991) for the last 300 Ma, the resultant westward migration over 6,000 km roughly explains that the low-IC2 domain now exists beneath the American Plates (Figure 5B).
IC1, which is statistically independent of IC2, is not geographically biased and clearly distinguishes basalt types, particularly MORB and OIB: MORB has a negative IC1 and OIB has a positive IC1. Parent-daughter elemental fractionation associated with melting and subsequent radiogenic ingrowth may explain IC1, and the OIB source is rich in melt component (positive IC1) and the MORB source is poor in melt component (negative IC1); Hofmann and White (1982) and numerical simulations based on them (Christensen and Hofmann, 1994) have proposed that deep recycling of melt component-rich materials such as subducted oceanic crustal basalts produces OIB, while melting of the upper mantle, which is relatively poor in recycled materials, produces MORB. On the other hand, it has been pointed out that oceanic crustal basalts (i.e., MORBs) are the product of relatively high degrees of partial melting of mantle (∼10%, McKenzie and O'Nions, 1991), and cannot fractionate parent and daughter elements such as Rb/Sr, Sm/Nd, U/Pb, and Th/Pb to account for IC1 (Iwamori and Nakamura, 2015). Instead recycling of OIB or arc basalts and its residual mantle may contribute to the mantle isotopic heterogeneity, owing to the relatively small degree of partial melting (McKenzie et al., 2004; Iwamori and Albarède, 2008). In any case, IC1 is related to variability concerning “melt component” inherited in the mantle.
Since the melt component-rich lithology (e.g., eclogite) is likely to be denser than the surrounding peridotitic portion in the mantle, it may accumulate near the base of the mantle convection system (Figure 6). Due to the long recycling time (0.8–2.4 giga years) and relatively high temperatures near CMB, such components would have become less viscous and distributed themselves along CMB globally beyond the hemisphere. At the same time, it contains more radiogenic elements (as U, Th and K are partitioned preferentially into melts) and produce heat to cause upwelling plumes to be the OIB source (e.g., Christensen and Hofmann, 1994; Nakagawa et al., 2010). Consequently, OIBs exhibit positive IC1 signatures. On the other hand, a relatively shallow part of the mantle is depleted in such ‘melt component’, resulting in negative IC1 signatures for MORBs. Interestingly, the two “typical” plumes of Hawaii and Iceland are also depleted in IC1 component exceptionally among OIBs, and could be the thermal plume heated from the core (Iwamori and Nakamura, 2015).
[image: Figure 6]FIGURE 6 | Model of top-down hemispherical dynamics and material recycling with two overlapping differentiation processes and focused subduction beneath the supercontinent (Iwamori and Nakamura, 2015). (A): Irregular streaks represent recycling ‘melt component’, which are accumulated near CMB, resulting in IC1 variations mostly in the vertical direction. These streaks then ascend due to thermal instability to form OIB. Two large plumes may constitute a degree-2 structure at the deep mantle. At the same time a hemispherical degree-1 structure can coexist: The horizontally divided red and blue regions represent a hemisphere enriched in ‘hydrophile component’ (positive IC2) beneath the supercontinent and another depleted hemisphere (negative IC2) beneath the ocean, respectively. The former is colder than the latter, due to focused subduction (see the main text for more details). Rising plumes (shown as dark red plumes) beneath the supercontinent represent fluid component-assisted plumes. AB=arc basalt, CB=continental basalt. (B): the conventional mantle geochemical end-members (DMMs, EM1, EM2, HIMU, FOZO/C; see the main text for explanation) are expressed by the combination of IC1 and IC2.
Figure 6 also illustrates formation of the high IC2 region by the focused subduction towards the supercontinent, creating the mantle eastern hemisphere enriched in “anciently subducted” fluid components (Iwamori and Nakamura, 2012; Iwamori and Nakamura, 2015). Most of water initially contained in the subducting plates is released at depths shallower than 200 km, associated with breakdown of major hydrous minerals such as chlorite and serpentine (e.g., Iwamori, 1998; Schmidt and Poli, 1998). However, even after the major dehydration reactions, a hydrous boundary layer that consists of nominally anhydrous minerals, as well as fluids along the grain boundaries and in the inclusions, of 20–40 km thickness is formed just above the subducting slab and may carry several thousand ppm H2O to the deeper mantle (Iwamori and Nakakuki, 2013). This hydrous layer is brought down into the deep mantle, including the transition zone and the lower mantle (Nakagawa et al., 2018), and may redistribute itself to create a global-scale fluid component-rich domain in several hundred million years, as suggested by the IC2 recycling timescale shorter than IC1. The fluid component is redistributed by both convective stirring and fluid migration associated with dehydration–rehydration reactions, as well as by hydrous plumes segregated from the hydrous layer of subducted slab due lower density and viscosity (Richard and Iwamori, 2010). The focused subduction may affect also the global thermal structure of the mantle and the core (Figure 6), which will be discussed in the following section.
3.3 Numerical modeling of convection and thermal structure
Mantle convection with amalgamation-dispersal of the continents has been examined by numerical models, which may provide insights for the formation of large-scale mantle structure and the dynamics behind (e.g., Phillips and Bunge, 2005; Phillips and Bunge, 2007; Zhong et al., 2007; Yoshida, 2010; Zhang et al., 2010; Yoshida, 2013). These studies show that heating mode such as a ratio of basal heating and internal heating, viscosity structure such as a viscosity jump at 660 km, as well as distribution and size of the continents, greatly affect the mantle convective pattern. Based on the model results, although the individual model setups and numerical schemes including semi-dynamic and fully dynamic ones differ, some common behaviors and structures are seen; if a supercontinent exists, particularly with internal heating, a degree-1 structure is dominant in the mantle, whereas a structure with degree-2 (and higher degrees) becomes dominant when the continent pieces are dispersed. Recent studies on supercontinent cycle (Mitchell et al., 2021; Wang et al., 2021) also support the relationship between degree-1 and degree-2 structures by reconciling the past distribution of the continents, the present-day mantle structure, and the numerical modeling.
Zhang et al. (2010) discussed such transition and temporal evolution of large-scale mantle structure, using a semi-dynamic thermochemical convection model that considers a plate motion history for the last 450 Ma including the assembly and breakup processes of Pangea. Yoshida (2013) developed fully dynamic models of 3-D spherical-shell geometry, incorporating drifting deformable continents with mechanically weak margins and self-consistent plate tectonics, to evaluate the subcontinental mantle temperature during a supercontinent cycle. Figure 7 shows the model results that reproduces the dispersal and re-assembly of the supercontinent. The initial supercontinent consists of four continental pieces being individually surrounded by a weak margin. The four pieces migrate together in the first ∼200 million years (Myr) and subsequently start to disperse until ∼500 Myr. Then amalgamation of the four pieces occurs to form a re-assembled supercontinent from ∼500 to 1,000 Myr, which again starts to break up at ∼1,000 Myr (Figure 7).
[image: Figure 7]FIGURE 7 | Time sequence of the drifting continents from the initial supercontinent, dispersal of the continental pieces, to amalgamation and reassembly of the next supercontinent over ∼1,200 million years after Model Y200_20a0 by Yoshida (2013). The color coding indicates the ocean area (blue), and the four continent pieces (red, pale green, brown, yellow). The alphabet labels indicate a set of geographically fixed points along the longitudinal and equatorial sections for describing the global positions of continent pieces and the convective geometry in the main text; “A” to “D” for the longitudinal section (“A”–“B”–“C”–“D”–“A”) and “a” to “d” for the equatorial section (“a”–“b”–“c”–“d”–“a”).
Figure 8 shows the temperature variations of sub-oceanic and sub-continental regions with time and depth, based on the same model results as in Figure 7. The upper mantle temperature (<410 km depth) is higher for the sub-oceanic area corresponding to the thinner lithosphere reproduced in this model with self-consistent plate tectonics. For the sub-continental area, the cold upper mantle is underlain by a hot depth range mainly between 500 and 1,000 km due to the thermal blanketing effect (Yoshida, 2013). Below this depth range, a large portion of the lower mantle beneath the continents is colder by ∼20°C compared to sub-oceanic lower mantle through most of the history shown in Figure 8. The cold nature of the sub-continental deep mantle is particularly prevailing after ∼500 Myr when the amalgamation of continents started, and becomes the most significant at all depths when the amalgamation completed to form the re-assembled supercontinent at 900–1,000 Myr (Figures 7, 8).
[image: Figure 8]FIGURE 8 | Time sequence of the depth profile of δT(d) at each elapsed time in (A) sub-oceanic region and (B) sub-continental region, where δT(d) is the lateral average of the integrated temperature anomaly over the entire surface at each depth (d). For the mathematical definition of δT(d), see Eq. 4 in Yoshida (2013). The elapsed times correspond to those in Figure 7. The intervals of the solid line contour are 10°C for δT(d) ≥ 0°C, and the intervals of the dashed line contour are 10°C for −50°C ≤ δT(d) ≤ 0°C, and 100°C for δT(d) ≤ −100°C.
Figure 9 shows the longitudinal and equatorial sections for temperature distribution in the mantle during this amalgamation period. At the beginning of amalgamation stage (587 Myr, top left), subduction zones and hot plumes are globally distributed in several locations, which may correspond to a degree-2 thermal structure or higher degrees, as was pointed out by the previous studies for the continent dispersed stage. As the amalgamation proceeds, the subduction zones become biasedly distributed; e.g., at 694 Myr, the subduction zones are concentrated where the continents were amalgamated along the equatorial line “b”-“c”-“d” and the longitudinal line “A”-“D”-“C”, creating a continent hemispherical domain of a lower temperature compared to the ocean hemispherical domain (labeled “a”). Such uneven distribution of subduction zones continues (809, 871 Myr), until the amalgamation completes (953 Myr, Figure 9), since subduction must occur for the continents to get closer and amalgamated, and results in formation of cold hemispherical domain beneath the supercontinent.
[image: Figure 9]FIGURE 9 | Snapshots of drifting continents (top of the individual “Time” stages), the longitudinal and equatorial sections for temperature distribution in the mantle (middle panels) and the heat flow at CMB in the unit of mW/m2 (bottom panels: left along a longitude through “A”(0°)–“B”(90°)–“C”(180°)–“D”(270°)–“A”(360°), right along the equator through “a”(0°)–“b”(90°)–“c”(180°)–“d”(270°)–“a”(360°)) during the amalgamation period of numerical model shown in Figures 7, 8 (after Yoshida, 2013).
The heat flux through CMB also reflects this hemispherical structure. The CMB heat flux at 587 Myr, the beginning of amalgamation, is dominated by relatively short wavelength variations, while at 694 Myr, where amalgamation is more advanced, there appears some long wavelength structures with a series of peaks of high heat flux, especially at the equatorial section. This is due to the concentration of multiple subduction zones on the margins and in the interior of the forming supercontinent, bringing a cold material into the mantle. This situation continues until the completion of amalgamation. At 953 Myr, there is a high heat flow centered at “d” in the equatorial section (around 270° in the bottom right of the 953 Myr figure), where colder material covers CMB and takes more heat away from the core than in the remaining hemispheric part. Furthermore, this trend remains even after the continental pieces start dispersing again (1,121 Myr). This is because, although the continents have begun to disperse, they are still sandwiched between large subduction zones as a whole, and the effects of these subduction zones continue.
This structure is somewhat similar to the present-day Earth (Figure 5B). Although the separation of the continents has progressed with the formation of the Indian and Atlantic Oceans from about 175 Myr, the two major subduction zones, which have been located to the west and east of Panthalassa (present-day Pacific Ocean), sandwich the supercontinent in the past and most of the present continents (Figure 5). Accordingly, the hydrophile component-rich regions (shown in pink in Figure 5), which were formed mainly by focused subduction toward the past supercontinents, have not been significantly modified, and their distribution is expected to remain in the mantle today. Therefore, the temperature structure of the mantle and the heat flow at CMB may still be influenced as in Figure 9, and the remaining mantle in the eastern hemisphere may be systematically colder than the oceanic region (western hemisphere), mainly beneath the Pacific Ocean.
3.4 Synthesis with observations
Would such temperature differences be constrained by any observations? The remarkable difference between sub-continental and sub-oceanic regions in the upper mantle (<410 km) in the numerical simulation (Figure 8) is consistent with the predominance of the degree-1 structure in shallow regions of the seismic tomography (Figure 1G). In addition, the average temperature difference between the sub-continental and the sub-oceanic regions in the lower mantle of about 20° (Figure 8) corresponds to a seismic wave velocity variation of 0.14% (Karato, 2011). Although such a small variation is not readily detected, absence of a large contrast and the small velocity variation in seismic tomography (Figure 1) are consistent with the model result of numerical simulation (Figure 8).
In addition to the seismic observations, compositions of basalts may reflect mantle potential temperature (e.g., McKenzie and Bickle, 1988). Figure 10 shows the compositions of relatively undifferentiated mid-ocean ridge basalts in the Pacific, Atlantic, and Indian Oceans as a function of longitude. The mean value of SiO2 increases and MgO decreases in the order of Pacific, Atlantic, and Indian Oceans: the respective means (and the standard deviations) are SiO2 wt%=47.8 (±2.1), 48.6 (±0.9), 49.7 (±1.0), MgO wt%=10.7 (±1.5), 10.3 (±1.1), and 9.4 (±1.1). The geographical locations of several Atlantic basalts are close to the Icelandic and Azores plumes, but the Atlantic data away from the plumes show no significant difference. Based on peridotite melting experiments and thermodynamic modeling (e.g., Jaques and Green, 1979; Takahashi and Kushiro, 1983; Hirose and Kushiro, 1993; Baker and Stolper, 1994; Ghiorso, 1994; Holland and Powell, 1998; Connolly, 2005; Ueki and Iwamori, 2013; Ueki and Iwamori, 2014), SiO2 of a primary basalt is a function of both temperature (melting degree) and pressure, while MgO varies mostly with temperature. Although the absolute values are subject to large errors, the difference in MgO suggests a difference of about 20–50°C based on comparison with the melting experiments and thermodynamic analysis (Hirose and Kushiro, 1993; Ueki and Iwamori, 2014), which is consistent with the variation range in SiO2 assuming a constant melting pressure. These observations and analysis suggest that the mantle beneath the Pacific Ocean is hotter on average than that beneath the Atlantic and Indian Oceans. The Indian Ocean was created with the breakup of the supercontinent, and there may still be remnants of lower temperatures under the past supercontinent. The thermal history of mantle beneath the Atlantic Ocean would be similar to that beneath the Indian Ocean, but may have been slightly warmed by the African (and other) plumes. The Pacific, on the other hand, has been an oceanic region since Panthalassa and is considered warmer.
[image: Figure 10]FIGURE 10 | Distribution and compositions of relatively undifferentiated mid-ocean ridge basalts in the Pacific, Atlantic, and Indian Oceans. The basalt data are selected from the open database PetDB [https://www.earthchem.org/, Lehnert et al., 2000] data for FeO*/MgO ratio less than unity, where FeO* indicates total iron as FeO. The SiO2 and MgO wt% are plotted as a function of longitude.
The geochemical observations described in 2.4 suggest that the mantle beneath the Indian Ocean is hydrophile component-rich, in addition to its colder signature as in Figure 10. Regarding geophysical observations, the seismic velocity is not very sensitive to a plausible variation in mantle water content (10 ppm–1 wt%), although it provides information with the best spatial resolution and coverage (Karato, 2011). On the other hand, electrical conductivity is sensitive to the plausible variation in the mantle water content, and suggests that regions of relatively high conductivity in and just below the mantle transition zone beneath continental regions surrounding the Pacific (Figure 3 and Section 2.3) may indicate the presence of water brought into the mantle by subducted slabs. As was described in the end of Section 3.2, several thousand ppm H2O released from the subducting slab accounts for observed high IC2 values. This water is carried deeper to the mantle transition zone and the lower mantle, and may roughly explain the observed high electrical conductivity of ∼1 S/m (c.f., Figure 3 of Karato, 2011) in and just below the mantle transition zone behind the subduction zones. It is noted that the subduction of H2O is limited to relatively small amounts (several thousand ppm) by a series of dehydration reactions along the subducting slab at <200 km depth (Section 3.2), and subsequent redistribution within the transition zone and lower mantle, occurs mostly by solid phase flow with minor fluid migration just locally along the 660 km discontinuity (Iwamori and Nakakuki, 2013; Nakagawa et al., 2018). The global H2O circulation has been examined by numerical simulation that considers the hydrous phase diagram (Nakagawa et al., 2018), which is broadly consistent with petrological and geophysical estimates on the global H2O distribution (Hirschmann, 2006; Iwamori 2007; Karato, 2011). However, further improvement of the global electrical conductivity model is needed to constrain the H2O distribution in terms of accuracy, resolution, and spatial coverage, including the deep lower mantle and the CMB region.
At the beginning of amalgamation stage at 587 Myr in the numerical simulation (Figure 9), subduction zones and hot plumes are globally distributed in several locations, and no appreciable temperature difference between sub-oceanic and sub-continental regions. As amalgamation of the continents progresses, the thermal hemispherical structure appears and continues through the supercontinent stage to early dispersal stage (Figure 9). In all these stages, the continent hemispherical domain is associated with two major subduction zones that bound the ocean and continent domains, as well as hot plume(s) in the ocean hemisphere. Within the continent hemispherical domain, particularly after the supercontinent stage (e.g., between point “D” and “C” in 1,121 Myr, Figure 9), a hot plume was formed beneath the continental area. The plume formation was facilitated by the cold material subducted to the bottom of mantle to enhance thermal instability near CMB. The source of the plume is rich in “anciently subducted melt component” (high IC1, Figure 6), so it could also have been aided by self-radiogenic heating. In this series of simulation, the hemispherical temperature structure, in particular in the upper mantle, may constitute a degree-1 structure as in Figure 8, whereas the plumes in sub-oceanic and sub-continental regions, particularly near CMB, may be detected as degree-2 structures. Such a combination of degree-1 and degree-2 structures, which is schematically illustrated in Figure 6, may explain the observed features in the present-day mantle (Figure 1).
Using a semi-dynamic thermochemical convection model that considers a plate motion history, Zhang et al. (2010) argued that while the mantle in the African hemisphere before the assembly of Pangea is predominated by the cold downwelling structure resulting from plate convergence between Gondwana and Laurussia, it is unlikely that the bulk of the African superplume structure can be formed before ∼230 Ma (i.e., ∼100 Myr after the assembly of Pangea). Particularly, the last 120 Myr plate motion plays an important role in generating the African superplume. Such evolution is similar to that in Figure 9 with respect to the spatial-temporal distribution of subduction zones and plumes, suggesting that thermal hemispherical structure may remain in the present-day mantle.
The numerical models above suggest that the timing, location, and rate of subduction is important to control the plume generation (age, location, and size) as well as formation of the cold and hydrophile component-rich hemisphere detected by the geochemical approach. In this sense, subduction plays a primary role on the whole mantle dynamics, in other words, top-down dynamics operates, rather than bottom-up dynamics in which hot rising plumes have a primary control on the mantle dynamics.
The horizontal variations in seismic velocity in Figure 1 (0.5–2.2% in standard deviation at the shallow (<700 km) mantle, and 0.5–0.8% at the deep (> 2,700 km) mantle) correspond to differences in temperature, material composition, and density, and indirectly reflect the source of driving force of mantle convection. The seismic velocity variation corresponds to a horizontal temperature variation from 140 to 630 K at the depth range of <700 km and 140–230 K at >2,700 km, provided that the velocity variation is caused solely by the temperature variation (a temperature variation of 100 K will cause the velocity variation of ∼0.7%, Karato, 2008). Large horizontal temperature variations above 600 K in the shallow range are consistent with temperature differences between the subducting cold plate and the surrounding mantle (e.g., Iwamori, 1998; Syracuse et al., 2010; Horiuchi and Iwamori, 2016; Nakao et al., 2016) and, when converted to density differences via thermal expansion, corresponds to a large negative buoyancy. On the other hand, in the lowermost part of the mantle >2,700 km depth, the thermal expansivity is appreciably smaller than in the shallow part by more than factor three (Stacey and Davis, 2008; Katsura et al., 2010). Together with the small temperature variation, the deep part is a much smaller buoyancy source than the near-surface part to drive mantle convection. Considering the effect of spherical shell volume in Figure 1F (i.e., about 60% of the total velocity contrast in the mantle occurs at the shallow range of <700 km, and only about 4% near the CMB >2,700 km), the amplitude of the convection driving force near CMB is estimated to be less than a 10th of the driving force generated near the surface represented by subducting plates.
The effect of chemical composition on the seismic velocity has been also suggested for explaining the velocity variation in the near-CMB region, particularly LLVPs, on the basis of normal mode seismology (Ishii and Tromp 1999), mineral physics (Karato and Karki, 2001), solid Earth tide measurements (Lau et al., 2017). Based on joint inversion of shear wave velocity and attenuation, Deschamps et al. (2019) infer a ∼4% iron excess from the basement CMB to 2,600 km depth in the western part of the Pacific LLVP, where a lower seismic velocity does not necessary indicate more buoyant. This compositional effect would further reduce the importance of the near-CMB region for generating driving force of mantle convection.
Within this context, the schematic model “top-down hemispherical dynamics” shown in Figure 6 is consistent with geophysical and geochemical observations, as well as numerical simulation discussed so far. While a hot plume in the Pacific could persist through the last 450 Myr (Zhang et al., 2010), the amalgamation of continents, Gondwana and Laurussia, was completed to form Pangea by ∼330 Ma (Hoffman, 1991; Scotese, 2004; Scotese, 2021). During this period, subduction zones surrounding the continent area and those between the continental pieces brought plate materials into the mantle beneath the continent domain (e.g., Figure 9) and created effectively the cold and hydrous hemisphere (Figures 5, 6).
The breakup of Pangea started at ∼175 Ma, but the cold and hydrous hemisphere could have remained as is demonstrated by the oceanic basalt composition (Figure 10) and the numerical simulation with the long-term influence to the heat flux through CMB (Figure 9). Yoshida and Hamano (2016) and Yoshida et al. (2017) performed a series of numerical simulations for a two-layer convection model with large viscosity contrasts: the outer cylindrical shell of a high Rayleigh number and the infinite Prandtl number and the inner shell with less viscous by up to 10–3. Although the viscosity contrast is less than that between the Earth’s mantle and the outer core, inspection of the simulation results concerning the convective patterns and the heat transfer between the two layers suggest that convection in the highly viscous mantle of the Earth controls that of the extremely low-viscosity outer core in a top-down manner under the thermal coupling mode, which may support the mantle-core connection of the model shown in Figure 6.
Gubbins et al. (2011) demonstrated that the thermal structure of the mantle controls the heat flux at the inner core surface, in which the Earth’s magnetic field is generated by a dynamo in the liquid iron core that convects in response to cooling of the overlying rocky mantle. Mantle convection extracts heat from the core according to the thermal lateral variations at and Gubbins et al. (2011) used geodynamo simulations to show that these variations are transferred to the inner-core boundary and can be large enough to cause heat flux variations at the inner core surface. Therefore, the hemispherical differences in the mantle temperature and heat flux at CMB as in Figure 9, which may be reflected partly as the horizontal variation in seismic velocity of the outermost outer core (Figure 2C, Tanaka and Hamaguchi, 1993), can cause hemispherical structures in the inner core through the thermal control.
Various mechanisms have been proposed as responsible for inducing the hemispherical seismic structure of the inner core (see Sumita and Bergman, 2015, for a comprehensive review). Of these, it has been suggested that the thermochemical coupling of the inner core with CMB and more heat extraction from the core in the eastern hemisphere create an increase in inner core growth rate that causes solidification texturing with a larger velocity (Aubert et al., 2008), although several studies propose that the differences may be a consequence of melting in the eastern hemisphere and freezing in the west (Alboussiere et al., 2010; Monnereau et al., 2010). Whatever the mechanism by which the hemispheric structure of the inner core was created, the striking similarity in spatial patterns that emerge in mantle geochemistry and inner core seismology (Figure 4) indicates that the mantle and the inner core may have been strongly coupled through global thermal structure.
4 SUMMARY AND CONCLUSION
Large-scale structures in the Earth’s interior have been compared with respect to seismic velocity, electrical conductivity, and basalt composition. The most remarkable feature of the seismic velocity structure is the large horizontal variation in the shallow mantle (<700 km depth), which accounts for about 60% of the total amplitude of horizontal variation in the mantle, while only about 4% occurs in the deep mantle (>2,700 km depth) near CMB. These horizontal velocity variations are important in evaluating the driving force of mantle convection and indicate that the shallow mantle may outperform the deep mantle as a source field of driving force, represented by subduction force of plates. The horizontal velocity variation at the shallow mantle is characterized by a degree-1 structure with a larger amplitude, whereas the deep mantle is characterized by a degree-2 structure of a smaller amplitude. The former is attributed mostly to the ocean and continent hemispheres of the present-day Earth as a remnant of supercontinent-ocean system, whereas the latter is attributed to the two LLVPs. In addition, a degree-1 structure with clear east-west hemispheres exists in the inner core.
Since the seismic velocity structure is not sensitive to water/hydrogen contents within the plausible range in the mantle, the electrical conductivity structure provides important and complementary information. Although the global models of mantle electrical conductivity vary widely, high conductivity regions in and just below the mantle transition zones suggest an association with subducted plates and water. The water circulation is also captured by the young basalt geochemistry and its multivariate statistical analysis, independent component analysis (ICA). One of the independent components (IC2) has been found to represent a hydrophile component brought into the mantle 0.3 to 0.9 giga year ago and shows the presence of east–west geochemical hemispheres in the mantle, which strikingly resembles the inner core hemispheres in its geographical distribution.
To account for the observed large-scale geochemical structure, a hemispherical hydration event has been argued associated with the focused subduction towards the supercontinents (Pangea, Gondwana, and Rodinia). Numerical simulation of mantle convection with amalgamation-dispersal of the continents suggests that a cold hemispherical domain may develop under the continents during amalgamation and the supercontinent. Subduction zones must occur for the continents to get closer and amalgamated, where cold and hydrous materials are effectively brought into the mantle to result in formation of cold and hydrophile component-rich hemispherical domain beneath the supercontinent. Numerical simulations also suggest that once a cold hemispherical domain is created, even after the supercontinent begins to break up, it remains cooler than another hemispherical domain and has a larger heat flux through the CMB.
Based on these observations and numerical simulations, especially the geographical similarity between the mantle geochemical and the inner core hemispheres, a top-down hemispherical dynamics for the entire Earth was proposed (Figure 6): focused subduction towards the supercontinent, including the amalgamation stage of continents, has created a cold mantle domain rich in a hydrophile component, while the mantle in the remaining half of the globe (the remaining ocean region) has been relatively warm. Accordingly, the upper inner core has inherited its seismic heterogeneity through this mantle-induced lateral variations and thermochemical convective coupling via the outer core. The supercontinent then started to disperse into the present configuration, and the two main subduction zones have migrated apart, expanding the continental area. However, the planform area of the geochemical domain remains roughly constant, without moving with the dispersing continents, and therefore it has seemingly been anchored to the asthenosphere. This suggests that a strong asthenospheric flow such as superplume from the deep mantle may not be responsible for breakup and dispersal of the supercontinent, but near-surface forces associated with plate subduction might have driven the dispersal, which is consistent with the top-down hemispherical dynamics.
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