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Abstract

This paper reviews current knowledge about the Earth’s mantle and core in terms of structure, chemical and
mineralogical compositions, and physical properties. High-pressure experimental techniques that can help to further
constrain these properties and compositions are summarized, and the paper examines the consequences of core flows
on variations in Earth’s rotation and orientation as well as in the geodynamo. Finally, processes currently active at the
core-mantle boundary (CMB) and the various coupling mechanisms between the core and the mantle are discussed,
together with some evidence from magnetic field observations.

1. Mantle composition, structure and dynamics

1.1. Synopsis

Early in Earth’s history, a deep silicate magma ocean and metallic protocore separated in a molten state at very high
temperatures, driving the net chemical exchange equilibrium 2Fe™®! + SjQ,siicate = gjmetal 4 JfeQsilicate tg the right.
Therefore, the Fe-dominated protocore was Si-rich and the early magma ocean was FeO-rich. Subsequent planetary
cooling reversed the equilibrium, setting the stage for extensive chemical exchange between the protocore and the
magma ocean (MO), involving FeO transport from the MO to the core and SiO; in the opposite direction. The net
transfer of SiO; out of the core is equivalent to the transfer of metallic Si to the magma ocean, resulting in immediate
reduction of 2FeO to Fe, which is added to the core.

Due to the low Fe/Mg ratio in bridgmanite in equilibrium with coexisting MO melt, the earliest crystallization of
MgSiOs-dominated bridgmanite started at a neutral buoyancy level somewhere in the 1500-2200 km depth range. This
separated the mantle into an upper MO, a middle crystalline shell and a basal magma ocean (BMO). The upper MO
crystallized rapidly upwards from the bottom due to efficient heat loss to the surface, whereas the BMO became
thermally insulated and crystallized slowly. Chemical BMO-core exchange continued during protracted BMO
solidification, resulting in elevated Si/(Mg+Fe), Mg/Fe and bridgmanite/ferropericlase ratios in the middle and lower
parts of the solidifying lower mantle. Crystallization of the MO and BMO therefore produced large volumes of
refractory bridgmanite. The viscous nature of such material would have resulted in solid-state convective aggregation
into Mm-sized domains, and most of these would have survived until the present day. The extent and duration of
efficient BMO-core exchange, buffering the evolving BMO melt composition at high Si/(Mg+Fe) and Mg/Fe ratios, are
uncertain. The very late-stage crystallization products (cumulates), however, are likely to have been FeO-rich and
dense.

The continuous input of recycled oceanic crust (ROC) and lithosphere into the Earth's mantle started with deep
subduction at about 3 Ga. Since then, a volume roughly estimated to be equivalent to 2.5 times the total mantle volume
might have (re-)entered the mantle. Geochemical evidence from ocean island basalts indicates that ROC, sampled by
deep-rooted mantle plumes, has been stored in different regions of the lowermost mantle for variable lengths of time,
ranging from about 1.5 to 2.5 Gy. Seismically observable 5-40 km thick and variable ultra-low velocity zones (ULVZs),
just above the core mantle boundary, may represent partially leaky "windows" between the present-day core and
mantle. The ULVZs are thickest in the root-zones of deep plumes, which also sample tiny amounts of outer core metal,
probably via the ULVZs.

1.2. Mantle composition

The bulk composition of the current mantle is commonly represented by pyrolitic models (term derived from the
mineral names PYR-oxene! and OL-ivine?) based on the complementary relationship between melt-depleted
peridotite® and basalt* identified in the 1960s (Ringwood, 1962a, 1962b; Green and Ringwood, 1963). Subsequently,

! Pyroxene general formula XY(Si,Al)20s, where X is typically a mixture dominated by calcium, sodium, iron(ll) or magnesium, and
Y represents ions of smaller size, including mainly chromium, aluminium, iron(lll), and magnesium.

2 Olivine formula (Mg, Fe)2SiOa.

3 peridotite is the dominant mantle rock in terrestrial (Earth-like) planets, containing mainly olivine and pyroxene at low pressure
and bridgmanite (about 75%), ferropericlase (20%) and Ca-perovskite (5%) at the conditions of the Earth's lower mantle.

4 Basaltic magmas are formed by partial melting of peridotite at low pressure (near the Earth's surface). The oceanic crust has
basaltic composition.



McDonough and Sun (1995) constructed more sophisticated compositional models of broadly "pyrolitic" compositions
for the primitive mantle or bulk silicate Earth (BSE) by evaluating the chemical composition of numerous upper mantle
(UM) peridotites® to identify the least melt-depleted samples, before adding an appropriate amount of a suitable
partial melt. If a pyrolitic composition is representative for the primitive mantle, the fully molten magma ocean that
formed in the aftermath of the Earth-Theia Moon-forming collision (and that coincided with the last episode of core
segregation and metal-magma equilibration), was possibly also pyrolitic (e.g., Trgnnes et al., 2019). An important
guestion is whether the bulk mantle or the BSE is also pyrolitic. Alternatively, the BSE may tend towards a chondritic
composition, characterized by an elevated Si/(Mg+Fe) ratio and therefore elevated pyroxene/olivine and
bridgmanite®/ferropericlase® ratios in the upper and lower mantle, respectively. Several geochemical, mineral physical,
seismic and geodynamic studies have concluded that the lower mantle (LM) might have an elevated Si/(Mg+Fe) ratio
compared to the upper mantle (UM) and transition zone (TZ), containing domains enriched in bridgmanite (e.g.,
Murakami et al., 2012; Ballmer et al., 2017; Tr@gnnes et al., 2019; Mashino et al., 2020).

1.3. Mantle structure, mineralogy and lithological density relations

The dominantly peridotitic mantle is divided into the UM, TZ and LM by seismic discontinuities at 410 and 660 km
depth, caused by the phase transitions from olivine to wadsleyite’ and from ringwoodite® to bridgmanite® +
ferropericlase®, respectively (e.g., Stixrude and Lithgow-Bertelloni, 2011, 2012; Irifune and Tsuchiya, 2015). Less
distinct phase transitions at 520-540 km depth may result from the wadsleyite’ to ringwoodite® transition and the
stabilization of the minor Ca-perovskite phase (Deuss and Woodhouse, 2001; Saikia et al., 2008). The important TZ
mineral, garnet®, remains stable in the uppermost part of LM, but dissolves gradually into bridgmanite® with increasing
pressure in the 660 to about 800 km depth range, causing a steep seismic velocity gradient in that range. Stixrude and
Lithgow-Bertelloni (2011, 2012) and Irifune and Tsuchiya (2015) review the radial variation in average shear-wave
velocity (Vs) and the mineral proportions for various lithological compositions (depleted peridotite, fertile or pyrolitic
peridotite and basalt) throughout the mantle down to the CMB at 2891 km depth.

Equations of state for the LM minerals and density-depth profiles along an ambient mantle adiabat for the minerals
and main lithologies are presented by Irifune and Tsuchiya (2015). Basaltic rocks, including eclogite® in the UM and
garnetite!! in the TZ, are denser than peridotite through most of the mantle, except for the 660-800 km depth range
in the uppermost LM, where garnet, rather than the denser bridgmanite, remains stable. Ferropericlase® and high-
pressure polymorphs of silica'? (stishovite®, B-stishovite and seifertite’®) have the lowest and highest bulk moduli,
respectively, of the LM minerals. Therefore, the density contrast between a denser silica-bearing basaltic rock and a
ferropericlase-bearing peridotite, along an ambient adiabat decreases from 1.37 to 0.82 % with increasing pressure in
the 40-110 GPa range, corresponding to the 1030-2440 km depth range, based on Irifune and Tsuchiya (2015) EoS
(Equation of State) data. At 110 GPa and the ambient geotherm, the densities of basaltic, pyrolitic and harzburgitic'*
materials are 5381, 5331 and 5321 kg/m3 respectively, compared to the PREM density of 5337 kg/m? (Dziewonski and
Anderson, 1981). Beyond this pressure, the slightly densifying phase transitions from B-stishovite to seifertite® (at
about 114 GPa along an ambient mantle adiabat) and from bridgmanite to post-bridgmanite complicate the density
relations. The compositionally dependent bridgmanite to post-bridgmanite transition occurs at considerably shallower

5> Bridgmanite is the Earth's most abundant mineral and has MgSiOs as the main component. With lesser amounts of the other
components FeAlOs, FeSiOs and Al20s, the simplest general formula can be expressed as (Mg,Fe)(Al,Si)Os.

6 Ferropericlase or magnesiowdistite is a solid solution between magnesium and iron oxide with the chemical formula (Mg,Fe)O.
7 Wadsleyite is a high-pressure polymorph of olivine, (Mg,Fe),SiOs, with the same general formula.

8 Ringwoodite, a third (Mg,Fe)2SiO4 polymorph, is stable at higher pressures than wadsleyite. Olivine, wadsleyite and ringwoodite
were previously referred to as the a, B (modified spinel) and y (spinel) phases, respectively.

9 Garnet has general formula X3Y2(SiOa)s3, where X is divalent cations (Ca, Mg, Fe, Mn)?* and Y is trivalent cations (Al, Fe, Cr)3*. In
the deepest part of the upper mantle, through the transition zone and into the shallow part of the lower mantle, the garnet
mineral assimilates pyroxenes to form an additional "majoritic" component with the simplest formula Mgz MgSi (SiOa)s.

10 Eclogite is a moderate- to high-pressure form of basalt, stable at pressures of about 1-14 GPa.

11 Garnetite is also a high-pressure form of basalt, dominated by garnet, and stable in the 14-30 GPa pressure range.

12 sjlica or silicon dioxide has the chemical formula SiO2.

13 stishovite is a dense tetragonal polymorph of silicon dioxide.

14 Harzburgite is an ultramafic rock, a variety of peridotite consisting mostly of olivine and low-calcium (Ca) pyroxene.

15 Seifertite is one of the densest polymorphs of silica, a silicate mineral with the formula SiO..



level in basaltic or picritic rocks than in depleted peridotite. With a CMB temperature of 4000 K, the steep temperature
gradients of 5-10 K/km through the thermal boundary layer of the D"-zone®, which are very steep compared to the
various mantle adiabats (plume adiabats to cold subducted slab adiabats) of about 0.3 K/km, will also variably affect
the densities of the different lithologies. The main inference, however, is that recycled oceanic crust (ROC) of basaltic
and picritic composition remains denser than depleted peridotite throughout the 740-2891 km depth range, even if
the density contrast decreases with increasing depth (e.g., Ballmer et al., 2015; Torsvik et al., 2016).

Seismic tomography shows large lateral velocity variations in the UM, with slow regions under the mid-ocean ridges
and subduction zones and fast regions under Archean cratons, suggesting heterogeneities in temperature and/or
composition. For the five different S-wave tomography models shown by Romanowicz (2003) and Lay (2015), the root-
mean-square amplitudes for shear-wave velocities of 2.3-2.8 % in the 50-200 km depth range (reflecting the presence
of these heterogeneities) decrease markedly to a level of 0.3-0.6 % in the entire 700-2500 km depth range (reflecting
a reduced degree of compositional / thermal heterogeneity), before they increase to values of 0.8-1.6 % in the
lowermost 300-400 km of the mantle. In contrast, the RMS maxima of 0.30-1.36 % at 50 km depth for the four P-wave
models in Lay (2015) decrease to 0.25-0.34 at 660 km depth and slightly further to 0.15-0.29% in the 900-2891 km
depth range. It is important to note the absence of any significant increase in the amplitude of the P-wave velocity
variation in the lowermost mantle and that the strongly increasing amplitudes in the S-wave velocity variations are
limited to the lowermost 300-400 km of the mantle. This region, referred to as the D" zone, coincides with the thermal
boundary layer above the CMB, where temperatures increase strongly from an average mantle adiabat of about 2500
K at 2600 km depth (e.g., Stixrude et al., 2009) to a CMB temperature of about 4000 K. As described in sections 1.4-
1.9, the D" zone with its distinct compositional domains combined with strong lateral gradients and contrasts in
temperature, density and viscosity, are fundamentally important for deep Earth evolution and dynamics.

1.4. Large low S-wave velocity provinces (LLSVPs) and degree-2 convection pattern

The strong lateral Vs variation in the D"-zone defines two antipodal so-called large low shear-wave velocity provinces
(LLSVPs): one under the Pacific Ocean and the other under the southwestern part of Africa and bordering parts of the
Atlantic and Indian Ocean. These two provinces are separated by a high-velocity longitudinal belt centered relatively
close to the 120 E and 70 W meridians, crossing Asia, Australia, Antarctica, the Americas and the Arctic. Figure 1 shows
this pattern in the SMEAN tomography model (Becker and Boschi, 2002) at 2800 km depth.

The Earth's residual geoid (Hager et al., 1985; Hager and Richards, 1989; Steinberger and Torsvik, 2008, 2010; Burke
and Torsvik, 2012) and free-air gravity (Ishii and Tromp, 1999) reveal a degree-2 mantle convection pattern with
antipodal broad outflow columns above the two LLSVPs, combined with the wide longitudinal belt of sheet-like inflow
(downwelling). Although plate tectonic reconstructions are uncertain prior to the Pangea assembly, it appears that
subduction during the past 540 Ma has mostly been confined to this belt, and that periods of minor true polar wander
have adjusted the rotational mass imbalance caused by subduction at relatively high latitudes (Torsvik et al., 2014;
Torsvik, 2019). The degree-2 mantle convection pattern is further indicated by the net characteristics of plate tectonics.
Conrad et al. (2013) recorded the locations of net divergence and convergence of the plates and found that two
divergence poles at approximately 180° were located above the LLSVPs and that two convergence poles between
approximately 90° from the divergence centers were above the high-Vs circumpolar (longitudinal) belt. Whereas the
reconstructed divergence poles have been relatively stationary above the LLSVPs during the last 250 My, the
convergence poles have moved over greater distances above the circumpolar belt. This quadrupole pole pattern
therefore suggests that the large-scale degree-2 convection has been stable in this 250 My period. The inferred lateral
flow regime in the D"-zone (Figure 1) is away from the longitudinal belt of inflow (downwelling) towards the LLSVP
margins. The orientations of the D"-zone seismic anisotropy with Vsherisentals ygvertical gnnear to confirm this flow pattern
(Lynner and Long, 2014a, 2014b, 2014c; Ford and Long, 2015).

Seismic studies reveal that the LLSVP margins are relatively sharp and steeply inclined, at least locally (Thorne et al.,
2004; Garnero and McNamara, 2008; McNamara, 2019). The increased RMS amplitudes of lateral Vs-variations in the
lowermost 300 km compared to the rest of the deep mantle (Romanowicz, 2003; Lay, 2015) and recent seismic analysis

16 The D" layer, occupying the lowermost 200 km of the lower mantle (at a depth of ~2700-2900 km) is layer that is
compositionally different to the other parts of the lower mantle.



(Koelemeijer et al., 2018) indicate that they are probably thermochemical features with about 300 km thick base layers,
with a density excess sufficiently large to resist destruction by thermal buoyancy over at least hundreds of millions of
years. Free-air gravity (Ishii and Tromp, 1999) and tidal tomography (Lau et al., 2017) investigations suggest that the
lowermost 200-300 km of the LLSVPs have density excesses of about 1.25% compared to the surrounding mantle.
Assuming a corresponding temperature excess of 750 K and thermal expansion data from Wolf et al. (2015), Trgnnes
et al. (2019) estimated an intrinsic density excess of 2.2% and a matching bridgmanite composition containing 16 mol%
of the combined Fe-components, FeAlOs; and FeSiOs. The bridgmanite of ambient depleted peridotite in the lower
mantle contains about 2.3, 3.8, 0.6 and 93.3 mol% of the components FeAlOs, FeSiOs, Al,0; and MgSiOs, respectively.

Assuming an outermost core temperature of 4000 K, the 300-400 km thick thermal boundary layer above the core-
mantle boundary (CMB) is characterized by a strong temperature increase of about 1500 K from the ambient mantle
adiabat of about 2500 K at 2600 km depth (e.g., Stixrude et al., 2009; Trgnnes et al., 2019). The presence of post-
bridgmanite in the cooler, high-Vs regions of the D"-zone, combined with the overall high temperatures close to the
CMB, is likely to reduce mantle viscosity by three to four orders of magnitude (e.g., Amman et al., 2010; Nakada and
Karato, 2012; Dobson et al., 2019). Conceivably, the LLSVP base layer may also have low viscosity, e.g., in the form of
basaltic to picritic ROC, containing post-bridgmanite. In that case, the stabilizing factor may be the degree-2 convection
pattern itself, which in turn is linked to, and probably stabilized by, the Earth's rotation (Steinberger and Torsvik, 2008,
2010). Material with an appropriate density excess will be swept into the LLSVP root zones of the broad antipodal
outflow creating the residual geoid heights (Figure 1). If the density excess is too high, the material will form a
continuous thin layer across the entire CMB. If it is too low, it will be convectively dispersed. Dense bridgmanitic
cumulate material with about 16 mol% of the Fe-components (FeAlO; and FeSiOs, see above), may be stable relative
to post-bridgmanite in the lower part of the hot LLSVP base layers. As discussed in section 1.6 below, such material
possibly formed as late-stage cumulates during the crystallization of the basal magma ocean, and will have high
strength and viscosity, and thereby intrinsic stability.

1.5. Ultra-low velocity zones (ULVZs) feeding deep-rooted mantle plumes

Further contributions to the heterogeneity and material property gradients of the D"-zone are made by thin (5-40 km
thickness) and laterally patchy ultra-low velocity zones (ULVZs) in direct contact with the CMB (Figure 2). The Vs and
Vs reductions of about 10 and 30%, respectively, may indicate partial melt fractions of 5-10 % (e.g., Lay 2015). Several
alternative (solid) material types, reviewed by McNamara (2019) and Trgnnes et al. (2019), have been also been
suggested as sources for these sharp decreases in seismic wave propagation speeds.

Most of the deep-rooted mantle plumes giving rise to large igneous provinces (LIPs) and ocean island basalt (OIB)
appear to have developed and risen from sites along the LLSVP margins (e.g., Burke and Torsvik, 2004; Torsvik et al.,
2006, 2010, 2016). The locations of 27 deep-rooted plumes from French and Romanowicz (2015) and 32 LIPs covering
the 16-510 Ma age range, repositioned to their inferred original locations by Torsvik et al. (2021), relative to the LLSVP
margins is shown in Fig. 1. Even kimberlites!” with lower mantle geochemical features appear to be related to deep-
rooted plumes in the general area of the African LLSVP, although their reconstructed eruption sites are not convincingly
close the LLSVP-margins (Giuliani et al., 2021). The additional coincidence of ultra-low velocity zones (ULVZs) with the
inferred plume sources along the LLSVP-margins (e.g., Thorne et al., 2004; Cottaar and Romanowicz, 2012; Yuan and
Romanowicz, 2017) indicates that focusing of the lateral D" flow also tends to concentrate low-viscosity ULVZ-materials
with density exceeding that of the LLSVPs into centers of columnar upwelling.

Subducted basaltic lithologies, which have solidus temperatures of about 3870 K at 130 GPa, are likely to undergo
partial melting once they reach the hottest parts of the D"-zone near the LLSVP margins (e.g., Andrault et al., 2014;
Pradhan et al., 2015; Baron et al., 2017; Tateno et al., 2018; Trgnnes et al., 2019). In addition to the formation of dense
silicate melt, Liu et al. (2016) found that a minor metallic melt fraction from the eutectic point on the Fe-C
compositional join (about 2 wt% C; Fei and Brosh, 2014) would also be generated. The melting experiments of Andrault
et al. (2014), Pradhan et al. (2015) and Tateno et al. (2018), demonstrate that Ca-perovskite is the first liquidus and
last residual mineral in basaltic compositions in the lowermost mantle. The high density of residual Ca-perovskite

17 Kimberlite is an igneous/magmatic rock formed at depth from anomalously enriched exotic mantle compositions and erupted
rapidly and violently.



compared to lower-density seifertite (SiO,) and MgSiOs-dominated bridgmanite, would lead to differential sinking of
the densest metallic melt, intermediate-density silicate melt and less dense Ca-perovskite crystals, combined with
ascent of bridgmanite and seifertite. An Al-rich Ca-ferrite-structured mineral, also present in basaltic compositions in
the lower mantle, would be melt-consumed at or near the solidus. Such a disaggregation of the partially melting
basaltic material would concentrate sinking Ca-perovskite and interstitial melt into the underlying ULVZs. As pointed
out by Hernlund and Jellinek (2010), the low viscosity of partially molten ULVZs is likely to induce sufficiently vigorous
internal convection to prevent large-scale downwards segregation of the interstitial melt, keeping ULVZs seismically
homogeneous (Lay 2015). A minor fraction of dense immiscible metallic melt, however, is likely to trickle downwards
into the core, as it is continuously supplied from the melting of basaltic rock slivers passing laterally above. Diffusional
extraction of the FeO-component from the silicate melt to the core and diffusional delivery of the SiO, component
from the core to the ULVZs (see section 1.6), might reduce the density of the interstitial silicate melt to that of Ca-
perovskite, or even less.

Therefore, the ULVZs may represent partially leaky "windows" between the D"-zone and the outer core. Such localized
core-mantle exchange is supported by geochemical investigations of plume-related volcanic rocks. Recent isotopic
measurements have revealed a negative correlation between the ¥2W/*84W and 3He/*He ratios in major plume-related
OIB suites (Mundl et al., 2017; MundI-Petermeier et al., 2019, 2020; Rizo et al., 2019; Jackson et al., 2020). Radiogenic
182\ is derived from short-lived *2Hf with a half-life of 9 My and has a practical lifetime of about 45 My, which implies
extinction well before the Earth-Theia collision with resulting Moon formation. Because lithophile Hf partitions into
silicate magma oceans while siderophile W partitions into metallic cores, the terrestrial planetary core material
segregated early has very low B2W/84W ratio. Plumes giving rise to OIBs with low 82W/84W ratios are therefore likely
to have sampled core metal, most likely via the ULVZs located in the plume root zones.

He-isotope systematics is a powerful tool to detect and characterize deep Earth domains that have remained relatively
isolated and protected from convective destruction and mixing. Whereas 3He is the primordial isotope, unaffected by
radiogenic ingrowth, *He is continuously generated via the U and Th radioactive decay chains. Jupiter's gigantic H and
He reservoir with a 3He/*He ratio of 120 times the ratio of the Earth's atmosphere (Mahaffy et al., 1998) is considered
as the Solar system initial He-isotope composition, unaffected by radiogenic “He contributions. The highest ratio
measured in plume basalts at Baffin Island and West Greenland (Starkey et al.; 2009; Mundl-Petermeier et al., 2019),
representing extensive mantle melting within the starting Iceland plume head at 62 Ma and giving rise to the North
Atlantic Igneous Province, is 50 times the atmospheric ratio. Because primordial-like high *He/*He ratios are correlated
with elevated plume flux (e.g., Jackson et al., 2017, 2021), the associated core-derived negative ¥2W/*¥*W anomaly
relative to Earth's common W isotope composition, suggests that mainly the most vigorous plumes are able to sample
core metal entrained in the ULVZs. Although the primordial-like He composition conceivably also could be a core signal
(e.g., Porcelli and Halliday, 2001; Porcelli and Elliott, 2008), it is more likely caused by the entrainment of more or less
refractory bridgmanitic material into the plume conduit during transit through the lower mantle. Whereas Trgnnes et
al. (2018) suggested entrainment of very refractory BEAMS-material (see section 1.6) at mid-mantle depths to explain
the primordial-like He-isotope signal, Jackson et al. (2020) and Giuliani et al. (2021) favor entrainment of more iron-
rich magma ocean cumulates located at the base of the LLSVPs.

Additional Xe-isotopic evidence also points towards core metal contamination of the root-zones (presumably the
ULVZs) of a more limited subset of deep-rooted plumes, in particular the Iceland plume. The strongest Xe-isotopic
signal that can be ascribed to core contamination is recorded in Xe-rich fluid and melt inclusions in the Midfell
subglacial eruption unit of the Western Rift Zone of Iceland, as well as in CO;-dominated hydrothermal vents in the
volcanic Eifel province in Germany (Harrison et al., 1999; White, 2015; Moreira et al., 2018; Jackson et al., 2018). A
smoking gun for core contamination is a high 1°Xe/*3*Xe ratio. Whereas *°Xe is produced by the short-lived decay of
136] (iodine) with half-life of 16 My, **Xe is a product of another short-lived fission decay of 2**Pu with 82 My half-life.
Because siderophile | (iodine) and lithophile Pu are partitioned preferentially to the core and the magma ocean,
respectively, the core would have acquired a high °Xe/***Xe ratio (Jackson et al., 2018).

1.6. Magma ocean solidification and early refractory domains (ERDs)
Bridgmanite (bm) is the first liquidus phase in a wide range of peridotitic melts, from very refractory (depleted) to
fertile (pyrolitic) and chondritic (i.e. bridgmanitic) compositions (Liebske and Frost, 2012; de Koker et al., 2013; Ozawa



et al., 2018). At pressures above 80 GPa, the bm-melt Fe/Mg exchange coefficient Kp = (Fe/Mg)®™/(Fe/Mg)™" is 0.1 or
even lower (e.g., Tateno et al., 2014). The very strong partitioning of Fe into melt compared to bridgmanite results in
a bm-melt density crossover, with a neutral buoyancy level somewhere in the 1500-2200 km depth range in the early
magma ocean (MO), following the Earth-Theia collision (Lock et al., 2018). In a rapidly rotating Earth, the early
crystallization and accumulation of bm above and below this level might result in two hemispherical bm-shells
penetrated by convective inflow along the polar axis and outflow in the equatorial plane, in analogy with the
meridional flow in the Solar convective zone (Maas and Hansen, 2015, 2019; Gizon et al., 2020). Efficient cooling from
above, with heat loss to space, might facilitate relatively rapid solidification of the outer MO (10-100 My scale) and the
establishment of a long-lived basal MO (BMO).

The early crystallization of MgSiOs-dominated and neutrally buoyant bm will be promoted and prolonged by the
chemical exchange between the basal MO and protocore, involving the migration of FeO from the MO and subsequent
BMO to the core and SiO; in the opposite direction. The basis for this exchange process is the net chemical exchange
equilibrium 2Fe™e®! + SjQ,silicate = Sjmet 4 2FeQs! which is driven to the right at the highest temperatures of final core
segregation and reversed during subsequent planetary cooling (Malavergne et al., 2004; Tsuno et al., 2013; Laneuville
et al.,, 2018). An important result of the chemical exchange and extensive bridgmanite crystallization is elevated
Si/(Mg+Fe), Mg/Fe and bridgmanite/ferropericlase ratios of the lower mantle, compared to the bulk silicate magma
ocean just after the main stage of core segregation. The early magma ocean, following core segregation in the
aftermath of the Earth-Theia collision, is likely to have had an elevated Fe/Si ratio compared to a pyrolitic model
composition (Trgnnes et al., 2019), which is representative for the bulk convecting mantle, composed of more depleted
peridotite and slivers of recycled oceanic crust.

The metal-silicate exchange equilibrium 2Fe™® + Sj0,s!icat = Sjmet + JFeO! may also enhance the density stratification
of the early MO and thereby promote bm-melt neutral buoyancy. Although some of the Theia core might have merged
directly with Earth’s core, the high-energy impact probably also resulted in considerable silicate-metal mixing and
emulsification (e.g., Rubie et al., 2015). Subsequent cooling from above would establish a radial thermal gradient and
result in the (re-)precipitation of sinking metal drops. The exothermic exsolution and sinking of heavy metal will
promote the thermal gradient, driving the metal-silicate equilibrium towards the products, Sim + 2FeO*", in the high-
temperature, deepest parts of the magma ocean, and towards the reactants, 2Fe™ + SiO,*", in shallower regions with
lower temperature. At an early post-collisional (Theia) stage, the strong density stratification caused by sinking metal
drops and increasing FeO-content in the silicate melt with increasing depth, will inhibit thermal convection and
enhance the buoyancy of early MgSiOs-dominated bridgmanite crystals precipitating at a neutral buoyancy level.
Subsequently, gradual cooling, even in the deepest parts of the BMO and outer core, causing transfer of SiO, from the
core and FeO from the BMO to the core, will lead to thermal buoyancy of the deepest BMO, resulting in convection.

High-pressure phase relations indicate that the solidification of the magma ocean would have produced large amounts
of early bridgmanite-dominated cumulates, as well as later bridgmanite-dominated residues from localized remelting
above the basal magma ocean (e.g., Tateno et al., 2014; Ozawa et al., 2018; Caracas et al., 2019). Such viscous material,
neutrally buoyant in the middle part of LM, can be convectively aggregated into bridgmanite-enriched ancient mantle
structures, BEAMS (Manga, 1996a, 1996b; Ballmer et al., 2017), located outside the margins of rising mantle columns
above the LLSVPs (Figs. 1-2). The schematic equatorial section (Figure 2) illustrates the locations of these inferred
structural domains, the large-scale degree-2 mantle flow, as well as the inferred core flow, based on e.g., Trgnnes
(2010), Torsvik et al. (2014), Trgnnes et al. (2019) and Olson (2016). As shown and described in Figure 1, we restrict
the extent of the BEAMS relative to the original suggestion by Ballmer et al. (2017) in order to avoid interference
(overlaps) with geologically reconstructed and seismically imaged slabs sinking through the lower mantle within the
wide circumpolar belt of inflow (van der Meer et al., 2010, 2018). A definite seismic detection of BEAMS in the middle
part of the lower mantle (Figs. 1-2), generally characterized by low seismic amplitudes, is challenging. However, the
seismic signal of the crossover from high-spin to low-spin iron in ferropericlase (e.g., Kennett et al., 2021) appears to
be relatively strong in the fastest and slowest regions of the lower mantle and weaker or absent in the intermediate
regions where the BEAMS are likely positioned (Shephard et al., 2020). The existence of considerable amounts of
neutrally buoyant, viscous and refractory bridgmanitic material in the lower mantle seems inescapable from a
petrological and geodynamic point of view.



1.7. Primordial-like He and Ne isotopic compositions

In the hot Hadean Earth, rapidly diffusing He and Ne would recharge such U- and Th-depleted bridgmanitic material,
mostly before its aggregation into Mm-sized BEAMS (Trgnnes et al., 2018). Assuming a convective Urey-ratio of 0.29
from Jaupart et al. (2016) and the secular cooling curves of Herzberg et al. (2010), the average ambient mantle adiabat
would be positioned 170-200 K above the present adiabat during the last 3-4 Ga. Under such thermal conditions, the
diffusion rates for He and Ne are only sufficient to reset the isotopic compositions in bridgmanitic material within the
outer 3-10 km rims of the Mm-sized BEAMS. Because the major plume conduits appear to be at least 500 km wide
through the high-viscosity central part of the lower mantle (French and Romanowicz, 2015), they are likely able to
erode and entrain material from considerably more than just the outer 10 km of the BEAMS.

It is important to note that neither the LLSVPs nor the ULVZs are suitable reservoirs for the primordial-like He and Ne
isotopic compositions. The dense Ca-perovskite, which is likely to be a major ingredient in the ULVZs (see the section
above), as well as in the LLSVPs, has extremely high concentrations of a range of large-ion lithophile elements, and
especially U and Th (Hirose et al., 2004; Corgne and Wood, 2005; Corgne et al., 2005). The U and Th decay will produce
radiogenic He and nucleogenic Ne, and therefore readily destroy any primordial-like He and Ne signal. Even the core
appears to have too high U and Th content to preserve primordial-like He and Ne compositions (Faure et al., 2020).
The reason that the LLSVP base layers are unsuitable, is that both of the two candidate materials (recycled oceanic
crust and late-stage Fe-rich cumulates) are rich in Ca-perovskite. Suitable Fe-rich bridgmanite-dominated cumulates
for the LLSVP base layers would have about 16 mol% combined of the two Fe-components FeSiOs and FeAlO; (Trgnnes
et al., 2019). Such bridgmanite has exactly the same density as Ca-perovskite, which is therefore expected to be
enriched in the same cumulate layers.

1.8. Volume estimates for convecting mantle, subducted lithosphere and isolated mantle domains
The exact onset of plate tectonics is unconstrained, with recent estimates ranging between 3 and 4 Ga (e.g., Shirey
and Richardson, 2011; Greber et al., 2017; Bauer et al., 2020). The transition from stagnant to mobile lid tectonics was
probably gradual and quasi-episodic in the beginning (Korenaga, 2013). The earliest crustal reworking might have been
quite shallow and in the form of Venus-type plume-related subduction (e.g., Gerya et al., 2015; Davaille et al., 2017;
Sobolev and Brown, 2019), density-driven drip tectonics (Smithies et al., 2021) or Iceland-type crustal subsidence
(Reimink et al., 2014). More familiar plate tectonics with deep subduction and recycling might have started at about 3
Ga (e.g., Shirey and Richardson, 2011). The input of subducted oceanic lithosphere into the convecting mantle during
the 3-0 Ga period could potentially be estimated, based on the relation between oceanic lithosphere thickness and
mantle potential temperature and secular cooling (e.g., Herzberg et al., 2010) if plate velocities and subduction rates
were known accurately. The global volume flux variation of subducted oceanic lithosphere from 400 Ma to the present
has been estimated by K.S. Karlsen (pers. comm.), based on seafloor age grids from plate tectonic reconstructions
(Karlsen et al., 2020), plate velocities (Matthews et al., 2016) and oceanic lithosphere thickness (Parsons and Sclater,
1977). Although the variations are relatively large within shorter 20-50 My periods, the long-term trend involves
decreasing volume flux from 400 Ma to the present. We derived a long-term trend by estimating the average volumes
in eight 50 My bins (segments), followed by linear regression of these average volumes. The regressed volume flux,
decreasing from 445 km?3/y at 400 Ma to 300 km3/y today, was then scaled to the secular cooling trends of Herzberg
et al. (2010), using a curve with a Urey ratio of 0.29 (Jaupart et al., 2016). Finally, we extended the scaled volume flux
back to 3 Ga. The resulting cumulative volume of subducted lithosphere, which is 2.5 times the total mantle volume
and 3.1 times the convective mantle volume (Figure 2 and next paragraph), may serve as a rough estimate of the rate
of deep recycling in the Earth.

We can also derive rough estimates for the volumes of the mostly isolated mantle reservoirs. Based on Figs. 1 and 2,
and by assuming an average thickness of 300 km for the LLSVP base layers, an average thickness of 100 km for the
subcontinental lithospheric mantle (SCLM) and a continental surface fraction of 40%, we estimated the volumes of
LLSVPs, BEAMS, SCLM and the remaining convective mantle to 1.1, 13.0, 2.3 and 83.6 % of the total mantle volume,
respectively. The ULVZ volume is unknown, but considerably less than 10 % of the LLSVP base layer volume.

1.9. Storage site and age of recycled oceanic crust
The low viscosity of the D"-zone may facilitate partial density-driven separation of ROC lenses and slivers in the lateral
D" flow above the CMB towards the LLSVP margins. The ROC lenses will preferentially be confined to the lower part of



the flow and possibly undergo partial melting and dense melt loss to the ULVZs, which are most abundant in the plume
root-zones and focal areas for the lateral flow at the LLSVP margins (converging black arrows in Figure 1). When the
flow is diverted upwards along the LLSVP margins, some of the residual ROC may have sufficient volume and density
to be deposited and accumulated in piles on top of the LLSVP base layers, inwards from the margins (Torsvik et al.,
2016; Trgnnes et al., 2019). During storage in this area, which is sheltered from the most vigorous and focused mantle
flow, the ROC will be heated conductively from the LLSVP base layer and from internal radioactive decay of U, Th and
K. A partial approach towards neutral buoyancy for the heated and thermally expanding ROC pile material will promote
its later entrainment in the pervasively rising mantle flow above the LLSVPs, as well as directly into vigorous plumes
rising from the margins (or from the interior).

Geochemical evidence for the intermediate- to long-term storage of ROC material with associated sedimentary
components entrained in modern oceanic island basalts (OIB) comes from their Pb-isotopic model ages. The average
Pb model age of about 2 Ga corresponds to the slope of the Northern Hemisphere Reference Line (Hart, 1984; Jackson
et al., 2020), whereas individual OIB volcanoes or entire islands record individual Pb-isotopic model ages in the 1.5-2.5
Ga range (Andersen et al., 2015). The sulfur isotopic composition of olivine-hosted sulfide inclusions in plume-derived
basalts at Cook Island (Polynesia) indicate that Archean ROC, subducted during reduced surface conditions at the Earth,
was entrained in some deep-rooted plumes (Cabral et al., 2013). The observation that each oceanic island seems to be
characterized by a distinct and rather narrow Pb model age range indicates that the deep-rooted plumes might sample
ROC accumulations of a distinct age range and compositions in different regions. The D"-zone has been suggested as
the most likely storage site of dense ROC accumulations (Hirose et al., 2005; Torsvik et al., 2016; Ballmer et al., 2016;
Thomson et al., 2019).
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Figure 1. Base map with the SMEAN (mean S wave model from Becker and Boschi, 2002) mantle tomography model at 2800 km
depth, showing the large low S-wave velocity provinces (LLSVPs), surrounded by a nearly longitudinal belt (60-90 W, 90-120 E)
high-velocity belt, as well as the positions of 27 deep-rooted plumes from French and Romanowicz (2015) and 32 large igneous
provinces, covering the 15-510 Ma range and relocated to their original eruption locations (Torsvik et al., 2021). The dVs = -1%
contours, marked by red lines on the SMEAN map, coincide with the largest lateral Vs gradients (Torsvik et al., 2006) and are
therefore the best estimates of the LLSVP-margins. The LLSVPs projections at the Earth's surface correspond closely to the residual
geoid highs, shown here by the +20 m contour (violet stippled lines) from Burke and Torsvik (2012). The residual geoid (total range
of about 200 m) and the free-air gravity (Ishii and Tromp, 1999) demonstrate a large-scale degree-2 mantle convection pattern
with antipodal broad outflow columns above the LLSVPs and inflow above the longitudinal (circumpolar) high-velocity belt. The
inferred locations for highly viscous, early refractory domains or bridgmanite-enriched ancient mantle structures (ERD/BEAMS,



e.g., Ballmer et al., 2017; Trgnnes et al., 2019), presumably confined to the 1000-2500 km depth range, are also projected onto
the SMEAN map. In order to avoid interference (overlaps) with geologically reconstructed and seismically imaged slabs sinking
through the lower mantle within the wide circumpolar belt of inflow (van der Meer et al., 2010, 2018), the inferred ERD/BEAMS
are confined to narrow zones, peripheral to the supra-LLSVP outflow columns. The deepest of the reconstructed slabs, at 2700-
2850 km depth, are approximately 250 My old.
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Figure 2. Approximate and schematic equatorial section showing Earth's main structural features and domains. ERD: Early
refractory domains; BEAMS: bridgmanite-enriched ancient mantle structures. The section is constructed in accordance with Figure
1 and van der Meer et al. (2018, 2019).

2. Core composition, structure and dynamics

2.1.Synopsis

Very high temperatures during the exothermic processes of core metal exsolution and sinking through the silicate
magma ocean into the growing protocore, would lead to elevated concentrations of Si in the protocore and FeO in the
early silicate magma ocean (MO), according to the chemical exchange equilibrium 2Fe™® + SjQ,silicate = gjmetal 4
2Fe0si<at which is driven towards the product (right) side with increasing temperature. Planetary cooling reverses the
equilibrium, resulting in chemical exchange of SiO, from the core to the MO and FeO in the opposite direction. Due to
the low diffusion rates of the major elements in ferropericlase, and especially in bridgmanite, this exchange becomes
very restricted after the complete solidification of the basal MO (BMO). The main chemical evolution of the core during
the exchange of oxides with the MO and BMO would have involved decreasing Si and increasing O contents. Even
today when very limited exchange is possible, the core remains under-saturated with O.

An outer convecting iron-rich core with 5.5, 3.6 and 3.0 wt% Ni, Si and O, respectively, is broadly consistent with the
density and velocity of the Preliminary Reference Earth Model (PREM). Replacing minor amounts of these elements
with S, C and up to 0.1 wt% H would still fulfill the density and seismic velocity constraints. From a core depth of 445
km up to the core-mantle boundary (CMB), the seismic velocity decreases from the PREM value to about 0.43% below



the PREM curve (with the KHOMC model). This outermost E'-layer with an anomalous velocity gradient might be stable
over a relatively long timescale, e.g., during the last 1-2 Gy. In spite of very low core metal viscosity, such a stagnant
E'-layer with low density may be possible due to high thermal conductivity and low viscous entrainment, and it might
have a stabilizing effect on the geodynamo. In order to explain the observed velocity reduction and an appropriate
density reduction relative to a convecting core with about 3.6 wt% Si and 3.0 wt% O, recently published mineral physics
data predict a density deficit of 0.98% and composition with 0.4 wt% Si and 6.7 wt% O near the CMB. Such a layer is
fully consistent with core-BMO chemical exchange. Theoretical and experimental studies performed in the last decade
indicate considerably higher thermal conductivity in the outer core liquid than in previous geodynamo models. Such
high thermal diffusivity might stabilize a stagnant E'-layer and require a radioactive heat contribution and a high CMB
heat flux to yield sufficient geodynamo power.

2.2.Compositional features of terrestrial planetary cores

The stability of the iron atom nucleus results in high cosmic abundance and excess iron abundances relative to other
major elements like O, Si, Mg, Ca, Al and Ti, which form silicate and oxide minerals in the mantle rocks of the terrestrial
(Earth-like) planets. The excess Fe segregates to form dense metallic cores. Depending on the pressures and
temperatures at which metal and silicate segregate and equilibrate, additional iron-loving (siderophile) elements,
especially Ni, as well as a selection of lighter elements, also enter the Fe-dominated core alloys. Figure 3 shows the
density deficit and velocity excess of PREM (Dziewonski and Anderson, 1981) for the Earth’s present-day molten outer
core relative to molten iron (pure Fe). The observed density deficit implies that the core must contain a certain amount
of one or more of the light elements Si, S, O, C, and/or H (e.g., Poirier, 1994). The exact light element composition of
the outer core alloy is still controversial, with Hirose et al. (2013) listing the number of papers supporting each element
ranging from ~30 for C and H, ~70 for O, ~80 for Si, and ~100 for S.

Similarly, the core compositions of the other terrestrial planetary bodies are not firmly established. Trgnnes et al.
(2019) summarized the probable core and mantle compositions of the terrestrial planets, and noted that a heliocentric
zoning of reduced metallic Fe of the accreting material, and therefore of oxygen fugacity during core segregation,
appears to be a useful guiding feature. The oxygen fugacity increased markedly from very low for the Si-rich Mercury
core to very oxidized for the S-rich cores of Mars, Vesta and the iron meteorite parent bodies (Morard and Katsura,
2010; Malavergne et al., 2004, 2014; Toplis et al., 2013a, 2013b; Wood and Kiseeva, 2015; Steenstra et al., 2016; Khan
et al., 2018; Steenstra and van Westrenen, 2018, 2020; Steenstra et al., 2019; Trgnnes et al., 2019; Xia et al., 2019).
The main indication of a strongly increasing fo, during core separation is the estimated mantle FeO contents, which
increase from about 0.5 to 24 wt% from Mercury to Vesta (Trgnnes et al., 2019). The core mass fractions of each of
the terrestrial planets, Mercury, Venus, Earth, Mars and Vesta, at increasing heliocentric distance, are negatively
correlated with the FeO™""® contents and oxygen fugacity. Many of the iron meteorites, demonstrating low-pressure
liguid immiscibility between Fe-Ni-dominated melts (containing some P) and Fe-Ni-sulphides during their solidification,
are also from parent bodies with S-rich cores, segregated under oxidizing conditions.

2.3.The Earth’s core

The late stages of core segregation in the two largest terrestrial planets in our solar system, Venus and especially the
Earth, occurred at very high pressures and temperatures (e.g., Laneuville et al., 2018; Lock et al., 2018; Stewart et al.,
2018; Trgnnes et al., 2019). The high temperatures drove the chemical exchange equilibrium: 2Fe™et! + SjQ,siicate = Gjmet
+ 2FeO"! towards the product (right) side, resulting in Si-rich protocores and initial magma oceans with high FeO-
contents and fo, (Malavergne et al., 2004; Tsuno et al., 2013; Laneuville et al., 2018). Subsequent planetary cooling
reversed the equilibrium, setting the stage for extensive chemical exchange of FeO from the magma ocean to the core
and SiO; in the opposite direction (Trgnnes et al., 2019). As shown by O’Neill et al. (1998), Tsuno et al. (2013), Hirose
et al. (2017) and Helffrich et al. (2020), the combined solubility of Si and O in Fe-dominated metal at high pressures is
limited, whereas the solubility of either Si or O can be very high as long as the concentration of the other element is
low. Even today, the core must be strongly undersaturated with O (e.g., Takafuji et al., 2005; Frost et al., 2010), largely
due to the low solid-state diffusion rates of FeO in ferropericlase and especially in bridgmanite (e.g., Holzapfel et al.,
2003, 2005; Frost and McCammon, 2008).

Although the Earth’s core composition is still open to debate, its physical properties, in the form of density and bulk
sound velocity profiles (e.g., the PREM), are fairly well known and provide important constraints. First-principles



atomistic calculations by Badro et al. (2014), Brodholt and Badro (2017) and Umemoto and Hirose (2020) have
established the density and bulk sound velocity variation as a function of concentration for the six most relevant Fe-
dominated binary alloys (Figure 3). Badro et al. (2014) concluded that O is required as the main light core element, and
Badro et al. (2015) favored a core with 3-5 wt% O and 2-4 wt% Si to fulfil the PREM constraints on density and velocity
through the entire outer core. In addition to O and Si, the core is likely to contain minor amounts of other light elements
like H, S and C.

As shown in Figure 3, an H-content of 0.5-0.8 wt% could conceivably explain the entire mismatch between the density
and velocity of pure liquid Fe from the corresponding PREM values. Recently determined partition coefficients for H
between metal melt and silicate melt have yielded a range of values from below unity (lithophile H) in experiments
with "natural", complex silicate melts and core compositions at moderate pressures up to 20 GPa (Clesi et al., 2018;
Malavergne et al., 2019) to above unity (siderophile H) for first principles thermodynamic integration in simulations
with pure Fe-metal and silicate melt of MgSiOs; composition up to CMB conditions (Li et al., 2020; Yuan and Steinle-
Neumann, 2020). The partition coefficients, using ab initio methods might become slightly lower (closer to unity) for
more complex silicate melts containing components like ferrous and ferric iron and aluminum oxides. Even with the
rather high partition coefficient, Dyme®/silicate of about 15 at CMB conditions, derived in the Li et al. (2020) simulations,
it is likely that the core contains less than about 0.1 wt% H. With a Dyme®/slicate of 15 3 concentration of 0.1 wt% H in
the core would correspond to 13 times the surface ocean inventory of H (Li et al.,, 2020) and a bulk mantle
concentration of about 1200 ppm H,0. The experimental determination of H partitioning at CMB conditions is
extremely challenging. Although ab initio calculations are generally more straightforward, the limitations imposed by
simulation cell size restrict the compositional complexity, making it difficult to model a realistic silicate melt. It is also
important to avoid the "self-interaction error" related to the exchange-correlation term for the iron atoms in the
simplest density functional commonly used.

Whereas near-eutectic melt fractions of sulfur-bearing metal are likely to contribute to early planetesimal cores under
relatively oxidizing conditions and low to moderate pressures (Yoshino et al., 2003; Walter and Tr@gnnes, 2004; Stewart
et al., 2007; Trgnnes et al., 2019), Earth accreted largely from reduced material of enstatite chondritic type. Very
reducing conditions with Mercury-like core segregation are characterized by liquid immiscibility between Si-rich Fe-
dominated alloy and an iron sulfide melt of composition close to FeS (Morard and Katsura, 2010; Trgnnes et al., 2019).
If the Earth accreted one or more Mercury-like planetary embryos, its core might have incorporated some sulfide
(Wade and Wood, 2016; Wohlers and Wood, 2017; Greenwood et al., 2018). The low C/S ratios in most of the Fe-
meteorite groups is likely a result of efficient silicate degassing of C on their parent bodies (Hirschmann et al., 2021).
Such degassing can therefore explain extensive loss of C from terrestrial planetary bodies.

The accretion of strongly reduced sulfide-bearing materials in the form of planetesimals and planetary embryos of
composition similar to that of enstatite chondrites and aubrites (Wade and Wood, 2016; Greenwood et al., 2018),
probably led to incorporation of U, as well as Nd and Sm with elevated Nd/Sm ratio relative to chondrites and the bulk
silicate Earth (Wohlers and Wood, 2017). Based on recent indications of very high thermal conductivity of the outer
core alloy (see section 2.4), some radioactive heating of the core seems required to drive the geodynamo. It is also
likely that minor amounts of other lithophile elements like Mg and Al were incorporated into the hot protocore and
that their subsequent exsolution as MgO, MgSiO; and Al,O3 and buoyant rise into the mantle magma ocean would
contribute to the earliest geodynamo (e.g., Badro et al., 2016; Trgnnes et al., 2019; Helffrich et al., 2020).

2.4. Core evolution and a possible stagnant E’-layer

The enstatite chondritic nature of the Earth and high temperatures of its late-stage main core segregation and re-
equilibration after the Theia collision, would likely produce an early full-grown core (proto-core) with high Si and
moderate O contents, according to the displacement of the exchange equilibrium: 2Fe™e®! + SjQ,slicate = gjmet 4 2 FeQs!
towards the products (right side). A proto-core with relatively high Si-content, e.g., 5.1 wt% Si and 2.6 wt% O (Trgnnes
et al., 2019), coexisting with a FeO-rich magma ocean would be consistent with an initial non-chondritic bulk silicate
Earth with low Si/(Mg+Fe) ratio. Planetary cooling would reverse the equilibrium and set the stage for extensive net
chemical transport of SiO, from the proto-core to the magma ocean and FeO in the opposite direction. As a result of
such an exchange, the protocore would evolve towards the present outer convecting core with 3.4-3.6 wt% Si and 3.0-
4.0 wt% O (Badro et al., 2015; Trgnnes et al., 2019). The stoichiometry of the exchange equilibrium requires the molar



FeO/SiO, exchange ratio to exceed 2 in order for the O-inventory of the evolving core to remain constant or increase.
Although such an outer core composition, also containing about 5.5 wt% Ni, would be broadly consistent with PREM
and the mineral physics data (Figure 3), minor amounts of other light elements cannot be excluded. Some of the silica
transfer from the core to the magma ocean might also have occurred by exsolution of solid SiO; (seifertite) and MgSiOs
(bridgmanite or post-bridgmanite) followed by buoyant crystals ascent (Hirose et al., 2017b; Trgnnes et al., 2019;
Helffrich et al., 2020)

Several studies have recognized that the seismic P-wave velocity of the outermost 200-500 km of the core decreases
outwards more than PREM (Lay and Young, 1990; Garnero et al., 1993; Helffrich and Kaneshima, 2010; Kaneshima and
Helffrich, 2013; Kaneshima and Matsuzawa, 2015; Kaneshima, 2018 and Irving et al., 2018). Brodholt and Badro (2017)
introduced the term E’ for this layer. In the seismic KHOMC model of Kaneshima and Helffrich (2013), the outward
velocity deficiency relative to PREM starts from zero at 445 km depth below CMB and reaches 35 m/s (0.43%) at the
CMB. Several additional studies have attempted to model the dynamics and possible stability of such a layer (e.g.,
Buffett, 2010; Buffett and Seagle, 2010; Gubbins and Davies, 2013). Recent experimental and ab initio theoretical
determinations of the electrical and thermal conductivities of iron and several relevant outer core alloys (e.g., de Koker
et al., 2012; Pozzo et al.,, 2012; Gomi et al., 2013; Gomi and Hirose, 2015; Ohta et al., 2016) show that they are
considerably lower than those of previous geodynamo models (Stacey and Loper, 2007). These results may require
additional geodynamo power from core radioactivity and early exothermic transfer of buoyant core components like
SiO; MgO and Al,0s5 to the magma ocean (see section 2.3). Some of these components, as well as MgSiOs, may also
crystallize at greater depth prior to buoyant rise, producing convective power in combination with the denser sinking
liquid depleted in the light components (Badro et al., 2016; Hirose et al., 2017a; Trgnnes et al., 2019; Helffrich et al.,
2020). Prior to inner core growth, yielding thermal and chemical convective power at great depth, such additional
sources of geodynamo power seem necessary. The onset of inner core growth is commonly estimated to be in the 1.6
-1 Garange (e.g., Nimmo, 2015).

The high outer core thermal conductivity supports the notion that the top of the outermost core may contain a
chemically and thermally stratified layer (e.g., Pozzo et al., 2012). The existence of such a layer changes the nature of
the waves and motions inside the core. Buffett (2014) has examined the consequences of the presence of the E’ layer
for geomagnetic fluctuations. He used the magnetic field observations at the Earth surface propagated down to the
CMB and considered a generalization of the torsional oscillations in the core, the MAC waves that arise from the
interplay between magnetic, Archimedes and Coriolis forces. He found that for a stably stratified core, waves with a
suitable period to explain the observed fluctuations could appear. Hernlund and McNamara (2015) reviewed the merits
of a stably stratified E’-layer, in spite of the very low viscosity of the core fluid. The high thermal conductivity (e.g.,
Pozzo et al., 2012) will generally suppress convection and the low viscosity will also reduce the viscous entrainment. A
stably stratified and conducting E’-layer may even strengthen and stabilize the geodynamo which is mainly generated
in the middle to lower parts of the convecting core (Sreenivasan and Gubbins, 2008; Hernlund and McNamara, 2015).

An important requirement for such a gradational layer to be stagnant over time is a reduced intrinsic density relative
to the underlying convecting outer core. As expected, each of the light elements causes density deficits, but each of
them also results in increased, rather than decreased, Ve, contrary to observations (Figure 3). As pointed out by
Brodholt and Badro (2017), however, a partial replacement of one light element by another one, might give a suitably
combined reduction in density and velocity. Because O increases the velocity and decreases the density more than Si,
a partial replacement of Si by O from the outermost convecting core can yield the Vp deficit of the E’-layer. Trgnnes et
al. (2019) used the KHOMC deviation from PREM, combined with the mineral physics data of Brodholt and Badro
(2017), to perform mass balance modelling of the E’-layer generation by transfer of SiO, from the outermost convecting
core to the basal magma ocean and FeO in the opposite direction. The resulting E’-layer grades from 3.0 wt% O and
3.6 wt% Si and no density and velocity deficits at 445 km depth to 6.7 wt% O and 0.4 wt% Si to the required density
and velocity deficits of 0.98 and 0.43%, respectively, at the CMB.

2.5.Inner core, thermal state and core dynamics

Experimental and ab initio theoretical investigations to determine the high-pressure, high-temperature phase diagram
of Fe and thereby the structure of the stable solid phase of the inner core are challenging, largely due to the extreme
temperature and pressure conditions. Such experiments and atomistic simulations provide melting temperature,



rheological properties, equation of state, and electrical and thermal conductivities (e.g., Hirose et al., 2013; Vocadlo,
2015; and references in Section 2.4). Laser-heated diamond cell experiments (see section 4) have reached
temperatures and pressures of 5900° and 410 GPa, respectively (Tateno et al., 2012). A recent investigation of the
melting curve of pure iron, using diamond anvil cell resistance heating at pressures up to 290 GPa (Sinmyo et al., 2019),
resulted in a curve which is about 600 K below that of Anzellini et al. (2013), determined by laser-heating. A lower
melting curve for iron at core conditions, combined with recent result indicating considerably lower solidus
temperatures for peridotite at the lowermost mantle conditions (Nomura et al., 2014; Kim et al., 2020) compared to
previous determinations, might possibly lead to a reduction of the average CMB temperature estimates from values
of 4200-4300 K (e.g., Nimmo 2015; Vocadlo, 2015) or 4000 K (Trgnnes et al., 2019) to values in the 3600-3800 K range.

Accurate knowledge of the Fe crystal structure at extreme conditions is important for estimating the physical
properties such as compressibility of the inner core. In addition, it may help to understand the origin of seismic
anisotropy and the dynamics in the inner core that has been proposed from the analysis of seismic waves travelling
through the inner core (e.g., Souriau, 2007). In spite of some controversy, most recent studies indicate that the
hexagonally close-packed (hcp) crystal structures of either pure Fe or solid alloys in the Fe-Si, Fe-C and Fe-H systems
are stable at inner core conditions (e.g., Tateno et al., 2010, 2012, 2015; Stixrude, 2012; Mashino et al., 2019). In
contrast, Dubrovinsky et al. (2007) and Belonoshko et al. (2017) favored the body-centered cubic (bcc) structure for
Fe or an appropriate Fe-Ni alloy. Recently, Kato et al. (2020) also found that a possible FeH-dominated inner core would
have face-centered cubic (fcc) crystal structure.

The thermal evolution of the Earth is driven by the decay of radiogenic isotopes and by the slow secular cooling from
a temporal maximum at about 3 Ga (e.g., Herzberg et al., 2016). The thermal and compositional evolution of Earth’s
core is also related to the inner core growth, from a likely onset about 1.6-1.0 Gy ago (Nimmo, 2015). The outer core
composition changes continuously as the inner core grows, precipitating an iron-rich alloy with a composition differing
(likely more Fe-rich and possibly close to the Fe-Si join) from the evolving outer core composition. The release of latent
heat of crystallization and enrichment in light elements (e.g., O) in the liquid alloy adjacent to the edge of the growing
inner core e.g., have provided important thermal and compositional buoyancy, driving outer core convection and
powering the geodynamo during the last 1.6-1.0 Gy.

The density jump at the present-day inner core boundary as provided by seismology (PREM model, Dziewonski and
Anderson, 1981) is as large as 600 kg m3, which requires enrichment in light element(s) in the outer core relative to
the inner core. This value has been recently re-evaluated and the values are ranging from 420 to 820 kg m=3, recognizing
the possible influence of lateral heterogeneities in the inner core and seismic noise (e.g., Hirose et al., 2013;
Krasnoshchekov et al., 2019; Wong et al., 2021).
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Figure 3. Density (upper panels) and velocity (lower panels) of six molten Fe-dominated binary alloys as a function of wt% of the
alloying element at the approximate conditions of the core-mantle boundary (CMB, 136 GPa and 4300 K) and inner core boundary
(ICB, 229 GPa and 6300 K), based on first-principles atomistic calculations. The curves for the alloys with C, S, Si and O are from
Badro et al. (2014) and Brodholt and Badro (2017). The Fe-H curves are based on the Umemoto and Hirose (2020) computations,
but adjusted vertically to the density and velocity of pure Fe based on Badro et al. (2014) and Brodholt and Badro (2017). The
densities and velocities of PREM (Dziewonski and Anderson, 1989) and the top of the outermost E’-layer are shown by green
horizontal lines. The E’-layer velocity is from the KHOMC seismic velocity model of Kaneshima and Helffrich (2013) and Kaneshima
(2018) and the E’-layer density is calculated by Trgnnes et al. (2019, Table 3), based on Fig. 2b of Brodholt and Badro (2017).

2.6. Geodetic constraints on the core

Finally yet importantly, it must be mentioned that the outer core viscosity is similar to that of liquid water. In addition
to generating the magnetic field, the outer core undergoes a lot of external forcing from external gravitational
interactions as well as from its silicate container: the mantle undergoes convection deforming the core-mantle
boundary, the outer core rotates, and it changes its orientation in space.

At seasonal, interseasonal, annual, interannual, decadal, and interdecadal timescales, one sees consequences in Earth
rotation changes (see Chapter Rekier et al. of this issue). One considers essentially inertial waves and rotation modes
in the case of length-of-day variations and nutations and we see effects of these modes. Inertial waves, also known as
inertial oscillations, are a type of wave possible in rotating fluids. The restoring force for inertial waves is the Coriolis
force (Rekier et al., 2019, 2020). There are many waves that are more or less damped, and that show different
repartitioning of the energy between the core and the mantle (Triana et al., 2019, 2020).



For the nutation (see Chapter Rekier et al. of this issue), this includes the effects of the Free Core Nutation (FCN) and
to a minor extent the inertial waves. The FCN is a rotational normal mode that exists if one excites an angle between
the rotation axes of the core and the mantle (see Figure 4).
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Figure 4. Geometry for the Free Core Nutation Definition.

It involves the fluid pressure acting on an ellipsoidal core-mantle boundary. One can compute a first approximation of
its frequency in a frame tied to the Earth ogcy from the Liouville equations describing the angular momentum
conservation equations of the global Earth and the liquid core (e.g., Sasao et al., 1980; Dehant and Mathews, 2015):
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where () is the Earth angular velocity, 4,, and A are the moments of inertia of the mantle and of the whole Earth
respectively, a; is the dynamical flattening of the core, and k is the so-called compliance taking into account the
deformation of the core-mantle boundary. The normal mode depends on the flattening of the core, the core
deformation and the mass repartition inside the core and the mantle. One also uses the FCN frequency in inertial space
0'ren, Using the link
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The FCN induces resonances in the nutation amplitudes. The nutation amplitude n(c") at frequency ¢’ can be
computed from the rigid-Earth nutation 74,4 (¢") and the transfer function TF (o).

n(o") = TF(0) Nrigia(c")
The transfer function is function of the FCN frequency
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in the retrograde diurnal approximation in a frame tied to the Earth, where k is the tidal Love number for the mass
repartition induced by deformation and oy, is the Chandler Wobble frequency, and where we see that the transfer
function for nutations contains a resonance at the FCN frequency.

There is, in addition, an excitation of the free mode, which could also help constrain core properties (Zhu et al., 2020).
Figure 5 show the evolution of the free mode excitation as observed in the VLBI data over the past three decades.
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Figure 5. Residuals (given in milliarcsecond (mas) as a function of time) of the CIP (Celestial Intermediate Pole) position (dX and
dY) between the observed nutation (observed by Very Long Baseline Interferometry, VLBI) and the most accurate model that exists
at present, over the past three decades. This figure has been built from the IERS — Observatoire de Paris website
[https://hpiers.obspm.fr/eop-pc/index.php?index=orientation&Ilang=en], for the years 1990-2021. See also Rekier et al. (this
issue).

Together with Earth rotation changes (see Chapter Rekier et al. of this issue), the nutations can provide additional
geodetic information about core properties and processes such as the coupling mechanisms acting at the core-mantle
boundary and at the inner core boundary. Details are provided in Rekier et al. (Chapter of this issue).

3. Core-mantle boundary

The properties of the core-mantle boundary (CMB) region can be obtained mostly from seismology, based on either
compressional (P) or shear (S) wave travel times (e.g., Morelli and Dziewonski, 1987). Seismic phases that have been
used for this purpose (e.g., Koelemeijer et al., 2016, 2017) include PKP (compressional waves travelling through the
outer core) and PKIKP (compressional waves travelling through both the outer and inner core). Other approaches
include studying seismic eigenmodes splitting (e.g., Li et al., 1991; Ishii and Tromp, 2001) and seismic waves that reflect
at the metal-rock interface in the CMB ((ScS, PcP seismic phases, e.g., Boschi and Dziewonski, 1999; Vasco et al., 1999;
Soldati et al., 2003; Boschi et al., 2013).

Recently, mantle normal mode observations have been shown to be very useful to constrain properties and processes
of the CMB as well. In order to constrain the density and viscosity of the mantle close to the CMB, one can use normal
modes that are particularly sensitive to their variations, called Stoneley modes ,S15 and 3S3¢ (Koelemeijer et al., 2017).
The predicted effects of the presence of LLSVPs with varying density excesses compared to the surrounding lower
mantle can be compared with observations. Using this approach, Koelemeijer et al. (2017) showed that relatively low
excess densities of LLSVPs are more probable, which according to the authors, would explain the excess of ellipticity
and the zones of ascent above the LLVPs (see Figure 1).

In parallel, the CMB topography, and its flattening in particular, has been constrained from geodetic data, i.e. from
length-of-day variations (e.g., Hide and Horai, 1968; Jault and Le Mouél, 1990) as well as from the nutations (e.g.,
Gwinn et al., 1986; Mathews et al., 2002). The latter are sensitive to the core-mantle boundary flattening and coupling
mechanisms (see Rekier et al., this issue). Geomagnetic field data analysis can also provide important ancillary clues
on the CMB location and its topography (e.g., Glatzmaier and Roberts, 1996; De Santis and Barraclough, 1997),
although the associated resolution is much lower than that provided by seismological studies.

CMB topography can also be obtained from dynamical considerations, considering that the mantle contains density
anomalies as seen from the seismic tomography, and computing the associated loading on the CMB. The CMB
topography mainly shows long-wavelength features related to the subduction of plates deep into the mantle and as
actively upwelling material rising in deeply rooted hotspots or, in the upper mantle, as passively upwelling material
underneath mid-ocean ridges. Numerical studies have shown that these long-wavelength features are mainly driven
by the mass anomalies at the bottom of the mantle, with the CMB topography responding similar to isostasy. The
numerical dynamic studies have also shown that the amplitudes of these topographic variations depend on the
viscosity at the bottom of the mantle (e.g., Defraigne et al., 1996; Dehant and Wahr, 1991). Numerical modelling of



mantle flow and the induced dynamic CMB topography aids in the interpretation of these observational constraints
(e.g., Forte et al., 1995; Forte and Mitrovica, 2001; Forte, 2007; Yoshida, 2008; Steinberger and Holme, 2008; Simmons
et al., 2009; Lassak et al., 2010; Soldati et al., 2012, 2013; Liu and Zhong, 2015; Deschamps et al., 2018). Some of these
studies show significant differences in model outcomes (e.g., Soldati et al., 2012) and some suggest that all available
data should be inverted together to better constrain the CMB topography (e.g., Colombi et al., 2014; Simmons et al.,
2010). These authors had the idea to resolve the 3D image of the mantle and CMB, by combining multiple data types.
They use the predicted velocity structure from the model where the seismic constraints are weak, filling in the gaps.
The model so obtained, termed GyPSuM (G = Geodynamic, y, P = P waves, S = S waves, u, M = Mineral physics), provides
mantle wave speeds and densities. One sees in the literature several approaches, either considering thermal models
for the interpretation of the densities at the bottom of the mantle or thermo-chemical models.

Inferences for the CMB that can be derived from the above-mentioned studies are the following:

- For density in the bottom of the mantle, average models consistently identify two areas of dense anomalies; one
located below Southern Africa (centered on Angola), roughly in the core of the LLSVP imaged in seismic velocity.
The other one is found under the North Pacific (close to Hawaii), located more on the edge of the LLSVP as imaged
in seismic velocity (see Figure 1).

- Seismic observations, Stoneley modes (Koelemeijer et al., 2017) and tidal measurements (Lau et al., 2017) show
similar features, summarized in the paragraphs on the mantle of this chapter. There we show that, to unravel the
nature of the lower mantle features, knowledge of more than one elastic parameter is needed, i.e. constraints on
Vp are required in addition to Vs. All data point to the conclusion that LLSVPs must be chemically. Although unique
interpretations are difficult, a comparison with recent work by Deschamps et al. (2018) suggests that strongly
thermochemical models are inconsistent with current seismological models.

- There is no convergence towards a global model of the bottom mantle anomalies to derive a topographic map of
the CMB unambiguously. One of the avenues for finding constraints or getting a better precision close to the CMB
is the use of the normal modes called the Stoneley modes. However, their digital implementations remain
complicated. These models are thus often restricted to using an initial model that does not include any lateral
heterogeneity (model of PREM), which explains the under-representations of the models of normal modes.

- Topography models mostly show elevated topographies under the Pacific and Africa, but details differ between
models. Almost all models have a peak-to-peak amplitude below 5 km for degree 2.

It is thus important to develop models based on an increase of the variety of data and of the amount of data on which

to base an interpretation. It is interesting to develop models not only based on propagation speeds of seismic waves

or reflected and refracted seismic waves, but as well on normal modes, on geodetic data and on the use of gravimetry
to detect mass anomalies present in the mantle. At this point, it is still crucial to develop robust models of CMB
topography that are compatible with such a large range of data.

Understanding what is going on at the CMB is crucial as well. As detailed in Rekier et al. (Chapter of this issue), there
are different coupling mechanisms between the core and the mantle: the topographic torque (or pressure torque)
related to the pressure acting on a bumpy boundary (e.g., Hide, 1977), the gravitational torque, the viscous torque,
and the electromagnetic torque. In terms of processes that could take place at the CMB, one may consider the
existence of percolation (Mandea et al., 2015).

4. High-pressure experiments to constrain core and mantle properties

Quantitative interpretation of geochemical, seismological, and geodetic observations related to the deep Earth
requires experimental measurements of the high-pressure and high-temperature physical and chemical properties of
silicate and metal solid phases as well as silicate and metal melts. Some of these experiments, particularly those dealing
with measurements of the equilibrium major and trace element composition of co-existing phases, can be performed
in high-pressure laboratories situated on university campuses or research institutes. Such experiments require
achieving stable, hydrostatic pressure conditions for the duration of the experiment (which typically lasts between
minutes and 24 hours depending on the temperatures involved). These experiments are ended by rapidly (typically in
10-30 seconds) lowering sample temperatures from >1000 K to <325 K, “freezing in” chemical compositions that were
set at the high temperature of the experiment. Such experiments are typically followed by analyses using state-of-the-
art microbeam techniques, enabling detailed chemical compositional measurements of the run products.



Other experiments, especially those related to physical property measurements, require so-called in situ techniques,
probing sample properties while the sample is experiencing high pressure and/or high temperature conditions. These
experiments are typically performed using a range of synchrotron X-ray diffraction and absorption, neutron-based
techniques. Facilities that combine high-pressure equipments capable of generating static high pressures used by deep
Earth scientists with these analytical capabilities are at present only available at large-scale facilities, including around
a dozen major centers in the US (e.g., APS and NSLS), Europe (e.g., ESRF in France, PETRA-III at DESY in Germany,
Diamond in the UK, and PSI in Switzerland), Japan (e.g., SPring-8 and the Photon Factory), and China (e.g., SSRF).
Experiments in which sample pressures are not static but dynamic (creating transient high-pressure states by for
example hitting a sample with a high-velocity projectile, or irradiating a sample with a high-intensity laser pulse) also
generally require the use of large-scale joint facilities, although a small number of university-based facilities exist.

High-pressure, high-temperature experiments are also increasingly performed in silico, using first principles molecular
dynamics simulations. Major advantages of these include that they can uniquely provide an atom-scale view of
processes and properties, and that they can reach pressures and temperatures out of reach of experimental
equipment. A disadvantage is that simulating multi-component systems representing lower mantle or core
compositions can still be prohibitively expensive computationally (leading to many simulation studies focusing, for
example, on end member compositions such as pure MgSiOs for bridgmanite). Another issue is that although these in
silico approaches provide accurate information on relative changes in properties under changing conditions (for
example, the calculated change in density of a mineral as a function of pressure compared to the calculated density at
ambient pressure and temperature (p/po), the agreement with absolute property measurements using traditional
experimental approaches (for example, the absolute value calculated for po compared to the experimentally
determined value of po) can remain suboptimal.

In this section, the main experimental high-pressure equipment currently used to study the chemical and physical
properties of Earth materials at high pressure and high temperature is briefly reviewed. Readers interested in the
history of high-pressure science are referred to Hazen (1999). This review will focus on static compression techniques,
and will not discuss dynamic compression or in silico techniques. Dynamic compression experimental as well as
analytical techniques are reviewed in McMahon (2020).

Crustal and upper mantle pressures between ~0.5 and ~5 GPa (with most setups capable of a maximum of ~3 GPa) at
temperatures of up to approximately 1873 K can be reached with a single stage piston cylinder press (Boyd and
England, 1960). In such a press a cylindrical assembly, typically 10-25 mm in diameter, is used (an example is given in
Figure 6a). The sample is chemically isolated from its exterior through the use of a noble metal capsule, which is
surrounded by high-temperature ceramic materials, a cylindrical graphite heater, and insulating materials, which,
depending on the temperatures required, can consist of cylinders of NaCl, barium carbonate, or talc combined with
silica glass or pyrex (e.g., McDade et al., 2002). The assembly is inserted into the center of a pressure plate consisting
of an inner high-strength tungsten carbide (WC) core and an outer softer steel shell. The sample is then compressed
by a WC piston and heated through resistive heating of the graphite furnace. Typical sample volumes are on the order
of 5-60 mm3.

Piston cylinder presses are not suitable for in situ experimentation because the samples are completely surrounded by
metal parts preventing access of probing radiation. Some indirect measurements of physical properties of earth
materials are nevertheless possible. For example, the so-called falling sphere technique can be used to determine the
density of silicate magma relative to the density of minerals at high pressures and high temperatures. This can be
achieved by loading spherical mineral grains at the top and bottom of a powdered glass sample, and checking after a
piston cylinder experiment whether the mineral grains have sunk, floated, or remained in their original positions
(pointing to neutral buoyancy). Using equations of state of minerals these experiments can be used to constrain the
density of magma in piston cylinder press experiments (e.g., Agee, 1998; Van Kan Parker et al., 2011a).

Upper mantle and transition zone pressures (from ~3 to approximately ~23 GPa, equivalent to 660 km depth) can be
achieved in so-called Large Volume Presses (LVP), often using a two-stage multi-anvil technique (e.g., Kawai and Endo,
1970; Walker et al., 1990). Although a range of different multi-anvil presses have been designed and built, most high-
pressure assemblies used in these apparati are octahedral in shape (e.g., Figure 6b), with dimensions depending on
the desired sample pressure. In the most common type of multi-anvil, the Kawai-type or 6-8 type, the octahedra are



compressed via the corners of eight cube-shaped second-stage anvils that are traditionally made from tungsten
carbide. The corners of the cubes that touch the sides of the octahedra are truncated, with smaller truncations enabling
higher sample pressures. The set of eight second-stage cubes is backed by six first-stage steel anvils. Samples can be
subjected to high pressure when a hydraulic ram progressively decreases the distance between the second-stage anvils
by moving the fist-stage anvils. Using resistive heating of graphite (at low pressure), lanthanum chromite or rhenium
(at high pressure), stable sample temperatures exceeding 2500 K can be achieved. Sample volumes in these LVP
devices are on the order of 1 mm?3 (with some very large presses able to process significantly larger volumes particularly
suitable for high-quality sample synthesis), sufficient for studies of the partitioning of major and minor elements
between silicate minerals and silicate melts in the mantle (important, for example, for magma ocean solidification
studies); of the phase relations and evolving mineral compositions in various bulk compositions thought to be present
in Earth’s mantle, of the partitioning of elements between silicate melt and metal melt (key to models of initial core-
mantle segregation in the Earth and subsequent core-mantle chemical interaction); and of diffusion rates in minerals
and magmas at high pressure (Ito and Takahashi, 1989).

The open space between the eight second-stage anvils, combined with the possibility of widening gaps between the
outer anvils by adjusting their shapes, makes it possible for multi-anvil apparatus to be used for in situ experiments.
Phase transitions in Earth’s upper mantle and transition zone, the mineralogy of the top of Earth’s lower mantle, and
key physical properties such as mineral densities, P and S wave propagation velocities, deep magma viscosities, and
reaction rates can be studied in situ with a multi-anvil.

Lower mantle studies are becoming increasingly feasible with multi-anvil devices. With the classic Kawai-type 6-8
design and WC second-stage anvils, maximum pressures were close to 26 GPa due to the limitations of the strength of
the WC cubes in combination with the uniaxial nature of the overall compression in the press. This meant only the very
top of the lower mantle could be studied with this equipment. In recent years, by increasing the freedom with which
the first-stage anvils can move and rotate during compression, or by replacing a hydraulic ram to move the first stage
anvils by an oil bath pressing onto the outside of the first stage anvils directly (Ito and Takahashi, 1989; Stewart et al.,
2007) stresses in WC cubes have been limited, and pressures between 27 and over 40 GPa have been achieved (e.g.,
Ishii et al., 2016). In addition, tungsten carbide cubes can be replaced by sintered diamond cubes, enabling in situ
property measurements at pressures of >100 GPa in multi-anvil devices (e.g., Yamazaki et al., 2014).

Although these developments indicate that multi-anvil techniques are starting to approach the pressure-temperature
field of direct relevant to Earth’s core-mantle boundary region and core, most experimental studies aiming to obtain
in particular physical property measurements of materials in these deepest regions in the Earth require the use of
diamond anvil cells (DACs). With the DAC technique, developed in parallel by two groups in the 1950s (Jamieson et al.,
1959; Weir et al., 1959) very small samples (with diameters on the 10s to 100s micrometer scale) are compressed
between the opposed tips of two single-crystal diamonds (Figure 6¢). The DAC can be used at pressures overlapping
with those of the piston cylinder and multi-anvil apparati discussed above, but can also be used to achieve pressures
exceeding those in the center of the Earth. Resistive heating is used in some DAC applications that mostly focus on
relatively low temperature applications, but in most cases DAC is combined with laser heating (achieved by sending
laser beams through one or both diamonds and achieving high temperatures by the laser light coupling to the sample
material). Sample temperatures cannot be measured by thermocouples anymore, and instead the radiative spectrum
of light emitted by the sample is used to constrain temperatures (e.g., Mao and Hemley, 1998; Mao et al., 2018).

The DAC setup provides unique access to the samples while they experience high pressure, high temperature
conditions due to the transparency of the diamonds, enabling a wide range of in situ techniques to be applied
(McMahon, 2020). Although most measurements in a DAC consider physical properties, technical developments
including improved capabilities to provide a stable and flat temperature profile across a large part of a sample
increasingly enable studies of chemical properties such as melting behavior at lower mantle conditions (e.g., Tateno
etal.,, 2010; Andrault et al., 2018) or in the core (e.g., Miozzi et al., 2020). Figure 7 summarizes the approximate current
capabilities of the static high-pressure devices described above in comparison to conditions in the Earth. One final note
to make is that the precision of temperature measurements at the conditions of the deep Earth is improving, but that
increasing the accuracy of extreme temperature measurements remains very challenging. As a result, error bars on
temperature measurements in diamond anvil cell experiments can easily be several 100 degrees.
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Figure 6. Examples of static high-pressure experimental setups. (a) Talc-pyrex piston cylinder assembly (as described in Van Kan
Parker et al., 2011b), with sample parts on the left and cross-section drawing on the right (b) Typical octahedral multi-anvil
assembly, with picture of a set of eight second-stage tungsten carbide cubes containing an octahedral pressure medium on the
left, and a cross-section drawing on the right (from Knibbe et al., 2018) (c) Diamond anvil cell cross-section.
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Figure 7. Compilation of current approximate pressure-temperature capabilities of static high-pressure, high-temperature
experimental equipment.

5. Magnetic field enlightening the core

Earth’s magnetic field is generated in the liquid outer core. Changing flow patterns of the molten metal present in the
outer core provide the variability of the geomagnetic field, both at very long (million to billion year) time scales and at
short time scales (e.g., Olsen and Mandea, 2008). The theory of liquid convection in fast rotating planetary spherical
shells is behind these variations, as discussed also in Le Bars et al. (this issue). For a fluid shell with a positive
temperature gradient imposed between inner and outer core boundary, convection starts as columns outside the
tangent cylinder (i.e. Inner Core Boundary, ICB) parallel to the Earth rotation axis (see Fig. 1 in Duka et al., 2015).
Motion in form of a vortex around the axis of the column produces cyclonic and anticyclonic columns rotating in the
same and in the opposite direction, respectively (Busse, 1975). Secondary flows are directed away from the equatorial
plane in anticyclonic columns, and in cyclonic columns towards the equatorial plane.

It is not possible to measure the geomagnetic field directly at outer core depths, so understanding better how these
processes work is only possible through magnetic measurements at surface or satellite heights. The inversion of the
three-component observations (X-North, Y-East, Z-towards Center) of the geomagnetic field is usually performed in
Spherical Harmonic Analysis of the potential field in terms of Gauss coefficients and then, taking advantage of the
Laplacian properties of the field, can be projected downward to the top of the outer core, supposing an insulating
mantle without magnetic sources. Although the latter hypothesis is not perfect, it works for inferring most of the static
and dynamic properties of the core (e.g., Backus et al., 1996). This approach gives rise to the so-called geomagnetic
field models or reconstructions. Another way to address the problem is using numerical modelling of core dynamics
based on the magneto-hydrodynamical equations for convection and magnetic field generation by taking advantage
of the information contained in these geomagnetic field models and new approaches based on the data assimilation
techniques (for a review about geodynamo modelling see Wicht and Sanchez, 2019).

At the Earth’s surface, the dipole component of the geomagnetic field accounts for more than 90% of the entire
geomagnetic field. From the first direct measurements of the geomagnetic field intensity in 1840, a decreasing of
around 9% of the dipole moment of the Earth’s magnetic field has been observed. This decay has experienced an
acceleration from 1990 (Thébault et al., 2015) and it seems to coincide with the presence of one of the most intriguing



features of the present-day geomagnetic field, i.e. the South Atlantic Anomaly (SAA). This anomaly covers part of South
America, the southern Atlantic Ocean and Africa and is related to lower values of the surface intensity than expected
in the area. From 1840, it is observed that the SAA areal extent is continuously growing with periods of accelerations
and decelerations (Pavon-Carrasco and De Santis, 2016).

The SAA is linked with the presence of Reversed Flux Patches (RFPs) at the Core-Mantle Boundary (CMB) (e.g., Terra-
Nova et al., 2017) (Figure 8). It has been observed that these patches are located beneath South Africa and South
America and in the last years, the South African RFP has been reinforcing (e.g., Pavon-Carrasco and De Santis, 2016).
This situation has been recently reflected at the surface with a split in two different cells of the SAA, one of them over
South America and a new one located in the South Atlantic Ocean very close to South Africa
(https://www.esa.int/Applications/Observing the Earth/Swarm/Swarm probes weakening of Earth s magnetic f
ield).
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Figure 8. Geomagnetic field on January 1, 2020. (a) Intensity at the surface and (b) radial component (Br) of the geomagnetic field
at the CMB on January 1, 2020, from CHAOS-7.2 model (Finlay et al., 2020). The white line in (a) marks the contour line of 32,000
nT to highlight the area of the SAA defined following De Santis et al. (2012). In (b) the two RFPs related to the presence of the SAA
at the surface are observed in red colors in the Southern Hemisphere. CHAOS-7.2 model is used until degree 13 to calculate the
intensity at the surface and until degree six for Br at the CMB. From Campuzano et al. (2021).

The current decay of the dipole moment and the presence of the SAA related to RFPs at the CMB has motivated some
authors to think about a possible upcoming geomagnetic transition, such as an excursion or a reversal (De Santis et al.,
2013; Laj and Kissel, 2015; Pavén-Carrasco and De Santis, 2016). Considering the geomagnetic field as a critical system
following De Santis et al. (2013) and De Santis and Qamili (2015), one can estimate a critical time when a possible
transition would occur by modelling the recent behavior in time of SAA with a log-periodic singular function. If this
behavior is maintained in time, this will provide a critical time of non-return point for a transition around 2030-2060
AD. However, the uncertainty is large, and more data are needed (at least one or two decades more) to better validate
this model. It is worth noting that the present value of the dipole moment is not comparable with values previously
associated with geomagnetic transitions recorded in rocks (see e.g., Pavén-Carrasco et al., 2014). On the other hand,
the current rate of decay is comparable with that observed during previous reversals (Laj and Kissel, 2015). Another
way to approach the study of reversals is to use numerical models to better understand the physical processes involved
in polarity transitions. One of the first attempts with a numerical geodynamo model was carried out by Glatzmaier and
Roberts (1995), but simpler approaches can be also explored. An example of this could be found in the work of Duka
et al. (2015). These authors considered a “domino” model to study geomagnetic field reversals. This simplified model
consists of a ring of interacting magnetic macrospins placed close to the ICB. Duka et al. (2015) found a good agreement
between the secular variation of the dipolar geomagnetic field by previously published models and those given by the
“domino” model as well as good approaches to a long series with polarity reversals. The work also showed a reversal
about 75,000 years from now, but it is important to note that this cannot be considered as the exact prediction of a
reversal, rather as a probable behavior of the dipolar geomagnetic field in the near future.

Another peculiar feature of the current geomagnetic field is the rapid movement of the north magnetic pole with
respect to the geographic South Pole, moving from the Canadian Arctic towards Siberia, reaching a present-day velocity
of 50-60 km per year (Livermore et al., 2020). Magnetic poles are defined as the points where the inclination of the
geomagnetic field is equal to +909. The recent acceleration of the north magnetic pole observed over the last decades
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can be explained by the balance between two large lobes of negative flux at the CMB (i.e. Normal Flux Patches, NFPs),
here in particular under the regions of Canada and Siberia.

Intriguing relations have also been found between the geomagnetic field and climate in the past at different temporal
and spatial scales (e.g., Gallet et al., 2005; Courtillot et al., 2007; Usoskin et al., 2008). One of the most recently
published works regarding this topic is linked with the evolution of the SAA over the last 300 years (Campuzano et al.,
2018). In this case, the connection is established with transfer entropy, a tool used in non-linear dynamic studies
(Schreiber, 2000). This parameter is able to provide information about the existence of a link between two time series
and the direction in which this link is produced. The results provided by Campuzano et al. (2018) are based on a
previous study that observed a long-term relation between the SAA areal extent and Global Sea Level (GSL) rise for the
last three centuries (De Santis et al., 2012). The transfer entropy provided with about 90% of confidence that the short-
term link between these two variables exists and goes from SAA (representing geomagnetic field system) to GSL
(climate system). This work is interesting because it could help in the determination of a successful physical mechanism
able to explain this connection. One of the hypotheses could be an internal mechanism by which a convective
dynamism in the outer core could cause a variation of the magnetic field and an elastic deformation at the Earth’s
surface (Greff-Lefftz et al., 2004).

A recent finding regarding the SAA evolution is the possible relation between the occurrence of geomagnetic jerks and
the SAA areal extent (Campuzano et al., 2021). Geomagnetic jerks are abrupt and sharp changes in the secular variation
of the geomagnetic field (Figure 9a) especially well-observed in the East component of the geomagnetic field recorded
in magnetic observatories. It seems that jerks occurring during the last two decades happen very close to the minima
of the SAA areal extent acceleration (Figure 9b). This implies some kind of mechanism that could relate both
phenomena and its internal origin. In 2019, Kloss and Finlay (2019) provided evidence for the possible interior origin
of the geomagnetic jerks and later Aubert and Finlay (2019) used a magneto-hydrodynamics model and showed that
jerks could be produced by the arrival of localized Alfven wave packets radiated from sudden buoyancy releases inside
the core. These waves would reach the core surface and focus their energy towards the equatorial plane and along
lines of strong magnetic field, creating sharp inter-annual changes in the core flow.
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Figure 9. a) Schematic representation of secular variation for a hypothetical component of the magnetic field. The first graph shows
the typical V-shape of jerks in the secular variation and the second and third show the secular acceleration and the third
differences, respectively. b) Second derivative S (i.e. acceleration) of the areal extent of the SAA for the last 2 decades calculated
from CHAQOS-7.2 model monthly from January 1998 to March 2020. In dashed vertical gray lines, the mean occurrence times of
the well-defined geomagnetic jerks for the last 2 decades are marked. Shaded bands mark the uncertainty of the occurrence times
given by one standard deviation. The green arrow indicates the presence of a new jerk in 2017. From Pinheiro and Travassos (2010)
and Campuzano et al. (2021).

Another intriguing characteristic of the present geomagnetic field is its chaotic and turbulent dynamics. These features
cannot be seen directly but is found in the analyses of geomagnetic observatory time-series (Barraclough and De Santis,
1997; De Santis et al., 2003). De Santis and Barraclough (1997), from the decay of the geomagnetic field spatial power
spectrum as shown by global models of the last 400 years, speculated that the CMB is fractal with a fractal dimension
1.2, as evidence of a turbulent but organized outer core, as further supported by the inter-relation between temporal
and spatial power spectra of the geomagnetic field (De Santis et al., 2003).

From this brief overview, it is clear that studying key features and short-term variations in the geomagnetic field can
help better understand he processes taking place in the core. What developments can we expect in the future? Will it
be possible to predict ahead of time an impending geomagnetic jerk? What about the timing of an eventual future
geomagnetic transition or link with climate change? Taking advantage of the properties of the geomagnetic field being
chaotic and ergodic (De Santis et al., 2011), one can show that (1) it can be characterized by a mean exponential time
scale after which it is no longer predictable and (2) time analyses can replace the more difficult phase space analyses.
Addressing the first question and considering that the capability to predict the geomagnetic field decreases during
geomagnetic jerks, Qamili et al. (2013) proposed a method to detect these events, confirming the most well known
jerks and suggesting others.

However, the definitive answer to these questions is not clear. Maybe the clues for the future will be in (1) the
acquisition of more magnetic data coming from both the past (remanent magnetization of sedimentary rocks or
archeological artifacts and lava flows) and the present (satellites, magnetic observatories at ground) and (2) the
implementation of new powerful techniques such as machine learning or artificial intelligence.
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