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The composition of the bulk silicate Earth (BSE) is the product of planetary accretion,
core differentiation and Moon formation. By establishing the composition of the BSE,
one can determine the composition of the bulk Earth and by subtraction, calculate the
core’s composition. The BSE represents the bulk Earth minus the core, which in
today’s terms equals the modern mantle, the continental crust, and the hydrosphere-
atmosphere systems. The modern mantle can be framed in terms of two compositionally
distinct components, an enriched and a depleted mantle, with the latter as the MORB
(mid-ocean ridge basalt) source and the former as the OIB (ocean island basalt)
source.

The Earth’s surface heat flux is 46+ 3 TW (terrawatts, 1012 watts). Some fraction of

this flux (∼40% or ∼20 TW) is derived from radioactive heat produced by the decay

of U, Th and K. Some 40% of the Earth’s budget of these elements is stored in the

continental crust (∼7.7 TW) and does not contribute to mantle heating. The remaining

energy is primordial derived from accretion and core separation. The heat flux through

the mantle also includes a core contribution (∼10+ 5 TW; i.e. bottom heating of the

mantle).

The rich record of seismic tomography documents ocean slabs stagnating at the base of

the transition zone, others stagnating at ∼1000 km depth, and others plunge directly into

the deep mantle. Collectively, these images reveal mass exchange between the upper and

lower mantle and are consistent with whole-mantle convection. The Mantle Transition

Zone (MTZ) plays a major role in the differentiation of mantle. Mantle dynamics is con-

trolled by its viscosity, which in turn is controlled by its water content and temperature.

Evidence for core–mantle exchange remains elusive. Documented Hadean 182W/184W

isotopic anomalies coupled with primordial noble gas signatures in OIBs present a pre-

servation challenge for mantle convection models.
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1. Structure of the Earth

1.1. Definition of its domains (core – mantle – crust)

Earth’s structure is composed of compositionally distinct, concentric shells: a metallic

core surrounded by a silicate shell and this is surrounded by a hydrosphere/atmosphere.

Our understanding of the chemical and isotopic compositions of these domains decreases

with depth, resulting in significant uncertainties in the composition of the deep mantle

and core. All terrestrial planets share this differentiated structure of a core, mantle and

crust.

1.2. PREM

Dziewonski and Anderson (1981) presented a 1D seismic model for the Earth. This

model, based on body waves and free oscillation data for the Earth, is used to define

the depth to the core mantle boundary (CMB), documents the liquid outer and solid

inner core, and provides a density gradient for the Earth’s interior. Importantly, PREM

documents jumps in the velocity of the compressional (Vp) and shear (Vs) waves at

different depths in the mantle, which correspond to observed phase changes in the abun-

dant silicate minerals.

Figure 1 and Table 1 provide a reference state for Earth’s interior. The temperatures

reported are for the major phase changes in the mantle and represent the post-phase

change in temperature. Major phase changes in the mantle occur at 410 km, 520 km

and 660 km for a pyrolite composition having an Mg# of 0.89 (where Mg#¼ atomic pro-

portions of Mg/(Mgþ Fe)). At 410 and 520 km depths, the isochemical ((Mg, Fe)2SiO4)

phase transitions are olivine→wadsleyite and wadsleyite→ ringwoodite, respectively.

At a depth of 660 km, ringwoodite disproportionates into bridgmanite ((Mg, Fe)SiO3)

and ferropericlase ((Mg, Fe)O).

The seismically defined density of Earth’s core

is ∼10% less than that of an Fe,Ni alloy at com-

parable P–T conditions, indicating the presence

of light element(s). An estimate of the amount

of light element in the outer core (i.e. ‘X’%) is

typically estimated to be between 8 and 10 wt.

%, or twice that in atomic %, but these numbers

are not fixed. The proportion of light elements

depends on the temperature of the outer core

and its Δ density relative to pure Fe (solid Fe,

as liquid iron measurements have not been

accomplished at core P and T conditions).

The temperature profile for the Earth is best

constrained by the mantle potential temperature

at the surface (∼1640 K) and at the phase

change at 410 km (∼1860 K) (Sarafian et al.,

2017; Katsura, 2022). The temperature of the

Fig. 1. The depth and pressure (km, GPa) of

phase changes in the mantle for an assumed

pyrolite composition (McDonough and Sun,

1995). Similarly, conditions for the core are

also presented. Depth and pressure values

are taken from the PREM model

(Dziewonski and Anderson, 1981). See

Table 1 for further information.
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appearance of bridgmanite at 660 km depth (1960 K) is reasonably well constrained,

though some consider this depth to represent a compositional change in the mantle (e.g.

Ballmer et al., 2017). If so, then there should be a marked temperature discontinuity at

this conductive boundary. In the model considered here, however, the upper and

lowermantle have approximately the samemajor element composition and there is no tem-

perature discontinuity. The lack of chemical and isotopic evidence for upper-lower

mantle differentiation and seismic images of oceanic lithosphere penetrating the mantle

transition zone and plunging deep into themantle provide justification for this assumption.

Figure 2 presents a temperature profile for the Earth. The adiabatic temperature (T) gra-

dient relative to depth (z) in the core and mantle is given as (dT/dz)¼ αgT/Cp, where α is

thermal expansivity (decreasing from 4� 10�5 K�1 at the top of the mantle to 1� 10�5

K�1 at D″ (∼2700 km depth)) (Katsura, 2022), g is gravitational acceleration (approxi-

mately constant for the mantle at ∼9.8 m s�2), and Cp is the isobaric heat capacity

(∼1000 J kg�1 s�1). Values for α, T and C in the metallic core are less well-known,

with gravitational acceleration going to zero at the center of the Earth.

On average, the adiabatic gradient for the mantle is ∼0.3 K/km (from ∼0.5 at the top of
the mantle to ∼0.25 at the bottom) and for the core is between 0.5 and 1.0 K/km. The core

mantle boundary (CMB) represents a major temperature discontinuity and reflects con-

ductive cooling across this interface. The core’s temperature at the inner core boundary

(ICB) and its adiabatic gradient sets the temperature at the core side of the CMB. Estab-

lishing the ICB temperature depends upon knowing the composition of the inner and

outer core and crystallization temperature at 330 GPa. There continues to remain consid-

erable uncertainty on the crystallization temperature of pure iron at ICB pressures (Wil-

liams et al., 1987; Tsuchiya et al., 2016; Kraus et al., 2022), which is the simplest

analogue composition for the inner core, albeit without a light element component.

1.3. The core, CMB, D″, LLSVP and ULVZ

The core and its boundary region represent an intriguing environment that is poorly

understood. The core–mantle boundary (CMB) at 2891 km depth presents a sharp

seismic discontinuity, defining the major attributes of the core (its size, density,

Table 1. Properties and minerals of the Earth∗.

Depth (km) Pressure
(GPa)

Temperature
(K)

Phase transitions Mineralogy

100 3.32 1672 None Ol, Opx, Cpx,Gt
410 13.4 1860 Ol→Wa Wa, Maj
520 17.9 1942 Wa→Ri Ri, Maj
670 23.9 1960 Ri→Brþ FeP Br, FeP, Dm
2650 127 2540 post-perovskite post-perovskite
2891 136 4000 liquid metal alloy FeNiþX% light element
5150 329 6000 solid metal alloy FeNiþ 0.5*X% light element

∗See Fig. 1 for further details. Ol¼ olivine, Opx¼ orthopyroxene, Cpx¼ clinopyroxene, Gt¼ garnet, Wa¼wadsleyite,

Maj¼majorite, Ri¼ ringwoodite, Br¼ Bridgmanite, FeP¼ Ferropericlase, Dm¼Davidmaoite. Mantle temperatures for the

underside of the seismically defined boundaries are from Katsura (2022). Core temperatures are weakly defined (+500 K

for OC and +1000 K for IC), with the inner core boundary (ICB) providing a limit based upon the solidification of iron at

these pressures.
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state: liquid outer solid inner core). Birch (1952) showed that the outer core’s density is

∼10% less than that of an Fe,Ni alloy at equivalent conditions, thus, documenting the

core’s density deficit. He concluded that the core must contain a proportion of one or

more light elements, such as S, Si, O, C, and H. The outer core’s density deficit

depends on its temperature (Anderson and Isaak, 2002; Shanker et al., 2004), which is

probably between 3500 and 6000 K, with 4000+ 500 K (McDonough, 2017) as the

value often cited for the top of the outer core. The solid inner core represents only 4%

by volume and 5% of the mass of the core, and it contains about half the amount of

light element relative to the outer core (i.e. ∼3–4% density deficit relative to pure Fe

(Fei et al., 2016; Sakamaki et al., 2016)).

Earth’s shape, mass, volume, bulk density, moment of inertia, and inner core libration

are defined by geodetic studies, while geomagnetic studies show that the outer core has

Fig. 2. The temperature profile for the Earth.
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maintained a geodynamo, of approximately its current state (variation in strength and

polar stability), throughout most of its history. These observations constrain the structure

and nature of the core. The presence of a PKJKP seismic wave and the absence of a shear

wave demonstrates the outer core is liquid and the inner core is solid. A density increase

(þ820 kg/m3) across the inner and outer core boundary is documented (Masters and

Gubbins, 2003).

The D" region is a seismically defined (a reduction in Vp waves) region of the mantle

that extends from the CMB upwards for ∼200 km and likely represents a conductive

thermal boundary layer at the bottom of the mantle. Also sitting on the CMB are two

other seismically identified entities: LLSVP (large low shear-wave velocity province,

also called LLVP: large low velocity province) (Cottaar and Lekic, 2016; Kim et al.,

2020) and ULVZ (ultra-low velocity zone) (Yu and Garnero, 2018). The two LLSVPs

structures are antipodially positioned at near equatorial latitudes (beneath the central

Pacific Ocean and south central Atlantic Ocean) and extend upwards some 1500 km.

Their sharp vertical seismic definitions are most consistent with these structures being

chemical anomalies. It is also likely that this region is thermally distinct from the sur-

rounding mantle. Many ocean islands, associated with hotspot upwellings, are believed

to have source regions emanating from these LLSVPs (Jackson et al., 2021). Several

ULVZ domains have been identified, which are much smaller pancake-like structures

only a couple tens of kilometers across. Their distribution appears to be associated

with the distal basal regions of the LLSVPs (Garnero et al., 2016).

1.4. The Mantle: 410 and 660 km deep seismic discontinuities

The Earth’s mantle has two prominent, seismic discontinuities at 410 and 660 km depths,

which define the Mantle Transition Zone (MTZ), and separates the upper and lower

mantle. These seismic discontinuities are the product of mineralogical phase changes

(see Section 1.2, Figure 1 and Table 1). The MTZ is considered to play a major role

in the differentiation cycle in the mantle (Birch, 1952; Ringwood, 1994).

When entering the MTZ, subducting oceanic lithosphere commonly bends and is trans-

ported laterally at or above the 660 km discontinuity. Some of these lithospheric domains

later continue subducting into the lower mantle, while others may experience long-term

residence in the MTZ. Importantly, the colder and markedly distinctive compositions of

the basaltic and underlying harzburgitic layers of the subducting lithosphere means that it

undergoes different depth dependent phase changes than that of the surrounding pyrolite-

like mantle. Consequently, subducting lithosphere is distinctively more brittle and denser

than the surrounding mantle, with the basaltic layer being denser than pyrolite in the MTZ

and the harzburgite layer being denser than pyrolite just below the MTZ (Ringwood,

1994). These distinctive properties of subducted oceanic lithosphere play a significant

role in mantle dynamics.

1.5. The lithosphere: crust and lithospheric mantle

The lithosphere is the thermal conductive layer at the top of the silicate Earth and is com-

posed of crust and underlying lithospheric mantle. There are two different domains of

Composition of the Earth and implications for geodynamics 5



lithospheres, oceanic and continental, and they have markedly different chemical, physi-

cal and temporal attributes. The boundary between the crust and the mantle is reasonably

well defined by the Moho seismic discontinuity, whereas the base of the lithosphere is

poorly defined physically or chemically.

In the oceanic environment the average crust is basaltic, 50 million years old (with resi-

dual domains being up to 200 million years old), and typically 7 to 10 km thick.

However, in some parts of the ocean the basaltic layer is absent (e.g. central Atlantic

and southwest Indian Oceans) (Bonatti et al., 2001; Seyler et al., 2011). In contrast,

the continental crust is, on average, andesitic in composition, 2þ billion years old

(with residual domains being up to 4 billion years old), and typically ∼40 km thick

(Rudnick and Gao, 2014; Sammon et al., 2022).

The thickness of the oceanic lithospheric mantle varies from zero at the mid-ocean

ridge spreading center to ∼90 km thick beneath thermally mature oceanic crust.

Compositionally, it varies from a highly depleted peridotite (i.e. dunite to harzbur-

gite) at the top to a fertile lherzolite at its base. These compositional attributes

reflect its generation via melt extraction at the ridges followed by off-ridge conduc-

tive cooling at its base. The thickness of the continental lithospheric mantle (CLM*)

is also markedly variable depending upon its age and tectonic history. [*I pointedly

avoid using the inaccurate term “subcontinental lithospheric mantle”, as it implies

the asthenosphere.] On average, the continental lithospheric mantle appears to be

∼100 km thick beneath post-Archaean terrains and �200 km thick beneath Archaean

terrains. Growth of the CLM is intimately linked with extraction of melt (crust for-

mation) and the production of refractory peridotite. However, in contrast to the

oceanic setting, the CLM was formed and evolved in multiple tectono-magmatic

events.

2. Compositionally distinctive domains

2.1. The major elements (O, Fe, Mg, Si)

The Earth, the terrestrial planets, and chondrites have

∼93% of their masses and atomic proportions being

composed of O, Fe, Mg and Si (Fig. 3) (Wasson and

Kallemeyn, 1988; McDonough and Yoshizaki, 2021).

The relative proportions of these four elements in

ordinary, carbonaceous, enstatite, and G chondrites

are not fixed. McDonough and Yoshizaki (2021)

noted the variation in Mg/Si (∼25%), Fe/Si (factor

of �2), and Fe/O (factor of �3) between chondrite

groups. Variability in these four elements is

consistent with them being non-refractory elements

(i.e. having 50% (half-mass) condensation tempera-

tures ,1350 K).
Fig. 3. The eight most abundant

elements in the Earth.
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2.2. The big eight elements

In addition to the main group elements (i.e. O, Mg, Si and Fe), there are four minor group

elements (i.e. Al, Ca, S and Ni) that together constitute 99% the mass and atomic propor-

tions of the Earth and terrestrial planets (Fig. 3). Both Al and Ca are refractory and

present in chondritic proportions (Ca/Al¼ 1.07+ 0.04). Setting the abundance of

either Al or Ca in the planet allows us to establish Earth’s absolute abundances of all

37 refractory elements (McDonough and Sun, 1995). The value of Fe/Ni in chondrites

is observed to be constant (17.4+ 0.5). Additional constraints come from the mass frac-

tion of metallic core (32.5) and silicate Earth (67.5), the Mg# of the bulk silicate Earth

(0.89) and the Ni content of the mantle. Thus, these rules allow us to put constraints

on the bulk Earth composition.

To develop a model Earth composition requires additional constraints, specifically the

sulfur content of, and the Fe/O and Mg/Si values for, the bulk Earth and bulk silicate

Earth. The core and mantle mass fractions constrain the Earth’s Fe/O value, as the

core contains .90% of Earth’s iron and the mantle contains .90% of Earth’s oxygen.

The mantle is estimated to have only a few hundred ppm sulfur, whereas the core is esti-

mated to have as much as 6 wt.%. The remaining big unknown is the Mg/Si value for the

bulk Earth and bulk silicate Earth.

Constraining the Mg/Si value for the bulk Earth and bulk silicate Earth has been a

long-standing problem (Ringwood, 1989). There is no fixed Mg/Si ratio for chondrites,

despite the often-quoted concept of assuming a chondritic Mg/Si. Values of this ratio for

chondritic averages range from ∼0.65 in EH (hi-iron enstatite chondrites) to ∼0.95 in the
Tagish Lake carbonaceous chondrite. This variation reflects the proportion of olivine (2:1

molar Mg/Si) to pyroxene (1:1 molar Mg/Si) and metallic Si in chondritic parent bodies.

Active accretion disks in our galaxy show rapid grain growth in the inner disk region and

radial variations in the relative proportions of olivine to pyroxene (van Boekel et al.,

2004; Bouwman et al., 2010; D’Alessio et al., 2001).

Predicting a planet’s bulk composition requires us to establish the proportion of olivine

to pyroxene in the bulk silicate shell. For the Earth this was best established on a plot of

Mg/Si versus Al/Si, with mantle peridotites forming a linear melt depletion trend (Jagoutz

et al., 1979; Hart and Zindler, 1986). In this diagram the fertile end-member is at the

intersection of the mantle (geochemical) and chondritic (cosmochemical) fractionation

trends. These authors established the bulk silicate Earth’s Mg/Si (1.1, metal weight

ratio) and Al/Si (0.11) values.

The final step to establishing concentrations of these elements in the bulk silicate Earth

and bulk Earth required us to determine the absolute concentrations of the refractory

lithophile elements in the mantle. McDonough and Sun (1995), using melt-depletion

trends, determined that the bulk silicate Earth had 2.7 times CI carbonaceous chondrite

abundances of the refractory lithophile elements.

Table 2 provides a preferred model composition of the eight most abundant elements in

the bulk Earth, core, and BSE. This model uses a pyrolite composition for the bulk sili-

cate Earth and is comparable to the models developed by McDonough and Sun (1995)

and Palme and O’Neill (2014). The core composition represents a revised estimate
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from McDonough (2017), now with a greater sulfur content and smaller silicon and

oxygen contents.

A simple compositional model for the Earth, assuming a CI chondrite composition, is

presented in Table 3. This model is often justified by forcing a Mg/Si match to the solar

photosphere’s composition. This alternative model is not preferred as it requires a gross

distinction between the upper and lower mantle compositions. Note that all models accept

that the upper mantle has a pyrolite composition, which has been documented thor-

oughly. To maintain a pyrolite upper mantle, there has to be limited mass exchange

between the upper and lower mantles and a discontinuity in the mantle geothermal

across this conductive boundary layer. These latter two observations appear to be at

odds with seismic evidence (Fukao and Obayashi, 2013) and a mid-mantle viscosity

Table 3. CI composition of the Earth and its parts.

CI model→Bulk
Earth

Core BSE Upper
mantle

Lower
mantle

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.%

O 30.6 50.0 0 0 45.4 60.4 44.0 58.4 45.8 61.1
Mg 13.5 14.5 0 0 20.0 17.6 22.8 19.9 19.1 16.7
Si 15.3 14.2 0 0 22.7 17.2 21.0 15.9 23.3 17.7
Fe 26.4 12.3 75.5 62.5 5.9 2.3 6.3 2.4 5.8 2.2
Al 1.19 1.15 0 0 1.76 1.39 2.35 1.85 1.55 1.23
S 7.63 6.21 23.5 33.9 0.03 0.02 0.03 0.02 0.03 0.02
Ca 1.26 0.82 0 0 1.86 0.99 2.53 1.34 1.62 0.87
Ni 1.56 0.69 4.61 3.63 0.20 0.07 0.20 0.07 0.20 0.07
other 1.17 0.00 1.15 0.01 0.54 0.00 0.54 0.00 0.54 0.00

98.7 100 104.7 100 98.5 100 99.9 100 97.9 100

Details for CI composition were given by Lodders (2020); this model represents a degassed composition with a final H and C

content being ∼2000 ppm in the BSE (bulk silicate Earth). The BSE was divided into a lower mantle and a combined upper

mantle and transition zone (labelled ‘upper mantle’). A pyrolite model composition was assumed for this upper mantle (see

Table 3). The At.% columns were calculated from the Wt.% values and normalized to 100%. ‘other’ includes Co, Cr and P

for the bulk Earth and core, and Na, Cr and P for the bulk silicate Earth. Wt.¼weight, At.¼ atomic.

Table 2. Composition of the Earth and its parts.

Bulk Earth Core BSE

Wt.% At.% Wt.% At.% Wt.% At.%

O 30.0 49.4 1.0 3.3 44.0 58.4
Mg 15.4 16.7 0 0 22.8 19.9
Si 14.5 13.6 1.0 1.9 21.0 15.9
Fe 31.9 15.0 85.3 79.7 6.3 2.4
Al 1.59 1.55 0 0 2.35 1.85
S 2.11 1.73 6.45 10.5 0.03 0.02
Ca 1.71 1.12 0 0 2.53 1.34
Ni 1.82 0.82 5.21 4.63 0.20 0.07
other 0.69 0.00 1.21 0.01 0.54 0.00

99.8 100 100.1 100 99.9 100

Details given by McDonough (2014), which assume a pyrolite model composition for the BSE. Wt.¼weight, At.¼ atomic.

The At.% columns were calculated from the Wt.% values and normalized to 100%. ‘other’ includes Co, Cr and P for the

bulk Earth and core, and Na, Cr and P for the BSE.

W.F. McDonough8



discontinuity (Rudolph et al., 2015).The core composition in this model was established

based on the sulfur content of CI, which adds a significant and unrealistic amount of light

element (S) content to the core. It is also noteworthy that this model cannot accommodate

any silicon or oxygen in the core.

This simple exercise shows the weaknesses associated with assuming a CI chondrite

compositional model. Traditionally, such models are justified based solely on the CI

Mg/Si value matching that of the solar photosphere, which is taken to be representative

of the mass of the solar system. However, an exact match of the bulk Earth to CI chon-

drite is impossible given the latter’s volatile content (i.e. H2O and CO2). The usual con-

vention is to create a degassed composition leaving behind some ad hoc amount of H and

C in the BSE and core. Moreover, in this example one would also have to lose some

sulfur to accommodate the totals and fit the core’s ∼10% density deficit (Birch, 1952).

Picking one element ratio to establish a planetary composition is fraught with many com-

plications and unwelcome consequences.

It is also useful to consider the mineralogical composition of the lower mantle

(Table 4). The lower mantle is primarily composed of three minerals: bridgmanite,

ferropericlase, and davidmaoite. Davidmaoite is the calcium-bearing perovskite

(CaSiO3), with a simple chemistry. Likewise, ferropericlase (Mg, Fe)O also has a

simple chemistry and is probably a host for nickel in the mantle. The most abundant

mineral in the Earth is bridgmanite ((Mg, Fe2þ, Fe3þ, Al)SiO3.x), with the coefficient

of 3.x to account for the charge balance needed for the substitution of Fe3þ and Al3þ

for Mg2þ and Fe2þ.
Presented in Table 4 are the mode proportions of bridgmanite, ferropericlase, and

davidmaoite in a pyrolite model (Table 2) and a CI model (Table 3) composition for

the lower mantle. The CI model assumes that the upper mantle and transition zone

have a pyrolite composition. This compositional model for the mantle above 660 km

is well documented in a wide range of mantle peridotite samples. The limited david-

maoite content of the lower mantle in this CI model means that this mantle composition

has a lower mass fraction of refractory elements, including the heat-producing elements

U & Th.

2.3. Heat-producing elements (K, Th and U)

The Earth is a hybrid engine powered by two sources of energy: residual primordial

energy, evolved from accretion and core separation, and heat from radioactive decay.

Radiogenic heat production in the Earth comes overwhelmingly from 40K, 232Th, 238U

and 235U (i.e. 99.5% in total). The Earth’s radiogenic power has been estimated at

20+ 3 TW, which assumes a specific model composition (McDonough and Sun,

Table 4. Lower mantle mineral proportions for two compositional models.

Bridgmanite Mg-perovskite
(Mg, Fe

2þ
, Fe

3þ
, Al)SiO3.x

Ferropericlase
(Mg, Fe)O

Davidmaoite
Ca-pvk CaSiO3

Pyrolite 74 19 7
CI-model 89 7 4

Composition of the Earth and implications for geodynamics 9



1995; Palme and O’Neill, 2014). Predictions from competing compositional models span

from 10 to 33 TW; thus, there are considerable uncertainties in our understanding of the

absolute amount of radiogenic power in the Earth.

Both Th and U, like Ca and Al, are refractory lithophile elements, are assumed to be

concentrated in the silicate Earth, and occur in chondritic proportions to one another. This

means that if we know the absolute concentration of one of these elements, then we know

the absolute concentration of some 29 refractory lithophile elements.

McDonough and Sun (1995) found that cosmochemical (e.g. condensation and loss

of volatiles) and geochemical (i.e. core formation) fractionation processes resulted in

the bulk silicate Earth having an enrichment in refractory lithophile elements at

2.7 times that of an undegassed CI chondrite. Similarly, assuming instead a CI model

for the composition of the bulk silicate Earth, this results in the refractory lithophile

elements being enriched by 2.2 times relative to an undegassed CI chondrite. Conse-

quently, these two different compositional models generate different amounts of radio-

genic heat.

The amount of radiogenic heat in the Earth is now being determined at the global scale

through the measurements the Earth’s geoneutrino flux (Araki et al., 2005). Geoneutrino

measurements are being conducted by particle physicists and provide a transformative

level of discovery of the current composition and heat production in the Earth. These

data provide insights into the thermal evolution of Earth and independently define the

silicate Earth’s enrichment factor from a CI chondrite composition.

Existing data from two particle physics experiments predict that the Earth has either

14:6þ5:2
�4:2 TW (KamLAND, Japan) (Abe et al., 2022) or 38:2þ13:6

�12:7 TW (Borexino, Italy)

(Agostini et al., 2020) total radiogenic power. More recently, however, the neutrino

flux measurement for Borexino has been re-interpreted with a more accurate figure

using a local lithospheric model. Sammon and McDonough (2022) showed that the

initial geological model used by the Borexino physicists (Agostini et al., 2020) failed

to recognize the abundant local igneous rocks that have high K, Th and U contents.

By under-predicting the regional contribution of the geoneutrino flux, the Borexino

team over-predicted the global radiogenic budget of the Earth. Using a more accurate

compositional model for the lithosphere surrounding Borexino results in a 20 TW

Earth model (Sammon and McDonough, 2022). The SNOþ, Canada (Andringa et al.,

2016) geoneutrino experiment is now counting and the JUNO, China (An et al., 2016)

experiment is being built. Results from these experiments will provide additional data

in the coming years and reduce the uncertainties for the mantle’s radiogenic power.

These data also define the composition of the silicate Earth and bulk Earth for the refrac-

tory elements.

3. Present-day continental crust and modern mantle

The present-day architecture of the silicate Earth has continental and oceanic crust sur-

rounding a modern mantle composed of chemically and isotopically depleted and

enriched domains. The oceanic crust is relatively simple, basaltic in composition, and
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a product of single-stage melting of the mantle. In contrast, the continental crust is con-

siderably more complicated. It is older, a product of multistage melting, and possesses an

extraordinary range of rock compositions (e.g. sandstones to limestones and everything

in between). On average, the continental crust is andesitic (∼60 wt.%) in composition

(Rudnick and Gao, 2014; Sammon et al., 2022). The depleted domain of the modern

mantle is the MORB source region, which occupies a considerable mass fraction of

the mantle (�70%), while the enriched domain, the remaining fraction, is the source

region for Ocean Island Basalts (OIB).

The mass of the continental crust is 2.32� 1022 kg and represents ∼0.58% of the sili-

cate Earth (Sammon et al., 2022). It covers around 44% of the surface area and is, on

average, 41 km thick. The top of the crust is granitic in composition and from there,

there is an SiO2 gradient from ∼61 wt.% (quartz monzonite) to ∼53 wt.% (gabbronorite)

from the middle to the base of the crust. Radiogenic heat production by the continental

crust is estimated to be 330 picowatts/kg or 7.7 TW in total (Sammon et al., 2022), with

the continental crust containing ∼40% of the BSE budget of K, Th and U. The remaining

60% of these elements are in the modern mantle providing 12.3 TW to drive its geody-

namic engine.

Our understanding of the modern mantle remains weak. We can identify two main

magma types (MORB and OIB), which we interpreted as being derived from depleted

and enriched domains. The mass fraction, its distribution, and the composition of the

depleted mantle is poorly constrained. It is possible that the depleted mantle is vertically

stratified with more incompatible trace element depletions at the top of the mantle and

more chemical fertility lower down. Such a chemical stratigraphy might explain differ-

ences between compositional models for the depleted mantle (Salters and Stracke,

2004; Workman and Hart, 2005) and the helium-heat flux paradox (O’Nions and

Oxburgh, 1983).

The mass fraction, its distribution, and the composition of the enriched mantle are even

less well understood than what we know about the depleted mantle. Current models for

the enriched source regions of the OIB lavas envisage a significant role being played by

the LLSVPs (Jackson et al., 2021), which are large degree-2, antipodial structures that are

near-equatorial positions and extend up to 1500 km from the core–mantle boundary. OIB

lavas (e.g. some HIMU) and some continental intraplate basalts (e.g. recent basalts in

eastern China) have been proposed as coming from recycled lithospheric components

stored in the base of the transitions zone (Ringwood, 1982; Zhao et al., 2011; Huang

et al., 2020).

4. Mantle geodynamics

Seismic tomography provides a rich record of 2D and 3D images of the fate of subducting

oceanic lithosphere as they penetrate deeper into the mantle. Some oceanic slabs stagnate

at the base of the transition zone and are transported laterally for considerable distances.

Fukao and Obayashi (2013) showed that others stagnate below 600 km and reside

horizontally at ∼1000 km depth, while others plunge directly into the deep mantle.
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The reasons for these different dynamical responses are not clear, but may be related to

density barriers (Ringwood, 1982) and viscosity filters (Rudolph et al., 2015) in this

portion of the mantle.

These seismic images document considerable mass exchange between the upper and

lower mantle and are consistent with whole-mantle convection. The MTZ and several

hundred km beneath it appears to play a major role in the differentiation of mantle.

Understanding the dynamics of this region is essential (Ringwood, 1994).

Water is a significant unknown in the mantle, with compositional estimates ranging by

an order of magnitude (Marty, 2012; Ohtani, 2021). Moreover, we are not certain if the

net water flux is greater or lesser from mantle to surface over time. Mantle dynamics is

controlled by its viscosity, which in turn is controlled by its water content and tempera-

ture. The efforts of geoneutrino studies are focused on defining precisely the radiogenic

heating curve for the history of the planet. This information will constrain the thermal

evolution of the Earth and its viscosity structure.

There is considerable uncertainty in terms of the initial thermal condition of the proto-

Earth, especially regarding the timing of Moon formation, via collision with a Mars-sized

bolide. Much depends on the presence or absence of an atmosphere, which has a blanket-

ing effect on surface heat loss. In addition, the Earth’s τ accretion age is unknown. If the

Earth’s τ accretion age is 10 million years, then as McDonough et al. (2020) showed, 26Al

and 60Fe played a significant role in heating of the planet and probably accelerated core

formation. Subsequent to this early heating event was the Moon-forming, giant impact

event, which is constrained to have occurred between 50 and 150 million years after

tzero, the age of Ca-Al inclusions which are the oldest-formed solids in the solar system.

Developing a thermal model for the Earth can provide insights into early mantle differ-

entiation products, including the existence of primordial reservoirs that may (or may not)

currently exist at the base of the mantle. The last 20 years of research into decay products

of extinct short-lived nuclides (e.g. 142Nd and 182W) have provided many exciting new

insights (Boyet and Carlson, 2005; Mundl et al., 2017), but these studies have also raised

more questions than they have resolved.

Over the last several decades we have made great strides in measuring trace element

abundances, radiogenic isotope compositions (e.g. Sr, Nd, Pb, Hf) and noble gas isotopic

compositions (e.g. He, Ne, Ar, Xe) of modern basalts, including Mid Ocean Ridge Basalt

(sampling the depleted mantle) and Ocean Island basalts (sampling the enriched mantle).

Insights gained from these measurements coupled with detailed tomographic images

from seismology (French and Romanowicz, 2015) have advanced our understanding

of the architecture of the mantle (Jackson et al., 2017). More recently, we have added

stable isotopes systems and extinct short-lived isotope systems to the repertoire of

tools to investigate the mantle.

The 142Nd isotope system (146Sm→ 142Ndþ αþQ, t1/2¼ 103 Ma) and 182W isotope

system (182Hf→ 182Wþ 2e�þ 2νþQ, t1/2¼ 8.9 Ma) provide insights into early crust

formation and core-mantle segregation, respectively. After ∼6 half-lives, these isotope

systems become extinct relative to our abilities of measurement. The 182W isotope

system records the fractionation of Hf (wholly stored in the mantle) from W (mostly

(∼90%) partitioned into the metallic core). It is predicted that the (182W/184W)core is
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200 ppm lighter than that of the surrounding mantle and that this isotopic difference was

frozen into the core within the first 100 million years of Earth’s history (Kleine and

Walker, 2017).

Significantly, none of the Ocean Island Basalts recording Hadean evidence of
182W/184W isotopic anomalies contains any evidence of anomalous 142Nd/144Nd isotopic

compositions (Mundl-Petermeier et al., 2020). Consequently, the source regions of

basalts carrying Hadean isotopic signatures are probably much younger and are related

to the recycling of oceanic crust subsequent to continent formation (Hofmann and

White, 1982). In contrast, Eoarchaean continental rocks are known to have
142Nd/144Nd isotopic anomalies. This has led to the suggestion that these anomalous iso-

topic signatures have recently inherited 182W along with primitive helium from the core

(Mundl et al., 2017; Mundl-Petermeier et al., 2020).

Evidence for the mechanism(s) of core-mantle exchange remains elusive. Documented

Hadean 182W/184W isotopic anomalies coupled with primordial noble gas signatures in

OIBs present a preservation challenge for mantle convection models (Mundl et al.,

2017). Understanding the formation, nature, long-term stability, and distribution of

these components in the mantle remains a significant area of study.
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