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Abstract

The majority of continental crust formed during the hotter Archean was

composed of Tonalite-Trondhjemite-Granodiorite (TTG) rocks. In contrast

to the present-day loci of crust formation around subduction zones and intra-

plate tectonic settings, TTGs are formed when hydrated basalt melts at

garnet-amphibolite, granulite or eclogite facies conditions. Generating con-

tinental crust requires a two step differentiation process. Basaltic magma is

extracted from the pyrolytic mantle, is hydrated, and then partially melts to

form continental crust. Here, we parameterise the melt production and melt

extraction processes and show self-consistent generation of primordial con-

tinental crust using evolutionary thermochemical mantle convection models.

To study the growth of TTG and the geodynamic regime of early Earth, we

systematically vary the ratio of intrusive (plutonic) and eruptive (volcanic)
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magmatism, initial core temperature, and internal friction coefficient. As

the amount of TTG that can be extracted from the basalt (or basalt-to-

TTG production efficiency) is not known, we also test two different values

in our simulations, thereby limiting TTG mass to 10% or 50% of basalt

mass. For simulations with lower basalt-to-TTG production efficiency, the

volume of TTG crust produced is in agreement with net crustal growth mod-

els but overall crustal (basaltic and TTG) composition stays more mafic than

expected from geochemical data. With higher production efficiency, abun-

dant TTG crust is produced, with a production rate far exceeding typical

net crustal growth models but the felsic to mafic crustal ratio follows the

expected trend. These modelling results indicate that (i) early Earth ex-

hibited a “plutonic squishy lid” or vertical-tectonics geodynamic regime, (ii)

present-day slab-driven subduction was not necessary for the production of

early continental crust, and (iii) the Archean Earth was dominated by intru-

sive magmatism as opposed to “heat-pipe” eruptive magmatism.

Keywords:

Archean TTG, mantle convection, early Earth, melting, crustal production

1. Introduction1

Floating at the top of the mantle and helping to sustain life, continents2

cover about a third of the Earth’s surface area. They have cores of Archean3

and Proterozoic cratonic basements (Goodwin, 1991; Hoffmann, 1989) un-4

derlying a chemically evolved continental crust. With an average thickness5

of 34.4± 4.1 km (Huang et al., 2013), continental crust is separated from6

the ultramafic rocks of the mantle by the Mohorovičić discontinuity. Com-7

2
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pared to the thin (7 km on average) and ephemeral oceanic crust with a8

maximum life span of ∼ 200 million years, continental crust is much older9

(Rudnick and Gao, 2003). The crust is andesitic in composition, which lies10

between basalt and rhyolite with 60.6% SiO2 and 4.7% MgO (Hawkesworth11

and Kemp, 2006a). Though accounting for only 0.57% of the mass of the12

Earth’s mantle, continental crust is significantly richer in incompatible trace13

elements and acts as a geochemical repository (Hofmann, 1988).14

Two stages of differentiation are generally inferred to generate continen-15

tal crust. First, basaltic magma is extracted from the mantle. Second, it is16

buried and partially melts to form more silicic continental crust with the pos-17

sible help of sedimentary processes (e.g., Rudnick, 1995; Rudnick and Gao,18

2003; Taylor and McLennan, 1985; Albarède, 1998; Arculus, 1999; Kemp and19

Hawkesworth, 2003; Plank, 2005; Hawkesworth and Kemp, 2006b). Consid-20

ering that a basaltic precursor is needed for its generation, continental crust21

has long been assumed to form in only two distinct plate tectonic settings22

(Rudnick, 1995). Either the basaltic protolith is sourced from convergent23

plate margins at island or continental arcs where oceanic crust subducts, or it24

originates from an intra-plate tectonic setting as a result of plume-associated25

magmatism or extensional tectonics. For present day continental crust, the26

dominant role of island arc basalts (IAB: present-day representative of sub-27

duction magmas) over ocean island basalts (OIB: present-day representative28

of intra-plate magmas) has been highlighted (Taylor and McLennan, 1985;29

Sun and McDonough, 1989; Rudnick, 1995; Arculus, 1999; Barth et al., 2000;30

Hawkesworth and Kemp, 2006b).31

However, during the Archean Eon (4.0-2.5 Ga), the upper mantle poten-32
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tial temperature is estimated to be ∼ 250 K higher than its present-day value33

(Labrosse and Jaupart, 2007; Herzberg and Gazel, 2009; Herzberg et al.,34

2010; Condie et al., 2016). A large proportion of Archean continental crust35

is made of grey gneiss complexes, among which a group of sodic granitoids36

collectively known as Tonalite-Trondhjemite-Granodiorite (TTG) is the main37

lithological component (Jahn et al., 1981; Drummond and Defant, 1990; Mar-38

tin, 1994). Based on experimental data, it is suggested that Archean TTGs39

are formed when hydrated basalt melts at garnet-amphibolite, granulite or40

eclogite facies conditions (e.g., Barker and Arth, 1976; Jahn et al., 1981;41

Rapp et al., 1991; Condie, 1986; Martin, 1986; Springer and Seck, 1997; Fo-42

ley et al., 2002; Rapp et al., 2003; Moyen and Stevens, 2006). Sourced from43

similar compositions but melted over a range of pressures, Archean TTGs44

are classified by Moyen (2011) into three different types: low, medium, and45

high pressure TTGs. Furthermore, the low-pressure (10-12 kbar), medium-46

pressure (ca. 15 kbar) and high-pressure (20 kbar or higher) groups account47

for 20%, 60% and 20% of the sodic TTGs respectively. Specific pressure-48

temperature conditions corresponding to different tectonic settings for these49

TTG types are proposed by Moyen (2011) and these are used as a criterion50

for generating Archean TTG in our geodynamic models.51

In a recent review on continental growth, Dhuime et al. (2017) proposed52

that 65% of the present continental crust existed before 3 Ga. This is sup-53

ported with similar results from different continental growth models built on54

records of detrital zircons and sedimentary rocks. Moreover, it is argued that55

there has been a continuous growth of continental crust over the evolution56

of the planet with a significant drop in average net growth rate from 2.9 -57
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3.4 km3yr−1 to 0.6 - 0.7 km3yr−1 around ∼ 3 Ga. Interestingly, it is suggested58

that Earth might have undergone a major tectonic regime transition around59

the same time owing to secular cooling and the resulting evolution of mantle60

viscosity (e.g., van Hunen et al., 2008; Sizova et al., 2010; Van Kranendonk,61

2010; Korenaga, 2011, 2013; van Hunen and Moyen, 2012; Debaille et al.,62

2013; Gerya, 2014; Johnson et al., 2013a, 2017; Gerya et al., 2015; Condie63

et al., 2016; Fischer and Gerya, 2016; Van Kranendonk and Kirkland, 2016;64

Rozel et al., 2017). Based on geochemical data, Tang et al. (2016) suggested65

that this global geodynamic transition marks the period of significant silici-66

fication of the continental crust, which could be explained by the peeling off67

and recycling of the mafic lower continental crust after the onset of Archean-68

style plate tectonics (Chowdhury et al., 2017).69

The answer to the question of when plate tectonics commenced on Earth70

remains hotly debated, with a multitude of studies proposing its inception71

anytime between the Hadean Eon (4.5-4.0 Ga) and the Neoproterozoic Era72

(1.0-0.54 Ga) (see Korenaga (2013); Dhuime et al. (2017) and the references73

within). The igneous zircons from Jack Hills, Western Australia that formed74

> 4 billion years ago make up for a sparse geological record of the early Earth75

(Wilde et al., 2001). Hopkins et al. (2008, 2010) proposed that these zircons76

formed in environments that are similar to modern convergent margins. It77

is therefore argued that plate tectonics might have been active during the78

Hadean Eon (4.5-4.0 Ga). Many authors prefer the Archean Eon (4.0-2.5 Ga)79

for the onset of plate tectonics because relevant indicators, such as orogens,80

accretionary prisms, and paired metamorphic belts became more prevalent81

in the late Archean (e.g., Komiya et al., 1999; Brown, 2006; Van Kranendonk82
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et al., 2007; Shirey et al., 2008; Condie and Kröner, 2008). Citing the lack of83

ultrahigh-pressure metamorphism and ophiolites before the Neoproterozoic84

Era (1.0-0.54 Ga), Stern (2005) argued that plate tectonics could not have85

been operational before 1 Ga. Some studies attributed the aforementioned86

decline in growth of continental crust to higher crustal recycling and the onset87

of subduction-driven plate tectonics around ∼ 3 Ga (e.g., Cawood et al., 2006;88

Shirey and Richardson, 2011; Dhuime et al., 2012; Hawkesworth et al., 2016,89

2017).90

The formation of Archean TTGs and the enigma behind the origin of91

plate tectonics have piqued the interest of the geodynamics community over92

the years. About a decade and a half ago, by using thermo-chemical mantle93

convection models, van Thienen et al. (2004) proposed that the transition94

of basalt into denser eclogite at a depth of 30 km creates a gravitational in-95

stability. This might trigger a resurfacing event in which a major portion96

of the crust sinks into the mantle and the resulting pressure release melting97

produces new replacement crust. In these models, the felsic melts are gen-98

erated by partial melting either at the base of this new crust or when the99

dense crust sinks into the mantle. Moore and Webb (2014) offered an al-100

ternative scenario for early Earth, in which volcanism dominates the surface101

heat transport (heat-pipe Earth). Erupting all the mafic melt at the sur-102

face creates a cold and thick lithosphere (O’Reilly and Davies, 1981). This103

thickened lithosphere is advected downward and may melt to generate felsic104

volcanics and TTG plutons.105

However, neither of these models considered generating and emplacing the106

felsic melts within or beneath the crust. Geological field data suggests that107
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the majority of mantle-derived melts intrude at depth, with the ratio of intru-108

sive (plutonic) to eruptive (volcanic) melt volumes ranging between 4:1 and109

10:1 (Crisp, 1984). This would correspond to an eruption efficiency between110

9% and 20%. Using sophisticated coupled petrological-thermomechanical111

regional-scale numerical experiments, Sizova et al. (2015) identified three112

distinct tectono-magmatic settings in which felsic melts can be generated113

from hydrated basaltic crust in the hotter Archean conditions. Lower crustal114

delamination and the subsequent dripping or small-scale overturns could gen-115

erate Archean TTGs whereas the rest of the Archean granitoids could come116

from local thickening of primitive basaltic crust.117

Rozel et al. (2017) have recently demonstrated the possibility of track-118

ing formation conditions for Archean TTGs in numerical simulations on a119

global scale, which motivated our numerical modelling study. Their study120

showed that a plutonism-dominated plutonic squishy lid tectonic regime re-121

sults in hotter crustal geotherms and is able to reproduce the observed pro-122

portions of various TTG rocks, as reported by Moyen (2011). Here, we123

present global mantle convection simulations in which continental crust is124

generated self-consistently. Based on the melting conditions proposed by125

Moyen (2011), we parameterise TTG formation and investigate continental126

growth and recycling by systematically varying parameters such as eruption127

efficiency, basalt-to-TTG production efficiency, initial core temperature, and128

friction coefficient. We introduce the methodology with a focus on melting129

parameterisation in the section 2. We present the results of our simulations130

in section 3 and discuss their geophysical implications in section 4. Finally,131

we summarise the main findings of our study in section 5.132
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2. Physical Model and Numerical Model133

We model the thermo-chemical evolution of the compressible mantle using134

the code StagYY (Tackley, 2008), which has been extended by implementing135

a new two-stage crustal growth algorithm needed for our study. The mod-136

els incorporate pressure- and temperature-dependence of viscosity, plasticity,137

internal and basal heating, core cooling, phase transitions, and melting lead-138

ing to both basaltic and TTG crust production. The values used for the139

parameters are given in Table 1.140

2.1. Rheology141

Diffusion creep with homogenous grain size is considered as the viscous142

deformation mechanism. The mantle has 3 different layers i: upper mantle143

(1), lower mantle (2) and post-perovskite layer (3), with each layer having144

different values for activation energy Ei and activation volume Vi (Karato and145

Wu, 1993; Yamazaki and Karato, 2001). The temperature- and pressure-146

dependent viscosity η in each layer follows the Arrhenius formulation (see147

Table 1 for constants):148

η(T, P ) = η0∆ηi exp

(
Ei + PVi
RT

− Ei

RT0

)
, (1)

where η0 is the reference viscosity at zero pressure and reference tempera-149

ture T0 (1600 K), ∆ηi is the viscosity offset between layer i and the reference150

viscosity (corresponding to material between the phase transitions, see Sec-151

tion 2.3), P is the pressure, R is the gas constant and T is the absolute152

temperature. η0 is valid for the phase system olivine and the reference com-153

position (60% olivine and 40% pyroxene-garnet), both of which have viscosity154

8
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Table 1: Non-dimensional and dimensional parameters along with the rheological proper-

ties for 3 different layers i used in this study (UM = Upper Mantle (dry olivine); PV =

Perovskite; PPV = Post-Perovskite)

Property Symbol Value Units

Rayleigh number Ra 7.73 · 107 -

Initial internal heating rate H 18.77 · 10−12 W/kg

Half-life thalf 2.43 Gyr

Surface ductile yield stress σ0
Y 40 MPa

Ductile yield stress gradient σ′Y 0.01 -

Reference viscosity η0 1 · 1021 Pa·s

Surface temperature Tsurf 300 K

Initial potential temperature TP0 1900 K

Gas constant R 8.3145 J/K/mol

Gravity g 9.81 m/s2

Mantle thickness D 2890 km

Specific heat capacity of pyrolite CP,pyr 1200 J/kg/K

Specific heat capacity of basalt CP,bas 1000 J/kg/K

Specific heat capacity of TTGc CP,TTG 1000 J/kg/K

Latent heat of pyrolite Lpyr 600 kJ/kg

Latent heat of basalt Lbas 380 kJ/kg

Latent heat of TTGl LTTG 300 kJ/kg

Surface thermal expansivitys α 3 · 10−5 K−1

Surface thermal conductivitys k 3.5 W/m/K

Activation energy - UM E1 300 kJ/mol

Activation volume - UM V1 5.00 cm3/mol

Pressure scale - UM P1 ∞ GPa

Viscosity multiplier - UM ∆η1 1.0 -

Activation energy - PV E2 370 kJ/mol

Activation volume - PV V2 3.65 cm3/mol

Pressure scale - PV P2 200 GPa

Viscosity multiplier - PV ∆η2 30.0 -

Activation energy - PPV E3 162 kJ/mol

Activation volume - PPV V3 1.40 cm3/mol

Pressure scale - PPV P3 1610 GPa

Viscosity multiplier - PPV ∆η3 0.1 -

c 1200 J/kg/K for simulations presented in Table 4

l 600 kJ/kg for simulations presented in Table 4

s valid at the surface for olivine phase system.

9
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multipliers of 1 (see Table 1). The activation volume decreases exponentially155

with increasing pressure in each layer i according to the relation:156

V (P ) = Vi exp

(
−P
Pi

)
. (2)

where Pi is the pressure scale which is different for each layer i as given in157

Table 1. A viscosity jump of 30 is applied at the upper-lower mantle transition158

(600 km) in accordance with the viscosity profile expected by the inversion of159

postglacial rebound data (Č́ıžková et al., 2012) and geoid inversion studies160

(e.g., Ricard et al., 1989, 1993). An additional viscosity jump of 0.1 (com-161

pared to reference viscosity) is imposed at the transition to post-perovskite162

at lowermost mantle depths (2740 km) following mineral physics experiments163

and theoretical calculations by Hunt et al. (2009); Ammann et al. (2010).164

To allow for lithospheric deformation, plastic yielding is assumed to be165

the weakening mechanism (Moresi and Solomatov, 1998; Tackley, 2000). The166

maximum stress that a material can sustain before deforming plastically is167

given by the yield stress σY, which has both brittle and ductile components:168

σY = min (σY,ductile, σY,brittle) . (3)

The ductile yield stress σY,ductile increases linearly with pressure as:169

σY,ductile = σ0
Y + σ́YP, (4)

where σ0
Y is the surface ductile yield stress and σ′Y is the pressure gradient170

of the ductile yield stress. Following Byerlee (1978), the brittle yield stress171

σY,brittle is calculated as172

σY,brittle = µP, (5)

10
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where µ is the friction coefficient. Different values of the friction coefficient173

for the lithosphere that are consistent with experimentally-measured values174

are used in this study. If the convective stresses exceed the yield stress, the175

viscosity is reduced to the yielding viscosity ηY = σY/2ε̇, where ε̇ is the 2nd176

invariant of the strain-rate tensor. The effective viscosity is then given by177

ηeff =

(
1

η
+

2ε̇

σY

)−1

. (6)

Viscosity limiters (1018 and 1028 Pa·s) are then used to mitigate large viscosity178

variations, which would decrease the stability of the code.179

2.2. Boundary Conditions and Solution Method180

We solve the following equations for compressible anelastic Stokes flow181

with infinite Prandtl number:182

∇ · (ρu) = 0, (7)

0 = −∇P + ∇ · τ + ρg, (8)

ρCP

(
∂T

∂t
+ u ·∇T

)
− αT (ur · ∇rP ) = ∇ · (k∇T ) + τ : ∇u + ρH, (9)

with density ρ, time t, velocity u, gravity g, heat capacity CP , thermal183

expansivity α, thermal conductivity k, deviatoric stress tensor τ , and H is184

the internal heating rate per unit mass. τ : ∇u denotes tensor contraction,185

such that: τ : ∇u =
∑

ij τij∂vi/∂xj, where xj is the position. The values of186

the parameters used in this study are listed in Table 1.187

11
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We use 2D spherical annulus geometry (Hernlund and Tackley, 2008)188

with a resolution that varies radially and is higher at the surface, around the189

660 km phase transition, and the core-mantle boundary. The computational190

domain consists of 1024 (laterally) times 128 (radially) cells. 3,932,160 trac-191

ers are advected through the mesh using a fourth-order Runge-Kutta scheme192

with a second-order spatial interpolation of the velocity field. This repre-193

sents an initial average of 30 tracers per cell. However, during eruptive194

magmatism, an empty space is created in the surface cells by compacting195

the existing tracers radially inwards. The surface cells are then replenished196

with new tracers while a tracer merging algorithm tries to merge tracers197

to have a certain target mass. Each tracer carries several quantities such as198

temperature, composition, water content, concentration of heat-producing el-199

ement, emplacement, and depletion. The tracer-to-cell interpolation is done200

following the tracer-ratio method as described by Tackley and King (2003),201

adapted to perform mass averaging of tracer quantities. We employ free-slip202

boundary conditions at the surface and the core-mantle boundary, which are203

also isothermal. The surface temperature is fixed at 300 K, while the core204

temperature decreases with time due to heat lost, using a parameterisation205

based on Buffett et al. (1992, 1996), for details of which the reader is referred206

to Nakagawa and Tackley (2004). A parallel MUMPS solver (Amestoy et al.,207

2000) used via an interface from the PETSc package (Balay et al., 2018a,b) is208

used to obtain a velocity-pressure solution at each time-step on a staggered209

grid.210

12
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2.3. Phase Changes and Composition211

The model includes a parameterisation based on mineral physics data (Iri-212

fune and Ringwood, 1993; Ono et al., 2001), in which the minerals are divided213

into olivine, pyroxene-garnet, TTG and melt phase systems. Within the214

olivine and pyroxene-garnet phase systems we assume the solid-solid phase215

transitions as considered previously in Xie and Tackley (2004b); Nakagawa216

and Tackley (2012). The mixture of minerals depends on the composition,217

which is mapped linearly into the fraction of different phase systems. Com-218

position can either be in the continuum between harzburgite (ultramafic and219

depleted material) and basalt (mafic igneous rocks), or TTG (felsic rocks)220

as shown in Fig. 1. Harzburgite is considered to be a mixture of 75% olivine221

and 25% pyroxene-garnet and basalt is made of pure pyroxene-garnet. The222

mantle is initialised with a pyrolytic composition: 80% harzburgite and 20%223

basalt (Xu et al., 2008). At a depth of 60 km, basalt transforms to eclogite,224

which is around 190 kg/m3 denser than olivine. At lowermost mantle depths,225

the phase transition to post-perovskite is also considered (e.g. Tackley et al.226

(2013)). Additionally, TTG material undergoes coesite to stishovite phase227

transition as its density increases by 168 kg/m3 at a depth of 290 km (Aki-228

moto and Syono, 1969; Akaogi and Navrotsky, 1984; Gerya et al., 2004; Ono229

et al., 2017). The phase change parameters are given in Table 2. Changes230

in composition arise from melt-induced differentiation, which is described in231

the next section.232

2.4. Melting and Crustal Production233

For self-consistent creation of basaltic (mafic, oceanic-like) and TTG (fel-234

sic, continental-like) crust, we parameterise the processes of melt generation235

13
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Table 2: Phase change parameters for olivine, pyroxene-garnet, and TTG systems with

surface density at zero pressure ρs, density jump across a phase transition ∆ρ, and Clapey-

ron slope γ.

Depth (km) Temperature (K) ∆ρ (kg/m3) γ (MPa/K)

Olivine (ρs = 3240 kg/m3)

410 1600 180 2.5

660 1900 400 -2.5

2740 2300 61.6 10

Pyroxene-Garnet (ρs = 3080 kg/m3)

60 1000 350 0

400 1600 150 1

720 1900 400 1

2740 2300 61.6 10

TTG (ρs = 2700 kg/m3)

290a 1713 168 2.26

a coesite-stishovite phase transition considered only for simulations presented in Table 3

14
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TTG (felsic, continental crust)

co
nt

in
uu

m

25%

75% Harzburgite (ultramafic, depleted mantle)
px-gt

ol

100% Basalt (mafic, oceanic crust)px-gt

40%

60%
Pyrolite (mantle)

px-gt

ol

partial melting

partial melting in presence of water 
and necessary P-T conditions

depleted residue

Figure 1: A one-dimensional compositional variation corresponding to variation of SiO2

content. Compositions in the continuous range basalt to harzburgite consist of a mixture

of olivine (ol) and pyroxene-garnet (px-gt) mineralogies in different proportions.

and melt extraction. For the sake of numerical efficiency, we compute the236

melt production at the cell level (with an average area of ∼ 680 km2). Molten237

tracers are then generated accordingly and transported upwards to erupt on238

or intrude into the pre-existing crust (mimicking large-scale eruptive and in-239

trusive magmatism) if the appropriate conditions outlined in Section 2.4.1240

are met. The model developed in this study is an extension of the ones241

previously described by Xie and Tackley (2004b); Nakagawa et al. (2010).242

Water tracking has been added, as water is essential for the production of243

TTG crust. Water is considered to penetrate fully into the top 10 km and is244

advected throughout the mantle on tracers. The non-dimensional water con-245

15
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centration varies between 1 implying fully hydrated and 0 meaning no water246

(see Fig. A.13A in Appendix) and is the same in both solid and melt phases247

(using partition coefficient Dpart,H2O = 1). Heat-producing elements (HPE)248

are partitioned during melting and their non-dimensional concentration Rh∗249

is 100 times higher in the melt compared to the solid residue (using parti-250

tion coefficient Dpart,HPE = 0.01; see Fig. A.13B in Appendix). A detailed251

description of our new melting-induced crustal production (MCP) procedure252

is given in the next sections.253

2.4.1. Melt generation254

Amount of melt produced255

As melting is calculated at the cell level, the cell-based solid composition256

C and melt fraction f have to be computed at cell centres using mass av-257

eraging of the tracers in each cell. At each time-step, the amount of melt258

∆f appearing in each cell is computed iteratively. More precisely, the cell259

temperature T is compared to the solidus Tsol,i of each composition i giving260

individual changes in melt fraction ∆fi. In case the cell temperature exceeds261

or is lower than a composition’s solidus, then melt is respectively generated262

or frozen (if already present) from that composition, with the goal of bring-263

ing the temperature back to the solidus. Latent heat L (see Table 1) of melt264

is consumed during melting and released during freezing and the resulting265

change in temperature ∆T is computed for each cell. This is compared to266

the change in temperature DT needed to return the cell temperature to the267

solidus, and if not close enough, the procedure is iterated on. In principle,268

melting or solidification should occur at constant temperature (except for the269

slight change of melting temperature with composition). But as latent heat270
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is absent from the heat equation, the process of latent heat related heating or271

cooling has to be done during the melting treatment as a correction. Effec-272

tively, due to compositional heterogeneities, different materials within each273

cell melt at different temperatures.274

For simplicity, we consider 3 solidus temperatures (given in Fig. 2 and275

Appendix B):276

• Tsol,bas for pure basalt that has already been erupted or intruded,277

• Tsol,TTG for pure TTG,278

• Tsol,pyr for a harzburgite-basalt mixture or pure basalt that has never279

been erupted or intruded (see next section for details).280

The pyrolite solidus Tsol,pyr is adapted by the average composition in the281

cell to give the instantaneous melting temperature Tmelting as:282

Tmelting = Tbas-out + (Tsol,pyr − Tbas-out) min

(
Cbas

Cref-bas

, 2

)
(10)

+ (Tliq,pyr − Tbas-out)

(
fharz

1− Cref-bas

)
, (11)

with pyrolite liquidus Tliq,pyr, basalt fraction in the solid Cbas, reference283

basalt fraction in the solid Cref-bas = 0.2, and fraction of harzburgite in the284

melt fharz. Tbas-out is calculated as:285

Tbas-out = Tsol,pyr + Cref-bas (Tliq,pyr − Tsol,pyr) . (12)

The instantaneous melting temperature Tmelting increases linearly with286

melt fraction f from 0 to Tbasalt-out. Once basalt is exhausted, Tmelting in-287

creases linearly with harzburgite fraction in the melt fharz up to Tliq,pyr. As288
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Figure 2: Solidi and liquidi used in this study for 3 different compositions: TTG, basalt,

and pyrolite. Also visualised are the P-T conditions for 3 different types of TTGs as given

in Eq. C.1, C.3 and taken from Moyen (2011).

shown above, the instantaneous melting temperature Tmelting is composition-289

dependent, and therefore depends on the amount of melt being produced.290

Hence, computing the variation of melt fraction in a cell for mantle ma-291

terial in the harzburgite-basalt continuum is difficult. In this case, a first292

order extrapolation of this melting temperature in the melt fraction space is293

considered:294

Tmelting (f0 + ∆f) = Tmelting (f0) + ∆f
∂Tmelting

∂f

∣∣∣∣
f0

, (13)
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where f0 is the initial (basaltic/harzburgitic) melt fraction in the cell. The295

composition-dependence of the melting temperature ∂Tmelting/∂f is estimated296

by imposing a very small ∆f . Using Eq. 13, the variation of melt fraction is297

then computed implicitly and iteratively using:298

∆f =
T − Tmelting (f0 + ∆f)

L
CP,pyr =

T −
(
Tmelting + ∆f

∂Tmelting

∂f

)
L

CP,pyr,

(14)

where CP,pyr is the specific heat capacity. Rearranging Eq. 14 and assuming299

that the solidus temperatures for basalt and TTG melting are not composition-300

dependent (i.e., ∂Tsol,bas/∂f = ∂Tsol,TTG/∂f = 0), we get:301

∆f =


(T − Tmelting) /

(
Lpyr

CP,pyr
+

∂Tmelting

∂f

)
, for the mantle

(T − Tsol,bas)CP,bas/Lbas, for basalt

(T − Tsol,TTG)CP,TTG/LTTG, for TTG

, (15)

with latent heat of pyrolite Lpyr, specific heat capacity of pyrolite CP,pyr,302

latent heat of basalt Lbas, specific heat capacity of basalt CP,bas, latent heat303

of TTG LTTG, and specific heat capacity of TTG CP,TTG. TTG solidus is304

considered to be 100 K lower than the basalt solidus.305

New melt fractions are obtained by adding the ∆fi of each composition306

i to its initial melt fraction fi. New tracers of composition corresponding to307

∆fi appear. The cell temperature is adjusted using the latent heat consumed308

through the generation of ∆fi.309

Type of melt produced310

The composition of the melts produced are obtained using the following311

procedure:312
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• Basaltic melt is produced using the instantaneous melting temperature313

Tmelting when melting occurs on solid tracers with a mixed harzburgite-314

basalt composition (as in the beginning of the simulations). Pure315

basaltic solid tracers that have never been erupted or intruded also316

produce molten basalt using Tmelting. This choice is motivated by the317

fact that non-erupted-intruded basaltic tracers represent basalt that is318

not a separate rock type, but rather a chemical component of rocks319

that are a chemical mixture of basaltic and harzburgitic end-member320

components, such as peridotite or pyrolite.321

• When melting happens on a basaltic solid tracer that has been erupted322

or intruded in the past (hereafter, referred to as solid-basalt tracer),323

we consider it as a separate rock type. We therefore use the solidus324

temperature for pure basalt Tsol,bas. Depending on whether the cell sat-325

isfies the specific P-T conditions for TTG formation outlined by Moyen326

(2011) or not (see Appendix C), solid basalt can melt in two different327

ways. When the cell undergoes melting but it does not have TTG for-328

mation conditions, then basaltic melt is generated. Only when the cell329

has water (50% or more of the imposed surface hydration conditions)330

and enriched basalt (see section 2.4.2 for explanation), and meets the331

TTG formation conditions, is TTG melt generated.332

• For simplicity, molten TTG is always produced when solid TTG melts,333

using the solidus temperature Tsol,TTG.334

• Molten harzburgite (i.e., ultramafic melt) is produced in extreme cases335

(at the beginning of the simulations) when the entire basaltic mantle336
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component is already molten and the cell temperature still exceeds the337

Tmelting for harzburgite (see Appendix B).338

• Basaltic crust that is older than 10 million years is also allowed to339

melt and erupt again as basalt, however it cannot be intruded as this340

material is already in the crust. We would have to intrude it where it341

already is, or even below its current depth.342

The mantle is initially pyrolytic, with a composition corresponding to 20%343

basalt and 80% harzburgite end-member components. For partially-melting344

pyrolite to generate basalt, a solidus function fitting experimental data by345

Hirschmann (2000) is used (see Fig. 2 and Appendix B.2). For partially-346

melting basalt to generate TTG, the pressure-dependent solidus and liquidus347

functions are taken from Table 1 of Sizova et al. (2015) for “hydrated basalt”348

composition (as defined in their paper, see Fig. 2 and Appendix B.1.1). To349

simulate melt extraction from partially molten lithologies (Nikolaeva et al.,350

2008; Sizova et al., 2015), we do not allow the melting of all the basalt351

available in the mantle to generate TTG.352

2.4.2. Depletion fraction353

When initialised, the entire mass of basalt on the solid-basalt tracer can354

potentially partially melt to form TTG (or enriched basalt) With each sub-355

sequent melting event, the proportion of enriched basalt available on the356

tracer decreases. Conversely, there is an increase in the proportion of de-357

pleted basalt, or the basalt that can not melt to form TTG. The production358

of TTG from basalt is limited by introducing a parameter called depletion359

fraction Xdepletion, which gives the allowable mass fraction of depleted basalt360
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on a solid-basalt tracer. For example, Xdepletion = 0.9 implies that 90% of361

basalt is depleted or not available for TTG production. Hence, only 10% of362

mass of solid-basalt will be used for TTG production (basalt-to-TTG pro-363

duction efficiency). This is an important parameter as it directly controls364

how much felsic crust can be produced in a simulation.365

The amount of TTG melt to be generated by the melting of solid-basalt is366

given by ∆fbasalt-to-TTG. Using this, the ideal amount of TTG to be generated367

in a cell with mass Mcell is given as:368

∆MTTG = ∆fbasalt-to-TTGMcell. (16)

This amount has to be sourced uniformly from the solid-basalt tracers369

present in the cell:370

∆MTTG =
n tracers∑

i=1

∆mTTG,i, (17)

where ∆mTTG is the mass of TTG produced from the host tracer i. Solid-371

basalt tracers are 100% enriched in basalt at time t = 0 and after a time step372

∆t, the new amount of enriched basalt on a tracer is:373

menr,i (t+ ∆t) = menr,i (t)−∆mdep,i −∆mTTG,i, (18)

where menr and mdep denote the masses of enriched basalt and depleted basalt374

on the tracer, respectively (see Fig. 3 for illustration). The change in masses375

of depleted basalt ∆mdep and TTG ∆mTTG (produced from enriched basalt)376

are related using the depletion fraction Xdepletion as377

∆mdep,i = ∆mTTG,i

(
Xdepletion

1−Xdepletion

)
. (19)
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Figure 3: Evolution of depletion on a solid-basalt tracer with time. The initial tracer mass

mi (in violet) decreases with time as some of it is transferred to TTG (in orange).

Every solid-basalt tracer has an available mass mava for TTG production378

at a given time t:379

mava,i (t) = menr,i (t) (1−Xdepletion) . (20)

In order to uniformly source the mass of TTG from all the solid-basalt tracers380

present in the cell, a fraction χ of this available mass is taken as:381

∆mTTG,i = χmava,i = χmenr,i (1−Xdepletion) . (21)

Combining Eq. 17 and 21 yields382

χ =
∆MTTG∑n tracers

i=1 menr,i (1−Xdepletion)
. (22)

The mass of depleted basalt mdep on each solid-basalt tracer changes with383

time as:384

mdep,i (t+ ∆t) = mdep,i (t)+∆mdep,i = mdep,i (t)+∆mTTG,i

(
Xdepletion

1−Xdepletion

)
,

(23)
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and the dimensionless depletion value (< 1) on each solid-basalt tracer is385

updated as:386

depletioni (t+ ∆t) =
mdep,i (t+ ∆t)

mdep,i (t+ ∆t) +menr,i (t+ ∆t)
. (24)

This depletion gives the amount of depleted and enriched basalt in a387

cell. In the present study, we considered depletion fractions of 0.9 and 0.5,388

corresponding to basalt-to-TTG production efficiency of 10% and 50%.389

2.4.3. Melt extraction390

Fig. 4 illustrates our melt extraction treatment. As we are interested in391

long-term planetary evolution, the crust production process is simplified as392

introduced for basaltic crust in Xie and Tackley (2004a) and subsequently393

used in Nakagawa et al. (2010); Lourenço et al. (2016). At each time step,394

instantaneous radial transport of melt is assumed and calculated separately395

in each vertical column of the mesh.396

If melt is generated above 300 km depth, it is instantaneously removed397

for emplacement (Christensen and Hofmann, 1994; Xie and Tackley, 2004a).398

As described in the previous sections, molten tracers of various compositions399

appear in each cell (Fig. 4B). The thicknesses of both pre-existing TTG and400

basaltic crusts are then computed (Fig. 4A1). Molten tracers that have to401

be transported are removed from the cells and their masses are computed402

(Fig. 4A2). Non-transport tracers in the entire column are then compacted403

downwards (represented as downgoing white arrows in Fig. 4A3) to account404

for the mass loss by removal of molten tracers. Gaps are created at both the405

bottom and top of existing TTG and basaltic crusts. The melt is transported406

both to the bottom of the crust (plutonism or intrusion) and to the top of the407
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Figure 4: Cartoon depicting a section of a mesh column (not to scale). A1, Initial state

with TTG crust, basaltic crust, pyrolytic mantle, and the region undergoing melting. A2,

After melt removal but before compaction or opening gaps in lithosphere for magmatism.

A3, Final state with the eruption and intrusion of the melt with the white downgoing ar-

rows representing compaction of tracers. B, Different melting temperatures (approxima-

tions) for different compositions. The aspect ratio (the proportional relationship between

its width and its height) of the cells in the model first decreases with increasing depth

and then increases again at the core-mantle boundary. Therefore, the cell visualised here

is not representative of the entire mesh. Moreover, the number of tracers in a cell vary

especially during magmatism.
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domain (volcanism or eruption), unless there is already some melt present at408

the surface (Fig. 4A3). The intruded melt stays molten while a temperature409

adjustment to account for adiabatic decompression is applied, and tends to410

result in a warm, weak lithosphere. The erupted melt is rapidly solidified411

by setting its temperature to the surface temperature (300 K), resulting in a412

strong and cold lithosphere (Rozel et al., 2017). The mass ratio of erupted413

to intruded melt can be controlled by the eruption efficiency. Eruption effi-414

ciency defines the percentage of mantle-derived melts (or basaltic-crust de-415

rived melts in the case of TTG formation) that is erupted at the surface. In416

nature, the majority of mantle-derived melts intrude at a depth, correspond-417

ing to an eruption efficiency between 9% and 20% (Crisp, 1984). It is one418

of the important parameters being tested in this study. Geological evidence419

suggests that komatiites have erupted above Archean continental crust in420

the past (Nisbet, 1982) and basalt frequently erupts above TTG in nature421

(François et al., 2014). However, the low resolution in our global models422

would not allow us to resolve such geological features, and therefore our melt423

extraction treatment does not allow for basalt to erupt above TTG. This424

could be improved in the future versions of the code.425

2.5. Volume and Crustal Recycling Rate426

At any given time t, the volume of total TTG produced VTTG,total and427

TTG crust remaining at the surface VTTG,crustal are given by:428

VTTG,total (t) =
ny

π

(
MTTG (t)

ρs,TTG

)
, (25)

429

VTTG,crustal (t) = 4πdTTG (t)

(
rEarth −

dTTG (t)

2

)2

, (26)
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with number of cells in lateral direction ny, mass of TTG produced MTTG430

and mean global TTG crustal thickness dTTG at that time, and radius of431

Earth rEarth. The volume of basaltic crust that remains at the surface or432

underlies the TTG crust is given by:433

Vbas,crustal (t) = 4πdbas (t)

(
rEarth −

dbas (t)

2

)2

, (27)

with mean global basaltic crustal thickness dbas at that time. All global vol-434

umes reported here are scaled up to represent 3D Earth from 2D simulations435

to make the comparison with natural data easier. The difference between436

total and crustal volumes gives the amount of TTG that has been recycled437

back into the mantle. The rate of recycling of continental crust at time ti438

with timestep i = 1, 2, 3.. is given by:439

recycling(ti) =
(VTTG,total − VTTG,crustal)ti+1

− (VTTG,total − VTTG,crustal)ti−1

ti+1 − ti−1

(28)

As not all simulations reached 4.5 billion years of evolution, final global vol-440

umes are not directly comparable. Therefore, global volumes for all simula-441

tions after 1 billion years of runtime are given in Table 3 and 4. For volumes442

generated by all simulations at their final runtime tr, see Table D.5 and D.6443

in Appendix.444

3. Results445

Two sets of simulations with different depletion fraction values, basalt446

solidus temperature and phase transitions were performed. All simulations447

considered compressible convection with core cooling, time-dependent inter-448

nal heating, melting and crustal production, reference viscosity η0 = 1021 Pa·s449
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and initial mantle potential temperature TP0 = 1900 K. The initial mantle450

temperature follows an adiabatic profile with thermal boundary layers at top451

and bottom and has random perturbations (100 K). The heat production452

from radioactive elements H in material of primitive composition is initially453

18.77 · 10−22 W/kg and decreases with time with a half-life of 2.43 billion454

years. Radioactive material is enriched in the crust during melting (see Sec-455

tion 2.4 for details). First, we ran 14 simulations (Table 3) with depletion456

fraction Xdepletion = 0.9 and 0.5 and coesite-stishovite phase transition (as457

introduced in Section 2.3). Second, we ran another 21 simulations (Table 4)458

without coesite-stishovite phase transition and employing a depletion fraction459

of 0.5 with a slightly different basalt solidus temperature (due to a mistake460

in a previous publication (Sizova et al., 2015), see Appendix B for details).461

Overall, we systematically varied the following parameters:462

• Depletion fraction Xdepletion: 0.5 and 0.9463

• Eruption efficiency e: 10, 20, 30, 40, 60, 80 and 100%464

• Initial core temperature Tcmb: 5000 and 6000 K465

• Friction coefficient µ: 0.2 and 0.4466

3.1. Crustal growth467

Fig. 5 depicts the volume and composition of crusts formed in the subset468

of simulations that are presented in Table 3 and 4.469

3.1.1. Volume of crust470

Fig. 5A and 5C show that our simulations using a depletion fraction of 0.9471

are able to reproduce the present day volume of continental crust (TTG +472
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Table 3: First set of simulations with coesite-stishovite phase transition, initial core tem-

perature Tcmb = 6000 K, friction coefficient µ = 0.2, depletion fraction Xdepletion, eruption

efficiency e (%), final model runtime tr (Gyr), volume of TTG crust VTTG,crustal, volume of

basaltic crust Vbas,crustal, and volume of total TTG produced VTTG,total. Unless specified,

all volumes reported here are in km3 after 1 billion years of evolution.

Xdepletion e tr VTTG,crustal Vbas,crustal VTTG,total

0.5 10 4.34 4.37 · 1010 9.98 · 109 9.89 · 1010

0.5a 20 0.85 2.05 · 1010 7.46 · 109 9.66 · 1010

0.5 30 3.13 1.79 · 1010 8.55 · 109 9.03 · 1010

0.5a 40 0.38 3.27 · 109 5.29 · 109 4.30 · 1010

0.5 60 4.50 1.05 · 1010 7.08 · 109 9.09 · 1010

0.5 80 1.01 1.04 · 1010 7.45 · 109 8.62 · 1010

0.5 100 4.50 9.70 · 109 6.14 · 109 8.01 · 1010

0.9 10 1.58 4.20 · 109 6.86 · 109 2.25 · 1010

0.9 20 3.15 2.31 · 109 7.33 · 109 2.26 · 1010

0.9a 30 0.23 1.45 · 109 5.81 · 109 9.50 · 109

0.9b 40 4.41 2.47 · 109 4.70 · 109 2.23 · 1010

0.9a 60 0.34 1.08 · 109 4.56 · 109 1.69 · 1010

0.9 80 3.23 1.59 · 109 5.32 · 109 2.23 · 1010

0.9 100 1.25 1.73 · 109 4.67 · 109 2.14 · 1010

a volumes reported after final model runtime tr

b simulation e40x9 presented in Fig. 6 and 7
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Table 4: Second set of simulations with slightly different solidus temperature and depletion

fraction Xdepletion = 0.5, initial core temperature Tcmb (K), friction coefficient µ, eruption

efficiency e (%), final model runtime tr (Gyr), volume of TTG crust VTTG,crustal, volume of

basaltic crust Vbas,crustal, and volume of total TTG produced VTTG,total. Unless specified,

all volumes reported here are in km3 after 1 billion years of evolution.

Tcmb µ e tr VTTG,crustal Vbas,crustal VTTG,total

5000 0.2 10 1.82 2.75 · 1010 8.59 · 109 7.74 · 1010

5000a 0.2 20 0.88 1.23 · 1010 5.94 · 109 6.37 · 1010

5000 0.2 30 3.81 1.36 · 1010 7.99 · 109 6.80 · 1010

5000 0.2 40 2.28 1.09 · 1010 7.43 · 109 6.44 · 1010

5000x 0.2 60 2.74 7.15 · 109 6.39 · 109 6.12 · 1010

5000a 0.2 80 0.43 1.92 · 109 4.37 · 109 3.01 · 1010

5000 0.2 100 4.28 5.06 · 109 5.43 · 109 5.36 · 1010

6000 0.2 10 2.78 2.92 · 1010 8.13 · 109 9.42 · 1010

6000 0.2 20 2.60 2.53 · 1010 8.39 · 109 9.38 · 1010

6000b 0.2 30 4.31 2.16 · 1010 8.21 · 109 9.22 · 1010

6000 0.2 40 3.11 1.32 · 1010 6.35 · 109 8.46 · 1010

6000 0.2 60 2.70 1.00 · 1010 6.62 · 109 7.96 · 1010

6000 0.2 80 4.50 8.45 · 109 6.62 · 109 7.62 · 1010

6000 0.2 100 4.50 9.48 · 109 6.16 · 109 7.08 · 1010

6000 0.4 10 2.50 3.69 · 1010 9.86 · 109 9.74 · 1010

6000x 0.4 20 1.70 3.79 · 1010 1.10 · 1010 9.32 · 1010

6000 0.4 30 1.29 2.09 · 1010 8.56 · 109 8.69 · 1010

6000 0.4 40 2.47 1.46 · 1010 7.62 · 109 8.34 · 1010

6000 0.4 60 1.58 1.01 · 1010 7.06 · 109 7.92 · 1010

6000 0.4 80 4.39 7.90 · 109 6.18 · 109 7.51 · 1010

6000 0.4 100 4.50 9.64 · 109 6.19 · 109 7.20 · 1010

a volumes reported after final model runtime tr

b simulation e30x5 presented in Fig. 8, 9 and 10

x excluded from empirical fits owing to data corruption
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basaltic in opaque curves) whereas simulations employing a depletion fraction473

of 0.5 overestimate crustal production by a factor of 3 to 8, depending on the474

eruption efficiency (opaque curves). We have compared our modelling results475

with two different net crustal growth models by Armstrong (1981) (AR81:476

teal curve) and Dhuime et al. (2017) (DH17: light blue curve), which also477

take crustal recycling into account. Consistent with previous studies (Crisp,478

1984; Cawood et al., 2013; Rozel et al., 2017), we confirm that the volume of479

felsic crust produced (translucent curves) increases when magmatism is more480

intrusive.481

In all these simulations, the present-day volume of continental crust is482

generated with the arrival of the first plumes after ∼ 100 million years of483

evolution time. The crustal volume in simulations with large depletion frac-484

tion then decreases by 20-40% and later stabilises close to the present-day485

value after ∼ 1 billion years (3.5 Ga) of evolution. Around the same time,486

a reduction in crustal growth is observed for simulations with low depletion487

fraction, however, the overall crustal volume continues to increase.488

As discussed further in Section 3.3 and 4.1, it is worth mentioning that489

these modelling results are dependent on the choice of initial conditions,490

which might also be unrealistic in certain simulations. However, we would491

like to highlight that changes in crustal growth can happen in our models492

without a change in the convection regime, and this result holds true for all493

simulations irrespective of the choice of model parameters.494

3.1.2. Composition of crust495

Fig. 5B and 5D show the evolution of average crustal composition with496

time. Using MgO content as a proxy for silicification of the Archean crust,497

31

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

Tang et al. (2016) suggested a gradual shift in its average composition from498

mafic to felsic from early Archean to late Archean (regions shaded in teal),499

which may predominantly characterise the eroded continental crust emerged500

above the sea level (Flament et al., 2013). The corresponding basaltic content501

might have dropped from 60-90% to 15-20%. Tang et al. (2016) hypothesised502

that a possible onset of plate tectonics around 3.0 Ga would have provided a503

supply of water to the mafic source material to generate voluminous TTGs504

and other felsic magmas. Our simulations employing a large depletion frac-505

tion are only able to decrease the basaltic content to 60-70%. The simulations506

with overestimated crustal production are able to follow the proposed trend,507

however, the shift in composition happens 1 billion years earlier (∼ 4.0 Ga)508

than the proposed time. While Tang et al. (2016) argue for the operation509

of plate tectonics around 3.0 Ga as the reason behind the change in crustal510

composition, we show similar trends in our models without any present-day511

slab-driven subduction or plate tectonics.512

513

3.2. Model evolution514

As all simulations presented in Table 3 and 4 show similar behaviour in515

terms of decompression melting by mantle plumes and the production and516

recycling of crust, in this section we illustrate the thermal and compositional517

evolution with time for two representative simulations with e = 40 and 30%,518

Xdepletion = 0.9 and 0.5, Tcmb = 6000 K, and µ = 0.2 (hereafter, referred to519

as e40x9 and e30x5 respectively) depicted in Fig. 6, 7, 8, 9 and 10. In both520

simulations, the generation of TTG can be divided into two distinct stages: a521

fast growth with intense recycling from 4.5-3.5 Ga followed by a slower growth522
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with moderate recycling. In all these figures, the cell-based composition523

field represents the following different material: TTG (≥ 60% in tangerine),524

basalt (≥ 60% in dark purple), harzburgite (≥ 40% in teal, lighter shades525

represent higher harzburgite content and mantle depletion), TTG-melt (≥526

50% in peach-orange), basaltic-melt (≥ 50% in sky blue), harzburgitic-melt527

(≥ 50% in white), and TTG-basalt-mix (≥ 40% TTG and ≥ 40% basalt in528

light purple). The empty cells in black represent mixes of different materials529

that do not fit either of the above criteria. The relevant parameters are530

specified in the top-right corner of all the figures in the section.531

3.2.1. Simulation e40x9, employing a high depletion fraction and coesite-532

stishovite phase transition533

Fig. 6 and 7 show two stages of the evolution for simulation e40x9, which534

is able to reproduce a crustal volume similar to the present day value.535

In the early stage of the evolution, Fig. 6 shows that the first plumes arriv-536

ing at the surface cause decompression melting in the upper mantle. This re-537

sults in the production of basaltic melt while leaving behind a depleted mantle538

residue with higher harzburgite content. The basaltic melt is both erupted539

at the surface to form oceanic crust, and intruded at a depth as molten ma-540

terial. The oceanic crust subsequently melts to generate TTG melt at the tip541

of deformation fronts driven by the lateral spreading of plumes. 40% of this542

TTG melt solidifies at the surface to make the new felsic crust, while the rest543

is intruded at the base of existing felsic crust as molten material. The plumes544

spread laterally when they reach the base of the lithosphere and bring a lot545

of very warm material with them. Upon cessation of the lateral spreading of546

the plumes, this warm material cools very quickly by diffusion and crustal547
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production. Most of the basaltic crust and some TTG crust is produced by548

this process (see the top right side of the bottom panel in Fig. 6). The gener-549

ation of such a huge amount of crust also depletes the underlying mantle to550

a large extent. This plume-induced regime leaves the mantle with a bimodal551

composition: either basaltic or harzburgitic. The newly generated crust and552

the underlying depleted layer are quickly removed and recycled laterally by553

the arrival of successive plumes. 100-200 km thick layers of consisting of554

TTG, basalt and harzburgite are therefore quickly produced and buried. At555

this stage, large quantities of TTG crust are both generated and recycled556

back into the mantle. The increase in TTG crust’s density by 168 kg/m3
557

at a depth of 290 km also contributes to its recycling. By 4081 Ma, this in-558

tense deformation phase has slowed down and TTG crustal volume starts to559

increase again (as shown in Fig. 5A). The two middle panels of Fig. 6 show560

that the initial pyrolytic material (darker teal) is brought up and consumed561

by plumes, whereas layers of basalt, TTG and harzburgite propagate in the562

whole mantle from the top. Looking at the zoom-in in Fig. 6, large amounts563

of harzburgitic melt (white) can be seen in the upper mantle. These regions564

also have molten basalt (sky blue), which is not visualised due to its low565

concentration (less than 50%).566

Fig. 7 illustrates a later stage of planetary evolution in which instances567

of TTG crust are preserved at the surface (around 1948 Ma) despite the568

absence of strong cratonic roots in our models. This preservation of TTG569

can be explained by the absence of pyrolytic material in the lower mantle and570

a lower core temperature which both decrease the magmatic and mechanical571

intensity of the plumes. The right panel of the composition plots show that572
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different compositional layers are being slowly stirred in the mantle, although573

we employ a rather large reference viscosity in the present study.574

3.2.2. Simulation e30x5, employing a low depletion fraction575

As in the previous simulation, the general processes of TTG generation,576

crustal recycling, delamination and density-driven dripping are apparent.577

However, there are some noticeable differences in the mantle dynamics and578

crustal production.579

Fig. 8 shows that the initial plumes are not able to spread laterally as580

much as in the simulations employing a high depletion fraction. This can be581

explained by the fact that a much larger amount of TTG is being produced,582

which tends to mechanically limit the lateral spreading of the plumes. Fig. 8583

also shows a stage at 3993 Ma in which the intense plume activity has sub-584

sided. A number of tentacular structures whose lateral extent can reach up to585

several hundreds of kms can be seen in the upper and mid-mantle, which are586

a mix of TTG and basalt-eclogite material with different densities. Without587

the inclusion of the coesite-stishovite phase transition in this simulation, this588

mix material is neutrally buoyant and does not sink to the bottom of the589

mantle. Around 3506 Ma (see Fig. 9), TTG crust has covered a large portion590

of the surface. The core temperature has cooled down to about 5000 K and591

the plumes have become weaker. By 2995 Ma, TTG crust covers most of592

the surface and is underlain by basaltic crust. There are chunks of basaltic593

material dripping down into the mantle and many tentacular structures exist.594

Fig. 10 shows the compositional and thermal evolution of the same sim-595

ulation for a period of 25 million years. Around 3392 Ma, a plume reaches596

the surface, resulting in a large scale decompression melting event. The pre-597
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existing basaltic and TTG crust are pushed aside and compressed together598

to form structures that are perhaps similar to stacked terranes found in the599

Eoarchean Era (Bédard, 2006). It has been suggested that such granite-600

greenstone terranes formed in the convergent margins and accounted for the601

stable cratonic interiors of continents (Kusky and Polat, 1999). However,602

these terranes are produced in our models without the need for present-day603

subduction and do not impart any stability to the overlying TTG crust.604

Typical granite-greenstone terranes (TTG+basalts+komatiites) observed in605

nature are of the order of few hundreds of km and hence our models are606

comparable to them.607

608

3.3. Influence of other model parameters609

3.3.1. Eruption efficiency610

The volumetric percentage of mantle-derived melt erupted as surface vol-611

canism is given by the eruption efficiency. It has previously been shown612

in numerical simulations that eruption efficiency has an influence on the613

pressure-temperature conditions of TTG melt formation (Sizova et al., 2015;614

Fischer and Gerya, 2016). Fig. 11A and 11C show that the total and crustal615

volumes of TTG in our simulations depend on the eruption efficiency in the616

first 1 billion years. The cold and thick basaltic crust created as a result617

of volcanism by high eruption efficiency (Moore and Webb, 2014; Lourenço618

et al., 2016; Rozel et al., 2017) is not warm enough to coincide with TTG619

formation conditions. With low eruption efficiency, more melt is intruded at620

depths, creating a warmer basaltic crust. This crust melts to form TTG in621

the presence of water and enriched basalt. The recycling of crustal material622
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depicted in Fig. 11B and Fig. 11D is discussed in section 4.1.2.623

3.3.2. Initial core temperature624

Compared to the simulations with an initial core temperature of 6000 K,625

a value of 5000 K results in lower production of basaltic and TTG material626

(Fig. 12A). A lower core temperature makes the initial plumes weaker and627

the recycling rates are slightly lower (Fig. 12B). The crustal growth follows628

a parabolic curve representing the initial phase of intense convective activity629

until 3.5 Ga.630

3.3.3. Friction coefficient631

The internal friction coefficient µ of the lithosphere has been shown to in-632

fluence global and regional lithospheric dynamics (e.g., Tackley, 2000; Gerya633

et al., 2015). We use a higher value of 0.4 in some of our simulations (see634

Table 4) and observed negligible differences. The crustal growth followed635

the same two stages (not shown here) as with a value of 0.2 (discussed in636

Section 3.2 and shown in Fig. 5) and the total volume of TTG produced is637

comparable to the volumes given by simulations with a lower friction coef-638

ficient. This is because the value of 0.2 is already too high for subduction639

and mobile plates to be produced; most lithospheric deformation is a result640

of weakening by plutonic magmatism rather than yielding.641

4. Discussion642

4.1. Comparison with continental crust growth models643

Despite the fact that plate tectonics does not start in our simulations,644

and under the assumption that felsic material mostly tends to stay trapped645
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in the lithosphere, comparing the volume of TTG produced in our global646

numerical simulations with continental crust growth models is a good met-647

ric to highlight their significance. However, one must consider that these648

results may vary with initial conditions or choice of model parameters, as649

illustrated in Section 3.3. Moreover, care should be taken while making this650

comparison as some models (e.g., Allègre and Rousseau, 1984; Condie and651

Aster, 2010) based on geological proxies only provide records of continents652

preserved today, whereas other models do consider crustal recycling (Roberts653

and Spencer, 2015; Hawkesworth et al., 2016; Spencer et al., 2017). As the654

models presented in this study take both crustal production and recycling655

into account, comparing them with the latter models is more suited. A quick656

comparison between the continental crust volumes obtained from our simula-657

tions and the two net growth models shows that they can both have the same658

order of magnitude, which is dependent on several model parameters. In this659

section, we comment on the robustness of these parameters and discuss how660

they might influence TTG production and/or recycling.661

Continental crust growth should take into account the new volume being662

created by magmatic processes as well as the amount recycled back into the663

mantle by tectonic erosion and lower crustal delamination (Cawood et al.,664

2013; Spencer et al., 2017). A range of continental crust growth models have665

been developed on the basis of age distribution and isotopic compositions666

of rocks. These models fall into two competing camps based on the nature667

of crustal growth: continuous growth with differing growth rates through668

Earth history (e.g., Hurley and Rand, 1969; Armstrong, 1981; Allègre and669

Rousseau, 1984; Taylor and McLennan, 1985; Armstrong, 1991; Taylor and670
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McLennan, 1996; Belousova et al., 2010; Dhuime et al., 2012); versus episodic671

growth corresponding to supercontinent cycles or mantle plume activity (e.g.,672

McCulloch and Bennett, 1994; Condie, 1998, 2000, 2004; Rino et al., 2004;673

Campbell and Allen, 2008; Voice et al., 2011). Using growth models built on674

records of detrital zircons and sedimentary rocks, which may predominantly675

characterise the eroded continental crust emerged above the sea level (Fla-676

ment et al., 2013), Dhuime et al. (2017) proposed that 65% of the present677

continental crust existed by 3 Ga. They argued that there has been a contin-678

uous growth of continental crust throughout the evolution of the planet with679

a significant drop in net production rate from 2.9 - 3.4 km3yr−1 on average to680

0.6 - 0.7 km3yr−1 on average at around ∼ 3 Ga.681

4.1.1. Crustal volume and composition682

Firstly, we would like to remind the reader that our results were obtained683

in a 2D domain. Although the reported crustal volumes can be compared684

to the natural data as they have been projected in 3D (see Eqs. 26 and 27),685

one should keep in mind that the geodynamical regime obtained in a 3D686

domain might be different from what we observed in a 2D simulation. In687

particular, while subduction zones and rifts are well represented in 2D, the688

impact of plumes on the convection and lithosphere dynamics tends to be689

over-estimated. In the Earth, when a plume reaches the lithosphere, it can690

spread in a horizontal plane. In our models, plume heads only dissipate in691

one dimension (i.e., either left or right when reaching the surface), which692

makes them warmer and more buoyant than what they would be in 3D.693

This is an important limitation of our models as most of the TTG crust is694

produced on the edges of these laterally spreading plumes. The amount of695
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TTG produced in the models presented here is therefore probably too large.696

This could explain why our simulations employing a depletion fraction of 0.5697

generate a lot more TTG than what is suggested by the geological record698

(see Fig. 5C, D).699

In all simulations presented here, TTG crustal growth (Fig. 5A and 5C)700

clearly shows two stages of formation (more details in Appendix E.2). The701

first is a quasi-parabolic growth, which lasts until around 3.8-3.5 Ga. After-702

wards, the growth curve follows a quasi square root of time. This two-stage703

growth is akin to the proposal of Dhuime et al. (2017). However, the drop704

in TTG production occurs about 500 million years earlier in our simulations705

and interestingly, occurs without the initiation of present-day slab-driven706

subduction or plate tectonics.707

Dhuime et al. (2017) considered two different types of continental crust in708

their crustal growth calculations: mafic, thin, dense crust formed before 3 Ga,709

and thick, buoyant crust with intermediate composition formed after 3 Ga.710

In our simulations, we do not model the progressive evolution of the crust’s711

composition from mafic to intermediate over time. Yet, we can distinguish712

between basaltic (mafic, oceanic) crust and TTG (felsic, continental) crust as713

they are being generated, and estimate the change in global average crustal714

composition with time as shown in Fig. 5B and 5D. The very first plumes715

generate a crust which is entirely basaltic in nature around 4.4 Ga. Follow-716

ing their arrival, a growth in felsic crust is observed lasting about 1 billion717

years. This results in a linear shift in the average global crustal composition718

from basaltic to felsic. The final basaltic content of the crust changes with719

the volume of TTG crust, which in turn is a function of the eruption effi-720
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ciency. Using MgO content as a proxy for silicification of the bulk Archean721

crust, Tang et al. (2016) suggested a gradual shift in its average composition722

from mafic to felsic between 3.2-2.5 Ga. The corresponding basaltic content723

might have dropped from 60-90% to 15-20%. Our simulations employing a724

high depletion fraction of 0.9 are only able to decrease the basaltic enrich-725

ment down to 60-70% (Fig. 5B). The simulations with much higher crustal726

production are able to reproduce the trend proposed by Tang et al. (2016)727

(Fig. 5D), although it happens ∼ 1 billion years earlier.728

According to Dhuime et al. (2017), the volume of continental crust after729

the first 1.5 billion years (timing of inflection as defined in their paper) of730

Earth’s evolution would be ≈ 4.5 ·109 km3, or 65% of the present-day volume731

estimate≈ 6.9·109 km3. After 3.5 Ga (timing of inflection in our simulations),732

the overall volume of TTG and basaltic crust (VTTG,crustal + Vbas,crustal from733

Table 3) in our simulation e40x9 is 7.17 · 109 km3, which has the same order734

of magnitude as different crustal growth models (Armstrong, 1981; Dhuime735

et al., 2017) (Fig. 5A). For simulations with Xdepletion = 0.9, the volumes736

of both TTG and basaltic crust reach a peak in the first 150 million years737

before being recycled owing to strong plume activity. Following this, crustal738

volumes remain roughly at the same level throughout the evolution, which is739

attributed to the episodic generation and recycling of the crust. On average,740

for simulations with Xdepletion = 0.5, this overall crustal volume is 5-10 times741

higher (depending on eruption efficiency) than the estimates of crustal growth742

models (Fig. 5C).743

A factor that directly influences the production of TTG in our simula-744

tions is the availability of water in the mantle. For simplicity, the material745
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within the top 10 km of the mantle is considered to be fully hydrated at the746

time of initialisation, and this water is free to advect on tracers throughout747

the mantle (see Fig. A.13A in Appendix). In the simulations presented here,748

the concentration of water is taken to be the same (with partition coeffi-749

cient Dpart,H2O = 1) in both the solid and melt phases. In nature, water is750

incompatible in the solid phase and partitions into the melt during partial751

melting. For future work, lower values of Dpart,H2O : 0.01, 0.1 should be ex-752

plored as this will substantially reduce the amount of water available in a cell753

for TTG production with subsequent partial melting events. Additionally, a754

water-dependent basalt solidus should be used as the presence of water low-755

ers the melting temperatures. Also, depth and temperature limits for water756

penetration could be applied, as previously done by Gregg et al. (2009) for757

hydrothermal fluid circulation in their melt migration study.758

Simulations presented in this study can produce TTG with a mass of759

up to ≈ 4.04 · 1023 kg (10% of mantle mass for Xdepletion = 0.5) or ≈ 8.08 ·760

1022 kg (2% of mantle mass for Xdepletion = 0.9). Using a reference density761

of TTG of 2700 kg/m3, these mass limits would correspond to volume limits762

of 1.49 · 1011 km3 and 2.99 · 1010 km3 respectively. However, this physical763

limit is not the reason for the drop in TTG production at the inflection764

point in our simulations as none of them produce this much TTG after 1765

billion years of evolution (see VTTG,total in Table 3, 4 and Fig. 11A, 11C, 12A).766

For example, assuming that the volume of total TTG produced VTTG,total ≈767

1 · 1011 km3 at the end of a simulation (actual values given in Table D.5, D.6)768

and using Eq. 25, the mass of TTG produced MTTG will be ≈ 8.28 · 1020 kg769

in that simulation which is only 0.02% of the mass of Earth’s mantle. The770
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production of TTG occurs as a result of the plumes, fed by material with771

a pyrolytic composition (non-depleted mantle material), at the start of our772

simulations. Over 1 billion years of evolution, the mantle material becomes773

depleted (represented as lighter shades of teal in compositional field in Fig. 6,774

7, 8, 9 and 10) and thus the basalt available in the upper mantle is not775

enriched enough to produce large quantities of TTG.776

Table F.8, F.9 and Fig. F.16 show the final masses and volumes of each777

type of TTG produced for the first set of simulations presented in Table 3.778

Fig. F.16 shows that our simulations always produce large amounts of low779

pressure TTGs (30 to 300 million km3) while significantly less medium and780

high pressure TTGs are generated. In particular, the amount of high pres-781

sure TTGs is about 2 orders of magnitude lower than low pressure TTGs.782

Eruption efficiency seems to have a very weak impact on the amount of each783

type of TTG produced, which is in strong disagreement with our previous784

estimations (Rozel et al., 2017).785

The weak production of high pressure TTGs in our simulations can be ex-786

plained by the fact that basalt which reaches high pressure levels might have787

already passed through low and medium pressure TTG production windows.788

This indicates that high pressure TTG formation might be intrinsically linked789

to processes that are not present in the models presented in this study, such790

as dome and keel destabilisation and/or formation of stable cratonic litho-791

sphere. The lack of high pressure TTG rocks cannot be related to the absence792

of water at large depths as dehydration during the melting process has been793

neglected in these simulations. At this point, further investigations are nec-794

essary to shed light on which process will enable the generation of medium795
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and especially high pressure TTGs in numerical models of mantle convection.796

4.1.2. Crustal recycling and tectonic settings797

All our simulations show intense recycling of the TTG and basaltic crust798

with delamination and eclogitic dripping in the first ∼ 500 million years799

(Fig. 11B, 11D and 12B). This behaviour is similar to the “plutonic squishy800

lid” or vertical-tectonics geodynamic regime that has been suggested for the801

early Earth (e.g., Van Kranendonk et al., 2004; Sizova et al., 2010; John-802

son et al., 2013b; Gerya et al., 2015; Condie, 2018; Fischer and Gerya, 2016;803

Lourenço, 2017). The rate of recycling continues to decrease until 3.5 Ga and804

becomes roughly constant, with small oscillations. The positive fluctuations805

in recycling rate are attributed to buoyant TTG material being brought back806

upwards by the convecting mantle and some of it being relaminated to the807

base of the crust. Negative fluctuations correspond to the delamination and808

dripping of the lower crust owing to plume activity.809

Whether subduction was necessary (e.g., Foley et al., 2003; Arndt, 2013;810

Martin et al., 2014; Hastie et al., 2015) or not (e.g., Atherton and Petford,811

1993; Smithies, 2000; Bédard, 2006; Bédard et al., 2013; Zhang et al., 2013;812

Qian and Hermann, 2013; Johnson et al., 2013a, 2017) for the genesis of813

Archean TTGs remains a matter of debate and is closely interlinked with814

the uncertainty behind the onset of plate tectonics. Since we observe plume815

driven tectonics rather than long-lived slab pull in our simulations, we can816

say that none of our simulations exhibit modern-style plate tectonics and yet817

they are capable of generating Archean TTGs and show a drop in production818

rate. Based on these results, we argue that present-day subduction was not819

required for the genesis of primordial continental crust.820
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A factor that might increase continental crust recycling in our simula-821

tions is the inclusion of additional phase transitions. For example, when822

TTG/felsic material is buried or subducted, its density increases by about823

168 kg/m3 at a depth of 290 km (coesite-stishovite phase transition given824

in Akimoto and Syono (1969); Akaogi and Navrotsky (1984); Gerya et al.825

(2004); Ono et al. (2017)). A treatment of all the relevant phase transitions826

leads to an even higher density increase, with TTG likely becoming denser827

than basalt throughout most of the upper mantle, and having a density sim-828

ilar to pyrolite in the lower mantle (Komabayashi et al., 2009; Kawai et al.,829

2009). When the coesite-stishovite phase transition is incorporated in the830

simulations given in Table 3, no more tentacular structures are observed in831

the mantle (Fig. 8, 9 and 10). Using a reference viscosity one order of mag-832

nitude lower than the value used in the simulations here (1021 Pa·s as shown833

in Fig. A.13C in the Appendix) would result in a higher convective vigour,834

which may also increase the recycling rate by thinning the lithosphere (Rozel835

et al., 2017).836

Figure A.13D in the Appendix shows the age of the mantle based on the837

time since it last melted. The majority of TTG crust (black contour lines) is838

less than 200 Ma old. This relatively young age of the continental material is839

because of the constant moderate recycling and its inability to stay preserved840

and form strong continents. Most of the continental crust has melted again841

and solidified over time.842

4.2. Model limitations and possible future improvements843

These models represent an important step forward in the quest for achiev-844

ing self-consistent primordial continental crust production in global Archean845
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geodynamics. However, they have some limitations, which should be ad-846

dressed in future studies. First, the presence of water, which is a requisite847

for TTG production, has a rather simplified treatment at present. Possi-848

ble improvements would be to incorporate a reduction in density, viscosity,849

and melting temperature of rocks based on the water concentration. Second,850

migrating these models to a three-dimensional domain would limit the im-851

pact of plumes on lithosphere dynamics, and possibly result in a lower TTG852

crust production. Third, forming a stiff subcontinental lithospheric mantle853

(SCLM) underlying the TTG crust would help in reducing its recycling and854

ensuring its preservation. It has been suggested that low density, viscous,855

and melt depleted SCLM might have co-evolved with the continental crust856

(Herzberg, 1993; Griffin et al., 2003; Griffin and O’Reilly, 2007; Arndt et al.,857

2009; Lee et al., 2011). Presently, we do not form such rheologically strong858

cratonic roots in our models (e.g., Beall et al., 2018), possibly because the859

rheology is not composition-dependent and therefore the depleted harzbur-860

gitic material has the same viscosity as the background mantle. Fourth, our861

simple petrological model could be adapted to consider magmatic weaken-862

ing or a density increase of the residue after melt extraction (e.g., Sizova863

et al., 2010; Vogt et al., 2012; Sizova et al., 2015). And finally, increasing the864

resolution of our global simulations would allow us to reproduce dome and865

keel structures, which are typical of some Archean cratons (Van Kranendonk866

et al., 2004; Hickman, 2004; Van Kranendonk, 2011).867
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5. Conclusions868

We have presented here a new numerical modelling approach allowing for869

the self-consistent creation of primordial continental crust (TTG) in global870

mantle convection models, for the first time, to our knowledge. This is871

achieved by parameterising the processes of melt generation and melt extrac-872

tion. Two distinct stages of TTG production are observed in our simulations:873

a period of continuous linear growth with time and intense recycling fuelled874

by strong plume activity and lasting for ∼ 1 billion years, followed by a stage875

with reduced TTG growth and moderate recycling. A general observation876

in all our simulations is the lateral spreading of the plumes at the surface,877

which forces parts of the lithosphere to drip (delaminate) into the mantle.878

We see TTG production happening at the tip of these deformation fronts.879

A drop in TTG production occurs as the mantle material becomes depleted880

over time with successive partial melting events and without needing a sig-881

nificant change in the convection regime. Based on these results, we support882

the idea of plutonism dominated tectonic regime for early Earth and we ar-883

gue that present-day slab-driven subduction processes were not necessary for884

the genesis of Archean TTGs. This has significant implications for compar-885

ative planetology and the ongoing debate about the onset of modern style886

subduction-driven plate tectonics. Our simulations and empirical regressions887

support the important role of intrusive magmatism in shaping the Earth’s888

lithosphere (Crisp, 1984; Cawood et al., 2013; Rozel et al., 2017). Most sig-889

nificantly, crustal (mafic basaltic and felsic TTG) volumes obtained from our890

simulations with lower basalt-to-TTG production efficiency (10%) have the891

same order of magnitude as with other published net crustal growth models892
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based on geological proxies (Armstrong, 1981; Dhuime et al., 2017). Our893

simulations with higher basalt-to-TTG production efficiency (50%) are able894

to reproduce crustal silicification as proposed by Tang et al. (2016). We show895

lower crustal delamination and dripping, formation of stacked continental-896

like terranes, and recycling of the continental crust. Future improvements897

should allow us to reproduce and explain the coeval formation of strong,898

depleted, and viscous cratonic roots.899

Appendix A. Additional cell- and tracer-based fields for simula-900

tion e40x9901

Appendix B. Solidus and liquidus temperatures902

We detail here the various solidus and liquidus functions used in the903

present study. In all the functions, pressure P is in GPa, depth d is in km,904

and T is in K.905

Appendix B.1. Basalt melting906

Appendix B.1.1. Below 5 GPa907

For pressures up to 5 GPa, the pressure-dependent solidus and liquidus908

functions for “hydrated basalt” (as defined in their paper) composition are909

taken from Table 1 of Sizova et al. (2015):910

Tsol,bas (P )[K] =

973− 70,400
1000P+354

+ 77,800,000

(1000P+354)2
, for P < 1.6

935 + 3.5P + 6.2P 2, for 1.6 ≤ P < 5

,(B.1)

Tliq,bas (P )[K] = 1423 + 105P. (B.2)

While analysing the results, we realised that we used a basalt solidus that911

was shifted towards higher temperatures by 100-200 K (for pressures up to912
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1.6 GPa). This happened due to a publication error of Eq. B.1 in Sizova et al.913

(2015) and such a shift in the solidus temperature can be considered as having914

a lower water content in the mantle (or dry basalt solidus), which remains915

a big unknown. We made the necessary corrections in order to lower the916

solidus temperature and ran additional simulations (presented in Table 3),917

whose results showed that this small error had a minimal impact on the918

overall TTG produced and its crustal growth (compare panels in Fig. B.14).919

Appendix B.1.2. Above 5 GPa920

For pressures between 5-135 GPa (up to core-mantle boundary), the pressure-921

dependent solidus and liquidus functions for “mid-oceanic ridge basalt” (as922

defined in their paper) composition are taken from Fig. 2 of Andrault et al.923

(2014):924

Tsol,bas (P )[K] =
(
−1.0116 · 10−12

)
P 7 +

(
8.9986 · 10−10

)
P 6

−
(
2.9466 · 10−7

)
P 5 +

(
4.781 · 10−5

)
P 4

− 0.0039836P 3 + 0.0072596P 2 + 36.75P + 1257.9(B.3)

Tliq,bas (P )[K] =
(
1.3728 · 10−10

)
P 6 −

(
3.7739 · 10−8

)
P 5

−
(
5.0861 · 10−7

)
P 4 + 0.0011277P 3

− 0.15346P 2 + 23.869P + 2854.0 (B.4)
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Appendix B.2. Pyrolite melting925

The solidus function for pyrolite has been taken from Hirschmann (2000)926

and it is given as:927

Tsol,pyr (P )[K] =

273.15 + 1120.661 + 132.899P − 5.104P 2, if P < 10

273.15 + 1939.251 + 30.819 (P − 10) , if P ≥ 10

.

(B.5)

The liquidus for pyrolite is an ad hoc compromise between Zerr et al.928

(1998); Stixrude et al. (2009); Andrault et al. (2011) and it depends on depth929

as:930

Tliq,pyr (d)[K] =


5150 + 0.58d+ 3750

(
erf
(

d
8000

)
− 1
)
, for d > 2900

2870 + 0.58d+ 2800
(
erf
(

d
800

)
− 1
)
, for d > 660

2170 + 0.60d+ 200
(
erf
(

d
220

)
− 1
)
, for d < 660

.

(B.6)

Appendix C. P-T conditions for TTG formation931

The amount of TTG produced by partially melting hydrated basalt is932

computed using the solidus and liquidus temperatures presented in Appendix933

B. Yet, TTG melts are only formed in the pressure-temperature range pre-934

sented in Fig. 2 and this Appendix. In the present study, we consider that935

basalt simply forms molten basalt if the P-T conditions for TTG formation936

are not met.937

Following the parameterisation of Rozel et al. (2017) (based on Moyen938

(2011)), low and medium pressure TTGs form from hydrated basalt in the939
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following conditions (T is in °C and P is in GPa):940

760− 60 (P − 1)2 < T < 1000− 150

(
P − 1.2

1.2

)2

(C.1)

−0.5

(
T − 870

220

)
< P < 1.5 + 0.7

(
T − 700

200

)
, (C.2)

where low pressure TTGs form at pressures lower than 1 GPa and medium941

pressure form above 1 GPa. Additionally, high pressure TTG rocks form942

under these conditions:943

1000 < T < 1100 + 50

(
P − 3.5

3.5

)2

(C.3)

2.35 + 0.15

(
T − 1000

100

)
< P < 5. (C.4)

Appendix D. Volumes at final model runtime944

Appendix E. Empirical fits for total and crustal TTG production945

Table E.7 shows empirical fits of volumes of total TTG produced VTTG,total946

and TTG crust remaining at the surface VTTG,crustal. Since in both cases947

we observe a two-stage growth, we performed scalings for “early stages”,948

between 4.25-3.75 Ga, and “late stages” after 3.5 Ga. Fig. E.15 represents949

the TTG volume generated in all our simulations (y-axis) as a function of950

our empirical fits (x-axis). All numbers presented in Table E.7 have been951

obtained by automated search of the possible combinations giving the lowest952

misfit. Scalings were done only for the second set of simulations presented953

in Table 4.954

Appendix E.1. Volume of total TTG produced955

TTG production only starts when the first plumes arrive at the surface.956

Yet, we did not attempt to perform an estimation of the plume arrival time957
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Table D.5: First set of simulations with coesite-stishovite phase transition, initial core

temperature Tcmb = 6000 K, friction coefficient µ = 0.2, depletion fraction Xdepletion,

eruption efficiency e (%), final model runtime tr (Gyr), volume of TTG crust VTTG,crustal,

volume of basaltic crust Vbas,crustal, and volume of total TTG produced VTTG,total. All

volumes reported here are in km3 and at final model runtime.

Xdepletion e tr VTTG,crustal Vbas,crustal VTTG,total

0.5 10 4.34 7.44 · 1010 1.11 · 1010 1.09 · 1011

0.5 20 0.85 2.26 · 1010 8.12 · 109 9.84 · 1010

0.5 30 3.13 4.10 · 1010 9.81 · 109 1.15 · 1011

0.5 40 0.38 3.34 · 109 5.31 · 109 5.23 · 1010

0.5 60 4.50 3.42 · 1010 8.82 · 109 1.18 · 1011

0.5 80 1.01 1.02 · 1010 7.29 · 109 8.63 · 1010

0.5 100 4.50 2.53 · 1010 9.29 · 109 9.97 · 1010

0.9 10 1.58 5.02 · 109 6.73 · 109 2.43 · 1010

0.9 20 3.15 2.49 · 109 6.43 · 109 2.91 · 1010

0.9 30 0.23 1.56 · 109 5.07 · 109 1.26 · 1010

0.9a 40 4.41 1.43 · 109 4.41 · 109 3.12 · 1010

0.9 60 0.34 1.20 · 109 3.97 · 109 1.85 · 1010

0.9 80 3.23 1.29 · 109 4.80 · 109 2.94 · 1010

0.9 100 1.25 1.69 · 109 4.27 · 109 2.28 · 1010

a simulation e40x9 presented in Fig. 6 and 7
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Table D.6: Second set of simulations with depletion fraction Xdepletion = 0.5, core tem-

perature Tcmb (K), friction coefficient µ, eruption efficiency e (%), final model runtime tr

(Gyr), volume of TTG crust VTTG,crustal, volume of basaltic crust Vbas,crustal, and volume

of total TTG produced VTTG,total. All volumes reported here are in km3 and at final

model runtime.

Tcmb µ e tr VTTG,crustal Vbas,crustal VTTG,total

5000 0.2 10 1.82 4.19 · 1010 1.16 · 1010 9.43 · 1010

5000 0.2 20 0.88 1.23 · 1010 5.94 · 109 6.37 · 1010

5000 0.2 30 3.81 3.04 · 1010 9.40 · 109 9.57 · 1010

5000 0.2 40 2.28 2.20 · 1010 9.86 · 109 8.17 · 1010

5000x 0.2 60 2.74 1.78 · 1010 1.05 · 1010 8.16 · 1010

5000 0.2 80 0.43 1.92 · 109 4.37 · 109 3.01 · 1010

5000 0.2 100 4.28 1.77 · 1010 7.17 · 109 7.68 · 1010

6000 0.2 10 2.78 4.89 · 1010 1.04 · 1010 1.10 · 1011

6000 0.2 20 2.60 4.49 · 1010 1.06 · 1010 1.09 · 1011

6000b 0.2 30 4.31 4.30 · 1010 1.06 · 1010 1.10 · 1011

6000 0.2 40 3.11 3.24 · 1010 1.06 · 1010 1.02 · 1011

6000 0.2 60 2.70 2.54 · 1010 9.89 · 109 9.77 · 1010

6000 0.2 80 4.50 2.22 · 1010 1.04 · 1010 9.32 · 1010

6000 0.2 100 4.50 2.41 · 1010 1.09 · 1010 8.73 · 1010

6000 0.4 10 2.50 5.53 · 1010 1.30 · 1010 1.09 · 1011

6000x 0.4 20 1.70 3.21 · 1010 1.09 · 1010 1.03 · 1011

6000 0.4 30 1.29 2.57 · 1010 1.01 · 1010 8.96 · 1010

6000 0.4 40 2.47 2.96 · 1010 1.04 · 1010 1.00 · 1011

6000 0.4 60 1.58 1.63 · 1010 1.02 · 1010 8.46 · 1010

6000 0.4 80 4.39 2.39 · 1010 1.06 · 1010 9.20 · 1010

6000 0.4 100 4.50 2.83 · 1010 1.17 · 1010 9.01 · 1010

b simulation e30x5 presented in Fig. 8, 9 and 10

x excluded from empirical fits owing to data corruption
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Table E.7: Empirical fits of the volume of TTG rocks as a function of time. Two stages

are observed for both cases: total TTG production and TTG crust.

A - Total TTG volume produced, early stages Stand. Dev.

VTTG,total = 1010 A0 (t− t0)0.929 2.43 · 109

A0 = 10.047− 1.339 e
50

t0 = 1.076− 1.227Tcmb

6000

B - Total TTG volume produced, late stages Stand. Dev.

VTTG,total = 1010
(
A0(t1 − t0)0.929 + 3.432 (t− t1)0.281) 2.38 · 109

t1 = 0.552− 0.0884 e
50

C - TTG crust volume, early stages Stand. Dev.

VTTG,crustal = 1010 (0.213 + A1t
2.319) 6.86 · 108

A1 = max
(
−7.320 + 4.839 exp

(
−1.512 e

50

)
+ 7.536Tcmb

6000
, 0
)

D - TTG crust volume, late stages Stand. Dev.

VTTG,crustal = 1010
(
0.213 + A1t

2.319
2 + 0.934 (t− t2)0.639) 2.97 · 109

t2 = 1.021− 0.108 e
50
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as our initial state might be unrealistic. The arrival time of plumes depends958

on the time of growth of thermal boundary layer at the core-mantle boundary959

and the transit time of Earth’s mantle (time taken by a plume to reach the960

surface). In the Earth, very vigorous solid-state convection probably started961

during crystallisation of the magma ocean, which is unfortunately very hard962

to simulate numerically. Starting from a very smooth state (boundary layers963

superimposed on an adiabatic temperature profile), we know that the timing964

of plume arrival has very little physical meaning.965

When the plumes arrive at the surface, we observe a very strong TTG966

production rate. Table E.7A shows that the growth is almost linear with time967

(exponent 0.929). The growth prefactor depends on the eruption efficiency:968

high eruption efficiency can decrease the TTG production by up to 25%. An969

origin time t0 is found that depends on the initial core temperature, with970

higher temperature resulting in smaller origin time. Although this makes971

sense from a dynamical point of view, we believe that this observation might972

be strongly based on our over-simplified initial condition. Interestingly, we973

found that the core temperature has a negligible effect on the growth rate of974

TTG. This makes sense as plumes are not controlling the vertical temperature975

gradient responsible for TTG formation conditions, whereas the eruption976

efficiency strongly impacts the geotherm.977

From Table E.7B, Fig. 11C and 12A, we can see that TTG production978

decreases drastically around 3.8-3.6 Ga. The growth curve suddenly follows979

a cubic root of time (exponent 0.281) and has not been found to depend on980

initial core temperature or eruption efficiency. The inflection time ti at which981

growth slows down is different from the time t1 presented in Table E.7: t1982
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represents the origin of the time-root. Yet, we can see on Fig. 11C and 12A983

that the inflection time depends on the eruption efficiency: TTG production984

slows down quickly for simulations with high eruption efficiency than for985

the ones with intrusive magmatism. After the inflection, the simplicity of986

the TTG production rate is remarkable and surprising. No matter what987

happened in the first billion years of evolution, TTG production slows down988

and proceeds at the exact same rate for all simulations. Such a drop in crust989

production rate is usually interpreted as the onset of subduction-driven plate990

tectonics (e.g., Cawood et al., 2006; Shirey and Richardson, 2011; Dhuime991

et al., 2012; Hawkesworth et al., 2016, 2017). However, we find here that992

TTG production can suddenly decrease without a significant change in the993

convection regime owing to mantle depletion as mentioned in Section 4.1.994

Appendix E.2. Volume of TTG crust995

The volume of TTG crust remaining at the surface in our simulations996

follows a very different trend than the total TTG production itself. Fig. 11C997

and 12A show that a volume of TTG appears with the arrival of the first998

plumes. This initial volume seems to not depend on the eruption efficiency,999

except for the extremely low values of e (see yellow curves). Table E.7C1000

shows that a quasi-parabolic growth follows for about 1 billion years (expo-1001

nent 2.319). Both initial core temperature and eruption efficiency have an1002

influence on this growth rate. In particular, cases with low eruption efficiency1003

generate up to 3 times more TTG rocks compared to eruptive cases. TTG1004

production is slightly smaller for cases with lower initial core temperature,1005

but the governing parameter here seems to be the eruption efficiency.1006

A late growth phase of TTG crust starts after 3.5-3.1 Ga. Table E.7D1007
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shows that all curves then follow a simple trend following a quasi square1008

root of time (exponent 0.639). Similar to the total TTG production, this1009

shows that crustal growth does not depend on the initial core temperature1010

or eruption efficiency in the “late stages”. It seems that the most important1011

contribution comes from the initial stages of production, and growth slows1012

down at the inflection point, even though plate tectonics do not start.1013

Appendix F. TTG type at final model runtime1014
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Table F.8: Final masses of each type of TTG produced for the first set of simulations

with coesite-stishovite phase transition, initial core temperature Tcmb = 6000 K, friction

coefficient µ = 0.2, depletion fraction Xdepletion, eruption efficiency e (%), final model

runtime tr (Gyr), mass of low-pressure TTG MTTG,LP, mass of medium-pressure TTG

MTTG,MP, mass of high-pressure TTG MTTG,HP, and mass of total TTG MTTG,total. All

masses reported here are in kg and at final model runtime.

Xdepletion e tr MTTG,LP MTTG,MP MTTG,HP MTTG,total

0.5 10 4.34 6.17 · 1020 2.20 · 1020 6.55 · 1019 9.03 · 1020

0.5 20 0.85 5.95 · 1020 2.01 · 1020 1.86 · 1019 8.15 · 1020

0.5 30 3.13 6.81 · 1020 2.44 · 1020 2.64 · 1019 9.51 · 1020

0.5 40 0.38 3.20 · 1020 1.07 · 1020 5.96 · 1018 4.33 · 1020

0.5 60 4.50 6.94 · 1020 2.57 · 1020 2.38 · 1019 9.74 · 1020

0.5 80 1.01 5.15 · 1020 1.88 · 1020 1.14 · 1019 7.15 · 1020

0.5 100 4.50 6.17 · 1020 1.96 · 1020 1.25 · 1019 8.26 · 1020

0.9 10 1.58 1.76 · 1020 2.45 · 1019 9.09 · 1017 2.01 · 1020

0.9 20 3.15 2.07 · 1020 3.24 · 1019 1.12 · 1018 2.41 · 1020

0.9 30 0.23 9.33 · 1019 1.10 · 1019 3.27 · 1017 1.05 · 1020

0.9a 40 4.41 2.18 · 1020 3.96 · 1019 1.41 · 1018 2.59 · 1020

0.9 60 0.34 1.35 · 1020 1.83 · 1019 7.32 · 1017 1.54 · 1020

0.9 80 3.23 2.05 · 1020 3.64 · 1019 1.54 · 1018 2.43 · 1020

0.9 100 1.25 1.60 · 1020 2.81 · 1019 1.19 · 1018 1.89 · 1020

a simulation e40x9 presented in Fig. 6 and 7
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Table F.9: Final masses of each type of TTG produced for the second set of simula-

tions with depletion fraction Xdepletion = 0.5, core temperature Tcmb (K), friction coef-

ficient µ, eruption efficiency e (%), final model runtime tr (Gyr), mass of low-pressure

TTG MTTG,LP, mass of medium-pressure TTG MTTG,MP, mass of high-pressure TTG

MTTG,HP, and mass of total TTG MTTG,total. All masses reported here are in kg and at

final model runtime.

Tcmb µ e tr MTTG,LP MTTG,MP MTTG,HP MTTG,total

5000 0.2 10 1.82 3.97 · 1020 3.53 · 1020 3.27 · 1019 7.83 · 1020

5000 0.2 20 0.88 2.79 · 1020 2.63 · 1020 9.35 · 1018 5.50 · 1020

5000 0.2 30 3.81 3.96 · 1020 3.70 · 1020 2.71 · 1019 7.93 · 1020

5000 0.2 40 2.28 3.26 · 1020 3.43 · 1020 1.38 · 1019 6.82 · 1020

5000x 0.2 60 2.74 3.14 · 1020 3.52 · 1020 1.28 · 1019 6.79 · 1020

5000 0.2 80 0.43 1.25 · 1020 1.34 · 1020 2.98 · 1018 2.62 · 1020

5000 0.2 100 4.28 2.81 · 1020 3.46 · 1020 1.06 · 1019 6.38 · 1020

6000 0.2 10 2.78 4.43 · 1020 4.16 · 1020 5.40 · 1019 9.13 · 1020

6000 0.2 20 2.60 4.40 · 1020 4.18 · 1020 4.53 · 1019 9.03 · 1020

6000b 0.2 30 4.31 4.33 · 1020 4.31 · 1020 4.99 · 1019 9.14 · 1020

6000 0.2 40 3.11 4.00 · 1020 4.11 · 1020 3.43 · 1019 8.45 · 1020

6000 0.2 60 2.70 3.66 · 1020 4.24 · 1020 2.22 · 1019 8.13 · 1020

6000 0.2 80 4.50 3.39 · 1020 4.07 · 1020 2.58 · 1019 7.72 · 1020

6000 0.2 100 4.50 3.19 · 1020 3.87 · 1020 1.67 · 1019 7.23 · 1020

6000 0.4 10 2.50 4.49 · 1020 3.98 · 1020 5.91 · 1019 9.06 · 1020

6000x 0.4 20 1.70 4.32 · 1020 3.95 · 1020 3.39 · 1019 8.61 · 1020

6000 0.4 30 1.29 3.57 · 1020 3.76 · 1020 2.54 · 1019 7.58 · 1020

6000 0.4 40 2.47 3.94 · 1020 4.14 · 1020 2.75 · 1019 8.35 · 1020

6000 0.4 60 1.58 3.15 · 1020 3.75 · 1020 1.80 · 1019 7.08 · 1020

6000 0.4 80 4.39 3.45 · 1020 4.01 · 1020 2.23 · 1019 7.69 · 1020

6000 0.4 100 4.50 3.23 · 1020 4.03 · 1020 2.00 · 1019 7.46 · 1020

b simulation e30x5 presented in Fig. 8, 9 and 10

x excluded from empirical fits owing to data corruption
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Figure 5: A, C: crustal volume of TTG (with different scales on y-axes) for a subset of

simulations with Tcmb = 6000 K and µ = 0.2 presented in Table 3 and 4 respectively. e40x9

and e30x5 are the simulations presented in Section 3.2. B, D: evolution of composition

for the same simulations. Models taken from literature are for net crustal growth (AR81:

Armstrong (1981); DH17: Dhuime et al. (2017);) and crustal composition (TA16: Tang

et al. (2016)).
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Figure 6: Thermal (top) and compositional (middle and zoom-in at bottom) evolution with

time for simulation e40x9. The lighter shades of teal in the composition field represent

progressive mantle depletion (higher harzburgite content) with time. Continued in Fig. 7.
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Figure 7: Continued from Fig. 6. Thermal (top) and compositional (middle and zoom-

in at bottom) evolution with time for simulation e40x9. The lighter shades of teal in the

composition field represent progressive mantle depletion (higher harzburgite content) with

time.
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Figure 8: Thermal (top) and compositional (middle and zoom-in at bottom) evolution with

time for simulation e30x5. The lighter shades of teal in the composition field represent

progressive mantle depletion (higher harzburgite content) with time. Continued in Fig. 9.
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Figure 9: Continued from Fig. 8. Thermal (top) and compositional (middle and zoom-

in at bottom) evolution with time for simulation e30x5. The lighter shades of teal in the

composition field represent progressive mantle depletion (higher harzburgite content) with

time.
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Figure 10: Formation of stacked continental-like terranes over a period of 25 million years

for simulation e30x5. The lighter shades of teal in the composition field represent progres-

sive mantle depletion (higher harzburgite content) with time. White lines are isotherms

shown from 900-1900 K with increments of 200 K.
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Figure 11: A, C: total and crustal volume of TTG (with different scales on y-axes) for

a subset of simulations with Tcmb = 6000 K and µ = 0.2 presented in Table 3 and 4

respectively. Empirical fits of the simulation e30x5 are shown in grey. B, D: crustal

recycling rate with insets showing a close up of the oscillations for the same simulations.
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Figure 12: A: total and crustal volume of TTG for simulations with Xdepletion = 0.5, Tcmb

= 5000 K, µ = 0.2 presented in Table 4. B: crustal recycling rate with insets showing a

close up of the oscillations for the same simulations.
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Figure A.13: For simulation e40x9, A, tracer-based field showing the amount of water in

the mantle. The non-dimensional concentration is relative with 1 implying fully hydrated

and 0 meaning no water. B, tracer-based field showing the non-dimensional concentration

of heat-producing element Rh∗ with higher values (yellow) in the crust at the surface. The

dimensional concentration Rh can be computed as Rh = Rh∗He−λt with initial internal

heating rate H, time t and decay constant λ = 1/thalf. C, cell-based viscosity field with

white contours showing regions with the same viscosity from 1020-1026 Pa·s with multiples

of 100. D, cell-based field showing the age of the mantle based on the time since it melted

last. The white contours show parts of the mantle with the same age (1 Ga and 2 Ga).

The black contours highlight TTG crust (≥ 60% in a cell) and its relatively young age.
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Figure B.14: A, B: total and crustal volume of TTG for simulations with different basalt

solidus temperature, Xdepletion = 0.5, Tcmb = 6000 K and µ = 0.2 presented in Table 4 and

3 respectively. Empirical fits of the simulation e30x5 are shown in grey.
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Figure E.15: Total TTG production (left) and TTG crust volume (right). One point per

hundred million years have been extracted from the curves represented in Fig. 11C and

12A for all simulations. Numerical results are presented in the y-axis, empirical fits are

shown on the x-axis. Empirical fits for early stages (black and yellow circles) and late

stages (light purple diamonds and cyan squares) are represented separately (see Table E.7

for their expressions).
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Highlights 
 Formation of Archean TTGs in global geodynamic simulations by 2-step differentiation 

 Two stage crustal growth without present-day subduction or plate tectonics 

 Crustal volume and composition comparable with geological and geochemical data 
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