
Appendix B. Supplementary sections and data1

B1. Outline of Appendix B2

Appendix B contains three Sections (B2, B3, and B4) that supplement3

the results outlined in the main text. Tables B1 and B4 also provide the4

input parameters used in the modelling during this study, with Fig. B15

showing peridotite solidi as a function of pressure and water abundance.6

The distribution of different Grüneisen parameters in the mantle is shown7

in Fig. B2, and the results described in the main text are supplemented by8

Figs B3 through B11 and Tables B2 and B3.9

B2. Total temperature drop and continental crustal growth10

The evolution of Tmean for the 11 realistic runs is shown in Fig. B10,11

with Table B3 providing mean mantle temperatures Tmean,beg at τ = 449012

Ma, Tmean,end at the present day, and the temperature drop, ∆Tmean for the13

runs shown in Figs 1–3 and B10. The average theoretical temperature drop is14

210 K. van Hunen et al. (2008) suggested a decrease of 100–300 K in mantle15

potential temperature since the Archean. Many other authors have arrived at16

similar conclusions although the mechanisms invoked differ. Davies (2006,17

2007) suggested early depletion of the upper mantle and Archean oceanic18

crust thicknesses that were similar to those of the present day but with a19

reduced thermal boundary layer thickness, meaning less subduction took20

place. In contrast, van Hunen and van den Berg (2008) proposed that the21

higher mantle temperatures in the Archean caused a lowering of viscosity and22

an increase in the degree of partial melting of the mantle, yielding thicker23

harzburgitic layers within the lower part of the oceanic lithosphere, a fea-24

ture that again impeded the initiation of subduction. The lower viscosity of25

the mantle during the Archean also increased the frequency of slab breakoff26

events. Both of these subduction mechanisms would have caused mantle27

cooling to temperatures lower than those suggested by simpler models. van28

Hunen et al. (2008) concluded that the efficiency of plate tectonics was sig-29

nificantly reduced with a mantle that had a 200 K higher ambient mantle30

temperature than is the case for the present day. The model of Labrosse31

and Jaupart (2007) shows a modest mantle temperature decline of 150 K32

over the past 3000 Ma, with a simplistic and linear extrapolation over the33

past 4490 Ma yielding a temperature decrease of 225 K. This is close to the34

210 K obtained in our modelling although the structure of the two models35
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is very different. Stacey and Davis (2009) suggested that the decrease in36

temperature at the core–mantle boundary (Tc) was smaller than or equal to37

200 K, and Nakagawa and Tackley (2012) suggested a mantle cooling rate38

of 70 K/Ga. A straightforward linear extrapolation over 4490 Ma yields a39

314 K temperature decrease. Overall, recent modelling suggests that Tmean40

decreases were lower than those suggested by earlier parameterized thermal41

evolution models, with the more recent predictions of ∆Tmean values roughly42

agreeing with the ∆Tmean=210 K value obtained in the present study.43

We have already emphasised that the Ekin, qob and magmatic activity44

curves are not strictly periodically distributed. The evolution of the system45

caused by radioactive decay and other irreversible processes does lead to a46

decrease in the volumetrically averaged mantle temperature (Fig. B10) and47

the associated peaks of juvenile magmatic activity from 2000 Ma onwards48

(Fig. 3).49

Taylor and McLennan (2009) concluded that 50%–70% of the continental50

crust had formed by the end of the late Archean, similar to the results of51

the present modelling (Fig. 3), which shows that, on average, 66.77% of the52

present continental mass existed at τ = 2.5 Ga (cf. Table B2, 8th column).53

Dhuime et al. (2012) reached a similar conclusion whereby 65% of the present54

continental mass was present at τ = 2.5 Ga. The quantity pt25 denotes55

the percentage of continental mass that was developed by τ=2500 Ma. In56

contrast to the thermal and creep-mechanical based predictions, chemical57

differentiation models yield a greater stochastic contribution (Walzer et al.,58

2009).59

Our trendline of integrated continental volumes (Fig. B11) compares well60

with observation-based studies (e.g., GLAM, Begg et al., 2009; Belousova et61

al., 2010; Dhuime et al., 2012). However, our data also provide a differ-62

ent view of the episodicity of continental growth (cf. Fig. 3), primarily as63

none of our results showed the continuous or near-continuous generation of64

continental crustal material. The underlying reason for this episodicity is65

complex. One important control is the reduction of volatile abundances in66

partly melted material by differentiation, where continuing differentiation67

can lead to a sudden increase in volcanism. The escape of a huge amount68

of water from a source region leads to a rapid increase in the solidus tem-69

perature in the source region, thereby initiating a post-paroxysmal time of70

regional quiescence. The initiation of modern-type oceanic lithospheric sub-71

duction at τ=3.0 Ga would have generated more or less steady oceanic plate72

motions. Nevertheless, secondary accretion-related oscillations of continental73
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growth are present as a result of the occasional accretion of oceanic plateaus74

(Martin et al., 2014) or arcs (Davidson and Arculus, 2006) to continents.75

Figures 3 and B11, and Table B2 (8th column) indicate that between76

60.4% and 75.7% of present-day continental mass was in place at τ=250077

Ma. Griffin et al. (2010) suggested that the compositions of xenoliths from78

the subcontinental lithospheric mantle (SCLM) broadly correlate with the79

tectonothermal age of the overlaying continent. Modelling zircon Hf isotope80

data of the database GEOROC (Geochemistry of Rocks of the Oceans and81

Continents) suggests that about 70% of continental mass was generated by82

τ=2500 Ma (Belousova et al., 2009), which is consistent with our modelling83

results.84

B3. Heat flow at the core–mantle boundary85

The flux of heat flow at the core–mantle boundary (CMB) remains con-86

troversial, with Monnereau and Yuen (2010) deriving a present-day total87

CMB heat flow (qc,t0 in our notation) of 5 TW assuming a thermal man-88

tle conductivity of k = 5 W/(m·K). In comparison, Davies (1988) and Sleep89

(1990) derived a value of qc,t0 = 3.5 TW from swell topography. Our research90

yields qc,t9 values between 2.651 and 3.617 TW, where qc,t9 is the total CMB91

heat flow averaged over the last 900 Ma (cf. Table B2, 7th column). This92

corresponds to CMB heat flows (qc9) of between 17.42 and 23.77 mW/m2
93

(cf. Table B2, third column). Nakagawa and Tackley (2015) obtained a final94

total CMB heat flow (qc,t0) of 5 TW for mobile-lid and stagnant-lid cases,95

with the former being similar to the present-day Earth assuming a reference96

density structure of the core similar to the preliminary reference Earth model97

PREM (Dziewonski and Anderson, 1981). Calculated present-day qc,t0 values98

are higher (between 5 and 14 TW) as a result of allocating significant propor-99

tions of U, Th, and K into the core in order to circumvent the cumbersome100

40Ar problem. However, iron meteorites do not contain appreciable amounts101

of U, Th, or K, meaning that we should not exclude the possibility that the102

present-day core is nearly radionuclide-free. However, if qc,t0 < 2 TW, the103

net entropy contribution (Nimmo, 2007) would become negative, making any104

dynamo impossible. This means that qc,t0 must range between 2 and 14 TW.105

Nevertheless, plumes would be possible even if qc,t0 = 2 TW if there was a106

heat producing element-rich layer just above the CMB. The requirements to107

power the dynamo are low, with Christensen and Tilgner (2004) suggesting108

values between 0.2 and 0.5 TW. In addition, attempting to resolve this prob-109
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lem by increasing the primordial heat in the core leads to other difficulties110

(see Appendix C).111

B4. Future research112

This section focuses on the shortcomings and simplifications involved in113

our modelling, in order to propose future improvements to this approach. We114

believe that the essential features of our viscosity function η4 (cf. Fig. B8) are115

realistic. In particular, the assumed high-viscosity transition layer is expected116

to be strengthened by plate-tectonic-driven convection as cold slabs stagnate117

in the transition layer, leaving behind garnet-rich material. However, the118

assumed general level of viscosity is somewhat too high; this assumption is119

necessary for numerical reasons because Rayleigh number values decrease120

as a function of time as a result of diminishing radiogenic heat production121

and cooling of the mantle. The somewhat too low rms surface velocity is122

immediately connected to this shortcoming and can be surmounted only by123

an essential numerical improvement of the Terra code. However, despite124

this imperfection our model significantly improves on both parameterised125

Earth evolution and conceptual models in that it has a physical basis and126

can quantitatively explain a number of features of the chemical and thermal127

evolution of the Earth.128

Our model also demonstrates that periods of quiescence between peaks in129

magmatic activity are essentially caused by the dependence of the peridotite130

solidus on water abundance. However, our model does not include the full131

mantle deep-water cycle, making this one of the most important tasks to be132

undertaken in future research.133

We modelled the accretion of continental material to the continents but134

did not make any assumptions regarding the number, size, form, and dis-135

tribution of the computed continents. Some previous modelling aimed to136

reproduce the observed total topography of the Earth in terms of spherical137

harmonics (Walzer and Hendel, 2008). In addition, our modelling included138

oceanic but not continental rifting; consequently, the inclusion of both pro-139

cesses is a future task for research related to this approach.140

We also considered thermal conductivity k to be constant but varied the141

constant from case to case. A value of k = 5 W/(m·K) worked best with142

our models, although one way of improving this would be to introduce a143

depth-dependent k; however, this would be only a minor improvement in144
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comparison with any possible improvements in the viscosity function used in145

our model.146
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Fig. B1. Variations in peridotite solidi (Tsol) as a function of pres-
sure (P ) and water abundance; modified from Litasov (2011). The curve
for 0 ppm H2O is denoted by Tm0, for 500 ppm H2O by Tm5, and for
1000 ppm H2O by Tm10. Ol = olivine, Wd = wadsleyite, Rw = ringwoodite,
Mg-Prv = magnesium perovskite, Fp = ferropericlase. The MORB adiabat
at a potential temperature of 1588 K is labelled “Adiabat”.
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Fig. B2. Comparison of different Grüneisen parameters (γ) as a function of
depth (h). The γ values according to Stacey and Davis (2009) are denoted
by γSD, with our newly extended acoustic gamma values denoted by γax, and
Debye gamma values denoted by γD.

Table B1.

Physical properties of the mantle as a function of depth (h). The extended
acoustic Grüneisen parameter (γax) and Debye gamma (γD) values were de-
termined using PREM observational values. The Grüneisen parameter of
Stacey and Davis (2009) is indicated by γSD. The quantity Tm0 denotes the
dry peridotite solidus with Tm5 and Tm10 indicating the solidus of peridotite
containing 500 ppm H2O and 1000 ppm H2O, respectively (Litasov, 2011).
The viscosity profile factor of Eq.(5) is indicated by η4, with Tad indicating
the adiabatic temperature of the mantle, α representing thermal expansivity,
and cp indicating specific heat values at a constant pressure. NaN means
”Not a Number” as is customary in information technology.
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Fig. B3. Present-day distribution of continents (red), oceanic lithosphere
(yellow), and oceanic plateaus (black dots). These diagrams are based on,
from top to bottom, f3 values of 0.991, 0.989, 0.987, and 0.985, respectively.
All four diagrams have constant rn (0.5), σy (120 MPa), and k (5.0 W/(m·K))
values. Arrows signify present-day surface creep velocities.
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Fig. B4. Typical run (Run 580) of the model discussed in this study. The
first panel represents episodes of juvenile magmatic activity, whereas the
second panel displays the laterally averaged heat flow (qob) at the Earth’s
surface. The third panel shows volumetrically averaged temperatures (Tmean)
as a function of age, and the fourth shows the kinetic energy of solid-state
creep convection in the mantle (Ekin). Finally, the growth of the integrated
mass of all of the continents is represented by the fifth graph. It should
be noted that this run is shown as an example and that the run with the
best agreement with the observed parameters (case 498) is not shown in this
paper.
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Fig. B5. Temporal distribution of juvenile contributions to the total mass
of the continents for two cases (a B-run in the upper panel and a C-run in
the lower panel) run without a water-dependent solidus. The rate of the
converted continental-tracer mass was averaged over 25 Ma and is plotted in
a discretised form after converting into units of 1018 kg/Ma.
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Fig. B6. Equatorial section through the mantle showing the present-day
state of the chemical evolution of incompatible elements of the Earth’s man-
tle for a case without a water-dependent solidus. Depleted mantle (DM)
and mantle sections that are enriched in incompatible elements are strongly
intermixed, with mantle volumes with more than 50% DM coloured yellow
and relatively enriched sections with less than 50% DM coloured orange. In
general, the yellow–orange boundary does not correspond to any discontinu-
ity in U, Th, or K abundances. This model has a yield stress of 120 Pa and
a viscosity level parameter value of –0.50. Very high creep rates are denoted
by arrows.
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Fig. B7. Laterally averaged mantle temperature profile (solid line) during
the final period of nearly separate bulk convection circulation in case 498. A
range of mantle geotherms from parameterised evolution models (Schubert
et al., 2001) is shown as dashed lines for comparison, where a and b denote
geotherms relating to whole-mantle and layered convection, respectively. av.
stands for averaged.
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Fig. B8. Comparison of the viscosity function (η4) derived in this study
(solid line) with the mantle viscosity profile of Mitrovica and Forte (2004).
The shading denotes the error bars of the model of Mitrovica and Forte
(2004). The depth C is defined by the first coincidence of our viscosity
function with 1021 Pa·s. Averaging of our viscosity function between the
depth values C and 1250 km yields 1021 Pa·s.
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Fig. B9. Comparison of the present-day viscosity obtained from case 498
(solid line) with the viscosity derived by Mitrovica and Forte (2004).
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Fig. B10. Evolution of volumetrically averaged temperature values between
τ = 4490 Ma and the present day. This modelling employed variations in
the melting-criterion parameter (f3) between 0.999 (top panel) and 0.979
(bottom panel) in steps of 0.002, with σy (120 MPa),rn (0.5), and k (5.0
W/(m·K)) values kept constant.

22



Fig. B11. Models of continental growth over time, extended from fig.
2(a) in Roberts and Spencer (2015). This diagram shows the integrated
volume of the continental crust as a function of age. The black curve is
our purely computational result (run 498) based on a solution of the physical
balance equations plus a simplified model of crust–mantle differentiation that
is dependent on generally accepted geochemical observations. Comparisons
with other observational findings indicates that the run shown in this diagram
produces the optimal results. Our black curve resembles other modern crustal
growth curves (GLAM, Global Lithospheric Mapping, Begg et al. (2009),
Belousova et al. (2010), Dhuime et al. (2012)), with our modelling yielding a
pronounced episodicity. Estimates of the timing of the onset of modern-style
subduction are indicated by black arrows (H08, Hopkins et al. (2008); NJ10,
Nebel-Jacobsen et al. (2010); DP08, Dilek and Polat (2008); C09, Chen et al.
(2009); VK11, van Kranendonk (2011); D12, Dhuime et al. (2012); S05, Stern
(2005). The vertical axis denotes the percentage of present-day continental
crust volume.

Table B2. Columns 2–8 show our computational results, where the presence
of a subscript 9 indicates that the six values are averaged over the past 900
Ma. For example, qob9 is based on qob, the laterally averaged surface heat
flow, qc9 on qc, the laterally averaged CMB heat flow, Ekin9 on Ekin, the
kinetic energy of the convective flow, Tmean9 on Tmean, the volumetrically
averaged mantle temperature, qob,t9 on qob,t, the total surface heat flow, and
qc,t9 on qc,t, the total CMB heat flow. The quantity pt25 is the percentage of
the present-day continental area that existed at τ = 2500 Ma.
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Table B3. Columns 2–4 present volumetrically averaged mantle temper-
atures at the beginning of the evolution of the crystalline Earth’s mantle
(Tmean,beg), the present-day volumetrically averaged mantle (Tmean,end), and
the difference between the two (∆Tmean = Tmean,beg − Tmean,end) for the same
sequence of runs as listed in Table B2.
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Table B4. Model parameters

Parameter Description Value
rmin Inner radius of spherical shell 3.480 × 106 m
rmax Outer radius of spherical shell 6.371 × 106 m

Temperature at the shell
boundary 288 K

h1 Depth of the exothermic
phase boundary 4.10 × 105 m

h2 Depth of the endothermic
phase boundary 6.60 × 105 m

γ1 Clausius–Clapeyron slope for the
olivine–wadsleyite transition +1.6 × 106 Pa·K−1

γ2 Clausius–Clapeyron slope for the
ringwoodite–perovskite transition –2.5 × 106 Pa·K−1

fa1 Non-dimensional density jump for
the olivine–wadsleyite transition 0.0547

fa2 Non-dimensional density jump for
the ringwoodite–perovskite transition 0.0848
Begin of the thermal evolution of
the solid Earth’s silicate mantle 4.490 × 109 a

d1 Non-dimensional transition width
for the olivine–wadsleyite transition 0.05

d2 Non-dimensional transition width
for the ringwoodite–perovskite transition 0.05
Begin of the radioactive decay 4.565 × 109 a

ct Factor of the lateral viscosity variation 1
k Thermal conductivity 5 W·m−1

·K−1

nr + 1 Number of radial levels 33
Number of gridpoints 1.351746 × 106
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