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ABSTRACT

This paper presents the computational basis for the study of Walzer and Hendel (2022), who consider the re-
lationships between continental growth, sedimentary geology, natural climate change, and ice ages. Here we
solve the full set of balance equations for mass, energy, momentum, and angular momentum for a 3D spherical-
shell mantle. The assumed radial distribution of viscosity is given in Appendix B. Furthermore, the modeled
viscosity depends on temperature and water concentration. The modeled mantle is internally heated by the
radioactive decay of 28U, 23°U, 232Th, and “°K. The heat-producing elements are redistributed by chemical
differentiation in spatial regions due to partial melting. Thus, in a simplified way, continental material is formed,
which accumulates at the surface of a sphere, moves sideways in a non-prescribed way due to flow, and accretes
to form continents. The growth curve of the total mass of continental crust resembles that of realistic geological
models. We present in Appendix B the Griineisen parameter, adiabatic temperature, thermal expansivity, and
specific heat as a function of depth. The temporal distribution of juvenile additions to the continents, as obtained
using our model, has a marked resemblance to global detrital zircon ages published by Puetz and Condie (2019,

2022). The results indicate the continental crust grew in an episodic manner rather than by steady state.

1. Introduction

This paper considers mainly the formation of the continents by
chemical differentiation of the mantle. We attempt to show that conti-
nent evolution is mainly a consequence of the thermal evolution of the
mantle. This process can be numerically modeled by solving the con-
servation equations of physics. As such, a coherent solution is sought
that considers the system as a whole. The energy source for this process
begins with the primordial heat of Earth, which originated from the
kinetic energy of impacting planetary material and, secondly, the
radioactive decay of uranium, thorium, and potassium. The formation of
the continents in the middle of the oceans had a profound effect on the
evolution of the atmosphere and natural climate change. In turn, climate
change drives changes in sedimentary geology. Condie et al. (2021)
noted correlations in time-series between detrital zircon ages, orogens,
plate velocities, and large igneous provinces (LIPs), and suggested these
require a common global process, although the drivers of such cycles
remain unclear. In this paper, we numerically explore the relationships
between continent generation, detrital zircon ages, and the thermal and
chemical evolution of the mantle. This paper provides the theoretical
basis for the study of Walzer and Hendel (2022), who examine the re-
lationships between geological processes and natural climate change.
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Similar to Condie et al. (2021), we show the systematic relationships
proposed in previous studies are not consistent with the available data.
In this paper, we investigate the generation of juvenile continental crust.
For the younger geological record, since ca. 3 Ga, the chemical
composition of the continental crust is determined by processes linked to
subduction (Rudnick and Gao, 2003) and, to a minor extent, oceanic
plateaus. Given that plate motions are relatively uniform, the production
of new continental crust should also be relatively constant. However,
global detrital zircon crystallization ages show distinct clustering and
peaks. Granitoid age peaks defined by thermal ionization mass spec-
trometry data have even narrower clusters and peaks (Condie et al.,
2009). Hawkesworth et al. (2009, 2019) and Cawood et al. (2013)
proposed that production of new continental material is approximately
constant over time, but that preservation potential is variable. The
preservation potential is thought to be greater for late-stage collisional
events as supercontinents were amalgamated. In this interpretation, the
zircon age maxima do not coincide with peaks of real growth of conti-
nental crust, but to time intervals of elevated preservation potential.
However, Albarede (1998) argued that oceanic plateaus are entrained
with oceanic plates, and these become accreted to the continents during
subduction. Silicic magmas are subsequently generated by this process.
Therefore, such continental additions appear to be episodic in nature.
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Arndt and Davaille (2013) suggested that episodic generation of large
plumes occurs from a layer above the core-mantle boundary (CMB).
These plumes produced komatiites and basalts preserved in greenstone
belts. The plumes indirectly caused an acceleration of plate motion and
associated subduction, as well as distinct pulses of granitic magmatism.
Condie et al. (2017) used the Nd isotopic compositions of silicic igneous
rocks to determine the proportion of juvenile input into the continental
crust. Condie et al. (2017) concluded that accretionary orogens were
more abundant than collisional orogens during periods coinciding with
zircon age maxima. Juvenile crust is both generated and preserved
during the accretion of orogens. Therefore, Condie et al. (2017) inter-
preted the zircon age peaks to represent peak periods of continental
crustal growth. However, in reality, this problem is more complex, as
considered in more detail by Walzer and Hendel (2022). Recently,
Reimink et al. (2021) used a sample-based analysis to show that zircon
abundance trends over time reflect either intermittent zircon production
or an instantaneous preservation bias that has an immediate effect on the
rock record. The geodynamic problem of the plateness of oceanic lith-
ospheric pieces on a spherical shell has already been solved numerically
by Walzer et al. (2004). The presence of two internal low-viscosity layers
is conducive for plateness and thin sheet-like downwellings.

2. Four diverse types of models

In this section, we present the details of four different types of models
that are of consequence to the present paper and Walzer and Hendel
(2022). The geosciences consist of different branches with very different
methods. This existing diversity is inescapable, and it is not possible to
arrive at robust findings without linking the different branches together.
Nevertheless, we must be aware of this diversity when drawing the ul-
timate conclusions.

Various branches of theoretical physics belong to the first type of
models used here. This first type is able to predict an incredible amount
of measurement data with small error margins. Moreover, it is charac-
teristic of this first type that it is able to predict the results of different
physical phenomena. Third, it is possible to infer the specific physical
model from measured data because the measured data have small error
bounds. Therefore, this kind of models could be called double exact
models. We give some examples to illustrate this.

Two comprehensive and accurate theories of quantum mechanics
have been established by Heisenberg (1926b,a) and Schrodinger
(1926a, 1926). An early finding was that quantum mechanics could
exactly predict the spectrum of hydrogen. Furthermore, the most
important features of the periodic table of elements can be elucidated
from the atomic model based on quantum mechanics. Wigner (1959)
applied group theory to quantum mechanics, and showed how to derive
the structure of atomic spectra for the ground and excited states. Based
on this theory and on precise measurements of peaks in the solar spec-
trum, it was possible to quantify the elemental abundances in the
present-day photosphere of the Sun. Apart from highly volatile ele-
ments, the distribution of elemental abundances in the photosphere and
CI carbonaceous chondrites are similar (Lodders et al., 2009; Asplund
et al., 2009). The mass concentration ratios of the chemical elements in
CM chondrites relative to CI chondrites decrease as a function of 50%
condensation temperature at 10~* bar (Lodders et al., 2009). This
observation, combined with similar findings, suggests that CI chondrites
have the highest abundances of moderately and highly volatile elements
in comparison with all other types of meteorites. This result, in addition
to photosphere-CI chondrite similarities, suggests that the CI composi-
tion, or a derivative of it, could have been the starting chemical
composition of Earth. This is fundamental for our assumptions con-
cerning the chemical composition of Earth's mantle, which is the basis
for our computational model.

The second type of model is based on first principles (e.g., on a branch
of theoretical physics or a compatible combination of two such
branches), but there is non-negligible uncertainty with respect to some
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input parameters. This type of model is referred to as a one-sided exact
model. We will present a model of the second type in Section 3.

The third type consists of various box models. In the case of climate
research, it is impossible to solve the full set of conservation equations.
Considering only the atmosphere, it is necessary to solve the conserva-
tion equations and the Clausius-Clapeyron equation to compute the
dependence of the maximum vapor pressure on the air temperature.
Furthermore, it is necessary to include the Stefan-Boltzmann Law to
estimate the natural greenhouse effect. To simplify complex systems,
this third type of model has been introduced where the system is
replaced by boxes. These reservoirs are thought to be mixed homoge-
neously. The energy or material fluxes between the boxes are assumed to
be proportional to the concentration differences. The climate model of
Strassmann and Joos (2018) is comparatively simple, being a reduced
form of a carbon cycle-climate model. There are many climate models
and it is difficult to evaluate these, since many of the models are related
(Morgenstern et al., 2017). Jiang et al. (2016) evaluated 77 coupled
global climate models (GCMs) used in compiling the 3rd to 5th Assess-
ment Reports of the Intergovernmental Panel on Climate Change (IPCC)
and assessed whether these models are able to simulate the average and
year-to-year variability of surface air temperatures at 2 m above the
ground, precipitation over China, and average East Asian monsoon for
the last decades of the 20th century. For the temperatures, the more
recent GCMs achieved essential improvements. For the precipitation and
monsoon, the more recent model runs showed nearly no improvement
compared to the older runs. Zhu et al. (2019) investigated the temporal
spectrum of observed global surface temperatures using the database of
Zinke et al. (2017). They showed that the hierarchy of climate models
can produce increased variance in global mean temperatures at low
frequencies. Zhu et al. (2019) also confirmed a scaling break between
orbital and annual peaks, occurring at about millennial periodicities.
One critical element in these models is the unknown initial conditions of
the deep ocean. We note that this type of analysis is unreliable if the
system is suddenly disturbed from below (e.g., by the generation of a
large igneous province [LIP]) or from above (e.g., from outer space).

The fourth type of model is stratigraphic models. These are important
in determining, for example, the onset and termination of ice ages. Full
details of such models are provided by Walzer and Hendel (2022).

3. Model description

The model employed in this study is a one-sided exact model. We
solved the full set of balance equations for the 4567 Ma history of Earth's
mantle by varying physically reasonable input parameters. Conse-
quently, numerous runs were necessary. We used a combined numerical
strategy for modeling convection by solid-state creep in Earth's mantle,
as well as partial melting in some regions of the upper mantle. These
processes lead to the segregation and formation of the precursors of
continental crustal materials, as well as mixing in the remaining mantle.
We solved the differential equations relating to infinite Prandtl number
convection, using a three-dimensional finite element spherical-shell
method that ensures the conservation of mass, momentum, and en-
ergy. The mass balance equation is as follows:

%)
Vv =0 )
t
With an anelastic-liquid approximation this simplifies to

Vv = —}) v-Np ®)

where p is density, t is time, and V is velocity.
The conservation of momentum can be written as
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where P is pressure, g is acceleration due to gravity, and i is the
deviatoric stress tensor.
The energy balance can be expressed as

p {% + 74V] u=V\- (kVT) +0Q— PV +opén+PNV-V (C))

where u is the specific internal energy, k is thermal conductivity, T is
absolute temperature, Q is the heat generation rate per unit volume, oy
are the stress tensor components, and é; are the strain rate tensor
components. Using thermodynamics, it is possible to obtain Eq. (5) from
Eq. (4) without any approximation:
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where x; are the components of the position vector, v; are the compo-
nents of the creeping velocity vector, y is the thermodynamic Griineisen
parameter, and c, is the specific heat at a constant volume. Notably, the
occurrence of ¢, in Eq. (5) is in total accordance with the occurrence of ¢,
(i.e., specific heat at constant pressure) in the commonly used formula
for the energy balance. The deviatoric stress tensor can be expressed as

v Ove 20y
T = W(axk + o 3 axjéik) (6)

in Egs. (3) and (5), where 7 is viscosity.

Appendix A presents a detailed derivation of Egs. (1)-(7), which are
suitable for undergraduate students of physics or geophysics. These
equations follow from the basic principles of physics (i.e., the equations
express the conservation of mass, momentum, energy, and angular
momentum). The numerical values of the material parameters in the
equations are given or derived in Appendix B, and were determined from
geophysical measurements or mineralogical experiments.

To solve the equations, we used the Terra code of Baumgardner
(1983). This code has been advanced by Bunge and Baumgardner
(1995). In the multi-grid procedure, prolongation and restriction are
handled in a matrix-dependent manner. In this way, it is possible to
accommodate the large variations and steps in the coefficients associ-
ated with strong viscosity gradients (Yang, 1997). For the formulation of
the chemical differentiation, we modified a tracer module developed by
Dave Stegman. Further improvements of the simulation of lithospheric
plates on a spherical-shell mantle after ca. 3.0 Ga were achieved by
Walzer and Hendel (2008).

The viscosity function is fundamental for the evolution of the system.
Some features of this function are as follows.

(a) A chemically homogeneous layer of the mantle cannot have a
constant viscosity, because of the pressure dependence of the
activation enthalpy. Therefore, the viscosity usually increases
with pressure. Compensation or even over-compensation for the
temperature dependence is only possible near the CMB because of
the extremely high temperature gradient in the D" layer.

(b) Viscosity discontinuities only occur in chemically homogeneous
parts of the mantle at phase boundaries, because P and T do not
show stepwise changes.

(c) Atdepths of 410, 520, and 660 km, the olivine lattice changes to a
denser packing of atoms. Therefore, it would be incorrect to as-
sume that there are only stepwise changes in seismic velocities, v;
and v, and the density, p, but not for the activation energy and
volume. Given that the activation enthalpy is in the exponent of
the viscosity function, we expect appreciable viscosity stepwise
changes to occur.

Walzer and Hendel (2013) introduced a new master function for
viscosity, called function 74, which is based on the above constraints. For
the numerical computations, we used the following:
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where r is the radius, 6 is the co-latitude, ¢ is longitude, t is time, r, is the
viscosity level parameter, ¢; and ¢ = 7 are parameters, Tp, is the melting
temperature, T, is the laterally averaged temperature, Ty, is the starting
temperature, and 74 is the radial viscosity profile.

The viscosity function, 74, resembles the viscosity profile of Mitrov-
ica and Forte (2004), although its derivation is different. The radial
dependence of viscosity, n4(r), is based on solid-state physics consider-
ations. We used the mean of the relative viscosity curve between the
lithosphere-asthenosphere boundary (LAB) and a depth, h, of 1250 km.
The absolute value of this mean was defined as 10*'Pa-s (i.e., the
observed Haskell value). Furthermore, the Griineisen parameter, y, is
important for solid-state geophysics. In the present paper, y explicitly
appears in Eq. (5). However, it is more important that the slope of the
fusion curve, as a function of pressure, depends strongly on the Grii-
neisen parameter (Gilvarry, 1956). See also Eq. (B1) in Appendix B.
Therefore, the melting temperature, Tp,, depends strongly on the Grii-
neisen parameter, y. Inserting T, into Egs. (7), (6), (5), and (3)), in that
order, demonstrates the significance of y for mantle-crust evolution.
Prior to 2013, we utilized the Vashchenko-Zubarev gamma, yy;. How-
ever, because the shear modes provide an essential contribution to y, we
have replaced yyz with the acoustic gamma, y,, as follows:

1 Kr 0Ky 4 (ou
e (5,443
s (@) : 6
The quantity K is the adiabatic bulk modulus, K7 is the isothermal bulk
modulus, and y is the shear modulus. For the depth interval between 771
and 2741 km, we used the Preliminary reference Earth model PREM
(Dziewonski and Anderson, 1981) and Eq. (8) to determine y,. PREM
was derived from geophysical observatory measurements. For h<771
km and in the thin D" layer immediately above the CMB, the observed
dK/dP and du/dP of PREM lead to physically implausible depth varia-
tions of y. Therefore, we used the gamma estimates of Stacey and Davis
(2009) for these depth ranges. The combined Griineisen parameter is
called the extended acoustic gamma, yq. The basis of the approach
outlined here is to utilize measured quantities to avoid assumptions, as
far as possible. For example, we applied Eq. (8) to estimate the Grii-
neisen parameter. In this case, it is not required to assume the mantle
mineralogy because the input parameters are well known from seis-
mology. For the lower mantle, our quantity yg lies between the gamma
of Stacey and Davis (2009) and the Debye gamma. The differences be-
tween the three y curves are small, as shown in Fig. B2 of Appendix B.
However, in the case of the heat generation rate per unit volume, Q,
geochemical considerations are necessary. Here we present only a brief
outline of our approach. The formation of basaltic oceanic crust occurs
by single-stage melting of the depleted mantle (DM) near a mid-ocean
ridge (MOR). According to Hofmann (2003), 30% to 80% of Earth's
mantle is depleted mantle (DM) in terms of incompatible elements (e.g.,
U, Th, K, and rare earth elements), although Bennett (2003) suggested
the proportion is 30% to 60%. The low-viscosity asthenosphere consists
preferentially of DM as verified by observations at MORs. However, the
production of continental crust (CC) is much more complex. Further-
more, the chemical composition of the lower continental crust (LCC) is
poorly constrained. It is assumed to be andesitic or andesitic-basaltic in
composition (i.e., about 56.5 wt.% SiO2). A minimum of two stages of
chemical differentiation is necessary to produce the granodiorite-
dominated upper continental crust (UCC).

We did not include specific CC differentiation mechanisms in our

)

7a =
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Fig. 1. Comparison of our mantle—crust evolution model based on theoretical physics (upper panel) with the observed global detrital zircon age distributions (lower
panel) from Puetz and Condie (2019). The red line in the upper panel shows episodes of juvenile magmatism, which result in a new contribution to the continental
crust. The lower panel is for zircon ages where the probabilities have 25 Ma bins. The colored curves are as follows: lower red = modern sediments; yellow = 500-1

Ma depositional ages; brown = 1000-501 Ma depositional ages; light green = 1

500-1001 Ma depositional ages; dark green = 2000-1501 Ma depositional ages; blue

= 2500-2001 Ma depositional ages; purple = depositional ages older than 2500 Ma. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

global convection model, but instead undertook this in a simplified way.
We designed a dynamic 3D spherical-shell convection model of Earth's
mantle and incorporated the solidus, Ty, for peridotite (Litasov, 2011),
which is not only a function of pressure, P, but also of the water con-
centration. Variable water contents are rarely considered in truly dy-
namic models. Compare Fig. Bl of Appendix B. Large-scale partial
melting occurs only under the following condition:

T>fsTn 9

or when the total water abundance exceeds the water solubility (Litasov,
2011; Mierdel, 2006; Mierdel et al., 2007). The quantity f3 is a param-
eter that is somewhat smaller than or equal to one, and that we vary in
different Terra runs. Given that large amounts of water escape during
each chemical differentiation event, the solidus will be increased for
some time after the differentiation event. We used a concept for chem-
ical mantle reservoirs that is considerably different than in previous
studies (e.g., Hofmann, 2003). We did not assume abrupt boundaries
between the reservoirs, but defined the time-dependent chemical
composition of a specific mantle location from the mixing ratio of the
conventional reservoirs using their concentrations of incompatible ele-
ments, taken from McCulloch and Bennett (1994). We considered three

chemical mantle reservoirs (CC, DM, and PM) with different abundances
(Walzer and Hendel, 2013, 2017) of the heat-producing elements U, Th,
and K. The segregation processes act to rapidly change the distribution
of these elements, and the resulting distribution is slowly modified by
solid-state mantle convection. As such, solid-state creep is slowly
replenishing the DM area with radioactive elements. Given that the heat
generation rate per unit volume, Q, depends on the temporally and
spatially variable abundances of U, Th, and K, there is a feedback be-
tween the convection and thermal evolution of the mantle. Our model is
based on a numerical solution of the balance equations of energy, mo-
mentum, moment of momentum, and mass in a spherical shell, which
represents Earth's mantle. Furthermore, we use equations that conserve
the four sums of the number of atoms of the pairs 238U-2%6pp,
235(;_207py, 2327}, 208pp, and 40K 40y

4. Results

Puetz and Condie (2019) presented time-series analyses of seven
global isotopic databases, for zircon Lu-Hf isotope data, whole-rock
Sm-Nd isotope data, U-Pb detrital zircon ages, U-Pb igneous zircon
ages, U-Pb non-zircon ages, whole-rock Re-Os isotope data, and LIP
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Fig. 2. Example of the effects of varying the input parameters on the chronological sequence of episodes of juvenile magmatism that contributed to continental
growth. We varied the melting criterion parameter, f3, from 0.997 (top panel) to 0.991 (bottom panel) in steps of 0.002. The visco-plastic yield stress, o, = 120 MPa,
viscosity level parameter, r, = 0.5, and mantle thermal conductivity, k = 5.0 W/(m-K), were kept constant.

ages. Thus, these databases expand those of Condie et al. (2015). Par-
man (2015) also examined a large database of detrital zircon U-Pb ages
(n > 200,000) and found peaks at similar ages. In our dynamic computer
model, we varied the input parameters in (Ra, oy, k, f3) space, where Ra
is the Rayleigh number of the mantle, oy is the viscoplastic yield stress of
the lithosphere, k is the thermal conductivity of the mantle, and f3 is the
inequality parameter (9). The laterally averaged surface heat flow
density, qob, temperature profile, and the number, size, form, distribu-
tion, and surface velocities of the continents are the results. No con-
straints were prescribed. It is remarkable that all the computed output
parameters converge to the observed parameters, if we approach a
certain point in (Ra, oy, k, f3) space. The corresponding computer run is
case 498. The newly produced continental mass exhibits episodic tem-
poral distribution in all runs. Fig. 1 compares case 498 with the global
detrital zircon age distribution of Puetz and Condie (2019). It is obvious

that in addition to the calculated thermal and chemical evolution of the
mantle, the different preservation potential of crustal rocks is important
in controlling the temporal distribution of the observed zircon ages.
Therefore, it is unsurprising that for ages older than 2900 Ma our
calculated continental increments are greater than those observed from
the zircon ages. However, all our runs exhibit similar patterns, with
episodes of strong juvenile continental crustal growth interrupted by
periods of quiescence. This applies to all physically meaningful combi-
nations of input parameters. Therefore, we propose that the series of peaks
and troughs in the global detrital zircon age distribution of Puetz and Condie
(2019) are largely produced by chemical differentiation in temporarily
(partially) molten regions of the upper mantle (Fig. 1). As such, the growth of
continental crust was episodic rather than steady state, in contrast to the
conclusions of Cawood et al. (2013). In some time periods, we obtain a
good correspondence between the observed and computed peak ages.
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Fig. 3. Evolution of the laterally averaged heat flow density, qob, at Earth's surface. The curves were computed with varying f3 from 0.997 (top panel) to 0.991
(bottom panel) in steps of 0.002. The quantities 6, = 120 MPa, r, = 0.5, and k = 5.0 W/(m K) were kept constant. The temporal average of qob for the last 200 Ma is

referred to as qobg,.

This is notable because our input parameters only apply within assigned
uncertainty boundaries.

The fact that only from an age of 2900 Ma onwards the observed and
the calculated growth curve of the continents essentially agree, could
possibly also have to do with the earlier considerably stronger recycling
of continental material back into the mantle and a change in the
chemical composition of the upper continental crust. Nebel et al. (2018)
show that there was a profound change in crustal chemistry thereafter.
Around 2760 Ma, transitional TTGs (tonalites, trondhjemites, and
tonalites) are observed, followed soon after by sanukitoids. Soon
thereafter, underplating is observed to a greater extent. Cawood et al.
(2018) show that the transition from TTGs on the one hand to sanuki-
toids, hybrid granitoids and Bi and 2 mica granitoids on the other is not
exactly simultaneous. The transition in the Pilbara region was earlier
than in most other areas.

It is not important to understand Egs. (1)-(9) in simple terms and

why the solutions yield episodic events. Egs. (1)-(6) represent the basic
equations of classical fluid dynamics for infinite Prandtl numbers, Egs.
(7) and (8) are advantageous in that we can extrapolate the Haskell
value of viscosity using observed seismic data downward to the CMB. All
geophysical parameters necessary for the calculations are provided in
Appendix B. These are based on robust measurements, which of course
have uncertainties. To be precise: it is neither necessary nor possible to
explain the whole system exactly in words. One must understand the
principles of physics. And even then it is not possible to explain the exact
location of the spacings of the events in words.

One advantage of our methodology is that it is not possible to adjust
the numerical results to fit the observations (i.e., in this case the dis-
tribution of zircon ages). Moreover, the correct present-day continental
mass and laterally averaged surface heat flow density were both ob-
tained in the same computer run. In addition, the laterally averaged
present-day temperature as a function of depth corresponds
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Fig. 4. Evolution curves for case 498. For this run, the viscosity level parameter was r, = 0.5. This corresponds to a Rayleigh number, Ra, of approximately 108, The
visco-plastic yield stress is o, = 120 MPa, the thermal conductivity of the mantle is k = 5.0 W/(m K), and f3 = 0.995. The first panel shows the juvenile contributions
to the continental crust; the second panel shows the laterally averaged surface heat flow density, qob; the third panel shows the Urey number, Ur; the fourth panel
highlight the slow decrease of Tpeqn (i.€., the volumetrically averaged mantle temperature); the fifth panel shows the kinetic energy, Ejin, of mantle convection.
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Fig. 5. Comparison of our computed curve for con-

tinental crustal growth (red) and various crustal
growth model curves compiled by Cawood and
Hawkesworth (2019). Violet curves = Fyfe (1978)
and Armstrong and Harmon (1981); green curves =

Campbell (2003) and Pujol et al. (2013), blue curves
= Belousova et al. (2010), Dhuime et al. (2012), and
Roberts and Spencer (2015); brown curves = Allegre
and Rousseau (1984) and Condie and Aster (2010);
black dashed curves = Goodwin (1996) and Arte-
mieva (2006). (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)

(%) 1SNJO |BJUBUIIUOD JO BLUN|OA

approximately to other estimates (Katsura, 2022). Given the tight
nesting of the system of equations, it is encouraging to note the simi-
larity of our calculated results with the global detrital zircon age dis-
tribution of Puetz and Condie (2019) (Fig. 1).

We also varied the input parameters to our model, and some results
are presented in Figs. 2 and 3. In a physical system, all processes are
intrinsically linked. Therefore, we make a point of showing that the run
which produced the good accord with the observed global isotopic data
(Fig. 1), generates also other reasonable results. In Fig. 4, we compare
the evolution of the mass of newly generated continental crust; laterally
averaged heat flow density, qob, at Earth's surface; Urey number, Ur;
volumetrically averaged temperature, Tpeqn, Of the mantle and crust;
and kinetic energy, Ekin, of solid-state convection in the mantle. As a
result, there are magmatically quiescent intervals between the active
periods (Fig. 4). Furthermore, qob, Ur, and Ej;, show distinct sinusoidal
curves over time, superimposed on a slowly decreasing trend (Fig. 4).
However, the volumetrically averaged mantle temperature, Tpeqn, does
not change rapidly and decreases monotonously (cf. Fig. 4, fourth panel).

This result is consistent with the findings of Gurnis and Davies (1986).
Therefore, we can dismiss catastrophic mechanisms that simultaneously
involve the entire mantle. The third panel of Fig. 4 exhibits our present-
day Urey number (i.e., the mantle heat production divided by the heat
loss at the surface) is somewhat lower than 0.5. Conventional Urey ratio
estimates are 0.21-0.49. However, Lenardic et al. (2011) showed that
convection simulations with continents lead to Urey ratio estimates of
0.33-0.76. Lay et al. (2008) estimated the total heat flow at Earth's
surface to be 43-49 TW. This corresponds to a present-day qob of
84.3-96.1 mW/m?. Davies and Davies (2010) preferred an estimate of
47 £ 2 TW.

Various approaches have been used to estimate the temporal evo-
lution of the volume of continental crust (Fig. 5). The models of Fyfe
(1978) and Armstrong and Harmon (1981) assume that the continental
crust formed rapidly during the Hadean, and that its evolution was
controlled solely by recycling. Fyfe (1978) concluded from his some-
what simple model that the continents originated in the Hadean and that
their total mass decreased slightly during Earth history. In contrast, the

Run 498 f3 =0.995
Age = 0.0000 Ma

c,= 120 MPa r,=0.50
Max vel = 1.647 cm/a

meridian 180° midmost
Av hor vel =0.54 cm/a

Fig. 6. Present-day distribution of the continents (red), oceanic lithosphere (yellow), and oceanic plateaus (black dots) for run 498. The quantities r,, = 0.5, o, = 120
MPa, k = 5.0 W/(m-K), and f3 = 0.995 were kept constant. The arrows show the present-day creep velocities at the surface. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Goodwin (1996) and Artemieva (2006) models were based on the
present-day distribution of ages and thickness of continental crust, and
did not consider the paucity of the early record. Similarly, the Condie
and Aster (2010) model was inferred from presently preserved rocks with
different Nd and Hf isotopic ages. The Allegre and Rousseau (1984)
model was derived from the Nd isotope ratios of Australian shales.
Belousova et al. (2010) suggested that Hf model ages could be used as a
proxy for continental crustal growth. However, Arndt and Davaille
(2013) disputed this, because an analysis of associated epsilon Hf(t)
values indicated that nearly all zircons are contaminated to various
degrees by crustal reworking, which combines two or more age com-
ponents of the continental crust without resetting the zircon ages in the
host rocks. To alleviate this problem, Korenaga (2018) proposed an
unmixing model to constrain the juvenile component of continental
crust, and concluded that crustal production is episodic. In a slightly
different approach, Dhuime et al. (2012) and Roberts and Spencer
(2015) used the radiogenic U-Pb and Lu-Hf isotope systems in combi-
nation with 5'80 data. While each approach has its own limitations,
collectively the methods clarify the possible mechanisms for the evo-
lution of continental crust. We propose that the blue curves (Belousova
et al., 2010; Dhuime et al., 2012; Roberts and Spencer, 2015) in Fig. 5
are a good approximation. However, our model is deduced quite
differently. It is based on theoretical physics. It is notable that our red
evolution curve plots between the blue curves for most of the period of
mantle evolution. The episodic nature of the red curve is evidently
realistic because of Fig. 1. We also suggest that the high initial rate of
crustal generation during the Hadean is realistic. Fig. 6 shows a repre-
sentative present-day distribution of continental and oceanic crust, and
oceanic plateaus. At present, the computed continents cover 42.2% of
Earth's surface. According to Head (1990), the observed continental
crustal area of Earth is 41% of its surface. If we include the continental
slope down to 2000 m depth as being continental in nature, then 40.7%
of Earth's surface is covered by continents.

We now want to extend the comparison of our episodes of conti-
nental crust formation, calculated on a theoretical-physical basis, shown
in Fig. 1, with further observational data. Puetz and Condie (2022)
enlarged the detrital zircon databases (DB) of Voice et al. (2011) and
Roberts and Spencer (2015) and combined them with the DB of Puetz
and Condie (2019) and Puetz and Condie (2021) to create a DB with
nearly one million records. Fig. 7 shows a comparison of our theoretical
curve with the new combined DB. At this point, it is perhaps appropriate
to make a few basic comments. This is because the conclusions drawn
from them are not always taken into account in geology. It is now
generally accepted that thermal convection in the Earth's mantle is the
main cause of lithospheric plate motions, orogenesis, and even Archean
tectonic phenomena that do not conform to the rules of plate tectonics.
The convection, in turn, is a consequence of the thermodynamics of the
mantle. The basis of all thermodynamics are the four main laws.

The zeroth law is: The system A is in thermal equilibrium with the
system B. The system B is in thermal equilibrium with the system C. If
these two statements are fulfilled, it follows that the two systems A and C
must also be in thermal equilibrium with each other.

The first law reads: The change in internal energy of a closed system
is equal to the sum of the change in heat and the change in mechanical
work. This is the theorem of conservation of energy.

The second law is: There is no change of state whose only result is the
transfer of heat from a body of lower temperature to a body of higher
temperature. Or: It is not possible to construct a cyclically operating
machine that produces no effect other than the transfer of heat from a
colder to a warmer body. This is the entropy theorem. In a closed system,
entropy can only increase or remain the same. The latter happens only if
there is no friction or other conversion of kinetic and potential energy
into heat. In geology, entropy always increases, that is, without any
exception.

The third law of thermodynamics states that absolute zero of tem-
perature cannot be obtained by any process with a finite number of
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steps. Absolute zero can be approached at will, but never obtained.

Let us now apply these principles to the evolution of the Earth. After
the Late Heavy Bombardment, the condensed Earth can be considered
essentially as a closed system. Of course, this does not apply to the
higher layers of the atmosphere, but their mass fraction is very small
anyway. The law of conservation of energy applies to a closed system.
We have expressed this in this paper by Eq. (4). The entropy theorem is
of equally fundamental importance: In an adiabatically closed system,
entropy cannot decrease, it usually increases. Only in reversible pro-
cesses it remains constant. Exactly periodic processes belong to the revers-
ible processes and are only possible if no conversion of kinetic or potential
energy into heat takes place. This is approximately fulfilled, for example,
in the motion of the planets around the Sun. If, for example, medium-
and short-period variations of the natural climate and consequently of
the temporal succession of sediments are controlled by celestial me-
chanics of the planets, then a periodic succession will be observed.
Hinnov (2018) and Laskar (2020) show that major contributions to the
geological time scale derive e.g. from a principal metronome generated
by interactions of the orbital perihelia of Venus and Jupiter, g» — gs,
with a period of 405 ka. This effect is found in the cyclostratigraphy
dominated by precession and orbital eccentricity forcing. Another
metronome comes from the orbital inclinations of Earth and Saturn,
s3 — Sg, with a period of 173 ka, which is also found in the succession of
sediments. Similar medium- and short-period periodicity is also found in
the banded iron formations and cap carbonates after the snowball Earth
ages (Mitchell et al., 2021). However, one should not expect to find this
cyclicity in processes controlled by the thermal evolution of the Earth's
mantle, where entropy is strongly increasing. The effective viscosity (cf.
Eq. (7)) of solid-state creep in the Earth's mantle causes a dissipation of
convection energy. The energy sources of mantle convection, expressed
in the present paper by the quantity Q, are also decreasing due to the
laws of radioactive decay. Therefore, it is not at all curious if magmatic
activity decreases in recent times and, moreover, is distributed episodically
rather than periodically. If one examines any time series with Fourier
analysis, one will always get periodic proportions. But this is no proof for
a really periodic process, which can exist for fundamental physical
reasons only for reversible processes. If one has found out periods by a
merely mathematical procedure, for example by a Fourier analysis, then
this is a good orientation aid, but no proof for a periodic process in a
physical sense. The episodic nature of continental crust production is
evidently realistic because of Figs. 1 and 7.

Our key findings are as follows:

a) We show that it is possible to derive the thermal evolution of the
mantle and the formation of the continents from a unified system of
equations. This numerical system is based on the complete set of
balance equations of physics.

b) Continental growth was an episodic rather than steady state process.

c) The computed timings of continental growth are similar to the
observed global detrital zircon ages given by Puetz and Condie
(2019, 2022).

d) The above three key findings also occur in computer runs that do not
contain the following additional condition. We now introduce an
additional realistic dependence of mantle solidus on water abun-
dance and pressure (compare Fig. B1 of Appendix B). This additional
dependence is based on measurements. Each calculated chemical
differentiation event abruptly decreases the water concentration of
the relevant mantle region. This is, of course, because partial or total
melting in magma chambers is associated with degassing, which can
be considered quasi-instantaneous on this time scale.

Fig. B1 of Appendix B shows that this rapid decrease in water
abundance causes a sharp increase in the melting temperature, Ty, in the
specified area. Eq. (7) in turn indicates that the effective viscosity then
also increases rapidly in the given area. Therefore, it then takes some
time for the slow solid-state creeping of the mantle convection and, in
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Fig. 7. Comparison of our computed mantle-crust evolution model (panel a) with the observed global detrital zircon U-Pb age distribution and the low-frequency
Model 2 of Puetz and Condie (2022). Time series for the 3900-0 Ma interval, binned at 10-Ma intervals. Panel b: Bandpass-filtered U-Pb age distribution from
Combined-DB. Panel c: Low frequency model. Correlation coefficient = 0.788. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

the special case, subduction to bring more water-rich material into the
particular space region. Only after solid-state convection has slowly
introduced more water-rich material into the previously melted mantle
region can a new chemical differentiation event occur. This is the reason
that for runs with the mentioned additional assumption time intervals of
magmatic quiescence occur. The most important result, however, is that
the temporal distribution of juvenile crustal additions to the continents, as
determined using our model, is similar to the global detrital zircon ages
compiled by Puetz and Condie (2019, 2022) (cf. Figs. 1 and 7).
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