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10 Abstract We compute a model of thermal and chemical evolution of the Earth's
11 mantle by numerically solving the balance equations of mass, momentum, energy,
1z angular momentum and of four sums of the number of atoms of the pairs Z*U-""ph,
13 BS2Tph, B2THh2%ph, and YK-Y Ar. We derive marble-cake distributions of the
14 principal geochemical reservoirs and show that these reservoirs can separately exist
15 even in a present-day mantle in spite of 4500 Ma of thermal convection. We arrive
16 at plausible present-day distibutions of continents and oceans although we did not
17 prescribe number, size, form, and distribution of continents. The focus of this paper
18 is the question of predictable and stochastic portions of the phenomena. Although
18 the convective flow patterns and the chemical differentiation of oceanic plateaus are
20 coupled, the evolution of ime-dependent Rayleigh number, Ra,, is relatively well
21 predictable and the stochastic parts of the Ra, (1)-curves are small. Regarding the
2z juvenile growth rates of the total mass of the continents, predictions are possible
23 only inthe first epoch of the evolution. Later on, the distribution of the continental-
24 growth episodes is increasingly stochastic. Independently of the varying individual
25 muns, our model shows that the total mass of the present-day continents is not gener-
26 ated in a single process at the beginning of the thermal evolution of the Earth but in
27 episodically distributed processes in the course of geological time. This is in accord
28 with observation. Section 4 presents results on scalability and performance.
23
30
31

1 Introduction: Generation of Continents

3 The problem of the development of continents is very complex [5]. Condie [ 8] shows
3 that the total volume of continents did not onginate as a whole at the beginning of
35 the Earth’s thermal evolution but by repeated differentiation cycles. Only about one
3% half of the present total volume was produced by chemical differentiation until the
37 end of the Archean, 2500 Ma ago. Kramers and Tolstikhin [16] conclude from the
3 U-Th-Pb isotope system, Nagler and Kramers [18] deduce from the neodymium
38 gystem that less than 10% of the present mass of the continental crust have existed
40 4400 Ma ago. Fisher and Schmincke [10] estimate that today about 62 vol.% of the
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general crustal growth takes place at divergent plate boundanes, about 24 vol.% at
convergent plae boundanes and only about 12 vol.% as ocean island and platean
basalts by plumes. The differentiation of continental material via oceanic plateaus
complementary creates a depleted part of the mantle beneath the lithosphere. Obser-
vational evidence suggests that the contribution of oceanic plateaus 0 continental
growth seems 1o have been considerably larger than that of the mid-ocean ridge
basalt (MORB) of the divergent plate boundaries in the bulk of earlier geological
epochs compared 1o the present [ 19]. In epochs of farge continental growth, the con-
tribution of plateau basalts were considerably larger than today, and these mantle-
differentiation events had an episodic temporal distribution [7]. There are clearly

investigated examples of large oceanic plateaus which have been accreted 1o the
Amencas [3, 15]. Abbott et al. [1] and Albaréde [2] concluded that the aceretion of
oveanic-plateau basalts o the continental crust (CC) is, considering the whole time
span of Earth’s history, the dominant process and that basaltic crust with more than
25 km thickness cannot be subducted. But there are also some other mechanisms
which contribute to continental growth [9]. Our numerical model of the dynamies of
continental growth [23] is based on geochemical observations and its generalization
given by Hofmann [13, 14]. Incompatible elements have large -, p-, d-, and f-radii.
Therefore, these elements do not fit well into the silicate lattices of the mantle and
Rb, Pb, U, Th, K, La etc. are enriched in parial melts. These melts nse and form
the oceanic plateaus leaving behind the depleted MORB mantle (DMM). So, DMM
is depleted in comparison to the primitive mantke (FM). In this way, the three main
reservoirs (CC, DMM, PM) of the silicate shell of the Earth are generated. They
have different abundances of the dominating heat-producing elements, U, Th, and
K, that drive the solid-state convection mainly by heating from within. The further
chemical differentiation of DMM at the mid-oceanic ridges into a basaltic oceanic
crust and the harzburgitic and Therzolitic layers of the oceanic lithospheric mantle
has been neglected up to now. This introduction is strongly simplified. Walzer et al.
[25] discuss the mantle chemistry, the mantle processes, and their translation into
our model in detal.

2 Model and First Results

Walzer et al. [25] describe the derivation of the goveming equations of our
convection-differentiaion model. Walzer and Hendel [23] present a numerical
model in which 3-D compressional spherical-shell convection, thermal evolution
of the Earth, chemical differentiation of plateau basalts and continental growth are
integrated. The model equations guarantee the conservation of mass, momentum,
energy, angular momentum, and of four sums of the number of atoms of the pairs
DR 06pp, 2507 phy, B2 TH2"%ph, and YK-W Ar Nevertheless, the present com-
panion paper presents exclusively additional, unpublished matenal.

We express the chemistry of incompatible elements of the three reservoirs (CC,
DMM. PM) by tracers. These tracers are entrained in the convective currents. Since
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intemal heating and buoyancy depend on the abundances of radionuclides, the trac-
ers actively influence the convection. As the corrent geochemical reservoir models
[4. 14,22, 26] do, our numerical model allows stirnng and mixture of the reservoirs.
If the temperature, T', approaches (o the melting temperature, T, in a sufficiently
large region of the modeled spherical shell then CC-tracers are produced from for-
mer PM-tracers. The CC-tracers rise and form the oceanic plateaus at the surface.
This mimics the plume volcanism. Walzer et al. [24] modeled the self-consistent

generation of oceanie lithospheric plates with individual, different angular veloe-
ity vectors for the different plates on the spherical shell. Such oceanie lithospheric
plates are also generated in the present convection-differentiation model. They carry
the oceanic plateaus like a conveyor belt. If the plateaus touch a continent they are
joined with it in such way that the continent and the plateau have a future com-
mon angular velocity. In this way, the continent has been enlarged by aceretion.
Continents are unsinkable but else they are freely drven by the convection without
further constraints. No restrictions are imposed regarding number, form, size and

distribution of continents.

The former PM-tracers of the differentiation region are left behind as DMM-
tracers in the upper mantle. So, DMM is growing whercas PM is shrinking. After
Hofmann [14], between 30 and 80% of the mantle are depleted (DMM) for the
present day, according o Bennen [4] 30 w 60%. Figure 1 displays that our model
fulfills these requirements. The presented equatorial section shows a marble-cake
distribution of depleted portions of the mantle (yellow) and enriched mantle portions
(orange). Everywhere immediately beneath the lithosphere, we obtain a depleted
mante in accord with observations. The continents are shown in red color. We used
the viscosity profile of Walzer et al. [24]. In this profile, strong viscosity gradients
are induced by discontinuities of activation volume and activation energy at the
mineral phase boundaries of the mantle. The phase boundaries also gencrate the
observed jumps of seismic velocities. In spite of this viscosity profile, Fig. 1 and
lots of similar results do not show chemical layering. Only the upper part of the
asthenosphere is mainly composed of DMM since the differentiation occurs in that
region.

The growth of the total mass of the continents is not uniformly but episodically
distributed as a function of time. CI. Fig. 2, second panel. Th
servation [8]. Figure 1 shows that in spite of mantle convection, enduring 4500 Ma,
we do not observe a total homogenization of the mantle but the preservation of de-
pleted, “yellow™ slabs and pancake-like regions and. simultaneously, of enriched
regions. So, this model is able to explain the present-day existence of geometri-

s in accord with ob-

cally distinet geochemical reservoirs in spite of convection. However, in general,
the yellow-orange boundary does not correspond 1o a discontinuity of the abundance
distributions. The nonexistence of a present-day total homogenization is primarily
induced by the viscosity profile and to a minor degree by the phase boundary dis-
placements due o rising and sinking material. The laterally averaged surface heat
flow, gob, decreases slowly as a function of time and shows some variations. Cf.
Fig. 2, first panel. For the present day, it arr nearly at the observed value. 1t s
remarkable that the decrease of gob is much less pronounced than in usual parame-
tenzed models [21].
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Fig. I The result of chemical evolution of the silicate spherical shell of the Earth, using the para-
meters o, = LI MPa and r, = <005 (¢l Sect. 2), for the present day, We assume a madernized
reservoir theory (ef. [4, 14,23]). Swongly depleted portions of the mantle which include more than
506 DMM are displaved by yellow areas. Enriched portions of the mantle with less than 50%
DMM are orunge-colored. In general, the yellow-orange boundary does nor correspond 1o a dis-
continuity of the abundances of incompatible elements, The cross sections through the continents
are red

This behavior is induced by the implicit assumption that water dependenceof vis-
cosity, dehydration near the surface and chemical layering of the oceanic lithosphere
are more important for the lithospheric viscosity than its temperature dependence.
About 50 ppm hydrogen reduces the viscosity of olivine by a factor of 30-100
[12, 17]. Essentially, we assume Newtonian solid-state creep for the mantle. The
shear viscosity, #, s given by

expleTn / Tau) ( 1 1 )]
Ll =10 —————— . - Tl = - — 1
nir,6,¢.1) exp(cTo T Tm) mir) txp[q ] (1

where r is the radius, 8 the colatitude, ¢ the longitude, ¢ the time, r,, the viscosity-
level parameter, T}, the melling temperature, T, the laterally averaged temperature,
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Fig. 2 The upper panel shows the evolution of the laterally averaged surface heat flow. The lower
pemed displays the episodic diswribution of differentiation cveles of the juvenile contributions o the
total mass of the continents. The rate of the converted continental-tmeer mass has been averaged
for every 25 Ma and plotied in diseretized form. We converted the mass into units of 10' kg/Ma,
We used o, = 110 MPaand r, = =0.5

Ty the initial temperature profile, T the temperature as a function of r, #, ¢ and ¢.
The quantity r, is used for a stepwise shift of the viscosity profile from rn 1o un
in order o vary the temporally averaged Rayleigh number, Ra. After Yamazaki and
Karato [27], ¢ = 14 for MgSi03 perovskite and ¢ = 10 for MgO wiistite. There fore,
the lower-mantle value for ¢ should be somewhere between 10 and 14, For numer-
ical reasons, we are restricted to a value of ¢ = 7. For the uppermost 285 km of the
mantle (including crust), we supplement (1) by a viscoplastic yield stress, oy :

Mers = min[n( P.T). ‘2’—] (2)

where P is pressure and £ is the second invarant of the strain-rate ensor. The de-
volatilization of oceanic lithosphere is expressed by a conventional high lithospheric
viscosity in the profile ni(r). Plate-like behavior was generated by (2) and low as-
thenospheric viscosity [24].
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Fig. 3 The distribution of continents {red), oceanic plateaus (back), and oceanic lithos pheric
plates Cyellow), covered by MORB crust, for the priesent. Arows represenit creep velocities. We
used ey = IO MPaand ry = 0.5

Figure 3 shows a computed distribution of continents for the present. Of course,
we are able to show such a kind of distribution for each time step. How realistic is
this solution of our system of differential equations? To answer this question, we
developed not only the computed continental distribution of the present day into
spherical harmonics but also the observed distribution. The coefficients, A and

B, depend not only on the distribution of continents but also on the position of the
pole of the grid {#, ¢). Therefore, a direct comparison of the A} and B! of the two
data sets makes no sense. For that reason, we computed an orientation-independent

quantity, i, where &} is a function of the A and B}
12
Juont 1) - 5 2
hy=————— 1) HA +B . (3)

m=il

The comparison of the i} -n spectra is shown by Fig. 15 of Walzer et al. [25]. Using
many cases, we found a realistic Ra-oy region.

3 Further Results: Predictable and Stochastic Features of
the Model

Our convection-differentiation mechanism is partly predictable and parly stochas-
tic. Essential features are predictable although the model as well as the real Earth
show stochastic features at bifurcation points, The variable Rayleigh number, Ray, is



Draft

Predictability of Rayleigh-Number and Continental-Growth Evolution 591

a function of time, essentially because of the temperature dependence of viscosity.
The spatially averaged mantle viscosity increases since the Earth is cooling. This is
essentially expressed by the second factor of the right hand side of (1). Therefore
Ray decreases in the main part of the evolution time. But in some lime intervals,
we observe a Rag-growth due to feedback effects. 1s it possible to predict the posi-
tion of these individual nses on the time axis using the form of the Ra;-curves of
neighboring runs? Figure 4 presents a series of Ra, (i)-evolutions for an equidistant
succession of r-values. The yield stress, here called y; . is kept constant. It is shown
that the shift of the Rap-maxima 1s a nearly linear function of the viscosity-level pa-
rameler, ry. So, these maxima are predictable for new neighboring runs between the
presented ones. The average viscosity of the bottom panel of Fig. 4 is by a factor
of about 0.7 lower than the average viscosity of the uppermost panel. Therefore the
sequence of events is accelerated from the top to the bottom panel.

As a resolution test and in search of stochastic features, we performed each run
twice with a differing number of tracers. We used about 10.5 million tracers for
basic muns (B-runs) and about 84 million tracers for comparative runs (C-runs).
In Fig. 5(a), we show a column of time evolutions of the varnable Rayleigh num-
ber, Ray. for a fixed parameter r,. The latter one mainly determines the level of
the viscosity profile. The deviations between B-runs and C-runs seem to be mainly
stochastic. The t-positions of the first three main maxima have a scarcely percep-
tible dependence on the viscoplastic yield stress. The corresponding features occur
somewhat later for higher yield-stress values. Figures 5(b) and 5(c) show this weak
dependence, o, However, a comparison of the prominent features of the curves
berween the columns in Fig. 5(a), 5(b). and 5(c) coroborates the strong dependence
of the t-shift of the maxima of Ra, (1) on the viscosity-level parameter, .

The panels of Fig. 6 display the juvenile additions to the total mass of the con-
tinents as a function of time, f, for the same varation of parameters as in Fig. 5.
The first three groups of maxima of each run of Fig. 6 show partially predictable
behavior, yet. In Fig. 6(a), the viscosity-level parameter is fixed at r, = —0.60. The
yield stress decreases in equidistant steps from ye = 135 MPa for the top panel 1o
vy = 115 MPa for the bottom panel. The first group of peaks shows a very weak
dependence on yield stress. The second peak group occurs about 40 Ma carlier in
the bottom panel compared to the comresponding feature of the top panel. This is in
accord with the results of Fig. 5. For the third group of maxima, we observe a slight
shift in a similar order of magnitude. The distribution of later growth episodes is
more or less non-correlated. Compared 1o the Rag(t)-curves, the course of chemical
differentiation shows considerably higher portions of stochastic behavior. Similar
conclusions can be found for Figs. 6(b) and 6(c). In Fig. 6(c), the second group of
peaks of the bottom panel, for y, = 115 MPa, occurs about 70 Ma earlier than the
sccond group the top panel, for y, = 135 MPa. The first group of maxima of the
chemical differentiation in the third column (Fig. 6(c)) begins earlier than that of
the first column (Fig. 6(a)) since the spatial average of viscosity 1s lower, indepen-
dent of the vanation of yield stress. This observation corresponds o the behavior of
Ray (t)-curves. So, the evolution of differentiation of Fig. 6(c) is more rapid than that
of 6(b) and even gquicker than that of 6(a). This corresponds to the Ra;(r)-behavior
of Fig. 5.
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Fig. 4 A variation of the viscosity level parameter r, . The time evolution of the variable Rayleigh
number, Ra,. of the cases show predictable shifts of prominent features as a function of r,

To sum up it can be said that the evolution of the Rayleigh number is more
predictable. The evolution of chemical differentiation of oceanic plateaus has also
deterministic portions but it is considerably more stochastic than Ra,(r). Further
conclusions can be found in the Abstract.

4 Numerical Method and Implementation

We use the code TERRA to model the thermal and chemical evolution of the Earth’s
mantle. The equations of momentum and energy balance are solved in a discretized
spherical shell. The basic grid is defined by the corners of an icosahedron. By
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Fig. 5 The varishle Rayleigh number, Ra;, as a function of time. The present time is at the
right-hand margin of the panels. In the first column, (a), the viscosity level parameter, r,, is kept
constant at =060, in the second column, (b), at =065, in the third column, {c), at =0.70. Within
euach column, the yield stress, ve, varies from 135 MPa in the uppermost panel w 115 MPa in the
bottom panel. Dashed lines signify B-runs, solid lines represent C-runs
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Fig. 5 (Continued)

dyadic subdivision of the icosahedron’s edges and by projecting the resulling cor-
ners onto the spherical-shell sufface we obtain an optionally refined grid in lateral
direction. Such grid-point distributions are concentrically repeated on additional in-
temal spherical surfaces in almost regular distances in radial direction of the shell.
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For production runs we used 1.351.746 grid points. Stability test cases ran with

10,649,730 grid points.

The Navier-Stokes equations are handled by the Finite Element Method. Pressure
and velocity are solved simultaneously by a Schur-complement conjugate-gradient
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Fig.6 The consequences of a varation of the pammeters r, and v, for the evolution of the juvenile
contributions w the total mass of the continents, The rate of the converted continental-tracer mass
has been averaged for every 25 Ma and plotied in discretized form. We converted the mass inio
uriits of 10 kg/Ma. The present time is at the right-hand margin of the panels. In the first column,
(@), the viscosity level pammeter, ry, is kept constantat <0.60, in the second column, (b), at <065,
and in the third colarmn, (e), at <0.70. Within each column, the vield stress, ve, varies from 135
MPFa in the uppermost panel w 115 MPa in the bottom panel
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Fig. 6 (Cominued)

iteration [20]. The system of linear equations is solved using a multigrid procedure
in connection with matrix-dependent prolongation and restriction and with a Jacobi
smoother: The temperature transport is realized by the second order Runge-Kuita
method for explicit time steps.

For convergence tests we compared the results of runs with 1,351,746 and
10,649,730 nodes. The deviations conceming Rayleigh number, Nusselt number,
Urey number, and the laterally averaged surface heat flow, gob, were smaller than
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Fig. 6 (Continued)

0.5%. Benchmark tests of the Terra code. References [0, 11] showed deviations of
less than 1.5%.

The Terra code is paralkelized by domain decomposition according o the dyadic
grid refinement and using explicit message passing (MPI). In Table 1 we present
measurements of scalability and performance. Using the performance measuring
tool jobperf, we oblained an average of 1201 MFlop/s with § processors, 1116
MFlop/s with 32 processors, and 935 MHFop/s with 128 processors, respectively. In
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Table 1 CPU-time, walltime and s peedup for runs with W time steps on 1,351,746 nodes (a) and
on 10,649,730 nodes (b). For comparison, Speedup (b) for 4 processors has been deliberately set
o 4.0k

Frocs  CPU-time (2)  Walltime (2} Speedup (1) CPU-ime (b)  Walltime (b)  Speadup (b)

1 00:27:13 o27:17 1
4 002912 000733 el 05:01:23 0l:16:09 4.00
8 00:26:08 O:03:31 176 04:53:260 (M:37:32 5.2
16 00:25:36 00:02:02 1342 05:08:51 0:19:35 15.69
32 0D:21:52 00102 26.40 043440 00:09:11 3307
05:43:25 M:05:36 5439
128 05:34:24 00:03:04 10042

both resolutions the speedup was almost linear, in some cases slightly superlinear
due w cache usage. With the high resolution, at least 4 processors are necessary 1o
make efficient use of the cache memory.
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