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About 40% of Earth’s surface is covered by continental crust. It has been found that the global detrital
zircon age distribution is dominated by multiple periodicities from <100 Myr to ~800 Myr, suggesting
that continental crust may have been produced periodically. However, what causes the periodic growth of
continental crust remains unclear. Continental crust is produced mainly by arc magmatism at subduction
zones and plume-induced magmatism. With 3D global mantle convection models, we investigate the
long-term evolution of heat flux of mantle plumes and surface flow velocity, which can be respectively
related to plume-induced magmatism and arc magmatism. About 10-30 plumes are present in our
models, with significant spatial and temporal variations of heat flux for individual plumes. Both the
temporal variations of the total plume heat flux and the root-mean-square (rms) of the surface velocity
in our models have periodicities that decrease with the vigor of mantle convection. When extrapolated
to conditions with Earth-like vigor of convection, the total plume heat flux and the rms of the surface
velocity vary with periodic cycles of ~90-200 Myr and ~300 Myr, respectively. Therefore, the ~90-
200 Myr and the ~300 Myr periodic cycles in the growth of continental crust as suggested by the
global detrital zircon age distribution may be respectively caused by plume-induced magmatism and
arc magmatism.
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1. Introduction

~40% Earth’s surface area is covered by continental crust, but
how the volume of continental crust grows with time remains
under debate (e.g., Armstrong and Harmon, 1981; Rudnick, 1995;
Albaréde, 1998; Condie and Aster, 2010; Arndt and Davaille, 2013;
Condie et al., 2017). Recently, U-Pb ages of detrital zircons have
been compiled on a global scale, with samples assigned a weight
inversely proportional to regional surface areas (Condie et al,
2017; Puetz and Condie, 2019, 2022). Fig. 1 shows the global de-
trital zircon U-Pb age distribution, or A, compiled by (Puetz and
Condie, 2019), and the periodogram of A, at 3000-0 Ma. Results
show the A, peaks at multiple periodicities ranging from less
than ~100 Myr to ~ 800 Myr at/above the 95% confidence in-
terval. These periodicities have been systematically tested by Puetz
and Condie (2022) via spectral analysis on four independent global
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detrital zircon databases (Voice et al., 2011; Roberts and Spencer,
2015; Puetz and Condie, 2019; Puetz et al., 2021), and they found
that each time-series had a multitude of nearly identical periodic-
ities above the 95% confidence level. Because these detrital zircon
periodicities are consistently reproducible at high confidence levels
from four independent databases, they are very likely real period-
icities. The question is: what causes these periodicities?
Continental crust is produced mainly by arc magmatism at sub-
duction zones and intra-plate magmatism above mantle plumes
(e.g., Rudnick, 1995; Albaréde, 1998). It is recycled into the deep
mantle through processes of subduction erosion, sediment subduc-
tion and lower-crustal delamination (e.g., Armstrong and Harmon,
1981). The present-day volume of continental crust thus reflects a
balance between crustal production, storage, and recycling. Inter-
estingly, it has been found that U-Pb age distribution of zircons
from igneous rocks shows peaks at 2700, 2500, 2100, 1900, 1750,
1100, and 600 Ma and probably at 3450, 3000, 2000, and 300 Ma
(Condie and Aster, 2010; Condie et al., 2014). Arndt and Davaille
(2013) showed that these peaks can be explained by accelerated
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Fig. 1. a, Time evolution of global detrital zircon U-Pb age distribution A, (Puetz and Condie, 2019). b, The power spectral of the data in panel (a). Numbers above the peaks
refer to periodicities whose magnitude are at/above the 95% confidence level. Spectral analysis is performed for the time interval of 3000-0 Ma after linear trend is removed.

crustal production related to episodic convection of the mantle,
although the peaks post 1000 Ma coincide with times of super-
continent assembly and may represent periods of enhanced crustal
preservation (Hawkesworth et al., 2010; Stern and Scholl, 2010).
Therefore, the periodicities of U-Pb detrital zircon age distribution
may mostly represent periodicities in the production of continental
crust. The question is: what leads to periodic production of conti-
nental crust? Since continental crust is mainly produced by arc-
magmatism at subduction zones and plume-induced magmatism,
it is critical to understand the temporal variations of the forma-
tion of mantle plumes and the subduction rate in Earth’s history.
Are these variations periodical in nature? If so, are the periodicities
similar to that of the global zircon age distribution?

Mantle plumes form from a thermal boundary layer (TBL), e.g.,
the core-mantle boundary (CMB) and rise towards the surface, and
often reach the uppermost mantle. Linear stability theory (Howard,
1966; Olson, 1993) predicts that, as a TBL thickens due to thermal
diffusion, the local Rayleigh number increases and when it reaches
a critical value, the TBL becomes unstable and forms thermal insta-
bilities - which eventually develop into upwelling thermal plumes.
Plume formation times and the periodicity of plume heat flux are
significantly controlled by mantle viscosity. A period of ~100-200
Myr is predicted in the models of Li et al. (2018) after scaling to
Earth-like vigor of convection.

In addition, periodicity of heat flux has been predicted for
thermochemical plumes that have different composition than the
surrounding mantle (Le Bars and Davaille, 2004; e.g., Davalille et
al., 2005; Lin and van Keken, 2005). Numerical experiments have
shown that entrainment of intrinsically dense materials by a plume
from the lowermost mantle can produce multiple episodes of ther-
mal instabilities (Lin and van Keken, 2005) with the time between
neighboring episodes varying with viscosity and the intrinsic den-
sity of the materials. Laboratory experiments have shown ther-
mochemical plumes with alternating phases of sinking and rising

(e.g., Le Bars and Davaille, 2004; Davaille et al., 2005), and when
extrapolated to mantle conditions, the periodicities of this behav-
ior are ~100-200 Myr (Le Bars and Davaille, 2004; Davaille et al.,
2005).

Although the heat flux of a single plume may vary periodically,
the periodic variation can be interrupted or destroyed by changes
of mantle dynamics that cause perturbations to the TBL (Li and
Zhong, 2017; Li et al., 2018; Heyn et al.,, 2020). In fact, a single
plume does not last forever: it can move, disappear, or merge with
other plumes (Li and Zhong, 2019; Arnould et al., 2020). In ad-
dition, dozens of mantle plumes have been proposed to exist in
Earth’s mantle, which may have a variety of thermal structures,
dynamics, and perhaps lifespans (Sleep, 1990; Davies, 1993; Cour-
tillot et al., 2003). Therefore, it remains unclear whether the total
heat flux of mantle plumes, and thus the plume-induced magma-
tism, can vary periodically.

Besides mantle plumes, continental crust is also produced by
arc volcanism above subduction zones (Rudnick, 1995; Hawkes-
worth et al.,, 2010). It has been proposed that pulses of continental
crust growth may result from periods of accelerated plate mo-
tion during most of Earth’s history (O’Neill et al.,, 2007; Arndt and
Davaille, 2013). However, the effect of periodicities of the long-
term variation of plate motion has not yet been fully investigated
in 3D global mantle convection models. It also remains unclear to
what extent these periodicities agree with those of the global de-
trital zircon age data.

Here, we perform 3D global mantle convection models to study
the long-term variations of plume heat flux and surface motion.
In our models, thermal plumes form naturally from thermal insta-
bilities at the basal TBL above the CMB and then rise towards the
surface. All models are run for 4.5 Gyr. We perform spectral anal-
yses on the secular variations of the total plume heat flux and the
rms of the surface velocity in our models. We examine periodici-
ties that are lower than 1,000 Myr and compare them with those
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of the global detrital zircon age data which range from <100 Myr
to ~800 Myr (Fig. 1b).

2. Methods

We solve the following conservation equations of mass, mo-
mentum, and energy under the extended-Boussinesq approxima-
tion:

V-i=0, (1)
— VP 4V - (1é) + (RaaT + RapT'p)i =0, )

1oy R dly o (T vt
Y Ra dr ' s ot
Ray, dr
flaty—22 2 ) (T4 To)Diuy

Ra dr

D; du;
=V.-&VT)+ —0jj— +H, (3)

Ra ~ 9x;
where i, P, n, €, Ra, o, T, T, Dj, Kk, ojj, and H are, respectively,
the velocity, dynamic pressure, viscosity, strain rate, Rayleigh num-
ber, thermal expansivity, temperature, surface temperature, dissi-
pation number, thermal diffusivity, deviatoric stress, and internal
heating rate; 7 is a unit vector in radial direction, u, is the ra-
dial velocity, t is time; y is the Clapeyron slope for the phase
transition at 660 km depth and Rap, I" and 7 are the correspond-
ing Rayleigh number, phase function, and excess pressure for this
phase transition. Eq. (1)-(3) are non-dimensional, and they are de-
rived using the following characteristic scales linking dimensional
(primed) and non-dimensional variables (not primed):

X; =XiR, (4)
Uiko
U;ZT, (5)
T'=AT(T+Ts), (6)
R2
t=t—, (7)
Ko
n' = nno, (8)
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H = H-— (11)

where x; is length, R is Earth’s radius, « is surface thermal expan-
sivity, AT is temperature change across the mantle, g is reference
viscosity, p is reference density, g is gravitational acceleration, and
Cp is heat capacity. The Eq (1)-(3) are solved using the CitcomS
code (Zhong et al., 2008). The model domain ranges from the CMB
to the top surface and is divided into 12 equal-volume caps with
each cap containing 64x64x64 elements. The values of dimen-
sional physical parameters used in this study are summarized in
Supplementary Information Table S1.
The Rayleigh numbers Ra and Raj are defined as:

g ATR3
Ra = pgoi

(12)
Kono
A
Rap = P50 Ra, (13)
paoAT

where o is the surface thermal expansivity, and A pggo is the den-
sity increase due to the 660 km depth phase transition. There is
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a 3x decrease of thermal expansivity and an 2.18x increase of
thermal diffusivity from the surface to the CMB (Supplementary
Information Table S1), which are consistent with mineral physics
studies (Duffy and Ahrens, 1993; Hofmeister, 1999).

The phase function for the 660 km phase transition is defined
as:

T (1) :O.S—}-O.Stanh(%), (14)

where § is the width of the phase transition and the excess pres-
sure 7 is defined as:

7w =d—dgso — Y (T — Te60), (15)

where, d is the depth, dggp and Tggp are the reference depth and
temperature for the phase transition at 660 km depth, and again,
y is the Clapeyron slope.

The mantle viscosity is both temperature and depth dependent,
which is defined as:

n=mnrexp[E0.5-T)+ V(1 —-ryl, (16)

where E is the coefficient of activation energy for temperature-
dependent viscosity and V=3.0 is the coefficient of activation vol-
ume which leads to ~4x increases of viscosity due to the increase
of depth or pressure from the surface to the CMB, ry is radius,
and 7, is a prefactor which is 10.0 at 0 - 150 km depth, 1.0 at
150 - 660 km depth, and 30.0 from 660 km depth to the CMB.
This viscosity law leads to a relatively strong lithosphere and an
30x increase in viscosity from the upper mantle to lower mantle
across the 660 km discontinuity. In addition, plastic deformation is
included in our models by introducing a yield stress above which
the viscosity is modified by:

1.0 1.0
Nnew =1/[— + 15 17)
n Nyield
Tyield
Nyield = lee ) (18)

where 7y;elq is the viscosity related to yield stress Tylq under the
second invariant of strain rate D. We assume a constant value of
ryie,d=106 (non-dimensional) or 102 MPa in the uppermost 150
km of our models. This simplified approach is used only to break
a stagnant lid to have mobile-lid convection, but not meant to
capture all complexities of the lithospheric deformation which re-
mains challenging to model.

Both the surface and the CMB are free-slip and have constant
temperatures of T=0 (or 0°C) and T=1 (or 3300°C), respectively.
All models are run for 4.5 Gyr. The temperature and velocity fields
are saved every 1 to 6 Myr for post-processing. Geological records
have suggested an average mantle potential temperature Tpo (the
extrapolated temperature at the surface following adiabatic gradi-
ent) of ~1400°C at present-day and ~1600°C at ~3.0 Ga (Abbott
et al.,, 1994; Herzberg et al., 2010; Dalton et al., 2014). To obtain
an appropriate initial temperature condition at 4.5 Ga, we first test
a model in which we vary the internal heating rate to allow the
mantle to reach a Tpoe of 1650°C or 1710 °C. The temperature field
of this model is then used as initial temperature condition for new
models. The radiogenic heat production rate is a function of time,
defined as:

4
H(t)=H(0))  hnexp(hnt), (19)

n=1

where H(0) is the radioactive heat production at present-day, An
and h, are constants related to the half-life and concentration of



M. Li, S. Puetz, K. Condie et al.

Earth and Planetary Science Letters 611 (2023) 118148

Fig. 2. Snapshots of residual temperature at 700 km depth after the background temperature Tjg is removed at 1240 Ma (a), 1110 Ma (b), 995 Ma (c), and 790 Ma (d) for
case 1. Red spots are plume regions with 8T pjyme>200°C. Four plumes with numbers nearby are selected for description in the main text.

heat producing elements which are adopted from Korenaga (2006)
and are listed in Supplementary Information Table S2, and ¢ is the
time before present-day. The H(0) is varied in each model such
that Tpo generally decreases with time from 1650°C or 1710°C
at 4.5 Ga to ~1400°C at present-day (Supplementary Information
Figure S1a).

Like previous work (Zhong, 2006; Leng and Zhong, 2008; Li et
al.,, 2018; Li and Zhong, 2019), thermal plumes are defined at each
depth in regions where the radial velocity is positive (or upward)
and the temperature satisfies:

T>Tpg+ f, (20)

where f is an excess temperature above the background tempera-
ture Tpg, and the value of f + Tp, determines the threshold tem-
perature for plumes. As with previous studies, Tp; at each depth
is measured by the laterally averaged temperature excluding rel-
atively cold (e.g., downwelling) regions where T < Tgpe with Tgpe
being the laterally averaged temperature. If two or more plumes
are within 3 degrees from one another, they are treated as a single
plume. Similar to (Zhong, 2006) and (Leng and Zhong, 2008), the
heat flux of a single plume at each depth is measured by:

q= / oCpur(T — Thg)dS, (21)
S

where T — Ty is the plume access temperature (hereinafter de-
noted as 8Tpume), S is the area of the plume at this depth, and u;,
is the plume radial velocity. Spectral analyses are performed with
the REDFIT software (Schulz and Mudelsee, 2002) in which we use
Welch’s method to remove sideband frequencies.

3. Results

We first present the results for the reference case, case 1, which
uses a Rayleigh number of Ra=2x108, an initial average mantle
potential temperature of Tpoe =1650°C, a coefficient of activation
energy of E=9.21 which leads to a maximum viscosity change of
10%* as temperature changes from 0 to 1. Note that in this study,
Ra is defined using a length scale equal to Earth’s radius (Eq. (12));

therefore, it is about 10 times larger than if defined using the man-
tle thickness as the length scale.

Fig. 2 shows a sequence of snapshots for the residual tem-
perature at 700 km depth after the background temperature is
removed. Fig. 3a shows the total plume heat flux or Q, at this
depth as a function of time for case 1. Plumes are defined as re-
gions (red spots with black contours) that satisfy Eq. (20) with
f=0.06, e.g., with a threshold of plume excess temperature of
8T plume=200°C. Four thermal plumes are selected in Fig. 2 to il-
lustrate how changes in plume area and temperature affect Q.
From 1240 Ma (Fig. 2a) to 1110 Ma (Fig. 2b), the area and temper-
ature of plume #1 are both increased, a new plume #2 arrives at
this depth, and the Q, increases from 1.3 TW to 1.9 TW (Fig. 3a).
From 1110 Ma (Fig. 2b) to 995 Ma (Fig. 2c), two new plumes #3
and #4 arrive at this depth, and the Q, further increases to 2.4
TW (Fig. 3a). From 995 Ma (Fig. 2c) to 790 Ma (Fig. 2d), plume
#2 disappears, plumes #1, #3 and #4 become smaller, and Q, is
reduced to 1.8 TW (Fig. 3a).

Similar processes as shown in Fig. 2 occur throughout the
model run from 4500 Ma to 0 Ma (Supplementary Information
Movie S1), with new plumes continually forming and old plumes
continually disappearing. About 10-20 plumes are observed at
almost every timestep (Supplementary Information Figure S1b),
which show a variety of sizes and temperatures, and thus heat
flux. The arrival of new plumes and the increase of area and
temperature for some pre-existing plumes often correspond to in-
creases of Qp, whereas decreases in the area and temperature of
plumes correspond to reductions of Qp.

Although the heat flux of a single thermal plume may vary pe-
riodically, the time evolution of the total plume heat flux Q, is
more complex. As shown in Fig. 3a (black), the secular variation
of Qp contains a long-term linear increase from ~0.5 TW at 4500
Ma to ~3 TW at 0 Ma and other variations occurring over shorter
periods. Spectral analysis shows that the variation of Qp during
3000-0 Ma is dominated by periodicities of 310, 260, 198, and 127
Myr with magnitudes exceeding the 95% confidence interval, with
the periodicities of 260, 198, and 127 Myr above the 99% confi-
dence interval (Fig. 3b).

Compared to Qp, the variation of the root-mean square (rms)
of the surface velocity (uf™) is much smoother (Fig. 3a, orange)
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Fig. 3. a, Time evolution of total plume heat flux Qp at 700 km depth (black), root-mean square of surface velocity ug™ (orange) and the whole mantle velocity uy;; (blue)
for case 1. Note that the present-day is marked as 0 Ma on the horizontal axis. b, Power spectrum of Q. c, Power spectrum of ug™. In panels b and ¢, numbers above the
peaks refer to periodicities whose magnitudes are above the 95% confidence level. Spectral analyses are performed at 3000-0 Ma after the linear trends are removed.

and has a periodicity of 601 Myr above the 99% confidence inter-
val (Fig. 3c). The variation of ug™ follows closely with that of the
whole mantle flow velocity u'y}s (Fig. 3a), with a correlation coef-
ficient of r=0.97, suggesting that surface velocity is closely coupled
with the deep mantle convection in our models.

The Q, presented above is calculated at 700 km depth using
f=0.06 (e.g., a threshold of plume excess temperature of 200°C).
We find that an increase (decrease) of f leads to a reduction (in-
crease) of plume area and thus a reduction (increase) of Qp, but
the trend and pattern of the variations of Q, are not affected
(Fig. 4a). The Q, also increases with depth, although the trends
and patterns of Q, variations are not greatly affected, apart from a
time shift with radius due to plume rise (Fig. 4b). Figs. 4c-d show
the average plume excess temperature and the total plume area
as a function of depth at 0 Ma. As shown in Fig. 4c, the plume
excess temperature increases with depth. Because plumes at dif-
ferent depths are defined according to Eq. (20) using the same f,
the plume radius also increases with depth (Fig. 4d). Therefore,
the increase of plume heat flux with depth as shown in Fig. 4b
is likely caused by the increase of both plume excess temperature
and plume radius. The significant increase of plume heat flux with

depth has also been found in Zhong (2006) and Leng and Zhong
(2008). However, except for a slight lag in time, we do not observe
a reduction of Q, from 700 km to 300 km. This may be because
the diameters of plumes are reduced in the upper mantle due to a
reduction of mantle viscosity, and as a result, plume dynamics in
the upper mantle is not well resolved due to limits of model res-
olution. Hereafter, we focus on Q, in the lower mantle at 700 km
where plumes are better resolved.

The temporal variation of Qp in our models contains a long-
term linear increase component (Fig. 3-4), in addition to relatively
shorter time-scale variations. Like previous studies (Zhong, 2006;
Leng and Zhong, 2008), the plume heat flux in this study is cal-
culated from the production of plume excess temperature 8T pyme,
plume area, and plume radial velocity (Eq. (21)). In our models,
the plume temperature is directly controlled by the CMB tem-
perature that is kept constant, but the background mantle cools
linearly with time (Fig. 5a). As a result, there is a long-term lin-
ear increase of 8Tpyme with time (Fig. 5b). Mantle plumes are
defined in regions where the 8Tpyme is larger than a threshold
(e.g., the factor f in Eq. (20)), and because of this definition, the
linear increase of the 8Tpyme with time leads to a linear increase
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of plume radius and plume area (Fig. 5c). Furthermore, our mod-
els also show a long-term linear increase of plume radial velocity
with time (Fig. 5d). The linear increases of 8Tpjyme (Fig. 5b), plume
area (Fig. 5¢), and plume radial velocity (Fig. 5d) together result in
a linear increase of the Q.

It needs to be pointed out that the Earth’s CMB temperature
may decrease with time, and if we reduce the CMB temperature
with time in our models, we may reduce the linear increase of
Qp. It has also been suggested that Tp, for the Earth’s mantle may
have started with low and reached a maximum in the mid-Archean
(~3.0 Ga) and then decrease linearly with time to present-day
(Korenaga, 2006; Herzberg et al., 2010). In such case, our results
suggest Q, may first decrease to minimum at mid-Archean before
increase with time to present-day. However, the temporal variation
of the CMB temperature and the early thermal evolution of the
Earth remain not well constrained. Nevertheless, the linear trends
in Qp are removed before we perform spectral analyses. Adding
variable CMB temperature will also change the heat source which
will, in turn, gradually change the background mantle temperature.
The effects of different background mantle on our results are ex-
amined later in case 5. Therefore, to avoid including more model
uncertainties that do not change our conclusions, we keep the CMB
temperature constant in our models and do not explore the pos-
sibility of an increase of mantle temperature in the early Earth
before ~3.0 Ga.

We also find that, after the linear treads are removed, the
shorter timescale variations of the Q, still correlate well with
8T plume, Plume area, and plume radial velocity, with correlation co-
efficients of 0.78, 0.73 and 0.71, respectively (Fig. 5b-d). This result
is not surprising because plume heat flux is related to plume area,
excess temperature, and radial velocity based on Eq. (21).

In what follows, we explore how plume dynamics and Qp at
700 km depth can be affected by changes of model parameters -

including Rayleigh number, degree of temperature-dependence of
viscosity, and initial mantle temperature. For better comparison,
the internal heat rate is modified accordingly to ensure all mod-
els to have similar mantle potential temperatures that decrease
with time from ~1620-1720°C at 4500 Ma to ~1380-1440°C at
present-day (Supplementary Information Figure S1a, Supplemen-
tary Information Table S3).

Case 2 uses the same parameters as case 1 except that the
Rayleigh number is reduced to Ra=1x10%, which is 0.5x that of
case 1 (Supplementary Information Table S3). One direct conse-
quence is that mantle convection becomes more stable, as demon-
strated by the much smoother changing of ug™ with time com-
pared to case 1 (Fig. 6a, orange). Only ~2-8 plumes are identified
in this case (Supplementary Information Figure S1b). The present-
day Qp for case 2 is ~0.4 TW, which is ~7 times lower than case
1 (Fig. 6a). The secular variation of Q, for case 2 shows period-
icities of 826 Myr and 568 Myr above the 99% confidence level
(Fig. 6b), and the variation of u{™ has a periodicity of 646 Myr
above the 99% confidence level (Fig. 6¢).

Case 3 uses a Rayleigh number 2x that of case 1 (Supplemen-
tary Information Table S3). About 20-30 plumes are found in this
case, more than that in case 1 (Supplementary Information Fig-
ure S1b). The Q, in case 3 is higher and varies more strongly and
frequently than that in case 1 (Fig. 7a). The variation of Qp is dom-
inated by periodicities of 227, 134, 121, 89 Myr that are above the
95% confidence level, among which the periodicities of 121 and
89 Myr are above the 99% confidence level (Fig. 7b), and ug™ has
a periodicity of 362 Myr that is above the 99% confidence level
(Fig. 7c¢).

In case 4, the activation coefficient for the temperature-
dependence of viscosity is increased to E=13.82 in the lower man-
tle (Supplementary Information Table S3). Therefore, the viscosity
of the basal hot TBL is reduced. The Q) is higher and varies more
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frequently than case 1 (Fig. 8a). The secular variation of Q, shows
periodicities of 312, 180, 135, 128 and 92 Myr above the 95% con-
fidence level (Fig. 8b) and the periodicity of 312 Myr is above the
99% confidence level. The variation of uf™ has a periodicity of 613
Myr above the 99% confidence level (Fig. 8c).

Case 5 uses a different initial mantle temperature structure
with higher Tpoe of 1710°C at 4500 Ma, which decreases to
~1450°C at 0 Ma (Supplementary Information Figure Sl1a, Sup-
plementary Information Table S3). Compared to case 1, Qp in case
5 is slightly lower (Fig. 9a), because of the reduced plume excess
temperature as the background mantle becomes hotter. The varia-
tion of Qp has a periodicity of 237 Myr above the 99% confidence
level and another periodicity of 152 Myr above the 95% confidence
level (Fig. 9b). The variation of ug™ is dominated by a periodicity
of 532 Myr that is above the 99% confidence level (Fig. 9c).

4. Discussion

In this study, we analyze 3D global mantle convection models,
and we examine the secular variations of the total plume heat flux
Qp and the rms of the surface velocity uf™. Fig. 10 compares the
periodicities of the variations of Q, and the ug™ versus the av-
erage of the rms of the surface velocity (W) and the average of

the rms of the global mantle flow velocity (u}ys) from 3000 Ma to
0 Ma for cases 1-5. We find that all cases show multiple period-

icities in the variation of Q, which generally decrease with ug™

and ulyf. A periodicity is also observed in the variation of ug™ for
each case which also decreases with W and ul™s,

The Earth has an average plate velocity of ~4-5 cm/yr at the
present-day. It varies with time and may be up to several times
higher in the past 1 Ga (Miiller et al., 2022). Compared to Earth’s
plate velocity, the surface velocity in all our models is much
smaller. We find that the uj of cases 1, 4 and 5 are significantly
higher than case 2 (Fig. 10b) which is not surprising because these
cases have 2x higher Rayleigh number than case 2; however, all
these four cases have the similar ug™. This result indicates that the
surface motions in (at least some of) our models remain sluggish
and are not fully mobile, which may be because our simulations

of the lithospheric deformation remain too simplified compared to
the complex Earth. Therefore, we argue that, in our models, the
global mantle flow velocity better represents the vigor of mantle
convection than the surface velocity.

Compared to Earth’s plate motion at the surface, the Earth’s
global mantle flow velocity is less well constrained, but studies
based on the depths of subducted slabs from tomography mod-
els and estimations of slab ages have suggested an average sinking
rate of ~1.2 cm/yr for subducted slabs in the most recent ~250
Ma (van der Meer et al., 2011). Because mantle flow velocity is
generally higher in subducted slabs than in the background mantle
and because the background mantle has much more volume than
subducted slabs, the rms of the Earth’s global mantle flow in the
past ~250 Ma may be lower than ~1.0 cm/yr. Therefore, we may
use ulyh = 0.8 cm/yr to represent a condition with Earth-like vigor
of mantle convection in the past ~250 Ma. As shown in Fig. 10b,
the ulyi in our models range from 0.33 in case 2 to 0.69 cm/yr
in case 3. The periodicities of the Qp decrease rapidly with ulj}

when u}; is less than 0.5 cm/yr, but when ulJs is larger than 0.5
cm/yr, the rate of decrease is greatly reduced and the trend curves
tend to be asymptotic. Following this trend, the periodicities of the
Qp may be in a range of ~90-200 Myr for ui} at 0.8 cm/yr, which
is in good agreement with previous studies of ~100-200 Myr for
the periodicities of individual plumes (Le Bars and Davaille, 2004;
Davaille et al., 2005; Li et al., 2018). As shown in Fig. 10b, the pe-

riodicity of uf™ decreases linearly with u}f;, and following this

trend, it will have a periodicity of ~300 Myr when uly; is at 0.8
cm/yr. Note that our definition of Earth’s vigor of deep mantle con-
vection at ufys = 0.8 cm/yr is arbitrary, although it is based on
previous estimations on the sinking rate of subducted slabs (van
der Meer et al.,, 2011). If Earth’s vigor of deep mantle convection is
higher, especially in the earlier history due to higher mantle tem-
perature and thus lower mantle viscosity, the periodicity of ug™
might decrease following the linear trend line in Fig. 10d, but the
periodicities of the Q, won't be significantly affected according

to the trend lines in Fig. 10b that tend to be asymptotic at large

rms
Uwm:

It is well known that the spectrum of any time series can have
periods where the spectral powers are at local maxima, except for
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white noise and red noise. Therefore, confidence levels are often
calculated to determine to what extent a periodicity is credible. In
statistics, a periodicity whose confidence level is higher than 95%
or 99% is probably real. In this study, all the periodicities for the
variation of Q, are above the 95% confidence level with many of
them above the 99% confidence level (Figs. 3, 6-9), indicating that
these periodicities are probably real.

However, it is possible that even random number sequences can
coincidently show periodicities above 95% confidence level. One
way to determine if a periodicity is significant or caused by coin-
cidence is to perform spectrum analysis on new independent data.
Puetz and Condie (2022) tested four independent global detrital
zircon databases (Voice et al., 2011; Roberts and Spencer, 2015;
Puetz and Condie, 2019; Puetz et al., 2021), and found all these
databases show nearly identical periodicities above the 95% confi-
dence level. Therefore, the periodicities in the detrital zircon age
distributions are consistently reproducible at high confidence lev-
els from four independent databases and are thus different from
random number sequences whose periodicities are random and
different for every new dataset.

Different from the detrital zircon age distribution whose pe-
riodicities can be confirmed by using multiple datasets, mantle
dynamics and thus the periodicities of the variations of the total
plume heat flux Q, are model-dependent, and we acknowledge
that any mantle convection model could produce a time series of
plume heat flux that shows some periodic cycles. So, the question
is: what is special for the periodicities of the Q in this study and
why do we care about them? The answer is that some key mea-
surements in our models are consistent with Earth’s observations;
therefore, results of our models are relevant and have important
implications for Earth’s deep processes. Specifically, when using
f=0.03-0.09 or a threshold plume excess temperature of 100-
300°C to define plume regions, which generally agrees with the
plume excess temperature beneath plume-generated hotspots (e.g.,
Schilling, 1991), most of our models (except case 2) show present-
day Qp of ~2-5 TW which is similar to the Q, estimated for the
Earth (e.g., Sleep, 1990; Davies, 1993). Our models also produce
Earth-like evolution of mantle potential temperature (Supplemen-
tary Information Figure S1a). Furthermore, results of our models
can be extrapolated to conditions with Earth-like vigor of convec-
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Fig. 7. Same as Fig. 6 except for case 3 with higher Rayleigh number.

tion as shown in Fig. 10. Because of these features of our models,
it is reasonably safe to argue that our modeling results are applica-
ble to the true Earth. Our results suggest that the plume heat flux
in Earth’s mantle may have multiple periodicities in the range of
~90-200 Myr. Interestingly, periodicities at 89, 103, 107, 136, 170
and 188 Myr have also been found in the global detrital zircon age
distribution A, all within the range of ~90-200 Myr. This result
suggests these periodicities in Az can be due to plume-induced
magmatism.

Besides mantle plumes, the continental crust is also produced
by arc volcanism at subduction zones (Rudnick, 1995; Hawkes-
worth et al., 2010). It has been proposed that pulses of continental
crust growth may result from periods of accelerated plate motion
and subduction rate in Earth’s history (O’Neill et al., 2007; Arndt
and Davaille, 2013). As a test, we also quantify the root-mean-

squares of the surface velocities (ug™) in our models. We find that

the periodicity of the variation of uf™ decreases linearly with u{};

(Fig. 10d). Our results suggest a periodicity of around 300 Myr for
the temporal variation of ug™ after extrapolating our results to a
regime with Earth-like u}f}; of 0.8 cm/yr (Fig. 10d). Interestingly,
a periodicity of 312 Myr has been found in the detrital zircon age
distribution (Fig. 1b), which suggests that this periodicity may be

related to the temporal variation of surface motion. Since the melt
production rate of arc magmatism is directly related to the sur-
face motion (e.g., O'Neill et al., 2007), our results suggest that the
temporal variation of the surface motion may have contributed to
the ~300 Myr periodic cycle for the growth of continental crust.
It needs to be pointed out that although the magnitude of ug™
is low which may be due to the simplified rheology laws used in
our models, the temporal variation of the ug™ closely follows the
variation of the global mantle flow velocity (Fig. 3a) that better
represents the vigor of mantle convection; therefore, the period-
icity of the ug™ may be less affected by the model simplification
than its low magnitude.

We stress that the evolution of Earth’s mantle is complex and
may also have been affected by other factors not included in
our models. First, our models do not include the assemblage and
breakup of supercontinents (e.g., Zhong et al., 2007; Rolf et al.,
2014). The cycle of 802 Myr in the global detrital zircon age dis-
tribution (Fig. 1b), which is not observed nor predicted in the
periodicities of the variations of Q, and uf™ in our models, may
be related to the supercontinent cycle, as suggested by Korenaga
(2006). Due to the lack of continents, our models do not have the
Wilson cycle which have been suggested to have a periodicity of
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Fig. 8. Same as Fig. 6 but for case 4 with higher

~200-350 Myr (Mitchell et al., 2019). The Wilson cycle may have
also contributed to the periodic production of arc magmatism and
the periodic growth of the continental crust.

Second, it has been proposed that subducted slabs could tem-
porarily accumulate at ~660 km depth before episodically sinking
to the lower mantle (e.g., Peltier and Solheim, 1992; Tackley et al.,
1993; Davies, 1995, 2008; Wolstencroft and Davies, 2011; Wang
and Li, 2020; Yuan and Li, 2022) - a process often referred to as
slab avalanches. Our models include a Clapeyron slope -2.9 MPa/K
for the 660 km phase transition and a 30x viscosity increase at
660 km depth from upper to lower mantle, but we do not observe
slab avalanche events (Supplementary Information Movie S1). This
may be because the Rayleigh number in our models and thus the
vigor of convection remains lower than the Earth as indicated by
the low mantle flow velocity in our models (Fig. 10), and as a re-
sult, subducted slabs in our models may be too thick to become
stagnant at the 660 km depth. In addition, whereas the increase
of viscosity occurs at a constant depth of 660 km in our models,
the depth for the density increase due to the post-spinel phase
transition moves up and down around 660 km depth. By increas-
ing the viscosity at the same depths where the density increases,
slab stagnation at 660 km depth might be promoted. This could
lead to the occurrence of slab avalanche events. Nevertheless, seis-

10

degree of temperature-dependent viscosity.

mic observations have clearly shown some subducted slabs being
strongly deflected at the base of mantle transition zone (e.g., Fukao
et al,, 1992), suggesting that slab avalanche events are likely part of
Earth’s history of mantle convection. Previous studies have shown
that mantle overturn due to slab avalanche events can be episodic,
with a wide range of periodicities from 100’s Myr to ~1.0 Gyr
(e.g., Davies, 1995). Thus, the 500 Myr periodic cycle in the detri-
tal zircon age distribution may be related to slab avalanche events.
Even without slab avalanche events, the arrivals of new subducted
slabs to the lowermost mantle or the temporal changes of sub-
duction flux could perturb the basal TBL and trigger the formation
of mantle plumes and thus affect plume heat flux (e.g., Tan et al.,
2002, 2011; Steinberger and Torsvik, 2012; Li and Zhong, 2017).
In our models, the variation of the plume heat flux results from
the interactions between subducted slabs and the basal TBL and
the interactions between plumes and the surrounding mantle. That
is, the influence of subducted slabs on the formation of mantle
plumes is implicitly included in our models.

Third, the rheology of Earth’s mantle is more complex than
in our models, including larger activation energy for temperature-
dependent viscosity (Kohlstedt and Hansen, 2015), and stress and
grain-size dependence of viscosity (Karato and Wu, 1993; Solo-
matov and Reese, 2008; Dannberg et al., 2017). We find that an
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Fig. 9. Same as Fig. 6 except for case 5 with higher initial mantle temperature.

increase of activation energy leads to more frequent formation of
plumes and shorter periods for the variation of the total plume
heat flux (e.g., Fig. 8). However, previous studies found that for
an activation energy of 500 kJ/mol or higher, small-scale convec-
tion may first develop in the basal TBL before the development of
large plumes (Thompson and Tackley, 1998; Solomatov and Moresi,
2002); and if so, we expect that large plumes may form less fre-
quently. The stress- and grain-size- dependence of viscosity could
significantly affect mantle dynamics (Foley and Bercovici, 2014;
Dannberg et al, 2017) and morphology of plumes (Davaille et
al., 2018), but its effects on the periodicities of plume heat flux
and surface velocity are less clear. Without considering continents
and by using simplified rheological laws, our models do not gen-
erate realistic plate behaviors. Producing realistic plate behaviors
remains a grand challenge in geodynamic modeling studies, even
though significant progresses have been made in the past (e.g., see
review by Bercovici et al.,, 2015). In our models, the temporal vari-
ation of uy™ follows the temporal variation of uj> and is much
smoother than the variation of the rms of plate velocity for the
Earth that contains abrupt changes (Miiller et al., 2022). Therefore,
periodicities less than ~300 Myr for the temporal variation of the
rms of the plate velocity for the Earth are not excluded by our
models.
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Fourth, the Earth’s lowermost mantle may contain intrinsically
dense chemical heterogeneities, which may be pushed by con-
vection into thermochemical piles (McNamara and Zhong, 2004;
Li and McNamara, 2018; Li et al, 2018). The presence of ther-
mochemical piles on the CMB may affect the excess temperature
of plumes (e.g., Farnetani, 1997; Tan et al., 2011; Li and Zhong,
2017). Previous 2D geodynamic models have also shown that the
morphology of thermochemical piles may change periodically in
response to changes in subduction rates, which could trigger or be
accompanied by periodic increases in heat flux in existing plumes
or the formation of new mantle plumes (Li et al., 2018; Heyn et
al., 2020).

Finally, we hypothesize that the production rate of magma is, to
the first order, controlled by heat flux of plumes and subduction
rate (which is related to surface velocity), as suggested by pre-
vious studies (e.g., O'Neill et al., 2007; Arndt and Davaille, 2013;
Wang and Li, 2021). However, the rate of melt production is af-
fected by mantle chemical heterogeneities as well (e.g., Langmuir
et al, 1992; Li et al., 2016), and the production of continental crust
involves complex process of melt migration. These factors are not
explicitly simulated in this study. It is beyond the scope of this
study to explore all the complexities listed above, and therefore,
our results do not exclude other mechanisms that may have con-
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tributed to the periodic cycles of the plume heat flux, the rms of
the surface velocity, and the periodic growth of the continental
crust.

5. Conclusion

In this study, we perform 3D global geodynamic modeling ex-
periments to study the long-term variations of plume heat flux
and the surface flow velocity, which respectively relate to plume-
induced magmatism and arc magmatism - the two major mecha-
nisms for the production of continental crust. Our models are run
throughout Earth’s history with the mantle potential temperature
decreasing monotonically with time, and they also have Earth-
like plume excess temperatures, total plume heat flux, and mantle
thermal evolution. We find that both the temporal variations of the
total plume heat flux and the root-mean-square (rms) of the sur-
face velocity in our models have periodicities that decrease with
the vigor of mantle convection. When extrapolated to conditions
with Earth-like vigor of convection, the total plume heat flux and
the rms of the surface velocity vary with periodic cycles of ~90-
200 Myr and ~300 Myr, respectively. Therefore, the periodicities
at ~90-200 Myr and ~300 Myr in the growth of continental crust
as suggested by the analysis of the global detrital zircon U-Pb age
distribution may be caused by plume-induced magmatism and arc
magmatism, respectively.
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