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reference model is based solely on thermal conduction, that is, without involving the occurrence of small-
scale convection, and unlike the plate model, it does not contain unphysical boundary conditions. Yet, our
model can explain both bathymetry and the heat flow data on the normal seafloor. The success of the new
model owes to the use of realistic material properties in conduction modeling as well as the consideration
of all of major processes that take place ubiquitously beneath seafloor. The effect of secular cooling on the
bathymetry of old seafloor is particularly notable. Whereas secular cooling brings only weak temperature
variations with an amplitude of ~20 K, it can nonetheless affect global bathymetry substantially owing
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Earth. Journal of Geophysical Research: this subsidence reflects how the suboceanic mantle loses its heat by conduction. When seafloor becomes
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Accepted 31 MAY 2021 at a shallow depth (120-140 km), although the real Earth does not contain such a boundary. Here we
show that, by taking into account all of major processes intrinsic to the suboceanic mantle, from the cold
shallow part to the hotter deep part, it is possible to explain the evolution of seafloor topography as well
as heat loss, without invoking an unphysical boundary condition. In particular, this study illustrates that
the fact that Earth is cooling, which is long known in Earth sciences, can have considerable effects on the
large-scale behavior of ocean basins.

1. Introduction

The ocean basins constitute ~60% of the Earth's surface, and because its capacity defines the volume of
oceans, the evolution of ocean basins is one of the important factors controlling surface environment, for
example, the extent of dry landmasses (e.g., Flament et al., 2008; Galer, 1991; Harrison, 1999; Korenaga
et al., 2017; Parsons, 1982; Schubert & Reymer, 1985). The primary feature of seafloor topography can be
explained by the simple conductive cooling of the suboceanic mantle (e.g., Davis & Lister, 1974). However,
the older part (>~70 Ma ago) of seafloor depth tends to be shallower than predicted by the simple half-
space cooling model (Parsons & Sclater, 1977; Stein & Stein, 1992). The deviations from the model are
known as “depth anomalies” or “seafloor flattening,” and a variety of ideas have been proposed to explain
the anomalous behavior of the old seafloor, including small-scale convection (Davaille & Jaupart, 1994; Par-
sons & McKenzie, 1978), reheating by mantle plumes (Davies, 1988a; Heestand & Crough, 1981; Schroed-
er, 1984; Smith & Sandwell, 1997), radiogenic heat production (Crough, 1977; Forsyth, 1977; Jarvis & Pel-
tier, 1982), and the combination of radiogenic heating and small-scale convection (Huang & Zhong, 2005;
Korenaga, 2015). The deviation has often been modeled by the so-called plate model (Langseth et al., 1966;
© 2021. American Geophysical Union. McKenzie, 1967), in which temperature is fixed at a depth of ~100 km. The plate model is described by a
All Rights Reserved. simple analytical formula, and it is widely adapted as a reference model to represent averaged global depth
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and heat flow. The model is also used in a wide range of geophysical and geochemical studies (e.g., Davies &
von Blanckenburg, 1995; Kawakatsu et al., 2009; Mehouachi & Singh, 2018; McKenzie, 1978; McNutt, 1984;
Sarafian et al., 2015; Syracuse et al., 2010; Watts et al., 1980; Yamamoto et al., 2014). Despite its long-stand-
ing popularity, the plate model is a phenomenological model designed to fit the present-day seafloor, and
as such, it is unclear whether the model can be applied to model the behavior of ocean basins in the distant
past (e.g., Korenaga et al., 2017).

In this study, we present a new reference model for the evolution of oceanic lithosphere, which is based
on the physics of thermal conduction with no artificial boundary condition and yet can explain available
surface observations for “normal” seafloor of all ages. This new reference model is built on two differ-
ent developments. First, Korenaga and Korenaga (2008) introduced a new method of defining “normal”
seafloor using statistical correlation. Their reexamination of age-depth relationship yielded a subsidence
rate of ~320 m Ma~"? for seafloor younger than ~70 Ma ago, which is ~10% lower than conventional es-
timates (Carlson & Johnson, 1994; Parsons & Sclater, 1977; Smith & Sandwell, 1997; Stein & Stein, 1992).
Second, Korenaga and Korenaga (2016) suggested that the subsidence rate should actually be as high as
~400-500 m Ma~"?, based on theoretical calculation of half-space cooling with variable material proper-
ties and the spinel-to-garnet phase transition. They also found that this difference between observed and
theoretical subsidence rates could be explained by taking into account the effects of incomplete viscous re-
laxation, radiogenic heat production, and secular cooling, all of which are expected for the normal mantle.
Incomplete viscous relaxation results from the strong temperature dependence of mantle rheology (e.g.,
Korenaga, 2007a; Pollack, 1980), radiogenic heat production is constrained by the the compositional model
of Earth's mantle (e.g., Jochum et al., 1983; Lyubetskaya & Korenaga, 2007b; McDonough & Sun, 1995),
and secular cooling is required by the present-day thermal budget of Earth (e.g., Jaupart et al., 2015;
Korenaga, 2008). The analysis of Korenaga and Korenaga (2016) was, however, limited to young seafloor,
and in this study, by extending their approach further to older seafloor, we show that it is possible to explain
both the seafloor depth and surface heat flow data on normal seafloor of all ages.

The structure of this study is as follows. First, we begin with our theoretical formulation. We explain how
to parameterize the numerical solution of half-space cooling with variable material properties and how to
correct for the effects of radiogenic heating and secular cooling. We also describe how to compute corre-
sponding seafloor topography using instantaneous Stokes flow. Second, we describe the processing of the
global marine geophysical data, from which we extract the age-depth and age-heat flow relations for normal
seafloor. Then, we show that such relations can be explained by our model of conductive cooling, with rea-
sonable amounts of radiogenic heat production and secular cooling. Being able to satisfy both the seafloor
and heat flow data also allows us to construct a reference model for a thermal structure. Finally, we discuss
the significance of this new reference model in relation to previous models and the possibility of testing it
by seismological means.

2. Theory

Similar to traditional reference models such as the half-space cooling model and the plate model, our refer-
ence model is based only on the physics of thermal conduction, without the occurrence of sublithospher-
ic convection. Given the current understanding of upper mantle rheology (Hirth & Kohlstedt, 2003; Jain
et al., 2019; Karato & Wu, 1993), the onset of small-scale, sublithospheric convection is possible within
a typical lifetime of oceanic plate (e.g., Huang et al., 2003; Korenaga & Jordan, 2003), and thus it may
be tempting to include the effect of sublithospheric convection when building a reference model for the
evolution of normal oceanic lithosphere (e.g., Korenaga, 2020). However, the uncertainty of upper mantle
rheology is still substantial (Jain et al., 2019), and incorporating such a dynamic effect in a reference model
is probably premature. The exclusion of sublithospheric convection from consideration may also be prefer-
able from a practical point of view, because a reference model based purely on thermal conduction is easily
reproducible.

Our theoretical formulation follows closely that of Korenaga and Korenaga (2016), which extends the classic
half-space cooling model with the following seven additional features: (a) the presence of 7-km-thick ocean-
ic crust, (b) compositional variations associated with melt extraction, (c) spatially variable thermodynamic
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significantly affects the thermal structure of oceanic lithosphere and thus
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mantle composition is important when considering the spinel-to-garnet
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thermodynamic properties include temperature-dependent specific heat,
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Age [Ma] porated the first four into their modeling of thermal conduction, and they
incorporated the remaining three when calculating seafloor subsidence.
Figure 1. (a) Thermal evolution of the suboceanic mantle according We also adopt this approach here because it allows us to efficiently eval-
to the thermal conduction modeling of Korenaga and Korenaga (2016). uate the influence of these three. Our modeling of thermal conduction is
Isotherms for our parameterization of the numerical model (Equation 2) the same as that done by Korenaga and Korenaga (2016), with the only
are shown in dotted. (b) Absolute approximation error of our difference being the duration of modeling and its depth extent. The main
parameterization. i
focus of Korenaga and Korenaga (2016) was the evolution of young ocean
lithosphere, so their modeling results cover only up to 100 Ma; we model
up to 200 Ma in this study. As the technical details of conduction mode-
ling can be found in Korenaga and Korenaga (2016), we do not repeat them here. Instead, we provide a pa-
rameterization of our modeling results so that others do not need to perform the underlying heat transport
modeling. In what follows, we describe our parameterization in three steps, first how we parameterize the
thermal structure and heat flow of the half-space cooling model with variable material properties, then how
such parameterization may be corrected for the effects of internal heating and secular cooling, and finally
how our prediction for seafloor subsidence can be parameterized.
2.1. Half-Space Cooling With Variable Material Properties
As in Korenaga and Korenaga (2016), the thermal evolution of the suboceanic mantle is modeled by solving
the following one-dimensional equation of thermal conduction:
PPTICH(P.T) L = i(k(P,T)a—T], M
ot 0z 0z
where p, Cp, k, P, T, t, and z are density, specific heat, thermal conductivity, pressure, temperature, time,
and depth, respectively. See Korenaga and Korenaga (2016) for how density, specific heat, and thermal
conductivity vary with pressure and temperature. Note that internal heating is not considered at this stage.
The model spans from the seafloor (z = 0) to the depth of 400 km, and the initial temperature profile is the
adiabat with the potential temperature of 1623 K (1350°C) (Herzberg et al., 2007), and the surface temper-
ature is fixed at 273 K (0°C). Using a finite difference approximation with a vertical spacing of 1 km and a
time step of 5,000 years, we integrate the equation for t = 0-200 Ma (Figure 1).
KORENAGA ET AL. 30f 29



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020B021528

We were able to obtain a reasonably approximate parameterization to our numerical solution, by modifying
the conventional half-space solution with a depth-dependent thermal diffusivity as

T 6(t:2) = T, + ATerf[#

2
+az+az, 2
2oy J
where T is the surface temperature (273 K), AT is 1350 K, erf(+) is the error function, a; = 0.602 X 10°Km™,
a, = —6.045 x 107" K m™ and for z < 7 km, x(z) = 3.45 x 107’ m*s~", and for z > 7 km,

n

6 n
K(2) = Koy X.b, (21 2,6)?, 3
n=0

with 1 =2.23 X 10° m*s ™", zrer = 10° m, by = —1.255, b; = 9.944, b, = —25.0619, by = 32.2944, b, = —22.2017,
bs = 7.7336, and b, = —1.0622. The terms a;z + a,z* represent the adiabatic component. The subscript
“KK16” denotes that this parameterization is based on the numerical solution of Korenaga and Korena-
ga (2016), and the superscript “0” signifies that this equation serves as a baseline, to be corrected later for
additional effects. As it may be understood from the units of these constants, here temperature T is in K,
time ¢ is in seconds, and depth z is in meters. The thermal structure according to this approximation is also
shown in Figure 1a. The root-mean-square (RMS) error of the approximation is ~0.6%, and the difference
from the original numerical solution is below ~10 K for older (¢ > 80 Ma) part.

Similarly, we found that surface heat flow could be approximated, with a RMS error of ~1.4%, as

0 C@)
qxkie(t) = —= 4
KK16 \/t_ €]
where q is in mW m™, t is time in Ma, and
4
c) = Yo,y (5)
n=0

with ¢y = 338.4, ¢; = 66.7, ¢, = —8.26, c; = 0.53, and ¢, = —0.013. Note that this approximation is valid only
for t <200 Ma.

2.2. Effects of Radiogenic Heating and Secular Cooling

Both radiogenic heating and secular cooling modify the above thermal structure and surface heat flow only
slightly. To see this quantitatively, consider the following classic half-space cooling solution,

Tl(t,z)=Tx+ATerf( z J )

Wkt

With these two additional effects, the above solution may be modified to (e.g., Carslaw & Jaeger, 1959):

T,(t,2) :TS+ATerf[ < j

H 2 b4 t z I
+C—P{(t+§]erf[2\/g}+ z\/”—:exp(—a}—gl @)

oT (t)erf < s
- otie [zﬂ

where the third and fourth terms on the right-hand side represent, respectively, the effects of radiogenic
heating, H, and secular cooling, §7(¢). For the sake of simplicity, the effect of adiabatic compression is not
considered here; this is consistent with the incompressible fluid approximation used later for topography
calculation. When constructing a reference model for the thermal structure of oceanic lithosphere, time ¢
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is also used as the seafloor age, and this convention is followed here as well. The effect of secular cooling is
then modeled by having §T(¢) > 0 for ¢ > 0; that is, it appears as secular heating as we go deeper in time. In
addition, strictly speaking, the amount of radiogenic heating H should be modified as a function of seafloor
age, but as noted by Korenaga and Korenaga (2016), such change is of negligible influence for the lifetime
of seafloor.

The concentration of heating-producing elements in the present-day convecting mantle is estimated to
be 9.7 ppb U, 30 ppb Th, and 102 ppm K (Korenaga, 2017b), which amounts to the heat production of
2.09 x 107 W kg™". This is lower than the heat production of the primitive mantle (e.g., 4.92 x 107> W kg™
corresponding to the model of McDonough & Sun, 1995), because of the extraction of enriched continen-
tal crust, but is higher than that of the depleted source mantle for mid-ocean ridge basalts (MORB) (e.g.,
0.69 X 1072 W kg_l corresponding to the model of Workman & Hart, 2005), because the depleted MORB-
source mantle refers to the most depleted component within the convecting mantle. The above estimate
of Korenaga (2017b) for the convecting mantle has the uncertainty of ~40%; because it is based on a mass
balance calculation involving the composition models of the primitive mantle (Lyubetskaya & Korenaga,
2007a) and the continental crust (Rudnick & Gao, 2003), it inherits the uncertainties of both models. The
internal heating term in Equation 7 looks complicated, but its growth is bounded by Ht/Cp. With the heat
production of 2 x 1072 W kg™ and the specific heat of 1,200 J K™ kg™, therefore, the mantle temperature
goes up by only ~5 K every 100 Ma.

Heat loss from Earth's surface to space has been greater than radiogenic heat production within Earth, at
least for the last 3 billion years or so (Herzberg et al., 2010), leading to the long-term cooling of Earth as a
whole. The term “secular cooling” refers to this long-term, global cooling. According to the petrological esti-
mate of Herzberg et al. (2010), the mantle has been cooling at a rate of 100-150 K Ga™" for the last 1 billion
years (note: the average cooling rate over the last 3 billion years is ~50-100 K Ga™"), and this recent cooling
rate is consistent with the present-day thermal budget of Earth (Jaupart et al., 2015; Korenaga, 2008). That
is, the convecting mantle was ~10-15 K hotter, on average, 100 Ma ago, and this secular cooling effect can
easily be incorporated into the half-space cooling model by varying §7(t) in Equation 7. For the secular
cooling rate of 100 K Ga™, for example, ST(¢) varies linearly from 0 at ¢ = 0 to 20 K at t = 200 Ma. The mag-
nitude of cooling during the life time of oceanic lithosphere is small, but secular cooling appears to have left
a discernible trace in the thickness of oceanic crust (Van Avendonk et al., 2017).

Surface heat flow corresponding to the classic half-space solution of Equation 6 is given by

kAT
q@t) = ; ®)

7Kt

where k is thermal conductivity, and that corresponding to Equation 7 is by
kAT  2kH [ kST(1)
g, (1) = + — + . C))
: Naxt Cp N7k mxt

The combined effects of internal heating and secular cooling are mostly to raise the temperature of the sub-
lithospheric mantle beneath older seafloor, by ~20 K every 100 Ma, which is dwarfed by the temperature
variation across the lithosphere (Figure 1). Their effects on surface heat flow are limited as well, with only
~2% increase every 100 Ma. We may thus incorporate these effects into our numerical solutions by multi-
plying T,(£)/T;(t) to thermal structure and q,(t)/q:(¢) to surface heat flow.

2.3. Notes on Radiogenic Heating and Secular Cooling

As in the modeling studies of Korenaga (2015) and Korenaga and Korenaga (2016), we use the thermal
structure predicted by Equation 7 for the whole mantle. This is equivalent to assuming that the sublitho-
spheric mantle, down to the core-mantle boundary, moves laterally with the overlying plate, which appears
to be unrealistic. This idealized model setting is, however, motivated by likely complications associated
with mantle convection and can be considered appropriate when building a reference model, as explained
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below. We note that this assumption of the whole-mantle domain is guided primarily by its simplicity, and
given the depth sensitivity of topography kernels (Section 2.4), it can be relaxed considerably (Section 4; cf.
Figure 7b).

When mantle convection is simulated within a closed model domain, subducted materials return through
the deep mantle to a mid-ocean ridge, and the mantle beneath old oceanic lithosphere is enclosed by and
left from this global circulation, thereby being cooled less efficiently and accumulating more heat compared
to the other parts of the mantle (e.g., Huang & Zhong, 2005; Lowman et al., 2003). That is, positive thermal
anomalies result from the mantle beneath old oceanic lithosphere being even older, and such “trapped heat”
could exist in the actual mantle if a return flow from a subduction zone to a ridge is maintained for a suffi-
ciently long time (e.g., Morishige et al., 2010). This trapped heat is a common feature in mantle convection
models with internal heating, and one representative example is shown in Figure 2a. This model is set up
similarly to those studied by Huang & Zhong (2005), but unlike their steady-state models, it exhibits secular
cooling at a rate of ~50 K Ga™! (for the further details of numerical simulation, see Supporting Information;
Figure S1). Because both of internal heat production and secular cooling tend to be “trapped” in this type of
mantle circulation, the sublithospheric mantle beneath the older part of seafloor is hotter than that beneath
the ridge axis by ~25-55 K (Figure 2c), which leads to ~1 km shallowing of seafloor with respect to the case
of no internal heating and secular cooling (Figure 2g). For comparison, temperature variations for our ref-
erence model (i.e., whole-mantle lateral flow with the same amount of internal heating and secular cooling
for this convection model) is shown in Figure 2e, and the corresponding subsidence behavior in Figure 2g.
The amplitude of sublithospheric temperature variations in the reference model is only ~20 K, but because
it is uniformly distributed throughout the mantle, its effect of subsidence is comparable to that of greater
but spatially heterogeneous temperature variations seen in Figure 2a. In this particular simulation example,
the effect of trapped heat extends below young seafloor, reducing the subsidence rate as a whole (Figure 2g).

For the case Figure 2a, a realistic temperature dependence of mantle viscosity (the Frank-Kamenetskii
parameter, 6, of 18, which is equivalent to the activation energy of ~300 kJ mol~; the definition of the
Frank-Kamenetskii parameter is given in Supporting Information) is used, and for comparison, another
case with a much reduced temperature dependence (the Frank-Kamenetskii parameter of 6) is shown
in Figure 2b. The reduced temperature dependence facilitates small-scale convection, and resulting cold
downwellings efficiently mix the sublithospheric mantle, erasing the effect of internal heating and secular
cooling (Figure 2d). Seafloor shallowing is still observed at older seafloor (Figure 2h), and this is owing to
the extensive thinning of lithosphere by delamination. For their steady-state convection models, Huang
& Zhong (2005) also used the Frank-Kamenetskii parameter of ~6, but we note that this temperature de-
pendence corresponds to the activation energy of ~100 kJ mol ™, which is at odds with experimental rock
mechanics (e.g., Hirth & Kohlstedt, 2003; Jain et al., 2019; Karato & Wu, 1993). Thus, the intensity of litho-
spheric delamination and resulting convective mixing seen in Figure 2b should be regarded as an extreme
end-member (see Figures S2 and S3 for further examples of convection snapshots). Note that the intensity
of lithospheric delamination is controlled solely by the activation energy and is independent of astheno-
spheric viscosity (e.g., Solomatov & Moresi, 2000) (see also Figure 5c of Korenaga & Jordan, 2004).

The difference between two convection snapshots shown in Figures 2a and 2b represents only a small frac-
tion of variations expected for modeling with a closed domain, because this type of modeling involves a fair
number of parameters such as the amount of internal heating, plate speed, mantle rheology, the tempera-
ture of the core-mantle boundary, and the aspect ratio of the model. Even by exploring the effects of these
parameters, however, modeling with a 2-D closed domain is inherently limited because the actual mantle
convection takes place in a 3-D spherical shell with evolving plate boundaries. For example, the pattern of
mantle circulation leading to trapped heat discussed above does not apply to the Atlantic-type seafloor, and
the suboceanic mantle near passive margins may instead have been affected by supercontinental insulation
(e.g., Coltice et al., 2007; Korenaga, 2007b; Van Avendonk et al., 2017).

In light of this complexity of time-dependent mantle convection, it is difficult to decide on an ideal model
setup for the evolution of the suboceanic mantle. Traditional reference models such as the half-space cooling
and plate models have focused on the lithospheric part, but as discussed at length in Section 2.4, long-wave-
length surface topography is sensitive to deep-mantle density anomalies, so it is desirable to include the sub-
lithospheric part in a reference model. Radiogenic heating and secular cooling are both important factors
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Figure 2. Examples of convection modeling in a closed domain (See Supporting Information for the details of numerical modeling). The left and right columns
correspond to the cases with the Frank-Kamenetskii parameter, 6, of 18 and 6, respectively. The aspect ratio of the model domain is 4:1, so the lateral extent
corresponds to 11,600 km. In both cases, the Rayleigh number of 10° is used, internal heat production is set at ~1.6 x 107> W kg™, and the surface plate is
moved with a velocity of 5.43 cm yr™'. (a) Snapshot of the temperature field for the case of @ = 18 at a model time of ~3.66 Ga. Isothermal contours are drawn
for 1000°C-1400°C at an interval of 100 K. The system is cooling down at the rate of ~50 K Ga™" (Figure S1). (b) Snapshot for the case of 8 = 6 at a model time
of ~1.85 Ga. The system is cooling down at the rate of ~40 K Ga™". Subduction flow is barely visible because its thickness is limited. (c) and (d) are same as (a)
and (b), respectively, but expressed as difference from the column beneath the ridge axis (the left side). (e) and (f) are temperature variations with respect to the
mantle column beneath the ridge axis, corresponding to our reference model (with an internal heating of ~1.6 X 107> W kg™ and a secular cooing rate of 50
and 40 K Ga™, respectively). (g) and (h) are corresponding subsidence curves, based on convection snapshots shown in (a) and (b) (thick solid), only the upper
half of the snapshots (thick dotted), pure half-space cooling (no internal heating and secular cooling) (dashed), half-space cooling with internal heating (orange
dashed), and half-space cooling with internal heating and secular cooling (red dashed).

in the thermal budget of Earth, so a reference model should honor them. Considering them in the frame-
work of a closed model domain (e.g., Figure 2a), however, would lead to an overly complicated model with
return flow and core heat flux. A closed model domain also has a tendency to overemphasize the effect of
internal heating and secular cooling under old seafloor. Small-scale convection could alleviate this trapped
heat effect, but its efficacy is currently uncertain (Section 5.3). Instead of trapped heat, the mantle beneath
passive margins could be influenced by supercontinental insulation, which is a large-scale manifestation of
radiogenic heating and secular cooling. Given these realistic complications expected for mantle convection,
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our assumption of whole-mantle lateral advection can provide a simple reference state that includes the ef-
fect of radiogenic heating and secular cooling and allows us to demonstrate the importance of deep-mantle
thermal anomalies on surface topography. Being simple also facilitates to measure the effect of neglected
processes, such as trapped heat, supercontinental insulation, small-scale convection, mantle plumes, and
deep return flow. Traditional half-space cooling and plate models are both simple, but the former cannot
explain the depths of old seafloor, thereby being an incomplete reference model for oceanic lithosphere, and
the latter is physically problematic (Section 5.2).

Our reference model for the evolution of the suboceanic mantle starts with a mantle column with a con-
stant potential temperature under a mid-ocean ridge. In absence of radiogenic heating and secular heating,
the sublithospheric mantle retains this initial potential temperature. If radioactive isotopes are uniformly
distributed through the mantle, the entire mantle is heated uniformly. Because the thermal evolution of the
suboceanic mantle is measured with respect to the mantle column beneath the present-day ridge, however,
the mantle beneath 100 Ma-old seafloor would have been subject to 100 Ma-worth radiogenic heating, if
its initial potential temperature beneath a ridge was the same as the present-day potential temperature
beneath a ridge. On top of this, the initial potential temperature beneath a ridge would vary with time in
the presence of secular cooling. The use of the mantle column beneath a mid-ocean ridge as a reference is
appropriate from a petrological aspect; estimates on the present-day mantle potential temperature are based
on the petrology of present-day MORB (e.g., Herzberg et al., 2007).

The secular cooling of the mantle occurs because the surface heat loss is greater than the combination of ra-
diogenic heating and core heat flux. It may be worth noting that the secular cooling of the suboceanic man-
tle does not result directly from conductive cooling through oceanic lithosphere. Oceanic lithosphere grows
by conductive cooling, but the mantle well below the growing lithosphere is not affected by this conductive
cooling (e.g., Equation 6). Secular cooling manifests when subducted, initially cold materials do not recover
their original potential temperature beneath a mid-ocean ridge even after mixing with the ambient mantle
and receiving radiogenic heating and core heat flux. This mantle mixing process is outside the scope of our
reference model because, as indicated in the above, it would involve the complexity of mantle convection.
In our model, the effect of secular cooling appears simply as the time-varying initial potential temperature
beneath a mid-ocean ridge.

Mantle circulation implied by our reference model, if taken literately, would not make much sense, be-
cause the effect of secular cooling “magically” shows up in the mantle beneath a ridge axis, and because
the whole mantle moves laterally at the same speed with the surface plate motion. It should be regarded
as one possible abstraction that extracts the essence of radiogenic heating and secular cooling on the evo-
lution of the suboceanic mantle. Such an abstraction is probably important, given the regional variations
of seafloor subsidence. Marty and Cazenave (1989) divided the seafloor into a total of 32 tectonic corridors
(with common ancestral mid-ocean ridge segments) and found that their regional subsidence rates varied
widely from ~150 to ~430 m Ma™"% The global subsidence rate of ~320 m Ma™"? is a result of averaging
out these regional variations, and a model that can explain such a subsidence rate is rather a hypothetical
entity, because regions subsiding with the global rate of ~320 m Ma~? are actually rare. Our reference
model prescribes the effect of radiogenic heating and secular cooling uniformly to the entire depth of the
sublithospheric mantle as a function of seafloor age. One may argue that this is excessive because only the
shallow mantle would move together with a surface plate, but an opposite argument is also possible if one
takes into account the influence of trapped heat and supercontinental insulation, both of which could po-
tentially be significant for the thermal state of the present-day mantle. Thus, our reference model may be
considered as a neutral choice.

As mentioned in Section 2.2, the cooling history of the upper mantle based on the petrology of Precambri-
an lavas indicates the secular cooling of 100-150 K Ga™* for the last 1 billion years (Herzberg et al., 2010),
and this level of secular cooling is actually required by the imbalance of heat sources and sinks in the
present-day mantle; the amount of radioactive isotopes within Earth is simply too low to achieve a ther-
mal equilibrium (e.g., Lyubetskaya & Korenaga, 2007b; McDonough & Sun, 1995). Recently, Aulbach and
Arndt (2019) suggested a much reduced rate of secular cooling (~40 K Ga™) based on the petrology of
eclogite xenoliths, but their interpretation assumes no fractional crystallization during the formation of
oceanic crust, which is difficult to justify (Herzberg, 2019). Such a reduced cooling rate also implies that we
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need to violate geochemical and cosmochemical constraints on the chemical composition of Earth’s mantle.
We note that the rate of secular cooling does not have to be constant because both surface heat flow and
radiogenic heating can vary with time, and the estimate of Herzberg et al. (2010) does suggest that secular
cooling was negligible at ~2.5-3 Ga. Thus, radiogenic heating likely played a far more important role in the
evolution of the suboceanic mantle during the Archean (Rosas & Korenaga, 2021).

It is also important to properly recognize uncertainties associated with radiogenic heating in the mantle.
The heat production of the depleted MORB-source mantle is estimated to be 1.03 x 107 W kg™! and
0.69 x 107> W kg™, respectively, according to the chemical composition models of Salters and Stracke (2004)
and Workman and Hart (2005), and given this, one may be tempted to think that the upper mantle would be
characterized by this level of heat production. A few caveats are warranted on this issue. First, the model of
Salters and Stracke (2004) is biased toward the depleted end-member of MORB samples (Korenaga, 2008),
and that of Workman and Hart (2005) is based mainly on abyssal peridotites, thereby automatically ex-
cluding the contribution of more mafic lithologies, which are considered to be enriched in trace elements
including heat-producing isotopes (e.g., Helffrich & Wood, 2001; Sobolev et al., 2007). Second, both models
involve a fair number of assumptions, such as the mode of mantle melting, the primitive mantle compo-
sition, and continental growth, yet these various sources of uncertainty are not propagated into the un-
certainty of the published models. The primitive mantle composition itself has one standard deviation of
~17% (Lyubetskaya & Korenaga, 2007a), and the models of continental growth have drastically been revised
in recent years (e.g., Guo & Korenaga, 2020; Korenaga, 2018). Finally, the upper mantle is not necessarily
occupied predominantly by the depleted MORB-source mantle; the enriched domain of the mantle may be
spatially dispersed (e.g., Helffrich & Wood, 2001; Ito & Mahoney, 2005). Because of these issues, our adopt-
ed heat production for the present-day convecting mantle, which is derived simply as a difference between
the heat production of the primitive mantle and that of the continental crust, may be regarded as a robust
whole-mantle average.

2.4. Calculation of Surface Topography

We first note that seafloor depth corresponding to the thermal structure described by Equation 2 may be
approximated as

d%16(1) = dy + di\t + d, tanh(eyt), (10)

where t is seafloor age in Ma, d, = 2,600 m, d; = 409 m Ma~""%, d, = 930 m, and e, = 0.018 Ma™". This is based
on thermal isostasy with a compressible medium (see Appendix B of Korenaga & Korenaga, 2016), and the
zero-age depth d, is from the global data analysis of Korenaga and Korenaga (2008). The second and third
terms on the right-hand side correspond to density changes from thermal contraction and the spinel-to-gar-
net phase transition, respectively. This approximation is valid up to ¢t = 200 Ma, and its RMS error is ~0.7%.
As noted by Korenaga and Korenaga (2016), half-space cooling with realistic material properties predicts
too fast subsidence, with the subsidence rate of ~400-500 m Ma ™", whereas the observed subsidence rate is
only ~320 m Ma™/* (Korenaga & Korenaga, 2008). They suggest that the discrepancy may be resolved if we
consider the effects of incomplete viscous relaxation, internal heating, and secular cooling. The analysis of
Korenaga and Korenaga (2016) is limited to seafloor younger than ~70 Ma old, for which half-space cooling
is traditionally thought to be adequate, and in this study, we extend their approach to seafloor of all ages.

It is straightforward to incorporate the effect of incomplete viscous relaxation. Because incomplete relaxa-
tion reduces the effective thermal expansivity of oceanic lithosphere (Korenaga, 2007a), its effect on subsid-
ence is limited to the thermal contraction part:

d\xi6(t) = dy + dyfreNt + d, tanh(eyt), 11

where frc represents the degree of thermal contraction and can vary from 0 (no contraction) to 1 (com-
plete contraction). A theoretical estimate based on viscoelastic modeling suggests that that incomplete vis-
cous relaxation reduces effective thermal expansivity by ~15%-25% (corresponding to frc of 0.75-0.85) for
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temperature-dependent viscosity with an activation energy of 300 kJ mol™' (Korenaga, 2007a). This effect
of incomplete viscous relaxation can be alleviated by brittle relaxation such as thermal cracking and normal
faulting (Korenaga, 2007c, 2017a), but even in the limit of complete brittle relaxation, effective thermal ex-
pansivity is still reduced by ~10%-15% (frc of 0.85-0.90) (Korenaga, 2007a). Given the current understand-
ing of mantle rheology (Jain et al., 2019; Karato, 2008), the possibility of incomplete viscous relaxation is
difficult to dismiss, but the extent of brittle relaxation remains to be resolved. As noted by Korenaga (2007c),
thermal cracking alone would leave the stress state of oceanic lithosphere extensional, which would be
inconsistent with the focal mechanisms of intraplate earthquakes, thereby calling for additional relaxation
processes such as secondary thermal cracking enabled by serpentinization. Recently, Huang et al. (2015)
reported the occurrence of shallow thrust and deep normal earthquakes within a ~25 Ma-old oceanic lith-
osphere, which implies that brittle relaxation may be complete only at shallow depths. This would make
sense because what hinders brittle relaxation is the confining pressure (i.e., difference between lithostatic
and hydrostatic pressures), the influence of which is limited at shallow depths (i.e., up to a few kilometers).
We note that Mishra and Gordon (2016) argue that the observed azimuths of transform faults, which are
consistent with their “shrinking plate” hypothesis, invalidate the thermal cracking hypothesis of Korenaga
(2007c), but their argument does not correctly represent the physics of thermal cracking. As explained
above, complete brittle relaxation, which corresponds to a “shrinking plate,” is likely at shallow depths, and
thermal cracking takes part in such relaxation. Transform faults and fracture zones themselves are the most
prominent examples of thermal cracking (Turcotte, 1974; Turcotte & Oxburgh, 1973), and the existence of
other thermal cracks within oceanic lithosphere has been suggested by the spatial pattern of intermedi-
ate-depth earthquakes beneath northeastern Japan (Korenaga, 2017a) as well as an electromagnetic sound-
ing of a Pacific lithosphere (Chesley et al., 2019). To summarize, effective thermal expansivity is definitely
reduced by incomplete viscous relaxation, but it remains uncertain how this reduction would be moderated
by subsequent brittle relaxation. Given this uncertainty, we vary frc in a range of 0.8-0.9.

Taking into account the effects of radiogenic heating and secular cooling is more involved. As seen in the
previous section, their effects on thermal structure and surface heat flow are small compared to temperature
variations across the lithosphere. However, they can have a considerable influence on seafloor subsidence.
This is because surface topography reflects vertically integrated buoyancy; even a temperature difference
of as small as 10 K could give rise to a notable difference in topography (and thus subsidence) because the
temperature difference is distributed throughout the mantle column. When calculating seafloor subsidence
caused by the growth of lithosphere, the concept of thermal isostasy is valid (e.g., Parsons & Daly, 1983),
that is, we can assume that all of buoyancy in the lithosphere contributes to surface topography, but to take
into account the effect of additional buoyancy distributed throughout the mantle, it becomes necessary to
calculate surface topography by solving instantaneous Stokes flow (e.g., Davies, 1988b). Here we incorporate
the effects of radiogenic heating and secular cooling by comparing two such topography profiles, one corre-
sponding to the thermal structure given by Equation 6 and the other to the thermal structure by Equation 7.
Because the difference between these two structures resides mostly in the sublithospheric domain, its
influence on surface topography may simply be added to Equation 11 as

dxii6(t) = dy + dy freNt + dy tanh(eyt) + b, (W5 — wi), (12)

where by, is the topography scale, whereas w; and wj are nondimensional topography corresponding to the
thermal structure of Equations 6 and 7, respectively. The topography scale is defined as

b,

n

= qATD—Pm 13)
Pm ~ Pw

Where « is thermal expansivity, D is the mantle depth, p,, is mantle density, and p,, is water density. The use
of topography scale and nondimensional topography above stems from the fact that instantaneous Stokes
flow is usually obtained by solving the nondimensional governing equations for mass and momentum con-
servation. As in Korenaga (2015) and Korenaga and Korenaga (2016), we use the two-dimensional finite
element implementation of Stoke flow solver for incompressible fuild (Korenaga & Jordan, 2003); as noted
earlier, the use of incompressible approximation is consistent with the omission of adiabatic compression in
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Equations 6 and 7. To reduce the influence of side boundaries, we compute surface topography for seafloor
with ages from zero to 300 Ma ago and retain results only up to 200 Ma ago. The aspect ratio of the model
domain is either 4:1 or 8:1, that is, the model width is four or eight times as large as the model depth, and the
model is discretized with 400 X 100 or 800 X 100 uniform quadrilateral elements. In terms of a plate span-
ning from a mid-ocean ridge to 150 Ma old seafloor, the aspect ratio of 4:1 corresponds to the plate length of
5,800 km, and that of 8:1 corresponds to the plate length of 11,600 km. The top and bottom boundaries are
free-slip, and the side boundaries are reflecting.

We refer to Korenaga (2015) for the further details of Stokes flow calculation, but here there are three issues
that deserve in-depth discussion. First, surface topography is sensitive to an assumed viscosity structure,
and given that the uncertainty of mantle viscosity is still quite large (e.g., Forte et al., 2015), we need to test
a range of viscosity structure. Surface topography is only sensitive to the relative variations of viscosity; it
is not sensitive to the absolute value of viscosity. We measure such relative variations with respect to the
viscosity of asthenosphere. It is important to take into account the effect of strong lithosphere by using
temperature-dependent viscosity, and in this study, we use the Frank-Kamenetskii parameter of 18, which
corresponds to the activation energy of ~300 kJ mol™! (e.g., Karato & Wu, 1993). In addition, to explore the
effect of depth-dependent viscosity, we increase the viscosity of the lower mantle by up to two orders of
magnitude relative to that of the upper mantle. Second, because the thermal structure (e.g., Figure 1) is ex-
pressed as a function of time, it needs to be converted to a function of the distance from a ridge axis for Stoke
flow calculation, by prescribing plate velocity. The aspect ratios of 4:1 and 8:1 correspond to plate velocity
of ~39 km Ma™" and ~77 km Ma™’, respectively. We found negligible differences between different aspect
ratios, and our main results are based on the aspect ratio of 8:1. Third, in the real (compressible) mantle,
both thermal expansivity and mantle density change with depth. Because our Stokes flow calculation is
done with the incompressible fluid approximation, it may appear adequate to use surface values for these
properties in the topography scale, in the same way that temperature in the incompressible fluid approxi-
mation corresponds to potential temperature. Using a of 3 X 107> K™!, AT of 1350 K, D of 2.9 x 10° m, p,,,
of 3,300 kg m~3, and owof 1,000 kg m~>, the topography scale is found to be ~1.7 X 10° m. However, surface
topography is a result of balancing vertical normal stress at the surface, originating in thermal buoyancy
distributed over the whole mantle, and topographic load with surface density contrast, so it may be more
appropriate to regard that a and p,, in the numerator of Equation 13 refer to their mantle average values,
whereas p,, in the denominator of Equation 13 to its surface value. Because a and p,, vary with temperature
and pressure in the opposite direction (e.g., Anderson, 1995; Katsura et al., 2009; Wolf et al., 2015), the
deviation of the product ap,, from its surface value is limited, and we vary by, from 1.7 X 10° to 2.0 X 10° m.

Finally, secular cooling also results in the temporal variation of crustal thickness; a potential temperature
difference of 10 K, for example, corresponds to a crustal thickness difference of ~630 m, according to the
mantle melting model of Korenaga et al. (2002). Actually, the thickness and density of oceanic crust as well
as those of depleted lithospheric mantle all vary with mantle potential temperature, so based on the param-
eterization of these variables by Korenaga (2006), we include their net effect on isostasy in the subsidence
equation as

X dr
dyxre(t) = dy + dy froNt + dy tanh(ey) + b, (W5 — wi) + ﬂtd—t”, (14)

where 8 is 12 m K" and dT,/dt denotes the rate of secular cooling. This linear dependence on potential
temperature is valid only in the vicinity of mantle potential temperature of 1350°C (£30 K).

In Figure 3a, we can see how incomplete viscous relaxation, radiogenic heating, and secular cooling reduce
the original subsidence rate (~500 m Ma~"/?). For a reference case, we use the internal heat production of
2.3 X 107> W kg™?, the secular cooling rate of 100 K Ga™, the viscosity contrast between the upper and
lower mantle of 10, the topography scale of 1.7 x 10° m, and frc of 0.85. For old seafloor (>100 Ma old), the
effects of radiogenic heating and secular cooling are significant; at 150 Ma old seafloor, for example, the
secular cooling of 100 K Ga™" alone can lift seafloor by ~800 m (Figure 3b). The reason for such a strong
influence on subsidence, despite their seemingly minor influence on thermal structure, may be understood
from the topography kernel (Parsons & Daly, 1983), which quantifies the sensitivity of surface topography
to subsurface density structure. Figure 4 compares topography kernels corresponding to three different
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Figure 3. (a) Predicted age-depth relationship according to Equation 14
for the reference case: the radiogenic heating of 2.3 x 107> W kg™', the
secular cooling rate of 100 K Ga™', the viscosity contrast between the upper
and lower mantle of 10, the topography scale of 1.7 X 10°> m, whole-mantle
thermal anomaly, the plate length of 11,600 km, and frc = 0.85. Subsidence
with half-space cooling (HSC) with variable material properties is shown
in black, with the cumulative effects of adding incomplete viscous
relaxation (HSC + IVR; blue), radiogenic heating (HSC + IVR + RH;
orange), and secular cooling (HSC + IVR + RH + SC; red). Also shown

in gray are cases with constant subsidence rates (300-500 m Ma™"/?).

(b) Effects of incomplete viscous relaxation (blue), radiogenic heating
(orange), and secular cooling (red) are shown as a function of age, for

the reference case shown in (a). The effect of varying chemical buoyancy
associated secular cooling is shown in dashed red line.

viscosity profiles, at wavelengths of 3,000, 6,000, and 12,000 km. In gen-
eral, a more viscous lower mantle reduces the sensitivity to deep-mantle
density anomalies, whereas a longer wavelength leads to greater sensitiv-
ity. Thus, regardless of assumed viscosity structure, large-scale warming,
such as expected from radiogenic heating and secular cooling, can add up
to slowing down seafloor subsidence considerably and seems to have the
potential to explain seafloor flattening.

The sensitivities of seafloor topography with respect to various factors are
shown in Figure 5. Uncertainties associated with these factors correspond
to similar uncertainties in predicted subsidence, suggesting that different
combinations of model parameters can result in the same subsidence
behavior. For example, the effect of a greater viscosity contrast between
the upper and lower mantle would easily be compensated by a slight in-
crease in the rate of secular cooling (Figures 5a and 5b). As explained in
Section 2.3, we assume that thermal anomalies originating in radiogenic
heating and secular cooling extend to the base of the mantle, and the
effect of relaxing this assumption can be seen in Figure 5e. Because the
topography kernels steadily decrease with increasing depth (Figure 4),
truncating the bottom half of thermal anomalies results in only ~25%
reduction, for example, ~300 m at 100 Ma. For comparison, the case of
considering only the top 10% of mantle column (i.e., only the lithospheric
part) is also shown in Figure Se. As already shown by Korenaga and Ko-
renaga (2016), neglecting the contribution of the deeper, sublithospheric
part fails to explain even the subsidence of young seafloor.

This concludes our theoretical preparation, and we now turn to the global
analysis of seafloor topography and heat flow, the result of which will be
used to define a new reference model for the suboceanic mantle.

3. Global Data Analysis

We used the ETOPO1 bedrock data (Amante & Eakins, 2009) for global
seafloor topography. The effect of sediment loading was taken into ac-
count using the empirical relation of Schroeder (1984) and the global sed-
iment thickness database of Straume et al. (2019). Areas with sediment
thickness larger than 2,000 m are not considered in this study because
sediment correction becomes inaccurate. To identify normal seafloor,
we followed the procedure outlined by Korenaga and Korenaga (2008).
First, residual depth anomaly with respect to the plate model of Stein and
Stein (1992) is calculated, using the global seafloor age model of Seton
et al. (2020). Second, to focus on large-scale anomalous regions associat-
ed with hotspot chains and oceanic plateaus, we apply a Gaussian filter
of 150 km diameter to residual bathymetry; this filtering removes the in-
fluence of small seamounts in the subsequent steps. Then, we define ar-
eas with residual depth greater than 1 km as “anomalous crust”. Finally,

using the distance criterion of Korenaga and Korenaga (2008), the seafloor located more than 300 km from
the anomalous regions is marked as normal seafloor (Figure 6a).

The above strategy of identifying normal seafloor is to remove the regions clearly influenced by the em-
placement of anomalously thick crust such as hotspot islands and oceanic plateaus, which are commonly
thought to result from the impingement of mantle plumes, that is, external perturbations to the evolution of
oceanic lithosphere. Our screening does not remove regions with positive dynamic topography uncorrelated
with the emplacement of anomalously thick crust. We do not screen out regions covered by anomalously
thin crust such as fracture zones, either. Anomalously thin crust at fracture zones result from the dynamics
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Figure 4. (a) Three viscosity profiles used for the calculation of topography kernels shown in (b)-(d). All profiles

have a 100-km thick lithosphere, which has a relative viscosity of 10*. The lower mantle has a relative viscosity of 1
(black), 10 (blue), and 100 (orange). Corresponding topography kernels, calculated with the propagator matrix method
(Hager & O'Connell, 1981), are shown for wavelengths of (b) 3,000 km, (c) 6,000 km, and (d) 12,000 km. Note that the
concept of topography kernel is valid only when viscosity variations are limited to the vertical direction. The calculation
of surface topography in this study is done with viscosities varying both horizontally and vertically, and topography
kernels are computed here solely for discussion.

of melt migration (e.g., Hooft et al., 2000; Tolstoy et al., 1993), which would barely affect total melt vol-
ume produced by mantle upwelling, thus total crustal buoyancy on regional bathymetry. Anomalously thin
crust can sometimes emerge at a slow spreading ridge, but a global compilation shows little correlation
between crustal thickness and spreading rate (Christeson et al., 2019); crustal thickness variations at mid-
ocean ridges are often associated with variations in mantle potential temperature (e.g., Holmes et al., 2008;
Klein, 2003), which are internal to the evolution of the oceanic lithosphere. By using the sediment correc-
tion scheme of Hoggard et al. (2017), we could include heavily sedimented passive margins in our analysis,
but correcting for anomalously thick crust observed at volcanic rifted margins, as attempted by Hoggard
et al. (2017), is deemed unreliable because the mantle process that is responsible for excess magmatism dur-
ing continental breakup can lead to the anomalous density structure of crust as well as lithospheric mantle
(e.g., Korenaga et al., 2001). Whether volcanic or nonvolcanic, passive margins are generally subject to the
possibility of extensively stretched continental crust (e.g., Buck, 1991; Geoffroy et al., 2015; Huismans &
Beaumont, 2011; Yuan et al., 2020), and we choose not to include the data from heavily sedimented passive
margins.
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Figure 5. Sensitivity of predicted subsidence with respect to the reference case (shown in red in all panels). As in
Figure 3, cases with constant subsidence rates (300-500 m Ma™"?) are also shown in gray. (a) Effect of varying secular
cooling: 50 K Gyr™" (dotted) and 150 K Gyr™" (dashed). (b) Effect of varying viscosity contrast between the upper and
lower mantle: 1 (dotted) and 100 (dashed). (c) Effect of varying radiogenic heating: 1.5 x 107> W kg™ (dotted) and

3x 107> W kg™ (dashed). (d) Effect of varying topographic scale: 1.85 x 10° m (dotted) and 2 X 10° m (dashed). (e)
Effect of varying the depth extent of thermal anomalies (caused by both radiogenic heating and secular cooling) as well
as plate length: top 3/4 (dot-dashed), top 1/2 (dashed), and top 1/10 (dotted). For the case of no thermal anomalies at all
from radiogenic heating and secular cooling, see the HSC + IVR curve in Figure 3a. Shown in gray are cases with the
plate length of 5,800 km (difference in plate length does not cause a discernable change for the top 1/10 case). (f) Effect
of varying the extent of incomplete viscous relaxation: frc of 0.8 (dotted) and 0.9 (dashed).
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Figure 6. (a) Seafloor topography according the ETOPO1 model (Amante
& Eakins, 2009), with isochrons for seafloor age (Seton et al., 2020)

(red contours for ages greater than 80 Ma ago). Black shading denotes
“anomalous crust” regions with residual depths (with respect to the

reference model of Stein & Stein, 1992) greater than 1 km, which

corresponds to the hotspot chains and oceanic plateaus. Gray shading
denotes the regions of 300 km distance to the nearest anomalous crust.
Light brown denotes where either age or sediment data are unavailable, or
sediments are thicker than 2 km. The part of seafloor not covered by any of
these shadings corresponds to the “normal seafloor” used in this work. (b)
The spatial distribution of the marine heat flow data, plotted on sediment
thickness of Straume et al. (2019). White crosses denote the available heat
flow data after prescreening, white circles denote the data filtered with the
minimum distance of 60 km from nearby seamounts and the minimum
sediment thickness of 400 m (see text for details), and red circles denote
the same filtered data but on the normal seafloor as defined in (a).

For surface heat flow, we used the global ocean heat flow database com-
piled by Hasterok (2010). As in Hasterok et al. (2011), we first elimi-
nated the non-positive heat flow data. We further eliminated the data
that were not from the normal seafloor as defined above. This screening
is more stringent than that used by Hasterok et al. (2011), which is
based simply on the spatial extent of hotspots and oceanic plateaus as
defined by Coffin and Eldholm (1994). Subsequent data screening and
correction are basically the same as done by Hasterok et al. (2011) and
Hasterok (2013): (a) the heat flow data exceeding the prediction of the
plate model of (Stein & Stein, 1992) by 2,000 mW m~2 are removed;
(b) to account for the data compromised by hydrothermal circulation,
the heat flow data are removed when they are within 60 km of sea-
mounts or with sediment thickness less than 400 m; and (c) sedimen-
tation correction is applied with a thermal diffusivity of 0.3 x 107° m?
s™! (Von Herzen & Uyeda, 1963). The only difference from the analysis
of Hasterok et al. (2011) is that we do not restrict the second screening
to seafloor age younger than 65 Ma ago, because even at seafloor older
than 65 Ma ago, the effect of hydrothermal circulation persists where
topographic variations are significant (e.g., Fisher & Von Herzen, 2005;
Von Herzen, 2004). As in the previous studies (Hasterok, 2013; Hast-
erok et al., 2011), the distribution of the screened heat flow data is
highly uneven, clustering in a few locations such as the Atlantic pas-
sive margins, the equatorial Pacific, and the western Pacific margins
(Figure 6b).

4. New Reference Model

The age-depth relation for normal seafloor, based on the global anal-
ysis described in the previous section, is shown in Figure 7a. Also
shown is a prediction based on Equation 14, with the internal heat
production of 2.3 x 107> W kg™', the secular cooling rate of 100 K
Gal, the viscosity contrast between the upper and lower mantle of 10,
the topography scale of 1.7 X 10° m, and fr¢ of 0.85, and this prediction
can explain the observed age-depth relation reasonably well; actually,
this good fit to the observation is why we chose this particular case
as a reference in Figures 3 and 5. Each of these chosen parameters,
that is, radiogenic heat production, secular cooling rate, viscosity con-
trast, topography scale, and effective thermal expansivity, suffers from
nontrivial uncertainty, but most importantly, it is relatively easy to ex-
plain the age-depth relation observed for all, not just the young part,
of normal seafloor, in the framework of half-space cooling, without
invoking sublithospheric convection. Even if some model parameters
are different from their reference values, it is still possible to obtain a
similar fit to data by varying other parameters within their uncertain-
ties (Figure 7b).

We thus adopt our reference case as a new reference model for the depth of normal seafloor, which may be

parameterized as:

4
d (1) = dy + d, freNlt + dy tanh(eyt) + 3 poi""2, (15)

n=l1

where dy = 2,600 m, d; = 409 m Ma™"? frc = 0.85, d, = 930 m, e, = 0.018 Ma™?, p; = 32.85 Ma™'?,
p>=—18.39 Ma™', p; = 0.3023 Ma~>?, and p,; = —0.0054 Ma~2. For comparison, predictions from the classic
half-space cooling model of Carlson and Johnson (1994) and the plate model of Stein and Stein (1992) are
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also shown in Figure 7. The plate model of Stein and Stein (1992) was fit
to the bathymetry of the North Pacific and Northwest Atlantic, without
removing anomalously shallow regions such as hotspot islands and oce-
anic plateaus. As such, it tends to give slightly too shallow bathymetry
when seafloor age is greater than ~50 Ma old. Of course, one can still de-
fine a new plate model, by changing plate thickness, for example, to bet-
ter fit the observed age-depth relation, but the merit of producing yet an-
other model with a physically unrealistic boundary condition is unclear.

The age-heat flow relation for the normal seafloor is shown in Figure 8.
Compared to the age-depth relation, this observation suffers from
greater scatters, partly because of paucity of the relevant data (Sec-
tion 3) and partly because the marine heat flow data are susceptible
to various factors including hydrothermal circulation associated with
topographic variations (e.g., Hasterok et al., 2011; Nagihara et al., 1996)

2 4 6 8 10 12 and lithospheric deformation (e.g., Yamano et al., 2014). Surface heat
Age1/2 [Ma”z] flow based on the modeling of Korenaga and Korenaga (2016), that
200 is, ¢%,¢(2) (Equation 4), is also shown, along with those based on the
150 b (b) E half-space cooling model (Lister, 1977) and the plate model (Stein &
100 F  orie125 ki, top /4, 110209 3 Stein, 1992). As repeatedly discussed in the literature (e.g., Jaupart
= T & Mareschal, 2015; Lister et al., 1990), predictions from the classic
N E half-space cooling model become too low for old seafloor, but our pre-
< ATet00 KiGa, Het 561072 Wik >< diction, which is also based on half-space cooling, but with variable
::gg : L=5800 km, top 3/4, frc=0.8, b ﬂ”g%gt:m . dvton) : material properties, can fit the observation similarly well as the plate
200 1 ‘ ‘ | top 172, br=2x10"m model, when the scatters of the heat flow data are taken into account.
Y 2 4 6 8 10 12 As discussed in Section 2.2, the effects of radiogenic heating and secu-
Age'? [Ma'’?] lar cooling on surface heat flow are very minor, and we can incorporate
them as:
Figure 7. (a) The age-depth relation for the normal seafloor, with the
new reference model (Equation 14; red), the half-space cooling model 0 q,(1)
of Carlson and Johnson (1994) (dotted), and the plate model of Stein 9 () = qxxic®)
and Stein (1992) (dashed). (b) Examples of other combinations of model @) (16)
parameters that yield similar subsidence behaviors to the reference = L[ 1 2Hyt + §T([)] i c "
case. Difference from the reference case is shown as a function of age'’?; \/; CpAT AT ) 5" ’

negative difference indicates shallower seafloor with respect to the

reference case. Labels denote parameters different from the reference case,
which is specified by the radiogenic heating of 2.3 x 107> W kg™, the
secular cooling rate of 100 K Ga™', the viscosity contrast between the upper
and lower mantle of 10, the topography scale of 1.7 X 10° m, whole-mantle
thermal anomaly, the plate length of 11,600 km, and frc = 0.85.

which is also shown in Figure 8. Here ¢ is time in Ma, H = 2.3 X 1072w
kg"l, y =3.154 X 10" s Ma™! (the number of seconds in Ma), Cp = 1,200 J
K™ kg™, AT = 1350 K, 8T(¢) varies linearly from 0 at present to 20 K at
200 Ma, ¢, = 338.4, ¢c; = 66.7, ¢, = —8.26, ¢; = 0.53, and ¢, = —0.013.

Because our new reference models for seafloor depth and surface heat
flow both satisfy observations in a satisfactory manner, we can settle on
the reference thermal structure as

T, (¢t
T (t,2) = Thro (6,022

L)
The expressions for T%Kl e T and T, are given in Equations 2, 6 and 7, respectively, and for the calculation
of T; and T,, we use the same values of H, Cp, and §T(t) used for q (t), along with x of 107° m? s™. This
new reference thermal structure is compared with those based on the traditional half-space cooling and
plate models in Figure 9. They are also compared in terms of geotherms at 50, 100, and 150 Ma. Mostly
because of low thermal conductivity used for oceanic crust, the new reference model is hotter than the
traditional half-space model, though it is still colder than the plate model at shallow depths (shallower than
~200 km). Because of radiogenic heating and secular cooling, however, the new model is slightly hotter
than the plate model for the rest of the mantle, and this difference is sufficient to explain the topography of
normal seafloor.

a7
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5. Discussion
. 5.1. Surface Wave Tomography

N Reference models for the evolution of oceanic lithosphere have usually
been constrained by surface observables only, and this is also the case
<L 3 for our new reference model. Here surface observables such as seafloor

2 = topography and heat flow are used as proxies to the thermal structure of
the oceanic mantle. Gravity and geoid are also surface observables, but
their utilities in distinguishing between different reference models have
been limited. Weak geoid contrasts at fracture zones, for example, were
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Figure 8. The age-heat flow relationship of normal seafloor. The width of
age bin is 2.5 Ma, and age bins with more than four data points are shown.

Age [Ma]

once interpreted to support the plate model (Richardson et al., 1995), but
this interpretation turns out to be based on the incorrect theoretical cal-
culation of geoid anomalies (Cadio & Korenaga, 2012). The half-space
cooling and plate models do predict different isostatic geoid anomalies,
but the difference between them is too small to be diagnostic, in the

Boxes extend from the first to the third quartile of data in each bin, and presence of other perturbations expected in the geoid (Hager, 1983). As
gray circles denote median. High-quality heat flow data on old seafloor shallower anomalies have a greater influence on a surface potential field,
compiled by Lister et al. (1990) and Nagihara et al. (1996), which are the analysis of Hager (1983) may serve as an upper bound on differences

included in the compilation of Hasterok (2010), are highlighted as purple
triangles; we only show their data on normal seafloor. Also shown are the
new reference model: Equation 4 (red) and Equation 16 (red dashed), with

among reference models in an isostatic geoid; density anomalies in our
new reference model are more broadly distributed along mantle depths

the half-space cooling model of Lister (1977) (blue) and the plate model of than the plate model.

Stein and Stein (1992) (orange).

Because the thermal structure is the primary element of any reference

model, its validity may be assessed more directly by seismological means.

The resolution of surface wave tomography has been steadily improving,
and tomographic models may provide an insight for suboceanic thermal structure (e.g., Maggi et al., 2006;
Priestley & McKenzie, 2013; Ritzwoller et al., 2004). Here we use recent high-resolution tomography models
(SEMum? of French et al., 2013, SL2013 of Schaeffer & Lebedeyv, 2013, 3D2018 of Debayle et al., 2016, and
PAC-age of Isse et al., 2019) to compare with the thermal structure of our reference model: the first model
is based on the full-waveform inversion for the global data set, and the latter three on multi-mode Rayleigh
wave dispersion measurements including the data from high-density regional temporal networks. Among
them, PAC-age of Isse et al. (2019) is unique in a sense that it covers only the Pacific Ocean region and em-
ploys the data from nearly 200 stations of broadband ocean bottom seismometer (BBOBS) arrays together
with those from circum-Pacific land-stations.

Figure 10 shows the shear velocity (8y; the velocity of a vertically polarized horizontally propagating shear
wave) structure of the suboceanic mantle as a function of seafloor age. Figures 10a-10d are based on age
stacking using all seafloor with known ages, whereas Figures 10e-10h are restricted to normal seafloor (Fig-
ure 6a). The quality of this age stacking is not uniform as the number of data used varies considerably across
seafloor age (Figure 10i). For the all seafloor cases, for example, the average seismic structure for seafloor
older than ~100 Ma ago is supported by only half as much data as that for younger seafloor. The situation is
more severe for age stacking with normal seafloor; the number of the relevant data drops sharply at ~40 Ma
and becomes marginal at >100 Ma ago. This is expected because it is more difficult to find normal seafloor
as the seafloor becomes older (Davies, 1988a; Heestand & Crough, 1981; Korenaga & Korenaga, 2008). It
should also be noted that waveform inversion approach of SEMum?2 tends to resolve strong velocity anom-
aly, especially low velocity ones, as it tries to fit amplitude as well as phase.

The thermal structure of our new reference model is also shown up to 1200°C. For the all seafloor cases,
a reasonable match between the thermal structure and the variation of seismic velocity can be seen up to
the isothermal contour of 1100°C or 1200°C. This direct comparison of isothermal and isotach contours is
meaningful up to ~1100°C; at higher temperatures, the comparison becomes more difficult because the
effect of attenuation becomes important, but how to incorporate such an effect is model-dependent (e.g.,
Goes et al., 2012). The PAC-age model is notable in that its normal-seafloor age stack (Figure 10h) indicates
a more steady growth of oceanic lithosphere than its all-seafloor age stack (Figure 10d). With other models,
age stacks on all seafloor and normal seafloor both appear to suggest some substantial perturbations to
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Figure 9. Comparison of (a) the traditional half-space cooling model with x of 107° m?®s™, (b) the plate model with a plate thickness of 135 km, and (c) the
new reference model. Potential temperature is used here for simplicity; that is, a;z + a,z* in Equation 2 is neglected for the new reference model. (d) Difference
between the new reference model and the traditional half-space cooling model. (e) Radiogenic heating component and (f) secular cooling component in
Equation 7. Geotherms of these reference models are compared at (g) 50 Ma, (h) 100 Ma, and (i) 150 Ma: the new reference model (Equation 17; red), the
traditional HSC model (blue), and the plate model (orange).
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lithospheric growth. Reduced perturbations in a normal-seafloor age stack is what we expect from our defi-
nition of normal seafloor, and the normal-seafloor age stack of PAC-age may benefit from a better regional
coverage with BBOBS data. As PAC-age is only for the Pacific Ocean, similar figures just for the region are
also made (Figure S4); differences among normal-seafloor age stacks are amplified for this regional stack.
The number of data used for age stack on old normal seafloor is highly limited, and these differences indi-
cate that recent tomographic models still do not agree well on small-scale features.

Here we have restricted ourselves to the lithospheric part of the tomographic models. As mentioned above,
examining the deeper part of those models is more difficult because correcting for the effect of attenuation
is model-dependent. Richards et al. (2020), for example, used the anelastic parameterization of Yamauchi
and Takei (2016) to compare half-space cooling and plate models against SL2013, SEMum2, and one more
tomographic model (CAM2016; Ho et al., 2016); their results seem to indicate that SEMum2 and CAM2016
are consistent with half-space cooling and plate models, respectively, and SL2013 is somewhere in-between.
Richards et al. (2020), however, calibrated the anelastic parameters for each of these different tomographic
models, and some of the calibrated parameters vary substantially among models (see their Table F3). This
is equivalent to assuming different versions of viscoelasticity for different tomographic models, suggest-
ing considerable incompatibilities among those published tomographic images with respect to the litho-
sphere-asthenosphere system.

In order to further advance our understanding of the evolution of the suboceanic mantle, it is essential that
we improve the coverage of seismic networks in the ocean. Temporal deployment of a BBOBS array now
allows us to constrain the regional 1-D seismic depth profile (including seismic anisotropy) of the entire
lithosphere-asthenosphere system. For example, Takeo et al. (2018) recently resolved the regional average
1-D By structure beneath two BBOBS-array sites (beneath 130 and 140 Ma old normal seafloor in the north-
western Pacific), and reported that the observed structural difference at two sites with similar ages cannot
be attributed to the conductive cooling effect alone and that a secondary process other than simple cooling
of the lithosphere (either half-space cooling or plate-model like cooling), such as a small-scale convection,
was necessary. Accumulation of such observations by a large number of BBOBS arrays (e.g., Kawakatsu &
Utada, 2017) and their incorporation in large-scale tomography models would drastically increase our un-
derstanding of the plate tectonic evolution of the cooling Earth. The new reference model presented here,
combined with the theoretical and experimental mineralogical framework (e.g., Stixrude & Lithgow-Bertel-
loni, 2005), will provide a reference velocity model that can be directly compared with regional 1-D obser-
vations and tomography to unravel the dynamic states of the Earth.

5.2. Some Remarks on Previous Reference Models

The plate model has long been popular in the literature (e.g., Hasterok, 2013; Hillier & Watts, 2005; McKen-
zie, 1967; Parsons & Sclater, 1977; Richards et al., 2018; Stein & Stein, 1992), primarily because it explains
the depth and heat flow data for old seafloor reasonably well. It was originally proposed to explain nearly
constant heat flow on old seafloor (Langseth et al., 1966; McKenzie, 1967), but it can explain the age-depth
relation as well. The success of the plate model in explaining these surface observables owes, however,
entirely to the use of an artificial boundary condition at the bottom, which comprises of two free parame-
ters, plate thickness and basal temperature. There is no such a boundary in the real mantle with a constant
temperature, but these free parameters allow the plate model to be flexible enough to fit observations on
older seafloor.

Figure 10. Age-stacked 8 models calculated from four different surface tomography models: (a, e) SEMum?2 (French et al., 2013), (b, f) SL2013 (Schaeffer &
Lebedev, 2013), (c, g) 3D2018 (Debayle et al., 2016), and (d, h) PAC-age (Isse et al., 2019). To focus on the evolution of oceanic lithosphere, the depth range of
50-200 km is shown. Age stacking is done with 5 Ma bin, under (left) all seafloor and (right) normal seafloor. As these models are constructed with different
reference periods (1 s for SEMum?2 and PAC-age, 50 s for SL2013, and 100 s for 3D2018), they are compared at a reference period of 50 s, by taking into account
the effect of physical dispersion with Qg of 100. For normal seafloor, stacking for ages greater than 160 Ma ago is not possible because of lack of data. Dotted
lines in (a-h) are isothermal contours based on the new reference model (Equation 17); they represent actual temperatures, not potential temperatures. Model
PAC-age covers only the Pacific upper mantle, whereas other models are global. Data frequency per age bin is shown in (i): black line for (a)-(c), black dashed
line for (e)-(g), blue line for (d), blue dashed line for (h).
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One persistent thread in the previous plate models is to refine the quality of observations to be fit. Initially,
Parsons and Sclater (1977) used both bathymetry and heat flow data in the North Pacific and the North
Atlantic to find a plate thickness of 125 km and a basal temperature of 1350°C. Stein and Stein (1992) also
used both kinds of the data in the North Pacific and the Northwest Atlantic but in a greater quantity and de-
rived a plate thickness of 95 km and a basal temperature of 1450°C. Obviously, these two models represent
very different thermal structures, and subsequent plate models fluctuate around these two. For example,
Hillier and Watts (2005) tried to remove the effect of hotspots, seamounts, and oceanic plateaus in the North
Pacific by a semi-quantitative method and derived a plate thickness of 120 km and a basal temperature of
1363°C. On the other hand, Crosby et al. (2006) used near-zero gravity anomalies to identify normal seafloor
and obtained a plate thickness of 90 km. Hasterok (2013) also arrived at the same plate thickness, using a
global compilation of the heat flow data, and for basal temperature, he adopted the petrological estimate of
1300°C-1400°C (Herzberg et al., 2007). Goutorbe and Hillier (2013) jointly fit depth, heat flow, and ther-
mal structure derived from surface wave tomography and obtained a plate thickness of 106 km and a basal
temperature of 1390°C. More recently, on the basis of the basement depth and heat flow data, Richards
et al. (2018) derived a plate thickness of 135 km and a potential temperature of 1300 °C (which is equivalent
to a basal temperature of 1360°C), which are similar to the values adopted by Parsons and Sclater (1977).

A reference model for the evolution of oceanic lithosphere should focus on the intrinsic component of
evolution, that is, excluding external perturbations such as brought by the emplacement of hotspot islands,
seamounts, and oceanic plateaus. Otherwise, it is impossible to use a reference model to quantify the in-
fluence of such excess magmatism on the evolution of oceanic lithosphere. To build a reference model,
therefore, it is important to identify the “normal” part of seafloor first (e.g., Korenaga & Korenaga, 2008),
though this issue has not received adequate care in the various plate models mentioned above. For exam-
ple, Parsons and Sclater (1977) and Stein and Stein (1992) did not exclude anomalous crustal regions at all.
Later studies made some efforts, though screening criteria adopted are either qualitative or quantitative but
unreliable. The method developed by Hillier and Watts (2005) to remove anomalous regions is essentially
an automation of visual inspection. The use of zero gravity anomaly to identify normal seafloor (Crosby
et al., 2006) is difficult to justify because zero gravity anomaly could only mean isostasy; anomalous crustal
regions can attain isostasy and has no gravity anomalies (e.g., Ontong Java Plateau). The use of surface wave
tomography as additional observational constraints (Goutorbe & Hillier, 2013) is likely to be premature
(Section 5.1). Basement depth data used by Richards et al. (2018), which were originally compiled by Hog-
gard et al. (2017), do not suffer from the uncertainty of sediment correction, but their localities are biased
to continental margins (see Figure 1 of Hoggard et al., 2017). As mentioned in Section 3, crustal structures
at rifted continental margins, whether volcanic or nonvolcanic, are variably affected by the uniqueness
of mantle melting and crustal accretion processes during continental breakup (e.g., Holbrook et al., 2001;
Kelemen & Holbrook, 1995; Korenaga et al., 2002; Minshull, 2009; Van Avendonk et al., 2006; White &
McKenzie, 1989; White et al., 2008) as well as the possibility of extensively stretched continental crust (e.g.,
Buck, 1991; Geoffroy et al., 2015; Huismans & Beaumont, 2011; Yuan et al., 2020).

Some authors attempted to improve the plate model by using more accurate mineral physics data. For exam-
ple, Honda and Yuen (2001) used temperature-dependent thermal conductivity, and McKenzie et al. (2005)
incorporated a radiative contribution to thermal conductivity. Grose and Afonso (2013) considered temper-
ature- and pressure-dependent material properties, including thermal conductivity, heat capacity, and den-
sity, and showed that the importance of crustal insulation effect. Such intricate care of material properties
in the plate model is, however, compromised by the use of the artificial bottom boundary condition; the
bottom boundary condition starts to dictate the growth of a thermal boundary layer as soon as the bound-
ary layer grows thicker than the assumed plate thickness, which can take place at the seafloor as young
as 30 Ma ago (see Figure 4c of Korenaga & Korenaga, 2016). The use of the plate model thus affects the
thermal evolution of young oceanic lithosphere as well. Those who favor the plate model may defend their
bottom boundary condition as being an approximation for the effect of small-scale convection (e.g., Parsons
& McKenzie, 1978), but this argument implies that small-scale convection, which could take place beneath
old seafloor, exerts an acausal effect on the mantle beneath young seafloor (Korenaga, 2020). In addition,
it is not yet known how well the plate model, as discussed next, approximates small-scale convection with
realistic mantle rheology.
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5.3. Role of Small-Scale Convection and Nature of Secular Cooling

Our new reference model is built without the dynamics of small-scale convection, but its success of explain-
ing the observed seafloor depth and heat flow (Figures 7 and 8) does not necessarily rule out the occurrence
of small-scale convection beneath the normal seafloor of any age. Whereas the new reference model does
match the overall trend of the age-depth relation, actual data start to oscillate around the new reference
model, for seafloor older than ~100 Ma old (Figure 7); most of the depth data plot lower than the new
reference model from ~110 to ~120 Ma old, higher from ~120 to ~130 Ma old, and then lower again after
that. Though such an oscillation may result from the paucity of normal seafloor with old ages or from the
incompleteness of filtering out anomalous regions, it is possible that they reflect the perturbations to the
lithospheric structure by small-scale convection.

In Figure 11, three different thermal models are compared, the plate model, the half-space cooling model
with radiogenic heating and secular cooling (Equation 7), and the half-space cooling model with radio-
genic heating, secular cooling, and small-scale convection. The last one is prepared following the proce-
dure outlined by Korenaga (2015); the results of a 2-D ridge-parallel model with internal heat production
are horizontally averaged to generate a ridge-perpendicular cross section. The convection simulation was
conducted using the internal Rayleigh number of 10° (corresponding to the asthenospheric viscosity of
~10" Pa s) and the Frank-Kamenetskii parameter of 18 (corresponding to the activation energy of ~300 kJ
mol ™). With this combination of asthenospheric viscosity and the temperature-dependent viscosity, small-
scale convection starts to take place when seafloor age reaches ~60 Ma and slows down the conductive
thickening of lithosphere. Owing to the realistically high temperature dependence of viscosity, the con-
vective delamination of lithosphere is limited to its lowermost portion (with potential temperatures from
~1200°C-1350°C; see Figure 8 of Korenaga, 2015). As such, the upper half of oceanic lithosphere is only
weakly influenced by small-scale convection, so surface heat flux is barely affected (Korenaga, 2009). On the
other hand, the delamination of lithosphere is immediately reflected in surface topography. By comparing
Figures 11b and 11c, oceanic lithosphere is thinned by ~50 km by small-scale convection, with the tem-
perature contrast of ~200 K. A simple isostasy calculation indicates that such thinning results in seafloor
shallowing of ~400 m, which is comparable to the amplitude of fluctuations around the new reference
model (Figure 7).

One important complication for the physics of small-scale convection is that real mantle rheology in-
cludes both diffusion creep and dislocation creep (e.g., Hirth & Kohlstedt, 2003; Karato & Wu, 1993). Being
non-Newtonian rheology, the onset of convection with dislocation creep requires finite-amplitude stress
(e.g., Solomatov & Barr, 2007), so it would not take place in isolation. One possible path to activate disloca-
tion creep in small-scale convection is to first develop small-scale convection with diffusion creep only and
raise the stress level. As mentioned in Section 2.3, the low Frank-Kamenetskii parameter used for Figure 2
(6 = 6 or the activation energy of ~100 kJ mol™") is usually considered to be too low to be compatible with
the rock mechanics of olivine aggregates, but such a low activation energy has been suggested from the oc-
currence of possible small-scale convection beneath fracture zones (Cadio & Korenaga, 2016), where hori-
zontal thermal gradients may be high enough to enhance convective stress. The development of small-scale
convection is governed by the interaction between diffusion and dislocation creep, and modeling the onset
of convection with such composite rheology requires an accurate understanding of upper mantle rheology.
Given uncertainties associated with the analysis of rock deformation data (see Section 3 of Korenaga, 2020
for a review), we would need to test a range of possibilities for composite rheology (e.g., different combina-
tions of activation energies and volumes of diffusion and dislocation creep). Small-scale convection is likely
to take place beneath mature oceanic lithosphere, but this difficulty with composite rheology prevents us to
be more specific about its details.

By comparing Figures 11a and 11c, it is evident that the bottom boundary condition of the plate model is too
crude an approximation to the effect of small-scale convection. The thermal structure of shallow oceanic
lithosphere is similar between them, but the structure of the deeper lithosphere, which becomes important
when discussing the lithosphere-asthenosphere boundary, is substantially different. If the temperature de-
pendence of mantle viscosity is as high as rock mechanics suggests, small-scale convection cannot maintain
a constant plate thickness because only a small portion of lithosphere can delaminate. Obviously, if we
want to find an observational support for the occurrence of small-scale convection by, for example, some
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Figure 11. (a) Thermal evolution of oceanic upper mantle based on the plate model with the plate thickness of

135 km. (b) Same as (a), but based on half-space cooling with an internal heating of 2.3 X 107> W kg™" and a secular
cooling of 100 K Ga™' (Equation 7). This is very similar to the new reference model shown in Figure 9; the only
difference is that the effect of variable material properties is not taken into account here. (c) Same as (b), but with
additional effect of small-scale convection (ridge-parallel variations are averaged); that is, the effect of internal heating
and secular cooling is also incorporated. Sublithospheric convection initiates around the age of 60 Ma. In all models,
the effect of adiabatic compression is not considered, and the initial mantle temperature is set to 1350°C. Gray contours
are drawn at every 100 K, and isotherms of 800°C, 1100°C, and 1300°C are shown in solid.

seismological means, it is better to use a half-space cooling model (e.g., Figures 11b) as a reference. If we
instead use the plate model as a reference, we would not be able to properly constrain the nature of small-
scale convection.

When using our reference model to quantify the extent of small-scale convection, it is important to recog-
nize that deviations from our reference thermal structure can be caused not only by small-scale convection,
but also by the spatially heterogeneous nature of secular cooling. This is because, unlike radiogenic heat-
ing, the notion of secular cooling is valid only on a global average (Section 2.3). According to petrological
estimates (Herzberg et al., 2010), Earth is cooling at the rate of ~100-150 K Ga™ for the past 1 Ga, but this
secular cooling is achieved primarily through the subduction of cold oceanic lithosphere, and it takes finite
time for this localized cooling to propagate on a global scale. Thus, when the mantle currently beneath 100
Ma-old seafloor was at mid-ocean ridges 100 Ma ago, for example, it is expected to be hotter by ~10-15 K
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than the mantle beneath current mid-ocean ridges on average; it can have different temperatures regionally,
even in the absence of small-scale convection. By the same token, the mantle beneath mid-ocean ridge does
not have to possess the same potential temperature globally, and indeed it does not; even after excluding
the likely influence of hotspots, along-ridge variations in the mantle potential temperature seem to have an
amplitude of about 50 K (e.g., Dalton et al., 2014; Klein & Langmuir, 1987). The new reference model, if
combined with future developments in the physics of small-scale convection, has the potential of resolving
how secular cooling has actually been taking place in the convecting mantle.

6. Summary

We have developed a new reference model for the evolution of oceanic lithosphere, which can explain both
bathymetry and heat flow of the normal seafloor. Unlike the plate model, it does not employ an unphysical
boundary condition, but it does not invoke small-scale convection either. We are able to show that, even
without calling for the operation of small-scale convection, it is possible to explain the overall feature of sea-
floor topography and heat flow, if we consider the processes that must be taking place ubiquitously beneath
seafloor, that is, incomplete viscous relaxation, radiogenic heating, and secular cooling. In particular, the
effect of secular cooling on the depths of old seafloor is quite substantial (Figure 3b). Even though the am-
plitude of temperature variations associated with secular cooling is small, the deep sensitivity of long-wave-
length topographic kernels means that such minute temperature variations can have substantial cumulative
effects on bathymetry. Earth has been cooling down, because surface heat flux is not balanced with internal
heat production, and this fact has long been known from the thermal budget of the present-day Earth (e.g.,
Christensen, 1985; Jaupart et al., 2015; Korenaga, 2008) as well as from petrological estimates on the cool-
ing history of the upper mantle (e.g., Abbott et al., 1994; Herzberg et al., 2010). Our reference model is the
first reference model that quantifies the consequence of this well-known fact on the evolution of oceanic
lithosphere.

Our model is built on conductive cooling with variable material properties as well as instantaneous Stokes
flow calculations, and the results of relevant numerical modeling are parameterized so that the new refer-
ence model can easily be computed, without conducting any geodynamical modeling. As our model is fit
to explain the normal seafloor, it will be useful to better quantify the impact of the emplacement of hotspot
islands and oceanic plateaus. It will also help better understand the effect of small-scale convection and the
regional history of secular cooling in the convecting mantle.

Data Availability Statement

This work is theoretical in nature, and the data on which this article is based are available in Seton
et al. (2020), Hasterok (2010), Straume et al. (2019), French et al. (2013), Schaeffer and Lebedev (2013), De-
bayle et al. (2016), and Isse et al. (2019). MATLAB and Python codes to calculate the new reference model
are available at https://github.com/jun-korenaga/prom1.
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