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Abstract. The subsidence of an aging seafloor starts to slow down at∼70 Ma old with

respect to the prediction of simple half-space cooling, andthis phenomenon has long been

known as seafloor flattening. The flattening signal remains even after removing the influence

of the emplacement of hotspot islands and oceanic plateaus.The combination of small-scale

convection and radiogenic heating has been suggested as a mechanism to explain seafloor

flattening, and this study explores a possibility of using the magnitude of seafloor flattening to

constrain the amount of radiogenic heating in the convecting mantle. By comparing properly

scaled geodynamic predictions with the observed age-depthrelation of the normal seafloor, the

mantle heat production is estimated to be∼ 12±3 TW, which supports geochemistry-based

estimates. A widely-held notion that small-scale convection enhances cooling thus being

unable to explain seafloor flattening is suggested to be incorrect. The ability to predict the

age-depth relation of seafloor based on the thermal budget ofEarth has an important bearing

on the future theoretical study of early Earth evolution.
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INTRODUCTION

The evolution of oceanic lithosphere is one of the essentialcomponents in the theory of

plate tectonics, yet it has long defied a clear physical explanation. What has been puzzling is

the following: Seafloor topography, which reflects the thermal structure of oceanic lithosphere,

starts to become shallower than the prediction of simple half-space cooling as seafloor

becomes older than∼70 Ma old [Parsons and Sclater, 1977; Stein and Stein, 1992] (Figure 1).

Such deviation, often called seafloor flattening, can be modeled by the so-called plate model

[Langseth et al., 1966; McKenzie, 1967], in which temperature at some shallow depth

(∼100 km) is fixed to a constant value. This boundary condition in the plate model, however,

has no physical basis, which leads to the following frustrating situation. The half-space

cooling model, which has a solid footing in the theory of thermal convection [Turcotte and

Oxburgh, 1967], can explain seafloor topography only partially, whereas the plate model,

which can explain the topography successfully, appears to be rather ad hoc from a physical

perspective.

Efforts have been made to provide a physical mechanism for the upward deviation from

half-space cooling, which requires the supply of heat from below in some way. The most

commonly discussed mechanism is small-scale convection beneath oceanic lithosphere (also

called as sublithospheric convection) [e.g., Parsons and McKenzie, 1978; Davaille and Jaupart,

1994; Dumoulin et al., 2001; Huang and Zhong, 2005; Afonso etal., 2008]. Some authors

have discounted this possibility by arguing that small-scale convection would lead to more

efficient cooling and be unable to supply additional heat [O’Connell and Hager, 1980; Davies,

1988b], but this seemingly reasonable argument does not hold with the typical time scale of

oceanic lithosphere (see Discussion). Indeed, more recentstudies suggest that the operation of

small-scale convection in the presence of internal heat production may be sufficient to explain

the flattening [e.g., Huang and Zhong, 2005]. Given our understanding of mantle rheology

[Karato and Wu, 1993; Hirth and Kohlstedt, 2003], small-scale convection is dynamically

feasible beneath oceanic lithosphere [Korenaga and Jordan, 2002a], and the convecting mantle

contains radioactive isotopes [e.g., Jochum et al., 1983],the decay of which results in internal
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heat production. A satisfactory model for the evolution of oceanic lithosphere could, therefore,

be built with small-scale convection and internal heat production, and seafloor topography

may be intimately connected to the thermal budget of Earth. For a variety of reasons that will

be explained later, however, this connection is difficult toextract from previous studies, and

it is the purpose of this paper to elucidate the relation between seafloor topography and the

thermal budget of Earth, based on the proper scaling of fluid mechanics.

One may question the significance of the so-called flatteningsignal, because the majority

of ‘normal’ seafloor unaffected by the emplacement of hotspot islands and oceanic plateaus is

younger than 70 Ma old and can thus be explained by simple half-space cooling [Korenaga

and Korenaga, 2008] (Figure 1). Also, even at older ages, there exists some seafloor that

follows the half-space cooling trend. The discussion of theflattening signal is thus always in

danger of the law of small numbers [e.g., Davies, 1988a; Sleep, 2011]. At the same time, it

is important to realize that the concept of half-space cooling was originally developed on the

basis of basally-heated convection (i.e., no internal heating) [Turcotte and Oxburgh, 1967],

and in the presence of radioactive isotopes, mantle coolingdoes not have to follow half-space

cooling in its purest form [e.g., Jarvis and Peltier, 1982].Developing a physically sound model

that can explain the faint flattening signal is therefore important, and this importance would be

further amplified when considering seafloor topography in the Precambrian because internal

heat production was certainly higher and seafloor might havesurvived longer than present

[Korenaga, 2008a]. Seafloor topography controls the capacity of ocean basins, so having a

physical model is essential for predicting the relative sealevel — one of the key elements for

the coevolution of the surface environment and the Earth’s interior [e.g., Korenaga, 2013] —

in the distant past. A phenomenological model that is fit to the present-day situation cannot be

extrapolated for such a purpose.

The structure of this paper is as follows. After describing astrategy to simulate the

transient cooling of the oceanic mantle, how to relate numerical results with actual Earth

observations by dimensionalization is explained. As all ofrelevant model parameters suffer

from some degree of uncertainty, an extensive grid search isconducted to identify a subset

of model parameters that can explain seafloor flattening. A simple theoretical analysis is also
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presented to help the interpretation of the search result. Previous studies on the evolution of

oceanic lithosphere are then reviewed in light of new findings. Many authors have considered

seafloor topography and oceanic heat flow jointly [e.g., Parsons and Sclater, 1977; Stein and

Stein, 1992], but this paper places an emphasis on topography because heat flow data are not

particularly diagnostic. The limitation of heat flow data isexplained there in some detail.

After this critique of previous studies, the relevance of the modeling results to surface wave

tomography and early Earth issues is discussed, along with the significance of realistic mantle

rheology. The paper ends with some prospects for future development.

THEORETICAL FORMULATION

Modelling Strategy

It may be ideal to simulate the dynamics of the oceanic mantlein a fully 3-D manner,

but I choose to adopt a much simpler way to construct a ridge-perpendicular cross-section by

horizontally averaging snapshots from a 2-D ridge-parallel model (Figure 2). By calculating

instantaneous Stokes flow for the ridge-perpendicular thermal structure, seafloor topography

can be calculated as a function of age [e.g., Davies, 1988c].There are four reasons for

this simplified approach. First, conducting fully 3-D simulation is deemed too excessive

because creating a 2-D ridge-perpendicular cross-sectionis sufficient to calculate an age-depth

relation. Second, 3-D models would also be too time-consuming when testing a range of

model parameters in a systematic manner. In fact, even running 2-D convection models

becomes very time-consuming for the grid search that is described later, and I have developed

an efficient approximate method to directly compute the evolution of a horizontally-averaged

thermal structure (see Appendix). Third, the interaction between plate-driven shear and

small-scale convection is expected to give rise to the formation of longitudinal convection

rolls [e.g., Richter, 1973; Richter and Parsons, 1975; Korenaga and Jordan, 2003a], so

the dynamics of small-scale convection is well captured by 2-D ridge-parallel models

[e.g., Buck and Parmentier, 1986; Korenaga and Jordan, 2004]. Finally, by constructing a

ridge-perpendicular thermal structure as a composite of horizontally-averaged temperature
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profiles, the dynamics of oceanic lithosphere can be isolated from other complications as

such return flow associated with subduction. This two-step approach is better than directly

running a 2-D ridge perpendicular model, in which plate-driven shear tends to delay the onset

of sublithospheric convection [Huang et al., 2003].

The following non-dimensionalized equations are solved totrack the evolution of a

ridge-parallel cross section: (1) the conservation of mass,

∇ ·u∗ = 0, (1)

(2) the conservation of momentum,

−∇P∗ +∇ · [η∗(∇u∗ +∇u∗T )]+RaT ∗ez = 0, (2)

and (3) the conservation of energy,

∂T ∗

∂ t∗
+u∗ ·∇T ∗ = ∇2T ∗ +H∗. (3)

The unit vector pointing upward is denoted byez. The spatial coordinates are normalized by

the mantle thicknessD, and time is normalized by the diffusion time scale,D2/κ, whereκ is

thermal diffusivity. Velocityu∗ is thus normalized byκ/D. Temperature is normalized by the

temperature scale∆T , and viscosity is by a reference viscosityη0 atT ∗ = 1. Dynamic pressure

P∗ and heat generationH∗ are normalized byη0κ/D2 andk∆T/(ρm,0D2), respectively, where

ρm,0 is reference mantle density andk is thermal conductivity. The Rayleigh numberRa is

defined as

Ra =
αρm,0g∆T D3

κη0
, (4)

whereα is thermal expansivity andg is gravitational acceleration. These governing

equations are based on the Boussinesq approximation [e.g., Schubert et al., 2001], so the

model temperature corresponds to potential temperature (hypothetical temperature of mantle

adiabatically brought to the surface without melting).
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The following linear-exponential viscosity is employed:

η∗(T ∗) = exp[θ(1−T ∗)]. (5)

Hereθ is the Frank-Kamenetskii parameter, which can be related tothe activation energy of

mantle rheology,E, as [e.g., Solomatov and Moresi, 2000]

θ =
E∆T

R(Ts +∆T )2 , (6)

whereR is the universal gas constant andTs is the surface temperature. An ‘effective’

activation energy for the temperature-dependency of uppermantle viscosity is likely to

be∼300 kJ mol−1 regardless of creep mechanisms [Christensen, 1984; Korenaga, 2006;

Korenaga and Karato, 2008], which is equivalent toθ of ∼18.5 withTs of 273 K and∆T of

1350 K.

The top and bottom boundaries are free slip. The top temperature is fixed to 0, and the

bottom boundary is insulating. A reflecting boundary condition, i.e., free slip and insulating,

is applied to the side boundaries. The aspect ratio of the model is four to reduce wall effects,

and the model is discretized by 400×100 uniform quadrilateral elements. Internal temperature

is set to 1 att∗ = 1, with random perturbation with the amplitude of 10−5. Because of the

insulating bottom boundary, there are no upwelling plumes in the model, which allows us to

focus on the intrinsic dynamics of oceanic lithosphere. Thegoverning equations are solved

by the finite element code of Korenaga and Jordan [2003b], with the Courant factor of 0.05

to accurately measure the onset time of small-scale convection. With D = 2.9×106 m and

κ = 10−6 m2 s−1, the maximum seafloor age of 170 Ma corresponds tot∗ = 6.37×10−4, and

the model is run up to this time.

For each snapshot of a ridge-parallel model, a horizontally-averaged temperature profile,

〈T ∗〉, is calculated, and non-dimensional surface heat flux is then calculated as

q∗(t∗) =
∂ 〈T ∗〉

∂ z∗

∣

∣

∣

∣

z∗=0
. (7)
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By assembling a suite of〈T ∗〉, a ridge-perpendicular cross-section is constructed withan

prescribed plate velocity so that the evolution of oceanic lithosphere up to a certain time

can be contained in a model domain. Two aspect ratios (2 and 4)are tested, and in terms of

predicted surface topography, difference is negligible, so the aspect ratio of 2 is adopted for the

ridge-perpendicular model. Instantaneous Stokes flow for agiven ridge-perpendicular model

is calculated by solving the conservation of mass and momentum [equations (1) and (2)], with

all boundaries being free slip [e.g., Davies, 1988c]. Non-dimensional surface topography is

then obtained from non-dimensional normal stress acting onthe surface as

h∗ = − 1
Ra

σ∗
zz

∣

∣

z∗=0 . (8)

The topography is first obtained as a function of distance from the ridge, and then converted to

a function of seafloor age using the prescribed velocity.

In this study, the uniform distribution of internal heat production throughout the whole

mantle is assumed for the sake of simplicity. There may be a deep reservoir enriched in

heat-producing isotopes above the core-mantle boundary [e.g., Boyet and Carlson, 2005], but

it is unlikely for such a deep heat source to affect the evolution of oceanic lithosphere. Also

note that geochemical arguments for the presence of a deep enriched reservoir are logically

flawed [Korenaga, 2009b]; a chemically distinct reservoir can exist in the lower mantle, but it

is not necessarily enriched. Mantle melting beneath mid-ocean ridges differentiates the source

mantle into enriched oceanic crust and depleted mantle lithosphere, but this depth-dependent

heat production would not influence the dynamics of sublithospheric convection. Mantle

melting also introduces dehydration stiffening [Hirth andKohlstedt, 1996], which is not

modeled by the assumed viscosity function [equation (5)], but fortunately, the effect of

dehydration stiffening on the convective instability of oceanic lithosphere is negligible at

the present-day condition [Korenaga, 2003]. Though the viscosity structure of the mantle

is likely to be stratified [e.g., Hager et al., 1985; King, 1995], such realistic complication is

not considered in this study. The study of Huang and Zhong [2005] suggests that stratified

viscosity as well as phase changes do not have significant influence on surface topography.
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The secular cooling of Earth could give rise to a virtual heatsource at regional scales,

because relatively uncooled regions may be considered to bewarmed up when the average

internal temperature is decreasing. Supercontinental insulation is a well-known example

[Anderson, 1982; Korenaga, 2007b]. Such ‘insulation’ effect for the oceanic mantle is

probably minor because a typical oceanic mantle is not isolated from convective mixing.

When one simulates mantle convection in a closed model domain, however, it is easy to

insulate the mantle beneath old oceanic lithosphere because large-scale circulation developed

in a model brings subducted cold materials directly to a sub-ridge mantle. Huang and

Zhong [2005] called this uncooled state beneath old lithosphere as ‘trapped heat’, but this

phenomenon appears only when such a simple circulation froma subduction zone to a ridge is

maintained for a sufficiently long time. On the real Earth, the geometry of plate boundaries is

constantly evolving, and subducted materials do not necessarily return to their parental ridges.

The significance of trapped heat in the oceanic mantle is thusunclear. Ridge-perpendicular

models in this study are devoid of subduction to prevent the development of trapped heat.

Dimensionalization

Non-dimensional surface topographyh∗ may be dimensionalized as

h = ah +bh h∗, (9)

whereah is a bias andbh is the topography scale defined as

bh = α∆T D
ρm,s

ρm,s −ρw
. (10)

Hereρm,s andρw denote surface mantle density and water density, respectively. The bias is

needed here to take into account the convention used for Earth’s topography (i.e., measured

with respect to the sea level). The topography scale suffersfrom nontrivial uncertainty.

Laboratory measurements indicate that thermal expansivity for oceanic lithosphere is probably

∼ 3.5×10−5 K−1 [e.g., Bouhifd et al., 1996; Jackson et al., 2003], but likelyviscoelastic
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effects may reduce it to∼ 3.0×10−5 K−1 [Korenaga, 2007a]. The potential temperature of

the ambient mantle is estimated to be∼ 1350±50 ◦C based on petrology [Herzberg et al.,

2007] and∼1400◦C based on mineral physics and seismology [Anderson, 2000].With

D = 2.9×106 m, ρm,s = 3300 kg m−3, andρw = 1000 kg m−3, the topography scale can thus

be anywhere from∼ 1.6×105 m to∼ 2.0×105 m (Figure 3).

Given this uncertainty in the topography scale and the need to find the bias component,

I choose to determine both parameters by the least squares regression of equation (9). The

topography of the normal seafloor (based on the correlation criterion developed by Korenaga

and Korenaga [2008]) is used for the left-hand side of equation (9), and the regression

is weighted with areas corresponding to given age-depth pairs. The regression is limited

for seafloor ages between 10 Ma and 70 Ma old; computed topography is unreliable for

ages smaller than 10 Ma old because lithosphere near the ridge is too thin to be accurately

represented by the adopted discretization, and actual topography deviates from the simple

half-space cooling trend for ages greater than∼70 Ma. After determiningah andbh, computed

topography and actual topography are compared for all ages greater than 10 Ma old to

derive an average misfit. A given ridge-perpendicular thermal structure may be regarded as

acceptable if it yields a small topography misfit and a physically plausible topography scale.

Similarly, non-dimensional surface heat flow can be dimensionalized as

q = bq q∗, (11)

where

bq = k
∆T
D

. (12)

As thermal conductivityk depends on temperature [Hofmeister, 1999], the conductivity in

the above equation is best regarded as an effective value representing the entire lithosphere.

The heat flow scalebq is determined by fitting equation (11) withq = 550/
√

t (whereq is in

mW m−2 andt in Ma old) [Korenaga and Korenaga, 2008] for ages smaller than 70 Ma. With

this scale fixed, the non-dimensional internal heat production H∗ may be converted to the total
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heat production within the convecting mantle as:

Hm =
bqH∗Mm

ρm,0D
, (13)

whereMm is the mass of the mantle (4×1024 kg).

RESULTS

The convection model described previously is characterized by three nondimensional

parameters,Ra, θ , andH∗. In this section, the model space is searched for the optimal

combination(s) of these parameters so that topography and heat flow data are satisfied with

reasonable material properties. An extensive grid search is first conducted in which the

computation of a 2-D ridge-parallel model is done in an approximated manner. The evolution

of a ridge-parallel model is computed next, only for optimalmodel parameters.

Grid Search

The ranges of the model parameters to be explored are as follows: Ra = 108.5 to 1010,

θ = 15 to 25, andH∗ = 0 to 30. The range of the Rayleigh number corresponds to the

reference viscosity of∼ 9×1018 Pa s to∼ 3×1017 Pa s, and that of the Frank-Kamenetskii

parameter to the activation energy of∼240 kJ mol−1 to ∼400 kJ mol−1. The upper limit on

the non-dimensional heat production corresponds to the total heat production of∼18 TW.

These parameters are scanned with the following increments: d log10Ra = 0.1, dθ = 1,

anddH∗ = 1, so the number of all parameter combinations is∼5500. Because of this

large number of combinations to be tested, ridge-perpendicular cross-sections are prepared

with an approximate method (see Appendix). In addition to the topography misfit and the

dimensionalization parameters such asah, bh, andbq, the onset time of sublithospheric

convection is measured.

An example of model prediction is given in Figure 4. WithRa = 109.4 andθ = 18,

sublithospheric convection takes place at the age of∼70 Ma old, and even without internal

heat production (H∗ = 0), seafloor topography starts to deviate from the half-space cooling
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trend (Figure 4a). The degree of deviation increases for greaterH∗, and the topography misfit

decreases from 478 m atH∗ = 0 to 430 m atH∗ = 25. Even for ages smaller than 70 Ma old,

the topography of normal seafloor comes with one standard deviation of∼400 m [Korenaga

and Korenaga, 2008], and for comparison, a topography misfitwith the GDH1 plate model

[Stein and Stein, 1992] is∼430 m. Given this scattered nature of topography data, therefore,

reducing the misfit down to∼430 m is roughly equivalent to explaining the so-called flattening

signal. In contrast, heat flow prediction hardly changes with H∗ (Figure 4b). This is expected

because the amount of internal heat production is not large enough to affect surface heat flux

during the life time of oceanic lithosphere. The delamination of lithosphere by small-scale

convection has a greater effect, and it can be seen that the operation of small-scale convection

shifts heat low slightly upward by∼3 mW m−2 with respect to purely half-space cooling

(Figure 1c), resulting in a better fit to the high-quality heat flow data compiled by Nagihara

et al. [1996].

Representative grid search results are shown in Figure 5. Themost salient feature is that,

asH∗ increases, the topography misfit decreases and at the same time, the topography scale

increases. This is because the cumulative effect of internal heat production acts to offset the

effect of surface cooling. Another trend to be seen is the onset time of small-scale convection

decreases for higherRa and lowerθ , as expected from the scaling law for the onset of

convection with temperature-dependent viscosity [Korenaga and Jordan, 2003b; Huang et al.,

2003]. The trade-off between the topography misfit and the topography scale can be better

seen in Figure 6. To reduce the misfit down to∼430 m while maintaining the scale within

1.8±0.2×105 m, the non-dimensional internal heat production has to be around 20±5. This

range of acceptableH∗ is relatively insensitive toRa andθ , but these two parameters have to

be properly chosen so that the onset of convection takes places at∼70 Ma old, e.g.,θ = 15 for

Ra = 109.3, θ = 18 for Ra = 109.4, andθ = 21 for Ra = 109.5. The heat flow scalebq is found

to be∼1.88 mW m−2 (corresponding tok =∼ 4 W m−1 K−1 with ∆T of 1350 K) for all of

those optimal model parameters. As seen in Figures 5 (right column) and 6d, the onset time is

only weakly sensitive toH∗; internal heat production does not have enough time to affect the

thermal structure of a growing lithosphere in a significant way.
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With the heat flow scale of∼1.88 mW m−2 and the reference mantle densityρm,0 of

4300 kg m−3, the optimalH∗ of 20±5 corresponds to the total mantle heat production of

12±3 TW. This range of heat production is in agreement with 8.5±5.5 TW, which is the

estimate of heat production in the convecting mantle based on the chemical composition

model of Earth [Korenaga, 2008b, Table 1]. The amount of internal heat production required

to explain seafloor flattening is, therefore, consistent with the present-day thermal budget of

Earth.

A Close Look

The 2-D ridge-parallel model is run for a few dozens of optimal combinations of model

parameters to validate the approximate approach taken during the grid search. In general, the

variation of surface topography with seafloor age is smoother for 2-D calculations (Figure 7),

because the delamination of lithosphere does not take placeinstantaneously (see Appendix),

but the overall amplitude of seafloor flattening is accurately modeled by the approximate

approach. The two approaches yield nearly identical heat flow predictions, because surface

heat flux is not very sensitive to the dynamics of the lower part of lithosphere.

Some snapshots of the temperature field are shown in Figure 8 for the case ofRa = 109.3,

θ = 18, andH∗ = 20. With this value ofθ , the temperature scale involved in sublithospheric

convection is∼50-100 K, and it gradually decreases with time because of internal heating.

Also shown in Figure 8 is corresponding surface topography,which is informative of the

scale of sublithospheric convection. Shortly after the onset of convection, the amplitude of

topographic fluctuation is quite small, on the order of 10 m (Figure 8a), but it eventually

grows to∼100 m (Figure 8d) as the seafloor matures. Sublithospheric convection is initially

small-scale, but grows to mantle-wide flow [e.g., Korenaga and Jordan, 2004], and this is

indicated by the poorer correspondence between surface topography and lithospheric structure

at later times. Part of scatters seen in the age-depth relation for the normal seafloor must

originate in this type of topography variation induced by large-scale mantle flow [Kido and

Seno, 1994].

Ridge-perpendicular cross-sections based on 2-D calculations are shown in Figure 9
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for three optimal cases. For these cases, most of deviation from half-space cooling takes

place below the contour of 1100◦C (note: this is potential temperature). With the strong

temperature-dependency that characterizes mantle rheology, the onset of sublithospheric

convection can perturb only the lowermost fraction of oceanic lithosphere, so its influence

on surface heat flow is limited in magnitude as well as delayedin time [Korenaga, 2009a].

Surface topography is sensitive to the entire thermal structure of lithosphere, but the scatters in

the age-depth relation of the normal seafloor do not allows usto distinguish between different

combinations of model parameters solely based on surface topography. There is a strong

trade-off betweenRa andθ , and our understanding of upper-mantle rheology is not good

enough to pinpoint either parameter [Korenaga and Karato, 2008]. Surface-wave tomography

may have a better potential, and it will be discussed later.

Order-of-Magnitude Analysis

As suggested by Huang and Zhong [2005] and demonstrated withEarth-like model

parameters in the previous section, the combination of small-scale convection and internal

heat production is sufficient to explain the seafloor flattening. The combination ofRa andθ

is such that the onset of small-scale convection starts at∼70 Ma, and an acceptable relation

betweenRa andθ can easily be derived from the scaling law for the onset of convection. The

remaining model parameterH∗ controls the thermal equilibration of delaminated lithospheric

materials. An order-of-magnitude estimate on the proper amount of internal heat production

may be derived by considering isostasy and thermal budget.

The topography of the normal seafloor appears to deviate fromthe half-space cooling

trend around 70 Ma old, and the deviation reaches∼1 km at 170 Ma old (Figure 1b). A simple

isostasy argument leads to the following relation between atopography excess,δh, and the

thickness of delaminated lithosphere,δL:

δL =
ρm,s −ρw

αδT ρm,s
δh, (14)

whereδT is the temperature difference between the delaminated lithosphere and the
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sublithospheric mantle (i.e., asthenosphere). WithδT of 200 K andδh of 1 km, δL is

∼120 km.

The delamination of lithosphere takes place over the periodof 100 Ma, which is denoted

by δ t here, so heat flux needed to thermally equilibrate delaminated materials is

q1 ∼
Cpρm,sδT δL

δ t
, (15)

whereCp is the specific heat of the mantle (assumed here to be 1 kJ K−1 kg−1). Small-scale

convection can disperse the cold delaminated materials throughout the mantle, so heat flux

due to internal heat productionH should scale to the mantle depthD as

q2 ∼ ρm,0DH. (16)

By equating the above two heat fluxes,H is estimated to be∼ 2×10−12 W kg−1, which

is equivalent toH∗ of ∼13. This estimate serves as a lower bound because the mixing of

delaminated materials by small-scale convection is unlikely to be as efficient as assumed. The

optimal value ofH∗ = 20 may be derived by reducing the mantle depthD in equation (16) by

∼30%. This mixing effect, which allows access to whole-mantle heat production, is absent

in the classical evolution model of oceanic lithosphere with internal heat production [e.g.,

Forsyth, 1977].

Heat fluxes discussed in the above, which are on the order of 20mW m−2, are both

related to sublithospheric depths, and they do not have to bereflected in surface heat flux. The

diffusion time scale for 100-km-thick lithosphere is∼300 Ma, so oceanic lithosphere would

subduct before thermal perturbations to the bottom of lithosphere are fully felt at the surface.

For example, heat-flow difference between the half-space cooling and plate models is about

4 mW m−2 on average for seafloor older than 110 Ma old (Figure 1c), and by multiplying

the area of the corresponding seafloor (∼ 5×107 km2), one obtains the heat production of

∼0.2 TW, which is substatially smaller than heat production in the convecting mantle. Though

it may sound paradoxical, the thermal budget of Earth is morefaithfully manifested in seafloor
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topography than in surface heat flow.

DISCUSSION

Comments on Previous Studies

There have been a number of papers written on the origin of seafloor flattening in the

past four decades. Many of them are concerned with distinguishing between the half-space

cooling model and the plate model, or with elaborating on thespecifics of the plate model,

by comparing model predictions with topography and/or heatflow data [e.g., Davis and

Lister, 1974; Parsons and Sclater, 1977; Stein and Stein, 1992; Carlson and Johnson, 1994;

Hillier and Watts, 2005; Crosby et al., 2006; Zhong et al., 2007; Goutorbe and Hillier, 2013;

Hasterok, 2013]. The plate model can easily explain the flattening behavior because the

thickness of an aging lithosphere converges to a prescribedvalue imposed by the bottom

boundary condition, typically set at the depth of∼100 km. Because there is no such boundary

in the Earth’s mantle, however, fitting the plate model to seafloor data is not a meaningful

exercise, unless the boundary condition can be justified as an approximation of some other

physical mechanism. A similar comment applies to the constant bottom heat flux model [e.g.,

Crough, 1975; Doin and Fleitout, 1996], which is another kindof conduction model.

The long-standing popularity of conduction models in the literature has probably two

reasons. First, it is much easier to compute the prediction of a conduction model than to

simulate a fully dynamic calculation. Second, more dynamical approaches in the past have

trod on a rather tortuous path, so they may appear confusing on first glance. For example, the

role of small-scale convection in seafloor flattening was discounted by O’Connell and Hager

[1980], who argued that the operation of convection means more efficient cooling so that

seafloor would subside faster rather than slower. While it is true that a convecting system cools

faster, on average, than a purely conducting system, cooling rates can be different at different

depths (Figure 10). Because surface topography is more sensitive to the temperature of

shallower depths, it is not evident that the onset of small-scale convection should immediately

lead to a faster subsidence. In fact, results in this study show that the onset of convection
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can slow down seafloor subsidence even without internal heatproduction (Figure 4a). It

is important to study such a transient behavior with a model setting appropriate for Earth’s

mantle. Davies [1988b] supported the suggestion of O’Connell and Hager [1980], but his

convection models used only weakly temperature-dependentviscosity, which prevents the

direct application of his results to Earth’s mantle. Strongly temperature-dependent viscosity

has long been suggested to be important for the dynamics of lithosphere [e.g., Fleitout and

Yuen, 1984; Davaille and Jaupart, 1994], but a correct scaling law for the onset of convection

was not available until early 2000s [Korenaga and Jordan, 2003b; Huang et al., 2003].

The study of Huang and Zhong [2005] was a major step forward regarding the importance

of small-scale convection and internal heat generation, but they placed an emphasis on

building a steady-state convection model. In steady-stateconvection models, internal heat

generation includes contributions from radioactive isotopes as well as secular cooling, and it

is impossible to isolate the effect of radiogenic heating. Also, the temperature dependency of

viscosity was still not high enough (θ ∼ 6 in their key results), so their conclusions can be

appreciated only on a qualitative ground. Later attempts byZlotnik et al. [2008] and Afonso

et al. [2008] explored more realistic mantle rheology, but they did not quantitatively compare

model predictions with actual data. Having an upward deviation from the half-space cooling

trend does not constrain by itself the amount of internal heating (e.g., Figure 4a). It is the

magnitude of the deviation that matters. The amount of radiogenic heating used in their

models is equivalent to the total heat production of∼20 TW, which is appropriate for the

primitive mantle [e.g., McDonough and Sun, 1995; Lyubetskaya and Korenaga, 2007a], but

not for the present-day convecting mantle [Lyubetskaya andKorenaga, 2007b].

When considering the role of small-scale convection in seafloor flattening, it is critical

to focus on the observations of ‘normal’ seafloor. Seafloor flattening can be caused by both

intrinsic and extrinsic causes, and small-scale convection belongs to the former. An obvious

extrinsic cause is the emplacement of hotspot islands and oceanic plateaus [Heestand and

Crough, 1981; Schroeder, 1984; Smith and Sandwell, 1997], and most of previous studies

have been casual about how to exclude anomalous seafloor affected by such igneous activities.

The correlation criterion developed by Korenaga and Korenaga [2008] (Figure 1a) is an effort
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to identify the distribution of normal seafloor in an objective manner. When evaluating the

success of a given convection model in this study, the age-depth data of the normal seafloor

according to the correlation criterion are directly compared with model predictions (see

Dimensionalization). The calculation of the topography misfit is weighted with areas for given

age-depth pairs, to fully account for the statistical distribution of age-depth data.

A similar approach cannot be used for heat flow data, because of the paucity of reliable

heat flow data. Heat flow at young seafloor is known to be considerably modified by

hydrothermal circulation, but even at old seafloor, it is still difficult to obtain high-quality

heat flow data. Heat flow from old seafloor is typically on the order of 50 mW m−2, which

translates to the temperature difference of about 0.1 K overa few-meter-long heat-flow probe.

Securing an accuracy of a few percent thus requires multi-penetration measurements with in

situ thermal conductivity or deep sea drilling backed up by surface surveys. Nagihara et al.

[1996] reviewed then-available heat flow data and were able to identify only 14 reliable data

over>100-Ma-old seafloor away from hotspots and oceanic plateaus. Four of them (sites F,

H, I, and N in Table 1 of Nagihara et al. [1996]) are actually outside of the normal seafloor

defined by Korenaga and Korenaga [2008], and the remaining 10data do not exhibit a notable

deviation from the half-space cooling trend (Figure 1c). The most recent compilation effort

of Hasterok [2013] is not very useful because many data in thecompilation reside in the

anomalous seafloor identified by Korenaga and Korenaga [2008]; as one can clearly see in

Figure 7 of Korenaga and Korenaga [2008], the area of normal seafloor older than 100 Ma old

is insignificant. The same criticism applies to earlier compilation efforts [e.g., Stein and Stein,

1992]. The recent discovery of petit-spot volcanoes aroundthe world [e.g., Hirano et al.,

2006, 2013] implies that the definition of anomalous seafloormay be more extensive for heat

flow because disturbing a local thermal gradient is easier than disturbing isostasy [Yamamoto

et al., 2014]. Regarding the gross evolution of oceanic lithosphere, therefore, the utility of heat

flow data is much more limited than that of topography data.
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Surface Wave Tomography

Surface wave tomography is a promising tool to probe the thermal evolution of oceanic

lithosphere more directly than surface topography and heatflow [e.g., Ritzwoller et al., 2004].

Any tomographic image, however, is a model based on observations and not an observation

itself, so a greater care is needed when comparing with predictions from geodynamic

modeling.

As indicated by Figure 9, explaining the seafloor flattening does not require to limit the

thickness of lithosphere to∼100 km. The 1100◦C contour, which is often used as the base

of lithosphere, follows closely the prediction of half-space cooling, being consistent with the

findings of recent surface wave studies [e.g., Maggi et al., 2006; Debayle and Ricard, 2012].

These recent studies often present a tomographic cross-section stacked with respect to seafloor

age, which exhibits intriguing small-scale deviations from the half-space cooling prediction.

Such deviations, if real, can help distinguishing between different model parameters, so it is

important to quantify the uncertainty of such a stacked image. Tomographic inversion requires

regularization such as damping and smoothing, which introduces correlated uncertainty among

velocity parameters. Such correlated uncertainty, i.e., model covariance, is rarely reported

in the study of surface wave tomography, because properly estimating it is time-consuming

[e.g., Shapiro and Ritzwoller, 2002] and because it is not practical to publish the covariance,

which is an extremely large matrix. It is possible, however,to reduce the model covariance

to a much more compact set of eigenmodes by the principal component analysis [Korenaga

and Sager, 2012]. Such information would be essential if onewish to derive a different

age stack by focusing on a particular region such as the ‘normal’ seafloor of Korenaga and

Korenaga [2008]. Localizing an age stack to the normal seafloor is essential when considering

intrinsic lithospheric dynamics, and quantifying its uncertainty would allow us to extract

the most reliable information. Continuous methodological innovations [e.g., Schaeffer and

Lebedev, 2013], coupled with rigorous uncertainty analysis, may eventually make surface

wave tomography as decisive constraints on the evolution ofoceanic lithosphere.
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Realistic Mantle Rheology

The linear-exponential viscosity function used in this study [equation (5)] is Newtonian,

i.e., viscosity is independent of stress. Realistic mantle rheology is, however, a combination

of both Newtonian and non-Newtonian mechanisms, the formerby diffusion creep and

the latter by dislocation creep [Karato and Wu, 1993; Hirth and Kohlstedt, 2003]. The

study of small-scale convection has commonly employed the linear-exponential viscosity,

partly because it is sensible to solve simple problems first and partly because the simple

viscosity function is believed to be sufficient to capture the first-order characteristics of

mantle rheology. The use of linear-exponential viscosity introduces only one additional

non-dimensional parameter (i.e.,θ ), which has considerably facilitated theoretical analysis.

Owing to previous studies, the effect of linear-exponential viscosity on thermal convection is

now well understood, and it may be time to consider the effectof realistic mantle rheology.

The two deformation mechanisms (diffusion and dislocation) operate differently under dry

and wet conditions, and sublithospheric dynamics is where all of these complications meet.

The consideration of both Newtonian and non-Newtonian mechanisms could potentially

explain one puzzling feature of the age-depth relation (Figure 1b). As noted in Introduction,

a small fraction of seafloor follows the half-space cooling trend, up to∼100 Ma old, so there

seem two branches of evolution after∼70 Ma old, i.e., a flattening branch and a subsiding

branch. Newtonian viscosity cannot explain this branching, because small-scale convection

can be triggered by infinitesimal perturbations and all seafloor should experience flattening. In

contrast, with non-Newtonian viscosity, the onset of convection depends on the amplitude of

perturbations [Solomatov and Barr, 2007]. With a sufficiently quiet environment, therefore,

oceanic lithosphere could continue to grow without experiencing convective instability. The

significance of non-Newtonian rheology on small-scale convection may be most evident where

strong perturbations are expected such as fracture zones [e.g., Cadio and Korenaga, 2014], but

this study suggests that the age-depth relation of normal seafloor is also useful to constrain

the role of non-Newtonian rheology. Lithospheric delamination becomes more efficient with

non-Newtonian rheology [Sleep, 2002], which may lead to a better fit to the flattening branch.
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In addition to this non-Newtonian issue, the depth dependence of viscosity owing to

non-zero activation volume may also be important. The studyof Huang and Zhong [2005]

indicates that dynamic topography due to small-scale convection is only weakly sensitive to the

lower mantle viscosity, and this is probability because small-scale convection is characterized

with short wavelengths [cf. Wen and Anderson, 1997]. The effect of gradual increase in

viscosity within the upper mantle, however, remains to be investigated. Unfortunately,

activation volumes for upper-mantle rheology are among themost poorly constrained flow-law

parameters [Korenaga and Karato, 2008], because of the difficulty of conducting deformation

experiments at high pressures. Considering sublithospheric dynamics with realistic mantle

rheology thus requires us to carefully evaluate modeling results by taking into account the

uncertainty of rheological parameters [e.g., Chu and Korenaga, 2012].

Relevance to Early Earth Issues

To explain the observed age-depth relation of the present-day seafloor, the total heat

production in the convecting mantle is estimated to be∼ 12±3 TW (see Grid Search). Heat

losses from the oceanic and the continental mantle are estimated as∼32 TW and∼6.5 TW,

respectively [Jaupart et al., 2007; Korenaga, 2008b], so the convective Urey ratio, which is the

ratio of mantle heat production to mantle heat loss, is∼ 0.3. A similar estimate can be derived

from geochemical consideration [McDonough and Sun, 1995; Lyubetskaya and Korenaga,

2007b]. To reconstruct a geologically acceptable thermal history of Earth with this low value

of the Urey ratio, plate tectonics in the past should have been more sluggish than present, at

least back to the Archean [Korenaga, 2003, 2006]. This theoretical prediction has since been

corroborated by the life span of passive margins [Bradley, 2008], the cooling history of the

upper mantle [Herzberg et al., 2010], the degassing historyof xenon [Padhi et al., 2012], and

the secular evolution of continental plate velocity [Condieet al., 2014]. More sluggish plate

tectonics in the past was a radical notion when it was first suggested in 2003, but the above

supporting data from disparate disciplines suggest that itis a reasonable approximation to the

actual Earth history.

Slower plate motion in the past means that seafloor survives longer, and Korenaga
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[2008a] estimated that the maximum seafloor age in the Archean might exceed 300 Ma old.

It is possible to reduce the maximum age by assuming smaller plates, but such possibility

can be discounted on the basis of the subductability of oceanic lithosphere [Korenaga, 2006].

Archean oceanic lithosphere is thus likely to have entertained a longer life span [e.g., Bradley,

2008], and seafloor could have been deeper than present on average. The amount of radiogenic

heating in the mantle doubles in the Archean, so seafloor flattening could have been more

enhanced in the past. At the same time, the effect of dehydration stiffening would be more

pronounced when the mantle was hotter in the past, so the convective thinning of lithosphere

tends to be suppressed [Korenaga, 2003]. It would be interesting to quantify the degree of

seafloor flattening in the Archean by combining these competing factors: a longer time span,

greater heat production, and a thicker dehydrated lithosphere.

Such consideration is of fundamental importance when modeling the long-term evolution

of global sea level, because the age-depth relation of seafloor controls the capacity of ocean

basins [e.g., Parsons, 1982; Korenaga, 2007b]. Previous studies on the plate model have

suggested a range of equilibrium plate thickness, e.g., 125km [Parsons and Sclater, 1977],

95 km [Stein and Stein, 1992], and 90 km [Hasterok, 2013], butwhat controls this thickness

is always left unanswered. What fits the present-day seafloor does not necessarily work

for seafloor at different times. This study is the first theoretical attempt to explain seafloor

flattening with the thermal budget of Earth and realistic temperature-dependent viscosity, and

we can finally extrapolate to deeper times with a theoreticaljustification.

In addition to the shape of ocean basins, the global sea levelis affected by the total

volume of surface water, the relative buoyancy of continental and oceanic lithosphere, and

the surface partitioning of continental and oceanic crust [Korenaga, 2013]. So estimating

the age-depth relation in the past is only a step forward, butit is an important step toward

several outstanding problems in the early Earth, as the secular evolution of global sea level is

intimately related to the activation of the global carbon cycle [e.g., Kasting and Catling, 2003]

and the uprise of oxygen [e.g., Kump and Barley, 2007].
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CONCLUDING REMARKS

By constructing a simple geodynamic model with Earth-like parameters and comparing

model predictions with the age-depth relation of the normalseafloor, the so-called seafloor

flattening is shown to have a constraint on the amount of radiogenic heating in the convective

mantle. The estimated range of heat production,∼ 12±3 TW is consistent with independent

geochemical estimates, providing yet another support to the present-day Urey ratio of∼0.3.

This physical underpinning for the long-standing puzzle ofpresent-day seafloor has an

important bearing on the future theoretical study of early Earth evolution. At the same time,

it is also necessary to examine the validity of various simplifications made in this study, such

as the Boussinesq approximation and the use of effective material properties. Whole-mantle

convection is assumed a priori in this study, but alternative ideas do exist [e.g., Tackley, 2000;

Anderson, 2011]. Testing the significance of detailed mineral physics information is certainly

warranted [e.g., Grose, 2012; Grose and Afonso, 2013], but more important, the dynamics

of small-scale convection needs to be reassessed with realistic composite rheology. Because

many rheological parameters are still poorly constrained [Korenaga and Karato, 2008],

incorporating such uncertainty into future modeling efforts is as important as quantifying the

uncertainty of seismic tomography models. Combining geodynamics and seismology to derive

reliable constraints on the dynamic state of the mantle requires careful statistical consideration

on both sides. Though indirect, such multidisciplinary efforts on the present-day lithospheric

dynamics have a definite connection to the Earth history at large.

APPENDIX: APPROXIMATE MODELING OF

HORIZONTALLY-AVERAGED THERMAL STRUCTURE

A horizontally-averaged temperature profile,〈T ∗〉, may be calculated by solving the

following 1-D conduction equation:

∂ 〈T ∗〉
∂ t∗

=
∂ 2〈T ∗〉

∂ z∗2 +H∗, (A1)
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which involves no approximation before the onset of convection. The convective stability

of a growing thermal boundary layer is monitored by calculating the local Rayleigh number

with the formalism of Korenaga and Jordan [2002b] at every time step, and when the local

Rayleigh number exceeds a critical value,Rac, convection is assumed to instantly homogenize

the thermal structure beneath the origin of available buoyancy, z∗o. As convective mixing is

expected to be more efficient when the effective Rayleigh number for the mixing region is

higher, the temperature belowz∗o is updated as

〈T ∗〉(t∗ +∆t∗,z∗) = (1−β )〈T ∗〉(t∗,z∗)+βT ∗
m(t∗), (A2)

where

T ∗
m(t∗) =

1
1− z∗o

∫ 1

z∗o
〈T ∗〉(t∗,z∗)dz∗, (A3)

and the under-relaxation parameterβ is calculated as

β = max(1,min(0,0.5+ c log(Rae/Rae,0))), (A4)

with the effective Rayleigh number defined as

Rae = RaδT (1− z∗o)
3exp[−θ(1−T ∗

m)]. (A5)

HereδT is a total temperature contrast belowz∗o at t∗.

When the amplitude of initial temperature perturbations is 10−5, the critical Rayleigh

numberRac may be set as 2000 [Korenaga and Jordan, 2003b]. The parameters c andRae,0 in

equation (A4) need to be calibrated by comparing approximate solutions with corresponding

2-D numerical solutions. For this calibration purpose, a few dozens of 2-D solutions up to

t∗=3 t∗c , wheret∗c is the onset time of convection, were prepared withRa = 107 to 109, θ = 10

to 25, andH∗ = 3 to 25. A grid search for the optimal parameter values yielded c = 0.3 and

Rae,0 = 106.5. This approximate method provides reasonably accurate predictions for surface

topography and heat flow (with the root-mean-square error of∼5%), whenRa ≥ 3×107 and
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θ ≥ 15; this is because the assumption of instantaneous mixing becomes more justified when

Ra is higher and the temperature contrast involved is lower.
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Figure 1. (a) Distribution of the normal seafloor according to the correlation criterionof Korenaga
and Korenaga [2008] (shown in blue). Shown in red is the anomalous crustal region, characterized
by residual depths of>1 km with respect to the plate model prediction of Stein and Stein [1992].
Yellow shading denotes regions with strong topographic correlation with the anomalous crust. Dark
gray signifies whether either age or sediment data are unavailable, and light gray areas denote regions
where sediment correction becomes inaccurate because of too thick (>2 km) sediments. (b) Age-depth
relation for the normal seafloor according to the correlation criterion. Darker shading means larger area.
Also shown are the predictions of the GDH1 plate model of Stein and Stein [1992] (red) and the best fit
half-space cooling trend, 2654+323

√
t, derived by Korenaga and Korenaga [2008] (blue). Blue arrow

points to data that continue to follow the half-space cooling trend. (c) Age-heat flow relation. Grey
dots shows all of available heat flow data [International Heat Flow Commission of IASPEI, 2011] for
the normal seafloor. Red curve corresponds to the GDH1 plate model, andblue curve to half-space
cooling with depth-dependent mantle properties (q = 550/

√
t) [Korenaga and Korenaga, 2008]. Green

boxes denote the compilation of Hasterok [2013], which is not restricted to the normal seafloor. Black
and yellow boxes denote the compilation of Nagihara et al. [1996], and black boxes correspond to
measurements on the normal seafloor.
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Figure 2. Schematic illustration for modelling strategy adopted in this study. A composite ridge-
perpendicular thermal structure (bottom) is created by using horizontally-averaged temperature profiles
calculated from a 2-D ridge-parallel convection model.
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tion (10)]. A white box encloses the acceptable range for the present-day condition (see text).
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Figure 4. Comparison of dimensionalized model predictions with (a) the age-depth relation and (b)
the age-heat flow relation. The cases ofRa = 109.4 andθ = 18 are shown for a range ofH∗ (different
colors correspond to differentH∗). Data legend is the same as in Figure 1. The step-wise feature of
model age-depth relations reflects instantaneous lithospheric delamination events in 1-D approximate
solutions. Fully 2-D solutions do not exhibit this feature because of more gradual delamination (see
Figure 7).
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Figure 5. Results of grid search are shown for (a)Ra = 109.2, (b) Ra = 109.4, and (c)Ra = 109.6, in
terms of the topography misfit (left column), the topography scale (middle), and the onset of convection
(right).
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Figure 8. Snapshots of the temperature field from a 2-D ridge-parallel model for thecase ofRa = 109.4,
θ = 18, andH∗ = 20. Temperature is dimensionalized with∆T = 1350 K, and contours are drawn at
every 50 K. To show the details of sublithospheric convection, only a small fraction of the total model
domain (4D×D, whereD = 2.9× 106 m) is shown here. Corresponding surface topography is also
shown.
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Figure 9. Ridge-perpendicular thermal structure based on 2-D ridge-parallel simulation, shown as a
function of seafloor age for three representative optimal cases (a)Ra = 109.3 andθ = 15, (b)Ra = 109.4

andθ = 18, and (c)Ra = 109.6 andθ = 21, all withH∗ = 20. Only top 300 km is shown. Temperature
is dimensionalized with∆T = 1350 K, and gray contours are drawn at every 50 K. Isotherms of 800◦C,
1100 ◦C, and 1300◦C are shown in solid. Also shown in dashed are isotherms according to simple
half-space cooling (i.e., no internal heating). These temperatures are allpotential temperature.
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Figure 10. Additional modeling results to illustrate how small-scale convection enhances cooling with
respect to a purely conducting case. A 2-D convection model similar to thosedescribed in the “A Close
Look” section (θ=15 andRa = 109.3) was run with no internal heating (H∗ = 0), and results are shown
in solid for (a) surface heat flux, (b) average temperature, (c) average temperature for the upper half of
the model domain, and (c) average temperature for the upper quarter of the model domain. Also shown
in dashed gray is the purely conducting case. Time axis is dimensionalized. The onset of convection
takes place at∼80 Ma, and its effect on surface heat flux becomes noticeable at∼200 Ma, as predicted
by Korenaga [2009a]. As seen in (b), the system as a whole cools faster than the conducting case, but
the shallower portion of the system is warmer than the conducting case ((c) and (d)). This is because
delaminated lithosphere sinks to the bottom of the mantle, and the lower portion of the system is cooled
more efficiently. It can be seen that this trend continues at least to 10 Ga.


