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Abstract. The subsidence of an aging seafloor starts to slow dowyv8tMa old with
respect to the prediction of simple half-space cooling, tmsphenomenon has long been
known as seafloor flattening. The flattening signal remaies @fter removing the influence
of the emplacement of hotspot islands and oceanic platddnescombination of small-scale
convection and radiogenic heating has been suggested ashamigm to explain seafloor
flattening, and this study explores a possibility of using itiiagnitude of seafloor flattening to
constrain the amount of radiogenic heating in the convgetiantle. By comparing properly
scaled geodynamic predictions with the observed age-delaition of the normal seafloor, the
mantle heat production is estimated to-bd 2+ 3 TW, which supports geochemistry-based
estimates. A widely-held notion that small-scale conwstegnhances cooling thus being
unable to explain seafloor flattening is suggested to beiecbrThe ability to predict the
age-depth relation of seafloor based on the thermal buddedrdfi has an important bearing

on the future theoretical study of early Earth evolution.



INTRODUCTION

The evolution of oceanic lithosphere is one of the esseatialponents in the theory of
plate tectonics, yet it has long defied a clear physical egtian. What has been puzzling is
the following: Seafloor topography, which reflects the tharstructure of oceanic lithosphere,
starts to become shallower than the prediction of simplégpce cooling as seafloor
becomes older thar70 Ma old [Parsons and Sclater, 1977; Stein and Stein, 189QJie 1).
Such deviation, often called seafloor flattening, can be medd®y the so-called plate model
[Langseth et al., 1966; McKenzie, 1967], in which tempeamtat some shallow depth
(~100 km) is fixed to a constant value. This boundary conditiothé plate model, however,
has no physical basis, which leads to the following frustgasituation. The half-space
cooling model, which has a solid footing in the theory of that convection [Turcotte and
Oxburgh, 1967], can explain seafloor topography only péytiaehereas the plate model,
which can explain the topography successfully, appears t@ther ad hoc from a physical
perspective.

Efforts have been made to provide a physical mechanism éouplvard deviation from
half-space cooling, which requires the supply of heat frafolw in some way. The most
commonly discussed mechanism is small-scale convectioedile oceanic lithosphere (also
called as sublithospheric convection) [e.g., Parsons acidevizie, 1978; Davaille and Jaupart,
1994; Dumoulin et al., 2001; Huang and Zhong, 2005; Afonsal.e2008]. Some authors
have discounted this possibility by arguing that smallescanvection would lead to more
efficient cooling and be unable to supply additional heatQ@inell and Hager, 1980; Davies,
1988b], but this seemingly reasonable argument does ndtwith the typical time scale of
oceanic lithosphere (see Discussion). Indeed, more rstaties suggest that the operation of
small-scale convection in the presence of internal heatymion may be sufficient to explain
the flattening [e.g., Huang and Zhong, 2005]. Given our ustdeding of mantle rheology
[Karato and Wu, 1993; Hirth and Kohlstedt, 2003], smallls@nvection is dynamically
feasible beneath oceanic lithosphere [Korenaga and Ja2888a], and the convecting mantle

contains radioactive isotopes [e.g., Jochum et al., 19B8]decay of which results in internal



heat production. A satisfactory model for the evolution céanic lithosphere could, therefore,
be built with small-scale convection and internal heat poidn, and seafloor topography
may be intimately connected to the thermal budget of Eartih afvariety of reasons that will
be explained later, however, this connection is difficulextract from previous studies, and
it is the purpose of this paper to elucidate the relation betwseafloor topography and the
thermal budget of Earth, based on the proper scaling of fl@danics.

One may question the significance of the so-called flattesigigal, because the majority
of ‘normal’ seafloor unaffected by the emplacement of hdtggands and oceanic plateaus is
younger than 70 Ma old and can thus be explained by simplespalfe cooling [Korenaga
and Korenaga, 2008] (Figure 1). Also, even at older agese thests some seafloor that
follows the half-space cooling trend. The discussion offtagening signal is thus always in
danger of the law of small numbers [e.g., Davies, 1988a;5@@11]. At the same time, it
is important to realize that the concept of half-space ogplvas originally developed on the
basis of basally-heated convection (i.e., no internalihgpfTurcotte and Oxburgh, 1967],
and in the presence of radioactive isotopes, mantle codlbag not have to follow half-space
cooling in its purest form [e.g., Jarvis and Peltier, 19&%veloping a physically sound model
that can explain the faint flattening signal is thereforeamg@nt, and this importance would be
further amplified when considering seafloor topography exRhecambrian because internal
heat production was certainly higher and seafloor might lsaveived longer than present
[Korenaga, 2008a]. Seafloor topography controls the capaticean basins, so having a
physical model is essential for predicting the relativelsgal — one of the key elements for
the coevolution of the surface environment and the Eantitéior [e.g., Korenaga, 2013] —
in the distant past. A phenomenological model that is fit soghesent-day situation cannot be
extrapolated for such a purpose.

The structure of this paper is as follows. After describingtrategy to simulate the
transient cooling of the oceanic mantle, how to relate nisakresults with actual Earth
observations by dimensionalization is explained. As allebévant model parameters suffer
from some degree of uncertainty, an extensive grid searcbnducted to identify a subset

of model parameters that can explain seafloor flatteningnmpla theoretical analysis is also



presented to help the interpretation of the search restézidus studies on the evolution of
oceanic lithosphere are then reviewed in light of new findifgany authors have considered
seafloor topography and oceanic heat flow jointly [e.g., ®t&@nd Sclater, 1977; Stein and
Stein, 1992], but this paper places an emphasis on topogtaatause heat flow data are not
particularly diagnostic. The limitation of heat flow dataeigplained there in some detail.
After this critique of previous studies, the relevance @& thodeling results to surface wave
tomography and early Earth issues is discussed, along metkigjnificance of realistic mantle

rheology. The paper ends with some prospects for futurelclewesnt.

THEORETICAL FORMULATION
Modelling Strategy

It may be ideal to simulate the dynamics of the oceanic mamtiefully 3-D manner,
but I choose to adopt a much simpler way to construct a ridgpgndicular cross-section by
horizontally averaging snapshots from a 2-D ridge-parailedel (Figure 2). By calculating
instantaneous Stokes flow for the ridge-perpendiculambéstructure, seafloor topography
can be calculated as a function of age [e.g., Davies, 198Bugre are four reasons for
this simplified approach. First, conducting fully 3-D simatibn is deemed too excessive
because creating a 2-D ridge-perpendicular cross-sastaufficient to calculate an age-depth
relation. Second, 3-D models would also be too time-consgmihen testing a range of
model parameters in a systematic manner. In fact, evennmgriixD convection models
becomes very time-consuming for the grid search that isribestlater, and | have developed
an efficient approximate method to directly compute thewiah of a horizontally-averaged
thermal structure (see Appendix). Third, the interactiebnzen plate-driven shear and
small-scale convection is expected to give rise to the ftionaof longitudinal convection
rolls [e.g., Richter, 1973; Richter and Parsons, 1975; Kayarend Jordan, 2003a], so
the dynamics of small-scale convection is well captured 1y 2dge-parallel models
[e.g., Buck and Parmentier, 1986; Korenaga and Jordan, 26W04dlly, by constructing a

ridge-perpendicular thermal structure as a composite nztiatally-averaged temperature



profiles, the dynamics of oceanic lithosphere can be isbirten other complications as
such return flow associated with subduction. This two-sigp@ach is better than directly
running a 2-D ridge perpendicular model, in which platesgini shear tends to delay the onset
of sublithospheric convection [Huang et al., 2003].

The following non-dimensionalized equations are solvettdok the evolution of a

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

O-u* =0, 1)
(2) the conservation of momentum,
—0OP*+0- [n*(Ou* + Ou*")] + RaT *e, = 0, )
and (3) the conservation of energy,
T * * 2% *
+ut-OT =0T "+ H™. (3)

ot*

The unit vector pointing upward is denoted &y The spatial coordinates are normalized by
the mantle thicknesB, and time is normalized by the diffusion time scdl#,/k, wherek is
thermal diffusivity. Velocityu* is thus normalized by /D. Temperature is normalized by the
temperature scal®T, and viscosity is by a reference viscosifyatT* = 1. Dynamic pressure
P* and heat generatid* are normalized byjok /D? andkAT/(pm,oDZ), respectively, where
Pmo Is reference mantle density akds thermal conductivity. The Rayleigh numidea is

defined as
_ apmooATD?
KMo

wherea is thermal expansivity and is gravitational acceleration. These governing

Ra , (4)

equations are based on the Boussinesq approximation [elgup8rt et al., 2001], so the
model temperature corresponds to potential temperatypothetical temperature of mantle

adiabatically brought to the surface without melting).



The following linear-exponential viscosity is employed:
n*(T") =exp(1-T")]. (5)

Here0 is the Frank-Kamenetskii parameter, which can be relatéde@ctivation energy of

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

EAT

"R AT ©

whereR is the universal gas constant aiiglis the surface temperature. An ‘effective’
activation energy for the temperature-dependency of upyaattle viscosity is likely to
be ~300 kJ mot? regardless of creep mechanisms [Christensen, 1984; KaaeB806;
Korenaga and Karato, 2008], which is equivalen@tof ~18.5 withTs of 273 K andAT of
1350 K.

The top and bottom boundaries are free slip. The top temyperé fixed to 0, and the
bottom boundary is insulating. A reflecting boundary caoditi.e., free slip and insulating,
is applied to the side boundaries. The aspect ratio of theemsdour to reduce wall effects,
and the model is discretized by 40000 uniform quadrilateral elements. Internal temperature
is set to 1 at* = 1, with random perturbation with the amplitude of P0 Because of the
insulating bottom boundary, there are no upwelling plunmethe model, which allows us to
focus on the intrinsic dynamics of oceanic lithosphere. gbteerning equations are solved
by the finite element code of Korenaga and Jordan [2003bi thii2 Courant factor of 0.05
to accurately measure the onset time of small-scale cdovedvith D = 2.9 x 10° m and
K =10%m? s, the maximum seafloor age of 170 Ma corresponds t66.37 x 104, and
the model is run up to this time.

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

(T*), is calculated, and non-dimensional surface heat flux is tiadculated as

q(t") = : (7)




By assembling a suite gfT*), a ridge-perpendicular cross-section is constructed arith
prescribed plate velocity so that the evolution of oceaitim$phere up to a certain time
can be contained in a model domain. Two aspect ratios (2 aate4ested, and in terms of
predicted surface topography, difference is negligildehe aspect ratio of 2 is adopted for the
ridge-perpendicular model. Instantaneous Stokes flow tpven ridge-perpendicular model
is calculated by solving the conservation of mass and mamefgquations (1) and (2)], with
all boundaries being free slip [e.g., Davies, 1988c]. Nonahsional surface topography is

then obtained from non-dimensional normal stress actinhesurface as

1
h*:__ *
RaaZZ

o ®)

The topography is first obtained as a function of distancenfitee ridge, and then converted to
a function of seafloor age using the prescribed velocity.

In this study, the uniform distribution of internal heat guztion throughout the whole
mantle is assumed for the sake of simplicity. There may beep deservoir enriched in
heat-producing isotopes above the core-mantle boundayy oyet and Carlson, 2005], but
it is unlikely for such a deep heat source to affect the ewmtubdf oceanic lithosphere. Also
note that geochemical arguments for the presence of a deep&shreservoir are logically
flawed [Korenaga, 2009b]; a chemically distinct reservain exist in the lower mantle, but it
is not necessarily enriched. Mantle melting beneath mehacaidges differentiates the source
mantle into enriched oceanic crust and depleted mantiesiithere, but this depth-dependent
heat production would not influence the dynamics of subdifin@ric convection. Mantle
melting also introduces dehydration stiffening [Hirth afohlistedt, 1996], which is not
modeled by the assumed viscosity function [equation (9){,fortunately, the effect of
dehydration stiffening on the convective instability oleaaic lithosphere is negligible at
the present-day condition [Korenaga, 2003]. Though theosiy structure of the mantle
is likely to be stratified [e.g., Hager et al., 1985; King, 58%uch realistic complication is
not considered in this study. The study of Huang and Zhon§3R8uggests that stratified

viscosity as well as phase changes do not have significanemde on surface topography.



The secular cooling of Earth could give rise to a virtual hemairce at regional scales,
because relatively uncooled regions may be considered wab®ed up when the average
internal temperature is decreasing. Supercontinentaldtien is a well-known example
[Anderson, 1982; Korenaga, 2007b]. Such ‘insulation’ effior the oceanic mantle is
probably minor because a typical oceanic mantle is nottsdl&rom convective mixing.
When one simulates mantle convection in a closed model dorhaimever, it is easy to
insulate the mantle beneath old oceanic lithosphere bedatge-scale circulation developed
in a model brings subducted cold materials directly to arsddpe mantle. Huang and
Zhong [2005] called this uncooled state beneath old lithesp as ‘trapped heat’, but this
phenomenon appears only when such a simple circulationd@reabduction zone to a ridge is
maintained for a sufficiently long time. On the real Eartle ¢fgometry of plate boundaries is
constantly evolving, and subducted materials do not nacésseturn to their parental ridges.
The significance of trapped heat in the oceanic mantle isuhakear. Ridge-perpendicular

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

Dimensionalization

Non-dimensional surface topographyymay be dimensionalized as
h=ap+bnh", 9)

whereay, is a bias andby, is the topography scale defined as

Pm;s

bn = aATD (10)

Pms

Here pms and py denote surface mantle density and water density, respéctiVhe bias is
needed here to take into account the convention used fan’&&opography (i.e., measured
with respect to the sea level). The topography scale sufifers nontrivial uncertainty.
Laboratory measurements indicate that thermal expaps$oroceanic lithosphere is probably
~ 3.5x10°° K1 [e.g., Bouhifd et al., 1996; Jackson et al., 2003], but likéscoelastic
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effects may reduce it te- 3.0 x 10-° K~1 [Korenaga, 2007a]. The potential temperature of
the ambient mantle is estimated to ©el350+ 50 °C based on petrology [Herzberg et al.,
2007] and~1400°C based on mineral physics and seismology [Anderson, 208th
D =2.9x 10° m, pms = 3300 kg n3, andp,, = 1000 kg n73, the topography scale can thus
be anywhere from- 1.6 x 10° m to ~ 2.0 x 10° m (Figure 3).

Given this uncertainty in the topography scale and the nedidd the bias component,
| choose to determine both parameters by the least squayessen of equation (9). The
topography of the normal seafloor (based on the correlatiterion developed by Korenaga
and Korenaga [2008]) is used for the left-hand side of equa®), and the regression
is weighted with areas corresponding to given age-deptis.pdhe regression is limited
for seafloor ages between 10 Ma and 70 Ma old; computed toplgia unreliable for
ages smaller than 10 Ma old because lithosphere near the isdgo thin to be accurately
represented by the adopted discretization, and actuafjtapby deviates from the simple
half-space cooling trend for ages greater thatd Ma. After determiningy, andby,, computed
topography and actual topography are compared for all ageseg than 10 Ma old to
derive an average misfit. A given ridge-perpendicular tlamstructure may be regarded as
acceptable if it yields a small topography misfit and a phalsrglausible topography scale.

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

q=bqq", (11)
where
AT
bg =k (12)

As thermal conductivitk depends on temperature [Hofmeister, 1999], the condugiivi
the above equation is best regarded as an effective valvesesging the entire lithosphere.
The heat flow scalky is determined by fitting equation (11) with= 550/+/t (whereq s in
mW m~2 andt in Ma old) [Korenaga and Korenaga, 2008] for ages smaller #taMa. With

this scale fixed, the non-dimensional internal heat prado¢i* may be converted to the total
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heat production within the convecting mantle as:

bgH *Mn
Hm — 5
PmoD

(13)

whereM, is the mass of the mantle ¢410°* kg).

RESULTS

The convection model described previously is charactérmethree nondimensional
parametersika, 8, andH*. In this section, the model space is searched for the optimal
combination(s) of these parameters so that topography eaidflow data are satisfied with
reasonable material properties. An extensive grid searéinst conducted in which the
computation of a 2-D ridge-parallel model is done in an apipnated manner. The evolution

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

Grid Search

The ranges of the model parameters to be explored are ag$olRa = 10°° to 10t°,
6 = 15 to 25, andH* = 0 to 30. The range of the Rayleigh number corresponds to the
reference viscosity of- 9 x 10'8 Pa s to~ 3 x 10! Pa s, and that of the Frank-Kamenetskii
parameter to the activation energy~-0240 kJ mot ! to ~400 kJ motL. The upper limit on
the non-dimensional heat production corresponds to tla hetat production 0f18 TW.
These parameters are scanned with the following incremelitg);oRa = 0.1, d8 = 1,
anddH* = 1, so the number of all parameter combinations-8500. Because of this
large number of combinations to be tested, ridge-perpefaticross-sections are prepared
with an approximate method (see Appendix). In addition ®ttspography misfit and the
dimensionalization parameters suchagsby, andbg, the onset time of sublithospheric
convection is measured.

An example of model prediction is given in Figure 4. WRa = 10°* and6 = 18,
sublithospheric convection takes place at the age ™ Ma old, and even without internal

heat productionH* = 0), seafloor topography starts to deviate from the half-sgaoling
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trend (Figure 4a). The degree of deviation increases fatgrel*, and the topography misfit
decreases from 478 m At = 0 to 430 m aH* = 25. Even for ages smaller than 70 Ma old,
the topography of normal seafloor comes with one standandti@v of ~400 m [Korenaga
and Korenaga, 2008], and for comparison, a topography maigfitthe GDH1 plate model
[Stein and Stein, 1992] is430 m. Given this scattered nature of topography data, fitvexe
reducing the misfit down te-430 m is roughly equivalent to explaining the so-calleddlaitig
signal. In contrast, heat flow prediction hardly changes Wit (Figure 4b). This is expected
because the amount of internal heat production is not langagh to affect surface heat flux
during the life time of oceanic lithosphere. The delamiatf lithosphere by small-scale
convection has a greater effect, and it can be seen that gratam of small-scale convection
shifts heat low slightly upward by3 mW m2 with respect to purely half-space cooling
(Figure 1c), resulting in a better fit to the high-quality béew data compiled by Nagihara
et al. [1996].

Representative grid search results are shown in Figure 5mibisé salient feature is that,
asH* increases, the topography misfit decreases and at the samethie topography scale
increases. This is because the cumulative effect of intéeet production acts to offset the
effect of surface cooling. Another trend to be seen is thettime of small-scale convection
decreases for highd®a and lower@, as expected from the scaling law for the onset of
convection with temperature-dependent viscosity [Koganand Jordan, 2003b; Huang et al.,
2003]. The trade-off between the topography misfit and thedoaphy scale can be better
seen in Figure 6. To reduce the misfit downtd30 m while maintaining the scale within
1.8+ 0.2 x 10° m, the non-dimensional internal heat production has to berar 26t5. This
range of acceptabld* is relatively insensitive t&a and 6, but these two parameters have to
be properly chosen so that the onset of convection takespkte- 70 Ma old, e.g.p = 15 for
Ra=10°3, 6 = 18 forRa= 10°4, and6 = 21 forRa = 10>°. The heat flow scalby is found
to be~1.88 mW n1 2 (corresponding t& =~ 4 W m~1 K~ with AT of 1350 K) for all of
those optimal model parameters. As seen in Figures 5 (rgbtn) and 6d, the onset time is
only weakly sensitive té1*; internal heat production does not have enough time to tatfec

thermal structure of a growing lithosphere in a significaayw
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With the heat flow scale 0f£.1.88 mW n12 and the reference mantle densily;o of
4300 kg m3, the optimalH* of 2045 corresponds to the total mantle heat production of
12+3 TW. This range of heat production is in agreement wit485.5 TW, which is the
estimate of heat production in the convecting mantle basetth® chemical composition
model of Earth [Korenaga, 2008b, Table 1]. The amount ofinateheat production required
to explain seafloor flattening is, therefore, consistent wie present-day thermal budget of

Earth.

A Close Look

The 2-D ridge-parallel model is run for a few dozens of optioeambinations of model
parameters to validate the approximate approach takengithe grid search. In general, the
variation of surface topography with seafloor age is smadthve2-D calculations (Figure 7),
because the delamination of lithosphere does not take platantaneously (see Appendix),
but the overall amplitude of seafloor flattening is accuyatebdeled by the approximate
approach. The two approaches yield nearly identical heatgledictions, because surface
heat flux is not very sensitive to the dynamics of the lowet pglithosphere.

Some snapshots of the temperature field are shown in FigunetBef case oRa = 10°3,

6 = 18, andH* = 20. With this value 0B, the temperature scale involved in sublithospheric
convection is~50-100 K, and it gradually decreases with time because efnat heating.
Also shown in Figure 8 is corresponding surface topograpimch is informative of the
scale of sublithospheric convection. Shortly after theeb$ convection, the amplitude of
topographic fluctuation is quite small, on the order of 10 ng\Fe 8a), but it eventually
grows to~100 m (Figure 8d) as the seafloor matures. Sublithospheniection is initially
small-scale, but grows to mantle-wide flow [e.g., Korenagd dordan, 2004], and this is
indicated by the poorer correspondence between surfaogitaphy and lithospheric structure
at later times. Part of scatters seen in the age-depthaweladr the normal seafloor must
originate in this type of topography variation induced bigéscale mantle flow [Kido and
Seno, 1994].

Ridge-perpendicular cross-sections based on 2-D calooktire shown in Figure 9
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for three optimal cases. For these cases, most of deviatom falf-space cooling takes
place below the contour of 110@ (note: this is potential temperature). With the strong
temperature-dependency that characterizes mantle dyedlee onset of sublithospheric
convection can perturb only the lowermost fraction of oeedthosphere, so its influence

on surface heat flow is limited in magnitude as well as delagydone [Korenaga, 2009a].
Surface topography is sensitive to the entire thermal sira®f lithosphere, but the scatters in
the age-depth relation of the normal seafloor do not allowts dsstinguish between different
combinations of model parameters solely based on surfgagtaphy. There is a strong
trade-off betweerRa and 8, and our understanding of upper-mantle rheology is not good
enough to pinpoint either parameter [Korenaga and Kar&@8R 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 demonstratedBaitih-like model
parameters in the previous section, the combination oflssnale convection and internal
heat production is sufficient to explain the seafloor flattgniThe combination dRa and @
is such that the onset of small-scale convection starts/@tMa, and an acceptable relation
betweerRa and 6 can easily be derived from the scaling law for the onset ofreotion. The
remaining model parametet* controls the thermal equilibration of delaminated lithlospc
materials. An order-of-magnitude estimate on the propesuarhof internal heat production
may be derived by considering isostasy and thermal budget.

The topography of the normal seafloor appears to deviate finenhalf-space cooling
trend around 70 Ma old, and the deviation reach&dm at 170 Ma old (Figure 1b). A simple
isostasy argument leads to the following relation betwetypagraphy excesgh, and the

thickness of delaminated lithospheds,:

: (14)

wheredT is the temperature difference between the delaminatedslithere and the
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sublithospheric mantle (i.e., asthenosphere). Withof 200 K anddh of 1 km, oL is
~120 km.
The delamination of lithosphere takes place over the pexidd®0 Ma, which is denoted

by ot here, so heat flux needed to thermally equilibrate delamthataterials is

CpPmsOT AL
G~

-, (15)

whereC,, is the specific heat of the mantle (assumed here to be 1 kki1). Small-scale
convection can disperse the cold delaminated materiadsigimout the mantle, so heat flux

due to internal heat productidth should scale to the mantle defdhas

02 ~ PmoDH. (16)

By equating the above two heat fluxés$,is estimated to bew 2 x 10-12 W kg~1, which

is equivalent taH* of ~13. This estimate serves as a lower bound because the miiking o
delaminated materials by small-scale convection is ulyliteebe as efficient as assumed. The
optimal value ofH* = 20 may be derived by reducing the mantle deptim equation (16) by
~30%. This mixing effect, which allows access to whole-maikat production, is absent
in the classical evolution model of oceanic lithospherénwiternal heat production [e.g.,
Forsyth, 1977].

Heat fluxes discussed in the above, which are on the order of\®m~2, are both
related to sublithospheric depths, and they do not have teflexted in surface heat flux. The
diffusion time scale for 100-km-thick lithosphere~8300 Ma, so oceanic lithosphere would
subduct before thermal perturbations to the bottom of §ifhere are fully felt at the surface.
For example, heat-flow difference between the half-spao&rgpand plate models is about
4 mW m 2 on average for seafloor older than 110 Ma old (Figure 1c), gnehialtiplying
the area of the corresponding seafloorgx 10’ km?), one obtains the heat production of
~0.2 TW, which is substatially smaller than heat productiothe convecting mantle. Though

it may sound paradoxical, the thermal budget of Earth is rfeotiefully 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 dfosedlattening in the
past four decades. Many of them are concerned with disthgug between the half-space
cooling model and the plate model, or with elaborating onsghecifics of the plate model,
by comparing model predictions with topography and/or lileat data [e.g., Davis and
Lister, 1974; Parsons and Sclater, 1977; Stein and Ste@®; X®arlson and Johnson, 1994;
Hillier and Watts, 2005; Crosby et al., 2006; Zhong et al., Z@outorbe and Hillier, 2013;
Hasterok, 2013]. The plate model can easily explain thesfiatg behavior because the
thickness of an aging lithosphere converges to a prescrigke@ imposed by the bottom
boundary condition, typically set at the depth~af00 km. Because there is no such boundary
in the Earth’s mantle, however, fitting the plate model tdflsea data is not a meaningful
exercise, unless the boundary condition can be justifiech @pproximation of some other
physical mechanism. A similar comment applies to the carnidtattom heat flux model [e.qg.,
Crough, 1975; Doin and Fleitout, 1996], which is another lafidonduction model.

The long-standing popularity of conduction models in theréiture has probably two
reasons. First, it is much easier to compute the predictianannduction model than to
simulate a fully dynamic calculation. Second, more dynafépproaches in the past have
trod on a rather tortuous path, so they may appear confusitigsb glance. For example, the
role of small-scale convection in seafloor flattening wasalisited by O’Connell and Hager
[1980], who argued that the operation of convection meangrafficient cooling so that
seafloor would subside faster rather than slower. While itis that a convecting system cools
faster, on average, than a purely conducting system, gpadites can be different at different
depths (Figure 10). Because surface topography is moretigertsi the temperature of
shallower depths, it is not evident that the onset of snellesconvection should immediately

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

is important to study such a transient behavior with a moetirg appropriate for Earth’s
mantle. Davies [1988b] supported the suggestion of O’'Cdramel Hager [1980], but his
convection models used only weakly temperature-dependseasity, which prevents the
direct application of his results to Earth’s mantle. Stigrigmperature-dependent viscosity
has long been suggested to be important for the dynamicthokphere [e.g., Fleitout and
Yuen, 1984; Davaille and Jaupart, 1994], but a correctsgddiw for the onset of convection
was not available until early 2000s [Korenaga and Jordad3R0Huang et al., 2003].

The study of Huang and Zhong [2005] was a major step forwagaroéng the importance
of small-scale convection and internal heat generatiohii®y placed an emphasis on
building a steady-state convection model. In steady-statgection models, internal heat
generation includes contributions from radioactive ipe®as well as secular cooling, and it
is impossible to isolate the effect of radiogenic heatintgoAthe temperature dependency of
viscosity was still not high enougl®(~ 6 in their key results), so their conclusions can be
appreciated only on a qualitative ground. Later attempt&lbgnik et al. [2008] and Afonso
et al. [2008] explored more realistic mantle rheology, etytdid not quantitatively compare
model predictions with actual data. Having an upward deuiatrom the half-space cooling
trend does not constrain by itself the amount of internatihgde.g., Figure 4a). It is the
magnitude of the deviation that matters. The amount of gethe heating used in their
models is equivalent to the total heat production@0 TW, which is appropriate for the
primitive mantle [e.g., McDonough and Sun, 1995; Lyubeyskand Korenaga, 2007a], but
not for the present-day convecting mantle [Lyubetskayakorénaga, 2007b].

When considering the role of small-scale convection in seaflattening, it is critical
to focus on the observations of ‘normal’ seafloor. Seaflodtefteng can be caused by both
intrinsic and extrinsic causes, and small-scale convedtedongs to the former. An obvious
extrinsic cause is the emplacement of hotspot islands aeanic plateaus [Heestand and
Crough, 1981; Schroeder, 1984; Smith and Sandwell, 199d]naost of previous studies
have been casual about how to exclude anomalous seafloctegftey such igneous activities.

The correlation criterion developed by Korenaga and Kagarjd008] (Figure 1a) is an effort
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to identify the distribution of normal seafloor in an objgetmanner. When evaluating the
success of a given convection model in this study, the agédiata of the normal seafloor
according to the correlation criterion are directly congaawith model predictions (see
Dimensionalization). The calculation of the topographgfimis weighted with areas for given
age-depth pairs, to fully account for the statistical disttion of age-depth data.

A similar approach cannot be used for heat flow data, becditbe paucity of reliable
heat flow data. Heat flow at young seafloor is known to be coraidie modified by
hydrothermal circulation, but even at old seafloor, it ifl gifficult to obtain high-quality
heat flow data. Heat flow from old seafloor is typically on thdesrof 50 mW n12, which
translates to the temperature difference of about 0.1 K a¥ew-meter-long heat-flow probe.
Securing an accuracy of a few percent thus requires mutigfpation measurements with in
situ thermal conductivity or deep sea drilling backed up ifexce surveys. Nagihara et al.
[1996] reviewed then-available heat flow data and were abigentify only 14 reliable data
over >100-Ma-old seafloor away from hotspots and oceanic platdaus of them (sites F,
H, I, and N in Table 1 of Nagihara et al. [1996]) are actuallystde of the normal seafloor
defined by Korenaga and Korenaga [2008], and the remainirtatietddo not exhibit a notable
deviation from the half-space cooling trend (Figure 1c)e Timost recent compilation effort
of Hasterok [2013] is not very useful because many data irctimepilation reside in the
anomalous seafloor identified by Korenaga and Korenaga [286&ne can clearly see in
Figure 7 of Korenaga and Korenaga [2008], the area of noreadlsor older than 100 Ma old
is insignificant. The same criticism applies to earlier cdatn efforts [e.g., Stein and Stein,
1992]. The recent discovery of petit-spot volcanoes ardhedvorld [e.g., Hirano et al.,
2006, 2013] implies that the definition of anomalous seafioay be more extensive for heat
flow because disturbing a local thermal gradient is easaar thisturbing isostasy [Yamamoto
et al., 2014]. Regarding the gross evolution of oceanic $itthere, 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 theatheevolution of oceanic
lithosphere more directly than surface topography andfftmate.g., Ritzwoller et al., 2004].
Any tomographic image, however, is a model based on obsengaédnd not an observation
itself, so a greater care is needed when comparing with ¢treds from geodynamic
modeling.

As indicated by Figure 9, explaining the seafloor flatteningsinot require to limit the
thickness of lithosphere t©100 km. The 1100C contour, which is often used as the base
of lithosphere, follows closely the prediction of half-spacooling, being consistent with the
findings of recent surface wave studies [e.g., Maggi et 8062 Debayle and Ricard, 2012].
These recent studies often present a tomographic crosersetacked with respect to seafloor
age, which exhibits intriguing small-scale deviationsiirthe half-space cooling prediction.
Such deviations, if real, can help distinguishing betwei#fierént model parameters, so it is
important to quantify the uncertainty of such a stacked md@mographic inversion requires
regularization such as damping and smoothing, which inited correlated uncertainty among
velocity parameters. Such correlated uncertainty, i.egehcovariance, is rarely reported
in the study of surface wave tomography, because propeiilp&ng it is time-consuming
[e.g., Shapiro and Ritzwoller, 2002] and because it is nattpal to publish the covariance,
which is an extremely large matrix. It is possible, howetemreduce the model covariance
to a much more compact set of eigenmodes by the principal coemg analysis [Korenaga
and Sager, 2012]. Such information would be essential ifwisé to derive a different
age stack by focusing on a particular region such as the ‘absaafloor of Korenaga and
Korenaga [2008]. Localizing an age stack to the normal seaiffcessential when considering
intrinsic lithospheric dynamics, and quantifying its urtaenty would allow us to extract
the most reliable information. Continuous methodologioalovations [e.g., Schaeffer and
Lebedev, 2013], coupled with rigorous uncertainty analysiay eventually make surface

wave tomography as decisive constraints on the evolutiate#nic lithosphere.
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Realistic Mantle Rheology

The linear-exponential viscosity function used in thisdst{equation (5)] is Newtonian,
i.e., viscosity is independent of stress. Realistic mam#®mliogy is, however, a combination
of both Newtonian and non-Newtonian mechanisms, the folwetiffusion creep and
the latter by dislocation creep [Karato and Wu, 1993; Hintld &ohlstedt, 2003]. The
study of small-scale convection has commonly employeditieai-exponential viscosity,
partly because it is sensible to solve simple problems firdt@artly because the simple
viscosity function is believed to be sufficient to capture fiist-order characteristics of
mantle rheology. The use of linear-exponential viscosityoduces only one additional
non-dimensional parameter (i.€), which has considerably facilitated theoretical analysi
Owing to previous studies, the effect of linear-exponénigcosity on thermal convection is
now well understood, and it may be time to consider the effécealistic mantle rheology.
The two deformation mechanisms (diffusion and dislocataperate differently under dry
and wet conditions, and sublithospheric dynamics is whigid these complications meet.

The consideration of both Newtonian and non-Newtonian raeisms could potentially
explain one puzzling feature of the age-depth relationyf&dLb). As noted in Introduction,
a small fraction of seafloor follows the half-space coolirend, up to~100 Ma old, so there
seem two branches of evolution afte70 Ma old, i.e., a flattening branch and a subsiding
branch. Newtonian viscosity cannot explain this branchbegause small-scale convection
can be triggered by infinitesimal perturbations and all seathould experience flattening. In
contrast, with non-Newtonian viscosity, the onset of catie® depends on the amplitude of
perturbations [Solomatov and Barr, 2007]. With a sufficieqiliet environment, therefore,
oceanic lithosphere could continue to grow without experileg convective instability. The
significance of non-Newtonian rheology on small-scale eation may be most evident where
strong perturbations are expected such as fracture zommes@adio and Korenaga, 2014], but
this study suggests that the age-depth relation of nornadllose is also useful to constrain
the role of non-Newtonian rheology. Lithospheric delantimmabecomes more efficient with

non-Newtonian rheology [Sleep, 2002], which may lead totéebéit to the flattening branch.
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In addition to this non-Newtonian issue, the depth depecg@h viscosity owing to
non-zero activation volume may also be important. The stfdyuang and Zhong [2005]
indicates that dynamic topography due to small-scale atioreis only weakly sensitive to the
lower mantle viscosity, and this is probability becauselsstale convection is characterized
with short wavelengths [cf. Wen and Anderson, 1997]. Theatfdof gradual increase in
viscosity within the upper mantle, however, remains to lwestigated. Unfortunately,
activation volumes for upper-mantle rheology are amongrtbst poorly constrained flow-law
parameters [Korenaga and Karato, 2008], because of theutlijfiof conducting deformation
experiments at high pressures. Considering sublithospldgriamics with realistic mantle
rheology thus requires us to carefully evaluate modelisglte by taking into account the

uncertainty of rheological parameters [e.g., Chu and Kagan2012].

Relevance to Early Earth Issues

To explain the observed age-depth relation of the presapisdafloor, the total heat
production in the convecting mantle is estimated to-b&#2+ 3 TW (see Grid Search). Heat
losses from the oceanic and the continental mantle are &stthas~32 TW and~6.5 TW,
respectively [Jaupart et al., 2007; Korenaga, 2008b], s@timvective Urey ratio, which is the
ratio of mantle heat production to mantle heat lossy 3. A similar estimate can be derived
from geochemical consideration [McDonough and Sun, 1998pktskaya and Korenaga,
2007b]. To reconstruct a geologically acceptable thernsabty of Earth with this low value
of the Urey ratio, plate tectonics in the past should havenlbeere sluggish than present, at
least back to the Archean [Korenaga, 2003, 2006]. This #tea prediction has since been
corroborated by the life span of passive margins [Bradle®82Qhe cooling history of the
upper mantle [Herzberg et al., 2010], the degassing histbxgnon [Padhi et al., 2012], and
the secular evolution of continental plate velocity [Coneli@l., 2014]. More sluggish plate
tectonics in the past was a radical notion when it was firsgyestgd in 2003, but the above
supporting data from disparate disciplines suggest thatireasonable approximation to the
actual Earth history.

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

It is possible to reduce the maximum age by assuming smd#ezsy but such possibility
can be discounted on the basis of the subductability of acdi#fimosphere [Korenaga, 2006].
Archean oceanic lithosphere is thus likely to have enteethi longer life span [e.g., Bradley,
2008], and seafloor could have been deeper than presenti@gyavé he amount of radiogenic
heating in the mantle doubles in the Archean, so seaflooeffiiaity could have been more
enhanced in the past. At the same time, the effect of dehgdratiffening would be more
pronounced when the mantle was hotter in the past, so thectwe thinning of lithosphere
tends to be suppressed [Korenaga, 2003]. It would be integet® quantify the degree of
seafloor flattening in the Archean by combining these comgédtictors: a longer time span,
greater heat production, and a thicker dehydrated lithexsph

Such consideration is of fundamental importance when nirogléie long-term evolution
of global sea level, because the age-depth relation of seaftmtrols the capacity of ocean
basins [e.g., Parsons, 1982; Korenaga, 2007b]. Previadgeston the plate model have
suggested a range of equilibrium plate thickness, e.g.kir2fParsons and Sclater, 1977],
95 km [Stein and Stein, 1992], and 90 km [Hasterok, 2013]what controls this thickness
is always left unanswered. What fits the present-day seafloes dot necessarily work
for seafloor at different times. This study is the first théiced attempt to explain seafloor
flattening with the thermal budget of Earth and realisticgerature-dependent viscosity, and
we can finally extrapolate to deeper times with a theoreficsification.

In addition to the shape of ocean basins, the global seaiewaflected by the total
volume of surface water, the relative buoyancy of contiakanhd oceanic lithosphere, and
the surface partitioning of continental and oceanic crist¢naga, 2013]. So estimating
the age-depth relation in the past is only a step forwardjthsitan important step toward
several outstanding problems in the early Earth, as thdaesolution of global sea level is
intimately related to the activation of the global carbonleyje.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-likeapaeters and comparing
model predictions with the age-depth relation of the norsealfloor, the so-called seafloor
flattening is shown to have a constraint on the amount of ggdi heating in the convective
mantle. The estimated range of heat productiori,2+ 3 TW is consistent with independent
geochemical estimates, providing yet another supporte@tasent-day Urey ratio e$0.3.

This physical underpinning for the long-standing puzzlersent-day seafloor has an
important bearing on the future theoretical study of eadytk evolution. At the same time,
it is also necessary to examine the validity of various sifigations made in this study, such
as the Boussinesq approximation and the use of effectiveriagteoperties. Whole-mantle
convection is assumed a priori in this study, but altereatieas do exist [e.g., Tackley, 2000;
Anderson, 2011]. Testing the significance of detailed nahehysics information is certainly
warranted [e.g., Grose, 2012; Grose and Afonso, 2013], lowenmportant, the dynamics
of small-scale convection needs to be reassessed witktrealbmposite rheology. Because
many rheological parameters are still poorly constrain@mr¢naga and Karato, 2008],
incorporating such uncertainty into future modeling eas as important as quantifying the
uncertainty of seismic tomography models. Combining geadyins and seismology to derive
reliable constraints on the dynamic state of the mantleiregjgareful statistical consideration
on both sides. Though indirect, such multidisciplinaryef on the present-day lithospheric

dynamics have a definite connection to the Earth historyrgéla

APPENDIX: APPROXIMATE MODELING OF
HORIZONTALLY-AVERAGED THERMAL STRUCTURE
A horizontally-averaged temperature profi{&,”), may be calculated by solving the

following 1-D conduction equation:

o(T*)  o%(T*)
otx 0z

+H”, (A1)
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which involves no approximation before the onset of coneectThe convective stability

of a growing thermal boundary layer is monitored by caldnfathe local Rayleigh number
with the formalism of Korenaga and Jordan [2002b] at evenetstep, and when the local
Rayleigh number exceeds a critical val&ag, convection is assumed to instantly homogenize
the thermal structure beneath the origin of available bnoyag. As convective mixing is
expected to be more efficient when the effective Rayleigh rerrfdr the mixing region is

higher, the temperature bela@yis updated as
(THE+A7,Z°) = (1 B)(THH(",Z) + BTu (1), (A2)

where
1 1
Talt') = 1= [ (T 2)d7" (A3)

and the under-relaxation paramegeis calculated as
B = max(1,min(0,0.5+ clog(Rae/Raep))), (A4)
with the effective Rayleigh number defined as
Rae = RadT(1—Z)3exg—0(1—T.)]. (A5)

HeredT is a total temperature contrast belajatt*.

When the amplitude of initial temperature perturbationsds®] the critical Rayleigh
numberRa: may be set as 2000 [Korenaga and Jordan, 2003b]. The paramateRag o in
equation (A4) need to be calibrated by comparing approxmaltutions with corresponding
2-D numerical solutions. For this calibration purpose,wa flozens of 2-D solutions up to
t*=31t;, wheret} is the onset time of convection, were prepared Wih= 10" to 1, 8 = 10
to 25, andH* = 3 to 25. A grid search for the optimal parameter values ygklde 0.3 and
Rago = 10°°, This approximate method provides reasonably accuratkqtiens for surface

topography and heat flow (with the root-mean-square erreri¥f), whenRa > 3 x 10’ and
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6 > 15; this is because the assumption of instantaneous mix@ogrbes more justified when

Ra is higher and the temperature contrast involved is lower.
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Figure Captions
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Figure 1. (a) Distribution of the normal seafloor according to the correlation critebioorenaga
and Korenaga [2008] (shown in blue). Shown in red is the anomalowssatmegion, 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 withrtbenalous crust. Dark
gray signifies whether either age or sediment data are unavailable, andrbgrareas denote regions
where sediment correction becomes inaccurate because of too:#fidif) sediments. (b) Age-depth
relation for the normal seafloor according to the correlation criterionké&ahading means larger area.
Also shown are the predictions of the GDHL1 plate model of Stein and Stei@] {22) and the best fit
half-space cooling trend, 2654323,/t, derived by Korenaga and Korenaga [2008] (blue). Blue arrow
points to data that continue to follow the half-space cooling trend. (c) Asge-thow relation. Grey
dots shows all of available heat flow data [International Heat Flow Commisdi®ASPEI, 2011] for

the normal seafloor. Red curve corresponds to the GDH1 plate modeblamaurve to half-space
cooling with depth-dependent mantle propertigs-(550/+/t) [Korenaga and Korenaga, 2008]. Green
boxes denote the compilation of Hasterok [2013], which is not restrictecetnahmal seafloor. Black
and yellow boxes denote the compilation of Nagihara et al. [1996], and lblaxes 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 horizontahgged temperature profiles
calculated from a 2-D ridge-parallel convection model.
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Figure 3. The topography scale as a function of the temperature scale and thepaakesty [equa-
tion (10)]. A white box encloses the acceptable range for the presgrdeddaition (see text).
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Figure 4. Comparison of dimensionalized model predictions with (a) the age-depth rekatib (b)

the age-heat flow relation. The casesRaf= 104 and6 = 18 are shown for a range &f* (different
colors correspond to differemt*). Data legend is the same as in Figure 1. The step-wise feature of
model age-depth relations reflects instantaneous lithospheric delaminagiois @v 1-D approximate
solutions. Fully 2-D solutions do not exhibit this feature because of m@édugt delamination (see
Figure 7).
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Figure 5. Results of grid search are shown for @ = 10°2, (b) Ra = 10%4, and (c)Ra = 10°%, in
terms of the topography misfit (left column), the topography scale (middid)ttee onset of convection
(right).
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curves to constart* values. Arrows signify the acceptable range of the topography sal®©nset
time of sublithospheric convection as a functiorRaf
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topography, shown for the caseRd = 10*4 and6 = 18. For a given combination of model parameters,
the same values @, andby, are used for these two types of solutions.
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Figure 8. Snapshots of the temperature field from a 2-D ridge-parallel model faateoRa = 10°4,

6 = 18, andH* = 20. Temperature is dimensionalized witii = 1350 K, and contours are drawn at
every 50 K. To show the details of sublithospheric convection, only a snaaliién of the total model
domain (D x D, whereD = 2.9 x 10° 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-parallelationy shown as a
function of seafloor age for three representative optimal cas&a(@)10>2 and@ = 15, (b)Ra= 10°*

andf = 18, and (c)Ra= 10°6 and@ = 21, all withH* = 20. Only top 300 km is shown. Temperature

is dimensionalized withT = 1350 K, and gray contours are drawn at every 50 K. Isotherms of800
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 aetitial temperature.
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Figure 10. Additional modeling results to illustrate how small-scale convection enhanofiagwvith
respect to a purely conducting case. A 2-D convection model similar to tesseibed in the “A Close
Look” section @=15 andRa = 10>3) was run with no internal heatingd( = 0), and results are shown
in solid for (a) surface heat flux, (b) average temperature, (cpgestemperature for the upper half of
the model domain, and (c) average temperature for the upper quarterrobtiiel domain. Also shown
in dashed gray is the purely conducting case. Time axis is dimensionalizedoriBet of convection
takes place at-80 Ma, and its effect on surface heat flux becomes noticeabl@@d Ma, as predicted
by Korenaga [2009a]. As seen in (b), the system as a whole cools fhatethe conducting case, but
the shallower portion of the system is warmer than the conducting casenf{€ig. This is because
delaminated lithosphere sinks to the bottom of the mantle, and the lower portica®fstem is cooled
more efficiently. It can be seen that this trend continues at least to 10 Ga.



