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ABSTRACT

The thermochemical evolution of oceanic lithosphere and its interaction with the underlying asthenosphere
exerts a fundamental control on the dynamics of the Earth system. Since the 1960s, the range, accuracy and
spatial coverage of geophysical and geochemical datasets collected in the oceanic realm have substantially in-
creased. These additional constraints have helped to elucidate many aspects of the lithosphere-asthenosphere
system, but some apparently contradictory observations have presented additional interpretational challenges.
Here, we summarise the merits, limitations and ambiguities of available observational constraints on the ther-
momechanical evolution of oceanic upper mantle. Newly developed cooling models are generally compatible
with these constraints, although there is evidence for systematic differences in behaviour between different
oceanic basins. Subsidence, magnetotelluric and seismological observations from the Pacific Ocean are con-
sistent with plate rather than half-space cooling models, whereas results from the Atlantic and Indian Oceans are
more equivocal. We provide an overview of proposed mechanisms for seafloor flattening and we show that
regional deviations from globally averaged trends can be attributed to asthenospheric temperature variation and
to local changes in lithospheric thickness. Although the plate cooling model generally provides a good de-
scription of available observations, it is probably a crude approximation of the dynamic processes operating
within the thermal boundary layer that underlies oceanic basins. By incorporating mantle density structure
inferred from surface wave tomography into more sophisticated convection simulations, we show that the plate
model provides a good approximation of the predicted age-dependent behaviour of bathymetric and gravity
fields. While the results presented here suggest a unified understanding of the lithosphere-asthenosphere system
is within reach, unambiguous evidence for small-scale convection at the base of the lithosphere remains elusive.
As a result, the precise mechanism responsible for sea-floor flattening has yet to be identified. It is also unclear
why models that incorporate the effect of phase changes such as the garnet-spinel transition tend to fit ob-
servations less well than simpler counterparts. These outstanding controversies suggest further research is
needed to develop a complete description of the structure and dynamics of the oceanic upper mantle but, en-
couragingly, the tools at our disposal have never been more powerful.

1. Introduction

decade, pioneering work by Turcotte and Oxburgh (1967) and
McKenzie (1967) demonstrated that these first-order observational

Age-progressive cooling and thermal contraction of oceanic litho-
sphere is one of the most extensively studied and universally ac-
knowledged Earth processes in modern geophysics. With magnetic
anomalies confirming the theory of mid-ocean ridge spreading, it be-
came clear in the early 1960s that both seafloor elevation and heat flow
decrease systematically as a function of increasing oceanic crustal age
(Hess, 1962; Vine and Matthews, 1963; Wilson, 1965). Later that

trends can be satisfactorily explained using simple models of conductive
cooling. The simplest of these models is the half-space cooling model,
which proposes that oceanic lithosphere steadily cools by conduction of
heat to the surface in a semi-infinite half-space, with an initial tem-
perature profile defined by a fixed potential temperature at the mid-
ocean ridge (Fig. 1a; Turcotte and Oxburgh, 1967). Subsidence and heat
flow are proportional to the square-root of crustal age, and this cooling
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process is predicted to continue indefinitely. However, as the quantity
and quality of observations from older portions of the oceanic basins
grew throughout the 1970s, it was observed that measurements of
shiptrack bathymetry and heat flow at ages greater than ~70 Ma ap-
pear to asymptotically approach a constant value (e.g. Sclater and
Francheteau, 1970). This behaviour indicates that some physical me-
chanism is resupplying basal heat at older ages leading the geotherm to
evolve towards a steady-state profile. This thermal structure can be
approximated using a plate cooling model, whereby an additional
physical constraint is introduced such that the temperature at a specific
depth is fixed through time (the plate thickness; Fig. 1b; McKenzie,
1967).

Over the intervening decades, the plate cooling model has been
successfully applied to explain subsidence and heat flow observations in
a manner consistent with available independent constraints (Parsons
and Sclater, 1977; Stein and Stein, 1992; McKenzie et al., 2005;
Richards et al., 2018). However, the precise mechanism by which heat
is resupplied to the base of oceanic plates has remained a subject of
debate. Many studies argue that this process occurs by small-scale
convection, since thickening of the lithosphere beyond a critical
threshold leads to the initiation of Rayleigh-Taylor instabilities, placing
an effective upper limit on oceanic plate thickness (McKenzie and
Weiss, 1975; Parsons and McKenzie, 1978; Robinson and Parsons,
1988; Huang and Zhong, 2005; Section 3.3). Although it does not in-
corporate the dynamics of convection, proponents of the plate model
believe that it represents a valid approximation of the actual thermal
state of oceanic lithosphere (Parsons and McKenzie, 1978; Crosby et al.,
2006). The depth at which temperature is fixed in this model occurs, in
reality, between the base of the mechanical lid and the base of the
thermal boundary layer at old ages (Fig. 1c; see Section 5.3). However,
detractors argue that this phenomenological model is insufficiently
sophisticated to accurately capture the impact of small-scale convection
and possible resupply of heat by plumes on lithospheric thermal
structure (Davies, 1988; Korenaga and Korenaga, 2008; Sleep, 2011). In
an effort to better approximate the thermal consequences of small-scale
convection, Doin and Fleitout (1996) proposed a formulation in which a
constant heat flux boundary condition is applied at a specified iso-
therm, rather than a constant temperature. However, this model re-
quires the existence of steep temperature gradients at the base of the
cooling plate close to the ridge axis that are inconsistent with expected
axial temperature profiles, which are dominantly controlled by adia-
batic decompression and melting.

Since these thermal models were originally proposed, several im-
portant advances have further refined our understanding of the tem-
poral evolution of oceanic lithosphere. First, experimental work has
placed tighter constraints on thermophysical parameters of key mi-
nerals such as olivine, which makes up > 75% of the mantle lithosphere
(Dick et al., 1984; Boyd, 1989). Variations of thermal conductivity,
expansivity and heat capacity as a function of both pressure and tem-
perature are now well established (Fei and Saxena, 1987; Gillet et al.,
1991; Berman and Aranovich, 1996; Bouhifd et al., 1996; Hofmeister,
2005; Pertermann and Hofmeister, 2006; Hofmeister, 2007; Hofmeister
and Pertermann, 2008; Benisek et al., 2012). Secondly, improvements
in computing power, the quantity of seismograms, seismic tomographic
methods, and a focus on surface waves have resulted in high-resolution
models that reveal the shear-wave velocity structure and seismic ani-
sotropy of the lithosphere-asthenosphere system in unprecedented de-
tail (Burgos et al., 2014; Debayle et al., 2016; Schaeffer et al., 2016; Ho
et al., 2016). Thirdly, subsidence and heat flow datasets that more ac-
curately account for variations in crustal thickness, sediment thickness
and hydrothermal circulation have helped to reduce uncertainties on
these key observations (Hasterok et al., 2011; Hoggard et al., 2017;
Richards et al., 2018). Finally, the growing number of magnetic reversal
picks have enabled the creation of increasingly accurate global grids of
oceanic crustal age, although mispicks, gridding artifacts, and necessary
interpolations between picks (particularly problematic for the
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83.0-120.6 Ma Cretaceous normal polarity superchron) can introduce
errors of up to 10 Myr in some locations (Miiller et al., 2008, 2016;
Rowley, 2018).

In this review, we show how these recent advances have shed new
light on the general behaviour of the oceanic lithosphere-asthenosphere
system. Two major, interlinked questions that motivate much of this
discussion are: (a) is it more appropriate to use half-space or plate
cooling models to represent the thermal structure of oceanic regions?
and, (b) what are the implications for mantle rheology, which controls
many of the physical processes we observe in oceanic lithosphere? We
therefore first provide an in-depth overview of the modern observa-
tional datasets used to interrogate these issues. Secondly, we demon-
strate how these recently collected datasets can be combined with in-
sights from mineral physics to build comprehensive thermal models
that simultaneously satisfy available constraints on the thermal and
rheological structure of the crust and upper mantle. Thirdly, we de-
monstrate how deviations from the globally averaged behaviour of
oceanic lithosphere can be used to glean novel insights into less well
understood processes, such as melt generation, dynamic topography,
boundary layer convection and mantle rheology. Lastly, we discuss
outstanding controversies and suggest avenues of research that will
likely be key to resolving them.

2. Observational constraints on the structure and rheology of
oceanic lithosphere

A wide range of data types have been used to investigate the phy-
sical state of oceanic lithosphere. The first to be extensively collected
were ship-board measurements including bathymetry and heat flow,
which yield information on its integrated thermal structure (Fig. 2).
Over the past few decades, the growing number of seismological and,
more recently, magnetotelluric studies have significantly improved re-
solution of deeper parts of the lithosphere and asthenosphere. The
variable sensitivity of each dataset to different properties means that,
when applied in combination, parameter trade-offs and ambiguity
found in earlier studies can be significantly reduced.

2.1. Subsidence measurements

Mid-ocean ridges typically sit 2.5-3.0 km below sea level (Dalton
et al., 2014; Gale et al., 2014). Due to isostasy, the cooling, contraction
and densification of oceanic lithosphere through time produces a sys-
tematic increase in basement depth with age. Although bathymetric
soundings have been collected since the late 1800s, comprehensive and
reliable global compilations have been lacking until recently for two
important reasons. First, oceanic crust is of variable thickness and is
generally covered by sediment, particularly close to continental mar-
gins where increased supply of siliciclastic material results in sediment
thicknesses that regularly exceed 1km. Crustal isostasy and sedimen-
tary loading therefore break the direct connection between observed
bathymetry and thermal structure of the underlying lithosphere. This
issue can be circumvented in one of two ways. The first involves ex-
clusion of affected areas by excising locations covered by thick sedi-
ment, seamounts, oceanic plateaux and fracture zones, using maps of
bathymetry and short-wavelength free-air gravity anomalies, whilst
applying an isostatic correction for sedimentary loading elsewhere
using global grids of sediment thickness (Hillier and Watts, 2005;
Crosby et al., 2006; Korenaga and Korenaga, 2008; Crosby and
McKenzie, 2009; Hillier, 2010). Unfortunately, the remaining mea-
surements may still be inaccurate, whilst also being spatially biased
towards the Pacific Ocean and to younger lithospheric ages, thus
compromising their global applicability.

An alternative approach involves correcting for oceanic crustal
thickness variations and sedimentary loading, requiring accurate con-
straints on the local thickness and density of sediment and oceanic crust
(Winterbourne et al., 2009; Czarnota et al., 2013; Winterbourne et al.,



F. Richards, et al.

Age (Ma)
0 20 40 60 80 100 120 140
0 " 1 1 L 1 1 1 1 "
@

7 [ Crosby et aL, 2006
Hillier, 2010
8 Richards et al., 2018

Water-Loaded Basement Depth (km)

L n 1 1 1 'l L 1 " 1

o
o

0.2 B

0.1 1 -

Heat Flow (W m—2)

0.02 T T T T T T T T T T T T T
0 20 40 60 80 100 120 140
Age (Ma)
Fig. 2. Subsidence and heat flow constraints on thermal evolution of oceanic
lithosphere. (a) Water-loaded depth to oceanic basement as function of plate
age. Black circles = spot measurements from controlled-source seismic surveys
corrected for sedimentary loading and crustal thickness variations (Hoggard
et al., 2017; Richards et al., 2018); black line/blue envelope = mean and 20
errors for 'normal' seafloor corrected for sedimentary loading using global se-
diment thickness grid (Hillier, 2010); grey boxes with bars = median and in-
terquartile range following excision of areas inferred to be affected by dynamic
topography using long-wavelength gravity anomalies (Crosby et al., 2006);
dashed blue line = predicted subsidence from geochemically constrained
(T, = 1333°C) optimal half-space cooling model (z. = 1906 m); red line = same
for geochemically constrained (T, = 1333°C) optimal plate model (z, = 132
km; z, = 2292 m). (b) Surface heat flow as function of plate age; grey boxes
with bars = median and interquartile ranges of measurements corrected for
sedimentation rates and filtered to remove hydrothermal circulation (Richards
et al., 2018); dashed blue line = predicted heat flow from optimal half-space
cooling model; red line = same for optimal plate model.

2014; Hoggard et al., 2017). International Ocean Drilling Program
(IODP) and Deep Sea Drilling Program (DSPD) boreholes provide useful
constraints on sedimentary thickness versus density relationships, but
they are sparse and rarely penetrate the whole sediment pile (Johnson
and Carlson, 1992). In contrast, active source marine seismic experi-
ments generally image the sediment-basement interface and sometimes
the Moho, although seismic reflection surveys require a velocity model
to convert from two-way travel time (TWTT) into true thickness. This
methodology has at present been applied to inventories of > 2000
marine seismic experiments, yielding well-resolved spot measurements
of water-loaded basement depth (Hoggard et al., 2017). Although these
data are more robust than estimates obtained from global grids, they
are still spatially biased, this time towards passive margins where hy-
drocarbon exploration is focused. Despite these divergent approaches,
average subsidence trends from the high accuracy spot measurements
are comparable with compilations from global grids (Fig. 2a).

The second important consideration when constructing an
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observational database of basement depths is the potential bias that
may arise from dynamic topographic variations that are supported by
convection in the underlying mantle, which remains a subject of some
controversy (Hoggard et al., 2016; Yang and Gurnis, 2016; Steinberger
et al., 2019; Davies et al., 2019). Prior to the 1990s, ship-track bathy-
metric measurements were heavily concentrated in the North Pacific
and North Atlantic Oceans, with significant gaps in the South Pacific
and South Indian Oceans (Parsons and Sclater, 1977; Stein and Stein,
1992). Due to this limited spatial extent, long-wavelength dynamic
topography arising from deep mantle flow may have systematically
biased subsidence trends (Cazenave and Lago, 1991; Watkins and
Conrad, 2018). Crosby et al. (2006) and Crosby and McKenzie (2009)
attempted to mitigate this bias by excising regions with positive or
negative long-wavelength gravity anomalies. This approach assumes a
strong correlation between convectively generated topography and
free-air gravity anomalies, which, although generally thought to be
valid for short-wavelength convection cells in the shallow mantle,
breaks down for longer-wavelength contributions sourced from the
deeper mantle (Colli et al., 2016). The most recent compilations rely on
the assumption that dynamic topography is approximately evenly dis-
tributed as a function of plate age. Thus, an extensive geographical
footprint ensures recovery of the average bathymetry, although data
points at older ages inevitably become more spatially localised.
Nevertheless, even for ages > 150 Ma, the large number of near-margin
data points in the spot measurements of Richards et al. (2018) results in
extensive coverage at old ages within all ocean basins, which at least
partly mitigates this potential bias.

As the coverage and accuracy of subsidence measurements has
substantially improved in recent years, the apparent flattening at old
ages has remained a consistent feature. It is possible to generate ac-
ceptable fits to this data using half-space cooling parameterisations, but
best-fitting models require either implausibly cold potential tempera-
tures (< 1100°C) or shallow ridge depths (~2 km; Hoggard et al.,
2017; Richards et al., 2018). This flattening behaviour has therefore
generally been used to argue in favour of plate cooling models, which
yield more realistic thermal parameters. However, subsidence data in
isolation cannot be used to uniquely determine the optimal potential
temperature and plate thickness. Since subsidence depends upon the
vertically integrated density change, the required density increase can
either be generated by modest cooling over a large depth range, or by
more significant cooling over a smaller depth range. Mantle potential
temperature and plate thickness therefore trade off strongly against one
another, resulting in a large range of potential thermal structures that
each satisfy the subsidence data. This non-uniqueness, combined with
differences in the parameterisation of heat transport properties, has led
to a wide range of suggested plate thicknesses (90-135 km) and mantle
temperatures (1280-1450°C; Parsons and Sclater, 1977; Stein and Stein,
1992; Doin and Fleitout, 1996; McKenzie et al., 2005; Grose and
Afonso, 2013; Richards et al., 2018). Nevertheless, if resupply of basal
heat is occurring by small-scale convection, the rate and spatial varia-
bility of flattening contains important information on the rheology and
density structure of the upper mantle (Parsons and McKenzie, 1978;
Huang and Zhong, 2005).

2.2. Heat flow measurements

Oceanic lithosphere steadily cools as heat escapes through the sur-
face. With time, the temperature gradient beneath the surface reduces,
causing a progressive decrease in conductive heat flow. Therefore, if
thermal conductivity is known, heat flow as a function of age can place
important constraints on the thermal evolution of oceanic lithosphere
(McKenzie, 1967). One major benefit of this constraint is that, due to
the long thermal time constant of an oceanic plate (i.e., the e-folding
time of conductive cooling, which is ~70 Myr for a 150 km-thick layer
of silicates), transient asthenospheric temperature perturbations asso-
ciated with sub-plate convection cause only modest deviations in heat
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flow in comparison to the associated deviations in subsidence
(McKenzie, 1967; Turcotte and Schubert, 2002).

The most reliable heat flow values are obtained by inserting ther-
mistor probes into the seafloor in thickly sedimented regions and
measuring the local temperature gradient. Care must be taken to ac-
count for three important effects. First, sediments have a thermal con-
ductivity of ~1 W m~! K™, which is approximately half that of
oceanic crust (Clark, 1966; Erikson, 1973; Waples and Waples, 2004;
Kelemen et al., 2004). Thus accurate measurements of this property are
also required, which are best obtained directly on the ship before
samples have time to desiccate. Secondly, sediment rains out of the
ocean at the temperature of bottom water. High sedimentation rates
therefore suppress the temperature gradient by up to ~20% and cause
underestimates of the basement heat flow, which can be locally cor-
rected using analytical solutions (Von Herzen and Uyeda, 1963;
Hasterok, 2013; Richards et al., 2018).

The third and potentially most significant effect occurs on young
oceanic lithosphere, where vigorous hydrothermal circulation at
shallow depths can result in significant advective heat loss and con-
siderable scatter in heat flow measurements (Lister, 1980). This issue
initially prevented early studies from using these measurements
alongside subsidence data to determine best-fitting values of thermal
model parameters (e.g. Parsons and Sclater, 1977). However, deposi-
tion of sedimentary cover does eventually seal fluid pathways, ensuring
that stable heat flow values representative of basal conduction can be
obtained once sedimentary thicknesses exceed ~400 m (Lister, 1972;
Hasterok et al., 2011). Moreover, beyond ~65 Ma, hydrothermal cir-
culation is thought to contribute negligibly to heat flow (Stein and
Stein, 1992; Hasterok, 2013; Grose and Afonso, 2015). Thus by ex-
cluding data near seamounts or with insufficient sediment cover, hy-
drothermally induced scatter in oceanic heat flow values for ages
greater than 25Ma can largely be eliminated. However, in younger
regions, only a few focused studies specifically targeting areas of high
sedimentation are typically deemed to be sufficiently accurate for
comparison to thermal models (Hasterok, 2013). Even in these thickly
sedimented regions, complex hydrothermal circulation patterns may
result in heat flow values that either exceed or fall short of values ex-
pected for purely conductive heat transport (Grose and Afonso, 2015).
Consequently, although inclusion of these site-specific heat flow esti-
mates places useful constraints on optimal model parameters, inferred
0-25 Ma heat flow trends are subject to greater spatial bias and higher
uncertainty than those at older ages.

Despite the caveats associated with these careful filtering and cor-
rection procedures, as well as a more limited spatial coverage in com-
parison to bathymetric measurements, heat flow measurements do ap-
proach a steady-state value at ages > 100 Ma (Fig. 2b). This
observation was initially regarded as independent support for the re-
supply of basal heat inherent to the plate-cooling model, since predicted
heat flow values were expected to diverge beyond 70 Ma in the early
analytical cooling models with constant thermal properties (Parsons
and Sclater, 1977; Stein and Stein, 1992). However, it is important to
note that this is not the case for cooling models which account for
pressure- and temperature-dependence of thermal properties and in-
clude an insulating 7 km-thick crustal layer. These models predict that,
even by 160 Ma, divergence in predicted heat flow is only ~ 5%, which
is comparable to measurement uncertainties (Fig. 2b; Richards et al.,
2018). While divergence does increase beyond 160 Ma in these pre-
dictions, heat flow measurements at these older ages are scarce and
geographically restricted, so may be unrepresentative of average be-
haviour. Thus, it is not clear that it is possible to discriminate between
half-space and plate cooling models on the basis of heat flow data alone.
Nevertheless, when plate cooling models are constrained using heat
flow in isolation, optimal plate thicknesses tend to be thinner
(75-120km) and mantle temperatures higher (1350-1450°C) than
those determined from fitting subsidence measurements (Stein and
Stein, 1992; Grose, 2012; Hasterok, 2013). Crucially, the trade-off
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between these two variables is less pronounced than for basement
depths, meaning that joint fitting of subsidence and heat flow datasets
can markedly reduce parameter uncertainty.

2.3. Seismological observations

A wide range of seismological observations on oceanic lithosphere
have been obtained from a mixture of passive source (earthquakes) and
active source (airguns and explosives) experiments. Here, we provide a
brief overview of these techniques, including their respective limita-
tions and sensitivity to mantle structure, composition, and rheology.

2.3.1. Surface wave dispersion

The shear modulus of peridotite is strongly dependent on tem-
perature (Isaak, 1992; Cammarano et al., 2003; Stixrude and Lithgow-
Bertelloni, 2005; Schutt and Lesher, 2006). Moreover, recent experi-
mental studies show that, at near-solidus conditions in the upper
mantle, the passage of seismic waves induces viscoelastic deformation
of mantle minerals, resulting in attenuation of seismic energy and a
strong reduction of shear-wave velocity (Faul and Jackson, 2005;
McCarthy and Takei, 2011; Faul and Jackson, 2015; Yamauchi and
Takei, 2016). Observational constraints on shear-wave velocity (and
attenuation) therefore contain useful information about the thermal
structure of oceanic lithosphere and asthenosphere.

Lithospheric cooling models predict two broad patterns. At any
given depth, velocities are expected to systematically increase as a
function of plate age as material cools. In addition, at any specific lo-
cation, velocities are expected to first reduce with depth across the
transition from colder conducting lithosphere into warm astheno-
sphere, where geotherms make their closest approach to the solidus,
before increasing again deeper into the mantle as pressure effects begin
to dominate over the adiabatic temperature gradient. Over the past two
decades, many different studies have successfully imaged this cooling
signal (Ritzwoller et al., 2004; Priestley and McKenzie, 2006, 2013;
Beghein et al., 2014).

Since olivine dominates upper mantle mineralogy and is highly
anisotropic, a number of studies have also used changes in azimuthal
anisotropy to infer the transition between the mechanical lithosphere,
where fast directions are predominantly frozen in parallel to the fossil
spreading direction, and the underlying asthenosphere, where or-
ientations can vary according to mantle flow patterns. These results
indicate a deepening of the transition between the lithosphere and
asthenosphere as a function of plate age, up to a maximum depth of
~110 km (Fig. 3a and b; Burgos et al., 2014; Schaeffer et al., 2016;
Steinberger and Becker, 2018; Russell et al., 2019).

Surficial observations, such as subsidence and heat flow, yield bulk
constraints on the integrated thermal evolution of oceanic lithosphere,
but are sensitive to trade-offs between parameters such as potential
temperature and plate thickness. A key advantage of regional surface
wave dispersion studies is that vertical variations in seismic velocity
provide a more direct probe of the distribution of temperature with
depth, although vertical resolution in these models is currently limited
to ~20 km (Beghein et al., 2018). Nevertheless, debate remains over
whether these seismological constraints are in better agreement with
half-space cooling or plate cooling models, with some studies sug-
gesting systematic differences in behaviour between basins (Ma and
Dalton, 2019; Fig. 3a and c). As seismological constraints continue to
improve, surface wave models using larger quantities of data, higher
modes, and more advanced inversion techniques will provide crucial
insights into processes operating at the lithosphere-asthenosphere in-
terface. One such target is the possibility of detecting whether small-
scale convection is indeed responsible for observed ‘flattening’ in global
seafloor subsidence and heat flow trends.

2.3.2. Seismic attenuation
Seismic attenuation refers to the observed loss of energy and
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associated drop in amplitude of a seismic wave packet as it propagates
through the Earth, and is composed of two parts (Romanowicz and
Mitchell, 2015). Extrinsic attenuation is caused by elastic scattering and
defocusing of the wave field into incoherent signals, which produces a
drop in amplitude at points of observation, but conserves seismic en-
ergy throughout the whole Earth (Ricard et al., 2014). By contrast,
intrinsic attenuation involves conversion of elastic energy into heat, and
occurs in response to viscoelastic deformation, fluid flow and friction
on grain boundaries.

Our theoretical and experimental understanding of attenuation at
seismic frequencies and mantle grain sizes is less advanced than for
seismic velocities (Faul and Jackson, 2005; Jackson and Faul, 2010;
Abers et al., 2014; Kawakatsu and Utada, 2017). However, recent ex-
periments on mantle minerals and rock analogues have greatly im-
proved constraints on the pressure and temperature dependence of in-
trinsic attenuation at physical conditions appropriate to the upper
mantle (Jackson and Faul, 2010; Faul and Jackson, 2015; Yamauchi
and Takei, 2016; Takei, 2017). Therefore observations of intrinsic at-
tenuation have the potential to yield useful insights into the structure of
the lithosphere-asthenosphere system, especially when combined with
seismic velocity information, since they have different sensitivities to
temperature, grain size, water content and melt fraction (Abers et al.,
2014). Moreover, under different physical conditions (e.g. pressure,
temperature, composition, loading frequency, strain rate), there are
multiple possible mechanisms that may operate to accommodate de-
formation at seismic frequencies, such as elastically accommodated
grain boundary sliding, diffusionally accommodated grain boundary
sliding, dislocation damping, and melt squirt (Jackson et al., 2004;
Farla et al., 2012; Jackson et al., 2014; Yamauchi and Takei, 2016). As
each mechanism is expected to give rise to a distinct relationship be-
tween seismic velocity and attenuation, constraints on this short-time-
scale rheological behaviour may yield insights into long-term de-
formation mechanisms operating in the upper mantle (e.g. diffusion
versus dislocation creep).

Unfortunately, intrinsic attenuation is notoriously difficult to ex-
tract from measured seismic waveform data, since extrinsic sources
must be carefully accounted for and separated. Despite these difficul-
ties, a number of global models of upper mantle attenuation have been
produced, which tend to have lower spatial resolution than global
seismic velocity models (Selby and Woodhouse, 2002; Gung and
Romanowicz, 2004; Dalton et al., 2008; Adenis et al., 2017; Karaoglu
and Romanowicz, 2018). In oceanic regions, shear-wave attenuation
and velocity are generally found to be anti-correlated, as expected if the
dominant cause of variability is temperature and the associated ane-
lasticity observed in laboratory experiments. However, it has also been
observed that high attenuation can coincide with regions of increased
shear-wave velocity at depths shallower than ~100 km, especially in
the fast-moving Pacific plate (Dalton et al., 2009; Adenis et al., 2017).
One potential explanation for this behaviour is that, at shallow depths,
attenuation may be more sensitive than shear-wave velocity to the
presence of hotspot-related melts, although imaging artifacts cannot yet
be ruled out. Notwithstanding the seemingly ambiguous results for fast-
moving plates, attenuation patterns generally match seismic velocity
variations for slow-moving plates, and within the asthenosphere.

Seismic studies on a local scale have also been used to place im-
portant constraints on changes in attenuation signature between the
lithosphere and asthenosphere. The asthenosphere as a whole seems to
have relatively constant shear-wave attenuation, with similar values
(~0.01) found both at shallow depth below 2-6 Ma lithosphere near
the East Pacific Rise (25-100 km depth) and at greater depths beneath
150-160 Ma lithosphere in the Northwest Pacific Ocean (100-250 km;
Yang et al., 2007; Booth et al., 2014). This simple result may break
down at the ridge axis, with Eilon and Abers (2017) finding shear-wave
attenuation values =<0.04 beneath the Juan de Fuca and Gorda
spreading centers, requiring the presence of volatile-bearing melt
throughout the upper 180 km of the mantle. However, away from ridge
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axes, one recent study observed that the change in attenuation as a
function of seismic frequency is approximately linear in the lithosphere,
whereas it appears to plateau at high frequencies within the astheno-
sphere (Takeuchi et al., 2017). Importantly, this result is consistent
with recent experimental findings of an attenuation peak at seismic
frequencies when temperatures approach the solidus (Takei et al., 2014;
Yamauchi and Takei, 2016). The apparent agreement between experi-
mental and seismic observations suggests that attenuation may now be
sufficiently well understood to be used as a direct constraint in future
models of the cooling of oceanic lithosphere.

2.3.3. Receiver functions and related passive seismic techniques

Several seismological techniques are very sensitive to sharp transi-
tions in thermomechanical properties. Reverberations, precursors, and
conversions can all be generated within the Earth when a seismic wa-
vefield encounters boundaries with 5-10% velocity contrasts, and have
been widely used to image the evolution of oceanic lithosphere. It is
important to note that most simple lithospheric cooling models lose
heat by conduction and so do not generate abrupt temperature transi-
tions. Nevertheless, in the mantle, where dynamic processes operate,
temperature is a first-order control on the onset of rheological transi-
tions and melting, which may act to localise deformation processes and
can lead to the development of compositional and/or mechanical
boundaries. Therefore, these techniques may still provide important
insights into the thermal evolution of oceanic lithosphere.

ScS reverberations are generated when shear waves undergo mul-
tiple reflections off a combination of shallow velocity contrasts and the
core-mantle boundary. Their analysis provides constraints on both
average seismic properties of the mantle and the depth to internal
discontinuities. Following seismic migration of these phases, the re-
sulting radial reflectivity profiles can be compared to synthetics to
detect the presence and depth of major reflectors in the Earth's interior,
from crust to core (Bagley and Revenaugh, 2008). SS precursors are
shear waves that reflect off the underside of internal velocity contrasts,
and therefore arrive slightly before the main SS phase that reflects off
the Earth's surface. By stacking numerous SS precursor arrivals as a
function of bounce point location and inverting the part of the wave-
forms preceding the main SS peak, the amplitude, depth and sharpness
of seismic discontinuities at shallow mantle depths can be constrained
(Rychert and Shearer, 2011). Finally, Sp and Ps phases represent tele-
seismic S- or P-waves converted to P- and S-waves at a particular im-
pedance contrast within the mantle. These conversions are generally
analysed using receiver functions, which are generated by deconvolving
a seismogram to isolate solid Earth response signals from those related
to seismic source and path. The resulting time series provides amplitude
and polarity information for multiple phases, with arrival time delays
between primary P- or S-waves and their converted waves constraining
the depth and intervening velocity structure responsible for the con-
versions (Kawakatsu et al., 2009).

ScS reverberation studies find an apparently age-independent depth
distribution, with velocity discontinuities consistently imaged between
70km and 110 km depth, albeit in > 70 Ma lithosphere, where lateral
temperature variations, and associated variations in plate thickness, are
expected to be modest (Bagley and Revenaugh, 2008). Analyses of SS
precursors have come to divergent conclusions. By modelling long-
period (> 10 s) SS waveforms, Rychert and Shearer (2011) imaged an
age-dependent discontinuity beneath normal oceanic crust, deepening
from ~25 km at young ages to 90km at ~75 Ma. However, after
adapting a similar dataset to emphasise higher frequency components,
Schmerr (2012) found a bimodal depth distribution of impedance
contrasts, with one cluster at ~60 km, one at ~140 km, and no clear
dependence on lithospheric age. By contrast, receiver function analysis
of Ps and Sp conversions consistently find an age-dependent impedance
jump in the Pacific and Philippine oceanic lithosphere deepening from
40km to 90 km at ages between 10 Ma and 130 Ma (Kawakatsu et al.,
2009; Kumar et al., 2011). This age-dependence has recently been
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corroborated in the same region by analysis of Po- and So-waves that
are generated by scattering of the seismic wavefield following inter-
action with horizontally elongated heterogeneities in the oceanic li-
thosphere (Shito et al., 2015). This latter study found that the max-
imum depth of scattering increased from 40km to 80km between
15Ma and 130 Ma.

A commonly used thermal definition for the lithosphere-astheno-
sphere boundary (LAB) is the center of the thermal boundary layer,
over which the geotherm transitions from a conductive gradient in the
shallow mantle to an isentropic gradient in the convecting interior. As
this transition is relatively smooth over a depth range of ~25-50 km, it
is not clear that the seismologically detected discontinuities correspond
with this thermally defined LAB (Richter and McKenzie, 1981).
Nevertheless, recent studies on the anelastic behaviour of polycrystal-
line solids suggest that ~5 — 10% shear-wave velocity drops can occur
over a ~100°C window, as mantle temperature approaches the solidus
(Yamauchi and Takei, 2016). This mechanism could potentially explain
receiver function observations of age-dependent deepening of the LAB
without the need to invoke the presence of melt at the interface (Fig. 3¢
and d). However, while certain observations appear to coincide with a
thermally defined LAB, many studies also detect a large impedance
contrast at depths of ~70 km that does not deepen with age (Rychert
et al., 2012; Schmerr, 2012). Recent rock mechanic experiments have
suggested that this boundary may represent a frozen-in discontinuity in
radial anisotropy related to decompression melting at the ridge axis
(Auer et al., 2015; Hansen et al., 2016). However, others have ques-
tioned the robustness of the layered radial anisotropy structure ob-
served in surface wave studies and argue that the velocity drop across
such an interface would be insufficient to explain receiver function
observations (Rychert and Harmon, 2017). Instead, it has been sug-
gested that the imaged age-independent discontinuity could be gener-
ated by trapped metasomatic melts that are frozen against the wet so-
lidus during melting near the axis and subsequently transported with
the plate (Pilet et al., 2011).

Although these passive seismic techniques can potentially provide
higher resolution estimates of lithospheric thickness than surface wave
dispersion methods (vertical resolution of ~5 km), ambiguity sur-
rounding their interpretation and restricted spatial coverage limit their
use for directly constraining models of plate cooling at present.
However, if in the future, imaged impedance contrasts can be reliably
tied to a particular thermal boundary within the lithosphere, receiver
function analysis may provide important corroborating evidence for
age-dependent lithospheric thickness changes inferred from other
methodologies.

2.3.4. Controlled-source experiments

Rather than using naturally occurring earthquakes, controlled-
source seismic experiments generate acoustic energy using either ex-
plosives or compressed air that is injected into the water column and
subsequently expands. Two related techniques have been widely
adopted by both academics and the hydrocarbon industry to image sub-
surface structures. The first uses the delay time of near-vertically pro-
pagating seismic energy that reflects off interfaces such as the sediment-
basement contact, whilst the second additionally exploits horizontally
propagating refracted energy.

Deep seismic reflection surveys can image impedance contrasts down
to ~100 km, provided that sources are both sufficiently energetic and
rich in low frequencies. Nevertheless, the frequency content of an active
source is typically higher than that of an earthquake, meaning that this
technique can provide vertical resolution of ~200 m in the mantle li-
thosphere, an order-of-magnitude improvement on the 2-10 km typical
of teleseismic waves used to generate receiver functions (Steer et al.,
1998; Fischer et al., 2010). In order to produce reflections, impedance
contrasts must occur over depth ranges that are narrower than ~1 km
and involve velocity changes of typically > 6% (Sheriff and Geldart,
1995).
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As with receiver functions and related passive seismic techniques, it
is unclear that deep reflections are imaging the thermal LAB since,
given the modest temperature gradients at this depth, implausibly
strong anelastic effects would be needed to generate a sufficiently
strong and sharp velocity contrast. Indeed, by modelling changes in the
reflection coefficient as a function of compositional variation, Stern
et al. (2015) suggest that the reflections imaged by their experiment at
70-80km are caused by a 10 km-thick layer of pooled melt and/or
hydrous peridotite, possibly in the vicinity of the mechanical LAB
(Fig. 3c and d). Currently, deep seismic reflection experiments are of
limited use in constraining the thermal evolution of the oceanic litho-
sphere due to their restricted spatial coverage and ambiguity sur-
rounding the interpretation of imaged reflections. Nevertheless, they
provide important insights into internal lithospheric structure that
other methods would not have sufficient vertical resolution to detect
and, as more deep reflections are documented, these observations may
help to determine the age-dependence of mechanical LAB depths.

Compared with seismic reflection surveys, wide-angle refraction ex-
periments have slightly poorer vertical resolution but give direct in-
formation on the velocity structure of the subsurface, yielding better
resolved constraints on the depth of particular interfaces. Refraction
profiles are often acquired in conjunction with reflection surveys and
require similarly large acoustic sources for imaging mantle depths. In
addition, receivers used to record incoming seismic energy must be
placed at a distance =4-5 times the depth of the velocity contrast of
interest, in order to record its associated diving wave (Sheriff, 2002).
These limitations mean that, away from spreading ridges where the
boundary is relatively shallow, few refraction experiments have suc-
cessfully imaged the interface between high-velocity lithosphere (~ 8.2
km s™!) and lower velocity asthenosphere (~7.8 km s7L Mooney
et al., 2002). Those experiments that do have sufficient depth pene-
tration often detect a low-velocity zone at 80-100 km beneath oceanic
regions, which appears to be independent of lithospheric age
(Pavlenkova, 1996). One suggestion is that the uniform depth of this
interface may reflect a reduction in P-wave velocity that occurs when
the geotherm approaches or oversteps the solidus of volatile-bearing
peridotite (~100 ppm of water and/or carbon dioxide; Thybo, 2006). It
is important to note that active source experiments are using P-wave
energy, which is significantly less sensitive to temperature than shear-
wave velocities (Schutt and Lesher, 2006). Consequently, existing re-
fraction experiments appear to be less useful for directly constraining
thermal models of oceanic lithosphere, but they do place bounds on the
thickness and bulk P-wave velocities of different sub-surface layers, and
have been particularly helpful for understanding the thickness and in-
ternal structure of oceanic crust (White et al., 1992).

2.3.5. Earthquake depths

The maximum depth of earthquakes within oceanic lithosphere
places important bounds on the changing depth of the brittle-ductile
transition. In the latest compilations, outer rise and intraplate earth-
quakes in young lithosphere (< 5 Ma) extend to maximum depths of
10km, systematically increasing to ~45 km by 90Ma, and subse-
quently flattening off at older ages (Craig et al., 2014; Fig. 3a and b).
Rock mechanics experiments suggest that the switch from velocity-
weakening to velocity-strengthening behaviour in olivine, which is re-
lated to the brittle-ductile transition, may be strongly dependent on
temperature, grain size, water content, strain rate and total accumu-
lated strain (Goetze, 1978; Warren and Hirth, 2006; Boettcher et al.,
2007; King and Marone, 2012; Hansen et al., 2013, 2019). Some recent
experimental studies have cited 600 + 50°C as the critical isotherm
corresponding to the seismic-aseismic transition, but this estimate does
not fully account for representative ranges of key parameters in the
upper mantle (i.e. dry to water-saturated conditions; strain rate
=10"1-10712 s71; grain size =0.1-10mm; accumulated strain
=0-2%), nor does it reflect additional uncertainties in activation en-
thalpy, Peierl's stress and extrapolation of laboratory results to
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geological strain rates (cf. Boettcher et al., 2007). Accounting for these
sources of uncertainty, the brittle-ductile transition may coincide with
any temperature between 500°C and 800°C (King and Marone, 2012;
Richards et al., 2018). This larger, condition-dependent range is more
consistent with independent pressure-temperature estimates obtained
from geothermometry on dredged gabbro and peridotite mylonites,
which suggest temperatures at the brittle-ductile transition of
600-800°C (Jaroslow et al., 1996; Hansen et al., 2013).

Irrespective of the exact value of the limiting temperature for brittle
behaviour, since changes in temperature dominate the evolution of
oceanic lithosphere, a successful thermal model should be consistent
with the deepening of maximum earthquake depths as a function of age.
The apparent flattening of maximum depths beyond ~80 Ma may be
more consistent with plate models (McKenzie et al., 2005; Grose and
Afonso, 2013; Richards et al., 2018). However, their patchy coverage
and sensitivity to other parameters means that intraplate earthquakes
provide only a weak constraint on lithospheric cooling models, parti-
cularly since isotherms predicted by half-space and plate cooling
models in the range 500-800°C are very similar. Nevertheless, if ac-
curate models of the temperature structure in seismogenic regions can
be combined with bounds on water content, grain size, strain rate and
accumulated strain, the depth extent of intra-oceanic seismic events
will be critical for constraining the rheological properties of oceanic
lithosphere.

2.4. Elastic thickness

The elastic thickness of the lithosphere is determined by its ability to
support elastic stresses on geological timescales, and hence its rheology.
Given the temperature dependence of most deformation mechanisms,
elastic thickness is expected to increase with age as the lithosphere
cools. Estimates derived from flexural modelling at seamounts and
ocean trenches largely bear this out, following the depth to the
300-600°C isotherm as a function of lithospheric age at time of loading
(Fig. 3c and d; Watts et al., 2013; Hunter and Watts, 2016). However, it
should be noted that several other studies assessing elastic thickness at
ocean trenches have found no obvious age relationship (Bry and White,
2007; Craig and Copley, 2014). Moreover, there is considerable scatter
in elastic thickness estimates obtained at sites with identical litho-
spheric ages, some of which could potentially be attributed to strain-
hardening effects. Recent low-temperature rheological experiments in
the regime of permanent, non-recoverable deformation (plasticity)
suggest that, as plastic strain accumulates up to 2% beyond the initial
yield point, lithospheric strength increases (Hansen et al., 2019). This
observation may explain why comparatively low elastic thicknesses are
recovered at medium-sized seamounts, where the total strain may
be < 2%, whereas in environments with more extreme strain, such as
oceanic trenches, higher elastic thicknesses are often recorded.

As with earthquake depths, due to the strong influence of other
properties on effective elastic thickness, these estimates provide only
weak constraints on thermal models. Nevertheless, if the local thermal
structure can be constrained by other means, elastic thickness can be
used to infer rheological properties, such as the maximum temperature
at which long-term strength can be sustained.

2.5. Curie depth

The Curie temperature refers to the temperature at which a material
loses its permanent magnetism, and is thought to coincide with the
~550°C isotherm in oceanic crust and lithosphere, assuming that
magnetite is the dominant magnetic mineral (Mayhew, 1982). The
three-dimensional spectral properties of magnetic anomalies can be
used to estimate the depth of this transition, thereby potentially placing
constraints on the thermal evolution of oceanic lithosphere. Recent
inversion algorithms applied to satellite-derived EMAG2 anomalies
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have found evidence for an age-dependent deepening of the Curie depth
from ~15 km near the ridge axis to ~30 km at old ages (~ 150 Ma; Li
et al., 2017).

These inversion methods are not straightforward and are known to
underestimate Curie depths (Li and Wang, 2018). Since shorter wave-
length information quickly attenuates with increasing observation dis-
tance, deep interfaces produce long-wavelength signals within a narrow
range of low wavenumbers. However, to maintain computational sta-
bility, magnetic data must be windowed in relatively broad wave-
number bands, which dilutes deeper signals with shallow structure.
Linking Curie depths to a particular isotherm is further complicated by
the solid solution between magnetite (Fe;0,4) and titanium-bearing ul-
vospinel (Fe;TiO4). The compositional heterogeneity of the mantle is
poorly constrained, but increasing the proportion of ulvéspinel from 0
to 100% will cause the Curie temperature to reduce from 550°C to
—100°C (Lattard et al., 2006). Finally, the principal minerals com-
prising mantle peridotite generally have low magnetic susceptibility
unless they have been extensively altered to form serpentinite. It has
therefore also been suggested that variations in Curie depth may ac-
tually reflect the depth of hydrothermal fluid penetration (Li et al.,
2013).

Thus, despite the apparent age-progressive deepening observed in
global compilations, it remains unclear that Curie depth can be reliably
retrieved by existing magnetic measurements, and whether its variation
primarily reflects changes in temperature structure or compositional
effects. These technical and interpretational difficulties currently limit
our ability to test cooling model outputs using these data. However, if
thermal properties can be independently constrained, Curie depth may
be used as a proxy for mineralogical variations within oceanic litho-
sphere.

2.6. Magnetotelluric studies

Although the application of magnetotelluric inverse modelling is in
its infancy compared to seismic tomography, much like seismic velo-
city, electrical conductivity is highly sensitive to temperature. Electrical
conductivity is also strongly dependent on melt and water content,
making magnetotelluric surveys especially effective for detecting fluid
pathways and melt lenses (Shankland and Waff, 1977). Magnetotelluric
studies of oceanic upper mantle generally obtain high conductivities in
the crust and asthenosphere, bounding a low conductivity lithosphere
(Sarafian et al., 2015). High values in the crust reflect the higher con-
ductivity of basalt and elevated water content resulting from hydro-
thermal circulation, whereas low conductivities observed in the litho-
sphere are consistent with its relatively cool temperature and
dehydrated state (Yoshino and Katsura, 2013). The origin of high
conductivities in the asthenosphere remain controversial, with some
models suggesting that high temperature alone is sufficient, while
others invoke the additional presence of variable quantities of water
and melt (Sarafian et al., 2015; Selway and O'Donnell, 2019).

Despite these disagreements, it is generally accepted that tempera-
ture is the dominant driver of upper mantle conductivity variations
(Utada, 2019). As a result, the depth of the electrically defined LAB —
estimated by calculating the point of maximum curvature in a given
electrical conductivity profile — can be directly linked to the thermal
evolution of the oceanic lithosphere (Kawakatsu and Utada, 2017). For
example, after removing measurements from magnetotelluric arrays
near plate boundaries that are likely affected by strong lateral varia-
tions in conductivity, Utada (2019) suggested that electrical LAB depths
flatten at old ages in a manner consistent with the plate cooling model
(Fig. 3a and b). This study also found a linear relationship between
mean bathymetry and the electrical LAB depth, which they believe is
consistent with dynamic rejuvenation of the base of the lithosphere.

Although magnetotelluric inverse modelling, like surface wave to-
mography, can image structure across the whole depth range of the
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Fig. 4. Inter-basin comparison of observed and predicted free-air gravity anomalies. Predictions are calculated using method outlined in Appendix E. (a) Measured
oceanic free-air (FA) gravity anomalies (Sandwell et al., 2014). (b) Isostatic anomalies predicted from optimal geochemically constrained half-space cooling model
(T, = 1333°C; 2, = 1906 m); contour interval = 10 mGal. (c) Same for plate cooling model (T, = 1333°C; z, = 132 km; 2, = 2292 m). (d) Blue line/envelope = mean
and standard deviation of anomalies predicted by half-space model as a function of age, binned globally in 2 Ma increments and excluding regions of anomalous
oceanic crust defined using polygons of Hoggard et al. (2017); red line/envelope = same for plate cooling model; circles with vertical bars = observed anomalies
with 20 errors. (e) Same for subset of data in the Pacific Ocean. (f) Same for Atlantic Ocean. (g) Same for Indian Ocean.

lithosphere-asthenosphere system, far fewer oceanic studies have been
carried out, and those that have tend to be on more localised scales. As
a result, while magnetotelluric experiments currently help to confirm
the validity of upper mantle thermochemical structure inferred from
other methods, more studies are required before it can be reliably used
as an independent constraint on the average behaviour of the litho-
sphere-asthenosphere system. Nevertheless, the heightened sensitivity
of magnetotelluric studies to the presence of melt and water provides
important insights on the nature of discontinuities imaged by receiver
functions, as well as the melt fraction and water content of the asthe-
nosphere.

10

2.7. Geochemical constraints

Along the Earth's spreading ridge system, covariation of mid-ocean
ridge basalt (MORB) composition with variations in axial ridge depth
and shear-wave velocity anomalies suggest that the geochemistry of
oceanic crust provides useful insights into the thermal state of the upper
mantle (Klein and Langmuir, 1987; Dalton et al., 2014). In particular,
MORB geochemistry can give an independent assessment of mantle
potential temperature (i.e. the temperature that the solid, convecting
asthenospheric mantle would have if it could decompress to the surface
without undergoing melting). Geochemical estimates of this critical
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thermophysical parameter vary according to petrological technique,
with ranges spanning 1280-1400°C (Herzberg et al., 2007),
1314-1464°C (Dalton et al., 2014) and 1286-1362°C (Matthews et al.,
2016). The thickness of oceanic crust can also be used to infer the
average temperature of the mantle through its relationship with melt
fraction (White et al., 1992). An average crustal thickness of 6.9 = 2.2
km has been inferred from global compilations of seismic reflection and
refraction data (Hoggard et al., 2017). Adopting the anhydrous peri-
dotite solidus of Katz et al. (2003) and applying the decompression
melting parameterisation of Shorttle et al. (2014), this thickness range
corresponds to a mantle potential temperature of 1331 *+ 35°C, which
is consistent with the 1315°C value obtained by McKenzie et al. (2005)
using the melting model of McKenzie and Bickle (1988). Finally, mi-
neral physics constraints on temperatures at the 410 km discontinuity
and adiabatic gradients in the upper mantle provide an estimate of
1337 *= 35°C (Katsura et al., 2010). Taken together, these geochemical
and petrological constraints imply an ambient mantle potential tem-
perature of 1340 + 60°C, and thermal models that invoke axial tem-
peratures outside this range should therefore be used with caution (cf.
Stein and Stein, 1992).

In addition to potential temperature, ocean island basalt geochem-
istry at magmatic hotspots can be inverted to infer the local depth to the
top of the melting zone. This depth is widely believed to be controlled
by the mechanical boundary layer (MBL), beyond which further up-
welling and decompression melting is inhibited. By modelling rare
earth element (REE) signatures of Hawaiian lavas, Watson and
McKenzie (1991) obtained a depth of 72km beneath this ~95 Ma
seafloor (Fig. 3c and d). Similarly, Ellam (1992) demonstrated that the
change in melting source from spinel to garnet lherzolite has profound
effects on the REE distributions of erupted magmas, potentially pro-
viding a means for determining changes in the thickness of the oceanic
MBL if the melting zone transitions between different stability fields
(Putirka, 1999). Geochemical studies suggest that the mechanical
boundary layer thickness is probably age-dependent and tracks close to
the 1100°C isotherm, potentially adding a useful observation to test
models of oceanic temperature structure (Niu et al., 2011). However,
these inferences are tentative due to relatively patchy coverage of
geochemical observations, coupled with rheological uncertainties sur-
rounding the temperature at which lithospheric mantle becomes suffi-
ciently rigid to inhibit further upwelling. Furthermore, plumes may
locally modify thermal structure of the lithosphere, particularly for
slow-moving plates, making ocean island basalt melting zones un-
representative of ‘normal’ MBL depths at these ages (Courtney and
White, 1986; Sleep, 1990). As a result, while geochemical studies
provide some of the most direct measurements of mantle temperatures,
their sparsity and inherent assumptions limit their utility for con-
straining cooling models.

2.8. Gravity anomalies

Cooling, densification and subsidence of oceanic lithosphere pro-
duces spreading-geometry-dependent spatiotemporal variations in free-
air gravity anomalies, which in theory can be used to constrain thermal
evolution (Lambeck, 1972; Crosby et al., 2006). However, unlike sub-
sidence data, where cooling dominates the signal, its expression in
gravity is locally dwarfed by larger signals related to flexural loading
and mantle convection (Fig. 4a). Observed geoid anomalies suffer from
the same problem and, while some studies that attempt to account for
these issues by using geoid slopes across fracture zones suggest that
best-fitting cooling models can be discriminated, others disagree
(Hager, 1983; Richardson et al., 1995; DeLaughter et al., 1999; Cadio
and Korenaga, 2012). Therefore, although cooling model predictions
must be consistent with observations, these datasets are generally too
noisy to tightly constrain model parameters such as plate thickness or
mantle potential temperature (Fig. 4b—f; Richards et al., 2018).

Despite these issues, regional variations in gravity-to-topography
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spectral ratios (known as the admittance, Z) can be used at plume swell
locations to crudely estimate the midpoint depth of density anomalies
supporting surface deflections. Based on the ~2000 km wavelength of
the Hawaiian swell and an observed admittance of ~30 mGal km™?,
Crosby and McKenzie (2009) estimated that the mass compensating the
anomalous bathymetry must have a midpoint depth of ~100 km. This
value is consistent with other local estimates of plate thickness and
asthenospheric depth, suggesting a mechanical boundary layer thick-
ness of around 80 km (corresponding to an isotherm between 1000 and
1100°C). Moreover, since a similar admittance value is observed glob-
ally throughout the oceans, the implication is that, at relatively short
wavelengths (~1000-2000 km), active mantle flow does not extend
significantly shallower than 100 km. This inference is consistent with
the suggestion that dehydration of fertile peridotite during the initial
stages of melting may increase its viscosity above ~100 km sufficiently
to inhibit convection (Afonso et al., 2008b).

3. Present understanding of the thermal structure of oceanic
lithosphere

Over the past decades, augmentation of existing measurements, the
application of innovative techniques to collect new observational da-
tasets, and improved experimental constraints on upper mantle mate-
rial properties have enhanced our understanding of the oceanic litho-
sphere-asthenosphere system. The challenge for geophysicists is to
devise a unified model that can successfully explain this wealth of in-
formation while accounting for the often very different sensitivities of
individual datasets (Table 1). Although some inconsistencies remain,
recent advances have generally helped to reconcile previously con-
flicting findings and are summarised here.

3.1. Effects of temperature, pressure and composition on thermal
parameters

The key material properties determining the rate of conductive heat
loss and, therefore, thermal evolution of oceanic lithosphere are con-
ductivity, heat capacity and the temperature-dependence of density,
known as thermal expansivity. When the earliest lithospheric cooling
models were developed, experimental constraints on these properties,
especially their variation as a function of pressure and temperature,

Table 1

Summary of different constraints on oceanic lithospheric structure. Coverage
refers to the current geographical extent of measurements; depth extent is the
depth range over which observations are typically made; physical properties
that each observation is sensitive to include T = temperature; p = density;
X = composition; n = rheology (viscosity); ¢ = melt fraction; C, = water
content; fO, = oxygen fugacity; H/M/L = high/medium/low sensitivity.

Data type Coverage Depth extent  Property (sensitivity)
Subsidence Global Surficial T(H), p(H), X(H)
Heat flow Global Surficial T(H), X(H)
Surface wave dispersion Global ~400 km T(H), X(M), n(M), ¢(M)
Attenuation Global Whole T(H), X(M), n(H), ¢(H)
mantle
Receiver functions Regional ~ Whole T(L), X(H), ¢(H), C,,(M)
mantle
Controlled-source Regional ~100 km X(H), ¢(H), C,(M)
seismology
Earthquake depths Regional ~50 km T(M), n(H)
Elastic thickness Global ~150 km T(M), n(H)
Curie depth Global ~70 km T(H), X(H)
Magnetotelluric surveys Regional ~200 km T(H), X(H), ¢(H), C,,
(H), fO(H)
Basalt geochemistry Regional Surficial T(H), X(H), ¢(H), Cy,
(H), fOo(H)
Gravity/geoid anomalies Global Whole T(H), p(H), X(H)
mantle
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were relatively scarce. As a result, they were sometimes left free to vary
when fitting model predictions to observations (e.g. Parsons and
Sclater, 1977; Stein and Stein, 1992). However, over the intervening
years, a number of experimental studies have established the pressure
and temperature dependence of thermal conductivity, expansivity and
heat capacity for olivine and other key minerals (Fig. 5; Fei and Saxena,
1987; Gillet et al., 1991; Berman and Aranovich, 1996; Bouhifd et al.,
1996; Hofmeister, 1999; Xu et al., 2004; Hofmeister, 2005; Pertermann
and Hofmeister, 2006; Hofmeister, 2007; Hofmeister and Pertermann,
2008; Benisek et al., 2012; Chang et al., 2017). These updates have
steadily been incorporated into newer generations of lithospheric
cooling models.

Studies incorporating the temperature dependence of thermal
properties of olivine into cooling models find that, although a similar
quality of fit to observed subsidence and heat flow data can be ob-
tained, the inferred thermal structure at depth can be significantly
different (Denlinger, 1992; McKenzie et al., 2005). In particular, the
parameter known as lattice conductivity, associated with heat transport
through the crystal lattice by elastic vibrations (phonons), strongly
decreases with increasing temperature (Fig. 5a; Schatz and Simmons,
1972; Pertermann and Hofmeister, 2006). This inverse relationship
dominates changes to the predicted thermal evolution, producing a
widening of temperature isotherms at shallow depths and a narrowing
of their depth separation in the deeper, warmer sections of the litho-
sphere (T > 800°C).

In Figs. 6b and 7b, we illustrate this effect in both half-space and
plate cooling models. We adopt a temperature-dependent olivine con-
ductivity law that also includes the additional contribution of radiative
conductivity, associated with heat transport through the crystal lattice
by photons, which is thought to become increasingly significant at
higher temperatures (Hofmeister, 2005; Pertermann and Hofmeister,
2006). Arguments based upon the thickness of oceanic crust and the
geochemical composition of mid-ocean ridge basalts suggest an ambient
mantle potential temperature of T, = 1333°C (Section 2.7). Fixing this
value and simultaneously fitting heat flow and subsidence data illus-
trates that isotherms separate as anticipated. In the case of the plate
model, we find a larger optimal plate thickness is required in compar-
ison to models with constant conductivity (~126 km versus z, ~ 93
km; Fig. 7b versus Fig. 7a). This result contrasts with that of McKenzie
et al. (2005), primarily due to our use of an updated temperature-de-
pendent conductivity parameterisation.

More recently, parameterisations for the pressure dependence of
lattice conductivity and thermal expansivity have also been developed
(Fig. 5b and d; Hofmeister, 2007; Grose and Afonso, 2013; Korenaga
and Korenaga, 2016). Lattice conductivity increases as a function of
pressure which, when combined with the increase in radiative con-
tributions at higher temperature, largely cancels out the decreasing
separation between high temperature isotherms identified in purely
temperature-dependent models (Figs. 6¢ and 7c¢; Richards et al., 2018).
The net result is that pressure- and temperature-dependent models re-
quire lower optimal potential temperatures to fit heat flow data.
Moreover, at higher pressures, thermal expansivity reduces and so
density varies less strongly as a function of temperature. In plate
cooling models, this necessitates a greater optimal plate thickness in
order to provide sufficient vertical contraction to match observed
subsidence trends (Fig. 7c versus Fig. 7b).

Finally, as initially pointed out by Grose and Afonso (2013), the
thermal properties of lithospheric mantle are probably well-described
by those of olivine, which makes up > 75% of its mineralogy. However,
olivine is only a minor phase in oceanic crust (~5%) and the high
abundance of plagioclase will lead to significantly lower thermal con-
ductivity and density values. Adopting representative thermal proper-
ties based on an appropriate averaging of clinopyroxene, olivine and
plagioclase components, the inclusion of a 7 km-thick crustal layer in-
sulates the underlying mantle and has a dramatic impact on thermal
evolution of the lithosphere. When left free to vary, the potential
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temperature required to simultaneously fit heat flow and subsidence
data becomes significantly more consistent with geochemical con-
straints, while the slower rate of cooling provides better fits to sub-
sidence data and seismological observations of the LAB (e.g. Figs. 6d
and 7d; Burgos et al., 2014; Steinberger and Becker, 2018). Notably,
plate models generally achieve better fits in comparison to half-space
cooling. Furthermore, in the case of plate models, incorporation of
these increasingly physically realistic thermal properties results in more
consistent optimal parameters required by individual fits to either
subsidence or heat flow observations (Richards et al., 2018).

Despite the apparent success of cooling models that incorporate a
compositionally distinct oceanic crust alongside pressure- and tem-
perature-dependent thermal properties, there remains significant un-
certainty for certain thermal parameters. Thermal expansivity and heat
capacity of olivine are believed to be accurate to ~10% and ~ 3%,
respectively, based on experimental uncertainties and the level of
agreement between different studies (Fig. 5c and e). Accounting for
these variations causes only modest changes in optimal model para-
meters, with variations in inferred mantle potential temperature of +
13°C, differences in optimal zero-age ridge depth of + 0.2 km, and
changes in best-fit plate thickness of = 2.5 km.

However, estimates of olivine lattice conductivity at room pressure
and temperature are substantially more variable (3.5-7.0W m™?2),
which is believed to be caused by anisotropy of the crystal lattice and
methodological differences, such as laser-flash versus contact mea-
surement techniques (Fig. 5a; Gibert et al., 2003; Pertermann and
Hofmeister, 2006). As surface heat flow is highly sensitive to con-
ductivity close to the seafloor, uncertainty in conductivity at low tem-
perature leads to a wide range of suitable model parameters. In-
corporating this range for the lattice conductivity introduces variation
in the optimal mantle potential temperature of + 115°C, and plate
thickness of = 5 km. Furthermore, there remains significant debate
surrounding the magnitude of the radiative component of thermal
conductivity and how it may vary as a function of pressure and tem-
perature (Shankland et al., 1979; Hofmeister, 2005; Grose and Afonso,
2019b). Therefore, tighter experimental constraints on thermal con-
ductivity are likely to provide the largest reduction in the range of
parameters obtained by lithospheric cooling models.

Some previous attempts to model lithospheric cooling have also
found that, when thermal expansivity is reduced by ~10-20% com-
pared to experimental predictions for olivine, an improved fit to sub-
sidence observations can be obtained (Grose and Afonso, 2013). This
deficit has been suggested to result from incomplete thermal relaxation,
whereby horizontal thermal contraction of the lithosphere is resisted by
intraplate stresses, possibly leading to the development of deep tension
cracks (Pollack, 1980; Korenaga, 2007). However, this hypothesis is
challenged by evidence indicating that the lithosphere undergoes full
thermal contraction in both horizontal and vertical directions. These
observations include a change in intraplate earthquake focal mechan-
isms from thrust to normal with depth, and systematic variation in
transform fault azimuths away from predictions for a perfectly rigid,
non-horizontally shrinking plate (Wiens and Stein, 1983; Huang et al.,
2015; Mishra and Gordon, 2016). It has also been proposed that ef-
fective thermal expansivity may be lower than predicted for pure oli-
vine due to the presence of other mineral phases in the oceanic upper
mantle (~20% orthopyroxene, ~15% clinopyroxene; Grose and
Afonso, 2013). However, experimental studies on orthoenstatite sug-
gest that orthopyroxene, the second most abundant phase, has very
similar expansivity to olivine (Jackson et al., 2003).

We can test the effects of reducing expansivity on optimal values of
the plate model parameters. For a ~10% reduction, fitting subsidence
data alone gives a ~100°C higher best-fitting mantle potential tem-
perature, in closer agreement with the equivalent value obtained for
heat flow. However, the lowest combined misfit to both subsidence and
heat flow data (y,) only reduces by ~0.5% compared to the model with
unadjusted expansivity values. Thus, in contrast to some previous
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Fig. 6. Effect of including temperature, pressure, and composition-dependence of thermal properties in half-space cooling models. All models are jointly fitted to
subsidence and heat flow data. The initial temperature profile is derived using the T, = 1333"C isentrope and decompression melting parameterisation for a dry
aluminous lherzolite, which is compatible with the thickness and geochemistry of mid-ocean ridge basalts (Section 2.7; Katz et al., 2003; Shorttle et al., 2014). (a)
Temperature evolution when thermal properties are constant and fixed to the values from Parsons and Sclater (1977). Symbols are selected geophysical observations
from Fig. 3a and b. (b) Same for the purely temperature-dependent half-space model using parameterisations from Korenaga and Korenaga (2016) for conductivity,
expansivity and heat capacity. (c) Same for pressure and temperature-dependent model using parameterisations from Korenaga and Korenaga (2016). (d) Same for
pressure and temperature-dependent model, including a 7 km-thick oceanic crustal layer and using parameterisations from Korenaga and Korenaga (2016). (e)
Difference in temperature evolution between purely temperature-dependent model and version with constant properties. (f) Same for pressure and temperature-
dependent model. (g) Same for model including a 7 km-thick oceanic crustal layer. Table summarises model fitting results. z. = optimal zero-age ridge depth; y, and
xn = misfit to subsidence and heat flow data, respectively; y, = combined misfit. See Appendices A-D for details of thermal modelling, misfit calculations and
thermal property parameterisations.
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sidence and heat flow data. The initial temperature profile is derived using the T, = 1333°C isentrope and decompression melting parameterisation for a dry
aluminous lherzolite, which is compatible with the thickness and geochemistry of mid-ocean ridge basalts (Section 2.7; Katz et al., 2003; Shorttle et al., 2014). (a)
Temperature evolution when thermal properties are constant and fixed to the values from Parsons and Sclater (1977). Symbols are selected geophysical observations
from Fig. 3a and b; horizontal dotted black line = optimal plate thickness. (b) Same for the purely temperature-dependent plate model using parameterisations from
Korenaga and Korenaga (2016) for conductivity, expansivity and heat capacity (cf. McKenzie et al., 2005). (¢) Same for pressure and temperature-dependent model
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misfit calculations and thermal property parameterisations.
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using parameterisations from Korenaga and Korenaga (2016) for conductivity, expansivity and heat capacity; dashed orange line = pressure and temperature-
dependent model using parameterisations from Korenaga and Korenaga (2016); red line = pressure and temperature-dependent model, including a 7 km-thick
oceanic crustal layer and using parameterisations from Korenaga and Korenaga (2016). (b) Same for plate cooling models. (c) Predictions for optimal half-space
cooling models fitted to global surface heat flow data. Grey boxes with bars = median and interquartile ranges of measurements corrected for sedimentation rates
and filtered to remove hydrothermal circulation (Richards et al., 2018). (d) Same for plate cooling models. Optimal models and parameters are same as those shown

in Figs. 6 and 7.

studies, we conclude that additional mechanisms for reducing effective
thermal expansivity are not necessarily required by current observa-
tions.

In summary, the development of progressively more realistic mod-
elling frameworks that incorporate experimentally constrained thermal
properties have given rise to improved fits to subsidence, heat flow, and
geochemical observations (Figs. 6 and 7). These findings appear to va-
lidate the scalability of pressure and temperature dependencies of
thermal properties inferred from laboratory experiments to mantle con-
ditions, and do not currently require proposed mechanisms such as
thermal cracking to be invoked (Korenaga, 2007). However, it should be
noted that also incorporating the effect of phase transitions (e.g. spinel-
garnet) results in substantial misfits to subsidence data, indicating that
some additional processes may yet be required to explain observed
subsidence trends (Korenaga and Korenaga, 2016). As pointed out by
Korenaga and Korenaga (2016), isotherms in half-space cooling and plate
models begin to diverge at ~40 Ma in the deepest portions of the plate,
but only become recognisably different in the surface observations be-
yond ~90 Ma (Figs. 8 and 9). Thus, the use of plate cooling models
implies that resupply of basal heat begins earlier than the commonly
assumed ~70 Ma onset age for small-scale convection. Nevertheless,
better overall fits are generally obtained for plate models, especially in
the Pacific domain, where seismological and magnetotelluric observa-
tions suggest flattening of the LAB in older portions of the plate.
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3.2. Pervasiveness of seafloor flattening

Global compilations of subsidence, heat flow, and seismological
observations generally indicate some form of ‘flattening’ at old plate
ages, consistent with resupply of heat to the base of the lithosphere.
Nevertheless, it is instructive to investigate whether this behaviour is
consistently retrieved in each of the principal ocean basins.

3.2.1. Evidence from heat flow and subsidence measurements

We select the subset of subsidence and heat flow measurements that
occur in each of the Pacific, Atlantic, and Indian Oceans (Fig. 10). Each
basin exhibits basement depths with a degree of flattening at old ages, a
feature that is generally more consistent with plate cooling than half-
space cooling models. However, there are observable differences be-
tween basins, especially in their subsidence trends, which may re-
present differences in lithospheric cooling or regional variations in
dynamic topography (Crosby and McKenzie, 2009). In the Pacific
Ocean, basement depths are generally deeper than the global average
at < 40 Ma and shallower from ~60 Ma onwards (Fig. 10c). The op-
posite is true in the Atlantic Ocean, where young basement depths lie
above the global average and those > 100 Ma predominantly sit at or
below this background trend (Fig. 10e). Indian Ocean basement depths
are close to plate model predictions at all ages, albeit, slightly deeper on
average at age ~50 Ma (Fig. 10g). Moreover, the age at which
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dependence of thermal properties, and a 7 km-thick crustal layer. For the half-space, z. = 1906 m; for the plate, z, = 2292 m and z, = 132 km. (a) Global subsidence
data. Black circles = water-loaded oceanic basement depths (Hoggard et al., 2017; Richards et al., 2018); dashed blue line = half-space cooling model; red
line = plate cooling model. (b) Global surface heat flow data. Grey boxes with bars = median and interquartile ranges of measurements corrected for sedimentation
rates and filtered to remove hydrothermal circulation (Richards et al., 2018). (c) Predicted thermal structure compared to selected seismological and magnetotelluric
observations. Solid/dashed numbered contours = half-space/plate cooling model isothermal surfaces plotted in °C; black dotted line = plate thickness; vertical grey
bars = Pacific LAB inferred using depth to top of layer in which azimuthal anisotropy aligns with absolute motion (Burgos et al., 2014); blue inverted trian-
gles = depth to high electrical conductivity layer defined using maximum curvature of conductivity profile (HCL; Utada, 2019).

subsidence apparently flattens off varies from ~70 Ma in the Pacific to investigating the impact of small-scale convection on surface heat flow
~100 Ma in the Atlantic and ~120 Ma in the Indian Ocean. (Korenaga, 2009).

Whilst water-loaded basement depth is affected by both lithospheric
cooling and dynamic topography arising from deeper mantle flow, heat 3.2.2. Seismological evidence
flow measurements should be predominantly influenced by the former. Surface observables hint that there may be differences in behaviour
Similar patterns are observed between each basin once < 25 Ma mea- between the ocean basins. It is therefore worth exploring whether this is
surements that are affected by hydrothermal circulation are removed, the case for the seismological observations, which have higher sensi-
generally asymptotically approaching a value of ~50 mW m ™2 at old tivity to variations in thermal properties as a function of depth. We
ages. These measurements appear to exhibit similar regional patterns to have chosen to stack shear-wave velocity (Vs) profiles from global to-
those observed in the subsidence data. However, the noisiness of heat mography models as a function of lithospheric age, both globally and
flow measurements makes these trends uncertain. Moreover, the effect for each individual basin (Fig. 11). Care is taken to excise anomalous
of basal heat resupply on surface heat flow will lag behind associated regions affected by intraplate magmatism and pervasive faulting, such
changes in basement depth by a period controlled by the conductive as fracture zones, seamounts, and oceanic plateaux, using the bathy-
time constant of the lithosphere (~70 Myr for a 150 km-thick layer of metry and short-wavelength gravity anomaly-derived exclusion poly-
silicates; Turcotte and Schubert, 2002). As a result, there is no ob- gons of Hoggard et al. (2017). We then use the thermal structure from
servable difference between the heat flow predicted by our optimal the optimal half-space and plate cooling models to predict the expected
~135 km-thick plate model and equivalent half-space cooling models, Vs structure in each case, and compare it to the observations.
even after 150 Ma. This observation is consistent with previous studies We apply two different techniques for estimating the relationship
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Fig. 10. Interbasin comparison of subsidence and heat flow trends. Thermal models are geochemically constrained to T, = 1333°C, include pressure and tem-
perature-dependence of thermal properties, and a 7 km-thick crustal layer. For the half-space, z. = 1906 m; for the plate, z, = 2292 m and z, = 132 km. (a) Global
subsidence data. Black circles = water-loaded oceanic basement depths (Hoggard et al., 2017; Richards et al., 2018); dashed blue line = half-space cooling model;
red line = plate cooling model. (b) Global surface heat flow data. Grey boxes with bars = median and interquartile ranges of measurements corrected for sedi-
mentation rates and filtered to remove hydrothermal circulation (Richards et al., 2018). (c) Subset of subsidence data from the Pacific Ocean only. (d) Subset of heat
flow data from the Pacific Ocean only. Red boxes with bars = median and interquartile ranges of measurements excluded from global compilation due to hydro-
thermal circulation-induced heat flow deficit. (e) Atlantic Ocean subsidence. (f) Atlantic Ocean heat flow. (g) Indian Ocean subsidence. (h) Indian Ocean heat flow.

between temperature and Vg. The first is the forward modelling ap- software package and the thermodynamic database of Xu et al. (2008),
proach of Goes et al. (2012), where anharmonic velocities are calcu- assuming a pyrolitic mantle composition. These velocities are then
lated as a function of pressure and temperature using the Perple X corrected for anelastic effects assuming a dry peridotite solidus
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Fig. 11. Comparison between shear-wave velocities from seismic tomography and predictions from lithospheric cooling models. (a) Oceanic Vs from SL2013sv model
stacked globally as a function of plate age (Schaeffer and Lebedev, 2013), excluding regions with anomalous oceanic crust using exclusion polygons from Hoggard
et al. (2017). Contours are the 4.4 km s~ ! isotach; black dotted = observed; blue solid = prediction from optimal half-space cooling model using Goes et al. (2012)
anelastic parameterisation; red solid = same for optimal plate cooling model; blue dashed = prediction from optimal half-space cooling model using Yamauchi and
Takei (2016) anelastic parameterisation with parameter values calibrated via inverse modelling for SL2013sv; red dashed = same for optimal plate cooling model.
(b) Same for SL2013sv model stacked in Pacific Ocean. (c) Same for SEMUM2 model stacked globally (French et al., 2013). (d) Same for SL2013sv model stacked in
Atlantic Ocean. (e) Same for CAM2016 model stacked globally (Ho et al., 2016). (f) Same for SL2013sv model stacked in Indian Ocean. Note that Yamauchi and Takei
(2016) anelastic parameterisations in (c) and (e) use parameter values calibrated via inverse modelling for SEMUM2 and CAM2016, respectively (see Appendix F).

(Herzberg et al., 2000; Appendix B.3. in Lodhia et al., 2018). The
second is the inverse approach pioneered by Priestley and McKenzie
(2006), which we have coupled with the most recent polycrystalline
anelastic parameterisation developed by Yamauchi and Takei (2016).
This approach adopts an optimal thermal model to estimate oceanic
mantle temperature, and an isentrope compatible with geochemical
constraints in the upper mantle. By combining these temperature esti-
mates with measurements of Vs, attenuation and viscosity as a function
of age and depth, a suite of tie points are generated that can be inverted
to obtain the various anharmonic and anelastic parameters (see Ap-
pendix F and Methods section of Hoggard et al., 2020). An advantage of
this methodology is that mantle composition does not have to be
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assumed in advance. Separate parameterisations are calibrated for each
of the tested tomographic models: SL2013sv (Schaeffer and Lebedev,
2013), SEMUM2 (French et al., 2013) and CAM2016 (Ho et al., 2016).
In order to avoid circularity when investigating the presence or absence
of flattening at older ages, we use only the first 70 Ma of a half-space
cooling model to create oceanic Vs-to-temperature tie points for this
calibration procedure. Note that some of the tomographic models we
test only record the vertical component of shear-wave velocity (Vsy) so,
to facilitate inter-model comparison, we use Vsy in all calculations. By
contrast, when applying the Goes et al. (2012) parameterisation, we do
not convert anharmonic Vs from Perple X into Vsy because of un-
certainties in the depth profile of upper mantle radial anisotropy.
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Consequently, a fraction of the depth-dependent divergence between
the two parameterisations may result from anisotropic effects.

By applying two independent conversion methodologies, each with
their own merits and disadvantages, it is possible to gauge not only
whether imaged Vs variations are consistent with a particular cooling
model, but also the extent to which these conclusions are robust to
uncertainties associated with temperature to Vs conversion. To compare
the performance of different cooling models and conversion meth-
odologies, for each age-depth stack we calculate the misfit, j, between
predicted, V,-J‘«', and observed Vs, V), using

0 C
Ve - V¢
O

e Lfii(f_]
Mi:le:1 y ,

where M represents the number of age bins between 0 Ma and 150 Ma,
N represents the number of depth bins between the uppermost depth
slice of the model and 300 km depth, and oj reflects uncertainty in the
Vg measurement, assumed to be a constant 0.1 km s~ based on typical
variations between different tomographic models at a given location.

For the SL2013sv and CAM2016 models, global Vg stacks are more
consistent with plate cooling predictions (Fig. 11a and e; Table 2). By
contrast, SEMUM?2 is more consistent with a half-space cooling model
(Fig. 11c). However, it should be noted that the misfit between pre-
dicted and observed Vg variations obtained for the other models is
generally ~40% lower than for SEMUMZ2. This may reflect the fact that,
although SEMUMZ2 uses a more sophisticated finite frequency approach,
it is constructed using fewer waveforms than the other two models
(~100,000 vs. > 750,000), reducing the density of ray path crossings
and potentially resolution of the lithosphere-asthenosphere boundary
region.

The Pacific pattern of shear-wave velocities agrees well with a plate
model for both methods of converting temperatures into predicted Vs
structure (Fig. 11b; Table 2). Intriguingly, deviations in the age de-
pendence of shear-wave velocities mirror Pacific subsidence trends,
with observed velocities initially exceeding plate model predictions,
before becoming slower after ~70 Ma. This result supports a strong
link between bathymetry and seismically imaged lithospheric thermal
structure. In contrast, Atlantic shear-wave velocities are slightly better
fit by half-space cooling models (Fig. 11d; Table 2). As for the sub-
sidence data, flattening with respect to half-space predictions occurs
after 80-100 Ma but, unlike in the subsidence data, after ~120 Ma
velocities begin to deviate back towards a half-space cooling trend.
Atlantic velocity structure therefore seems to be intermediate between
plate and half-space cooling model expectations. Indian Ocean velocity
structure is similar to that of the Atlantic in that it fits plate and half-
space cooling predictions equally well (Fig. 11f; Table 2). Indian Ocean
velocities largely follow half-space cooling expectations, possibly even
cooling slightly faster until 120 Ma. After 120 Ma, slow shear-wave
velocities reappear at ~ 125 km depth, which may be consistent with a
resupply of basal heat responsible for the late flattening detected in
subsidence data. In short, seismic velocity patterns in the tomographic
models are largely consistent with the subsidence trends of individual

(€Y

Table 2

Summary of misfit between observed and predicted V; for half-space and plate
cooling models. HSC = half-space cooling model; P = plate model; G12 = Goes
et al. (2012) parameterisation; YT16 = calibrated Yamauchi and Takei (2016)
parameterisation (see Appendix F).

Tomographic model Region Xgé% )(?12 )(géf’ XP}’TM
SL2013sv Global 0.96 0.96 0.56 0.43
SEMUM2 Global 1.24 1.32 0.91 0.96
CAM2016 Global 1.07 0.97 0.56 0.36
SL2013sv Pacific 1.00 0.91 0.73 0.44
SL2013sv Atlantic 1.04 1.10 0.55 0.56
SL2013sv Indian 0.98 1.05 0.50 0.54
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basins, suggesting that systematic differences in lithospheric thermal
evolution may explain the first order differences between basins. All
ocean basins show some degree of flattening with respect to half-space
cooling predictions (Fig. 11). However, its onset is delayed and its
magnitude is reduced in the Indian and Atlantic Oceans, leading to si-
milar levels of fit for both cooling models in those two regions
(Table 2).

Our conclusions appear to be robust to the choice of temperature to
Vs conversion methodology, although the inverse calibration method
yields ~25-60% lower misfit between predicted and observed shear-
wave velocities. Moreover, while results vary in detail between seismic
tomographic models, the first-order differences between individual
ocean basins are largely consistent. Out of the models we have ex-
amined, only SEMUM2 does not exhibit significant plate-like behaviour
in global stacks (French et al., 2013). This model has the least dense
upper mantle ray coverage and this result may therefore reflect lower
resolution in the oldest regions of ocean basins, which often abut
thicker, higher velocity continental lithosphere. It appears that seafloor
flattening occurs to some extent in all three major ocean basins. How-
ever, the onset time may be variable, beginning earliest in the Pacific
(~70 Ma), followed by the Atlantic (~100 Ma) and Indian oceans
(~120 Ma). This pattern appears to be consistent with mantle potential
temperatures at the ridge axis, providing support for a mechanism in-
volving the variable onset time of small-scale convection beneath the
lithosphere (Ma and Dalton, 2019).

3.3. Mechanisms responsible for resupply of basal heat

Evidence for resupply of basal heat beneath old lithosphere, at least
in the case of the Pacific Ocean, appears to be unequivocal. A plate
cooling model attempts to represent this behaviour by introducing a
constant temperature boundary condition at a particular depth con-
trolled by the plate thickness. Whilst this model has had some success in
matching subsidence, heat flow and seismological observations on old
seafloor, this condition is somewhat arbitrary from a physical per-
spective, and the question remains: what process is responsible for re-
supplying heat to the base of the lithosphere?

Several processes have been invoked to explain this behaviour.
These include: thermal rejuvenation of the lithosphere as it passes over
hotspots (Davies, 2011); advection of hot, plume-fed asthenosphere
beneath older areas of the plate due to pressure-driven flow (Morgan
and Smith, 1992); resupply of basal heat due to the decay of radio-
nuclides (Korenaga, 2015); and the initiation of small-scale convection
at the base of the plate as the lithosphere cools and thickens (Parsons
and McKenzie, 1978). These different hypotheses have proven difficult
to test, although insights from subsidence, heat flow, gravity and seis-
mological data provide some indication of which is most likely. We
provide a brief summary of each in turn.

Based on global analyses of oceanic basement depths, some studies
have suggested that deviation of subsidence trends from half-space
cooling predictions is restricted to areas that have been affected by
intraplate hotspot magmatism and thermal rejuvenation by mantle
plumes (Korenaga and Korenaga, 2008). However, re-examination of
the original dataset, in addition to new compilations in which ‘anom-
alous’ regions affected by seamount volcanism, large igneous provinces
and aseismic ridges have been carefully excised, suggest statistically
significant flattening continues for ages beyond 70 Ma (Crosby et al.,
2006; Crosby and McKenzie, 2009; Hillier, 2010; Hoggard et al., 2017;
Richards et al., 2018). Moreover, Ma and Dalton (2019) found no sig-
nificant correlation between intraplate volcanism and the failure of
half-space cooling models to recreate shear-wave velocity and sub-
sidence observations. Thus, this mechanism seems to be unsatisfactory
unless the lithosphere can be thermally rejuvenated by plumes in the
absence of associated volcanism, which has been difficult to achieve in
numerical simulations (Sleep, 1994). Ocean island drowning histories
suggest that, even at sites with substantial intraplate magmatism,
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thermal rejuvenation of the lithosphere is not compatible with observed
rates of subsidence downstream of hotspots (Huppert et al., 2020).

There is increasing evidence for the presence of a warm, low visc-
osity channel immediately beneath the plates that is fed by mantle
plumes (Craig and McKenzie, 1986; Morgan et al., 1995; Lin et al.,
2016; Stotz et al.,, 2018). Deeper mantle flow, mid-ocean ridge
spreading, and subducting slabs can act to generate dynamic pressure
gradients within this channel, which may be responsible for supporting
seafloor at old ages (Morgan and Smith, 1992; Yamamoto et al., 2007;
Holt et al., 2017; Rowley, 2018). However, it remains unclear how
widespread this channel may be, and whether pressure gradients are
correctly oriented to explain the degree of flattening observed in dif-
ferent basins (Natarov and Conrad, 2012; Becker et al., 2012; Schaeffer
et al., 2016; Ho et al., 2016). Seismological constraints on anisotropy
are likely to prove key to illuminating the asthenospheric flow field and
testing the plausibility of this mechanism.

The decay of radionuclides provides an additional source of heat
that, when added to background advection of thermal anomalies by
mantle flow, may help to prevent continuous cooling of the lithosphere
as a function of age, possibly contributing to seafloor flattening (Jarvis
and Peltier, 1982). However, numerical modelling studies that quantify
the influence of this internal heat source find that the required mag-
nitude of flattening cannot be reproduced with geochemically plausible
values of internal heat production (8.5 *+ 5.5 TW), unless small-scale
convection also plays an active role (Korenaga, 2008, 2015). Moreover,
it is unclear to what extent the conclusions drawn from these simplified
two-dimensional models can be applied to the complex three-dimen-
sional pattern of convection in the real Earth. It therefore seems that,
although radiogenic heat production may enhance the resupply of heat
to the base of the lithosphere, in isolation, it is insufficient to explain
observed age-depth subsidence trends.

The mechanism for resupplying heat to the base of the lithosphere
that is most widely invoked, and for which the evidence is probably
most compelling, is small-scale convection. This process is thought to
initiate as the thermal boundary layer cools and thickens, eventually
passing a critical threshold beyond which it mechanically destabilises
and begins to convect away (Parsons and McKenzie, 1978; Houseman
and McKenzie, 1982; Fleitout and Yuen, 1984; Davaille and Jaupart,
1994; Korenaga and Jordan, 2003b; Zaranek and Parmentier, 2004;
Huang and Zhong, 2005; van Hunen et al., 2005). The onset of small-
scale convection is predicted by fluid dynamical theory and laboratory
experiments, and there are several strands of supporting evidence in
observational datasets. Indeed, some studies have observed flattening,
and potentially even shoaling, of global oceanic bathymetry at ages
ranging from 70Ma to 120Ma (Crosby et al., 2006; Crosby and
McKenzie, 2009; Hillier, 2010; Hoggard et al., 2017). It has also been
suggested that a minor increase in observed heat flow at ages =132 Ma
may be the delayed surface expression of these lithospheric instabilities,
although observations at these ages have a very restricted spatial extent
(McKenzie, 2018). Seismological evidence includes the study of
Ritzwoller et al. (2004), which used surface wave velocities to show
that the effective thermal age of the Pacific lithosphere follows half-
space cooling trends until ~70 Ma, then remains flat until 100 Ma,
when cooling resumes at a slower rate. This observation is supported by
the work of Ma and Dalton (2019) who found a breakdown in the
ability of half-space cooling models to match observed subsidence and
surface wave phase velocities in certain older regions of the ocean ba-
sins, as also illustrated here in Section 3.2.

Theoretical arguments and observations indicate that the onset of
small-scale convection may be abrupt and vary in time between dif-
ferent locations. One theory to explain this is that, as depleted harz-
burgite residue is more viscous than fertile lherzolite, the exact onset
time is controlled by the depth extent of adiabatic decompression
melting when the material was at the ridge axis (Korenaga and Jordan,
2002; Lee et al., 2005; Afonso et al., 2008b; Ballmer et al., 2009;
Beghein et al., 2018). Ma and Dalton (2019) found evidence to support
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this view by linking the variable onset age at which subsidence and
surface wave phase velocities depart from half-space cooling expecta-
tions to changes in axial ridge depth at the present-day ridge axis (a
proxy for potential temperature), assuming that this value has remained
constant over the intervening time period. An alternative explanation
for sudden and relatively consistent onset of small-scale convection
beneath the oceans is that the pargasite dehydration solidus occurs at
depths of ~90 km (Brown and Lesher, 2016; Niu and Green, 2018).
This particular amphibole forms when the mantle has high water con-
tent, and its breakdown at 90 km to produce small amounts of melt may
significantly alter rheological properties of the lithosphere, causing it to
mechanically destabilise and begin convecting. However, it remains
uncertain whether the ~100 ppm of water present in oceanic peridotite
is sufficient to stabilise significant quantities of pargasite, and whether
the small volume of melt produced at this interface would significantly
alter rheological behaviour (Brown and Lesher, 2016). Given these is-
sues and the apparent variability in flattening onset time in different
locations, the pargasite dehydration mechanism currently appears to be
less satisfactory for explaining seafloor flattening than variable melt
depletion depths.

4. Residual depth anomalies and density structure of the upper
mantle

Although additional observational and experimental constraints
have improved our understanding of the global and basin-averaged
behaviour of oceanic lithosphere, significant regional deviations have
been detected in many datasets. These anomalies provide important
insights into deep Earth processes, in particular the evolving planform
of mantle convection, melt generation, and the length scales of com-
positional heterogeneity (Winterbourne et al., 2009; Zhou and Dick,
2013; Dalton et al., 2014). Although their individual interpretation is
not straightforward and often ambiguous, powerful constraints can be
obtained by combining multiple independent datasets.

Local departures from average subsidence trends place important
bounds on dynamic topography arising from buoyancy variations and
convective flow within Earth's interior, and the study of these oceanic
residual depth anomalies has a long history (Menard, 1973; Cochran and
Talwani, 1977; Le Douaran and Parsons, 1982; Crough and Jarrard,
1981; Crough, 1983; Cazenave et al., 1988). Until recently, the general
paucity of modern controlled-source seismic experiments throughout
oceanic regions made it harder to accurately correct for the effects of
sedimentary loading and crustal thickness variation, especially on older
oceanic plates close to continental margins. Thanks to the burgeoning
availability of industrial seismic reflection surveys over the last two
decades, inventories of > 2000 well-resolved measurements have been
assembled (Winterbourne et al., 2014; Hoggard et al., 2017). These
global databases have revealed significant undulations in residual
bathymetry with peak amplitudes of + 2 km and lateral wavelengths as
short as 1000 km (Hoggard et al., 2016).

The significant contribution of shorter wavelength components to
the oceanic residual topography field necessitates lateral variations in
buoyancy structure within the shallow mantle at depths pertaining to
the asthenosphere and/or lithosphere (Klein and Langmuir, 1987;
Hoggard et al., 2016). Until recently, it has been difficult to image these
features. However, computational advances and larger quantities of
seismograms have enabled the creation of global surface wave tomo-
graphic models with sufficient resolution to detect velocity variations at
these length scales (Priestley and McKenzie, 2013; Schaeffer and
Lebedev, 2013; French et al., 2013; Debayle et al., 2016). Determining
the amplitude and extent of anomalous buoyancy requires removal of
the background lithospheric cooling trend in models of upper mantle
velocity structure (Fig. 12a). This detrending can be achieved by
stacking shear-wave velocity (V) profiles across the global ocean as a
function of age, taking care to excise anomalous regions such as fracture
zones, oceanic plateaux and aseismic ridges (Section 3.2; Fig. 12b).
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Fig. 12. Comparison between oceanic residual tomography and residual topography, following Richards et al. (2020). (a) SL2013sv shear-wave velocity anomalies
averaged between depths of 75 km and 200 km (Schaeffer and Lebedev, 2013). (b) SL2013sv stacked globally in the oceans as a function of plate age, excluding
regions with anomalous oceanic crust using the exclusion polygons of Hoggard et al. (2017). (c) Residual shear-wave velocities calculated by subtracting values from
the global stack at the equivalent age from the local velocity structure, and averaging between depths of 75 km and 200 km. Green circles = major oceanic hotspots.
(d) Spherical harmonic fit to residual depth measurements of Hoggard et al. (2017) up to maximum degree of 30. (e) Correlation between residual depth and residual
shear-wave velocities as a function of depth over which velocity anomalies are averaged. r = Pearson's correlation coefficient; black cross = optimal correlation. (f)
Pointwise correlation between residual depth measurements and residual shear-wave velocity averaged between depths of 75km and 200 km. Red dashed
line = best-fitting linear relationship; m = gradient of that fit.

Removal of this background trend results in a map of residual tomo- is consistent with surface magmatism (Schaeffer and Lebedev, 2013).
graphy (Wen and Anderson, 1997; Richards et al., 2020). More than 80% of magmatic hotspots coincide with anomalously slow

Assuming that temperature is the dominant cause of remaining re- residual velocities in the upper mantle, and only Marion and St. Helena
sidual velocity anomalies, the resulting pattern for the SL2013sv model are greater than 200km from the nearest low-velocity anomaly
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Fig. 13. Relationship between residual tomography and observational proxies for mantle temperature at the ridge axis. (a) Axial crustal thickness measurements

plotted as a function of residual shear-wave velocity from SL2013sv model (75-200 km average; see Fig. 12c). Circles =

average crustal thickness measurements

(coloured according to Nag value) obtained from controlled-source seismic experiments compiled by Hoggard et al. (2017) for oceanic lithosphere younger than 5 Ma
and located within 300 km of ridge axis. Measurements are averaged for each ridge segment from database of Gale et al. (2013). r = Pearson's correlation coefficient.
(b) Same for axial Nag values. Squares = average values per ridge segment with more than 30 dredge sample analyses, coloured according to axial ridge depth (Gale
et al., 2014) (c) Same for axial ridge depths at ridge segments identical to those shown in panel (b) and coloured according to axial crustal thickness. Gray points are

located > 200 km from the nearest crustal thickness measurement.

(Fig. 12c). Moreover, there is clear spatial anti-correlation between
residual topography and residual shear-wave velocities, suggesting a
relationship between warm upper mantle temperatures and excess
bathymetry (Fig. 12d). When both fields are expanded up to spherical
harmonic degree 30, the optimal spatial correlation occurs when re-
sidual tomography is stacked over a depth range of 75-200km
(r = — 0.47; Fig. 12e and f).

The contention that upper mantle shear-wave velocity and residual
depth anomalies are largely controlled by temperature is further cor-
roborated by several independent geochemical and geophysical ob-
servations at mid-ocean ridges. The crustal thickness produced at a
spreading centre depends upon the volume of melt generated by de-
compression melting beneath the ridge axis, and is therefore a proxy for
asthenospheric temperature (Klein and Langmuir, 1987; McKenzie and
Bickle, 1988). Crustal thickness measurements from active ridges in the
database of Hoggard et al. (2017) are found to be anti-correlated with
residual tomography (Pearson's correlation coefficient r ~ -0.7;
Fig. 13a). In a similar manner, sodium concentration in mid-ocean ridge
basalt (MORB) is a proxy for mantle temperature because it behaves
incompatibly during melting, occurring in high concentrations for low
melt fraction basalts and progressively diluting as melt fraction rises.
Nag is defined as the concentration of Na,O in a sample following
correction for the fractional crystallisation of olivine back to 8 wt%
MgO. Using the geochemical database of Gale et al. (2014) along mid-
ocean ridge axes, a strong positive correlation (r ~ 0.7) is observed
between residual velocities and basalt Nag (Dalton et al., 2014;
Fig. 13b). Finally, there is a strong negative correlation between re-
sidual velocity and axial ridge depth that is compatible with tempera-
ture-controlled excess buoyancy (r ~ -0.8; Fig. 13c).

Taken together, close agreement between these independent data-
sets indicates that thermal rather than compositional variations are the
major control on sub-plate velocity anomalies. Despite tomographic
resolution issues and the non-negligible contribution of deeper mantle
flow, the match between residual tomography and residual depth
anomalies at wavelengths shorter than ~6000 km underlines the im-
portance of shallow mantle structure for supporting local deviations
from age-depth cooling (Hoggard et al., 2016). It remains a topic of
considerable ongoing research as to whether these buoyancy anomalies
reside in the lithospheric mantle, within the asthenosphere, or both
(Ball et al., 2019; Davies et al., 2019; Richards et al., 2020).

5. Remaining controversies and frontiers

The last 50years have seen a considerable amount of work
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conducted to investigate the structure and dynamics of the oceanic li-
thosphere-asthenosphere system. While seafloor spreading and the
progressive cooling of a thermal boundary layer have successfully re-
conciled many of the first-order features visible in observational data-
sets, there remain several topics that are the focus of ongoing research
efforts. Here, we finish this review by selecting three areas in which we
anticipate significant progress to be made in the near future.

5.1. Can thermodynamically self-consistent models of the evolving oceanic
upper mantle be constructed?

Assuming that the bulk thermal properties of lithospheric mantle
are well-approximated by those of olivine provides satisfactory fits to
many available datasets in the oceanic realm (Section 3.1; Richards
et al., 2018). However, this assumption is probably overly simplistic,
especially in terms of the evolution of composition and density struc-
ture with age. First, aluminous mantle lherzolites are depleted in clin-
opyroxene and plagioclase by melt extraction beneath the ridge axis,
reducing the density of the harzburgitic residuum (Schutt and Lesher,
2006). Secondly, the aluminous phase that is stable in peridotite
switches from plagioclase to spinel to garnet with increasing pressure,
with the exact depth of transition dependent on both temperature and
composition (Gasparik, 1984; Klemme, 2004). The spinel-garnet tran-
sition, in particular, could have a significant influence on subsidence as
the depth of the transition is expected to decrease as the lithosphere
cools, thickening the garnet stability field at older ages (Afonso et al.,
2007, 2008a). Spinel and garnet are the densest major constituents of
mantle peridotites, and therefore exert an important control on its
overall buoyancy. While spinel is generally more dense than garnet, its
modal proportion in peridotite is ~75% smaller, leading to a significant
increase in the net density of the lithosphere as the garnet stability field
expands (Schutt and Lesher, 2006; Bjerg et al., 2009; Korenaga and
Korenaga, 2016).

The role of these compositional variations can now be investigated
thanks to the development of powerful software packages that exploit
growing mineral physics databases and sophisticated computational
methods to predict how intrinsic physical properties of mantle lithol-
ogies vary as a function of temperature, composition and pressure (e.g.
THERMOCALC, Powell and Holland, 1988; pMELTS, Ghiorso et al.,
2002; Perple X, Connolly, 2005; HeFESTo, Stixrude and Lithgow-
Bertelloni, 2005; Theriak-Domino, de Capitani and Petrakakis, 2010;
MMA-EoS, Chust et al., 2017). These software packages, and the ther-
modynamic datasets that underpin them, have successfully reproduced
many fundamental observations. However, fully reconciling
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petrological and geophysical models of the lithosphere-asthenosphere
system remains a challenge. For example, lithospheric cooling models
that incorporate the garnet-spinel phase transition predict that sub-
sidence rates increase by an extra 80 m Myr ™~ after 20 Ma to values of
~500 m Myr ! (Korenaga and Korenaga, 2016). This rate is well above
observed trends, necessitating the invocation of additional processes to
counteract this effect. These processes include thermal cracking, and
also a systematic increase in temperature beneath older aged litho-
sphere that extends throughout the deep mantle, which the authors
attribute to the combined effects of radiogenic heating and secular
cooling (Korenaga and Korenaga, 2016). However, as noted previously
in Section 3, there is little observational evidence for the operation of
thermal cracking on the scale envisaged by this study, and seismic to-
mographic models do not consistently image warmer mantle beneath
older portions of the plate. Finally, as with the subsidence data, seis-
mological observations such as tomographically imaged shear-wave
velocity structure are better fit by calibrated pressure and temperature-
dependent parameterisations than those that also account for phase
transitions (see Fig. 11; Table 2). Some of this mismatch can be ascribed
to seismic resolution issues, limited understanding of melting beha-
viour, and the uncertain contribution of anelastic effects. However, the
magnitude of the discrepancy suggests that the equations of state that
underpin these thermodynamic calculations may require some refine-
ment (Beghein et al., 2018).

It therefore seems likely that these discrepancies partly reflect in-
accurate or incomplete thermodynamic data, which often requires ex-
trapolation of properties from laboratory to mantle conditions using
pressure and temperature derivatives (Schutt and Lesher, 2006).
Moreover, phase transitions and accompanying density and mineral
proportion changes are dependent on the composition, volatile content
and oxidation state, all of which are uncertain in the upper mantle
(Jennings and Holland, 2015). A further important caveat is that the
application of bulk equilibrium thermodynamics to these problems is
increasingly being questioned, particularly in the case of melt formation
and reactive transport, where effects of multiple phases and local re-
action kinetics are likely to be important (Aagaard and Helgeson, 1982;
Kelemen et al., 1992). Software capable of tackling these complex
systems is currently in development, but its impact on our under-
standing on the evolution of oceanic lithosphere remains unknown
(Tirone and Sessing, 2017; Tweed et al., 2019; Grose and Afonso,
2019a). Subsequently, it is not clear that experimental databases are
sufficiently complete, nor upper mantle chemistry adequately con-
strained, for thermodynamically self-consistent phase assemblages to be
accurately incorporated into thermal models at present.

Notwithstanding these issues, this topic remains a core goal of the
Earth sciences. If remaining difficulties can be overcome, combined
petrological and geophysical modelling has the potential to dramati-
cally improve our understanding of melt extraction, evolution of the
garnet-spinel transition, and the lengthscales of chemical heterogeneity
in the upper mantle. Moreover, given the relative youthfulness and
simplicity of the oceanic lithosphere-asthenosphere system, reconciling
geophysical observations with models of its compositional evolution is
likely to be key to improving our understanding of thermochemical
structure in more complicated settings, including in subduction zones
and the continental lithosphere.

5.2. Why are small-scale convection cells not consistently imaged?

Many models and observations indicate the likely role of small-scale
convection at the base of the plate in maintaining observed oceanic
subsidence, heat flow, seismic velocity and gravity anomaly patterns
(Huang and Zhong, 2005). However, given the apparent pervasiveness
of this process and its potentially abrupt onset, it is perhaps surprising
that observations of a systematic change in the planform of mid-wa-
velength gravity anomalies and seismic anomalies remains elusive.

Beneath fast-moving plates such as the Pacific Ocean (~100 mm
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yr~1), convection simulations and laboratory studies have predicted that
small-scale convection may take on the form of longitudinal rolls orga-
nised parallel to the direction of shear (plate motion), known as Richter
rolls (Richter, 1973; Richter and Parsons, 1975; Buck and Parmentier,
1986). The wavelength of these features is expected to be similar to the
thickness of the low-viscosity asthenosphere (~200 km; Richter, 1973;
Craig and McKenzie, 1986). Although the onset of small-scale convection
is not theoretically expected to occur until > 50 Ma for mantle viscosities
compatible with studies of glacial isostatic adjustment, the most con-
vincing observations of this behaviour come from significantly younger
lithosphere near the ridge axis (Davies, 1988; Korenaga and Jordan,
2003b). 100 km-500km wavelength geoid, gravity and topography
lineations have been detected in both the Pacific and Indian Oceans at
ages ranging from 5Ma to 100 Ma, often accompanied by non-age-pro-
gressive intraplate volcanism (Haxby and Weissel, 1986; Cazenave et al.,
1987; Maia and Diament, 1991; Marquart et al., 1999; Harmon et al.,
2006; Ballmer et al., 2007; Cadio and Korenaga, 2016). Alternative ex-
planations have therefore been put forward, including lithospheric ex-
tension, plate motion-parallel thermal contraction, or channelised asth-
enospheric flow (Sandwell et al., 1995; Gans et al., 2003; Holmes et al.,
2007; Weeraratne et al., 2007; Cormier et al., 2011). On a broader scale,
French et al. (2013) have used seismic tomography to image elongated
low-velocity structures in the asthenosphere beneath all of the ocean
basins. However, these features underlie lithosphere of all ages, appear to
be offset from observed geoid undulation patterns, and are much longer
wavelength (~1500 km) than existing geodynamic models predict for
small-scale convection cells (French et al., 2013).

If it does occur, the lack of unambiguous detections of small-scale
convection in subsidence, heat flow, gravity and seismic wave speed
anomalies at ~200 km wavelengths may indicate that these observa-
tions currently have insufficient signal-to-noise ratios, or are being
overprinted by other processes occurring at similar wavelengths.
However, it may also suggest that the convection cells are even smaller
in scale than anticipated, possibly as a result of anisotropic viscosity,
non-linear rheology, melt-induced destabilisation, or complexities in-
troduced by the interplay between compositionally buoyant, high-
viscosity depleted mantle and lower viscosity, fertile mantle (Lev and
Hager, 2008). Moreover, as the onset time of small-scale convection is
highly sensitive to viscosity, and the extent of melt depletion at the
ridge axis is likely to vary geographically, the change in geophysical
observables associated with small-scale convection may not be suffi-
ciently systematic for it to be clearly discerned from background trends
(Korenaga and Jordan, 2003b; Afonso et al., 2008b; Ma and Dalton,
2019). Finally, two-dimensional linear stability analysis suggests that if
the local Rayleigh number associated with small-scale convection is
sufficiently high, roll-like convective features would eventually become
unstable, even at high plate velocities (Korenaga and Jordan, 2003a,
2004). As a result, small-scale convective planforms could become
disordered and multimodal at older ages, complicating their detection
in geophysical observations (e.g. Busse and Whitehead, 1971).

In summary, although convincing observations of small-scale con-
vection are currently lacking, the thermal evolution of the oceanic li-
thosphere inferred from oceanic datasets provides compelling evidence
for its operation beneath large swathes of the seafloor. Ongoing efforts to
deploy high-density seismic arrays in ocean basins, such as the Pacific
Array and ORCA experiments, allow the oceanic thermal boundary re-
gion to be studied in far greater detail (Kawakatsu and Utada, 2017;
Gaherty et al., 2018). In particular, detailed seismic anisotropy ob-
servations may allow complex flow patterns to be identified and con-
clusively confirm the presence or absence of small-scale convection.

5.3. Can we match geophysical observables with dynamical models of
lithospheric cooling?

Seismological, magnetotelluric and subsidence data all appear to
show flattening at old ages that is consistent with a basal resupply of
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heat. Whilst the plate model is one attempt to represent this behaviour,
it is a simplification of the physical processes that control the transition
from the conductively cooling mechanical boundary layer into the
convecting thermal boundary layer and adiabatic mantle beneath. Key
assumptions are that oceanic lithosphere cools purely by conduction to
a fixed depth, below which temperature is held constant, and that this
densification is perfectly coupled to surface bathymetry by isostatic
compensation, with zero contribution from structure deeper than the
notional plate thickness. This effect introduces an inconsistency
whereby the model assumes no advective flow of material, yet isostasy
necessitates lateral flow of material beneath the compensation depth to
equalise lithostatic pressure gradients.

In the context of a vigorously convecting mantle, viscous flow
produces pressure gradients and dynamical stresses that affect the
coupling between internal density anomalies and bathymetry. This
behaviour can be more accurately described by weighting cooling-re-
lated density changes with a wavelength-dependent topographic response
kernel, H, that accounts for variations in viscosity as a function of depth
(Parsons and Daly, 1983). H is unity in the high-viscosity mechanical
boundary layer, corresponding to full expression of isostatic topography
at the surface. H then decreases smoothly to between ~0.8 and ~0.3 at
the base of the low-viscosity thermal boundary layer, depending on the
wavelength of the density anomaly and viscosity contrast between this
layer and the underlying mantle (Fig. 14; Robinson and Parsons, 1988).
This behaviour contrasts with the plate model, where H = 1 every-
where above the notional plate thickness and H = 0 below.

The increase in lithospheric density and resulting seafloor sub-
sidence scales with the depth-integrated temperature change between
the geotherm and the original adiabat. Importantly, as illustrated by the
schematic example shown in Fig. 14, ~90% of this temperature change
occurs within the mechanical boundary layer, where H = 1 and both
formulations produce the same quantity of subsidence. The remaining
~10% of subsidence is controlled by temperature changes within the
thermal boundary layer, where H is less than 1. However, the deviation
from the original ridge adiabat is relatively modest at these depths, and,
as a result, the depth-integrated temperature change, when weighted by
the kernel, is within 2% of the equivalent value that would be obtained
for the plate model. Given the =100 m uncertainties in water-loaded
basement depth calculations, this difference is below the threshold of
detectability. This result also potentially reconciles the apparent in-
consistency between otherwise successful plate models, where tem-
perature differences persist no deeper than 95-135km, and seismic
observations that indicate age-dependent temperature variations actu-
ally persist to depths of ~150 km (e.g. Fig. 11).

In order to account for additional complexities such as a spherical
geometry, Richards and Hager (1984) extended the instantaneous flow
kernel approach outlined by Parsons and Daly (1983). In their for-
mulation, spatially varying fields, such as the internal density structure,
are expressed in spherical harmonics of degree, I, and order m. The
equivalent wavelength, A, of a given harmonic at the Earth's surface can
be calculated using 1 = \c“% ~ ‘“’ﬁf’%ﬁm,
dius (6371 km). Water-loaded deflections of the Earth's surface, da, can
be calculated according to

where Rg is the Earth's ra-

1 R
Salm = ./; ® H(z)6p"™ (z)dz

(og — py,) “/CMB (2)
where p, = 3330 kg m ™~ is the density of the mantle, p, =~ 1030 kg
m~2 is the density of water, and 8p(2) represents the internal density
perturbations as a function of depth. H' is the topography kernel, which
depends on both the radial viscosity profile and spherical harmonic
degree of the driving density anomaly.

Following the approach of D. McKenzie (pers. comm., 2019), we
want to investigate whether density variations imaged by seismic to-
mography are consistent with global subsidence observations, without
imposing the physics of either half-space or plate cooling models at old
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Fig. 14. Schematic of plate model approximation to probable boundary layer
structure at old ages. Vertical black dashed line = adiabatic temperature gra-
dient that approximates geotherm during decompression beneath a mid-ocean
spreading ridge; solid black line = representative steady-state geotherm for old
oceanic lithosphere (McKenzie and Bickle, 1988; McKenzie et al., 2005); dotted
black line = plate model geotherm for old oceanic lithosphere; red dashed
line = notional plate thickness; horizontal black dashed lines mark transitions
from conductively cooling mechanical boundary layer (MBL) into thermal
boundary layer (TBL) into the convecting adiabatic mantle; colours = re-
presentative topography sensitivity kernel values based on Fig. 10 of Robinson
and Parsons (1988).

ages a priori. Since both models have almost identical temperature
structure at young ages, we calibrate the shear-wave velocity to density
conversion using only temperatures from the half-space cooling model
for ages =70 Ma (see Section 3.3). We adopt the SL2013sv tomographic
model and expand the resulting density perturbations in spherical
harmonics up to a maximum degree, l,,o, = 90 (Schaeffer and Lebedev,
2013). Conductive cooling is not expected to reach the transition zone
over the course of 200 Myr, so we evaluate the integral in Eq. (2) be-
tween 400 km and the surface to determine the expected subsidence as
a function of age. We use an instantaneous flow formulation that in-
cludes the effects of self-gravitation and compressibility, with free-slip
boundary conditions applied at the Earth's surface and core-mantle
boundary (see Corrieu et al., 1995; Colli et al., 2016). We adopt the
radial viscosity profile of Steinberger et al. (2010) throughout the
mantle, but vary asthenospheric (100-220km) values and compare
predicted basement depths and gravity anomalies with the observations
in each case (Fig. 15).

Despite calibration against a half-space cooling model for ages <70
Ma, at older ages, subsidence trends expected from tomographically
inferred buoyancy anomalies match both observed basement depths
and the predictions of the optimal plate model remarkably well
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Fig. 15. Global subsidence and gravity predictions
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(Fig. 15d). There is a positive excursion around 120-140 Ma, which
may represent the imprint of small-scale convection, and is approxi-
mately consistent with the gentle bathymetric shoaling observed by
Crosby et al. (2006). As found by Robinson and Parsons (1988), ex-
pected subsidence is relatively insensitive to the asthenospheric visc-
osity contrast. However, this insensitivity is not replicated by the
gravity data, for which a notable change in the quality of fit occurs as
the viscosity contrast between the asthenosphere and underlying
mantle, %, is varied from 10°— 1073 (Fig. 15e). Optimal fits occur with a
viscosity (jump of 10-30, which is consistent both with predictions from
the anelastic parameterisation used to determine density structure and
with previous studies of mantle rheology (Robinson and Parsons, 1988;
Iaffaldano and Lambeck, 2014).

These instantaneous flow calculations implicitly assume that visc-
osity varies only as a function of depth, an assumption that is probably
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valid at older lithospheric ages, but may be less well founded in
younger areas if the effect of temperature on viscosity dominates the
compositional effect of depletion and dehydration by melt removal at
the ridge axis. Although some previous studies have attempted to ac-
count for these lateral viscosity variations, they do not include seis-
mologically constrained temperature and density anomalies, nor are
they carried out in a three-dimensional spherical geometry, making it
difficult to draw useful comparisons with the results presented here
(Davies, 1988; Huang and Zhong, 2005; Korenaga, 2015; Korenaga and
Korenaga, 2016). In any case, the relative insensitivity of dynamic to-
pography and gravity observations to lateral viscosity variations sug-
gests that our global calculations would not change appreciably if this
rheological complexity were accounted for (Moucha et al., 2007).
Therefore, while future work should aim to address whether the flat-
tening signal we have identified is constant through time or represents a
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snapshot of a complex and time-evolving lithosphere-asthenosphere
system, our results provide important justification for using a plate
cooling model to predict present-day subsidence and gravity anomalies
related to lithospheric cooling.

6. Conclusions

The last few decades have seen significant advances in the quantity,
quality, and types of observational data collected in the oceanic realm.
These new datasets, in combination with improved numerical, theore-
tical and laboratory-based studies on the thermal and rheological
properties of mantle rocks, have considerably improved our under-
standing of the oceanic lithosphere-asthenosphere system. Subsidence,
heat flow, seismological, magnetotelluric, and gravity observations in-
dependently suggest that temperature evolution generally approaches a
steady-state profile at old ages, rather than continuing to cool in-
definitely. This behaviour is shown to be more compatible with plate
rather than half-space cooling models, although results are more
equivocal in the Atlantic and Indian Oceans than in the Pacific Ocean.
Significantly, cooling models that incorporate the latest experimentally
derived parameterisations for pressure and temperature-dependence of
olivine thermal properties, in addition to a 7 km-thick layer of in-
sulating oceanic crust, are essential for simultaneously fitting both
surficial and deep observational data.

Recently, there have been calls to abandon simple cooling para-
meterisations in favour of more complex reference models that directly
account for processes including secular cooling, internal heating,
thermal cracking, and small-scale convection (Korenaga, 2020). How-
ever, considerable uncertainty surrounds the relevance and magnitude
of these processes, and incorporating them into dynamical simulations
remains computationally expensive. We therefore suggest that, given
the demonstrated ability of plate cooling models to accurately represent
the first-order evolution of oceanic lithosphere, these simple models
remain of great utility.

Whilst the thermal evolution is increasingly well understood, upper
mantle rheology and flow patterns are less well constrained. In parti-
cular, although there is convincing evidence for resupply of heat be-
neath lithosphere at older ages, the plate model gives limited insight
into the underlying dynamics. Small-scale convection appears to be the
most likely cause of this resupply, but unambiguous observations of this
phenomenon remain elusive. Nevertheless, irrespective of reheating
mechanism, we have demonstrated that globally averaged flattening
signals in subsidence and gravity data can be successfully predicted

Appendix A. Thermal structure
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with three-dimensional instantaneous flow models that incorporate
tomographically inferred density structure. Importantly, this result
confirms that the plate model provides a good approximation of the
thermal evolution of oceanic lithosphere. Moreover, since we have
shown that departures from this background trend correlate well with
independent geochemical constraints on mantle temperature, residual
deviations can be used to delineate upper mantle thermal anomalies
and regions of actively upwelling and downwelling mantle flow.

Although observations of the oceanic lithosphere-asthenosphere
system are becoming increasingly consistent with one another, a full
understanding of the dynamics, chemical heterogeneity and time-de-
pendent behaviour of this region is still under development. Making
progress on these outstanding questions will involve integrated petro-
logical and geophysical modelling, improved constraints on the phy-
sical properties of mantle mineral assemblages at relevant pressures and
temperatures, and higher-resolution imaging of the seismic and con-
ductivity structure of sub-oceanic mantle. This endeavour is critical to
many branches of geoscience, since the relatively simple structure and
behaviour of the oceanic upper mantle makes it the ideal foundation on
which to build our understanding of Earth's internal structure, dy-
namics, and its impact on surface processes.
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All cooling models calculated here parameterise the thermal structure of the oceanic lithosphere using the one-dimensional heat equation

expressed as
(. T.X)Cr (T, X)L = i[k(P, T,X)a—T]
ot 0z 0z

where p is density, Cp is heat capacity, and k is thermal conductivity.

(A.1)

We solve Eq. (A.1) numerically with an unconditionally stable time and space-centered Crank-Nicholson finite-difference scheme and a predictor-

corrector step (Press et al., 1992). Accordingly, Eq. (A.1) is recast as

Ky kool ks
T(l+1 +A _ ZT(t+1+ 2 + 2 sz+1_ 2 Tp+1
J Jj+1 J Jj-1
Az Azj" 1 Az,
kmy kmyo kg Ky
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where
At

R (Ag) + Az

(A.2)

(A.3)

(A.4)
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For the predictor step m = n, whilst for the corrector stepm = n + % (see Richards et al., 2018). These sets of equations are solved by tridiagonal
elimination (Press et al., 1992). For incompressible models, Az;" has a constant value of 1 km whilst in compressible models, Az;" is space-centered
and scales with thermal contraction. We use a timestep, At, of 5 kyr.

Half-space cooling models are calculated in the same manner as plate models except the base of the domain is set to 400 km so that the constant
temperature boundary condition has no impact on cooling over the ~200 Myr model timespan. Initial ridge axis temperature profiles for each
potential temperature are calculated using the melting parameterisation of Shorttle et al. (2014), with temperature assumed to linearly decrease
from the melting parameterisation value at 7 km depth to 0°C at the surface.

Appendix B. Subsidence and heat flow calculations

For cooling models that use constant or temperature-dependent thermal properties, water-loaded subsidence through time, w(t), is calculated
using an isostatic balance given by

1 0
W) = o [ 102 = p(10)]de ®.1)
where p,, = 3330 kg m ™3 is mantle density, p,, = 1030 kg m 3 is the density of seawater, and p is the density of the lithosphere that varies as a
function of depth, z, and age, t. At t = 0, the mid-ocean ridge generally sits in 2-3 km of water, the water-loaded depth to basement, 2, therefore
evolves as z,(t) = w(t) + z,, where z, represents the zero-age water depth. In the case of the plate cooling model, conductive cooling of the litho-
sphere only extends down to a fixed depth, z,, which can be substituted for < in the upper limit of the integral in Eq. (B.1). Similarly, as half-space
cooling models are evaluated numerically within a domain that extends to 400 km depth, < is replaced by this value when calculating subsidence.
The pressure- and temperature-dependent models we evaluate in this study are also compressible, so Eq. B.1 is recast as

Pp ®© 0(0,2") ] ,

wt)= ———— 1-— < |dz
Py = Py (D) fo [ p(t,2) (B.2)
where 2’ is the Lagrangian depth coordinate that contracts vertically as the lithosphere cools, p, is the density at the depth of compensation (i.e. the
shallowest depth where p(t,z") and p(0,2") are equal) and p,,(t) = 1028 + 0.0024 z(t) kg m 2 to account for the compressibility of seawater (Grose

and Afonso, 2013).
For all models, surface heat flow, H(nAt), at time nAt is calculated using

ke (' — Tg)
Az (B.3)

H(nAt) =

where k¢ is the surface conductivity Ty is surface temperature, T} is temperature at the next deepest node (1 km depth for incompressible models),
and Az{ is the depth increment between these nodes.

Appendix C. Parameterisation of thermal properties
C.1. Constant conductivity models

Constant conductivity models adopt thermal properties from Parsons and Sclater (1977), where k = 3.138 Wm ' K™!, ¢ = 3.28 x 107> K}
and Cp = 1171.52 J kg ' K~ L.

C.2. Temperature-dependent models

Temperature-dependent models adopt parameterisations derived from experimental data on olivine. Radiative conductivity is based on
Hofmeister (2005), lattice diffusivity on Pertermann and Hofmeister (2006), thermal expansivity on Bouhifd et al. (1996), and heat capacity on
Korenaga and Korenaga (2016).

Total conductivity is expressed according to

k(T) = 11 (T)p(T)Cp (T) + kyaa (T). Ccn

Thermal diffusivity, x,,

%0t (T) = [Ko + Klexp(—T — E)) + ngxp(—T - TO)] X 1076,

L) K4

(C.2)

where xy = 0.565, 1 = 0.67, &, = 590, 13 = 1.4, x4 = 135, and T, = 273K. Density is determined using the expression of McKenzie et al. (2005), where

p(T) = poexp{—[ao(T -1+ B - T&)]},

(C.3)
and a = 2.832 X 107>, a; = 0.758 x 10~ 8 and p, = 3330 kg m ~>. Heat capacity is evaluated using
G (T) = co— e, T 2 — T3, (C.4)
where ¢, = 1580, ¢; = 12230 and ¢, = 1694 x 10°.
To calculate radiative conductivity, we adopt the expressions of Grose and Afonso (2013), where
T — Ty)? T — Tp)?
kaa (T) = A, em[—%] + BreXp[—ﬁ],
2x3 2x3 (C.5)
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where

413 405
A, =18|1— — = [1- -— |
[ exp( 0_15)] [ exp( S )]
3
B, = 11.7exp(—L) + 6exp(—d—),
0.159 10

40315 d
T4 = 490 + 1850 exp| — + 875 exp(——),
0.825 0.18

dO.S
Tp = 2700 + 9000 exp| — s
0.205
0.5

d
X4 = 167.5 + 505 exp| ——— |,
4 p( 0.85)

d0,94
xg = 465 + 1700 exp(— 0175 )

and d = 0.5 cm is the grain size.
C.3. Pressure and temperature-dependent models

Total conductivity in the pressure and temperature-dependent models is expressed using

dln(k)
oP

k(P,T) = 110 (T)p (P, T)Cp (T) eXp[ P] + kyaa (T),

(C.6)

3ln(k)
ap
(2013). First, isothermal volume change, (%)T, is calculated at each pressure using a Brent minimisation algorithm and the third-order Birch-

where =0.05Wm™'K~! GPa~! (Hofmeister, 2007). The pressure dependence of density is calculated using the approach of Grose and Afonso

Murnaghan equation of state

s RO SR O

where Ky = 130 GPa is the bulk modulus at zero pressure and K; = 4.8 is the pressure-derivative of the isothermal bulk modulus. The associated
isothermal density change with pressure, p(P), is given by

P(E)=po (%)T C.8)

where po = 3330 kg m ™2 is the density of mantle at surface pressure and temperature. The effect of pressure on thermal expansivity is included
according to

ao(cl(D’T? B (%)T eXp{@T * 1)[(%): N l]} (€.9)

where 87 = 6 is the Anderson-Griineisen parameter and a(T) = ap + a;T. Thus, the density as a function of both pressure and temperature, p(P, T),
can be calculated using

_ Yo _ a(P,T) _ o 2
p(P,T)—pO(V)T{l [—Q(T)][am )+ B T@]}.

(C.10)

In models that also include a 7 km-thick insulating crustal layer we adopt the same parameterisations of thermal conductivity, thermal ex-
pansivity and heat capacity as Grose and Afonso (2013) and Korenaga and Korenaga (2016). Thermal conductivity of the crust is formulated as

din(k)
k¢(P,T) = x5y (T)p¢ (P, T)Cs (T ———=P| + kyqa(T),
(2.1) = w5, (D (2. 1O ) exp| S0 | 4 o) i
with the lattice diffusivity of the crust, x, is calculated using
1 (T) = {Ké + Kfexp(—T _CR) + k§exp(—T _C%)} X 1070,
xs x5 (C.12)

where x§ = 0. 432, x{ = 0. 44, x5 = 380, x5 = 0. 305, and x; = 145. Thermal expansivity of oceanic crust, a‘, is parameterised as a above but with ag
and o; replaced by af = 1. 639 X 10~ and af = 1. 322 x 1078, respectively. Crustal heat capacity is calculated assuming the oceanic crust is 65%
plagioclase, 15% olivine and 20% clinopyroxene according to

1
cs = 0.15[c5” + T2 + cz"lT‘3]

. . . . 1 .
+0.2 [cgpx F P T+ P T2+ P T2 + c;PxTZ]

1
+ o.as[copl“g + e T 4 cPET-2 4 P8 T 4 cPlag TZ], (€13)

29



F. Richards, et al. Physics of the Earth and Planetary Interiors 309 (2020) 106559

where ¢f'=1.6108 x 103, c¢f' = —1.24788 x 104, cfl= —1. 728477 x 10% ¢ =2.1715 x 103, ¢P* = —4. 555 x 1071, ¢ = 1. 1332 x 106,
e = —2.22716 X 10%, P =1.299 x 1074; ¢l = 1. 85757 x 103, cf'® = —3.324 x 107}, ¢ = —5.061 x 10°, cf' = —1. 64946 x 10%, and
P = 1. 505 x 104,

Appendix D. Model assessment

All numerical model outputs are jointly fit to subsidence and heat flow observations. The misfit between observed and calculated subsidence is
assessed using

= Ly (u)
y VMS -1 9]

(D.1)
where w and w;° are the observed and calculated values of water-loaded subsidence, M; is the number of measurements, and o; is the standard
deviation of observed subsidence (~700 m). Subsidence observations from seafloor younger than 5 Ma are excluded in order to sidestep any possible
effects of vigorous hydrothermal circulation near the ridge axis (Grose and Afonso, 2013). The two water-loaded basement depths on seafloor older
than 200 Ma are also omitted, leaving 1861 measurements in total.

Misfit between observed and calculated heat flow is calculated using

-
“‘L My (Hio_Hl_c)Z

= |
| *
\‘ Mh i-1 q;

Xn
(D.2)
where H;° and H;® are the observed and calculated values of heat flow, M, is the number of 2.5 Ma age bins, and o;" is defined as the interquartile
range of each 2.5 Ma bin divided by 1.349, in accordance with the statistical analysis of Hasterok et al. (2011). As with the subsidence constraints,
observations from seafloor younger than 5 Ma are excluded. Since measurements from seafloor older than 168 Ma are spatially biased and noisy we
have excised them from the data compilation, leaving 64 age bins in total. Note that heat flow measurements have been corrected for the effect of
sedimentation on conductive geotherms following the methodology outlined in Richards et al. (2018).
These two misfit functions are equally weighted and combined into a single misfit function given by

_ X +xn
=N (D.3)

The optimal model for each parameterisation is determined via a parameter sweep with potential temperature fixed at the geochemically
constrained value of 1333°C, zero-age ridge depth, z,, varied between 1 and 4 km at 0.05 km intervals, and, in the case of the plate models, plate
thickness, 2, is also varied between 50 km and 210 km in 5 km increments. The resulting misfit functions are then interpolated at finer resolution to
find the global minimum (0.001 km for 2,; 1km for z,).

Appendix E. Gravitational response calculation

To calculate the isostatic gravity field associated with different cooling models, we follow the approach outlined by Crosby et al. (2006). First, the
oceanic age grid of Richards et al. (2018) is expanded into spherical harmonic coefficients up to and including degree 90. Secondly, a grid of
anomalous gravitational potential, AU(x,y), is calculated on this filtered age grid using

(Po - PW)W (x,y)?
2

AU (x,y) = —ZﬂG[ + jo’z" 200 (x,y,2)dz |,

(E.1D)

where Ap is the density contrast between a vertical column of hot asthenosphere at the ridge axis and a column of cooling and thickening lithosphere
away from the ridge axis, w is plate subsidence, and z, is plate thickness or, in the case of half-space cooling models, the base of the model domain,
i.e., 400 km. z = 0 is at the seabed, p, = 3330 kg m 3, is mantle density at 0°C and p,, = 1030 kg m > is the density of water. Thirdly, the grid of AU
(x,y) values is fitted using real spherical harmonics up to degree 120, generating a suite of coefficients Cj,, and Sy, (Where [ is the degree and m is the
order). Finally, the predicted free-air gravity field can be calculated with the expression

120 1

Ag = —% g d+1) mgo [Ciucos(mA) + Sy sin(mA)] Py (cos 6), ©2)

where P, is the normalised Legendre polynomial, A is longitude, 0 is co-latitude and R = 6371 km is the Earth's radius (Fig. 4b and c¢).
Appendix F. Calibrated anelastic parameterisations

For the anelastic parameterisation of Yamauchi and Takei (2016), best-fitting parameter values are calibrated for each seismic tomographic
model using an inverse modelling approach and a suite of constraints on upper mantle shear-wave velocity, temperature, attenuation and viscosity.
The inversion methodology, mathematical formulations and input constraints we use are identical to those detailed in Richards et al. (2020), except
that oceanic Vg versus temperature constraints are obtained from the optimal half-space cooling model (T, = 1333°C; 2. = 1906 m), and only for ages
up to 70 Ma. Due to the limited vertical resolution of the tomographic models (25-50 km), these constraints were drawn from two depth slices
created by averaging Vg between 75-100 km andal 00-1 255 km, with corresponding temperatures obtained at the midpoints (87.5 km and 112.5 km).
0 SHy M

Seven parameters are calibrated in total. 1, S and 5—;’ describe variation of the unrelaxed shear modulus, p;, with pressure and temperature,

thereby controlling anharmonic behaviour. 7, E,, V,, ? and define the diffusion creep viscosity, #, and therefore control anelastic behaviour related

to diffusionally accommodated grain boundary sliding. The calibrated parameter values are given in Table F.3.

30



F. Richards, et al.

Table F.3

Physics of the Earth and Planetary Interiors 309 (2020) 106559

Calibrated parameter values for Yamauchi and Takei (2016) anelastic parameterisation based on different seismic tomographic models. H = weighted misfit (see
Richards et al., 2020). Units are: GPa (u); GPa ‘C~" (%U); dimensionless (*2); Pa s (4,); kJ mol ™" (E,); em® mol ™ (V); and °C km ™' (%),

Model uy oy Suy. nr E, Va Ty H
aT aP 0z
SL2013sv 77.9 —0.020 2.70 1.36 x 10%? 300 0.00 0.93 0.64
SEMUM?2 79.9 —0.020 2.32 3.12 x 10'7 100 8.35 4.50 0.84
CAM2016 74.0 —0.016 2.31 1.21 x 10% 295 0.00 0.92 1.06
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