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Abstract

Bathymetric and heat flow measurements indicate that the oceanic lithosphere reaches a steady state thickness at ages that differ between
the ocean basins. Even though this ‘seafloor flattening’ signal has been recognised in these datasets for over half a century, the physical
mechanism responsible for causing this trend remains highly disputed. Here, | identify and quantify the primary processes responsible for
seafloor flattening by evaluating each candidate mechanism in depth. The candidate mechanisms includes dynamic topography, mantle
rejuvenation via plume interaction with the lithosphere and small-scale convection. First, | show that the proposed age-dependent trends in
sub-lithospheric temperature and dynamic topography associated with secular cooling do not appear to exist, suggesting that deep mantle
dynamics play little role in generating flattening. Next, using global plate models, | demonstrate that the magnitude and spatial extent of
lithospheric rejuvenation, while locally important, is insufficient to account for observed bathymetric signals on a basinwide scale. Finally, a
strong correlation between lithospheric thickness and crustal thickness in old oceanic lithosphere reveals that the presence of hotter sub-ridge
potential temperatures during initial lithospheric formation may influence the onset of small-scale convection (SSC). Melt-depletion modulated
small-scale convection therefore appears to be the dominant mechanism controlling seafloor flattening. This inference is confirmed by the
strong agreement between numerical SSC modelling model predictions and observed changes in SSC onset age between basins. Findings
indicate that SSC is widespread beneath old oceanic lithosphere, explaining the success of plate cooling models in depicting observed
age-dependent bathymetric trends.
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1. Introduction

The first model introduced to explain the age dependence of heat flow and bathymetry of oceanic lithosphere
was the half-space cooling (HSC) model (Parker and Oldenburg, 1973; D. Turcotte and Oxburgh, 1967).
The HSC model describes the oceanic lithosphere as a semi-infinite medium (or “half-space”) that cools
through vertical heat conduction (Figure 1a). As cooling progresses, the thickness of the thermal boundary
layer (TBL) increases in proportion to the square root of its age. However, due to the increase in quality
and volume of global bathymetric, seismic, and gravitational data, it became obvious that simple HSC
models were inadequate to describe seafloor older than ~70—80 Ma. Observations of ship-board oceanic
bathymetry and heat flow measurements (e.g., Parsons and Sclater, 1977; Stein and Stein, 1992) and
insights from studies of residual depth anomalies (e.g., Crosby and McKenzie, 2009; M. J. Hoggard et al.,
2017; F. Richards et al., 2018) indicated that the lithosphere doesn’t continue to cool and subside indefinitely
as the HSC model suggests, but instead reaches a steady-state thickness, leading to a ‘flattening’ of
seafloor depths (F. Richards et al., 2020). A new model was developed to explain this ‘flattening’ behaviour
called the plate cooling model (PCM) (Parsons and Sclater, 1977). The PCM assumes the lithosphere
reaches steady-state thickness by maintaining a constant temperature at a fixed depth (~100 km; Parsons
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and Sclater, 1977; McKenzie et al., 2005). Although the reality of seafloor flattening was identified over half
a century ago and is now widely accepted, the physical mechanism responsible for resupplying heat to the
base of the TBL remains highly disputed.

Across the candidate mechanisms to explain this behaviour, sub-lithospheric small-scale convection
(SSC) is most commonly proposed (Richter, 1973; Richter and Parsons, 1975; McKenzie and Weiss, 1975;
Parsons and Sclater, 1977) and the supporting evidence is increasingly persuasive, e.g., recent seismic
tomographic imaging of associated structures (Eilon et al., 2022). SSC is characterised by localised
convective cells, predicted to be aligned with absolute plate motion, called 'Richter’ rolls (Figure 1b; Richter,
1973; Buck and Parmentier, 1986; Huang et al., 2003; Conrad and Lithgow-Bertelloni, 2006). SSC is
expected to develop when cool dense lithosphere thickens sufficiently to pass a critical threshold (Buck and
Parmentier, 1986; Ballmer et al., 2007), beyond which Rayleigh-Taylor instabilities are triggered that lead
to convective overturns (Parsons and McKenzie, 1978; D. L. Turcotte and Schubert, 2002; Zaranek and
Parmentier, 2004). This convective destabilisation thins the lithosphere, increasing heat flow into its base
(Davaille and Jaupart, 1994; Huang and Zhong, 2005). While SSC can increase heat flux, sceptics such
as Sleep (2011) suggest that the heat provided by SSC alone is insufficient to halt the seafloor subsidence
at older ages (i.e., >70 Ma).

Alternatives to SSC have been proposed such as lithospheric uplift and reheating by hotspots (e.g.,
Crough, 1978; Heestand and Crough, 1981; Davies, 2011), which has been more recently termed the
"lithosphere rejuvenation model” (Utada, 2019). This model suggests that as the lithosphere passes over
a plume, an increase in basal heat flux occurs, leading to lithospheric thinning or "rejuvenation”, as well
as dynamic topographic uplift (Figure 1c; Li et al., 2004; Thoraval et al., 2006). Another explanation is
related to the decay of radiogenic isotopes and secular cooling (e.g., T. Korenaga et al., 2021). As secular
cooling progresses, and radiogenic heat production decreases, the mantle’s overall heat flux is expected
to have decreased over time (Humlera et al., 1999). As a result, it has been suggested that the older
lithosphere will have received systematically more mantle heat over its lifetime. This potentially increases
its present-day temperature and reduces its subsidence relative to the present-day mid-ocean ridge system,
which leads to flattening (J. Korenaga, 2008, 2015). Expanding on this idea, T. Korenaga and Korenaga
(2016) and T. Korenaga et al. (2021) recently suggested that secular cooling and reduction in radiogenic
heating may result in systematically higher temperatures in the convecting mantle beneath older oceanic
lithosphere. This leads to an increase in dynamic topography at old ages that may explain observed
flattening (Figure 1d).

While understanding the mechanisms of seafloor flattening is vital, attention must also be paid to the
differences in their manifestation across oceanic basins. Significant differences are evident in the timing
of seafloor flattening among the basins: flattening occurs around ~75 Ma in the Pacific, ~95 Ma in the
Atlantic, and ~100 Ma in the Indian Ocean (F. Richards et al., 2020). These variations suggest that different
mechanisms may be dominant in each basin (Lee et al., 2005; Crosby and McKenzie, 2009).

In recent discussions, researchers have emphasised the need to move away from simplistic cooling
parametrisation in favour of models that directly incorporate physical mechanisms that could account for
observed flattening, such as SSC, secular cooling and radiogenic heating (J. Korenaga, 2020). Determining
which mechanisms contribute to seafloor flattening has far-reaching implications, not only for geodynamic



Jay Haley What Causes Seafloor Flattening?

Figure 1. Thermal models of cooling oceanic lithosphere including potential mechanisms of flattening, modified after

F. Richards et al., 2020. (a) The half-space cooling (HSC) model, where z,. is the zero-age ridge depth, T}, is the potential
temperature of the asthenosphere, and w(t) describes subsidence as a function of age. (b) The plate cooling model (PCM),
where z, denotes equilibrium plate thickness which is maintained by sub-lithospheric small scale convective destabilisation once

the lithosphere thickens beyond a threshold value. (c) Deep ‘Dynamic topography’ model where flattening is caused by a
systematic increase in depth-integrated sublithospheric mantle temperature with increasing crustal age. Increase in temperature
illustrated with orange to red gradient. (d) 'Lithospheric rejuvenation’ model where flattening occurs via mantle-plume-induced

dynamic uplift and thermal erosion of the lithosphere.
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modelling of subduction and dynamic topography but also for interpreting seismic tomography data,
understanding melt generation processes beneath mid-ocean ridges and constraining Earth’s long-term
heat flow and energy budget. Furthermore, an improved framework for linking basin-specific subsidence
trends to their underlying causes will inform reconstructions of paleoceanographic conditions and long-term
sea-level changes.

| seek to quantitatively determine which mechanisms are primarily responsible for observed seafloor
flattening by integrating comprehensive analysis of geophysical data from the Pacific, Atlantic, and Indian
Oceans with empirical and numerical models. First, | determine whether deep mantle dynamics could
be the primary driver of the observed bathymetric flattening with age (as proposed by T. Korenaga et al.,
2021). Secondly, | quantify the extent to which lithosphere rejuvenation via plume activity can account
for observed flattening. Next, | investigate the correlation between the onset age of seafloor flattening
and mid-ocean ridge paleo-temperatures. Finally, | build 2D geodynamic models to test whether the
observed relationships between basins can be linked to changes in SSC onset age caused by mantle
temperature-induced variations in the depth extent of sub-ridge melt depletion and elevated compositional
viscosity.

2. Dynamic Topography

2.1. Methods

T. Korenaga et al. (2021) proposed that secular cooling and reduced radiogenic heating may lead to
systematically higher mantle temperatures throughout the convecting mantle beneath older oceanic
lithosphere, leading to increasingly positive dynamic topography with age causing seafloor flattening. To
test this proposed age-dependent trend in sub-lithospheric temperature and dynamic topography, the
instantaneous flow kernel approach outlined in F. D. Richards et al. (2023) was used to predict present-
day dynamic topography signal associated with buoyancy anomalies below the cooling TBL (>250 km
depth). Mantle flow simulations employed 15 density models, each optimised to simultaneously fit present-
day dynamic topography, geoid, and core-mantle boundary (CMB) excess ellipticity observations given
a particular input seismic tomographic model and radial mantle viscosity profile (see ‘Compositional
inversions’ in F. D. Richards et al. (2023) for details). Importantly, these observationally constrained
models account for compositional heterogeneity associated with large low-velocity provinces (LLVPS) in
the deep mantle, spurious long-wavelength structure in the mid-mantle from vertical smearing artefacts in
tomographic inputs, and the non-linear temperature dependence of shear wave velocity due to anelastic
effects. Present-day dynamic topography was then calculated for each model up to spherical harmonic
degree, [ = 30 (~ 1,000 km wavelengths), excluding density anomalies above 250 km depth to avoid
contamination of any systematic temperature signal associated with lithospheric cooling.

To explore potential age dependence in dynamic topography predictions, model outputs were globally
binned by crustal age in 2 Ma increments (Figure 2c), using the polygon dataset of M. J. Hoggard et al.
(2017) to exclude regions with bathymetric anomalies unrelated to plate cooling (e.g., fracture zones),
ensuring better comparability with basement depth datasets that avoid such features. Binning was also
performed for individual ocean basins for interoceanic comparisons (Figure 2e,g,i). To assess whether
age-dependent dynamic topography signals could explain observed bathymetric flattening, they were
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added to an optimal HSC model of F. Richards et al. (2020) and compared with measured basement
depths (F. Richards et al., 2018). For each comparison, dynamic topography values were first binned by
age into 2 Ma intervals across all 15 models, calculating the mean and standard deviation within each bin.
The final average and standard deviation were then determined by aggregating the intermodel variations
across these binned results, illustrating uncertainties associated with intermodel variability (Figure 2d,f,h,j).

2.2. Results

The relationship between dynamic topography (a proxy for depth-integrated sublithospheric mantle tem-
perature variation) and age varies regionally. Globally, oceanic dynamic topography negatively correlates
with age (r = -0.47, R? = 0.22; Figure 2c) with similar trends in the Pacific Ocean (r = -0.46, R? = 0.21;
Figure 2e) and a weaker correlation in the Atlantic (r = -0.26, R? =0.07; Figure 2g). Interestingly, the Indian
Ocean deviates from this global pattern, showing a positive correlation (r = 0.40, R? = 0.16; Figure 2i).
Notably, all observed correlations are weak and associated with small gradients (~0.002 km/Ma).

At the oldest basin ages, discrepancies between HSC model predictions and observed basement
depths show that large positive dynamic topography is needed to explain deviations. These differences and
their standard deviations are calculated by combining the uncertainties from the HSC model and observed
residual depths (See Table.1).

Region Age (Ma) | Difference (km)
Pacific Ocean 182 1.68 + 0.19
Indian Ocean 158 1.33 = 0.36
Atlantic Ocean 198 1.49 + 0.42

Global 198 1.55 £+ 0.46

Table 1. An interbasin comparison differences between HSC model predictions and observed basement depths for the oldest
ages in each region. The Pacific Ocean exhibits the largest difference (Figure 2f), while the Indian Ocean shows the smallest
difference with greater variability (Figure 2j). The Atlantic Ocean falls between the two, with a moderate difference and variability
(Figure 2h). Globally, large positive dynamic topography is needed to explain these deviations from the HSC model at old
seafloor ages (Figure 2d).

2.3. Discussion

Negative correlations between age and dynamic topography challenge the model of T. Korenaga et al.
(2021), which requires a positive correlation, a trend not observed globally. Even in the Indian Ocean,
where dynamic topography rises systematically at older ages (Figure 2j), the offset between the HSC and
the observed basement depth beyond ~100 Ma is too large to be explained by dynamic topography alone
(e.g., Flament et al., 2013).

Nevertheless, dynamic topography can cause substantial deviations from the basement depth evolution
predicted by PCMs. In the past, shoaling of Pacific basement depth between 80-130 Ma has been
attributed to the onset of SSC (Crosby et al., 2006; Crosby and McKenzie, 2009). However, Pacific dynamic
topography significantly increases between 80—130 Ma, suggesting that the observed shoaling of basement
depths results from convective processes below, rather than within, the cooling TBL (>250 km depth;
Figure 3). Similarly, Crosby et al. (2006) inferred basement depth shoaling in the Northwest Atlantic at
similar ages. However, predicted dynamic topography in this region opposes this interpretation, consistent
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Figure 2. Inter-basin comparison of dynamic topography trends. (a) Geographic representation of predicted present-day dynamic topography for density anomaly contributions
from the core-mantle boundary up to 250 km depth (i.e., below the cooling oceanic thermal boundary layer) averaged from the suite of optimised models from F. D. Richards et al.
(2023). (b) Global map of uncertainties between 15 dynamic topography models shown as a standard deviation. (¢) Red line/ envelope = mean and standard deviation of
present-day dynamic topography as a function of age, binned globally at 2 Ma intervals. Regions of anomalous crust are removed using polygons outlined in M. J. Hoggard et al.
(2017). (d) Black line/grey envelope = global mean and standard deviation of water-loaded basement depths (F. Richards et al., 2018) binned globally at 2 Ma. Blue solid
line/envelope = mean and standard deviations of dynamic topography at observed basement depth locations, added to the optimal HSC model of F. Richards et al. (2020); blue
dashed line = half space cooling model (F. Richards et al., 2020). (e) Pacific dynamic topography subset. (f) Pacific subset of subsidence trends. (g) Atlantic dynamic topography
subset. (h) Atlantic subset of subsidence trends. (i) Indian dynamic topography subset. (j) Indian subset of subsidence trends.
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Figure 3. Observed shoaling between 80 - 140 Ma from the Crosby et al. (2006) dataset and predicted signal from present-day
dynamic topography added to an optimised plate cooling model. Blue line/envelope = mean and standard deviation from
optimised Pacific plate cooling model (Crosby et al., 2006) with added present-day dynamic topography signal as a function of
age from the Pacific subset (see Figure 2e); grey boxes = upper bounds and lower bounds represent the interquartile range with
a dashed black line representing the median of basement depths from Crosby et al. (2006); red dashed line = fitted line through
basement depth data (Crosby et al., 2006).

with observations from Winterbourne et al. (2009). Finally, if the shoaling signal results from dynamic
topography rather than SSC, as appears to be the case, it would be a region-specific phenomenon rather
than a global one, as concluded here, and by Winterbourne et al. (2009).

Overall, this study finds no observational support for the predicted secular-cooling-induced increase in
dynamic topography with lithospheric age that underpins the T. Korenaga et al. (2021) “reference model”.
Another limitation of this model relates to their data filtering approach, which results in minimal sampling of
lithosphere older than 100 Ma which limits their analysis to ages <150 Ma. Beyond 100 Ma, their data
oscillates around the reference model, attributed to perturbations from SSC. However, a similar oscillatory
signature appears in Indian Ocean dynamic topography predictions (Figure 2i,j), the source of most of their
older data. Consequently, the signal in their “reference model” might reflect a local dynamic topography
signal specific to the Indian Ocean, rather than a robust global trend.
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3. Lithospheric Rejuvenation

3.1. Methods

3.1.1. Conceptual model

Having demonstrated that age-dependent trends in dynamic topography from deep mantle flow (i.e., below
250 km depth) weakly explain seafloor flattening, | explore the likelihood that lithospheric rejuvenation
via mantle plumes is responsible. Clear evidence of lithospheric rejuvenation (i.e., shoaling of oceanic
basement caused by asthenospheric upwelling and lithospheric thinning) can be observed in residual depth
anomaly datasets (e.g., Holdt et al., 2022). These datasets show anomalously elevated bathymetry near
hotspot loci, decreasing systematically with distance and time elapsed since the last hotspot interaction.
Using this relationship, a 2D Gaussian function can be fitted to the residual depth anomaly data to describe
the effect of mantle hotspots on basement depth on a global scale and in the three major basins

D? T2
Az:A-eXp<—<E—I—2;§ )), (1)

where, Az represents the plume-influenced residual depth anomaly as a function of distance from the
hotspot, D (Figure 4a,c), and time elapsed since the last hotspot interaction, Tis (Figure 4b,d). A is
the maximum residual depth anomaly amplitude, while op and og, represent the extent of hotspot-

affected bathymetry in terms of D and T, respectively. A 2D Gaussian function was chosen as a flexible
representation of how hotspot influence diminishes both spatially and temporally from the hotspot loci.
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Figure 4. Visualisation of how predicted rejuvenation-induced residual depth anomalies (Az), change as a function of distance
from hotspot and time elapsed since last hotspot interaction. (a) Fitted curves using optimised parameters for the Pacific Ocean
subset (using rotation files from Mdiller et al., 2022) showing how Az decreases as a function of age. Solid coloured lines = time
elapsed since the last hotspot interactions (7hs) with warmer colours representing younger interaction times. (b) Black solid line
=10 m Az contour; black to grey gradient = decay of Az with increasing distance from hotspot track; red dot = present-day
hotspot location; arrow = plate motion direction with accompanying basin average half-spreading rate calculated using ocean
basin polygons (M. J. Hoggard et al., 2017) and grid of spreading rates (Seton et al., 2020). (c) Same as (a) but for the Atlantic
Ocean. (d) Same as (b) but for Atlantic Ocean.
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3.1.2. Plate Reconstructions

To apply the conceptual model, global absolute plate motion models and GPlates (version 2.5, Miller
et al., 2018) were used to reconstruct hotspot tracks, calculated using two plate models with different
mantle reference frames. The first model, introduced by Muller et al. (2022) (M22), employs a tectonic-
rules-based ‘optimised’ mantle reference frame (Tetley et al., 2019), minimising net lithospheric rotation to
<0.25° /Myr by integrating constraints from hotspot misfit analysis, trench dynamics, plate velocities, and
net lithospheric rotation (Figure 5a). The second model, developed by Zahirovic et al. (2016) (Z16) as a
revised version of Muller et al. (2016), utilises a hybrid reference frame. This hybrid reference frame adopts
a fixed hotspot-based approach for times younger than ~70 Ma (Torsvik et al., 2008) and transitions to a
true-polar-wander-corrected paleomagnetic reference frame developed by Steinberger and Torsvik (2008)
for ages >70 Ma. Which incorporates constraints from tomographically imaged slab remnants for improved
accuracy (Figure 5b). Comparing these models tests the sensitivity of the results to different underlying
plate reconstruction assumptions.

3.1.3. Hotspot Flowlines

| employed GPlates to extract equivalent total rotation (ETR) parameters from each plate motion model at
1 Myr intervals spanning 200 Ma to present, covering the age range of oceanic lithosphere (Mller et al.,
2008). These ETR parameters reconstructed relative motion between the plates in each ocean basin
and underlying mantle plumes back to the Jurassic period. Present-day hotspot locations (M. J. Hoggard
et al., 2020) and ETR files were combined to determine hotspot flowlines for all oceanic plates using the
backtracking technique described by Wessel (1999). Combined with a lithospheric age grid (F. Richards
et al., 2018), these flowlines determined the time elapsed since the closest hotspot approach (7},s) and
associated distance to the hotspot (D) for all oceanic locations. Next, flowlines were isolated for individual
tectonic plates using plate boundary data from Young et al. (2019), facilitated by the plate-specific total
reconstructions. In instances where an oceanic location is intersected by multiple hotspot flowlines, the
hotspot whose closest approach was most recent is selected. To ensure accuracy in resultant grids, only
flowlines that approach within 500 km of the hotspot’s palaeolocation were considered. After all filtering
steps, data grids of 7}, and D were obtained for all oceanic locations

3.1.4. Calculating Effects of Thermal Rejuvenation

After obtaining global predictions of 7}, and D, these datasets were sampled at the locations of residual
depth anomaly data (Az; Holdt et al., 2022) and fit to the parameterisation in Equation 1. To reduce
uncertainties associated with their choice of reference plate cooling model, | excluded residual depth data
from seafloor younger than 70 Ma. An additional filter retained only data points potentially influenced
by recent plume interaction. Specifically, all locations with Tjs < 10 Ma or D < 100 km and 10Ma <
Ths < 100 Ma. These thresholds were chosen since they minimised the average misfit between the optimal
parameterisation and the filtered input data.

Optimal values for A, op, and oy, were obtained using the Levenberg-Marquardt algorithm in scipy,
with initial guesses of 1.0, 200.0, and 40.0, respectively. The coefficient of determination (R?) was used to
evaluate how well the model fitted by quantifying the amount of variance explained by the independent
variables. The resulting best-fit parameters and respective uncertainties provide a quantitative framework
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for estimating plume-induced thermal rejuvenation on basement depths throughout the global ocean.

Combining D and Tjs grids, with the fitted parameters A , op, and oy, | generated predicted
rejuvenation-induced basement depth deflections (Az) for each ocean basin based on the parameterisation
in Equation 1. These deflections were added to a global prediction of HSC-induced basement depth
evolution (F. Richards et al., 2020) to investigate whether the combined model predictions could reproduce
the observed flattening of basement depths (F. Richards et al., 2018). A sensitivity analysis was also
performed by recalculating the predicted basement deflections after adjusting each fitted parameter by 10,
to assess how each parameter uncertainties affect the final model’s ability to describe seafloor flattening
(Figure 5).

3.2. Results

Both plate reconstructions produced consistent best-fit parameters and rejuvenation signatures across all
basins. However, the M22 model consistently outperformed that of Z16 (See Appendix 1), achieving higher
R? values (e.g., 0.57 vs 0.41 in the Pacific Basin). Therefore, this study focuses exclusively on rejuvenation
predictions on the M22 plate reconstructions (Figure 5a). Fitting the 2D Gaussian model to the residual
basement depths produces a clear spatiotemporal signature of rejuvenation near oceanic hotspots. Across
oceanic basins, residual basement depths systematically decreased with distance from the hotspot loci
and increased time elapsed since the last hotspot interaction (Figure 6; See Table.2).

Parameter Global Pacific Atlantic Indian
Amplitude (A) [km] 0.64 +0.04 | 1.05 4+ 0.06 | 0.53 - 0.06 | 0.48 + 0.09
Critical Distance (¢3,) [km] 332+24 | 290+16 | 332+t24 | 675+ 216
Critical Time Hotspot Interaction (a%hs) [Ma] 20+ 2 21+ 2 17+ 4 34 + 16
R? 0.28 0.57 0.21 0.23

Table 2. Summary of parameter fitting results for residual basement depth data (Holdt et al., 2022) globally and across the
Pacific, Atlantic, and Indian basins. The Pacific basin (Figure 6¢,d) showed the highest best-fit amplitude (A), while the Atlantic
and Indian basins showed systematically lower values (Figure 6e,f,g,h). The critical distance (c%), was smallest in the Pacific

(Figure 6¢), intermediate in the Atlantic (Figure 6e), and largest in the Indian basin (Figure 6g). Similarly, the critical time
elapsed since last hotspot interaction varied (a%hs), with the Indian basin (Figure 6h) displaying the longest duration, while the
Pacific and Atlantic basins had shorter timescales (Figure 6d,f). Correlation strength, indicated by R? values, were highest in the

Pacific, with notably weaker correlations in the Atlantic and Indian basins.

The age of the largest deviations from the HSC cooling trend due to lithospheric rejuvenation are
observed in the Pacific at 97 Ma and 99 Ma (both 0.66 km; Figure 5e); in the Atlantic at 129 Ma (0.28 km)
and 3 Ma (0.27 km; Figure 5g); and in the Indian basin at 141 Ma (0.53 km) and 49 Ma (0.40 km; Figure
5i).

3.3. Discussion

Before analysis, it was expected that residual depth anomalies around Atlantic basin hotspots would be
systematically higher than those in the Pacific. This is thought to be attributed to lower plate velocities in this
basin, which prolong plume-lithosphere interaction times and the extent of lithospheric thinning (Monnereau
et al., 1993). However, modelling results indicate a lower best-fitting amplitude (A) in the Atlantic. Two
factors may help explain this contradiction. First, Atlantic plumes on lithosphere older than 70 Ma (the
age cut-off used in the fitting process outlined above) have a buoyancy flux approximately 78% lower than

10
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Figure 6. Optimised fits to global and basin-specific residual depth anomaly datasets (Holdt et al., 2022) using the global plate
model Mller et al. (2022). (a) Global dataset. Red line = fit of 2D to residual depth anomalies as a function of distance away
from hotspot track (D); grey box = standard deviation with black horizontal line representing the mean, binned at 50-km intervals.
The fitted parameters—amplitude in km (A), critical distance in km (o p), critical time (a%hs) and the coefficient of determination
(R?)—are annotated in the bottom left. (b) Same for time elapsed since last hotspot interaction (Ths), binned at 5-Myr intervals.
(c, e, & g) Same as (a) for Pacific, Atlantic, and Indian datasets, respectively. (d, f, & h) Same as (b) for Pacific, Atlantic, and

Indian datasets, respectively.
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Pacific plumes of similar age (Agrusta et al., 2013, 2015). Reduced upwelling velocities and temperature
excesses limit dynamic support and lithospheric thinning efficiency, ultimately outweighing the topographic
impact of longer plume-lithosphere interaction times. Second, the fitted Atlantic parameterisation likely
underestimates the rejuvenation signal because residual depth anomalies tend to decay below zero at
large distances (D) and long times since the last plume interaction (7}s; Figure 6e,f). This negative offset
prevents the parameterisation—which assumes residual depth change tends to zero at high D and Tjs
values—from capturing the full amplitude of the residual depth signal associated with Atlantic plumes.
Since the offset does not appear related to deep mantle dynamic topography (See Figure 29), it likely
reflects delayed SSC onset in the Atlantic, causing additional subsidence compared to the global reference
PCM used to define the residual depth anomalies. This results in systematically more negative residual
depth anomalies in old age. Regardless of its cause, when this trend is compensated for by adopting values
of upper-bound parameters in the Atlantic, the resulting mantle rejuvenation signal remains insufficient to
explain the observed flattening.

Observations of residual depth decay over time align with other studies. By examining swell bathymetry
and island submergence at 14 major ocean hotspots, Huppert et al. (2020) found that plume-associated
excess topography has largely disappeared within ~35 Myr of the last hotspot interaction. Using a different
approach, M. J. Hoggard et al. (2017) recorded a characteristic swell decay time of ~40 Ma around
hotspots. Both observations are consistent with the o7, values in this study.

Utada (2019) used numerical modelling to argue that seafloor depth data alone cannot distinguish
between flattening caused by SSC or lithospheric rejuvenation. Their results suggest that if lithosphere
rejuvenation occurs early and endures long enough, it can mimic the seafloor topography predicted by
PCMs (which approximate SSC effects). However, their theoretical approach has two key limitations. Firstly,
they infer the time interval over which thermal rejuvenation interrupts lithospheric cooling to be ~ 60 Myrs,
>20 Myr longer than the ~20—-40 Ma swell decay times obtained here and in other studies. Secondly,
they assume the plume-lithosphere interaction ends before 70 Ma. In their model, any plume affecting the
lithosphere at greater ages would not be able to match the shallow seafloor depths predicted by the PCM
because their assumed rejuvenation signal simply stalls HSC-like subsidence at a fixed basement depth
and, beyond 70 Ma, the HSC model predicts deeper basement depths than the PCM.

Overall, while thermal rejuvenation may help explain seafloor flattening up to 100 Ma in the Pacific, its
contribution to broader global patterns is minimal, particularly in the Indian and Atlantic basins where lower
plate velocities restrict the extent of thermal rejuvenation.

One limitation of this approach is the assumption that all mantle hotspots exert equivalent rejuvenation
effects on the lithosphere when, in reality, plume buoyancy flux can vary substantially spatially and
temporally. For instance, Vidal and Bonneville (2004) estimated that the Hawaiian hotspot buoyancy flux
has increased roughly fivefold in the past 30 Ma. Despite this variability, unless buoyancy flux has changed
systematically through time on global or basin-wide scales, this approach should produce robust estimates
of average age-dependent trends in lithospheric rejuvenation, while reducing sensitivity to the often poorly
constrained buoyancy flux variations of individual hotspots.
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4. Small Scale Convection

4.1. Methods
4.1.1. Crustal Thickness-Lithospheric Thickness Relationship

Ma and Dalton (2019) propose that mantle potential temperature at mid-ocean ridges during lithosphere
formation controls the subsequent timing of SSC onset, as it cools with age. This hypothesis is based on the
observation that the initial depth of melting beneath the ridge increases with mantle potential temperature.
The thickness of the dry, high-viscosity harzburgite layer that is left behind by the melting process and is
subsequently frozen into the cooling oceanic lithosphere will, therefore, be systematically thicker when the
sub-ridge potential temperature is hotter, acting to postpone SSC onset (Lee et al., 2005; Afonso et al.,
2008). To test Ma and Dalton (2019)’s hypothesis, | compared co-located crustal thickness estimates
(T) from seismic refraction studies (Christeson et al., 2019; F. D. Richards et al., 2020) with lithospheric
thickness (7;) from calibrated conversions of global seismic tomographic models (SL2013sv, Schaeffer
and Lebedev, 2013; 3D2015-07Sv, Debayle et al., 2016; CAM2016, Ho et al. (2016); and SLNAAFSA,
K. Hoggard et al., 2020) throughout the global ocean. To reduce short-wavelength 7. changes related to
small-scale tectono-magmatic complexity rather than spatiotemporal mantle potential temperature variation,
the data was binned into 1km intervals, consistent with typical measurement uncertainties (e.g., Herath
et al., 2020). This binning defines underlying 7.-T; relationships and stabilises correlations. Lithospheric
thicknesses from the SL2013sv model yielded the strongest global correlations with 7. and was therefore
selected for detailed basin-scale analyses. Utilising the methodology from Section 2.1, | used M. J. Hoggard
et al. (2017) polygons to delineate ocean basins, and determined correlation coefficients for each.

4.1.2. 2D Modelling

Given the T.-T; trends appear to support the Ma and Dalton (2019) hypothesis, | explored the effect of
depleted layer thickness on SSC onset time. Specifically, | examined whether depleted layer thicknesses
and plate velocities required to explain varying SSC onsets between basins align with observed plate
velocities and crustal-thickness-derived estimates of mantle potential temperatures and depleted layer
thicknesses. Hence, | incorporated plate velocity variation representative of average basin velocities (Seton
et al., 2020). Also, aligned with Ma and Dalton (2019)’s hypothesis, | systematically assessed the interplay
between the effects of thickness and differential viscosity of a depleted layer.

Computations were done using ASPECT (code version 2.5.0, Bangerth et al., 2023; Heister et al., 2017;
Kronbichler et al., 2012). | conducted 80 simulations within a 2D model domain with a 400 km vertical
extent, scaling the horizontal extent according to the prescribed vy to ensure ages at the right and left
boundary reach an age of 200 Ma, aligned with the age of oldest oceanic lithosphere. Variable model
parameters include the half-spreading rate vnar, compositional viscosity prefactor C,, thermal viscosity
exponent «,,, and depleted layer thickness (L p; See Table.3). The model assumed Newtonian rheology,
where viscosity has temperature and depth dependence but not stress dependence.

The finite element mesh used to solve the underlying equations comprises three layers with decreasing
resolution with depth. Vertical resolution is 3.125 km in the shallowest 7 km, 6.25 km in the intermediate
layer between 7 km and the base of the depleted layer, and 12.5 km in the underlying deep layer. Horizontal
resolution varies according to spreading velocity, vnhar (in cm yr ~1) and is equal to 1.5625 km X vpar,
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Symbol | Meaning Value(s) Unit

tsim Simulation run time 500 Ma

L, Horizontal extent (box width) L, = vpasx 400 Ma km

L, Vertical extent (box height) 400 km
Tiop Surface (top) temperature 293 K

Thot Bottom inflow temperature 1600 K

Tref Reference temperature for viscosity 1473 K

k Thermal conductivity 4.7 Wm-t K!
Cp Heat capacity 1250 Jkg Kt
Om Reference density 3300 kg m~3

o Thermal expansivity 2 % 10° K1
Apc | Compositional density contrast -30 @ kgm~3

g Gravitational acceleration 10 ms—2
Tref Reference viscosity 1 x 10% Pas

oy, Thermal viscosity exponent 10, 20 -

Cy Compositional viscosity prefactor 10, 100 -

Lp Depleted layer thickness 30, 60, 90, 120, 150 km
Uhalf (Half-)spreading rate 1,4,7,10 cmyr—!

Table 3. Key parameters for the 2D mid-ocean ridge spreading model. The domain is L, km wide by 400 km deep, with a
prescribed bottom temperature of 1600 K and a surface temperature of 293 K. The horizontal extent of the model was scaled so
that the horizontal distance from the ridge to the model boundary equates to an age difference of 200 Ma (i.e., if vhat = 10cm

yr~1, the horizontal extent would be 40,000km. Model runtime was set at 500 Myr to ensure the simulations reached a
steady-state. Variable model parameters include the half-spreading rate vnhar; compositional viscosity prefactor C;, (range based
on Ma and Dalton, 2019); thermal viscosity exponent o, (range equivalent to 150-300 kJ mol~! activation energy, based on
J. Korenaga, 2003 and Coltice and Shephard, 2018), and depleted layer thickness (L ). [@Shorttle et al. (2014). Cases with no
depleted layer were also run. For a visualisation of these model parameters refer to Figure 7.

3.125 km X wpgt, @and 6.25 Km X vpg in the shallow, intermediate, and deep mesh layers, respectively. This
mesh structure is adopted to achieve the resolution necessary to accurately capture high velocity and
temperature gradients near the ridge axis, while simultaneously minimising model runtime.

Ttop U(X) = Uhai/ —Vnairs V() = 0
«— —
77(T,OC,7,C,7), IO(T’ Apdiff)' I LD
L |l — _ n(T,a,), p(T). __ %
8_ U(X) = Upaie Toor U(X) = —Upy 8.
_ _ _ Open
L

X

Figure 7. Boundary conditions for the small scale convection models, incorporating a spreading ridge system with a domain of
L, by L,. The top layer represents a chemically depleted layer with a thickness of L. Grey/dashed line = Open boundary
conditions. The top boundary is closed, hence the vertical velocity component = 0.

4.1.3. Predicted Onset Times and Depleted Layer Thickness

To investigate the onset time of small-scale convection (SSC) across the 80 unique models, | quantified the
degree to which each model’s numerically predicted lithospheric thermal evolution diverges from standard
half-space cooling (HSC) predictions. Specifically, | used the 1200°C isotherm as a proxy for lithospheric
thickness (e.g., F. Richards et al., 2018) for all timesteps after 300 Myrs (i.e., after the model at steady
state).
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At each model timestep, the depth of the numerically predicted 1200 °C isotherm was compared with
the corresponding depth predicted by the HSC equation (Equation.2). To account for horizontal heat
conduction and temporal fluctuations in SSC-predicted isotherms, the thermal diffusivity, x, used in the
HSC predictions was optimised at each model timestep by minimising the misfit between HSC- and
SSC-predicted isotherms. The HSC-predicted isotherms were calculated using

_ Tiag — T
d(T) =erf ! | 2vVkt | —m/—= 2
(1) =t (2vit |22 ). @)
where, Kk = % k is thermal conductivity, p is mantle density (3300 kg/m?), ¢, is heat capacity,

Tias = 1200°C is the temperature of the lithosphere-asthenosphere boundary isotherm, 7 is the surface
temperature (293 K), and 7,, is the convecting mantle temperature (1600 K).

SSC onset time was then determined at each model timestep as the earliest time (beyond a model age
of 30 Ma) when the depth difference exceeds 1 km between the 1200°C isotherms predicted by the SSC
model and the HSC prediction (now using a « value obtained by averaging the optimised values).

To identify steady-state conditions, a running mean of the onset time was calculated, with the steady-
state defined when the running mean varied by less than 0.01 Myr between consecutive timesteps. Median
onset times and depths, along with their 16th and 84th percentile uncertainties, were calculated only from
steady-state timesteps.

Observed crustal thicknesses from F. D. Richards et al. (2020) on lithosphere older than 70 Ma were
subsequently used to predict depleted layer thickness in each basin. This prediction used the dry peridotite
melting parameterisation of Shorttle et al. (2014) to calculate the relationship between oceanic crustal
thickness and initial melting depth (zmeit)—assumed to equate to the base of the depleted layer—for mantle
potential temperatures between 1300 °C and 1600 °C. Basin-averaged crustal thicknesses could then be
directly compared to those predicted by the melting calculation and used to infer corresponding depleted
layer thicknesses (Lp = zmeit-1¢)-

Absolute SSC onset times for each basin were calculated using observed basement depths (F. Richards
et al., 2018) by quantifying the deviations from best-fitting HSC models. Divergence points were identified
by incorporating basement depth uncertainties (See Appendix 2 for details).

4.2. Results

Results from T-1T; analysis indicate a strong global correlation (1, = 0.80; Figure 8b), consistent with the
Pacific (r, = 1.00; Figure 8d) and Indian basins (r, = 0.90; Figure 8h). However, the Atlantic basin shows a
weaker correlation (r, = 0.30), with high variability in lithospheric thicknesses across crustal thickness bins
(Figure 8f).

Overall, C;,, showed the weakest influence on SSC onset times, indicating that having any viscosity
contrast is more crucial than its magnitude (Figure 9). Decreasing vnas from 10 to 1 cm yr ! generally
delayed SSC onset, though for L values exceeding 30 km, the slowest v,y exhibited an inconsistent
trend, showing the earliest SSC onset with high uncertainty (Figure 9). Despite this inconsistency, a strong
relationship emerged between L and SSC onset times across all models, with SSC consistently occurring
later as L p increased (Figure 9). This trend is especially evident in models with C,,=10, a,=10, vpar=7 cm
yr ~1, where increasing the L in 30 km intervals shifts onset time by approximately ~20 Ma (Figure 9a).
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Figure 8. Inter-basin comparisons of crustal thickness versus lithospheric thickness. (a) Map of predicted present-day
lithospheric thickness from SL2013sv seismic tomographic model (Schaeffer and Lebedev, 2013). Circles = locations of crustal
thicknesses observations (Christeson et al., 2019; F. D. Richards et al., 2020) on lithosphere older than 70 Ma. Regions of
anomalous crust are removed using polygons outlined in M. J. Hoggard et al. (2017). (b) Global relationship between oceanic
lithospheric and crustal thicknesses. Blue circles = crustal and lithospheric thickness at all locations. Red circles/black lines =
mean and standard deviation of 1-km crustal thickness bins; red line = line of best fit through binned data. The strength between
the variables is quantified using Pearson’s correlation coefficient, denoted as r for binned data and ryg for unbinned data. (c,
e, & g) Same as (a) for Pacific, Atlantic, and Indian Ocean, respectively. (d, f, & h) Same as (b) Pacific, Atlantic, and Indian
Ocean, respectively.
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Furthermore, «,, had the greatest effect on onset times for L, = 0-60 km, delaying onset times by around
~15 Ma when increased from 10 to 20 (Figure 9c,d).

Maximum predicted palaeo-ridge axis potential temperatures (7},) and depleted layer thickness (Lp)
calculated from inter-basin crustal-thickness-variations showed a systematic increase in the Atlantic (7}, =
1507 °C, Lp = 111 km) and Indian Oceans (7, = 1499 °C, L = 108 km) relative to the Pacific (7}, = 1388
°C, Lp =77 km; Figure 9). This trend is also reflected in the 84th percentile with Atlantic (7, = 1379 °C, Lp
= 74 km) and Indian (7}, = 1388 °C, L, = 77 km) compared to Pacific (1), = 1367 °C, Lp = 70 km; Figure 9).
Median (7}, ~ 1353 °C, Lp ~ 67 km), 16th percentile (7}, ~ 1335 °C, Lp ~ 63 km) and minimum potential
temperatures (7, ~ 1300 °C, Lp ~ 54 km) remained largely consistent between the three basins (Figure
9).

4.3. Discussion

Preliminary analysis strongly supports the hypothesis of Ma and Dalton (2019), showing that potential
temperature anomalies at the ridge axis influence subsequent SSC onset and that these anomalies may
have lasted over long timescales. However, the trend is less pronounced in the Atlantic basin, where
a low T,.-T; correlation indicates a weaker dependence of lithospheric thickness on mantle potential
temperature at the time of formation (Figure 8). | propose that this discrepancy may result from lithospheric
rejuvenation (Ribe, 2004), on thick, old (>70 Ma) lithosphere. Numerical modelling shows that the uplift of
the lithosphere-asthenosphere boundary is a function of ascent rates within the plume conduit and the
spatial extent of sublithospheric radial flow away from the plume, which are enhanced by slow plate speeds
(e,g., Atlantic Basin) and high buoyancy fluxes (W m s~!; Agrusta et al., 2013). In Figure 10, | demonstrate
that buoyancy fluxes in the Atlantic basin are relatively high when compared to the Indian basin over old
lithosphere. Consequently, the combination of relatively high buoyancy fluxes and quantity of hotspots
(compared to the Indian basin) likely enhances lithospheric rejuvenation and contributes to the stronger 7;
variability in the Atlantic. This hypothesis is consistent with independent observations of rejuvenation on old
(115140 Ma) oceanic lithosphere at Cape Verde, where shear-wave velocity measurements imply that the
present-day geotherm resembles that of ~30 Ma old lithosphere (de Carvalho, 2020). Lithospheric thinning
is further supported by geochemical data, finding a 7; of ~60 km at Cape Verde and Canary hotspots,
considerably thinner than the ~ 100 km expected for lithosphere of similar age (Ball et al., 2021). Similar
trends may also affect Pacific T,.-7; relationships, however, the available crustal-thickness observations are
limited and mainly located away from plume-affected regions.

Having established that 7,.-inferred palaeo-temperature anomalies at ridge axes correlate with the
eventual thickness of the lithosphere they generate, | provide strong evidence that this relationship can
be explained by the impact these thermal perturbations have on the extent of melt depletion beneath
the ridge (Lp). Increasing L effectively delays SSC onset times, potentially explaining differences in
SSC onset across the three ocean basins studied. | also show that higher plate velocities generally don'’t
significantly influence SSC onset but SSC onset is lower at 1 cm yr—! (Figure 11b,d,f,h), which is consistent
with findings from 2D Newtonian simulations (van Hunen et al., 2003; Huang et al., 2003). Until recently
(Eilon et al., 2022), there has been a lack of unambiguous detections of SSC-related structures. This study
helps to explain this absence since, when plate velocity exceeds ~1 ¢cm yr—!, the average predicted width
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Figure 9. Graphs showing the variability of onset times with varying model parameters of half-spreading rate vna¢, compositional
viscosity prefactor C,,, thermal viscosity exponent «,;, and depleted layer thickness (Lp). Colder colours (blue) to warmer
colours (red) represent an increase in plate velocities. (a) Onset times related to models with viscosity Prefactor (C;;) of 10 and
viscosity exponent (a,) of 10 with varying depleted layer thickness and spreading rates. Intervals on boxes and whiskers
represent the minimum, lower percentile (16th), median, upper quartile (84th), and maximum values of predicted depleted layer
thickness inferred from observed crustal thicknesses (F. D. Richards et al., 2020). Boxes span from lower to upper percentile,
with the black line inside the box indicating the median depleted layer thickness of the Pacific (P), Atlantic (A) and Indian (l)
basins. Whiskers extend to the minimum and maximum data points of depleted layer thickness. Colour of boxes and whiskers
indicate average basin velocities calculated from Seton et al. (2020). The observed onset age range of each basin was
calculated using methods outlined in Appendix 2 with the range plotted as 4+ 5 Ma. Circles = calculated onset age with error
bars for each model with colour representing modelled plate velocity; squares = reference models of no depleted layer thickness.
(b) Same for models with viscosity Prefactor (C},) of 100 and viscosity exponent (c,,) of 10. (c) Same for models with viscosity
Prefactor (C;;) of 10 and viscosity exponent (o) of 20. (d) Same for models with viscosity Prefactor (C',)) of 100 and viscosity
exponent (a,) of 20.
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Figure 10. Lithospheric age versus plume buoyancy flux for Atlantic and Indian ocean hotspots. Buoyancy flux data from
M. J. Hoggard et al. (2020). Grey box = ages greater than 70 Ma; red circles = Atlantic ocean hotspots; blue circles = Indian
ocean hotspots.

of an SCC cell is ~100 km (Figure 11), comfortably below the resolution limit of most seismic tomographic
models.

Predicted isotherm evolution from SSC models aligns with shear-wave velocity (V;) observations from
seismic tomography (Schaeffer and Lebedev, 2013; F. Richards et al., 2020; Figure 12), suggesting that
SSC onset may coincide with flattening and oscillations seen in age-dependent V; trends at old ages
(>70 Ma). However, the Pacific V; structure appears to flatten earlier and shallower than predicted by the
models (Figure 12a). This discrepancy may result from the models’ globally uniform mantle temperature
assumption. However, V; is systematically lower between 150 km and 200 km depth beneath the Pacific
Ocean (150 km = 4.31, 200 km = 4.39 km s~!), compared to the Atlantic and Indian at the same depth
(150 km = 4.36, 200 km = 4.43 km s™!), indicating ~ 50—-100°C higher mantle temperatures in the Pacific
F. D. Richards et al., 2020. This anomaly amplitude is consistent with the ~50°C higher median temperature
found in the deep upper mantle beneath Pacific mid-ocean ridges (Bao et al., 2023).

After comparing model-derived SSC onset times (defined as a 1 km deviation of the 1200°C isotherm
from HSC expectations) to onset times that can be visually identified from bathymetry and V, measurements
(Figure 11), it becomes clear that a larger deviation threshold should probably be applied to the model
outputs. However, if a higher threshold is chose, model-derived onset times would become delayed relative
to observation-derived counterparts. This potential delay could be reconciled by considering mechanisms
that are neglected in my models but are capable of promoting earlier SSC onset. First, dislocation creep
may reduce viscosities in the TBL more than envisaged here, especially at high plate velocities, causing
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Figure 11. Models of temperature (°C) showing the effect of plate speed (vnhq) and depleted layer thickness (L p) on SSC onset
times. (a) Model with parameters C,, = 100, a, = 10, vhar = 4 cm yr—' and Lp = 30 km. Blue solid line = 1100 °C isotherm;
white solid line = 1200 °C isotherm; black line = using best fitting isotherm for the model using equation 2; cyan box = shows
calculated onset time with error of a standard deviation. (b) Same C,, and «, but for model vna¢ = 1 cmyr~—' and L = 60 km. (c,
e & g) Same as (a) but for varying Lp at 90, 120 and 150km respectively. (d, f & h) Same as (b) for varying vnha 0f 4, 7 and 10
cmyr—!, respectively.
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Figure 12. Inter-basin comparison between shear-wave velocities from seismic tomography (Schaeffer and Lebedev, 2013) and
predictions from the HSC model and 1200 °C isotherm evolution from "best-fitting” SSC convection models at time-step 300 Ma.
Dashed red line = best fitting global HSC calculated from equitation 2. Red solid line = isotherm evolution from "best-fitting”
median model for the Pacific subset: ', = 100, o, = 10, Lp = 60 km and vhar = 4 cm yr—1. Black solid line = upper median
"best-fitting” model isotherm evolution for the Pacific subset: C;, = 100, a,; = 10, Lp = 60 km and vna = 7 cmyr—1. (b) same as
(a) but for the Atlantic Ocean. Red solid line = model parameters are model C,, = 100, a,, = 20, Lp = 60 km and vpa = 4
cmyr~!. Black solid line = model parameters are model Cy =100, a;; =10, Lp = 90 km and vpar = 4 cm yr—1. (c) same as (a)
but for the Indian Ocean. Red solid line = model parameters are model C,, = 100, o, = 20, Lp = 60 km and vpas = 1 cmyr—*.
Black solid line = model parameters are model C,, = 100, v, = 10, Lp = 90 km and vhai = 4 cmyr—t. NOTE: even though model
parameters with o, = 20 were selected as the best fitting models for the Indian and Atlantic regions, «,, = 10 is generally
preferred as those models explain the wide range of onsets we see across the basins (See Figure 9).

the local Rayleigh (Ra) number to exceed the critical value for convective instability earlier (Afonso et al.,
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2008). Secondly, adopting values of thermal expansivity that are towards the higher end of experimentally
constrained ranges (e.g., ~3—4 x 1075 K~!; F. Richards et al., 2018), would accentuate density contrasts
across the growing TBL, also reducing the age at which the critical Ra value is surpassed. Finally, the
2D models used in this study can only assess the influence of transverse convective rolls (TR); structures
perpendicular to plate motion. However, in 3D models, SSC can develop more complex geometries,
including longitudinal rolls (LR or "Richter rolls”) that align parallel to the plate motion and may onset more
rapidly (Richter and Parsons, 1975; Richter and Parsons, 1975; van Hunen et al., 2003; Huang et al., 2003;
Zlotnik et al., 2008). Nevertheless, while these model limitations may lead to some model-data mismatch
in absolute SSC onset ages, the model predictions of relative SSC onset time differences as a function of
depleted layer thickness and their agreement with observed offsets between ocean basins appear to be
robust.

5. Conclusions

This study critically examines various mechanisms that have been proposed to explain observed seafloor
flattening, including age-dependent dynamic topography, lithospheric rejuvenation, and small scale convec-
tion (SSC). The findings reveal that deep mantle dynamics alone fails to explain the observed flattening
signals in all basins. Lithospheric rejuvenation via mantle plumes can explain certain features in the
bathymetric trends of each basin, but the overall magnitude and spatial extent of its influence cannot
account for global flattening patterns, especially in the Atlantic and Indian Oceans. Nevertheless, despite
their relatively limited individual impact, | show that the combined signal of rejuvenation and dynamic
topography could explain the enigmatic shoaling of Pacific bathymetry on 80—130 Ma lithosphere.

The dominant mechanism driving seafloor flattening appears to be SSC, with interbasin differences in
flattening onset caused by variations in spreading rate and the thickness of melt-depleted layers within
the cooling lithosphere. This hypothesis is supported by global correlations between lithospheric and
crustal thickness at old ages, indicating that later flattening in the Atlantic and Indian Oceans is linked to
higher depleted layer thicknesses within their old lithosphere due to higher axial potential temperatures
existing at the time that lithosphere was created. Numerical SSC modelling further confirms this result
obtaining differences in onset time as a function of depleted layer thickness that are broadly compatible
with crustal-thickness-derived mantle palaeotemperatures and age-dependent shear-wave velocity and
basement depth trends in each basin. Overall, my findings suggest that SSC is ubiquitous beneath old
oceanic lithosphere, explaining the success of plate cooling models in explaining bathymetric observations.
They also imply that interbasin differences in flattening are also SSC-related and caused by mantle-
temperature-modulated variations in lithospheric melt depletion, with lithospheric rejuvenation and dynamic
topography only able to explain regional deviations from these trends.
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Appendix 1. Z16 Fits
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Figure A1. Optimised fits to global and basin-specific residual depth anomaly datasets (Holdt et al., 2022) using the global plate
model Zahirovic et al. (2016). (a) Global dataset. Red line = fit of 2D to residual depth anomalies as a function of distance away
from hotspot track (D); grey box = standard deviation with the black horizontal line representing the mean, binned at 50-km
intervals. The fitted parameters—amplitude in km (A), critical distance in km (o p), critical time (a%hs) and the coefficient of
determination (R?)—are annotated in the bottom left. (b) Same for time elapsed since last hotspot interaction (Ths), binned at
5-Myr intervals. (c, e, & g) Same as (a) for Pacific, Atlantic, and Indian datasets, respectively. (d, f, & h) Same as (b) for Pacific,
Atlantic, and Indian datasets, respectively.

Appendix 2. Basin Absolute Onset Calculations

Water-loaded basement depth data (F. Richards et al., 2018) was used for the Pacific, Indian and Pacific
basins and fitted to a modified half-space cooling model equation from D. L. Turcotte and Schubert (2002)
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for basement depths less than 70 Ma, with data from the anomalously elevated regions around the Iceland
hotspot removed. Datapoints from regions of anomalous crust were also excised using the polygons
outlined in M. J. Hoggard et al. (2017). HSC predictions of subsidence with age are calculated using the
expression

B 2pmaAT
w(t) = wo+ ¢ =S ﬁm, (A1)

where, w is the predicted seafloor in km at age, ¢ (s), wy is the zero-age depth in km, p,, is mantle density
(8300 kg/m?), p,, is water density (1030 kg/m?), « is thermal expansivity (K~1), « is thermal diffusivity (m?
s~ 1), AT is the temperature contrast across the lithosphere in K. Free parameters and initial guesses
used in the fitting process include:

wy: Initial seafloor depth (km), initial guess = 2, bounds = [1, 4]

x: Thermal diffusivity (m2/s), initial guess = 1 x 107%, bounds = [1 x 107, 3 x 1079]

« AT': Temperature contrast (K), initial guess = 1300, bounds = [1100, 1800]

+ «: Thermal expansivity (K™1), initial guess = 2.5 x 1075, bounds = [1 x 107°, 4 x 107°]

Results from fitting equation A1 to the basement depth data in each basin are shown in the table below:

Parameter Atlantic | Indian | Pacific

wo (km) 185 | 2.73 | 2.61
k(x10°5m2/s) | 1.35 | 129 | 1.18
AT (K) 1386 | 1373 | 1347

a(x107°KY) | 235 | 229 | 2.18

Table A1. Estimated parameters after fitting to the HSC model with zero depth (Equation A1) for the Atlantic, Indian, and Pacific
basins.

Optimal parameters obtained from the HSC parameter fitting process were then fed into an equivalent
PCM using the following expression from D. L. Turcotte and Schubert (2002), adapted to account for the

different zero-age depths in each basin,

(14+2m)2 72t
P ATy _i 0, exp <_’i yZ, )

1
t) = —
vl =t 2T T T amy !

(A2)

where vy is lithospheric thickness in km, m is the summation index for the series expansion, and all other
parameters are identical to those in Equation A1.

The average lithospheric thickness (y19) was calculated for each basin, using M. J. Hoggard et al.
(2017) polygons remove regions of anomulous crust. Then using calibrated conversions of the global
seismic tomographic model (SL2013sv; Schaeffer and Lebedev, 2013) average lithospheric thickness of
each basin was found (refer to Section 4.1.1 for a description). v, was then applied in the PCM equation
(Equation A2) for each basin alongside best-fit results from Equation A1. Estimated y;, was 105 km, 118
km, and 119 km for the Pacific, Indian and Atlantic basins, respectively.

SSC onset times for each basin were then calculated as based on the age at which HSC- and PCM-
predicted basement depths diverged by more than the uncertainty in the each basement depth dataset
(M. J. Hoggard et al., 2017). The critical uncertainty values were calculated by binning the data into 5
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Ma intervals. For each bin, the mean and standard deviation were computed, and the uncertainties were
combined across all bins to determine the overall dataset uncertainty. The critical uncertainties used were
0.36 km, 0.55 km, and 0.56 km for the Pacific, Atlantic, and Indian basins, respectively, resulting in SSC
onset times of 75 Ma, 94 Ma, and 99 Ma. (Figure A2)
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Figure A2. Interbasin comparison of calculated onset time. Results from fitting HSC and PCM parameterisations (Equations A1

and A2). (a) Blue line = calculated HSC model from Atlantic water-loaded basement depth data of F. Richards et al. (2018); red

line = calculated PCM model from water-loaded basement depth data from F. Richards et al. (2018); red dot = inferred onset
time. (b) Same for the Indian data subset. (c) Same for the Pacifc data subset.
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