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Abstract The interaction between aging oceanic plates and their underlying mantle is a crucial component
of the plate tectonic cycle. Sub-lithospheric small-scale convection (SSC) explains why plates appear not to
thicken after a certain age. Here, we link grain-scale processes, dynamic models of asthenospheric flow, and
seismic observations to gain new insights into the mechanisms of SSC. We present high-resolution 3D
geodynamic models of oceanic plate evolution with an Earth-like rheology including coupled diffusion/
dislocation creep and their interplay with evolving olivine grain size. Our models quantify how rheology affects
the morphology and temporal stability of SSC, and we directly relate these quantities to geophysical
observations from the Pacific OBS Research into Convecting Asthenosphere (ORCA) experiment. We convert
variations in temperature, pressure, grain size, water content and stable melt fraction to seismic velocity and
attenuation, seeking to match the wavelength and pattern of observed longitudinal convective rolls, the young
SSC onset age, the large seismic velocity heterogeneity, low absolute seismic velocities, and high seismic
attenuation. This requires low (<2 X 10'° Pa s) asthenospheric viscosity, the contribution of both diffusion and
dislocation creep to deformation, and the presence of volatiles and melt. Although SSC occurs at plate ages
<60 Ma in our best-fit model, the plate thermal structure approximately matches global observations of heat
flux and bathymetry, indicating an important role of vigorous SSC in Earth's plate dynamics. However,
reconciling all seismological observations is challenging, and additional mechanisms are required to explain the
strong velocity heterogeneities suggested by body wave tomography.

Plain Language Summary As oceanic tectonic plates age, they get colder and thicker. At some
point, portions of the base of the plates may drip off into the hot mantle underneath them, a process known as
“small-scale convection” (SSC). This might explain diverse geophysical observations, including seismic
imaging of cold blobs beneath the plates and the finding that plates seem to stop cooling with increasing age
after they turn ~70 million years old. We conducted computer simulations of aging oceanic plates that include
novel components, such as more complex treatment of viscosity and its interplay with the size of crystal grains
in rocks. Grain size turns out to be a key parameter in determining both how cold drips evolve and how seismic
waves propagate through those rocks, which is how we identify structures beneath the surface. We link together
the computer simulations with seismological studies by using simulated structure to predict synthetic
earthquake data, for comparison with observations. In particular, we seek to match various attributes of apparent
SSC seen recently beneath the central Pacific ocean plate. We find that small-scale convection is indeed
reproduced by our simulations, and determine that it manifests in a way that is consistent with several real-Earth
observations.

1. Introduction

Small-scale convection (SSC) at the base of oceanic lithosphere has been proposed as a key process for mediating
the thermal evolution of the plates, redistributing mass and heat, and explaining the canonical departure of seafloor
depth and heatflow observations from half-space cooling predictions (Buck & Parmentier, 1986; Crosby
etal.,2006; Huang & Zhong, 2005; Ma & Dalton, 2019; Parmentier, 2015; Parsons & Sclater, 1977; Richter, 1973;
Stein & Stein, 1992). Additionally, this process may explain mid-plate gravity undulations (Buck, 1986; Haxby &
Weissel, 1986; Marquart et al., 1999), off-axis non-hotspot volcanism (Ballmer et al., 2007, 2009), and intraplate
melting (e.g., Harmon et al., 2011). The feasibility and extent of SSC beneath the plates depends on asthenospheric
temperature and rheology (Huang & Zhong, 2005; Huang et al., 2003; Marquart, 2001; Sleep, 2011; Van Hunen
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et al., 2005); accurately describing the latter requires a sophisticated incorporation of the effects of grain size
(Dannberg et al., 2017; Hall & Parmentier, 2003).

1.1. Evidence for SSC Beneath the Plates

Until recently, arguments regarding uppermost mantle convection have relied on proxy observations, often at the
scale of entire ocean basins. Seismological evidence for this process has been absent or indirect: apparently
disrupted sub-plate shear (Lin et al., 2016; van Hunen & Cadek, 2009), ridge-adjacent velocity perturbations
(Weeraratne et al., 2007), or large-scale (>2,000 km wavelength) velocity variations in global models (French
et al., 2013). However, high-resolution observations of uppermost oceanic mantle obtained through focused
ocean-bottom seismometer (OBS) deployments have provided new perspectives on the prevalence and character
of this oceanic SSC. Near the mid-Atlantic ridge, surface wave data reveal a possible lithospheric drip beneath
~32 Ma lithosphere (Harmon et al., 2020). In the Pacific, surprisingly large Vp variations of as much as 8% were
observed in the asthenosphere beneath 160—-180 Ma seafloor, and attributed to plume activity or SSC (H. Kang
et al., 2023).

The Pacific OBS Research into Convecting Asthenosphere (ORCA) experiment (Eilon, Gaherty, et al., 2022) was
designed to investigate the cause of prominent gravity undulations in the mid-Pacific by imaging oceanic
asthenosphere. Two 30-instrument arrays of broadband seismometers were deployed for ~13 months on 40—
45 Ma seafloor (“Young ORCA”) and 84-92 Ma seafloor (“Old ORCA”). Teleseismic body-wave tomography
beneath the Young ORCA region (Eilon, Zhang, et al., 2022) revealed substantial velocity variations, up to +2%
in Vp, arranged in alternating longitudinal cylinders with horizontal wavelength of ~250 km. The strongest lateral
velocity heterogeneity was not found at the base of the plate (~70 km, assuming standard cooling) but at depths of
200-300 km. The orientation of these longitudinal anomalies almost precisely parallels the direction of local
gravity lineations and present-day plate motion. Forward calculations of gravity based on a velocity-temperature-
density scaling were able to approximate the observed 1-D gravity variations (Eilon, Zhang, et al., 2022). This
study is arguably the best observational evidence for sublithospheric oceanic SSC to date.

Surface wave analysis of data from the same array reveals low asthenospheric shear velocity of ~4.2 km/s
(Russell, 2021), though not much slower than basin-wide averages at this age (Nishimura & Forsyth, 1989). More
remarkably, surface waves show extremely high attenuation beneath this array with Qg of 25-30, confined to a
relatively narrow layer between 80 and 160 km depth (Russell et al., 2023). Within this same depth range,
independently obtained surface wave anisotropy measurements indicate a minimum in anisotropic strength of
1.2%-2% and a transition from shallower fossil-spreading-aligned fast directions to absolute plate-motion-
parallel directions (Phillips et al., 2023).

These seismological data place tacit constraints on the thermodynamic and rheological conditions in the mantle
beneath the Young ORCA site, and have the potential to shed light on underlying processes. Shear velocity and
attenuation have strong but distinct sensitivities to temperature, melt fraction, and grain size, among other factors
(e.g., Abers et al., 2014; Faul & Jackson, 2015; Takei, 2017; Havlin et al., 2021). The seismological observations
described above suggest a dynamic sub-plate system with high temperature contrasts, possibly small grain sizes,
concentration of shear, and potentially heterogeneous volatiles and/or melt. Yet, to date, no study has attempted to
draw together seismological and dynamical constraints to obtain a self-consistent picture of SSC that matches
diverse geophysical observations.

1.2. Dynamic Models of Sublithospheric SSC

Geodynamic models allow us to quantitatively connect mantle rheology, dynamics, and seismically observable
structure. Previous studies of SSC dynamics have provided numerous insights into its general mechanisms,
including the expected morphology of convection rolls (Richter, 1973), their stability through time (J. Kore-
naga & Jordan, 2003a, 2004), their onset time and how it depends on mantle viscosity (Choblet & Sotin, 2000;
Davaille & Jaupart, 1993, 1994; Dumoulin et al., 2005; Huang et al., 2003; J. Korenaga & Jordan, 2003b) and the
topography of the lithosphere—asthenosphere boundary (Dumoulin et al., 2005; Huang et al., 2003), the corre-
sponding changes in heat flux at the surface (Davaille & Jaupart, 1994; Huang et al., 2003), and its effect on melt
generation and seafloor volcanism (Ballmer et al., 2007, 2009, 2010). More specific modeling studies have
investigated the wavelength of longitudinal convection rolls in comparison to observed gravity lineations near the
East Pacific Rise (Marquart, 2001; Marquart et al., 1999). These studies identify asthenospheric viscosity and its
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gradient with depth near the base of the lithosphere—mostly controlled by the temperature-dependence—as key
parameters controlling SSC onset and morphology. However, many of the complexities of asthenospheric
rheology that are key to comparing geodynamic models to seismic observables have not previously been taken
into account.

Asthenospheric viscosity depends on temperature, pressure, stress, and mineral grain size (among other factors).
While observations of seismic anisotropy indicate that dislocation creep must play an important role in upper-
mantle deformation, models investigating SSC have generally used a Newtonian rheology (Ballmer
et al., 2009; Buck & Parmentier, 1986; Dumoulin et al., 2005; Huang et al., 2003; Parsons & McKenzie, 1978),
with the study of Likerman et al. (2021) being a notable exception. In addition, many studies use a lower acti-
vation energy than suggested by experimental data (e.g., Hirth & Kohlstedt, 2003). Furthermore, sublithospheric
SSC is an inherently three-dimensional problem and therefore requires 3D models to capture its full complexity.
2-D models can provide insight into either transverse or longitudinal modes of SSC (Huang et al., 2003), but
cannot simultaneously account for up/downstream transport of material relative to the plate motion, interaction of
downwellings at different plate ages, and the complex effects of shear between plate and asthenosphere
(Richter, 1973; Sparks & Parmentier, 1993; van Hunen et al., 2003). Studies neglecting the interaction between
these two modes cannot predict 3D convection roll morphology, and may miss fundamental aspects of SSC
dynamics. Finally, existing models of sublithospheric SSC have never previously taken into account evolving
mineral grain size. How SSC develops and evolves in a 3-D mantle with a composite diffusion/dislocation and
grain-size-dependent rheology therefore remains an open question.

1.3. Dynamics of Evolving Grain Size

Grain size evolution may be key to the dynamics of lithospheric instabilities (Behn et al., 2009; Hall & Par-
mentier, 2003). Grain growth increases the diffusion viscosity, and might therefore delay the onset of SSC. By
contrast, in high stress, high strain rate, or cold regions, grain size reduction caused by dislocation creep will
reduce the diffusion viscosity, possibly enhancing downwelling instabilities. Grain size is therefore determined
by the interplay between the two creep mechanisms (Austin & Evans, 2007), but also ensures a balance between
them. Indeed, within a nascent instability, there may be a positive feedback between increased stress, high
dislocation creep rate, and rapid grain size reduction that in turn leads to diffusion viscosity reduction and ac-
celeration of material removal and increased long-term surface heat flux (Hall & Parmentier, 2003). This effect
would be further enhanced by slow grain growth in (colder) downwellings that somewhat counteracts the effect of
the temperature-dependence of viscosity, enabling more of the basal “lithosphere” to participate in SSC.

Moreover, stresses generated by the plate moving over underlying mantle enhance both dislocation creep and
grain size reduction. This should spur development of convective instabilities (Hall & Parmentier, 2003).
Therefore, faster plate motion (causing higher stresses) should facilitate earlier onset of SSC. This effect is not
present in models using a simple Newtonian rheology.

1.4. Motivating Questions

The motivating questions for this work are: (a) Can dynamical models that include dislocation and diffusion creep
and grain size evolution reproduce sublithospheric SSC, and if so, what rheological parameters are required? (b)
Can those models replicate key aspects of seismological observations, and if so, how does that narrow down the
rheological parameter space? (c) What type of SSC dynamics are indicated by these models, and how do these
shed light more broadly on oceanic lithosphere—asthenosphere maturation?

2. Geodynamic Model Setup

To compute the geodynamic models in this study, we use the community software ASPECT (Advanced Solver for
Planetary Evolution, Convection, and Tectonics; Bangerth et al., 2023; Heister et al., 2017; Kronbichler
etal., 2012). We solve the equations for compressible mantle convection, considering only viscous stresses and an
isotropic viscosity. We neglect terms that include the bulk viscosity and inertial terms (Schubert et al., 2001), and
we use the anelastic conservation of mass equation (Jarvis & Mckenzie, 1980). In addition to the conservation of
mass, we solve equations for the conservation of momentum and energy, and an evolution equation for the grain
size. Our models include adiabatic heating and shear heating, resulting in the following set of equations for
velocity u, pressure P, temperature 7" and grain size d.
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Figure 1. Setup of the geodynamic model. Colors indicate temperature, arrows indicate velocity. Model size and boundary
conditions are marked by labels. Note that material is not constrained to the model domain, but rather cycles through the
bottom and right model boundaries.
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Here, 7 is the (effective) viscosity, ¢ is the deviatoric strain rate, p is the density, g is the gravity vector, C, is the
specific heat capacity of the material, k is the thermal conductivity, and « is the thermal expansion coefficient.
Equation 4 describes the grain size evolution as the sum of a grain growth term, approximated using a semi-
empirical expression (e.g., Austin & Evans, 2007; Burke, 1949), and a grain size reduction term, approxi-
mated by the paleo wattmeter (Austin & Evans, 2007), which assumes that a certain fraction of the work done by
dislocation creep goes into reducing the grain size. p, is the grain growth exponent, k, is an experimentally
determined prefactor, E, and V, are the grain growth activation energy and volume, R is the gas constant, c is a
geometric constant, 4 is the fraction of work that goes into changing the grain boundary area, and y is the average
specific grain boundary energy. & indicates the square root of the second invariant of the strain rate tensor, and
&4is 18 the part of the strain rate accommodated by dislocation creep. More details on this formulation can be found
in Dannberg et al. (2017), and all material properties are given in Table S1 in Supporting Information S1.

Our model domain has a 3D Cartesian geometry featuring a plate moving away from a mid-ocean ridge. The
model is 8,000 km long in the direction of spreading, 1,000 km wide in the transverse direction, and extends
660 km or 1,000 km in vertical direction (see Figure 1). We use an adaptive mesh with a maximum resolution of
5.2 X 3.9 X 5.2 km and track the evolution of the mineral grain size on particles (for details see Text S1 in
Supporting Information S1).

2.1. Initial and Boundary Conditions

The initial temperature follows a half-space cooling model with a surface temperature of 293 K added to an
adiabatic profile with a potential temperature of 1,623 K, using a constant thermal diffusivity of 6.0833 x 1077
m?/s. The initial plate age used to compute the half-space cooling temperature assumes a constant plate speed of
7 cm/yr away from the ridge. In addition, we add 5,000 small Gaussian temperature perturbations at random
locations and with a random amplitude of up to +5 K and a sigma of 60 km. To prevent numerical instabilities due
to the change in velocity at the ridge axis, we add a 2D Gaussian temperature anomaly with an amplitude of 500 K
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and a width of 10 km at the edge of the model located at the ridge, reducing the viscosity. The initial grain size is
set to 5 mm, except for a 2D Gaussian anomaly with a sigma of 30 km centered 13 km below the ridge axis, where
the grain size is gradually reduced to a minimum of 2 mm, facilitating deformation at the ridge.

We prescribe the plate velocity of 7 cm/yr at the top boundary of the model. To ensure a reasonable vertical
velocity gradient within the mantle, we set the component of the velocity pointing in the direction of spreading to
zero at the base of the model. In the other directions, the bottom boundary is free of deviatoric stress, providing no
resistance to vertical inflow and outflow of material. The model boundary at the mid-ocean ridge (x = 0 km) is
closed, but allows for free slip in the vertical direction. At the boundary furthest from the mid-ocean ridge
(x = 8000 km), we fix the velocity to be parallel to spreading, causing material to flow out of the model domain.
To minimize the effect of the boundary conditions, we base this velocity profile on the flow that would develop
under lithostatic pressure conditions without SSC: Above 140 km depth, the prescribed outflow velocity equals
the plate velocity, then it linearly decreases to 0.5 cm/yr at 270 km depth, and then again from 0.5 cm/yr to O at
410 km depth. Below that depth there is no in- or outflow. The transverse (ridge-parallel) velocity component at
the boundary x = 8000 km is set to zero, and the vertical direction is stress-free. The sides of the model parallel to
the spreading direction are closed, but stress-free in all tangential directions. The temperature is fixed to 293 K at
the surface. Additionally, at the parts of the boundary where there is inflow of material into the model, both
temperature and grain size are fixed to the same value as in their initial conditions. We let all models evolve for
100 Myr.

2.2. Rheology

Our models use a combined diffusion and dislocation creep rheology. Important distinctions are that the diffusion
creep viscosity 74 depends on grain size, while the dislocation creep viscosity 74, depends on the stress/strain
rate. We use the same rheological models as in Dannberg et al. (2017), leading to the following expressions:

1 _ Egitr + PVaisr
Naifr = EAdiff d" exp <$ ) (5)
-1 l=n Egs + PVy
Ndis = ZAdis €4is i1 €XP (W), (6)
and the effective viscosity
Hett = Mdifr Mdis 7)

£ = .
Naiee + Mais

Where A is a constant prefactor, m is the grain size exponent, 7 is the stress exponent and all other parameters as
defined above. The rheological parameters depend on the stable mineral phases, therefore we consider different
values in the upper mantle compared to the transition zone (see Tables S1 and S2 in Supporting Information S1).
For computational efficiency, we limit the maximum effective viscosity 7.4 to 1023 Pa s, a value that prevents
almost all deformation in the cold lithosphere.

Since the observables we are interested in—the location, amplitude and morphology of the cold downwellings
from the base of the lithosphere—depend on the viscosity, we ran several simulations, varying the diffusion and
dislocation creep prefactors in the upper mantle compared to the experimentally derived values, with all
parameter combinations given in Table S2 in Supporting Information S1. The resulting viscosity profiles at 42 Ma
plate age are shown in Figure 2. The prefactors affect both the effective viscosity and the balance between
diffusion and dislocation creep. The diffusion viscosity is highly variable over time due to the evolving mineral
grain size.

2.3. Other Material Properties

We use a simplified equation of state in the form

p(P,T) = py exp(xp P)(1 — a(T — Ty)) ®
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Figure 2. Viscosity profiles for different models at a distance of 2,940 km from the ridge (42 Ma plate age), averaged (using the log-average) across all values in ridge-
parallel (y) direction. Solid lines show the temporal average over the whole model time, shaded areas show variations between the minimum and maximum viscosities at
different points in time. See Table S2 in Supporting Information S1 for details on how reference viscosities are defined.

with a constant isothermal compressibility x; and thermal expansivity a, and the reference temperature
Tt = 293 K. All parameter values are given in Table S1 in Supporting Information S1.

The thermal conductivity is temperature- and pressure dependent following the equation

9T8.0)" exp (—=(4y + 1/3)a(T — 298)) (1 i K(I]Ki)

2
k(P,T) = k298< ;

)
+0.01753 — 0.00010365T + 2.2451 x 107'T% — 3.407 x 10~ 73

with ky9g = 4 W/(m K) the lattice thermal conductivity at the ocean floor, a = 1/3 (for silicates), y = 1.2 the
Gruneisen parameter, K, = 135 GPa the bulk modulus, and K{, = 4 the pressure derivative of the bulk modulus.
While the equation is from Hofmeister (1999), we here use the parameter values from Honda and Yuen (2001,
Equation 1), a study that fits the Hofmeister (1999) model to ocean floor depth and heat flux of GDHI1 (a
theoretical thermal model of the oceanic lithosphere). The temperature-dependence causes a decrease in thermal
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assuming 100 ppm H,O + 100 ppm CO,. Physical properties temperature
and grain size are output from ASPECT. Melt fraction is calculated in post-
processing using a hydrous equilibrium melting model (Blatter et al., 2022).
Shear velocity (V) and attenuation (Q;l) are calculated using the VBRc
(Havlin et al., 2021) and Perple_X (Connolly, 2005; Connolly &

Kerrick, 1987). The black contour in each panel marks the 1150°C isotherm,
temperatures below which are assumed to represent dehydrated mantle.

conductivity with increasing temperature, leading to a hotter base of the plate
and a steeper thermal gradient compared to a model with a constant thermal
conductivity (Honda & Yuen, 2001).

Methods for computing the heat flux and dynamic topography are described
in Text S2 in Supporting Information S1. Additional model postprocessing
steps and model limitations are discussed in Texts S3 and S4 in Supporting
Information S1, respectively.

3. Synthetic Seismology
3.1. Calculating Seismic Properties From Model Outputs

“Translating” geodynamical model outputs to seismic properties requires a
multi-stage process. First, we use temperature and pressure to calculate a
stable mineralogy and unrelaxed bulk and shear moduli and density for the
aggregate using Perple_X (Connolly, 2005; Connolly & Kerrick, 1987),
assuming a pyrolite bulk composition. We consider five possible scenarios of
CO, and H,0 bulk concentrations: volatile-free; 0 ppm CO, + 100 ppm
H,0; 0 ppm CO, + 250 ppm H,0; 100 ppm CO, + 100 ppm H,0O; and
100 ppm CO, + 250 ppm H,O. These scenarios are chosen to span the range
of prior estimates for the upper mantle (Dasgupta et al., 2007, 2013;
Hirschmann, 2006; Hirth & Kohlstedt, 1996; Michael, 1988). To mimic a
dehydrated lithosphere (Hirth & Kohlstedt, 1996), we set the volatile content
to 0 ppm wherever temperatures <1150°C. For each volatile scenario, we
calculate solidi and batch melt fractions using the approach of Blatter
et al. (2022), assuming the system is in equilibrium and melt remains in situ.
To be clear, we impose these volatiles and partial melt as a post-processing
step; no volatile or melting effects on either viscosity or density are incor-
porated in the dynamical models. We are aware that this may lead to some
inconsistency in effective viscosity between the modeled viscosities and those
implied by our post-processing calculations. The magnitude of this discrep-
ancy is a factor of ~3 on average, as captured in Figure S1 in Supporting
Information S1.

Using the temperature, pressure, diffusion creep viscosity, and grain size from
the ASPECT models, together with unrelaxed elastic moduli and density from
Perple_X, and computed solidii and melt fractions, we calculate viscous and
anelastic parameters using the Very Broadband Rheology calculator (Havlin
et al., 2021, see Figure 3). We assume mantle anelasticity in line with the
“premelt” model (Yamauchi & Takei, 2016) and account for melt affecting
anharmonic moduli through the poroelastic effect (Takei, 2002) as well as
directly affecting anelasticity and viscosity through grain boundary effects
(Yamauchi & Takei, 2024). Volatiles impact viscosity indirectly through

solidus depression and activation of the premelt effect (Yabe et al., 2020; Yabe & Hiraga, 2020). We do not
explicitly include a direct effect of water on viscosity (Hirth & Kohlstedt, 1996) because our variation of the flow

law prefactors in the ASP ECT simulations (Section 2.2) is akin to this effect, with larger prefactors corresponding
to a wetter (and weaker) mantle. These calculations provide “translated” anelastic seismic properties at all model

nodes at periods of 65, 10, and 1 s representing the dominant frequencies of the surface-wave, S-, and P-wave

observations, respectively.

3.2. Computing Synthetic Seismic Data

We compare the “translated” ASPECT model to surface wave observations in both model space (average profiles

of Vg and Q;l) and data space (average Rayleigh phase velocity and attenuation). The latter provides more direct

comparison to true data, since the 1-D Vg and Q;l “observed” models are obtained via regularized inversion.
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First, we extract Vg and Q;l from the “translated” ASPECT model within a ~500 X 500 km? footprint centered
at x = 2,940 km (~42 My) to mimic the Young ORCA array site. We replace the upper ~6.4 km of the ASPECT
model domain with realistic oceanic crust from Russell et al. (2019) and drape a 4,625 m thick water layer on top.
We forward calculate Rayleigh wave phase velocity and attenuation dispersion from the translated model for each
vertical profile within the ~500 X 500 km? footprint using the SURF96 layered model dispersion code (Herr-
mann, 2013). Since Rayleigh waves are primarily sensitive to vertically polarized shear waves Vg, we convert
the ASPECT model to Vi, using radial anisotropy (cf = V§H/ Vév) from the regional model of Nishimura and

Forsyth (1989) and the relationship Vg, = V¢/3/(2 + &).

For synthetic body wave tomography, we construct an array of synthetic OBS instruments with the same
configuration as the ORCA arrays (Eilon, Gaherty, et al., 2022), including orientation with respect to plate
motion. For comparison to the data, the array is centered at the Young ORCA age (x = 42 Ma X 7cm/yr = 2940
km), and we set the ridge-parallel ( y) location to ensure the array spans multiple convective downwellings, as the
Young ORCA array appears to. We construct a synthetic seismic catalog of 50 shallow mantle events randomly
distributed between 30 and 85° in distance from the center of our array. The events have semi-random back-
azimuthal distribution, whereby we prescribe four random 40° gaps in the angular distribution of sources. This
catalog mimics the characteristics of mid-Pacific temporary OBS deployments. We trace rays in 1-D from all
stations toward all sources within a 800 X 800 km model space centered on the array, using an average velocity
profile from the youngest edge of the model space (i.e., avoiding any SSC cells). We calculate finite frequency
travel-time sensitivity kernels using the first fresnel zone paraxial approximation to the full Born kernel (Brunsvik
et al., 2021; Schmandt & Humphreys, 2010) and assuming center frequencies of 1 and 0.1 Hz for P- and S-waves
respectively (we focus on P-waves for comparison to the existing observations, providing S-wave synthetics in
Supporting Information S1). Synthetic differential travel times are computed by multiplying these kernels with
the input velocity structures derived from the “translated” ASPECT models linearly interpolated onto a dense
local grid. Finally, we invert these travel times (which are de-meaned by event, to mimic the process of cross-
correlation) using regularized least squares, where both norm damping and first-derivative flattening are imposed.
We go through this process of inverting synthetic data to understand not only the 3-D features predicted to appear
in seismological models, but also which features may be distorted or obscured by the process of tomography: the
“tomographic filter.”

4. Geodynamic Modeling Results
4.1. Convection Regimes and Morphology of Cold Downwellings

In all models, there is an interplay of diffusion creep, dislocation creep, and grain size evolution. However, the
balance between diffusion and dislocation creep depends on the flow law parameters (see Figure 2; the balance
changes from top left to bottom right). In models with a higher diffusion viscosity prefactor (thus lower diffusion
viscosity), diffusion creep dominates. Conversely, dislocation creep dominates in models with a high dislocation
creep prefactor. The exact balance of deformation mechanisms depends on the temperature/pressure/strain rate/
grain size conditions (see also Figure 4 and Movies S3-S6), and in turn also controls grain size evolution. For
example, models with more dislocation creep generally have lower grain sizes (see Figure S2 in Supporting
Information S1).

Initially, all models have a similar flow field due to the boundary conditions. Away from the in-/out-flow
boundaries, most material flows horizontally, with horizontal shear due to plate motion. At the outset, most of this
shear deformation is concentrated over a narrow range near the top of the asthenosphere where the viscosity is
lowest (see Figure 2). Over time, the cold top boundary layer becomes unstable and triggers the onset of SSC. The
specific time of onset depends on the model parameters (see Section 4.2).

In all models, SSC first manifests as longitudinal convection rolls. This agrees with theoretical predictions
(Richter, 1973) and observations (Eilon, Zhang, et al., 2022). Due to the random initial temperature perturbations,
these structures feature spatial temperature variations, both along their axes and between rolls (see Movies S3—
S6). The lower the asthenospheric viscosity, the stronger these variations, with some models featuring initial cold
“plumes” coalescing into downwelling sheets/convection rolls and others forming downwelling sheets from the
outset.
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Figure 4. Shallowest depth where SSC occurs (defined as the 0.1%-th percentile of the vertical velocity among all the points in a depth range of +25 km exceeding 1 cm/
yr in downwards direction) in dependence of distance from the ridge (plate age) and point in time during model evolution. White colors indicate no SSC. Orange/brown
solid lines highlight youngest plate age (expressed as distance from the ridge) where >1 cm/yr downwelling occurs at a given time for four different depths. Bottom left
inset shows the relation between effective viscosity and Frank-Kamenetskii parameter computed from the flow law parameters versus the onset time of SSC. The violin
plots show minimum, maximum, mean (solid circle), and initial (empty circle) onset time, with the violin color representing the diffusion/dislocation creep ratio at the
mean effective viscosity and the violin width representing the fraction of the model evolution time that features a given SSC onset age. The gray line represents the least
squares fit of aline y = ax through the mean onset times. How the age of onset depends on the individual diffusion and dislocation creep viscosities is shown in Figure S13
in Supporting Information S1.

In a ridge-parallel cross-section, the downwelling sheets have a plume-like shape with broad tips from the initial
instability and thinner conduits connecting them to the lithosphere (Figure 5). Since viscosity gradually increases
with depth, followed by an abrupt increase at 410 km depth (see Figure 2), the downwellings slow between ~200
and 350 km depth, causing broader cold anomalies in that depth range (see also Section 4.4). Eventually, this cold
material breaks through the 410-km-depth transition, sinking further downward and leaving the model through
the bottom boundary. The width and temperature anomaly of the downwellings depend on the viscosity as
controlled by the flow law parameters—with lower viscosity leading to thinner downwellings (compare
Movies S3 and S6).
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Figure 5. Evolution of the best-fit model 14;;/0.52; at three different times. Left panels show a view from below with temperature contours 20 K below the adiabat
colored by pressure. Panels on the right show the temperature, grain size and strain rate distribution in vertical slices at 42 Ma plate age/2,940 km from the ridge. For the

full model evolution, see Movie S3.

The onset of SSC alters the temperature, strain rate, and grain size of the asthenosphere. Due to the removal of
cold material, temperatures near the base of the plate are higher (in comparison to a plate of the same age, but
without SSC). This could allow for mantle melting, especially if any upwelling material is fertile and/or volatile-
rich (see also Section 5.1). In addition, following SSC onset, the strain rate increases throughout the upper mantle
and its maximum shifts to shallower depth, as strain localizes at the base of the lithosphere where the cold drips
form (Movies S3—-S6). This faster deformation is not only present at the locations of the cold downwellings, but
extends horizontally along the base of the lithosphere (Figure 5). The localized deformation reduces the grain size
and increases its lateral variations. After SSC onset, the minimum in grain size is therefore smaller and shifted
shallower. Within the cold downwellings, grain size is reduced drastically (to a median of well below 1 mm and a
minimum below 200 pm, with the exact values depending on the flow law parameters, see Figure S2 in Sup-
porting Information S1). This owes to the combination of large strain rates and slow grain growth. On the other
hand, the grain size deeper in the asthenosphere, between the cold drips, tends to become even larger than before
SSC, since the plate-motion-driven shear deformation (and associated grain size reduction) is focused in a thin
layer at the base of the plate (Figure 5). An interesting corollary to these grain size dynamics is that the cold
downwellings' interiors are not appreciably more viscous than the surrounding mantle. Even though they may be
up to 100 K colder than the mantle adiabat, the small grain sizes in their interiors offset the effect on viscosity. The
drips are surrounded by an envelope of low-viscosity warmer asthenosphere, since deformation localizes at their
edges.

The onset of sublithospheric convection marks only the first shift in model evolution. Although longitudinal
convection rolls are the expected planform of convection at its onset, it has been shown that they can become
unstable to three-dimensional perturbations—in particular at high Rayleigh numbers—so that the planform of
fully evolved convection may deviate from longitudinal rolls and become multimodal (J. Korenaga & Jor-
dan, 2003a). We do find that the character of convection changes when the cold downwellings break through the
transition zone, marking the shift from (layered) upper mantle convection to whole-mantle scale sublithospheric
convection (as discussed in J. Korenaga & Jordan, 2004, for the 2D case).
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In our models, this breakdown manifests itself by the establishment of long-wavelength transverse convection
cells. These have downwellings concentrating at ~4,300 and 6,800 km from the ridge axis (or 61 and 97 Ma plate
age; see Figure S3 in Supporting Information S1 and Movies S3-S5) and upwellings in between. The ~2,500 km
wavelength of these larger, transverse convection cells is not per se dependent on the asthenospheric flow law
parameters, since it is controlled by the (fixed) viscosity of the layer below (in addition to the time taken for the
lithosphere base to reach critical thickness). This is demonstrated by our models with different transition zone
diffusion creep prefactors (see Figure S3 in Supporting Information S1 bottom row, Table S2 in Supporting
Information S1). However, the larger-scale downwellings need to develop from an upper mantle that has already
initiated small scale convection. Thus, the 4,300-km-distance drip only forms in models with young (<60 Ma)
SSC. In more viscous models (e.g., 14i/1.934;) where almost the whole 100 Myr model evolution time is
required before downwellings interact with the model base, the transverse convection cell does not have a chance
to even develop within our models.

4.2. Onset Time of SSC

Two main controls on the onset time of SSC identified by previous studies (Davaille & Jaupart, 1993, 1994,
Dumoulin et al., 2005; Huang et al., 2003; J. Korenaga & Jordan, 2003b) are the interior Rayleigh number Ra;
(taken at the average interior temperature of the model 7;, excluding boundary layers) and the temperature-
dependence of viscosity, which can be described using the Frank-Kamenetskii parameter

_ding(T)| _E+PV
dT | RT?

0= (10)

for an Arrhenius flow law as used in our models. The onset time z,. is often expressed in a scaling law of the form
7.« Ra;*6P an

with a and b being constants. In the following, we will use this relation to analyze the onset time of convection in
our models (for details, see Text S5 in Supporting Information S1). While these scaling laws account for
temperature-dependence of viscosity (and, in the case of J. Korenaga & Jordan, 2002, a viscosity jump with
depth), they neither incorporate the effect of dislocation creep/strain-rate dependence nor an evolving grain size.
With all these complexities included (and a depth- and temperature dependent thermal conductivity), it becomes
difficult to define Ra; consistently. It is beyond the scope of this study to develop a scaling law that would include
these additional complexities. However, plotting our results against existing scaling relationships highlights the
general effect of a non-linear rheology.

The inset in Figure 4 displays the positive scaling between the onset time of SSC and 77> 3¢°/6. We highlight
both the mean onset time and its spread throughout the model evolution time. The onset time can be fit reasonably
well with the existing scaling law even for a nonlinear rheology, showing the balance between diffusion and
dislocation creep (indicated by color) does not systematically affect the slope of the linear relationship.

Only the models with a large viscosity show substantially later onset times than predicted by the scaling law. This
may be explained by two different factors. First, we may be underestimating true viscosity in this analysis because
we use the same 7; and P in all flow laws. In reality, the top of the asthenosphere is at higher pressures (and
therefore slightly higher viscosities) under older parts of the plate. Second, sublithospheric SSC only occurs very
late during the model time and/or near the model boundary in these models (see panels 14;/1.93 4 and 10;¢/1 i
in Figure 4), and thus may not represent a stationary sample of model behavior or may be affected by the boundary
conditions.

All models with SSC over a longer (>70 Myr) extent of model time show a distinct evolution in its onset time.
After the first downwelling occurs at a given distance from the ridge axis, subsequent instabilities occur at
younger plate ages, initially causing a step-wise decrease in the minimum plate age where SSC occurs. Afterward,
the onset age periodically varies around some average, representing downwellings carried toward older plate ages
together with the plate-driven flow in the asthenosphere and the later onset of a new downwelling at a younger
plate age. While this quasi-steady behavior is expected for convective instability, the initial step-wise decrease in
onset age with increased model time highlights the effect of dislocation creep and grain-size-dependent rheology.
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Figure 6. Heat flux and seafloor depth versus age relationship in our models. Colored lines represent the average heat flux
(top) and seafloor topography (bottom) at the end time (after 100 Myr of model evolution) of the geodynamic models, with
the color indicating the rheologic parameters used in each model. The heat flux includes an added correction for radiogenic
heat production (0.5 mW/m?2, Hasterok, 2010). In terms of their heat flux, the different models are almost indistinguishable
and plot on top of one another. The gray area illustrates the heat flux and topography data from Stein and Stein (1993) (which
includes anomalous topography such as seamounts), with their fit to the data (GDH1 model) shown as a dashed line. The plate
model from Parsons and Sclater (1977) is shown as dotted line. The blue shaded area represents the more recent data: Sediment-
corrected heat flux data from Hasterok et al. (2011) (top) and topography data from Hillier and Watts (2005) (which removes
seamounts, oceanic islands, oceanic plateaus, and midplate topographic swells).

During the initial phase of conductive cooling, the strain rate is low and grain size is large. The descent of the first
downwelling increases the strain rate (reducing dislocation viscosity) and, consequently, decreases the grain size
in the surrounding asthenosphere (decreasing diffusion viscosity). Subsequent instabilities can therefore develop
more readily, at younger plate ages. Because both diffusion and dislocation creep are affected, this behavior is
visible in all of our models (Figure 4).

4.3. Model Validation: Heat Flux and Seafloor Topography

To ensure that our geodynamic models capture the first-order effects of oceanic plate cooling and evolution, we
compare age-dependent heat flux and seafloor topography to observations. We evaluate both properties at the end
of our model evolution (100 Myr). Our models do not include radiogenic heating, so we add heat flux estimated
from radiogenic heat production within oceanic plates (0.5 mW/m?, Hasterok, 2010) to our computed heat flux.
Since this heat is mainly generated in the oceanic crust, we treat it as a constant value (~0.35 mW/m?). The
resulting heat flux versus age relationship (Figure 6 top) shows a reasonable agreement with previous models and
heat flux measurements. Our modeled heat flux lies at the lower end of the observed heat flux data and is slightly
lower (by ~5 mW/m?) than the model of Parsons and Sclater (1977) but shows the same flattening with age. Note
that for models with SSC, heat flux may not be in steady state; it takes some time for associated thermal anomalies
to propagate to the surface (Davaille & Jaupart, 1994), potentially several times the onset time (Huang
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Figure 7. Temperature comparison between standard lithospheric cooling models and “best-fit” ASPECT model

(Section 4.5). Colors indicate 100 K contours for plate cooling (bottom left, “PM”) and half-space cooling (top left, “HSC”),
where the former is shown for the best-fitting plate thickness (110 km). Overlaid black contours are the 100 K isotherms from

a 2-D average of the ASPECT model at 80 My model run time (with thin dashed contours at 1320°C and 1340°C). For both
models, the misfit as a function of plate thickness is shown on the right. Potential temperature and temperature-dependent
thermal diffusivity are the same as for the ASPECT calculations. Note, although SSC onset is ~30 My, significant departure
from the half-space-cooling plate thickness is not until ~60 My.

et al., 2003). This is not, per se a flaw—in the event that time-varying SSC processes take place in oceanic upper
mantle, the true ocean basins' heat flux should similarly never reach steady state. All that said, we find that SSC
does not substantially change the surface heat flux, consistent with prior work (J. Korenaga & Jordan, 2002). This
is because only a thin layer at the base of the lithosphere becomes convectively unstable, and only small portions
drip off at once. Therefore, temperature variations and the corresponding change in plate thickness are small
(Figure 7) and heat flux anomalies are smoothed by the thick lid (Davaille & Jaupart, 1994).

While all our models show similar heat flux versus age, they differ more substantially in their predictions of
seafloor depth versus age (Figure 6 bottom). For older seafloor (>70 Ma), several of the models clearly predict a
greater seafloor depth than is observed, even with anomalous topography (such as from seamounts and ocean
islands) removed from the data (Crosby et al., 2006). Generally, models that have a lower effective asthenospheric
viscosity (high values for both diffusion and dislocation creep prefactor, top right panels in Figure 2) have a
shallower seafloor depth for these old ages, yielding a better fit to the observations. The three models with the
shallowest seafloor depth are 0.14/14;, (yellow line), 14/0.524; (lightest pink line), and 0.14;/1.41 4 (light
green line) which all yield viscosity <2 x 10'° Pa s in the asthenosphere. These are also the models with the
earliest onset age of SSC (Figure 4).

4.4. Amplitude, Depth, and Wavelength of Thermal Anomalies at 42 Ma Plate Age

To compare our models to the seismic observations of apparent SSC from the Young ORCA array, we analyze the
temperature distribution in our models at a plate age of 42 Ma (a distance of 2,940 km from the ridge axis). The
negative temperature anomalies (Figure 8) illustrate that SSC occurs at such a young plate age only in models with
a low asthenospheric viscosity (below ~2 X 10'°, compare Figure 2), in agreement with the scaling law (see
Figure 4). However, in most of the simulations, these downwellings only occur over short periods, infrequently
throughout the model evolution and/or the amplitude of the temperature anomalies remains below 75 K, which
makes it more difficult to explain the observed seismic anomalies. Only for the two models with the lowest
viscosity (0.1gi/14;s and 14;/0.524;) does SSC yield downwellings with temperature anomalies consistently
above 75 K (and maximum anomalies of more than 90 K) that remain active throughout the model evolution (after
its onset).
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Figure 8. 2.5 percentile of the temperature anomaly (compared to the adiabatic profile with 7}, = 1623 K) in ridge-parallel
(y) direction at a plate age of 42 Ma, plotted in dependence of time and depth for all models. Blue streaks sloping downward
indicate cold downwellings from the base of the plate. Temperature anomalies below —75 K are shown in black. Red
horizontal bars indicate the mean temperature anomaly in K averaged over the whole model evolution time for each depth range
below 100 km. Panels are arranged as in Figure 2.

Figure 8 also provides insights into the depth distribution of the temperature anomalies. While cold downwellings
cause negative temperature anomalies across a broad depth range, they stop at ~400 km depth because of the
viscosity increase from the upper mantle to the transition zone at 410 km depth, which slows down convective
motion. In addition, below 120 km depth the viscosity in the asthenosphere generally increases with depth in our
models (see Figure 2), so that downwellings developing at the base of the lithosphere can sink quickly at first, but
slow down as they sink further (visible in the flattening of the downward slopes of the blue streaks in Figure 8).
Therefore, in models with SSC, the temperature anomalies do not simply diminish with depth. Instead, tem-
perature anomalies are large within the lithosphere due to the cold plate, low in the sublithospheric mantle just
below the base of the plate, and have a maximum in a depth range of 200-300 km depth (Figure 8, red bars). This
pattern closely mimics the depths of strongest anomalies observed by seismic tomography (Eilon, Zhang,
et al., 2022).

To analyze the wavelength of the convection rolls in our models, we computed the power spectra of the longi-
tudinal structure of the temperature anomaly compared to the initial adiabat at 42 Ma plate age during the model
times when downwelling occurs (Figure 9). While the spectral power is generally substantial for wavelengths
between 100 and 500 km, our analysis reveals that the largest possible length scales of 300-500 km dominate the
convection pattern in most models. Only in model 0.1 4;/14;, the wavelength of 300-400 km is by far stronger
than 400-500 km, and model 1g4;/0.524; features the strongest power in the 200-300 km and the 300-400 km
wavelength, which have approximately equal amplitude. Therefore, only the latter two models can be considered
comparable to the observations from seismology and gravity, which suggest a length scale of the convection rolls
of %250 km.

Overall, only in the two models with the lowest viscosity (0.1g/14is and 14;4/0.524;) do we find SSC with
temperature anomalies that exceed 75 K, remain active throughout the model evolution after its onset, and match
the tomographically observed wavelength and depth range. However, model 0.14;¢/14;, is dominated by diffusion
rather than dislocation creep in the asthenosphere, which is inconsistent with observations of seismic anisotropy.
Additionally, the wavelength of the convection rolls is somewhat larger than observed. Therefore, 14/0.52; is
the model that best matches the constraints from seismology.
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Figure 9. Spectral power of longitudinal structure in the non-adiabatic temperature versus depth at a plate age of 42 Ma in a
depth range of 150-250 km, averaged over the periods of time where downwelling occurs. Since the y extent of the model is
1,000 km, the largest wavelength that can be present is 500 km. Models where no downwellings occur at 42 Ma plate age are
not shown. The red horizontal line marks the wavelength of 250 km inferred from gravity undulations and body-wave
tomography. For the distribution over time, see Figure S8 in Supporting Information S1.

Note that the analysis above is only for a plate age of 42 Ma and that both the temperature anomaly and frequency
of cold downwellings are much higher for older plate ages (for 70 and 90 Ma, see Figures S4 and S5 in Supporting
Information S1), where all of our models feature SSC. In this context it is worth noting that preliminary results
from Old ORCA seem to show several more flurry-like downwellings, possibly with smaller non-adiabatic
temperature excursions (Hariharan et al., 2024).

4.5. Evolution of the Best-Fit Model 14;5;/0.52;s

Figure 5 shows how SSC evolves in model 14;;/0.524;,. Within the first ~10 Myr, SSC initiates at all plate ages
235 Ma, and by 19 Myr (Figure 5 top left), the first downwellings have reached a depth of ~300 km. While the
morphology of these initial downwellings is still controlled by the random location of the initial temperature
perturbations, the planform of convection shifts to longitudinal rolls at 30—35 Myr. At the same time, larger-scale
convection cells in transverse direction develop as the initial downwellings break through the phase transition at
410 km depth (Figure 5 bottom left). This flow pattern represents a quasi-steady state that only changes slightly
throughout the last 50 Myr of model evolution (Figure 5 bottom right). This model is also the only one to have
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Figure 10. Comparison of seismic observations with VBRc calculations at x = 2,940 km, corresponding to ~42 Ma seafloor. Five different volatile cases are shown
ranging from dry (O ppm CO,; 0 ppm H,0) to wet (100 ppm CO,; 250 ppm H,0). (a) Shear velocity at Young ORCA (black) compared to regional model NF89
(Nishimura & Forsyth, 1989) in orange and global model SEMUCB_WMI1 (French & Romanowicz, 2014) in red. (b) Same as (a) but for shear attenuation, where global
model QRFSI12 (Dalton et al., 2008) is shown in orange. (c) Temperature (with solidi for each case shown by dashed lines) and (d) grain size from ASPECT are the same
for all cases. (e) Melt fraction is calculated from the equilibrium hydrous melting model. (f) Rayleigh wave phase velocity and (g) attenuation observations (white symbols)
at Young ORCA compared to the forward predictions from the models shown in (a) and (b), respectively. Shading indicates the middle 95% percentile of models for each
case and 20 uncertainties for observations. (h) Misfit for phase velocity, attenuation, and the combined average (total).

appreciable downwellings at plate ages of <40 Ma for appreciable fractions of model time, and some of these
downwellings reach the transition zone (see Figure S3 in Supporting Information S1).

5. Fit to Seismological Observations

The primary seismological observations we seek to match by forward calculation (“translation”) from the
ASPECT model outputs are average shear velocity (Vs), average shear attenuation (Q;l), differential travel
times, phase velocity and attenuation dispersion curves, and the amplitude and wavelength of tomographically
imaged anomalies. Using the best-fit model described above (Section 4.5), we extract snapshots of the model for
seismological forward calculations at a model time of 80 Myr, so chosen because these are times at which SSC at
42 Ma plate age appears vigorous based on the averaged temperature anomaly (Figure 8).

5.1. Surface-Wave Constraints: Vs and 0,

Surface wave observations at the Young ORCA experiment (Russell, 2021; Russell et al., 2023) help validate the
geodynamic model by constraining the average physical state implied for the oceanic upper mantle, with shear
velocity and attenuation sensitivity down to ~300 km depth. ASPECT model outputs are generally a good match
with surface wave observations at Young ORCA (Figure 10). The magnitude of observed minimum Vy, and peak
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Q;' (and associated minimum in phase velocity and peak in Rayleigh wave attenuation) fall within the range of

values calculated for the volatile scenarios tested.

We first compare observations to predictions in the “data” space: dispersion curves of Rayleigh phase velocity
and attenuation (Figures 10f and 10g). Although no single scenario fits all aspects of the observed data, we find
overall lower misfit for the moderate volatile cases (Figure 10h) and the best total misfit for 250 ppm
H,0 4+ 0 ppm CO,. The low attenuation misfit for volatile-poor cases is primarily driven by the excellent fit to the
(unattenuating) lithosphere at shorter periods <40 s. With increasing volatile content, attenuation misfit increases
because both the amplitude and width of the attenuation peak become too large. The low phase velocity misfit for
cases with high volatile content is primarily due to good fit at periods >80 s. At shorter periods (<40 s) sensitive to
the lithosphere, the observations tend to favor the more volatile-poor models, whereas longer periods (>50 s)
favor wetter models (Figure S6 in Supporting Information S1). These results would be consistent with an increase
in volatile content with depth. In addition to the 80 Myr model time shown in Figure 10, we also tested a model
time of 100 Myr and although it shows slightly lower velocities and higher attenuation in the asthenosphere
(Figure S7 in Supporting Information S1), the pattern of data fits and main results remain unchanged.

The difference between observed and calculated Vi, and Q;l profiles (the “model” space; Figures 10a and 10b) is
more difficult to assess given that they are both affected by regularization and model parameterization choices.
Nevertheless, there is decent agreement between the observed and calculated values that reflects the dispersion
misfit discussed above. Perhaps the largest difference occurs in the low-velocity/high-attenuation zone beneath
the plate, both of which are observed to be ~25 km deeper than predicted by the ASPECT outputs. In other words,
the thermal lithosphere inferred by the seismic observations is thicker than that of the geodynamic model. This is
unlikely to be a regularization issue because it can also be seen in the Rayleigh wave attenuation data; a thicker
lithosphere is indicated in the observations by slightly weaker attenuation at periods <50 s and a peak at slightly
longer periods compared to the volatile cases that best fit attenuation. The thicker seismic lithosphere could be the
result of dehydration processes occurring at the mid-ocean ridge, if melt extraction removes volatiles from the
lithosphere at depths of 60-120 km (Hirth & Kohlstedt, 1996) causing the solidus to steepen and increasing the
depth at which the premelting effect is active. This has been invoked to explain the G discontinuity in the Pacific
(Gaherty et al., 1999) as well as seismic anisotropy frozen into the Pacific lithosphere (Russell et al., 2019).

5.2. Body-Wave Constraints: 6Vp (and 6Vy)

One objective of this study was to evaluate the match between modeled SSC and 3-D structures observed in body
wave tomography beneath the Young ORCA region (Eilon, Zhang, et al., 2022) and similarly elsewhere (H. Kang
et al., 2023). Since these studies involve differential body wave measurements, they formally constrain only
lateral variations in the elastic structure. We seek to match: (a) longitudinal planform of convective structure with
elongation sub-parallel to plate motion; (b) longitudinal wavelength of ~200-300 km; (c) peak-to-peak differ-
ential P-wave arrival times of ~1 s; (d) peak-to-peak V) contrast of up to 4%; (e) strongest anomaly depth of 200—
300 km and weak anomalies in the 100-200 km depth range.

The “input” 3-D velocity models (i.e., translated from the ASPECT models) are distinctive for narrow sheets of
high velocity downwelling material, embedded in relatively slow background mantle (Figure 11). In the best-fit
model, the longitudinal separation of these sheets is of the order of 250 km (Figure 9), varying somewhat through
model run time (Figure S8 in Supporting Information S1). These sheets are aligned sub-parallel to plate motion.
Thus, observations (a) and (b) match well, which is unsurprising because these were among the criteria used to
select the best-fit dynamical model.

Observations (c) and (d) are satisfied qualitatively but not quantitatively, in that the patterns of anomalies are
matched, but not the amplitudes. The “input” models, reflecting the seismic predictions of the ASPECT models,
contain approximately 2Xx smaller velocity variation than inferred from the true observations, and approximately
3% smaller differential travel times (Figure 11, right). Higher concentrations of volatiles yield larger contrast in
model velocities, as the warmer parts of the model space allow for increasing potency of anelastic dissipation
mechanisms activated by these volatiles (largely through premelting effects; Yamauchi & Takei, 2016) while the
cold downwellings do not allow for these mechanisms and maintain high velocity. The values above reflect the
most exaggerated volatile case, where we maximize the velocity contrast in the downwellings compared to
surrounding mantle. The fastest model features have the greatest velocity contrast with their surroundings at their
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Figure 11. Comparison of seismic velocity models for VBRc-translated ASPECT before and after (“OUTPUT”) the tomographic inversion. Each row is a different case
of volatiles, matching Figure 10. Left pair of columns are map-view at 100 km depth, with the locations of the synthetic OBS instruments shown as black triangles.
Middle pair of columns are vertical sections at x = 0 looking toward negative x. Right columns are histograms of differential velocities (left; dVp) and travel times (right;
dTp) with Young ORCA observations (Eilon, Zhang, et al., 2022) in blue and calculations from this analysis in gray (translated input) and blue (output, after the
tomographic filter).

narrowest point, at ~100 km depth, since here the cold temperatures are concentrated in a small volume and are
contrasted with high homologous temperature ambient asthenosphere. At 150-250 km depth, these high velocity
features spread out as they encounter resistance from increasing viscosity with depth (Section 4.4). However,
although they slow at this depth, they also spread out laterally, and we do not observe volumetrically significant
build-up of high velocity material, rather accumulation of material that is only moderately faster than ambient. As
a result of the small volume of the fastest 5V, features, and the modest 6V of the larger volume features, the
predicted differential travel times (without noise added) are substantially smaller in amplitude compared to the
0Tp observations (Figure 11). At a model time where the downwelling pattern is much more sheet-like, with one
large downwelling dominating, the amplitude of computed heterogeneity from our model is somewhat closer to
the observed value (Figure S9 in Supporting Information S1). However, the pattern of heterogeneity (a single
principal velocity dichotomy between fast sheet and slow upwelling mantle) look quite different to our observed
structure, so this explanation is unlikely to reconcile misfit in modeled versus observed heterogeneity amplitude.

The “output” models, with tomographic filter imposed, show several key differences with the input models. High-
velocity features are muted and hard to identify in comparison to the input structures. The clearest features are
actually low-relative-velocity structures. At depths greater than ~100 km, almost no structure in the input models
has absolute velocity lower than ambient. The broad low velocity features extending to ~200 km depth in the
“output” models reflect vertical downward smearing of shallow low velocity material (due to volatiles and melt)
and the tomographic constraint that velocity averages to zero in horizontal layers. The extrema of velocity (both
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fastest and slowest) are not recovered; there is overall amplitude reduction. As a result, the apples-to-apples match
between the “output” seismic models and the observed tomography reveals an even more substantial undershoot
in modeled heterogeneity. Moreover, as noted above observation (e) is not matched well, since the most sub-
stantial velocity heterogeneities (in both input and output models) are near the base of the plate, not strongest at
200-300 km depth. This is despite our having selected a model where the laterally averaged cold anomalies are in
fact strongest at 200 and 300 km depth (as shown in Figure 7, red horizontal bars). Overall, the coarse features of
the ORCA observations are matched by the model predictions, but the models fail to reproduce the amplitude of
the apparent anomalies.

6Vg models were not obtained at Young ORCA, due to noisy horizontal channels preventing sufficient clean S-
wave arrivals. We nevertheless computed synthetic S-wave tomography for completeness and for comparison
with possible future shear-wavespeed studies (Figures S10 and S11 in Supporting Information S1). Unsurpris-
ingly, these models are similar to their Vp counterparts but show larger velocity and travel time heterogeneity due
to the stronger dependency of shear modulus on temperature, particularly considering shear anelasticity. For all
but the volatile free case, we predict a relatively high d InV/V, ratio of 1.85-2.05 when averaging over all nodes
in the well resolved portion of the sub-plate mantle.

6. Discussion

This study shows that it is possible to match coarse geophysical observations of the Young ORCA region with a
dynamical model that includes SSC. In doing so, we require the asthenospheric viscosity in this region to be low
(2 X 10" Pa s)—commensurate with the strong attenuation—and determine that dislocation and diffusion creep
act at similar rates just below the plate. This model is broadly consistent with: (a) Isostatic shallowing of the
seafloor due to lithospheric thinning, and macroscopic thermal structure well-fit by a “plate cooling model”; (b)
Elongated convective downwellings on a similar wavelength to satellite-imaged gravity rolls and seismically
imaged velocity heterogeneities present at a plate age of ~40 Ma; (c) Build-up of crystallographic fabrics and
associated seismic anisotropy beneath the plates. With some assumptions about volatile concentrations in the
asthenosphere, these models can also match observations of low phase velocities and high attenuation imaged by
surface waves, with slowest velocities and highest dissipation in a narrow and presumably pervasive layer beneath
the plate that must contain melt.

Although the fractions of melt required to match surface wave properties are modest (<0.7% for the best-fit
scenario), this melt may be dynamically sustained over wide regions if, as our simulations suggest, SSC is a
widespread process. Pervasive asthenospheric melt has previously been proposed from other geophysical con-
straints (Hua et al., 2023; Naif et al., 2013; Stern et al., 2015). If and when small fractions of this melt occasionally
reach the surface, this could account for non-age-progressive, non-plume-sourced seamount volcanism observed
sporadically but widely in the central oceans (Gevorgian et al., 2023; Koppers et al., 2003).

6.1. Do These Models Represent an Average Earth?

Our approach sought to test the plausibility of SSC beneath relatively young Pacific plate. The “best-fit” model
described above should be interpreted in that context—as the model best fitting local geophysical constraints.

A central motivation for this work was to evaluate whether putative small scale convection could be the
mechanism that leads to globally observed seafloor flattening with age. We find that indeed models with more
vigorous SSC show marked seafloor flattening. While the temperature structure in our models is of course more
complex than predicted for simple cooling, when we search for the best fit plate-cooling approximation to our
average 2-D thermal structure in the vigorously convecting models, we obtain an equivalent “plate thickness” of
110 km (Figure 7) or a barely different 115 km at a later model snapshot (Figure S12 in Supporting Informa-
tion S1). This value, which captures coarse thermal evolution, compares favorably to numerous published values
for Earth's oceans (e.g., 125 + 10 km in Parsons and Sclater (1977); 106 km in McKenzie et al. (2005); 95 +
15 km in Stein and Stein (1992); 115 = 5 km in Burgos et al. (2014); 135 + 30 km in Richards et al. (2018)).

Importantly, although SSC in this model initiates at a seafloor age of ~30 Ma, the departure between the model
temperature structure and a best-fitting half-space cooling (HSC) prediction is not evident until ~70 Ma (Figure 7,
Figure S12 in Supporting Information S1), and the bathymetry accordingly does not depart from half-space
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predictions (within uncertainty bounds) until much later than 40 Ma (Figure 6). That is to say, SSC initiating at
earlier age than ~70 Ma is plausibly consistent with observations of the seafloor depth—age curve.

Alternatively, even if our best-fit model does not represent the thermal evolution of an average oceanic plate, we
may consider some subset of models in our test suite as plausible scenarios for plate evolution, depending on
multiple heterogeneous properties including potential temperature and volatile concentrations (Dalton
et al., 2014). Several prior studies have pointed out that Earth's limited inventory of oceanic lithosphere means
that identification of any single ‘“normal” plate evolution is challenging at best (e.g., Crosby et al., 2006;
T. Korenaga & Korenaga, 2008). For instance, while the 14/ 0.524, case applies best to Young ORCA, it may be
that another model better describes average mantle. For instance, 104;¢/0.73 4;; would more obviously reproduce a
later onset of SSC, but have far smaller induced sub-plate heterogeneity and more subsidence than observed.
Alternatively, an even lower viscosity model could better match observed shallowing. In this case, each model can
be thought of as one streamline of plausible plate evolution. If so, the true average Earth comprises some weighted
average of the model ensemble. This averaging is surely both intrinsic (diffusion of heat and chemistry smoothing
out contrasts and plate strength suppressing short wavelength seafloor dynamics) and apparent (a limitation of
short-wavelength sensitivity in oceanic geophysical data sets).

If Young ORCA plate and mantle are atypical, what does this mean for the physical state of the asthenosphere in
this part of the central Pacific? Anomalously low viscosity may stem from excess mantle temperature or volatile
concentrations. The Marquesas plume is only ~750 km from the center of the Young ORCA array, and may
contribute to hotter-than-average asthenosphere. Volatile-rich plumes rising from the deep mantle have elsewhere
been postulated (Blatter et al., 2022; Dixon et al., 2008) to dampen and melt the asthenosphere. Alternatively,
perhaps the Young ORCA plate is typically atypical. Widespread meso-scale thermal heterogeneity in the ocean
basins from shallow or deep sources has previously been invoked to explain near-ubiquitous variability in
asthenospheric velocity (Lei et al., 2020; Munch et al., 2024; Panet et al., 2024; Thrastarson et al., 2024) and in at
least one global tomographic model Young ORCA sits on a flow-line that roughly tracks a low-velocity structure
to the East Pacific Rise (French et al., 2013).

Although we have attempted to match the ~250-300 km wavelength of periodic anomalies in gravity and seismic
velocity at the Young ORCA site, this may not be appropriate for all sites with sublithospheric SSC. For instance,
H. Kang et al. (2023) and Hariharan et al. (2024) observe large asthenospheric velocity contrasts beneath plate
ages of 170 and 90 Ma, respectively, but imaged structure is not strongly linear or periodic and varies in a complex
fashion with depth. Our simulations indicate that sublithospheric SSC can take many planforms, and the most
vigorous downwellings are often spoke-patterned. Particularly at the onsets of instabilities, we find flurries of
blob-like downwellings trailed by thin vertical channels. The simulations are therefore consistent with the pos-
sibility that SSC may produce upper mantle velocity heterogeneity with various morphologies.

6.2. Impact of a Variable Grain Size on SSC Dynamics and Asthenosphere Properties

Constraints on grain size evolution were a primary motivation for this study. We do observe large variations in
dynamics between model simulations that result in different grain sizes, suggesting that grain size plays some role
in the expression of SSC. However, we find that grain sizes beneath the plate do not vary greatly in our best-fit
model (0.2-1.5 mm in the upper 300 km). Grain size has been invoked as a factor that may exaggerate anelastic
effects beneath the oceanic plate (Faul & Jackson, 2005; Russell et al., 2023), but in our simulations grain sizes are
relatively large in the volumetrically dominant regions between downwellings, where the mantle is warmer and
more slowly deforming. By contrast, within the downwellings, high strain rates and slow grain growth reduce the
grain size, acting in opposition to the temperature effect by making downwelling regions seismically slower and
more dissipative. This mutes the wavespeed contrast between downwellings and their surroundings.

6.2.1. Grain Size Evolution Parameters

Several of our model assumptions influence how grain size (and the resulting wavespeed) within downwellings
differs from the surrounding mantle. Our model does not account for the presence of volatiles or melt, and thus
features moderately fast grain growth, resulting in grain sizes of the order 0.5-1 mm (see Figure 10). Behn
et al. (2009), who assume wet olivine for their grain growth and rheologic laws, predict substantially larger grain
sizes (5-20 mm at ~150 km depth, increasing to 20-30 mm at 400 km depth). Their model achieves a good fit to
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previous 1-D shear velocity profiles, but does not match the strong and relatively sharp peak in shear attenuation
(and minimum in shear velocity) that is observed at Young ORCA.

In the mantle, we expect spatial variations in volatile content, since volatiles are extracted from the lithosphere
during mid-ocean ridge melting (e.g., Hirth & Kohlstedt, 1996) while the asthenosphere may be hydrated by
plumes (e.g., Blatter et al., 2022). Overall, we expect the plate to be dry compared to the underlying astheno-
sphere. Under this assumption, grain growth should be faster in the warmer, wetter zones between downwellings,
even further muting the contrast in seismic wavespeed.

The rate of grain size reduction is also uncertain. We assumed that the fraction of mechanical work done by
dislocation creep that goes into reducing the grain size is constant at 10%. However, it has been suggested that this
partitioning is temperature-dependent (Rozel et al., 2011), with much lower work fractions for higher temper-
atures. If true, this would make grain size reduction and strain localization at the base of the lithosphere and
around the downwellings less efficient. If the cold downwellings have more efficient conversion of mechanical
work to grain boundary energy (leading to smaller grains) this could be yet one more factor that mutes the
seismological contrast between the downwellings and their surroundings (the opposite of what observations

suggest).

6.2.2. Sub-Plate Flow Regime

The asthenospheric flow regime (Couette vs. Poiseuille) can impact profiles of grain size, and therefore viscosity
(Ramirez et al., 2023). For the endmember of Couette flow, driven by the shear stress imposed by movement of
the plate over passive asthenosphere, the strongest deformation occurs at the depth with the lowest viscosity (and
for constant viscosity, velocity changes with depth linearly). By contrast, Poiseuille flow (or “plug flow”) is
driven by a sub-plate pressure gradient, so that the velocity distribution is parabolic for a constant viscosity, with
the largest deformation at the top and bottom of the asthenosphere.

Our models assume Couette flow, since we do not know what the lateral pressure gradients in the asthenosphere
might be. However, a significant component of Poiseuille flow, contributing at least 50% of the plate driving
force, has been argued for the Pacific (Semple & Lenardic, 2018, 2020; Stotz et al., 2018). This might lead to
certain behavior not captured by our models, such as physical segregation of strain rate between a large grain size,
high viscosity, non-deforming plug (Ramirez et al., 2023) and localized high strain above and below, including a
weak asthenosphere (the upper strain rate gradient). This would reduce asthenospheric grain size and lead to a
positive feedback of strain rate concentration. Cold downwellings could then move more quickly through the low
viscosity asthenosphere and gather near the top of the large grain size region caused by the undeforming plug,
producing broader wavespeed anomalies at deeper depths, as observed in the body-wave tomography (Eilon,
Zhang, et al., 2022). Smaller grain sizes would also reduce permeability within the asthenosphere, potentially
allowing <0.7% partial melt to remain trapped. At the bottom of the plug (potentially in the mantle transition
zone), strong deformation would also cause grain size reduction (Ramirez et al., 2023), but existing surface wave
attenuation observations do not have the depth sensitivity to resolve this. Note also that our work suggests that
large grain sizes within the plug predicted by 1D models such as Ramirez et al. (2023) would likely be smaller in a
3D mantle with more complex deformation patterns.

Either Couette or Poiseuille flow in the olivine-rich upper mantle should lead to formation of a lattice-preferred
orientation (LPO) and seismic anisotropy (Zhang & Karato, 1995). This has been widely observed in the Pacific
upper mantle (Eddy et al., 2022; Kawano et al., 2023; Lin et al., 2016; Montagner & Nataf, 1986; Nishimura &
Forsyth, 1989; Raitt et al., 1969; Russell et al., 2019, 2022; Takeo et al., 2013, 2014, 2016, 2018), where
asthenospheric fabric seems mostly horizontal and aligned approximately parallel to absolute plate motion
(Becker et al., 2014). In contrast, SSC involves primarily vertical flow, which may modify the coherent horizontal
fabric (Lin et al., 2016). Numerical flow models combined with forward calculations of LPO and seismic
anisotropy indicate that SSC can reduce seismic anisotropy by ~2% on average and can perturb the fast orien-
tation by <20° beneath old lithosphere, but the broad-scale pattern of LPO remains largely aligned parallel to plate
motion (van Hunen & Cadek, 2009). Indeed, Rayleigh waves show a reduction in seismic anisotropy with sea-
floor age in the Pacific (Eddy et al., 2019), consistent with this notion of SSC-perturbed fabric.

In our models, SSC often appears as flurries of vertical downwellings, which are transient in nature and move
quickly through the low viscosity asthenosphere, and thus might not significantly perturb the overall horizontal
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fabric. This is especially true given that in our models the volumetric majority of the asthenosphere is undergoing
horizontal shear at any moment in time. This may explain why, at Young ORCA, shear-wave anisotropy is
complex but not obviously affected by SSC. Within the plate, azimuthal anisotropy is strong (~3%) and parallel to
fossil spreading. Beneath the plate, it slightly weakens by ~0.5% and fast directions rotate toward absolute plate
motion between ~90-170 km depth. Below this, fast azimuths rotate away from plate motion (and strength further
weakens), consistent with deeper flow beneath the plate that is oriented in a different direction (Russell, 2021).

6.3. Reconciling and Interpreting Disagreements Between Seismological Predictions and Observations

We evaluate mismatches between our simulations and real-world seismological observations (Section 5.2) in
three connected categories: observable data (e.g., differential travel times and phase velocity), inverted seis-
mological properties and structure (e.g., velocity contrast, absolute velocity, attenuation), and underlying state
variables (e.g., the true temperature range).

6.3.1. Differences in Observable Data

Even if our modeled seismic properties exactly matched the Earth, seismological measurements provide only an
imperfect snapshot of those properties. Surface wave phase velocity measurements are inherently sensitive to
large volumes of the upper mantle, yet dynamical models show fine-scale structure, including thin downwellings
separated by broad updrafts. Surface waves might primarily capture the latter, biasing observations away from the
colder mantle regions. With regard to body waves, the spread in observed differential travel times far exceeds the
predictions (Figure 11), implying much greater velocity heterogeneity. This misfit cannot be explained as a
consequence of limited tomographic resolution. However, this misfit may, in part, owe to noise. OBS stations are
notoriously noise-prone. The effects of noise can be conceptualized as convolving a Gaussian noise PDF with the
“true” data PDF, yielding a broader “observed” data distribution, more in line with observations. If this noise were
truly stochastic, then it should not alter the output tomographic models. Note that OBS stations may also have
idiosyncratic sources of measurement error, such as clock drift (Cabieces et al., 2024), though Young ORCA
instruments were theoretically corrected for this effect (Eilon, Gaherty, et al., 2022).

6.3.2. Differences in Seismological Properties

In tomographic model space, we see a mismatch between large observed 6Vp from Eilon, Zhang, et al. (2022) and
the dynamic models' smaller “input” velocity heterogeneity, let alone the more muted “output” models
(Figure 11). The “observed” velocity contrasts are the outputs of a tomographic inversion. If that inversion were
under-regularized then it might exaggerate true heterogeneity. Hariharan et al. (2024) show that defensible
regularization choices can alter apparent temperature contrast by as much as a 100 K, with relatively little change
in data fit. That said, most body wave inversions suffer from the opposite problem: synthetic recovery tests
usually reveal amplitude loss in the inversion. Another mismatch is that predicted velocity contrasts are maximal
at shallow depths (70-150 km, where downwellings descend through warm asthenosphere) whereas observations
indicate deeper maximum velocity contrasts (180-280 km). However, this type of tomography is susceptible to
vertical smearing, and Eilon, Zhang, et al. (2022) showed that while this deeper depth range is preferred by the
data, a shallower range did not enormously worsen the weighted variance reduction. For surface waves, we only
interpret 1-D profiles that average over the entire array footprint (Figure 10), thus 3-D heterogeneity is ignored.
The averaging and inversion of real surface-wave dispersion data to obtain 1-D profiles homogenizes details of
the true structure. We have attempted to mimic this behavior by averaging the “translated” 1-D profiles over the
footprint of the ORCA array. However, subtle differences between observations and dynamic model predictions
may be attributed to the different strategies used to obtain 1-D profiles.

Another possibility is that our “translations’ underestimate true 6V contrast. In the sub-plate mantle (temperatures
>1150°C, which includes most of our drips) we assumed bulk volatiles are uniformly distributed (though we do
account for partitioning out of the solid phase if melt is present). This assumption may be wrong. Melting and
dehydration at the ridge (Plank & Langmuir, 1992) should deplete the portion of the mantle that will become
lower oceanic lithosphere, relative to a much more volatile-rich oceanic asthenosphere (somewhere between
average MOR-source (Hirth & Kohlstedt, 1996) and a plume-enriched endmember (Blatter et al., 2022; Dixon
etal., 2008)). If, in the real Earth, dry lower lithosphere drips into more wet and/or carbonated asthenosphere, then
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differential activation of anelastic mechanisms and (pre-)melting could exaggerate seismological contrasts
(Dasgupta & Hirschmann, 2010; Hirschmann, 2006; Yamauchi & Takei, 2024).

Alternatively, our translation approach might wholly miss some important factors, such as melting of fertile
pockets or mixed-in basalt (Morgan & Morgan, 2024), oxygen fugacity (L. Kang & Karato, 2023), composition,
or an un-parameterized anelastic mechanism (Olugboji et al., 2013). Any of these could exaggerate velocity
contrast and, depending on the physical distribution of the underlying cause, could also explain why the observed
maximal contrast appears to be deeper within the asthenosphere than modeled.

Finally, this study sheds light on a perplexing feature of some body-wave derived SSC images in the oceans: the
preponderance of slow imaged anomalies (Eilon, Zhang, et al., 2022; Hariharan et al., 2024; H. Kang et al., 2023).
These appear to confound expectations of top-driven convection, which entails cold (fast absolute velocity)
material dropping into ambient (average absolute velocity) mantle, perhaps with some melt (modestly slow
absolute velocity). The extent to which imaged velocity contrasts indicate unusually hot, cold, or molten material
in the asthenosphere is a topic of debate (Hariharan et al., 2024). Our synthetic tomography reveals that the
tomographic filter may exaggerate the presence and amplitude of the relatively slow structures (Figure 11). The
upshot is that body wave observations that include large apparently slow features are consistent with top-driven
SSC at a cold thermal boundary layer.

6.3.3. Differences in Underlying State Variables

If we assume that observed models are not far wrong, and nothing profound is incorrect about our state-variable-
to-velocity scaling, then a fundamental challenge in reconciling seismic observations and our dynamic model
outputs are the extremely cold (AT < — 200 K) downwellings required to explain high observed velocity con-
trasts. In the following, we discuss complexities not captured in our models that could lead them to underestimate
the wavespeed anomalies associated with the downwellings.

We do not take into account any heterogeneities in the ridge-parallel direction, such as fracture zones and the
corresponding change in plate age. While there are no fracture zones crossing through the Young ORCA array,
both the Marquesas Fracture Zone to the south and the Galapagos Fracture Zone to the north might affect
convective flow, as might smaller-scale offsets in the MOR between these large transforms. Past modeling studies
(Dumoulin et al., 2005; Huang et al., 2003) have shown that plate-age offsets at fracture zones can facilitate SSC
at younger plate ages, where its onset then occurs near the fracture zone. Eilon, Gaherty, et al. (2022) document a
band of rotated abyssal hill fabric through the center of this field region consistent with the “wake” of an
overlapping spreading center (e.g., Macdonald et al., 1987) that might indicate along-strike segmentation in the
formative MOR.

The nearby Marquesas plume might influence SSC below Young ORCA, both through its effect on mantle flow
(see discussion on Couette vs. Poiseuille flow in Section 6.2.2) and through the associated increase in mantle
temperature. If the asthenosphere has a higher potential temperature than assumed in our models, both the
stronger temperature contrast with the lithosphere and the additional generation of melt would result in a larger
contrast in seismic velocities, potentially better matching the seismic body-wave observations. The impact of the
melting process itself has been shown to be complex (Ballmer et al., 2009, 2011), either enhancing or delaying
SSC (Agrusta et al., 2015), since it can make the upwellings either more buoyant (because depleted mantle is less
dense) or less buoyant (due to cooling from latent heat consumption upon melting). Taken together, these sim-
plifications could contribute to modeled cold downwelling s being too small in terms of their size and/or tem-
perature anomaly. This might help explain our mismatch to seismic wavespeed contrast and travel times
(Section 5.2).

The two main parameters controlling SSC onset and morphology are the Rayleigh number (Ra) and the
temperature-dependence of viscosity (Section 4.2). The stronger the temperature-dependence, the thinner the
layer that can participate in convective instability (see for example, Conrad & Molnar, 1999; Davaille & Jau-
part, 1994). Therefore, a higher activation energy (at a given Ra) means there is less buoyancy available for the
cold downwellings to form, so they develop later and remove less material, making them smaller in size and in
terms of their temperature (and seismic) anomaly. We took the activation energy from Hirth and Kohlstedt (2003):
375 £ 50 kJ/mol for dry diffusion creep (£75 kJ/mol if wet). Experimental uncertainty therefore allows for
substantially lower values of Eg. Additionally, if the work fraction reducing the grain size is temperature-
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dependent as outlined above, grain size would be reduced more efficiently within the colder lithosphere compared
to the hotter asthenosphere below, leading to a stronger grain size contrast between the two. Both effects would
allow for more of the cold lithosphere to become unstable and participate in the downwellings, making them
colder and larger. However, a lower activation energy and therefore thicker layer of convective instability also
leads to earlier onset and larger wavelength of SSC (Conrad & Molnar, 1999). Keeping the onset time at 30—
40 Ma plate age would then require an asthenosphere with lower Ra, also associated with a larger characteristic
length scale of flow (see Figure 9). In addition, if enough cold material were to be removed from the plate at 40—
45 Ma plate age to create downwellings with an amplitude of AT > 200 K as suggested by body wave obser-
vations (Eilon, Zhang, et al., 2022), there should be a more visible signal in the seafloor topography (and possibly
heat flux). Therefore, it is challenging to find a mechanism that would both explain the observed short wavelength
and the large amplitude of the convection rolls at 42 Ma plate age, while also being consistent with the other
observations.

Other than the amplitude of the drips' temperature anomaly, a larger volume of cold material could also produce
large travel time contrasts. While drips' individual volume is limited by factors described above, a long-term
accumulation of cold material at 250-350 km depth could lead to a better match with the seismic observables.
Due to the increase in viscosity with depth, downwellings in our models stall for a few Myr to a few tens of Myr
before breaking through into the transition zone. This phenomenon was proposed by Eilon, Zhang, et al. (2022) as
an explanation for the large observed fast wavespeed anomalies. Several factors could contribute to increasing
this time scale. Examples are a larger viscosity increase at 410 km depth, or upwards mantle flow, perhaps related
to the nearby Marquesas plume or the Pacific LLSVP. Furthermore, if there was a component of mantle flow in
the opposite direction of plate motion, cold drips could be translated beneath a slightly younger part of the plate
than where they originated from. Such downwellings, sourced from a plate that had more time to cool, could
therefore potentially be larger despite appearing beneath the younger aged plate.

Seismic imaging provides a snapshot in time. Yet, modeled SSC shows both spatial and temporal fluctuations.
This may be another reason for synthetic and true structure not clearly matching—we may not be comparing
“apples-to-apples.” We did attempt to evaluate comparable structure by using a snapshot in model time that
corresponds to substantial downwellings at ~40 Ma and by placing our artificial seismic array at the age cor-
responding to young ORCA (42 Ma). But models show structures evolving quickly, the ridge-parallel position of
the array is arbitrary (we selected a location with clear downwellings within the array footprint), and we find that
most of the array lies within the “stable” longitudinal downwelling cells, which have smaller depth extent than the
main downwellings. Models (Figure 8 and Movies S2 and S3) indicate that the largest temperature excursions are
at the onsets of downwellings. If Young ORCA happens to truly sit atop a nascent downwelling, the temperature
contrast would be higher than estimated in our snapshots that mostly contain tails of mature downwellings. In this
context it is worth noting that other OBS-based tomographic studies have inferred much larger (500-1,100 K in H.
Kang et al., 2023) or more modest (~70 K in Hariharan et al., 2024) temperature contrasts in apparent convective
cells beneath even older seafloor.

6.3.4. Challenges Converting Geodynamic Models to Seismic Observables

It is not straightforward to convert state variables output from geodynamic simulations into seismic properties that
can be directly compared with observations. Decisions must be made along the way, such as which laboratory
scaling relationship(s) to use, the appropriate frequency at which to calculate anelastic effects, how melt and
volatiles are handled (if at all), and how these effects will be incorporated in a way that remains somewhat self-
consistent with the geodynamic modeling. This last point is particularly challenging with regard to the impact of
melt and volatiles on effective viscosity. The different flow law prefactors tested in the dynamic models can
represent the weakening effect resulting from different bulk mantle hydration states, but solidus depression
additionally reduces diffusion viscosity through the premelt effect (and generation of melt) in the translated
models. Adding the effects of volatiles and melt in post-processing, as we have done here, implies viscosities that
are lower than those output from the geodynamic simulations (Figure S1 in Supporting Information S1). Evenin a
melt-free and dry case, the premelting effect reduces the diffusion creep viscosity (Yamauchi & Takei, 2016),
potentially reducing the overall effective viscosity and changing the relative rates of diffusion and dislocation
creep. This apparent inconsistency between the rheology of the dynamical modeling and that of the output seismic
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conversion is inherent and cannot be removed by simply tweaking viscosity prefactors or other parameters. Future
models that couple the effects of melt and volatiles directly into the dynamics will help resolve this inconsistency,
but for now, we simply acknowledge the limitation. That we are able to approximately fit seismic attenuation with
areduced viscosity relative to the geodynamic model would suggest that either viscosity should be even lower in
the simulations (which would misfit other observations) or some unaccounted for phenomenon enhances
attenuation without reducing viscosity.

7. Conclusions

In this study, we conducted high-resolution 3D geodynamic modeling of an aging oceanic lithosphere—
asthenosphere system, incorporating a composite diffusion/dislocation creep rheology with dynamically
evolving grain size. We tested a variety of possible mantle viscosity scenarios by systematically changing the
combinations of flow law prefactors to vary both absolute viscosity and the dominant creep mechanism. All of
these models feature small-scale sub-lithospheric convection (SSC), with the age of onset depending on the
viscosity structure. We determined that SSC can be a significant process for adding heat to the base of the plates.
Initial downwellings quickly align into longitudinal “rolls,” but over time an additional transverse component of
the convective cells develops, with flurries of more spoke-like instabilities typically clustering at periodic spacing
corresponding to their build-up time. To identify the scenario that most plausibly replicates a site on Earth, we
compared the thermal structure and grain size distribution in these models to seismological observations of SSC in
the central Pacific Ocean, including beneath relatively young (42 Ma) plate age at the Young ORCA array.
Specifically, we sought to match the wavelength and pattern of observed longitudinal convective rolls, and to
reconcile model predictions with measurements of large seismic velocity heterogeneity, low absolute seismic
velocities, and high seismic attenuation. On the basis of predominance of upper mantle dislocation creep
(concordant with globally observed seismic anisotropy), early onset of SSC instability (matching seismic ob-
servations), and maximal amplitude and appropriate wavelength of temperature heterogeneity, we select a
particular model, “14;/0.524;,” as the best-fit dynamical model that may represent Young ORCA dynamics. A
key feature required to match the observations is a low (<2 X 10'° Pa s) asthenospheric viscosity, and both
diffusion and dislocation creep are important drivers of deformation. Additionally, the increase in viscosity with
depth slows down cold downwellings in the upper mantle so that negative temperature anomalies can accumulate
in a depth range of 200-300 km. SSC in this model (as with some others) removes cold material from the base of
the plate in a fashion that leads to a temperature structure closely resembling a plate cooling model (with a best-
fitting plate thickness of 110 km). The associated flattening of the seafloor depth—age curve, most evident beyond
~60 Ma, approximately matches global observations, providing potential evidence for this type of vigorous
oceanic SSC playing a key role in Earth's plate dynamics. Although our models do not include the effects of melt
or volatiles, we find that some amount of both is required to match observed asthenospheric low seismic velocities
and high attenuation, given the temperatures and grain sizes predicted by the models. Even with these factors
accounted for, it is challenging to reconcile all the seismological observations. In particular, the amplitude and/or
volume of high and low velocity seismic heterogeneities suggested by body wave tomography does not match the
structures in our dynamical models. Our results therefore suggest that some additional mechanism allowing for
larger/colder/faster downwellings or seismically slower upwellings must be at play. In the future, this work could
be extended by incorporating melt and volatile dynamics in the simulations, as well as the explorations of poorly
constrained grain growth parameters.

Data Availability Statement

The software and input data files to reproduce the geodynamic models in this study, conduct the seismic
“translations” and synthetic data forward calculations, and the output data necessary to reproduce the figures are
available from Zenodo (Dannberg et al., 2025) under a creative commons license. We used the modeling software
ASPECT (Bangerth et al., 2023) to compute our models, which is available via a GPLv2 or newer license and
developed openly at https://github.com/geodynamics/aspect. The customized version of ASPECT used in this
study is also included in the aforementioned Zenodo package. VBRc (Havlin et al., 2021) is developed under the
MIT License, openly available at https://github.com/vbr-calc/vbr and archived on Zenodo (Havlin et al., 2025).
Some of the code used in this study was modified using the Al tools GitHub Copilot and ChatGPT, but none of the
results or text were generated using Al tools and all code modifications were validated by the authors.
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