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Summary

It is a well-accepted hypothesis that deep-mantle primary plumes originate from a
buoyant boundary layer at the Core-Mantle Boundary (CMB), where Rayleigh—Taylor (RT)
instabilities play a key role in the plume initiation process. Combining 2D computational fluid
dynamic (CFD) model simulations and a linear stability analysis, this article explores how a
horizontal global flow in the mantle can influence the growth dynamics of RT instabilities in
the source layer. Both the CFD simulation results and analytical solutions predict the global
flows as a dampening factor to reduce their growth rates. It is found that layer-parallel global
flow velocities (normalized to buoyancy driven upward flow velocity), U* > 30 completely
suppress gravitational instabilities on short as well as long wavelengths, and force the entire
system to advect in the horizontal direction. We present a series of real-scale numerical
simulations to demonstrate the effects of Atwood number (A7) and the normalized source-layer
viscosity (4 *) on the growth rate of instabilities in a source layer. Decreasing Ay or increasing
u”* significantly reduces the growth rates of the fastest rising plumes. The stability analysis
predicts a linear increase of the instability wavelength with the global flow velocity, implying
that the plume frequency would drop in kinematically active mantle regions. From this analysis
we also show the effects of additional physical parameters: source-layer viscosity and thickness
on the growth rate of RT instabilities. The article finally addresses the problem of unusually
large inter-hotspot spacing in the light of our CFD simulation results and theoretical solutions,
and proposes a new conceptual framework for the origin of sporadically distributed hotspots

of deep-mantle sources.
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1. Introduction

Rayleigh-Taylor (RT) instability, primarily driven by gravitational forces in an inverted
density stratification (i.e., a heavy fluid resting upon a relatively light fluid), governs a wide
range of atmospheric and oceanic processes, e.g., global air circulation, cloud formation,
oceanic currents as well as many interstellar, and planetary phenomena, e.g., supernova
explosion and silicate-metal segregation. Lord Rayleigh and G.I. Taylor first predicted the RT
instability growth rate from a linear stability analysis, considering the effects of inertial and
body forces between two immiscible inviscid fluids (Rayleigh 1882, Taylor 1950). Since then,
the RT theory continued to proliferate in diverse directions with addition of more and more
physical variables with time, like surface tension (Pullin 1982, Mikaelian 1996), density
gradient (Munro 1988, Song et al. 2021), diffusion (Masse 2007), temperature gradient and
mass transfer (Gerashchenko & Livescu 2016), effect of rotation (Baldwin et al. 2015) and
magnetic field (Zrni¢ & Hendricks 2003). A group of these variables (density gradient,
temperature gradient, mass transfer, and diffusion) facilitates the growth of instabilities,
whereas another group (surface tension, magnetic field, and rotational forces), in contrast, acts
as dampening factors. A complete RT theory thus demands an account of both the driving and
dampening factors to predict the dynamics of such gravitational instabilities in natural systems
as well as practical applications. The RT instability mechanics has been extensively used in
solid earth sciences to conceptualize many important geodynamic processes (Turcotte &
Schubert 2002), such as salt dome formation in sedimentary basins (Ramberg 1968a, b, 1972,
Miller & Behn 2012), magma transport (Whitehead 1986, Wilcock & Whitehead 1991),
intraplate orogenic collapse (Neil & Houseman 1999), downwelling at the lithospheric base
(Conrad & Molnar 1997, Houseman & Molnar 1997), silicate mantle-metallic core segregation
in the Earth (Ida et al. 1987, Mondal & Korenaga 2018). The success of these applications has

greatly widened the research scope of mantle dynamics in the light of gravitational instabilities.
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Plume formation is recognized as the most effective geodynamic process to drive
focused upwelling in Earth’s mantle, and it is a well-accepted hypothesis that they originate
mostly from RT instabilities in the thermal boundary layer (TBL) at the core-mantle boundary
(CMB) (W. Jason Morgan 1972, Nolet et al. 2007, Burke et al. 2008, Styles et al. 2011) and
other regions at relatively shallower depths, such as melt-rich zones above sinking slabs in
subduction zones (Gerya & Yuen 2003, Ghosh et al. 2020) and transition zones (Brunet &
Yuen 2000, Kumagai et al. 2007). Plumes initiated by instabilities in the TBL ascend under
buoyancy forces of their large heads (~500 to >1000 km in diameter), which trail into narrow
tails (~100 to 200 km in diameter). Scaled laboratory experiments and numerical simulations
have provided significant insights into their ascent behaviour. Jellinek et al. (2002)
demonstrated from analogue experiments that, under a thermal equilibrium condition the
dynamic topography formed as a consequence of RT instabilities in the TBL determines the
relative spacing of upwelling zones. Similar laboratory experiments showed entrainment of
surrounding materials by the bulbous plume heads during their ascent (van Keken et al., 1997).
Several experimental studies have reported the transient behaviour of thermal plumes (Davaille
& Vatteville 2005) and their geometrical asymmetry as a function of source-layer inclination
(Dutta et al. 2016). On the other direction, the approach of computational fluid dynamics
(CFD) simulations, based on multiphase flow modelling has set a new ground for plume
research to deal with complex ascent dynamics due to the interplay of multiple physical factors,
e.g., viscoplastic rheology in the lower mantle (Davaille et al. 2018). A number of CFD models,
both 2D and 3D, have shown the dynamics of thermal plume initiation from the D" layer in
Earth’s mantle (Montague & Kellogg 2000 , Jones et al. 2016, Li & Zhong 2017, Frazer &
Korenaga 2022).

To tackle the problem of mantle plume generation, most of the earlier (experimental,

theoretical and numerical) studies discussed above conceptualized the plume models within a
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framework of RT instability theory applicable for stratified fluid systems initially under rest
condition (Jellinek & Manga 2004). The overlying heavy fluid chosen to represent the mantle
in these models is set to flow entirely under the destabilizing gravity effect of inverted density
stratification. However, the assumption of an initially rest kinematic state is hardly valid in
Earth’s interior because the mantle regions are inherently under the influence of large-scale
global flows that originate from various geodynamic processes (Fig. 1), such as down-going
slab movement, lithospheric plate motions, global convection and mantle winds (Bekaert et al.
2021). Plumes, irrespective of their thermal or thermo-chemical origin, therefore, evolve
through kinematic interactions with the ambient mantle flows. However, how global mantle
flows can modulate their ascent behaviour is still not well understood. Some workers (e.g.,
Korenaga 2005) have claimed that mantle plumes remain fixed in their spatial positions despite
an active background flow in the mantle. They have supported their claim with seismic images
of deep-mantle plumes. Another school holds a completely opposite view, claiming that deep-
sourced plumes undergo horizontal deflections under the influence of global flows (e.g.,
Steinberger & O’Connell 1998), which are also demonstrated from laboratory experiments
(Griffiths & Richards 1989, Mark A. Richards & Griffiths 1989, Kerr & M¢ériaux 2004, Kerr
et al. 2008). However, none of these studies has attempted to address the most critical
questions- in what way does a background flow influence the onset of RT instabilities for plume
formation, and secondly, does the flow facilitate or dampen the instability growth? These
unresolved issues form the central theme of our present article.

Using 2D finite element particle-in-cell numerical method we performed computational
fluid dynamics (CFD) simulation experiments to investigate the problem of RT instability
growth at the CMB in mantle subjected to a global horizontal flow. The CFD simulations are
utilized to explore the existence of a threshold global velocity at which the instability can be

completely suppressed, allowing no plume to grow in the buoyant basal layer. We also develop
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a linear stability analysis to show a dispersion relation of RT instabilities as a function of layer-

parallel flow in the overlying mantle and support our findings from the simulations.

2. CFD Modelling
2.1. Model Approach

We model mantle plumes initiated by Rayleigh Taylor Instability (RTI) in a thin (100 km),
low-density layer at the mantle base, overlain by a denser layer (2130 km thick mantle) (Fig.
2). The thin layer is chosen to mechanically replicate a buoyant boundary layer (described as
source layer in the foregoing discussion) at the Core-Mantle boundary (CMB). The source
layer faces gravity driven RTI due to density inversion, forming plumes in course of the
instability evolution. We develop our CFD modelling in the framework of incompressible

Stokes flow mechanics, reducing the mass and momentum conservation equations to;

Vu=20 (1

— VP + V.(u(Vu+ Vu)) = 0, )

where, u is the velocity, u is the viscosity, P is the dynamic pressure, g is the acceleration due
to gravity, p is the density and Z is a unit vector in the direction of gravity. The lower-mantle
viscosity is assigned a constant average value to simplify the model setup, with an aim to
investigate additional effects of global horizontal flows on plume formation in Earth’s mantle.
The average viscosity represents the layered mechanical structure as a single model layer.
Earlier studies provided different estimates for the lower-mantle viscosity, e.g., ~10>? Pa s from
geoid anomalies (Richards & Hager 1984), slightly higher than 102! Pa s form postglacial
rebound (Cathles 1975, Spada ef al. 1991). Numerical modelling, on the other hand, yields an

estimate of ~3x10%2 Pa s from the slab sinking rates. Considering these estimates, we fixed the
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average viscosity of the whole lower mantle at 10?2 Pa s in our model. We, however, varied the
source-layer viscosity (u) in the range 10! to 10'® Pa s (Nakada et al. 2012) to account for the
mechanical effects of various lateral thermal and chemical heterogeneities at the base of lower
mantle reported by several workers (Davies et al. 2012, Farnetani ef al. 2018).

To describe the simulation results, we express the source-layer viscosity (u) in a

normalized form, u* = IM, where uy s the overlying mantle viscosity. Similarly, their density

contrast (buoyancy factor) is non-dimensionalized in terms of Atwood number (A7), expressed

by

P1— P2
Ar= p1t p2 ©)

where p; and p, are the densities of heavier and lighters fluids. A7 is varied in the range 0.01
to 0.04 (Nipin & Tomar 2015). We also normalize the RTI wavelength (1) with source-layer
thickness (H) as A* =A/H.

We impose a kinematic boundary condition at the upper model boundary to introduce
a global flow in the model mantle, which is the prime concern of our present study (Fig. 2).
The bottom wall is assigned a no-slip boundary condition, keeping the two side walls under a
periodic boundary condition. We used the open-source finite element code of Underworld 2

(http://www.underworldcode.org/) to solve the mass and momentum conservation equations

(Eq. 1 and 2) for the CFD simulations. This code works within a continuum mechanics
approximation, and has been extensively used to deal with a range of geological and
geophysical problems (Mansour et al. 2020). As shown by previous workers (Moresi et al.
2007, Lemiale et al. 2008), the code discretizes the geometrical domain into a standard Eulerian
finite element mesh and the domain is coupled with the particle-in-cell approach (Evans et al.
1957). This numerical approach is found to be effective to successfully discretize the material
domain into sets of Lagrangian material points, which carry material properties that are history-

dependent and can be tracked over the entire simulation run. The mass and momentum

6
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conservation equations are solved to find the pressure and velocity conditions within the model
domain. The physical properties of model materials, such as plume density and viscosity, are
mapped using these advection equations through particle indexing.
2.2. Model Results
2.2.1. Dampening effects of horizontal global flows

We systematically increased the top model-boundary velocity (U,) to evaluate the
effect of global flows on the growth rates of instabilities in the source layer (estimated from
the vertical ascent-velocity component of instability-driven domes). U, is non-dimensionalized

in terms of the initial accent velocity (v,), given by Ramberg (1968),

Uy P1— P2

AT —K 21y hzg’ (4)

where K is a constant that depends on the viscosity and the wavelength of the system under
consideration (details provided in Supplementary S1). AA denotes a small initial amplitude of
the instability. The non-dimensional boundary velocity, U" = U, / v, was varied in the range
0 to 30 (elaborated in Supplement), keeping Arand u* constant.

The reference experiment run for an initially rest mantle condition (U* = 0) shows that
the RT instabilities start to amplify with an appreciable rate (~3 cm/yr) at a model run time, ¢
=~20 Ma. The instabilities then grow with exponentially increasing rates to form typical plume
structures (bulbous heads trailing into narrow tails) at t ~27 Ma (Fig. 3). At this stage, the plume
heads ascend vertically through the mantle at the rates of 12 to 15 cm/yr, which closely agree
with the Stokes formula (Turcotte and Schubert, 2002). In a simulation with U* = 15 (Fig.S2)
the global flow is found to dampen the instability growth in the initial stage, allowing them to
grow at a relatively lower rate (~ 2.6 cm/yr) on a longer time scale (1 = ~24 Ma), and the fastest
growing instabilities attain a typical plume structure at t = ~34 Ma. The dampening effect
strengthens further when U= 30, where the instabilities grow in amplitude at much slower

rates (~ 1 cm/yr at t = ~22 Ma) (Fig. 3) that becomes almost steady with time. Under this

7
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kinematic condition the instabilities eventually do not form any typical plume structure even
after a very long model run time (t ~ 50 Ma) (Fig. 4).

The CFD simulation results described above clearly suggest that horizontal global
flows in the mantle always act as a dampening factor in the RT instability dynamics and
suppress the process of plume formation in the basal buoyant layer. Fig 4a and b show reducing
plume ascent heights and vertical ascent velocities of the fastest growing instabilities with

increasing U™,

2.2.2. Role of source-layer buoyancy

For low buoyancy (47 = 0.01), the instabilities start to significantly grow in amplitude (0.3
cm/yr) at t =~24 Ma, and the fastest growing waves (2 cm/yr) form a typical head-tail structure
of the plume at t =~40 Ma that continued to ascend vertically through the mantle layer. Increase
in A7 greatly facilitates the RT instability growth as expected, and develops mature plume
structures on much shorter time scales, for example, £ = ~13 Ma when A7 = 0.03. For a given
simulation run time, the growth rate of instabilities increases with increasing A7 (Fig. 5), but
showing little variations in their wavelengths. Fig 7a and b present sets of graphical plots to
show temporal variations of the ascent height of the fastest growing plumes and their ascent

velocity, respectively as a function of A7.

2.2.3. Effects of source-layer viscosity

For a high source-layer viscosity (u* = 10-2), the instabilities are initiated with a non-
dimensional wavelength, A* =12 — 15, and they grow at significant rates (2 cm/yr) on a model
run time, ¢t = ~ 20 Ma (Fig. 6) and subsequently give rise to plume structures on a time scale of
~30 Ma. In addition to the fastest growing waves, several secondary waves evolve into plume

structures at relatively shorter wavelengths (1* = 300 — 400). Lowering in u* facilitates the
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instability growth rates and thereby reduces the time scale of plume formation (Fig. 6). For
example, u* = 10 yields fastest growing instabilities at t = ~ 8Ma, which form typical head-
tail plume structures within a much shorter time scale (¥ ~12 Ma). The initial instability
wavelengths calculated from these simulations hold an inverse relation with the source-layer
viscosity ( A* =~5when u* = 10""to A* = ~30 when u* = 104).

The vertical ascent height of plumes and their corresponding ascent velocities are
summarily shown in graphic plots for different u* values (Figs. 7c &d). Interestingly, the
inverse relations of plume ascent velocity with the source-layer viscosity obtained from our

models have been also reported in earlier studies (van Keken ef al. 1997).

3. Linear stability analysis
3.1. Mathematical formulation

Consider a thin, mechanically distinct layer (source layer) above the CMB, lying below
the mantle, subjected to a global horizontal flow, as illustrated in Fig 8. Here we develop the
theory based on a thin-layer approximation, which assumes layer thickness (h) much smaller
than the length scale of the system (Bredow et al. 2017). We choose a Cartesian coordinate
system, xz with the z axis in the vertical direction (positive upward). The thin layer is confined
between two horizontal surfaces: z=0 and z = h(x,t) that represents the interface between
the layer and the overlying mantle. The thin layer is assigned a negative density contrast
relative to the overlying mantle region, and the entire system rests upon an undeformable
substrate. We consider a layer parallel velocity condition at the interface z = h(x,t) that forces
materials in the thin layer to advect in the horizontal direction. The linear stability analysis is
developed in the framework of mass and momentum conservation conditions, as in the CFD
simulations. Considering incompressible fluid in the thin-layer, using Eq. (1) we expand the

mass conservation equation as,
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aUT 6uT

9z Tox =0 ©)

where ur and vy denote the x- and z components of the flow velocity in the thin-layer,

respectively. Applying the thin-layer approximation, the momentum conservation conditions

follow
dp
a7 = Arg (6)
and
aZUT ap
L 7
P o= O (7)

where p is the excess hydrostatic pressure, Ap is the negative density contrast between the thin-
layer and the overlying medium, and u is the fluid viscosity of the thin layer. The differential
equations are solved using a set of boundary conditions (BCs) in the following way. The bottom
surface is subjected to an impenetrable boundary condition:

vrl, 2o =0. 3
In addition, assuming a free-slip condition at this boundary, we have

dur

02| _ " ©)
The layer-interface, on the other hand, is subjected to a normal stress condition, which is
obtained by integrating Eq. (2) in the range 0 to / across the thin layer,

p=A2pglh—zl;=0+pl:=n (10)

where p|,-, is the dynamic pressure at the mantle-thin layer interface and p|, - is the
dynamic pressure at the bottom of the domain. To deal with the mathematical problem, we

non-dimensionalize the governing equations and the BCs using the following variables

urpg vri
= VT = :
Apgh? r Apgh?

*

X
X =Z,Z

*

(11)

Z *
= E.UT

The governing equations then become,

10
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1
2

3 ovr Our

4 LTy, (12)
5 0z*  0x*

6

7 ap

8 . =—Apg (13)
9 0z

10

11 aZuir op

12 ———=0, 14
13 ”az*z ox*™ (14)
14

15 243  and the BCs reduce to

16

17 x _

Y vi |, _,=0 (15)
19

20 dur

21 " =0 16
22 oz"| (16)
23

24 .

25 p=2pglh—z*|,. _g+pl =1 (17)
26

27 244  To ease the mathematical expressions, we will omit the asterisk symbol now and onward.
245  To derive the horizontal velocity component in the thin layer, substituting Eq. (17) in Eq. (14),
32 246  we have

34 62uT

d
[ — _ = 1
gg u 622 ax(Apgh + plz- 1) 0 ( 8)

38 247  Onintegration and after applying the boundary conditions (Eq. 15, 16), the differential equation

40 248  (Eq. 18) yields

10
ur=url,_, +m(Apgh+P|z=1)(zz—hz) (19)

46 249  The corresponding vertical component is derived from the mass conservation equation (Eq. 12)

250  after applying the impenetrable BC at z =0 (Eq. 15) as,

oh 0 !
52 17T|Z= 1= uT|Z= 1& — afourdz (20)

55 251  Substituting Eq. 19 into this equation, we get

h3 9

57 aule:l a
3u0xbpgh + p|z=1)] =0 1)

58 UT|Z:1+hT—a

11
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Considering the kinematic boundary condition at the interface,

oh oh
ot =vrl, o1 —url, 150 (22)
Eq. 21 yields,
oh d ah%a
3¢ +ax(hurl, ) — a[m(Apgh +pl,= 1)] =0. 23)

Eq. 23 defines the evolution of the interface, governed by the two competing forces: 1) non-
hydrostatic pressure forces arising from the negative density contrast between the thin-layer
and the mantle (3" term) and 2) viscous forces due to the layer-parallel advective flow at the
interface (2" term). We now introduce a horizontal velocity at the interface as
url, -1 =uml, -, = U0 (24)

It is to note that the overlying horizontal mantle flows can be perturbed at some incipient
geometrical irregularities on the thin layer, producing spatially and temporally heterogeneous
layer-parallel flows close to the interface, as revealed from numerical simulations (Fig S3). We

thus generalize this theoretical problem by setting the boundary condition uz| , =, as a function

of x and ¢.
The vertical flows in the basal layer develop pure shear components at the interface,

the rate of which can be expressed as (Hernlund et al., 2018),

-6

(25)
z=0
The corresponding dynamic pressure at the interface follows,
Plz=1= pmé, (26)

The boundary condition (Eq. 24) represents a heterogeneous horizontal mantle flow condition
as a function of x on the layer interface at a given instant. We choose a sine wave function with

a characteristic wavenumber kj; and a characteristic length-scale L to express the spatially

varying horizontal interfacial flows. We later show the linear stability analysis in the

12
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perspective of different k), versus k (instability wavelength) relations. Now, using the

continuity equation (Eq. 12) in Eq. 25, the expression of strain rate at the interface follows,

E=—

uml, _ 1ku kyx
cos (27)

2 2

By combining Egs. 23, 26 and 27, we obtain the final equation that expresses the geometrical
evolution of the interface between the basal thin layer and the overlying mantle in the presence

of a global horizontal flow:

. | Kl h3a UOkM kMx
3t a0~ gl oo s (|| =0 )

where U stands for the maximum horizontal flow magnitude at the interface, determined by
the global horizontal flow velocity in the overlying mantle. At infinitesimal time the interfacial
deflection (hy) is assumed to be small enough such that h; << eh. Under this condition the linear
terms determine the growth of instabilities at the interface in the system. The first term within
the third bracket in Eq. (28) represents the favoring force, where the density difference (Ap)
facilitates the low-density fluid in the thin-layer to push vertically up against the overlying
denser mantle. On the other hand, the second term represents the dynamic pressure at the
interface set by the large-scale horizontal flow that tends to dampen the instability growth under
the boundary condition within the characteristic length (L).

To derive the dispersion relation of an instability at the interface, we introduce a small
perturbation to the mean height of the interface,

h(x,t) = hy + ehg(x,t), (29)

where hg is the mean height of the interface and h;(x,t) represents the perturbation with € « 1.

Using Eq. (29) in Eq. (28) and keeping only the O(¢) terms, we find

ohy 9 o[k  ohy pyhéhUokn (kMx)
COS

S T apthaurl, =) — 5 P9 T 2 >]|=0 (0

13
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Note that any perturbation developed at the interface will simultaneously advect in the x-
direction in response to the layer-parallel mantle flow. We thus choose a spatio-temporal
perturbation in the following form:

hq(x,t) = Aexp i(kx — wt), 31)
where A is a pre-factor, k is the perturbation wavenumber, and w is the angular frequency.
Substituting the expression of hy(x,t) in Eq. (30), and after some algebraic manipulation, we

get

durl,_, Rk U o (kMx) h3k¥kUoun (; (32
COS — Sin
)

_ 2=t 0 2,
w=kur|,_,—i % +L3HApgk +i—g 5 y—

This equation provides a dispersion relation for interfacial instability in a complex form. Its

imaginary part yields the growth rate as,

durl,_y 3 5 hikiUoum — (kmx
O'——T+§Apgk + 3 LOS( 5 ) (33)
Considering the mantle advection model, this equation takes the following form.
knwUy  (kyxy k3 ) h3kyUom  (kyx
0 = ———C0s (T) + @Apgk + 3 cos ( > ) (34)

3.2. Analytical results

We will now use Eq. 34 to study the effects of model parameters on the growth rate (
o ") of Rayleigh-Taylor instabilities in the thin layer. We first undertake this study for a
condition of comparable ky and k values (ky ~ k), i.e., the length-scale of horizontal flow
heterogeneity at the layer interface is close to that of instabilities growing in the thin-layer. The
analysis is then extended for a condition, kj < k, which implies the horizontal flow
heterogeneity far exceeding the instabilities in length scales. For ky~ k, increasing U,* (a non-

dimensional form of Uy) facilitates the system to become more stable, as reflected from

14
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reducing amplitudes of the dispersion curve in Figure S4. U," also greatly influences the
wavenumber (k) corresponding to the most unstable modes, forming an inverse relation of k&
with Uy*. For example, k = 0.5 for U," = 10, which drops to nearly 0.2 at U," = 30. The
theoretical results (Fig 9a) suggest that increasing horizontal flow velocity in the mantle
favours interfacial instabilities to grow at longer wavelengths, and at the same time dampens
their growth rates.

We now consider the second case, kj; < k to show the effects of Uy" on the modes of
instability growth in the thin layer from two graphical plots for U,* = 20 and 30. We compare
these plots with those for ky = k to find additional influence of the kj versus k relation.
Increase in Uy yields similar inverse impacts on both the maximum growth rates and their
corresponding wave numbers, irrespective of ky < k or ky = k conditions. However, for a
given U," a transition from k), < k (Fig. S4a, dashed lines) to kjy = k (Fig. 9a) condition
greatly reduces the dominant wavenumber and its corresponding growth rate, implying that the
latter condition is less effective to produce instabilities in the basal thin layer.

The non-dimensional source-layer viscosity (u) is another influential factor for the
dispersion of various modes, as shown from a set of graphical plots in Figure 9b. For a given
Uy and h, the plots indicate that increasing y while keeping the overburden layer viscosity (uy
) constant, significantly dampens the growth rate of the RTIs (Fig. 9b, black and red lines). The
instabilities which grow against the prevalent gravitational forces, undergo significantly more
resistance for higher values of source-layer viscosity, leading to the observed dampening effect
of u. (Fig. 9b, blue, green lines). We also investigated the effects of source-layer viscosity for
the two conditions: ky = k and kj < k (Fig. S4b). For a given source layer viscosity, y, a
change in the condition from ky = k and kj; < k reduces the amplitude (maximum growth

rate) of dispersion relations and their corresponding wavenumbers (Fig. S4b, dashed lines).
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Using Eq. 34 we studied the evolution of interfacial instabilities as a function of the
initial layer thickness (hy). Increasing h facilitates their growth rate because the destabilizing
force (second term in the equation) is proportional to h3. For extremely thin layers (low value
of hy), the long waves remain marginally stable or unstable. The short waves, in contrast, are
always stabilized, primarily due to viscous effects of the thin-layer (Fig. S5a). Unlike the
previous factors, increasing hy decreases the wavenumber corresponding to the most dominant
mode that agrees well with the common observation that the wavelength of instabilities holds
a positive correlation with layer thickness. For a given hyvalue, a switch over in the condition
from ky = kto kj < k promotes the destabilizing state in the system (Fig. S5b, dashed lines)

both in terms of increasing growth rate and wavenumber (i.e., reducing wavelength).

4. Discussions
4.1. RTI simulations and theoretical predictions: a synthesis

This study primarily shows that an interface-parallel velocity in horizontally stratified
fluid layers of inverted densities results in significant dampening of the RT instabilities in the
layered systems, where their growth rate is found to be inversely related to the interface-parallel
velocity magnitude (U"). Our CFD simulations suggest that U* > 15 can noticeably dampen
them, and U" > 30 completely arrests the RT instabilities to amplify into a plume structure (Fig.
4a, b). The theoretical results also predict from the linear stability analysis that strong global
flows significantly dampen the growth of instabilities. For low layer-parallel velocities (Ug
~10), such ambient flows dampen preferentially the shortwave instabilities (i.e., of higher
wavenumbers); in contrast, for high layer-parallel velocities (Uy = 20) they affect both the
short as well as the long waves (Fig. 9a). However, ambient velocity fields, in general, facilitate
RT instabilities to grow on longer wavelengths in preference to those on shorter wavelengths

(Fig. 9a). The theoretical prediction implies that the ambient mantle flows reduce the spatial
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frequency of plumes, allowing them to form at a large horizontal spacing, as reflected in the
sporadic distributions of plume-driven hotspots (discussed in detail later).

We dealt with the Atwood number (47) in our CFD simulations, aiming to evaluate the
effects of density contrast (Ap = p,, — pp) between the source layer and the overlying mantle.
The density contrast is an important factor in the context of our present problem as the lower
mantle is compositionally as well thermally heterogeneous (Davies et al. 2012, Farnetani et al.
2018), and such heterogeneities can eventually give rise to a large spatial variation in Ap. The
simulation results yield a positive relation of the instability growth rate with density ratio, as
also predicted by earlier studies (van Keken ez al. 1997) as well as our present stability analysis
(Fig. 5). Increasing density ratio facilitates instabilities to amplify at fast rates (Fig. 7a, b). This
finding allows us to hypothesize that inherent heterogeneities can be an important factor in
preferential growth of mantle plumes initiated by RT instabilities. Thermo-chemical
heterogeneities in mantle, e.g., TBL piling, can also result in lateral variations of the mantle
viscosity, as reported from seismic tomographic studies (McNamara & Zhong 2004, Davaille
& Romanowicz 2020). Our analytical solution shows that for a constant source-layer viscosity,
the wavelength of RT instabilities increases linearly with the overlying mantle viscosity (Fig.
10b). The theoretical result implies that the number of possible plumes in a region of high

mantle-viscosity would be low, but they will grow at fast rates.

4.2. Impact of global flows on RT instability: geodynamic perspectives

Earlier theoretical and experimental studies showed the evolution of mantle plumes
originated from deep mantle sources by RT instabilities. However, most of these studies
considered the initial kinematic state of mantle in rest condition, which is hardly applicable to
the actual mantle system as a number of thermal as well as mechanical processes, such as

thermal convection (Olson et al. 1990), subducting slab driven shear flows (Cizkova et al.

17



oNOYTULT D WN =

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

Geophysical Journal International

2012, van der Meer et al. 2018), and mantle winds set in large-scale horizontal flows (Fig. 1).
Model estimates suggest that subducting slabs sink in the lower mantle with velocity
magnitudes in the range 4 -5 cm/yr at the top to 2-3 cm/yr at the bottom, whereas the maximum
root-mean-square vector velocity field for whole mantle convection is estimated around 30
cm/year (Rayleigh number in the order of 10°). Our reference CFD simulation (U* = 0)
provides an estimate of 1 — 2 cm/yr for the initial growth rate of instabilities in the source layer.
The global ambient flows in the overlying mantle can thus greatly influence the process of
plume initiation at the TBL. In fact, some model studies have recently shown that such global
flows can force ascending plumes to deflect from the vertical trajectories (Kerr & Mériaux
2004, Kerr et al. 2008, Hassan et al. 2016), as documented from the seismic tomography of
natural plumes, e.g., the Hawaiian plume is strongly deflected towards the west—southwest at
around 1000 km depth (French & Romanowicz 2015, Lei et al. 2020). However, these studies
entirely focus on the interaction of mature plumes with global horizontal flows, giving little
attention to the problem of plume initiation in a source layer, which fundamentally determines
the possibility of plume formation in a geodynamic setting. The linear stability analysis also
suggests that the horizontal global flows in the mantle can critically control the initiation of
plume instabilities in buoyant source layers. In extreme conditions they can completely
suppress the instabilities, allowing no plume to evolve in the system. For a mechanical setting
with A7=0.01 and u* = 10-!, instabilities that can amplify at a velocity of ~0.3-0.5 cm/yr in a
rest mantle condition, are effectively suppressed as the mantle flows attain a threshold
condition (U *> 30, i.e., 10-15 cm/yr in the absolute scale). This RT instability mechanics is
applicable to several other geodynamic settings, which is briefly discussed below.

Subduction zones are a typical geodynamic setting that commonly produce plumes,
called cold plumes, initiated as RT instabilities in the buoyant melt-rich zones above the

subducting slabs (Gerya & Yuen 2003, Ghosh ef al. 2020). In this setting the subducting slabs
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typically set in a strong corner flow currents with appreciable magnitudes (~5 — 10 cm/yr),
depending upon the subduction velocity that generally varies on a wide spectrum (4 — 20
cm/yr). Applying our model results, we suggest that strong slab-parallel advection in the mantle
wedge can dampen the RT amplification in the vertical direction, allowing those with high
buoyancy factor to preferentially take part in instability driven plume generation. The transition
zone (670 km) is another effective geodynamic setting for secondary plume formation from
mega plumes, often stagnated at the transition zone (Brunet & Yuen 2000). Many thermo-
mechanical models and experiments indicate that the overlying lithospheric plate motion can
globally induce horizontal flows in the upper mantle, where their magnitudes can be
significantly large (8-10 cm/yr). According to our model results, such lithosphere-induced
flows counter to the destabilizing condition at the transition zone, reducing the possibility of
plume formation. This model inference is also applicable for secondary plume generation from
a super-plume beneath a drifting continental lithosphere, where the lithospheric motion can

greatly suppress the RT instabilities in the melt-rich layers at the top of the super-plume.

4.3. Magmatic hotspots on Earth’s surface: some questions

Morgan (1971) in his seminal work proposed deep-mantle plumes as the principal
source of primary magmatic hotspots, but their origin has remained a subject of great debate
till date (Koppers et al. 2021). Later studies proposed a set of criteria in support of the deep-
mantle hypothesis for hotspots: a) linear chain of volcanoes with monotonous age progression,
b) flood basalt at the origin of this track, c) a large buoyancy flux, d) the presence of
consistently high ratios of three to four helium isotopes, and e) occurrence of low shear-wave
velocity (Vs) zones in the lower mantle. Based on these criteria, it has been possible to ascertain
the following nine hotspots of deep-mantle origin: Hawaii, Pitcairn, Samoa and Louisville

(Jellinek & Manga 2004, Koppers et al. 2021) in the Pacific hemisphere and Iceland, Afar,
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Reunion, Tristan and Kerguelen in the Indo-Atlantic hemisphere (Fig. 11). Their spatial
distribution reveals that these hotspots are located at large distances from one another. For
example, the Hawaii chain and the Samoan hotspot are located ~5000 km away from each
other. Similarly, the Iceland and the Tristan hotspots maintain a spacing, more than 8000 km.
On contrary, experimental and theoretical studies (Montague & Kellogg 2000) show mantle
plumes generated in the TBL at the CMB at much smaller wavelengths, lying in the range 1400
km to 1800 km. The plume frequency observed in experimental models evidently holds a clear
disagreement with the spatial density of deep-mantle hotspots across the globe. This
disagreement poses the following critical question- why are hotspots of deep-mantle plume
origin so rare on the earth’s surface?

One of the reasonable ways to address this question is to find some geodynamic
processes that can inhibit plume initiation in the TBL above the CMB, allowing a few plumes
to grow in the mantle and produce sporadic hotspots. The present article identifies global
horizontal mantle flows as one of the potential dampening factors for mantle plume generation.
The linear stability analysis shows that the RT instability growth rate becomes negligibly small
(s ~ 0) when the interface parallel flow velocity is significant (U* = ~20). The same global flow
effect is observed in the real scale CFD simulations, where the growth rate drops significantly
due to imposition of a global flow U*=>15 (Fig. 3b). The simulation results imply that mantle
plumes to ascend to the surface in the flowing mantle states would require an unusually large
time scale (~>100 Ma). The mantle flows can also control their spatial frequency, as revealed
from the instability wavenumber (k) analysis as a function of U, (Fig.11a). k corresponding to
the fastest growing waves is reduced with increasing U,. Applying this theoretical result to a
real scale system, it appears that the wavelength of instabilities in a layer of 100 km thickness
would be ~250 km in case of rest mantle condition, which multiplies by 10-14 times when the

mantle is subjected to a global flow condition of 5 cm/yr. Our instability theory thus provides
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at least a clue to the problem of large spacing, i.e. low frequency of volcanic hotspots in the

light of RT instability mechanics.

4.4. Model limitations

Both the numerical models and the theory presented in this article have a number of limitations.
1) Both of them are developed in the framework of a mechanical approach, without considering
the thermal effects. This assumption was adopted to focus upon the ambient mantle flows as
the factor of our main concern in the analysis of RT instabilities. Evidently, there is a need to
widen the scope of this study to investigate the additional effects of temperature on the plume
growth. 2) This study also excludes the possible effect of rheological stratification in the mantle
and depth-dependent mineral phase transformations. 3) The theory linearizes the problem,
excluding the non-linear terms. This approach limits us from performing an analysis for time
dependent plume growth. Secondly, the theory predicts the instability wavelength being not
sensitive to source-layer viscosity. In contrast, the CFD models show a clear correlation
between them. This difference possibly results from the thin-layer approximation chosen in the
theory. Finally, the present theoretical formulation excludes complex processes, such as piling

at TBL, as shown by previous workers (Heyn et al. 2018).

5. Summary and conclusions

This article reports the role of horizontal global flows in controlling RT instabilities in
a buoyant source layer beneath a heavier fluid medium, and addresses the problem of plume
formation in the TBL above the CMB earth’s mantle. Combining CFD simulation results with
a linear stability analysis, this study finally leads to the following conclusions. 1) The global
flows always have dampening effects on the growth of RT instabilities. Flow velocities with

magnitudes nearly 30 times the initial plume accent velocity impedes the instability to grow
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into a characteristic plume structure. 2) The linear stability analysis confirms the dampening
effects of global flow velocity on the instability growth, where the layer-parallel mantle flow
> 30 times that of the vertical component of initial plume growth effectively affect short as
well as almost all long-wave instabilities. Moreover, we show that with increasing ambient
velocity, the dominant instability wavelength increases by 10 to 40 times the initial layer
thickness as the normalized layer parallel velocity is increased from 10 to 30. 3) The theory
also predicts the effects of additional factors: density ratio, source-layer viscosity and layer
thickness on the growth rate of an instability in an RTI system. All the three physical
parameters act as a driving role in facilitating the instability growth rate. 4) The dampening
effects of global flows established in this study can explain the mechanics of plume generation
in various geodynamic settings, such as subduction zones and the 670 km transition zone.
Finally, the theory provides a potential explanation for spatially distant primary mantle plumes,

manifested in the form of a few hotspots on earth’s surface.
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Figure 1: Schematic presentation of the Earth’s interior showing major locations of plume
generation in the mantle and associated volcanisms on the surface. Different types of mantle flows,
such as convection-, sinking slab-, lithospheric plate-driven flows and mantle wind are also
depicted. All deep-source plumes, forming hotspots, like the Hawaiian chain, originate from the
thermal boundary layer (TBL) at the core-mantle boundary (CMB).
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36 Figure 2: Consideration of the initial CFD model set-up and associated boundary conditions used
for simulations of Rayleigh-Taylor instabilities in the lower mantle domain. Denser mantle (pq)
39 overlies a 100 km thick lighter (p,) layer (source layer) at the model base. The model domain is
40 discretized into elements with a mesh resolution of 1024 x 512. The side and the bottom walls are
41 assigned periodic and no-slip boundary conditions, respectively. The top model boundary is
42 imposed with a uniform horizontal velocity, which induces an initial global horizontal flow
condition in the overlying denser mantle.
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Figure 3: Progressive growth of Rayleigh-Taylor instabilities in CFD model simulations. a)
Reference experiment with an initially rest mantle condition (U= 0). b) Experiment with an initial
horizontal global flow (U*=30) in the mantle. Notice in panel (b) at # = 32 Ma that the instability
growth is significantly dampened by the global mantle flow. The colour bar represents normalized
flow velocity magnitudes.
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Figure 4: Graphical plots of a) plume ascent heights, and b) vertical ascent velocities of the fastest
growing instabilities as a function of time for different normalized global flow-velocity magnitudes
(U"). Note that increasing U strongly influences the ascent heights and velocities at ¢ > 18 Ma.
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Figure 5: CFD simulations showing the effects of buoyancy factor (47) on a) Rayleigh-Taylor
instability growth in the buoyant source layers (red colour) and b) the corresponding flow fields
represented by streamlines. The colour contours depict the magnitudes of vertical velocity
components. The snapshots of four different simulations presented in the row-wise panels
correspond to a simulation time of 22 Ma.
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Figure 6: Effects of the normalized source-layer viscosity (1*) on a) Rayleigh-Taylor instability
growth and b) the corresponding flow fields in CFD models. The colour contours depict the
magnitudes of vertical velocity components. The snapshots of four different simulations presented
in the row-wise panels correspond to a simulation time of 20 Ma.
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Figure 7: Time series analyses of the plume ascent heights and the vertical ascent velocities of the
fastest growing instabilities for different 4 values in a) and b), and u* values in ¢) and d),
respectively.
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Figure 8: Theoretical consideration for the linear stability analysis: a thin buoyant layer (source
layer) (density: p, and viscosity: p) underlying a denser fluid layer (density: p; and viscosity: ty)
(ambient mantle). Dashed and solid lines denote the initial source-layer configuration and the
deformed interface geometry formed by RTI. 4, and 4, define the initial source-layer thickness and
the vertical deflection at the interface, respectively. U(x,?) represents the horizontal flow velocity at
the interface.
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Figure 9: Normalized growth rates (o) versus normalized wavenumber (k*) plots for different
values of (a) ambient mantle velocity (Uy), and (b) source layer viscosity (x") obtained from the

linear stability analysis.
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Figure 10: Variations of the instability wavelength (41*) with (a) global flow velocity (Up), and (b)

mantle-source layer viscosity ratio (R = IM) from the linear stability analysis. All the variables are

presented as non-dimensional quantities.

37



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Figure 11:

Geophysical Journal International

60°E 120°E 180° 120°W  80°W

SEMUCB-WM1

-1.0 -0.5 0.0 0.5
Seismic velocity anomaly dv/v in %

1.0

Page 38 of 47



Page 39 of 47 Geophysical Journal International

Figure 11: Global distribution of the major hotspots originating from deep-mantle plume sources.
The seismic sections (lower panels) show the plume configurations in mantle beneath a) Pitcairn, b)
Hawaii, ¢) Samoa, and d) Afar hotspots. Note that inter-hotspot distances are several thousand
kilometres.
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Dampening effect of global flows on Rayleigh-Taylor instabilities:
Implications for deep-mantle plume vis-a-vis hotspot distributions
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S1. Analytical solution for plume growth velocity:

This is a typical analytical solution for velocity of plume growth (vy) first shown by Ramberg
(1968). Let an initial sinusoidal disturbance at the boundary between the two layers (upper (71,
p1) and lower (72, p2)) of thicknesses hy and hy, respectively, have a small initial amplitude (AA)
and a wavelength (1). Let p1> p2and 71> n2and g is the acceleration due to gravity. The
bottom boundary is considered no-slip whereas the side walls are assumed to be in periodic
condition. Under this condition, the velocity of the diapiric growth (vy) is given by the relation
(Ramberg, 1968):
Yy _ P1 — P2

= kP24,
AA 2, 29

aiz

where the non-dimensional growth factor (K) = — , and

b11j22 — a12i21

2mhy 2mh,
(,()1 = A , wz = A ;
- M2w,° 2w,2
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S2. Experiment with horizontal mantle flow (U*=15):

We systematically increased the top model-boundary velocity (Uo) to evaluate the effect of
global flows on the growth rates of instabilities in the source layer. The non-dimensional
boundary velocity, U" = U, / v), was assigned a value of 15, keeping Ar and u* constant.
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Figure S2: Progressive growth of Rayleigh-Taylor instabilities in CFD model simulations with
an initial horizontal global flow (U=15) in the mantle.

S3. Experiment with variable Atwood Number (A7) and source layer viscosity ():

In this section, we present the detailed progressive growth of Rayleigh-Taylor instabilities in
CFD model simulations with At = 0.01- 0.04 and x'= 10%- 10,
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S4: Analytical Results:
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Figure S4: Normalized growth rates (o) versus normalized wavenumber (k") plots for different values of

(a) ambient mantle velocity (Uo), and (b) source layer viscosity (1) obtained from the linear stability
analysis under the condition of k,, = k and k,,, < k.
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Figure S5: Normalized growth rates (o*) versus normalized wavenumber (k*) plots for different values of
source layer thickness (ho) for (a) k,,, = k, and (b) for k,,, < k.



